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Abstract

Abstract

The focus of my M.Sc. degree was the magnetic fields of the jets of Active Galactic
Nuclei (AGNs). The exact mechanism for the high levels of collimation in AGN jets is
poorly understood. Theoretical models suggest that the collimation of jets is at least
partially the result of a helical magnetic field. The primary aim of this thesis is to
search for evidence of this structure. For such a magnetic field it is expected to find a
Faraday rotation measure gradient transverse to the jet, an increase in fractional
polarisation towards the jet edges, and possibly a "spine-sheath" polarisation angle
structure. AGN jets that feature more than one of these criteria mentioned may host

helical magnetic fields.

Observations obtained in 2017 and 2019 of a sample of 16 AGNs (BL Lac objects)
were analysed at four radio wavelengths: 6, 13, 17, and 21 cm. The data for these
observations were obtained with the "Very Long Baseline Array" of ten radio
telescopes spread across the United States. These were the first data of this kind for
these AGNs. Observations at multiple radio wavelengths are needed to construct

rotation measure maps and detect the presence of a helical or toroidal magnetic
field.

Eleven of the 16 BL Lac objects host convincing transverse rotation measure
gradients with statistical significances greater than 3¢. Two sources (J0738+1742 and
J2202+4216) showed an increase in fractional polarisation towards both edges of the
jet as well as a spine-sheath structure. In addition, J0748+2400, J0958+6533,
J1800+7828, J1806+6949, J1824+5651, J2005+7752, and J2202+4216 had the EVPA and
fractional polarisation structure discussed earlier which strengthens the argument

for these jets possibly having helical fields.

A secondary objective of my research was to compare my results with the jet
structures of these AGNs observed at four wavelengths between 18 and 22 cm at two
earlier dates in 2004 and 2010. The morphology, polarisation structure outside the
core, and fractional polarisation remained approximately constant. Analogous
statistically significant Faraday rotation measure gradients were found at these
earlier dates in J0050-0929, J1806+6949, and J1824+5651, and evidence for transverse
RM gradient reversals was found for J0818+4222, J0825+0309, J1800+7828, and
J2202+4216. The reversal of the direction of a transverse RM gradient with distance
from the core or time could result from a nested helical field structure, with the
toroidal components of the helical fields being in opposite directions in the inner

and outer regions of helical field.
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Chapter 1

Introduction

1.1 Active Galactic Nuclei

Unless stated otherwise, this section is based on material in the textbooks of
Peterson| (1997), Beckmann & Shrader| (2012) and Burke & Graham-Smith! (1996).

Generally, "active galactic nucleus", or AGN refers to the central regions of galaxies
where the energy produced cannot be explained by stars and other thermal emission
alone. AGNs typically output huge energy amounts, equivalent to up to several
trillion stars in the volume of a cubic parsec. The first evidence that some galaxies
were hosting some additional strongly emitting component in their centres was
found by Carl Seyfert in the 1940s (Seyfert|1943), in the unusual spectra of six
galaxies. Early studies noted emission lines in AGNs were very broad, upward of
1000 km s~!. In addition, the centres of the emission lines did not correspond to the
laboratory wavelengths of any known atomic species neither the hydrogen Balmer

series nor any other common astronomical emission lines.

It is now known that AGNs are powered by a "central engine" consisting of a hot
accretion disk surrounding a supermassive black hole. Energy is produced by the
gravitational infall of matter, which is heated to extreme temperatures in the
accretion disk. This process has the efficiency v = 0.1 which is an order of magnitude
greater than that of hydrogen to helium fusion (v = 0.007) and leads to high
luminosities. The deep gravitational potential of the black hole is the origin of the
dynamical broadening. The issue of line identification also was solved upon the
realisation that the extragalactic distances involved were of such magnitude that the

cosmological expansion of the Universe redshifted known atomic emission lines to



1. INTRODUCTION 1.1 Active Galactic Nuclei

their observed values.

Perpendicular to the accretion disk, an AGN jet can sometimes be observed. These
highly collimated, bipolar outflows consist of material ejected from the centres of
AGNs and can extend up to thousands of parsecs. The underlying physics of the

launching and propagation of AGN jets is poorly understood and remains enigmatic.

Figure 1.1: 6 cm false-colour image of the radio galaxy Cygnus A with showing narrow
jets and hot spots. Image credit: NRAO/AUT; R. Perley, C. Carilli & J. Dreher

1.1.1 Taxonomy of AGNs

It is convenient to divide AGNs into two classes: radio-quiet and radio-loud AGNs.
Radio-quiet AGNs, are typically 1,000 times fainter than the radio-loud AGNs at radio
wavelengths but not at other parts of the EM spectrum. Radio-quiet AGNs represent
the vast majority of the AGN population. Radio-loud objects have emission
contributions from both the jet(s) and the lobes that the jets inflate. These emission
contributions dominate the luminosity of the AGN at radio wavelengths and possibly
at some or all other wavelengths. On the other hand, radio-quiet objects are simpler,

since jet and any jet-related emission can be neglected at all wavelengths.

1.1.2 Radio-quiet AGNs
1.1.2.1 Seyfert Galaxies

First described in 1943 by Carl Seyfert, these were the earliest distinct class of AGN to

be identified. They are low luminosity AGNs with a compact star-like nucleus but
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1. INTRODUCTION 1.1 Active Galactic Nuclei

have a clearly detectable host galaxy. [Khachikian & Weedman| (1974) were the first to
divide Seyferts into two subclasses. The spectra of Type 1 Seyfert galaxies show both
broad allowed lines such as like H I, He I, or He II and narrower forbidden lines, like
O III, characteristic of low density ionized gas. In contrast, type 2 Seyferts have
narrow spectral lines only. It has been suggested that all Seyfert 2s are intrinsically
Seyfert 1s where the nucleus and broad-line emission is obscured from our point of
view. It is unclear if this idea explains all of the perceived differences between the

two subclasses.

1.1.2.2 LINERS

Low-ionization nuclear emission-line regions (LINERS) were first identified by
Timothy Heckman in 1980 (Heckman|1980). LINER Galaxies exhibit very low nuclear
luminosity and are very common, possibly existing in half of all spiral galaxies. They
only show a weak nuclear emission-line region with no other signatures of AGN
emission. It is debatable if LINERS are even truly AGNs and some argue they are not
powered by a supermassive black hole but instead by shocks, starburst-driven winds

or cooling flows.

1.1.2.3 Radio-quiet Quasars

Quasi-stellar objects are very high luminosity AGN so-called because when first
observed they resembled faint, star-like points of light. They always show strong
optical continuum emission, X-ray continuum emission, and broad and narrow
optical emission lines. Quasar host galaxies can be spirals, irregulars, or ellipticals.
The majority of quasars (about 90%) are radio-quiet with relatively weaker radio

emission than the radio-loud population and lack powerful jets.

1.1.3 Radio-loud AGNs
1.1.3.1 Radio-loud Quasars

Radio-loud quasars make up approximately 5 to 10% of the overall quasar
population. These exhibit similar characteristics to their radio-quiet counterparts
but with the addition of emission from a jet, and a tendency to have larger host

galaxies.

Investigating the Magnetic Fields of 3 Frederick Richardson
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1. INTRODUCTION 1.1 Active Galactic Nuclei

1.1.3.2 Radio Galaxies

Radio galaxies are a class of AGN that are very luminous at radio wavelengths. The
host galaxies of radio galaxies are almost always giant ellipticals and often have jets
perpendicular to the galactic plane. Based on the appearance of extended radio
emission, radio galaxies are subdivided using the Fanaroff-Riley classification
scheme. Low Luminosity Class I (abbreviated FR-I) sources are comparatively
compact with jets whose luminosity decreases with increasing distance from its host
galaxy. High Luminosity Class II (FR-II) sources exhibit increasing luminosity in the
lobes, their jets terminating in hotspots. This distinction between classes indicates a
difference in energy transfer from core to jets with FR-IIs being the more efficient. In
addition, radio galaxies with similar spectra to Seyfert 2 AGNs are referred to as
narrow-line radio galaxies (NLRG), while those with broad optical-UV lines similar to
Seyfert 1 AGNs are called broad-line radio galaxies (BLRG).

1.1.3.3 Blazars

Blazars comprise two separate AGN classes: optically violent variables (OVVs) and
BL Lac objects. Optically violent variables exhibit a high degree of polarisation (up to
a few per cent) and are observed to vary greatly (e.g. Am = 0.1 mag) on time scales of
less than a day. The focus of this thesis will be a class of AGN called BL Lac objects.
The name BL Lac is derived from BL Lacertae, the prototype of the class. This class is
noteworthy for high brightness variability and weakness (or total absence) of
spectral lines. Instead, the spectrum of BL Lac objects is dominated by a relatively
featureless non-thermal emission continuum covering the entire electromagnetic

range.

It is thought that blazars are AGNs with a strong relativistically beamed component
orientated close to the line of sight. The observed one-sided core-jet structure found
in nearly all blazars on parsec scales is understood to result from relativistic Doppler
boosting of emission from a jet of plasma ejected from the vicinity of a supermassive
black hole. The outflow in the approaching jet is beamed towards us, while the

receding jet becomes too faint to be detected.

1.1.4 AGN Unification

All of the AGN classes are thought to originate from the same type of physical object

but viewed under different conditions. A depiction of this basic unification scheme
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1. INTRODUCTION 1.1 Active Galactic Nuclei

is shown in Figure[1.2] The upper half of this diagram illustrates how inclination
angle and total radio power affect radio-loud AGNs with strong jets. At a viewing
angle of close to 0° an observer is almost looking down the barrel of an AGN, giving a
blazar that is dominated by relativistic beaming. When the AGN inclination angle is
increased an observer sees a quasar/QSO jet. The lower half of Figure[1.2]shows
radio-quiet AGNs which lack powerful jets. For Seyfert 1 AGNs, the observer has an
almost direct view of the active nucleus explaining while in the case of Seyfert 2
AGNs, the broad line emitting regions are blocked by the dusty torus. This scheme
also suggests the primary difference between Seyferts and quasars is the luminosity
of the central source. There are issues with this unification scheme, however,
especially the relationship between radio-loud and radio-quiet. It has been
suggested that radio loudness is a fundamental feature related to the central black
hole engine. Blandford| (1990) has attempted to qualitatively classify AGNs based on

a) mass, b) accretion rate, and c¢) angular momentum of the central source plus the

inclination. Wilson & Colbert (1995) suggest the difference is caused by black hole

spin rate with high energies, and high spin rates being associated with larger black

holes that have undergone mergers.

-

Blazar .
low power high power
BL-Lac FSRQ
z
z BLRG
< .
=
« FR-I ) FR-II
o jet
=1
o
o
el
©
o NLRG,
NLRG broad line region Type Il
QsOo
P
~ --Emm | - - m mw
Seyfert 2 . obscuring torus
z . . p
w N S e
<
<]
&)
ko] accretion disk electron plasma
o
S black hole
2
©
o
Seyfert 1

Figure 1.2: Schematic explaining unified model for AGNs. The top half of the diagram
shows a radio-loud AGN and the lower half shows a radio-quiet AGN. The AGN
features are labeled with arrows. Adapted from Figure 4.16 of Beckmann & Shrader
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1. INTRODUCTION 1.2 The MOJAVE Program

1.2 The MOJAVE Program

The MOJAVE (Monitoring Of Jets in Active galactic nuclei with VLBA Experiments)
program of Purdue University is a long-term program to monitor radio brightness
and polarisation variations in jets associated with active galaxies visible in the
northern sky.

The program originally developed out of the 1994-2002 2 cm VLBA survey, which
only considered intensity. The MOJAVE-I observations (2002-2006), obtained at 15.3
GHz included full polarisation images for a sample of 135 sources at reasonable
intervals for measuring superluminal motion. The MOJAVE-II observations (2006)
extended the sample to 192 sources and included polarimetric observations at 8.1,
8.4,12.1, and 15.3 GHz. The MOJAVE-III (Fermi-era) observations (2007-2013) were
carried out at 15.3 GHz only, with 30 AGNs being observed in each 24 hour session.

The new results presented in this thesis will have come from an analysis of VLBI
polarisation data for a selection of the AGNs in the MOJAVE-II and MOJAVE-III
samples at 5.0, 2.2, 1.8, and 1.45 GHz (6, 13, 17, 21 cm) obtained in 2017 and 2019.
Also, a comparison will be made between these 6-21 cm observations and older
VLBA observations at four wavelengths between 18 and 22 cm made in 2004 and
2010. These observations were made with the Very Long Baseline Array (VLBA),
which consists of 10 radio telescopes spread across the United States from the Virgin
Islands to Hawaii. The data enables us to make full polarisation images with an
angular resolution of less than 1 milliarcsecond (the apparent separation of a car’s

headlights, as seen by an astronaut on the Moon).

1.3 Synchrotron Radiation

The following section is based on Chapter 6 of Rybicki & Lightman|(1986). The radio
emission observed from AGNs consists of synchrotron radiation. Any accelerated
charged particle emits electromagnetic radiation. Mildly relativistic electrons whose
kinetic energies are comparable with their rest mass m,c? emit cyclotron radiation.
In the case of ultrarelativistic electrons (kinetic energies > m,c?) synchrotron

radiation is produced. Consider the equations of motion for such a relativistic

Investigating the Magnetic Fields of 6 Frederick Richardson
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1. INTRODUCTION 1.3 Synchrotron Radiation

particle
d R I
%(ymv):qva (1.1a)
d -
Eﬂym@):qﬁE:O. (1.1b)

Equationimplies that y = constant or that || = constant. From this, it follows
that

mydl = g B (1.2)
Yar =1 ' '
Separating the velocity into components along the field 7 and perpendicular v; we
have I J
V) V) q . -
— =0, —_— = B, 1.3
dt dt  my oL (1-3)

the solution to Equation [1.3]being uniform circular motion. The combination of this
uniform circular motion and velocity along the field is a helical motion. The

frequency of the rotation is

B
wp =12 (1.4)
ym
Defining the acceleration in the observers frame as as d = %, rearranging
Equation|[I.2} and expressing in scalar terms we get
vBsin
a= Cl—ﬁ, (1.5)
ym

where B, the pitch angle, is the angle between # and B. The power emitted by an

accelerated charge in its own rest frame is given by the Larmor formula

P, _ qz alZ

_9e 1.6
67enc3 (1.6)

however, we need to express this relation in the observer’s frame. If energy dE' is

emitted in time dt’ in the rest frame of the particle then in the observer’s frame

dE=ydF' (1.7a)
dr=ydr (1.7b)
dE dF' (1.70)
- = (C
dr dt
P=P. (1.7d)
Investigating the Magnetic Fields of 7 Frederick Richardson
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1. INTRODUCTION 1.3 Synchrotron Radiation

Now we use the relationship between acceleration a and a’

a|'| =y3q parallel to direction of motion (1.8a)

a, = via, perpendicular to direction of motion. (1.8b)

In our case alll =0anda = y?a. Hence, we can express the power emitted in the

observer’s frame as

2,42
a
=94re (1.9)
67enC3
Now subbing in the acceleration from Equation[1.5we get
4,2.2p2 02
v-B“sin
p=11 P (1.10)
670 M C3

This is the power emitted by a single charge with a pitch angle . For many such

particles, we must average over all angles of

sin? BdQ
<ﬁ>:f—ﬁ (1.11a)
47
T 27T .3
0dod
_Jo Jo an ¢ (1.11b)
2 T
:—”f sin®0 do (1.11¢)
47 Jo
1 T
:—f sin®0 do (1.11d)
2Jo
2
-z (1.11e)
3

Therefore we can say the average power emitted is

B q47/2 UZBZ

(P) (1.12)

© 9megm2c3’
As this is # we expect the largest contribution to be made by electrons which are
103 times less massive than protons. Now we need to discuss the spectrum of
synchrotron radiation. We expect the emission to be highly beamed forward in a
cone of angular width = )l/ Radiation from a single electron would appear as a pulse
of duration At. From the Fourier transform relation we expect a narrow At results in
a broad Af. Firstly, we need to roughly estimate At. Shown schematically in

Figure[1.3]is an observer’s view of a pulse.
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1. INTRODUCTION 1.3 Synchrotron Radiation

Observer

Figure 1.3: Emission cones at various points of an accelerated particle’s trajectory.
Adapted from Figure 6.2 of Rybicki & Lightman| (1986)

From Equation|[L.3} the equation of motion of an electron gyrating with radius of

rotation r is )

dav vBsin muv
w30 _4 B_

— = 1.13
dat Y r .13
which can be rearranged using wp = ;7—51 to give
r= v (1.14)
~ wpsinf’ '

As the particle is ultrarelativistic we expect Doppler boosting towards the observer to
make the pulse duration much shorter than the period of gyration wp. This means
that the spectrum will be broader than that of the gyration period. Using
Equation|[I.14|we can say the distance between points 1 and 2 is

As=rAbO (1.15a)
2

v .z (1.15b)
wpsinf y

and expressing the distance to pass from point 1 to 2 as As = v (£, — t;) we can say

find the travel time

2v
As=v(tr—t) " ———— (1.16a)
Ywpsin
2
h—-h~———. (1.16b)
Ywpsin

Let tlA and tzA be the arrival time of radiation to an observer from points 1 and 2. The

difference between times t; and £, is shorter than the difference between tlA and té“
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1. INTRODUCTION 1.3 Synchrotron Radiation

by the amount % which is the time taken to move As

A
Ath = tzA—tlA:(tz—tl)—TS (1.17a)
2 v

v

At ultrarelativistic speeds, y > 1, and so (1 - £) = # . With this, Equation|1.17b|can

be expressed as )

Al‘A:3—.,
Y wpsinf

(1.18)

which indicates the width of the observed pulses is smaller than the gyration period
by a factor of 7_13 Further analysis shows that most radiation is emitted at the critical

frequency

3
we = Eyng sin . (1.19)

Next, we need to discuss the behaviour of the spectrum. It can be shown that

P:f P(w) dwzle F(ﬂ) do, (1.20)
0 0 wc

where F is a dimensionless function and C; is a constant of proportionality. Setting

— W ;
X =g the integral can be expressed as

P:wcclf F(x)dx. (1.21)
0

The value of w¢ is known from Equation and the constant C; is taken to be
Equation Hence, the power as a function of frequency in a highly relativistic
case can now be written as

qusinﬁF(ﬂ)’

Pw)=C,
9megme wc

(1.22)
where C,, is the normalisation factor for F. Note that all the factors of y cancel out
except for those contained within w¢. This allows us to approximate the spectrum
with a power law over a short range of frequencies. For this case, we define a spectral
index a as

P (w) x 0%, (1.23)

with a being the positive slope on a P (w) versus log (w) plot. This will arise if the

distribution of particle energies (Lorents factors) is a power law

N(E)dE=CEPdE, FE <E<DBE,, (1.24)
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1. INTRODUCTION 1.3 Synchrotron Radiation

or

N(y)dy=CyPdy, yi<y<ys (1.25)

where N is the particle density. C is not necessarily a constant and may vary with
pitch angle. The total power generated per unit volume and frequency can be
written as an integral of N (y) dy multiplied by the power of a single particle using
Equation[1.22]and considering only the proportionalities

Y2 Y2 w

Pior (w) =[ P(w)y Pdyx F(—))f‘p dy. (1.26)
Y1 e Wc

Let us change the variables of integration to x = w% and noting that wc o y?, we can

say

x2
Pror (W) o w‘(P‘U’Zf F(x)xP372 gx. (1.27)

x1

The limits x; and x, correspond to y; and y, and are dependent on w. For
sufficiently wide energy limits x; = 0 and x, = oo, so that the integral in
Equation is roughly constant. In this case we have

Pyot () ox &~ (P72, (1.28)
so that the spectral index is related to the particle distribution index p by
a=-"" (1.29)

The lifetime of a synchrotron particle can be calculated by dividing the energy of the

particle by the power (energy per unit second)

E
Tsynch = P (1.30a)
4,2, 202 "1
c*y“v°B
Tsynch = ymc? (—97T€0 m203) (1.30b)
_ 9megm®c® 130
Tsynch = 64)/1/232 . (1.30¢)

This indicates that high energy (high y) electrons radiate more powerfully and have
shorter lifetimes. In addition as electrons at high frequencies have shorter lifetimes

the spectrum of synchrotron radiation steepens over time.

Investigating the Magnetic Fields of 11 Frederick Richardson
High-Velocity Outflows from Active Galactic
Nuclei



1. INTRODUCTION 1.4 Optical Depth

1.4 Optical Depth

Optical depth describes how much absorption occurs when light travels through an
absorbing medium. If the mean free path of a synchrotron photon is greater than the
size of a region, then it will pass through this region without being absorbed. This is
defined as an optically thin region. In contrast, if the mean free path is much smaller
than the size of a region, this is defined as an optically thick region, and the average
photon cannot pass through the region without experiencing re-absorption. Adding
together the contributions of an ensemble of electrons at high frequencies we find

that synchrotron emission has a characteristic spectrum
Sy ox v, (1.31)

where S, is the flux density at a frequency v and « is the spectral index defined
earlier in Equation[I.29] At frequencies higher than the turnover frequency (optically
thin), flux steadily declines with frequency with @ = — (p — 1) /2. At frequencies below
the turnover frequency, there is a significant amount of synchrotron self-absorption
where the synchrotron photons are absorbed by the emitting electrons. At these
frequencies, the region is optically thick. Theoretical calculations show that in this
regime & = 5/2. On a logarithmic scale graph, this would correspond to a positive
slope of +5/2. This is illustrated in Figure[I.4] Astrophysical sources are

inhomogeneous, so their actual low-frequency spectral slopes are smaller than 5/2.

V+5/2 1}_(p_]_)/z

log S, A

Optically thick
Regime

Optically thin regime

>
log v

Figure 1.4: [llustration of the spectrum of synchrotron radiation. Figure based on
Gabuzda (2008)
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1. INTRODUCTION 1.5 Faraday Rotation

Using observations of flux density at different frequencies we can calculate the

spectral index of a region. Rearranging Equation we can say

B 0logS, (v)

aw) Ologv

(1.32)
The calculated spectral index of a source can hint at its properties. Generally, the
core of an AGN is partially optically thick, with a nearly flat or inverted spectrum.
The jet emission tends to be optically thin (a < —0.5), with some flat spectrum
regions possibly associated with particle re-acceleration or interaction with the
surrounding medium. This manifests in a comparatively high spectral index in the

core which decreases with distance out.

When dealing with multifrequency images, the standard theory of extragalactic radio
sources predicts a frequency-dependent shift in the location of the VLBI core due to
opacity effects in the core region (Blandford & Konigl|1979). Reabsorption of
synchrotron radiation takes place in the dense region near the central engine of an
AGN, which is more efficient at low frequencies. As a result, the peak brightness

appears further along the jet axis in lower frequency observations
reox v, (1.33)

where r, is the core position. To successfully carry out multifrequency analysis and
avoid misalignment, images need to be fixed by "core-shifting". Throughout this
thesis, each map was corrected for the frequency dependence of the optically thick
core position using a cross-correlation technique for aligning the optically thin
emission from the jet (Croke & Gabuzda|2008). This method is suitable for use with
smooth or weak jets that do not have distinct components at each frequency with

which to align the image.

1.5 Faraday Rotation

The following section is based on Chapter 8 of Rybicki & Lightman! (1986). A linearly
polarised wave can be expressed as a linear superposition of a left and right-hand
circularly polarised wave. Together these two waves define the electric vector
position angle (EVPA), or polarisation angle y. For a wave propagating in a vacuum,
the RCP and LCP components rotate at the same speed. However, when the wave

propagates through a magnetized plasma, a difference in refractive index between
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1. INTRODUCTION 1.5 Faraday Rotation

the RCP and LCP component occurs (birefringence) which causes them to propagate
at different speeds. This causes the EVPA to change. This phenomenon is called
Faraday Rotation. If the fixed magnetic field By is stronger than the field strengths of
the propagating wave, then the equation of motion for a local electron is

approximately

-

V - —
m— =—eE — eV x By, 1.34
T 0 ( )

where the electron charge g = —e. The quantity E is the electric field strength of the

incident wave. Assuming that the wave is circularly polarised and sinusoidal we have
E(t)=Eje ™ (6 7). (1.35)

The vectors €] and €, describe dielectric constants along orthogonal axes while the +
and — signs refer to right and left hand polarisation respectively. Let us further

assume that the wave propagates along the direction of the fixed field B
B = Byé3. (1.36)

Inserting Equations and into Equation|1.34|it can be shown that for a steady
state solution 7 (¢) has the form

i(=——° B (1.37)

v(t) = ——— , .

m(w=+wpg)
where the cyclotron frequency is defined as wp = e—f;o. From this, it is apparent that
the right and left circularly polarised waves will propagate through the plasma at
different velocities. We can use Equation to find the conductivity o for each
component
j=0E() =neb (1), (1.38)

where 7 is the electron current density and 7 is the electron number density.
Inserting Equation|1.37, the E (#) factors cancel and we get
ine?

o=———, (1.39)
m(w+wpg)

We can connect this to the dielectric constant €

o w
epr=l-—=1-—7" (1.40)
ieow w(w+wp)
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1. INTRODUCTION 1.5 Faraday Rotation

where we define the plasma frequency w, = ,’;‘1—2 The right and left circularly
polarised waves travel at differing velocities and so the plane of polarisation of the
linearly polarised wave will rotate as it propagates. This effect is Faraday Rotation.
After travelling a distance d the vector E for a circularly polarised wave undergoes a

phase change ¢ = k- d, where k is the wavenumber. In general if k is not constant

along the path we have
d
$rL = fo krrds, (1.41)
where
w
kg1 = ZVERL: (1.42)

The phase difference introduced between the RCP and LCP is

d
AO :f (kR - ]CL) ds. (1.43)
0

RCP LCP A

@ +@= |

RCP

Figure 1.5: Figure showing how LCP and RCP combine to give a particular linear
polarisation angle. The top figure shows linear polarisation with no Faraday rotation.
The bottom figure has a delay in the LCP. The result of this is a change Ay in the linear
polarisation angle. Diagram adapted from Figure 8.1 of Rybicki & Lightman| (1986).
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1. INTRODUCTION 1.5 Faraday Rotation

Subtituting in Equation into Equation

) 1
w w
kpp=—|1-—F2— (1.44)
c ww+twp)
We can simplify this by approximating o > w, and o > wp
i 2
w 1 w
kpp~—|[1-2—F — (1.45a)
c 20w(wxwg)
[ 2
w 1w wp\~1
~=1-o—2 (12 (1.45b)
c 2w w
[ 2
w 1w w
~ 1___’29(11_3) (1.45¢)
c 2w w
We then use this approximation to simplify the term kg — ki
w 1 w% wp Wg
kp—kp=— ———2(————) (1.46a)
c| 2w w w
2
wWpw
=——t== (1.46b)
cw* w
2
Wy w
ey (1.46¢)
w= ¢

Finally, we can express the phase difference A0 between R and L by subbing this into

Equation|1.43

e3 d
AO = —f nB-ds.
m2egcw? Jo

We need to find the relation between A6 and the rotation of the linear polarisation

(1.47)

angle Ay. By symmetry Ay = %AB. Conventionally, Ay is expressed in units of

radians and in terms of A2 instead of w?

1 & A\ rd
Ay =— e B-d 1.48
X 2 m?eyc (ch) fo no-as (1.482)
e3 d )
=RM-A?, (1.48c)

where we have introduced the Faraday rotation measure (RM) which by convention
has units of radians per metre squared. The change in the polarisation angle is
proportional to the wavelength squared. As per this derivation, this formula only

holds if the direction of B is always along the line of sight. However it can be shown
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1. INTRODUCTION 1.6 Helical Magnetic Fields in AGN Jets

that this formula holds in general if we use By, the component of B along the line of

sight. As in|Burn/(1966), we can then write the following expression
X = Xo+RMA?, (1.49)

where y is the observed polarisation angle, y is the original (intrinsic) polarisation
angle upon emission and RM is the rotation measure. In general, the rotation
measure can be estimated by measuring the linear polarisation angle y at several
wavelengths. From measuring RM, we can infer the value of the integral fod nB|-ds
although it is difficult to disentangle the contribution from electron density n, and
the magnetic field. Despite this, if the sign of the rotation measure changes itis a
clear indication of a change in direction of the B field. In the case of linear
polarisation associated with synchrotron radiation, RM measurements allow us to

picture the 3D structure of magnetic fields around astronomical objects.

1.6 Helical Magnetic Fields in AGN Jets

The relativistic jets of AGNs seem to originate in a region close to the central black
hole. Suggested processes include extraction of energy from the black hole spin
(Blandford & Znajek|1977) or from the magnetized accretion disk (Blandford & Payne
1982).

As mentioned earlier, the exact collimation mechanism of these jets is unknown.
One possible explanation for the high collimation is a helical magnetic field
structure in the jet. Theoretical studies Nakamura et al.| (2001), Lovelace et al. (2002)
have predicted the development of such a helical jet, arising from the "winding up"

of an initial "seed" field by the rotation of the central accreting objects.

The primary objective of this project was to identify, where possible, evidence that
helical fields are present in the jets of the sources that were studied. Although it is
not possible to directly measure the strengths of the magnetic fields in AGN jets,
their orientation can be inferred from the direction of the observed linear
polarisation. The remainder of this chapter will be the discussion of different aspects

of jet polarisation and how they lend insight into its magnetic field structure.
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1. INTRODUCTION 1.6 Helical Magnetic Fields in AGN Jets

1.6.1 Polarisation Structure

As discussed earlier, the synchrotron radiation emitted from AGN jets can be highly
linearly polarised. It also has weak intrinsic circular polarisation typically less than

0.1%, which was not examined in this project.

By IAU convention, the electric vector position angle (EVPA), or polarisation angle y,
which indicates the plane of polarisation, is measured starting from North and

increasing counter-clockwise, through East.

In an optically thin region, the EVPA of polarised synchrotron emission is
perpendicular to the projection of the magnetic field onto the plane of the sky. If a
helical magnetic field is present in the jet, the magnetic field lines will be roughly
aligned with the jet direction at the edges, and orthogonal to the jet direction in the
centre. Given EVPAs perpendicular to the line-of-sight magnetic field, this will give
rise to a "spine-sheath" EVPA pattern, shown in Figure Hence, sources where
such a "spine-sheath" structure is observed, can be considered candidate helical
field hosts. Numerous studies have found examples of this spine-sheath structure in
AGN jets such as|Pushkarev et al.|(2005) and \Gabuzda et al.| (2014).

This is somewhat of a simplification, with this exact structure coming about when
the observer is looking at the jet at a very specific viewing angle. In reality, the
projection of a helical magnetic field onto the plane of the sky depends on two
parameters: viewing angle 6’ and the helix pitch angle y’. The different polarisation
structures in the presence of a helical field for varying pitch angles and viewing
angles were analysed in detail in Murphy et al. (2013). Depending on these particular
parameters, the EVPA structure observed can be perceived to be entirely longitudinal
(EVPAs parallel to jet), entirely transverse (EVPAs perpendicular to jet), transverse on
the edges of the jet, and longitudinal along the spine (i.e. the spine-sheath structure)
or transverse on one side of the jet but longitudinal on the other side. Knowledge of

this is essential for interpreting the observed polarisation structure.

1.6.2 Fractional Polarisation

Fractional polarisation m = % is the ratio of polarised intensity to total intensity,
where P = \/m, is the total polarisation intensity expressed in Stokes
parameters. For synchrotron radiation at an optically thin frequency, if the ambient
magnetic field were completely uniform and all the electrons were circling

perpendicular to this field (a pitch angle of 90°) we theoretically would observe 100%
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EVPA — B Field —

Figure 1.6: Idealized schematic showing how a spine-sheath pattern could be formed.
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Pol line 1 milli arcsec = 4.1667E-03 JY/BEAM

Figure 1.7: Real spine-sheath structure in optically thin jet of Markarian 501 at 8.4
GHz. Figure from Coughlan & Gabuzda (2013).

linear polarisation (Gabuzda|2008). However, in reality, assuming a uniform field,
the pitch angles are randomly distributed, fractional polarisation can reach a
maximum of 75% in the optically thin regime.

Generally, we can imagine the polarisation E vector of radiation to consist of two
components: One perpendicular to the ambient magnetic field (in the plane of

polarisation). And the other parallel to the magnetic field. In the optically thin
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regime, the perpendicular component dominates, so overall E and the plane of
polarisation is perpendicular to the B field. In contrast, in optically thick regions the
perpendicular component of the E is more likely to be absorbed and never leave the
region than the component parallel to the B field. This means a lower fractional

polarisation. In summary:

e Optically thin regime: The observed plane of polarisation is perpendicular to

the B field and the degree of linear polarisation can reach = 75%

* Optically thick regime: The observed plane of polarisation is parallel to the B
field and the degree of linear polarisation no more than about 10-15%

Overall, fractional polarisation is a good indicator of the order of a magnetic field
with a regular ordered field producing high fractional polarisation and a tangled or
disordered field producing significantly less. In the case of a helical magnetic field,
the line-of-sight magnetic field lines will tend to be more ordered at the edges (as
they are all pointing in the same direction) and more disordered towards the centre
of the jet (as the field lines cross over each other). Hence, if a jet is host to a helical

magnetic field, one expects the fractional polarisation to rise at the edges of the jet.

In addition to this, variations in fractional polarisation across the jet can also be
attributed to a variety of physical processes inside the jet. A compact feature with
higher than usual fractional polarisation and polarisation angles aligned parallel to
the jet direction (implying an orthogonal magnetic field) may indicate the presence
of a transverse shock in the jet. (Cawthorne et al. (2013) have described the EVPA
structure and fractional polarisation pattern corresponding to the presence of a
conical shock in an AGN jet and found evidence of such a shock in the jet of
J1800+7828.

1.6.3 Rotation Measure Maps

It has previously been suggested that a helical field structure would result in a
transverse RM gradient across the jet, due to the systematic change in the
line-of-sight B field component on which the RM value is dependent (Perley et al.
1984, Blandford|1993). From Equationwe know that if a source has been
observed at multiple wavelengths, the RM at a point in the source can be estimated
by plotting y,ps against A2. The slope of this plot will give an estimate of the RM
value at that point. Figure|[L.8]illustrates such a RM measurement using polarisation

observations at four wavelengths: 6, 13, 17, and 21 cm.
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Figure[1.9[shows a schematic of a hypothetical helical magnetic field in an AGN jet
viewed from the side. At the top of the jet, the magnetic field lines lie in the direction
of the line of sight, so that the line-of-sight magnetic field component is at a positive
maximum. In this part of the jet, positive RM values are expected. At the bottom, the
field lines are counter to the line of sight direction. Thus, a negative value for RM is
expected. In the centre, the field lines are perpendicular to the line of sight, so the
line-of-sight magnetic field, and therefore the RM, is zero. Hence, if a helical field is
present in the jet, the value of RM is expected to change across the jet, transverse to
the jet direction. Whether or not the RM values change sign across the jet depends
on the angle at which the helical magnetic field is viewed. However, a statistically
significant gradient is enough to suggest the possibility of a toroidal or helical
magnetic field. Statistically significant transverse RM gradients across the
parsec-scale jets have been identified in several AGNs in recent times (Gabuzda et al.
2018).

Polarisation Angle versus Wavelength Squared

RM = 242.0382 + 0.3914 [rad m2] ’
200t
100 .
i
o 0
> .
-100
-200
—30 0.01 0.02 0.03 0.04
A2 (m?)

Figure 1.8: Figure showing an example of a y versus A? fit for a region of the source
J0121+1149. The data gives a fitted rotation measure of RM = 242.038 rad m~2 and
an intrinsic polarisation angle of yo = —297.064°.
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LoS B Field towards observer

RM =0

SOOI <o

LoS B Field away from observer

Figure 1.9: Schematic of helical field in jet, showing the gradual change in rotation
measure sign from positive to negative expected with this structure.

Studies of particular sources have shown reversals in transverse rotation measure
gradients (Mahmud et al.|2013} (Gabuzda et al.|2018). This indicates that the
orientation of the line-of-sight magnetic field associated with the Faraday rotation

changes with either time or distance from the centre of activity.

One possibility suggested in|O’Sullivan & Gabuzdal (2006) is that a bend in the inner
jet changes the observer’s viewing angle and therefore the side of the helical field
with dominant polarisation. This produces RMs with different signs in different
lengths of the jet. Another possible explanation is that these RM sign reversals
correspond to locations where the helical field undergoes a kink or reconnection. If
before a change in helicity the line-of-sight B field is pointing towards the observer
and after the change, further down the jet it will be pointing away and an opposite

RM sign will be observed.

However, the explanation that is most favoured is that the magnetic field of the jet
has a "nested helical field" structure, with two regions of helical magnetic field, near
the jet axis and further out, with the two regions having oppositely directed
azimuthal magnetic fields. A reversal in the direction of the transverse Faraday
rotation measure across the jet will be observed if the region dominating the Faraday

rotation integral switches from the inner region to the outer region or vice versa.
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Chapter 2
Theory of Radio Astronomy

A single radio telescope coherently sums electric fields over an aperture of size D.
For this, diffraction theory applies and the angular resolution in radians is
A

Oraa = - 2.1)

This indicates that to improve resolution at a given wavelength, all one must do is
increase the size of the dish. However, due to the cost and additional problems
caused by gravitational sagging and thermal expansion, the largest contemporary
fully steerable dishes such as those at Green Bank and Effelsberg are only 100 m in
diameter. For radiation at a wavelength of 21 cm, this results in a poor resolution of

about 0.0021 radians or 7.2 arcminutes.

To achieve sub-arcsecond resolution an interferometer is used. The simplest radio
interferometer consists of two radio telescopes whose signals are correlated. The line
connecting two antennas in an interferometer is called the baseline. The resolution
of an interferometer goes roughly as the length of the longest baseline it contains.
Thus, an interferometer is comparable in its resolution to a single dish the size of the
longest baseline. Very Long Baseline Interferometry (VLBI) utilizes this dependence
on baseline length. VLBI arrays, such as the European VLBI Network (EVN) in Europe
and the Very Long Baseline Array (VLBA) in the United States host baselines up to

thousands of kilometres long, allowing for a very high resolution to be achieved.

23



2. THEORY OF RADIO ASTRONOMY 2.1 Basics of Radio Interferometry

2.1 Basics of Radio Interferometry

The following section uses Thompson| (1999) and Chapter 3 of|Condon & Ransom
(2016) as references. The simplest radio interferometer is a pair of radio telescopes
whose voltage outputs are correlated (multiplied and averaged in time). A basic 2
element interferometer is shown schematically in Figure[2.1] The simplest case
involves an interferometer observing a distant point source. § is the unit vector that
points from the two antennas to the distant target radio source. By refers to the
baseline vector which points from antenna 1 to antenna 2. Plane waves from this
source must travel an extra distance Eo -§to reach antenna 1. Hence, the wavefront
from the source arrives at antenna 1 a time 7 after the antenna 2. We call this the

geometrical delay and is defined as

Incoming
Radiation

Bo

-
>

Figure 2.1: Schematic of a two-element interferometer.

Tg=—, 2.2)

where c is the speed of light. The (real-valued) output voltages of the antennas in

response to the incoming electromagnetic wave are given as follows

v; =Vcos(wt) (2.3a)
vy =Veos(w(t-1g)), (2.3b)
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where w = 27 f is the angular frequency. The product of v; and v, is expressed as

V12 = V2 (cos (wt) cos (w (1 —1g))) (2.4a)
2
= V? (cos® (wt) cos (wTg) +cos (D) sin (1) sin (wTg)), (2.4b)

which uses the trignometric identity cos(x — y) = cos x cos y +sin x sin y. Averaging
over time, the correlator response R, of the two-element interferometer with a

"cosine" correlator is

2
R = (u1vp) = V? (cos (wTg){cos® (D)) +sin (wTg) (cos (@D sin(wD))  (2.5a)

V? 1 .

=~ |cos (wTg) x 5 +sin (w7g) x 0 (2.5b)
V2

=~ cos (wtg). (2.5¢)

The voltages V; and V, are proportional to the electric field produced by the source
multiplied by the voltage gains of the two antennas and receivers. Thus the

. 2, . . . .
correlator output amplitude VT is proportional to the intensity I of the point source

2mc E() -§
R, x Icos| ——— (2.6a)
A <
o Icos(27B-3), (2.6b)

where B = %. As with any real valued function, the arbitrary source brightness
distribution, can be written as the sum of even (symmetric) and odd
(anti-symmetric) parts: I = Iz + Ip. However, the even cosine function in R, is
sensitive only to the even part Ig. To detect the odd part Ip we need a "sine"
correlator with an odd output, R = V; sin(wTg). This can be achieved through use of
a second correlator that introduces a 5 rad = 90° phase delay into the voltage output

of one antenna.

With this in mind, having considered a point source, we can now derive the
interferometer response to an extended source, by considering it to be the sum of
many point sources. If the original point source we have considered is at the origin,
all the other point sources can be described as being separated from it by some
vector d in the plane of the sky directed to the location of the point source from the

"phase centre", corresponding to the direction of §. The complex correlator response
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to any one of these point sources is given by
R;—iRsox Icos(2nB - (d+3$))—ilsin(2nB- (G +3)). 2.7)

The full complex response of the interferometer to the extended source is the

integral of the above over a

+oo +00
RC—iRscxf I(é)cos(ZnB-(ﬁ+§))dﬁ—if I(@)sin(2nB-(a+3$)da (2.8a)
rroo I -
o f 1(@) e ?"B@ 9 gg (2.8b)
—00
D A +m 5 =
o e HmiBS f I(@)e B qg (2.8¢)
—00
= e BSy (B), (2.8d)

where V (B) is the complex visibility function. It can be clearly seen that V (B) forms

a Fourier transform pair with I (a)
vV (B) = f (@) e 2" B4 g (2.92)

1(@) = f vV (B)e*"iBagB. (2.9b)

As the field of view of the interferometer is very small we can consider that area of
the celestial sphere to be a flat surface parallel to the ground where the baseline is
located. Hence d is perpendicular to § and B - d = b- d where b is the baseline
projected onto the sky. The vectors g and b can be decomposed into coordinates in
two dimensions. We can choose the coordinates to point North and East. Hence
a— (x, y) and b — (u, v) where (u, v) are the baseline coordinates on the ground,
and (x, y) are the coordinates on the celestial sphere. This system is shown

schematically in Figure[2.2] The Fourier transform pair can then be written as

V(u,v) :fl(x, y) e T y) gy gy (2.10a)

I(x,y)= f V (u, v) &™) qudy, (2.10b)

So, in theory, if (v;v,) is known the visibility data V (u, v) can be found, and knowing
V (u, v) allows the intensity distribution I (x, y) to be found via Fourier transform. To
accurately recreate I (x, y) a large number of antennas covering a large range of (u, v)
coordinates is needed.
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plane of the sky

y
X
celestial
sphere
Y
. u

u,v plane

Figure 2.2: Schematic showing the relation between the sky coordinates and those
on the ground. The sky dome is approximated as a flat plane. Image credit: Dale E.
Gary, NJIT.

2.2 Deconvolution with the CLEAN Algorithm

The following section uses Briggs et al.[(1999) and Cornwell & Braun| (1989) as
references. After calibration, the Equation [2.10blis used to perform an inverse
Fourier transform on the visibility data to produce an image. In practice, an array of
radio telescopes only takes measurements at certain baselines and this only provides
a partial sampling of the visibility function V (u, v). A sampling function

S(u,v) =Y 10 (u—ug, v—v) can be defined to equal 1 in the sampled parts of the
uv plane and 0 in the unsampled parts. The sampled visibility function

S(u,v) V (u,v) is the actual data provided by the array. Hence the result of an

observation is a "dirty image"
Ip(x,y) :fS(u, )V (u,v) 2 vY) gy dy. (2.11)

In the image plane, the dirty image (the observed source structure) is the

convolution of the true source structure (x, y) and the Fourier transform of the
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sampling function, called the dirty beam B (x, y)

Ip(x,y) = F{S(u, v)} * F{V (u, v)} (2.12a)
Ip(x,y)=1(x,y)*B(x,y), (2.12b)

where * signifies convolution. The dirty beam is the point spread function of your
observation and is entirely dependent on the values of (u, v) at which observations
are made. Due to the gaps in the (u, v) coverage, large positive or negative sidelobes
may be present in the dirty beam. These are symmetric irregularities away from the
beam centre which contaminate the dirty image and obscure fainter structure. We
define the dirty beam as

B(x,y) :fS(u, v) 2T X VY) gy dy. (2.13)

Kim) (a) B(l,m) b I(L,m)*B(lm) ©
»

Beam Dirty Map

W(u,v)S(u,v)

Visibility Sampling Function Sampled Visibility

Figure 2.3: Illustration of the relationship between intensity and visibility domains
with the top three panels being the intensity and the bottom three being the visibility
domain. Note, in this diagram the intensity domain units are referred to as (/, m) and
not (x, y). a) An example (model) sky map. Note that there are no sidelobes. b) is the
dirty beam. c) is the dirty map that results from the Fourier transform of the sampled
visibilities. This is equivalent to the convolution of the map in (a) with the dirty beam
in (b). d) is the complete visibility plane. The Fourier transform of this gives a). e)
is the sampling function of the array, whose Fourier transform gives the dirty beam
in (b). f) is the product of panels (d) and (e), representing the sampled visibilities.
These are the actual measurements from the array. Image credit: Dale E. Gary, NJIT.

To recover the true source structure and improve image quality, it is typically
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required to remove the effects of the dirty beam in Equation[2.12b|by performing
deconvolution on your visibility data. The most basic method of deconvolution is
CLEAN algorithm first described in Hogbom (1974). The algorithm is most
commonly applied in the image plane. This algorithm assumes that the radio sky
can be represented by some number of point sources (delta functions). The
algorithm effectively reconstructs information in the (u, v) plane. The CLEAN

algorithm consists of the following steps.

1. Calculate the discrete Fourier transform of the sampled visibility function data

to obtain the dirty map.

2. Find the peak of the dirty map and assume that the emission at this point is

real and not the result of any sidelobes.

3. Multiply the dirty beam by some fraction y (e.g. 0.1) of the dirty map at that
point and subtract this from the map with the dirty beam peak at the position
of this point. This essentially takes out the contribution of part of the emission
at that point from every point in the map, including all its sidelobes. The

fraction y is called the "loop gain" and is chosen such that 0 <y < 1.

4. The location and amplitude of the peaks are added as delta functions to a

model image (a list of "CLEAN components").

5. Repeat steps 2—4 until the peak that is found is comparable to the noise level

(i.e. you've found all the real emission).

6. Convolve the final model image consisting of CLEAN components with an
idealized "CLEAN beam"—an elliptical Gaussian fitted to the central lobe of
the dirty beam; essentially the dirty beam without its sidelobes. This is called
the "CLEAN map".

7. Add the residual dirty map to include any extended structure not modeled well
by the CLEAN procedure.

Using this method, removing part of the contribution of the brightest regions
(together with their associated sidelobes) gradually reveals regions of weaker
emission. If initial amplitude and phase calibration was done correctly then the map

should accurately reflect the true source structure.

The CLEAN algorithm also plays a major part in the process of self-calibration (see
Section2.4.3). Self-calibration uses your estimated source structure to better
calibrate the antenna-based complex gains (i.e. amplitudes and phases) as a

function of time. This is an iterative process. Taking the model of the image made in
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step 4 of the CLEAN algorithm the phases are corrected over a short time interval
(compared to the coherence time) to match the model. This makes some
improvement to the signal-to-noise ratio and allows for a deeper CLEAN and results
in a better model. The phases may be corrected multiple times before the
amplitudes can also be corrected. Subsequent amplitude corrections are carried out

on shorter and shorter time scales.

2.3 Polarisation in Interferometry

The following section is based on Chapter 2 of Rybicki & Lightman| (1986) as well as
the paper|Conway & Kronberg| (1969). A monochromatic plane electromagnetic
wave can be described as follows

E= dlEoei( ' (2.14a)

B= dzBoe’( ' , (2.14b)
where d; and d, are perpendicular unit vectors, Ey and By are complex constants

and d; x d» = k where k is the direction of propagation. Such waves are linearly

polarised.

Figure 2.4: Rotation of x and y electric field components by angle y to coincide with
principal axes of polarisation ellipse. Based on Figure 2.4 of Rybicki & Lightman
(1986).
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Let us examine the electric vector at an arbitrary point (r = 0). The magnetic vector
simply remains perpendicular with the same amplitude. The electric vector is the

real part of
E=(XE, +JE,) e ™" = Eye ™", (2.15)

The complex amplitudes E; and E, can be expressed as
E1 =&,  Ey=&e'. (2.16)

The physical (real) components of the electric field along the % and j directions can

be written as
Ex=&1cos(wt—¢1), Ey=8&rcos(wt—¢y). (2.17)

Each component oscillates with different amplitudes and phases. These equations
describe the tip traced out by E on the (x,y) plane. In general, E traces out an ellipse
defined with respect to its principal axes x” and y’. The general equation of an ellipse

with respect to its own principal axes is

B
We can set
2
—% =cos® (wt) = E} = tacos (i) (2.19a)
a
2
b_J; =sin’ (wt) = E;, = +bsin(wt). (2.19b)

Now we parameterise a and b in terms of an amplitude &, and a phase f such that

Fsp<}

a=&ycos(p) (2.20a)
b= &sin(p). (2.20b)
This then gives
E\, = &ycos(B) cos(wt) (2.21a)
E;, = —&psin () sin (w1). (2.21b)

With the above parameterisation the ellipse rotates clockwise for 0 < § < 7 and
counter clockwise for =* < 8 < 0 as viewed by an observer towards whom the wave is

propagating. These scenarios are right and left handed elliptical polarisation. In the
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case where § = +7 the ellipse is a circle and this is designated "circular polarisation".
Consider now the case where this ellipse traced out by E is tilted by an angle y to the

x and y axes

Ey = Eycos(x) - E,sin(x) (2.22a)
Ey = Eysin(y) + Ej, cos(x) . (2.22b)

This is equivalent to applying a rotation matrix to E’ from Equation This gives

Ey = & (cos () cos (x) cos (wt) +sin(B) sin(x) sin (w?)) (2.23a)
Ey =&y (cos (p)sin(x) cos (w?) —sin(p) cos(x) sin (w1)), (2.23b)

which is equivalent to Equation if we take

& cos (1) = Eycos () cos () (2.24a)
& sin (1) = Eosin () sin(x) (2.24b)
&> cos(¢2) = Eycos (B)sin(y) (2.24¢)
&z sin (¢p2) = —&psin (B) cos (¥) - (2.24d)

Hence, if we are given &1, ¢, &2, and ¢» we can solve for the polarisation

parameters &, §, and y. This can be done conveniently using the Stokes parameters

[=87+85=8F (2.25a)
Q=87 - &2 = & cos(2) cos (2y) (2.25b)
U = 28,82 c0s (p1 — ¢2) = & cos (28) sin (2)) (2.25¢)
V =288, sin (¢ — ¢p2) = £ sin (28). (2.25d)

Equation can be further manipulated to give

Vi=&, (2.26a)
% =sin (2) (2.26b)
% = tan (2y). (2.26¢)

This shows that the three parameters needed to describe pure elliptical polarisation
completely are &y, B, and y. The four Stokes parameters are related to each other via
the equation

P=Q*+U?+ V2 (2.27)
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The meanings of the Stokes parameters will now be explained. I is proportional to
the energy flux or total intensity of the wave. V is a circularity parameter that
measures the ratio of the principal axes. The wave has right or left polarisation if V is
positive or negative and the wave is linearly polarised if V = 0. The only other
independent parameter, either Q or U describes the orientation of the ellipse with
respect to the x axis. Together they are used to determine the linear polarisation
angle y using Equation[2.26c} The case where Q = U = 0 is the condition for pure

circular polarisation.

We can rewrite the Stokes parameters as defined by|Conway & Kronberg (1969). First,
we need to specify the axes as shown in Figure[2.5|with A and B orientated north and
east and the C and D axes rotated 45 degrees with respect to the A and B axes. The
position angle y in increases north through east. Updated according to IAU

conventions those relations are

I=(Ey)+(Ep)=(E¢)+(Ep) = (Ep) +(EL) (2.28)
Q=(E}) - (Eg) (2.28b)
U= (E2)—(E%) (2.28c¢)
V =(E%) - (E?). (2.28d)

RCP

rn
> 1>

B=<<

Figure 2.5: Axes defining the Stokes parameters Q, U and V. Diagram adapted from
Conway & Kronberg (1969). For illustrative purposes, the angle y is increasing from
North through East to an arbitrary point labeled E.
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Now consider a polarised component to the radiation E),; and an unpolarised

component Eyppo;

E
E = u\;g()l + Eporcosy (2.29a)
Eunpol .
Eg = 7 + Epgrsiny (2.29b)
Eunpol . o
Ec= 7 + Epoysin (45° — x) (2.29¢)
Eunpol
Ep = ”\;g" + Epoicos (45° - x). (2.29d)
We can use Equations and to calculate the Stokes Q and U parameters
Q= <E§ml> cos (2y), (2.30)
and
U=(E2, )sin(27). (2.31)

The (E,m polE pol) terms vanish as the polarised and unpolarised components are
uncorrelated. Again we see that the polarisation angle y is given by tan2y = % and
’230 ; = Q*+ U?. Hence, we can construct a
complex quantity called the complex polarised flux P

the total linearly polarised intensity by E

P=Q+iU=mlIe*x. (2.32)

On the complex coordinate plane, P will be a vector with amplitude mI (where m is
the fractional polarisation) and phase 2. We can connect these parameters to the
output of a radio telescope’s correlator which have RCP and LCP feeds. Between the

two feeds the following four correlations are possible

(LL* (u,v)) (2.33a)
(LR (u,v)) (2.33Db)
(RL* (u,v)) (2.330)
(RR" (u, 1)), (2.33d)

where R and L refer to the right and left polarised output of a single antenna in
response to incoming radiation. For example, in a two-element baseline pair
(LR (1, v)) would mean the correlation of the LCP radiation of one baseline element

to the RCP radiation of the other telescope. Comparison shows that the correlations
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(LL* (u,v)) and (RR* (u, v)) are analogous to ZE% and ZEJ% in Equation Solving
for (LL* (u, v)) and (RR* (u, v)) using Equations2.28aland|2.28d|yields

(LL* (u,v))=1-V (2.34a)
(RR* (w,v))=1+V. (2.34b)

This demonstrates that the quantities (LL* («, v)) and (RR* (u, v)) only contain
information about the total intensity and circular polarisation. Hence we need the
(LR* (u,v)) and (RL* (u, v)) correlations in order to calculate Stokes Q and U. This is
achieved by writing the electric field components E4 and Ep in terms of the circular

components Eg and Ef,

Ejp=Egpcoswt+ Ercoswt (2.35a)

Ep = Egsinwt— E;sinwt. (2.35b)

Writing this in complex form with y = 0 meaning both circular components are in

phase with each other and point North at ¢ = 0, then we can say

Ea=(Eg+Ep) e’ (2.36a)
Ep = —i(Eg - Ep) ", (2.36b)

where the real parts of this equation give Now rearranging to express Eg and

E; in terms of E4 and Ep we can express
1 . —iwt
Er= E(EA+1EB)e (2.37a)

1 .
E; = > (E4—iEg)e L. (2.37b)

Using Equation we can write the correlation of R and L in terms of the linearly

polarised components

(RL* (u, v)) = 2(ERE’£> (2.38a)
1

= E(EA+iEB) (Ep+iER) (2.38b)

=Q+iExEpB, (2.38c)

where, referring back to Equation[2.28} 1 (E2 - E3) = (E4) - (E2) = Q. In
Equation in the case of y = 0, we are left with U = 2&, 8> which in terms of E4
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and Ep gives
U =2(EAEp) = E4Ep. (2.39)

Substituting this into Equation gives us
(RL* (u,v))=Q+iU. (2.40)

Similarly, it can be shown that (LR* (1, v)) = Q — iU. In summary, there are four

possible correlations

(LL* (w,v))=1-V (2.41a)
(LR (u,v))=Q—-iU (2.41b)
(RL* (u,v))=Q+iU (2.41¢c)
(RR* (u,v))=1+V. (2.41d)

Thus the four correlations can be used to give all the Stokes parameters and
polarisation information. These raw correlations as initially recorded will not be

entirely accurate due to instrumental effects. This will be discussed in Section[2.4]

2.4 Calibration

2.4.1 Calibration Formalism

This subsection is based on Fomalont & Perley (1999). The raw data obtained from
the telescope array are referred to as the observed visibilites 17:] (). This differs from
the true visibilites V;; (#) due to a variety of atmospheric and instrumental effects.
The aim of calibration is to recover the true visibilities before the data are used. The

basic calibration formula can be written as
Vij (1) = Gij (8) Vi (1) + €35 () +75 (8), (2.42)

where 1 is the time of observation, G;; (f) is the complex baseline-based gain, €;; (1)
is the baseline-based complex offset, and 7);; (¢) is the stochastic complex noise. As
most data corruption occurs before correlation, we can approximate the complex
gain G;; (¢) (which we need to find) as the product of two antenna-based complex
gains

Gij () =gi (1) g; (1) =a;(®)a; (1) el (@i)=0;(0) (2.43)
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where a; (f) is an antenna based amplitude correction and ¢; () is an
antenna-based phase correction. In an array of N antennas there are N values of
gi (#) that need to be solved for and correspondingly N (N — 1) values of G;; (). The
following section will outline the methods of calibration. Throughout my thesis

calibration was done using the Astronomical Image Processing System (AIPS).

2.4.2 Initial Calibration
2.4.2.1 Amplitude Calibration

This subsection is based onWalker (1999). The power of signals received by a
telescope can be defined in terms of an equivalent temperature 7. Using the
Rayleigh-Jeans approximation to the Planck radiation law for a blackbody, the power
P is given by

P =kpTAv, (2.44)

where kg is the Boltzmann’s constant and Av is the observing bandwidth. The total
system temperature T, is made up of contributions Tsys = T + Tjgise where Ty is
the antenna temperature and T},,;. represents noise added to the system. The noise
temperature contains contributions from the receiver noise, feed losses, spillover,

and atmospheric emission.

Initially, the raw correlation coefficients are in arbitrary units but need to be
converted into physical flux densities in the units of Janskys (Jy). This is done by
finding the system equivalent flux density (SEFD), which is defined as the flux
density of a source that would contribute the same power as that due to the system
noise. It is necessary in amplitude calibration to estimate antenna SEFD values as
functions of time, elevation and frequency, and applying the calculated corrections
to the raw correlation coefficients to obtain V;;. In units of Janksys (Jy), the

correlated flux on a particular baseline is defined as

[TosiTovs i
Sij=6ij —Sy;fgfys'], (2.45)
i8]

where S;; is the correlated flux on the baseline between antenna i and j, §;; is the
correlation coefficient between the two antennas, and g; is the antenna gain of the
ith antenna. Antenna gains (units of K Jy~!) are expressed as a peak gain multiplied
by a normalized "gain curve" which is a function of the antenna elevation angle.

Assuming the antenna gain curve is already known, we can calculate the flux in
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Equation In AIPS Equation is calculated using the task APCAL.

2.4.2.2 Phase Calibration

Firstly, the effect of the parallactic angle needs to be removed. The parallactic angle
is the angle formed at a celestial object by the intersection of arcs drawn on the
celestial sphere to the observer’s zenith and to the celestial pole. The radio
telescopes in most arrays have altitude-azimuth (or alt-az) mounts. This mount is
limited to vertical and horizontal rotation. Altitude is the angle between the
observer’s local horizon and the celestial object. Azimuth refers to the angle between
true North and the celestial body, increasing eastward around the observer’s horizon.
The parallactic angle describes the correctional rotation of the feeds of an alt-az
telescope as it tracks a source throughout an observation, needed to keep a constant
orientation. Each antenna is at a different location in the array and so has a different
parallactic angle, introducing an additional phase term to the visibilites which needs
to be removed. This is done in AIPS using the task CLCOR.

Secondly, the instrumental phases and delays need to be corrected. These are
caused by the passage of signals through cables and electronic systems and can
cause phase jumps between spectral windows. Correction is done using the
procedure VLBPAPCOR over a short timescale. VLBAPCOR makes use of the pulse
calibration system which consists of pulses injected into the signal path at the

receivers. These pulses act to define the delay reference point for astrometry.

After correlation and pulse calibration, the VLBI data may still exhibit small phase
errors. These manifest as slopes in phase as a function of time or frequency. This
needs to be corrected so that the two signals phase up appropriately. The process of

finding these delays both in time and in frequency is called fringe fitting.

Following the treatment by /Cotton| (1995), the interferometer phase is related to the
geometrical delay by the relationship

by =21VTg, (2.46)

where ¢,y is the interferometer phase, v is the frequency and 7 is the geometrical
delay. Differentiating Equation[2.46/shows how interferometer phase errors and the
geometrical delay are related

dpey=2nvdrg. (2.47)

Thus, correlator delay errors will result in time and frequency dependent errors in
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¢:,v. Taking a first order linear expansion of Equation yields

Ady o =do+ 2Pav+ 9P, (2.48)
Prv=hot 5 ot '

where ¢ is the phase error at the reference time, g—f is the delay residual and % is

the rate residual. These are the quantities that need to be corrected for. Most sources
of delay error can be seperated into contributions from individual antennas. Hence,
baseline errors can be considered to be differences between antenna errors. The
phase errors between antennas i and j can be expressed as

9 % Av+

ov  ov

2.49
ot ot ( )

i a(pj]m).

A<Pij=<,bio—¢>jo+(

Throughout my thesis, "global" fringe fitting is utilized (see Schwab & Cotton| (1983))
which calculates simultaneous solutions for all the delay and rate parameters for all
antennas involved using Equation In AIPS, following instrumental corrections,
global fringe fitting is done using the task FRING. This removes frequency and
time-dependent phase errors over the complete time range. The procedure

VLBACPOL (which includes FRING) is then used to remove cross-polarisation delays.

2.4.3 Self-Calibration

This subsection is based on|Cornwell & Fomalont|(1989). The sensitivity achieved
after the initial amplitude and phase calibration is limited due to residual calibration
errors in the visibility data. However, many objects have enough signal-to-noise
(S/N) that they can be used to calibrate themselves to obtain a better image. This is
called self-calibration. It is an iterative process. The procedure in self-calibration is
to use a least-mean-squares method to calculate the gains g () that minimize the
square of the modulus of the difference between the observed visibilities V and the

corresponding values of a derived visibility model V"04¢!

S=) > wij (1)
k 1
i#]

—~ 2
Vij () - i (1) & (6 VIl a)] (2.50)

An image model made with the CLEAN algorithm described in Section [2.2]is Fourier
transformed to make this visibility model. Once calculated, the estimated inverse
gain terms are applied to the measured visibilities to create improved visibilities. The
CLEAN algorithm is run again to obtain a new image model of the source and the

process is repeated multiple times until convergence. With each iteration, there is a
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slight improvement to the signal-to-noise ratio which allows for a deeper CLEAN
and a better model. In creating this model, care must be taken only to include real
emission. The weighting coefficient w;; is usually chosen to be inversely
proportional to the variance of 17;1-, and the quantities described are all functions of

time within the observing period.

In AIPS, the model V"°%¢! consisting of a collection of point sources is constructed
from the observed visibilities V using the task IMAGR. If necessary, this model can
then be manually edited using the task CCEDT to include only the clean components
associated with real emission. The calibration is calculated and applied to the

original visibilities using the task CALIB to create a new set of improved visibilities.

PLot file version 2 created 25-APR-2021 14:35:31 PLot file version 5 created 25-APR-2021 14:34:46
J0136+47 IPOL 4979.875 MHz J0136+4751C.ICL001.2 J0136+47 IPOL 4979.875 MHz J0136+4751C.ICL001.36
[ I I T I I T

25—

20—

MilliArc seconds
MilliArc seconds

L | | | | | | |

15 10 5 0 -5 -10 -15 -20 15 10 5 0 -5 -10 -15 -20
MilliArc seconds MilliArc seconds
Center at RA 01 36 58.5948050 DEC 47 51 29.100020 Center at RA 01 36 58.5948050 DEC 47 51 29.100020
Peak flux = 1.6253E+00 JY/BEAM Peak flux = 1.6168E+00 JY/BEAM
Levs = 1.625E-02 * (-0.625, 0.063, 0.125, 0.250, Levs = 1.617E-02 * (-0.625, 0.063, 0.125, 0.250,
0.500, 1, 2, 4, 8, 16, 32, 64, 128, 256) 0.500, 1, 2, 4, 8, 16, 32, 64, 128, 256)

Figure 2.6: Comparison of intensity distribution for J0136+4751, before (left) and
after (right) numerous iterations of self-calibration. This shows how effective the
algorithm is at reducing noise. The blue crosses are "CLEAN components".

2.4.4 Polarisation Calibration

Ideally, the two feeds of a radio telescope should measure RCP and LCP emission
separately. However in reality there is "leakage" and both feeds detect a small
amount of the other term. Following the formalism in Conway & Kronberg| (1969),

the complex voltages can be written as

vi =Gy |ELe™ + Dy Ere™ | = L (2.51a)
vi=Gp|Ere™ "+ DpEre'| = R (2.51b)
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where G refers to the complex gain factors determined in calibration, E is the
induced electric fields in complex notation. The angle ¢, is the parallactic angle for
a particular telescope that changes in time. The D factors represent the polarisation
"leakage" explained earlier and are referred to as the instrumental polarisations,
polarisation cross gains, or D-terms. The D-terms are expected to be roughly 1-10%
and therefore we will ignore any second or higher-order products involving the
D-terms as well any D-terms involving E; E;, or ERE} . The correlator output is then

LiL} = GGl Ep EL e @n=60) (2.52a)
R\R} = GriGinEr Efy e~ L @p1=dp2) (2.52b)
RL} = Gpi G}, [ERlEZZe_i(¢ﬂ1+¢ﬂ2) + D}, Ep Eppe” (Pm=tn) 4 DmELlE;jze"(“’ﬂl“Pﬂ)]
(2.52¢)
L1R} = G11 Gy | v Ejye @ #02) 4 Dy Epy By @01 =402) 4 Dy By Bpye™ 'O =0) |
2.52d)

where L; R} refers to a correlation between the LCP of antenna 1 and the RCP of
antenna 2 etc. This can be simplified by expressing it in terms of Stokes parameters

assuming that V = 0

LiL} = G, GE,Ie' (Pr1=9p2) (2.53a)
RIR} =GR Gl e~ (Pr=tp2) (2.53b)
RiL} = GG}y | Pe™ @ +0m) s+ 1D}, 0 =002) 4 Dyl @n=¢)]| (2530

L1R; = G11G}y [P*ei(%l“”vz) +1 (Dgze"(‘/’ﬂl‘d’vz) + DLle"'(<”v1“”v2))] . (253d)

The parallactic angle factors can then be added in such a way as to remove the

parallactic angle dependence from the LL and RR correlations

LiLj = GGyl (2.54a)
RiR; = GG (2.54b)
RiL} = GG}y | P+1(D},e™7 + Dpie™1)] (2.540)
LR} = GL1 Gy [P* +1(Dpye 20+ DLle_i2<Pp1)] . (2.54d)

With this, the three terms in the RL and LR correlations have different dependence
on the parallactic angle. This means that the D-terms can be calculated by obtaining
a series of observations of a calibrator source that is either unpolarised or has a
simple polarisation structure and spans a large range of parallactic angles. The

D-terms are constant on the typical time scales of a VLBI experiment and once

Investigating the Magnetic Fields of 41 Frederick Richardson
High-Velocity Outflows from Active Galactic
Nuclei



2. THEORY OF RADIO ASTRONOMY 2.4 Calibration

calculated, the D-terms can be removed from the data. In a multisource experiment,
a single D-Term "calibrator" source is used to carry out polarisation calibration over
the entire experiment. A suitable calibrator has an intermediate declination, large
parallactic angle coverage, and a sufficiently high number of visibilities. The AIPS
task LPCAL is then used to calculate the D-Terms.

The LPCAL algorithm (Leppanen et al.[1995) models the calibrator source
polarisation parametrically (see also Marti-Vidal et al.| (2021) and The Event Horizon
Telescope Collaboration| (2021)). The total-intensity brightness distribution, I, is
divided in a set of disjoint of N regions (or "polarisation sub-components"), I,;, such
that

N
=Y I (2.55)

It is assumed that the fractional polarisation, and EVPA of the source is constant

across each sub-component. This implies that

N
Q=) qnln (2.56a)
n=1
N
U= uply, (2.56b)
n=1

where g, and u, are real-valued and constant. This condition is known as the
"similarity approximation". Beforehand, the source intensity structure undergoes
self-calibration (See Section[2.4.3). The LPCAL algorithm estimates the parameters
qn, Un, Dg, and D of all the antennas which minimizes the difference between the
calibrated cross-polarisation visibilities (from Equation[2.54) and the Fourier
transformed model brightness by using a least-squares minimization of the error

function given by

2 * ~ .~ |2 N ~ o~ |2
o= Y W |RLY)p~ @+ i + X W |LR} =@ iTm|,  @57)
m=1 m=1
where w, is the weight of the mth visibility, the subscripts i, j refer to an antenna
pair and Q and 7 are the Fourier transforms of the model Stokes parameters. The
total number of parameters used in this fit is equal to twice the number of source
sub-components, which correspond to g, and u, in Equation[2.56|plus four times
the number of antennas (corresponding to the real and imaginary parts of the Dy
and Dy of each antenna). Due to the parallactic angle coverage, it is possible to
decouple the D-terms from the source polarisation parameters. This means that the

more complete the parallactic angle coverage, the more accurate the derived
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D-terms will be.

2.5 Reliability of Rotation Measure Gradients

In order to characterize the errors in a calculated rotation measure map let us
examine the calculation process in more detail. Recall Equation|2.26¢, the way we
measure the polarisation angle y

_1 ta (g) (2.58)
x =y arctan ) .

Knowing this, it is clear any error in y, namely ¢, will depend on errors in Q and U,
which we will refer to as 0 and oy. In error analysis, if a calculated result y is a
function of measured parameters {x;, X2, ... X,}, each of which has an uncertainty

{Ax;,Ax;... Ax,} then the uncertainty in y can be calculated by

Ay= (2.59)
Using Equation [2.59| this would mean our error in y is
oy 2 [0y 2
2 _
UX_ (@O’Q) +(ﬁO'U) . (2.60)
Calculating the partial derivatives we get
6_}( — _EL (2.61a)
0Q 2Q*+U? '
0 1
1l _Q (2.61b)
oU 2Q%*+U?
Substituting this back into Equation gives
U202 + Q202
2= 7 (2.62)

4(Q*+ U2’

which gives a method to estimate the error in the polarisation angle. Based on Monte
Carlo simulations of VLBI observations with snapshot (u, v) coverage, Hovatta et al.

(2012) concludes the errors o and oy are estimated well by the equation

o= \/o—%ms +0% (15X 0rms)?, (2.63)
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where o0, is the corresponding background rms. The additional error o pserm
results from the presence of residual instrumental polarisations in the data following

D-term calibration. It is defined as

OA 2
o = I2+(03x1 , (2.64)
Drerm V' Nant X Nig % Ngcan \/ ( peak)

where o, is the estimated uncertainty in the individual D-terms, N, is the number
of antennas in the array, Njr is the number of intermediate frequencies (IFs), Ncqn
is the number of scans with independent parallactic angles, I is the total intensity at
the location in question, and I is the map’s peak total intensity (Roberts et al.
1994). The effect of 0 prerm is largest for sources with the highest I¢4¢. From
Table the observed source from this study with the highest I ;¢4 is J0854+2006 at
5 GHz. In this case, considering I at the fourth contour level where the edge RM
values are located and taking op = 0.002 from the scatter of the D-terms in the data
of|[Hovatta et al. (2012) this gives

o 0002 \/ (0.02)% + (0.3 x 4.258)* (2.65a)
= . D X 4, .

Dterm 10x8x10

O Dpterm = 0.09 mJy/beam (2.65b)

O-Dterm = O.ZO-rms. (2.65C)

This shows that o pe,;m can be taken to be negligible compared to o, for all
sources in the calculation of Equation [2.63] Neglecting 0 pserm, we used the error
estimates 0 = 1.80 5,0 and oy = 1.80 5,y Where 05,0 and 0,5, is the
background rms of the Q and U maps respectively. Once derived, the resulting x, g,
and A? are used in a weighted linear fit to solve for Equation and calculate the
RM. In general, for a weighted linear fit, a line of the form f (x) = ax + b s fitted to a
set of n data points {x1, x2,... x,} and {y1, y2,... yn} with associated y errors
{01,02,...0,}. The slope a of this will be the RM and the intercept on the y axis b
will correspond to the intrinsic polarisation angle yo. These results are found by

minimizing the quantity

n
x> =Y wi(yi—ax;+b). (2.66)
i=1

The reduced chi-squared statistic x should not be confused with the polarisation

angle. The values w; = ﬁ are the statistical weights calculated from the y errors. The

1
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end result of this fit are the relations

a= DXWi Y YiWi =X XiYiWi ) Wi

=RM (2.67a)
(X xiw)?* - L x2w; Y w;
Y x;yiw; —ayY xw;
p=="" Srw (2.67b)
1 l
The uncertainties in this fit are

> wi

g, = = O0ORM (268&)
¢ \/(inwi)z Y xXiwi Y w;

Y X2 w;

op= i (2.68b)

=0y,.
Yy wi—(Exw)? Y

Note, however, in measuring polarisation angle, there are ambiguities of nr radians
(i.e. multiples of 180°). In finding the reduced chi-squared statistic, adjustments of
+nm may be needed to be added to the angles of frequencies for a better fit. Usually,
angular shifts of only +7 or +27 are needed. This may mistakenly lead to artificially
high or low values of RM. The smoothness and plausibility of both the RM and y

map must be considered to ensure the right shifts.

When taking a rotation measure gradient across a source, the statistical significance
of the transverse RM gradient is defined as the magnitude of the difference between
the RMs at the two ends of the gradient divided by the uncertainty in this difference.
The uncertainty is taken to be the sum of the individual RM uncertainties added in

quadrature
IRM; — RMp|

)
2 2
V %M, T PRM,

where RM; and RM; are the start and end rotation measures of a slice from
Equation and ory, and ory, are the related errors from Equation A
transverse RM gradient with a statistical significance of at least 3o is considered

(2.69)

significance(o) =

evidence of a real transverse RM gradient. It is important that a check is made to
ensure that tentative transverse RM gradients are monotonic within the errors.
Sometimes, very localized regions with large formal significances may arise due to
the RM values in edge pixels with low signal-to-noise ratios; in most cases, these can
be taken to be spurious. Thus, reliable transverse RM gradients will have
significances of at least 30, be monotonic within the errors, and be present all across
the jet, not just in a few edge pixels. Extended regions of transverse RM gradients

along the jet with significances of 2-30 may also be real.
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Chapter 3

Results

3.1 Introduction

The observations presented here were made with the VLBA (shown in Figure in
July to September 2017 (BG246) and March 2019 (BG258). The experiments in which
each source was observed are shown in Table[3.1]and their respective observation
dates in Table The BG246 observations had to be observed in "filler" mode, in
which schedules sitting in a dynamical scheduling queue are observed when a
suitable gap appears in the schedule for more highly rated projects. For this reason,
the BG246 observations (a total of about 190 AGNs) were divided up into a large
number of short schedules. Each source was observed in three schedules: one with
six 115 second scans spread out around the source’s zenith, one with two to three 115
second scans as the source is rising toward the zenith, and one with two to three 115
second scans as the source is descending from the zenith. We had no control over
when these individual observations were made, but in practice, of the total of 21 sets
of three observations, 9 were all observed within 40 days and another 6 were
observed within 70 days. The remaining sets of three observations that ended up
being made over an unacceptably large time range (150-210 days) were re-observed
as individual 12 hour runs with the same total observing time in BG258. The time
range spanned by the three BG246 experiments comprising a single set of
observations is given in Table The uv coverages obtained after combining the
three BG246 datasets for a low-declination and a high-declination source are shown
as examples in Figure

46



3. RESULTS 3.1 Introduction

Figure 3.1: Figure showing the ten telescopes of the Very Long Baseline Array (VLBA).
Image Credit: NASA's Goddard Space Flight Center.
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Figure 3.2: The total C band uv coverage obtained for sources J0006-0632 (left) and
J0958+6533 (right).

The observations were carried out simultaneously in the C, S, and L radio bands. The
L band is split up into 2 sections referred to as L1 (1.45 GHz) and L2 (1.8 GHz).
Hence, the observations consist of data at 4 frequencies: 5, 2.2, 1.8, and 1.45 GHz.
Alternatively, this can be expressed in wavelengths as 6, 13, 17, and 21 cm. The C and
S band data were built up of eight intermediate frequencies (IFs) while the L1 and L2
data were each made up of four. A summary of the total frequency ranges used for
each band is given in Table[3.3] Initial calibration and D-Term calibration were done
in AIPS for each experiment using the techniques discussed in Section[2.4.2]
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Table 3.1: Experiments for each source. The majority of sources consist of three
BG246 experiments observed at different epochs which were concatenated together
while the BG258 sources were at a single date.

Source Experiments Total Time Span
J0006-0623 BG246A, BG246V, BG246AP 66 days
J0050-0929 | BG246D, BG246Y, BG246AP 51 days
J0121+1149 | BG246D, BG246Y, BG246AP 51 days
J0721+7120 | BG246I, BG246V, BG246AD 15 days
J0738+1742 | BG246I, BG246V, BG246AD 15 days
J0748+2400 BG246], BG246X, BG246AE 17 days
J0818+4222 | BG246K, BG246AB, BG246A0 30 days
J0825+0309 BG246], BG246X, BG246AE 17 days
J0854+2006 | BG246K, BG246AB, BG246A0 30 days
J0958+6533 | BG246L, BG246Y, BG246AF 31 days
J1751+0939 BG258D 12 hours
J1800+7828 BG258E 12 hours
J1806+6949 BG258E 12 hours
J1824+5651 BG258D 12 hours
J2005+7752 BG258E 12 hours
J2202+4216 | BG246A, BG246V, BG246AP 66 days

Table 3.2: Observation dates and missing antennas for the experiments in Table

Experiment | Observation Date | Missing Antennas
BG246A 06/07/2017 North Liberty
BG246D 03/08/2017 Fort Davis
BG2461 11/08/2017 None
BG246] 24/07/2017 None
BG246K 25/07/2017 None
BG246L 11/07/2017 Fort Davis
BG246V 27/07/2017 Fort Davis
BG246X 10/08/2017 None
BG246Y 21/07/2017 None

BG246AB 22/07/2017 None
BG246AD 27/07/2017 Fort Davis
BG246AE 04/08/2017 None
BG246AF 11/08/2017 None
BG246A0 24/08/2017 Kitt Peak, Hancock
BG246AP 10/09/2017 St. Croix
BG258D 12/03/2019 None
BG258E 29/03/2019 Hancock
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3.1 Introduction

Table 3.3: Full range frequencies of the bands used. The width of each intermediate
frequency is 32 MHz with a channel separation of 500 kHz.

IF Cband S band L2 band L1 band
1 | 4.852GHz | 2.156 GHz | 1.744 GHz | 1.392 GHz
2 | 4.884GHz | 2.188 GHz | 1.776 GHz | 1.424 GHz
3 14916 GHz | 2.22GHz | 1.808 GHz | 1.456 GHz
4 | 4948 GHz | 2.252 GHz | 1.84 GHz | 1.488 GHz
5 | 498GHz | 2.284 GHz - -

6 | 5.012GHz | 2.316 GHz - -

7 | 5.044 GHz | 2.348 GHz - -

8 | 5.076 GHz | 2.38 GHz - -

Self-calibration on each target source was done by myself in AIPS using the
techniques in Section|2.4.3| Following this, the Stokes I, Q, and U data were
exported from AIPS to the FITS file format using the task FITTP for use in the
software package CASA. Fractional polarisation, polarisation angle, and spectral
index maps were made using the CASA task immath. Rotation Measure maps were
made using code developed by Dr. Eoin Murphy (RM_code.py) which takes the
Stokes Q and U maps as inputs. Plots of the estimated significances of the difference
of the RM values on either side of the jet (sigma plots) were made using another code
(sigma_checker.py) which is a modified version of RM_code.py. This code takes the
inputted maps and rotates them such that the jet direction is horizontal and to the
right. The statistical significance across the jet is calculated by using Equation [2.69|
on the start and endpoints of a vertical slice.

As discussed in Section[1.4] the maps at different frequencies need to be shifted to
prevent misalignment. This was using achieved the code developed by Sarah Croke
(Croke & Gabuzda|2008) which uses cross-correlation of intensity maps convolved
with matched restoring beam parameters. For the sources discussed here, the shifts
were derived relative to the C band intensity image, which remains unshifted. To
check for consistency, a comparison was made between the derived shifts for each
source and previously published MOJAVE shifts at higher frequencies of Pushkarev
et al. (2012). Another criterion for correct image alignment was that the resulting
spectral index maps displayed the expected distribution for a partially optically thick
core and optically thin jet. The spectral index is expected to decrease monotonically
from the core along the direction of the inner jet. A summary of the applied shifts is
shown in Table[3.4] Faraday rotation occurs when source radiation passes through
magnetized plasma in the source as well as our own Galaxy. I refer to this as the
Galactic rotation measure or RMg,. When plotting the EVPAs and Faraday rotation
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Table 3.4: Shifts (dRA, dDec.) applied to each source. Positive shifts correspond to
moving the image downward (to the south) and to the left-hand side (east) relative to
the C band image.

Cellsize C-S Shift | C-L2 Shift | C-L1 Shift

Source (mas/pixel) (mas) (mas) (mas)
J0006-0623 0.2 (-0.4,-0.2) | (-1.2,-0.4) | (-1.2,-0.4)
J0050-0929 0.2 (-0.2,-0.8) | (-0.2,-1.2) | (-0.4,-1.6)
J0121+1149 0.2 (0,0 (0,0 (0,0)
J0721+7120 0.2 (0,-0.2) (0,-0.2) (0,-0.4)
J0738+1742 0.2 (0.4,-0.2) (0.6,—-0.2) (0.8,-0.2)
J0748+2400 0.2 (-0.2,-0.4) | (-0.2,-0.4) | (-0.4,-0.6)
J0818+4222 0.2 (0.2,0) (0.4,0) (0.4,0)
J0825+0309 0.2 (0.2,-0.4) (0.4,-0.8) (0.6,-1)
J0854+2006 0.2 (0,0 (=0.2,0) (=0.2,0)
J0958+6533 0.2 (-=0.2,0) (-0.4,-0.2) | (-0.4,-0.2)
J1751+0939 0.2 (0,0 (0,0) (0,0
J1800+7828 0.3 (-=0.9,0) (=1.5,0) (-2.1,0)
J1806+6949 0.3 (-1.2,0.3) (-1.5,0.3) (-2.1,0.6)
J1824+5651 0.2 (—=0.4,0.6) (-0.4,0.8) (-0.6,1)
J2005+7752 0.3 (-=0.9,0) (-1.2,0) (-1.5,0)
J2202+4216 0.2 (0,1.2) (0.2,1.6) (0.4,2.4)

measure distribution, the sources considered had to be corrected for this Galactic
Faraday rotation. The corrections used come from four different studies; Pushkarev
(2001),Rudnick & Jones| (1983), Ruskl (1988) and [Wrobel (1993). The observations of
Pushkarev were carried out at six frequencies (1664.9, 1635.1, 1515.9, 1467.7, 1417.5,
and 1365.1 MHz), using the VLA. Rudnick & Jones (1983) used VLA observations at
1.5 GHz and 1.6 GHz to derive their Faraday rotations. The observations used by
Rusk (1988) were obtained using the VLA at 4860 MHz and 14940 MHz. The RM
observations of Wrobel (1993) were obtained using the VLA at six frequencies
between 1385.1 MHz and 1664.9 MHz.

The corrections used for each source are referred to in Table[3.5l The Galactic
rotation measure was simply subtracted from the calculated rotation measure to
create a corrected rotation measure. The rotation measure maps presented have
been corrected for the Galactic Rotation measure. However, the intrinsic
polarisation angles (o) were obtained using the uncorrected RM maps as any
change in polarisation angle from the Galactic contribution also needs to be
removed. Throughout the results sections, contours represent Stokes I. The
contours in the Stokes I maps increase by either a factor of v/2 (I maps on their own)

or a factor of 2 (I maps superposed with other maps). As mentioned in Section2.2|a
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Table 3.5: Galactic rotation measure for my sources. These values were subtracted
from the observed rotation measure maps.

Galactic Rotation Measure
Source (rad/m/m) Paper

J0006-0623 +13 + 2 Pushkarev|(2001) |
J0050-0929 -28 +7 Pushkarev(2001) |
J0121+1149 +240 + 18 Pushkarev((2001) |
J0721+7120 —30 + 3 Rusk (1988) |
J0738+1742 +9 + 12 Rusk (1988)
J0748+2400 +21 + 2 Pushkarev (2001) |
J0818+4222 +19+9 Rusk (1988) |
J0825+0309 1 +2 Pushkarev|(2001) |
J0854+2006 +31 + 2 Rudnick & Jones|(1983) |
J0958+6533 “15+4 Rusk (1988) |
J1751+0939 +94 + 6 Pushkarev (2001) |
J1800+7828 —61 + 2 Pushkarev (2001) |
J1806+6949 +14 + 4 Wrobel (1993) |
J1824+5651 +36 + 4 Wrobel (1993)
J2005+7752 —20 + 3 Rusk (1988)
J2202+4216 —-205 + 6 Rudnick & Jones|(1983) |

restoring beam (CLEAN beam) is used as part of the imaging process. This is usually
an ellipse defined in terms of the full width at half-maximum of its semi-major axis
(Bmaj), semi-minor axis (Bmin), and beam position angle (BPA). Schematically, this is
shown in Figure[3.3] In all cases, maps made are presented using both elliptical
convolving beams and circular convolving beams with equal areas and are displayed
next to each other. The radius r of this circular beam is taken to be r = |/BiajBmin.
As the shape of this beam can influence any results and conclusions made, if the
same features of interest occur with both beams, they are more likely to be genuine.
This is particularly useful, as circular beams do not bias resolution in any direction,
and do not give a false sense of jet direction when the ellipse is tilted at an angle or is

particularly elongated.

All relevant parameters relating to the overlaying intensity maps are summarised in
tabular form in Appendix[A] Polarisation maps for all of these sources at 15 GHz, 23
GHz, and 43 GHz can be found on the MOJAVE website. Also available on the

MOJAVE website are RM and y( maps, made between 8 and 15 GHz as part of a study
by|Hovatta et al.| (2012). The yo, maps of|Hovatta et al. (2012) will be regularly referred
to but the RM maps are not directly comparable to my own, due to the very different

scales they probe and their much lower sensitivity to Faraday rotation.
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Figure 3.3: lllustration of beam parameters. Usually By,,j and By, are described in
units of milliarcseconds while BPA is defined in degrees.

A set of four figures is shown for each source studied: (1) Stokes I maps at 5 and 1.45
GHz, together with spectral index maps made between these two frequencies; (2)
Stokes I maps at 5 GHz and 1.45 GHz superposed with equal-length EVPA sticks
corrected for the Galactic RM only and the Stokes I 1.45 GHz map superposed with
EVPA sticks corrected for both Galactic and local RM (the latter giving the
distribution of y); (3) Stokes I maps at 5 GHz and 1.45 GHz superposed with the
corresponding distributions of fractional polarisation, together with similar maps at
15 GHz and tapered 15 GHz Stokes I maps from the MOJAVE site, for reference; and
(4) the Stokes I map superposed with the RM distribution and the RM error
distribution, together with plots of the significance of transverse RM gradients for
slices taken across the jet at different distances from the core, when reliable,
statistically significant transverse RM gradients have been detected. Following any
rotation of the RM map, the zero position on the significance plots corresponds to
the leftmost pair of pixels (indicated by the solid black line) with measured RM
encountered. These pixels form the start and end rotation measures of the slice.
Gaps in significance plots correspond to transverse RM gradients which or not

monotonic or to regions where there are no RM values present.
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3.2 Results

3.2.1 ]J0006-0623

J0006-0623 has a redshift of z=0.3467 (Jones et al.[2005). Although little structure
can be discerned from the 1.45 GHz intensity map, it can be seen from the 5 GHz
map in Figure[3.4]as well as from smaller-scale observations such as the 15 GHz
MOJAVE observations, that the jet is inclined at an angle of roughly 8 = —80° to the
vertical. This was the basis for the jet direction used to take slices in the rotation
measure maps of Figure[3.7] In addition, the core-jet gradient in the spectral-index
maps in Figure[3.4]is consistent with this jet direction.

The polarisation angles corrected for RMg, and the yo maps are shown in Figure[3.5
Previous smaller-scale studies, such as the 15 GHz MOJAVE observations, [Hovatta
etal. (2012)’s yo map and A = 6 cm observations by|Gabuzda et al.| (2000) show that
the polarisation exhibits a double structure. EVPAs are perpendicular to the jet
direction in the core and inner jet, becoming parallel in the outer jet, Gabuzda et al.
(2000) notes the jet component also has perpendicular EVPAs. This change may be

down to source variability or not detecting the outer component.

A hint of this double structure is visible in the 5 GHz maps (which is not greatly
affected by RM) with the core EVPAs remaining perpendicular to the jet direction and
possible alignment with the jet is seen towards the western side of the maps. This is
consistent with the 15 GHz MOJAVE maps and indicates an orthogonal magnetic
field. The 1.45 GHz yo map (bottom panel) shows perpendicular EVPAs across the
entire source. The fractional polarisation (Figure[3.6) increases towards the edges of

the jet. This could be due to a helical field or interaction with the ambient medium.

Previous searches in Mahmud & Gabuzdal (2008) show a tentative transverse RM
gradient in the core region of the source. The rotation measure maps shown in
Figure|3.7|show two main regions with possible transverse gradients. The first region
extends from a relative right ascension of roughly 10 to 0 mas, is statistically
significant (greater than 30), and is consistent in both the circular and elliptical
beam images. The other possible region of rotation measure gradient is located
towards the western end of the RM distribution. In both instances, these possible
transverse RM gradients are in the same direction as the gradient found by Mahmud
& Gabuzdal (2008).

At the same time, these nominally significant gradients are not clearly visible by eye,

and this result is limited by the resolution afforded by the relatively large and
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elliptical 1.45 GHz restoring beam. To help verify the possible transverse RM, a
smaller beam size can be used. This has been done before in previous RM gradient
analyses. For example in Gabuzda et al.|(2017), as well as using a large 4.6 GHz beam
in RM maps of BL-Lac, a 7.9 GHz beam (about a factor of 0.6 smaller) was used for
verification. This technique is justified by|Coughlan & Gabuzda (2016), who used
Monte Carlo simulations to show that both Maximum-Entropy and CLEAN
deconvolutions gave trustworthy results for intensity, polarisation, and RM images
with restoring beams as small as 50% their intrinsic size. For my work, the 2.2 GHz
beam (S Band), which is about two-thirds of the 1.45 GHz beam, would be
applicable, the results of which are shown in Figure[3.8, When convolved with the 2.2
GHz circular beam, the transverse rotation measure gradient in the region between a
relative right ascension of 10 to 0 mas drops below a significance of 2o, throwing the
veracity of any RM gradient in this region into doubt. However, the transverse RM
gradient in the second region appears more obvious to the eye, the significance of
which exceeds 8¢. In addition, the structure of the two significance plots has
become more similar. Overall, convolution with the 2.2 GHz beam strengthens the

argument for a genuine transverse RM gradient in the jet of this source.

Investigating the Magnetic Fields of 54 Frederick Richardson
High-Velocity Outflows from Active Galactic
Nuclei



3. RESULTS 3.2 Results

4.97988 GHz 4.97988 GHz

10+

Relative J2000 Declination (mas)
Relative J2000 Declination (mas)

-10k

Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas)

20¢ 0) 1.45588 GHz |1 1.45588 GHz

20t

10+
10+

\\\\\\\\\\\\\\%\\\\&\ = -10t

) )
‘ >20-

-10+

Relative J2000 Declination (mas)
o

Relative J2000 Declination (mas)
o

20k T N R N T . s s s
10 0 -10 -20 20 10 0 -10 -20
Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas)
a (C-L1) a (C-L1)
20¢ 0 1.45588 GHz || 1.45588 GHz
20+ 1
m m
© ©
E 10¢ E
c c 10¢
o o
=] =]
© ©
£ £
F g N
o 0 o 0 \
3 3
o o ‘
S = /
9] 9] \J )
g 101 1 ©
o - o
‘ -20-
-20¢E n s s L n N N N s
10 0 -10 -20 20 10 0 -10 -20
Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas)
-1.0 -0.5 0.0 0.5 —0.75 -0.50 —0.25 0.00 0.25 0.50 0.75
Spectral Index Spectral Index

Figure 3.4: The top two panels depict the 5 GHz intensity maps for J0006-0623
convolved with the circular (left) and elliptical (right) 5 GHz beam. The middle two
panels show the same for the 1.45 GHz intensity maps convolved with the 1.45 GHz
beam. The bottom two panels show the C-L1 spectral index maps for J0006-0623
convolved with the 1.45 GHz beams. Intensity contours for the panels in the first two
rows increase in factors of v/2 and in the bottom row by factors of 2.
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Figure 3.5: The top two panels depict the 5 GHz polarisation angle maps for J0006-
0623 corrected for only the Galactic RM convolved with the circular (left) and elliptical

(right) 5 GHz beams. The middle two panels show the same for the 1.45 GHz polari-

sation angle maps corrected for only the Galactic RM convolved with the 1.45 GHz
beam. The bottom two panels show the 1.45 GHz y(, maps convolved with the 1.45
GHz beams. The polarisation intensity cutoffs for the top four panels are 3 mJy/beam
(5 GHz circular beam), 1.5 mJy/beam (5 GHz elliptical beam), 1.25 mJy/beam (1.45

GHz circular beam) and 1.4 mJy/beam (1.45 GHz elliptical beam).
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Figure 3.6: The top two panels show the 5 GHz fractional polarisation maps for
J0006-0623 convolved with the circular (left) and elliptical (right) 5 GHz beams. The
middle two panels show the same for the 1.45 GHz fractional polarisation maps
convolved with the 1.45 GHz beam. Polarisation intensity cutoffs are the same as
in Figure[3.5] The bottom two panels show the 15 GHz MOJAVE polarisation and
fractional polarisation (left) and tapered intensity (right) maps from 29/11/2010.
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Figure 3.7: The top two panels depict the rotation measure maps for J0006-0623
convolved with the circular (left) and elliptical (right) 1.45 GHz restoring beams. The
middle two panels show the corresponding error maps. The bottom two panels plot
the estimated significances of the difference of the RM values on either side of the
jet, obtained using a series of slices perpendicular to the dotted arrow shown in the
top two panels.
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Figure 3.8: The top two panels depict the rotation measure maps for J0006-0623
convolved with the circular (left) and elliptical (right) 2.2 GHz restoring beams. The
middle two panels show the corresponding error maps. The bottom two panels plot
the estimated significances of the difference of the RM values on either side of the
jet, obtained using a series of slices perpendicular to the dotted arrow shown in the

top two panels.
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3.2.2 J0050-0929

J0050-0929 has a redshift of z = 0.635 (Landoni et al.[2012). The 5 GHz and 1.45 GHz
intensity maps in Figure[3.9show a strong jet at a position angle 6 = 10°. However,
on smaller scales, such as the MOJAVE 15 GHz observations as well the 23 GHz and
43 GHz observations from the RRIFD Database, it can be seen that the core inner jet
direction is north-west with a position angle closer to 8 = —20°. The spectral index
map is as expected for a partially optically thick core, with a@ decreasing with
distance from the core. The core-jet gradient in the spectral index map also suggests

a position angle of 8 = —20°. This was the basis for the choice of jet direction shown
in Figure[3.12]

The 15 GHz MOJAVE observations show polarisation limited to the core, with EVPAs
varying over time and not showing any clear relation to the jet direction. This echos
what is shown in Figure[3.10] At a relative declination of 10 to 16 mas, the yo map
shows a hint of the polarisation angles being aligned with the jet. This could be
evidence of an orthogonal magnetic field but not enough data is present to draw any
solid conclusions about the polarisation angle structure. Furthermore, the RMg,
corrected EVPAs do not seem to be entirely consistent with the yo, maps, likely due to
the high magnitude calculated RM, meaning that correcting only for Galactic RM
(RMgal = —28 rad m™2) is insufficient to reproduce the intrinsic polarisation angle
structure. As expected, the fractional polarisation displayed in Figure[3.11]in the core
is low, with m < 5% at both 5 GHz and 1.4 GHz observations but no discernible
structure is seen in the jet, although there is tentative evidence for an increase in

fractional polarisation at the jet edges.

The rotation measure maps in Figure show a very clear transverse gradient
across the core region with 90 gradients in both the maps convolved with the
circular and elliptical beams, implying a toroidal magnetic field component. The
direction of this gradient is transverse to the position angle of the jet in the core
region, PA = —20°. The transverse RM gradient is clearly visible by eye and extends

across the entire region of detected rotation measures.
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Figure 3.9: The top two panels depict the 5 GHz intensity maps for J0050-0929
convolved with the circular (left) and elliptical (right) 5 GHz beam. The middle two
panels show the same for the 1.45 GHz intensity maps convolved with the 1.45 GHz
beam. The bottom two panels show the C-L1 spectral index maps for J0050-0929
convolved with the 1.45 GHz beams. Intensity contours for the panels in the first two
rows increase in factors of v/2 and in the bottom row by factors of 2.
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Figure 3.10: The top two panels depict the 5 GHz polarisation angle maps for J0050-
0929 corrected for only the Galactic RM convolved with the circular (left) and elliptical
(right) 5 GHz beams. The middle two panels show the same for the 1.45 GHz po-
larisation angle maps corrected for only the Galactic RM convolved with the 1.45
GHz beam. The bottom two panels show the 1.45 GHz ), maps convolved with
the 1.45 GHz beams. The polarisation intensity cutoffs for the top four panels are
0.35 mJy/beam (5 GHz circular beam), 0.375 mJy/beam (5 GHz elliptical beam), 0.8
mJy/beam (1.45 GHz circular beam) and 0.9 mJy/beam (1.45 GHz elliptical beam).
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Figure 3.11: The top two panels show the 5 GHz fractional polarisation maps for
J0050-0929 convolved with the circular (left) and elliptical (right) 5 GHz beams. The
middle two panels show the same for the 1.45 GHz fractional polarisation maps
convolved with the 1.45 GHz beam. Polarisation intensity cutoffs are the same as
in Figure[3.10] The bottom two panels show the 15 GHz MOJAVE polarisation and
fractional polarisation (left) and tapered intensity (right) maps from 27/03/2012.
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Figure 3.12: The top two panels depict the rotation measure maps for J0050-0929
convolved with the circular (left) and elliptical (right) 1.45 GHz restoring beams. The
middle two panels show the corresponding error maps. The bottom two panels plot
the estimated significances of the difference of the RM values on either side of the
jet, obtained using a series of slices perpendicular to the dotted arrow shown in the
top two panels.
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3.2.3 J0121+1149

J0121+1149 has a redshift of z = 0.571 (Paris et al.[2017). The 5 GHz and 1.45 GHz
intensity maps in Figure show a jet that initially emerges at a position angle

0 = 10°, then curves to the east. A similar structure is seen in 15 GHz MOJAVE
observations as well as the 23 GHz and 43 GHz observations from the RRIFD
database. The spectral index is consistent with a partially optically thick core,
decreasing with distance down the jet, but suggests an inner jet direction closer to
—10°. At the same time, the 15 GHz MOJAVE maps indicate a jet direction close to 0°.
An inner jet direction of —10° is assumed in the analysis below, but the results are not
significantly affected if the actual inner jet direction is closer to 0°. High-quality
VLBA or global VLBI images at 43-86 GHz could help resolve this question, but no
such images are currently available.

The polarisation maps in Figure show the source only has strong polarisation
near the core. Overall, the RMgg4 corrected EVPA maps are consistent with the y
maps. In the 1.45 GHz maps, there is a region of interest at a relative declination of
12 to 18 mas, where the polarisation angles are ordered perpendicular to the jet
possibly representing the "sheath" in a spine-sheath structure, or the bending of the
jetin that region. Notably, the fractional polarisation increases in this region in the
1.45 GHz maps. The polarisation vectors further along the jet in the 1.45 GHz maps

are possibly spurious as they are close to the noise level.

The rotation measure maps in Figure[3.16show a possible transverse rotation
measure gradient. This is present in the case of convolution with either the elliptical
or circular beam and exceeds a significance of 3¢ in both cases. At the same time,
this gradient is not clearly visible by eye, and we decided to verify this result, using
RM maps convolved with the 2.2 GHz beam. The results are shown in Figure[3.17}
which shows that the same transverse RM gradient appears when convolved with the
smaller 2.2 GHz beam, and is more clearly visible by eye in the map made with the
circular beam. This leads us to consider this transverse RM gradient to be reliable.
There is also a hint of a transverse RM gradient in the opposite direction near the
start of the statistical significance plot, which would represent an RM gradient
reversal if real. However, this covers only about half a beamwidth, and cannot be
considered more than tentative. Previously, rotation measure and polarisation angle
analysis were done at 18-22 cm by|Coughlan et al.|(2011) for two epochs in May 2010
and January 2004 although no transverse RM gradients were detected. Further
analysis and comparison will be done between the 2004, 2010, and 2017 epoch
observations in Chapter[4]of this thesis.
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Figure 3.13: The top two panels depict the 5 GHz intensity maps for J0121+1149
convolved with the circular (left) and elliptical (right) 5 GHz beam. The middle two
panels show the same for the 1.45 GHz intensity maps convolved with the 1.45 GHz
beam. The bottom two panels show the C-L1 spectral index maps for J0121+1149
convolved with the 1.45 GHz beams. Intensity contours for the panels in the first two
rows increase in factors of v/2 and in the bottom row by factors of 2.
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Figure 3.14: The top two panels depict the 5 GHz polarisation angle maps for
J0121+1149 corrected for only the Galactic RM convolved with the circular (left)
and elliptical (right) 5 GHz beams. The middle two panels show the same for the
1.45 GHz polarisation angle maps corrected for only the Galactic RM convolved with
the 1.45 GHz beam. The bottom two panels show the 1.45 GHz y, maps convolved
with the 1.45 GHz beams. The polarisation intensity cutoffs for the top four panels
are 1 mJy/beam (5 GHz circular beam), 0.9 mJy/beam (5 GHz elliptical beam), 2.5
m]y/beam (1.45 GHz circular beam) and 2.6 mJy/beam (1.45 GHz elliptical beam).

Investigating the Magnetic Fields of

High-Velocity Outflows from Active Galactic

Nuclei

67

Frederick Richardson



3. RESULTS

=
o

(&)

Relative J2000 Declination (mas)

5}

4.97988 GHz

10
Relative J2000 Right Ascension (mas)

0.02 0.04 0.06 008 010 0.12

Fractional Polarisation

20¢

Relative J2000 Declination (mas)

10+

-10+

T
I

1.45601 GHz ||

20

10 0 -10 -20

Relative J2000 Right Ascension (mas)

01 02 03 04 05 06 07

Fractional Polarisation

20

Relative Declination (mas)
10

. A AR
‘ P T
T @‘a ’
\ .

0119+115, 2011—-06-06, VLBA 15.4 GHz
MOJAVE Program
Pol. Image offset by (—8,0) mas

+ -

Relative J2000 Declination (mas)

Relative J2000 Declination (mas)

05
Frac. Lin. Pol.

0.4

0.3

0.2

0.1

10 -20

o] =10
Relative Right Ascension (mas)

3.2 Results

4.97988 GHz
/"\\

10+
5¢
OF
51

10 5 0 5 10

Relative J2000 Right Ascension (mas)
0.05 0.10 0.15 0.20
Fractional Polarisation
1.45601 GHz
20+ 1

10+
o

_/
0
20 10 0 -10 -20
Relative J2000 Right Ascension (mas)
0.1 0.2 0.3 0.4 0.5
Fractional Polarisation
d T T T T
0119+ 15, Epoch: 2011-06-06, 15.4 GHz
MOJAVE Program o °
. o "
e A5 s
. N
- 6 P . o 7
o ° I3 N
E ° R RPN
- . ¢
K]
E ’ : ¢ .
£ v. o
Fi=8 4
= 9
2
El) ¢ ¢
S .
o
o 0
o -
OD v
v oS
® o
+ -
1 1 )

—1
Relative R.A. (mas)

Figure 3.15: The top two panels show the 5 GHz fractional polarisation maps for
J0121+1149 convolved with the circular (left) and elliptical (right) 5 GHz beams. The
middle two panels show the same for the 1.45 GHz fractional polarisation maps
convolved with the 1.45 GHz beam. Polarisation intensity cutoffs are the same as
in Figure[3.14] The bottom two panels show the 15 GHz MOJAVE polarisation and
fractional polarisation (left) and tapered intensity (right) maps from 06/06/2011.
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Figure 3.16: The top two panels depict the rotation measure maps for J0121+1149
convolved with the circular (left) and elliptical (right) 1.45 GHz restoring beams. The
middle two panels show the corresponding error maps. The bottom two panels plot
the estimated significances of the difference of the RM values on either side of the
jet, obtained using a series of slices perpendicular to the dotted arrow shown in the
top two panels.
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Figure 3.17: The top two panels depict the rotation measure maps for J0121+1149
convolved with the circular (left) and elliptical (right) 2.2 GHz restoring beams. The
middle two panels show the corresponding error maps. The bottom two panels plot
the estimated significances of the difference of the RM values on either side of the
jet, obtained using a series of slices perpendicular to the dotted arrow shown in the
top two panels.
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3.2.4 J0721+7120

J0721+7120 has redshift of z = 0.127 (Stadnik & Romani|2014). Analysis by Gabuzda
et al. (1998) conducted over two epochs at 6 cm, 3.6 cm, and 1.3 cm, found the
polarisation in the jet of J0721+7120 to be highly variable between the two epochs,
which were three years apart. This high variability, which consisted of a shift in
polarisation angle by 90° from being aligned with the jet to being perpendicular to
the jet, suggested the presence of shocks propagating through the jet. As can be seen
in Figure[3.18} the jet initially emerges at a position angle 6 = 20° and extends to a
maximum of 120 mas to the north before dissipating. The spectral index maps are
consistent with a partially optically thick core, with spectral index decreasing with
distance along the jet. The core-jet gradient in our spectral index map is also

consistent with this jet direction.

The RMg, corrected EVPAs in Figure[3.19 are orthogonal to the jet direction
(longitudinal magnetic field) in the core and inner jet but become aligned with the
jet direction outside of the core, suggesting an orthogonal magnetic field. An
orthogonal field suggests either a helical magnetic field or possibly a series of shocks
propagating through the jet. To rule out a shock being the cause, one may examine
whether or not the polarisation angles are consistently parallel to the jet along its
length. If so, a helical field is more likely to be the cause. The EVPAs observed are
uniformly parallel to the jet. However, polarisation was not detected adequately far

into the jet to say whether or not it remains uniform along the entire length.

The fractional polarisation maps in Figure[3.20]show the core region is polarised
with m = 10% at both 5 GHz and 1.45 GHz. In the jet, this increases to roughly 30%
polarisation. There is some evidence that the amount of polarisation increases
towards the edge of the jet in the 5 GHz polarisation distribution but this is not
evident in the 1.45 GHz maps.
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Figure 3.18: The top two panels depict the 5 GHz intensity maps for J0721+7120
convolved with the circular (left) and elliptical (right) 5 GHz beam. The middle two
panels show the same for the 1.45 GHz intensity maps convolved with the 1.45 GHz
beam. The bottom two panels show the C-L1 spectral index maps for J0721+7120
convolved with the 1.45 GHz beams. Intensity contours for the panels in the first two
rows increase in factors of v/2 and in the bottom row by factors of 2.

Investigating the Magnetic Fields of 72 Frederick Richardson
High-Velocity Outflows from Active Galactic
Nuclei



3. RESULTS

Relative J2000 Declination (mas)

a2 0 a2 Tad .
Relative J2000 Right Ascension (mas)

20t

10t

Relative J2000 Declination (mas)

1.45568 GHz |{

- \\

4 ~ O\

[ - - \

\ / ,,,\\\\\\\\\\
/AN TN
AV
/ }/\\\\“\\ \x
ISRRRRRNAN

‘ R AN

|\ VAT 77 00

A\ \ VI 777747 NN

W\ //;j;;/ 22NN

A\ ,/;//

7 &
4

-10}

10 0 10
Relative J2000 Right Ascension (mas)

20t

1.45568 GHz |{

m
©
E
c 10t
i=}
S
©
£
v}
o]
a
3
o or
)
[
2
S
o
(9]
o<
-10}
20

10 0 10
Relative J2000 Right Ascension (mas)

Relative J2000 Declination (mas) Relative J2000 Declination (mas)

Relative J2000 Declination (mas)

al P—
s
,/{//7
Yo aa
2t AN
)
VLK
(77 7% 2
/77 A7
O 1 /\/ 747
N1
,§, /)
f\/ //V/
2L g
4t
4 2 0 2 a4
Relative J2000 Right Ascension (mas)
ol e N 1.45568 GHz |
I
FESTEAN
AN
W
il
10f i
T 7,
/7
z
‘/y}////
W
.
1117
or SN
s
%/§ g
i\
xxrzz
A
<
Z
-10F N
20 10 0 10
Relative J2000 Right Ascension (mas)
20l _ 1.45568 GHz ||
\N
7\\ \\\\
10} ’\\\\\
7%
///%
7z /\§/§ Y
/f)
ol 7 ﬁgﬁ
YA
2
77
757
/;%//
-10f : //
20 10 0 10

3.2 Results

Relative J2000 Right Ascension (mas)

Figure 3.19: The top two panels depict the 5 GHz polarisation angle maps for
J0721+7120 corrected for only the Galactic RM convolved with the circular (left)
and elliptical (right) 5 GHz beams. The middle two panels show the same for the
1.45 GHz polarisation angle maps corrected for only the Galactic RM convolved with
the 1.45 GHz beam. The bottom two panels show the 1.45 GHz y, maps convolved
with the 1.45 GHz beams. The polarisation intensity cutoffs for the top four panels
are 1.1 mJy/beam (5 GHz circular beam), 1.1 mJy/beam (5 GHz elliptical beam), 0.5
m]y/beam (1.45 GHz circular beam) and 0.4 mJy/beam (1.45 GHz elliptical beam).
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Figure 3.20: The top two panels show the 5 GHz fractional polarisation maps for
J0721+7120 convolved with the circular (left) and elliptical (right) 5 GHz beams. The
middle two panels show the same for the 1.45 GHz fractional polarisation maps
convolved with the 1.45 GHz beam. Polarisation intensity cutoffs are the same as
in Figure[3.19] The bottom two panels show the 15 GHz MOJAVE polarisation and
fractional polarisation (left) and tapered intensity (right) maps from 20/08/2013.
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Figure 3.21: The top two panels depict the rotation measure maps for J0721+7120
convolved with the circular (left) and elliptical (right) 1.45 GHz restoring beams. The
middle two panels show the corresponding error maps. The bottom two panels plot
the estimated significances of the difference of the RM values on either side of the
jet, obtained using a series of slices perpendicular to the dotted arrow shown in the
top two panels.

Investigating the Magnetic Fields of 75 Frederick Richardson
High-Velocity Outflows from Active Galactic

Nuclei



3. RESULTS 3.2 Results

A study by Mahmud et al.| (2013) at frequencies between 4.6 and 15.4 GHz found
transverse RM gradients in both the core and the inner jet 0of J0721+7120. A reversal
in the direction of the gradient was found between the core gradient and the jet
gradient. The most simple explanation for this reversal is a nested-helix B-field
structure, which involves nested helical fields surrounding the jet, one inside the
other, with the directions of the azimuthal field components being opposite in the
two. These two regions of helical field will be associated with oppositely directed RM
gradients, and the total observed RM gradient will be determined by which region of
helical field dominates the observed RMs. See|Gabuzda et al. (2018) for further
details of this nested structure. Another study using 18 to 22 cm data was made as
part of the master’s thesis of Fiona Healy (Healy|2013) wherein a distinct statistically
significant gradient was found going from positive to negative west to east. The data

used in that thesis will be examined again in Chapter[4]

The rotation measure maps in Figure[3.21)shows tentative evidence for transverse
RM gradients towards the northern end of the RM distribution. The transverse
gradients are in the same direction as the statistically significant reversal found by
Mahmud et al. (2013). However, the fact that this gradient only reaches 30
significance for a range of just a few pixels leaves this in doubt. Nevertheless, it is
intriguing that the "checkerboard" pattern visible in the elliptical beam RM map
resembles the pattern reported by Mahmud et al. (2013), and this may be genuine.
The gradient found by |Healy (2013) at a relative declination of 10 to 15 mas was

unable to be verified as this RM map does not extend that far.

-200 -100 0 100
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Figure 3.22: RM gradients found by Mahmud et al.| (2013) using 4.6-15.4 GHz VLBA
polarisation data.
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3.2.5 J0738+1742

J0738+1742 (common name OI 158) has a redshift of z = 0.45 (Nilsson et al.[2012). As
seen in the 15 GHz MOJAVE and 23 GHz RRIFD observations, as well as the intensity
maps in Figure[3.23} the jet initially leaves at an angle 6 = 70° before bending
dramatically to the south and arching backwards. The spectral index maps are
consistent with an optically thick core, with a decreasing with distance along the jet.
The core-jet gradient in the spectral-index maps is consistent with an initial jet

direction of about 70°.

Previous polarisation studies such as|Gabuzda et al.|(1989) at 5 GHz and more recent
MOJAVE studies at 15 GHz have found the projected magnetic field to be
predominantly perpendicular or parallel to the jet axis at different epochs.
Polarimetric VLBI observations at 22 and 43 GHz by|Gomez et al.| (1999) noted a
twisted jet with two sharp apparent bends of 90° within 2 mas of the core. The
magnetic field appears to smoothly follow one of the bends in the jet. One possible
interpretation is that this is caused by the precession of the black hole at the centre

of the AGN, or possible interaction between the jet and the surrounding medium.

The polarisation angle maps presented in Figure show polarisation angles
perpendicular to the jet direction along the outer edge of the jet. Both the RMgy
corrected EVPAs and y( maps are consistent. This is a strong indication of a
longitudinal magnetic field in this part of the jet. Towards the centre of the jet, the
polarised intensity is weaker, and polarisation angles appear to be orientated
parallel to the axis of the jet, indicating an orthogonal magnetic field at the centre.
Overall, a tentative spine-sheath structure is observed in the jet of J0738+1742,
compatible with the existence of a helical magnetic field. Figure[3.25/shows maps of
the fractional polarisation distribution in J0738+1742 at 5 GHz and 1.45 GHz. The
degree of polarised intensity is lowest in the core, increasing close to the theoretical
limit of 75% in the jet. A clear increase in fractional polarisation can be seen towards
the edges of the jet, possibly giving further indication of the presence of a helical
field. Further out in the jet, the fractional polarisation is significantly greater on the
outer edge of the curved jet than on the inner edge. The notable bending of the jet
suggests, that this increase in polarisation results from this jet curvature. As the jet
bends, the plasma on the outer edge of the bend is stretched, while the plasma on
the inner edge is squeezed. Assuming that magnetic field lines are "frozen in" to the
plasma, the longitudinal component of the associated helical field lines will be

stretched at the jet edge and squeezed in the inner edge.
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Figure 3.23: The top two panels depict the 5 GHz intensity maps for J0738+1742
convolved with the circular (left) and elliptical (right) 5 GHz beam. The middle two
panels show the same for the 1.45 GHz intensity maps convolved with the 1.45 GHz
beam. The bottom two panels show the C-L1 spectral index maps for J0738+1742
convolved with the 1.45 GHz beams. Intensity contours for the panels in the first two
rows increase in factors of v/2 and in the bottom row by factors of 2.
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Figure 3.24: The top two panels depict the 5 GHz polarisation angle maps for
J0738+1742 corrected for only the Galactic RM convolved with the circular (left)
and elliptical (right) 5 GHz beams. The middle two panels show the same for the 1.45
GHz polarisation angle maps corrected for only the Galactic RM convolved with the
1.45 GHz beam. The bottom two panels show the 1.45 GHz y, maps convolved with
the 1.45 GHz beams. The polarisation intensity cutoffs for the top four panels are
0.35 mJy/beam (5 GHz circular beam), 0.35 mJy/beam (5 GHz elliptical beam), 0.6
m]y/beam (1.45 GHz circular beam) and 0.6 mJy/beam (1.45 GHz elliptical beam).
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Figure 3.25: The top two panels show the 5 GHz fractional polarisation maps for
J0738+1742 convolved with the circular (left) and elliptical (right) 5 GHz beams. The
middle two panels show the same for the 1.45 GHz fractional polarisation maps
convolved with the 1.45 GHz beam. Polarisation intensity cutoffs are the same as
in Figure[3.24] The bottom two panels show the 15 GHz MOJAVE polarisation and
fractional polarisation (left) and tapered intensity (right) maps from 12/12/2011.

Investigating the Magnetic Fields of 80 Frederick Richardson
High-Velocity Outflows from Active Galactic
Nuclei



3. RESULTS 3.2 Results

J0738+1742 RM J0738+1742 RM
/] 1.45591 GHz /' /] 1.45591 GHz
20l L 1 20} - 4
m m
£ E 10
< 10l £
c c
o o
2 g o
5 0 5
[ [
a o
o o .10}
S -10f S
s} s}
$ $ 20
g 200 2T
] - ]
o< 4 _
-30}
-30}
n . . s s " . 40t = . . . . . .
50 40 30 20 10 0 -10 50 40 30 20 10 0 -10
Relative J2000 Right Ascension (mas) Relative 2000 Right Ascension (mas)
-25 =20 -15 -10 -5 0 5 10 15 -25 =20 -15 -10 -5 0 5 10 15
Rotation Measure (rad m~2) Rotation Measure (rad m~2)
J0738+1742 Orym J0738+1742 Ogpm
30 T e P, —3 T " " VAR == T
/| 1.45591 GHz - TN /11.45591 GHz
20l L/ 1 20} / - - . ]
m m
£ E 10}
< 10l £
c c
o o
£ g o
5 0 5
[ [
o o
o o .10}
g -10 g
s} s}
$ $ 20
2 -20f 2T
] ]
o o
-30}
-30F
T s s s s s s 40t = . s s s s s
50 40 30 20 10 0 -10 50 40 30 20 10 0 -10
Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas)
1 2 3 4 5 1 2 3 4
orm (rad m~2) orm (rad m~2)

Figure 3.26: The top two panels depict the rotation measure maps for J0738+1742
convolved with the circular (left) and elliptical (right) 1.45 GHz restoring beams. The
bottom two panels show the corresponding error maps.

In essence, the magnetic field would be more ordered and enhanced on the outer
edge compared to the inner edge, leading to a higher degree of polarisation on the
outer edge. A search was made to find significant systematic gradients, with the
rotation measure maps shown in Figure[3.26] No significant transverse RM gradients
were found. There is a highly significant RM gradient at the easternmost edge of the
jet. Given that this is a region where the jet is bending, one possibility is that this RM
gradient is due to the curvature of the jet, with the line-of-sight component of the

magnetic field becoming more strongly oriented toward the Earth as the jet bends.
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3.2.6 J0748+2400

J0748+2400 has a redshift of 0.409 (Schneider et al.|2010). The 15 GHz MOJAVE
intensity observations and those in Figure show the jet extends linearly to the
north at roughly an angle of 8 = —50°. However, the 5 GHz intensity map shows that
the jet begins to bend at about 15 mas west from the core possibly due to interaction
with the surrounding medium. At 1.45 GHz the maximum westerly extension is
about 30 mas. The spectral index maps exhibit the expected behaviour for a partially
optically thick core, with a decreasing with distance along the jet, and the core-jet
spectral index gradient is consistent with the observed structural position angle of
the jet.

The 15 GHz MOJAVE maps show parallel EVPA alignment with the jet up to a relative
right ascension of —10 mas. Pushkarev et al.|(2005) noted a possible spine-sheath
structure, with innermost polarised components aligned with the jet and further out
ones being almost orthogonal. In Figure[3.28] this is reflected in the y, maps
(bottom two panels). The polarisation angles only appear aligned with the jet near
the core while the polarisation angles further out are orthogonal, following the bent
jet direction displayed in the 5 GHz intensity map. The areas of parallel and
perpendicular alignment suggest orthogonal and longitudinal fields predominate in
their respective regions. As noted in|Pushkarev et al.| (2005), the polarisation
structure provides good evidence for a helical magnetic field or interaction with an

ambient medium surrounding the AGN.

The fractional polarisation shown in Figure 3.29]is fairly low in the core (m < 5%). In
the jet, the fractional polarisation increases towards the edges of the jet, peaking at
around 30% on the north side at around 15 mas west. This could be associated with
the jet bending mentioned earlier, with the helical field lines at the outer edge
becoming more ordered than the inner edge and causing increased fractional
polarisation. On the other hand, this increase could also be caused by interaction
with an ambient medium. There is a slight increase compared to the centre (to m =
20%) on the south jet side consistent with the concept of a helical field regardless of
bending. The rotation measure maps in Figure show consistent statistically
significant gradients both in the core, where the significance exceeds 50, and further
out in the jet where it exceeds 3o. This provides good evidence for a toroidal or
helical field component. A 2—-6 cm map by /Gabuzda et al.| (2004) for J0748+2400
shows a transverse RM gradient in the opposite direction on smaller scales and there
may be a hint of this reversal on the left-hand side of the RM distribution. This was

confirmed with a significance of 40 in (Gabuzda et al.|2015).
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Figure 3.27: The top two panels depict the 5 GHz intensity maps for J0748+200
convolved with the circular (left) and elliptical (right) 5 GHz beam. The middle two
panels show the same for the 1.45 GHz intensity maps convolved with the 1.45 GHz
beam. The bottom two panels show the C-L1 spectral index maps for J0748+2400
convolved with the 1.45 GHz beams. Intensity contours for the panels in the first two
rows increase in factors of v/2 and in the bottom row by factors of 2.
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Figure 3.28: The top two panels depict the 5 GHz polarisation angle maps for
J0748+2400 corrected for only the Galactic RM convolved with the circular (left)
and elliptical (right) 5 GHz beams. The middle two panels show the same for the
1.45 GHz polarisation angle maps corrected for only the Galactic RM convolved with
the 1.45 GHz beam. The bottom two panels show the 1.45 GHz y, maps convolved
with the 1.45 GHz beams. The polarisation intensity cutoffs for the top four panels
are 0.35 mJy/beam (5 GHz circular beam), 0.375 mJy/beam (5 GHz elliptical beam),
0.425 mJy/beam (1.45 GHz circular beam) and 0.4 mJy/beam (1.45 GHz elliptical
beam).
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Figure 3.29: The top two panels show the 5 GHz fractional polarisation maps for
J0748+2400 convolved with the circular (left) and elliptical (right) 5 GHz beams. The
middle two panels show the same for the 1.45 GHz fractional polarisation maps
convolved with the 1.45 GHz beam. Polarisation intensity cutoffs are the same as
in Figure[3.28] The bottom two panels show the 15 GHz MOJAVE polarisation and
fractional polarisation (left) and tapered intensity (right) maps from 02/11/2012.
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Figure 3.30: The top two panels depict the rotation measure maps for J0748+2400
convolved with the circular (left) and elliptical (right) 1.45 GHz restoring beams. The
middle two panels show the corresponding error maps. The bottom two panels plot
the estimated significances of the difference of the RM values on either side of the
jet, obtained using a series of slices perpendicular to the dotted arrow shown in the
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top two panels.
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3.2.7 ]J0818+4222

J0818+4222 has a redshift 0.75 < z < 2.47, (Sbarufatti et al.[2005, Shaw et al.[2013) The
intensity maps shown in Figure[3.31} as well as in previous studies such as 5 GHz
observations by /Aaron| (1999), show that the jet flows east before bending south and
becoming diffuse. Smaller-scale observations such as the MOJAVE 15 GHz and 43
GHz VLBA polarisation observations by Lister| (2001), show that the jet lies roughly in
a position angle 8 = 90°. The spectral index map shown is consistent with a partially

optically thick core and optically thin jet.

Previous polarisation observations of J0818+4222, such as the 15 GHz MOJAVE maps,
Lister| (2001) and |Hovatta et al.| (2012)’s yo map show the polarisation angles remain
aligned with the jet for the first few milliarcseconds, signifying locally orthogonal

magnetic field. The 5 GHz RM, corrected EVPAs and yo maps in Figure which
cover a much larger scale, are consistent with this and stay aligned parallel to the jet
as it bends. Also, the 1.45 GHz RMg,4 corrected EVPAs (middle panels) are transverse
to the jet at a relative right ascension of 10 mas. This region seems to bend with the

jet and possibly be indicative of a spine-sheath structure.

As expected, the fractional polarisation maps in Figure show fairly low
polarisation in the core. The 5 GHz fractional polarisation maps tentatively show an
increase in polarisation towards the edge of the jet, consistent with a helical

magnetic field.

The rotation measure maps in Figure show a transverse RM gradient at a relative
right ascension of —8 to 0 mas (positive to negative, north to south). After this, there
is a distinct gradient (greater than 50) in the opposite direction. If this is genuine it

would be a transverse RM gradient reversal.
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Figure 3.31: The top two panels depict the 5 GHz intensity maps for J0818+4222
convolved with the circular (left) and elliptical (right) 5 GHz beam. The middle two
panels show the same for the 1.45 GHz intensity maps convolved with the 1.45 GHz
beam. The bottom two panels show the C-L1 spectral index maps for J0818+4222
convolved with the 1.45 GHz beams. Intensity contours for the panels in the first two
rows increase in factors of v/2 and in the bottom row by factors of 2.
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Figure 3.32: The top two panels depict the 5 GHz polarisation angle maps for
J0818+4222 corrected for only the Galactic RM convolved with the circular (left)
and elliptical (right) 5 GHz beams. The middle two panels show the same for the
1.45 GHz polarisation angle maps corrected for only the Galactic RM convolved with
the 1.45 GHz beam. The bottom two panels show the 1.45 GHz y, maps convolved
with the 1.45 GHz beams. The polarisation intensity cutoffs for the top four panels
are 0.45 mJy/beam (5 GHz circular beam), 0.55 mJy/beam (5 GHz elliptical beam), 1
mJy/beam (1.45 GHz circular beam) and 1 mJy/beam (1.45 GHz elliptical beam).
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Figure 3.33: The top two panels show the 5 GHz fractional polarisation maps for
J0818+4222 convolved with the circular (left) and elliptical (right) 5 GHz beams. The
middle two panels show the same for the 1.45 GHz fractional polarisation maps
convolved with the 1.45 GHz beam. Polarisation intensity cutoffs are the same as
in Figure[3.32] The bottom two panels show the 15 GHz MOJAVE polarisation and
fractional polarisation (left) and tapered intensity (right) maps from 24/05/2012.
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Figure 3.34: The top two panels depict the rotation measure maps for J0818+4222
convolved with the circular (left) and elliptical (right) 1.45 GHz restoring beams. The
middle two panels show the corresponding error maps. The bottom two panels plot
the estimated significances of the difference of the RM values on either side of the
jet, obtained using a series of slices perpendicular to the dotted arrow shown in the
top two panels.
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3.2.8 ]J0825+0309

J0825+0309 has a redshift of z = 0.505 (Shaw et al.|2013). The intensity maps shown
in Figure[3.35)show a jet extending 20 mas north. Smaller-scale observations such as
the 15 GHz MOJAVE observations show that the jet initially emerges at a position

angle 0 = 20°. The spectral index map shown is consistent with a partially optically
thick core and optically thin jet, and the core-jet gradient in the spectral-index map

is consistent with this jet direction.

The polarisation angles in Figure[3.36|are dominated by the core region where the
polarisation is roughly orthogonal to the jet direction. The relation between the
polarisation and the jet direction further out is not obvious. Previous 15 GHz
observations from the MOJAVE program and also by Gabuzda & Pushkarev (2001)
show that the polarisation angles generally remain aligned with the jet up to a
relative declination of 5 mas but that is not evident in these observations, which are

dominated by the core region.

The fractional polarisation maps in Figure[3.37]show values ranging from 0 to 20% in
the core region. At 1.45 GHz (middle panels) there is a one-sided increase in
polarisation at a relative declination of 10 mas. This may be a result of bending in the
jet or interaction with an ambient medium. However, this structure is not shown

clearly in the 1.45 GHz elliptical beam map which leaves its authenticity in doubt.

As shown in Figure[3.38} there is a possible transverse RM gradient in J0825+0309
going negative to positive, east to west. Although this gradient formally exceeds 30,
itis dependent on a small number of edge pixels and may be spurious. Previously, a
statistically significant rotation measure gradient was detected in Gabuzda et al.
(2015) with data between 8.1 and 15.2 GHz. The gradient direction is the opposite of
that reported here. If indeed the gradient here is not spurious this may be an
example of a RM reversal. To help clarify the situation, RM maps convolved with the
2.2 GHz beam were made, the results of which are shown in Figure[3.39] The 2.2 GHz
beam RM maps show the same RM structure is present and again that the transverse
RM gradients detected are not monotonic, arising instead from a thin band of edge

pixels, confirming that this gradient is spurious.
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Figure 3.35: The top two panels depict the 5 GHz intensity maps for J0825+0309
convolved with the circular (left) and elliptical (right) 5 GHz beam. The middle two
panels show the same for the 1.45 GHz intensity maps convolved with the 1.45 GHz
beam. The bottom two panels show the C-L1 spectral index maps for J0825+0309
convolved with the 1.45 GHz beams. Intensity contours for the panels in the first two
rows increase in factors of v/2 and in the bottom row by factors of 2.
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Figure 3.36: The top two panels depict the 5 GHz polarisation angle maps for
J0825+0309 corrected for only the Galactic RM convolved with the circular (left)
and elliptical (right) 5 GHz beams. The middle two panels show the same for the
1.45 GHz polarisation angle maps corrected for only the Galactic RM convolved with
the 1.45 GHz beam. The bottom two panels show the 1.45 GHz y, maps convolved
with the 1.45 GHz beams. The polarisation intensity cutoffs for the top four panels
are 0.8 mJy/beam (5 GHz circular beam), 0.8 mJy/beam (5 GHz elliptical beam), 1.2
m]y/beam (1.45 GHz circular beam) and 1.225 mJy/beam (1.45 GHz elliptical beam).
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Figure 3.37: The top two panels show the 5 GHz fractional polarisation maps for
J0825+0309 convolved with the circular (left) and elliptical (right) 5 GHz beams. The
middle two panels show the same for the 1.45 GHz fractional polarisation maps
convolved with the 1.45 GHz beam. Polarisation intensity cutoffs are the same as
in Figure[3.36] The bottom two panels show the 15 GHz MOJAVE polarisation and
fractional polarisation (left) and tapered intensity (right) maps from 29/04/2012.
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Figure 3.38: The top two panels depict the rotation measure maps for J0825+0309
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middle two panels show the corresponding error maps.
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Figure 3.39: The top two panels depict the rotation measure maps for J0825+0309
convolved with the circular (left) and elliptical (right) 2.2 GHz restoring beams. The
bottom two panels show the corresponding error maps.

3.2.9 ]J0854+2006

J0854+2006 (common name OJ 287) has a redshift of z = 0.306 (Stickel & Fried/1989).
At both optical and radio wavelengths, it is violently variable, in both intensity and

polarisation.

The 5 GHz intensity maps shown in Figure[3.40} as well as the 15 GHz and 23 GHz
MOJAVE maps, show that it is initially travelling west at an angle of § = —105°. The
spectral index map is as expected for a partially optically thick core and optically
thin jet, and is consistent with the jet direction visible in the 5 GHz images.
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The 5 GHz RMg, corrected EVPAs shown in Figure show polarisation angles
perpendicular to the jet outside the core region, consistent with a longitudinal field.
There are possible signs of this longitudinal field in the jet of the MOJAVE 15 GHZ
maps which, over time, have similar alignment beyond 2 mas west. Again, this is
supported by a A = 3.6 cm study by/Gabuzda & Cawthorne (1996) which noticed little
correlation between jet and polarisation angle in the core but found a suggestion of a
longitudinal field outside it which makes this suggestion plausible. At 1.45 GHz, little
structure can be discerned from outside the core. The yo maps, which show
polarisation angles close to 0° are similar to the yo map by|Pushkarev et al.| (2012).
Knowing that at much smaller scales (see the 43 GHz MOJAVE map) the jetis at a
position angle 6 = —90°, this raises the possibility that what we are seeing is another

longitudinal field component.

The fractional polarisation maps in Figure show the polarisation to be lowest in
the core, mostly with m < 5%. For the 1.45 GHz maps, due to the limited resolution
of the large restoring beam, it cannot be verified if the increase in fractional

polarisation at the edges is spurious or real.

A possible transverse RM gradient can be seen in Figure[3.43|near the end of the jet.
The significance of this gradient is dependent on a small number of edge pixels. The
RM maps convolved with the 2.2 GHz beam are shown in Figure[3.44] The 2.2 GHz
beam RM maps show the same RM structure and confirm that the transverse RM
gradients are not uniform, arising from a thin band of edge pixels. In addition, the
structure of the significance plots has become different. All this indicates that this
apparent gradient is unreliable. In another study, a roughly 30 RM gradient in the
core was identified using 16-22 cm data by Motter & Gabuzda (2017) in the core
region. However, the significance is reduced below 20 when convolved with a
circular beam leaving the overall result tentative. It is worth noting, that the
direction of this gradient is the same as that identified here, albeit located further
down the jet. The polarisation angle structure described by Motter & Gabuzda (2017)

is also roughly consistent with a longitudinal magnetic field.
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Figure 3.40: The top two panels depict the 5 GHz intensity maps for J0854+2006
convolved with the circular (left) and elliptical (right) 5 GHz beam. The middle two
panels show the same for the 1.45 GHz intensity maps convolved with the 1.45 GHz
beam. The bottom two panels show the C-L1 spectral index maps for J0854+2006
convolved with the 1.45 GHz beams. Intensity contours for the panels in the first two
rows increase in factors of v/2 and in the bottom row by factors of 2.
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Figure 3.41: The top two panels depict the 5 GHz polarisation angle maps for
J0854+2006 corrected for only the Galactic RM convolved with the circular (left)
and elliptical (right) 5 GHz beams. The middle two panels show the same for the 1.45
GHz polarisation angle maps corrected for only the Galactic RM convolved with the
1.45 GHz beam. The bottom two panels show the 1.45 GHz y(, maps convolved with
the 1.45 GHz beams. The polarisation intensity cutoffs for the top four panels are 5
mJy/beam (5 GHz circular beam), 5 mJy/beam (5 GHz elliptical beam), 2.5 mJy/beam
(1.45 GHz circular beam) and 2.75 mJy/beam (1.45 GHz elliptical beam).
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Figure 3.42: The top two panels show the 5 GHz fractional polarisation maps for
J0854+2006 convolved with the circular (left) and elliptical (right) 5 GHz beams. The
middle two panels show the same for the 1.45 GHz fractional polarisation maps
convolved with the 1.45 GHz beam. Polarisation intensity cutoffs are the same as
in Figure[3.41] The bottom two panels show the 15 GHz MOJAVE polarisation and
fractional polarisation (left) and tapered intensity (right) maps from 22/04/2017.
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Figure 3.43: The top two panels depict the rotation measure maps for J0854+2006
convolved with the circular (left) and elliptical (right) 1.45 GHz restoring beams. The
bottom two panels show the corresponding error maps.
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Figure 3.44: The top two panels depict the rotation measure maps for J0854+2006
convolved with the circular (left) and elliptical (right) 2.2 GHz restoring beams. The
bottom two panels show the corresponding error maps.

3.2.10 J0958+6533

J0958+6533 has a redshift of z = 0.3694 (Gonzalez et al.[2021). As can be seen in the 5
GHz intensity maps of Figure[3.45} as well as smaller-scale studies such as the 15
GHz MOJAVE observations, the jet of J0958+6533 initially goes in a north-westerly

direction before experiencing multiple bends at a relative right ascension of

approximately —2, —4, and —10 mas. Throughout this section, the jetis at 0 = —90°.
After bending, as can be seen in the 1.45 GHz maps, it finally travels at 6 = —70°

before diffusing. The spectral index decreases monotonically with distance from the
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core as expected. The core-jet gradient in the spectral-index distribution is

consistent with the direction of the inner jet visible in the 5 GHz intensity map.

The polarisation angles at 5 GHz, in Figure[3.46|show evidence of a being aligned
with the jet near the end of the jet, consistent with a longitudinal magnetic field in
this region. Knowing the small-scale jet direction, this is also seen in 1.45 GHz RMgg
corrected EVPAs, and the yo maps. The orientation of the magnetic field relative to

the jet direction in the core region and inner jet is not obvious.

The fractional polarisation shown in Figure shows low polarisation in the core,
ranges from 0 to 10%. In both the 5 GHz and 1.45 GHz maps the intensity of
polarisation increases near regions where the jet bends where the magnetic field is
more ordered on one side. This may be associated with a helical field or be due to

interaction with an ambient medium.

A clear rotation measure gradient was identified perpendicular to a line at angle

0 = —60° at small scales (less than 5 mas west) in|O’Sullivan & Gabuzda (2009) and
well as in Kudryavtseva et al.| (2010). This is before the jet bends. Another 16-22 cm
study by Hallahan & Gabuzdal (2008) show a possible gradient further out at 15 mas

west, which will be re-examined in Chapter[4]

Guided by the structure in the 5 GHz map and the direction of the core-jet gradient
in the spectral-index map, I took the initial jet direction to be to the northwest, along
the direction shown in the top panel of Figure after which the jet direction was
taken to be roughly horizontal. The statistical significance plots in Figure[3.49were
obtained by taking RM slices perpendicular to these jet directions. The rotation
measure maps in Figure show a very distinct transverse RM gradient throughout
the core and inner jet region, in the same direction as the gradient found by
O’Sullivan & Gabuzda (2009). The apparent reversal, seen only in the elliptical beam
map is likely spurious. Realistically the jet is bending at smaller scales and a strong
analog of the RM gradient identified by O’Sullivan & Gabuzda| (2009) may be seen

from a relative right ascension of 2 to 6 mas in the results presented here.
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Figure 3.45: The top two panels depict the 5 GHz intensity maps for J0958+6533
convolved with the circular (left) and elliptical (right) 5 GHz beam. The middle two
panels show the same for the 1.45 GHz intensity maps convolved with the 1.45 GHz
beam. The bottom two panels show the C-L1 spectral index maps for J0958+6533
convolved with the 1.45 GHz beams. Intensity contours for the panels in the first two
rows increase in factors of v/2 and in the bottom row by factors of 2.
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Figure 3.46: The top two panels depict the 5 GHz polarisation angle maps for

J0958+6533 corrected for only the Galactic RM convolved with the circular (left)
and elliptical (right) 5 GHz beams. The middle two panels show the same for the
1.45 GHz polarisation angle maps corrected for only the Galactic RM convolved with
the 1.45 GHz beam. The bottom two panels show the 1.45 GHz y, maps convolved
with the 1.45 GHz beams. The polarisation intensity cutoffs for the top four panels
are 0.5 mJy/beam (5 GHz circular beam), 0.5 mJy/beam (5 GHz elliptical beam), 0.7
m]y/beam (1.45 GHz circular beam) and 0.7 mJy/beam (1.45 GHz elliptical beam).
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Figure 3.47: The top two panels show the 5 GHz fractional polarisation maps for
J0958+6533 convolved with the circular (left) and elliptical (right) 5 GHz beams. The
middle two panels show the same for the 1.45 GHz fractional polarisation maps
convolved with the 1.45 GHz beam. Polarisation intensity cutoffs are the same as
in Figure[3.46] The bottom two panels show the 15 GHz MOJAVE polarisation and
fractional polarisation (left) and tapered intensity (right) maps from 08/07/2013.
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Figure 3.48: The top two panels depict the rotation measure maps for J0958+6533
convolved with the circular (left) and elliptical (right) 1.45 GHz restoring beams.
The bottom two panels show the corresponding error maps. Plots of the estimated
significances of the difference of the RM values on either side of the jet are shown in

Figure
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Figure 3.49: These panels plot the estimated significances of the difference of the RM
values on either side of the jet, obtained using a series of slices perpendicular to the
dotted arrows shown in the top two panels of Figure[3.48| The top two panels of this
figure are the core region from a relative right ascension of 6 to 2 mas. The bottom
two panels are from a relative right ascension of 2 to —10 mas.
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3.2.11 J1751+0939

J1751+0939 (common name OT 081) has a redshift of z = 0.322 (Stickel et al.[1988).
The core region is very compact and as seen in Figure the jet travels northeast
at an angle of 6 = 30° up to relative declination of 50 mas. The spectral index maps
exhibit the expected behaviour for a partially optically thick core, with a decreasing
with distance along the jet. The core-jet spectral-index gradient is consistent with

the observed jet direction.

The polarisation angles in Figure[3.51]show there is little appreciable polarisation in
the jet. Previous studies such as|Gabuzda et al. (2008), show that the dominant B
field has been orthogonal to the jet, with polarisation angles aligned in the inner jet
and possible hints of a spine-sheath structure. The 15 GHz MOJAVE maps, however,
show polarisation structure to be quite variable. In Figure[3.51} the polarisation
angles are homogeneous at about y = —60° over the entire core region consistent

with a magnetic field aligned with the jet in this region.

Fractional polarisation, shown in Figure shows m to be less than 10% for most
of the core region. There is an increase towards the western edge of the core region

for a few pixels but this may be spurious.

Previously a rotation measure gradient was identified in J1751+0939 in|Gabuzda et al.
(2008) with further analysis in /Gabuzda et al. (2015) confirming that the monotonic,
transverse RM gradient across the core has a significance of 5.50. A gradient with the
same sense was visible in the 8.1-15.2 GHz RM map of Zavala & Taylor| (2004). The
rotation measure map shown in Figure[3.53|shows a possible gradient in the same
direction, perpendicular to the jet direction. The maximum significance is 3.750 for
the circular beam map and 5.30 for the elliptical beam. At the same time, the
gradient is not very uniform across the jet, bringing its reality into doubt. The
gradients detected in the earlier observations were all somewhat closer to the jet
base. To help clarify this, RM maps convolved with the 2.2 GHz beam were made, the
results of which are shown in Figure[3.54] Although the transverse RM gradient
appears somewhat more convincing by eye in the RM map made using the circular
2.2 GHz beam, it has completely disappeared from the corresponding map made
using the elliptical beam, and the structure of the two significance plots is now
completely different. Overall, these results show that this apparent transverse RM
gradient is not reliable.
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Figure 3.50: The top two panels depict the 5 GHz intensity maps for J1751+0939
convolved with the circular (left) and elliptical (right) 5 GHz beam. The middle two
panels show the same for the 1.45 GHz intensity maps convolved with the 1.45 GHz
beam. The bottom two panels show the C-L1 spectral index maps for J1751+0939
convolved with the 1.45 GHz beams. Intensity contours for the panels in the first two
rows increase in factors of v/2 and in the bottom row by factors of 2.
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Figure 3.51: The top two panels depict the 5 GHz polarisation angle maps for
J1751+0939 corrected for only the Galactic RM convolved with the circular (left)
and elliptical (right) 5 GHz beams. The middle two panels show the same for the
1.45 GHz polarisation angle maps corrected for only the Galactic RM convolved with
the 1.45 GHz beam. The bottom two panels show the 1.45 GHz y, maps convolved
with the 1.45 GHz beams. The polarisation intensity cutoffs for the top four panels
are 7.5 mJy/beam (5 GHz circular beam), 6 mJy/beam (5 GHz elliptical beam), 0.8
mJy/beam (1.45 GHz circular beam) and 1 mJy/beam (1.45 GHz elliptical beam).
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Figure 3.52: The top two panels show the 5 GHz fractional polarisation maps for
J1751+0939 convolved with the circular (left) and elliptical (right) 5 GHz beams. The
middle two panels show the same for the 1.45 GHz fractional polarisation maps
convolved with the 1.45 GHz beam. Polarisation intensity cutoffs are the same as
in Figure[3.51] The bottom two panels show the 15 GHz MOJAVE polarisation and
fractional polarisation (left) and tapered intensity (right) maps from 17/09/2016.
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Figure 3.53: The top two panels depict the rotation measure maps for J1751+0939
convolved with the circular (left) and elliptical (right) 1.45 GHz restoring beams. The
bottom two panels show the corresponding error maps.

Investigating the Magnetic Fields of 114 Frederick Richardson
High-Velocity Outflows from Active Galactic
Nuclei



3. RESULTS 3.2 Results

J1751+0939 RM J1751+0939 RM

| (T 1.45584 GHz \ Y~ 1.45584 GHz
50 1 \ -
F A ‘
e 10t S N\
P - 10t
o o
=] =]
© ©
£ 5t £
8 g St
a o
o o
g g
S O S of
CU [
2 2
=] =]
K Ky
2 5 g s
|
210} ‘/ - -10+ /|
15 10 5 0 5 10 15 10 5 0 510
Relative J2000 Right Ascension (mas) Relative 2000 Right Ascension (mas)
15 20 25 30 35 40 15 20 25 30 35
Rotation Measure (rad m~2) Rotation Measure (rad m~2)
J1751+0939 ogym J1751+0939 ogpm
| 1.45584 GHz \ o~ 1.45584 GHz
150 |\ 1 |
\ 15 |
g 10t £
P - 10t
o o
=] =]
© ©
£ 5t £
g g St
o o
o o
1] ]
S Or S of
[ [
2 =
=] =]
© ©
& of ¢ s
|
-10}+ ) -10+ [/
15 10 5 0 5 10 15 10 5 0 510
Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas)
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0
orm (rad m~2) orm (rad m~2)

Figure 3.54: The top two panels depict the rotation measure maps for J1751+0939
convolved with the circular (left) and elliptical (right) 2.2 GHz restoring beams. The
bottom two panels show the corresponding error maps.

3.2.12 ]J1800+7828

J1800+7828 has a redshift of z = 0.683 (Paiano et al.[2020). The intensity maps shown
in Figure|3.55] as well as the MOJAVE 15 GHz, 23 GHz, and 43 GHz observations,
show the jet initially travels west from the core at an angle close to 8 = 90°, before
changing direction towards the south at 10 mas west. Another bend occurs towards

the north at about 30 mas west and the jet becomes diffuse at 1.45 GHz scales. The

spectral index decreases monotonically with distance from the partially optically

thick core as expected, and the core-jet gradient in the spectral-index map is
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consistent with the initial emergence of the jet nearly directly toward the west.

Various studies of J1800+7828 at higher frequencies such as Gabuzda et al.| (1992)
and Gabuzda et al.| (1994), have found that the jet of J1800+7828 consists of several
distinct components, which may represent shocks travelling along the jet. Other
studies suggest that J1800+7828 has a field that is orthogonal to the jet direction
along its length (Gabuzda & Chernetskii|2003). This is further supported by the
MOJAVE 15, 23, and 43 GHz observations, the|Hovatta et al.| (2012) yo map, and the
maps shown in Figure[3.56, which all show the parallel alignment of EVPAs with the
jet. The polarisation angles remain parallel to the jet direction along its length even
as it bends. An analytical approach by Cawthorne et al.|(2013) noted a similarity
between observed 7 mm and model polarisations that supports the view that the
core structure in J1800+7828 represents a recollimation shock. However, on a larger
scale, the presence of a toroidal or helical magnetic field in the jet of J1800+7828 is
the more likely explanation for the observed structure, considering the uniformity of

the transverse field along the jet.

The distribution of fractional polarisation in J1800+7828 is shown in Figure The
degree of polarisation is modest. Generally, there seems to be an increase in
fractional polarisation towards the south side of the jet. Furthermore, in the 1.45
GHz maps, 20 mas west, there seems to be a region where the polarised intensity

increases towards both sides of the jet, indicative of a possible helical field.

Numerous studies have noted Faraday rotation measure gradients in J1800+7828.
Interestingly the source has shown reversals over time. Mahmud et al. (2007)
discusses how the direction of the RM gradient flips between June 2000 and August
2002. Furthermore, the 2002 observation in Mahmud et al. (2007) differs in direction
to another RM gradient in|Zavala & Taylor (2003). Explanations provided at that time
include reversal of the "pole" of the black hole facing the Earth, torsional oscillations
of the jet, a "nested-helix" magnetic field structure, and alterations in the
distribution of thermal electrons surrounding the jet. The nested-helix scenario is
probably the simplest and the most likely. In the results presented here, assuming
the jet generally stays close to 6 = 90° for the first 10 mas west, there also seems to be
a statically significant (o > 3) reversal at the beginning of the jet. The gradient may
even flip again further out the jet, although the gradients beyond 10 mas west do not
exceed 30 and therefore are tentative.
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Figure 3.55: The top two panels depict the 5 GHz intensity maps for J1800+7828
convolved with the circular (left) and elliptical (right) 5 GHz beam. The middle two
panels show the same for the 1.45 GHz intensity maps convolved with the 1.45 GHz
beam. The bottom two panels show the C-L1 spectral index maps for J1800+7828
convolved with the 1.45 GHz beams. Intensity contours for the panels in the first two
rows increase in factors of v/2 and in the bottom row by factors of 2.
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Figure 3.56: The top two panels depict the 5 GHz polarisation angle maps for
J1800+7828 corrected for only the Galactic RM convolved with the circular (left)
and elliptical (right) 5 GHz beams. The middle two panels show the same for the 1.45
GHz polarisation angle maps corrected for only the Galactic RM convolved with the
1.45 GHz beam. The bottom two panels show the 1.45 GHz y, maps convolved with
the 1.45 GHz beams. The polarisation intensity cutoffs for the top four panels are
1.14 mJy/beam (5 GHz circular beam), 1.12 mJy/beam (5 GHz elliptical beam), 3.75
m]y/beam (1.45 GHz circular beam) and 3.75 mJy/beam (1.45 GHz elliptical beam).
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Figure 3.57: The top two panels show the 5 GHz fractional polarisation maps for
J1800+7828 convolved with the circular (left) and elliptical (right) 5 GHz beams. The
middle two panels show the same for the 1.45 GHz fractional polarisation maps
convolved with the 1.45 GHz beam. Polarisation intensity cutoffs are the same as
in Figure[3.56] The bottom two panels show the 15 GHz MOJAVE polarisation and
fractional polarisation (left) and tapered intensity (right) maps from 15/08/2019.
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Figure 3.58: The top two panels depict the rotation measure maps for J1800+7828
convolved with the circular (left) and elliptical (right) 1.45 GHz restoring beams. The
bottom two panels show the corresponding error maps. Due to high noise in the L2
band data, these panels were made only using polarisation data from the C, S, and
L1 bands. Plots of the estimated significances of the difference of the RM values on
either side of the jet are shown in Figure[3.59}
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Figure 3.59: These panels plot the estimated significances of the difference of the
RM values on either side of the jet, obtained using a series of slices perpendicular
to the dotted arrows shown in the top two panels of Figure The top two panels
of this figure are the core region and inner jet. The bottom two panels are the jet
after bending, from a relative right ascension of —8 to —30 mas, beginning where
the top panel ends. At the point of intersection between the two dotted arrows, the
calculated significance is in the range of —20.

In addition, increases in RM seem to correspond to a similar rise in fractional
polarisation in the same part of the jet. This implies that the Faraday rotation
observed is associated with the material in the vicinity of the jet, rather than due to
material in the interstellar medium. This also suggests a connection between the RM

gradients, fractional polarisation distribution, and local magnetic field.
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3.2.13 J1806+6949

J1806+6949 (common name 3C 371) has a redshift of z = 0.051 (de Grijp et al.[1992).
In the 15 GHz, 23 GHz, and 43 GHz MOJAVE maps, as well as the intensity maps in
Figure[3.60} the jet follows a straight line at an angle of 6 = —100°. In the 1.45 GHz
intensity maps, traces of the jet are noticeable at a relative right ascension of over
—400 mas. The core-jet gradient in the spectral index map is consistent with the

observed direction of the jet.

The 15 GHz MOJAVE polarisation maps remain stable over time and a RMggy
corrected polarisation study at A = 6 cm by Cawthorne et al.| (1993) show polarisation
angles in the core to be almost orthogonal to the jet implying a longitudinal field
locally. This is consistent with the 5 GHz RMg, corrected core EVPAs shown in
Figure[3.61] However, in the jet (greater than 10 mas west), EVPAs are aligned with
the jet direction. Due to the patchy nature of the 1.45 GHz polarisation, little can be
said about the corresponding 1.45 GHz maps. However, the yo maps (bottom panels)
show an indication of the parallel alignment in the inner jet, just like the 5 GHz

maps, overall indicating an orthogonal magnetic field greater than 10 mas west.

The polarised intensity of J1806+6949 is modest, with fractional polarisation shown
in Figure remaining below 10% in the core. This fraction increases above 50%
outside the core, especially towards the southern side of the jet. This is possibly an

indication of a helical magnetic field.

The rotation measure maps shown Figure[3.63|show a "checkerboard" pattern with
two regions with an RM gradient, the gradient direction undergoing a reversal along
the distribution. The first has a significance of about 30 while the latter exceeding
90. As mentioned earlier in the discussion of J0721+7120 and J1800+7828 the most
likely explanation for such an RM-gradient reversal is believed to be a "nested-helix"
magnetic field structure. A rotation measure gradient originally detected by
Gabuzda et al. (2004) at 2-6 cm and confirmed to be monotonic and have a
significance of 3.50 in Gabuzda et al.| (2015) coincides with the direction of the first

gradient but was located slightly further down the jet.
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Figure 3.60: The top two panels depict the 5 GHz intensity maps for J1806+6949
convolved with the circular (left) and elliptical (right) 5 GHz beam. The middle two
panels show the same for the 1.45 GHz intensity maps convolved with the 1.45 GHz
beam. The bottom two panels show the C-L1 spectral index maps for J1806+6949
convolved with the 1.45 GHz beams. Intensity contours for the panels in the first two
rows increase in factors of v/2 and in the bottom row by factors of 2.
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Figure 3.61: The top two panels depict the 5 GHz polarisation angle maps for
J1806+6949 corrected for only the Galactic RM convolved with the circular (left)
and elliptical (right) 5 GHz beams. The middle two panels show the same for the 1.45
GHz polarisation angle maps corrected for only the Galactic RM convolved with the
1.45 GHz beam. The bottom two panels show the 1.45 GHz y, maps convolved with
the 1.45 GHz beams. The polarisation intensity cutoffs for the top four panels are
0.6 mJy/beam (5 GHz circular beam), 0.55 mJy/beam (5 GHz elliptical beam), 1.5
m]y/beam (1.45 GHz circular beam) and 1.5 mJy/beam (1.45 GHz elliptical beam).
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Figure 3.62: The top two panels show the 5 GHz fractional polarisation maps for
J1806+6949 convolved with the circular (left) and elliptical (right) 5 GHz beams. The
middle two panels show the same for the 1.45 GHz fractional polarisation maps
convolved with the 1.45 GHz beam. Polarisation intensity cutoffs are the same as
in Figure[3.61] The bottom two panels show the 15 GHz MOJAVE polarisation and
fractional polarisation (left) and tapered intensity (right) maps from 15/08/2019.
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Figure 3.63: The top two panels depict the rotation measure maps for J1806+6949
convolved with the circular (left) and elliptical (right) 1.45 GHz restoring beams. The
middle two panels show the corresponding error maps. The bottom two panels plot
the estimated significances of the difference of the RM values on either side of the
jet, obtained using a series of slices perpendicular to the dotted arrow shown in the

top two panels.
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3.2.14 J1824+5651

J1824+5651 has a redshift of z = 0.664 (Lawrence et al.[1986). As can be seen in
Figure|3.64} the source features a very prominent jet, heading south at an angle of
0 =~ —160°. The spectral index map shows the expected behaviour and is consistent

with the observed direction of the jet.

Most of the polarisation is localized above a relative declination of —50 mas. The 5
GHz RMgg4 EVPAs shown in Figure show a clear alignment with the direction of
the jet. This is consistent with other observations, such as the 15 GHz and 43 GHz
MOJAVE maps, the Hovatta et al. (2012) yo, map, and also A = 1 cm observations by
Gabuzda & Cawthorne (2000).

The 1.45 GHz RMgj, corrected EVPAs (bottom of Figure do not reflect this
alignment in the core. Due to the high sensitivity at 1.45 GHz to RM, which is
proportional to wavelength squared, correcting only for RMgg is certainly
insufficient near the core. Interestingly, it appears that beyond a relative declination
of —20 mas the polarisation angles are orthogonal in this region. This could be a sign
of a longitudinal magnetic field. Even further out (greater than 100 mas south) it
appears the parallel polarisation angle alignment is seen again. Assuming this is not
noise and the total RM to be relatively low here, this seems believable. The corrected
Yo map (Figure also shows a general alignment with the jet up to a relative
declination of —10 mas then signs of being orthogonal. Overall this implies an
orthogonal magnetic field in the core and inner jet, a longitudinal one further out,
and possibly another region of orthogonal magnetic field in the furthest reaches of
the jet.

The fractional polarisation, shown in Figure[3.67]is relatively low in the core, with
m = 5%. This increases noticeably leaving the core. In particular, the 1.45 GHz maps
show an increase towards the west side of the jet. This may be associated with a
bending helical field, the overlaying intensity contours showing an arc-like turn in

this region.

The RM maps shown in Figure [3.68/show strong signs of a transverse RM gradient at
arelative declination of about —10 mas with a significance greater than 3o at its
peak. There is the indication of a gradient in the opposite direction before this. At
about 30 mas south, the jet has bent. A slice across this region gives another 30
gradient. This is consistent with a helical magnetic field continuing down the jet. A
previous 12-43 GHz study by Algaba (2013) notes a transverse RM gradient in the
inner VLBI jet with the same direction as the gradient in the inner jet in Figure[3.68|
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Figure 3.64: The top two panels depict the 5 GHz intensity maps for J1824+5651
convolved with the circular (left) and elliptical (right) 5 GHz beam. The middle two
panels show the same for the 1.45 GHz intensity maps convolved with the 1.45 GHz
beam. The bottom two panels show the C-L1 spectral index maps for J1824+5651
convolved with the 1.45 GHz beams. Intensity contours for the panels in the first two
rows increase in factors of v/2 and in the bottom row by factors of 2.
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Figure 3.67: The top two panels show the 5 GHz fractional polarisation maps for
J1824+5651 convolved with the circular (left) and elliptical (right) 5 GHz beams. The
middle two panels show the same for the 1.45 GHz fractional polarisation maps
convolved with the 1.45 GHz beam. Polarisation intensity cutoffs are the same as
in Figure[3.65] The bottom two panels show the 15 GHz MOJAVE polarisation and
fractional polarisation (left) and tapered intensity (right) maps from 25/10/2010.
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Figure 3.68: The top two panels depict the rotation measure maps for J1824+5651
convolved with the circular (left) and elliptical (right) 1.45 GHz restoring beams.
The bottom two panels show the corresponding error maps. Plots of the estimated
significances of the difference of the RM values on either side of the jet are shown in

Figure
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Figure 3.69: These panels plot the estimated significances of the difference of the
RM values on either side of the jet, obtained using a series of slices perpendicular to
the dotted arrows shown in the top two panels of Figure[3.68 The top two panels of
this figure are the core region and inner jet. The bottom two panels are the jet after
bending, from a relative declination of roughly —22 to —30 mas.
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3.2.15 J2005+7752

J2005+7752 has a redshift of z = 0.342 (Stickel & Fried|1989).The 15 GHz MOJAVE
observations and VLBA 43 GHz observations by|/Cheng et al. (2020) show that the jet
extends to the west, with some slight bending. In the 5 GHz and 1.45 GHz images
shown in Figure[3.70} the jet direction remains steady at approximately 6 = —95°.
The spectral-index map is as expected, decreasing monotonically from the core, with

the core-jet spectral-index gradient consistent with the observed jet direction.

In the Faraday corrected polarisation distribution of O’Sullivan & Gabuzda (2009),
polarisation is aligned with the jet direction in the 4.6-8.9 GHz y( map, supporting
evidence of an orthogonal magnetic field. The inner jet and core y( values implied
from the 12.9-22 GHz RM map are aligned with the jet direction. In Figure little
polarisation is present outside of the core region. However, there is an indication of
alignment of the polarisation with the inner jet in the 1.45 GHz RM corrected maps,

consistent with the earlier findings.

Fractional polarisation shown in Figure[3.72]is fairly low in the core with m < 5%.
There is a noticeable increase in the 5 GHz maps on the north side, possibly due to
bending at lower scales. Similarly, there is an increase on the south side in the 1.45
GHz maps. Furthermore, in the 1.45 GHz, there seems to be a correlation in
fractional polarisation and increasing rotation measure, suggesting interaction with

the surrounding medium.

Gabuzda et al.| (2015) note a monotonic transverse RM gradient with a significance of
5.50. The map presented in Figure[3.73|shows two regions with transverse RM
gradients. The first (north to south, negative to positive) occurs at the eastern edge
of the RM distribution. As this only has a significance greater than 30 when
convolved with the circular beam, it is considered tentative. The next, more distinct
gradient occurs slightly after the peak of radio intensity (relative right ascension of
approximately —4 mas). This has a much greater significance, greater than 50 in
both maps. The direction of this later transverse RM gradient is the same as that
detected earlier by Gabuzda et al.| (2015)
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Figure 3.70: The top two panels depict the 5 GHz intensity maps for J2005+7752
convolved with the circular (left) and elliptical (right) 5 GHz beam. The middle two
panels show the same for the 1.45 GHz intensity maps convolved with the 1.45 GHz
beam. The bottom two panels show the C-L1 spectral index maps for J2005+7752
convolved with the 1.45 GHz beams. Intensity contours for the panels in the first two
rows increase in factors of v/2 and in the bottom row by factors of 2.
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Figure 3.71: The top two panels depict the 5 GHz polarisation angle maps for
J2005+7752 corrected for only the Galactic RM convolved with the circular (left)
and elliptical (right) 5 GHz beams. The middle two panels show the same for the 1.45
GHz polarisation angle maps corrected for only the Galactic RM convolved with the
1.45 GHz beam. The bottom two panels show the 1.45 GHz y, maps convolved with
the 1.45 GHz beams. The polarisation intensity cutoffs for the top four panels are
0.4 mJy/beam (5 GHz circular beam), 0.43 mJy/beam (5 GHz elliptical beam), 1.75
m]y/beam (1.45 GHz circular beam) and 1.85 mJy/beam (1.45 GHz elliptical beam).
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Figure 3.72: The top two panels show the 5 GHz fractional polarisation maps for
J2005+7752 convolved with the circular (left) and elliptical (right) 5 GHz beams. The
middle two panels show the same for the 1.45 GHz fractional polarisation maps
convolved with the 1.45 GHz beam. Polarisation intensity cutoffs are the same as
in Figure[3.71] The bottom two panels show the 15 GHz MOJAVE polarisation and
fractional polarisation (left) and tapered intensity (right) maps from 29/06/2019.
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Figure 3.73: The top two panels depict the rotation measure maps for J2005+7752
convolved with the circular (left) and elliptical (right) 1.45 GHz restoring beams. The
middle two panels show the corresponding error maps. The bottom two panels plot
the estimated significances of the difference of the RM values on either side of the
jet, obtained using a series of slices perpendicular to the dotted arrow shown in the
top two panels. Due to high noise in the L2 band data, these panels were made only
using polarisation data from the C, S, and L1 bands.
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3.2.16 J2202+4216

J2202+4216, (common name BL Lac) has a low redshift of z = 0.0686 (Vermeulen

et al.|1995). It is a compact source and the first BL Lac object ever discovered by
Cuno Hoffmeister in 1929. BL Lac is highly variable at radio wavelengths, changing
on timescales of days. As can be seen in the 15, 23, and 43 GHz MOJAVE
observations, the jet extends south at an angle of 6 = —175° until approximately 10
mas from the core, where the jet continues to the south-east before becoming
diffuse. This is seen in the 5 GHz observations of Figure However, it is difficult
to see this inner structure on the larger 1.45 GHz scale. The core-jet gradient in the

spectral-index map is consistent with the observed direction of the inner jet.

Studies of the polarisation structure of BL Lac at higher frequencies (for example
O’Sullivan & Gabuzda (2009), the 15 GHz and 23 GHz MOJAVE maps, and the
Hovatta et al. (2012) yo map), find that the EVPAs are aligned with the jet direction
along the spine, indicating a magnetic field which is orthogonal to the jet direction.
In addition, a tentative spine-sheath structure was identified in Healy (2013). In
Figure[3.75} a spine-sheath structure, possibly indicative of a helical magnetic field,
is seen in the 5 GHz polarisation maps, with parallel polarisation down the jet and
orthogonal alignment at the edges. This is also displayed in the 1.45 GHz maps,
especially the yo maps, which supports the findings of Healy| (2013).

Previous fractional polarisation maps of BL Lac such as/Hallahan & Gabuzdal (2008)
show how the fractional polarisation in the jet of BL Lac increases both with distance
from the core and towards the jet edge. Likewise, in the fractional polarisation maps
in Figure the degree of polarisation can be seen to increase away from the core
and towards the jet edges. Little polarisation is detected in the central core region.
The jet shows polarisation between values of 10% and 20%. The increase in
fractional polarisation at the jet edges can either be interpreted as indicative of a

helical magnetic field or the result of interaction with the surrounding medium.

The 4.6-15.4 GHz study of|Gabuzda et al.| (2017) yielded 2 regions of likely transverse
RM gradients in the inner jet. A 16-22 cm study by Motter & Gabuzdal (2017) also
displayed a single gradient across the core, although located in the opposite
direction and located near the peak. A small-scale study at 21 pas resolution by

Gomez et al. (2016) also showed a transverse gradient in the core.

In the results presented in Figure[3.77, a possible (significance of = 30) transverse
gradient exists in the core region. The orientation is consistent with Gabuzda et al.

(2017) although it does not seem entirely uniform, the RM difference mostly
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stemming a thin band along the edge. Realistically this would be considered
tentative. An interesting feature in Figure is the increase in RM detected at the
southern RM region where the jet bends, possibly indicating interaction with the
surrounding medium. It is possible, that the predominant direction of the transverse

RM gradients in J2202+4216 may vary with time.
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Figure 3.74: The top two panels depict the 5 GHz intensity maps for J2202+4216
convolved with the circular (left) and elliptical (right) 5 GHz beam. The middle two
panels show the same for the 1.45 GHz intensity maps convolved with the 1.45 GHz
beam. The bottom two panels show the C-L1 spectral index maps for J2202+4216
convolved with the 1.45 GHz beams. Intensity contours for the panels in the first two
rows increase in factors of v/2 and in the bottom row by factors of 2.
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Figure 3.75: The top two panels depict the 5 GHz polarisation angle maps for

J2202+4216 corrected for only the Galactic RM convolved with the circular (left)
and elliptical (right) 5 GHz beams. The middle two panels show the same for the 1.45
GHz polarisation angle maps corrected for only the Galactic RM convolved with the
1.45 GHz beam. The bottom two panels show the 1.45 GHz y(, maps convolved with
the 1.45 GHz beams. The polarisation intensity cutoffs for the top four panels are
0.96 mJy/beam (5 GHz circular beam), 0.975 mJy/beam (5 GHz elliptical beam), 1
m]y/beam (1.45 GHz circular beam) and 1.25 mJy/beam (1.45 GHz elliptical beam).
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Figure 3.76: The top two panels show the 5 GHz fractional polarisation maps for
J2202+4216 convolved with the circular (left) and elliptical (right) 5 GHz beams. The
middle two panels show the same for the 1.45 GHz fractional polarisation maps
convolved with the 1.45 GHz beam. Polarisation intensity cutoffs are the same as
in Figure[3.75] The bottom two panels show the 15 GHz MOJAVE polarisation and
fractional polarisation (left) and tapered intensity (right) maps from 25/08/2017.
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Figure 3.77: The top two panels depict the rotation measure maps for J2202+4216
convolved with the circular (left) and elliptical (right) 1.45 GHz restoring beams. The
middle two panels show the corresponding error maps. The bottom two panels plot
the estimated significances of the difference of the RM values on either side of the
jet, obtained using a series of slices perpendicular to the dotted arrow shown in the
top two panels.
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3.3 Summary of Results

In this chapter, 1.45, 1.8, 2.2, and 5 GHz VLBA polarisation observations of 16 BL Lac
objects made in 2017 and 2019 were presented. Their morphology, EVPA structure,
fractional polarisation, and Faraday rotation measure distribution were discussed.

3.3.1 Polarisation Structure

Both J0738+1742 and J2202+4216 (BL Lac) showed tentative signs of a spine-sheath
structure in the distribution of their polarisation angles, indicating the possible

presence of a helical magnetic field.

The jets of J1800+7828, J1806+6949, and J1824+5651 feature strong evidence of
alignment of polarisation angles parallel to the jet direction all along their lengths,
indicating an orthogonal magnetic field. J0721+7120, J0818+4222, J0958+6533, and
J2005+7752 indicated this in their inner jet. The sources J0748+2400 and J1824+5651
show strong signs of a sustained longitudinal field with polarisation angles aligned
perpendicular to the jet. In particular, J0748+2400, J1824+5651 and also possibly
J0006-0623 show separate regions with both parallel and perpendicular alignment.
The localized regions of entirely parallel or orthogonal alignment may indeed be
interpreted as possessing helical fields as explained in Murphy et al. (2013) but

further study is needed.

Very little polarisation structure was visible in the jets of J0050-0929, J0121+1149,
J0825+0309, J0854+2006, and J1751+0939, with any polarisation mainly confined to
the core region. In these cases, insufficient data was present to draw any conclusion
about the presence of a spine-sheath structure or other polarisation structure that
would provide evidence for a helical magnetic field. However, consistency between
the 5 GHz EVPAs (which are not affected greatly by any RM) and the 1.45 GHz y,
map provides good evidence for the accuracy of the fit obtained in the RM map itself.

3.3.2 Fractional Polarisation

The plausibility of the spine-sheath polarisation structures in sources J0738+1742
and J2202+4216 and a possible helical field model was strengthened by a clear
increase in fractional polarisation away from the core and towards the edges of both

sides of the jet for both of these sources.
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J1800+7828 shows a region with increasing m towards both sides and a region of
parallel EVPA alignment. J0006-0623, J0748+2400, J0958+6533, J1800+7828,
J1806+6949, and J1824+5651 also displayed an increase in fractional polarisation
towards one side in at least one of the two presented frequencies in regions with
parallel EVPA, (or in the case of J0006-0623 and J0748+2400, orthogonal) alignment

with the jet. Again, this is only partial evidence for a helical field.

Although not linked to a helical field, J2005+7752 and J2202+4216 showed interesting
increases in fractional polarisation coupled with an increase in RM indicating a link
between these quantities. J0121+1149 and J0721+7120 also displayed localized
fractional polarised increases that could just as likely be associated with a shock. The
remaining sources did not display interesting fractional polarisation but all 16
sources showed the core region to have low fractional polarisation, as expected in a
partially optically thick region.

3.3.3 Faraday Rotation Measure

Convincing and statistically significant (significance exceeding 30) transverse RM
gradients were detected in eleven sources (J0006-0623, J0050-0929, J0121+1149,
J0748+2400, J0818+4222, J0958+6533, J1800+7828, J1806+6949, J1824+5651,
J2005+7752 and J2202+4216). This is another piece of evidence supporting toroidal
or helical fields.

The presence of such RM gradients for J0748+2400, J0958+6533, J1800+7828,
J1806+6949, J1824+5651, J2005+7752, and J2202+4216 in addition to the suitable
EVPA and fractional polarisation structure discussed earlier, strengthens the
argument for these particular sources possibly having a helical field. Within these
sources, there are also segments of debatable authenticity (significance > 20 but less
than 30). Future studies at these scales may confirm these or rule them out.
Furthermore, some sources, such as J1800+7828, J1824+5651, and maybe J0818+4222
or J2005+7752 show interesting reversals within their RM distributions. This is not a
requirement for a helical field but it indicates a more complex structure suitable for
further study. The most plausible explanation for the presence of such reversals in
the direction of transverse RM gradients is a “nested-helix” model, as is discussed in
Mahmud et al. (2013). Although they may have been statistically significant the
gradients calculated in J0738+1742, J0825+0309, J0854+2006, and J1751+0939 were
not monotonic, uniform, and dependent on pixels at one edge and considered

spurious.
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Chapter 4

Comparison with Older Observations

4.1 Introduction

The results shown in this thesis are from observations made between 2017 and 2019
and at a wavelength range of 6 to 21 cm. In addition, VLBA observations for the same
sources were made in 2004 and 2010 at four wavelengths over a range of 18 to 22 cm.
The wavelengths used in these datasets were 22.1, 21.0, 20.1, and 18.0 cm (or in
terms of frequency 1.35, 1.43, 1.49, and 1.66 GHz). The purpose of this chapter is to
compare the results of this thesis with these older observations. Not all 16 sources
were included in both of these datasets but the following chapter will examine all

available data.

All the following maps were made using the 1.45 GHz circular beam used earlier in
the 6 to 21 cm observations to enable proper comparison in morphology and
structure. Comparison will mostly be done between the L1 band maps (1.45 GHz)
from the more recent observations and the 1.43 GHz observations from 2004 and
2010 as these frequencies are the most similar. No major change in morphology was
expected between the older and newer epochs. It was also expected that there would

be no change in EVPA outside the core.

Most of the figures in this chapter have three columns and four rows of panels. The
three columns show results for 2004, 2010, and 2017/2019, from left to right. The
four rows show, from top to bottom, the 1.45 or 1.43 GHz polarisation, 1.45 or 1.43
GHz fractional polarisation, rotation measure, and rotation measure error. When the
earlier data are available at only 2004 or only 2010, the figures have the same

structure, but only two columns of panels. The year for each figure panel is shown in
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the panel header. In all cases, the 2004, 2010, and 2017/2019 images for a given
source are shown using the same ranges for the fractional polarisation and rotation
measure. Note that no alignment was needed between the four images obtained
from the 2004 and 2010 observations since the four wavelengths are too close to lead
to significant shifts. In all cases, the same estimated Galactic rotation measure was
subtracted from the 2004, 2010, and 2017/2019 RM maps. When plots of the
significance of transverse RM gradients are shown, these are given as separate

figures.

4.2 Results

4.2.1 ]J0006-0623

There were no significant changes in morphology between the 2017 observations
and either the 2004 or 2010 observations. The EVPAs very clearly show a double
structure at both 2004 and 2010. The EVPA distributions at the three epochs are
quite different, possibly due to different relative strengths of the core and jet
emission at different epochs. The core region seems to be dominated by a region

with nearly vertical polarisation in 2004 and 2017.

The fractional polarisation maps are also consistent over the three datasets with
m < 15% across the distribution. In the 2004 and 2010 maps, there appears to be a
drop in fractional polarisation coinciding with the "gap" between the first and
second components of the double structure, apparently due to cancellation of

polarisation with roughly perpendicular directions in the core and jet regions.

The 2004 rotation measure map shows a vertical streak of increased rotation
measure at the termination of the first component of the double structure, whose
origin is not clear. There is a modest increase in the RM uncertainties at the location
of this feature, but the uncertainties don’t seem high enough to make this feature
completely spurious. The jet RM values are very similar at 2010 and 2017, while the
jet RM values for 2004 are appreciably different. The core RM values vary
significantly from epoch to epoch. Neither the 2004 nor the 2010 rotation measure

maps show clear evidence for transverse RM gradients.
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4.2.2 J0050-0929

There were no significant changes in morphology between the 2017 observations
and either the 2004 or 2010 observations. The polarisation structure detected in
J0050-0929 is mostly limited to the core. The yo EVPAs in the core region in 2004 are
uniformly at y = 0°, lie in y = —45° in 2010, and in y = +45° in 2017. The jet
polarisation is relatively weak, but the EVPAs to the northeast and northwest of the
core are similar in 2010 and 2017, possibly corresponding to polarisation at the inner

jet edges.

The fractional polarisation maps across the three epochs consistently show a core
region with m < 5%. The 2010 and 2017 fractional polarisation maps show a similar
structure, with the fractional polarisation increasing on the easterly side of the jet.
This may be a result of bending, possible interaction with the intergalactic medium,
or a helical jet magnetic field, but the polarisation is weak, and it may also be

spurious.

The three RM maps show significantly different values in and across the core region.
The 2004 rotation measure map, shows a possible transverse gradient, the
significance of which is shown in Figure[4.3|and exceeds 30. However, the gradient is
not entirely monotonic and the result arguably arises mainly due to high values at
the western edges. It does however mirror the more reliable 2017 transverse RM
gradient. The 2010 rotation measure map shows no evidence at all for a transverse

gradient.
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Figure 4.3: These panels plot the estimated significances of the difference of the RM
values on either side of the jet, obtained using a series of slices perpendicular to the
dotted arrows shown in the third row of Figure[4.2] Left panel: 2004 epoch, Middle
panel: 2010 epoch, Right panel: 2017 epoch.

4.2.3 J0121+1149

The morphology of J0121+1149 remains the same in 2017 as in the 2004 and 2010
epochs, the jet extending approximately 80 mas to the east and 60 mas north overall.
The 2004 and 2010 data were previously looked at by|Coughlan et al.| (2011). The
polarisation in 2017 was mostly restricted to the core, however, this is not the case
for the 2004 and 2010 epochs which show polarisation extending along the jet. This

is most likely due to higher levels of noise and interference in the 2017 data.

The distribution of polarisation angles is complex. The intrinsic (y() polarisation

angles differ in the core and jet over all three epochs.

Both the 2004 and 2010 fractional polarisation maps show low polarisation (m < 5%)
in the core, consistent with the 2017 maps, this increases upwards of 20%, going
north and out of the core. The 2010 map, in particular, shows increasing fractional
polarisation towards the western jet edge, a possible sign of a helical magnetic field

or interaction with an ambient medium.

Coughlan et al. (2011) did not allow for sufficient nx rotations in the EVPAs for this
source leading to incorrect rotation measure values in the jet. Avoiding this error, the
Faraday rotation maps for 2004 and 2010 display 3 distinct regions: the core, inner
jet, and outer jet. Only the core region is present in 2017. No evidence of any
transverse rotation measure gradients is detected at either of the earlier epochs. The
RM range in this core region is roughly consistent at all three epochs, and the RM
values in the outer jet are similar in 2004 and 2010. The RM values in the inner jet
region are higher in 2010 compared to 2004, suggestive of a change in the thermal

electron density in this region between the two epochs.
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4.2.4 J0721+7120

There appears to be little significant change in morphology or polarisation structure
between the 2004, 2010, and 2017 observations of J0721+7120. The 2004 and 2010
data were considered earlier (Healy|2013). No polarisation was detected in the jet at

any epoch beyond 15 mas north.

There is consistent evidence of alignment of polarisation angles with the inner jet at
all three epochs. This is consistent with an orthogonal field in this region. The
fractional polarisation increases to more than 30% in the inner jet. It shows a distinct
increase toward one edge of the jet, but this is the eastern edge in 2004 and the

western edge in 2010.

The rotation measure maps maintained similar values overall with values between 0
and 30 rad m~2. The 2004 and 2010 rotation measure maps show possible transverse
RM gradients, but in opposite directions, as was noted by Healy (2013). More

monitoring would be needed to determine whether the change in the side of higher
fractional polarisation and the change in the direction of the transverse RM gradients

are related. Unfortunately, the 2017 RM map adds little information to this picture.
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4.2.5 J0738+1742

The morphology of J0738+1742 has remained mostly consistent across all three
epochs.

The polarisation angle structure observed in 2017 shows very similar patterns to
those observed in 2004 and 2010, where the polarisation angles remain orthogonal
to the jet at the edges even as the jet bends to the south. EVPAs within the core,
however, are different in 2017 compared to the earlier epochs. Hallahan & Gabuzda
(2008) recorded a change in polarisation angles at roughly 10 mas from the core of
J0738+1742 between two observations in 1999 and 2004, with the latter being the
2004 observations considered here. This was attributed to a weakening in the
longitudinal component of the magnetic field or conversely a strengthening of the

transverse component.

The 2017 fractional polarisation distribution mirrors the results found in 2004 and
2010, with the percentage polarised intensity quite low in the core but almost
reaching theoretical limits at the edges of the curved jet. This increase in the degree
of polarisation indicates an increased magnetic field order at the edge of the jet,
possibly the enhancement of an already present longitudinal field component by the

curving of the jet.

No convincing systematic rotation measure gradients were identified, in either the
2004 or 2010 epochs, consistent with the 2017 observation.
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4.2.6 J0748+2400

The morphology of J0748+2400 has remained stable between the 2004 and 2017
observations. There were no observations made for J0748+2400 in 2010. Poor
polarisation data, leading to poor fitting and noise meant only the 1.49 GHz and 1.66
GHz frequencies were suitable for use in making the rotation measure map and
examining the polarisation properties. The 2004 RM map must therefore be

considered tentative.

Despite these difficulties, the 2004 y( map is similar to the 2017 map as well as the 15
GHz MOJAVE maps, displaying EVPAs aligned with the jet in the core but becoming
orthogonal to the jet further out. Just as in the 2017 data, the fractional polarisation
maps generally display a low fraction within the core, increasing outside the core,
with a marked increase towards the north side. It was suggested in Chapter[3|that
this is a sign of interaction with an ambient medium around the AGN or a bending
helical field.

The rotation measure maps, being made using only 2 frequencies should be treated
with skepticism, however, the calculated values remain similar to the 2017
observations with values mostly between 0 and 60 rad m 2. No statistically

significant gradients were found.
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4.2.7 ]J0818+4222

The morphology of J0818+4222 is generally similar in 2010 and 2017. There were no
observations made for J0818+4222 in the 2004 dataset. Less diffuse, large-scale

structure appears in the 2010 image, likely due to higher noise levels.

Polarisation angle maps are shown in Figure Poor polarisation data at 1.43 GHz
and 1.49 GHz meant the 1.35 GHz data was best for comparison. Judging from the y,
maps, the core region has remained quite similar to that in 2017, and polarisation
angles are still aligned with the jet. Similarly, the fractional polarisation structure is
broadly similar, remaining lower in the core but showing a much more noticeable

increase emerging from the core.

The 2010 rotation measure map shows a statistically significant transverse gradient
with a significance greater than 3.50 broadly across the entire source. This is
consistent with the most notable gradient found at 5 mas east in 2017, however, no
trace of the other gradient (positive to negative, north to south) from 2017, which
was a reversal, was found. This could be due to the more dominant component in a

nested helical magnetic field structure changing with time.
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Figure 4.9: These panels plot the estimated significances of the difference of the RM
values on either side of the jet, obtained using a series of slices perpendicular to the
dotted arrows shown in the third row of Figure Left panel: 2010 epoch, Right
panel: 2017 epoch.

4.2.8 ]J0825+0309

The morphology of the source J0825+0309 is broadly the same over the three epochs.
The yo map in 2004 shows parallel alignment of EVPAs in the inner jet, indicating an
orthogonal magnetic field. The core region in 2004 and 2017 show perpendicular
alignment associated with a longitudinal magnetic field. This contrasts with the core
polarisation in the 2010 map which implies a dominant orthogonal field in this

region.

The fractional polarisation maps are not entirely consistent over the three epochs.
The 2004 map shows an increase on the eastern side of the distribution to about 25%.
Little to no structure is seen in the 2010 map. The 2017 map shows an increase in
fractional polarisation on the western side of the distribution. If these variations are
real, they may indicate a change in the side of the jet where the interaction with the

ambient medium is strongest.

The 2010 and 2017 RM maps have a broadly similar appearance, while the 2004 RM
map shows a different RM distribution, with a possible transverse RM gradient over
much of its length. Upon examination, as shown in Figure[4.11} the 2004 RM map
only barely reaches a significance of 20 and only for a short range of pixels.
Nonetheless, this gradient is in the same direction as that reported by|Gabuzda et al.
(2015), based on 2, 4, and 6 cm VLBA data obtained in 1997. There are no significant
transverse RM gradients in the 2010 RM map. Overall, none of these RM maps

harbour strong evidence for transverse RM gradients by themselves.
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Figure 4.11: These panels plot the estimated significances of the difference of the RM
values on either side of the jet, obtained using a series of slices perpendicular to the
dotted arrows shown in the third row of Figure[4.10] Left panel: 2004 epoch, Right
panel: 2010 epoch.

4.2.9 ]J0854+2006

The morphology of J0854+2006 has remained similar throughout all three epochs.
However, the yo maps show appreciable variations in the core region.

The fractional polarisation maps remain consistent between the 2017 and 2010
maps, with 10% polarisation in the centre of the source, increasing along the jet.
Interestingly the 2004 map shows hints of increases to the north of the core or

innermost jet, but this increase toward the jet edges doesn’t appear in the 2017 map.

The 2017 rotation measure map shows almost entirely negative values, around
—20 rad m~2. In contrast, the 2004 map, shows almost entirely positive values, and

the 2010 map, shows a mixture of positive and negative regions of RMs.

There are no obvious monotonic transverse RM gradients in either the 2004 or the
2010 RM map. previously the 2004 data has been examined for transverse RM
gradients by Motter & Gabuzdal (2017) and a tentative gradient was recorded (30
with elliptical beam and 1.80 with the circular beam). However, this does not seem

to survive when the 1.45 GHz beam was used, which puts this gradient into doubt.
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4.2.10 J0958+6533

The morphology of J0958+6533 has remained stable over the time between 2004 and
2017. There were no observations made for J0958+6533 in 2010. The structure of the
2004 yo map seems to have changed in the core region when compared to the 2017
observations. There are the possible signs of a "spine-sheath" structure in the jet,

roughly 10 mas west. Only the bottom portion of this structure was detected in 2017.

The 2004 fractional polarisation maps were predominantly below 10%. Areas of
heightened polarisation intensity at roughly 5 mas west (northern edge) and 10 mas
west (southern edge) are consistent with the 2017 observations. This pattern was
attributed earlier to the bending of a helical field in those regions and its

reappearance reinforces the idea that it is a genuine structure.

The overall core RM values are somewhat different in 2004 and 2017. As can be seen
in the rotation measure map in Figure[4.13} there is the appearance of a transverse
gradient as the far western side of the distribution for 2004. This was noted in
Hallahan & Gabuzda) (2008) but not tested for significance. Upon exanimation, the
significance of this gradient does not exceed 20. Hence, it cannot be claimed to be
genuine, at least using these beam parameters. There is little trace of the statistically

significant RM gradients in the core that were identified in the 2017 maps.
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4.2.11 J1751+0939

The morphology of J1751+0939 has remained stable over time. The y, maps for 2004
and 2019 are quite similar in the core region, corresponding to a longitudinal

magnetic field. The distribution for 2010 is more complex.

The core region of the fractional polarisation maps seems consistent over time, with
m < 5% for the most part. There is evidence for an increase at the western side of the
jetin the 2019 map, and an increase in fractional polarisation at the eastern side in
the 2010 map. If real, this may indicate changes in the side of the jet that is most

strongly interacting with the ambient medium.

No evidence of a transverse rotation measure gradient was detected in either the
2004 or 2010 maps. The calculated RM values in the core region differ somewhat but

lie all lie approximately within the range of 0 to 30 rad m™2.
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4.2.12 J1800+7828

The 2004 and 2010 and 2019 observations all show the jet of J1800+7828 extending to
the west, before bending south. The 2004 and 2010 maps show more extensive

polarisation structure in the jet than in 2019.

All the yo maps show the EVPAs to be parallel to the jet along its spine, indicating an
orthogonal magnetic field.

The fractional polarisation maps are fairly consistent over the three epochs.
Fractional polarisation increases as usual with distance from the core region but
unexpectedly, in 2004 and 2010, the fractional polarisation increases along the spine
of the jet. This was suggested by Healy|(2013) to be a result of turbulence at the jet
edges, whereupon interaction with the ambient medium causes disorder in the

magnetic field and a decrease in polarised intensity.

In the 2004 and 2010 rotation measure maps, there appears to be a checkerboard
pattern in both, corresponding to a possible transverse RM gradient reversal in the
core region and inner jet. As can be seen in Figure[4.16} in the 2004 map, the
significance of the transverse RM gradients in both regions reach 2¢. In the 2010 RM
map, only the second section, in the inner jet, shows a significance of greater than
20 but the significance of the eastern transverse gradient is only slightly less than 20.
None of the rotation measure maps show signs of transverse RM gradients further
out in the jet. The direction of these transverse gradients differs from that of the 2019

map although the RM values overall are similar.
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Figure 4.16: These panels plot the estimated significances of the difference of the RM
values on either side of the jet, obtained using a series of slices perpendicular to the
dotted arrows shown in the third row of Figure[4.15] Left panel: 2004 epoch, Middle
panel: 2010 epoch, Right panel: 2019 epoch.

4.2.13 J1806+6949

The morphology of J1806+6949 has remained stable over time, although the 2010
observations reveal much less of the large-scale structure seen in the 2019 data.
There were no 2004 observations for J1806+6949.

As in 2019, polarisation in the core is quite low, with only a localized small patch
being suitable for study. Nonetheless, in that region, the intrinsic yo maps show
polarisation angles being aligned with the inner jet, consistent with an orthogonal
magnetic field, as in the 2019 observations. The fractional polarisation is altogether
very low (m < 3%) and does not seem to increase visibly towards the edges but it

does increase along the jet.

There seems to be a transverse RM gradient similar to the one found in 2019, at
roughly the same location down the jet. The significance involved, greater than 40,
and the fact that it is the same direction, is good evidence that this is real. There is
also evidence for a 2-30 transverse RM gradient in the opposite direction on
somewhat smaller scales in both the 2004 and 2019 RM maps. It is interesting that
this weaker transverse RM gradient is in the same direction as the statistically
significant gradient reported by Gabuzda et al. (2015) based on a 2+4+6 cm VLBA RM
map, and it is possible that the "inner" transverse RM gradient detected in the 18-22
cm (2004) and 6-22 cm (2019) maps corresponds to the transverse RM gradient
detected by|Gabuzda et al.| (2015).
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Figure 4.18: These panels plot the estimated significances of the difference of the RM
values on either side of the jet, obtained using a series of slices perpendicular to the
dotted arrows shown in the third row of Figure[4.17] Left panel: 2010 epoch, Right
panel: 2019 epoch.

4.2.14 ]J1824+5651

The morphology of J1824+5651 stayed the same over the three epochs. In 2004 and
2010 observations, there is much greater polarisation far out in the jet compared to
2019.

The EVPAs in the core region are very similar for all three epochs, with EVPA
orientation parallel to the jet direction. Further out, in 2004 and 2010, the EVPAs are
orientated perpendicular to the jet. This contrasts with the 2019 EVPAs corrected
only for RMgg; (See Figure[3.65) which are orientated parallel to the jet direction.
This seems to indicate either that the dominant magnetic field has changed in these
regions or that correcting only for RMg, was insufficient to find the true EVPA

structure.

The fractional polarisation maps are all quite similar in the core region and inner jet
with a rise in fractional polarisation towards the western edge of the jet. In both the
2004 and 2010 observations, the fractional polarisation is highest in the outer jet,

which was not detected in 2019.

In the 2004 rotation measure mabp, there is little sign of any transverse gradient. An
indication of a possible transverse RM gradient at a relative declination of —120 mas
but its significance does not exceed 2¢. In the 2010 rotation measure maps, however,
there are hints of rotation measure structure similar, but reversed, to that in the 2019
map up to a relative declination of 0 mas. The significance barely exceeds 20 and
may be the result of edge values only, so this would be considered tentative. Overall,

the RM values themselves remain similar across all three epochs.

Investigating the Magnetic Fields of 174 Frederick Richardson
High-Velocity Outflows from Active Galactic
Nuclei



4. COMPARISON WITH OLDER OBSERVATIONS

4.2 Results

J1824+5651 x, (2019)

J1824+5651 o (2004)

J1824+5651 o (2010)

o © 1.35447 GHz 0 @ 1.43046 GHz 0 [1.45588 GHz
&
&
@ w w
© © ©
E E E
c c -50 c 50
2 50 2 2
© © ©
£ o £ £
] ] ©
@ @ ]
a o S oo
8 g -100 g 1
S S S
< -100 S [
o o o
2 2 2
=] =] =
s s o
& o & -150 & -150
(0| 0] ] @
50 0 -50 -100 50 0 B -50 -100 50 0 -50 -100
Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas)
J1824+5651 FPOL (2004) J1824+5651 FPOL (2010) J1824+5651 FPOL (2019)
o © 135447 GHz 0 @ 143046 GHz 0 1.45588 GHz
@ ) ° w
s © ©
£ g ¥ g
5 g o g
5 -50 E=3 =1
© © ©
£ ° £ £
] ] ©
@ @ 1
a o a
8 g -100 g -100
o o o
100 8 S
) o o
2 2 2
=] = =1
o o o
& o & -150 & -150
IO - 0 ] ®
~ J
50 0 -50 -100 50 0 -50 -100 50 -100
Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas)
0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
Fractional Polarisation Fractional Polarisation Fractional Polarisation
J1824+5651 RM (2004) J1824+5651 RM (2010) J1824+5651 RM (2019)
w w w
3 8 o
£ 15 ‘ E
£ s0 g = £
® ® ©
£ o £ £
o © ©
@ @ o
o o S 100
o o o -
g g 100 g
<100 By o
o o o °
= = 2
s s ks
2 o 2 2 -150
< ) ‘ < 150 o«
-150 A\
(o] [e] [e] >
50 0 -50 -100 50 0 -50 -100 50 0 -50 -100
Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas)
-20 -10 0 10 20 30 40 -20 -10 0 10 20 30 40 -20 -10 0 10 20 30 40
Rotation Measure (rad m~2) Rotation Measure (rad m~?) Rotation Measure (rad m=2)
J1824+5651 ogm (2004) J1824+5651 ogm (2010) ]1824+5651 ogy (2019)
, 3 . @ 1.35846 GHz 0 @ 1.45588 GHz
. {\
K B q )
£ 5 E o
5 5o 5 50 5 (
® ® ©
£ o £ £
o ] ©
@ @ 1
a a S oo
(=3 [=3 o -
g g 100 g
< -100} B o
) ) o °
2 2 2
=] =1 =1
o o o
2 ° 2 2 -150
< ° < 150 =
R0 0] ‘ 0
50 0 -50 -100 50 0 -50 -100 50 0 -50 -100

Relative J2000 Right Ascension (mas)

25 5.0 7.5 10.0 125 15.0 175

Ogm (rad m~2)

Figure 4.19: See the description of figures at the end of Section

Investigating the Magnetic Fields of

Ogm (rad m=2)

175

High-Velocity Outflows from Active Galactic

Nuclei

Relative J2000 Right Ascension (mas)

1 2 3 4 5
Ogm (rad m~2)

Frederick Richardson



4. COMPARISON WITH OLDER OBSERVATIONS 4.2 Results

J1824+5651 xo (2004) J1824+5651 xo (2010) J1824+5651 o (2019)
- 7 10
10 1.35447 GHz 10 1.43046 GHz 1.45588 GHz
% 0 w 0 w
© © ©
E E E
c c c
2 2 8
Z -10 s -10 ®
£ £ £
] ] ©
@ @ ]
a o a
g 20 g -20 8
S S S
o ) [
g g g
£ 30 £ 30 3
K] v ]
o o o
_40 -40 X
( SIZAN
20 10 -30 20 10 0 -10 -20 -30
Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas)
J1824+5651 FPOL (2004) J1824+5651 FPOL (2010) J1824+5651 FPOL (2019)
= = 10 _ 1
10 1.35447 GHz 10 ) 43046 GHz 1.45588 GHz
z 0 ) 5 0
o © ©
E E E
s s s
g 10 g 10 g
£ £ £
S S S
a a a
o -20 o -20 ° -20
=3 =3 =3
<} S <]
o ) o
e g g 30
50 5% 3
7] 7] o]
o o -4
'40 @ * El b |§| )
20 10 0 -10 -20 -30 20 10 0 -10 -20 -30 20 -30
Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas)
0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
Fractional Polarisation Fractional Polarisation Fractional Polarisation
J1824+5651 RM (2004) J1824+5651 RM (2010) J1824+5651 RM (2019)
i 10 _ 1
10 1.35447 GHz 1.35846 GHz 1.45588 GHz
7 0 2 7 0
s o ]
£ £ E
s § s
S S S .10
3 10 5 - ]
£ £ £
o ] ©
a a a
o -20 o o 20
S S S
o o o
Y S S
] ] g
5 0 \ E 57
[ [ [
-4 { < < C
g A D . A\ -40
-40 P 3 [\
— | y )\ P V|
20 10 0 -10 -20 -30 20 10 0 -10 -20 -30 20 10 0 -10 -20 -30
Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas)
-20 -10 0 10 20 30 40 -20 -10 [ 10 20 30 40 -20 -10 0 10 20 30 40
Rotation Measure (rad m~2) Rotation Measure (rad m=2) Rotation Measure (rad m=2)
]1824+5651 opy (2004) J1824+5651 ogm (2010) J1824+5651 ogm (2019)
10 10 1.35846 GHz 1.45588 GHz ||
w 0 % 0 @
© ©
g g E
5 g g
2 10 % -10 5
£ £ £
g -20 S -20 S
g ] ]
) g g
£ 30 % -30 S ]
2 2 WY g
40 @ 0 @ ¢ O\
- /| ) . |
20 10 20 10 0 -10 -20 -30 20 10 0 -10 -20 -30
Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas) Relative J2000 Right Ascension (mas)
25 5.0 7.5 10.0 125 15.0 175 2 4 6 8 10 12 1 2 3 4 5
ogm (rad m~2) Ogm (rad m~2) Ogm (rad m~2)

Figure 4.20: The panels in this figure are closeups of those shown in Figure
focusing on the part of the core and jet where polarisation is detected at all three
epochs.
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Figure 4.21: These panels plot the estimated significances of the difference of the RM
values on either side of the jet, obtained using a series of slices perpendicular to the
dotted arrows shown in the third row of Figure[4.19] Left panel: 2004 epoch, Middle
panel: 2010 epoch, Right panel: 2019 epoch.

4.2.15 J2202+4216

The morphology of the jet has stayed reasonably consistent over the three epochs.

The EVPA distribution in the core region is similar across all three epochs.

Again, the fractional polarisation in the 2004 maps is very close to what was
observed in 2017 and in the 1999 observations in Hallahan & Gabuzdal (2008). Very
little structure is visible at 2010, where polarisation was limited to the core and with
degree of polarisation generally being below 15%.

No evidence of any transverse rotation measure gradients was noted in the 2004 RM
map. The 2010 data was previously examined in Motter & Gabuzda (2017), who
identified a transverse rotation measure gradient in the core region. This is
oppositely directed to the gradient found in 2017; if both are real, this would be
another example of a reversal. In the 2010 rotation measure map, there is also a
region of statistically significant transverse RM gradients from a relative declination

of —6 to —10 mas, although this is likely spurious, primarily due to edge pixels.
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Figure 4.23: These panels plot the estimated significances of the difference of the RM
values on either side of the jet, obtained using a series of slices perpendicular to the
dotted arrows shown in the third row of Figure[4.22] Left panel: 2004 epoch, Middle
panel: 2010 epoch, Right panel: 2017 epoch.

4.3 Summary

Of the 15 sources that were examined using previously obtained 2004 and 2010 data,
the morphology of all the sources has remained stable between the three epochs,
implying that these sources show little variability in intensity on decaparsec scales,

as expected.

Tentative spine-sheath structures were identified in J0738+1742, J2202+4216, and
J0958+6533. The first two instances were also noted in the 2017 observations, but the
third was not. Apart from the core regions, which tended to be variable, the
polarisation angle structure for most sources remained consistent over all three

epochs.

As expected, the fractional polarisation remained low in the core region of most
sources. J2202+4216 (2004) showed a fractional polarisation structure strikingly
similar to that in 2017, with m increasing mainly towards the eastern edge of the jet.
In several sources such as J0721+7120 and J0825+0309, the fractional polarisation

distributions were significantly different at the different epochs.

Unlike the EVPA and fractional polarisation distributions, the rotation measure
showed unexpected low-level but significant variability from epoch to epoch. For
example, the mean RM values in the core and inner jet often differed appreciably. In
some cases, transverse RM gradients remained present despite these differences in
the mean RM. This has shown the parsec-to-decaparsec scale RM distribution to be
much more dynamic than had previously been expected. Support for the transverse
RM gradients detected in the 2017 or 2019 data was found in the earlier data for
J0050-0929, J1806+6949, and J1824+5651. New evidence for RM gradient reversals
was found for J0818+4222, J0825+0309, J1800+7828 and J2202+4216.

Investigating the Magnetic Fields of 179 Frederick Richardson
High-Velocity Outflows from Active Galactic
Nuclei



Chapter 5
Conclusions and Future Work

The first simultaneous 6, 13, 18, 21 cm VLBA polarisation observations for 16 AGN
have been presented and analysed. Firstly, the polarisation angle structure,
fractional polarisation, and Faraday rotation measure distribution of the sources
were considered, to search for evidence of the presence of helical magnetic fields in

the jets of these Active Galactic Nuclei.

Secondly, the same features were examined using older data from 2004 and 2010 at a
wavelength range of 18-22 cm. Special attention was paid to whether the same
features appeared again and any differences that may have occurred. Very little
variation was expected between the three epochs due to the relatively large scales

probed.

5.1 Evidence for Helical Fields

The following three features were examined for all 16 sources in the search for

evidence for helical magnetic fields:

Polarisation Angle Structure: Of the 16 sources. Two sources (J0738+1742 and
J2202+4216) showed evidence of hosting a spine-sheath structure. Seven other
sources (J0721+7120, J0818+4222, J0958+6533, J1800+7828, J1806+694, J1824+5651,
and J2005+7752) showed parallel alignment of EVPAs with the jet, indicative of a
transverse magnetic field. Three sources (J0748+2400, J1824+5651, and possibly
J0006-0623) showed regions of EVPAs aligned perpendicular to the jet, two of which
also had areas of parallel alignment. Depending on the viewing angle and helical

pitch angle, any of these magnetic field structures could theoretically be caused by a
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5. CONCLUSIONS AND FUTURE WORK 5.1 Evidence for Helical Fields

helical field but we cannot be certain about this based on magnetic field structure

alone.

Fractional Polarisation: Out of the 16 sources four sources (J0006-0623, J0738+1742,
J0958+6533, and J2202+4216) displayed an increase in fractional polarisation
towards both the jet edges. Five others (J0748+2400, J0825+0309, J1800+7828,
J1824+5651, and J1806+694) showed an increase in fractional polarisation clearly on
one side only, and either parallel or orthogonal EVPA alignment with the jet. All of
these fractional polarisation structures could in principle be associated with a
helical jet magnetic field, but this is not sufficient evidence on its own to be sure
these jets carry helical magnetic fields. There were also two examples (J2202+4216
and J2005+7752) of a link between increased RM and fractional polarisation, likely
caused by interaction with the intergalactic medium.

Faraday Rotation Measure: Convincing systematic monotonic rotation measure
gradients with statistical significances exceeding 30 were detected in eleven sources:
J0006-0623, J0050-0929, J0121+1149, J0748+2400, J0818+4222, J0958+6533,
J1800+7828, J1806+6949, J1824+5651, J2005+7752, and J2202+4216. In most cases,
these transverse RM gradients have been detected for the first time. The transverse
RM gradient in J0958+6533 confirms a previous report of|O’Sullivan & Gabuzda
(2009). Transverse RM gradients have previously been reported for J2202+4216
(Motter & Gabuzda|2017, Gomez et al.|2016). Transverse RM gradients in the
opposite direction on smaller scales have been reported for J0748+2400 and
J1806+6949 (Gabuzda et al.|2015), and our results may represent reversals of those

gradients.

A transverse RM gradient could reflect either a toroidal magnetic field component or
a gradient in the electron density across the jet. However, if there is a sign change in
the RM across the jet, this can be explained only by a toroidal field component. After
removing our best estimate of the Galactic RM towards the sources, three of the
above sources show sign changes in the RM across their jets: J1800+7828,
J1806+6949, and J2005+7752. For the other seven sources showing transverse RM
gradients, a toroidal field component is the most natural explanation, but we cannot
rule out the possibility that this may be due to a gradient in the thermal electron
density. We also cannot rule out the possibility that the estimated Galactic RM values
that have been subtracted off are not correct in some cases. We have also found
reversals in the transverse RM gradients in J1800+7828 and J1824+5651, and possibly
in J0818+4222 and J2005+7752 as well. This can most naturally be explained as being
due to toroidal field components in a nested helical field structure, with the inner
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5.2 Comparison with 2010 and 2004
5. CONCLUSIONS AND FUTURE WORK Observations

region of helical magnetic field dominating on relatively small scales and the outer
region dominating on larger scales (Mahmud et al.[2013). It would be somewhat
contrived to explain such RM gradient reversals in terms of variations in the electron

density.

Thus, some of these traits could be explained by phenomena other than helical
magnetic fields. However, seeing multiple such signs occurring in the same source is
a strong indication that a helical field is present, particularly if there is good evidence
for a transverse RM gradient. A summary of possible evidence for helical magnetic
fields observed in each of the 16 BL Lac objects considered here can be seen in
Table[5.1] The sources showing the strongest evidence for helical jet magnetic fields
are J0006-0623, J0748+2400, J0818+4222, J0958+6533, J1800+7828, J1806+6949,
J1824+5651, J2005+7752, and J2202+4216.

Table 5.1: Summary of evidence for helical jet B fields.

Fractional Transverse
Source EVPA Structure Polarisation Strucutre RM gradient
J0006-0623 Y Y Y
J0050-0929 - - Y
J0121+1149 - - Y
J0721+7120 Y Y -
J0738+1742 Y Y -
J0748+2400 Y Y Y
J0818+4222 Y - Y
J0825+0309 - Y -
J0854+2006 - - -
J0958+6533 Y Y Y
J1751+0939 - - -
J1800+7828 Y Y Y
J1806+6949 Y Y Y
J1824+5651 Y Y Y
J2005+7752 Y - Y
J2202+4216 Y Y Y

5.2 Comparison with 2010 and 2004 Observations

The sources considered were also compared with VLBA observations obtained
simultaneously at four wavelengths between 18 and 22 cm in 2004 and 2010, where

available. No significant changes in morphology were detected. Outside of the core
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region, which tends to be variable, no significant changes in polarisation angle
structure were detected either. This implies stability on decaparsec scales for these
sources. An exception would be J1824+5651 where the EVPAs changed in a feature
about 25 mas south by about 90 degrees between 2010 and 2017.

Tentative spine-sheath structures were identified in two sources (J0738+1742 and
J2202+4216). Both of these instances were also noticed in the 2017 observations. A
number of sources showed considerably much more structure than was detected in
the 2017 observations presumably due to higher noise levels in the later

observations due to higher levels of interference.

Most sources showed fractional polarisation to be low in the partially optically thick
core. J2202+4216 (detected in 2004 only) showed increased fractional polarisation on
both sides of the jet. Four sources showed a notable increase in fractional
polarisation along one side, or at a bend. Again, a number of sources show much
greater structure than in 2017 or 2019. J0121+1149 in particular showed consistent
orthogonal EVPAs and increased jet-edge fractional polarisation not seen in 2017.
One unusual result was J1800+7828 which in both earlier epochs showed

polarisation decreasing from the central spine, not clearly visible in the 2017 data.

Three sources J0818+4222, J1800+7828, and J1806+6949 shows 3¢ transverse RM
gradients. Of those, J0818+4222 and J1806+6949 showed the same direction as 2017
with J1800+7828 being a reversal. These results underpin those identified in 2017.
Five other sources featured tentative rotation measure gradients with significance
between 2 and 30 or were non-monotonic. A transverse RM gradient detected in
J0050-0929 in 2004, for example, was in the same direction as in 2017, but was not
uniform and therefore less reliable. It is not surprising that more reliable transverse
RM gradients were detected in the 2017/2019 data, which cover a larger range of

wavelengths, corresponding to almost a factor of three in wavelength squared.

Overall the only sources that meet all the criteria expected for helical magnetic fields
consistently in 2017 and at least one of the earlier epochs were J1806+6949,
J1800+7828, and J2202+4216. Although the intensity and EVPA distributions were
generally stable over the 10-15 years covered by these observations, the fractional
polarisation and rotation measure distributions were more variable than had been
expected, particularly in the core and inner jet. This shows the parsec to decaparsec
scale RM distribution to be more dynamic than had been expected, possibly due to

variations in the thermal electron density in the vicinity of the jet.
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5.3 Future Work

Based on this thesis, there are numerous examples of work that could be done to
verify the results found here, either by finding more evidence or ruling out different

scenarios.

First of all, the methods and frequencies applied here could be used again to study a
larger number of sources. This would extend our knowledge of the behaviour and
variability of BL Lac objects as well as build more support for the existence of helical
fields within their jets.

An issue plaguing many sources was uncertainty regarding the jet’s direction. A
detailed analysis of the proper motion studies of the sources in the sample would
also be instrumental in ascertaining if the polarisation angle alignments and

spine-sheath structures found within them are indeed correctly aligned with the jet.

Another more general avenue for future research involves next-generation arrays
such as LOFAR in the northern hemisphere and the Square Kilometre Array (SKA)
and new surveys such as the Very Large Array Sky Survey. These open up the
possibility to study AGNs properties and search for transverse RM gradients on

larger scales at wavelengths and with detail never previously achieved.

Finally, it would be worthwhile to revisit these same 16 sources at the same set of

wavelengths used for the 2017 and 2019 observations at a future epoch. It is known
that many of the sources such as BL Lac and OJ287 are highly variable, and tracking
their changes at similar scales is valuable. The results of this thesis would then serve

as part of ongoing work. This would be particularly relevant.
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Appendix A
Overlaying Intensity Map Parameters

The following shows the parameters for all the intensity maps in Chapter[3|and
Chapter[d] This includes the peak flux, background rms, base contour level, and
restoring beam parameters for intensity maps convolved with either the circular or
elliptical beam. The contours in the Stokes I maps increase by either a factor of v/2

(I maps on their own) or a factor of 2 (I maps superposed with other maps).
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A.1 Circular Beam

Table A.1: Parameters for 2017 and 2019 intensity maps convolved with the circular

5 GHz (C band) beam.
f Ipeak Rms Base Contour | B, | Bpin | BPA

Source (GHz) | Year | (Jy/beam) | (mJy/beam) | (mJy/beam) | (mas) | (mas) | (°)
J0006-0623 | 4.97988 | 2017 2.151 0.224 1.875 2.860 | 2.860 0
J0050-0929 | 4.97988 | 2017 0.447 0.051 0.2 2.948 | 2.948 0
JO121+1149 | 4.97988 | 2017 1.293 0.297 1.25 2.683 | 2.683 0
JO721+7120 | 4.97995 | 2017 1.073 0.046 0.1875 2.325 | 2.325 0
JO738+1742 | 4.97991 | 2017 0.420 0.242 0.625 2.654 | 2.654 0
J0748+2400 | 4.97987 | 2017 0.449 0.155 0.5 2.583 | 2.583 0
J0818+4222 | 4.97989 | 2017 0.559 0.039 0.25 1.798 | 1.798 0
J0825+0309 | 4.97988 | 2017 1.166 0.143 0.875 2.801 | 2.801 0
J0854+2006 | 4.97984 | 2017 4.258 0.439 2.5 2.022 | 2.022 0
J0958+6533 | 4.97987 | 2017 0.678 0.069 0.5 2.180 | 2.180 0
J1751+0939 | 4.97988 | 2019 2.068 0.108 0.625 2.404 | 2.404 0
J1800+7828 | 4.9797 | 2019 1.692 0.167 1.25 3.030 | 3.030 0
J1806+6949 | 4.97989 | 2019 1.078 0.096 0.625 2.954 | 2.954 0
J1824+5651 | 4.97995 | 2019 0.695 0.135 0.5 2.078 | 2.078 0
J2005+7752 | 4.9799 | 2019 0.667 0.045 0.3125 2.921 | 2.921 0
J2202+4216 | 4.97992 | 2017 1.711 0.294 0.16875 2473 | 2.473 0

Table A.2: Parameters for 2017 and 2019 intensity maps convolved with the circular

2.2 GHz (S band) beam.
f Ipeak Rms Base Contour | Buaj | Bmin | BPA
Source (GHz) | Year | (Jy/beam) | (mJy/beam) | (mJy/beam) | (mas) | (mas) | (°)
J0006-0623 | 1.45588 | 2017 1.017 0.306 1.75 4919 | 4919 0
JO121+1149 | 1.45601 | 2017 1.508 0.112 0.5 4.678 | 4.678 0
J0825+0309 | 1.45575 | 2017 1.137 0.186 1 4.761 | 4.761 0
J0854+2006 | 1.45655 | 2017 2.094 3.195 14.375 4.641 | 4.641 0
J1751+0939 | 1.45584 | 2019 0.660 0.146 0.625 4.407 | 4.407 0
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Table A.3: Parameters for 2017 and 2019 intensity maps convolved with the circular
1.45 GHz (L1 band) beam.

f Ipeak Rms Base Contour | B, | Bpin | BPA

Source (GHz) | Year | (Jy/beam) | (mJy/beam) | (mJy/beam) | (mas) | (mas) | (°)
J0006-0623 | 1.45588 | 2017 1.350 0.301 2.25 7.742 | 7.742 0
J0050-0929 | 1.45588 | 2017 0.318 0.128 0.34375 77741 | 7.741 0
J0121+1149 | 1.45601 | 2017 1.532 0.105 0.5 7.555 | 7555 | 0
J0721+7120 | 1.45568 | 2017 0.536 0.114 0.3125 6.071 | 6.071 0
J0738+1742 | 1.45591 | 2017 0.410 0.367 1.125 7.741 | 7.741 0
J0748+2400 | 1.45586 | 2017 0.244 0.236 0.625 7.294 | 7.294 0
J0818+4222 | 1.45586 | 2017 0.589 0.110 0.34375 6.445 | 6.445 0
J0825+0309 | 1.45575 | 2017 1.146 0.188 1.25 7.623 | 7.623 0
J0854+2006 | 1.45655 | 2017 2.190 3.150 15.625 7.848 | 7.848 0
J0958+6533 | 1.45586 | 2017 0.650 0.125 0.4375 5934 | 5934 | 0
J1751+0939 | 1.45584 | 2019 0.684 0.143 0.5 7.314 | 7.314 0
J1800+7828 | 1.45588 | 2019 1.232 0.087 0.5 6.086 | 6.086 0
J1806+6949 | 1.45584 | 2019 0.649 0.054 0.25 6.492 | 6492 | 0
J1824+5651 | 1.45588 | 2019 0.413 0.086 0.375 5.872 | 5.872 0
J2005+7752 | 1.45579 | 2019 0.585 0.059 0.1625 6.057 | 6.057 | 0
J2202+4216 | 1.45588 | 2017 0.934 0.190 1.1875 6.783 | 6.783 0
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Table A.4: Parameters for 2004 intensity maps convolved with the circular 1.45 GHz
(L1 band) beam.

f Ipeak Rms Base Contour | By | Bpin | BPA

Source (GHz) | Year | (Jy/beam) | (mJy/beam) | (mJy/beam) | (mas) | (mas) | (°)
J0006-0623 | 1.4305 | 2004 1.579 0.355 1.75 7.74 7.74 0
J0006-0623 | 1.3545 | 2004 1.584 0.283 1.6875 7.74 7.74 0
J0050-0929 | 1.43051 | 2004 0.460 0.157 0.5625 774 | 7.74 0
J0050-0929 | 1.35448 | 2004 0.457 0.220 0.75 7.74 7.74 0
J0121+1149 | 1.4305 | 2004 0.887 0.368 1.125 7.55 | 7.55 0
JO121+1149 | 1.35449 | 2004 0.841 0.264 0.875 7.55 7.55 0
J0721+7120 | 1.4305 | 2004 0.353 0.160 0.5625 6.07 6.07 0
J0721+7120 | 1.35447 | 2004 0.327 0.142 0.625 6.07 | 6.07 0
J0738+1742 | 1.43058 | 2004 1.111 0.253 1.625 7.74 7.74 0
J0738+1742 | 1.35448 | 2004 1.068 0.128 1.125 774 | 7.74 0
J0748+2400 | 1.48949 | 2004 0.309 0.144 0.625 7.29 7.29 0
J0825+0309 | 1.43048 | 2004 0.935 0.291 1.375 7.62 7.62 0
J0825+0309 | 1.3545 | 2004 0.898 0.262 1.25 762 | 7.62 0
J0854+2006 | 1.43052 | 2004 1.308 0.336 1.25 7.85 7.85 0
J0854+2006 | 1.35447 | 2004 1.236 0.259 1.25 7.85 | 7.85 0
J0958+6533 | 1.43051 | 2004 0.301 0.263 0.75 5.93 5.93 0
J0958+6533 | 1.35448 | 2004 0.293 0.258 0.75 5.93 5.93 0
J1751+0939 | 1.43054 | 2004 0.729 0.740 2.0625 7.31 7.31 0
J1751+0939 | 1.35449 | 2004 0.662 0.281 0.875 7.31 7.31 0
J1800+7828 | 1.4305 | 2004 1.253 0.266 0.75 6.09 | 6.09 0
J1800+7828 | 1.35648 | 2004 1.206 0.139 0.5 6.09 6.09 0
J1824+5651 | 1.35447 | 2004 0.409 0.145 0.625 5.87 5.87 0
J2202+4216 | 1.43047 | 2004 1.656 0.459 1.5625 6.78 | 6.78 0
J2202+4216 | 1.35447 | 2004 1.640 0.281 1.875 6.78 6.78 0
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Table A.5: Parameters for 2010 intensity maps convolved with the circular 1.45 GHz
(L1 band) beam.

f Ipeak Rms Base Contour | By, | Bpin | BPA

Source (GHz) | Year | (Jy/beam) | (mJy/beam) | (mJy/beam) | (mas) | (mas) | (°)
J0006-0623 | 1.43046 | 2010 1.398 0.517 2.5 7.74 7.74 0
J0006-0623 | 1.35846 | 2010 1.291 0.352 2.5 7.74 7.74 0
J0050-0929 | 1.43048 | 2010 0.328 0.290 1.125 774 | 7.74 0
J0050-0929 | 1.35846 | 2010 0.304 0.295 1.25 7.74 7.74 0
J0121+1149 | 1.43046 | 2010 0.906 0.255 0.875 755 | 7.55 0
JO121+1149 | 1.35846 | 2010 0.800 0.252 0.625 7.55 7.55 0
J0721+7120 | 1.43046 | 2010 0.350 0.134 0.46875 6.07 6.07 0
J0721+7120 | 1.35846 | 2010 0.317 0.099 0.4375 6.07 | 6.07 0
J0738+1742 | 1.43046 | 2010 0.747 0.187 1.125 7.74 7.74 0
J0738+1742 | 1.3585 | 2010 0.746 0.217 1.0625 774 | 7.74 0
J0818+4222 | 1.35846 | 2010 1.503 0.986 3.125 6.44 6.44 0
J0825+0309 | 1.42665 | 2010 0.827 1.282 2.625 7.62 7.62 0
J0825+0309 | 1.35846 | 2010 0.770 0.220 1.1875 762 | 7.62 0
J0854+2006 | 1.43046 | 2010 1.027 0.296 1.25 7.85 7.85 0
J0854+2006 | 1.35846 | 2010 0.927 0.254 1.25 7.85 | 7.85 0
J1751+0939 | 1.43046 | 2010 1.291 0.329 1.375 7.31 7.31 0
J1751+0939 | 1.35846 | 2010 1.141 0.301 0.875 7.31 7.31 0
J1800+7828 | 1.43046 | 2010 1.149 0.251 1.625 6.09 | 6.09 0
J1800+7828 | 1.35845 | 2010 1.016 0.248 1 6.09 6.09 0
J1806+6949 | 1.43046 | 2010 1.085 0.312 1.125 6.49 | 6.49 0
J1806+6949 | 1.35846 | 2010 0.950 0.282 1 6.49 6.49 0
J1824+5651 | 1.43046 | 2010 0.824 0.219 0.875 5.87 5.87 0
J1824+5651 | 1.35846 | 2010 0.738 0.203 0.875 587 | 5.87 0
J2202+4216 | 1.43046 | 2010 2.150 0.435 2.5 6.78 6.78 0
J2202+4216 | 1.35846 | 2010 1.969 0.328 2.5 6.78 | 6.78 0
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A.2 Elliptical Beam

Table A.6: Parameters for 2017 and 2019 intensity maps convolved with the elliptical
5 GHz (C band) beam.

f Ipeak Rms Base Contour | Byaj | Bmin | BPA
Source (GHz) | Year | (Jy/beam) | (mJy/beam) | (m]Jy/beam) | (mas) | (mas) ©)

J0006-0623 | 4.97988 | 2017 2.176 0.234 1.875 4.700 | 1.737 | —1.52
J0050-0929 | 4.97988 | 2017 0.449 0.062 0.225 4907 | 1.772 | =2.7
JO121+1149 | 4.97988 | 2017 1.456 0.189 1.25 4.021 | 1.789 | —1.55
JO721+7120 | 4.97995 | 2017 1.082 0.051 0.2 2.966 | 1.820 | —4.53
J0738+1742 | 4.97991 | 2017 0.384 0.096 0.28125 3.846 | 1.827 | —3.04
J0748+2400 | 4.97987 | 2017 0.439 0.122 0.5 3.548 | 1.885 | —-3.74
J0818+4222 | 4.97989 | 2017 0.534 0.069 0.28125 2.428 | 1.331 | —-8.06
J0825+0309 | 4.97988 | 2017 1.170 0.111 0.875 4.243 | 1.850 | 0.42
J0854+2006 | 4.97984 | 2017 4.151 0.904 3.75 2.924 | 1.402 | —4.94
J0958+6533 | 4.97987 | 2017 0.684 0.101 0.625 2.645 | 1.796 | —0.72
J1751+0939 | 4.97988 | 2019 2.081 0.123 0.625 3.483 | 1.663 1.91
J1800+7828 | 4.9797 | 2019 1.680 0.161 1.25 3.210 | 2.861 | —1.06
J1806+6949 | 4.97989 | 2019 1.075 0.095 0.625 3.154 | 2.765 | 29.16
J1824+5651 | 4.97995 | 2019 0.700 0.129 0.5 2.259 | 1.914 | 16.11
J2005+7752 | 4.9799 | 2019 0.669 0.058 0.3125 3.080 | 2.769 | 45.67
J2202+4216 | 4.97992 | 2017 1.758 0.317 0.16875 3.361 | 1.823 | —7.57

Table A.7: Parameters for 2017 and 2019 intensity maps convolved with the elliptical
2.2 GHz (S band) beam.

f Ipeak Rms Base Contour | Byaj | Bmin | BPA
Source (GHz) | Year | (Jy/beam) | (mJy/beam) | (m]Jy/beam) | (mas) | (mas) ©)
J0006-0623 | 1.45588 | 2017 0.676 0.333 2.25 8.400 | 2.880 | —2.47
JO121+1149 | 1.45601 | 2017 1.523 0.093 0.625 7.520 | 2910 | —-3.18
J0825+0309 | 1.45575 | 2017 1.137 0.168 1 7.790 | 2910 | -3.35
J0854+2006 | 1.45655 | 2017 2.029 3.024 16.875 7.180 | 3.000 | —-7.75
J1751+0939 | 1.45584 | 2019 0.659 0.143 0.625 6.960 | 2.790 | -7.3
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Table A.8: Parameters for 2017 and 2019 intensity maps convolved with the elliptical
1.45 GHz (L1 band) beam.

f Ipeak Rms Base Contour | Bpg; Bmin BPA
Source (GHz) | Year | (Jy/beam) | (mJy/beam) | (mJy/beam) | (mas) | (mas) )
J0006-0623 | 1.45588 | 2017 1.027 0.319 2.25 12.890 | 4.650 | —2.72
J0050-0929 | 1.45588 | 2017 0.319 0.131 0.375 13.230 | 4.530 | —4.39
JO121+1149 | 1.45601 | 2017 1.548 0.130 0.5 11.720 | 4.870 | —-1.93
JO721+7120 | 1.45568 | 2017 0.541 0.121 0.3125 7.810 | 4.720 | —-6.47
JO738+1742 | 1.45591 | 2017 0.378 0.337 1.03125 12.080 | 4.960 | -7.73
J0748+2400 | 1.45586 | 2017 0.237 0.228 0.625 10.020 | 5.310 | —-3.43
J0818+4222 | 1.45586 | 2017 0.571 0.110 0.34375 8.340 | 4.980 | —9.22
J0825+0309 | 1.45575 | 2017 1.147 0.174 1 12.030 | 4.830 | —4.34
J0854+2006 | 1.45655 | 2017 2.147 2.674 13.125 11.060 | 5.810 | —-2.72
J0958+6533 | 1.45586 | 2017 0.646 0.126 0.4375 7.070 | 4.980 | —-2.51
J1751+0939 | 1.45584 | 2019 0.686 0.142 0.5 11.030 | 4.850 | —3.57
J1800+7828 | 1.45588 | 2019 1.226 0.152 0.5 6.420 | 5.770 5.82
J1806+6949 | 1.45584 | 2019 0.642 0.048 0.25 6.820 | 6.180 | —18.07
J1824+5651 | 1.45588 | 2019 0.414 0.091 0.375 6.180 | 5.580 | —1.22
J2005+7752 | 1.45579 | 2019 0.584 0.059 0.1625 6.250 | 5.870 | 36.71
J2202+4216 | 1.45588 | 2017 0.980 0.203 1.1875 9.370 | 4.910 | —10.61
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Appendix B
Sigma Plots for Unreliable Gradients

The following figures plot the estimated significances of the difference of the RM
values on either side of the jet from Chapter[3] These results were not shown in the
main part of the thesis as they were deemed to be spurious, or unreliable. Although
they formally show regions where the formal significance of the difference of the RM
values on either side of the jet reaches or exceeds 30, further examination showed
that the progression of RM values across the jet was not monotonic, or the large
difference between the edge RM values was due primarily to a jump at one edge of
the jet. This shows the importance of checking for reasonable monotonicity and
uniformity of the RM slices across the jet.
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B. SIGMA PLOTS FOR UNRELIABLE GRADIENTS

B.1 J0738+1742

Significance of Slices along Jet (J0738+1742)
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Figure B.1: These panels plot the estimated significances of the difference of the
RM values on either side of the jet of J0738+1742 (1.45 GHz beam), obtained using
a series of slices perpendicular to the dotted arrows shown in the top two panels
of Figure The top two panels of this figure are core region and inner jet. The
bottom two panels are the jet after bending, from a relative right ascension of 20 to
50 mas. The reason this result was deemed to be unreliable: apparently significant
transverse gradients only occur over regions of a few pixels, are not uniform and
convolution with a circular or elliptical beam gives inconsistent results. Also, the RM

distribution is mostly quite patchy.
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B. SIGMA PLOTS FOR UNRELIABLE GRADIENTS B.2 J0825+0309

B.2 ]J0825+0309
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Figure B.2: These panels plot the estimated significances of the difference of the RM
values on either side of the jet 0f J0825+0309 (1.45 GHz beam), obtained using a series
of slices perpendicular to the dotted arrow shown in the top two panels of Figure[3.38|
The reason this result was deemed to be unreliable: apparently significant transverse
gradients due mainly to small number of pixels along one edge and are not uniform.
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Figure B.3: These panels plot the estimated significances of the difference of the RM
values on either side of the jet of J0825+0309 (2.2 GHz beam), obtained using a series
of slices perpendicular to the dotted arrow shown in the top two panels of Figure[3.39]
The reason this result was deemed to be unreliable: apparently significant transverse
gradients due mainly to small number of pixels along one edge and are not uniform.
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B. SIGMA PLOTS FOR UNRELIABLE GRADIENTS B.3]0854+2006

B.3 ]J0854+2006

Significance of Slices along Jet (J0854+2006) Significance of Slices along Jet (J0854+2006)
2.0 3
1.5 2
s s
o 10 o 1
2 2
»n 05 ]
5 5 0
o 0.0 o 4]
o o
c c-1
§-os g
£ s -2
5-10 5 ™ ]
2} 0 _3
U
-2.0 -4
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12
Distance along the Jet (mas) Distance along the Jet (mas)

Figure B.4: These panels plot the estimated significances of the difference of the RM
values on either side of the jet of of J0854+2006 (1.45 GHz beam), obtained using
a series of slices perpendicular to the dotted arrow shown in the top two panels
of Figure 3.43] The reason this result was deemed to be unreliable: apparently
significant transverse gradients due mainly to small number of pixels along one edge,
are not uniform and are only detected with convolution with an elliptical beam.
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Figure B.5: These panels plot the estimated significances of the difference of the RM
values on either side of the jet of J0854+2006 (2.2 GHz beam), obtained using a series
of slices perpendicular to the dotted arrow shown in the top two panels of Figure[3.44]
The reason this result was deemed to be unreliable: apparently significant transverse
gradients due mainly to small number of pixels along one edge, are not uniform and
results are inconsistent with corresponding 1.45 GHz beam plots.
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B. SIGMA PLOTS FOR UNRELIABLE GRADIENTS

B.4 J1751+0939
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Figure B.6: These panels plot the estimated significances of the difference of the RM
values on either side of the jet of J1751+0939 (1.45 GHz beam), obtained using a series
of slices perpendicular to the dotted arrow shown in the top two panels of Figure[3.53]
The reason this result was deemed to be unreliable: apparently significant transverse
gradients due are due mainly to a small number of pixels along one edge and are not
uniform.
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Figure B.7: These panels plot the estimated significances of the difference of the RM
values on either side of the jet 0of J1751+0939 (2.2 GHz beam), obtained using a series
of slices perpendicular to the dotted arrow shown in the top two panels of Figure[3.54]
The reason this result was deemed to be unreliable: apparently significant transverse
gradients are not monotonic, convolution with a circular (left) or elliptical (right)
beam gives inconsistent results and results are inconsistent with corresponding 1.45
GHz beam plots.
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Appendix C

Slice Plots

The following depicts representative typical transverse slices across the jet for each
of the sources in Chapter[3] These plots illustrate how monotonic and uniform a
particular RM gradient is, and help distinguish between a genuine statistically

significant gradient and one merely caused by extreme values along one edge of the
jet.
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Figure C.1: It can be seen that the elliptical beam has distorted the orientation of
the RM gradient along the jet out from the core, and the statistical significances
given by the slices across the map made with the circular beam are more reliable.
The corresponding slices for the maps made with the 2.2 GHz beam are shown in

Appendix[C.2]

Investigating the Magnetic Fields of
High-Velocity Outflows from Active Galactic
Nuclei

199

Frederick Richardson



C. SLICE PLOTS
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Figure C.2: Although these slices are not uniform, they are monotonic. Even the part
of the slice to the right of the jump has a significance exceeding 30.
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Figure C.3: The corresponding slices for the maps made with the 2.2 GHz beam are

shown in Appendix[C.2}
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Figure C.8: The corresponding slices for the maps made with the 2.2 GHz beam are
shown in Appendix[C.2}
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Figure C.9: The corresponding slices for the maps made with the 2.2 GHz beam are

shown in Appendix[C.2}
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Figure C.11: The corresponding slices for the maps made with the 2.2 GHz beam are
shown in Appendix[C.2}
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Figure C.17: These 2.2 GHz slices show the reliability of the transverse RM gradient in
the jet (slices B and D) as opposed to the possible gradient in the core region (slices A
and C). The higher core significance in the elliptical beam slice is due to distortion of
the RM distribution along the jet by the very elliptical beam.
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Figure C.21: Although the slice through the circular beam RM map seems promising,
the fact that there is no hint of this gradient in the elliptical beam RM map shows
that this transverse RM gradient cannot be considered reliable.
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