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Abstract

The study of cosmic magnetism is vital in fully understanding the role that magnetic fields play in the evolution
of cosmological objects such as galaxies. The exact role played by magnetism in galaxy evolution is still not fully
understood. This work aims to use wide band radio polarimetry to probe the frequency dependent polarization
properties in a small sample of unresolved known disc and AGN powered radio galaxies and also in a larger
faint radio source sample from a deep blind survey. The second sample is composed of lesser known faint radio
sources spanning ~ 4 square degrees. We also aim to develop broad band radio polarimetry techniques that
can be utilised in the future.

We observed six radio galaxies at frequencies spanning 1200 — 1900 MHz — divided into three 256 MHz bands
centred on 1350, 1600, and 1850 MHz. We also analysed deeper wide band and wide field observations from the
commissioning phase of the South African SKA precursor, MeerKAT. The MeerKAT observations are of the
DEEP field, a radio quiet region in the southern sky. These observations were made at frequencies 890 MHz to
1702 MHz. Following data calibrations, we made sensitive (down to ~ 7 pJy/beam) high resolution (6”) total
intensity image maps for DEEP field source finding and characterization, as well as lower resolution (14”) IQU
image cubes. We analysed sources with total flux density greater than one milliJy.

The technique of Faraday rotation measure synthesis (RM synthesis) was employed through a python based
algorithm to probe the broad band structure of the polarisation spectra. RM synthesis has the power to resolve
individual contributions to the overall observed spectropolarimetric features along a line of sight.

We found agreement with literature with regard to total radio intensities and the expected polarisation levels
of order 1%. Our polarisation detection rate in the wide field case was estimated to be 24 + 9% per square
degree. This translates to 30 4= 13 polarised sources per square degree, in agreement with projections from the
literature. The results confirm two main categories of polarised radio sources. These are: (1) sources with
simple polarisation profiles, theoretically resulting from a scenario where incident polarised emission is Faraday
rotated by a foreground region of coherent magnetic field such as in the case of a radio bright galactic nucleus
emitting synchrotron radiation that then traverses disk and halo regions filled with a uniform magnetic field; (2)
sources with complex Faraday spectra, indicating depolarisation and/or repolarisation suggesting other complex
behaviour originating from several combinations of Faraday rotating and synchrotron emitting regions along
the line of sight. We found that the most complex polarisation profiles emanate from the most polarised radio
sources.

From the sample of known sources observed with KAT 7, we found that unresolved disk dominated galaxies
tended to be less polarised than compact sources suggesting a morphological dependence of the polarisation
spectrum where disk galaxies may tend to have more regions within them, such as pockets of turbulent magnetic
fields in the material disk, that may cause depolarisation to a larger degree as compared to earlier type non-disk
dominated galaxies. Steep spectrum sources of different types (radio lobes and most polarised compact sources)
show the most complexity with multiple Faraday emission components, depolarisation, and repolarisation.

The more sensitive MeerKAT data allowed us to probe the broad band polarimetric properties of faint never
observed radio sources. Our study is an early step to future campaigns with MeerKAT to explore relations
between polarimetry and source properties, probing the correlations of magnetism with galaxy evolution and
the evolution of large-scale fields in galaxies, galaxy groups and clusters.

ii



Acknowledgements

To my parents who have always shown faith in me and steered me in the right directions, I would like to express
a depth of gratitude beyond words. To my grandmother, who has always been a pillar of strength, gentleness
and firmness I say ke a leboga Noko monyela sediba! To my brothers and cousins, I hope to encourage unbound
faith in your own limitless potential.

My sincere thanks also goes to Professor Russ Taylor for always giving me support amid his many obligations
and responsibilities. To my friends, officemates and colleagues Precious, Brenda, Liz, Iniyan, Narges, Mokhine,
Nikki, Riona, and Hannes who have always been such a pleasure to work alongside and who have also pushed
me to work harder. To my volunteer team leaders at church, Dillon, Lynn, and Cecile, for always encouraging
and celebrating everyone on the host team. To my friends Violet and Azwi for always being sources of laughter
amid the seemingly enduring stresses of PhD student life. I would like to also thank Dr Nadeem Oozeer for his
help and guidance during the earlier stages of my thesis while I was beginning radio interferometry reductions
on KAT 7 observations. Your basic introductions were invaluable. To Nicky Walker and Roslyn Daniels, thank
you for always being there to listen and advise with everything from flights and accommodations for conferences
to general life problems.

This work was funded, to a large degree, by the South African National Research Foundation (SA NRF)
and the South African Radio Astronomy Observatory (SARAO - formerly “SKA SA”) through their doctoral
student scholarship programme. Additional funding was provided by the Inter-University Institute for Data
Intensive Astronomy (IDIA), the lions share of the analysis is done on the IDIA cloud computing facility.

Data Sources

Radio observations are from the SARAO SKA precursor, MeerKAT synthesis array and the Karoo Array
Telescope, KAT 7. Data storage, calibration, and imaging are performed on IDIA cloud computing facilities.

iii






Contents

Abstract
Acknowledgements
List of Figures
List of Tables

1 Introduction

1.1 Magnetic fields in astronomy . . . . . . ...
1.1.1  Synchrotron radiation . . . . . . . . ... L e
1.1.2  Magnetic fields in galaxies . . . . . . . . . . . e e e

1.2 Introduction to radio interferometry . . . . . . . . . . . . ..
1.2.1 Introduction to radio astronomy . . . . . . . . . .. L Lo
1.2.2  The Square Kilometre Array and MeerKAT . . . . . . . . ... .. . ...

1.3 Faraday rotation . . . . . . . . L
1.3.1 Rotation Measure synthesis . . . . . . . . . . . L L
1.3.2 RM synthesis in practice . . . . . . . . .. L
1.3.3  Physical origins of Faraday structure . . . . . . . . ... . o o

1.3.3.1 No intervening magneto-ionic media . . . . . . . .. .. ... L L.
1.3.3.2 Resolved foreground screen . . . . . . . . . ...
1.3.3.3  Unresolved foreground screen . . . . . . . . . . ... L o o
1.3.3.4 Internal Faraday rotation . . . . . . . .. . .. .. .
1.3.3.5 Bandwidth depolarisation . . . . . . . ... L Lo
1.34 RM Clean . . . . . . o oot e e e e e e e e e

1.4 Motivation . . . . . . . . e e e e e e
1.4.1 The literature so far . . . . . . . . . L
1.4.2  Open questions . . . . . . . . oL e e

1.5 Thisthesis. . . . . . o L o e e

2 Broadband Polarimetry with KAT 7
2.1 Sample and Observations . . . . . . . . . . . e
2.1.1 Sample ..o
2.1.1.1  Disk Galaxies . . . . . . o .. o
2.1.1.2  AGN . . e e e e e
2.1.2  Observations . . . . . . . . . . e
2.2 Calibration and imaging . . . . . . . . ... L e
2.2.1  Calibration . . . . . . .
2.2.1.1  Gain calibration . . . . ... oL
2.2.1.2  Calibrator sources . . . . . . . . . .. e e
2.2.1.3 Bandpass calibration . . . . . . ...
2.2.1.4 Delay calibration . . . . . . . . . .. e e e e
2.2.1.5 Polarisation calibration . . . . . ... ... Lo s
2.2.1.6  Applying calibrations . . . . . . . .. L L
2.2.2 Imaging . . . . . . e e e e

2.3 Total and polarized intensity . . . . . . . . .. oL
2.3.1 Total intensity . . . . . ...
2.3.2 Polarimetry . . . . . . ..o

2.4 Rotation Measure synthesis . . . . . . . . . .. L e

2.5 Uncertainties . . . . . . . . L L e e e e

iv

ii

iii

xi



CONTENTS v

2.6 Results. . . . . . e 36
2.6.1 Radio Spectra. . . . . . . . .. e e e 36

2.6.2 RM Synthesis and RM Clean . . . . . . . ... . e 41

2.7 Summary of Results . . . . . . .. 50

3 Deep Broadband Polarimetry with MeerKAT (16) 51
3.1 MeerKAT (16) . . o o v v o e e e 51
3.2 DEEP field Observations . . . . . . . . . . . e 51
3.3 Calibration and Imaging . . . . . . . . . . . L e 52
3.3.1 Calibration . . . . . . . e 54

3.3.2 Imaging . . . . . . e e e e 64

3.4 Source Finding . . . . . . . L e e e e 67
3.4.1 PYBDSFE . . . e 67

3.4.2 AEGEAN . . . e 68

3.4.3 Summary of Results . . . . . . .. e 69

3.5 MeerKAT Spectropolarimetric Analysis . . . . . . . . .. L 72
3.5.1 Imstrumental Polarisation . . . . . . . . .. .o o 74

3.5.1.1 Polarisation detection and off-axis polarisation leakage . . . ... ... ... .. 74

3.5.2 Total and polarised flux properties . . . . . . . . . ... oL 76

3.5.2.1 Total and polarised spectra . . . . . . .. .. oL Lo 76

3.5.2.2 Polarisation detections . . . . . ... L L Lo 80

3.5.2.3 Bright unpolarised sources . . . . . . . .. .o 86

3.5.3 Summary of results . . . . . .. oL 91

3.6 Faraday spectral analysis . . . . . . . .. L 92
3.6.1 Faraday classification . . . . . . . ... e 93

3.6.2 Bright Faraday detections . . . . . . . . .. L e 111

3.6.3 Faint Faraday detections . . . . . . . . . .. L e 117

3.6.4 Summary of Results . . . . . . . .. e 122

4 Discussion 123
4.1 KAT 7 Spectropolarimetry . . . . . . . . . . . . e e 123
4.2  Spectropolarimetry with early MeerKAT . . . . . . . . . . .. o 125
4.2.1 Source finding and broadband properties. . . . . . .. ... L. 125

4.2.2 Polarisation detections and Faraday complexity . . . . . . . . ... ... ... ... 126

4.2.2.1 Polarisation detections . . . . . .. ... Lo 126

4.2.2.2  Observed Faraday complexity . . . . . . . . ... o 128

5 Conclusions 131
5.1 Summary and Conclusions . . . . . . . . . oL 131
5.2 Possible future work . . ... oL L 133
Appendices 134
A Appendices 135
A1 Unpolarised SOUrces . . . . . . . . . . e e 135
A2 Faraday Detections . . . . . . . . . e 155
A.2.1 Bright Faraday detections . . . . . . . . . . L 155

A.2.2 Faint Faraday detections . . . . . . . . . . . . . e 161



List of Figures

1.1

1.2

1.3

1.4

1.5

2.1

2.2

2.3

24

2.5

2.6

2.7

2.8

Synchrotron radiation spectrum with energy distribution cut-off E,,., (left panel). Adapted
from Figure 2.19 of (Klein and Fletcher, 2015). Right panel: synchrotron flux density spectrum
displaying the spectral shape near v ~ 1 GHz. The dot-dashed line shows cosmic-ray electron
emission dominant at v < 30 GHz, dashed line shows thermal emission from ionised HII regions.
Free-free absorption dominates the v <1 GHz regime. . . . . . . . . ... ... ... .... 3
Optical image (Hubble Space Telescope [NASA, ESA, S. Beckwith (STScI)]) of the spiral galaxy
M51 (RGB image), overlaid with A = 3 ¢cm 15” resolution VLA and Effelsberg radio total intensity
contours at 6, 12, 24, 36, 48, 96, 192 times the noise levels of 20uJy/beam. Vectors show the

polarisation of the observed electric field rotated by 90° (Fletcher et al., 2011). . . . . . ... .. 5
From Joardar et al. (2010) displaying emission from the myriad of radio sources detectable across
radio wavelengths observable from the surface of the Earth. . . . . . ... ... ... ... .. .. 7
A simple representation used by Taylor et al. (1999) displaying the position vectors associated
with a two element interferometer response to a radio source. . . . . . .. .. ... .. ... ... 8

Internal depolarisation models (top panels) for a Burn slab (dashed) along with a spherical model
(solid line). Bottom panel: polarisation angle as a function of A? (the plot line styles follow the
same convention as the top panel). The plots are from Figure 6 of Gardner and Whiteoak (1966) 16

Gain solutions showing gain amplitude against frequency for our secondary calibrator, J0538-440.

The observations are those made at the high band with 6 antennas. The solutions are for the
parallel hand correlations XX and YY shown by different colours. . . . . . . ... ... ... ... 23
Gain solutions showing gain phases against frequency for our secondary calibrator, J0538-440.

The observations are those made at the high band with 6 antennas corresponding to Figure 2.1.
Antenna 3 was used as the reference antenna. The solutions are for the parallel hand correlations

XX and YY shown by different colours. . . . . . . . ... .. e 24
Bandpass solutions showing gain amplitude against frequency for our primary calibrator, PKS1934-

638. The observations are those made at the high band for 6 antennas. The solutions are for the
parallel hand correlations XX (solid lines) and YY (dashed lines) with different antennas shown

by different colours. . . . ..o 25
Polarisation leakage (D-terms) solutions showing amplitude against frequency for our secondary
calibrator, J0538-440. The observations are those made at the high band with 6 antennas. The
solutions are for the cross-hand correlations XY and YX shown by different colours. Antenna 3
(antID 2) was used as the reference antenna. . . . . . . . .. ... o 28
Polarisation leakage (D-terms) solutions showing phases against frequency for our secondary
calibrator, J0538-440. The observations are those made at the high band with 6 antennas corre-
sponding to Figures 2.1 - 2.4. Antenna 3 was used as the reference antenna. The solutions are

for the cross-hand correlations XY and YX shown by different colours. . . . . .. ... ... ... 29
The unedited visibility amplitudes across all channels from our KAT 7 observations shown for the

flux calibrator PKS1934-638. The amplitudes are from all baselines in each of the three observing
bands. One can see the various artefacts that were removed during calibration. The high band

had the least amount of artefacts. . . . . . . . .. . Lo 31
Final Stokes I images of all sources (source in each panel labelled) at the highest frequency in the

high band for each observation. The ~ 3.6’ synthesized beam can be seen as the black ellipse to

the bottom left of each panel. . . . . . . . . . .. .. 32
Total integrated intensity across KAT-7 band (blue points) and corresponding literature values

at frequencies overlapping with the KAT-7 band. We also display power law spectral fits of the

form I(v) ~ v® fitted to both our KAT 7 data (blue solid line) and, where possible, the NED

data (red dashed line). Top panels: Left: The flux calibrator, PKS 1934-638. Middle: NGC
1808. Right: NGC1097. Bottom panels: Left: The polarization calibrators, J0538-440 and
J0240-231 (middle). Right: PKSB0407-658. . . . . . . . . o o oo i 33

vi



LIST OF FIGURES vii

2.9 Polarization measurements across the KAT-7 band along with reconstructed ¢(\?),u(\?) and
p(A?) that span the MeerKAT L and UHF bands. The plots show only the KAT-7 bands. Top
panels: ¢(\?) and u(\?), p(A\?), and ¢ v.s u for NGC 1097. Bottom panels: Same measurements

for J0240-231. . . . . . . e 39
2.10 Same as in Figure 2.9, top panels: Measurements for NGC 1808. Bottom panels: Same

measurements for JO538-440. . . . . . Lo 39
2.11 Same as in Figure 2.9, top panels: PKS1934-638. Bottom panels: Same measurements for

PKSBO407-658. . . . . o o e e e e e 40

2.12 The RMTF (RMSF) of the KAT 7 observations. The RMTF was derived by combining the low
and high bands from the NGC1808 and NGC1097 observations. The width of the main peak
(§¢') in the NGC1808 case is 98.0 & 17.1 rad/m? with the first side lobes located at ¢ = +140.5
rad/m? and peaks with RMTF = 0.81. The case of NGC1097 has RMTF main peak width
101.0 4 17.6 rad/m? and sidelobes located at ¢ = 4129.0 rad/m? with RMTF = 0.76. The
RMSF was calculated from the combined low and high band, divided into 40 and 60 frequency
channels in the NGC1808 and NGC1097 observations, respectively. . . . . . . . . ... ... ... 42

2.13 The clean Faraday spectrum, |F(¢)|, of J0240-231 resulting from our RM clean algorithm. Top
left: Zoom-in of the most prominent Faraday emission components. Blue vertical lines show the
peak v|F(¢;)| at the corresponding ¢; of each emission component — + is the loopgain parameter
(Section 1.3.4). The red dotted line is the RM clean threshold (1 X o4ff99.9) as quoted in the

legend. The dotted curve is the “dirty” Faraday spectrum. . . . . . . . ... ... ... ... ... 44
2.14 As described in Figure 2.13: The clean Faraday spectrum, |F(¢)|, of J0538-440 resulting from

our RM clean algorithm. . . . . . . . . o L 45
2.15 As described in Figure 2.13: The clean Faraday spectrum, |F'(¢)| (green), of NGC1097 resulting

from our RM clean algorithm. . . . . . . . . . . . . .. 46
2.16 As described in Figure 2.13: The clean Faraday spectrum, |F(¢)|, of NGC1808 resulting from

our RM clean algorithm. . . . . . . ... 0 e 47
2.17 As described in Figure 2.13: The clean Faraday spectrum, |F(¢)|, of PKS1934-638 resulting from

our RM clean algorithm. . . . . .. .. L 48
2.18 As described in Figure 2.13: The clean Faraday spectrum, |F(¢)|, of PKSB0407-658 resulting

from our RM clean algorithm. . . . . .. . . .. L 49

3.1 The MeerKAT, as of late 2017, array in the Karoo semi-dessert of South Africa. Images publicly

available on http://www.ska.ac.za . . . . . . . ... L Lo e e 92
3.2 MeerKAT array configuration. Tiny circles are individual antennas, larger circles indicate radii
of 1 km, bkm, and 8 km. . . . . . . . Lo 53

3.3 The antenna positions of MeerKAT 16 during observations for this work — the (X,Y) coordi-
nate system is defined to have (0 m, 0 m) at the center of the array. Left: The full 16 dish

commissioning array. Right: The central cluster of antennas. . . . . ... ... ... ... .... 53
3.4 The areas covered by each of the DEEP field pointings detailed in Table 3.1. Adapted from

(Mauch, 2017). . . . . oo e 55
3.5 The per channel XY-phase solutions in the DEEP2 field . . . . .. ... .. ... ... ..... 56
3.6 The antenna-based delay solutions for the X linear polarisation channel for the DEEP 2 field.

The different colours indicate the different antennas. . . . . . . .. ... ... L 0L 56
3.7 The antenna-based delay solutions for the Y linear polarisation channel for the DEEP 2 field.

The different colours indicate the different antennas. . . . . . . . . . . ... ... ... ... 57
3.8 The bandpass amplitude solutions for three antennas for the DEEP 2 field. . . . ... ... ... 58
3.9 The bandpass phase solutions for three antennas for the DEEP 2 field. . . . . . . .. .. ... .. 59
3.10 The initial gain amplitude solutions for the DEEP 2 field. Shown are the first three antennas. . . 60
3.11 The initial gain phase solutions for the DEEP 2 field. Shown are the first three antennas. . . . . 61
3.12 The self-calibrated gain amplitude solutions for the DEEP 2 field. Shown are the first three

antennas as in the initial solutions. . . . . . . . . .. oL L L 62
3.13 The self-calibrated gain phase solutions for the DEEP 2 field. Shown are the first three antennas

as in the initial solutions. . . . . . . . ..o Lo 63

3.14 The amplitude of the map maximum as a function of channel. Each channel is 5.02 MHz and

the spectrum spans 890 to 1700 MHz. Channels indicated in red have poor amplitude solution

and have been removed from the spectro-polarimetric cubes. . . . . . .. ... ... ... ..... 64
3.15 The average image rms in Q and U in the DEEP5 cubes as a function of channel. As for Figure

3.14, the good channels are indicated in blue. The average channel rms of the good channels is

72.0 pJy, and the minimum is 60.3 pwJy. . . . . . oL Lo 65
3.16 A zoomed in view in Stokes I of an FR II radio galaxy (RA: 03h59m45.9s Dec: -80d36m20.0s) in

the DEEP1 cube image. This is an image of the brightest channel. . . . . . ... .. ... .. .. 65



LIST OF FIGURES viii

3.17

3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

3.26
3.27

3.28

3.29

3.30

3.31

3.32

3.33

3.34
3.35

3.36

3.37

The same region as in Figure 3.16 but this time in the much more sensitive MFS image of the
DEEPI field. . . . . . e e 66
A region centred on an FR II galaxy in the DEEP3 field. Magenta ellipses indicate the fitted
source finding models obtained with PYBDSF. The colour bar indicates the integrated flux in
Jy/beam on an inverted logarithmic grey scale. . . . . . . . . ... .. ..o 69
The great circle separation between sources we have detected in the DEEP fields and their closest
matches in the SUMMS v2.1 catalog. A very small fraction of our sources have counterparts
detected in the earlier SUMMS catalog. The vertical red dashed line indicates the mean separation. 70
Distribution of differences in RA and difference in DEC for sources in DEEP fields found to have
counterparts within 14" from the SUMMS v2.1 catalog. The errors on the mean values are the
standard errors associated with the mean, while those on the data points are the combined errors

from our astrometry and those recorded in the SUMMS catalog. . . . ... ... .. ... .... 71
Two types of source finding artefacts near bright sources in the DEEP3 field. The colour scheme
follows that in Figure 3.18. . . . . . . . . . . e 72
Different types of source finding artefacts near complex structured sources in the DEEP3 field.
The colour scheme follows that in Figure 3.18.. . . . . . . . ... ... .. ... 73

Spectra extracted for one of the bright sub-sample objects from the DEEP3 field. The object has
RA: 04h40m15.4s and Dec: -79d46m40.8s and thus dubbed “J0440-7946". Top left: The total
flux along with a power law fit, viz. I(v) oc v% (red curve) and curved power law (magenta dotted
curve with spectral indices @1, Ge2). Top right: Fractional Stokes Q (q) and U (u) as functions
of wavelength-squared. Bottom left: Fractional linear polarisation (bias corrected) as a function
of wavelength, along with the fitted power law (dashed line). Bottom-right: q v.s u along with

the mean values indicated by the red star. . . . . . . . .. .. ..o oL 7
Total flux spectra extracted for one of the bright sub-sample objects, J0435-8057, from the DEEP5
field. The plots are arranged as in Figure 3.23. . . . . . . . ... L L oo 78

Total flux spectra extracted for one of the bright sub-sample objects, J0424-7926, from the DEEP3
field. The plots are arranged as in Figure 3.23. This is a bright unresolved source located at RA:
4h24m02.00 and Dec: -79d26m07.80s . . . . . . . . .. oL e 79
Fixed-width smoothed Kernel density estimates of cube I, distributions in each field. . . . . . 80
Distributions of simple power law spectral indices & (left panel) and also & as a function of S
(right panel) of our milli-Jy sample. Polarised (open histogram) and unpolarised (filled) source
« distributions are shown while the right hand panel only displays indices for polarised sources. . 81
The distributions of band averaged polarisation intensity versus band averaged total intensity for
unpolarised sources (red dots), off-source positions (grey pluses), and polarised sources (green
dots). Diagonal lines show lower boundaries of 100% (red dot-dashed), 10% (green dotted), 1%
(green dotted), constant polarisation degrees. The 0.7% polarisation leakage upper limit is shown
by the solid red line. DEEP2off sources display a level of “overpolarisation” that is not seen in
the other fields — see main text. . . . . . . . . .. Lo 82
J0440-7946 in the DEEP3 source finding image. The colour map shows Stokes I intensity while
the ellipses show the 14” cube map beam (red) and the source finding image beam (white). The
black contours show the band averaged polarisation intensity — the lowest contour is set at 10

micro-Jy/beam, with relative contour levels set at 0.2, 0.4, 0.6,0.8. . . . . . .. ... ... .... 83
J0425-7952 in the DEEP3 source finding image. The plot arrangement is as in Figure 3.29. . . . 84
Spectra extracted for J0425-7952 from the DEEP3 field. The plots are arranged as in Figure

3.23. This source displays significant polarisation and repolarisation. . . . . . ... .. ... ... 85

Spectra extracted for one of the lower flux (I,4, < 10 mJy/beam) sub-sample objects, J0416-
8025, from the DEEP2 field. The plots are arranged as in Figure 3.23. This source displays
significant polarisation along with large scatter in ¢, u,and p. . . . . . . .. ..o L. 87
The distributions of band averaged polarisation degree (p) for the low flux sub-sample sources
in all fields. The dot-dashed red and solid magenta lines indicate the mean and median values,
respectively. . . . . e e e e e 88
The distributions of (p), as in Figure 3.33, for the bright sub-sample. . . . . ... ... ... ... 89
Top panels: & (top left) and (top right) the differences in & between cross matched sources,
Ada = &1 — ag, as a function of Ar for overlapping sources detected in DEEP7 and other fields.
Bottom panel: 3 distributions (bottom left) and (bottom right) fitted source finding ellipse areas,
Aye, for the same sources as in the the top panels. The grey line indicates y ==. . . . .. .. .. 90
Distributions of & (left hand) and fitted source ellipse area A . (right hand). The filled histograms
show the 80th percentile of the Stokes I SNR distribution of unpolarised sources while open
histograms show distributions for polarised sources. . . . . . . . . . .. ... Lo oL 90
The distribution of direct detection signal to noise T = (po) /{0, ). The left panel shows the full
range of @peqr while right-hand panel zooms into the central range. . . . . . . .. ... ... ... 92



LIST OF FIGURES ix

3.38

3.39

3.40

3.41

3.42

3.43

3.44

3.45

3.46

3.47

3.48

3.49

3.50

3.51

3.52

3.53

3.54

3.55

3.56

3.57

3.58

The RMTF (RMSF) of the DEEP field observations with MeerKAT(16) — zoomed into ¢ = £300
rad m~2 around the main peak (top) and also for the larger range of ¢ = 45000 rad m~2. The
average width of the peak is 51 + 10 rad m~2 with the first side lobes at ¢ = £49 rad m~2 and
peaks with RMTF = 0.3. The RMSF was calculated using the entire RF band, from 880 MHz

to 1680 MHz, divided into 162 frequency channels. . . . . . . . .. ... ... ... L. 93
Fitted source finding ellipse distributions of the Faraday simple (dashed) and complex (solid)
classifications. . . . . . . oL L e e e e 95
o4 as a function of 1" for all direct polarisation detections. The dashed line indicates o4 = 1,
separating Faraday simple from complex classifications at o >1. . . . . . ... ... ... ... 95
Polarisation spectral index § as a function of ¢peak for all RM clean detections. Faraday complex
(dots) and simple (crosses) classifications are indicated in the legend. . . . . . . .. ... ... .. 96

Polarisation spectra along with profiles resulting from our RM clean analysis of a relatively bright
DEEP3 source, J0440-7946. This is an example of a Faraday complex classification. This source
is a radio lobe, of a bright double lobed radio galaxy located at RA: 4h40m07.51s and Dec: -
79d47m01.97s. Top panel: Faraday spectrum amplitude |F(¢)| as a function of Faraday depth, ¢
both before RM clean (dotted curve) and after (solid curve) — the blue vertical lines indicate the
¢-values of individual cleaned Faraday components (the height equals 0.1 x |F'|, — 0.1 is the loop
gain (Section 1.3.4)). Middle left: Reconstructed Stokes ¢ (solid line) and u (dashed line) along
with ¢ and u data (points and crosses, respectively). Middle right: Reconstructed p (solid line)
along with (po) as a function of A\2. Bottom row: Total intensity spectrum (dots) along with the
fitted curved power law (solid line). . . . . . . . ... Lo 97
Polarisation and RM clean spectra for J0424-7926 as observed in the DEEP3 field. Plots are
arranged as in Figure 3.42. This is classified as Faraday complex. This is an unresolved point-like. 98
Polarisation and RM clean spectra for J0431-8029 as observed in the DEEP3 field. Plots are
arranged as in Figure 3.42. This is classified as Faraday complex. This is an unresolved point-like. 99
Polarisation and RM clean spectra for the compact unresolved component of J0352-8022 as
observed in the DEEP2off field. Plots are arranged as in Figure 3.42. This is classified as
Faraday complex. . . . . . . . oL e e 100
Polarisation and RM clean spectra for another component of J0352-8022 (the unresolved extended
component in Figure 3.50 with RA = 58.197 and Dec = -80.378 degrees) as observed in the
DEEP2off field. Plots are arranged as in Figure 3.42. This is classified as Faraday complex. . . . 101
Polarisation and RM clean spectra of the Faraday complex source J0416-7948 as observed in the
DEEP3 field. Plots are arranged as in Figure 3.42. This is an unresolved extended object with
visual morphology suggestive of two radio lobes. . . . . . . .. .. L 0oL 102
Polarisation and RM clean spectra for a Faraday complex component of J0352-8022 (the bright
point-like component in Figure 3.50) as observed in the DEEP7 field. Plots are arranged as in

Figure 3.42. . . . . . e 103
Polarisation and RM clean spectra for the Faraday simple source J0406-80010 as observed in the
DEEPT field. Plots are arranged as in Figure 3.42. This is point-like unresolved source. . . . . . 104

J0352-8022 in the DEEP2off source finding image. The plot arrangement is as in Figure 3.29. . . 112
Polarisation and RM clean spectra for a bright Faraday complex component of J0354-8023 as
observed in the DEEP2off field. Plots are arranged as in Figure 3.42. This is an unresolved point
SOUICE. v v v v v e e e e e e e e e e e e e e e e e e e e e 113
Polarisation and RM clean spectra for a bright Faraday complex component of J0425-7952 as
observed in the DEEPS3 field. Plots are arranged as in Figure 3.42. This is a lobe-like component

in an unresolved double component source. . . . . . ... ... 114
Polarisation and RM clean spectra for a bright Faraday complex component of the double lobed
source J0435-8126 as observed in the DEEP5 field. Plots are arranged as in Figure 3.42. . . . . . 115

Polarisation and RM clean spectra for the second bright Faraday complex component of the
double lobed source J0435-8126 as observed in the DEEPS5 field. Plots are arranged as in Figure
342, L s 116
Polarisation and RM clean spectra for a faint Faraday simple component of J0400-79049 as
observed in the DEEP2off field. Plots are arranged as in Figure 3.42. This an unresolved and

extended SOUTCE. . . . . . ..ol e 118
Polarisation and RM clean spectra for a faint Faraday simple component of J0400-79049 as
observed in the DEEP2 field. Plots are arranged as in Figure 3.42. . . . . . . ... ... ... .. 119

Polarisation and RM clean spectra for a faint Faraday complex component of J0400-79049 as
observed in the DEEP7 field. Plots are arranged as in Figure 3.42. This is a bright point source. 120
Polarisation and “dirty” RM clean spectra for a DEEPG6 line of sight through one of the direct
detections of the unresolved point-like source J0416-8115, that are undetected in RM synthesis.
Plots are arranged as in Figure 3.42. . . . . . . . . . L e 121



LIST OF FIGURES X

4.1 Left: Distribution of & as a function of distance from field centre for direct polarisation detections

in our milli-Jy sample. Right: Distribution of (py) as a function of &. . . . . . .. ... ... ... 127
4.2 Distribution of 8 for direct polarisation detections in our milli-Jy sample. The open histogram
represents the normal distribution with mean equal to () (vertical dashed line). . . . . ... .. 127

4.3 The signal to noise, T, of the major ¢-components that are separated by no more than d¢ from
(pgary in the DEEP field. . . . . .. ... . 130



List of Tables

21

2.2

2.3

24

2.5

3.1

3.2

3.3

4.1

Al

A2
A3

Summary of the KAT 7 observations. The table lists the radio source observed during each run,
the observation dates, central frequency, number of antennas available, and the total recovered
bandwidth. . . . . . o L e
Band averaged values of integrated Stokes I, linear polarisation intensities (P, ), and also Q,
U noise (oor7) of our KAT-7 data. The error in the averaged values are ¢/v/N, where N is the
number of channels, ¢ is the standard deviation of the values and v, is the frequency associated
with the band. The low and high bands are indicated by sub-/superscripts 1350 and 1850,
respectively indicating v in MHz. The Band averaged linear polarisation intensities are (P), and
(Pp) is the band averaged bias corrected intensity. All values are recorded in mJy/beam.
Degrees of linear polarization (in percentages) from Eichendorf and Reinhardt (1979) along with
corresponding values form the KAT-7 bands in this work (g 1350 and Py 1g50). Subscripts are as
in Table 2.2. The last column displays the mean spectral index, (a)i32), over the two KAT 7
bands. . . . .o
Key parameters in our RM synthesis analysis. f. is the frequency range covered, “Target” refers
to the disk galaxy target’s observation run from which the quantities in the table are derived,
82 is the spacing in A%, A2 . and A2, are the minimum and maximum values, respectively, of
A2 corresponding to each band. @max-scale is the largest Faraday depth scale to which our RM
synthesis analysis is sensitive and |¢,qz| is the largest depth we can detect. d¢’ is the RMTF
FWHM due to the non-continuous A\? coverage while §¢ is the same for the continuous case. . . .
RM clean components for each of our sources. |F|comp is the peak of the Faraday spectrum
derived during the RM clean algorithm, ¢eom, is the ¢ at which |F|comyp is found, ¢pwmas is
the full-width-half-max of the ¢-component, and o,¢¢,99.9 is the RM clean threshold. The last
column shows our visual sub-classification of each component as Faraday thick (C — with more
than one Faraday component) or Faraday thin (S — just one Faraday thin component). . . . . . .

The DEEP field pointings, their sky positions and the dates of each observation. The starred
pointings are those not used in this work. . . . . . . . ... o oo o oL
The mean RA, DEC off-sets between sources observed in this work and those from SUMMS v2.1
catalog. . .o e e
Catalog of polarised sources (direct detections — see main text). [**], [¥], and [Ap,,] indicate units
of [mJy/beam], [rad m~2], and 14” beam area, respectively. . . . . . . ... ... . ... ....

Estimates of the Galactic foreground Faraday depths at the locations of each our targets.

Catalog of UNPOLARISED sources (direct detections — see main text). [**], [*], and [Apn]

indicate units of [mJy/beam], [rad m~2], and 14" beam area, respectively. . . .. .. ... ...
Catalog of ¢-components of the bright sub-population of Faraday source detections. . . . . ...
Catalog of ¢-components of the faint sub-population of Faraday source detections. . . . . . . ..

xi

36

41






Chapter 1

Introduction

1.1 Magnetic fields in astronomy

The gyration of electrons along magnetic field lines produces some of the most spectacular displays of physics
that can be observed with the naked eye such as the aurora above the Earth’s poles. The same magnetic field
guides certain migratory animals along to greener pastures amid unfavourable seasonal conditions. Still the same
field shields organic life on Earth from harmful extra-terrestrial radiation. The same physical phenomenon, that
is magnetism, results in the 22 year sunspot cycle observed on the solar surface. This same magnetism is re-
sponsible for spectacular behaviour in stellar objects such as pulsars, rapidly rotating and beaming magnetically
generated signals at the Earth that a young Jocelyn Bell and contemporaries initially thought to be the work
of little green men on a far away planet. Magnetic fields are also known to influence the formation of new stars
as they influence the collapse of star-forming regions, exerting pressure to counteract gravitational collapse in
stellar nurseries. On still larger scales, these magnetic fields have been observed to mysteriously form spiral
arm patterns in the regions between the observed material spiral arms of disk galaxies (e.g Scarrott et al., 1987;
Fletcher et al., 2011; Chamandy et al., 2014a; Moss et al., 2015). Still other mysterious patterns are observed
in disk galaxies where magnetic vertical structures are seen in the galactic haloes of edge-on disk galaxies (e.g
Hummel et al., 1988; Beck et al., 1994; Fendt et al., 1996; Beck, 2015). The vertical components observed do not
geometrically follow the material disk as is the case for large scale fields in the disk. This field morphology may
be driven by stellar winds arising from star formation as large actively star forming galaxies have been observed

to show this geometry, however, the true origins are yet unknown (Soida et al., 2011; Klein and Fletcher, 2015).

A large fraction of the radiation observed as long wavelength radio waves, radio synchrotron, emanates
from emission of electrons as they gyrate along magnetic fields and the study of integrated polarised emission,
in addition to knowledge of magneto-ionic material densities, along a line of sight sheds light on large-scale
coherent/ordered magnetic fields along that line of sight. The emitted synchrotron light encodes magnetic
details of the environment from the emission point, through intervening media, up to the point where the signal
is observed. This chapter introduces the topics involved with this endeavour of using radio polarimetry to probe
magnetic fields in extra-galactic sources — that is coherent magnetic fields in galaxies, active-galactic nuclei
(AGN) sources, AGN jets, and radio lobes. We disentangle, in this thesis, the various components emitting
polarised light and those magnetic field components that may alter the incident radio synchrotron emission

along a line of sight.

1.1.1 Synchrotron radiation

The main probe for magnetism in the cosmos is synchrotron radiation resulting from relativistic cosmic-ray
electrons spiralling along magnetic field lines. This is non-thermal radiation with an energy distribution that

follows a power law. This is a form of continuum radiation, emitted over a broad range of wavelengths, promi-
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nently detected at radio wavelengths (~ centimetres to metres) and forms the primary component in radio
astronomy observations. Radiation at the same radio wavelengths can also have a thermal component from an
ensemble of electrons that have Maxwellian energy distributions. The relativistic electrons posses much higher
energies and tend to dominate the overall emission observed in distant radio sources. These relativistic energies
result from processes such as supernova explosions, AGN activity, and collisions of galaxy groups and clusters.
Synchrotron radiation has a characteristic frequency and is linearly polarised to maximum theoretical levels of
~ T0% of the observed total intensity, with negligible levels of circular polarisation (e.g Beck, 2004; Klein and
Fletcher, 2015). Some astronomical sources such as masers (Microwave Amplification by Stimulated Emission
of Radiation), the sun, planets such as Jupiter, and highly magnetic stellar remnants such as pulsars do emit
appreciable levels of circular polarisation (e.g Vlemmings et al., 2001; Sarma et al., 2001; Watson and Wyld,
2001; Assaf et al., 2013; Kato and Soda, 2016; Fassett et al., 2018). Tt is also a powerful probe of magnetism
in diffuse media where the linear polarisation fraction undergoes Faraday rotation (rotation of the electric field
vector as the radiation traverses a magnetic field). The Faraday rotation signatures (see Section 1.3) can probe
the magnetic field strengths and orientations in the space between us and the radio sources, making them

invaluable in understanding the magnetic cosmos.

An ensemble of relativistic electrons has electrons of energies in the range [E, E + dF], and an energy

distribution, N(FE), with power law

N(E)dE ~ E~9, (1.1)

where E denotes energy and g is the power law index. Following the theoretical derivations underpinning
synchrotron radiation (e.g. Klein and Fletcher, 2015), the radio intensity at a certain frequency, I,,, also follows

a power law:

I, ~ Bitov™, (1.2)

where B, is the perpendicular component (relative to the line of sight) of the magnetic field in the region
occupied by the electrons and the spectral index, @ = (g — 1)/2. Given a maximum energy, F,, .., the ensemble
will have a critical radiation frequency, v, (beyond which the energy decreases exponentially), for the electron
energy distribution given by:
eBL 2
Ve X m’ymax, (13)

€

where v = (1 — 32)7! is the Lorentz factor with 8 = v/c (v is the speed of an electron and ¢ that of light in a
vacuum). The electron mass and charge are m, and e, respectively. Figure 1.1 displays such a spectrum.

The complete polarisation state of synchrotron radiation can be represented by Stokes parameters I, Q, U,

and V| where I is the total intensity and
I = VU2 4+ Q%24+ V2, (1.4)
is the total polarised intensity. Here, V is the circularly polarised intensity.
P=+U?+Q? (1.5)

is the total linearly polarised intensity which dominates the polarised emission from most astrophysical scenarios
(Klein and Fletcher, 2015). The degree of linear polarisation is given by

=L (16)
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Figure 1.1: Synchrotron radiation spectrum with energy distribution cut-off Emaz (left panel). Adapted from Figure 2.19
of (Klein and Fletcher, 2015). Right panel: synchrotron fluz density spectrum displaying the spectral shape near v ~ 1
GHz. The dot-dashed line shows cosmic-ray electron emission dominant at v < 30 GHz, dashed line shows thermal
emission from ionised HII regions. Free-free absorption dominates the v < 1 GHz regime.
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As per equation 1.1 and 1.2, the total intensity radiated depends on the density of cosmic-ray electrons within an
energy range and also the total field strength of the orthogonal component — that is the component in the plane of
the sky. Polarised emission results from ordered fields — that is non-turbulent fields, with a preferred vector ori-
entation. However, polarization angles intrinsic to synchrotron emission have an nm ambiguity (e.g Farnsworth
et al., 2011), and as such do not carry enough information to distinguish regular ordered fields with a well-
defined direction within the telescope resolving element (the telescope beam — see Section 1.2) from anisotropic
turbulent fields, resulting from the superposition of small-scale (scales below the coherence/“ordering” scale
of the ordered component) isotropic turbulent magnetic fields. The superposition of the small scale turbulent
fields can be “ordered” by compression or shear of gas flows, which have a preferred flow orientation, but these
flows and shearing motions can reverse their direction on these small scales. Unpolarised synchrotron emission
results from small scale isotropic turbulent fields whose random directions results in a diminished field on larger
scales (Beck and Wielebinski, 2013).

The component of the large scale field that is orthogonal to the sky plane and along the line of sight
is encoded in the Faraday depth, which measures the amount by which the polarisation vector of incident
radiation is rotated by a foreground magneto-ionic medium consisting of a coherent large scale magnetic field

and a population of thermal electrons (see Section 1.3).

1.1.2 Magnetic fields in galaxies

The total synchrotron intensity carries information about the total magnetic field of the emitter — both the small
scale field, on the scales of turbulent gas clouds in the environments of starforming regions, and the large scale
field. The large scale component manifests on scales of galactic spiral arms. Polarised synchrotron emission
encodes the complex combination of large scale fields along a certain line of sight between the emitter and the
observer. In the sections that follow, I give a basic introduction of the large scale field component observed

through linearly polarised radio emission that is emitted by different constituents of galaxies.

Fields in galaxy disks and halos

Polarised synchrotron radiation (Section 1.1.1) traces large-scale ordered/coherent magnetic fields observed to
form spiral structures that are geometrically similar to material spiral arms in disk galaxies (Krause et al., 1993;
Beck et al., 1996; Beck, 2012). An example is the case of the Whirlpool galaxy (M51), displayed in Figure 1.2
(Fletcher et al., 2011). These spiral field morphologies are also observed in other disk galaxy morphologies such
as ringed galaxies as observed by Chyzy and Buta (2008), flocculent galaxies without spiral structure (Soida
et al., 2002), and disk galaxies with circum-nuclear starburst regions (Beck and Wielebinski, 2013). Due to the
emission mechanism of synchrotron radiation — requiring cosmic ray electrons to be accelerated by magnetic
fields such that they emit, early type morphologies such as Sa, S0, and ellipticals display no such spiral fields
(Beck and Wielebinski, 2013). Early type galaxies that are quiescent and with no star formation (sometimes
referred to as red and dead) cannot support the cosmic ray particle populations required to produce polarisation

detections. More active galaxies can sometimes be detected in polarisation.

The formation of these field patterns is a subject of debate as the spiral structure should, for example, even-
tually dissipate and present a wound up structure following the circular gas flows in disk galaxies that have no
bar, significant tidal interactions, or strong density waves. This is not observed and instead the large scale fields
maintain the spiral structure with maximum field strengths found in the inter-arm regions of spiral galaxies
(Fletcher, 2010; Chamandy et al., 2014a). The magnetic dynamo, converting mechanical energy into magnetic
energy, is the most successful model in explaining the observed structures (e.g Beck et al., 1996; Moss, 1998; Lou
and Fan, 1998; Beck, 2012; Chamandy et al., 2016). A dynamo converts kinetic energy into electro-magnetic
(EM) energy and in the case of galaxies this is theorised to arise from galactic rotation (on large scales) and

turbulent motions (on small scales) that provide ionised populations of the ISM with kinetic energy which then
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Figure 1.2: Optical image (Hubble Space Telescope [NASA, ESA, S. Beckwith (STScl)]) of the spiral galazy M51 (RGB
image), overlaid with A = 3 c¢m 15" resolution VLA and Effelsberg radio total intensity contours at 6, 12, 24, 36, 48,
96, 192 times the noise levels of 20uJy/beam. Vectors show the polarisation of the observed electric field rotated by 90°
(Fletcher et al., 2011).

generates the magnetic field (Klein and Fletcher, 2015).

Ordered large scale fields in disk galaxies are observed to have vertical structures that, in some cases, resemble
an X-shape (e.g Heesen et al., 2009a,b; Krause, 2009, 2014). The origin of this structure is also another puzzle
with possible solutions that involve galactic winds as indicated by magneto-hydrodynamic (MHD) simulations
(Gressel et al., 2008a,b; Hanasz et al., 2009; Krause, 2014). The dynamo mechanism driven by outflows may hold
some answers (Moss et al., 2010) but these structures so far remain shrouded in mystery (Klein and Fletcher,
2015).

Fields in AGN cores, jets, and lobes

The brightest radio sources tend to be radio galaxies, which are bright AGN sources with distinctive large scale
structures. The typical radio galaxy displays an unresolved point-like core (resolved by VLBI at scales of milli-
arcseconds), narrow elongated emission (in a pair of radio jets) which appear to be in opposite directions from
the core, large scale diffuse plumes of emission situated at the ends of the jets (radio lobes), and bright radio
hot-spots either on the leading edges of the lobes (the so-called FRII' radio galaxy morphology (Fanaroff and
Riley, 1974)) or along the jets themselves (the so-called FRI morphology). The latter tend to be less powerful

radio emitters than the former.

The AGN cores of these strong radio emitters tend to be polarised at levels of order 1% while the jets are

highly polarised at levels an order of magnitude higher at ¥ ~ 1 GHz. These radio bright sources dominate the

LA classification of lobed radio galaxies by B.L. Fanaroff and J.M. Riley (Fanaroff and Riley, 1974), where these sources are
placed into two classes viz, FR I and FR II, based on the brightness of the peripheral components (extended structures such as
radio lobes) relative to the central regions. FR I sources have lower surface brightness in their peripheral regions relative to their
central regions while the FR II class has higher surface brightness in the extremities (lobes).
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micro-Jy radio sky and require broad band and deep high resolution polarisation observations to probe their
complex magnetic fields (e.g Agudo et al., 2010; O’Sullivan et al., 2012, 2015; Pasetto et al., 2018).

1.2 Introduction to radio interferometry

Radio astronomy offers a view of the cosmos, invisible to our eyes but revealing some of the most significant and
fundamental aspects of our universe. This section briefly outlines the theory behind this branch of observational
astronomy and the development of the next generation of radio observation facilities. Particular emphasis is

made for the case of cosmic magnetism, probed through polarisation studies using these facilities.

1.2.1 Introduction to radio astronomy

The curiosity and ingenuity of one Karl G. Jansky ignited the flame for radio astronomy back in 1932 when he
made the first radio observations of a mysterious and persistent radio signal that interfered with telephone trans-
missions at the time. Jansky was a radio engineer employed by the Bell Telephone Laboratory, and he confirmed
the radio signal at 20.5 MHz to be originating from the Galactic center (Jansky, 1932, 1933). Jansky’s work
made front page news in the New York Times (May 5th, 1933) but the work of this novice radio astronomer was
not recognised by the astronomy community until Grote Reber, also a radio engineer and novice astronomer,
discovered significant emission in the directions of Sagittarius, Cygnus, and Cassiopeia (Reber, 1940, 1944) —
spiking the interest of the community, given that the most prominent emission came from a region removed by
30° from what was then thought to be the Galactic center. With the many negative consequences of the second
world war, came expertise and technology seminal to the establishment of radio astronomy — a new probe of

the cosmos.

Radio astronomy complements astronomy at higher frequencies since radio waves permeate much farther in
space as they are not vulnerable to extinction to the same levels as higher frequency light. Extinction diminishes
the incident light by scattering light from the line of sight of an observer and thus conceals the emitter. This
scattering is correlated to the scattering particle sizes in relation to the wavelength of the incident light — the
closer the wavelengths are to the size of the particles in the intervening media, the more extinction the incident
light will undergo. This effect causes the sky to appear blue as the shorter blue wavelengths, closer in size to
molecules in the Earth’s atmosphere, scatter more significantly than their longer wavelength counterparts in
the red end of the EM spectrum. The loss of information on astronomical scales is quite severe as interesting
objects such as star-forming regions, the Galactic center are shrouded in an amalgamation of simple and com-
plex molecules and also minute dust particles. Radio waves penetrate such obscured regions. Some physical
processes in galaxy-galaxy interactions (galaxy mergers, the intergalactic medium, galaxy groups and clusters),
galaxies themselves (active galactic nuclei (AGN), extended galaxy emission such jets and lobes), inter-stellar
medium (ISM — e.g. Galactic maser objects and H1 regions) and stars (e.g pulsar phenomena) may also emit

prominently in the radio regime with minimal emissions at higher frequencies.

My first astronomy lecturer, Dr Sarah Blyth 2, introduced the telescope using the analogy of a bucket to
collect water. Telescopes are light buckets commissioned to capture as many of the cosmic photons raining
down on us as possible. The analogy translates very well to optical telescopes where observed wavelengths span
one to two orders of magnitude but in radio astronomy the buckets vary significantly among each other as the
observable radio spectrum spans many orders of magnitude (from wavelengths of ~ 10 m to ~ 0.01 m, see
Figure 1.3) and thus radio telescopes have to be very specialised to detect only a fraction of it. The flux unit
used in radio astronomy is the so called fluz density and is expressed as the Jansky, Jy, where 1 Jy = 10726
W m~2 Hz~!. This unit sufficiently represents compact unresolved sources, that is a source smaller than the

beamwidth of the telescope but in the case of a resolved source spanning a region of sky beyond the beamwidth,

2 Astronomy Department, University of Cape Town.
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Figure 1.3: From Joardar et al. (2010) displaying emission from the myriad of radio sources detectable across radio
wavelengths observable from the surface of the Farth.

the surface brightness is reported. The surface brightness is given in units of Jy sterad = (W. N. Christiansen,
1985).

The simplest radio telescope, the dipole antenna, can be made with two collinear conductors of some length
[. In simple terms, an antenna is a device that converts electromagnetic radiation into electric signals which
can then be amplified/correlated and analysed further . Dipole antennas are ideal for long wavelengths where
Il < A. They can be combined to form arrays to increase their effective collecting area but such arrays are not
feasible for short wavelengths —i.e. A < 1Im. Conventional short wavelength radio telescopes tend to have large
diameters (D ~ 10 m) with paraboloid reflectors (dishes) that focus incident radiation onto feed antennas which
can then make the conversion to electrical signals. The beamwidth or the angular resolution relates to the size
of the dish by § ~ A\/D. Single dishes are built up to D ~ 100 m to achieve high resolutions and sensitivity e.g
the world’s largest steerable single dish radio telescope, the Green Bank Telescope with D = 100 m, the Arecibo
Telescope with D = 305 m, and the Chinese Five Hundred Meter Aperture Spherical Telescope (FAST) with
D = 500 m. Beyond these large sizes it becomes impractical to build and operate single dish telescopes and
thus interferometers become much more suitable. An interferometer combines the collecting area of a number
of N individual telescopes (often referred to simply as antennas or elements) into a single telescope array whose
diameter is defined by the largest distance between any two antennas. A single antenna has a geometric area
limited to wD?/4, while an interferometer can have an arbitrarily large area defined by NwD?/4. In this way
a much larger telescope is synthesised. The angular resolution of an instrument can be made intrinsically large

by increasing the distance between antennas.

A radio interferometer samples the sky brightness in a discrete and convoluted manner. The instrument
samples the visibility function V'(u,v), which is the Fourier transform of the actual sky brightness distribution
I(s). Figure 1.4 displays the position vectors associated with a simple two element interferometer response

to a radio source. Here s is a unit vector pointing in the direction of the radio source, and (u,v,w) are the

3https://www.cv.nrao.edu/courses/astr534
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Figure 1.4: A simple representation used by Taylor et al. (1999) displaying the position vectors associated with a two
element interferometer response to a radio source.

coordinates in the u-v plane — the plane on the sky where (u, v, w) are the vector separation of the interferometer
elements (i.e the projected baseline coordinates) measured in units of wavelengths. w is in the plane orthogonal
to the sky plane containing (u,v) and thus points along sg. The notation I, m, and n is used to denote the
directional cosines used to define the spherical sky coordinate system in which I(s) is measured. Some arrays
will have antennas that are coplanar and so n— 1 becomes negligible. This is also the case for small field imaging
— where the region of the sky being observed is flat, i.e n &~ 1, making V and I just functions of (u,v) and
(I,m), respectively (Taylor et al. (1999); (Rau et al., 2009)). For the sake of simplicity we will, where possible,
omit the coordinate labels (u,v) and (I,m) in equations that follow. Observing a radio source on the sky in the

direction given by s with two interferometer elements with a projected baseline length b, we can define

V(u,v) = |[V]ei?v = / Alo)I(0)e=2mvb /e o) (1.7)
S

as the complex visibility of the radio emission over some angular size, €2, on the sky (with subscript S denoting
the integral evaluated over the entire sky). Equation 1.7 follows from the derivation by Taylor et al. (1999)
where the authors give the technical details of radio calibrations and synthesis imaging. A(o) = A(o)/Ag is
the normalised antenna reception pattern, commonly referred to as the primary beam pattern. A(o) is the
effective collecting area of an antenna in the direction s = sg + o, and Ag is the response at sg. The unit
vector sg represents the position on which the synthesised field of view is centred and c is the speed of light in
a vacuum. V(u,v) and I(o) are measured at some frequency v.

In the most ideal case, equation 1.7 would fully represent reality but in practice radio observations are plagued
by unwanted signals that limit sensitivity. Such signals have contributions from the telescope electronics,
terrestrial sources such as the ground and man made tools (spark plugs in cars, mobile phones, blue-tooth
devices, etc.) and signals from satellites in the Earth’s orbit. A well known, but challenging to predict and
localise, manifestation of this noise is the so called Radio Frequency Interference (RFI). “RFI” tends to be used
as an umbrella term for unwanted radio frequency (RF) signals. Electronics designed to operate with minimal
noise contribution, can mitigate contributions of random processes to the errors produced. Knowledge of the
portions of RF bands that are affected by RFT is also used to remove unwanted signals during the data reduction

process. Section 2.2 gives details of how we minimise the noise contribution to our data.

1.2.2 The Square Kilometre Array and MeerKAT

The upcoming Square Kilometre Array (SKA) is envisioned to set a new paradigm in radio astronomy ob-
servations, reaching new levels of sensitivity, speed and sizes of areas surveyed on the sky. The SKA is an
international effort and will initially be located in the Karoo semi-desert of South Africa and another portion of
it will be located in Australia’s outback. The construction is divided into two phases, with Phase 1 comprising
of SKA1 LOW (v ~ 50 — 350 MHz) and SKA1 MID (v ~ 350 — 1760 MHz) and Phase 2 comprised of SKA2
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that is planned to expand across Australia, South Africa, and eventually to other African countries®.

The SKA and precursor arrays, MeerKAT (Karoo Array Telescope, South Africa) and ASKAP (Australian
Square Kilometre Array Pathfinder), are the new generation of radio telescopes set to revolutionise the current
state of radio astronomy observations. Significant upgrades are or have already been commissioned for the
leading current generation facilities such as the Jansky Very Large Array (JVLA, located near the town of
Socorro, New Mexico, USA), upgraded Giant Metrewave Radio Telescope (uUGMRT, located near the town of
Pune, India). These updates increase the observed instantaneous bandwidths, featuring improved electronics
such as correlators®, reaching sensitivities of ~ 1 uJy (Rudnick and Owen, 2014; Taylor et al., 2014, 2015).
The new upgrades to current generation facilities improve prospects for deep (sensitive) broadband polarisation
studies but with limited sky coverage of ~ 1 square-degree and long observing times. MeerKAT will survey
the sky significantly faster thereby improving the statistical significance of detections made. SKA1 MID will
reach sensitivities improved by an order of magnitude with higher resolution and over larger areas, enabling the
detection of large numbers of faint polarised sources at high redshifts — z 2 2.5 in the case of disk galaxies and
z 2 7.0 for AGN sources (Taylor et al., 2015).

The study of the origin and evolution of cosmic magnetism is one of the five SKA key science goals (Carilli
and Rawlings, 2004). The SKA will be capable of detecting high redshift polarised sources and thus improve
on current foreground magnetic field studies® such as those based on Faraday Synthesis (see Section 1.3) of
polarised synchrotron radiation (see Section 1.1.1) from grids on the sky of bright polarised background sources
(Xu et al., 2006; Oppermann et al., 2012; Oppermann et al., 2014). The polarisation state of polarised radio
emission from high redshift sources will be altered when passing through foreground magnetic fields and as such
a statistical study of the polarised light of a grid of these background sources can be used to probe magnetic
environments in the foreground (such as mapping the magnetic analogy to the cosmic microwave background
(CMB - Penzias and Wilson (1965); Dicke et al. (1965))). Beck and Gaensler (2004) proposed such a study,
where a 1.4 GHz polarisation study with the SKA would be conducted to map 10 000 square-degrees of sky
resulting in a gridded dataset of rotation measures (see Section 1.3.1) across a large area of the sky. This data
set can then be used to study global magnetic properties of foreground structures and phenomena in the Galaxy,
the inter-galactic medium, other galaxies, galaxy groups and galaxy clusters. The cosmic evolution of magnetic
fields and their relation to galaxy evolution for example, will also be probed with current low redshift studies
(Beck et al., 2002; Vollmer et al., 2013; Beck, 2015) complemented with statistically significant high redshift
work, enriching with observational evidence, current theories (e.g Sokoloff et al., 1998; Moss et al., 2012; Moss
et al., 2013; Chamandy et al., 2014b,a; Moss et al., 2015) of our understanding of how magnetic fields emerge

and evolve on cosmic time scales.

The key cosmic magnetism science’ that is planned to leverage the capabilities of SKA1 rely on sensitive
wideband spectro-polarimetry at v ~ 1 GHz. New understanding will be pursued regarding the Galactic field
structure, the galactic cosmic web, foreground extragalactic fields, fields in individual galaxies, the role of
fields in galaxy evolution, field formation and evolution as well as their structures and roles in galaxy clusters,
groups, and the intergalactic medium. The following specific aspects pertaining to the current observational and

theoretical cosmic magnetism puzzles, form part of the SKA key science areas and will be further investigated:

e Properties of fields in AGN and physical properties of foreground environments: Large scale AGN jet
emission is significantly linearly polarised, typically reaching radio polarisation degrees of order 10%

(Agudo et al., 2010). There are open questions regarding the field structures producing such levels of

dhttps://www.skatelescope.org

5A radio telescope’s correlator, in the simplest terms, takes the voltage outputs from a pair of interferometer antennas and
correlates them (multiplied and averaged).

SWhere magneto-ionised media are distinct from the radio polarisation emitter.

"https://www.skatelescope.org/magnetism/
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polarisation, how these fields interact with the jet, and how the fields themselves form and evolve. Probing
the jet environment will require ultra-high resolution observations requiring SKA1 to be used in a very
large baseline interferometer array (VLBI) with other radio observatories around the world (Paragi et al.,
2015). Improved understanding of AGN magnetism also improves prospects for mapping foreground field
structures where faint foreground structures can be mapped with bright background sources (e.g Taylor
et al., 2009; Stil et al., 2011; Bernet et al., 2012; Schnitzeler et al., 2015).

e The role of fields in galaxy evolution and magnetic field origins: Broad band polarisation structure
carries information about the magneto-ionised media in and around galaxy cores and a disentanglement
of this information will reveal the roles of magnetism in galaxy evolution processes such as star-formation,
feedback and triggering mechanisms. Polarisation purity at high sensitivities will help resolve these effects
at even earlier cosmic times improving our understanding of the cosmic evolution of the roles of fields in
galaxy evolution. Such depth will also allow for observational evidence to be contrasted with current field
formation histories. Field strengths determine synchrotron intensity and at very large redshifts, radio
emission from accelerated electrons will be shifted to lower energies leading to deep detections placing

stricter constraints on field strengths of early galaxies (Beck, 2012).

SKA1 MID/survey will cover broad instantaneous bandwidths of ~ 1 GHz with sensitivities of ~ 1 uJy/beam
at the widest field of view (30 000 square-deg) with 2" resolution while reaching higher sensitivities (~
0.01 pJy/beam) and resolutions (1”) over 30 square-deg. The South African SKA precursor, MeerKAT (see
Section 3.1), is already constructed and currently in the science commissioning phase. This work will utilise
the initial science commissioning observations made with 16 antennas, with the initial array sometimes dubbed
“MeerKAT (16)”®. MeerKAT (16) can achieve ~ 800 MHz instantaneous bandwidth, survey a square degree on
the sky, with a resolution of ~ 6", and sensitivity of order ~ 10 pJy/beam. These capabilities allow us to start
to disentangle complex frequency dependent polarisation behaviour (see Section 1.3.1) in faint extragalactic

sources and also spatially resolve them.

1.3 Faraday rotation

This section introduces the concepts involved in the Faraday Rotation of broad band radio emission and, a

powerful technique that resolves the Faraday structure, and some physical origins of the Faraday structure.

1.3.1 Rotation Measure synthesis

The electric field vector of linearly polarised electro-magnetic waves is rotated and it’s amplitude altered via the
Faraday process, as the waves pass through magnetic fields. The component of the magnetic field along our line
of sight (LoS) can be probed through observations of this emission. Burn (1966) presented a technique which
can resolve the different components of magnetic fields that alter the polarisation of the incident radiation along
the line of sight. The technique was later expanded and dubbed Rotation Measure synthesis (RM-synthesis, for
short) by Brentjens and de Bruyn (2005). The technique transforms the observed Stokes parameters ¢(A?) and
u(A?) to synthesised q(¢) and u(¢) via a Fourier transform . The parameter ¢ is the Faraday depth, which is
defined as a product of the line of sight integral (the LoS displacement r, measured in parsecs) of the thermal
electron number density (often denoted as n., with units cm~=3) and coherent magnetic field component in the

plane parallel to the observer’s line of sight (sometimes denoted as B = B - d#, in units of uGauss):

observer
o(r) = 0,81/ neB - dr [rad m™?]. (1.8)

source

8The initial 16 antenna array used for initial commissioning.
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The electric field vector of radiation can be rotated by a certain amount during Faraday rotation and the
quantity which measures this rotation is called the Rotation Measure (RM, for short). The RM is defined by

the change in polarisation angle x(A?) as a function of the square of the wavelength, \?:

dx(2?)

RM = Iz

[rad m~?], (1.9)

with the polarisation angle given by

1 U
X = — arctan —. 1.10
5 arctan - (1.10)

The Faraday depth and the rotation measure are the same in the simplest case where there is only a single
source of non-varying Faraday rotation. This is the so called Faraday simple case (Brown et al., 2017, eg),
where the phase of the complex valued polarisation intensity, that is the angle characterising the rotation of the

electric field vector (polarization angle, ) is related to the Faraday depth by

X = Xo + @A (L.11)

This, however, is rarely the case observed with most polarised sources and cannot be assumed (Farnsworth
et al., 2011). The complex valued synthesised Faraday spectrum, denoted as F(¢) (Sun et al., 2015), previously
referred to as the Faraday dispersion function (Burn, 1966; Brentjens and de Bruyn, 2005), must be investigated
at all possible values of ¢ to show the dependence of the intrinsic linear polarisation intensity on ¢ and thus
resolve the different magnetic field components that altered the incident radiation. The observed polarisation
intensity, P(\?) is related to the Faraday spectrum F(¢) by:

P()?) = [p|Ie*X = / T P@)e Y d. (1.12)

— 00

Equation 1.12 assumes A? to be continuous and also both positive and negative, which is not physical. In
real world observations, A is positive, finite and discontinuous, and so we approximate the Fourier transform

with a summation viz.,
P(X?) ~ Y F(g)e% 0, (1.13)
J
In real observations, A\? is sampled discretely around a central value, A2, and to account for this Brentjens
and de Bruyn (2005) define sampling function W (A?) which is zero everywhere beyond the limits of the observed

A2 range but non-zero where the range is sampled. This re-defines the observed polarised intensity P()\Q) in

terms of the true intensity P(\?):
PO2) = WO2)PO2) = W(A2) / F(6)e200°3) g, (1.14)

Thus, we have that the reconstructed intensity F(¢) is a convolution (denoted by %) of the true F(¢) with

the Fourier transform of the sampling function, W (A?). Inversion of equation 1.14 gives:

F(¢) = K/Oo P(A2)e 20N =X 172, (1.15)
= F(¢) * R(¢). (1.16)

Here we have K as the multiplicative inverse of the A? integral of W (\?):
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K = (/_o; W(\?) d)\2>1, (1.17)

and

R(¢) = K/_Oo W(A2)e 2102 g)2 (1.18)

is the RM transfer function (RMTF) (Brentjens and de Bruyn, 2005), which is analogous to the synthesised
beam in radio interferometry (see Section 1.2) and thus more appropriately renamed to “rotation measure
spread function” (RMSF) (Heald et al., 2009). The RM SF is unit-less with a peak equal to unity. The amount
of errors in the synthesised quantities is governed by the sampling function. For instance, the widest A% range
increases the accuracy with which ¢-components can be resolved in ¢-space, and the more continuous the A2
range the lower the amplitude of side lobes of the the RMSF (Brentjens and de Bruyn, 2005).

Looking back to the real world approximations introduced in equation 1.13, we have

P(A?) = W(A) Y F()e2 e X =20 (1.19)

F(¢)~ K Y P(A})e 200 —20) (1.20)
k

R(¢) = K Y W(A)e 2002 (1.21)
k

K~ (Z W(A§)>_ . (1.22)
k

The conversion of the observed polarised signal into the Faraday spectrum is possible only for a constant
spectral dependence along the line of sight (Brentjens and de Bruyn, 2005) and thus equations 1.19 and 1.20
are evaluated using the observed fractional quantities p = P/I,q = Q/I, and u = U/I, so as to eliminate effects
of a variable spectral index. Brentjens and de Bruyn (2005) define three important parameters that constrain a
RM-synthesis experiment. Given the observed channel width (§A?), observed A? range (A)?), and the smallest
A2 observed (\2

min)'

o The resolution of ¢-components, i.e the FWHM of the RMSF (denoted as d¢ or d¢gyrr) is inversely
proportional to A\2:

2V/3

(M%W'

(1.23)

2

min*

e The largest scale in ¢-space to which an experiment can make detections is inversely proportional to A

™
(bmax-scale ~ )\2 . (124)

min

o The maximum observable Faraday depth is inversely proportional to d\2:

V3
||¢max” ~ w (125)

The channel width, observed A? range, and minimum observed A? are calculated from frequency via
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2 2
SN2 = V%ay, (1.26)
2 2
AN = VgiAu, (1.27)
)\2 _ c ? (1 28)
min VHlaX ' '

The minimum frequency, maximum frequency, frequency channel width, and bandwidth are given by vy,

Vmax, 0V, and Av, respectively.

1.3.2 RM synthesis in practice

RM-synthesis has the power to resolve the different magnetic field components that contribute to Faraday ro-
tation along the line of sight. These different components are a result of magneto-ionic media located anywhere
along the line of sight, and when thermal electron densities are known, field strengths can be quantified. The
technique also remedies the effects of having ambiguous solutions to models of the polarisation angle as a func-
tion of wavelength, the so-called nm-ambiguity, where n is an integer. This ambiguity arises when a ¢ value is
determined through a linear fit to equation 1.11 using data with very limited A\? sampling. The primary cause
of the ambiguity is the fact that the response of a linear polarisation detector to linearly polarised radiation is
unchanged by a 180° rotation of the detector’s dipole (Klein and Fletcher, 2015). The ambiguity is exacerbated
when attempts to determine ¢ make the assumption that equation 1.11 contains all the information about the
Faraday structure of radiation for the entire LoS path?, which applies only when there is a single Faraday
rotating foreground screen (a non-emitting medium containing an ordered magnetic field and thermal electrons
that is distinct from the source of emission) along the LoS, the so-called Faraday simple case (Farnsworth et al.,
2011). In the Faraday simple case, a synchrotron source with a negligible thermal emission component results in
a single peaked Faraday spectrum (Beck et al., 2012). Equation 1.11 can then be used to constrain the Faraday
depth. In Faraday complex cases the ambiguities are minimised with RM-synthesis, where increasing the A2

range and its sampling rate produces less ambiguous results and thus lead to less erroneous conclusions.

The polarisation angle rotates as a function of bandwidth and the amount of rotation is increased with the
larger bandwidths of modern radio interferometers. The average Q(\?) and U(\?) are thus reduced as they
are rotated from positive to negative and vice versa. This effect, called bandwidth depolarisation, decreases
the polarisation amplitude as a function of bandwidth and is most severe for high RM and sources that have
complex Faraday structures, with multiple ¢ values along the LoS, that significantly rotate the polarisation
angle (Brentjens and de Bruyn, 2005). Faraday complex cases can occur in such situations as when we observe
radiation that has passed through a medium that further polarises the incident radiation and also injects po-
larised photons into the incident radiation along the LoS. The co-additive nature of the RM-synthesis technique
(equations 1.19 - 1.22) overcomes bandwidth depolarisation by adding up all the polarisation intensities mea-
sured across the band. The approach we follow evaluates equation 1.20 over an array of ¢ values to determine
those ¢ values that maximise the intrinsic polarisation flux. The peaks in the Faraday spectrum will occur at

component values of ¢ along the LoS.

Bandwidth depolarisation is also minimised, but not completely removed, by finer A2 sampling, but this
minimisation decreases for very large ¢ values that rotate the polarisation angles by at least 7w radians between
two adjacent A\? samples (Heald et al., 2009). A large gap in the A\? range (due to reasons such as unavailability of
data in the gap due to RFI contamination or physical limitations on the observations) will introduce significant

effects in the form of increased side lobes in the RMSF. Bandwidth depolarisation can be characterised (e.g

9i.e that the polarisation angle is completely linear w.r.t A2 all along the LoS path.
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Klein and Fletcher, 2015) by

Atp = —2)\2 - RM - g, (1.29)
Lo
where At is the resulting rotation to the electric field vector, g is the wavelength corresponding to the center
frequency vy, and Av is the width of each frequency channel. Thus for a rotation of 1 radian at Av = 5 MHgz,
one would have RM = 0.04 rad/m? (or 6.25 x 10~% rad/m? for Ay = 1°).
Weighting can be used to shape the sampling function, W()), in order to mitigate these uncertainties. One

can approximate W () by

W) = a2, (1.30)

where 0;2 is the error in the j-th value of the measured polarisation intensity, P(Ag). W () has the effect of
decreasing the uncertainties in estimated ¢ values but at the cost of the resolution of Faraday structures as
weighting broadens the RMSF. Different weighting schemes must be used to achieve different goals so that the

advantages of each scheme are optimally leveraged to achieve the best results (Heald et al., 2009).

RM-synthesis is a powerful technique, especially when used in the most optimal conditions where observations
from a wide, densely sampled A% range are available. The analysis of polarisation degree p, and both Stokes ¢
and u spectra is most useful, as opposed to just the degree of polarisation and polarisation angle, in utilising
the strengths of RM-synthesis (Farnsworth et al., 2011).

1.3.3 Physical origins of Faraday structure

Burn (1966) presents several physical scenarios that may produce the observed Faraday structures observed
towards polarised sources. These are briefly reviewed in Klein and Fletcher (2015) with idealised examples

given in Heald et al. (2009). We briefly introduce some of these below.

1.3.3.1 No intervening magneto-ionic media

This is the most physically simple case where the incident polarised signal is unobstructed and passes through
no foreground magneto-ionic media and thus experiences no Faraday rotation. The incident polarised intensity,
P()\?), remains constant along with both @Q(A?) and U(\?). The Faraday spectrum is a Dirac-delta function
that is non-zero only at ¢peqr = 0 rad m~2. The incident emission will still, however, be coupled to ionospheric
effects (e.g W. D. Cotton, 2018). The RM contribution of the ionosphere can be derived if TEC (total electron

content) measurements are available.

1.3.3.2 Resolved foreground screen

This is the so called Faraday simple case introduced above where there exists only a single Faraday rotating

screen of material. In this case the Faraday spectrum is Dirac-6 function

F(¢) = 0(¢ = ¢o)- (1.31)

The polarisation angle is then given by equation 1.11 with x¢ = x(A = 0). This allows for equation 1.8 to

be evaluated given that the rest of the parameters are known or can be reasonably approximated.

1.3.3.3 Unresolved foreground screen

This is the case where several foreground cells of different Faraday depths within the observing beam are not
resolved by the beam. Each of the Faraday depths rotates the incident radiation by a different amount resulting

in a diminished signal due to superposition of the cells when the signal is integrated across the beam width.
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This is beam depolarisation, in which equation 1.11 no longer applicable. These cells can be created in a region
of turbulent magnetic fields where the turbulence scales are smaller than the observing beam. The polarisation
plane of the incident wave can be thought of as undergoing a random walk process as the different cells rotate it
in random directions (Sokoloff et al., 1998). Depolarisation with frequency /wavelength in this case is significant

with an exponential dependence on the wavelength (Klein and Fletcher, 2015):

4

P(\?) < poe™ . (1.32)

1.3.3.4 Internal Faraday rotation

In this scenario, the Faraday rotation that occurs is intrinsic to the source. This is due to an emitting region
which also contains thermal electrons and ordered/coherent magnetic fields. This causes polarised emission
from the far-side of the region to undergo Faraday rotation more than the near-side of the region. This process
is called differential Faraday rotation. In the simplest case where the emitting medium has a single rotation

measure, the wavelength-dependent depolarisation is given by Arshakian and Beck (2011):

) sin(2RM \?) 2i(x0+0.5RMA?)
_ sin(2RMA”) 1.
PO%) = (P ) ¢ > 3

where

RM =~ 0.81(n)(Bora, ) L, (1.34)

is the average rotation measure in rad m~—2 and Bora,| is the ordered magnetic field component in the plane
parallel to the observer’s line of sight. This is the Burn slab approximation, where the magneto-ionic medium
within the source is uniform and the resulting Faraday spectrum is a tophat function, the observed polarisation
degree takes on the form of a sinc function — the Fourier inverse of a top-hat function (Burn, 1966; Heald, 2008;
Klein and Fletcher, 2015). Internal Faraday rotation can also occur in cases where the emitting region contains
a turbulent magnetic field instead of the ordered field considered above. A simple approximation of this case,
which also applies for the case of mixed turbulent and ordered fields of comparable field strengths (Sokoloff
et al., 1998; Arshakian and Beck, 2011), a uniform slab with a constant linear path, L, of the incident light

along the LoS. In this case,the polarisation intensity is modelled as (Burn, 1966):

9 1—e ¥
PO®) =po——g—, (1.35)
where S is a complex quadratic function of \2:
S = (KneB,)*dLA\* — i2Kn B, L)\°. (1.36)

Here K is the constant in front of the integral in equation 1.8, d is the scale of the fluctuations in the turbulent
magnetic field component B,., and B, | is the LoS component of the ordered magnetic field. A uniform spherical

geometry is also modelled by Burn (1966) where:

3[(S+1)e ™% +0.552 — 1]

53 ’
with L now representing the sphere’s diameter. The depolarisation behaviours of the two models are displayed
in Figure 1.5 (Gardner and Whiteoak, 1966).

P(X) = po (1.37)

1.3.3.5 Bandwidth depolarisation

Beam width depolarisation is introduced in the previous subsection describing the case of an unresolved fore-
ground screen. In addition to the superposition of randomly oriented Faraday rotations across the beam, the
physical fact that the beam width, the resolution, is frequency dependent also adds to the apparent change of

the measured polarisation (Gardner and Whiteoak, 1966). This is the so called bandwidth depolarisation effect
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Figure 1.5: Internal depolarisation models (top panels) for a Burn slab (dashed) along with a spherical model (solid line).
Bottom panel: polarisation angle as a function of A\* (the plot line styles follow the same convention as the top panel).
The plots are from Figure 6 of Gardner and Whiteoak (1966)
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which can also diminish the observed degree of polarisation. The effect is strongest at large wavelengths. To
overcome this, the fine channelisation of broad band observations by modern radio interferometers, like KAT 7
and MeerKAT), is particularly useful in RM-synthesis where the fine sampling of the band adds to the quality
of the results (Heald et al., 2009).

1.3.4 RM Clean

Section 1.3.1 introduces the constraint encountered in RM-synthesis where the reconstructed intrinsic polar-
isation signal, the Faraday spectrum F (¢), is the true spectrum convolved with the RMSF, R(¢). In low
signal-to-noise cases or when there may be multiple features in F(qﬁ) that are not initially resolved by the
reconstruction, the interpretation of the results becomes more uncertain. Depolarisation models, introduced
in Section 1.3.3, can be fitted to polarisation spectra so as to best approximate the true broad band proper-
ties and also to narrow down the most likely physical origins of these properties (e.g Farnsworth et al., 2011;
O’Sullivan et al., 2012; Sun et al., 2015; O’Sullivan et al., 2015; Anderson et al., 2015, 2016). Current available
algorithms tend to model the observed polarisation behaviour with degenerate models (Sun et al., 2015). We
use the deconvolution of the measured broad band spectra to extract the true spectra F(¢). This deconvolution
is commonly called RM clean (Heald et al., 2009) due to it’s analogy to the CLEAN algorithm in radio syn-
thesis imaging (Hogbom, 1974). Without making assumptions regarding the physical scenario responsible for
observed polarimetry, RM-clean generally produces Faraday spectra with reduced contributions from Faraday
components that may be noise. The largest A2 coverage, the most sensitive, and high resolution observations
are required for the best clean model of the observed q(A?),u(A?) to be produced (Farnsworth et al., 2011). We
developed a Python'® based algorithm to perform RM clean on the IDIA HPC facilities. The process of RM

clean consists of the following steps:

1. The location ¢; of the peak in F(¢) is found and F(¢;) is recorded.

2. Next F((ﬁj) is multiplied by a constant factor, « called the loop gain — with the most optimal value being
typically 0.1 (Heald et al., 2009; Farnsworth et al.; 2011). 'yl*:’(qﬁj), ¢;, and the polarisation angle xq_;

(defined by equation 1.10) are then stored as a “clean ¢-component” (Faraday component).
3. Then R(¢;) is scaled and shifted to equal vF(¢;) and then subtracted from F(¢).

4. Steps 1 - 3 are repeated on the residual spectrum, F(¢) until a certain threshold in F(¢) is reached (e.g
relative to the level of noise) or a certain number of iterations (usually obtained by trial and error) have

been performed.

5. The final step is the reconstruction of the cleaned spectrum, F(¢), by convolving the ¢-components with
a real valued function such as a Gaussian with full-width-half-maximum (FWHM) equal to that of the
main lobe of the RMSF. This reconstruction is then added to the residuals with the result being a closer
approximation of F(¢) (Heald et al., 2009). We, however, make no such approximation but instead
reconstruct the g(A\?), @(\?) spectra from the cleaned components and then calculate the cleaned Faraday
spectrum from the reconstructed spectra. The reconstruction from ¢-space to A2-space is done through

the following relations, for the j-th component:

X5 (A?) = 6,7 + x0,5 (1.38)
q(\?) = Z |F(95)] cos(2x;) (1.39)
a(N?) = Z |F(65)] sin(2x;)- (1.40)

Ohttps://www.python.org/
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In the rest of this work we use the notation of F(¢) in place of F(d)) for simplicity.

1.4 Motivation

1.4.1 The literature so far

The study of cosmic magnetism is vital in fully understanding the role that magnetic fields play in the evolution
of cosmological objects such as galaxies and their large-scale components such as radio lobes and jets. Magnetic
fields in galaxies influence star-formation and properties of the ISM such as gas pressure, cosmic ray densities
and flows (Beck et al., 1999; Beck and Gaensler, 2004; Beck, 2015). The exact role played by magnetism in
galaxy evolution is, however, still a puzzle. Some theoretical work has been done (e.g. Lou and Fan, 1998)
but empirical constraints from extensive polarisation campaigns are still lacking (e.g. Chamandy et al., 2016).
Works such as Eichendorf and Reinhardt (1979), Beck et al. (2002), Beck (2004), O’Sullivan et al. (2012), Beck
et al. (2012), Farnes (2014) have provided some insight into the workings of magnetism in galaxies. Eichendorf
and Reinhardt (1979) provide some of the earliest catalogs of polarimetry data across several wavelengths for
radio sources that were observed between 1965 and the middle of 1974, while the more recent work by Farnes
(2014) presents a catalog of polarimetry data, across a very wide range of wavelengths (400 MHz to 100 GHz)
as a result of cross-matching the NRAO VLA Sky Survey (NVSS (Condon et al., 1998)) data base with other
polarimetry and total intensity studies. Beck et al. (2002) present a study of polarised and total intensities for
20 barred galaxies with radio observations from the VLA at 3, 6, 18, 22, and Australian Telescope Compact
Array (ATCA) at 6, and 13 cm. O’Sullivan et al. (2012) present a broad-band (1.1 — 3.1 GHz) polarimetry
study on bright (> 1 Jy) strongly polarised radio-loud quasars with ATCA while O’Sullivan et al. (2015) present
a narrow band study (NVSS observations at v = 1.4 GHz) of AGN dominated radio galaxies (high-excitation
radio galaxies (HERGS), radio-loud quasi-stellar objects (QSOs), and low-excitation radio galaxies (LERGS))
in different accretion phases. The biggest hurdles in all these studies, however, have been radio frequency
bandwidth coverage and/or radio flux sensitivity — where reported work has been done only on bright and
highly polarised radio sources. High resolution (at resolutions of 2” - 15” and 9” - 25”) narrow-band imaging
observations of nearby disk galaxies have been made (e.g. Beck et al., 2005), showing large scale magnetic fields
related to spiral structure. For galaxies that remain unresolved by current radio imaging telescopes we must
rely on the frequency dependence of polarization as our primary probe of magnetic properties (Stil et al., 2009).
However, the relatively narrow instantaneous bandwidths typical of most past studies of radio polarization limit
both the resolution of Faraday spectral features and the ability to characterize the broad band properties of

polarised intensity such as depolarisation.

Recent studies are beginning to probe polarized radio emission over broader bands. O’Sullivan et al. (2012),
for example, presented a broad-band spectro-polarimetric study of four radio bright and highly polarized AGN
sources, for which, Faraday rotation features could be resolved. Anderson et al. (2015) report a wide band
(1.3 — 2.0 GHz) and wide field (30 square degree) study of extragalactic sources, and Anderson et al. (2016)
observed 36 strongly polarized sources over a very wide, non-contiguous band from ~ 1 — 10 GHz, finding
Faraday complexity in most of them, asserting that complex features and properties of Faraday spectra are

common among strongly polarised sources.

1.4.2 Open questions

At the heart of polarimetry is the desire to fully understand magnetic fields and their roles in cosmic evolution.
Important properties of the fields, such as the field observed strengths and field origins, are not fully understood
(Beck and Wielebinski, 2013). Some theoretical models such as the mean-field dynamo (e.g. Ruzmaikin et al.,
1988; Beck et al., 1996; Brandenburg and Subramanian, 2004; Moss et al., 2012; Chamandy et al., 2014b) have

been successful in predicting the observed field strengths but questions still remain. Examples of the missing
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information pertain to how and when the first fields were generated and amplified to the levels observed, what
effect these fields had on early galaxy evolution, what the origin of intergalactic fields is, understanding the
structure and strength of intergalactic fields and also the structure and properties of the large scale field in our

own galaxy (Beck and Wielebinski, 2013).

1.5 This thesis

Below I outline the objectives, scope, and structure of this thesis.

Aims and objectives

The main aims of this work relate to the SKA Radio Astronomy Science areas, in that the overall goal of the
project is to study the presence and properties of coherent magnetic fields in radio sources by observing the
linear polarisation of faint objects. This work also relates to SKA techniques areas in that since the basic
observational data will be broad band polarimetry secured with the Karoo Array Telescope (KAT 7) and the
SKA SA precursor, MeerKAT (e.g Carilli, 2015). Techniques for polarization calibration and RM synthesis of
data taken over broad bands are explored and developed both in direct pointing mode using several sufficiently
bright radio galaxies, and also in wide-field imaging mode for faint sources in ~ 1 square-degree field populated
by several thousand radio sources, most of which have not been studied yet. We explore the spectropolarimetric

properties of radio sources and report on the results of this analysis.

The useful technique of RM synthesis (see Section 1.3.1 and 1.3.4) is applied to broad band polarisation
data as recent results have shown that integrated polarization properties of disk galaxies can be used to explore
the presence and properties of coherent large-scale disk fields (e.g. Stil et al., 2009; Arshakian et al., 2011; Beck
et al., 2012; Gaensler et al., 2015; Heald et al., 2015). This is only now beginning to be extended to include
Faraday synthesis information owing to technical advances of current and next generation radio interferome-
ters (such as broad instantaneous observing bands with high resolution of the band and high flux sensitivity).
Large-scale magnetic fields within galaxies should create a frequency dependent polarisation signature and as
such, this study uses the RM synthesis technique to first explore signatures of coherent fields in a sample of low
redshift radio sources. The full polarisation radio observations used are acquired with KAT 7 at frequencies
v ~ 1.20 — 1.95 GHz. Subsequent analyses then extend this to interpret the spectropolarimetric signatures of
faint radio sources at higher redshift through high angular resolution (~ 14”), wide-field (~ 1-square degree),
broad band (v ~ 0.80—1.70 GHz), and deep (rms noise ~ 70 uJy/beam) observations from the first 16 MeerKAT

antennas.

Structure of this thesis

This dissertation is structured follows: Chapter 2 presents our spectropolarimetric study of six radio galaxies
observed with KAT 7. Chapter 3 presents our study of a ~ 4 square degree field using observations from the
16 antenna commissioning MeerKAT array. The MeerKAT study builds upon the basic techniques and tools
for RM synthesis and RM clean developed and introduced in the KAT 7 study, and also includes additions
and considerations that are pertinent issues in cases of survey-style wide field studies, such as source finding.
Chapter 4 presents our discussions of the main results of both our KAT 7 (Section 4.1) and MeerKAT (Section
4.2) studies. We present our conclusions and suggestions for related future studies in Chapter 5. Appendix A

presents our appendices.



Chapter 2

Broadband Polarimetry with KAT 7

2.1 Sample and Observations

2.1.1 Sample

We selected our sample of disk galaxies from the source list for the MHONGOOSE survey (MeerKAT HI
Observations of Nearby Galactic Objects: Observing Southern Emitters!). MHONGOOSE will secure very
high sensitivity atomic hydrogen images of a sample of nearby galaxies. A further criterion was that our sources
be sufficiently bright with an integrated total power intensity greater than 200 mJy. This resulted in a sample
of two disk galaxies. We also observed four AGN dominated emitters, including a flat-spectrum source, a steep
spectrum source, and a GigaHertz Peak Spectrum (GPS) source. Two of the AGN served also as calibrators for

the remaining targets.

2.1.1.1 Disk Galaxies

NGC1097 is identified as a Syl galaxy (Storchi-Bergmann et al., 1997) with a circumnuclear star-burst ring
(Gerin et al., 1988). It is a barred spiral, SBb, with it’s radio emission dominated by the circumstellar ring and
nucleus (Beck et al., 2005). The magnetic properties of NGC1097 have been studied by Beck et al. (2005) with
narrow band (~ 50 MHz) high resolution radio data, at 4.8 and 8.4 GHz and with resolutions of 2" — 15", with
the NRAO Very Large Array, VLA. The galactic magnetic field was observed to control the ISM gas flow at
kpc scales and found to have a regular component that follows the shape of the spiral arms (Beck et al., 2005).
The galaxy has a redshift of 0.0042.

NGC1808 is identified as a Sy2 galaxy (Tacconi-Garman (1996); Galliano et al. (2008)) with a low luminosity
AGN (Véron-Cetty and Véron (1985); Dahlem et al. (1990); Gonzélez-Martin et al. (2013); Esquej et al. (2013)).
It was classified as a peculiar Sbe galaxy (Véron-Cetty and Véron (1985)). It also has a star-burst region in the
inner ~ 750 pc dominating the infrared emission (Sengupta and Balasubramanyam (2006)). From observations
at 6 and 20 cm wavelength with the VLA in DnC configuration, Dahlem et al. (1990) found linear polarization
degrees of up to 30% and a steep (v = —0.88) radio spectrum from outside the central region of the galaxy.
The galaxy has a redshift of 0.0033.

2.1.1.2 AGN

J0240-231 has been identified to be a quasi-stellar object (QSO) and also a Gigahertz-peaked spectrum (GPS)
source (Kuehr et al. (1981); O’Dea (1998a); Véron-Cetty and Véron (2006)). It is located at z = 2.22 (Hewitt
and Burbidge, 1989). The source has been observed to show significant linear polarization at 4.8 GHz where
p = 3.47% (Edwards and Tingay, 2004). VLBI studies show that it has some structure resembling two lobes
that are separated by 12 mas (Dallacasa et al., 1998).

lhttp://mhongoose.astron.nl/
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Table 2.1: Summary of the KAT 7 observations. The table lists the radio source observed during each run, the observation
dates, central frequency, number of antennas available, and the total recovered bandwidth.

Sources Observed Date Ve Nant Av

(GHz) (MHz)
NGC1808, PKA1934-683, J0538-440, PKSB0407-658 29/07/2016 1.894 6 152
NGC1808, PKS1934-638, J0538-440, PKSB0407-658 31/07/2016 1.394 6 148
NGC1097, PKS1934-638, J0240-231, PKSB0407-658 09/06/2015  1.850 7 223
NCG1097, PKS1934-638, J0240-231, PKSB0407-658 15/06/2015  1.350 7 211

J0538-440 is reported to be a BL Lac, GPS object and also a variable ~y-ray source located at redshift 0.896
(Impey and Tapia (1988); Romero et al. (2000); Tornikoski et al. (2001); Romero et al. (2002); Andruchow
et al. (2005); Torniainen et al. (2005)). It has also been identified as a potential gravitational lens (Surpi et al.,
1996).

PKS1934-638 and PKSB0407-658 are both QSO and GPS sources (O’Dea et al., 1991). VLBI imaging of
PKS1934-638 shows that it has a double lobed structure (Tzioumis et al., 1989). PKS1934-638 and PKSB0407-
658 have redshifts of 0.18 and 0.96, respectively.

2.1.2 Observations

The Karoo Array Telescope (KAT 7) is a synthesis array telescope located adjacent to the MeerKAT and SKA
phase 1 site in the Karoo plateau in South Africa. It was built as an engineering test-bed preceding the SKA
mid-frequency precursor array, MeerKAT, which is currently under construction. The initial design had KAT as
a 20 antenna array which was later expanded to 64 dishes. The construction of KAT 7 was then commissioned
to be the test bed for the 64 dish array, now called MeerKAT (Foley et al., 2016). KAT 7 consists of seven
12-metre, centre-fed parabolic antennas in a fixed configuration with baselines ranging from 26 to 185 metres
(Carignan et al., 2013). Tt has a maximum instantaneous bandwidth of 256 MHz within the RF range 1200 -
1950 MHz. Two components of linear polarisation are detected with prime-focus feeds on each antenna. We
observed in wide-band, full-polarisation mode, providing four polarisation correlation products sampling the
256 MHz band in 1024 spectral channels of width 390.625 kHz. Our observations covered the entire 750 MHz
RF band using three separate observing runs for each source with the 256 MHz centred on 1350, 1600, and 1850
MHz.

Each observation consisted of 12-hours tracks during which on-source observations of 4 minutes of either
NGC 1097 or NGC 1808 were alternated with either J0240-231 (for NGC 1097) or J0538-440 (for NGC 1808).
Several integrations were made on PKSB0407-658 during each run. The 12 hour tracks provided a good range
of parallactic angle variations for polarisation calibration. For all observing sessions PKS1934-638 was observed

approximately every hour for primary flux density and bandpass calibration.

2.2 Calibration and imaging

In this section we explain our data reduction methods, that is editing and calibration, and also how the reduced

data is then imaged into the desired products for analysis.

2.2.1 Calibration

The sections than follow introduce the basic relations that govern different stages of radio frequency calibration

applied and the results acquired in this work.
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2.2.1.1 Gain calibration

The observed visibilities, introduced in Section 1.2, are most often not equal to the true visibilities of the sky.
This is due to the imperfect response of the telescope and results in the convolution of the true signal with the
telescope response. Calibration of the data aims to undo this convolution so that we regain the true visibilities.

The observed visibilities f/ij from the baseline made up of antennas 7 and j can be written as

Vij = GiVij + €55+ i, (2.1)

here we have G;j, €;;, and 7;; as the baseline based gain, offset, and random noise, respectively. The visibility

sampling is discrete in time and so Equation 2.1 is also a function of time.

Observing non-variable sources of known flux and astrometry can help us determine the true visibilities.
These are calibrator sources whose observations are interwoven into those of the target source. These are
usually very bright and observed for short periods in comparison to the target and their observation help

determine

Gij = 91‘9;7 (2.2)

where g;and g; are the complex antenna gains (the star represents the complex conjugate), whose amplitudes
and phases are to be determined through calibration. Given N antennas, we will have N (NN —1)/2 baselines with
G;; for each of the baselines and g;g; for each of the antennas. The process of determining the complex gains
is sometimes referred to as gain calibration. Figures 2.1 and 2.2 show our gain solutions plotted for secondary
calibrator J0538-440.

2.2.1.2 Calibrator sources

Radio sources that are used as calibrators are not point sources physically and if the resolution of the obser-
vations is high enough, such as in VLBI, their complex structure will be revealed. For the frequency bands
observed with KAT 7 and the array’s resolving power, most common calibrator sources are indeed observed
to be point sources making them ideal for calibration purposes. These sources are required not to vary on
time scales of the observations, be isolated on the sky, and also with known and simple spectral behaviour.
This implies that, for these sources, the true visibility is known. These properties help in determining the true
visibilities of the target observations but they do have limitations such as the inability to use calibrators to
calibrate any variations that are on time scales shorter than the time it takes to switch between observing a
target and observing the calibrator. This is due solely to practical reasons that the calibrators are often not
located very near the target. In the cases where the target is sufficiently bright, it can be used to calibrate itself
through the process of self-calibration where the target visibilities are used to determine the complex gains in
equation 2.2, see e.g Taylor et al. (1999). During self-calibration: an initial rough model of the source is made,
then that model is used to convert the source to a point source, following this a solution for the complex gains
is determined and applied to the observed visibilities, a new model is then formed using the newly corrected
visibilities. This process is iterated until a certain user defined number of cycles is reached. The solutions
converge fairly quickly requiring just several iterations. We decrease our solution intervals each iteration to

better resolve the gain solutions with respect to time.

2.2.1.3 Bandpass calibration

The spectral behaviour of sources is also a vital property that requires to be accurately determined and thus
calibrated accordingly. This is achieved through bandpass calibration where the frequency dependence of the

complex gains G;;(v) is determined. This calibration is stage is where the simple and preferably well understood
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Figure 2.1: Gain solutions showing gain amplitude against frequency for our secondary calibrator, J0538-440. The
observations are those made at the high band with 6 antennas. The solutions are for the parallel hand correlations XX
and YY shown by different colours.
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Figure 2.2: Gain solutions showing gain phases against frequency for our secondary calibrator, J0538-440. The observa-
tions are those made at the high band with 6 antennas corresponding to Figure 2.1. Antenna 8 was used as the reference
antenna. The solutions are for the parallel hand correlations XX and Y'Y shown by different colours.
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Figure 2.8: Bandpass solutions showing gain amplitude against frequency for our primary calibrator, PKS1934-638. The
observations are those made at the high band for 6 antennas. The solutions are for the parallel hand correlations XX
(solid lines) and YY (dashed lines) with different antennas shown by different colours.

spectral behaviour of the calibrator is most evidently required. Bandpass solutions for this work are displayed

in Figure 2.3. We find that the bandpass response is stable over the observing periods.

2.2.1.4 Delay calibration

The physical nature of interferometers also introduces a time difference of radio signals received by different
elements in the array, causing the signal to reach one antenna sooner than the other in a baseline. This delay
comes from the geometry of the array but also has a contribution from signal propagation differences internal

to each antenna. The geometric delay can be defined as

T, =b-s/c, (2.3)

where the vectors are as defined in Figure 1.4 and the associated text. This delay can be determined by taking
the geometry of the array into consideration but the internal antenna based delay will need to be calibrated.
This is what, in practice, is called delay calibration. This delay so far, has only considered parallel-hand polarisa-
tion channels, that is XX, YY in linear polarisation terms or RR, LL in circular polarisation terms. Cross-hand
calibration is a related calibration step where the time differences between orthogonal polarisation channels
(XY, YX or RL, LR) are also calibrated so as to correctly determine polarisation signals from the source. The

details of polarisation calibration are discussed below.
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2.2.1.5 Polarisation calibration

The four correlations of the two orthogonal polarisations, mentioned briefly in the text above, fully express
the radiation field of a source. The polarisation procedures discussed so far, mostly account for calibration
of the parallel-hand correlations XX, YY (in the case of KAT 7 and MeerKAT which have linear feeds). The
calibration of signals in the cross-hand correlations, XY and YX, is vital if one is to discern the full polarisation
state of the source. Looking back at the Stokes parameters I, Q, U, and V, we can label the visibilities of
each component of the Stokes vector as Vi, Vo, Vi, and Vy,. In practice, these visibilities are coupled in linear
combinations contained in the visibilities of the four correlations XX, YY, XY, and YX; and are only separated
after the observation stage. Denoting the observed visibilities of each of the four correlations in the fashion

V(XY), we can implicitly express V7, Vi, V7, and Vi, through the following:

V(XX) =V 4 Vgcos2y + Vi sin 29, (2.4)
V(YY) ="V; —Vgcos2y — Viysin 2y, (2.5)
V(XY) = Vg sin 2y + Vi cos 2¢ + iV, (2.6)
V(Y X)=—-Vgsin2y + Vi cos 2¢p — iV, (2.7)

where 9 is the antenna polarisation position angle (Thompson et al., 2017).

Polarisation calibration comprises of two main stages viz: correcting for the polarisation leakage (instru-
mental polarisation) and correcting for differences in phase between the two polarisation channels in each of
the two cross-hand correlations. Polarisation leakage results from the fact that in reality, the two “orthogonal”
polarisation channels are not fully orthogonal and thus signals from one channel leak into the other and are
detected as part of that channel giving spurious detections. We can reveal the contribution of the complex

leakage terms Dx and Dy to the orthogonal channel voltages vx and vy through

vx = Exe ™ + DyEye™X, (2.8)
vy = Eyeix + DyEXeiiX, (29)

where the E'x and Ey are the unaltered electric fields in each channel. The leakage terms are in general
small compared to the true signals, save for strongly polarised sources, and so rewriting equations 2.4 - 2.7 we

can ignore products of the leakage terms, including those with Q, U and V. Thus

V(XX) =V + Vg(cos2th — DE y sin 24h) + Vs (sin 29 + D¥  cos 2¢) — iViy Dy i, (2.10)
V(YY) =V — Vg(cos 2t + Dy sin 2¢) — Viy (sin2¢) — DYy cos 240) + Vi Dy, (2.11)
V(XY) = —Vgsin2¢ + Vi cos 2¢ +iVy + (Dx1 + Dyo) Vi, (2.12)
V(Y X)=—-Vgsin2y + Vi cos 2¢p — iVy + (Dy1 + Do) Vi, (2.13)

where Dx; represents the leakage term contribution from antenna j in channel X and similarly for the

leakage term contribution in the other channel and the other antenna. D;E x and DY  are defined as

D} x = Dx1+ Dxa, (2.14)
Dxx = Dx1 — Dxs. (2.15)

D;}Y and Dy, are defined in a similar manner. Equations 2.10 - 2.13 follow the derivation of (Thompson

et al., 2017) where the formalism for circularly polarised feeds is also given. Also see Taylor et al. (1999).
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An unpolarised calibrator can be used to determine the relative leakage terms as the cross-hand channels will
detect non-zero polarisation due, solely, to polarisation leakage differences. With an unpolarised calibrator we
do not know the absolute Q and U of the source so we cannot relate the leakage back to the source frame. A
polarised calibrator will, however, determine the absolute leakages. Good parallactic angle coverage, provided
by observations over long periods (> 12 hours) following radio sources across the sky, minimizes the leakage
terms as their vector sum will approach zero (Jagannathan et al., 2017) but the intrinsic leakages from the feeds
will remain to be minimized during on-axis leakage calaibration. Section 3.5.1 presents our analysis of off-axis
leakages in the wide field MeerKAT (16) case. Thus telescope design can also be utilized for the purpose of

minimising leakage.

The gain and phase calibration discussed above neglects the phase differences in the cross-hand channels.
Calibrating of these phase differences involves the calibration of residual phase differences between the cross-
hands following parallel-hand phase calibrations. To this end, observations of a known calibrator (known Q+:U,
i.e both amplitude and phase known) with a strong linearly polarised signal are required. The polarisation
position angle will remain uncalibrated if a source of known polarization and position angle is not available. In
these cases, only the polarisation amplitudes given by \/m can be calibrated. This is the case with the
MeerKAT observations that we have analysed (see Section 3.3.1). Our polarisation leakage solutions for our
KAT 7 observations are plotted in Figures 2.4 and 2.5

2.2.1.6 Applying calibrations

Processing of the data, both calibrations and imaging, was carried out using the Common Astronomy Software
Applications?, CASA (Mcmullin et al., 2007) package. The software is being developed for the current and
next generation large synthesis arrays such as the Very Large Array (VLA) and similar facilities. CASA is a
suite of C++ radio data reduction and analysis functions and tools. CASA also incorporates an interactive
Python (iPython®) front-end and has the ability to handle both single dish and interferometric radio data.
CASA is an international collaboration with development by scientists at the National Radio Astronomical
Observatory (NRAO), the European Southern Observatory (ESO), the National Astronomical Observatory of
Japan (NAQOJ), the Academia Sinica Institute of Astronomy and Astrophysics (ASTAA), the CSIRO division
for Astronomy and Space Science (CASS), and the Netherlands Institute for Radio Astronomy (ASTRON)
and all guided by the NRAO. CASA provided the most flexible, capable and accessible reduction and analysis
software for the student and has been in use on various studies using SKA precursor observations such as in

the case of this thesis, allowing the student to learn from various experienced colleagues and other astronomers.

The un-calibrated and unedited observations from the telescope have a few artefacts and some of these are
large errors at the peripheries of the observing bands. This is the roll-off due to the shape of the finite bandpass.
This is caused by the telescope electronics and feed limitations. The severity of this effect varies as a function
of frequency of the radiation, being larger at the shorter wavelengths characteristic of the ultra-violet end of
the spectrum but less severe at the longer radio end. We remove the channels at the upper and lower ends of
the band due to this effect. The visibility data was then inspected visually for other artefacts such as radio
frequency interference (RFI) signals and instrumental fluctuations. The RFI generally emerge as large localised
amplitudes when looking at variations of the visibilities across all channels. Figure 2.6 displays the amplitudes
observed across all channels, for all baselines, and for all polarisations (XX, YY, XY, YX). This observation is
that of the flux calibrator PKS1934-638. The artefacts are removed through flagging the data manually, initially,
followed by automated flagging through the specialised CASA task ,“flagdata()”. The mid-band, centred at 1600
MHz, was very heavily populated with RFI occupying a large fraction of the band. Analysis in this band was
severely compromised as a result and we did not include the mid-band in our subsequent analysis. The low

band also had some significant RFI but still had substantial data after removal of these artefacts, while the

2https://casa.nrao.edu/
Shttps://ipython.org/


https://casa.nrao.edu/
https://ipython.org/

CHAPTER 2. BROADBAND POLARIMETRY WITH KAT 7

°©
o
~

e
o
=

Gain Amplitude
o
o
=

o
o
~

o
o
=

0.00

0087
007}

0 0.06f

T

2005}

£ o004}

<

c 0.03f

s

0 002}
oo1f
0.00|

Gain Amplitude
o o o o
o o ©o o
N w S w

o
o
=

0.00

©
o
w

°©
o
w

D table: Leakage.dgencal Antld=0
b T e & % od "f,

. o Lok .
s b UBlwe | ndems o eafirat
o3 ..;7= ”‘..,.. .....,'&5 [
HLpr T SR ot '
S
v »
. X1

1820 1840 1860 1880 1900 1920 1940 1960
Frequency (MHz)

D table: Leakage.dgencal  Antld=2

1820 1840 1860 1880 1900 1920 1940 1960
Frequency (MHz)

D table: Leakage.dgencal  Antld=4
° & ®
. L " ..
e . .gp--,' N .
3'!2'&-. 3 S,Ef"‘ .
e R ST R AR

1820 1840 1860 1880 1900 1920 1940 1960
Frequency (MHz)

Gain Amplitude

o ° o o o
o o o o o
w £y w o ~

o
o
N

0.08f
0.07f
B 0.06}
3
£ 005}
£
£ 004r
£ 0.03+
©
O 002}
0.01}
0.00}

0.07f
0.06 |

2005}

=2

= 0.04)

£

< 0.03}

<

©

& 002}
0.01}

0.00

D table: Leakage.dgencal Antld=1
0?...
v o3, v
3 BN, %S s
L 's:'?'
Sy e FRE By TS
G S .
TSRS k. L -
R R R e
s $oFTeuT s, ]
~ : B g8 ML A §
: o . .‘\‘ 8 epstee. 39
° ° Ve, ?";:.:‘...“}: |
Lh R ST s
. e . ;'3".-&:»5
° . ’. L} ': 1
L4

1820 1840 1860 1880 1900 1920 1940 1960
Frequency (MHz)

D table: Leakage.dgencal Antld=3

1820 1840 1860 1880 1900 1920 1940 1960
Frequency (MHz)

D table: Leakage.dgencal  Antld=5

P X
. 0‘

A i . TesTe

T TR L+t A

¥ f, ° }“:&is,,...ﬁ’.n Lo

o3 22 e o3 8 A 8% "

g dve N @ ed , B,
8 L Vagel

og * o To® © 8 2] ° -
e LG sk AL =
SR G A A T
° R e 3 °‘. X

050" g 2°

1820 1840 1860 1880 1900 1920 1940 1960
Frequency (MHz)

28

Figure 2.4: Polarisation leakage (D-terms) solutions showing amplitude against frequency for our secondary calibrator,

J0538-440. The observations are those made at the high band with 6 antennas.

correlations XY and YX shown by different colours. Antenna 8 (antID 2) was used as the reference antenna.

The solutions are for the cross-hand
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Figure 2.5: Polarisation leakage (D-terms) solutions showing phases against frequency for our secondary calibrator,
J0538-440. The observations are those made at the high band with 6 antennas corresponding to Figures 2.1 - 2.4.
Antenna 3 was used as the reference antenna. The solutions are for the cross-hand correlations XY and YX shown by
different colours.
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high band had little to no RFI. The recovered bandpass and number of operating antennas for each observing
run are listed in Table 2.1.

PKS1934-638 was used primary calibrator, for absolute flux calibration (initial gain calibrations), and to
measure the complex bandpass shape and cross-hand delay for all observations. The sources J0538-440 and
J0240-231 were used as secondary calibrators to track time-dependent amplitude and phase calibration over
the course of each observations and for polarisation calibration. The actual flux-scale of the observations is
determined following calibrations of the complex gains. The determination of the gains does not determine the
absolute flux of the calibrators and so a flux-scale has to established. We use the “flurscale” and “setjy” tasks
in CASA to establish correct absolute fluxes of sources, along with their uncertainties.

Along with the intrinsic linear polarisation signals, the time-dependent total intensity gain is coupled to any
polarisation signal from the calibration sources. We use the task “QUfromgain”, that is part of the ALMA*
helper tasks, to solve for the polarisation of the calibration source by its effect on the gain solution — the
effect being rotation of the source polarisation against the feed parallactic angle. The X-Y phase angle is then
calibrated. The resulting source polarisation model is then used in the “polcal” task to solve for the polarisation
leakage. We then apply calibration solutions from the initial antenna based time-dependent gain solutions and
the frequency-dependent cross-hand phase calibration. Frequency dependent polarisation leakage solutions are
produced and all calibration solutions are applied to all sources. We do not observe calibrators with known
absolute polarisation position angle. Therefore, while the relative polarisation position angles as functions of

frequency are calibrated, the absolute polarisation position angles for the polarisation solutions are not known.

2.2.2 Imaging

To produce an image from the observed visibilities, a Fourier inversion of equation 1.7 is performed, obtaining
the surface brightness distribution, I(l, m,n), in units of flux density per solid angle, most commonly Jy/beam.
The sky coordinates (I, m,n) are directional cosines describing the deviations o in the expression for the source
position s = sg+o. An initial image, called the dirty image, can be made and is so called because of the discrete
sampling of the true visibilities involved in real observations. In general, the real visibilities are multiplied by
a visibility sampling function which, when Fourier inverted, becomes a convolution with the real image and is
then called the dirty beam. The deconvolution of this image is then performed to get the real image. We use
the CLEAN (Hogbom, 1974) approach to do this. This approach makes the assumption that the image is a
collection of point sources and in so doing, approximates real sources in the image as collections of point sources.
The simplest form of CLEAN searches the dirty image for the location and value of the maximum flux, then
subtracts a fraction of it (the maximum multiplied by a factor called the loopgain < 1 — the loopgain in this
work is the typical value of 0.1) from the dirty image and records the position and the fraction of the maximum
flux in a model image (a model surface brightness distribution) as a point source. The process is the repeated
until a predefined threshold is reached. The model image is then convolved with an idealized beam — often an
elliptical Gaussian fit to the dirty beam. The CLEAN threshold is chosen as to eliminate the contribution of
noise in the final image. It is usually taken as a flux that is a few times above the rms (root-mean-square) noise

or as a certain number of CLEAN iterations.

The imaging and deconvolution, in this work, was done using the Clark(Clark, 1980) variant of the CLEAN
algorithm implemented in the CASA through the CLEAN-based task, TCLEAN. The Clark CLEAN approach
is composed of two stages/cycles called the minor and major cycles where bright points are CLEAN’ed in the
minor cycles and then the collection of the points found are subtracted through a fast Fourier transform (FFT)
during the major cycles. Figure 2.7 displays the results of our deconvolution with panels showing a slice through

the Stokes I image cubes of each of our six sources.

4Atacama Large Millimeter/submillimeter Array
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Figure 2.6: The unedited visibility amplitudes across all channels from our KAT 7 observations shown for the flux
calibrator PKS1934-638. The amplitudes are from all baselines in each of the three observing bands. One can see the
various artefacts that were removed during calibration. The high band had the least amount of artefacts.
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Figure 2.7: Final Stokes I images of all sources (source in each panel labelled) at the highest frequency in the high band
for each observation. The ~ 3.6’ synthesized beam can be seen as the black ellipse to the bottom left of each panel.

2.3 Total and polarized intensity

Our observations allow us to analyse the total integrated Stokes I, Q, and U intensity, adding to what is already
known about the sources. The sections below explore our results and compares them with the literature where
possible. Integrated Stokes I, @), and U image cubes were made for each source. We averaged every ten
visibility channels into 3.9 MHz channels making up each image cube. The cubes were made to resolve the
spectral behaviour of I, @, and U. The typical synthesized beam (the interferometer response to a point-source
obtained by averaging the outputs of all antenna pairs) at the low band is ~ 4.9" and ~ 3.6" at the high band.

The observed angular size of our sources is consistent with these beams, as can be seen in Figure 2.7.

2.3.1 Total intensity

We extracted spectra in I, @ and U using the intensity of the peak values of the total integrated intensity from
each Stokes cube. The error contributions from the imaging stage for each of the peak intensities are estimated
by taking the rms of intensities at ~ 50 off-source locations in each frequency plane. The flux at these locations
should be consistent with noise as our image fields are not crowded and these regions were chosen to be those
devoid of sources. This error is then combined with the errors associated with the flux scale set by the task

fluzscale through the simple relation

o1 =1\/02,s + 0%, (2.16)

where the rms noise is represented by o,,,s and o is the bootstrap error derived through the fluzscale task
during the calibration process. We then propagate these errors for derived quantities, such as linear polarisation
p=+/Q?+ U?/I, calculated from I, Q and U. The peak intensity value is a measure of the total flux density

because the sources are spatially unresolved.

Per-channel Stokes I integrated flux densities for each source are shown as blue dots in Figure 2.8. For
comparison we also show flux densities for each source over a broad frequency range obtained from the NED

database®. There is very good agreement, at frequencies sampled by KAT 7 (~ 1 —2 GHz), between previously

Shttp://ned.ipac.caltech.edu/
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Figure 2.8: Total integrated intensity across KAT-7 band (blue points) and corresponding literature values at frequencies
overlapping with the KAT-7 band. We also display power law spectral fits of the form I(v) ~ v fitted to both our KAT 7
data (blue solid line) and, where possible, the NED data (red dashed line). Top panels: Left: The flux calibrator, PKS
1984-638. Middle: NGC 1808. Right: NGC1097. Bottom panels: Left: The polarization calibrators, J0538-440 and
J0240-231 (middle). Right: PKSB0407-658.

reported total intesity values and our results for PKS1934-638, NGC1808 and PKS0407-658. We fit a power

law spectral behaviour of the form (see Section 1.1.1)

I(v) ~v™°, (2.17)
where « is the logarithmic slope of the spectrum (see e.g: de Gasperin et al. (2018))

_ OlogI(v)

2.1
Ologv (2.18)

The majority of radio galaxies have a linear spectrum that decreases with increasing frequency on logarith-
mic scales and this leads to a negative value for the spectral index (e.g. de Gasperin et al., 2018; Waldram
et al., 2018). This is not always so, however for some other types of radio sources such as GPS sources which
tend to have significant curvature in their spectra. This can be seen for PKS1934-638 in the top left panel of
Figure 2.8, although our results agree with the literature at frequencies observed by KAT 7, we cannot make any
conclusions beyond those frequencies as the power law relation also does not hold for much of the frequencies

that differ from 1 GHz by about an order of magnitude.

2.3.2 Polarimetry

We introduce and discuss, in Section 1.1.1, the importance of analysing and understanding the properties of
polarised radio synchrotron radiation. The KAT 7 telescope array, even with limitations that it is subject to
(one being that it was built with the intent of just being an engineering test-bed for MeerKAT and the SKA
(Foley et al., 2016)), has been able to provide full polarisation observations which will be able to shed some light

on the polarimetric properties of radio emission from galaxies. Synchrotron theory (see e.g Klein and Fletcher,
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2015) dictates that the observed linear polarisation fractions of total observed radio emission be approximately
~ 70%, however, polarisation degrees this high are rarely seen in practice where degrees of polarisation of a
few percent are deemed highly significant (e.g Vollmer et al., 2013). The alteration of the polarised signals to
levels much lower than expected is due to many processes that affect the light from the moment it is emitted by
the radio source to the point where the signal is converted to human discernible information at the telescope.
Our goal is to disentangle some of these processes and their properties as they relate to changes in polarised
emission. To this end, we explore the spectral behaviour of linear polarisation from our KAT 7 observations as
one of the most apparent changes to polarised emission is depolarisation behaviour with increasing wavelength
(e.g Burn, 1966; Heald et al., 2009; Braun et al., 2010; Heald et al., 2015).

The observed linear polarisation intensity
/02 + U2
Q%’ (2.19)

is often not an accurate representation of the true polarisation. This is due to the errors in; and also the

sinusoidal nature of the complex quantities that are () and U. As an example, take the case where the mean
Q@ and U signal is zero within some error. Using equation 2.19 will give a non-zero degree of polarisation,
which is of course wrong. This bias has been known early in the development of radio polarimetry (e.g Wardle
and Kronberg, 1974; Simmons and Stewart, 1985) and estimators of the true polarisation degree p, have been
devised and reported on by (Simmons and Stewart, 1985), where the authors focus especially at the low signal

to noise case where noise contributions to the observed polarisation intensity are significant.

We derive the bias corrected (Simmons and Stewart, 1985) integrated linear polarization degree, p, by

making use of the following relations:

p= V¢ +u? (2.20)

o) — V(g x0q)? + (ux au)2’ (2.21)

p

Po = /P — 0}, (2.22)

where o, is the root-mean-square (rms) error in the observed linear polarization degree p and o, and o, are

the equivalent quantities for ¢ and u, respectively. uw = U/I and ¢ = @Q/I. Our bias correction follows the
Wardle and Kronberg method (Wardle and Kronberg, 1974) which best approximates p, for observations where
p/op 2 0.7. For lower signal to noise, i.e p/o, < 0.7 (with o, initially calculated via equation 2.21), we use the
method outlined by Heald et al. (2009) where:

4—7
2

We denote with ogy the noise in the fractional Stokes parameters g and u, where ogy is the rms noise

Op = oQuU- (223)

of the per-channel errors in ¢ and u. The band-averaged linear polarization intensities shown in Table 2.2 are

calculated from the mean ¢ and u (or @ and U as reported in Table 2.2) values viz

p={p) =v{n?*+ W? (2.24)

Do =1/ (p)? — o3 (2.25)
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2.4 Rotation Measure synthesis

We apply the Rotation Measure synthesis technique of Brentjens and de Bruyn (2005) to analyse the intrinsic
polarization properties of our data, making use of the technique’s power to resolve the different components that
alter polarised radio emission (see Section 1.3.1 for an introduction and background). We use x to transform
the observed P()\?) into F(¢) and then observe the behaviour of the Faraday spectrum. We use a grid of trial
¢ values, with steps of 0.1 rad/m? (¢ € [—1000,1000] rad m~2), to observe the behaviour of F(¢) in Faraday
depth space. F(¢) is expected to peak at certain ¢ values that best approximate the intrinsic values of ¢ that
are characteristic of each component, along the line of sight, that contributes to Faraday rotation of the incident

radio emission. We perform RM clean following the steps explained in Section 1.3.4.

We use the entire KAT-7 radio frequency (RF) range (that is 1200 - 1950 MHz) in calculating the reso-
lution in Faraday space, d¢. This we do because the data that was used for rotation measure synthesis did
actually cover the entire range but with large wholes in the middle where the mid-band would have been. The
resolution, d¢, is slightly worse (=~ 121 rad/m?) in the observations of NGC1808, 0538-440, PKSB0407-65, and
PKS1934-638 than in the NGC1097 and 0240-231 cases, where §¢ ~ 102 rad/m?. This is due to the discrep-
ancies in the wavelength sampling between these groups of observations where less sampling was achieved in
the former. Table 2.4 contains the key parameters quantifying the limits of our KAT-7 data with regard to
extracting polarization information from RM synthesis. KAT-7’s A2 sampling limits us to Faraday depths of up
t0 |Pmaz| = 1.67 x 10* rad/m? (|¢maz| = V3/6A2, Brentjens and de Bruyn (2005)).

Faraday complexity is wavelength dependent and Brentjens and de Bruyn (2005) define as Faraday simple/thin®,
any source where \>A¢ < 1, and Faraday complex where \2A¢ > 1. A¢ is the extend of the source in ¢-
space, a width of the source’s Faraday spectral peak. Complex sources tend to be have numerous and/or broad
Faraday spectral peaks, owing to a mixing of Faraday rotating and/or emitting media along the LoS, and depo-
larise strongly with A\2. Simple sources have Faraday spectra that are better approximated by a single Dirac-§
function (Brentjens and de Bruyn, 2005) and polarisation angles that are modelled by the linear relation in
equation 1.10. We use this definition for Faraday complex/simple source classification but also visually classify
our sources after performing RM clean. A source whose reconstructed/cleaned Faraday spectra are found to
have only a single peak at a certain Faraday depth, ¢, is identified as Faraday simple and it then follows that
any source whose reconstructed Faraday spectrum is found to have multiple ¢-components/peaks or a single
component whose peak is broader than the FWHM of the RMTF is identified as Faraday complex.

We sample the ¢ grid at 0.1 rad/m? so as to accurately look for Faraday emission components while leaving
the computational requirements of our analysis as practical as possible. We then convolve the RM components
arising from the RM synthesis process with a continuous MeerKAT RF range that combines the L and UHF
bands — 0.55 to 2.0 GHz. This super-resolution helps to display complex components in the intrinsic Faraday
spectrum that we reconstruct, see Figures 2.15 - 2.18 where the reconstructed/clean |F(¢)| is plotted to display
the ¢-components found with above the RM clean threshold.

2.5 Uncertainties

We quantify the statistical significance of ¢-component detections by imposing a flux threshold to the RM
clean algorithm. Our target confidence is set at > 99% . To this end, we select 1000 off-source positions”
for each source image cube. We then extract the Q(X), U(X) and I(\) fluxes at these positions in a simi-
lar fashion as in the cases of the sources. We apply the RM clean algorithm at these off-source positions.

We determine the maximum amplitude |F|mnq, from the ensemble of off-source positions, above which the

SFaraday thick/thin as introduced in Section 1.3.1
"Positions in the image that are away from the phase centre.
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Table 2.2: Band averaged values of integrated Stokes I,,, linear polarisation intensities (P, ), and also Q, U noise
(0ou) of our KAT-7 data. The error in the averaged values are o/v/N, where N is the number of channels, o is the
standard deviation of the values and v. is the frequency associated with the band. The low and high bands are indicated
by sub-/superscripts 1350 and 1850, respectively indicating ve in MHz. The Band averaged linear polarisation intensities
are (P), and (Po) is the band averaged bias corrected intensity. All values are recorded in mJy/beam.

Source T1350 Pi3so ﬁcl,?)so ?g’f}o T1g50 Pisso ﬁisso 55350
NGC1808 514.6 + 0.2 2.4+0.3 2.4+0.3 0.3 400.3 £0.2 22+0.3 2.2+0.3 0.3
NGC1097 340.8 £ 0.3 26+0.3 2.6+0.3 0.4 248.0+0.1 3.6 +0.02 3.54+0.2 0.2
J0240-231 5727.4+£1.2 5894+0.7 589£0.7 0.6 4861.1 £0.8 101.5+0.8 101.54+0.8 0.5
J0538-440 3923.0+0.0.3 276+15 276+15 0.6 3806.5 £ 1.3 109+1.0 109+1.0 0.4
PKS1934-638 14876.9 £ 0.5 146+44 145+44 1.5 13315.6 £0.3 5.1+£1.2 5041.2 1.0
PKSB0407-658  15130.7 £ 1.0 18.7+3.1 1874+3.1 1.5 10848.2+1.0 21.7+£14 21.7+14 1.3

Probability (| F|maz,i = |Flmaz) < 0.001 — where |F|pqq is the peak |F(¢)| of the #th ¢-component for a
position in the ensemble. This gives us a 0.999 detection probability of individual ¢-components for each of

our science targets. The RM clean threshold is then set to 3x this noiselevel. We label this threshold as o,f.99.9.

We apply no weighting in our RM synthesis algorithm. We attempted the weighting function o, 2. This gave

no effect in the overall properties of the Faraday spectrum and so it was dropped for simplicity in our calculations.

2.6 Results

The subsections to follow present the results of the polarimetry and rotation measure synthesis analysis, de-

scribed in sections 2.3.2 and 2.4, on our KAT 7 observations of six radio sources.

2.6.1 Radio Spectra

The results from our analysis of the total and polarised intensity spectra are presented below.

Total Intensity

Table 2.2 reports the band averaged integrated intensities derived from our dataset. Our total integrated inten-
sities for NGC1808 and NGC1097 are in agreement with literature values of ~ 497.0 and ~ 219.0 mJy at 1.49
GHz, respectively (Condon et al., 1996), no errors were reported for these literature fluxes in the NED database
at the time of this work, but they do serve as adequate indication for our derived values. The agreement with
previous studies also holds for the total intensity of the flux calibrator, PKS1934-638, and we find agreement

with several studies that together span a larger bandwidth than our KAT-7 measurements.

Total integrated flux profiles for our sample are displayed as blue dots in Figure 2.8. We also sh