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Abstract

This PhD thesis contains 5 Chapters. Chapter 1 presents a short overview
of the solar corona, quiet Sun, active regions, solar flares, and coronal holes.
The magnetoionic theory, the gyromagnetic, bremsstrahlung, and plasma emis-
sion mechanisms, the generation and propagation of the radio waves in the
solar corona are then briefly described. The FORWARD software package for
modelling the thermal coronal emission based on the MHD Algorithm outside
a Sphere (MAS) model, is discussed next. The Murchison Widefield Array
(MWA) interferometer is described then, followed by descriptions of solar type
radio bursts, their classes, and their appearance in the dynamic spectrum.
Afterwards, the radio properties of coronal holes and type III solar radio bursts
are described thoroughly, focusing first on observations using the MWA and
other radio instruments and then on theory. The intriguing properties of type
I1Is described include their appearance, drift rates, decay time, and circular
polarization properties.

In Chapter 2 (Rahman et al., 2019), we present low-frequency (80 —
240 MHz) radio observations of coronal holes (CHs) made with the MWA.
CHs are expected to be dark structures relative to the background corona
across the MWA’s bandwidth due to their low densities. However, we observe
that multiple CHs near disk center transition from being dark structures at
higher frequencies to bright structures at lower frequencies (< 145 MHz). We
compare our observations to synthetic images obtained using the software suite

FORWARD, in combination with the MAS model of the global coronal magnetic



field, density, and temperature structure. The synthetic images do not exhibit
this transition, and we quantify the discrepancy as a function of frequency.
We propose that the dark-to-bright transition results from refraction of radio
waves into the low density CH regions, and we develop a qualitative model
based on this idea and the relative optical depths inside and outside a CH as
a function of frequency. We show that opacity estimates based on the MAS
model are qualitatively consistent with our interpretation, and we conclude
that propagation and relative absorption effects are a viable explanation for the
dark-to-bright transition of CHs from high to low frequencies.

In Chapter 3, we present low-frequency radio observations of circular
polarization in sixteen isolated type III solar radio bursts observed by the MWA
between August 2014 and November 2015. We find that near burst onset,
most of the burst events show degrees of circular polarization 5—30% at 80
MHz and 15—-40% at 240 MHz and these percentages are 3—15% and 5—25%
near burst maximum. We then measure polarization fraction as a function of
burst source position and find on average higher polarization fraction when
the source is near disk center and lower polarization fraction near the limb.
We study the total intensity (Stokes I'), circularly polarized intensity (Stokes
V'), and polarization fraction (| V'|/I) profiles of a type III burst event with
no source motion and two burst events with source motion as a function of
position at times near burst maximum. For the burst event with no source
motion, we obtain symmetric profiles for Stokes I, V, and | V |/I but we
find asymmetric | V |/I profiles for those burst events which have source
motion. We argue this is due to fundamental emission at the front of the
type III electron beam and motion of the burst source. We then perform
imaging studies of the polarization fraction for moving sources. At burst onset,
we find higher polarization fractions for the burst source, which is due to a

larger contribution from fundamental plasma emission. At burst maximum the
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polarization fraction is lower, corresponding to a mixture of fundamental and
harmonic emission. During the decay phase, the emission is dominated again
by the fundamental component, which decays with lesser polarization fraction
due to scattering. This pattern of fundamental, fundamental and harmonic,
and then fundamental emission with time is consistent with the interpretations
of Dulk et al. (1984), Robinson et al. (1994), and Robinson and Cairns (1998).
We propose that scattering effects can be a viable reason for getting a lower
polarization fraction for type III events. Finally, we measure the decay time
(tq) after peak intensity for three events as a function of frequency (f), finding
tgoc [

observations (t4 o< f

20201 fr0m 80 to 240 MHz and larger ¢, as compared with the previous

—1.110.1)_

In Chapter 4, we present analyses of low-frequency observations of type III
solar radio bursts using the MWA. Specifically, near times of burst maximum
intensity, we study the burst source sizes, flux densities, and brightness tem-
peratures of 10 type III events in both total (Stokes I') and polarized intensity
(Stokes V') images. We find that the source area A increases as f decreases,

-2.410.4

varying as A o< f and A o f_Q'GJ‘rO'4 in Stokes I and V images, respec-

2.5i0.2. We propose that the

tively, whereas the MWA beam area varies as f
source sizes, once separated from the effects of the MWA beam, do not support
scattering (which predicts A oc f~*) as the primary physical effect determining
the observed source sizes. We interpret the observed source size changes as
due to divergence of open magnetic field lines, which causes the source size
to increase at lower frequencies and larger heights. On average, the total and
polarized fluxes are found to increase as frequency decreases, although some
events have a peak flux at intermediate frequencies = 108—132 MHz. We find
total fluxes of 550 SFU at 80 MHz and 50 SFU at 240 MHz averaged over

our sample, which are consistent with the results (log-flux density of type I1Is

ranging from 0.2 to 4.8 at 80 MHz) reported by Dulk and Suzuki (1980). Our
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flux values are within the range of their flux values. On average the brightness
temperatures T;, decrease as f increases and we find maximum 7j, = 4X 10" K
at 80 MHz and minimum 7} = 1.2x10° K at 240 MHz. Our results of T, are
consistent with the observations (logTy: 7—11.5 at 80 MHz) of Dulk and Suzuki
(1980). T, does not depend on the source’s position, although this finding is
uncertain since we analyse a small number of burst events. We argue that
divergence of open field lines is a viable process for the source size increasing as
the frequency decreases.

In Chapter 5, a final summary and suggestions for future work are presented.

The PhD thesis ends with a set of references.
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Chapter 1

Introduction and Literature

Review

This introductory chapter starts with a brief description of the solar corona, quiet
Sun features, active regions, solar flares, and coronal holes. The magnetoionic
theory, the gyromagnetic, bremsstrahlung, and plasma emission mechanisms,
and the generation and propagation of radio waves in the corona are then
described. The FORWARD software package for modelling thermal coronal
radio emissions, based on the MHD Algorithm outside a Sphere (MAS) model,
is presented next. The Murchison Widefield Array (MWA) interferometer is
described then, followed by descriptions of solar radio bursts, their classes, and
their appearance in the dynamic spectrum. After that, the radio properties of
coronal holes and type III solar radio bursts are described thoroughly, focusing
first on observations using the MWA and other radio instruments and then on
theory. The properties described include their drift rates, appearance, decay

time, and polarization properties.



Ch. 1: INTRODUCTION

1.1 Solar Corona

The Sun is a source of energy for not only human beings but also for many
other living creatures on the Earth. The dynamic activities of the Sun are of
great interest to astronomers and space physicists due to not only its closeness
to the Earth but also its influence on solar terrestrial activities. We know that
the Sun consists of a core, convective zone, photosphere, chromosphere, and
corona. Figure 1.1 shows these regions of the Sun’s interior and its atmosphere.
It is quite fascinating that the temperature of the Sun increases from a few
thousand degrees kelvin to up to 3 million degrees kelvin as we move outward
from the photosphere to the corona (or outermost part of the atmosphere) of
the Sun.

The Sun’s atmosphere consists of four distinct regions: photosphere, chro-
mosphere, transition region, and corona. Figure 1.2 shows characteristic tem-
peratures and particle densities of these regions as a function of height. The
photosphere is a thin spherical layer of thickness = 300 km and its temperature
is 4500—6000 K. Most of the visible emission radiates from the photosphere.
There is another spherical layer of thickness = 2000 km above the photosphere
called the chromosphere and its temperature is 10" K approximately. The
chromosphere is separated from the lower corona by a thin layer of a hundred
km thickness which is called the transition region. At the transition region, the
temperature increases rapidly steeply from = 10" to 10° K.

The outermost part (or atmosphere) of the Sun is the corona, a gaseous
plasma region with a temperature of 1 to 3 million degrees kelvin. Details about
the solar interior and its atmosphere are explained by Priest (1982). We note
that the particle densities in different regions of the Sun’s atmosphere decrease
as we move outward from the surface of the Sun (photosphere). The corona has

three domains that correspond to different observing frequencies (Figure 1.2), 1)
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Figure 1.1: Different regions of the Sun and its atmosphere. Credit: NASA.

the lower corona from the photosphere up to 1.2 Rg, 2) the middle corona from
1.3 Re to 3 Rg, and 3) the upper corona from roughly 3 Ry and above. Figure
1.3 shows a bright and intense solar coronal image at 171 A obtained by the
Solar Dynamics Observatory (SDO). The lower and upper parts of the corona
contain intense active regions with strong magnetic fields arranged in magnetic
loops so that the energetic particles can not easily leave. Some low-latitude
coronal holes also exist in the corona. We add that coronal holes are low density
and less active regions of the solar corona. Details about coronal holes will be
discussed in later Sections and in Chapter 2 of this thesis (Rahman et al., 2019).

The Sun and corona can be observed across the electromagnetic spectrum,
using different observing techniques for different wavelength ranges. Each
wavelength of observation corresponds to a particular height of the solar at-

mosphere. Gases and plasmas with different temperatures produce light at
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Figure 1.2: Variations of the temperatures and densities of the Sun’s atmosphere
as function of height whereas height zero corresponds to the solar surface (1
Re) (Lang, 2001).

different wavelengths. Higher temperature atoms produce photons with higher
energies and so shorter wavelengths. The Sun emits EUV light and x-rays at
shorter wavelengths and radiates radio emission at longer wavelengths. The
Atmospheric Imaging Assembly (AIA) instrument on SDO can successfully
observe the Sun’s atmosphere at different wavelengths of light that correspond
to different heights from the surface of the Sun.

The photosphere can be observed at visible wavelengths. During solar
eclipses, the chromosphere and corona are observed when the Moon occults the
bright photosphere. The chromosphere is seen not only at microwave frequencies
but also at ultraviolet frequencies. The corona can be observed in soft and

hard x-rays, extreme ultraviolet (EUV), ultraviolet (UV), gamma rays, and

radio frequency photons. The different layers of the corona can be observed in
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Figure 1.3: Solar corona at 171 A with presence of active regions (ARs), magnetic
loops, and coronal holes. Credit: SDO/AIA.

different wavelength ranges: the lower corona can be observed at centimeter
and decimeter radio wavelengths, the middle corona at meter and decameter
radio wavelengths, and the upper corona at hectometer and kilometer radio
wavelengths. Ground-based microwave and radio observations can be used to

observe the chromosphere and the corona.
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1.1.1 Quiet Sun

The quiet Sun is said to be the undisturbed Sun where there are no active
regions and coronal holes, in the absence of any transient events like solar flares,
prominences, coronal mass ejections, etc. As a result, the quiet Sun is viewed
as a static, spherically symmetric hot ball of plasma. Solar radio emissions are
often divided into two components, a slowly varying background component
corresponding to the quiet Sun and a sporadic component corresponding to solar
radio bursts (Kundu, 1965). The quiet Sun is defined to be when and where
the corona is less active, for instance during solar minimum, and emits mostly
thermal emissions because of its lesser activity and the absence of active regions
(see Figure 1.4). But during the solar maximum phase and from active regions,
for instance, bursts of non-thermal radiation are produced that propagate to
the Earth through interplanetary space as a result of solar flares, coronal mass
ejections, etc.

Figure 1.5 shows the solar corona around solar minimum (top) and solar
maximum (bottom) during solar eclipses. During solar minimum, the corona
has a simple structure that looks calm and undisturbed due to there being
few sunspots. There are streamers in the low latitude corona and a coronal
hole at the north pole. There may be some prominences at the streamer
sites. On the other hand, near solar maximum the corona looks very complex
with many streamers at all latitudes due to there being numerous sunspots and
magnetically active regions. Of course an eclipse can exist for only a few minutes
and requires a favourable place and time to observe it. Thus coronagraphs
are an alternative way to provide on-demand spectacular views of the Sun’s
atmosphere. A coronagraph is a telescope that is capable of seeing things close
to the Sun since it produces an artificial solar eclipse. It uses a disk to block

Sun’s bright photosphere and reveal the fainter corona, stars, planets, and
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Figure 1.4: (Left) Solar quiet corona around solar minimum at 193 A with
coronal holes at both the north and south poles. (Right) The photosphere at
visible light with darker sunspots. Credit: NASA/NOAA.

comets. The SOlar and Heliospheric Observatory (SOHO), European Solar
Telescope (EST), and Goode Solar Telescope (GST), etc are capable of doing
solar coronagraphy to observe the Sun’s atmosphere and its corona.

Radio emission from the quiet Sun has a minimum level when there are no
sunspots or active regions on the solar disk. The dominant component of back-
ground emission released from the quiet Sun is thermal in nature (Alissandrakis,
1994). This radio emission is mostly due to the free-free or bremsstrahlung
emission process in the presence of relatively weak magnetic fields (Kundu,
1965). On the other hand, the emission in radio bursts is non-thermal in nature
and generally originates from active regions, often in association with flares and
coronal mass ejections.

The observations of the Sun’s slowly-varying component have been done by
many authors, but including specifically by Lantos and Alissandrakis (1994)
at meter wavelengths (164 MHz) and by Lantos et al. (1987); Lantos et al.
(1992) at decimeter, meter, and decameter wavelengths and Schonfeld et al.
(2019). Weak noise storm continua, the most frequent sources of slowly-varying
component, were observed at 169 and 73.8 MHz using Nancay and Clark Lake

Radioheliographs, respectively. This emission is typically believed to peak near
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Figure 1.5: Solar corona around solar minimum (top) and solar maximum
(bottom). Credit: NCAR’s High Altitude Observatory and Rhodes College.

2.8 GHz (or 10.7 cm wavelength) and is often referred to as the Fijy; solar
microwave flux despite its wide range of frequencies.

The physics of the quiet Sun, where the emission comes from slowly varying
components during quiescent periods has attracted a great deal of interest
from the solar physics research community (Kundu, 1965; Lantos et al., 1992;
Alissandrakis, 1994). In particular, the radio observations of the quiet Sun
were investigated by many authors at multiple radio frequencies using many
radio instruments, as reviewed by Alissandrakis (1994), Lantos (1999), Mercier
and Chambe (2009), Shibasaki et al. (2011), and Mercier and Chambe (2012).
For instance, Axisa et al. (1971) observed the quiet Sun at 169 MHz using the
Nang¢ay Radioheliograph, finding that the thermal radio emissions are linked

with filaments and coronal streamers. Later, using the Culgoora radioheliograph,
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two-dimensional images of the quiet Sun at 80 and 160 MHz were reported by
Dulk and Sheridan (1974). They investigated maps of the brightness distribution
of the quiet Sun and reported that darker radio regions were well correlated with
darker regions on the UV maps, which corresponded to coronal holes whereas

the brighter regions are associated with quiescent filaments.

1.2 Solar Radio Sources

During more active periods of the Sun, the corona shows dynamic activity with
complex phenomena that include emissions at radio and other wavelengths
which are not thermal in nature. These sources are active regions, solar flares,
etc., some of which occur on small spatial scales and others on large spatial
scales. Details of thermal vs non-thermal radiation and active regions are given

in Sections 1.2.1 and 1.2.2. Solar flares are described in Section 1.2.3.

1.2.1 Thermal vs Non-thermal Radiation

A plasma system is defined as thermal when 1) there are no transient emissions
for a long period of time or 2) the plasma particles in that system have a
Maxwellian distribution function and the particles are at thermal equilibrium.
On the other hand, a system such as an environment full of plasma particles
is said to be non-thermal when 1) there are transient emissions on short time
scales or 2) the plasma particles are not at thermal equilibrium, with either
non-Maxwellian distribution functions or more than one Maxwellian distribution

function for one or more plasma species.

10
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1.2.2 Active Regions

Active regions (ARs) are coronal regions where the magnetic fields are strong
and evolving, as coronal structures are fed by lower-lying structures in the
chromosphere and below. ARs are usually bright in EUV observations and
are often a source of non-thermal emissions. They are the most intense and
prominent features in the solar corona, make up only a fraction of solar surface,
and are visible in the photosphere as a group of sunspots at optical wavelengths.
Figure 1.3 exhibits some bright and glowing ARs at high latitude and near the
solar limb at EUV wavelengths. We also see closed magnetic field lines and
magnetic loops in these ARs.

During active periods of the Sun, dynamic processes such as solar flares,
prominences, CMEs, etc are associated with ARs (Kivelson and Russell, 1995)
and occur due to restructuring of the magnetic field. Some ARs are source
regions for solar wind streams with slow speeds (400 km/s). Although usually
the sources of fast solar wind streams (speeds = 600 km/s), coronal holes can

also produce slow solar wind streams (He et al., 2010).

1.2.3 Solar Flares

Solar flares are sudden explosions on the Sun that occur when energy stored
in magnetic fields is released. They usually produce a burst of emission from
gamma and x-ray to radio emission across the electromagnetic spectrum. Solar
flares generally happen in ARs. They generally have three phases: 1) a preflare
phase that lasts for several hours to a few minutes, 2) a flash/impulsive phase
that lasts for about 5 minutes, and 3) the main phase that lasts for few hours
depending on the flare intensity. These three phases can be recognised in Figure
1.6. The preflare phase is from about 13:50 UT to 13:56 UT in which soft

x-ray emission increases gradually but little if any hard x-rays and gamma ray

11
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Sclar Flare on 6 March 1989
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Figure 1.6: Time profiles of soft x-, hard x-, and gamma rays for a large solar
flare on March 6, 1989. Credit: NASA/NOAA.

emissions are detected above the instrumental background level. During the
flash phase, soft x-ray emission rises very steeply by two order of magnitudes
in energy flux and remains high whereas the hard x-rays and gamma rays also
show rapid increase in energy flux with short but intense spikes of emission,
each lasting either a second or a few seconds until about 14:06 UT. In the
main phase after 14:06 UT, the hard x-rays and gamma rays decay more or
less exponentially with time constants measured in minutes. The soft x-ray
emission continues to rise to a later peak and decay slowly with a longer time
constant, sometimes as long as a few hours. It is noted that during the third
phase, the soft x-ray emission always decays smoothly as compared to the hard

x-rays and gamma rays.

12
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Figure 1.7: Intense solar flare (image is obtained from NOAA/NASA).

Figure 1.7 shows a massive solar flare. During the preflare phase, an active
region filament (or prominence) and its overlying arcade of magnetic loops rise
slowly due to weak instability or nonequilibrium state. In the flash phase, the
unstable magnetic field lines that are stretched out start to break and reconnect,
which releases huge energy and causes the filament/prominence to erupt rapidly.
The plasma material is heated to temperatures of 10" K or greater within a
few minutes (Golub and Pasachoff, 2010). During the main phase of the flare,
as reconnection continues hot x-ray loops with ribbons at their footpoints are
created as magnetic field lines fall back (Kivelson and Russell, 1995). As a
result, massive energy = 10° erg (Emslie et al., 2004) is released from the flare
site within a few minutes. Highly energetic particles can be produced during
solar flares (McLean and Labrum 1985, p-56). It is noted that all solar flares
do not necessarily follow all three phases.

Solar flares have five classes based on x-ray intensity, X-class, M-class, C-class,
B-class, and A-class. X-class is the highest energy class of flares and A-class

is the lowest energy class. Each letter is assigned to a numerical range, with

13
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A=1x10"°=10"", B=1x10"7"=10"% ¢ = 1x107°=107°, M = 1x10™° = 107",
and X = 1x10~* Wm™>. It is noted that each class is divided into a logarithmic
scale from 1 to 9, for instance from X1 to X9, M1 to M9, etc. The energy of X2
is thus twice the energy as of X1.

Powerful solar flares (C5 or greater) always generate non-thermal emission
(Benz et al., 2005, 2007), usually type III bursts in a frequency range that varies
from a few MHz to a few GHz. Depending on the magnetic field configuration,
weaker solar flares may or may not able to generate type III bursts (Reid
and Vilmer, 2017). The type I1Is associated with hard x-ray solar flares were
surveyed by Benz et al. (2005) from 100 MHz to 4 GHz. They selected 201
RHESSI flares larger than C5 and reported that meter-wave type III bursts

were associated in 33% of all x-ray flares.

1.3 Coronal Holes

The corona always exists at all latitudes. During quiet solar periods, the corona
has less dynamic activity but may have coronal holes (CHs) present, primarily
visible in x-rays and EUV at low latitudes (Cranmer, 2009). Figure 1.8 shows
a big CH at 193 A obtained by the SDO. We see the CH as a clearly darker
region compared to the surrounding corona. CHs are low-density regions in
the inner solar corona that are darker regions in x-rays relative to the corona
because the x-ray intensity is linearly dependent on the density squared. CHs
are thought to be low-density regions due to their open magnetic field lines. As
a result, energetic particles (e.g. ionized atoms, electrons, and protons) are not
confined by the open magnetic field and thus easily escape from CHs, leading
to lower densities. Usually, near solar minimum, plasma particles are ejected
along the open magnetic fields of CHs to form the highest speed components of

the solar wind that flows into the interplanetary space and even past the Earth
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Figure 1.8: 193 A image of coronal hole on 2012/06/02 at 23:25:32 UT obtained
from NASA/AIA.

(Verbanac et al., 2011).

1.3.1 Types of Coronal Holes and Their Importance in
Solar Physics Research

Based on the position of CHs in the corona, there are two types of CHs: polar
and low-latitude CHs. During times of low solar activity, the Sun’s magnetic
field is dominated by a rotationally-aligned dipole component and CHs exist
near the north and south poles of the Sun. On the other hand, CHs exist at all
solar latitudes during more active periods of the solar cycle.

CHs are important for not only scientific reasons but also their impact on

space weather during solar minimum. CH plasmas have a lower density which
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is suitable for studies of collisionless kinetic processes that are the ultimate
dissipation mechanisms for many theories of coronal heating (Cranmer, 2009).
CHs produce fast solar wind streams that result in ionospheric turbulence
and geomagnetic storms (Verbanac et al., 2011) near solar minimum which
cause disruptions in radar and satellite communications. In addition, radio
observations have revealed that some CHs are seen as darker regions at higher
frequencies (= 150 MHz) as compared to the surrounding corona and some other
CHs are observed as regions of brightness enhancements at lower frequencies =
100 MHz or below (McCauley et al., 2017; Rahman et al., 2019).

The reason for observing radio-dark CHs at higher frequencies and radio-
bright CHs at lower frequencies is worthy of more detailed investigation. This
is done in Chapter 2 of this thesis (Rahman et al., 2019). Our conclusion is
that this transition is real and is due to the refraction and propagation effects
caused by the density inhomogeneities, as suggested by Alissandrakis (1994). We
also characterized the appearance of CHs and their plasma properties, density
and temperature at different radio frequencies and heights from surface of the

corona.

1.4 Magnetoionic o- and x-Modes

The magnetoionic theory (Hartree, 1931) is one of the two oldest branches of
plasma theory. It is a theory of cold, magnetized plasma where the thermal
motion of the electrons is neglected and the ions form a uniform positively
charged background but otherwise have no role in the system (Melrose, 1986).
The motion of the electrons in a uniform magnetic field is taken into account
in the theory. This theory was developed in connection with the propagation
of radio emission in the ionosphere. There are two independent parameters

in magnetoionic theory: the (angular) electron plasma frequency w, and the
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(angular) electron cyclotron frequency ), = eB/m,. The Equation for the
dispersion relation of waves in this medium may, in this case, be written as a
quadratic equation for n® which is known as the Appleton-Hartree formula for

the refractive index n (Hutchinson, 2005):

2 X(1-X)
no=1- 1v2 -2 1v2:20)2 ez (1)
1= X = 3Y?sin0 + ((5Y*sin*0) + (1 = X)*Y?cos?0)

Here the magnetoionic parameters are X = wi Jw® and Y = Q,./w, w is the
radial frequency, and @ is the angle between the magnetic field vector B and
the wave vector k. Equation (1.1) has two (double) solutions for w that are
real, referred to as the o- (ordinary) and x- (extraordinary) modes.

Figure 1.9 plots the dispersion curves for the o-, x-, and z-modes. The
z-mode is the lower frequency branch of x-mode, which is of no interest here
since it has w < w, and so cannot propagate to a distant observer (only radio
waves with w > w, can do this). Radio waves are evanescent at frequencies
which are below the cutoff frequencies for both o- and x-modes, where n’=0.

The cutoft frequency for the o-mode is w, = w,. For the x-mode, the cutoft

-

frequency is w, = % + %(4%2, + 95)1/2. The ‘+’ sign in Equation (1.1) refer to

the o- or x-mode: for propagation perpendicular to the magnetic field, the ‘+’

sign denotes the o-mode and the ‘=’ sign indicates the x-mode. It is noted that
for propagation parallel to the magnetic field, the ‘4+’ sign denotes left hand
circularly polarized mode and the ‘=’ sign indicates the right hand circularly
polarized mode.

Radio waves associated with the so-called “plasma emission” mechanism
have fundamental (f,) and harmonic (2f,) components that exhibit circular
polarization (Melrose, 2009). An important aspect concerning the polarization

is that nonlinear fundamental emission processes involving Langmuir waves
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Figure 1.9: Dispersion curves for the magnetoionic o- and x- mode waves (the z-
mode is of no interest here). The squares of the refractive indices are considered
for frequencies near the plasma frequency and an angle 6 greater than 0 (Kirk
et al. 1994, p-120).

produce radiation between the plasma frequency w, and the cutoff frequency
of the x-mode w, = % + %(4@«{3 + 93)1/2 (Melrose, 1986; Kirk et al., 1994). It
is noted that in this frequency range, only the o-mode can propagate. Thus,
fundamental emission exhibits 100% circular polarization in the o-mode. This
actually happens only for type I solar radio bursts, as explained more below.
Type II and III bursts also exhibit fundamental emissions but are never 100%
circularly polarized in the o-mode (Melrose, 2009). The percentage of circular
polarization is up to = 70% for fundamental type II and III bursts (Kirk et al.,
1994). In comparison, second harmonic emission is weakly polarized or even
unpolarized (Dulk and Suzuki, 1980; Suzuki et al., 1980; Suzuki and Dulk,
1985; Kirk et al., 1994; Robinson and Cairns, 1998; Reid and Ratcliffe, 2014).
The polarization of type III bursts observed by the Murchison Widefield Array
(MWA) is addressed in detail in Chapter 3 of this thesis.
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1.5 Radio Emission from Solar Corona

Different radio emission mechanisms are briefly described in this Section. The
bremsstrahlung, gyromagnetic, and plasma emission mechanisms are presented

in Sections 1.5.1, 1.5.2, and 1.5.3, respectively.

1.5.1 Bremsstrahlung Emission

The solar corona is a fully ionized plasma where electrons can move freely. The
radiation emitted by unbound free electrons due to their acceleration by the
electric fields of other charged particles (mainly protons) is called free-free or
bremsstrahlung emission. In this case, the free electrons are deflected by the
Coulomb fields of ions. As a result, some kinetic energy of electrons convert into
radiation. In the corona, this is often referred to as free-free emission because it
does not involve charged particles moving between bound states in an atom.

The free-free or bremsstrahlung emission, due to the interaction between
electrons and protons, occurs in the corona and results in observable thermal
radio emission. Indeed, the radio radiation originating from the quiet Sun,
coronal holes, streamers, and active regions is due to the bremsstrahlung
emission mechanism (Kundu, 1965; Rybicki and Lightman, 1979; McLean and
Labrum, 1985; Aschwanden, 2005).

1.5.2 Gyromagnetic Emission

In an ionized plasma medium with a magnetic field B , the charged particles
spiral along and gyrate around the magnetic field lines. Therefore, the associated
emission mechanism is called gyromagnetic emission. Based on the speed of
rotation of the particles, the emissions originated are classified into three types:
1) if the electrons gyrate with non-relativistic speeds around B , the emission

produced is called gyroresonant emission (Aschwanden, 2005), 2) if the electrons
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have mildly relativistic speeds then the radiation is known as gyrosynchroton
emission, and 3) if the electrons gyrate with relativistic speeds about E, the
radiation is called synchroton emission. It is noted that all three mechanisms
produce non-coherent emission that is proportional to the amount of particles
involved (Rybicki and Lightman, 1979; McLean and Labrum, 1985).

Gyroresonant /Cyclotron Emission: In this mechanism, the electrons spiral
along the magnetic field lines and gyrate in a hyperbolic trajectory. The
frequency of the electron gyration is called the electron gyro (or cyclotron)

frequency fp and is
eB

- 2mm.c’

[ (1.2)

where e and m, are the charge (1.6 x 107" C) and mass (9.1 X 107" kg) of
electrons, respectively, B is the magnetic field in T, and c is the speed of light
(3 x 10° ms™"). By using these values in Equation (1.2) we obtain fz[Hz] =
93.3B[T]. Thus we can easily estimate the gyrofrequency or magnetic field
from one another. When the electrons are non-relativistic then they emit
circularly polarized electromagnetic radiation near fp and at harmonics such
that f/fp <10 (White and Kundu, 1997).

Gyrosynchrotron Emission: This emission mechanism is for electrons with
mildly relativistic gyro speeds. Gyrosynchrotron emission is concentrated at
the harmonics 10< f/fg <100 (Dulk and Marsh, 1982).

Synchrotron Emission: When the electrons have relativistic gyro motions
then the emission spectrum is power-law and extends to very high harmonics
>> 100 (Wild et al., 1963). It is possible for hot electrons to produce synchrotron
emission in the solar corona with brightness temperatures = 10" K (Tsvetanov
and Charugin, 1981). Synchrotron emission exhibits linear polarization. An old
interpretation is that some type IV solar radio bursts are due to synchrotron

emission mechanism (Ramaty and Lingenfelter, 1967).
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1.5.3 Plasma Emission

The solar corona is an ionized plasma medium. If it is in thermal equilibrium
then the plasma particles have Maxwellian distributions. Any perturbation
in the medium can cause plasma oscillations. As a result, some complex
phenomena can happen which give rise to radio emission. The emission process
can happen in two stages: 1) Energetic electrons are accelerated during some
transient phenomenon like a solar flare, CME, shock, etc, and 2) The accelerated
electrons interact with plasma particles and either directly produce transverse
electromagnetic waves at the (electron) plasma frequency f, or its harmonic
frequency 2f, or else electronic Langmuir waves near f, that are then converted
into f, or 2f, radiation. The expression for the electron plasma frequency f,

(Gurnett and Bhattacharjee 2005, p-11):

1 [N.?

fp = % GOme'

(1.3)

Here N, is the electron number density and ¢, is the permittivity of free space.

If we substitute parameters e = 1.6 X 107" C, ¢y = 8.8542 x 107" Fm ™

m, = 9.1 x 10~ kg into Equation (1.3) then we find f, = 8.98 X /N, [m_?’].

, and

We note that type I (storms), II, and III solar radio bursts are associated with

plasma emission (Kirk et al. 1994, p-193).

1.6 Propagation of Radio Waves

In an ionized system such as a cold plasma medium, the electric fields of
an electromagnetic wave force the electrons and ions to oscillate about their
equilibrium positions. The net effects of electron motion change the refractive
index. Radio waves propagating in a plasma medium in the absence of a magnetic

field experience: 1) bending of their ray paths due to changes of refractive index,
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Figure 1.10: The plot describes different radio emission mechanisms operating
in the solar atmosphere at various heights and frequencies. At meter wavelength
ranges and sufficient heights, the magnetic field is weak. Thus gyromagnetic
frequency fp is negligible and the plasma frequency f, is dominant. The plasma
emission and bremsstrahlung mechanisms are expected at meter wavelength
ranges. On the other hand, gyroresonant and gyrosynchrotron emissions occur at
microwave frequencies. It is clear from the plot that microwave frequencies and
meter wavelengths correspond to chromospheric heights and the solar corona,
respectively. Image credit: Gary and Hurford (2005).

refracting towards smaller n, and 2) attenuation due to absorption (Kundu, 1965).
We consider the medium to be homogeneous and non-conducting (specifically,
the conductivity o = 0). The refractive index n of the medium is (Rohlfs and

Wilson, 2004):

C
n:;:\/@:U, (14)

where c is the speed of light, v is the phase speed of the radio wave propagating

into the medium, € and p denote permittivity and permeability of the medium,
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and k is the wave number.
If the medium under consideration is conducting (¢ # 0) and unmagnetized,

the dispersion Equation (1.1) for radio waves yields,

2
n=\/1—%, (1.5)

where f,, = w,/27 is the electron plasma frequency and f is the frequency of
the radio wave.

Equation (1.5) is very significant for radio wave propagation in the solar
corona. We see three things: 1) If f > f,, then the refractive index is real and
radio waves will propagate. In this case n is less than unity and the wave will
refract towards a less dense medium. 2) If f = f,, thenn = 0. 3) If f < f,, then
the refractive index is imaginary and the radio waves will not propagate through
the medium but reflect back towards where they originated. An important
situation in this thesis is when the radio waves are produced near the local f,
(fundamental emission) and its second harmonic 2f, (harmonic emission).

The electron plasma density will decrease as we move radially outward from
the solar corona, as suggested by Newkirk (1967). Thus the plasma frequency
will be smaller at larger heights and smaller electron densities as implied by
Equation (1.3). As a result, the radio waves will be produced first at higher
frequencies or lower heights and then they will drift to lower frequencies or
higher heights. As a result, radio waves originating from the complex phenomena
associated with solar flares, CMEs, shocks, etc can be observed at different

frequencies that correspond to different heights in the solar corona.
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1.7 FORWARD Software Package and MAS
Model

FORWARD is a software package that is used to compute the thermal coronal
radio emissions, coronal magnetic field configurations, etc. based on input
density, temperature, magnetic field, and thermodynamic models. It is a set of
about 200 IDL procedures and functions that form a Solar Software package
(Freeland and Handy, 1998) for synthesizing observables and comparing them
to coronal data from EUV imagers, UV polarimeters, white light coronagraphs,
and radio telescopes, etc. FORWARD includes several analytic or numerical
models in its distribution (Low and Hundhausen, 1995; Gibson et al., 2010),
which then create synthetic 3D models of the Sun’s plasma parameters, usually
through solutions of the MHD equations.

A user-defined interface is available into the software package, which then
specifies the input global model of the 3D distribution of plasma and magnetic
fields to generate a desired observable quantity. This observed quantity or
observable arises from different physical processes (e.g. thermal bremsstrahlung,
gyroresonant emission, Thomson scattering (scattering off of free electrons by
photospheric light and results in emission of polarized and even unpolarized
radiation), etc.) that can be manifested at different wavelengths of light in the
corona. Detailed information about the functions of the FORWARD software
package is given by Gibson et al. (2016).

One of the MHD codes that produces the input data is the MAS code. MAS
stands for the “Magnetohydrodynamic Algorithm outside a Sphere” model
(Linker et al., 1999; Lionello et al., 2009) which is capable of calculating the
plasma density, temperature, and magnetic field in the corona for a certain
range of heights. The MAS model has been used by some authors to predict the

thermal radio emissions (bremsstrahlung), coronal plasma density, temperatures,
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magnetic field strength in the corona and to compare these radio emissions with

observations (McCauley et al., 2017, 2018; Rahman et al., 2019).

1.8 MWA Radio Telescope and Its Science Tar-
gets

The Murchison Widefield Array (MWA) is a radio telescope situated in Western
Australia that is capable of taking images of the solar corona, solar radio bursts,
and multiple astrophysical objects from 80 to 300 MHz (Lonsdale et al., 2009;
Tingay et al., 2013a). It has 128 aperture arrays (known as tiles) accessible at a
time, each having 16 dipole polarization antennas. Figure 1.11 shows an MWA
tile. The 128 tiles or aperture arrays are distributed in a centrally condensed
configuration with an area approximately 3 km in diameter (Mohan and Oberoi,
2017). The standard time and frequency resolution of MWA are 0.5 s and
40 kHz, respectively. There are 12 broad frequency channels, each having a
bandwidth of 2.56 MHz, that can be spaced from 80 to 300 MHz. The MWA
and its functions are described by Tingay et al. (2013a) and the science targets
are presented by Bowman et al. (2013) and Tingay et al. (2013b).

Recently, a significant amount of research work has been done using MWA
observations of type III solar radio bursts (McCauley et al., 2017, 2018; Cairns
et al., 2018; Mohan et al., 2019), low frequency emission of bright fast radio
bursts (Sokolowski et al., 2018), circular polarization of the quiescent corona
(McCauley et al., 2019), and coronal holes in emission (Rahman et al., 2019)
observed from 80 to 240 MHz.
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Figure 1.11: 1 out of 128 tiles of MWA radio telescope. Source:
https://phys.org/news/2017-12-mwa-radio-telescope-expansion-
completeexploration.html

1.9 Radio Observations of Coronal Holes

Coronal holes (CHs) were first observed at the optical wavelengths 5303, 5694,
and 6374 A by Waldmeier (1956) at the Swiss Federal Observatory in Ziirich.
Munro and Withbroe (1972) later studied CHs and suggested that the density
and electron temperature are lower in these darker CH regions as compared
to the surrounding corona. The first radio observations of CHs were reported
by Dulk and Sheridan (1974), measured using the Culgoora radioheliograph at
80 and 160 MHz. They found darker CHs at higher frequency and relatively
brighter CHs at lower frequency. A few years later, quiet Sun studies were made
in the frequency range from 80 to 160 MHz using the Culgoora radioheliograph
(Sheridan, 1978), where disk centered CHs were also observed to be darker at
higher frequency as compared to the surrounding corona. Measurements of the

plasma properties of CHs and importance of these measurements on theoretical
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Figure 1.12: MWA observation of a CH at 80, 132, 161, and 240 MHz (from
left to right) on September 21, 2015 near 05:13:33 UT (Rahman et al., 2019).
The inner solid circles indicate the optical disk and the outer dotted circles
indicate the height of the plasma layer for each frequency given by the Newkirk
(1961) density model. The ellipses at the lower left corners indicate the MWA
synthesized beam sizes.

models of coronal heating and solar wind acceleration have appeared in the
literature during the past few decades (Harvey and Sheeley, 1979; Parker, 1991;
Hudson, 2002; Cranmer, 2009; Wang, 2009).

CHs were reported to be regions of depressed brightness in the observations
of Alissandrakis et al. (1985); Lantos et al. (1992); Lantos and Alissandrakis
(1999) using the Nancay Radioheliograph at 169 and 408 MHz. Some CHs near
the disk center show brightness depressions at higher frequencies range from 327
to 432 MHz and are not easily discernible near 250 MHz (Mercier and Chambe,
2009). In studying the quiet corona at frequencies from 150 to 450 MHz using
the Nan¢ay Radioheliograph, Mercier and Chambe (2012) reported low-latitude
CHs to be darker near the disk center at higher frequencies and less visible as
frequency decreases near or below 200 MHz. They found that CHs may become
brighter than their surroundings at lower frequencies. Using the Potential Field
Source Surface model, they revealed that CHs are regions of open magnetic field
lines at their observing frequencies of 150, 164, and 432 MHz. On the other
hand, CHs are regions of brightness enhancement at 80 MHz (Lantos et al.,
1987).

Thus, the characteristic feature of CHs from radio observations is that near

27



Ch. 1: INTRODUCTION

the disk center they are seen as darker regions at higher frequencies and as
brighter regions at lower frequencies (Lantos et al., 1987; Mercier and Chambe,
2012). Figure 1.12 shows such a CH. McCauley et al. (2017) reported the
transition of a disk-centered CH from being darker at higher frequencies to
being brighter at lower frequencies using the MWA observations from 80 to 240
MHz. They added that the transition frequency took place near 120 MHz for
that CH.

The second Chapter of this thesis (Rahman et al., 2019) investigates this
dark-to-bright transition of CHs in detail. It follows on from McCauley et al.
(2017) by observing four CHs near the disk center using the MWA at frequencies
ranging from 80 to 240 MHz, confirming and examining in detail the claim
that CHs become brighter at lower frequencies and darker at higher frequencies.
The dark-to-bright transitions of these CHs were smooth and did not occur at
the same frequency for all the CHs. Some CHs had their transition frequency
at 120 MHz with others at 132 MHz. We came to the conclusion that this
dark-to-bright transition of CHs is due to the refraction and propagation effects
caused by density inhomogeneities, as suggested earlier by Alissandrakis (1994).
The orientation of a CH radial magnetic field relative to an observer may affect
in principle whether the CH is radio-dark or radio-bright at low frequencies,
being radio-bright when CHs are near disk center and radio-dark near the limb
(Golap and Sastry, 1994). Thus we suggest that radio CHs can be observed
as darker regions near the disk center at higher frequencies and as brighter
regions at lower frequencies but that CHs are always darker near the limb at

any frequency.
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1.10 Solar Radio Bursts

Solar radio bursts are non-thermal emissions produced from rapidly varying
phenomena of the solar corona like active regions, solar flares, CMEs, promi-
nences, and shocks. They are characterized by a coherent emission mechanism,
that is different from the incoherent emission mechanisms relevant to CHs and
the quiet Sun. The distinguishing feature of coherent emission from incoherent
emission is a high brightness temperature (= 10° K) (Melrose, 2009), much
greater than the plasma’s thermal temperature (< 10 K). Radio bursts are
polarized or unpolarized depending on the magnetic field configurations and
dispersion and scattering effects they may face during their release from the
source regions.

There are five types of solar radio bursts that are classified according to their
drift rates and appearance on dynamic spectra: type I, II, III, IV, and V bursts
(Wild and McCready, 1950). Figure 1.13 is a schematic example of a dynamic
spectrum for these radio bursts. The ranges of frequencies, frequency drift
rates, and basic classification of a burst can be found easily from the dynamic
spectrum. The brightness temperatures of bright type I-V radio bursts in the
corona and solar wind are non-thermal (above = 1-3x10° K) ranging from 10°
K to 10" K (Kirk et al. 1994, p-194).

Type I Bursts/Noise Storms: Type I emission occurs in noise storms
and can involve continuum emission and discrete bursts which are not associated
with flares (Melrose, 2009). This emission can be frequently observed in the
solar corona at meter wavelengths typically in the frequency range =~ 50—500
MHz (McLean and Labrum 1985, p-415; Hamidi and Shariff 2019). Noise storms
can last for days to weeks, varying slowly or abruptly, and have low frequency
drift rates (= 5 MHz S_l). Noise storms are strongly circularly polarized and so

are usually interpreted in terms of emission near f, (Kirk et al., 1994).
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Figure 1.13: Schematic example of type I, II, III, IV, and V radio bursts in
dynamic spectrum. The spectrum shows frequency drift from high to low as a
function of time (Ganse et al., 2012).

Type II Bursts/Slow Drifting Bursts: Type II bursts drift slowly from
high to low frequency with a drift rate = 1 MHz s that is slightly slower than
type I bursts and much slower than type III bursts (Nelson and Melrose 1985,
p-337). These type of bursts are associated with shock waves produced by a
solar flare or coronal mass ejection and last for a few minutes. They can be
observed in the frequency range = 40—240 MHz for the corona and then also
down to = 20 kHz for interplanetary type II bursts (Cairns et al., 2000). It is
noted that type IIs are not produced by all shock waves. These bursts have weak
circular polarization (< 10% usually) or even have no polarization (Nelson and
Melrose, 1985). They are usually interpreted in terms of plasma emission near
f, and 2f,, as reviewed elsewhere (Nelson and Melrose, 1985; Cairns, 2011).

Type III Bursts/Fast Drifting Bursts: Type III bursts drift rapidly
from high to low frequency at a drift rate = 100 MHz s which is much faster
than type II bursts. They are associated with a stream of high speed electrons
released from the magnetic reconnection site of solar flares and propagating
outward through the solar corona at speeds = 0.1c. These bursts are of three

types: 1) isolated type I1Is, 2) groups of type IlIs, and 3) type III storms. Type
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[T bursts are usually relatively weakly circularly polarized with a maximum
degree of circular polarization = 50% (Suzuki and Sheridan, 1977). Details of
the characteristic properties of type III bursts are reviewed by many authors
(Melrose et al., 1980; Melrose, 1989a,b; Robinson and Cairns, 1998; Reid and
Ratcliffe, 2014; Cairns et al., 2018).

Type IV Bursts/Broad-band Continuum Emissions: Type IV bursts
involve smoothly varying, broadband, continuum emission (Kundu, 1962). They
are weakly polarized and last for a few minutes to a few hours. Type IV bursts
occur at centimeter, meter, and decameter wavelengths. The origin of these
type of bursts is uncertain. It is thought that they are produced by the gyro-
synchrotron emission processes (McLean and Labrum 1985, p-361). Some type
IV bursts are also considered to be produced by the plasma emission process.

Type V Bursts/Continuum Meter Wave Emissions: Type V bursts
are often referred to as continuum emissions. They last for a few seconds to a
few minutes. They are observed at meter wavelengths following type III bursts.
Type V bursts are usually observed at frequencies near or less than 200 MHz
(Weiss and Stewart, 1965). They are very weakly polarized emissions (= 0.1%)
with broadband spectra as compared to type IIls (Zheleznyakov and Zaitsev,
1968).

Besides these, complex bursts such as U- and J-type bursts are sometimes
seen in the radio spectrograms (Maxwell and Swarup, 1958). U bursts initially
drift like type III bursts but later drift in the reverse direction so as to appear
like an inverted “U” in the dynamic spectrum. J-type bursts are similar to the
U-type bursts but do not exhibit the reverse drift.

We will emphasize only type III radio bursts in later Sections of this Chapter
and in Chapters 3 and 4. Specifically, type III solar radio bursts and their
theory are presented in Sections 1.11 and 1.11.1, respectively. A more extensive

summary of their properties from an observational point of view is detailed in
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Section 1.11.2.

1.11 Type III Solar Radio Bursts

Type III solar radio bursts are non-thermal radio emissions produced by semirel-
ativistic electron beams propagating through the corona and solar wind from
magnetic reconnection sites activated in solar flares. It is well known that type
[T bursts involve emission at the fundamental and second harmonic of the
electron plasma frequency (Dulk and Suzuki, 1980; Suzuki and Dulk, 1985;
Kirk et al., 1994). Their drift rates vary from burst to burst. Type IIIs can
be observed from kHz frequencies (Krupar et al., 2011) up to frequencies of 8
GHz (Ma et al., 2012). Some type IllIs drift from higher starting frequencies
near 900 to 200 MHz (Benz et al., 2009) and others begin to drift at relatively
lower frequencies below 50 MHz (Ganse et al., 2012). Coronal type 111 bursts
are those which have frequencies above about 20 MHz. Besides, interplanetary
type III bursts originate when the electron beams escape along the open field
lines and continue to stimulate Langmuir waves in the solar wind plasma. They
have frequencies from about 10 MHz down to frequencies of 20 kHz and below
near 1 AU (Lin et al., 1973; Leblanc et al., 1998).

Figure 1.14 is a dynamic spectrum of type III bursts on October 21, 2011,
near 12:56 UT. These type III bursts cover the frequency range from 400 to 10
MHz. We also see multiple type Ills starting from = 200 MHz down to 30 MHz
from 12:56:20 to 12:56:50 UT.

Type III bursts are precious diagnostic tools for understanding the accelera-
tion, propagation, and preservation mechanisms of electron beams propagating
through the coronal and solar wind (Lin, 1974). Moreover, the density profile
of the ambient plasma can also be traced out by the accelerated electron beams

via their frequency drift rate and source locations (Reid and Ratcliffe, 2014).
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Figure 1.14: Type III radio bursts observed by Zucca et al. (2012) on October
21, 2011 at Rosse Solar Terrestrial Observatory (RSTO). The dynamic spectrum
shows multiple type IIIs over the entire frequency range, as well as a possible
type II burst between 140 and 330 MHz.

The important observational properties of type III bursts include the fre-
quency drift rate, motion, fundamental and harmonic structures, circular polar-
ization, and brightness temperature. These properties are measured in Chapters

3 and 4 below using data from the MWA.
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Figure 1.15: A flow diagram depicting the steps in modern versions of plasma
emission (Melrose, 2009; Cairns, 2011; Reid and Ratcliffe, 2014).

1.11.1 Theory of Type III Radio Bursts

The first detailed theory of type III bursts was given by Ginzburg and Zhelez-
niakov (1958). Modern versions of the emission are outlined schematically in
Figure 1.15 (Melrose, 2009; Cairns, 2011; Reid and Ratcliffe, 2014): it involves
four steps: 1) generation of Langmuir waves (plasma oscillations) in the back-
ground plasma by the electron beam through the bump-on-tail instability, 2)
production of fundamental plasma emission by scattering of Langmuir waves
into transverse waves by either thermal ions or ion acoustic waves, 3) produc-
tion of backscattered Langmuir waves by either scattering off thermal ions or
the electrostatic decay process which also produces ion acoustic waves, and

4) generation of second harmonic plasma emission when two Langmuir waves
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coalesce to form a transverse wave.

The modern picture (Melrose, 1982; Cairns, 1987a,b, 1988; Cairns and
Robinson, 1992; Robinson et al., 1993; Li et al., 2005; Cairns, 2011; Graham
and Cairns, 2013) is that fundamental emission occurs due to the decay of
beam-driven Langmuir wave into a radio wave and an ion sound wave, [ —
T + S (where L, S, and T denote Langmuir, ion sound, and transverse waves
respectively), stimulated by the electrostatic decay process in which a beam-
driven Langmuir wave decays into a backscattered L' wave and an ion sound
wave via L — L'+ S. The second harmonic emission is due to the coalescence
process L + L' > T. Each step of the theory has been updated several times
as ideas based on underlying plasma theory are established, as reviewed by

Robinson and Cairns (2000), Melrose (2009), and Cairns (2011).

1.11.2 Radio Observations of Type III Bursts

Many authors have studied the drift rate, motion, brightness temperature,
fundamental and harmonic structures, and polarization properties of type 111
bursts in the past few decades using different radio instruments. We now briefly
review the characteristic properties of type III bursts from an observational
point of view.

Frequency Drift Rate: The defining property of type III bursts as compared
to the other solar radio bursts is their high drift rate df/dt. How the drift
rate is calculated varies, with some authors using the drift rate near the burst
onset and other authors using the drift rate of the burst near peak flux at each
frequency (Reid and Ratcliffe, 2014). The frequency drift rate of type III bursts
between 3.5 MHz and 50 kHz was studied by Alvarez and Haddock (1973b).
They deduced an empirical formula for the drift rate df/dt = —0.01 f 84 MHz
s Melnik et al. (2011) established a linear dependence of the drift rate with
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frequency (df/dt oc f) for lower frequency type IIls ranging from 30 to 10
MHz, with drift rate similar at 10 MHz to Alvarez and Haddock (1973b) but
smaller at 30 MHz. In order to incorporate higher frequency drift rate studies,
Aschwanden et al. (1995) investigated type III bursts drift rate between 200
MHz and 3000 MHz, and they found an average drift rate df/dt = 0.01 f"*
MHz s~", which is smaller than expected from the Alvarez and Haddock (1973b)
drift rate relation.

Decay Time: The decay time t; of type III bursts is the time scale obtained
from the exponential decay of the peak intensity of bursts at a particular fre-
quency f. Coronal type III bursts have smaller decay times than interplanetary
type III bursts (Alvarez and Haddock, 1973a; Evans et al., 1973; Robinson
et al., 1993; Robinson and Cairns, 1998). Usually, t, varies inversely with f,
as described next. In particular, Evans et al. (1973) observed 35 simple type
1T bursts from 2.8 MHz to 67 kHz and showed that the decay time varied as
tg = 20X 108f_1'09 using a least squares fit to the data. In the same year,
Alvarez and Haddock (1973a) estimated that ¢, = 107'7f_0'95 for type III bursts
in the frequency range 200 MHz to 50 kHz. In the 3-5 GHz range, the decay time
of type Ills is roughly inversely proportional to the frequency t; o< f - (Staehli
and Benz, 1987). More recently, Robinson and Cairns (1998) summarised obser-
vations and then developed a theoretical model for the decay times for coronal
and interplanetary type III bursts at 25 MHz and 25 kHz, respectively: they

found that t; o< f_l'lio'l

. Their model for the decay considers the diffusion and
absorption (by linear mode conversion) of fundamental radiation by density
turbulence, with the frequency dependence coming from radial variations in the
plasma density and turbulence.

Brightness Temperature: Type III bursts have high brightness temperature
T, that can vary from 10° K to even as high as 10" K (Suzuki and Dulk, 1985).

The brightness temperature can be calculated from the burst flux density and
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source size, using the standard expression e.g., (Cairns, 1986):

2
7 Ve F()
b 2k f? AQY

(1.6)
where V,, is the phase speed of the radio waves at the observer at frequency f,
kg is Boltzmann’s constant, and F'(f) is the frequency dependent flux density.
The source solid angle AQ) = A/ A7 where A is the burst source area seen
by the observer, and r = 1 AU is the distance from burst source to observer.
It is noted here that the phase speed is equivalent to the speed of light when
f >> f,. As noted before, the high brightness temperatures of most type III
bursts are due to their production of highly non-thermal levels of Langmuir
waves and their conversion into radio emissions, both of which involves collective
or coherent emission processes.

Saint-Hilaire et al. (2013) performed a statistical survey of 10,000 type III
radio bursts using the Nancay Radioheliograph for a decade at 150 to 450 MHz
and studied the peak brightness temperatures. They found that the brightness
temperature varied with f as T}, o< f e, They also showed that T} varied from
10° K to 10" K for all six frequencies considered. For a few burst events, they
found T} near 10" K. There is a trend that at lower frequencies, T, increases
as frequency decreases up to 1 MHz and then T, either decreases or remains
constant (Dulk et al., 1984). Type III emission at the fundamental is thought
to generate higher 7 than that of second harmonic emission (Dulk et al., 1984;
Melrose, 1989a).

Circular Polarization: The polarization properties of type III bursts have
attracted considerable interest from the solar physics community. Theoretically,
fundamental type III emissions are 100% circularly polarized. But from the
observational point of view, they are not more than 60% circularly polarized

for fundamental emission. On the other hand, the harmonic emission is weakly
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polarized or unpolarized (Kirk et al. 1994, p-194). We note that some type IlIs
may not be polarized at all.

We now detail the work of some researchers on the polarization properties of
type IIT bursts. Mercier (1990) studied the degree of circular polarization of type
I1I solar radio bursts observationally using the Nanc¢ay Radioheliograph from
164 to 435 MHz. He found that the degree of circular polarization (maximum
23%) increases as the frequency increases on average. He also studied the total
and circularly polarized fluxes for a couple of burst events and showed that the
circularly polarized flux has a narrower time profile than the total flux at 164
MHz and has a peak 0.2 s before that of the total flux for one burst event on
June 30, 1988. This event was an extreme case and the peak in the circularly
polarized flux did not lead the peak in the total intensity for all the isolated
type IlIs considered.

It is well established that the polarization can be high when type III bursts
originate near the solar disk center and that relatively low polarization is
obtained for type IIIs originating near the solar limb (Suzuki et al., 1980; Kirk
et al., 1994). For type I bursts or noise storms, the same trend of position
dependence of polarization is obtained: higher polarization near the disk center
and lower polarization when sources are closer to the solar limb (Aschwanden,
1986).

Source Motion: We know that the energetic electron beams originating during
magnetic reconnection site in solar flares are the ultimate sources of type III
bursts (Cairns et al., 2018), and these electrons have typical speeds = ¢/3 in
the corona, which obviously can vary from burst to burst. Imaging studies
of these high speed burst sources have recently become available with good
frequency resolution using the Murchison Widefield Array (MWA) (McCauley
et al., 2017; Mohan et al., 2019). Recently, McCauley et al. (2017) observed
type III bursts at 80 to 240 MHz using the MWA and studied a splitting motion
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of burst source regions, in which a single source at high frequency separates
into two components at lower frequencies (from 135 MHz to 80 MHz) with an
average speed = (.28 c¢. Their interpretation is that this is due to gradient of
magnetic field connectivity that the burst driven electron beams move into.
One year later, McCauley et al. (2018) studied coronal density profiles for three
type III burst sources using the MWA. They estimated that the electron beam
speed ranged from 0.2 to 0.6 ¢ (where c is the speed of light) using the time-
and frequency-varying burst source positions. Morosan et al. (2014) studied
spectral and spatial characteristics of multiple type III bursts using the LOw
Frequency ARray (LOFAR) at frequencies ranging from 30 to 60 MHz, and
reported high radial motions of type IIIs which were between 0.2 and 0.5 c.
Recently, Cairns et al. (2018) investigated the detailed connections between
type III bursts, magnetic reconnection, x-ray events, and solar flares. They
established a causal link between magnetic reconnection events and type 111
bursts, tracing the electron beams producing type Ills to magnetic reconnection
sites identified in SDO/AIA data which sometimes produced x-ray events and
sometimes type IIIs.
Source Size: Saint-Hilaire et al. (2013) surveyed 10,000 type III radio bursts
using the Nancay Radioheliograph for a decade at 150 to 450 MHz and observed
full width at half maximum (FWHM) rms burst source sizes = 15 and = 5.5
arcmin per day at 150.9 and 432 MHz, respectively. Very recently, Mohan
et al. (2019) have reported spectroscopic imaging study of weak type III burst
source areas using data from MWA in the frequency ranges from 111 to 126
MHz and investigated the second scale quasi-periodic oscillatory behaviour in
burst source sizes with time. They estimated source areas that are between
12 and 33 arcmin® on average at that frequency range. Earlier investigations
of burst source sizes were performed by Dulk and Suzuki (1980). They found

burst source sizes on average (half widths to 1/e brightness) of 11 arcmin at 80
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MHz and 20 arcmin at 43 MHz. Burst source sizes are = 1 AU at 20 kHz for
interplanetary type Ills (Lin et al., 1973). These data suggest that burst source

sizes increase as frequency decreases.

1.12 Structure of the Thesis

This introductory chapter (Chapter 1) briefly described the solar corona, quiet
Sun, active regions, solar flares, and coronal holes (CHs). It then described the
magnetoionic theory, the gyromagnetic, bremsstrahlung, and plasma emission
mechanisms, the generation and propagation of radio waves in the corona, the
FORWARD software package and MAS model, the Murchison Widefield Array
(MWA) radio telescope, solar radio bursts, and their classifications. Thereafter,
the observations, theory, properties of CHs, type III solar radio bursts were
described, leading up to recent work using the MWA and other instruments.

Chapter 2 (Rahman et al., 2019) demonstrates the dark-to-bright transitions
of four radio CHs using the data from MWA in the frequency range from
80 to 240 MHz. The observational results are then compared with synthetic
images obtained from FORWARD. CH density and temperature parameters
are then extracted from the MAS-FORWARD model and compared with the
observations, finding significant differences. The dark-to-bright transitions of
these CHs are then interpreted in terms of refraction and propagation effects.
Chapter 3 demonstrates novel imaging and circular polarization measurements
of multiple type III radio bursts using data from MWA in the frequency range
80 to 240 MHz and then describes the position dependence of the polarization
fractions near the onset and peak of bursts. We find larger polarization fractions
for the burst source near burst onset, which is interpreted in terms of fundamental
emission being dominated and then relatively smaller polarization fraction near

the time of burst maximum intensity, corresponding to a mixture of fundamental
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and harmonic plasma emission. During the decay phase the fundamental
component dominates again, becoming weaker with time due to scattering
effects. This pattern of fundamental, fundamental and harmonic, and then
fundamental emission with time is consistent with the interpretations of Dulk
et al. (1984), Robinson et al. (1994), and Robinson and Cairns (1998). We
study the total intensity (Stokes 1), circularly polarized intensity (Stokes V),
and polarization fraction (| V'|/I) profiles of a type III event with no source
motion and two events with source motion as a function of position at times
when the intensity of bursts is maximum. For the burst event with no source
motion we find symmetric profiles for Stokes | V'|/I, but we find asymmetric
| V'|/I profiles for those burst events which have source motion. We argue that
this is due to the motion of the burst source. The total intensity and circularly
polarized fluxes of the bursts are then analyzed as a function of time. The
total intensity is found to large than polarized flux. The time-varying images,
relative motion and spatio-temporal profiles of burst sources are then studied as
functions of frequency and time. We find speeds 0.23 and 0.25 ¢ for two burst
sources along the direction of source motion. Finally, the decay time (t;) as a
function of frequency (f) is measured for multiple events, finding ¢; o< f 2001
from 80 to 240 MHz and larger t; as compared with low-frequency observations
(tq o< f

Chapter 4 presents analyses of low-frequency observations of type III solar

~1.1£0.1
).

radio bursts using the MWA from 80 to 240 MHz. Specifically, near times at
burst maximum intensity, the burst source sizes, flux densities, and brightness
temperatures are studied for 10 type III events in both total (Stokes I') and
polarized intensity (Stokes /) images. We find that the source area A increases
as f decreases and varies as A o f_2'4io'4 and A oc ]"_2'64"0'4 in both Stokes
I and Stokes V images, respectively, whereas the MWA beam area varies as

Ao f T20E02 e propose that the burst source sizes once separated from the
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effects of the MWA beam, do not support scattering (which predicts A o< f _4) as
the primary physical effect determining the observed source sizes. We interpret
the observed area changes as due to divergence of open magnetic field lines,
which causes the source sizes to increase at lower frequencies and larger heights.
On average, flux densities are also found to increase as frequency decreases. We
find total fluxes (in Stokes I) on average 550 and 50 SFU at 80 and 240 MHz,
respectively, whereas logarithmic flux density of type IlIs ranges from 0.2 to
4.8 at 80 MHz (Dulk and Suzuki, 1980). Our flux values lie within the range
of their flux values. The brightness temperatures (7},) decrease as a function
of increasing frequency and do not have dependency on the source’s position
although we analyse a small number of burst events. We obtain a maximum
T, 4x10"" K at 80 MHz and a minimum 7}, 1.2x10° K at 240 MHz, which are
consistent with previous observations (log7;: 7—11.5 at 80 MHz) made by Dulk
and Suzuki (1980). We argue that divergence of open field lines is a viable
process for increasing source sizes as the frequency decreases.

Chapter 5 contains a final summary and suggestions for future work.
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Abstract

We present low-frequency (80 — 240 MHz) radio observations of coronal holes
(CHs) made with the Murchison Widefield Array (MWA). CHs are expected to be
dark structures relative to the background corona across the MWA’s bandwidth
due to their low densities. However, we observe that multiple CHs near disk
center transition from being dark structures at higher frequencies to bright
structures at lower frequencies (< 145 MHz). We compare our observations to
synthetic images obtained using the software suite FORWARD, in combination
with the Magnetohydrodynamic Algorithm outside a Sphere (MAS) model of
the global coronal magnetic field, density, and temperature structure. The
synthetic images do not exhibit this transition, and we quantify the discrepancy
as a function of frequency. We propose that the dark-to-bright transition results
from refraction of radio waves into the low density CH regions, and we develop
a qualitative model based on this idea and the relative optical depths inside
and outside a CH as a function of frequency. We show that opacity estimates
based on the MAS model are qualitatively consistent with our interpretation,
and we conclude that propagation and relative absorption effects are a viable

explanation for the dark-to-bright transition of CHs from high to low frequencies.
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2.1 Introduction

Coronal holes (CHs) are low-density regions in the inner solar corona that were
first quantitatively observed by Waldmeier (1956). CHs have open magnetic
field lines that allow mass and energetic particles to escape from the Sun, which
produces regions of low density as compared to closed-field regions. Polar CHs
are found primarily near solar minimum whereas the low-latitude CHs that
we are interested in form near solar maximum. The study of CHs is a crucial
part of solar physics research because CHs are major factors in the mass and
energy flows of the corona, and their associated high-speed wind streams are
responsible for a significant fraction of major geomagnetic storms, especially
near solar maximum (Cranmer, 2009).

The nature of CHs in radio observations remains unclear. Some low frequency
observations find CHs to be regions of brightness depression relative to the
background (Alissandrakis, 1994; Lantos and Alissandrakis, 1999) whereas
others have reported CHs as regions of brightness enhancement (Lantos et al.,
1987). Specifically, based on Culgoora radioheliograph data, Sheridan and Dulk
(1980) reported that CHs appeared darker near disk center at 160 MHz and
brighter than their surroundings at 80 MHz. They added that CHs are larger
at 80 MHz than at 160 MHz. Earlier, Dulk and Sheridan (1974) used the
Culgoora radioheliograph to measure the brightness temperatures of CHs as
0.8x10° and 0.6x10° K at 80 and 160 MHz, respectively. They also compared
their coronal radio maps with the EUV maps of Fe XV at 284 A and found
brightness depressions as well as probably lower brightness temperatures in CHs
compared with the quiet Sun.

When CHs are at the limb, they always appear as brightness depressions
at all frequencies. Dulk et al. (1977) found CHs to be dark near the northern
solar limb at 10.7 GHz, while Shibasaki et al. (1977) also found CHs as regions
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of brightness depressions near the solar limb at 3.8 GHz. Later, Dulk (1985)
reviewed quiescent Sun’s radio emission at 10 GHz and reported that CHs are
bright on the disk center at 100 MHz and dark at 1.4 GHz. While studying low
brightness temperature regions in the quiet corona, Lantos et al. (1987) observed
a CH as an intensity depression at 169 MHz using the Nan¢ay Radioheliograph, in
agreement with some other observations. However, Lantos (1999) reviewed low-
frequency observations of large-scale structures such as CHs, coronal plateaus,
and the background quiet Sun with different radioheliographs and found that
CHs are also reported as regions of brightness enhancements near the disk
center.

Thus CHs may appear either as intensity enhancements or depressions when
observed at low frequencies near disk center, and they are always reported as
depressions when observed at the limb. The mechanism by which a low-density
CH region may appear as a low-frequency brightness enhancement is unclear.
Alissandrakis (1994) suggested that opacity and refraction effects caused by
density inhomogeneities are responsible for the radio corona being brighter at
lower frequencies and darker at higher frequencies. These propagation and
refraction effects can lead a CH structure to transition from being relatively
dark to relatively bright from high to low radio frequencies. Alternatively, Golap
and Sastry (1994) suggested that the orientation of a CH radial magnetic field
relative to an observer may affect whether the CH is radio-dark or radio-bright
at low frequencies, being radio-bright when near disk center and radio-dark
near the limb.

Previous radio studies of CHs from = 10.7 GHz to = 80 MHz (Dulk and
Sheridan, 1974; Dulk et al., 1977; Shibasaki et al., 1977; Sheridan and Dulk,
1980; Lantos et al., 1987; Alissandrakis, 1994) demonstrated that CHs are
dark at higher frequencies and may occasionally be relatively bright features

at the lowest frequencies, but the available instrumentation did not provide
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simultaneous coverage across the bandwidth over which this transition occurs.
Mercier and Chambe (2009) observed radio images of the corona at 150—450
MHz using the Nancay Radioheliograph and showed that some CHs have low
brightness temperature and intensity depressions near the disk center at 432
MHz. They also found those CHs were not clearly distinguishable at frequencies
less than 250 MHz, as their brightness becomes comparable to the background
at the low end of the Nangay bandwidth.

Recently, McCauley et al. (2017) used the Murchison Widefield Array (MWA)
in the range 80—240 MHz to study type III bursts but also found a gradual
transition of a CH from being dark relative to the background at high frequencies
to being bright at low frequencies. This dark-to-bright transition took place
around 120 MHz for that CH. Motivated by these works, we first use the
MWA at 12 frequency channels from 80 to 240 MHz for four CHs near disk
center. In each case, a dark-to-bright transition is observed from higher to lower
frequencies. We then analyze one of the events more quantitatively and develop
a qualitative model for the observed dark-to-bright transition.

The rest of the Chapter is organized in the following sections: the MWA radio
observations and results are presented and then compared with model images
in Sections 2.2 and 2.2.1, respectively. The dark-to-bright transition of CHs is
quantified in Section 2.2.2. A counter example of the dark-to-bright transition
of a CH is presented in Section 2.2.3. Plasma density and temperature profiles
for a CH and the surrounding corona are extracted from a global magneto-
hydrodynamic (MHD) model in Section 2.3. A qualitative model involving
propagation effects and refraction is developed in Section 2.4. Specifically,
Section 2.4.1 contains an optical depth calculation and Section 2.4.2 describes a
qualitative model based on refraction to explain the dark-to-bright transition of

CHs. Finally, the discussion and conclusions are presented in Section 2.5.
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2.2 MWA Radio Observations and Results

The Murchison Widefield Array (MWA) is a low-frequency interferometer in
Western Australia (Lonsdale et al., 2009; Tingay et al., 2013a). Technical details
of MWA and its overall design are described by Tingay et al. (2013a). The
MWA science targets are reported by Bowman et al. (2013). The instrument is
composed of 128 “tiles” each containing 16 dual polarization dipole antennas.
The total bandwidth is 30.72 MHz, which can be distributed across the range
80 to 300 MHz, and the time and frequency resolutions are 0.5 s and 40 kHz,
respectively (Tingay et al., 2013a). Significant amounts of solar research have
been done by many authors using MWA observations (Tingay et al., 2013b;
Oberoi et al., 2014, 2017; Mohan and Oberoi, 2017; Suresh et al., 2017; McCauley
et al., 2017, 2018; Cairns et al., 2018).

In our observations of CHs, we observe at 12 frequencies ranging from 80 to
240 MHz. The MWA data are recorded with 0.5 s time and 40 kHz frequency
resolutions, which we average across 2.56 MHz bandwidths to produce 0.5 s
images at 80, 89, 98, 108, 120, 132, 145, 161, 179, 196, 217, and 240 MHz.
We used WSClean (w-stacking clean) (Offringa et al., 2014) for imaging with
a Briggs —2 (Briggs, 1995) weighting scheme in order to emphasize spatial
resolution. The synthesized beam sizes range from = 2.8 arcmin at lower
frequencies to less than 1 arcmin at higher frequencies. Our data are reduced in
the same manner as described by McCauley et al. (2017) and McCauley et al.
(2018).

Figure 2.1 presents MWA radio images of CH structures for four periods:
near 03:31 UT on 28 August 2014, 05:15 UT on 31 August 2015, 05:13 UT on
21 September 2015, and 02:29 UT on 11 November 2015. The data come from
=~ 5 min observing periods, from which we obtain 592 images per frequency

channel. Each observing window also includes one or more type III bursts. To
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Figure 2.1: Dark-to-bright transition of CHs in MWA radio images for four
periods: 03:31 UT on 28 August 2014 (first column), 05:15 UT on 31 August 2015
(second column), 05:13 UT on 21 September 2015 (third column), and 02:29 UT
on 11 November 2015 (fourth column). The MWA images are plotted with linear
scaling. The arrow signs in the top panels indicate the CH locations. The inner
solid circles indicate the optical disk and the outer dotted circles indicate the
height of the plasma layer for each frequency given the Newkirk (1961) density
model. The ellipses at the lower left corners indicate the MWA synthesized
beam sizes. Color bars refer to the intensity in arbitrary (uncalibrated) units.
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produce higher signal-to-noise images of the quiescent corona, we average all of
the images for a given frequency channel outside of burst periods. To exclude
burst images from the average, we exclude all images that have a total intensity
greater than 105% of an image manually identified as non-burst. Depending on
the event and frequency, our final images are averages of between 409 and 541
individual 0.5 s integrations.

The six images in each column of Figure 2.1 show one of the four different CHs
at six frequencies: 80, 120, 132, 145, 196, and 240 MHz. Each example clearly
shows a dark-to-bright transition of a specific CH from high to low frequencies.
Specifically, the CH structures are relatively dark at higher frequencies, from
145 MHz up to 240 MHz, and they become relatively bright as the frequency
decreases from 145 MHz to 80 MHz. Each CH is observed as a region of
depressed brightness compared with the surrounding corona above 145 MHz (up
to 240 MHz) but a brightness enhancement from 145 MHz to 80 MHz. Figure
2.1 indicates that the transition frequency of CH structures from being darker
to brighter is not the same for all CHs. Some CHs show the transition near 145
MHz while others show the transition near 120 MHz.

2.2.1 Comparisons Between Observations and Model Im-
ages

We now compare the radio CH structures with 1934 Atmospheric Imaging
Assembly (AIA: Lemen et al. 2012) images to show the locations of the CH
regions in both datasets. In order to accomplish this, the 240 MHz MWA
intensity contours for CH regions are plotted on top of the AIA images in Figure
2.2 for the four observational events shown in Figure 2.1. The plotted contours
are the inverse intensity, so that the radio contours exhibit a peak where the

intensity is the lowest. The radio and AIA CH locations clearly agree very well.
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Figure 2.2: Top: AIA images of the corona at 1934 for the four days shown in
Figure 2.1. The AIA images are plotted with log scaling. Bottom: 240 MHz
MWA contours of inverse intensity on top of the AIA images. The columns in
this montage are in the same order as in Figure 2.1.

We next compare the MWA CH structures with synthetic images gener-
ated using FORWARD, a software package that can compute the thermal
bremsstrahlung and gyroresonance emission expected from a specific magnetic
field and thermodynamic model. We note that FORWARD does not include
any propagation effects like refraction or scattering. See Gibson et al. (2016)
for details on those calculations and the other capabilities of the package. Our
implementation uses the Magnetohydrodynamic Algorithm outside a Sphere
(MAS, Lionello et al. 2009) model to specify the plasma and magnetic field
structures for our events.

The MWA and synthetic images of the CH on 31 August 2015 are shown in
the top and bottom panels of Figure 2.3, respectively. At higher frequencies
(above 145 MHz), the agreement between the observed and model-predicted CH
images is best. Figure 2.3 shows that the discrepancies between the observations
and model are the greatest at low frequencies. Specifically, the CH becomes

significantly brighter than its surroundings at 80 MHz in the MWA observation,
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80 MHz 120 MHz 196 MHz 240 MHz

MWA Image

FORWARD Model

Figure 2.3: Top: MWA radio images of the CH at 05:15 UT on 31 August 2015.
Bottom: FORWARD synthetic images based on the MAS model and convolved
with the MWA beam. The inner solid circles indicate the optical disk and the
outer dotted circles indicate the height of the plasma layer for each frequency
given the Newkirk (1961) density model. The ellipses at the lower left corners
indicate the MWA synthesized beam sizes.

which is not consistent with the model. However, the CH structure is relatively
dark at 240 MHz in both the MWA observation and MAS model prediction.
The crucial point is that the MAS-FORWARD predictions do not show the
dark-to-bright transition for CHs observed in the MWA data.

2.2.2 Quantification of Dark-to-bright Transition

In order to quantify the dark-to-bright transition of a radio CH with frequency,
we use the MWA data centered at 05:15 UT on 31 August 2015 and at 05:13
UT on 21 September 2015. We take a slice through each of the CHs, which
are shown in Figure 2.4. Figure 2.5 presents normalized intensity profiles as
a function of distance along the slice for all twelve frequencies on 31 August
2015 and 21 September 2015 in the top and bottom panels, respectively. The

normalized intensity at each frequency and at each location is obtained by
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Figure 2.4: 240 MHz images obtained from MWA at 05:15 UT on 31 August
2015 and 05:13 UT on 21 September 2015, where the white lines correspond to
the slices used for the normalized intensity plots shown in the top and bottom
panels in Figure 2.5.

dividing the MWA data intensity by the median value of the pixels detected
above 100, where o stands for the signal-to-noise ratio. To calculate o, we
create a square box of 50 X 50 pixels at all four corners of the image and
calculate the standard deviation of each box of pixels. We then average these
standard deviations and multiply the averaged value by 10. The top panel in
Figure 2.5 (31 August 2015) shows a clear transition from a profile with two
peaks about a central minimum to a profile with one central maximum as the
frequency decreases. The transition of the CH from being relatively dark to
relatively bright takes place near 132 MHz, for which the intensity of the CH is
roughly the same as the surrounding corona. The bottom panel in Figure 2.5 (21
September 2015) also shows an increase in intensity with decreasing frequency
in similar fashion as the top panel. The transition for this CH similarly takes

place around = 132 MHz.
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Figure 2.5: Variation in normalized intensity profiles with distance along the
slice obtained from MWA data at 05:15 UT on 31 August 2015 (top panel) and
05:13 UT on 21 September 2015 (bottom panel).
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2.2.3 Counterexample of Dark-to-bright Transition

Not all radio CHs show a dark-to-bright transition in the MWA frequency
range. The CH at 03:43UT on 08 September 2015 shown in Figure 2.6 is a
nice counterexample that has no dark-to-bright transition as the frequency
decreases. Specifically, MWA observations reveal that the CH remains relatively
darker at all frequencies. The CH location is still visible at 80 MHz, with a
component that is slightly depressed relative to the surrounding corona and a
component of comparable intensity. The contrast between different features
on the Sun becomes smaller as frequency decreases in general. In this case, an
active region (AR) is much more intense relative to the background at higher
frequencies. Because our data are plotted with a linear scaling and the high
end of the frequency range is enhanced by the AR, which makes the quiet
Sun component look dimmer. The position of the CH also changes slightly
as frequency decreases, shifting slightly towards the west from the solar disk
center.

We also analyze the slice shown in the left panel of Figure 2.7, similar to
Figures 2.4 and 2.5, to obtain the normalized intensity profile shown in the right
panel of Figure 2.7. Clearly the relative brightness of the CH increases greatly
compared with the side peaks in Figure 2.7 (right panel), but does not quite
become bright compared to the side peaks. We next compare the normalized
intensity profiles between the CHs shown in Figures 2.5 and 2.7. For CHs that
show the dark-to-bright transition, the normalized intensity profile (Figure 2.5)
has its highest intensity peak at lower frequencies, whereas this does not happen
for the example of Figure 2.7. Even so, both Figures 2.5 and 2.7 show that
the normalized CH intensity increases greatly with decreasing frequency for
all three cases, showing that the same trend occurs for each example but to

varying degrees. The difference is that in the counterexample, the CH increases
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Figure 2.6: MWA observation of the CH structure at 03:43 UT on 08 September
2015 which has no dark-to-bright transition as frequency decreases in the MWA

frequency range.
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Figure 2.7: 240 MHz image obtained from MWA at 03:43 UT on 08 September
2015, where the white line corresponds to the slice (left) used for the normalized
intensity plot (right).

in brightness with decreasing frequency but not to a level that exceeds the
background intensity by 80 MHz. At 80 MHz, the dark-to-bright examples
have around 60-70% greater intensities than that of the counterexample in the

normalized units.

2.3 Modeled Coronal Hole Parameters

We extract density and temperature values from the MAS model using FOR-
WARD at various radial heights to establish density and temperature profiles
inside and outside the CH on 31 August 2015. Figure 2.8 shows the locations
for which electron density and temperature profiles are extracted and shown
in Figure 2.9. The “outside coronal hole” profile refers to an average of values
along the white circle in Figure 2.8, and the shaded region denotes the standard

deviation of values along the same circle for a given height.
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The top panel in Figure 2.9 shows that inside the modeled CH the electron
density decreases almost exponentially with radial distance. Moreover, below
1.4 Ry the density inside the CH is less than the average density outside by a
factor of four. This difference diminishes from 1.4 Ry to 2.3 Ry, above which
the density profile outside the CH is just 10—20% higher than inside with a very
similar shape. Figure 2.9 demonstrates that the model successfully incorporates
a low density region associated with the observed CH location.

The bottom panel in Figure 2.9 shows that the electron temperature inside
the modeled CH increases steeply from 1.03 R up to 1.4 Rg. Then it increases
very slowly up to 3 Ry, being marginally hotter inside the CH than outside
from =1.8-2.5 Ry. The CH is perhaps marginally cooler than the surrounding
corona from 1.03 Rg to 1.4 Rgy. While the temperature increases monotonically
inside the CH, the outside profiles peak near 1.1 Ry and then decrease until 1.3
R, before increasing again. Above 1.4 R, the temperature profiles are very

similar inside and outside the CH.

2.4 Propagation Effects and Refraction Idea

This section addresses the dark-to-bright transition of CHs by calculating the
optical depth of radiation in the CH wversus the background corona (Section 2.4.1)
and then presenting a qualitative model involving propagation and refraction

effects (Section 2.4.2).

2.4.1 Optical Depth Calculation

We now use the density and temperature profiles presented in Section 2.3 to
calculate the optical depth 7 inside and outside the CH. We assume that the
side area Aoy (w) of the CH is annular or ring-shaped and show that Aqg(w)

increases with decreasing radio frequency w as required for the model in Section
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2.4.2.
The amount of radio absorption is connected to the optical depth 7 via a
factor e”". We start from the equation for the absorption coefficient a(w) for

free-free or bremsstrahlung radiation (Rybicki and Lightman, 1979),

1.8 x 1072 2% (r)g(w)
w>T32(r)

a(w) = (2.1)

Here Z, n., and T" are the atomic number, number density, and temperature
of electrons, respectively, and ¢ is the Gaunt factor, which is dependent on w.
Of course, n, and T are dependent on the radial height . The unit of a(w) is

m~'. Now 7 is the integral of a(w) along the line of sight (Gelfreikh, 2004):

r2

T = ja(w)dr. (2.2)

1

We write r; = 1 Ry + hpr(w) where hpy, is the height of the plasma layer where
the angular electron plasma frequency w,(r) o< ne(r)l/ ? first equals w and the
definition of r; corresponds to the radiation at w only being generated above
the associated plasma layer. We choose 7, = 3 R since, as shown below, 7(w)
reaches a constant w dependent value below r = ry for the frequency range of
interest here.

We cannot start the initial limit for integrations at the surface of the Sun
because the MAS model does not include the photosphere. The actual height
that we use for the integrations lies between 1.03 and 3 Rg.

The top panel in Figure 2.10 shows 7 profiles inside the CH for twelve
frequencies. The values of 7 are calculated using Equation (2.2) and the density
and temperature profiles obtained from the MAS model. For 80 MHz, T starts
rising from 1.07 Ry and exceeds 0.5 at 1.2 Rg inside the CH. Similarly for 145

MHz 7 increases very steeply to more than unity at 1.15 Rg. These increases
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FORWARD Image MAS Density Image

Figure 2.8: Positions inside (plus sign) and outside (white circle) the CH on 31
August 2015 at 05:15 UT in both FORWARD (left) synthetic and MAS density
(right) images, respectively. The density image is obtained at 1.2 Ry. The color
bar indicates density values in the order of 10% where the unit is cm ™. These
positions are used for the density and temperature profiles inside and outside
the CH shown in Figure 2.9.

in 7 take place very rapidly from 80 to 145 MHz below about 1.2 Rg. At lower
frequencies, emissions accumulate a specified 7 at larger heights. For each w, 7
asymptotes to a constant w-dependent value below r =~ 1.2 Ry. Moreover, the
maximum value of 7 occurs near 145 MHz and decreases towards both higher
and lower frequencies in the range 80—240 MHz. Values of 7 decrease above
145 MHz (up to 240 MHz). Thus from the top panel in Figure 2.10, we can say
that as w decreases radio emission starts at increasingly larger radial heights
and has maximum 7 near 145 MHz, with lower 7 at lower w.

The bottom panel in Figure 2.10 shows 7 profiles outside the CH for twelve
frequencies as a function of radial height using the average density and tem-
perature profiles from Section 2.3. As expected, the resulting 7 profiles are
qualitatively very similar to those inside the CH. The plasma layers and 7 = 0
locations start at larger heights outside the CH as compared to 7 profiles inside

the CH for the same w. For 80 MHz, we see that the 7 profile starts from 1.17
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Figure 2.9: Top panel: Radial electron density profile inside the CH (dotted
curve) and the averaged electron density profile outside the CH (solid curve).
The thick gray colored shaded profile is for the standard deviation in the
densities outside the CH (the white circle in Figure 2.8) plotted as error bars on
top of the averaged electron density profile. Bottom panel: Radial temperature
profile, in the same format as the top panel. The density and temperature
values are from the MAS model at 05:15UT on 31 August 2015.
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Figure 2.10: 7 profiles inside and outside the CH in the top and bottom panels,
respectively. These 7 profiles are estimated by Equation (2.2) using densities
and temperatures from the MAS model.
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Figure 2.11: Variations in 7 with frequency inside and outside the CH.

Re and goes to 0.5 at 1.3 Ry. As expected, the 7 profiles start at lower heights
for higher frequencies compared to the 7 profile for 80 MHz. Note that the final
values of 7 reached above 1.2 Rg are larger outside the CH than inside, except
for frequencies below about 89 MHz.

Figure 2.11 shows how the final 7 value changes with w. 7 increases almost
linearly as w increases up to 145 MHz inside and 179 MHz outside the CH,
respectively. Then 7 decreases almost linearly with increasing w inside the CH
from 145 MHz to 240 MHz, with a similar behavior from 179 MHz to 240 MHz
outside the CH. Note that 7 is larger outside the CH by a factor of two than
inside the CH between 161 and 240 MHz. We also note that 7(w) is very similar
in magnitude inside and outside the CH from 80 to 145 MHz, which means

that those features should have similar intensities in absence of any additional
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Figure 2.12: Variations in heights as a function of frequency. 7;, and 7., are
for 7 = 0 and 7 = 0.5 inside and outside the CH, respectively.

effects.

Figure 2.12 shows the variations in height with increasing frequency for
different values of 7 inside and outside the CH. The heights of the plasma layers
(7 = 0) decrease with increasing w inside and outside the CH. The heights
where 7 = (0.5 also decrease with increasing w up to 145 and 179 MHz inside
and outside the CH, respectively, before increasing slightly with w. It is noted
here a value of 7 = 0.5 is somehow considered to be reached at 240 MHz inside
the CH. These values of 7 may be somewhat underestimated as the modeled
densities do not reach those corresponding to the plasma frequency, and the
chromosphere is not included in the MAS model. Note that the heights outside
the CH are larger than inside the CH by a factor of two below 145 MHz for
both 7 =0 and 7 = 0.5.

65



Ch. 2: Relative Brightness of Coronal Holes

012 T T T

D s Inside coronal hole for 7=0 to 0.5 ’
0.10F ——— Outside coronal hole for 7=0 to 0.5 |4

Ah [Rsun]
o
o
(o)}
1

o
o
=
L} I L}

0.02f

0.00C

50 100 150 200 250
Frequency [MHZz]

Figure 2.13: Difference in heights as a function of frequency inside and outside
the CH.

We now consider the difference in height Ah between the 7 = 0 and 0.5
levels (i.e. h,—q5—h,—o). Figure 2.13 presents Ah profiles inside and outside the
CH. Ah decreases with increasing frequency w up to 145 MHz inside and 179
MHz outside the CH, respectively, and then increases slowly with increasing w.
Figure 2.13 shows that below 161 MHz, Ah inside the CH is less than outside
the CH by approximately a factor of 1.5.

2.4.2 Qualitative Model

A brief summary of the qualitative model for the dark-to-bright transition of
CHs as the radio frequency decreases is as follows. First, the optical depth
inside the CH is significantly lower than outside at higher frequencies, whereas

there is only a slight difference in optical depth at lower frequencies, meaning
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that the CH should be of comparable brightness to the surrounding corona
absent of any other effects. Second, radiation generated in the surrounding
corona that propagates toward the CH will be refracted at the CH boundary
toward the radial direction, which happens to a greater extent with decreasing
frequency. This insight provides a framework by which to constrain the possible
underlying physical mechanisms, of which we speculate refraction at the CH
boundary is most likely. Third, the combination of these two effects leads to
the observed dark-to-bright (relative to the surrounding corona) transition as
frequency decreases. We now consider the elements of this model in more detail.

Ray paths can be dramatically altered by refraction as radio waves propagate
through the corona (Robinson, 1983). Refraction can happen due to small-scale
or large-scale changes in density. Radio emission is refracted toward regions
of higher refractive index, corresponding to moving from high to low density
regions and so from elsewhere in the corona into a CH, as shown next. The
refractive index n can be written in terms of wave number k, speed of light c,

and wave frequency w as

n = kejw. (2.3)

For radio waves in an unmagnetized plasma, the plasma frequency w, and w

are related by the dispersion relation
2 2, ,22
w=w, + k7,

whence

ke =+v/w?—w

(2.4)

2
D

From Equations (2.3) and (2.4) we obtain
n=/1-w}fw? (2.5)
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Hence, n = 0 for w = w, and n = 1 for w® > wﬁ . Refraction happens from high
w, to small w, from n = 0 to n = 1. From Equation (2.5), it is clear that the
refractive index increases as w decreases for constant k.

We are interested in propagation effects due to refraction around a CH. Let
us consider a CH as a low density funnel, as shown in Figure 2.14, into which
radio waves can enter from adjacent source regions. Aoy (w) indicates the side
area of the CH, which is w dependent. We consider the height h,_q,5 where
7 = 0.5 and the height hp; of the plasma layer where 7 = 0. The heights hpr,
and h,_g5 vary with w.

From Figure 2.11 we note that 7 is not significantly different inside and
outside the CH at low frequencies below 145 MHz but 7 is smaller inside the CH
by a factor of two from 161 MHz to 240 MHz. Thus, the brightness of a CH will
approach that of the background with decreasing frequency as the difference in
optical depths between different regions becomes smaller. Our optical depth
estimates suggest that, absent of any other effects, a CH should have roughly the
same intensity as a quiet-Sun region at 80 MHz. The dark-to-bright transition
is therefore partly due to the difference in optical depths becoming smaller but
mostly because additional physics is required to produce the large enhancements
over the background level seen in our low-frequency data.

We now consider the propagation effect associated with refraction in which
radio emission generated sufficiently close to a CH boundary will propagate
toward the CH and be refracted radially into the CH, as considered in some
detail below.

Radiation starts being emitted where 7 = 0 and continues to be emitted at
larger heights but is also increasingly absorbed as 7 accumulates with height,
with power P(7) = ¢ PO for radiation emitted only at 7 = 0. There are three
cases considered here and in Figure 2.14. In case 1, radio emission is generated

in a CH and stays there, in case 2, emission is generated in the surrounding
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corona and propagates into a CH, and in case 3, emission is generated in the
corona and stays there. Radiation propagating inside a CH is much less likely
to be absorbed because of the lower opacities in case 1. For case 2, the radiation
generated above the 7 = 0 layer is not absorbed, but instead is refracted into
the low density CH from the adjacent higher-density corona. This results in
additional flux appearing to come from the CH while having been generated
elsewhere. For case 3, the radiation generated in the surrounding corona is
absorbed at somewhat larger rate than inside the CH.

We propose that Ah increases as w decreases outside the CH, as shown
in Figures 2.13 and 2.14, and that this increases the side area Acy(w) of the
CH through which radiation can enter the CH from the corona. We can write
Acy(w) = 2nrop(w)Ah(w) for a cylindrical CH, where roy(w) is the radius
of the CH, and propose that Acy(w) increases as w decreases since Ah (i.e.
hreo5(w) — hpr(w)) increases as w decreases. That is, at lower frequencies (e.g.
80 MHz), the side area of the CH goes up and more radiation propagates into
the CH from the corona (e.g. due to refraction caused by the decrease in n),
before eventually propagating upwards and out of the CH to the observer.

Figure 2.13 provides evidence that Ah(w) and so Acy(w) indeed increase
as w decreases, as proposed. The radiation power Py entering into the CH

can be written as

Pep = e(w)Acu(w), (2.6)

where (w) is the energy density per unit volume. If e(w) is independent of w,
then an w dependence for Acy(w) can drive changes in brightness of the CH
as a function of w.

Our idea suggests that the power of radio emission from the CH at high

frequencies and from the corona at all frequencies is “thermal”, with

Poy(high w) = Poy 7n(high w) (2.7)
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and

Pe(w) = Po pp(w),

for the CH and corona (C), respectively. We assume that

Poy(low w) = Poy rp(w) + Pprop cn(w),

where using Equation (2.6),

Pop(low w) = Pog rp(w) + e(w)2mrop(w)Ah(w).

(2.8)

(2.9)

Here Pry, is the power due to thermal emission, Pp,,, cg is the power of radio

waves propagating from the corona into the CH, P, is the power in the corona.

Now the idea is that Py pp(w) and Poy pp(w) vary with w in the same way

as each other but that Pp,,, cp(w) increases as w decreases. Thus to match

the dark-to-bright phenomenon, it is necessary that Pp,,, cy(w) increases

sufficiently more rapidly at low w than Py 74,(w) and Pog p,(w), so that the

sum of power of radio waves entering into the CH is higher at low w and lower

at high w. We can write these constraints at low w as

Pey(low w) = Poy rp(w) + Pprop cn(w) > Po rp(w),

and
Pou(high w) = Por 71(w) + Pprop cn(w) < Po rn(w),
whence
L Pon(w) < A= Po(w)
and

d d
%PPTop cn(w) < %[PC rn(w) = Pop 7n(w)].
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Figure 2.14: Cartoon representation of the dark-to-bright transition of radio
CH at low frequencies. Filled arrows with straight lines indicate radio photons
propagating straight to the observer in the CH or exterior corona. Arrows with
dotted lines show more photons refracting into the CH from the corona as the
frequency decreases through the increased side areas of the CH. Blue and black
colored horizontal solid lines indicate different optical layers inside and outside
the CH, respectively.

Equation (2.10) assumes that Poy(w) increases as w decreases and that the
Pp,op cr(w) term arises at low w due to higher power radio waves entering
the CH from the corona at low w. Thus we observe a radio-bright structure
of the CH at low w due to the term Pp,,, cy(w). But at high w, we propose
that the term Pp,,, cp(w) is small. As a consequence, we observe a radio-dark
structure for the CH at high w that is radio-bright at small w. Thus following
the suggestion of Alissandrakis (1994) that refraction effects can significantly
change the radio map of the corona, we conclude that the radio-dark structure
of a CH changes into a radio-bright structure with decreasing frequency is due

to propagation and refraction.
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2.5 Discussion and Conclusions

We have demonstrated observationally the dark-to-bright transition of CHs from
high to low radio frequencies in MWA data in Figure 2.1. This dark-to-bright
transition is not predicted by existing theory. The MAS-FORWARD model
does not show the dark-to-bright transition that we observe. We argue that
CHs observed in MWA radio data can be radio-dark at high frequencies but
radio-bright at low frequencies due to propagation and refraction effects. It is
well known that propagation effects due to refraction can change the spatial
extent of a source and decrease its brightness (Thejappa and MacDowall, 2008;
Ingale et al., 2015).

Possible explanations include refraction of radio waves due to density inho-
mogeneities (Alissandrakis, 1994; Shibasaki et al., 2011). Alissandrakis (1994)
suggested that refractive effects could cause a low-frequency enhancement of
CHs on the solar limb, whereas we develop our interpretation based on similar
ideas but for CHs near disk center, where the low-frequency enhancements
have been observed. Other proposed explanations exist for the dark-to-bright
transition of CHs. Golap and Sastry (1994) proposed that the brightness of a
CH near disk center depends on magnetic field but that a CH is always dark
at the limb whatever the magnetic field strength is. An alternative suggestion
given by Sheridan and Dulk (1980) is that the electron temperature is relatively
higher in a CH than the surrounding regions, making the CH brighter at the
disk center. This suggestion is inconsistent with the MAS simulation data of
Figure 2.9.

At higher frequencies, the MWA data show that the radio CHs have sharp
boundaries (e.g. Figures 2.1 and 2.6), while in the middle of our frequency
range (as shown in Figure 2.6) CHs are indiscernible regions in the solar corona.

The same phenomenon for CHs is described by Mercier and Chambe (2012)
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at the bottom of their frequency range. At our lowest frequencies, CHs are
often (but not always) distinguishable as intensity enhancements when observed
near disk center. We note that the frequency at which dark-to-bright transition
occurs (i.e. the frequency for which the CH intensity is closest to that of the
surrounding corona) is not the same for all four CHs presented in Section 2.2.
The dark-to-bright CH transition happens near 145 MHz (Figure 2.1) for the
28 August 2014 event, whereas the other CHs show transitions near 130 MHz
for the 31 August 2015, 135 MHz for the 21 September 2015, and 145 MHz for
the 11 November 2015 events, respectively. The reason for this variance is an
interesting topic for further research.

If emission generated outside of a CH is systematically redirected into it, then
a corollary of this effect should be diminished intensity in the region surrounding
the CH. If the structure of the CH is such that this occurs uniformly around
the exterior, then we would expect to see a dark ring around the CH. This
feature is clearly apparent in at least two of our observations, on 28 August
2014 and 21 September 2015 (Figure 2.1), particularly at the lowest frequencies.
Note that we would expect this only in the optically thin regime for which a
photon that is redirected into the CH would still have been likely to escape
outside of the CH. As 7 increases above unity with increasing frequency outside
the CH, a certain amount of emission can be refracted into the CH without
significantly diminishing the apparent intensity outside. The magnitude of the
intensity depression surrounding the CH should therefore be smaller at higher
frequencies, which is also what we observe.

Some CHs are also found to change their positions as a function of frequency
(Figures 2.1, 2.5, and 2.6). For instance the CH on 28 August 2014 is seen
to change its position slightly to the north from the disk center as frequency
decreases. This could be due to the shape of the CH as it expands with height, as

dictated by its magnetic field configuration. But it could also be that ionospheric
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refraction, which is stronger at lower frequencies, has shifted the position of
the entire Sun to some extent due to changes in the ionosphere between the
calibration and solar observations. Moreover, a sharp ring is observed around
the boundary of the CH at 240 MHz which is not clearly observed at 80 MHz.
We propose that the larger refractive effect at low frequencies, which helps
more photons to propagate into the CH boundary from the outside corona, also
causes the ring feature of the CH to vanish at low frequencies.

All disk-center CHs do not necessarily exhibit a strong low-frequency en-
hancement, as shown in Figure 2.6. CHs are typically thought of as expanding
funnels, and we speculate that how fast a CH expands as a function of » may
determine whether a CH is radio-bright at a particular frequency. Some CHs
open fast, with larger opening angles and areas as a function of r, while other
CHs open more slowly with smaller areas as a function of r. Accordingly, the
faster the CH opens, the more radiation will enter into the CH via its larger side
areas Acp(w), leading more easily to a larger intensity at a given frequency. If
so, then the CHs in Figure 2.1 should open faster than the CH in Figure 2.6.
Figure 2.13 provides evidence that Ah(w) increases as w decreases. Accordingly,
Acp(w) = 2nrog(w)Ah(w) should increase as w decreases and r increases
provided that the dependences of vy on w and r do not counteract those
of Ah(w). If a CH expands super-radially then oy (w) increases faster than
r. Some studies of CH morphology find boundary expansions that are radial
(Woo and Habbal, 1999; Woo et al., 1999) and others super-radial (DeForest
et al., 2001). The data in Figures 2.1 and 2.4 suggest that rop increases as w
decreases and r increases, as do the cartoons in Figure 2.14. Thus the available
data and our theoretical calculations suggest that Ay (w) indeed increases as
w decreases and r increases, as proposed.

The cartoon representation (Figure 2.14) suggests that the brightness should
be primarily enhanced at the CH boundary, which would lead to a bright ring
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of emission around the edge. This is exactly what we see at higher frequencies,
particularly in the 28 August 2014 observation. The bright ring gradually
disappears with decreasing frequency until the CH becomes a uniformly bright
feature at our lowest frequencies, which is likely due in part to the diminished
spatial resolution at lower frequencies. Very large CHs should therefore exhibit
this ring feature down to lower frequencies, but disk-center CHs do not often
get much larger than our 80 MHz beam size. The higher spatial resolutions
provided by the expanded Phase IT MWA (Li et al., 2018) may thus be used
to test this hypothesis in future work. However, we note that if scattering is
sufficiently enhanced in some CHs over the background corona then the ring
feature may become unobservable due to diffusive effects of scattering.

In Figures 2.5 and 2.7 we studied the intensity of CHs normalized by the
median value of the quiescent Sun intensity for our twelve frequencies. We
do this normalization so as to calculate a reasonable quiet-Sun background to
which the CH intensity can be compared. It is noted that the position of the
Sun seems to shift systematically to the right with decreasing frequency (right
panel in Figure 2.7). The reason for this shift may be ionospheric refraction,
which is stronger at lower frequencies and will noticeably impact our data if
ionospheric conditions changed significantly over the =2 hours between the
time of the solar observation and the calibration observation used to set the
antenna phases. A flux-calibrated spectrum would aid in discriminating between
different emission mechanisms. Future work may incorporate the flux calibration
methods described by Oberoi et al. (2017) and Mohan and Oberoi (2017) for
this purpose, but that is beyond the scope of this work.

Refraction effects and relative optical depths are important in our model
for the CH dark-to-bright transition at low frequencies. A future quantitative
calculation of ray tracing in suitable plasma structures, such as those provided

by MAS, would allow a direct calculation of our model for the dark-to-bright
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transition of many CHs.

The MWA data that we used for our analysis are for CHs near disk center
but not near the solar limb. Our model would expect CHs to diminish in
brightness with proximity to the limb, since the radiation is refracted radially
on average and so not towards Earth, and future work could investigate this
potential viewing angle effect by examining CHs continuously as they transit
the Sun from limb to limb.

In summary, we presented, analyzed, and interpreted MWA observations of
CHs in the frequency range 80—240 MHz. Since CHs are low-density regions
relative to the corona, CHs are expected to be observed as dark structures
across the bandwidth of MWA. However, we observed four CHs near disk center
that transition from being relatively dark structures at higher frequencies (2
145 MHz) to relatively bright structures at lower frequencies (< 145 MHz). We
showed that some CHs have a transition frequency near 145 MHz and some other
CHs have that transition frequency near 130 MHz or 135 MHz. We compared
MWA observations to FORWARD synthetic images based on the MAS model.
The synthetic images obtained from model data did not exhibit the dark-to-
bright transition, so that this model is not consistent with our observations
at lower frequencies. We proposed that the dark-to-bright transition results
from refraction of radio waves from the surrounding corona into the low density
CH regions, and we developed a qualitative model based on refraction and the
relative optical depths inside and outside a CH as a function of frequency. The
optical depths calculated based on the MAS model are qualitatively consistent
with our interpretation. We have therefore shown that propagation and relative
absorption effects are a feasible explanation for the dark-to-bright transition

exhibited by these CHs from high to low frequencies.
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Abstract

We present low-frequency (80—240 MHz) radio observations of circular polariza-
tion in sixteen isolated type III solar radio bursts using the Murchison Widefield
Array (MWA) between August 2014 and November 2015. On average for most
of the bursts, near burst onset, we find degrees of circular polarization 5—30%
at 80 MHz and 15-40% at 240 MHz and these percentages are 3—15% and
5—25% near burst maximum. We measure polarization fractions as a function
of burst source’s positions. On average, near both burst onset and maximum,
we find higher polarization near the disk center and lower polarization when
the burst source is near the limb. We study total intensity (Stokes I), circularly
polarized intensity (Stokes V'), and polarization fraction (| V'|/I) profiles for
type III bursts with and without source motion as a function of position at
times when the intensity of bursts is maximum. The burst event with no source
motion, we find symmetric profiles for Stokes I, V, and | V' |/I, we also find
symmetric I, V, but asymmetric | V'|/I profiles for those burst events which
have source motion. We argue that this asymmetric | V'|/I profile is due to the
fundamental emission at the front of a type III electron beam and motion of the
burst source. We then analyze the relative burst source motion and polarization
fraction. At burst onset, we obtain relatively higher polarization fractions,
which is considered to be due to a large contribution from fundamental plasma
emission. At burst maximum, the polarization fraction is lower due to the
combination of fundamental and harmonic components. After at peak intensity,
the emission is dominated again by the fundamental component that decays
until the end of a burst with lesser polarization fraction than earlier. We argue
that the fundamental radiation that decays over time after peak burst intensity
is strongly scattered. This pattern of fundamental, fundamental and harmonic,

and then fundamental emission with time is consistent with the interpretations
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of Dulk et al. (1984), Robinson et al. (1994), and Robinson and Cairns (1998).
We propose that the scattering effect can be a viable reason for low polarization
fractions for type III events. Finally, we investigate the variations of decay
time (t;) for three events with frequency (f) where t; oc f~>"*%! decreases

more rapidly with increasing f compared with lower-frequency observations

(td o f—l.li(].l).

3.1 Introduction

Solar radio bursts are classified based on their frequency drift rate (Wild and
McCready, 1950), with type III bursts drifting faster than type II and I bursts.
The frequencies of type III bursts have been observed as high as 10 GHz at
the bottom of the corona down to 30 kHz at 1 AU. Coronal type III bursts
have frequencies above about 10 MHz, whereas interplanetary type III bursts
have frequencies from about 10 MHz to 20 kHz or below around 1 AU (Leblanc
et al., 1998; Lin et al., 1973). Type III solar radio bursts are a crucial diagnostic
tool for understanding the acceleration of solar electron beams (Goldman, 1984;
Robinson and Cairns, 2000; Reid and Ratcliffe, 2014; Reid and Kontar, 2018),
and they are one of the most familiar signatures of the magnetic reconnection
process thought to drive solar flares (Cairns et al., 2018). They usually have high
brightness temperatures that imply non-thermal emission from semi-relativistic
electrons. The basic theory is that electron beams generate Langmuir waves by
the bump-on-tail instability that then couple nonlinearly to produce radiation at
the plasma frequency (f,) and its second harmonic (2f,). The theory of type III
radio bursts has been developed by many authors (Ginzburg and Zhelezniakov,
1958; Goldman, 1983; Dulk, 1985; Cairns, 1987b, 1988; Robinson and Cairns,
2000; Melrose, 2009; Li et al., 2010; Kontar et al., 2017).

Type III solar radio bursts can be classified according to their frequency-
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time structures in any of the sub-classes named as structureless (Mercier, 1990),
fundamental (F), harmonic (H) (Suzuki and Dulk, 1985), and fundamental-
harmonic (F-H) pairs based on their appearance in dynamic spectrum, range
of frequencies they originate, F-H ratio, and polarization measurement, etc.
Usually, type III bursts do not exhibit F-H structure at frequencies below =
100 MHz (Dulk et al., 1984). There is still doubt as to whether both F and H
components are present in type III bursts below that frequency. It is widely
argued that above 100 MHz, type III bursts are predominantly H emission
due to their generally low polarizations and lack of F-H structure (Suzuki and
Dulk, 1985) although Li et al. (2016) provide arguments against this. At higher
frequencies, from = 100 MHz to a few hundred MHz, there is a significant
percentage of F-H components in bursts where the F component starts from
60 MHz and H component starts at * 200 MHz (Dulk and Suzuki, 1980). It
is noted that for many (not all) interplanetary type Ills, the radio emission is
dominated by the F component at the burst onset, which would exhibit higher
polarization fractions, than near the burst peak when the emission is a mixture
of F and H emission (Dulk et al., 1984). In the decay phase, the F' component
dominates again and becomes weaker in polarization due to the scattering effect
(Robinson, 1983; Robinson and Cairns, 1998). The precise theoretical idea about
the dominance of F radiation at the burst onset and during the decay phase
is given by Robinson et al. (1994) and Robinson and Cairns (1998). We will
consider this idea of F emission at the burst onset, both F and H emission near
the peak burst intensity, and F emission during the decay phase for our type
III burst events using the Murchison Widefield Array (MWA) at frequencies
from 80 to 240 MHz. The MWA is a low-frequency radio telescope capable of
imaging the solar corona across frequencies from 80 to 300 MHz (Tingay et al.,
2013a,b).

A significant amount of research on type III bursts has appeared in the
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literature during the past few decades (McLean, 1971; Dulk and Suzuki, 1980;
Suzuki and Dulk, 1985; Robinson and Cairns, 1998; Reid and Ratcliffe, 2014;
McCauley et al., 2017, 2018; Cairns et al., 2018; Mohan et al., 2019). Type
[ITs show fascinating properties in their drift rate, brightness, motion, F and H
structures, circular polarization, etc. The circular polarization measurements of
type III bursts can provide information regarding the structure of the magnetic
field and its strength above active regions (Mercier, 1990). Theory predicts 100%
circular polarization for F emission in type III bursts, but it is less than that
observationally. For instance, Dulk and Suzuki (1980) analyzed the polarization
characteristics of 997 type III bursts and found the average degree of circular
polarization of F and H emission in F-H pairs was 35% and 11%, respectively,
whereas structureless bursts had 6% circular polarization on average.

Some radio observations reveal that the degree of circular polarization can
reach its maximum before the maximum of the total intensity of type Ills
(Benz et al., 1982; Mercier, 1990). Benz and Zlobec (1978) investigated the
circular polarization and frequency drift rate of type I1I bursts at 237 MHz using
the Trieste Polarimeter. They found an approximately maximum 60% degree
of circular polarization and also established a correlation between frequency
drift rate and circular polarization. Using the Culgoora Radioheliograph, the
degree of polarization of 997 type III bursts was studied by Suzuki et al. (1980)
from 24 to 220 MHz. They found a maximum 60% degree of polarization for
the F components (<100 MHz). Mercier (1990) studied the degree of circular
polarization of sixteen well-isolated type III solar radio bursts in the frequency
ranges from 164 to 435 MHz using the Nancay Radioheliograph and found
that the circular polarization increased as a function of increasing frequency
on average. The maximum degrees of circular polarization was approximately
23% at 435 MHz and 5% at 164 MHz. Observationally, type III bursts with

nearly 100% circular polarization at microwave frequencies are reported in the
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literature (Wang et al., 2003).

Time-varying circularly-polarized emission during a burst permits us to
know about the magnetic field polarity of that burst, whether it is unipolar or
bipolar relative to the sense of polarization (Mercier, 1990), or about changes
in the emission mechanism (e.g. from F to H or vice versa). Motivated by
the previous work on polarization measurements referenced above, we study
the circular polarization characteristics of type IIIs observed by the MWA.
This instrument has a polarimetric capability to image the Sun with good
frequency resolution from 80 to 240 MHz (McCauley et al., 2019). Such low-
frequency polarimetry of type III bursts is convenient to perform due to their
high intensities and large polarization fractions that are easier to detect with the
MWA. Besides this, the Stokes I (total intensity) and V' (circular polarization)
imaging observations of MWA provide information on total and circularly
polarized emissions of solar type III bursts (McCauley et al., 2018) and weak
polarization signatures associated with thermal bremsstrahlung emission of
the solar quiescent corona (McCauley et al., 2019) as functions of frequency,
time, and position. The emission coming from the solar quiescent corona will
not be described in this Chapter. Thus, we present unique low-frequency
imaging and circular polarization MWA observations of sixteen isolated type
IIT bursts from 80 to 240 MHz. Investigations on both the degree of circular
polarization and polarimetric imaging have not been reported in the literature
in this frequency range. Some of the events show a low percentage of circular
polarization (on average = 5%) and others show a relatively high percentage
of circular polarization (on average = 20% but up to 60%) at maximum burst
intensity.

The Chapter is organized as follows. Observations and data reduction
processes are presented in Section 3.2. The dynamic spectra of several type

[T bursts constructed from Stokes I, V, and | V' |/I images are presented in
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Section 3.3. The spatio-temporal profiles of burst sources at 80 MHz revealing
source motion and polarization fractions as a function of time and distance, are
organized in Section 3.4. The total and circularly-polarized intensity profiles
of type Ills are described in Section 3.5. Section 3.6 describes the circular
polarization characteristics of type III bursts: variations of the degree of circular
polarization with frequency and position are described in Sections 3.6.1 and
3.6.2, respectively. The linear and logarithmic circularly-polarized flux profiles
are described in Section 3.7. The decay time of three burst events is described
and compared with existing theory and observation in Section 3.8. Finally, a

discussion and conclusions are presented in Sections 3.9 and 3.10.

3.2 MWA Observations and Data Reduction
Process

The Murchison Widefield Array (MWA) is a low-frequency interferometer in
Western Australia (Lonsdale et al., 2009; Tingay et al., 2013a). The observations
reported here were obtained using Phase I of the MWA. Technical details and
the MWA’s overall design are described by Tingay et al. (2013a), and its science
targets are outlined by Bowman et al. (2013). The Phase I instrument is
composed of 128 “tiles”, each containing 16 dual-polarization dipole antennas.
The total bandwidth is 30.72 MHz, which can be distributed across the range
80 to 300 MHz, with default time and frequency resolutions 0.5 s and 40 kHz,
respectively (Tingay et al., 2013a). Significant amounts of solar research have
been done by many authors using MWA observations (Tingay et al., 2013a,b;
Oberoi et al., 2014, 2017; Mohan and Oberoi, 2017; Suresh et al., 2017; McCauley
et al., 2017, 2018; Cairns et al., 2018; Rahman et al., 2019; Mohan et al., 2019;
McCauley et al., 2019).
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)

In our observations, we observe type III radio bursts in the “picket fence’
mode, meaning in 12 2.56 MHz wide bands whose centre frequencies range
from 80 to 240 MHz. The MWA data are recorded in fine-frequency channels
with 0.5 s time and 40 kHz frequency resolution, which we average across 2.56
MHz bandwidths to produce 0.5 s images at 80, 89, 98, 108, 120, 132, 145, 161,
179, 196, 217, and 240 MHz. We used WSClean (w-stacking clean) (Offringa
et al., 2014) for imaging with a Briggs —2 (Briggs, 1995) weighting scheme in
order to emphasize spatial resolution. The synthesized beam sizes range from
=~ 2.8 arcmin at lower frequencies to less than 1 arcmin at higher frequencies.
Our burst data are reduced in the same manner as McCauley et al. (2017) and
McCauley et al. (2018).

We note that in order to obtain useful polarization fractions of type III
bursts, it is necessary to account for “leakage” of the Stokes I (total intensity)
signals into the Stokes V' (circular polarization). This problem is described
precisely by Lenc et al. (2017) and addressed in detail using the approach of
McCauley et al. (2019), as summarized next. Leakage occurs due to differences
between the actual instrumental response and the primary beam model used
to convert instrumental polarizations into the standard Stokes parameters.
These differences may include imperfections in the model itself, along with
some instrumental effects, such as individual dipole failures during a particular
observing event run, that may cause the true response to vary from that of an
otherwise perfect beam model (McCauley et al., 2019). Sutinjo et al. (2015)
consider a simple model where inter-element mutual coupling is utilized to
measure Stokes () leakage observed when the array is scanned away from the
zenith. @) leakage is therefore identified by the model itself while predicting the
imbalance between X (East-West) and Y (North-South) dipoles in 4x4 bow-tie
antennas of each tile. The Sutinjo et al. (2015) beam model substantially reduced

leakage from Stokes I into Stokes ) but increased the leakage from [ into V.
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We use a simple algorithm (McCauley et al., 2019) for leakage subtraction that
minimizes the number of pixels with polarization fraction greater than 0.5% (i.e.
| V//I|>0.005) for quiescent images outside of burst periods, for which thermal
bremsstrahlung is expected to dominate and produce polarization fractions
| V/I| < 0.5%. See McCauley et al. (2019) for details on the algorithm and its
limitations.

The type III burst data that we analyze are part of an imaging survey of
many type Ills observed by the MWA during 45 separate observing periods
in 2014 and 2015 (McCauley et al., 2018). We chose burst events occurring
between August 2014 to November 2015 due to the existence of processed
data and a catalog produced by McCauley et al. (2019). They focused on
non-burst spectro-polarimetric observations of the solar corona and studied
circular polarization of low-latitude coronal holes at frequencies 80 to 240 MHz
using MWA. We, therefore, selected sixteen sufficiently distinct and locally
isolated sets of type III burst events for detailed analysis. The data have been
flux calibrated using the same manner described by McCauley et al. (2017).

In order to neglect the noise or unwanted signals in favour of burst emission,
the burst images are background subtracted for a whole time period. The
background levels for each frequency are estimated by taking the median
intensity. It is noted here that the onset of a burst is defined to be when the
burst intensity is greater than the background level by a factor of 1.3.

We select our burst events for analysis based on the following criteria: (1)
the bursts are isolated in time from other bursts, (2) the burst intensity is at
least a factor of 1.3 above background, and (3) the burst has to be present
at most frequencies from 80 to 240 MHz. The first criterion ensures that the
burst can be generated by a single packet of electrons. The second and third
criteria restrict the analysis to bursts for which burst properties can be measured

accurately.
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Table 3.1 shows the date, onset burst time, duration, source position, and

source motion of our bursts chosen for analysis.

3.3 Dynamic Spectra

We construct and display the dynamic spectra for the three type III bursts on
2015/08/25 near 03:14:58 UT, 2015/09/18 near 03:06:08 UT, and 2015/11/11
near 02:32:40 UT (Figure 3.1). The dynamic spectra are background subtracted.
The right columns show expanded views of the regions of the selected type 111
bursts indicated by the vertical dashed lines in the left columns. These type III
bursts are relatively isolated and clear. All are relatively slow drift, with the
peaks moving from frequencies = 200 MHz to 80 MHz in = 3 sec.

Figure 3.2 shows the dynamic spectra for the Stokes I (total intensity), V'
(circular polarization), and V' /I (polarization fraction) for the type III burst
events of 2015/09/18 and 2015/11/11 shown in Figure 3.1. In order to exclude
any emission coming from the background Sun, the background levels are
subtracted from the Stokes I and V intensities to make the respective dynamic
spectra shown. In contrast the Stokes V' /I dynamic spectra are not background
subtracted in frequency and time. From Figure 3.2, the dynamic spectra for
Stokes V' are relatively smaller in magnitude and narrower than for Stokes L.
The intensity in polarized emission found in the dynamic spectra is less than
that of the total emission. We find maximum polarization fractions (| V'|/I)
equal to 0.3 and 0.6, respectively, for the two burst events. Based on previous
work (Benz and Zlobec, 1978; Dulk and Suzuki, 1980; Suzuki and Dulk, 1985),
these values are too large for harmonic plasma emission and point towards the
burst emission being at the fundamental of the plasma frequency.

We examine the type III burst events to make sure whether they exhibit

fundamental-harmonic structure or and structureless. Figures 3.3 and 3.4 show
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Table 3.1

Type III bursts chart

Date Start time | Position Motion % of po-|% of po-
(UT), Du- larization | larization
ration (s) at burst | at burst

onset maxi-

(Figure mum

3.12) (Figure
3.12)

2014/08/26 | 03:49:21.20, | East limb Yes, out- | Min:4.1, | Min:0.1,
5 ward Max:34.6 | Max:3.3

2014/08/28 | 03:05:19.70, | East limb Yes, out- | Min:0.2, | Min:0.2,
5 ward Max:60.3 | Max:14.6

2014/09/15(a)| 03:34:18.70, | West limb | Yes,  out- | Min:3.0, | Min:0.3,
) ward Max:29.3 | Max:31.9

2014/09/15(b)| 06:25:58.20, | Large radial | No Min:11.1, | Min:0.9,
4 height Max:37.7 | Max:21.6

2014/09/16 | 06:23:38.60, | East limb Yes, limited | Min:1.6, | Min:2.1,
3 motion Max:11.5 | Max:10.3

2014/09/26(a)| 06:27:10.10, | Disk center | No Min:1.2, | Min:0.5,
3 Max:12.7 | Max:6.3

2014/09/26(b)| 06:58:16.70, | Disk center | No Min:28.2; | Min:8.6,
) Max:49.8 | Max:34.0

2014/10/14 | 03:05:18.70, | Large radial | No Min:2.1, | Min:0.4,
3 height Max:58.6 | Max:24.0

2015/08/25 03:14:58.70, | Disk center | No Min:11.1, | Min:0.9,
6 Max:37.7 | Max:21.6

2015/09/03(a)| 01:55:02.70, | Disk/East | No Min:0.5, | Min:0.4,
5 limb Max:14.7 | Max:12.4

2015/09/03(b)| 02:10:37.20, | Partial on | Yes, limited | Min:0.1, | Min:1.0,
4 disk motion Max:6.6 | Max:15.0

2015/09/18 03:06:08.20, | Disk/West | Yes, out- | Min:5.3, | Min:13.6,
6 limb ward Max:15.3 | Max:47.6

2015/10/27 02:55:33.70, | Large radial | Yes Min:0.2, | Min:0.1,
6 height Max:1.6 | Max:0.6

2015/10/29 02:06:06.20, | Large radial | Yes Min:7.2, | Min:2.9,
3 height Max:15.2 | Max:11.9

2015/11/04 01:32:58.70, | West limb Yes, out- | Min:1.3, | Min:0.2,
4 ward Max:56.3 | Max:4.6

2015/11/11 02:32:40.20, | Disk center | No Min:13.4, | Min:10.7,
6 Max:46.8 | Max:59.9

88




Ch. 3: Spectropolarimetric Imaging of Type III Bursts

the light curves for the logarithmic intensity of the two type III events on
2015/09/18 and 2015/11/11 at frequencies ranging from 240 to 80 MHz. These
examples do not have any signatures of simultaneous fundamental and harmonic
emission, such as two peaks in the time profiles of a single burst at a given
frequency f (first fundamental and then harmonic) in the intensity light curves.
It is noted here that the data we used have a time resolution of 0.5 s, which
may not be sufficient to distinguish fundamental-harmonic structures. Before
we suggest that the burst events we analyze exhibit fundamental emission near
burst onset and a mixture of fundamental and harmonic emission near the times

of peak intensity.

3.4 Spatio-temporal Profiles of Type 1II Burst
Source

We now analyze burst source motions and distance-time profiles for the two
burst events in Figure 3.5, which shows 80 MHz images in Stokes I, V., and
| V'|/I on 2015/08/25 near 03:15:02 UT (top panels) and on 2015/09/18 near
03:06:12 UT (bottom panels), both of which had source motion. It is noted
that we restrict our analyses of the source motion and distance-time profiles at
the lowest frequency but we also observe source motion of two events at higher
frequencies = 132 MHz which is not presented here. However, the red arrows
show the directions of source motion, and the red lines correspond to the slices
used to make the distance-time plots shown in Figure 3.6. The Stokes | V'|/I
images in Figure 3.5 show that for each burst source a smaller polarization
fraction is seen toward its back (tailing edge) side and a larger polarization
fraction is observed toward the front (leading edge) side of the burst source in

the direction of source motion.
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Figure 3.1: Dynamic spectra made from image intensities for the type III bursts
near 03:14:57 UT on 2015/08/25 (row A), 03:06:07 UT on 2015/09/18 (row
B), and 02:32:39 UT on 2015/11/11 (row C), respectively. The left columns
show 2-min observing intervals, while the right columns indicate = 10 s time
periods surrounding the selected type III bursts (bounded by the vertical dashed
lines in left columns), respectively. The horizontal dotted lines show the entire
frequencies of the 12 channels that each have a spectral width of 2.56 MHz. The
white crosses indicate peak burst times for each frequency channel. Intensities
are divided by the background level and plotted on a logarithmic scale.
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Figure 3.2: Dynamic spectra made from image intensities for Stokes I, V, and
| V'|/I for the two type III events on (left) 2015/09/18 and (right) 2015/11/11,
respectively. Plot axes and annotations are same as in Figure 3.1.
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Figure 3.3: Logarithmic intensity plots of type III burst on 2015/09/18 for 10
frequencies (from top to bottom panel): 196, 179, 161, 145, 132, 120, 108, 98,

89, and 80 MHz, respectively.
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Figure 3.4: Same as Figure 3.3 but type III burst on 2015/11/11 for 11 frequen-
cies (from top to bottom panel): 240, 217, 196, 179, 161, 145, 132, 120, 108, 89,
and 80 MHz, respectively.
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Figure 3.5: Top panels: 80 MHz images of Stokes I, V, and | V'|/I for the type
IIT burst with source motion on 2015/08/25 near 03:15:02 UT where the red
colored lines correspond to the slices used for distance-time profiles shown in
top row of Figure 3.6. Bottom panels: Same as the top panels but for the type
IIT burst with source motion on 2015/09/18 near 03:06:12 UT. The directions
of burst source motion are indicated by the red arrows.
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Figure 3.6: Distance-time profiles at 80 MHz for Stokes I, V, and | V' |/I for
the type III bursts with source motion (top) on 2015/08/25 and (bottom) on
2015/09/18. These are constructed by stacking image strips at different times
along the slices shown in Figure 3.5 (first two columns). The red colored vertical
dotted lines represents the slices taken at the times in the top panels of Figure
3.5. The violet solid lines are a Polynomial fit to measure the speed of the burst
source that goes through the maximum intensity values for each column of slice
images.
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Figure 3.7: Cartoon representation of F and H sources and their associated
plasma levels. The Earth-directed sources are shown (bottom left column) at
three different times namely, burst onset ¢;, burst maximum ¢,, and decay phase
t3. The scattered source is shown as a single source (bottom right column) as
being considered large radio beam or scattering.
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Figure 3.8: 80 MHz Stokes I images of burst sources obtained from MWA with
0.5 s time interval starting near 03:15:02 UT on 2015/08/25 , 03:06:12 UT on
2015/09/18, and 02:32:45 UT on 2015/11/11 (from top to bottom panel of each
column) where the white lines correspond to the slices used for normalized
intensity plots shown in Figures 3.9, 3.10, and 3.11, respectively. The directions
of burst sources motion are indicated by the white colored arrows. The inner
solid circles indicate the optical disk, and the outer dotted circles indicate the
height of the plasma layer for a given frequency in the Newkirk (1961) density
model. The ellipses at the lower left corners indicate the MWA synthesized
beam sizes.
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We now use the slices in Figure 3.5 to make distance-time images of the
total intensity I, polarized intensity V, and polarization fraction | V'|/I of two
type III sources along the direction of source motion, which are shown in Figure
3.6. These images are constructed by taking the strip of images like Figure 3.5
for a given time along the red line and then plotting the strip for next time
sample vertically beside the first one, and then iterating. In order to exclude
all possible noise signals from Stokes I and V' images, we consider only pixels
with signal-to-noise ratios above 10 o.

We see in the Stokes I image from the first panel of Figure 3.6 (top row) that
the burst source elongates along the direction of source motion with a speed =
0.25¢ (where ¢ is the speed of light), as shown by the violet line. This speed is
similar to the speeds found in similar distance-time analyses by McCauley et al.
(2017, 2018). The burst source in Stokes [ has a larger width than in Stokes V'
at the time corresponding to the slice (indicated by the vertical red dotted line)
and after that the source becomes narrower and weaker in intensity as time goes
on. Clearly the source remains larger in Stokes / than in Stokes V at all times.

The distance-time profile of Stokes | V'|/I shows that polarization fraction
is larger at the beginning of the burst (= 0.25) for a couple of seconds. The
source then becomes weaker in polarization fraction, ranging from 0.2 to 0.1,
for several more seconds. After this, the burst source becomes increasing less
polarized, with polarization fraction smaller than 0.1, with time until the end
of the burst.

The burst source in the second event has an elongation speed = 0.23c at
80 MHz and is more compact in Stokes I and V' (bottom row of Figure 3.6)
than the first event. From the distance-time profile of Stokes | V'|/I, a clearly
larger polarization fraction is found at the beginning of burst source (= 0.14)
decreasing to 0.07 in the middle of the time period. After that, the burst source

exhibits relatively large polarization fraction at the end of the event.
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By analyzing both of the Stokes | V'|/I images for burst sources depicted
in the third column of Figure 3.6, we propose dominance of F radiation at the
beginning of burst emission, with a higher polarization fraction, and afterward
when the burst is near maximum intensity both F and H may contribute and
so lead to a lower polarization fraction (Dulk et al., 1984; Robinson et al., 1994;
Robinson and Cairns, 1998). During the decay phase of the burst, F radiation
dominates again but the polarization fraction of the source becomes weaker due
to the scattering effects that depolarize the emission (Robinson, 1983; Robinson
and Cairns, 1998). The theory of Robinson and Cairns (1998) predicts this
phenomenon in which scattering effects and loss by linear mode conversion
cause exponential decay of F emission as it travels radially outward from a
source located at a particular height in the corona. Scattering and linear mode
conversion can also cause a decrease in the polarization of F emission, whether
due to scattering off relatively sharp density irregularities (Hayes, 1985a,b) or
by linear mode conversion (Kim et al., 2007, 2008).

In order to represent the F and H sources schematically, we show a cartoon
in Figure 3.7. We consider the frequency associated with the plasma emission
level is f = f, and F source originates at f = f, whereas the H source at f = 2f,
(image shown in top). Our data are for a constant frequency as a function
of time where the source is at different locations at different times namely,
burst onset ¢, burst maximum t,, and decay phase t3 (lower left column). As
mentioned in earlier and to match with the pattern of emission of a burst at
different times, we propose that at t;, dominant F emission releases with a
contribution of larger polarization fraction. During t,, both F and H emission
contribute to the bursts and so lead to a lower polarization fraction. At t5, F
radiation dominates again but the polarization fraction of the source becomes
weaker due to the scattering effects that depolarize the emission. It is noted

here that we can not distinguish the F and H sources on the basis of position
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measurements as suggested by Dulk and Suzuki (1980), and as likely to be
shown in the cartoon (lower left column) because, at a given frequency, the
positions of F and H sources always nearly coincide (Smerd et al., 1962; Bougeret
et al., 1970). Importantly, instead of observing both components of the source,
we only capable to observe a single scattered source if the radio beam is large
or scattering is more prominent in the source and along the path (lower right
column). Therefore, the cartoon representation and imaging results (Figure 3.6)

are consistent with the theory predicted by Robinson and Cairns (1998).

3.5 Total and Circularly Polarized Intensities

Now we study the spatial profiles of the total and circularly polarized intensities
of three type III events at different frequencies, two with source motion (on
August 25, 2015 near 03:15:02 UT and on September 18, 2015 near 03:06:12
UT) and one with no source motion (on November 11, 2015 near 02:32:40 UT).
We took a slice through each of the burst sources at times when the total
intensity of bursts is maximum (Figure 3.8). Figures 3.9, 3.10, and 3.11 show
the normalized total and circularly polarized intensities as a function of the
position along the slice.

Figure 3.9 shows the profiles at 80, 120, 145, and 161 MHz for the type
IIT burst on August 25, 2015, near 03:15:02 UT when the total intensity was
maximum. The direction of source motion is displayed by the white colored
arrow in the first panel in the upper row of Figure 3.8, this direction determines
the positive direction for the distance axis in Figure 3.9. We normalize the Stokes
I (total intensity), V (circular polarization), and | V'|/I (polarization fraction)
parameters by dividing by their corresponding maximum values. We see from
Figure 3.9 that the profiles of the normalized I and V plots are qualitatively very

similar at the four frequencies, becoming narrower and smoother as frequency
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increases. It is emphasized here that the | V' |/I profiles are qualitatively
different from the V and I profiles at all frequencies. In particular, the | V'|/I
profiles are not symmetric about their peaks but the V and I profiles are almost
symmetric. The asymmetric profiles for | V'|/I at any frequency are evidently
due to the source moving. Specifically, the burst source is located near the
disk center and the | V' |/I profile has a peak in the direction along which the
source moves (North-West direction) and a tail in the opposite direction. The
| V' |/I profiles thus show a gradual increase in the direction that the burst
source moves.

Figure 3.10 is analogous to Figure 3.9 but is for the type III burst on
September 18, 2015 at 03:06:12 UT, near its maximum intensity. The direction
of source motion is shown in the second panel in the upper row of Figure
3.8. Once again, the shapes of the [ and V profiles are almost identical and
symmetric at all frequencies but the | V'|/I plots exhibit a similar trend but
flipped in X from those in Figure 3.9. That is, the | V |/I profiles are not
symmetric about their peaks but instead peak in the direction of burst motion
and have a tail in the opposite direction. Note that in this case the burst source
is located near the West solar limb, and the burst source moves inward towards
the disk center, in the negative X direction (towards negative distance along
with slice from centroid).

Figure 3.11 shows the normalized I, V, and | V' |/I profiles at 80, 120, 145,
and 161 MHz for the type III burst on November 11, 2015, near 02:32:45 UT,
that shows no source motion. We see from Figure 3.11 that the profiles of the
normalized Stokes I, V, and | V |/I plots are now almost symmetric at all
frequencies, with | V'|/I peaking where I and V do.

Combining these results with Section 3.4, Figures 3.5—3.11 are all consistent
with the fronts of the type III electron beams having higher polarization and so

being fundamental emission. They also provide support for lower polarization
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for slower regions of the beam whether intrinsic to the emission or due to release

of previously generated and partially depolarized emission.

3.6 Analyses of Circular Polarization Charac-
teristics

In this Section, we study the degree of circular polarization of sixteen type
IIT burst events between August 2014 and November 2015 (Table 3.1). The
variations of the degree of circular polarization with frequency and position are
briefly discussed in Sections 3.6.1 and 3.6.2, respectively, both near event onset

and near maximum intensity.

3.6.1 Variations of Degree of Circular Polarization with

Frequency

Figure 3.12 shows the degree of circular polarization of those type III bursts as
a function of frequency near event onset (when the intensity exceeds 1.3 times
the background) and at the time of maximum intensity. First, on average the
polarization fractions are typically much larger near event onset than at event
maximum for all frequencies. Second, on average circular polarization fractions
increase as frequency increases at both event onset and event maximum. Third,
we see that at event onset, the degree of circular polarization is found to be
< 40% for the majority of burst events and only a few of them show > 40%
at higher frequencies. On the other hand, at event maximum, the circular
polarization is found to be < 20% for majority of the events. Fourth, frequency-
averaged polarization fractions of all the events as shown in Figure 3.13, on
average event onset exhibits an increase in circular polarization ranging from

9% at 80 MHz to 22% at 240 MHz, whether event maximum exhibits an average
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tendency to increase in polarization ranging from 5% at 80 MHz to 20% at 240
MHz. Fifth, we see that the uncertainty is relatively lower at lower frequencies
but higher at some higher frequencies for most of the events (Figure 3.12).
We note that the leakage subtraction algorithm that we used accounts for
the amount of signal leaking into the Stokes V' from Stokes I. There is also a
possibility for the Stokes V' signal to leak into the I signal. We suspect this is
one of the reasons for a few burst events having higher polarization fractions
at higher frequencies (Figure 3.12). The uncertainty measurements for those
higher polarization fractions at different frequencies include three effects: 1)
signal leaking from Stokes V into I, 2) contributions of noise (o) in both Stokes
I and V, and 3) variability of leakage algorithm, as quantified by McCauley
et al. (2019). Hence, our polarization fractions are somewhat biased due to
these effects. Despite the uncertainties, the results that polarization fractions

greater than 0.25 are common.

3.6.2 Variations of Degree of Circular Polarization with

Position

We now study the position dependence of the degree of circular polarization, as
shown in Figure 3.14 for all the events as a function of the source’s X coordinate,
separately near onset and near maximum intensity. First, the burst events
in our sample include some near the disk center and more near the limb and
beyond. Second, we see that most events show | X | increasing as the frequency
decreases, at both event onset and event maximum, which is consistent with
burst sources having motion that is radially outward on average. Third, at both
event onset and maximum intensity, the average polarization fraction is found
to be larger for the source’s X coordinate located near disk center and relatively

smaller circular polarization is obtained near the limb.
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We then consider the dependence of the percentage of circular polarization
on the source’s Y coordinate, as shown in Figure 3.15. First, most events do
not show | Y | increasing as frequency decreases on average as compared to
the increase in | X | shown in Figure 3.14. Second, at both event onset and
maximum intensity, the average polarization fraction is found to be larger when
the source’s Y coordinate is located near disk center and relatively smaller near
the limb (this is clearest near burst maximum).

Figure 3.16 plots the polarization fraction as a function of radial distance r
from the Sun’s center, again separately near event onset and maximum intensity.
First, the polarization fraction increases as frequency increases for many but
not all events at burst onset and maximum. Second, we see a higher degree of
circular polarization on average near the disk center and a relatively lower degree
of circular polarization near the limb during onset and maximum intensity (top
panels). Third, it is clear that the frequency-averaged polarization fraction
decreases as we move from the Sun center to near the limb (bottom panels). It
is noted that the number of burst events we analyzed is smaller near the disk
center than near the limb.

Observationally, the position dependence of polarization of type III bursts
have been reported by Dulk and Suzuki (1980) at 80 and 43 MHz using the
Culgoora Radioheliograph. For fundamental emission, they found maximum 60%
degree of circular polarization near the disk center and 10% near the limb at 80
MHz. On the other side, similar percentage of circular polarization was found
near the disk center but 5% near the limb at 43 MHz. In our case, type III bursts
show frequency-averaged degree of circular polarization of 38% when the burst
source is near the disk center and 9% near the limb at onset. These percentages
are 35% and 6% near burst maximum. Thus our results are consistent with
the observations of Dulk and Suzuki (1980), though we considered only a small

number of type III events.
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Figure 3.9: Stokes I (solid curve), V (dotted curve), and | V'|/I (dashed curve)
intensity plots at four different frequencies as functions of the distance along
the slice in Figure 3.8 for a type III burst on 2015/08/25 with source motion.
The black arrow indicates direction of source motion. The horizontal dashed
line indicates the 100 threshold level, where o stands for the signal to noise
ratio.
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Figure 3.10: Same as Figure 3.9 but for the type III burst with source motion
on 2015/09/18.
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Figure 3.11: Same as Figure 3.9 but for a type III burst without source motion
on 2015/11/11.
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Figure 3.12: Variation of the degree of circular polarization with the frequencies
range from 80 to 240 MHz for sixteen isolated type I1I radio bursts near (left) the
burst onset and (right) maximum, respectively. Different colored lines indicate
different events as identified in Table 3.1. The error bars indicate uncertainty
measurements for few events with higher polarization fraction.
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Figure 3.13: Frequency-averaged degree of circular polarization for the same
events as in Figure 3.12. The dashed and solid straight lines indicate the least
square fits through the average values at burst onset and maximum, respectively.

3.7 Variation of the Circularly Polarized Flux
with Time

Figure 3.17 shows the time-varying total and circularly polarized fluxes of type
IIT events on September 18, 2015, near 03:06:13 UT and on November 11,
2015, near 02:32:46 UT, respectively. Typically (but not always) the temporal
profiles of the total flux and circularly polarized flux are very similar in our data.
However, the maxima of the total and circularly polarized fluxes of the first
set of bursts do not coincide with each other. In fact, the circularly polarized
flux peaks before the total flux. However, this type of temporal offset does not
occur for all the burst events: for the second event the maxima in [ and V
are simultaneous (bottom panel in Figure 3.17). Most bursts in our study are

intermediate between the two sets of examples of Figure 3.17.
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Figure 3.14: (Top panels) Variation of the degree of circular polarization with
the X coordinate of the source position for our 16 type III events between 80
and 240 MHz near burst onset (left) and maximum (right). (Bottom panels)
Variation of the frequency-averaged degree of circular polarization with the
averaged X coordinate of the source position for each type III. Different symbols
indicate different burst events, as identified in Table 3.1. The straight lines

indicate the least square fits through the average values.
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Figure 3.15: Same as Figure 3.14 but for the variations in the degree of circular
polarization with source Y coordinate. The straight lines indicate the least
square fits through the average values.
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Figure 3.16: (Top panels) Variation of the degree of circular polarization with
radial distance r (where r = vV X? + Y?) from the Sun’s center. (Bottom panels)
Variation of the frequency-averaged degree of circular polarization for each
event with the average of r for each event. Each bin has width of 0.2 r,,,,. The
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straight lines indicate the least square fits through the average values.
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We note that the sense of circular polarization (left hand or right hand)
does not change over frequency and time during a burst extent, consistent with
the results in Figures 3.12 and 3.17. This indicates a particular mode of burst
emission, either ordinary (o0)- or extraordinary (x)-mode prevails for both F
and H components. Based on the polarization measurements, it is generally
accepted that the burst radiation is o-mode. Theory predicts that F emission
is o-mode because the x-mode is blocked (Kai, 1970; Melrose and Sy, 1972).
Observations find that the sense of polarization of type III bursts originating
from a particular active region is the same as that of type I burst source (Kai,
1970; Kai and Sheridan, 1974), the later is known to be o-mode (Dulk and
Nelson, 1973). Type III polarization is related to the polarity of the dominant
spots in active region and the sense of polarization in the field associated with
the spots corresponds to o-mode (Dulk and Suzuki, 1980). We consider our
burst emission is likely to be o-mode as suggested by Dulk and Suzuki (1980).

Our results regarding the total and circularly polarized flux profiles agree
well with the results of Mercier (1990), who investigated the one dimensional
total and circularly polarized flux for two burst events in their Figure la—b.
As we find, the maximum of the polarized flux often precedes the maximum of
the total flux (Mercier, 1990) but does not follow it. We also confirm Mercier’s
(1990) result that the sense of circular polarization (left hand or right hand)
does not alter during a burst over time.

Alvarez and Haddock (1973a) and Evans et al. (1973) studied the temporal
decay of type III radiation, finding exponential decay with a time constant t,

0.95+0.1 ~1.0940.05 . )
and f , respectively. In order to generalise

proportional to f
these analyses to both circular polarization and to the domain 80—240 MHz, we
now study the time variations of the logarithmic total and circularly polarized
fluxes of type III bursts (for the two events in Figure 3.17) as shown in Figure

3.18. We see for both sets of events the total flux exhibits a slow exponential
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decrease over time after the time of peak flux (solid curves). In contrast, the
polarized flux shows a relatively faster exponential decrease over time than the
total flux (dotted curves). Indeed, there is weak evidence that the decay is
faster than exponential at long times, due to the lack of a single straight line in
logioV (t) after 02:32:47.0 UT in the bottom panel of Figure 3.18.

Benz et al. (1982) reported such an event where they found that the degree
of polarization reached its maximum before the maximum intensity. This
could happen after the mode conversion, where o-mode waves travel faster and
reaches us first. That results naturally in a “spike polarization” which means
polarization is maximum before maximum intensity (Santin, 1976; Benz and
Zlobec, 1978). The polarized emission falls off more rapidly, perhaps even faster
than exponentially than the total emission with time at a given f after the
burst peaks (Figure 3.18).

The theory of Robinson and Cairns (1998) predicts that the intensity of
fundamental emission falls off exponentially with time after the peak due to
scattering by density irregularities and losses by linear mode conversion. Our
results for exponential decay of the total flux with time are thus qualitatively
consistent with the theory of Robinson and Cairns (1998). Similarly, the faster
decay of the polarized flux with time than the total flux is expected on qualitative
grounds, since reflection of pure o- or x-mode radiation from a sufficiently sharp
density increase, produces radiation in both modes (Hayes, 1985a,b), thereby
reducing the net polarization. Further extension of theory is required to assess

this interpretation quantitatively.

3.8 Decay Time

We now consider the exponential decay time t; of type III burst intensity

as a function of frequency (f). Type III bursts on 2014/09/16, 2015/09/18,
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Figure 3.17: Variation with the time of the total intensity (solid curve) and
circularly polarized flux (dotted curve) at 80 MHz for the type III bursts on
(top) September 18, 2015 and (bottom) November 11, 2015. The scales of the
polarized fluxes are enlarged by factors of 5 and 10, respectively.
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Figure 3.18: As for Figure 3.17, but displayed on a logarithmic scale. The mag-
nitudes of the polarized fluxes are enlarged by factors of 5 and 10, respectively.
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and 2015/11/11 are analysed with t; obtained by fitting logI(t) with a linear
function from 80 to 240 MHz (Figure 3.19).
For our three events we find that a least square fit yields ¢, o< f T20201 ppig

frequency dependence is significantly stronger than the dependences f 095201

~1.09+0.05 .
obtained

found observationally by Alvarez and Haddock (1973a), f
theoretically by Evans et al. (1973), and f~"'**" by Robinson and Cairns (1998).
Note that these dependences were found for data with frequencies 50 kHz—200
MHz, 67 kHz—2.8 MHz, and 25 MHz, respectively. In particular, we find %,
~ 0.5 — 4.5 s whereas the fits of Alvarez and Haddock (1973a), Evans et al.
(1973), and Robinson and Cairns (1998) find ¢; = 0.5 — 2.5, = 0.15 - 0.5 s,
and = 0.2 — 0.6 s at the same frequencies, respectively. Our values of t; are a
factor of = 3—5 larger than these fits yield. Thus, for our 3 events the values of
tq have a much faster frequency dependence (o< f “20£0-1 pather than f 095201
f _1'09i0'05, and f_l'lio'l, approximately) than earlier work, although the values

of t4 near 240 MHz are very similar in magnitude in our observations and these

of Alvarez and Haddock (1973a).

3.9 Discussion

It is well established theoretically that the fundamental emission of type III
bursts should be nearly 100% circularly polarized in the o-mode while harmonic
emission is predicted to have significantly lower circular polarization fractions
(Melrose, 2009). For second harmonic plasma emission, the circular polarization
is that of the o-mode and depends theoretically on the distributions of Langmuir
waves that participate in the coalescence process L + L' — T (2f,) (Melrose,
1982; Robinson and Cairns, 2000; Melrose, 2009; Cairns, 2011). Here L, L', and
T denote Langmuir, scattered Langmuir, and transverse waves, respectively.

Assuming the Langmuir waves are essentially parallel to the magnetic field,

117



log10 (Decay time) [sec]

Ch. 3: Spectropolarimetric Imaging of Type III Bursts

1.0 v v v v T v v T v v v v T v v

- Alvarez and Haddock (1973) 2014-09-16 —---—-- 3 .

- — —  Evans et al. (1973) E

. —— Robinson and Cairns (1998) . 2015-09-18 — — —- P i

- e 2015-11-11 — — —-% 1

0.5 ~« Nl -

0.0f -

-0.5F -
-1.0

7.0 7.5 8.0 8.5 9.

log10 (Frequency) [Hz]

Figure 3.19: Variation of t; with f for the type III bursts for 2014/09/16
(dashed three-dotted), 2015/09/18 (dashed-dotted), and 2015/11/11 (dashed
line) events, respectively, in a log-log plot. The dotted, dashed, and solid lines
show the fits of Alvarez and Haddock (1973a), Evans et al. (1973), and Robinson
and Cairns (1998), respectively. The blue colored line indicates the fit to our
data with t; o< f_z'OiO'l.
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the circular polarization is that of the o-mode (Melrose et al., 1980) and the

predicted degree of second harmonic polarization 7, is

11 fp

11 fp B
" 2 f

» =187, | cosb | | cosb |, (3.1)

where fg is the electron gyro frequency, and 6 is the angle between the magnetic
field B(r) and the line of sight.

Equation (3.1) implies 3 things: (1) r, << 1, for fp/fp << 1 and r, < 0.25
for all 6 and fz/fp < 1, so weak polarization is expected; (2) 7, = 1,(8), so
stronger polarization is expected near disk center and depolarization near the
limb assuming, B(r) = B(r)#; and (3) rp = rp(r) since fg/ fp is function of r.
Here 7 is the radial distance. Since Figures 3.12—3.16 show 7, >> 10% mostly,
both near burst onset and burst maximum, often our data are inconsistent with
Equation (3.1). This provides a strong argument that our type III bursts are
not primarily H emission, instead primarily being F emission.

We note that 7, is a function of (X,Y) positions of burst source in Figures
3.14—3.16, with weak trends that r, is larger near disk center and decreases
towards the limb, as predicted by Equation (3.1). A similar beaming effect is
found for type I bursts (Aschwanden, 1986), which are usually interpreted in
terms of F emission. Our results of 7, are thus not consistent with H emission.
Instead, we interpret our type III burst emission with higher degree of circular
polarization in terms of F plasma emission, even though standard theory predicts
100% circular polarization.

Large values of the circular polarization near burst onset (10—60%) and near
burst maximum (10—40%) in Figures 3.6, 3.9-3.12, and 3.14—3.16 suggests
that (1) F contribution is large near burst onset, (2) the F contribution is
large, not small, near the peak, and (3) perhaps most of our bursts, which

do not have distinguishable F and H contributions and so are classifiable as
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structureless type I1Is (no F/H structure), are primarily F, not H. Due to the
lack of time resolution, just by observing the dynamic spectra as in as Figures
3.1-3.4, we can not identify with certainty that type III burst emission is at
F-H structure and so argue at the F or H of the plasma emission. We need
better time resolution with polarization measurements to resolve this issue.

Clearly a depolarization effect occurs in type IIls since always r, << 100% in
our data and in the previous works of Dulk and Suzuki (1980), Suzuki and Dulk
(1985), Melrose (1989b), and Mercier (1990). One interpretation is that this is
due to scattering effects as the radio emission propagates outward through the
corona (Robinson, 1983). This is one of the most viable reasons for emissions
being depolarized as they propagate but can not explain why fully polarized
emission is never seen. An interpretation for this is that the emission can be
depolarized to some extent within the source region itself due to propagation
effect and this is inherent to the emission process (Wentzel, 1984). Another
is that beaming effects relative to B(r) in the source region are important,
as found in the position dependences of 7,(X,Y) in Figures 3.14-3.16, with a
corresponding result for r,(X,Y) for type I bursts, which are almost universally
interpreted in terms of F plasma emission.

Another point is that the magnetic field strength is predicted to become
weaker with increasing r, with fp(r) decreasing faster than f,(r), relative to f,,
and thus we get a smaller 7, at lower frequencies from (2) and Equation (3.1).

It is noted that finding the degree of circular polarization has the same sign
for all frequencies of a given burst reveals that type III bursts originate from
unipolar magnetic field regions. The electron beams propagate along with a
bundle of B lines with the same directivity (which reasonably corresponds to
reconnected B lines above or below the neutral sheet) and so the same sense of
circular polarization.

In an inhomogeneous plasma medium, the oppositely polarized electromag-
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netic o- and x- modes from magnetoionic theory are coupled to each other in
density gradients and energy can be transferred from one mode to the other by
reflection and from linearly from Langmuir waves to one mode to another at
constant frequency via the Linear Mode Conversion (LMC) process. LMC is
one of the fundamental emission processes for free space radiation from plasmas
(Kim et al., 2007, 2008), relevant to radiation from the type III radio bursts from
the corona. Theory suggests that LMC can produce both the o- and z-modes
from Langmuir modes at a given density enhancement (Kim et al., 2007, 2008),
thereby producing radiation less than 100% circularly polarized in the sense of
the o-mode and so can produce relatively weakly circularly polarized radiation.
Thus if LMC is important for F emission then the partial polarization of type
[1Is can be explained without depolarization theories (Kim et al., 2007, 2008).

As we move to higher frequencies, the normalized total and circularly polar-
ized intensity profiles are found to become almost identical, more symmetric,
smoother, and narrower but the profiles for the polarization fraction are asym-
metric when the source moves (Figures 3.9, 3.10, and 3.11). We propose that
the burst source motion is responsible for this asymmetry. In particular, the
source is most highly polarized in the direction of motion and less polarized
in the opposite direction (Stokes | V |/I images of Figure 3.5). A natural
interpretation is that the front of the type III electron beam produces primarily
F emission.

We found higher polarization fraction in the leading edge and lower po-
larization fraction at the tailing edge of the burst source in the direction of
motion (Figure 3.5). The emission tail in interplanetary type IIIs comprise F
than H radiation (Robinson and Cairns, 1998). We propose two things that
1) F emission will be delayed by a time At with respect to that of H emission
originating from the same source location, due to its lower group speed, as

suggested by Suzuki and Dulk (1985). On the other hand, H emission should
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be observed with no delay in observational time interval (Robinson and Cairns,
1994). 2) Scattering lengthens the paths that F emission must travel. Thus F
emission at the tailing edge will be the most scattered radiation of burst and
thus lower polarization fraction. We assume that F emission is always dominant
at the leading edge of our bursts and hence so higher polarization fraction.

On the basis of the imaging results that show higher polarization fraction
near burst onset at the front of the source than maximum burst intensity (the
Stokes | V'|/I images of Figure 3.6) but more intense and lower polarization
emission behind, we consider that F emission is dominant at burst onset thus
having higher polarization fraction for burst source. Then near burst maximum
the emission continues both F' and H components, thus having relatively lower
polarization fraction near burst maximum. In the decay phase, the polarization
fraction is then found to be smaller than for the burst maximum and to decrease
with time. We propose that the decay phase of burst emission is dominated
again by the F component, as suggested by Dulk et al. (1984) and Robinson
and Cairns (1998), which is released slowly at lower polarization fraction by
scattering of previously generated F emission in the source region. Hence,
during the decay phase of burst emission, the F radiation will be scattered and
depolarized, and so have weaker polarization till the end of burst emission.

One of the three possible alternative ways described by Melrose (1989b) to
reduce the polarization of F emission scattering is that a large angle scatter can
change polarization significantly; specifically a scatter through angle 6 ~ 90°
reduces the polarization to = 0. Some observations argue that depolarization
mechanism that is happened in burst source region is due to the scattering
effect (Wentzel, 1984).

The temporal variations of the polarized flux are faster than the total
intensity for the type III bursts in Figures 3.17 and 3.18. This did not happen

for all the events in our case. We found that the intensity of type III emission
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decreases exponentially with time after the burst peak. In our cases, the
polarized flux decreases faster with time than the total intensity, with weak
evidence that the decay is faster than exponential. Qualitatively, faster decay
of the polarized emission than the total intensity is expected if depolarization
effects are occurring, for instance by scattering in the source and along the path.

The exponential decay time t; of the burst intensity is found to decrease

-2.0£0.1

faster with frequency than previous observations find: ¢; o< f instead of

-0.9510.1 —1.09£0.05
f f

, ,and f 101 £.0m the observations of Alvarez and Haddock
(1973a), Evans et al. (1973), and the theory of Robinson and Cairns (1998)
(Figure 3.19). Moreover, while our analyses yield the same t; at 240 MHz
as Alvarez and Haddock (1973a), the theory of Robinson and Cairns (1998)
predicts t; that are a factor of 2—3 too small. t; is found to be larger by a
factor of 3—5 than those results of Alvarez and Haddock (1973a), Evans et al.
(1973), and Robinson and Cairns (1998).

The theory of Robinson and Cairns (1998) balances diffusive transport of
radiation with loss by LMC to predict the expression of ¢; in the following:
1 2 copp e <> AN s

b= — a2
d Ao (m+ 2¢n)2uc ¢ 2 N

(3.2)

Here A; is the eigenvalue for the first eigenfunction u, (value of = 2.63)
describing the diffusive transport of the radiation, with ¢,, < 27 a phase. The
quantities < | > and AN/N are the average spatial scale and normalized
amplitudes of the density turbulence that scatters the radiation, while w), is the
angular plasma frequency. All of w,, < [ >, and AN /N are in principle functions
of the radial distance p = r — R,. The text and Table 1 of Robinson and Cairns
(1998) provide more details and representative parameters. The frequency and

radial dependence of t; thus depend primarily on the radial dependences of

wy(p) =w =2nf, <1 > and AN/N. Note that if wi(p) o< N(p) o< p~? and
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both <[> and AN/N are independent of p then t4(p) o< p X (;)_2)1/6 ~ po

and t4(f) o< (f )7 = 7997 The variations w;(p) o< p? <l>o0cp !, and
AN/N o p~" then yield t4(p) o< p " and ty(f) o< f7* in our case. This
result can be interpreted in terms of changes in the radial dependence of density
turbulence with radial distance.

It is noted here that we do not have magnetic field and density data through-
out the corona. From Equation (3.1), it would be interesting to compare the
degree of circular polarization with the magnetic field and ratio fg/f, using
some model predictions. As an example, the PFSS model (Schatten et al., 1969)
along with the FORWARD software package (Gibson et al., 2016) would be a
viable way to extract the magnetic field values at different heights from surface
of the corona. This is beyond the scope of this work and will be addressed in

future research.

3.10 Conclusions

We observed the degree of circular polarization of sixteen isolated type III solar
radio bursts using the MWA at frequencies from 80 to 240 MHz. The degree
of circular polarization increased as a function of frequency on average. At
both burst onset and maximum intensity, higher polarization fractions were
found when the burst source located near the disk center and lower polarization
fractions near the limb. The shape of both the total intensity (Stokes I) and
circularly polarized flux (Stokes V') profiles for one event without source motion
became identical, symmetric, narrower, and smoother as frequency increased.
On the other hand, two events with source motion showed asymmetric profiles
for the polarization fraction (Stokes | V'|/I), with higher polarization in the
direction of the burst source motion. We found speeds 0.25 and 0.23 ¢ for the two

burst sources in the direction of source motion at 80 MHz. We observed larger
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polarization fraction at burst onset and proposed that this was dominated by the
F component. The emission was then rolled out by F and H components at burst
maximum, hence so lower polarization fraction than onset. After the maximum
burst intensity, the primary emission remaining was F emission, which slowly
leaked from the source and decayed over time with scattering effects making the
emission weaker and increasingly smaller polarization fraction until the end of
the burst. This pattern of fundamental, fundamental and harmonic, and then
fundamental emission with time was consistent with the interpretations of Dulk
et al. (1984), Robinson et al. (1994), and Robinson and Cairns (1998). The
observed polarization fractions are always less than 60%, well below the 100%
ratio predicted for the typical nonlinear Langmuir wave mechanisms. This lower
polarization fraction may be due to depolarization within the source region.
The maxima in the polarized flux profiles sometimes preceded the maxima of
the total intensity profiles, which was consistent with previous observations. We
argue this happened due to the dominance of F' emission with o-mode at early
times with higher polarization fraction that travels faster and reaches us first.

—2.040.1 .
with a more

The decay time t; that we found in this study varied t; oc f
rapid frequency dependences compared with previous works of Alvarez and
Haddock (1973a), Evans et al. (1973), and Robinson and Cairns (1998), and
yielded large values of a factor of 3—5 greater than predicted by Robinson and
Cairns (1998). t, varied with p and f such that t4(p) o< 0 for ty(f) o< £
and t4(p) o< p~"* when t4(f) o< f7%. This result can be interpreted in terms of
changes in the radial dependence of density turbulence with radial distance. We
conclude that the scattering effect responsible for depolarizing burst emission is

a viable reason for getting lower polarization fractions for our observed type

I1Is at frequencies from 80 to 240 MHz.
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Observed Sources and Related
Properties of Metric Type I1I
Radio Bursts at 80—-240 M Hz
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Abstract

We present low-frequency observations of the intriguing properties of type 111
solar radio bursts using the Murchison Widefield Array (MWA). Specifically,
near times of burst maximum intensity we study the burst source sizes, flux
densities, and brightness temperatures of 10 type III events in both total
(Stokes I') and polarized intensity (Stokes V') images. We find that the source
area A increases as the frequency f decreases according to A oc f_2'4i0'4 and
Ao f ~20204 4 Stokes I and V images, respectively, whereas the MWA beam

25202 " Qrattering theory predicts that A oc f~* inconsistent

area varies as f
with the MWA observations. We suggest that the observed area changes as
due to divergence of open magnetic field lines, which causes the source sizes
to increase at lower frequencies and larger heights. On average, the total and
polarized fluxes are found to increase as f decreases. We find total fluxes on
average H50 and 50 SFU at 80 and 240 MHz, respectively, whereas logarithmic
flux density of type IIIs ranges from 0.2 to 4.8 at 80 MHz (Dulk and Suzuki,
1980). Our flux values lie within the range of their flux values. The brightness
temperatures Tj, decrease as f increases. We obtain maximum and minimum 7}
4x10" and 1.2x10° K at 80 and 240 MHz, respectively, which are consistent
with previous observations (log7y: 7—11.5 at 80 MHz) Dulk and Suzuki (1980).
We find that T}, does not depend on the source’s position, although this result
is not definitive since we analyse a small number of events. We argue that

divergence of open field lines is a process to explain increasing source size as

the frequency decreases.
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4.1 Introduction

Type III solar radio bursts are the Sun’s most intense and frequent non-thermal
radio emissions and are released by semi-relativistic electron beams of speed =
0.2—0.5 ¢ (Dulk et al., 1984; Morosan et al., 2014; McCauley et al., 2017). These
electron beams originate in the lower corona during magnetic reconnection
events that occur, generally but not always, in solar flares (Cairns et al., 2018).
The beams generate Langmuir waves while traveling along open magnetic field
lines into the outer corona and interplanetary space.

The first detailed theory of type III bursts was given by Ginzburg and
Zhelezniakov (1958) and thereafter has been developed by many authors (Mel-
rose, 1982; Cairns, 1987a,b, 1988; Cairns and Robinson, 1992; Robinson et al.,
1993; Li et al., 2005; Cairns, 2011; Graham and Cairns, 2013). The modern
concept of the theory is that fundamental emission occurs due to the decay
L = T + S of beam-driven Langmuir wave into a radio wave and an ion sound
wave (where L, S, and T denote Langmuir, ion sound, and transverse waves
respectively), stimulated by the electrostatic decay process L — L'+ S in which
beam-driven Langmuir waves decay into a backscattered L' wave and an ion
sound S wave. The second harmonic emission is due to the coalescence process
L+ L' - T. Each step of the theory has been updated several times as ideas
based on underlying plasma theory are established, as reviewed by Robinson
and Cairns (2000), Melrose (2009), Cairns (2011), and Reid and Ratcliffe (2014).

Type III bursts have higher frequency drift rate than type I and II bursts.
Usually, their drift rates vary from burst to burst. Type IIIs can be observed
from kHz frequencies (Dulk et al., 1984; Krupar et al., 2011) up to frequencies
of 8 GHz (Ma et al., 2012). Some type I1Is drift from higher starting frequencies
near 900 MHz (Benz et al., 2009) while others begin to drift at lower frequencies
below 50 MHz (Ganse et al., 2012). Coronal type III bursts are those which
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have frequencies above about 20 MHz. Interplanetary type III bursts originate
when the electron beams escape along the open field lines and continue to
stimulate the Langmuir waves in the solar wind plasma. They have frequencies
from about 10 MHz down to frequencies of 20 kHz and below near 1 AU (Lin
et al., 1973; Leblanc et al., 1998).

These type I1Is exhibit fascinating properties such as frequency drift, motion,
large source sizes, brightness temperature, polarization, etc. There is an active
debate about the origin of many of the observed properties of type III burst
sources. Some authors argue that the observed properties of sources are primarily
driven by the divergence of the coronal magnetic field, variability of semi-
relativistic non-thermal electron beams, and other physical conditions at the
burst site (Sheridan et al., 1972; Dulk et al., 1979; Raoult and Pick, 1980;
Duncan, 1985) while others argue for the dominance of wave propagation effects
such as ducting, scattering, and refraction (Robinson, 1983; Bastian, 1994;
Arzner and Magun, 1999).

It is widely believed that divergence of open magnetic field lines plays a
significant role in causing the source size to be larger at higher heights and lower
frequencies since the electrons are guided by these field lines. Observations of
the source size, position, and polarization of type III bursts have been reported
and interpreted in terms of the divergence of coronal magnetic field increasing
the source sizes at higher heights (Bougeret et al., 1970; Dulk et al., 1979;
Dulk and Suzuki, 1980). Recently, McCauley et al. (2017) also reported that
divergence of open field lines is responsible for the source sizes increasing with
decreasing frequencies. On the other side, large source sizes can be produced by
the refraction, reflection, and scattering of radio waves by density gradients and
inhomogeneities in the corona (Fokker, 1965; Riddle, 1974; Robinson, 1983).

The source sizes, source fluxes, and brightness temperatures of type III bursts

have been reported in the literature for frequencies ranging from 100s of MHz to
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a few GHz. Saint-Hilaire et al. (2013) performed a statistical survey of 10,000
type III radio bursts observed over a decade using the Nancay Radioheliograph at
150 to 450 MHz and studied source sizes, distributions of source fluxes, and peak
brightness temperatures. They observed Full Width at Half Maximum (FWHM)
rms source sizes = 15 and = 5.5 arcmin at 150.9 and 432 MHz, respectively. The
flux distributions followed a power-law with an index = —1.7. They also found
that the distribution of burst brightness temperatures T} varied as a power-law
with index = —1.8 for all six frequencies. Interestingly, the power-law index of
the flux distribution for type III bursts in the GHz range is ~ —1.8 (Nita et al.,
2002), almost identical to that found by Saint-Hilaire et al. (2013).

Observations by the Culgoora Radioheliograph at 43, 80, and 160 MHz yield
source sizes (full width at 1/e brightness of the equivalent Gaussian source)
of 20, 11, and 6 arcmin, respectively, confirming that the source size increases
as the frequency decreases (Dulk and Suzuki, 1980). Bougeret et al. (1970)
reported source sizes = 5.5 arcmin at 169 MHz and Dulk et al. (1979) observed
source sizes = 5.4 arcmin at that same frequency. Recently, Mohan et al. (2019)
studied second-scale quasi-periodic oscillations in source size at 111.1 MHz using
the Murchison Widefield Array (MWA) and found on average source size of
10.6 arcmin. In comparison, the sources of interplanetary type Ills are roughly
1 AU in size at = 20 kHz (Lin et al., 1973; Lin, 1974). Therefore, it is evident
from the above-mentioned observations that source size increases as frequency
decreases.

The source sizes, source fluxes, and brightness temperatures of multiple type
IIT bursts have not been observed with the MWA across the whole frequency
range from 80 to 240 MHz. In this Chapter we present these observations
organised as follows. Relevant MWA characteristics and data reduction processes
are presented in Section 4.2. The observed MWA beam and burst source areas

are presented in Section 4.3. The evolution of source area with time is described
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in Section 4.4. Source fluxes and brightness temperatures are given in Sections
4.5 and 4.6, respectively. Section 4.7 is reserved for interpretation and discussion.

Finally, the conclusions of the study are presented in Section 4.8.

4.2 MWA Radio Observations and Data Re-
duction

The MWA is a low-frequency interferometer in Western Australia (Lonsdale
et al., 2009; Tingay et al., 2013a). Technical details of MWA and its overall
design are described by Tingay et al. (2013a). The MWA science targets are
reported by Bowman et al. (2013). The radio instrument is composed of 128
“tiles” each containing 16 dual-polarization dipole antennas. The total bandwidth
is 30.72 MHz, which can be distributed across the range 80 to 300 MHz (Tingay
et al., 2013a). Significant amounts of solar research have been done by many
authors using MWA observations (Tingay et al., 2013b; Oberoi et al., 2014,
2017; Mohan and Oberoi, 2017; Suresh et al., 2017; McCauley et al., 2017, 2018;
Cairns et al., 2018; McCauley et al., 2019; Mohan et al., 2019).

For our events the MWA is observing in the “picket fence” mode, meaning
in 12 coarse channels of bandwidth 2.56 MHz whose centre frequencies range
from 80 to 240 MHz. The MWA data are recorded in fine-frequency channels
with 0.5 s time and 40 kHz frequency resolution, which we average across the
2.56 MHz bandwidths to produce 0.5 s images at 80, 89, 98, 108, 120, 132,
145, 161, 179, 196, 217, and 240 MHz. We used WSClean (w-stacking clean)
(Offringa et al., 2014) for imaging, with a Briggs -2 (Briggs, 1995) weighting
scheme in order to emphasize spatial resolution.

The type III burst data that we analyze are part of an imaging survey of

many type IIIs observed by the MWA during 45 separate observing periods
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in 2014 and 2015 (McCauley et al., 2018). We chose burst events occurring
between August 2014 to November 2015 due to the existence of processed
data and a catalog produced by McCauley et al. (2019). They focused on
non-burst spectro-polarimetric observations of the solar corona and studied
circular polarization of low-latitude coronal holes at frequencies 80 to 240 MHz
using MWA. We, therefore, selected ten sufficiently distinct and locally isolated
sets of type III burst events for detailed analysis. The data were flux calibrated
using the same manner described by McCauley et al. (2017, 2018).

It is noted here we have chosen events to whose bursts are sufficiently
distinguishable from other bursts near the time of peak burst intensity. Table
4.1 shows the date, onset burst time, duration, source position, and source

motion of our bursts chosen for analysis.

4.3 MWA Beam and Burst Source Sizes

The burst sources are well fitted with a two-dimensional (2D) elliptical Gaussian
model. The fit has parameters, including the semi-major axis a, semi-minor
axis b, and the angle 6 represents the rotation of the ellipse from the x axis.
Consider first these fits to images of the total intensity (Stokes I') of type III
burst sources near the peak burst intensity at frequencies ranging from 80 to
240 MHz. Figure 4.1 shows the Full Width at Half Maximum (FWHM) areas
on top of the burst sources near times of peak burst intensity on November
11, 2015, at the frequencies 80, 108, 120, 132, 145, 161, 179, and 196 MHz,
respectively. Clearly the fits work well. Note that the FWHM areas equal
m X a X b, where a and b are the 2D elliptical Gaussian FWHM fit parameters.
These fit parameters also work well for the images of Stokes V' (not shown

here).
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Table 4.1
Type III bursts chart
Date, Symbol | Start time | Position Motion
(UT), Dura-
tion (s)
2014/08/26, | 03:49:21.20, | East limb Yes,  out-
o 5 ward
2014/09/15(a), 03:34:18.70, | West limb | Yes,  out-
o 5 ward
2014/09/15(b)| 06:25:58.20, | Large radial | No
A 4 height
2014/09/26, | 06:27:10.10, | Disk center | No
v 3
2014/10/14, | 03:05:18.70, | Large radial | No
° 3 height
2015/08/25, | 03:14:58.70, | Disk center | No
. 6
2015/09/03(a), 01:55:02.70, | Disk/East | No
< 5 limb
2015/09/03(b){ 02:10:37.20, | Partial on | Yes, limited
. 4 disk motion
2015/09/18, | 03:06:08.20, | Disk/West | Yes,  out-
* 6 limb ward
2015/11/11, | 02:32:40.20, | Disk center | No
+ 6
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Figure 4.1: FWHM source area (black colored ellipses) superposed on Stokes [
images of a type III burst source at different frequencies on November 11, 2015.
The solid circles (white color) indicate the optical disk and the ellipses at the
lower left corners indicate the MWA synthesized beam sizes.
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Figure 4.2: (Top) MWA beam area at frequencies from 80 to 240 MHz for 10
events between August 2014 and November 2015. (Bottom) Same plots but
on a logarithmic scale. A linear fit in log-log space (red colored line) yields a
power-law fit with index = —2.5 + 0.2.
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Figure 4.3: (Top) FWHM source areas at frequencies from 80 to 240 MHz for
10 type III burst events between August 2014 and November 2015. (Bottom)
Same plots but drawn on a logarithmic scale. A linear fit in log-log space (red
colored line) yields a power-law fit with index =~ —2.4 + 0.4.
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Figure 4.4: Area in Stokes I against the estimated uncertainty in its estimate
for observations across all the events as identified in Table 4.1.
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Figure 4.5: Same as Figure 4.3 but using the polarized intensity (Stokes V')
images. A linear fit in log-log space (red colored line) yields a power-law fit
with index = —2.6 + 0.4.
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Figure 4.6: Variations of FWHM source area of total intensity (Stokes /) and
polarized intensity (Stokes V') images at 12 frequencies. Different symbols
indicate different events as identified in Table 4.1. The solid line indicates a
straight line that has a slope equal to 1.

The MWA has 16X2 dipole antennas in each tile (aperture array) which
receive radio frequency signals. These signals are wired to the analog beam-
former using a 50-ohm cable. The analog beam-former forms X- and Y-polarized
tile beams as an output by summing each polarization from each antenna. The
beam shape can change with pointing direction and frequency.

We now measure MWA beam areas using Stokes I images in the same
method as mentioned earlier for measuring source areas. The beam area is then

mab in general. Figure 4.2 (top panel) shows the beam areas for ten events
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that we chose for analysis of the source areas, source fluxes, and brightness
temperatures. The beam is found to have different sizes for each event. We
find that the beam size decreases as frequency increases. In log-log space the
beam size varies in a closely linear fashion with increasing frequency (Figure
4.2, bottom panel). This corresponds to a power-law dependence with an index
—2.5+0.2. It is noted here that the beam areas in the polarized intensity (Stokes
V') images are almost identical to those shown in Figure 4.2. That’s why we
only present the measurements of beam areas using Stokes .

Figure 4.3 plots the FWHM source areas of bursts using the Stokes I images
at frequencies from 80 to 240 MHz for all 10 events. We find that the area A(f)
decreases gradually with increasing frequency f for all events. The average
source area observed is = 40 arcmin’ at 80 MHz and 7 arcmin® at 240 MHz.
Importantly, the bottom panel of Figure 4.3 shows a clear power-law dependence,
with A(f) o< f “24204 The estimated uncertainty in area is shown in Figure 4.4.
This error estimation has been made using 1 o standard deviation of observed
areas measured at 0.5 s before, during, and 0.5 s after the time of peak burst
intensity for each frequency and event. We find relatively large uncertainty for
larger area at lower frequency and vice versa. However, Figure 4.5 shows the
FWHM source areas of bursts using the Stokes V' images. We also find that the
area decreases gradually with increasing frequency for all events. The average
source area observed is ~ 37 arcmin’ at 80 MHz and 6 arcmin® at 240 MHz.
Moreover, the bottom panel of Figure 4.5 shows a power-law dependence, with
A(f) o< f T20£04 e uncertainty estimations in observed areas for Stokes V
are found relatively similar to those for Stokes I (not shown here). However,
for all the events, we find that the average FWHM area in Stokes [ is greater
than that of Stokes V' by almost 2—4 arcmin”® at 80 MHz and 1-2 arcmin” at
240 MHz.

Figure 4.6 compares the source areas in total intensity (Stokes /) and

140



Ch. 4: Observed Properties of Type III Radio Bursts

polarized intensity (Stokes V') images at each frequency. Clearly the area
in Stokes [ is almost always larger than the area in Stokes V, but not by a
significant factor. It is noted that both the total and polarized source areas are
larger at lower frequencies.

Our results show that the FWHM source area increases as the frequency
decreases (Figure 4.3). For comparison, the average values of FWHM source
areas are 38 arcmin’ at 80 MHz, 23 arcmin’ at 120 MHz, 12 arcmin® at 161
MHz, and 6 arcmin’ at 240 MHz. Using the Culgoora Radioheliograph, Dulk
and Suzuki (1980) found source sizes 20, 11, and 6 arcmin (full width at
1/e brightness of the equivalent Gaussian source) at 43, 80, and 160 MHz,
respectively. Bougeret et al. (1970) and Dulk et al. (1979) reported source sizes
~ 5.5 arcmin at 169 MHz. Recently, Mohan et al. (2019) reported type III burst
source sizes = 10.6 acrmin near 111.1 MHz and 9 arcmin near 119.8 MHz using
the MWA. Source sizes between 2 and 7 arcmin at frequencies 169 and 327 MHz
are reported for the Nan¢ay Radioheliograph (Zlobec et al., 1992; Mercier et al.,
2006; Saint-Hilaire et al., 2013). Our measured source areas are thus consistent
with those at 80 MHz reported by Dulk and Suzuki (1980), but a factor of one
larger than that near 120 MHz observed by Mohan et al. (2019). At higher
frequencies (> 161 to 240 MHz), the observed areas are almost similar to those
reported for Nangay Radioheliograph (Zlobec et al., 1992; Mercier et al., 2006).

It is noted that Dulk and Suzuki (1980) find that the burst sources for
fundamental emission is larger than that for harmonic emission, while Melrose
(1989) suggests that the true source size is smaller than the observed source
between 3.5 (harmonic) and 1.7 (fundamental). We cannot directly identify
fundamental and harmonic structure in the dynamic spectra for these type
[1Is (Chapter 3). However, the polarization data in Chapter 3 suggest there is
substantial fundamental emission for all our events near burst maximum, so we

expect relatively large source sizes for our events.
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Figure 4.7: (Top) FWHM source area (in Stokes ) over beam area at frequencies
range from 80 to 240 MHz for 10 events occurred between August 2014 and
November 2015. (Bottom) Same plots but depicted in a logarithmic scale.

In order to understand how the source images (in Stokes I') differ from the
beam, Figure 4.7 (top panel) shows the total intensity source areas divided by
the beam areas at 12 frequencies for all 10 events. Clearly the ratio of source

area to beam area does not change significantly with frequency. On average,
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Figure 4.8: Eccentricity of the beam area at frequencies ranging from 80 to 240
MHz.

the source area is larger than the beam area by factors of 1.5 and 1.2 at 80 and
240 MHz, respectively.

We now measure the eccentricity of the beam as shown in Figure 4.8. We find
that the beam eccentricity does not change as f increases, being independent
of f for all 10 events. Next, we evaluate the eccentricity of the Stokes [
sources, as shown in Figure 4.9. It appears that the source eccentricity is almost
independent of f for most events. However, for some events the sources are
more elliptical at lower frequencies, with relatively higher values of eccentricity.

Comparing Figures 4.8 and 4.9 the values of the beam and source eccentricities
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Figure 4.9: Eccentricity of the source area (in Stokes I) at frequencies ranging
from 80 to 240 MHz.

are similar in magnitude. However, for each specific event the beam and source
eccentricities are typically very different, often differing by a factor of 2. Thus,
while the imaged source and beam areas and eccentricities are very similar
in magnitude and have very similar variations in frequency and ratios for a
given event their detailed magnitudes are not identified and their ratios differ
from event to event. These differences are evidence against the beam strongly
determining the imaged source characteristics despite the overall similarities.
This suggests that the imaged source areas are strongly determined by the

interferometric beam areas. Indeed, WSClean should remove beam effects from
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the final images.

4.4 Evolution of Source Area with Time
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Figure 4.10: Variations of FWHM source areas (in Stokes /) with time periods
for multiple type IIT bursts starting near 05:52:30 UT on 2015/08 /25, at different
frequencies, respectively, 80 MHz (solid line), 89 MHz (dotted line), 98 MHz
(dashed line), and 108 MHz (dashed-dot line).

We now study temporal evolution of source area A(t) (in Stokes I) for
multiple type III bursts at different frequencies for the events between 05:52:30
UT and 05:52:50 UT on 2015/08/25. Figure 4.10 plots A(t) at 80, 89, 98, and
108 MHz, respectively. We find that A(t) peaks roughly every 5-6 s, lagging
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increasingly at lower f and with qualitatively similar behaviour at each f. We
add that A(t) increases as t increases and f decreases.

Using data from the MWA, Mohan et al. (2019) reported A(t) for two groups
of weak type III bursts in a 17 s time period at 111, 119, and 126 MHz. They
found that A(t) increases as f decreases and observed a tendency for A(t) to
increase with ¢ up to first 5 s. After that, the areas tend to oscillate with a
mean value in a quasi-periodic manner. This mean value ranged from 20 to 25
arcmin’. In our case, the area shows an oscillatory trend like that observed by
Mohan et al. (2019). Indeed, our observed area does show peaks at roughly 5.5 s

time interval although those peaks do not show at same time for all frequencies.

4.5 Source Flux

We now address the maximum intensity of burst sources in solar flux units
(SFU, with 1 SFU = 107> W m™ Hz ') at frequencies from 80 to 240 MHz.
We note that the burst source is sufficiently bright enough to be distinguished
from the surrounding quiescent corona when the burst intensity exceeds the
background level by at least a several order of magnitude. The procedure is as
follows. First, the background levels for each frequency are estimated by taking
the median intensity. Second, the burst images are background subtracted for
the whole time period. Third, the intensity for the burst source is measured
then by summing the background-subtracted flux over the burst source at each
time step (0.5 s interval). It is noted here that the burst source is identified as
when the total intensity of burst image is 105% greater than the background
intensity.

Figure 4.11 plots the total intensity of each of the ten events as a function
of frequency. We find that the intensity decreases as the frequency increases for

both most events and the sample-averaged intensity spectrum. On average, the
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Figure 4.11: (Top) Total fluxes at frequencies from 80 to 240 MHz for the 10
events, at the times of maximum burst intensity. Different symbols indicate
different events. The solid line represents the variation of the average intensity
with frequency. (Bottom) Same as top panel but on a logarithmic scale. The
solid line represents a linear fit to the average values of logarithmic intensity.

intensity is = 550 SFU at 80 MHz and = 50 SFU at 240 MHz. The logarithmic
intensity also gradually decreases as we move to higher frequencies as shown in
Figure 4.11 (bottom panel). On the other side, Figure 4.12 shows the polarized
intensity of the ten events. We also find that the intensity decreases as the

frequency increases for both most events and the sample-averaged intensity
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Figure 4.12: Polarized fluxes using the Stokes V' (polarized intensity) images.
Annotations are same as Figure 4.11.

spectrum. On average, the intensity is = 50 SFU at 80 MHz and = 20 SFU
at 240 MHz. The logarithmic intensity also gradually decreases as we move to
higher frequencies as shown in Figure 4.12 (bottom panel).

Using the Culgoora Radioheliograph, Dulk and Suzuki (1980) reported loga-
rithmic flux densities of type III bursts range from 0.2 to 4.8 SFU at 80 MHz.
Recently, Mohan et al. (2019) reported on average flux density 300 SFU at 126

MHz using data from the MWA. In our case, we find average log-intensities 2.5
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SFU at 80 MHz and 1.75 SFU at 240 MHz for Stokes I. This implies that at 80
MHz, our total flux intensity lies in the range flux values of Dulk and Suzuki
(1980) though we analysed a small number of burst events. We add that our
flux result is consistent with that of Mohan et al. (2019) at lower frequencies
where we found total intensities on average = 550 SF'U at 80 MHz, = 350 SFU
at 120 MHz, and = 50 SFU at 240 MHz.

4.6 Brightness Temperature

In order to measure the source-averaged brightness temperature 7;, of a source,
we utilize the measured area and flux intensity of the burst sources using the

standard expression (Cairns, 1986):

2
7o Ve F()
P72k f? AQ

(4.1)
where V,, is the phase speed of the radio waves at the observer at frequency f,
kg is Boltzmann’s constant, and F'(f) is the frequency dependent flux density.
The source solid angle AQ = A/ A7r® where A is the burst source area seen by
the observer, and r = 1 AU is the distance from burst source to the observer.
It is noted here that the phase speed is equivalent to the speed of light when
f >> f,, where f, is the plasma frequency.

Figure 4.13 (top panel) shows T,(f) calculated using Equation (4.1) and
the areas and fluxes from the Stokes I images near the time of maximum burst
intensity. We find that on average T}, decreases as f increases. A linear fit yields
T, o< f ~? The maximum and minimum values of T, are 4x10"" K at 80 MHz
and 1.2x10° K at 240 MHz, respectively. For a couple of events, T;(f) peaks at
intermediate frequencies, not at 80 MHz, and then decreases with decreasing f.

This is reminiscent of the event of Dulk and Suzuki (1980). Figure 4.13 (bottom

panel) shows T, (f) for the polarized emission V. Now T} always decreases with
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Figure 4.13: Variations of T}, with f using the fluxes and areas for (top) Stokes
I and (bottom2 V. Solid lines show the corresponding power-law fits T, oc f~*?
and Ty, o< f e , respectively.

increasing f. A linear fit yields T} o< f 2 We now obtain maximum and
minimum values of 7, = 6x10'° K at 80 MHz and 2.5x10° K at 240 MHz,
respectively. We see that the values of T}, in Stokes I are greater by about one
order of magnitude than those values of T} in Stokes V.

The values of T} for our type III burst sources range from a minimum of

1.2 x10° K at 240 MHz to a maximum of 4 x10"" K at 80 MHz (Figure 4.13).
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Figure 4.14: Variations of T,(f) with radial distance from the Sun’s center.
Different symbols indicate different events as identified in Table 4.1.

These results are consistent with those of Dulk and Suzuki (1980), who found
T, minimum 2 x10" K and maximum 4 x10"" K at 80 MHz. The brightness
temperature at 80 MHz is three orders of magnitude higher than that at 240
MHz in our case. For comparison, Bougeret et al. (1970) reported a maximum
value of T, = 1.5 x10° K at 169 MHz whereas we found 2 x10° K at 161
MHz. Value of T, = 10° K at 118 MHz for weak type III bursts has recently
been reported by Mohan et al. (2019). At 1 MHz, the average and maximum
values of T, are 10" and 10" K (Evans et al., 1971). The higher values of

the brightness temperature at lower frequencies found by these authors are
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Figure 4.15: Variations of frequency-averaged T,(f) with averaged radial dis-
tance from the Sun’s center. Different symbols indicate different events as
identified in Table 4.1.

qualitatively consistent with the trend in Figure 4.13 that T,(f) increases with
decreasing f.

We now investigate whether T}, has any dependency on the burst source’s
position or not (Figure 4.14). A few of the burst events are located near the
disk center and rest of them near the limb and, as expected, T,(f) decreases as
f increases. As radial distance r from the Sun’s center increases, T, does not
show an obvious variation on the source’s positions in Figure 4.14. Similarly,
a frequency-averaged values of T}, for those events do not show an increase or
decrease trend with r (Figure 4.15). From our results, it is unclear whether T,
depends on whether the source is located near the disk center or near the limb.
This may be due to the small number of events considered, as discussed below

in connection with the results of Dulk and Suzuki (1980).
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4.7 Interpretation and Discussion

We consider that the source sizes can be affected by three effects: 1) divergence
of open magnetic field lines to have large extent at lower frequencies and larger
heights, 2) scattering effects, and 3) spatial resolution of the MWA beam. We
discuss these issues in turn now.

Our observed source sizes are found to decrease as the frequency increases,
with a very similar dependence to that for the beam area (f “2AE04 and f 20204

#5202y “and to be somewhere larger (< a factor of 2) than the MWA

versus [
beam sizes. Moreover, for most events (not all) the source eccentricity is constant
with f, although 3 events have higher eccentricities at lower frequencies (Figure
4.9), and the beam and source eccentricities are different (Figures 4.8 and 4.9).
Given that the WSClean processing removes the MWA beam from the images,
we focus now on effects 1) and 2) above.

Divergence of open magnetic field lines likely plays a significant role in
varying the intrinsic source size with frequency. We know that type III bursts
are generated by semi-relativistic electrons released from the flare sites in active
regions. These electrons are then accelerated outward from the corona along
the open magnetic field lines. Direct evidence for diverging open field lines is
provided by EUV imaging (Chen et al., 2013; McCauley et al., 2017; Cairns et al.,
2018) and magnetic modelling (Masson et al., 2012, 2014). Based physically on
a diverging field line topology, burst sources can be modelled as a filled cone
centered on the Sun (Bougeret et al., 1970; Dulk et al., 1979). (The cone angles
are the full widths to the 1/e points of the Gaussian sources) This angle can be
larger than 70° for larger burst sources at larger heights and lower frequencies.
The sources fill Sun-centered cone angles ranging from = 35° to 65° at 169 MHz

(Bougeret et al., 1970) to = 40° to 72° at 80 MHz (Dulk and Suzuki, 1980).

Interplanetary electrons associated with type IIIs fill a cone with an angle of =
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100° near 20 kHz (Lin, 1974). Hence source sizes increase rapidly as f decreases
and fill larger cones.

McCauley et al. (2017) studied the morphology of type III burst sources
splitting that split into two parts moving apart to low frequency but were a
single component at a lower height and higher frequencies. As f decreased
from = 132 to 80 MHz, the burst sources were observed to elongate, become
larger, and split into two components at larger heights. They interpreted this
behaviour as being due to extreme divergence of open magnetic field lines, as the
electrons generating the type III bursts followed the open field lines modelled
independently. We will not focus on source splitting but instead on increasing
source sizes at decreasing frequencies.

It is generally known that radio waves originating from a localized source
can be scattered due to refraction and reflection by coronal density fluctuations
(Melrose, 1989a). The scattering of burst emission due to density inhomogeneities
of the solar corona can in principle explain larger source areas at lower frequencies.
This scattering leads to larger angular broadening of the source (Fokker, 1965;
Steinberg et al., 1971; Bastian, 1994; Subramanian and Cairns, 2011; Ingale
et al., 2015). They added that scatter-broadened images might be elongated
by radial magnetic field lines and this effect observable if the field lines are
sufficiently aligned with the line of sight. Therefore, from these scenarios it is
possible to expect a larger source area at higher heights and lower frequencies.

From our observations, we find that burst source sizes are elliptical in general
and exhibit an increase in area as frequency decreases for all the events (Figures
4.3 and 4.5). We now consider quantitatively the simple hypothesis of divergence
of open magnetic field lines, as illustrated by the cartoon in Figure 4.16. The
burst source is considered to be intrinsic, compact, and smaller in size at a
lower height, being closer to the electron release site. Then the open magnetic

field lines which guide the electrons diverge more with increasing height. Thus
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the intrinsic source begins to expand (elliptically) as the open field lines diverge

to large separations at higher heights.

Observer
Intrinsic \ o ———— / Scattered
source © e et P source
Open field line

Compact
source

*A Flare

Sun

 o—»

Figure 4.16: Cartoon representation of divergence of open magnetic field lines.
The two open field lines (black curved lines) are diverging outward (indicated
by arrows in black color) from the region of flare site. The dotted ellipse shows
the intrinsic burst source that is assumed to be smaller and compact at the
initial stage. The solid ellipse shows the scattered burst source.

Quantitative analyses of the scattering of radio emission in the solar atmo-
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sphere predict a f -2 dependence on the linear source size (Fokker, 1965; Steinberg
et al., 1971; Bastian, 1994; Cairns, 1998). Coles and Harmon (1989) confirmed
this dependence from observations of cosmic sources through the corona. In
our case, on average, the source area A (in Stokes I and V'), which varies as
the square of the linear source size, varies as A o< f_2'410'4 and A o< f_2'610'4
between 80 and 240 MHz, not the expected dependence f - expected from the
f - dependence of the linear source sizes. Thus the frequency dependence of
the observed source areas in Stokes I and V are quantitatively inconsistent
with an interpretation in terms of scattering determining the observed source
sizes. Only if one uses a non-traditional version of scattering theory, source

area which yields A oc f-2.4J_r0.4

can the observations be interpreted in terms of
scattering dominating the observed source sizes.

We note that ionospheric refraction can perturb the apparent position of burst
sources in ground-based observations, exceeding a few arcmins in frequencies
range from 100 to 300 MHz (Bougeret, 1981; Mercier, 1986). This effect can
cause position shifts due to the ionospheric gravity waves (Saint-Hilaire et al.,
2013). We neglect the effects of ionospheric refraction in our analysis.

The total and polarized fluxes are found to increase as frequency decreases
for almost all the events (Figures 4.11 and 4.12). On average the total fluxes
are greater than the polarized fluxes by a factor of 10 at lower frequencies near
80 MHz. Thus the sources are relatively weakly polarized emission, as found in
Chapter 3.

It is well known that, in general, coronal type III bursts have brightness
temperature T;, that varies from 10° K to even as high as 10" K (Suzuki and
Dulk, 1985; Kirk et al., 1994). The range of T} for our type III burst events
is between 1.2x 10° K and 4x 10" K, smaller than those at 1 MHz (Evans
et al., 1971) and type III bursts in the solar wind (Melrose, 1989a), where

T, is maximum = 10" K. These high brightness temperatures demonstrate
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that the emission associated with type III bursts is coherent and non-thermal,
consistent with earlier results of Dulk and Suzuki (1980) and Melrose (1989a).
Our analyses show that T}, decreases with increasing f, consistent with those
values of T, (= 2x10"-4x10"" K at 80 MHz) observed by Dulk and Suzuki
(1980).

Dulk and Suzuki (1980) suggested that T}, decreases from the disk center
to the limb by a factor of three at frequencies between 43 and 160 MHz. Our
results show no clear variation of Tj with the source’s position (Figures 4.14

and 4.15), although we considered only a small number of events.

4.8 Conclusions

We studied the source sizes, fluxes, and brightness temperatures of 10 type
IIT solar radio bursts using data from the MWA at frequencies from 80 to
240 MHz. The areas of both the polarized and unpolarized (total) sources
increased as frequency decreased. We interpreted this in terms of the divergence

of open magnetic field lines. On average the unpolarized source areas varied

-2.410.4 -2.6£0.4

with frequency as f , while the polarized source areas varied as f
and the MWA beam sizes varied as f_2'5i0'2. We did not find the expected
dependence f_4 of the source area predicted from scattering theory. The
temporal evolution of source area showed oscillatory behaviour at our time
period, which had consistency with previous observations. We showed that the
frequency dependence of the source areas did not support scattering as the
primary physical effect determining the observed source sizes. The source sizes
were similar in magnitude but different in ellipticity and magnitude to the MWA
beam. The brightness temperatures decreased as frequency increased, consistent

with previous observations. We also found that the brightness temperatures did

not depend on the positions of type III burst sources, although this result may
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not be statistically significant due to the small sample size. We conclude that
the divergence of open field lines is a viable process which causes the source

size to increase as the frequency decreases.
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5.1 Summary

After providing context to the thesis research in Chapter 1, Chapter 2 presented,
analyzed, and interpreted MWA observations of coronal holes (CHs) in the
frequency range 80—240 MHz. CHs are expected to be observed as dark
structures across the bandwidth of MWA since CHs are low-density regions
relative to the corona. Four CHs were observed near disk center and found to
transition from being relatively dark structures at higher frequencies (2 145
MHz) to relatively bright structures at lower frequencies (< 145 MHz). Some
CHs showed a transition frequency near 145 MHz and others had that transition
frequency near 130 MHz or 135 MHz. MWA observations were compared to
FORWARD synthetic images based on the MAS model. The synthetic images
obtained from model data did not exhibit the dark-to-bright transition so that
this model was not consistent with our observations at lower frequencies. We
proposed that the dark-to-bright transition results from refraction of radio
waves from the surrounding corona into the low density CH regions, a process
not included in the MAS-FORWARD model, and we developed a qualitative
model based on refraction and the relative optical depths inside and outside
a CH as a function of frequency. The optical depths calculated based on the
MAS model were qualitatively consistent with our interpretation. We have
therefore shown that propagation and relative absorption effects are a feasible
explanation for the dark-to-bright transition exhibited by these CHs from high
to low frequencies.

Chapter 3 described radio observations of circular polarization in sixteen
isolated type III solar radio bursts observed by the MWA from 80 to 240 MHz.
On average for the bursts, near onset we found 5—30% circular polarization
at 80 MHz and 15-40% at 240 MHz whereas these percentages were 3—15%

and 5—25% near burst maximum. We measured the polarization fraction as
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a function of source position for all the events and, on average, near both
burst onset and maximum we found higher polarization near the disk center
and lower polarization near the limb. This is qualitatively consistent with
results of the previous observations of Dulk and Suzuki (1980), although we
analyzed small sample size. We studied total intensity (Stokes I), circularly
polarized intensity (Stokes V'), and polarization fraction (| V |/I) profiles
of type III events as a function of position at times near burst maximum,
and found symmetric Stokes I, V, and | V' |/I profiles for a burst event with
no source motion but asymmetric | V' |/I profiles for two events which had
source motion. We argued the asymmetric | V |/I profiles are due to the
contribution of fundamental emission at the front of a beam and motion of the
burst source. Imaging of the polarization fraction for moving sources showed
relatively higher polarization fraction at burst onset which was interpreted in
terms of dominant fundamental plasma emission from the front of the beam.
At burst maximum, the images showed lower polarization fraction, interpreted
in terms of burst emission being a combination of fundamental and harmonic
components. During the decay phase the emission was dominated again by
the fundamental component, which decayed till the end of a burst with lesser
polarization fraction; this was interpreted as being due to scattering. This
pattern of fundamental, fundamental and harmonic, and then fundamental
emission with time was consistent with the interpretations of Dulk et al. (1984),
Robinson et al. (1994), and Robinson and Cairns (1998). We proposed that
scattering effects can be a viable reason for having lower polarization fractions for
type III events than predicted theoretically. Finally, we investigated the decay
time t; after peak intensity, finding it to decrease more rapidly with increasing

-2.040.1 . . .
as compared with the previous observations

frequencies with t; o< f
(tg o< f _l‘lio‘l). This result can be interpreted in terms of changes in the radial

dependence of density turbulence with radial distance.
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Chapter 4 analyzed low-frequency solar type III radio bursts observed by
the MWA. Near times of burst maximum, the source sizes, flux densities, and
brightness temperatures were studied for 10 type III events using total (Stokes

I) and polarized intensity (Stokes V') images. We found that the source area

(A) increased as frequency (f) decreased and varied as A oc f>**** and
Ao f “26204 50 Stokes T and V images, respectively, whereas the MWA beam
~2.540.2

area varied as f . Therefore, the measured source areas were not consistent
with the expected dependence f - predicted from standard scattering theory.
We proposed that the source areas, once separated from the effects of the MWA
beam, did not support scattering theory and instead interpreted the data in
terms of the divergence of open magnetic field lines causing the source size
to increase at lower frequencies and larger heights. On average, the total and
polarized fluxes were also found to increase as the frequency decreased. We
found total fluxes, averaged over the sample, of 550 SFU at 80 MHz and 50
SFU at 240 MHz, whereas Dulk and Suzuki (1980) found the logarithmic flux
density of type IlIs ranging from 0.2 to 4.8 at 80 MHz. Our flux values thus lie
within the range of their flux values. On average the brightness temperatures T,
decreased as f increased and we found a maximum 7;, = 4X 10" K at 80 MHz
and a minimum 7}, = 1.2x10° K at 240 MHz. Our results for 7 , are consistent
with those of Dulk and Suzuki (1980) (Tp: 107 —4x 10" at 80 MHz). We found
that T}, did not depend on the source’s position, but this finding is uncertain
due to the small sample size and so not necessarily and inconsistent with the
results of Dulk and Suzuki (1980). We argued that divergence of open field

lines is a viable process for increasing source size as the frequency decreases.
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5.2 Future Work

Some suggestions for future work on radio observations of coronal holes (CHs)

are the following:

1. Flux calibrated MWA data of CHs for longer observing periods are needed
to observe the dark-to-bright transition of multiple low-latitude radio CHs
that move from disk center to limb. CHs are always observed as darker
regions near the limb though. The data from MWA that we used for our
analysis are for CHs near the disk center but not near the limb. Our
qualitative model for the dark-to-bright transition would expect CHs to
diminish in brightness with proximity to the limb since the radiation is
being refracted radially and so not towards the Earth, and future work
could investigate this potential viewing angle effect by examining CHs

continuously as they transit the Sun from limb to limb.

2. A ray tracing calculation or simulation using the MAS model for the
background corona and CH structure is needed to test the refraction
and propagation mechanism proposed for the dark-to-bright transition of
CHs. This is required in order to know the underlying physics for why
many CHs to become brighter at lower frequencies and darker at higher
frequencies. It will also lead to an explanation for why all CHs do not

show this behaviour.

3. The reason for the varying transition frequency (the corresponding fre-
quency at which a CH structure transitions to being bright from dark)
for each CH is still not clear and must be addressed in future work, such

as new observations and ray tracing calculations.

4. The brightness temperature (7},) is an important parameter to examine

whether an observed emission is classified as thermal or non-thermal.
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For thermal emission, one finds 7, < T', where T is the temperature of
the radiating particles. On the other hand, non-thermal emission has
kgT, > €, where € is a typical energy of the radiating particles. The
emission associated with the CHs is likely to be thermal (bremsstrahlung)
due to CHs having low-temperature electrons, smaller densities, and
exhibiting less activity in the solar corona as compared to the highly
dynamic active regions, whereas active regions typically emit non-thermal
radiation. It is thus necessary to measure the brightness temperature
of CHs to confirm that whether the emission coming from these low-
density darker regions is really thermal or non-thermal as compared to

the surrounding corona.

Possible investigations on solar type III radio bursts that can be done in

future research include the following:

1. The time resolution (0.5 s) of the MWA data is not good enough to
classify the structures of type III bursts robustly as fundamental, harmonic,
fundamental-harmonic pair, and structureless. In other words, it is not
possible to clarify the structure of bursts only by seeing their appearance
from the dynamic spectra constructed from current MWA data. We need
type III burst data with better time resolution (~ 0.1 s) to address this
issue. Only then we can expect to definitively separate fundamental and

harmonic bands for type IlIs.

2. A more extended statistical survey of circular polarization properties of
type III bursts is needed to extend the analysis in Chapter 3. This study

should definitely examine the positional dependence of polarization.

3. We note that we do not have magnetic observations as a function of height

in the corona. From Equation (3.1), it would be interesting to compare
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the degree of circular polarization with the magnetic field and ratio fg/f,
using some model predictions. As an example of what is possible now
(but beyond this thesis), the PFSS model (Schatten et al., 1969) and
the FORWARD software package (Gibson et al., 2016) are viable ways
to predict magnetic field values at different heights in the corona. This
could help us to constrain magnetic field configurations in the corona at
certain heights, which could be tested with MWA imaging observations of
type IlIs, since we know that type Ills preserve pristine information of

magnetic field at burst generation sites.

. The positional dependence of brightness temperature could be interesting
to study for a large set of burst events to verify the suggestion of Dulk
and Suzuki (1980) that the brightness temperature is larger on average

when the burst source is near the disk center and smaller near the limb.

. Along with MWA data, some LOFAR (Low Frequency Array) data could
also be interesting in future research (Morosan et al., 2014; Reid and

Kontar, 2018; Zhang et al., 2019).

5.3 Conclusions

We presented MWA radio observations of CHs that showed the dark-to-bright

transition in their structures as we move from high to low frequencies. We

developed a qualitative model that explained this transition based on refraction

and propagation effects was consistent. The circular polarization properties of

multiple type III solar radio bursts were studied, followed by measurements

of the positional dependence on polarization. The average degree of circular

polarization increased with increasing frequencies for both burst onset and

maximum burst intensity, and circular polarization was dependent on the
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source’s position, were consistent with the previous observations. We then
performed spectropolarimetric imaging studies for moving burst sources, and
the images (Stokes | V' |/I) showed larger polarization near the burst onset,
smaller polarization near the peak burst intensity, and then lesser polarization
than burst maximum during the decay phase. We observed the intriguing
properties of type Ills: source sizes, source fluxes, and brightness temperatures
using the total (Stokes I) and polarized intensity (Stokes V') images. These
measurements were compared with the previous observations and found to be
qualitatively consistent. These investigations were performed using the MWA
data for small sample size, and new observations with better time resolution
are needed to test our results.

The important results of this thesis work are summarised as the following:

1. We observed the dark-to-bright transition of four radio CHs using the
MWA data and interpreted this transition in terms of refraction and
propagation effects causing CH structures to dark at higher frequencies
and bright at lower frequencies. The density and temperature properties
of CHs extracted from the MAS-FORWARD model were qualitatively

consistent with this interpretation.

2. We performed circular polarization measurements of sixteen isolated type
III solar radio bursts using data from the MWA. We found the average
degree of circular polarization to be 9—24% at burst onset and 4—22% at
burst maximum in frequencies ranging from 80 to 240 MHz. We found
that the sense of polarization (left hand or right hand) did not change
over frequency and time during a burst, which was consistent with the

previous observations of Dulk and Suzuki (1980) and Mercier (1990).

3. The positional type I1T dependence of circular polarization fractions showed

on average higher polarization fraction near the disk center and lower
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polarization fraction near the limb, which was consistent with the pre-
vious observations of Dulk and Suzuki (1980) and with type I bursts
(Aschwanden, 1986). One of the three possible alternative ways described
by Melrose (1989b) to reduce the polarization of F emission scattering is
that a large angle scatter can change polarization significantly; specifically,
a scatter through an angle # = 90° reduces the polarization to ~ 0. Some
observations argue that depolarization mechanism that is happened in

the burst source region is due to the scattering effect (Wentzel, 1984).

4. We found symmetric total intensity (Stokes I), polarized flux (Stokes V),
and polarization fraction (| V' |/I) profiles for one type III burst event
without source motion and asymmetric | V' |/I profiles for two events
which had source motion. We argued that these asymmetric | V |/
profiles were due to the contribution of fundamental emission at the front

of an electron beam and motion of the burst source.

5. The polarized flux profile of one type III burst example peaked before the
total intensity profile that results in a “spike polarization” (Santin, 1976;
Benz and Zlobec, 1978). This could happen after the mode conversion,
where o-mode waves travel faster and reaches us first. We argued that
the burst emission was highly circularly-polarized fundamental plasma

emission with o-mode.

6. The polarized emission showed a rapid fall off, perhaps even faster than
exponentially than the total emission with time at a given f after the
burst peaks. This is interpreted in terms of depolarization effects being
more prominent at the decay phase of bursts, for instance, scattering in

the source and along the path.

7. We performed spectropolarimetric imaging studies for type III bursts with
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moving sources. At burst onset the images showed higher polarization
fraction, which was interpreted in terms of dominant fundamental plasma
emission. At burst maximum, a lower polarization fraction was obtained,
interpreted in terms of burst emission being a combination of fundamental
and harmonic components. During the decay phase the emission was
dominated again by the fundamental component, which decayed till the
end of a burst with lesser polarization fraction; this was interpreted as
being due to scattering. This pattern of fundamental, fundamental and
harmonic, and then fundamental emission with time is consistent with the
interpretations of Dulk et al. (1984), Robinson et al. (1994), and Robinson
and Cairns (1998).

. We investigated the decay time t; after peak intensity and found it to
decrease more rapidly with increasing frequencies with t; oc f_z'OiO'1
as compared with the previous observations (t; o< f_l'lio'l). This is
interpreted that intensity of fundamental emission falls off exponentially

with time after the peak due to scattering by density irregularities and

losses by linear mode conversion.

. The source sizes, flux densities, and brightness temperatures of ten type
ITI bursts were estimated from the MWA data in both Stokes I and V
images. The source area A increased as frequency f decreased and varied
as A oc %% and A oc 7% in Stokes I and V images, whereas the
MWA beam area varied as A o< f_2'5i0'2. Our source size data therefore
do not support the interpretation that scattering determines the source
size, since standard scattering theory predicts an f - dependence. We
interpreted the increasing source size with decreased frequency in terms

of divergence of open magnetic field lines, which causes the source area to

increase at lower frequencies and larger heights.
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10. The average total intensities of burst sources were found to be 550 and 50
SFU at 80 and 240 MHz, respectively, consistent with the flux results of
Dulk and Suzuki (1980). The brightness temperatures T, that we found
ranged from a maximum of 4X 10" K at 80 MHz to a minimum of 1.2x10°
K at 240 MHz. Our results of T; are consistent with those of Dulk and
Suzuki (1980).

Finally, this thesis work will be helpful in understanding the activities of
the quiet Sun, corona, active regions, solar flares, and coronal holes, as well as
the properties of different emission mechanisms: gyromagnetic, bremsstrahlung,
and plasma emissions. This work touches on the generation and propagation
of radio waves into the solar corona and dark-to-bright transitions of coronal
holes resulting from refraction and propagation effects. It has implications for
two possible solutions to open problems in the study of Type III solar radio
bursts: scattering effects and linear mode conversion as depolarization catalysts
for type III bursts having lower polarization and the divergence of the open
magnetic field lines being a viable process that causes the burst source sizes to
increase at lower frequencies and larger heights. Finally, this work is useful in
the ongoing study of intriguing features of type III solar radio bursts: circular
polarization, source sizes, source fluxes, and brightness temperatures using the

MWA data at the frequencies ranging from 80 to 240 MHz.
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