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Solar type lll radio bursts are the most common impulsive radio signatures from the Sun,
stimulated by electron beams traveling through the solar corona and solar wind. Type
Il burst analysis provides us with a powerful remote sensing diagnostic tool for both
the electron beams and the plasma they travel through. Advanced radio telescopes like
the LOw Frequency ARray (LOFAR), the Murchison Widefield Array (MWA) and the Karl
G. Jansky Very Large Array (VLA) are now giving us type Il imaging spectroscopy with
orders of magnitude better resolution than before. In this review, the recent observational
progress provided by the new observations is discussed for type Il bursts at GHz and
MHz frequencies, including how this enhanced resolution has facilitated study of type
[l burst fine structure. The new results require more detailed theoretical understanding
of how type Il bursts are produced. Consequently, recent numerical work is discussed
which improves our understanding of how electron beams, Langmuir waves and radio
waves evolve through the turbulent solar system plasma. Looking toward the future,
some theoretical challenges are discussed that we need to overcome on our quest to
understand type Il bursts and the electron beams that drive them.

Keywords: solar flares, electron transport, electron acceleration, solar corona, solar type lll bursts, beam plasma
instabilities

1. INTRODUCTION

Type III radio bursts are the most common coherent radio emission produced by the Sun. Type
III bursts are an indirect signature of energetic electrons propagating through the plasma of the
solar corona and the solar wind. A gift of non-linear physics, the more we understand type III
bursts, the more we can use them as remote sensing tools for astrophysical plasma. As high energy
electron beams propagate through plasma with decreasing background electron densities, and
hence decreasing plasma frequency, they emit type III radio emission at correspondingly decreasing
radio frequencies. The spatial and spectral evolution of type IIIs thus contains a wealth of plasma
dynamics information that has been studied for many decades since their first observational
report by Payne-Scott et al. (1947). Analysis of type IIIs can provide insight on astrophysical
processes including particle acceleration, charged particle transport through plasma, and the
structure of solar system plasma. Space-based observations can detect in situ the electron beams,
their associated plasma waves and radio spectra. However, we are dependent upon Earth-based
telescopes to provide type III imaging, which we obtain above the 10 MHz ionospheric cut-off.
These frequencies correspond to electron beams propagating through the solar corona before they
reach interplanetary space.
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The focus of this review is to cover the advances in type
III theory that have arisen due to new high resolution imaging
spectroscopy which became available in the last decade. Type III
observations in the past were either analyzed spectroscopically or
through imaging only at a few discreet frequencies. Now orders
of magnitude better spatial, spectral and temporal resolution
is allowing the physics of the radio Sun to be examined like
never before. The main telescopes that have been facilitating new
type III observations of the Sun are (in descending frequency)
the upgraded Karl G. Jansky Very Large Array (VLA, Perley
et al.,, 2011), the Mingantu Ultrawide Spectral Radioheliograph
(MUSER, Yan et al, 2009), the Murchison Widefield Array
(MWA, Lonsdale et al, 2009), the Low Frequency Array
(LOFAR, van Haarlem et al, 2013) the Long Wavelength
Array (Ellingson et al., 2009). Additionally, imaging at discrete
frequencies has been provided by the Nancay Radioheliograph
(NRH, Kerdraon and Delouis, 1997) and the Giant Metrewave
Radio Telescope (GMRT, Swarup et al., 1991).

This review is not intended to be a historical overview on type
III bursts, nor a review of all type III properties. In science we
are all “perched on the shoulders of giants” and so readers are
encouraged to get a more complete understanding of the field
by reading the introductions that are contained within the cited
works. There are also many other reviews specifically on type
III bursts (Suzuki and Dulk, 1985; Reid and Ratcliffe, 2014) and
more generally on solar radio emission (e.g., Dulk, 1985; McLean
and Labrum, 1985; Bastian, 1990; Pick and Vilmer, 2008; Gary
etal., 2018).

Over the last decade, snapshot synthesis imaging techniques
have substantially improved for generating solar radio images.
A significant upgrade was made the VLA, described in Perley
et al. (2011), where state-of-art receivers and electronics were
added, greatly increasing capabilities. There are now a larger
number of spectral channels, a larger instantaneous bandwidth
for imaging and a faster sampling times, enabling new solar radio
observations first documented by Chen et al. (2013). Additionally
new radio telescopes like LOFAR, MUSER, and the MWA have
been built with large numbers of antenna distributed across large
spatial scales. These new telescopes have drastically improved the
UV coverage available for making solar imaging spectroscopy,
leading to temporal resolution for imaging of 100 ms or better,
and for spectroscopy it can go down to microsecond resolution.
The increased number of long distance baselines provides orders
of magnitude better spatial resolution although radio transport
effects limit the use of such high resolution for solar science at
MHz frequencies. New and improved telescopes have enhanced
spectral resolutions, with low frequencies especially going down
to 100s kHz resolution. The latter is particularly significant as
previous low frequency imaging spectroscopy has been carried
out with spectral resolution of 40 MHz till the 1980s, preventing
past imaging spectroscopic analysis of type III fine structure. An
example of new imaging techniques using the MWA is given by
Mohan and Oberoi (2017).

As well as traditional interferometric techniques, new radio
interferometers are able to operate in a coherent tied-array mode
that involves combining the collecting area into array beams,
or a coherent sum of multiple station beams (see e.g., Stappers

et al., 2011, for a description using LOFAR). Hundreds of tied-
array beams are pointed at the Sun in a honeycomb pattern that
mosaics the solar radio intensity. The advantage of this method of
imaging is enhanced spectral resolution of 10s kHz and temporal
resolutions of ms, which are particularly important for imaging
type III bursts that are short-lived and change significantly with
frequency. The disadvantage is a reduced spatial resolution. An
early example of tied-array imaging performed by LOFAR is
given in Figure 1. This example highlights the power of imaging
spectroscopy as each pixel has an associated dynamic spectrum.
One is able to disentangle each burst from the other via their
spatial information which would not have been possible from
full-disc integrated dynamic spectra.

With the successful launch of Parker Solar Probe (PSP, Fox
etal., 2016) and Solar Orbiter (SolO, Miiller et al., 2013) traveling
close to the Sun, analysis of coronal magnetic connectivity is
hugely important. In particular with PSP, analysis of in situ data
close to the Sun is dramatically improved once we know where
on the solar disc the plasma originated from. Type III imaging
spectroscopy from Earth plays a crucial role here as radio bursts
can isolate where high energy particles were accelerated and what
trajectory they took when escaping the Sun. Despite energetic
protons not producing radio emission, they are likely to follow
the same magnetic connectivity as the electrons. Similarly, type
III bursts can show the trajectory of heated plasma jets, typically
observed in UV or X-rays, which can subsequently be observed
in situ. Type III bursts are also able to ascertain coronal plasma
parameters in high regions of the solar corona (around 1 solar
radius and above), where UV and X-ray diagnostics are not
effective due to the tenuous plasma not emitting enough photons
at these wavelengths. Coronal parameters deduced from type III
imaging spectroscopy can then be compared with solar wind
parameters detected in situ to help understand how the solar
corona transitions into the solar wind.

This review begins by discussing high frequency radio bursts
and the constraints they make for particle acceleration. Recently
observed properties of low-frequency bursts are then discussed in
the frame of particle propagation through the corona, along with
new type III fine structure observations. The type III contribution
toward coronal density models is then featured, along with
the difficulties that result from radio wave propagation effects.
New insights about electron beams, Langmuir waves and radio
waves from recent theoretical models are then presented. The
review concludes with a summary of some future observatories
and scientific questions that type III imaging spectroscopy can
help answer.

2. HIGH FREQUENCY BURSTS

Type III bursts observed at high frequencies are signatures of
electron transport in the low corona. The term “high frequency”
is subjective, and in this context we consider the frequency
range of 2-0.2 GHz, with imaging spectroscopy available from
the VLA, the NRH and the GMRT. This relates to altitudes
lower than roughly 0.5 solar radii from the solar surface (e.g.,
Newkirk, 1961; Saito et al., 1977) although care must be taken
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FIGURE 1 | LOFAR tied-array beam observations of Type lIl radio bursts and solar S bursts. Left: The 170 tied-array beams covering a field-of-view of about 1.3
degrees about the Sun. Right: Two dynamic spectrum highlighting different solar activity coming from different regions in the solar disc. From Morosan et al. (2015).
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when assuming heights from density models. For example, type
III bursts can be observed in the GHz frequencies which requires
either active Sun coronal density models or some multiplicative
of quiet Sun models.

The importance of analyzing type III bursts at high
frequencies is that electron beams which produce the emission
have not traveled far from their acceleration region. The electron
beams have not undergone significant transport effects and so
their kinetic profile as deduced from the type III emission is closer
to the acceleration region characteristics that generated them.
Solar particle acceleration region characteristics are ill-quantified,
and a subject of intense study, because the energized particles
propagate away before generating significant electromagnetic
emission (see e.g., Zharkova et al., 2011, as a review). This makes
high frequency type III burst imaging spectroscopy attractive for
diagnosing the spatial, energetic and temporal profile of electron
acceleration in the corona.

High resolution type III imaging spectroscopy in GHz
frequencies have been carried out using observations from
the VLA. Type III bursts were imaged in the low corona, in
association with coronal jets (Chen et al., 2013; Chen B. et al,,
2018). The evolution of type III source location with frequency
was used to estimate the background density profile, assuming
second harmonic emission due to low polarization degree. Best-
fit density scale heights were derived to be 40 Mm (Chen
et al., 2013) and 3-17 Mm (Chen B. et al., 2018), or 5-29 Mm
taking into account a 60 degree inclination angle. These are
very steep density profiles when one considers that the scale
height for a 2 MK plasma is 94 Mm, and likely highlight that
the flux tubes are far from their hydrostatic state or highly
dynamic in nature. Assuming a density model, the electron beam
acceleration site was estimated to be 15 Mm below the 2 GHz

type III emission detected in Chen et al. (2013). The acceleration
site was estimated even closer (1 Mm at closest approach) in
Chen B. et al. (2018) using the conjunction of varying straight
line trajectory fits through the type III centroids at different
frequencies (see Figure2). The different trajectories varied
systematically over each 50 ms timestep of the VLA observations
and diverged from a compact (<600 km?) region. The authors
suggest that the very short acceleration timescales strongly favor
a reconnection-driven particle acceleration mechanism (e.g.,
Drake et al., 2006) and estimate a lower limit of E > 0.1 Vm™!
if a macroscopic DC electric field is responsible. Moreover, by
extrapolating their density models back into the acceleration
region, a high level (An/n > 100%) of density inhomogeneity
is inferred.

Other high frequency type III imaging observations have
been recently analyzed using the GMRT and the NRH. An
example using the GMRT found type III emission observed
at 610 MHz during a GOES C-class flare (Bisoi et al., 2018).
Whilst radio emission was imaged close to the flaring site,
a remote source 500 arcsecs away also glowed brightly. The
authors confirmed the source was generated by plasma emission
and explained the remote source through wave ducting. They
also highlighted that a clearer picture could be found if high
spectral resolution imaging spectroscopy had been available. An
example using the NRH analyzed type III emission before a large
coronal mass ejection (Carley et al., 2016). By combining the
NRH imaging spectroscopy with radio spectroscopy at higher
frequencies, Carley et al. (2016) identified where and when
electron acceleration to > 75 keV took place, deducing either
tether-cutting or flux-cancellation type reconnection at the flux
rope center. As the flux rope erupted, it caused reconnection to
take place in a fan-spine null point above the rope, producing
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FIGURE 2 | Left: VLA dynamic spectrum of a series of type Il radio bursts. Right: The electron beam trajectories fit over the type Ill centroids, showing a systematic
change in the spatial motion. All trajectories lead to a common acceleration region, denoted by the red star. Both panels adapted from Chen B. et al. (2018).

many electron beams around 5 keV for a period of 5 min which
caused lower-frequency type III bursts.

All the type III studies above have simultaneous X-ray sources,
indicating bi-directional electron beam acceleration. When co-
temporal images were available, they provided an impression
of the locality of the flare acceleration region and a sense of
scale, particularly in Chen B. et al. (2018). Simultaneous study
of type III radio and X-rays (see e.g., Pick and Vilmer, 2008, as
a review) is attractive because electron beam characteristics can
be obtained from the X-ray emission (Holman et al., 2011) and
applied to the type III producing electron beams by assuming
a common acceleration region. As an example, the distance an
electron beam must travel before a “bump-on-tail” distribution
forms and it becomes unstable to the production of Langmuir
waves has been postulated to be Ar = du, where d is the
longitudinal extent of the acceleration region and « is the
electron velocity spectral index (Reid et al,, 2011). This was
shown through a correlation between X-ray spectral index with
the type III starting frequency (Reid et al., 2014) such that the
“soft-hard-soft” pattern of X-ray spectral index was mirrored
by a “low-high-low” pattern in the type III starting frequency.
The compact acceleration region of < 600 km* estimated
from Chen B. et al. (2018) fits this picture if the instability
distance is on the scale of megameters. Additionally, the same
physical arguments infer that the electron beam instability
distance is also connected to the temporal evolution of the flare
acceleration, so as to also be dependent upon Ar =~ vra for
a characteristic beam velocity v, where t is the characteristic
temporal injection time (Reid and Kontar, 2013). The fast type
III time profiles on the order of 50 ms shown by Chen B.
et al. (2018) infer similar acceleration timescales, which are
consistent with the small instability distances of megameters

assuming beam velocities around 0.3c. The combined type III
and X-ray flare study by Reid et al. (2014) was also able to
estimate acceleration region spatial characteristics, with altitudes
ranging from 25 to 200 Mm and longitudinal extents ranging
from 2 to 13 Mm.

The temporal correlation between hard X-ray (HXR) bursts
and type III radio emission is well-established, being shown in
many single-event studies and backed up by statistical studies
(Kane, 1972; Kane et al., 1982; Hamilton et al., 1990; Aschwanden
et al., 1995; Arzner and Benz, 2005; Reid et al., 2014; Reid
and Vilmer, 2017). Figure 3 shows two examples of flares with
temporally correlated radio and X-ray emission. Nevertheless,
such a correlation is not present in all flares, presumably relating
to different magnetic connectivity preventing electron beams to
simultaneously stream down into the chromosphere and up into
the higher corona. A statistical correlation over 10 years of type
III events with co-temporal X-ray flares has been found between
the peak type III flux and the peak X-ray count rate using imaging
spectroscopy from the NRH to obtain the type III flux profile
(Reid and Vilmer, 2017). Whilst a large amount of non-thermal
X-ray counts were accompanied by high flux type IIIs, a low
amount of non-thermal X-ray counts was accompanied by both
high and low flux type IIIs. This result is explained by low density
electron beams being able to produce detectable type III bursts via
the amplification of coherent waves. Conversely, a high number
of hard X-rays counts is dependent upon high beam densities
due to the incoherent nature of Bremsstrahlung (Holman et al.,
2011; Kontar et al., 2011). The dependency of hard X-rays on the
number of high energy electrons naturally explains the notable
absence of events with high X-ray intensity and low type III radio
flux. This is another reason that co-temporal type III bursts and
HXRs are not observed during all flares.
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FIGURE 3 | An example of two type Il bursts with associated X-ray flares, highlighting the temporal correlation between hard X-rays and type Il radio emission. The
flare and radio burst durations are indicated, with the longer flare duration defined both by accelerated electrons and cooling bulk plasma. From Reid and Vilmer (2017).
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Electron beams that propagate down through the dense
corona can also produce reverse type III bursts, which have
corresponding positive frequency drift rates and typically start
at frequencies >500 MHz (Isliker and Benz, 1994; Aschwanden
and Benz, 1997). Simultaneous type III and reverse type III
events are of particular interest for new-age imaging spectroscopy
studies at higher frequencies because the radio positions localize
the acceleration region which must be situated between the
standard and reverse type IIIs. These bi-directional type III events
are a key motivation for simultaneous imaging spectroscopy
between 1 GHz and 100 MHz with high frequency resolutions.
Currently, it is typical that only one side (normal or reverse)
of the bi-directional burst is imaged (e.g., Feng et al,, 2016). A
wide range of bi-directional type III properties were reported
by Tan et al. (2016) using radio spectroscopic observations.
Using the full MHD equations and an assumption of a
barometric atmosphere, Tan et al. (2016b) devised a model
where the electron beam velocity can be estimated using the
plasma beta and the type III drift rates. By estimating the
plasma temperature (e.g., using soft X-ray line ratios), the
upper and lower estimates of electron beam velocity can be
used to obtain estimates of the magnetic field at densities

corresponding to the start frequencies of the bi-directional type
III bursts. The magnetic field of the acceleration region is then
simply assumed to be an average of these two values, with
estimates found between 50-90 G and 4-18 G for two events
(Tan et al., 2016a).

3. LOW FREQUENCY BURSTS

Type III bursts at the low frequencies are signatures of electron
beams traveling through the high corona before they reach the
solar wind. In this section we define “low frequency” from
around 200 MHz down to 10 MHz, the frequency at which
Earth’s ionosphere becomes opaque to solar radio emission, with
imaging spectroscopy results mainly from LOFAR and the MWA.

Low frequency type III radio emission provides diagnostics
of electron beams that have propagated into the upper solar
corona. The electron beams have undergone more propagation
effects than when they produce the high frequency type III
components, and so low frequency type Ills are a key source
of electron transport diagnostics. Electron beams that produce
low frequency type IIls are likely to propagate out of the
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FIGURE 4 | MWA contours at 20, 50, 80% peak flux of a type Ill burst
following a splitting magnetic connectivity above a EUV jet. The background jet
structure is highlighted in black and white, over the 304 Angstroms Sun. From
McCauley et al. (2017).

solar atmosphere and therefore their presence indicates coronal
magnetic field lines open to the solar wind. As such, low
frequency type IIIs provide an important diagnostic of magnetic
field connectivity for solar wind and space weather studies,
provided they are corrected for radio propagation effects. The
higher the flux of low-frequency type III emission, as found from
NRH imaging spectroscopy at 150 MHz, the more likely that an
interplanetary type III burst is observed (Reid and Vilmer, 2017),
with almost all sampled type III events with flux greater than 1000
SFU generating interplanetary bursts.

Type IIs are commonly associated with jets in extreme
ultraviolet (EUV) and X-rays (e.g., Bain and Fletcher, 2009;
Klassen et al., 2011; Krucker et al., 2011), with electron beams
typically following the same path as the jet. A number of studies
have analyzed type IIIs using high resolution MWA imaging
spectroscopy that occurred co-temporal and co-spatially with
jets observed in UV (McCauley et al., 2017; Cairns et al., 2018;

Mulay et al., 2019). In all three events the type III emission
showed resolved fine temporal structure, consistent with several
distinct EUV jet episodes and caused by multiple electron
beam injections, explained via energization within magnetic
reconnection regions by Cairns et al. (2018). A splitting of
the magnetic connectivity was highlighted by McCauley et al.
(2017) using MWA imaging spectroscopy of a succession of
type III radio bursts. The radio bursts started from a common
source around 200 MHz and split into two separate sources,
following different magnetic flux tubes. The UV jet traces out
a region where the magnetic field connectivity diverges, which
appears to facilitate the splitting of the type III into two separate
sources, indicated in Figure 4. For this event, type III imaging
spectroscopy was used to ascertain typical electron beam speeds
around 0.2c. Comparing with magnetic field extrapolations,
Mulay et al. (2019) found type III radio sources at the flaring site
which did not appear at the expected points along magnetic field
lines. There was a distinct absence of type III frequency evolution
along the field that would be consistent with electron beam
propagation. Mulay et al. (2019) concluded this was possibly due
to radio wave scattering or the magnetic field extrapolation not
including local small scale variations.

Not all electron beams that generate type III bursts are able
to escape into the solar wind. Some electron beams travel along
loops that are confined to the corona, producing radio emission
that forms a J- or U-shape in the dynamic spectrum, known as
J/U-bursts (Maxwell and Swarup, 1958). J-bursts can also occur
at the same time as coronal jets, with one imaged using LOFAR
by Morosan et al. (2017) where the accelerated electron beam
traveled along a large magnetic coronal loop. The electron beam
can also mirror at the footpoint of magnetic loops forming what
is known as an N-burst, with Kong et al. (2016) reporting a well-
observed N-burst using the NRH. The bulk of magnetic flux is
closed in the corona and so we might expect U-bursts and J-
bursts to be observed more often than type III bursts when in
fact the converse is true. Using the derived magnetic loop and
electron beam parameters from LOFAR imaging spectroscopy,
Reid and Kontar (2017a) analyzed the electron beam instability
criteria, shown in Figure 5. For radio emission to be generated
on closed magnetic fields, the loop needs to be long enough for a
power-law accelerated electron beam to become Langmuir-wave
unstable through time-of-flight. Additionally the beam needs to
be dense enough for the timescale of Langmuir wave growth and
their successive conversion to radio waves to be shorter than
the electron propagation timescale. These conditions result in a
stricter set of requirements for electron beams and background
loop plasma parameters to produce U/J-burst radio emission over
type III radio emission.

One quintessential property of type III radio bursts is the
frequency drift rate, typically attributed to the bulk speed of the
electron beam traveling through the solar plasma. The enhanced
spectral resolution from LOFAR and the MWA allows drift
rates to be more accurately measured and has been statistically
sampled recently by a number of radio spectroscopic studies by
Morosan and Gallagher (2017) and Reid and Kontar (2018a)
that used LOFAR, by Zhang et al. (2018) that used the Nangay
Decametre Array (NDA, Lecacheux, 2000), and by Stanislavsky
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FIGURE 5 | Left: LOFAR contours of a U-burst tracing out a large coronal magnetic loop. The co-temporal X-ray source is shown with a background of the 171
Angstroms Sun. Right: A schematic showing how electron beams require long flux tubes and/or high densities to produce J/U-bursts. Adapted from Reid and Kontar
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et al. (2018) that used the Ukrainian T-shaped Radio telescope
(UTR-2, Konovalenko et al.,, 2016). Similar to Alvarez and
Haddock (1973) who compared type III drift rate from 550
MHz to 50 kHz from many studies, the drift rate has been
approximated by a power law of the form g—{ = —Af*. Findings
for o were —1.82 £ 0.11,—1.63 £ 0.11, —1.23,—2.11 =+ 0.66,
respectively for the four studies, compared to the value of &« =
—1.84 found by Alvarez and Haddock (1973). It is unsurprising
that the power law spectral indices vary because the type III
drift rate depends primarily upon the speed of the electron beam
exciter (e.g., demonstrated numerically by Reid and Kontar,
2018b), the density gradient of the background plasma, and
whether the radio burst was generated via fundamental or second
harmonic emission. For fundamental emission, the electron
beam travels smaller distances over the same frequency range.
Moreover, the fundamental emission is more susceptible to radio
wave propagation effects (see section 3.3).

It is noteworthy that Zhang et al. (2018) found such a low
spectral index as they sampled nearly 1400 type III bursts over
half a solar cycle via an automatic analysis system using a
Hough transform. Figure 6 shows a scatter plot of the frequency
drift rates, highlighting the huge spread in values between
different radio bursts. If we assume that the background electron
density was similar for all studies, as was the proportion of
fundamental to harmonic emission then Zhang et al. (2018)
observed more electron beams with lower bulk velocities than
the other studies. Lower velocity beams take longer to travel
from one frequency to another and hence the frequency drift
rate is smaller in magnitude. The large number of type IIls
detected by the automated method might have analyzed a greater
number of type IIIs with low signal-to-noise ratio, produced by
slow, weak beams, which may account for the lower magnitude
drift rates observed. A similar study would be beneficial using
new type III imaging spectroscopy from telescopes with larger

collecting areas to detect very faint type III bursts and make a
drift rate comparison between them and the type III bursts with
higher fluxes.

The time profile of type III bursts is another property that
has undergone recent analysis. At a single frequency, the time
profile is influenced by a convolution of processes based upon
the plasma emission mechanism including; beam acceleration
characteristics, beam velocity dispersion, the radio emission
process, radio propagation, and density variation in the solar
corona. Characterizing when certain processes are dominant is
essential for extracting diagnostic information about the electron
beam. The high flux sensitivity and time resolution of new type
III imaging spectroscopy makes it ideally suited for analyzing
the rise and decay of type III emission at a single frequency. At
frequencies between 30-70 MHz, Reid and Kontar (2018a) used
LOFAR to analyzed 31 radio bursts, coming to the conclusion
that their half-width half-maximum (HWHM) rise and decay
was best fit by a Gaussian rise plus a Gaussian decay. This
was the first study to analyse the type III HWHM rise time,
finding tjse X f —07740.14 The Gaussian decay was in contrast
to the exponential decay used in previous works (e.g., Aubier and
Boischot, 1972; Barrow and Achong, 1975; Mel'Nik et al., 2011)
although similar HWHM decay times were found. The decay
time 7gecay O fO89E015 compares very well with comparisons
of decay times all the way down to kHz frequencies, shown by
Kontar et al. (2019), that could be fit with a power-law that had
a spectral index close to 1. The rise and decay times also showed
a very strong correlation, indicating that one process dominates
both time scales at LOFAR frequencies.

The explanation put forward by Reid and Kontar (2018a)
is that the rise and decay times are primarily caused by the
front and back of the electron beam, respectively, separated
through velocity dispersion. The front of the electron beam
consists of faster particles and so consequently they arrive at a
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certain background plasma frequency first. Similarly the back
of the electron beam is made up of slower particles and so
arrives last. This theory was consistent with the larger and
smaller magnitudes of drift rates found using the rise and
decay time, respectively (Reid and Kontar, 2018a) and with
quasilinear simulations (see section 4). Assuming a coronal
density model gave average front and back velocities of 0.2 +
0.06¢ and 0.15 & 0.04c. The same conclusion was obtained by
Zhang et al. (2019) who used LOFAR imaging spectroscopy to
analyse one radio burst. They found the source locations from
the rise, peak and decay times were displaced with respect to one
another, and followed different paths in the solar atmosphere.
Derived velocities from centroid locations were different, with
the velocities relating to the front edge, peak and back edge
of a type III burst were 0.42c, 0.25¢c, and 0.16¢, respectively.
The centroids of the front edge were farther away from the
solar disc meaning that the front of the electron beam was
propagating along a magnetic flux tube with higher coronal
density whilst the back of the beam was propagating along a flux
tube with lower coronal density. In seems that whilst the rate of
velocity dispersion is governed by the electron beam acceleration
characteristics like energy spectral index, the magnetic flux tubes
that guide electron beams also influence the type IIT durations.
Velocity dispersion is not the only effect that contributed
to type III durations, and Zhang et al. (2019) estimated the
contribution of density turbulence and wave propagation effects.

Density variation causes different regions in the solar atmosphere
to have the same plasma frequency, and hence contribute to the
time profile at any given frequency (Roelof and Pick, 1989). By
analyzing the wave frequency distribution of sources observed
at the same distance from the solar disc, Zhang et al. (2019)
estimated the effect of density variation, finding that it caused
an observed duration about 2.2-5.7 times the duration caused
by density variations (a lower effect than, Roelof and Pick,
1989). Wave propagation effects were also analyzed using shorter
duration type III bursts occurring before the main type III burst.
These provided an upper limit on the effect of wave propagation
effects of less than half of the observed duration. Whilst the
growth rates of radio waves from Langmuir waves are fast, more
theoretical study should be carried out to fully explore the effect
of the radio emission mechanism on the type III drift rates.

Type III polarization measurements are a strong diagnostic
potential for discerning between fundamental and harmonic
emission. There has not been much recent works using
polarization information in imaging spectroscopy as calibration
issues complicate matters. A recent work (Rahman et al., 2020)
looked at the polarization of type IIls using the MWA. They
found the degree of circular polarization increased as a function
of frequency and was higher at the start of the radio bursts,
consistent with previous models that fundamental emission is
generated first. The polarization fraction decreased with time,
consistent with scattering effects depolarizing the radio emission.
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3.1. Fine Structure

One of the most powerful applications of high resolution imaging
spectroscopy lies in the analysis of fine structure. For type III
bursts this typically takes the form of striae bursts, or type
IIIb bursts (de La Noe and Boischot, 1972), fine structure
exhibited along a backbone of fundamental emission. The
general consensus about the driver is density turbulence in the
background plasma (e.g., Takakura and Yousef, 1975) although
a formal theoretical treatment of the entire process is yet to be
formulated. With previous imaging, the spectral resolution was
too sporadic to have multiple images of one stria. A number of
studies using LOFAR imaging spectroscopy (Kontar et al., 2017;
Chen X. et al., 2018; Kolotkov et al., 2018; Sharykin et al., 2018)
have analyzed striae bursts, concentrating on one specific event
on the 16 April 2015.

The LOFAR dynamic spectrum and corresponding image
is shown in Figure 7. Kontar et al. (2017) concentrated on
analyzing the spatial information of individual striae. They found
that individual striae increased in size at a single frequency, and
this rate was different between the fundamental and harmonic
emission. They reasoned that the intrinsic source size (the actual
size of the source in the corona) is much smaller than the
apparent source size (source size derived from radio waves at
Earth) and hence the brightness temperature of the sources is
orders of magnitude larger than what is estimated using observed
source size. The power spectral density of the same type IIIb
burst was analyzed by Chen X. et al. (2018). They found that
the fluctuations had an almost 5/3 spectral index in wavenumber
space, similar to what is normally observed for solar wind density
turbulence at 1 AU (Chen, 2016). Interestingly the same spectral
index was found for the harmonic emission, possible to obtain
due to the sensitivity and the spectral resolution of LOFAR. A
characteristic spatial scale of striae was estimated around 700 km,
using the Newkirk density model (Newkirk, 1961) rather than
spatial positions because the source was located over the solar
disc. Sharykin et al. (2018) extended this study to analyse the
spatial motion of the individual striae. These structures have an
instantaneous bandwidth around 20-100 kHz that increases with
increasing central frequency. By fitting each striae with a elliptical
Gaussian, they found the striae drift rate around 0-0.3 MHz s~ %,
increasing with increasing central frequency. The mean striae
speed from the drift rate was around 600 km s™!, larger than
the typical sound speed of 200 km s~! and smaller than the type
III burst speed of 0.2c. Kolotkov et al. (2018) analyzed the same
type I1I event, finding quasi-periodicity in the signal. The authors
explained the periodicity by a propagating fast wave train that
modulated the radio emission produced by the electron beam.

Spectroscopic observations of type IIIb bursts have been
carried out by Tun Beltran etal. (2015) using the LWA. Analyzing
a type III storm that displayed both type IIIs and type IIIbs,
they concluded that electron beams must travel along magnetic
structures with density inhomogeneities present. Moreover, the
sudden onset of type IIIb storms from a normal type III
storm must be explainable, which could be caused by different
electrons propagating along different magnetic field lines with
an increased level of density turbulence. Mugundhan et al.
(2017) also spectroscopically analyzed a number of type IIIb

bursts using the Guribidanur Low Frequency Solar Spectrograph
(GLOSS, Kishore et al., 2014). By analyzing numerous striae, they
approximated An/n using the observed value of Af/f, finding
ranges of 0.006 £ 0.002. Sharykin et al. (2018) made the same
assumption and found similar amplitudes of 1073,

3.2. Coronal Density Models

The advent of high resolution imaging spectroscopy has brought
increased interest in using type III bursts to diagnose the density
structure of the solar corona. Type III frequencies are associated
with a background electron density assuming either fundamental
or second harmonic emission. The change in centroid position
of the type III sources as a function of frequency thus provides
information about how the background coronal density changes
with altitude, n,(r). Altitudes inferred from type IIIs are typically
larger than altitudes predicted by standard coronal density
models. Previous investigations using spectra and images at
a few frequencies explained the enhanced altitudes through
type IIIs being generated in over-dense structures (e.g., Wild
et al., 1959; Trottet et al., 1982; Kundu et al., 1983) as there
were spatially correlated streamers imaged in white light. An
alternative explanation is that the enhanced altitudes are not
real. Radio source centroids are shifted by scattering of radio
waves off density inhomogeneities, which causes their apparent
position to be farther away from the Sun (e.g., Riddle, 1974).
This theory is currently preferred as many type III bursts are
not necessarily observed over dense streamers (e.g., Leblanc and
de La Noe, 1977). The reality is likely that both scenarios are
possible, with some proportion of type III events occurring on
over-dense flux tubes. A nice historical overview on some issues
arising from coronal density models derived from type IIIs is
given in McCauley et al. (2018).

The initial results from LOFAR imaging spectroscopy
were consistent with previous findings that type III sources
corresponded to altitudes much higher than standard coronal
density models would infer (Morosan et al., 2014), with altitudes
extending out to 3 solar radii around 30 MHz. This was
significantly farther out than predicted by a density model
using white-light data from the same day (Zucca et al., 2014).
Further observational studies using the MWA and LOFAR found
altitudes deduced from type III observations to be much higher
than standard coronal density models predicted (Reid, 2016;
Mann et al., 2018; McCauley et al., 2018; Gordovskyy et al.,
2019). Figure 8 shows an example of such a density model
being found from type III centroid locations. Whilst it might
be possible that type IIIs preferentially travel along over-dense
flux tubes, the electron beam velocities that can be deduced
from type III bursts must also be consistent with theory. Some
deduced velocities from type III bursts observed by LOFAR
were found to be superluminal (Reid, 2016; Mann et al., 2018).
Such velocity estimates are likely influenced by the spatial and
temporal modifications due to radio wave propagation effects
(see section 3.3) but other effects may also play a role such as
different regions of the electron beam emitting radio waves at
different times, creating an apparent speed faster than the beam
speed (Reid and Kontar, 2018b). Other deduced velocities by
LOFAR and the MWA using imaging spectroscopy have been
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centroids. Adapted from Mann et al. (2018).

higher than the standard 0.1-0.3c velocities typically observed  gradient obtained through the imaging spectroscopy were
(e.g., Morosan and Gallagher, 2017; McCauley et al., 2018). realistic burst exciter speeds around 0.2c able to be estimated.
Type U and ] bursts allow diagnosis of coronal densities Radio observations taken only from the Earth suffer from
within magnetic flux tubes confined to the corona. Using LOFAR,  projection effects; our limitation of imaging on a 2-dimensional
Reid and Kontar (2017a) found the coronal density profile  plane without any spatial information on the line-of-sight
from two J-bursts and one U-burst that occurred in quick  dimension. Projection effects can only amplify the larger derived
succession. Estimating second harmonic emission, the density  electron density altitudes from type III bursts, getting larger
profile roughly fit enhanced standard density profiles, the 3.0x  the more the electron beam is propagating toward/away from
Baumbach-Allen Model (Allen, 1947), 3.5x Sittler model (Sittler ~ the Earth. The uncertainty is amplified for electron beam
and Guhathakurta, 1999) and 4.5x Saito Model (Saito et al.,  source regions that are close to the center of the Sun. An
1977) density model. However, the lowest frequencies around  example was shown by Gordovskyy et al. (2019) on how
40 MHz at the loop apex did not fit any density models as the  projection effects modify derived density models using LOFAR
magnitude of the density gradient became much less at these  imaging spectroscopy for four different events at electron beam
frequencies. Only by taking into account this change in density =~ propagation angles of 90, 60, and 30 degrees from the Sun-Earth
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line. Most of the sources were off-disc and so 30 degrees gave
widely inaccurate frequency vs. distance estimates. Such small
projection angles are more likely to occur for on-disc sources
close to Sun center. Whilst radio projection effects amplify the
larger derived electron density altitudes, the larger the radio
projection effect, the smaller the correction for radio wave
propagation from source to observer as more of the scattering
will occur along the line of sight and so not affect the 2D radio
imaging spectroscopy.

3.3. Radio Wave Propagation

Understanding the propagation of radio waves through the solar
system is paramount if we are to make best use of radio imaging
spectroscopy at low frequencies. The displacement of sources
by scattering was convincingly shown using LOFAR’s high
resolution imaging spectroscopy of a type III burst displaying
both fundamental and harmonic emission (Kontar et al., 2017).
A systematic radial displacement of 1.8 arcmin s ™! was observed
for the fundamental emission. We would expect the fundamental
type III emission to be more displaced through scattering off
density inhomogeneities because the radio frequency is closer
to the local plasma frequency. The radial displacement was
found for numerous fundamental emission fine structures (stria)
between 32 and 38 MHz. Moreover the areal extent of the
fundamental sources increased faster than the harmonic emission
at a single frequency, consistent with radio waves scattering
off density inhomogeneities. An increase in the area of the
burst source was also observed by Mohan et al. (2019) using
type III imaging spectroscopy from the MWA. They found a
radial expansion around 43 Mm s~!, two orders larger than the
local Alfvén speed and so rejected the increase in physical area
due to magnetic waves. With LOFAR and MWA showing how
important radio wave propagation is to the spatial characteristics
of fundamental emission, this opens up the ability to test radio
wave propagation models (Robinson, 1983; Arzner and Magun,
1999; Thejappa and MacDowall, 2008) and investigate analysis of
the turbulent structure of the solar corona. Analyzing the same
type III event as Kontar et al. (2017), Sharykin et al. (2018) found
that the source size across the line-of-sight exceeds the size along
the line-of-sight, implying that radio wave scattering must be
anisotropic. Mohan et al. (2019) used the model by Arzner and
Magun (1999) on the analyzed type III bursts to estimate a value
of An/n=4x 1073,

It is attractive to correct for propagation effects so that type III
burst source positions can derive more realistic coronal density
models. A method proposed by Chrysaphi et al. (2018) treats
radio wave propagation like scattering of a charged particle
in plasma. They applied this technique to LOFAR imaging
spectroscopy of a type II, showing that split-band emission
can arise from the same spatial location. The mean scattering
rate depends upon the local intensity of density turbulence and
the frequency of radio emission. By integrating over regions
where the optical depth is greater than one, a radial correction
can be approximated. Chrysaphi et al. (2018) found corrections
around 0.3 Rg for 40 MHz and 0.6 R for 32 MHz. The
technique was applied to type III emission by Gordovskyy
et al. (2019) showing that it can indeed explain larger than

expected heliocentric distances of radio sources. A different
correction method was proposed by McCauley et al. (2018) who
calculated synthetic radio images using the FORWARD software
(Gibson et al., 2016) to find expected Bremsstrahlung and
gyroresonance emission from a model atmosphere found using
the MAS software (Lionello et al., 2009) to extrapolate coronal
magnetic fields and then applying a heating model (Schrijver
et al., 2004) to compute density and temperature. The difference
between observed type III burst source locations, found using
MWA imaging spectroscopy between 80 and 240 MHz, and the
synthetic radio images was found to estimate the effect of radio
propagation effects. Using three type III radio bursts they found
corrections around 0.3 R for 80 MHz and 0.1 Rg for 240
MHz, slightly higher than those predicted by Chrysaphi et al.
(2018). Applying the corrections to the estimated coronal density
models from type III bursts, McCauley et al. (2018) found a
better agreement with typical density models, although two type
I bursts had unusually steep density profiles. The third type
III burst agreed well with a type III density model predicted by
Cairns et al. (2009) from type III burst spectra.

The above methods attempt to approximate the effect of
radio wave scattering off density fluctuations but to properly
understand this effect, ray-tracing simulations are required.
There have been a number of ray-tracing studies in the past
that have tracked type III burst propagation (Steinberg et al.,
1971; Thejappa and MacDowall, 2008; Krupar et al., 2018) which
assumed isotropic scattering by small-scale density fluctuations.
Krupar et al. (2018) using the STEREO spacecraft and Krupar
et al. (2020) using Parker Solar Probe found that from the arrival
time, the exponential decay times observed at low frequencies
from spacecraft are able to be explained through the scattering
of radio waves by density inhomogeneities. Bian et al. (2019)
modeled the scattering process using a Fokker-Planck equation
and were able to reproduce the time profile but not the inverse
frequency dependence of the decay time, which they concluded
was down to the exclusion of a large-scale refractive term. Kontar
et al. (2019) recently extended the work of Bian et al. (2019)
but treated the scattering in the anisotropic domain, with the
dominant effect being perpendicular to the heliospheric radial
domain (Kontar et al., 2017). As well as explaining temporal
profiles, Kontar et al. (2019) used ray-tracing simulations to
explain the increase in source sizes, finding a scattering increase
in the FWHM around 1.1 R at 35 MHz, although this value
will depend upon the size of the density fluctuations from event
to event. Changing the anisotropy parameter strongly influences
source sizes that are off the solar limb and less so at disc center.

4. ELECTRON BEAM PROPAGATION

Electron propagation through plasma is the cause of type
III radio bursts and there has been an extensive amount of
theoretical work on the subject. Electrons have been simulated
propagating through the solar coronal plasma and out into the
interplanetary medium. Their propagation is not simply ballistic
but is modified by the energy exchange with Langmuir waves as
the electron beam becomes unstable during transport. The radio
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emission is then believed to be mainly produced through wave-
wave processes with ion-sound waves to produce fundamental
emission, and with almost oppositely directed Langmuir waves
for second harmonic emission.

In this section, the recent theoretical progress is discussed that
has been undertaken to explain how type III bursts are generated
by propagating electron beams. This theoretical understanding
is critical for using type III bursts as remote sensors of electron
acceleration and propagation through the solar corona and to
maximize the research output that we can obtain from Earth-
based imaging spectroscopy. It is beyond the scope of this review
to cover all simulations works and so, as indicated in section
1, readers are encouraged to look through the introductions
contained within cited works to obtain a more historical overview
of the subject. In almost all of the work the electron beam
acceleration is taken as an initial condition. This is largely
due to the complexity and unanswered questions about which
mechanism is responsible for electron acceleration in the corona
(e.g., Zharkova et al., 2011).

Assuming electron beam acceleration with a power-law energy
spectrum, the beam undergoes an initial period of propagation
without becoming unstable to Langmuir waves. This “instability
distance” is related to the distance required for velocity dispersion
to create the bump-in-tail velocity distribution required for
Langmuir wave generation. As discussed in section 2, quasilinear
simulations (Reid et al., 2011; Reid and Kontar, 2013) showed
that the distance is dependent upon the electron beam velocity
spectral index, the size of the acceleration site, and the temporal
injection profile. The instability distance is the reason that the
starting frequency of type III bursts is not observed at the particle
acceleration region. Perhaps the most striking observation that
show this are the bi-directional type III bursts where there is a
frequency gap, and hence a spatial gap between the forward and
reverse type III bursts. The simulations done by Li et al. (2011)
show this spatial gap well and highlight the reduced intensity of
radio emission generated by electron beams propagating through
plasma with a positive density gradient (Figure 9). Whilst Li et al.
(2011) assumed a 20 MK Gaussian distribution of accelerated
electrons, their distribution had a spatial width of 1 Mm which
likely influenced the frequency gap between downward and
upward propagating electron beams.

Despite electron beams being made up of electrons with a
distribution of velocities, type III bursts are typically tracked
using one velocity derived by the frequency drift rate. The
main theoretical reason behind this pseudo-constant velocity
is the beam-plasma structure that is formed by the electron
beam wave-particle interactions with Langmuir waves, proposed
theoretically (Zheleznyakov and Zaitsev, 1970; Zaitsev et al.,
1972; Mel'Nik, 1995) and successfully simulated (Takakura and
Shibahashi, 1976; Magelssen and Smith, 1977; Kontar’ et al.,
1998; Mel'Nik et al., 1999). Electrons travel as an ensemble with
roughly the mean velocity of all electrons taking part in the
energy exchange between waves and particles. Langmuir waves
are generated at the front of the beam and re-absorbed at the
back of the beam, allowing propagation over long distances of
1 AU, and avoiding a catastrophic beam energy loss postulated by
Sturrock (1964).

The initial properties of the accelerated electron beam play
a significant role in how the resultant type III burst evolves
through the solar corona. Understanding how these properties
modify the radio dynamic spectra is key to using type III imaging
spectroscopy as a probe of electron beam transport in the solar
corona. Assuming that the injected energy spectra is a power-law,
the spectral index of this distribution influences which electrons
contribute to the beam-plasma structure and therefore how fast
the resultant electron beam propagates through space (e.g., Li
and Cairns, 2013; Reid and Kontar, 2018b). When simulated, Li
and Cairns (2013) found that smaller spectral indices give rise
to faster electron beams, cause type III bursts to have higher
magnitude drift rates and result in higher peak values of type
II burst fundamental emission. However, the electron beam
speed is not just governed by the spectral index but by the
initial beam density too as both properties govern the energy
density contained with the electron beam. It is this energy density
that more completely governs which electrons contribute to
the beam plasma structure (Reid and Kontar, 2018b). If the
energy density is too small at certain electron energies, the
Langmuir wave growth rate will not be high enough and these
energies will not contribute to the beam-plasma structure that
dictates beam speed. As electron beams expand in the solar wind,
their energy density decreases and they stop producing radio
emission (Reid and Kontar, 2015). Additionally, Reid and Kontar
(2018b) showed that the peak brightness temperature of type
III fundamental emission is proportional to the energy density
contained within the electron beam. This result is significant
as, if proven to be true via in situ measurements from PSP or
SolO, type III bursts can be used to estimate the energy density
of beams traveling through the solar corona. Moreover, with
electron beam size estimates using type III imaging spectroscopy
by taking into account wave propagation effects, the total energy
contained within escaping electron beams during solar eruptive
events can be estimated.

As discussed from LOFAR observations in section 3, the drift
rates at the front of the beam are faster than the drift rates at
the back of the beam, relating to faster and slower velocities,
respectively (Reid and Kontar, 2018a; Zhang et al., 2019). This
dependence was found using numerical simulations by Reid and
Kontar (2018b) using the drift rates from synthetic fundamental
emission dynamic spectra. The front of the beam was always
faster than the back and could travel over twice as fast. The
maximum and minimum electron energies in the beam plasma
structure were significantly higher at the front than at the back
of the beam, and so average velocities greater than 0.5c were
possible. This is in stark contrast to the back of the beam, where
the minimum energy was dictated by the temperature of the
background plasma and so velocities cannot go higher than 0.5c.
Simulations from Li and Cairns (2014) showed that higher beam
velocities occur when the background plasma is simulated by
a kappa distribution as the minimum energy that contributes
toward the beam plasma structure is higher. It remains to be
proven whether the solar corona can be described by a kappa
distribution like the solar wind. The difference between the
electron energies at the front and back of the beam dictate how
fast the electron beam elongates in space (expansion velocity).
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FIGURE 9 | Predicted type Ill second harmonic dynamic spectrum of a bi-directional electron beam injection using simulations with different ininital conditions. From Li
etal. (2011).

This is related to the type III duration at one frequency. However,
it should be emphasized again that whilst velocity dispersion
likely makes the most significant contribution toward the type
III decay time, radio wave propagation effects, density turbulence
and the radio emission process will also influence type III
durations and derived speeds. As an example, Ratcliffe et al.
(2014b) found that using the peak flux to estimate electron beam
speeds from a dynamic spectrum of second harmonic emission,
the derived exciter speed was more closely related to the region
of the beam that produced the peak in back-scattered Langmuir
waves, which was slightly farther back in space from where the
peak Langmuir waves were generated.

When electron beams become unstable, it has been the focus
of many recent theoretical works how density inhomogeneities
in the background plasma influence subsequent Langmuir wave
growth, electromagnetic emission and the development of the
electron distribution function. Studies are typically carried out
either in one spatial location (e.g., Ratcliffe and Kontar, 2014;
Krafft et al., 2015; Voshchepynets and Krasnoselskikh, 2015;
Voshchepynets et al., 2015), in a small spatial box (e.g., Thurgood
and Tsiklauri, 2015; Volokitin and Krafft, 2018; Henri et al., 2019;
Krafft and Volokitin, 2020) or over distance comparable to the
solar corona or longer (e.g., Li et al., 2012; Reid and Kontar, 2013,
2015, 2017b; Loi et al., 2014; Ratcliffe et al., 2014b). Each of these
different approaches has their own advantages and disadvantages
and are used based upon the focus of the relevant study. Studies
in one spatial location are computationally less expensive and
are typically used to investigate how wave k-vectors develop over
time, taking a static spatial gradient for the background density.
Studies in a small spatial box focus on both on wave-particle
and wave-wave interactions required to generate radio emission.

These studies aim for a more complete treatment of the problem,
with the small spatial box and hence restrictive length scales
necessary due to the computational overhead. Studies over large
distances typically use the quasilinear approximation to reduce
the computational overhead and try to capture the large-scale
evolution of the beam-plasma system and the fine structure that
occurs within the resulting Langmuir waves and radio waves that
we detect as type III bursts.

It has been known for decades that density inhomogeneities
in the background plasma suppress the generation of beam-
induced Langmuir waves by refracting them in phase space, out
of resonance with the electron beam. Langmuir waves refracted to
low phase velocities (high k-vectors) are eventually re-absorbed
by the background plasma. Langmuir waves refracted to high
phase velocities can be re-absorbed by the electron beam,
accelerating a tail of energetic electrons. The level of Langmuir
wave suppression is dependent upon on the characteristic length
scale of density inhomogeneities L n% % (e.g., Kontar,
2001; Reid and Kontar, 2010, 2017b; Voshchepynets et al., 2015;
Kraftt and Volokitin, 2020) such that if the magnitude of L
reaches a certain value, Langmuir waves are suppressed. The
level of density inhomogeneities also influence the conversion of
Langmuir wave energy into electromagetic energy (e.g., Li et al.,
2012; Ratcliffe and Kontar, 2014; Krasnoselskikh et al., 2019).

When electric fields associated with Langmuir waves are
measured in the solar wind at the same time as electron beams
and type III bursts, they are distributed in spatial clumps (e.g.,
Vidojevic et al, 2012). This is attributed to aforementioned
Langmuir wave suppression from density inhomogeneities. How
the distribution of the beam-driven electric field is modified
by density inhomogeneities has been simulated both locally
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(Voshchepynets et al., 2017; Krafft and Volokitin, 2020), with
an electron beam propagation through the solar corona and
through the solar wind (Reid and Kontar, 2017b). Without any
density fluctuations, the beam-driven electric field distribution
is peaked at the highest electric fields. As the intensity of
the density fluctuations increases, the logarithm of the electric
field becomes more uniformly distributed and the mean field
is decreased. When the intensity of the density fluctuations is
high, the largest electric field amplitude part of the distribution
is better approximated by a power-law or exponential decay.
The effect was described probabilistically (Voshchepynets and
Krasnoselskikh, 2015; Voshchepynets et al., 2015) and through
resonance broadening (Bian et al, 2014). In the resonance
broadening description, for homogeneous plasma, wave-particle
interactions have a sharp resonance function §(w — kv). For
inhomogeneous plasma, wave particle interactions occur over a
range of velocities Av due to wave refraction and so the growth
rate of the beam-plasma instability changes to become a function
of the electron beam velocity gradient averaged over Av. If this
width is small then wave growth can still occur but as the width
increases the average slope reduces and can even become positive
(see Figure 10).

The most visible consequence of density inhomogeneities is
the type IIIb radio burst fine structure which was discussed
in section 3.1. Quasilinear simulations are able to capture the
fluctuating Langmuir waves (e.g., Reid and Kontar, 2015) and
produce dynamic spectra that are similar to type IIIb bursts
(Li et al.,, 2012; Loi et al., 2014; Ratcliffe et al., 2014b). Indeed,
without simulating density inhomogeneities the electron flux at
1 AU does not compare with in situ observations (Reid and
Kontar, 2013). However, there are still notable discrepancies
when comparing synthetic dynamic spectra to observations,
particularly using recent high resolution imaging spectroscopy.
Whilst the electric fields in the solar corona cannot currently
be measured, for events that are also seen at lower frequencies,
the in situ measurements of the beam-induced electric field from
PSP and SolO can be analyzed to see how they change as a
function of distance from the Sun. Combining with numerical
simulations, the measurements could be used to back-project
the beam-induced electric field and infer what was happening in
the solar corona, and then compared with the type III imaging
spectroscopy of type IIIb striae bursts.

Many of the studies above use a 1D approximation for
the propagation of electrons along magnetic field lines. Whilst
this simplifies the models and is grounded by observations of
electrons with small pitch angles at 1 AU, it is still a major
simplification. Recent efforts have been undertaken (Ziebell et al.,
2014, 2015, 2016; Tigik et al., 2016) to model the plasma emission
process in two velocity dimensions for a single point in space,
taking into account all the steps involved in the plasma emission
process. In the simulations by Ziebell et al. (2015), fundamental
emission was generated by Langmuir waves both with ion-
sound waves and by scattering. These processes dominated
initially, whilst over time the harmonic emission overtook the
fundamental. Taking into account collisions, Tigik et al. (2016)
found that a wider plateau was formed in the distribution
function and increased the tendency to isotropization.

The bulk of the results documented above use the weak
turbulence approximation to simulate electron beam dynamics.
However, there has been significant effort to simulate the beam-
plasma interaction and the subsequent generation of radio waves
using the Zakharov equations (e.g., Zaslavsky et al., 2010; Krafft
et al., 2015; Volokitin and Krafft, 2018; Krafft and Volokitin,
2020). This approach is not self-consistent with the electron
beam exciter but has produced comparable type III fluxes using
parameters in the solar wind. The plasma emission process has
also been reproduced using particle-in-cell (PIC) codes (e.g.,
Thurgood and Tsiklauri, 2015; Henri et al., 2019). Both studies
were able to produce electrostatic and electromagnetic waves
through plasma instabilities. Henri et al. (2019) found weaker
electron beams produced radio waves that were more forward
directed at the source, whilst larger beam densities widened the
Langmuir wave spectrum, leading to a larger available angular
spread of radio emission. The validity of the weak turbulence
approximation has been analyzed using PIC code both for 1D
(Ratcliffe et al., 2014a) and 2D (Lee et al., 2019) weak turbulence
codes. Both studies found a plateau forming in the beam region
within comparable timescales, although the weak turbulence
code developed a extended tail along the forward direction not
seen in the PIC code (Lee et al., 2019). The Langmuir wave
spectrum was similar unless the ion temperature was increased
to the electron temperature or hotter (Ratcliffe et al., 2014a). In
terms of radio emission Lee et al. (2019) found a good agreement,
especially for larger beam velocities but it required a high number
of particles per cell in the PIC codes.

5. CONCLUSION

5.1. Future Observing

The future is bright for type III imaging spectroscopy. Not only
are we now taking advantage of the capability of instruments
like the VLA, MWA, and LOFAR but there are numerous new
observational platforms that have either recently come online or
will be operational very soon.

Starting at the ground, the first notable platform is the
Mingantu Ulrawide Spectral Radioheliograph (MUSER, Yan
etal., 2009, 2016), based in Inner Mongolia, China. Most relevant
for type III bursts is MUSER I that will operate between 0.4 and
2 GHz. MUSER s a solar dedicated radio telescope unlike the
astrophysical telescopes like LOFAR which means that it has a
much higher chance of catching transient type III bursts when
they occur and MUSER I has already observed a radio burst (Yan
et al., 2016) around 1 GHz. MUSER 1 is poised to provide the
community with a plethora of type Il imaging spectroscopy data
that will significantly help to understand the physics behind these
radio bursts.

Another platform that will come online soon is the Square
Kilometer Array (SKA, see Nindos et al, 2019, for a solar
physics overview). Both the SKA1-LOW, observing between 50
and 350 MHz and the SKA1-MID, observing from 0.35 to 15.3
GHz will be relevant for observing type III bursts from different
regions within the solar corona. Commissioning of SKA1 is
expected to start in 2024. With SKA1-LOW being based in
Western Australia it should hopefully be available to pair with
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FIGURE 10 | An example of weakening and possible suppression of the beam instability by resonance broadening. The shaded gray corresponds to a positive slope
from resonance width Av = v2 — v1. If the resonance width is increased to Av = v4 — v3 the slope becomes negative and the Langmuir wave instability is suppressed

MUSER I for complimentary observations of type III imaging
spectroscopy from the low to high corona. Similarly, SKA1-MID
is based in the Karoo desert of South Africa and should be able to
take complimentary type III observations with LOFAR. Both the
sensitivity and angular resolution of SKA will be much better than
what has come before and promises to provide major advances on
key type III science questions.

Going into space and the launch of Parker Solar Probe
and Solar Orbiter has far-reaching implications for type III
theory. Both spacecraft are spectroscopically observing type III
bursts from 20 MHz and below from changing vantage points
around the solar system. They are also taking in situ particle
measurements at different distances from the Sun that will allow
analysis of high energy electrons, solar wind particles and plasma
waves. ESAs BepiColombo should provide a third point in the
inner solar wind for radio wave and in situ plasma measurements
when the Mio spacecraft starts science operations.

On the horizon are two NASA space missions that are
attempting to break the 10 MHz frequency barrier for type
III imaging spectroscopy. CURIE (Sundkvist et al., 2016) is a
two-cubesat mission that will formation fly in low-Earth orbit
with a few km separation. It will take imaging spectroscopy
observations of the Sun from 40 to 0.1 MHz. SunRISE (Alibay
et al,, 2017) is a six-cubesat mission that will fly slightly above
the Geostationary Equatorial Orbit in a passive formation that

will allow the formation of an interferometer whilst minimizing
operations complexity. SunRISE will take imaging spectroscopy
observations of the Sun from 25 to 0.1 MHz. Both missions
intend to observe type III bursts. A further mission concept
study NOIRE (Cecconi et al., 2018) is being developed in Europe
to launch a swarm of nanosatellites for imaging low frequency
radio emission targetted toward the astronomical dark ages and
planetary radio emissions. Such a venture would certainly be of
use for observing type III bursts.

5.2. Outstanding Science Questions

Our new age of type Il imaging spectroscopy has already brought
us many new observational discoveries. The high frequency
VLA observations are showing us the signatures of energetic
particles very close to their acceleration site. Low frequency
MWA and LOFAR observations are showing us how the particles
are escaping the Sun and what the structure of the upper
corona is like. However, there are still many challenging science
questions that require detailed answers, which type III imaging
spectroscopy can help contribute.

Where are the locations of electron acceleration sites and
what physical processes accelerate electrons? Electron acceleration
properties are generally assumed in type III studies and not self-
consistently generated by an acceleration mechanism. There are
a few works done in the context of 3D magnetic reconnection,
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based on particle-in-cell codes, that focus on the physical
mechanisms behind electron acceleration at reconnection sites
(e.g., Markidis et al., 2013). Type IIIs regularly appear in groups
which is not traditionally simulated, nor the duration of these
groups fully understood. As indicated in section 2, we have
started to address these issues with the help of high frequency
type HIs (e.g., Chen B. et al, 2018) and combined analysis
with other wavelengths (e.g., Reid et al., 2014) but there still
remains significant uncertainty on the spatialy characteristics
of acceleration sites. For example, are all electron beams that
make type III groups accelerated in a compact volume, or
spread throughout a larger volume around 1,000 Mm?>? Do they
change location in time? Is there size connected with type III
burst properties? Type III analysis has provided observational
constraints on accelerated electron beam parameters such as
characteristic times and electron energies. Electron acceleration
can certainly occur at a range of heights in the solar corona, with
high frequency type III bursts starting low in the corona and type
III noise storm sources probably being accelerated much higher
in the corona. Does the same acceleration mechanism produce
electron beams that form type III bursts at 10 and 200 Mm? Type
III imaging spectroscopy will help by catching the location of
the type III starting frequency and the subsequent evolution of
position in time. It will also allow the localization of acceleration
through the imaging of bi-directional type III bursts.

What physical processes are responsible for the transport of
accelerated electrons? Whilst we have a general understanding
of how wave-particle interactions affect the propagation of
electrons through the solar atmosphere (e.g., Reid and Kontar,
2018b), there are still unknowns about how the 3D phase
space properties of these particle beams evolves with time
as they propagate away from the acceleration region. Recent
numerical studies are not taking into account modeling large
spatial scales in three dimensions and we risk missing many
details (Harding et al, 2020), in a similar way that 3D
magnetic reconnection is different from 2D. Type III imaging
spectroscopy has been helping to answer this question about
electron transport by analyzing the spatial evolution of different
frequencies with time (e.g., Zhang et al., 2019). Such studies
can confirm and constrain numerical simulations, with the
imaging spectroscopy providing more detailed diagnostics about
the spatial location of electron beams with time as they
travel out through the solar corona. These studies are only
just beginning and there is still much to be analyzed both
statistically and using single event studies. The combination of
electron beam diagnostics from type III imaging spectroscopy
studies with in situ measurements from PSP and SolO should
provide significant clarity on how electron beams evolve
through the solar system and help disentangle transport and
acceleration effects.

How does the type III emission mechanism influence observed
properties? There are still many open questions about how
Langmuir waves undergo wave-wave coupling to produce
radio waves, and when fundamental emission dominates over
harmonic emission. Analysis of type III fine structures should
help answer this question and is an area of type III study
that is significantly enhanced by new imaging spectroscopy.

There has already been notable advances in the evolution of
type III striae (e.g., Sharykin et al., 2018) that are providing us
with new insight on small-scale dynamics. Imaging spectroscopy
analysis of the location and spatial extent between fundamental
and harmonic emission (e.g., Kontar et al, 2017) have been
providing observational constraints than can help develop
theoretical models (e.g., Li and Cairns, 2013; Ratcliffe et al,
2014b; Krasnoselskikh et al., 2019) that are describing these
non-linear processes. Future imaging spectroscopy should be
used to further analyse fundamental and harmonic image
properties as a function of frequency as their differences
diagnose how the distinct wave-wave processes modify the
radio burst properties, provided light transport effects are
accounted for.

What properties are intrinsic to the type III source and
what are caused by light transport effects? There has been a
reinvigorated effort recently to understand and model how
radio waves travels from the solar corona to Earth. It is
apparent that the scattering of waves off density fluctuations
significantly affect what we observe at Earth, in particular
for low frequency fundamental emission. If we want to fully
unlock the benefits of type III imaging spectroscopy we must
be able to untangle these effects and significant efforts are
already under way (e.g., Kontar et al, 2019). The variation
in source parameters as a function of frequency can be used
to constrain and improve the ray-tracing models that are
being used to describe light transport. However, as with many
complex processes, knowledge of light scattering can, and
is, providing new diagnostics of the turbulent nature of the
solar corona.

What is the structure of the flaring solar corona? Type III
studies have been approximating the density structure of the solar
corona for some time and directly producing a number of density
models (e.g., Cairns et al.,, 2009; Saint-Hilaire et al., 2013). As
discussed in section 3, the validity of these and other density
models is something that is being tested by current observations
using type IIIs for magnetic loops that extend into the solar wind
(e.g., McCauley et al., 2018) and using U-burst observations for
magnetic loops confined to the corona (e.g., Reid and Kontar,
2017a). Imaging radio sources at coronal heights around 1 solar
radii and above will help to understand the structure of the
magnetic field as it evolves from the corona to the solar wind.
Despite this, our estimates of source heights are still uncertain
and we are yet to have a good handle on source projection effects,
something that is likely to ellude us without some future mission
that can perform radio interferometric imaging from a spacecarft
not near the Earth.

To help answer the above science questions, we must
overcome a number of logistical challenges we face in the coming
years. The advent of high volume data sets will bring with it
significant challenges to store and analyse such large amounts
of data. The astrophysical telescopes that are providing some of
the new high resolution type III imaging spectroscopy are only
observing the Sun sporadically. Whilst there has been numerous
successful observing campaigns already on all these telescopes,
the limited observing time will miss most type III radio bursts
and highlights the benefits of solar monitoring for capturing type
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III burst activity from the Sun. Additionally the solar coverage
in radio frequencies is not uniform around the globe and we
risk missing key information when the Sun provides us with
interesting type III events.

What is certain is that our new radio interferometer tools are
allowing type III imaging spectroscopy with much higher spatial,
spectral and temporal resolution that ever before. Not only are
we going to further our understanding of the science questions
described above, this new leap in solar radio observing is likely to
bring about new discoveries that we have not even thought of yet.
Furthering our quest to enable type III bursts as remote sensors
of astrophysical plasma.
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