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Coronal mass ejections (CMEs) are large eruptions of plasma and magnetic field from the
low solar corona into the heliosphere. These eruptions are often associated with energetic
electrons that produce various kinds of radio emission. However, there is ongoing
investigation into exactly where, when, and how the electron acceleration occurs
during flaring and eruption, and how the associated radio emission can be exploited
as a diagnostic of both particle acceleration and CME eruptive physics. Here, we review
past and present developments in radio observations of flaring and eruption, from the
destabilization of flux ropes to the development of a CME and the eventual driving of
shocks in the corona. We concentrate primarily on the progress made in CME radio
physics in the past two decades and show how radio imaging spectroscopy provides the
ability to diagnose the locations and kinds of electron acceleration during eruption, which
provides insight into CME eruptive models in the early stages of their evolution (<10 Ry).
We finally discuss how new instrumentation in the radio domain will pave the way for a
deeper understanding of CME physics in the near future.

Keywords: radio, coronal mass ejection, solar flare, imaging spectroscopy, particle acceleration

1. INTRODUCTION

Coronal mass ejections (CMEs) are large eruptions of plasma and magnetic field from the low solar
corona into the heliosphere, often associated with flares—radiative signature of hot plasmas and
energetic particles at the origin of the eruption. Both phenomena are powered by the release of
magnetic energy and are almost always accompanied by the acceleration of electrons that emit across
the electromagnetic spectrum, from X-rays to radio waves. Observation in the radio domain can
provide remote diagnostic tools in flare/CME physics, from identifying the sites of electron
acceleration to estimating CME bulk plasma properties such density, temperature, and magnetic
field strength (see Vourlidas (2004) and Pick (2004) for previous reviews of radio emissions
associated with CMEs). Radio observations therefore enjoy a unique position in their ability to
diagnose both kinetic-scale plasma physics and large-scale CME and flare physics, which, in turn,
provide a means of testing particular models of eruptive phenomena in the solar corona. Here, we
provide a review of CME observations from a radio perspective, in particular detailing the progress
that has been made from modern developments in radio imaging and spectroscopy.

There exists a long legacy of radio observations of flares and CMEs, for example, from the very
first examples of type II, ITI, and IV solar radio bursts (Reber, 1944; Hey, 1946; Wild et al., 1954, 1959;
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Boischot, 1957, 1958; Pick-Gutmann, 1961) right up to imaging
and spectroscopic observation of such phenomena in present day
studies (Pick and Vilmer (2008) provide an extensive review of
flares and CME radio observations over the past 6 decades.) In
recent years, there has been an emergence of new observational
capability using advanced radio imaging spectrometers such as
the Low-Frequency Array (LOFAR; van Haarlem et al., 2013), the
Murchison Widefield Array (MWA; Li et al,, 2018), the Karl
G. Jansky Very Large Array (JVLA; Perley et al,, 2011), the
Mingantu Ultrawide Spectral Radioheliograph (MUSER; Yan
et al., 2016), and the Expanded Owens Valley Solar Array
(EOVSA; ovsa.njit.edu). These instruments, as well as legacy
facilities such the Nangay Radioheliograph (NRH; Kerdraon
and Delouis, 1997), have shown that radio is an integral part
of flare and CME development studies. Modern radio telescopes
have opened up previously unexplored regions of parameter
space in flare/CME observations, particularly with their ability
to provide extremely high time-resolution (from seconds to
milliseconds) imaging spectroscopy observations of the plasma
and energetic electron physics at play during the eruption.

The advances in radio instrumentation have also been
augmented by new space-based extreme ultraviolet (EUV)
imagers such as the Atmospheric Imaging Assembly (AIA;
Lemen et al, 2012), Sun Watcher using Active Pixel System
Detector and Image Processing (SWAP; Berghmans et al., 2006)
instrument, and the Solar Ultraviolet Imager (SUVT; Seaton and
Darnel, 2018). These instruments have much improved spatial
resolution, temporal resolutions (on the order of seconds), and
fields of view compared to their precursors, and can better
compare with the high-temporal resolution observations of
radio imaging spectrometers. In addition to the improved
EUV imaging, recent white-light coronagraphs, such as
STEREO COR1 and COR2 (Howard et al, 2008), have
provided a new means of observing the 3D development and
propagation of CMEs and their relationship to radio
observations. The above progress in radio, EUV, and white-
light instrumentation makes a review of flare/CME radio
physics timely, especially while considering the upcoming
deployment of new facilities from microwave to decametric
wavelengths (see Carley et al. (2020) for a review of radio
instruments in a space weather context).

In this article, we review the developments of radio
observation of flare/CMEs, concentrating on the sites and
mechanisms of electron acceleration at play during eruption
initiation as well as on the early stage CME development in
<10 Ry corona. Although CMEs are primarily defined to be a
white-light phenomenon, here we focus on radio activity
associated with all large-scale eruptive events in the early
stages of eruption evolution observed from EUV to white
light. We primarily concentrate on advances made since past
reviews of CME observations in a radio context, for example,
Vourlidas (2004) and Pick (2004), demonstrating how radio, in
combination with a variety of other instruments, has led to new
insights into flare/CME eruptive physics. We conclude by
discussing the potential of radio instruments for advancing
our understanding of CMEs beyond the current state of the
art in the near future.

Radio Observations of Coronal Mass Ejections

2. THE STANDARD MODEL OF CORONAL
MASS EJECTIONS AND RADIO EMISSION
MECHANISMS

Large-scale white-light CMEs are usually thought to contain a
twisted magnetic structure known as a flux rope (Vourlidas et al.,
2013). There is a wealth of magnetohydrodynamic (MHD)
modeling that now supports the flux rope theory (see, e.g.,
Chen (2011) for a review). In light of this, much of our
description of radio emission associated with CME initiation
and development will refer back to the standard model of
CMEs, shown in Figure 1B. It shows a schematic of the
standard model of flare and flux rope eruption from Ko
et al. (2003), including the presence of flare loops and the
current sheet, where reconnection and electron acceleration
take place. We have added in some of the regions (labeled 1-7)
where we may expect energetic electrons to be observed as
radio sources. Throughout this article, we will refer back to
Figure 1 in the context of radio observations and the evidence
they offer for the standard model of CMEs.

There is a variety of radio emission mechanisms associated
with nearly all stages of CME eruptions. These emissions may be
either incoherent or coherent radiations from electrons of a
variety of energy ranges, distribution functions, and different
plasma environments. These emissions may thus provide
diagnostic tools for many different particle and plasma
conditions during eruption. Some examples of radio emission
types that are encountered in CME observations, and those that
we will discuss in this review, are thermal bremsstrahlung
(Gopalswamy and 1993), gyrosynchrotron or
synchrotron emission (Bastian et al., 2001; Carley et al,, 2017),
or plasma emission (Robinson and Stewart, 1985; Pick, 1986). For
the physical details and diagnostic capabilities of these emission
types, we refer the reader to detailed overviews, for example, those
of Ramaty (1969), Dulk (1985), and Melrose (1986, 2017), or to
reviews of emission mechanisms in this Research Topic issue, for
example, Nindos and et al. (2020).

In what follows, we will discuss these different radio emissions
in combination with EUV, SXR, or white-light observations of
CMEs. We note here that white-light CMEs may have a variety of
morphologies such as the usual “three-part structure,” loop-like
structures, outflows, jets, and failed eruptions (see Vourlidas et al.
(2013) for a review and references therein), or those with
extended and complex prominence morphologies (Mishra
et al, 2018). Here, we concentrate on radio observations in
association with large-scale eruptions, and we do not make
distinction among these different types of CME morphology
unless it is pertinent to the radio observations and related
phenomena.

Kundu,

3. CORONAL MASS EJECTION INITIATION
AND ACCELERATION

As mentioned above, there is a wealth of evidence from MHD
modeling supporting the flux rope theory of CMEs. However, the
origin of the flux rope structure in the low corona remains
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FIGURE 1 | (A) Schematic of flux rope formation via the flux cancellation mechanism (van Ballegooijen and Martens, 1989, ©AAS, reproduced with permission). (B)
(Upper part) Schematic of the standard model of CME eruption including a cross section of the associated flux rope, the current sheet, and the flare loops at the bottom of
the current sheet (adapted from Ko et al. (2003), ©AAS, reproduced with permission). We have added shaded circles labeled 1 — 7where sites of radio emission are seen
in relation to the flare and flux rope. (Lower part) Enlarged view of the post-flare/CME loops. The upper tip of the cusp rises as reconnection happens continuously.

uncertain. It may be either a pre-existing magnetic flux rope
which becomes destabilized via an ideal process such as the
toroidal (Aulanier et al., 2010; Zuccarello et al., 2015) and
kink instabilities (T6rok et al., 2004), or one formed from a
sheared arcade through catastrophic loss of equilibrium
(Forbes and Priest, 1995), tether-cutting reconnection (see
Figure 1A), or breakout reconnection (Antiochos et al,
1999). Each of these processes has characteristic signatures
of where and when one might expect to observe energetic
electrons during the destabilization process (most likely due
to magnetic reconnection). Given that radio observations
provide direct observations of the sites of such electron
acceleration, they can provide a means of testing the
validity of model predictions, especially when combined
with EUV or SXR imaging of the eruption. Such
observations provide images of the low corona where flux
rope formation and eruption initiation begin. In the following
subsections, we discuss some of the latest multiwavelength
observational advances and the understanding this provides us
on CME precursor triggering and subsequent eruption
initiation.

3.1. Coronal Mass Ejection Precursors and
Eruption Initiation

Observations of the low corona can provide insight into the
nascent CME structure and its early stage initiation and
acceleration, for example, CME precursors such as filaments
and prominences (primarily observed in Hea; Parenti, 2014)
and related hot loops and sigmoid structure (primarily in
EUV and SXR; Parenti, 2014; Sterling, 2000). The time
evolution of such structures gives insight into CME initiation
and potential triggers to the eruption, but few studies in the past
have combined this with imaging of radio sources
simultaneously. Previous observations relied upon relatively
low cadence (several minutes) imaging observations of the
erupting structure in EUV or SXR combined with images of
nonthermal radio emission sources, indicative of electron
acceleration (to tens or hundreds of keV) in the early stages of
eruption, for example, Marqué et al. (2002) and Klassen et al.
(2003). While the early multiwavelength studies showed evidence
for reconnection in the initiation phases of erupting sigmoids and
filaments, the low-cadence imaging of the EUV and SXR images

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

October 2020 | Volume 7 | Article 551558


https://www.frontiersin.org/journals/astronomy-and-space-sciences
www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Carley et al. Radio Observations of Coronal Mass Ejections

Y (arcsecs)

200 400 600 800
X (arcsecs)

500
X (arcsecs)

FIGURE 2| Observations of nonthermal radio sources during the eruption of a sigmoid observed in EUV (adapted from Carley et al. (2016), ©AAS, reproduced with
permission). (A) A brightening and jet occur at the center of the sigmoid, at the same time a beam of electrons (type IIl burst) emerges from this region, as seen in panel
(B). This is an indicator of reconnection taking place at the center of the sigmoid, followed by rapid acceleration of the emerging flux rope. Such a reconnection site would
agree with the tether-cutting model of flux rope eruptive triggering. (C) During the acceleration phase of the eruption, a series of nonthermal radio sources
propagate above the sigmoid at 400 km s™', indicative of breakout-style reconnection.

generally hindered comparison to the radio observations, which
have imaging time resolutions of seconds or less.

With the launch of AIA onboard the Solar Dynamics
Observatory (SDO; Pesnell et al.,, 2012), the cadence of EUV
imaging approached the same order of magnitude available in the
radio, allowing for a much more detailed comparison of the
eruptive dynamics and sites of electron acceleration during
initiation. AIA has a temperature coverage of 1-10 MK, arc-
second spatial resolution, and cadence of 12, and provides
routine evidence for structures in the corona that have the
hallmarks of flux ropes (hot plasma in twisted magnetic field
lines which become destabilized and accelerate rapidly; Zhang
et al,, 2012; Hannah and Kontar, 2013; Chintzoglou et al., 2015;
Nindos et al., 2015). Such observations in combination with radio
now have the ability to determine the sites of energetic electrons
(and by inference magnetic reconnection) during flux rope
destabilization and acceleration. Carley et al. (2016) recently
observed a plasma jet in AIA 94, 131, and 335A occurring
simultaneously with a type III radio burst observed with NRH
from 150 to 298 MHz, indicating electron beam acceleration to
~ 30 keV at the time of the jet. The beam and jet were observed to
originate near the center of a sigmoid at the time of eruption
initiation see Figure 2, which was interpreted as evidence for the
flux cancellation or tether-cutting mechanisms during the
initiation phase (similar to that illustrated in Figure 1A,
although the presence of a jet is not a standard component of
these mechanisms). This corroborated the same findings using
UV spectroscopic analysis of the same event (Joshi et al., 2015).
During the CME acceleration phase, Carley et al. (2016) also
showed nonthermal radio sources at successively lower
frequencies propagating above the flux rope as it erupted, with
its northern apex traveling ~ 400 km s™! (see Figure 2C). While
the position of these radio sources is indicative of a breakout-style
reconnection, it was unclear from the observations if this

reconnection was responsible for flux rope release or,

conversely, driven by the erupting body in the early stages of
eruption. Aurass et al. (2013) also showed radio imaging
observations of coronal plasma emissions at altitudes of
290 Mm in the early stages of an eruptive flare, interpreted as
evidence for near-relativistic electrons accelerated during
breakout reconnection. Similarly, James et al. (2017) used a
combination of AIA, the Heliospheric Magnetic Imager (HMI;
Scherrer et al., 2012), and NRH to show the locations of
nonthermal radio sources from 150 to 445 MHz during the
slow-rise phase of a flux rope, concluding that as the rope
slowly expands, it continuously reconnects with the overlying
ambient magnetic field of the corona (although destabilization
was attributed to the torus instability rather than breakout). Also
using the NRH, Huang et al. (2011) showed observations of a 432-
MHz nonthermal radio emission co-spatial with the footpoint of
a flux rope at the time of eruption initiation, interpreted as a
signature of coronal reconnection that led to reduction in
magnetic tension on the rope and subsequent eruption.

The above studies show that low-frequency radio observations
provide important insight into the sites of nonthermal electrons
(to tens of keV), indicative of the sites of reconnection during
eruption initiation. At higher frequencies, radio observations
have led to direct imaging of the destabilization and eruption
of prominences in the microwave domain (Srivastava et al,,
2000; Kundu et al., 2004; Wu et al., 2016; Kallunki and
Tornikoski, 2017). For example, Huang et al. (2019)
recently used the Nobeyama Radioheliograph (NoRH) to
image the spatial and temporal variability of thermal
bremsstrahlung emission from plasma in an erupting
prominence (see Figure 3), revealing localized heating to
(1-2)x10*K on a background plasma temperature of
(0.5-1) x 10* K. This was interpreted as small-scale release
of magnetic energy in the twisted magnetic structure of the
prominence during the eruption. Microwave imaging of
prominence eruption has also been compared directly to
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FIGURE 3 | Prominence eruption on 2015 May 9 observed in (A) microwave imaging from NoRH at 17 GHz, and (B) EUV imaging from SDO AIA 304 A.(C-D) The
mean brightness temperature and mean intensity in boxes B1 and B2 (indicated in the microwave and EUV images) showing a rise-peak—decay time profile. (E-F)
Brightness temperature time—distance plots from S1 and S2 in the 17-GHz image showing spatially localized and intermittent enhancements in temperature, interpreted
to be localized heating events during prominence eruption (adapted from Huang et al. (2019), ©AAS, reproduced with permission).

numerical models, with Kliem et al. (2010) finding that the
dynamics of one such event was best accounted for using
numerical modeling of the kink instability.

Despite improvements in our ability to observe flux rope
signatures in EUV (or microwave) and the associated
reconnection  sites low-frequency  radio, these
multiwavelength observations remain relatively rare. That said,
with the development of new radio imaging spectrometers and the
growing archive of EUV observations, there are increasing opportunities
to study nascent CME structure and its eruption initiation in the context
of the standard model and MHD model predictions.

in

3.2. Coronal Mass Ejection Acceleration

and Flare Impulsive Phases

The early phase development of the nascent flux rope is best
imaged in EUV and SXR, and radio observations provide a
unique diagnostic on where electron acceleration (and inferred
reconnection) occurs during the triggering of the eruption. The next
stage of development is the acceleration phase of the CME, during
which time flare emissions (HXRs and nonthermal microwaves) are
usually observed (Zhang et al., 2001; Berkebile-Stoiser et al., 2012).
The rapid CME development in the low corona during this phase
strongly correlates with the associated flare activity.
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Figure 1B, adapted from Ko et al. (2003), shows a 2D
schematic diagram of magnetic configurations formed in an
eruptive process. Such a configuration has now been observed
in EUV with SDO/AIA instruments for the eruptive X8.2 flare
associated with a CME on 2017 September 10 (Yan et al., 2018).
Figure 1B illustrates the close relationship between flares and
CMEs as well as the different electron acceleration sites (shaded
gray circles) which can be found in the flare/CME development.
Radio imaging observations provide one of the best means of
detecting nonthermal electrons associated with the flare and CME
development at these sites since they may be sensitive (e.g.,
through plasma emissions) to a smaller number of energetic
electrons in the corona than what is usually required to produce
strong chromospheric HXR emissions. In the following, we
discuss the radio signatures of the flare-CME evolution in
terms of where, when, and how electrons are energized during
the CME acceleration and flare impulsive phases.

3.2.1. Electron Acceleration Sites and Reconnecting
Current Sheets
Joint spectral and multifrequency imaging radio observations
provide evidence for electron acceleration associated with
magnetic reconnection in the various current sheets developed
during the evolution of the flare/CME in the low corona. A lot of
HXR and radio observational evidence for electron acceleration
in reconnecting current sheets has been spectroscopic, revealing
bursty or quasiperiodic electron energization to tens of keV,
interpreted as a signature of tearing mode instabilities in the
current sheet connecting the flare loops to the ejected plasmoid
(Kliem et al., 2000; Karlicky et al., 2005). This combination of
spectral and imaging observations at several radio frequencies has
provided direct evidence on the formation of reconnecting
current sheets behind ejected flux ropes and on the
acceleration and radiation of energetic electrons in these
current sheets. That was evidenced by observations of long
duration broadband continuum (type IV bursts) drifting to
low frequencies and modulated by fast sporadic bursts. The
radio emissions were found to originate from two sources: a
quasi-stationary and a fast moving source (around 400 kms™*
around 400 MHz). Both radio sources were located close to a
rising EUV loop (at a speed of 540 km s ') overlying the flare. The
stationary and moving radio sources are presumably on either
end of the current sheet behind the erupting flux rope (e.g.,
regions one and two on Figure 1B). A further study by Benz et al.
(2011) investigating the positions of decimetric pulsations with
respect to coronal hard X-ray sources in the range of 18-100 keV
pointed to the acceleration and radiation of electrons in the
current sheet above the coronal X-ray source. Finally,
production of energetic electrons in the current sheet behind a
rising flux rope is commonly observed in the late flare phase since
stationary sources of type IV bursts (in particular sources of flare
continua) are found to be co-spatial with post-eruption flare
loops (see, e.g., Carley et al., 2016; Morosan et al., 2019b).
Recent studies using EOVSA observations beautifully
demonstrate the link between EUV, radio sources in the GHz
regime, and the standard model of solar eruptions (Gary et al,
2018; Karlicky et al., 2020), as depicted in Figure 1B. EUV and

Radio Observations of Coronal Mass Ejections

X-ray diagnostics of this system were also provided by Yan et al.
(2018). Early in the flare, at the time of drifting pulsation
structures observed in the 1-2 GHz range with the Ondrejov
radio spectrograph, the EOVSA imaging spectroscopy captured
the fast evolution of a radio source below 4 GHz (bifurcation of
the radio source seen in Figures 4A,B) in connection with the
tearing and ejection of the filament seen in EUV (Karlicky et al.,
2020). These observations suggest that the radio pulsations are
signatures of suprathermal electrons trapped in the rising
magnetic rope and flare arcade when flare magnetic
reconnection starts.

Figure 4C shows the configuration of microwave sources at
the onset of the flare main phase. While source A (observed
mainly at < 5 GHz) is co-spatial with the rising flux rope, source
B corresponds to the nonthermal electrons in the flare arcade.
Source B (at frequencies above 5 GHz) is also closely related to an
extended nonthermal HXR source in the 30-100 keV range, as
was observed using a combination of RHESSI and EOVSA images
in Gary et al. (2018) (see Figure 5). The sources at lower
frequencies are distributed along a line connecting the EUV
bright loops and the fast rising flux rope, potentially
corresponding to the reconnecting current sheet. This strongly
suggests the acceleration of energetic electrons in this
reconnecting current sheet with HXR and radio emissions in
the 10 GHz range being produced by electrons ejected downward
(region one of Figure 1B) from the current sheet and radio
emissions below 5GHz being produced by electrons ejected
upward (region two of Figure 1B).

Two more distinct sources (C and D) are seen at high
frequencies and are associated with the legs of a much larger
loop associated with the coronal mass ejection. This is consistent
with regions three and four in Figure 1B and with earlier
observations at lower frequencies and higher in the corona of
nonthermal radio sources at the base of CME legs, as reported in
Maia et al. (1999), Carley et al. (2016), and Morosan et al. (2020).
At the flare peak phase, the weaker flank sources are no longer
detected and the main microwave source B associated with the
flare arcade continues to rise together with the flare arcade seen in
EUV and the nonthermal 35-60 keV source observed by RHESSI
(Figures 5C,D). In a later phase of the event, an elongated current
sheet is seen above the limb in EUV with nonthermal HXR
sources (35-50 keV) at the base of the current sheet and located
between the microwave sources now positioned at the rising EUV
bright loops (Figures 5E,F). In total, the combination of EUV,
HXR, and microwave imaging matches completely the
expectations of the standard model as in Figure 1B. Indeed,
Chen et al. (2020) recently showed that the variety of observed
microwave sources during the 2017 September 10 event can be
explained by the magnetic topology and the associated energy
release scenario expected of the standard model in three
dimensions.

Another output of microwave imaging spectroscopy is the
possibility to deduce (from gyrosynchrotron emission) the
spatially resolved values of the spectral index of nonthermal
electrons and of the magnetic field. For the same
2017-September-10 event discussed above, the spatially
resolved magnetic field at the base of the current sheet was
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(1,000-1,300 MHz and 1,600-1,800 MHz), which are interconnected by fast drifting bursts (adapted from Karlicky et al. (2020), ©AAS, reproduced with
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found to be between 200 and 900 G and decay at a rate of
5Gs™ for up to 2 min (Fleishman et al., 2020). This kind of
diagnostic is of major importance in flare/CME physics
and space weather applications; for example, spatially
resolved magnetic field measurements could be used to
diagnose the energy source and driver of the flare/CME
eruption. Such diagnostics remain a rarity at present,
but modern radio imaging spectroscopy, like that
provided by EOVSA, hold great promise for more regular
observations of the all-important eruption magnetic field
(see also Section 5).

3.2.2. Reconnection Outflow Jets and Termination
Shocks

One by-product of magnetic reconnection is the formation of jets
and termination shocks. Soft X-ray ejecta were extensively
studied at the time of Yohkoh observations, and it had been
shown that the jets can be related to the production of electron
beams and their associated type III bursts (Raulin et al., 1996).
Nowadays, EUV jets are imaged with AIA, and this can be readily
compared with imaging of the associated type III radio bursts (see
Figures 2A,B).

According to the standard eruption model, outflows from the
reconnection region interact with the underlying flare arcade and
with the bottom part of the rising magnetic rope. This generates
termination shocks (Cargill and Priest, 1983) which were
identified for the first time in 300-400MHz radio
observations as a zero-drift type II burst with a characteristic
herringbone fine structure and a band split (Aurass et al., 2002). A
simultaneous zero-drift type II burst was later reported at
40 — 80 MHz (Aurass and Mann, 2004) and identified as the
termination shock from the upper reconnection outflow during
the rise of a flare-associated CME (region two on Figure 1B).
More recently, high-cadence imaging spectroscopy observations
at higher frequencies (1-1.8 GHz) by the VLA identified
signatures of a solar flare termination shock lower in the
corona (Chen et al.,, 2015, see Figure 6). VLA images revealed
localized radio sources, nearly co-spatial with the HXR loop-top
source at 15-25 keV, corresponding to short-lived and narrow-
frequency bandwidth radio spikes produced at the termination
shock, as suggested by the numerical simulations of a reconnection
outflow seen edge-on. These observations provide strong evidence
that the acceleration mechanisms for energetic electrons are
associated with flare/CME termination shocks.
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FIGURE 5 | Overlay of AIA, RHESSI, and EOVSA images. 50% contours of EOVSA at 26 spectral windows are plotted with hues shown in the color bar. RHESSI
HXR 30%, 50%, 70%, and 90% contours are also superposed for two energy ranges: (A, C, E) zoomed fields of view of the limb flare, with larger field of views in (B, D, F)
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4. CORONAL MASS EJECTION
FORMATION AND RECONNECTION WITH
THE CORONAL ENVIRONMENT

The current sheet that forms between the flare loops and erupting
structure is responsible for electron acceleration and resulting
radio sources near the current sheet. This occurs at the main
acceleration phase of the erupting flux rope, and during this
phase, sources may also appear on the boundaries of the flux rope
(e.g., region 5, six, or seven in Figure 1B), providing evidence that
electron energization is taking place from the interaction of the
flux rope with the external coronal environment.

Démoulin et al. (2012) presented an example of propagating
radio sources at the boundaries of an erupting structure (also
directly imaged as a radio CME), where such radio sources were
believed to be plasma emission from energetic electrons due to
reconnection of the erupting structure with the coronal
environment. These radio sources are often type IIIs,
indicating that reconnection between the erupting structure
and ambient open fields can lead to particle escape into the
heliosphere, as had previously been reported by Maia and Pick
(2004). Pick et al. (2016) showed an example of a flux rope
propagating nonradially and interacting with ambient coronal
magnetic loops during this propagation. The interactions result in
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FIGURE 6 | (A) Radio source (blue contours at 1.2 GHz) observed with VLA at the top of hot flaring loops (10 MK). This radio source is nearly co-spatial with a

nonthermal HXR source (white contours) at 15-25 keV observed with RHESSI. (B-D) Observation and simulation of the dynamic termination shock. (B) The termination
shock appears as a dynamic surface with many unresolved radio sources, each of which corresponding to a radio spike in the dynamic spectrum. White contours show
the coronal HXR source at 15-25 keV. (C) The termination shock is seen in the MHD simulation as a sharp layer of velocity discontinuity at the loop top. The fast-

mode magnetosonic Mach number is shown in color and overlaid with magnetic field lines. (D) Physical scenario of emission processes near the termination shock.
Radio spikes are emitted as accelerated electrons impinge on density fluctuations at the shock (blue circles). These electrons also produce a HXR source in the shock
downstream region (blue-shadowed region). (E) VLA radio spectrum showing the spike bursts. Figure adapted from Chen et al. (2015) and reproduced under AAAS
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FIGURE 7 | (A) Type Il and type Il radio bursts observed for an eruptive event on 2011-01-27. (B) These radio bursts were associated with the non-radial
propagation of an erupting flux rope and its subsequent interaction with the coronal environment to produce various radio sources. (C) The radio sources are due to
electron acceleration in both open and closed field environments. Figure adapted from Pick et al. (2016), ©AAS, reproduced with permission.

11° 2 X Saito
15° 1X Saito

s4

X Fonset(s0)

X FOnset Fading
<4 HOnset Fading
X EndTypell

)1-27 12:03:24 UT
2011-01-27 12:03:31 UT

reconnection between the eruption and ambient magnetic field,
resulting in electron acceleration and the observation of type III
and narrow-band bursts (Figure 7). Carley et al. (2016) also
reported 150-445 MHz imaging observations of multiple type III
bursts for a 5-min duration during the early stages of flux rope
eruption. This was attributed to reconnection and electron beam
acceleration to 5keV above the flux rope as it erupts. This is
similar to the MHD modeling scenario of solar energetic particles

(originally trapped in the flux rope) being released onto open field
lines from a breakout-style reconnection during flux rope
eruption (Masson et al., 2013, 2019). Similar observations have
been used to explain secondary episodes of electron acceleration
that result in the delayed arrival of energetic electrons (from
several tens to hundreds of keV) detected in situ (Klein et al.,
2005; Dresing et al., 2018). Salas-Matamoros et al. (2016) also
showed type III sources near open fields at an eruption boundary,

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

October 2020 | Volume 7 | Article 551558


https://www.frontiersin.org/journals/astronomy-and-space-sciences
www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Carley et al.

thought to be due to electron acceleration to 45 keV via a betatron
mechanism or magnetic reconnection related to the passing of a
EUV wave across open magnetic field lines. Recently, Duan et al.
(2019) also concluded that an interplanetary type III radio burst
observed with Wind/WAVES during a jet-like CME eruption was
due to reconnection of the erupting structure with the ambient
coronal environment and subsequent escape of energetic
electrons into the heliosphere.

There is much evidence of reconnection at flux rope
boundaries as they erupt. However, it remains unclear if this
reconnection is an inherent part of the flux rope formation
(i.e., part of the “on-the-fly” formation, as it erupts) or simply
a natural consequence of flux rope motion through the corona,
for example, eruption impact on a region of ambient magnetic
structures leading to forced reconnection in this region, as
reported in Srivastava et al. (2019).

5. TYPE IV BURSTS AND RADIO CORONAL
MASS EJECTIONS

In this section, we discuss sources of radio emission believed to be
from energetic electrons radiating from within the erupting flux
rope, namely, type IV radio bursts and the related phenomenon
of radio CMEs.

5.1. Type IV Radio Bursts

Boischot (1957) first identified a rare type of radio burst occurring
after a solar flare and characterized by a radio emission source
moving outward with speeds of several hundred kilometers per
second, which he named a type IV radio burst. Boischot (1958)
and Boischot and Daigne (1968) proposed that this emission is
due to synchrotron radiation of 2.5-3 MeV electrons trapped in
moving coronal magnetic structures with field strength on the
order of 1 G. However, observations during this era also revealed
the existence of similar broadband post-flare emissions without
any systematic motions of the radio source (Pick-Gutmann,
1961). Type IV bursts have thus been subcategorized over the
years into stationary and moving (see historical overviews from
Robinson and Stewart (1985), Pick (1986), and Pick and Vilmer
(2008)), with the moving component now attributed to energetic
electrons trapped in the CME, emitting plasma emission
(Duncan, 1980; Gary et al, 1985), gyrosynchrotron or
synchrotron (Dulk and Altschuler, 1971; Bain et al, 2014;
Carley et al, 2017), or sometimes electron cyclotron maser
emission (Liu et al., 2018; Morosan et al, 2019a). If the
emission mechanism can be readily identified, type IV bursts
can therefore provide diagnostics of electron density,
characteristics of the electron energy distribution (e.g., spectral
index and maximum energy), or magnetic field strength in the
CME flux rope.

Furthermore, type IV radio sources can be located at different
parts of the erupting structure, such as in the CME core (Tun and
Vourlidas, 2013; Bain et al., 2014; Carley et al., 2017) or at the
CME legs (Carley et al.,, 2016; Dresing et al., 2016; Gary et al.,
2018), and can therefore provide plasma diagnostic at various
parts of the CME structure. For example, Bain et al. (2014)

Radio Observations of Coronal Mass Ejections

determined type IV emission in the range 150-360 MHz from
a CME to be optically thin gyrosynchrotron, enabling a
calculation of a magnetic field strength of ~3-5G in the
CME core at a heliocentric distance of ~ 1.5 Ry(see
Figure 8A). Similarly, Carley et al. (2017) found type IV
emission to be gyrosynchrotron produced internally to the
CME from energetic electrons >1MeV in a 4.4-G magnetic
fieldat ~ 1.3 RO (see Figure 8B). Generally, CME magnetic field
strengths have been found to range from ~ 0.6 to 15Gat
heliocentric distances <4 Ro (Stewart et al., 1982; Gary et al.,
1985; Bastian et al., 2001; Maia et al., 2007; Tun and Vourlidas,
2013; Sasikumar Raja et al., 2014). Energetic electrons at the core
and front of the CME were also recently shown to be responsible
for plasma emission (Hariharan et al., 2016; Vasanth et al., 2019),
while Morosan et al. (2019b) showed that type IV emission
mechanisms can also vary within a single event, ranging from
plasma to gyrosynchrotron emission (and potentially ECM).
Type IV bursts are therefore one of the most powerful
diagnostic tools of the plasma conditions within a CME,
provided that the emission mechanism can be unambiguously
identified. That said, they have a low occurrence rate compared to
type I and III bursts, with only 5% of CMEs having an associated
type IV radio burst (Gergely, 1986, although a modern statistical
analysis in this regard is lacking).

With respect to the standard model of Figure 1B, type IV
radio emissions can be located at several regions. For example, a
stationary type IV could be located at the flare site (region 1). A
moving type IV could belong to region 2, or potentially anywhere
within the flux rope body where energetic electrons may become
trapped and radiate.

5.2. Radio Coronal Mass Ejections
Type IV radio bursts may be observed as radio sources that are

closely associated with a CME and indicate the presence of
energetic electrons in the internal magnetic structure of the
flux rope. Energetic electrons trapped in the flux rope can also
sometimes lead to a spatially resolved image of a “radio CME”
(Figure 9). Of the many tens of thousands of CMEs observed in
white light, only a handful have ever been imaged at radio
wavelengths. A few were attributed to spatially resolved
gyrosynchrotron sources (Bastian et al., 2001; Maia et al,
2007; Démoulin et al., 2012; see Figure 9). Other radio CMEs
were interpreted as plasma emission (Maia et al., 2000; Carley
et al, 2016) or even thermal bremsstrahlung emission
(Gopalswamy and Kundu, 1993). Thermal bremsstrahlung
emission from a CME, however, has never been corroborated
with newer more sensitive instruments (see section 2.1 in
Vourlidas, 2004). Mondal et al. (2020) recently used MWA to
image a radio CME, showing such observations can be used to
make spatially resolved diagnostics of the magnetic field, with the
regions labeled by the blue circles in Figure 9D ranging in field
strength from 7 to 12.6 G.

Despite their diagnostic potential, type IV bursts and radio
CMEs remain understudied in the modern era, perhaps due to
more attention being focused on type II bursts or due to a relative
lack of observations of type IVs. This has left many open
questions on the phenomenon. For example, given that the
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emission is from energetic electrons (from tens to thousands of
keV) internal to the CME structure (at the core, flanks, or legs),
how are such electrons injected onto the magnetic field of the flux
rope and where are they accelerated? As mentioned, Masson et al.
(2013, 2019) indicated that energetic particles may enter the flux
rope body via the magnetic reconnection in the underlying
current sheet; for example, reconnected field lines from the
current sheet wrap around the flux rope, building it up further
and carrying energetic particles into the flux rope structure.
Evidence for energetic electrons spreading into the erupting
volume was found by radio imaging of nonthermal sources
using NRH in combination with flux rope eruption imaging in
the EUV (Huang et al., 2011). This may explain the observation of
moving type IV radio sources often bifurcating and breaking
away from the stationary source, as observed in Pick and Maia
(2005). Some of the energetic electrons accelerated in the current
sheet may be carried away to produce radio emission from within

the plasmoid. If the electrons spread throughout the flux rope,
they may allow it to be spatially resolved as an image of a “radio
CME.”

The big picture question is, however, why spatially resolved
radio emission of CMEs is so rare. It could indicate a special
configuration between the flux rope and flare such that energetic
electrons are carried away by the eruption. Or it may be an
instrumental issue. The emission from radio CMEs exhibits
extremely weak flux densities, for example, ~ 1-10 SFU in
Carley et al. (2017) and as low as 102 SFU in Mondal et al.
(2020). This emission can be co-temporal with other types of
radio bursts, which can reach up to 10° SFU in extreme cases
(Gary, 2019). Hence, many instruments may not possess the
sensitivity or dynamic range required to observe both types of
emissions simultaneously. Bastian and Gary (1997) originally
modeled the thermal bremsstrahlung radio emission expected
from a CME, which helps in determining the dynamic range and
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FIGURE 9 | Examples of CMEs observed in radio imaging. (A) An example of a spatially resolved radio CME observed using the NRH. The emission mechanism
was determined to be synchrotron emission, enabling magnetic field diagnostics (Bastian et al., 2001). (B) A similar example of gyrosynchrotron emission from an
erupting plasmoid (Maia et al., 2007). (C) A “radio bubble” believed to be plasma emission from an erupting CME (Carley et al., 2016). (D) MWA observations of weak
(10-2 SFU) gyrosynchrotron emission at several different locations in the CME, hence leading to spatially resolved magnetic field measurements (Mondal et al.,

(2020), ©AAS, reproduced with permission).
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sensitivity required of radio observations. Recent advances by
Moschou et al. (2018) to model CME thermal emission using
MHD simulations have also helped in this regard, and the authors
highlight the future need for modeling thermal and nonthermal
radio  emissions  simultaneously. =~ Overall, = modern
instrumentation should aspire to high dynamic range and
sensitive observations of eruptive coronal phenomena, as
routine imaging of radio CMEs has the potential to
revolutionize CME physics, primarily due to the spatially
resolved magnetic field measurements that such observations
can offer.

6. ERUPTION-DRIVEN SHOCKS

Although CMEs were discovered only with the advent of space-
based white-light observations in the 1970s with the OSO-7
satellite (Tousey, 1973), evidence for solar eruptions first came
from the radio domain in the 1940s. In observations of a time
series of single frequencies at 60 MHz, 100 MHz, and 200 MHz,
Payne-Scott et al. (1947) noted that the delay in onset time of the
burst from high to low frequency may suggest “the excitation of
radiation at successive levels by an agency traveling at finite
velocity,” at the time estimated to be a few hundreds of kilometers
per second. Wild et al. (1954) and Wild et al. (1959) identified the
emission to be generated at the coronal plasma oscillation
frequency and its first harmonic, with Uchida (1960) and
others attributing the emission to a shock traveling through
the corona. This type of radio burst was named “type II” and
is now widely believed to be due to the generation of radio
emission by energetic electrons accelerated in a shock as it
propagates into the corona (Nelson and Melrose, 1985).

Type II bursts generally start below 150 MHz (Mann et al.,
1996), and some may continue on to be observed at decametric
and hectometric wavelengths with space-based instruments as
interplanetary (IP) type II bursts (a more detailed description of
IP type IIs is provided in Vourlidas et al. (2020), this research
topic issue). Decametric to hectometric type II bursts are

generally attributed to shocks driven by CMEs in the corona
and heliosphere. However, several examples of type II bursts exist
with starting frequencies in the decimetric range (Vrsnak et al.,
1995; Cho et al., 2013; Cairns et al., 2020), and the origin of such
“high-frequency” type II bursts is somewhat debated. They may
be from blast waves due to impulsive heating by flares low in the
corona (Magdalenic et al., 2012), driven by the shock of eruptive
bubbles, or potentially due to strong lateral expansion (associated
with EUV waves) during early-phase flux rope eruption
(Patsourakos and Vourlidas, 2012; Nitta et al., 2014).

We concentrate here on the metric or decimetric type II bursts.
They exhibit drift rates from —0.1 to 0.4 MHz s* and last on the
order of 10 min. They usually show two emission bands with a 2:1
ratio, with each band having a bandwidth of af/f = 0.3 (Mann
and Classen, 1996; Aguilar-Rodriguez et al., 2005). Observational
studies have been used to derive shock kinematics: for example,
Gopalswamy et al. (2013) used STEREO EUVI to show that the
typical height of eruptions at the start time of metric or decimetric
type II bursts is between 1.2 and 2 Re. Vr$nak et al. (2002) used
the frequency drift of 18 metric type II bursts to show their exciter
speeds were in the range of ~ 500-1,500 kms™'. Theoretical
models have also successfully explained the characteristic
features of type II bursts using 3D MHD simulations of
coronal shocks in combination with kinetic simulations of
radio emission from energetic electrons produced via the
shock-drift acceleration mechanism (Knock and Cairns, 2005;
Schmidt and Cairns, 2012; Schmidt et al, 2013; Cairns and
Schmidt, 2015).

Type II bursts provide their most powerful diagnostics when
they are directly imaged in radio, and the recent advances in high-
cadence EUV imaging have allowed for observation of where type
II radio sources (and hence shocks) are located with respect to
eruptive structures in the early phases of evolution. For example,
Dauphin et al. (2006), Bain et al. (2012), Zimovets et al. (2012),
and Zucca et al. (2014a) have shown excellent radio imaging
observations of type II sources in association with EUV and/or
SXR erupting structures (Figure 10). The location of the radio
sources is often found at the driver apex (region seven in

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

12

October 2020 | Volume 7 | Article 551558


https://www.frontiersin.org/journals/astronomy-and-space-sciences
www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Carley et al. Radio Observations of Coronal Mass Ejections

T T T

CONTOURS — AITMHz ~ 095220 UT-
80| $X1 - 09:82:20 UT cnies $10MHZ = 0952128 UT.
RHESS - 09:52:27 UT 327MHz - 09:52:55 UT
2025y @ — T
B0-150kev @ 164MHz = DF53.10 UT,

-500

s -600

ARAR 2L - 4 2 -700
- -1000  -B0OO ~600  -400 -200 -1500 -1400 -1300 -1200 -1100 -1000 -900 -800
¥ (wemees) X (aresecs) X (orcsecs)

FIGURE 10 | Images of type Il radio sources in association with eruptive activity observed in EUV or SXR from (A) Dauphin et al. (2006), (B) Bain et al. (2012), (C)
Zucca et al. (2014b), and (D) Zimovets et al. (2012). Such examples indicate that type Il radio sources may originate from shocks driven close to the apex of erupting
structures in the corona. Figures AAS, reproduced with permission, and ©ESO reproduced with permission from Astronomy and Astrophysics.
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FIGURE 11 | 3D reconstructions of the shock and plasma environment in which type Il radio sources are produced. (A-C) Zucca et al. (2018) used LOFAR tied-
array imaging to show that the radio sources originated at the northern flank of a CME, and applied 3D modelling to estimate the shock Mach number at the radio source
locations. Reproduced with permission from Astronomy & Astrophysics ©ESO. (D-F) Morosan et al. (2019a) again used LOFAR tied-array imaging and 3D modelling of

the coronal environment, this time showing the location of type Il herringbone radio bursts, which are direct signatures of electron beams being accelerated by a
shock. Figure reproduced with permission from original authors.

Figure 1B). Some studies have shown the radio sources can  2016; Morosan et al., 2019a) and are likely associated with the
originate at the eruption flanks (region five or six of Figure 1; Cho ~ same MHD disturbance that creates the large-scale propagating
etal,, 2007; Carley et al., 2013; Zucca et al., 2014a; Rouillard et al.,  disturbances observed in EUV known as “EUV waves,” “EIT
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waves,” or “coronal bright fronts” (Grechnev et al., 2011; Nitta
etal,, 2014; Long et al., 2017). In rare instances, such propagating
fronts have been directly imaged in the radio domain (Maia et al.,
2000; Pohjolainen et al., 2001).

The most recent studies of type IIs have attempted to
reconstruct the environment that resulted in shock-accelerated
electrons and subsequent radio emission. Both Zucca et al. (2018)
and Morosan et al. (2019a) used LOFAR tied-array imaging and
data-driven modeling to locate the CME-driven shock in 3D
space (Figure 11). Both cases found that electrons were
accelerated in a low Alfvénic speed environment at the CME
flanks. Similar results were reached with 3D geometrical
reconstructions (Kozarev et al.,, 2015; Rouillard et al., 2016;
Plotnikov et al., 2017; Mancuso et al., 2019) and with 3D
radio triangulation techniques, known as goniopolarimetry,
which identified radio sources at both the nose and flanks of
the CME (Magdalenic¢ et al., 2014).

While type II radio bursts have helped greatly in
understanding coronal shocks, questions on their spectral
features remain, particularly with regard to their fine spectral
structure. As mentioned above, type II bursts are often observed
as two bands of emission, with a 2:1 ratio widely interpreted as
originating at the fundamental plasma frequency and its first
harmonic. These two bands can be further split into sub-bands,
known as band-splitting. The band-splitting has long been
postulated to represent the emission from the upstream and
downstream regions of the shock (Smerd et al., 1974; Vr$nak
et al., 2001; Maguire et al., 2020) and, hence, could be used to
diagnose the shock compression and Alvén Mach number, which
typically have values y < 1.5and My = 1.1 — 2 (Vr$nak et al., 2002,
although the authors highlight the compression and Mach
depend on assumptions about the plasma-beta value, typically
assumed to be g« 1, and the shock orientation, assumed to be
quasi-perpendicular). Images of the two sources of the band-
splitting are rare, but some cases have supported the
upstream—-downstream hypothesis (Zimovets et al., 2012;
Zimovets and Sadykov, 2015). However, Du et al. (2015)
showed that the band-split frequency ratio (which should be
related to the shock compression ratio) does not correlate with
shock speed, which the authors claim does not support the
upstream—-downstream hypothesis. Split-band sources have
also been observed at different locations, which may be
unexpected given the small spatial scale of the shock surface.
Explanations for this involve multiple sources of radio emission at
spatially separated sections of the shock surface (Holman and
Pesses, 1983), radio wave refraction and scattering producing a
radio source shifted from its original location (Chrysaphi et al.,
2018), and the radio source of the higher frequency band being
located downstream in the shock sheath (Zimovets et al., 2012).
As of now, the origin of the phenomenon remains debated.

Perhaps the most intriguing, yet unexplained, feature of type II
radio bursts is the observations of herringbones (Cairns and
Robinson, 1987; Cane and White, 1989; Carley et al., 2015). The
herringbone burst envelope has similar morphology to type II
bursts. However, herringbone fine structure within this envelope
is composed of a repetitive signature of forward- and reverse-drift
radio bursts that are narrow in time and frequency, for example,
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Figure 11D. These bursts are rare, with only 20% of type II bursts
exhibiting these structures (Cairns and Robinson, 1987), but they
have been interpreted as direct observations of a CME-driven
shock producing “bursty” acceleration of electron beams to
energies in the range 0.2-80keV (Mann and Klassen, 2005),
with the beam speeds or energies being deduced from the
herringbone drift rates in dynamic spectra. The fact that they
drift toward both low and high frequencies simultaneously means
they are bidirectional in space, for example, drifting
simultaneously toward and away from the Sun from a
common origin in the corona. The “bursty,” or quasiperiodic,
nature of the herringbones extends over timescales of seconds
(Mann and Classen, 1995; Mann and Klassen, 2005), and they are
believed to be the result of the shock drift acceleration (SDA)
process (Miteva and Mann, 2007). They have been directly
imaged and shown to be located near shocks driven at CME
flanks (Carley et al., 2013; Morosan et al., 2019a). However, their
origin, particularly the cause of the bursty and quasiperiodic
nature of electron acceleration, remains unknown. This
impulsiveness has been attributed to inhomogeneity on the
shock front and may be a signature of the so-called wavy or
rippled shock (Zlobec et al., 1993; Guo and Giacalone, 2010;
Vandas and Karlicky, 2011), but such hypotheses remain
unconfirmed.

7. RADIO-QUIET CORONAL MASS
EJECTIONS AND STEALTH CORONAL
MASS EJECTIONS

In general, given that CMEs are inherently linked to the
acceleration of electrons to a variety of energies and via
multiple mechanisms, radio emission should be a natural
consequence of the coronal eruptive process. However, we
now dedicate a short section to radio-quiet CMEs, including
the related phenomenon of “stealth CMEs” (Robbrecht et al.,
2009), which are those eruptions that have no low coronal
signature, for example, no associated flare, filament eruption,
or activity usually associated with the eruption (Ma et al., 20105
D’Huys et al., 2014; Lynch et al., 2016).

Gopalswamy et al. (2008) reported a statistical study of 461
fast (>900 km s™") and wide (> 60°) CMEs, showing 41% to be
“radio-quiet.” In this instance, radio-quiet means no discernible
deca- to hectometric (DH) type II activity, but there may still be
type III or other types of radio bursts. The authors attribute the
absence of radio to either the location of the eruption or to the
generally smaller speeds of the radio-quiet CMEs in their
sample; for example, even at speeds >900kms ™', the
Alfvén speed may not be surpassed. Similarly, Sheeley et al.
(1984) reported on CMEs without metric type II radio bursts,
stating that “fast” eruptions (>450 kms™" in their sample)
may not produce shock-producing super-Alfvénic speeds until
they leave the low corona. Michalek et al. (2007) also showed
that radio-quiet CMEs (those without metric or decametric
type IIs) have smaller widths than their radio-loud
counterparts. All of this points to the CME speed and
expansion, as well as the ambient medium, playing a role in
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the eruption’s ability to drive a shock and produce electron
acceleration and radio bursts.

We have already discussed the open question of why so few
CMEs ( ~ 5%) are associated with type IV radio activity (Gergely,
1986). It may take a special eruption configuration for electrons to
be trapped at the flare or within the CME. A similar assertion can
be made for the absence of type III radio bursts in some events.
For example, Cairns et al. (2020) recently showed an interesting
study of three events on the same day, only one of which showed
significant type III activity. Those events with no type III bursts
were from the same active region, and perhaps provided no
means of electron beam escape into the heliosphere, which points
to the special configuration of the ambient coronal environment
in producing such radio bursts. In the case of flares, several
authors have highlighted the necessity of favorable magnetic
configurations in producing escaping particles and type III
bursts (Hofmann and Ruzdjak, 2007; Klein et al., 2011).

Finally, there are those CMEs which appear to have no
discernible activity in the low corona, the so-called stealth
CMEs. These eruptions have no associated signature in X-ray,
EUYV, radio, or any other waveband that permits observation of
the eruption origin. The majority of reported stealth CMEs in the
literature provide little mention of radio activity (see Howard and
Harrison (2013) and references therein). This is perhaps not a
surprise, given the lack of flare, EUV, or other low coronal
signatures during stealth CME eruption; this likely means no
energetic electrons were accelerated (or too few to observe).
However, O’Kane et al. (2019) recently showed very weak,
short-duration bursts at 150 MHz by NRH in association with
one stealth CME, which may be an indicator of small levels of
electron acceleration during the stealth eruption. Radio is perhaps
best placed to observe such small levels of electron acceleration,
given that fewer numbers of energetic electrons are required to
produce coherent radio emission than would be required for EUV
or X-ray emission.

The absence of nonthermal or coherent radio emission may
also be an opportunity to observe the often very weak CME
thermal bremsstrahlung or gyroemission (Gopalswamy and
Kundu, 1993; Bastian and Gary, 1997); for example, stealth
CMEs may allow for direct radio imaging of the thermal
emission from CMEs at times when it would otherwise be
obscured by the large fluxes of nonthermal radio sources. To
our knowledge, no study has been performed in this regard.

8. CONCLUSIONS

In this article, we reviewed the recent advances that have been
made in radio observation of the flare/CME development in the
low corona. The availability of new radio imaging spectrometers
from metric to microwave wavelengths, in combination with new
EUV instrumentation, has led to new insight into the sites and
mechanisms of electron acceleration at play during eruption
initiation, as well as on the early stage CME development in
the corona at heliocentric distances <10 Rg.

In the initiation stages of the eruption, observations of flux
rope destabilization and acceleration can now be observed using
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instruments such as AIA, SUVI, or SWAP. During this eruption,
the high-time resolution imaging and spectroscopy observations
provided by radio facilities now give the ability to discern where,
when, and how electron acceleration takes place during flux rope
eruption initiation. Such observations can be used to find
evidence for particular eruptive models; for example,
observational results from a combination of NRH and AIA
have indicated electron acceleration sites that would be
expected of tether-cutting and breakout reconnection during
the early phases of eruption (Carley et al, 2016), while
comparisons of numerical simulations to direct imaging of a
filament eruption using NoRH provided evidence of the kink
instability (Kliem et al., 2010).

During acceleration phases, high-time resolution imaging
spectroscopy provided at microwave wavelengths from VLA
has been combined with AIA to show evidence for current
sheets and associated termination shocks (Chen et al.,, 2015),
while ATA and EOVSA provided the most striking evidence to
date for the standard model of solar eruptions (Gary et al., 2018;
Chen et al.,, 2020).

The high-resolution imaging spectroscopy observations
provided by new low-frequency phased-array technologies
such as LOFAR and MWA are now providing remarkable new
insight into the physics of CME-driven shocks and, in some cases,
direct spatially resolved imaging of the radio emission from the
CME itself. LOFAR has shown that high-time resolution
imaging observations provided by its tied-array mode can
directly image type II fine structures such as band-splitting
and herringbones (Chrysaphi et al., 2018; Morosan et al,,
2019a). Efforts to push the boundaries of high sensitivity
and dynamic range in imaging observations with MWA
have led to a rare spatially resolved diagnostic of a CME
magnetic field (Mondal et al, 2020). MWA, as well as
legacy instruments such as NRH, have shown that radio
instruments provide the most promising means of
determining spatially resolved CME magnetic field strength.
Such a diagnostic remains one of the most important yet
illusive properties in CME observations, and next-
generation phased-array technologies have demonstrated
they may be capable of advancing these observations and
provide routine diagnostics of CME magnetic fields.

The recent results of legacy and new radio technology have
shown the groundbreaking new insight the radio domain can
offer to CME observations. Instruments such as NRH and NoRH
have had a long history of such observations, and the capabilities
of current facilities such as VLA, EOVSA, MWA, and LOFAR are
now providing a unique means of observing CMEs and their
related phenomena. Looking to the future, Nindos et al. (2019)
recently provided an overview of solar radio physics (including
CME radio observations) in the context of the capabilities that
will be provided by the Square Kilometer Array (SKA). There are
also upcoming and dedicated solar observing facilities such as the
MUSER that will have the ability to perform imaging
spectroscopy measurements from 400 MHz to 15GHz. An
overview of the observational capability of these and other
radio domain instruments in the context of space weather
science and operations was recently provided by Carley et al.
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(2020), which also describes the current LOFAR for Space
Weather (LOFAR4SW) design study. LOFAR4SW aims to
upgrade the entire LOFAR network, allowing it to make
routine observations of space weather phenomena.

Progress in CME physics is of course not dependent on radio
observations alone, and a host of new multiwavelength
observations will be available with new and upcoming space-
based missions. Imaging of the inner corona from coronagraphs
such as Metis (Antonucci et al,, 2019) on Solar Orbiter, the
Association of Spacecraft for Polarimetric and Imaging
Investigation of the Corona of the Sun (ASPIICS; Galy et al,
2015) onboard PROBA-3, the Visible Emission Line
Coronagraph (VELC; Prasad et al., 2017) onboard Aditya-L1,
as well as from EUV imagers such as SUVI and the Extreme
Ultraviolet Imager (EUL Rochus et al., 2020) on Solar Orbiter will
provide excellent synergies alongside the radio instrumentation
described above. Radio and multiwavelength studies can provide
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