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ABSTRACT

Context. Solar eruptions, such as coronal mass ejections (CMEs), are often accompanied by accelerated electrons that can in turn
emit radiation at radio wavelengths. This radiation is observed as solar radio bursts. The main types of bursts associated with CMEs
are type II and type IV bursts that can sometimes show movement in the direction of the CME expansion, either radially or laterally.
However, the propagation of radio bursts with respect to CMEs has only been studied for individual events.

Aims. Here, we perform a statistical study of 64 moving bursts with the aim to determine how often CMEs are accompanied by
moving radio bursts. This is done in order to ascertain the usefulness of using radio images in estimating the early CME expansion.
Methods. Using radio imaging from the Nancay Radioheliograph (NRH), we constructed a list of moving radio bursts, defined as
bursts that move across the plane of sky at a single frequency. We define their association with CMEs and the properties of associated
CME:s using white-light coronagraph observations. We also determine their connection to classical type II and type IV radio burst
categorisation.

Results. We find that just over a quarter of type II and half of type IV bursts that occurred during the NRH observing windows in Solar
Cycle 24 are accompanied by moving radio emission. All but one of the moving radio bursts are associated with white—light CMEs
and the majority of moving bursts (90%) are associated with wide CMEs (>60° in width). In particular, all but one of the moving
bursts corresponding to type IIs are associated with wide CMEs; however, and unexpectedly, the majority of type Il moving bursts are
associated with slow white-light CMEs (<500 kms™'). On the other hand, the majority of moving type IV bursts are associated with
fast CMEs (>500kms™!).

Conclusions. The observations presented here show that moving radio sources are almost exclusively associated with CMEs. The
majority of events are also associated with wide CMEs, indicating that strong lateral expansion during the early stages of the eruption

may play a key role in the occurrence of the radio emission observed.
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1. Introduction

Coronal mass ejections (CMEs) and flares are often accompa-
nied by energetic electrons produced by various processes such
as magnetic reconnection or CME shocks. These electrons can in
turn generate bursts of radiation at metric wavelengths, primarily
through the plasma emission mechanism.

Coronal mass ejections are usually associated with two main
types of metric radio bursts categorised as type II and type
IV bursts. Type II radio bursts (Roberts 1959; Klassen et al.
2002; Kumari et al. 2017) are characterised by emission bands
in dynamic spectra, with a frequency ratio of 1 to 2, represent-
ing emission at the fundamental and harmonic of the plasma
frequency (Nelson et al. 1985). Herringbone bursts are often
found together with type II bursts and are characterised by
‘bursty’ drifting lines in dynamic spectra superimposed on type
II bands or occurring on their own (Cairns & Robinson 1987).
Type II bursts and herringbones represent signatures of elec-
tron beams accelerated at the CME shock (e.g. Mann & Klassen
2005; Morosan et al. 2019a; Frassati et al. 2020). Type IV radio
bursts are defined by a continuum emission at decimetric and
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metric wavelengths in dynamic spectra that can show stationary
or moving sources, or both, that are emitted by various emis-
sion mechanisms (e.g. Boischot et al. 1968; Bastian et al. 1998;
Morosan et al. 2019a; Salas-Matamoros & Klein 2020). In par-
ticular, moving type IV bursts are related to the radial propaga-
tion of the CME flux rope (e.g. Bastian et al. 2001; Bain et al.
2014) or the expansion of the CME flanks (e.g. Morosan et al.
2020a). Other bursts associated with CMEs do not have a clear
classification, for example a type IV-like burst with a type II-
like frequency drift was identified as synchrotron emission from
inside the CME or sheath (Bastian 2007). The propagation of
radio emission sources and their relation to the accompanying
CME has only been considered thus far for individual events
(e.g. Démoulin et al. 2012; Mancuso et al. 2019; Morosan et al.
2019b, 2020a) and most studies focus on the outwards prop-
agation of radio bursts based on the decreasing emission fre-
quency with height for plasma emission. The single frequency
movement of radio sources has mainly been considered in the
case of moving type IV bursts so far in the search of gyro-
synchrotron emission from within the CME (e.g. Dulk 1973;
Tun & Vourlidas 2013; Bain et al. 2014).
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Statistical studies of radio bursts associated with CMEs
have only been carried out using spectroscopic data so far
(e.g. Gergely 1986; Gopalswamy 2006; Kahler etal. 2019;
Kumari et al. 2021). These studies found that type IV radio
bursts are rare, but the vast majority are associated with the
occurrence of CMEs, and particularly so with the fast (with
speed >500km s~!') and wide (with width >60°) CMEs (Gergely
1986; Kumari et al. 2021). The majority of type II bursts are
also found to be associated with fast and wide CMEs, with
CME speeds being even higher than in the case of type IVs
(>900kmss~!; e.g. Kahler et al. 2019). Moving radio bursts clas-
sified based on spectroscopic data have only been studied so far
in the case of moving type IV bursts, which are also mostly asso-
ciated with fast (with speed >500kms~') and wide (with width
>60°) CMEs (e.g. Kumari et al. 2021). Imaging of radio bursts
has not yet been considered in these statistical studies. In this
Letter, we present the first statistical study of moving radio bursts
during the first half of Solar Cycle 24 (SC 24) and their associa-
tion with CMEs with various properties.

2. Observations and data analysis

Numerous radio bursts, including type IIs and I'Vs, occurred dur-
ing SC 24. A lot of these bursts were imaged by the Nancgay
Radioheliograph (NRH; Kerdraon et al. 1997) on a daily basis
from roughly 8:00 to 16:00 UT, from the start of the cycle from
January 2009 up until 2014 when the NRH was no longer oper-
ational. First, we compiled a list of type II and type IV radio
bursts based on event lists provided by the Space Weather Pre-
diction Center', which lists radio events since the year 19967

! https://www.swpc.noaa.gov/products/
solar-and-geophysical-event-reports
2 ftp://ftp.swpc.noaa.gov/pub/warehouse/
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150 MHz radio images from the NRH in the
EW and NS directions, respectively, for the
same period as the dynamic spectrum in (a).
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Using this list, we then extracted those bursts which occurred
during the NRH observation windows in SC24. Moving radio
bursts were manually identified by investigating the propagation
of the radio emission from solar centre in the east-west (EW)
and north—south (NS) directions using one-dimensional projec-
tions of the NRH images at 150 and 432 MHz (see Fig. 1). Mov-
ing radio bursts in this study are thus identified as radio bursts
that show single frequency movement at NRH frequencies either
in the EW or NS directions, or both (see for example the bursts
labelled in Fig. 1). On the other hand, stationary radio bursts are
those that show a flat track in both EW and NS directions. Unfor-
tunately, as the NRH only observed the Sun until December 2014
during SC24, we have no imaging information on moving radio
bursts during the decay phase of this cycle.

We focussed on data from SC24 so that we could take advan-
tage of the availability of multiple spacecrafts orbiting the Sun
to make an accurate association of the moving radio bursts
identified with the occurrence of CMEs. For this association,
we used white-light coronagraph data from the Large Angle
and Spectrometric Coronagraph (LASCO C2; Brueckner et al.
1995) onboard the Solar and Heliospheric Observatory (SOHO)
and the Sun-Earth Connection Coronal and Heliospheric Inves-
tigation (SECCHI; Howard et al. 2008) onboard the Solar Ter-
restrial Relationship Observatory (STEREO) Ahead (A) and
Behind (B) spacecrafts (Kaiser et al. 2008). We performed the
CME identification automatically by searching the lists for
CMEs that occurred within one hour of the onset of the radio
bursts. In cases where the identification was not clear, the CMEs
were checked manually around the time of the moving burst
events. In the events where multiple CMEs occurred at similar
times, we checked the source region of the moving bursts from
NRH images to pair them with the correct CME. CME prop-
erties, such as linear speed and angular width, were extracted
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Table 1. Number and percentage of the 63 moving radio bursts associated with CMEs with different properties: fast (>500 kms™'), slow
(<500 kms™"), wide (>60°), narrow (<60°), and a combination of these properties.

Associated with: Moving bursts % Type II events %  Type IV events %

CMEs 63 100% 22 35% 41 65%
Fast CMEs 37 58% 6 10% 31 49%
Slow CMEs 26 42% 16 25% 10 16%
Wide CMEs 57 90% 21 33% 36 57%
Narrow CMEs 6 10% 1 2% 5 8%
Fast and wide CMEs 34 54% 6 9% 28 44%
Fast and narrow CMEs 3 5% 0 0% 3 5%
Slow and wide CMEs 23 36% 15 24% 8 13%
Slow and narrow CMEs 3 5% 1 2% 2 3%

from CME catalogues such as the Coordinated Data Analy-
sis Workshops (CDAW)? and the Solar Eruptive Event Detec-
tion System (SEEDS)*, which contain the CMEs detected with
the LASCO and STEREO coronagraphs. The CMEs were fur-
ther categorised according to their speed: slow (<500 kms™')
and fast (>500 kms~!, and width: narrow (<60°) and wide
(>60°). We considered the linear speeds of the CMEs from both
STEREO and LASCO and we used the highest linear speed of
the CME from LASCO, STEREO-A, and -B combined to take
into account some of the projection effects (i.e., the CME linear
speed is more accurately determined when it is located near the
solar limb in a two-dimensional image).

3. Results

A total of 80 type II and 82 type IV radio bursts occurred dur-
ing the observing windows of the NRH in SC24. We found 50
individual events accompanied by moving radio bursts. Some
events showed more than one moving burst, with 64 moving
radio bursts being identified in total (see Table 1). Just over a
quarter of type IIs (27%) and half of type IVs (50%) are asso-
ciated with single frequency moving bursts. The moving radio
bursts show a range of duration and speed, ~1-20 min and ~20—
300 arcsec/min, respectively, with the higher duration and lower
speed usually corresponding to moving Type IVs. Twenty-two
moving bursts are associated with type IIs and 41 moving bursts
are associated with type IV emission. However, out of the 41
moving bursts associated with type IV emission, six occurred
before the onset of the main type IV continuum, therefore they
may be individual bursts preceding the type IV burst. One such
example has been analysed in detail in Morosan et al. (2020b),
where it is shown that small-scale structures in the dynamic
spectrum, which occurred before and after a type IV burst, rep-
resent emission moving in the direction of the CME expansion,
likely related to the CME-driven shock. All moving bursts asso-
ciated with type II bursts are coincident in time and frequency
with the type II emission and therefore represent the single—
frequency source motion of the associated type II burst.

The moving radio bursts are also classified relative to their
CME association. All moving radio bursts but one are asso-
ciated with CMEs (see Table 1 for a summary of the statis-
tics of the moving bursts associated with CMEs). In total,
3505 LASCO CMEs were reported during the NRH observa-
tion windows, of which 1029 are CMEs with low angular widths
of <20°. Excluding the low—width CMEs, 2% of the CMEs

3 https://cdaw.gsfc.nasa.gov/CME_list/index.html
4 http://spaceweather.gmu.edu/seeds/secchi.php

observed are associated with moving radio bursts. Histograms
of CME, type II, type IV, and the occurrence of moving bursts
are shown in Fig. 2 in comparison with the average sunspot num-
bers from SILSO World Data Center (2009-2015)°. The moving
bursts also show an increasing trend with the solar cycle and
sunspot number, similar to CMEs as well as type II and type IV
bursts. There were no type II, type IV, or moving bursts in the
first two years of SC24. One moving radio burst corresponding
to a type II burst was not associated to any CME. In this case,
we identified a C2-class solar flare that occurred at a similar time
and location, which is the most likely event to be associated with
the moving burst.

The majority of moving radio bursts are associated with fast
(58%) and wide (90%) CMEs. It is important to note that 54%
of moving radio bursts are associated with both fast and wide
CME:s, while also a significant percentage (36%) are associated
with both slow and wide CME:s. In the case of moving bursts
associated with type II bursts, the majority are associated with
slow CMEs (16 out of 22 moving type II bursts). This result is
unexpected since type II bursts are believed to be associated with
CME shocks (e.g. Klassen et al. 2002) and usually fast CMEs
are believed to be more capable of driving a shock in the low
corona. On the other hand, moving type IV bursts are mostly
associated with fast and wide CMEs (28 out of 41), which agrees
with the findings of Kumari et al. (2021), based on a spectro-
scopic analysis of all type IV bursts in SC24. Another important
result is that almost all moving type II bursts are associated with
wide CME:s, and a very large fraction of moving type IV bursts
are also associated with wide CMEs (36 out of 41). These results
agree with a statistical study by Michalek et al. (2007), where
CMEs associated with radio emission were found to be almost
twice as wide as radio—quiet CMEs. Only a few moving type IV
bursts are associated with narrow CMEs (five out of 41).

4. Discussion and conclusions

We have presented the first analysis of moving radio bursts
imaged by the NRH in SC24. Our analysis shows that over one-
fourth of type II bursts and half of type IV events show moving
radio bursts in the NRH frequency range. However, it is likely
that a majority of type II and IV events would show this moving
emission if imaging was available with continuous coverage over
the low frequency band (~10-500 MHz). Here, we only consid-
ered discrete NRH frequency channels, 150 and 432 MHz, for
our identification of moving bursts. It is also likely that single-
frequency movement is harder to detect at the solar limb, since

> http://www.sidc.be/silso
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the majority of moving burst events (37 out of 50) are asso-
ciated with on-disc active regions. The high number of bursts
with single frequency movement indicates that the radio emitting
electron beams propagate along constant densities in the case of
plasma emission, which dominates at metric wavelengths. Our
findings of a large number of moving bursts also indicate that
radio emission could be used to estimate the CME lateral expan-
sion in the low corona with high cadence when type II and IV
emission is observed. This is especially important in the cases
where coronagraph data may become unavailable, since we are
currently reliant on the SOHO/LASCO and STEREO-A corona-
graphs. Continuous low frequency observations with new instru-
mentation such as LOFAR could provide early CME kinematics
as high as 3—4 R. For example, Morosan et al. (2019a) observed
moving radio bursts at low frequencies in the form of ‘her-
ringbones’ that closely followed the lateral expansion of CME
flanks.

A significant number of type II bursts during SC24 show
single frequency movement implying that electron acceleration
also occurs as the CME shock expands laterally into constant
density layers. The metric type II bursts showing this movement
are mostly associated with slow and wide CMEzs, in contrast to
the results by Kahler et al. (2019) where decimetric—hectometric
type II bursts are mostly associated with fast (>900 kms™')
and wide (>60°) CMEs. Here, we only considered the linear
speeds of CME leading edges estimated from coronagraph data,
where the CMEs are expected to reach top speeds. We also con-
sidered the highest reported linear speeds from the STEREO
and LASCO catalogues combined to reduce poor plane-of-sky
estimates in the case of non-limb events. In the low corona
(<2 Ry), where emission at NRH frequencies originates, CMEs
are still in the accelerating phase (e.g. Manchester et al. 2017),
therefore it is unlikely that their speed is higher than the linear
radial speeds determined from coronagraph data. Gopalswamy
(2006) also found that metric type IIs are associated with slower
CME speeds in the low corona (on average 600 kms™!). How-
ever slow CMEs may still be capable of driving a shock since
the existence of shocks has been shown to be strongly related
to the expansion speed of slow CMEs in interplanetary space
(Lugaz et al. 2017).
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Using direct imaging, we found a larger fraction of moving
type IVs (50%) than previously estimated from spectroscopic
studies (only 18% of type IVs were moving in Kumari et al.
2021), indicating that moving type IVs are more common and
radio imaging is necessary to identify them. Type IV bursts
may therefore also be used to estimate CME expansion or the
expansion of electron acceleration regions behind the CME
(e.g. Morosan et al. 2020a) or the leading edge or CME core
speed in the case of radial propagation (e.g. Vasanth et al. 2019;
Bain et al. 2014). The expansion speed of CMEs in the low
corona is poorly known and, so far, it has only been estimated
based on coronagraph data (e.g. Balmaceda et al. 2020). The
large width of CMEs associated with these bursts and the often
slow leading edge speeds indicate that strong lateral expansion
during the early stages of the eruption may play a significant role
in the occurrence of moving radio emission.
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