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ABSTRACT

Context. Some of of the most prominent sources for energetic particles in our Solar System are huge eruptions of magnetised plasma
from the Sun called coronal mass ejections (CMEs), which usually drive shocks that accelerate charged particles up to relativistic
energies. In particular, energetic electron beams can generate radio bursts through the plasma emission mechanism. The main types
of bursts associated with CME shocks are type II and herringbone bursts. However, it is currently unknown where early accelerated
electrons that produce metric type II bursts and herringbones propagate and when they escape the solar atmosphere.
Aims. Here, we investigate the acceleration location, escape, and propagation directions of electron beams during the early evolution
of a strongly expanding CME-driven shock wave associated with herrinbgone bursts.
Methods. We used ground-based radio observations from the Nançay Radioheliograph combined with space-based extreme-
ultraviolet and white-light observations from the Solar Dynamics Observatory and and the Solar Terrestrial Relations Observatory. We
produced a three-dimensional (3D) representation of the electron acceleration locations which, combined with results from magneto-
hydrodynamic (MHD) models of the solar corona, was used to investigate the origin of the herringbone bursts observed.
Results. Multiple herringbone bursts are found close to the CME flank in plane-of-sky images. Some of these herringbone bursts
have unusual inverted J shapes and opposite drifting herringbones also show opposite senses of circular polarisation. By using a 3D
approach combined with the radio properties of the observed bursts, we find evidence that the first radio emission in the CME eruption
most likely originates from electrons that initially propagate in regions of low Alfvén speeds and along closed magnetic field lines
forming a coronal streamer. The radio emission appears to propagate in the same direction as a coronal wave in three dimensions.
Conclusions. The CME appears to inevitably expand into a coronal streamer where it meets ideal conditions to generate a fast
shock which, in turn, can accelerate electrons. However, at low coronal heights, the streamer consists of exclusively closed field lines
indicating that the early accelerated electron beams do not escape. This is in contrast with electrons which, in later stages, escape the
corona so that they are detected by spacecraft.

Key words. Sun: corona – Sun: radio radiation – Sun: particle emission – Sun: coronal mass ejections (CMEs) – Sun: activity – Sun:
flares – Sun: radio radiation

1. Introduction

Large eruptions of magnetised plasma on the Sun, that is coro-
nal mass ejections (CMEs), are often the drivers of collisionless
plasma shocks which, in turn, can accelerate particles to high
energies. Shocks and the propagation of the high-energy parti-
cles they accelerate are important phenomena as they can influ-
ence planetary magnetospheres, ionospheres, and atmospheres,
and they may also affect spacecraft and astronaut safety (Krivo-
lutsky & Repnev 2012; Vainio et al. 2009).

Remote signatures of shock-accelerated electrons on the Sun
are often observed as bursts of radiation at radio wavelengths
produced by the plasma emission mechanism (Klassen et al.
2002). These bursts of radiation belong to a class of solar ra-
dio bursts called type II bursts (e.g. Mann et al. 1996; Nelson
& Melrose 1985; Kumari et al. 2017), which are usually associ-
ated with expanding shocks in the corona (e.g. Zucca et al. 2018;
Mancuso et al. 2019; Morosan et al. 2020a). type II bursts con-
sist of emission lanes in dynamic spectra drifting from high to
low frequency. These lanes usually have a 2:1 frequency ratio
representing emission at the fundamental and harmonic of the
plasma frequency. type II bursts can also show a variety of fine

frequency structures that compose these emission lanes (Mag-
dalenić et al. 2020). The most well-known of these fine struc-
tures are called ‘herringbones’, which are bursts that can ac-
company type IIs (Holman & Pesses 1983; Cairns & Robinson
1987; Cane & White 1989). Herringbones appear as fast drifting
bursts in dynamic spectra, drifting to high or low frequencies,
or both, stemming from a type II lane or ‘backbone’; however,
they are sometimes observed without an accompanying type II
structure (Holman & Pesses 1983; Mann & Klassen 2005; Mo-
rosan et al. 2019). Herringbone bursts represent signatures of
individual electron beams accelerated by a shock predominantly
at the flanks of a CME as it expands through the corona in a
quasi-perpendicular direction to the surrounding magnetic field
(Zlobec et al. 1993; Carley et al. 2013; Morosan et al. 2019).
Herringbones are generally rare events; they accompany type IIs
only 20% of the time (Cane & White 1989) and they occur even
less often on their own.

The shock drift acceleration mechanism is believed to be the
main mechanism accelerating type II and herringbone electrons
in the low corona (up to 2–3 R� from the Sun centre, where R� is
the solar radius), producing electron beams with energies up to
80 keV (e.g. Mann & Klassen 2005; Mann et al. 2018). However,
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it is not known where the herrignbone-electron beams propagate
following acceleration and if they escape the low corona. Further
out in interplanetary space, recent studies have shown that type
II bursts occur on the flanks of CMEs in super-critical regions
and a quasi-perpendicular shock geometry (e.g. Jebaraj et al.
2021; Hegedus et al. 2021); also, at these heights, the electron
beams propagate along open field lines. It is currently unknown
if the radio-emitting electron beams in the low corona are later
observed in situ by monitoring spacecraft, along with other parti-
cles, some with energies reaching up to a few MeV (Sandroos &
Vainio 2006). The origin and propagation of herringbone bursts
in the low corona is poorly studied in part due to the lack of
spectroscopic imaging observations during herringbone events,
with only one such event having been imaged before at radio
wavelengths (Morosan et al. 2019).

In this paper, we present the first radio imaging of herring-
bone bursts at frequencies >150 MHz, and we have combined
these observations with magneto-hydrodynamic (MHD) mod-
elling of the solar corona to determine the origin and propagation
of these shock-accelerated electron beams. In Sect. 2, we give an
overview of the observations and data analysis techniques used.
In Sect. 3, we present the results, which are further discussed in
Sect. 4, where we also present our conclusions.

2. Observations and data analysis

2.1. Radio emission and associated coronal mass ejection

A complex radio event was observed on 25 October 2013 si-
multaneously with the onset of a fast CME originating close to
the solar limb, on the eastern hemisphere. The CME and ra-
dio emission accompanied a X-2.1 class solar flare. The CME
was observed in remote-sensing observations by multiple space-
craft such as the Solar and Heliospheric Observatory (SOHO;
Domingo et al. 1995; Brueckner et al. 1995) and Solar Dy-
namics Observatory (SDO; Pesnell et al. 2012) located in or-
bits near Earth and the twin Solar Terrestrial Relations Obser-
vatory (STEREO; Kaiser et al. 2008), orbiting the Sun approx-
imately at Earth’s distance (see Fig. 3a). The first observation
of the CME in white-light images was at 15:01 UT in STEREO
B’s inner coronagraph COR1 (Howard et al. 2008). A prominent
coronal wave was also observed at extreme ultraviolet (EUV)
wavelengths by SDO and STEREO, which represents a distur-
bance of the plasma in the low solar corona (∼ 1.1 R� from the
centre) caused by the passage of the CME (Long et al. 2008;
Kienreich et al. 2009). Shortly following the onset of the CME,
a complex radio event consisting of hundreds of herringbone-
radio bursts started at 14:58 UT. These herringbone bursts oc-
curred over a wide frequency range from 10 to 400 MHz and
lasted for approximately 20 minutes, indicating the formation
of an early low-coronal shock wave (Morosan et al. 2019). At
frequencies >200 MHz, the herringbones are accompanied by a
fainter continuum-like emission.

The multitude of herringbones observed is shown in Fig. 1
together with the evolution of the CME and herringbone lo-
cations. The herringbone bursts are shown in dynamic spectra
from the ORFEES spectrograph (Hamini et al. 2021) and the
e-Callisto Birr spectrometer (Zucca et al. 2012) in Fig. 1a. Mul-
tiple herringbone lanes are observed across the entire frequency
range of the dynamic spectrum, 10–400 MHz, some of which
show a 2:1 frequency ratio similar to type II bursts, indicating
emission at the fundamental and the harmonic of the plasma fre-
quency. This event is similar to the herringbones studied recently
by Morosan et al. (2019) that also occurred without typical type

II structures. The event analysed by Morosan et al. (2019) was
associated with one of the largest CMEs observed, with a top
speed of ∼3000 km/s. The CME related to the herringbones be-
ing studied at present is slower, but it can be considered as a fast
CME (the top speed is ∼1081 km/s as reported by the SOHO
Large Angle and Spectrometric Coronagraph (LASCO) CME
catalogue, Yashiro et al. 2004).

Radio images were constructed using the Nançay Radiohe-
liograph (NRH; Kerdraon & Delouis 1997) that observed the
Sun until 15:05 UT on the day. Contours of the radio emission
sources are shown at four frequencies (150–blue, 173–red, 228–
green, and 327 MHz–yellow) in Fig. 1b, overlaid on running dif-
ference images from the Atmospheric Imaging Assembly (AIA)
onboard SDO (Lemen et al. 2012) at a wavelength of 211 Å. The
locations of all herringbones at different frequencies can be seen
in Movies 1 and 2 accompanying this paper, which present a full
evolution of the eruption.

2.2. Magneto-hydrodynamic modelling of the corona

To determine the coronal conditions in the vicinity of her-
ringbone locations, we employed the Magnetohydrodynamics
Around a Sphere Thermodynamic (MAST) model (Lionello
et al. 2009), which can be used to study the large-scale struc-
ture and dynamics of the solar corona and inner heliosphere.
The MAST model is an MHD model developed by Predictive
Sciences Inc.1 that uses the magnetic field photospheric mag-
netograms from the Heliospheric and Magnetic Imager (HMI;
Scherrer et al. 2012) onboard SDO as inner boundary conditions.
The model also includes detailed thermodynamic processes with
energy equations accounting for thermal conduction parallel to
the magnetic field, radiative losses, and coronal heating. This
thermodynamic MHD model produces more accurate estimates
of plasma density and temperature in the corona and is capable
of reproducing global coronal features observed in white light,
EUV, and X-ray wavelengths (Lionello et al. 2009). In particu-
lar, electron densities and magnetic field strengths obtained from
the MAST model were used to compute the global Alfvén speed
in the corona presented in Fig. 5. The low coronal densities have
been scaled up by a factor of 2 to obtain more accurate values of
their heights (Wang et al. 2017).

3. Results

3.1. Location and characteristics of the radio emission

The dynamic spectrum in Fig. 1 shows a complex radio event
consisting of herringbone emission that does not resemble a typ-
ical type II radio burst, which is the usual signature associated
with CME shocks. Instead, we observe multiple lanes of emis-
sion with herringbones on either side of a backbone (see Fig. 1);
however, a bright backbone is not always present. Zoomed-in
dynamic spectra of herringbones are shown in Figs. 2b, 3a and,
4a. The herringbones in the zoomed-in spectra have short dura-
tions of ∼1 s or less and drift rates of up to ∼15 MHz/s, which is
similar to values reported in previous studies (Carley et al. 2013,
2015; Morosan et al. 2019). Radio imaging with the NRH shows
that the herringbones are found at multiple locations relative to
the CME (see Fig. 1b and the movies accompanying this paper)
similar to a recent study (Morosan et al. 2019).

To verify the association between the herringbones observed
in the ORFEES spectra and the radio sources in NRH images, we

1 http://www.predsci.com/
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Fig. 1. Radio signatures of shock-accelerated electrons associated with a fast-expanding CME. a. Dynamic spectrum from the e-Callisto Birr
and ORFEES spectrometers, showing multiple lanes of emission over a wide frequency range consisting of herringbone-radio bursts. b. Early
evolution of the CME shown in EUV images from SDO/AIA in the 211 Å wavelength together with contours of the radio sources at four
frequencies: 150, 173, 228, and 327 MHz. c. Evolution of the CME in the outer corona as observed in combined SDO/AIA and white-light images
from SOHO/LASCO. A shock is visible as a faint outer boundary in the white-light images.

computed the flux densities of the moving bursts and compared
them to the corresponding ORFEES time series. The flux densi-
ties of the moving radio bursts observed by NRH were estimated
at 173, 228, and 270 MHz. The flux densities were estimated in-
side a zoomed-in box covering the full extent and movement of
the radio sources, and they include the pixels with levels >20%
of the maximum intensity levels in each box. We chose a thresh-
old of 20% to include the full extent of the radio source and

exclude quiet-Sun or other types of weak emissions. The flux
densities were estimated in solar flux units (sfu; where 1 sfu =
1022 W m−2 Hz−1 ) for total intensity (Stokes I) and circularly po-
larised emission (Stokes V). The NRH flux densities (blue time
series in Figs.2b–c at 173, 228, and 270 MHz) show peaks of
bursty emission that correspond to those peaks in the ORFEES
normalised intensities at the same frequencies (orange time se-
ries in Figs. 2b–c). Some herringbones also show some circularly
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Fig. 2. Herringbone dynamic spectrum and their fluxes obtained from NRH images. a. ORFEES dynamic spectrum during the herringbone event.
b. Zoom-in of the top panel focussing on groups of herringbones. The last three panels show the flux of the herringbone sources together with the
relative intensity extracted from the ORFEES dynamic spectrum at three frequencies: 173 (c), 228 (d), and 270 MHz (e). These plots show that
the radio sources imaged by the NRH are indeed the herringbone bursts seen in the ORFEES dynamic spectrum.

polarised emission based on the NRH flux densities and these are
discussed in more detail in the following sub-section.

One unusual feature found among the herringbones observed
is that some of the forward-drifting herringbones show an in-
verted J structure (see Fig. 3), indicating that the electrons propa-
gating away from the Sun may encounter closed magnetic loops.
The only other radio bursts showing an inverted J shape are J
bursts which are a variant of type III bursts propagating along
closed magnetic field lines (Reid & Kontar 2017). However, J-
shaped herringbones have also been reported in a recent study at
lower frequencies (Magdalenić et al. 2020). In our study, such a
structure is not seen in the case of the reverse-drift herringbones.
The bi-directional electron beams are thus likely to escape in
either direction on the same polarity side of a closed magnetic
loop, with the forward–drift radio emission likely ending at loop
tops (Fig. 3c).

3.2. Circular polarisation of radio emission

This herringbone event benefits, for the first time, from simul-
taneous spectropolarimetric and imaging observations. Here, we
present the first images showing the circular polarisation (Stokes
V) signal from individual herringbones. The degree of circular
polarisation (the ratio of Stokes V to total intensity) of herring-
bones has been studied on very rare occasions with the main
findings being that fundamental emission herringbones were
highly polarised (up to 100%) and all herringbones within a
group have the same sense of polarisation (Suzuki et al. 1980).
A zoomed-in dynamic spectrum shows one of the herringbone
structures that resembles a single type II-like lane with herring-
bones on either side of a bright backbone (Fig. 4a). The back-
bone contains herringbones with forward (or negative) and re-
verse (or positive) frequency drift (labelled in Fig. 4a). The posi-
tive frequency drift (the bursts drift from low to high frequency)
represents a reverse motion of the electron beam (back towards
the Sun) and the negative drift (high to low frequencies) indi-
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Fig. 3. J herringbones and their location relative to the CME. a. Dynamic spectrum showing a group of forward-drifting herringbones with inverted
J shapes. b. CME in EUV running difference images from SDO/AIA in the 211 Å wavelength together with contours of the radio sources at two
frequencies: 228 (green) and 270 MHz (yellow). The 228 MHz contours correspond to the tip of a J herringbone.

cates forward motion (away from the Sun). This occurs due to
the plasma emission mechanism, where the frequency of emis-
sion f = 8980

√
ne decreases radially from the Sun with de-

creasing electron density, ne (here f is in Hz and ne in cm−3). A
forward- and a reverse-drift herringbone are shown in Fig. 4b in
total intensity, Stokes I, contours (30% and 80% levels of maxi-
mum intensity) and in Fig. 4c as Stokes V filled brightness tem-
perature (TB) contours. For the first time, we demonstrate that
the forward-drift herringbone shows an opposite sense of circu-
lar polarisation to the reverse-drift herringbone. Opposite senses
of circular polarisation at low radio frequencies have been re-
ported before in the case of other types of radio bursts, indi-
cating propagation of electron beams along open magnetic field
lines coming from two different regions of opposite polarities or
closed magnetic loops (Kai 1970; Morosan et al. 2020a). Here,
the opposite sense of circular polarisation is produced by shock–
accelerated bi-directional electron beams (beams travelling to-
wards and away from the Sun) on the same polarity along the
magnetic field lines since the forward- and reverse-drift sources
occur at roughly the same location.

The majority of herringbones have a low Stokes V signal (see
Movie 1 and Fig. 2) and the degree of circular polarisation is
also low (up to ∼30%), in contrast to previously reported values
in Suzuki et al. (1980) for herringbones at frequencies below
160 MHz. The presence of structures with a 2:1 frequency ratio
and the low degree of circular polarisation for the herringbones
imaged by the NRH indicate that the herringbones observed here
at frequencies >150 MHz most likely represent harmonic plasma
emission, and the lower frequency herringbones are thus likely
to be fundamental plasma emission.

3.3. The expansion of the coronal mass ejection and location
of herringbones in three dimensions

In the plane-of-sky images, the herringbone sources are located
at the southern CME flank and also overlap with the CME
plasma. However, plane-of-sky projection effects need to be

taken into account to accurately determine the position of the
herringbones relative to the CME (e.g. Chrysaphi et al. 2020;
Morosan et al. 2020b). A single–frequency moving herringbone
source is also identified (see the panels of Fig. 1b and Movies
1 and 2 accompanying this paper). The centroids of this source
over time are shown in Fig. 5 and show that the moving source
propagates in the direction of the EUV wave towards the solar
disc central meridian in the plane of sky (as opposed to move-
ment away from the Sun with the CME). Such a movement in-
dicates that the herringbones propagate at a significant distance
outside the plane of sky and it is thus only an apparent movement
towards the solar disc in projected 2D images. A 3D approach
must be considered to obtain an accurate location of the radio
emission relative to the CME, which has been achieved on a few
occasions (Magdalenić et al. 2014; Mancuso et al. 2019; Mo-
rosan et al. 2019; Chrysaphi et al. 2020; Morosan et al. 2020b;
Jebaraj et al. 2021).

A 3D approach is thus necessary to determine the propa-
gation direction of herringbones relative to the CME and EUV
wave. To determine the position of the radio sources in 3D, we
de-projected the radio source centroids from the plane-of-sky
view. In the low corona, this was done using an electron den-
sity model to determine the height of the radio bursts at a spe-
cific frequency. This indirect method is primarily required due
to the lack of direct observations of the electron densities close
to the Sun and limited perspectives of the radio emission (the
only perspective available at these frequencies is that of radio
telescopes from Earth). In the higher corona and at frequencies
below 10 MHz, the availability of multiple spacecraft at vari-
ous locations around the Sun have allowed for better estimations
of the 3D position of radio sources using triangulation methods
(e.g. Jebaraj et al. 2020; Hegedus et al. 2021; Martínez Oliveros
et al. 2012; Mäkelä et al. 2016).

We used the radially-symmetric electron density model of
Newkirk (1961) to estimate the heights of the moving radio
sources at a specific frequency. Assuming the radio bursts are
emitted at the harmonic of the plasma frequency, the radial
distance corresponding to the plasma frequencies of 150 and
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Fig. 4. Forward- and reverse-drift herringbones showing opposite senses of circular polarisation. a. ORFEES dynamic spectrum showing her-
ringbones drifting to both high (forward drift) and low frequencies (reverse drift) on either side of a bright backbone. b. AIA 211 Å image of
the Sun showing the onset of the CME and overlaid with Stokes I contours of radio sources at 173 and 228 MHz corresponding to the forward-
and reverse-drift herringbones, respectively. c. AIA 211 Å image of the Sun showing the onset of the CME and overlaid with Stokes V filled
contours of radio sources at 173 and 228 MHz corresponding to the forward- and reverse-drift herringbones, respectively. The colour bars show
the brightness temperature of the Stokes V contours.

173 MHz, respectively, was calculated using a four-fold Newkirk
density model. This distance combined with the plane-of-sky co-
ordinates of the centroids was then used to estimate the coordi-
nates of the radio sources in 3D. There is, however, an uncer-
tainty in estimating the radial distances of radio bursts using den-
sity models. Firstly, the solar corona is variable and other density
models can predict different distances. We assigned an error of
±0.3 R� to the height estimates to reflect a range of possible
heights of the radio sources based on two density models, one
of the background solar corona (Saito et al. 1977) and a six-fold
Newkirk model that reflects the conditions above active regions.

The three perspectives from SDO–SOHO and the two
STEREO spacecraft allowed us to reconstruct the 3D structure
of the CME evolving through time. By employing a geometric
model and using the different viewpoints offered by STEREO-B
and SDO (see Methods), it is possible to estimate the size and lo-
cation of the CME plasma. We reconstructed the 3D shape of the
CME shock during its early propagation through the solar corona
using the graduated cylindrical shell (GCS) model (Thernisien
et al. 2006, 2009), which allowed us to fit a parameterised sur-
face to multi-point coronagraph observations. We performed
reconstructions using the three viewpoints provided by SDO,
LASCO, and the two STEREO spacecraft at 15:24 UT, and,
based on these parameters, we reconstructed the CME at ear-

lier times using the EUV data from SDO and EUVI and COR1
data from STEREO-B. The early CME and shock shape was re-
constructed at three consecutive times from 15:00 to 15:10 UT.
The model was applied to all of the CME emission observed in
EUV and white light, including the EUV wave to ensure a more
accurate 3D estimation of the extent of the shock. The results
of the fitting of the CME at three different times is included in
Appendix A. The 3D CME shock (wire frame consisting of ma-
genta dots) is shown from the SDO and STEREO-B perspectives
in Fig. 5a (left and right panels). The middle panel of Fig. 5a
shows the location of the SDO and STEREO-B spacecraft which
were placed at ideal locations to provide a side view of the erup-
tion which allows for the reconstruction of the CME in its very
early stages. The radio centroids of the moving source labelled
in Fig. 1 are shown in the left panel of Fig. 5a at two frequen-
cies: 173 (pink–yellow dots) and 228 MHz (blue–green dots).
The colour of the centroids denote time in seconds and their as-
sociated colour bars are shown at the bottom of the figure.

The CME and the radio centroids have been reconstructed in
3D in Fig. 5b from three perspectives: SDO (left), solar North
Pole (middle), and STEREO-B (right). One point on the EUV
front is also included in this figure as white to blue dots rep-
resenting time in seconds (labelled EUV wave in the left panel
of Fig. 3b). The EUV front points were obtained by tracking
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Fig. 5. Three-dimensional reconstruction of the CME eruption and propagation of radio sources. a. Two perspectives of the eruption from the
perspective of the SDO spacecraft in orbit near Earth in AIA 193 Å difference images of the Sun (left) and the STEREO-B spacecraft in composite
images from EUVI 195 /AA and COR1 images (right). The middle panel shows the locations of these two spacecraft. The STEREO spacecraft were
separated from Earth by 148◦ (STEREO-A) and 142◦ (STEREO-B) in longitude, respectively. The magenta wire mesh represents the reconstruction
of the CME bubble and the coloured circles represent the centroids of the moving herringone source. b. 3D reconstruction of the CME eruption
together with the centroids of the moving herringbones and propagation of the EUV wave front from three perspectives: Earth (left), solar North
Pole (middle), and STEREO-B (right). The colour bars in the bottom represent time in seconds and denote the colouring of the spheres of the 173
and 228 MHz herringbone centroids and one point on the EUV wave front.

the front of the EUV wave in plane-of-sky images close to the
moving herringbone source. These points were then de-projected
from the plane of sky assuming that the EUV wave travels on
a spherical surface at a distance of 1.1 R� from the centre of
the Sun (Kienreich et al. 2009). The herringbone sources are lo-
cated outside the reconstructed 3D shock surface (at 15:00 UT)
and they expand outwards in the direction of the Earth-facing
CME flank. In 3D, the herringbones follow the propagation di-
rection of the EUV wave located at lower heights. The close as-
sociation in propagation directions of the herringbones and EUV
wave strongly suggest that they are both related to the same phe-
nomenon, that is the passage of a CME-driven shock wave or
large-amplitude wave from lower to higher heights (e.g. Carley
et al. 2013). The shock wave is theorised to form a dome sur-
rounding the CME (Downs et al. 2012; Pomoell et al. 2008),
similar to the shape of the reconstructed shock in 3D in Fig. 5.
In the EUV images of the Sun, it is not yet possible to observe
the faint outer edge of the CME shock; therefore, the shape of
the shock cannot be accurately represented by the fitting meth-
ods. The faint outer edge of the shock can usually be identified
later in white-light images; however, those images are no longer
co-temporal with the herringbones observed (see Fig. 1c). How-
ever, our CME reconstruction extends to the outer edge of the
EUV wave front and it is likely to include the preceding shock
dome. Our reconstruction shows that a shock dome surround-

ing the CME is likely to be a common origin for both the radio
emission and EUV wave.

A comparison of the speeds of the herringbone sources,
CME and EUV wave (Fig. 5), reveals that the herringbones are
faster than the propagating CME flanks during this early time.
Fig. 5a shows the height–time points of the herringbone cen-
troids at 173 (yellow triangles) and 228 MHz (orange triangles),
the EUV wave front (small purple dots), the leading edge of the
northern CME flank (small blue dots) and the de-projected 3D
CME flank in the same direction as the herringbones sources
(large magenta dots). Fig. 5b shows the fits to the northern CME
flank and de-projected EUV wave height–time points. A linear
fit to the height–time profile of the herringbone sources (Fig. 5a)
results in a speed estimate of ∼1000 km/s at 173 MHz, while a
similar fit to the de-projected CME flank gives a lower speed
estimate of ∼550 km/s. The speed of the de-projected CME
flank is based on only three data points due to the low cadence
(5 minutes) of STEREO-A data used for the CME reconstruc-
tion. While a linear fit is most suitable for the movement of her-
ringbones, the EUV wave and northern CME flank show more
complex kinematics that were fitted using functions containing
time–varying acceleration terms.

The speeds of the northern CME flank and that of the depro-
jected EUV wave were estimated by fitting custom functions to
their height–time profiles. The northern flank height–time points
were estimated by tracking the movement of the outermost edge
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Fig. 6. Kinematics of the CME and herringbone bursts. a. Height–time plot showing the propagation of the northern CME flank (blue circles),
deprojected EUV wave front (purple circles), herringbone sources at 173 (yellow triangles) and 228 MHz (orange triangles), and deprojected
Earth–facing flank (large magenta circles). b. Speed estimates of the northern CME flank and EUV wave front using custom acceleration functions
fitted to the height–time points in (a).

of the CME in AIA images along an arc at a distance of 1.2 R�
from the solar centre. Since the CME is located close to the limb
in the SDO perspective, we expect an accurate estimate of the
lateral expansion of the CME. The northern flank kinematics
show two stages: an early stage of increasing acceleration and
a later stage of decreasing acceleration. Thus, the speed was es-
timated by fitting two custom functions to the height–time data.
The EUV wave, throughout the duration considered, shows sim-
pler kinematics with a continuous increasing acceleration. The
EUV wave and the beginning of the northern flank kinematics
were fitted with a function that contains an exponential acceler-
ation term (Gallagher et al. 2003). The height-time function has
the following form:

h(t) = h0 + v0t + a0τ
2exp(t/τ), (1)

where h0, v0, and a0 are the initial height, velocity, and accel-
eration, respectively. The function from Gallagher et al. (2003)
fitted to the CME expansion contains an exponentially varying
acceleration of the form a0exp(t/τ).

The later stage of the northern flank expansion was best fitted
with a second order polynomial that contains a constant deceler-
ation term, a0:

h(t) = h0 + v0t +
1
2

a0t2. (2)

The early EUV wave kinematics in Fig. 5 are consistent with
an exponential acceleration phase which is typical of the expan-
sion stages of CMEs in the low corona (Morosan et al. 2019;
Gallagher et al. 2003). However, the kinematics of the northern
flank indicates a short period of very fast acceleration, followed
by a deceleration phase. The CME shows fast lateral expansion
exceeding a speed of 1000 km/s in the early stages of the erup-
tion. The northern flank reaches a top speed of > 1000 km/s
before it begins to decelerate. This occurs during the first few
minutes of the eruption, indicating an extremely fast lateral ex-
pansion. Comparatively, in the radial direction, the CME reaches
a speed of over 1000 km/s only at a much later stage in the erup-
tion when it reaches the LASCO coronagraphs fields of view
(e.g. the last panel of Fig. 1c). This represents evidence that the
lateral CME speed (in the direction of the northern flank) is thus
faster than the radial CME speed during the early stages of CME
expansion. Similarly, in a previous herringbone event, the CME
flanks also reach a speed of ∼1000 km/s during the early stages
of the eruption (Morosan et al. 2019). The high lateral CME ex-
pansion speeds observed in Morosan et al. (2019) and the cur-
rent study are likely a significant cause for the formation of a
low coronal shock and subsequent radio emission. Moving radio
bursts have also been shown to be almost exclusively associated
with wide CMEs indicating large expansion speeds in the early
stages of the eruption (Morosan et al. 2021). The high expan-
sion speeds are also likely to cause super-Alfvénic conditions as
the CME travels further away from the source active region. The
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Alfvén speed can be investigated either using density models or
MHD models of the solar corona.

3.4. Coronal properties in the vicinity of the herringbone
sources

To determine the properties of the plasma in which the her-
ringbone electrons propagate, we employed the MAST model
(Lionello et al. 2009). The MAST model outputs used in this
study are global electron densities and magnetic field strengths.
These properties were then used to compute the global Alfvén
speed. The results of the model are presented in Fig. 7 which
shows electron density iso-contours, magnetic field lines, and
the Alfvén speed values. The electron density surface in Fig. 7 is
9 × 107 cm−3, which corresponds to a plasma frequency layer
of 175 MHz harmonic emission. The panels of Fig. 7 show
the global heights for this plasma density level from three view
points: Earth (a), solar North Pole (b), and STEREO B (c). The
grey sphere denotes a height of 1.2 R� from the solar centre.
The electron density is not uniform in the solar corona, but in-
stead shows ridges of increased density (higher heights of the
same density level) at certain locations. Overlaid on these den-
sity ridges are values of the Alfvén speed where the colour map
goes from blue (low Alfvén speed) to red (high Alfvén speed)
and the values are in km/s (a colour bar is included at the bot-
tom of Fig. 7). Overlaid in the panels of Fig. 7 are open mag-
netic field lines in black and the closed magnetic field lines (pur-
ple and grey). The closed magnetic field lines represent a coro-
nal streamer, which is labelled in Fig. 7a. The CME shock re-
construction (magenta wire mesh) and the radio centroids from
Fig. 5b are included in these panels, with the same colouring as
the colour bars in Fig. 5b.

The MAST model shows that the CME shock and asso-
ciated radio sources expand into a coronal streamer which, at
low heights, is represented by a region of exclusively closed
magnetic field lines. The electron densities inside the streamer
are also higher compared to the surrounding regions. The
streamer region is also a region of low Alfvén speeds (as low
as ∼100 km/s) at the heights in question. The CME expands into
the streamer region at a speed of ∼550 km/s (based on the de-
projected CME flank in Fig. 6) and, based on the MAST model
results, it can become super-Alfvénic as soon as it reaches the
streamer. Inside the streamer, the CME is capable of driving a
shock with a Mach number of ∼5, indicating the formation of
a strong low coronal shock wave. The northern CME flank was
also shown to be very fast with a speed of ∼1000 km/s; however,
we do not see radio emission associated with the northern flank.
This is likely due to the fact that a region of high Alfvén speed
resides north of the CME source region (see Appendix B).

The location of the reconstructed radio sources is ahead
of the CME and partly overlapping with the coronal streamer;
however, this location is not precise due to uncertainties in de-
projecting the radio sources and the model results that are based
on a static picture of photospheric conditions at the time. While
there is not a perfect positional agreement between the recon-
structed radio sources and the streamer location, there is addi-
tional evidence that the radio sources expand in an area of closed
field lines. Multiple forward drift herringbones in the frequency
range 150–270 MHz show an inverted J shape as discussed pre-
viously. These herringbones can be seen in the dynamic spectra
in Figs. 3a. Recent studies have shown lower frequency herring-
bones (10–90 MHz) also with inverted J shapes (Magdalenić
et al. 2020); however, their source locations could not be im-
aged.

There is a limitation in using the MAST model and that is the
input magnetogram. The active region producing this eruption is
located close to the solar limb in the eastern hemisphere, thus the
input magnetogram used for the model run most likely does not
show an accurate representation of the surface magnetic field at
the time of the eruption due to the obscured view of photospheric
features that are located close to the limb. Therefore, the MAST
model was only used for the determination of large-scale struc-
tures surrounding the active regions; however, we note the exact
position of streamers and other features may be slightly offset.
Our interpretation can be verified in the future in the case of a
similar event where the radio bursts are associated with an active
region close to the solar centre, which is likely to yield more ac-
curate results and a better comparison between observations and
modelling.

4. Discussion and conclusion

The CME studied here shows very fast lateral expansion and it
is thus capable of producing a strong low coronal shock. Once
the CME expands into the streamer, based on the MAST results
and 3D CME expansion speed, we estimate that the CME is ca-
pable of driving a shock with a Mach number of up to ∼5. This is
the among the highest ever reported Mach number values in the
low corona (e.g. Morosan et al. 2019; Shen et al. 2007). It has
recently been shown that the shock Mach number is the quan-
tity that is most strongly correlated to the peak fluxes of near-
relativistic (such as the electron beams studied here) and rela-
tivistic electron beams (Dresing et al. 2022). The high speed of
the CME flanks and the common propagation direction of her-
ringbones and the EUV wave supports the idea that a large–scale
shock or high–amplitude wave forms ahead of the CME.

The CME and likely the related shock wave propagate quasi-
perpendicularly to the streamer magnetic field lines and this is
the most likely region where herringbones occur. The encounter
between the CME shock and streamer in this region allows for
the shock–drift acceleration mechanism to produce the electron
beams that can generate the observed herringbones. However,
due to the presence of the streamer forming closed field lines,
the accelerated electrons most likely do not yet escape at low
coronal heights. This is also indicated by the inverted J shapes
of the herringbones. The inverted J shapes indicate that the elec-
tron beams do not propagate along open magnetic field lines, but
instead encounter the top of a closed coronal loop.

In the case of J bursts, at the loop top, emission is expected
to cease due to increasing electron density gradients when trav-
elling back down the other leg of the loop, which hinders the
growth of Langmuir (plasma) waves required for radio emis-
sion (Reid & Kontar 2017). However, the type III bursts elec-
tron beams must travel to large distances before becoming un-
stable (Reid & Kontar 2017), while in this case we are limited
by a small acceleration region near the shock and the short travel
distances of herringbone bursts (based on their lower frequency
bandwidth compared to type IIIs). If a similar mechanism occurs
in the case of herringbone bursts, then the propagation through
a dense plasma (such as that of a coronal streamer) can result
in electron beam instabilities to be achieved quicker that in the
case of type III bursts so that the low bandwidth herringbones
are produced. The most prominent closed loop, dense plasma
system in the propagation direction of the CME is indeed the
coronal streamer, adding further supporting evidence that her-
ringbones are likely to be generated in this medium. Unlike some
of the lower frequency herringbones (<100 MHz) that are be-
lieved to propagate along open field lines (Carley et al. 2013;
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Fig. 7. Modelling of the solar corona during the eruption and herringbone emission. Results of the MAST model showing the 173 MHz harmonic
plasma level height, the Alfvén speed (vA) at that height, and coronal magnetic field lines from three perspectives: Earth (a), solar North Pole (b),
and STEREO B (c). The colour bar at the bottom of the figure represents the scale of the Alfvén speed values. Also included in these images are
the CME bubble consisting of a magenta wire mesh and the herringbone sources at 173 and 228 MHz using the same colouring as in Fig. 6. The
herringbone sources are roughly located outside the CME and on the side of the closed magnetic field lines that represent a coronal streamer (d).

Fig. 8. Cartoon showing where the forward- and reverse-drift herring-
bones are expected to propagate relative to the polarity of the coronal
magnetic field.

Morosan et al. 2019), the high frequency herringbones studied
here propagate in closed field-line regions, thus the early accel-
erated electron beams do not appear to escape into interplanetary
space. We present a likely scenario of the generation of herring-
bone bursts in the cartoon in Fig. 8, taking into account their
sense of circular polarisation and location relative to the CME
and streamer. As the CME becomes super-Alfvénic close to the
streamer, a shock forms which encounters the streamer magnetic
field lines quasi-perpendicularly. The shock can then produce bi-
directional electron beams that can escape on the same polarity
magnetic field lines since the forward- and reverse-drift sources
occur at roughly the same location. These electron beams gen-
erate herringbones with opposite senses of circular polarisation
for forward- and reverse-drift herringbones, and the forward drift
herringbones are likely to have inverted J shapes as they en-
counter magnetic loop tops.

Our results open a new interpretation on the origin and prop-
agation of herringbone and type II bursts and have implications
on the subsequent acceleration and escape of energetic particles.
Electrons generating type II bursts have also recently been re-

ported to originate due to the interaction between streamers and
CMEs (Feng et al. 2012; Mancuso et al. 2019), with Kouloum-
vakos et al. (2021) suggesting that the evolution of a shock in-
side a streamer plays an important role in the generation of type
II emission. Using MHD models of the solar corona, we have
shown that the streamer provides ideal conditions (low Alfvén
speeds, enhanced densities, and closed field regions) for the gen-
eration of the J-shaped herringbones, conditions which are also
ideal for type II bursts in the same frequency range. CME expan-
sion into coronal streamers is also a common occurrence since
streamers are a persistent feature of the solar atmosphere. All
these cases (Feng et al. 2012; Mancuso et al. 2019; Kouloum-
vakos et al. 2021) where radio signatures are generated inside a
streamer indicate that electron beams do no yet escape into in-
terplanetary space. It is likely that shock–accelerated electrons
can only escape at larger heights (>2.5 R�), where the magnetic
field lines are predominantly open, provided that the conditions
for acceleration are still favourable. In the present study, there
is a clear electron event observed by the STEREO-B High En-
ergy Telescope (von Rosenvinge et al. 2008) extending to MeV
energies. The onset time of this event is after 15:35 UT, which
is clearly after the electron acceleration studied in this paper.
These observations of in situ electrons further support the idea
that, initially, the herringbone electrons do not escape the solar
atmosphere. The shock drift acceleration mechanism alone is not
capable of producing high-energy electrons such as the ones ob-
served in situ (the energy gain is only up to a factor of ∼4 for
strong shocks; e.g. Katou & Amano 2019). However, multiple
shock-crossings can lead to more efficient acceleration to pro-
duce MeV electrons. For protons, it has been shown that quasi-
perpendicular shocks with curved upstream field lines could lead
to the particles being able to interact with the shock many times
and that would allow the particles to achieve energies that are
much larger than from shock drift acceleration (Sandroos &
Vainio 2006). A similar mechanism can also allow electrons to
interact with the shock many times to gain higher energies. Fu-
ture observations that take advantage of the unprecedented fleet
of spacecraft in the heliosphere combined with ground-based ob-
servations of metric radio bursts could help determine if there is
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a further link between the electrons generating radio emission at
the Sun and those arriving at spacecraft.
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Appendix A: Stereoscopic reconstruction of the
CME shock shape

We reconstructed the 3D shape of the CME shock during its
early propagation through the solar corona using the graduated
cylindrical shell (GCS) model (Thernisien et al. 2006, 2009),
which allows a parameterised croissant-shaped surface to be
fitted to multi-point coronagraph observations. We performed
reconstructions using the three viewpoints provided by SDO,
LASCO, and the two STEREO spacecraft at 15:24 UT and based
on these parameters we reconstructed the CME at earlier times
using the EUV data from SDO and EUVI and COR1 data from
STEREO-B. The early CME shape was reconstructed at three
consecutive times from 15:00 to 15:10 UT. The model was ap-
plied to most of the CME emission observed in EUV and white
light, including the CME cavity, bright rim, and EUV wave. We
chose the GCS model as it better fitted the shape of the entire
CME plasma and EUV wave during the early stages of the erup-
tion. The results of the fitting of the CME at three different times
is shown in Fig. A.1.

Appendix B: Magneto-hydrodynamic model of the
corona

The MAST model is an MHD model developed by Predictive
Sciences Inc.2 that uses the magnetic field photospheric magne-
tograms from HMI onboard SDO as inner boundary conditions.
The model also includes detailed thermodynamic processes with
energy equations accounting for thermal conduction parallel to
the magnetic field, radiative losses, and coronal heating. This
thermodynamic MHD model produces more accurate estimates
of plasma density and temperature in the corona and is capa-
ble of reproducing global coronal features observed in white
light, EUV, and X-ray wavelengths (Lionello et al. 2009). Elec-
tron densities and magnetic field strengths were obtained from
the MAST model and were used to compute the global Alfvén
speed in the corona presented in Fig. B.1. The low coronal densi-
ties have been scaled up by a factor of 2 to obtain more accurate
values of their heights (Wang et al. 2017).

2 http://www.predsci.com/
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Fig. A.1. Fitting of the CME with the graduated cylindrical shell (GCS) model at three different times and from three different perspectives: Earth
(left), STEREO-A (middle), and STEREO-B (right). The CME fit was done firstly at 15:24 UT when the CME was first visible in the LASCO
C2 field of view. Then the fitting parameters were used to estimate the fit at earlier times when the CME was observed only in the Earth at EUV
wavelengths and STEREO-A perspectives. The left panels show AIA 193 Å images of the Sun, while the middle and right panels show composite
EUVI 195 Å together with COR1 white–light images from the STEREO-A and STEREO-B perspectives, respectively. The magenta wire mesh is
the resulting CME fit using the GCS model.
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Fig. B.1. Electron density and Alfvén speeds obtained from the MAST model. Iso-surfaces of the 228 MHz fundamental (a and c) and harmonic
plasma level (b and d) with overlaid Alfvén speed values at that height obtained from the MAST model. The electron densities corresponding
to this surface are 6.4 × 108 for fundamental emission and 1.6 × 108 cm−3 for harmonic emission. The surfaces show the relative height of this
emission at various locations on the Sun. The surfaces are overlaid with Alfvén speed values at those heights. In the bottom panels, a sphere has
been included as a visual guide at a distance of 1.1 R� for fundamental emission (c) and 1.2 R� for harmonic emission (d). The Alfvén speed is
highly variable across these density surfaces.
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