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ABSTRACT

Context. Collisionless shocks are one of the most powerful particle accelerators in the Universe. In the heliosphere, type II solar radio
bursts are signatures of electrons accelerated by collisionless shocks launched at the Sun. Spectral observations of these bursts show
a variety of fine structures often composing multiple type II lanes. The origin of these lanes and structures is not well understood and
has been attributed to the inhomogeneous environment around the propagating shock.
Aims. Here, we aim to determine the large-scale local structures near a coronal shock wave using high-resolution radio imaging
observations of a complex type II radio burst observed on 3 October 2023.
Methods. By using inteferometric imaging from the Low Frequency Array (LOFAR), combined with extreme ultraviolet observations,
we investigate the origin of multiple type II lanes at low frequencies (30–80 MHz) relative to the propagating shock wave.
Results. We identify at least three radio sources at metric wavelengths corresponding to a multi-lane type II burst. The type II burst
sources propagate outwards with a shock driven by a coronal mass ejection. We find a double radio source that exhibits increasing
separation over time, consistent with the expansion rate of the global coronal shock. This suggests that the overall shock expansion is
nearly self-similar, with acceleration hotspots forming at various times and splitting at a rate proportional to the shock’s expansion.
Conclusions. Our results show the importance of increased spatial resolution in determining either the small-scale spatial properties
in coronal shocks or the structuring of the ambient medium. Possible shock corrugations or structuring of the upstream plasma at
the scale of 105 km can act as hotspots for the acceleration of suprathermal electrons. This can be observed as radiation that exhibits
double sources with increasing separation at the same expansion rate as the global shock wave.
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1. Introduction

Collisionless shocks are among the most fundamental phenom-
ena in the Universe, responsible for some of the most visu-
ally spectacular cosmic objects. They efficiently dissipate energy
across various spatial and temporal scales, enabling the heat-
ing and acceleration of particles (Sagdeev 1966; Galeev 1976;
Kennel et al. 1985). The heliosphere provides an ideal labora-
tory to study naturally occurring collisionless shocks, such as
the Earth’s bow shock, which has been investigated extensively
through observations and numerical simulations (e.g. Lembege
et al. 2004; Krasnoselskikh et al. 2013; Johlander et al. 2016).
These studies reveal that collisionless shocks are not rigid, pla-
nar structures but are highly structured and deformed at scales
ranging from sub-ion to large magneto-hydrodynamic scales.

Recent in situ observations from Parker Solar Probe (PSP;
Fox et al. 2016) have shown that the structure of strong shocks
near the Sun is highly variable but generally aligns with theo-
retical predictions (e.g. Jebaraj et al. 2024). However, the for-
mation and evolution of shocks in the highly magnetized and
dense lower solar corona remain poorly understood due to the

lack of in situ measurements. The spatial and temporal variabil-
ity of shocks or upstream plasma in the low corona is largely un-
known, leading to a limited understanding of how shocks, such
as those studied by Jebaraj et al. (2024), evolve and accelerate
particles in this region. In the absence of in situ observations in
the lower corona, remote-sensing observations become essential
for gaining critical insights into the complex evolution of shocks.

Traditionally, remote-sensing observations of shock waves
in the low solar corona have been conducted in extreme ultra-
violet (EUV), white light (WL), and radio wavelengths (e.g.
Vourlidas et al. 2003; Ma et al. 2011; Smerd 1970). While
EUV and WL observations can identify the presence of a shock,
the details of shock evolution are best studied through radio
wavelengths. Suprathermal electrons accelerated by a propagat-
ing coronal shock undergo beam-plasma instabilities, generat-
ing type II radio bursts. These emissions depend on the ambient
electron density (ne) and are generated at the plasma frequency
( fpe = 8980

√
ne Hz where ne is in cm−3) and its harmonics. Due

to the radial gradient of ne in the solar corona and the motion of
the shock over time, type II bursts exhibit a frequency drift with
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Fig. 1. Combined dynamic spectrum
of the type II radio burst observed on
3 October 2023. The dynamic spec-
trum is composed of spectra from
PSP/RFS (a), LOFAR/LBA (b), and
LOFAR/HBA (c). The PSP time stamp
is shifted to Earth time for comparison
with the ground-based LOFAR spectra.

respect to time. This drift is reflected in frequency-time spec-
trograms (dynamic spectra hereafter) and can show spatial and
temporal changes in both the ambient medium and the propagat-
ing shock wave (e.g. Zhang et al. 2024b). Since the phenomena
that lead to these emissions vary in space and time, in addition to
dynamic spectra, radio imaging is essential to obtain spatial in-
formation on the emission. Recent advancements in radio imag-
ing instrumentation such as the Low Frequency Array (LOFAR;
van Haarlem et al. 2013) have made simultaneous sub-second,
high-frequency resolution imaging and spectroscopy possible to
track the drift evolution of a type II burst.

Imaging of type II bursts has recently revealed multiple radio
sources at spatially separated regions (e.g. Morosan et al. 2019;
Zhang et al. 2024a). This is attributed to multiple hot spots for
suprathermal electron acceleration at the shock (e.g. Morosan
et al. 2019, 2024). The most commonly discussed mechanism for
a shock to produce an accelerated beam of electrons is through
adiabatic reflection in the presence of a steep magnetic gradient,
which is possible when the shock wave propagates nearly per-
pendicular to the ambient magnetic field (Leroy & Mangeney
1984; Mann et al. 2018b; Jebaraj et al. 2023). From a global per-
spective, a shock driven by a solar transient in the low corona
would have such a geometry primarily in its lateral regions (e.g.
Jebaraj et al. 2021; Morosan et al. 2022a). However, this geome-
try could also be provided locally by spatial deformations of the
shock front or small-scale structures in the upstream (e.g. Zlobec
et al. 1993; Morosan et al. 2024).

Since type II fine structures reveal new aspects of the spa-
tial and temporal evolution at the shock, in this study, we focus
on features known as type II multi-lanes. It is a phenomenon
where a type II burst consists of two or more lanes, that may
have similar drift rates but not necessarily the same spectral mor-
phology (Zimovets & Sadykov 2015; Alissandrakis et al. 2021).
Multi-lanes with similar spectral morphology are often known as
split-bands (e.g. Vršnak et al. 2001). Recent radio imaging stud-
ies have demonstrated that multi-lanes in type II bursts originate
from different locations at the shock (e.g. Bhunia et al. 2023;
Morosan et al. 2023). Given that these lanes can have somewhat
similar characteristics, this would imply that they are generated
in regions of the shock that are in close proximity to each other.

If this is the case, then studying the variations in the temporal
and spatial drift of individual type II lanes should provide clues
on how two or more emission regions in close proximity to each
other evolve.

2. Observations

On 3 October 2023, a long-duration type II radio burst was
recorded with LOFAR as part of the regular cycle observa-
tions (LC20_001) using two simultaneous modes: interferomet-
ric mode (e.g. Mann et al. 2018a) and tied-array beams mode
(e.g. Morosan et al. 2022b). The type II burst started at 12:21 UT
(Earth time) lasting for ∼40 minutes (see Fig. 1). The type II was
first observed in LOFAR’s High Band Antennas (HBAs) starting
at a frequency of 170 MHz and continued to drift to low frequen-
cies to be observed in the Low Band Antennas (LBAs). Type II
bursts were also observed by the Radio Frequency Spectrometer
(RFS; Pulupa et al. 2017). In Fig. 1, the times were shifted to
1 AU for direct comparison between the two different observa-
tories: PSP and LOFAR. PSP was approximately in quadrature
to Earth and at a closer distance to the Sun (0.25 AU). PSP also
has a better view of the eruption, which originated on the far-
side of the visible solar limb. As a result, additional radio bursts
(for example type III bursts that are not seen from Earth) can
be observed with PSP. The radio bursts observed (including the
type II in the present study) were analysed in relation to the far-
side eruption in Morosan et al. (2025). In the present study, we
focus on the smaller-scale spatial and spectral characteristics of
the multi-lane type II burst. The LBA observations show a com-
plex type II structure with multiple lanes (see Fig. 1). Much of
the emission in the LBA band is likely harmonic since additional
type II lanes were observed by PSP between 10-20 MHz with an
approximately 2:1 frequency ratio to the LBA type II lanes (see
Fig. 1 where fundamental and harmonic lanes are labelled F and
H, respectively).

LOFAR interferometric images were recorded in the LBA
band with 60 frequency subbands available for imaging during
the entire observation period from 11:30 to 13:29 UT and with
a time cadence of 0.167 s. We used a baseline of up to 32 km in
the East-West direction for this study that includes the core and
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Fig. 2. Radio images of the type II burst using two different baselines. The images are at 12:25:34 UT, time which is marked as a white dashed
line in the dynamic spectrum in Fig. 1, and cover three frequency subbands: 57.6, 67.7 and 78.9 MHz, from left to right, respectively. The top
panels make use of a baseline of 15 and 10 km, while the bottom panels have a larger baseline of 20 and 32 km, in the East-West and north-south
directions, respectively. The size of the beam corresponding to each frequency subband and baseline is shown in the bottom left corner of each
panel. In this paper, we present a comprehensive analysis on the spatial properties of a multi-lane type II radio burst and associated shock wave
using new and unprecedented high-resolution radio imaging observations with LOFAR.

some of the remote LOFAR stations in the Netherlands. The fur-
thest remote station used in the observational setup was excluded
due to the significant phase differences to the other stations re-
sulting in the 32 km basline. For comparison, we also generated
images using a shorter East-West baseline of 15 km, where the
farthest five remote stations have been removed. The interfero-
metric visibilities were calibrated using the LOFAR Initial Cal-
ibration Pipeline (e.g, de Gasperin et al. 2019). The calibrated
visibilities were then processed with wsclean 1 (Offringa et al.
2014) to produce science-ready images. Due to bad ionospheric
conditions, the type II radio sources and the Quiet Sun were off-
set from their true position in the interferometric images and
were continuously moving over time periods of minutes through-
out the observations. As a result, the images were corrected for
ionospheric refraction by re-centering the Quiet Sun over all the
subbands for select time steps. These time steps were chosen so
that the type II emission was either absent or faint and the Quiet
Sun outline was visible to have a Gaussian fitted over its extent.
The centroids of this Gaussian were used to re-center the image.
Only the time steps closest to the Quiet Sun images can be cor-
rected, thus, only select time steps can be chosen to image the
type II bursts and this includes the onset time of the multi-lanes

1 wsclean https://gitlab.com/aroffringa/wsclean

that are the focus of this study. The type II lanes were then im-
aged at several frequencies and their trajectory can be tracked
over time.

3. Results

3.1. Location and characteristics of the type II lanes

The onset of the type II and the multi-lanes composing it can
be imaged in the frequency range of 90–30 MHz. An example
of radio images over three sub-bands is shown in Fig. 2, us-
ing two separate baselines: a shorter baseline of 15 km in the
East-West direction and 10 km in the north-south direction (top
panels) and the largest baseline possible in this observation of
20 km in the East-West direction and 32 km in the north-south
direction (bottom panels). In the short baseline images, two ra-
dio sources are visible located approximately North and South of
the central meridian outside the visible solar limb in the plane-
of-sky. The radio sources are roughly approximated by the shape
of an elliptical Gaussian. The increase in baseline in the bottom
panels of Fig. 2 and thus, the increase in the spatial resolution
of the images, has a significant effect on the imaging results as
the radio sources show additional structures and shapes that start
to deviate from an elliptical Gaussian. These new structures and
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Fig. 3. Zoomed-in dynamic spectrum of the type II burst and images of the source location along the leading edge of the two lanes. The top panel
shows the start of the harmonic type II lanes in the LBA dynamic spectrum. The color-coded dots track the leading edges of the two lanes. The
middle panels show the color-coded contours of the source locations for both lanes overlaid on GOES / SUVI 195 Å running difference images
of the CME eruption. The contour levels are at 50 and 70% of the maximum intensity in each image. The bottom panel shows the Y-axis distance
between the two radio sources using the same colour-coding and their separation as a black dashed line.

shapes are likely to be overlooked when using shorter baselines,
as evident in the top panels of Fig. 2. For example, the south-
ern radio source that appears as an elongated single source in the
low-resolution images, is actually composed of two separate but
neighbouring radio sources and this is evident at three different
frequencies: 57.6, 67.7 and, 78.9 MHz. In total, there are three
radio sources clearly resolved in this time period.

The leading edge of the type II lanes is traced in a zoomed-
in dynamic spectrum in Fig. 3, where the colour-coding changes
with time and frequency. Here, we focused on the two main type
II harmonic lanes. However, we note that a multitude of other
emission lanes are present in the spectrum. The color-coded con-
tours of the source locations in the dynamic spectra are shown
Figs. 3b–d for the lower frequency lane and the higher frequency
lane, respectively. These contours are overlaid on 195-Å running
difference images (separated by one minute) from the Solar Ul-
traviolet Imager (SUVI; Darnel et al. 2022) aboard Geostation-
ary Operational Environmental Satellites (GOES) of the coro-
nal mass ejection (CME) driving the shock at three consecutive
times. The centroids of the radio emission are also overlaid on
this image using the same colouring.

We can make a number of comments about the source loca-
tions in the middle panels of Fig. 3. Firstly, the emission cor-
responding to the two lanes are generated at different regions
of the shock. They can be categorized as northern and southern

radio sources, each one corresponding to a different lane, that
propagate in north-easterly and south-easterly directions, respec-
tively, away from each other. By extracting the centroids of the
radio sources over time, we estimate that the northern and south-
ern sources propagate outwards at similar speeds of 1420 and
1490 km/s, respectively. In addition to the outward motion, we
also perform a linear regression fit for both the x and y-axis sep-
arations shown in Fig. 4 (note that only the y-axis separation is
shown in Fig. 3e as it’s the most prominent). These fits now al-
low us to estimate the rate at which they separate from each other
with respect to time shown as the dashed line in Fig. 3e, which
is ∼2730 km/s.

Secondly, within the radio contours of the southern source,
we identify two distinct smaller sources, corresponding to the
brighter, higher-frequency type II lane in Fig. 3a. The leading
edge of this higher-frequency lane also shows a non-uniform
drift in the dynamic spectrum. The radio source contours, as
shown in Figs. 3c and d, reveal that part of this lane actually
originates from the northern source, as indicated by the split
in location between the red and blue contours around 12:26:30
UT. The red imaging contours correspond to the red circles in
the dynamic spectrum Fig. 3d, representing the northern source,
which shows the brightest emission at that time and frequency,
while the blue contours and circles represent the southern source
Fig. 3c. Although some red contours are present in the south,
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Fig. 4. Images and location of the double radio source. (a)-(b), (d)-(e) Interferometric images of the type II radio sources at two different frequen-
cies, 78.9 and 70.3 MHz, and two different times, 12:24:20 and 12:26:45, respectively. (c) Flux of radio sources extracted from the slits marked
in panels (a) and (b). (f) Flux of radio sources extracted from the slits marked in panels (d) and (e). The local maxima in the case of the double
source are denoted by the vertical dotted lines in panels (c) and (f).

they are 30% fainter. Thus, while the higher-frequency type II
lane may appear as a distinct emission in the dynamic spectrum,
imaging reveals that multiple sources contribute to its overall
morphology. Without radio imaging to identify these multiple
sources, tracing the leading edge on the radio spectrum becomes
challenging and non-trivial.

Thirdly, the neighbouring southern sources are initially in-
distinguishable and may be mistaken for an extended radio
source. However, their spatial separation increases with time and
eventually two clearly distinguishable radio bursts are visible.
In order to quantify the rate of separation of the two distinct
southern radio sources, we extract the radio flux inside a slit ap-
plied to the interferometric images (see Fig. 4). Figures 4a and b
show two interferometric images corresponding to the first con-
tour (orange) and the last contour (blue) of the type II points in
the dynamic spectrum in Fig. 3. The slit is denoted by the verti-
cal lines passing through the radio source in each of these pan-
els. Fig. 4c shows the peaks in burst intensity along the slit. The
first thing to notice is the clearly separated northern and south-
ern sources, that appear as two distinct peaks. However, the first
peak corresponding to the southern source shows two local max-
ima separated by a distance of 0.3 R⊙ at 12:24:20 UT (orange
profile) and 0.5 R⊙ at 12:25:45 UT (blue profile). In figs. 4d and
e the slit is along the x-direction and it is denoted by the horizon-
tal lines passing through the radio source in each of these panels.
The offset in the x-direction of the two sources is small and can
be seen in Fig. 4f as the small distances between the blue and

yellow dashed lines, respectively. The split between the two ra-
dio sources is also evident when plotting only the 70% contour
levels of the bursts that is shown in Fig. 5a. Initially, the higher
burst is brighter (orange contours) but as the shock expands the
lower source becomes brighter (blue contours), with their sep-
arations also increasing over time as outlined in the cartoon in
Fig. 5b. At frequencies around 75 MHz both sources have simi-
lar flux levels and appear as one elongated radio burst.

3.2. Expansion speed of the type II radio sources

The separations between the northern and southern sources and
also the two neighbouring radio sources in the south increase
over time. To quantify this change over time, we assume that the
projected radio sources obtained via interferometry lie on a circle
in the plane of the sky, with the radius of this circle measured
from the center of the CME eruption (see Fig. 6). The simplest
way to solve for the rate of change in this radius is by using the
relationship between the source distance, D and the angle, θ:

D
2
= r · sin(θ/2), (1)

where the separation, D, is related to the emission centroid x-
and y-coordinates by the following relation:
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Fig. 5. Locations and shock geometry of the double type II sources. (a)
Radio contours of the double source at 70% of the maximum intensity
level in each image, overlaid on a GOES / SUVI 195 Å running differ-
ence image. (b) Cartoon showing the location of the type II bursts and
local shock geometry that is likely to explain the double source separa-
tion. As the non-uniform shock front expands between times t1 and t2,
the separation between the radio sources increases from d1 to d2.

D =
√
∆x2 + ∆y2. (2)

In the case of the northern and southern radio sources, we
used emission centroids to estimate the coordinates. However,
for the double source, the centroids were not very well defined
due to their proximity so we used the local maximum inside a
slit going through the sources in the x- and y-directions (Fig. 3).
We note that the y-separation is the most prominent.

From data we have obtained that the northern and southern
sources are separated by ≈ 70◦ and have a separation rate of
2730 km/s determined from Fig. 3e. If a shock were to expand
self-similarly, then this separation rate is related to the global ex-
pansion speed of the shock (e.g. Normo et al. 2024). Thus using
Equation 1, the rate of separation can be related to shock expan-
sion speed as,

Fig. 6. Cartoon highlighting the relation between source separation and
angle from the origin of the flare. The source separation, D, is used to
calculate the expansion rate by using the angle between the two radio
sources, θ, with its origin as the flaring site, and the radial distance, r,
from the radio source to the flaring region (see Equation 1).

dr
dt
=

1
2 sin(θ/2)

dD
dt
. (3)

Substituting the values for dD
dt = 2730 km/s, and θ = 70◦

in Equation 3, we can solve for the global rate of change in the
radius dr

dt ≈ 2400 km/s.
Similarly, we can also estimate the local rate of change in

shock expansion speed from the split in the southern source. The
split has an angle θ = 20◦ and a separation rate of dD

dt ≈ 1050
km/s. Using this in Eq. 3, we obtain the local expansion rate,
dr
dt ≈ 3000 km/s. We note that these separation speeds are larger
than the plane-of-sky CME speed and this may be due to a num-
ber of reasons outlined in Appendix A.

4. Discussion and conclusion

In this paper, we demonstrated that increasing spatial resolu-
tion in interferometric radio observations significantly impacts
the observed radio source size and structure. With longer base-
lines, the radio sources appear smaller and reveal more complex
features, such as a double source. Without high-resolution imag-
ing, this double source could easily be misinterpreted as a single
radio burst. These findings highlight that relying solely on dy-
namic spectra to interpret complex bursts such as type II bursts
can lead to misconceptions about the underlying physics of the
source.

The most important finding in this study is the double radio
source that exhibits increasing separation over time, consistent
with the global separation rate of the northern and southern ra-
dio sources. This suggests that the overall shock expansion is
nearly self-similar, with acceleration hotspots forming at vari-
ous times and splitting at a rate proportional to the shock’s ex-
pansion. The end result of these acceleration hotspots could be
observed as radiation that exhibits double or multiple sources
with increasing separations when imaged, propagating at a sim-
ilar rate as the global shock wave. A significant uncertainty re-
garding shocks in the corona is indeed whether they evolve in a
self-similar manner, as the lack of 3D observations makes this
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difficult to confirm. It is often thought that irregularities or cor-
rugations in the medium can deform the shock surface, poten-
tially causing deviations from self-similar behavior in 3D (see
for example the 3D shock simulation in Wijsen et al. 2023). The
nature of the double source suggests that either the radio emis-
sion or electron acceleration is inhibited in the separation region.
Changes in acceleration along the shock front can be explained
by changes in the local shock geometry, where, at small scales
along the shock front, the shock occasionally deviates from a
quasi-perpendicular geometry necessary for the rapid and ef-
ficient acceleration of electron beams. Below, we discuss two
scenarios in which the properties of the shock wave or ambient
medium can explain the presence of this double source:

The double radio source presented here can be emitted on
ether side of a shock corrugation (see Fig. 5b). Previous stud-
ies suggested that a wavy or rippled shock wave is most likely
to explain the generation of fine structures in type II emission
(e.g. Zlobec et al. 1993; Morosan et al. 2019). The cartoon in
Fig. 5b shows the possible shock geometry that can explain the
presence of a double radio source, as well as its increasing sepa-
ration as the shock wave expands. In this case, the separation of
the radio sources serves as a proxy for the spatial scale of the cor-
rugation itself. Our estimations suggest that such a corrugation
has a rather large plane of sky size, on the order of ∼ 105 km,
but much smaller than the shock itself. We note that this scale
size may be limited by the LOFAR beam size used for imaging.
These deformations are caused by highly variable gradients in
density and magnetic field within the ambient medium through
which the shock propagates (Wijsen et al. 2023). These surface
deformations are significantly larger than the tangential surface
waves (ripples) generated by super-critical shocks (e.g. Gedalin
& Roytershteyn 2024). However, they can manifest at various
spatial and temporal scales, depending on the corresponding
variations in the ambient medium.

Extreme inhomogeneities in the ambient medium are likely
to deform the shock. However, these variations themselves can
also be the cause of the double radio source. An example would
be the presence of non-radial field lines such that the shock ge-
ometry switches from quasi-perpendicular to quasi-parallel and
then back again to explain the region of no emission between the
two radio sources. These non-radial field lines have been sug-
gested before in the study by Morosan et al. (2024) to explain
the likelihood of a global oblique shock becoming perpendicular
at local scales. The source separation would then give the scale
of field line structuring in the low corona. Another possibility, is
the presence of large intermittent density structures in the corona
(DeForest et al. 2018).

To conclude, given this variability in shock structure or am-
bient medium, electron acceleration may occur intermittently,
resulting in radio emission with numerous fine structures with
varying drifts and brightness within the larger-scale emission
from a region of the global shock. These are commonly observed
characteristics of type II radio bursts that in turn reflect the com-
plex structural variations of the shock. We have shown that these
variations can lead to hotspots for the acceleration of electrons
and also expand as the shock propagates outward at a similar rate
as the global shock wave.

Acknowledgements. D.E.M. acknowledges the Research Council of Finland
project ‘SolShocks’ (grant number 354409). I.C.J was funded by the Research
Council of Finland project SHOCKSEE (grant No. 346902). This study has re-
ceived funding from the European Union’s Horizon Europe research and inno-
vation programme under grant agreement No. 101134999 (SOLER). The paper
reflects only the authors’ view and the European Commission is not responsi-
ble for any use that may be made of the information it contains. The research is
performed under the umbrella of the Finnish Centre of Excellence in Research

of Sustainable Space (FORESAIL) funded by the Research Council of Finland
(grant no. 352847). The authors wish to acknowledge CSC – IT Center for Sci-
ence, Finland, for computational resources. This paper is based on data obtained
with the LOFAR telescope (LOFAR-ERIC) under project code LC20_001. LO-
FAR (van Haarlem et al. 2013) is the Low Frequency Array designed and con-
structed by ASTRON. It has observing, data processing, and data storage fa-
cilities in several countries, that are owned by various parties (each with their
own funding sources), and that are collectively operated by the LOFAR Euro-
pean Research Infrastructure Consortium (LOFAR-ERIC) under a joint scien-
tific policy. The LOFAR-ERIC resources have benefited from the following re-
cent major funding sources: CNRS-INSU, Observatoire de Paris and Université
d’Orléans, France; BMBF, MIWF-NRW, MPG, Germany; Science Foundation
Ireland (SFI), Department of Business, Enterprise and Innovation (DBEI), Ire-
land; NWO, The Netherlands; The Science and Technology Facilities Council,
UK; Ministry of Science and Higher Education, Poland.

References
Alissandrakis, C. E., Nindos, A., Patsourakos, S., & Hillaris, A. 2021, A&A,

654, A112
Bhunia, S., Carley, E. P., Oberoi, D., & Gallagher, P. T. 2023, A&A, 670, A169
Darnel, J. M., Seaton, D. B., Bethge, C., et al. 2022, Space Weather, 20,

e2022SW003044
de Gasperin, F., Dijkema, T. J., Drabent, A., et al. 2019, A&A, 622, A5
DeForest, C. E., Howard, R. A., Velli, M., Viall, N., & Vourlidas, A. 2018, ApJ,

862, 18
Fox, N. J., Velli, M. C., Bale, S. D., et al. 2016, Space Science Reviews, 204, 7
Galeev, A. A. 1976, in Physics of Solar Planetary Environments, ed. D. J.

Williams, Vol. 1, 464–490
Gedalin, M. & Roytershteyn, V. 2024, Journal of Plasma Physics, 90, 905900606
Jebaraj, I. C., Agapitov, O., Krasnoselskikh, V., et al. 2024, ApJ, 968, L8
Jebaraj, I. C., Dresing, N., Krasnoselskikh, V., et al. 2023, A&A, 680, L7
Jebaraj, I. C., Kouloumvakos, A., Magdalenic, J., et al. 2021, A&A, 654, A64
Johlander, A., Schwartz, S. J., Vaivads, A., et al. 2016, Phys. Rev. Lett., 117,

165101
Kennel, C. F., Edmiston, J. P., & Hada, T. 1985, Geophysical Monograph Series,

34, 1
Krasnoselskikh, V., Balikhin, M., Walker, S. N., et al. 2013, Space Science Re-

views, 178, 535
Lembege, B., Giacalone, J., Scholer, M., et al. 2004, Space Science Reviews,

110, 161
Leroy, M. M. & Mangeney, A. 1984, Annales Geophysicae, 2, 449
Ma, S., Raymond, J. C., Golub, L., et al. 2011, ApJ, 738, 160
Mann, G., Breitling, F., Vocks, C., et al. 2018a, A&A, 611, A57
Mann, G., Melnik, V. N., Rucker, H. O., Konovalenko, A. A., & Brazhenko, A. I.

2018b, A&A, 609, A41
Morosan, D. E., Carley, E. P., Hayes, L. A., et al. 2019, Nat. Astron., 3, 452
Morosan, D. E., Dresing, N., Palmroos, C., et al. 2025, A&A, 693, A296
Morosan, D. E., Pomoell, J., Kumari, A., Kilpua, E. K. J., & Vainio, R. 2023,

A&A, 675, A98
Morosan, D. E., Pomoell, J., Kumari, A., Vainio, R., & Kilpua, E. K. J. 2022a,

A&A, 668, A15
Morosan, D. E., Pomoell, J., Palmroos, C., et al. 2024, A&A, 683, A31
Morosan, D. E., Räsänen, J. E., Kumari, A., et al. 2022b, Sol. Phys., 297, 47
Normo, S., Morosan, D. E., Kilpua, E. K. J., & Pomoell, J. 2024, A&A, 686,

A159
Offringa, A. R., McKinley, B., Hurley-Walker, et al. 2014, MNRAS, 444, 606
Pulupa, M., Bale, S. D., Bonnell, J. W., et al. 2017, Journal of Geophysical Re-

search (Space Physics), 122, 2836
Sagdeev, R. Z. 1966, Reviews of Plasma Physics, 4, 23
Smerd, S. F. 1970, PASA, 1, 305
van Haarlem, M. P., Wise, M. W., Gunst, A. W., et al. 2013, A&A, 556, A2
Vourlidas, A., Wu, S. T., Wang, A. H., Subramanian, P., & Howard, R. A. 2003,

ApJ, 598, 1392
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Appendix A: Radio source separation rate and
shock speed

Fig. A.1. Slit applied to SUVI 195 Å running difference images in the
direction of the mid-point of the CME propagating radially outwatds.
The red dots denote the faint outer edge of the CME eruption in the
EUV images that were used to estimate its radial outwards speed using
a linear regression fit.

The separation rate of the radio sources is related to the
global expansion of the shock wave. However, this separation
speed may not be exactly the same as the expansion of the
shock for a number of reasons. Firstly, the plane-of-sky speed
of the CME obtained from SUVI images is only ∼680 km/s (see
Fig. A.1), and assuming self-similar expansion and the shock
corresponding to the outer faint EUV emission in the SUVI im-
ages, this speed is also indicative of the expansion rate of the
shock. This speed is, however, expected to be a lower limit since
the eruption originates behind the visible solar limb, facing away
from observers at Earth. Given that the flare originates at a Car-
rington longitude of 213◦ (see Morosan et al. 2025 where the
longitude was estimated from far side observations), thus the an-
gle between the eruption site and the limb (Carrington longitude
177◦) is 36◦, a more accurate radial speed estimate of the shock
is:

vs =
680

cos 36◦
≈ 840 km/s

However, the above value for de-projected speed makes the as-
sumption that the CME propagates radially outwards from the
flaring region which is not always the case. Thus, further pro-
jection effects are likely the cause for the discrepancy between
the CME speed obtained from EUV images and the shock ex-
pansion inferred from radio imaging. Another factor contribut-
ing to this discrepancy is that the radio bursts may not neces-
sarily travel along the shock normal but at a certain angle. Then
there is a dependence on the actual shock speed and this angle.
However, the self-similarity of the expansion remains unaffected
when correcting for this angle. These projection effects are, how-
ever, not possible to estimate without multi-viewpoint images at
both EUV and radio wavelengths.
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