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ABSTRACT

Context. Fast coronal mass ejections (CMEs) can drive shock waves capable of accelerating electrons to high energies. These shock-
accelerated electrons act as sources of electromagnetic radiation, often in the form of solar radio bursts. Recent findings suggest that
radio imaging of solar radio bursts can provide a means to estimate the lateral expansion of CMEs and associated shocks in the low
corona.

Aims. Our aim is to estimate the expansion speed of a CME-driven shock at the locations of radio emission using 3D reconstructions
of the shock wave from multiple viewpoints.

Methods. In this study, we estimated the 3D location of radio emission using radio imaging from the Nancay Radioheliograph and
the 3D location of a CME-driven shock. The 3D shock was reconstructed using white-light and extreme ultraviolet images of the
CME from the Solar Terrestrial Relations Observatory, Solar Dynamics Observatory, and the Solar and Heliospheric Observatory.
The lateral expansion speed of the CME-driven shock at the electron acceleration locations was then estimated using the approximate
3D locations of the radio emission on the surface of the shock.

Results. The radio bursts associated with the CME were found to reside at the flank of the expanding CME-driven shock. We identified
two prominent radio sources at two different locations and found that the lateral speed of the shock was between 800 and 1000 km s~
at these locations. Such a high speed during the early stages of the eruption already indicates the presence of a fast shock in the low
corona. We also found a larger ratio between the radial and lateral expansion speed compared to values obtained higher up in the
corona.

Conclusions. We estimated for the first time the 3D expansion speed of a CME-driven shock at the location of the accompanying radio
emission. The high shock speed obtained is indicative of a fast acceleration during the initial stage of the eruption. This acceleration
leading to lateral speeds in the range of 800—1000kms~' is most likely one of the key parameters contributing to the presence of

metric radio emissions, such as type II radio bursts.
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1. Introduction

Coronal mass ejections (CMEs) are one of the most energetic
phenomena in the Solar System (e.g. Webb & Howard 2012).
They often drive coronal shock waves that can in turn acceler-
ate particles up to relativistic energies (e.g. Reames 1999). The
fast lateral expansion of CMEs and associated shock waves has
recently been reported to influence the occurrence of solar radio
bursts associated with CMEs (e.g. Morosan et al. 2021).

Solar radio bursts are transient increases in the solar radio
emission intensity above the background level. They can be cat-
egorised based on their properties and appearance in a dynamic
spectrum into types I to V (Wildetal. 1963). In particular,
type II and type IV radio bursts are most commonly associ-
ated with CMEs (e.g. Gergely 1986; Clalen & Aurass 2002;
Kumari et al. 2021, 2023; Morosan et al. 2021). In dynamic
spectra, type II radio bursts appear as lanes drifting slowly
(drift rate typically less than 1MHzs™') towards lower fre-
quencies (Roberts 1959; Nelson & Melrose 1985; Cairns et al.
2003). There are often two bands of emission with a frequency
ratio of approximately two representing emission at the local
plasma frequency and its harmonic. Type II bursts are closely
associated with CME-driven shocks that accelerate electrons

to high energies (Mann & Klassen 2005; Zucca et al. 2018).
In addition, approximately 20% of type II bursts exhibit fine
structures called herringbones (Roberts 1959; Holman & Pesses
1983; Cairns & Robinson 1987). They are characterised by a
much faster drift to lower and/or higher frequencies superim-
posed on a type II burst or even occurring on their own. Her-
ringbone bursts originate from electron beams accelerated at
the flanks of CME-driven shocks as they expand in the solar
corona (e.g. Carley et al. 2013; Morosan et al. 2019a, 2022;
Zhang et al. 2024). In contrast, type IV radio bursts are rep-
resented by a longer duration broadband continuum emission
in dynamic spectra, and they can be either moving or sta-
tionary in nature, both of which have been associated with
CMEs (Weiss 1963; Pick 1986). While plasma emission is a
widely accepted emission mechanisms for type II bursts (e.g.
Melrose 1980), the formation of type IV radio emission is
less certain. Several different emission mechanisms have been
reported to be responsible for type IV bursts, including syn-
chrotron and gyrosynchrotron (Boischot & Clavelier 1968; Dulk
1973; Tun & Vourlidas 2013; Carley et al. 2017), in addition
to plasma emission (Benz & Tarnstrom 1976; Gary et al. 1985;
Morosan et al. 2019b, 2020a; Salas-Matamoros & Klein 2020).
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The measured speed of a CME is a combination of its
radial speed (the speed of the nose of the CME) and lateral
expansion speed (e.g. Dal Lago et al. 2003; Schwenn et al. 2005;
Gopalswamy et al. 2009a; Dagnew et al. 2020). Typically, the
radial and lateral expansion speeds are estimated using white-
light images. However, a statistical study (Morosan et al. 2021)
as well as studies of individual events (e.g. Démoulin et al. 2012;
Morosan et al. 2019a) suggest that the lateral expansion of a
CME or the accompanying shock wave in the low corona could
be estimated using radio emission. Statistical studies have also
shown that wider CMEs are more likely to be associated with
metric radio emission (e.g. Lara et al. 2003; Kahler et al. 2019;
Kumari et al. 2023) than narrow CMEs, indicating that a fast
expansion of the CME in the low corona could be crucial for
the formation of a shock wave in the low corona and for subse-
quent electron acceleration to occur. However, the lateral expan-
sion speeds of CME-driven shocks in the low corona have been
poorly studied and even less so in 3D due to the limited number
of multi-point imaging observations where the shock outline is
clear.

In this paper, we present the analysis of herringbone-
like radio emission associated with a CME that erupted on
1 September 2014. The CME drove a shock wave that showed a
clear boundary in multi-vantage point extreme ultraviolet (EUV)
imaging and allowed the shock to be fitted in 3D. Using a 3D
reconstruction of the CME-driven shock, we found the radio
emission originates from the flank of the expanding shock. We
then estimated the lateral expansion speed of the shock at the
location of said radio emission.

2. Observations and data analysis
2.1. Radio emission

On 1 September 2014, a radio event was observed simulta-
neously with a CME. The start of the radio emission was at
~11:00 UT, which corresponded to the early evolution of the
CME. The associated radio emission is shown in the com-
bined dynamic spectrum in Fig. 1 observed by the Radio and
Plasma Wave Investigation (SWAVES; Bougeret et al. 2008)
instrument on board the Solar Terrestrial Relations Observatory
Behind (STEREO-B; Kaiser et al. 2008), the Nancay Decame-
ter Array (NDA; Boischot et al. 1980), ORFEES (Observa-
tion Radio pour FEDOME et I'Etude des Eruptions Solaires)
radio spectrograph (Hamini et al. 2021), and a radio spectrom-
eter from the e-CALLISTO network (Benz et al. 2005, 2009):
e-CALLISTO Birr. The spectrum covers a frequency range
of 0.125-300 MHz between 11:00 and 12:00 UT. The instru-
ments NDA, e-CALLSITO Birr, and ORFEES observed multiple
type III bursts shortly after the start of the radio event. Type III
bursts were also observed by STEREO-B/SWAVES. Addition-
ally, at low frequencies (5100 MHz), both continuum-like emis-
sion and multiple type II features were observed. Notably,
NDA observed a multi-lane type II burst between 11:00 and
11:05 UT, a continuum-like emission right after 11:05 UT, and
type II lanes around 11:15 UT, whereas STEREO-B/SWAVES
observed a type II burst shortly after 11:10 UT. The fundamen-
tal and harmonic lanes of this type II are marked in Fig. 1
with F and H, respectively. A type I noise storm was present
throughout the observations and most prominently seen at a
frequency range of 144-200 MHz. Within the same frequency
range, many fast-drifting individual bursts resembling herring-
bones were observed between 11:00 and 11:05 UT. As outlined
by the dashed rectangle in Fig. 1, this part of the dynamic spec-
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trum is detailed in Fig. 2 together with the e-CALLISTO Birr
and NDA spectra. The type I noise storm and the type III bursts
make it difficult to isolate and unambiguously distinguish the
features that belong to the emission.

In order to study the location of the observed herringbone-
like emission relative to the eruption, interferometric radio
observations from the Nancay Radioheliograph (NRH;
Kerdraon & Delouis 1997) were used to construct images of
the radio bursts. However, the radio imaging was limited by the
NRH observing frequencies to 150-450 MHz. Consequently,
the NRH data was extracted as contours outlining the bright
emission at 150 MHz (blue), 173 MHz (purple), and 228 MHz
(green), as shown in Fig. 2b. The contours are overlaid on
running difference images observed by the Atmospheric Imag-
ing Assembly (AIA; Lemen etal. 2012) on board the Solar
Dynamics Observatory (SDO; Pesnell et al. 2012) at 211 A
between 11:00 and 11:03 UT. The radio contours were drawn
where the brightness temperature of the radio emission is at
30% and 70% of its maximum value.

2.2. The coronal mass ejection

The CME accompanying the radio event erupted behind the east-
ern limb of the Sun. Figure 3 shows the active region and flare
associated with the eruption in EUV at 11:00:56 UT observed
by the Extreme UltraViolet Imager (EUVI; Wuelser et al. 2004)
on board STEREO-B. In addition to SDO and STEREO-B,
the CME was also observed by the Solar and Heliospheric
Observatory (SOHO; Domingo et al. 1995). In white-light, the
CME was first observed at 11:05 UT by the Inner Coronagraph
CORI1 (Howard et al. 2008) on board STEREO-B. A few min-
utes later, at 11:12 UT, the CME was observed in white-light
from another viewpoint by the Large Angle and Spectromet-
ric Coronagraph (LASCO C2; Brueckner et al. 1995) on board
SOHO. There were no observations from STEREO-A during
this time period. The locations of the spacecraft relative to the
Sun are shown in the left panel of Fig. 4a. Additionally, the ear-
lier stages of the eruption were imaged in EUV by STEREO-B’s
EUVI and SDO’s AIA instruments. A prominent shock wave
was seen in the white-light images. An estimate for the plane-
of-sky speed of the CME from the SOHO/LASCO CME cata-
logue (Gopalswamy et al. 2009b) is 1901 kms~! for a linear fit.
Using a second-degree fit, a maximum speed of ~2600kms™!
was found at a heliocentric distance of ~4 R,

3. Results
3.1. Characteristics of the radio emission

The zoomed-in ORFEES dynamic spectrum in Fig. 2a shows
herringbone-like radio emission observed during the early evolu-
tion of the CME. More precisely, we identified reverse (positive)
drifting structures with a drift rate of df/d¢ ~ 25.5 MHzs™' (see
Fig. B.1a). The radio contours in Fig. 2b reveal simultaneous
bright emissions at 150 MHz (blue) and 173 MHz (purple) ini-
tially ahead of the CME and later overlapping the CME eruption
as seen in the plane of sky. In addition, the left panel in Fig. 2b
shows two distinct bright peaks in the emission: one at 150 MHz
and the other at 173 MHz. The peaks were analysed separately,
and they are outlined with dashed rectangles labelled as Box 1
and Box 2 in Fig. 2b. Persistent emission at all three frequencies
(150 MHz, 173 MHz, and 228 MHz) were observed to overlap at
an active region on the solar disc. This emission corresponds to
the type I noise seen in the dynamic spectrum in Fig. 1.
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Fig. 1. Dynamic spectrum from STEREO-B/SWAVES, NDA, e-CALLISTO Birr, and ORFEES between 0.125 MHz and 300 MHz. The spectrum
shows various types of solar radio bursts labelled and indicated with arrows. The dashed rectangle indicates the part of the full spectrum shown in

Fig. 2a.

3.2. Reconstruction of the CME-driven shock and location of
the radio emissions in 3D

We reconstructed the CME shock in three dimensions using
EUV and white-light images from two viewpoints and the
PyThea tool (Kouloumvakos et al. 2022). The shock was fit-
ted using the graduated cylindrical shell (GCS; Thernisien et al.
2006, 2009) model, which is typically used to fit CME flux
ropes. We used a simplified version of this model by setting the
half-angle to zero since the spheroid model typically used for
fitting shocks was unable to simultaneously fit the features seen
in both STEREO-B’s and SDO’s viewpoints. Figures 4a—d show
the fitting of the CME shock at four different times and from two
perspectives: STEREO-B (left) and SDO (right). The shock fit-
tings (in blue) are plotted over running difference EUVI-B 195 A
and COR1-B images in the left panels and over running differ-
ence SDO/AIA 211 A in the right panels. In addition, the right
panel in Fig. 4c includes a running difference SOHO/LASCO C2
image.

Following the reconstruction of the CME-driven shock in
3D, we sought the spatio-temporal relation between the peak
radio emission intensities located in Boxes 1 and 2 in Fig. 2b
and the shock surface. First, we determined the centroids of the
observed bright emission at 150 MHz and 173 MHz from the
NRH imaging. This provided the location of the radio emission
in the plane of sky as viewed from Earth. In addition to Earth’s
view of the radio centroids, we also investigated how they are
located from STEREO-B’s perspective. In order to do a coor-
dinate transform to the frame of reference of STEREO-B, 3D
coordinates for each emission source were needed. The plane-
of-sky x and y coordinates were obtained from NRH imaging,
which means that the unknown z coordinates needed to be esti-
mated (see for example, the methods of Morosan et al. 2020a).

Figure 2b shows that, initially, the location of the radio emis-
sion was outside the CME outline in EUV images, and as the
eruption expanded, it overlapped the evolving CME in the plane
of sky. Therefore, we could assume that the emission is outside
of the eruption the entire time since the morphology of the radio
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Fig. 2. Dynamic spectrum and contours of the herringbone-like radio emission. (a) Zoomed-in dynamic spectrum from NDA, e-CALLISTO Birr,
and ORFEES between 10 MHz and 200 MHz. This part of the spectrum shows the herringbone-like fine structure observed by ORFEES as well as
the first type II burst observed by NDA. (b) Contours of the radio emission at 30% and 70% levels from NRH Stokes / (total intensity) observations
at 150 MHz (blue), 173 MHz (purple), and 228 MHz (green). The contours are overlaid on running difference images observed by SDO/AIA at
211 A. The time interval between the images used to produce the running difference images is 2 min. The two peaks in radio intensity in the left

panel of b are outlined by rectangles and coined Box 1 and Box 2.

emission did not change in the dynamic spectrum. We started
by assuming that the radio bursts are emitted in the plane of sky
(i.e. the z coordinate of this emission is ~0). However, we note
that the radio sources could also move towards or away from
the observer, from Earth’s perspective, and only cross the z = 0
plane as they propagate. It is unlikely that the centroid location
is away from the plane of sky based on the following considera-
tions: The z coordinate cannot be large and positive, as then the
radio emission would be located too far away from the expand-
ing eruption in 3D, and the z coordinate also cannot be large and
negative, as then it would be located inside the CME core, while
initial observations place this emission outside of the CME erup-
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tion. Therefore, the assumption that the radio sources propagate
in the plane of sky is a good approximation to determine their
location in other perspectives and relative to the CME-driven
shock.

The top-right panel in Fig. 5 shows the centroids of the radio
emission peak intensities located in Boxes 1 and 2 at 150 MHz
for 4 min period starting at 11:00 UT. The centroids are overlaid
on the SDO/AIA 211 A running difference image at 11:05 UT.
From Earth’s viewpoint, the centroids overlap with the erup-
tion at this time and exhibit only very little apparent move-
ment in time. The centroids at 173 MHz behave in a very sim-
ilar manner (see Fig. A.1). The left panel in Fig. 5 shows the
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Fig. 3. Active region where the eruption on 1 September 2014
originated and an accompanying flare observed by STEREO/SECCHI/
EUVI-B at a wavelength of 195 A at 11:00:56 UT.

coordinate transformed centroids at 150 MHz using z = 0 from
STEREO-B’s point of view. The centroids are overlaid on
the running difference EUVI-B 195 A and COR1-B images at
11:05 UT. The centroids of the radio emission in Boxes 1 and 2
are plotted with the reconstructed shock at 150 MHz in the bot-
tom panel of Fig. 5. The centroids and the shock are viewed from
three perspectives: STEREO-B (left), solar north pole (middle),
and Earth (right). The view from the north pole of the Sun shows
that the centroids are located at the flank of the shock bubble.

3.3. Estimating the lateral speed of the CME-driven shock

We found two distinct locations of radio emission at the flank
of the CME-driven shock. The spatio-temporal co-location of
the radio emission and the 3D reconstruction of the shock can
be used to estimate the lateral expansions of the CME shock at
the location of electron acceleration. Figure 6a shows a 3D plot
of the of the reconstructed shock as viewed from Earth at four
different times: 11:05 (top left), 11:10 (top right), 11:15 (bot-
tom left), and 11:20 UT (bottom right). The points inside Box 1
(blue) and Box 2 (red) were determined on the surface of the
shock at 11:05 UT. The location was estimated by finding the
point in the shock mesh near the 3D coordinates of the centroids.
These points were tracked for the following three shock recon-
struction time steps and used in a distance-time plot to estimate
the expansion speed.

We estimated the lateral expansion speed by first determining
the centre line inside the shock, and then we calculated the dis-
tance of a point on the surface of the shock from the centre line.
Figure 7 shows the shock reconstructions at the four different
times plotted together with the shock centre line. The centre line
was constructed using the coordinates of the shock model, and
it points from the solar surface towards the apex of the shock.
The distance from the centre line of each point in Fig. 6a was
calculated in order to estimate the lateral expansion speed of the
CME-driven shock. In Fig. 7, the line perpendicular to the centre
line shows an example distance of a point on the surface of the
shock at 11:20 UT.

EUVI-B 195 A 11:05:56 UT

a COR1-B 11:05:24 UT SDO/AIA 211 A 11:05:23 UT

EUVI-B 195 A 11:10:56 UT

b. COR1-B 11:10:24 UT SDO/AIA 211 A 11:10:23 UT

EUVI-B 195 A 11:15:56 UT
c COR1-B 11:15:24 UT

SDO/AIA 211 A
SOHO/LASCO-C

:15:23 UT

1
11:12:05 UT

EUVI-B 195 A 11:20:56 UT

COR1-B 11:20:24 UT SDO/AIA 211 A 11:20:23 UT

Fig. 4. Fitting of the CME shock with the GCS model at four
different times: (a) 11:05, (b) 11:10, (c) 11:15, and (d) 11:20UT.
The panels show the fit as seen from STEREO-B (left) and Earth
(right). In addition, panel a shows the location of the observing
spacecraft relative to the Sun. The GCS model (blue) is over-
laid on the EUV and white-light running difference images. The
EUYV observations consist of STEREO/SECCHI/EUVI-B at 195 A and
SDO/AIA at 211 A. The white-light observations were mainly made by
STEREO/SECCHI/CORI1-B, with the exception of the right panel in ¢
where SOHO/LASCO C2 data was available. The time interval between
the images used to produce the running difference images is 5 min for
both EUVI-B and COR1-B and 12 min for LASCO C2.

The top panel in Fig. 6b shows the distances of the mesh
points in Fig. 6a from the centre line as a function of time. The
movement of these points was fitted with a second-degree poly-
nomial function, and the fits are indicated by the dashed curves
in the top panel of Fig. 6b. The bottom panel in Fig. 6b shows
the derived speed of the shock at the location of the radio emis-
sions. The speeds were obtained by calculating the derivatives
of the fitted functions in the top panel at four different times cor-
responding to the times of the GCS shock models. At all time
instances, the speed of the shock at the location of radio emis-
sions in both Boxes 1 and 2 is between 800 and 1000 kms~'.
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Fig. 5. Centroids of the radio emission at 150 MHz. The top panel shows the centroids of the radio emission from the perspective of
STEREO-B (left) and Earth (right). The centroids are plotted over running difference images from STEREO/SECCHI/EUVI-B at 195 A,
STEREO/SECCHI/COR1-B, and SDO/AIA at 211 A. The bottom panel shows the centroids together with the 3D reconstruction of the shock
from three perspectives: STEREO-B (left), solar north pole (middle), and Earth (right).

4. Discussion and conclusion

We observed herringbone-like radio emissions and type II
solar radio bursts associated with a CME-driven shock. The
herringbone-like emission exhibited a fast positive frequency
drift with a drift rate of approximately 25.5 MHzs™!. Reverse
drifting herringbones with such high-value drift rates have
been observed before in recent observations (e.g. Zhang et al.
2024; Morosan et al. 2024). Additionally, the emission showed
no underlying type II backbone, which has been observed
before in complex radio events, such as the present study (e.g.
Morosan et al. 2022, 2024). Holman & Pesses (1983) suggested
that a quasi-perpendicular shock encountering a plasma gradi-
ent parallel to the shock front can lead to herringbone emission
without the presence of a bright backbone. A recent study by
Morosan et al. (2020b) suggests that the formation of magnetic
traps between the shock front and overlying magnetic field can
lead to the generation of herringbone-like bursts (also without
a backbone) following the escape of energised electron beams.
Using a 3D reconstruction of the CME-driven shock, the source
locations of this emission were found to be co-spatial with the
flank of the expanding shock. This suggests that the emission
likely originates from shock-accelerated electrons. We recon-
structed the shock in 3D using multi-viewpoint EUV and white-
light observations. However, different approaches to 3D mod-
elling of shocks in the low corona have been taken as well,
for example, using EUV and radio observations (Mancuso et al.
2019). The lateral expansion speed of the shock at the locations
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of the radio emission resulted in speeds in the range of 800—
1000 km s~!, which indicates a fast lateral expansion. The values
are consistent with previously reported values resulting from 2D
analyses of fast CMEs (e.g. Vourlidas et al. 2003; Rigozo et al.
2011; Chengetal. 2012; Veronigetal. 2018; Morosan et al.
2019a, 2020a). For example, Rigozo et al. (2011) estimated an
expansion speed of 1091.3km ™! within the LASCO C3 field of
view for one of the CMEs they analysed. Lower in the corona,
Veronig et al. (2018) found lateral expansion speeds of up to
~1600km s~! in the field of view of the Solar Ultraviolet Imager
(SUVI; Seaton & Darnel 2018). This CME was also associated
with type II radio bursts (Gopalswamy et al. 2018).

The relationship between the radial speed and the lateral
expansion speed of CMEs and shocks has been studied previ-
ously in the field of view of SOHO/LASCO C2 and C3 coro-
nagraphs (e.g. Dal Lago et al. 2003; Gopalswamy et al. 2009a;
Michalek et al. 2009; Dagnew et al. 2020). However, this rela-
tionship has not yet been studied in the low corona below ~2 R,
Dal Lago et al. (2003) studied multiple limb CMEs to determine
arelation of Viuq/Veyxp = 0.88. Later, Gopalswamy et al. (2009a)
found that the relation of Viq/Veyp is dependent on the CME
width, which can result in values of less than one or greater than
one. A statistical study of multiple limb CMEs in solar cycle 23
by Michalek et al. (2009) found a relation of Viaq/Veyp = 1.17.
Dagnew et al. (2020) compared solar cycles 23 and 24 and
determined the average relations to be Viaq/Vexp = 0.97 and
Viad/Vexp = 0.68, respectively. In our event, we utilised the
centre line of the 3D shock model, shown in Fig. 7, to esti-
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Fig. 6. Lateral expansion of the shock at the locations of the radio
sources. (a) Estimated locations of the radio emission on the 3D model
of the shock at four different times: 11:05, 11:10, 11:15, and 11:20 UT.
The coordinates of the points, which correspond to the radio emission
peak intensities within Box 1 (blue) and Box 2 (red) and indicated by
the white arrows, can be used to estimate the speed. (b) Distance from
the shock centre line of the radio emission sources calculated from the
coordinates of the points in a. In the top panel, a second-degree polyno-
mial fit is done to describe the movement. The bottom panel shows the
speed calculated as a derivative of the fitted function in the top panel.
The blue dashed line indicates a first-degree polynomial fit to the decel-
erating profile of the radio source in Box 1.

mate the radial speed. The height of the apex for each shock
reconstruction was found along the centre line. Fitting the height
with a second-degree polynomial function and calculating the
derivative of the fitted function resulted in radial speeds of over
2000kms~!'. Comparing this to the lateral expansion speeds at
the location of Box 1 at the same times resulted in ratios valued
between approximately 2.1 and 2.6. The relations are all higher
than the previously reported values obtained in the corona using
measurements of the lateral width of CME:s. In the present study,
there is a difference of at least a factor of approximately two in
these ratios for a shock in the low corona and for CMEs higher in
the corona within LASCQ’s field of view. The previous studies
mainly considered the main CME body and excluded any visi-
ble shock features that might contribute to the difference in the
ratios. In the low corona, however, the CME main body is rel-
atively close in distance to the associated shock wave and their
expansion speeds are likely similar.

Fig. 7. Three-dimensional models of the CME-driven shock at four dif-
ferent times (11:05, 11:10, 11:15, and 11:20UT) as viewed from the
solar north pole. The blue line pointing away from the Sun is the cen-
tre line of the shock, which is used to estimate the radial speed of the
shock. The blue line perpendicular to it shows an example of the dis-
tance of a point on the shock surface from the centre line. The short-
est distance of each point in Fig. 6a is used to estimate the lateral
expansion speed of the shock. Here, the distance between the loca-
tion of the radio source in Box 1 at 11:20 UT and the centre line is
shown.

51 e Typell (NDA)
=3 e Type Il (SWAVES) .
[
2.l 0® Shock Apex @ b
§ Box 1 o O
© @ °
_g 31 o °
c L ]
g *
] 009”
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Fig. 8. Heliocentric distance of two tracked type II bursts, the apex of
the shock, and the location of the peak intensity in Box 1. The dis-
tances of the first (blue) and the second (green) type II bursts were cal-
culated using their frequency-time evolution and the Saito et al. (1977)
coronal electron density model. The distance of the apex (pink) and the
point in Box 1 (yellow) were obtained from the 3D reconstruction of the
shock.

In addition to the herringbone-like emission, type II radio
bursts were observed in the frequency range of both NDA and
STEREO-B/SWAVES. The frequency drift of the bursts can
be tracked in the spectrum (see Fig. B.1b) and converted to
heliocentric distances using a coronal electron density model.
Figure 8 shows the heliocentric distance of the first (NDA, blue)
and the second (SWAVES, green) type II bursts according to the
coronal electron density model by Saito et al. (1977) as a func-
tion of time. We assumed the tracked lane of the first type II burst
to be fundamental emission and the tracked lane of the second
type II to be harmonic emission. The heliocentric distances of
the apex of the shock (pink) and location of the intensity peak in
Box 1 (yellow) are also included. Fitting a second-degree poly-
nomial function to the heliocentric distances of both type IIs and
determining their derivatives gives estimations for their speed.
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The first type II burst had a maximum speed of over 2300 kms~!,

and the speeds for the second type II burst were approximately
in the range of 1450-2500kms™".

We also find a clear difference in the speed profiles in Box 1
and Box 2. The speed at the location of the source located within
Box 2, which corresponds to the northernmost radio emission, is
almost constant for the time period considered. However, at the
location of the source within Box 1, which corresponds to the
brighter, more prominent radio emission, the speed profile shows
a clear deceleration over time. The decelerating profile can be
fitted with a first-degree polynomial function, which is indicated
by the blue dashed line in the bottom panel of Fig. 6b. The fit
gives the shock at the location of the radio source within Box 1
as a deceleration of a ~ —127 ms™2. Based on the decelerating
speed profile, it is likely that the shock expanded rapidly towards
the observer prior to decelerating. The results suggest that high
lateral expansion speeds were achieved already during the early
stages of the eruption. Such high speeds likely contributed to
generating the accompanying radio emission, which is also sug-
gested in previous studies. For example, Mann et al. (2003) stud-
ied shock waves in the corona and interplanetary space using a
theoretical model and determined that a propagating disturbance
can steepen to a shock wave and accelerate particles at helio-
centric distances as low as 1.2—2.9 R, and then beyond 6 Ry. At
11:05 UT, the radio source within Box 1 on the 3D shock model
is located at a heliocentric distance of ~1.4 R, thus falling inside
the interval determined by Mann et al. (2003).

Future statistical studies of the low coronal evolution of
CME:s can further constrain the CME speed parameters asso-
ciated with the presence of radio emissions. However, the sam-
ple of CMEs with clear shock boundaries in EUV from multiple
viewpoints is likely to be low, and even lower when associated
with radio events with imaging availability. Such studies may be
possible in the near future with the availability of Solar Orbiter
and STEREO-A moving again in orbit ahead of the Earth, which
can provide the additional viewpoints necessary to study low
coronal CME:s in 3D.
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Appendix A: Centroids of radio emission at 173
MHz

Figure A.1 shows the location of the radio emission at 173 MHz
extracted from the NRH imaging for a period of 4 min starting at
11:00 UT. The top-right panel shows the centroids from Earth’s
viewpoint overlaid on the SDO/AIA 211 A running difference
images. The top-left panel indicates the location of the centroid
from STEREO-B’s perspective overlaid on the EUVI-B 195 A
running difference images. The three bottom panels show the
centroids together with the 3D reconstruction of the shock from
the perspective of STEREO-B (left), the solar north pole (mid-
dle), and Earth (right). The centroids of the radio emission at
173 MHz exhibit a similar behaviour in time and space as the
centroids at 150 MHz.
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Fig. A.1. Centroids of the radio emission at 173 MHz. The top panel
shows the centroids of the radio emission from the perspective of
STEREO-B (left) and Earth (right). The centroids are plotted over
running difference images from EUVI at 195 A and COR1 on board
STEREO-B and AIA at 211 A from SDO. The bottom panel shows the
centroids together with the 3D reconstruction of the shock from three
perspectives: STEREO-B (left), solar north pole (middle), and Earth
(right).

Appendix B: Tracking the herringbone-like
emission and the type Il bursts

Figure B.1 shows how the frequency drifts of the herringbone-
like emission and the type II bursts were estimated. Figure B.1a
shows a zoomed-in dynamic spectrum observed by ORFEES
between 150 MHz and 190 MHz at 11:01:10-11:01:50 UT. This
part of the spectrum displays the observed herringbone-like
emission with reverse drifting structures. The points in the spec-
trum indicate the tracking of a single structure to determine its
drift rate df/dr. Figure B.1b shows dynamic spectrum observed
by STEREO-B/SWAVES and NDA at 1-80 MHz between 11:00
and 11:25 UT. The dots in the spectrum indicate how the type II
lanes were tracked in order to infer their heliocentric distances.

Frequency (MHz)

190
11:01:10 11:01:15 11:01:20 11:01:25 11:01:30 11:01:35 11:01:40 11:01:45 11:01:50
Time (UT)

b, 1

Frequency (MHz)

11:00:00

11:05:00

11:10:00 11:15:00
Time (UT)

11:20:00 11:25:00

Fig. B.1. Tracking the herringbone-like radio emission and type II
radio bursts in the dynamic spectra. (a) Dynamic spectrum observed
by ORFEES at 150-190 MHz between 11:01:10 and 11:01:50 UT.
The points in the spectrum indicate a single reverse drifting structure
and how the drift rate is determined. (b) Dynamic spectrum observed
by STEREO-B/SWAVES and NDA at 1-80MHz between 11:00 and
11:25UT.
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