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ABSTRACT

Context. The Sun produces the most powerful explosions in the solar system, solar flares, that can also be accompanied by large
eruptions of magnetised plasma, coronal mass ejections (CMEs). These processes can accelerate electron beams up to relativistic
energies through magnetic reconnection processes during solar flares and CME-driven shocks. Energetic electron beams can in turn
generate radio bursts through the plasma emission mechanism. CME shocks, in particular, are usually associated with type II solar
radio bursts.
Aims. However, on a few occasions, type II bursts have been reported to occur either in the absence of CMEs or shown to be more
likely related with the flaring process. It is currently an open question how a shock generating type II bursts forms without the
occurrence of a CME eruption. Here, we aim to determine the physical mechanism responsible for a type II burst which occurs in the
absence a CME.
Methods. By using radio imaging from the Nançay Radioheliograph, combined with observations from the Solar Dynamics Observa-
tory and the Solar Terrestrial Relations Observatory spacecraft, we investigate the origin of a type II radio burst that appears to have
no temporal association with a white-light CME.
Results. We identify a typical type II radio burst with band-split structure that is associated with a C-class solar flare. The type II
burst source is located above the flaring active region and ahead of disturbed coronal loops observed in extreme ultraviolet images.
The type II is also preceded by type III radio bursts, some of which are in fact J-bursts indicating that accelerated electron beams do
not all escape along open field lines. The type II sources show single-frequency movement towards the flaring active region. The type
II is located ahead of a faint extreme-ultraviolet (EUV) front propagating through the corona.
Conclusions. Since there is no CME detection, a shock wave is most likely generated by the flaring process or the bulk plasma
motions associated with a failed eruption. The EUV front observed is likely a freely propagating wave that expands into surrounding
regions. The EUV front propagates at an initial speed of approximately 450 km/s and it is likely to steepen into a shock wave in a
region of low Alfvén speed as determined from magneto-hydrodynamic modelling of the corona.

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

1. Introduction

Solar radio bursts can be produced by energetic processes in
the solar corona such as solar flares and coronal mass ejections
(CMEs). These processes accelerate electron beams that can in
turn generate emission at radio wavelengths through the plasma
emission mechanism (see e.g., Klassen et al. 2002, and the ref-
erences therein). Solar radio bursts are classified based on their
shape and characteristics in dynamic spectra as type I–V (Wild
1963). Type II and type IV bursts are usually associated with a
combination of a CME and flare or a CME only, but rarely with
solar flares only (e.g. Magdalenić et al. 2012; Su et al. 2015;
Kumar et al. 2016), which suggest that a CME is critical in pro-
ducing them (e.g. Smerd 1970; Dulk et al. 1976; Gergely 1986;
Morosan et al. 2019b; Salas-Matamoros & Klein 2020; Morosan
et al. 2021). Type III bursts in turn are associated with flares or
other activity on the Sun in the absence of flaring events and
they represent signatures of electron beams travelling along open
magnetic field lines (e.g. Reid & Ratcliffe 2014).

Type II radio bursts, in particular, are usually associated with
electron beams accelerated by CME-driven shock waves (Smerd
1970; Gopalswamy et al. 2005; Kumari et al. 2019). Type II
bursts consist of slowly drifting emission lanes observed at met-

ric to decametric wavelengths in dynamic spectra at the funda-
mental and/or harmonic of the plasma frequency (Mann et al.
1996; Nelson & Melrose 1985). The fundamental and harmonic
emission lanes can often show split bands (e.g., Smerd et al.
1975; Vršnak et al. 2001, 2002; Kumari et al. 2017b) and numer-
ous fine structures composing these lanes (e.g., Magdalenić et al.
2020). For example, fine-structured bursts called ‘herringbones’
are characterised by short-duration drifting bursts towards ei-
ther low or high frequencies stemming from a type II ‘back-
bone’ (Holman & Pesses 1983; Cairns & Robinson 1987; Cane
& White 1989), but sometimes also occurring without a type II
backbone (Holman & Pesses 1983; Morosan et al. 2019a). There
is also a wealth of other fine structures composing the emission
lanes of type II bursts, recently documented by Magdalenić et al.
(2020). Type II and associated fine structures are usually clas-
sified as the radio signatures of expanding CME-driven shocks
in the solar corona (e.g., Stewart et al. 1974; Martínez Oliveros
et al. 2012; Liu et al. 2009; Zucca et al. 2018; Carley et al. 2013;
Kumari et al. 2017a; Morosan et al. 2019a).

Some studies, however, suggest that not all type IIs are asso-
ciated with CME shocks (e.g., Magdalenić et al. 2012; Su et al.
2015; Kumar et al. 2016). A different mechanism has been sug-
gested for high-frequency type II bursts (> 150 MHz), that is,
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Fig. 1. Flare X-ray time series together with a dynamic spectrum of a type II radio burst. (a) GOES X-Ray light curve in the 1-8 Å channel. A
C-class flare associated with the Type II burst is shown inside the yellow region. (b) Combined dynamic spectrum from e-CALLISTO Glasgow
(40–80- MHz), e-CALLISTO Birr (100–145 MHz) and ORFEES (145–200 MHz) during the time period of the yellow shaded region in (a). The
dynamic spectrum shows Type III radio bursts followed by a type II bursts with fundamental and harmonic lanes of emission.

flare generated shock waves, due to some type II speeds being
much larger than that of the associated CME (e.g., Pohjolainen
et al. 2008; Magdalenić et al. 2008, 2010). A recent study of a
type II that occured at low frequencies, <100 MHz, suggested
that its origin was a piston-driven shock wave originating from
the active region jet during the eruption (Maguire et al. 2021),
i.e., they suggest that the source is not the accompanying CME.
However, in these previous studies, an ongoing CME was ob-
served at the same time by either The Large Angle Spectro-
graphic Coronagraph (LASCO; Brueckner et al. 1995) onboard
the Solar and Heliospheric Observatory (SOHO) or by the coro-
nagraphs of the Sun Earth Connection Coronal and Heliospheric
Investigation (SECCHI; Howard et al. 2008) onboard the So-
lar Terrestrial Relations Observatory (STEREO) spacecraft, thus
making the contribution of the CME shock to the type II emis-
sion unclear. A study that presents a type II observation in the
absence of a CME suggested that it was generated by a flare blast
wave (Magdalenić et al. 2012), however, this study was carried
out before the existence of the STEREO mission, which pro-
vided two additional coronagraphs in different heliocentric or-
bits monitoring the Sun. More recently, Kumar et al. (2016) pre-
sented a type II without a CME that was generated by an extreme
ultraviolet (EUV) wave propagating as a fast shock interpreted in

the study as being triggered by breakout reconnection along with
the accompanying flare. A statistical study over two solar cycles
(Kumari et al. 2022) showed that the majority of type IIs were
indeed associated with CMEs, with Solar Cycle (SC) 24 having
a higher association with CMEs than SC 23, most likely due to
a more comprehensive catalogue of CME detections by multi-
ple spacecraft, LASCO and STEREO A and B. In SC 24, only a
small percentage, 4.6% of type IIs, had no CME association. Ad-
ditionally, a study of moving radio bursts in SC24, mostly type II
and type IV radio bursts, revealed that all moving bursts, but one,
were closely associated with the occurrence of a CME (Morosan
et al. 2021). The only type II burst not associated with a CME
occurred on 25 October 2013 and was associated temporally to
a weak C-class flare.

In this paper, we analyze in detail this type II radio burst
and present the first detailed study that combines observations
of a type II radio burst that occurs in the absence of a white-
light CME with magneto-hydrodynamic simulations. In Sect. 2,
we give an overview of the observations and data analysis tech-
niques used. In Sect. 3, we present the results, which are further
discussed in Sect. 4. The conclusions are presented in Sect. 5.
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Fig. 2. The locations of the split bands of the type II radio burst harmonic lane. (a) Zoomed-in dynamic spectrum showing the harmonic emission
of the type II burst observed by ORFEES. The band-splitting is labelled as follows: lower frequency band (LB) and upper frequency band (UB).
(b) AIA 211 Å running difference images at three separate times showing the locations of the LB and UB bands at 150 (white to magenta filled
contours) and 173 MHz (blue to green filled contours) corresponding to the vertical solid lines in (a). (c) AIA 211 Å running difference images at
three separate times overlaid with the centroids of the LB and UB bands of the corresponding radio sources in (b). The centroids are shown as a
magenta triangle at 150 MHz and a blue circle at 173 MHz. The running difference images are two minutes apart. The white symbols in panel (e)
represents the location of the UB at an earlier time in (d), while the white symbol in panel (f) reprsents the centroid of the LB at an earlier time in
(e).

2. Observations and data analysis

2.1. Radio emission

For a type II radio burst identified on 25 October 2013 no CME
association could be made despite a good coverage of multi-
view-point coronagraph observations (Morosan et al. 2021). No
co-temporal CMEs were found in either LASCO C2 corona-
graphs or the STEREO A and B COR1 and COR2 coronagraphs.
The only eruptive signature that occurred during this Type II was
the onset of a C2.3-class flare from the active region NOAA
11875 (Fig. 1a). The Type II radio burst was observed in dy-
namic spectra from the e-CALLISTO network (Benz et al. 2005)
and the ORFEES (Observation Radio pour FEDOME et l’Étude

des Éruptions Solaires; Hamini et al. 2021) radio spectrograph
in the frequency range 50–190 MHz. The burst shows both fun-
damental and harmonic emission lanes with band-splitting and
was preceded by a set of type III bursts (Fig. 1b). Some of the
type III bursts did not continue to lower frequencies and show
an inverted J-shape (labelled J-bursts in Fig. 1b). These J-bursts
represent a sub-type of type III radio bursts where electrons do
not escape along open magnetic field lines but instead propagate
along closed coronal loops (e.g. Reid & Ratcliffe 2014; Morosan
et al. 2017).

The type II burst lasts for ∼5 minutes and ends at a frequency
of 50 MHz. At lower frequencies, there was no type II emission
and only some interplanetary type III bursts were observed at
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Fig. 3. Zoomed-in dynamic spectrum of the type II burst and its flux density over time obtained from NRH images. The top panel shows the
ORFEES dynamic spectrum during the type II harmonic lane. The last two panels show the flux of the type II bands together with the relative
intensity extracted from the ORFEES dynamic spectrum at two frequencies: 173 (middle) and 150 MHz (bottom). These plots show that the radio
sources imaged by the NRH represent the type II emission seen in the ORFEES dynamic spectrum.

the time. The harmonic lane of the type II burst is observed in
images from the Nançay Radioheliograph (NRH; Kerdraon &
Delouis 1997) at 150 and 173 MHz with a cadence of 0.25 s.
Both split bands of the harmonic lane can be imaged at these
two frequencies. To determine movement of the Type II sources,
we extracted the centroids of the Type II emission by fitting an
eliptical Gaussian to the radio sources and estimating the errors
in centroid positions using the methods of Condon (1997); Mo-
rosan et al. (2019a). The elliptical Gaussian was fitted to radio
contours with values over 107 K in brightness temperature which
includes most of the extent of the radio sources observed.

2.2. Associated flare

A C2.3-class flare occurred at the same time as the type II and
can be seen in the GOES X-ray time series in Fig. 1a in the
yellow shaded region. The yellow region also denotes the ex-
tent of the dynamic spectrum in Fig. 1b. The flare is short-lived
and peaks at 13:37 UT. The type III and type II bursts discussed
above were observed during the rise and peak phase of the flare.
The flare and the associated active region can also be observed
in EUV images from the Atmospheric Imaging Assembly (AIA;
Lemen et al. 2012) onboard the Solar Dynamics Observatory
(SDO; Pesnell et al. 2012). The type II radio sources are lo-
cated on the western solar limb (for a full evolution of the ra-
dio bursts and the flare, see Movies 1 and 2 accompanying this
paper). No coronal dimming was observed next to the active re-

gion, which would be a typical signature of a CME (e.g., Harri-
son et al. 2003).

3. Results

3.1. Location and characteristics of the type II burst

The type II burst studied here has the structure of a typical type
II burst showing both fundamental and harmonic emission with
split lanes. The split bands are labelled in the dynamic spec-
trum in Fig. 2a as follows: upper band (UB; higher-frequency
band) and lower band (LB; lower-frequency band). One of the
theories behind band-splitting in type IIs is that the upper and
lower bands represent emission from downstream and upstream
regions of the shock, respectively (Smerd et al. 1974). However,
this is not the case according to other theories and some simu-
lations that suggest they may originate at different regions up-
stream of the shock (McLean 1967; Knock et al. 2003).

What makes this burst unusual is that no co-spatial and co-
temporal white-light CME association can be made (either in
LASCO or STEREO coronagraphs) and that it is associated with
a relatively weak C-class flare (C2.3). NRH images reveal a ra-
dio source at 150 and 173 MHz on the western solar limb above
the active region NOAA 11875 at the same time as the type II
burst (Fig. 2). The ORFEES dynamic spectrum is shown in a
zoomed-in plot in Fig. 2a, together with filled contours of the
radio sources at 150 and 173 MHz in Figs. 2b–c, and the cen-
troids of these radio sources in Figs. 2d–f. The radio sources are
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Fig. 4. The propagation of the EUV front following the flare through the solar corona. AIA 211 Å running difference images at six separate time
showing the onset of the flare, followed by a EUV front propagating through the solar corona and faint moving feature detected beyond the solar
limb. Type III radio bursts contours are overlaid in (a) at two frequencies: 150 (blue) and 173 MHz (magenta). The EUV front is labelled in panels
b–e by the black dotted outline. The radio centroids of the type II burst at 150 MHz are overlaid in (d), where the colour bar represents time in
seconds. The dotted vertical line in (d) also separates the UB (left of line) and LB (right of line) centroids. The red-coloured dashed line in (c)
represents the location of the slit used in Fig. 5.

overlaid on AIA 211 Å running difference images of the Sun in
Figs. 2b–c, while the centroids are overlaid on AIA 193 Å run-
ning difference images of the Sun in Figs. 2d–f, at three separate
times denoted by the solid white lines in Fig. 2a. Panels b and d
show the radio source and centroid, respectively, at a time when
the LB of the type II burst begins and can be imaged at 173
MHz. In panels c and e, we observe the time of both the UB
(173 MHz) and the LB (150 MHz), while panels d and f only
show the UB at 150 MHz, when the type II emission is most in-
tense. There is a spatial difference between the source positions
of the two split bands: the LB appears to be located further away
from the Sun centre while the UB appears to be located closer to
Sun centre. This separation is 96±9 Mm (133±12 arcseconds) at
13:36:29 UT (Figs. 2c and 2e). Plane-of-sky projections effects
may affect this separation in 3D and the de-projected separation
is estimated in Section 3.3 following a 3D analysis and coronal
modelling. There is also a small spatial separation between the
bands at the same frequency but different times, however, this
could be attributed to the movement of the type II burst in time.

The flux of the radio sources imaged by the NRH at 150 and
173 MHz is also compared to the relative intensity with the type

II lanes in the ORFEES dynamic spectrum as shown in Fig. 3.
In this figure, the flux in the Stokes I and Stokes V images is es-
timated by adding the pixels over the extent of the radio source
that was defined as the pixels with values above 20% of the max-
imum intensity level in each image. This flux is then compared
with the relative intensity of the Type II obtained from the OR-
FEES dynamic spectrum. The ORFEES spectrum has a lower
temporal resolution than the NRH images, 100 ms compared to
250 ms, respectively. Figs. 3b–c show the Stokes I (solid blue
line) and Stokes V (dotted blue line) fluxes together with the
ORFEES relative intensity of the type II at 173 and 150 MHz.
The harmonic lanes imaged by the NRH are weakly polarised at
150 MHz (see the dashed blue line in Fig. 3c that represents the
Stokes V flux). The degree of circular polarisation of this burst
is negligible (<5%). Fig. 3 shows a good association between
the imaged radio source and the relative intensity of the type II
obtained from the dynamic spectrum. This is a confirmation that
the imaged bursts represent the type II which shows good tem-
poral and spatial association with the C-class flare.

The radio centroids at 150 MHz over the full duration of the
burst are shown in Figs. 4d. The colours of the centroids rep-
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Fig. 5. Propagation of the EUV front along the slit denoted by the red
dashed line in Fig. 4c. (a) Emission inside the slit over time showing a
propagation feature starting at ∼13:31 UT. (b) The height–time points of
the propagating feature are plotted as orange circles. A fainter structure
observed ahead of the propagating EUV front is plotted as green circles.
(c) The speed of the propagating feature and fainter structure after fitting
a height–time function to the data points in (b).

resent the time in seconds from the onset of the type II burst.
The centroids show a movement back towards the flaring active
region. Such movement has been observed before in the case
of herringbones (Morosan et al. 2019a, 2022). The errors in the
centroids locations are small ranging from 2 to 50 arcseconds
and thus, the movement of the radio sources in the plane-of-
sky (spanning over ∼200 arcseconds) is larger than the extent
of the uncertainty in position. However, in that study the ap-
parent movement towards the source active region was in fact
a plane-of-sky projection effect and thus the centroids followed
the three dimensional lateral expansion of the associated CME
outside the plane-of-sky. In our case there is no CME present.
Therefore, the shock wave responsible for the emission is likely
to expand laterally across the disc in the low corona as a freely
propagating shock expanding laterally, likely, in the shape of a
dome (e.g., Hudson et al. 2003). The centroids in Fig. 4d also in-
clude the time of occurrence of both split-bands, however, both
split bands seem to travel in that direction. The apparent move-

ment back towards the active can only be explained by the lateral
expansion of the shock wave outside the plane-of-sky.

3.2. EUV and white-light signatures associated with the type
II burst

At other wavelengths, any physical manifestation or indication
of a CME and an associated shock wave appear to be absent.
Before the occurrence of the type II burst, during the rise phase
of the flare (between 13:30 and 13:34 UT), we observe a jet in the
EUV images (labelled in Fig. 4a). During this phase we also see
a number of type III radio bursts, where some of these are in fact
J-bursts, indicating that some of the electron beams propagate
along closed magnetic field lines. These Type IIIs are plotted as
radio contours at 150 (blue) and 173 MHz (magenta) in Fig. 4a.

Shortly after the rise phase of the flare (after 13:34 UT), sets
of disturbed loops appear (loops that have moved from their ini-
tial locations so that they become visible in running difference
images) rooted with one footpoint in the flaring active region
(see the black arrows in Figs. 4b and 4e). The type II radio burst
is located ahead of these disturbed loops in the plane-of-sky (see
Fig. 4e). In the AIA 211 Å channel, also in running difference
images, a faint EUV front or wave is observed propagating to-
wards the limb (Figs. 4b–f). This EUV front is indicated by the
black dotted outline in the panels of Fig. 4. The propagating
EUV front is likely the cause of the disturbed loops seen in the
AIA 193 Å images. After the EUV front reaches the solar limb,
a faint signature of a propagating compression front is observed
in (Figs. 4e–f), not, however, resembling a CME (the faint com-
pression front is clearer in Movie 2 accompanying the paper as a
faint movement beyond the solar limb). This propagating com-
pression appears to move away from the solar limb in plane-of-
sky images and it is the only signature of plasma moving beyond
the solar disc in AIA images. This faint emission is visible in
images at 193 and 211 Å (please see the Movie 1 accompanying
this paper to observe the movement of this compression front
away from the solar limb). However, no white light signatures
are visible after this time in the LASCO C2 coronagraph.

The speed of the propagating EUV front can be estimated by
extracting the emission intensity over time inside a slit in AIA
211 Å images (e.g., Kim et al. 2014; Liu et al. 2018). The loca-
tion of the slit is along the dashed red line in Fig. 4c. The slit
intensity over time shows a faint propagating feature that repre-
sents the movement of the EUV front across the solar disc (de-
noted by the green and red dotted lines in Fig. 5a) starting at
∼13:31 UT, which is ∼10 minutes after the onset of the flare at
13:10 UT. This propagating feature extends to the solar limb and
beyond. This propagating feature can be viewed in two ways: a
brighter outline denoted by the red dotted line and a fainter out-
line ahead of it, starting two minutes later at ∼13:33 UT, denoted
by the green dotted line in Fig. 5a. The height–time profiles of
both of these outlines are shown in Fig. 5b. The height–time plots
are fitted with a function that contains a constant acceleration
term:

h = h0 + v0t +
1
2

a0t2, (1)

where h0, v0, and a0 are the initial height, speed and acceleration,
respectively. The results of the fit are shown in the speed–time
plot in Fig. 5c.

The EUV front appears to be decelerating as it travels
through the solar corona, however, initially it has a high speed
of over 450 km/s. This speed is, however, a lower limit due to
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Fig. 6. Disturbed loops and a moving feature observed beyond the solar limb in white-light images. STEREO-A white-light images from COR1
combined with EUVI 195 Å images are shown at three consecutive times. The inset in panel (a) shows the locations of the STEREO spacecraft in
relation to the Sun and SDO.

plane-of-sky projection effects, since the EUV wave propagates
across a spherical surface. This speed is comparable to that of
EUV waves that occur in close association with CMEs (Long
et al. 2008). This indicates that the EUV front is initially an im-
pulsive event most likely related to the flare and it decelerates as
it propagates trough the corona as there is no longer a driving
component present. At the time of the type II burst onset, the
EUV front has a plane-of-sky speed of ∼280 km/s at the brighter
outline and ∼430 km/s at the fainter outline. The fainter outline
of the EUV front appears to be significantly faster with an initial
speed of ∼470 km/s. At such speeds it is possible for a shock
wave to form in the low solar corona if the driver propagates
through an area of low Alfvén speed (e.g., Warmuth & Mann
2005) which will be discussed in the next sub-section.

The STEREO spacecraft provide additional vantage points
to study this emission. The flare is observed as originating be-
hind the limb in STEREO-A. Running difference images from
STEREO-A EUVI and COR1 combined are shown in Fig. 6 at
three separate times. At 13:35 UT, a set of disturbed loops are
visible outside the solar limb in EUVI 195 Å images. After this
time, COR1A shows a faint feature first appearing in its field-of-
view at 13:50 UT that does not propagate further into the outer
corona beyond ∼2.3 R� (for a complete evolution of this emis-
sion see Movie 3). This feature eventually disappears from the
running difference images at 14:25 UT. The white-light feature
likely represents the signature of either a failed eruption or bulk
plasma motion following the jet or flare. This bulk plasma mo-
tion is likely to be connected to the EUV front observed from
Earth’s perspective.

3.3. Coronal properties in the vicinity of the type II sources

To determine the properties of the plasma in which the type II ra-
dio sources propagate, we employed the Magnetohydrodynam-
ics Around a Sphere Thermodynamic (MAST) model (Lionello
et al. 2009). The MAST model is an MHD model developed
by Predictive Sciences Inc.1 that can be used to study the large-
scale structure and dynamics of the solar corona and inner helio-
sphere. The inner boundary conditions for the magnetic field in
the model are photospheric magnetograms from the Heliospheric
and Magnetic Imager (Scherrer et al. 2012, HMI;) onboard SDO.

1 http://www.predsci.com/

The model also includes thermodynamic processes with energy
equations accounting for thermal conduction, radiative losses,
and coronal heating. This thermodynamic MHD model is ca-
pable of reproducing large-scale coronal features that are ob-
served in white light, EUV, and X-ray wavelengths (Lionello
et al. 2009). The MAST model is limited by the input magne-
togram, therefore, any features close to the solar limb at the time
of the flare may not be accurately represented due to the ob-
scured view of photospheric features near the limb. The MAST
model is also not time-dependent, thus, any magnetic changes
at the time of the flare are not taken into account, however, the
MAST model produces a good representaiton of global coronal
features such as the location of streamers.

The MAST model outputs used in this study are global elec-
tron densities and magnetic field strengths. These properties are
then used to compute the global Alfvén speed in the corona
(Fig. 7) according to the methods of Morosan et al. (2022). The
results of the model are presented in Fig. 7 for two cases: the
plasma density height corresponding to harmonic plasma emis-
sion at 173 MHz (a) and the plasma density heights correspond-
ing to harmonic plasma emission at 150 MHz (b). These density
surfaces are obtained directly from the MAST model. The panels
of Fig. 7 show the global heights at which a certain level of elec-
tron plasma density occurs. 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 instead shows ridges of increased density
at certain locations. Overlaid on these density 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 to the right of Fig. 7).

The centroids of the radio sources from Figs. 2d–f are over-
laid on the model results at both 173 and 150 MHz. The purple
spheres in Fig. 7 represent the LB centroids at 13:35:42 UT for
173 MHz (a) and at 13:36:30 UT for 150 MHz (b). The orange
spheres represent the UB centroids at 13:36:30 UT for 173 MHz
(a) and at 13:37:18 UT for 150 MHz (b). These centroids are
de-projected from the plane-of-sky view using the height of the
electron density value corresponding to the appropriate plasma
frequency at the location of the radio bursts. The de-projected
height of the type II bands is 1.55 R� at 150 MHz (LB) and
1.47 R� at 173 MHz (UB). The x and y-coordinates of the cen-
troids are matched with the appropriate height obtained from the
MAST electron density model assuming harmonic plasma emis-
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Fig. 7. The macro-scale properties of the corona where the type II burst originates. The height of the plasma density level corresponding to the
harmonic plasma frequency of 173 and 150 MHz is shown as a 3D surface in panels (a) and (b), respectively. The grey sphere has a radius of 1.2
R� to help visualize the enhanced density regions. Overlaid on the density surface are the values of Alfvén speed in km/s at the corresponding
height. The 3D location of the UB and LB centroids of the type II burst are represented by orange and purple spheres, respectively, at the times
presented in Figs. 2b–d. Also overlaid on the density surface in the region where the type II centroids originate are closed magnetic field lines
forming a coronal streamer.

Fig. 8. The 3D location of the splitbands at 13:36:29 UT. The 3D location of the UB (magenta sphere) and LB (blue sphere) at 13:36:29 UT
together with closed (grey and magenta) and open (black) field lines obtained from the MAST model from the Earth perspective (a) and the solar
North pole perspective (b). The UB and LB points correspond to the centroids in Fig. 2c.

sion by converting their frequency to plasma density and extract-
ing this density from the MAST density isosurfaces in Fig. 7).
The spatial separation of the split bands can now be estimated us-
ing the de-projected centroids and it is 97 Mm (134 arcseconds).
This value is very close to the plane-of-sky separation reported
in the previous Section 3.1, indicating that plane-of-sky projec-
tion effects are small for the two different frequencies. The 3D
separation of the split-bands at the same time can also be seen
in Fig. 8. In this figure, the 3D location of the UB and LB at
13:36:29 UT are shown together with closed and open field lines
obtained from the MAST model from two perspectives.

Also overlaid on the density ridges are coronal magnetic field
lines obtained from the MAST model in the region where the

type II sources originate. In this region, the magnetic field con-
sists exclusively of closed field lines forming a coronal streamer.
The multiple J-bursts associated with the flare that are labelled
in Fig. 1a also occur close to the source locations of the type II
burst (see Fig. 4a) and provide additional evidence to the exis-
tence of the closed field region where the type II propagates.

The type II centroids are located in a region with elevated
densities inside the streamer. This enhanced density region is
also in an area of minimum Alfvén speed (∼100 km/s). A dis-
turbance propagating at a speed of up to ∼430 km/s (such as
the speed of the EUV front at the time of the Type II onset es-
timated from AIA images) is thus capable of driving a shock at
these coronal heights. The type II burst is short lived and ends
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at 13:40 UT and a frequency of 50 MHz even though the EUV
front is still propagating until ∼13:45 UT. This indicates that the
type II emission does not propagate further out into the solar
corona with the EUV front. This is likely due to the fact that as
the EUV front propagates towards the edge of the visible solar
disc, it then escapes the density ridge with low Alfvén speeds.
Behind this ridge, there is a lower density region with Alfvén
speed maxima, located close to the solar limb. In this region,
characterised by Alfvén speeds of over 700 km/s, it is no longer
possible for a decelerating disturbance to drive a shock.

4. Discussion

The only observational manifestations of a propagating struc-
ture associated with the type II burst observed in this study are
a faint EUV front on the disc observed from Earth’s perspec-
tive and plasma movement beyond the solar limb observed from
STEREO A’s perspective. The EUV front decelerates as it propa-
gates through the solar corona. However, it is fast enough to drive
a shock as it propagates inside a region of low Alfvén speed.
The EUV front is presumably a low coronal manifestation of the
shock that accelerates the type II producing electrons. The de-
celerating speed of the EUV front (however, only certain in the
plane-of-sky) and the regions of high Alfvén speed following the
closed field region indicates that the type II emission and possi-
bly electron acceleration associated with this EUV front comes
to a stop early during the flaring process. Thus, no type II emis-
sions are seen beyond the peak phase of the flare, which agrees
with the disturbance no longer steepening into a shock as it prop-
agates further towards the limb. The type II also suddenly stops
at a frequency of 50 MHz, coincident with the time when the
EUV front approaches the edge of the visible solar disc (see
Fig. 5), where a high Alfvén speed region begins based on the
MAST model.

The EUV front consists of a fainter and faster feature (see
the green dotted outline in Fig. 5a), which starts a few minutes
after the onset of the brighter manifestation of the EUV front
and reaches the edge of the solar disc before this brighter front.
This feature may be interpreted as a signature of a shock wave
accompanying the EUV front. The EUV wave appears to be a
freely propagating pressure wave that steepens into a shock in
the region of low Alfvén speed and generates a type II burst in
that region.

In the absence of a clear CME signature, we present three
possible scenarios that can lead to the generation of the observed
type II burst: a failed eruption accompanied by a coronal wave
that steepens into a shock wave, a jet from the flaring active
region accompanied by a similar wave or the occurrence of a
stealth CME driving a shock.

In white-light images from STEREO A, a small amount of
plasma is observed moving beyond the solar limb following
the flare. This motion is likely a signature of a failed eruption
or a white-light signature of the solar jet that accompanies the
eruption. A set of disturbed loops is observed at EUV wave-
lengths at lower heights but radially co-spatial with the plasma
motion observed at larger heights. Simulations have shown that
a failed eruption can be accompanied by bulk plasma motions
that can launch a large-amplitude wave that can steepen into
a shock and then propagate further out (see for example Fig.
5.1 in Pomoell 2012). The EUV front observed in our analysis
can thus be evidence of the large-amplitude wave launched by
the bulk plasma motions accompanying the failed eruption. A
freely-propagating, refracting pressure wave has been observed
before expanding in the lateral direction (e.g., Hudson et al.

2003). This wave was tilted away from the vertical because of
refraction towards regions of low Alfvén speed, since the Alfvén
speed increases with height in the corona. In our case, if a freely-
propagating coronal wave would be launched following the con-
fined plasma motions in the flaring region, it would be refracting
to the closed-field low Alfvén speed region it encounters, also in
the region where the type II centroids are located and the region
where the EUV front propagates and is likely to steepen into a
shock wave.

A jet is also present originating from the flaring active region
during the rise time of the flare. Type III bursts occur at the same
time as the jet and the faint EUV front is propagating across the
disc following the direction of the material expelled by the jet
(see for example Figs. 4a and b). The jet can also launch a freely
propagating wave that is not only limited to the front of the jet
but expands to the surrounding regions (e.g., Su et al. 2015; Shen
et al. 2018). Su et al. (2015) present a similar scenario in which a
Type II radio burst was observed without being associated with
a CME but co-temporal with a jet. However, they lacked radio
imaging observations to determine that the type II burst was in-
deed associated with the observed EUV wave.

Another possibility is the occurrence of a stealth CME (e.g.
Lynch et al. 2016; Nitta et al. 2021) which would require the
analysis of in situ data to confirm. However, there was a faster
halo CME observed on the same date after the event analysed in
this paper with a first detection by LASCO C2 at 15:12 UT. The
faster halo CME originated from a different active region and
it was accompanied by its own radio emission detailed in Mo-
rosan et al. (2022). This halo CME would have likely merged
or interacted with an earlier stealth CME, if launched, and thus
the in situ data would likely not show any clear CME signatures
other than the fast halo CME. This was confirmed by investi-
gating the magnetic field and plasma data from STEREO-A and
spacecraft at Earth (which are the most likely to have been im-
pacted by a possible stealth CME associated with this event). A
stealth CME cannot, however, be fully excluded as the driver of
the shock wave due to the fact that some material is observed
to move away from the solar limb in AIA and COR1-A images.
The Type II centroids also show apparent movement towards the
source active region. Such a motion towards the source region
is likely to be a projection effect in the plane of sky as the ra-
dio burst occurs at larger heights than the active region observed
in EUV. This motion can be explained by some form of lateral
expansion of the shock wave in three dimensions (e.g., Morosan
et al. 2019a). Such lateral expansions are not limited to CME-
driven shocks (e.g., Morosan et al. 2022, 2019a), but can also
occur in freely propagating large-amplitude MHD waves. Previ-
ous observations of coronal waves observed in soft X-rays also
associated with metric Type II bursts were interpreted as freely
propagating, laterally expanding shocks (Hudson et al. 2003).

Our analysis shows that there is a clear spatial separation be-
tween the two bands both at the same time and different frequen-
cies and at the same frequency and different times (Fig. 2). A
spatial separation between the split bands at the same frequency
but at different times has been reported before (e.g., Smerd et al.
1975). However, both in Smerd et al. (1975) and the present
study, the type II burst is likely to move in position over a time
period of ∼1 minute at the same frequency. This is also evident
in our study since each individual band moves through time as
shown in Fig. 4d and it represents a limitation to estimating the
separation at the same frequency. In our study, there is also a
clear spatial separation between the bands at the same time but
different frequencies. Holman & Pesses (1983) suggest a sepa-
ration of ∼0.1 R� (∼70 Mm) that corresponds to a typical split-
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ting of 18 MHz for the harmonic lane at 80 MHz. Our split-
band separation is: 96 Mm (0.14 R�), which is in agreement to
the separation estimated by Holman & Pesses (1983) that used a
simple electron density model to estimate heights from the emis-
sion frequency (Newkirk 1961). Our results are, however, in dis-
agreement to the theory suggested by Smerd et al. (1975) and
the more recent study of Chrysaphi et al. (2018) that found that
there is no separation between the UB and LB centroids at the
same time but different frequencies. A more recent study with
the Murchinson Widefield Array (Bhunia et al. 2023) has also
found a significant separation between the UB and LB bands in
agreement with our study and the theory suggested by McLean
(1967) and Holman & Pesses (1983) that band-splitting is likely
explained by the two bands originating from spatially distinct
locations upstream of the shock and, therefore, not in adjacent
upstream/downstream regions.

5. Conclusion

We presented observations of a type II radio burst that occurs
in the absence of a CME detection. The type II burst is most
likely caused by a freely propagating pressure wave that mani-
fests itself as an EUV front propagating away from the flaring
active region and steepens to a fast-mode shock-wave in a re-
gion with low Alfvén speeds. As indicated in previous studies,
we suggest that a CME eruption is not always required to drive
a shock wave to produce type II radio bursts in the solar corona
using radio imaging observations. Instead, a wave propagating
through a low Alfvén speed region with a speed of ∼400 km/s
is sufficient to become a shock that then generate a type II radio
burst.

We also showed that the type II split bands have different spa-
tial locations, which are similar to other type IIs observed related
to CME shocks (e.g., Bhunia et al. 2023). Future high-spatial
resolution observations are necessary to study the band-splitting
phenomena in type II bursts to determine the spatial locations
of the two bands. These observations are possible with the Low
Frequency Array (LOFAR) or the Murchinson Widefield Array
(MWA). In particular, the higher frequency channels of these ar-
rays can be used to study the harmonic emission of type II lanes
since the harmonic is less likely to be affected by radio propaga-
tion effects in the corona.
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Magdalenić, J., Marqué, C., Zhukov, A. N., Vršnak, B., & Veronig, A. 2012,

ApJ, 746, 152
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Vršnak, B., Aurass, H., Magdalenić, J., & Gopalswamy, N. 2001, A&A, 377,

321
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