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ABSTRACT

Context. Type II solar radio bursts are generated by electrons accelerated by coronal shock waves. They appear in dynamic spectra as
lanes drifting from higher to lower frequencies at the plasma frequency and its harmonic. These lanes can often be split into two or
more sub-bands that have similar drift rates. This phenomenon is called band-splitting, and its physical origins are still under debate.
Aims. Our aim is to investigate the origin of band-splitting using novel imaging and spectropolarimetric observations of a type II solar
radio burst from the Low Frequency Array (LOFAR).

Methods. We used LOFAR imaging at multiple frequencies and time steps to track the locations of the radio sources corresponding
to the two components of the band-split emission lane. In addition, we estimated the degree of circular polarisation (dcp) for both
components using LOFAR’s full Stokes dynamic spectra.

Results. From the imaging of the type II burst, we found two close but clearly separated emission regions clustered over several
frequencies spanning each split band. One emission region corresponds to the lower frequency band and the other to the higher
frequency band of the split lane. Using the full Stokes dynamic spectra, we also found the dcp to be very similar for both bands.
Conclusions. The two distinct emission regions suggest that the split bands originate from two separate regions at the shock. The
similar values of dcp for both sub-bands correspond to similar values of magnetic field strength in the two regions and indicate little
to no change in the emission region plasma. Thus, our findings are in contradiction with previous theories, which have suggested
that split bands originate in the same region but upstream and downstream of the shock. Instead, our results suggest that both bands

originate in two separate upstream regions since we find a clear separation in locations and no magnetic compression.
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1. Introduction

Type II solar radio bursts are generally interpreted as radio signa-
tures of coronal shock waves (e.g. Nelson et al. 1985). Fast elec-
trons accelerated by the shock excite Langmuir waves, which
are eventually converted into radio emission at the fundamen-
tal and/or harmonic of the local plasma frequency (Wild et al.
1954; Nelson et al. 1985; Cairns et al. 2003). Type II bursts
are characterised in a dynamic spectrum as lanes of emission
drifting slowly towards lower frequencies. Often there are two
lanes of emission with a frequency ratio of approximately two
that correspond to emission at the fundamental and at the har-
monic of the plasma frequency. In addition to their general spec-
tral appearance, type II bursts can exhibit fine structures such
as herringbones. Herringbones are short duration bursts, and
they drift towards higher and lower frequencies with a faster
drift rate compared to the underlying type II burst (Roberts
1959; Cairns & Robinson 1987). Observational evidence sug-
gests that herringbones originate from individual electron beams
accelerated by shock waves driven by coronal mass ejections
(CMEs) (Mann & Klassen 2005; Carley et al. 2013; Zucca et al.
2018; Morosan et al. 2019; Zhang et al. 2024a). Another fea-
ture encountered in type II bursts is the emission lanes split-
ting into two or more (see e.g. Zimovets & Sadykov 2015;
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Magdalenié et al. 2020) sub-bands, which is known as band-
splitting (VrSnak et al. 2001). However, the physical mecha-
nisms behind band-splitting remains a topic of discussion.

From all the proposed mechanisms, there are two theo-
ries explaining band-splitting that stand out. The first is a
band-splitting model by Smerd et al. (1974, 1975) where the
sub-bands correspond to emission on either side of the shock
front: one upstream (ahead) and one downstream (behind) of
the shock. In this scenario, the lower frequency component
(LFC) of the split emission band originates upstream of the
shock, and the higher frequency component (HFC) originates
downstream of the shock. Since the thickness of the shock
front is negligible, the two radio sources are expected to be
nearly co-spatial. The upstream-downstream model has been
used to infer, for example, the local magnetic field strength and
shock properties, such as Mach numbers and density compres-
sion ratios, in numerous studies (see e.g. VrSnak et al. 2002;
Zimovets et al. 2012; Mahrous et al. 2018; Zucca et al. 2018;
Kumari et al. 2017, 2019). The second band-splitting model
takes a slightly different approach. Holman & Pesses (1983) pro-
posed a model where both emission sources originate upstream
of the shock but at two different locations along the shock
front. The two radio sources are thus expected to be sepa-
rated in space, and the properties of the split bands cannot be
used to determine the above-mentioned properties of the shock.
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Observational evidence for both the upstream-downstream sce-
nario (VrSnak et al. 2001; Zimovets et al. 2012; Zucca et al.
2018; Chrysaphi et al. 2018; Ramesh & Kathiravan 2022) as
well as the scenario where both sources originate upstream of the
shock (Du et al. 2014, 2015; Bhunia et al. 2023; Morosan et al.
2023; Zhang et al. 2024b) has been presented in several papers.
In addition, Zimovets & Sadykov (2015) studied a band-split
type II burst showing a three-lane structure. They suggested
that two of the three lanes agree with the upstream-downstream
model, whereas the third lane originates from a distinctly sep-
arate location. However, previous studies had some limitations
regarding the capabilities of radio imaging, for example, a
lack of multi-frequency imaging, low spatial resolution, or the
unavailability of polarisation measurements. Modern radio inter-
ferometric arrays can now be used to study the origin of band-
splitting in detail by simultaneously combining multi-frequency
and high resolution radio images with spectropolarimetric
observations.

In this paper, we present the imaging and spectropolarimet-
ric study of a band-split type II solar radio burst using the Low
Frequency Array (LOFAR; van Haarlem et al. 2013). We used
LOFAR images of the type II harmonic lane to track the loca-
tions of the radio sources corresponding to the two components
of the split band. In addition, we used LOFAR’s full Stokes
dynamic spectra to estimate the degree of circular polarisation
(dcp) for both components in order to determine their possible
origins.

2. Observations and data analysis
2.1. Radio observations

On 23 May 2022, LOFAR observed a type II solar radio burst
at approximately 11:23-11:41 UT. The type II burst was associ-
ated with a faint CME (see Fig. 1 and Movie 1 online) observed
by the Solar Terrestrial Relations Observatory Ahead (STEREO-
A; Kaiser et al. 2008). The CME was observed at 195 A by the
Extreme UltraViolet Imager (EUVI; Wuelser et al. 2004) and
in white light by the Inner Coronagraph COR-1 (Howard et al.
2008). The dynamic spectrum of the type II burst is shown in Fig.
2a at 11:22-11:42 UT between 20—80 MHz. The spectrum in
Figs. 2a and 2b was observed by the low-band antennas (LBAs)
from a single LOFAR core station (CS032) with a frequency res-
olution of 12.2 kHz and a temporal resolution of 10 ms. The type
II burst is composed of a fundamental and a harmonic lane, and
each split into two sub-bands. In addition, after ~11:27 UT, the
type II burst shows a spectral bump that has recently been stud-
ied by Zhang et al. (2024b). A white dotted rectangle in Fig. 2a
outlines the part of the spectrum seen in 2b at 11:35:00-11:36:45
UT in the range of 32—-48 MHz.

In addition to the single station observations, data recorded
by the LBAs in a total of 31 stations (23 core and 8 remote
stations) were used in this study. The stations observed simul-
taneously in the interferometric imaging mode (31 stations)
and in the beam-formed mode (core only). Both types of
observations were recorded in 60 non-uniform frequency sub-
bands in the range of 20—80MHz. The total bandwidth of a
single sub-band is 195.3kHz with a frequency resolution of
12.2kHz. The imaging observations have a temporal resolu-
tion of 0.671s. The beam-formed mode recorded Stokes I,
0, U, and V dynamic spectra with a temporal resolution of
10.5 ms. Figure 3 shows the full Stokes dynamic spectra of the
type II burst. These spectra were calibrated to solar flux units
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Fig. 1. Coronal mass ejection associated with the type II burst on 23
May 2022 (see also Movie 1, available online) and the locations of
the observing spacecraft. (a) Faint CME observed at ~11:40 UT by
STEREO-A. (b) Solar-MACH (Gieseler et al. 2023) plot showing the
location of STEREO-A (red) and Earth (green) at 11:30 UT.

(sfu; 1sfu =102 Wm2Hz ) using observations of a calibra-
tor (Cassiopeia A).

2.2. Processing of interferometric data

The processing of LOFAR’s interferometric data presented here
follows the methods from Zhang et al. (2024b). The first step
was to compute the gain solutions for each frequency sub-band
and baseline using DP3 (the Default Preprocessing Pipeline;
van Diepen et al. 2018). The gain solutions were computed by
comparing the observation of the calibrator to its flux den-
sity model. Following this, the amplitude and phase plots for
each antenna were inspected in case any unusable data needed
to be flagged. For this dataset, none of the antenna stations
were flagged. The gain solutions obtained in the first step were
then applied to the observations of the Sun, resulting in a cor-
rected phase and amplitude. In order to construct images, a
two-dimensional inverse Fourier transform was applied to the
observed visibilities. The final images were restored by applying
the w-stacking CLEAN algorithm. Both of these actions were
executed using wsclean (Offringa et al. 2014). When running
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Fig. 2. Dynamic spectra and imaging of the type II solar radio burst observed by LOFAR on 23 May 2022. (a) Full dynamic spectrum of the type
II burst between 20 MHz and 80 MHz at 11:22-11:42 UT. (b) Zoom-in of the spectrum outlined by a white dotted rectangle in (a). The coloured
arrows indicate the central frequencies of the sub-bands used for the imaging. The coloured dots correspond to the three different time steps
chosen for showing the imaging of the radio sources. (¢) Contours of the radio sources overlaid on SDO/AIA 211 Arunning difference images.
The contours were extracted from LOFAR imaging at ~11:35:18 (left), ~11:35:31 (middle), and ~11:35:47 (right) UT. The times and colours
correspond to the dots in (b). The temporal evolution of the radio contours between 11:35:00 and 11:36:45 UT is shown in Movie 3 (available
online). (d) Centroids of the radio sources at the same frequencies and times as in (c). In the right panel, two sets of centroids were extracted for
two frequencies and are indicated by white (33.6 MHz) and black (34.8 MHz) arrows.
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wsclean, we used Brigg’s weighting scheme (Briggs 1995) with
a robustness parameter of —0.5.

2.3. Correcting for polarisation leakage

Faraday rotation in the solar corona is expected cancel out
any linear polarisation in solar radio bursts at low frequen-
cies (<100 MHz) when observing over a certain bandwidth (e.g.
Grognard & McLean 1973; Morosan et al. 2022). However, it is
often the case that a linearly polarised signal, i.e. Stokes Q and
U, is observed in solar radio bursts at significant levels above
the background. This is usually attributed to instrumental leak-
age from Stokes / and V. We used the methods of Morosan et al.
(2022) to correct the signals in Stokes 7 and V for leakage. The
corrected Stokes I and V are defined as

Low =1+ Fol+Fyl 1)

\%
Veor = 172 V2 + (U] - Fy 1)?, )

where F' and Fy are the fraction of Stokes / leakage to Q and U,
respectively. After inspecting the Stokes I, Q, U, and V dynamic
spectra, we found evidence of leakage from Stokes I to both Q
and U. We also found evidence of leakage from Stokes V to
U. The leakage from Stokes / into Q and U was calculated as
Fo =10/1land Fy = |U/I|, respectively.

The leakage from Stokes I into U was estimated using a
part of the spectrum where no Stokes V signal was present. We
extracted the flux density time series from the spectra, and we
averaged it over each frequency sub-band. A median background
subtraction was also performed on the Stokes 7 flux time series.
We found a value of F; = 6% and used this same value to correct
Stokes I at each time step and sub-band. Since we did not find
evidence of Stokes V leakage into Q, the leakage from Stokes
I into Q was calculated for each time step and sub-band sepa-
rately. The amount of leakage, F, was on the order of a few
percent, with values ranging from 0% up to 6%. The evidence
for the leakage from Stokes V into U was supported by the fact
that the signal in Stokes U was slightly stronger when Stokes V
was present compared to the instances with no Stokes V signal.

3. Results
3.1. Locations of the band-split radio sources

To determine the emission region of split bands, we investigated
the location and polarisation of radio sources composing the type
IT harmonic band. Figure 2b shows a zoomed-in dynamic spec-
trum of the harmonic band at 11:35:00-11:36:45 UT between
32 MHz and 48 MHz. This part of the spectrum is outlined by
a white dotted rectangle in the full dynamic spectrum in Fig.
2a. We chose this part of the type II burst since it shows the
highest signal in Stokes V simultaneously with the least leakage
in Stokes Q. Figure 2b clearly shows the band-splitting as well
as the herringbones composing the type II. In the spectrum, the
coloured arrows indicate the centre frequencies of the ten sub-
bands of which we have imaging available between 33.6 MHz
and 45.3 MHz. The colours for the different frequencies are cho-
sen such that the red frequencies roughly correspond to the LFC
and the blue colours to the HFC of the split band. The coloured
dots in the spectrum correspond to the three time steps chosen
for showing examples of the imaging. The radio images between
11:35:00 and 11:36:45 UT are available online as Movie 2.

We then extracted contours from the LOFAR imaging at the
three time steps indicated in Fig. 2b. Figure 2¢c shows the radio
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contours at 11:35:18 (left), 11:35:31 (middle), and 11:35:47 UT
(right). The contours outline the bright radio emission at 70% of
the maximum intensity in each image. The contours are plotted
over running difference images of the Sun at 211 A observed by
the Atmospheric Imaging Assembly (AIA; Lemen et al. 2012)
on board the Solar Dynamics Observatory (SDO; Pesnell et al.
2012) at 11:35:10 (left), 11:35:22 (middle), and 11:35:46 UT
(right). The radio contours in Fig. 2c show the locations of
the radio sources corresponding to the LFC (red) and the HFC
(blue). The images show the presence of at least two distinct
radio sources and are thus in agreement with the study of
Zhang et al. (2024b), which focused on the spectral bump in
this type II burst. However, the study of Zhang et al. (2024b)
was only performed at two frequencies (i.e. the frequency corre-
sponding to each band). In the present study, we imaged all avail-
able sub-bands over the extent of the type II burst and found two
separate frequency clusters (reds and blues). The blue frequen-
cies (HFC) are clustered in one location, while the red frequen-
cies (LFC) are clustered at another location. It should be also
noted that the LFC radio sources appear more extended than the
HFC radio source. It is possible that at the red frequencies there
are actually two radio sources, but most of the time they cannot
be easily resolved. This is further supported by the right panel in
Fig. 2c, where the contour at 33.6 MHz is split into two sources.
Additionally, the contour at 34.8 MHz has a non-elliptical shape
that also points to two sources being present. The separation of
the LFC and the HFC radio sources is rather consistent through-
out the time range from 11:35:00 to 11:36:45 UT, as can been
seen from the movie related to Fig. 2 accompanying this paper
(Movie 3).

The separation of the LFC and the HFC radio sources
becomes even more evident when centroids of the radio con-
tours in Fig. 2c are extracted. This is done by fitting a two-
dimensional elliptical Gaussian function to the LOFAR imag-
ing and finding the peak of the function. Figure 2d shows the
centroids of the radio sources seen in Fig. 2¢c. The centroids are
overlaid on running difference images of the Sun at 211 Aob-
served by SDO/AIA. The times of the EUV images and the cen-
troids are the same as in Fig. 2c. Again, the left and middle pan-
els especially show two clearly separated groups of centroids:
reds, corresponding to the LFC, and blues, corresponding to the
HEC. In the right panel, taking into account the two sources at
33.6 MHz and at 34.8 MHz, two sets of centroids were extracted
at the corresponding frequencies as opposed to the typical treat-
ment of one centroid per frequency. These two sets are marked
with white (33.6 MHz) and black (34.8 MHz) arrows. Although
in this instance there are some similar locations between the blue
centroids and some of the red centroids, there are still a few cen-
troids at the red frequencies that are clearly separated. In Fig. 2d,
the distance between the centroids at 35.7 MHz and 40.2 MHz in
each panel is 114 Mm (left), 168 Mm (middle), and 219 Mm
(right).

3.2. Degree of circular polarisation

The full Stokes dynamic spectra observed by LOFAR is shown in
Fig. 3. In both Fig. 3a and 3b, the Stokes I (top left), U (bottom
left), O (top right), and V (bottom right) are shown. Figure 3a
shows the full type II burst at 11:22—11:42 UT between approx-
imately 20 MHz and 80 MHz. Figure 3b shows zoomed-in parts
of the spectra at 11:35:00-11:36:45 UT, which are outlined with
dotted rectangles in Fig. 3a. We note that the frequency coverage
is not continuous for the full Stokes spectra, so the marks on the
y-axis indicate the centre frequencies of the observed sub-bands.
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Fig. 3. Full Stokes dynamic spectra of the type II burst observed by LOFAR. In both (a) and (b), the Stokes I (top left), U (bottom left), Q (top
right), and V (bottom right) are displayed. (a) Dynamic spectrum in the range of approximately 20—-80 MHz at 11:22-11:42 UT. The dashed
rectangle in each panel outlines the part of the spectra shown in (b). (b) Zoomed-in parts of the dynamic spectra in the range at 11:35:00-11:36:45
UT. The rectangles in each panel outline the part of the spectrum with the highest amount of the Stokes V signal and the least leaked signal in

Stokes Q.

The solid rectangles in Fig. 3b outline the part of the spectrum
where there is the highest amount of the Stokes V signal in both
components of the split band. Thus, we used this part of the spec-
trum to estimate the dcp for the LFC and the HFC.
We calculated the dcp as
dep = ——, (3
where I and Vo, are the corrected Stokes I (Eq. (1)) and
Stokes V (Eq. (2)) flux densities, respectively. We calculated the
dcp time series by extracting and correcting the Stokes / and
V fluxes from two frequency sub-bands within the rectangles in
Fig. 3b. The results are shown in Fig. 4. The top panels in Fig.
4a and 4b show the zoomed-in dynamic spectrum in the range of

32—-44 MHz at 11:35:50-11:36:10 UT. The white arrows mark
the centre frequencies of the used sub-bands: 33.6 MHz (Fig.
4a) and 37.9MHz (Fig. 4b). The middle panels show the .o
(blue) and V; (orange) flux time series. These particular sub-
bands were chosen since they show the highest amount of the
Stokes V signal within this time period. The fluxes are averaged
over 0.05 s in the plot. However, we used the full time resolu-
tion data to calculate the dcp (Eq. (3)) time series. In addition, a
median background subtraction was performed on the Stokes /
time series. The dcp time series (pink) and its mean value (green)
are shown in the bottom panels of Figs. 4a and 4b. Here, the
time series have been smoothed using the centred moving aver-
age method with a window size of 21 that corresponds to a time
step of approximately 0.22 s. The results show that the mean

A175, page 5 of 8
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Fig. 4. Stokes I and V flux densities together with the dcp time series at 33.6 MHz (a) and at 37.9 MHz (b). The top panels in (a) and (b) show the
dynamic spectrum at 11:35:50-11:36:10 UT in the range of 32—44 MHz. The white arrows indicate the frequencies of the used sub-bands. The
middle panels show the time series of the corrected Stokes / (blue) and V (orange) flux densities. The flux densities are averaged over 0.05 s. The
bottom panels show the time series of the dcp (pink) and its mean value (green). The dcp time series has been smoothed using the centred moving

average method (window size: 21).

dcp value is rather low for both cases: ~7% for the LFC (Fig.
4a) and =5% for the HFC (Fig. 4b). The values are very similar
for both cases, but our results indicate a slightly higher dcp for
the LFC than for the HFC. All sub-bands corresponding to the
LFC had mean dcp values in the range of approximately 6 — 7%,
whereas the sub-bands corresponding to the HFC all had values
of approximately 5%.

The dcp can be used to estimate the strength of the local
magnetic field as (e.g. Dulk & Suzuki 1980; Ramesh et al. 2022;
Ramesh & Kathiravan 2022)

dep X f,
B[G] = ———, 4
61 2.8 a(6) @)
where f), is the local plasma frequency in units of MHz, and
16 + 11 cos® 6
al) = ——— ®)

48 cos §

where 8 is the angle between the magnetic field direction and the
line of sight. Equation (4) shows that the dcp and the strength of
the magnetic field B are directly proportional to each other. The
magnetic field ratio between the two bands can be calculated
using the following relation:

Burc _ dcpurc X fpurc
Birc  dceprre X fpLrC

~ 0.8. ()

If the two bands originate upstream and downstream of the
shock, respectively, then Brpc would represent the upstream
magnetic field, Byrc would be the downstream magnetic field
(Smerd et al. 1974, 1975), and Equation (6) would correspond
to the shock’s magnetic compression ratio. However, in this sce-
nario, there is insignificant or no compression identified by this
ratio.
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4. Discussion and conclusion

In this study, we used LOFAR observations to study the origin of
band-splitting in a type II solar radio burst. We tracked the loca-
tions of the band-split radio sources over multiple frequencies
and at multiple time steps using LOFAR imaging, and we found
two clearly separated radio sources. In addition, we determined
the dcp for the same time interval from LOFAR’s full Stokes
dynamic spectra, and we found similar values for both the HFC
and the LFC. Both of these results support the Holman & Pesses
(1983) model for band-splitting.

In the Smerd et al. (1974, 1975) band-splitting model, the
two components of the emission band originate upstream and
downstream of the shock. In this scenario, the two radio sources
corresponding to the LFC and the HFC should have little to
no separation in space. This model is contradicted by Figs.
2¢ and 2d, where we observed two distinct radio sources. The
spatial separation is rather consistent throughout the imaging
at 11:35:00-11:36:45 UT. A similar separation was found by
Zhang et al. (2024b) when investigating the spectral bump of the
type II burst between 11:25:00 and 11:30:30 UT. Other stud-
ies of band-split type II bursts have also found separation val-
ues in agreement with this study: Morosan et al. (2023) found
a separation of 96 Mm, and Bhunia et al. (2023) found separa-
tions ranging from approximately 120 up to 372 Mm. The results
obtained here therefore support the Holman & Pesses (1983)
band-splitting model, where the components of the split band
originate at the different locations upstream of the shock. On the
other hand, Chrysaphi et al. (2018), for example, found a spa-
tial separation between the LFC and the HFC radio sources but
explained the separation as being due to the scattering effects
of radio waves (see e.g. Kontar et al. 2017, 2019; Zhang et al.
2021). However, we considered harmonic emission in this work,
which is less affected by scattering than fundamental emission
(e.g. Zhang et al. 2021). In addition, Zhang et al. (2024b) found
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the separation between the LFC and the HFC radio sources at
the beginning of this type II to be larger than the radial offset
caused by propagation effects (Zhang et al. 2021). Further, in the
present study, the clustering of sources at consecutive frequen-
cies into two distinct regions cannot be explained by scattering.
This is due to the fact that scattering is frequency dependent,
and its effect would be to separate the multi-frequency sources
equally instead of into clusters. Propagation effects are unlikely
to be significant in this study.

We found more supporting evidence for the
Holman & Pesses (1983) model when estimating the dcp
for the LFC and the HFC of the split band. The lower panels
of Fig. 4a and 4b show that the mean dcp value for both
components is low, with values of approximately 7% (LFC) and
5% (HFC). The values are very similar, but we found a slightly
higher dcp for the LFC. However, this is not what we would
expect if again considering the upstream-downstream scenario
where the LFC originates upstream and the HFC originates
downstream of the shock. We estimated a slightly higher
dcp value for the LFC, which would imply a slightly higher
magnetic field strength upstream of the shock. However, the
upstream and downstream regions of the shock are two different
plasma environments. The downstream plasma is more turbulent
and compressed, which means higher values of magnetic field
strengths with high amplitude fluctuations are expected (e.g.
Bemporad & Mancuso 2010; Kilpua et al. 2019). This in turn
would translate into higher values of dcp with significant
fluctuations over time compared to the upstream region, which
is not observed in our observation. In addition, the upper and
lower frequency band magnetic ratio would correspond to a
hypothetical magnetic compression ratio that is less than one,
which is the opposite of what is expected of the magnetic ratio
between the upstream and downstream shocked plasma. In
addition, the obtained ratio does not match to the magnetic
compression ratio for a quasi-perpendicular shock, which is
expected to have a value similar to the density compression ratio
(e.g. Kilpuaetal. 2015). For example, Bemporad & Mancuso
(2010) found a density and a magnetic compression ratio of
2, and Simnett et al. (2005) found a density and a magnetic
compression ratio of 3.7. In addition, the results obtained in this
study differ from the results of Ramesh & Kathiravan (2022),
where a magnetic compression ratio of approximately two was
estimated. However, Ramesh & Kathiravan (2022) calculated
the dcp for both components at the same frequency (i.e. at
different times). This can be problematic since type II bursts
propagate through different regions of the corona over time
as the shock expands (e.g. Morosan et al. 2023, 2024), and
thus the ambient plasma parameters are likely to change. The
results in the present study reflect no significant changes in
the magnetic environment during the emission of the two split
bands composing the type II radio burst.

There is further evidence that disagrees with the upstream-
downstream band-splitting model. As already mentioned,
the production of type Il bursts requires the excitation of
Langmuir waves (Mannetal. 1995). Langmuir waves have
been observed only upstream of interplanetary shocks (e.g.
Gurnett et al. 1979; Thejappa & MacDowall 2000; Pulupa et al.
2010; Graham & Cairns 2015) and at the Earth’s bow shock
(e.g. Lacombe et al. 1985). In addition, there is a disagreement
between the Alfvén Mach numbers derived from the required
Langmuir wave generation and from the upstream-downstream
interpretation of type II band-splitting. Shock drift acceleration
at a nearly perpendicular shock is able to accelerate electrons
that excite Langmuir waves, which are necessary for the gen-

eration of type II bursts (Holman & Pesses 1983; Mann et al.
2018). Mann et al. (2022) found that electrons accelerated by
shock drift acceleration excite Langmuir waves efficiently when
the Alfvén Mach number of the shock is 1.59 < M, < 2.53 for
coronal plasma conditions at the 25 MHz level. The maximum
growth rate is obtained when M4 = 1.94. However, previous
studies using the upstream-downstream interpretation to deter-
mine the Alfvén Mach number have found rather low values:
My = 1.06 — 1.16 (Zimovets et al. 2012), M, = 1.231 — 1.416
(Mabhrous et al. 2018), M4, = 1.3 — 1.5 (Zucca et al. 2018), and
My = 1.45-1.78 (Kumari et al. 2019). The results of Mann et al.
(2022) suggest that very low Alfvén Mach number shocks are
not capable of accelerating electrons to energies sufficient for
exciting Langmuir waves, which are essential for type II burst
generation.

Data availability

Movies associated to Figs. 1 and 2 are available at

https://www.aanda.org
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