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ABSTRACT

Context. Narrowband bursts (spikes) are very small duration and bandwidth bursts which appear on dynamic spectra from microwave
to decametric frequencies. They are believed to be manifestations of small-scale energy release through magnetic reconnection.
Aims. We study the position of the spike-like structures relative to the front of type-II bursts and their role in the burst emission.
Methods. We used high-sensitivity, low-noise dynamic spectra obtained with the acousto-optic analyzer (SAO) of the ARTEMIS-JLS
solar radiospectrograph, in conjunction with high-time-resolution images from the Nangay Radioheliograph (NRH) in order to study
spike-like bursts near the front of a type-II radio burst recorded at the west limb during the November 3, 2003 extreme solar event.
The spike-like emission in the dynamic spectrum was enhanced by means of high-pass-time filtering.

Results. We identified a number of spikes in the NRH images. Due to the lower temporal resolution of the NRH, multiple spikes
detected in the dynamic spectrum appeared as single structures in the images. These spikes had an average size of ~200” and their
observed brightness temperature was 1.4 to 5.6 x 10° K, providing a significant contribution to the emission of the type-II burst front.
At variance with a previous study on the type-IV associated spikes, we found no systematic displacement between the spike emission
and the emission between spikes. At 327.0 MHz, the type II emission was located about 0.3 R above the pre-existing continuum
emission, which, in turn, was located 0.1 R, above the western limb.

Conclusions. This study, combined with our previous results, indicates that the spike-like chains aligned along the type II burst MHD
shock front are not a perturbation of the type Il emission, as in the case of type IV spikes, but a manifestation of the type Il emission
itself. The preponderance of these chains, together with the lack of isolated structures or irregular clusters, points towards some form

of small-scale magnetic reconnection, organized along the type-II propagating front.
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1. Introduction

Type II radio bursts are the electro-magnetic signature of mag-
netohydrodynamic (MHD) shock fronts propagating in the solar
corona; these are driven either by CMEs, front or flank, or
by flare blasts (VrS$nak & Cliver 2008; Pick & Vilmer 2008).
These MHD shocks accelerate high-energy electrons from which
the type-II burst emission originates. This emission appears on
the dynamic spectra, in the metric and higher wavelengths, as
slowly drifting lanes (the backbone) from high to low frequen-
cies (Roberts 1959; Krueger 1979), thus tracing the MHD out-
ward propagation. Furthermore, the shock-associated suprather-
mal electrons generate the fine structures observed near the front
of the type-II bands. These include the so-called herringbones
(Roberts 1959) and slow-drift fiber-like structures (Chernov
1997; Chernov et al. 2007a).

A new type of type-II associated fine structure was
reported in a recent work by Armatasetal. (2019 hereafter
Paper I). Using the high-sensitivity (10 ms resolution) receiver

* This work is dedicated to the memory of Costas Caroubalos (1928—
2021), founder of the ARTEMIS radiospectrograh.

of the ARTEMIS/JLS' (former ARTEMIS-IV) radio spectro-
graph (Caroubalos et al. 2001; Kontogeorgos et al. 2006a), they
detected narrowband spike-like structures, which were shorter
than 100 ms and embedded in type II burst harmonic emission.
An interesting result of Paper I was that most of the spikes
detected were aligned in chains tracing the type II lanes with
very few isolated spike-like structures observed. The average
parameters of the type-II associated spike-like structures were
found to be very close to the corresponding parameters of type
I'V-associated spikes. A similar fine structure was also recorded
by the LOFAR for the 2014 August 25 type-II radio burst
(Magdalenic et al. 2020) and by the IPRT/AMATERAS for the
2014 April 25 event (Tan et al. 2019).

In this work, we extend the study presented in Paper I by
using combined ARTEMIS-JLS and Nancay Radioheliograph
(NRH) to study spike-like bursts at the front of a type-II radio
burst. Out of the four events studied in Paper I, there is only one,
observed on November 3 2003 (SOL2003-11-03T09:43:20),
that was recorded by the Nangay Radioheliograph. The present
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article is organized as follows: In Sect. 2, we present the observa-
tions, data selection, and analysis. In Sect. 3, we give our results
and we conclude with a discussion in Sect. 4.

2. Observations and data analysis

The basic data used in this study are high and medium
time resolution dynamic spectra recorded by the ARTEMIS-
JLS solar radio-spectrograph at Thermopylae (Caroubalos et al.
2001, 2006; Kontogeorgos et al. 2006b). ARTEMIS-JLS con-
sists of a 7 m moving parabolic dish covering the metric range
and a dipole aerial adapted to the decametric range which was
added in October 2002. Two receivers operate in parallel: a
sweep frequency analyzer (ASG) covering the 650-20 MHz
range in 630 channels with a cadence of 10 sampless~' and a
high sensitivity multi-channel acousto-optical analyzer (SAO),
which covers the 270-450 MHz range in 128 channels with a
high time resolution of 100 samples s~'. The narrow-band, high-
time-resolution SAO recordings are used in the analysis of the
fine temporal and spectral structures. As in previous works,
a high pass Gaussian filter of 1s width in time was applied
to enhance the fine structures. The broadband, medium-time-
resolution data of the ASG, on the other hand, are used for the
detection and analysis of radio emission from the base of the
corona to ~2 Ry. We note that the ASG data were used in the
overview of event SOL2003-11-03T09:43:20 in Paper I.

Images of the radio emission were obtained from the
Nangay Radio Heliograph (NRH) (Kerdraon & Delouis 1997,
Klein & Kerdraon 2011), which records two-dimensional (2D)
images of the Sun at five frequencies (164, 236.6, 327, 410.5,
and 432 MHz) with a time resolution of 150 ms. All five fre-
quencies are within the spectral range of the ASG, while the last
three are also within the range of the SAO; the latter were used
in conjunction with the high resolution dynamic spectra in our
combined type II associated spike-like bursts analysis.

We obtained 2D NRH images from the Nangay site’. From
the 2D images, we computed 1D images by integrating in the
(east-west) EW and (north-south) NS directions; these are more
convenient for comparison with dynamic spectra (see Sect. 3.2)
and facilitates the measurement of the duration.

2 https://rsdb.obs-nancay.fr/
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Fig. 1. Measurement of the dura-
tion and size of an individual spike
in the NRH 1D recording. Panel b:
NRH total normalized flux in the east-
west direction and panel c: the tem-
poral profile at 327 MHz. Panel d: we
present the Artemis-JLS/SAO time pro-
file at 327 MHz for comparison. The red
curves in panels b and c trace the Gaus-
sian fit used in the duration and width
measurement of the spikes. The bright
bands above and below the main one are
due to sidelobes.

On the 150ms NRH 1D images, we measured the duration
and the size of spike-like bursts. The identification of individual
bursts was done by inspection, and the width was measured after
fitting the positional and spectral profiles with a Gaussian at full
width at half maximum (FWHM, see Fig. 1); the method is simi-
lar to the one used by Bouratzis et al. (2016, their Fig. 3) in their
study of type-IV associated spikes.

3. Results

In this section, we present results from the analysis of simul-
taneous SAO/NRH observations. We start with an overview of
the 2003 November 03 event and we proceed with the study of
spikes.

3.1. Overview of the 2003 November 03 event

The SOL2003-11-03T09:43:20 complex event on 2003 Novem-
ber 03 took place in a period of extremely high activity
on the Sun between 26 October and 18 November 2003
(Veselovsky et al. 2004; Chertok et al. 2005; Gopalswamy 2006;
Ishkov 2006); it was associated with a GOES 2F/X3.9 class
limb flare in AR 10488 at heliographic cooordinates O8N° 77W°
(Chertok & Grechnev 2005; Veronig et al. 2005, 2006).

An overview of the radio activity of the event based on the
ARTEMIS-IV/JILS ASG receiver and Wind/WAVES was pre-
sented in Alissandrakis et al. (2005). Paper I provided more
details of the type II event, which drifted at 1.6 MHzs™! in
the 500-110 MHz range. Metric wavelength observations of
the event were also analyzed by Dauphin et al. (2005, 2006),
Vrsnak et al. (2006), Chernov et al. (2007b), Aural et al. (2013),
Auraf3 (2014), and Chernov & Fomichev (2021).

In the upper panel of Fig. 2, we present the dynamic spec-
trum of the type II burst with some of its accompanying activ-
ity in the range 30-530MHz, from recordings of ARTEMIS-
JLS/ASG with 150 ms time resolution. In the middle panel, we
present details of the type II front in the harmonic within the
5 min white box of the upper panel, this time from SAO record-
ings with 10 ms resolution. We note that the type II emission
was strong enough to saturate the receiver in parts of the SAO
spectrum. The lower panel of Fig. 2 shows the time derivative
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Fig. 2. Event SOL2003-11-03T09:43:20 recorded by the ARTEMIS-JLS/ASG and ARTEMIS-JLS/SAO receivers. The Dynamic spectrum of the
entire event from ARTEMIS-JLS/ASG is presented in the upper panel. Middle panel: we show the SAO dynamic spectrum and in the lower panel,
its time derivative inside the 5 min box of the upper panel. The dashed white horizontal lines on the spectrum mark three of the frequencies (327,
410.5, and 432 MHz) of the Nancay radioheliograph (NRH) channels. The boxes indicate selected segments of spike chains, (A, B, C & D) which

are studied in this work (shown enlarged in Figs. 3-5).

of the dynamic spectrum, which enhances the fine details, both
obtained by the ARTEMIS-JLS/SAO.

The type II harmonic emission started at 09:51:35 UT above
500 MHz, well within the Artemis-JLS/SAO frequency range
and the 327, 410.5, 432 MHz Nangay radioheliograph chan-
nels. It exhibited rich fine structure. Our study is focused on the
spike-like burst chains of the harmonic, as the fundamental was
outside of the Artemis-JLS/SAO frequency limits. In the same
figure, we marked four regions (A, B, C and D) with spikes that
are presented in detail in Sect. 3.2. We note that in addition to
spikes, we detected pulsation-like structures just above the satu-
ration region of the dynamic spectrum, covering a good part of
the harmonic emission (see Fig. 2).

3.2. Temporal fine structure in dynamic spectra and images

Due to the frequency drift of the type II, a relatively small frac-
tion of the spikes detected in the SAO spectra are visible in

the fixed frequency NRH images. The detection of the spikes
was done by inspection of the peaks in the NRH flux and 1D
images and comparison with the SAO time profiles. The process
is illustrated in the Figs. 3 and 4, where vertical dashed lines
indicate the detected spike-like structures in the flux profiles, the
1D images, and the dynamic spectra.

Twelve spike-like bursts which are part of two chains that
trace the type II lane front at 327 MHz were identified in spectral
region A of Fig. 2. They are numbered 1-12 in Fig. 3 which,
in addition to the dynamic spectrum, shows the NS 1D NRH
intensity as a function of position and time. The bottom panel of
the figure shows plots of normalized flux as a function of time
for both instruments.

Near the type II front at 410.5 MHz (region B), three spike-
like bursts were detected and marked 13, 14, and 15 in Fig. 4.
The structures beyond spike number 15 in Fig. 4 were excluded
as they were part of the pulsation-like structures just above
the SAO saturation area (see Fig. 2). The dynamic spectrum
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at 432 MHz (region C) reached saturation just after the appear-
ance of the type II front, thus we could see no spikes there. The
burst in spectral region D of Fig. 2, which preceded the harmonic
band of the type II at 327 MHz, resemble extremely narrowband
type IIIs rather than spikes; nonetheless, we included it in our
study for the purposes of comparison with the spike-like struc-
tures (Fig. 5).

We note at this point that the time resolution of the Artemis-
JLS/SAO is more than a factor of ten higher than that of the
NRH; therefore, certain features that were detected and mea-
sured as single bursts in the NRH 1D images correspond, in fact,
to two or more bursts in the dynamic spectrum. An example is
shown in the lower panels of Figs. 3—-5 where the time profiles,
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Fig. 3. Spike chain A recordings from SAO
and NRH. Upper panel: SAO dynamic spec-
trum for spike chain A (box in Fig. 2).
The corresponding frequency of the NRH is
marked on the right. Next panel: the NS 1D
NRH images at 327 MHz. Last panel: we
show NRH (blue) and SAO (red) normal-
ized total flux time profiles at 327 MHz and
at 150 ms resolution are presented; a second
SAO high-resolution (10 ms) profile (red dot-
ted) is included for comparison. Twelve spike-
like structures, numbered (1-12), are marked
by vertical dashed lines.

Fig. 4. Spike chain B recordings from SAO
and NRH. Same as in Fig. 3 for the Spike
Chain B at 410.5MHz. Three spike-like
structures, numbered (13-15), are marked by
vertical dashed lines.

Fig. 5. Spike chain D recordings from SAO
and NRH. Same as in Fig. 3 for the Spike
Chain D at 327 MHz.

at 327 and 410.5 MHz, of the NRH and the SAO at 150 ms res-
olution are plotted, with an SAO high-resolution (10 ms) profile
for comparison. In addition, several NRH peaks correspond to
multiple high resolution SAO peaks.

Due to the difference in time resolution, the measured dura-
tion from the 1D NRH images is expected to be greater than the
average duration of spikes measured by the SAO. Thus, the dura-
tion of the spike-like structures was found to be in the range of
150-600 ms, while in Paper I, the average duration was reported
to be less than 100 ms. This is due to the fact that individual
spikes recorded by the ARTEMIS/JLS SAO receiver cannot be
clearly identified in the 1D plot of the Nancay Radioheliograph,
as discussed above.
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Fig. 6. NRH & SAO images at the beginning of the type II emission at 327.0 MHz. Top: sequence of NRH 2D images near the start of the type II at
327 Mz. The color table of each image is normalized to the corresponding minimum and maximum intensity. The black arch marks the photosheric
limb. Bottom: flux as a function of time for NRH (blue) and for SAO (red). The time range of the images is marked by the double arrow.

Fig. 7. Source positions from 09:52:00 to 09:52:16 UT at 327.0 MHz
and from 09:52:27 to 09:53:00 UT at 236.6 MHz, before (red) and dur-
ing (black) the type II. The black arch marks the photospheric limb.

3.3. Burst positions and structure

NRH 2D images give important information on the position of
the emitting sources. Figure 6 shows images at the very begin-
ning of the type II emission at 327.0 MHz. We note that as
the type II emission increases, the relative intensity of the pre-
existing continuum source diminishes; moreover, the type II
source is higher than the continuum source, displaced by about
5.3’ or 0.3Ry, whereas their position angles differ by 13°. The
projected location of the pre-type II emission was 0.1R, above
the west limb.

For a more detailed measurement of source positions and
sizes, we performed a least-squares fit with a Gaussian model.
The positions derived in this way from the 327.0 MHz images
are plotted in Fig. 7, where, again, the shift between the type II
and the pre-existing emission is clearly visible.

The source positions at 236.6 MHz are also plotted in Fig. 7.
Although this frequency is outside the SAO range, the ASG
spectrum (Fig. 2, top) shows clearly the type II front; moreover,
the NRH images show a lot of short timescale structures, some of
which might be spikes. As in the case of 327.0 MHz, the type II

source was located higher than the pre-existing continuum, this
time displaced by about 6.4’, or 0.4 R and their position angles
are almost identical. Overall, both the continuum and the type II
sources at 236.6 MHz were above the corresponding 327.0 MHz
structures, as expected; the type-II positions are consistent with
Dauphin et al. (2006, their Fig. 7).

An important question is whether the spike emission is at the
same location as the emission between spikes or, as in the case
with type IV associated spikes, it is located at the periphery of
the background emission (Bouratzis et al. 2016). To investigate
this issue, we plotted in Fig. 8 the source parameters, deduced
from Gaussian fit, as a function of time (left) and their posi-
tions on the sky plane (right), marking the spikes by red aster-
isks. We note that after the initial intensity rise (09:52:08 UT),
most sources fall on a straight line, which reflects a systematic
displacement to the west (X plot in Fig. 8, left), consistent with
the upward motion of the type II front. Spikes 1-9 also fall along
this line, whereas spikes 10—-12 do not. A careful inspection of
the upper panel of Fig. 3 reveals that the latter are part of a dif-
ferent spike chain, apparently associated to a different part of the
shock front than the one which produced spikes 1-9.

Images of the 15 identified SAO/NRH spikes are given in
Fig. 9 for 327.0 MHz and Fig. 10 for 410.5 MHz. For better vis-
ibility, and also to show position differences between the spike
source and the preceding emission, we used running difference
images and marked the peak position of the source in the original
and in the subtracted image. A preliminary remark is that some
spikes are double (# 1, 10, 14), with the two sources close to
each other — these are probably due to separate spikes at slightly
different positions that are not resolved temporally by the NRH.
In conformity with our previous conclusion, there appears to be
no large shift between the spike and the pre-spike emission, with
the exception of spikes 7 and 10.

The parameters derived from the Gaussian fit are given in
Table 1. The source size is of the order of 150" to 240"; thus the
sources are not fully resolved, as their axes are not much larger
than the NRH beam size (given in Table 2 for all frequencies).
This can be seen in their elongated shape in Figs. 9 and 10. Their
brightness temperature is on the order of 10° K, which is a lower
limit both due to the beam size and refraction effects.

4. Discussion and conclusions

We examined the characteristics of type II spike-like
bursts detected from high temporal resolution recordings of
ARTEMIS-JLS/SAO combined with imaging from the Nangay
Radioheliograph. Complementing our Paper I results, we
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Fig. 9. Running difference images of the 12 identified spikes at
327 MHz. The red asterisks mark the position of the maximum of the
radio source, the blue asterisks that of the running difference. The white
arch corresponds to the solar limb.

estimated the position, size, duration, and shift of the structures
from NRH.

The small number of fifteen spike-like structures in the
type II front that were identified in both instruments is due to the
frequency drift of the type II bursts, which shifts the spike-like
sources outside of the NRH channel; therefore, relatively short
segments of the spike chains detected by the SAO were recorded
by the NRH.

A198, page 6 of 7

Fig. 8. Brightness temperature, size,
and position of sources as a function of
time at 327.0 MHz (left). Size is the geo-
metric average of the axes of the fitted
ellipse. Straight lines are the result of lin-
ear regression. Positions of the sources on
the plane of the sky after 09:52:08 UT
(right). Spike sources are marked as red
asterisks in both plots.

Fig. 10. Running difference images of the 3 identified spikes at
410.5 MHz. Same annotation as in Fig. 9.

Table 1. Parameters of spikes measured from 2D NRH images.

Frequency, (MHz) 327 410.5 327
Region A B D
Source position, (")
EwW 124012 1240+ 3 1225
NS 350+ 9 330=x 1 380
Source size, (')
B 235+9 205+2 285
Bin 175+8 1504 200
Position angle, (°) -58+4 -55+3 58
Ty, (10° K)
Range 14-45 33-56 1.3
Table 2. NRH beam size.
Frequency (MHz) 164 236 327 4105 432
Region A B C
Major axis 4807 329”236”1937 171"
Minor axis 205" 145" 99”7 85" 78"
Position angle -55° -55° -55° -55° -55°

We found that the durations measured from NRH data with a
sampling interval of 150 ms exceeded the corresponding values
from the ARTEMIS-JLS/SAO data. This indicates that most sin-
gle spike burst measurements of the NRH recordings correspond
to groups of spikes detected in the SAO dynamic spectrum. The
size of spikes was in the 150”-240" range, not fully resolved in
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the NRH images, whereas their observed brightness temperature
was in the 1.4 to 5.6 x 10° K range.

Our detailed investigation of source positions at 327.0 MHz
showed that the type II emission was located ~0.3 R above the
pre-existing continuum source; similar results were obtained for
236.6 MHz. Most type II emission peaks were located along a
straight line, indicating upward motion of the source. The same
trend was observed for all the spike sources, with the exception
of three, which were part of a different spike chain.

We found no substantial position difference between spike
and inter-spike emission, thus type II spikes appear to be associ-
ated with the entire emitting region. This is in contrast to the
type IV spikes that are located at the periphery of the back-
ground source (Bouratzis et al. 2016) and, hence, are a pertur-
bation on top of the continuum emission. This indicates that
spikes constitute the principal radio signature of the MHD shock
type-1II radio emission (see Paper I), with their chains delineating
the shock front emission; this front appears continuous on low-
resolution dynamic spectra. Still, the type-II and type-IV asso-
ciated spikes are quite similar (see Table 1 in Paper I), possibly
hinting towards a similar emission mechanism.

We found evidence that different spike chains make up par-
allel drifting lanes. These combined, probably correspond to the
“band-split of the band-split” image of the type-II burst front,
reported by Magdalenic et al. (2020), since the continuity of the
front line depends on the dynamic spectrum resolution, as men-
tioned in the previous paragraph. A possible interpretation of
the multiple lanes responsible for the band split is provided in
Chernov & Fomichev (2021), asserting that it may be due to sev-
eral sources formed at different positions of the large-scale type-
II shock front.

One of the prime candidates for the interpretation of spikes
is the emission associated to plasma instabilities due to electron
beams originating in a sequence of small-scale reconnections
associated to different regions of the shock front. The prepon-
derance of spike-like burst chains that are almost parallel to one
another and the scarcity of isolated bursts and irregular clusters
of spikes at the fronts of the type-II bursts suggest some type
of organized structure, as opposed to random turbulence driven
reconnection. Thus, triggering along the front of the MHD shock
disturbance might be at the origin of such processes.
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