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Abstract

We present spectral and imaging LOFAR (LOw-Frequency ARray) observations in the 20 — 40 MHz range of solar radio
bursts fine structures, such as flag-like, sail-like, and dot-like that appeared on 8 April 2019. These structures were associ-
ated with type III solar radio bursts that occurred in the 40 — 80 MHz band. The mean duration and spectral widths of the
fine structures range from 1.0 to 3.4 s and from 0.3 to 0.9 MHz, respectively. Additionally, we investigated the radio images
of eight fine structures — two flags, two sails and four dots. This allowed us to determine their emission source sizes, which
ranged from 240 to 392 arcmin?, and their frequencies from 25.58 to 39.25 MHz as well as their location. They occurred on
the east side of the Sun and were most likely associated with an emerging active region NOAA AR 12738, where a weak
B1.7 flare was observed.
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Introduction Melnik et al. 2011; Reid and Ratcliffe 2014; Melnik et al.
2021). In the dynamic spectrum they usually occur in
groups (lasting a few minutes) of several almost verti-
cal structures of enhanced radio emission. The duration

of the individual structures in the metre wave range is

Particularly important in the study of the processes that
occur during solar flares are type III bursts (e.g. Wild
and McCready 1950; Wild 1950a, b; Abranin et al. 1980;
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up to a few seconds. The number of elements per group
increases with frequency, and above 300 MHz it can reach
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several hundred (Benz 2002). Type III bursts sometimes
(on dynamic spectra) are observed as distinguishable pairs
of fundamental and harmonic components (e.g. Wild et al.
1954; Melnik et al. 2018; Jebaraj et al. 2023a).

Another type of radio burst that can show a variety of
fine structures are type IV bursts. These fine structures
include spikes, pulsations, fibres and zebras, (e.g. Bernold
1980 and Melnik et al. 2008). Their study is crucial for a
better understanding of the plasma processes occurring
in the corona, as well as their diagnostics and verifica-
tion of the obtained results with laboratory plasma studies
(Chernov 2011). Fine structures of solar radio emission
have been studied by various authors, e.g. Bhonsle et al.
(1979), Magdaleni¢ et al. (2006), Chernov et al. (2007),
Magdalenic€ et al. (2020), Pulupa et al. (2020), Chen et al.
(2021), Jebaraj et al. (2023b), and Zhang et al. (2024).
Recently a new generation of radio telescopes such as,
e.g., LOw Frequency ARray (LOFAR; van Haarlem et al.
(2013)) has significantly improved the quality of radio
observations of the Sun in terms of the coverage of the
observed bandwidth, temporal and frequency resolution,
sensitivity and, in the case of interferometers, also spatial
resolution. This allowed detailed studies of fine structures.

Magdalenié et al. (2006) proposed a categorization
for the supershort structures found in metric solar type
IV radio bursts (200 — 600 MHz band) lasting between
4 to 60 ms. These structures were classified into three
categories: (i) simple broadband, (ii) simple narrow-
band, and (iii) complex. Simple narrowband structures,
characterized by a bandwidth smaller than 20 MHz, were
further divided into spike-like and patch-like supershort
structures. Of particular significance to our research are
the patch-like bursts, which were further categorized as
flag-like, sail-like, and dot-like bursts. Flag-like bursts,
observed on dynamic spectra, exhibit symmetric frequency
profiles and strongly asymmetric time profiles, with a steep
profile in the rising phase of the burst. Sail-like bursts
display a triangular shape, with symmetrical frequency
profiles and asymmetric time profiles. Dot-like bursts are
identified as increases in radio emissions, characterized by
symmetric time and frequency profiles (Magdalenic et al.

2020). Figure 1 presents a schematic diagram illustrating
the classification of solar radio fine structures.

In this paper, we present spectra and images of fine struc-
tures, such as flag-like, sail-like, and dot-like, observed with
LOFAR in the 20 — 40 MHz range on 8 April 2019. These
structures were associated with type III solar radio bursts
that occurred in the 40 — 80 MHz band.

Observations and data analysis

LOFAR is a radio interferometer situated in Europe, com-
prising 52 stations, with 38 stations in the Netherlands and
the remaining 14 spread across several European countries:
France, Germany, Ireland, Latvia, Poland, Sweden, and the
United Kingdom. Within the Netherlands, the 38 LOFAR
stations encompass 24 core stations (including six contribut-
ing to the “Superterp”) and 14 remote stations. The Interna-
tional LOFAR Telescope (ILT) boasts its widest baselines
reaching up to approximately 2000 km. Each LOFAR station
conducts observations utilizing two kinds of antennas: the
Low Band Antennas (LBA) functioning within the 10 to
90 MHz range and the High Band Antennas (HBA) operat-
ing between 110 and 240 MHz.

In our study, we utilized a segment of the data obtained
from the LOFAR observation project LT10_002, titled
“Advancing Space Weather Science with LOFAR and the
Parker Solar Probe”. This involved the integration of data
from 36 LOFAR stations, comprising 24 core and 12 remote
stations. Our research encompassed dynamic spectra and
imaging observations within the frequency range of 20 to
80 MHz (“LBA Outer” configuration). These 36 stations
possess a maximum baseline of approximately 76.1 km,
enabling the creation of a radio image theoretically endowed
with a spatial resolution of about 8.1 arcseconds at 80 MHz
(van Haarlem et al. 2013). However, this resolution is con-
strained to about one arcminute due to coronal scattering
effects (Mercier et al. 2015). To derive the stations’ gains,
we employed Taurus A as a calibrator in our analysis. The
solar interferometric imaging is processed and visualized
with lofarSun (Zhang et al. 2022). The dynamic spectra

Fig.1 Schematic diagram
shows the classification of
solar radio fine structures
flag-like (left panel), sail-like
(middle panel), and dot-like
(right panel). Structures of this
type appear irregularly on the
dynamic spectra. Duration and
frequency band of selected fine
structures are shown as At and
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were prepared using the LOFAR Solar Imaging Pipeline
developed at the Leibniz-Institut fiir Astrophysik Potsdam
(Breitling et al. 2015).

The interferometric images of the fine structures were
only taken at a single frequency, one image per structure.
The reason for this approach was the very narrow band-
width of the studied structures (0.2 to 3 MHz). Additionally,
the data from which interferometric images were generated
are recorded with an irregular frequency interval varying
from 0.4 to 2.1 MHz. Therefore, it was not always possible
to obtain an image of the examined structure exactly at its
maximum at a given frequency.

In our study of the Sun we identified a series of
type III solar radio bursts (occurred in the 40 — 80 MHz
band) recorded with LOFAR on 8 April 2019 between
09:42:00 UT and 11:38:59.6 UT (Fig. 2, one minute part
of dynamic spectrum). We were unable to record the begin-
ning and end of the bursts because of the limited observing
time. The studied type III bursts were observed within the
type III storm observed from about 09:00 UT until about
15:30 UT (Nangay Decameter Array) and associated with
fine structures such as flag-, sail-, and dot-like observed in
20 — 40 MHz range (Fig. 2). The structures occur in the
whole studied period in a random manner in the dynamic
spectrum.

The studied radio event was not associated with any
strong flares. During the event GOES (Geostationary Opera-
tional Environmental Satellite) registered a weak B1.7 solar
flare originating from active region NOAA AR 12738 at
NO6E72. The flare started at 09:49 UT, reached a maximum
at 09:52 UT, and ended at 09:54 UT.

The dynamic spectra (L700909_SAP000_B000_SO_
P000_bf) were prepared using the LOFAR Solar Imaging
Pipeline developed at the Leibniz-Institut fiir Astrophysik
Potsdam (Breitling et al. 2015). To obtain interferometric
images of the fine structures we used the same procedure as
in the work by Dabrowski et al. (2023).

Classification of fine structures

The observed fine structures are morphologically similar
to those described by Magdalenic et al. (2020) (and which
were related to type II burst) and we will therefore apply the
classification proposed there. During the type III bursts, we
recorded such fine structures as (1) flag-like, (2) sail-like,
and (3) dot-like.

We selected 24 flag-like, 12 sail-like and 21 dot-like
fine structures for more detailed analysis (Table 1). These
were well isolated structures, i.e., there were no other
structures in their vicinity on the dynamic spectrum whose
presence could affect the estimation of the parameters of
the studied events. We determined the basic parameters

LOFAR (L700909_SAP000_B00O_SO_P000_bf)

Loeg
o

P

o
@

o
o

Normalized flux density [arb. unit]

0.0

g0 il &
10:12:00 10:12:20 10:12:40 10:13:00
UTC (on 2019-04-08) [hh:mm:ss] (At=0.010s, Af=0.063MHz)

LOFAR (L700909_SAP000_B000_SO_P000_bf)

20.0
1.0

225
.‘é‘
25.0 4 083
e}
g
S
27.5-1 >
_ 062
= &
= 30.0 °
R x
- =}
042
3251 @) °
[
N
s
35.040 02E
o £
_—

10:12:20
UTC (on 2019-04-08) [hh:mm:ss] (At=0.010s, Af=0.063MHz)

10:12:00 10:12:40 10:13:00

Fig.2 Upper panel: exemplary part of the solar dynamic spectrum
with the series of the type III solar radio bursts in 40 — 80 MHz band
recorded on 8 April 2019. It was accompanied by numerous fine
structures in the 20 — 40 MHz band depicted in zoom in the middle
panel with division to: a flag-like, b sail-like, and ¢ dot-like structures
(note that on the spectra the frequency axis is not continuous due to
small gaps between subbands). In the lower panel are three examples
of the discussed types of structures at high level of magnification:
flag-like, dot-like and sail-like, respectively

of the fine structures, such as duration and spectral width
(Fig. 1), within a constrained time and frequency range,
revealing a detailed depiction of the studied phenom-
ena and minimizing possible measurement errors. The
obtained results are compared with those reported by
Magdaleni¢ et al. (2020), who investigated similar fine
structures in the 10 — 190 MHz band (Table 1).
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Table 1 Basic parameters of
the different fine structures.
The results were compared with

Magdalenic et al. (2020)

Name Flag-like Sail-like Dot-like
No. of events 24 12 21

Mean duration [s] 3.4 1.1 1.0
Duration Az [s] 1.0-6.0 0.5-3.0 0.5-3.0
Mean frequency band [MHz] 0.3 0.9 0.5
Frequency band Af [MHz] 02-1.0 04-3.0 02-1.0
Frequency range of occurrence [MHz] 23.5-36.2 28.8-39.0 25.0 - 39.00
Magdalenic et al. (2020)

Duration Az [s] 1.07 - 11.53 0.44 - 1.06 0.15-1.60
Frequency band Af [MHz] 0.09 - 1.00 0.71 - 1.62 0.16 - 0.88

The shortest time duration of the analysed flag-like
structures was 1.0 s and the longest 6.0 s with the average
of 3.4 s. In Magdaleni¢ et al. (2020) the duration of this
type of structure ranged from 1.07 to 11.53 s. Thus, its
lower limit is comparable with our results, while its upper
limit is twice as long as ours. As for the spectral width
of the analysed flag-like structures, their average value is
0.3 MHz and the minimum and maximum values are 0.2
and 1.0 MHz, respectively. In Magdaleni¢ et al. (2020)
it is between 0.09 and 1.00 MHz and its lower limit is
twice shorter than ours, while its upper limit is the same
as our results. In general, the longer values of duration of
the flag-like structures associated with type II bursts in
comparison to type III seems consistent with the fact that
electron beam velocity responsible for generating type III
bursts is higher than in case of type II (Voshchepynets
et al. 2015).

The shortest time duration of the analysed sail-like
structures was 0.5 s and the longest 3.0 s with the aver-
age of 1.1 s. In Magdaleni¢ et al. (2020) the duration of
this type of structure ranged from 0.44 to 1.06 s. Thus, its
lower limit is comparable to our results, while its upper
limit is three times shorter than ours. As for the spectral
width of the analysed sail-like structures, their average
value is 0.9 MHz and the minimum and maximum values
are 0.4 and 3.0 MHz, respectively. In Magdaleni¢ et al.
(2020) the frequency ranges from 0.71 to 1.62 MHz, with
its lower limit being approximately twice as high as our
results and its upper limit being half as high.

The shortest time duration of the analysed dot-like
structures was 0.5 s and the longest 3.0 s with the aver-
age of 1.0 s. In Magdaleni¢ et al. (2020) the duration of
this type of structure ranged from 0.15 to 1.60 s. Thus,
its lower limit is more than three times shorter than our
results, while its upper limit is two times shorter than ours.
As for the spectral width of the analysed dot-like struc-
tures, their average value is 0.5 MHz and the minimum
and maximum values are 0.2 and 1.0 MHz, respectively. In
Magdalenic€ et al. (2020) it is between 0.16 and 0.88 MHz
and is similar to our results.

@ Springer

Radio images of fine structures

We obtained radio images for eight fine structures, two for
flag-like, two for sail-like and four for dot-like. The rea-
son for difficulties in imaging this type of events are their
narrowband nature and the fact that the acquired data are
recorded with irregular frequency intervals ranging between
0.4 and 2.1 MHz.

In order to obtain interferometric images of the fine struc-
tures we determined the frequency and time corresponding
to the maximum of the flux for each one. In the following
step, the contour of the radio emission area is set to half
of the maximum intensity. Additionally, for each contour a
centroid is calculated (Table 2). Methodology is described
in detail in Dabrowski et al. (2023).

From the radio images we found the sizes of the fine
structure emission sources and their height in the solar
corona (Table 2). To determine the heights of the structures,
we used the well-known Newkirk radial electron density
(N,) model of the solar corona:

N, =4.2-10*. 10*3%/R, (1)

where R is a distance from the centre of the Sun in units
of the solar radius (Ry) (Newkirk 1961). The observed fine
structures were situated between 1.63 and 1.89 R, from the
solar centre, with an average altitude of 1.77 R,

The analysis showed that the eight studied fine structures
occurred in different locations and frequencies (Table 2).
Centroids of the fine structures were superimposed on the
image of the Sun received in the AIA 171 A channel by
Solar Dynamics Observatory — SDO (Fig. 3). The observed
fine structures occurred on the east side of the Sun and
were most likely associated with an emerging active region
NOAA AR 12738, where weak B1.7 flare was observed (the
flare started at 09:49 UT, and ended at 09:54 UT).

The sizes of the emission sources in the investigated fine
structures varied slightly, ranging from 288 to 372 arcmin?
for flag-like structures (Fig. 4), 287 to 345 arcmin? for sail-
like structures (Fig. 5), and 240 to 392 arcmin? for dot-like
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Table 2 Basic parameters of the

) Burst Time Freq Dur Freq. band x-axis® y-axis®? Height® Size Beam size

studied fine structures observed

on 8 April 2019 for which radio [UT] [MHz] [s] [MHz] [arcsec] [arcsec] [Rg] [arcmin?] [arcmin?]

images were obtained ]
Flag-like 11:22:20.5 2558 6.0 04 —-1607 404 1.89 372 233
Flag-like 11:24:15.5 28.51 5.0 0.2 —1204 —464 1.81 288 201
Sail-like  10:53:26.8 2851 0.5 04 —1098 1434 1.81 345 188
Sail-like  11:36:35.2 3925 0.5 04 —-1369 275 1.63 287 124
Dot-like  09:58:36.6 3359 0.7 0.3 —-1752  -118 1.71 269 210
Dot-like  10:01:46.2 3144 2.0 0.8 —-1802 -1168 1.75 240 163
Dot-like  10:02:56.6 3359 1.0 0.3 —-1795 -1125 1.71 392 267
Dot-like  10:53:29.0 2753 1.0 0.3 —1114 1547 1.84 331 199

“Location of the centroid in regard to the solar centre (x-axis)

bLocation of the centroid in regard to the solar centre (y-axis)

“Height of emission source in regard to the solar centre
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Fig. 3 Image of the Sun received in the AIA 171 A channel by SDO
with superimposed centroids of the fine structures: flag-like (tri-
angles), sail-like (squares), and dot-like (circles). The frequency at
which they were obtained is shown next to the symbols

structures (Fig. 6). Overall, the sizes of the fine structures were
comparable across all studied cases. Importantly, the size of
these structures did not show dependence on the frequency of
observation. The telescope beam sizes were consistently 1.3 to
2.3 times smaller than those of the emission sources.

Summary and discussion

We selected 57 fine structures for analysis and determined
their basic parameters, such as duration and spectral width.
Additionally, we obtained radio images for eight fine
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Fig.4 Image of the Sun received in the AIA 171 A channel by SDO
with superimposed radio contours showing the flag-like fine struc-
tures. The centroids of the areas are marked with a cross. The fre-
quency at which they were obtained is shown next to the contours.
Beam size for each contour can be shown in Table 2

structures, two for flag-like, two for sail-like and four for
dot-like.

We report fragmentation of the radio emission asso-
ciated with type III radio bursts at lower frequencies
observed in high time, frequency, and spatial resolution
with LOFAR telescope. It appears that in the case of
analysed event the fragmentation of the emission at low
frequencies is much stronger than at higher frequencies.
The density fluctuations determine the characteristics of
the type III fine structures (Voshchepynets et al. (2015);
Sishtla et al. (2023)). The main findings of our work are:

@ Springer
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Fig.5 Image of the Sun received in the AIA 171 A channel by SDO
with superimposed radio contours showing the sail-like fine struc-
tures. The centroids of the areas are marked with a cross. The fre-
quency at which they were obtained is shown next to the contours.
Beam size for each contour can be shown in Table 2
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Fig.6 Image of the Sun received in the AIA 171 A channel by SDO
with superimposed radio contours showing the dot-like fine struc-
tures. The centroids of the areas are marked with a cross. The fre-
quency at which they were obtained is shown next to the contours.
Beam size for each contour can be shown in Table 2

@ Springer

1. We found fragmentation of the radio emission associated
with type III bursts in 20 — 40 MHz band.

2. Several fine structures were noted that have been clas-
sified on the basis of their appearance on the dynamic
spectrum according to the classification proposed by
Magdaleni¢ et al. (2020).

3. Coronal scattering can be one of the reasons having an
influence on apparent positions of the sources of the
studied fine structures. Dabrowski et al. (2023) esti-
mated that the source observed at 35 MHz (roughly
corresponding to the average frequency at which source
sizes were studied, see Table 2) would be radially shifted
by about 0.6 R, from its true location.

4. We observe identical fine structures in type III bursts
as in type II bursts studied by Magdaleni¢ et al. (2020).
Therefore, this phenomenon appears to be universal,
irrespective of the electron acceleration mechanism
responsible for the bursts.

The analyses of fine structures carried out show that the
LOFAR telescope is well suited for this type of task. Par-
ticularly relevant are the radio images of fine structures,
which are relatively poorly studied in the literature at low
frequencies (in the metric range).
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