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ABSTRACT

Context. The slowly positively drifting bursts (SPDBs) are rarely observed in radio emission of solar flares.

Aims. To understand how the SPDBs are generated, we studied the radio observations at 600-5000 MHz together with the imaging
observations made in ultraviolet (UV) and extreme ultraviolet (EUV) during the SPDB-rich C8.7 flare of 2014 May 10 (SOL2014-
05-10T0702).

Methods. Because the SPDBs propagate towards locations of higher plasma density, we studied their associations with individual
flare kernels, located either within the flare core itself, or distributed at longer distances, but connected to the flaring region by large-
scale hot loops. For each kernel we constructed light curves using 1600 A and 304 A observations and compared these light curves
with the temporal evolution of radio flux at 1190 MHz, representing all observed groups of SPDBs. We also analysed the UV/EUV
observations to understand the evolution of magnetic connectivity during the flare.

Results. The flare starts with a growing hot siemoid observed in 131 A. As the sigmoid evolves, it extends to and interacts with a half
dome present within the active region. The evolving sigmoid reconnects at the respective hyperbolic flux tube, producing large-scale
magnetic connections and an EUV swirl. Three groups of SPDBs are observed during this large-scale magnetic reconnection, along
with a group of narrow-band type III bursts. The light curves of a kernel corresponding to the footpoint of spine line analogue show
good agreement with the radio flux at 1190 MHz, indicating that the SPDBs are produced by the large-scale magnetic reconnection
at the half dome. In addition, one of the kernels appeared in the neighbouring active region and also showed a similar evolution to
the radio flux, implying that beams of accelerated particles can synchronize radio and UV/EUYV light curves across relatively large

distances.
Conclusions.

1. Introduction

8v1 [astro-ph.SR] 22 Aug 2024

«| Solar flares are explosive phenomena in the solar atmosphere
O\l occurring at locations of accumulated magnetic field energy and
O\l electric currents. During flares, this energy is rapidly changed

1 into plasma heating, plasma flows, accelerated particles, and
OO emissions in a broad range of electromagnetic waves: from radio;
(O through optical, ultraviolet (UV), extreme ultraviolet (EUV), and
<" X-rays; to gamma rays (Krucker et al|[2008}; [Schrijver 2009}
O\l [Fletcher et al 2011 [Aulanier et al]2012).

> In the radio range, solar flares are accompanied by many

* = types of radio bursts (see Krueger [1979; McLean & Labrum

>< 1985; |Aschwanden! [2004)); (for radio bursts in the decimetre

E range, see catalogues by |Guedel & Benz| (1988, 0.3—-1.0 GHz),

Isliker & Benz| (1994} 1.0-3.0 GHz), orJifi¢ka et al| (2001}, 0.8—

2.0 GHz)). Among them, the most frequent types are type III and

IV (continua) bursts. While type III bursts are generated by elec-

tron beams via the plasma emission mechanism (Aschwanden

2002; Reid & Ratcliffe|2014; [Benz|[2017} |Chen et al.|2018)), the

continua observed at GHz range are mostly generated by the gy-

rosynchrotron emission of non-thermal electrons (Krueger|1979;
Chen et al.|[2020; | Kuznetsov & Fleishman!|2021)).

In the decimetre range, in addition to the type III bursts,
slowly positively drifting bursts (SPDBs) also occur sometimes
and have a frequency drift usually less than ~100 MHz s~! (Kar-
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licky et al.|2018}|Zemanov4 et al.[2020). In Karlicky et al.[(2018)
a single SPDB was shown in connection with a falling plasma
blob and interpreted by the thermal conduction front. In Ze-
manova et al.| (2020) a group of SPDBs was observed simul-
taneously with a brightening of huge magnetic rope. It was in-
terpreted by particle beams propagating in the helical magnetic
field structure of this rope. However, the origin of SPDBs is still
unclear.

Solar flares produce beams of particles, in most cases elec-
tron beams. Owing to these beams, flares need not be localized
only at the place where they started. Specifically, particle beams
can travel along magnetic field lines from flares to new loca-
tions within the flaring active region or even to distant active
regions, where they bombard dense atmospheric layers and heat
the chromospheric plasma at these locations. Moreover, particle
beams can even trigger flaring processes at these locations, if
some free energy is present there. In particular, particle beams
generate Langmuir waves that, in the current sheet at these loca-
tions, increase the resistivity, and thus trigger the reconnection
(see|Karlicky & Jungwirthl[1989)).

There is some correlation between decimetre radio emission
and hard X-rays (HRX). For example,|Aschwanden et al.|(1985)
compared the occurrence of decimetre radio bursts (300-1000
MHz) with simultaneous emission in HXR and found an associ-
ation of 51%. He also found that 68% of decimetre radio events
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usually started at the rise time of HXR, so they considered them
to be a phenomenon connected to the impulsive phase of flares.

Solar radio spectra at decimetre wavelengths provide us with
information about the processes occurring during solar flares and
eruptions; however, they do not show the positions of the radio
sources. Their positions are likely intimately connected to the
magnetic field configuration of flaring active regions and their
inter-connections; therefore, localizing them may help to under-
stand how they are generated. Spectral-imaging instruments pro-
viding observations at decimetre wavelengths are still rare (Tan
et al.|2023). To date, the best imaging observation of active and
flaring regions in the solar corona is due to the magnetic field
being visualized by hot plasma in EUV and X-rays.

The present paper combines temporal changes in the connec-
tivity of magnetic loops as seen in UV/EUV images, observa-
tions of radio bursts in decimetre frequency range, and the light
curves (LCs) made from selected flare kernels to find any as-
sociation of radio bursts with processes forming distinct flare
kernels. Using the models of three-dimensional (3D) magnetic
reconnection (Aulanier et al.[[2006} |[Pontin et al.|2013; Wyper &
DeVore|2016f Wyper et al.|2016), we disentangle flare processes
in the flare active region. In connection with this flare, we rec-
ognized a flaring activity even in a neighbouring active region.
Then, based on these results, we interpret SPDBs as those gen-
erated by particle beams propagating along magnetic field lines
that are formed during the 3D magnetic reconnection at the hy-
perbolic flux tube (HFT). Finally, we discuss their low positive
frequency drift and propose its explanation.

2. Data

For this paper we studied radio spectra obtained by the radio
spectrographs RT4 and RTS at Ondiejov Observatory of Astro-
nomical Institute of the Czech Academy of Sciences. The spec-
trograph RT4 works in the frequency range 2000-5000 MHz
with the frequency resolution 11.7 MHz and time resolution 10
ms (Jiricka et al.|1993; Jificka & Karlicky|2008)). The RTS works
in the 800-2000 MHz range with the frequency resolution 4.7
MHz and time resolution of 10 ms (Jificka et al.||{1993; [Jificka
& Karlicky|[2008). To extend the frequency range down to 600
MHz, we also used one spectrum from the BLEN7M Callisto
(Benz et al.|2005).

The study of radio spectra is supplemented with imaging data
obtained by the Atmospheric Imaging Assembly (AIA) (Lemen
et al. [2012) on board the Solar Dynamic Observatory (SDO)
(Pesnell et al.||2012). The AIA provides multiple simultaneous
images of the solar disc with 12 s cadence and spatial resolution
of 1.5”. It consists of four identical telescopes working together
to provide images of the Sun in seven narrow-band extreme
ultraviolet (EUV) filters and two ultraviolet (UV) filters. The
EUV images were deconvolved with a point spread function us-
ing aia_deconvolve_richardsonlucy.pro and then processed via
aia_prep.pro, using the standard SolarSoft tree[]ln this study we
used images in the 131 A, 171 A, 193 A, 211 A, and 304 A EUV
filters and in the 1600 A UV filter. In the SDO/AIA 131 A filter
hot emission from Fe xx1 at log(7" [K]) =7.05 dominates during
the flare, otherwise the filter contains emission from the quiet
corona of Fevm at log(T [K])= 5.6; the 171 A filter contains
mainly emission produced by Fe1x at log(7 [K])= 5.85, but in a
flare the continuum contributes significantly. In 193 A the main
contribution comes from Fe xm at log(7 [K])= 6.2, but during the

' https://www.lmsal.com/solarsoft/ssw_install.html
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flare Fe xx1v emission at log(T [K])= 7.25 it can become impor-
tant. The 211 A passband contains the main contribution from
Fe xiv at log(T [K])= 6.3, but during a flare the continuum en-
hances, and emission from Fe xvm (log(7T [K])= 6.6) and Ca xvm
(log(T [K])= 6.7) may also contribute. Finally, the 304 A filter
covers emission of Hem at log(7 [K])= 4.7, while in flares the
hot emission from Caxvm at log(7T [K])= 6.85 can contribute
(for details see (O’Dwyer et al.| (2010). For the analysis of LCs
from seleocted flare kernels, we used the SDO/AIA 1600 AUV
and 304 A EUV filters. To visualize the coronal loop connection
between the flaring active region (AR 12 056) and its neighbour-
hood, we used SDO/AIA images in 131 A and 193 A filters and
applied to them a method of multi-scale Gaussian normalization
introduced by Morgan & Druckmiiller| (2014).

To show the spatial distribution of the magnetic field in the
flaring active region and its neighbourhood, we used the lon-
gitudinal magnetograms obtained from the Helioseismic and
Magnetic Imager (HMI) (Scherrer et al||2012) on board the
SDO. They were processed by the standard SolarSoft routine
aia_prep.pro which re-scales them to the AIA pixel size. As sup-
plementary imaging data, we also used Ha solar synoptic images
which were provided by the Kanzelhohe Observatory for Solar
and Environmental Research (KSO), University of Graz, Aus-
tria.

The time evolution of soft X-ray (SXR) flux during the flare
was obtained by X-ray Sensors (XRS) on board the Geostation-
ary Operational Environmental Satellite 15 (GOES—IS)E] The
XRS provides solar X-ray irradiances for two wavelength bands:
0.5-4.0 A and 1-8 A. Here we used the operational data provided
by the Space Weather Prediction Center (SWPC)E]

To complement the observed radio spectra and flare evo-
lution in EUV we used Hard X-ray (HXR) data obtained by
the Reuven Ramaty High-Energy Solar Spectroscopic imager
(RHESSI) (Lin et al.|2002). The RHESSI images used in this
study were taken from the Flare Image Archive, which is a part
of RHESSI Misson Archiveﬂ We took images reconstructed us-
ing the CLEAN algorithm and detectors 5 to 9.

3. Observations
3.1. The 2014 May 10 flare

On 2014 May 10, the Ondfejov radiospectrographs observed
three groups of SPDBs (Sect. [3.2) during 06:57-07:03 UT. A
summary of the most important radio bursts is given in Table[T}
This radio activity occurred during a confined flare of GOES soft
X-ray class C8.7 (Fig.[I). We note that the occurrence of three
distinct groups of SPDBs is unusual, given that these bursts are
rare, and we regard this flare as SPDB-rich. The flare itself lasted
during 06:51-07:30 UT, with a peak at 07:02 UT (Fig. [Tj). The
derivative of the GOES X-ray flux is shown in panel (b) of Fig.[]
and the blue dashed lines mark the time interval 06:57-07:03
UT when groups of SPDBs were observed. Almost all detected
radio bursts appeared during its impulsive phase, except group
SPDBs-3, which started a few seconds after the maximum of
SXR flux. This makes the flare an excellent candidate for associ-
ation with observed radio burst activity. Simultaneously with the

2 https://www.ncei.noaa.gov/data/
goes-space-environment-monitor/access/science/xrs/
GOES_1-15_XRS_Science-Quality_Data_Readme.pdf

5 https://ngdc.noaa.gov/stp/satellite/goes/doc/GOES_
XRS_readme.pdf

% https://hesperia.gsfc.nasa.gov/rhessi/
mission-archive
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Fig. 1. GOES 15 light curves. (a) Flux in 1-8 and 0.5-4 A during the
time interval 06:45-07:30 UT and (b) flux derivative during the time
interval 06:45 - 07:15 UT. Blue vertical dashed lines show the time
interval when radio bursts were observed and the black line marks the
flare maximum in SXR.

SXR C8.7 flare, the Ha flare was also detected during 06:50—
08:09 UT in active region NOAA 12 056. The evolution of the
flare is studied in Sect.

We note that the GOES satellite sees SXR flux from the
whole solar disc, and in principle, any other brightening could
occur at a similar time as the C8.7 flare. Therefore, we checked
for other solar activity within the solar disc. In the SDO/AIA
131 A filter we found an enhancement in hot emission within
the neighbouring active region NOAA 12055. An SXR flare in
active region NOAA 12055 identified by GOES was observed
more than one hour later. The enhancement of hot emission at
about 06:57 UT is studied further in Sect. 4]

3.2. Radio

The radio spectrum within the time interval 06:57-07:03 UT
observed during the 2014 May 10 flare (SOL2014-05-10T0702
C8.7) by the Ondrejov radiospectrographs RT5 and RT4 is de-
picted in Fig. Zh and b, respectively. Figure Zh shows the spec-
trum in the frequency range of 800-2000 MHz. During the time
interval 06:57:48-06:58:08 UT, we observed the first group of
slowly positively drifting bursts (SPDBs-1). According to the
BLEN7M Callisto spectrum, some of the bursts started at 700
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Fig. 2. Spectra from the Ondfejov radiospectrographs and RHESSI
HXR light curves. The radio spectrum in 800-2000 MHz (RTS) (a),
in 2000-5000 MHz (RT4) (b), cuts through spectra at 1190, 4300, 4680
MHz (c). Each cut was normalized to its maximum flux and, for clar-
ity, plotted by adding a constant (0, 1.0, 2.0, respectively). Individual
groups of SPDBs are labelled 1, 2, and 3 and type III bursts are labelled
111, II-A, III-B; RHESST HXR light curves for two energy channels and
detector 3: 12-25 keV in green and 25-50 keV in blue (d). The sudden
jump in HXR rates at about 07:02 UT is due to attenuator change.

MHz. These bursts resembled reverse type III bursts, but their
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frequency drift, 54-90 MHz s~!, was much smaller than that
typical of type III bursts, ~1 GHz s~', in this frequency range
(Aschwanden|[2002)). Considering the plasma emission mecha-
nism for these bursts, an agent driving them was supposed to
move through a plasma with a density of about 6-20 x10° cm™3
(fundamental) or 1.5-5 x 10° cm™ (harmonic). Further, within
06:59:00-07:00:20 UT, narrow-band type III bursts were ob-
served over frequencies 900-1400 MHz. They were of lower
intensity than SDPBs-1 and were accompanied by an enhanced
continuum (Fig. Za—c). Then, during 07:01:00-07:03:00 UT we
observed two other groups of SPDBs: SPDBs-2 and SPDBs-3
(Fig. [2h). Some bursts in these SPDBs groups started even at
frequencies of about 600 MHz (see e.g. the detailed spectra of
SPDBs-2 in Fig. 3). The frequency drifts observed in groups of
SPDBs-2 and SPDBs-3 were 50-180 MHz s~! and 56-100 MHz
s~!, respectively. The top part of Table |1| provides summary in-
formation on the radio bursts observed in 600-2000 MHz range.

At the frequency range of 20005000 MHz (Fig. 2b) we ob-
served both continuum radio emission and bursts. Strong contin-
uum emission was observed during the time intervals 06:57:40—
06:58:20 UT and 06:59:20-07:00:40 UT. In addition to the con-
tinuum, two groups of narrow-band type III bursts were ob-
served. The first group of narrow-band type III bursts, III-A, was
observed at 06:57:48-06:57:56 UT at 4100-5000 MHz (Fig.@)).
This group consisted of three bursts separated in time by At ~ 4—
5 s. All three bursts within this group were more intensive than
the background continuum emission. The first and the last burst
were observed approximately at 4500-5000 MHz and the mid-
dle one was observed through the largest frequency range 4100—
4800 MHz. Another group of narrow-band type III bursts, III-
B, was observed at 06:58:24-06:58:46 UT at frequencies of
4100—4800 MHz and was more complex than III-A. The III-B
group consisted of several bursts where the last three bursts again
seemed to be quasi-periodic in time with At ~4-5 s. The bottom
part of Table[T|provides summary information on the radio bursts
observed in the 2000-5000 MHz range.

The time evolution of bursts described previously can also
be seen in Fig. 2k. There, the cuts through the radio spectrum
at three individual frequencies are plotted: 1190 MHz (brown),
4300 MHz (light blue), and 4680 MHz (orange).

3.3. Hard X-rays

Figure2d shows the evolution of the HXR count rate by RHESSI
during the time interval 06:57-07:03 UT when radio burst ac-
tivity was detected. The HXR counts in 12-50 keV started to
rise earlier than at 06:57 UT (not shown). In the 25-50 keV
channel two main hard X-ray peaks were observed. Generally,
these peaks were well correlated in time with bands of contin-
uum radio emission over the 2000-5000 MHz frequency range
(Fig.2b—d). The narrow-band type III-A (4100-5000 MHz) and
also SPDBs-1 (700-1300 MHz) were observed during the max-
imum of the first 25-50 keV HXR peak. Occurrence of the
narrow-band type III-B (4100—4800 MHz) fell between the two
main peaks of 25-50 keV HXR emission. However, it still cor-
relates with small local peaks observed at 06:58:20-06:59:00
UT (Fig. 2k, d). Groups of SPDBs-2 and SPDBs-3 (07:01:08—
07:01:47 UT and 07:02:05-07:02:50 UT) were observed already
in the decline phase of HXR count rates. We note that the peak
in count rates about 07:02 UT for both HXR energy intervals is
artificial and occurred due to attenuator change.
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Fig. 3. Detail of the radio spectrum showing SPDBs-2. The top panel
is BLEN7M Callisto spectrum and the bottom panel shows spectrum
from Ondrejov (RT5). The panels have different scales in frequencies
and radio fluxes. The short white vertical lines in the spectra indicate
the times used in the discussion for the velocity of beams generating
SPDBs.

3.4. Structure of the flaring active region: Magnetic field

The photospheric magnetic structure of the flaring active re-
gion NOAA 12056, as observed by the SDO/HMI instrument, is
shown in Fig. @h. The leading polarity was negative, consisting
of three spots N1-3, several nearby plages and a large supergran-
ule (LS). The following polarity has only one larger spot, P1, and
several smaller ones together with more extended plages. Some
of these plages are extended towards the west and south-west.
The negative polarity spot, N1, was located north-west of P1 and
N2 was located to the west of LS. The third sunspot of negative
magnetic polarity, N3, was located about 100" to the south of
N1 (Fig.@). From the east side, N3 was surrounded by an area
of network magnetic field of positive polarity (Fig. Bh) and on
its west side, it was surrounded mostly by the magnetic field of
negative polarity. EUV loops connecting N3 to a positive net-
work magnetic field constitute a half dome magnetic structure
(Fig.@b). A comparison of Figs. @b and d shows that during the
flare there is a faint ribbon surrounding the half dome structure
in He.

3.5. Evolution of the flaring active region in EUV and Ha

We now describe the evolution of the flare as observed in EUV
and He. In doing so, we give particular emphasis to several areas
of bright footpoint emission, labelled as kernels K1-K13. The
individual kernels brighten at different times and their locations
are denoted in Fig. . Their evolution in relation to the main
flaring processes is described in the remainder of this section,
while their correlations to the radio emission (or lack thereof)
are studied in Sect. [
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Table 1. Summary of the observed groups of radio bursts.

Time range Frequency range Type Characteristic
[UT] [MHz]
06:57:48-06:58:08 700-1300 SPDBs-1 freq. drift 54-90 MHz s~!
06:59:00-07:00:20 900-1400 narrow-band III seen over continuum
07:01:08-07:01:47 600-1300 SPDBs-2 freq. drift 50-180 MHz s™!
07:02:05-07:02:50 600-1200 SPDBs-3 freq. drift 56-100 MHz s™!
06:57:40-06:58:20 2000-5000 continuum -

06:57:48-06:57:56 4100-5000 narrow-band III-A 3 bursts seen over continuum
06:58:24-06:58:46 41004800 narrow-band III-B  several bursts seen over continuum
06:59:20-07:00:40 2000-5000 continuum -
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Fig. 4. Overview of active region and flare kernels. (a) SDO/HMI line-of-sight magnetogram (+ 300 G): P1, N1, N2, N3 - sunspots; LS - large
supergranule; F - filament (red lines); K1, K2, and K3 - flare kernels (yellow arrows); and border of the half dome structure (tiny dark blue crosses).
(b) SDO/AIA image in 211 A showing the loops of the half dome and filament F (red lines). The border of the half dome is shown by white crosses
(also in (¢)). The dashed rectangle is the field of view for Figs.ElEl , and (c) SDO/AIA 1600 A image showing ribbons and their positive and
negative polarity ribbon hooks (PRH and NRH, respectively). The coloured and numbered squares show the locations of particular flare kernels.

(d) KSO He image showing the positions of the flare kernels at the beginning of the flare (K1, K2 - arrows), and those resembling the model of
3D magnetic reconnection (K3, K4, K6, K8, K9, K13).
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3.5.1. Start of the flare

Along the polarity inversion line within the active region NOAA
12056, a small active region filament F was observed. Its loca-
tion is shown in Fig. fh and b by a red line, with the filament
F being most readily visible in SDO/AIA 304 A (Fig. .) The
activation of filament F started at about 06:45 UT (see the movie
associated with Fig. E[) At 06:47-06:51 UT, we observed the for-
mation of a bright sigmoid (S) in the hot AIA passband overlying
filament F (Fig.[Sh). The first bright flare kernel (K1) (Fig.[Sh—)
appeared at about 06:49 UT in the extended positive magnetic
field (Fig. ffp) close to the eastern footpoint of S. The first flare
kernel (K1) was located in the northern part of the half dome
(Fig.[5h). At this time, we observed two loops, L1 and L2, over-
arching filament F in the SDO/AIA 171 A filter (Fig. ). The
second flare kernel (K2) appeared near the ‘elbow’ of S (Fig. Eh),
located in a weak magnetic field of negative polarity north of N3
(Fig. E}a). In the hot 131 A EUV channel (Fig. ) we observed
tiny loops connecting kernels K1 and K2. At about 06:50 UT, the
negative footpoints of these loops connecting K1 and K2 started
to slip from K2 towards N3.

3.5.2. Evolution of the flare core

Simultaneously, at about 06:50 UT, the S started to grow. Its
growth was associated with the appearance of a pair of J-shaped
ribbons (Fig. Bk, f). The growing S first interacted with over-
lying loops L1 and L2, and later with the half dome. Figure [6]
shows more details of this interaction process adding three time
instants between those shown in Fig. Eh and d. Meanwhile, as
the S was growing, its positive ribbon hook (PRH) was widen-
ing and the footpoints of the associated flare loops crossed the
location of K1 (Fig. [6] yellow circle). They continued slipping
further towards the position of the orange square denoting ker-
nel K9 (Fig. [6h—c) following the border of the half dome from
its outer side. The conjugate negative ribbon hook (NRH) was
drifting towards N2. The directions of evolution of the PRH and
NRH are shown by yellow arrows above S in Fig. [6. Approxi-
mately at 06:57 UT, NRH reached the penumbra-umbra border
of N2 sunspot (Fig. [6c) and the loops of PRH reached kernel
K9 (Fig. @ After this time, several new bright kernels (K3, K4,
and K6), appeared to the south of N3 (Fig. [6k) and later also
new large-scale flare loops were observed there (see Sect. [3.5.3).
Meanwhile, a pair of RHESSI HXR sources at 25-50 keV ap-
peared along the straight parts of the J-shaped ribbons (dark blue
contours in Fig. [5p). Figure [Sd—e shows that these bright straight
parts of the ribbons were joined by hot flare loops of the central
part of S, later seen to be cooling at 304 A (Fig.|5D).

3.5.3. Outlying kernels and large-scale flare loops

During the interaction of S with the half dome (Sect.[3.5.2)), sev-
eral new kernels appeared further away from the flaring active
region, mostly to the south of N3. These included a bright kernel
K3 (Fig. k), and a few fainter ones, including K4 and K6 (Fig.
[6k). Radio emission in 600-5000 MHz was observed almost si-
multaneously with the appearance of those kernels. From 07:00
UT other flare kernels, K5 and K7, were also appearing to the
south and south-east from N3 (Fig. [3}).

At 06:58 UT, kernel K3 was the brightest and southernmost
of these (Fig. 5jd—f). It was located in positive polarity far to the
south of the main flare, more than 100" south from N3 (Fig. Eh).
K3 was visible in emission also in UV (Figs. ) and in Ha
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(Fig. ). We note that details on the Ha evolution of this flare
can be found in Tschernitz et al.| (2018)).

Figure [5d also shows that slightly after the appearance of
kernel K3 a new large-scale flare loop emanating from it started
to be seen. We attempted to estimate the velocity of the plasma
evaporation filling this large-scale flare loop from the side of K3.
We traced a part of it, as shown by the dashed line in Fig. [7a. A
time-distance technique was used to measure the image-plane
projected evolution of hot plasma along this trace (Fig.[7p). As
the path starting from K3 passed over kernel K4 as well (Figs. [7h,
[3ld), for estimation of evaporation velocity we used only the part
of the loop between the two kernels (Fig. [7b). This way, we
excluded emission from other flare loops that might originate
from K4. The measured projected velocity 668 + 115 km.s™! is
among the highest evaporation velocities reported to date (see
e.g. |Antonucci et al.|[1990; Doschek et al.[2013; [Young et al.
2013 Polito et al.|2016; [Dudik et al.[2016; Lee et al.[2017). This
could indicate a significant energy deposit into the bright kernel
K3, although we did not observe any HXR source there.

Later we observed a bundle of hot loops connecting the area
around K3 with the N2 spot (Fig. 5g). In addition to this bun-
dle of hot loops, there are also two other systems of large-scale
flare loops starting from N2. One connects N2 with a system
of new extended flare ribbons located approximately at coor-
dinates solar-X ~ [-550"— —490"], solar-Y ~ [-50"- 0"], in-
cluding kernels K5 and K7 located at these ribbons (Fig. [Slg—i).
Another large-scale system of flare loops connects N2 with the
north-eastern part of the half dome border. It is composed of flare
loops overlying the core flare arcade (Fig. Pl). The presence of
all these large-scale flare loops indicates significant expansion of
the connectivity of the flare from its original location at the S.

3.5.4. Extreme ultraviolet swirl

Finally, Figs. [5h and [5} show an additional feature of interest
present during this flare: within the white circle there is a ray-
like system of bright EUV features. The white circle is centred
at [—490”, 70”], near the top of the elbow of the S, and later the
arcade of flare loops is seen in the flare core. These ray-like fea-
tures are bubbles of plasma moving away from the top part of the
loop. Figure[§](and the movie associated with it) shows this phe-
nomenon in detail. After 06:59 UT we observed the formation
of a plasma swirl north of N3 and at the elbow of S (Fig. [§p—d).
The swirling motion of various plasma blobs was visible in AIA
171 A, 211 A, but also 131 A starting at about 07:00 UT. The
visibility of the swirl in these three filters indicates that it likely
originated at temperatures below 1 MK (O’Dwyer et al.|2010;
Del Zannal[2013). The sense of the plasma rotation in a swirl is
indicated by a black arrow in Fig.[8e. While the plasma was seen
to rotate, the centre of a swirl was slightly moving to the south-
east and we could observe several short bright jets towards N3
(e.g. Fig. [Be). About 07:08 UT several ray-like structures and
blobs of plasma were seen to separate from the area of fading
swirl (Fig. Bh, k, n; i, 1, o, arrows). The swirl completely fades
away at about 07:14 UT.

4. Analysis of UV/EUV light curves from individual
flare kernels

Since the radio observations of interest, including the SPDBs and
type III bursts, do not contain positional information, the only
possibility to connect them to various flare phenomena observed
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Fig. 5. SDO/AIA images showing the evolution of the C8.7 flare in EUV: 131 A filter (a, d, g), 171 A (b, e, h), and 304 A (c, f,1). N2 and N3
give the positions of negative sunspots; LS is the large supergranule; S is the bright sigmoid formed over the filament F; and PRH and NRH in
(f) are ribbon hooks. The tiny white crosses show the border of the half dome (a and b), the arrows point to the flare kernels K1, K2 in (a—c),
and K3 in (d-i), and to loops L1 and L2 in (b and e); and the white circles in (h and i) show the position of the swirl. The dotted rectangle in (d)
shows the field of view in Fig.[8] The contours in (e) show RHESSI HXR sources at 06:58:34-06:59:28 UT: light blue 12-25 keV, dark blue 25-50

keV. The temporal evolution of the flare (06:45-07:45 UT) in SDO/AIA filters 131 A, 171 A, 304 A, and 1600 A is available as an online movie
(flare_131_171_304_1600.mpg).

in UV and EUV is by temporal correlation. This is the focus of tivity within 600-5000 MHz was observed few minutes later,
the remainder of this section. during its impulsive phase and about its maximum (Fig.[Tp), but

The first flare kernels K1 and K2 appeared two minutes be- not before 06:57 UT (i.e. not before the start of the impulsive
fore the onset of the GOES C8.7 SXR flare. The radio burst ac- phase).
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of hot plasma filling the new flare loop from K3. The velocity of the evaporation is indicated.

The time interval 06:57:48-06:58:46 UT, during which
groups III-A and III-B were observed in 20005000 MHz, as
well as group of SPDBs-1 in 800-2000 MHz, coincides in time
with the appearance of two sets of flare kernels: those to the
south of N3 (K3, K4, K6), and those located along the ribbons
(K10-K13); Fig. k). At the location of K10-K12 we observed
intensive HXR sources (Figs. [0k, [5g) detected during time in-
tervals 06:57:40-06:58:33 UT and 06:58:34-06:59:28 UT. The
brightest EUV kernel on the south of N3 was K3 where we did
not observe any HXR source. If any weak HXR source was ex-
cited there, RHESSI likely could not resolve it due to its low
dynamic range. Thus, the intensive RHESSI HXR sources were
located only along parallel ribbons in the flare core.

To find any temporal association of detected radio burst ac-
tivity with the processes producing flare kernels, we followed
the appearance of flare kernels in the UV SDO/AIA 1600 A fil-
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ter. The emission observed in this filter during the flares (Simoes
et al|[2019) comes mainly from flare ribbons with little or no
contribution from flare loops. Therefore, we followed the ap-
pearance of flare kernels from the beginning of the flare to ap-
proximately its maximum because we looked for their associ-
ation with radio bursts observed from 06:57 UT to 07:03 UT

(Fig. [Th).

Then we constructed LCs from the kernels in two SDO/AIA
filters: 1600 A and 304 A. These two filters observe emission
from the transition region or upper chromosphere, but also with
other contributions (see|O’ Dwyer et al.[2010;|Simdes et al.[2019,
for details). The LCs were constructed from regions of approxi-
mately 11”7 x 11" in size, centred on individual kernels (Fig.@:).
This size was chosen to encompass the extent of observed flare
kernels in 1600 A passband (see movie associated with Fig. |3).
The temporal evolution of the normalized UV/EUV LCs was
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Fig. 8. Evolution of the swirl in three SDOJAIA filters, (131, 171, and 211 A). The white rectangle shows the position of K8 in the spot N3.
The black circular arrow in (e) shows the direction of plasma rotation in the swirl; the white arrows in (d)—(f) show a jet of plasma towards
N3; the arrows in (h)—(i) and (k)—(1) point to the ray-like structure moving away from the swirling plasma. The last bubble of plasma is shown
in (n)—(o). The temporal evolution of the swirl (06:58-07:15 UT) in SDO/AIA filters 131 A, 171 A, and 211 A is available as an online movie
(swirl_131_171_211.mpg).
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Table 2. Times of individual peaks at 1190 MHz rounded to seconds
(see Figs.[9|and[TT).

Peak label Time
[UT]

1 06:58:03

I 06:59:36

2 07:01:22

3 07:02:15

compared with that of the normalized radio flux at a frequency
of 1190 MHz where narrow-band type III and all three groups of
interesting SPDBs were registered.

The result of the comparison is shown in Fig.[9] This figure
has two columns, one for each filter (1600 A and 304 A), and
the panels are grouped according to the relation of kernels to the
flare evolution. The cut through the radio spectrum is plotted in
grey, showing four dominant peaks. They are marked 1, 2, 3,
and III, and their times are summarized in Table 2] The numbers
1-3 mark the groups of SPDBs and the peak labelled III marks
the group of narrow-band type III bursts superimposed on the
low-frequency part of the enhanced continuum emission at 800—
2000 MHz (Fig. [2]and Sect. [3.2)). The relatively low cadence of
SDO/AIA images, 24 s for the 1600 A filter images and 12 s for
the 304 A filter, does not make it easy to directly compare the
UV/EUV LCs with radio emission, which has much better time
resolution (0.01 s). Nevertheless, distinct peaks in the UV/EUV
LCs can be still identified, allowing us to compare their temporal
association with radio emission at 1190 MHz.

4.1. Kernels K3 and K9

We start with a comparison of the UV/EUV LCs from kernels
K3 and K9 (Fig. [Pp-b). The southernmost kernel K3 as well as
kernel K9 located at the edge of the half dome brighten approxi-
mately simultaneously as the flare loops of S reach the half dome
(Sect. Fig. lk and Fig. [6k). The violet LCs in 1600 A and
304 A belonging to K3 both show two peaks during the time in-
terval of the observed radio bursts. The first and the highest peak
appeared at about 06:58:40 UT and the second occurred slightly
before 07:00:00 UT. The ascending parts of these UV/EUV LCs
follow the rise of radio peak 1 (group of SPDBs-1), but the max-
imum is delayed by about 40 s relative to this peak. The sec-
ond peak in the UV/EUV LC from K3 is delayed by about 20
s relative to the narrow-band type III bursts seen over the en-
hanced continuum emission at low frequencies (Fig. [2h). For the
UV/EUYV LCs from K3, no other peaks were observed that could
be associated with SPDBs-2 and SPDBs-3.

The orange LCs belong to kernel K9 (Fig. [k), which was lo-
cated at the edge of the half dome ribbon (Fig. 4d). The maxima
of this UV/EUV LCs occurred at 06:57:00-06:57:40 UT (with
a more pronounced maximum in 304 A); that is, about the time
when loops of PRH moved through this region and NRH reached
the sunspot N2. Orange LCs from K9 also have small local peaks
slightly before SPDBs-2 (1600 A, 304 A) and SPDBs-3 (304 A).

4.2. Kernels K4, K6, and K13

We next investigated the kernels K4, K6, and K13. These kernels
appeared together with K3 but were fainter (see Sect.[3.5.3). K6
was located at the southern end of the half dome, while K4 was
located between it and K3 (see Figs. [6c and [7p), while kernel
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K13 was located close to the N2 sunspot (Fig. [4d) at the end of
NRH (i.e. conjugate location to kernel K9; see Sect. [.T). Their
respective UV/EUV LCs are shown in Fig. Ok and d.

The UV/EUV LC from K4 (dotted line) shows two local
peaks. In both passbands, the first peak is smaller and occurs
slightly later than radio peak 1. The second peaks are wide and
occur at 07:00:40-07:01:20 UT, between radio peaks III and 2.
Overall, there is little correlation of the K4 LCs with the radio
flux at 1190 MHz.

The LCs from kernel K6 (light blue) also show two peaks.
The first ones have a steep rise and occur slightly before radio
peak 1. The second ones occur at about 07:00:40 UT before radio
peak 2. It is seen that the second peaks are not correlated with
the radio emission.

The red curves in Fig.[9c—d belong to kernel K13. These LCs
show three local peaks: the main one which coincides within few
seconds with the radio peak 1, the second one which occurred
about the time of narrow-band type III bursts, and the last one
that occurred about the time of radio peak 2. At the time of ra-
dio peak 3 these LCs show enhanced emission only, but there
is no discernible peak. These LCs from kernel K13 follow best
the peaks seen in radio emission at 1190 MHz, showing distinct
similarity to the radio flux during peaks 1, III, and 2.

4.3. Other kernels: K5, K7, K8, and K10-K12

Kernels K5 and K7 are located outside of the half dome within
the system of extended ribbons (Fig. [5}), while kernel K8 is lo-
cated approximately at the centre of the sunspot N3 (Fig. [).
Their respective LCs are shown in Fig. [9g—f. The UV/EUV LCs
from K5 and K7 start to rise steeply at about 07:01:00 UT reach-
ing their maxima between 07:02:00-07:02:20 UT, covering ra-
dio peak 3, and then they steeply decrease. This indicates that the
SPDB-3 could be related to the reconnection at the half dome,
and establishing new connections to the far kernels K5 and K7.
The UV/EUV LCs from K8 (green) increase in both wavelengths
quite soon, at ~ 06:55 UT, and their evolution is not obviously
correlated to the radio emission.

Finally, Fig. Qg and h shows the UV/EUV LCs from three
kernels, K10 (dotted), K11 (dashed), and K12 (dash-dotted), lo-
cated along parallel ribbons below S (Fig.[k). The UV LCs from
these regions started to rise earlier (at about 06:56 UT) than any
radio bursts occurred. The maxima of these LCs occurred be-
tween 06:58—07:00 UT in agreement with an enhancement of
HXR flux in 12-50 keV (Fig. [2d). There is no obvious asso-
ciation of the K10-K12 LCs with the radio flux at 1190 MHz,
perhaps aside from the coincidental occurrence of small peaks
in 304 A LC of K12 with radio peaks III and 3. However, these
peaks are relatively small, and there are other similar peaks that
are not associated with radio emission. Therefore, the locations
within the straight ribbons are likely not related to SPDBs. These
kernels K10-K12 could still be associated with enhanced contin-
uum and groups III-A and III-B (see Sect.[5.4).

4.4. Kernel KA in neighbouring active region NOAA 12 055

As mentioned in Sect. , during the time of the C8.7 flare in
NOAA 12 056 some hot loops also appeared in the neighbouring
active region NOAA 12055 (Fig. [T0] and the associated anima-
tion). Therefore, we investigated the UV kernels in 1600 A ap-
pearing there during the time of the observed radio bursts, and
also constructed the respective UV/EUV LCs.
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Only one kernel, KA, showed a possible relation to the ob-
served radio bursts (Fig. . The UV/EUV LCs from KA are
ﬂogether with the radio emission at

1190 MHz. For comparison, we also added the UV/EUV LCs
from K13 in NOAA 12056. In both wavelengths, KA shows

plotted in blue in Fig.

1190 MHz as the K13 LCs. Even so, at least partial similar-
ity in evolution of LCs from KA can indicate partial associa-
tion with observed radio bursts. Although no direct connectivity
between K13 and KA is visible in AIA observations, some low-
lying magnetic connections (loops) between NOAA 12 055 and

peaks about the radio peaks 1 and III similarly to K13 (red),
although the KA LCs are not as similar to the radio flux at
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12056 are present in AIA 193 A (Fig. IE)). Therefore, a possi-
ble large-scale connection between K13 and KA is still possible.

5. Interpretation and discussion
5.1. Large-scale magnetic configuration

Based on the previous, we propose that interaction of the S with
the half dome structure resembles a scenario of 3D fan-spine
magnetic reconnection introduced by [Pontin et al.| (2013). How-
ever, the presence of a 3D coronal null point necessitates the
presence of a full dome constituting a fan surface, as well as an
isolated spine field line (Priest[2016} [Li et al|2021). During a
flare, a circular ribbon is expected to be observed together with
a brightening of a remote ribbon located at the outer spine foot-

point (e.g.[Masson et al.[2009; Reid et al[2012; [Sun et al]2013}
Prasad et al.|2018). Instead, here we have the half dome configu-
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ration and not a full dome. This means we are likely dealing with
a quasi-separatrix layer (QSL) (Priest & Démoulin|[1995}
imoulin[2006)) instead of a full fan separatrix surface. Such quasi-
separatrix layers are favourable locations where the strong elec-
tric currents can accumulate allowing 3D magnetic reconnection

to occur (Priest & Démoulin|[1995}, [Aulanier et al|2005| 2006;
Pontin et al|2013}; [Priest/[2023). Real 3D flaring magnetic con-

figurations in the corona can possess several such QSLs which
cross themselves in quasi-separators (Priest|[2023) that have a
structure of HFT (Titov et al2002). Three-dimensional mag-

netic reconnection then occurs preferably near null point, sepa-
rator, or HFT (see [Priest[2023] and references therein).

The half dome we study represents the QSL that shows
dramatic change in magnetic connectivity from the side of the
N3 sunspot towards the semi-circle of positive network polarity
(Fig. @, b). Due to the strongly localized concentration of nega-
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tive magnetic field in sunspot N3, the configuration looks to have
a null point with an analogue to the spine field line. As noted
above, the observed magnetic configuration is not fully identical
to the simple model of [Pontin et al.| (2013) as there is no null
point, but rather a HFT. Nevertheless, the model of |Pontin et al.
(2013) can be used for simplified description of the observed
flare and helps us to explain the association of individual kernels
with detected radio bursts.

Figure [d shows locations of flare kernels that can be com-
pared with footpoints shown in Figs. 5 and 6 of the model by
Pontin et al. (2013). It shows kernels K3 and K4 to the south of
N3, then K6 and K9 located at the faint semi-circular He rib-
bon, and K8 and K13 located at negative magnetic fields of N3
and close to N2. We propose that K8 and K13 are located at the
inner and outer footpoints, respectively, of the spine-analogue
field line. Thus, we expect the HFT to be situated above the
N3 sunspot, close to the observed plasma swirl (Fig. [8g). The
loops of the rising S we consider as field lines of ambient mag-
netic field that underwent HFT magnetic reconnection associated
with the half dome structure. We think that this process of 3D
magnetic reconnection generated the observed radio emission in
600-5000 MHz. A sketch explaining this in three steps is shown
in Fig.[12] and is described in Sect.

5.2. Evolution of magnetic connectivity during the flare

Based on the observed evolution, we produced a schematic sce-
nario for the evolution of the flare including the observed mag-
netic connectivity and associated changes. This scenario is sum-
marized in Fig.[T2]

Figure [[2h shows the situation at the beginning of the flare
(06:51 UT). The S that formed over filament F (teal), is shown
as a light blue loop connecting K1 and K12. At this time S is
located within the core of active region NOAA 12055, outside
and to the west of the half dome structure (Fig. [5h). The inter-
action between S and the half dome started by the tiny loops
K1-K2 (shown as a short light blue loop connecting K1 and K2)
slipping towards N3. Furthermore, S interacted with overlying
loops L1 and L2 (Fig. [5b), and then it slipped through the posi-
tion of K1 (Fig.[6b, ¢). Simultaneously the hooked ribbons of S
were shifting to new positions (black arrows in Fig.[TZh, labelled
PRH and NRH). This shift of the erupting flux rope footpoints
was described by |Aulanier & Dudik| (2019) and later observed
by multiple authors (Zemanova et al.|2019; |Lorincik et al.[2019;
Dudik et al.|2019;|Chen et al.[|2019; |Peng et al.|2022; |Gou et al.
2023 |Guo et al.|[2024). The start of interaction between S and
the half dome is co-temporal with rise in the GOES SXR flux
at about 06:50 UT (Fig. Eh), but no radio emission at 600-5000
MHz has been observed yet.

After 06:57 UT, that is, during the impulsive phase, the slip-
ping and growing S reached the position of K9 (Fig. [6t), repre-
sented by orange loop connecting K9 and K13 in Fig. [IZb. At
this time NRH of the growing flux rope S has already reached
K13. This means that some of the hot loops of S were ap-
proaching the spine line analogue (green dashed line). As the
orange-type field lines entered into the reconnection area near
the HFT (located above N3), the continuous change in connec-
tivity led to the appearance of new large-scale magnetic connec-
tions and flare kernels K3, K4, K6. The new flare loops connect-
ing these kernels are also shown in Fig.[T2p. The red loop now
connects the negative K13 with the positive kernel K3 in the
south. This process was associated with radio emission observed
in 600-2000 MHz. In Sect. f] we show that K13 brightened al-
most simultaneously with maximum of radio flux representing

the group of SPDBs-1 (Fig.[9k and d). Moreover, the rise in ra-
dio peak 1 was also nicely copied by rise in LCs from K3 (Fig.[0a
and b). The delayed maximum of LCs in K3 can be explained by
local plasma heating, followed by its evaporation (Fig. [7h). We
propose that the group of SPDBs-1 was associated with this step
in 3D magnetic reconnection.

At about 07:00 UT the plasma swirl was also observed in the
elbow of S, and north of K8 in N3, that is, within the northern
part of the half dome. Both the location and time of the occur-
rence suggest that the swirl is also related to the ongoing re-
connection of S at the HFT. The swirl appeared shortly after
SPDBs-1, by less than about two minutes. Although SPDBs-2
and SPDBs-3 occurred shortly after the onset of the swirl, we
cannot relate the swirl to the SPDBs-1 directly.

Figure [I2k shows the situation about the maximum of the
flare, when both SPDBs-2 and SPDBs-3 were observed. We
propose that these two groups were associated with subsequent
episodes of HFT reconnections occurring after 07:00 UT. At
this phase of the flare, kernels K5 and K7 appeared, and other
large-scale flare loops were observed. These are shown in red in
Fig.[12k. Again, we support our explanation by analysis of LCs
from K5 and K7 which started to rise suddenly about the time
of SPDBs-2 (Figs. E}%—f). After 07:03 UT, no further radio bursts
were observed at 600-5000 MHz.

We recall that the groups of SPDBs-1, SPDBs-2, and
SPDBs-3 did not follow each other directly. Between the first
and the second group the narrow-band type III bursts (Table [T
occurred together with continuum emission (Fig. [2)). We suggest
that these type III bursts are also connected to HFT reconnec-
tion because the LCs from K13 (at outer footpoint of the spine
line analogue) also show peaks that correlate with the radio flux
during the group of type III bursts.

5.3. Two-ribbon flare with no eruption

The flare as observed in EUV and Ha shows classic character-
istics of a two-ribbon eruptive flare. It starts at a location of fil-
ament F, is characterized by a growing S (or ‘hot channel’; see
e.g. [Zhang et al.[[2012; [Cheng et al.|[2013] 2015} Dudik et al.
2014,2016; |[Hernandez-Perez et al.[2019; |Liu et al.|2022}; [Zhang
et al.[2023)), and is associated with a pair of hook-shaped rib-
bons (see e.g. |Aulanier et al.[[2012; Janvier et al.|2013| 2014;
Zhao et al.|2016; [Lorincik et al.|2019). However, there was nei-
ther a discernible eruption of the sigmoid (hot channel) nor a
CME, according to the LASCO CDAW catalogueE]

A possible explanation can be that the S indeed grows unsta-
ble, but its eruption is prevented by the reconnections at the HFT
(Sect.[5.2). This is supported by the fact that the associated rib-
bon hook, PRH, which encircles the footpoints of the evolving
magnetic flux rope (see e.g. |Aulanier & Dudik|[2019)), extends
until it reaches the half dome near the location of K9 at about
06:57 UT (Sect.[3.5.2). Essentially, the eruption is ‘shredded’ by
these reconnections at the HFT and the associated half dome.
A shredding scenario of an eruptive flux rope at the HFT was
already described by |Chintzoglou et al.| (2017). An interesting
feature of our flare is that such a process is related to the gener-
ation of SPDBs.

> https://cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL_verl/
2014_05/univ2014_05.html
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5.4. Radio bursts IlI-A and IlI-B

In addition to SPDBs 1-3 and the group type III bursts studied
at 1190 MHz, other radio bursts were observed at frequencies
above 2 GHz (Table[I). We argue here that these were not pro-
duced in the HFT reconnection process.

From 06:56 UT, a pair of J-shaped ribbons was observed
in the flare core (Fig. @)c. Continuum emission in 2000-5000
MHz range was observed from 06:57:40 UT and the groups of
radio bursts III-A and III-B were detected few seconds later (Ta-
ble[T). The group SPDBs-1 (700-1300 MHz) and the group III-A
(4100-5000 MHz) started simultaneously, while the group III-B
(4100-4800 MHz) followed after 32 s. Radio bursts at these rela-
tively high frequencies were likely associated with kernels K10-
K12. Their LCs started to rise faster at about 06:56 UT, with the
maxima dispersed between 06:58-07:00 UT (Figs. Pg—h). The
HXR emission also started to rise before 06:57 UT (Fig. ) and
all strong HXR sources (in 25-50 keV) were observed along the
parallel ribbons only (Fig. [5g). Therefore, the groups III-A and
III-B of narrow-band type-III bursts seen over continuum were
associated with growth of the S and formation of the arcade of
flare loops below S (yellow loops in Fig. [IZt). Considering the
plasma mechanism for generating these groups of bursts, the cor-
responding plasma densities are 2-3 x 10'' cm™ (fundamental)
or 0.5-0.75 x 10" cm™ (harmonic). Such plasma densities are
in agreement with typical electron densities of flare loops and
their footpoints found from EUV spectroscopy (Milligan| 2011}
Graham et al.|[2015).

5.5. Duration of SPDBs, distance, and delays between radio
and UV/EUV LCs

In Fig. 0] we show that the peaks in the 1190 MHz flux record
coincide with those on the LCs of some flare kernels within sev-
eral seconds or tens of seconds. The agreement is not exact, but
it is typically within the finite cadence of AIA. Considering that
there are definite distances between radio sources and locations
of flare kernels, the found temporal coincidences indicate that
they could be caused by particle beams propagating between the
1190 MHz source (sources) and the flare kernels. For example,
the velocity of beams generating the classical type III bursts was
estimated as 0.15¢ — 0.6¢ by Reid & Kontar| (2018)), where ¢
is the speed of light. The beams with such velocities can explain
the time coincidences found. We note that not all such beams can
generate the radio emission. In particular, for the radio emission,
the conditions for a two-step plasma emission process need to be
fulfilled. That is, the beams need to form a bump on the distri-
bution tail and the bump-on-tail instability, followed by transfor-
mation of Langmuir waves into electromagnetic waves (Melrose
1980) for the radio emission to be produced.

As the observed SPDBs have positive frequency drift, the
corresponding beams propagate downwards in the gravitation-
ally stratified atmosphere. Taking as an example one burst of the
SPDBs-2 at about 07:01 UT, with the maximum on 600 MHz at
07:01:08 UT and on 1100 MHz at 07:01:12 UT (see short white
lines in Fig. [3), the beam propagation lasts about 4 s. The corre-
sponding maximum possible distance travelled by this beam is
located along the longest loop above the HFT near N3, which is
the loop connecting K3 and K13. Assuming that this loop is cir-
cular and has its top above K8, the maximum distance L of beam
propagation is L = /2 x D, where D is the distance between
K8 and K3 or K8 and K13, which in our case is about ~ 150”.
We thus obtain L < 171 Mm and a maximum beam propagation
velocity of < 42.8 Mm s~!. This velocity is lower than the mini-
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mum velocity of the type III burst beams (0.15¢ = 45 Mm s7}).
For shorter loops, the velocity of the beams generating SPDBs
would be even lower.

However, if the SPDBs propagated along helical magnetic
fields (as found in previous studies by Karlicky & Simberovd
2002; [Zemanova et al.|[2020), the beam propagation velocities
could be higher on account of longer propagation lengths along
their twisted trajectories (see Fig. 7 of Karlicky & Simberova
2002). In models with a null-point, helical magnetic field lines
were shown to be generated during the fan-spine reconnection
(Wyper & DeVore 2016 [Wyper et al.||2016; Doyle et al.|2019),
which would support this idea. Therefore, we tried to identify
helical structures along the longest newly created flare loops
similar to those shown in Fig. 9d of [Doyle et al.| (2019). How-
ever, measuring the twist is difficult here due to the overlapping
of many flare loops (Fig. [5g). The loops seem to be partially
wrapped around one another, but even this may not bring enough
twist to significantly alter the loop lengths, and thus the beam
propagation velocities.

The swirl we observed is likely related to the reconnection
at the HFT since it occurs in its vicinity at the time when K9—
K13 loops of S reconnect to form other large-scale flare loops
(Fig.[1Zb and c, see Sect.[5.2). It is an apparently rotating struc-
ture that likely contains evolving twisted field lines. Its relation
to the HFT reconnection means that twist transfer to large-scale
loops is possible (just as in the models of [ Wyper & DeVore|2016j
Wyper et al.|2016; Doyle et al.||2019). Again, the amount of
twist within the evolving swirl is difficult to measure, as there
are many structures that cannot be resolved.

Another possibility is that our broad-band 600-1300 MHz
SPDBs are not generated by a single beam propagating in the
whole SPDB frequency range. It could be that SPDBs are a su-
perposition of several shorter and narrower SPDBs generated in
a cluster of loops with different plasma density, and thus in a
broader frequency range than that of individual SPDBs. We re-
gard this scenario as less likely since it involves multiple obser-
vationally unresolvable structures.

Be that as it may, in all cases, the angle between the beam
propagation direction and the gradient of plasma density in grav-
itationally stratified solar atmosphere is expected to be high.

5.6. Relation of kernel KA to the flare

Finally, we would like to comment on the observed enhance-
ment of EUV intensity in loops of the neighbouring active region
NOAA 12055 (Fig. [T0p, see also Sects. [3.1] and ). The bright
kernel KA was partially synchronized in time with radio bursts
(Fig.[TT). This partial synchronization of LCs from the kernel in
another active region could be explained by a magnetic linkage
between these two active regions (Fig.[IOp). Considering that the
peaks of UV LCs from kernels K13 and KA coincide within a
few seconds with the peak of the radio flux at 1190 MHz, as well
as the relatively large distances between those flare kernels, we
suggest that only particle beams travelling along the magnetic
field lines could be the agents explaining these observations.
Interestingly, kernel KA is not located at the footpoints of
193 A loops connecting regions 12 055 and 12 056. Rather, it is
located on a branch of a system of quasi-separatrices (Priest &
Démoulin|[1995; Démoulin et al.|[1996) that also extends to the
footpoints of the interconnecting loops. Therefore, we propose
that kernel KA was not produced by a direct bombardment of the
dense atmospheric layers by the particle beam propagating from
the active region NOAA 12056. It is instead possible that the
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propagating particle beam could trigger a local energy release in
the assumed current-carrying system around kernel KA (for this
mechanism, see Karlicky & Jungwirth|/1989).

6. Summary

We reported on the radio burst activity including rare slowly pos-
itively drifting bursts (SPDBs) during the SPDB-rich C7.8 flare
of 2014 May 10, as well as the association of these bursts with
the changes in magnetic connectivity observed in EUV. During
the flare, radio burst activity was observed during its impulsive
phase and lasted until the beginning of the gradual phase. At
600-2000 MHz, we observed three groups of slowly positively
drifting bursts (SPDBs-1 to 3) and one group of narrow-band
type III bursts seen over the continuum. Furthermore, within the
2000-5000 MHz range we observed continuum emission plus
two groups consisting of several narrow-band type III bursts
(groups III-A and III-B). The group SPDBs-1, as well as both
III-A and III-B occurred during the peak of HXR flux at 25-50
keV. The other two groups of SPDBs occurred later, as the HXR
flux was already declining.

An analysis of the imaging data from SDO/AIA revealed
that the flare started when growing S started to interact with the
nearby half dome structure. HXR sources at 25-50 keV were
seen only along parallel ribbons. After the interaction of the S
with the half dome started, we observed an EUV swirl in the
vicinity of the S elbow, as well as the appearance of multiple
kernels far south of the active region, followed by the appear-
ance of large-scale hot EUV loops. We constructed 1600 A UV
and 304 A EUV LCs in individual flare kernels, and compared
them to the radio flux at 1190 MHz, at which frequency all
of the SPDBs1-3 bursts were observed, as well as a group of
narrow-band type III bursts. We found that especially kernel K13
showed LCs that were in good agreement with the evolution of
radio flux. This kernel corresponds to the footpoint of both the
growing S and later the large-scale hot loops. The SPDBs are
then a result of large-scale magnetic reconnection at HFT asso-
ciated with the half dome, and their radio emission is generated
by particle beams travelling along the reconnecting structures.
In addition, at much higher frequencies, 2000-5000 MHz, we
observed groups III-A and III-B of narrow-band type III bursts.
These were found to be associated with the formation of the flare
arcade and plasma densities of the order of 10'' cm™3.

Moreover, we also found a similar response of UV/EUV
emission to the temporal evolution of radio flux at 1190 MHz in
kernel KA located in the neighbouring active region. This time
correlation (within seconds) between the radio flux at 1190 MHz
and UV/EUV LCs, together with the large distance between ker-
nels K13 and KA, imply that the agents synchronizing radio and
UV/EUV LCs from this kernel are particle beams.

Given that the SPDBs are produced by particle beams prop-
agating downwards in the solar atmosphere, their low frequency
drift can be explained by three different scenarios:

1. The beam velocity is < 0.15 ¢, where 0.15 ¢ is the minimum
velocity of beams generating type III bursts.

2. The beam velocity is faster than 0.15 c, but the beams move
along the loop with helical magnetic field structure as found
in previous works (Karlicky & Simberova 2002; |Zemanova
et al|2020). Helical beam trajectories reduce the apparent
distance of beam propagation along the visible loop (Kar-
licky & Simberovd| 2002). This idea is also supported by
appearance of helical structures in the numerical models by
Wyper & DeVore| (2016) and |Wyper et al.|(2016). However,
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in present observations, we did not identify any helical struc-
tures except some loops partially wrapping around one an-
other.

3. Another possibility is that these broad-band 600—1300 MHz
SPDBs are not generated by a single beam propagating in the
whole SPDB frequency range. Then SPDBs can be superpo-
sition of several shorter and narrower SPDBs.

Of the three scenarios, we regard the first and second as the most
likely, as the present radio and EUV observations, even if de-
tailed, do not allow the resolution of the individual hypotheti-
cal SPDBs. In both cases, the SPDBs are a result of large-scale
magnetic reconnections in QSLs forming the HFT, and the an-
gle between the beam propagation direction and the gradient of
plasma density in a gravitationally stratified solar atmosphere is
expected to be high.

Acknowledgements. We thank the referee for comments which helped to im-
prove the manuscript. A.Z., M.K., J.D. and J.K. acknowledge institutional sup-
port from project RVO-67985815. A.Z., M.K., and J.K. also acknowledge sup-
port from the project GACR grant 22-34841S. A.Z. and J.D. also acknowl-
edge the support of GACR grant 22-07155S and 20-07908S. J.R. acknowl-
edges support from the Science Grant Agency project VEGA 2/0043/24 (Slo-
vakia). AIA and HMI data were provided courtesy of NASA/SDO and the
AIA and HMI science teams. H-alpha data were provided by the Kanzelhohe
Observatory for Solar and Environmental Research, University of Graz, Aus-
tria. We acknowledge the use of the RHESSI Mission Archive available at
https://hesperia.gsfc.nasa.gov/rhessi/mission-archive as well as the CALLISTO
data by The Institute for Data Science FHNW Brugg/Windisch (Switzerland)
available at https://www.e-callisto.org/Data/data.html.

References

Antonucci, E., Dodero, M. A., & Martin, R. 1990, ApJS, 73, 147

Aschwanden, M. J. 2002, Space Sci. Rev., 101, 1

Aschwanden, M. J. 2004, Physics of the Solar Corona. An Introduction, Springer,
Praxis, Chichester, UK

Aschwanden, M. J., Wiehl, H. J., Benz, A. O., & Kane, S. R. 1985, Sol. Phys.,
97, 159

Aulanier, G. & Dudik, J. 2019, A&A, 621, A72

Aulanier, G., Janvier, M., & Schmieder, B. 2012, A&A, 543, A110

Aulanier, G., Pariat, E., & Démoulin, P. 2005, A&A, 444, 961

Aulanier, G., Pariat, E., Démoulin, P., & DeVore, C. R. 2006, Sol. Phys., 238,
347

Benz, A. O. 2017, Living Reviews in Solar Physics, 14, 2

Benz, A. O., Monstein, C., & Meyer, H. 2005, Sol. Phys., 226, 143

Chen, B., Yu, S., Battaglia, M., et al. 2018, ApJ, 866, 62

Chen, B, Yu, S, Reeves, K. K., & Gary, D. E. 2020, ApJ, 895, L50

Chen, H., Yang, J., Ji, K., & Duan, Y. 2019, ApJ, 887, 118

Cheng, X., Ding, M. D., & Fang, C. 2015, Ap]J, 804, 82

Cheng, X., Zhang, J., Ding, M. D., Liu, Y., & Poomvises, W. 2013, ApJ, 763, 43

Chintzoglou, G., Vourlidas, A., Savcheva, A., et al. 2017, ApJ, 843, 93

Del Zanna, G. 2013, A&A, 558, A73

Démoulin, P. 2006, Advances in Space Research, 37, 1269

Démoulin, P, Priest, E. R., & Lonie, D. P. 1996, J. Geophys. Res., 101, 7631

Doschek, G. A., Warren, H. P., & Young, P. R. 2013, ApJ, 767, 55

Doyle, L., Wyper, P. E, Scullion, E., et al. 2019, Ap]J, 887, 246

Dudik, J., Janvier, M., Aulanier, G., et al. 2014, ApJ, 784, 144

Dudik, J., Lorin¢ik, J., Aulanier, G., Zemanovd, A., & Schmieder, B. 2019, ApJ,
887,71

Dudik, J., Polito, V., Janvier, M., et al. 2016, ApJ, 823, 41

Fletcher, L., Dennis, B. R., Hudson, H. S., et al. 2011, Space Sci. Rev., 159, 19

Gou, T., Liu, R., Veronig, A. M., et al. 2023, Nature Astronomy, 7, 815

Graham, D. R., Fletcher, L., & Labrosse, N. 2015, A&A, 584, A6

Guedel, M. & Benz, A. O. 1988, A&AS, 75, 243

Guo, J. H., Ni, Y. W,, Guo, Y., et al. 2024, ApJ, 961, 140

Hernandez-Perez, A., Su, Y., Veronig, A. M., et al. 2019, ApJ, 874, 122

Isliker, H. & Benz, A. O. 1994, A&AS, 104, 145

Janvier, M., Aulanier, G., Bommier, V., et al. 2014, ApJ, 788, 60

Janvier, M., Aulanier, G., Pariat, E., & Démoulin, P. 2013, A&A, 555, A77

Jificka, K. & Karlicky, M. 2008, Sol. Phys., 253, 95

Jificka, K., Karlicky, M., Kepka, O., & Tlamicha, A. 1993, Sol. Phys., 147, 203

Jificka, K., Karlicky, M., Mészarosova, H., & SniZek, V. 2001, A&A, 375, 243

Karlicky, M. & Jungwirth, K. 1989, Sol. Phys., 124, 319

Karlicky, M. & Simberovd, S. 2002, A&A, 388, 1016

Article number, page 16 of 16

Karlicky, M., Zemanovd, A., Dudik, J., & Radziszewski, K. 2018, ApJ, 854, L.29

Krucker, S., Battaglia, M., Cargill, P. J., et al. 2008, A&A Rev., 16, 155

Krueger, A. 1979, Introduction to solar radio astronomy and radio physics, Geo-
physics and Astrophysics Monographs, Dordrecht: Reidel, The Netherlands

Kuznetsov, A. A. & Fleishman, G. D. 2021, ApJ, 922, 103

Lee, K.-S., Imada, S., Watanabe, K., Bamba, Y., & Brooks, D. H. 2017, ApJ,
836, 150

Lemen, J. R., Title, A. M., Akin, D. J., et al. 2012, Sol. Phys., 275, 17

Li, T., Priest, E., & Guo, R. 2021, Proceedings of the Royal Society of London
Series A, 477, 20200949

Lin, R. P, Dennis, B. R., Hurford, G. J., et al. 2002, Sol. Phys., 210, 3

Liu, Y., Su, Y., Liu, R., et al. 2022, ApJ, 941, 83

Lorin¢ik, J., Dudik, J., & Aulanier, G. 2019, ApJ, 885, 83

Masson, S., Pariat, E., Aulanier, G., & Schrijver, C. J. 2009, ApJ, 700, 559

McLean, D. J. & Labrum, N. R. 1985, Solar radiophysics : studies of emission
from the sun at metre wavelengths, Cambridge, Cambridge Uni. Press, UK

Melrose, D. B. 1980, Plasma astrophysics: Nonthermal processes in diffuse mag-
netized plasmas. Volume 2 - Astrophysical applications, Gordon and Breach
Sci. Publ., New York, p. 190

Milligan, R. O. 2011, ApJ, 740, 70

Morgan, H. & Druckmiiller, M. 2014, Sol. Phys., 289, 2945

O’Dwyer, B., Del Zanna, G., Mason, H. E., Weber, M. A., & Tripathi, D. 2010,
A&A, 521, A21

Peng, Z., Chaowei, J., Juntao, W., & Xinkai, B. 2022, ApJ, 928, 160

Pesnell, W. D., Thompson, B. J., & Chamberlin, P. C. 2012, Sol. Phys., 275, 3

Polito, V., Reep, J. W., Reeves, K. K., et al. 2016, ApJ, 816, 89

Pontin, D. I, Priest, E. R., & Galsgaard, K. 2013, ApJ, 774, 154

Prasad, A., Bhattacharyya, R., Hu, Q., Kumar, S., & Nayak, S. S. 2018, ApJ,
860, 96

Priest, E. 2016, in Astrophysics and Space Science Library, Vol. 427, Magnetic
Reconnection: Concepts and Applications, ed. W. Gonzalez & E. Parker, 101

Priest, E. 2023, Advances in Space Research, 71, 1856

Priest, E. R. & Démoulin, P. 1995, J. Geophys. Res., 100, 23443

Reid, H. A. S. & Kontar, E. P. 2018, ApJ, 867, 158

Reid, H. A. S. & Ratcliffe, H. 2014, Research in Astronomy and Astrophysics,
14,773

Reid, H. A. S., Vilmer, N., Aulanier, G., & Pariat, E. 2012, A&A, 547, A52

Scherrer, P. H., Schou, J., Bush, R. I, et al. 2012, Sol. Phys., 275, 207

Schrijver, C. J. 2009, Advances in Space Research, 43, 739

Simdes, P. J. A., Reid, H. A. S., Milligan, R. O., & Fletcher, L. 2019, ApJ, 870,
114

Sun, X., Hoeksema, J. T., Liu, Y., et al. 2013, ApJ, 778, 139

Tan, B., Yan, Y., Huang, J., et al. 2023, Advances in Space Research, 72, 5563

Titov, V. S., Hornig, G., & Démoulin, P. 2002, Journal of Geophysical Research
(Space Physics), 107, 1164

Tschernitz, J., Veronig, A. M., Thalmann, J. K., Hinterreiter, J., & Potzi, W.
2018, ApJ, 853, 41

Wyper, P. E. & DeVore, C. R. 2016, ApJ, 820, 77

Wyper, P. E,, DeVore, C. R., Karpen, J. T., & Lynch, B. J. 2016, ApJ, 827, 4

Young, P. R., Doschek, G. A., Warren, H. P., & Hara, H. 2013, ApJ, 766, 127

Zemanovd, A., Dudik, J., Aulanier, G., Thalmann, J. K., & Gomory, P. 2019,
ApJ, 883, 96

Zemanovd, A., Karlicky, M., Kasparov4, J., & Dudik, J. 2020, ApJ, 905, 111

Zhang, J., Cheng, X., & Ding, M.-D. 2012, Nature Communications, 3, 747

Zhang, Q., Teng, W., Li, D., Dai, J., & Zhang, Y. 2023, ApJ, 958, 85

Zhao, J., Gilchrist, S. A., Aulanier, G, et al. 2016, ApJ, 823, 62



	Introduction
	Data
	Observations
	The 2014 May 10 flare
	Radio
	Hard X-rays
	Structure of the flaring active region: Magnetic field
	Evolution of the flaring active region in EUV and H
	Start of the flare
	Evolution of the flare core
	Outlying kernels and large-scale flare loops
	Extreme ultraviolet swirl


	Analysis of UV/EUV light curves from individual flare kernels
	Kernels K3 and K9
	Kernels K4, K6, and K13
	Other kernels: K5, K7, K8, and K10–K12
	Kernel KA in neighbouring active region NOAA 12055

	Interpretation and discussion
	Large-scale magnetic configuration
	Evolution of magnetic connectivity during the flare
	Two-ribbon flare with no eruption
	Radio bursts III-A and III-B
	Duration of SPDBs, distance, and delays between radio and UV/EUV LCs
	Relation of kernel KA to the flare

	Summary

