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Abstract. We discuss acceleration and transport of 

electrons in the circular flare SOL2024-03-25T06:37:00 

of the M4.4 X-ray class, characterized by a record-short 

duration of hard X-ray emission pulse. We have used 

radio data in the 0.1–40 GHz range, including images of 

the flare region in the Siberian Radio Heliograph fre-

quency range. Microwave and hard X-ray emissions are 

generated in the vicinity of the magnetic domain by the 

interaction of ropes visible at 1600 Å. The impulsive 

stage ended with a short peak <5 s long, recorded simul-

taneously at 35 GHz and in the 100–300 keV range. 

After the peak, a long loop in the ultraviolet (UV) rises 

and a broad plasma ejection appears which is directed 

along the outer spine observed before the flare. Large 

loops connect the spine and the remote source. There is 

a broadband microwave source at the remote footpoint 

at 215 arcsec, with the delay of its maximum from the 

peak in the flare core being ~5 s, and the electron prop-

agation velocity along the large loops estimated at one-

third of the velocity of light. A distinctive feature of the 

radiation of the remote source was high degree of its 

circular polarization. The meter flare emission indicates 

that tops of large loops are filled with non-thermal elec-

trons with large pitch angles. The set of spatial, spectral, 

and polarization characteristics of microwave sources 

obtained for the first time is discussed in the context of 

the known results on the nature of circular ribbon flares. 

Keywords: Sun, acceleration mechanisms, micro-

wave bursts, meter bursts, circle ribbon flare. 

 

 

 

 

 

 

 

INTRODUCTION 

Recent observations have revealed that among main 

flares are circular ribbon ones, which occur in a special 

magnetic configuration with a photospheric magnetic 

field domain included in an area with fields of opposite 

magnetic polarity. Above such a domain is a dome sepa-

ratrix surface at the top of which there is a point with a 

null magnetic field [Priest, Titov, 1996; Masson et al., 

2009; Sun et al., 2013]. From this point, the so-called 

spines extend into the dome and up from it. Magnetic 

field vectors in the vicinity of the spines are directed 

along them and are opposite in sign. The fields near the 

inner spine are directed away from the photosphere 
from the center of the domain, and the fields in the vi-

cinity of the outer spine are manifested in EUV (ex-
treme ultraviolet) observations as large-scale loops 
whose remote footpoints are closed on regions of the 
photosphere with vertical fields of the same sign as the 
domain field. The remote footpoints of these loops can 
be located hundreds of arcsec away from the domain, 
i.e. from the flare core. Circular ribbon flares are often 
accompanied by coronal jets, type III radio bursts, coro-
nal mass ejections, shock waves, coronal dimmings, and 
kink oscillations of coronal loops and filaments (see, for 
example, the recent review [Zhang, 2024]).  

The energy release of circular flares is assumed to 

occur in the magnetic reconnection processes not only 

during the interaction between structures within the do-

main, but also in current sheets formed on separatrix 

surfaces near the null point [Pontin et al., 2013]. Anoth-

https://orcid.org/0000-0002-1589-556X
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er feature of circular flares is the response to energy 

release in the flare core in remote sources. The energy 

for their activation in EUV and radio emissions is trans-

ferred by particles and waves. In the case of plasma 

ejections, the features of circular flares are related to 

their closed dome magnetic structure. Plasma ejections 

should be accompanied by a significant change in the 

topology of the magnetic field above the domain. 

One of the underexplored questions in physics of 

circular flares is the acceleration and transport of parti-

cles in the fundamentally three-dimensional topology of 

energy release regions. To study the processes of elec-

tron acceleration, it is natural to use radio data that al-

lows us to record non-thermal electron fluxes in coronal 

magnetic structures with a plasma density insufficient to 

detect the free-free X-ray emission of nonthermal elec-

trons. To date, there are relatively few publications on 

the results of radio observations of circular flares. 

Meshalkina et al. [2009] discussed the configuration and 

scenario of two such flares, which were mapped by the 

Nobeyama Radioheliograph (NoRH [Torii et al., 1979]) 

at 17 and 34 GHz. The flares under study were driven 

by the interaction between magnetic ropes located in-

side the dome separatrix surface. The response to elec-

tron acceleration during a flare was ~1 min pulse of 

hard X-ray emission in the 50–100 keV channel of the 

satellite RHESSI (Reuven Ramaty High Energy Solar 

Spectroscopic Imager) and microwave emission at 17 

GHz. At that time in the microwave emission there was 

a remote source with a high degree of circular polariza-

tion (up to 50 %) located 120 arcsec from the flare core. 

The polarization sign of the emission from the remote 

source corresponded to an extraordinary wave. In the 

flare examined in [Altyntsev et al., 2022], ~8 s oscilla-

tions of microwave emission at a frequency of 5.7 GHz 

were observed both in the remote source and in the flare 

core. The emission oscillations in the flare core were 

explained by modulation of the acceleration process 

during the interaction between current ropes inside the 

domain, and the response in the source that was 60 

arcsec away was caused by nonthermal electrons com-

ing from the core at a velocity of (1.5÷2)10
10

 cm/s. 

A flare with another driver — magnetic reconnec-

tion in the vicinity of the null point — has been dis-

cussed in [Kumar et al., 2016]. During the flare, ~3 min 

quasi-periodic pulsations of hard X-ray and microwave 

emissions were recorded. The authors believe that the 

oscillations were triggered by variations in electron ac-

celeration in the vicinity of the null point. In that event, 

the remote source was not identified.  

Microwave sources in the circular ribbon flare 

SOL2014-12-17T04:51 of the M8.7 X-ray class have 

been examined in more detail [Chen et al., 2019; Lee et 

al., 2020]. In addition to AIA/SDO data, sequences of 

radio maps from MUSER (MingantU SpEctral Radiohe-

liograph) [Yan et al., 2009], available in the 1–2 GHz 

range, and NoRH [Nakajima et al., 1994] were used to 

study the dynamics of the flare structure. Comparison of 

fluxes at frequencies of 17 and 34 GHz has shown that 

at the beginning of the flare the increase in radio emis-

sion can be explained by thermal heating of plasma in-

side the magnetic domain due to reconnection at the 

magnetic null point. Signs of nonthermal energy release 

appear during a stepwise increase in the microwave flux 

a few minutes before the impulsive phase. During the 

impulsive phase lasting ~10 min, the emission from the 

rope inside the dome dominates, microwave sources 

with circular polarization of opposite signs appearing 

near the rope's footpoints. The remote source was ob-

served on the maps at a frequency of 17 GHz, yet the 

impulsive phase does not show up in the emission inten-

sity profile of the remote source. The emission flux 

from the remote source increased gradually during the 

flare, similar to the increase in EUV emission. This al-

lowed the authors to assume that the microwave emis-

sion from a remote source is generated by a bremsstrah-

lung mechanism. It follows from MUSER maps that the 

sources emitting at 1.2–2.0 GHz were located above the 

null point of the magnetic domain. 

In our work, we discuss the scenario and dynamics 

of electron acceleration and transport during the circular 

flare SOL2024-03-25T06:37 of the M4.4 X-ray class, 

characterized by a record-short duration of hard emis-

sion (~5 s at half-height in the 100–300 keV channel). 

 

INSTRUMENTS 

AIA/SDO UV and EUV images and SDO HMI (He-

lioseismic and Magnetic Imager) magnetograms have 

been employed to analyze the dynamics of the spatial 

structure of the flare [Lemen et al., 2012]. Note that the 

~12 s periodicity of AIA/SDO observations is insuffi-

cient to observe the dynamics of this flare. Moreover, 

almost all images in all AIA channels were overexposed 

just during the flare energy release pulse.  

Microwave sources were observed by three antenna 

arrays of the Siberian Radioheliograph (SRH) [Lesovoi 

et al., 2014; Lesovoi, Kobets, 2017; Altyntsev et al., 

2020]. The mapping was carried out by frequency scan-

ning independently in each range (3–6, 6–12, 12–24 

GHz) at an interval of 3.5 s. The spatial resolution of the 

mapping depends on the frequency and local time of 

observations. In this work, we have used frequencies 

from 2.8 to 12.2 GHz with beamwidths varying from 

23×83 to 10×18 arcsec. Anfinogentov's software pack-

age was employed to construct the images 

[https://radiomag.iszf.irk.ru/books/sibirskii-

radiogeliograf/page/sintez-radioizobrazenii-s-

pomoshhiu-paketa-srh-synth]. To analyze time profiles 

of radio emission, we used measurements of the total 

SRH flux [https://badary.iszf.irk.ru/srhCorrPlot.php].  

Integral solar radio emission spectra were measured 

with a time resolution of 1 s by NoRP (Nobeyama Ra-

dio Polarimeters) [Torii et al., 1979] at five frequencies 

in the range 1.0–17.0 GHz, the Badary Broadband Mi-

crowave Spectropolarimeter (BBMS), [Zhdanov, Zan-

danov, 2011] at 26 frequencies in the range 4–8 GHz. 
In our study, we have used spectra from the 50–3000 

MHz SRH spectropolarimeter SOLARSPEL with a time 

resolution of 0.5 s and a frequency resolution of 1 MHz. 

Fluxes at high frequencies 35.25–39.75 GHz were 

available during the impulsive phase in observations 

https://ru.wikipedia.org/wiki/Reuven_Ramaty_High_Energy_Solar_Spectroscopic_Imager
https://radiomag.iszf.irk.ru/books/sibirskii-radiogeliograf/page/sintez-radioizobrazenii-s-pomoshhiu-paketa-srh-synth
https://radiomag.iszf.irk.ru/books/sibirskii-radiogeliograf/page/sintez-radioizobrazenii-s-pomoshhiu-paketa-srh-synth
https://radiomag.iszf.irk.ru/books/sibirskii-radiogeliograf/page/sintez-radioizobrazenii-s-pomoshhiu-paketa-srh-synth
https://badary.iszf.irk.ru/srhCorrPlot.php
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from CBS (Chashan Broadband Solar millimeter spec-

trometer) [Shang et al., 2022, 2023], recording the dy-

namic spectrum in the range 35–40 GHz. We utilized 

data with a frequency resolution of 0.5 GHz and a time 

resolution of 0.537 s.  

Integral spectra in the range 1.6–2.0 GHz were ob-

tained with the radio interferometer MUSER-I (China). 

The MUSER-I frequency range covers 0.4–2.0 GHz 

[Yan et al., 2016]. The March 25, 2024 event was ob-

served in the left circular polarization with a spectral 

resolution of 16 MHz and a time resolution of 3.125 ms. 

We also employed data from the radio telescope in 

Learmonth (Australia), which overlaps in time with 

other radio data. The telescope is part of RSTN (United 

States Air Force Radio Solar Telescope Network) 

[Guidice et al., 1981] whose instruments measure inten-

sity at eight frequencies (245, 410, 610, 1415, 2695, 

4995, 8800, and 15400 MHz) with a resolution of 1 s. 

Hard X-ray fluxes were measured using Fermi/GBM 

(Fermi Gamma-Ray Burst Monitor) [Meegan et al., 

2009] with a time resolution of 1 s. 

 

OBSERVATIONS 

The magnetic structure with domain, isolated by a 

compact region of a positive vertical field, surrounded 

by fields of reverse polarity, was formed in the southern 

part of active region (AR) 13615 on March 24. In 

AIA/SDO images in EUV lines from 10:00 UT on 

March 24, 2024, a ring structure appeared around the 

domain and at times a jet is seen moving away from this 

structure in a southerly direction. This configuration can 

be traced continuously until 00:00 UT on March 26, 

when the domain of the positive field is significantly 

reduced in size, and the ring structure in EUV lines dis-

appears. No large flares, except for the event under 

study, were observed during these days. 

Figure 1 shows three time points of AR evolution in 

the vicinity of the magnetic domain. The time hereafter 

is given in UT. The magnetic structure is seen to devel-

op over time: on March 24, a fragment begins to stand 

out in the north of the domain, and it separated on the 

day of the flare. By March 26, this fragment had moved 

away to the north, and another fragment had separated 

to the west. 

An M4.4 X-ray flare occurred in this structure on 

March 25, 2024. Soft X-ray emission began to increase 

at 06:37, and ceased to decrease at 06:48. The peak of 

the impulsive phase, when a short pulse of hard X-ray 

emission with photon energy above 100 keV was ob-

served, was recorded at 06:43:24. During the flare, AR 

  

 

Figure 1. AIA/SDO images in the 131 Å channel at different time points (on the left) and SDO/HMI magnetograms at the 

time points closest to those indicated in the left column (on the right). On the axes are arcseconds relative to the center of the 

solar disk 
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was located in the central part of the solar disk. The 

flare is noted for its high brightness in all AIA/SDO UV 

and EUV ranges.  

Sequences of not overexposed EUV images in the 

304 and 131 Å lines during the impulsive phase are 

shown in Figure 2. At the first two time points, the flare 

structures have a loop-like shape. Note that a narrow jet 

extending southward in the plane of the sky was ob-

served for the first time in the 171 Å line at 06:40:57. 

The jet's brightness and length, which can be considered 

as a manifestation of the outer spine of the magnetic 

structure, began to increase after 06:42. Between 

06:43:17 and 06:43:30, the jet's transverse size in-

creased significantly, indicating a modification of the 

magnetic structure near the zero point and the outer 

spine. Then, the bright region of plasma ejection ex-

panded, with marked fragments elongated along the 

magnetic field. 

The ejection plasma filled large-scale loops, which 

became visible in EUV emission 4 min after the start of 

the ejection (Figure 3). In panel a at footpoints of large 

loops, contours depict microwave sources emitting at 

the maximum of the microwave flux (06:43:24) at a 

frequency of 8 GHz. In the flare core there is a structure 

characteristic of a magnetic flux rope: a source in inten-

sity along the edges of which there are sources with 

different circular polarization. The remote footpoints of 

the loops were located at a distance of ~215 arcsec east 

of the flare core in the region with northward magnetic 

field. Panel b shows magnetic field lines calculated by 

the Green function method in a potential approximation 

from the HMI/SDO vector magnetogram for 06:48 UT. 

There is a good agreement between the observed and 

calculated structures, which allows us to use the calcula-

tion results to estimate plasma and magnetic field pa-

rameters in large loops. 

Let us take a closer look at the structure of the flare 

core. Figure 4 displays the image in the 131 Å line at 

06:43:18 a few seconds before the peak of the hard X-

ray emission (a); the magnetogram of the longitudinal 

magnetic field and the image of the flare core in the 

1600 Å line at 06:43:26 (b). The domain field was posi-

tive, its value reached 800 G. The flare was probably 

 

Figure 2. Sequences of images of the flare core in the 304 Å and 131 Å lines. The time is given in UT. The image size is 

50×50 arcsec. Image centers are 378/–104 arcsec from the center of the solar disk 

 

Figure 3. Flare region with a remote source: a is the difference image at 06:46 in the 94 Å line. The 06:41 image is subtract-

ed. The contours at the levels (0.5, 0.95) from the maximum/minimum indicate microwave sources. Blue contours show the in-

tensity at a frequency of 8 GHz (SRH); purple, circular polarization: solid contour is the right circular polarization (RCP); dotted, 

the left circular polarization (LCP). The yellow oval in the lower left corner is the antenna beamwidth at 8 GHz, its size is 15×25 

arcsec; green and red lines denote the magnetic field lines calculated in a potential approximation (b). The black and white con-

tour is the boundary of the computational domain. The background is a difference image from the left figure  
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Figure 4. Flare region structure in the 131 Å line at 06:43:18 (a); longitudinal magnetic field magnetogram at 06:43:30 (b); 

an image in the 1600 Å line (c). The red oval in panels a, c marks a real source with dimensions 9.3×10.4 arcsec after deconvolu-

tion with antenna beamwidth at 12 GHz. The yellow oval in the lower left corner indicates the antenna beamwidth 10.5×18.3 

arcsec at 12 GHz. Contours in a and b outline microwave sources at a frequency of 12 GHz at 06:43:24 in intensity (R+L, blue 

contour), and polarization (purple contour; solid — RCP (0.5, 0.95 from maximum); dotted — LCP (0.5, 0.95 from minimum))  

 

initiated by separation of a small fragment from the 

northern part of the domain (see Figure 1, d). In EUV 

emission there is a ring structure in which the brightness 

depression corresponds to the location of the magnetic 

domain. The ring's size and shapes are similar in differ-

ent EUV ranges. In the south, the ring is bordered by a 

bright region of plasma outflow along the magnetic field 

lines in the vicinity of the outer spine. 

Contours show microwave sources in intensity and 

polarized microwave emission at a frequency of 12.2 

GHz. In the lower left corner, the yellow contour out-

lines an oval that corresponds to the half-height of the 

antenna beamwidth. The size of the beamwidth is com-

parable to the size of the sources. The result of deconvo-

lution under the assumption that the shapes of the pat-

tern and the source are two-dimensional Gaussian func-

tions is depicted by the red oval in panels a, c. Note that 

the location of the center of brightness of the microwave 

source remains unchanged in time. At the edges of the 

center of brightness in intensity (blue contour) there are 

sources with opposite directions of circular polarization 

(purple contours), i.e. the microwave emission structure 

indicates the existence of loops or ropes. 

Panel c presents an image in the AIA 1600 Å range 

almost at the maximum of hard X-ray emission. The 

main radio source is seen to be above a part of a long 

flux rope located near the magnetic field domain and 

extended northwestward. In UV emission, as in EUV 

emission, southward plasma flow is observed, but the 

transverse size of the flow has become much wider. 

The time profiles of electromagnetic emission of 
nonthermal electrons accelerated during the flare are 
presented in Figure 5. High energies of the accelerated 
electrons are indicated by the microwave emission, rec-
orded with CBS at 35–40 GHz, and by hard X-ray emis-
sion, recorded with the FERMI/GBM spectrometer in 
the 100–300 keV channel. Measurements of the integral 
solar flux by SRH antennas with a resolution of 3.5 s are 
given for frequencies of 2.8, 8, and 23.4 GHz. Triangles 
mark the times of recording at these frequencies. Fluxes 
at 17 (NoRP), 8.1 GHz (BBMS), and hard X-ray emis-
sion intensity (FERMI/GBM) were measured with a 
resolution of 1 s. The Chinese spectrometer CBS had 

the best time resolution of 0.5 s. 
A noticeable increase in flare emission begins at 

about 06:42:48 (dash-dotted line) at frequencies below 8 
GHz at photon energies below 20 GHz. After 16 s at 
photon energies to 50 keV, the emission in the range 8–
17 GHz begins to increase, reaching a local intensity 
maximum in 9 s at 06:43:13. In the channels recording 
harder emissions, the signal begins to grow a few sec-
onds later, at 06:43:19 (dash-dotted line) and reaches a 
maximum in 5.5 s. In channels of 35 GHz and >50 keV, 
the signal decreases most rapidly, for 2–3 s, and then the 
rate of decrease slows down. At the same time, in the 
top panels of Figure 5, which show the emission of low-
er-energy electrons, the intensity of signals increases 
rather than decreases after a pulse of hard emission. 
Notice that pulses of microwave and hard X-ray emis-
sions are observed at the front of increasing soft X-ray 
emission whose maximum was recorded at 06:44:35, 
i.e. more than 1 min later. A similar dependence is char-
acteristic of the Neupert effect when soft X-ray emis-
sion is generated by plasma heated by accelerated elec-
tron fluxes. 

As shown above (see Figure 4, c), the microwave 
source is projected onto a long rope observed in the 
range of 1600 Å. The dynamics of rope formation can 
be traced in the images in Figure 6. It can be seen (top 
row) that before the impulsive phase there are two ropes 
extended one after another in a northwesterly direction. 
In the region, where their footpoints approach each oth-
er, there is a bright region that rises slightly upward 
during the impulsive phase. During this phase (middle 
row), the brightness is distributed along the emerging 
common flux rope and the region of plasma outflow 
widens. After the impulsive phase (bottom row), the 
plasma flow region expands to the length of the rope. 
The velocity of the leading front of the flow can be es-
timated from the images in the bottom row as 330 km/s 
in the plane of the sky. 

SRH observations allowed us to identify microwave 
fluxes from the flare core and remote source. With a 
distance of 215 arcsec between the sources, the delay 
between maxima of the time profiles of these sources is 
~5 s. Spectra of the sources at the maximum of the im-
pulsive phase are presented in Figure 7, a. 
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Figure 5. Time profiles of microwave (a) and hard X-ray (b) emissions. Receiving frequencies and channel boundaries in en-

ergies are shown. The instruments in use and the time resolution of the measurements are described in the text. Triangles mark 

measurement time points at these frequencies in SRH curves of 2.8, 8, and 23.4 GHz. The time points 06:42:48, 06:43:19, 

06:43:28 are indicated by vertical dash-dotted lines. The dashed line is the peak of hard X-ray emission at 06:43:24  

 

Figure 6. Development of the rope in the flare region; images in the AIA/SDO 1600 Å channel at different time points  
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Figure 7. Composite spectrum at the peak of the flare at 06:43:25 (a). Red asterisks indicate SRH data, fluxes are collected 

from images in the flare core; blue crosses, in a remote source; black asterisks mark the integral spectrum from SRH, BBMS, 

NoRP data; black asterisks in purple squares, CBS data; green rhombs, MUSER-I data. Spectrum of the degree of polarization 

for a remote source (b)  

 

 

Figure 8. Dynamic spectrum: a — data from the 50–3000 MHz SOLARSPEL spectropolarimeter; b — MUSER-I data. The 

vertical line indicates the peak of the hard X-ray emission at 06:43:24 

 

Black asterisks represent the integral flux spectrum 

from BBMS (4–8 GHz), SRH (11.6 and 15.24 GHz), 

NoRP (9.4 and 17 GHz), and CBS (35.25, 36.25, 39.75 

GHz) data for the peak of the burst at 06:43:24. Since 

the duration of the peak considered is less than the time 

resolution of the SRH integral flux curves (3.5 s), not all 

SRH frequencies could be used for analysis. When con-

structing the spectrum from SRH data, we selected only 

those observation frequencies that were within the 0.5 s 

interval relative to a given time point, which corre-

sponded to the time resolution of CBS data. 

The spectrum shape at frequencies above 2 GHz is 

typical of the gyrosynchrotron spectrum. The core emis-

sion becomes dominant in the integral spectrum at fre-

quencies above 6 GHz, and the spectrum index is f
1.4

. 

The power-law decay index can be described as f
–2.5

. On 

the contrary, in the remote source spectrum the SRH 

frequency range covers the decreasing part of spectrum. 

After the flat part of the spectrum, where the flux from 

the remote source is comparable to the flux from the 

flare core, the decrease begins after 4 GHz with f
–1.1

. 

The next feature of the remote source is a high degree of 

right circular polarization. In the frequency range from 

4.5 to 7.5 GHz, it runs to 80 % (see Figure 7, b). 

Measurements of the dynamic spectrum at lower 

frequencies were obtained with the SOLARSPEL spectro-

polarimeter in the receiving frequency range 50–3000 

MHz (Figure 8, a). In its dynamic spectrum (a), a re-

sponse to the flare was observed in the frequency range 

80–350 MHz. The emission began in a narrow band of 

~350 MHz at 06:43:00 and lasted in this band for ~40 s. 

In a wide band, the emission began at 06:43:10 with max-

imum intensity during the peak of hard emission. The 

emission gradually fades, initially at higher frequencies. 
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Figure 8, b displays the MUSER-I dynamic spec-

trum. The data and figure were obtained using programs 

developed by Chinese colleagues, including image cali-

bration and improvement [Wang et al., 2013; Tan et al., 

2015]. MUSER-I 1600–2000 MHz data shows a flare 

response in the emission from 1750–2000 MHz. Note 

that this emission was not recorded in the dynamic spec-

trum (a) due to the lower sensitivity of the 50–3000 

MHz SOLARSPEL antenna in the upper part of the 

operating range (above 1000 MHz). The amplitude of 

MUSER-I signals increased sharply during the peak. 

The integral spectrum flux decreased rapidly with de-

creasing frequency and ceased at frequencies below 

1850 MHz (see Figure 8, b). There was a slight drift 

toward low frequencies. Unfortunately, there is a record 

for this event only in the left polarization of the spec-

trometer; therefore, the calibrated LCP data was multi-

plied by two to represent it on the spectrum and com-

pare it with microwave data (see Figure 7, a, green 

rhombs). 

 

DISCUSSION 

The data set on the dynamics and spatial structure of 

the flare makes it possible to define the event under 

study as a circular ribbon flare with a compact positive 

field domain in the core and a remote source at the dis-

tance of 215 arcsec. The magnetic structure was formed 

the day before the flare, as evidenced by the appearance 

of a quasi-stationary circular structure in the EUV emis-

sion around the magnetic domain [Masson et al., 2009]. 

The initiation of the flare impulsive phase is visible in 

the images of the flare core in the 1600 Å channels: 

first, a compact bright source appears which is located 

north of the positive field domain (see Figure 6). It is 

located at the point of approach of footpoints of two 

ropes, stretched sequentially in a northwesterly direc-

tion. As the flare develops, the ropes become brighter, 

and after the impulsive phase a long wraparound rope 

occurs which rises up over time. Simultaneously with 

the rise of this rope, plasma is seen to flow along the 

outer spine. A similar scheme for the initiation of a cor-

onal mass ejection has been proposed by Uralov et al. 

[2002]. It was adopted in [Meshalkina et al., 2009] to 

explain the initiation of circular ribbon flares. 

In our event, dimensions of the SRH antenna beam-

width were comparable to those of the flare core, which 

makes it impossible to study the interaction between the 

ropes in microwave emission in more detail. Recording 

of sources of polarized emission of different signs in the 

impulsive phase is consistent with the assumption about 

the formation of a common rope (see Figure 4). The 

location and brightness of the observable sources of 

polarized emission result from convolution of the real 

sources with the SRH antenna beamwidth. Hence, on 

radio maps the distance between the apparent brightness 

centers of polarized sources decreases with increasing 

receiving frequency, i.e. it depends on the size of the 

antenna bemwidth. At the highest mapping frequency of 

12.2 GHz in this work, the SRH spatial resolution 

(10.4×18.2 arcsec) was insufficient to determine the 

actual location of the polarized sources. 

After the impulsive phase, plasma was seen to flow 

along large loops oriented along the outer spine. The 

loops could be observed in difference images of EUV 

emission a few minutes after the impulsive phase. Fig-

ure 3 shows that their observable shape and the location 

of the remote footpoint are close to the field lines calcu-

lated in the potential approximation. It follows from the 

calculations that the height of the loops is in the range 

50–130 Mm with a length 300–400 Mm. To fill the 

loops with plasma for 4 min, its flow velocity has to be 

several times higher than the velocity of 330 km/s in the 

plane of the sky. Estimates suggest that the required 

flow velocity can be achieved if it is of the order of the 

velocity of ion sound at a plasma temperature 20–30 

MK in the flare core. A similar propagation mechanism 

with formation of a heat wave of replacement has been 

discussed in [Brown et al., 1979; Vlahos, Papadopoulos, 

1979; Levin, Melnikov, 1993; Meshalkina, Altyntsev, 

2024]. 

The peak of the emission from the remote source in 

microwaves lags behind the peak in the flare core by ~5 

s. The emission spectrum of the remote source is broad-

band with a maximum spectrum at a frequency below 4 

GHz. The accuracy of determining the delay from SRH 

data is ~1 s since SRH measurements in the remote 

source were carried out at an interval of 3.5 s. In the 

flare core, the accuracy of determining the peak from 

the 35 GHz profile was fractions of a second. With an 

average loop length of 350 Mm, we obtain a flight ve-

locity of emitting electrons ~7·10
9
 cm/s. The ~17 keV 

kinetic energy of electrons at this velocity is insufficient 

to generate the microwave spectrum of the remote 

source. If we take into account (as is often done 

[Aschwanden, 2004]) the helicity of magnetic field lines 

and the pitch angle of propagating electrons, the esti-

mated velocity can be multiplied by 2, then the electron 

energy becomes more reasonable — ~70 keV. Note that 

it was the only time such an estimate was obtained for a 

remote source of a circular flare during observations of 

quasi-periodic oscillations with SSRT at a high time 

resolution [Altyntsev et al., 2022]. In this work, we have 

estimated the energy of emitting electrons at >100 keV. 

At sufficiently large pitch angles of electrons propa-

gating along large loops, it is natural to expect their cap-

ture at tops of the loops. Their emission can explain the 

response to the flare in dynamic spectra in the range 80–

350 MHz. If we assume that the emission is plasma, the 

plasma density at loop tops varies in a wide range from 

8·10
7
 to 1.5·10

9
 cm

–3
. Calculations give 10–20 G mag-

netic fields, i.e. the observed frequencies are within 3–6 

harmonics of the cyclotron frequency of electrons. In 

this case, it is natural to expect that the emission will be 

generated at double plasma resonance [Ledenev, 1998; 

Zheleznyakov et al., 2016].  

In the flare core and the remote source, the spectra 

are gyrosynchrotron with different power-law decay 

indices f
β
. A harder spectrum with β=–1.1 was observed 

in the remote source. Estimated power-law index of 

electron energy distribution  by the formula =1.22–

0.9 [Dulk, Marsh, 1982] yields δ≈2.5. A feature of the 

microwave emission from the remote source is a high 
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degree of circular polarization up to 80 %. According to 

calculations of the gyrosynchrotron spectrum in 

[Fleishman, Melnikov, 2003], such a high degree of 

polarization indicates large pitch angles of emitting 

electrons. On the other hand, for large pitch angles the 

above estimate for isotropic electron distribution δ≈2.5 

can only be considered as a first approximation and re-

quires refinement. 

For the flare core, observations with the spectropo-

larimeters gave an estimate of the slope of the spectrum 

β≈–2.5, from which we get δ≈4.1. Unfortunately, SRH 

observations were available to the frequency of 12.2 

GHz, i.e. only in the rising spectrum part. The power-

law growth index β≈1.4 is two times lower than the cal-

culated value of the gyrosynchrotron spectrum emitted 

by a homogeneous source.  

Short growth and decay fronts of the hard peak of 

microwave and hard X-ray emissions suggest that ac-

celeration to energies above 100 keV occurred in the 

open configuration of the magnetic field. Electron emis-

sion fluxes of lower-energy electrons increase after the 

peak, which indicates magnetic field trapping and ac-

cumulation in ropes. 

 

CONCLUSION 

Observations in microwave emission have provided 

important insights into morphological properties of the 

March 25, 2024 circular flare. The flare's hard emission 

was demonstrated to be associated with the interaction 

between magnetic flux ropes. For the first time, a mi-

crowave spectrum of electron emission from a remote 

source has been obtained and a connection has been 

found between meter-wave emission and electron accel-

eration in the flare core. Thus, we have demonstrated 

the high diagnostic potential of SRH multiwave obser-

vations for studying events with relatively small tem-

poral and spatial scales. In-depth study of the dynamics 

of microwave sources and their polarization and spectral 

properties in this flare will be the subject of our future 

work.  
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