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Abstract. Radio observations of weak events are 

one of the promising methods for studying energy re-

lease and non-thermal processes in the solar corona. The 

development of instrumental capabilities allows for ra-

dio observations of weak transient coronal events, such 

as quasi-stationary brightenings and weak flares of X-

ray class B and below, which were previously inacces-

sible for analysis. We have measured the spectral pa-

rameters of microwave radiation for thirty weak solar 

flares with X-ray classes ranging from A to C1.5, using 

observations from the Badary Broadband Microwave 

Spectropolarimeter (BBMS). The spectra indicate that 

plasma heating is caused by the appearance of non-

thermal electron fluxes, which can be detected by bursts 

of microwave radiation, predominantly with an ampli-

tude ~5–6 solar flux units (SFU) at 4–5 GHz frequen-

cies. One solar flux unit (SFU) of radio emission is 

equal to 10–22 W/(m·Hz). The range of low-frequency 

spectrum growth indices f
α
 varies widely from α=0.3 to 

15. The distribution of high-frequency decay indices is 

similar to the distributions of regular flares. One of the 

explanations for the appearance of large f
α
 values is the 

Razin effect, which can influence the shape of the gyro-

synchrotron spectrum during the generation of bursts in 

dense plasma under relatively weak magnetic fields. We 

have detected two events in which the appearance of 

non-thermal electrons led to the generation of narrow-

band bursts at frequencies near the double plasma fre-

quency. SRH test trials have shown the potential for 

measuring the structure of flare sources with fluxes of 

the order of 1 SFU, indicating the high diagnostic poten-

tial of the radioheliograph for detecting acceleration 

processes in weak flare events and their localization in 

active regions. 

Keywords: solar microwave emission, radio bursts, 

microflares. 

 

 

 

 

INTRODUCTION 

The idea of heating the solar corona with X-ray 

flares led researchers to the following conclusion. With 

increasing accuracy of experimental studies, ever-

smaller-scale structures can be detected. Such terms as 

“microflares” and “nanoflares” have emerged in the 

literature; they characterize very weak manifestations of 

solar activity in the X-ray range [Bogachev et al., 

2020]. These terms became widespread in works con-

cerned with weak bursts in the extreme ultraviolet 

(EUV) range. Currently, even fainter EUV brightenings, 

also known as campfires, are recorded with the High-

Resolution Instrument (HRIEUV) [Berghmans et al., 

2021]. 

Of the most interest is the relationship between mi-

crowaves and X-rays through electron acceleration. It 

has been shown, for example [Schadee et al., 1983; Qiu 

et al., 2004; Bogachev et al., 2020], that electron accel-

eration in large solar flares plays a key role in energy 

release and these processes manifest themselves in the 

same way in microflares. It is known that about half of 

large solar flares reveal the Neupert effect reflecting a 

causal relationship between the heating of flare plasma 

and the occurrence of electron fluxes accelerated in the 

impulsive phase [Neupert, 1968]. 

Detection of non-thermal electrons is, however, lim-

ited by the sensitivity of receiving equipment. Not many 

papers have been published which analyze microflares, 

using observations simultaneously in hard X-ray and 

microwave ranges [Stoiser et al., 2007; Li et al., 2022; 

Shibasaki et al., 1983; Chiuderi Drago et al., 1987; Go-

palswamy et al., 1997; Gary et al., 1997; Nindos et al., 

1999; Raulin et al., 1999; Kundu et al., 2006; Altyntsev 

et al., 2020a; Battaglia et al., 2021]. 

Qiu et al. [2004] have reported statistically significant 

results of analysis of microflares, using data obtained in 

two ranges: RHESSI (Ramaty High Energy Solar Spectro-

scopic Imager) observations in the hard X-ray range [Lin et 

al., 2002] and OVSA (Owens Valley Solar Array) obser-

vations in the microwave range [Gary, Hurford, 1990]. 

Microflares for the analysis were selected by a signal in a 

12–25 keV X-ray channel whose value should not exceed 

100 counts per second. For joint analysis, 56 events have 

been chosen which correspond to X-ray flares of class no 

higher than C1.0 according to GOES. 

Large OVSA antennas measured microwave fluxes 

with an intensity of 0.2 SFU. Shapes of the microwave 

spectra observed were specific to the gyrosynchrotron 

emission mechanism. The frequencies of maximum spectra 

were ~6 GHz, and the intensity was below 10 SFU. The 

main purpose of the analysis was to determine the charac-
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teristics of non-thermal electrons accelerated in weak 

events. 

It is known that in the case of gyrosynchrotron spec-

trum at frequencies above the maximum-spectrum fre-

quency fmax, the decay rate of the microwave spectrum β 

(high-frequency spectral slope, or high-frequency slope) 

is determined by the power-law index of δ-energy dis-

tribution of non-thermal electrons [Dulk, Marsh, 1982]. 

Qiu et al. [2004] have estimated the power-law index of 

non-thermal electrons within δ=2÷4. 

Characteristics of the low-frequency spectral slope 

were not discussed in that study. Nevertheless, under the 

gyrosynchrotron emission mechanism the low-frequency 

part also depends on the distribution of non-thermal elec-

trons. In this case, the dependence of the slope on δ is 

much weaker and proportional to the radio flux intensity 

S~f
α
. For example, in a uniform source for δ=2÷7 the 

slope is limited to α=2.67÷3.1 [Shaik, Gary, 2021]. In the 

actually observed spectra, the range of α variations is, 

however, much wider. So, in [Stahli et al., 1989], in 

which the spectrum was observed with a sufficiently high 

spectral resolution, α was shown to vary from 1 to 10 and 

the region near α=3 is weakly distinguished by the fre-

quency of occurrence in flare bursts. The appearance of 

sloping spectra with α<2.6 was interpreted as nonuni-

formity of the microwave source, i.e. the presence of 

emitting regions with weaker magnetic fields. 

To interpret spectra with steep slopes α>3.1, several 

effects have been proposed which are associated both 

with peculiarities of emission generation in a source and 

with external factors [Stahli et al., 1989]. For example, 

the Razin effect is most often used to explain large val-

ues of α — suppression of gyrosynchrotron emission in 

dense plasma with density n at frequencies fR<20 n /B, 

where B is the magnetic field in a source [Ginzburg, 

Syrovatskii, 1965]. In this case, deformation of the low-

frequency spectrum can be used to estimate the plasma 

density in a gyrosynchrotron emission source (see, e.g., 

[Ramaty, 1969; Fleishman, Kuznetsov, 2010]). 

Weak transient events in the microwave range are 

primarily linked to fine temporal and spectral structures 

of microwave-burst emission. Sources of fine-structure 

emission are known to not always coincide with sources 

of broadband continuous emission of microwave bursts. 

This is due to different requirements for the conditions 

of occurrence and output of emission in different emis-

sion generation mechanisms. It has been shown that a 

fine structure can be observed without an accompanying 

microwave burst [Zhdanov, Zandanov, 2015]. The ab-

sence of a source of shielding continuum emission 

makes such events especially interesting. Firstly, the 

accuracy of localization of a fine-structure emission 

source increases; secondly, the degree of interpretation 

ambiguity and the relationship between observations in 

different emission bands decreases. 

On the other hand, the first multi-wave SRH observa-

tions [Altyntsev et al., 2020b] have shown that along with 

gyrosynchrotron emission, the occurrence of non-thermal 

electrons in microflares can be detected from coherent 

narrowband emission of non-thermal electrons trapped in 

low magnetic loops with a sufficiently high density 

[Altyntsev et al., 2022; Altyntsev et al., 2023]. Yet, weak 

transient events in the microwave range are most often not 

associated with the fine structure of microwave emission or 

coherent emission mechanisms since they are not so ex-

traordinary. 

The purpose of this work is to obtain new experi-

mental results confirming the role of accelerated elec-

trons in plasma heating in weak flares during low solar 

activity of the new cycle by analyzing microwave ob-

servations with high frequency resolution and high flux 

sensitivity. Analysis of combined microwave observa-

tions made with the Badary Broadband Microwave 

Spectropolarimeter (BBMS) 4–8 GHz [Zhdanov, Zan-

danov, 2011] and using SRH multi-wave imaging data 

has allowed us to find 30 weak events identified as mi-

crowave microflares. The observations were carried out 

during low solar activity in April–December 2021, 

which contributed to the detection of sufficiently weak 

microwave responses against the background of integral 

solar emission, which corresponded to X-ray flares of 

classes A to C2.0 according to the GOES classification. 

 

INSTRUMENTS 

AND EVENT SELECTION 

The work is based on BBMS data with a time reso-

lution of 1 s. In this mode, the flux sensitivity of the 

receiver is about 1 SFU. The spectral resolution of the 

data allows us to find the peak frequency fmax, the max-

imum flux Smax, and spectral slopes α and β of micro-

wave bursts provided that the peak frequency is within 

4–8 GHz. In exceptional cases, to determine the shape 

of the microwave spectrum at frequencies below 4 GHz, 

we have used data from the 2–24 GHz Solar Radio 

Spectropolarimeter (SRS, [Muratov, 2011]). For fmax>8 

GHz, we have employed data from Nobeyama Radio 

Polarimeter (NORP) at 9.4 and 17 GHz. 

In the simplest case, the parameters of microwave 

spectra Smax, fmax, α, β can be found by approximating 

the spectrum by a power-law function, assuming that 

emission comes from a uniform gyrosynchrotron 

source. The spectrum S(f) was approximated by power-

law function (1) having a form with a single frequency 

maximum and power-law slopes at low and high fre-

quencies [Stahli et al., 1989]: 

 1 ,
ba BfS Af e



   (1) 

where f is the frequency; A, B, a, b are free parameters. 

The parameter a corresponds to the low-frequency spec-

tral slope α, and the high-frequency spectral slope is 

determined by the expression β=(a–b). 

Analysis of 80 events from the BBMS catalog has 

revealed that 45 events occurred during X-ray flares of 

class no higher than C2.0 according to GOES. The 

threshold of C2.0 was chosen arbitrarily to limit the 

size of the initial sample of events. The spectra were 

approximated at Tmax, when the radio flux reached the 

maximum value Smax. Table presents 30 events for 

which all Smax, fmax, α, β have been found. 

Figure 1, a illustrates a case when the result of ap-

proximation of the microwave spectrum in the September 
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Summary of events 

No. DATE Tmax Δτ, s ΔGOES GOES Smax fmax α β SRH HXR 

   cек вт/м2  с.е.п. ГГц     

1 2021-04-19 06:29:59 –16 3.5×10–8 B2.1 1.06 5.71 2.15 –4.60 3–6 S/10 

2 2021-04-21 01:27:48 –4 1.3×10–6 C1.8 4.95 5.13 2.20 –2.47 3–6 no 

3 2021-05-09 04:34:41 5 1.5×10–6 C1.7 7.52 5.13 2.51 –3.00 3–6 F/50 

4 2021-05-11 03:19:45 8 9.0×10–8 B1.7 6.07 4.51 1.30 –2.20 3–6 S/10 

5 2021-05-22 01:24:36 –7 9.5×10–8 B2.9 3.23 5.54 6.86 –0.39 3–6 S/25 

6 2021-05-23 01:38:31 –14 2.9×10–7 B6.0 2.26 4.68 4.18 –2.80 3–6 S/15 

7 2021-05-27 03:09:40 92 1.1×10–6 C1.4 8.39 7.22 4.26 –0.66 3–6 S/no 

8 2021-05-27 03:19:57 –12 7.6×10–8 C1.1 4.10 6.27 4.17 –2.17 3–6 S/no 

9 2021-05-27 04:41:38 –53 3.4×10–7 B6.0 4.19 7.90 3.40 –0.65 3–6 S/no 

10 2021-05-27 06:46:23 2 5.9×10–7 B9.2 4.06 6.35 6.41 –0.58 – no 

11 2021-05-27 08:06:59 –16 7.4×10–7 C1.0 5.15 8.77 4.07 –0.43 3–6 no 

12 2021-06-03 01:36:26 0 5.2×10–8 B1.2 4.91 5.81 3.64 –1.61 3–6 no 

13 2021-08-22 01:04:09 –10 1.2×10–7 B4.2 3.39 5.31 4.19 –3.45 3–6 S/25 

14 2021-08-22 04:12:40 –23 1.0×10–6 C1.2 6.74 4.42 1.25 –6.76 3–6 F/25 S/25 

15 2021-08-22 08:30:30 13 3.3×10–7 B5.5 3.43 5.80 1.29 –4.10 3–6 F/50 S/25 

16 2021-08-30 09:34:35 –5 6.6×10–7 C1.1 5.69 7.49 1.13 –3.00 3–6 S/25 

17 2021-09-06 05:57:55 3 1.5×10–7 B5.5 4.90 3.81 2.24 –2.30 3–6 F/25 S25 

18 2021-09-11 06:20:24 9 2.9×10–8 B3.5 4.05 5.36 6.10 –1.51 3–6 F/100 S/25 

19 2021-09-13 02:55:54 1 4.5×10–7 B8.6 11.1 5.51 3.24 –3.11 3–6 S/25 

20 2021-09-21 05:36:53 10 2.7×10–9 B2.6 no no 1.99 no 3–6 F/50 S/no 

21 2021-09-22 03:23:30 16 2.1×10–7 B3.2 4.41 4.54 9.67 –0.70 3–6 S/no 

22 2021-09-25 06:12:57 2 7.6×10–8 B3.3 14.8 4.27 9.04 –7.43 3–6 S/25 

23 2021-10-30 05:26:06 –16 2.5×10–7 B6.5 3.43 5.40 2.26 –2.00 – S/25 

24 2021-10-31 03:22:28 1 4.9×10–7 C1.8 8.40 6.77 1.56 –3.80 – S/no 

25 2021-12-15 03:44:29 5 6.0×10–7 C2.0 10.8 13.5 3.30 –0.58 6–12 F/25 S/25 

26 2021-12-16 07:47:05 12 3.2×10–7 B9.8 9.69 5.75 4.05 –2.20 6–12 F/50 S/25 

27 2021-12-17 04:39:07 7 6.5×10-8 B8.9 10.3 4.60 15.10 –0.58 6–12 S/25 

28 2021-12-20 05:50:12 –18 1.2×10–7 B9.1 5.60 3.83 8.38 –14.00 6–12 F/50 S/25 

29 2021-12-23 04:39:35 95 2.0×10–7 C1.3 2.74 5.63 0.604 –4.38 6–12 F/50 S/10 

30 2021-12-23 06:20:30 309 1.2×10–7 C1.4 1.97 5.01 0.34 –5.10 6–12 S/25 

 

21, 2021 event cannot be used for the analysis. In the 

range 4–8 GHz, the radio flux is seen to monotonically 

increase with frequency and, in order to determine the 

peak frequency, we have to use data from Nobeyama 

polarimeters at 9.4 and 17 GHz. Yet, the sensitivity of 

the polarimeter receiver at 9.4 GHz did not allow us to 

detect a burst above the background emission. In Figure 

1, the height of vertical segments corresponds to the 3σ 

standard deviation, calculated before the burst. Thus, 

there are no reliable points in the high-frequency spec-

trum of this event, thereby making it impossible to find 

fmax, and hence Smax and β. In this event, we can estimate 

only the α slope. In the remaining 15 events, which are 

not included in the final table, there were similar ambi-

guities in the approximation. 

Scheme of the approximation is given in Figure 1, 

b. In the September 25, 2021 event, for instance, the 

spectral peak was at a frequency of 4.3 GHz, the 

maximum flux reached 14.8 SFU, and the spectral slopes 

 

α≈9.0 and β≈–7.4. 

Spatial information about the microwave emission 

sources is available from SRH test observations in the 

mode when only one of three antenna arrays is working. 

From April to October, the events were recorded by the 

3–6 GHz antenna array. From November to December, 

six events were recorded during the 6–12 GHz array test 

trials; no observations were made during three events. 

The observation mode is shown in Table. 

Figure 2, a depicts the relationship between the ob-

servations: GOES time profiles of soft X-rays in the 1–8 

Å channel and the derivative of this profile during a 

microflare on September 25, 2021. In the growth phase 

of soft X-rays of a B3.4 flare, a 20 s microwave burst 

was observed. 

Panels b, c show time profiles of the flux at six SRH 

frequencies from the 3–6 GHz array: 2.8, 3.1, 3.4, 3.9, 

4.7, and 5.6 GHz. Sensitivity of the 3–6 GHz 129-

antenna array of SRH is by an order of magnitude higher  
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Figure 1. Approximation of microwave spectra. Blue dots 

mark BBMS data; green dots, Nobeyama polarimeter data. 

Result of data approximation is indicated by a solid curve; 

dashed lines are asymptotes of spectral slopes; vertical seg-

ments are 3σ standard errors for each frequency, which were 

calculated before the burst. Approximation of September 21, 

2021 event No. 20 (panel a). The flux at a frequency of 9.4 

GHz is below the background 3σ standard error. In this case, 

β, Smax, and fmax are undefined, whereas α is defined. Approxi-

mation of September 25, 2021 event No. 22 (panel b) 
 

than that of BBMS. Noise track in the SRH flux curves 

is almost invisible, i.e. the flux sensitivity of the radio-

heliograph is higher than 10 % of 1 SFU. In panel d are 

signals from three channels of hard X-rays with energies 

from 4 to 25 keV. 

In Table, a soft X-ray increase ΔGOES and flare 

GOES-class are determined for each event. The time 

shift Δτ is found from the difference between the mo-

ment of X-ray profile derivative maximum and the 

moment of maximum microwave flux Tmax (see Figure 

2). As noted above, the relationship between hard and 

soft X-rays manifests itself through the Neupert effect, 

which is determined from the derivative of soft X-rays.  

 

Figure 2. The September 25, 2021 event: time profiles 

of GOES soft X-rays (blue and red curves) and a 1–8 Å 

profile derivative (pink curve), whose maxima are marked 

with black vertical lines, ΔGOES is an increase in soft X-

rays, Δτ is a shift between burst maxima and GOES deriva-

tive (a); profiles of microwave flux in intensity (R+L) and 

polarization (R–L) recorded by SRH at six frequencies; 

green vertical lines are maxima of the microwave burst 

(solid line) and sub-peaks (dashed line) (b,c); profiles of 

hard X-rays of the STIX spectrometer (d) 
 

The last column contains information on hard X-rays 

for each event, the F index marks FERMI/GBM observa-

tions [Meegan et al., 2009]; the S index, observations with 

Spectrometer Telescope for Imaging X-rays (STIX, 

[Krucker et al., 2020; Xiao et al., 2023]). The responses 

are generally observed in channels with an energy to 25 

keV. There are no hard X-ray observations for four events. 

From the differences between time profiles at different 

frequencies it follows that the burst spectrum varied 

over time: at 3.9 and 4.7 GHz there was a narrowband 

intense burst with a half-height duration of 3.2 s. During 

the entire burst, emission has left circular polarization 

whose degree depends on the receiving frequency. Typ-

ically it does not exceed 20 %, but increases sharply at 

3.9 and 4.7 GHz, reaching 70 % during a narrowband 

burst. During the burst, an intensity increase ΔGOES 

corresponded to 7.6·10
–8

 W/m
2
 or GOES-level A7.6. 

The delay of the derivative of the 1–8 Å profile relative 

to maximum microwave burst Δτ≈2 s. To identify the 

main growth phase, the GOES signal was smoothed 

with a window of 2 min before differentiation. 

In the GOES 0.5–4 Å channel, the response to this 

flare was long, but its magnitude was at the noise 

level. In hard X-rays, the moments of maximum flux-

es coincide with maximum microwave emission. In a 

channel with a low energy 4–10 keV, the duration of 

a burst exceeds 1 min, which is much longer than the 

duration of a burst in microwaves. In the 10–25 keV 

channels, the flux curves are close in shape and dura-

tion to the microwave profiles at 3.4 and 5.6 GHz, at 

which a short intense burst at intermediate frequen-

cies does not show up. 
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Figure 3 presents microwave emission spectra of the 

September 25, 2021 burst, which were measured at three 

time points, marked in Figure 2, b. Background emission 

of the solar disk is excluded owing to the level before the 

burst. The solid curve shows the approximation of the 

BBMS spectrum at the burst peak by Formula (1), used to 

determine spectrum parameters and to calibrate the ampli-

tude of SRH measurements. During the short burst, the 

flux intensity at ~4.5 GHz increases more than fourfold for 

5 s, and the band of emitted frequencies at the half-height 

of the spectrum decreases to ~2 GHz. During the two fol-

lowing moments, the spectra marked with rhombuses and 

triangles are much wider. 

 

STATISTICAL PROPERTIES 

OF THE SAMPLE OF BURSTS  

Distributions of the microwave bursts, listed in Ta-

ble, by amplitude and frequency of spectrum maximum 

are illustrated in Figure 4. Histograms of our sample of 

events with fluxes to 15 SFU are depicted by solid lines 

in comparison with the sample [Stahli et al., 1989] that 

includes bursts with fluxes ranging from 3 to 620 SFU 

(dashed lines). Our sample for weak events has more 

bursts with lower frequencies of maximum spectra 5–6 

GHz (a) and amplitudes ~4–5 SFU (b). 

The relationship of flare plasma heating with intensi-

ty of radio emission fluxes, generated by non-thermal 

electrons, is shown in Figure 5, a. The spread of 

ΔGOES relative to the amplitude of microwave emis-

sion S is very wide and can reach two orders of magnitude. 

That said, there is a limitation of maximum ΔGOES, 

which do not exceed 4·10
–8

(Smax)
2
 (dashed line). 

Figure 5, b presents a histogram of events over the 

delay Δτ determined by the difference between the mo-

ment of soft X-ray derivative maximum and the moment 

of microwave burst maximum. 

It is well known that about half of large solar flares 

exhibit the Neupert effect reflecting the causal relation-

ship between flare plasma heating and the appearance of 

electron flux accelerated in the impulsive phase [Neu-

pert, 1968]. We have therefore used the soft X-ray de-

rivative to determine the estimated maximum moment 

of electron injection. We can see from the distribution 

that in most events the Δτ modulus does not exceed 20 s. 

This fact may point to the relationship between the 

observed microwave bursts and their associated X-ray 

bursts. 

The values Δτ>50 s have been observed in four cas-

es. Note that for event No. 30 in Figure 5, b the extreme 

value Δτ=309 s is not indicated. 

Figure 6 presents histograms of spectral slopes α and 

β and the ratio between them (right panel). We have 

compared them with those obtained by other authors. 

The low-frequency slope α was compared with the re-

sults of [Stahli et al., 1989]. We take the range of α varia-

tion for a uniform source from 2.67 to 3.1 as a unit step 

 

Figure 3. September 25, 2021 event. Microwave spectra at 

the time points marked in Figure 2, b. The solid curve is ap-

proximation by Formula (1) of the BBMS spectrum (asterisks) 

at the burst maximum. SRH measurements in subsequent mo-

ments are indicated by rhombuses and triangles. Dotted and 

dashed curves show the results of approximation of the meas-

ured sub-peak spectra by gyrosynchrotron emission 

 

Figure 4. Distribution of bursts over frequency (a) and amplitude (b). The dashed line shows similar dependencies from 

[Stahli et al., 1989] 
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Figure 5. ΔGOES as function of microwave spectrum amplitude (a), distribution of events over delays τ of soft X-ray deriva-

tive maximum as function of microwave burst maximum (b) 

 

 

 

Figure 6. Histograms of low-frequency (a) and high-frequency (b) spectral slopes and the relationship between these slopes 

(c). Horizontal lines correspond to α=2.67 and 3.1. Histograms for the burst sample collected by Stahli et al. [1989] are shown by 

dashed lines at a scale of 1:2; for the β sample obtained by Nita et al. [2004], at a scale of 1:10 
 

interval of the histogram. There is a wide spread of α val-

ues; a similar result was obtained in [Stahli et al., 1989]. 

Yet, the range of values corresponding to the gyrosynchro-

tron mechanism of emission from a uniform source, unlike 

the sample collected in [Stahli et al., 1989], is not distin-

guished by the frequency of recorded events. The occur-

rence of events with α<2.6 is naturally associated with 

violations of the uniformity of the emission source. In 

weak events, a simple configuration and small sources can 

be expected, and the percentage of events with a complex 

structure (>30 %) is relatively low. In other events, the 

low-frequency spectral slope α>3.1, i.e. steeper than ex-

pected for gyrosynchrotron emission. 
For the high-frequency part of the β spectrum, we 

have compared with the results obtained by Nita et al. 
[2004]. For most bursts of our sample, |β|≤7. 

It is usually assumed that the steep spectral slope at 
frequencies below maximum is caused by the Razin 
effect — suppression of gyrosynchrotron emission by 
dense background plasma, which may be peculiar to 
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sources of weak flares with low heights [Ramaty, 1969; 
Fleishman, Kuznetsov, 2010]. The relationship between 
α and β is consistent with this assumption (see Figure 6, 
c). In the case of the Razin effect, the gyrosynchrotron 
spectrum is modified as follows: at low frequencies, the 
spectral slope becomes great, and the magnitude of the 
flux at spectral peak decreases, and hence the spectral 
slope at high frequencies becomes gentler. A similar 
behavior is observed in observations: in Figure 6, c, to 
large β values correspond small absolute α values. In 
panel c, two flares stand out in the spectra of which both 
slopes are abnormally steep (two asterisks in the top 
right corner). To study features of bursts No. 22 and 28, 
we have used spatially-resolved SRH observations. Ob-
servations of event No. 28 with SRH were made by the 
6–12 GHz antenna array; and, as observed by the 4–8 
GHz spectropolarimeter, the frequency of the maximum 
spectrum was near 3.8 GHz. We will therefore focus on 
event No. 22, namely, the September 25, 2021 burst. 

 

SEPTEMBER 25, 2021 BURST 

The microwave burst of event No. 22 occurred in ac-

tive region 12871, located in the southern hemisphere near 

the central meridian, on September 25, 2021 between 

06:12 and 06:14 UT during an increase in X-rays to the 

A7.6 level. Figure 7 illustrates the emergence of a bright 

loop during an X-ray flare observed in the 131 Å high-

temperature line. 

At the peak of the microwave burst, the spectrum 

had a steep slope at both low (α≈9) and high (β≈–7.4) 

frequencies. The burst can be classified as narrowband 

since it had a frequency band no more than 2 GHz and 

was observed at frequencies from 3.2 to 5.2 GHz. Such 

values of slope and bandwidth do not fit into the stand-

ard model of uniform gyrosynchrotron source. 

On the other hand, due to the high sensitivity of 

SRH in the spectrometric observation mode, two more 

sub-peaks were identified in the total flux time profile at 

several frequencies during the decay phase after the 

main peak (see Figure 2, b). Spectra of these sub-peaks 

are much flatter (see Figure 3). This fact may suggest 

both that the emission generation parameters change 

and emission comes from another source. To make this 

information more accurate, we have used SRH spatial 

observations. 

The microwave emission source (R+L) is shown by 

white contours at the 0.3, 0.5, and 0.9 levels of maxi-

mum brightness temperature (Figure 7). The imaging 

time 06:12:57 corresponds to the peak of the narrow-

band intense burst. Note that during observation of this 

event, eight antennas of the central antenna array were 

switched off. This does not affect measurements of the 

spatial structure of compact sources, but has an effect on 

the brightness distribution of large-scale extended 

sources such as the solar disk. Therefore, radio maps at 

different frequencies were aligned not by the disk, but 

by a remote gyroresonance source in the northern part 

of the Sun. When combining EUV images with SRH 

radio maps, we have found that a bright UV loop is lo-

cated close to the center of the radio source brightness. 

Dimensions of the burst source decrease with in-

creasing frequency. At high frequencies, the shape of 

the isoline is at the level of 0.5 and its size become close 

to the size of the SRH diagram (yellow oval). To the 

narrowband burst correspond images at 3.9 and 4.7 

GHz; at these frequencies, the size of the microwave 

source across the diagram and along the UV loop was 

~20". At other frequencies, the brightness temperature 

of the flare source is much lower; and at 0.3 and 0.5 

isolines, the presence of quasi-stationary sources is al-

ready noticeable. Therefore, the region covered by the 

isolines at low frequencies is expanding, and a new 

source appears in images at 5.6 GHz. 

The brightness temperature isolines in polarization 

at the level of 0.5 from maximum are close to similar 

isolines in intensity. In accordance with the behavior of 

the time profiles in Figure 2, c, polarization at all fre-

quencies is negative, i.e. corresponds to left circular 

polarization, but the polarization degree depends on 

frequency. At 3.9 and 4.7 GHz, it was higher than 60 %. 
 

DISCUSSION 

The low level of activity during the SRH test observa-

tions allowed us to select 30 weak microwave bursts dur-

ing flares with a soft X-ray increase ΔGOES less than 

1.5·10
–6 

W/m
2
 for the analysis, using the multi-wave 

spectropolarimeter BBMS. 

Statistical analysis has shown that microwave bursts 

generally occur at the X-ray growth front. Thus, the 

conclusion made in [Lysenko et al., 2018; Altyntsev et 

al., 2020a] that weak flares are often impulsive and the 

energy release of such flares is dominated by electron 

acceleration at the initial stage is confirmed. This be-

havior is typical of strong impulsive flares and is called 

the Neupert effect [Neupert, 1968]. In the sample we 

analyzed, the X-ray increase ΔGOES was observed 

within three orders of magnitude from 2.7·10
–9

 to 

1.5·10
–6

W/m
2
. The relationship of ΔGOES with the 

burst amplitude Smax turned out to be weak, but a re-

striction to the maximum value of ΔGOES [W/m
2
] 

<4·10
–8

(S max)
2 

was found. 

The parameters of microwave spectra listed in Table 

are characteristic of gyrosynchrotron emission of medi-

um-relativistic electrons. Nonetheless, the observed 

distribution of the low-frequency spectral slope α does 

not fit the model in which the optically thick part of the 

spectrum is controlled by absorption of gyrosynchrotron 

emission by the same non-thermal electrons that are 

responsible for the high-frequency emission. Cases with 

α<2.6 can be realized due to the nonuniformity of the 

source, for example, due to adding flare regions with 

weaker magnetic fields at low emission frequencies. 

Various effects that lead to the occurrence of bursts with 

α>3.1 are discussed in [Stahli et al., 1989]. In our sam-

ple, the main effect seems to be the Razin absorption 

since in this case there is a link between α and β (see 

Figure 6, c), which manifests itself in the fact that to 

steeper spectral slopes at low frequencies correspond 

gentler spectral decreases at high frequencies. Note also 

that the number of flares increases with decreasing spectral 

maximum and maximum radio flux. Most of the events 
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Figure 7. September 25, 2021 event. Images of a flare region at 2.8–5.6 GHz. The background is an AIA/SDO image at 131 

Å. White contours are brightness temperatures of radio sources (R+L) at 0.3, 0.5, and 0.9 levels of the maximum value in the 

image. Dashed blue lines contour circularly-polarized components (R–L) at 0.5 and 0.9 levels. Yellow ovals in the bottom left 

corner are SRH diagrams at this frequency. Red/blue contours in panel f are isolines of the ±200 G longitudinal magnetic field 
 

events in the sample correspond to a non-thermal com-

ponent, where β=–3.5÷–1.5. The low-frequency spectral 

slope α has a wide spread of values from 1 to 4 and 

higher with an expected spread of values for a uniform 

source from 2.67 to 3.1. 

In Table and Figure 6, c, the two events (No. 22, 

28) in the direction of both low and high frequencies 

are distinguished by abnormally steep spectral slopes 

that cannot be attributed to gyrosynchrotron emission 

even from a uniform source. The spectra for three 

time points in event No. 22 are displayed in Figure 3. 

After the narrowband peak shown by the solid curve, 

spectra become broadband during sub-peaks. Spectra 

of the sub-peaks can be explained by the gyrosyn-

chrotron emission from a uniform source with the 

size of the loop observed in EUV emission. The re-

sults of calculations performed using the program 

[Fleishman, Kuznetsov, 2010] are shown by dotted 

and dashed lines. The best fitting results were ob-

tained when the magnetic field in the source was 180 

G, the concentration of radiating non-thermal parti-

cles was 1.1·10
6
 cm

–3
 during the first sub-peak and 

0.8·10
6
 cm

--3
 during the second. In both cases, the 

index of the power-law spectrum of accelerated parti-

cles was ~4.4; and the concentration of background 

plasma, 4·10
10

 cm
–3

. The latter value is close to an 

independent estimate obtained from calculations of 

the UV emission measure. With such parameters, the 

shape of the spectra can be significantly affected by 

the Razin effect since the critical Razin frequency 

calculated from the obtained values of magnetic field 

and plasma density fR≈4.4 GHz is close to the fre-

quency of maxima of the approximated sub-peak 

spectra. 
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At maximum of burst No. 22, the emission band is 

so narrow that it is impossible to explain it by the gyro-

synchrotron emission, including when using the mag-

netic field intensity and the concentration of background 

plasma of the gyrosynchrotron source of the sub-peaks 

obtained above. From the analysis of images of the flare 

region at 3.9 and 4.2 GHz it follows that a coherent 

source should also be located in a flare loop, and its size 

should be slightly smaller than the size of the source at 

other SRH receiving frequencies. 

The theory of coherent narrowband emission mecha-

nisms has been developed in [Zaitsev, Stepanov, 1983; 

Zaitsev et al., 1997]. It has been shown that when accelerat-

ed electrons are injected into a flare loop, along the loop 

during characteristic transit time the pitch-angular distribu-

tion of electrons can be established which generates plasma 

waves at the upper hybrid frequency. This means that at a 

plasma density of 4·10
10

 cm
–3

, the frequency of the second 

harmonic is 3.7 GHz, which is close enough to the observed 

frequency of 4.27 GHz. Emission generation stops when 

angular anisotropy of accelerated electrons decreases due to 

interaction with excited turbulence. The frequency of elec-

tromagnetic emission generated due to coalescence of plas-

ma waves becomes close to the doubled upper hybrid fre-

quency, and the circular polarization degree should be ~50 

%. Recall that polarization of the burst at 3.9 and 4.7 GHz 

was higher than 60 %. 

Thus, the observations of peak emission during the 

September 25 burst are consistent with the theory 

[Zaitsev, Stepanov, 1983; Zaitsev et al., 1997]. Note 

that a similar case with narrowband emission at ~6 GHz 

has recently been analyzed in [Altyntsev et al., 2022; 

Altyntsev et al., 2023]. 

 

CONCLUSION 

BBMS observations allowed us to measure parame-

ters of microwave emission spectra for 30 weak solar 

flares with an increase in X-rays from A to C1.5. The 

microwave spectra suggest that in most events plasma 

heating is accompanied by the appearance of non-

thermal electron fluxes, which can be detected as bursts 

of microwave emission. The burst amplitude depend-

ence of a soft X-ray increase is weakly manifested, i.e. 

at the same increase, gyrosynchrotron bursts differing 

by an order of magnitude can occur. The range of low-

frequency spectrum growth indices f
α
 can be widely 

realized α=0.3÷15. The spectrum shape can be signifi-

cantly influenced by the Razin effect, especially if 

bursts are generated in dense plasma with relatively 

weak magnetic fields. 

In some cases, the appearance of non-thermal electrons 

leads to the generation of narrowband bursts at frequencies 

near the double plasma frequency. 
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