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ABSTRACT

Context. The subsecond pulses observed in microwaves during the solar flares are usually associated with the primary
energy release processes. Observations and interpretations of these phenomena are important diagnostics method of
processes in flare plasma. We present result of analysis of sunsecond pulses occurred during the C2.4 flare during 9:33:57—
9:35:07 UT. This event was simultaneously observed by RATAN-600 and the Siberian Solar Radio Spectropolarimeter,
Radioastrophysical observatory ISTP SB RAS.

Aims. The aim of the study is to find evidence of one or the other processes caused the observed phenomenon applying
of numerical simulations based on plasma parameters obtained from observations.

Methods. The plasma parameters of the flare loops were obtained on the base of X-ray observations by the FERMI
and RHESSI instruments. The topology and characteristic values of the magnetic field were determined according to
the HMI/SDO and AIA/SDO observations. On the next step of the study, all these physical parameters were improved
using the simulations of the microwave emission. We note that the simulation results gotten for the different approaches
showed good agreement. The wavelets analysis of the dynamic spectrum with sub-second resolution at 26 frequencies
(within 3797-8057 MHz) was carried out. The obtained wavelets patterns were compared with the patterns simulated
for the models of the slab and current sheet.

Results. We revealed that this complex radio spectrum consist of sub-second pulsations, different burst groups and
different continua (frequency drifts of 390 and 129 MHz/s). Origination of the one of the group could be associated
with the density slab (loop) and the other one could arise in the current sheet. The analysis found the signatures of
fast magnetoacoustic waves characteristic for both groups. The wavelet signatures in the observed radio spectrum are
discussed from the point of the characteristic physical parameters of the loops and plasma emission mechanism as the
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most likely mechanism of the pulse origination.
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1. Introduction

The fine structure of radio emission of flares is studied dur-
ing several decades. The main reason of these efforts is that
observations and interpretations of this phenomenon is ef-
fective diagnostics of processes in flare plasma. The sub-
second pulses (SSPs) are observed as intensive radio emis-
sion pulses with a subsecond duration which are overlaid
on longer radio burst (Fleishman & Melnikov 1998, 1999).
These phenomena are observed during the impulse phase
of solar flares and are associated with the primary energy
release processes. SSPs are usually accompanied by a hard
X-ray (HXR) bursts with the energy above 25-30 keV (e.g.
Aschwanden & Giidel 1992). However, unambiguous corre-
lation between these emissions is not generally observed.
There are two possible reasons of observed emission
fragmentation. First of all, it could be result of the fragmen-
tation of the primary energy release itself. It means that an
individual pulses corresponds to a single event of the en-
ergy release or a particle acceleration. This scenario was
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used for explanation of the observed bursts by (Meshalkina
et al. 2004, 2012).

Nevertheless, the observed fragmentation of radio emis-
sion could be a feature of the radiation mechanism or could
be a result of the secondary fragmentation of the source
emission structure. There are two mechanisms associated
with the secondary fragmentation — the electron cyclotron
maser and the plasma mechanism. Realization of the elec-
tron cyclotron maser mechanism needs high plasma density
and strong magnetic field (Fleishman & Melnikov 1998,
Fleishman 2004). We assume under plasma mechanism a
double-stage process. At the first stage, the source gen-
erates oscillations which are unable to leave the plasma.
It could be Langmuir waves, for example. The emission
observed in radio range is result conversion (the second
stage) of these oscillations into fast transverse electromag-
netic waves (Fleishman & Melnikov 1998). The application
of suggested models describing the different scenarios to ex-
planation of observed SSPs allows to diagnose the processes
of energy release and transfer in solar flares qualitatively as
well as quantitatively.
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Furthermore, radio spectra observed during solar flares
might be complex, i.e. with many bursts and fine structures
(e.g. Jiticka et al. 2001). One of possibilities how to study
these fine structures in detail is the separation method
(Mészarosova et al. 2011a) based on the wavelet analysis
techniques. This method divides a complex radio spectrum
into more spectra of simple bursts to simplify their analysis.
This allows us to study radio spectra in more details either
for such events when original radio spectrum (i) consists
of a mixture of fine structures/bursts observed at the same
frequencies and during the same time interval and therefore
individual temporal/frequency components are difficult to
recognize; (i) when weaker bursts of radio spectrum coin-
cide with stronger ones, e.g. with radio continua, (iii) when
we want to locate possible fast sausage magnetoacoustic
waves propagating in situ of radio spectrum source.

Properties of these impulsively generated MHD sausage
magnetoacoustic waves propagating along their waveguide
(e.g. coronal loop as a structure with enhanced plasma den-
sity). These waves were theoretically predicted by Roberts
et al. 1983, 1984 and they exhibit periodic, quasiperiodic,
and decay phases (Roberts et al. 1984). Because of a dis-
persion nature of these waves the quasiperiodic phase is
generally stronger in amplitude and shorter in periods than
the earlier periodic phase. Each of these fast magnetoacous-
tic waves form wave trains propagating along their waveg-
uide and their time evolution were studied numerically in
Nakariakov et al. (2004). They found that theese spectra
form tadpole wavelet patterns with a narrow tail that pre-
cedes a broadband head. Then the periodic and quasiperi-
odic phases (Roberts et al. (1984) correspond to the tadpole
tail and head, respectively. The start of decay phase corre-
sponds to the tadpole head maximum.

In solar radio observations, these wavelet tadpoles
were recognized, e.g. in the gyrosynchrotron radio burst
(Mészarosovd, et al. 2009a; tadpoles detected at the
same time over the whole frequency range), in dm-radio
fiber bursts generated by the plasma emission processes
(Mészarosova et al. 2009b, 2011b; slowly drifted tadpoles
corresponding with the frequency drift of the whole group
of fiber bursts), and in sources of narrowband dm-radio
spikes (Karlicky et al. 2011). The found wavelet tadpoles
in Mészérosova et al. (2013) indicate the presence of fast
magnetoacoustic waves propagating in the fan structure of
the coronal magnetic null point.

These studies were supported by MHD numerical simu-
lations made by e.g., Jelinek & Karlicky (2012) (an increase
in the distance between the initial perturbation and the de-
tection point increases the length of the tadpole tail) and in
Pascoe et al. 2013 (used a 2D numerical simulation model
of the magnetoacoustic waveguide to consider the effects
of an expanding magnetic field). An extended 2D MHD
parametric investigation of wave processes in a density slab
and a Harris current sheet was studied in Mészarosova et
al. (2014) with respect to e.g., additional features superim-
posed on the basic tadpole wavelet spectrum.

Thus, a comparation of the separation method with
wavelet analysis of observed bursts and MHD numerical
models of the fast magnetoacoustic wave trains allows more
precisely interpreting observational data and estimating
flare plasma parameters. The target of our study is to find
out a likely explanation of the microwave subsecond pulses
occurred during the C2.4 class flare.

This paper is organized as follows. In Section 2 we de-
scribe the observed radio event with the subsecond pulses
(SSPs) obtained by the different instruments and previous
results of its analysis. Section 3 presents our detail anal-
ysis of the of the radio spectra with the SSPs and their
characteristic properties. In Section 4 we studied flare loop
topology and event magnetic fields with a help of spatial
data observations. Finally, the results are summarized and
discussed in Section 5.

2. Observations of the 2011 August 10 solar flare
with the microwave subsecond pulses (SSPs)

Our solar microwave event under study were observed
at 9:33:57-9:35:07 UT on 2011 August, 2011 during the
GOES C2.4 flare occurred in the region AR NOAA 11236.
The fine structures with the subsecond pulses (SSPs) vere
detected in the event radio dynamic spectrum in the fre-
quency range 3797-8057 GHz simultaneously with the
RATAN-600 radio telescope (Pariiskii et al. 1976) and the
Badary Broadband Microwave Spectropolarimeter (BBMS;
Zhdanov & Zandanov 2011, 1015). The spectral resolution
of RATAN-600 (Af/f, where f is frequency) is 3% in the
mean and the time resolution is 0.014 s. Dynamic spectra
by BBMS were obtained with the same spectral resolution
and 0.011 ms time resolution. Note, that it was for the
first time when the SSPs were detected in the RATAN-600
data (Kashapova at al. 2013b). This is possible due to the
upgrade of the spectral and polarization high-resolution re-
ceiver system in 2010 (Bogod et al. 2011). The solar ra-
dio emission was registered with RATAN-600 using the
right- (RCP) and left-hand (LCP) circularly polarized an-
tenna feeds displaced by the equal distance from focus.
The Sun passed through the RCP and LCP beams with
a 2.52 s delay, forming the one-dimensional imaging data
of RATAN-600. The convolution of gaussian-like horizontal
beam patterns of 30”"—60” width with the flaring and pulsat-
ing sources give us the time profiles of SSPs smoothed with
two spaced gaussian envelopes. Combined with the undis-
torted BBMS time profiles, one can derive the distance of
SSPs source from the maximum of the background flaring
source, which coincides with the position of the beam cen-
ter. Thus, the detection of SSPs is possible only when the
pulses occur while the source is passing through the narrow
RATAN-600 beam. Position of background flaring source
at 5.7 GHz was obtained by using the Siberian Solar Radio
Telescope (SSRT) observations at 5.7 GHz (Grechnew et
al. 2003).

This radio event under study were also observed by the
by the Gamma-Ray Burst Monitor (GBM) of the Fermi
Gamma-ray Space Telescope (Meegan et al. 2009) and
by The Reuven Ramaty High-Energy Solar Spectroscopic
Imager (RHESSI; Lin et al. 2002) — hard X-rays (HXR) ob-
servations with energies above 25 keV. To analyze a topol-
ogy of flaring loops we used: (i) The EUV images observed
by the Atmospheric Imaging Assembly (AIA) on the Solar
Dynamics Observatory (SDO) (Boerner et al. 2012) and
(ii) the magnetograms observed by the Helioseismic and
Magnetic Imager (HMI/SDO; Schou et al. 2012). Our 3D
magnetic field reconstruction was based on HMI/SDO data.
Result of 3D magnetic field reconstruction was imported
into widget of GX_Simulator software (Nita et al. 2011).
This widget was used for both the simulation of gyrosyn-
chrotron (GS) emission and the flare loop topology analysis.
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Fig. 1. Separation of bursts of the 2011 April 10 event: (a) orig-
inal radio dynamic spectrum with broadband pulses lasted
70 s (9:33:57-9:35:07 UT, frequency range = 3797-8057 MHz),
(b) averaged global wavelet spectrum (AGWS) made from the
spectrum in the panel a with important peaks for the peri-
ods P= 2.35, 4.64, 16.68, and 30.30 s (arrows in blue) and with
local minima for the periods 0.07, 1.49, 3.03, 5.83, 21.54, and
40.26 s (arrows in red).

We used the same 3D extrapolation data cube and a model
of flare loop as in Kashapova et al.(2013a).

The former analysis of HXR and microwave (MW) radio
emission revealed that the temporal profiles of the 6-12 keV
and 30-50 keV HXR energy bands reached the maximum
at the same time (Kashapova et al. 2013a). This fact indi-
cated the flare plasma heating without a main role of the
accelerated electron injection and assumed presence high-
temperature source located directly in the place of energy
release. Results of a comparison of the simulated MW gy-
rosynchrotron spectrum with different models computed for
the observed MW spectrum indicated that the observed
emission was excited by the electron flux with the thermal
velocity distribution (TE about 40 MK) in the small loop
with weak magnetic field (about 50 G).

The HXR data observed by the GMB/FERMI allowed
to carried out study of a relation between the fine structure
of the SSPs and the HXR emission variations with sub-
second cadence (see Kashapova et al.2013b). The analysis
also did not confirm significant effect of accelerated electron
beams on a fragmentation of the microwave emission.

3. Detail analysis of the radio dynamic spectrum
with the SSPs and their characteristic properties

Firstly, we analyze the SSRP radio dynamic spectrum with
a respect to individual types of observed bursts and their
physical parameters. We also search for a possible presence
of the propagating fast magnetoacoustic waves.

3.1. Separation of the individual bursts of the radio dynamic
spectrum

The original radio dynamic spectrum with broadband sub-
second pulses is shown in panel a of Fig. 1. This event
lasted 70 s (9:33:57-9:35:07 UT) and was observed in the
frequency range = 3797-8057 MHz with time resolution of
0.011 s.

To reveal individual bursts presented in this radio dy-
namic spectrum we used a separation method (Mészarosova
et al. 2011a) based on the wavelet analysis technique. This
method divides the original complex radio spectrum into
two or more simple bursts to simplify their analysis and
study separated individual radio spectra in more details.
This method is convenient in our case because the original
radio spectrum under study consists of a mixture of dif-
ferent radio bursts observed at the same frequencies and
during the same time interval. This causes that individ-
ual possible temporal components are difficult or impossi-
ble to recognize them in the original spectrum. Moreover,
this method enables us to reveal weaker radio bursts of the
original radio spectrum that coincide with stronger ones,
e.g. with radio continua. Futhermore, time series of the

separated dynamic spectra enables easier detection of the
fast magnetoacoustic waves propagating in situ of the radio
source under study (Section 3.2.).

In our case, we used the method of separation of the
original radio spectrum according to the temporal periods
(see more detail method description in Mészdrosova et al.
2011a). We computed an average global wavelet spectrum
(AWGS) from all time series of the original spectrum in
the panel la of Fig. 1. This AWGS curve is diplayed in
panel b (Fig. 1). There are shown important peaks for the
periods P= 2.35, 4.64, 16.68, and 30.30 s (blue arrows)
as well as individual local minima with their periods 0.07,
1.49, 3.03, 5.83, 21.54, and 40.26 s (red arrows).

Then we computed new individal radio dynamical spec-
tra but each of them for only selected period range of
the charcteristic peak period. For example, we can be in-
terested only in bursts with a dominant temporal period
~16.68 s. Then we compute new radio dynamic spectrum
for bursts with their time series in the period range 5.83—
21.54 s (see panel b, Fig. 1). Such a new separated spec-
trum is displayed in panel 4a of Fig. 2. All new separated
spectra are computed via the inverse wavelet method (e.g.
Torrence & Compo, 1998). Overview of all new separated
bursts is presented in Fig. 2 (panels 1la—6a). The individ-
ual characteristic types of bursts are separated in the pe-
riod ranges of 0.07-1.49 s (panel la, subsecond pulses),
1.49-3.03 s (panel 2a), 3.03-5.83 s (panel 3a), 5.83-21.54 s
(panel 4a), 21.54-40.26 s (panel 5a), and for all periods
> 40.26 s. Arrows in panels 5a—6a show frequency drifts
of bursts (see Table 1). The positive and negative parts of
amplitudes (in relation to their mean values) are given in
white and black, respectively (panels 1a—6a). The period
range < 0.07 s (panel b, Fig. 1) belong to instrument inter-
ferences.

The reason of the separation is showed in panels 16—
6b (Fig. 2). There are compared selected individual time
series of the original radio dynamic spectrum (in red) as
well as of the separated one (in green) always at the same
frequency 5194 MHz. We can see that the separated in-
dividual peaks (in green) in the panel 1b belong only to
the subsecond pulses. The separated individual peaks in
the panel 2b-4b reflect the different groups of pulses (their
small onsets) without their frequency drift. Finally, the sep-
arated peaks in the panel 56—6b show various types of con-
tinua (their data onsets) with significant fequency drifts -
see Table 1. The bursts presented in panels 1-6 (Fig. 2)
are not be visible in the original radio spectrum. (Note: se-
lected time interval in panel 1b is 49-59 s of the entire 70 s
event duration). Frequency drifts (arrows 1, 2, and 3; panel
5a) fd = 519.8, 138.4, and -261.8 MHz s~ !, respectively.
Frequency drift (arrow 4, panel 6a) fd = 215 MHz s~ 1.

We used the density model of Aschwanden & Benz
(1995) with numerical values of height Al = 1.6x102 Mm,
density of the quiet corona ng = 4.6x108 cm—3, and the
parameter p = 2.38. Thus, we obtained the average electron
densities at mean coronal altitudes with plasma velocities
(and other parameters) for individual bursts. These charac-
teristic parameters of the radio bursts are shown in Table 1.

3.2. Propagating fast magnetoacoustic waves in the SSRP
radio dynamic spectrum

We selected individual parts of time series of the separated
radio dynamic spectrum of panel la (Fig. 2). These time se-
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Fig. 2. Separated bursts (panels la—6a) and their selected time series (panels 16-6b) of the original radio dynamic spectrum in
Fig. la. Bursts are separated in the period ranges of 0.07-1.49 s (panel 1a), 1.49-3.03 s (panel 2a), 3.03-5.83 s (panel 3a), 5.83—
21.54 s (panel 4a), 21.54-40.26 s (panel 5a), and for all periods > 40.26 s. Arrows in panels 5a—6a show frequency drifts of bursts
(see Sect. 3.2). The positive and negative parts of amplitudes (in relation to their mean values) are given in white and black,
respectively (panels 1la—6a). Reason of the separation is showed in panels 16-6b with comparing of peaks between the time series
of the original radio dynamic spectrum (in red) and the separated one (in green) always at the same frequency 5194 MHz — see
Sect. 3.2. (Time in panel 1b is 49-59 s of the 70 s event duration). Frequency drifts (arrows 1, 2, and 3; panel 5a) fd = 520, 138,
and -262 MHz s~ respectively. Frequency drift (arrow 1, panel 6a) fd = 215 MHz s™*.

Table 1. Characteristic parameters of the radio bursts with a frequency drift F'D, where dur = duration, v, = plasma velocity,
B = magnetic field strength, SF & EF = starting & ending frequency, ST & ET = starting & ending time, Sp & Ep = starting
& ending averaged electron density, and SA & EA = starting & ending mean coronal altitudes, respectively.

Fig. Arrow SF EF ST ET dur FD Sp Ep SA EA Up B

No. No. [MHz] [MHz] [§ [s] 5] [MHzs™] [em™?] [em™?] [Mm] [Mm] [kms™'] [G]

2 1 4408 5744  17.37 19.94 2.57 519.8 241x10"T  4.09x10™T  4.24  3.39 329.03 79.56
2 2 4408 5744  41.39 51.04 9.65 138.4 2.41x10'"  4.09x10** 424  3.39 87.63 21.19
2 3 6073 7607  50.63 44.77 5.86 261.8 4.57x10'"  7.18x10*  3.24  2.68 95.30 31.75
2 4 4289 5194 3274 36.95 4.21 215.0 2.28x10'  3.34x10'*  4.34  3.69 153.13 36.03
3 1 4887 5957  61.76 62.13 0.37 2891.9 2.96x10"  4.00x10**  3.89  3.29  1610.38  431.72

ries and their wavelet tadpole patterns with characteristic
period P =~ 0.7 s are presented in panels a—d of Fig. 3.
These time series (9:34:56-9:35:01 UT) observed at fre-
quencies 4887, 5579, 5957, and 6073 MHz have their peak
maxima (red arrows) equal to maxima of the wavelet tad-
pole heads. Average frequency drift of these heads maxima
fd=2892 MHz s—1. These wavelet patterns are a signature
of a presence of propagating fast magnetoacoustic waves.

Detail for time interval of 9:34:56-9:35:02 UT of the
original radio dynamic spectrum (panel a, Fig. 1) shows
individual reverse ITI-type bursts (Fig. 4) with the average
frequency drift fd = 2892 MHz s™1, i.e. the same frequency
drift as the maxima of the wavelet tadpole heads.

Selected time series of the separated radio dynamic
spectrum in panel 2a (Fig. 2) and their wavelet tadpole
patterns with characteristic period P ~ 2 s are presented
in Fig. 5. These time series (9:34:51-9:35:07 UT) observed
at frequencies 5026, 5398, 5579, and 6593 MHz have their
peak maxima (red arrows) equal to maxima of the wavelet
tadpole heads. There is no measurable frequency drift of
the tadpole head maxima. These wavelet patterns are also
a signature of a presence of propagating fast magnetoacous-
tic waves.

4. The flare loops topology and magnetic with a
help of spatial data observation

Now we studied the SDO/AIA/HMI data to know flare
loops topology as well as the FERMI and RHESSI hard
X-rays data to obtain more detailed information e.g. about
magnetic field line configurations.

As a peculiarity of this event there were detected also
hard X-rays (HXR) flux with energies above 25 keV that is
not typical for weak C-class flares (2013GeAe..53.1021K).
A good correlation between the HXR and microwave time
profiles was found which indicated the generation of both
HXR and MW emission by common population of elec-
trons. Plasma parameters were obtained using the FERMI
HXR spectra fitting. Using these parameters the RATAN-
600 microwave spectra of the background flaring source
were simulated. It was revealed that the flare emission as
well as the subsecond pulses were generated by a high tem-
perature source T ; 30 MK 2013GeAe..53.1021K. In this
study the plasma parameters of flare loops were obtained
from the X-ray observations by FERMI and RHESSI in-
struments. SDO ATA and HMI data were used for obtain-
ing the topology of flaring loops and characteristic values
of magnetic fields.
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Fig. 3. Panels a—d: Selected time series of the separated radio
dynamic spectrum in panel la (Fig. 2) and their wavelet tadpole
patterns with characteristic period P =~ 0.7 s. These time series
(9:34:56-9:35:01 UT) observed at frequencies 4887, 5579, 5957,
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Fig. 4. Detail (9:34:56-9:35:02 UT) of the original radio dy-
namic spectrum (panel a, Fig. 2) with individual reverse III-type
bursts with the average frequency drift fd = 2892 MHz s™*.
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Fig.5. Selected time series of the separated radio dynamic
spectrum in panel 2a (Fig. 2) and their wavelet tadpole pat-
terns with characteristic period P ~ 2 s. These time series
(9:34:51-9:35:07 UT) observed at frequencies 5026, 5398, 5579,
and 6593 MHz have their peak maxima (red arrows) equal to
maxima of the wavelet tadpole heads. There is no measurable
frequency drift of the tadpole head maxima.

Fig. 6. Structure of flaring loops displayed by using 131 A image
obtained at 09:34 UT and overlaid by X-ray sources at the dif-
ferent energy bands showed as contours. These X-ray contours
were constructed for the same time moment with one minute
exposition.

Fig. 7. The rotated negative image of the flare loops (94 A image
obtained at 09:34 UT). The blue and red lines show the example
of measurement of height and radius of the loop.

Fig. 8. Rotated 3D model of magnetic file obtains from potential
extrapolation.

Fig. 9. Model.

ﬁ§ 05 Structure of flaring loops displayed by using
131 A image obtained at 09:34 UT and overlaid by X-ray
sources at the different energy bands showed as contours.
These X-ray contours were constructed for the same time
moment with one minute exposition.

fig06 The rotated negative image of the flare loops
(94 A image obtained at 09:34 UT). The blue and red lines
show the example of measurement of height and radius of
the loop.

fig07 Rotated 3D model of magnetic file obtains from
potential extrapolation.

5. Discussion and conclusions

1. We revealed that the 3797-8057 MHz dynamic radio
spectrum consists of sub-second pulsations of the burst
groups and continua (frequency drifts of 390 and 129
MHz/s).

2. Origination of one of the groups could be associated
with the density loop and the other one could arise in a
current sheet

3. We found the signatures of fast magnetoacoustic waves
characteristic for both of the groups.
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