A&A 417,325-332 (2004)
DOI: 10.1051/0004-6361:20034249
© ESO 2004

A8§tronomy
Astrophysics

Series of high-frequency slowly drifting structures
mapping the flare magnetic field reconnection

M. Karlicky™*

Astronomical Institute of the Academy of Sciences of the Czech Republic, 25165 Ondiejov, Czech Republic

Received 30 August 2003 / Accepted 28 November 2003

Abstract. Rare series of the slowly drifting structures observed during two solar flares (April 11, 2001 and March 18, 2003)
in the 0.8—4.5 GHz frequency range are studied. Their time-frequency evolution is compared with topological and X-ray
characteristics of the flares. Based on recent modelling of the magnetic field reconnection in the bursting and intermittent
regime, it is proposed that these slowly drifting structures map the flare magnetic field reconnection. In such a scenario the
drifting structures correspond to the radio emission from primary and secondary plasmoids which are formed in the extended
current sheet due to tearing and coalescence processes and they move upwards in the solar atmosphere. An increase and
decrease of the frequency drifts of the drifting structures in the initial and decaying flare phases are interpreted as an increase
and decrease of the reconnection rate, respectively. On the other hand, individual bursts in the drifting pulsating structures
are considered to be radio manifestations of separate electron beams accelerated during the secondary tearing processes. The
observed characteristic times are compared with those theoretically predicted and the basic plasma parameters in the flare

process are estimated.

Key words. plasmas — Sun: flares — Sun: radio radiation — Sun: activity

1. Introduction

Slowly drifting radio structures, observed at the beginning of
the eruptive solar flares in the 1.5—-0.6 GHz frequency range,
have been found to be radio signatures of plasmoid ejection
(Karlicky & Odstréil 1994; Kliem et al. 2000; Khan et al. 2002;
Karlicky et al. 2002). (Most of the slowly drifting structures
presented in this paper are so-called drifting pulsating struc-
tures (DPS) (Kliem et al. 2000). In the following we refer to
these structures mostly as “drifting structures” because it is
shorter and more general — see also Karlicky et al. 2002.)

Hudson et al. (2001) identified a rapidly moving hard X-ray
source, observed by the HXT (Hard X-ray Telescope) of the
Yohkoh satellite, associated with the moving microwave source
and the plasmoid ejection seen in images observed by the SXT
(Soft X-ray Telescope) on board Yohkoh. An association with a
high-frequency slowly drifting burst was also reported.

Similarly, Kundu et al. (2001) identified two mov-
ing Yohkoh soft X-ray ejecta associated with moving
decimetric/metric radio sources observed by the Nangay
radioheliograph.

Based on the magnetohydrodynamic (MHD) numerical
simulations, Kliem et al. (2000) suggested that each individ-
ual burst in the slowly drifting pulsating structure is gener-
ated by superthermal electrons, accelerated in the peak of the
electric field in the quasi-periodic and bursting regime of the
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magnetic field reconnection. Furthermore, the global slow neg-
ative frequency drift of the structure was explained by a plas-
moid propagation upwards in the solar corona towards lower
plasma densities.

Usually only one drifting structure is observed at the begin-
ning of some solar flares in association with a plasmoid ejec-
tion. In this paper, we present for the first time the events char-
acterized by a series of slowly drifting structures. These events
are first described, then analyzed and finally interpreted using
the flare model with the plasmoid ejection.

2. Observations
2.1. April 11, 2001 event

In April 11, 2001 the GOES satellite observed the soft X-ray
event which started at 12:56 UT, with its maximum at 13:26 UT
and which ended at 13:49 UT. This event was classified
as M2.3 and localized in the active region NOAA AR 9415.
According to Ha observations the 1F flare was observed
at 13:01 UT (start), 13:21 (max), and 14:23 UT (end) in the
position S22W27.

As can be seen in Figs. 1-3 and Table 1, a rare series of
high-frequency slowly drifting structures was observed during
the April 11, 2001 flare in the 0.8—2.0 GHz frequency range by
the Ondiejov radiospectrograph (Jificka et al. 1993). Usually
only one such a structure is recorded at the beginning of some
eruptive flares. The slowly drifting structure shown in Fig. 2,
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Fig. 1. Time evolution of high-frequency slowly drifting structures
(outlines of emission structures in the time-frequency plane) (top),
and 3 GHz radio and HXRS (Farnik et al. 2001) 19-29 keV fluxes
(in arbitrary units) (bottom) observed during the April 11, 2001 flare.
Due to spacecraft night, the HXRS observation ends at 13:11 UT; and
after 13:04 UT the time resolution of the observation was changed
from0.2sto1s.
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Fig.2. High-frequency slowly drifting structure observed by
the Ondfejov radiospectrograph at the very beginning of the
April 11, 2001 flare, at 12:58—13:00 UT.
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Fig.3. Example of high-frequency slowly drifting structures ob-
served by the Ondfejov radiospectrograph in April 11, 2001
at 13:07-13:09 UT.

which was recorded at the very beginning of this flare, can be
considered as an examle of such typical cases. In a relatively
narrow frequency range it consists of many fast drift radio
bursts with the characteristic repetition time of seconds. The
structure as a whole drifts slowly towards lower frequencies.
But during this event we recorded a series of slowly
drifting structures. Their global evolution during the flare is
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Table 1. Slowly drifting structures observed in the 0.8—-2.0 GHz fre-
quency range during the April 11, 2001 flare. All these drifting struc-
tures consist of the fast drift bursts — FDB. L and H mean the low and
high frequency boundaries of the drifting structure (see text).

Time Freq.range  Freq. drift = Remarks

(UT) (GHz) (MHz s™")
12:58:50-13:01:00  1.00-0.80 -1.5 L, FDB
12:58:50-13:01:00  1.29-1.09 -1.5 H, FDB
13:04:46-13:05:20  1.38-0.96 -12.3 L, FDB
13:04:46-13:05:20  1.63-1.26 -10.9 H, FDB
13:06:00-13:06:40  1.60-0.85 -18.7 L, FDB
13:06:00-13:06:40  2.00-1.05 -23.7 H, FDB
13:06:26-13:06:50  1.60-1.15 -18.7 FDB
13:07:07-13:07:44  1.50-0.90 -16.2 L, FDB
13:07:07-13:07:44  1.90-1.20 -18.9 H, FDB
13:07:52-13:08:09  1.70-0.97 -42.9 L,FDB
13:07:58-13:08:09  2.00-1.51 —-44.5 H, FDB
13:08:42-13:08:55  1.80-1.30 -38.5 L, FDB
13:08:42-13:08:55  2.00-1.50 -38.5 H, FDB
13:09:10-13:09:45  2.00-1.10 =257 L, FDB
13:09:20-13:09:45  2.00-1.15 -34.0 H, FDB
13:10:10-13:10:44  1.40-0.90 -14.7 L, FDB
13:10:10-13:10:44  2.00-1.10 -26.5 H, FDB
13:10:40-13:11:00  2.00-1.50 -25.0 FDB
13:12:08-13:12:16  1.40-1.30 -12.5 L, FDB
13:12:08-13:12:16  1.10-1.00 -12.5 H, FDB
13:12:38-13:13:00  1.45-1.20 -114 FDB
13:14:30-13:14:40  1.95-1.70 -25.0 FDB
13:14:52-13:15:04  2.00-1.46 —45.0 FDB
13:15:06-13:15:40  1.70-1.25 -13.2 L, FDB
13:15:06-13:15:40  2.00-1.55 -13.2 H, FDB
13:16:16-13:19:09  2.00-1.06 -5.4 H, FDB
13:18:00-13:25:00  1.30-0.80 -1.2 H, FDB

presented schematically in the upper part of Fig. 1. For compar-
ison, the time evolution of the 3 GHz radio and HXRS (Farnik
et al. 2001) 19-29 keV X-ray flux are added in the bottom
panel of Fig. 1. The flare started at 12:58:50 UT with the drift-
ing structure having an instantaneous bandwidth of 400 MHz
and a relatively slow global frequency drift (—1.5 MHzs™").
Then in the time interval of 13:04—13:12 UT a group of drifting
structures having higher frequency drifts (—12—-45 MHzs™")
followed. The repetition time of these drifting structures was
about 45 s. The flare ended in this frequency range by an an-
other group of drifting structures with their frequency drifts
changing from —45 MHzs™! to —1.2 MHzs™! at the end. For
more details about variations of frequency drifts of the slowly
drifting structures, see Table 1, where the times and frequency
drifts of the low (L) and high (H) frequency boundaries of the
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Fig.4. Trace 171 A image observed at 13:15:28 UT (contours),
April 11, 2001 superposed on the MDI/SOHO line-of-sight magnetic
field observed at 12:48:02 UT (grey scale). The white areas corre-
spond to positive magnetic field polarity.

drifting structures are summarized. If the drifting structures had
very narrow width, then no designations (L or H) are used in
this table.

All drifting structures in this flare were composed of many
fast drifting quasi-periodic features (bursts) having the char-
acteristic time <1 s, usually with very high (not measurable)
frequency drifts. Their drifts were measurable only in a few
cases, as for example in the initial drifting structure (Fig. 2),
where pulses with frequency drifts of —200-+450 MHz s™! can
be recognized.

A very interesting situation can be seen in the radio spec-
trum (Fig. 3), where several drifting structures are shown. For
example one structure (at 13:07:52—13:09:00 UT, with the
bandwidth 400 MHz) drifts towards lower frequencies with the
frequency drift of about —45 MHzs™! and then its drift stops
and further drifting structures drift to and over this stopped
structure (e.g. at 13:08:50 UT).

To know the magnetic field topology of the flare, the
TRACE (Transition Region And Coronal Explorer) 171 A im-
age at 13:15:28 UT was superposed on the MDI/SOHO
(Michelson  Doppler Imager/Solar and Heliospheric
Observatory) magnetogram (Fig. 4) and the correspond-
ing extrapolation of the magnetic field in the current-free
approximation was made (Fig. 5). As can be seen the flare was
located along the magnetic neutral line in the northern part of
the NOAA 9415 active region (with magnetic field of sunspots
of —1426 and 1220 G), in the part where the magnetic field
reached intensities of =314 and 310 G.

2.2. March 18, 2003 event

In March 18, 2003 the GOES satellite observed the soft X-ray
event which started at 11:51 UT, had its maximum at 12:08 UT
and ended at 12:20 UT. This event was classified as X1.5 and
localized in the active region NOAA AR 0314. According to
Ha observations the 1B flare was observed at 11:56 UT (start),
12:07 (max), and 13:11 UT (end) in the position S15W46.
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Fig.5. Current-free extrapolation of magnetic field lines using the
MDI/SOHO line-of-sight magnetogram observed at 12:48:02 UT,
April 11, 2001. Coordinates are in Mm. The magnetic field
strength of +50, 100, and +400 G are expressed by full (+) and
dashed (—) lines. The centre of this map corresponds to x = 425,
y = —245 in the coordinates of Fig. 4.

This flare was also rich in slowly drifting structures. In the
0.8—4.5 GHz range (the range of two Ondfejov radiospectro-
graphs — see Jificka et al. 1993) the flare started with the initial
drifting structure having the frequency drift of —2.7 MHzs™!
(Fig. 6 and Table 2). Then a group with faster drifting (—4—
—21 MHzs™!) structures with the characteristic repetition time
of 60 s followed. Among these structures a cloud of narrow-
band dm-spikes was observed at 12:07:00—12:07:35 UT in the
frequency range 1.0—1.7 GHz (Fig. 7). An interesting aspect
is that in this time interval a clear double X-ray source (two
X-ray sources 20 arcsec apart) in the 12—-25 keV energy range
was recognized by the RHESSI (Reuven Ramaty High Energy
Solar Spectroscopic Imager) satellite; otherwise the RHESSI
sources were complex.

After this group of radio drifting structures, and after
a gap lasting from 12:10 to 12:15 UT, more slowly drift-
ing structures were observed (their frequency drift is —0.7—
—3.8 MHzs™!). Two simultaneous structures can be seen in the
time interval of 12:15—-12:25 UT. At the end of this interval
(at 12:23:40-12:24:10 UT) in high frequencies (1.9-2.5 GHz)
a very rare zebra pattern with four zebra lines was recorded
(Fig. 8). These zebra lines have sub-structures, they appear to
be composed of many narrowband dm-spikes. It is interesting
that this zebra pattern also drifted towards lower frequencies
with the frequency drift of about —3.8 MHzs™!.

Finally, at the ending phase of the flare (at
12:38—-12:50 UT) the frequency drift of the structures
decreased to zero. The bandwidth of the drifting structure
(narrowband continuum — NBC in Table 2) at this time
is 200 MHz at 1.3 GHz (see Fig. 9), i.e. the bandwidth/mean
frequency ratio is 0.15.
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Fig.6. Time evolution of high-frequency slowly drifting struc-
tures (outlines of emission structures in the time-frequency plane)
(top), and 3 GHz radio (solid line) and RHESSI 25-50 keV
(dashed line) fluxes (in arbitrary units) (bottom) observed during the
March 18, 2003 flare. Between 12:22—12:43 UT no RHESSI observa-
tions. Z means the zebra pattern.

For a comparison of the evolution of the drifting struc-
tures in this flare, the time profiles of the 3 GHz radio and
RHESSI 25-50 keV fluxes are added to Fig. 6. Unfortunately
between 12:22—-12:43 UT there are no RHESSI observations.
Note that the 3 GHz radio flux profile indicates quasiperiodic
variations in its ascending part (peak time distances are 210,
110, 110, 190, 170, 240, 150, 210, 210 s starting from the peak
at 12:02:20 UT), as known for some types of flares (see e.g.
Tajima et al. 1987; Farnik & Karlicky 2002).

Also in this event we were interested to know the
flare magnetic field topology and we made a superposition
of RHESSI 12-25 keV source image (contours) at 12:01 UT on
the MDI/SOHO magnetogram observed at 11:11 UT (Fig. 10).
Subsequently, the X-ray source was moving to the south-west;
from the position x = 690 arcsec, y = —160 arcsec at 12:01 UT
to the position x = 705 arcsec, y = —165 arcsec at 12:20 UT
(for the coordinates, see Fig. 10). The corresponding magnetic
field extrapolation based on the MDI/SOHO magnetogram
at 11:11 UT is shown in Fig. 11. In the X-ray source posi-
tion at 12:01 UT the maximum values of the magnetic field
is —860 G and 540 G, in the later phase (12:20 UT) these val-
ues are lower ~+300 G.

3. Discussion

In the interpretation of the present events we start from the
model proposed by Kliem et al. (2000). We interpret the ini-
tial drifting structures in both events as plasma radio emission
generated by electron beams which are injected into the plas-
moid during a quasi-periodic reconnection process in the cur-
rent sheet below the plasmoid (Fig. 12). The model enables us
to estimate the electron plasma density in the initial plasmoids
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Table 2. Slowly drifting structures observed in the 0.8—3.0 GHz
frequency range during the March 18, 2008 flare. L and H mean
the low and high frequency boundaries of the drifting structure.
Substructures: FDB — fast drift bursts, NBC — narrowband continuum.

Time Freq.range  Freq. drift = Remarks

UT) (GHz) (MHz s™1)
12:01:14-12:01:43  1.90-0.80 -10.0 L,FDB
12:01:14-12:03:24  1.55-1.20 -2.7 H, FDB
12:04:11-12:04:22  0.89-0.80 -8.2 FDB
12:04:13-12:04:20  1.12-0.97 -21.4 FDB
12:04:50-12:05:25  1.00-0.85 —43 FDB
12:05:10-12:05:50  1.20-0.95 -6.2 FDB
12:06:05-12:06:27  1.36-1.00 -16.4 FDB
12:07:20-12:07:30  1.15-0.95 -20.0 FDB
12:08:29-12:08:52  1.45-1.04 -17.8 FDB
12:15:00-12:22:00  1.20-0.80 -0.9 L,FDB
12:15:00-12:26:00  1.80-0.80 -1.5 H, FDB
12:15:20-12:18:00  2.30-2.00 -1.9 L,FDB
12:15:20-12:18:00  3.00-2.50 -3.1 H, FDB
12:23:40-12:25:50  2.10-1.90 -1.5 L, zebra
12:23:40-12:25:50  2.50-2.00 -3.8 H, zebra
12:26:00-12:34:00  1.60-1.00 -0.8 L, FDB
12:26:00-12:34:00  2.00-1.50 -0.7 H, FDB
12:38:00-12:50:00  1.25-1.20 -0.07 L, FDB
12:38:00-12:50:00  1.40-1.30 -0.14 H, NBC
12:55:00-12:56:40  1.23-1.15 -0.8 L, NBC
12:55:00-12:56:40  1.45-1.23 -2.2 H,NBC

12:07:10 12:07:20 12:07:30 UT

Fig.7. Narrowband dm-spikes observed at 12:07:00-12:07:35 UT,
March 18, 2003 by the Ondiejov radiospectrograph.

12:24

12:23:50 12:24:10 ut

Fig.8. High-frequency zebra pattern observed at 12:23:30—
12:24:30 UT, March 18, 2003 by the Ondfejov radiospectrograph.
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Fig.9. Narrowband slowly drifting structure observed at the end
of the March 18, 2003 flare, at 12:36—12:48 UT by the Ondfejov
radiospectrograph.
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Fig.10. The RHESSI 12-25 keV source image at 12:01 UT,
March 18, 2003 (contours) superposed on the MDI/SOHO line-of-
sight magnetic field map observed at 11:11:00 UT (grey scale). The
white areas correspond to positive magnetic field polarity.

as, approximately, . = 1.77x10' cm™3 (assuming the plasma
radio emission at the fundamental electron plasma frequency).
According to the model (e.g. Ohyama & Shibata 1998), the re-
connection outflows can reach velocities comparable with the
Alfvén speed, thus we expect that these outflows are in a turbu-
lent state. Furthermore, these outflows can be stopped at places
below the plasmoid and also at the upper boundaries of un-
derlying closed flare loops, where the termination (fast-mode)
shocks may be formed. As suggested by Aurass et al. (2002a)
and Barta & Karlicky (2001) both the termination shocks as
well as the turbulent reconnection outflows can be the places
of generation of radio emission. While in the case of the ra-
dio emission from the termination shocks, the type II-like her-
ring bone structures are expected (Aurass et al. 2002b), the
turbulent reconnection outflows can be sources of narrowband
dm-spikes (Barta & Karlicky 2001). Therefore the narrowband
dm-spikes observed during the March 18, 2003 event (Fig. 7)
can be considered as a further argument supporting the recon-
nection scenario of the present flares. Moreover, the model of
Barta & Karlicky (2001), by its physical origin, is the same
for the narrowband dm-spikes as well as for zebras; their in-
terpretations differ only by the presence of MHD turbulence in
the case of spikes. Thus, it is very interesting to see an exam-
ple of zebra patterns with narrowband dm-spikes as the zebra
substructure, which was observed during the March 18, 2003
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Fig. 11. Current-free extrapolation of magnetic field lines using the
MDI/SOHO magnetogram observed at 11:11:00 UT, March 18, 2003.
Coordinates are in Mm. The magnetic field strength of +20, +100,
and +200 G are expressed by full (+) and dashed (—) lines. The centre
of this map corresponds to x = 680, y = —155 in the coordinates
of Fig. 10.

DS radio source
(electron beams)

turbulent outflow

termination shock

Fig. 12. Flare scenario: initial phase, DS means the drifting structure.

event at 12:23:40—-12:24:10 UT (Fig. 8). Such bursts naturally
can be expected in the model by Barta & Karlicky (2001).
Furthermore, as shown in the papers by Sawant et al. (2002)
and Karlicky (2003), if the harmonic number of the zebra pat-
tern lines is determined, the magnetic field in the radio source
can be estimated. Assuming in accordance with the mentioned
papers that in the present case the zebra line with the high-
est frequency corresponds to the fifth harmonic of the elec-
tron gyro-frequency, then a magnetic field strength of 180 G
follows.

The present flares are unique due to an observation of se-
ries of the drifting structures. In principle, in the bursting and
quasi-periodic regime of the dynamic reconnection in the cur-
rent sheet, a set of plasmoids can be formed as a result of
the tearing and coalescence instabilities (Kliem et al. 2000).
These processes even have a cascading form: secondary tear-
ing, tertiary tearing, and so on, always on shorter and shorter
spatial scales (Tanuma et al. 2001; Shibata & Tanuma 2001).
Furthermore the plasmoids formed can merge into bigger plas-
moids. Tanuma et al. (2001) also showed that an increase of
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the velocity of the plasmoid ejection leads to an increase of the
reconnection rate of the reconnection process.

We use these facts for the interpretation of the observed se-
ries of slowly drifting structures. We propose that each drifting
structure corresponds to some plasmoid (see Fig. 13). Electron
beams are accelerated in localized current sheets between
neighboring plasmoids and they penetrate into plasmoids, and
along their trajectories they generate individual fast drift bursts
in specific slowly drifting structures. A series of drifting struc-
tures maps the general evolution of the underlying reconnec-
tion process. Their negative drifts correspond to motions of the
plasmoids along the flare current sheet upwards in the solar
atmosphere. This drift varies, expressing the variations of the
reconnection rate. After some maximum of the frequency drift
(reconnection rate), the frequency drift and thus the reconnec-
tion rate decrease at the ending phase of the flares. Using this
scenario we can interpret the time behavior of the interacting
drifting structures at 13:07:52—13:09:00 UT (April 11, 2001)
as a radio manifestation of the coalescence of neighboring sec-
ondary plasmoids.

Now, let us consider time scales of the plasmoid forma-
tions and electron beam acceleration from the point of view
of the dynamic magnetic reconnection in the current sheet
(Tanuma et al. 2001) for the April 11, 2001 flare. The char-
acteristic time scale of the drifting structures is ~45 s, the
density derived from the drifting structures (radio emission
at the fundamental frequency) is n, = 2.8 x 10'® cm™3. For
an assumed magnetic field of the order of 100 G, the Alfvén
speed is 1300 kms~!. The negatively drifting structures indi-
cate that the whole flare magnetic field structure moves up-
wards. But due to non-stationarity of the flare atmosphere in
the low atmospheric layers it is difficult to estimate the veloci-
ties from frequency drifts of the slowly drifting structures. For
an illustration, assuming the atmosphere in hydrostatic equilib-
rium with a temperature of 1 MK (the density scale height is
H = 50000 km), the maximum frequency drift of the drifting
structure —45 MHzs™! gives a velocity of about 2500 kms™'.
But using the reduced density scale heights as suggested by
Aschwanden & Benz (1986) (H ~ (2-20) x 10° km), the
plasmoid velocity agrees with those measured during the plas-
moid ejection at the solar limb (usually hundreds of kms™!, e.g.
Ohyama & Shibata 1998). In the April 11, 2001 flare Yohkoh
soft X-ray images reveal a loop velocity of about 35 kms~! in
projection on the solar disk. Because the loop is seen on the
disk it is impossible to recognize whether the loop is a driver
of the eruption in the sense of the paper by Ohyama & Shibata
(1998). On the other hand, an upper limit for the plasmoid ve-
locity can be estimated from the type II-like burst observed
at 13:12—-13:15 UT in the 100—200 MHz range (Potsdam ra-
dio spectrum) as 1100 km 57! using 4 X Newkirk (1967) model
of the solar atmosphere. In agreement with the event which is
presented in Fig. 7 in the paper by Karlicky et al. (2002) we
think that both the type II burst and drifting structures belong
to the same ejection process, but the type II burst manifests its
uppermost part (a shock in the super-Alfvenic regime) and the
drifting structures (plasmoids) are located below, moving with
sub-Alfvenic speed.
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shock

Ja—

DS radio sources
(electron beams)

secondary
plasmoids

Fig. 13. Flare scenario: main phase, DS means the drifting structure.

We assume that when the first (upper) plasmoid is ejected
(Fig. 13) then below this plasmoid a current sheet with an in-
creasing extension in height is formed. The length of this cur-
rent sheet is L = v X 1, where v, is the plasmoid velocity and ¢
is the time. Then at some moment this increasing current sheet
becomes unstable due to the tearing instability. The growth rate
of this instability is (Priest & Forbes 2000):

-1/5
Y= (‘rg‘rzAkzlz) s (D)
in the range
(Ta/t)* <kl < 1, )

where 7¢ = */n and 7o = I/va are the diffuse and Alfvén
transit times, [ is the current sheet half width, 5 is magnetic
diffusivity, v is the Alfvén speed, and k is the wave number
of the unstable wave perturbation. Considering now the tearing
instability at the wavelength with the maximum growth rate

1 \'2
) , (3)

TdTA

Ymax = (

then the time at which the lengthening current sheet becomes
unstable can be expressed as

2Byt
——. )

Tonset = v
P

This time for / = 1 km, 7 = 1 m?s™! corresponding to the tem-

perature 1 MK and two plasmoid velocities (v, = 0.3 va, which
is the estimated maximum velocity of the plasmoid (Kliem
et al. 2000), and v, = 0.03 v) is shown in Fig. 14 by two dot-
ted lines. The corresponding characteristic times for the tearing
instability (Tear = 1/¥max) and the secondary tearing instability
are (Tanuma et al. 2001):

3 \1/2
_ 12
Totear = | —— s (5)

nva
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Fig. 14. Characteristic times of the tearing T, (full line) and sec-
ondary tearing 7, (dashed line) instabilities in the flare current sheet
having 1 km thickness vs. the Alfvén speed va. The times Toyge are
expressed by dotted lines; the shorter times for the upwards veloc-
ity 0.3 v, and longer ones for 0.03 va, respectively.

where
B2
2 < L (6)
noa UA
and
Joa\ 14
L= 2nz(%) : M

The dependence on the Alfvén speed is also plotted in Fig. 14.

In this figure it can be seen that the time of tearing on-
set Tonser (relation 4) due to a lengthening of the current sheet
is in the 4—40 s interval depending on the upwards velocity
of the first plasmoid for the Alfvén speed of 1000 kms~'. On
the other hand, the tearing time T, is about 30 s for the same
Alfvén speed. Because the tearing and lengthening processes
are not separable ones in our case (e.g. Tiar 1S estimated here
for the current sheet with a fixed length), these plots can be
used for an interpretation of observations only in a schematic
way. For example, we can assume the upwards velocity which
gives the time of tearing onset as 15 s (v, ~ 0.1 vs). Then
the tearing lasts about 30 s, which gives the total duration 45 s
(15 + 30 s). Simultaneously, the secondary tearing process with
a characteristic time of about 1 s accelerates electron beams
which penetrate into plasmoids and appear at radio frequencies
as slowly drifting structures (Fig. 13). After these processes
the secondary plasmoids can merge with the first (upper) plas-
moid or the underlying flare loops. Furthermore, the current
sheet continues to grow and once again the tearing instabilities
start after some time. If we assume (in a schematic way) a new
lengthening of the current sheet and its new tearing we can very
roughly estimate a repetition time of these processes as about
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several tens of seconds, in agreement with the characteristic
time of a sequence of the observed drifting structures (45 s in
the April 11, 2001 event). But as mentioned above, the length-
ening of the current sheet driven by the first plasmoid and its
tearing are not simply separable processes and for a better esti-
mation of this periodicity, numerical simulations are necessary.

Finally, let us comment on a quasiperiodicity which can be
seen in the 3 GHz radio flux record in the March 18, 2003 flare
(the most frequent time intervals between subsequent 3 GHz
peaks are 110 and 210 s). These intervals are longer than the
repetition time of drifting structures in this case. We think that
it might be due to a structure in the reconnection inflow at large
scales, or due to multiple triggering of different parts of a com-
plex active region.

4. Conclusions

Two examples of a rare series of high-frequency slowly drifting
structures were presented. Based on previous studies of these
structures and recent models of the magnetic field reconnec-
tion it was proposed that these structures map the evolution
of the primary and secondary plasmoids which were formed
due to the tearing and coalescence instabilities in the current
sheet during the reconnection process. This idea can be sup-
ported by the presence of further radio bursts which are ac-
cording to their models connected to the reconnection. Namely,
the narrowband dm-spikes and the zebra patterns, having the
narrowband dm-spikes as its substructure, can be considered
as the radio emissions from the turbulent reconnection plasma
outflows. In such a scenario the frequency drift of the drift-
ing structures expresses the motion of plasmoids; the higher
frequency drift means a higher velocity of the plasmoid and
also a higher reconnection rate of the reconnection process. In
both presented flares, variations of the frequency drifts were
recognized. After the initial drifting structure with a relatively
slow drift rate, in the following times the drift rate reached its
absolute maximum, and then at the end of the flare the drift
rates of the drifting structures decreased. It was proposed that
these variations follow the variations of the reconnection rate.
On the other hand, in our scenario, the substructures of the
slowly drifting structures (the fast drift bursts with the char-
acteristic time of 1 s) map the secondary tearing processes.
According to this model, we can even expect burst variations on
still shorter and shorter time scales corresponding to the third,
forth and higher-order tearing scales as proposed by Tanuma
etal. (2001).
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