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ABSTRACT

Context. We study a rare type of solar radio bursts called decimetric dot emissions.

Aims. In the period 1999-2001, 20 events of decimetric dot emissions observed by the Brazilian Solar Spectroscope (BSS) in the
frequency range 950-2640 MHz are investigated statistically and compared with radio fine structures of zebras and fibers.

Methods. For the study of the spectral characteristics of the dot emissions we use specially developed Interactive Data Language
(IDL) software called BSSView and basic statistical methods.

Results. We have found that the dm dot emissions, contrary to the fine structures of the type IV bursts (i.e. zebras, fibers, lace bursts,
spikes), are not superimposed on any background burst emission. In the radio spectrum, in most cases the dot emissions form chains
that appear to be arranged in zebra patterns or fibers. Because some zebras and fibers, especially those observed with high time and
high spectral resolutions, also show emission dots (but superimposed on the background burst emission), we compared the spectral
parameters of the dot emissions with the dots being the fine structure of zebras and fibers. For both these dots, similar spectral
characteristics were found. Some similarities of the dot emissions can be found also with the lace bursts and spikes. For some events
the dot emissions show structural evolution from patterns resembling fibers to patterns resembling zebras and vice versa, or they
evolve into fully chaotic patterns.

Conclusions. For the first time, we present decimetric dot emissions that appear to be arranged in zebra patterns or fibers. We propose
that these emissions are generated by the plasma emission mechanism at the locations in the solar atmosphere where the double

resonance condition is fulfilled.
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1. Introduction

Radio bursts and their fine structures give us diagnostic infor-
mation about plasma processes in solar flares. One of the most
important fine structures for such a diagnosis are zebras and
fibers, which are considered to be the fine structures of type IV
radio bursts (Slottje 1981; Isliker & Benz 1994). The zebra pat-
tern is observed as a set of nearly parallel light and dark stripes
in the dynamic spectrum superposed on the broadband type IV
burst continuum. There are many papers describing these fine
structures as well as explaining them, see the review of Chernov
(2006). At present, there is no universally accepted interpretation
of these types of fine structures. The most commonly used the-
oretical models of these structures are: a) those based on double
plasma resonance (Zheleznyakov & Zlotnik 1975; Ledeneyv et al.
2001); and b) based on the interaction between plasma waves
and whistlers (Kuijpers 1975; Chernov 2006). For further mod-
els, see LaBelle et al. (2003).

An increase of the frequency and time resolution of new ra-
diospectrographs reveals that there are even sub-structures of
these fine structures. For example, Chernov et al. (2003, 2005)
have reported zebras with spikes. Based on these observations
they have included coupling of ion-sound waves with whistlers
into their model. Similar sub-structures of zebras have been pre-
sented by Kuznetsov & Tsap (2007) and Zlobec & Karlicky
(2007). Jificka et al. (2001) have found examples of decimet-
ric fibers with dots as well as examples of bursts with rapid

frequency variations (lace bursts). Due to similarities between
the lace bursts and zebra pattern lines a model based on the
double resonance mechanism was suggested for both these fine
structures (Karlicky et al. 2001). A similar model, but with the
plasma turbulence in the radio source was proposed for the nar-
row band dm-spikes (Bérta & Karlicky 2001).

Besides all these fine structures mentioned above, new obser-
vations with high time and spectral resolution revealed very rare
bursts named by Sawant et al. (2002) and Krishan et al. (2003)
as dm dot emissions.

In this paper we study these dot emissions in detail. The lay-
out of the paper is as follows. In Sect. 2 we outline the instrument
and observational data. Then we analyze their spectral character-
istics and compare them mainly with the fine structure of zebras
and fibers (Sect. 3). Discussion of results and conclusions are
given in Sect. 4.

2. Instrument and observational data

The frequency range of the BSS is 950-2640 MHz with vari-
able time and frequency resolution between 10—1000 ms and
1-10 MHz, respectively (Sawant et al. 2001). The BSS has ob-
served 20 events (Table A.1) with 62 groups of dot emissions
during period 1999-2001. Most of these events (15 of 20) were
measured with a time and frequency resolution of about 50 ms
and 5 or 10 MHz, respectively. Thus, the high sensitivity, time
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and frequency resolution of the BSS has led to the observation
of individual, discrete dots. With lower resolutions, the chain of
dots would appear to be a line.

Of the 20 events listed in Table A.1 (containing dot emis-
sions) there are 19 events associated with GOES X-ray flares.
For 6 of 18 GOES flares (March 19, 1999, October 19, 1999,
September 20, 2000, September 25, 2000, April 26, 2001 and
September 11, 2001) the dot emissions occur in the impulsive
phase; for 13 of 18 GOES flares they occur in the declining phase
of the associated flare.

3. Statistics and analysis of data

The dot emissions are a very rare type of solar radio burst. They
are characterized by their dot form and, contrary to the fine struc-
tures of the type I'V bursts (i.e. zebras, fibers, lace bursts, spikes),
they are not superimposed on any background burst emission —
see the following examples. In many cases these dot emissions
were arranged into chains. According to the appearance of these
chains on the dynamic spectrum we divided the chains into two
types: a) zebra-like chains; and b) fiber-like chains. Thus we
found that in 26 groups of dot emissions the chains appeared
to be arranged as zebras and in 36 groups they appeared to be
arranged as a group of fibers. In other cases these chains had
a more chaotic structure resembling the narrow-band spikes or
even lace bursts.

3.1. Dot-emissions which appear to be arranged as zebras
and fibers (with no background burst emission)

Using the BSS we have observed 8 events (Nos. 1, 6, 10, 11,
13 and 17-19, Table A.1) with 18 groups of dot-emission chains
arranged as a zebra pattern and 13 events (Nos. 1, 3—6, 10,
12—15 and 17-19, Table A.1) with 19 groups of dot-emission
chains arranged as fiber bursts. These events are associated with
rather weak X-ray GOES flares (B4.0—C5.9, Table A.1).

Let us define the fiber-like and zebra-like chains of the dot
emissions. In the fiber-like chains, the dot emissions are con-
centrated along rather highly drifting chains. On the other hand,
in the case of zebra-like chains, the dot emissions are arranged
in rather horizontal or wave-like chains. This means that in one
zebra-like chain the dot emissions are observed nearly at the
same frequency.

An example of a group of dot emissions arranged as zebra-
like chains observed on March 19, 1999 is shown at Fig. 1.
Panel a shows soft X-ray fluxes 1.0-8.0 A and 0.5-4.0 A ob-
served by GOES 10. Panel b presents a global view of the
dot emissions. The time and frequency resolution is 100 ms
and 5 MHz, respectively. Panel c reveals a detailed view showing
the dot emissions with undulating chains resembling the zebra
pattern. Panel d shows the radio flux in time at 1400 MHz where
peaks with an intensity of ~130 SFU correspond to individual
dot emissions (horizontal line in panel c). Panel e shows the
radio flux depending on frequency observed at 15:25:53.7 UT
(vertical line in panel c). The peak with an intensity of 134 SFU
corresponds to the individual dot-emission at 1400 MHz.

An example of groups of dot emissions arranged as fiber-like
chains observed on October 19, 1999 is given in Fig. 2. Panel a
shows soft X-ray fluxes observed by GOES 8. Panel b presents
a global view of the dot emissions. The time and frequency reso-
lution is 55 ms and 5 MHz, respectively. Panel ¢ shows a detailed
view of the dot emissions arranged as a group of positively drift-
ing fiber-like chains. The average frequency drift of individual
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Fig.1. Dot-emissions (in black) arranged as zebra-like chains ob-
served on March 19, 1999: a) soft X-ray fluxes 1.0-8.0 A (black) and
0.5-4.0 A (grey) observed by GOES 10 (arrow shows the time of dot
emissions observation), b) global view of dot emissions, ¢) zebra-like
chains, d) radio flux in time at 1400 MHz (horizontal line in ¢), ) radio

flux in frequency observed at 15:25:53.7 UT (vertical line in ¢).

fibers is +350 MHz s~!. Panel d presents the radio flux in time
at 1265 MHz where the peaks with intensity >200 SFU cor-
respond to individual dot emissions (horizontal line, panel c).
Panel e) shows the radio flux as a function of frequency observed
at 17:03:53.3 UT (vertical line, panel c). The peaks with inten-
sity >200 SFU correspond to the individual dots. In both cases
(Figs. 1, 2), the intensity of the quiet sun level is ~100 SFU (pan-
els d, e). Thus, there is no background burst emission.

We studied some of characteristic parameters (average val-
ues) of the dot emissions for (i) 18 groups of zebra-like chains
and (ii) 49 selected characteristic individual fiber-like chains.
In the first case the frequency separation between neighbor-
ing zebra-like chains measured at one specific time is 66 MHz
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Fig. 2. Dot-emissions (in black) arranged as fiber-like chains observed
on October 19, 1999: a) soft X-ray fluxes 1.0-8.0 A (black) and
0.5-4.0 A (grey) observed by GOES 8 (arrow shows the time of dot
emissions observation), b) global view of dot emissions, ¢) fiber-like
chains, d) radio flux in time at 1265 MHz (horizontal line in ¢). e) radio
flux in frequency observed at 17:03:53.3 UT (vertical line in c).

and the time separation between successive dot emissions in the
same zebra-like chain is 107 ms. In the second case the time sep-
aration between neighboring fiber-like chains measured at one
specific frequency is 485 ms and the frequency separation be-
tween succeeding dots in the same fiber-like chain is 14 MHz.
The individual fiber-like chains show both negative and positive
frequency drift (+415 MHz s™! and —522 MHz s71).

The radio spectra in our data set show the dot emissions
arranged in chains as well as those with very chaotic distribu-
tions. We have found examples showing that both zebra-like
chains and fiber-like chains evolve from one to the other. In some
cases, the beginning or ending parts of zebra-like chains are very
similar to negatively or positively drifting fiber-like chains (for
example the beginning of the zebra-like chains in Fig. 1 in com-
parison to the fiber-like chains in Fig. 2). Some similarities in
morphology of the dot emissions in their frequency spectrum can
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Fig. 3. Example of the arrangement of series of the dot emissions (in
black) observed on October 19, 1999: irregular dot emissions (panel a)),
fiber-like chains (panel b)), zebra-like chains (panel c¢)), and irregular
dot emissions (panel d)).
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Fig. 4. Fiber-like chain (1) observed on September 11, 2001.

Table 1. Ratios of the frequencies of successive individual
dot emissions in the selected fiber-like chain (1) observed on
September 11, 2001 (Fig. 4).

2086
1.007

2101
1.007

2118
1.008

2135
1.008

2154
1.009

2194
1.019

7 MHz]
Ratio

be found even with the lace bursts and spikes (see Figs. 1, 2, pan-
els b). Figure 3 shows an example of structural evolution of the
group of the dot emissions observed on October 19, 1999. This
group starts with some irregular dot emissions (panel a) but later
they evolve into almost regular fiber-like (panel b) and zebra-like
(panel ¢) chains. At the end the group of dot emissions again be-
come irregular (panel d). Table 1 shows the ratios of succeeding
dot-emission frequencies in the selected fiber-like chain (1) ob-
served on September 11,2001 (Fig. 4). The tendency of this ratio
to increase with frequency increasing can be seen here.

3.2. Fine structure of zebras and fibers — dots

For comparison with the studied dot emissions we analyzed in
detail the dots which sometimes appear on the radio spectra
with high-time and frequency resolutions as fine structures of
zebras and fibers. Using the BSS we observed 2 events (Nos. 7
and 8, Table A.1) with 8 zebra patterns and 5 events (Nos. 2, 7,
9, 16 and 20, Table A.1) with 17 groups of fiber bursts. These
events are associated with rather strong X-ray GOES flares
(C3.3-X2.3, Table A.1). Contrary to the dot emissions described


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:20077762&pdf_id=2
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:20077762&pdf_id=3

558

in Sect. 3.1 these dots are the fine structure of zebras and fibers.
The zebra pattern and fiber bursts consist of intermittent emis-
sion (bright) and absorption (dark) stripes superimposed on the
background type IV burst. These emission stripes show distin-
guishable (isolated) individual dots. Individual emission stripes
have an intensity higher than the intensity of the background
type IV burst but lower then the intensity of the dots.

An example of the dots as the fine structure of the zebra pat-
tern observed on June 6, 2000 is given in Fig. 5. Panel a) shows
soft X-ray fluxes observed by GOES 10. The global view of the
zebra pattern (panel b) reveals rather horizontal and wave-like
emission (bright) and absorption (dark) stripes. The time and
frequency resolution is 54 ms and 5 MHz, respectively. Panel c)
shows a detailed view with distinguishable individual dots su-
perimposed on zebra stripes. In panel d) the radio flux in time at
1375 MHz is shown where the highest peaks (>400 SFU) corre-
spond to individual dots (the horizontal line in panel c). Panel e)
shows the radio flux as a function of frequency at 15:54:44.6 UT
(the vertical line in panel c) where the highest peaks (>400 SFU)
correspond to individual dots. These peaks (panels d, e) are su-
perimposed on the background burst emission with the inten-
sity ~300 SFU.

An example of dots as the fine structure of fibers observed on
September 9, 1999 is shown in Fig. 6. Panel a) shows soft X-ray
fluxes observed by GOES 10. A global view (panel b) of a group
of fibers (bright) shows fibers with similar frequency drift. The
time and frequency resolution is 58 ms and 5 MHz, respectively.
Panel c) reveals a detailed view of individual fibers with distin-
guishable dots. The average frequency drift of individual fibers
is —60 MHz s~!. In panel d) the radio flux in time at 2500 MHz
is shown. The highest peaks (>1400 SFU) correspond to individ-
ual dots (the horizontal line in panel c). Panel e) shows the radio
flux as a function of frequency at 17:05:46.5 UT (the vertical line
in panel c) where the highest peaks (>1400 SFU) correspond to
individual dots. These peaks (panels d, e) are superimposed on
the background burst emission with an intensity of ~1200 SFU.
In both cases (Figs. 5, 6), the intensity of the quiet sun level
is ~100 SFU.

We investigated some characteristic parameters (average val-
ues) of the dots as fine structure for (i) 8 zebras and (ii) 40 se-
lected characteristic individual fibers (of 17 groups). In the first
case the frequency separation between individual zebra emission
stripes measured at one specific time is 18 MHz and the time
separation between successive dots in the same zebra emission
stripe is 125 ms. In the second case the time separation between
neighboring fibers in a group measured at one specific frequency
is 472 ms and the frequency separation between succeeding dots
in the same fiber is 8 MHz. We have found that individual fibers
have only negative frequency drift (-61 MHz s™!).

4. Discussion and conclusions

Twenty events of decimetric dot emissions were observed during
the period 1999-2001 in the frequency range 950-2600 MHz
using the BSS (Table A.1). We have found that the dm dot emis-
sions, contrary to the fine structures of the type IV bursts (i.e.
zebras, fibers, lace bursts, spikes), are not superimposed on any
background burst emission. In the radio spectrum, in most cases
the dot emissions form chains similar to zebras or fibers. On the
other hand, some zebras and fibers, especially those observed
with high-time and high-spectral resolutions, show also emis-
sion dots but they are superimposed on the burst emission.

We have found that average values of some parameters are
similar for both the zebra/fiber-like chains and zebra/fibers: the
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Fig.5. Fine structure (dots) of the zebra observed on June 6, 2000:
a) soft X-ray fluxes 1.0-8.0 A (black) and 0.5-4.0 A (grey) observed by
GOES 10 (arrow shows the time of zebra observation), b) global view of
a zebra, ¢) individual dots of a zebra, d) radio flux in time at 1375 MHz
(horizontal line in ¢), e) radio flux in frequency at 15:54:44.6 UT (ver-
tical line in c¢).

time separation between fiber-like chains (485 ms) and between
individual fibers (472 ms), the average frequency separation be-
tween succeeding dots in the same fiber-like chain (14 MHz)
and fibers (8 MHz), the average time separation between suc-
ceeding dots in the same zebra-like chain (107 ms) and zebra
emission stripe (125 ms). We have also studied the average time
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Fig. 6. Fine structure (dots) of the fibers observed on September 9, 1999:
a) soft X-ray fluxes 1.0-8.0 A (black) and 0.5-4.0 A (grey) observed
by GOES 10 (arrow shows time of fiber observation), b) global view
of fibers (bright), ¢) individual dots of fibers, d) radio flux in time
at 2500 MHz (horizontal line in c¢), e) radio flux in frequency at
17:05:46.5 UT (vertical line in ¢).

separation between succeeding dots of fiber-like chains (Fig. 2,
panel c) close to 1265 MHz (on average 422 ms) and between
succeeding fiber dots (Fig. 6, panel d) at 2500 MHz (on aver-
age 348 ms). Thus, zebra-like chains as well as zebra emission
stripes have significantly shorter time intervals between succeed-
ing dots than fiber-like chains and fibers since zebra patterns are
concentrated in horizontal structures. Some similarities of the
dot emissions also can be found with the lace bursts and spikes
(see Figs. 1, 2, panels b). For some events the dot emissions show
structural evolution from the patters resembling fibers to the pat-
terns resembling zebras and vice versa, or they evolve into fully
chaotic patterns (Fig. 3).

Considering all aspects of the observed dot emissions, we
think that the dot emissions are generated in a similar way as ze-
bras (Ledenev et al. 2001) or lace bursts (Karlicky et al. 2001).
Thus, we propose that the dot emissions are produced in the so-
lar atmosphere at the locations where the so-called double res-
onance condition is fulfilled: wyy = (cul%e + a)zBe)l/2 = S WRe,
where wyg, wpe, and wp, are the upper hybrid, electron plasma
and cyclotron frequencies, and s is the integer harmonic num-
ber. The upper-hybrid waves at these locations can be generated
e.g. by the anisotropic beam (7", > T}, where T, and T)| are the
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temperatures of energetic electrons across and along the mag-
netic field, respectively) accelerated during the flare primary-
energy processes. The beam anisotropy can be naturally formed
along magnetic field lines by an escape of fast electrons from
slower ones. Then these upper-hybrid waves are transformed
to electromagnetic waves (with the frequency we = wyp or
wel ® 2wyy), which are observed by radiospectrographs on the
Earth. This process is a resonant one which means that its in-
tensity can be several orders of magnitude higher than those as-
sociated with non-resonant processes. This can explain the fact
that at times of dot emission no background burst emission was
detected.

Using this model we can explain not only individual dot
emissions, but also their chains. The beam along its trajec-
tory generates dot emissions in several resonance locations
(s-harmonics). The higher s means a higher height of the dot-
emission source in the solar atmosphere. Thus fiber-like chains
of the dot emissions can be formed. On the other hand, zebra-
like chains of the dot emissions can be explained by a se-
quence of anisotropic beams producing dot emissions nearly at
the same position on the same s-harmonic. Even the whistler
waves, which are considered in the model of fibers, can en-
hance emission at the locations with double resonance condi-
tions. Therefore both forms of zebra-like and fiber-like chains
are possible.

There is also another important aspect of the model. It can
explain the tendency that the frequency ratio of neighboring dot
emissions on the same fiber-like chain increases with increasing
frequency as shown in Table 1. Using the resonance condition
for the s-harmonic frequency we can write

Wpes

a)_;:m (1)

where wpe is the electron plasma frequency at the s-resonance.
Thus, the ratio of the neighboring dot frequencies is

S(s+2) 1/2.
(s+13(s-1)

If we take roughly wpes ® wpess+1 (it is assumed that the density
decreases with height much more slowly than the magnetic field)
then wy/ws3 = 1.09, w3/ws = 1.03, ws/ws =~ 1.01, and so on.
These values show the same trend as those presented in Table 1.

Due to similarities in morphology and characteristic prop-
erties between the dot emissions and dots in fine structures of
zebras and fibers, we think that both have a similar physical ori-
gin. We found that fiber-like chains of the dot emissions evolve
into zebra-like chains and vice versa. These changes are in agree-
ment with the idea of Chernov et al. (1998) who proposed that
both the zebras and fibers are generated by whistler packets. The
propagating whistler packets may also generate dot emissions at
the positions in the solar atmosphere where the double resonant
conditions are fulfilled (see also, Sawant et al. 2002; & Krishan
et al. 2003). Furthermore, we propose that the chaotic character
of some groups of the dot emissions is due to rapidly varying
plasma parameters (in the MHD turbulence) in the region of the
dot-emission sources.

Wy Wpes

@)

Ws+1

Wpes+1
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Appendix A:
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Table A.1. Basic characteristics of the events with studied groups of dot emissions.

Radio GOES H,
No. Flare Start End Start ~ Max End X-ray | Start  Max End  Optic.  Position = NOAA
[UT] [UT] | [UT] [UT] [UT] Imp. | [UT] [UT] [UT]  Imp. AR #
1 Mar. 19,1999 | 15:19 15:27 | 14:55 15:29 16:15 B4.0
2 Sep. 09, 1999 | 17:05 17:15 | 16:13 16:37 17:08 C3.3 | 16:16 16229 17:47 SF N13 E37 8690
3 Sep. 13,1999 | 17:00 17:01 | 16:30 16:45 17:04 C2.6 | 16:38 16:44 17:59 IN N15 E06 8693
4 Oct. 07, 1999 | 15:53 15:54 | 10:08 13:44 17:34 C4.2
5 Oct. 18,1999 | 16:26  16:27 | 15:57 16:07 16:28 C1.2
6 Oct. 19,1999 | 17:02 17:29 | 17:07 17:16 17:21 Cl1.1 | 17:12 17:14 17:22 SF SIS E19 8737
7 Jun. 06,2000 | 15:18 16:56 | 14:58 15:25 15:40 X2.3 | 15:03 15:28 15:40 2B N20 E13 9026
8 Jul. 11,2000 | 13:46  13:47 | 12:12 13:10 13:35 X1.0 | 13:20 13:23  18:37 2N N18 E27 9077
9 Jul. 14,2000 | 12:53 12:54 no data 12:54  12:56  13:17 SF S09 W01 9002
10 Sep. 18,2000 | 13:59 14:01 | 12:12 12:24 14:04 C3.3 | 13:52 13:52  13:56 SF N14 E65 9167
11 Sep. 19,2000 | 15:25 15:27 | 15:13 15:19 15:24 C3.0 | 15:16 15:17 15:38 1F SO8 E12 9166
12 Sep. 20,2000 | 15:27 15:28 | 15:19 15:31 15:42  C3.1 | 15:14 15:21 1545 SF NO09 E41 9169
13 Sep.22,2000 | 15:17 15:18 | 12:40 13:19 15:18 C5.9
14 Sep.25,2000 | 15:20 15:22 | 15:18 15:35 16:39 Cl.1
15  Sep.29,2000 | 16:23 16:35 | 16:12 16:15 16:33 Cl.4
16 Apr. 26,2001 | 12:57 12:58 | 11:26  13:12  13:19 M7.8 | 12:11 13:11 14:31 2B N17 W31 9433
17 Aug.23,2001 | 17:32  17:33 | 16:57 17:04 17:48 C2.1
18 Sep. 11,2001 | 14:13  14:18 | 14:00 14:37 15:08 C3.2 | 14:16 14:39  15:30 SF N13 E35 9615
19  Sep20,2001 | 13:34 13:36 | 12:54 13:03 13:42 C24
20  Oct. 19,2001 | 16:48 16:49 | 16:13 16:30 16:43  X1.6 | 16:14 16:36  18:49 2B N15W29 9661
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