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Abstract This review covers the most recent experimental resultstzamtetical re-

search on zebra patterns (ZPs) in solar radio bursts. The atiention is given to

events with new peculiar elements of zebra patterns re¢eiver the last few years.
All new properties are considered in light of both what waswn earlier and new
theoretical models. Large-scale ZPs consisting of sneallesfiber bursts could be
explained by simultaneous inclusion of two mechanisms whteistler waves “high-

light” the levels of double plasma resonance (DPR). A unifijue structure was ob-
served in the event on 2006 December 13: spikes in absoffptiored dark ZP stripes
against the absorptive type lll-like bursts. The spikeshisaaption can appear in ac-
cordance with well known mechanisms of absorptive burdie. ddditional injection

of fast particles filled the loss-cone (breaking the lossecdistribution), and the gen-
eration of the continuum was quenched at these moments. @kiemam absorptive

effect occurs at the DPR levels. The parameters of millisd@pikes are determined
by small dimensions of the particle beams and local scaghitein the radio source.
Thus, the DPR model helps to understand several aspectsisfiainelements of ZPs.
However, the simultaneous existence of several tens of Bie Bvels in the coronais
impossible for any realistic profile of the plasma density aragnetic field. Three new
theories of ZPs are examined. The formation of eigenmodeamdparency and opac-
ity during the propagation of radio waves through regulaonal inhomogeneities is
the most natural and promising mechanism. Two other modelslifear periodic

space — charge waves and scattering of fast protons on iomddwarmonics) could
happen in large radio bursts.
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1 INTRODUCTION

Studies of the fine structure of solar radio bursts are oftgngaortance for both the refinement of
the burst generation mechanisms and the diagnostics obtbeal plasma. The most intriguing fine
structure is undoubtedly the zebra pattern (ZP) in contiisugpe-IV radio bursts. The nature of the
ZP has been a subject of wide discussion for more than 30 grZFhin the solar radio emission is
the simultaneous excitation of waves at many (up to a few) @firtdosely spaced, nearly equidistant
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frequencies. The basic parameters of ZPs in the meter waw dr@ represented in the atlas of
Slottje (1981). The historical development of observatiand theoretical models is assembled in
the review of Chernov (2006).

The comparative parameters of ZPs in the different frequesicges are given in table Il in
Chernov (2006). Now it is authentically known that in a reguP the frequency separation between
the stripes grows with frequency: from 4-5MHz at 200 MHz~#a80 MHz at 3000 MHz and to
~150-200MHz at 5700 MHz. It is important to note that the ietafrequency bandwidth of the
separate stripe in emission remains almost stably consttinfrequencyA f./ f ~ 0.005.

Last years’ new solar broadband radio spectrometers of N&CHina, Huairou Station) have
allowed us to obtain unique information on a ZP at high frewpies, 2.6—7.6 GHz with high resolu-
tion (10 MHz and 5-8 mc) (Fu et al. 2004; Chernov et al. 2001jhEe microwave range, the same
variety of fine structure was observed. Some events wenesiviely studied in a series of papers not
only for the new features of the ZP but also for their relatinip with solar flares and coronal mass
ejections (Ning et al. 2000; Huang 2003, 2004; Yan et al. 26iang et al. 2007).

The discovery of the superfine structure of the ZP, in the fofrmillisecond spikes, was the most
significant new effect in the microwave range (Chernov e2@03). The probability of such a study
strongly grew over the last few years in connection with ntoue observations of fast radio bursts
(millisecond spikes) during the star flares (Abada-Simal.€t995). It is amazing that the period of
star spikes in the radio burst of the classical red dwarf AD teincides with the period of spikes
in the superfine structure of solar zebra stripe8@ ms) (Osten & Bastian 2006).

More than ten different models have been proposed for ZPst ofdhem include some emis-
sion of electrostatic plasma waves at the upper hybrid aqu,,;, (Kuijpers 1975a; Zheleznykov
& Zlotnik 1975; Mollwo 1983, 1988; Winglee & Dulk 1986; Cheam 2006). The most comprehen-
sively developed ZP models involve mechanisms based ondbblel plasma resonance (DPR),
which assumes that the upper hybrid frequency in the solesneobecomes a multiple of the
electron-cyclotron frequency:

win = (Whe +wie)"/? = swhe, (1)
wherewp, is the electron plasma frequenay. is the electron cyclotron frequency, arnds the
integer harmonic number. The model which describes thereaésens and the conditions in the
corona in the best way is the one by Winglee & Dulk (1986), \whacbased on unsaturated electron-
cyclotron maser emission by electrons with a loss-coneilligion.

In order to explain the ZP dynamics in the framework of thichsism, it is necessary that the
magnetic field in the radio source varies sufficiently rapidihich, however, contradicts the fairly
low field values determined from the frequency separatidwéen stripes. Over the last five years,
there appeared dozens of papers concerning the refinemiiig afechanism, because, in its initial
formulation, it failed to describe many features of the Z&zKetsov & Tsap (2007) assumed that the
velocity distribution function of hot electrons within th@ss cone can be described by a power law
with an exponent of 8-10. In this case, a fairly deep modutatian be achieved, but the excitation
of waves at multiple DPR levels is still impossible.

In Chernov (19764, 1990), a unified model was proposed (glagave () — whistlers {v) in-
teraction:l + w — t) in which the formation of ZPs in the emission and absorpsipactra was
attributed to the oblique propagation of whistlers, whiie formation of stripes with a stable neg-
ative frequency drift (the so-called fiber bursts) was eixgld by the ducted propagation of waves
along a magnetic trap. This model explains occasionallgndes transformation of the ZP stripes
into fibers and vice versa, but fails to describe the exigeriZP stripes whose frequency is stable
over a few tens of seconds.

To overcome difficulties arising in different models, a ne theory based on the emission of
auroral choruses (magnetospheric bursts) via the escape @ mode captured by regular plasma
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density inhomogeneities was recently proposed (LaBeltd. 003). This theory, however, fails to
explain the high intensity of radiation emitted by sepanateherent sources. In addition, the theory
imposes some stringent conditions, such as the presendargiea-amplitude ion—acoustic wave.

It is known (Ginzburg & Rukhadze 1975) that the oscillatipestrum of a nonuniform plasma
can be discrete; therefore, the existence of a ZP in the satho emission can be attributed to
the existence of discrete eigenmodes in the nonunifornt sttaosphere. Several aspects of this
mechanism were considered in Laptukhov & Chernov (2006jt8B& Karlicky (2006); Ledenev et
al. (2006). In Laptukhov & Chernov (2006), dispersion rielas were derived for a discrete spectrum
of eigenmodes of a spatially periodic medium in the form ofilim®ar structures formed due to
the onset of thermal instability. The spectrum of eigenfietgies of a system of spatially periodic
cavities is calculated, and it is shown that such a systerapaltle of generating a few tens of ZP
stripes, the number of which is independent of the ratio efilasma frequency to the gyrofrequency
in the source.

In practically all models, the discussion deals with regidlas. Problems appear with the inter-
pretation of the frequently observed uncommon stripes dP.a=ar example, for explaining the so-
called “tadpoles” (submerged in a developed ZP), speciahagisms were elaborated (Zheleznykov
& Zlotnik 1975a; Chernov 2006). Other uncommon forms of ZiRdt{e form of zigzags, complex
splittings of stripes into their superfine structure) anelyaattempted to explain. They cause big
problems for the known models. It is important to note thatrfodel for the whistlers successfully
explains the zigzags of stripes and their splittings, asd &ie variations in the frequency drift of
stripes synchronously with the spatial drift of the sourgesadio emission (Chernov 2006). Since
each new phenomenon issues its uncommon parameters ofrficust, and the entire variety of
parameters does not succeed in the associated statigttaimtizing, below, primary attention is
given to the analysis of separate phenomena. Just suchatiGgitstimulates many authors to elabo-
rate on new mechanisms.

In the present paper, an attempt is made to evaluate whictelnmoolst adequately describes
the new observational data and find out where the ZP stripes fduring the excitation of waves
in the source or in the course of their further propagati@ajculations show that the DPR-based
mechanism fails to describe the generation of a large nuwhgP stripes in any coronal plasma
model. Some other unsolved problems or difficulties in th&RDRodel are also examined in detail
in the review.

Here, it is shown that the new varieties of ZPs succeed iraéxiplg these phenomena, within the
framework of known mechanisms by taking into account theigpéeatures of plasma parameters
and fast particles in the source. From another side, thedtomof ZP stripes due to the radio wave
propagation through the coronal heterogeneities can lognézed as the most natural mechanism of
ZPs. The mechanism related to the excitation of discreteneipdes of a periodically nonuniform
plasma (Laptukhov & Chernov 2006, 2009) can yield the obes®tnumber of harmonics. However,
in this case, only the possibility of generating harmonica bne-dimensional stationary problem is
considered, i.e., the frequency dynamics of stripes is nalyaed.

During the last three years, some new varieties of ZPs hase tezorded. Now it is necessary
to estimate the possibility of their interpretation by takinto account all known models of ZPs.

2 NEW OBSERVATIONS
2.1 2004 July 24 Event

Chernov et al. (2008) analyzed strange fiber structuresundwgents in the decimeter range when
small-scale fibers are organized into large-scale ZPs. Tikeg spectral observations from the new
Chinese spectrometer (Huairou Station of NAOC, Beijingjha range of 1.1-2.0 GHz with ex-
tremely high resolution of 5MHz and 1.25ms (Fu et al. 2004).
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Fig.1 (a) Dynamic spectrum in the range 1.100-1.512 GHz in leftrigiat circular polarizations
recorded by the spectrometer of NAOC on 2004 July 24. (b) Tmiruation of the 2004 July 24
event in the range 1.100-1.340 GHz in the right circular fimddion (the radio emission is fully
polarized) (from Chernov et al. 2008).

Figure 1 demonstrates a new variety of stripes in emissidhdrevent on 2004 July 24. At the
beginning of the event, separate narrow-band stripes [$imals) were located along the frequen-
cies, forming almost instantaneous pulsations (aroun@4080 UT); then they were decomposed
and aligned along the inclined straight lines that are jerad the individual small fibers. At the
end of this time interval, the small fibers formed an almosided ZP (around 06:04:26 UT). The
circular polarization of the fibers was dominantly of rigtend sign.

One second later (Fig.1(a)), they were located once monegatoe inclined straight lines
(06:04:27.0-06:04:28.5UT), and a new special feature wans 8vo seconds later (06:04:30UT):
they were localized along the straight lines, but with theerse (positive) drift. In one more sec-
ond (06:04:31-06:04:33UT), this special feature was diyadearly the basic prevailing structure
(Fig. 1(b)) which is basically regarded as large-scale fipest drifting to higher frequencies with the
speed of about 270 MHz'3. These structures were terminated at a certain high-freyimoundary
which drifted to lower frequencies with the speed of appmatiely —-67 MHz s!.

In Figure 1, only right polarization channels are preseiethuse the polarization degree was
100%. The fiber structure appeared as a forerunner of thefisentinuum which continued for
more than three minutes, but no more fine structure was obderv
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A flare of M1.0 1F class occurred at 06:01-06:04—06:10UT @& ahtive region (AR) 10652
(NO7W20). The analyzed fiber structure was observed aft@rakstrong pulsations at the very
beginning of the smooth rise of a flare continuum in the unjimda emission whose duration was
about 5 min.

According to the spectral data of IZMIRAN in the frequencpga of 270-25 MHz, the pulsa-
tions had a continuation in the meter-wave range in the fdryype 111 bursts, where they stopped at
frequencies near 200 MHz in the form of J- bursts. Later, toeftontinuum lost any fine structures,
and the event ended, without type Il bursts or any coronasragstions (CMES).

In the absence of spatially-resolved radio observatidrespbsition of the radio source can be
inferred from the image of the flare in the chromosphere of TEAL700A data (Strong et al.
1994). At the moment 04:07, it was superimposed on the magreh (Solar Flare Telescope,
NAOJ/Mitaka). Three bright flare kernels were located towhst of the preceding sunspot of this
AR, above the quadrupole-like structure of the magnetid figth a peculiar X-point at the center
of the flare region.

The two flare kernels were located above the S-magneticipgldrerefore the radio emission
of rlght circular polarization should correspond to theinady wave mode. The flare kernels in the
195A images were also located exactly above the bright regiers & the 1708 images, and
the radio source in right circular polarization at 17 GHz [ldgama Radio Heliograph) was also
located in this place. The largest radio flux was recordeckuirdeter and meter ranges, indicating
the magnetic reconnection occurred high in the corona. Asittemof fact, in the 1708 images
we see bright tops of the flare loops. The decimeter radiocgogrexpected to be found below the
flare current sheet (where the acceleration of fast pastigtauld take place). The positive frequency
drift of the large scale ZP stripes may be caused by the dowhmation of a plasma ejection from
the reconnection region with the Alfvén velocity. On itsywthis ejection would meet a flare loop
arcade that was expected to be rising. The high-frequenaydary of the termination of emission
can be the consequence of this collision.

2.2 2004 November 3 Event

This event was most powerful and most prolonged, with devéire structures and duration of about
2 h over the course of repetitive brightenings of the flare.tRe analysis, we selected only its first
part (with a duration of about 25 min), at the beginning of ethsmall-scale fibers were observed
(Fig. 2), and, as in the previous events, it was also a forexuaf the entire event.

The first glance at Figure 2 reveals certain similarity toekient on 2004 July 24: at first, the
small-scale fibers occurred chaotically scattered aloadréquencies, then they were localized at
some frequencies and formed large-scale ZP stripes, ahd antd they broke up again to separate
into chaotic fibers, which gradually (durimg 1.5 min) broke up into a cloud of chaotic spikes. The
essential difference lies only in different polarizatioHgre, it was of moderate right-hand sign.

Figure 3 helps to better estimate the parameters of the dinaik that composed the large-
scale ZP. The time profiles at the fixed frequency of 1.216 Gidmvsthat all profiles are symmet-
rical, and have an almost Gaussian shape. The frequentyotifibers was stable and constant,
~—270MHz s', and for the large-scale ZP, it wa$s30 MHz s™!.

The flare of M1.6 1N class occurred at 03:23—03:35—-03:57 UARML0696 (NO9E45). The an-
alyzed fiber structure was observed at 03:25:07 UT at thebhaginning of the smooth rise of a flare
continuum in the non-polarized emission whose durationatesit 25 min. According to Culgoora
spectral data, strong type Il bursts began at 03:33 UT atinecjes near 120 MHz (estimated shock
speed 750 kms'), accompanied by a powerful CME (SOHO/LASCO C2) after 03:54Whose
estimated speed was 918 km's.
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Fig.2 Beginning of the 2004 November 3 event in the frequency rdn§@0-1.340 GHz, showing
moderate right-handed polarization: the small-scale dibes re-grouped into large-scale ZP stripes
(from Chernov et al. 2008).
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structure on 2004 November 3 (from Chernov et al. 2008).
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After about 03:30 UT, the polarization of the fine structuhaged sign, and the left-handed
polarization became predominant. The dynamics of flare gases can be tracked according to
RHESSI hard X-ray data in the 6.0-7.0keV energy band, as stywthe Nobeyama radio map
at 17 GHz (Chernov et al. 2008). At 03:26 UT, the radio souamdtriple structure (in accordance
with the distribution of sunspots in the AR) with a big souat@redominantly right-handeed circu-
lar polarization above the following spot of the S-polar&ysingle HXR-source was located above
this radio source. At 03:30 UT, a new HXR source appeareddastiuth-western portion of the AR.
Thus, the strengthening of the radio source at this momesto@anected with the development of
the flare above the small leading spot of N-polarity. In thghler energy band 14.0-16.0keV, even
two new sources have appeared in the same location. So, disslpe to conclude that the radio
emission corresponded to the ordinary wave mode both atefi@mhing and at the maximum of the
event.

We can derive the following conclusions from the observatiof two events with small-scale
fiber bursts as a substructure of large-scale ZPs:

— Narrowband fibers almost always drift to lower frequenuiil the speed that is typical in usual
fiber bursts, and sometimes they are similar to the ropes@fiin the meter range.

— In two events, the fibers evolved from chaotic features endiinamic spectrum to a regular
structure (in the form of large-scale ZP stripes) and agadidorder, being gradually converted
into the spike-bursts.

— Large-scale ZPs were limited at high frequencies by a bayndrifting to lower frequencies
with the speed of =70 to -90 MHZ &.

— The radio emission was moderately or strongly polarizetcanresponded to the ordinary wave
mode.

— The fiber structure appeared as a forerunner of the entirg.ev

— The fibers, as well as large-scale ZPs, do not reveal alisoszt the low frequency edge.

— A superfine structure in small-scale fibers was not detesittda time resolution of 1.25ms.

In two other events (2004 December 22 and 2004 October 31)-so@de fibers can be regarded
as the fine structure in type Il bursts and broadband polsaiiChernov et al. 2008).

2.3 2006 December 13 Event
2.3.1 Introduction

The most recent large flare of the'22ycle was observed on 2006 December 13 (02:10-05:10UT)
in the active region NOAA 10930 (S05W24-27). This was an ualigvent by its importance
(X3.4/4B) and fast coronal mass ejection (CME). The flare alsvided the richest material for
the analysis of fine structures of radio emission in the mvere@ range. Numerous spikes in ab-
sorption of millisecond duration are the main feature ofgamission observed during the decay
phase of the flare. The Solar Broadband Radiospectromé&&3Jpin the range of 2.6-3.8 and 5.2—
7.6 GHz (Huairou Station, NAOC) carried out the radio obagons (Fu et al. 2004). The frequency
resolution of the SBRS is 10 MHz, and the cadence is 8.0 ms.

During this long-lasting event, different types of commamefistructures were observed (e.g.
spikes in emission, usual zebra-patterns and fast pufstielowever, during the decay phase to-
gether with the spikes in emission, spikes in absorptiorabdg appear. The latter were first ran-
domly distributed in the frequency range 2.6—3.8 GHz, they texhibited fast pulsations and tra-
jectories of type lll-like bursts in the dynamic spectrumartRermore, numerous type 11l bursts in
absorption were observed for about one hour.

The impulsive phase of this event with some fragments ofaehtterns has already been de-
scribed by Yan et al. (2007). Fast radio pulsations were @@ahin Tan et al. (2007). They assumed
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Fig.4 Dynamic spectrum of the whole event on 2006 December 13 ifr¢glggiency range of 2.6—
3.8 GHz. The emission is displayed in a negative picturek@aneans stronger emission). The color
bars indicate timing and frequency range of fine structyeltow— spikes for emissiomed— spikes

for absorptionplue— fiber burstsgreen— zebra pattern. The red horizontal bars at the top show the
time intervals when spikes in absorption formed type kelbursts (from Chernov et al. 2010).

that a resistive tearing-mode oscillation in the curreartygng flare loops modulated the microwave
emissions and formed the pulsating structures. The pasitid X-points are between two magnetic
islands. There are many X-points in each flare loop.

The spikes in emission and fiber bursts were studied by Waaly @008). Chen & Yan (2008)
already reported the absorptive spikes in this event. The ti-like burst in absorption had been
explained by Chen & Yan (2008) as a fragmentary injectionesf particles in a loss-cone leading
to quenching of the loss-cone instability of plasma wavebeatpper-hybrid frequency. Parameters
of the bursts in absorption (instantaneous frequency bathwand duration, frequency drift, etc.)
depend on parameters of new beams of particles.

A general description of absorptive spikes in this evente@ased out by Chernov et al. (2010).
The reason for the appearance of spikes in absorption atetteydphase of the event should be
understood. It was necessary to estimate how the physicaingders vary in the event, and how the
type lll-like bursts are formed from the absorptive spikegh elements of ZP stripes).

The first spikes in absorption appeared at 02:53:08 UT. Euyrtiver more than one hour, dif-
ferent combinations of the spikes in absorption and the tlipléke bursts in absorption and in
emission were observed. The latter appeared simultaneausl both with positive and negative
frequency drift. For the analysis, it is important to knowatkind of specific features of the flare
were associated with the appearance of bursts in absorption

Figure 4 shows the timing and frequency range of fine strastirthe dynamic spectrum of the
whole event. It is evident that spikes in emission (yellowshavere observed over the whole event
while the spikes in absorption (red) were only observed endbcay phase. Typical fragments of
bursts in absorption are shown in Figures 6 and 7. It shoulddbed that the usual fine structures
in emission, zebra pattern (green bars in Fig. 4) and fibestd(blue bars) were observed over the
whole event as well (see also Figs. 8 and 9).

2.3.2 New flare brightening in TRACE images

The further dynamics of the flare was outlined in more detétt the TRACE images in the 195
passband. They show flare loops with a temperature ofx1L& K. Six images taken from the
TRACE catalog datahttp://trace.Imsal.com/tracecat.htm) are shown in Figure 5.

According to the TRACE images of the 186passband at the impulsive phase, the flare con-
sisted of many bright kernels distributed over the entit&zaaegion and bright large-scale loops,
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Fig.5 Development of the flare in the western part of the post-flacade in the TRACE EUV
passband 19A (from Chernov et al. 2010).

which extended predominantly from the north-west to thetls@ast, connecting to distant spots.
During the impulsive phase in the eastern part of the actig®n, five consecutive flare brightenings
were observed. After approximately 02:40 UT, the TRACE igsmghow thin loops (arcades) along
the large-scale X-ray loop which began to be formed westsvaktter approximately 02:47 UT, the
new loops started to appear successively towards the west.

On the first TRACE 198\ image in Figure 5 (02:48 UT) new bent loops appeared in theteve
part of the region and began to ascend. The three image2(@&B0, and 03:23 UT) illustrate the
subsequent rising of these bent loops and some changes thigovevhich suggest rapid flows. At
03:20 UT the bent loop did look like a cusp for the first time.

After approximately 03:36 UT, the restoration of the magnstructure began, and the bent
loops (with a possible apex) began to descend. At 04:23 LEThént loops finally descended, and
the burst activity completely ceased after that. During thime, about ten peaks of radio emission
occurred at 2.84 MHz (fig. 1 in Yan et al. 2007). Diverse buirs@bsorption were observed during
practically each peak.

According to the Nobeyama Radio Heliograph (NRH) data at HZ Gsee fig.2 in Chen &
Yan 2008), the peak of the radio continuum burst was locabedethe northern flare ribbon in
the negative magnetic polarity. During the new flare brightg at 03:28 UT, the radio source re-
vealed asymmetry with a second maximum above the westerofghe northern flare ribbon. This
location coincides with the new helmet-shaped loop in thetara part of the loop arcade after
03:23UT (Fig. 5).
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Fig.6 Dynamic spectra of the component of the right-handed @rgoblarization in 2.6-3.8 GHz
showing the consecutive development of the absorptiveesk02:53 UT and of type llI-like busts
consisting of spikes in absorption at 03:01 and 03:29 UT.ffémuency and time scales are different
in different panels (from Chernov et al. 2010).

2.3.3 Features of bursts in absorption

Figures 6 and 7 show the appearance and the detailed dewatibpntime of spikes in absorption
according to the data of SBRS (in the frequency range 2.88%. Only the right-handed circular
polarization (RHCP) components of SBRS are shown becausegthe decay phase of the event,
the emission was fully right-handed polarized.
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831

The first spikes in absorption appeared at 02:53:08 UT (Ka)) 6All spikes had different fre-
guency bandwidths, from point-like (in one pixel with theesiof 10 MHz, 8 ms) to 400 MHz, but
no bursts showed frequency drift. Therefore, each spikesgmts an instantaneous frequency band-
width. Most of them were scattered randomly in the frequearoy time domains. During the time
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Fig.8 Enlarged spectra showing the ZP at the post-maximum phatieeafvent. The top panel
shows spikes in emission and absorption superimposed otrigBss The spikes in absorption con-
stituted the absorption stripes of the ZP. Numerous spikesrnission and absorption were accom-
panied by several ZP stripes in the middle panel. Note thesualubraided) ZP in emission and
absorption in the bottom panel (from Chernov et al. 2010).

interval shown in Figure 6(a), we did not notice specific gatts in the appearance of spikes in
absorption or emission. The spikes in absorption and eomsgppear simultaneously at different
frequencies and they are distributed randomly with resjpegaich other.

After 03:01:28 UT, the non-drifting spikes began to be baliting the inclined trajectories and
to form the absorptive bursts, similar to type Il burstspwh in Figure 6(b). The analysis of such
bursts in the interval 03:01:28-03:01:37 UT is very impottd he first group of isolated spikes at
03:01:29.5UT were built along two type llI-like trajectes, with different frequency separations
between spikes. Then, the large dark type llI-like burstisaaption with a longer duration of 0.12 s
appeared. The two subsequent trajectories consisted latddospikes again. In addition, several
following type 11l trajectories were accompanied by spikéh diversified frequency bandwidths
and frequency drift rates (see the continuation of possihylar activity in Fig. 6(e)).

It is important to note that the isolated spikes along the typtrajectories were shifted in fre-
guency with separations approximately equal to the baritivafithe spikes£80 MHz). However,
in the following type llI-like large bursts, they overlapgpm frequency (they became more broad-
banded~160 MHz). The strongest spikes appeared one after anothenyith the period equal to
their duration (8 ms). Thus, it is not completely excludedttipikes actually have smaller band-
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Fig.9 Fiber bursts at the decay phase of the event. In the thredspapékes in emission and
absorption are superimposed on fibers or are simultanewisdbfe. The time scales are different in
different panels (from Chernov et al. 2010).

widths and shorter duration, due to the limited frequenay aime resolution of the instrument
(10 MHz and 8 ms). After 03:01:31 UT, clouds of spikes in emoisdegan to appear, with approxi-
mately the same parameters, but they did not form type li$tstin emission.

In the interval 03:03:00-03:03:10UT, fragments of the éasgale ZP in emission appeared in
the HF edge of the powerful emission (the top panel in FigA8large-scale ZP means that the
frequency separation between stripes is around 170 MHZatgest value found in this event (see
table 1 in Yan et al. 2007). Numerous spikes in emission asdration were seen superimposed
on ZP stripes. The spikes in absorption constituted therpbea stripes of the ZP. Previously,
only spikes in emission were reported as substructures @rziBsion stripes (Chernov et al. 2003;
Chernov et al. 2005).

Such a complex combination of different structures comtthup to 03:24:30UT, when the
reverse drifting bursts in absorption appeared as the iireyatructure. However, in contrast to
type lll-like bursts in absorption, they did not show clepike substructures. To be more precise,
maybe the spikes were not resolved by the instrument, ogpsrbubstructures do not exist at all.
Over the next few seconds, the reverse-drifting bursts iisgon appeared, and alternated with the
bursts in absorption over almost the entire frequency rafgee spectrometer. Until 03:25:22 UT,
the range of the intermittent reverse-drifting bursts wagf2600 to 3000 MHz.
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After 03:29UT a new powerful flare brightening began, andha mean time bursts in ab-
sorption with new properties appeared (Fig. 6(c)—(d)). Tregquency of~3400 MHz became the
“boundary” between the bursts of the opposite drifts. Thiestsuin absorption with the fast direct
(negative) drift appeared at the higher frequencies, aaddherse-drifting bursts in emission and
absorption appeared at the lower frequencies. We did n@enahy correlation between bursts with
different drifts. Moreover, the drift to higher frequensief the latter bursts was approximately three
times slower, around 3.6 GHz &, and they actually looked like classical fiber bursts withity
cal absorption from their LF edge (Chernov 2006) but with tixeerse drift. The low-frequency
bursts in absorption were composed of spikes with almostequincy separation (03:29:08.15—
03:29:08.25UT). The spikes that formed the type lll-likedis had a wide range of parameters
and showed no regularity in appearance. The spikes, as lisersctures of type lll-like bursts, are
clearly visible in Figures 10 and 11 with enlarged spectiatane profiles at two fixed frequencies.

However, at 03:29:08.4—03:29:08.5UT in Figure 6(c) in getlli-like bursts (in the frequency
range 2.60-3.05GHz) it is possible to distinguish absee@P-like stripes (noted on top by symbol
ZP), which drifted to higher frequencies and consisted tfesp A similar but short fragment of ZP-
like stripes repeated at 03:29:10.3 in the frequency rang@e660—2.90 GHz (Fig. 6(d)).

In the subsequent two minutes (03:30-03:32UT), the powptigations in emission (partially
interrupted with broadband pulsations in absorption) dadds of narrow-band spikes in emission
were observed. At 03:32:16 UT, several stripes with a usRa@peared (the second panel in Fig. 8)
with the narrow frequency separation @#0 MHz). Numerous spikes in emission and absorption
accompanied these several ZP stripes.

In Figure 7, further development of bursts in absorptioe@esented, when the helmet-shaped
flare loop on the western edge of the arcade began to destenidn@ge at 03:36 UT in Fig. 5). In
Figure 7(a), pulsations in absorption (or type lll-like bi#), are seen against the background of a
large cloud of spikes in emission. The pulsations did notaba strict periodicity, but the spikes in
absorption are visible as the substructures of pulsations.

Against the background of such pulsations during 03:3803736:58 and 03:37:04—
03:37:05.5UT, the type llI-like trajectories containirsplated almost point-like spikes in emission
appeared. Again, the classical fiber bursts at 03:37:13%025 UT against the background of pulsa-
tions in emission and absorption were observed (a part eétfieers is shown in the middle panel of
Fig. 9), when the flare brightening was decaying. These fibestb were gradually transformed into
broadband stripes predominantly in absorption with theekesing frequency drift. Then the reverse-
drifting (almost through the entire range) fiber bursts @ppé again during 03:37:34—03:37:38UT.
Further, the fibers against the background of powerful pialsa and the clouds of spikes in emission
(03:37:49-03:38:10UT) appeared again.

This entire dynamics is very important for understandirg dppearance and development of
the uncommon bursts in absorption. During three more m#ntie clouds of strong spikes in emis-
sion were observed. At the end of this interval, broadbarggpions in emission and absorption
with the reverse drift accompanied these clouds. The patsatvere followed by the type lll-like
bursts in absorption which consisted of non-drifting spike absorption. During the time interval
03:42:56.5-03:42:56.7UT (Fig. 7(b)), spikes in absomfiormed the absorptive ZP-like stripes.
In this time interval, all features of the type lll-like bessin absorption noted above (during the
different moments) were seen.

The initial HF boundary of the absorptive bursts was sligldisplaced downwards, up to
~3500 MHz. In the middle part of this spectrum, weak non-thgftpulsations with the same HF
boundary remained noticeable. The main structure here rahelrifting spikes in absorption — is
the building block of all other forms of bursts (see also Fi@)). Let us note the basic properties of
type lll-like bursts in absorption we observed.
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— The type lll-like trajectories consisted of isolated gsikvhich overlap, both in frequency (from
the HF part) and frequency separation (from the LF part offfextrum). These single (broken)
trajectories appeared prior to the larger dark type ll&lkirsts, as well as after them.

— In the large absorptive bursts, we were able to count 4—&esei@l trajectories of spikes, which
did not show a noticeable frequency-time correlation betwéhem. The drift velocity of type
l1-like bursts was~—12 GHz s'.

— In several moments, the spikes in absorption in sequérgjattories displaced smoothly to HF,
and formed the ZP-like stripes; the maximum duration ofpsfsiwas about 0.12s in the last
burst in Figure 7(b). The frequency drift of the stripes wels700 MHz s, almost the same as
that in the first absorptive ZP-like stripes during 03:29:08:29:14 UT.

All these details are more easily visible in enlarged speictigures 10 and 11. Similar short
ZP elements drifting like type Il bursts (or almost verticalumns) are known in the meter range.
For example, Slottje (1972, in his fig. 6(c)) showed numerdmsst vertical columns of the ZP. In
this case, repeating columns of the ZP can be explained bytésations in absorptions (sudden
reductions). Several examples of fast, almost verticiljnas of the ZP in emission (without sudden
reductions) were presented in Chernov (1976b) (see als@Jign Chernov 2006). Here, we will
examine similar fast elements of the ZP, but in absorpti@hveith a much higher time resolution in
the microwave range.

Parameters characterizing the observed spikes in emiasidrabsorption are summarized in
Table 1. Let us note that the spikes of type 3 have a morelgtiixed duration of 8 ms and a smaller
spread of the frequency bandwidth, and they are repeaietlystnrough 8 ms.

Table 1 Parameters of Spikes in Emission and Absorption

Type Range Duration  Bandwidth Relative Period Frequency
(GH2)! (ms) BW (MHz) BW (%) (ms) drift

1 0.3-1.2 8-16 10-220 0.3-7.4 -850 |2

2 0.3-1.2 8-16 20-400 0.67-13.3 -850 |

3 0.3-1.0 8 30-160 1.0-2.4 8 |

Average absolute error 8 10 0.3 8

1 Frequency range inside 2.6-3.8 GHz means vertical spikes, the frequency drift ap-
proaches infinity. Type 1 — spikes in emission; Type 2 — graf{spikes in absorption;
Type 3 — spikes in absorption as substructures of typeké fiursts.

Five seconds after the absorptive type Il bursts (at 092lB:T), a new special feature appeared.
The HF boundary of bursts in absorption shifted to lower dietgies, down to 3000 MHz (i.e., the
radio source must have been displaced upward). Simultahgdlie bursts in emission drifting to
HF (or the reverse-drifting type Il bursts) with a fixed et 0.1 s appeared (Fig. 7(c)). Their drift
velocity was approximately the same as that in the dark $unstmely 12 GHzs'. Then, during
almost one minute after 03:43:03 UT, the clouds of spikesrission began to be superimposed on
such structures. From Figure 7(d), it is evident that at @®#UT a new property appeared: the HF
boundary of type llI-like absorptive bursts smoothly dasggd to lower frequencies; simultaneously
the reverse-drifting bursts in emission stopped at the daeggiency boundary; in this case they
became less prolonged and more frequent (the period beead@3 s).

We note that at frequencies higher than the HF boundarygeterse-drifting bursts continued
in absorption and with the period that characterized thersa+drifting bursts in the emission one
minute ago £0.1s). The general appearance of this fragment began tmbése “herringbone
structure” (well known in type Il bursts in the meter wave Bahe only difference is that it was
related to the bursts in absorption. The type lll-like bumsabsorption and reverse-drifting bursts
started at the same frequency, and the starting frequeosyystirifted to the low-frequency region
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with a drift rate of about -60 MHzs'. As indicated by Klassen (1996), this could be a signature
of propagating bidirectional electron beams originatimgmnthe reconnection area. In our event,
the reverse-drifting bursts in emission with their stagtirequency below 2.6 GHz may indicate the
existence of the second site of acceleration above in theneoiAt this time (after 03:36 UT), the
cusp-shaped flare loop continued to descend (Fig. 5), anattivity rapidly changed.

After 03:44:05UT, the bursts in absorption disappeare@ttogr with the HF boundary. The
reverse-drifting bursts in emission which covered almbstwhole frequency range became domi-
nant bursts. During 03:44:41-03:44:44.5UT the bursts sogltion reappeared, partially with the
fragments of the “herringbone structure.” This is shown iguFe 7(e), where it is also possible to
note that, at the end of this interval, the reverse-drifbogsts (almost over the entire range) in ab-
sorption followed. In the course of the subsequent seveiralites after 03:44:45UT, the bursts in
emission and absorption in different combinations with $pi&es in emission and absorption still
existed. In the course of the last flare brightening (03:3%08UT), the bursts in emission (pulsa-
tions and spikes) predominated, although the complex faifmirsts in absorption (without type
[lI-like bursts) irregularly appeared.

During 03:58:54-03:58:59.2 UT, the classical fiber bursth he reverse drift appeared once
more (see the bottom panel in Fig. 9). It is remarkable thagrse stripes of the ZP (with the spiky
structure) were observed at the higher frequencies (5/Z513z) at this moment. Thus, in the course
of the whole period discussed here, the conditions for thuéation of a usual ZP and fiber bursts
irregularly appeared. During 04:04:12—-04:04:20 UT, thelfseries of peculiar slow-drifting stripes,
exhibiting different absorption and emission charactiesgas elements of the ZP), were observed
(the bottom panel in Fig. 8).

After 04:05 UT, several small events appeared in the radisgan at 2.84 GHz (fig. 1 in Yan
et al. 2007), but the continuum level gradually decreasdkegre-flare level.

2.3.4 Time profiles of bursts in absorption

Figure 10 shows the enlarged spectrum of the sharpest tygiellbursts in absorption at
03:42:56 UT whose duration was 0.7s. The intensity profiles at two frequencies (2.85 and
3.06 GHz) clearly show the modulations due to the bursts irsgon and absorption. In terms
of the absolute scale in solar flux units (s.f.u.), the maxmflux in emission reached 330 s.f.u.
and the minimum flux (in absorptiony 240s.f.u. with the average level of the continuum-of
280s.f.u. The maximum of modulation depth at frequency @®Az was observed between the
spike in absorption at 03:42:56.60 UT and the spike in emission 03:42:56.68 (aB0stf.u.).

Between the three type IlI-like bursts in absorption, thdadks like the classical one (Chernov
2006): the increased emission in the bright stripes (twb pigaks on the profiles) and the moderate
absorption in the dark ones (here the absorption is evenregpect to the average level of flux in
the type lll-like bursts in absorption). In the spectrum @fufe 12, another property of the usual ZP
is clearly seen: the smooth increase with frequency of thguency separation between the stripes.
It increased from=80 MHz at the frequency of 2700 MHz te150 MHz at 3400 MHz.

In the type lll-like bursts consisting of isolated spikesaimsorption (for example, a trajectory
at 03:42:56.3UT), the instantaneous frequency bandwitltine spikes also increased with fre-
qguency from of 30 to 100 MHz. The decreasing frequency séiparbetween them disappeared at
the frequency of23400 MHz. The latter was not coordinated with the frequerspasation of the
absorptive stripes of the ZP. However, at other onsets redtedle for similar bursts, this property
was not observed.

The ZP-like stripes appear to be parallel. We can distirigsiis stripes against the background
of type lll-like bursts in absorption (they are marked byntbiack lines in the spectrum) and three
stripes from the LF edge remained diffuse. However, thish@ion depends on many factors: on
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0.7 s duration showing the modulations during the typeikié-bursts in absorption with a ZP. The
absorptive ZP-like stripes are marked by thin black linesnff Chernov et al. 2010).

the conditions in the radio source and on the rate of padicteleration in different parts of the radio
source. The precise measurements of the frequency drifteghthat its speed also increased with
the frequency: from 1000 MHz ¢ to 1700 MHz s'!. Thus, it is possible to say that this was a usual
ZP, but it was observed against the background of typeld-bursts in absorption. The ZP-like
absorptive stripes remained noticeable even against ttiegb@und of the type lll-like absorptive
bursts.

Figure 11 shows the distribution of the spikes in absorpitiotihe background of another type
[lI-like burst in absorption. The spikes were distributeshdomly, but they tended to form several
short stripes. Such structures in the spikes were calleddbd ZP’ by Slottje (1981) (see the event
1970-07-27) and ‘lace bursts’ by Karlicky et al. (2001)dese of the variety of the ZP.

2.3.5 Brief conclusion from observations

In spite of the complexity of the analyzed phenomenon, leisakate the basic properties of the
bursts in absorption.
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at 12:20:27 UT (from Dabrowski et al. 2005).
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— The basic structural element (a building block) of all bsire absorption was the spikes whose
duration was close to the limit of the instrument’s res@nt(8 ms) and the instantaneous fre-
guency bandwidth was on averag@0-80 MHz.

— The dynamics of appearance and development of spikesyigaeid. It changed every several
seconds.

— Thetype llI-like bursts in absorption were basic struetuof the absorptive spikes. In three brief
moments, the absorptive spikes created ZP-like stripeshwhsted for 0.1s.

— The complex combinations of the drifting bursts in emissiad absorption sometimes exhibited
the form of a ‘herringbone structure.’

— The activity of absorptive bursts alternated (or were siameously observed) with the usual
fine structure in emission: spikes, broadband pulsatioRs,ahd fiber bursts.

— This entire interval of the peculiar fine structure was obsg during several flare brighteningsin
the western part of the flare arcade above the south magoidtp. We believe that during this
time the magnetic reconnection probably took place. The sm@n of polarization corresponded
to the ordinary wave mode.

— The bursts in absorption were sometimes observed in thermetve range (Chernov et al.
1998), but the event discussed here for the first time redealeide variety of absorptive bursts
in the microwave range.

2.4 Other Events

Small fibers similar to ones shown in Figure 1 were observeDdtyrowski et al. (2005) (Fig. 12).
However, the authors discuss them as drifting spikes. Dycalmadiospectrograms of the spikes
were recorded in the 1352-1490 MHz frequency band which plésrgto 46 channels, each 3 MHz
wide. The time resolution of the collected data is equal tu80the highest ever obtained. The
observations of the radio spikes have been collected wehlthm radio telescope at the Torun
Centre for Astronomy, Nicolaus Copernicus University imdio, Poland. The observed radio spikes
have internal structure and form chains (rope-like fibedslznaided ZPs). They occurred during the
bulk motion of the plasma along the long loops, observed wiehTRACE telescope in the 1AL
band.

Another kind of spike (called dot emissions) was observel thie Brazilian Solar Spectroscope
(Mészarosova et al. 2008) in the dm range of 950-2640 Mi{ka wariable time and frequency
resolution between 10-1000 ms and 1-10 MHz, respectivelgample of a group of dot emissions
arranged as zebra-like chains observed on 1999 March 1@vensim Figure 13 (as a part of fig. 1
from Mészarosova et al. 2008). Figure 13(b) present®bajlview of the dot emissions. The time
and frequency resolution is 100 ms and 5MHz, respectivegjuré 13(c) reveals a detailed view
showing the dot emissions with undulating chains reserglilie zebra pattern. Figure 13(d) shows
the radio flux in time at 1400 MHz where peaks with an intensity~ 130 SFU correspond to
individual dot emissions (horizontal line in Fig. 13(c)).

Figure 14 shows an example of the structural evolution ofjtie&ip of dot emissions observed
on 1999 October 19. This group starts with some irregularedoissions (panel a), but later they
evolve into almost regular fiber-like (panel b) and zebka-(panel c) chains. At the end, the group
of dot emissions again becomes irregular (panel d). Duiingg of dot emission, no background
burst emission was detected.

Sych et al. (2006) and Zlobec & Karlicky (2007) studied theamacteristics of the zebra-
associated spike-like bursts during the 2003 August 5 ethattwere recorded by the Ondrejov
radio spectrograph in the range 1-2 GHz with time resolubbh00 ms (upper panel in Fig. 15).
Simultaneously, the spiky structure was examined usind #20 MHz polarization profiles of the
Trieste Astronomical Observatory with a very high time tason of 1 ms (bottom panel in Fig. 15).
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Fig. 15 Upper panel Part of figure 5 from the paper by Sych et al. (2006) showiggtime evolution
of the spike-like bursts clustered into zebras forming a & structure (in the event from 2003
August 5).Bottom panelcontemporaneous time evolution of the mean polarizaiioarf R-sense)
of the selected spike-like bursts at 1420 MHz (from Zlobec &licky 2007).

The selected spike-like bursts show a duration (with a mearewf about 7.4 ms at half power) and
it is not influenced by the polarization. For the selectedstsuthere was just a “tendency” that the
weaker component (L- polarization channel) should be a@glaglobec & Karlicky (2007) realized
that the L continuum was generally low with respect to the Rtiomum; however, the polarization
of the spikes does not always match the contemporaneouigadien of the continuum.

The observed superfine structure (spikes) of zebras candrpiiated as proposed by Chernov et
al. (2003). Nevertheless, Zlobec & Karlicky (2007) thihlat the model based on the double plasma
resonance (DPR) as proposed by Barta & Karlicky (2001 )kenticky et al. (2001) is also possible.
Namely, this model explains both the zebras and the spikeedbgame double plasma resonance
process; the spikes are generated by the interruption oDBR process by assumed turbulence
(density or magnetic field variations).

Magdalenic et al. (2006) reported supershort structUs&S§), in particular as substructures
of the ZP and as tadpoles in the range 265-350 MHz using tlae isadiospectrograph Artemis 1V
(Greece) with a time resolution of 10 ms (Fig. 16). The spikethe ZP exhibit a duration of 11
— 13 ms, shorter than what was reported earlier in the metgreraradpoles are comprised of an
emission “eye” with a duration o&£50 ms at the high-frequency side of the burst and a stretched
absorption “body” with a bandwidth c£40 MHz. In spite of distinctive differences (the emission
tails of the tadpoles are not visible), the Slottje (1978&ptles and these tadpole-like SSSs belong
to a class of physically equivalent bursts.



842 G. P. CHERNOV

]

Frequency [MHz]

Frequency [MHz]

350
13:42:23 13:42:24 Time [UT]

Fig. 16 Artemis IV dynamic spectra of negatively drifting supemgtaiructures (SSSs) in the back-
ground of the ZP with a superfine structure (a) and tadp&keHursts (b) in the event on 2000 April
15 (from Magdalenic et al. 2006).

3 GENERAL DISCUSSION OF THE EVENTS
3.1 2004 July 24 and November 3 Events

Small-scale fibers differ from usual fiber bursts only by oartotal frequency bandwidth and they
are similar to ropes of fibers, therefore the usual (that @straccepted) mechanism for fiber bursts
should work, namely the coalescence of a plasma wigweith whistlers (v): | + w — t (Kuijpers
1975b; Chernov 1976a, 1990). However, the propagation aftiehs is limited by a small magnetic
trap in the form of fast shock fronts escaping from a regiorer@hmagnetic reconnection occurs
(Chernov 1997). In our case, the periodicity of fibers wassootvident, and fibers were organized
as large-scale stripes of a ZP. So, these ZP stripes becaib&evonly when whistlers propagate
through the ZP source.

In our events, the radio sources cannot be point-like oriese sn such a case one whistler
wave packet should produce all zebra stripes simultangooist we did not see such a feature.
Since the small fibers were not connected by a unique stréiightin the dynamic spectra, we
cannot assume that one whistler wave packet passes threugtasDPR levels consecutively in
an extensive source. So, the unique possibility remairtsithistlers are excited at the same DPR
level simultaneously with the plasma waves. Without whist| ZP stripes cannot be visible, at least
in the DPR model with a loss-cone distribution function, cterdance with numerical results of
electrostatic instability in Kuznetsov & Tsap (2007). Wass without a plasma wave cannot be
detected either, but a plasma wave of low energy will be saffiqat places of DPR) to emit radio
waves of sufficient intensity. Thus, whistlers “highligl@PR levels.
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In order to confirm this hypothesis, let us estimate the magfield strengthB in two ways.
One is from the observations of separate fibers using the Iobthe whistlers, and the other is from
a large-scale ZP in the DPR model. If the hypothesis is ctrtieese values of the field strengths
should be equal.

From the whistler model for small fibers, we haté,~ f,~ 0.1 fg. (fw IS the whistler fre-
guency), and a mean valukf, = 12.5 MHz (for the events of July 24 and November 3), and we
obtainB ~ 45G.

In the DPR model, the frequency separation depends on the lsemhts of density{.) and
magnetic field (L .= 2N, (dN./dr)~! andL z= B (dB/dr)~!) (Zlotnik et al. 2003):

Afs/fp =~ Lp/|Lne — Lp|. (2)

For Af, =72 MHz (for the November 3 event) we could obtain about theesaatueB = 46 G for
Lye=1.4x10° cm andL g =5x10%cm. In the flare region, the plasma is very inhomogeneous and
such scale heights are realistic. In our events, only 3-gklacale stripes of a ZP (or DPR- levels)
are simultaneously formed in the spectrum which demorestithie small sizes of locély. andL g

in flare inhomogeneities. Four DPR levels are simply prodwateharmonic numbers = 10 — 14

with such a ratio of scale heights.

The stable frequency drift of fibers implies that the magnéé&ld changes little during the
lifetime of the structure (Chernov 1990). The frequencytdrf fibers is mainly determined by the
group velocity () of whistlers, and we have,, =2cx fg./fpex [2(1—2)]'/2, wherex =
fw/ [Be is the ratio of whistler frequency to cyclotron frequencyu(jgers 1975a). If we assume the
parameter varies little during the lifetime of the structure, affigl./ fp. has a consistent value due
to the DPR condition, then,, would vary little and consequently the whistlers would eaastable
frequency drift of fibers, at least within a certain DPR levidierefore, the positive frequency drift
of a large-scale ZP can be connected with the downward mofitime source. In the absence of a
good analytical model of electron concentration in the ugheomosphere, we will use a graphical
representation given, for example, in the model of Allenfign IV.1 of Kriiger 1979). Utilizing the
dependence of plasma frequengyJ) on height ¢), it is possible to roughly estimate the value of
the gradient offp. between 1000 and 2500 MHz to be on the order of 240 MHz¢h® Then, we
can use the simplest expression for the definition of thecitglof propagation:

df/dt N,  df/dt
.f ch/dT B dch/dT.

V=2 )

The frequency driftif/dt= 630 MHz s~* will correspond to the velocity of about 2590 km's Such
a value might be more than a typical Alfvén velocity. Theref it is possible to assume that the
plasma ejection that moves downward from the magnetic mection region has caused a shock
wave.

In the July 24 event, the drift of 220 MHZz $ implies the velocity~ 900km s!, which is
somewhat more than the Alfvén velocitlyy ~ 700 km s !for the estimated value d§ = 45 G).

The drifting boundary of the emission termination at thehhiiggquency edge of a large-scale
ZP may mean that a moving shock front meets a rising closechat@goop. So, the conditions
for DPR are satisfied only in a narrow height interval, belbe tmnagnetic reconnection region, and
only at the very beginning of events. After such a collisittrey will be destroyed, and large-scale
zebra stripes will be transformed into a braided ZP (Fig))L({thus, the radio source showing such
a fiber structure differs from the radio source of the ropelm only by the absence of a magnetic
trap (only one shock front) where fast particles could madsgalic bouncing motions, and by short
lived conditions for the DPR. The absence of any absorp8asimply explained by the absence
of continuum emission at the very beginning of events. Om¢yfulsations in the October 31 event
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were observed against a weak continuum, and we could deteetsagments of absorption between
fibers (fig. 6 in Chernov et al. 2008).

Thus, we assume that the usual mechanisms can be appliée foterpretation of such a fiber
structure: the coalescence of whistler waves with plasmeesvproducing fiber bursts and the DPR-
model for large-scale ZPs. However, the following speaaltires of the plasma wave excitation in
the radio source must be present. Both whistler and plasma wwstabilities are too weak at the very
beginning of the events (the continuum is almost absend) tla fine structure is almost invisible.
Moreover, according to the recent simulations of Kuzne&adsap (2007), the fast electrons with a
loss-cone distribution cannot excite a high enough leveleftrostatic waves in the DPR levels, so
that the separate stripes would be visible. Then, whisgienerated directly at the DPR levels by the
same fast electrons will “highlight” the radio emissionyifrlom these levels due to the interaction
with plasma waves and we observe small-scale fibers as awsctose of a ZP. More precisely, the
whistler packets may bring about sufficient plasma wavegnas well as a new composition of the
particle distribution, therefore the DPR levels could beenaronounced and “highlighted.”

Wu et al. (2007) interpreted the small-scale fibers in thee¥ayer 3 event as drifting spikes
emitted from “solitary kinetic Alfvén waves” (SKAWSs) by $aelectrons accelerated by the electric
field and trapped in SKAWSs. However, they did not discuss #asons for the formation of fibers
along the stripes of large-scale ZPs. Furthermore, thecsooff the strong Alfvén waves, which
accelerates a large fractios (0.1) of the background electrons at the beginning of the teaso
was not examined.

We have not adopted the model of LaBelle et al. (2003), sinsesupposed to be applied to the
explanation of a large number of stripes with a narrow freqyeseparation. In the large-scale ZP in
guestion, on the contrary, the frequency separation isderably wider than in the usual ZP. Recent
evaluation by Chen & Yan (2008) on the validity of the meclsamof LaBelle et al. (2003) indicated
that, with the realistic values of the density contrastliwit<0.2), the model cannot account for the
large number of ZP stripes.

However, we cannot completely exclude the possibilitiespgfication of the new models, based
on the existence of the bands of transparency and opacity thteeradio waves propagate through
a spatially periodic medium (for example, Laptuhov & Cher2606). It is possible that the large-
scale ZP is the result of this selectivity with the specifialscof thermal heterogeneities, which
move downward from the flare region, and small-scale fibexrsansed by additional quasi-periodic
modulation of these heterogeneities, for example, by anfegfneto-sonic wave propagating from
below. Or alternatively and more simply, the radio wavestoeeheir way to the small- and large-
scale heterogeneities which move in different directiars,a radio wave is filtered by transparency
bands twice. These possibilities require more detailedlystu

3.1.1 Other events

Considering all aspects of the observed dot emissionsziiésova et al. (2008) think that the dot
emissions are generated in a similar way as zebras (Ledeéradv2901) or lace bursts (Karlicky
et al. 2001). Thus, they propose that the dot emissions aduped in the solar atmosphere at the
locations where the so-called double plasma resonancetwon(l) is fulfilled. The upper-hybrid
waves at these locations can be generated, e.g., by thdrapisdbeam {', > T}, whereT'; and

T), are the temperatures of energetic electrons across angltilemagnetic field, respectively) ac-
celerated during the flare’s primary energy processes. €amlanisotropy can be naturally formed
along magnetic field lines by an escape of fast electrons §lomer ones. Then these upper-hybrid
waves are transformed to electromagnetic waves (with #guUBNCYwe ~ wyn OF Wel & 2wyn),
which are observed by radiospectrographs on the Earth pfogess is a resonant one which means
that its intensity can be several orders of magnitude higfeer those associated with non-resonant
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processes. This can explain the fact that, at times of datsam, no background burst emission was
detected.

Using this model, we can explain not only individual dot esiosis, but also their chains. The
beam along its trajectory generates dot emissions in dees@ance locations{harmonics). The
highers means a higher height of the dot emission source in the sttaysphere. Thus fiber-like
chains of dot emissions can be formed. On the other handa#iderchains of dot emissions can be
explained by a sequence of anisotropic beams producinguiss®ns nearly at the same position
on the same-harmonic. Even the whistler waves, which are consideretthénmodel of fibers,
can enhance emission at the locations with double resor@mitions. Therefore, both forms of
zebra-like and fiber-like chains are possible.

Due to similarities in morphology and characteristic pmigs between the dot emissions and
dots in the fine structures of zebras and fibers, Mésza#osbtwal. (2008) think that both have a
similar physical origin. They found that fiber-like chairfstioe dot emissions evolve into zebra-like
chains and vice versa. These changes are in agreement wiitheié of Chernov et al. (1998) who
proposed that both the zebras and fibers are generated byewpickets. The propagating whistler
packets may also generate dot emissions at the positiohg isolar atmosphere where the double
resonant conditions are fulfilled (see also, Sawant et &22Rrishan et al. 2003). Furthermore,
they propose that the chaotic character of some groups adrdissions is due to rapidly varying
plasma parameters (in the MHD turbulence) in the region tfedoission sources.

3.1.2 2006 December 13 event

From the observations discussed above in detail, we aret@ahiederstand the reason for the ap-
pearance of the spikes in absorption, as well as the variailere of their parameters. The main
task is to explain formation of the absorptive type IllI-litigrsts and absorptive ZP-like stripes of the
absorptive spikes, in combination with different burstgimission.

Let us recall that the loss-cone instability is the most pfile mechanism of the continuous
radio emission of the type IV bursts (including microwavedis). Plasma waves are excited at
the upper hybrid frequency by the fast electrons, capturea magnetic trap, where the particle-
velocity distribution with the loss-cone is formed (Stepari974; Kuijpers 1975a; Zhelezhyakov
1995; Kuznetsov & Tsap 2007). The maximum amplification of@goccurs under the conditions
of double plasma resonance (DPR, when the upper hybrid érexyis close to integer harmonics
of the electron cyclotron frequency). The appearance otialu& and fiber bursts during the entire
event attests to the fact that the loss-cone velocity Bistion actually existed.

The dips in emission (corresponding to bursts in absorptie@an the quenching of the loss-
cone instability. According to Zaitsev & Stepanov (1975¢n8 & Kuijpers (1976), and Fleishman
et al. (1994), this quenching can occur because of additiojeation of fast particles, which fill
the loss-cone. The process of the quenching of instabgitgxamined in detail in a recent paper
by Chen & Yan (2008). The authors showed (Fig. 17) that therbeéh a linear dimensions ot
220 km and a Maxwellian particle-velocity distributioniiths the loss-cone causes absorption with a
frequency bandwidth c£60 MHz (due to the cyclotron self-absorption of upper-hglvaves). The
calculated absorptive depth corresponds to the obsented:\the modulation in the growth rate in
Figure 17 corresponds exactly to the observed absorptipthad ~17% in our Figure 10. Let us
note that according to the calculations by Kuznetsov & T2807), the beams with the power-law
spectrum with a large spectral index should give bursts iisgion (the spiky superfine structure of
the ZP stripes).

Taking into account the fact that absorptive spikes do neags follow type 11l trajectories,
and that they are often a random collection of instantanborss, it is natural to assume a random
acceleration of small-scale beams occurs. The dimensibtieedbeam would then determine the
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Fig.17 Dependence of the total growth rateof the upper hybrid waves on the plasma frequency.
The initial growth rate result corresponds to a value ef 15. Signs of an absorption feature with
a frequency bandwidth of about 60 MHz can be clearly seem(feden & Yan 2008).

instantaneous frequency band. The quenching of instabditurs only when the instability develops
in the location of the beam. Then the beam rapidly leaves elgeon, and the emission will be
restored there. Most likely, the maximum effect is achiewethe DPR conditions. Therefore, when
the moving beam reaches a neighboring DPR level, a certaredpetween the spikes in absorption
will be formed. By this method, it is possible to explain thisadete nature of absorptive spikes.
Various parameters of the absorptive spikes can be assdeidth different local gradients of density
and magnetic field. At the beginning of the interval of buistabsorption, the spikes in absorption
were still accompanied by spikes in emission with similanapaeters (Fig. 6(a)). It means that at this
moment not all beams were confined in the trap. This untrappetdf the beams would have given
off bursts of emission, although the beams did not move ahettker, possibly, they were reflected.

In the mildly inhomogeneous corona, the DPR levels are thiases whose size perpendicular
to the line of sight is more than 10000 km. Compared to thie,dilze magnetic loops are very
narrow and inhomogeneous in density, so that the DPR lewelei adjacent loops cannot coincide
with each other. If the beams of particles were periodidallgcted along one loop, then we should
always see ZPs. Therefore, most likely they are injectedeautively in time and simultaneously
in several loops. In cases like this, we would often obsel®st random distributions of spikes
in the type lll-like bursts (Fig. 11). However, if the DPR &8 almost coincide among the adjacent
loops, then a smooth displacement of dark spikes would bdusex, and at these moments the
ZP will appear. The frequency drift of the ZP stripeslf00MHz s ') can be explained by an
appropriate displacement of the DPR levels in the coronanEvslow downward motion of a loop
making a sharp angle with respect to the gradient of plaseguéncy (which exactly occurred,
according to the TRACE images in Fig. 5) could lead to rapigdong of DPR levels in the corona,
which will also explain the frequency drift of ZP stripes.iihg the resistive tearing-mode instability
(see below), the condition of frozen magnetic flux is disedptand magnetic field lines can move
independently of the plasma (Aschwanden 2004).

The beam traveling between the DPR levels can give imputsiméributions to the emission of
the Cerenkov resonance, so that the appearance of brigttig€syspikes in emission) is entirely
expected (the plasma mechanism of type Il bursts). Theugrqy drift of type lll-like absorp-
tive bursts & 12GHz s ') would correspond to the speed of the electron beam not exazeed
10'° cm s~! in accordance with Allen’s density model of the corona (sgel¥i.1 in Kriiger 1979).

Wang et al. (2008) considered that the spikes in emissiogererated by the electron cyclotron
maser (ECM) mechanism. However, the majority of spikes wght circular polarization were ob-
served during flare brightening in the northern flare ribborthie south magnetic polarity. Thus,
the radiation mode was ordinary. Two episodes with leftudac polarization were connected with
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the brightening in the southern flare ribbon (see the blactargle in fig. 3(b) of Wang et al. 2008)
where the north magnetic polarity could be dominant. Thée aleans the ordinary wave mode dom-
inates, while in the ECM radiation the extraordinary modawti dominate (Fleishman & Melnikov
1998). For this very reason, the estimations of the magfietit strength obtained by Wang et al.
(2008) in the ECM model almost exceed by an order of magnitaeé@nes obtained by Yan et al.
(2007) using the frequency separation of ZP stripes.

The simultaneous presence of bursts in emission and aflmornpith different drift rates
(Fig. 7(c)—(d)) testifies that at least two places of pagtmtceleration exist at the different heights.
In accordance with Figure 5 (the pictures at 03:23 and 03'B6 We can assume that above the
cusp-loop, in the course of the post-flare restoration ofrtagnetic structure, a magnetic island was
probably formed, and particle acceleration occurred inwwecurrent layers located above the flare
cusp-loop (upward) and above the magnetic island (downwateth an assumed scheme coincides
with the sketch of the magnetic configuration proposed fisrftare in figure 8 in Guo et al. (2008).

As Schwenn et al. (2006) diligently noted, despite many desaf indirect observations sug-
gesting the presence of a current sheet, such as soft X-spystructures (Tsuneta 1996) and hor-
izontal inflow, direct observations of the formation and lation of a current sheet in the solar
atmosphere have been missing. Strong observational edden reconnection comes from the
post-eruption emission and dynamics. Our radio obsensitidso testify to the probable case for
reconnection in the erupting solar corona.

The rise of helmet-shaped loops in three TRACE images at2038:20 and 03:23UT in
Figure 5 allows us to propose the existence of a single Xtmdove the helmet-shaped loop, and
the initiation of flows due to the magnetic reconnection. €hasecutive flows may be associated
with the formation of magnetic islands above the helmet |dd sketch of the magnetic configura-
tion can be similar to figure 8 of Pick et al. (2005) as a two-glisional cut of the three-dimensional
configuration across the twisted flux rope. Similar two-dasienal magnetic configurations were
often discussed in many numerical simulations (Tsunet®;1R@& & Forbes 2000; Aschwanden
2004 and references therein). The three-dimensional flp& i®in fact anchored (line-tied) to the
photosphere. The theory of three-dimensional reconneigipresented in greater detail in the book
of Priest & Forbes (2000). The two-dimensional represérias mostly done for convenience, but
the magnetic structure is three-dimensional (see fig. 4 imsBev et al. 2003 for a view of the very
complicated magnetic field configuration). All special feas of two-dimensional reconnection,
enumerated in Pick et al. (2005), are also valid in our cas¢hé framework of an erupting flux
rope, magnetic reconnection occurs behind the twisted. rbipe accelerated particles form beams
along the newly reconnected field lines and propagate bottargand downward.

Two places of acceleration, separated in height, suggestetiring-mode instability, in that
two (or more) magnetic islands were formed and the entireipcat the post-eruptive phase is
associated with the restoration of the magnetic structure.

The analysis of microwave pulsations by Tan et al. (2007¥ioos such an evolution of the
flare. They concluded that the flaring region consisted ofyntamrent-carrying compact loops. In
each current-carrying flare loop, the resistive tearingieiastability will trigger the formation of a
series of multi-scale magnetic islands. The X-point isteddetween the two magnetic islands. The
opposite frequency drifts of pulsations also suggest thcpmacceleration occurs in the opposite
directions.

The radio bursts drifting in the opposite directions in tfegjiency coverage of the spectrograph
(Fig. 7(c)—(d)) indicate the simultaneous existence of plaxes of particle acceleration in the cur-
rent sheets between the magnetic islands. The fast partiobeing from the higher to the lower
corona are responsible for the type Il burst in emissiorhlite reverse drift. The fast particles
moving from the lower to the higher corona are seized in thgmatic trap and give off the type
[lI-like bursts in absorption with negative drift.
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Karlicky & Barta (2007) found that electrons are acceledanost efficiently in the region near
the X-point of the magnetic reconnection at the end of theriggrocess and the beginning of the
restoration of the magnetic configuration.

In this connection, all intervals of new peaks in the bursffiter at the decay phase (fig. 1 in
Yan et al. 2007) were very rich in spikes of absorption, tylpelike bursts consisting of spikes
in absorption and usual ZPs and fiber bursts with differemgdency drifts (see Figs. 6-9). The
appearance of ZPs and fiber bursts means the loss-conetyelistiibution of fast particles inside
the radio source (magnetic islands) exists.

The beams, accelerated above the flare loop would have mtgzhgpward and fallen into
the magnetic trap, where the loss-cone distribution of fasticles was already present, and would
have caused bursts in absorption. The particles accaleahimve the magnetic island would have
probably propagated along the overlying magnetic loopsaeavd (where the loss-cone distribution
was absent). They might have simultaneously produced tleege-drifting bursts in emission. The
comparison of spectra in Figure 7(b)—(d) suggests a slowflihe lower site of particle acceleration,
which may have created a kind of ‘herringbone structuretéAd 03:44:01 UT, the reverse-drifting
bursts in emission were stopped by the drifting boundaryagof the ‘herringbone structure’). At
higher frequencies, their continuation transformed tetsuin absorption (though their relationship
is not very clear). The loss-cone distribution was probdbiyned there up to this moment and the
guenching of instability by additional beams already bezéme main effect.

The difference in the parameters of these bursts in absorthey were prolonged, broad-
banded and diffuse) indicates that these beams were largeaie and their velocity dispersion was
wide (x=1). The velocity dispersion in the beams, critical for thékep in absorption, was much
less than 1. New beams with great longitudinal velociti@adate the whistler generation at the
anomalous Doppler resonance and, as a consequence, theiforrof ZP stripes in emission (in
Fig. 10 at 03:42:56 UT) could be explained in the whistler gld@€hernov 1996).

When the slowly drifting boundary became almost indistisgable at 03:44:44 UT, the dif-
fuse reverse-drifting bursts in absorption covered thelevfrequency range (2.6—3.8 GHz), and the
spikes in absorption almost disappeared. At this momeatexistence of the magnetic island must
have ended.

4 NEW THEORIES OF ZPS
4.1 What isNew in Improved DPR-based ZP Theories?

The mechanism proposed in LaBelle et al. (2003) can be redaasl an important step in attempts
to improve the DPR-based model. The escape of the Z mode $sdemyad at one DPR level (a point
radio source), whereas the harmonics are assumed to bergden that propagate through regular
inhomogeneities, such as an ion-acoustic wave. The nunfd@rmonics is large only if density
variations in the ion-acoustic wave reas20%. However, as was shown in Chen & Yan (2008), it
is hardly possible that such a strong ion-acoustic wave eageberated in the solar corona; in fact,
the amplitude of density variations is no more tha2%. In this case, only several ZP stripes can
be generated by this mechanism, whereas up to a few tendpdsstire usually observed. In our
opinion, a disadvantage of this theory is that it fails tolekpthe high intensity of radiation emitted
by separate incoherent sources.

In the basic papers on the DPR theory (Zheleznyakov & ZIo1®K5; Winglee & Dulk 1986)
the velocity distribution function of fast particles wasamed to be narrow, with an infinitely small
spread in velocities; therefore, calculations of the ghokates of upper hybrid waves could hardly
provide a realistic picture (Chernov 2006). Besides, Wargh Dulk (1986) restricted themselves
by consideration of the Maxwellian distribution of paréslover momentum that could significantly
affect the results obtained. This was clearly demonstratédiznetsov & Tsap (2007), where the



Recent Results of Zebra Patterns in Solar Radio Bursts 849

following electron distribution function of the loss-coty@e was chosen (see Fig. 18):

0,0< 0, — A,
fop, 0) = p(p) ¢ %42, 6. — A, < 6 < 0., (4)
1, 0 > 6.

where the functionp(p) describes the electron distribution over momentum@nid the loss-cone
boundary with a widthAd,. < 1.

In old papers, the term associated with the velocity spremtle more exact, the spread over
particle momentadp/p), was left in the expression for the anti-Hermitian partraf plasma permit-
tivity. In the course of the new analysis, Kuznetsov & Tsa@p((@) conclude that the non-relativistic
approximation cannot be used for investigation of the gatimr of upper-hybrid waves at the double
plasma resonance whens- 1. The authors used the condition of the cyclotron resonafa@ves
and accelerated electrons in the form:

¢s:w_sw—3_kzvzzoa (5)
T
where), is the time derivative of the phase difference between theewand the gyrorotating
particles,v. is the longitudinal component of electron velocity,(andl’ = (1 —v?/c?)~'/? is the
relativistic factor.

Here, it is necessary to recall that Zlotnik et al. (2003)ass that the dispersion relation (A.6)
is correct only inside the hybrid band. They obtained a varyow maximum of the growth rate due
to the estimation ofAk, /£ ; the velocity dispersior\v, /v, was missed as the infinitesimal quan-
tity. This was already examined in detail in Chernov (20@)tnik et al. (2003) assume also that
many authors (Winglee & Dulk 1986; Kuznetsov & Tsap 2007prenusly conclude that the kinetic
instability of plasma waves described by the dispersioati@h (A.6):w? =~ w2 + wg + 3k3v7,
may contain several harmonics, while it is valid only inside intervalAw<wg. This assertion is
correct, mainly, without taking into account relativistiorrection and for the strictly perpendicular
propagation. Zlotnik & Sher (2009) showed that in this cagehitarmonics, which adjoin the hybrid
band on the top, give the overstated contribution to theevaluincrement, and this leads to the
expansion of its maximum. To answer this question, new taticms with the precise dispersion
relation will only help. At least, Kuznetsov & Tsap (2007)ag that comparison with the exact
solution of the dispersion relation shows that the equatfarpper-hybrid waves (A.6) describes the
behavior of the oscillation branch with normal dispersiailpeven at\ > 1, including the frequen-
cies above the hybrid band. Moreover, Robinson (1988) hawrsihat weakly relativistic effects
(especially in the case afightly non-transversal propagatipcause the branches with normal dis-
persion corresponding to different harmonics to recontteche another at ~ swg. As a result, a
single continuous branch is formed. In addition, the caadibf touching of the loss-cone boundary
and the resonance curve can be satisfied only for one ceghia ufs. Since the contribution of the
term associated with this harmonic will considerably exicéee contribution of other terms in the
sum for the loss cone with a sharp boundary (whgn- 0O; see the following), we can neglect the
summation over harmonics and assume that the growthyrate/;, wherev, is the growth rate at
the s-th harmonic.

In the course of the analysis, Kuznetsov & Tsap (2007) ddrilie final form of the imaginary
part of the dielectric permeability (in the relation fo):

2
Ime'® ~ —272mic? Zpome 32 (kb ) o
| k2 ng s mwpg (6)
aﬁp(p) + Lp(p) tan 6. swp —1 Ap.
Op pAb,. Twsin? 0. p

where the momentum = (p.; p. ) and the parametér correspond to the point of tangengy, =
p.0 tand.. (see Fig. 18);/,(¢ ) is the first-order Bessel function.
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Fig.18 Schematic of the loss-cone distribution and the resonanpgdn the space of electron
momenta (from Kuznetsov & Tsap 2007).
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Fig.19 Dependence of the maximal growth rate of upper-hybrid wavethe plasma parameters
for the power-law distribution of electrons over momentdrorf Kuznetsov & Tsap 2007).

The derivation of Formula (6) somewhat differs from the esponding procedure in the work of
Zheleznyakov & Zlotnik (1975) because of another norméilimacondition for the functiory p(p)
and a misprint in the tensor of the dielectric permeabiligytibe coefficient in front of the matrix
(which contains the relativistic electron massg) (ather than the rest one (see appendix in Kuznetsov
& Tsap 2007).

As aresult of calculations, for the Maxwellian distributiof particles over momentum{(p) =
Arexp(—p?/2p3)) of the loss-cone type (4) and real values of the velocitgagit-0.1), the mod-
ulation depth between the peaks of the growth rates turntodag too small. However, calculations
performed with a power-law velocity distribution functianith an index of power of 8-10 yielded a
modulation depth that was quite sufficient for the ZP formmatit many harmonics (Fig. 19).
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A steep power-law spectrum of particles can be considereahamnalog of a small velocity
dispersion, although such spectra are sometime obsery@ekially in repeated bursts of hard X-ray
emission (data from RHESSI).

Yacrora, Ty
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Fig.20 ZP in the frequency range 2.6—-3.8 GHz in the event 2002 AfirilThe magnified fragment
of the spectrum (on the right) demonstrates the superfinetate of stripes in the form of periodic
millisecond spikes, which, for better visualization, anewn by contour levels of the intensity (from
Kuznetsov 2007).

Kuznetsov & Tsap (2007) and Kuznetsov (2007) applied thesiuits to interpret 34 ZP stripes
with a superfine structure in the form of millisecond spikeghe 2.6-3.8 GHz frequency range
(Fig. 20) under the assumption that the electron beams wamergted strictly periodically. It is
important to note that the straight lines, which connedtepin the adjacent ZP stripes (in the right
panel in Fig. 20) can be drawn at any inclination. Thus, tHeacity of beams can be any value, and
it is selected arbitrarily.

However, if we consider the possibility of simultaneousitaton of waves at 34 DPR levels in
the corona, assuming that the plasma density depends oltithéeaby the conventional barometric
formulafp = fpoexp[—(h — hpo)/10*T] and the magnetic field by the formula derived in Dulk
& McLean (1978) from the radio dat&® = 0.5 (h/Rs)~ !> whereR; is the Sun’s radius, then we
obtain that 34 DPR levels extend in the corona up to altitudes65 000 km, which, according to
current knowledge, correspond to the plasma frequery0 MHz.

We calculated the DPR levels shown in Figure 21 by using arbatgc formula with the com-
monly accepted coronal plasma parameters: the electrquetaturel, = 1.2 x 10° K and the initial
plasma frequencypry = 3800 MHz at the altitudéigg = 20000 km. If we use a dipole dependence of
the magnetic field for cyclotron harmonics, then the DPRmasges at harmonics with> 50 will
occur at altitudes higher than 100 000 km. Thus, the simetiaa excitation of waves at 34 levels in
the corona is impossible for any realistic profile of the plagdensity and magnetic field (if we do
not assume it to be smaller, so that it is on the order of madaiof the local density and magnetic
field scale heights). For example, if we assume that the ntegiedd decreases with altitude more
slowly (see, e.g. fig. 55 in Zheleznyakov 1995), then thedkamly be a few DPR levels at low
harmonics. It should be noted that, as a rule, only the firgtrsé cyclotron harmonics are easy to
excite, whereas the excitation of harmonics witls 50 is hardly possible.
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In this connection, let us note that in the following papeufKetsov 2008) the author proposed
an alternative mechanism: a model in which the superfine deahptructure is formed due to mod-
ulation of the radiation by downward propagating MHD ostithins. The wavelet analysis showed
a decrease of the period of spikes (from 40ms at 2.6 GHz to 2&t8s8 GHz). Variation of the
observed period of oscillations is caused by a variatiormefdpeed of the DPR levels (due to the
Doppler effect). It was found that in the considered even2002 April 22, the MHD oscillations
should have a period of about 160 ms and a speed of about 1580kriThis model allows us to
explain the observed variation of the pulse period with tinéssion frequency.

At the same time, the frequency drift rate of the zebra strifi@creasing with an increase of
the frequency from 60 to 160 MHz $) was explained by the upward moving DPR levels. The
observed polarization degree was connected with a padfabldrization when the emission prop-
agates through a region with a transverse magnetic fieldh Bothese last effects were often used
in many other papers (other events). However, there cammatiniversal interpretation because the
frequency drift is often oscillating (like a saw-tooth) atit degree of polarization may be very
different (sometimes with a change of sign during the event)

However, the superfine stripe structure in the form of nattiend spikes is apparently produced
during the generation of the primary continuum radio eroissrather than arising in the course
of ZP formation. This is confirmed by the detailed analysighaf time evolution of the spectral
amplitudes of continuous radiation several seconds bdifierappearance of the ZP. It is seen from
Figure 22 that, when there is not yet regular ZP stripes;iihe dependence of the radiation intensity
at the frequency 3.19 GHz clearly exhibits regular spiketh &iperiod of~30 ms. This period is
then present in the ZP (see Fig. 20). Thus, the superfinetsteus not a consequence of wave
excitation at DPR levels.

The superfine structure was also observed in the meter wetblgange. It was shown in
Chernov et al. (1998) that such a spiky structure can arisgaperiodic acceleration of fast parti-
cles provided that the simultaneous splitting of the ZPsfiis caused by the excitation of whistlers
under the conditions of normal and anomalous Doppler effgew beams).

Zlotnik et al. (2009) give an analysis of the occurrence bfagatterns in fast drifting envelopes
of continuum absorption, based on radio spectra of the Akirsical Institute Potsdam, shown in
Figure 23. For the explanation of a ZP in fast drifting (tyHeburst-like) envelopes, it is proposed
that we should consider complementary multinonequlibraamponents of the coronal plasma in
the DPR model. ZPs should be related to the emergence ofdastlp beams. However, prior to
the electron beam emergence, the nonequilibrium plasmsistsrof two components: one having a
loss-cone distributiorf; with velocity v; and causing the background continuum and another one
fo of DGH type (Dory et al. 1965) with velocity, being able to provide the DPR effect and thus
causing the ZP.

The loss-cone component is denser and cooler than the DGldament. Thus, for many rea-
sons, the stronger continuum can dominate the zebra patterking it invisible in the dynamic
spectrum. If the electron beam emerges, it fills the loss cquenches the loss-cone instability
(according to Zaitsev & Stepanov 1975), and causes a typiélburst in absorption. The switch-
off of the continuum during the electron beam passage méleezabra pattern visible against the
absorption burst background. Some specific parameter ttomsishould be fulfilled:

— for the zebra structure excitation by the DGH componer(vs/vr ~15-30), there exist rea-
sonable intervals of velocity; ~ (1/6-1/2), and electron number densify, < N; <(10°-
107) N, for the componenf; where the proposed generation scheme is valid;

— Ny, > Nj is a necessary condition for the absorption burst;

— the proposed scenario is only valid if the beam velocity & ¢/3) is much greater than the
bulk velocity of electrons in the loss coney(v, ~3-6) but the beam does not excite plasma
waves.
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— the beam electrons with great longitudinal and small trarse velocities fill the loss cone, while
the electrons with great transverse and small longitudielalcities enrich the DGH functiofy
with additional electrons, then an enhanced brightnesslmfazstripes is observed.

If even one of these conditions is broken, the ZP can hardbeap The authors conclude that the
described scheme quite naturally explains the (at firstogl@migmatic) appearance of a zebra pattern
during the electron beam passage without a type 1l burstiisgion. However, two distributions
(DGH and loss-cone) can exist simultaneously but in ratifeerdnt places of the radio source.

We should also observe several properties of ZP stripeseirsplectrum that were not noted
in Zlotnik et al. (2009). Not all the type lll-like envelopésive negative frequency drift; it is pos-
sible to note almost instantaneous changes in the broadP@r@b:31 UT) or even cases showing
positive drift (07:06:25UT). A ZP is visible between the efopes. It is possible to trace continu-
ous ZP stripes lasting through five envelopes with the spdsralty changing drift. The ZP is only
strengthened during the envelopes and it experienced #ip ghmps in drift (by zigzags).

Such almost vertical pulsating envelopes of the ZP are metphenomena. For instance, let us
see an excellent sample in figure 6(c) in Slottje (1972). ;dahent from 1974 July 3, similar ZP
envelopes were continuing during several hours (Slottfli@€hernov 1976b). Smooth or abrupt
changes in the frequency drift of ZP stripes in the event 08410ctober 25 were discussed in
Chernov (2005) on the basis of the natural mechanism of tmegfion of stripes in absorption due to
the diffusion of fast particles in whistlers. The whistleawes are always generated simultaneously
with the plasma waves at an upper hybrid frequency by fadicies with a loss-cone velocity
distribution. This diffusion process is examined in Cher(990) and in more detail in Chernov
(1996, 2005). The important feature was noted there: thegdmin the sign of the frequency drift
correlate with the change in the direction of the spatidft afi the ZP radio source (see figs. 32
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Fig.21 Altitude dependence of the plasma frequency in accordaiitbethre barometric lawheavy
line) and altitude profiles of the electron cyclotron harmoni¢Bght lines) in the solar corona. For
the electron temperaturg, = 1.2 x 10° K and initial frequencyfpo = 3800 MHz at an altitude
of hgo = 20000 km, 34 DPR levels form between 2600 to 3800 MHz in the plasmarta(from
Laptuhov & Chernov 2010).
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Fig.22 Superfine structure of the continuum in the form of spikeditperiod of~30 ms (from
Laptuhov & Chernov 2010).
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Fig.23 Dynamic radio spectrum with zebra patterns in fast driftemyelopes recorded on 1998
August 17 by the spectrograph of the Astrophysical IngiRbtsdam (from Zlotnik et al. 2009).
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and 64 in Chernov 2006). The loss-cone distribution fumctibbanges due to the diffusion and the
whistler generation switches from normal Doppler resorancan anomalous one. In such a case,
the whistler group velocity changes its direction to theagfe, which results in the change of sign
of the frequency drift of ZP stripes. Additional particlgantion can only accelerate this process and
strengthen the instability of whistlers, which can be datb the strengthening of the ZP in drifting
envelopes in the event examined in Zlotnik et al. (2009).

Thus, in the model with the whistlers, the absorptive ZBpsgiare not formed due to the quench-
ing of the loss-cone instability, but due to only the scatigof fast particles on whistlers and only in
the whistler wave packet volume. This mechanism explaiasgiasmodically changing frequency
drift, and it does not require any strict specific compleragnparameters.

The appearance of absorptive bursts depends strongly ampsegrs of new beams. Chen & Yan
(2008) showed that the large scale beams with longtimetioje¢~ 1 s) are responsible for broad-
band type llI-like absorptive bursts, and only the smalleségams with very short injection times
(~0.2ms) could be responsible for absorptive spikes (see figChen & Yan 2008). New beams
with great longitudinal velocities enrich the whistler geation in anomalous Doppler resonance
(Chernov 1996) and, as a consequence, the formation of flRestThis explains the strengthening
of ZP stripes observed during drifting envelopes (Fig. 28¢. could propose that the same effect
is included in bright ZP stripes in absorptive type lll-likarsts in the event on 2006 December 13
(Fig. 12). However, in such a case, the whistler generatioh as a consequence, the formation of
ZP stripes also depend strongly on the velocity distribuiiothe new beams.

In the recent small critical review of Zlotnik (2009), thevadtages of the DPR model and
the main failures of the model with whistlers are refined. @héhor asserts that the theory based
on the DPR effect is the best-developed theory for ZP origimater-decimeter wavelengths at
the present time. It explains in a natural way the fundanietRafeature, namely, the harmonic
structure (frequency spacing, numerous stripes, frequdrift, etc.) and gives a good fit for the
observed radio spectrum peculiarities with quite reastenphrameters of the radiating electrons
and coronal plasma. The statement that the theory basedistieshis able to explain only a single
stripe (e.qg., a fiber burst) was made in Zlotnik (2009) witttbe correct ideas of whistler excitation
and propagation in the solar corona.

First of all, Zlotnik uses the wrong term “oscillation pedioof whistlers. Actually, the loss-cone
particle distribution is formed as a result of several pgssaof the particles in the magnetic trap.
However, the whistler amplification length is always smaii the order ok 10® cm in comparison
with the length of the magnetic trap being 10° cm) for any energy of fast particles (Breizmann
1987; Stepanov & Tsap 1999). According to Gladd (1983), tlevth rate of whistlers for relativis-
tic energies of fast particles decreases slightly if therklhtivistic dispersion is used. In this case,
the whistlers are excited by anisotropic electron distidns due to anomalous Doppler cyclotron
resonance. Thus, our conclusion that the entire magnapatin be divided into intermittent layers
of whistler amplification and absorption, remains validddsroad energy range of fast particles.

In Zlotnik (2009), the main matter which is ignored is that thodel involves quasilinear inter-
actions of whistlers with fast particles, allowing one t@kin all the fine effects of the ZP dynamics,
mainly the superfine structure of ZP stripes and the osciidtequency drift of the stripes which
occurs synchronously with the spatial drift of radio sostce

4.2 Models of ZP Formation during Radio Wave Propagation in the Corona

Let us consider the capabilities of alternative models. @htie first such models was proposed
in Laptuhov et al. (2005) and further developed in LaptuhoC&ernov (2006), where a one-
dimensional inhomogeneity was considered in which thenpéaand field parameters varied pe-
riodically in space along one coordinatevith a periodL, = L (e.g., in the presence of nonlinear
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thermal structures) and the magnetic fiddd= (0, 0, B) was perpendicular to the inhomogeneity
gradient and directed along theaxis.

The wave equation obtained from Maxwell's equations andrdghamic equations for the
perturbed velocity of electrons and ions in a cold nonumnifonagnetoactive plasma yields a gener-
alized vector equation for the perturbed electric field,chas separate solutions for ordinary and
extraordinary waves. The problem is reduced to derivingctireesponding dispersion relations in
a spatially inhomogeneous medium in which the profiles ohlibé plasma density and magnetic
field are approximated by stepwise functions. An analysihefsolutions to this problem revealed
the existence of transparent regions separated by opagiomseof different widths depending on
the inhomogeneity scalk.

Thus, the dark ZP stripes observed in the radio emissiontrgpeacan form due to the exis-
tence of opaque regions in a spatially periodic medium. Téguency separation between transpar-
ent regions increases with frequency (in agreement witleriasions). The number of harmonics
grows with increasing amplitude of the inhomogeneity, buhtdependent of the ratio of the plasma
frequency to the gyrofrequency in the source. This may helpvercome all the difficulties in ex-
plaining the large number of ZP stripes and small values®htlagnetic field determined from the
frequency separation of stripes (e.g., in the DPR-basedcod

At practically the same time, Barta & Karlicky (2006) ayzgd a similar problem in which the
formation of harmonics during the propagation of a wave ulgitoregular inhomogeneities (such
as oscillations behind a shock front) was considered in @lffied approach. The wave equation
was written for an unmagnetized plasma, the dispersiotisaafor harmonics were not derived,
and solutions for the amplitudes of reflected and transthiti@ves were searched. From the conser-
vation laws and boundary conditions admitting the existemitnontrivial solutions, the frequency
dependence of the transmission coefficient was found. Asudtrenultiple narrow harmonics (trans-
mission regions, called interference stripes) separategbhcity (reflection) regions were obtained.
In view of analogy with the results of Laptuhov & Chernnov @8), it is worth comparing the
parameters of transmission regions obtained in these tywerpa

In Ledenev et al. (2006), a similar problem was considerednireven simpler approach in
which the interference pattern produced by the incidens myd those reflected from regular in-
homogeneities was analyzed. The problem was solved in thegfeical optics approximation by
using the eikonal equation (by analogy with the problemgiitipropagation through a crystal lat-
tice). The size of the radio emission source was assumed iafibgely small, and the emission
spectrum was considered to be sufficiently broad. Evideimtlgase of radio wave reflection from
smooth inhomogeneities, the interference pattern carlmaw @is much contrast as that produced
by light reflected from a solid body. Moreover, the ordinang @&xtraordinary waves are reflected
from layers with different plasma densities. Therefore,rttodulation depth of the total interference
pattern produced by many small-sized sources is relatsraiil.

In Laptuhov & Chernov (2006), the propagation of electron&t@g waves through a spatially
periodic plasma was investigated to explain the ZPs obdémsolar radio bursts. The possibility of
existence of one-dimensional spatially periodic strugsun the solar atmosphere was demonstrated
in Kovalev (1990); Laptuhov (1991) and Laptuhov & Cherno®@8) assumed that the waves prop-
agate in an unbounded collisionless plasma alongetlagis perpendicular to the magnetic field
B = (0,0, B(x)).

In Laptuhov & Chernov (2009), a more realistic model in whilspatially periodic plasma
occupies a region of thickne$éL containingN identical plasma layers of thicknegswas con-
sidered. For simplicity, each layer is assumed to consistofpiecewise-homogeneous layers with
thicknesses < L andb = L — a. In the regions < 0 andx > N L, the plasma is uniform.

Let us consider the propagation of broadband radio emissisach a plasma. As a matter of
fact, the region occupied by the spatially periodic plassa frequency filter with multiple trans-



Recent Results of Zebra Patterns in Solar Radio Bursts 857

parency windows separated by opaque regions (see fig. 1 tuthap& Chernov 2006). If broad-
band radiation is incident on the filter input & 0), then, at the outputx(= NL), the radiation
spectrum will only contain the frequencies that corresporttie transparency windows of the filter,
while the amplitudes of waves with frequencies correspomth opaque regions will be practically
zero. As a result, after passing through such a filter, a stresimilar to the ZP observed in the
solar radio spectrum will form. This is the essence of thesptal mechanism that was proposed in
Laptuhov & Chernov (2006) to explain the ZP formation in sakdio emission. In this case, the
mechanism for the generation of primary broadband radiesgon can be arbitrary (e.g., beam —
plasma or cyclotron loss-cone instability (Zheleznyak699).

Let us first analyze the propagation of an ordinary wave, #id @f which is described by the
following simple formula (see eq. (8) in Laptuhov & Chernd®08):

)
7+l<:2E:o, k* = , w2 = w2 4w (7

The plasma frequenay,(x) and the corresponding constatts in different plasma regions are
defined by the formulas

wp(—00 <2 < 0) =wy, wp(NL <z < 00)=ws,
wpln—=1)L<z<a+(n—-1)L =w, n=1,2..N, 3
wpla+ (n—1)L <z <nl|=ws, wy=ws > wr, (8)

kmE V ((4}2—(4)7271)/6, m207172737

where all of the four frequencies; (j = 0,1,2,3) are constant. In this case, it is assumed that
in the regionst < 0 andx > NL the plasma is uniform, and between thein{ = < NL) is
locatedN of the identical layers, each of which is piecewise-unif@na has thicknessk. Let an
electromagnetic wave with frequengy> wy propagate along the axis in the regior: < 0. Then,
taking into account wave reflection from the regibr = < N L, a general solution to Equation (7)
in the regionz < 0 can be written as

E(x <0) = Eyexp(ikoz) + E, exp(—ikoz), 9)

whereFE is the amplitude of the incident wave, which is assumed toibengandZ. is the ampli-
tude of the reflected wave.
In the regionr > N L, there is only the transmitted wave. Therefore, in thisargive have

E(x > NL) = Fy expliks(x — NL)]. (10)
After simple manipulations, we obtain the transmission ifiléction coefficients
2 2
Ky = mod (£5) K, = mod (55 ) =1 - Ki. (11)

By definition, the coefficienf; is equal to the ratio of the intensiY = ¢ [E, B]/4x of the
transmitted wave to that of the incident wave. It can easlgiown that the coefficient of reflection
from N inhomogeneous plasma layerdis = 1 — Kj.

Note that the results obtained can also be generalized toathe of extraordinary waves de-
scribed by equation (17) in Laptuhov & Chernov (2006) (cf. Eg)). Below, we will consider
some examples of calculating the reflection and transmmssiefficients for different parameters
of plasma inhomogeneities.

The number of stripes and their shape depend on the paranfstieh as the size and number)
of inhomogeneities. The profile of the harmonics of the réfeccoefficient in the form of narrow
peaks separated by relatively wide frequency intervals Eg. 24) can be interpreted as radiation
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Fig.24 Reflection coefficientX, of ordinary waves as a function of the frequengyfor n; =
ng - 0.84 = n3,no =n2,a =>b=10mM,ny = 1.2d + 8, andN = 50 (from Laptuhov & Chernov
2009).
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Fig. 25 Reflection coefficienR = 1 — T for the series of 50 density wells produced by the density
drop as a function of the frequency of an incident wave (froant® & Karlicky 2006).

stripes similar to those present in the lower spectrum inr@dié in Chernov (2006). Thus, in this
case, the ZP is probably observed in reflected radiatione it the harmonics of the reflection
coefficientin Figure 24 agree better with observations thamesults of similar calculations in Barta
& Karlicky (2006) presented in Figure 25. In our case, thian even comb of harmonicsin which the
frequency separation between neighboring harmonicsasesegradually with frequency, whereas in
Barta & Karlicky (2006), intense harmonics alternatehwiteak ones. Presumably, inhomogeneities
in the form of density dips, which were considered in Bart&&licky (2006), cannot provide the
observed widths of the ZP stripes. Moreover, we take int@actthe fact that the magnetic field
and harmonics of an ordinary wave agree better with obdenst

For a smaller number of larger inhomogeneities wite= 45 m, the frequency profile of the

transmission coefficient (see Fig. 26) yields nearly synmimbaarmonics, which are most frequently
observed (see the upper spectrum in fig. 16 in Chernov 2006).
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Fig.26 Transmission coefficienk’; of ordinary waves as a function of the frequen€yfor no =
n3 = 1d + 8, n2 = 1.5ng, n1 = n2/2,a =45m,b = a, N = 10, andB = 5G (from Laptuhov
& Chernov 2009).
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Fig.27 Transmission coefficienk’; of ordinary waves as a function of the frequeni€yfor n; =
nala, no = 2n2/(14+a) =ns, b=L/(1+a),a=ab, L =3m,a =2,n2 = 1.0d + 11, and
B = 100G (from Laptuhov & Chernov 2009).

Figure 27 shows the results of calculations of the transorissoefficient in the microwave
range. It is seen that, after passing through inhomogeseitith a thickness of. = 3 m, the spec-
trum of ordinary waves consists of symmetric harmonics fteguency separation between which
increases gradually with frequency, which agrees with nlagi®ns. A sufficiently large number of
harmonics are produced when the number of inhomogenestied d.

4.2.1 Some concluding remarks

An analysis of the difficulties arising in different modeffssvs that the improvement of these models
necessitates imposing new stringent conditions on thenpeteas of plasma and waves in the source.
The simplest model is related to the propagation of radioesdtirough regular inhomogeneities,
because inhomogeneities are always present in the solanaoHowever, for the cm range the
effectiveness of this model requires inhomogeneities tiversize of several meters. Such scales
can be produced by ion-acoustic waves or the oscillatocttre of the density and the magnetic
fields behind the shock wave front. Existence of such wavekarflare region with the magnetic
reconnection is completely probable. The alternative rapidm of the formation of small-scale
heterogeneities could be the tearing-mode instabilityhef ¢urrent-carrying loops in the process
of magnetic reconnection (Tan 2010). In this case, the dycgof ZP stripes (variations in the
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frequency drift, stripe breaks, etc.) may be associatel thvét propagation of inhomogeneities, their
evolution, and their disappearance.

The observed frequency difference between neighboringtiges increases with frequency.
This corresponds to the propagation of ordinary waves, lénetree field of which is parallel to the
unperturbed magnetic field, through a spatially periodéspia. The number of discrete harmonics
does not depend on the ratio of the plasma frequency to thergguency in the source. The latter
circumstance can eliminate all the difficulties that arisexplaining the large number of ZP stripes
and the small magnetic field value determined from the fraquseparation of stripes (e.g., in the
DPR based model).

The superfine structure observed in the microwave rangen\alighe continuous emission
consists of spikes (Fig. 20), indicates the presence ohpdawave — whistler interaction in the
pulsed regime of whistler interaction with ion acoustic @gin the radio emission source generating
ordinary waves (this mechanism was considered in Chernal €003)). An alternative source of
pulsed radio emission may be associated with plasma dgndigptions caused by the propagation
of a finite amplitude wave. The generation of electron cyolotnaser radiation, which is considered
to be a possible cause of the observed spikes in Fleishmanel&ikbv (1998), is dominated by
extraordinary waves.

4.3 Other Recent Models
4.3.1 Nonlinear periodic space — charged waves in plasma

Kovalev (2009) has investigated periodic nonlinear wawesg tan arise in plasma due to the ex-
citation of potential oscillations by accelerated elestravith unstable distributions. As was noted
in Kovalev & Petviashvili (1994), one-dimensional singdeak distributions of accelerated electrons
are most likely to exist in the solar flare plasma. Such ededtistributions excite resonant Langmuir
oscillations with frequencies, <min {wp,wp}, due to the anomalous Doppler resonance. Low-
and high-frequency modes of Langmuir oscillations can ftarge-amplitude periodic nonlinear
waves. The corresponding spectrum of electromagneticsvexated resonantly by the current of a
potential wave is calculated. It is shown that an equidistpectrum of electromagnetic radiation in
plasma can form in the presence of a periodic potential wave.

Thus, the radio emission harmonics can be generated gired¢te source in the form of a non-
linear periodic space charge wave in plasma. In Kovalevgp@0solution in the form of such a wave
propagating in a magnetic field was obtained using the hyarachic approach (without taking into
account wave dispersion). The spectrum near the breaking pothe vicinity of which the number
of harmonics increases substantially, was calculated.tBwtectron bunching, the periodic wave
with the spatial period = 2rulw, has the form of spatially alternating negatively and pesiyi
charged layers with an increased and a decreased electisitydin the presence of a wave electric
field, the accelerated particles are subject to additioeabdic acceleration and deceleration, due to
which an electromagnetic wave is generated.

For a sufficiently large amplitude of density oscillations, @ large number of harmonics with
frequency separation close to the electron-cyclotronfeagy can be excited. The number of these
harmonics is determined by the parameter= W which characterizes the degree of
nonlinearity. Thus, for ~ 0.9, we haveV = 34. Since the radio emission can be generated in a
relatively small-size source, the key difficulty of the DBRsed model, namely, the excitation of a
large number of harmonics in a distributed source, is ovee@-ig. 20). The number of harmonics
can be fairly large when one of the plasma oscillation mosldsminant. In this case, the amplitudes
of harmonics decrease fairly slowly(s~/3) with increasing harmonic number
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Due to inverse processes, the energy of background eleatyostic waves can transform into
the energy of potential oscillations at the resonance frqiessw,. This can lead to the formation
of an absorption zebra pattern consisting of stripes witb@ekssed radiation intensity.

The efficiency of the quite natural mechanism associated mdnlinear space charge waves
depends on whether strong nonlinearity is reached; howeweaditions for achieving the nonlin-
ear regime were not considered in Kovalev (2009). The nealitty should rapidly increase and
disappear in the course of wavebreaking«(at1).

4.3.2 The new alternative mechanism of the ZP due to develujhexplosive instability in the
system beam — plasma

Observations of ZPs during powerful flares make it possibkssume that the particle acceleration
to relativistic velocities and excitation of different wewnodes occur in the radio source. Therefore,
probably, other possible interactions of waves and pasgishould be taken into account. For ex-
ample, in Fomichev & Fainshtein (1981) was proposed the ydatstability of whistlers to the
harmonics of the ion sound, which have weak spatial disper@nd small damping at frequencies
much less than the ion Langmuir frequengy. In Fomichev et al. (2009) an alternative mechanism
of ZPs is discussed, due to the development of explosivabiigy in the system, which is a weakly
relativistic beam with nonisothermic plasma. The explesivstability appears in the nonequilib-
rium system, where there are waves of negative energy (Kesdonet al. 1964), moreover, in the
resonance triplet the wave of the highest frequenaysofust possess negative energy, and the two
lowest wavesd; ») have positive energy. Fomichev et al. (2009) have shownttigatmechanism
of the generation of the ion-acoustic “saw” as a result ofdbeelopment of explosive instability
in the system with a weakly relativistic flow of protons andagly nonisothermic plasma is more
effective in the energy sense.

The number of harmonics of ionic sounds determined by two factors: 1) the dispersion of
ion sound must be sufficiently smajl2) v.; < w (w — the angular frequency of sound), i.e., ihe
harmonic of sound must weakly attenuate.

The quasi-hydrodynamic approximation was utilized foratibéng the interaction of the parti-
cles of the beam and plasma (Fainshtein & Chernova 199608igz1967). Linearizing the hydro-
dynamic equations for the processes-oéxp(iwt — ikx), a dispersion equation for the system of
flow—plasma was obtained:

LA.)2- (.()2- (4}2
1 — 01 0i Os =0 (12)
2 w—c ’
w oAk w = k) (1 - )
wherew?, = 4me? Nos My ', wg, = 4me? Ngo M~!, w is the cyclic frequencyk is the wave

number;e, M,, M — electron charge, the rest mass of the ion beam, and the rhtssion of the
plasma respectivelyi, = Nos + ps; Ve = Vo + Viips, Vs, pi, Vi—the deviation respectively
of ion concentrations of the beam, speed of the ions of beantantration of the ions of plasma,
and velocity of the ions of plasma from their equilibriumwes$ N, Vo, No, 0. With V /cs >

1, Nos/No < 1 from (12) the approximate dispersion equations were obthin

wi =0 & ¢k = csmyg; (13)

wgo —k32 Vo & Fwos + 03 <1. (14)

Wos

1 n2q¢2c2w?;; ¢ — wave number of the base ion-sound mage;- ion-sound speedtf = o.M ~1), M —ion massa-—
Boltzmann constant.



862 G. P. CHERNOV

Equation (13) describes the ion-acoustic wave (energytipesiand (14) slow (3, negative
energy) and rapiddz, positive energy) beam waves. The numier- 0 is selected from the escape
condition of radio emission from the corona. Itis easy tedeine that for the slow beam waves(
k3), the fast beam waveug, ko) and the sound({, q) the conditions of synchronism are satisfied
(Tsytovich 1970). From taking the conditions of synchramiato account (13), (14) we will obtain:

mq =~ 2w VO_1 . (15)

Since the sound has weak dispersion, the cascade processislp:

mq + mq — 2mq + mq — 3mq + mq... mngq.

Then, after decomposing nonlinear terms in (1) up to the rptamdterms and after using the
standard procedure in the weak turbulence (Weiland & Whiitsslon 1977; Tsytovich 1970), the
shortened equations for the complex amplitudes of couptimugles are obtained: beam modes
a;(j = 1,2) and ion soundy(k = 1,2,...mn). The analysis of interaction coefficients showed
that the systems of such equations describe the stabileqidsion” (Fainshtein 1976).

It is also shown that the increment of the growth of ion soumthis case considerably exceeds
the values obtained in Fomichev & Fainshtein (1981). Treeefthe mechanism in question occurs
much more effectively.

The generable sound is scattered over the fast protonshwindwe with a speed of~V, ~
10'°cm s™! and, according to the mechanism described in Fomichev &Eiis(1981), the radia-
tion from the source frequencydg ~ mqn\, and frequency separation between the stripésis
mqV. Taking into account Equation (15) and selected param@¥éys- 5 x 10° cm=3, NS-N(}1 ~
103, the constant magnetic fietld 30 G) we obtain, for the emission frequencypt34 MHz, the
value of coefficientn = 15, (7 x 102 < mn < 15 x 10%) and the frequency separation between the
adjacent stripedw! ~ 15MHz. The obtained value dtu corresponds to the observed frequency
separation in the decimeter wave band (Chernov 2006). Imlboee given estimations, the wave-
length of the ion sound 100 m, the initial frequency1.0 kHz and the cyclic frequency of the slow
beam wavevus ~ 7x10? wo; (that correspond te- 10 GHz).

Discrete emission bands are possible when the width of eads®on band will be less than the
value of the frequency separation. This condition imposestiction on the dispersion of the beam
velocities. As shown in such estimations, and implementelgamichev & Fainshtein (1981), the
beam of protons must be sufficiently quasi-monoenergetitarcase in questiodyVy /1 < 1073,

5 CONCLUSIONS

We have considered several of the most recent events wittpaeuliar elements of zebra patterns.
All new properties are considered in light of both what waewn earlier and new theoretical mod-
els.

In two events (2004 July 24 and 2004 November 3), the largée AP consisted of small-scale
fiber bursts. The appearance of such an uncommon fine steustepnnected with the following
special features of the plasma wave excitation in the raglimce: both whistler and plasma wave
instabilities are too weak at the very beginning of the ewétite continuum was absent), and the fine
structure is almost invisible. Then, whistlers generateectly at DPR levels “highlight” the radio
emission only from these levels due to their interactiomygiasma waves.

A unique fine structure was observed in the event on 2006 DieeefB: spikes in absorption
formed darks ZP stripes against the absorptive type I8-tilirsts. The spikes in absorption can ap-
pear in accordance with the well known mechanism of absa@itirsts. The additional injection
of fast particles filled the loss-cone (breaking the lossecdistribution), and the generation of the
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continuum was quenched at these moments, which was evidlegdbe formation of bursts in ab-
sorption. The maximum absorptive effect occurred at the [@v8s. The parameters of millisecond
spikes are determined by small dimensions of the particdeniseand local scale heights in the radio
source.

Thus, in each new event, the new special features of the finetgte are revealed. However,
they are usually related with the varied conditions in therse. In such a case, one ought not to find
the special emission mechanism for each event, which wasategly done before.

The DPR model helped to understand several aspects of Urelsaoeents of ZPs. In this con-
nection, the calculations of growth rates of upper hybrigegwith a different distribution function
of fast electrons inside of the loss-cone is very import&oizheysov & Tsap 2007). However, dis-
cussions concerning the validity of taking into account onseveral harmonics in a hybrid band
continue. At the same time, Laptuhov & Chernov (2009) shotted the simultaneous existence
of several tens of the DPD levels in the corona is impossitiehy realistic profile of the plasma
density and magnetic field (if we do not assume the order ofnitade of the local density and
magnetic field scale heights to be smaller).

Since all known models still have deficiencies, the attertptseate new theories continue. We
examined three new theories.

The formation of transparency and opacity bands duringtbpagation of radio waves through
regular coronal inhomogeneities is the most natural anchigiag mechanism. It explains all main
parameters of a regular ZP. The dynamics of ZP stripes fi@m&in the frequency drift, stripe
breaks, etc.) can be associated with the propagation ofiolgeneities, their evolution, and disap-
pearance. Inhomogeneities are always present in the smlana, however direct evidence of the
existence of inhomogeneities with the scales of severa¢rmén the corona are absent, although
ion-sound waves could serve this purpose.

The model of a nonlinear periodic space, charged waves snaaKovalev 2009), is also a
very natural mechanism in the solar flare plasma. Howevéngrtase of intrinsic plasma emission,
it gives a constant frequency separation between stripeswof, while the observations verify the
increase of the frequency separation with frequency. Intiatd the condition of achieving strong
nonlinearity remains uncertain.

The mechanism of scattering fast protons in ion-sound haitadn explosive instability looks
very uncommon, and it requires a number of strict conditidtiiough the fast protons always exist
in large flares, the presence of nonisothermic plasma is atpfeasible in the shock wave fronts.

The last two models could be useful in describing large rédicsts. All three models are re-
lated to a compact radio source. The number of discrete hdomdoes not depend on the ratio
of the plasma frequency to the gyrofrequency in the devetogrof all three models. The latter
circumstance can eliminate all the difficulties that aris¢thie DPR model.

Acknowledgements We are grateful to the Nobeyama, TRACE, RHESSI and SOHO (LA&LT)
teams for operating the instruments and performing theclukega reduction, and especially for their
open data policies. G.P. Chernov appreciates the supptredthinese Academy of Sciences and
NSF of China, with Prof. Yan Yihua, which enabled this worktWNAOC colleagues, as well as the
Russian Foundation of Basic Research (RFBR), grant No2B&0270 and 11-02-91151.



864 G. P. CHERNOV

References

Abada-Simon, M., Lecacheux, A., Louran, P., Dulk, G. A.,i®e&, L., Bookbinder, J. A., & Rosolen, C. 1995,

in IAU Coll. 151, Flares and Flashes, Monograph, eds. J. @renal., 454, 32

Aschwanden, M. J. 2004, Physics of the Solar Corona (Pruxisighing)

Barta, M., & Karlicky, M. 2001, A&A, 379, 1045

Barta, M., & Karlicky, M. 2006, A&A, 450, 359

Benz, A. O., & Kuijpers, J. 1976, Sol. Phys., 46, 275

Breizman, B. N. 1987, in Problems in Plasma Theory, ed. B. &ldtntsev (Moscow: Energoizdat), 15, 55

Chen, B., & Yan, Y. 2008, ApJ, 689, 1412

Chernov, G. P. 1976a, Soviet Astronomy, 20, 582

Chernov, G. P. 1976b, Soviet Astronomy, 20, 449

Chernov, G. P. 1990, Sol. Phys., 130, 75

Chernov, G. P. 1996, Astronomy Reports, 40, 561

Chernov, G. P. 1997, Astronomy Letters, 23, 827

Chernov, G. P. 2005, Plasma Physics Reports, 31, 314

Chernov, G. P. 2006, Space Science Reviews, 127, 195

Chernov, G. P., Markeeyv, A. K., Poquerusse, M., etal. 199844334, 314

Chernov, G. P., Yasnoy, L. V., Yan, Y.-H., & Fu, Q.-J. 2001 J8A (Chin. J. Astron. Astrophys.), 1, 525

Chernov, G. P, Yan, Y. H., & Fu, Q. J. 2003, A&A, 406, 1071

Chernov, G. P., Yan, Y. H., Fu, Q. J., & Tan, C. M. 2005, A&A, 43047

Chernoy, G. P, Yan, Y., Fu, Q., Tan, C., & Wang, S. 2008, Saysk, 250, 115

Chernov, G. P, Yan, Y. H., Tan, C. M., Chen, B., & Fu, Q. J. 284l. Phys., 262, 149

Dabrowski, B. P., Rudawy, P., Falewicz, R., Siarkowski, 8Kus, A. J. 2005, A&A, 434, 1139

Dory, R. A., Guest, G. E., & Harris, E. G. 1965, Phys. Rev. L 44, 131

Dulk, G. A., & McLean, D. J. 1978, Sol. Phys., 57, 279

Fainshtein, S. M. 1976, Zhurnal Eksperimental noi i Teatetskoi Fiziki, 71, 1021 (Sov. Phys. JETP 44, 534)

Fainstein, S. M., & Chernova, E. A. 1996, Zh. Eksp. Teor.,Hi@9, 821 (1996, JETP, 82, 442)

Fleishman, G. D., Stepanov, A. V., & Yurovsky, Y. F. 1994, Szitys., 153, 403

Fleishman, G. D., & Mel'Nikov, V. F. 1998, Usp. Fiz. Nauk 16865 (Soviet Physics Uspekhi, 41, 1157)

Fomichey, V. V., & Fainshtein, S. M. 1981, Sol. Phys., 71, 385

Fomichey, V. V., Fainshtein, S. M., & Chernov, G. P. 2009 siRia Physics Reports, 35, 1032

Fu, Q., et al. 2004, Sol. Phys., 222, 167

Ginzburg, V. L. 1967, Propagation of Electromagnetic Wamd?,lasma]oscow, Nauka

Ginzburg, V. L., & Ruchadze, A. A. 1975, Volny v magnitoakt®j plazme., eds. V. L. Ginzburg, & A. A.
Ruchadze (Moskva: Nauka) 256 (in Russian)

Gladd, N. T. 1983, Physics of Fluids, 26, 974

Guo, Y., Ding, M. D., Wiegelmann, T., & Li, H. 2008, ApJ, 67%29

Huang, G.-L. 2003, New Astronomy, 8, 213

Huang, G.-L. 2004, Proceedings of the IAU Symposium 226, EdDere, J. Wang, & Y. Yan (Cambridge
University Press), 95

Huang, J., Yan, Y., & Liu, Y. 2007, Advances in Space Resge&8h1439

Kadomtsey, B. B., Mihailovsky, A. B., & Timifeev, A. V. 196Zh. Eksp. Teor. Fiz. 47, 2266 (Sov. Phys. JETP
20, 1517)

Karlicky, M., & Barta, M. 2007, Advances in Space ReseaB$h 1415

Karlicky, M., Barta, M., Jificka, K., et al. 2001, A&A, 75, 638

Klassen, A. 1996, Sol. Phys., 167, 449



Recent Results of Zebra Patterns in Solar Radio Bursts 865

Kovalev, V. A. 1990, Kinematika i Fizika Nebesnykh Tel, 6, 38

Kovalev, V. A. 2009, Plasma Physics Reports, 35, 394

Kovalev, V. A., & Petviashvili, V. 1. 1994, Russian Phys.3J7, 699 (Russ. Izv. Vyssh. Uchebn. Zaved., Fiz., No.
7,118)

Krishan, V., Fernandes, F. C. R., Cecatto, J. R., & Sawan®.2003, Sol. Phys., 215, 147

Krueger, A. 1979, Geophysics and Astrophysics Monograpbsdrecht: Reidel, 1979

Kuijpers, J. M. E. 1975a, Collective wave-particle int¢iaes in solar type IV radio source, Ph.D Thesis
(Utrecht University)

Kuijpers, J. 1975b, Sol. Phys., 44, 173

Kuznetsov, A. A. 2007, Astronomy Lett., 33, 319

Kuznetsov, A. A. 2008, Sol. Phys., 253, 103

Kuznetsov, A. A, & Tsap, Y. T. 2007, Sol. Phys., 241, 127

LaBelle, J., Treumann, R. A., Yoon, P. H., & Karlicky, M. 2008pJ, 593, 1195

Laptukhov, A. 1. 1991, in Interplanetary Medium and Magrsgtoeric Processes, Nauka, Moscow (in Russian)

Laptukhov, A. I., & Chernov, G. P. 2006, Plasma Physics Risp8L2, 866

Laptukhov, A. I., & Chernov, G. P. 2009, Plasma Physics Risp856, 160

Laptuhov, A. I., Chernoy, G. P., & Kovaley, V. A. 2005, in Int@tional Symposium, Astronomy-2005: Current
State and Prospects (Moscow), Book of Abstracts, Papef PPr3GAISh 78, 31

Ledenev, V. G., Karlicky, M., Yan, VY., & Fu, Q. 2001, Sol. Bhy202, 71

Ledenev, V. G., Yan, Y., & Fu, Q. 2006, Sol. Phys., 233, 129

Lin, J., & Forbes, T. G. 2000, J. Geophys. Res., 105, 2375

Magdalenic, J., VrsSnak, B., Zlobec, P., Hillaris, A., & §&erotti, M. 2006, ApJ, 642, L77

Mészarosova, H., Karlicky, M., Sawant, H. S., Fernande C. R., Cecatto, J. R., & de Andrade, M. C. 2008,

A&A, 491, 555
Mollwo, L. 1983, Sol. Phys., 83, 305
Mollwo, L. 1988, Sol. Phys., 116, 323
Ning, Z., Fu, Q., & Lu, Q. 2000, A&A, 364, 853
Osten, R. A., & Bastian, T. S. 2006, ApJ, 637, 1016
Pick, M., Démoulin, P., Krucker, S., Malandraki, O., & Mala. 2005, ApJ, 625, 1019
Priest, E., & Forbes, T. 2000, Magnetic Reconnection, edBriest, & T. Forbes (UK: Cambridge Univ. Press),

612,
Roussey, . I., Forbes, T. G., Gombosi, T. I., et al. 2003,,588, L45
Sawant, H. S., et al. 2002, Advances in Space Research, 29, 34
Schwenn, R., et al. 2006, Space Science Reviews, 123, 127
Slottje, C. 1972, Sol. Phys., 25, 210
Slottje, C. 1981, Atlas of fine Structures of Dynamic Spectfr&olar Type IV-dm and Some Type Il Bursts,

Utrecht Observatory
Stepanov, A. V. 1974, Soviet Astronomy, 17, 781
Stepanov, A. V., & Tsap, Y. T. 1999, Astronomy Reports, 43 83
Strong, K., Bruner, M., Tarbell, T., Title, A., & Wolfson, Q. 1994, Space Science Reviews, 70, 119
Sych, R. A,, Sawant, H. S., Karlicky, M., & Mészaroso¥,2006, Advances in Space Research, 38, 979
Tan, B. 2010, Ap&SS, 325, 251
Tan, B, Yan, Y., Tan, C., & Liu, Y. 2007, ApJ, 671, 964
Tsuneta, S. 1996, ApJ, 456, 840
Tsytovich, V. N. 1970, Nonlinear Effects in Plasma (New YdPkenum Press), 1970
Wang, S. J,, Yan, Y. H,, Liu, Y. Y., Fu, Q. J., Tan, B. L., & Zhang 2008, Sol. Phys., 253, 133
Weiland, J., & Wilhelmsson, H. 1977, Coherent Non-linedetaction of Waves in Plasma (Pergamon Press)



866 G. P. CHERNOV

Winglee, R. M., & Dulk, G. A. 1986, ApJ, 307, 808

Wu, D. J., Huang, J., Tang, J. F., & Yan, Y. H. 2007, ApJ, 665/1.1

Yan, Y., Huang, J., Chen, B., & Sakurai, T. 2007, PASJ, 59, 815

Zaitsev, V. V., & Stepanov, A. V. 1975, A&A, 45, 135

Zheleznyakov, V. V. 1995, Radiation in Astrophysical Plasnfengl. transl. Kluwer Academic Publisher),
Dordrecht (in Russ., Izdat. Nauka, Moscow, 1977).

Zheleznyakov, V. V., & Zlotnik, E. I. 1975a, Sol. Phys., 44,74

Zheleznyakov, V. V., & Zlotnik, E. Y. 1975b, Sol. Phys., 44614

Zlobec, P., & Karlicky, M. 2007, Sol. Phys., 246, 419

Zlotnik, E. Y. 2009, Central European Astrophysical Buie83, 281

Zlotnik, E. Y., Zaitsev, V. V., Aurass, H., Mann, G., & HofmanA. 2003, A&A, 410, 1011

Zlotnik, E. Y., & Sher, E. M. 2009, Izv. VUZov Radiofizika, 585 (Rus), Radiophysics and Quantum
Electronics, 52, 88.

Zlotnik, E. Y., Zaitsev, V. V., Aurass, H., & Mann, G. 2009, ISBhys., 255, 273





