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Abstract. We discuss a source model for the origin of solar type IV burst fine structures (FS) using the data of an event in
AR 7792 on 25 October 1994. After giving a comprehensive observational treatment of FS (Paper I), here we repeat the main
observed facts to construct a simplified radio source model. It consists of two interacting loops (named LS1 and EL) with
one spatial order of magnitude scaldfelience (turning heights 70 and 7 Mm). We consider the implications of this model

for physical mechanisms of broad band pulsations (BBP) and zebra patterns (ZP). Our analysis leads to the conclusion that
meter wave BBP and ZP originate from a common magnetic source structure — a large asymmetric coronal loop. It is shown
that the BBP result from periodically repeated injections of fast electrons into the asymmetric magnetic trap. The excitation
of plasma waves is due to the stream instability when these electrons are propagating along the loop. We demonstrate that a
two percent quasi-periodic modulation of a magnetic field component in ELfiigisat for it to act as a periodic electron
accelerator. The ZP is due to a plasma wave instability at the levels of double plasma resonance (DPR) in an inhomogeneous
source distributed along the loop axis of LS1. The DPR frequencies appear at those height levels where the upper hybrid
frequency is equal to a harmonic of the gyrofrequency. Two Appendices review theoretical details needed to understand the
given ZP interpretation. The gyrofrequency as a function of height was derived from a force-free extrapolated field line that
passes the coronal radio source. After knowing the loop turning height and the magnetic field strength we identified for a fixed
observing time the harmonic number of each zebra stripe. The comparison of the calculated DPR levels with the observed
zebra stripe peak frequencies yields a density law for the ZP source volume. It turns out that this is a barometric law with a
temperature near $K. We demonstrate that the drift of the whole ZP to higher frequencies can be explained as a signature
of magnetic field decrease gnd plasma cooling in the ZP source. The time delay between BBP and ZP was found to be due

to the higher fast particle threshold of the DPR versus the beam instability. The present analysis confirms the double plasma
resonance model for the ZP fine structure, and underlines the significance of force-free extrapolated photospheric fields for
coronal magnetic field modelling.
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1. Introduction patterns and which can elucidate the most probable reasons of
. . their origin.
In Paper |, we gave an extended introduction to the problem 9

of solar radio burst continuum fine structures (FS) with specia| Broadband pulsations (BBP): we recall Figs. 3, 5, 6, and 9
regard to broad band pulsations (BBP) and zebra patterns ( )of Paper |. The duration of BBP emission was ab,Ol:It 3;.5 min

There, the reader can find detailed reference to earlier work(lo:05+ 10:08:30 UT). The period of BBP in the frequency

in the field. Paper | presents the FS observations for the event,
. . . , and 15G-400 MHz was, on average, 1.33 s. The lower fre-
of October 25, 1994 in active region NOAA 7792 and explains quency boundary of BBP appeared rather sharp in the begin-

(together with Aurass et al. 1999) the relation between the radioning of the event but slowly drifted from about 150 MHz to
data and the magnetic field measurements in the photosphere130 MHz in the final stage. In the dynamic spectrum, BBP
its extrapolation to the corona, and to tiiehkohsoft X-ray (the single pulses) sometimes have a weakly pronounced

and the K imaging data. Here we briefly summarize the data form of type J bursts (Suzuki & Dulk 1985 for this term).

directly related to the occurrence of radio pulsations and zebraAlSO, the pulses reveal a rather high negative frequency drift

e-mail: zlot@appl.sci-nnov.ru ing frequency, source motion was observed in the course
* Appendices A and B are only available in electronic form at of a single pulse. The speed wasl k 10° kms™. The
http://www.edpsciences.org main BBP source was aboufl0% (right handed) circularly
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Fig. 1. Source model from optical, X-ray and radio measurements (see Pagertie loop LS1 is the main source of BBP and ZP: fast electron
streams exciting BBP are injected at the SW footpoint. ZP stripes arise at the DPR levels (stippled) in the NE parpEb&tgement of

the encircled SW range: the leading spot in conflict with the emerging parasitic polarity loop (EL). The wavy circle is a site of reconnecti
and electron acceleration.

b)

c)

polarized. In the following we assume fundamental mode for simplicity the use of one representative field line of LS1
emission for the BBP source. is suficient in the present work. For completeness we recall
Zebra pattern (ZP): we recall Figs. 3, 7, 8, and 11 of thatina certain time of FS evolution the source of BBP at

Paper |. The ZP became strongest during the final stage ofigh frequencies was split into two subsources. In this timg,
the BBP (within 1 min from 10:08 10:09 UT) between  the second large loop system (LS2) came into play. We will
130 + 220 MHz. More than 20 stripes can be discrimi- USe the term “LS2” also in the following, but it plays no
nated. Mostly, stripes drift from lower to higher frequencies. guantitative role in FS modelling.

The drift velocity was of the order of 2 MHz% The fre-
quency interval between adjacent stripes at a fixed mom%ntA source model
tended to increase with frequency from 2 MHz at 150 MHZ

to 5 MHz at 220 MHz. This interval also increases Wwitlysing the observational data and bearing in mind our interpre-
time towards the end of the event. Heliographic observgtion of BBP and ZP in the event of interest, we plotted in
tions showed that the radio emission in ZP sources was @ijy. 1 a simplified outline of a source model thereby sketch-
cularly polarized £26%, right handed). Again, we assumgng the origin of the observed FS. The main source of BBP
fundamental mode emission of the FS source. The sourggg| ZP is located in a highly asymmetric loop forming a mag-
were located in the NE of the active region. There the magetic trap. Magnetic field strengths at the loop footpoints were
netic field was weaker than in the center of AR 7792. Thg, ~ 200 300 G andB, ~ 20+ 30 G. The diameters of foot-

ZP source moved perpendicularly to the former observg@int regions were taken & ~ 14.7 Mm andd, ~ 57.3 Mm,

BBP source. The instantaneous stripe frequency drift ra{grrespondingly. The distance between footpoints was:

was linearly related to the speed of the projected source m&28 Mm. The loop extended up td ~ 75 Mm above the
tion. It is important that some time delay exists between t'ﬁﬁlﬁotosphere, and the average magnetic field at the top of the
occurrence of BBP and the appearance of intense ZP on{i2g) wasByp ~ 2 G. The source of fast electrons was concen-
dynamic spectrum. trated near the footpoiml; with strong magnetic fiel®;. We
Magnetic field: in Aurass et al. (1999) and Paper | we itknow that the interaction of a small-scale loop system saturat-
vestigated in detail the force-free extrapolation of the Kithg emerging parasitic flux with the loop systems LS1 and LS2
Peak magnetographic measurements in a certain area (&ig. 2 of Paper |, and Aurass et al. 1999) is driven during the
suming plane geometry) around the sigmoidal flaring actiflare. The accelerated electrons were moving along the trap axis
region before and after our event of interest. We tried to offom its footpoint to the top. We suggest that the fast electrons
tain the best possible representation of the loop structusgise either due to the interaction of the asymmetric loop LS1
visible in radio, Hr, and soft X-ray images. As mentionedyith emerging flux EL, or due to processes inside the compact
the FS sources were both situated in and nearby the notttep EL with following injection into the big trap LS1.

eastern branch of the sigmoidally formed loop pattern. We According to radio imaging data (see Paper 1), the
named this part of the coronal magnetic field loop systeAP source was localized in the region of a weak magnetic field
“LS1". Here, in searching for representative parametersitothe trap LS1 ¢,), while the BBP source was closer to the
apply theories of FS formation, we use for the unknowiootpoint with a strong magnetic field{). We will argue that
coronal magnetic field LS1 the extrapolated field values ottie BBP in the considered event are associated with fast elec-
tained for LS1 as shown in Fig. 2 of Paper I. As we will seg¢ton beams, periodically injected into the trap LS1 from the
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accelerator. A part of such electrons is trapped in LS1. Multipleat the plasma density inside the tube exceeds markedly
injections result in an increase of the number of trapped elebe densityop outside it:o > 0. In our case at least the
trons. At some stage, the threshold for instability at the levdlsst condition is not valid because the greatest diameter of
of double plasma resonance is overcome, and enhanced ratthi@-magnetic loop is of the order of its length (see Fig. 1).
tion of plasma waves occurs as zebra pattern in correspondiigpagating MHD waves have the basic frequency k, Va,
regions (marked by dotted lines in Fig. 1). The simultaneowgherek, = jo;a *(1-0/00) %2, jo1 = 2.4 is the first zero of the
change of the dierent ZP stripes which are generated in sp8essel functiorlp, Va = B/\/l?g is the Alfvén velocity inside
tially distributed sources within LS1 gives strong evidence fahe cylinder. Atog/0 < 1 the oscillation periody, = 2r/w is
collective processes in the loop and for ongoing changes of ggal to:

hysical conditions in the trap volume.
Py P a6l (1)

Tp = =
"7 jouVa Va
3. Pulsations The relation (1) is obtained for a homogeneous magnetic

In thi tion w nsider t ibl f di cP/Iinder. In our case the magnetic trap is essentially non-
. S sectio e.co S .er Wo pqssu e.reasons or radio pHdmogeneous one. Its radiasnd Alfvén velocityVa change
sations that are widely discussed in the literature:

with height. We can calculate the dependence of theehlfv”

1. the modulation of radio emission flux density by MHDYelocity inside the trap on the height using the extrapolation
oscillations of coronal magnetic loops, and of the magnetic field into the corona. Also we can use the

2. the pulsed acceleration of electrons in the radiation soufbg1a@mic spectrum of the radio event taking into account that
volume. the apex of the trap (where magnetic fieldBs~ 2 G at
the heighth ~ 65 Mm) corresponds to a plasma frequency
A variety of the second mechanism is the periodic injection of f, = (?N/am)¥? ~ 130 MHz and a plasma density of
fast electrons after having been accelerated outside the radie: 2 x 10° cm3 (e andm are charge and mass of electron),
source. respectively. Assuming a barometric height distribution of elec-
When MHD oscillations develop, the magnitude of th&ron density in the loop with the temperatufe= 2 x 10 K,
magnetic field strength and the mirror ratio in the trap are mode obtain that the Alfeh velocity in the loop sharply increases
ulated. That changes both the energy spectrum and the nunften top towards footpointsvy = 3 x 10’ cm s for plasma
of trapped particles. Therefore for any generation mechanitwel f, = 130 MHz andVa = 4 x 10° cm s for plasma level
the radio emission flux density will be modulated with the pef, = 220 MHz. The loop radius decreases from apex towards
riod of MHD oscillations in a wide frequency band. MHD osfootpoints as approximatelg/awp = (Bop/B)Y2, whereayp
cillations may be excited as a result of a pulsed disturbarmed By, are loop radius and magnetic field in the trap apex. It
inside a loop (Roberts et al. 1984), chromosphere evaporatiotlows from Eg. (1) that the oscillation period will markedly
(Zaitsev & Stepanov 1989), or due to bounce-resonance, witapend on the height. For example, fgr= 130 MHz (apex
a period of bounce-oscillations of energetic particles in the trapthe loop) the period is, = 50 s, while forf, = 220 MHz
coincides with one of the periods of MHD oscillations of thé is equal tor, = 0.7 s. Thus, the considered MHD waves are
trap (Meerson et al. 1978). not capable to provide synchronous pulsations in a wide fre-
A periodic regime of acceleration is possible under the oguency interval and are no appropriate cause for the observed
cillation dynamics of current sheets (Tajima et al. 1982; Tajintadio pulsations.
et al. 1987; Sakai & Oshava 1987), as well as in large scale
electric fields of the coronal magnetic loops when MHD oscils
lations or current oscillations are excited (Zaitsev et al. 1998).
Another source of pulsations can be the periodic acceleration of
electrons anfr their periodic injection into a coronal magnetic
loop. The question arises to identify the driving force of such
Eigen modes of coronal magnetic tubes have been investiperiodic and long-lastingfiect. The answer was given by
gated by numerous authors (see, for example, the reviewAyrass et al. (1999): from inside the loop system LS1 (Fig. 1)
Aschwanden 1987). These investigations showed that a sl approaching western flare ribbon of the erupting arcade
sound mode and a fast kink-mode are not capable of explainight act as a permanent driver of the activity in our model
ing oscillations with periods of the order of 1 s. The best fitonfiguration (see also ¥riak et al. 2000). The following facts
for such events is given by the fast sausage mode and shigport that at least in our event of interest the pulsations were
magnetosonic wave MHD mode. The fast kink mode existisie to periodic injection of electron beams into the loop:

. ; 5 .
only in rather thin tubes, whea/L < 10°%, whereais ara- 1 The source of acceleration was localized at the leading foot-
dius of the tubel is its length. Also, the kink-mode implies point of the trap (SW in Fig. 1, see Aurass et al. 1999).

L Athird way to explain BBP is the non-linear pulsating stage of in2- | "€ pulses revealed a negative frequency drift like type I

stability (Trakhtengertz 1968; Zaitsev 1970; Kuijpers 1978). We don't @nd sometimes alsdbursts. If the negative frequency drift
consider this approach for our event of interest because we would IS associated with electron beams propagating from dense
obtain BBP with too short periods (milliseconds, Zaitsev & Zlotnik  to rarefied plasma in the solar corona, thehape confirms
1986). the presence of a trap-like source (see Fig. 6 in Paper I).

.2. Pulsed acceleration of electrons

3.1. Magneto-hydrodynamic loop oscillations
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3. Theradio images showed that the sources of separate putsbss (lonson 1982), as well as the electrodynamics of hot stars
tend to move along the trap axis from high to low frequerf€onti & Underhill 1988) and disk-accreting magnetic neutron
cies with a velocity of the order of {B)c, c is the speed of stars (Miller et al. 1994). In our case an appropriate loop (a
light. source of accelerated particles) may be the compact emerging

) . o ~magnetic flux EL shown in Fig. 1b. An electric current flows

We consider now several possibilities of a periodically actingang the loop between the footpoints and is closed through the

acceleration mechanism. photosphere at heights corresponding to the fevglyy = 1.

The electric circuit is closed along the shortest path between

the footpoints. The electro-motive force resulting in the electric

current and large-scale electric field accelerating the particles

According to our model (Fig. 1) we assume that a big coronial concentrated in the loop footpoints and is associated with

loop (the source of pulsations) interacts with a compact emetge coupling of convective plasma flows and the loop magnetic

ing loop (EL). In the region of possible magnetic reconnectidigld. Similar to reconnection, in this case the flare ribbon in-

(shown by a wavy circle in Fig. 1b) fast particles might occugracting with the loop LS1 can play an active part, being an

and penetrate into LS1. The possibility of the pulsed regime @gcelerator of the photospheric convection as well as an ampli-

magnetic reconnection was noted in Smith (1977), but the gigr of electric fields and currents in the loop EL.

riod of oscillations was not calculated. Tajima et al. (1987) con- Let us represent the total current through the loop crossec-

sidered explosive reconnection of two current-carrying loofien asl = lo + |, wherelg is a quasi-stationary current along

and found the possibility of periodic energy release by ate loop and. is a small oscillating fraction. Then the equation
alytic calculations and computer simulations. The attractid@r the oscillating fraction has the following form:

of two loops carrying the currerjtis due to Ampere’s force , 2 2

(1/0)[j x B]. The lowest period of pulsations di. [ CRUYDL .

dt2 L dt LC(lg)

Trin = 2157 *(d/ Vi) ©) whereR(lo), L andC(lo) are equivalent resistance, inductance
is determined by a typical sheet width Alfven velocityVa and capacity of the loop, respectively. The equivalent resis-
and the ratio of kinetic to magnetic pressgre: 8tNTx/B2. tance r_;md capacity depend on thg magnet|cf|e_ld inside the loop
Here B is the magnetic field outside the current shdetis which is determined by currents in a self—consustt_ent model.
plasma temperature,is the Boltzmann constant. The period FOr the casd; > Bf (weakly twisted magnetic loop) the

of pulsations increases together with the amplitude resultingﬂﬁ”Od of current oscillations is given by relation (Zaitsev et al.
a transit timea/Vx for the tube of radiug. At Va ~ 103 km st 1998):

3.2.1. Current sheet oscillations (periodic
reconnection)

®)

anda ~ 10° km this mechanism gives periods close to the ob- on a 8b  7\Y2 a\l2

served ones. Acceleration of particles is caused by electrostaticc = — +/LC(lg) = 2r— (In — - —) (—) . (4)
and induction fields resulting from the coalescence of two coro- ¢ Va a 4 |

nal loops. Assuming for the loop EL in Fig. 1b the magnetic fieBd~

In our case the additional circumstance initiating reconnegg G (the magnitude of emerging magnetic field), plasma den-
tion may be associated with the flare ribbon shown in Fig. dity N = 2 x 10° cm2 (the highest frequency of pulsations,
It can compress the footpoints of the loop LS1 and play ta@0 MHz), the sizess ~ 1 Mm andl ~ zb ~ 10 Mm, we
role of a driver for fast reconnection. However the pulsatiasbtain the periodg.c ~ 1.4 s, close to the observed pulsation
quality Q in the current loop coalescence model is rather loweriod 1.33 s. Note that th@-factor for current oscillations in
Computer simulations by Tajima et al. (1987) show that thRe current-carrying magnetic loop, determined by the relation
energy of electrostatic and inductive fields decreases by an@r= (L/C(lo))Y4(cR(l¢))™%, is rather high and can get values
der of magnitude after just the first few (3—4) oscillations. I@® = 10° + 10* for typical parameters of flaring magnetic loops
contrast, for our event the quality of pulsations was extremeg(iyaitsev et al. 1998).

high @Q ~ 107). Let us consider DC-electric field acceleration in a current-
o ) . carrying loop more in detail.

3.2.2. RLC-Oscillations of emerging magnetic The current-carrying loop can produce fast electrons due

loop (EL) to the direct acceleration in a large scale electric field. Such

A further cause for BBP may be the resonance oscillatiofdi€ld is formed in footpoints of the small emerging current-

of a current-carrying magnetic loop. This becomes clear §&TYing coronal loop (EL), where converging flows of photo-
treating it as an equivalent electric circuit. The electric cisPheric plasma exitin this case the positive charge prevails

cuit approach has been applied to thefafent problems Near the magnetic tube axis, and negative one is located mainly
of solar and stellar physics including flares (e.g., Afv& at its outskirts. A charge separation results from the fact that the

Carlqvist 1967; Spicer 1976; Kan et al. 1983; Melrose &2 . s an optical depth in the ling = 5000 A. At the level
McClymont 1987; Melrose 1991; Zaitsev & Stepanov 1997, = _ 1 the conductivity is isotropic.

Zaitsev et al. 1998), filaments (e.g., Kuperus & Raadu 19743 Electron acceleration due to magnetic field reconnection in sev-
van Tend & Kuperus 1978; Martens 1978; Scheurwater é&al small regions within a flaring flux tube was analyzed by Kuijpers
Kuperus 1988), loop transients (Anzer 1978), heating of flx981). Such a mechanism provides sporadic acceleration of electrons.
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ions are magnetized less than electrons, so the ions are n@oradial magnetic field,/B > 102. When the amplitude,
easily transported by convective flows. The projection of tH®comes so large, the velocity and the density of fast electrons
electric field on the magnetic field which causes particle accelill be increased, too.
eration is determined by the relation (Zaitsev et al. 2000): Under conditions of the corona and chromosphere the ratio
EB 1-F B2 5 of Dreicer’s field to accelerating one is usually rather great.
Ej=— =~ Il > = (5) With an exponential dependence of paraméten Ep/E; the
B 2-F eNé(1+eB?) B modulation appears to be deep éB(/B;) > (E;/Ep) ~
whereB; is the radial component of the magnetic field in thé072, i.e. at small oscillations of the radial component of the
region of electric field generation (assumed to be rather smafiagnetic field.
Br < B), F = Namy/(Nama + Nm) is the relative density of the Decimetric pulsations with lower period$ (~ 0.54 s, see
neutral plasma component with atom densityand atomic Figs. 1 and 9 in Paper I) occurring at the final stage of the event
massm,, N = N; is the number density of electrons and iongan be associated with the modulation of radiation inside the
o = éN/me(vei + vea) is the conductivity due to electron-ioneémerging loop EL. It seems that in this case the magnetic con-
collisions (collision number,;) and electron-atom collisions hection between LS1 and EL becomes insignificant, and accel-
(collision numbewey), ve is the velocity of convective flony =  erated electrons remain in EL. Here they are accumulated and
oF2/(2-F)c2Nmvia, via = 6x 107N, VT is an dfective ion- can give rise to a plasma wave instability. The decrease of the
atom collision number (Golant et al. 1977). LRC pulsation period down to 0.54 s may be due to the growth
When the electric field is periodically modulated, the folof the non-potentia, component when EL is emerging more
lowing scenario of pulsed acceleration arises. A modulati@nd more. It causes a decrease of the equivalent capacity of the
can occur due to periodic change of the radial componeiectric circuit (Eq. (4)) that results in a decrease of the pulsa-
of magnetic field caused by either MHD-oscillations of cordion period.
nal magnetic loop or oscillations of electric current flowing
through cross-section of the loop (RLC-oscillationB)t) = 4 7epra- pattern
Bio + B, sinQt. In this case the modulation of a beam of ac-
celerated runaway electrons may be rather deep even if #gbra patterns pose the intriguing problem for theorists to ex-
changesE; = E;(5B;)/By of the accelerating field is small, plain such a highly structured emission—-absorption “surface” in
since (as shown below) the conditi@/E; > 1 is valid in the frequency—time plane. ZP were discovered in the early days
the source of acceleration, whegg = esz/UT is the Dreicer Of solar radio burst spectral observations (see, for example,
field, w2 = 47&?N/m, vr = (KT/m)*2, A is the Coulomb loga- Elgaroy 1961; Slottje 1972a,b, 1981, Bernold 1980; Chernov
rithm. The productivity of the acceleration mechanism for ruit al- 1975). The picture is so specific that for a long time there
away electrons is determined by (Knoefel & Strong 1979): Were doubts about its solar origin. Chernov et al. (1998) com-
pared IZMIRAN, AIP, and ARTEMIS observations to verify

Epb Ep the solar origin of ZP. Already some theories of ZP formation
- E” YT=N were put forward

) E 3/8
N[s™] = O.35NveiV(ED) exp
I

ZP exists against the background of the type 1V continuum.
whereV is the volume of the acceleration region. We see théthile short-time type 1l bursts and other fast drifting bursts
assumingN, ~ 10° cm™3 (see Sect. 4.3), ~ 10'° cms?, are associated with electron streams propagating through the
and S ~ 7 x 10 cn?, we obtain a minimum rate of elec-corona along magnetic field lines, the long-lasting type IV ra-
tron acceleratio ~ 7 x 10?° els™. This value is 5: 7 or- dio emission is understood as radiation provided by electrons
ders of magnitude less than the rate of electron acceleratiomaving non-equilibrium distribution over the velocity perpen-
large flares (Miller et al. 1997). When electrons are acceleratfidular to the magnetic field (trapped electrons, so-called
by the electrostatic field of current-carrying loops, the regiaing-type or loss-cone distributions). Similar mechanisms of
of acceleration is concentrated in the chromospheric footpoiitistability are considered for ZP.

of the loop. We take for the acceleration region= 10° K, The most prominent feature of the event of interest are sev-
N = 101%cm™, V ~ (7 + 10) x 10?* cm®. So, the neces- eral (here about 20) parallel drifting emission and absorption
sary rate of acceleration will be provided under the conditictripes spaced by approximately equal frequency intervals from
Ep/E; = 46. The energy of electrons in pulsations 30 keV each other. The spacing is usually much less than the frequency
will be acquired at the acceleration length 05 Mm. In the of radiation. This, together with a high brightness temperature,
chromosphere the conditiamB? > 1 is valid. Using rela- implies a coherent generation mechanism of radio emission
tion (5) we find the ratio of the Dreicer field to the acceleratingt harmonics of some characteristic frequency in the source
field: Ep/E ~ 10F (3% 10%/uc) (105/T)"" - (B/By), with ugin  volume. o S .

cms?!, Tin K. At T = 10° K the main atmospheric neutral The first question is what instability can provide the ob-
constituent is helium due to dielectron recombination (Burge rved frequency spectrum. One possibility |s_the_ excnatlon
1964). In this casd is about 7x 107*. If the convection is Bernstein modes at gyrofrequency harmonics in a quas-
rather slow ¢ = 10° cms?), the necessary value of the rahomogeneous compact source (Rosenberg 1972; Zheleznyakov

tio Ep/E; = 46 will be reached iRLC-oscillations produce & Zlotnik 1975). Another opportunity is the enhanced
generation of plasma waves at the upper hybrid frequency in an

4 Cross section of the pulsation source at the trap apex. inhomogeneous flux tube. The emission will grow at the levels
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of so-called double-plasma resonance (DPR). The kinetic and The consideration given in Appendices A and B refers to
hydrodynamic case were firstly considered by Zheleznyakowvt&e instability in the homogeneous plasma with constant elec-
Zlotnik (1975) and Kuijpers (1975a,b, 1980), respectively, latéron density and magnetic field. Now let us turn to a nonho-
developed by Mollwo (1973, 1983), Winglee & Dulk (1986)mogeneous source as shown in Fig. 1a. We assume that LS1 is
and others. filled with equilibrium plasma (for the moment we do not in-

Longitudinal plasma waves cannot escape from the solaxke a possible influence of the approaching flare ribbon) and
corona. So, a conversion of plasma waves to electromagnetiminor amount of hot electrons with ring-type velocity distri-
radiation has to take place. As a mechanisms of nonlindartion. If the gradients of magnetic field and electron density
transformation of plasma into radio waves, there was sugjong the lines of force are not the same, the DPR condition (7)
gested the coalescence of Bernstein modes with plasma waseagalized at discrete layers. These are defined by the intersec-
(Rosenberg 1972; Chiuderi et al. 1973; Zlotnik 1976, 197 ®jons of the curved,, andsfg in Fig. 2. At these layers the
Other approaches were the coalescence of two plasma wasmsanced emission arises, and the dynamic spectrum will con-
at the upper hybrid frequency in weakly anisotropic plasnsist of alternating dark and light stripes. It is easy to see that in
(Zlotnik 1976), and the coalescence of plasma waves witre framework of such a scheme the distance between the zebrz
whistler waves (Chernov 1976, 1990). stripes

As done with the BBP in the previous section, our aim Le
is now to select a proper ZP mechanism based on oAif/fg ~ T (8)
source model Fig. 1. Firstly, bearing in mind the rather great Ly = Ll
amount of recorded zebra stripes, we reject the generatiorisofletermined both by the gyrofrequency, that is by the mag-
Bernstein modes in a homogeneous source. Their growth raiieide of the magnetic field, and by the height scales of
decreases sharply with harmonic number increase. Accordthg magnetic field g = B(dB/dh)™* and the electron density
to Zheleznyakov & Zlotnik (1975) the Bernstein mode modély = 2N(dN/dh)~%.
cannot explain ZP with more than 4 or 5 stripes. We claim The generation mechanism shown includes the nonlin-
that the most probable cause of ZP is plasma wave genetar transformation of longitudinal electrostatic waves—excited
tion in an inhomogeneous source. In the given magnetic flak the upper hybrid frequency—into electromagnetic radiation
tube (Fig. 1) there are height levels where the upper hybrid figeely escaping the corona. The frequency interval between the
stripes is equal to (8) if the radiation is a result of the coales-
cence of high frequency plasma waves (i.e. at a frequency close
to f,) and some low frequency waves (for example, whistlers

B > 2 or ion sound waves). Another transformation mechanism is the
fun = v fp+fg=sfs () scattering of plasma waves by ions. If the radio emissionis a re-

sult of the coalescence of two high frequency plasma waves, the

(s |sTtrP11e har:n;o;:ﬁ r:/urlnt:ﬁrt)h | tem (cor di riﬁht side of (8) must increase by 2. Both cases can be distin-
a se ezﬁceegf I: ;z fre eeonocp Sés; ((_:.C:q-»:ebs por?t Ln% Walﬁished by polarization measurements. The radiation at twice

sequ Ot plasm quency lev .S) It bright but n e plasma frequency should be only weakly polarized in a rel-
row band radio radiation. To explain this more in detail some

. . . . . atively weak magnetic field. In our event the circular polariza-
theoretical considerations are necessary. For easier readmg{i r?degree of ZP was26%. Thus, the ZP are most probably

pIacgd this in the Appendiceg: the main r_esults of the theory ndamental mode emission at the local plasma frequency. The
Ipngﬂ_udmal_ waves propagating perpend!cular to the mggne&gtance between the stripes is equal to (8). In this paper we
field, including waves e, are summarized in Appendix A, simply assume that the transformation took place without fur-

and some theory of the kinetic DPR instability can be found Her considering this necessary step to obtain radio emission.
Appendix B. The results are used in the following sections. If for the characteristic length scalés, < Lg, then the

distanceAf is equal to the electron gyrofrequency: this means
4.1. The generation mechanism Af =~ fg. In this case we immediately find the magnetic field
_ ) . __in the source. But if we apply this approach to our data of in-

The .enhanced generation of electr(_)statlc. mode§ arises '”tg]%st, say at about 200 MHz withf of about 2 MHz, we ob-
hybrid band § - 1)fg < fun < ST if the instability ocCu- ain 5 100. If electrons radiate at such high harmonics their

pies the wavelength interval with a normal dispersion law (Sgfergy must be rather great. Therefore the weakly relativistic
Zheleznyakov & Zlotnik 1975). The highest increments appe proximation is not valid. No zebra stripes would appear.

near thg lower boundary of the hybrid b_and. The bandwidth o Consequently, the inverse case must be more probable so
instability can be much less that the distarfgebetween the 5 the magnetic field changes with height faster than the

harmonics for a sfiiciently high velocity of nonthermal gjecyron density. This is the case in Fig. 2. Hareis Ly/Lg
electron8. The peak increment doesn’t markedly depend QMes less than the gyrofrequency:

the harmonic number. This is in accordance with the observa-
tions. Ln > Lg, Af/fz =~ Lg/Ln, 9)

quency fu=4/fZ + f2 coincides with the frequencies of har
monics of electron gyrofrequendy = eB/2rmc

5 Unlike the Appendices here and hereafter the térm w/2r is 7 As it will be seen later, in the source of ZP the inequality>
used instead ab for convenient comparison with observations. fg or s > 1 is fulfilled. That is why the dependendg(h) instead
¢ for exampleve ~ (10+ 20)r at harmonicss ~ f,/fs ~ (10+30).  offun(h) = (f2 + f2)"/is plotted in this figure.
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Fig. 2. The DPR source of ZPa) gyroharmonicssfz and plasma frequencf, via heighth. Intersection points are DPR levels) Positive
frequency drift due to magnetic field decrease. Selig{t;) and dotteds fz(t,) are gyroharmonics at timés > t;. The DPR level moves to
higher frequencies) Frequency drift due to plasma cooling. Solid and dottgdre plasma frequency gtandt;. The decrease of the scale
of f, (and of electron density) results from plasma coolifi¢t) < T(t1)). Again, the DPR level moves to higher frequencies.

Evidently, the ZP may appear only if the distance between the An essential feature of our source model is the spatial sep-
adjacent DPR layers is greater than the bandwidth of a singlation between sources off#irent stripes. From this point of
stripe at the given harmonic. Otherwise we would observeveew it might appear strange that the change of frequency of
continuum emission. As is shown in Appendix B, the bandlifferent stripes occurs synchronously. Actually, this is due to
width 6f of DPR radiation at a spatially fixed point of thethe fact that the collective processes prevail in the loop, and
source is negligibly small compared fg. The true bandwidth the magnetic trap changes as a whole. During the flare of in-
is determined by the plasma inhomogeneity and the finite sieeest, X-ray and radio data confirm a reformation of the field
of the source of a separate stripe. The frequency interval of and density structure in the active region corona (Aurass et al.
hanced emissiofif must be less than the distance between ti1999).

stripes. That is, it must satisfy the inequaliti/Af < Lg/Ln.
Indeed, it can be shown (see also Appendix B) that the ba
width 6 f is rather small compared ti@.

The described qualititative model of the source can easfiyom the previous discussion of the emission mechanism, the
explain many features of ZP. Itis seen from (9) and from Fig. Z& 9gives information about magnetic fields in the corona.
that the frequencies at the DPR levels are not fully equidistahtis is of some diagnostic importance because direct mea-
Moreover, in the framework of our source model (under cogurements in the corona by optical observations are impossi-
dition Ly > Lg), this distance increases with frequency in adl€, and until now spatially resolved field estimates from ra-

cordance with observations. This can be nicely seen in Figdip data were tried only using the well-known theory of mi-
of Paper I. crowave emission (e.g. Gelfreikh 1998; Klein 1992). However
Our source model can naturally explain the observed pég[ AR NOAA 7792 the force-free extrapolated coronal field

itive frequency drift of zebra-stripes towards higher frequet-> derived from photospheric field measurements (Paper I).

cies when the burst decays. Such a drift is a common featlljrfeF'g' 3 we present a typical height over field strength plot
. o along a selected field line of the FS loop system LS1 (compare
for many ZP (see, for example, Slottje 1981). The positive frE-i > of Paper |
guency drift can be caused by the decrease of the magnetic fleﬁf_rh per 1). lot the d d f f h
In the source: in this case the set of curedg(h) in Fig. 2a is monic:;‘ \gg c():r??hg rc:eig:t aﬁgiﬂe?:E(ligr(\)Nhgi]Z;Odreenqslijtf/nr?(/)d;r_
i I f i lati h h B
moving to lower frequencies relative to the curfigh), and éae DPR #ect appears. This must be compared with the zebra

each point of intersection — defining the frequency of a fix et ies (Fig. 4). Let us do this f ai lected
stripe — is moving up along the curdg(h) (Fig. 2b). The pos- S.”gg requencies (Fig. 4). Let us do this for certain selecte

itive drift is also obtained by a change of the steepness of ) - .
g According to our scheme shown in Fig. 2a, the minimum

curvefy(h): if the scalelLy decreases with time towards the en i< field he | q h .
of event (that means cooling of plasma in the loop takes plac gnetic field at the loop apex corresponds to the maximum

then the curvef,(h) become steeper. The points of interse@— rmonic numbe_r. The lowest freque_\ncy of ZP at 10:08:23 UT
tion with harmonicssfs(h) are again moving up providing the'S 136.9 MHz (Fig. 4). The magnetic field along the chosen
positive frequency drift of zebra stripes (Fig. 2c¢). An increa

élge has its minimum valud,,, ~ 1,76 G at a height oh ~
of the distance between stripes with time seen on the dynar@ﬁst,750 km. We conclude that the highest harmonic number at
spectrum follows from the suggested schemé?.too

r}E'Z. Matching of theory and observations

this moment issmax =~ 1369 MHz/ fg(Bmin) =~ 27. Being bound

to the height, we can determine the numbers of harmonics of
zebra stripes on the instantantaneous spectrum at the moment
& Correspondingly, the negative and wave-like drift of zebra stripd$:08:23 and plot dependenciefg(h) for harmonicss = 11+

given for example in Elgaroy (1961) can be associated with the id7 (Fig. 5a). Horizontal lines in this figure are the observed
crease of the magnetic field or plasma heating in the source volumérequencies on zebra stripes at the selected moment. The points




1018 E. Ya. Zlotnik et al.: Radio fine structures. Il.

100

-1 80

60

~L 40 h

B [G]

T 20

320> 320

_ W20 3 40 50 e 70
160 160 g«‘N h [Mm]
a) b)

Fig. 3. Magnetic field line selected from extrapolated LS1 (see Fig. 2 of Pape@rperspective viewb) height dependence of field strength.
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Fig. 4. The dynamic spectrum of ZP 10:08:2010:08:50. The white dotted line enhances the time evolution of a single zebra step&?(
according to our counting). Dark dotted lines mark two instantaneous spectra used in Fig. 5.

of intersection of two sets of curvesfg(h) and the observed frequency interval 136160 MHz for the moment 10:08:23 UT:
frequencies of ZP) marked by dots are the DPR levels. The lifie= 1.18 x 10° K and fyo = 234 MHz (No = 6.8 x 108 cm3)°.
connecting these points is the expected distribution of plasifiae dependencé,(h) is shown in Fig. 5a by a thick line.
frequencyfy(h) (or electron density) over the height. The remaining intersection points are also situated at the thick
To what extent does a distribution correspond to the tr@arve. This means that the frequencies of DPR levels given by
electron density in the loop? The electron density over heighe theory coincide surprisingly well with observed frequencies
follows a barometric law because of hydrostatic equilibriumf zebra stripes.
(Priest 1987), so the plasma frequerfgy= (&?N/xm)"/? de- It should be emphasized that we used two independent
creases with the height in the following way: sets of data — the peak frequencies of zebra stripes and the
extrapolated magnetic field along a field line — and obtained
fo = Too expe-h/10°T). (10) the electron density law. It was found to be a barometric dis-
gjbution with a reasonable temperature. This fact is no coinci-

Do the DPR levels confirm the extrapolated magnetic fie it undoubted] . the DPR model of zebra stri
and a barometric electron density distribution with a reaso gnce. it undoubtedly confirms the modet of zebra Stripe

able temperature? Let us assume that at least two obserPeg":
frequencies coincide with some harmonics and find the tem-

peraturel and fpo. 9 The density shouldn't be considered as an extrapolated value of

Looking for the best fit for matching two sets of frequenelectron density ah = 0 because, obviously, the temperature is not
cies (observed frequencies of zebra stripes and the values gigfitant along the loop, being much lower towards its foot; it is a
by intersection of the curvefg(h) ands fz(h)) we found for the local parameter without large scale importance.
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Fig. 5. Observations versus theory: horizontal lines are peak frequencies of zebra stripes. A grid of gyrohasmddies27 is plotted using

the field along the selected extrapolated field line (Fig. 3). Intersections are marked by dots and represent the DPR levels. Thick line is the
barometric plasma frequency (electron density) law over heigha)ftiie spectrum at 10:08:23 UT (= 1.18 x 1P K); b) the spectrum at

10:08:33 UT T = 0.80 x 1(° K). The dotted line irb) is the thick line ofa).

We will now use the same approach to calculate the otime. The temperature given by fitting the barometric distribu-
served stripes somewhat later. At 10:08:33 UT there wagian is nowT = 0.75x 10° K. So, the ZP time evolution gives
maximum amount of harmonics at higher frequencies (Fig. 4pnvincing evidence of cooling of the plasma in the coronal
Let us assume that the magnetic field is the same aslap towards the end of the event.

10:08:23 UT and try to understand what parameters are However, plasma cooling must not be the only reason for
changed while the zebra stripes drifted to higher frequenci@fe observed positive drift of zebra stripes. Bearing in mind
Accepting the harmonic numbers for stripes at 10:08:23 Uhat a fixed stripe drifts to higher frequencies (the harmonic
we can follow the stripes and match the observed frequencigs 17 is marked in Fig. 4), we can find from the spectrum at
of stripes at 10:08:33 UT. For example, we followed the stripg:08:48 UT that the lowest frequency stripe corresponds to a
s =17 (white dotted line on dynamic spectrumin Fig. 4).  harmonic numbes = 32. This number requires magnetic fields

This stripe corresponds tb = 168 MHz on 10:08:33 UT. of B ~ 1.5 G in the trap apex which is less than the minimum
Thus, having found the numbers of harmonics, we can geagnetic field in our approximation derived from the selected
the expected DPR points and plot Fig. 5b for the momefitld line. We conclude that the magnetic field decreases be-
10:08:33 UT. Here, we obtain a temperatureTo= 0.80 x tween 10:08:33 UT and 10:08:48 UT.

10° K (solid curve in Fig. 5b). For comparison, the curfyéh) Note that the decrease of the magnetic field will result in
for the moment 10:08:23 UT is shown in Fig. 5b by a dottegh apparent motion of the zebra stripe source to regions with
line. greater electron density. Thigfect was observed in the radio

The zebra stripe peak frequencies for both times revealiarages as a motion of the source with a velocity proportional
increase of the exponentin the barometric electron density disthe drift rate of zebra stripes (Fig. 11 of Paper I).
tribution and, consequently, a decrease of the plasma temperaBy comparing the evolution of the stripe frequencies over
ture within the 10 s interval between. Thus, if cooling of plasm@ne both éfects — the plasma cooling and the decrease of the
in the trap happens in the way shown in Fig. 2c it can naturaliyagnetic field — act in the same manner on the radiation pat-
explain the observed frequency drift of zebra stripes. tern. With plasma temperature and magnetic field strength de-

The relatively low temperature of the background plasntay the stripes drift to higher frequencies and, simultaneously,
is not surprising. As it is shown in Appendices A and B, themore stripes become visible at the low frequency edge of the
higher the ratiave/vr, the better the conditions for the generFS pattern. The rise of the emission frequency of a given stripe
ation of narrow band stripes at DPR levels (see Fig. A.1 withith time possibly reveals the temperature decay. The appear-
instability boundaries indicated). Calculations by Winglee &nce of new stripes at the low frequency edge more probably
Dulk (1986) confirmed the easier appearance of zebra stripeay be interpreted as a decay of the reference field strength of
at lower temperatures of the background plasma. stripe interpretation.

By matching of theoretical and observed frequencies of Note that in Fig. 5 we used only the assumption that the
zebra stripes we found a plasma temperature decrease inldheest frequency of the ZP stripe at 10:08:23 UT corresponds
source volume with time. We considered in the same mannerthe harmonic numbes = 27. In its turn this assumption is
as before the frequency spectrum at 10:08:48 UT when mamsed on the minimum magnetic field valBgi, ~ 1.76 G at
stripes were recorded. Again tracing a fixed harmonic frothe top of LS1 along the selected field line. If we admit that
10:08:23 UT we find the numbers of harmonics at the latdre ZP source extended not to the very top of the trap, and the
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interval of harmonic numbers is, sa/= 10+ 24 or 12+ 26, formed and special conditions are created for plasma wave gen-
we can try to find the barometric distribution corresponding tration in DPR regions. The highest increment of DPR insta-
the DPR levels, but the fitting is much worse than in Fig. 5a fdility at plasma waves is given by the relation (Zheleznyakov
s = 13+ 27. For sets with lower harmonic numbers, the lin& Zlotnik 1975a):

connecting the DPR levels cannot be reconciled with any baro- Nut,

metric distribution. Thus we claim that the height distributiong, ~ 2r— fg. (13)
of the magnetic field and electron density shown in Fig. 5 are N
quite reliable. The excess of the incrementy, over dfective number of

We have considered above only one selected force lineg¢ctron- ion collisionsr; determines the minimum number
the extrapolated magnetic field in the radio source loop LSiensity of trapped electromg" for plasma wave growth:
It has been chosen because it is just in the center of the bunch ,
of force lines of the magnetic field forming the shape of th[h" = zﬂef' N. (14)
coronal loop. The same procedure of fitting the DPR condi- B
tions for other field lines results in approximately the same hat-follows from (12) and (14) that the instability threshold
monic numbers (with a small dispersion of the maximgymnd for the DPR instability is much higher than for the beam
the parameters of the barometric distribution of the backgrouimdtability:

plasma. i 5
uh_ () o (15)
Ngn Ay

4.3. Time delay between BBP and ZP

o . ) . In (15) we have taken into account that under the DPR condi-
The strong ZP emission arises approximately 2.5 min aftl%n we can putf, ~ sfs. Assumings ~ 10, up/Ay; ~ 1/3

the BBP (see Paper ). Since the sources of BBP and ¢l obtainNT" ~ 10PNM™". It means that it is necessary to
u

were located in the same coronal magnetic loop, this time Gfi ot apout 18 beams into the trap in order to provide the

lay implies that the ZP appearance was preceded by ab8Wip jnstability. This fact may be considered as a cause of the
100 injections of fast particles into the magnetic trap. This e delay of ZP to BBP

due to the fact that the instability threshold is markedly higher Numerous injections of electron beams into the coronal
for plasma waves excited by the DPReet than the threshold magnetic field result in a gradual increase of trapped en-

of beam instability which forms BBP. _ergetic particles and “switching on” of the DPR instability.
Therefore, numerous injections of fast electron beams infperefore, the ZP shows atendency to appear at lower frequen-
the trap are necessary in order to “pump up” a large number@és (136- 220 MHz) compared to pulsations (13800 MHz).
energetic electrons and to “switch on” the DPR instability. ljve pelieve the reason is that thigeetive electron ion collision
injected beams are rather weak, then first the BBP appear, &fifhper restricting the DPR instability threshold is lower near
after some time they can be accompanied by ZP. the trap apex than at its footpoints. The amount of trapped parti-
When a fast electron beam is injected along the magneties tends to be concentrated at the trap apex. So, the condition:
field of the trap the increment of beam instability is determingdr ZP generation are better in the upper part of the coronal

by the relation: loop, this means at low observing frequencies.
N 2 . . .
Yo = gﬂﬁb (A”_b) o, (11) 5. Discussion and conclusions
Ul

This paper gives a discussion offférent theoretical ap-
whereN, is the number density of electrons in the beagis Proaches for the physical understanding of some common so-
a mean velocity of the beamy is a dispersion of the electronlar radio type IV burst continuum fine structures (FS). The FS
velocities longitudinal to the magnetic field. The criterion off interest are broad band decimetric and metric radio pul-

beam instabilityy, > vei gives a threshold electron density fosations (BBP) with roughly persistent upper and lower fre-
the beanNg““: quency boundary in the period range 056 5 s and special

quasi-harmonic structure of the spectrum known as a zebra pat-
A2 tern (ZP). In Paper | we presented an extended discussion of a
N{)“‘” _ e (ﬂ) N. (12) classic example of BBP and ZP thereby discussing the single
2rcfp \ v FS element (the pulse and the zebra stripe) in spectral and radio
imaging data. Additionally we discussed a statistical analysis
AssumingN = 2x 10° cm 3 (f, ~ 130 MHz),T = 2x 10° K,  of the BBP period (for the selected single event), the cross re-
Av) ~ vp/3, we obtain the threshold val™ ~ 12 cnm3 or  |ationship between spatially split sources of a single pulsation
NI™/N ~ 6 x 1078, pulse, and a linear regression relation between the local drift
Scattering of beam electrons on the excited plasma turlbate of a zebra stripe and the projected speed of zebra stripe
lence results in an increase of dispersion of fast electrons oseurce motion in space. Based on Paper | we developed here
the velocities perpendicular to the magnetic field. Due to tl{Baper Il) a FS source model. This model consists of an asym-
“loss cone” in the trap, an anisotropic distribution function imetric loop configuration with an electron accelerator at those
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footpoints where the magnetic flux is spatially more concewith a barometric density law assumifig~ 10° K. We ob-
trated. It turns out that the BBP periodicity follows from petained a good coincidence between the stripe frequencies pre-
riodic electron injections; it is an accelerator property. Furthdicted by theory and the observed stripe pattern. The observed
we understand that ZP are due to distributed radio emissionrease of intervals between stripes with frequency and time
sources at double plasma resonance levels near the wider feo&lso well confirmed by the theory.
point of the source model configuration. We demonstrate that The considered zebra stripes show a positive frequency
the observations of BBP and ZP can well be understood in tteft of up to 2 MHz s*. In the framework of the DPR mecha-
frame of our source model. It allows us to decide between conism this follows from plasma cooling in the trap (that results in
peting BBP and ZP mechanisms if we specify those model ghe increase of the electron density gradient and a shift of the
rameters which we can obtain from the data set in Paper I. points of intersection of the curvesz(h) and fyn(h) towards
We summarize and discuss in the following our results cohigher frequencies) gand by expansion of the loop LS1 (that
cerning the most probable BBP and ZP mechanisms. results in a decrease of magnetic field). The saffects can
explain the downward motion of the ZP source. The DPR insta-
o ] bility has a much higher threshold value of fast electron density
5.1. The origin of pulsations than the beam instability. This explains the time delay between

We considered the distributions of magnetic field and eIe%B'\DNanﬁ ZP. h that the d . ¢ £ 7P in th
tron density along the pulsation source volume and came to € have shown that the dynamic spectrum o in the

the conclusion that the Al velocity inside the loop sharplye;“_ant of mtertest W'tg re!{atl\ée:)y Iarg_(::[A gulgnberf .Of radd|at|0:1N
increases from the loop apex to its footpoints. Thereforg' PES cannot be understood by excited Bernsteéin modes. Ve

S : : an also exclude nonlinear scattering of plasma waves on
MHD oscillations are not capable of inducing synchronous rac.. o : :
b gsy istlers (Chernov 1976, 1990): it is unlikely that solitary

dio pulsations in a broad frequency band and we can exclufe . . .
them from the BBP mechanisms whistler waves are positioned in an inhomogeneous coronal

. o . magnetic loop just according to a definite law in order to pro-
The BBP source was moving yielding a negative frequen g - g P

Y L : :
. . 2 .~ vide the systematic increase of the interval between the stripes
drift typical of type 11l andJ bursts. The direction of the motion y P

ith f s
coincided approximately with the projection of the trap axivsvIt requency

on the photosphere. This fact, together with the wide source
branching at the high frequency edge of the discussed BBFS. Conclusions
(Paper I) favours assuming that the BBP were driven by a pef
odic injection of fast electron beams into the coronal magneti
field. This generation mechanism is similar to that of type |
bursts.
The source of fast electrons was located in one of the foot= BBP and ZP have a common coronal source volume — an
points of the loop which was embedded in the strong magnetic @symmetric magnetic loop.
field of a north po|arity sunspot. Near this sunspot, emerging- BBP result from periodic injections of fast electrons into
magnetic flux of opposite polarity was observed. We suppose this magnetic trap. MHD oscillations of the loop can be
that this emerging flux was connected with a current-carrying €xcluded as a cause of BBP.
magnetic loop (EL in Fig. 1), which interacted with the large— ZP arise as a result of instability of plasma waves under
coronal magnetic loop LS1. We discussed two possible mech- the condition of double plasma resonance. The observed
anisms of pulsating particle acceleration — pulsed dynamics Peak frequencies of zebra stripes nicely agree with those
of explosive magnetic reconnection when two magnetic loops Predicted by the force-free extrapolated magnetic field, and
LS1 and EL collide (Tajima et al. 1987), and acceleration by With a barometric height distribution of the plasma density
an electrostatic field in the compact current-carrying loop EL. at coronal temperature.
If we consider the loop EL as an equivalent circuit, the modu= The positive frequency drift of ZP is caused by plasma
lation of acceleration occurs due RLC oscillations (Zaitsev ~ cooling in the trap an@r the decay of the magnetic
et al. 1998) The pu|sed regime of exp|osive reconnection can- field.The observed increase of the distance between zebra
not explain BBP in the event of interest because tHisoé can stripes with frequency and time easily follows from the
provide only a few pulsation pulses (Tajima et al. 1987). DPR model.
— The time delay between starting times for BBP and ZP is
due to the higher fast particle threshold for the DPR versus
5.2. The origin of zebra pattern beam instability.

he main results of our case study of type IV radio burst fine
fructures — broad band pulsations (BBP) and zebra patterns
P) — can be summarized as:

The origin of ZP is enhanced generation of plasma waveslimour work we obtained — based on all available observations
regions of inhomogeneous coronal magnetic traps where #imut the event of interest —a comprehensive common physical
condition of double plasma resonantg = sfg is fulfiled model for broad band pulsations and zebra pattern radio burst
(DPR levels). We checked this by deriving the (unknown) coréine structures. We gave a physical explanation of its frequent
nal gyrofrequency from the force-free extrapolated magnetiommon and ordered appearance in the dynamic spectrum. We
field together with the radio source site information. The heigfdund that the quasi-periodicity of BBP must be an acceler-
dependence of the density was found to be well in accordarater property, and proposed an accelerator model in which a
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minor magnetic field oscillation can stimulate periodic beaRuijpers, J. 1975a, A&A, 40, 405

injections. The present analysis can be taken for a cross cBnijpers, J. 1975b, Sol. Phys., 44, 173

firmation of the double plasma resonance model of the ZP fikgijpers, J. 1978, A&A, 69, L9

structure, and also underlines by means of radio observatiéw§pers, J. 1980, in Radio Physics of the Sun, IAU Symp. 86, ed. M.
the significance of force-free extrapolated photospheric field Kundu, & T. Gergely (Dordrecht: Reidel Publ. Comp.), 341

e . Kuijpers, J. 1981, A&A, 103, 331
measurements for coronal magnetic field modelling. MeJeF;son B., Sasorov, P., & Stepanov, A. V. 1978, Sol. Phys., 58, 165

Melrose D. B. 1980, Plasma Astrophys. 1l (N.Y.: Gordon & Breach)
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Appendix A. Electrostatic waves perpendicular ALY RN v =
to the magnetic field

We emphasize some aspects of the theory of longitudinal wave
excitation by trapped electrons considering only the kinetic in-
stability. The hydrodynamic instability requires much higher
values of nonequilibrium electron densities. We assume that
the density of nonequilibrium electrons is small compared to
background plasma. The dispersion properties of the waves
are determined by the equilibrium component and can be de-
scribed by well-known equations (for example Bekefi 1971; n+l
Zheleznyakov 1977, 2000):

22 expA)1i()
0 I
( ) _ w3 Z TR = (A.1)
(w? = 12wg)Ad b s :
Here . . e .
Fig. A.1. Plasmawaves perpendicular to the magnetic field in the equi-
ki,ﬁ , KT librium plasma: qualititative dispersion curves for Bernstein modes
= 7; ur = m’ (A2) and plasma waves at the frequency of upper hybrid resonance. Straight
B

lines mark the instability boundaries for twoffdirent ratiose/vr at
k, is the transverse component of the wave vektorthe mag- S= 15

netic field B, 1;(1) is the modified-order Bessel functiorx is

the Boltzmann constant. The dispersion Eg. (A.1) is valid for

anglese between the magnetic fiel and the wave vectok

satisfying co$a < 1 (Zheleznyakov 2000 for details). If inside the hybrid band correspond tdfdient locations ofyn

K2 12 within the given interval. It is clear from these curves the limits
A= ” T «1, (A.3) of validity of (A.6) ared < 1, or
B
(i.e. the wavelength is much greater than the gyroradius of the;
V2 < WA (A7)
mal electrons), then (A.1) reduces to: Ko B’ :
2 3 2 2/1
e? =1- 2% 5 - — wzprz . but notk?v? <« w? ~ swd, thatisi < & as for the case
w? —wg  (w* - 4wp)(w? - wg) of inclined wave propagation far from = x/2. This difer-
wg s /A\1 ence is due to the resonance terne{fA in (A.4). The curves
—m@(g) =0. (A-4) in Fig. A.1 show that (A.6) is valid only inside the hybrid
B

band 6 - 1)wg < w < swpg determined bys ~ wyn/we. It
Under condition (A.3) Eq. (A.1) has solutions at the freeannot be extended to the basdgs < w < (s+ 1l)wg ad-
guencies close to the cyclotron harmonsss (the so-called jacent to the hybrid band from above, as done by Winglee &

Bernstein modes): Dulk (1986). Hence, contrary to the results by Winglee & Dulk
5 o o1 (1986), who concluded that the kinetic instability of plasma
W — L = “pW s+1) ( ) (A.5) Wwaves described by relation (A.6) may contain several harmon-
(S - Dwj - w] (s-2)! ics, the relation (A.6) for longitudinal waves close dq, is

i ingi i 10
and close to the upper hybrid resonance frequengy valid only inside the intervahw < we™.

Note that the behaviour of the dispersion curves as shown in
w? = Wiy + 3dwg = Wiy, + 3K o7 (A.6) Fig. A.1 for longitudinal waves in the vicinity of the hybrid fre-
uency remains only under the conditian- lwg| > \/ilqm
s violation results in strong damping of electrostatic modes in
the background plasma. If the angle between the wave v&ctor

Becausew is close to one of the harmonics, or to the hybnﬁ
frequency, we may simplify (A.1) taking only the main term

in the infinite sumI( = 1,2, and the resonance term with=
) . and the magnetic fiel& is far enough fromxr/2 (Kot > ws)
S ~ w/wg, S = 3). The dispersion curvas = w(1) for the . . . .
the solutions of the dispersion equation are close to the well

ratio wyn/we = 15 at arbitraryd are shown in Fig. A.1. It is
seen that the Bernstein mode frequencies are close to the val uneogvn expressions for the isotropic plasma under the condition
> wp (for example Ginzburg 1967; Zheleznyakov 2000;

swp at small and greal. For 1 ~ §* the dispersion curves

elrose 1980).
belowwyn pass from one harmonic to the other and occupy the
whole interval 6 — 1)wg < w < swg. As for the plasma waves
in the vicinity of the hybrid frequency, the dispersion curveso winglee & Dulk (1986) considered only the first order corrections
do not much deviate from those of Bernstein modes ats.  over the small parametek8v?/w? in the “thermal” dielectric tensor.
But a qualititative diference is present at< s. Three curves That corresponds to neglecting the important resonance term in (A.4).
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Appendix B. Growth rates for the DPR instability When the frequency is close to the harmonigug, so that
Following Zheleznyakov & Zlotnik (1975} and Winglee & 0 <L, 22511 < 1, onesterm retains in (B.5):
Dulk (1986), we will consider the distribution function of L \/Ewﬁs
nonequilibrium electrons in the form Ime(Y) ~ ————¢()zexp (B). (B.7)
. wp(w — swg)
F(og,0.) = vic® exp[— Uty ] @®.1) nthe equilibrium plasma
4r \2mv3 2%

o 3e? ow >0,
wherey; andv, are the longitudinal and transverse componerts / L{f’:o

of electron velocity relative to the magnetic field. The distri- . . @ . .
bution over transverse velocities is peakedsaind the disper- (e growthrate (B.3) will be positive lime, ™ is negative. This
sion is of the order of the same. Such a function known as MPlies that the considered system is unstabledgy) < O,
DGH function (Dory et al. 1965) has the main features of tH8at is for

distribution of particles trapped by the magnetic field: particles k2 2

with small velocities are missing and the mean velocity alor{g= W2 >l & (B.8)
the magnetic field is equal to zero. This distribution function
can provide discrete radiation stripes, unlike the loss-cone df-
tribution resulting in continua (Winglee & Dulk 1986). If we k2v2 o1 \?
assume /l = > > /lcr =~ (Sv_) . (Bg)
2 <R < B.2 o e
U K Ug < (B.2) The instability boundary is shown in Fig. A.1 by dotted lines
we can neglect the wave damping in the background plasfaatwo ratiosve/vt = 20 andve/vT = 4.
and find the growth rate as It is important that thé-dependence of (B.3) is due to
Ime® the functionzs exp (—z§). Hence for a fixed frequency and the
y=Imw = _(0)—”. (B.3) corresponding valuels, = k, (w) the increment is peaked at
k5 /aw]f(o)fo zs = 1/ V2, that is at an optimal value:
([
where opt _ | — Sw|, (B.10)
2 © e o ' v '
eV = 2y Z do, dv i y i
[ K2 IRl B The optimal values df, defining the peak growth rate, accord-
) 1= ing to (B.7), correspond to the minimum of the functigl{c).
XJI (kJ_UJ_/(/.)B) (k”l)J_af/C()l)H + |a)33f/(91)J_)’ (B4) It happens agoptz 232 or

w —lws - Ky

. . kipt = - JoPt ~ \/ESCUB;
k, is the component of wave vectdr parallel to magnetic Ve Ve

field B. The relation (B.4) is written neglecting relativistic ef- 2 o \2
fects?. The imaginary part oél(ll) (B.4)is APt = —Zg"pt ~ z(s—T) (B.11)
e Ve
2 )
ime® = \/f "’P‘:Bg 3 1e# o + @+ D] (8.5) (with the instability boundary (B.8)—(B.9)). Relations (B.10)-
2 kykvg | &= (B.11) define the angle between the line-of-sight and the mag-
where netic field at which the peak growth rate is realized.
w—lw w—lw It should be noted that all formulas after (B.7) are valid
Z = E5; o) = liB; only if |w — swg|/we < 1. They are given to show the qualiti-
V2Kjve ws tative behaviour of the growth rate and to outline the boundary
Kv2 2 » parameters.
¢= W’ - AE' o =€) (B.6) To investigate the frequency dependence of the growth rate

within the whole interval$— 1)wg < w < swg We should refer

to expressions (A.1), (B.3) and (B.5) with the terms s— 1

! The basic reference is Zheleznyakov & Zlotnik (1975). We withnd s. An example of the growth ratg(1) for s = 15 at
not refer to it repeatedly but it is relevant for most details. ve/vr = 20 is given in Fig. B.1. These curves show the de-

12 It should be emphasized that in the nonrelativistic approach the gandence of(1,k;) on A at the optimaklopt providing the peak

stability determined by the pole in the denominator in (B.4) is due lues of the growth rate for the givelh(or k,) (Fig. B.1a)
grouping and re-distribution of electrons ovengitudinal velocities - PR

vy under the action of a wave field, though the distribution (B.1) ovijlnd the dependence of the peak growth rate on the position of

(1,(2) is the modified-order Bessel function).

vy is an equilibrium function. In this case the reversal of the sign of t %e upper hybrid frequency inside the bandi4< « < 1owe

right side of (B.4) is due téf/dv, . The Doppler shift is a necessary ig. B.1b). . . L .

detail of such an instability, and it was thifect in the nonrelativistic Note that the hybrid band is not distinguished by values
approach that was supposed as the cause of the instability respoRbime; (1) against other harmonic bands: the numerator in the
ble for the ZP. The statement that in this work the Doppler shift wggowth ratey (B.3) (including the position of instability bound-
neglected (as made by Winglee & Dulk 1986) is a misunderstandingries) behaves similar for Bernstein modes and for waves in
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Fig. B.1. The growth rate of the waves in the hybrid band<dé,/wg < 15 forve/vr = 20: a) k. -dependence of for the optimal values dof;;
b) the dependence of maximum growth rate on the positian ioide the hybrid band.

the hybrid band. The dispersion curvestat k?v2/w3 < s the value °pt determined by (B.10) are beyond the nonrel-
drastically distinguish the hybrid band from other harmonic irgjvistic apprOX|mat|on boundariefi| > wve/c?. So, when

tervals. Instead of anomalous dispersion typical for Bernstgjtting the graphs in Fig. B.1 at these frequencies (dotted

modes ak < wyn/we, the normal dispersion described approxines), instead ok’ we took the valud; at the boundary of
imately by (A.6) takes place A specific feature of such d'SpQ/rahdlty limits of nonrelativistic formulag{ﬁ)pt ~ (wve/ ).

sion is that the derlvatlvéﬁ g /8“’]650):0 is considerably less e obtain the following peak growth rate fog/vr = 20

than that of Bernstein modes and for branches of dispersiand the ratiavp/wg ~ s = 15.
curves with anomalous dispersion in the hybrid band ats.

A strong instability is realized at fliciently great veloc- ymax ~ ws
ities ve of the nonequilibrium electrong > s2) when the
instability boundaryle, = (v%/vg)s2 is located in the region of This value is one to two orders of magnitude greater than the
the normal dispersiom, < s). Taking into account (B.11) and growth rate of Bernstein modes.
the fact that the dispersion in the hybrid band changes its sign In order to estimate the frequency interval in which the en-
atA ~ s, we conclude that the enhanced radiatiowaf (the hanced generation takes place, we refer to the relations (B.5),
DPR dfect) can occur under the condition: (B.6) and (A.6). A typical scale of change of the functigfy),

Ne
N (B.14)

) determining the growth rate, & ~ 1, i.e.
opt Ve Wp
AP<s or = >2—- (B.12) 2
wg L wpg
T PRRET (B.15)
1
This is illustrated by instability boundaries shown by dotted e

lines in Fig. A.1. For a rather low mean perpendicular veloci§n the other hand, it follows from the dispersion relation (A.6)

of nonequilibrium electrons./vr = 4 the DPR &ect doesn't Vvalid not quite close to harmonics, that at a given frequengy

exist. (at given electron density and magnetic field) the relative band-
The peak increment weakly depends on the harmonic nuwidth is:

ber s if the conditions (B.8)—(B.12) are valid. Actually it isé 3K2 2 2 Ak
. . T . 2 27 2 w AR

mainly determined by the minimum of the functigttkivs/vz) — ~

(B.16)
. , s B Sa)z kJ_
which doesn’t change markedly with index
It should be also noted that at high harmonics the frequengymbining (B.15) and (B.16) we have:
intervals where the relativistidiects have to be taken into ac- 5
count can occupy a marked part of the hybrid band. In the fréw 3 U7 (B.17)
quency interval wg 25 12 '

v2 This means that the frequency interval of the plasma waves ex-
Aw ~ Swg—=,

; (B.13) cited in a fixed point occupies a negligibly small part of the
C

distancewg between the neighboring harmonics. The compu-
adjacent to the harmongug from below, the non-relativistic tation results shown in Fig. B.1 confirm the qualititative conclu-

consideration given above is not valid. It leads to the fact thsibn that the frequency interval of enhanced generation (greater
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growth rate) is much less thar. The bandwidth of the excited At the upper boundary of the hybrid ban@d,( ~ swg) the
waves is determined by the inhomogeneity of the medium gnowth rate doesn’t increase or increases only slightly since
the source. in the interval  — w/wg) < S(vZ/c?) the non-relativistic ap-
The dependence of the maximum growth rate (over)ll proximation forl{l’pt (B.10) breaks and the valug in (B.7)
on the ratiawyn/wsg (that is, on the position of the upper hybridnarkedly decreases. Wheny is close toswg or (s— 1)ws, the
frequency inside the hybrid band) shown in Fig. B.1b is exispersion curves approach the harmonics. Then in the expres-
plained as follows. lfuyy, is far fromswg and - 1)ws, in the sion forel(lo) (A.4) the resonance term involving the multiplier
region of the normal dispersion the derivative in the denoming,? — 52w§)—1 or (w? - (s— 1)2a,28)—1 dominates. As a result,

torin (B.3) varies only slightly withwun (at greats). Whenwun  the valueael(o) /dw increases sharply, leading to the decrease of
approaches the lower boundary of the hybrid basiel L)ws,  the growth rate in a small region around poiats = sws and
the growth rate increases due to the multiplier (s — 1)wsg]

in Ime(™, written similarly to (B.7) for the harmonis — 1.

wuh = (S— Dws.



