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Abstract. Anumber oftype Il groups s studied. Wave particleontroversy Mangeney and Pick (1989) and Zhao et al. (1991)
interactions are neglected and the so called drift approximatiBourier analyzed differentiated time series of type Ill events and
is used to model the electron beam evolution. We extrapolateaked their results on the observed spectral peaks which they
the observed Flux-Time profiles towards higher frequencies atwhsidered as evidence of a periodic process with a repetition
estimated the injection time for the individual beams responsilskte of about two bursts per second. However, Isliker (1996)
forthe excitation of the type II's. A simpleustering algorithm  pointed out that the peaked power spectrum can be the signature
based on the temporal separation of nearest neighbour injectioha stochastic process as well, since he obtained qualitatively
as a proximity criterion, was used to identify patterns of bursimilar results by analyzing a random pulse series of about 15
subgroups within the type Il groups. The question of whethpulses. Aschwanden et al. (1990, 1993, 1994, 1995) observed
the acceleration and injection of component bursts exciterssequences of associated hard X-ray (HXR) and radio bursts,
coherently modulated in a single source, or this process is drivehich were both found to be quasi-periodically organized with
by a statistical flare in a spatially fragmented energy release sgeriods of2.1+ 1.0 s. They also noted that the pulse duration of
is addressed. correlated bursts was abaug8 +0.4 sinradioand .0+ 0.7sin

HXR. Based on these results they introducedpghised mode
Key words: Sun: activity — Sun: corona — Sun; radio radiatiomypothesis:

The pulsed modérypothesis implies a large scale mech-
anism, responsible for the modulation of the beam injection
affecting the whole active region. Aschwanden et al. (1994)
used the ratio), of the standard deviation to the average pe-
Radio bursts of the type IIl family are produced by energetiiodicity (inter arrival time between pulsesr) as a criterion;
electrons accelerated in the Sun and traversing the solar atithey found that it is significantly smaller than unity (less than
sphere, moving along magnetic lines rooted in these regigt on the average, compared to more than 67% in an artificial
(Wild 1950). Only a very small number of type Il events aprandom time series) and they concluded that the event occur-
pear isolated on the dynamic spectra. The time profile of sugtnce is more of a periodic than of a random nature. Based on
an isolated event at a given frequency is believed to represthgise they suggest that the duration and periods of burst groups
the passage of a single electron beam (Type |ll exciter) througt® characteristic of the intrinsic time scale of a common bidi-
that plasma frequency level; the decay part is aimost exponégetional injection and/or acceleration mechanism where up-
tial, while the rising part is slightly steeper than the decaying/ard injected electrons excite the type Il bursts and downward
The burst duration at each level is believed to be related to #lectrons the HXR pulsations. The ratio of pulse duration to
duration of the excitation (i.e. the time required for the excitgulse interval, which was found in all cases to be about 50%,
to cross the level) rather than the response of the mediumstiggests an oscillation controlled injection/acceleration mech-
increases with time, which indicates an increase of the exci@ism. These results were criticized by Yurovsky and Magun
length with the distance traversed by the beam due to dispers{$896) who point out that thpulsedmechanism proposed by
(Poquerusse et al., 1984). Aschwanden et al (1994) cannot be attributed into sxsp-

More often than not, type Ill events appear in groups am@nt systenbecause the systeguality, Q, is too small (@1);
storms of ten or more bursts. The hypothesis that they frequertipreover, the almost exponential distribution of inter arrival
show quasi periodic behavior (Wild 1963) has produced sori@es between subsequent pulses implies a random accelerator
with Poisson statistics. Furthermore Isliker (1996) argued that

1. Introduction

Send offprint requests té. Hillaris



272 A. Hillaris et al.: Dynamics of subrelativistic electron beams in the solar corona

temporal correlations in examined time series cause the relatifevhether acceleration and injection of the beams is coherently
spread of the parametgito take a broad range of values whicihmodulated in a single source, or whether this process is driven
render it inadequate as a quasi-periodicity criterion, since thg the statistical flare mechanism.
ranges for periodic and stochastic behavior overlap consider- In the next section we discuss the dynamics of an electron
ably. beam and the model of the flux-time profile at various distances
The fragmented acceleration site mod® the other hand from the injection site, corresponding to different heights in the
(suggested by Vlahos, 1991, 1993, 1994), involves a large nutorona, which simulates the radio flux-time profile of an iso-
ber of magnetic structures; the components of the type Il grolgted type Il event or a component of a group. In Sect. 3 we
are excited by electrons propagating along different flux tubgsesent the basics of the clustering algorithm which is used to
each rooted to a source element (Benz et al., 1982; Pick & Maentify a hierarchy of subgroups within the main type Il group.
Den Oord, 1990; Roelof & Pick, 1989). Simulations by Vlahok Sect. 4 we give a brief description of the observations and the
& Raoult (1995) show that beam injections into independedata reduction process. In Sect. 5 we use the model to separate
coronal fibers can account for the observed flux-time profilestbie components of four type Il groups, observed with the Mul-
type lll groups. The physics in the source of such groups is k&shannel Radiospectrograph of the Space Research Laboratory
lieved to be intimately related with the concept of gtatistical of the Observatory of Paris (RSMN), (Dumas et al., 1982). The
flare which is characterized by spatial and temporal fragmentifux-time profiles of each component are extrapolated towards
tion and clustering of an active region in small and large scdigher frequencies, to identify the injection time for each. Sub-
structures (Bastian and Vlahos, 1996). The clustering of masgquently the clustering algorithm is applied to each group in
discontinuities (i.e. small scale magnetic structures) in the saorder to identify a hierarchy of subgroups within it. The results
area has the effect of larger scale explosions (statistical flareg}his analysis, conclusions and suggestions for further study
by means of an avalanche process, where local energy relemsediscussed in Sects. 6 and 7 respectively.
may either energize (add free energy) or trigger the explosion of
neighboring structures (each resulting in a microflare, in which
the released energy is well below the observational thresho?d)
which in turn may affect similarly their own neighbors. Vlahogype |1l bursts are believed to be produced by electron beams
etal., (1995) (also MacKinnon et al 1996), modeled the energyppagating over large distances along open or closed magnetic
release process by a cellular automatealanchesystemwhich field lines and exciting Langmuir waves via the beam-plasmaiin-
evolves towardself organized criticalityunder random initial stability. The problems that should be addressed first are the sta-
perturbations (see also Lu and Hamilton 1991, Lu at al 199gjization of the beam as well as how the Langmuir waves drive
Georgoulis and Vlahos, 1996), in an attempt to interpret the ae electromagnetic radiation. Once the relationship between
served energy and duration distributions. A major advantagetgé electron beam evolution and the observed electromagnetic
this approach is that detailed knowledge of the elementary agdiation is established, one can infer the initial exciter char-
celeration mechanism is not required, hence conclusions remgdferistics from the observations and subsequently attempt an
valid for a multitude of candidate energy release and particle agralysis of the acceleration site physics.
celeration processes. The results of these simulations provide aa model for the non-linear beam stabilization, propagation
basis for the interpretation of the well established observatiorgid electromagnetic emission for type 11l events has been pro-
result that production of energetic particles occurs in a complggsed and applied by Hillaris et al (1988, 1990). This model was
magnetic environment, where organized building of successiygsed on the Langmuir-ion acoustic wave coupling via the pon-
elementary releases in many different magnetic structures is g&romotive force (Zakharov 1972) which can efficiently trans-
pected (Vilmer and Trottet, 1996). fer Langmuir wave energy out of resonance with the stream-
One of the principal observational difficulties is the identii-ng electrons, to secondary Langmuir modes and ion acoustic
fication of the start time of each beam injection; the use of thgaves, thus stabilizing the type Ill exciter (Papadopoulos 1975;
peak times of type Ill component bursts at a particular frequene¥padopoulos et al., 1974, Smith et al, 1979, Goldstein et al
is not adequate, since individual beams may have evolved ingr9). The stabilization process is further enhanced by Lang-
different way in their course from their source to that level. Imuir wave Scattering on ion acoustic waves (Dawson and Ober-
this article we use theoretical analytic expressions for iSO'atﬁién 1962) as well as by Scattering on density irreguiarities and
type 11l flux-time profiles (Hillaris et al 1990), to decomposgon acoustic waves already present.
the group into a superposition of component bursts. These com-The non linear, wave-wave interactions, not only can stabi-
ponent bursts are extrapolated downwards, towards higher fge the exciter by almost suppressing the growth of the resonant
quencies, and the injection time for each of them is calculat@ingmuir wave (Vlahos & Rowland, 1984) but can also pro-
The interval between successive components is used as aifie an emission mechanism for the electromagnetic radiation.
terion for the identification of clusters within the main type lllat twice the plasma frequency, emission results from the head
group. Itis noted in passing that no assumption is made about#fecollision of counter streaming secondary Langmuir modes
clusters, which are identified on the basis of measurements,mfh almost equa| wave numbers. At the p|asma frequency, on
time interval between consecutive injections (inter arrival timehe other hand, by the Langmuir-ion acoustic wave interaction
The comparative study of clusters is used for the investigatigsf. Papadopoulos & Freud 1979). Simulations by Hillaris et

Model of the type Il flux-time profile



A. Hillaris et al.: Dynamics of subrelativistic electron beams in the solar corona 273

al. (1988) show that the radiation light curves (Electromagnefic Cluster detection in type Il groups
wave flux time profiles) at a given distance from the injection si&e1 Hierarchical clustering in type Il groups
have a power law dependence on the exciter local density, there-
fore the logarithmic profile of the exciter density as a functio@luster analysis is the process of classifying objects into subsets
of time (exciter density-time profile) at a given level representisat have meaning in the context of a particular problem. The
the event light curve at this level (cf. Eq. 1 below). This waslgorithms for this type of classification, known as clustering
used by Hillaris et al (1990), in the analysis of isolated type IHIgorithms, group objects based on the index of proximity be-
and J events obtained with the Multichannel Radiospectrograpleen pairs of them. This is a measure of alikeness, or affinity,
of the Space Research Laboratory of the Observatory of Paisassociation, established between pairs of different objects
(RSMN) with a time resolution of 1/10 sec. and is the basis of every clustering method (Jain and Dubes
On the basis of the above discussion, the exciter of a type1988). A dissimilarity index can be used as well; in this case the
eventwill loose a small percentage of its energy to the Langmsinaller the index between a pair the more its members resemble
waves of the beam-plasma instability, so its propagation cand¥ch other. Distance is of the most common examples of such
modelled by a free streaming distribution with only a collisioa dissimilarity index. A similar classification scheme based on
term. This term, in our model, is of the Krook type (Bhatnag@uclidean distance has been applied for decameter solar type Il
et al 1954) including both Coulomb and particle-ion densityursts by Stepanova et al (1995) on a 1000 burst sample. How-
fluctuation collisions (Papadopoulos 1977). The latter makeger, the parameters used by them in the distance calculation
the collision term dominant over particle diffusion in velocityare the time delay between successive bursts, half-intensity du-
space which is ignored. The radiation flux (F) was found hwtion, maximum intensities for left and right polarized wave,

simulations to be: and degree of circular polarization, since they attempt to detect
5 1 5 classes of type Il bursts which can be associated with different

F(z,t) o <nb> = (/fb($7v7t)dv> (1) components of type lll radiation (F, H, etc.).
Na Ta In this report the objects (also met as cases, subjects or op-

wheren, is the ambient plasma density, the beam density, erational taxonomic units in the literature, cf. Jain & Dubes,
fo(z,v,t) the exciter electrons distribution, and the power la%988), are component bursts which form a type Ill group. The
indexd was found to be about 2 (Hillaris et al 1988, 1990). dissimilarity index is computed from the data at hand, and in
For an initial (i.e. at = t,) exciter distribution in the form this case is the difference of the injection time (estimated as de-
of a super hot electron component, we can have an analytié@iibed in Sect. 5) between any two bursts. Since the beginning
expression of the temporal and spatial evolution of the excit@the measurement of time can be selected arbitrarily, only the

electronsf,(z, v, t) of the type: time intervals are meaningful in this analysis and our indices
are said to be on an interval scale.
fo(z,v,t) = folx —ovr,v,7 = 0)e YersT/v The proximity matrixformed by the indices, i.e. the matrix
— nge— W/ o= ((@=vr)/62)* y=ress7/0? @) [0t;j]wheredt;; is the interval between the i-th and j-th compo-

nent bursts, is the one and only input to the clustering algorithm.
wherev,;; = %ff/vi% is the effective collision frequencyp  Thisresults in an intrinsic classification of the data and does not
the velocity dispersion of the super thermal populatianthe assume anything about the nature of the clusters, so that the
length of original spatial dispersion of the exciter ang t—t,. only thing requiring a thorough examination of the nature of the
The time-profile of the beam density, (z, t), and the radi- problem is the selection of the association criterion. In this case
ation flux, F(t), at various distances from the injection site, i.e. #te dissimilarity index almost suggests itself, since it is chains
various local plasma frequencies, is thus obtained by integratifrsuccessive bursts within a group that we want to analyze.
of Eq. (2) over velocity. Substituting the result of the integration Groups of type IlI bursts consist of subgroups which may
into (1) the form of the flux (F)-time profile, for very smalt;, have a fine structure of their own. In this context, detecting and
is: identifying nested partitions of subgroups, which define the so
. i called hierarchical clustering, seems appropriate while, in ad-
logyo F'(t) = A—aln(t—to) — B(t —to) " —v(t —t0) "(3) dition, no assumption about the number of clusters is required
The free parametersi, a. 3,7, to, which define the shapeas _Would be the case in partltl_o_nal clustering. I_Dartmonal clus-
. o o ering generates a single partition of the data in an attempt to
of the burst profile, depend on the injection characteristics, the . : o
: . . ... recover natural groups. To this end a clustering criterion has to
power law index in Eq. (1) and the distance, x, from the |nject|qbn : .
. : . e adopted such that data points (also referred to as patterns) in
site corresponding to the frequency of observation, as well as - S
L ) . . Cluster are more similar to one another than patterns in dif-
the units in which the flux is measured. They are estimated fent clusters. Thus the criterion imposes a certain structure
fitting Eq. (3) to the undisturbed part of the observed radio flux: L b
: : . . . .0n the data and introduces a dependency between the cluster-
time profiles as described in Sect. 5. In this report we normalize
. . . ing method and the type of cluster expected. In our case, the
thelog,, F-time profile at each frequency to the maximum for . o : .
. ; clustering criterion could have been the adoption of a certain
that frequency and use units of 1/50 db’s. ) .
interval between nearest neighbors as the upper bound for clus-

ter formation, so that each event exceeding this limit would start
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a new cluster. HOWGVGI’, such an assumption is not made h Calibrated RSMN Data, Dec 19 1980. Integration time= .10 sec
since we are interested in a hierarchy of clusters rather thar -
any single patrtition.
The proximity matrix for each type Ill group of compo- 3ee
nents, once calculated, is used as:an symmetric adjacency .,
matrix for the construction of an undirected weighted grap
G(n), onn nodes, each representing a component burst of1
group. The weight of each link of the graph is equal to = [y I ]
dissimilarity index (difference of injection times) of the adja3|3|3 . i a (
cent nodes. We proceed in the cluster detection by removi T "“J
all links with dissimilarity indices greater than some threshol: 4®® IR LA
d, for the graph, forming thus the threshold gra@twn, d) of 09: 55 30 89:56:00
G(n). Ateach stage of the process, as we decrease the thres ~ Calibrated RSMN Data, Oct gﬂvﬁﬁ-’lntegratwn tine= .18 sec
d, the connected sub graphs@fnr, d) are identified as clusters. -~ ' '
The process terminates with the elimination of all links. Thi
algorithm helps the conceptualization of the cluster hierarc 5,
formation and is easily applied to small problems, with abo
20 to 30 nodes per graph. A special type of tree structure, 18
dendrogramis used to visualize hierarchical clustering. It cor
sists of layers of nodes representing clusters which are nes28@ L It
into one another as the threshold (d) for the proximity inde A "1” i ”ﬁ e m{ M| 0
is varied. Hence, any horizontal cut of a dendrogram create ** ""{‘ﬁ.l\\"”f Iy |,1|| W Jﬂf/ﬁ I m'f" i Wr (ﬁ' H"'L‘\" |
clustering. saa-JNITAC ',If- AR I"I'l.'l i ||_: ..IH..\ WI i fl; :f,rh"l'H VAT
12:48:88 I 12:48:38
3.2. Cluster validity in type Ill groups Fig. 1. Dynamic spectra of type Ill group December 19, 1980 (9:56
UT), and October 18 1986 (12:48 UT) observed with the Multichannel

A clustering structure is valid if itis “unusual” in some sense. | adiospectrograph of the Space Research Laboratory of the Observa-
this subsection, unusualness is expressed in a statistical frag§-of paris. Thetop panelof each spectrum shows the flux and the

work appropriate to the problem. bottomits time derivative.
In case of random type Il exciter injections, from an acceler-
ator with Poisson statistics, the intervéd§ between successweof Paris in the 450-150 MHz range (Dumas et al, 1982). The

component bursts will be exponentially distributed: output of 120 independent frequency channels was recorded on
T ) (4) photographic film; this output is proportional to the logarithm
0Tav of the antenna temperature, thus increasing the dynamic range
whered,, is the average interval for the whole group. If wef the instrument. Thirty two channels were digitized at a rate
setr equal to the thresholdl) then the probabilityq) that an of 10 samples/sec and recorded on magnetic tape. Each channel
interval exceeds the threshold is obtained, whil¢= 1 — ¢) had a 3db bandwidth of 1MHz and their frequencies were log-
will be the probability that the interval is below the threshold arithmically spaced to compensate for the exponential (hydro-

The probability R(k; n; p)) that a cluster of size at least kstatic) coronal density (and local plasma frequency) variation
(i.e.k+1 successive injections withinterval less than the threslith height. The data were calibrated in the standard manner
old d) does not appear, can be calculated recursively (Derm@illaris et al., 1990).

Por <71)=1—exp(—

etal 1982, Shantikumar 1982): From the available digital data four type Ill groups with 10
n—1 or more component bursts each were selected for analysis: on
R(k;n;p) Z pq" " R (ks i; p) (5) December 19, 1980, at 9:56 UT, and on October 18, 1986, at
i=n—k 12:44 UT, 12:48 UT and 13:43 UT. These groups were selected

wherek + 1 is the size of the clusten,+ 1 the size of the group because, on their dynamic spectra, the activity looked steady
andp, ¢ are calculated from Ed(4) as functions of the grou@nd stationary. Dynamic spectra, intensity and differential plots
average intervalér,,) and the thresholddj. Eq. [3) was first Of the groups of December 19, 1980 (9:56 UT) and October 18
derived for the computation of the reliability of a k-consecutivel 986 (12:48 UT) are shown in Fig. 1.

n:F system which is a system of n units that fails if k (or more)

consecutive units fail (Bollinger, 1982, Chiang & Niu 1981). 5. Analysis of time profiles

The major problem with the type Il groups is that, at least part
of the profile of each component is indistinguishable from the
The observations were made with the Multichannel Radiospewerlapping profiles of the others of the same group. In our anal-
trograph of the Space Research Laboratory of the Observatgsis, the separation of individual bursts was done by fitting the

4. Observations and data reduction
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October 18, 1986; 13:43:07-13:43:56 UT intersections were foD > 0. We estimate that the error in
Channel 27, 1774 MHz £ . . .
this measurement is 0.1 to 0.2 seconds, i.e. comparable to the

e g j ok 1 R
. f o temporal resolution of the instrument.
ey \ a The time difference (interval) between the component in-
; \-M jection time was used as a proximity index for the detection
AR A A L A

of clusters within the groups. The cluster formation within the
Channel 26, 181 MHz ¢ groups, as a function of the proximity index threshold, can be

. S s visualized in a dendrogram plot such as the one presented in
Bt /{\\ a Fig.[. For each detected cluster, we computed the average and
-4501 a c: (\
N 4
Ik
' é ' 1b j '
Chanbnel 25,185 MI'LZ

—200-

Flux

—450

Flux

standard deviation of the inter-arrival time;.

6. Results
6.1. Group of December 19, 1980

This group consists of 26 component bursts. The higher fre-
guency range was mostly used in the analysis, since further
decomposition of the group profile into component bursts in
lower frequencies was not possible because the bursts merged
strongly and was not possible to define with confidence unper-
turbed parts for the fit. The injection times were determined
from plots of burst duration vs time (as in Hig. 2) and the inter-
val (07) between successive injections was computed for each
pair. This interval was used as a proximity criterion in the clus-
ter detection process. The hierarchy of subgroups that forms as
Fig. 2. Profiles of flux vs time for four channels in the 174-206 MHzhe threshold decreases is visualized as a dendrogram [d Fig. 4.
range for the event of October 18, 1986 13:43 UT. The flux scale islin this graph events with successive inter arrival tinde9 (ess
units of 1/50 db. The thin lines show the fit with Eq. (3) for some indithan a specified value (the threshafjlare linked together and
vidual bursts, identified by letters; we do not show all fitted componertiglong to the same cluster. For a large enough threshold, all
in order to avoid confusion. events form a single cluster; as the threshold decreases (from

right to left in Fig[4) this single cluster is partitioned, forming

a hierarchy of sub-clusters, while the graph assumes a tree like
undisturbed part of each component with the analytical proffierm, hence the name dendrogram.
of Eq. (3). Only frequency channels with adequate data points The analysis of the group and the subgroup parameters is
were used. This was more difficult in the lower frequenciesimmarized in Table 1, which contains all the information re-
where the individual burst profiles appeared more diffuse agdired for the design of the dendrogram. In addition the average
merged into each other. An example for the event of Octobemnd standard deviation of inter-arrival times are given for each
18, 1986 13:43 UT, is shown in F[g. 2. cluster with more than four components.

For each individual burst we estimated the injection time of The group forms a single cluster for values of the dissim-
the corresponding electron beam. Although this parameter darity index (inter arrival time) greater than 3.2 seconds. The
ters explicitly in Eqg. (3), the scatter of the fitted values over theverage interval between injectionsisi— >= 1.1 £0.75 sec.
frequency range is considerable. However, since the duratidsthe threshold decreases to 2.2, two subgroups form: one in-
of type IlI's increases with time as a result of beam spreadicfudes the event§a, e, b, ¢, y, d, f, g, k, pwith < 67 >=
(Hillaris et al 1988, 1990), a more reliable method is to extrap-82 + 0.65 sec and the other contaifis j, I, m, n, 0, p, q, v, I,
olate the time profile backwards and to determine the timest, w, u, z, % with < 7 >= 1.12£0.59 sec. For even smaller
which its width becomes minimum. thresholds three distinct subgroups appear, which retain their

For this purpose we measured the duration of each burdgntity until the threshold drops to about 1 sec. The firdais
D, at a number of discrete levels below the local maximura, b, c, y, ¢, with < §7 >= 0.46 £ 0.38 sec. The second i,

In Fig[3 we show examples of plots of the duration of the flux, n, o, g with < 67 >= 1.05 + 0.19 sec and the third i$s,
profile, D, as a function of the time of maximuff,, for levels t, w, u} with < 67 >=1+ 1sec.

of 1, 1.5, 2, and 3 db’s below the peak. For each particular level We note that the confidence of the three distinct small clus-
the points were fitted with a straight line. ters which retain their identity as the threshold decreases is quite

If the pulse were instantaneous, the straight lines would &igh. From Ed.b we computed the probability for a clugter
intersect atD = 0. However, due to the finite duration of thee, b, c, y, ¢ to appear by chance, which is equal to 30%. Since
pulse as well as the observational uncertainties, this is not thes result refers to a single clusters, it is only an upper limit
case. We therefore used the centroid of the intersections of eatthe probability that clusters appear by chance, therefore the
two lines as an estimate of the injection time, provided that tikenfidence of cluster detection is more that 70%.

Time (sec)
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in Sec

Duration in Sec
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T
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Fig. 3. Plots of the duration of type IIl burst components (identified by the same letters as in Fig. 2 as a function of time, at four intensity levels
below the peak. The intersection of the four straight lines provides an estimate of the injection time. The plots are from the group of October
18, 1986 at 13:43 UT.

Table 1. Cluster analysis of the December 19, 1980 group

Event | Injection dr Threshold (sec)
time (sec)| (sec) 1.0 11 1.3 1.4 15 1.8 2.1 2.2 3.2
a 0.9 0.7
e 1.6 0.1
b 1.7 0.3 0.46
c 2.0 0.2 | £0.38 0.57 0.57
y 2.2 1.0 +0.43 | +0.43 0.69 0.69 0.69
d 3.2 1.1 4+0.50 | £0.50 | +0.50 0.82 0.82
f 5.3 1.4 +0.65 | +0.65
g 6.7 21
k 8.8 0.5
h 9.3 3.2
i 125| 05
j 13.0] 18
I 14.8 0.9 1.1
m 15.7 0.9 1.08 1.16 +0.75
n 16.6 1.3 1.05 1.05 1.05| £0.44 | +0.55
o] 17.9 1.1 4+0.19 | £0.19 | £0.19
p 19.0 2.1 1.12
q 211 0.5 +0.59
\% 21.6 14
r 23.0 2.2
S 25.2 0.8
t 26.4 0.2 1.0 1.0 1.0
w 26.6 1.1 +1.0 +1.0 +1.0 0.84 0.84 0.84
u 27.7 1.5 +0.49 | £0.49 | +0.49
Z 29.2 0.6
X 29.8
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Dendrogram of December 19, 1980 Group unique cluster with< 67 >= 0.98 + 0.65 sec. As the interval
threshold decreases, two clusters form: one with 28 compo-
nents, confidence level 72%;, 67 >= 0.97 + 0.58 sec and
another with 9 components, 67 >= 0.87+0.67 sec. For even
smaller threshold of about 1.7 sec, five subgroups (clusters) ap-

E pear. They consist of 7 bursts, withdr >= 0.85+0.34 sec, 8
h— bursts with< 67 >= 0.94 £ 0.41 sec, 6 bursts witk< 67 >=
h— 0.66 &+ 0.29 sec, 6 bursts withkc 67 >= 0.62 £ 0.48 sec and 7
i— | bursts with< 67 >= 0.70 + 0.32 sec.

I 6.4. Group of October 18, 1986, 13:43:08-13:43:57 UT

B:l— There were 29 component bursts identified in this group. They

form a single cluster for values of the dissimilarity index greater

than 4.2 seconds; the average interval between injections is

1.60 £+ 1.19sec. As the threshold decreases to 3.95 sec, sub-

groups with 12 components, which retainsitsidentity te 2.4

G ou 5o o1 n with a confidence level equal tq 77%, with 67 >= 1.30 +

" fer-arrival ime between evens (Sec)““ - 0.79sec and 17 components with 67 >= 1.47 4+ 1.10sec
form. When the threshold drops to 2.9 sec the second subgroup

Fig. 4.Dendrogram for the event of December 19, 1980, demonstratigfurther divided in two clusters of 8 bursts each and with aver-

the hierarchy of cluster formation for various thresholds. (Thresholgge intervall .26 + 0.83 and1.18 + 0.82 sec. Down to a thresh-

(d) decrease fromright to left; as they decrease, clusters are partitiopgdl of 2 sec there are still three clusters of 8, 5 and 5 bursts,

into sub clusters) Note that the vertical axis of the plot is not to scalgitp average inter arrival times af11 + 0.58, 1.49 4 0.40 and
hence the distance between the horizontal lines is not proportionabtg3 + .23 sec respectively. ’

the interval between successive events

|

S e —

1

6.2. Group of October 18, 1986, 12:44:36-12:45:46 UT 7. Summary and conclusions

Three groups recorded by the RSMN on October 18, 1986 wéising a simple, free streaming model for the propagation of
analyzed in the range 226-152 MHz. The first group consistsariergetic electrons in open or closed magnetic field configu-
45 components; it forms a single cluster for thresholds greatations and the assumption of a power law dependence of the
than 3.7 sec with average inter-arrival timelofl 4= 0.90 sec. electromagnetic emission on the electron density of the beam,
As the threshold becomes smaller than 3.7 sec two clwge extrapolated component bursts of type Il groups in order
ters form: one with the first 32 components, 67 >= to estimate their injection time. This method of extrapolation
1.28 4+ 0.77sec, and one with the remaining 13, 67 >= backward in timepresented here for the first time, can reduce
1.57 & 1.02sec. For a threshold equal to 2.80 three clusn observed type IIl (or even N, J, U) group into a single time
ters, apart from triplets and pairs, form: one with 7 compeeries opulsedracing thus the temporal variations of Swurce
nents,< 47 >= 1.18 £ 0.77 sec which retains its identity of the group.
down to 2.2 sec loosing one component only, one with 25 Clustering algorithms were used for the analysis of the se-
components< 7 >= 1.23 £ 0.70 sec, which is divided into quence of consecutive injections; we show that there is a ten-
two smaller clusters (10 and 9 components each, see belol@hcy of hierarchical subgroup formation within the type 1l
as the threshold decreases, and one with eight componentaips. This clustering tendency was observed in the time scales
< &1 >= 1.70 £ 0.74 sec which does not retain its identityof4.2 secondsto 1 second. Inthe case of pulsed mode burst orga-
for lower thresholds. As the threshold decreases further triplaigation, one would expect a single cluster for thresholds above
and pairs of bursts start to form. However for threshold down 67 > + o(d7) (Whereo(d7) stands for standard deviation
to 2.2 sec three clusters still retain their identity. The first hasoéd7) and mostly isolated bursts belewdr > — o (1), with
components, withc §7 >= 1.004-0.72 sec, the second has 10a rather abrupt transition since, in a periodic process we expect
components withc §7 >= 1.11 £ 0.49 sec and the third has 9the standard deviation of the inter arrival time to be very small.
components with 7 >= 1.06 £0.58 sec. The confidence of (¢(d7) << é7 >). If the injections were random, on the other
the large cluster of 22 components is 90%, as computed frévand, then clusters could occasionally form but not to the extend
Eq. (3). presented here as analysed in the previous section.
The clustering tendency thus observed and quantified seems
a. a. to be consistent with similar tendencies observed in simulations
6.3. Group of October 18, 1986, 12:48:15-12:48:35 UT of “flaring site¢ by Vlahos, et al (1995), Lu and Hamilton
This Group consists of 38 component bursts. For values of th@91, Lu at al 1993, Georgoulis and Vlahos, 1996. We note that
inter arrival time than 3.05sec seconds, the group forms anwall previously mentioned variants of the self organized critical
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model, for the statistical flare, the emphasis of the analysis isBuatstian T.S., Vlahos L., 1996, In: Trottet G. (ed.) Coronal Physics from
the magnitude of the energy release, hence the observed cluster&adio and Space Observations. Lecture Notes in Physics 483, 68
are spatial. However the energy release takes place withiBenz A.O., Treumann R., Vilmer N., et al., 1982, A&A 108, 161
number of simulation time steps where a flaring elemeatis Bhatnagar P.L., Gross E.P., Krook M., 1954, Phys Rev. 94, 511

each adjacent element with surplus magnetic flux some ofwhﬁﬂ'ig?%eéﬁ'c'-\'“ﬁgg% "i';gﬁ%“;;?;;g%g"‘;go .

are bound to flare at the next time step until the system rela g\'/vson 3.M., Oberman C., 1962, Phys. Fluids 5. 517

Hence the energy release is associated with a temporal cIuBtgr%an C. Lieberman G.J. Ross S. M. 1982, IEEE Trans. Rel.. R31

of elementary energy releases. These elementary releases arg;

expected to energise tidementary injectionsontributing to  pmas G., Caroubalos C., Bougeret J-L., 1982, Solar Phys. 81, 383
both type Il groups and isolated bursts (Vlahos 1994, Vlahosgzenreiter R., Evans L., Lin R., 1976, Solar Phys. 46, 437

Raoult 1995). Itshould be noted though that, each pulse obtaim@sbrgoulis M., Vlahos L., 1996, ApJ 469, L135

in our backward extrapolation might correspond to a number®bldstein M., Smith R., Papadopoulos K., 1979, ApJ. 234, 683
elementary injections in rapid succession. This is a consequehiris A., Alissandrakis C., Vlahos L., 1988, A&A 195, 301

of the tempora| resolution of the instrument (1/10 SEC), whiddfillaris A., Alissandrakis C., Caroubalos C., BougeretJ-L., 1990, A&A
makes the discrimination of elementary injections of shorter 229,216

time separation impossible. Due to the intrinsic complexity (lfr“_ker H., 1996, A&A 310,672 _ _
the acceleration site there is always a possibility that two il)?ln K.A., Dubes R.C., 1988, Algorithms for Clustering Data. Prentice

L N . Hall
more disjoint clusters of elementary injections might appPeal = iamilion R.J.. 1991 ApJ 380, L89

as a single cluster of pulses. However, assuming that for e¢he  Hamilton R.J., McTiermnan J.M., Bromund K., 1993, ApJ 412,

“quiescent elemehthe time to ‘flaring” is long enough so that 841

disjoint regions never flare simultaneously, which may well b@ackinnon A.L., MacPherson K.P., Vlahos L., 1996, ApJ 310, L9

the case in the weakest flaring sites, our approach providemighgeney A., Pick M., 1989, A&A 224, 242

reasonable approximation. Muschieti L., Goldman M.V., Newman D.L., 1985, Solar Phys. 96, 181
Based on the above, some variant of the statistical fl&tepadopoulos K., 1975, Phys. Fluids 18, 1759

model seems to be the most appropriate way to interpretRgadopoulos K., 1977, Rev. Geophys. Space Phys. 15, 173

the present results. This implies a process of proximity s&lpadopoulos K., Freud H.P., 1979, NRL Memo Rept. 3992

organization in the source of the groups which is consistezftPadopoulos K., Goldstein M., Smith R., 1974, ApJ 190, 175

with the idea of triggering and energization of neighboring'Ck M., van den Oord G. & H., 1990, Solar Phys. 130, 83

flare elements or elementary flares oquerusse M., 1977, A&A 56, 251
y ) Poquerusse M., Bougeret J-L., Caroubalos C., 1984, A&A 136, 10

Roelof E.G., Pick M., 1989, A&A 210, 417

. Shantikumar J.G., 1982, IEEE Trans. Rel., R31, 442
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