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ABSTRACT 

The occurrence of quite different timescales in solar microwave bursts is considered and possible ways of their 
physical interpretation are discussed. An interesting feature is the existence of hierarchic time structures, an 
example of which is provided by the solar event of 1991 March 23. 

Plasma parameter sets to be invoked for the interpretation of timescales are estimated on the base of different 
models such as the collisionless conduction front model, the twisted magnetic loop model, the coalescence model, 
and the electric circuit model. With emphasis on the interpretation of burst fine structures with timescales of a few 
seconds the coalescence model has been favored. On the other hand, the simultaneous occurrence of a large range 
of different timescales appears well suited to be described by the circuit model. 

Subject headings: acceleration of particles — Sun: flares — Sun: radio radiation 

1. INTRODUCTION 

It is widely accepted that electrons accelerated or heated by 
flares in the solar corona are most directly detected through 
their gyromagnetic emission and collisional bremsstrahlung in 
the microwave range as well as by collisional bremsstrahlung 
in the hard X-ray region. Both emissions supply complemen
tary information about the underlying process (es) of energiza
tion of the radiating particles. In this paper we will focus on the 
microwave emission and discuss possible hints on the flare 
process provided by the timescales of the radiation in light of 
recent observations and theoretical approaches, which are 
briefly reviewed. The blurring of short time structures in the 
production of fast electrons, due to propagation of the elec
trons between the acceleration site and the radiation source, is 
presumably less severe for the microwaves which are produced 
at least partly in the corona than for the hard X-rays emanating 
from the chromospheric layers. In this paper the term micro
wave emission refers to the direct, single-particle radiation in 
the centimeter- and millimeter-wave range and should be dis
tinguished from collective emission (type Ill-like emission 
and usually highly polarized spikes) which typically occurs in 
the decimetric region but sometimes extends into the centimet-
ric range. The temporal structure of the collective emissions 
reflects both the production rate of energetic electrons and the 
characteristic scales of the underlying kinetic instability. 

2. CHARACTERISTIC TIMESCALES OF SOLAR MICROWAVE 
BURST RADIATION 

Early studies of solar radio bursts already established a wide 
distribution of burst durations (Covington 1958) which may 
range from fractions of seconds to hours. Separated by morpho
logical criteria, two large categories of microwave bursts, viz., 
impulsive and gradual bursts, have been roughly distin
guished. But the validity of the early simple explanation, in 

which impulsive burst phenomena are due to acceleration pro
cesses and gradual bursts are caused by plasma heating, is still 
questionable. Later on bursts have been discussed consisting of 
several timescales. Sturrock et al. (1984) described four char
acteristic timescales of subseconds, few seconds, few minutes, 
and tens of minutes present in microwave bursts. However, as 
the authors are aware, comprehensive systematic statistical 
studies on different burst timescales are rather rare. Evidence 
for a (quasi-) quantization of solar millimeter-bursts by a 
study of repetition rates of superposed spiky burst elements 
have been found by Kaufmann et al. (1980). Reviews of dif
ferent phases of burst development and time structures can be 
found, for example, in Kruger (1979) and in Kundu & Vlahos 
(1982). 

Concluding from catalogs of millimeter-wave observations 
(see, e.g., Urpo, Pohjolainen, & Terasranta 1992), the tem
poral structures of the bursts show a broad range of scales. 
Different types of structures are visible which can vary from 
event to event and sometimes combine to form very complex 
flux histories. The rising part of a burst frequently consists of 
numerous steps with much steeper flux increase than the enve
lope, subpulses may recur at a certain repetition rate, flux pul
sations can occur, second and subsecond spikes are found to be 
superposed on an otherwise slowly varying emission. We em
phasize that for individual bursts the scales of the temporal 
structures do not appear to form a continuum, rather they 
group into different ranges of scales. As a typical example we 
consider the event of 1991 March 23, shown in Figure 1, se
lected here due to the availability of digital multifrequency 
observations with high time resolution. 

One can distinguish a sequence or "hierarchy" of different 
timescales in several ranges: 

(1) as 10 minute duration of the main burst phase, 
(2) 1-2 minute duration of the two main burst pulses, 
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FIG. 1.—Display of different timescales by the microwave burst on 1991 March 23. Bottom: Spectrographic record of the Ondfejov Observatory (from 
Tlamicha et al. 1991); middle and top: 37 GHz records of the Metsahovi Radio Research Station (from Urpo et al. 1992). 
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(3) «s 3 s duration of subpulses during the second part of the 
event, 

(4) $1 s duration of spiky burst elements occurring in the 
first part of the burst event. 

Moreover, a 2:20 minute relaxation time of the whole event is 
evident in the more sensitive records of the Tremsdorf Obser
vatory not shown in Figure 1. A statistics of timescales will be 
the topic of a subsequent paper. 

Among the different timescales the search for very short 
scales is of special interest. Such timescales are indicated by the 
occurrence of radio spikes and pulsations. But the existence of 
structures with timescales much less than 1 s at millimeter 
waves seems to be an open question. Although the occurrence 
of such structures has been reported in the literature (e.g., Hur-
ford et al. 1979; Kaufmann et al. 1980, 1986; Takakura et al. 
1983; Kruger et al. 1987) one must keep in mind that their 
verification requires, due to the influence of interferences, si
multaneous observations at separated sites. 

The remarkable fact that the burst time structures are not 
randomly distributed is also indicated by a wavelet analysis of 
the burst time profile, which is currently being pursued. Prelim
inary results show a difference of burst structures from a Gauss
ian distribution and a scaling behavior. A more detailed de
scription of these time series analyses will be published 
separately. 

The occurrence of temporal fine structures at a timescale 
clearly separated from the scale of the main burst pulse corre
sponds to the hypothesis that the flare energy release consists of 
a possibly large number of elementary steps, that is, proceeds 
in a fragmentary manner. In the following we attempt to relate 
the different timescales to various theoretical models for en
ergy release and particle energization in solar flares. Our em
phasis is on short timescales and the primary, impulsive energy 
release which sets the strongest requirements on the mecha
nism of particle acceleration. 

3. COMPETING FLARE MODELS EXPLAINING MICROWAVE 
BURST TIMESCALES 

We will compare four models for the impulsive flare phase 
which encompass most of the basic magnetic structures and 
energy release mechanisms discussed so far and should there
fore be representative for the majority of proposed models. In 
these models, the timescale of the energetic particle production 
and subsequent growth of radio emission is related to different 
physical processes, and consequently the timescales which 
may be explained are different. 

3.1. Collisionless Conduction Fronts 

We start with the thermal flare model (Brown, Melrose, & 
Spicer 1979), quantitatively analyzed by Batchelor et al. 
(1985), in which the hot plasma, produced by the primary 
energy release in a coronal loop, is confined by collisionless 
conduction fronts propagating at the ion acoustic speed, cs, 
toward the loop foot points. The basic structure is a magnetic 
loop, and the primary energy release mechanism is not neces
sarily specified. Microwave and hard X-ray emissions are pro
duced within the confined hot plasma and, to a minor extent, 
at the loop foot points by electrons escaping through the con

duction fronts. The rise time of the microwave burst, rr, does 
therefore not directly reflect the timescale of the primary en
ergy release but is determined by the growth of the volume of 
hot plasma, 

T r « / / ( 2 c , ) , (1) 

where / is the length of the loop. For average burst sources 
{Te= 107-108K,/= 109-109-5cm),wefindTr«5-55s.This 
is comparable with typical rise times of microwave bursts (Fig. 
1). Also, shorter timescales may be obtained in this model by 
considering smaller loop lengths / (Batchelor 1987, 1989, 
1990); this corresponds then simply to smaller (less energetic) 
flares. But the model is not well suited to explain substantial 
fluctuations of the flux at the second scale during the impulsive 
rise of complex flares, as seen in the beginning of the first main 
pulse in Figure 1 (top panel at about 8 s from origin). 

3.2. Twisted Magnetic Loop Model 

In nonthermal models of the impulsive flare phase, the rise 
of the microwave intensity directly reflects the production of 
mildly relativistic electrons, which in turn is confined mainly 
to the action (duration) of the primary flare instability. 
Sturrock et al. (1984) proposed the unwinding of a twisted 
"elementary flux tube" (EFT) as the elementary energy release 
process (or flare instability). The basic structure is again a 
magnetic loop. They assumed that the unwinding occurs basi
cally at the Alfvenic timescale and thus found for the unwind
ing time 

ru ~ 1/VA . (2) 

For the coronal part of the flux tube, with field strengths B ss 
100-200 G, density Ne = 1095 cm"3, and values of the loop 
length / as above, unwinding times TU « 1-10 s result. This is 
in the range of durations of subpulses and spiky elements in 
impulsive microwave bursts. 

For energetical reasons, one EFT cannot account for a whole 
burst, and a bundle of EFTs must be involved in the energy 
release of the impulsive phase in this model, which corre
sponds to the fragmentation hypothesis. Sturrock et al. (1984) 
suppose that the unwinding process propagates across a bundle 
of EFTs with velocity RET~' where RE is the radius of an EFT. 
The timescale of the impulsive energy release (and the micro
wave burst rise time) is then given by 

r, = (RB/RE)ru , (3) 

where RB is the radius of the bundle of EFTs. With RB = 
1 0 9 5 ^ S S ] cm (Sturrock et al. 1984) and RB « 1/2 one ob
tains r, = 10-160 S. 

One should note, however, that it has not yet been shown 
how the unwinding of a whole EFT can proceed at the (fast) 
Alfvenic timescale. The unwinding implies anomalous dissi
pation of the flux tube current and diffusion of the field, or 
field line reconnection. The anomalous dissipation is highly 
hypothetical because it is unclear how the current can be con
centrated into narrow channels to reach supercritical density, 
it involves much smaller spatial scales, and the timescales of a 
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kinetic current-driven instability. The interaction of the small-
scale processes with the magnetohydrodynamical evolution 
has not yet been explored, so we will not include this possibility 
in our discussion. The reconnection of magnetic field lines 
proceeds in general at a hybrid time scale between the Alfvenic 
and resistive timescales, rR ~ S,/2TA (based on the appropriate 
length scale which should be of order RE), where S is the mag
netic Reynolds number (S ~ 1012 for our chosen parameter 
values). This yields timescales a factor of (RE/l)S1/2 ~ 3 X 
104 larger than above. Fast reconnection at the Alfvenic time-
scale has been found only for special conditions which do not 
correspond to the geometry of EFTs (see the following sec
tion). We therefore regard the unwinding of EFTs as probably 
too slow in comparison with the timescales found in impulsive 
microwave bursts. Our arguments are supported by recent re
sults of numeric simulations by Dahlburg, Antiochos, & Zang 
(1991) which showed that unwinding of elementary flux tubes 
is too slow to apply to flares. 

3.3. Coalescence Model 

Shorter timescales have been found in a nonthermal model 
where the impulsive energy release again involves a reconnec
tion process but the geometry is that of a current sheet contain
ing current filaments (resembling a pair of, or even multiple 
flux tubes). If these tubes possess the same sense of field line 
twist, the attracting force between the tubes drives the coales
cence instability which is basically an instability of ideal MHD 
and thus operates at the Alfvenic timescale in its initial phase 
of flux tube approach. Complete coalescence of the flux tubes 
requires reconnection of field lines and proceeds in general 
also at a hybrid timescale ~ 5" / 2 T A (Pritchett & Wu 1979), 
where now the current sheet half-width enters as characteristic 
spatial scale. However, the reconnection is driven here by the 
attracting current filaments and may be faster. Tajima, Brunei, 
& Sakai (1982), Leboeuf, Tajima, & Dawson (1982), and 
Bhattacharjee, Brunei, & Tajima (1983) indeed found fast co
alescence; in their two-dimensional simulations complete 
merging of pairs or of multiple flux tubes occurred in less than 
two Alfven times if the plasma was compressible (i.e., plasma 
/? <̂  1 and guide field component Bz ^ By where By denotes the 
antiparallel field component outside the sheet) and the current 
density profile of the flux tubes was sufficiently peaked. Here 
the Alfven time is based on ly, the largest distance between the 
coalescing filaments. The propagation velocity of the coales
cence process in ^-direction reaches the Alfven velocity under 
these circumstances (in marked difference to the case of un
winding of flux tubes). We will suppose the existence of fast 
coalescence in flares because the condition of compressibility 
can be easily met in the corona (where /? <̂  1): in current sheets 
formed by newly emerging flux the old and the new flux sys
tems must be inclined by a large angle (>ir/2)—a case fre
quently observed. Since fast coalescence has subsequently 
been observed in several numerical experiments, the condition 
on the current density profile does not appear to be a strongly 
restrictive requirement. In three dimensions one may expect 
that the process is initiated by a disturbance at a certain point, 
where it is locally characterized by the timescale ~ lyv^1, and 
then extends in z-direction typically with Alfven velocity. 
Since lz > ly in order to release energy through coalescence, we 

obtain the characteristic timescale of the duration of impulsive 
energy release in this model as 

re. ~ 4»A' • (4) 

One can expect lz to be somewhat smaller than, but of the order 
of, typical loop lengths. With lz = 108 5-109 cm and values of B 
and Ne as above, we find rCI ~ 0.4-3 s. 

This corresponds to the shortest timescales in our sample 
event and also to typical small-scale structures in HXRs. These 
HXR structures with scales of the order of few to S;10 s were 
termed "elementary flare bursts" (de Jager & de Jonge 1978), 
but recent observations with higher sensitivity and resolution 
(Aschwanden, Benz, & Schwartz 1993) indicate that elemen
tary HXR pulses may have durations of the order of ;S0.5 s. 

We note that also the coalescence model is consistent with 
the fragmentation hypothesis: multiple filaments in a current 
sheet are naturally produced by a tearing instability, and the 
coalescence then proceeds via a sequence of elementary coales
cence events of neighboring filament pairs (e.g., Tajima et al. 
1987; Kliem 1988). With an extension of/z ~ 107cm for the 
elementary energy release region, that is, coalescing flux-tube 
length (as suggested for example by decimetric spike burst 
bandwidths; Benz 1985), the coalescence timescale becomes 
~20 ms in agreement with the shortest temporal structures 
observed so far in microwave bursts (see Kaufmann et al. 
1980, 1986). The model has been considered for a broader 
range of parameters by Kriiger, Kliem, & Hildebrandt (1988). 

Particles are accelerated in the electric fields induced by the 
coalescing flux tubes with the characteristic timescale TCI 

(Kliem 1994) or by shock waves which propagate out of the 
region of coalescence (Sakai & Ohsawa 1987). 

3.4. Circuit Model 

An alternative process of flare energy release is related to the 
interaction of field-aligned currents with filament matter in the 
frame of the circuit current disruption model of Alfven & Carl-
quist (1967) (see also Zaitsev & Stepanov 1991, 1992). In 
comparison with the processes of tearing and coalescence, a 
smaller portion of the released energy goes to particle and fluid 
acceleration here, and heating is the dominant energization 
process. Subsequently, the acceleration proceeds in the tail of 
the energy distribution by a runaway process (Holman 1985; 
Holman & Benka 1992). Alternatively, double layers may 
form in coronal circuits and accelerate the particles. 

3.4.1. Scenario and Rise Time of Energy Release 

The general scenario of energy release in a circuit solar flare 
model is as follows (Zaitsev & Stepanov 1991, 1992): in a 
magnetic loop an electric current / = 10"-101 2Ais presumed 
to be generated by photospheric convection. The lifetime of 
this current is of the order of the inductivity rise time TL « 
L(dL/dt)~l of the equivalent electric circuit along the mag
netic loop and photosphere, that is, of the order of the time of 
magnetic flux emergence. This time usually ranges from sev
eral hours to several days. A flare can be triggered by a promi
nence which lies above the magnetic loop (or loop system). If 
the mass of the prominence becomes sufficiently large, the 
flute instability of the ballooning mode arises (Pustilnik 
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1973). The cold, partly ionized prominence plasma penetrates 
into the current channel of the magnetic loop at a characteris
tic time 

Ta^r/vTi.« 1-10 s , (5) 

where r is the loop radius and vT_ the thermal velocity of ions. 
The penetration of the cold plasma into the current channel 
switches on an effective dissipation mechanism which is con
nected with ion-atom collisions in a nonstationary plasma 
(Cowling 1957). As a consequence the nonlinear resistance of 
the channel R(l) grows up to a magnitude R(I) as 3 X 10"2 fi 
corresponding to a heating rate of W = RI2 as 1027-1028 

ergs s"1. 
Since electric field components parallel to the magnetic field 

are present in the magnetic loop, a part of the electrons is 
accelerated by the runaway effect. Thus in the frame of this 
model the energy of accelerated electrons is only a part of the 
whole flare energy. 

3.4.2. Duration of the Flare Process and Energy Fragmentation 

The duration of the flare process is determined by the char
acteristic timescale of the electric current dissipation in the 
equivalent circuit after the current disruption 

r0 as L/R as 500-5000 s , (6) 

where we use the inductance L as 10 H calculated by Alfven & 
Carlquist (1967) for a slender semicircular flux tube with a 
length ~ 109 cm and thickness ~ 2 X 108 cm. This time is of 
the order of the duration of the flaring process taking place in a 
magnetic loop or loop system. 

However, the energy release can be fragmented, for exam
ple, in the form of "subflares." The latter is connected with the 
heating of the cold, dense plasma of the prominence which 
enters the current channel. Due to heating as a result of nonlin
ear resistance the plasma becomes totally ionized and the en
ergy release is interrupted. The duration of a "subflare" is of 
the order 

Ts f« NeKT/q^ 10-100 s (7) 

for a particle density Ne as 1012 cm"3, temperature T as 105-
106 K, and an energy dissipation rate q as 1-10 ergs cm"3 s"1. 
Such "subflaring" can be repeated by the penetration of new, 
cold, and dense prominence matter into the current channel, 
for example, if the prominence fulfils quasi-periodic oscilla
tions. In that case "subflaring" occurs during phases of the 
compression of the magnetic loop. The oscillation period, and 
accordingly the repetition time of the "subflares," 

= _ 2 W i . 2 K T \ - 1 / 2 

Tosc 3 1 / 4 \ / mild) ' K} 

can vary from 102 to 103 s depending on the parameters of the 
system (/ is the length of the magnetic loop, d is the promi
nence diameter, g is the gravitational acceleration, K is Boltz-
mann's constant, and mt is the ion mass). 

3.4.3. Fine Structures of Radiation 

In addition to a long range of timescales from 10 s to 1 hr in 
this model, a hierarchy of timescales can be noted which may 
be related to the fine structure of the flare process. Alfvenic and 
fast magneto-acoustic oscillations of the magnetic flux tube 
excited during the impulsive flare phase can modulate the flow 
of energetic electrons in the flux tube due to the modulation of 
the ratio Bmax/Bmin and also modulate the electron streams 
penetrating into the chromosphere (Roberts, Edwin, & Benz 
1984; Zaitsev & Stepanov 1989). The characteristic timescales 
of such modulations are rA as l/vA as 10 s and TFMS as d/vK as 
1 s, respectively. Oscillating plasma instabilities and processes 
of quasi-linear relaxation can also lead to a modulation of elec
tron streams and of the energy density of plasma wave with a 
timescale r as A/i»ei- — \/y as 10"' to 10"4 s, where A is the 
logarithm of the ratio between the energy density of plasma 
waves in the source to the plasma wave energy density in the 
equilibrium state. These short timescales can occur in fine 
structures of microwave, X-ray, and gamma-ray bursts. It 
must be mentioned that short timescales also exist in other 
flare scenarios (see § 3.3). The circuit flare model, however, 
explains a series of timescales which are often observed. 

4. DISCUSSION AND CONCLUSIONS 

In this paper attention is paid to the occurrence of different 
timescales in solar microwave bursts and their relevance to the 
underlying flare-particle energization process. The dominant 
timescales shown in § 2 are related to 

1. The burst duration (lifetime), 
2. The duration and the repetition rate of major peaks of a 

complex-burst emission, 
3. The rise times or durations of steplike flux increases of 

which the envelope of an impulsive flux increase is often com
posed, 

4. Time characteristics of spiky or fluctuating burst emis
sion occurring, for example, during the maximum phase of a 
burst peak. 

These features describe a sequence or "hierarchy" of time-
scales which do not form a continuum but group into different 
ranges of scales, at least in one and the same event. This sug
gests that the bursts consist of "bricks" corresponding to ele
mentary energization processes. Our discussion of the hierar
chy of timescales, and in particular the shortest time scales, in 
light of various theoretical approaches to the impulsive flare 
energy release (and particle acceleration) problem favors the 
coalescence model and the current circuit model. The colli-
sionless conduction front model has difficulties to explain regu
lar structuring of subpulses and fine structures of emission at 
the ^ 1 s scale, and the twisted magnetic loop model probably 
acts too slowly. 

In the frame of the coalescence model the burst profile is due 
to the action of a changing number of elementary processes 
("coalescence events") with characteristic scale of the order of 
the temporal fine structure in microwave bursts (~0.5-3 s). 
Even scales in the millisecond range, whose occurrence is char
acteristic of the decimetric range but questionable for the milli
meter-centimeter wavelength range, can be explained if the 
coalescence is restricted to small volumes. The succession of 

https://doi.org/10.1017/S0252921100077952 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100077952


688 KRUGER ET AL. 

the coalescence events determines the envelope of the ener
getic particle production and microwave burst flux profile. It is 
known that the coalescence is also a promising candidate for 
direct particle acceleration in flares. 

The circuit model is particularly suited to understanding a 
hierarchy of timescales. In the frame of this model short time-
scales ( ~ 1-10 s) correspond to the characteristic time of the 
flute instability for prominence matter penetrating into the 
current channel, T„. Subflare timescales ( ~ 10-100 s) are re
lated to the heating of this matter in the current channel. The 
longest timescale, given by the scale of current dissipation, 
r0 ~ 500-5000 s, corresponds to the duration of the flare pro
cess. 
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