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ABSTRACT 
Test particle orbits in the two-dimensional Fadeev equilibrium with a perpendicular electric field added are 

analyzed to show that impulsive bursty reconnection, which has been proposed as a model for fragmentary energy 
release in solar flares, may account also for particle acceleration to (near) relativistic energies within a fraction of a 
second. The convective electric field connected with magnetic island dynamics can play an important role in the 
acceleration process. 

Subject headings: acceleration of particles — MHD — plasmas — Sun: corona — Sun: flares 

1. INTRODUCTION 

One of the central problems in solar flare research is the 
identification of the mechanisms which transfer a large frac
tion of the released energy to accelerated particles, mainly to 
mildly relativistic electrons (W ~ 10-100 keV), and produce 
sometimes highly relativistic electrons and ions within a time 
interval of the order of a second. It is well known that collision-
less plasmas have a tendency to give a (generally small) frac
tion of the free energy, which is transformed during active 
phases, to groups of accelerated particles and that there are 
many ways the plasma can accomplish this. In the case of solar 
flares the theory is challenged first of all by the high fraction of 
released energy which appears to go to the accelerated parti
cles. The amount of energy in accelerated particles can at pres
ent be inferred best from the hard X-ray (HXR) emission of 
flares. Specific event analyses based on the nonthermal thick-
target HXR model, which appears to be more consistent with 
the data than competing models (Dennis & Schwartz 1989), 
resulted in estimates of the fraction of released energy residing 
in accelerated particles of order £ 20% (Duijveman, Hoyng, & 
Machado 1982); even higher estimates had been derived from 
pre- SMM data. Such estimates are subject to large uncertain
ties (see the detailed discussion in Wu et al. 1989), but they 
point generally to an energetically important role of nonther
mal mildly relativistic electrons during the impulsive flare 
phase. 

Closely related is the "electron number problem." In the 
thick target model, the HXR luminosity implies that the pre
cipitation rate of £20 keV electrons is typically ~10 3 6 s~' 
(Hoyng, Brown, & Van Beek 1976). The total number of elec
trons accelerated during the impulsive flare phase is then 
—1037— 1038. This is of the same order as, or possibly even 
exceeds, the number of electrons initially available in the pri
mary energy release volume (<1028 cm3), which is supposed 
to be located in the corona at densities ~ 109—1011 cm-3. This 
problem must be resolved by invoking an effective refilling 
mechanism for electrons in the source or by placing the pri
mary acceleration volume in the transition region or chromo
sphere. It indicates in any case that the acceleration mecha

nism acts on the bulk of the electron distribution, not only on 
the tail. 

Also the observed timescales of particle acceleration are 
challenging the theory. Temporal structure in the production 
of mildly relativistic electrons is generally blurred during propa
gation to the dense, HXR-emitting layers, but in some events 
HXR spikes with durations (FWHM) as short as 45 ms have 
been detected (Kiplingeretal. 1983,1984). This indicates that 
the particles are accelerated in a (possibly very large) number 
of "elementary release events" and that the acceleration time 
as well as the decay time of the accelerating agent can be 
shorter as 20 ms. The radio emission of the fast electrons is 
even more indicative of a high fragmentation and millisecond 
timescales of flare energy release. Groups of type III radio 
bursts are a characteristic signature of the impulsive flare 
phase; they show that ;S103 separate beams of mildly relativ
istic electrons can be produced (Aschwanden et al. 1990). The 
rise time of these bursts is ~ 100 ms near onset (in the decime-
tric range). Also, decimetric spike bursts are frequently seen 
during the impulsive flare phase, in particular in compact 
flares; they too are thought to be produced by mildly relativ
istic electrons through a collective plasma emission process— 
probably a cyclotron maser instability. Their number in a flare 
(up to ~104) suggests high fragmentation of energy release, 
their bandwidth (Af/f< 0.02) suggests small source dimen
sions (<200 km), and their duration (~20-100 ms, depend
ing on observing frequency) suggests correspondingly short ac
celeration times (Benz 1985; Gudel & Benz 1990). The 
possibility that the extreme temporal and spectral structure of 
decimetric spikes is due to modulation of the nonlinear emis
sion process has not been ruled out, but the excellent correla
tion of the spike burst occurrence rate with the HXR flux 
strongly suggests that the spikes do reflect the temporal struc
ture of the particle source (Aschwanden & Gudel 1992). 

There are strong requirements also on theories of ion and 
relativistic particle acceleration. The observation of prompt 
gamma-ray lines has shown that energetic ions (W^, 10 MeV 
nucleon"1) can sometimes be produced in less than 2 s—syn
chronous with HXR-emitting electrons at the temporal reso
lution of 2 s (Forrest & Chupp 1983; Kane et al. 1986). 
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The delay of relativistic ions (W S; 100 MeV) could be con
strained to <5 s in one of these events. The presence of relativis
tic electrons can in some events be inferred from the extension 
of the continuous bremsstrahlung spectrum up to ~ 100 MeV. 
Also, in a number of these events have very short rise and 
decay (!) times (of <2 s and ;S4 s, respectively) been observed 
in the gamma-range, and again these spikes were simultaneous 
to the HXR burst (Rieger & Marschhauser 1990). On the 
other hand, in most cases the relativistic particles appear with a 
delay. There are long-duration gamma-ray events. Relativistic 
particles are produced in relatively small number of large or 
complex flare events. Therefore, a distinction has frequently 
been made between "bulk" acceleration of the mildly relativis
tic electrons and relativistic particle acceleration in flares. It is 
not clear at present whether different acceleration mechanisms 
operate in these two domains. 

The particle spectra must be inferred from the HXR and 
gamma-ray spectra or from interplanetary particle observa
tions. Both possibilities involve ambiguities, however. The 
HXR spectra generally appear to be composed of two power-
law sections with a break at typically 100 keV (the break en
ergy rises from ~30 keV to 5; 100 keV in some events), but in 
many events a thermal (or a composed, multithermal) spec
trum with T Z 108 K can fit the observations as well (this 
ambiguity is mainly due to insufficient spectral resolution of 
HXR instrumentation). A power-law photon spectrum, dJ/ 
dE oc E~y, is produced by a power-law spectrum of radiating 
electrons, dN/dW oc W~\ with b = y -{ (e.g., Lin 1975). 
This may differ from the accelerated particle spectrum due to 
evolutionary effects on the particle distribution between the 
acceleration site and the HXR source in the thick target model; 
for example, Lin (1975) finds a power-law spectrum at the 
acceleration site with 5 = 7 + 1 . Typically, y ~ 2-3 below the 
spectral break and y ~ 3-7 above the break. Thus the value of 
100 keV may be considered as a typical maximum energy of 
the mildly relativistic electrons. The upper, generally rapidly 
declining part of the HXR spectrum can in some events be 
traced to much higher energies. In these cases the spectra typi
cally become harder again above ~400 keV. This slowly de
creasing electron bremsstrahlung continuum has been de
tected up to ~100 MeV, in particular in the so-called 
electron-dominated events (Rieger & Marschhauser 1990). 

Solar flare electrons directly detected in interplanetary space 
also show typically a power-law spectrum with a sharp break at 
W ;S 100 keV, similar to the HXR-producing electrons. The 
spectral index may differ from that derived from HXR spectra, 
however, indicating a heterogeneous particle source or/and 
partial reacceleration in upper coronal layers (Pan et al. 1984). 

The spectra of relativistic ions are fitted best by Bessel func
tions, which supports theories involving stochastic accelera
tion or stochastic transport (e.g., Forman, Ramaty, & Zweibel 
1986). Maximum energies may reach Wmax, ~ 2.5 X 1010eV. 

The observations clearly show that the principal accelera
tion mechanism of the impulsive flare phase must be able to 
put a large fraction of the available energy to electrons, act on 
the bulk of the thermal electron distribution, operate at subsec-
ond time scales, accelerate ions simultaneously. The maxi
mum energy to be explained is ~ 105 eV (possibly even ~ 108 

eV) for electrons and >107 eV (possibly ~ 2 X 1010 eV) for 
protons. It has been proposed that the particles are energized at 

shock waves, in turbulent wave fields, or by dc electric fields, 
where each of these possibilities includes several variants. At 
shocks particles are accelerated due to diffusion, drift along the 
shock, and charge separation. Alfvenic, magnetosonic, lower 
hybrid, and Langmuir wave turbulence all can produce high-
energy tails. Substantial dc electric fields are supposed to result 
from localized excitation of anomalous resistivity and from 
induction during magnetic field line reconnection. In this 
paper it is demonstrated that multiple small-scale reconnection 
events, which are characteristic of the impulsive bursty mode 
of reconnection in a high magnetic Reynolds number plasma 
(Leboeuf, Tajima, & Dawson 1982; Priest 1985; Kliem 1988; 
Biskamp & Welter 1989) and have been proposed as a model 
of fragmentary energy release in flares (Tajima et al. 1987; 
Kliem 1990, 1991), can account for several aspects of impul
sive phase acceleration. These are, in particular, acceleration 
of particles out of the main body of the thermal distribution— 
up to the maximum observed energies, simultaneous electron 
and ion acceleration, very short timescales, and fragmentation. 
There is nearly no doubt that the reconnection of magnetic 
field lines is a central element of the flare energy release, it is 
synonymous with the induction of electric fields, and one is 
tempted to suppose that it directly produces also the bulk of 
the accelerated particles. The efficiency of the process has, how
ever, been questioned due to the difficulty of injecting the par
ticles at a sufficient rate into the tiny diffusion region of a 
(usually considered) large-scale X-type reconnection geome
try and because of the tendency of the particles to leave the 
vicinity of the X-line quickly (e.g., Melrose 1990; Forman et 
al. 1986). Here it is shown that these arguments are far less 
critical for multiple small-scale reconnection. 

On the other hand, it is questionable whether by-products of 
the energy release such as shock waves, which definitely also 
contribute to particle acceleration, are able to put a substantial 
fraction of the flare energy to the particles as indicated by ob
servations. We note some further difficulties of the competing 
mechanisms without giving a thorough discussion. Diffusive 
shock wave acceleration and acceleration by turbulent MHD 
waves require a seed population of sufficiently energetic parti
cles. They do not effectively accelerate particles out of the 
main body of the distribution. The shock drift acceleration and 
acceleration by lower hybrid waves, while acting also on ther
mal particles, do not lead to electron energies as high as We ~ 
105 eV. Any mechanism that rests upon turbulent wave fields 
requires a very high energy density in the waves in order that a 
significant fraction of the released energy goes to accelerated 
particles. Generally two wave modes must be excited to realize 
simultaneous electron and ion acceleration. Even if shock 
waves can form in less than a second, it remains doubtful 
whether they can also stop accelerating particles in less than a 
second. One has to keep in mind, however, that the observed 
spectral forms (power laws, Bessel function spectra) naturally 
result from stochastic processes involving diffusion in real or in 
velocity space (diffusive shock acceleration and turbulent ac
celeration). But it is possible that the shocks or the turbulent 
wave fields, whose excitation in the energy release volume is 
quite expected, do not produce the bulk of the fast particles but 
merely modify the spectra before the particles can escape. The 
supposed fragmentation of the energy release can lead to a 
similar effect: fast particles may traverse several accelerating/ 
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scattering volumes, that is, "diffuse," in a fragmentary source 
before they produce HXR and gamma-ray emission in the 
lower atmosphere; the observed spectra may be averages over 
many single spectra from the elementary energy release re
gions, particularly for integration times of the order of a second 
or larger. 

In the following sections the chosen geometry of a filamen
tary current sheet containing multiple X-lines is introduced, 
then test particle orbits within that geometry are analyzed, and 
finally the resulting maximum particle energies, spectral 
forms, pitch-angle distributions, and scalings are discussed. 

2. MODEL ASSUMPTIONS 

Numerical simulations by Biskamp (1986), Biskamp & 
Welter (1989, 1990), and others suggested that multiple small-
scale reconnection naturally occurs in dynamical high mag
netic Reynolds number plasmas like the flaring solar corona. 
Due to weak magnetic diffusion, large-scale motions will gener
ally stretch out field lines, creating long, narrow layers with 
nonparallel field lines on either side. The shear flow may first 
stabilize these current sheets, but if they become sufficiently 
long and thin, the tearing instability breaks the sheet into a 
chain of current filaments (magnetic islands). This configura
tion is again unstable, and in a dynamical and disturbed envi
ronment the coalescence instability occurs. Part of the kinetic 
and magnetic energy in the system is thus transformed to dif
ferent scales, and another part is dissipated during the multiple 
small-scale reconnection phases which are driven by the tear
ing and coalescence instabilities. Both instabilities are driven 
by the attraction between parallel currents, but while the tear
ing instability ("TI") occurs only in resistive MHD, the coales
cence instability starts with the approach of current filaments 
as an ideal MHD instability, followed by a resistive phase, in 
which the merging of the current filaments proceeds (Pritchett 
& Wu 1979). These two phases of the coalescence instability, 
which are more clearly distinguishable for high magnetic 
Reynolds numbers, will be denoted by CI, and CI2, respec
tively. The characteristic timescales are, accordingly, 

' „ ~ ( ' . 'A) '" - S,/JT» (1) 

'« -«"•£• ft-0-1- ' ' <2) 

where rr = 4ircr(L/c)2 and TA = L/VA are the resistive and 
Alfvenic timescales based on the current sheet half width L, 
respectively, 5 is the Lundqvist (magnetic Reynolds) number, 
VA = B(4irNeM)~l/2—Alfven velocity, Ne—particle density, 
M—proton mass, and u is the flow velocity. Here TCII is essen
tially the Alfvenic timescale based on the distance between 
approaching current filaments, LCI, equal to the wavelength of 
the fastest-growing tearing mode. The theory of the TI predicts 
LCI ~ Sl/4L (in the case without shear flow), but simulations 
indicated that also much smaller LCI are possible. In any case, 
with typical values of S (S; 108), we have TC1I <̂  TTI . The typical 
timescale of the resistive coalescence phase, TC,2, depends 
strongly on the plasma parameters and is not well known for 
high S; since the rapidly approaching current filaments en
force reconnection during the CI in general more strongly than 

external flows do so during the TI, rci2 lies between TTI and 
TCII . In fact, in the favorable case of strongly peaked current 
density and compressible plasma (i.e., low plasma-beta and 
nearly antiparallel external magnetic field configuration), 
Ta2 ** rci, has been observed in simulations (Tajima, Brunei, 
& Sakai 1982; Bhattacharjee, Brunei, & Tajima 1983). The 
coalescence of a current filament pair is supposed to start at a 
certain location and then to propagate along the filament pair 
with approximately Alfven velocity. At any given point the 
process has the duration T 0 | + TC12, but the total duration of 
the coalescence as seen by a remote observer is of order Ty = 
L, / VA. Here L(, the extent of the coalescence process along the 
filaments, is the quantity which should correspond to observa
tional source sizes, for example, the estimated size of decimet-
ric spike bursts (~2 X 107 cm). Unlike the TI, the CI leads to 
collapse of the current sheet (or at least of sections of the sheet; 
Kliem 1988). The coalescence instability thus releases more 
energy than the tearing instability (Leboeufet al. 1982), and it 
has a higher rate of energy release, which makes it a prime 
candidate for flare energy release. The energy release then oc
curs primarily during discrete "coalescence events" of current 
filament pairs in an extended sheet, that is, in a fragmentary 
manner. The energy goes to kinetic energy of the fluid, plasma 
heating, and groups of accelerated particles. 

There are three different mechanisms of particle accelera
tion due to reconnection in a current sheet, which rest on the 
parallel, convective, and perpendicular space charge electric 
field components, respectively. In connection with the CI, all 
these mechanisms can produce energetic particles in a frag
mentary manner on short timescales. We will therefore briefly 
discuss the three field components. In a sheared configuration, 
which is generally to be expected in the solar corona, magnetic 
field line reconnection implies the occurrence of perpendicular 
and of parallel electric fields. A characteristic property of the 
process is that the nonconvective components of the electric 
field, which contain all parallel components, and the convec
tive electric field component, Emnv = — u X B/c, are of compa
rable magnitude in a small neighborhood of the X-lines, the 
diffusion region, where the reconnection actually proceeds. 
However, depending on parameters, either the parallel or the 
perpendicular field component may be dominant if the whole 
area of dynamic development is considered. In this connection 
it is useful to distinguish between the cases of existence of clas
sical, collision-dominated resistivity and of the excitation of 
anomalous resistivity by a kinetic current-driven instability. 
The latter case requires current densities j >jCT where the criti
cal current density is of order j a ~ Nevti and uti = (T, JM)'/2 is 
the ion thermal velocity (see Papadopoulos 1979). Using 
Ampere's law, this condition corresponds to magnetic field 
inhomogeneity scales LB = B/dxB < /cr ~ 4jS~1rci (rci—ion 
cyclotron radius, p = l6nNeTB~2—plasma beta) and can be 
satisfied only in tiny parts of the flare volume; possibly a large 
number of such areas exist, however. Since the current-driven 
kinetic instabilities have growth times much below the magne-
tohydrodynamic timescales and tend to quench themselves in 
the nonlinear phase, anomalous resistivity may also occur iso
lated in time. 

For the low classical resistivity of the solar corona, the coales
cence instability involves transitory phases of flux pileup in 
regions adjacent to the diffusion regions around the X-lines 
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during its first phase, particularly if the plasma is compressible. 
The convective electric field then approaches its maximum 
value, E0= FAfi/c(e.g.,Tajimaetal. 1982), and substantially 
exceeds the fields in the vicinity of the X-lines. In comparison, 
the maximum parallel electric field that can stably coexist with 
the plasma in the diffusion region below the threshold for exci
tation of anomalous resistivity is the Dreicer field, ED = (e/ 
XD)2 In A where XD = (Te/4vNee

2)xl1 is the Debye length and 
A = (4ir/3)Ne\l) is the plasma parameter. Writing ED/E0 in 
terms of dimensionless parameters, 

£p = 1 c In A 
E0 4vtl A P 

shows that the Dreicer field remains much smaller than E^^ 
in the solar corona where c/vti » 2 X 103, A ~ 107-109, and 
P ~ 10~4-10°. If rCh > TCI| (e.g., for very low resistivity and 
incompressible plasma), the rapid initial acceleration leads to 
an overshoot of magnetic pressure between the approaching 
filaments and subsequently to oscillations of the main flow 
pattern of the filament pairs during their slow merging, accom
panied by reversals of £ „ „ . 

Alternatively, if the current density locally exceeds the ki
netic instability threshold and anomalous resistivity is in
duced, substantial space charge electric fields can develop at 
that location because the underlying large-scale circuit has ef
fectively been interrupted. This part of the electric field is di
rected along the current and has in general also parallel compo
nents. Possibly it forms double layers. Its strength is 
determined mainly by the parameters of the large-scale coro
nal circuit and is not bounded by E0. If such strong parallel 
electric field components occur, they are expected to dominate 
the acceleration because the majority of particles cannot gain 
the full potential difference across the magnetic field due to 
deflection by the Lorentz force. Artificially induced dynamic 
reconnection has been observed to trigger the occurrence of 
anomalous resistivity near X-lines in the numerical experi
ments of Scholer & Roth (1987); whether such an association 
also exists in the case of spontaneously occurring island coales
cence will be the subject of a future investigation. 

If the evolving magnetic field develops very small scales, 
Lg < rci, charge separation of the magnetized electrons and the 
unmagnetized ions occurs, and the resulting electrostatic field 
across the magnetic field also contributes to particle accelera
tion (Tajima & Sakai 1989). It is however seen from 
/cr ~ 4/3 ~ 'rci that for low-beta plasmas like the solar corona the 
threshold of development of anomalous resistivity is reached 
much earlier. At that point triggering of the tearing instability 
is expected (Kliem 1988), which prevents the structure from 
further shrinking, and the resulting parallel electric fields will 
dominate the acceleration of particles. 

In this paper particle acceleration by a perpendicular (essen
tially convective) electric field is selected because this compo
nent is always large during the coalescence instability, while 
the excitation of anomalous resistivity, albeit probable, is hypo
thetical. The convective electric field is generally considered as 
being unable to contribute to particle energization, but there 
are two important exceptions to the rule, relevant to the case 
under study: 

1. At magnetic X- and O-lines (similar to the situation at 
magnetic inversion planes) particles perform a meander-like 
motion and decouple from the fluid. 

2. Particles drift across the magnetic field due to inhomo-
geneities in B; those particles that enter the region where an 
£conv is induced in an inhomogeneous B from a region with a 
different local flow velocity u and are collisionless at the scales 
of the u and B variations experience energy gain or loss, respec
tively, depending on the sign of Emny. 

It is our aim to demonstrate the principal possibility of rapid 
acceleration of a large number of particles to high energy. The 
qualitative properties of the mechanism and order of magni
tude results can be obtained from a greatly simplified approach 
which considers test particle trajectories in an analytical model 
for the electromagnetic fields in a filamentary current sheet. 
We choose the well-known Fadeev equilibrium as magnetic 
field model. As a further simplification we adopt the configura
tion with vanishing magnetic guide field component because 
otherwise we cannot set up a model for the perpendicular elec
tric field in a meaningful manner without detailed knowledge 
of the flow u. (The Fadeev equilibrium and the antiparallel 
field case should also serve as a useful reference for later calcu
lations based on a magnetohydrodynamical simulation of the 
CI.) The magnetic field is then given by 

Bx - ~B0 

Bz = -B0 

sinh (z/L) 

cosh (z/L) + t cos (x/L) 

e sin (x/L) 
cosh (z/L) + t cos (x/L) ' 

(3) 

(4) 

The parameter e (0 < i < 1) controls the current localization 
within the islands; its choice is e = 0.3 throughout this paper 
which makes the island half width zh « L. An electric field 
into the invariant direction is formally added to simulate the 
occurrence of convective electric fields due to filament motion 
during the coalescence instability. The simplest choice, Ey = 
const implies a flow that is directed to, or away from, the center 
of the islands at each point, which is not characteristic of coales
cence. Instead, neighboring islands approach each other as a 
whole; this is modeled by a periodic electric field Ey(x) which 
changes sign at the position of the O-lines (x/Lir = ±1, 3, 5, 
• • •)• Withiiyoc cos(x/2L), acceleration and deceleration of 
particles trapped in the islands would cancel out. We take into 
account that the islands are deforming while approaching or 
repelling each other, with different magnitude of | u | and | B \ 
on either side of the O-lines. This results in a convective elec
tric field that is asymmetric about the O-lines and may be 
modeled as (see Fig. 1) 

- ^ cos | ^ } " » \ 4 L , (JL\ (5) 

This electric field permits net acceleration or deceleration of 
the trapped particles also. Our configuration (eqs. [3]-[5]) is 
not self-consistent (since V X E + 0 implies dB/dt ^ 0), but it 
is expected to reveal the qualitative particle orbit characteris
tics (meander motion and drift motion), on which the accelera
tion is based, correctly. Furthermore, the orbit calculations 
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FIG. 1.—Considered configuration B(x, z), Ey(x) with the separa-
trices shown dashed. The implied flow u (equivalent to VE) is indicated by 
heavy arrows. Arrows out of the plane give the direction of the V B drift for 
positive charges. Lengths are normalized to L in this and subsequent fig
ures. 

show that the particles acquire a large portion of their final 
energy in a time interval much shorter than the timescale of 
magnetic field evolution, TCI| . 

A characteristic value of L at which coronal current sheets 
typically undergo dynamic development, comprising island 
formation and coalescence, is not known. A lower limit is L > 
/cr ~ 4/3"Vci, where the localized excitation of anomalous resis
tivity triggers the tearing instability (Kliem 1988). Much 
smaller values follow from purely magnetohydrodynamic con
siderations (e.g., Biskamp 1986), but we do not consider these 
as realistic. The larger L, the longer TTI and the more effective 
is the stabilization by the flow. Therefore we will use L as 3/cr 

in numerical estimates, bearing in mind that slightly smaller 
but also larger values of L are possible. For the plasma parame
ters in the region of primary flare energy release we adopt val
ues of the lower solar corona, Ne= 1010cm'3; T= 2.5 X 106K 
(215 eV), and B0 = 200 G. This gives L = 2 X 104 cm. Other 
parameters take the values S ' = 5 x l 0 8 , / 3 = 4 x l 0 " 3 , and 
VA = 4.4 x 10s cm s_1. The mean free path length becomes 
L(p *» 4 X 106 cm. This seems to invalidate a magnetohydro
dynamic description at the considered spatial scale L~ l„, but 
one should remember that the CI primarily involves fluid mo
tions across the magnetic field where the freedom of the parti
cles is restricted to r„ti <la.\X is seen that even thermal parti

cles are collisionless over an island length (even if LCI2; S'/4 L) 
and will have trajectories similar to the test particles consid
ered below. Hence, bulk acceleration appears possible in the 
filamentary current sheet at spatial scales L S; l„. Kinetic en
ergy of the fluid is transferred to particles via the convective 
electric field. The current carried by the accelerated particles, 
which is opposite to the original sheet current, / = (C/4TT)V X 
B, in the neighborhood of the X-lines (where the particles 
mainly perform gradient drift motions), will then modify the 
fluid dynamics and reduce the electric field strength. A self-
consistent treatment of these effects requires a particle simula
tion which is outside the scope of this paper. 

Our parameter choices and £ = 0.1-1 lead to Econv ~ 104-
105 V m"1, TCI| = 0.3-3 ms (for LCI = 2TTL from eqs. [3, 4]), 
and T, = 45 ms for L, = 2 X 107 cm (in accordance with spike 
burst observations). 

Efficient acceleration of test particles by a perpendicular 
electric field was found earlier by Scholer & Jamitzky (1987) 
for a similar configuration, a current sheet with two coalescing 
magnetic islands, which had been obtained from a magnetohy-
drodynamical simulation of the terrestrial magnetotail. In 
their model the strongest electric fields were connected with 
the development of anomalous resistivity at the "dynamic" 
X-lines, yet still always directed perpendicular to the (two-
dimensional) magnetic field, and the strongest acceleration oc
curred at the dynamic X-lines. Here we wish to emphasize that 
also the convective electric field can efficiently accelerate parti
cles in the filamentary current sheet, and we study the individ
ual particle trajectories in more detail. In specifying plasma 
parameters we will concentrate on the solar flare case. For 
certain parameters our simplified model shows efficient parti
cle acceleration also at the O-lines. Our approach differs from 
the calculations of Sakai (1992) primarily by the consideration 
of a multiple X-line geometry. 

3. TEST PARTICLE TRAJECTORIES 

We will first study the trajectories of single test particles. 
Taking B0, mVA, E0 = VAB0/c, L, TA as units of magnetic 
field, momentum, electric field, distance, and time, respec
tively, the relativistic equations of motion of a test particle of 
charge q and mass m read in dimensionless variables 

dx p^ 
~dl ~ T7 

| = « ( £ + j > x K / r ) , 

where 

qB0rA 2ir 
a = = — 

mc Tc 

r = (\ + (vjc)2
P

2y2. 

The parameter a is equal to the normalized inverse cyclotron 
period of the considered particle species in the external field 
B0, multiplied by 27r, and T is the Lorentz factor. Our choice of 
plasma parameters and sheet width yields a = 88 for protons. 
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These equations are integrated using an Adams-Moulton (pre
dictor-corrector) scheme. Since the time step must be a frac
tion of the cyclotron period (£;25 time steps per cyclotron pe
riod are generally required), proton orbits were calculated in 
the majority of runs. The particle motion possesses chaotic 
properties, in particular for cyclotron radii rc~ L. Decreasing 
the time step further does therefore not avoid that some few 
particles, which passed (or were temporarily trapped) close to 
an X-line, reach completely different final positions and ener
gies (just as slightly different initial conditions would cause). 
However, the basic parts of the particle trajectories on which 
the acceleration is based are independent of the partly chaotic 
behavior. Also, the properties of distributions of a large num
ber of test particles, obtained in the following section, are repro
ducible if a different set of (randomly chosen) initial condi
tions is used and are not altered if the time step is further 
reduced. 

In the given configuration there are three types of net mo
tion in directions across the magnetic field: meander orbits at 
magnetic X- and O-lines, the magnetic gradient and curvature 
drift, and the E X B drift. 

Similar to the situation at uniform current sheets, those par
ticles that reach the vicinity of a magnetic X- or O-line start 
performing a meander-like motion perpendicular to the mag
netic field and decouple from the fluid motion. An electric 
field pointing into the direction of the meander accelerates or 
decelerates the particles. Independently of the sign of charge 
and the type of field reversal, collisionless particles are acceler
ated by the convective electric field if the underlying fluid ve
locity points toward the line or plane of magnetic field reversal 
(or rotation, if a guide field is present). In the opposite case the 
particles are decelerated. During meander motion the particle 
energy increases quadratically with time. The meander motion 
is stable at O-lines if the electric field is accelerating (Ey0B0 > 0 
in our model): the particles continue the motion without limit, 
even if the magnetic field is slightly irregular or has different 
strength on both sides of the inversion. Formally this is due to 
the fact that while the particle energy is increasing during each 
semicircular part of the orbit on one side of the O-line, the 
Larmor radius is also increasing, and the particle must cross 
the O-line to repeat the process at the other side. In other 
words, the E X B drift (or the equivalent flow implicit in Econv) 
is fixing the particle's center of motion at the O-line. Of course, 
the implied flow can only temporarily occur at O-lines in a 
compressible plasma, but the existence of stable meander or
bits permits some particles to attain the full energy gain pro
vided by the strength and extent of the convective electric field 
near the O-lines. (Note that this differs from the situation in 
magnetotail-like current sheets where a small normal magnetic 
field component (Bn) causes the particles to leave the sheet 
after a finite interval of motion in the direction of the electric 
field, Ay ~ 2qBnjmc; e.g., Speiser 1965; Martens & Young 
1990.) On the other hand, only initially sufficiently energetic 
particles run into a meander-like motion about an O-line 
within one characteristic coalescence time and experience 
strong acceleration there, runs with a large number of test par
ticles have shown that rc/L S; 0.2 is required for rapid accelera
tion (less energetic particles do not "feel" much of the asym
metry of the electric field about the O-lines). Therefore, O-line 
meander acceleration does not lead to bulk energization (as 

seems to be required for solar flares), but it may be of rele
vance to the most energetic particles observed in connection 
with dynamical plasma behavior. 

At X-lines, if a flow across the separatrices is present, the 
meander motion is not stable. (A steady electric field along the 
X-lines is always connected with a flow across the separatrices, 
which is not necessarily true for electric fields induced by mag
netic compression.) Generally after at most a few cyclotron 
periods with energy gain in the upstream region the test parti
cles move to the downstream region where the electric field is 
decelerating during meander motion. There the particles are 
quickly lost from the vicinity of the X-line and go through a 
phase of drift motion (where acceleration is again possible, see 
below). It is obvious from Figure 1 that acceleration during 
meander orbits at X-lines occurs in the configuration for either 
sign of Ey0. Out of a large number of test particles only very 
few reach a meander orbit about an X-line (the majority 
crosses the separatrices earlier), but these acquire the highest 
final energy in the cases of negligible O-line acceleration. 

Also the magnetic gradient and curvature drift of a particle 
with velocity v, given by 

is exactly parallel to ±Ein the two-dimensional field case (By = 
0). In the neighborhood of an X- or O-line, this drift motion is 
always oppositely directed to the meander motion about the X-
or O-line. Hence, in order to gain energy due to the drift along 
an X- or O-line, the orbit must be located in plasma that is 
streaming away from the X- or O-line. Again it is obvious that 
this type of particle energization occurs near the X-lines in the 
considered configuration (eqs. [ 3 ] - [ 5 ]) for either sign of Ey0. 
(If a particle comes very close to an X- or O-line, it might be 
expected that the particle first performs a nearly free motion 
(degenerate drift motion) for a finite interval along the line 
until its distance to this line is sufficiently large so that the drift 
motion follows, but for the majority of these particles a 
meander motion is initially observed instead.) Unless the par
ticles are magnetically guided to return to the vicinity of an X-
or O-line with an appropriately directed Ecom, there will in 
general be only one period of strong acceleration due to the 
drift. In the filamentary current sheet, particles with orbits 
close to the separatrices are repeatedly guided into the neigh
borhood of the X-lines and experience several acceleration 
phases. Although the net energy gain decreases on average in 
each subsequent acceleration phase, the total energy gain due 
to the drift may exceed the energy gain during the phase of 
meander or nearly free motion. The effect of repeated phases 
of drift acceleration is somewhat overestimated in this paper 
due to the large asymmetry inherent in the electric field model; 
nevertheless, it is clear that multiple X-line configurations per
mit higher final particle energies than single X-line configura
tions with similar electric field strengths. 

The E X B drift, given by VE = (E X B/B2)c, is nothing else 
than the perpendicular component of the fluid motion in the 
particle picture, if no external electric field is applied. In our 
analytical model (eqs. [3]-[5]) it implies an artificial drift of 
the test particles across the (stationary) field lines. While this 
drift does not directly cause energy gain or loss, it influences 
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the number of particles that start meander motion at an O-line 
and reach high final energy there. Our model thus overesti
mates O-line acceleration if Ey0B0 > 0. This effect remains 
weak, however, because the E X B drift slows down in the 
neighborhood of the O-lines with our field model, equation 
(5), and the majority of the particles does not reach the vicin
ity of an O-line during the time of orbit integration which was 
always set equal to TCII . 

Figure 2 illustrates the discussed characteristics of the single 
particle motion. Shown is a proton orbit which combines E X 
B drift toward the X-line and finally toward the O-line, 
meander motion about the X-line, and gradient drift motion 
along the X-line. The particle is most rapidly accelerated (simi
larly to a free motion) during the meander motion at the X-
line (indicated by squares). Substantial acceleration also oc
curs during the drift at the first few passes close to the X-line 
(indicated by triangles and stars). There are several drift accel
eration phases of decreasing intensity due to magnetic guid
ance of the particle in the considered configuration. Shown is 
the first part of the orbit up to t = 0.4TC I | . Subsequently the 
particle experiences strong O-line meander acceleration (not 
shown here for clarity of the figure) to become the most ener
getic particle of the distribution shown in Figure 4, where its 
final position and energy at t = TCI| can be seen. (The cross 
marks the position of the particle at the arbitrarily chosen time 
origin.) 

The orbit characteristics reveal two advantages of the fila
mentary current sheet in comparison with single X-line and 
magnetotail-like configurations in addition to the effect that 
there are many X-lines and that many particles have rapid 
access to an X-line. First, the maximum energy gain of the 
particles due to X-line acceleration is increased by the tempo
rary trapping of the particles at field lines close to the sepa-
ratrices and repeated guidance of the particles into the 

neighborhood of X-lines so that several phases of gradient-
drift-acceleration occur. Second, particles can be stably 
trapped and quasi-freely accelerated without limit during 
meander motion at the O-lines. 

4. TEST PARTICLE DISTRIBUTIONS 

The relative importance of X-line acceleration versus O-line 
acceleration depends upon parameters like the initial particle 
energy and electric field strength. The final energy a particle 
reaches during X-line acceleration strongly depends upon the 
distance of closest approach of the particle to one of the X-
lines. To obtain an idea of the characteristic maximum energy 
of accelerated particle distributions for a range of parameters, 
runs were performed in which ~ 103 test particles were distrib
uted randomly over the area of an island, 0 < x0/L ^ 2-K, - 1 s 
z0/L< 1, y0 = 0, and at the surface of a sphere in velocity space 
at t = 0. The total time of orbit integration was always chosen 
to be TCII . The particle energy was varied between 7.65 eV and 
7.65 MeV in steps of two orders of magnitude between the 
runs, for protons this corresponds to initial cyclotron radii of 
(10 4-10"')L. The electric field strength was varied in the 
range ±Ey0/E0 = £ = 10"15-10° in steps of one-half order of 
magnitude. 

Results of such a calculation for a moderate field strength, 
Ey0/E0 = 0.1, and Ey0B0 > 0 are shown in Figures 3 and 4. The 
mobility of the particles can be clearly seen (the difference 
between the two figures in this respect is mainly due to the 
different initial velocity and partly due to the larger mobility 
across the islands for larger cyclotron radii). Nearly all parti
cles are trapped in the configuration. The first figure shows a 
dominating role of O-line meander acceleration in the case of 
large cyclotron radius. For many different sets of parameter 
values, onset of O-line meander acceleration has been ob-

FIG. 2.—Test particle orbit in the fields given by eqs. (3)-(5) which 
shows meander motion, VB drift, and EX B drift. It is the first part of the 
orbit of the most energetic particle in the distribution shown in Fig. 4. See 
text for further explanation. Magnetic field lines in the x-z plane are shown 
dashed. 

y - 1 0 0 

1000 10000 100000 100000C 
energy (keV) 

FIG. 3.—Final positions, energies, and the corresponding energy distri
bution of 103 test particles (protons), which were initially monoenergetic 
and randomly distributed over the area of one island, after one coalescence 
time TCI| . Parameters are Ey0/E0 = 0.1 and rc(0)/L = 0.1 (i.e., W(0) % 
7.7 MeV). (Note that the more distant particles have been removed from 
the z-x and y-x scatter plots.) 

https://doi.org/10.1017/S0252921100078027 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100078027


726 KLIEM Vol. 90 

10 100 1000 10000 100000 
energy (keV) 

- 2 0 - 1 6 - 1 2 - 8 - 4 0 4 8 12 16 
x/n 

10 100 1000 10000 
energy (keV) 

10 

0 

- 1 0 

- 2 0 

- 3 0 

- 4 0 

- 5 0 
4 

• j 

- 2 

! * * 

0 2 
x/rc 

* 

4 6 

FIG. 4.—Same as Fig. 3 but with rc(0)/L = 0.01 (i.e., W(0) « 77 
keV). 
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FIG. 5.—Same as Fig. 4 but with Ey0/E0 = -0.1 

served to occur whenever the individual cyclotron radius ex
ceeds r^/L'Z, 0.2, which corresponds to proton energies W^ 
2 X 107 eV for the chosen sheet half width L. For the lower 
initial particle energy of Figure 4 and the chosen moderate 
electric field strength, only one particle acquires sufficient en
ergy to experience appreciable O-line acceleration (the orbit of 
which is shown in Figure 2), hence this case is completely 
dominated by X-line acceleration. The great majority of the 
103 particles do not come close enough to an X-line to perform 
meander motions there but are solely energized due to the drift 
along an X-line. In both cases a minority of particles can be 
seen to loose energy. 

In the case of reversed electric field and plasma flow direc
tions (Ey0B0 < 0) a relatively similar picture is obtained for 
parameter values where in the former case X-line acceleration 
is dominating (there is no O-line meander acceleration in this 
case). This is apparent from the comparison of Figures 4 and 
5. For otherwise identical parameters, the maximum final par
ticle energy is clearly less in this case, since the effect of re
peated X-line drift acceleration is less pronounced, but by not 
more than one order of magnitude. Also the number of acceler
ated particles is smaller. Many particles drift out of the sheet at 
even multiples oflirL. 

Characteristic maximum particle energies are shown in Fig
ure 6 for Ey0B0 > 0 and a representative range of parameters. 
Since the actual maximum energy in a test particle distribution 
sensitively depends upon the details of the closest approach of 
one of the particles to an X-line, "characteristic" maximum 
energies (obtained by disregarding the uppermost 0.5%, respec
tively 1.0%, of the final test particles) are given. It turns out 
that O-line meander acceleration is relevant if rc (t = 0)1 L S; 
0.1 orEy0/E0 = M/KAf=> 1, otherwise X-line drift-acceleration 
is the relevant mechanism producing the most energetic parti
cles. For our estimate of L there are very few particles with 
rcl L S; 0.1 in the corona. For dominating drift acceleration it is 
further found that the characteristic maximum particle energy 

scales roughly as 

W ~ e-
" max *-

• 2 f =JLp^c 
1 £>«> i / e *, 

VAB0 (6) 

(with Lcl = 2irL in our model), as indicated in Figure 6. 
A comparison with Figure 4 shows that, due to the repeated 
drift phases, many particles actually drift much more than an 

INITIAL CYCLOTRON RADIUS 
FIG. 6.—Comparison of "maximum" energies of runs with 103 test 

protons each and different parameter choices with eq. (6), represented by 
arrows. Solid lines: energy reached by l % of the test particles; dashed lines: 
energy reached by 0.5% of the test particles. Values of the applied electric 
field strength are Ey0/E0 = 10° (asterisks), 10~a5 (squares), 10"' (cir
cles), and 10~15 (triangles). Cyclotron radii are normalized to L. 
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island half length along the electric field, but the drift motion 
occurs in regions where Ey(x) < Ey0. In the range of dominat
ing drift acceleration it is seen from Figure 6 that there is only a 
weak dependence of the maximum energy on the initial en
ergy; hence, with a distribution of initial particle energies, there 
would be no preferential acceleration of the superthermal over 
the thermal particles if both are collisionless. 

Particles with smaller mass and cyclotron radius have a 
smaller probability to approach an X- or O-line close enough 
to start meander motion. Hence a decrease of the characteristic 
maximum energy with decreasing mass is expected, which is 
actually found but remains relatively weak (see Fig. 7). 

The spectral forms of the accelerated test particle distribu
tions are similar to the one shown in Figure 4 for those parame
ters where the X-line drift acceleration is dominating. The 
shape is only weakly dependent on the electric field strength in 
the relevant range Ey0/E0 = 10~'-s to 10~05, but the spectra 
extend over a broader energy range with smaller slope and a 
more and more pronounced high-energy drop for decreasing 
initial energy. The position of this high-energy drop does not 
depend much on the initial energy (see Fig. 6). These spectra 
result for initially monoenergetic particles. If the particles ini
tially possess an energy distribution, a broken spectrum, slowly 
decreasing up to nearly the characteristic maximum energy 
that belongs to the given electric field strength and dropping 
then off rapidly, can be expected. Quantitative results such as 
spectral forms must be considered with caution due to the 
adopted model simplifications. Further, in a more general con
figuration, the simultaneous presence of many dynamical fila
ments in a large turbulent plasma volume as well as the excita
tion of waves by the rapidly moving filaments introduce a 
diffusive component into the particle motion and modify the 
escaping particle spectra accordingly. 

Pitch angles of accelerated particles are given as a scatter plot 
in Figure 8. Here the particles were initially again distributed 

PARTICLE MASS (M,) 

FIG. 7.—Dependence of the characteristic maximum particle energy 
on mass. Parameters are Ey0/E0 = 10"05 and rc(0)/L = 1CT4 (dots), 10"' 
(triangles). A good fit to the numerical values is given by Wm!a ~ (mlMY 
with h » i 
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FIG. 8.—Initial and final pitch angles and energies of 103 protons after 
one coalescence time for Ey0/E0 = 1005 and rc(0)/L = l(T3, marked by 
crosses and dots, respectively. 

randomly but with uniform average density in the pitch angle 
interval [0, x) . Although the energization of the particles oc
curs in directions perpendicular to the magnetic field, the re
sulting pitch-angle distribution is nearly isotropic; only at rela
tively low and at the highest energies is a lack of small pitch 
angles discernible. This can be understood as follows. Close to 
the initial energy the cyclotron radius is much smaller than the 
radius of curvature, rB, of the field lines and the perpendicular 
energization is reflected in the pitch angles. At higher energies 
rc > rB holds, and the direction of the field lines varies consider
ably along a cyclotron orbit, leading to a nearly isotropic pitch 
angle distribution. The most energetic particles in Figure 8 (at 
Wz2x 107eV), having just entered a meander orbit, become 
confined more closely to an O-line and to approximately per
pendicular motion. 

In our antiparallel field model the majority of the particles, 
which are trapped in the current sheet, move along the current 
filaments (i.e., in y-direction) only due to the VB drift. How
ever, as soon as a guide field component is allowed, particle 
beams following the field lines (which spiral around the 
current filaments) are formed during a coalescence event since 
the particles also acquire substantial parallel velocity compo
nents within the acceleration region. The particles in these ema
nating beams possess comparable parallel and perpendicular 
velocity components. A similar picture is obtained for those 
highly energetic particles which are ejected from O-line 
meander motion (even for By = 0). This result differs from 
acceleration in magnetotail-like current sheets (Speiser 1965; 
Martens & Young 1990) where the emanating particles possess 
small pitch angles. 

5. CONCLUSIONS AND DISCUSSION 

The small-scale dynamics of a current sheet connected with 
the tearing and coalescence instabilities and magnetic field line 
reconnection, which had earlier been proposed as a model for 
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fragmentary energy release in flares, also leads to substantial 
particle acceleration. We have stressed the role of the perpen
dicular electric field which is always large during the coales
cence of current filaments. Collisionless particles can be accel
erated by the convective electric field induced in the 
filamentary current sheet. 

Except for the case of very strong electric fields (£ ~ 1), 
X-line drift acceleration is the dominating mechanism with 
maximum proton energies roughly scaling as Wma ~ e(LCI/ 
2)E± (in the considered case of antiparallel external fields), 
where LC1 is the distance between the coalescing current fila
ments. The numerically found values of Wm!a decrease slightly 
with decreasing particle mass, leading to maximum electron 
energies that are smaller by nearly one order of magnitude. For 
typical parameters in solar flares this leads to WmaXj(, ~ 106-
107 eV in accordance with gamma-ray observations during the 
impulsive phase. The corresponding acceleration times lie in 
the millisecond range. The accelerated particles occupy a 
broad range of pitch angles. 

The presented model can account for several important 
properties of particle acceleration during the impulsive phase 
of solar flares, viz., bulk acceleration, fragmentation of the ac
celeration, timescales in the millisecond range, maximum en
ergies in the MeV range. On the other hand, it is not yet able to 
explain preferential electron acceleration, the common appear
ance of power-law spectra, and the nearly uniform location of 
the spectral break in the range ~ 30-100 keV. The main prob
lem appears to be the ratio of electron to proton acceleration, 
which might be resolved in future by invoking some preheat
ing of the electrons and larger spatial scales so that the elec
trons are already collisionless while the ions are not. 

The obtained maximum energies may be somewhat opti
mistic since our simple analytical model, first, possesses a rela
tively strong asymmetry of the electric field strength about the 
O-lines, giving rapid O-line meander acceleration and a strong 
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influence of repeated drift acceleration near the X-lines, sec
ond, has the maximum electric field at the X-lines, not in their 
vicinity, which makes the initial phase of quasi-free accelera
tion at the X-lines more effective, and third, assumes antipar
allel external magnetic fields. With a magnetic guide field com
ponent included, the particles can traverse the region of 
coalescence along the field lines that spiral around the current 
filaments. Thus the particles may stay in the acceleration re
gion for an interval shorter than the coalescence time TCI[ used 
here. Moreover, the guide field, By, introduces a z-component 
of the VB drift. On the other hand, we have taken a very small 
value for LCI in our estimates of WmM. With the current sheet 
half width L close to the limit /cr ~ 4/?_1rci, the maximum 
particle energies are proportional to B3 (if £ is independent of 
B). Such a sensitive dependence seems to be unrealistic. Mag-
netohydrodynamical simulations of current sheets, which 
yield consistent electromagnetic fields, better estimates of L, 
and permit the inclusion of a guide field component, will lead 
to more reliable quantitative results for the proposed accelera
tion mechanism. 

In comparison with a single X-line configuration, a filamen
tary current sheet is far superior with respect to particle acceler
ation for the following reasons: (1) near-Alfvenic velocities 
and correspondingly strong electric fields occur near the X-
lines; (2) many particles have rapid access to an X-line; 
(3) there are repeated drift acceleration phases at the X-lines 
due to trapping of the particles in the configuration; and (4) a 
small population of highly energetic particles can be produced 
by O-line meander acceleration. The considered acceleration 
mechanism should be of general relevance to dynamical plas
mas at high magnetic Reynolds numbers. 
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