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ABSTRACT 
Unstable field-aligned currents are seen as the origin of field-aligned potential drops. They convert energy 

stored in magnetic shear stresses into kinetic energy. A good fraction of this energy is carried by runaway electrons 
and ions out of the acceleration region. The paper emphasizes the analogy with mechanical fractures. Simple 
expressions for the energy conversion rate and the parallel potential drop are derived, the two being linked by the 
critical current density needed for instability. The origin of the currents (generator) lies mostly in a region remote 
from that of energy conversion (fracture zone). The transmission of shear stresses and energy from the generator 
plasma, where the primary forces are applied to the fracture zone is also considered. A closed set of relations 
allows quantitative evaluation of the energetic particle production efficiency. The decoupling of the plasma on 
either side of the fracture zone which allows fast stress relief is described in detail, as well as a stationary model for 
the Alfven wave interaction between fracture zone and generator plasma. A simple concept of the nature of the 
anomalous resistivity generated by the unstable current leads to an expression for the magnetic diffusivity inside 
the fracture zone and an estimate of the latter's extent parallel to the magnetic field, whereas its width and length 
transverse to B follow from the macroscopic relations. Finally and as an example, the theory is applied to the 
problem of fast electron (and ion) acceleration well above 1 MeV seen to occur in many solar flares. It is obvious 
that this process belongs to the most powerful production processes of high-energy particles in stellar magnetic 
fields. 

Subject headings: acceleration of particles — MHD — plasmas 

1. INTRODUCTION 

Acceleration from magnetic field-aligned potential drops is 
known to occur at several 1000 km altitudes above auroral arcs 
(e.g., Mozer et al. 1977; Sharp, Johnson, & Shelley 1977; Gor-
ney et al. 1981). It is thus the closest realization of a powerful 
cosmic acceleration process, easy to probe, and, indeed, docu
mented by a wealth of data (a good collection of papers with 
data from the Swedish Viking satellite can be found in the May 
issue [no. A5, vol. 95] of the J. Geophys. Res. 1990). The 
more one should be surprised that few attempts have been 
made to transfer the knowledge gained from the aurora to 
other cosmical situations. Electrostatic acceleration has re
ceived much attention in the context of pulsar magnetospheres 
(e.g., Goldreich & Julian 1969) and is occasionally thought to 
occur in solar flares (e.g., Colgate 1978). An acceleration pro
cess so common to the benign plasma environment of the 
Earth can be rightly suspected to exist in any stellar magnetic 
field that is sufficiently agitated. It is, therefore, desirable to 
cast the essence of the auroral acceleration process into a set of 
physical relations that would allow quantitative application to 
other cosmical objects, provided enough information exists 
about the physical properties of the object. 

Unfortunately, there are many competing theories of auro
ral acceleration (see Borovsky 1993). The perhaps most 
widely accepted one regards the field-aligned potential drop as 
a means of maintaining the continuity of auroral field-aligned 
currents against the mirror force acting on the energetic elec
trons provided they are the dominant current carriers (e.g., 

Knight 1973; Fridman & Lemaire 1980; Lyons 1980). This 
theory has been found to be quite successful in explaining 
many features of the primary auroral particle distributions. 
A second class of theories attributes the existence of parallel 
electric fields to the appearance of anomalous resistivity in 
intense field-aligned currents (Haerendel 1980; Lysak & Dum 
1983). Field-aligned currents play the key role in both the
ories, but they differ in that the first one depends on hot mag-
netospheric electrons being the current carriers, whereas the 
second one deals with the currents as they are continued in the 
"cold" plasma of the topside ionosphere. Kindel & Kennel 
(1971) found that it is here that a given field-aligned current 
becomes most easily unstable, excites microturbulence, and 
thereby creates an effective anomalous resistivity. This process 
has a critical current (or drift velocity) threshold, whereas the 
mirror effect does not. However, it so happens that the physi
cal parameters of the lower magnetosphere and upper iono
sphere are such that both effects can be (and probably are) 
realized simultaneously, but at different altitudes. The exis
tence of sufficiently strong field-aligned current densities 
above the auroral zone has been frequently verified (Casserly 
& Cloutier 1975; Iijima & Potemra 1976). 

It can be shown that the relative importance of the two men
tioned processes in creating field-aligned potential drops de
pends on the total plasma density in the sense that with in
creasing density the first class loses importance. In the 
environment of solar flares, for instance, it is entirely negligi
ble. For this reason, I will not include the mirror process in the 
subsequent discussion of field-aligned potential drops. The pre-
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sented theory has evolved over more than 10 years, but so far it 
has been published exclusively in conference proceedings and 
the alike (Haerendel 1980, 1987, 1989). 

2. ENERGY RELEASE FROM SHEARED MAGNETIC FIELDS 

Field-aligned potential drops as a product of intense field-
aligned electric currents imply the existence of strongly 
sheared magnetic fields. Thus the ultimate cause of the related 
cosmic acceleration process and supplier of the energy ex
pended there are the forces creating the magnetic shear. 
A prominent feature of this acceleration process is that energy 
supply and energy conversion (into particle beams) are physi
cally separated. There is one plasma regime, mostly character
ized by a high value of the plasma beta, that is, the ratio of gas 
and magnetic pressures (/? = Sirp/B2), where some acting me
chanical force, like friction, pressure gradient, or the inertial 
force, cannot be (fully) balanced by magnetic normal forces, 
but require the transport of shear stresses out of the interaction 
volume into another plasma regime where they are absorbed. 
The transport of shear stresses is effected by field-aligned 
currents. On their way to the stress absorption (or reflection) 
region, the currents may encounter conditions rendering them 
unstable, that is, j t may reach a threshold value, ycrit, for a 
powerful microinstability process. As a consequence, a region 
of high anomalous resistivity can develop sustaining large 
field-aligned potential drops. The plasma regime in which the 
conditions for this to occur are favorable is typically character
ized by very low values of /? owing to the magnetic field con
centration near the star. Concentrations of magnetic flux and 
of field-aligned currents go together. If, in addition, due to the 
presence of a cool plasma constituent, the thermal velocity is 
low and the plasma density not too high, instability can easily 
arise. Such conditions are most likely met at the top of a cool 
atmosphere/ionosphere (Kindel & Kennel 1971). 

Figure 1 is a sketch of such a cosmical situation. Shearing 
forces pointing out of the plane on the left-hand side (/? s 1 
plasma) generate currents which are transmitted along the 

GENERATOR ENERGY 

PLASMA CONVERSION. 

P -= I FRACTURE 

FIG. 1.—Schematic representation of magnetic configuration of the 
energy conversion process. Left: primary mechanical forces which apply 
the shear stresses; middle: stress (and energy) transmission region; right: 
current closure near star and a region of field-aligned current instability, 
where the energy conversion takes place. Beams of ions and electrons 
emerge from the conversion region or fracture zone. 

magnetic field toward the star. Somewhere in its outer atmo
sphere (to the right of the figure), not necessarily where the 
currents close, one of the two branches ofjt may become unsta
ble: 

y'l = i'crit = encccrit. (1) 

The dominant cold plasma in this 0 < 1 regime has density, nc, 
and electron temperature, Te. We may scale c^, by the ion-
acoustic speed, cs = \jkTJm,: 

c^t =f-cs . (2) 

The value of the scaling factor, / , depends on the prevailing 
instability which, in turn, depends on the ratio TJ Tt and on 
the composition (Papadopoulos 1977). We will not be specific 
on this point but note that /should be of order 10. 

Figure 1 shows the current to be concentrated in a thin sheet 
of width, 2w. This concentration is an essential feature. Even 
for the aurora borealis it is not well understood what processes 
lead to such current concentrations. However, a number of 
nonlinear processes which may have such consequences come 
to mind, such as MHD instabilities, formation of X-type neu
tral lines (reconnection), or in case of the ionosphere, conduc
tivity changes due to the closure of/|. In most cosmical appli
cations, rather than predicting current densities, it should be 
easier to evaluate the magnitude of the total transverse mag
netic field component, B±, generated by the shear forces. The 
change of B± through the current sheet, ABj_, its width, 2w, 
and critical current density, ycrit, are related by Ampere's law: 

Bx can be guessed from the plasma dynamics in the generator 
plasma. The transmission of the stresses (or B±) from the gener
ator toward the star will be treated below. Here j c r i t is an intrin
sic property of the fi <̂  1 plasma regime. So, w is normally the 
least-known quantity in equation (3), with the exception of 
the auroral context, where the visible arc supplies directly the 
information. 

Acceleration by field-aligned potential drops, 0P, is a con
version process of free magnetic energy into kinetic energy of 
particle beams and heat. However, this process does not work 
simultaneously on the whole reservoir of free magnetic energy, 
but only on a boundary region where y, is sufficiently concen
trated (eq. [ 1 ]) in order to develop anomalous resistivity due to 
some type of microturbulence and thus sustain a finite </>, over 
a width, 2w. Besides converting magnetic energy into kinetic, 
$1 (¥=0) leads to a dynamic decoupling of plasmas pervaded by 
the same magnetic field lines. The frozen-in condition is dras
tically violated. Once a 0( + 0 has been set up, the plasma on 
either side is free to move in the sense as to reduce the applied 
magnetic shear stresses. 

This motion is no longer controlled by the line-tying to the 
star or its atmosphere, but by a simple relation between plasma 
velocity, v±, transverse to B or the attendant electric field, Ex, 
on the one hand, and the integrated sheet current, J" j$dx±, or 
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corresponding jump of ZJ±, on the other. Two equivalent 
forms of this relation are 

and 

with 

and 

ES_ = R„\ JidxL 

ABL 

R* 
4xcA 

CA = 

1 + | — 

(4) 

(5) 

(6) 

(7) 

Here vA = B/y4irp is the familiar Alfven velocity and AB± = 
(4T/C) f*L2Jidx±. In very strong magnetic fields like those of 
accreting neutron stars, vA can exceed grossly the velocity of 
light, c. Alfven waves can still exist, but they are dominated by 
displacement currents, and their phase velocity, cA, equals c. 
All the same, the stress relief velocity. v±, may be largely subre-
lativistic. Rw is the Alfvenic wave impedance. Equation (5) is 
the Walen relation. 

The existence of a strong electric field, E±, in the current 
sheet is related to a Poynting flux, Sp = c/4ir- E± X ABX, 
which has a negative divergence in the acceleration region 
(</>, # 0). Another way of writing Sp is in the form of transport 
of magnetic energy. The mean value of Sp in the current sheet 
is 

1 __x(ARAyc 

16 4TT 
(8) 

The factor ^ will be discussed in § 4. It arises from the variation 
of fix(xx) and £±(x±) through the current sheet and from the 
fact that not all liberated magnetic energy is consumed in the 
0|-region. 

The decoupling of the plasma by 0( + 0 is reminiscent of a 
mechanical fracture process since it initiates fast stress relief 
motions (Haerendel 1980). What happens in detail will be 
elaborated in the next section. We will use the designation 
"fracture zone" for the region of $ | + 0 and refer to the quanti
ties in this region by subscript F. 

The Poynting flux arriving above the fracture zone is con
verted into kinetic energy. We set S„ from equation (8) equal 
to the energy conversion rate, e(, per unit cross section due to 
0 , ^ 0 : 

-Jcrit-4>i = 
(Agx f)

2 

64*- (9) 

Energy conversion does not equal dissipation. The dominant 
part of energy may appear in form of field-aligned particle 
beams, that is, runaway particles. 

With help of equation (1) we gain from equation (9) an 
expression for the field-aligned potential drop, one of the main 
goals of the theory: 

^ l 
CAF-(ABXF)2/64T 

nFcr, 
(10) 

The writing of the right-hand size lends itself to a simple inter
pretation: 

e<t>« = 
E.M.ENERGY INFLOW 
PARTICLE OUTFLOW (11) 

The ion and electrons emerging out of the acceleration region 
are a mix of accelerated runaway particles (dominantly elec
trons) and thermal particles. Energy-wise runaway particles 
seem to dominate, at least in the auroral realization of the 
process. 

It remains to relate the energy flux (eq. [8]) at the fracture 
zone to that in the generator region where the primary shear 
forces act; that is, we have to deal with the "transmission line" 
in Figure 1. There are two cases, a stationary and a transient 
one. The first implies conservation of field-aligned current be
tween generator and fracture zone: 

JfA~jrB- const (12) 

where A is the cross section of a flux-tube, that is, A • B = const. 
The second case is based on conservation of energy flux. In 
WKB-approximation it can be expressed as 

(Al x ) 2 

64ir CA-A const. (13) 

With A5X ~ J,, • w and w ~ fB, where B is the total unper
turbed field strength, we obtain the mapping factor, m, be
tween generator and fracture zone: 

m 
AB± 

AB, 

1/2 

1/4 

stationary case (14a) 

— transient case (14b) 

In equation (14b), vA -4 c2 was assumed. In the opposite case 
(vA > c2) relation (14a) holds. 

Equations (1)-(14) allow evaluation of the energy conver
sion by magnetic fractures for any stellar magnetic field. To 
this end, one must identify the primary shear forces and evalu
ate the possible magnitude of B±a. Second, the most likely 
energy conversion region must be identified, that is, where 
along the current path^i is prone to become unstable. B±a can 
be mapped toward this region with help of equation (14). 
Equation (3) yields the typical width of an individual fracture 
zone. In most cases w is likely to be very small compared with 
the transverse size of the stressed field region. Hence, an addi
tional argument is needed as to how many fracture zones may 
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exist at any time, corresponding to the number of parallel au
roral arcs in the Earth's manifestation of this process. This 
number yields the total energy output. For distant cosmical 
objects, the reverse procedure is easier to apply. Knowledge of 
the total energy output, for example, through the resulting 
bremsstrahlung of the accelerated electrons, provides an esti
mate of the filling factor with fracture zones. Only if the latter 
turns out to be a very small number, can one accept the poten
tial relevance of this process in generating the observed radia
tion. 

Although all the tools for successful application of the theory 
have been assembled in this section, the reader may still feel 
uneasy about the true nature of the fracture process. The fol
lowing two sections will be entirely devoted to an elaboration 
of what actually happens near the fracture zone (§3) and be
tween fracture zone and generator (§ 4). In § 5 we will address 
briefly some of the microphysical aspects of the parallel poten
tial drops. Finally, in § 6 we will investigate the potential role of 
this process during solar flares. 

3. MAGNETIC FRACTURES 

Magnetic fractures or "breaking of field lines" (Haerendel 
1980) are a realization of the reconnection process in very low 
beta plasmas. Plasma originally distributed along a certain 
flux-tube is found to become disconnected at the location of 
0y + 0. (For a more precise definition see Alfven & 
Fafthammar 1963, pp. 189-191.) However, in contrast to the 
more familiar reconnection process in high-beta plasmas, the 
topology of the reconnected field lines does not change (Vasy-
liunas 1975). The goal of this section is to clarify the plasma 
dynamics transverse to the magnetic field initiated by the in
sertion of (j) # 0 in the current system. We will look at it in 
three different projections. The discussion will be qualitative. 
The quantities are all contained in equations (1)-(14). 

Figure 2a is an illustration in a plane containing B and v±, 
the stress relief motion. Here we focus our attention on the 
neighborhood of the fracture zone. Its long-range interaction 
with the generator plasma is treated in the next section. Before 

entering the region of 0 ( ¥= 0, which has a finite width, 2w, 
normal to the plane of projection, a stressed flux tube may 
have the direction indicated by the inclined solid lines. As soon 
as a finite </>t is experienced somewhere along the field line, 
plasma above and below this region starts moving in the sense 
of reducing the magnetic shear stresses. Equation (5) gives the 
magnitude of the motion: a more detailed account will follow 
in § 4. This motion is triggered by two Alfvenic wave fronts 
traveling away from the fracture zone with speed cA (eq. [7]). 
The system typically has an inherent asymmetry (see Fig. 1). 
On one side of the fracture zone, the field is strongly anchored 
in the stellar atmosphere (or surface). Only short excursions of 
the flux tubes are allowed here which may be oscillatory or 
turbulent. On the other side, the side of the generator, nor
mally the spatial scales extend much farther and B decreases. 
This means that cA decreases and that the timescales are much 
longer. Furthermore, the free magnetic energy content is con
siderably larger. Therefore, we will focus mainly on the events 
on this side from which the energy feeding the parallel accelera
tion process is dominantly derived. 

After the free energy content of a flux tube has been ex
hausted, that is, after the shear stresses have been released, 0B 

will vanish and the frozen-in condition will apply again impos
ing strong coupling between generator plasma and stellar atmo
sphere. The overall magnetic configuration has hardly 
changed, except that B±, or the free magnetic energy, has been 
reduced. B± being small compared with B0(I3 4 1), two points 
found on the same field line at / = 0, above and below the 
fracture zone, may become separated by large distances during 
the stress release process (see § 4). 

The reader is asked to imagine a long rod anchored on one 
end and pulled in the perpendicular direction from the other 
end. Once it breaks somewhere at a weak point, it will initially 
undergo the same stress relief motions as one of the field lines 
sketched in Figure 2. On the timescale of elastic (Alfvenic) 
wave propagation along the rod (field line), oscillations will be 
set up. They will be treated in the next section, but the founda
tion of the expression "magnetic fracture" should already be 
obvious. 
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FIG. 2.—(«) Side view of plasma motions initiated by magnetic fractures, i.e., localized field-aligned potential drops. The inclined and vertical lines show 
!he connectivity of plasma distributed along a field line as it changes through the stress relief motions, v±, set up behind a propagating Alfvenic wave front. 
(/') Cross section of the same region perpendicular to the stress relief motions showing approximate equipotential contours and electric fields. 
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The view of a cross section through the fracture zone perpen
dicular to vx, as given in Figure 2b, allows to sketch the typical 
equipotential contours related to </>,. The contours depict the 
situation under neglect of the fast oscillations on the side of the 
star. Gurnett (1972), on the basis of particle spectra and elec
tric fields measured above auroral arcs, proposed the existence 
of such U-shaped potential lines in the acceleration region. The 
underlying assumption that an electrostatic approximation is 
valid is by no means trivial. Overall the fracture process is an 
electromagnetic phenomenon involving emission and propaga
tion of Alfven waves. But the transit time of such a wave 
through the fracture zone is normally short compared to its 
lifetime. So a quasi-static, that is, electrostatic description is 
appropriate (see § 5). 

Figure 2b makes clear that <j>l + 0 implies strong electric 
fields on one side of the fracture zone which are not found on 
the other. Equation (4) gives their magnitude, equation (5) the 
corresponding transverse speed. A necessary consequence of 
the electrostatic nature of the electric field is that E± on the 
leading side (right) is balanced by a nearly equally strong field 
(and transverse potential drop) on the trailing side (left): 

4>x = ELdxL = </>n . (15) 

This trailing field and the corresponding reverse plasma mo
tion are needed in order to observe the incompressibility of B 
which forbids accumulation of magnetic flux where /3 4 1. Of 
course, the response at the generator level (P = 1) is entirely 
different. 

Figure 3 depicts what happens along the trace of a fracture in 
a view parallel B. On the side of the fracture zone adjacent to 
the interior of the stressed field region (upper half), the flow 
direction is in the sense of stress relief. On the outer side (lower 
half), the return flow enforced by the incompressibility of B is 
seen. The magnetic shear stresses (Bx) fall off through the 
current sheet. Hence stress relief and return flows carry differ
ently bent magnetic field lines. An erosion process is going on 
as the current sheet proceeds slowly into the stressed field re
gion. Figure 3 shows this process in the reference frame of the 
fracture zone or current sheet. This progression of the fracture 
can continue as long as sufficiently stressed magnetic field ex
ists in the interior of the current circuit. 

The spatial extent, £±, of a fracture in flow direction can be 
estimated by the time it takes a sheared flux tube to lose its free 

SHEAR 

® i 0 lLi FORCE I _Vn | 

FIG. 3.—Plasma flow lines just above a fracture zone seen along the 
magnetic field, B0, and in the reference frame of the fracture zone propagat
ing with normal velocity, v„. 

energy content. This time scales with the travel time, TA, of a 
shear Alfven wave between fracture zone and generator and 
return: 

'*-2J,^5- (l6) 

The minimum length of a fracture is then 

£x=Vx-rA. (17) 

(In case of the aurora, £± is of order of a few 1000 km, whereas 
the width of an arc is only of order 10 km.) For maintenance of 
a quasi-stationary process, the current sheet must propagate 
into the stressed field region by the sheet thickness w in a time 
of order TA. AS will be demonstrated in the next section, this 
propagation speed, v„, is approximately given by 

However, the mode of propagation may be oscillatory rather 
than smooth (Haerendel et al. 1993). 

A key feature of the fracture process is the postulated sponta
neity of the stress release and its progressive propagation into 
the stressed medium. The conditions for this to occur are not 
fully understood. Auroral observations indicate that it is not 
necessarily always the case. Often fractures may only last for a 
time of order TA. However, the typical property of auroral arcs 
to last much longer than TA suggests the existence of quasi-
stationary solutions. It also strengthens the analogy with frac
tures in solid bodies which propagate transverse to the stress 
direction because of stress concentration at their leading edge. 
The magnetic analogue of this is the maintenance ofjy = jcrh at 
the leading edge of the fracture zone. 

The reader who is unfamiliar with auroral research may 
want some words on observational support for the outlined 
concept. I mention only four pieces of evidence out of a enor
mous wealth of data. Unfortunately, cp^ is usually distributed 
over several 1000 km, and El is difficult to measure directly. 
However, particle distributions measured immediately above 
or below, but also inside the parallel potential drop reflect the 
experienced acceleration and allow in many cases a derivation 
of the magnitude of 4>l (Gorney et al. 1981). The transverse 
electric field, on the other hand, is strong and has been mea
sured extensively. Mozer et al. (1977) were the first to measure 
the typical opposing E± -components at about 1 RE altitude 
and named them "paired electrostatic shocks" (Mozer et al. 
1977). Another manifestation of these fields is the motion of 
auroral rays. If one observes auroral arcs along the magnetic 
field, the rays appear as "curls" (Hallinan & Davis 1970). 
They move typically in stress relief direction at a speed corre
sponding to v± above the fracture zone. However, in the low 
ionosphere where the visible aurora is created by electron im
pact, no corresponding plasma motion exists. The moving rays 
reflect a real plasma flow at high altitudes in and above the 
fracture zone thus bearing direct proof of the violation of the 
frozen-in condition. Often, albeit less strikingly visible, one 
can also find the counterflow expressed in the auroral emis-
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sions. Finally, a most impressive manifestation of the fracture 
process was achieved in a barium jet experiment in which a 
magnetic flux tube was "painted" by Ba ions visible over many 
1000 km height extent. When an auroral arc developed at its 
"foot," the "painted" flux-tube was seen to split at about 5500 
km altitude and to be quickly sheared into an extended sheet 
above this height while staying intact below it (Wescott et al. 
1976). The reader is strongly encouraged to look at the printed 
TV pictures covering this experiment (Figs. 1 and 3 of Wescott 
etal.). 

4. INTERACTION WITH THE GENERATOR 

Current concentration in narrow sheets or filaments is a re
quirement for the appearance of <j>t + 0 in a highly conductive 
plasma. Once it has been created, it may exist for extended 
periods by propagating into the volume of stressed magnetic 
field. Figure 4 shows what happens between generator plasma 
and star in a simplified geometry with straight field lines. It is 
assumed that only the upward current exceeds jCTit. Nothing 
dramatic happens with the region of downward current. There 
the magnetic field is perfectly frozen-in. The fracture zone initi
ates the energy release and thus constitutes the leading edge of 

GENERATOR PLASMA 

-2 w-

B„ v B„ 

FIG. 4.—A qualitative stationary model of the long-range interaction 
of a parallel potential drop (fracture zone) with the generator of the current 
circuit, on one side, and the lower stellar atmosphere, on the other side. 
Slightly oblique Alfven waves are emitted from and attached to the slowly 
propagating fracture zone (y, = _/crit). These waves switch on and off the 
primary stress relief motion (out of plane) and the return flow (into plane) 
imposed by the magnetic incompressibility. Reflection from the generator 
plasma and from the stellar atmosphere (ionosphere), which have grossly 
different timescales, lead to the depicted standing wave patterns. An evacu
ation process inside the fracture zone creates density depletions. 

the propagating current sheet. Attached to it are two standing 
Alfven waves whose fronts form an extremely small angle, i?, 
with respect to the field lines. The reason is the slow propaga
tion speed, v„, as compared with the Alfven speed cA. d can be 
derived from equations (16) and (18): 

cot^^^r 
vn wj. F cA(et) 

dt* (19) 

Not only is £t > w, but also cA(£t) normally decreases strongly 
toward the generator. Thus in looking at Figure 4 one must be 
aware that all transverse scales and angle i? are grossly exagger
ated. 

Because of the lateral propagation, j \ is no longer strictly 
field-aligned. It acquires a small transverse component, j± = 
jl • tan $. By virtue of this component a Lorentz force is exerted 
on the plasma behind the wave front, and the plasma is set into 
motion with the speed: 

f ± ( * x ) i< hdx± (20) 

Equation (20) is just a differential version of equations (5) 
and (6). 

The slightly oblique Alfven wave hits the generator plasma 
after T A / 2 . It is difficult to generalize what happens now. Non
linear model calculations have not yet been performed. All the 
same, a few conclusions may be drawn. The mechanical forces 
acting on the generator plasma are in equilibrium with the 
magnetic shear stresses before arrival of the wave front. Behind 
the front the shear stresses are progressively reduced. The 
plasma is thus accelerated in the direction of the mechanical 
forces, and work is done on the plasma until the stored free 
energy is exhausted. Interaction with the magnetic forces even
tually slows down this motion, and a reflected wave is sent 
downward from the generator switching off the stress relief 
motion in the transmission region. We findy'n continues to flow 
upward, but the transverse component, j x , reverses, thereby 
decreasing the integral in equation (20) until v± vanishes. In 
this whole region of stress relief motions, the Poynting flux is 
directed toward the fracture zone where it is largely absorbed. 

The total time involved in this communication between 
fracture zone and generator is of the order of (2 — 3) X rA. This 
is the basis of equation (18). 

Not all of the energy flowing into the fracture zone is, how
ever, consumed there. The near-electrostatic nature of the 
field, that is, the need for return flow, requires energy to be 
reinvested in the magnetic field of the trailing part of the unsta
ble current sheet. Here, however, upward and downward 
currents balance each other, and so do their transverse compo
nents which turn on and off the return flow, as the current 
sheets traverse the plasma. Inside this trailing current loop, the 
field is bent in the same sense as in the main stressed field 
region, but the flow direction shows that the stress is now ap
plied from below, and the Poynting flux is upward. The 
current closes in the generator plasma and is directed parallel 
to the electric field, that is, the plasma there has become a load 
on the circuit, work has to be done to return the field, but 
considerably less than the energy released. This is similar to the 
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work done in driving a piston back into the empty combustion 
chamber. 

The quadrangular shape of the fracture zone is just a plausi
ble guess. The understanding of the basic processes inside it is 
not well enough advanced in order to model the actual field 
and plasma distributions. For instance, the ratio of energy ex
pended by heating the cool background plasma to that con
sumed by accelerating runaway particles is unknown. Un
doubtedly, rapid heating does occur. The accompanying 
growth of pressure must lead to upward expansion and thus 
dilution of the background plasma. Thus the fracture zone 
becomes an "evacuation region" which digs itself into the at
mosphere (Haerendel 1989). The lower border of the fracture 
zone in Figure 4 is meant to indicate the height decrease of a 
density contour. Density depletions possibly originating from 
this process are commonly found in the topside ionosphere 
(Persoon et al. 1988). The resulting variation of density and 
temperature through the fracture zone has an impact on the 
microphysics, on ccrit and7cril, and thus on the electric potential 
distribution. It should also be noted that the density depletion 
is counteracting the increase of thermal velocity through the 
heating process and thus can maintain a given current, j t , at 
the critical threshold without quenching. Much more research 
must be done on this subject. 

Finally, there is a second wave regime between fracture zone 
and the current closure region near the star. Since B is strong 
and the distances are short, Alfven waves can travel back and 
forth many times within the characteristic time TA as defined in 
equation (16). A standing wave pattern has been proposed by 
the author who named it "interference region" (Haerendel 
1989). However, rather than a regular interference pattern 
nonlinear wave-wave interaction may create strong Alfvenic 
turbulence (Dubinin et al. 1988). 

With the model contained in Figure 4 one can easily derive 
the variation of B± (x±) and E± (x±) in the upper standing wave 
zones if one assumes a horizontally constant magnitude of j ( . 
This leads to the conclusion that one-third of the incoming 
Poynting flux is returning into the trailing oblique wave and 
that the absorbed two-thirds are properly expressed by the fac
tor -~ in equation (8). 

5. MICROPHYSICS 

In this paper I can only touch briefly upon the micropro-
cesses which introduce a finite anomalous resistivity into the 
normally infinitely conducting plasma. Satellite measure
ments of the high-frequency electric field have revealed the 
existence of electrostatic ion-cyclotron waves (EICW) and of 
solitary waves, also named double layers (DL), in which the 
potential can jump parallel to B by a good fraction of kTe over 
scales of the order of 10 Debye lengths, XD (Temerin et al. 
1982; Bostrom et al. 1988). The postulated anomalous resistiv
ity may thus be distributed (EICW) or concentrated in a multi
tude of small ion-acoustic double layers (DL). Both types of 
waves, which can coexist, may provide the enhanced electron-
ion momentum exchange that can create the parallel potential 
drop, at least at those altitudes where the cool plasma of the 
topside ionosphere dominates the current flow. 

We will evaluate one of these two microprocesses for their 
macroscopic consequences. The information derived from the 

referenced satellite experiments suggests that in the individual 
double layer (DL) 

eA0, = o{kTe). (21) 

The average spacing between two DLs is of order 100AD (XD — 
ykTe/4ire2ne). The parallel electric field averaged over many 
DLs would thus be 

kT 
(El) = e-^D = efi*Pe (22) 

and e of order 10"3. The average number of double layers 
needed to produce the overall potential drop is obtained by 
dividing 4>i from equation (10) by (£ | | ) from equation (22). It 
is necessarily a large number. 

We can define an average anomalous resistivity, »7an, consti
tuted by an ensemble of small ion-acoustic DL's, if we relate 
( £ ( ) to the critical current: 

(Ef) = lan-7'cnf ( 2 3 ) 

Introducing an effective collision frequency, c*, by 

mev* 

and using equations (1), (2), and (22), we obtain 

(24) 

(25) 

where co^ is the plasma frequency and w, and me the ion and 
electron masses. With e = 0( 10~3) and f = 0( 10), the factor 
in front of w^ lies between 10~3 and 10 2. For many applica
tions this amount of accuracy is probably sufficient. The great 
advantage of equation (25) is that it contains solely the cold 
plasma density. All sophistications of the microphysics are 
suppressed. The effect of electrostatic ion-cyclotron waves may 
be taken into account by a second contribution to v* which is a 
fraction (~0.2) of the ion gyrofrequency (Lysak & Dum 
1983). 

An application of equations (24) and (25) is the estimate of 
the macroscopic magnetic diffusivity, Dm, related to such a 
distributed resistivity: 

Dm = \ — (26) 

The characteristic timescale for the transverse diffusion of Bx 

inside the fracture zone would be 

Tdiff ; 
W (27) 

Quantitative evaluation shows that rdiff <? TA. This means that 
the current and field distribution inside the fracture zone set
tles rapidly within the basic macroscopic timescale, r A. This is 
the origin of the near-electrostatic nature of the field. Since -rdifr 

https://doi.org/10.1017/S0252921100078076 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100078076


772 HAERENDEL Vol. 90 

is also the timescale for electromagnetic energy conversion and 
cAF is the speed of magnetic energy supply from above the 
fracture zone, 

^i=cA F-Td ar (28) 

must give an estimate of the height extent of the energy conver
sion region or fracture zone. Outside the fracture zone, where 
the current is stable, Dm ^ 0. 

At this point, I like to draw attention to an important aspect 
of this theory. Only the existence of some sort of anomalous 
resitivity is postulated in order to justify the appearance of a 
field-aligned potential drop. Its magnitude is derived from 
other considerations (see § 2). One sees that v* and r;an deter
mine solely the height distribution of 0 ( , that is, (Ety and Zl. 
Thus the latter is the only key parameter following from micro
scopic rather than macroscopic considerations. 

6. APPLICATION TO SOLAR FLARES 

The perhaps strongest observational hint to the existence of 
electrostatic acceleration during flares comes from those (few) 
events of very short duration (<10 s) which have gamma-ray 
spectra showing flat continua between 0.3 and 9 MeV with 
negligible contributions from nuclear lines (Rieger & 
Marschhauser 1990). The extreme temporal variation suggests 
an acceleration process that does not favor ions, like shock 
wave acceleration does. An electrostatic field-aligned process 
would fulfill this requirement. However, other processes simul
taneously accelerating ions and electrons have been proposed 
(e.g., Sakai & Ohsawa 1987). In this section I just want to 
demonstrate that the outlined theory, if applied to the solar 
flare situation, is capable of accounting for the electrons neces
sary to produce these gamma events. Other examples can be 
found in Haerendel (1989). 

The short duration of the above-mentioned events seems to 
preclude a stationary current configuration for the energy con
version process. It is more likely that the required shear stresses 
are applied to the magnetic field in the corona in the process of 
violent dissipation and magnetic reconfiguration. It has be
come increasingly popular (Haerendel 1987; Parker 1987; 
Vlahos 1989) to think of the energy storage in active regions in 
terms of a great number of current filaments. Figure 5 sketches 
such a configuration, except that in reality the number of 
small-scale structures may be several orders of magnitude 
higher. A flare may be initiated by a large-scale change of the 
established equilibrium, for example, by instability, coronal 
mass ejection or emergence of new magnetic flux. Rapid dissi
pation in a multitude of narrow current sheets would follow 
and constitute the main energy release process (Parker 1987). 
One very likely consequence would be that in this process 
strong transient magnetic shears would be generated, for exam
ple, via braking of narrow reconnection flows. These shear 
stresses could carry energy out of the primary dissipation re
gion in the corona toward the chromosphere. In hitting the 
steep density gradient at about 2000 km altitude, an Alfven 
wave would be reflected. The reflection enhances j t and B± by 
about a factor of 2. Thus the mapping relation of equation 
(14a) would read: 

HUNDRED THOUSAND CAVITIES AS BIRTHPLACES 

OF HIGH ENERGY PARTICLES AND GAMMA RAYS 

FIG. 5.—Solar flare scenario that may lead to a large number of parallel 
potential drops in the topside chromosphere. The primary energy release 
process is thought to occur inside the corona in a multitude of reconnec
tion processes between adjacent sheared or twisted flux tubes. A fraction of 
the released energy can be reinvested in setting up new magnetic shear 
stresses, of which a small fraction may be sufficiently strong and concen
trated to generate supercritical field-aligned currents in the chromosphere 
and thus establish the conditions for field-aligned potential drops. 

A5Xchr = 2( -M 1 / 4 A/? X c o r ; (29) 
\ Pcor / 

Pchr/Pcor = 102 is a reasonable value. 
On top of the chromosphere, the electron density is of order 

3 X 1010 cnT3 and Te ^ 8000 K. These numbers and f= 10 in 
equation (2) yield a critical current of ~ 400A/m2. The typi
cal width of an unstable current sheet follows from equations 
(3)and (29): 

The high atmospheric density requires very high current den
sity and thus strong spatial concentration in sheets of the order 
of tens of meters in order for 7, to reach the instability thresh
old. However, this is no principal difficulty, since the energy 
release by interacting current tubes in the hot corona, which 
constitutes the generator in this flare scenario (see Haerendel 
1987), also requires spatial scales of 10 m or less (Parker 
1987). 

The possible values of 0, developing in a reflected Alfven 
wave under current instability follow from equation (10): 

^ S H V - («) IW' ,3|> 
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This result allows two conclusions: (1) The discussed process 
can generate mega volt field-aligned potential drops, and (2) 
rather strong primary fields are required in order to reach val
ues of <j>l of up to 60 MV which some gamma-ray spectra imply 
(Rieger & Marschhauser 1990). On the other hand, 0, in 
equations (10) and (31) is not the peak value in the accelera
tion region, but an average. 

If we now turn to the energy conversion rate ef, we find 

^ ^ X l O ^ e r g s c m - s - . ^ ) ^ ) 2 . (32) 

In a current sheet of width, 2w, and maybe 10 times greater 
length, the energy conversion per unit time is (see eq. [30]): 

W=btX \0w2 

= 7 . 2 x , 0 » e , B S S - . ( ^ ) ( A - ) 4 . (33 , 

No more than about 1026 ergs s- 1 in MeV electrons are needed 
to explain the gamma-ray fluxes. This means that on the order 
of 105 (or less) unstable current sheets, which would fill only 
10"6 of a typical flare area, would suffice to produce the ob
served gamma-ray bursts. In order to account for the observed 
temporal variations of the order of 1 s, we suspect that this type 
of energy release does not occur throughout the flare area, but 
in a small fraction of it. If the magnetoacoustic speed is taken 
as communication speed in triggering the considered Alfven 
waves, one can conclude that as little as 1% of the flare area is 
responsible for the gamma-ray emissions. Even then the filling 
factor by fracture zones would only be 10~4. Hence, a great 
many of field-aligned potential drops in the upper chromo
sphere are serious candidates for the sites of $> 1 MeV electron 
and ion beam generation. 

The scope of this paper does not permit us to go into any 
further detail on this topic. It is meant as an illustration for the 
power of the magnetic fracture process to produce dense ener
getic particle beams in stellar environments which, by virtue of 
their high energy, produce easily detectable electromagnetic 
signals. The structure of equations (9) and (10) shows readily 
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that more strongly magnetized stars than our Sun would pro
duce much higher energies and energy fluxes. 

7. CONCLUSIONS 

The paper is an attempt to demonstrate that magnetic en
ergy release by field-aligned potential drops in low-beta plas
mas is probably a common process in stellar magnetic fields. 
Necessary ingredients are (1) the application of shear stresses 
on the field by external forces and (2) instability of the attend
ing field-aligned currents somewhere along the circuit, mostly 
in a plasma of very low beta value. The region of current insta
bility is normally widely separated from the region where the 
shearing forces are applied (high beta). In any astrophysical 
situation it is difficult to predict whether the currents will be 
sufficiently concentrated in order to reach the critical thresh
old for instability. However, the most likely location of such 
instability inside the current circuit transporting the shear 
stresses can be predicted, if the structure of the outer stellar 
atmosphere and magnetic field is known. The theory allows 
evaluation of the magnitude of the potential drops, the energy 
conversion rate, and the spatial dimensions, in case current 
instability and formation of parallel potential drops do occur. 
For practically all cosmical objects except our planetary sys
tem, the spatial scales of the individual potential drop (fracture 
zone) are too narrow to be resolvable by any remote sensing 
technique. One has to estimate further the density of occur
rence of such potential drops. This may be achieved from the 
knowledge of the total energy released in form of particle 
beams which manifest themselves by some kind of electromag
netic bremsstrahlung. 

The presented process of converting stored magnetic energy 
into kinetic energy of particles is very powerful in two respects. 
Extremely high individual particle energies (Haerendel 1989) 
can be reached in a one-step electrostatic acceleration from 
thermal energies. No seed particles, no storage volumes are 
needed. Second, the conversion efficiency is very high, up to f. 
Therefore, high-luminosity signals at 7-ray energies are to be 
expected from stellar systems with strong magnetic field sub
ject to some kind of strong interaction with companion stars, 
accretion disks, interstellar medium, or trapped plasmas. 
These signals bear information on the dynamical processes 
leading to the underlying magnetic shear stresses and on the 
location and properties of the energy conversion plasma. 
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