VOLUME 48, NUMBER 21

PHYSICAL REVIEW LETTERS

24 MAy 1982

2mc?® in superheavy systems with Z >Z .~ 170.
This work was supported by the Bundesmini-
sterium fur Forschung und Technologie and in
part by the Deutsche Forschungsgemeinschaft
(Heisenberg-Programm),

13. Reinhardt, B. Miiller, and W. Greiner, Phys. Rev.
A 24, 103 (1981).

’F. G. Werner and J. A. Wheeler, Phys. Rev. 109,
126 (1958).

3W. Pieper and W. Greiner, Z. Phys. 218, 327 (1969).

4G. Soff, B. Miiller, and J. Rafelski, Z. Naturforsch.
Teil A 29, 1267 (1974).

5M. Gyulassy, Phys. Rev. Lett. 33, 921 (1974).

6M. Gyulassy, Nucl. Phys. A244, 497 (1975).

'G. A. Rinker and L. Wilets, Phys. Rev. A 12, 748
(1975).

8E. H. Wichmann and N. M. Kroll, Phys. Rev. 101,
843 (1956).

°G. E. Brown and G. W. Schaefer, Proc. Roy. Soc.
London, Ser. A 233, 527 (1956).

G, E. Brown, J. S. Langer, and G. W. Schaefer,
Proc. Roy. Soc. London, Ser. A 251, 92 (1959).

G, E. Brown and D. F. Mayers, Proc. Roy. Soc. Lon-
don, Ser. A 251, 105 (1959).

12G, W. Erickson and D. R. Jennie, Ann. Phys. (N.Y.)
35, 271, 447 (1965).

13A, M. Desiderio and W. R. Johnson, Phys. Rev. A 3,
1267 (1971).

14p, J. Mohr, Ann, Phys. (N.Y.) 88, 26, 52 (1974).

K. T. Cheng and W. R. Johnson, Phys. Rev. A 14,
1943 (1976).

18D, Liesen, P. Armbruster, F. Bosch, S. Hagmann,
P. H. Mokler, H. J. Wollersheim, H. Schmidt-Bdcking,
R. Schuch, and J. B. Wilhelmy, Phys. Rev. Lett. 44,
983 (1980). -

7., F. Shampine and M. K. Gordon, Computer Solution
of Ovdinary Diffevential Equations: The Initial Value
Problem (Freeman, San Francisco, 1975).

18p, Schliiter et al., to be published.

Large-Scale Collision-Free Instability of Two-Dimensional Plasma Sheets
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The stability of a two-dimensional plasma sheet with a small field component parallel
to the normal direction of the sheet is studied by means of the energy principle of colli-
sion-free kinetic theory. Numerical computations-show that, depending on the parameter
regime, unstable perturbations exist. The mode resembles a tearing mode. The typical
wavelength along the main magnetic field direction is comparable with the scale length of

the equilibrium.

PACS numbers: 52.35.+g, 52.30.+r

Sudden changes in the topology of magnetic
fields (reconnection) has been suggested to pro-
vide, under suitable conditions, a powerful mech-
anism to release free energy from magnetized
plasma in the laboratory,! in space,®~® and near
stars.” Although a substantial amount of knowl-
edge has been accumulated on this topic, a num-
ber of basic questions have remained open.

The present paper deals with generalized (two
dimensional) collision-free plasma sheets. Since
the strictly one-dimensional case, in which elec-
tron Landau resonance dominates, is reasonably
understood,?*® we concentrate on the two-dimen-
sional case where a magnetic field component
B, normal to the current sheet (Fig. 1) is suffi-
ciently large to suppress electron Landau reso-
nances. In addition, we are motivated to study
this case by the fact that the near-Earth geomag-
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netic tail, where space craft provide in situ ob-

servations, falls into that regime. Here, one of

the important problems is to identify the elemen-
tary plasma processes that govern the observed

dynamic characteristics occurring in connection

with geomagnetic activity.

In the literature two main branches of approach
can be distinguished: (a) The undisturbed equilib-
rium is quiet in the sense that noise from micro-
instabilities does not play a significant role: The
plafsma is collision free even on large space and
time scales,3*°*'° (b) Microinstabilities, e.g.,
thelower-hybrid drift instability, lead to suffi-
ciently pronounced transport phenomena, such
that the plasma behaves as a dissipative fluid on
large scales.®'!!

Since the respective domains of applicability
of these two types of processes are not yet clear,
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FIG. 1. Magnetic field lines of an equilibrium (b = #,
€; = 0.35, €, = 0.66x 107%. This configuration can be
visualized as representing a piece of the geomagnetic
tail with z axis parallel to the south-north direction,
and x axis oriented along the plasma sheet away from
the sun. (Lengths are expressed in units of the Earth’s
radius Rg.)

it seems appropriate to follow each line sepa-
rately. (A convincing combination of both aspects
seems at present unfeasible.) In this paper we
assume standpoint (a).

The earlier approaches to the present problem
show rather severe deficiencies: Either charge-
separation effects due to the electrons'? were ig-
nored? (possibly ionospheric currents reduce
charge densities in the magnetotail'?; however,
it is not yet fully clear to what extent), or the
analysis was based on a WKB approximation
where the wavelength of the mode along the plas-
ma sheet had to be restricted to values much
smaller than the characteristic length of the
equilibrium in that direction.®’'° Furthermore,
in the latter group of papers the new effect, i.e.,
the normal magnetic field component B,, was
introduced inconsistently. Since the two methods
gave opposite answers regarding stability, a
more refined approach seemed necessary.

In the present study electron effects are fully
taken into account, the WKB method is abandoned,
and the equilibrium is self-consistent, at least
to lowest significant order in B,. The main re-
striction, that could not be relaxed, is the two
dimensionality in the sense that any y dependence
(Fig. 1) is ignored.

The equilibrium distribution function for each
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FIG. 2. Stability diagram for » = %, ¢; = 0.35. Com-
puted values of infW,, marked by squares, are con-
nected by curves to guide the eye; infF, is normalized
to -1. Negative values on curve d correspond to un-
stable equilibria. The meaning of a—d is explained in
the text.

particle species s was chosen to correspond to
drifting Maxwellians distributions,®*!°

H, -uP
- os “%s70s .
Fos(Hos’Pos)_as exp(‘ T >7
R S
Hy,=zmgv’+e ¢, P =mgv,+(e,/C)A,

H,,, P, V, mg, e, ug, a,, and T are the par-
ticle energy, y component of the generalized mo-
mentum, individual velocity, mass, charge, bulk
velocity, a constant, and temperature in energy
units for each particle species s; A, and ¢, de-
note the y component of the vector potential and
the scalar potential, respectively. The subscript
zero refers to time-independent (equilibrium)
quantities. The charge density p, and the (y com-
ponent) current density j, are functions of the
equilibrium potentials A, and ¢,, which are de-
termined by Ampere’s law and the condition of
quasineutrality, appropriate for nonrelativistic
phenomena on scales much larger than the Debye
length.

Suitable solutions, representing the quiet mag-
netotail of the Earth were found by Birn, Sommer,
and Schindler.'* The nonvanishing components of
the magnetic field are

B, (x, 2)=— B(x) tanh <B_(jg)_z> ,

(4

BO‘(x’ Z): —.ﬁ%ﬁ igj(c_x) [Ac +Box(xs Z) * Z].

The function ﬁ(x) is arbitrary. Here we choose
ﬁ(x)=Bc(1 +x/x,)7
The equilibrium depends on the nondimensional
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parameters b=L, /L, and €,=p,/L,, where L,
and L, are the plasma sheet thickness and the
length scale along the tail, respectively, and p,
denotes the gyroradius of a particle with thermal
velocity outside the sheet (2> L,). An example
for a tail equilibrium is illustrated in Fig. 1 s
showing the magnetic field lines.

The stability can be analyzed in two dimensions
by an energy principle,’® ¢ in the sense that there o
exists a quadratic functional W,(4,) of the per- NG P P —————) Y
turbation A, of the vector potential with the fol-
lowing property:

R
h
e ———
inf W,(4,)>0 (<0)= stability (instability). Jq<
4
. &

10.00

W, may be case in the following form®™®

Wy(A)) =F ,+W,! +W° +W2¢,'

Faa)-arr(CaL —%%Af),

-10.00

FIG. 3. Perturbed state of the equilibrium of Fig. 1,
using the minimizing mode 4.

Wi(A,) = fdsz 8ol L (» A >2
2 - 2 3Hos 0s 0 1 I
an| & (o))
w,%A,) "sz:li J A\ out over that domain to which a particle of a giv-

en set of constants of motion has access on equi-
librium orbits. In the case of adiabatic particles
For simplicity we confine the discussion to one the magnetic moment u ., is taken into account in

dr=dxdz, dQ=d*d%.

singly charged ion species (s =i ) and electrons addition to H,, and P, .*
(s=e); {+++) denotes a spatial average carried | ¢,(A,) is determined by the quasineutrality con-
dition

L o
—=0 —t0 P, — A A, + a2 =0,
3¢0¢1+3A0A1 s ’aHOs Mmoo\l 08T ¢ Joth (2}

This energy principle has the advantage that it

allows a straightforward numerical stability anal- | effects, respectively:
ysis. Moreover no assumption about the unsta-
ble mode appearing at a point of marginal stabil- iAan 2(4,),
ity is necessary; it is obtained as a result of our ! )
computation, via the minimizing function A,. We inf (Fy +W,'),
use the method of finite elements,'” where a min- 41 )
imum of 12 and a maximum of 84 grid points are iAnf (Fy+ Wy +W,°),
located in the upper half-plane (z > 0). (The ! ,
most unstable modes have the same symmetry inf (F, +W,' +W,* +W,?) =inf W,.
Ay Ay

with respect to the x axis as the equilibrium,
see Fig. 1.) First we note that inf,, F, is negative for all

In Fig. 2 we present numerical results (12 grid values of €,. Since W,, W,°, and W,” are posi-
points) for a class of equilibrium configurations tive this is a basic requirement for instability.
with b =1/45 and €, =0.35, which includes the ex- Comparing the differences among the quantities
ample of Fig. 1. We use €, as a free parameter, in Fig. 2 we find that it is largest between ¢ and
which may be regarded as a measure of electron b. This shows that the stabilizing effect by the
temperature because €,~7,?. The four curves ions via W, dominates. The contributions by the
a-d illustrate the following different stabilizing electrons and the scalar potential are smaller.
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The corresponding curves ¢ and d are discontin-
uous at €,=b° At this value the electron gyro-
radius in the plasma sheet is equal to the radius
of curvature of the magnetic field lines. There-
fore the magnetic moment is conserved for ¢,
<b? only, which leads to a rapid change of stabil-

ity properties at €, =52, (A more exact treatment
would replace the jumps at €, =5 by a smooth
transition.) In each regime, W,* and W,% are
seen to become less stabilizing with decreasing
€,. This behavior was expected by earlier esti-
mates using the energy principle.*®

The answer to the principal question, whether
the equilibrium considered is unstable, is ob-
tained from curve d. Negative values correspond-
ing to unstable equilibria are found in both the
adiabatic and in the nonadiabatic electron regime.
(Positive values do not safely prove stability
since the number of grid points is small.)

The computed minimizing modes have the shape
of tearing modes’® as can be seen from Fig. 3.
The characteristic length in the x direction is an
order of magnitude larger than the length scale
for the magnetic field variation along x. Similar
results were obtained for the equilibrium param-
eter (e.g., with a ratio of ion and electron tem-
peratures more realistic for the magnetosphere).

We emphasize that self-consistency of the equi-
librium requires that the z dependence of B, be
taken into account. This is particularly impor-
tant, because the stability properties crucially
depend on the dependence of B, on z. For in-
stance, if B, has no zero in the entire domain
considered, then F, is positive for all trial func-
tions such that the equilibrium is stable.'? (This
fact illustrates that it is problematic to approx-
imate B, by a constant, as done in some of the
earlier approaches,®*'%)

Our method, although it provides a correct sta-
bility criterion, does not allow detailed conclu-
sions about the instability mechanism. However,
because of the geometry of the mode and from
the various runs, we have the impression that
the instability process requires nonadiabatic
ions (whereas electrons may be adiabatic as evi-
dent from Fig. 2). Therefore we feel that it is
appropriate to label the instability as an ion-
tearing mode. We are, of course, at present not
able to decide what type of resonance process (if
any) dominates.
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