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ABSTRACT

We examine the overall plasma diffusion processes
across tangential discontinuities of which the best
known example is the Earth's magnetopause during
northward interplanetary magnetic field conditions.
The existence of the low latitude boundary layer
(LLBL) adjacent to the magnetopause during those
periods is ample evidence for the presence of so far
poorly defined and understood entry processes acting
at the magnetopause. We conclude that microscopic
instabilities are probably not efficient enough to ac-
count for the LLBL. They affect only a small number
of resonant particles. It is argued that macroscopic
noresonant turbulence is the most probable mecha-
nism for plasma transport.

Keywords: Low latitude boundary layer, diffusion,
Kelvin-Helmholtz-instability, eddy turbulence

1. INTRODUCTION

The problem of plasma transport across magnetic
boundaries is one of the oldest yet still unresolved
problems in plasma physics. It is related to the prob-
lem of plasma confinement by magnetic fields. In the
context of space physics it arose when Chapman and
Ferraro in 1931 developed their model of compression
of the geomagnetic field by solar particle streams to
explain magnetic compressions during major geomag-
netic storms. There is however a large qualitative
difference between confinement in astrophysics and
space physics and laboratory plasma physics. This
difference is due to the enormous differences in the
relevant scale lenghts L over which plasma transport
takes place. D. Bohtn in 1946 in studying confinement
in the laboratory derived his heuristical diffusion co-
efficient

1 Te L2

16 eB (1)

where Te is the plasma temperature measured in en-
ergy units (e.g., keV), B is the confining magnetic
field, and TB is the Bohm-diffusion time. In a col-
lisionless plasma Bohm diffusion is the fastest spon-
taneous rate a plasma can assume to diffuse across
the magnetic field. It turns out that this rate is by

orders of magnitude faster than any diffusion based
on collisions.

The above equation assumes that a particle performs
just about half a gyro-orbit when kicked out of its
path. The validity of Bohm diffusion has been veri-
fied in a multitude of laboratory experiments. It has
been argued that E x B-drift is responsible for Bohm
diffusion yielding the right scaling with temperature
and magnetic field, but attempts of its theoretical
derivation have failed. Those attempts started from
the assumption that a certain plasma wave mode
were responsible for distorting the particle paths.
Such modes can be of either high or low frequency.
High frequency modes will cause phase space diffu-
sion and/or anomalous resistivities. In both cases
the diffusion should become close to neo-classical with
anomalous collision frequencies, and the scaling will
be proportional to B~2 which is too steep compared
with Bohm diffusion. One therefore expects that high
frequency excited diffusion will not be efficient enough
to explain plasma transport across magnetic bound-
aries. On the other hand, low frequency waves cause
mostly ion diffusion; for the electrons react adiabati-
cally and can follow only by ambipolai effects. Since
it can be expected that Bohm-like diffusion will act
in all real cases to transport plasma across a mag-
netic boundary one would have to demonstrate that
low frequency waves yield the right scaling and mag-
nitude. However, diffusion coefficients based on con-
vective cells, the lowest ''equency waves, do not give
the desired diffusive properties, while resistive mag-
netostatic modes seem to be more promising (Réf. 1).

The problem is hence still open. To demonstrate the
relevance of diffusion under different cosmical condi-
tions we consider a few examples. Ib clusters of galax-
ies (T wlO keV, B < 10~6 gauss) (Réf. 2) Bohm diffu-
sion yields DB « 1013-1014 m2/s and diffusion times
over distances L K 10 Mpc of the order of TB « 1022

yr, many times the age of the Universe. Similarly, in
the supernova remnant of the Crab nebula the dif-
fusion time for the plasma to AD the magnetic EW
torus (Réf. 3) estimated from the Bohm diffusion co-
efficient would amount to about 1012 yr compared
with the roughly 1,000 yr age of the Crab. In the so-
lar atmosphere, the diffusion coefficient is about 100
m2/s, correspondingly the diffusion time is a few days
for coronal distances of several 1,000 km. In the solar
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wind the diffusion coefficient is 5 x 10s m2/s, and at
the magnetopause it is of the order of ~ 5 x 109 m2/s
(Réf. 4).

These estimates demonstrate that diffusion under
cosmic conditions plays no important role when cos-
mic scales are taken into account. In most cases one
encounters nearly perfect confinement of plasmas by
magnetic fields. In the laboratory, because of the
short distances involved, confinement poses a severe
problem, however. The magnetopause with its Low
Latitude Boundary Layer (LLBL) (Refs. 5-9) is some-
how intermediate between these two extremes. It is
therefore the ideal place foi studying plasma trans-
port processes across magnetic boundaries. Again,
the existence of the LLBL surprisingly leads to an
estimated diffusion coefficient of about the order of
magnitude of Bohm diffusion to account for its nearly
continuous presence and thickness (Réf. 4). Why this
is the case remains a still unanswered question. In
the following we demonstrate that all anomalous dif-
fusion processes known so far are unable to explain
the existence of the LLBL though most of them can
account for plasma penetration just across the mag-
netopause current layer.

2. DIFFUSIVE PROCESSES

2.1 Properties of LLBL plasma

There are numerous reviews of the properties of the
plasma in the LLBL. A collection has been given by
Eastman et al (Réf. 5) and by Lundin (Réf. 10). More
contemporary measurements have been performed by
Traver et al (Réf. 8) and Mitchell et al (Réf. 7)
who extended particle observations to the flanks of
the magnetopause, and by Hall et al (Réf. 9) who
performed high resolution measurements of the elec-
tron distribution function in the LLBL. In addition,
Paschmann et al (Réf. 11) mapped the density profile
across the LLBL.

These observations can be summarized as follows.
The LLBL is a plasma layer adjacent to the mag-
netopause at its inner (magnetospheric) side. The
magnetopause itself is the thin magnetic boundary
or current layer where the magnetic field turns from
its magnetosheath to the magnetospheric direction.
Naturally, in the magnetopause (and possibly even
starting a short dbtance outside the magnetopause in
the magnetosheath) the plasma density decreases, the
bulk velocity decreases, and the plasma temperature
rises. The adjacent LLBL is characterized by a grad-
ual decrease in density, an increase in plasma temper-
ature, a decrease in bulk velocity. There are a number
of more specific properties fo the LLBL plasma distri-
butions expressing the mixture of sheath and sphere
plasmas, the time variability of the plasmas, differing

spatial distributions of the high and low energy parti-
cle components, pressure equilibria between magnetic
and plasma pressures etc., the importance of which
for the diffusion process is barely understood. How-
ever, for the purposes of this paper we restrict to the
main properties of the plasma. Two additional prop-
erties, however, are worth mentioning: Firstly, the
plasma density in the LLBL exhibits a steep cut-off
at the inner (earthward) edge of the LLBL; secondly,
monitoring the LLBL over long times has uncovered
that the LLBL is highly time-variable with periods
when no boundary layer plasma is detected. These
findings are of interest in the discussion of alterna-
tive mechanisms of constituting the LLBL.

2.2 Wave spectra

To find the anomalous diffusion coefficients knowl-
edge of the relevant wave intensities is required, !see
and Ampte spacecraft observations have identified
the LLBL as a region of enhanced plasma wave emis-
sion in both the electric and magnetic field compo-
nents (Refs. 12-15). Fig. 1 shows an example of mul-
tiple magnetopause/boundary layer crossings by !see
1 and the enhanced plasma wave intensities in the
LLBL region. It is interesting to note that the elec-
tric as well as the magnetic spectral energy densities
are high in the LLBL.

LaBeIIe and Treumann (Réf. 14) have collected !see
and Ampte magnetopause crossings to determine av-
erage LLBL wave spectra and to calculate maximum
average wave amplitudes by integrating over the full
spectrum. Fig. 2 shows their average spectrum for the
case of the electric plasma wave component. The !see
spectrum follows a nearly perfect power law spectrum
for frequencies above about 10 Hz. The Ampte spec-
trum shows a little more structure and, for the cases
selected, is a little more intense. Also included are
lower frequency Heos estimates which indicate a peak
in the spectrum below the lower hybrid frequency. In
the very low frequency regime an estimate of the wave
power has been obtained from an investigation of dc
electric field measurements on Ampte.

The intensities in the Ampte measurements are
higher than on Isee. This may be due to a selec-
tion effect but yields higher wave powers so that the
limits obtained on high frequency turbulence driven
diffusion will be more extreme. We will use these
measurements in the following to estimate the turbu-
lent diffusion coefficient.

Other important observations have been reported by
Tsurutani et al (Réf. 18) who obtain similar wave
powers but use different diffusion mechanisms which
refer to ion cyclotron wave turbulence. Very low fre-
quency waves have recently been reported (Fig. 3)
to have been observed in the magnetosheath/sphere
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Fig. 1. Plasma wave spectral energy densities measured
with !see 1 during multiple magnetopause/boundary layer
crossings. The boundary layer is a region of enhanced
electric as well as magnetic wave intensities (from Réf.
11).

transition layer (Réf. 16). These waves are essen-
tially magnetic fluctuations and may also contribute
to plasma transport. Waves of this type which are be-
lieved to be Alfvén waves had already been reported
earlier by Rezeau et al (Réf. 17, see also their contri-
bution to this conference).

3. DIFFUSION COEFFICIENTS

3.1 Resonant current driven anomalous diffusion

In the presence of high frequency electrostatic waves
one expects that the waves cause some kind of scat-
tering of the particles distorting their undisturbed or-
bits and leading to an anomalous enhanced collison
frequency. The ambipolar diffusion coefficient in a
magnetized plasma is then given by

-|£OS velocity Fluctuations iHaerenael 1976)

AMPTE/IRM (October 9.19111

ISEE average level
Tsurutam et ai (1991)

•a3 IQ' ia: 10' 10' 10
FREQUENCY !HzI

Fig. 2. Average electric wave spectium compiled from
!see, Ampte-Irm and Heos wave measurements (from Réf.
17).

where pc is the average electron gyroradius, and va is
the turbulent (anomalous) collision frequency which
depends heavily on the turbulent wave spectrum. The
above equation takes into account that elections aie
strongly magnetized and therefore less subject to dif-
fusion so that they have to follow the ions due to the
generation of ambipolar fields.

Due to the gradients in temperature, magnetic field,
density and velocity, the high frequency electric waves
which contribute to anomalous diffusion are diamag-
netic current (drift velocity VD) driven waves. Several
candidates of such waves have been examined by La-
Belle and Treumann (Refs. 14-18) who found that
the only serious candidate is the lower-hybrid-drift
instability.

Nov 1. 1978

1B2D 1634

Universal Time

D. (2)

Fig. 3. Low frequency magnetic oscillation in the magne-
tosheath/boundary layer transition region, observed with
!see 1 (from Réf. 16).
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Fig. 4. Diffusion coefficients for different current driven
wave modes (IA = ion acoustic, MTS = modified two
stream, LHDI = lower hybrid drift, ECDI = electron cy-
clotron drift). The dots indicate theoretical saturation
levels of the instabilities.

To demonstrate this result one is reminded that the
anomalous collision frequency is proportional to the
total wave energy density W = / W%d3k where WJt —
0.SfOOu(We)I^tI2 is the spectral wave energy density,
Ek the amplitude of the wave of wave number k, and
e(w,k) the dielectric function. Then (with m signify-
ing the maximum unstable wave number)

W

menvD
(3)

j:

This expression can be used to determine the var-
ious diamagnetic current (gradient) driven diffusion
coefficients. Fig. 4 shows the dependence of D on the
wave amplitude. The diffusion coefficient required for
maintaining the LLBL (Réf. 5) has been indicated
by the horizontal line. The vertical line gives the
maximum measured wave amplitudes obtained from
the above Figure 2 when integrating over the spec-
trum. The various diffusion coefficients are given by
the different straight lines. None of the coefficients
comes close to the required value within the permit-
ted wave amplitudes with the exception of the LHDI-
diffusion coefficients which marginally reaches the dif-
fusion rate for the highest permitted amplitudes.

There are some uncertainties in both the determina-
tion of the required diffusion coefficient and the wave
measurements. These are indicated by shading. The
required diffusion coefficients could be lower if the
LLBL is not a persistent feature of the magnetopause
as is sometimes concluded from measurements. On
the other hand, wave amplitudes could be higher than
detected if the waves become nonlinear and bursty.

However, the integration over the spectrum does al-
ready overestimate the measured intensities yielding
extremely high values for the wave intensity. The
only way to achieve higher amplitudes is to assume
that the waves are localized. In such a case a substan-
tial fraction of energy would be contained in the local
wave spectrum, and the plasma would change char-
acter there. The spatial average of the wave intensity
would still remain low. Diffusive processes then take
place only in the regions of wave localization. At the
present time, however, it cannot be decided about the
possible localization of the waves.

It is therefore reasonable to conclude that about
all anomalous diffusion coefficients fall below the re-
quired value being to small to explain the existence of
the LLBL. If however the marginality of the LHDI-
diffusion coefficient turns out to be real, then one
requires some mechanism which keeps diffusion and
boundary layer at a marginally stable state. A possi-
ble scenario (Fig. 5) would be balance between gradi-
ent driven LHDI waves and diffusive depletion of the
density gradient (Réf. 19).

On the other hand from laboratory experience it is
unlikely that much lower than Bohm diffusion coef-
ficients would be reasonable. Actually the required
diffusion limit is very close to Bohm diffusion. One
therefore expects that diffusion is still an important
mechanism for filling the LLBL, but as the above con-
siderations demonstrate resonant plasma waves are
unable to provide high enough diffusion coefficients.

3.2 Resonant pitch angle diffusion

It has been proposed (Réf. 20) that pitch angle dif-
fusion may be responsible for spatial diffusion at the

MSH Ml' MI1Hl
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Fig. 5. Marginally diffusive equilibrium as a result of den-
sity gradient driven diffusion. The LHDI wave intensity
is high in steep gradient regions but depletes the gradient
due to anomalous diffusion thereby quenching itself. Ul-
timately wave intensities stay at the marginally diffusive
level.
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LLBL cts well. In astrophysics the concept of brak-
ing convection from parallel spatial diffusion due to
pitch angle scattering of energetic cosmic ray parti-
cles has found wide application. A similar concept
has been proposed in the above reference to work also
in perpendicular cross field diffusion. It has been as-
sumed that pitch angle diffusion on a velocity space
time scale TQ acts in a way to cause spatial diffusion
on the same time scale. Unfortunately there is no
obvious connection between velocity space and pitch
angle diffusion. In an inhomogeneous plasma one can
however expect that pitch angle scattering towards
larger pitch angles will increase the gyroradius and
thus cause diffusion. Hence anti-loss cone distribu-
tions would favour cross field diffusion while loss cone
distributions should not cause any remarkable effect
due to pitch angle scattering.

A theory of this process has been developed in Réf.
19. It starts from the inhomogeneous velocity space
diffusion equation for the particle distribution func-
tion /(v, x, i) taking into account the distortion of the
momentum due to the inhomogeneity of the plasma
(Réf. 21). The theory has been applied to electro-
static cyclotron waves which are assumed to be most
effective in pitch angle scattering. A formal relation
between the pitch angle and the spatial cross field dif-
fusion coefficient has been derived. It has been found
that the spatial diffusion coefficient is again propor-
tional to the electric wave field intensity. In addition,
it decreases with increasing harmonic wave number
n, increases with parallel resonant particle energy,
and increases with increasing anisotropy of the res-
onant particle distribution. A simple estimate of the
strongest spatial diffusion coefficient can be obtained
from

D « 3 x 1O9W1OO^1
2BrooTfmVs (4)

where Wi00 is the wave intensity measured in field
stienghts of 100 mV/m, JRTi1Ti particle energy and
temperature measured in keV, BIQQ magnetic field
measured in 100 nT. The above diffusion coefficient
turns out to be of the same order as Bohm diffusion
thus confirming the conjecture of Réf. 20 that spa-
cial diffusion caused by strong pitch angle diffusion
would in principle be strong enough to account for
the LLBL.

Such a conclusion must, however, be criticised be-
cause of several reasons. Firstly, we have assumed
very strong electric wave amplitudes which are rather
unrealistic based on measurements unless the waves
are highly localized. Secondly, in agreement with our
former discussion, pitch angle diffusion acts in the
right direction only if anti-loss cone distributions are
responsible for the waves. Anti-loss cone distributions
may of course exist in the LLBL. Sometimes temper-
ature anisotropies with parallel temperatures exceed-
ing perpendicular temperatures have been measured.
In such cases diffusion would be efficient if waves in
the cyclotron frequency range are excited. Little is

J19

known about excitation of such waves. The above dis-
cussed theory applies to loss-cone driven electrostatic
waves. But given that diffusion coefficients of the
same order exist for anti-loss cone distributions, one
will argue that this kind of diffusion affects only a tiny
fraction of the phase space distribution of the parti-
cles, just particles which are in resonance with the
waves because only these particles experience pitch
angle diffusion and hence diffuse spatially. The bulk
of the plasma remains unaffected by the pitch an-
gle diffusion process and does not undergo cross field
diffusion. Since the resonant particles are energetic
particles, one, in addition, expects that the resonant
particles belong to the magnetospheric distribution.
Hence phase space driven cross field diffusion should
lead to loss of energetic particles from the magneto-
sphere (leakage) into the magnetosheath, which is the
complementary process and may explain the obser-
vation of magnetospheric particles outside the sphere
even under undisturbed conditions.

In summary, both resonant processes, velocity space
diffusion and current driven instability generated
anomalous resistive diffusion do not affect the bulk
plasma distribution and hence, even if the diffusion
coefficients turn out to be large, cannot be consid-
ered responsible for the existence of the LLBL. The
reason for this is that they both affect a too small vol-
ume of phase space and fail to affect the bulk plasma
distribution.

3.2 Simulation results

A number of numerical simulations have been per-
formed in the recent past to check the validity of the
above conclusions (Refs. 22-24). These simulations
were either based on hybrid or full particle codes. The
authors assumed steep initial density and magnetic
field profiles and looked for the evolution of these
profiles under the action of the lower-hybrid-drift in-
stability. The general result of these simulations was
that some modest diffusion was found. The density
profile evolved rather irregularly with a slowly soft-
ening gradient. In the hybrid code it exhibited rather
irregular non-diffusionlike spatial structure, while in
the full particle simulations taking account of tem-
perature gradients the profiles were smoother and
diffusionlike. Obviously plasma was able to pene-
trate from the sheath side into the magnetosphere.
It has however been mentioned that the width of the
LLBL obtained by this kind of diffusion process was
only of the order of the magnetopause transition layer
width. The value of the diffusion coefficient obtained
depends very strongly on the method used. Fig. 6
shows the results of Winske et al (Réf. 23) who esti-
mated a very high diffusion coefficient of the right or-
der (Bohm-like) by observing at what time particles
from the sheath arrived at a certain given distance
in the simulation. A more reliable method is to use
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Fig. 6. 2D-CuIl particle simulations of the LHDI at the magnetopause. Top and center: evolution of density, bottom:
initial and final density profiles (after Réf. 23).
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Fig. 7. Full particle simulations of the density (a), current
(6), magnetic field (c) and electric field (d) profiles at the
magnetopause foi southward IMF at time tuc = 2000
(from Réf. 24).

the initial and Anal density profiles to calculate bulk
diffusion coefficients. This has been proposed by Son-
neiup (Réf. 25) who found that in the Winske et al
simulations the diffusion coefficient was much less. A
similar method has been applied by us to the simula-
tions of Okuda (Réf. 24) given in Fig. 7. We assumed
that the density profile evolves like a heat pulse under
the action of the diffusion. In this case the density
profile measured at two times in the evolution can
be used to estimate the diffusion coefficient. Okuda's
simulations yield a value of D K 3 x 10s m2/s, at least
one order of magnitude too low for accounting for the
LLBL and in excellent agreement with our theoreti-
cal estimates of the LHDI-diffusion coefficient based
on the wave measurements and the above Figure 2.
It is therefore opportune to conclude that the numer-
ical simulations do support our above conjecture of
invalidity of resonant plasma waves in the diffusion
process. To settle this question and to check if non-
linear evolution of the waves may contribute to diffu-
sion one needs longer simulations, full particle codes
and two dimensional configurations.

4. NONRESONANT PROCESSES

The failure of resonant processes in generating the
LLBL forces one to look for non-resonant effects or
for very low frequency processes which influence the
bulk plasma distribution.

4.1 Reconnection models

Several such processes have been proposed in the
past, the most prominent one is reconnection at the
day side magnetopause. During long periods of north-
ward IMF there is a problem about reconnection
which then should not take place.

There are three possible solutions to the reconnec-
tion problem. When the main reconnection process is
patchy (Réf. 26) causing FTEs irregularly distributed
over the magnetopause, magnetosheath plasma may
freely flow in into the LLBL at various places. The
problem then remains of how to distribute this plasma
about smoothly over the entire inner magnetopause
surface to yield a nearly homogeneous LLBL. Sim-
ulations by Wei et al (Réf. 27) have shown that on
an intermediate time scale such a spread of plasma
seems possible. It is accompanied by the evolution
of highly turbulent vortex structures. The patchiness
of the reconnection can probably be understood as
a decorrelation of the magnetosheath flow over dis-
tances of the order of a few RB permitting the sheath
magnetic field to have opposite directions over these
scales and thus causing local reconnection while at
other places along the magnetopause the sphere is
screened from the sheath (Réf. 28).

The second possibility has been proposed by Gosling
et al (Réf. 29) and elaborated by Song and Russell
(Réf. 30). During northward IMF reconnection is
permitted at the high latitude tail where it has been
observed (Réf. 29). Relaxation of the newly closed
magnetic field lines yields injection of mantle plasma
from high latitudes into the LLBL (Fig. 8). Assum-
ing that the injection velocity is about the Alfvén
speed it takes the high latitude mantle plasma about
2 min to reach the LLBL, a time reasonably short to
explain the time variability of the LLBL as well as
its production. Another version of this mechanism is
shown in Fig. 9. It is based on capturing whole flux
tubes thereby avoiding time consuming transport of
plasma. Models like these apply of course only to in-
homogeneous magnetosphere-like magnetic field con-
figurations interacting with magnetized plasmas.

The third possibility is related to resonant overlap of
magnetic islands as has been proposed by Galeev et
al (Réf. 31) based on an earlier theory of Rosenbluth
et al. This theory has been checked by LaBeIIe and
Treumaun (Réf. 14) who found that the diffusion co-
efficient may become marginally high enough if large
amplitudes of the overlapping magnetic fluctuations
(islands) are assumed. However, this condition is dif-
ficult to satisfy. Equilibrium fluctuation levels of the
tearing instability which is thought to be responsi-
ble for generating the resonant magnetic islands have
been found to be extremely low. Their amplitudes of
the order of C 1 nT, much too low to drive magnetic
field diffusion. Again, the reason for this behaviour is
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Fig. 8. Gosling's (Réf. 29) high latitude reconnection
model and the filling of the Low Latitude Boundary Layei.

the resonant nature of the tearing mode which affects
only a small fraction of phase space and is therefore
unable to yield the required bulk diffusion.

A very interesting theory of non-resonant overlap of
magnetic islands has been proposed in a recent series
of papers by Tetreault (Réf. 32). This theory is based
on a fluid desciption of the transport of magnetic field
line bundles across a plasma and looks most promis-
ing to provide the wanted scaling of the Bohm diffu-
sion coefficient. If this turns out to be true, Bohm dif-
fusion will be caused by stochastic magnetic field lines
which overlap and rrganize in bundles. These bun-
dles may subsequently flow together as nearly stable
entities and diffuse at a high rate across the plasma
while violating the fiozen-in condition. Since Bohm
diffusion seems to be natural, this process would be
the ultimate, dominating and universal diffusion pro-
cess in a collisionless magnetized plasma.

4.2 Plasma penetration events

Lemaire (Réf. 33) proposed that plasma blobs may
penetrate directly into the magnetosphere by cross-
ing the magnetopause. Plasma blobs, called magnetic
holes have been occasionally observed in the vicinity
of the magnetopause (Refs. 34-35) but it is not clear

Fig. 9. Song and Russel's (Réf. 30) version of high latitude
reconnection and build-up of the low latitude boundary
layer by capturing of flux tubes.

whether or not they are related to this process of
which the physics is not ultimately understood. Nu-
merical simulations in 2-D by Ma et al (Réf. 36) seem
to suggest that blobs may penetrate as nearly undis-
torted entities into the magnetosphere if they have
high enough normal speeds when encountering the
magnetopause. The distortion of the magnetopause
leads to reconnection behind the blobs and to gener-
ation of fast flow,. Lundin (Réf. 10) calls events like
this PPEs (plasma penetration events) and reports on
their signatures in the polar and deep magnetosphere.
Possibly such events are related to pressure pulses
proposed by Sibeck (cf. Réf. 37). It has recently
been suggested (Réf. 38) that such pressure pulses or
plasma blobs (Fig. 10) of smaller dimensions may de-
form the magnetopause boundary sufficiently so that
in an analysis of discontinuities tangential gradients
of the fields and flows must be taken into account.
In this case the discontinuity conditions change. It
turns out that non-negligible tangential gradients in-
hibit discontinuities with vanishing normal flow com-
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Fig. IU. Fressure pulse encountering the tangential mag-
netopause discontinuity (from Réf. 37). In addition to
deforming the magnetopause, the pulse causes tangential
gradients of all quantities along the magnetopause.

ponents. They rather cause vortices in the flow and
permit the plasma to penetrate across the discontinu-
ity surface. In this way tangential discontinuities may
become partially transparent to plasma flow when ex-
posed to local pressure pulses. Such pulses will fre-
quently exist because the magnetosheath is known
to be a highly turbulent and inhomogeneous medium
with changes in its local properties over rather short
scales.

4.3 Kelvin-Helmholtz vortices, eddy turbulence

Generation of large scale vortices at the magne-
topause by the streaming magnetosheath plasma is
one possibility to produce eddy turbulence. This pro-
cess has been investigated by numerical simulation
(Refs. 39-42). These simulations show the develop-
ment of velocity, magnetic field and density struc-
tures at the magnetopause and show a weak mixing
of sheath plasma into the magnetosphere [in the sim-
ulations of Wu (Réf. 4O)] even when no reconnec-
tion is permitted. A similar mixing has been ob-
served recently by Terasawa et al (Réf. 43). But
this mixing is not sufficient to produce the LLBL.
On the othei hand, these simulations show the evolu-
tion of steep density gradients between the vortices.
At those locations, lower hybrid drift turbulence can
lead to the generation of anomalous resistivities and
high local diffusion coefficients, decoupling the vortex
from the general flow and possibly transporting it into
the boundary layer. However, simulations permitting
for reconnection in Kelvin-Helmholtz unstable flows
have shown that the magnetospheric magnetic field

rejects such decoupled vortices (Réf. 42). The vor-
tices stay outside the LLBL and are convected tail-
ward along the magnetopause into the downstream
solar wind. This behaviour is easily understandable
because such voitices do not have sufficient momen-
tum to overcome the magnetic field pressure and to
enter the magnetosphere. It is therefore not possible
that Kelvin-Helmholtz vortices can serve as eddies
which fill the LLBL with plasma. The only remain-
ing possibility will have to take into account of the
second boundary, the inner edge of the already ex-
isting LLBL, and of the sunward convection inside
the magnetosphere. If in both of these boundaries
Kelvin-Helmholtz vortices evolve, one can speculate
that mixing of antiparallel vortices takes place and
mixes both types of plasmas. Simulations by Drake
et al (Réf. 44) have shown that even high convection
jets may be generated in such a process in the normal
direction. This direction would be perpendicular to
the magnetopause causing plasma to flow across the
boundary. However, as long as no convincing sim-
ulation model exists confirming this suggestion one
concludes that Kelvin-Helmholtz instability may pro-
duce only localized and decoupled vortices but that
it is unlikely that these vortices by the known mech-
anisms will serve as sources of the LLBL.

5. CONCLUSIONS

In summary we conclude that most of the processes
discussed in this paper are unable to explain the ex-
istence of the quiet LLBL under conditions when the
magnetic field in the magnetosheath is northward
over a long time. Simple Bohm diffusion would do
the job in all (northward or southward IMF) cases.
But no convincing explanation has been provided so
far. It is in general no problem, applying some of the
existing diffusion models, to get the plasma across the
thin current layer; the problem is of how the broad
LLBL can be maintained.

The most probable mechanisms are high-latitude
magnetic reconnection which may inject plasma into
the equatorial LLBL or trap entire field loops from
the magnetosheath, nonresonant mixing of magnetic
fluctuations and convection of bundles of magnetic
field lines, or direct plasma transfer (PPEs) into the
magnetosphere when dense plasma regions encounter
the magnetopause at high speed or high pressure
(transient pressure events). We have also found that
inclusion of tangential gradients into the definition of
discontinuities in a fluid picture may lead to nonva-
nishing normal flows at magnetic boundaries. If all
these processes turn out to not being able to account
for the existence of the LLBL, then a kinetic theory
of the interaction of the magnetosheath plasma and
the magnetosphere would be the appropriate way to
investigate the filling of the LLBL in a multicompo-

ur-
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nent (cold sheath/hot sphere particles, both drifting)
plasma model.
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