i s s n
I

N

S

T

I

T

U

O ' A E R O N O M I . E

T

S P A T I A L E

3

- Avenue

B

• 1180

0 0 6 5 - 3 7 1 3

O E

B E L G I Q U E

Circulaire

BRUXELLES

AERONOMICA

ACTA

A - N° 373- 1993

Theoretical structure of a magnetospheric
plasma boundary : application to the formation
of discrete auroral arcs

By

M. Roth, D.S. Evans and J. Lemaire

i

B

E L G I S C H

I N S T I T U U T

V 0 0 R
3 • Rmqlaan

B • 1180

BRUSSEL

R U I M T E - A E R

0

M

O

M

I E

FOREWORD
This paper has been accepted for publication in Journal
Research (Space Physics)

of

Geophysical

AVANT-PROPOS
Cet article a été accepté comme publication dans le Journal of Geophysical
Research (Space Physics)

VOORWOORD
Dit artikel is aanvaard voor publikatie in Journal of Geophysical
(Space Physics)

Research

VORWORT
Dieser Aufsatz wird in Journal of Geophysical Research (Space
erscheinen

Physics)

Theoretical Structure of a Magnetospheric
Plasma Boundary: Application to the Formation
of Discrete Auroral Arcs
M. Roth*

D.S. Evans

§

and J. Lemaire*

Abstract
In the framework of a kinetic theory for tangential discontinuities we modeled the
electrical structure of the sheath which separates magnetospheric particle populations of
different densities and temperatures. The model can equally be applied to the plasmasheet
boundary layer (PSBL) in the tail or to the boundary of some plasmasheet cloud immersed
in the central plasmasheet (CPS). With plasma parameters typical of the Earth's outer
magnctosphere and plcusmasheet, we obtain results bearing many features pertinent to
magnetospheric processes, specifically the origin of discrete auroral arcs. Creation of a
space-charge separation electro-static potential in a direction normal to the magnetic field
results from the contact of the two plasma populations. When the large scale solar wind
potential difference is further imposed across the transition layer, the potential gradients
are locally much enhanced, to give rise to large electric fields (several hundreds m V / m )
appearing over small distances perpendicular to the magnetic field - just the situation
needed for the creation of an auroral arc. The transition itself is characterized by two
scale lengths of the plasma and fields variables: the average electron Larmor radius ge
(or some multiple of g e ) for thin embedded electron-dominated layers which generate the
sharpest potential gradients, and the average ion gyroradius gp (or some multiple of gp) for
the broader ion-dominated layers located at the outer edges of the transition. The larger
scale sizes are appropriate to auroral arcs dimensions. The generated electric potential
differences, consistent with the energy acquired by the precipitated electrons associated
with discrete aurora, are identified with the source of the electromotive force (EMF)
required for the auroral current circuit. Waves-particles interactions are likely to scatter
the electrons into the atmospheric loss cone, establishing the current system threading
both the E M F and the ionosphere by means of field-aligned currents. The half lifetime
of the transition is at least of the order of 1000 s. This is also the time interval during
which dissipative processes will not alter significantly the available potential gradients of
the initially unloaded EMF.
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Résumé
Dans le cadre d'une théorie cinétique des discontinuités tangentielles, nous avons reproduit théoriquement la structure électrique de la transition séparant des populations de
particules magnétosphériques de concentrations et de températures différentes. Ce modèle
théorique peut s'appliquer aussi bien à la frontière du feuillet de plasma (PSBL), à l'intérieur de la queue magnétosphérique ; qu'à la frontière d'un plasmoïde du feuillet de plasma,
immergé dans sa partie centrale (CPS). A partir de paramètres de plasma, caractéristiques
de la magnétosphère externe de la Terre et de son feuillet de plasma, nous obtenons des
résultats qui rendent compte de plusieurs mécanismes liés à des processus magnétosphériques : en particulier ceux liés à l'origine des arcs auroraux discrets. La formation d'un
potentiel électrostatique de séparation de charge, dans une direction perpendiculaire au
champ magnétique, est le résultat du contact de deux populations de plasma. Lorsque
l'on tient compte, de surcroît, de la différence de potentiel à grande échelle, engendrée par
le vent solaire et appliquée de part et d'autre de la couche de transition, on trouve que
les gradients du potentiel peuvent être localement fortement accrus ; et peuvent engendrer des champs électriques élevés (plusieurs centaines de mV/m) localisés sur de faibles
distances perpendiculairement au champ magnétique-ce qui est justement une des caractéristiques requises pour la formation d'un arc auroral discret. La transition elle-même est
dominée par deux longueurs caractéristiques : d'une part, le rayon de giration moyen des
électrons ge (ou quelques ge) qui caractérise les couches électroniques de faible épaisseur,
localisées au centre et produisant les gradients de potentiel les plus élevés ; et d'autre part,
le rayon de giration moyen des ions gp (ou quelques gp) pour les couches ioniques plus
larges localisées aux extrémités de la transition. Les échelles de longueur les plus grandes
sont appropriées aux dimensions des arcs auroraux. Les différences de potentiel électrique
engendrées, compatibles avec l'énergie acquise par les électrons précipitants associés aux
aurores discrètes, s'identifient à la source de la force électromotrice (FEM) alimentant le
circuit électrique auroral. Il est vraisemblable que des interactions ondes-particules diffusent les électrons à l'intérieur du cône de perte atmosphérique, établissant de la sorte le
système de courant reliant la FEM à l'ionosphère grâce aux courants alignés. Le demitemps de vie de la transition est au moins de l'ordre de 1000 s. Cette durée représente
également l'intervalle de temps pendant lequel les processus de dissipation n'altèrent pas
de façon significative les gradients de potentiel disponibles aux bornes de la FEM, lorsque
celle-ci est considérée en circuit ouvert.

Samenvatting
In het kader van een kinetische theorie voor tangentiële discontinuïteiten hebben we de
elektrische structuur van de scheiding tussen magnetosferische deeltjespopulaties met verschillende dichtheden en temperaturen gemodelleerd. Het model kan toegepast worden
zowel op de "plasmasheet" grenslaag in de staart als op de begrenzing van een "plasmasheet" wolk ondergedompeld in het centrale "plasmasheet". De resultaten die we
bekomen met plasma parameters typisch voor de buitenste magnetosfeer en het "plasmasheet" van de aarde vertonen vele kenmerken van magnetosferische processen, in het
bijzonder de oorsprong van discrete noorderlichtbogen. Het ontstaan van een elektrostatische potentiaal door scheiding van ruimtelading in een richting loodrecht op het magnetisch
veld is het resultaat van het contact tussen de twee plasmapopulaties. Wanneer bovendien het grootschalige potentiaalverschil van de zonnewind opgelegd wordt over de overgangslaag; nemen de potentiaalgradiënten plaatselijk sterk toe en veroorzaken ze sterke
elektrische velden (meerdere honderden mV/m) over kleine afstanden loodrecht op het
2

magnetisch veld—precies de toestand nodig voor de creatie van een noorderlichtboog. De
overgang zelf wordt gekarakteriseerd door twee schaallengten van de plasma- en veldveranderlijken: de gemiddelde electron Larmorstraal pe (of enkele pe) voor dunne ingebedde,
door electronen gedomineerde lagen die de scherpste potentiaalgradiënten genereren, en de
gemiddelde ion Larmorstraal pp (of enkele pp) voor de bredere, door ionen gedomineerde
lagen gelocaliseerd aan de buitenste randen van de overgangen. De grootste schaallengten
zijn geschikt voor de afmetingen van noorderlichtbogen. De opgewekte elektrische potentiaalverschillen, consistent met de energie verworven door de neergeslagen electronen
geassocieerd met discrete noorderlichten, worden geïdentificeerd met de bron van de elektromotorische kracht (EMK) voor het aurorale stroomcircuit. Golf-deeltjes interacties
verstrooien waarschijnlijk de electronen in de atmosferische verlieskegel en zetten zo het
stroomsysteem op dat verweven is met zowel de EMK als de ionosfeer door middel van
veldgealinieerde stromen. De halve levensduur van de overgang is tenminste van de orde
van 1000 s. Dit is eveneens het tijdsinterval waarbinnen dissipatieve processen de beschikbare potentiaalgradiënten van de initieel ongeladen EMK niet significant wijzigen.

Zusammenfassung
Im Rahmen einer kinetischen Theorie von tangentialen Unstetigkeiten, haben wir die
elektrische Struktur des Ubergangs zwischen Mengen von magnetosphärischen Teilchen
mit verschiedenen Konzentrationen und Temperaturen theoretisch berechnet. Dies theoretische Modell ist ebensowohl anwendbar an der Grenzschicht des Plasmas (PSBL),
als im inneren der Magnetosphärenschwanz, und als an der Grenze von einem Plasmoid
der Zentralregion der Plasmaschicht (CPS). Ausgehend von Plasmaparametern, die die
äussere Erdmagnetosphäre und ihre Plasmaschicht bezeichnen, erzielen wir Ergebnissen
die mehrere Mechanismen beschreiben, die mit magnetosphärischen Prozessen verbunden
sind insbesondere diejenige die bei der Bildung der diskreten Polarlichtbögen vorhanden
sind. Die Bildung eines elektrostatischen Potentials in einer senkrecht zur Richtung des
magnetischen Feldes ist die Folge des Kontakts von beiden Plasmabevölkerungen. Wenn
man zusätzlich den grossräumigen Potentialunterschied betrachtet der durch den Sonnenwind entsteht und auf beiden Seiten der Unstetigkeitsregion wirkt, so findet man dass
die Potentialgradienten örtlich stark zunehmen können und bedeutende elektrische Felder
(mehrere Hunderte mV/m) erzeugen können, die über begrenzten Abständen senkrecht
zu dem magnetischen Feld lokalisiert sind so als es für die Erzeugung eines diskreten Polarlichtbogen erforderlich ist. Der Ubergang hängt von zwei charakteristischen Längen
ab: einerseits, der mittlere Gyrationsradius der Elektronen der die dünnen Elektronenschichten, die in der Zentralregion sich befinden wo sie die grössten Potentialgradienten
erzeugen, charakrisiert und andererseits, der mittlere Gyrationsradius der Ionen, der für
die breiteren Ionenschichten die an den Enden der Ubergangsregion sich befinden, gilt.
Die grössten Skalenlängen sind den Breiten der Polarlichtbögen angepasst. Die erzeugten
Differenzen des elektrischen Potentials, übereinstimmend mit der gewonnenen Energie der
einfallenden Elektronen, sind die Quelle der elektromotrischen Kraft (FEM) die den elektrischen auroralen Kreis speist. Es ist wahrscheinlich dass die Diffusion der Elektronen im
Innern des atmosphärischen Verlustkegels durch Wellen-Partikeln Wechselwirkungen erzogen wird so dass die Magnetosphäre mit der Ionosphäre durch diese gerichteten Strömen
verbunden wird. Die halbe Lebenszeit des Ubergangs ist grösser als 1000s. Diese Dauer
bezeichnet auch das Zeitintervall während welches die verfügbaren Potentialgradienten
(im offenen Kreis) nicht sehr durch diese Zerst reuungprozessen verschlechtert werden.
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1 Introduction
Lyons et al. (1979), Lyons (1981), and Lyons and Evans (1984) found evidence from
coordinated auroral and magnetospheric particle observations that discrete auroral arcs
are often located along magnetic field lines which map to locations at high altitude that
mark the separation between different magnetospheric plasma populations. It is generally believed that these arcs arise because of magnetic-field-aligned potential differences
which energize and precipitate magnetospheric electrons while retarding positive ions, so
as to create a limited region of very enhanced energy flow to the atmosphere in the form
of accelerated electrons (see for example Lyons, 1992 for a recent review). It is further
thought that the magnetic-field-aligned potential difference occurs as a result of the existence of an electromotive force (EMF) located in the magnetosphere, remote from the
atmosphere. This EMF is an essential part of a three-dimensional current system that
threads both the ionosphere and the EMF by means of field-aligned currents. In this
picture the magnetic-field-aligned potential difference arises as a natural consequence of
the requirement that the total potentials associated with the magnetospheric EMF be
distributed around the external circuit in a fashion that insures a divergence free current
system.
These facts, as well as earlier kinetic models of tangential discontinuities in collisionless
plasmas by Sestero (1964; 1966), Lemaire and Burlaga (1976), Roth (1976; 1978; 1979;
1984), Lee and Kan (1979) and Roth et al. (1990) motivated the present application of
kinetic plasma theory to the boundary separating magnetospheric plasma populations of
differing plasma densities and temperatures. Although we do not know definitely where
the various particle features in the geomagnetic tail map to in the ionosphere (Parks et
al., 1992), the present model can equally be applied to the plasmasheet boundary layer
(PSBL) in the tail that, following Eastman et al. (1984), maps to discrete auroral arcs,
or to the boundary of some plasmasheet "cloud" immersed in the central plasmasheet
(CPS): another location which has also been suggested for the mapping of discrete arcs
(e.g., Elphinstone et al., 1991; Zelenyi et al., 1990). In this paper, we therefore loosely
refer to the high altitude plasma transitions where discrete aurora map as being "magnetospheric plasma boundary layers" between plasmasheet "clouds" and their magnetotail
"background". We believe that the magnetospheric D.C. generator, or EMF, which sustains the dissipative current in the auroral circuit, should be identified with the potential
differences generated across these magnetospheric plasma boundary layers (in this context
D.C. means that these potentials and associated currents do not oscillate and reverse sign
but is not to mean that the situation is totally time stationary). The analog of this magnetospheric D.C. generator is the contact potential difference produced at the interface
between two metallic conductors at different temperatures. There are also other devices
and physical mechanisms capable of producing, both in the laboratory and in space, large
potential differences and electric current systems; e.g., the dynamo effect arising from
the relative motion of conductors or plasma clouds in the presence of a magnetic field.
In the case of dynamo action in the magnetosphere, the electric field is generally called
the convection electric field and extends over the whole volume of the moving plasma.
For plasma motions at velocities of less than 100 km/s in the presence of magnetic fiels
of 40 nT or less, this convection electric field (E = —V A B) does not exceed 4 mV/m.
However, because the scale size of the plasma motions can be very large, the total potential differences involved may also be large; in excess of 100,000 Volts in the case of
4

the solar wind's motion with respect to the Earth. In contrast, the charge separation
thermoelectric field strengths treated in this paper can have very much larger values
(100-200 mV/m) although such fields are confined to much thinner layers at the edges of
plasma irregularities.
In Section 2, we briefly summarize the basic features of our kinetic model. The numerical results for several illustrative cases that utilize typical magnetospheric plasma
populations and reasonable geometries are presented in Section 3. A discussion of these
solutions, especially their applicability to magnetospheric and auroral processes, is given
in the last Section together with a summary.

2

A kinetic model of a magnetospheric D.C.
generator

Let us now consider two regions of plasma separated by a thin diamagnetic current
layer. The kinetic model used to describe this layer is an extension of that proposed by
Sestero (1964) to describe collisionless plasma sheaths in the laboratory. Although the
plasmasheet is rarely in a stationary state, we assume that the structure of the transition
layer does not change significantly over the characteristic period of time required for an
Alfven wave to traverse it. We also consider that the radius of curvature of the boundary
layer is much larger than its characteristic thickness, which is of the order of a few ion
gyroradii. Under these circumstances the plasma layer can be considered as planar. Every
physical quantity depends then on one space coordinate only, say x, normal to the ( y - z )
plane of the layer. Since, in general, the magnetic field direction does not vary by more
than 10° or 20° from one side of a transition layer to the other side, we consider that the
direction of B does not change nor reverse across the transition layer although the scalar
magnitude of B may vary. We assume, therefore, that the magnetic field direction is
everywhere parallel to the z-axis. In this case, B is the curl of a vector potential directed
along the y-axis (a = a e ) . The partial electric current densities (j P)e ) of the protons (p)
and electrons (e) are then necessarily parallel to the y-axis (jPiÈ = jPieey). The electric
field (as spatial gradient of the potential <f>) is in the x-direction (E = Exex). Indeed,
we assume that there is no mass flow across the surface of discontinuity in a frame of
reference fixed with respect to the boundary layer (Vx = 0). In any frame of reference
satisfying this condition, the plasma flow (V) is then entirely in the (y-z) plane and we
further assume that, at both x = —oo and x = +oo the flows have identical magnitudes
and directions (V(x = —oo) = V ( i = +oo) = V,*,). Without loss of generality we can
further particularize the frame of reference, and have chosen one where V ^ = 0, i.e., the
transition layer is modeled in a frame where the plasma is at rest when x —* =poo.
Note that, for the configuration described above, the current density is perpendicular
to the electric field. Therefore we are actually modeling the electric field structure for an
"unloaded" source of EMF . However, to at least zero order, a description of the electric
field structure for the case of an unloaded EMF will also represent the loaded case quite
well. Indeed, the available potentials and field intensities will change only slightly in going
from a situation of no load to a loaded situation where there is a component of the total
current that is flowing parallel to E (so that E • J ^ 0).
The Vlasov kinetic theory of the 1-D transition layer used in this paper (which is in
effect a tangential discontinuity) is described in appendix A. When x —•
it is asy

y
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sumed that the plasma, composed of protons and electrons, is described by Maxwellian
velocity distribution functions. At any point inside the transition layer the velocity distribution functions correspond to the interpénétration of these two hydrogen plasmas in
the form given by equation (A.6). The plasma boundary conditions describe, on one side
(x —>• —oo), a plasmasheet cloud (subscript c) with uniform number densities (N ce = N ^ )
and temperatures (T ce , T cp ), and on the other side (x —• +00), a background magnetotail
plasma (subscript b) with uniform number densities (A^e = Nbp) and temperatures (Tbe,
T(,p). In a collisionless plasma, the boundary conditions do not uniquely determine the
transition profiles ( S e s t e r o , 1964). The solutions (A.6) describe just one Vlasov equilibrium among the many possible ones satisfying the same boundary conditions. Because
the distribution of the particles in the 6-dimensional space phase can be prescribed at
will on certain characteristics of the Vlasov equation — those which do not intersect the
hyperplanes at x = ±00 — the choice of the solutions should be made principally on the
basis of mathematical simplicity. In particular, we would like all moments of the velocity
distribution functions be analytical functions of <f> and ay. In appendix B, it is shown that
this requirement is satisfied since the moments of (A.6), in particular the partial number
densities ne = nce + ribe; np = n ^ -f n&p and the partial current densities je = jce + jbe',
ar
jP — jcp +jbP,
e analytical functions of <f> and ay. The partial number densities are given
by:

"ce =
nCp

=

"6 e =
nbp

Otce

2

<*cpexp
2

atbe

2
Otbp

=

exp ^

2

^

exp ^
exp ^

1

e<

f>
kTce

erfc

ce L^c '

Dcej->c

e(f>
kTcp
! e<f>
kTbe
e<f>

erfc
a„

kTbp

and the partial current densities by:

2irme
kTq,

A, -

( Pep

2irmp

\Dop

kTbe

|f Pbe

2irme

KDbes

kTbp

-MM-bÈï)

( Pbp

7(

>
(8)

In equations (1) through (8) erfc is the complementary error function, e is the magnitude of the electron charge, k is the Boltzmann constant, Bc and Bb are respectively
the magnitude of the magnetic field deep in the plasmasheet cloud (at x = —00) and
far from the transition in the magnetotail background (at x = +00). The parameters
Dce, Dcp, Dbe and Dbp characterize the "thickness" for each of the four transitions that
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the different particle populations undergo (see appendix A). The sharpest transitions are
obtained when
D
= p ,
Dcp
= pep,
D
= p ,
D
= p
(9)
c e

ce

be

be

bp

bp

where pci and pb{ (i — e,p) are the asymptotic Larmor gyroradii defined in equation (A.8).
Taking account of the quasi-neutrality of the plasma and also that ay(x = — oo)=—oo,
ay(x = + o o ) = + o o ( B z > 0), the parameters ace, a^, abe and abp are seen to be linked to
the boundary conditions as follows:
ocCe =

a b e exp

e<f>(x

Ctcp =

=

ne(x

=

- o o )

+oo)

kTbe

=

a

=

ne(x

bp

np(x

=

ex

=

- o o )

e<j>(x

=

P

Nce

=

=

N ^

(10)

+oo)

,„,

k-lbp

L

= +oo) =

np(x

=

+oo) =

Nbe

=

(11)

Nbp

To find equation (10) it has been assumed that (f>{x = —oo) = 0. The quantity <f> = <f>(x =
+oo) is then the electric potential difference across the transition. From equation (11), it
can be seen that abe, a or <f>2 can be chosen as arbitrary parameter, when the asymptotic
densities at x = +oo (N be and Nbp) are fixed.
The nonuniqueness of the velocity distribution functions, resulting from the collisionless and adiabatic nature of the interaction between the plasma particles is not entirely
removed by the choice of the distributions (A.6), since the model depends on 5 free parameters: Dce, Dcp, Dbe, Dbp and one among the three following ones: a b e , a b p and
which are related to each other by equation (11).
The first four parameters define the sharpness of the transition. Their exact values
can be chosen on the basis of both theoretical and obervational facts. It is clear that the
transition thickness is expected to scale according to some small microscopic parameter.
In magnetized collisionless plasmas this small parameter is the particle Larmor radius, at
least when the plasma is quasi-neutral. There are observational facts supporting this theoretical argument. For instance, high-time resolution data of the plasma sheet boundary
(Parks
et al.,
1992) have shown that plasma parameters often vary on a scale length of the
order of the ion Larmor radius, with encrusted electron structures of smaller thickness.
Accordingly the sharpest transitions defined by equation (9), which also correspond to
the upper limits of plasma gradients, are not too far from those observed in the vicinity
of the plasma sheet-lobe boundary.
To emphasize the effect of an external electric field transverse to the magnetic field
(in the direction of the plasma gradients as in the theory of Lyons,
1981) the parameter
<f>2 has been chosen as our fifth free parameter.
To find the structure of the transition layer as a function of x, we must solve Maxwell
equations (in SI units):
2

bp

d?(j>
—
axi

=

e
e0

(ncp

+

nbp

-

nce

-

nbe)

(12)

(Pa
-fajt

=

- V o { j c p + j b p + j c e + j b e )

where e0 and fi 0 are the vacuum permittivity and permeability, respectively.
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(13)

The electric field Ex and the magnetic field Bz are the derivative of the potentials,

(«)
The electric potential <f>(x) must satisfy Poisson's equation (12). However for non
relativistic plasmas, where the characteristic thickness (D) is (much) larger than the
Debye length (Ac), Roth et al. (1990) have shown that a satisfactory first approximation
for <f>(x) is obtained by solving, iteratively, the charge-neutral approximation of Poisson's
equation, i.e.,
n c e (x) + n 6e (x) = n c p (x) + nbp(x)
(15)
Roth et al. (1990) have shown that this approximation holds even for thin transitions with
characteristic thickness of the order of the electron gyroradii - a scale which corresponds
to the thinnest structure found in the transition layers studied in this paper - . The
Laplacian of <f>(x) (i.e., dp^/dx2) can be calculated to estimate the value of the actual
charge separation relative density
dQ f x
\ Q \ =

ep cP<f>,
(16)

It will be shown (a posteriori) in Section 3 that the dQ/\Q\ is indeed a small quantity
throughout the whole plasma sheath; i.e., that equation (15) is a valid zero order approximation and substitute for Poisson's equation.
The magnetic and electric field distributions are finally determined by solving equations (13), (14) and (15), with the partial number densities and currents given by equations (1) through (8). Equation (13) is solved by using a Hamming's predictor-corrector
scheme. It is coupled with equation (15) whose solution is obtained by Newton-Raphson
method for finding the root of a nonlinear algebraic equation. In practice, one starts integrating with a large negative value of ay so that the asymptotic moments of the velocity
distribution functions at x = — oo are reached.
In the next Section we first present the numerical solution to equations (13), (14)
and (15) for an illustrative case that uses typical magnetospheric plasma densities and
temperatures and the imposed boundary condition that the total potential across the
system (<^2) equals zero. In Section 3, we also discuss a wider family of solutions for cases
where this boundary condition is relaxed and large scale electric potentials applied across
the system - arising for example from the solar wind induced dawn-dusk electric field are permitted. The second class of solutions has the interesting property that the large
scale applied electric field, which is uniform in the absence of plasma structures internal
to the system, becomes highly concentrated at the boundary between plasmas when such
boundaries exist. Both sets of solutions correspond to the sharpest structures defined by
equations (9).

3

Numerical results

Table 1 gives the plasma characteristics far from (x —» T 0 0 ) the transition layer
assumed for this study.
Also given in Table 1 is Bc: the assumed magnetic field strength deep in the plasmasheet cloud (x —• —oo). The plasma temperatures, plasma densities, and magnetic field
8

strength are typical of conditions likely to be found in the Earth's outer magnetosphere
and plasmasheet. Actually, we derived the electron number densities and temperatures
from rocket d a t a showing a discontinuity in the inferred temperatures and densities of the
parent magnetospheric plasma at the edge of an auroral arc (Lyons et al., 1979; Lyons,
1981). T h e ion temperatures were estimated on the premise that ion temperatures in the
plasmasheet are typically 4-5 times higher than the electron temperatures. We modeled
the electrical and plasma structure of the transition layer using d a t a from Table 1 both
for the case when the large scale, externally applied potential across the system is zero
and for cases when this applied potential is non-zero (for example, because of the solar
wind's interaction with the geomagnetic field).
Nce
0.5
cm-3

Tce
2500
eV

Ncp
0.5
cm-3

T
J-cp
12000
eV

Nbe
0.15
cm-3

The
800
eV

Nbp
0.15
cm-3

%p
3000
eV

Bc
40
nT

Table 1: boundary conditions on both sides of a magnetospheric plasma transition layer.
Subscripts c and b are for conditions, respectively, deep in the plasmasheet cloud (at
x = —oo) and far from the transition in the magnetotail background (at x = +00J.
Subscripts e and p are respectively for electrons and protons.
Figures 1 and 2 illustrate the numerical solution for the electrical and plasma structure
across the transition between the two assumed plasma populations for the case where
<t>2, the externally applied potential across the system, is 0 volt. It can be seen that
two different scale lengths characterize the structure of the transition. At the outer
edges of the transition layer, the average ion gyroradius [gp = (p cp + pbp)/2 ~ 280 km]
is the representative scale length, while the average electron gyroradius [ge = (p ce +
Pi, e )/2 « 3 km] dominates the middle of the transition. This very thin structure - about 4
electron gyroradii thick - is mainly an electron-dominated layer, i.e., a layer dominated by
the electron current. This layer is illustrated in panels of the 2nd and 4th columns. Panels
of the 1st and 3rd columns illustrate the characteristics of two much thicker transitions,
dominated by the ion current. These ion-dominated layers are separated by the thin
electron-dominated layer located near x « 0.
In Figure 1 it can be seen that the potential difference across the electron-dominated
layer is about 1350 V (see panels a x and a 2 ). In the two ion-dominated layers, located
at the outer edges of the transition layer, the plasma density gradient is parallel to the
potential gradient (see panels a\ and f\). This is not the case in the electron layer, near
x « 0, where the gradient of the electric potential is opposite to the density gradient (see
panels a 2 and / 2 ) and has a different direction than on both sides in the proton layer. This
is illustrated in the next panels (6j and b2) showing the electric field intensity Ex which
is perpendicular to the surface of the plasma layer. Ex has a peak value of -220 m V / m
inside the electron-dominated layer (see panel 62) but does not exceed 2.5 m V / m inside
the ion-dominated layers (see panel 61). The relative electric space charge density deduced
from equation (16) is given in panels cx and c 2 . It can be seen that \dQ/Q\ is smaller
than 2 % within the electron-dominated layer and smaller than 3 x 10" 6 in the adjacent
ion-dominated layers. This confirms a posteriori that charge-neutrality is satisfied to
a very good approximation. This confirms also that the solution of equation (15) is a
satisfactory approximation for the electric potential distribution throughout the whole
transition. When equation (15) is replaced by
9
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Figure 1: Structure of a transition layer for which the potential difference fa = 0. Boundary
conditions typical in the Earth's outer magnetosphere and plasmasheet are given in Table 1. At
the outer edges of this potential layer (see panels of the 1st and 3rd columns displayed on the gp
scale), the average proton gyroradius [gp = (pcp + Pbp)/1 ~ 280 km] is the. representative scale
length, while the middle of the transition (see panels of the 2nd and 4th columns displayed on
the ge scale) is dominated by a very thin structure, whose scale length is the average electron
gyroradius [ge = (pce -f P6e)/2 ~ 3 km]. In the two left-hand side panels the following variables
are successively displayed (from top to bottom): the electric potential <j>; the electric field Ex
and the charge separation relative density dQ/\Q\. In the two right-hand side panels we display,
from top to bottom: the electron nce and proton n^ number densities of the plasmasheet cloud
particles; the electron nbe and proton n(,p number densities of the magnetotail background and
the total electron ne and proton np number densities. The distance x across the planar surface
of interface is also shown in kilometer by the upper scales.

e

dx

*

where
is the solution of equation (15), Roth et al. (1990) have shown t h a t the first
order solution for the electric potential <f>^ is not significantly different t h a t the one shown
in Figure 1, even in the very thin electron-dominated layer where the first order solution
differed from the quasi-neutral solution by less than 1 part in 100. Moreover, the small
change in the modeled electrostatic structure of the layer between the quasi-neutral and
first order solutions m a d e virtually .no difference to modeled magnetic field distribution.
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The partial number densities of particles from the plasma sheet cloud (n ce and n ^ ) are
illustrated in panels di and d2, while those of particles from the background magnetotail
are illustrated in panels
and e 2 . The total number density of electrons (n e ) and protons
(np) is displayed in panels fi and f2. From these figures, it can be seen that the two
different electron populations (c and b) interpenetrate mainly in the thin electron layer,
near x « 0; while the two proton populations interpenetrate in a sheath of 2 gp thick
centred near x « 0.
In panels gi and g2 of Figure 2, it is interesting to note that E'x, the electric field in
the frame of reference comoving with the plasma ( E x = Ex + VyBz), takes large values,
even in the ion-dominated layers (E'x « -30 mV/m). This means that the ideal MHD
approximation is not applicable here. In the electron-dominated layer, (see panel g2),
E'x w Ex and the electric field Ex is mainly a charge separation electric field.
The average velocity of the protons uVtP and electrons uy<e is displayed in panels hi
and h2 of Figure 2 [ttyi, = (n ci u y<ci + n 6i u yi()i )/(n ct - + nbi) where i = e,p). In panel hu note
the large ion jets velocity of more than 500 km/s. These jets are parallel to the plasma
sheath and perpendicular to the magnetic field, and occur on a scale length of about
300 km in the direction normal to the transition layer. As might be expected, these ion
jets represent the main contribution to the electric current in the ion-dominated layers. In
these layers, there is a weak charge separation electric field ( « 2 m V / m - see panel bi of
Figure 1). This field is due to the charge distribution shown in panel C\ (Figure 1), where
it can be seen that a pair of charge layers develop across each ion-dominated transition
region where the two plasmas of different origins interpenetrate. At the edges of these
ion-dominated layers, the protons are deflected transversely by the magnetic field. They
acquire thus a large transverse velocity uy<p parallel to the sheath (uy<p « -500 km/s), that
is nearly equal to their thermal speed. At these locations, their average velocity greatly
exceeds that of the electrons (see panel hi).
Even more surprising is the narrow jet sheath of electrons with a velocity of the order
of 10,000 km/s near x « 0 (see panel h2). This jet represents the main contribution to
the electric current in the electron-dominated layer near i » 0. In this layer, a strong
polarization electric field ( « -200 m V / m - see panel b2 of Figure 1) perpendicular to the
magnetic field is present. It is generated by very thin charged layers: a layer of negative
charges near x « — ge and two layers of positive charges near x « — 0.5f>e and x « ge (see
panel c2 of Figure 2 showing dQ/\Q\). The strong electric field near x « 0 arises from
the slight charge imbalances in the electron-dominated layer and serves to prevent still
greater charge imbalance thus preserving the quasi-neutrality condition. The electrons
are accelerated by this strong electric field in a direction normal to the sheath and are
finally turned around by the magnetic field just as they attain a maximum kinetic energy,
a fraction of the thermal energy of the ions. Therefore, these electrons acquire a very
large velocity (u y , e ) parallel to the sheath ( « 10,000 km/s) that greatly exceeds that of
the ions.
Instabilities can be expected to relax the strong gradients in both the plasma density
and flows illustrated in panels / i (Figure 1) and hi (Figure 2). Potential candidates are
current-driven lower hybrid instabilities like the modified two-stream instability (McBride
et al., 1972; Wu et al., 1983) or the lower-hybrid drift instability (Davidson et al., 1977;
Huba et al., 1978;). In the ion-dominated layers located at the outer edges of the transition layer, the lower-hybrid drift instability which is driven by the ion diamagnetic current,
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Figure 2: Structure of a transition layer for which the potential difference fa = 0. Boundary
conditions typical in the Earth's outer magnetosphere and plasmasheet are given in Table 1. At
the outer edges of this potential layer (see panels of the 1st and 3rd columns displayed on the g
scale), the average proton gyroradius [g = ( p + p(, )/2 « 280 km] is the representative scale
length, while the middle of the transition (see panels of the 2nd and 4th columns displayed on
the g scale) is dominated by a very thin structure, whose scale length is the average electron
gyroradius [o = (p + Pb )f 2 « 3 km]. In the two left-hand side panels the following variables
are successively displayed (from top to bottom): the electric field both in the stationary (x-yz) frame (E ) and in the plasma frame (E' = E + V B ); the electron (e) and proton (p)
average velocity u and the ratio A = |u - u \/U , where U is the average thermal ion speed:
U = yjkd lm (A = 1 corresponds to the threshold for the modified two-stream instability).
In the two right-hand side panels we display, from top to bottom: the individual temperature of
the electrons 9 and protons Ocp of the plasmasheet cloud and of the electrons 0(, and protons
0(, of the magnetotail background; the average temperature of the electrons 9 and protons 6
and finally the magnetic field B . The computation of the partial temperatures (0 , 9 ,
9b ) was stopped when the corresponding number densities became so small that even the notion
of temperature was meaningless. The distance x across the planar surface of interface is also
shown in kilometer by the upper scales. The thin electron layer is unstable with respect to the
modified two-stream instability. Indeed the instability threshold A exceeds unity in this narrow
region where extremely large (and unstable) E-fields are generated.
p

p

c p

p

e

e

ce

e

x

x

y

p

p

ViP

x

y<e

p

y

z

p

p

ce

e

p

e

z

p

ce

p

12

cp

could contribute to a wave spectrum near the lower-hybrid frequency. Modes driven by
the electron cross-field current are also expected to be unstable in the thin electrondominated layer near x « 0., where the electron cross-field current largely exceeds the
proton diamagnetic current. In this electron layer, the modified two-stream instability,
which is driven by relative streaming of electrons and ions across B, can be expected to
contribute most to the electrostatic noise near the lower-hybrid frequency; although the
electron-ion hybrid mode recently analyzed by Romero et al. (1992) can also contribute
to the wave spectrum (this mode, being driven by velocity shear and independent of the
plasma current, cannot be identified with the two-stream instability). The ratio
u
x
A(x) = K,p(g) ~ y,e{ )\
UP{x)

Up(x) =

\

kep(x)
m„

(18)

- where Up(x) is the average thermal speed of protons with average temperature 9(x) - is
linked to the modified two-stream instability threshold. Following McBride et al. (1972),
the threshold is attained when A > Ao « 1. With this criterion, the thin electrondominated layer near x « 0 is indeed expected to be highly unstable since A
1 (see
panel i? of Figure 2) and is likely to produce large amplitude electrostatic wave noise.
These waves can then interact with the electrons by changing their pitch angle distribution. Note that the maximum growth rate of the most unstable modes is high, probably
of the order of the lower-hybrid frequency (McBride et al., 1972). This means that, as
long as the density and temperature gradients are maintained, the wave activity is turned
on and is a very fast and efficient scattering mechanism. It could however be that, as a
result of this wave-particle interaction, the initial electron velocity distribution becomes
less anisotropic, hence leading to a broadening of the electron-dominated layer. The final
configuration can eventually be one where the initial "thickness" Dce = pce and D\,e — pbe
are enlarged to become of the order of multiples of pce and pbe• Such enlarged electron
layers (scale size 50 km) and broadband electrostatic noise are common features observed
in the PSBL (Parks et al., 1992). The obervation of this electrostatic noise indicates that
these enlarged electron layers still generate enough wave power to scatter electrons into
the loss cone at a rate sufficient to maintain an auroral activity.
The partial temperatures (9 ce , 9cp, 9be, 9{,p) are shown in panels j i and j 2 of Figure 2.
The computation of these temperatures was stopped when the partial number densities
became so small that even the concept of temperature was meaningless. These quantities
have been computed from equations (B.20), (B.24) and (B.25). From these equations,
only the temperature along the y-axis contributes to the variation of 9 across the layer.
The panels k\ and k2 (Figure 2) illustrate the average electron (9e) and proton (9P)
temperatures: 9i = (n c ^ c , + n6,0(,,)/(ncj + nw)i i =
It can be seen that these
temperature distributions reflect a boundary transition from a hot plasmasheet cloud to
a cooler magnetotail background in keeping with the boundary conditions given in Table 1.
The panels 7X and l2 (Figure 2) illustrate the diamagnetic effect due to the surface
currents around the plasmasheet cloud. Inside the cloud, the decrease of the magnetic
pressure is balanced by an equivalent increase in the kinetic plasma pressure, since the
sum of the magnetic and kinetic pressures does not vary across the sheath.
The results shown in Figure 1 and 2 are appropriate for the case where there is no large
scale potential difference externally imposed across the system. However, the boundary
condition at x = +00 given by equation (11) permits the relaxation of this condition.
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In the theory of Lyons (1981), this external potential difference (<^2) is the source of
the auroral E M F . Such an additional potential drop will biase the electric potential distribution. It can either sharpen or attenuate the electric potential gradient inside the
transition layer as shown in Figure 3. This figure displays the solution for the electrical
structure of a transition region between plasmas when potentials of + 3 5 0 0 V, -1650 V and
-3500 V have been externally applied from -)-oo to —oo across the system. The results
for zero applied potential, discussed earlier, are also plotted in Figure 3 for comparison.
The plasma and magnetic field properties assumed for this calculation are the same as
given in Table 1. The left-side panels in Figure 3 characterize the ion-dominated layers,
located at the extreme edges of the transition, while the right-hand panels pertain to the
electron-dominated layer near x « 0.

Figure 3: Electric potential <f> and electric field Ex structures for different values of the potential
difference (fa = 3500 V; 0; -1650 V; -3500 V). The left-hand side panels characterize the iondominated layers, located at both ends of the sheath, while the right-hand side panels represent
the thin electron-dominated layer near x = 0. Boundary conditions typical in the Earth's outer
magnetosphere and plasmasheet are given in Table 1. It can be seen that the presence of a
plasma boundary concentrates the imposed electric potential over a small scale size and gives
rise to localized potential differences much larger than that produced by the contact between the
two plasmas alone (solid curve <f>?=0 V).
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The most striking feature of the potential distributions across these plasma boundaries
is that the great bulk of the available electric potential difference appears over a small
scale size at the location of the boundary. In effect, the presence of plasma boundaries
in the system concentrates imposed electric fields and gives rise to localized potential
differences much larger than that produced by the contact between the two plasmas alone
(see Figure 1). The actual potential differences available in the magnetosphere because
of the solar wind's interaction with the geomagnetic field often exceed 100,000 V, but the
exact value will depend on the amount of intervening structure between the magnetotail
boundary layer and the solar wind. Furthermore, the plasmas in the outer magnetosphere
are known to be highly structured with both gross scale structures (e.g., the boundary
layer of the plasma sheet) and small scale internal structures (e.g., illustrated in Parks et
ai, 1992). Based upon the results obtained here one would expect that the large scale
potential imposed across the magnetosphere would distribute itself in a higher structured
manner with large electric fields and potential differences appearing at multiple plasma
boundary locations and small electric fields over intervening regions where the plasma
was uniform.
Lyons (1981) has demonstrated that the existence of a large potential difference applied
over a small scale size transverse to the magnetic field in the outer magnetosphere is a
sufficient condition for the creation of large magnetic field-aligned potential difference
between the outer magnetosphere and the ionosphere in the sense to accelerate electrons
downwards. Any magnetospheric electrons scattered into the atmospheric loss cone will
be energized and precipitated to produce aurora.
We have shown that the plasma populations within the transition region are likely to
produce a wide variety of waves which can scatter the electrons into the atmospheric loss
cone. Moreover, the modeled scale sizes of the potential distributions transverse to the
magnetic field in the outer magnetosphere are no greater than 500-800 km and exhibit
structure on even smaller dimensions. Such scale sizes map from the outer magnetosphere
to dimensions of 10's of km at ionospheric altitudes, dimensions consistent with those of
auroral displays. Because the scale size of the transition regions between plasmas is
appropriate to auroral arc dimensions, because the electric potential differences across
such boundaries are consistent with those required to account for the energized electrons
associated with discrete auroral arcs (much enhanced by the large scale potentials applied
across the magnetosphere), and because wave particle interactions within the transition
regions likely produce pitch angle scattering we conclude that plasma boundaries are the
location and source of electromotive force required to produce discrete aurora.

4

Discussion and summary

This paper has presented the results of a self consistent calculation of the electric
field and plasma structures across the boundary that separates magnetized plasmas of
differing temperatures and densities. The plasma parameters were chosen to be typical
of the magnetosphere and many features appearing in the results are pertinent to magnetospheric processes, specifically the origin of discrete auroral arcs. These features bear
further discussion.
1. The electric potential distribution, <j>(x), across the boundary between the two
plasmas is not constant, even when the electric potentials far from the boundary at
x = +oo and x = —oo are both assumed to be zero. Indeed, the results show that in
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this case electric potential differences of more than 1000 V arise within the boundary
as a consequence of charge separation. This indicates that the solutions obtained by
Harris (1962), Alpers (1969) or Channell (1976), for a plasma layer where it was assumed
that <j>(x) = 0 everywhere, are by no means general solutions. Our model is also more
general than that of Romero et al. (1990) who have studied a 1-D slab Vlasov equilibrium
for the plasmasheet boundary layer-lobe interface, by considering the particle guiding
center as an approximate constant of motion. Unlike our model that of Romero et al.
is only valid for transitions where the diamagnetic effects can be neglected, i.e., for low
plasma-/? values, and does not permit considering non-zero electric potential differences
between x = +00 and x = —00. In our model, the solution for cases where a non-zero
electric potential difference between x = -(-00 and x = —00 is imposed shows that a major
portion of the available electric potential appears across the plasma transition region. In
such a case the potential difference across the region of the transition can be much larger
than that created solely by the plasma discontinuity. Thus, these results suggest that
whenever the Earth's magnetospheric plasma exhibits internal structure, such as density
or temperature variations, the electric potential caused by the solar wind's interaction with
the geomagnetic field will not be distributed uniformly across the system but, rather, will
distribute with large electric fields, and corresponding large potential differences, at the
interface between differing plasmas.
2. The characteristic scale lengths of the plasma and electromagnetic field variables
across the transition regions are of the order of the average ion Larmor radius for the larger
structures and the average electron Larmor radius for the thinner embedded electron
sheaths. The broader scale size is typically 500-800 km near the equatorial plane of
the magnetosphere where the local magnetic field strength is 40 nT or less. This scale
size, when projected along the magnetic field line to the ionosphere, is reduced by at
least thirty-fold, i.e., to a dimension of 15-30 km. This dimension agrees quite well with
the latitudinal extent of inverted-V regions and discrete auroral arcs. Electric potential
variations over much smaller dimensions, of order 10 km, are associated with electrondominated layers. These small dimensions correspond to a fraction of a km when mapped
to ionospheric heights and can account for the observed small scale structure within arcs.
The smaller characteristic scale lengths of the electric potential variation correspond to
De = pe and characterize the electron-dominated layers illustrated in Figures 1, 2 and 3.
Note that the model permits intermediate scale lengths pe < De < pp that correspond,
in effect, to a broadening of the central electron layer. Particle gyroradius has also been
introduced as a lower characteristic transverse scale length by Cole (1991) to determine
"upper limit" values for field-aligned current intensity in the polar magnetosphere. Note,
however, that this issue is different from that discussed in our quantitative kinetic model.
Lyons (1981) has shown that the existence of large electric potential differences, over
small dimensions transverse to the magnetic field in the outer magnetosphere, is a necessary and sufficient condition to account for electric potential differences distributed
along the magnetic field lines connecting that region with the ionosphere. Such potential
differences along the magnetic field lines are believed to be responsible for accelerating
magnetospheric electrons downwards to produce the discrete aurora.
We have shown that magnitudes of the potential differences across the boundaries
between plasmas in the magnetosphere are consistent with those potentials required to
account for auroral arcs. Moreover, we have shown that the spatial dimensions over
which these potentials are distributed transverse to the magnetic field in the outer mag-

netosphere are similar to those required by Lyons to account for electron acceleration into
t h e a t m o s p h e r e . For these reasons we conclude t h a t t h e potential variation across t h e
boundaries between differing plasmas in t h e m a g n e t o s p h e r e should be identified with t h e
source of E M F required to create auroral arcs.
3. We have modeled t h e plasma a n d field variations across a magnetospheric plasma
b o u n d a r y for t h e case where currents in t h e b o u n d a r y are perpendicular to t h e electric
fields. In effect, this is an "unloaded" source of E M F and no energy dissipating currents
are flowing. T h e actual acceleration and precipitation of electrons to create an auroral arc
requires t h a t a current system be established t h a t threads b o t h t h e source of E M F a n d
t h e ionosphere by means of magnetic field-aligned currents. Figure 4 illustrates t h e plasma

Figure 4: Illustration of the plasma discontinuity (in this case a tangential discontinuity) generating an EMF at the surface of a plasmasheet density irregularity (cloud or plasmasheet-lobe
boundary), and its projection in the terrestrial ionosphere. Electric potential differences are produced by thermoelectric charge separation at the interface between the two plasma regions and
are distributed transverse to the magnetic field in the x-direction.
These potential differences
map down into the ionosphere and drive Pedersen currents, provided the local ionospheric conductivity is large enough: i.e. that the system becomes loaded. Due to micro-instabilities
in
the interface region, electrons are scattered in the loss cone; they enhance the ionization at low
altitude and increase the Pedersen conductivity. Large Pedersen currents flow in the ionosphere.
The diminution of the resistivity reduces electric potential gradients in the ionosphere and leads
to the formation of field-aligned double layers such that the circulation of the electric field along
the whole circuit is equal to zero (assuming a time independent magnetic field distribution).
The
field-aligned potential drop accelerates the scattered and precipitating electrons to several keV.
An auroral arc is formed by the bombardment of these electrons in the atmosphere. This produces
an additional enhancement of the ionospheric conductivity, smaller ionospheric potential differences but larger field-aligned ones. Provided the plasma cloud in the magnetosphere is a large
reservoir of electrons or if the cloud is propagating in the -t-x-direction, the source of precipitated
electrons is constantly fed and the auroral arc lasts as long as a large EMF is maintained in the
magnetotail.

17

discontinuity generating an EMF at the surface of a plasma sheet density irregularity, and its
projection in the terrestrial ionosphere. In Section 3 it was shown that the rapidly convecting
plasma populations associated with the electron layer of the boundary were unstable and turbulent wave fields would be produced in this region. It is not unlikely that instabilities would occur
over much of the spatially broader ion layer as well. We expect that the presence of turbulent
wave fields will scatter electrons into the atmospheric loss cone so that they will be accelerated
and precipitated to produce aurora. Moreover, the same wave fields will pitch angle scatter
charged particles that originate from the ionosphere out of their source cone so that a current
system threading both the EMF and the ionosphere by means of field-aligned currents will be
established.
Of course, when a dissipative current system is established, the plasma and field structures
across the boundary will be altered from those we have calculated. Eventually the loss of energetic charged particles through precipitation, the energy dissipation associated with producing
the aurora, and Joule losses from current flowing in the ionosphere will reduce the temperature
and density gradients across the magnetospheric plasma boundary we have modeled to the point
that the potential distribution is no longer an effective source of EMF.
The time scale required for gradients in the magnetospheric plasma temperatures and densities (and, thus the boundary itself) to dissipate may be estimated from the time required to
discharge these particles into the ionosphere. The rate at which electrons are lost from a population with a temperature of 2.5 keV and density of 0.5 c m - 3 (assuming a full loss cone and
no field aligned electric fields that would enlarge the loss cone) is 4 x l 0 1 2 m~ 2 s _ 1 calculated at
ionospheric heights. The presence of a large potential difference that widens the loss cone for
electrons may increase this loss rate by a factor of ten (Lyons, 1981). The volume of a L=8
flux tube in a dipolar geomagnetic field with an ionospheric footprint of lm 2 is about 1012 m 3
and would contain about 5 x l 0 1 7 electrons. Even at a loss rate enhanced by significant potential
differences along the field line to the ionosphere, it would require > 1000 seconds to reduce the
original number density by a factor of 2.
There is also the possibility that a plasmasheet cloud (of finite extent in the y-direction)
moves transverse to the magnetic field (in the direction of the plasma gradients, i.e. in the
z-direction), by means of an electric polarization and its associated E A B drift. This is for
instance the case of a solar wind plasmoid impulsively penetrating into the magnetotail, in the
-i-direction of the local coordinate system (see Figure 4). Consequently, there is ail additional
electric field in the y-direction, i.e., in the same direction as the current density. Indeed, when
the plasma dielectric constant is much greater than unity, collective plasma effects lead to the
accumulation of polarization charges along the lateral (a:-z) surfaces of the cloud, which generate
an internal electric field (in the y-direction) inside the moving plasma element (for recent reviews
of the theory of impulsive penetration, see Lemaire and Roth, 1991; Roth, 1992). During the time
the plasma cloud is penetrating into the magnetotail, gradients of plasma density, pressure,:..
are continually re-forming, by means of plasma transport across thé x-y surface. The continual
re-formation of these gradients maintains the source of EMF. Typical non-adiabatic slowing
down times of solar wind plasmoids injected into the magnetosphere have been calculated by
Lemaire (1977). These characteristic times depend on the value of S p , the integrated ionospheric
Pedersen conductivity. They range from 3 minutes ( S p = 2 mho) to 30 minutes (E p =0.2 mho),
in the case of a solar wind plasmoid with an excess density An/n=5%, moving in the solar
wind with a velocity of 400 km/s, and having a characteristic scale length (in the y-direction)
of 10,000 km.
It is also of interest to examine the possibility that electric charge flowing to and from
the ionosphere will cancel the unbalanced space charges in the boundary layer and so "short"
the large electric fields and potential differences in the boundary region. Panel ci in Figure 1
shows that within the broader scale ion layer of the transition region the departure from charge
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neutrality is of order l-2x 10" 6 or about 1 excess elementary charge m - 3 (the departure from
charge neutrality in the electron region is considerable higher - see panel c2 of Figure 1). Thus
we expect that a i m 2 flux tube would depart from charge neutrality by about 1012 elementary
charges. It would be a mistake, however, to conclude that the excess charge within this entire
flux tube would be electrically canceled by a current flow of 1.6 x 10 A/m lasting for only
1 second. This would presume that the excess charge were the property of single, identifiable
charged particles in the magnetosphere which, if they were removed or electrically canceled,
would "short" all charge separation electric fields. In reality, the local charge imbalances within
the transition layer between two different magnetospheric plasmas axe a property shared among
all the charged particles and removing just a single particle will not remove the charge imbalance.
The lifetimes of the charge separations and associated electric fields are governed by the time
needed to destroy the plasma temperature and density gradients which define the very existence
of a boundary. It is this feature of the physical system we have modeled that distinguishes it as
being a source of EMF and not simply a charged capacitor.
Our analysis of the electrical structure of magnetospheric plasma boundary layers is summarized as follows:
• The existence of two plasmas populations that interface with one-another leads directly
to the creation of a space-charge separation and electro-static potential difference in a
direction normal to B. The potential distribution is highly stuctured with essentially two
different scale lengths of variation.
• The characteristic scale lengths of the plasma and field variables are the average ion
Larmor radius (or some multiple of this length) for the broad ion-dominated layers located
at the outer edges of the transition and the average electron gyro-radius (or some multiple
of this length) for the central electron-dominated layer.
• For plasma parameters pertinent to the Earth's outer magnetosphere and plasmasheet,
the largest modeled scale size of the potential distribution transverse to the magnetic
field is appropriate to auroral arcs dimensions; while the smallest modeled scale size can
account for the observed small scaJl structure within arcs.
• When a large scale potential difference externally imposed across the transition layer is
applied, the imposed electric field is concentrated at the interface. This gives rise to
localized potential differences much larger than that produced by the contact between the
two plasmas alone. Thus, the total available solar wind imposed potential difference is
re-ordered by the plasma populations to give rise to large potential differences appearing
over small distances perpendicular to B — just the situation needed for the creation of
an auroral arc.
• For plasma parameters pertinent to the Earth's outer magnetosphere and plasmasheet, the
electric potential differences across the transition layer are consistent with those required
to account for the energized electrons associated with discrete aurora — much enhanced
by the large scale potentials applied across the magnetosphere. These electric potential
differences can be identified with source of EMF required to create auroral arcs.
• Waves with spectrum near the lower hybrid frequency are likely to be generated. These
waves scatter the pitch angles of electrons into the atmospheric loss cone and establish
the current system threading both the EMF and the ionosphere by means of field-aligned
currents. Dissipation processes will not change significantly the available potential and
electric field intensities of the initially unloaded EMF, as long as the gradients in temperatures and densities are maintained, i.e., during a time interval of at least 1000 s, the
estimated half lifetime of the transition.
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Appendix A
The Vlasov kinetic approach is used to study the transition layer separating a hot plasmasheet cloud from the cooler background. An one-dimensional plane tangential discontinuity
(TD) is considered which is parallel to the y-z plane. In this model all plasma and field variables
depend only on the i-coordinate, normal to the layer. The'plasma is assumed to be uniform for
large negative and positive values of x, i.e., respectively, deep inside the plasmasheet cloud and
far from the cloud in the magnetotail background. Because a TD has no normal component of
the magnetic field, the latter lies entirely in the y-z plane, while the electric field E is parallel
to the x-axis. Here we also assume that the magnetic field B remains everywhere parallel to
the z-axis, i.e., B = Bzez (Bz > 0). Because of the orientation of B and E, the z-velocity
component for a charged particle is a constant and we are therefore free to consider the motion
of this particle to be in the(x~2/) plane. In this plane, a single plasma particle is characterized
by 2 constants of motions: the Hamiltonian (H)
2

H = m(v2x + u y )/2 + q<t>

(A.l)

and py, the y-component of the canonical momentum
py = mvy + qay

(A.2)

In these equations, q is the charge of the particle of mass m and v(vx,vy,vz)
its velocity vector,
while 4>{x) is the electric potential and ay the y-component of the vector potential [Bz(x) =
day/dx].

Because z is an ignorable coordinate, the velocity distribution function (ƒ) of a given plasma
species can be considered only in the (v x -v y ) plane. It is then a function of x, vx and vy. On
the other hand, any function f(H,py) is a solution of the time-independent Vlasov equation. To
evaluate moments of ƒ, we have to transform the (v x -v y ) plane to the ( # - p y ) plane. Each half
of the (v x -v y ) plane corresponding to vx < 0 or vx > 0, is mapped into the same domain, given
by:
- 0 0 < Py < +00, Ho < H < +oo
(A.3)
with
H0(py,x)

= q<f>{x) + — \py - ga„(x)]

2

(A.4)

Macroscopic plasma parameters like the partial number densities n t , the (j/-) components of
partial current densities ji or mean velocities
can then be obtained from ƒ,• as functions of
ay and <f> (the subscript i characterizes the 2 particle species considered here: i = e for electrons,
i = p for protons).
From equation (A.4), the energy equation (A.l) can also be written as:
H = ^mvx2

+

- qo-y)2 + q4> = \rnvx2

+ H0(py,

x)

(A.5)

From equations (A.3) and (A.5), it can be seen that the motion is that of a particle in the
potential well HQ. This means that the entire motion of a particle with constants H and py lies
within the bounded interval on the x-axis determined by Ho(py,x) < H. There are therefore
no particles able to escape at x = ±oo. As f(H,py) can be chosen as an arbitrary function of its
arguments it depends no longer explicitly on x. However, the number of trajectories with a given
H and py determines the number of particles on the x-interval determined by Ho(py,x)
< H.
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Let us consider the following velocity distribution functions:
ƒ,• = fd + fbi
m.Qc-

(

Hi \

where

^
Sd =

,
qiBey/Dl-fc

=

V2mikTci

,
tliBosjDl-pl
V2m,fcT6,

(A.7)
A

and erfc(C) is the complementary error function:
2

erfc(C) = —7= I e x p ( ~ t 2 ) d t
y/TT J
C
It can be seen that protons and electrons from the plasmasheet cloud (subscript c) have velocity
distribution functions (ƒ„•) which tend to isotropic Maxwellians at x = - 0 0 with temperatures
Td (kT being the thermal energies) and densities (see also equations 1 and 2)
ncl(x = - 0 0 ) = ad exp

qi<t>(x = - 0 0 )
kT a

(A.9)

When x —• +00, the domain of the velocity space where / Cl differ from zero become vanishingly
small because a smaller and smaller fraction of protons and electrons from the plasmasheet cloud
has large enough gyroradius to penetrate deep into the background magnetotail (subscript b)
and nci(x = +00) = 0. The background magnetotail is populated with electrons and protons of
a different origin. The velocity distribution functions (ƒ«) of these particles tend to isotropic
Maxwellians at x = +00 with temperatures 7},, and densities (see also equations 3 and 4)
nbi(x = +00) = ocbi exp

qi4>(x = +00)
kT u

(A.10)

When x
—00, /j,- —• 0, because as x —• - 0 0 only a decreasing number of particles from the
background with large enough velocities (and gyroradii) are still able to penetrate inside the
cloud. Thus njj(x = - 0 0 ) = 0.
The parameters Dd and Dm characterize the wthickness"of each of the four transitions that
the different particle populations undergo. From equations (A.7) these parameters can not be
smaller than the asymptotic Larmor gyroradii in the field Bc and Bi, defined in (A.8): pd at
x = - 0 0 and pa at x = +00. When Dd and D^ shrink to pc% and pbi respectively, the two
complementary error functions in equation (A.6) tend to step functions of the variable py. In
this case, the distribution functions are those introduced by Sestero (1964), but generalized here
to a non-isothermal plasma. Then, as products'of a Maxwellian (the exponential in H) by a
step function in py, they give conceivably the simplest model describing the sharpest transition
layer.
Note that the asymptotic behaviour of the plasma distributions depends only on the asymptotic form of fbiC when x -* ±00. The form of /<,iC for any other x in between is responsible
for the shape of the transition profile. Thus the state of the plasma at both ends of the transition region does not uniquely determine the plasma and field variation within the transition.
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This results from the collisionless and adiabatic nature of the interaction between the plasma
particles. To remove the nonuniqueness of the velocity distribution functions, consideration
of particle accessibility in phase space must be met (Whipple et al., 1984). This requires the
knowledge of the characteristics of the plasma in the boundary source regions together with the
transport mechanisms bringing the plasma to the transition itself. Note that only in the case of
a collision-dominated plasma when irreversible processes are important is the transition profile
uniquely determined by the boundary conditions.
The moments of ƒ,• [ƒ; given by equation (A.6)] are integrals over the domain of the
(H-py) plane defined in (A.3). The partial densities n,- = n „ + n ^ are zero-order moments;
the partial current densities ji = jd + jbi are first-order moments; temperatures are secondorder moments.. .They are determined in Appendix B.

Appendix B
The mean value < W > of a particle velocity function W(vx,vy,vz)
the corresponding particle velocity distribution function as
n <W

+00 +00 +00
> = J J J W(vx,vy,vz)F{vx,vy)^l^^;exp
. —00 —00 —00

can be obtained from

/

j.
f - ^ f j dv z dv x dv y

(B.l)

where n is the particle number density and F the velocity distribution function in the ( v x - v y )
plane. In the ( H - p y ) plane, F transforms into f(H,py) = F[vx(H,py),vy(py)].
W transforms
into w(H,py,p2)
= W[vx(H,py),vy(py),
vz = Pz/m}. The integral (B.l) becomes then:
< w >= 0

(B.2)

if W is an odd function of vx or (/and) vz, and
+00 +00 +00
n <w >

=
2l/2m-5/2

Ho)'1'2

ƒ ƒ ƒ ( * -

-00 -00
H0
w{H,py,pz)f{H,p
y)^

^ e x p

{ - ^ f j dHdp y dp z

if W is an even function of vx and vz.
If W = v'vyvl where r, s, t are nonnegative integers, then the mean values M(r,s,t)
are moments of the velocity distribution function of order r + s + t:
M(r,s,t)

= n<vrxvsyvtz>

The moments of fc and / j , i.e., respectively Mc(r,s,t)
(A.6), (B.2) and (B.3). It is found ( j = c or 6):
Mj(r,s,t)

(B.3)

of W
(B.4)

and Mb(r,s,t)

can be computed from

=0

(B.5)

if r or (/and) t is odd
Mir

si)

a

r!t!

exp

S - ' f *
Mhj^hjO.

2 1

^
(B.6)

if r and t are even. In equation( B.6),
hc = 1,

/if, = -1
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(B-7)

77 =

f =

\q\

BsJD2

(B.8)

— p2

+00
Ja(X,Y)=

J

exp(-C2)Cserfc(XC + y ) d C

(B.9)

In particular,
Jo(X,Y)

=

Ji(X,Y)

=

J2(X,Y)

=

v^erfc(^)

(B.10)
2

(B.ll)

-Rexv(-W )
^eTfc(W)

WR2exp(-W2)

+

( B . 12)

where
W = Y(1 + X2)-1'2,

X{\+X2)~x!2

R =

(B.13)

From equation (B.8),
»(i + n'r"2

=

+

(B.14)

=

Therefore
M'whit)

=

(B.15)

V^erfc

(B.16)
(B.17)
Moments up to the second order, i.e., the partial number densities n, the partial current
densities j (or partial average velocities uy) and temperatures 9 can be easily deduced from
equations (B.6), (B.7) and (B.15) through (B.17). These moments are defined as:
n
j
e
k9x

= M(0,0,0)
= qM( 0,1,0), uy = M ( 0 , l , 0 ) / n
= {px + ey + 9z)iz
= m < v2 > = mM(2,0,0)/n
2

>=

m(<

2

kffy

=

m < (vy - uy)

v

k9z

=

m < v2 > = mM(0,0,2)/n

>-u^)

(B.18)
(B.19)
(B.20)
(B.21)
= mM(0,2,0)/n

-

mul

(B.22)
(B.23)

Explicit expressions for n and j can be found in section 2 (see equations 1 through 8). The
temperatures (9 X , 9y and 9Z) are given by the following expressions, valid both for particles from
the plasmasheet cloud and background magnetotail,
9X
0y

=
=

9Z — T
T

1 -

(B.24)
2771
qD2B2

23

avuy

771 o

(B.25)
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