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FOREWORD

The invited paper "Theory of the Auroral Magnetosphere" was
presented by Michael Schulz on 20 August 1981 at the Auroral Workshop
in Finland, held 17-20 August 1981 at the University of Oulu. The pre-
sent written version was prepared during September 1981 for
publication in the Proceedings of the Auroral Workshop in Finland,
which will take the form of a Sodankyld Geophysical Observatory Report
consisting of this and other papers that were presented at the work-
shop. ¢

AVANT-PROPOS

L'article "Theory of the auroral Magnetosphere" a été présenté par
Michael Schulz le 20 ao(Gt 1981 au "Auroral Workshop" en Finlande, gu
s'est tenu du 17 au 20 aolGt 1981 a I'Université de Oulu. Cette version
du manuscript a été préparée en septembre 1881 pour publication dans
les compte-rendus du auroral Workshop sous forme de rapport du
Sodankyld Geophysical Observatory ol cet article paraitra en méme
temps que d'autres contributions scientifiques qui ont été présentées a
I'occasion de ce Workshop.

VOORWOORD

De voordracht "Theory of the Auroral Magnetosphere'" werd ge-
geven door Michael Schulz op 20 augustus 1981, tijdens de "Auroral
Workshop" welke plaats had aan de Universiteit van Oulu (Finland) van
17 .tot en met 20 augustus 1981. De hier weergegeven geschreven tekst
werd opgesteld in septemberg 1981, en zal gepubliceerd worden in de
"Proceedings of the Auroral Workshop, Sodankyla Geophysical
Observatory report".

VORWORT

Das Artikel "Theory of the Auroral Magnetosphere" wurde bei
Michael Schulz den 20 August 1981 zum "Auroral Workshop" in Finland
an der Universitit von Oulu vorgetragen. Diese Bericht wurde in
September 1981 fir die "Proceedings" diese "Auroral Workshop" ge-
schrieben.



THEORY OF THE AURORAL MAGNETOSPHERE

Michael Schulz1, Y.T. Chiu, and John M. Cor'nwall2

Space Sciences Laboratory, The Aerospace Corporation
El Segundo, California, U.S.A. 90245

Abstract

The aurora has come to be understood as a manifestation of
energy transfer and plasma transfer from the solar wind to the magneto-
sphere. The auroral oval seems to be a mapping of the boundary layer
that lies just inside the magnetospheric surface, which consists of the
magnetopause and neutral sheet. The auroral oval is consequently a
region of reversal for the meridional (r, 68) component of the magneto-
spheric convection electric field and thus a region of strang shear in
the plasma drift-velocity field. The velocity shear seems to account for
the formation of eddies in the auroral "curtain'". Moreover, the kinema-
tical impedance associated with hot auroral plasma in magnetic-mirror
geometry makes it impossible for the reversal of the perpendicular
(meridional) electric field across a narrow region of latitude to occur
without the formation of a large parallel electric field. The signature of
the parallel electric field is such as to produce upgoing ion beams and
precipitating electron beams in the PM (afternoon-evening) sector of
local time, and to account for the polarity of Region-I currents as a
function of local time. Region-Il currents are return currents that
result from the need to conserve current despite the diminution of
ionospheric electric field with decreasing latitude. The strength of the
parallel electric field, and consequently of all related auroral pheno-
mena, is dependent on the '"reconnection efficiency" with which the
interplanetary (solar-wind) electric field is admitted to the magneto-
sphere. The tangential component of the electric field is required (by
Maxwell's equations) to be continuous across the magnetopause and
(moreover) admits solar-wind plasma to the magnetosphere. The
admitted plasma (along with that drawn from the ionosphere by paralle!
electric fields) becomes part of the plasma sheet and is available for
precipitation, either in discrete arcs (in response to strong paraliel
electric fields) or in the diffuse aurora (via wave-induced pitch-angle
scattering). However, the diffuse aurora can experience a spatial inten-
sity modulation caused by non-convective instabilities in the underlying
plasma and magnetic-field configuration. Such phenomena (e.g., mirror
instability) can lead to bands of particle precipitation aligned with the
magnetospheric convection pattern, as in the pre-dawn sector.

1 Visitor during four weeks of September 1981 at the Belgian Space
Aeronomy Institute, 3 Avenue Circulaire, B-1180 Brussels.

2 Cornwall's permanent address : Department of Physics, UCLA, Los

Angeles, California 90024.



Résumé

Les aurores boréales sont des manifestations du transfer d'énergie
et du transfert de plasma du Vent Solaire vers l'intérieur de la Magnéto-
sphére. L'oval auroral semble étre la projection de la couche limite
située immédiatement a l'intérieur de la surface magnétosphérique qui
comprend la magnétopause et la "neutral sheet". L'oval auroral est par
conséquent une région ou la composante méridionale du champ de con-
vection électrique s'inverse, et donc une région ou la vitesse moyenne
du plasma présente de forts cisaillements qui engendrent des déforma-
tions dans les "draperies" aurorales. Par ailleurs, l'impédence cinéma-
tique associée au plasma chaud de la région aurorale implique |'existence
de courants électriques paralléles associés a cette inversion de la compo-
sante perpendiculaire du champ électrique. Ces champs électriques
paralléles accélerent des ions de I'ionosphére vers le haut et engendrent
la précipitation d'électrons dans la région située entre 13h et 23h temps
local, ces champs électriques paralleles engendrent également des
courants au sein de la région t. Dans la région |l on observe des
courants de retour qui résultent de la conservation du courant total
malgré la diminution du champ électrique en fonction de la latitude.
L'intensité des champs electmques paralleles et des phénoménes auro-
raux qui lui sont associés est dépendante de la "reconnection efficiency"
avec laquelle le champ électrique interplanétaire peut pénétrer au sein
de la magnétosphére. Le composante tangentielle du champ électrique est
nécessairement continué au travers de la magnétopause et peut faire
pénétrer le plasma du Vent Solaire au sein de la magnétosphere. Des
que ce plasma a pénétré au sein de la magnetosphere, il alimente la
plasmasheet qui est en quelque sorte le réservoir des particules qui
précipitent dans les régions aurorales en formant soit des arcs discrets,
soit des aurores diffuses. Cependant, les aurores diffuses peuvent
varier en intensité a cause d'instabilités non-convectives au sein du
plasma et de la configuration du champ magnétique. De tels phénomenes
(par ex., la mirror mstablllty) peuvent donner lieu a des bandes de
précipitation de particules qui s'alignent sur les equipotentielles du
champ électrique de convectlon dans la région de temps local située
avant 0600h.



Samenvatting

De aurorae zijn het gevolg van energie- en plasmatransport van de -
zonnewind naar de magnetosfeer. De aurora-ovaal is de projectie van de
grenslaag die zich juist binnen het magnetosferisch opperviak bevindt,
en dus de magnetopauze en de "neutral sheet" bevat. De aurora-ovaal
is bijgevolg een gebied waarin de meridionale componente van het con-
véctie-elektrische veld omkeert. Elektrische velden parallel aan de
magnetische veldlijnen in het aurora-gebied versnellen de ionen uit de
ionosfeer naar buiten toe en veroorzaken een precipitatie van de elek-
tronen in het gebied tussen 13 uur en 23 uur plaatselijke tijd. Zij ver-
oorzaken de elektrische stroom in het gebied I. In het gebied Il heeft
men de terugkerende stroom als gevolg van het behoud van stroom, en
dit ondanks het feit dat het elektrische veld in de ionosfeer afneemt
voor dalende breedtes. De intensiteit van de parallele electrische velden
en van alle hieraan verbonden aurora-verschijnselen, is afhankelijk van
de "reconnection efficiency" waarmede het interplanetaire (zonnewind)
elektrische veld de magnetosfeer binnendringt. De tangentiéle compo-
nente van het elektrische veld aan de magnetopause is noodzakelijk
continue en laat bovendien toe dat zonnewind plasma in de magnetosfeer
binnendringt. Nadat dit plasma is binnengedrongen, vult het de "plasma
sheet" en kunnen de deeltjes precipiteren in het aurora-gebied.



Zusammenfassung

Das Nordlicht ist eine Ausserung der Energie und Plasma Uber-
tragung von dem Sonnen Wind zur Magnetosphdre. Das "auroral oval"
liegt langst die Feldlinien der magnetosphédrische Ebene d.h. die
Magnetopause und die "Neutral Sheet". Das auroral Oval ist deswegen
die Gegend wo das meridionale Teil des magnetospharisches convection
electrisches Feld sich strdng verandert, d.h. wo Eddies durch die
sharfe Geschwindigkeit variationen, erscheinen kénnen.

Parallele electrische Felder entlangst aurorale magnetische Feld-
linien beschleuningen lonen aus der lonosphire, und Elektronen nach
unten. Diese beschleunigte Elektronen sind am haufigsten am Nachmittag
und Abend Lokale Zeit beobachet worden. Sie bilden das elektrische
Strom der "Region |". Die "Region II" enthilt die Rickwéarts Stromen.
Die Intensitit der Parallele elektrische Felder und der abhdngingen
aurorale Phenomenen, hingt von der 'Reconnection efficiency" ab. Das
eindringende Sonnen Wind Plasma fiillt ersten die Plasmasheet und kann
endlich in die Auroral Region beschieunigt werden wo es entweder ver-
worrenes Nordlicht oder discrete Lichterscheinigungen produsiert.
Intensitits Variationen des verworenes Nordlicht sind durch "non-con-
vective instabilities" produziert. Solche Instabilitdten kdénnen Bander
von beschleunigte Teilchen produzieren.



1. INTRODUCTION

This is supposed to be an introductory review of the.aspects of
magnetospheric theory that have a bearing on auroral phenomena. The
discrete-auroral oval seems to be a mapping (along magnetic-field lines) of a
boundary layer at (or just inside) the magnetospheric surface. The
magnetospheric surface consists of the magnetopause and’ "nmeutral" sheet.
The cross-magnetospheric Yconvection" electric field necessarily undergoes a
sharp reversal (a near-discontinuity) in its meridional (r,8) component in
this boundary layer and across magnetic-field lines that map to the boun-
dary layer. The cold collisional ionospheric plasma near the foot of the
auroral flux tube is unable to support such a near-discontinuity in the
normal (to B) component of an electrostatic field without the concomitant
appearance of an electric-field component paraltel to B. This inability is a
consequence of current conservation, Pedersen conductivity, and Ohmic
resistivity in the ionosphere (Chiu, 1974). Moreover, the hot collisioniess
magnetospheric plasma in the same flux tube supports such a parallel (to B)
electric field and thus causes the E to remain substantial even at altitudes
up to about ‘lO4 km. The signature of this E (upward in the PM sector,
downward in the AM) is plainly evident in ion and electron distributions
observed vfr'om the S3-3 satellite (Mizera et al., 1976; Mizera and Fennell,
1977).

The ability of hot plasma to support a parallel electric field is a
consequence of mirror forces which follow from the inhomogeneity of IQ, as
Alfvén and Falthammar (1963) proposed. Models b»ased on a uniform magnetic
field (e.g., Swift, 1975, 1976) lack this essential feature and so are more
difficult to understand. Models of the par‘allely electric field supported by
progressively realistic charged-particle populations in mirror geometry have
been formulated by Persson (1966), Lemaire and Scherer (1974), and Chiu
and Schulz (1978). However, these magnetic-mirror models were essentially

one-dimensional and thus did not explain why the parallel electric field



appears in conjunction with reversals of the perpendicular electric field,
e.g., in the electric-field observations of Mozer et al. (1977) when these
are combined with charged-particle observations (as reviewed by Cornwall
and Schulz, 1979). However, an early one-dimensional magnetic-mirror model
formulated by Knight (1973) vyielded voltage-current characteristics for an
auroral flux tube. Lyons (1980) inferred a kinematical impedance from
similar characterisfic curves and used this (together with current conser-
vation) to map the correspondence of high-altitude electric fields perpen-
dicular to B with the auroral potential structure inferred from particle and
field observations. It is not entirely clear that the kinematical impedance
associated with mirror forces can be treated for all intents and purposes as
an Ohmic resistance, and so Chiu and Cornwall (1980) analyzed the more
camplicated two-dimensional problem by meane of Poisson's equation. Their
calculation yielded a reasonable width scale for auroral arcs and "inverted-
V" structures but may have left some loose ends in the treatment of
magnetosphere-ionosphere coupling at low altitudes. Swift (1979) had mean-
while extended his previously cited "oblique shock" calculations to the case
of an inhomogeneous B field and thereby obtained an interesting represen-
tation of the auroral potential structure, although the cross-field width‘

scale remains an adjustable parameter of his model.

The diffuse aurora occurs equatorward of the discrete aurora, and
therefore on closed field lines. The diffuse aurora is customarily attributed
to a near-equatorial scattering of geomagnetically trapped particles
(constituting the inner part of the plasma sheet, or equivalently the outer
part of the ring current) rather than to the action of a parallel electric
field. The diffuse-auroral region seems more nearly symmetric in local time
than the discrete-auroral oval, so that the two are essentially adjacent at
midnight and well separated at noon. Both types of aurora receive particles
from the plasma sheet, but the diffuse-auroral region seems to track more
nearly the drift shell of a particle that mirrors near the edge of the loss
cone. The enhancement of diffuse-auroral precipitation that occurs in the

mid-morning sector seems reasonable in view of the energization that



electrons would have experienced in drifting toward that sector (i.e.,
toward dawn and therefore against the convection electric field) from mid-
night (e.g., Jentsch, 1976). An interesting question is how the diffuse
aurora can be modulated in space and time to produce the patches and
pulsations that are commonly observed in it. An equally interesting q’uestion‘
is how the discrete aurora can be modulated in space and time so as to
procedure the convoluted (and sometimes multiple) arc structures that are

commonly observed there.

2. ELECTRIC-FIELD MAPPING

It is well known that the solar-wind velocity vector makes a consid-
erable angle with ‘the interplanetary magnetic field. The non-alignment
occurs in part because of the rotation of the sun (which creates the Parker
spiral through a "garden-hose" effect) and in part because of transitory
disturbances of the solar-wind plasma and magnetic field (e.g., following a
solar flare). The consequence of such effects is an electric field in inter-
planetary space. If the surface of the magnetosphere were to behave as a
perfect conductor, then the magnetosphere would be impervious to this
interplanetary electric field, and interplanetary magnetic field lines would
be diverted so as to slide around the magnetopause rather than penetrate
it. This idealization, known as the "closed" magnetosphere, comes close to
being realized only when the solar wind has been very quiet and the inter-
planetary B field has been predominantly horthward (at least in its north-
south component relative to the earth's dipole) for several days. Converse-
ly, if the surface of the magnetosphere were to behave as a perfect in-
sulator and the magnetosphere as a per‘fecf vacuum, then the interplanetary
electric field would penetrate the magnetosphere undiminished. This
idealization is never realized, although it was used by Dungey (1961) to
illustrate an extreme example of what has come to be known as the "open"

magnetosphere.



The truth, as usual, lies somewhere between the two extreme ideali-
zations. The magnetosphere admits perhaps 20% of the interplanetary
electric field when the interplanetary B field has a strong southward com-
ponent, but only a few percent of the interplanetary electric field when the
interplanetary magnetic field has a northward component. Schulz (1980) has
shown how a modest re-interpretation of the model used by Dungey (1961)
can accommodate the admission of an arbitrary fraction ¢ of the interplane-
tary electric field into the magnetosphere. The process whereby a fraction
of the interplanetary electric field is admitted into the magnetosphere is
known as ‘reconnection" because it requires (at least in a geometrically
realistic model of the magnetosphere) a blurring of the distinction between
interplanetary field lines and magnetospheric field lines in the description of
magnetic topology. It is not yet clear whether the process called
"reconnection" requires some plasma instability (such as the tearing mode)
to operate, or whether instead the low density characteristic of interplane-
tary and magnetospheric plasma makes partial admission of the interplane-
tary electric field into the magnetosphere inevitable. A third alternative,
proposed by Lemaire (1979), is that the solar wind must already have
small-scale irregularities upstream of the magnetopause in order for

"reconnection" to occur.

The foregoing emphasis on electric-field mapping is consistent with
the definition of "reconnection" proposed by Vasyliunas. (1975) : the
process whereby plasma flows across a surface that separates regions con-
taining topologically different magnetic-field lines. The separatrix in this
case consists of the magnetospheric surface and its mapping along magnetic
field lines to the auroral oval. The plasma flow is the E x B drift associated
with the tangential component of the electric field at the separatrix, for in
the absence of such a tangenfial component the admission of any fraction of
the interplanetary electric field into the magnetosphere would violate the
electrostatic continuity laws imposed by Maxwell's equations.

Reconnection thus creates a dawn-to-dusk potential drop proportional

to the southward component of the interplanetary magnetic field. This can
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modify magnetopause currents, energize particles in the plasma sheet, and
initiate Birkeland currents (parallel to _@_) to the extent that the earth's
ionosphere will accept them. Indeed, the latitudinal inhomogeneity of the
tconvection” electric field at ionospheric altitude combines with the require-
ment of current conservation (Ampeére's law) to produce a fairly complex
pattern of Birkeland currents. The main current (called Region-i current)
enters the ionosphere in the AM sector of the discrete-auroral oval and
exits in the PM sector, as one might expect from the direction of the
potential drop. Associated with this is a fairly uniform Pedersen current
across the polar cap. However, the Pedersen current at sub-auroral lati-
tudes is so inhomogeneous that perhaps 90% of it must return to the
magnetosphere rather than flow from the AM sector to the PM sector. This
return current, which occurs equatorward of the auroral arc, is knawn as

the Region-Il current,

Volland (1975) has constructed a model electrostatic potential for the
convection electric field, so as to illustrate the foregoing ideas very well.
He has introduced, in effect, a critical latitude correspond'ing to the auroral
oval, across which the normal component of the ionospheric electric field is
discontinuous. The electric field in his model is uniform across the polar
cap but not at sub-auroral latitudes. indeed, his sub-auroral ionospheric
electric field decreases sharply in magnitude from a maximum at the critical
latitude. to a broad minimum at the equator. The sub-auroral Pedersen
current thus has a strong equatorward component that the spatially de-
creasing electric field cannot sustain. Current conservation requires, there-
fore, the appearance of Region-11 Birkeland currents along the magnetic
field. The discontinuity' of the normal compor]ent of E across the auroral
oval in the model of Volland (1975) is realistic on the large (magneto-
spheric) scale but leads to difficulty with current conservation unless a
large parallel (to B) electric field is added at the site of discontinuity (cf.
Chiu, 1974). The parallel electric field would have to be downward in the
AM sector and upward in the PM sector, in accordance with the flow of
Region-1 currents and with the observed (Ghielmetti et al., 1978) prev-

- alence of upgoing ion beams in the PM sector. Nevertheless, the field-



mapping results of Lyons (1980) and the direct observations of Mozer et al.
(1977) cast doubt on the proposition that the discontinuity of the convection
electric field itself is sufficient to produce the aurora. It seems from these
studies that a smaller-scale discontinuity of larger magnitude is both re-
quired and present. Lemaire (1981) has suggested that the structure of the
charge layer at the boundary of the magnetosphere itself must be
considered and would be profitable to investigate in this context.

3. MODULATIONS AND IRREGULARITIES

The near-discontinuity of the perpendicular electric field across the
auroral oval suggests a strong shear in the convection-velocity field there.
One should expect tHe Kelvin-Helmholtz instability to occur, and indeed it
seems to. The folds and eddies that make the discrete aurora look like a
curtain when seen from afar would be an expected consequence of the
Kelvin-Helmholtz instability (Hallinan, 1970). However, these could alterna-
tively result from the Kruskal-Shafranov instability, an MHD phenomenon
that causes a current sheet to buckle when the current density becomes too
large (Hasegawa, 1970; Forslund, 1970). The buckling occurs as a conse-
quence of mutual attraction between parallel currents. Construction of an
MHD equilibrium for an auroral current sheet suggests therefore that the
sheet should become thinner as the current is increaéed. This consideration
perhaps accounts for the sharper definition of an active auroral curtain as
compared with a quiet auroral arc. Mutual attraction between parallel
currents can also lead to the filamentation of a current sheet, as in the
case of a tearing-mode instability. An interesting question is whether the
same phenomenon can lead to a bifurcation of the current sheet into two or
more parallel sheets. Such an instability C(if’ it occurs) might offer an
explanation of the appearance of multiple auroral arcs, at least when these
cannot be attributed to the extreme convolution of a single arc so as to

create the optical illusion of multiple structures.

Modulation of the diffuse aurora is presumed to result from modulation

of the wave intensities responsible for scattering the auroral particles into
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the loss cone. This can happen, for example, if a ULF instability modulates
the plasma density and/or magnetic-field strength near the magnetospheric
equator and thereby modulates the growth rate for some VLF wave mode,
either electromagnetic (Coroniti and Kennel, 1970) or electrostatic. The
result could be a pulsating aurora. An extreme example of such modulation
could occur if the ULF instability were to occur at zero frequency and be
non-convective, as in the diamagnetic mirror instability (e.g, Scarf et al.,
1967). Hasegawa (1969) has, of course, pointed out that the mirror insta-
bility becomes convective when the magnetic field is inhomogeneous, and it
seems clear that a perpendicular electric field would also make the insta-
bility convective. However, the least convective excitations of the mirror
instability would seem to be those for which the propagation vector is most
nearly perpendicular to the drift velocity of the hot plasma, i.e., of the
plasma that is making the mirror mode unstable. The result should be a
family of striations, roughly parallel to the discrete-auroral oval, but in the
diffuse aurora. These striations would be passed on in the usual way from
(a) striations in the equatorial B-field intensity and hot-plasma density to
(b) striations in the growth rates of electron-cyclotron waves, either
electromagnetic or electrostatic, to (c) striations in the wave intensities to
(d) striations in the electron-precipitation rate and (perhaps more impor-
tantly) in the resonant-electron energy required for precipitation to (e)
striations in the optical characteristics of the diffuse aurora. Such a
mechanism might account for the appearance of multiple "arcs" in the
diffuse aurora of the post-midnight sector. The supply of electrons for
precipitation would not necessarily be depleted by this process, since the
drift shells of hot electrons and hot protons intersect obliquely with each

other and with the drift shells of cold plasma.
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