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Abstract. On the basis of field and particle observations,

it is suggested that a bright auroral display is a part of a
magnetosphere~ionosphere current system which is fed by a
charge-geparation process in the outer magnetosphere (or the
solar wind). The upward magnetic-field-aligned current is
flowing out of the display, carried mainly by downflowing
electrons from the hot-particle populations in the outer mag-
netosphere (the ambient cold electrons being depleted at

high altitudes). As a result of the magnetic mirroring of
these downflowing current carriers, a large potential drop

is set up along the magnetic field, increasing both the number
flux and the kinetic energy ci precipitating electrons. It

is found that this simple basic model, when combined with
wave~particle interactions, may be able to explain a highly
diversified selection of auroral particle observations. It

may thus be possible to explain both "inverted-V" events and
auroral rays in terms of a static parallel electric field,

and the electric field may be compatible with a strongly
variable pitch-angle distribution of the precipitating electrons,
including distributions peaked at 20° as well as 0°. This
model may also provide a simple explanation of the simultaneous
precipitation of electrons and collimated positive ions.



1. Introduction

One of the most puzzling problems in magnetospheric
physics today is how to understand the complex procesées
that cause energization and precipitation of the auroral
particles. A great variety of ideas have been presented
in the literature to explain different observed phenomena,
but so far very little has been achieved in getting a
unified picture. For an illustration of the complexity

of auroral particle cbservations, see, for example,
O'Brien and Reasoner (1971).

The purpose of this paper is to ewmphasize the potential
central role of magnetic mirroring in the complex auroral
phenomena and to suggest that a proper consideration cof
the magnetic mirroring may greatly simplify the present
picture. The reader who only wants a brief oriantation
may read Sections 2, 15 and 16.

For reference purposes we need a rough division of cuprrent
ideas about auroral particle acceleration. The main ideas
may be grouped into the following three basic categories:

{a) The precipitating particles have already attained
their final energy when leaving the equatorial resgion
of the magnetosphere. It is frequently assumed that
the auroral particles get their final energy by, for
instance, betatron and Fermi acceleration during their
drift motion into and filling of the plasma sheet
reservolr with energetic particles. In order for a
sufficient flux of the energized particles to reach
down to the atmosphere, despite the strong mirroring
effect of the geomagnetic field, a final pitch-angle
scattering mechanism (by means of wave-particle inter-
actions)} may be needed. See, for instance, Kennel
and Petschek (1966). BSome measurements of the near-
earth plasma sheet seem to indicate a sufficient

energy flux of particles with appropriate enevgies



for producing even the most intense auroral precipi-
tation (Frank, 1971: Vasvliunas, 1970). TFor a very
brief review of this kind of large scale energization,
see Heikkila (1974).

(b} The precipitating particles in general, or at least
some of them, gain additional energy at the expense
of a trapped particle component through which they
pass on their way down. Alternatively, this energy
transfer may be from one precipitating component to
the other. According to this view the energy yielding
particles having an unstable velocity distribution
produce plasma waves, the energy of which is absorbed
by the precipitating particles in an ordered manner.
A erucial point is then to have ‘the precipitating
particles inecrease preferentially their downward
field—-aligned velocity. For examples of these kinds
of ideas see Gary et al (1968), Laval and Pellat
(1870}, Perkins (1868} and Swift (13870).

(e) The precipitating particles fall through an electro-~
static potential gradient along the magnetic field
lines. This requires, of course, a drastic reduction
of the parallel current-carrying capability of the
magnetospheric and ionospheric plasmas relative to
what lras been normally assumed (ef. Alfvén, 1968).
This can occur in several different waye, cee e.g.
Block and Télthammar (1876). For instance, the be-
haviour of laboratory plasmas has led people to think
in terms of current-driven plasma instabilities, pro-
ducing double layers (e.g. Block, 1872; Swift,1975)
or anomalous resistivity (e2.g. Kindel and Xennel,
19713 Swift, 1965}, as the means by which field-
aligned ‘currents are obstructed in auroral regions.
Alternatively, the magnetic mirroriang may play the
key role in this respect, as demonstrated by Knight
(1973) and Lemaire and Scherer (1974). The magnetic
mirroring may, in prineiple, support a parallel elec-
tric field even in the absence of a field-aligned
current, as discussed originaily by Alfvén and Fialit-
hammar (1863) and Persson (1963,1966). See also Whipple
(1976).



2. Essential Features of a New Model

The model outlined in the present paper basically belongs
to category (¢}, but important features of it are taken
from (2) and (b). The basic line of thcught is the
following:

From curl E = 0 it is seen that an electrostatic potential
gradient alcng the geomagnetic field lines will be asso-
ciated with an increased peak amplitude of E, at high
altitudes. In order for the high-altitude B, to stay at
reascnable values the region with a parallel potential
drop of several kV must have a fairly wide spatial extent
transverse to the magnetic field, in accordance with the
cbserved latitudinal thickness of "inverted-V" events,
which is typically 100-300 km. This means that thin auroral
precipitation structures like auroral rays must be due to
a local reduction of the parallel "resistivity", rather
than due to a current-induced local increase of the resi-
stivity. This problem may be solved in terms of the
following model. The upward field-aligned portion of a
magnetosphere~-ionosphere current system will be associated
with a depletion of ambient cold electrons at high altitudes
and, hence, the upward current will b; carried by down-
flowing hot and dilute magnetospheric electrons. As the
parallel motion of these electrons is strongly hampered
by the magnetic mirroring a large fraction of the total
voltage produced by the magnetospheric "dynamo" will be
‘projected along the magnetic field, increasing both the
flux density and the kinetic energy of the downflowing

hot electrons. The effective "resistivity" may then be
locally reduced either by a local increase of source
electrons or by a local transfer of electron gyroenergy
into electromagnetic wave-energy, for instance. In this
manner very thin substructures of increased precipitation
may occur, energized by the parallel electric field, that

is in reality by the magnetospheric "dynamo".



This paper emphasizes the merits of this model in
explaining a large variety of observed phenomena, but
it does not discuss the detailed physical conditions

for the formation of thin precipitation structures.

3. Some QObservational Indications of a Large (Av}!|

The observation traditionally considered as indicative

of field-aligned potential gradients is that of a 'nearly
monoenergetic” peak in the energy spectrum of precipi-
tating electrons (Albert and Lindstrom, 1%70; Arnoldy

et al,1974; Choy et al, 1871; O'Brien and Reasoner, 1971;
Westerliund, 1963).

The frequently observed collimation (along B) of auroral
electron distributions is often interpreted in terms of
a field-aligned acceleration at low altitudes which may
be due to a (AV)I (Ackerson and Frank, 1972; Arnoldy
et al, 19743 Bosqued et al, 197%; Hoffman and Evans, 19683
0'Brien and Reasoner, 1971; Whalen and McDiarmid, 1972).
Detailed measurements of pitch-angle versus energy have
also led to an interpretation in terms of field-aligned
potential gradients (Arnoldy et al, 1974), or even more
specifically in terms of double layers (Albert and Lind-
strom, 1970}.

The large amount of satellite data on "inverted-V" preci-
pitation structures (e g, frank and Ackerson, 1871} and
associated irrvegularities in the convection electric field
(e.g. Cauffman and Gurnett, 1972) observed in the poleward
part of the auroral ovals also seem to point in a divection
of potential gradients along the magnetic field. These
observations will be more extensively discussed in the
Section "Comparison with Observations"., A direct evidence
for a large (AV) above an auroral form has been found
recently from the drift motion of a barium plasma jet
injected along the magnetic field Iines (Wescott et al,
1976). While the barium plasma beyond 1 Rp experienced



flux tube splitting and rapid dispersion the plasma at
lower altiitndes vemained unaffected.

k. Magnetic-~Tield Aligned Currents

Among the different theories of auroral particle accele~
ration, those involving parallel electric fields seem to
be particularly encouraged by the existence of magnetic~
field aligned currents. This can be seen by the following
arguments.,

According to the viewpcints (a) and (b) listed in the
Introduction, the aurcoras are in fact produced by a mag-
netospheric electron gun. The negative charge carried

by the electron beam need not give rise to a net field-~
aligned current, however, because the negative charge

thus deposited deep within the lcnosphere will enable
ioncspheric electrons in the topside region to escape
outwards along the beam (together with backscattered and
secondary electrons). Actually, this is what we should
expect according to the kinetic model discussed by Lemaire
and Scherer (1973a and 1874). In this way a net field-
aligned current may not appear until the precipitation

flux density exceeds the flux density of freelyuescaging
ionospheric electrons, which is quite high, maybe as high
as 10''/cm®s (or more) at ionospheric altitudes (cf Lemaire
and Scﬁerer, 1873a and 13874). In the absence of precipi-
tated negative charges the outflowing ionospheric electrons
are tied to the much slower positive ionospheric ions (ambi-
polar diffusionl.

The situation ie quite different when we consider the view-
point (¢). A potential gradient along magnetic field lines
in a direction to accelerate precipitating electrons is an
efficient barrier to the upward escaping thermal electrons
from the ionosphere (actually a potential barrier of only
a few volts will do, cf Lemaire and Scherer, 1973a and 1974)



as well as a barrier to backscattered and secondary elec-
trons. Consequently, if the flux of precipitating protons
is negligible as compared with the electron flux (as is
normally the case, of e.g. Frank and Ackerson, 1971},

the net ill has to be in the upward direction and at

least as large as the current density carried by the
precipitating electrons (not including the downflowing
electrons that have been veflected by the potential barrier).

On the other hand, il the net il! is found to be at least
as large as the precipitation current density, the most
immediate interpretation is that the ionosphere, at the
point of deposit of negative charge, stays at a positive
potential of at least a few volts relative to the adjacent
magnetosphere. This potential distribution is easy to
undergtand if the precipitating electrons are passive
carriers of current. However, as discussed in Section 8
the energetic precipitating electrons do not readily act
as passive current carriers, unless they are forced to by
an e(AV)][ which is at least of the same order of magnitude
as the kinetic energy of the electreons. The reason for
this is the magnetic mirroring in the geomagnetic field.

A (AV)lI of this magnitude will evidently appreciably in-
crease the energy of the electrons at the same time.

The permanent existence of east-west extended field-aligned
currvent sheets in all local time sectors of the auroral
ovals is fairly well established {(Armstrong and Zmuda, 1870
Zmuda et al, 1970; Zmuda and Armstrong, 197%). It is in-
teresting that an upward i (downgoing electrons) measured
by means of its distortion of the geomagnetic field is very
often seen directly asscociated with precipitating electrons
and auroral arcs and that the current density is seemingly
at least as high as defined by the precipitation flux
density (Armstrong et al, 1875; Arnoldy et al, 19743

Berko et al, 18753 Choy et al, 1971; Cloutier et al, 1973;
Park and Cloutier, 1971).



5. Some Crucial Properties of a Large (AV)II

When discussing magnetospheric electric fields in the light
of the behaviour of laboratcry plasmas, we have to con-
sider the entirely different boundary conditions in the
magnetosphere. For an illustration of this, see Figure 1.
The left part of the figure, a, is a rough sketch of the
familiar electric field generated at a resistant seection
of an otherwise good conductor, when a current is flowing.
The medium outside of the conductor is assumed to be a
vacuum,. The conductor in [ig la may be an unmagnetized
plasma columm contained wihtin a glass tube, and the
"resistant"” section may be a potential double layer (cf
Block, 1975). The plasma confinement may as well be due
to an external axial magnetic field.

Consider now Fig 1lb., This is a sketch of the formal mag-
netospheric analogue of Fig la. For simplicity the total
magnetic field (geomagnetic fileld and superposed field due
to the current) is assumed to be vertical and homcocgeneous,

B = BZ. A current is flowing upward along B, carried by
downflowing electrons and having a density iz. This curvent
is obstructed by a region of reduced parallel "conductivity"
Uli' The word "conductivity" here simply means the guan-
tity iz/Ez’

In the magnetospheric case there is obviously no vacuum
outgide of the current path. Hence, the fan-shaped equi-
potentials in Fig la transform into magnetic~field-aligned
equipotentials as indicated in Fig 1b. Suppose that the
wavy contour in Fig 1lb indicates the smallest possible box
containing the region with E, # 0. Evidently, Ex is not
confined to'the immediate vicinity of the box as in Fig la
but penetrates infinitely far out along B.

Further assume

curl E = 0 ()



If we take the line integral of E around any closed
contour and apply Stoke's theorem to Eq. (1) we get
$E-as = 0 (22)

With reference to Fig, 1lb this can be written as

_ V(zl) - V(zz)
max

E (z,) - E(zq)] = = (2b)

Hence, if we know the extreme wvalues of the transverse
electric field E; at high altitudes, we also know the
highest possible values of {AV[x])IIIAx, where (AV)() is
the potential drop along B. That is, the larger (Av)il
is, the larger is Ax.

This result can easily be generalized to a case with a
dipolar total magnetic field where E ig arbitrarily
distributed along a magnetic field line. If we integrate
the longitudinal component of (1) along a megnetic field
line from the equatorial plane down to the ionosphere,
utilizing orthogonal dipolar cocrdinates (ef e.g,Cummings
et al, 1968), we get after some algebra:

2

R
P e
~2AY =E, ~-=Z£ £(0)E 2¢)
(asl ]Dia .‘.ia Rzia (e} _]_ep . ( C

The symbol E; is used here for the southward component of
the transverse electric field. The index "ia" denotes an
ionospheric altitude and "ep" the equatorial plane. R iIs
the respective radial distance from the centre of the
eafth. Avll = vep - V;4 and s, is the southward horizontal
(4.B) length-coordinate at the ionospheric altitude. The
symbol 8 is the magnetic co-latitude of the ionospheric
intersection of the field line, and

£(8) = (1 + (1/4)tan’0)Y? (2 sinbcost + (1/2)tangsinZe) ™t

that is, £(8) = 0.7 with 6 = 20°,



As a consequence of Egquations (2a) - (2c) we may face an
unattainable compromise when trying to apply a particular
model of a current-driven plasma instability to the magne-
tospheric probiem. This is because on one hand the in-
gtability may require a high value of iz, while on the
other hand (2a) - (2¢) require the papaliel ellectric field |
to be spread out, and the capablility of the ionosphere to
caryy horizontal currents is limited:

-

=0, Eg + ¥ % B + o B x (E + v, x B)/B (3)

The symbols GP and Op denote the Pedersen and Hall conduc-—
tivities, respectively, and Vi denotes the neutral gas
velocity (ef Bostrédm, 1964).

If we integrate (3) with respect to altitude, we getr the
total current per meter that can be fed into the ionosphere
by means of a fieldraligned sheei~current density If .
Roughly speaking, we may eguate for instance I E, to 2Ax il|,
where EP is the height integrated UP, and Ax is defined by
Fig 1b. The largest possible value of ZP is preobably about
40 mho (Bostrdm, 1864). According to satellite measurements
(Cauffman and Gurmett, 1972) E; at 500 - 2500 km alt is at
most 150 - 200 mV/m, which would thus imply I|{ = ZPELS 8 A/m.
However, this is probably far too much, because E, tends to
be reduced where ZP (and Zy) is large (Aggson, 19869; Potter,
19783 Wescott et al, 198%). A more realistic maximum value
of I is rather an order of magnitude lower, in accordance
with the magnetic measurements made by Zmuda et al, 1970.
These authors infer the values 0.02 - 0.7 A/m for I;(. The
highest values of i;; ever reported are about 2 x 10~ A/m2
(Whalen and McDiarmid, 1972). Using this value for ill and
0.7 A/m for I;| we get 2Ax ~ 3 km. That is, with

V(zy) - Wzy) = 5 kV in Eq. (?b) we have |E (z,) - E (23] ~ 3 V/m.
Hence, we may, for instance, conclude that any instability
that does reguire i|f of at least 107% A/m? +o be operating
in the topside ionosphere is highly unlikely to ba the actual
cause of a (AV}lI of several kV,.
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From Eq.(2b), for instance. we further conclude ‘that the
common ray structure in visible auroras cannot be directly
related to the spatial (transverse to B) distribution of
(AV);,. In fact, the ray structure might indicatefx < 50 m

in Fig. 1b (ef Chamberlain, 1961)., With a typical electron
kinetic energy of 5 keV the right-hand member of Eq. (2b)

is thus 100 V/m. That is, neglecting Bx(zl) we have

E (z,) >100 V/m. In a dipolar gagnetic field this would
correspond to E, > 40 V/m at an altitude of 1 R, above the
ionosphere and E; > 1.5 V/m in the eguatorial plane at a
distance of 10 R, from the earth (cf Eq.(2c)). These

values of E; are at least a factor of 100 to 300 larger

than the largest E,-field observed so far (cf Cauffman and
Gurnett, 1977; Jeffries et al, 1975; Wescott gi_g&,_lS?B}.

Even if:E;=«fields of this magnitude do occur they do not
automatically imply that (AV), is confined within a very thin
flux tube, however. The confinement of (AV)y also requires that
these strongly concentrated E,~fields are supported by the
magnetospheric dynamo (c¢f. Section 14%), which appears rather
unlikely. The small spatial scale of these E,-fields is ob-
viously much smaller than the gyroradius of a 5 keV proton,
for instance. Hence, if the auroral electrons do indeed fall
‘through a large electrostatic potential gradient the auroral
ray most lLikely represents asubstructure within a much wider
region of non-zero E[l' It should be noted that even though
Equation (1) may not be strictly fulfilled, a region of
large (AVJ}I, which is confined within a thin magnetic flux
tube, in general has to be associated with large values of E,.
In summary, the magnetospheric case may require a large

(AV)lI to be maintained at current densities that are tco

low to generate a current-driven instability. The mechanism
responsible for (AV)lI may. however, allow local enhancements
of the precipitation within the region of non-zero Ell- As
will be discussed below the magnetic mivroring may seem to
pnqvide a basic solution of these problems.
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6. A Simple Illustration

The simple model presented below will serve as a further
illustration of the previous section. As our & priori
information about E;., we will assume & simplified hori-
zontal distribution that is basically similar to the E,-
distribution seen at auroral latitudes by a polar orbiting
satellite at around 500 - 2500 km altitude, ef for instance
Cauffman and Gurnett (1972).

Fig 2 refers to the local evening side of the northern
auroral zone. The z-axis peoints vertically upward, the

¥- and y-axis point geomagnetically northward and westward,
respectively. Again the total magnetic field B is assumed
to have straight and vertical field lines.

Suppose that we know the convection at altitude Zyy in the
upper lonosphere to be magnetically eastward and westward,
that is parallel to the y-axis, with E, equal to the step
function Ex(x,zb) in Fig 2. What will Ex then look like at
other altitudes? Suppose that c[! = iZ/Ez is constant
above a certain altitude z, - h well above the E~ and F-
layers, and that ¢ ] ~ « throughcut the lower part of the
ionosphere. The last assumption enables us tc get the
height-integrated form of Fq, (3) by simply writing Ep and
Ly instead of GP and &y, provided that

v, 0 (43

The Pedersen and Hall conductivities are assumed to be
horizontally homogeneous.

Further assume that

2

57 = B {5}

We now solve Eq. (1) with E {x,z.) and Eg. (3) =~ (B) as
boundary conditions, recalling that

div 1 = o (8)

OF Por~ o 1
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As the Pedersen current in this geometry has a divergence
around x = 0 we get a field-aligned current flowing upward
at the field reversal. Due to the finite o ! the step

in Ex€x,zb) is completely smoothed out in Ex(x,zb -~ h)
giving & finite :'LZ, In flying through the field reversal
at altitude z, + h we would see an E; profile according

to Ex(x,zb + h) and at even higher altitudes the "spikes"
on each side of the reversal would be even larger.

We see from Fig 2 that, although the field-reversal is
infinitely sharp at Zy s We get a certain finite characte-
ristic thickness of the associated field-aligned current
sheet equal to 24, where

h - L
A ={f ——F (7)
'
That is, to get A = 0 we must have ¢ = o everywhere. This

is due to ‘the fact that E; has a finite amplitude at zg (as
well as all other altitudes).

It is important to notice, that as GI decreases (increasing
A) the potential drop along the magnetic field is reached

at the expense of the transverse potential drop at low alti-
tudes, provided of course that Eg (zb) does not increase.,

In Pig.?2 (AV)}; between zy - h and zy, evidently has a maximum
of A » EO at x = 0.

We further notice that the parallel electric field Ez’ as

well as the current density iz’ has an "inverted-V" profile.
This is of great interest, as this electric field having

an upward direction on the evening side of the earth, at

a "regular" field reversal, would be able to accelerate
auroral electrons downwards, producing the typical "inverted-v"
shape of mean energy versus latitude thet is seen at the

field reversal at local evening (Gurnett and Frank, 1973).

This is further discussed in Section 1.



- 13 -

7. A Self-Consistent Model of a Static B1|

Figure 3 is a refinement of Fig.?2 in that the field-aligned
"registivity™, that is, the gquantity Ez/iz, ig increased
only within the field-aligned current sheet. In Fig, 3

b is 1500 km and h = 500 km. The assumed boundary value
E (x,2y) is not a step function here but a smooth profile,
cf the curve labeled z = 1500 km. The altitude-averaged
parallel field E , defined. by :

Z

ﬁz(x) = (V{x,3, - h) - V(x,zb))/h

b
has been introduced here, as well as the altitude averaged
"anomalous resistivity” Eli that is

~

pl! = EZ/iz

(the field-aligned current is assumed divergence free above
the E- and F-layers). Below Zy h = 1000 km p is assumed
small (normal) in accordance with most theoretical models
(e.g. Block, 19872; Kindel and Kennel, 1971).

The function EII (x) defined by the bottom curve in gig 3
is simply an a priori assumption about the quantity Ezfiz
{the peak value 102 ohm - m is chosen to give a reasonable
current density). This assumption together with Eq (3) -

- (5} with I_ = 10 mho has been used to solve Eq (1} and
{6) for ﬁz(x), iz(x) and Ex(x,z). The pesulting distribu-
tion of iz(x), the top curve of Fig, 3, then alsc defines
6!; as a funotion of iz‘ This enables a better assumption
about ﬁll , which can be used to recalculate iz, and so on.
"By this iterative process it is possible to get the desired
relation between ﬁll an iz.
The dashed Bx—profiles in Fig. 3 show what Ej would look
like at z = 2000 km and 2500 km in case 5[1 had the same
average value throughout this upper altitude vegion.

1, PAGE 18
%%1%%9; ATy



- 14 -

This again illustrates the fact that the amplitude of E,
has to be an increasing funciion of altitude near the
reversal due to the presence of a strong Ey;. O0f course,
this will only be true up to a certain altitude, because
(AV)ll is finite. Above this altitude we expect El! to
be small { in general) and the amplitude of E, to be
decreasing with increasing altitude, due to the diverging
magnetic field lines.

Desplite the cobvious difference between the two models,

the gquantity A according to (7) again gives a good measure
of the latitudinal width of the E-profile in Fig,3 with
the peak value 102 chm * m inserted for c;l'l. Also, the
maximum potential drop between z = L1000 km and z = 1500 km
is again at least of the same order of magnitude as A o E,-

In Fig,3 Z_ is still horizontally homogeneous, but an
assumed profile Ep(x) can be introduced in the model to
give a modified iz and EZ, which then helps make a better
assumption ahout Ep(x). Provided that the enefgy of the
electrons before acceleration by (AV)ll =h - Ez ic epecified.
In this way the model can be made self-consistent. The
main effect of a locally enhanced ZD{x) at the base of a
fileld-aligned- current sheet, when ¢ is small and B, is
given at a certain high altitude, is just a corresponding
local reduction of E, at low altitudes, as has been shown
in a previous paper {(Lennartsson, 1%73a; cf alsc Section
1%). The local increase of EP will also have a feed-back
effect on the magnetospheric "dynamo", which this simple
model cannot account for, however. Neither can this model
in an adequate manner account for the auroral clectrojet,
which requires a three-~dimensional geometry.

It may be noted that if we try to extend this simple model
to very high altitudes (utilizing {2c¢), for instance) we
can no longer neglect the {(unknown) transverse current
that is feeding the currvent loop (the "dynamo current").
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8. YAnomalous Resistivity" and the Magnetic Mirroring

Suppose for a moment that we can neglect the mirroring
effect of the geomagnetic field where E is large.
Consider Fig,1b. It is quite obvious that an electron

that has gained the energy e * (Vl - VQ} by falling

from z, to 29 at the same time has made its maximum
possible contribution to a short-cirvcuiting current. That
is, a freely falling electron in this case represents an
extremely high conductivity per particle. In order for
the potential jump Vl - V2 to be maintained, the number
flux of these electrons thus has to be limited in one

way or another. It is commonly assumed that the iono-
spheric and magnetospheric plasmas are dense enough to
short-circuit any E in the classical sense, but due *to
the high relative drift velocity between electrons and
ions, some plasma instability is generated that may strongly
limit the number flux of electrons, in analogy with the
behaviour of laborateory plasmas. The main different modes
of plasma instabilities that are considered in this respect
are turbulent wave-particle interactions (e.g.Kindel and
Kennel, 19713 Swift, 1965) and electrostatic potential
double layers {e,g.Block, 1972 and 1975; Kan, 1975; Swift,
1975). However, as discussed in Section 5 the magnetospheric
plasma may not provide the appropriate boundary conditions
for this kind of instability. The problems seem to be par-
ticularly severe with respect to turbulent “resigtivity"®.
In this case the electrons falling from Zg to Zq in Fig,1b
may possibly be 3 minority group of either "runaway" elec-
trons or hot magnetospheric electrons passing by unaffected
by the wave field, but the theory does require a certain
minimum drift velocity of the thermal electrous. That is,
with an assumed plasma density the Theory does require

a minimum parallel current density being carried by thermal
electrons ilj (thermal).

ORIGINAT, PAGE IS
OF POOR QUALITY
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Consequently, a certain minimum fraction of the electro-
static energy (provided by an external "dynamo") being
released per unit area per second, ill ¢ (Vl - VZ)’ has

to be converted into random motion, that is intc heat
(Block, 1875). With at least i;  (thermal) ~ 105 A/m?2
(Kindel and Kennel, 1871) V, - V, = 5 kV, z, - 2z, = 10% Xm
(see Fig,1lb) and a density of thermal electrons and ions
of 109/m3, we get a heating rate of 30 eV per second per
thermal particle, to be compared with the original thermal
energy of less than 1 eV per particle (cf Block, 1975).

A certain fraction of this energy may possibly be radiated
away by plasma waves, but there is anyway nc theory dis-
proving that the zuroral plasma tempevature would get
drastically increased, as far as the auther knows (in the
theory by Buneman, 1959, this heating is a desired effect;
cf also Biskamp and Chodura, 1873). We notice heve that
as the temperature is increased the maintaining of the
plasma drift instabilities demand a higher ill, which
means that we immediately get into conflict with Section §,
even if the initial conditions are favourable.

The theory of double lavers, on the other hand, deces not
guffer from this heating dilemma, according to Block (1372,
1875), because the pavrticle motion is basically laminav

at a double layer. The theory of double layers will not
be discussed in the present paper, however. The reader

is referred to the papers by Bleck (1972, 1975) as well

as the papers by Swift (1975) and Xan (1975) on oblique
double layers (electrostatic shocksz).

Apart from the heating problem there is also a problem of
plasma depletion comnected with any theory that requires

a strong (upward) i ! t¢ be cavried by a cold background
plasma of ionospheric origin. Suppose for instance that the
density n of cold electrons at an altitude of 3000 kms is
10%/cm3 (of Lemaire and Scherer, 1873b) and that n decreases
proportionally to B upwards, giving n ~ C.1 - 1/em® at the
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equatorial point of the magnetic field line. This may
well give an overestimation of the cold-plasma content

in a typical flux tube, as mass spectrometer data
{Chappell, 1972) frequently show a total ion density of
only 0.1/cm” in the plasma sheet. An upward field-aligned
current with il! ~ 107° A/m2 at topside altitudes, carried
by downward-moving electrons, would deplete all available
cold electrons above 3000 kms altitude within about 2 - 5
minutes {(provided that the current sheet does not have

a persistent horizontal motion relative to the plasma).
Within a few more minutes even the tTopside ionosphere
would suffer a strong depletion. If ii as high as 107 A/m2
is regqguired by the theory, the depletion prchblem geis
extremely critical. We cannot really expect the cold
plasma to be supplied from adjacent flux tubes by con-
vection, as the convection is generally found to be along
auroral arcs (e.g. Armstrong et al, 18753 Gurnett and
Frank, 19733 Wescott et al, 1968). At i[ as high as

107% - 107% a/m? we can also neglect the contribution from
upward-moving protons, even though these can, in principle,
be continously supplied by The topside ionosphere. This
proton current cannot be sitronger than allowed by the
escape flux (10”7 - 1076 A/m?, cf Lemaire and Scherer,
1973a and 1974), that is, it is "temperature-limited”.

The "spacecharge-limited™ proton current is even many orders
of magnitude weaker (Block, 1967). Consequently, the only
available carriers of a persistently intense upward ill

are the hot electrons from the outer magnetosphere.

Now take into account the magnetic mivroring effect within
the acceleration region. The previous statement about

the high "conductivity" of "freely falling" electrons does
not held true anymore beéause the magnetic mirror tends to
obstruct the parallel cuprrent by deviating the parallel
motion of the electron into Transverse motion (without
changing the particle energy). Apparently, this may even
constitute the only necessary mechanism for obstruecting
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ill and maintaining a large total potential drop along the
geomagnetic field lines, provided that the density of the
charge carriers is not too large. In view of the fact
that an upward current (downgoing electrons) may have to
be carried mainly by electrons from the dilute and hot
plasma in the outer magnetosphere, Tthis mechanism seems

+c have been somewhat overlooked over the vears.

Consider the simplified case with an isotropic and monc-
energetic source distribution of electrons in the outler
magnetosphere, at point 1. In this case the electron

flux density at icnospheric altitudes, at point 2, is
proportional to sin2umax, where o iz the maximum pitch
angle at point 1 of electrons capable of reaching point 2.
If the potential difference between points 1 and 2 is
(AV)l[ > 0, the constancy of the magnetic moment gives

sinza = Ei I fiﬁjjli:)

max B2 bi

where Bl and Bz are the magnetic field strengths at points

1 and 2, respectively, and,me/2}v12 is the electron kinetic
energy at point 1. Hence, the field-aligned current density
at ionospheric altitudes due to precipitation is given by

e(AV)lI

1 3 (8)
me W 2
5 1

frje © B

o

whare nl and vq are the density and veloecity of downgoing
electrons at point 1. Eq,(§8) is valid for e(AV)![ <

< (me/Z)vlszlBl. For larger (Av)ll the current becomes
saturated. If the electrons at peint 1 have a Maxwellian
distribution, for instance, Eg.{(8) takes on a &ifferent
algebraic form {Knight. 1973), but (8) isg still a good
approximation, with vy denoting an average value. As &
numeric example, with an = 0.1 cm's and (mafz)vl2 = 500 eV,
a current density il|2 of 1078 A/m? requires (AV)i[ = 9 keV.
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- It may be noted that the {AV)ll reguired to drive a
certain high i[[2 will increase with increasing energy
(at constant density) of the source plasma, as long as

nlev.s < ii lz.

Knight (1973) and Lemaire and Scherer (1973a, 1874) have
used more sophisticated models to calculate the relation
between i]' and (AV)II in a collision~free magnetospheric
plasma under steady state conditions. These authors find,
by assuming reasonable ionosphere-plasmasheet parameters,
that an upward iil of the order of 1075 A/m?, for instance,
may readily require a total (AV)II of 1 - 10 kV, as a result
of the magnetic mirroring of plasmasheet electrons (see for
instance Fig.3, p. 745, in the paper by Knight). KXnight

has neglected the ionospheric ion contribution to ij|.

while this is included by Lemaire and Scherer, but the

5 2

difference is obviously insignificant when i|| > 1077 A/m”.
Unfortunately, the model by Knight provides only the total
voltage (AV)!I (as does Eq. (8)) while E{{ remains undeter-
mined. The model by Lemaire and Scherer does provide Et[
numerically but the case of a strong upward E|] is not
explicitly shown.

It should be noted that these models rely upon the outer
magnetosphere providing a steady supply of isotropic electrons.
The need for a high (AV)|2 will evidently be larger if the
magnetospheric particle source is depleted of electrons
with small pitch angles. A second important point that

has to be considered is that the ocutflux of positive ions
from the ionosphere may become strongly reduced by space-
charge effects when the cold electrons are depleted at high
altitudes (cf Block, 19653.

ORIGINAL PAGE IS
OF POOR QUALITY



- 920 -

9. The Trangverse 8patial Distribution of EI] and the
Ray Structure of Auroras

In view of Sections 5 ~ 7 it may seem difficult +to recon-
cile auroral finé.structures like visible auroral rays

(and very thin curment sheets) with a particle acceleration
due to a large (AV),;,. This is particularly true of current-
driven instabilities as we then would expect the cross-
sectional dimensions of a current sheet or cuvrent beam to
directly map the transverse dimensions of the (AV)i| -
region, of Fig.1lb. This may thus strongly favour the
magnetic~-mirroring as the actual current obstructing mecha-
nism, according to the following arguments.

As seen above the magnetic mirror may support a large

(AV)lI even at a small current density. Eq.kB) assumes

an isotropic distribution of source electromns at point 1,
however. If the source electrons all have large pitch \
angles (ﬁ?)ll may be high even with no net i being carried
by the hot electrons (¢f Alfvén and FiAlthammar, 1983, pp

162 - 1673 Persson, 1963 and 1866). Given the potential
difference (AV)If along a certain field line the parallel
currvent density i'l may thus vary over a wide range with
different densiity and pitch-angle distribution of the scurce

electrons. We therefore suggest the following basic model.

By the magnetic mirroring of incoming electrons the hot
plasma at high altitudes remains at a large negative poten-
tial relative to the cold plasma at the ionospheric end

of the flux tube (see Section 14 for the driving "dynamo").
The resulting parallel electric field is distributed within
a high-altitude region that may have large dimensions trans~
verse, as well as parallel, to the magnetic field, and net
field-aligned currents ﬁay be flowing preferably in thin
field-aligned subregions.

This model is compatible with the requirements in Section &,

and it permits thin auroral rays to be energized by a (AV)lI.
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What remains is a mechanism for producing thin precipita-
tion structures. It is conceivable that such a mechanism
may be assgociated with the supplying cf electrons at high
altitudes, but the above model also offers the possibility
of transforming a uniform source distribution of electrons
into a non~uniform distributicn of precipitating electrons.
That is, a local increase of the precipitation may, in
principle, be accomplished by a local reduction of the
magnetic mirroring effect on electrons. Hence, with the
above model it may be possible to reduce the problem of
auroral ray formation to the problem of finding a wave-
particle interaction by which electrons can lose gyroenergy
in a spatially selective manner. This problem will not be
further analyzed here, however, but it may be kept in mind
that there are, in fact, a number of plasma wave modes
already known that resonate with the gyromotion of electrons
(see e.g.Helliwell, 1967; Xennel and Petschek, 1966; Perkins,
19683 Stix, 1962). It should be noted that this kind of
wave-particle interaction does not necessarily have to occur
within the E]|~field~regioné"to produce a ray strvucture in
the precipitation but may well occur at lower altaitudes where
EI[ = 0, if the magnetic mirror ratic is still large below.

10. The Parallel Spatial Distribution of E[I

The distribution along the magnetic field of E in a
magnetiec mirror configuration is a problem that has been
treated in certain aspects by, among others, Persson (1366).
He finds, for example, that in a stationary state with no
field~aligned currents and with "almost isotropic® distri-
butions (isotropic except for a loss core) for both electrons

and ions the parallel electric field is given by
Ellgqgradll-B (9a}

This particular form of E!l will be used in Sections 11 and
13 for quantitative calculations. The results obtained
there are qualitatively true with a rathér wide range

0of Ey~ fields, however. Although (9a) was derived by
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Persson in a case with no net i, it can be seen to
be compatible with a large i aé well, at least in

a restricted sense. In fact, (9a) is the unique solu-
tion of Eq.{8) under the following conditions.

Suppose Eg, (8) is valid at any peint 2 along the magnetic
field line below point 1 (32 > Bl). This implies that

the electrons are moncenergetic with an isotropic pitch-
angle distributicn on the interval {00, 9003 at every point
below point 1. Then if s is the length-coordinate along
the field line, Eq. (8) is differentiable with respect to

g at point 2. Since i‘l {(siec B (8) the derivative of

(8) gives

dB
Ell-..“"K' 35 {8b)

with Kk = fe, p being the magnetic moment of the

Yopit crit o
electrons that maintain a pitch angle = 307,

Hence, (8b) is the electric field that barely maintains a
. saturated current at every pont, given an isotropic and
monoenergetic source distribution of electreons at point 1
with energy equal to ucritBl' If ﬁhe electrons at peoint 1
have a distribution of energies the electric field (9b)

provides an asymptotically saturated current as B(s)/Bl > @,

The actual distribution of Ei is subject to quasi~neutra-
lity of the plasma as well as to the magnetic mirvoring

of the charge carriersg, however. In the problem considered
by Persson Eq, (9-) is consistent-with quasi-neutrality,

but only trapped particles are present (p,> e k). In the
auroral case the distribution of E is necessarily influ-
enced by the ionospheric particles. Consider Fig.4. Suppose
the high-altitude region 1 is devoid i of cold electrons

and El[ is defined by (9a) in this vegion. Suppose further
that the cold plasma gtill remains in the low~altitude vegion
35 where the plasma density ngy 1s much larger than the plasma

density Ty in region 1, n, »> fiy e In region 3 the electric

3 >
field (9a) cannot be valid and we assume E]{ = 0 throughout
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this region. The intermediate region 2 is a *transition
region with some 3d priori unknown distribution of El| 0.

In going from the low~altitude region 3 into the E I-field

at higher altitudes the cold protons (or other positive ions)
Py» rapidly decrease in density and soon become comparable

in density with the hot protons Py In region 1 the two
proton populations p, and pg together may thus (ehiefly{
match the negative charge due to the hot slectrons e -

At lower altitudes in repion 3 the hot electrons e, are a
minority group and the protons py are matched by cold elec~-
trons there. In the intermediate region 2 E.; ¥ 0, however,
and no cold electrons can exist where .E %0. The only negative
particles that can conceivably match the protons P, through-
out region 2 are the backscattered and energetic secondary
electrons e, from below. Hence, the transition region 2
either has a guasi~neutral plasma, with a density gradient
defined by the energy distribution of the backscattered and
secondary electrons or it has an unbalanced positive charge
in the lower section. The former case allows a smocth density
gradient while the latter case obviously reguires a steep
density gradient, defined by some characteristic Debye length,
and a locally strong E,;. The latter case also reguires a
region of unbelanced negative charge above the positive
charge. This negative charge may be partly due to the elec-
trons eq and partly due to energetic electrons ey that have
become trapped between region 1 and the magnetic mirror

below during the initial growth of (AV)|l° Both the gradual
transition and the "double layer" are conceivable, but the
"double layer'" may sesem the most likely since it does not
require any particular velocity distribution of the electrons
{Block, private communicationl}). It should bhe noted that such
a "double layer" is not a result of a strong current, but is
a result of the magnetic mirroring of the currvent carriers.

From these considerations it is obviocus that the parallel
electric field cannot be sntirely determined by the local
magnetic field gradient at every point along the flux tube.
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Below some altitude, which may vary with time, the electric
field will be "screened out" by the cold plasma still
remaining there. This also means that there has to be a
transition region where E is determined by local plasma
parameters, as well as by the magnetic mirror ratic below
the transition region. At least if this mirrvor ratioc is
large the partial potential difference (V) across the
transition region may be a considerable fraction of the
total potential difference (AV)119 cf. Fig 4. At higher
altitudes the E; ~field may ox may not be able to adjust

to the local magnetic-field gradient,depending on the ac-
tual particle population. However, even if E;; doss not
have a smooth distribuition like (9a), for instance, it still
has to extend to high enough altitudes to ensure a suffd~
clent precipitation flux of source electrons, according

to Eq. (8). This problem with be discussed further in a
forthcoming paper.

11. The Ceollimation of Electron Bursts

Suppose Ell is given by (9b) with x being a positive constant
aleng a certain field line. The equation of motion along
the field line for an electron is then

dv
- - daB
B, T = (ek u) o {18)

where p = m v12/2B is the megnetic moment. In going from

point 1 where B = B; to point 2 where B = B, > B; an electron

2
increases its total kinetic energy according to

Ty 2 2
7;-(v2 - vy } o= e(V2 - Vl) = ek (82 - Bl) (LL)
As long as uy is constant we then have
2 2
Vig " Va1 ow (12a)
2 _ ., 2 13

Vo hb



That is, if B, >> By (vy, >> v;q)
2
v
.2 Y U
sin- o, = 5 oY (12b)
Vo

Hence, given an electron with u < ex its pitech angle remains
smaller than or equal to a constant determined by the mag-
netic moment of the electron. Such an electron increases
its parallel velocity along the path,, according to (10),
and the increase is faster the smaller p is. The associlated
velocity despersion due to different o at given energy is
quite large. Suppose for instance that (8b) is valid down
to an altitude ¢f h = 0.5 earth radii zbove the earth on a
magnetic field line with L = 10 and (AV)II = lkeV. If
electrons with if0eV energy start at L. = 10 in the equatorial
plane, an observer at altitude h will find a time delay of
about ¥ sec between the arrival of electrons with o = 0°
and a = 45°, An observer in the lower ionosphere will find
this time delay to be only 1 sec, if (SV)II = 0 below h,

but this is more than one order of magnitude larger than
would be expected if the electrons started from altitude h
with 1 keV energy. A sudden increase of the number of elec-
treons with p < ek at high altitude is then expected to show
up as a burst of electrons with small pitch angles at lower
altitudes, in agreement with auroral particle observaticns
(e. g, Arnoldy et al, 1974; O'Brien and Reasoner, 1971).

An increase of the number of electrons with p < ek does not
have to involve an actual particle injection, it may as well
be accomplished by a transfer of electrons in velocity space
from large to small magnetic moments. That is, a gyroreso-
nant wave-particle interaction may be & solution in this
case, too. A transfer of electron gyroenergy into electro-
magnetic wave energy may also, in principle, produce a
collimated beam of electrons by itself, without involving
velocity dispersion. If the intevaction occurs within the
glectric field (9b) the field serves to preserve the colli-
mation, according to Eg (12b). :
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These considerations are based on the exact relation (39b),
but they are essentially applicable to any upward E!I

that is distributed along the magnetic field withgElldsau
HAB over finite intervals As,

12, Comments on the Electron Energy Spectrum

Consider Eq, (11). If the initial energy at point 1 is small
compared to e(V2 - Vl), only a small total amount of kinetic
(gyro) energy has to be removed by wave-particle interactions
at point 1 to create a large enhancement of the elctron
energy flux at poeint 2. On the other hand, any electron
that is being mirrored at a point close to point 2, between
points 1 and 2, can lose all its gyroenergy and arrive at
point 2 virtually without any energy. In cther words, as
long as we do not specify in detaal the process of wave-
particle interactions, there is a wide range of possible
precipitation spectra asscciated with any given total poten-
tial drop (AV)lI.

Obviously, there may also be certain wave-particle inter-
actions connected mainly with the parallel motion of the
electrons (cf Stix, 1962). Since the precipitating elec-
trons will be streaming through a population of upflowing
positive ions from the ionosphere there may be favourable
conditions for the two-stream instability, for instance.

The different kinds of possible wave-particle interactions
thus seem likely to generate a compcnent of the precipita-
ting electrons having a degraded energy, as coapared with
the "free-fall" component. More generally, wave-particle
interactions may cause the electrons to diffuse in velocity
space, preferably towards smaller velocities, although some
precipitating electrons may gain energy in this way (ef
Perking, 1968). As the backscattered and numerocus secondary
electrons will be reflected downwards by (AV)II (Evans, 1974}
the total energy spectrum of precipitating electrons at low
altitudes may thus, in principle, look fairly smooth even
with a large (AV) present, which may also be the case with
a fluctuating (AV}II.
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The extent of energy degradation of fhe primary electrons
will probably be a function of the spatial structure of

the precipitation, as indicated by straightforward calcu-
lations (cf for instance Hess et al, 1971). That is, a
widely extended structure is seemingly particularly suscep~
tible to instabilities in veloeity space because it allows
unstable traveling waves to grow for extended periods of
time. By the same token a spatially strongly limited

Plasma may thus be more stable aéainst this kind of wave
growth. In fact, both artificial generation of thin "“auro-
ral" electron beams {(Hess et al, 1871) and theoretical
investigations (Jones and Kellogg. 1973) do indicate that

a thin structure of precipitating electrons is very stable
to energy degradation by wave-particle interaction. This
finding has an important implication with respect to the
present auroral model. Suppose the number of electrons with
U < ek is increased in a narrow gpatial region at high alti-
tudes, by gyroresonant wave-particle interaction, for instance.
When continuing downwards these electrons will form a thin
structure of increased number density (consider Eq,(11) and
nvll ~ B) that may thus Lecome stable against further energy
degradation, leading to a bright auroral form and a pronounced
"monoenergetic” peak in the energy spectrum (of 0'Brien and
Reasoner, 19713 Westerlund, 1863). That is, in principle
the "moncenergetic" peak in the electron energy spectrum
may have a spatial (horizontal) fine~structure within the

¥

horizontal region covered by a large (AV}II'

13. A Generalized "Loss Cone" for the Electrons

S8ince an electron with a large magnetic moment will mirror,
there may often be a tendency towards negative charge-~accu-
mulation on a closed field line with upward currents. This
may tend to quench the magnetospheric dynamo current (¢f next
gection) leading tc a "loss cone® distribution of electrons.
This "loss cone™ will be larger for electrons having a smaller
total energy than for the more energetic electrons. Suppose
EII is given by (9b) above a certain altitude, caliled the
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altitude of penetration of Ei|’ where B = Bpen’ and

: E‘I = 0 below. Then, given a point on a closed magnetic
field line, where the magnetic field strength is B < Bpen’
the half-angle oy, of the local loss cone is defined by

B

. 2 B ekB pen B
sin‘o., = + ( - ) (13>
e B m, 2 B R
2

where Bmax is the magnetic field strength at the altitude
of the low ionosphere. For B en < B £ B the constant «

- - 2 - -

is mera. HNo electrons with m_ v /2 < exB(B en B)/(Bmax B)
will remain on the field line. Egq,(13) follows from Eq.(1l)

and the constancy of yu.

The corresponding equation for the proton Yloss cone" is
analogous to (13) with the plus sign changed to a minus sign.

This is then applicable to protons with mpv2/2 > eK(Bp n—B).

e
Protons with lower energies will have no "loss cone®.

If the low-altitude region where B > Bpen has an upward

Eli $ 0 with a large (SV)[I associated with it the change
of Eq.(13) may be approximated by a reduction of Bmax’
Bmax + B pen’ In the case of the protons Bmax will effec~

tively inecrease.

If the electric field is increased, that is if k is increased
to k¥ > k, electrons will start precipitating again with
pitch angles given by

< sinza <1 (14)

K

at the altitude of the low ionosphere. The half-angle of
the apparent "loss cone" at ionospheric altitudes will thus
rapidly decrease from 90° to the lower limit determined by
(14} and then slowly increase again. Provided that the
electric field has a negligible growth time, the time scale
of the initial decrease of this "loss cone" will be roughly
defined by the time it takes an electron with a low initial
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energy to fall from an altitude of one earth radius above

the altitude of penetration of E|I, that is typically of

the order cf a second or less. The time scale of the sub-
sequent increase of the "loss cone", on the other hand,

will be determined by the travel time from the outer magneto-
sphere of the lowest-energy electrons, which may be several
tens of seconds (with initial energies of the order of 100 eV
or less).

Under certain conditions the increase of EI[ will lead to

a transiently field-aligned precipitation flux which has

a hardening energy spectrum towards smaller pitch angles,

as observed at low altitudes. Consider, for instance, the
case kK~ >> ¢ (x may be zero). Suppose the average electron
energy at any altitude is much smaller than er:’BPen prior

to the increase of E { After the electric field is "turned
on", a given electron from the precipitating population will
reach the low ionosphere at a smaller pitch angle and a
higher energy, if it is initially at a higher altitude, as
seen from Eq. (11} and the constancy of pu. Furthermore, as

a consequence of the velocity dispersion an electron from

a higher altitude (higher final energy) will reach the low
ionosphere with a certain pitch angle at the same time as an
electron from a lower altitude (lower final energy) with a
larger pitch angle. This apparent relation between energy
and pitch angle will thus gradually disappear as electrons
from larger and larger distances appear at 30° pitch angle.
Since a larger (AVJ}I will cause a larger number of electrons
to precipitate, the velocity dispersion will also be associ-
ated with a field-aligned number flux at low altitudes. It
should be kept in mind that the effect of velocity dispersion
may be very strong with an electric field that is distributed
over a lavrge distance {(eof Section 11). Also in the case of
gradually increasing (AV)|| the velocity dispersion will have
similar effects, as discussed in Section 15. These results
are basically true with any E that is both distributed
along the magnetic field line and compatible with preserved
magnetic moments of the electrons.

BE i
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1%, The Magnetospheric Dynamo

The current configuration of Fig. 2 and 3 may be part of
current loops like those sketched in Fig,5. The view of
Fig.5 is in the direction towards the sun. We may think
of Fig,2 and 3 as pictures of a small region around point D.
In this particular case Pedersen currents are flowing in
towards the upward current sheet both from the north and
the south side. The poleward downward current méy flow
either from A” to D” or from W down the dotted line {that
is, close to A~D), or probably both ways. This symmetric
situation may not at all be the typical case in reality,
where we may even have multiple field-aligned current
sheets (e.g. Aubry et al. 1972).

A magnetospheric dynamo driving a current down to the iono-
sphere and back up basically is a continuously progressing
charge separation in the outer magnetosphere, driven by

e. g. inertia forces on the charged particles. The dashed
current loop in Fig.5, for example, may be accomplished by
the ionospheric drag (in a hydromagnatic sense) on the solar
wind flow via open (merged) magnetic field lines. This case
is a "voltage-generator", where the charge separation between
A and A” is produced, basically, by solar wind protons dis-
placing their gyrocenters in a direction opposite to (and
the electrons in the same direction as) i;? when entering

a region of reduced E, (reduced E x B-drift), cf e,g.Alfvén
{1875). That is, kinetic energy associated with E x B-drif-
ting sclar wind protens (and electrons) is converted into
electrostatic energy. If the solid current loop in Fig,5

is on closed magnetic field lines the driving charge separa-~
tion between A and B may, for instance, be due to gradient-
B drift of enevgetic particles across inhcomogeneities in
their density and temperature distributions, as in the model
by Jaggi and Wolf (1973). This case is more like a “eurrent-
generator™, although far from strictly. Indirectly, the
solar wind is the driving agent in this case, too, as the

solar wind flow is what causes the internal magnetospheric
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convection (sunward). This convection carries the charged
particles into the earth's magnetic field, leading to
betatron and Fermi accelevation of the particles (of e.g-
Alfvén and Fidlthammar, 1963).

Consider, for instance, the current loop ABCDA in Fig 5.
Suppose the dynamo current A-B is due to a differential
drift of hot electrons and protons (or other positive ions)
across the magnetic field iines. This drift tends to accu-
milate electrons at A and protons at B. Then the positive
space charge at B will enable the ionospheric electrons

at point C to escape at a higher rate than allowed by the
normal polar wind flux of both ions and electrons. Since
the flux density of freely escaping ionospheric electrons
is as high as 1010 - 1011/cm25, corresponding to

iy - 1078 - 107" A/m? (of Lemaire and Scherer, 1873), it

is reasonable to believe that the current B-C typically
flows without a significant potential drop. That is, point
C will remain at nearly the same potential as point B. A
Pedersen current from C to D in the ionosphere will thus
charge point D positive with respect to point A. The
negative space charge at A, on the other hand, does not
release a corresponding increase in the outflux of positive
ions from point D. The upward positive-lon flux from the
ionosphere will be either "temperature limited" by the na-
tural thermal outflux of topside ions, giving a contribution
to il[ of only 1077 - 107% A/m? (ef Lemaire and Schever,
1874) or “gpacecharge limited", giving an even smaller con-
tribution (ef Block, 1967). The potential difference (AV)[|
between A and D will thus =asily grow to a level where a
large fraction of the hot electrons arriving at A are forced
through the magnetic mirror and precipitate at D with in-
creased energy. Given the initial (averagel) kinetic energy
Ke of the electrons at A, the magnetic mirror may support a
(AV)|| which is as large as (Ke/e) % (BD/BA), where Bp and
BA are the magnetic field strengths at D and A, respectively
(see Section 8). This is valid provided most of the eleqgirons
from A preserve their magnetic moments during transit to D,
of course.
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By these arguments we emphasize the magnetic mirroring
aeffect as the presumable basic cause of a large (AVJE['

That is, the primary effect of the mirroring is to ob-
struct a discharge along the magnetic field line. However,
the actual distriburion of E;,; is subject to the quasi-
neutrality of the plasma and this may well imposéfthe for~
mation of spacecharge layers where E|{ becomés much stronger
than the local mirror forces (cf., Section 10J.

It-may be noted that the acceleration conditions along
\R—D;may also be influenced by changes in the magnetic energy
stored in the current loop. This will not be discussed in
this paper, however.

15. <Comparison with Observations

The convection electric flield in the altitude range 500 -
2500 km has been extensively explored by polar orbiting
satellites (Cauffman and Gurnett, 1972; Frank and Gurnett,
19713 Gurnett and Frank, 18%73; Gurnett and Akasofu, 1974,
Heppner, 1972 and 1873). It is found that the convection

is generally antisunward cover the polar caps down to the
peleward edge of the auroral ovals (at 70° - 80° magnetic
lat) and sunward between this region and the blasmasphere
(except for stagnation lines neay noon and midnight). The
transition between antisunward and sunward convection is
generally observed as a failrly sharp reversal of E;, and
adjacent to the main reversal the E;-fleld is often strongly
fluctuating (as seen by the moving spacecraft)with pronounced
peaks. It has further been established {Ackerson and Frank,
19725 Burch et al, 1976; Frank and Ackerson, 1871; Gurnett
and Frank, 1973) that on the evening side this field reversal
is fregquently associated with bands of intense "inverted-v"
events, that is field-aligned sheats (probably east~west
oriented) of precipitating electrons characterized by an
"inverted-vV" profile of mean energy versus latitude, as seen
by a satellite crossing the sheet. From Sections 6 and 7

we would expeet such an "“inverted-V" event associated with
the field-reversal on the evening side, where the associated

ill is upward, in contrast with the moraing side (cf Fig, 5).
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The basic results of Sections 6 and 7 only require a
pronounced horizontal gradient in Ey, that is, "inverted-v"
events may as well be assocciated with the irregularities

in B, adjacent to the main reversal, in accordance with

the obsgervations. The real sgituation, however, may be
strongly complicated by horizontal gradients in Ep {(and EH),
in particular when the precipitation structure is moving.

A further complieation is introduced by the (generally)
unknown neutral gas velocity, which may also slightly dis-
place the "inverted-V" structure relative to the observed
inhomogeneity in E, (cf Lennartsson, 1973a). That is, we
might expect some ambiguity when iInterpreting the observa-
tions, As long as Pedersen currents are the major source

of the upward i and the gradient in E, is mainly respon-
sible for il[ the E,-gradient has to be in a certain direc-
tion, of course. That is, more E,-field lines have to point
toward the upward current sheet than away from it. The
occasional observation of "inverted~V" events in the field-
reversal region in the morning sector we thus interpret

as due to the presence of a grad,;E, with the "right" sign
close to the main reversal. This seems to be in full agree-
ment with data from the Ton Drift Meter (Hanson et al, 1973)
on Atmosphere Explorer C, according to Burch (private commu-
nication).

We note from the simple models in Sections 6 and 7 that the
"inverted~V" shape is the simplest possible latitudinal
distribution of (AV),, we may expect at an upward field-
aligned current sheet, when the parallel "conductivity" is
finite.

The "inverted-V" events in general are faivrly thick sheets

of precipitation, typically 100 - 250 km (Burch et al, 1878)
which obviously is in full agreement with Section §

(ef Eg. (2b)). It is even observed that in the direction

from early to late local evening the "inverted-V" precipi-
tation bands grow more energetic and wider (e, g. Gurnett and
Frank, 1973}, which is in qualitative agreement with Egs (2b-c)
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under the assumption that E; at large distances from the
earth (the “dynamo field") stays fairly constant; cof also
Eq, (7) and the two subsequent paragraphs in Section 63 note
that a decreased "ol " may, for instance, be due to an
increased temperature of the hot source plasma, according
to Eqg, (8.

Often very pronounced peaks with opposite signs in E; are
observed at each border of an "inverted-V" event. According
to Burch (private communication) the ion drift data from
Atmosphere Explorer C (Hanson et al, 1873) show such pro-
nounced peaks to be in the "right" sense in all cases
examined, that is with E, peinting toward the center of

the "inverted-V" event. Besides. Burch found one pair of
opposite L, peaks where E,; pointed outwards, and this single
case was seen to be associated with a2 three orders of magni-
tude dropout in the electron precipitation flux between

the E,~-peaks as compared with the surrounding flux. Even

if the satellite is observing tThe uppermost E; curve in

Fig, 3, for instance, a large fraction of the observed E,

is evidently due to the low-altitude field needed to carry
the Pedersen currents towards the upward current sheet. That
ig, we do not expect the integral of E; along the satellite
trajectory to be a true measure of the (AV),, below the
satellite. The "asymptotic® E;-field on both sides of the
reversal in Fig.2 and 3 in reality may well go toc zero
within a short distance from the reversal, associated with
the downward i;;-sheets (upflowing ionospheric electrons)

as sketched in Fig,6. This means that the satellite may

at times observe two apparent “spikes™ in E; even if it is
actually observing only the low-altitude E,.

Observations indicate that E; is reduced within auroral arcs
due to the enhanced Ep and EH (e.g. Aggeon, 18693 Potter,
1970; Wescott et al, 1869). This is in full formal agreement
with & large (AV),;, as shown in an earlier paper (Lennarts-
son, 1973a), and may be gualitatively understood as the low
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altitude E,; adjusting to gradients in I_ to aveid a too -
high illg that is, to aveoid a too high (AV)llfﬂx according
to Eq (2b). This is, of ccurse, provided that E, at high
altitudes (the "dynamo field") is not allowed to increase.
This is also illustrated in Fig.6, where the low-altitude
E, is very weak within the upward current sheet (precipi-
tating clectrons).

As mentioned in Section 4 observations often indicate that
ill as inferred from magnetic measurements, is egual to or
even lavrger than the current density infervred from the de-
tected precipitation (see references at the end of Section
B3, We found {Section 4) that this is seemingly the same
as keeping the ionosphere at a higher potential than the
adjacent magnetosphere. Obviously, this is easily under-
stood in terms of a large (AV)IE in a direction to accele~
rate electrons downwards (along A-D in Fig.B).

The above comments apply in principle to any large (AV)ll.
Now consider some observations that may favour a combined
model of magnetic mirroring and plasms waves.

We recall that the "inverted-V" structuresg are often fairly
wide in latitude and, hence, often associatedfwith average
il[ . 107% a/m? (or less) at ionospheric altitudes {see
references at the beginning of this section). This evidently
places a severe restriction on & current-driven instability

being the cause of (AV)] . On the other hand, the interpre-

tation in terms of magnetic mirroring is, in principle, not
affected at all, as (AU)1§ in this ca