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ABSTRACT 

THE RELATION OF QUIESCENT AURORAL STRUCTURE 

TO 
IONOSPHERIC ELECTRIC AND MAGNETIC FIELDS 

by 
Milton Charles Trichel, II 

Observational and experimental results concerning 

auroral structure, auroral zone magnetic bays, and 

auroral electrons are briefly reviev/ed and a brief 

outline of some of the results of the theory of adiabat.i : 

charged particle motion are given. 

These are used to show that the auroral zones are 

apparently connected by closed magnetic field lines, and 

that there exist in the auroral zone ionosphere electric 

fields which are essentially transverse to the magnetic 

field and which typically have magnitudes on the order of 

50 millivolts/meter. These electx'ic fields provide the 

driving force for localized ionospheric currents, the 

auroral electrojets, which flow within the regions of 

enhanced ionization provided by the visible auroral forms. 

It is shown that auroral arcs and bands are apparently 

ordinarily so oriented as to have their horizontal axes 

perpendicular to these electric fields. 

It is further shown that if the auroral zone magnetic 

field lines are equipotentials, adiabatic acceleration and 

precipitation of electrons will occur. In the event that 

the motion of the electrons is not entirely adiabatic, 



but involves slow diffusion in pitch angle, precipitation 

will still occur. Either of these processes will lead 

to the precipitation of electrons in extended regions of 

glow, and to the development of a pitch angle distribution 

which is highly peaked outside of the loss cone. 

With such a pitch angle distribution, the distortion 

of ionospheric electric and magnetic fields associated 

with localized auroral electrojets leads to a modulation 

of auroral precipitation, giving parallel bright and dark 

bands of auroral emission, which are aligned nearly 

perpendicular to the ionospheric electric field. 
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INTRODUCTION 

The aurora is a phenomenon characterized by the 

emission of light from the upper atmosphere when the 

constituents of this region are excited by energetic 

charged particles precipitated from the magnetosphere. 

Slight difficulties have arisen regarding the classifi¬ 

cation of some upper atmospheric emissions as aurora or 

airglow [Roach, 1966]; however, the above definition is 

sufficient for our use. Auroras occur primarily in two 

annular zones which surround the earth's magnetic poles. 

Various criteria, such as the probability of seeing an 

aurora on a clear night from a given location [Vestine, 

1944], or the probability of seeing an overhead aurora 

from a given location [Davis, 1962], have been used to 

define these zones. Fortunately, the statistical zones 

so defined are strikingly independent of the exact nature 

of the defining criteria [Stringer and Belon, 1967]. The 

dimensions of these zones are functions of geomagnetic 

activity, with the zones increasing in width and moving 

to lower latitudes during geomagnetically disturbed 

periods [Davis, 1962, and Stringer and Belon, 1967] . 

Observationally it is convenient to divide auroras 

into what are termed discrete visual aurora and mantle 

aurora [Sandford, 1966]. Discrete visual aurora, the 

phenomenon known classically as the aurora, can be seen 

by the eye in the form of arcs, bands, rays and regions 

of glow. The mantle aurora is an extensive glow covering 

large portions of the sky. Mantle aurora is sometimes 



bright enough to be seen and a problem has arisen 

regarding the classification of the auroral patches 

reported by Akasofu [1965] and Akasofu et al. [1966]. 

There is some suggestion that the mantle aurora is asso¬ 

ciated with a different particle population than the 

discrete visual aurora f Sandford, 1966] ; in any case, 

this paper will be largely confined to discrete visual 

aurora, and in particular, to the remarkable morphology 

of this phenomenon. 

We wish to emphasize that.despite the rapid 

complicated motions which occur in visual aurora, there 

is, particularly in quiescent evening time displays, a 

strong coherence of motions [Heppner, 1954 and Davls, 

1962]. In these displays, the basic element appears to 

be the auroral arc or band. We will not distinguish 

between arcs and bands since, according to Chamberlain 

[1961], a band is simply a poorly defined arc and this 

distinction is not pertinent here. An auroral arc is a 

thin ribbon-like region of luminosity; the lengthwise 

dimension of the ribbon is horizontal and the width of 

the ribbon lies along the local magnetic field, which is 

nearly vertical in the auroral zone. The lower edge of 

the ribbon lies at an altitude of approximately 100 

kilometers and the width along the B field of the ribbon 

is ordinarily 20 to 30 kilometers [Chamberlain, 1961]. 

In quiescent displays such an arc usually stretches from 

one horizon to the other, usually in approximately an 

east to west direction, though it may be folded and thus 

cross the same horizon twice. The lengthwise extent of 
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these arcs is enormous; Akasofu et al. [1966] have 

reported the observation of one such arc which could be 

traced for 12,000 kilometers on all-sky camera photographs. 

The horizontal thickness of arcs is not well known. 

Kim and Volkraan [1965] used all-sky camera (ASC) photo¬ 

graphs to derive an average thickness of 10 kilometers 

for stationary zenithal arcs, while Akasofu [1961] has 

reported photographic observations of several arcs which 

were between 100 and 500 meters thick. Davis [1966] has 

recently reported that image orthicon television observa¬ 

tions of apparently thick arcs, lying in the magnetic 

zenith, shows that they are frequently composed of a 

series of thinner arcs with typical thicknesses around 

200 meters and separations of a few hundred meters. 

Vertical striations sometimes appear in an auroral 

arc. These striations usually move along the arc in one 

direction, though they occasionally seem to stand still 

or even reverse their direction of travel. These stria¬ 

tions are called rays and an arc having such striations is 

called a rayed arc. The distances between such rays vary 

widely,but they may be as little as 100 meters [Chamberlain, 

1961] . The rays in a particular arc tend to have a 

roughly regular spacing and are never observed to overtake 

or pass one another. 

Although arcs are sometimes seen in which rays are 

apparently moving in opposite directions, such arcs are 

apparently never seen in the magnetic zenith. Instead, 

one sees a pair of closely spaced arcs with.rays moving in 

opposite directions along them. When seen at larger zenith 
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angles, this gives the effect of a single arc with rays 

moving in both directions. 

Sometimes a bright aurora occurs during twilight, so 

that although the surface of the earth is shadowed, the 

aurora is occurring in the sunlit portions of the upper 

atmosphere. The brightness of such an aurora may be 

greatly enhanced by resonant scattering of sunlight by 

ions which are created from ambient by precipi¬ 

tating electrons [Bates, 1949]. Since this enhancement 

occurs only for sunlit portions of the arc, the upper 

parts of an arc may be brighter than the lower parts, or 

there may be an apparent dark gap between the upper and 

lower parts of the arc. Sunlit auroral rays have been 

observed to extend to altitudes as great as 1100 kilometers, 

the highest values reported for auroral rays [Sformer, 1955] 

Early evening observations at College, Alaska by 

Heppner [1954] have shown that there is usua3.1y a region 

of auroral glow associated with a region of auroral arcs. 

Usually, a region of glow having a width of approximately 

50 to approximately 200 kilometers was found to the south 

of a region containing arcs. In some cases, glow was 

found among the arcs, and sometimes to their north. A 

similar phenomenon has been observed by the author at 

Churchill; an increase in the intensity of discrete auroral 

forms is usually accompanied by an increase in the intensity 

measured by a photometer which is not aimed at any of the 

discrete forms. Heppner found that this region of glow 

moved northward and southward with the arcs; for this reason 

we assume that it is associated with them. 
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Although both protons and electrons are precipitated 

in auroras, it has long been known that the protons could 

not be important in much of the discrete visual aurora 

because the cyclotron radii of protons with sufficient 

energy to reach the 100 kilometer level are larger than 

many of the auroral forms [Vegard, 1921 and 1939]. 

Furthermore, Davidson [1965] has shown that a beam of 

protons, incident upon the atmosphere in a thin sheet, 

will be spread to widths of several hundred kilometers by 

charge exchange scattering. Hence the energy deposited 

in discrete auroral forms must be brought in by energetic 

electrons. This has indeed been confirmed by experiment 

as numerous observations of such electrons have been made 

[Mcllwain, 1960; McDiarmid and Budzinski, 1964; Mozer, 

1965; and Albert, 1967, to mention only a few]. Energy 

spectra of these electrons have been obtained in some 

cases; these are characterized by the fact that most of 

the energy flux is associated with particles of E < 10 kev 

[Mcllwain, 1960; Albert, 1967; and Ogilvie, 1966]. This 

is born out by Rees1 [1963] calculations which show that 

only electrons with energies between approximately 1 kev 

and 10 kev can be important in producing luminosity at 

the observed heights. 

It. is interesting to note that the cyclotron radius 

of a 5 kev electron in the auroral ionosphere is about 

3 meters. Therefore, an auroral arc which is less than 

300 meters thick is less than 100 cyclotron radii in 

thickness. 
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Any complete theory of the aurora must explain not 

only the source of the particles which are precipitated 

in the auroral forms, but the reasons why they are 

precipitated in these particular forms. The remainder 

of this paper will be devoted to an attempt to set out 

those conditions under which electrons will be precipi¬ 

tated into forms resembling the observed auroral forms 

without the necessity of violation of their adiabatic 

invariants. Complete adiabaticity need not be assumed, 

since slow diffusion of the particles in pitch angle 

and integral invariant will lead to effects similar to 

the adiabatic motion of the particles in these parameters. 
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1. AURORAL PARTICLES IN SPACE 

There has been a notable controversy concerning the 

nature of the field lines on which auroras occur. Dessler 

and Juday [1965] and Speiser [1965 and 1966] have argued 

that the aurora occurs on open field lines, that is, on 

those field lines where the hemisphere to hemisphere 

oscillation of electrons is not possible. However, others, 

including Axford and Hines [1961] and Taylor and Hones 

[1965] have suggested that the auroral field lines are 

closed, i.e., that it is possible for electrons to be at 

least temporarily trapped on these field lines. 

The statistical maximum of the aurora occurs between 

L = 5 and L = 8 [Chamberlain, 1961 and Mcllwain, 1961]; 

that is, the magnetic field lines threading the auroral 

zones would close at equatorial distances between 5 and 8 

Rg if the geomagnetic field were that of a perfect dipole. 

It is known that the real geomagnetic field is strongly 

distorted and that the equatorial crossing distances of 

these field lines are actually somewhat greater than the 

figures given above. However, recent experimental work 

[Anderson, 1965; Anderson, 1966; Anderson and Ness, 1966; 

and Serlemitsos, 1966] has shown that electron fluxes with 

the characteristics of at least temporary trapping are 

found for geocentric distances up to 14 R in the night- 
e 

side equatorial plane. These electrons have a soft energy 

spectrum and have temporal variations which are intermediate 

between those seen in the geomagnetic tail and the outer 

zone; however, the actual identification of these electrons 
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as trapped particles has been based upon Serlemitsos 

[1966] discovery that they display well-defined and 

relatively stable pitch angle distributions which are 

sometimes strongly peaked along B. The magnetic field 

is strongly inflated in the so-called particle cusp 

region between approximately 8 and 14 , but the 

inflation is not strong earthward of the inner cusp 

boundary at 8 Rg . Hence we will assume that auroras 

occur on closed field lines. 

The assumption that auroras occur on closed field 

lines allows the separation of the problem into the 

following two areas: the acceleration of the particles 

and the precipitation of the particles. There have been 

attempts at the solutions of each of these problems. 

Axford [1966] has suggested that the particles are 

energized through magnetic merging in the geomagnetic 

tail and then transported forward into the cusp region. 

Taylor and Hones [1965] have developed a theory whereby 

a suitable electric and magnetic field configuration 

results in the acceleration and precipitation of auroral 

particles without the violation of adiabaticity. Their 

theory has been criticized by Speiser [1966] on the 

grounds that both the magnetic fields assumed and the 

assumption of adiabaticity are unrealistic. Petschek and 

Kennel [1966] have studied precipitation of particles from 

trapped orbits by resonant wave first invariant violation. 

The theory of Petschek and Kennel sets an upper 

limit on the flux of stably trapped particles. For L > 4 

the fluxes tend to lie slightly below this limit. 
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However, their theory/ which was developed to account for 

such diffuse phenomena as pulsating aurora and x-ray 

microburst regions, does not seem capable of accounting 

for the extremely fine scale structures seen in auroral 

arcs and rays due to the very long wavelengths of the 

waves taking part in the postulated wave-particle 

interactions. 

In the following sections of this paper we will 

assume that a source for the auroral particles exists, 

i.e., that there exist mechanisms which either accelerate 

the particles in situ or accelerate the particles else¬ 

where and transport them onto those field lines which 

connect the auroral zones. We will then address ourselves 

to the study of some of the effects which may occur 

without strong violation of adiabaticity. 
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2. ADIABATIC PARTICLE MOTION 

The motion of a charged particle in combined E and 

B fields is not amenable to exact solution except in 

the simplest of cases. However, adiabatic theory is 

frequently an adequate approximation; its validity depends 

upon the rates at which the fields change in comparison 

with the rates with which the particle completes its 

periodic motions [Northrop and Teller, 1960 and Taylor 

and Hones, 1965]. 

The adiabatic motion of an electron trapped in the 

geomagnetic field may be studied under the assumptions 

that the electron will move in such a way as to conserve 

its total energy W , its magnetic moment p , and its 

longitudinal invariant J . The validity of these assump¬ 

tions has been called into question [Dessler, private 

communication; Kennel and Petschek, 1966]; however, the 

persistence on time scales of at least five minutes of 

the elongated pitch angle distributions observed by 

Serlemitsos [1966] leads us to believe that p and J 

must usually be closely conserved for periods on this 

order. Serlemitsos' results were for electrons with 

E ^ 100 kev; field irregularities which do not scatter 

these electrons will not scatter lower energy electrons. 

Furthermore, Kennel and Petschek have shown that the most 

obvious modes of wave-particle interactions have a strong 

low energy cut-off, but only a weak high energy cut-off. 

The persistence of such pitch angle distributions suggests 

that either p and J are both conserved or that they 

vary together in such a way as to preserve the pitch 

angle distribution. 
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We will show that even under the assumption of 

adiabaticity, auroral electrons may gain kinetic energy 

and be precipitated. Similar effects, however, may be 

obtained if the particles diffuse slowly into the loss 

cone by the mechanisms suggested by Kennel and Petschek 

[1966], In general, both effects are expected to occur; 

their relative importance is probably reflected in the 

type of aurora. 

The total energy, K , consists of both kinetic and 

potential terms: 

where W is the total kinetic energy and V is the 

electric potential; K will be rigidly conserved if 

the electric field, E , is given by: 

K W + eV , (2.1) 

E = grad V . (2.2) 

The magnetic moment, |i , is defined by: 

|i = W /B ; 
x 

(2.3) 

at the mirror field B , this is: 
m 

|i = W/B . 
m 

(2.4) 

The longitudinal invariant, J is defined as: 

J = (j)mV||ds , (2.5) 
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where m is the mass of the particle, Vy is the 

velocity of the particle along the field line, ds is 

an element of arc length along the field line, and the 

integral is taken over one complete longitudinal 

oscillation by the particle. This is more commonly 

written, 

J = (j) J 2mp (B - B)' ds . (2.6) 

As a consequence of 2.4, this may be written as 

i 
J = <j> [2m(K - eV-|iB)]s ds (2.7) 

for a static field [Northrop and Teller, 1960; Taylor 

and Hones, 1965]. 

The particle will move on a surface of constant J ; 

in the event that V is a constant (i.e., that there 

are no electric fields), 

. A 
J = (p [2m(W - |iB) ]8 ds (2.8) 

will be conserved. This is the basis of the parameter L , 

and in that case, the particle's motion will be confined 

to an L shell, if the L parameter is defined to take 

into account the deformation of the geomagnetic field. 

Note that in a distorted dipole field, L may be a function 

of the pitch angle [Roederer, 1967]. 

The gradient plus curvature drift speeds for charged 

particles trapped in a realistic model magnetosphere have 

recently been calculated by Roederer [1967]. For electrons 

with sufficiently small pitch angles to reach the ionosphere 

in the auroral zones, the drift velocity, when projected 

onto the ionosphere, is approximately 40 meters/second/kev. 
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3. MAGNETIC BAYS AND IONOSPHERIC ELECTRIC FIELDS 

Auroral displays are usually accompanied by local 

magnetic disturbances, which are caused by localized 

ionospheric currents, the auroral electrojets. Heppner 

[1954] suggests that the currents are roughly confined 

to the visible auroral forms for the following reasons: 

first, auroral activity and magnetic bays coincide in 

space and time; second, the auroral forms are known to 

be regions of enhanced ionization and hence conductivity; 

and third, the disturbance fields, as measured at ground 

level, are usually such as could be explained by a line 

current embedded in the auroral form, together with an 

induced image earth current. These reasons are admittedly 

imprecise; in particular, the ground level disturbance 

fields are not highly dependent upon the actual current 

distribution in the ionosphere. Also, there has been 

doubt as to the degree of localization of the currents 

comprising the auroral electrojet [Akasofu, 1966]. 

However, data obtained by rocket-borne magnetometers has 

made it clear that the electrojet currents may be quite 

localized [Burrows, 1966], although the exact relationship 

between the current carrying regions and the regions of 

auroral luminosity has not yet been deduced. We will assume 

that the electrojet currents are largely confined to the 

regions of enhanced conductivity associated with the 

auroral forms. 

The source for the E fields which drive these 

currents is not understood, although a number of models 

have been developed, notably by Axford and Hines [1961], 
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Cole [1960] , Fejer [1963], Kern [1962], Swift [1963], 

and Weaver and Skinner [1960]. These mechanisms can be 

effectively divided into three classes: Cole, Swift, 

and Weaver and Skinner propose ionospheric dynamos driven 

by neutral ionospheric winds; Fejer and Kern propose 

magnetospheric charge separation mechanisms; and Axford 

and Hines propose a viscously driven magnetospheric 

circulation system which drives the ionospheric currents 

via B field aligned currents. 

Bostrom [1964] has carefully reviewed the ionospheric 

boundary conditions for such mechanisms and effectively 

shown that with presently acceptable values for electron 

density and neutral wing velocity, the wind driven 

ionospheric dynamo cannot account for the observed 

currents. Fejer's theory has recently been reexamined 

by Gottlieb and Fejer [1967]; they conclude that this 

theory can account for the observed currents only under 

rather stringent conditions, but that it is not yet 

possible to ascertain the validity of these conditions. 

Although Kern's model was first proposed in 1962, the 

relevant physical parameters (primarily the configuration 

of the geomagnetic field lines for auroral field lines) 

still have not been reported and no reasonable evaluation 

of its accuracy can be made. The validity of Axford and 

Hines' model is also difficult to assess without further 

knowledge of the outer regions of the magnetosphere. 

It is not necessary for us to assume any particular 

one of these models in order to continue the studies in 

this paper. As this work offers no particular means of 
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choosing among these models, we will not pursue the topic 

further except to note that Bostrom [1964] has shown that 

it is only under rather specific conditions that any of 

these models will give the apparently observed confinement 

of current to the visible auroral forms. 

Kim and Vo 11cman [1965] have studied the relation 

between the thickness of zenithal auroral arcs and the 

magnetic disturbance observed on the ground below, using 

ASC films and magnetic records. Arcs were selected for 

their proximity to the zenith and lack of motion in 

successive ASC frames. Nevertheless, their measurements 

provide only an upper limit to thicknesses of the arcs. 

The distribution in thickness of the arcs showed a broad 

double peak (which was not thought to be statistically 

significant) with the two peaks occurring at 6.6 and 13.3 

kilometers. The average magnetic disturbances associated 

with these peaks were respectively 120 gammas and 180 

gammas. There were instances in which there was no signi¬ 

ficant magnetic disturbance; however, since the baseline 

of an auroral zone magnetometer includes some effects due 

to quiet day ionospheric currents, this does not 

necessarily imply that there was no ionospheric current 

associated with these instances. 

If we assume that these magnetic disturbances were 

caused entirely by an overhead line current flowing in the 

arc at an altitude of 110 kilometers, we find that for a 
4 

disturbance of 120 gammas a current of 6.6 x 10 amps is 

required. Bostrom [1964] has estimated the height 

integrated Pedersen conductivity in an auroral arc to be 
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about 36 mhos and the height integrated Hall conductivity 

to be about 56 mhos when the maximum electron density is 
6 ^ 

10 /cm". For a 6.6 kilometer thick auroral arc to carry 
4 

a current of 6.6 x 10 amps would then require: 

3 4 E X 50 mhos x 6.6 x 10 meters = 6.6 x 10 amps , 

or E = 200 millivolts/meter approximately. Inasmuch as 

Kim and Volkman selected their arcs for lack of activity, 

it seems likely that this figure is not characteristic of 

violent auroral activity. However, the average magnetic 

disturbance found, 120 gammas, is greater by a factor of 

2 to 4 than that usually associated with quiescent arcs 

[Heppner, 1954]. Hence it is likely that the figure of 

200 millivolts/meter is an overestimate, by a factor of 

2 to 4, of the electric field existing in the ionosphere 

during quiescent conditions. 

Bostrom has shown that confinement of current flow 

to auroral forms may occur for any angle between the E 

field and the horizontal axis of the form if the boundary 

conditions are appropriately adjusted. Furthermore, even 

if confinement of current flow to auroral forms does not 

occur, the ratio of Hall to Pedersen conductivities can 

only be calculated under a number of assumptions involving 

atmospheric parameters and collision cross-sections. 

Consequently, though ground-based magnetic measurements 

can in principle yield the direction of current flow in 

the ionosphere, they cannot yield the direction of E . 
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We will show, however, that several experimental 

and observational results strongly suggest that the 

component of E perpendicular to B is also locally perpen¬ 

dicular to such horizontally extended auroral forms as 

arcs and bands, and that the component of E parallel to 

B must frequently be small. Furthermore, we will describe 

other experimental results which have been interpreted 

to indicate that the boundary conditions necessary for 

confinement of current to an arc with such an E field 

configuration are at least partially met. 

Bostrom has investigated the boundary conditions on 

the electric fields and currents which must be imposed 

in order to obtain a strongly enhanced current flow along 

a sheet of increased ionization lying in the ionosphere. 

The sheet was used to represent the increased ionization 

within an auroral arc. 

Figure 1 

Sheet of enhanced ionization as seen looking 
downward (in northern hemisphere) along B . 

I 
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The transverse components of current flow in such 

a model arc are given by: 

C|
 

X 
0)
 

II „a a 
E E + 
p X 

Ef Ea 

h y 

Ja = 
y 

Ea Ea - 
p y 

a 
Sh EK 

jqi = 
X 

Zq± Eqi 
P x 

+ \qi 

jqi = 
y 

Eq± Eqi 
p y -sh

qi 

(3.1) 

E 

E 

where ^x(y)"^ curren^ density in the x(y) direction/ 

within the arc (quiescent ionosphere), the E's are the E 

fields, and E is the height integrated Pedersen (Hall) 

conductivity. 

Now there are two possible boundary conditions on 

the current; in Case 1 we may require that the height 

integrated current density be divergence-free, or in Case 

2 we may allow B field aligned currents to flow into and 

out of the ionosphere from the magnetosphere. 

If we denote the applied electric field by E° , 

Case 1 leads, after the inclusion of polarization terms 

and curl E = 0 , to: 

x 
cqi 
X 

= E x 

Z? - E?1 
h h 

E 
x 

Eqi E° 
_E X 

E qi = E 

(3.2) 
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Bostrom's calculated values of the S's , 

Ea = 36 mho 
P 

zf = 56 mho 

Eqi = 0.56 mho 
P 

Eqi = 0.19 mho 

lead to the conclusion that strong confinement of the 

current to the arc occurs only for that portion of the 
. o 

current driven by E . Specifically, for the currents 

driven by E , u x 

Jq± 
X 

220 rqi 

x 
(3.3) 

while, for the currents driven by 

4.8 Jqi 
X 

0.5 jqi . 
Y 

(3.4) 

The conditions of Case 2 do not lead to a unique 

E field when E° is given. We will, however, assume for 

demonstrative purposes that E is constant, equalling E° 

everywhere, as this is the opposite limit to that just 

examined. This case could be obtained if the ionospheric 

electric potential were entirely dominated by a magneto- 

spheric circulation system, while Case 1 could be obtained 

if the ionospheric potential is controlled entirely by 
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currents flowing within the ionosphere. Then, by 

assumption, 

and 

E 
x. 

E 

a(qi) 
X 

r
a(qi) 

E 

E 

o 

X 

O 

y 

- sf(qi)E° + ra(qi)E° 
h y p x 

Ea(qi)E° + Ea(ql)E° 
h x p y 

(3.5) 

(3.6) 

Again, using Bostrom's conductivities, we find that 

confinement of the current to the arc occurs for the 

portions of the current driven by both E° and E° , 

. X o ^ 
Specifically, for the currents driven by E^ , 

Ja = 290 .Jql 
X X 

— Ja - 100 Jqi 

9 y y 
(3.7) 

and, for the currents driven by E , 
X 

X 
64 J qi 

x 
-i- Ja 

14 y 
= 190 J qi (3.8) 

Clearly, if E° f 0, substantial B field aligned currents 
must flow in this case in order that divergence J = 0 . 

These currents will result in the generation of an addi¬ 

tional component of the B field, which is transverse to 

the preexisting B field. According to Bostrom's 

calculations, such fields should have amplitudes of 
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approximately 2000 gammas for ground level horizontal 

disturbances of 50 gammas. Such disturbances have, in 

fact, been observed by Zmuda et al. [1966 and 1967], 

though the maximum amplitude seen was only 560 gammas. 

The discrepancy in amplitude is unexplained, but in view 

of the assumptions which must be made in Bostrom's 

calculations, it does not seem very large. 

As yet, we have demonstrated only that the 

assumptions in Case 1 are not justifiable, and that in 

Case 2, it is not justifiable to assume E° = 0 . We 

will now present several observations which suggest that 
o o 

E » E . 
x y 

In the region above 100 kilometers altitude, a _ _ 
E X B 

charged particle moves essentially with the velocity —-— 
B2 

[Bostrom, 1966 and Kato, 1965] and if it were possible 

to follow the motion of such a charge, it would be 

possible to deduce E , since B is rather well known. 

One way to observe the motion of a charged particle 

in such a field is to release ions whose resonance lines 

are in the portion of the optical spectrum transmitted by 

the atmosphere into the sunlit upper atmosphere. If this 

is done at twilight, when scattered sunlight from the 

atmosphere is weak, but the atmosphere at the location of 

the ions is still sunlit, the ions are made visible by 

scattering sunlight. In practice, the use of barium, 

which is rapidly ionized by sunlight and whose ion possesses 

resonance lines in the visible, seems to be the most 

convenient as large clouds of barium vapor may be generated 

by small rocket-borne bombs [Lust et al., 1965]. Such a 
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cloud of ions does not move exactly as a single ion would 

as it may represent a substantial perturbation on the 

existing ionospheric conditions; however, the equations 

of motion for.such a cloud have been developed [Haerendel, 

et al., 1966]. 

Such an experiment was performed at Churchill, Manitoba 

on August 11, 1966. A rocket deposited a cloud of barium 

vapor into the still sunlit atmosphere above a series of 

parallel auroral arcs. Photographs of the cloud and the 

aurora were made to allow the determination of the velocity 

of the cloud with respect to the aurora. Preliminary 

analysis of the data suggests that an electric field 

existed, being nearly perpendicular to the arcs, and having 

a magnitude of approximately 25 millivolts/meter. The 

direction of the field was NNE. A morning experiment found 

the field directed essentially southward and of comparable 

magnitude [Haerendel, private communication]. 

Observations on sunlit aurora provide another means 
-f- 

of attaining the same objective, since the ions which 

are responsible for the enhanced luminosity of sunlit aurora 
— — 2 

may also be used to study E X B/B . This method has the 
. . . + 

disadvantages that the lifetime of the ions is short and 

poorly known and that their initial distribution is unknown. 

On the other hand, since N* ions are spread throughout the 

regions where particles are being precipitated, it allows 

the measurement of E at many more points than does the 

barium cloud technique. 
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The calculated lifetime of an N2 ion in the upper 

atmosphere, T , is given by: 

1 
T 

•n a 
e 

seconds, (3.9) 

where n is the electron density/cm and a is the 
6 3 

recombination coefficient in cm /sec. a has been measured 
-7 

by Biondi [1963] at 2.8 x 10 ; n is within an order of 
5 6 

magnitude of 10 in the auroral ionosphere for altitudes 

between 110 and 220 kilometers [Omholt, 1955], so that 

lifetimes between about 0.6 and 60 seconds are expected. 

However, Lytle and Hunten [1960] have observed N* densities 

vs. altitude in an auroral twilight, taking the derivative 

of the N* First Negative system intensity vs. the height 

of the earth's shadow. They find that the density of N* 

ions reaches a peak at an altitude of 130 kilometers, 

falling sharply at lower altitudes, implying that the life¬ 

time of N* ions is unexpectedly short (T ^ 0.37 second) for 

altitudes less than 130 kilometers. The densities of N* 

observed at higher altitudes are unexpectedly large (on 
+ 

an absolute basis), implying an enhanced N2 production 

rate or lifetime; Hunten [1963] has observed that this 

effect is roughly compatible with a substantial increase 

in the N2 density at high altitudes. 

Most reported observations of sunlit aurora have been 

of high sunlit rays and other relatively stationary high 

altitude forms [Sformer, 1955 and Lytle and Hunten, 1960]. 

However, strongly enhanced auroras are sometimes seen at 

lower altitudes [Hunten, 1963]; the author has seen such 

a sunlit arc. The motion of visible rays along such an 



24 

arc strongly suggests that the fluorescing particles are 
— — . 2 

being transported by an E X B/B drift. Clearly, in such 

a case, the transverse component of E must be nearly 

orthogonal to the horizontal axis of the arc. 

Careful study of sunlit aurora could undoubtedly 

reveal many further details of the ionospheric electric 

fields; however, the observations made to date do not 

appear to contain the necessary data. This is undoubtedly 

a consequence of the rarity of these forms, and hence, the 

limited opportunity for their study. 

Radar signals are sometimes returned from aurorally 

associated ionization with efficiencies far exceeding that 

due to incoherent scattering by free electrons. It was 

once thought that observations of this radar aurora could 

yield the drift velocities of the auroral ionization. 

However, the mechanisms associated with these reflections 

have not been certainly identified; both theoretical and 

experimental results suggest that, the reflections are 

returned from coherent variations in the ionospheric elec¬ 

tron density associated with the propagation of some form 

of wave through the ionosphere. Thus, Doppler studies of 

radar reflections may yield velocities which are charac¬ 

teristic of the wave propagation velocity rather than of 

the particle velocities themselves [Leadabrand, et al., 1965] 

Gadsden, 1966; and Farley, 1963]. 
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4. AURORAL STRUCTURE AND AURORAL ZONE MAGNETIC ACTIVITY 

Heppner [1954] and Davis [1962] have studied the 

relations between the morphology of auroras and the magne¬ 

tic disturbance associated with them. Heppner discovered 

that auroral and magnetic activity at College, Alaska 

ordinarily followed one or another of two slightly different 

diurnal patterns. Davis, using ASC films made during the 

IGY, was able to show that auroras tended to occur in a 

pattern which was nearly fixed with respect to the earth- 

sun line and that the temporal variations described by 

Heppner could be explained by the rotation of the solid 

earth beneath this pattern. 

These studies showed that the motions of auroral rays 

and other irregularities strongly tended to be opposite to 

the direction of conventional current flow along an arc 

whenever both the direction of current flow and the direc¬ 

tion of ray travel in a particular arc could be deduced. 

Heppner, noting that the Hall conductivity of the ionosphere 

is negative (i.e., electrons can drift more freely with 
— —2 
E X- B/B than can ions), was led to suggest that the 

currents flowing along the arcs constituted Hall currents 

and that the primary cause of the motion of the auroral rays 
— — 2 

and other irregularities was E X B/B drift. At the geo¬ 

magnetic latitude of College, 65°, both the direction of 

current flow and the direction of ray motion ordinarily 

reverse as part of the sequence of breakup, leading Heppner 

to further suggest that the direction of the E field 

reversed from northward before breakup to southward after 
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breakup, and that, in fact, the breakup was directly 

associated with this reversal. In later work Heppner 

et al. [1967]have suggested that the reversal of the 

electric field is a consequence of gradually increasing 

ionospheric conductivity and that it is the direct cause 

of the breakup. 

We have already shown that transverse E fields of 

the order of 50 millivolts/meter seem necessary to explain 

the observed ionospheric currents, and that an E field of 

25 millivolts/meter has been observed in one particular 
— — 2 

experiment. The drift velocity of a particle, E X B/B , 

when projected onto the polar ionosphere, is approximately 

1 kilometer/second in an E field of 50 millivolts/meter. 

This is of the order of the ray and irregularity velocities 

reported by Kim and Currie [1960] , Bhattacharyya [1960] , 

and Davis [1962] . It is not comparable to the much 

higher (up to 130 kilometer/second) ray velocities which 

are occasionally seen and which were reported by Davis and 

Hicks [ 1964] . 

Heppner's suggestion does not seem to be always 

applicable; however, in quiescent aurora, rapidly moving 

rays are seldom seen (by definition) and we will continue 

our investigation of these forms under the assumption that 

the auroral electrojets are associated with an ionospheric 

electric field and that this field is transferred up the 
Ef X B~ auroral field lines where it results in  ~— drifts of 

B 
the incoming particles. 

In particular, we seek to find mechanisms which will, 

under the preceding assumptions, lead to the precipitation 

of electrons in diffuse regions of glow in which long 

narrow arcs can develop. 
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5. ADIABATIC AND QUASI-ADIABATIC PRECIPITATION 

We assume that energetic electrons are supplied to 

the auroral field lines, either through an _in situ 

acceleration mechanism, or by being transported to those 

field lines from some other region. We further assume 

that |i and J are at least approximately conserved in 

the motions of these particles. 

These assumptions lead to the movement of the 

electrons on surfaces of constant J . Inasmuch as 

J = J(K, ji, spatial coordinates), the surfaces of constant 

J do not coincide for all particles and particles with 

different parameters do not follow exactly parallel trajec¬ 

tories. Estimating that a typical auroral ionospheric E 

field might be 50 millivolts/meter, we find that the 
— —.2 
E X B/B drift, evaluated m the ionosphere, would be 

1 kilometer/second. Since the combined gradient and curva¬ 

ture drifts have been calculated [Roederer, 1967] at only 

40 meters/second/kev, the E x B/B^ drift will dominate for 

auroral electrons. 

When its gradient plus curvature drift velocity has 

a component antiparallel to the electric field, an electron 

gains energy. Alternatively, this may be stated as follows: 

If the electric field is such as to drift an electron onto 

shorter field lines, the electron will gain longitudinal 

energy due to being adiabatically compressed. Noting that 
— — 2 the direction of E X B/B as deduced from the motions in 

Davis' auroral pattern is such as to drift particles to 

lower latitudes and hence compress their longitudinal motion, 

we suggest that this process provides a continual acceleration 
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which enhances the energy of these electrons. Since the 

mirror field, B , is given by: 
m 

Bm = W/|i , (5.1) 

an electron cannot gain energy indefinitely, but will, if 

it gains sufficient energy, be precipitated into the 

atmosphere. 

Since J is given by: 

1 

J = (j)[2m (K - eV - (jB)8 ds , (5.2) 

and |iB provides only a small contribution to this 

integral for particles with the pitch angles required for 

penetration to the auroral ionosphere, 

J « W8 (J) ds (5.3) 

If Anderson's [1966] suggestion that the auroral zone 

corresponds to the particle cusp region is correct, the 

integral, 

<J)ds (5.4) 

can change only by approximately the ratio of the outer 

and inner radii of the cusp region. This ratio is approxi 

mately 13/8; hence, this acceleration mechanism cannot 

change W , the kinetic energy, by more than approximately 

a factor of 3. 

This acceleration will lead to the movement of 

electrons to lower pitch angles, until they reach some 

pitch angle at which they will be lost into the 

atmosphere. Some electrons with pitch angles larger than 
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aQ will be lost and some with pitch angles smaller than 

will survive for at least one more longitudinal 

oscillation period; furthermore, a is clearly a func- 
o 

tion of electron energy. However, we will simply assume 

for the present that represents the boundary of an 

essentially perfect loss cone. 

Thus when an electron reaches a < a , it will be 
o 

lost into the atmosphere; this will lead to a quiet preci¬ 

pitation in extended regions of glow, as we have made no 

assumptions which tend to strongly order either the 

particle trajectories, or the portions of these trajectories 

where the electrons are precipitated. 

If diffusion in pitch angle of the electrons as, for 

example, by the resonant wave first invariant violations 

discussed by Kennel and Petschek [1966] is important, the 

process of energization and precipitation discussed above 

may not occur. However, precipitation would still occur, 

due to the diffusion of electrons into the loss cone. The 

results would be similar to those due to the acceleration 

process discussed above, as the electrons should be, once 

again, precipitated in extended regions of glow. In 

addition, however. Kennel and Petschek have shown that 

modulation of this precipitation may occur, as, for example, 

in microbursts. 

Heppner [1954] noted that quiescent arcs are usually 

associated with regions of glow. Furthermore, motion 

pictures of auroras by Davis [1966] show clearly that arcs 

are frequently associated with regions of glow. These 

arcs may appear, disappear, and move about within regions 

of glow, but they seem to be most strongly associated with 

the boundaries of glow regions. 
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This association suggests the existence of a mechanism 

through which the precipitation of electrons in a region 

may enhance the precipitation of more electrons in that 

region. At least one such mechanism exists, and it is 

possible that another related effect also exists. 

LaQuey et al. [1966] have observed that the presence 

of a localised ionospheric current, such as an auroral 

electrojet, will result, at the altitude of the current, 

in a strengthening of the geomagnetic field on one side of 

the current and a weakening on the other. In both hemis¬ 

pheres, when the direction of conventional current flow in 

the electrojet is eastward, the disturbance field will be 

in the direction to weaken the geomagnetic field on the 

poleward side of the electrojet and strengthen it on the 

equatorward side. This will result in the precipitation 

of more particles in the region of weakened field and fewer 

in the region of strengthened field, if the hollow cone 

between the loss cone for the weak field and the loss cone 

for the strong field is populated. Since the effect of 

the precipitation mechanisms discussed above is to produce 

a pitch angle distribution which is in equilibrium with 

atmospheric loss, there will be a modulation of the particle 

precipitation by such effects. 

We have already noted in Section 3 that confinement 

of current to the ribbon of ionization produced by an 

auroral arc requires electric currents to flow along the 

magnetic field lines unless E is parallel to the horizontal 

axis of the arc or unless the conductivities calculated by 

Bostrom are drastically wrong. The sense of these B aligned 
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currents is such that conventional current flow is upward 

on the side of the arc where the magnetic field is 

weakened and downward on the side where it is strengthened. 

As a consequence, there will be an upwardly directed E 

f^eld on the one side and a downwardly directed E field on 

the other side. These fields have the correct sense to 

enhance the precipitation of electrons on the weakened 

field side of the arc, where the precipitation has already 

been enhanced by the weakened field. 

We shall first investigate the first of these effects, 

returning then to the second. 

The actual current distribution within an auroral arc 

is not known and is certainly variable, although models 

for the current distribution have been developed [Swift, 

1963 and Bostrom, 1964] . We shall take 'a ribbon-like 

current, having a thickness equal to the thickness of the 

arc, which we take as « 1 kilometer, and having a width, 

i.e., extent along the field lines, of 25 kilometers, lying 

between 100 and 125 kilometers altitude. We have neglected 

the fact that the dip angle of the field lines is not quite 

90°; as the actual dip in the auroral zone is « 75° or 

greater, this does not introduce significant error. The 

altitudes chosen are based upon the half-height points in 

Bostrom1s [1964] calculated current densities. 

Application of Ampere's law to such a current 

distribution shows that: 

B 
T 

27 B 
x 

t (5.5) 
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where is the change in the total field intensity 

immediately adjacent to the current, and B is the 
X 

portion of the horizontal disturbance field on the ground 

beneath directly due to this current. 

Thus even minor disturbances in the 20 to 40 gamma 

range at ground level may be associated with perturbations 

in the 500 gamma range at 110 kilometers. Since 

dB _ dB dr _ d BQdr _ 
—     — - 30 gamma/kilometer, (5.6) 
dh dr dh dr r^dh 

a reduction in B of 500 gamma at 110 km will lower the 

mirror points of electrons by approximately 10 to 15 kilo¬ 

meters. For example, electrons which would have mirrored 

at 120 kilometers will now mirror at about 105 kilometers, 

thus strongly increasing their probability of being lost. 

This will increase the ionization in the region of weakened 

field and hence increase the current density there. For 

an eastward flowing current in the northern hemisphere, 

the region of current flow will also tend to move northward 

into the region of enhanced ionization and hence to the 

north. We suggest that this region of enhancement is to 

be identified as an arc. Quoting from Heppner's patterns 

of auroral development: 

"19:00 - 23:00 Following evening twilight a 
homogeneous arc with a glow paralleling its 
southern edge appears near latitude 70°. The 
arc and glow advance southward and additional 
arcs usually appear farther north. The magne¬ 
tic disturbance indicates a predominantly W to 
E current. (The arcs often have some ray 
structure, but the rays are very seldom bright 
or rapidly moving.)" 
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Evidently, this mechanism is consistent with Heppner's 

patterns. This is especially clear when it is realized 

that the southward motion described is actually a 

consequence of the rotation of the earth beneath the 

essentially stationary auroral pattern found by Davis 

[1962]. 

The degree of modulation of the precipitation 

produced by such a magnetic perturbation is highly dependent 

upon the pitch angle distribution, or equivalently, upon 

the distribution of the electrons in p and K . The 

number of electrons with pitch angles such that they 

will be precipitated regardless of the magnetic pertur¬ 

bation must be much less than the number of electrons 

whose precipitation is controlled by the magnetic pertur¬ 

bation, if the modulation is to be significant. Both of 

the precipitation mechanisms discussed above have the 

characteristic of producing such pitch angle distributions, 

since the electrons are transported to lower pitch angles 

until they are lost into the atmosphere, i.e., the cut-off 

of the electron flux at low pitch angles is such that the 

rate atmospheric loss of electrons at that pitch angle 

equals the rate of transport of new electrons into that 

pitch angle. 

Northrop and Teller [1960] have shown that a 

Liouville theorem is obeyed in r, p, K, J space, when 

the motions of the particles are adiabatic. In the case 

of adiabatic electron motion, we may use this Liouville 

theorem to study the effects of these magnetic perturba¬ 

tions; when the electron motion is not adiabatic, this 
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Liouville theorem does not apply, even though the magnetic 

perturbations may still modulate the precipitation. If 

the electron motions are not adiabatic, the problem may 

be studied using diffusion equations; however, we will 

analyze only the adiabatic case as rather little is 'known 

of the parameters which might enter in the diffusive case. 

Assuming adiabatic electron motion, we may write the 

flux of electrons at the point r as: 

j(r,K,(i) = 2BQ(r,K,[i) dK d|i , (5.7) 

where Q("r,K,|i) is the distribution function at r in 

K and p . The total flux at r , j is given by: 

jtot(r) = J 2BQ(r,K,n) dK d|i , (5.8) 

K, (i 

where the integration covers all values of K and |i for 

which r is accessible. Now if we consider "r to be a 

point at 100 kilometers, having the magnetic field value B7, 

03 03 

jtot(r) = | J 2B/Q(r,K,li) dK dp . (5.9) 

p=0 K=(aB/+eV 

If we make the approximation that all particles penetrating 

to altitudes below r will be lost, but none of those 

penetrating to higher altitudes, then differentiation shows 

that the precipitated flux, 3prec • give11 by: 
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j prec 

W j 

f 2B/Q(r,eV + pB',n) d|j fe — + n — 1 , (5.10) 
J L dy dy J 

u=o 

where positive y is taken to be in the direction of the 

component of the gradient plus curvature drift velocity 

parallel to E . From (5.10), it is evident that the 

precipitated flux depends upon the variables Q, dv/dy , 

and (jdB //dy . 

Evidently if (e dv/dy + |i dB7/dy) is greater than or 

equal to zero, no electrons will be precipitated; while if 

Q is nonzero and (e dv/dy + (i dB//dy) is negative, elec¬ 

trons will be precipitated. Furthermore, in regions where 

(e dV/dy + )j dB'/dy) is positive, Q("r, eV + |iBr, (i) will 

be zero since the particles in this part of the distribu¬ 

tion have already been lost to the atmosphere. Since the 

Hall conductivity is negative, whenever dv/dy is positive 

(and e dv/dy is negative) electrons will approach an 

electrojet in such a direction as to traverse the region 

of weakened field before traversing the region of 

strengthened field. 

Consider now the adiabatic precipitation of electrons 

in a region of the ionosphere in which an electrojet is 

flowing. Since the average value of p dB//dy is small 

due to the near cosine dependence on colatitude of the 

polar regions of a dipole field, e dv/dy must be negative 

if there is to be significant precipitation. Now on 

traversing the electrojet in the positive y direction 

(in the direction of increasing electric potential), B' 
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will decline from its unperturbed value at y^ to 

a minimum value, at y^ , rise sharply on penetrating 

the ribbon of current to a maximum value B^ at y^ and 

then decline again to its unperturbed value B7 at y^ . 

In the first region of declining B7 , p dB7/dy is 

negative, and the precipitation of electrons is enhanced? 

during the penetration of the current sheet, B7 rises 

rapidly and precipitation is reduced. Since the magnetic 

moments of auroral particles whose mirror points are in 

the auroral ionosphere are in the range. 

W 1-10 kev 

B 0.5 gauss 
m 3 

1 - 10 X 103 ev 

5 X 10 gamma 
(5.11) 

= 2 20 X 10 
ev 

gamma 
/ 

the use of our model values of AB = 500 gamma and 

thickness = 1 kilometer gives p dB7/dy w 20 - 200 ev/ 

kilometer, and with a typical E field of 50 millivolts/ 

meter, precipitation will be reduced below the rate seen 

for y < y^ . In the region of enhanced B7 between y^ 

and y^ , both e dV/dy and p dB7/dy are negative, but 

precipitation is still reduced because all particles with 

K 2: eV^ + pB^ have already been precipitated; a steady 

state will be reached again when V reaches a value 

such that eV^ + pB^ ^ eV^ + pB^ for the largest 

significant p , where and are the potentials 

at y^ and y^ , respectively. We can set an upper limit 
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upon the width of the region in which precipitation is 

reduced by noting that: 

6 dy (y3 " Y2^ W (eV2 + “ ^eVg + * (5.12) 

For 5 kev electrons and the values used above# the right 

hand side of this equation is approximately 50 ev. Then 

for E = 50 millivolts/meter, for example, a dark band 

approximately 1 kilometer in width will appear for 

y > y^ . For higher energy electrons the dark band will 

be wider, and for electrons with E < 2.5 kev, the dark 

band will, in this example, disappear completely. Noting 

that the electrons which would have been precipitated in 

the dark region are now being precipitated in the bright 

region adjacent to it, we find that, for a symmetric 

magnetic perturbation, the average precipitated intensity 

between y^ and y^ will be twice the background inten¬ 

sity due to precipitated electrons. Clearly this process 

can be repetitive, i.e., the presence of multiple parallel 

electrojets will lead to multiple parallel bright and 

dark bands. 

We wish now to consider the effects due to electric 

fields caused by B field aligned currents. As noted above, 

Bostrom has shown that with the presently calculated 

values of the ionospheric conductivity, the portion of the 

electrojet current which is driven by E fields which are 

perpendicular to both the arc and B cannot be confined to 

the region of ionization created by the arc unless field 

aligned currents flow. This is due to the fact that the 
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Pedersen current within the arc will be greater than the 

Pedersen current outside the arc if the Hall current 

within the arc is substantially greater than that outside 

the arc. The imposition of div J = 0 then leads to field 

aligned currents. As we further noted, Bostrom has 

calculated the magnitudes of these currents, the magnitudes 

of the E fields which they should produce, and the magni¬ 

tudes of the magnetic perturbations which they should cause 

at 1000 Tern altitude; such perturbations have indeed been 

observed by Zmuda et al. [1966] , but the amplitudes 

observed were smaller by an order of magnitude than those 

predicted by Bostrom. 

Specifically, Bostrom1s calculations were carried out 

for a model using a 1 kilometer thick arc, carrying a 
4 

current of 3 x 10 amps, which would produce a ground level 

disturbance of approximately 50 gamma, or after the inclu¬ 

sion of earth currents, as much as 100 gamma. The B field 

aligned currents were assumed to flow in two sheets, each 

having a thickness of 1 kilometer and a sheet current 
-3 2 density of 2 amps/meter, which is 2 x 10 amps/meter 

The transverse disturbance field between two such current 

sheets is approximately 1200 gamma at 1100 kilometers 

altitude. The disturbances reported by Zmuda et al. [1966] 

have a typical amplitude of only about 100 gamma, though 

disturbances up to 560 gamma were seen. This suggests 

that the current densities and hence the voltage drops 

anticipated by Bostrom are approximately an order of 

magnitude too large. 
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Bostrom calculated a voltage drop of approximately 

125 volts between 90 kilometers altitude and 1000 kilo¬ 

meters altitude (with most of this drop occurring above 

110 kilometers), and estimated that a further drop of 

200 volts between 1000 kilometers and the equatorial plane 

would occur. Large errors could exist in this last 

figure due to poor knowledge of the plasma conditions 

above 1000 kilometers altitude. In particular, the 

parallel conductivity, CTM , is given by: 

all 
1q6 ne e2 + 

m v 
e e 

10 n^ e rnho/meter, (5.13) 

m. v. 
l l 

where is the electron density/cm , e is the 

electronic charge in coulombs, m and m. are the 
e I 

electron and ion masses in kilograms, and and 

are the electron and ion collision frequencies. Above 

100 kilometers the second term becomes negligible, and, 

above approximately 200 kilometers collisions of electrons 

with ions become far more frequent than collisions of 

electrons with neutrals. Therefore, 

V « v . = |~34 + 4.18 log (T3/n )1 n /T3/2 (5.14) 
e ei L e e J e e 

and cr|| becomes almost independent of . Bostrom's 

value of the voltage drop was calculated using these 

conductivities and collision frequencies, with 

T = 1500°K. These formulae, however, cannot be accurate 
e 

if the number of electrons on a field line is not 



40 

sufficient to conduct the necessary current without 

reaching velocities characteristic of much higher 

temperatures. 

Carpenter [1966] and Carpenter and Angerami [1966] 

have used whistler data to study the distribution of 

plasma on field lines in the magnetosphere. Unfortunately 

they were not able to determine the electron density on 

the auroral field lines. We will simply note that if 

the current along a field line is I at r where 
o o 

B = BQ , then the velocity of the electrons at "r is 

given by: 
B IQ 10~

6 

v =   meters/second (5.15) 
B n e 
o e 

where B is the magnetic field and n is the electron 
3 _ e 

density/cm at the point r , and e is the electronic 

charge in coulombs. If the equatorial electron density 
3 

on auroral field lines is as low as 1/cm , and if we 

adopt Bostrom's value of the current density along the 
7 

field lines, v « 10 meters/second, implying electron 

energies of approximately 250 ev. However, if the current 

density is one order of magnitude smaller, or the electron 

density larger, the required electron energy drops to 

2.5 ev. For « 2.5 ev, the conductivity would be 

higher than that calculated by Bostrom; for Tg « 250 ev, 

the conductivity (which is no longer an entirely descrip¬ 

tive term) would evidently be somewhat lower. The data 

for distinguishing between these circumstances do not 

presently seem to be available. 
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.In any case, it seems evident that some voltage drop 

along the magnetic field lines will be associated with 

field aligned currents. Using Bostrom's conductance from 

90 kilometers altitude to 1000 kilometers altitude, but 

current densities a factor of ten smaller, as suggested 

by the data of Zmuda et al., we anticipate voltage drops 

of the order of 10 volts along the field lines adjacent 

to an electrojet. If, in addition, the conductance calcu¬ 

lated by Bostrom between 1000 kilometers altitude and the 

equatorial plane is correct, somewhat larger voltage drops 

may be anticipated. The effect of these fields is such 

that an electron traveling from 1000 kilometers altitude 

to auroral altitudes will gain or lose on the order of 

10 electron volts of energy. As we have already noted, 

the sense of these E fields is such as to increase the 

precipitation on the side of the electrojet where it has 

already been increased by magnetic perturbations. 

Analytically, the effect of these B aligned E fields 

is most conveniently included by noting that in equation 

(5.10), dv/dy is no longer a constant at the altitude at 

which it is evaluated. In fact, dv/dy rises sharply upon 

entering the region of field aligned currents, and then 

drops on crossing the electrojet region, rising again on 

leaving the region of field aligned currents. This 

effect, as well as that of the magnetic perturbation is 

illustrated in the figures. 

So far, it has been assumed that atmospheric 

scattering of the precipitated electrons is unimportant. 

However, as Maeda [1965] has shown, significant fractions 
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of the incident electrons can be backscattered, i.e., 

reflected from the atmosphere. Furthermore, virtually 

all electrons entering the atmosphere will suffer some 

scattering, primarily in pitch angle. Maeda's calcula¬ 

tions show that for electrons having auroral energies 

(2.5 kev to 20 kev in his calculations), those electrons 

having pitch angles, a , such that: 

a - 10° < a < a , (5.16) 
o o 

where a represents the boundary of the nominal loss 
o 

cone, approximately half of the incident electrons may 

be backscattered. Scattering of an electron is not 

likely to cause a large change in K , even though the 

scattering of energetic electrons from atmospheric 

molecules is not, in general, elastic because of the 

large difference in masses of the atmospheric molecules 

and the electron. However, large angle scattering of an 

* electron obviously results in large changes in |i . For 

the incident pitch angle distributions anticipated in 

this work, the magnetic moments of the electrons are nearly 

as large as possible consistent with their locations and 

energy; that is, they are precipitated with pitch angles 

that are only slightly less than 90°. Therefore, the 

usual effect of pronounced scattering of electrons will 

be to lower the magnetic moments of the electrons and 

hence enhance their precipitation (though this enhancement, 

will, in the case of those electrons which are back- 

scattered, occur either in the opposite hemisphere, or 
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after at least one more longitudinal oscillation). The 

existence of scattering does not invalidate the arguments 

given before, but it is clear that the assumption of a 

clearly defined loss cone is somewhat naive. In view of 

the apparently poor knowledge of many of the parameters, 

however, an actual diffusion calculation for the energy 

deposition in the atmosphere does not seem warranted. 

The effects discussed above evidently do not require 

perpendicularity between the horizontal axis of the arc 

and the E field, since confinement of the current to the 

arc, with its attendant localized magnetic effects and 

field aligned currents, may occur even when the E field 

and the arc are not perpendicular. However, the confine¬ 

ment of the region of excess ionization to the neighborhood 

of the enhanced ionization cannot occur unless the 

component of E tangential to the horizontal axis of the 

arc, E^ is small. The drift velocity for ionization is 

above 100 kilometers altitude, given quite closely by 
— — 2 
E X B/B [Bostrom, 1966 and Kato, 1965], so if 

E^_ > 5 mv/meter, the component of drift velocity of the 

ionization transverse to the arc will be over 100 meters/ 

second. Wherever 

dne 2 
—— = -an ' (5.17) a t 

i.e., where there are no sources of ionization, the decay 

of ionization is given by: 

n 1/at (5.18) 
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-7 
Omholt [1955] has suggested a « 10 in auroras; hence 

5 
for n^ = 10 , the decay time to half value is 50 

seconds. Therefore, any large component of E tangential 

to the arc will lead to a wide diffuse region of 

enhancement which will not lead to the effects discussed 

above. 
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CONCLUSIONS 

We have shown that the occurrence of localized 

auroral electrojets leads to the development of pertur¬ 

bations in the ionospheric E and B fields which can 

modulate the precipitation of auroral electrons. In the 

event that the precipitation of these electrons occurs 

by adiabatic acceleration or by slow diffusion of the 

electrons in pitch angle, the modulation of precipitation 

can be quite effective, leading to the development of 

bright and dark bands within regions of auroral glow. 

The lengthwise dimension of these bands will be perpen¬ 

dicular to the horizontal component of the ionospheric 

E field; the motion of auroral irregularities along 
— — 2 

these bands is then probably indicative of E x B/B 

drifts in the auroral particles and in the configuration 

of excess ionization in the ionosphere which leads to 

the localization of the auroral electrojets. 

To date, there have apparently been few, if any, 

studies of low energy electrons in quiescent auroras. 

Mozer and Bruston [1966] have reported results obtained 

on a rocket flight in a relatively quiescent aurora; 

however, their detectors were sensitive only to electrons 

with energies greater than 65 kev. Their results were 

similar to those anticipated in this paper, with the 

quiescent flux being strongly peaked at large (« 90°) 

pitch angles, and an increase in precipitation being 

associated with an increase in the number of electrons 

slightly within the loss cone. Since pitch angles less 
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than approximately 50° were not studied, and since 

measurements were not made at lower energies, it is not 

clear to what extent their results support this work. 

The importance of these and possible other 

ionospheric effects upon the precipitation of electrons 

should be determinable if properly coordinated rocket 

and optical measurements can be made. In particular, the 

simultaneous determination of precipitated electron pitch 

angle distributions and energy spectra well' above (at 

altitudes % 200 kilometers) a series of parallel auroral 

arcs, together with high quality measurements of the 

luminosity distribution should make it possible to find 

whether the effects described above are actually important 

in the formation of arcs. If the mechanisms we have 

discussed are effective, there will be little if any 

modulation in the apparently precipitated flux at 

altitudes above those where the perturbations occur. In 

fact, since (a dB7/dy + e dV/dy becomes more positive 

in regions where precipitation is reduced, Q(r, eV + |iB7, jj) 

will be higher in regions where the precipitation is 

reduced than in regions where the precipitation is enhanced. 

Therefore, at altitudes where an unperturbed measurement 

of Q(r, eV + (iB7, |i) can be made, there may appear to be 

a reverse correlation between the apparently precipitated 

flux (i.e., Q) and the luminosity below. 

The mechanisms discussed above seem capable of 

accounting for the weak auroral bands which are seen within 

regions of auroral glow, and perhaps some of the more 

differentiated forms. They account for the association of 
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quiescent arcs and regions of glow# for the alignment of 

arcs perpendicular to the ionospheric E field, and for 

the association of bands with the boundaries of glow 

regions. They clearly cannot account, with presently 

calculated values of the ionospheric conductivities, for 

the more highly structured and intense auroras seen in 

many displays. These auroras, however, frequently display 

the same basic type of structure as the more quiescent 

forms, i.e., alignment in parallel arcs. Therefore, an 

attempt to understand why a weak auroral band, whose 

existence may be explained on the basis of ionospheric 

perturbations, may grow into an intense, highly structured 

arc, whose structure is not at all obviously dependent 

upon ionospheric parameters, seems of paramount 

importance. 
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FIGURE CAPTIONS 

Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 

See text on Page 17. 

Illustrates paths followed by electrons 

with (i1 < n2 < in a , cp space 

when a is evaluated at a fixed value 

of B . The slope of a illustrates a 
o 

latitude dependence. 

Illustrates the filling of pitch angles 

outside the loss cone when an electron 

population distributed in K and |i 

is introduced. The electrons with 

a < are being precipitated. 

Shows the type of modification introduced 

into and into the pattern of preci¬ 

pitation by the magnetic perturbation 

produced by a localized electrojet. 

Shows the spatial relation of an auroral 

electrojet to the regions of weakened and 

strengthened magnetic field, and the 

effect on the mirror altitudes of electrons 

Shows the B field aligned currents which 

must flow to satisfy the boundary condi¬ 

tions on the Pedersen current component 

within an auroral electrojet. 
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