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Abstract

In an "open" model of the magnetosphere in which field lines
from the poler cep connect to interplanetary field lines, thus cerrying
whe interplanetary electric fleld into the magnetosphere, it is shown
that the night side of the polar cap is nevertheless connected to closed
Tield lines which extend into the plasme sheet. What causes the strong
electric field observed on these fleld lines? It eeems that a key factor
is provided by the long narrow "windows" through which open field lines
epparently leave the magnetosphere. The clrcult providing electric

current in the magnetopause and the plasme sheet must then extend across

- pse windows; this drains energy from ‘the interplaﬁetary electric field

. produces an electric'potential drop across the plasma sheet. Thus
tt= polar cap receives 1ts electric field from inberplanetary space by

iao

two pathways -- on the day gide from opén maghetilc field lines and on

.ﬁhe.night side from closed field lines leading Lo the plasme sheet.

The theory outlined here provides improved understanding of megnetic flux
bobkkeeping,.bf the origin'of Birkeland currents and of the boundary

layer of the geomegnetic tail.
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Introduction

Observations of many kinde (see reviews by Cauffman and Gurnett,[lgqe]

end by Pudovkin [I197h.] ) indlcete that an electriec field E , directed

approximately Yrom dawn to dusk, extends across the magnetic polar caps

of the earth. The total voltage dfop across ‘the polar cap averages about
40,000 volte and the fringing pattern of this field is mapped along closed
field lines to.give a daﬁn»to—dusk electric fieid in the more distent

reglons of the magnetosphere.

The generally accepted theory of this field is based on a suggestion

by Dungey I-l961] that megnetic field lines from the polar caps extend

to interplanetary space, Since field lines in the interplanetary magnetic
field (IMF) are "frozen" into the solar wind, such a connection betveen
them and the polar caps cannct be p permanent one: a process is required,
called magneticsmerging, by which an interplanetary field line approschihg

earth is broken into two parts and each part hecomes attached to a terrest-

.rial field line conneoted to one of the polar caps. Some time after the

~ interplenetary field line has passed the earth, this connection is broken

and the two parts are reunited An extensive literature exigts about the

magnetic merging process, assumed to take place at neutral points ( see

review by Vasyliunas [ 1975]_.).

At about the sama time, Axford and Hines [1961] proposed that

the magnetospheric plasms undergoes a 1arge -scale convective flow,

which also leads bo & magnetospherlc nlectric field They recognized

'several possible explanations for such convectlon (1ncluding Dungey 's)

but favored & viscous-like interaction between the magnetosheath plasma

i A ek e . s s ot s sl e T A

R Foby rrriid




and vhe plasme inslide the magnetosphere; this intersction extended ecross
the magnetopause; which they viewed as a closed surface. Many of the pro-
perties of the "closed magnetospheric model" rzsemble those of Dungey's
model, but the closed model does not explain well either the correlation
between magnetospheric phenomens and the direction of the IMF or the

propertiés of the polar cusps. In addition, a satisfactory theory of the

postuleted visceus-like process has not yet been advenced.

The Polar Magne tic Flux

A basic concept in theories of the magnetospheric electric field E
is that of the polar cap, generally defined as the polar reglon in which
the ilonospheric electric field is directed predominantly from dawn to
dusk, or in different terms, where lonospheric convection is predominantly
- anti-sunward. The region for which this holds often ends in an ebrupt
boundary, also termed 'reversal layer" since it marks the reversal of

the convective fliow from anti-sunwaerd to sunward.

Observetions indicate that the size and shape of the polar cep and
'the'strﬁcture of its electwic field all vary in time. However, we
shall here assume gn average model of & circular polar cap extending
from wmagnetic latitude "{80 &b noon to. ‘TOD' ab midni'g'ht ; i.2v 8 clircle
'with..160 radius centered hon nigﬁfﬁard of the magnétic pole. In this:
circle the electric rield will bélgssumed,-at least as an initialz
appfoxi'matiéﬁ, .{;o be cdnstant in meguetiuds and direéte‘d from .d'a.wn. to
__ dusk (Figure 1) - | . |
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The simplest "open" model of the electrie field assumes that all
magnetic field lines from the poler cap are open and that the Iringing
pattern of the elecgric field conducted by them f{rom interplanetary space
18 responsible for an electric field on closad Tield lines (there exists
another electric Tield component there, due to the ecarth's rotation).

This view has formed the baslis of some quantitative models derived by i

Twaseki and Nishida ]"1967] , Vasyliunas |"1970] Volland [1973] and :
Stern [lg?ﬁ] . | '

However, vhen this simple model is examined gquantitatively, it
becomes difficult to understand vhy the ﬁoler'cap is as large as 1s

observed, encompassing an appreciable amount of magnetic flux. .As !

will be detailed below, the difficulbty 4is two -Told : on one hand it is
necessary to explain how this flux csn be ‘connected to the interplane- ' i

tary magnetic field (IMF) without producisg much higher voltages than i

ere cbserved. On the other hand, closed field lines stretch into the

R e ol

magnetotail of the earth and account for an apprecisble amount of

terrestrial magnetic flux. J¥ such lines are not enchored inside the

T R E e Bt e pmetonct}

polar caps, it is Qifficult to fit them elsewhere, while 1if they are
connected there, an explanation for the electric field observed on them
is required This article proposes that such Tield lines indeed are
connected inside the polar cap and thet their electrical potential is
conveyed to them by an electric 1inkage involving the megnetopause end. __. {

the plasma sheet.

Consider the First point: measuring distances in ‘the polar caps in
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degrees of latitude ( 1 degree =~ 111 km, ), the ares of the polar cap,

in the preceding model, is sbout 8OO sq. degrees. In convenient units,

the magnetic flux from a poler aree of onz square degree is about

19 7y RE , B0 that the total polar flux comes to about 15,000 y RE .

If all poler field lines lead to an IMF of 5 ¥ , their ecross-gectional
erea is sbout 3000 RE ; -appuming then the bundle of emerging polar field
lines to form a circular cone, its ultimate diemeter is dbout 60 Ry

5o that with an interplanetu.y electric field - v x B of sbout 10 kv‘/RE
one expects a total voltege drop of ebout 600,000 volts across the

bundle, far more than is cbserved in the polar caps.

To resolve the disecrepsncy it has been proposed [Stern, 19738 ;

Morfill and Scholer, 1972] that the emerging bundle is grossly

elongated and is stretched along the tail, so that its width in the
direction of vX B is only aﬁouﬁ 4 RE (to aceoun— .. the average
polar voltage drop of about 40,000 volts) while its Levwih along the tail
- in the direction of v - may reach 750 RE or more. This agrees with
observations of the arrival of solar flare particles at the polar caps
(reviewed by Paulikas (_21_] ) which suggesta that such varticles

enter the tall along a stretch of several hundred RE

Even if only a part of the polar cap is connected to open field

lines - and even if that part is as small as the polar cusp, which heas

an aree of about 50 sq. degrees I-Hoffman, 1972 H Shepherd and Thirkettle
1973 ] - the preceding argument suggests that the open polar flux makes

its exit from the magnetosphere along elongated Windows B the length Of

. which considerably exceeds their width, which yemains around 4 R; . These

"windows" (Figure 2) can be expected to shift their position to face,
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as muclh as possible, the directicn of the interplanetary magnetic field:
the entry of interplanetary fielid lines 15 then much more direct for
& southward IMF than for & northward IMF and this might contribute to

enhanced magnetic activity in the former case.

If these "windows" an@ the field lines threading them define the

boundery leyer recently observed [ Homes et al., 1972; Akesofu et al.

19735 ; Rosenbauer et al., 1975 ; Hardy et EL':.EEEQJ then shifts in

their position should be reflected in & corresponding shift of the
boundery layer. In particular, the quadrant in which the boundary layer
is observed should be correlated with the sector structure of the TMF

in the following way:

North dewn, South dusk - for "away" sectors

North dusk, South dawn - for "toward" sectors.

Three events listed by Akasofu et al. ['l2[3] , oceuring on September
28, July 2l and Octcber 9, 1969, all agree with the above rule and

correspond to "toward" sectors [ Friis-Christensen et al., 1911] but

a mor= complete analysis is highly desirable.

Thus the notion that all field lines in the polar cep are open
requires them to make their exit in a rather distorted fashion. Additio-
nal argiments will now be presented to show that a large fraction of
these.fiéld 1ihe$ - pérhaﬁs cidée %6 one helf of the maghetic flﬁk'

involved - are actually closed.
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Clooed Polar Flield Lines

When models of the geomagnetic Tield arp devised to it cbservations
from epace, the polar cep boundary generally falls around L = 10, which
meens that field lines leading to the geomagnetic tall are anchored on

the night side of the polar cap. However, magnetic field observations

in the tall [Behannon, 1970 ; Fairfield, 1968] indicate that the mag-

netic component Bz orthogonal to the plasma sheet is directed pre- .
dominantly northwards '[ﬁable on p. 751, Behannon, 1g[o] , shggesting

that closed Tield lines extend at least to T0 RE .

Assuming that the reported ﬁverage values of B, can be taken as
 averages for the full 4O R, width of the tail, the c¢losed magneﬁic
flux associated with the tail is appreciable. Akacofu et Ei'[:lﬂléj
mappéd the field.onto a surface tangential to the Velsa orbit gt 18.5 RE
(figure 11 there) and Tind that field lines reaching the tail midplane
at 18.5 RE .are anchored aldng a line extending from magnetic latitude
73° at midnight to 76° in the early and late day hours (Figure 3).

One can estimate at least & lower bound to the closed flux polevward from

this line from the.data bi Behannon l:;QTO]., giviﬁg the.ﬁverages of
Bz between 20 and 70 RE in the tgil. ﬁuing these data ohe findé
- that the closed magpetic flux in the_tail betWEep 20 and TO0 RE
amougts to 3000 v RE__: corresponding tg_é_pol&r aree of.aboﬁgsb_

160 square degrees.

An interesting question in this connection is whether the closed

- magnetic flux in the geomﬂgnetic tail can be identified with the flux

-
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threeding the plasma sheet. In filgure % - Tollowing Iacsen [lg?h]

we have indicated the line from which Ti:ld lines extend t¢ the boundary

of the plasma sheet, as observed in Vele orbit. The magnetic flux through

the area between the two curves drawn (i.e. through the northern half
of the plasma sheet cross-sectlon at Vels orbit) is about 5000 7 RE .
As vas noted above, observetions of B, suggest that 60 Y. of this
flux clnses within the luner orbit; if the tail continues for another
200 R, with an aversge B, of 0.25 7 {half its velue at 70 R )

then “he rest of the {lux is alsc accounted Tor. In view of obeervations

of solar proton access [:Paulikas, 197#] this possibility seems to
be quite plausible, in which case the plasma sheet indeed defines the

bundle of closed polar field lines.

It should be noted here that on most ol the -loged fileld lines in the

tail the plasma population does not extend all the way to the earth'

vicintty. The perticles observed by Gurnett and Frank ]1973J above the
polar ionosphere and identified by them es "the plasme sheet" come
from the inner edge of the sheet and probably include cases where thic
edge hac beeh convected ah eppreciable distance earthward. In'ccntrast
most of the closed magnetic flux discussed in this section impinges a
-considerable distance poleward frcm the fea$ure observed by Gurnett

and Frank.
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The Nightsilidfe Electric Fleld

-
a

From the preceding it appears that a considerable fractlon of the

I‘
polar cap - probaebly close to one half of 1ts area - is connected to
closed fleld lines. If so, what is the source of the electric fieid

cbeerved in this region?

One possibility is the following. IT the noon side of the polar éap
(the cusp region) and its middie portion receilve their electric field froh '
interplenetary space along open Tield lines, then the ionospheric current
system produced by this field will exﬁend gome diétﬁnce beyond the region

of open field lines and will create there a "fringing" electric field.

In the present case, however, the electric fieid on closed fleld 1ines.
is far too. strong and too extended to be explained by fringing effects.
Furthermore (as.will be explained later) the ionospheric current system
related to Birkeland currents alsc seems to be associated with élsséd field
lines, yet this system requires a_"stronger” source than what fringing

Tields can provide.

It thus seems likely tham some "strong mechanism maintains the electric
Tield throughout the polar cap, albhough the fileld outside the reversal

boundary indeed seems to be of the "fringing" type.

Po understand this mechanism in the case of closed field lines in the

- polar-cap, consider Figure 4, which schemetically shows a cro. ‘~section

S e
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of the tail, viewed from carth (sec aloo Figure 10 of Stern [g._zﬁ_a.] ),
The broad arrovs trace the current flowing a-iose the plapme sheet and
returning along the magnetopause and as chown in the figure, the fact thet
the magnetopause is interrupted by the "windows" of oper Tlux inserts an

e.am L, of gbout 40,000 volte in ecach half of this cirecuit.

By srguments which will be glven below, most of this voltege will appeer
across ‘the plasma sheet - g.g. between pointc A' and B' in Flgure 2 .
Because of the high econduetivity perallel to the megnetic field, this
same voltege will also appear between pointes A" and B" on the night side

of the polar cap (Figure 2) , providing a source for the electric Tield

~ cobserved in that region.

Iri order to Justify the assumption that most of the voltage sppears acrdas
the plasme sheet one must distinguish the various modes which carry the
current of Figur b through different parte of the circuit. Three different
modes exist - in the window reglion, in the megnetopause and across the

plasma sheet.

The window region and the field lines reaching through it are the
source of the magnétosphéric electric field and the energy requifedlto

meintain this field is ultimately extracted from the kinetic energy of

" solar wind plasme attached to these field lines. Details of this.proéess

- and in particular, of the polarization current which carries the circuit

flow acrdss the window - are given in the appendix of an article by

Stern [19739.] :
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Assuming the megnetopause to be a tongential atocontinuity, 1t turns
out that the electric current associmted with it (apart from the megneti-
zation current asscciated with the sharp drop in plasma denoity which,
however, does not contribute to the current flowing into end out of the

plasma cheet) is carried by trapped particlec confined to the region of

discontinuity [Alpera, 1069 ; Stern 1973b, 1975‘9] » IT & potential
difference exists along the path of this current, the trapped particles
will be acceleratea and in doing so will diminich the potential differ-
ence. In intuitive terms, the megnetopause can be viewed as having a

very low impedsnce for current flow in the direction which it allows.

In the same analogy, the plesma sheet can be regarded as &
high-impeda.ncé concactor: it is gble to carry an epprecileble current
only by virtue of its great thickness. Particles move across the plasma

sheet my means of a rather slow guiding center 4rift mode [ Stern and

Palmadesso, .L975] : an electric field across the sheet s to lowest order,
has no effect on the total current and therefore will not tend to be
shorted out by the sheet. Hence most of the voltage in the eircuit will

probably develop across the plasme sheel, as has been assumed.

Birkeland Currents

.The. cﬁ'er-é.ll resﬁlt of the me.cha.nism def.sc'ribe.c.l'. earlier is that, as
ohseryed, a dawn-to-dusk poténtia.l difference of sgboub 1+0, 000 volts
exists across the ﬁolér ca.p...bn the day 'si(:.le. t'l;is' ‘comes 'froiri."op.e'n |
magnetic field lines leading into the magnetosheath, while on the night
slde it comes from closed li_nes con.necterc_l to the plesma sheet s in the

manner described earlier.

4TS S Syl SRR AR S S



CRRRIN |

-2 -

Partieles in the plasmae shect will be convected earthwards by the
glectric field and willl elso be accelerated by E oo the magnetic drift
slowly carries them across the plasma shest: their energy gain can be

estimated from conservablon of adigbatic invariaents [Stern and Palms-

desso, ;2]21 » Observatlons seem to confirm this convcciive process:

while Bame et al. [1967] find thet at Vela orbit proton energy peaks

between 2 and 5 kev, Hills and Hardy [19?5] give the corresponding
range at lunar distances ss 250-500 ev. The rati belween these two

energy renges epproximates the ratlio of everage B_z ut these two loeations,

© Wik )5 what one would expect in the convection of particles with 900

pitech angle.

In eddition to the field in the tail, a "fringing" electric field,
due to conduction in ﬁhe jonosphere, Will extend beyond the boundaries
of the polar cap (Figure 1). Thie will product an electric field on
magnetic Fficld lines closing within 10 BE or lesg : mapped into the
equatoriel plane this field will also point roughly from dawn to dusk and
1t will convect charged particles from the night side towards the day

side [ Schield et al., 1969; Wolf, 1970 ; Chen, 1970 ; Stern, 1975a] .

Particles convected in thls manner tend to undergo considerable
energization. For instance, equatorial particles which conserve the mag-
netic moment increase their ene:gy.in-proportion'to the ambient magnetic
field, so that & particle penetrating from L =8 to L =4 increases
its energy sbout eightfold. For non-equatorial partlcles the ratio is

smaller, but still considerable. It is instructive to examine how the

‘eledtric field supplies this energy.
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For very low energles both electrons and probons tend to move together
with the electric drift veloeity E x B/B® which ties them to their
Initiel equipotential surface. A negligible ...ount of charge separation
is produced and the perturbation of the elgqetrie field therefore is alse
negligible. On the other hand, since the energy geln is proportional to
the initial energy of the convecbed particles, the energy drain on the

electric fleld is also negligible.

When the initlal particle energy is around 1 kev +the energy drain
mney no longer be considered small, but now magnetie drifts separate
electrons from protons. Protons drift to the dusk side, electrone to
the daﬁn side, and this charge separation creftes s secondary elechric
field which (in conformity with Le Chatelier's principle) opposes the

Primary one.

Whet happens next depends on whether the primary source of E is
"strong" and can supély the required energy with ease, or is "weak" and
cannot. With a weak field source the charge accumulation will gradually
”shﬁt the field off" in the convection region and both convection and

- source,
energization will be greatly reduced. A strong field Yor the other hand,
will prevent charg&s from accumulating: to accomplish this, currents will
Tlow between the ionosphere {(where E -criginates, as fa: as closed field
lines:are ﬁoﬁcerued) and the ch&rge.separation_region. (At_still_higher

energies, magnetic drifts dominate the motion and do not allow particles

+to convect inwards and be energized).
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Observetions suggest that both sibuaetions ogeur to a certain extert.

On one hend, the rapid fall-cff of E outslide the polar cap boundary

[Heppner, 1972 ; Voliand, 1973 ; Stern, 197k, 19'{5a] suggesto that
there exists an appreciable amount of "shielding" of E by space

charges.

On the other hand, neutralizing currenfs have been observed directly

[:Zmuda and Armstrong, 197h] and indirectly [Su iura, 1gzq'1 and have

also been postulated by Schield.ggig;. I:lQGQJ . On the dawn side they

flow from the plasma sheet (which ie the main source of E for the

night side) to the polax ionosphere, then within the lonosphere to a lover

latitude corresponding 4o fleld lines on which an excess of elechtrons has
accum ilated and finelly outwards along fleld lines 4o regiong of excess
negatlive charge, o On the dusk side all directions are

reversed since the space charge there is positive (Figure 5).

The ooservetions of Zmuda and Armstrong [19’71#] meke 1t clear that

the neutralizing current originates on field lines classified as closed

Cdn Figure 3 . Observabions suggest that this current pattern is enhanced

during substorms, with the auroral electrojet representing the associated
Hall current in the ionosphere: 1f the electric field were to originate

on "open" field lines as shown in Figure 3 , then the electrojet would

 cover a much wider range in latitude then is observed. The necessity for

closing the current loop of the Hall current will somewhal complicate the
picture developed here, but this added factor is not ineluded in the

gimple model which has heen presented.

"
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Summar ¥y

The "open magnetosphere" model requires magnetic field lines from the
polar caps (defined here as regions of anti-sunward convection) to connect
to the interplanetary magnetic field and to conduct an electric field from
interplanetary space to the polar ionosphere. By examining the magnetic
flux involved 1t is concluded here that probebly only slightly more than
half of the magnetic flux in the poler caps belongs to open field lines
and that such field lines enker or lewwz the magnetosphere through narrow
elongated "windows" stretching along the tail. These "window" regions mey
be identified with the taill'r boundery reglon and ought to shift their
position with changes in the interplanetary magnetic field, in particular

when there occurs a c¢hange of interplanetary magnebic sector.

Much of the night side of the polar cap is on c¢losed field lines, which
Eeem to0 be the seme lines as are observed to thread the plasma sheet at

18.5 RE » These field lines also cerry an electric field. From various

 observationz - ».g. from the aystem.of Firkeland currents which involves this

reglon - it appears that the source of the nightside electric field is
it is

"strong", i.ey\a low-impedance source capable of supplying apprecieble

amounts of energy. Thls source is identified as an alternative pathwdy

connecting the "windows" through the megnetopause 46 the plasma sheet.

Reaéops ere presented suggesting that almost all the voltage existing

aeross the "windows" will also appear ascross the plasma sheet, from which

it is éonveyed élong closéd'field lines to the nighﬁside polaf ionosphere.
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Captions to Figures

Figure 1 -~ Schematic view of electrical eguipotentiale in the polar
cap: the potential of the dawn edge is abot 40,000 volts

higher than that of the dusk edge.

| Flgure 2 - Schehatic view ol the >-dimenslonal configuration of the
open magﬁetosphere, ineluding the "windows". The interplane-
tary magnetic field, in solar magnetospheric coordinates, has
poeitive values of Bz and By and the points A and B
on opposite sides of the northern "window" have & potential
difference of about 140,000 volts. Due to the high conductivity
of the magnetopause about the same voltage appears between A'
and B' while conduction along field lines conveys these
potentials to points A" and B" in the nightside polar

lonosphere.

~Figure 3 - Boundary lines in the polar cap used in . identifying regions

of open and closed field lines.

Tigure L4 - A cross-section of the megnetospheric tail, viewed from

earth and tracing the circuit of the plasma sheet current flow.

Figure 5 - A schematic view of the electric clrecuil associated with

- Birkeland currents (compare to Figure 2). .
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