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A New Theory of Sources of Birkeland Currents
by K. D. Cole*
Laboratory for Flanetary Atmospheres
NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771

U.8.A.

Abstract

A new approach to collisionless plasma (Cole 1983) shows the existence of
current orthogonal to B along the low latitude boundary layer of the magneto-
sphere driven by electric field which is orthogonal to both B and the layer.

In this case the relationship 2

2 EE
B L
+ T e ————— t
BL oy an constant,

holds on a line orthogonal to B and the layer, where e is the dielectric
constant of the plasma for electric fields orthogonal to B. Across the

geomagnetic tail there flows a current in the direction of the dawn-dusk

electric field, and in this case a relationship

2 EElZ

3L+ 81 + Sm

= constant,

holds along a line orthogonal teo E and B. Divergence of both these currents
is shown to be a source of Birkeland currents. Aalso some of the boundary
layer current is continuous with current across the tail. Electric currents
of physically similar origin flow in interplanetary space, and when the

magnetosphere interruptsg them, additional Birkeland currents are driven.

* On leave from La Trobe University, Bundoora, Victoria, Australia, 3083.
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Introduction

In a recant paper a ganaral theovy of alactromagnoebic flalds In plasmas
In a quasi~steady stite was proposed (Cole 1983). This theovy is now applled
to tha problem of the sources of alectrle currenk responsible for geomagnatie
digturbance. In tha fiwrst pavt of tha paper, some idoaliged confiqurations of
elactromagnetic fialds in plasmas are consideved. In the second part, thesa
are applied to structures in the geomagnetic Fleld and interplanetary space as
part of a naw thaovy »f geomagnetlec disturbanca,

Though many components of earlisr theorles of gaomagnetic dlgturbanca
(Axford and Hines, 1961; Dungey, 1961; piddingten, 19G0,1962; Cole, 1960,
1961) rvemain valid today, none of bthem is entiraly satisfactory and all fall
to be quantitative on the precise wechanism of traunsfer of anergy from the
solar wind into the magnetogphera and tha atmosphere. Laterw, this author
(Cola 1974) illustratad mochanisms wharaby solar wind plasma could enber the
gaomagnatle field. These included "grad B capturae" and plasma flow across the
magnatopauge causad by tangantial aelestvic fields and inevtial devifts.

Tha tangantial elactric filelds could be caused elther as the rasult of
grad B capture on the day side of the magnotopause (Cole 1974) ov as the
rasult of dynamo action in the high latitude lonosphaere (Cole 1976).

In this papor an attempt is made ko advance the theovy of solav wind
interaction with tha magnetosphera inveking naw understanding of currents
ganaratad by plasma flows (Cole, 1983) in intarplanstary space, and in vardous
raglong of the magnatosphere and showing how thae currenks couple into the

uppar atmosphere. The units used arve ¢.q.s., except whera otherwlse stated.
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Idealised Wield Conflgurationa

In this paper tho theovy of the Maxwall strasses in a cnlltainnla&ﬁSZ*D
plasma (@ole, 1983) s applied to dlgeuss the sources of olactkric currvent
vagpongible for weomagnoetic disturbance. By traating a collisionlass plasma
ag & wedium with speciflable dielectric constant and wagnetic permeability it
has bean shown that, in a skeady state,

(v p B+ (Ex W xp-38® ve -t utw=o, (1)
where E = olactric flald,
B = magnatic induction,
H = magnatic flald,
p o= L magnatic parmeability,

H

gl + B
b= b2 21,

whare I, denote componants parallel and parpendicular vespactively to B.

dnom c2

g 2 !
B

3

whare NG @ numbier of itong ewm™? of specles s,

and my molacular mass of ions of specles s.
Tt has bhoan shown alsowhera (Cole 1983) that in plasmas such as exlsgt in
the low latitude houndavy layer and lnbavplansbtary space tha Porce denoted by

2
the texm (div D) B = % B, “Ve in ogquation 1 drives significant cuvrent. This

A
current: i rvefarred te as dlalactric curreant and arises principally bLecause of
tha large value of 2 in magnatised plaswmas.  In thig paper divergence of
currents of this kind in tho goomagnotic envirenmant ava invoked as sources ot
nirkaland currents obsarved in the magnatosphere. Plrst, some simple wodals
of crossad elactric and nagnatic €lelds in plasmas arve presented, which dafine
tho new cuvrants invoked. Then these models are applied to the plasma

anvirvonmant of the earth in space to astimate the strangth of Birkeland

surrants.
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From equaktion (1)

9(B_,) o(B )
~dp22e 1,238 A, 2/}l x/u
(div D) Bx 2B 3 t 2B Bx(p) B ( 9x 0z )
a(s_, )} (B, )
x/u_o_ L ylwy o
+ By ( By ™ ) = 0, (2)
8(s_, ) a(m_, )
1,28 1,23 1, X/ y/u
(div p) E_~- 5 By v + 5B By (u) B, oy o )
o(B ) a(B )
y/u z2/p
and
a(s,, ) 3B _,)
_Alg28e 128 4, y/u | _z/y
(div D) E > E "3zt 3B az(u) B, (=3 y )
a(s_, ) 3(B_, )
z/u X/p
* By Tk T 9z = 0. t4)

when € >> 1, div D ~ €E = e(g&; gu).
Consider now different simple cases of equation 1 which can he integrated and

applied to interplanetary space or the geomagnetic field.

current of Type I:

Suppose B = (0, 0, Bz) (5)

and E = (0, Ey(y), E,) (6)

It is shown in Cole (1983) that

1
Sﬂpl

B2

=
1+

This case (gee Fig. 1), discussed earlier (Cole, 1983) shows that a current

ST e LA
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flows in-the x direction, of magnitude given by

o= doe 3 L2
I, =57 5. 3y [eDy Bnpl]. (7)

Also if E, << E, equation 3 intergrates, when %; = %; = 0, to

y

Bﬂpl + Bz2 - eEy2 = constant. (8)

This corresponds to the circumstances of plasma flows and currents in the x
direction. We investigate later the possibility that the flow in thelow

latitude boundary layer of the earth (Eastman, 1979 jEastman and Hones, 1979)
is like this. Also we expect that flows describable by this model exist in

interplanetary space (see applications, later in the paper).

Current of Type II:

In this case (see Fig. 2),
suppose B = (0, 0, B ), (9)

and E = (0, Ey(x), Ez)- (10)

3 a . .
with — = Pyl 0, and B, << Ey equation 2 yields

oy
2
B

3 b4 2 9 _

P ( " ) + Ey % 0. (11)
Integrating equation 11, yields

2 2 9 2

8mp, + B + eEy - fsg; (Ey ) dx = constant, (12)

e e
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This ecase 1* appropriate to discussions of Flow of current across the
"neutral” sheet in the geomagnetic taill wuader the influence of a "cross-talil"
electric field,
In this case the current in the y-direction driven hy electric field is

given by

4 =1 ¢, 23
jy T 8B Ey ox’ (13)

In the special case, when ¥V x E = 0, equation 12 becomes

2 2 _ )
Bnp_L + BZ + eny constant. (14)
In the case of cold plasma P, = 0, and,
2 c?
B 4 === = constant, (15)
z v 2
A
2 2 ’,
where VA = ¢ /e = square of ALfvén velocity (16)

Equation (15) resembles the results obtained by Alfven (1968) and Cowlay
{1973) in discussing properties of neutral surfaces. While the general
solution of the problem of an infinite neutézsheet is contained in equation
(14), the Alfvén (1968) type solution is contalned as a special case
{corresponding to p, = 0), while the Haxxis (1961) type solution is another
case, corresponding to Ey = 0., In the former case, a balance of forces is
maintained by—V(eEyz)/Sn and °~1.i X B. In the case Ey= 0, a balance of j x B
and —VPL could be maintained.

Case II is, of course, relevant to discussion of magnetic "merging."
Equation 14 can be interpreted as implying the existence of static structures

of opposed magnetic fields in which plasma is driven towards the merging

region by an applied electric field Ey. The plasma is turned away from the
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nautral line before veaching it genarating current in the dirsctlon of By'
The partitioning of energy batwesn thermal energy of the plasma, as manifested
by p , wagnetic energy and electric fleld enavgy density, is depondent on the
plasma density, or equivalantly, the ALFvén speed (sea equation 14). Clearly
thera is a limitless varloty of pussible pavtitions. EBExperimaents looking Ffor
marging veglons in the geomagnetic tail or at the magnetopause should take
Luko account all three terms of equation 14. It appears that a staeady state
nautral sheet can exist in which no merying takes place. Additional factors

to those censidered hare would appear to ba necessary in oxder to generate

merglng.

A variant of Case I:

Assume B = (B, 0, B,) (17)
and E = (0, Ey(y). ()] {18)
9 3
Equation 3 then yields, assuming i Q = e (19)
(B )
9 1 2 38 1 .23 .1 x/
S(eE ) -—p ek 2L 2ty - T4
[By(°E )] R T R A e T
a(B,_, )
-B ~——-§—/—“-—= 0, (20)
B Y
Thervefore,
2
3 2 9 _,B
and it follows by integration along the y-direction, that,
2 2
eEy - B - Svrp.L = gonstant. (22)



This is essentially the same result as case I which shows that the components

of B perpendicular to Ey act independently but similarly in relation to Ey.

General two dimensional plasma

n this case,

asgume B8 = (0,0, B,) (23)
E = (Egr Eg 0) (24)

3
and 2= = 0 (25)

Equation 2 new yields

d 9 1. 223¢
[ax(azx) + ay(sEy)] E, -3 E° 5
oB
1,23 4, 74 IR,
+ > B ax(u) Bz ( v )y = 0, (26)
v 9 1 2 9¢€
and [3-(eE ) + ay(eEy)] E, -2 B 3y
(s _,)
1,23 A, Lzl
+5 B, 5y (u) B, 5y = 0. (27)
From {(27)
2
2 3 2, _3 B, _1_.223 _
[ay(eEy)] E, + 9%t ) = 3%l 25 o = O (28)
From (28)
2
9 3. .8 (BT, _1.23e _ <
[ax(EEx)] B, + 5508, ) m 55 G 3 By gy < 0. (29)

rmeris >

R
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Since ¥V X E = 0, equation 29 yields

2
9 2 19 2 3 B )
3R B ) " aw(EB, ) = 50T+ GHleRE) = 0, (30)
and equation 30 yields
2
) 2 13 2 3 B )
ay(aEy ) > ay(eEx ) ay(u ) + 3x(eEyBx) = 0, (31)
It follows that
2 2 2 2
2—5 [eEx2 - % eEy2 - %—] = 3—5 [eE 2. % sEx2 - §~} (32)
Ix ay Y H

No simple interpretation can be given at this time in this case of a general
two dimensional plasma ard it would appear to need computer solutions to

produce further erudition. The symmetry of equation 32 is, however, noted.

Intermediate Ve and V(1/u)

Suppose a unidirectional electric field exists orthogonal to B and let

there be gradients of £ and p orthogonal to B, so that,

B = (0, 0, B,), (33)
E = (0, By 0), (34)
%—z-=o,g—§¢o,§§¢o, (35)
%}1‘1 40, %3 £ 0. (36)

Equation (2) then yields, for the x-component,

9(B
1p23 1.23 1. z/u)y
-5 Ey e ax(u) B, {ax } = o, (37)



ORIGINAL PAGE IS
OF POOR QUALITY

and for the y~-component,

g 1,2 1.2 1 3
[ay(eny)]my 2 By oy T 3 Bayty " BaggtBa) = O (38)
Equation 38 integrates to
2 2
eEy - B -BWpl = £(x), (39)
while equatiion 37 yields
¢E 2 + B 4Bmp, = (y) (40)
‘y PJ_ ‘b yi.

Once again it appears that computevr calculations could be required to

make physical interprctation more accessible in this case.

APPLICATIONS

We are now in a position to discuss the various current regions of the
magnetosphere. First we consider the regions near the magnetopause.
Traditionally, currxents at the magnetopause have been considered to he
produced solely by a gradient of pressure pointing outwards from the
magnetosphers. A Lorentz force j x B was considered to oppose the force due
to this gradient of pressure (see Willis 1971 for a review). These currents
are the Chapman~Ferraro currents. It 1s considered here that the traditional
approach must now be modified. It will be seen to be ol limited application
in portions of the magnetosphere only, viz., over a small range of longitudes
either side of the "nose" of the magnetosphere. In this region a negative
pressure gradient acts from the solar wind into the magnetosphere. In vast
regions of the magnetosphere, and the low~latitude boundary layer associated
with it, there is a flow of solar wind plasma inside and roughly parallel
to the magnetopause in whic¢h the speed decreases inwards (see e.g., ¥Fig. 3
taken from Eastman (1979)), and in which the term eE 2 is a considerable

1

10

1
x
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fraction of p + In making this claim, we assume that eEl? is estimated by'b& :

nimivswz (c.ts, Cole, 1983).

Roundary Laver

It is claimed by the present author that in the boundary layer the
current system is different from what might be expected on Chapman-Ferraro
theory and the consequences are significantly different. One long recognized
difEiculty of the Chapman~Ferraro approach is that it predicts no energy or
plasma flow into the magnetosphere at all. Nor does it account for the
neutral sheet in the geomagnetic tall. The Chapman-Ferraro theory however
appears applicable in a limited manner to some parts of the magnetopause as
will be demonstrated. TLet us now apply equations 7 and 8 of Case I to the low

latitude boundary layer.

The Boundary Layexr Current

Consider an idealized low latitude boundary layer in which the flow of
solar wind plasma is laminar and parallel to the boundary. ©Let the velocity,
pressure and density be functions of distance from the magnetosheath. The
magnetopause is considered to be a tangential discontinuity of the magnetic

fieldo

Figures 4a and 4b illustrate the situation in cross seaction in the dawn-side
and dusk-side boundary layer. This configuration conforms to Case I. We
realize from equation 7 that the dielectric current is sunward in the dusk
side and anti~-sunward in the dawn side. The presence of these currents has
not hitherto been taken into account in the problem of solar wind interaction
with the magnetosphere. Figure 5 illustrates the dielectric current in

equatorial cross section. The current due to ~Vp is not illustrated.

11
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The dielectric current flows in the opposite direction to the classical
Chapman-Ferraro currents which are caused by the gradient of plasma pressure.
The dielectric current is a dielectric current of type I. The complete
current orthogonal to B in such flows leads to equation 8 and ig specified by
equation 7.

This theory calls into question the widespread view that the geomagnetic
field is separated from the interplanetary medium solely by a current layer
caused by the gradient of pressure of solar wind normal to the current
layer. However the theory appears to be consistent with observations of the
outer regions of the geomagnetic field where it interacts with the solar
wind. Taking the ion plasma parameters for a typical dawn-dusk meridian in a

sequence of steps through the plasma boundary layer (Eastman 1978) Table 1 is

constructed
TABLE I

Plasma Magnetosheath PBL PBL PBL PBL Magnetosphere
Parameter 1 2 3 4

n(cm™3) 18 14 10 6 2 0.5
Vikm s~ 300 280 200 120 50 <30

E (kev) 0.5 1 2.5 4 6.5 7
1/, nnv? 9.7 5.3 2.0 0.4  0.02 <0.003
(kev cm™3)

p (= 2 nE) 6 9.3 16 16 8 2.4

3 -3
(kev ¢m ~)

In this table E is the mean energy per particle. Therefore there is a

substantial dielectric current to deal with. There is a decrease

of % p stw (where Vow is the plasma velocity and p the density) from the

solar wind into the boundary layer.

12
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It is evidont frowm Tabla 1’(3) that the componant of current in the layer
due to the gradient of (Gﬁf) is of comparable magnitude to those due to
gradiants of prassure (b) the component dua to gradient pressura add s to that
due Lo V(egi) in the outar section of tha plasmo boundary layer (¢) in the
innar section of the layer the current due ke gradient of pressurs is in the
divectlon of the ¢lassical Chapman-Ferraro curvent.

The strength of the dialectrle current in the boundary layer can be

1

astimated from equation 15 assuming B = ¢ Vg B.

Then, per cm along B, intagrated through the layer it is estimated by

E -1 o] 2 =1

37 fem ) = 5 P sz B . (41)
The total dialectkric curvent (J.L‘) is glven Ly integrating above and below the
aquatorial plane whaerever the vomndary layer exists. This is not known, hut
withiln a fagtor of 2 it is estimated to be 10 Ry, ahove and baelow the

aequatovial plana.

So
J & L 10 GpV 2 8—1 CeQe8e (4?)
T RE sW ’
rable YT shows values of J,l,E for a variety of valuas of Vg, B and ng

whare p = Ng Wy and wg is assumad = mass of H atom.

13



- 13
GRIGINAL PRGE
OF POOR QUALITY

TARLF_ LT
n v B J,.E {amps)
8 qw T

tem™3) (ems™ 1) (vy)
10 400 40 4.5 x 108
10 400 10 1.8 x 107
5 800 40 9 x 108

These currents are geophysically significant. fThey exert an inwavds force on
the magnetogphera and would contrihute to a decreasa of the geomagnetic fleld
earth-ward of them, and an increase of magnetlc induction outside the layer in
the golar wind. Togather with the tall currant (se2 later in the papayr) these
currants cause a parpetual "ring" current which should manifest itself at the
aarth's surfaca as a depression of the geomagnatic field. ALl currents in the
carth environmant naed to bhe taken into account in the search for such an
efifact, including field-aligned currents, othenrwise knewn as Bilrkeland
currents. Equatlion 8 is derived on the assumption that the fields and medium
paramaters do not vary in the x direction. In the low latitude boundary layer
we f£ind that thay do vary. This would mean that current generated locally
according to equation 42 would have divergence. It is now suggested that the
curreunt in the low latitude bhoundary layer f£inds continuity partly with
Bilrkeland cuvrents inteo the polar lonosgpheve in the am sector and out in
the . pm sector. Later tﬁé.continuity with electric current across the
geomagnetic tail will be discussed. Consider the gquantity

) E 2 i
div JT = 10 REchw div(B), {43)

14
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we note that the boundary layer insiide the geomagnetic fierld allows solar wind
plasma to expand along the geomagnetic field towards the ionosphere. It
follows that (pB‘1) decreases with distance from the "nose" of the

magnetosphere. Approximately we can say that

1% = 3«1‘}3 = 1Mi B’ (44)
p°  etp

where MT, Ve Apr B = mass content, volume, length, cross sectional area and
magnetic field (at equatorial plane) in a tube of magnetic field. Given Mp
and ApB {tube flux) constant during drvift along the boundary layer, div_gm is
negative. It folluws that Birkeland current must flow along the geomagnetic
field to the pre-noon sector of the polar ionosphere to which field lines from
the magnetopause are connected (see Fig. 6), there to be conizinued by iono~
spheric current. By symmetry Birkeland current would flow away from the polar
ionosphere in the post-noon sector. It is suggested here that the part of
this dielectric current which remains after flow along the flanks of the
magnetosphere becomes continuous with current across the tail (see later).
Birkeland current must flow along the geomagnetic field to the pre-noon sector
of the polar ionosphere to which field lines from the magnetopause are
connected (see Fig. 6), there to be continued by ionospheric current. By
symmetry Birkeland current would flow away from the polar ionosphere in the
post-noon sector. It is suggested here that the part of this dielectric
current which remains after flow along the flanks of the magnetosphere becomes
continuous with current across the tail (see later in the paper).

The strength of the current per cm of longitude into the auroral
ionosphere can be estimated by

3, (em ) = £ aiv T (45)

15
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where £ is the separation at the boundary layer of the lines of force which
are 1 cm apart in longitude near the cusp at the ionosphere. Approximately £
= 15, Estimating the length scale of variation of p/B around the boundary

using equation 45, a value of 10 Rp is adopted, Then, at the lonosphere,

- 150sz2p
j“ {emt ) = - ' {46)
where the parameter p and B are of course boundary layer values.
With B = 40y, Vg, = 4 x 107 cm sec™t, p=10x 1.6 x 10724 gnm cm™3,
j" = 1.0 x 10-'2 amp cm-1. such currents are in the ranyge actually observed

over the polar ionosphere (Sugiura and Potemra, 1976).

Let us return for a moment to the Chapman-Ferrero currents. In the
region around the noon-midnight plane of the magnetopause the gradient of
pressure of the solar wind may be considered as the dominant non-magnetic
force and reflection of solar wind particles whuld cause a surface current
which is towards dusk, equatorwards of the gromagnetic cusps and towards dawn,
polewards of the cusps (see Fig. 7}. Outside of this region the term

eEy2/8n appears to play a progressively more significant role increasing up
to a substantial fraction of p. This is suggested by the work of Eastman
(1979), who shows that in the numerous low latitude boundary layer crossings
reported generally"/;?vsw2 is between one half and one third of p. 1In the

present context we estimate

2

° Veu

1 2
2 o EEY /BTT- (47)

:

It is clear that the magnitude of Chapman=-Ferraro currents near the noon

plane will dominate the dielectric current elsewhere. This is so because the

16
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reflection of solar wiad particles in that region is equivalent to a gradient
of pressure which, integrated across the region gives an equivalent

pressure (p ) of approximately 2 pvswz. The region in which reflection is the
dominant interaction of the golar wind with the magnetosphere is here c¢alled
the "median" strip (illustrated in Fig. 7).

Grad p current exists completely around the magnetosphere in the layer

wlth density given by

B x VUp

-

3 (Vp) =

Integrated throughout

the boundary layer it is estimated by

where p.. and B, are values in the magnetosheath rather than the boundary
layer. In the magnetosheath, along the flanks of the magnetosphere, the flow
is experted to be approximately laminar with no variation of psw/Bsw and
therefore no divergence of jT(Vp). It is suggested that near the "nose",
spatial variation of psw/Bsw may be such that the ratio increases away from
the nose. This would form field aligned (Birkeland) currents towards the
lonosphere in the a.m. sector and opposite in the p.m. sector. also the
Birkeland currents would tend to cause a depression of the magnetopause
surface in the "median" strip between the cusps (see Fig., 9). However,
polewards of the cusps, the Birkeland current from the Chapman-Ferraro current
would reinforce that from the dielectric current, producing a dawn-to-dusk
electric field at ilonospheric levels and at intermediate heights in the

magnetosphere.

17
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Historically, the increase of geomagnetic field at the earth's surface at
the commencement of some magnetic storms has been interpreted in terms of an
increase of tite Chapman-Ferraro currents at the magnetopause particularly on
the day side. This explanation would appear to be gqualitatively valid in the
present theory however the effect is complicated by the diminishing effect of
dielectric currents and Vp currents in the opposite direction to the
conventional Vp current of Chapman and Ferraro.

In the region of the cusp of the magnetosphere and the median strip
polewards of the cusp it is conceivable that a mixture of Chapman-Ferraro
current and dielectric current could flow if there is penetration of solar
wind plasma there with a component of velocity orthogonal to B. 1In this "zone
of confusion" one could expect considerable variability in these currents and
associated Birkela1d currents. This is suggested as the origin of the
irregular Birkeland currents observed at ionospheric altitudes at the site of

the dayside cusp. (Ledley and Farthing, 1974).

The "Distant" Cross-Tail Current

Far downstream from the earth at distances greater than about 15 Rg the
geotail is known to contain an almost neutral sheet ard attempts to explain it
have been in two classes. The first, exemplified by the work of Harris (1963)
employs a set of "hot" particles only and essentially produces the result, on

a line orthogonal to the sheet,

stp  + Bz2 = constant. (48)

The second approach exemplified by Alfvéh (1968), works with cold plasma, and

essentially produces the result

18
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B + eEyz = cgonstant (49)

In a sense both approaches are valid but the most general approach combines

the two, and is embodied in equation 14, viz.,
2 2
g8nrp + Bz + eEy = constant, (50)

where Ey is now the cross-~tail electric field, B, the geotail nmagnetic field,
and p the pressure of the entrapped plasma perpendicular to B, .

It is proposed here that the cross-tail electric field is created under
"ordinary" conditions by the dielectric current in the flanks of the low
latitude boundary layer of the magnetosphere. Any mismatch of the current
down the flanks and current across the tail would be taken up by Birkeland

current at their junctions discharging through the polar ionosphere.

The current density across the tail from the dawn side to the dusk side

is given by
op
o8 1l ¢ 23¢
3y 578 Bx 871 B Ey ax’ (51)
The component of jy, per unit of tail length, may be estimated as,
. -1 5B -1
jy (cm ) = om amps cm . (52)

So that, with B = 10 ¥, jy (em™1) =8 x 1073 amp em™ 1, For a tail of scale

length 40 Rgy the total cross tail current from this cause would be 2 x 106

amps.
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By a similar argument made in the case of the divergence of boundary
layer currents to obtain Birkeland current, a case is now made for such
currents derived from the divergence ofcross-~tail current using equation
(52). This equation gives the locally produced current in the tail, It is

assumed that changes of local parameters across the tail in the dawn-dusk (y) )

direction lead to divergence of jy which leads to Birkeland current. Firstly,

let us note the symmetries of the terms in jy. Both-9p/0x and~-3g/dx are

e e i R ke

expected to point away from the neutral sheet, and since B reverses sign

there, divergence of jy will not change sign with change of position above or
below the sheet. However the divergence of jy would be expected to change
sign depending on whether the position is on the dawn side or the dusk side of

the center line of the sheet, if there is symmetry of the local parameters

about this line. It is expected on average that at any given distance X from

the neutral sheet, %&, %& and B would each increase in magnitude from the

central meridian plane of the tail to the magnetopause. The divergence of jy

would then be such as to produce Birkeland current towards the polar

ionospheres from the "dawn" half of the tail, and from the ionospheres in the

"dqusk" half. However great departures from this simple pictures may be

expected because of the dependence of div jy on 3p/dx, de/3x and B. This

perhaps accounts for the complexity of Birkeland currents near the "Harang" 3

discontinuity.
The divergence of tail current may be estimated using equation 53, by .
5BL

div j =~ £ T— ~ j
jy J

-1
T 27 (amps cm '), (53) .

I

where W, L = half width, length of tail = 1SRE, and fT = geparation in the

tail of two lines of force 1 cm apart in longitude near the midnight auroral
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belt. Therefore, for B = 10y and fT # 20, the Birkeland curxent per cm to
each polar ionosphere would be » 1.2 x 10"3 amps cm"1. Birkeland currentg of
this magnitude are observed in the night time auroral belt (Potemra et al,
1979).

This distribution of Birkeland electric current would also be compatible
with Sugiura's (1975) inference from observations of magnetic fields regarding
the connection of Birkeland currents near the polar ilonosphere with those from
the tail. These currents would cause the magnetic field lines to be splayed
outwards away from the earth between them and the neutral sheet and to be
oppositely splayed between the currents and the tail mantles of the magneto-
sphexe (Fig., 8). There would be a tendency for the field aligned currents in
the tail to produce a component of B, orthogonal to the neutral sheet; between
the neutral sheet and the mantles, pushing the magnetic field out at the
middle of the tail mantles. This should cause a "fin" to exist in the
magnetic field down the middle meridian of the mantles. (see Fig. 9).

The electric field across the tail from dawn~side to dusk~side, will
cause the drift of plasma towards the earth and the consequent energization of
trapped plasma; production of partial ring currxent and Birkeland currents at
places of divergence of the partial ring current (Harel et al. 1981). It is
not the purpose of this paper to examine these internal processes of the
magnetosphere but to discuss principally the external origin of the Birkeland

currents, and the dawn-dusk electric field.

Additional Currents from the Interplanetary Medium

It is clzar that equation 1 predicts significant electric currents in the
interplanetary medium (Cole, 1983), and that such currents may €ind conduction

paths through the geomagnetic plasmas if the magnetosphere enccuntexrs them.
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The strength of these currents will now be estimated and their intevaction
with the geomagnetic field discussed. The currents of interest ave those
aggoclated with shears in the flow of interplanetary plasma and in neutral
sheets. These ave examples of types I and II treated in Section 1, Both of
these cases may apply to neutral gheets. In type I the electric field is
perpendicnlar to hoth B and the neutral sheet. In type II the electric field
is perperidicular to B but parallel to the neutral sheet.

In interplanetary space it is generally expected that p << eEi so the

current can be estimated in magnitude in both cases by

(54)

where L is tha scale of varlatlion of & critical parameter ¢ or E 2 of the
system. When L, > c‘zm mi/Bey, the plasma drift velocity is cE /B (Cole 1983),

s0 we can say, in that case,

. 2
1/2nmivsw o]

g 2

B L ‘ (55)

where Veuw is the component of the solar wind orthogonal to B. Fig. 10 shows a
range of values of j for a variety of values of Vowr B and L. Assuming n = 10
em™3. There may be occasions, too, when currents due to pressure are
significant.

It is assumed that an interplanetary current, if intersected by the
magnetcsphere, will find continuity across the magnetopause with field aligned
current to the polar ionosphere and out again, or may cross the tail of the
earth via the neutral sheet. This would be done by a build up of space charge

at the boundaries to adjust the electric fields to give current continuity

(see Fig. 11). This seems a reasonable proposition.
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Suppose the effective area of the magnetosphere accessible to the
ianterplanetary currvent is (15 RE)Q, if L > 15 Ry and 15 L R, if L < 15 Rpe
Then we see that for the strucktures characterized in Fig. 10, may produce
currents through the magnetosphere of order 108 - 107 amp. Now ohservations
of magnetic bays (Cole 1962a) show that thelr duratinns range from ahout 20
mins. to about 200 mings. though some are outside these values. By assuming
these bays are caused by changes to the magnetosphere/ionosphere system
brought about by interplanetary currents flowing through the system, it is
inferred that structures of scale length greater than about 5 x 1010 cm have
sufficient current to account for geomagnetic bays.

Let us now consider the morphology of large scale interplanetary
structures corresponding to types I and II. Take a system of cartesian
coordinates in which x is radially outwards from the sun, y is azimuthal and z
perpendicular to the plane of the ecliptic. et the solar wind velocity be

given by
v = (Vx, Vy’ Vz). (56)

Let

jo
[

(Bx' By' BZ). (57)

For L »m —,

Be
E=(VB -VB,VB -VB,YB -VB),
- Yy z zy Z X X z X'y Yy X
8 0, -vaz, vay, (58)
and ExB=V(Bz+Bz)VBB VBEB . {59)
’ =" = X Tx y N xyx! Tk zox
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The magnitude of the current j is then approximated by

eV 2 (B 2 + B 2)
j“ swW Y 4
81 I Be ’
c M (32+Bz)
= 4 2 (60)
8T L B !

where M is the ratio of the solar wind speed to the Alfven speed.

In type I the direction of the current is given by & E x B depending on
whether V(sElz) is in the same or opposite direction to §15Cole 1976). In
this case, E is in the + z direction if B is away from the sun and j will be
in the plane of the ecliptic in the direction + E x B if V(sElz) is in the ¢ z

direction (respectively).

In type II the direction of the current is in the direction of E for a

2
4

direction depending on whether B is away from or towards the sun. In this

gradient of ¢E = in the plane of the ecliptic and j will be in the % z
case we should expect current to f£flow through the magnetosphere from N to S or
vice versa depending on whether B is towards or away from the sun, producing
significant hemispherical asymmetries in magnetic disturbance¢as observed at
the earth's surface.
Generally for type I currents (i.e., corresponding to Fig. I geometry, if

V(SELZ) is in the direction of * E , j is in the direction of + E x B
respectively, and if L » mE cz/Be, we can say that the direction of j is &
that given by equation 59. Whereas, for type II currents, if V(eE 2

L

the direction of £ E x B, j is in the direction of * E respectively, i.e., as

) is in
specified by + that given by equation (58).
The amount of current converted to Birkeland current from the tail would

depend upon the angle (o) between the current direction in interplanetary
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space and the direction defined by the vector cross product of the geomagnetic
axis direction and the normal 2 the geomagnetic neutral sheet, However
Birkeland current from the day sectors of the magnetopause would be controlled
more by the angle (8) hetween the current direction and the geomagnetic
axis. The preclise description of the amount of Birkeland current generated by
divergence of interplanetary currents depends on the configuration of the the
draping of interplanetary magnetic induction lines over the magnetopause. The
detailed configurations of the plasma in this coupling process will be the
subject of future work.,

Recently Iijima and Poterma (1982) correlated a variety (20 in number) of
interplanetary quantities with morning and afternoon Birkeland current

densities and found that some are better correlated than others. One of the

1
2, Bzz) s in 0/2]/2where 0

best correlations is with the quantity [“sz (By
is the angle between the geomagnetic axis and the z-direction. This
interplanetary quantity is clearly closely related "mathematically" to the
current j defined by equation 68, although its origin in physical discussion
is different.

The theory of the present paper would explain a permanent Birkeland
current system associated with divergence of dielectric current in the
boundary layer and the geotail plus a variable component associated with
interplanetary parameters via equation 60 and the angles o and §. To test

this in the manner of Iijima and Potemra (1982) it would be preferable to use

total Birkeland current per cm of auroral oval rather than current density.

On the Question of Magnetic Merging

The physics of case I and its variant (equation 22) are gimilar.

25
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In ¢asa I thove ig no merglng of magnotic field
bacausa the valoaoity of plasma ls parallel taAﬁiéconthuity.

Type IT could desaribe a "tangontial" discontinulty bub we gae in this
simplo goomabry that thare is no movging. Additional factors, paerhaps time
variation ox curvaturae of B or diassipation may be naeded to be Incorporated in
the modal to manifast merging. It is clear that even wlthout wmerging

geophysically significant eleetric current flow in the boundary layer and

gaomagnetic tail.

The Bow Shock

That part of the bow shock which 1§ called a quasi-perpendicular shock
rasamhles the conditions for bype IX In the foregoing; while in the raglons in

which & is quasti-parallel, the conditions ave thosg like type L. Since the

2
thermal pressure of solar wind plasma is <‘% p sz“ (~ EEJ?) it Ls eclear that

the elactric currents In the bow shock are dlelectric curvents of the kind
digsecussed in this paper, viz., type IX currenkts in quasi-perpendicular ghocks
and typa I currents in quasi-pavallel shocks. The size of the cuvrants in the

6. 107 anps and rapresont

bow shock are estimated ko ba of the ovder of 10
another potential source of Birkeland gurrants from tham to and through the
magnetogphare to the lonesphare. Thia could happen L€ thoro wora fileld lines
connected to the shoek, at places of divergence of the dlelactrlie currvent

draping over the magnatosphere.

Evaluatlon of Ring Currant and Ionogpheprle Dynamo Currents

Traditionally the ring current has bean ascribed mostly to trapped
enargized magnetospharic plasma on clogse gaomagnetic fleld lines and

manlfestad iLtself by a decraase of the goeomagnetic fiald at the earth's
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surface. The Chapman-Ferraro currents had the opposite effect. Given the

validity of the new currents in space around the earth a re-evaluation of the
component of depression of the geomagnetic fleld at the earth's sugface due to
conventional magnetospheric ring current will have to be done. Likewise a re-
evaluation of the compression due to Chapman-Ferraro currents will need to he
done, This would also affect the amount of geomagnetic variation attributable

to dynamo action in the ionosphere.

Tonogpheric Dynamo Action

The fact that neutral winds at ionospheric levels can produce significant
electric fields and currents (Nagata et al. (1950); Fukushima, (1953); Cole,
{1960, 1961) should be taken into account at all times.

These fields and currents are particulariy significant (1) when currents
and fields applied from the boundary layer and tall are weak i.e., under
conditions of relative geomagnetic "quiet', (2) as a non-negligible component
of disturbances, because externally applied electric fields drive ionospheric
electric currents, which in turn accelerate the neutral gas (Cole, 1962b) by
the Lorentz force (J x B), otherwise known in the ionosphere as "ion drag".
This, in turn, produces an ionospheric dynamo electric field. (3) When solar
wind fields are "turned off" after a period of activity the newly establisned
winds in the ionosphere drive currents orthogonal to B in the lonosphere which
are in the opposite direction to those driven by the solar wind fields (Cole,
1966). They will tend to set up electrostatic fields which cause convection
of the magnetosphere also in the reverse sense to that caused by the solar
wind fields. Moreover, the mismatch of electrostatic potentials, tended to be
established this way, between the northern and southern hemisphere will cause

field-aligned magnetospheric electric currents (cf. Cole, 1971).
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Discussion

Having applied the unabridged Maxwell equations to the discussion of the
electrodynamics of plasmas (Cole 1983) new "dielectric" currents have been
predicted in the magnetosphere and interplanetary space to be of geophysical
significance. The low latitude boundary layer is the site of one such current
in the direction E x B (type I) caused by an electric field (E ) orthogonal to
B accompanied by a gradient of eEJ? in the direction of E. Divergence of this
current produces Birkeland gurrent to the polar ionosphere and the remainder
is continuous with current across the geomagnetic tail. In the tail, the
cross—~tail electric field is accompanied by a gradient of eEJ? perpendicular
to E and B producing a current in the direction of E . 1In addition there is
cross tail current caused by - p . Divergence of the cross-tail field
appears to he responsihble for the Birkeland currents to the auroral region of
the ilonosphere which were inferred to exist by Sugiura (1975).

In addition to these currents, dielectric currents of origin in
interplanetary plasma structures may be conducted across the magnetopause
through the magnetosphere by Birkeland currents, and also across the tail by
alteration of the cross tail electric field. The paper does not address the
problem of how interplanetary currents negotiate the bow shock to enter the
magnetosphere.

This theory gives a new approach to the investigation of geomagnetic
disturbance. It is of interest to note that the type II current was in fact
invoked from & different standpoint by Alfven (1968). It is now seen to be
one of a wider class of electric current hitherto overlooked in plasma
physics. The currents come about when a plasma is subject to electric fields
(charge distributions) and currents of external origin. The bulk of plasma

physics appears to be concerned with completely internal processes and it is
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usual to assume electrical neutrality exists except in special circumstances,
thus ignoring the kinds of new effects discussed here.

The theory so far developed using this new approach to collisionless
plasmas (Cole, 1983) has been applied only to situations in which B is
unidirectional. To develop the theory further one needs to express the "y" of
the plasma in terms approprlate to general magnetic induction B, i.e. to allow
for effects of "parallel" pressure of plasma in addition to "perpendicular"

pressure to which this paper is presently restrigted.

29
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Figqure Captions

Fig. 1 Geometry for type I current.

Fig. 2 Geometry for type II current.

Fig. 3 Example of parameters measured in low latitude boundary layer,

taken from Eastman (1979). The boundary layer is identified between the

vertical full and dashed lines.

Fig. 4 Schematic representation of velocity, electric field energy

density and dielectric current {(type I) in low latitude boundary layer.

32



ORIGINAL PAGE 5
OF POOR QuALITY

Fig. 5 Scheme of dielectric currents in low latitude houndary layer, and

tail. cCurrents due to Vp not illustrated.

Fig. 6 Schematic representation of Birkeland currents produced by

divergence of currents in low latitude boundary layer and geotail.

Fig. 7 Illustraton of the "median” strip enclosed by dashed curve on day

side magnetopause.

Fig. 8 Illustration of "spalying” of geomagnetic field in tail due to

Birkeland currents otherwise known as field=-aligned currents (F.A.C.).

Fig. 9 Illustration of dayside "valley" and night side "fin" on

magnetopause surface.

Fig., 10 Curves of measure of dielectric current in interplanetary
structures assuming n m; = 1.67 x 10"23 g cm"3. L = scale length across B of

structure. ’

Fig. 11 Illustration of interplanetary currents impacting on the

magnetosphere. They are an additional source of Birkeland currents inside the

magnetosphere.
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