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Abstract. The amplitude and spatial distribution of the cou- of the currents in the two models are found to scale with the
pling currents that flow between Jupiter’'s ionosphere andsystem parameters in similar ways, though the scaling is with
middle magnetosphere, which enforce partial corotation ora somewhat higher power of the conductivity for the current
outward-flowing iogenic plasma, depend on the values of thesheet model than for the dipole, and with a somewhat lower
effective Pedersen conductivity of the jovian ionosphere andbower of the plasma mass outflow rate. The absolute values
the mass outflow rate of iogenic plasma. The values of thesef the currents are also higher for the current sheet model
parameters are, however, very uncertain. Here we deterthan for the dipole for given parameters, by factors-af for

mine how the solutions for the plasma angular velocity andthe field-perpendicular current intensities;10 for the total
current components depend on these parameters over widairrent flowing in the circuit, ane: 25 for the field-aligned
ranges. We consider two models of the poloidal magneto-current densities, factors which do not vary greatly with the
spheric magnetic field, namely the planetary dipole alonesystem parameters. These results thus confirm that the con-
and an empirical current sheet field based on Voyager dataclusions drawn previously from a small number of numerical
Following work by Hill (2001), we obtain a complete nor- integrations using spot values of the system parameters are
malized analytic solution for the dipole field, which shows in generally valid over wide ranges of the parameter values.

compact form how the plasma angular velocity and currentKey words. Magnetospheric physics (current systems
components scale in space and in amplitude with the sys- : .

L : .~2~ magnetosphere-ionosphere interactions, planetary magneto-
tem parameters in this case. Wethenobtamanapproxmateag closphere-lonosphere interactions, planetary magneto

analytic solution in similar form for a current sheet field in Spheres)
which the equatorial field strength varies with radial distance
as a power law. A key feature of the model is that the cur-
rent sheet field lines map to a narrow latitudinal strip in the {1 |ntroduction
ionosphere, atc 15° co-latitude. The approximate current

Sheet SO|uti0nS are Compared W|th the I‘esultS Of numerica"rhe dynamics of Jupiter's m|dd|e magnetosphere are dom_
integrations using the full field model, for which a power law jnated by the processes that couple angular momentum be-
applies beyond~20R,, and are found to agree very well tyeen the planet's atmosphere and the equatorial plasma that
within their regime of applicability. A major distinction be- flows outwards from the lo source at6R; (Jupiter’s ra-
tween the solutions for the dipole field and the current sheetjjys R, is~ 71373 km) (Hill, 1979; Siscoe and Summers,
concerns the behaviour of the field-aligned current. In the19g1: Hill et al., 1983; Belcher, 1983; Vasyliunas, 1983;
dipole model the direction of the current reverses at modergagenal, 1994). The field and plasma structures envisaged
ate equatorial distances, and the current system wholly closegre sketched in Fig. 1, where the arrowed solid lines indicate
if the model is extended to infinity in the equatorial plane magnetic field lines, while the dots indicate the region oc-
and to the pole in the ionosphere. In the approximate curcypied by dense rotating iogenic plasma. The region of flux
rent sheet model, however, the field-aligned current is unitypes threading this plasma disc constitutes Jupiter’s middle
directional, flowing consistently from the ionosphere to the magnetosphere, where the field lines are characteristically
current sheet for the sense of the jovian magnetic field. Curgjstended outward by azimuthal plasma currents associated
rent closure must then occur at higher latitudes, on field linesyjith radial stress balance. In the inner region, the iogenic
outside the region described by the model. The amplitudegasma approximately corotates with the planet, but as it
moves outward its angular velocity falls, as the inverse square
Correspondence tal. D. Nichols: (jdn@ion.le.ac.uk) of the distance if no torques act. However, when the angular




1420  J.D. Nichols and S. W. H. Cowley: Magnetosphere-ionosphere coupling currents in Jupiter’s middle magnetosphere

ered implicitly, the properties of the coupling currents were
not calculated in these studies. Recently, however, attention
has focussed directly on the currents, it being suggested by a
number of authors that the ring of upward field-aligned cur-
rent surrounding each magnetic pole is associated with the
R “main oval” observed in Jupiter's auroras (Bunce and Cow-
S ley, 2001; Cowley and Bunce, 2001; Hill, 2001; Southwood
and Kivelson, 2001). Hill (2001) considered the currents in
his original dipole problem, while Cowley and Bunce (2001)
calculated the currents for both a dipole field and an empiri-
cal current sheet field. The latter authors found that the field-
) X o ’ aligned current densities are an order of magnitude larger for
and middle magnetosphere, showing the principal physical featureg, o o, rant sheet model than for the dipole. The physical ori-
involved. The arrowed solid lines indicate magnetic field lines, the _. . .
arrowed dashed lines the magnetosphere-ionosphere coupling cud!ns of this effect have been dlscl:ussed further by Cowley et
rent system, and the dotted region the rotating disc of out-ﬂowing"’_‘l' (2(_)02' 2003)’_ who show that it relates to the_fact that_the
iogenic plasma. (From Cowley and Bunce, 2001). field lines on which corotation breaks down, while mapping
to similar distances in the equatorial plane, map in the iono-
sphere to a narrower range of latitudes further from the pole
for a current sheet field than for the dipole.

Fig. 1. Sketch of a meridian cross section through Jupiter’s inner

velocity of the plasma and field lines (in Fig. 1) falls be-
low that of the planet®;), or more specifically, below that
of the neutral upper atmospher®’), a frictional torque is
imposed on the feet of the field lines due to ion-neutral col-
lisions in the Pedersen-conducting layer of the ionosphere.
This torque acts to spin the flux tubes and equatorial plasma The solutions for the plasma angular velocity and the cur-
back up towards rigid corotation with the planet, so that in g depend on two system parameters, the “effective” value
the steady state the plasma angular velocity falls less quicklyy the height-integrated ionospheric Pedersen conductivity
with distance than as the inverse square. At the same t'mE{possibly reduced from the true value by the atmospheric
the equal and opposite torque on the neutral atmosphere réglippage” mentioned above), and the plasma mass outflow
sults in atmospheric sub-corotation (“slippage”) in the Peder-5te from the Io torus. However, neither of these parameters
sen layer, sothat < 7} < 2, (Huang and Hill, 1989). The  ig \ye|l determined at present. Estimates of the conductivity
spin-up torque on the plasma is communicated to the equanye ranged from~ 0.1 to ~ 10 mho (Strobel and Atreya,
torial region by the magnetic field, which becomes bent out1983- Bunce and Cowley, 2001), while estimates of the
of meridian planes into a “lagging” configuration, associated 555 outflow rate have ranged freab00 to~ 2000 kg s
with the azimuthal fields, shown in the figure. The cor- (groadfoot et al., 1981; Hill et al., 1983; Vasyliunas, 1983:
responding magnetosphere-ionosphere coupling current sy rana and Kivelson, 1993; Bagenal, 1997). The purpose
tem, of primary interest here, is shown by the arrowed dashed the present paper is to examine how the solutions for the
I|nes. in I_:|g. 1. The current flows radially outward across plasma angular velocity and coupling currents depend on
the field in the equatorial plane, such that the torque assoCigyese two parameters for both dipole and current sheet field
ated with thej x B force accelerates the plasma in the sensenqels. Some general results for the dipole model have been
of Jupiter’'s rotatlon_. In the |0no_sphere the Pede_rsen Cu”e”ﬁresented previously by Hill (2001). For the current sheet
flows equatorward in both hemispheres, producing an equae|q model, however, only a few numerical solutions using
and opposite torque which balances the torque due to ionwga50naple” spot values of the system parameters have been
neutral collisions. The current circuit is closed by a SyStempublished to date (Cowley and Bunce, 2001; Cowley et al.,
of field-align_ed cur_rents which flow from the ionospher_e 10 2002, 2003). In this paper we first provide a complete solu-
the equator in the inner part of the system, and return in thg;on, for the dipole field, before going on to examine related
outer part. results for a current sheet model in which the equatorial field
The steady-state angular velocity profile of the out-flowing is taken to vary with distance as a power law. The parameter
equatorial plasma was first calculated on the above basis byanges considered are 0.1-10 mho for the “effective” conduc-
Hill (1979). In this study the poloidal field was taken to be tivity, and 100—-10 000 kgs' for the mass outflow rate. The
that of the planetary dipole alone, such that the radial distenwork presented here thus shows how the coupling current
sion of the middle magnetosphere field lines shown in Fig. 1system depends on the system parameters over a wide range
was not taken into account. This restriction was later re-of values, here taken as constant quantities in a given solu-
moved by Pontius (1997), who introduced empirical poloidal tion. This knowledge should provide valuable background
field models into the calculations. He found that the solu-for more complex future studies in which the system param-
tions for the plasma angular velocity profile are remarkablyeters are taken to vary in time and/or space, as may more
insensitive to the field model employed. Although consid- generally be the case.
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2 Basic equations k(27 — w) (Huang and Hill, 1989). The radial current in-
tensity in the equatorial plang, integrated through the full
In this section we first summarise the basic equations governthickness of the sheet, then follows from the current continu-

ing the magnetosphere-ionosphere coupling current systery requirementp.i, = 2p;ip (@ssuming symmetry between
depicted in Fig. 1, and then discuss the nature of the solutionghe two hemispheres)

at small and large distances. Derivations were given earlier .
by Hill (1979), Vasyliunas (1983) and Pontius (1997), and; Axps ke (1_ ﬂ) (42)
have most recently been discussed by Hill (2001), Cowley Pe Qy
and Bunce (2001), and Cowley et al. (2003). Only the cen-gq that the total equatorial radial current, integrated in az-
tral results will, therefore, be stated here, together with anmyth. is
outline of the assumptions and approximations which have o
been made. I, = 21p.i, = 8:12}@52,&(1 — —) (4b)

We first assume that the magnetic field is axisymmet- 2
ric, such that the poloidal components can be specified byequal, of course, to twice the azimuth-integrated total Ped-
a flux function F (p, z) related to the field components by ersen currenlp = 2p;ip flowing in each conjugate iono-
B = (1/p)VF x ¢, wherep is the perpendicular distance sphere. The field-aligned current density follows from the di-
from the magnetic axisz is the distance along this axis vergence of either of these field-perpendicular currents. Dif-
from the magnetic equator, and is the azimuthal angle. ferentiating the equatorial current gives
In this caseF=constant defines a flux shell, such that mag-
netic mapping between the equatorial plane (subsceipt “
and the ionosphere (subscript), as required here, is sim-

JH) 1 d _
B 41t pe| B;e| dpe

ply achieved by writingF, = F;. Neglecting non-dipole —ZE}Q,(( F, ) d (ﬂ) n (1_ ﬂ)) (5a)
planetary fields and the small perturbations due to magneto- PelBzel/ dpe Qy

spheric currents, the flux function in the ionosphere is takenynere we have pUB,, = —|B,.|, since the jovian field is
to be

negative (points south) at the equatbi, has been taken to
be constant, and the sign ¢f is appropriate to the North-
ern Hemisphere (as employed throughout). The quantity
(ji/B) is constant along field lines between the equator and
where p; is the perpendicular distance from the magneticthe ionosphere in the assumed absence of significant field-
axis, 6; the magnetic co-latitude, anB; the dipole equa- Perpendicular currents in the intervening region. The field-
torial magnetic field strength (taken to be2@ x 10°nT in  aligned current density just above the ionosphere is then
conformity with the VIP 4 internal field model of Connerney 9iven by

et al., 1998). The absolute value Bfhas been fixed by tak-

ing F = 0 on the magnetic axis. The flux function in the Jii = ZBJ(B) (5b)
equatorial plane is then obtained by integrating

Fi:BinzzBJRisinzei, (1)

using the same approximation for the polar field as indicated
_ 1dF, (2) above.
" pe dpe’ The analysis is completed by determining the steady state
angular velocity profile of the equatorial plasma. Following
Hill (1979, 2001), Pontius (1997), and Cowley et al. (2002),
Newton’s second law applied to a steady outflow of plasma

tf_rom the lo torus gives

ze

whereB,.(p.) is the north-south field threading the current
sheet.

Assuming for simplicity that the magnetic and planetary
spin axes are co-aligned, the equatorward-directed heigh
integrated Pedersen current in the ionosphere is given by

272 5| Bze|
2558, (1 w ) i Zw(pe)) = e}\}; zel (6a)
ip= J8ypi\l— = e
Qy .
where M is the plasma mass outflow rate. Expanding and
— 255 B;Q. | —- (1 _ g%) (3)  substituting Eq. (4a), we find

pe d ( ) ) ( ) ) _ Ar T} Fe| Bze|

where we have taken the polar magnetic field to be near-= 2 dp. = Q, v

vertical and equal toB; in strength (an approximation valid
to within ~ 5% in our region of interest). In this expression, an equation we refer to as the Hill-Pontius equation (though
¥ is the “effective” height-integrated ionospheric Pedersenhere slightly simplified, as in Hill (2001), by taking the iono-
conductivity, reduced from the true valig, = =7 / (1-k) by spheric field strength to be equal t&2). It is a first order
neutral atmosphere “slippage” as mentioned above, wheréinear equation fow that can be solved with the use of one
parameterk (whose value O< k < 1 is also uncertain at boundary condition. We note with Hill (2001) that if the an-
present) is related to the angular velocities(Ry — Q%) = gular velocity profile obeys this equation, the derivative may

(1 - Qij) (6b)



1422  J.D. Nichols and S. W. H. Cowley: Magnetosphere-ionosphere coupling currents in Jupiter’s middle magnetosphere

be substituted directly into Eq. (5a) to yield a form for the ; oL = AXpQ Fe (10¢)
field-aligned current which involve@/ ;) only. Pe

It is an important general property of the physically inter- X

. h . . =8nX7QyF, 1
esting solutions of the above equations that at small radla("L BrXps Fe, (10d)
distances the currents depend ™@nand not onXx?% , while Ji .
at large radial distances they dependh and not onM. (E)L =—2%pQy,  and (10e)

The smallp, approximations follow from a series solution .
of Eq. (6b) for the case in whictw/Q,)=1 atp, = 0 (such  JiiL = —4%pBs<2;, (10f)
that the plasma rigidly corotates at small distances). Taking , . . .

(M/E ) as the formal expansion parameter, we write QNh'Ch thus depend only 0B and not ori/.

y n
@ _ ian (ﬂ) 7 (7a) 3 Plasma angular velocity and coupling current system
X7 for a dipole magnetic field model

and substituting into Eq. (6b) and equating coefficients ofFollowing the earlier work of Hill (1979, 2001) and Cowley
powers of(M /%) we find thatag = 1, and that fom > 1 and Bunce (2001, 2003), in this section we provide a com-

thea, are determined by the recurrence relation plete analytic solution for the case where the poloidal field is
taken to be the planetary dipole alone, showing how the so-

1 d 2 . .
Apil = — (pan). (7b) lutions for the angular velocity and current components scale

87pc FelBze| dpe in space and in amplitude with the system parameters. These

Thus, the leading term describing the breakdown of rigidresults form a useful introduction to, and point of comparison
corotation in the inner region which we take as our small-With, the results for the current sheet field to be presented in

pe(*S?) approximation is the Sect. 4. Using Eq. (2), for the dipole field we have
y R
L) 1 M @) Biedip = _Bj( J) and hence (11a)
$2y B 47'[2;Fe|Bze|’ Pe

as given previously (but not derived in this manner) by Cow- Fodip = BJR?
ley et al. (2003). We note that the departure from rigid coro- Pe
tation is proportional td/ and inversely proportional ()
When substituted into Eqgs. (3)—(5) to find the correspondm
approximations for the currents, we then find that the cur-

(11b)

Substituting these into Eq. (6b), the Hill-Pontius equation for
gthe dipole field is

rents on a given field line depend only ¢fiand not oz oo d < w ) < w ) B 2<RD6>4<1 w ) 12

. B MQ] ; B MQ] 9a. b 2 dp. Qy Pe Qy ’

5T 2npi Bl " Bl ©a.b)  \here R, is the equatorial “Hill distance” for the dipole
field (subscript D), given by

. MQJ ZMQ]

g = — ), Iys = —>, (9c,d) R 27 % B2R2\ V4

P T e| Bzel ’ |Bzel De — <#> . (13)
Ry M

(ﬂ) ___ MQ, dB.| (9e) It can thus be seen that the angular velocity in this case is

B/s 27pe|Bze|® dpe a function only of p./Rp.), so that the solutions scale with

equatorial disyance a’p. and hence with the system param-

and eters as¥/M)Y/4. The general solution of Eq. (12) can be

MQ,B; d|B.| obtained by the integration factor method (Hill, 1979)
Jlis =— ) 4
T Pe| Bzel dpe o\ «/; Rpe exp Rpe «
These expressions can also be derived directly by substitut\ Q; / De De
ing w = Qy into the left side of Eq. (6a), i.e. they are just 2
; o e o R
Fhe currepts required to maintain near-rigid corotation in theX {erfc[( De) } n K], (14)
inner region. Pe
The largep. (' L") approximations are simply obtained by

putting (/). = 0 into Egs. (3)—(5) to find where erfcf) is the complementary error function (related to
the error function erf() by erfcz) = 1 - erf(z)), andK is a

ipr =255 B;Qpi, (10a)  constant of integration. All solutions diverge at the origin

except the solution witlk = 0. This special solution rigidly
Ipr =4m E}SBJQ]piZ, (10b) corotates (i.e.(w/2y) = 1) when(p./Rp.) goes to zero,
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and is the solution derived previously by Hill (1979, 2001). wnq,

Mapping to the ionosphere is achieved by equating the flux ,
functions given by Eq. (1) and (11b), such that
R 0.8
sing; = 2 = |22, (15)
Ry Pe 0.6
Introducing an ionospheric counterpart of the “Hill distance”
given by .
. 1/8 o
R, M
Rp; = R Ry = (7) Ry, (16)
De 2n X5 BIRY pelRoe @
1 2 3 4
we then find that the angular velocity mapped to the iono- «<
sphere is a function only daf; /Rp;), where T P b
(&) _ |Rpe @
Rpi Pe
such that the solutions scale with distance from the magneticg'é i
pole as(M /£ 3)Y/® . With regard to physical units, introduc- |
tion of the constant quantities given above yields the follow-
ing values for the equatorial and ionospheric scale lengths ol e i
1/4 1/ i
R »%(mho |
De - 4921( —2pMNO_ (18a) ' it
7 M(103kg S_l) 05 1 15 2 25 (b)
and
18 Fig. 2. Plots of the steady-state plasma angular velocity profile for a
Rpi M(10%kgs™) dipole magnetic field, show(a) versus normalised radial distance
- ~ 01426\ — ——— ) (18b) in the equatorial planéo./Rp.), and(b) versus normalised dis-
Ry %% (mho) crnen .
tance from the magnetic axis in the ionosphésg/Rp;) . The

such that for system parameters at the centre of the range°§’“d line in each case shows the full solution obtained from Eq. (14)
with K = 0, such that the plasma rigidly corotates at small ra-

mentioned in the Introduction, i.ex}, = 1mho andy = dial distances. The long-dashed lines show the smalform

1 . ~ . A~ . =
1000kgs™, we find Rp, ~ 492 R, and RDZ_“’ .0‘14R_f given by Eqg. (19), while the corresponding large form is just
(corresponding t(: a co-latitude of 8)2 If we fix M atthis /o,y — 0. The downward-pointing tick marks indicate the
value and allows, to increase from 0.1 to 10mho, we find jimits of validity of both these approximations, as defined in the
thatRp, increases from 27.7 to 87.5Rvhile Rp; decreases text. The short-dashed lines show the higher-order laggéorm
from 0.19 to 0.11 R(co-latitudes between 1T.Gind 6.1). given by Eq. (20), whose limit of validity (as also defined in the text)
Similarly, if we fix X7 at 1mho and allowV to increase is indicated by the upward-pointing tick mark. The horizontal dot-
from 100 to 10000 kgst, we find thatRp, and Rp; vary ted lines indicate the condition for rigid corotatiqm/ ;) = 1.
over the same ranges but in the reversed sense. Thus be-

causeRp, and Rp; depend on the system parameters only S
as the quarter and eighth powers, respectively, they chang@f Poundary condition in this case (Cowley et al., 2003). The

only by modest factors as the system parameters vary widehfashed lines in Fig. 2 show some approximate forms, with
We note that the equatorial scales are comparable to the rd0€ fick marks indicating their regimes of validity. The long-
dial scale of the jovian middle magnetosphere, which extend&lashed lines show the small{’ 5”) approximation given by

to distances between40 and~100 R, depending on local  EQ- (8), which in normalised form becomes
time and the state of the magnetosphere. 4 8
1( p. 1( Rp;
s

The solid lines in Figs. 2a and b show the normalised an- 41
Qy 2 pi

gular velocity solution withk = 0 plotted versusp./Rp.) B 2

in the equatorial plane, and versys;/Rp;) in the iono-
sphere, respectively. Near-rigid corotation is maintained to(We note that the series generated by Eq. (7) is the same as

(pe/Rpe) ~ 0.5, beyond which(w/ ;) decreases rapidly, that obtained by asymptotic expansion of the error function
reaching 0.5 whelip./Rp.) ~ 1.52. We also note that so- in Eq. (14) for large argument.) The approximate form falls
lutions started with non-zer& within (o./Rp.) < 0.5 con- away from rigid corotation more quickly than the full solu-
verge very rapidly onto this solution at larger distances, suchion, and reaches zero, equal to the lapg€4L’) approxima-
that the solutions are only weakly dependent on the choicion (w/2;); = 0 at(p./Rp.) = 2 ~ 1.189. We define

RDE
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Table 1. Principal features of the plasma angular velocity and coupling current system for a dipole field in normalised units

(&) (&) (%)

Feature

Maximum upward field-aligned current density

(Gi/B/G/BID) = (jii/ip) ~06111 10203 09900 07467
max max
Maximum sheet-integrated equatorial radial current
(ip/ipD) ~ 0.9809 11034 09520 0.7014
max
Plasma angular velocity falls té%)z 0.5 1.5201 0.8111 0.5
Maximum azimuth-integrated total current
<1p/zpD> - 2(1P/1PD) ~ 8.404 1.7409 07579 0.4178
max max
Field-aligned current passes through zero
Maximum height-integrated ionospheric Pedersen
current(z‘p/ipD ~ 0.9631 25674 0.6241 0.2284
max
Maximum downward field-aligned current density
(Gi/B/GiBD) = (jitiip) =2 00 0 0
min min

the limits of validity of these approximations as being the i, Rpe 2 1@ h
points where(l — (w/2y)s.) = 1.1(1 — (w/Qy)), such lTD = e ) where
that the departure from rigid corotation given by the approx-

imate form exceeds that of the full solution by 10% of the o\ 12
latter. These limiting positions are shown by the downward-;  — (ZPM) Qy, (21c)
pointing tick marks in Fig. 2. The short-dashed lines in the 2
figure also show a higher-order larggform (‘L") in which
the plasma angular velocity falls with distance@sz, due I, 8 Rpe 1_2 h
to negligible ionospheric torque. Noting that both the ex- [p_D =on 0Oe Q) where
ponential and the error functions go to unity in Eq. (14) as
pe — 00, we find with Hill (1979) that fork = 0 s 37 1/4 1/2
lpD=< gn ) (BJRJS) Qy, (21d)
(20)

2
w _ /e Rpe.
(&), (%)

4
The limit of validity of this approximation is similarly de- _(1/B) _ [, (@} ([, o 4 Boe 12
fined as the point wherd — (w/ 225);/) = 0.9(1— (»/ Q)), (ji/B)p Qy Pe Q]
and is marked by the upward-pointing tick marks in Fig. 2.
The normalised solutions for the current components theryvhere
follow from Eqgs. (3)—(5), giving

, (1/B)p = Tp<y, (21e)
ip pi w
— =2 — )1 -—=—, where
iPD (RDi> ( QJ) and
8
.\ 1/8 3/4 - o . o
) >*TM i _ 2__14i 1-— —
lpp = ( ;T ) <BJRJ) Qy, (21a) Jlip Qy + Rp; Qy ’
2 where
Ip Pi )
— =47 — 1-—, where S
Ipp i (Rm) ( QJ) Jiip = 225 By <. 19

J. D. Nichols and S. W. H. Cowley: Magnetosphere-ionosphere coupling currents in Jupiter’s middle magnetosphere

(21b)

.\ 1/4 1/2
PD = o JRY Js

We note that Egs. (21b) and (21d) are equivalent to Hill's
(2001) Eg. (A13), while Egs. (21e) and (21f) are the same as
Hill's Eqg. (A12). These normalised forms are plotted as solid
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Fig. 3. Plots of normalised steady-state current components for a dipole magnetic field, plotted versus normalised equatorial radial distance
(pe/Rpe), Or normalised distance from the magnetic afgs/Rp;) in the ionosphere, as appropriate. The plots sk@wthe height-
integrated ionospheric Pedersen current intenfijythe azimuth- and height-integrated total ionospheric Pedersen cuektite current
sheet-integrated equatorial radial current intengitythe azimuth- and current sheet-integrated total equatorial radial cufeetiie equa-

torial field-aligned current density per unit magnetic field strength,(Bnithe field-aligned current density just above the ionosphere. The
corresponding normalization constants are given by Eq. (21). The solid lines show the full solutions given by Egs. (14) and (21), while the
long-dashed lines show the small and lapgdéorms (the " and ‘L’ approximations), shown to their point of intersectioriat/ R p.) = J2

(or equivalently(p; /Rp;) = 1/«8@), where(w/Qy)s = (w/2y)r = 0. The downward-pointing tick marks show the limits of validity of

these approximate forms, as shown in Fig. 2. The short-dashed lines show the higher-orgerflange(the ‘L’ approximation) obtained

from Eq. (20), whose limit of validity is indicated by the upward-pointing tick mark, as also shown in Fig. 2.

lines in Fig. 3 versus eithdp,./Rp.) or (o;/Rp;) as appro-  dipole, when expressed in normalised form. The long-dashed
priate. The values and positions of principal features are alsdines thus represent the current profiles that would be driven
tabulated in Table 1 in normalised units, and in Table 2 inby an angular velocity profile given by th&’approxima-
physical units. The dashed lines and tick marks in Fig. 3 thertion to the point where falls to zero, with zero being taken
show approximate forms in the same format as Fig. 2 for thebeyond. The short-dashed lines then show the profiles ob-
angular velocity. Specifically, for smafl, the long-dashed tained by introducing Eq. (20) (thd.”’ approximation) into
lines show the currents obtained by introducing Eq. (19) (theEq. (21).

*$" approximation into Eq. (21)). These currents are the same  The normalised solutions given above show how the form
as Eqg. (9) for a dipole field, when expressed in normalisedang amplitude of the plasma angular velocity and currents
form. This 'S’ approximation is drawn to the point where yary with the system parameters for a dipole field. Specif-
(w! Q)5 falls to zero. Beyond this we draw the currents ically, Egs. (13) and (16) show that the solutions scale
obtained by introducingw/ Q). = 0 into Eq. (21) (the  gpatially in the equatorial plane and in the ionosphere as
‘L’ approximation), which are the same as Eq. (10) for the , (Z%/M)Y4 andp; o« (M/T%)Y8, respectively, while
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Table 2. Principal features of the plasma angular velocity and coupling current system for a dipole field in physical units

Feature

(#)

sing; = (1%)

Maximum upward field-aligned current density
(il/B) gy ~ 0.10765% (mho) pAm—2nT -1

% (mho)

1/4
. ~ -2
Jllimax ™~ OOQZO@;(th)MA m 5021(1\/[(:I.O3kgsl))

T 1/8
M(10°kgs )

Maximum sheet-integrated equatorial radial current

3% (mho)

1/4
54-3°<1umoekgs—l>)

. 1/2
ipmax ~ 2178(£5 (mhoM (10 kgs™)) mam1

116 N 1/8
M(10°kgs ™)
0.1357<2;(th) )

% (mho)

Plasma angular velocity falls t()%) =05

T 1/8
M(10°kgs ™)

1/4
74'80(1\?1(103kg sl))

Maximum azimuth-integrated total current

) 1/4
Lymax = 21p max ~ 65.54(2}", 3(mho) M (10%kg s—1)> MA

1/4 1/8
Al 67}3:,2(th) M(10%kgs 1)
Field-aligned current passes through zero 8<'M(103kg = 0.1080 TXE(mho

Maximum ionospheric Pedersen current

) 1/8
iPmax 0.7381(2; 7(mho)M (10%kg s—l)) Am~1

M(10kgs

1/4
%% (mho)
X% (mho)

. \YE
126.34( 0.0890(”’(103‘@5))

Maximum downward field-aligned current density
Gi/B),,;, & —0.3525% (mho pAm—2nT~1 00 0
Jli min & —0.30135% (mho uA m—2

Eq. (21) shows that the amplitude of each component of theas may be readily verified by substituting the appropriate
current system scales as some powegf and M of the  form for the angular velocity (i.e. theS' or ‘L’ approx-

form imations) into Eqg. (21). Thus, in summary, the currents
grow in the inner region according to Eq. (23a), and depart
from this behaviour at an equatorial distance proportional to

/4 inner :
where y is equal to zero for the sheet-integrated equato—.(EP/M) (as shown by the ‘inner’ downward tick marks

rial radial current, 12 for the azimuth-integrated total field- n F|g(.jl3), ;NhEere t2h§ Clér_re!'llt \I/all,:ﬁ dependtsiép <3|1de th
perpendicular current, /& for the height-integrated iono- according to Eq. (22). Similarly, the currents decline in the

. 14 Al uter region according to Eqg. (23b), starting at an equato-
spheric Pedersen current, and 1 for the field-aligned curren?ial distance proportional o= /M)~ (as shown by the

density. The fact that these spatial and amplitude scales con{— ) ! P

bine to produce a linear dependence of the currentfolor outer’ downward tick marks in Fig. 3), where the current
: y ;

small p., as given by Eqg. (9), and a linear dependence onvalue again depends afy, andM according to Eq. (22).

X7 at largep., as given by Eqg. (10), implies that the cur-

rents grow with a specific power of the distance in the inner ) )

region, and decline with a specific power of the distance at* Plasma angular velocity and coupling current system

large distances. It is easy to show that at small distances the for @ current sheet magnetic model

currents grow as

Aty) . (A-y)

ixXp 2 M 2, (22)

The solution for the coupling currents for a dipole field rep-

2(14y) M resents an important paradigm case. Nevertheless, the model

is & Mp, X Ay (233) s unrealistic in its application to Jupiter because the mid-
! dle magnetosphere field lines are not quasi-dipolar, but are

while at large distances they decline as significantly distorted outward from the planet by azimuthal
currents flowing in the equatorial plasma, as shown in Fig. 1.

i o « Z;p?(l_w, (23b) Thus field lines at a given radial distance in the equatorial

P
p62<lfy) plane map to a significantly lower latitude in the ionosphere
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IBzclinT B, versus equatorial radial distance (the actual values are, of
course, all negative), while the dashed line shows the dipole
field for comparison. The model field departs from the dipole
in the inner part of the middle magnetosphere, and remains
significantly lower in magnitude throughout the region of in-
terest, reflecting the outward distension of the current sheet
field lines. The model employs the “Voyager-1/Pioneer-10
model” of Connerney et al. (1981) (the “CAN” model) out
to a certain radial distance (using the analytic approxima-
R tions derived by Edwards et al., 2001), and the empirical
0 () \Voyager-1 outbound model of Khurana and Kivelson (1993)
(the “KK” model) beyond. The radial distance at which these
models are joinedy} ~ 21.78 Ry, indicated by the “kink” in
the solid curve in Fig. 4a, is determined from the intersection
of the two model curves, such that there is no discontinuity in
the field magnitude at this point (only in the first derivative).
The expression for the field in the “CAN” region has been
given previously by Cowley and Bunce (2001) and Cowley
et al. (2002), and will not be repeated here. The expression
Smeeeseeas for the field in the “KK” region, however, is simply a power

20 40 60 80 100 120p“/RJ(b) law given by

B, = —Bo<&>m, (24)

whereBg = 5.4 x 10 nT andm = 2.71. This function was

. determined from a fit to outbound Voyager-1 data over the

20000 range from~20 to ~100 Rj, corresponding approximately
e - to the range over which we employ it here.

1000

100

0.1

Fo/nT R;?

80000

60000

40000

20000

F./nT R

80000

60000

40000

20 " p % 100 lZ()pC/RJ(C) The equatorial flux functio, satisfying Eq. (2) is shown
by the solid line in Fig. 4b, where the dashed line again shows
the dipole value (Eq. 11b). The value &f at p} is set by the
Fig. 4. Plots showing parameters of the current sheet field modelCAN model, equal te~3.70x10* nT Rg, while beyond this,

employed in Sect. 4 (solid lines), compared with values for the plan-in the “KK” region, integration of Eq. (2) using Eq. (24) for
etary dipole field alone (dashed lines). Rlaj}is a log-linear plot B.. yields

of the modulus of the north-south equatorial magnetic fi@ig |

threading the equatorial plane, shown versus jovicentric equatorial BoR2 (R m—2
radial distancep.. This field component is actually negative (i.e. F,(p,) = Fo, + oty (27 , (25)
points south) in both cases. The kink in the curve-81..78 Ry in (m—2)\ pe

the current sheet model marks the point where we switch from the
‘CAN’ model to the ‘KK’ model, as discussed in the text. P(p) ~ Where F.,, the model value of F, at infinity, is
similarly shows the equatorial flux functiaf, of the model fields ~ ~2.85x10*nT R% It can be seen in Fig. 4b that the value
versus jovicentric equatorial radial distanee Plot(c) shows the  of F, for the current sheet model is much larger than for the
mapping of the field lines between the equatorial plane and the ionodipole at a given equatorial distance, and varies over only
sphere, determined from Eq. (1). The ionospheric dipole co-latitudey narrow range in the outer middle magnetosphere. Since
of the field line is plotted versus jovicentric equatorial radial dis- thg yglye ofF, is directly related to the magnetic co-latitude
tancepe. where the field lines map to the ionosphere through Eqg. (1),
the implication is that the current sheet field lines map to sig-
nificantly larger co-latitudes than for the dipole, and also to
than for a dipole, thereby increasing the electric field and cur-a very narrow co-latitude range. This is shown explicitly in
rent for a given departure of the plasma from rigid corotation.Fig. 4c, where we plot the co-latitude of the field lines in the
In their previous investigations, Cowley and Bunce (2001)ionosphere versus equatorial radial distance. In the current
and Cowley et al. (2002) employed an empirical model of sheet model (solid line), the ionospheric mapping varies from
the equatorial field based on Voyager magnetic data. This co-latitude of~16.7 at 30 Rjto ~15.6> at 120 R, a range
model will also be used here, its properties being illustratedof only ~1.1°. Even the current sheet field line from infinity,
in Fig. 4. The solid line in Fig. 4a shows a log-linear plot should the model (unrealistically) be taken to extend that far,
of the modulus of the equatorial north-south magnetic fieldonly maps to~15.0°. Field lines at smaller co-latitudes then
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do not thread the current sheet in this model, but must magHill distance” of 15.6 R, at the limit of the parameter range

instead to the outer magnetosphere and magnetic tail, regiorsonsidered here.

which are not described by the present theory. In the dipole We thus consider solutions for the case in which the equa-

model, by contrast, equatorial field lines in the range 30 totorial field is taken to be given by Eq. (24) at all distances.

120 Ry map between~10.5 and~5.2°, a range of~5.3, To obtain an analytic result we also make the further approx-

and go to the pole, of course, at infinity. imation that the flux function is taken to be a constant in the

Hill-Pontius equation. Thus, over the region of interest, the

Solutions for such a “current sheet” field must generally equatorial field is taken to map in the ionosphere to a nar-

be computed numerically for specific values of the systemrow range of distances from the magnetic axis, an approxi-

parameters, and results have been presented to date by Cowation shown to be well satisfied for the empirical current

ley et al. (2002, 2003) for a few spot values. Here we presensheet model discussed above. While this approximation will

an approximate analytic solution which applies to the regiongenerally be valid for “current sheet” fields, it is clearly not

beyondp; ~21.78R, where the field varies with distance valid for quasi-dipolar fields. We thus note that the solutions

as a power law, which previous work has shown to be theobtained here do not reduce to the dipole case in the limit

main current-carrying region. However, we must first en- that we choose: = 3 in Eq. (24). With this “current sheet”

quire how solutions in the power law region depend on condi-approximation, then, Eq. (6b) becomes

tions inside the region, where the dipole field is dominant and m

the transition to the power law takes place. We commented‘ki(&) + (ﬁ) - Z(RCSC’> (1 _ i) (26)

previously for the dipole problem that solutions of the Hill- 2 dpe \ §2/ Qy Pe Qy

Pontius equation which are started at an arbitrary angular veghere R, is the equatorial “Hill distance” for the power

locity well within the “Hill distance” converge rapidly onto |a current sheet field (subscript ‘CS’)

the solution which rigidly corotates at small distances, such

that the behaviour at larger distances is very insensitive to theg - ¢, <2ﬂ % BoFo) Y/m

choice of initial condition. Numerical investigation shows = Y, .

that the solutions for the current sheet field exhibit the same

property (Cowley and Bunce, 2002). The implication for the Here we have putF, = Fp, a constant, into Eq. (6b),

present problem is that, provided the effective “Hill distance” such that the field lines are taken to map in the iono-

is larger tharp ~20R, (i.e. provided the value of£% /M)  sphere to a fixed distance from the magnetic axis given by

is not too low), the solutions in the “power law” region will (pio/Ry) = (FO/B]R;) (Eq. 1). The value ofy could

be very insensitive to conditions in the interior region. In . .
i . : . be taken for example, to be equal . in Eqg. (25) (in
this case, we can simply take the power law field to be valid .
By P which case(pio/R;) = (pico/Rys) Where (piw/Ry) =

over all distances, but apply the results only to the region 5 , ;

outside ofp*. The validity of this statement may be judged v (Feo/ByRy)” ~0.258, corresponding to a co-latitude of

from Fig. 5, where we show solutions for the plasma an-”14'93)' or to some nearby (Ia_rger) value rep_resentan_ve

gular velocity in the inner part of the system spannjiy of the field lines in the region of interest. E_quat|o.n (26) is

for three values of % /M) covering our range of interest, then of the same form as Eq. (12) for the dipole field (they

e 104 10-3 and 1%2mhoskg—1 The solid lines show '€ identical whem: = 4), from which it is clear that the

numerical solutions using the full current sheet field modeljv?:ﬁtggtsa?i gjsrllecnonzn?jn\ll)\;it?etéscss;ét::qd p:\ergaeetse Crzleas
N i : ; fi . [ CSe

shown in Fig. 4, while the dashed lines similarly show nu (E5/M)Y™. With m = 2.71, therefore, as used through-

merical solutions using the power law field over the whole out here, the scale length varies somewhat more rapidly with
range. (The dot-dashed lines show the analytic approxima: ' 9 pidly

tion to be derived below.) Both numerical solutions were tI;:e* SX;;?/T p?g:mifgfafh;r;u?gnﬂ;? glpo(lgé)wch;cr:]havzrilnez:s
initialised by imposing the near-rigid corotation approxima- (p/ ' 9 9. 9

tion given by Eq. (8) ap. = 5Ry. The position ofp? is found by the integration factor method

indicated by the tick mark in each plot, such that both mod- 2 2 m

els use the same power law field at larger distances. It can b€ﬁ> - (i) (RCS"> exp[i<RC5e> } x

seen that the two numerical solutions converge rapidly be-\$2/ m Pe M\ Pe

yond this distance, the convergence becoming increasingly

rapid as(Z}/M) increases. Thus, in the parameter range F[l— 3 i(@)m} + K} (282)
of interest, the solutions in the power law field region can m m\ pe

be approximated by taking the power law field to be valid at

all distances. We note that the values of the “Hill distance” whereT («, z) is the incomplete gamma function
corresponding to the values ()E;/M) shown in the figure 00

are 27.7, 49.2, and 87.5Rhus exceeding’ ~21.78 R in I'(a,z) = / e "t ar. (28b)
each case, though only just so at the lower limit. Conver- <

gence of the two solutions is found to break down for lower The solutions again diverge at the origin except for the spe-
values of(Ej‘,/M) ~ 10°mhoskg?, corresponding to a cial solution withk = 0, which rigidly corotates for small

(27)
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/) function only of

1 k=
Ao; R m—2
( Pi ) _ ( CSe> ’ (30)
Resi Pe
where Ap;= (pi — pico), and p; is the distance from the
magnetic axis of the field line from infinity as given above.
In deriving Eq. (30) we have assumed that; is small com-

pared withp; ., in keeping with the “current sheet” approx-
imation introduced above. Numerically, for the above power

(Zp*/M) =10 mho s kg™"

0.9

0.8

0.7

0.6

0.5

0.4

PelRy

v » . 40 """ (@) law field we find
(w/€)) 1
| (Zp*/M) =10 mho's kg™ RCSE ~ 5638 M 271
" Ry M(1000kgs?)
0.9 and
y 1 2‘—3}
h Rcsi M (1000kg § :
2681~ 0.0197 % 7 1)
0.8 R; P2 (th)
PRy where we have chosen to put
10 20 30 40 50 (b) Fo=F,(7T0Ry) ~ 3.22 x 10% nTRgl a representative value

in the middle magnetosphere current sheet. Thus, as
(E;/M) varies over the range of interest from T0to
102mhoskg?, we find thatRs, varies between 24.1 and
131.9R; (compared with 27.7 to 878, for Rp, for the
dipole), while R¢s; varies between 0.046 and 0.0084
(compared with 0.19 to 0.1R; for Rp; for the dipole).
Consequently, sincé;~/R;) ~ 0.258, as indicated above,
we will indeed haveAp; small compared witho;, for

N valuesAp; ~ Rcs;.

10 20 30 40 50 p“/R"(c) The solid lines in Figs. 6a and b show the normalised an-
gular velocity solution given by Eq. (28) witk = 0 and

Fig. 5. Plots showing plasma angular velocity profiles versus equam = 2.71, plotted versugp. / Rcse) in the equatorial plane,
torial radial distance fo(E}",/M) equal to(a) 1074, (b) 10-3, and and versusApi/ Resi) in the ionosphere, respectively. The

, 1 o ) ) form is similar to that for the dipole, though falling away
()10 . thSkg—.' The solid “nes.ShOW the S,Oluuon Obta'n?d by from rigid corotation more quickly (in normalised units) in
numerical integration of Eq. (6b) using the full ‘current sheet’ mag- the inner region. and less quickly in the outer region. This so-
netic model shown in Fig. 4, starting from the near-rigid corotation | . " . gion, . q y . .g '
approximation Eq. (8) at, = 5 Ry. The tick marks show the point 1Ution is also shown in un-normalised form (with the above
(pF ~21.78 Ry) where the magnetic field switches from the ‘CAN’ value of Fp) by the dot-dashed lines in Fig. 5, where it is

model to the power-law ‘KK’ model. The dashed lines then show compared with the results of numerical integration of the full
the numerical solution obtained by employing the ‘KK’ power law solution (solid and dashed lines as described above). It can

field (given by Egs. 24 and 25) over the full distance range, the so-be seen that the analytic solution forms a very close approx-
lutions again being initialised using the appropriate form of Eqg. (8) imation to the numerical solutions fgr, > oy under all
atp. = 5Ry. The dot-dashed lines show the approximate analytic conditions of interest here, a result we have confirmed by
solution using the ‘KK’ power law field, given by Eq. (28) with 5 \vider comparative study not illustrated here. The dashed
K=0 and_m = 2.71. Note that the vertical scale has been tailored |inas and tick marks in Fig. 6 show normalised approximate
to the plotin each case. forms and their regimes of validity, in the same format as

Fig. 2. Specifically, the long-dashed lines show the small-
(*S”) approximation given by Eq. (8)

(Zp*/M) =102 mho s kg™'

0.985

0.98

0.975

0.97

pe. TO map the solution to the ionosphere we equate Eqgs. (1fe

and (25), and define an ionospheric scaling distance ( - > 3 1( e )m 1 1<RCSi)mm2 (32)
5 ) L2 Q) 2\ Rcs.) 2\ Ap; '
. B/R ~m
Resi . 1 <ﬂ> [ J( 1:[ ) ,(29)  where we again note that the series generated by Eq. (7)
Ry 2(m - 2) By Foo \21 %3 BoFo (of which Eq. (32) is the leading term) is the same as that

obtained by asymptotic expansion of the gamma function
such that the angular velocity mapped to the ionosphere is & Eq. (28) for large argument. The short-dashed lines
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0 F
w/Qy IPCS = (—OZ)E;B‘]R‘%QJ 3 (34b)
T B R?

j Rcse
o _ 4(—CSc ) (l — ﬂ) where
ipocs Pe Qy

y 1/m
F M
ipCSZ ( 0 )( > E;B‘]R‘]Q‘], (34C)

B;R2 )\ 21T} BoFo
‘ I
: S : ; . . pu/Rm(a) _r = 871 <]_ — i)’ where
Wy IpCS QJ
Fo
N Lcs = <—2>2;‘,B,R§Q,, (34d)
: B RJ
" (i/B) 4< pe )“
s . X
o Ui/ B)es Recse

0.2

X <i) - 2(@) (1— i) , where
s ApilRe %(b) QJ Pe QJ

. Bj Fo
Fig. 6. Plots of the approximate analytic plasma angular velocity Ui/ Bes = <Bo) (BJ R? ) )
profile for the current sheet power law magnetic field model, given
by Eqg. (24) withm = 2.71, shown(a) versus(p./Rcse) in the " 1-2
equatorial plane, an@b) versus(Ap; /Rcy;) in the ionosphere. The (M) " E;“)QJ’ and (34e)
solid line in each case shows the full solution obtained from Eq. (28) M
with K = 0, such that the plasma rigidly corotates at small radial
distances. The long-dashed lines show the sm4lls’) form given M _ 4<@) 5
by Eq. (32), while the large.(‘L’) form is just (w/2;);, = O. Jlics Ap;
The downward-pointing tick marks indicate the limits of validity of

both these approximations as defined for the dipole case shown in o Api s o
( ) - 2<—l> (1 ) . where

0.5 1 1.5 2 25 3

Fig. 2. The short-dashed lines show the higher-order lapge-"") X —
form given by Eq. (33), whose limit of validity (defined as for the $2
dipole case) is indicated by the upward-pointing tick mark. The
horizontal dotted line indicates the condition for rigid corotation, jlics = <BJ>< o > %

(/) = 1. Bo )\ B, R2

Rcsi

. . o 27 5% BoFo\ ¥
then show the higher-order largef' L") approximation, ob- x| ——————  pBrQy. (34f)
tained from Eq. (28) as M

2 2 These forms are shown by the solid lines in Fig. 7, plotted
<ﬂ) — (i)mr<1 _ E) (@) _ (33)  versus eithel(p,/Rcsi) OF (pi/Rcsi) as appropriate. The
Qy /)L m m Pe dashed lines show approximate forms based on§he L’,

: Cp P o and ‘L approximations for the angular velocity, in the same
Iﬂfslzivglfrjger large. (L) approximation is again simply format as Fig. 3 for the dipole. Comparison with Fig. 3
shows similarities, but also major differences with the cur-
rents for the dipole field. The differences arise from the fact
that the current sheet field lines reach the ionosphere in a nar-
ip 1) row band at a finite co-latitude, rather than continuously ap-
- 2(1 a _> where proaching the pole with increasing radial distance, as for the
dipole. The ionospheric Pedersen current (Eq. 34a), while

Fo being proportional to the displacement of the band from the
ipcs = —ZZ;B‘]R‘]Q‘], (34a) . . 2 . . .
ByR? magnetic axig/ Fo/ By R, then varies with co-latitude only

through the variation of the plasma angular velocity. As seen
Ip 4 ( 1) ) where in Fig. 7a, the Pedersen current, therefore, peaks at the pole-
7T ,

The normalised approximate solutions for the currents
then follow from Egs. (3)—(5)

ipcs J

Ipcs = ward edge of the band, where the angular velocity is zero,



J. D. Nichols and S. W. H. Cowley: Magnetosphere-ionosphere coupling currents in Jupiter’s middle magnetosphere
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Fig. 7. Plots of normalised steady-state current components for a power law equatorial magnetic field (Eq. (243v#thl) and ‘current

sheet’ approximate mapping to the ionosphere, plotted vesURs.) or (Ap;/Rcs;) as appropriate. As in Fig. 3 for the dipole, the
plots show(a) the height-integrated ionospheric Pedersen current intetsjtthe azimuth- and height-integrated total ionospheric Pedersen
current,(c) the current sheet-integrated equatorial radial current inteffdjtyhe azimuth- and current sheet-integrated total equatorial radial
current,(e) the equatorial field- aligned current density per unit magnetic field strengtlff)ahd field-aligned current density just above the

1431

ionosphere. The normalization constants are given by Eqg. (34). The solid lines show the full approximate solutions given by Egs. (28) and
(34), while the long-dashed lines show the small and largfsrms derived fromw/ 2 5)s given by Eq. (32) andw/25); = 0, drawn to

their point of intersection alo./Rcs.) = ~2 . The downward-pointing tic-marks show the limits of validity of these approximate forms as
defined for the dipole case. The short-dashed lines show the higher-ordepldnyes given by Eq. (33), whose limit of validity is indicated

by the upward-pointing tick mark, again defined as for the dipole case.

and falls monotonically with distance from the boundary asing distance, and then falls as* at large distances, as seen
the angular velocity approaches rigid corotation (Fig. 6b).in Fig. 7c. The further implication of a monotonically in-
This implies that the azimuth-integrated total current alsocreasing total current is that the field-aligned current is uni-
varies monotonically with distance, the total equatorial cur-directional, flowing consistently from the ionosphere to the
rent (Eq. 34d) thus rising with increasing equatorial distanceequatorial current sheet, as shown in Figs. 7e and f. Clo-
sure of the current system must then occur outside the region
seen in Fig. 7d. This behaviour also implies that the radialdescribed by the model, on field lines mapping between the

towards & FoXj 2y (strictly, 87 Foo X} 2;) at infinity, as

current intensity (Eq. 34c) rises to a peak value with increasionosphere at higher latitudes and the outer magnetosphere
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Table 3. Principal features of the plasma angular velocity and coupling current system for the power law current sheet field in normalised
units, obtained (wit: = 2.71) from the approximate analytic solution of Sect. 4

Pe Api 10)
Feature ( RC”) ( ch) (Q—J)
Maximum sheet-integrated equatorial radial current
(ip/ipcs)max ~ 1.2109 1.6142 0.7118 0.5113
Plasma angular velocity falls t()s%>=0.5 1.6521 0.7002 0.5

Maximum upward field-aligned current density
(GiBy/Gi/Bes) = (julies) ~—~15274 23777 05407 03339

max

Maximum height-integrated ionospheric Pedersen
current(ip /ipcs)max = 2
Maximum azimuth-integrated total current 00 0 0
(Ip/lpcs) - 2(1P/1pc5) — 87 ~ 25133
. . /max max
Field-aligned current goes to zero

Table 4. Principal features of the plasma angular velocity and coupling current system for the power law current sheet field in physical units,
obtained (using3g = 5.4 x 10*nT,m = 2.71, Foo ~ 2.85x 10 nT 32 andFg ~ 3.22x 10*nT I%-Z) from the approximate analytic solution
of Sect. 4

Pe
Feature (R—I)

Maximum sheet-integrated equatorial radial current

Api
Ry
1

. 571 N 1/2.71 . “1.\ 77T
ipmax ~ 8.690(2’;,(mh0)1~71M(103 kg s*l)) mAm—1 91.02<M> o.omm(M)

o
3
[y

M(10%kgs™h 7% (mho)
. 1271 . N
Plasma angular velocity falls tég%) =05 93.1{%) 0.0lS?(%) '
x

Maximum upward field-aligned current density
(j||/B)n1ax ~

1 1/4 .
% 342, ~1,-071)2" —2, 1 T} (mho M(10%kgs™)
2.808(2: % (mho>**M (10%kg st pPAm=2nT 134.06( T iFasT 0.01063 =g
Jilimax ~ 2.404(2% (mho342p (10%kg s~ =071 yAm 2

o
\‘
iy

N
I
i

Maximum height-integrated ionospheric Pedersen current

iPmax ~ 2.9505% (mho) Am~1

Maximum azimuth-integrated total current 00 0
Iy max = 2Ip max ~ 7258%% (mho MA

Field-aligned current goes to zero

and magnetic tail. The values and positions of principal fea-to the latter value at infinity, rather than following the strictly
tures of the solution are again tabulated in Table 3 in nor-monotonically rising behaviour of the approximation. Cor-
malised units, and in Table 4 in physical units. respondingly, the field-aligned current in the numerical so-

The behaviour of these approximate solutions thus reflectéUtions FEVerses tq sm_all negative values (given by Egs. 10e
the results presented previously by Cowley and Bunce (2001 nd f) at large r§d|al d!stances (and hence, close Fo the pole-
and Cowley et al. (2002, 2003), using the full current sheet a_rd boundary in th_e |ono_sphere), rather than going to zero
field model shown in Fig. 4. One minor difference is that in as in the approximation (Fig. 7f), though the net current clo-

the numerical solutions the total equatorial (and ionosphericSUre IS small. However, for the range of system parameters

current rises with increasing distance to a maximum valueconsidered here, the maximum in the total current and the

slightly above & F., £% 2 before falling with decreasing concurrent reversal of the field-aligned current typically take
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place at equatorial distances of several hundred to severalf the peak values of the various current components, and the
thousand R far beyond the limit of physical applicability latitudinal width in the ionosphere of the region of upward-
of the model. Within the region of applicability, the agree- directed field-aligned current. With the exception of the latter
ment between the numerical and approximate analytic resultparameter, in effect we here provide plots showing how the
is found to be very good. guantities in Tables 2 (for the dipole) and 4 (for the power
In like manner to the dipole results, the normalised so-law field approximation) vary witit} andM. We also com-

lutions given above show how the form and amplitude of pare the approximate results for the current sheet field with
the plasma angular velocity and currents vary with the sys-spot values obtained by numerical integration using the full
tem parameters in the case of a power law current sheeturrent sheet field.

field. Equations (27) and (29) show that the solutions scale Figure 8 shows how the spatial scale on which plasma

spatially in j[hle equatorial plane apdl ir21 the ionosphere asg qration breaks down depends B, and M for the two
pe o (Sp/M)Y" and Ap; o (S5/M)*%/™, respectively, ) oqars! Specifically, we show the position wherg ) =
while Eqg. (34) shows that the amplitude of each compo-q 5 4q previously given in Tables 1-4. In Fig. 8a the equa-
nent .Of the current system scales as somg poweE pf torial distance is plotted versus} in log-log format for
and M of the same form as Eq. (22), but withequal to 44 _ 100 1000 and 10000kg$, while in Fig. 8b it is
1-2/m for the equatorial radial current, 1 for the Pedersenplotted versusM in similar format fors* = 0.1. 1 and
current and azimuth-integrated total field-perpendicular CU10mho. Solid lines give results for the dipélé field ob-

_rent (such that t.hese currents scale I|pearly_vﬂ§1;1 and are tained from Eqgs. (13) and (14), showing that the distance in-
:;]edr?gfnd;?]gﬂgésgsaﬁ:? fgr;hgof:]eslids-tzlé%nerﬁi C#;ﬁgtr creases with the conductivity zﬁjﬁ,l/ 4, and decreases with
Y. » y g the mass outflow rate a& —1/4. The dashed lines show

a given current component for the current sheet model thar(]:orre:s onding results obtained from the power law field ap-
for the dipole (at least fom > 2, as investigated here), the P 9 P P

implication is that the currents scale as a somewhat highePrO)(lmalte solutions Eqs. (27) and (28) (with= 2.71 and

g Fo ~3.22x10*nTR? as above), which, of course, are not
power of the conductivity for the current sheet model than for . J :
the dipole. and as a somewhat lower power of the mass ou applicable to the full field model at distances smaller than
Po'e, P ., ~21.78R. These increase more rapidly with;, and

flow rate. The corresponding behaviours at small and Iargeoe

) . i Ty *1/2.71 —1/2.71
distances, such that the solutions obey Egs. (9) and (10), aréecrease more rapidly with, as =, and M~ /21,
. respectively. Overall, however, the equatorial distances of

is o Mpe%dw) - M s (35a)  corotation breakdown are similar for the dipole and current
Ap{"Fr)/2m=2) sheet fields as noted above, but are generally somewhat larger
and for the current sheet model than for the dipole, particularly

o for larger values o2 and smaller values af/. The solid
ip oc ——F o mh ApmATEm=2), (35b)  dots in the figures provide spot values obtained by numerical
pn =2 ' integration of the full current sheet solution, their close as-
as can be verified by Substituting the appropriate approxi_sociation with the dashed lines C|eal’|y indicating the values
mations (S’ and ‘L") for the angular velocity into Eq. (34). Of M (in Fig. 8a) andx}, (in Fig. 8b) employed. This close
Thus, for example, withy = 1-2#n, the equatorial radial @ssociation also confirms that the analytic solutions provide
current increases as” ! in the inner region and falls as 900d approximations to the numerical results in the power
p; 1 at large distances, while the field-aligned current with law regime over essentially the whole parameter range con-
2(m—1) sidered here. The only notable deviations occur at sEgll

y = 3—4im grows aso; in the equatorial plane in the in- . )
ner region and approaches zero in this approximation at larg@nd 1argeM, where corotation breakdown occurs at equato-

distances, as indicated above (Figs. 7e, f). The spatial varitial distances approaching the radial limit of the power law

: ) Ny : :
ation of the field-aligned current in the large-distance limit field region ato;’ ~21.78 R, In this case the numerical re-
may then be obtained from the higher-order large-distanc&UltS give somewnhat larger distances than the analytic ap-

approximation (Eq. 33), from which it is found that the proximation, as also seen in Fig. 5. Corresponding results
—(4—m) projected to the ionosphere are shown in Figs. 8c and 8d, in

Zur{f_nns)y(irlez)s_a?;e : mhthe equatorial plane, and as a similar format. The horizontal dotted line @t ~14.95
Pi N the lonosphere. shows the co-latitude of the current sheet field line from in-
finity (the corresponding limit for the dipole being, of course,
5 Comparison of system behaviour for the dipole and the pole at; = 0°). These plots again emphasise the sig-
current sheet field models nificantly larger distance from the magnetic axis at which
plasma corotation breaks down in the ionosphere for the cur-
In this section we finally provide a summary and comparisonrent sheet field than for dipole, despite the similarity of the
of how the major features of the plasma flow and couplingequatorial results. They also display the relative lack of re-
current system vary witit; and M for the dipole and cur-  sponse of this distance to the system parameters in the current
rent sheet field models. Specifically, we consider the locasheet model, this forming the basis of the “current sheet” ap-
tion of corotation breakdown, the magnitudes and locationgproximationF, ~ Fp employed to obtain the analytic results
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Fig. 8. Plots showing the location of plasma corotation breakdown, specifically whei@ ;) = 0.5, and its dependence on the system
parametersy, andM. Plot(a) shows the equatorial distance at whighy Q) = 0.5 versusz’, in log-log format forM = 100, 1000 and
10000kg 51, while (b) shows this distance similarly plotted versusfor £% = 0.1, 1 and 10 mho. Solid lines give results for the dipole

field obtained from Eqgs. (13) and (14), while the dashed lines show corresponding results derived from the power law field approximate
solutions for the current sheet model Egs. (27) and (28). The solid dots provide spot values obtained from numerical integration of the full
current sheet solution, who3¢ (in (a)) andxy (in (b)) values are obvious from their close association with the corresponding dashed lines.

Corresponding plots of the ionospheric co-latitude at wiiigh$2 ;) = 0.5 are shown versus}, andM in (c) and(d). The horizontal dotted
line shows the latitude of the field line from infinity in the current sheet field model.

in Sect. 4. ing Fop = F.(p. = 70Ry) in the approximation, as above.

Turning now to the current components, in Fig. 9 we show,Very C(IjOSi agrefmentré]ould hlave t?een hobtalrr]]edf i we had
the behaviour of the peak Pedersen current, plotted in dnstead takerfp = Foo. These plots also show that for given
similar format to Fig. 8. The magnitude of the peak cur- system parameters the peak Pedersen current for the current

A S, sheet model exceeds that for the dipole by relatively constant
rent, plotted versudy, anQM n Figs. .9a and 9b, respec- factors of~3 to ~5 (typically ~4) PI'his c>1/ifferenceyarises
tively, shows that for the dipole (solid lines) the peak Peder-f ) ; _ . .
. . L %7/8 . rom the different ionospheric mappings of corotation break-
sen current increases with the conducnwtyi.?;gs7 »while o as shown in Figs. 8¢ and 8d. Figures 9¢ and 9d show
. : . 18 . . .

also increasing weakly with the mass outflow ratera¥ the co-latitude of the peak Pedersen current, which for the
(Eq. (21a)), while for the current sheet (dashed line) approx-i e field lies typically at-5° and is such that the distance
imations the peak current varies linearly wilj, butisinde- ¢ the magnetic axis varies with the system parameters as
pendent ofM (Eq. (34a)). The modestly lower numerically- 5*+=1/8 Jnd pr/8 (Eq. 16), while for the current sheet ap-
determined spot values in the latter case result from our tak- '
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Fig. 9. Plots showing the magnitude and location of the peak height-integrated Pedersen current intensity in the ionosphere, and their
dependence ol and M. Plot(a) shows the magnitude of the peak Pedersen current plotted VEisirs log-log format forM = 100,

1000 and 10000 kg, while plot (c) show the ionospheric location of the peak. Pl and (d) similarly show the magnitude and

location of the peak Pedersen current plotted vergu®r ¥% = 0.1, 1 and 10 mho. Solid lines give results for the dipole field obtained

from Eq. (21a), while the dashed lines show corresponding results derived from the approximate solutions for the power law current sheet
field given by Eq. (34a). The solid dots show spot values obtained from numerical integration using the full current sheet solution. For the

case of the current sheet approximation the peak current depends oBfy and not onM, so that only one dashed line is shown in plot

(), valid for all M. The peak current in this case always occurs at the poleward boundary of the current sheet field lines, as indicated by the
horizontal dotted lines at14.9% in plots (c) and (d).

proximation it is located consistently at the poleward bound-magnitude of the azimuthal magnetic field outside of the cur-
ary of the current sheet field lines a114.95, (dotted line)  rent sheet (Fig. 1)K, (nT) ~0.63 ,(MmA m~1)). Figures 10a
where the plasma angular velocity falls to zero. The numeri-and b show that for the dipole field the peak current varies
cally computed positions are located at a slightly higher co-as 2;1/2 and MY2 (Eq. (21c)), while for the current sheet
latitude, typically by~0.1°, like the total field-perpendicular approximation it varies more strongly with the conductivity

current mentioned above. In practical application the peakgg 2;1-71/2»71, and less strongly with the mass outflow rate
current will thus be limited instead by the radial extent of the ;¢ 5,1/2.71 (Eq. 34c). The values given by the numerical in-

region to which the model is taken to apply, with the peak gy rations are in close agreement with the latter. The current
value occurring at its outer (poleward) boundary. sheet values are again higher than the dipole values by factors

Figure 10 similarly provides results for the peak equato-of ~3 to ~5 (typically ~4), for reasons given above. Fig-
rial radial current, a parameter which relates directly to the



1436  J. D. Nichols and S. W. H. Cowley: Magnetosphere-ionosphere coupling currents in Jupiter’s middle magnetosphere

. -1 .
lpni,gém/l m Mkgs™") ipmax/mA m™! Zp*(mho)
4
10 100 .10
50 ’ . 103 50 —_‘__/-’///‘—/—/
-~ - e 10
10*
- 107
103
10?
3p*(mho) Mikgs™)
01 02 0.5 1 2 5 10 (a) 200 500 1000 2000 5000 10000 (b)
Mkg s~
pe(ipmax)/RJ (1§4S ) pé’(iﬂmax)/RJ
500 e 500 -
/:"/ I 10° R
200 St 200 5+~
s Zp*(mho)
100 |-~
*10
10
0
1.0
0.1
Vo1
2p*(mho) Mkgs™)
0.1 02 0.5 1 2 5 10 (©) 200 500 1000 2000 5000 10000 (d)

Fig. 10. Plots showing the magnitude and location of the peak sheet-integrated equatorial radial current intensity, and their dependence on
=% andM. Plot(a) shows the magnitude of the peak current veisiisin log-log format forM = 100, 1000 and 10 000 kg'$, while plot

(c) shows the corresponding equatorial location of the peak in a similar format.(B)@ad(d) similarly show the magnitude and location

of the peak current versud for X% = 0.1, 1 and 10mho. Solid lines give results for the dipole field obtained from Eg. (21c), while the
dashed lines show corresponding results derived from the approximate solutions for the power law current sheet model given by Eq. (34c).
The solid dots show spot values obtained from numerical integration of the full current sheet solution.

ures 10c and d show that the equatorial distance of the peadtial regime of applicability is again limited, such that the
is typically located at~50R; for the dipole model, vary- peak radial currents will actually occur at the outer bound-
ing with the system parameters E$1/4 and M~Y4, while ary of the region for sufficiently larg&?} and/or sufficiently

for the current sheet approximation it is generally located atsmall M, as can be determined from the position of the peak

somewhat larger distance€0 R;, and varies more strongly in Figs. 10c and d.

as =37%™ and M~Y/271 The positions given by the nu-

P . on _ Results for the magnitude and location of the peak
merical integrations are again in close agreement with th

i . " Szimuth-integrated total equatorial radial current, equal, of

latter, except for smalky, and largeM, where the posm*on course, to twice the peak azimuth-integrated total Pedersen
of the pea!< approacheg ~ 21_'78 R. In fac_t for sma_IIEP . current in each conjugate ionosphere, are shown in Fig. 11.
and largeM, the peak current in the numerical solutions lies Figures 11a and b show that the magnitude of the peak cur-

consistently ajp;, where the field models are joined. Such ron¢ for the dipole field increases with the conductivity as

points are omitted from the plots. At large distances the ra—E;3/4, and less strongly with the mass outflow rateVas*
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Fig. 11. Plots showing the magnitude and location of the peak azimuth-integrated total equatorial and ionospheric currents, and their
dependence OE} andM. Plot(a) shows the magnitude of the peak total equatorial radial current (equal to twice the peak total ionospheric

Pedersen current) versi;, in log-log format forM = 100, 1000 and 10000 kg3, while plots(c) and (e) show the corresponding
equatorial and ionospheric locations of the peak in a similar format. B¥ptgd) and (f) similarly show the magnitude and location of

the azimuth-integrated peak total current verstifor % = 0.1, 1 and 10mho. Solid lines give results for the dipole field obtained from

Egs. (21b, d), while the dashed lines show corresponding results derived from the approximate solutions for the power law current sheet
model given by Egs. (34b, d). The peak total current in the latter model is independensofthat only one dashed line is shown in (a). It

occurs at infinity in the equatorial plane so that no dashed lines are shown in (c) and (d), or equivalently at the poleward boundary of current
sheet field lines in the ionosphere-at4.95 as shown in (e) and (f) (dotted line). The solid dots show spot values obtained from numerical
integration of the full current sheet solution. In this case the peak values occur at large but finite distances such that only the closest of them
are included in (c) and (d).
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Fig. 12. Plots showing the magnitude, location and half-width of the peak upward-directed field-aligned current density, and their dependence
on 2; and M. Plot (a) shows the magnitude of the peak total current density veispsin log-log format forM = 100, 1000 and
10000kg 51, where the left-hand scale shows the peak current density in the ionosphere, while the right-hand scale showsjihépeak

value, simply related to the latter via Eq. (5b). Solid lines give results for the dipole field obtained from Egs. (21e ,f), while the dashed lines
show corresponding results derived from the approximate solutions for the power law current sheet model given by Egs. (34e, f). The solid
dots show spot values obtained from numerical integration of the full current sheet solutioft) Blaiws the corresponding location of the
peak(j;/B) in the equatorial plane in a similar format, while p(e) shows the conjugate location of the peak field-aligned current in the
ionosphere. Plotgb), (d), and(f) similarly show the magnitude and equatorial and ionospheric locations of the peak current density versus
M for ¥% = 0.1, 1 and 10 mho. Ploig) and(h) show the latitudinal width of the upward field-aligned current region in the ionosphere in

a similar format, defined as the full width at half maximum.
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(Egs. 21b, d), while for the current sheet approximation it iswhich are much smaller. In Figs. 12g and h we finally show a
linearly proportional taz; and independent déf (Egs. 34b, measure of the latitudinal width of the region of upward field-
d). The numerical values shown by the dots in the latter casaligned current, potentially related to the latitudinal width of
are a little lower than the dashed line approximation for rea-associated jovian auroras, plotted verﬂkandM , respec-
sons given above for the Pedersen current. The value of thévely. The width of the upward current given here is the full
peak current is a factor af5 to ~20 (typically~10) larger ~ width at half maximum. The solid and dashed lines show
for the current sheet than for the dipole. The location of theresults for the dipole and power law current sheet approxi-
peak in the equatorial plane (where the field-aligned currenimation, respectively. The results were derived from the fact
passes through zero), is shown in Figs. 11c and d. Itis locatethat in the equatorial plane the value gf(B) reaches half
typically at~90 R; for the dipole field, scaling ag;’;l/“ and its peak positive value for the dipole field at normalised ra-
MY/, but occurs at infinity for the current sheet approxi- dial distancesd./Rp.) of ~0.629 and~1.470 (see Fig. 3e),
mation (such that no dashed lines are shown in Figs. 11c an#hile for the power law current sheet approximation the cor-
d), or, in other words, at the outer boundary of the relevant'esponding values opt/ Rcs.) are~0.940 and~8.337 (see
region in practical application. The peak value in the numer-Fig. 7€). The dots again show spot values obtained numer-
ical curves, shown by the dots, occurs at large but finite radcally using the full current sheet field. It can be seen that
dial distance, as mentioned above, typically well beyond thethe width for the dipole field is typically-3°-5°, decreasing
region of physical applicability~500 to~5000R). Only modestly with increasin@?} and increasing modestly with
the closest of them (for small*, and largeM) are included  increasingd (as = “/® and MY/8, respectively). For the

in Figs. 11c and d. The corresponding location of the peakcurrent sheet model the thickness is reduced @05°-1.5
azimuth-integrated Pedersen current in the conjugate ionofless if the system is limited in radial distance), varying in
sphere is shown in Figs. 11e and f. It is located typically the above manner more strongly with the system parameters
at ~6° for the dipole field, scaling aE;‘,_l/B and M8 as  (as~ =} %% and~ M0%).

before, but for the current sheet it is located consistently at

(for the approximation) or near (for the numerical values) the

poleward boundary of the current sheet field lines 24.95

(dotted line). 6 Summary

Figure 12 shows results for the upward-directed fleld-ln this paper we have considered the steady-state proper-

aligned current density, a parameter of relevance to the ori-, f th tosoh ; h i ¢
gins of the jovian auroras. The magnitude of the peak upwar&Ies ot the magnetosphere-lonosphere coupiing current sys-

current is shown in Figs. 12a and 12b in a similar format totetmd thi:] ftlrc])ws '? Juplter? T'ddlf Imagn;et;)_sphere, ?sso(;n-
the above, where, sincg; and (j;/B) are simply related atec wi € enforcement of partial corotation on outward-

through the constant factor®; in the approximation for the flowing plasma from the lo torus. The sollutlons depend on
ionospheric magnetic field employed here (Eq. 5b), one plotthe \_/a_llues of tV\_'O _pare_lmeters, the* effective Pedersen con-
serves the purpose of both parameters according to the Iefguctmty of .the jO'VIan |onqspher9: ' gnd the mass out-
and right-hand scales. These plots show that for the dipold!OW rate of iogenic plasmas, these being taken to be con-
field the peak upward current density depends linearlggn stants. Hov_vever, their values remain uncertain at present,
and is independent off (Egs. 21e, f), while for the current thus prompting the study presented here of how the solutions

sheet approximation it increases somewhat more rapidly Wm{c:\(/apend on these parameters over wide ranges of the Iattgr.
¥3.42/2.71 e have also focussed on two models of the magnetospheric

the cqnductlvny a?:P (ie. as~ 27’1'26)’. ng7lle2d7el- poloidal field, taken for simplicity to be axisymmetric. The
creasing slowly with the mass outflow rate & */%/2 first is the planetary dipole alone, which constitutes an in-
(Egs. 34e, f). The latter values agree well with those ob-gy\ctive paradigm. Some general results for this case have
tained frqm numerlcal integration, and exceed thpse Obtame‘ﬂreviously been given by Hill (1979, 2001). Here we have
for the dipole field by factors 0f10 to~50 (typically by povided a complete analytic solution for this case, show-
~25). The position of the peak value ofj(B) in the equa-  j,4 how the plasma angular velocity and current components
torial plane is shown in Figs. 12c and d. It lies typically at ¢ 5iain space and in amplitude wih; and M. We find that
distances of+50 R; for the dipole field and varies &8, the plasma angular velocity and current components scale
and M~1/%, while lying at larger typical distances beyond in equatorial radial distance aZ’%/M)¥*, as found pre-
~100R; for the current sheet model and variesﬁg/z'71 viously by Hill (and correspondingly as% /M)Y/8) in the
andM Y271 The position of the peak field-aligned current ionosphere), while each current component scales in ampli-
density in the ionosphere is shown in Figs. 12e and f. For theude as(E;(l+V)/2M(1—V)/2, wherey has a particular value
dipole it lies typically at a co-latitude of8° and scales in  for each component. The scales in space and amplitude then
distance from the magnetic axis E$_1/8 and M8, while combine to produce current values which depend onlgfon

for the current sheet model it lies just equatorward of theat a fixed position at small radial distances, and onl¥Egrat
boundary of current sheet field lines, with variations which a fixed position at large radial distances, these dependencies
are in the same sense as for the dipole, but with amplitudethen requiring current variations at small and large distances
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