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Abstract. We consider the effect of field-aligned voltages this plasma, which bends the field lines out of magnetic
on the magnetosphere-ionosphere coupling current systemmeridian planes, and sets up the large-scale current sys-
associated with the breakdown of rigid corotation of equa-tem shown in Fig. 1 (Hill, 1979; Huang and Hill, 1989;
torial plasma in Jupiter’s middle magnetosphere. PrevioudDougherty et al., 1993; Pontius, 1997; Bunce and Cow-
analyses have assumed perfect mapping of the electric fieltty, 2001; Khurana, 2001). This current system commu-
and flow along equipotential field lines between the equa-nicates atmospheric torque to the magnetospheric plasma,
torial plane and the ionosphere, whereas it has been showand is directed equatorward in the ionosphere, radially out-
that substantial field-aligned voltages must exist to drive theward in the equatorial plane, and closes via field-aligned
field-aligned currents associated with the main auroral ovalcurrents flowing outward in the inner region and inward in
The effect of these field-aligned voltages is to decouple thethe outer region. Current calculations were performed for a
flow of the equatorial and ionospheric plasma, such that theidipole field by Hill (2001), and for both a dipole and cur-
angular velocities are in general different from each other.rent sheet field by Cowley and Bunce (2001), Cowley et
In this paper we self-consistently include the field-alignedal. (2002, 2003), and Nichols and Cowley (2003). For plasma
voltages in computing the plasma flows and currents in themass outflow rates 6£1000kg s and ionospheric Peder-
system. A third order differential equation is derived for the sen conductivities of a few tenths of a mho, the peak upward
ionospheric plasma angular velocity, and a power series sofield-aligned currents in the ionosphere were calculated to
lution obtained which reduces to previous solutions in thebe a few tenths of aA m~2, in agreement with empiri-
limit that the field-aligned voltage is small. Results are ob- cal estimates based on magnetospheric magnetic field data
tained to second order in the power series, and are compard@unce and Cowley, 2001; Khurana, 2001). Bunce and Cow-
to the original zeroth order results with no parallel voltage. ley (2001) and Cowley and Bunce (2001) also showed that
We find that for system parameters appropriate to Jupiter thén the tenuous high-latitude Jovian environment such field-
effect of the field-aligned voltages on the solutions is small,aligned currents exceed those that can be carried by precipi-
thus validating the results of previously-published analyses.tating hot magnetospheric electrons, thus requiring the exis-
tence of field-aligned voltages. These were computed using
(})<_night’s (1973) kinetic theory, with electron source plasma
parameters derived from Voyager data. The calculations of
Cowley and Bunce (2001) and Cowley et al. (2002, 2003)
yielded field-aligned voltages e¥25-100 kV for typical pa-
rameters, sufficient to produce precipitating electron energy
1 Introduction fluxes of up to several tens of MW, thus leading to ‘main

. o . . oval auroras of up to several hundred kR in brightness, com-
The physics of Jupiter's middle magnetosphere is dominateq,, e to observed intensities (e.g. Satoh etal., 1996: @rang

by the source of sulphur and oxygen plasma originatinge 5 1998; Clarke et al., 1998; Vasavada et al., 1999; Pal-
from the moon lo (e.g. Siscoe and Summers, 1981; Hilljjor anq prang, 2001; Grodent et al., 2003). Most recently,

et al., 1983, Belcher, 1983; Vasyliunas, 1983; Bage-Njchols and Cowley (2004) have also self-consistently in-
nal, 1994; Delamere and Bagenal, 2003). Particle pick-Upg|,ged the effect of precipitation-induced enhancement of
and centrifugally-driven outflow result in sub-corotation of . ionospheric Pedersen conductivity.

Correspondence tal. D. Nichols One key feature of all these calculations, however, is
(iJdn@ion.le.ac.uk) the assumption of perfect mapping of the electric field and
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spheres)
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Fig. 1. Sketch of a meridian cross section through Jupiter's inner and middle magnetosphere, showing the principal physical features
involved. The arrowed solid lines indicate magnetic field lines, the arrowed dashed lines the magnetosphere-ionosphere coupling current
system, and the dotted region the rotating disc of out-flowing iogenic plasma (From Cowley and Bunce, 2001).

plasma flow along equipotential field lines between the equathe magnetic field model which serves as the essential back-
torial plane and the ionosphere. The associated field-alignedround to the problem.

voltages were then calculated from the field-aligned cur-

rent using Knight's (1973) theory. In principle, however, 2.1 Magnetic field model

the field-aligned voltage modifies the mapping of the elec- o . . .

tric field, and hence the plasma flow, between the two re_The magnetic field model is th_at us_ed previously by Nlchol_s
gions. This lack of internal consistency was discussed briefly2"d Cowley (2004).  The field is assumed to be axi-
by Cowley and Bunce (2001), who argued that the effectSYMMetic, as appropriate to Jupiters middle magneto-
is likely to be small, since field-aligned voltages o25— sphere, such Fhat the poloidal components can bg described
100 kV are small compared with field-perpendicular voltagesby aflux functionF (o, z), related to the magnetic field by
across the middle magnetosphere of the order of several MV, 1 R

However, to date no self-consistent calculation has been penl—g = ;) VF x ¢, @)

formed which guantifies the effect of the parallel voltage on . ) . .
the flow and current system, such that this argument has re/herep is the perpendicular distance from the magnetic axis,

mained untested. In view of the significance of these pro-¢ IS the distance along this axis from the magnetic equator,
cesses for Jovian middle magnetosphere physics, it is impor@d ¢ is the azimuthal angle. Functiof is then constant
tant to quantify these effects within a self-consistent calcu-2/0ng @ given field line, such that mapping between the equa-
lation, and hence to determine whether previously-presentelPrial plane and the ionosphere is obtained simply from writ-
results are indeed valid. In this paper we derive a theoryNd Fe=Fi. Assuming the ionospheric field is purely dipolar
which, for the first time (to our knowledge), self-consistently @"d neglecting any small effects due to magnetospheric cur-
incorporates the field-aligned voltage into the calculation."®Nts; the ionospheric flux function is

This theory is then applied to the quian middle magneto-r, — g, 2 = B, R? sirf 6;, )
sphere, and results are compared with those previously de-
rived. where Bj; is the dipole equatorial magnetic field strength

(equal to 426 400 nT in conformity with the VIP 4 internal
field model of Connerney et al., 1998, is Jupiter’s radius
_ ] (71323 km),p; is the perpendicular distance from the mag-
2 Governing equations netic axis, and; is the magnetic co-latitude. The absolute
value of F is fixed by settingF=0 on the magnetic axis. The

In this section we summarise the equations which gov-flux function in the equatorial plane is found by integrating
ern the system, the main new feature being the self- 1 dF
e

consistent inclusion of the field-aligned voltage calculatedp,, = — , 3)
from Knight's (1973) kinetic theory. In other aspects, Pe dpe

however, the analysis follows those given previously bywhere B,, is the north-south magnetic field threading the
Hill (1979, 2001), Pontius (1997), Cowley et al. (2002, equatorial plane

2003), and Nichols and Cowley (2003), such that only the

main results will be outlined, together with the approxima- Bo(p) = - |B0 (RJ)Sexp{_ (W)S/z] i (R’)ml )

tions and assumptions made. We begin with a description of e e
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where B,=3.335<10° nT, p,,=14.501 R, A=5.4x10*nT, ® Bl
andm=2.71. This field is close to that employed by Cowley ey
and Bunce (2001) and Cowley et al. (2002, 2003), who used
the ‘Voyager-1/Pioneer-10’ model of Connerney et al. (1981)

1000

(the ‘CAN’ model) in the inner region, and the Voyager-1 100
model of Khurana and Kivelson (1993) (the ‘KK’ model) at
large distances. The second term in Eq. (4a) is simply the 10 Dipole
latter model, while the first is a modified dipole field. The can
corresponding equatorial flux function is !
BORg 2 Pe 5/2 A RJ m-2 20 40 60 80 100‘)6/RJ
Fo (pe) = Foo + 2.5}0601_‘ [ 5 <peo) + m-2 (Pe > , (4b) (b) Fo/nTRy?

where F5,~2.841x10*nT R is the value of the flux func-
tion at infinity, andrl" (a,z) is the incomplete gamma function 60000
o0

Il 2=/ 1“~Le~'dr. The ionospheric mapping between

40000

z
the equatorial plane and the ionosphere is then given from
Eq' (2) by 20000

F T - ———
¢ (pe) (5) 20 40 60 80 ILOO‘DQ/RJ

By R; ' © 6i/deg \

25

sing; =

such that the field line passing through the equatorial plane
at the outer edge of the model at 109 Raps to~15.7 in

the ionosphere. Figure 2 shows..|, F., andd; versusp,,
over the range 0 to 100R The solid lines show the above

20

15

model, while the long-dashed lines show the dipole values 10

for comparison. The dotted lines in panel (a) also show the

values for the CAN/KK models, which are projected beyond 5 ) )
their intersection for ease of visibility. The horizontal dotted

lines in panels (b) and (c) show the asymptotic values,of p” " p o oo

ando; at large distances.

Fig. 2. Plots showing the parameters of the current sheet field model
2.2 Magnetosphere-ionosphere decoupling by field-employed in this paper (solid lines) compared with values for the

aligned voltages planetary dipole field alone (dashed lines). Ritis a log-linear

plot of the modulus of the north-south component of the equatorial
The primary new feature of this calculation is the self- magnetic field|B;.| in nT threading the equatorial plane, shown
consistent inclusion of the field-aligned voltage in the map-versus Jovicentric equatorial radial distange We note that the
p|ng of the electric field and flow between the magnetospher@CtUal Vaer-S are negative (le thefleld pOintS SOU-th). The solid line
and ionosphere. It is convenient to use the flux functfon ~Shows the field model employed in this paper, given by Eq. (4a),

as the spatial coordinate, such that the equatorial and iongNich is based on the CAN-KK model of previous papers. The

spheric plasma angular velocities and the field-aligned VOIt_dotted lines show the CAN and KK models themselves, plotted be-

- . yond their intersection for ease of visibility. Pld) similarly shows
age are given by the functions, (F), w; (F) and & (F), the equatorial flux function of the model field, in nT R% versus

respectively. We assume a steady flow, such that the elecyqicentric equatorial radial distange, given by Eq. (4b). The
tric field E=—vx B can be _deSC”bed by a sca.lar poten- norizontal dotted line shows the value of the flux function at infin-
tial ® throughE=—-V®. Using Eq. {) we then find that ity F... Plot(c) shows the mapping of the field lines between the

Vo=wVF, such that equatorial plane and the ionosphere, determined from Eg. (4). The
ionospheric co-latitude of the field lirgg is plotted versus Jovicen-
we (F) = d®, (F) (6a) tric equatorial radial distange,. The horizontal dotted line shows
dF the ionospheric co-latitude of the field line which maps to infinity
and in the equatorial plane for the current sheet field model.
d®; (F)
wi (F) = TJ4dF (6b) upward-directed electric field and downward precipitating

. ) . - . electrons), then
Taking the field-aligned voltage to be positive when the iono-

sphere has a higher potential than the equator (the case fab; (F) = @, (F) + @ (F). ©)
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Differentiating with respect toF and combining with 2.3 Current circuit equations

Egs. (6a, b) yields _ _

dd) (F) We now outline t_he c_alculatlo_n _of the cur_rent system compo-
—F (8) nents illustrated in Fig. 1. This is essentially the same as that
This is the equation which relates the ionospheric and equa; gg@?e?,r?{';us(go% Hzlléc()%?%ln) d CN?mgl);znndd %19;;52(%%%)3
torial angular velocities in the presence of a field- allgned

2004), except that we now specifically use the ionospheric
voltage, and which we refer to as the magnetosphere-
plasma angular velocity; to derive the ionospheric electric
ionosphere decoupling equation.

We must also specify howp; depends on the conditions field in the rest frame of the neutral atmosphere, and hence
present in the magnetospherg Here, in common with prewthe Pedersen and field-aligned currents. The equatorward-
ous work, we use Knight's (1973) kinetic theory. This gives directed height-integrated Pedersen currentis then
the field-aligned voltage required to drive a field-aligned cur-ip = 2Zp () — i) pi By = 255 (27 — i) pi By, (15)
rent); that exceeds the maximum valgigo, that can be car-  where@ is the angular velocity in the inertial frame of the
ried by unaccelerated precipitating magnetospheric electrongeutral atmosphere in the Pedersen layer, which is reduced
alone. For an isotropic Maxwellian electron source popula-from the planet’s angular velocit®; (1.76x10 “*rad s1)
tion of densityN and thermal energW;, (equal tokT,), jjio  due to ion-neutral collisional drag. This slippage can be pa-
is rameterised by the factardefined by

1/2
jlio=eN (Zivfh ) * @ (2 —9Q))=k@Q—w), (16)

Me as introduced by Huang and Hill (1989). The valué & not
Under the usual simplifying assumptions (e.g. Cowley andell known at present, but recent modelling suggést.5
Bunce, 2001), the minimum field-aligned voltage required toynder Jovian auroral conditions (Millward et al., 2004). Pa-

w; (F) = w. (F) +

drive a current greater thajj;o is then rameter=’ in Eq. (15) is the effective value of the height-
) Wi Jii integrated Pedersen conductivity, related to the true Valie
ol (Jl\i) T . m -1 (10) by ¥3=(1-k) Xp. In deriving Eq. (15) we have also as-

In principle, &; will vary with  on differing flux shells due sumed that the polar magnetic field is vertical and equal to

to variations in the source parameteysand W;,. How- 2B, in strength.

Current continuity in the circuit shown in Fig. 1 requires
ever, in the absence of detailed models, here we employ i,=2p;ip, taking into account both northern and southern
constant values based on Voyager data, Ne0.01cnt3 Pelp=2pitp, 9

and W,,=2.5 keV, as used in our previous papers (Scudder hemlspheres such that the equatorial radial cugreist

etal., 1981). In this case varies withF due to variations , _ AXpF () — i) (17)
in jj; only. Substitution of Eq. (10) into Eq. (8) then gives r De '
Wen djii where we have useB=B; p? on a flux shell from Eq. (2).
i (F) = we (F) + 25— ejjio dF (11 We hence find that the total radial current, integrated in az-

This equation is strictly valid only fog;>jj.0. However, ~ IMuth,is

this condition is met essentially everywhere in the middle ;, _ — 2peiy = BUEEQ F <1_ _) ’ (18)
magnetosphere, except in the innermost region where the J

field-aligned current drops to small values. Here, thereforeyhich is equal, of course, to twice the azimuth-integrated
we assume that Eq. (11) is valid for fi >0, i.e. throughout  pedersen current in each conjugate ionospherdhe field-

the middle magnetosphere. This is equivalent to making theyligned current density is then calculated from the divergence

approximation of either!, or Ip. Using the former, we have
Win ( Jui B, dI, d wj
D J|)~—<—> (12)  ji=-2LZ2 = _s4xiBQ Fl1-=—= 19
i)~ = Jiio =" %n dF Y aF o, )] @9
in Eq. (10). We also note that the corresponding precipitatingyhich is the parallel current to be substituted into Eq. (11).
energy flux of accelerated electrons is Note that in deriving Eq. (19) we have assumed for simplicity
. . * 0 I

g = % (J|_z)2 e % (ﬂ)z 43) that X7 is a constant quantity.

' 2 | \Jlio 2 \Jjio 2.4 Conservation of angular momentum (the Hill-Pontius

aresult due to Lundin and Sandahl (1978). In this expression ~ €quation)
E o is the precipitating energy flux of unaccelerated mag-
netospheric electrons corresponding to field-aligned curren
Jio, given by

The analysis is completed by consideration of conservation
of angular momentum of the equatorial plasma. Following
Hill (1979) and Pontius (1997), this is described by

1/2

W,

Ejo=2NWy, (271;]; ) . (14 d ( 2‘“6) __ b (20)
e ar \Peq, Moy
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where M is the iogenic plasma mass outflow rate, also as-where each coefficientt; /2;) ) Is a function of . Sub-
sumed to be a constant. Substitution of Eq. (18) into Eq. (20)stitution of Eq. (26) into Eq. (25) gives
then yields the modified ‘Hill-Pontius’ equation

" d 2 = n w; _
() =T (1o 2, (21) ﬁ(pg,;f <91)n)_

ﬁ ‘Qy M Qy
o : 8T X% F > w;
where we note that the LHS now specifically contains 7P [1_ Z e ==
the angular velocity of the equatorial plasma, while the RHS, M =0 Qi/,
representing the ionospheric torque on the equatorial plasma, 2 00
containsw; . +BJR§i pzd— FY ettt 2 . (27
dF |7 dF? \" ~= Q /),

25 G i i fth If- istent probl . . . .
overning equation ot the sefi-consistent problem from which the required functions are found by equating

There are three equations to be solved; the decouplindge'ms of the same power ef For the zeroth orden=0,
equation incorporating Knight's (1973) theory Eg. (11), We have
Eq. (19) for the parallel current, and the Hill-Pontius equa- o [ o 8TShF w;
Pe\ 5 == 1-|—=— , (28)
) 0

tion Eq. (21). Substitution of Eq. (19) into Eq. (11) yields

dF Qy M Qy
* 2

Le _ @1 + Md—z [F <1— &>] . (22) which is just the Hill-Pontius equation solved in previous
ST ejlio  dF 2 papers. The solution required is the particular integral for
We thus introduce the dimensionless parametgiven by which (w;/ ;) —1 as p.—0, i.e. for which the plasma

455 Wi, rigidly corotates at small distances. kForl we have
E=——7fp, (23)

ejlioR5 i 2<&) _871’2;}7 <&) n
which for typical Jovian parameters£%=0.1mho, dF [pe Q) w M Q1)
jji0~0.01uA m~2, and W,,=2.5keV, for example, has J 42 o
the values~1.5x107°. Since the first term in the differen- ByR?—— {pez—z [ <_’) i|} , (29)
tial vanishes, Eq. (22) then becomes dF dF 21/ -1
w0, , d? w; which is a firs_t ord(_er Iinear_ inhomogeneous equation
o " —eB/R) 3 <FQ_,) (24)  for (wi/)(, In which the inhomogeneous term con-

tains the derivative of the solution of the previous order,
where we note that all previous papers cited above have e”\‘wi/ﬂj)(nfl)- The solutions required of these equations
p|0yed the ||m|t8—)0, such thafa)e—>6l)[. Substitution of are the particu'ar integra's which Satli@l/gl)(n) —0 as

Eqg. (24) into the Hill-Pontius equation Eq. (21) finally yields ,, .0 for all n>1. In principle, we can then solve Egs. (28)

the governing equation fa; and (29) in sequence to any desired order.iklere we will
d » Wi 8T L F w; obtain solutions up to second ordes2.
T \Pes )=~ - 1-5 The other parameters of interest are obtained by substitu-
dF Qy M Qy . . . . .
p 2 tion of Eq. (26) into the appropriate equation and equating
B R2E | 2 FEN 25 powers ofe. Thus, forw, we obtain from Eq. (24)
+eBy JdF |:pe dF2 < Q ( ) . Y

. . _ _ _ —< == |, (30a)

This is a third order linear inhomogeneous equationdgr 27/ 0 Q7)o

from which w, can be obtained from Eq. (24), and the cur-
rent system and field-aligned voltage from Egs. (18), (19

and (12). 4 d2 .
(“)E> - (‘“’) ~ BjR3—— |:F <w’> } . (30b)
2.6 Series solution of the governing equation s/ s/ dF /-1

The general solution of Eq. (25) is the sum ofacomplemen-The total radial and field-aligned currents follow from

tary function which solves the homogeneous equation anaEqS' (18) and (19), respectively. The former is given by the

X . . . ower series
contains three arbitrary constants, plus some particular inte?

)and forn >1

gral. The physical solution which we require here, however, 0

is the particular integral which reduces to our previous solu-lp = PR ATE (31a)
tions in the limite—0. This solution may be obtained as a n=0

power series i@ where

o0
wj n @i wj
Oy N e (2 26) I, =8rSLQF 1-(—) , 31b
(QJ) > <91)w 26) 1o 50, [ o (OJ (31b)

=0

803
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(a) Bw/y) and forn>1
0.008
i = 455 8,9, L | (& (32¢)
0.006 Jllim) = pBJ JdF Q, o .
0.004 Since from Egs. (12) and (19) we can write
0.002 0 RZ i d .
_ n o Rpi 2 ;
o 7 (b” —ZS (D”(n) ~84E* ——EBJRJdeF[F <1—QJ):|(333.)
=== pe/Ry n=0 P
20 40 60 80 100
0,002 in the approximation employed here, we have on substituting
Eq. (26) for(w;/ 2y)
b) Al ,/MA
01 Py =0, (33b)
" = p o opeR i.e. to lowest order the parallel voltage is zero as in previous
o published solutions, while
-0.2 d ;i
03 Oy =—BjRIQ; — {F|1— (-) , (33c)
(D) MR { |: Q, ©
—0.4
05 and forn>2
- by = By R2Q, - | F (L1 (33d)
© Ajy/pA m I(m) = BIRy JdF Q, 1) :
0.001
Hence, if we evaluatéw;/ 2;) and (w./ ) to second or-
pelRy der, for example, we can determine the parallel voltage to
2 40 60 80 100 .
third order, etc.
oot With regard to the precipitating energy flux, we have from
-0.002 Egs. (12) and (13)
~0.003 Efo (ed) 2
Ef~—|—] . 34
! 2 (Wth ( )

—-0.004

Thus we expressg r to the same order aBy, such that if we

Fig. 3. Plots of the sums of the first and second order termsdetermine the plasma flows to a given order, we can compute

in the series solutions fofa) the normalised equatorial (dashed the precipitating energy flux to the next highest order.
line) and ionospheric (solid line) plasma angular velocit{p}the

total azimuth-integrated equatorial radial current in MA, gojl
the ionospheric field aligned current jpA m—2, all plotted ver- 3 Results
sus equatorial radial distance (with ionospheric parameters being

mapped along field lines). The system parameters employed werl\le now present the results of humerical evaluation of the
»%=0.1mho andi=1000kg s, with magnetospheric electron equations in Sect. 2, in order to assess the significance of the

source parameterg=0.01 cm3 and W =2.5keV.

and forn>1

Iy = —SJTE;QJF (&) .
1/

The field-aligned current is similarly given by

00

. no

JIli = 28 Jli gy
n=0

where

. d w
Jli© = _42;B’Q’ﬁ {F {1_ <Q_ZJ><O>H

bl

(31c)

(32a)

(32b)

effects of field-aligned voltages under typical Jovian condi-
tions. We have used typical values of the system param-
eters £%=0.1mho andM=1000kg s?, along with mag-
netospheric electron source parametars0.01cnt3 and
W,,=2.5 keV. For these values we finet1.5x 107>, as indi-
cated above, which is small, such that a power series solution
in ¢ seems appropriate. In Fig. 3 we show the sum of first and
second order terms of the series solution for the plasma angu-
lar velocity, the azimuth-integrated equatorial radial current,
and the ionospheric field-aligned current, all plotted versus
distance in the equatorial plane (ionospheric quantities being
mapped along the field lines). These represent the amounts
by which the previously-published zeroth order solutions are
modified by the inclusion of field-aligned voltages (hence
the “A” notation on the vertical axis labels). The solid line

in Fig. 3a shows the change in ionospheric angular velocity
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(a) (we/Q) (b)  1,/MA
1 60
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(c) jii/uA m™? (d) /kV
100000
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PelR Pe/Ry
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Fig. 4. Plots of the sums of the zeroth, first, and second (and third in the case of the field-aligned voltage) order terms for the system
parameters. All parameters are plotted versus equatorial radial distané®r comparison, the zeroth order solution alone is shown by

the dashed lines. Pan@l) shows the normalised equatorial plasma angular veldgijythe azimuth-integrated equatorial radial current in

MA, (c) the field-aligned current density jmA m=2, and(d) the equatorial electrostatic potential in kV (on a log scale), together with the
field-aligned voltage (to third order).
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Fig. 5. Plots of the sums of the zeroth, first, and second (and third in the case of the field-aligned voltage) order terms for the system
parameters. All parameters are plotted versus ionospheric co-lafituéf®r comparison, the zeroth order solution is shown by the short-
dashed lines. Panéh) shows the normalised ionospheric plasma angular velogijythe field-aligned current density inA m=2, (c)

the fieldéaligned voltage in kV, an@) the precipitating energy flux (calculated from the field-aligned voltage profile shown in panel c) in
mwW m—4.
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(Aw;/2y) calculated from Eq. (29), while the long-dashed of the zeroth, first, and second order terms for the angular
line similarly shows the change in the equatorial plasma anvelocity and current parameters (i.e. the zeroth order terms
gular velocity (Aw,/25) obtained from Eg. (30b). It can summed with the profiles shown in Fig. 3), while the short-
be seen that the ionospheric plasma angular velocity will bedashed lines show the zeroth order terms alone for compar-
modestly reduced in the region within35 R;, and elevated ison. Figure 4 shows (a) the equatorial plasma angular ve-
thereafter, while the angular velocity of the equatorial plasmalocity (w./ ), (b) the azimuth-integrated equatorial radial
will be raised over most of the region. Using techniques in-currenti,, (c) the ionospheric field-aligned currefjt, and
troduced by Nichols and Cowley (2003) (see their Eq. 7), it(d) a log-linear plot of the equatorial electrostatic potential
is possible to show that to a first orderdrhe solutions for &, computed from the equatorial plasma angular velocity

smallp, are profiles shown in Fig. 4a using
w; M F(100R)
— )1l —— ... 35a J
(m) GrSyF B D o= [T wewur, (36)
F
and

. . 9 where the arbitrary zero of potential is taken to be at the

(‘Ue) ~1— M + eM B,Rﬁd— <1> —....(35b) outer edge of the solution at 10¢ RAIso shown in Fig. 4d

2y ATILF Byl AmZ " dF?\|Byl is the field-aligned voltage; computed from the respec-
That is, to a first order the ionospheric angular velocity, andtive orders of the plasma angular velocity using Egs. (33c,
hence the current system, is unaffected by the field-aligned!), such that this is shown to first and third orders by the
voltages. This is because to the lowest order the currentgdashed and solid lines respectively (recalling that the zeroth
in the inner region are just such as to maintain rigid coro-order field-aligned voltage is zero). It can be seen directly
tation of the equatorial plasma, and may be deduced byrom these plots that the effect of the self-consistent inclu-
putting (w./ €27) =1 in the LHS of the Hill-Pontius equation, Sion of the field-aligned voltage in the solution is small. The
Eq. (20). The equatorial angular velocity is modified to a first equatorial angular velocity profiles (and hence the equato-
order ine, however, falling less rapidly with distance than rial electrostatic potential profiles) are closely similar, such
when the effect of the field-aligned voltages are neglectedthat their difference cannot be distinguished on this scale,
The main point we wish to emphasise with regard to Fig. 3a,while the magnitudes of the perpendicular and parallel cur-
however, is that for typical Jovian parameters, the changegents are slightly reduced in the outer region, corresponding
in the normalised angular velocity are small compared withto the negative values @/, andA j; in Fig. 3. We also note
unity. The difference in angular velocity between the equa-from Fig. 4d that the drop i, . across the middle magne-
torial plane and the ionosphere due to field-aligned voltagelosphere, betweerr20 R, and the outer edge of the model
decoupling is typically a few thousandths of the planetaryat 100R;, is ~3MV. This is approximately two orders of
angular velocity. Figure 3b similarly shows the sum of first magnitude larger tha. This formed the basis of Cowley
and second order terms for the azimuth-integrated equatorigdnd Bunce’s (2001) conjecture that the field-aligned voltage
radial currentA 1, given by Eq. (31c). The profile essentially would have little effect on the solutions, as is now confirmed
mirrors that of the ionospheric angular velocity as expected quantitatively here.
such that the current is slightly raised withirB5R; and Figure 5 similarly shows the system parameters plotted
decreased beyond. Figure 3c shows the sum of first and sedd the ionosphere versus co-latitude. Specifically, we show
ond order terms for the field-aligned currenj; given by  (a) the ionospheric plasma angular velocity;/2,), (b)
Eqg. (32c), mapped to the equatorial plane. It can be seen thdhe ionospheric field-aligned curreft, (c) the field-aligned
the field-aligned current is reduced over most of the middlevoltage® (also shown by the ‘lower’ line in Fig. 4d), and
magnetosphere. We note that the rapid variations of theséd) the precipitating energy fluk ; calculated from the field-
profiles in the inner region results from tl#e, model used, aligned voltages shown in Fig. 5¢ using Eq. (34). As with the
which exhibits rather sharp behavioura20R; in the tran-  equatorial parameters, the effect of the higher order terms is
sition region between the dipolar form and the power lawseen to be small. The difference between the ionospheric an-
(Fig. 2a). Such variations do not occur if a simple dipole gular velocity profiles is almost indistinguishable, while the
model is used, though the overall nature of the results repeaks in Figs. 5b, ¢ and d are reduced in amplitude by values
mains similar. We also note that the quantities shown inapproximately two orders of magnitude below the zeroth or-
Fig. 3 are dominated by the first order term, which for all der results, and are shifted equatorward~.1°, which is
parameters is typically an order of magnitude larger than thesmall with respect to the-2° width of the peaks.
second order term.

The effect of including these terms on the overall solu-

tion for the angular velocity and currents is shown in Figs. 44 Summary and conclusion
and 5. Figure 4 shows these parameters plotted versus radial
distance in the equatorial plane, while Fig. 5 shows profilesin this paper we have considered the magnetosphere-
mapped along field lines to the ionosphere and plotted verionosphere coupling current system that flows in Jupiter's
sus co-latitude. The solid lines in the figures show the sumsniddle magnetosphere, which is believed to be associated
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with the Jovian main auroral oval. Previous analyses have as- Geophys. Res., 103, 20217-201236, doi: 10.1029/98JE01130,
sumed a perfect mapping of the electric field and flow along 1998.

equipotential field lines between the ionosphere and the magconnerney, J. E. P, Aéa, M. H., and Ness, N. F.: Modeling the
netosphere, while it is known that substantial field-aligned Jovian current sheet and inner magnetosphere, J. Geophys. Res.,
voltages must exist to drive the currents responsible for the 86, 8370-8384, 1981;

main oval auroras. Cowley and Bunce (2001) suggested that®""emey. J. E. P., A6a, M. H., Ness, N. F, and Satoh, T..
the effect of the field-aligned voltages on the solutions would New models of Jupiter's magnetic field constrained by the

. Y lo flux tube footprint, J. Geophys. Res., 103, 11929-11 940,
not be great, but did not compute quantitative results. In 4019 1029/971A03726. 1998.

this paper we have self-consistently incorporated the f'eld'CowIey, S.W. H. and Bunce, E. J.: Origin of the main auroral oval
aligned voltages into the analysis of the system, such that in jupiter's coupled magnetosphere-ionosphere system, Planet.
the plasma angular velocities in the magnetosphere and the Space Sci., 49, 1067-1088, doi:10.1016/S0032-0633(00)00167-
ionosphere are in general different, with consequences for 7, 2001.
the currents flowing in the system. The field-aligned volt- Cowley, S. W. H., Nichols, J. D., and Bunce E. J.. Steady-
ages were incorporated using Knight's (1973) kinetic theory, state distributions of flow, current, and auroral precipitation in
and a third order linear inhomogeneous equation for the iono- Jupiters middle magnetosphere: Solutions for current sheet and
spheric plasma angular velocity was derived (Eq. 25) that can dlpF)Ie magnetic field models, Planet. Space Sci., 50, 717-734,
be solved as a power series under appropriate conditions. Thg doi:10.1016/ 50032'0633(02)00046'6'.2002' o

. . owley, S. W. H., Bunce, E. J., and Nichols, J. D.: Origins of
zeroth order solution corresponds to those which have been

btained iouslv. in which th . d lina b Jupiter's main oval auroral emissions, J. Geophys. Res., 108
obtained previously, in which there is no decoupling between (A4), 8002, doi:10.1029/2002JA009329, 2003.

the ionosphere and magnetosphere. Higher orders then intrgsejamere, P. A. and Bagenal, F.: Modeling variability of plasma

duce decoupling due to field-aligned voltages, such that the conditions in the Io torus, J. Geophys. Res., 108 (A7), 1276,
ionospheric and equatorial plasma angular velocity profiles doi:10.1029/2002JA009706, 2003.

are modified, as are the resulting current profiles. Here théougherty, M. K, Balogh, A., Southwood, D. J., and Smith,
solution has been taken to a second order. The results of nu- E. J.: Field-aligned currents in the jovian magnetosphere
merical evaluation show that, for parameters which are rep- during the Ulysses flyby, Planet. Space Sci., 41, 291-300,
resentative of Jovian middle magnetosphere conditions, the d0i:10.1016/0032-0633(93)90024-V, 1993.

decoupling effect of the field-aligned voltages is small. TheGr\c;\C;e;t_' \]Dﬁﬁii:elf};kr?a\i]r} ZvaTg];)sirv \é\(lja\l/t/?t r‘]]rH SJT|_S|T IaSn(il] C(;’(‘e"ga’]’yi
equatorlal and ionospheric plasma angular velocity profiles Res.. 108 (A11), 1389, doi:10.1029/2003JA00992i, 2003,
differ by only a few thousandths of the planetary angular ve-

. . Hill, T. W.: Inertial limit on corotation, J. Geophys. Res., 84, 6554—
locity, while the currents, and hence the auroral parameters, seco 1979

are slightly reduced in magnitude by up to a few percent. Oury 1. Ww.: The jovian auroral oval, J. Geophys. Res., 106, 8101—

most important conclusion, however, is that our calculations 8108, doi:10.1029/2000JA000302, 2001.

have confirmed the essential validity of previously-publishedHill, T. wW., Dessler, A. J., and Goertz, C. K.: Magnetospheric mod-

results that did not self-consistently include the decoupling els, in: Physics of the Jovian Magnetosphere, edited by: Dessler,

effect of field-aligned voltages in the Jovian middle magne- A.J., Cambridge Univ. Press, Cambridge, UK, 353, 1983.

tosphere. Huang, T. S. and Hill, T. W.: Corotation lag of the jovian atmo-
sphere, ionosphere and magnetosphere, J. Geophys. Res., 94,

Acknowledgements]. D. Nichols was supported during the course ~ 3761-3765, doi: 10.1029/88JA04306, 1989.

of this study by a PPARC Quota Studentship, and S. W. H. CowleyKhurana, K. K.: Influence of solar wind on Jupiter's magnetosphere

by PPARC Senior Fellowship PPA/N/S/2000/00197. deduced from currents in the equatorial plane, J. Geophys. Res.,
Topical Editor T. Pulkkinen thanks two referees for their helpin 106, 25999-26 016, doi:10.1029/2000JA000352, 2001.
evaluating this paper. Khurana, K. K. and Kivelson, M. G.: Inference of the angu-

lar velocity of plasma in the jovian magnetosphere from the
sweepback of magnetic field, J. Geophys. Res., 98, 67-80,

References do0i:10.1029/92JA01890, 1993.

Knight, S.: Parallel electric fields, Planet. Space Sci., 21, 741-750,

Bagenal, F.: Empirical model of the lo plasma torus, J. Geophys. d0i:10.1016/0032-0633(73)90093-7, 1973.

Res., 99, 11043-11 062, 1994. Lundin, R. and Sandahl, I.: Some characteristics of the parallel elec-

Belcher, J. W.: The low-energy plasma in the jovian magnetosphere, tric field acceleration of electrons over discrete auroral arcs as ob-
in: Physics of the Jovian Magnetosphere, edited by: Dessler, A. served from two rocket flights, Symposium on European Rocket
J., Cambridge Univ. Press, Cambridge, UK, 68, 1983. Research, ESA SP-135, 125-136, 1978.

Bunce, E. J. and Cowley S. W. H.: Divergence of the equatorialMillward, G. H., Miller, S., Stallard, T., Achilleos, N., and Ayl-
current in the dawn sector of Jupiter's magnetosphere: analysis ward, A. D.: On the dynamics of the jovian ionosphere and
of Pioneer and Voyager magnetic field data, Planet. Space Sci., thermosphere IV: lon-neutral coupling, Icarus, 173, 200-211,
49, 1089-1113, d0i:10.1016/S0032-0633(01)00004-6 , 2001. doi:10.1016/j.icarus.2004.07.027, 2005.

Clarke, J. T., Ballester, G., Trauger, J., Ajello, J., Pryor, W., To- Nichols, J. D. and Cowley, S. W. H.: Magnetosphere-ionosphere
biska, K., Connerney, J. E. P., Gladstone, G. R., Waite Jr., J. H., coupling currents in Jupiter's middle magnetosphere: Depen-
Ben Jaffel, L., and @rard, J.-C.: Hubble Space Telescope imag- dence on the effective ionospheric Pedersen conductivity and io-
ing of Jupiter's UV aurora during the Galileo orbiter mission, J.  genic plasma mass outflow rate, Ann. Geophys., 21, 1419-1441,



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

2003, Satoh, T., Connerney, J. E. P., and Baron, R. L.: Emission source
SRef-ID: 1432-0576/ag/2003-21-1419 model of Jupiter’s Ej aurorae: A generalized inverse analysis of

Nichols, J. D. and Cowley, S. W. H.: Magnetosphere-ionosphere images, Icarus, 122, 1-23, doi:10.1006/icar.1996.0106, 1996.
coupling currents in Jupiter's middle magnetosphere: Effect of Scudder, J. D., Sittler Jr., E. C., and Bridge, H. S.: A survey of the
precipitation-induced enhancements of the Pedersen conductiv- plasma electron environment of Jupiter: a view from Voyager, J.
ity, Ann. Geophys., 22, 1799-1827, 2004, Geophys. Res., 86, 8157-8179, 1981.

SRef-1D: 1432-0576/ag/2004-22-1799 Siscoe, G. L. and Summers, D.: Centrifugally-driven diffusion of

Pallier, L. and Prang R.: More about the structure of the high iogenic plasma, J. Geophys. Res., 86, 8471-8479, 1981.
latitude jovian aurorae, Planet. Space Sci., 49, 1159-1173Vasavada, A. R., Bouchez, A. H., Ingersoll, A. P., Little, B., and
doi:10.1016/S0032-0633(01)00023-X, 2001. Anger, C. D.: Jupiter’s visible aurora and lo footprint, J. Geo-

Pontius Jr., D. H.: Radial mass transport and rotational dynamics, J. phys. Res., 104, 27133-27 142, doi:10.1029/1999JE001055,
Geophys. Res., 102, 7137-7150, doi:10.1029/97JA00289, 1997. 1999.

Prang, R., Rego, D., Pallier, L., Connerney, J. E. P., Zarka, P., andvasyliunas, V. M.: Plasma distribution and flow, in: Physics of
Queinnec, J.: Detailed study of FUV jovian auroral features with  the Jovian Magnetosphere, edited by: Dessler, A. J., Cambridge
the post-COSTAR HST faint object camera, J. Geophys. Res., Univ. Press, Cambridge, UK, 395, 1983.

103, 2019520216, doi:10.1029/98JE01128, 1998.


http://direct.sref.org/1432-0576/ag/2003-21-1419
http://direct.sref.org/1432-0576/ag/2004-22-1799

