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ABSTRACT

Spacecraft measurements near Jupiter and Saturn have
revealed strong planetary magnetic fields which contain
significant amounts of plasma. The magnetcospheres which result
are corctation dominated and the plasma distribution is in a
quasi-steady state. Assuming azimuthal symmetry and time
independence, data obtained in situ can be used to investigate
the validity of the MHD momentum equation in these rapidly
rotating magnetospheres. We find that both centrifugal and
pressure gradient forces must be considered. At both Jupiter
and Saturn currents flowing in the magetosphere produce
substantial modifications of the planetary magnetic fields.
The particle measurements and the assumption of stress balance
place strict requircments on these magnetospheric current
systems. In comparing our results with models of the field we
find that the best model of the magnetic field of the current
sheet at Jupiter produces toc much inward Lorentz force
relative to the outward centrifugal and pressure gradisnt
forces. A similar model for the ring current in Saturn's
magnetosphere produces 1 Lorentz force in much better agreement
with that required by particle m=asurements. A simple model of
stress balance along field 1lines does not hold at either
Jupiter or Saturn outside of ~10 planetary radii. General
considerations suggest that the configurations of fields and
distributions of particles at Uranus and Neptune may be similar
to those found a2t Jupiter and Saturn.

INTRODUCTION

Magnetic field lines which emanate from rotating, magne-
tized celestial objects tend to enforce their own angular
velocity upon the plasma which they thread in the space outside
the object. If plasma at the feet of the field lines has the
same angular velocity as the celestial body, the entire
magnetosphere - field and plasmz - will rigidly corotate with
the central object [1,2,3.4].

Plasma brought up to this angular velocity experiences an
outward centrifugal force in the corotating frame of reference.
This force drives an azimuthally directed current_ in the rest

frame of the plasma such that the resulting x B force
balances the centrifugal force and leads to a state of equi-
librium [5]. Plasma injected into a planetary magnetosphere
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can produce such a current provided that there is sufficient
transfer of +torque from the rotating planet to its highly
conducting ionosphere [5,6,7].

This "ring current" produced by the plasma inertia, in
turn produces its own magnetic field which modifies that of the
central object, and distends the magnetic field lines relative
to those of the vacuum field. Alternatively, one can think of
the plasma as "stretching" the original field 1lines outward
until the magnetic tension balances the centrifugal force on
the rotating plasma.

The rapid rotation rate and inferred magnetic field of
Jupiter led Piddington in 1959 [8] to postulate that Jupiter
would have an "inflated" magnetosphere. Brice and Ioannidis
[9] concluded that essentially all of Jupiter's magnetosphere
should be closed and corotating, i.e., that the Jovian plasma-
sphere would fill the entire magnetosphere at Jupiter.

In 1973, the Pioneer 10 encounter with Jupiter revealed a
magnetosphere which extended about twice as far from Jupiter as
expected., Smith et al. [10] postulated that the distention
resulted from a relatively cold, dense, corotating plasma
undetected by Pioneer. Subsequent modeling of the Pioneer 10
magnetic field data suggested that such a corotating plasma
must instead be hot (on the order of 10 keV in temperature)
[11,12,13], and analysis of Pioneer data by Walker et al. [14]
showed that the diamagnetic effect of such a hot plasma could
explain the depressions observed in the magnetic field inten-
sity. These occurred during "crossings" of the current sheet by
the spacecraft as it moved between high and low magnetic
latitudes along its trajectory.

Prior to the Picneer 11 encounter with Saturn in 1980,
arguments similar to those applied to the Jovian system
suggested that a Kronian magnetosphere should be essentially a
scaled down version of the Jovian one [15,16]. The Pioneer 11
measurements showed that Saturn does possess a magnetic field
and substantial amounts of plasma were detected close to the
planet [17]. Nevertheless the contribution of local currents
to the field was assumed to be negligible [18] and the field in
the magnetosphere was thought to be that of the planet alone.

More detailed measurements of the planetary magnetic
fields and plasma populations at Jupiter (1979) and Saturn
(1980, 1981) by the Voyager spacecraft have allowed a better
assessment of the relative importance of "hot" and '"cold"
plasma to magnetospheric dynamics. In addition, a more quanti-
tative evaluation of the balance of stresses as determined by
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north spin and -magnetic poles in the same hemisphere b points
southward and n points outward at the equatorial plane. No

zimukhal magngtic field ecomponent and azimuthgl symmetry imply
% =,J¢. Then J X B = -JBn, Define 3/d4 = ~b*V and 3/3s = (b x
$)*V. The components of Egq. (5) along and across the field
are, respectively [34]:
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All quantities are now to be treated as functions of
£ and s. ©Egs. (6) and (7) relate various quantities for a
given magnetic field configuration which is not known a priori.

We can effect a simplification near the symmetry surface.
By symmetry B~ must be an odd function of Zzan BZ must be an
evey function. Near z = O, L =2z + 0(z’/w’) &nd s = w +
/

0(z"/w"). Eq. (6) becomes (to first order in =z):
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In Eq. (9) Rc is the radius of curvature of the field
lines at 2z=0. If "the plasma temperatures are constants, Eq.
(8) can be integrated to give a gaussian profile; h is then
usually called the centrifugal scale height [34,37,38].

Similarly, we can show that to first order in z, Eg. (7)
can be written as

o 0P| 3(1n B) 1 Am
PO =—"41(F, ~B)———+zIB (1 -—[p-81) (10)
ow 3w B
. - 2o e, 2
Define the Alfven Mach number by M = 4mpQ /B and the

parallel and perpendicular B's by B ' = SﬂPL,”/B . After some
manipulation we can rewrite Eq. (10} as [39]:
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Egs. (8), (9) and (11) are the stress balance equations
near the symmetry surface for a confined, rotating magneto-
sphere. In this form, the magnetic field must be globally
specified. We can obtain the current density and field line
curvature from the given field by using
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where we have made use of
o i 2
B(z,0) = - B_()) __ + 0(z") (14)

The literature is rich in various magnetic field models
for Jupiter [34]. The ring current or current sheet model of
Connerney, Acuna, and Ness (hereafter CAN) has been used to
model magnetometer data obtained by both Voyager 1 and Voyager
2 during their encounters with both Jupiter and Saturn [40,41];
The CAN model assumes an azimuthal current of strength J = I /w
flowing in an annulus of inner radius a, outer radius b, and
half-thickness D. The dimensions of the annulus as well as T
are parameters which are adjusted by comparison with magneto-—
meter data obtained in situ. The total magnetic field is found
by combining the field of the current sheet and the appropriate
multipole representation of the internal planetary field.

For the magnetospheric regions of interest here, we can
simply assume that the planetary fields are dipolar. The exact
expression for the sheet field can only be reduced to quadra-
ture. However, it can be shown that a very good approximation
is
o]

N AnI
Bz,sheet(w’zzo) c

i
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where
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and K(k) is the complete elliptic integral of the first kind
[42]. This approximation yields an error in the total field of
< 1% for a € w € 0.85 b and an error of € 9% for 0.85 b € w < b
at Jupiter and an error of €12% for a € w € b at Saturn (this
is a much better approximation than that obtained in ref.
[401). Note that fields produced by magnetopause and mag-
netotail currents have been neglected; this is probably not
serious for the region w < b. Using the CAN current sheet
model and Eqs. (13)-(16) we can also obtain an analytic
approximation for R (w). This supplies us with the necessary
information about the magnetic field required to investigate
force balance near the symmetry surface.

VOYAGER AT JUPITER

Comparisons of experimented data and the theoretical
relations derived in the previous section are limited by the
spacecraft trajectory, viewing directions of the PLS [43] and
LECP [44] experiments, and the current state of analysis of
the data. The fixed orientation of the PLS experiment with
respect to the Voyager spacecraft limits the comparison at this
time to the data obtained alcong the inbound trajectories of the
two spacecraft [24]. Voyager 1 and Voyager 2 crossed the
symmetry surface of the Jovian magnetosphere +twice each
ro‘catio% period, roughly once every five hours as a result of
the 9.6  tilt between the magnetic and rotational axes. This
tilt also gives rise to a symmetry surface for cold plasma, the
"centrifugal equator" [45], the axis of which is tilted about
two thirds that of the magnetic axis from the spin axis.
Centering the model current sheet on the centrifugal rather
than the magnetic equator provides a better match of the CAN
model field to +the Voyager magnetometer data obtained by
Voyager 1 [46]. This suggests a simple symmetry for the
magnetosphere.

The tilt has apparently introduced additional plasma
dynamical effects, however, which are evident in the first two
figures. Fig.(1) shows high resolution (M-mode) data obtained
by the PLS experiment on Voyager 1 between ~33 RJ and 20 RJ
inbound.

Fig. 2 shows equivalent data between ~22 R, and 10 RJ

inbound on a different scale. Crossings of ghe magnetic
symmetry surface are indicated.
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CURRENT (FEMTOAMPERES)

Fig. 1 Voyager 1 data acquired at Jupiter by the side sensor
of the P experiment. The maximum current displayed

is 2x10°  amperes (see [43]). This corresponds tc a
chafge flux density of ~2.2x10° electron charges
cm . The arrows indicate crossings of the magnetic

equatorlal plane.

The most striking features which cannot be explained on
the basis of a simple model of the current sheet are the
density maxima associated with the sheet "crossing" at ~12 R,.
This bifurcation of the plasma sheet has previously been noted
[24]. Fig. (2) suggests that all three crossings shown
exhibit this bifurcated structure. Fig. (1) shows this is
clearly the case for the "erossing" at ~21 R.. Crossings at
~32 R_, ~28 R_, and ~25 R. do not indicate similar structure
although the decreased signal {0 noise ratio obscures the
variations. Low resolution mode data do suggest the bifurcation
at the 28 R, crossing as well as at another crossing at ~36 R..
Close inspection of the figures indicates a distinct asymmetry,
viz. the second density enhancement in each pair shows more
heavy ions as well as protons, the latter being routinely
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CURRENT (FEMTOAMPERES)
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Fig. 2 Same as Fig. (1) but,closer to Jupiter., Maximum current
displayed is 1.2x10 amperes (~1.3x10' electron
charges cm s ).

discernible only at greatly reduced levels in the low
resolution mode data (not shown). The density maxima are not
well correlated with crossings of the "centrifugal equator."

Tt has been reported that flux anisotropies associated with
these density maxima of low energy plasma strongly suggest flow
along field lines away from the symmetry surface [24,47]. This
still seems a viable hypothesis although velocity vector deter-
minations in this "plasma sheet" have yet to be obtained. In
any case, the absence of plasma between the two density
enhancements at 12 R_ is a real effect and appears to track the
densities detected In a much higher energy range by the LECP

instrument [31].
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CURRENT (FEMTOAMPERES )

Fig. 3 A cubic spline fit to low resolution mode Voyager 2
data acquired by the side sensor of the El;ﬁ
experiment. The, maximum current disp]zaye_dl is 2x10

s ).

amperes (~2.2x10° electron charges cm

The double peak structure is not as visible in the Voyager
2 data at Jupiter. Fig. (3) shows low resolution mode data from
Voyager 2 inbound between ~37 RJ and ~27 R_. Single density
enhancements associated with crossings of the magnetic equator
are readily apparent. Actual analysis of many of the spectra
shown is severely complicated by the fact that only the low
energy tail of the heavy ion distributions fell within the
energy/charge range of the PLS instrument. Furthermore, proton
signatures are not sufficiently above the instrumental noise
level to provide good velocity component determinations. It is
clear that the first two enhancements depicted lie near the
nominal crossings of the magnetic equatorial plane; in
addition, the enhancements correlate well with depressions in
the magnetic field strength [30}. The enhancement at 30 RJ
does not correspond to a nominal crossing of the magnetic
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equatorial plane, although there is a correlation with the
measured field strength. The final crossing in Fig. (3) is much
broader in extent and does not show a density maximum at the
center of the overall enhancement; however, the plasma sheet is
not clearly bifurcated as in the Voyager 1 data discussed
above. Closer in, much of the inbound data cold enough to
analyze is clearly associated with the Ganymede wake phenomenza
[48]. There is no other evidence for a bifurcation of the
plasma sheet in the Voyager 2 data.

This complex vertical structure of the plasma sheet
prevents us from naively applying equations Eqs. (8) and (9)
(or their generalizations for multiple ionic species, cf. [49])
in this region of the Jovian magnetosphere. Quantitative
analysis of the sheet crossings here must await vector velocity
determinations using the full PLS instrument response [50].

Although simple momentum balance apparently does not hold
across the symmetry surface in the Jovian magnetosphere, we can
still consider simple momentum balance in the symmetry
surface.Field-aligned flow at the equator can have important
dynamical consequences in this surface. If the component of
plasma velocity along the field lines is large enough, there
will be an additional outward force density of order PV /R i
where v_ is the component of streaming velocity along the fiefd

lines. In this case MA should be replaced by MA’eff where
2
® s
Mpeer =My U g —F>5) (7)
c w @

At present, we have no reason to believe this correction is
appreciable, so we use Egq. (11) without modification in what
follows.

A plot of Alfven Mach number versus radial distance
derived from Voyager 1 inbound data shows a pronounced vari-
ation as the spacecraft moved between large northerly and large
southerly magnetic latitudes [39]. The side sensor of the PLS
instrument looked almost in the azimuthal direction, so the
full veloecity vector not being available [24], the velocity
compenent into the sensor was used to compute M,. The peak
value of M, derived from Voyager 1 data is between 1 and 2

[39]. A

During the inbound passage of Voyager 2, the Alfven Mach
number typically had a value between 0.3 and 0.9 in the cold,
dense regions, about one-half of the value found during the
Voyager 1 encounter at corresponding radial distances.
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Only spectra exhibiting very supersonic plasma components
have been analyzed. The plasma B scales as the square of the
ratio of the Alfven Mach number to the sonic Mach number, and
so we expect the B of the cold ions to be negligible in the
dynamical sense. A population of "warm" jons [51] as well as
electrons can possibly contribute a plasma B as large as 0.5
[52]. However, most of the plasma pressure in the Jovian
magnetosphere outside of the TIo torus is due to hot ions, so we
ignore the pressure of electrons and ions observed by the PLS
instrument in our stress balance calculations.

Barbosa et al. [53] have analyzed LECP data from Voyager 1
outbound (20 Ry to 80 RJ) and found that the pressure varies as

3.54

R
P = o) (18)
w

where & is the radial distance from Jupiter. Pressure profiles
published by Krimigis et al. [31] give a similar exponent for
the pressure variation observed by both Voyager 1 and Voyager 2
inbound. The of value @ is difficult to determine. Measure-
ments by the LECP instrument which routinely allow calculation
of plasma parameters do not allow separation of different ionic
species. Barbosa et al. argue that the plasma §2eet consig%s
primarily of hot protons and find ® = 6.7x10 ergs cm ",
Lanzerotti et al. [54] have analyzed LECP data obtained from
Voyager 2 outbound and conclude that about 75% of the pyessure
is due to hot protons, the other 25% being due to hot O ions.
Assuming all of the LECP signal is in response to 0 rather
than protons increases the estimated pressure by a factor ~8.
If we assume the composition deduced by Lanzerotti et al. holds
globally, the total pressuge is approximately given by Eq. (18)
with o ~ 1.8x%10 ergs cm ~. One can obtain values for B at the
sheet crossings (field minima), assuming the Voyager 2 outbound
composition and using the data of Fig. (24) in [31]. These
values (see [39]) have been plotted as discrete points in Fig.
(4). For comparison, the value of P can be deduced from the
CAN field model by assuming no pressure anisotropy and directly
integrating the z-component of Eg. (5), subject to the boundary
conditions P=0 at =z=D [34,41] (however, the presence of a
pressure anisotropy at these energies is suggested by Pioneer
10 measurements [55]). We find that the CAN field model pre-
dicts a value of B at the symmetry surface given by

2
4nIO D

=253 \19)
c
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Fig. 4 Comparison of plasma B values from experiment and
theory. Discrete points are calculated from PLS and
LECP positive ion data using the measured magnetic
field values. The solid line is obtained from the CAN
'81 model using Egs. (15) and (16).

This value of B is plotted as the solid curve in Fig. (4).
The maximum value of B ~175 occurs for w ~ 29 RJ. The B
values derived from the in situ measurements are consistently

low compared to the theoretical values.

In Fig. (5) we have plotted AnwI/eB = 4AnI_/cB, which gives
the (normalized) inward J * B force in thecgquatorial plan
using the CAN model. Discrete points indicate the quantity M
+ 1.88 derived from PLS and LECP data obtained by Voyager™1
inbound. For an isotropic pressure variation given by Eq.
(18), (and equilibrium) the outward stress given by this
(dimensionless) guantity should just be balanced by the inward
Lorentz forece (ef. Eq. (11)). However, the Lorentz force
produced by the CAN model overwhelms the outward centrifugal
and pressure gradient forces outside of ~20 R.. This is
puzzling, given the good fit between the magnetometer data and
the CAN model [40,46]. One could attempt to duplicate the good
fit to the magnetometer data and simultaneously lower the
Lorentz force by letting the sheet thickness vary with radial
distance while varying the sheet parameters [34]. A detailed
study of such tradeoffs is beyond the scope of this paper.

191



VOYAGER

JUPITER — INBOUND

103

T TTTIT

e My PLS

I ! T

O 1.BB LECP

. I ! I

[ ENET]

1

A M2 +188

O
N

— 27l can'g
cB

Lol

T T T T

NORMALIZED STRESS
S
o

10 . | ‘ L : \ . L .
o 10 20 30 40 50
RADIAL DISTANCE (Ry)

Fig. 5 Compariscn of the force exerted on the magnetic field by
the pressure gradient of the hot ions and the
centripetal acceleration of +the cold ions with the
Lorentz force predicted by the CAN '81 model magnetic
field.

VOYAGER AT SATURN

The near perfect alignment of the magnetic and rotational
axes of Saturn should produce a simple scale height distri-
bution of the magnetospheric plasma. Diffusive radial transport
should then produce a gradual radial variation of the plasma
density near the symmetry plane. However, data returned by the
PLS experiments on Voyager 1 and 2 show a smooth variation of
density and temperature with distance only inside of about 10
Rg (Fig. (6)). Most of the data in this inner region has yet
to be analyzed; however, the data which has been analyzed can
be compared with a scale height model.

On their inbound +trajectories, both Voyager spacecraft
traveled further in w than in z so most of the change in signal
observed in Fig. (6) is due to radial wvariations. However,
near periapsis, latitudinal variations are expected to dominate
in both Voyager data sets. In a plasma with both light and
heavy ions at about the same temperature, the heavy ions should
be more concentrated toward the symmetry surface [56].

In the Voyager 1 data shown in Fig. (6), signals from both
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CURRENT (2MP5/1G"°)

Fig. 6 A cubic spline fit to low resolution mode data acquired
by the side sensor of the PLS experiment on the Voyager
1 and Voyager 2 spacecraft during their Saturn flybys.
Note the different scales for the measured currents.
(6x10 amperes correspondswéo g1charge flux density of
~6.7x10° electron charges cm s ).

protons and heavy ions increase and then decrease inside of 10

R... The decrease in proton signal occurs as the corctating
protons drop below the energy threshold of the instrument. The
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drop in the heavy ion signature could be a latitudinal effect
superimposed upon an increase in density with decreasing
distance from the planet. In this part of the magnetosphere we
expect Dione (at 6.25 Ry) and Tethys (at 4.88 R,) to be the
dominant sources of plasma [57], so one would naively expect
the density to continue to increase as the spacecraft moved
inward. Assuming a dipole field the scale heights for protons
and singly charged oxygen ions are ~3 R, and ~2 R,, respec-
tively, in this region, but the spaoecraf% was stil§ within 2
Ry of the equator at hour 1900 when the heavy ion signature
disappeared. Therefore, the location of the relative density
maxima have no simple explanation. This variation was also
seen on Voyager 1 outbound as the spacecraft neared the
equatorial plane [26]. In both cases, the relative variation
of heavy ion signal with respect to that of +the protons is
apparently a combination of changing sensor response and both
radial and vertical density gradients in the plasma distribu-
tion. The appreciable radial density gradients preclude a scale
height comparison without more analysis beyond the scope of
this paper.

Voyager 2 data acquired outbound at the ring plane cross-
ing (not shown) do fit a scale height model. However, a
temperature anisotropy T /T” ~5 is required to fit the data
(rigid co-rotation is assumed) [26]. At this distance from
Saturn 2.8 R.), the planetary magnetic field c%early dominates
the dy icst (At the dqﬁf'ty peak of ~130 cm - of 0+, M
~ 6x107° and B, ~5x10°7). These observations provide a
verification of Egs. (8) and (9) in this region of the Kronian
magnetosphere although the first term on the right hand side of
Eq. (9) dominates and the electrons must be taken explicitly
into account (Te ~ TH) [26].

Most of the analyzed PLS data at Saturn are cold spectra
taken by Voyager 1 inbound between about 17 R, and 10 R,, i.e.,
in the "ring current" region [41]. The spacecraft is close
enough to the symmetry surface that outside of 10 R, the value
of M, at Saturn derived from in situ measurements should be
closé to its value in the equatorial plane [26,39].

We can ignore the pressure of the cold ions at Saturn as we
did at Jupiter, and assume that all of the pressure gradient
force is due to the hot ion population. Warm ions detected by
the PLS instrument, hot ions detected by the LECP instrument,
and electrons detected by the PLS instrument each contribute a
value between about 0.1 and unity to the overall plasma B in
the vieinity of the ring current [26,58,59,60]. This is in
fair agreement with the CAN model for Saturn [41} for which Eq.
(19) gives values of B between 0.8 and about 3 (Fig. (7)).
Values of the hot ion energy density are shown in Fig. (16) of
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Fig. 7 Comparison of plasma B values from experiment and

theory. Discrete points are calculated from PLS and
LECP positive ion data using the measured magnetic field

values. The solid line is obtained from the CAN '83
model.
[59] for distances between closest approach and 25 R.. For

Voyager 1 inbound the ratic of ion energy density to magnetic
field energy density peaks at ~12.5 R,, a distance greater than
that of the CAN model peak in B of ™~ 3.1 at 10.6 R Close
examination of the LECP data shows that the peak value is BLECP
.2 or 1.7 if the composition is assumed to be totally H
0", respectively (N.B. Our definition of B as a pressure ratio
is f/SJ;he corresponding energy density ratio which is plotted
in [59]).

The overall pressure profile at Saturn is not fit very well
by a power law such as Eq. (18). However, for purposes of
comparison with the situation at Jupiter we can use the data in
Fig. (16) of [59] and estimate

~ 1.6

P=uw (20)

for Voyager 1 inbound at Saturn in the ring current region.
Electron data from the PLS experiment (Fig. 12 of [60]) yields
a gimilar exponent with Belectron ~0.1.
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Fig. 8 Comparison of the force exerted on the magnetic field
by the pressure gradient of the hot ions and the
centripetal acceleration of the cold ions with the
Lorentz force predicted by the CAN '83 model magnetic
field. The forces have not been corrected for
latitudinal variations.

Assuming , isotropy, Eg. (11) predicts a stress from the
plasma of M,” + 0.8 B. (Fits of 8 cold spectra from Voyager 1
inbound in “the region 6.3 R, .< w < 16.8 R_ indicate a mild
anisotropy T /T" ~1.5). Alfven Mach numberS between 2 and 3
and plasma 5'Ls of € 2 clearly indicate that most of the stress
on the field lines at Saturn results from the corotating cold
plasma. This is precisely the situation originally postulated
as occurring at Jupiter [10]. Inflation of the magnetosphere
by hot plasma, the dominant effect at Jupiter, is of only

secondary importance at Saturn.

To quantify the cross field stress balance in the Kronian
magnetosphere, we have made a plot similar to that shown,in
Fig. (5). In Fig. (8) discrete points show the quanties M, = ,
0.8 B and their sum using data from Fig. (16) of [59] and $rom
Fig. (17) of [26]. Although the data were taken at larger and
larger distances from the symmetry surface as the spacecraft
approached the planet, we have made no attempt to correct for
any latitudinal dependance in MA or B.
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The agreement between the inferred stress and that pre-
dicted with the CAN model field is much better at Saturn than
at Jupiter. The unmodeled latitudinal dependence is pronounced;
the centrifugal force becomes less important and the pressure
gradient force more important as the spacecraft nears the
planet and reaches higher latitudes. There is apparently an
excess of inward Lorentz force in the model. At least some 05
the discrepancy can be ascribed to our use of wvalues of M
obtained "away from" the equatorial plane. In addition, the
actual current carrying region appears to extend to larger dis-
tances and to be stronger at these distances than the CAN '83
model implies, suggesting that a different ring current extent
and/or thickness might provide better agreement with the data.

Part of the difference may be due to the model field being
based upon the flybys of both Voyager spacecraft on both their
inbound and outbound legs; the plasma data is from Voyager 1
inbound only. (Voyager 2 did not fly through the current
carrying region as did Voyager 1 [41]). In the region between
~8 R, and 18 RS the Voyager 1 spacecraft moved ~0.3 R, to 1.7
RS away from the equatorial plane. This is roughfy three
gqlarters of a scale height for the heavy ions and less for the
protons [26]. This suggests that the latitudinal variation in
plasma properties should be small and that there is a real
discrepancy between the Lorentz force produced by the model and
that inferred from the data. A more quantitative assessment
requires modeling the latitudinal dependence of M,, and/or a
more detailed study of the tradeoffs in the parameters of the
CAN model.

VOYAGER AT URANUS

The Voyager 2 spacecraft will fly through the Uranian
system in January, 1986 passing within ~4.5 Ry (1 R, =
25,400 km) of the planet [61]. A surface magnetic field
comparable to that of Jupiter or Saturn has been inferred [23]
from observations of excess Lyman-¢ radiation coming from
Uranus [19,20]. (Presumably the UV excess is auroral, implying

the existence of a magnetic field). This inferred field
strength would suffice to stand off the solar wind to at least
30 , placing the five known moons within a Uranian magneto-

sphere. Simply using Blackett's relation [62] and normalizing
to Saturn's magnetic moment produces a standoff distance of
only ~11 at times of high solar wind dynamic pressure and
~25 R at times of low pressure. Such a magnetosphere would
still always contain the large mocons, Ariel and Umbriel.

A Uranian magnetosphere may be relatively empty. It has

been argued that the planetary ionospheres and solar wind
should provide even less plasma to the magnetospheres of Uranus
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and Neptune than they do to those of Jupiter and Saturn [63].
The interstellar wind (of neutral atoms) may provide a
significant amount of magnetospheric plasma at Uranus and
Neptune; however, this source should be active at Jupiter and
Saturn as well, but its presence at these planets has yet to be
confirmed [21]. On the other hand, a "self-generating"
sputtering mechanism could provide a significant internal
plasma source. The four large moons of Uranus are of comparable
size to the medium sized icy moons of Saturn (Fig. (9)). The
latter, especially Dione and Tethys, apparently supply a
significant part of the ring current plasma to Saturn's
magnetosphere via the sputtering of water ice from their
surfaces [56,57,64,65]. Detection of water frost on the
Uranian moons [66,67,68] suggests that sputtering could provide
a source of oxygen ions and protons to the Uranian magneto-
sphere [69,70]. Dark material on the surfaces of the moons may
contain elemental carbon [65] or more complex organic compounds
produced by the sputtering of methane ice [69]. This material
could be a source for injection of carbon ions as well into the
magne tosphere.

COMPARISON OF SYSTEMS
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Fig. S Comparison of the planetary systems of Saturn, Uranus,
and Neptune. Distances of the centers of the moons from
their respective planets are scaled in units of
planetary radii. Diameters of all of the moons are
scaled to a common length. Locations of the inner and
outer edges of the main rings of Saturn and of the ring
system of Uranus are indicated by vertical bars.
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The "pole-on" orientation of Uranus at the time of the
Voyager 2 encounter will limit in situ measurements to a fairly
Constant distance from the planetary spin axis, while a large
range of distances from the equatorial plane will be sampled.
Particle measurements yielding high values of B and/or high
values of M, for heavy ions, indicative of a ring current or
current sheet, will be possible but severely limited in spatial
coverage [71]. The onboard magnetometer will sample only
briefly, if at all, the signature of a ring current system. If
the plasma sources and current system are as strong as they are
at Saturn {at comparable distances in the equatorial plane),
they should be detectable by the Voyager experiments. However,
little of the overall plasma structure perpendicular to the
field will be directly sampled.

VOYAGER AT NEPTUNE

The final planetary encounter of Voyager 2 will occur in
September, 1989 as the spacecraft passes ~0.4 R (1 RN =
24,300 km) over the north pole of Neptune [61]. ]\}\leptune is
similar in size to Uranus and may have a similar rotation
period [72], but neither radio nor optical evidence for a
Neptunian magnetic field has been found. Like Jupiter and
Saturn (but unlike Uranus), Neptune does exhibit an infrared
excess [72] which has been associated with the presence of
intrinsic planetary magnetic fields. Blackett's relation
(normalizing to Saturn's magnetic moment) predicts an equa-
torial magnetic field strength ~0.05 G, about that obtained for
Uranus by this method. Predicted solar wind standoff distances
are somewhat greater owing to Neptune's greater distance from
the sun: 13 RN to 30 RN at times of high and low seolar wind
dynamic pressure, respectively. (Pioneer 10, now outside of
Neptune's orbit, is still detecting large variations in solar

wind ram pressure comparable to those observed by Voyager 2 at
~1% AU [73]).

The Neptunian system is quite different from those of the
other outer planets. The one large satellite Triton is in
an inclined, retrograde orbit at ~14 R,,. Intermediate in size
between the medium icy satellites and %he Galilean satellites,
Triton was thought to have a tenuous methane atmosph%re
consistent with the vapor pressure of methane ice at 557K.
There 1is no compelling evidence for methane frost on the
surface [74], and recent studies of infrared spectra of Triton
suggest the moon may be covered by an "ocean" of liquid
nitrogen and an atmosphere with a surface pressure of ~0.1 bar

[751.

McDonough and Brice found that a Triton gas torus, similar
to that of Titan, is a possibility [76]. Voyager 1 measure-
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ments have shown that Titan is an important source of both
nitrogen and protons for Saturn's magnetosphere, despite the
fact that the location of the moon in or out of the magneto-
sphere is a function of solar wind ram pressure. Similarly,
Triton may supply a neutral gas torus of atomic hydrogen and/or
neutral atoms to the Neptunian system. However, the lifetime of
such a neutral torus against ionization via solar wind charge
exchange and photoionization at Neptune is about ten times that
at Saturn [76], so a torus similar to that of Titan could be
produced with only a tenth of the source strength at Titan.
Depending upon the actual magnetic moment of Neptune, Triton
and an associated torus could spend part of the time in the
magnetosphere, part in the magnetosheath, and part in the solar
wind as do Titan and its torus. A Tritonian torus could,
therefore, supply heavy ions and protons internally to a
Neptunian magnetosphere, although perhaps with a source
strength smaller than tgat at Saturn. Because Triton's orbital
plane is tilted some 20 to the equatorial plane of Neptune,

plasma injection (upon ionization and pickup) would occur in a
much larger volume of space than at the other outer planets.

The planned Voyager 2 encounter trajectory at Neptune is
similar to the Voyager 1 outbound leg at Saturn. The space-
craft will pass through the equatorial plane twice at ~3.6 RN
inbound and ~5.3 R, outbound [61]. Spatial coverage of the
equatorial region will be much better than at Uranus. If a
significant amount of plasma diffuses inward from Triton, it
should be detectable at the magnetic symmetry surface. If the
radial gradients are not great, it may be possible to deduce
the scale height of the plasma sheet. In situ measurements of
the magnetic field as well as inferred values of B and M, can
be used as "tracers" for a ring current. On the outbouné leg
of its encounter Voyager 2 will fly parallel to Triton's
orbital plane ~1 R, from it [61]. If Triton injects plasma
continuously into a Neptunian magnetosphere, it may be possible
to detect the resultant plasma distribution during part of
Voyager's outbound traverse of the magnetosphers.

The outermost known planet in the solar system, Pluto, is
similar in size and spectral signature to Triton [77]. Pluto
apparently has a tenuous methane atmosphere [78] and, like the
other medium-sized moons in the solar system, probably has no
intrinsic magnetization. As there are no plans for a space-
craft flyby of Pluto in this century, Voyager observations of
Triton and its interaction with the solar wind and/or a
Neptunian magnetosphere, will, for the forseeable future,
provide our best guesses for the interaction of Plutc with its
plasma environment.
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DISCUSSION

Spacecraft encounters with two of the four giant planets in
the solar system have revealed corotation-dominated magneto-
spheres (rather than convection dominated as at Earth). 1In
addition, the moons of Jupiter and Saturn provide a suffi-
ciently strong internal source of plasma that strong current
systems are formed, which significantly perturb the wvacuum
magnetic field of those planets. We have shown the plausi-
bility of similar magnetospheres at Uranus and Neptune, a
hypothesis which will be tested by the Voyager 2 spacecraft
before 1990.

Ideally, one would like to use the magnetospheres of the
giant planets in a comparative sense to investigate the general
problem of the MHD equilibrium of plasma confined by a fast
magnetic rotator. One scaling law which holds for the earth,
Jupiter, and Saturn relates the ring current perturbation field
8B to the planetary equatorial field strength B, by [41]:

AB ~5x10”4

B, (21)
If this scaling holds at Neptune and Uranus, a limiting value
for the total energy which can be stably contained by the
planetary field is implied. That conclusion follows from the
non-linear generalization of the Dessler-Parker relation (which
can be derived from Eq. (1)) [79]:

3
B2 o (22)

Here E is the total particle energy, U is the energy in the
dipole part of the magnetic field and US 19 is the energy in
the non-dipolar part. However, this réiationship does not
suffice to determine E as a function of Uself'

The division of energy can be determined given a model
field and particle distribution which obeys Egs. (1)-(4). A
restricted model is that of Parker and Stewart which is valid
for hot isotropic plasma in a non-rotating magnetosphere [80].
A similarity solution for this model exhibi s4a maximum in the
stably confined particles for B (z=0) ~r °° The ratio of
particle energy to magnetic fiefﬁ energy in the vacuum dipole
is about 0.2 while the total energy in the field is approxi-
mately that of the dipole case. For this model, the non-linear
Dessler-Parker relation then gives

1

AB ~1.3x10"" B, (23)

MAX
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This strongly suggests that the maximum current, and hence
AB, which can be contained by the Jovian and Kronian
magnetospheres is determined by factors other than simple MHD
equilibria criteria, e.g., stability with respect to flux tube
interchange [81] (and references therein).

It is interesting to note +that the Parker and Stewart
similarity model predicts a value of B in the equatorial plane
which is only a function of the similarity parameter and its
corresponding eigenvalue. For the case of maximum inflation
(corresponding to AB y in Eq. (23)), B = 2.9, approximately
the value predicted g% the CAN '83 model for Saturn (see Fig.
(7)), even though Eg. (23) does not hold.

There have been numerous attempts to model rapidly
rotating magnetospheres, primarily with Jupiter in mind [34]
(and references therein), [82]-[86]. Some approximations must
be made to make the problem tractable, and these usually
involve an expansion of Egs. (1)-{4) in the ratio of the
centrifugal to the pressure gradient force. An alternate
approach is to attempt to find the pressure and density
separately. The latter has been done using the CAN '81 model
field at Jupiter [34] and by using a similarity technique with
a finite corotation lag [83]. These treatments yield average
plasma temperatures of ~5 keV and ~10 keV, respectively. This
is consistent with the temperature range inferred at Jupiter by
Barbosa et al. [53] and predicted at Jupiter by Goldstein [12]
and Goertz [13] on the basis of a model magnetic field derived
from Pioneer 10 data. The observed near constancy of the
average temperature with radial distance is consistent with the
observed corctation lag at Jupiter [83].

As emphasized by Cheng [83], the temperature is an averge
over at least two particle populations, one hot and one cold
[87]. This applies at both Jupiter and Saturn. In some average
sense, the agreement between the model temperatures and those
inferred from in situ measurements must be indicative of the
"goodness of fit" of the model magnetic field to the actual
field generated by the planet and its current sheet. In terms
of B and MA the temperature is given by

KT = % mv® p/m,2 (24)

where v is the bulk speed of the plasma.

Using the values shown in Fig. (4) and Fig.(5) for B and
M, at Jupiter, m ~ 15 amu and v ~ 200 km/s (see e.g. [24]), we
obtain kT ~9 keV for 20 R, < w € 40 R,. The factor of 2 dif-
ference in the effective {emperaﬁure derived from the data and
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the CAN '81 magnetic field model is related to the excessive
Lorentz force provided by the model current sheet. The data
from Saturn shown in Figs. (7) and (8) give an effective
temperature of ~1 keV (m ~15 amu and v ~150 km/s in the ring
current region [26]). Using the data of Figs. (9) and (10) in
[41], we find that the CAN '83 model predicts a plasma
temperature of ~1.5 keV at the inner edge of the ring current
and ~0.5 keV at the outer edge. Again, the agreement between
the model and the data is much better at Saturn than at
Jupiter.

This emphasizes that for the magnetospheres of Jupiter and
Saturn, the heating of the magnetospheric plasma is different
in the two cases. Whether this is due only to the much greater
mass injection at Jupiter as compared to that at Saturn remains
unclear. Despite the apparent MHD equilibrium of both mag-
netospheres, the ring current structures differ in both
magnitude and shape. This implies the difference between these
current systems is due to not only the difference in mass
injection but also to differences in the effective equation of
state (i.e., the effective temperature), which, in turn, may be
influenced by the location of the plasma source(s).

In situ measurements at Uranus and Neptune should help
quantify the "equation of state" problem and its relationship
to MHD equilibrium, if sufficient plasma and magnetic field
data is acquired. The Uranian moons bear a resemblance to the
icy moons of Saturn; Triton may provide a gas torus at Neptune
similar to that of Titan at Saturn. Therefore, the magneto-
spheres of these two planets may mimic the inner and outer
parts of Kronian magnetosphere. Intercomparison of these three
outer planet magnetospheres could provide a better under-
standing of plasma injection and heating at Saturn and how
these processes and the requirements of force balance interact
with each other.

SUMMARY

We have investigated the conditions of force (or stress)
balance in corotation-dominated planetary magnetospheres by
comparing appropriate parameters derived from in situ space-
craft measurements. We first derived a simplifi_ed version of
the MHD momentum equation appropriate near the symmetry surface
of such planetary magnetospheres, including terms produced by
arbitrary field 1line curvature and pressure anisotropy. We
used particle and plasma data acquired by the Voyager space-
craft at Jupiter and Saturn to compute approximate values of
the plasma B, the Alfven Mach number, and the pressure gra-
dient. Using these gquantities and the current sheet models
used for fitting the Voyager magnetometer data during the
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planetary encounters, we found that these models overestimate
the Lorentz force at Jupiter and Saturn and underestimate the
temperature in the plasma sheet at Jupiter.

A qualitative state of corotating MHD equilibrium is
strongly suggested. Reasons for the quantitative discrepancies
are unclear given the good fit between the model magnetic field
and magnetometer data. The equilibria which are obtained are
affected by the current sheet configurations and plasma tem-
perature. These properties are not determmined by equilibrium
conditions alone, but by other physical processes.

Data from the upcoming Voyager encouters with Uranus and
Neptune may help clarify the general problem of the MHD
equilibrium of rotating magnetospheres as well as specific
problems such as that of the location of the sources of plasma
at Saturn.
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