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ABSTRACT

A nev estimate of Jupiter's planetary magnetic field is obtained from tne
Yoyager 1 obaervations of the jovian magnetosphere. An explicit moael for the
magnetodisc curreant system is combined with a spherical harmonic model of the
planetary field with both sets of parameters determined simultanecusly using a
non-linear generalized inverse methodology. The resulting model fits the
cbservations extremely well throughout the analysis interval (r < 20 Jovian
radii). The Jovian internal field moael obtained from the Voyager 1 cata 1is
very similar to the octopole Pioneer 11 models. The besat fitting magnetodisc
lies in the centrifugal equator, 2/3 of the way between the rotational and
magnetic equators, as appropriate for ceatrifugal loading of the magnetosphere
by a cold plasma. MNo statistically significant evidence is found for secular
change of the equivalent dipole estimated from Pioneer 11 (1974.9) and Voyager
1 (1979.2) data.

INTRODUCTION

The Voyager 1 (V1) encounter with Jupiter in March 1479 was the thira of
four such encounters to provide detailed in situ observations of the Jovian
asgnetosphere. The low-latitude approach of Pioneer 10 in December 1973 to
within 2.8 Jovian Radii planetocentric distance (1 RJ = 71323 «m) provided the
first observations of the Jovian magnetodisc (imith et al., 1974;: Van Alien et
al., 1974) as well as the first estimates of Jupiter's internul magnetic field
based on in situ observations (Saith et al., 1974). The high-latitude,
retrograqae approach of the Pioneer 11 (P11) spacecraft to within " 1.6 RJ n
December 1974 proved to be the most favorable for the estimation of Jupiter's
internal field and led to spherical harmonic magnetic field models based on
the vector he'ium magnhetometer observations SSnit.n et al., 1976) and the high
field fluxgate magnetometer observtions (Acuna and Ness, 1976).

Prelinirary actempts to obtain @ internal fiela model from V! magneto-
meter observations (Neas et al., 1979) were frustrated Dy the large periapsis
of V! relative to P10 and P11 (4.9 versus 2.8 and 1.6 RJ) and the ubiquitious



presence of a large scale equatorial current systeam associated with the Jovian
nagnetodisc. This disc.like systeam of eastward azimuthal currents extends
from inaide the orbit of Io (at 5.9 R)) outuard to * 50 B, and beyond
(Connerney et al., 1981). The 9.6° tilt of Jupiter's magnetic dipole with
respect to the rotation axis and the near-equatorial approach of Voyager 1
resulted in the periodic immersion of tihe Voyager spacecraft in the
current.carrying region as it traversed the inner Jovian magnetopshere. Thus
the traditional methods of analysis of such data, utilizing orthogenal
spherical harmonic functions to represent the magnetic field, are not
applicable since they require that the observations be obtained in a source
free (current-free) region of space. 7This is equivalent to the assumption
that the magnetic field is derivable from a scalar potential function.

Connerney (1981) demonstrated how small errors or unmodeled contributions
to the observed magnetic field (such as those due to local current systems)
can lead to large errors in derived magnetic field models. It is therefore
essential to interpret the Voyager observations within the context of a model
which is as representative of the physical situation as possible. Connerney
(1981) introduced Such a model for the analysis of magnetic field observations
at Jupiter, incorporating explicitly the field contribution of large-scale
external current systems in the Jovian magnetosphere. The observed field is
modeled as the sum of two components., The planetary field is derivable from a
scalar potential and represented by the usual spherical harmonic expansion.
The external field, due to the distributed currents in Jupiter's magneto-
sphere is derived from an appropriate vector potential. The parameters of
both the mogel external current system and the model internal field are then
determined simultaneously by inversion of the magnetic field observations.
From the Voyager 1 observations we are thus able to obtain an estimate of
Jupiter's internal magnetic field at epoch 1979.2 as well as a characteriza-
tion of the magnetodisc current system. We assume that the field of the
external current system does not vary appreciaoly during the encounter period.

Such a variation could possibly masquerade as a spatial variation of the
field which would be reflected and not identifiea ccrrectly in both sets of
model parameters.,
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The two esasential (and novel) features of our analysis of the Voayger
magnetic field observations are (1) the use of a model in which external
currents are explicitly represented and (2) the use of generalized inverse
techniques to cbtain a satisfactory solution. Both are described in detail by
Connerney (1981) as applied to the aralysis of Pioneer 11 observations at
Jupiter; we will ounly outline the methodology as it applies to the Voyager
observations and as it has been extended for the present analysis.

The model field is represented as the sum of an internal field B'

derivable from a scalar potential and an external field b due to magnetodisc
gurrents

B=zB'«b.

The internal magnetic field B' is expressed as the gradient of a scalar
potuntial function V, B' z -VV, where

n ax netn a
Vaa I* (a/r) : pn" (cos®) { gn" cos(m?) + b, sin(m®)}
ns1 mz0

r is the distance to the planet's center, a is the planetary radius, ¢ ang *
are co-latitude and longitude, respectively: the an are the associated
Legendre functions with Schmidt normalization, and the gnu. hn" (Schmidt
coefficients) are the internal field parameters.

Following Connerney et al. (1981) we assume that external azimuthal
currents of the magnetodisc are confined to an azimuthally symmetric,
planetocentric annular disc (rigure 1). The disc model parameters are the
inner and outer edge radii Ro and R1. the disc half-thicxness D, and a scale
constant I° for the current density, which varies inversely with distance from
Jupiter. Two additional free parameters °° and 0° specify the orientation of
the current disc with respect to Jupiter (System III 1965): the normal to tne
current disc makes an angle °° with Jupiter's rotation axis ana lies in the ‘o
(west) longitudinal meridian. The external field b due to these currents is



computed numerically.

With the addition of the magnetodisc current system, the model magnetic
field is no louger linear in the model parameters and we must use an iterative
inversion technique described by Connerney (1981), appropriately modified to
accommodate the parameters of the current disc as free paraaseters. The
linearized system to be solved at each iteration is

Yy = Ax

where y is a column vector of the model residuals (tue observed minus modeled
field), x is a column vector consisting of the parameter corrections required
to bring the model into closer agreement with the data, and the matrix A is a
matrix of partial derivatives of the model field with respect to the model
parameters. The vector y is of length N, x is of length M, and A is an N by M
matrix, where N is the number of (component) magnetic field observations, and
M is the number of free parameters

2-1+6

M= (nnx + 1)
associated with the internal field expansion to ordger nmax and the 6
parameters of the current disc. Inclusion of the disc parameters R R1. D,
e
Io' o o and 0° requires a transformation (=scaling) of the parameter vector (not
discussed by Connerney (1981); see, e.g., Lawson and Haanson (1474)):

xi' 3 xil°1
where 01 is the expected standard deviation of the parameter correction X, o
We adopt a relative scaling of G‘ s 1 for the internal field parameter

corrections (Agn'. an nm) and suitably chosen 9. for the corrections to the

disc parameters such that in program units theicomponents of the solution
vector x are approximately equal in magnitude. Adaditionally the partial
derivatives of the model with respect to the parameters of the mcael current
disc (rightmost 6 columns of the A matrix) must be computed numerically, as 1s

the model field.



With these modifications, the method of constructing solutions outlined
in Connerney (1981) is used. We choose an internal sphericsl harmonic
expansion of order n..‘ s 3 to facilitate direct and meaningful comparisons of
V1 interngl field models with previous models (of internal order 3) obtained
from P11 ocbservations. Our model thus has 21 free parameters, not all of
which will be determined from the available V1 observations; the
interpretation of such insufficient data requires the construction of partial
solutions, The singular value decomposition of Lanczos (Lanczos, 1961) is
used to reformulate the problem in terms of independent parameter vectors
(eigenparameters) which are linear combinations of the original model
parameters. A solution is constructed by summation over a subset of the
eigenparameters, starting with a few well determined parameter vectors and
successively increasing the number of eigenparameters in the solution. As
sdditional eigenparameters are added, more of the original model parameters
sre resolved:; eventually reaching a point where the remaining paramete-~
vectors are 3o poorly determined (due to the limited observations) that
inclusion seriously degrades the solution. The partial solution constructeq
in this way represents the best available estimate of the solution, ana it is
understood that the remaining parameter vectors (not used in the solution) are
undetermined.

RESULTS

Our Voyager 1 data set selected for inversion consists of ¥ 500 vector
observations of the magnetic field taken every 6 minutes auring the intverval
from ¥ hour 16 day 63 to ¥ hour 8 day 65, during whicn the radial distance of

Voyager 1 from Jupiter ranged from 20 R, to the close approach (hour 12, day

64) distance of * 4.9 RJ. Each observagion is a 48 second average of vector
observations obtained every 60 msec with an estimated accuracy of 0.2 nT %0.1%
of full scale (Ness et al., 1979). The more distant observations tuat are
less sensitive to the internal field parameters are included because they
greatly improve the resclution of the current disc parameters. Improved
resolution of the current disc parameters laads to a more confident separation
of internal and external (local) fields and ultimately an improved internal
field model. More traditional analyses of such data that do not explicitly

include models of the external current system (e.g., Acuna ana Ness (1976);



Acuna et al., (1981); Smith et al., (1976)) limit the observations used to r <
8 or 10 RJ in an attempt to minimi :¢ the impact of such external field
contributions,

The iterative inversion technique requires an initial parameter set about
which the problem is considered to be sufficiently linear locally that
successive applications of the linear generalized inverse techniques result in
a convergent solution. We selected as initial models simple tilted dipole
internal fields (n z 1 terms) combined with the V1 model magnetosphere current
disc parameters (Connerney et al. (1981)). Several dipolar internal field
models, intentionally displaced from the lowest oraer dipole obtained from P11
observations, were used to demonstrate that the final solution did not depend
on the initial model. A typical initial internal field model is characterized
038.06.811:.35.!!11:.BG.Bn-:OOOdbn.:O
for all n > 1, corresponding to a simple dipole tilted by 6° towards a System
III longitude of 225'. By comparison, the P11 dipoles are typically tilted by

+10° towards 1111 of * 200°.

by the parameter set ‘1

After 12 iterations we obtain the solution listed in Table 1. No entry
is made in the table for the model parameter3 that are unresolved (defined as
parameters with corresponding resolution matrix elements of Rxx < 0.95; (see,
e.g3., Connerney (1981); Wiggins (1972); or Jackson (1972)). For comparison we
list in Table 1 several models based on the Pioneer 11 observations; in
general an excellent agreement is found between the V1 parameters and those of
the P11 based models. The unweighted RMS of the V1 model residuals tanrougliout
the entire data interval of R < 20 RJ is 7.8 nT. The quantity € listed with
the V! model internal field parameters corresponds to an estimated 2°¢ error
assuming uncorrelated errors; the true estimatea errors are certainly greater
than € since %he errors are in fact correlated., But the quantity € is
expected to give some indication of the relative errors among tne parameters
and are presented for that purpose.

The resulting parameters of tne current disc are not unlike tnose quoted
by Connerney et al. although that model was not an optimal fit to the
observations. The most interesting difference between the two is that tue V1
optimal fit yields a current aisc which is not coincident with the magnetic



equator (tilted by 9.6° from the rotation axes) but inatead is tilted by 6.5°,
approximately 2/3 of the way between the rotation axis and the msgnetic
equator, -

An illustration of how well the model fits the Voyager 1 observations is
shown in Figure 2. The perturbation field AE is the difference between the
observed magnetic field at any position and the field of internal origin as
obtained from the model fit. The dashed line is the field of the model
curroni disc; the difference between the observations and the dashed line
represents the residuals, i.e., the model misfit. This representation is
chosen to emphasize the relative nagniiudo of the field due to the local
maghetodisc currents, ana it facilitates an interpretation of the remaining
wodel residuals. The residuals are very small for r < 10 RJ; most of the 7.8
nT RMS residuals appears at larger radial distances where the field of the
external currents is a large fraction of the total field. The residuals for r
< 10 RJ are an exceedingly small fraction of the total field, which grows to ¢
3330 nT at close approach (4.9 RJ). The very large and localized feature
evident at day 64 hour 15 is the signature of the intense current system
generated by the interaction of the Jovian magnetosphere with the satellite Io
(hess et al., 1979; Acuna et al., 1981).

DISCUSSION

The model of Jupiter's internal magnetic field at epoch 1979.2 obtained
from the Voyager 1 observations bears a very close relationship to the epoch
1974.9 moaels obtained from Pioneer 11 observations. In general, the
parsaeters (e.g., 311. h11) that are expected to be relatively well determined
are indeed the most consistent. The close correspondence between the dipole
terms (n = 1) of the Voyager 1 model and the (Pioneer 11) Ou model is
particularly striking. The V1 and ou dipole terms 310. 311 and h11 differ by
only 0.24, 0.61 and 1.2%, respectively. These differences are much smaller
than the estimated parameter uncertainties. It is interesting to note that
the Voyager 1 paraceters which do not agree as well with the Pioneer 11 models
(320 and 333) are also the subject of some disagreement among the Pioneer !
models obtained from the two magnetic field experiments onboard Pioneer 11.

In comparison, the preliminary estimates of Jupiter's magnetic field obtainea



from e conventional apherical harmonic analysis of the Voyager 1 observations
(Ness et al., 1979) yielded estimates of Jupiter's dipole tilt ranging from
9.6° to 13.3° towards longitudes of 189° to 194°; estimates of the dipole
magnitude ranged from 3.76 G-R,3 to 8.09 G-B,3. P10 models (Smith et al.,
1976) bear much leas resemblance to either the P11 or Vi model, particularly
in the higher order coefficients. It is clear that the Pioneer 10 observa-
tions were also heavily influenced by the magnetodisc currents (Connerney et
sl., 1981).

Among the unrcaoléed V1 model parameters, RO'
edge, and 330 will almost certainly never be obtainable from the Voyager 1
observations alone. These two paraceters are heavily represented in the most
poorly determined eigenvector (21), which is ¥2 orders of magnitude more
poorly determined than any included in the Voyager 1 solution. That is,
within the context of the chosen pnysical model, the observations are simply
insufficient to determine the values of these parameters, as a consequence of
the spatial distribution of the observations. The difficulty of determining
the inner edge of the current sheet (Ro) from Voyager 1 cbservations was
deduced intuitively by Connerney et al. (1981) and is confirmed by the
generalized inverse analysis. Independent observations, however, suygest that
Ro is indeed close to S R 3° the near axis external tield deduced from P11
observations (Smith et al., 1976) is very close to that expected of the
31 and h31
are associated with eigenvectors (18 and 19) that are not as discouraging as
the most poorly determined eigenvector. It is conceivable that turther

analysis may provide at least some information about these parameters.

the inner current sheet

current disc of Ro s 5 RJ. The remaining unresolved parameters g

The most interesting result of tne optimal fit to the Voyager 1
observations with respect to the current disc in Jupiter's inner magnetospnere
is its orientation. The Voyager 1 obaervations at radial distances of less
than 20 RJ are beat fit by & current disc not in the magnetic equator, as
argued by Connerney et al. (1981), Goertz et al. (1976) and Goertz (1976,
1979), but rather a current disc residing in a plane tilted only v2/3 of the
way towards tne magnetic equator, Connerney et al. (1981) noted that the
distant V1 observations were insensitive to the disc orientation paramecer °°
and argued as did Goertz (1976, 1979), that the current sheet resides close to



the magnetic equator on the basis of P10 observations.

Prior to any of the Jupiter encounters, Gledhill (1967) predicted that
the centrifugal force due to Jupiter's rapid rotation would confine a plasma
to a disc-ahaped region in a plane tilted by 7' to Jupiter's equator. Hill et
al. (1974) referred to that plane as the 'centrifugal symmetry surface' to
which cold plasma would be confined (see also Goertz, 1976). For a hot
plasma, the pressure gradient and magnetic mirror forces dominate ths
centrifugal forces (e.g., Goertz, 1976) and the plasma would reside in the
magnetic equator. Thus it would appear that, within the context of our model,
these results require the current in Jupiter's (inner) magnetosphere to be
carried by 'cold!’ and not 'hot! plasma. However, it is precisely at tnis
level of interpretation tha; the limitations of our current disc model arise.
In particular, the disc thickness is assumed constant in radial distance, and
the model azimuthal current is distributed uniformly in Z. While such a model
is capable of fitting the observations exceedingly well, it is possible that
an equally good fit can be obtaine with an alternate model. It may be
possible, for example, to adjust the distribution of current in 2 within the
disc and the disc orientation to obtain a model field similar to that
illustrated in Figure 2 but with a disc oriented in the magnetic equator.
Until the physical validity of our present current disc model can be
ascertained by a self-consistent treatment of the Jovian plasma and magnetic
field, we regard the inferred orientation of the current disc as tentative.

CONCLUSIONS

The kind of model applied herein to the Voyager 1 observations, in wnich
an internal spherical harmonic expansion is combined with an exp.icit model of
the field due to external current systems is regardea as essential to
understanding aud integrating the magnetic field observations of each of the
Jovian encounters. Indeed, the success of the model used is a very
encouraging inaication of tne extent of present knowledyge of Jupiter's
magnetic field (and externai current system). We obtain from the Voyager 1
data a Jovian internal field model for epoch 1979.2 that is independent of the
previous Pioneer 11 observations and quite consistent with the epoch 1974.9
Pioneer 11 models.
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The Voyager 1 internal field model deduced here should provide a basis
for a rationsl discussion of a poasible secular variation of Jupiter's
internal field. The striking resemblance between the V1 and on models
suggeats that Jupiter's internal magnetic field has not changed batween the
Ploneer 11 encounter in December 1974 and the Voyager 1 encounter in March
1979. For example, equivalent tilted, centered dipoles of the V1 and 0“
models differ by only 0.25% in magnitude, 0.04° in tilt and 0.1° in longitude
and these are much smaller than the estimuted parameter uncertainties. Thus
we find no statistically significant evidence for any secular change. Our
goal was to provide the best independent estimate of Jupiter's internal field;
a combined fit to various of the data sets available may yield an improuved
internal field model provided the observations themselves (Voyagers 1 and 2;
Piloneers 10 and 11) can be sensibly integrated.

1
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FIGURE 1.

FIGURE 2.

FIGURE CAPTIONS

A cross<section of the model curreat disc.

Comparison of modeled perturbation maghetic field (dashed) with
that cbserved for Voyager 1 (spherical coordiantes are used). In
this presentation the model iaternal field has been subtracted from
the observations; the total field at closeat approach (C.A.) is ¥

3330 aT.
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