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Sumamary

This final report covers work conducted by Brizhaa Young
University p2rsonnel in support of the Pioneer missions to
Jupiter (10, 11). and Saturn (l1) as well as the reduction,
analysis and interpretation of magnetic field data obtained by
the vector helium magnetometer (VHM) on the Pioneer 10 and 11
spacecraft. Initially, our efforts concentrated primarily on the
interplanetary data, and those aspects of the data of relevance
to obtaining a better understanding of the interaction of the
magnetized solar wind with the terrestrial magnetic field.
However, after we participated in the encounters of Jupiter and
Saturn, the emphasis of our research was directed primarily to an
analysis of the planetary data. In particular, 1t soon becane
clear that there was a need for modelling of the various
candidate magnetospheric currents suggested by the data.

Over the period of this contract (7/1/73-12/31/81) we have
supported the launch, cruise, and encouter phases of the Pioneer
10 and !l missions, published 15 papers, presented 15 papers, and
had 19 abstracts of papers published. A listing of the papers
and abstracts published 1is given in the "List of Publications.”
In the next sections we summarize the work conducted in various
research areas conducted under this contract. Included are
results not published as yet, but which we plan to publish,

The August 1972 Solar Flare Event

During August, 1972, considerable flaring activity occured
on the sun, which in turm produced significant modification of
the solar wind medium as measured at a number of spacecraft,
including Pioneer 10, 1In addition, significant terrestrial
effects were observed. We worked closely with E. J. Smith of JPL
during this period and conducted some additional analysis of our
own that were based upon the hypothesis that flare producing
reglons rather than specific flares are the causal source of
interplanetary and terrestrial events. Although we did not
complete the analysis of this avent in terms of the flare region
hypothesis because of pressures resulting from the encounter of
Jupiter, nevertheless there were a number of characteristics of
the data (both field and energeric particle) that were consistent
with this latter hypothesis. That is, effects were seen in space
and at earth when the flare producing region (regiom on the
surface of the sun having a history of flaring) was at the proper
angular relationship with respect to the earth considering the
finite travel time at nominal solar wind velocities, and it was
not necessary to hypothesize that a flare erupted on the unseen
portion of the sun. The results of a standard analysis aad
interpretation of these data has been published ,although we are
planning to develop and present our alternate hypothesis (L.
Davis et ai.,, 1973; E. Smith et al., 1977).
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Tae easurement of Weak Magnetic Fields in Space

During the period of this research we studied a proposed
method to measure weak magnetic fields using two magnetometers in
a coorrelative mode purported to reduce the resultant
magnetometer sensor noise to an insignificant amount. We found
that the basic premise of the paper was in serious error, and
that in fact the method proposed would not work. The results of
this brief study were published (Jones, et al., 1974).

Interior Source Magnetic Field Modelling: Jupiter

Our initial modelling efforts as applied to the Pioneer 10
data consisted of the utilization of a function minimization
approach to finding the field sources that best fit the data
obtained withia about 7 RJ (D. E. Jones aand J. G. Melville, 1974%;
Es J. Smith, et al., 1974). When a single offset dipole was used
as the interior source of the field, we found that as the radial
range of the data used in the fitting was increased, equatorial
projection of the end of the vector describing the offset of the
equivalent dipole would tend to describe a circle. A more
complicated £ield source configuration consisting of two dipoles
plus a uniform field was then used, the lattar being the dominant
terma of an extermal ring current. The use of two dipoles was
based upon the results of ground based radio astronoay
interferometer mapping and polarization measurements which
suggested the existence of a magnetic anomally near the surface
of the planet near a System III longitude of 200°. For
simplicity, we chose to represent this anomaly in our studies as
a magnetic dipole. The other dipole was assumed to be the
primary source of the planet’s magnetic field,

A function minimization (FMFD) algorithm was developed which
internally varied the location, orientation and strength of the
two dipoles, as well as the parameters of the uniform field,
until a best fit was obtained to the data ia a least squares
sense. Using the Pioneer 10 data, 1t was found that the
resulting residuals were smaller than those obtaianed using the
conventional linear, or spherical harmonic, approach. We found
that a plot of the residuals versus radial distance exhibited
high values at about the orbital distance of Io. The Vovager
later confirmed that the flux tube of Io contained currents, and
suggested the presence of a plasma torus at this orbital
distance, The second dipole was found to be located close to the
equator 1in the hemisphere, close to the longitude of the radio
astronomy polarization anomaly, and reasonably close to the
surface.

A similar type of analysis was performed using the Pioneer
11 data with results that wera coasistent with that obtained from
Pioneer 10. The second dipole was located in the same
lonzitudinal quadrant as that of Pione2r 10 and reasonably close
to the surface, but in the southera nemispnere. We are not sur=
what effect the existence of tail and froatside cross sheet
current fields will have on the location of the sacond dipols
dataramined from tha Pioneer 19 and 11 data, bu:z iz is clzar t!
the use of such an analysis approach has merirt, particularly
oroper aliowance for the fields from these other currents resul

- 3 -

it

b
s oen 0@
F

Us

2

-



in nore consistent characteristics for the two interior dipole
sources as derived from the two spacecraft data sets. An
extension of this work, which included the Pioneer 11 results as
well as a SHA analysis of data from both spacecraft, used a
different weighting scheme, and derived more information
concerning the ring current, was written up as an undergraduate
thesis for the honors program by R. Steven Turley and has been
included as Appendix A of this report,

Modelling the Jovian Magnetosphere

During the period of this contract we have studied the
Jovian magnetosphere using two basic methods. The first involved
the use of Euler potentials, a method which results in
mathematical expressions that permit easy tracing of field
lines. Some degree of success was achieved in obtaining
functions describing the field which provided reasonable fits to
the data, and which were useful when extrapolated a small
distance beyond the region of fitting. As the result of a
cooperative program with the energetic particle experiment tean
at tne University of Iowa, it was found that the outbound Pioneer
10 was periodically located on open field lines, this occurriag
while at fairly low magnetic latitudes (Goertz, et al., 1976).
This result was obtained by couparing the spacecraft location in
magnetic coordinates with the energetic particle measurements.
The existence of an open/closed field line demarcation at such a
low magnetic latitude (approximately 20°) was rather startling at
the time, but this may be consistent with the general topology of
the magnetic field in the sunward magnetosphere as inferred fronm
the outbound Pioneer 11 magnetic field measurements, which
suggests that it is quite different from that of earth.

We attempted to use an Euler potential approach in the study
of the magnetosphere beyond = 20° magnetic latitude, with little
success. We found that the unphysical magnetic fields and
currents predicted at high latitudes by the functions that were
tried far outweizhed the advantages of these functions (Jones and
Melville, 1975). In addition, the deformations of the current
disc evident in the data could not be accomodated ia a tractable
manner with such a function., We tried several coordinate
systems, with little success.

In order to facilitate a current disc clearly displaving
twisting and bending, we subsequently developed an algorithm for
the magnetic field of a double laver of circular rings of current
which allowed the tilt and longitude of the axis of each ring
nmaking up the disc to be functions of the ring radius. 1In
addition, we desired a model for the currents which could be used
to extrapolate beyond the region of fitting with more reliabilicy
than the Euler function =method. Excellent agreement was obtained
between model predictions aad the data, with parametric

expressions bYeing developed for the manner in which the current
disc was deformed, particulariy using Pioneer 10 outbound data.
It was found that the disc needed to be twisted zbout the spin
axis, and bent such as to approach parzllelisn «#ith tha
rotational equator. An additional deformation of the current
disc in the fora of a small ridze or hunp was raguired in order

'
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for the spacecraft to periodically penetrate the bent disc.
Fligures 1-6 compare the current discs required to fit the Pioneer
10 outbound data (Figs. 1-3; twisted and bent, with spiralling
ridge) and the Voyager data (Figs. 4-6; twisted and bent only).
The Pioneer 11 inbound data also suggested that some degree of
bending improved the fits. The other data sets clearly required
additional tail field and required discs displaying markedly
different characteristics as to the amount and distribucion of
current, as well as the amouat of tilting required (Melwville et
al., 1975; Jones et al., 1975; Jones and Melville, 1975; Jones et
al., 1976a,b; 1980; 1981; Jones and Thomas, 1981). An extreme
case Iin point is the fact that in order to fit the strongz current
dip observed outbound at about 8 Ry by Pioneer 11, a tilt of over
359 is required, whereas the inbhound Pioneer !l data require a
thinner disc having a tilt of 11.2°, A studv was also conducted
to determine the radial current distributioan required to produce
a fit to the azimuthal field from both the outbound Pioneer 190
and 11 dacta.

When the characteristics of the ring currents for the
various data segments were conpared, both the rho and phi field
components displayed a local time dependence. As an alternate to
local time dependent disc and radial currents, it was suggested
the possibiliy of an azimuthally symmetric disc current plus a
sheet of dusk to dawn current, the latter being the equatorial
portion of a tail-like current configuration extending into the
frontside magnetosphere (Jones, et al., 198l; Jones and Thomas,
1981). Such a configuration produces the observed maximum in the
rho and phi components near the dawn line, and the decrease in
these components near the noon meridian. A preliminary study of
the fields of such a curreat configuration has resulted in fits
to the data which are better than those obtained ian terms of a
local time dependent disc current and tail/magnetopause currents
(Jones and Thomas, 1981).

Magnetic Field and Energzetic Particle Flux Studies

Several analysis efforts were conducted ia an attempt to
better understand the relationship between the energetic particle
flux and the magnetic field. Using the model disc curreat which
best fit the Pionear 10 outbound data, we traced out field lines
to determine the L values corresponding to important times
related to observed characteristics of the energetic particles.
As a result, a joint paper was presented outlining the L
dependence of the energetic particles in Jupliter’s magnetosphere
(Jones and Mihalov, 1978). This study was basad upon a =model
disc current systeam fitting the outbound Pione=r 10 data, where
good fits were obtained without tail aad magnetopause currents
(these currents produce primarily positive and negative z fields,
respectively, and they are apparently of the same nagznitude near
the dawn wmeridian). Hence, the nagnetosphere was not teraminated,
and a reanalysis of the particle data usiag L values darived fron
a terminated magnetosphere, or using nodel parantars derived Irom
fitting other data sagments should nodify the results raported
previously.

We have also explored thne locations of aiaimum field rezions

-
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that result when a2 magnetosphere is terminated by the solar

wind., A model fitting the Pioneer 10 data has been combined with
a system of currents on the surface of a sphere to derive a
terminated magnetosphere. The resulting maganetopause was blunt,
and consistent with the derived shape of the magnetopause using
minimum variance techniques. The field minima produced by the
termination were shifted away from the magnetic equator,
resulting in two surfaces oriented at a relatively large angle
relative to the magnetic equator., When the Pioneer 1l outbound
trajectory was superimposed on the field line disgraam derived
from the model, it was found that the occurances of the field
minima were reasonably consistent with the observed occurances of
the energetic particle maxima (Jones, 1979). Other analyses of
the Pioneer 11 outbound field data suggest several other possible
explanations for the anomalously high flux counts at such a hizh
latitude. One considers the possibility that the localized tilt
of the current disc near the noon meridian was much greater (>
30°) (Jones et al., 1975; Jones et al., 1976a,b) while the other
considers the possibility that the magnetospheric cleft is at a
much lower latitude, the latter providing a region for the
energetic particles to escape from the planet (Jones and Thomnas,
1931).

Satellite-ifagnetosphere Interaction Studies at Saturn.

When the 24 nour interval of data spanning the closest
approach of Titan’s orbit by Pioneer 1l was studied, it was found
that there were three periods in which the level of magnetic
variability was enhanced. One of these occured spanning several
hours before to one or two hours after closest approach to Titan,
when the spacecraft was about 145 R, (Titan radii) ahead of the
satallite in the direction of orbital motion, The
characteristics of these turbulent regions were studied and it
was concluded that the Titan interval displayed a number of
characteristics that are consistent with what would be expected
should the spacecraft penetrate the satellites magnetic wake.
Evidence for penetration of a shock so far "downstream" was weak,
and margzinal at best, but there was a field minimum almost
precisely at closest approach to the extended tail axis, and the
characteristics of the maznetic turbulence of tne Titan 1lnterval
appeared to differ from those of the other two. As a result of
this analysis, we suggested that the magnetic wake of Titan may
have been detected (Jones et al., 1979; Jones et al., 1980).

Preliminary studies of the magnetic data near the time of
the energetic particle decreases attributed to the new satellite
1979 3-2 suggested the possible existence of low Alfven mach
nunber fans associated with the interaction of a satellite with
corotating plasma. However, a closer inspection of the manner in
which the various field components varied during this iatsrval
suggested this not to be the case. It was later determined that
this was a data anomaly that resulted Irom the use of a despin
function that did not properly take into account acceleration of
the spacecraft ac Saturn and the noalinear charactaristics oI an
ioproper despin function timing anomaly in the data produced the
false resulc (Jones et al., 1979a,b%).
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Fizure Captions

Figures 1-3., Three views of the current disc required to fit
the Pioneer 10 outbound data., Twisting, bending {towards
parallelism with the jovigraphic equator) and a deformation
in the form of a ridge having a spiralling symmetry line are
required. The three views represented in the figures differ
by 45% in the direction of rotation.

Figures 4-6. Three views 45° apart in the direction of
rotation of the current disc required to fit the Voyager
magnetic field data based upon fitting of the outbound
Pioneer 10 data. An additional deformation in the form of a
sprialling ridge was not needed for the Voyager data.
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Two modeis nave been useg to fit Picneer 10 and 11 macnetic Tield data
from Jupiter. The first model ccnsists of two offset dipoles with an exterior
current ring or disc. The second model is based on a truncated spherical

harmonic expansion of the maacnetic scalar potential within the region of in-

—

o

-orest, Data used in the fifs wa: chbtainel between

(%)

.2 and 7.0 RJ, 32° and

-30° jatitude, and C° and 360° iongitude. Dat2 for Picneer 10 and 11 were

run separateiy and together., In zerms of an cffset dipole and ring, the field
is best described as a dipoie with moment £.1 Gauss-RJ3 tilted 9.5° with respect
to the spin axis and offsa2t about .14 RJ from the planet's center, The exterior

current disc has an axis roughly coinciding with that of tne main dipole and

an inner radius of less than § RJ.
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{NTRODUCTICN

We nave fitted two models to Jupiter's meznetic field based on Picneer
10 and 11 data between 1.8 and 7.0 Ry The Tirst model is that of two offset,
tilted dipoles, with an exterior crrent ring. The second mcdel is & truncated
spherical harmonic expansion of the maanetic scalar pctential., Data for Pionecr
i0 and 11 nave been Tit both separately and tocether in the cases cf botn
modeis.

ine first mcdel was chosen because oF how easy it is to visualize phvsicaiiv.
Cwens Valley Radio Astroncmy data (Bergce and Gulkis, 1676) and measurements by
others inciuding Sranson (1963), Warwick (1964) and Ccnway and Stannard {1972,
197€) suggest that the interior field sources are a main dipoie, tilted about
10° with respect to the spin axis, and a pessible anamoly at longitude 200Q°.

The ring current is an attempt to model the current disc which extends
from abcut 10 to &0 RJ and its contribution to the magnetic Tield near the
nlanet. It is acmitadly not as good a model as, say, a current disc would Ee,
but the contribution to the field here is so small that the ring model does a
sufficiently good job. |

There is justification for including all three ccmponents in the chysical
model. The Tirst justification is the evidenca irom other scurces that tnere
are at Jeast three contributions to the field in this region.
justitication is that there are obvious anamolies in the fit if anv of these
contributions are jeft out. Thirdly, addition of any of thess three contri-
puticns to a medel consisting of just the other two significantly improves
tne goodness of the Tit,

The sacond model fitted to the Tield data is a truncaizg sphaerical
narmaonic expansicn cf <ne scaiar notential from which the macnatic fisid ‘¢
octainec.

has the disadvantags of feinc 2 1ittie narcsr ¢

W



visualiize pnvsically. 1Its advantaces are that it is & more cenera
and that it is a iinear Tormula, which mekes finding a least scuaras fit con-
siderably easier. The details of this agproach are explained in more cetail
in 2 later section.

In the cases of both models, we were abie to obtain fits tc the datz
with from .3% to 1% deviation from the experimentail fields. e found ine
fittad values to be quite sensitive to the segment of the traiectories used

in th

m

it and to tne weighting factors wnich we used. We pelieve the

l

particutar weighting function usec for data reported in this paper %o be tne
most reliable one. Interpretation of the differences between the various 7its

will be given in a later section.

[¥8)



Tne experimental meanetic field data was
magnetometer aboard the Pioneer 10 and 11 spacecraft.

cf the instrument and its associated errors can be found in Smith (197%5]).

AT AT A TMTY

Uivw I Adidd i

this section we brieflv describe the expzrimental

ments obtained and its relationsnip to the vaiue cof

for eacn measuremsnt range.

gathered by a vector heli.-

A detailed discussion

in

uncartazinty in the measure-

L emae e e b
g« tnat 1s to b2 expected

Tne magnetometer nas an absolute uncertainty of iess than 5 based on

inflight calibration data.

however, resolutions of at least zlv were possible (.01% uncertainty).

For the large fields measured in the experiment

In

this case the primary scurce of error is due to digitization., - The following

table was taken from information supplied by Smith {1974} and gives an indica-

tion of the variance expected

in

to cuantization of the data.

Maximum Field

4 s

13 ~
43 v
146 ~
632
3880

DI Gy L -

digital value of the field, B.

reported value will

interval. Let x be

25 follows.

Digital Step Size
v/bit

0.015
0.052
0.167
0.568
2.46
15.
88.2
531.0

Let = be the digital

be B.
the diftierenca betwean 3 and &
;5/2
ez Xx= dx = £</12
/5

Y

Assume ecual probability of B bzing anywnere in

each of the magnetcmeter's field ranges due

a
(8]
-~

K
—

.
w o

PN —
Gy
OO0
]

.
O X X X

WL O LITLO M L O
O fu =) = —t —

NY Oy —4 =
urco .

o
O
O

step size and BO Se

IT B is between EO - ¢/2 and B *+ /2, the

the

~®
(9]



= 0f the mid-toint

(X9

Wote that cn the average, z is of the croer of .
vaiue for each rance. This should represent the lowest possibie value of

¢ obtainable in any mode1 fitting to the data.

[$2)
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Wit . |l w

This saction describes the units usad in the calculations and results.
First the position coordinates then the magnetic field variables will be dis-

cussed.

hroughout this paper all position variables will be expressed in modified
System III (epoch 1957.0) coordinates, unless ncted otherwiss. Scherical
coordinates are expressed in terms of radius, latituae, and lcngitude. The
radius is in meters or in RJ (Jovian Radii). Throughout this naper the value
of 1 RJ = 7.08x107 meters has been assumed. The latitude measurements are
identical to System III latitudes. The longitudes are measured from the same
axis as in System III, but in a counter-clockwise direction as .viewed frem the
North Pole rather than 1in a c]ockwise direction. The modified System III
longitudes (2~) used here are related to System III icngitudes (EIII) by the
relation

g° = 360° 'GIIIf
Dipole offsets are expressed in cartasian coordinates, using the spin axis as

tne z axis and the Tine of C° latitude and Tongitfude as the x axis.

The macgnetic field variables are needed to express the dipole strength, the

field strength, and the current in the ring of Model III. Tne dipole strength

is expressed in Gauss-RJ3, with R, defined as bhefore

1 Gauss-RJ° = 3,55 x 10
0

Magnetic field data is in v, where 1y = 107 % Gauss. Program calculations ang

outouts are in Gauss {1 Gauss = 107" Weber/m<}. The currents ars measured in &

It will be noted that our cnoicz of 2z fixed o

janstery coordinizte svstam
differs ‘rom =hat cof Smith (1574,, in which & cocordinzze svstiem Tixeg 6 thz

()]

-



Jupitar-Sun iine for the external sources was chesen ne auter eiges of tn

Mm

external sources is probably verv strongly influenced by tne solar winc.
However, the dominant force shapina the near exterior field sources (wnhicn were
of primary interest in this study) should be the strcng planetary field. A
partial justification of this assumotion is in the improved fits we were able

to obtain compared to those reported by Smith et al, {1676).



NOW-LINEAR MODEL CALCULA

In this sectijon the formuias used to calcuiate the fields dus to an

oTfset dipole, a aurrent ring, and a current disc were explained. The

formula for an offset dipole is well known and hence not derived., The

formula for a current loop and & current disc are derived in cdetaii.

Diocie Fiegld

The ecuation for the magnetic Tield due

origin is

where

By = dux 1073 (Gaussian units)

=t

is in Gauss-RJ3

-4

is in RJ

lTetting C be the offset of the dipole and RC =

be expressed for an offset dipole as

B = /4=[F/IRCI3 - ((R-RCIRC)/

=0 2 dipocle centered at the

P - T, the above equation can

Ul

=y /4=[M /IRCIZ - ((H-RC)RC )/'BC!ET

B,= /4=, /IRCIE - ((R-RT)RC,)/IRT!E]

B,= u,/4=M /IRC3 - ((ﬁ~’f>acy)/;ﬁ5i53

B= u/4s(M, JiRCIE - ((W.RC)RC_)/IRC!E]
1\ N P - S -
T The B-Field Due to a Ring Current

o

Ca. )

radius of lcoo

a1}

cecuntercliocrwise as viaswed from



To1s 2

SUmeC Thétl r. nas no I cimoonAnt, sincse

[
w

recuire thzt § not depend on tne : coordinate of

- . ‘ : — 0 . 4 r
Tnhe Biot-Savart Lazw cives &(r:) =—1¢ _ .
“ ! | - -2
frg = rui-
-> N - - - -
ro, =ri+ zk ri =acos ¢i +a sin &j

]
fu
w
—d
3

&
-+
N
>

ro, -7 = (r-acos g)i

(r2-2ar cos : + a2t = z8)3/%

di » {rs-T,) = dz {a sin? 2k + z sin 3j + {a cos® = - rcos ¢) k + z cos -3}

)i

P

= ad2{z cos ¢i + z sin ] + (& - r cos

0

"z cos 2 + z sin

2 (
(a + r2 + z= - 2ar cos %)

L ia {2
¥
I
o \

Q.
el

Since the denominator is even and the dBy is odd, but de and dEZ are
even, this can be written as

ol 1T 2 cos 31 + (a - r cos ) k q-

t

|

I (a2 + r2 + 22 - 2 1 3/2
8 atz +r 2- - zar cos%)

f21C 7 cos 233 + (a-r cos 2%k

wy
"
D)

a
[

’ . (a2 + r? + z2 - 2ar cos 2z3)%/¢2
cos 25 =1 - 2 sin® ¢
u Ia F':/Z ) ’_\': R ~ s .2 A
g -0 i (z-2z sin% 2% + (g=-r + 2r sin? )k 4z
Tl (e e rid4oze - 2ar - dar sint s)3/=
"'IZ ~ _\‘: ~ - ,\\A
. g [/fiz-2zsint edi - (e -+ o2rcint Bk
J (1 + 1= sin? 2)3/C
, - Lzr -~ ~c*©
wnerea e cFE— s = = T =
_—e TLLASYD - T il T

wn



This inveives integrals of twe Torms

sin% eds
(1 + 22 sin%g)3/=

. {-'.7/2 d | /2
(e) = | (+2%sin2¢)3/= and  B(x) f
0

5= 26 {A(z) _ 23(1)} i+ [6(a-r)A(z) + 2rGB(2)] &

To evajuate A(z) and B(z) let t=sin & cos & =/T1-t<

dt = cos &ds ge = ,,EE,
Yi=-T<«
1
f dt ’- R
Alg) = ANV IE VTV ART R B(z) = ‘ 3 A\le:, TToy /0
P(1-te)/2(Trgere)=ic L (3-t2)l/2(1+22t2)3/=
fl d
1 t
Y = & i r - ) =
M2 2 RO D0
if a = % b =1 x =1 This corresponds to 17.4.51 in Abramowitz
and Stegen (p. 596)
1
— + 1 ] <
sinz . = * 2= 3 ke = 1 ; =z o4
’ 1 Tl 27l -
T(Ez‘”)
Az) =1 £ (7, 2 \'[/l)(lA_”l/:]_ [E(22/:5+1)]
23 L 2 LL;‘/ v il < v 1o+
3(1) = 1o ez L0 dt - Aﬂf)
U D (et (e ) (112 l [(t2em2)(-t2)Ja 4

With a, b, and x as before, this also corresponds tc 17.4.51 in Abramowitz

and Stegen (p. £56).

1 (=, 12 Y. -1/2 Al =
B(:2) = =3 F | = |—= N . A
( / e { 2 | L___-l J[ ~2 ]] e
! L S A5+
= T kg T - Rl

10



is tne comolete eiiiptic integral of the first kind.

The Current [isc Fisld

The equation for the field due to a disc are found from those of the ring

in & simple manner. Tne eguation of the ring current can bte written as

B = IA(r,s,»)
let dI = Jodr
rl,a
r. .
3.3 !r,- A{r,2,:) dr
i)
o ri.8
o

where r is the radius of the ring
0 is the inner radius of the disc

rf is the outer radius of the disc

The above integration was performed numerically, using the formula for

Z derived from the formula for B derived in the previous sectior.



SPHERICAL RARMONICS CALCULATICNS

AR

IT there are negligible currents in a region of interest, and if the
electric field is slowly varying, v x B ~ 0, and B can be written as the gradient
of a scalar. Let U represent the magnetic scalar potential defined by B = -vU.
Since 7 « B = 0 requires that v2U = 0, U must therefore satisfy Laplace's
equation.

A soluticn to Laplace's eguation in spherical polar coordinates is the

familiar spnerical narmonic expansion:

-~

L
T e =i- m Lmo -m -1,
u=7 ) [r* ](g, cosm 4+ . sinm4)+ri(gT cos me + h sinmz)]
L=1m= ~ * * * (]\
)
P® (cos =),
P
R m . . . . \ , s -
Here P" (cos ) are the Schmidt normalized Associated Legendre Polynomiais

t

defined by
1
2(8-m)11 /2 dr
Plix) = [‘W T (=22 T e ()]

Consider a region bounded by two concentric spheres. The contribution to
the potential inside this region can be due to sources interior to the smaller
sphere (interior scurces), or exterior to the larger sphere {axtericr sources).
The coefficients 52 and HZ in the expansion of the potential due tc interior
sources must be zero if the notential is to be Tinite as r aporoaches infinity.
M

m . - . s i
and n_ must te zero if thes potential due tc

Likewise, the coefficients e p

. . N ~ . s o .M .
exterior sources is to remain Tinite at r=0. For this reason, ¢ and n will

(

. . .. -m =M . R - .
be refered to as interior coefficients and g, and hg will be refered toc as

exterior coefficients. The terms with %=1 are commonly calleg ci

Gl

AP
(1}
1}

HEHIY

those with 2=2 are call

rafersd to

"
(W)
(3]

d guadrupcois terms, znd those with

1

~

(1]

as cctupole terms.

—
(AR



Many of the coeificients in spherical harmonic expansion can be related
to parameters of our other model. In the following sections we will show how
the coefficients are related to the parameters of a single offset dipole and of

a current disc.

Cffset Dipole

-
.~

The potential due to an offset dipole of moment m, at & displacement r

- - -

from the dipole is: U =—E:ﬁ3£— . Tet B =Z= (7 will be in Gauss-R;*).
Aer . . . . i ies

us= j;— . Consider a coordinate system with an origin 0 which is different
r

from tne center of the dipole, C°. Let ;o be the vecteor from 0° to the point
P whers the potential is to be computed.

, P

- — -
r =r -r-
0
Let re= =+ gj o+ gk
oz d sk
¥ =r sin g cos :i 4+ r sin 2z sin ¢j + r cos =k

.-

My(rsine cesz-n) < Mv(rsine Sint=3

(RS]

[2¥]
b
3
)
(o]
(%]
‘
'
!
«
'

[{rsins cosz=-=)~ + (rsinz sin:-z)



T .

require that coefficients of equal powars of r in both expressions of U

he iinear indeopendance of ihe terms in the sonerical narmonic expansicn

(Equations 1 and 2) be equal. To enable this comparison, expand the denominator

of equation 2 by the binomial theorem.

After a little reduction, g can be written as

re 3= [réd+ rt %72+ 2 2 2r{zcos: + rnsing cose + ¢ sinssine)1"/2
letting b = n% + g2 + z%
a = -2(£cos¢ + n sinsces: + ¢ singsinz)
-2 2 =3 /" z =-3/2 .

ro o= [r¥ +ar+ bl 3/ = [re+c] 3/2 unere ¢ = ar+b

——/a 379 15/g.2
[r2 + c]7%/2 = 1. 20z, 8t . ..

- r3 rs r’

1 3/2a 4 M5yeat %26 .
T T rs

Since we are only interestead in dipole and cuadrupole terms in the

, , 1 .o .
expansion, only terms up to order '/r* wiil be retained. Hence,

c_oo ] 3 . s N1t -
U= 11— *—F;(icoss + nsinscosc + zsinssing)} 1Mx(rs1n:c05¢-n) +

Y

M (rsinesine-z) + Mz(rcose-;)}

M_sinzcos: + M sinagsins + M_cose = g cosd+gicosssins+hisinasing
X y 2 1 1 )

Theretore,

M =gl
X 7
M= pl
v 1
4 rs
My =gl
- Fs
" b
. -
Tne terms in — give
SHoned slM s 3(rcpsetrsinicosi+Tsingsing ) (M sinscos:+M sinssin:+M_coss
P SR bV ¥ z

1¢



a° ‘= {3 cos=z-1}: = ¥3 gisinscosscosi+ 3 hesinssinscess +
< — - - - (3
VS - - ¥ . . - . .
> g2sin=scos 2s + = h-sin<ssin 2:
z ¢z

This equality must ho]d for all e and ¢; therefore it must be vaiid when 3=0.

In this case

q% = ~nM_-gM _+2gM

-, |x~,ygz
or, in terms of g%, ¢*, and h*

g: = -ngi-chi+2gg’

z 3 b 2

The ccefficients of sinscosscosé and of sinsces2sinée must also be equal,

iT the above expression is to be valid for all ¢ and ¢. This yieids,

gé = /§';Mx + J§}MZ
cr

gt = /3(gg? + ng?)
and

r = /?gMy +/3M,

/3eh? + 2g?)

Substituting these expressions intc eguaticn (3) vields

- . oA Y3 .. .
a¢sin?scos2s+ %-h‘s1n2551n2: =

o

M _sin=2-
noX

.
AN ]
[ASTIoN)

tM sin<:+3¥  sinZsces
Y Xy

(AN

Y
Solvine for g2 and h? yields
2 2

3M zsin2ssin<s + 3M, rs Zzcosssins + SHx:sinzecos;sinc

~ Iy
g~ = /3(nM_-gM )
P y
2 = /7 +
h2 V3(r,My ;MX)
or gt =/3(ng-zn)
- 1 -
h< ="§KEP":C‘)

Y

t
s
»

-
(@1]
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)

Foil

lowing the derivation bv Schmidt (1534)

nic

we will 7ind tne vaiues of

ff and r_ wnich would best represent the spnerical narmenics expansion of &

¢

dipole field,

Note that if the dipoie were in a coordinate system with an

origin at 0”, £=n=¢=0, and all QT and h? with 2>1 would be zero. 7o best

approximate an offset dipole field, we will reguire that in the coordinate

system centered at 0° | (Ua)?2!

2)<! be a minimum, wnere

2
= 5 m ~ m 1 4 Cm =
Uz = Lip (g2 cos me + h2 sinm ¢) F (cos z)
2
, = ] ~ m m
U3 = T @™+ (1)
m=0 < <
minimizing |(U2)?] requires that v|(U,)?] = C.
In the new coordinate system
Go = 0 1- = gl hl- = pl
a g g
9 1 ! 1 1 1
g%” = g! - (26g% - ng! - zh!)
2 2 1 1 1
glc =gl -/3(z9! + ng?)
2 2 1
hi- = hl - /3(zh! + ¢g?)
2 2 1
g2 = g2 - /T(ng! - zhi)
z 2 1 1
hz‘ = hz - 13(.'1!1* -+ Cgl)
2 2 1
51(U2)%] = 51(U2)?! - 2z(2g%9) + /Zalgl#/3n1hl)
-2n(-glg% + /3g%g! + /3glg? + /3hln2) - 2z(-hig? +/3g%n - /3nig? +/3g
172 172 172 12 17z 1z 172
+ (250% - ngd - th})E * 3[(3g} ¢ ng®)? + (30D + 500t ¢ (ngt - ghl)3
1 1 1 : 1 i :
+ (nh! + ggl)?].
By -
fet A= 2g%7% +v3(gias + nihl]
8 = -g%° +/3(glal + olgf + hin%)
17z 1Tz Ttz 1z
C= -higl +/3(gihl - nigt + gih)
1

(84)



Simpliifying the zpove expression ieads o

Io] -~ Ty
a - 3N

)21 - 2ZA - 2nB - 23C =+ (

+ 0

dry
[N & ]
[V
b bes

Setting the gradient of the above expression to zero reguires that

A= 3M2g + g0 (500 + ngl + chl)
1 1 1 3

B = 3M2n+ g (£a% + ng! + zhi)
1 1 1 1

C= 3Migz + hl (g0% + ngl + zh*).
b i i 1

Since
gA+g B+hiC = 3M2(gg¥+ng2+chl) + (g%2+gl2+h12)(zg%ral+znl) = 442(gg
1 1 1 1 1 1 z 1 1 1 1 1
then
1 b
afA + giB + hiC
gc9 + ngl + ghl = — — = D.
1 1 1 4=

With these definitions, £,n, and ¢ can be solved from equations (4), (5), and (6).

A - gD B - alD C - hiD
ST L (A ©c oI

Disc

The spnerical harmonic expansion of a disc can be computed from the

(D

expression for the potential on the axis of a current ring. Let z be th
distance along the ring axis, and a be the radius of the rinc, It is eas

to show that

U=1/2 {1« =—_1}

Yas+ze
Js ag da
Let I have a radial dependence, dI -
& a”
Joanda . 7
o - %
du = — 11 - :
2a yastze

The bracketad terms can be expanded to give

'
—
m
|

12

oW
|

w
!

e
r~

2+ MefriLnl
Yo = 3Me(ge=

—~ e~
wn +>

~

—~
N
—~—
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IT the axis of the disc is parallel to & spnericali-polar axis, the

spnerical harmonic expansion becomes simply

us=7 rzAzPi(cos g)
£=1
at 8 =20

Ao = J

]
[«1)

Ap = -(2)

To transform the coordinates into a system not with the ring, the Addition
Theorem is emplcyed. Using Schmidt-normalized Lesgendre Polyncmials gives the
simple form

m M \ L -
P (cos £) P.cos(n) cos m (2-%)
0o - ~

Pz(cos e”) =

[ eass §:3)

m

wherse 3” is the angle made with the ring axis, and n and I are the angular

ccordinates of the ring axis in the new cocrdinate system. Thus

© £
Yo7 r AP (cos £) P (cos n) [cos m2 cos mi - sin meosin mId
2=1 m=0 L N

© %

- ,’." - - jar]

= 7 7 or{cl cesmr +al sinm oty Ol{cos
‘_1 - A -~ ',
2=1 m=C



Comparing coefficients we obtain

qf = -(]—ZE)J cos n

o}
- 1+~ .
¢: = - (7)) J, sinn cosg

hi = - (l%i) J, sinn sing

=

[Te]
wo
]

. (3t -2 (L= 3 \
(==) JO a, (2(v cosin - 3 cos n))

Solving for Jo, 2 M and £ yields

.
£ = tan =
: g

R A —
0 T+a Y gf2+gi4+h:i?

[ (3+a)Jq(5cosn -5co0sn) ;]1/2
0 858 ;
2, will be in RJ
JO will be in Gauss

Conclysion

In conclusion, in a current free region with staztionary fields, ths
potential can De expressed as a linear cocmbinaticn of screrical harmonic
functions., Usinz the above formulas the coe’viciznis of Iness functions

be related to the model oarameters of 2 singie ¢i7:sst cdiZoie znd of &

current disc.



DATA FITTINM

(O3]

Both the MNon-iinear and Spherical Harmonic Models were fit to the
data by the means of a Jeast sauares technique. Tnis consisted of mini-
mizing x2 in both cases. Define x< as

3 N 8..-B..)2
2 T s ( J J1)

. - } 1
X il _—

j=1i=1 i

Wnere c. is the uncertainty in the 1£J-SEt c¢f measurements, 811’ BZi’

831 are the respective x, y, and z components of the model B-field, and
EHi’ Eéi’ Eéi are the respective x, y, and z components of the experimental
B-field.

The expected value of x2 for N datz points and with n parameters in the
model is 3N-n. In ocur analyses we accepted this value as being essentially
correct, and adjusted o; SO that a correct value of y2 was obtained.

Uncertainty- We assumed the variance in each measurement was egual to
the sum of a known variance due to digitizing error (see Instrumentation
Uncertainties) and a second source of error due to uncertainty in the space-
craft's position, instrument noise, time variations in the field, and
probably other scurces also. Although this second contribution to the error’

could not be determined experimentally, we =xpected it to be roughly oro-

portional to the magnitude of E at eacn point. Thus

where o is the standard deviation in measurements due to digitizing
error. The parameter « was adjusted until zn appregriate value for -2

was obtained.

ny
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wo different types of least-sguares fitting were used in the two differen:
modeis. The first method is exact, but only works if B is a linear combina-
tion of the coefficients which are being fitted. The second method is an
jterative method which we used to fit the cual dipole model, where the
field was not a linear combination of the parameters we were fitting.

Linear- If Bji is a linear combination of the parameters to be fit,
minimizing y2 is fairly straightforward. (See Mathews & Walker, pp. 391-2).

Let

1 Cjim Am

ne-133

m
where a, are the parameters to be {it. Define a data vector, Z, and a

measurement matrix M as follows

3 N Coan
= 1 L o= BY;
j=1 i=1
3 N
Sy C.. C..
M= M =, ) im ik
R R

The vector of the parameters, A is given by
A= MTIY

2 . . . th . . "=
The value Cpm? the variance in the m— parameter is given by Mﬂ%.

Quadratic- If Bji is not a linear combinaticn of the zarameters, g.»

a rore sophisticated aporoach rust be used to find the minimum of x°%. we
used a routine which provides sescond order convergence which was develooed bty
Davidon {1266) and modified by Decker {1576,.

- -
th

Goodness of Fit- The cocdress =F =sach 1% was Tound btv zoooutirc ths

+ X ( -~ 2 - Y Azydavs k tvear mha e
npercent PMS (r5ot mean scuare) Gevieticn DETWEEnN Ths mogde

ot

Tields.



v . .=B..)2/g.%
1 (8j1 BJ‘I) / 1

(2]
1}

t should be noted in conciusion that the interpretation of least
squares curve fitting needs to te done very carefully. In the cases of
both our models the fits we obtained are sensitive to which date points
are included in the trajectory, and which are not. In the casé of Pioneer
10, for instance, the trajectory included a latitude rance of only = 13°.
In the higher order spherical harmonic fits, a very good fit was possible
which included a large quadrupole and octupole terms, If the resultant
fit is compared to the fijeld along the Pioneer 11 trajectory, there is a
good agreement with that part of the model which is close to the Pioneer

10 trajectory, but a very pcor fit in other reaions.

A%
N



The data used for these runs was l-minute averages from Pioneer 1C
and 11. The Pioneer 10 data was obtained between 2.8 and 6.5 RJ. It
included a latitude range of = 13° and a longitude range of 33° to 206°.
Tne Pioneer 11 data was obtained from 1.8 RJ “0 7.0 RJ, 32° to -50°
latituds and 0° to 360° longitude. Unfortunately parts c¢f both trajectories
included data wnich appeared to have anomolies in it. Both of these
anamolous segments occured during occultation by Jupiter and resulted from
an uncertainty in the spacecraft orientation. Unless noted otherwise,

data was fitted with this occultation datz removed.

(A%]
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RESULTS
The Toliowing results were obtained for tne non-linear model:

Model: Pioneer 10 Pioneer 11 (R>2.8RJ)

MAIN DIPOLE

M (Gauss -RJ3) 3.70¢ = .008 3.902 = .005
Lat. 8C.71 = .G¢& eg.7¢ = 07
Lon. 126.2 = .% 145.6 = .7
Offset (R,)
CX v -0.105 = .Q02 -.114 = .002
C 0.009 = ,002 -.004 = .001
cg 0.095 = .003 -.018 = 907
RING
Radius (RJ) 7.4 = .C4 8.0 = .13
Current (X 10° amps) .021 = .001 .226 = .003
Lat. 81.0 = .2 68, = 1.
Lon. 217. =+ 3. 125, = 4.
SECOND DIPOLE
M (Gauss -RJ3) .292 = ,006 .306 = .006
Lat. 65.6 = .3 35.8 = .
Lon. 164.5 = 2.2 86. = 1.4
0ffset (RJ)
CX -.75 + .02 -.61 = .03
Cv -.27 = .01 -.44 = 2
CE -,82 - .02 2¢ = .0
% RMS Devyiation . &49 .4g9¢a

For comparison, Pioneer 10 data with just one dipecie and a ring, and

with just cne dipole are reported below.



~n
w

6.0

4.0

3.0

2.0

7.0

a

6.0

Inbound

5.0

Radius (R])

[-I(“”p ]

Pioneer 10

2.
Xi

- Single Dipole

_'T_”_'——--z_ -
_(B zi B} i )

i 4

6.0
Outbound

7.0



~
(o)}

4.0

3.0

7.0

6.0

5.0

Inbound

4.0

e

pioneer 10 Xip

e

/’ \.r
W

3.0

Radius (Ry)

Figure 2

3.0

pual Dip

(B

4.0

N

zi

N

ole with Ring

5.0

OQutbound

~ . /"'

6.0

-



Picnear 10 Fits
Dipoie
M(Gauss -RJE) 4,25 = .01 3.236 = .00¢
Lat. 79,22 = .04 79.18 = .09
Lon. 140,13 =« ,1€ 134.0 = .3
Offset (R,)
Cx Y -.110 = €02 -.133 = .004
Cv -.065 = .003 .006 - .002
C} 022 = .002 G321 = .004
Fina
Radius (R,) 8.2 = .1 --
Current (X 10% amps) .07¢ = .00¢ -
Lat, 81.8 = .4 --
Lon. 172.3 = 2. -~
% RMS Deviation 1.088 2.675

Figure 1 below shcws the values of Xzzi és 2 function of the radius of
Pioneer 10. The large values of x? near the end points indicate a systematic
deficiency due to exclusion of the ring portion of the model, since the relative
etfect of the ring would be largest at larger r.

Figure 2 ficure shows how this effect nas been eliminated in the dual

dipole fit which includes the ring.

Soherical Harmonic Fit

Different numbers of intericr and exterior poles wers tried using the
sonerical harmonic approach to find the best description of the magnetic fieid.

Tre results for separate runs of Picneer 10 and 11 data are summarized in

Table I.
Notice that the fits to Picneer 10 da*tz with mcre than twe interior poles

-—m
a

N - - d Emit! ey , N - . . - e . - o
Jive vailues Tor and n2 wnicn 3re Codviousty 1nConsisvent wiwn *he other Tits

A

as w1l as with the nor-linear modal., Wwe t=lieve this iz cdue =¢ tne Jimited

latitude rznge in the Picneer 10 trajsctory.
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Poles
Poles

Int.
Ext.

% RMS Dev.
[G10
G
G20
G21
ul2
G30
G131
632
G33
mni
H2
122
1131
132
LH33
Glo
G111
620
621
6:2?
630
G2l
G632
(33
I
i1
12
i3
32
133

Gauss J

3
3

.3356
3.918
-.9082
.3791
-1.178
-.2320
L4996
-1.315
L8220
L2064
4258
.5173
4158
-. 9845
1.007
L8669
65.63
310.3
~-6.737
4.184
L7551
5467
4.333
-1.446

L006711

35.68
-6.730
~-6.920

L9774
-.620

719

-_—

.8361
4.286
~-.5712
.2310
-.7107
.2464

.5293
-.5760
-.1406

-181.5
25.22

-10.46

Pioneer 10
2 3
2 1
4763  .4530
4.244 3.057
-.5522 -.2511
.08604 .02466
-.5979 -1.942
L3259 .6183
1.681
.5093
1.884
-.6966
5470 5854
-.4720 2.66]
-.08553 -.7880
.06734
2.060
-.4213
-170.2  189.0
23.79 -53.59
7.184
1.544
1.416
-1.866 -28.05
3.899
1672

3
2

.4006
3.215
-.2983
-.1958
-1.674
.6344
1.193
-.00495%
2.011
-.5417
.5739
2.356
~-.7194
.3483
1.909
-.4733
139.9
-48.51
~3.821
2.029
-1.061

-14.28
-.5372
L7495

SPHERICAL HARMONICS

Pioneer 1
3 3
1 2

.7023 .6330
4.080 4,091
-.4505 -.4398
-.1059  -.1254
-.8886 -.8545
.3463 .3498
-.3133  -.2492
-.7620 -.8303
. 3540 .4105
-.1228 -.1310
L6025 .5996
.07034 -.07621
-.3534  -.3142
-.28N -.2587
-.1840  -.1870
.2521 L3102
-116.8  -122.0
12.65 4.367
L9166
.9993
.7723
-49.32  -39.68
- 1775
-2.744

2
3

.9393
4.025

-.4887

.06419
-.9848
.4034

.4996
-.04309
~.5810

-289.4
43,56
-5.235
-2.615
-1.742
1.904
-.4251
.9232
-.0737
39.04
-1.063
6.737
1.205
-.2174
-.4314

Table 1

3
3

.4500
4.1274
-.4325
-.0920

-.726

.3467
-.0535

-.N792
.3853
.38532
.5793
.06945
.23897
.06567
11097
.29365
-316.
8

5.
-3.

-1,

1.

-38.
-4

2.
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2
1

.9527
4.0277
-.5069
.11474

-1.0638

.3247

.61751
-.08030
-.29898

-63.2

Pioneer 11

2
2

.6541
4.0283
-.47808
.19540
-1.0519
A1275

.59228
-.06207
-.29405

R>2.8R

3
3

1 ¢ V &=
o
(=}
&
o

n e v e PO Y
WD O S WOND N

-47.
-4,
-1

J

2
3

4201
4.018

-.4509 .

.1966
-1.0204
.5186

.5196
-.04682
-.4263

—

N
e e 4 & % s s e e e
- PO ONNN O

3
2

.3979
4.144
-.4653
-.07854
-.6932
.3865
-.8089
-.6116
.5581
-.03085
.5821
-.007371
-.5073
-.5155
-.01961
-.08441
-106
11.34
.5982
-1.65
.294

-28.93
.4459
2114

3
1

.4823
4.104
~.4697
-.04407
-.8148
.3813
-.6205
-.5317
.3998
-.04654
.6018
-.03650
-.4300
~.4725
-.0807
+.03334
-102.9
14.2

-42.28



Tzble I1 shows now the values calculatsd in the sonerical harmonic
expansions relate to the parameters in the cther model.

The coefficients don't agree between the various fits in the table for a
number of reasons.

1. We believe the higher order fits of Pioneer 10 data are not good
because of tne small latitude range in the cdata. The best fits of Pioneer 10
data are mest likely the 2,1 and 2,2 fits.

2. Adding additional tamms tc a truncated series will affect the ieast
squares fit of all of the terms in the series. Ve would expect the best values
for g% to be in the fits using three interior coefficients.

3. There may be some secular variations in Jupiter's magnetic fields which
caused a difference between the Pioneer 10 and Fioneer 11 coefficients.

For the above three reasons we decided the best description of Jupiter's
average field would be provided by a fit involving three interior and three
exterior poles and using combined Pioneer 10 and Picneer 11 data. We included
the exterior octupole coefficients to lend the recessary significance to the
exterior dipole coeffijcients. Because of the axia] syrmetry of a disc field,
we would expect the exterior quadrupole terms to be zerc. Hence, it is
necessary to inciude the octupcle temms to avoid generating an asymmetry in the
series by the way we've truncated it. The results of this fit are in the

following table.



SPHERICAL HARMONICS

T boles [T B
v e oo Dipole Rings
% g; 0 int ext Gaﬂgs Lat Lon cX cy c7 JO lLat Lon
K R R R R Y

0 B N 2 1 72356  79.717  156.7  -.096  -.080  .028 | 142  81.4  157.5
0 8 N |2 2 4.314  79.6 135.3  -.084  -.068 0N 132 82.02 175.5
0 BN 3 2 3.280  78.6 7.5 -.319 .395 .021 N5 -70.1 16.4
10 B N 3001 3.123  78.2 113.2  -.383 .460 .067 152 -72.3 27.6
N B8 N 3001 4.149  79.6 126.8  -.135  -.010  -.007 98 66.4  104.4
n o8 C 3001 4.174  79.5 128.0  -.125  -.006 .001 86  66.6  108.6
n 5 c 3 2 4.210  79.8 128.6  -.109  -.000  -.004 85  73.7  111.4
"B N 3 2 1.158  79.7 126.3  -.129  -.011  -.010 98  71.9 96.3
M B N 2 3 4.085  80.1 134.4  -.152  -.005 015 227 78.6  221.9
n 8 ¢ 2 3 4.077  80.3 131.0 -.155  -.013 .032 189 86.3  274.2
18 2 2 4.100  79.3 128.9  -.155  -.017 .032 95  60.1 98.8
8 C 21 1.106  78.8 129.4  -.156  -.016 022 93 54.7  115.3
15 N 33 4.190  80.1 126.7  -.109  -.012  -.006 26 82.9  102.4
0 BN 33 4.004  75.6 154.9  -.134 .054 .072 206 -15.0  353.6
o 3 3 |4.064  79.8 1254 =123 -.008  -.020 182 78.4  94.2

The computation of JO assumes anaof 1.6.

In/Out:B=Both I=In 0=0ut

Oce?:N-No  Y=Yes C=Close data exluded Table 11




Interior Coefricients Exterior Coefficients
{Gauss’ ()
gf = 4.09¢ = ,00¢ 5? = =721 =
gi = -,486 = ,003 5% = 9=:2
gS = ,034 - .008 §f = -1.1 = .2
gg = -.81 = .01 §g = -4 .2
gg .303 = .007 5% = -.1:=.2
gé = -.04 = ,02 §§ = 13 = .04
gé = -.22 = .03 55 = -.35 = .04
g§ = 41 = .02 §§ = ,12 .05
gf = -,45 = .02 55 = -,05 - .C3
hi = 526 = ,003 ﬁg = =17 +4
hl = -.084 = ,007 Rl= 2.1:=.2
hi = -,404 = .0C6 ﬁg = 1=.2
hé = -.04 + .02 ﬁi = -.30 = .07
hf = .22 = .02 ﬁ% = .27 = .04
hé = 0.02 = .02 ﬁé = -,2¢ + 03

These correspond to an offset dipole of magnitude 4.16 Gauss-RJ3 with its
axis at laticude €0.1° = .90, lorngitude 132.7° = .4°. It corresponds to a ring
with Jo = @ vy, with its axis at 80.7° = 2.3° latitude, 118 = 10° longitude.
Tne percent RMS deviation was 1.1 %Z. With Jo = 63 y, the current density

would be .06 amps/meter. Assuming the ring gces frcm 10 RJ to 80 RJ this

would mean a tctal current of 7 x 10% amps.



The two different approaches show excellent agreement in the maanitude cf

the total vector dipole moment, he two values cobtained with the nonlinear
model were 3.94 and 4.166 Gauss-RJ3. The value obtained in the spherical harmonic
aporoach was 4.16 Gauss-RJS. Tne dipoie is tilted 8.3°, 9.2° and %.7° from

the spin axis in the three cases. The Jongitude of the diocle is 126.3°%, 145.8°,
and 132.7°. The larger difference in the longitude vaiues is due to the high
latitude of the dipole axis, as well as the lack of high latitude data con either
mission, especially Pioneer 10,

Tne placement of the second dipole or the exact nature of the external
field sources is more uncertain. The disc current tends to roughly line up
with the main dipole field. The fit given by the spherical harmenic analysis
agrees fairly well with the fit obtained using just a singie dipole and a
ring with Pioneer 10 data. This goes well with our intuitive feeling that the
disc oucht to Tine up fairly well with the main dipcle field wnhicn is containing
the current.

The fact that we were unable to cget a consistent fit for the sscond dipscle
is probably an indication that the interior field is more compiex than was
assumed in our simple dual-dipole aporoach. Further confirmmaticn of this is
the fact that we were unable to find a good fit to the data if Pioneer 11 data
with R < 2.8 RJ was included in the runs. The iocation of the second diccie
may be further complicated by secular variations in the field sources witnin

Jupiter, It should be noted in passingz, however, tnat the iocation of the

b}

second dipoie in beth fits is roughly at the same Tcnagitude as the Tield

-~

1

0

[RS]

ancmiies reported by Eerge and Gulikis {197¢), Conway and Stannard jz,neven

ard ciners.
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AN angiysis of systematic errors in the fits of the spnerical narmonic anc
dual dipole models reveal two interesting things about tne model. Tne firsz
conclusion is that the current disc probably starts within 9 RJ of Jupiter.
There are significant increases in the percent field deviétion from the linear
model between 6 and 7 RJ as would be expected in a truncated spherical harmonic
expansion of the field. It would take many additional higher order terms to

generate the larger increases in B one would expect near the edge of a current

A seccnd systematic anomoly in the data was noticed in both the dual
dipcle and spherical harmonic fits. There was a bad fit to the data at about
4.8 RJ that was particularly noticeable on both Fioneer 10 inbound and cutbcund.
The effect was also seen, though not cuite as pronounced, in the Fioneer 11 data.
Such a buige could be tne result of some current f{owing at about that radius
since the initial assumptions in botE the dual dipole and the spherical hammonic
anaiyses are that there is no current within this region. If there is a
current in this region, howeyer, it would have zo be a fairly small current
compared to that in the outer ring. The current would also nhave to be such
that the trajectory of both spacecrafts did not pass through it, since there

is no evidence to support such a crossing in this region.
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The pest averace description of Jupiter's magnetic field is agiven by tne
data in Tabie . Physically, the field corresponds roughly to a field due to
dipoie of moment M = 4.1 Gauss-RJ3 tilted 9.5° with respect to the spin axis
and at Jongitude 135°. The external field source is a current disc with an
inner racius between 7 and § RJ and with an axis thet rougnly corrssponds to
the axis of the main dipole.

This type of analysis will permit better resoiution of tne various fieid

scurces as more fTield data is gathered during future Jupiter missiocns,

(&8 )
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Reprint from the Proceedings of the Utah Acudemy of Sciences, Arts, and
Letters, vol. 51, part 1, 1974

PIONEER 10 MEASUREMENTS OF
JUPTTER'S MAGNETIC FIELD

DL Jones,t K3 Smith,? L. Davis, Jr.,?
D. S.Colburnd P, J. Coleman, Ir.,5
P Dyald and C. I". Sonncti®

After a flight of 642 days, Pioneer 10 passed the planet Jupiter at a
distance of 284 Jupiter radii (RJ) at 0233 U.T. (Local Jupiter) on
December 4, 1973, During the period November 3O through December 12
a vector helivm magnetometer obtained measurements of the Jovian
magnetic field The purpose of this paper is to provide the preliminary
results of these measurements.

Pioncer 10 approached Jupiter at about 6.5° south planetocentiic lati-
tude (November 30) at a Sun-Jupiter-Pioneer angle of 35°. A single how
shack crossing was observed inbound at 108 RJ (Figure 1). The magnetic

PIONEER 10 ENCOUNTER
JOVIAN FIELD MAGNITUDE
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Figure 1 Five-minnte averages of the licld magnitude through periapsis.
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field jumped from 0.5 to 1.5y (10°% gauss), and the magnetosheath fields
behind the shock varied inregularly in magnitude and direction. Waves were
observed in the ficld propagating upstream prior to the crossing of the
shock. The interplanetary field direction outside the shock was such that
energetic particles could propagate upstream to the spacecraft as observed
by the radiation detectors.

The magnetopause was ohserved at 96 RJ, which was earticr than
expected based upon a simple scaling of the corresponding Lanth geometry
(sce Figure 2). This implies cither a standoff distance that is relatively
small as compared to Eath o1 else an ontward motion of the magneto-
sphere. At the magnetopause the field jumped abruptly to 5y. The cor-
responding magnetic energy density just inside the magnetosphere (10-10
ergsfem?) would appear to be insufficient to withstand the pressure of a
nominal shocked solar wind (estimated to be § x 10°'¢ crgsfem?), or else
the plasma density was much less than the nominal value of 0.2 cm3. If

the solar wind density was nominal, then this implies that the piincipal

magnctosphese pressure was due to a =>4 plasma inside the magneto-
sphere. A lower solar wind density implies an outward motion of the
magnetosphere.

The field inside the magnetospliere exhibited a persistent southward
component. Hence, the field lines were probably closed and the orienta-
tion of the dipole source at the planet was roughly parallel to Jupiter’s
spin axis, as inferred from radio astronomy measurements. The field
magnitude remained near 5y from 90 RJ to about 50 RJ, but was very
irregular, with frequent dips to 1y or below oceurring.

The field in the onter magnetosphere was strongly distended such that
its direction was clongated parallel to the equator. There was no well-
defined orientation of the field into magnetic meridian planes. Referring
the field vector to a Solug-]upilcr (SJ) coordinate system (X =8, S from
Jupiter towards the sun; Y = normalized J X S, J parallel to the spin axis
of Jupiter; and Z completes the right-handed system) it was noted that
much of the time the X and Y components were of opposite polarity,
suggesting a spiraling of the meridional planes of B due to plasma effects
causing the fields in the outer magnetosphere to lag behind those closer to
the rapidly 1otating planet. There was a frequent interchange of polarities,
and occasionally there were periods when they were the same polarity.
The X component was usually negative and the Y component usually
pusitive. llence, the spacecraft was probably below the symmetry plane
mast of the time. The occasional coupled X and Y polarity reversals sug-
gest that at times the symmetry plane passed underneath the spacecraft.
These results and the abnormally thin inbound magnetosheath we con-
sistent with the existence ol a relatively flat, “disclike® outer nagneto-
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Figute 2o Trajectory plot of the Sun-Jupiter-Pionceer angle showing bow

shock and magnetopause crossings. Also shown are the selative positions of
the cutrent sheet crossings.

sphere. Such a disclike field requires the presence of a current sheet
roughly in the symmetry plane, and it is tempting to infer that the occa-
stonal dips i the field magnitude 10 < 1y may have resulted from the up
and down movement of this sheet cugrent past Fionees 10, pethaps in
response to changes in the solar wind, ete.

The fichd strength began to rise monotonically at about 25 RJ, and
penodic vanations in ticld direction having a 10-hour period were noted,
indicating entiy into the inner magnetosphere. Shortly thereafter, periodic
eltedts in tield magnitude became discernible, which appeared to correlate
well with the changing magnetic latitude of Pioneer based upon the
nominal adio astronomy values for the longitude and inclination of the
notth magnetic pole. The maximum field strength measuted was 018
pauss, cortesponding o magnetic moment of about 4 gauss-RI3,

‘The passape outhound through the magnetosphere was at a Sun
Jupuer-Pioneer angle of = 1007 at 0530 hours local time (Figure 2). The
ticld was much more regubar than dwing the inbound portion, with clear
evidence ol 10-hour penodicities om to 90 R, As the radial distance
moreased towads 90 RJ, the field again became strongly extended--
prowipally meoa sl ducction, so that it tended to lie parallel 1o the
cquatorial plane. the held lay nearly in the local meridian plane in the
mner mapnetosphere, but g systematic deViation of tens ol degrees

\
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Figure 3: A portion of the magnetic ficld data of day 342. The observed
changes in magnitude and direction are consistent with the passage of the
spacecraft into a current sheet.
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Figuie 4: Planctocentric R-Latitude plot of the estimated position and
extent of cach curnient shicet crossing.

developed  towards  the antisolar direction, again consistent with the
apparent spitalling of the field seen inbound.

Dips in the tield strength with occasional partial reversals in the field
components occwrred at 10-hour intervals simitar to the one displayed in
Figme 3 (see abo Figuie 2). The planctocentric (rotating) coordinate
posttion of the estinated centroids and latitudinal and longitudinal extents
of these dips me displayed in Figures 4 and 5. Figure 6 shows an idealized
representanion of the current sheet required to explain the field dips and
revensals obuerved during the outhound passage. Pioneer crossed the mag-
netopaiise on the outbound pass at 98 RJ, a location consistent with a
cylindrically symmetric, disclike shape for the magnetosphere near the
cqustonal region (Figure 2),

Observations of Jupiter’s magnetic field in the radial range 2.84 10 6.0
RJ were used to obtam a best least squares fit planetary dipole. During this
porhon of the trgectory, the standard  planetocentric (JG) Lititude
(LATIGY and longitude (LONJG) varied from -13° to +13° and 179° CW
to 46" (or 1817 10 314° in System 1H) respectively. The corresponding
dipole ws clanactetized as follows:

Moment
M = 3.R67 Gausy RJ?
MEATIG = 78.00°
MIONIG = 135.18°
224.42° System HI
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PATH OF
SPACECRAFT

- ® —

CURHENT SHEET

Fryee o0 An adealized symmetric current sheet model inferred from the
vbserved outhound held data.

Offset
CN=-145R)
CY =1030R)
/L =070 RS

VARMXYZ = 108 x 10°2 Gauss?
VARBXYZ =403 x 10¢ Gauss?
-
where VARMXYZ 1s the vms of the component variances of M, cte. (Note
that these values ditter slightly from those reported carlier by Smith, et al.,
ta 14y
tn the ranpe hom 284 10 6.0 RJ, the off-center, tilted dipole derived

above aid by Smith, et al. (19744), firs the Pioneer 10 magnetometer data
observed over this anpge to within about 3.5% of the field. The maxinmm
sitace tield predicted by this model is nearly 12 Gauss, which is con-
sistent with the aaxinn fiekd strength required by the ohsaved deci-
metne tadation.
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A STUDY OF SINGLE AND DUAL DBIPOLLE
MAGNETIC FIELD MODELS FOR
JUPITER: PIONEER 10

Douglas L5, Jones and John GG, Melville
Brigham Young University

The results of a uearly real time analysis of the magnetic field data from
Pioneer 10 have been reported previously (Smith, et al.,, 1974), The
purpose of this note is to eport an analysis of the near-Jupiter data
covertng roughly the same range of trajectory parameters but using as
much of the data in this interval as possible. In addition to recomputing a
best d-pmameter it (mnimum variance of M), we also computed best
O-parameter and 12-parameter fits (minimum variance of ) to the data. In
the 12-parameter, or dual, dipole model, we have followed a suggestion by
Conway and Stannard (1972) which they proposed to explain an anomaly
seen in the radio astronomy linear polatization data at approximately
System 11 longitude 220°. The second dipole is postulated to lie near the
sutlace of the planet.

The two basic technigues used to obtain the best model parameters are
rclated to the well-known equation for the magnetic field of an offset

dipole,

pe . -, 3 mRC ()
T Re)Y (RC)3 :

where RC=R -C
R = position vector of Pioneer relative to a planet fixed
(rotating) coordinate system
C = oftset of dipole
This can be wiitten in matrix form as
(B) = (A) (M) (2)
o, alternatively

(M) = (AYY (B) &)

where

161
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(RCX)? - 2/3(RC)?  (RCX) (RCY) (RCX)(RCZ)

wyr=_2_

2RO | (RCX) (RCY)  (RCY)? - 2/3(RCY?  (RCY) (RCZ) (1)

(RCX) (RCZ) (RCY) (RCZ) (RCZ)? - 2/I(RCY?

In the M method, the dipole otiset C is varied (i.c., 3 parameters) until the
tms M variance is mintmized using equation (3) above: The B method
requires that both M and € be varied (i.c., 6 parameters) until the sms 88
variance is minimized using equation (2). If the measured field is due to a
simple offset dipole, the two methods should give nearly the same “best
fit” dipole. However, if the disagreement is outside of the expected experi-
mental error, then the source cannot be a simple dipole and the 6.
parameter model should be the best. The rms B variance for cach model
can be used as a quantitative means of determining the best model.

In computing the variances, we first transformed the measured B from a
Pioneer Inertial system (PE) into a planet fixed rotating covrdinate system
(JG). Interpolation of the trajectory data accurate to at least four decimal
places was used to obtain the values of R corresponding to the midtime of
cach data sample. The observations of Jupiter’s magnetic ficld over the
approximate radial range 2.84 to 6.0 Jovian radii (RJ), the System {1
tatitude range -13° to +13°, and longitude range 181° to 314° were used
in the present analysis as before.

Using the M method, the single offset dipole that gjves the best least
squares 3-parameter it to the Pioneer 10 magnetometer data used has the
following parameters:

M = 3.867 Gauss RJ3
MIATIG = 78.09°
MLONIG = 135.18°

CX=-145 RS

CY=+ 030RJ

CZ=1 070R)
s var M = 1.08 X 102
s var B=4.61 X 100

The nwjor ditference between this dipole and that reported eatlier
(Smith, et. al,, 1974) results from the use of ten-minute averages which
have been corrected fur an error in the roll attitude of the spacecraft and
for an electronic phase kag occurring in the magnetometer.

The variable metric minimization  program developed by Davidon
{1966) was used in the model studies based upon the rms variance of i
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(e, the 0- and D2-parameter models). The best least squares fit single
oltset dipole mode! obtained using this method has the parameters:

M = 4.07 Gauss RJ3
MLATIG =78.61°
MIONIG = 1139 8°

CX =-125R)J

CY =-038RJ

CZ=1+ 051 RJ
s var B=1.05 X 10°¢

Following the suggestion by Conway and Stannard (1972), we have
mreaned the degiee of complexity of the modets by allowing for a secomd
dipole. The dual dipole maodel that fits the data best has the parameters:

First Dipole
M = 4.022 Gauss RJ3
MLATIG = 80.08°
MEONIG = 133.00°
CX =-200RJ
CY = -.03386 RJ
CZ=+ 06812 RS

Seeond Dipole
M = 0655 Gauss RI?

MLATIG =12.53°
MIONJIG = 141.5°

CX=- H221RJ

CY =+ 4609 RJ

CZ=-.11841R)
s var B=797 X 107

One notes that the second dipole is at about 95 R, and the offset in the
cquatonal plane is at about System N1 longitude 209.3%,

Both of the B models fit the data sigpificantly better than does the first
ot M omodel. However, the model which gives the best fit is cleatly the one
which mcludes a secomd dipole. One uotes that the tilts of all of the
models agree reasonably well with values derived from observations ot the

varation in aadio intensity (Berge 1973) and Hhom ohservations of

Jupnter’s decimetric iadiation (Roberts and Komesaroll 1963). The dual
dipale model also appears to be consistent with an interpretation of the
polarization anonaly suggested by Conway and Stannad (1972). This
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model also has a System [ longitude for the main dipole which is most
consistent with predictions based vpon the radio measurements (Berge
1973), although there is still an apparent discrepancy of about 3°, or
1.3%. .

It is difficult to justify the piesence of a dipole source so near the
surface of the planet. Other more complicated, but physically more
reasonable, field configurations for the anomaly are possible, but most are
far more difficult to work with in studies ol this kind. If subscquent
observations by Pioneer 11 conflirm the existence of an interior fickd
source near the surface of the planet, considerable information regading
the dynamo origin of planetary fields in general, and the structure of the
interior of Jupiter in particular, will be obtained from these data.
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PRELIMINARY MODEL STUDIES OF THE
MAGNETOSPHERE OF JUPITER: PIONEER 10

Douglas k. Jones and John G, Melville
Brigham Young University

Introduction

The Pioncer 10 spaceeraft pussed within 2.84 Jovian radii (B)) of the
planet Jopiter on December o, 1973, Extensive observations of the Jovian
magnetic field and its intevaction with the solar wind plasina were made
while the spacecraft was within about 100 R, of the planet. The magneto-
sphere was found to be severely stretched becase of the presence of
an intense current sheet, which was particalarly evident during the out-
bound passage of Pioneer 10 near the dawn terminator (Smith, et al.,
1971). Plots of the angle between the orientation of the outhound field
and the vidins vector from the planet o the spaceeralt showed a strong
tendency for the field to become radial at large distances from the planet
{see Figure 8, Smith, et al, 1974). A similar iend has adso been seen in
both the inhound and outbound Pioncer 11 data (Smith, et al., 1975;
Joues, et al, 1975). We report heve some preliminary work ona mathe-
matical model of the magnetosphere of Jupiter which is based apon the
Pioneer 10 outhound data. A preliminary model study related to the
onthound Pioneer 10 data has also been reposted by Goertz, et al,,
(1971). However, we have uoted some fundamental conceptaal ervors
in thew stady, and it is also the purpose of this paper to report a corree-
ton of this ewlier analysis, We will also diseuss sone of the implications
ol the vadial licld configuration inderved fvom the Pionees 10and 11 data,

The Method

Since itis always true that
V=0,
ONE Can Tepresent i by an expression of the form
B=Vfx Vg,

where fand goare sealar functions of the coordinates that are somee-
tines relened toas Ealer potentials (Enler, 176Y; Truesdell, 19518 Stern.,
ER6). The undity of this samner of representing B lies in the fact that
sinee b s tanpent o the intersection of the swifaces 1= constint and

14
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g = constant, this affords a direct method of evalwating the shape of the
lines of force. For example, for a dipole in spherical coordinates we have
Msino
ﬁ) = )
P
wherep = RIRy, and
2=
(In cylindrical coordinates, p will represent the dimensionless component
of K that is perpendicular to the wxis of the dipole) ‘The f function

can be casily manipulated into the well-known constunt L vepresentation
of a dipole ficld line, namely

p = Lsin?0.

Although the law of superposition holds for magnetic fields, this is
not generally true for the functions fandg, i.c.,

VF X vc=v(}jf.)xv(?;g.)742(vf.x v p).

Alternatively, one notes that
VX Vg=V X (fVg)
so that the vector potential A is related to the fand g fanctions through
A=fVg

For axi-symmetric fields, fis independent of ¢ and g = ¢. The vector
potential in spherical coordinates is then

A.mlu-v. = _1:(9_1_0_) s
psind

und in cylindrical coovdinates,

ol T

For axi-symmetric ficlds, or f functions sharing the same g2 fanction,
one writes

A=3 fivg

[]
or, altematively,

n=\7x(§“,ﬁva)=v(2f.)xvg.
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We write with B, being the dipole field,
B=H8By+ 8, + 1,
or
=Y+ )X Vg + Vf X Vg,
so that the perturbation field B, is given by
Hp=H# - B,

4, + i,
VX Vg + VX Vi

B, represents the axi-synunetric portion of the perturbation field and
B, the component contributing to the spivaling.

]

Spherical Polar Coordinate Model

I spherical coordinates we have

a -
‘;l = _.__.l'___ L — .__! __._‘ff,l._ 0
plsing 00 psind ap

ko of, .
L)
e psing a0 ¢

Since there is clearly spivaling of the field (Smith, et al., 1974), we have
written

Pp =+ 2
= ¢+ kp,

where Kp vepresents the spiraling. Becanse B, and By, share the same g
function, and therefore superposition holds for the respective f lune-
tions, we will concentrate on these components of the field only. The
lunction = i + fi, will then represent meridional plane projections
ol the measined field.

ha deviving an fy funetion, we stirt with a component of the perturha-
tion ficld whose functional form may be easily deduced from the data,
Smice the radial component of the ficld decreased and at times reversed,
which s consistent with passage into a thin carrent sheet (Smith, et al,
197 0, a finctional form for b that is consistent with these factors (sce
also Bid, 1975) is
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A cos 6
b, = —ta h o
P COs 00

N S
pising a0

Then
. Acos 0, cos @
= — et ash =+ 4 ]
Ik o [ og cosh - - o0 (p)
and
| a
hy= — - _.f!_
psing  ap
(a4 — 2)Acos 8, cos 0
= SO P og cosh — - 4 C ]
psind [ b cos lcns 0, ",))
Acos by 2Clp)
pt'sing ap
At 0= n/2,
b= O 2A0y o Acosfy aC
’ p* P 1 ap
For

. C
(.(p) = -5
P
we have
Al cos O,
’,t‘ 'i'

The f function corresponding to the axi-synunetric pottion of the per-

b, = =2+ h)

tbation ficld is thew given by

fi = -

Acos g, L ocosd «
o [Iog u».\h(.m 4, + o ] :

From the Pioneer 10 outhound data we find that the constants for f)
are approximately

a= 170,
b= 110,
A= T700,
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C = 710,

cos 0, = 0.025.

Although fitting the Pioneer 10 outhound data quite well, this F fune-
tion exhibited rather anomalous behavior at high latitudes. Since the
expression {or b can include additional functions of @ which are small
near 0= a/2 (i.c., functions of cos 0), ona could write

A

b,= —tm | S +u)s()||(p o).
p° cos 00

Following this lead, alternate functions can be derived. One of several

which fit the datu reasonably well is

Acos 0, ;
h=—-—3 [I()}, ush = —-—-—,T---] .

P s 6
where the constants are the same as those listed above. The correspond-
ing I function is plotted in Figare 1 with M = 4 X 10% (Smith, ct al,
W74 1975). Although this function exhibits better behavior near the
magnetic axis, it s still unsatisfactory  here. Replacing Cet v %pt
by —log cosh(1/cos @) produces an f; which matches the b, data and is
well behaved at 0°, but insuflicient southward field results because
eltects due to magnetopause currents have not been included in the model.
Clearly an additional f function is needed, but infinite series techniques
will likely be required.

Neglecting the presence of the mubmlopuuw the last closed field
line crosses the magnetic equator at p, = 410 for the preceding models.
Under these conditions magnetic field hm s originating at higher latitudes
would not cross the equator and would therefore be considered as being
‘)I)l'll.

The Cylindrical Coovdinute Model

Cocrtz, etal (1974) have developed a model in eylindrical coordinates.
For this case the axi-symmetric portion of the pvllmh.mnu ficld is given
Ly

0 1 a
l). fl _f' k
p az p dp
As betore, afunctional form for b, that is consistent with the current sheet

duta, ete., s

h = -A-l-l:mh zID,

[
3 I)’
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Figuse 1. Meridional plane sepresentation of the magnetosphienie field as developeed
in a spherical comdinate sepresentition. The solid ind diashed areows represent the
average fickl direction: measured at several points along e onthouned tagectones of
Pioneer 10 and 11, espectively. The shided Balb angalar widhh postion near the
wapgnetic equator tepresents a pottion of the aguatogial cnnent sheet conligngation
assomreedin by pedels and ac st onder approsimation to the magnetopanse
bonndary s also indicated. Regions over which the tunction i celiable qie imdicated
w the text. The curves leave the p = 2sphere at equally spaced angoalan intevals,

where the carrent sheet lidlawidth, 1, conld be some fonction of g, e,
D = Dyplpy.
for a constantagubar width sheet, orin general,
D = Du(plpa)".

Since
.

" p 92
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then
fi= = 32 100 cosh 4D + Clp).
P
The corresponding function for by is then
A\D(a ~ 1 . bhA aC
b= " -(-{‘-;--r—-) log cosh 2/D —- ,—’—7;- tunh z/D + ———(!3-)—.
I,ll a p"’p
Note that for 2/ £2 3, log cosh 2/D is very nearly 2/D — In 2, so that
AD AD(a — 1 aC
b, = -{;”] (a—b- l)f—-——ﬁg’.z—"} 2+ aClp)
uyney P D p pop

Plotting b, versus p for all 2/D 2 3, and b, versus p for lixed values of
zID, allows one to detenmine the constants in f;. Goertz, et al. (1874)
liave plotted b, in this manner and find

a+ b+ 1=277

154D
Pa—l

Clp)= -

so that
fi= - ’—:%-I_zl—(log cosh z/D + 15).

However, Goertz, etal. (1974) have plotted b, versus p, where

b, = b, V1 + b,lb,
and
h‘ = - l\'pb,.

As aresult, they obtain a power law representation of the component
parallel to the magnetic equator which lies in the curved surface repre-
sented by
¢ + kp = constant.
1Y
However, the sesalting f will be for such surfaces, does not represent an
axi-synnnetric field, and therefore cannot appropriately be added to the
dipole [ hanction, which is axi-symmetric. That is, the f functions to
he added st shiane the same g function. Goestz, et al. (1974) found that
’)‘

= X 10
ob,
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and hence

b,=1b, V1 + (8 X 10-p)2,
Since they found
b, @ p=147

over the range p = 20 to p = 80, the corresponding p dependence for
b, should be corrected by the factor p 1), or

b, < p-\74,
5o that
a = 1.78,
b= —-00l.

As a check on this, we determined the power law dependence of b, on p
dircctly and obtained values for a, A, and b of 1.75, 1.0 X 10}, and +0.02
respectively for the runge p = 30 to 80. Combining our results with those
of Goertz, et al. (1974) we find that f) is given by

]
fi=~— '—'9’%,'2 (logcosh 2D + 15) (30 = p = 80),

where b has been assumed equal to zero, and, based upon one well-
defined current dip, Dy has been set equal to 1 in units of Jovian radii.
The total F function representing the axi-symmetric portion of the field
is then

Mp* 1.0 X 104
= (p* + za)w— PIXE

A plot of F is shown in Figure 2. Applying the same conditions as for
the spherical model, the above model predicts that the last closed field

F

(log cosh z/D + 15).

. line will cross the magnetic eqquator at p, 2= 160. Using a = 15 and, A =

7.5 X 10, Goertz, et ul. (1974) obtain p, == 150.

The Currents

The current configuration in the magnetosphere can be obtained simply
from Ampere’s law. Using the field expressions devived from the several
fi functions one can obtain the conliguration of the intense current
sheet that exists at the magnetic equator as well as the volume currents.
The ¢ components of the internal magnetospheric cusrent systen is found



11

22 VAL ACADEMY PROCEIDINGS, VOL. 52, PART 11975

MAGNETIC
AXIS
1004 ~

90,

T0

60
2(R,)
50
a0)
30
20 \
HY
] |
0,“1‘:1"'!'!7"!.1"[‘!l'lllll’lllll‘llllllllllllll l'llll‘llﬁllllJ MAGNETIC
10 20 30 40 50 60 70 80 90 100 EQUATOR

r(Ry)

Figme 2. Mendonal plane representation of the magnetospheric lield as developed
e cyhdtical comdinate representation. The sobid and dashed arrows represent
the average lield ditection measared at several pomts atong the onthound agectones
of Proncer 10 and 11 respectively. The shaded hall width potion near the nsagnetic
copator vepresents u portion of the oquatorial conent sheet configuiation assumed in
this model, il a hust oneder approsimation (o the magnctopause boundary is abso
wdicated, Regions over which the function iy reliable we indicated i the text,

The cmves leave the ¢ = 2 sphere at equally spacedd angulur intervals,

i cach case 1o consist ol a sheet cwrrent term plus a volume current
term, where the sheet term for the spherieal model is

Asing oy cosd
] , = - - sechs —-
+ Hollipt  Feos By cos O,

shieet
and lor the evindvieal model
A
a= e o ogeeh® zfD.
”’l o B Dp t

sheet
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Although the volume terms are negligible near the magnetic equator,
they dominate near the magnetic polar axis. This is clealy an artifact
of cach model which will disappear when proper account of the magneto- .
panse currents and of the inner cutofl radius of the current sheet or dise
are included.

Mathematically terminating the field at the magnetopause allows one
to solve for the magnetopause currents, and the corresponding boundary
field direction can be determined for the several models and compared
with the data. For example, a function, t(plpy), which can terminate the
field arbitrarily abruptly is

Hplpo) = 1 + tanh (é(l - p!_/_)_'!? '

so that the terminated field, B !, is given by
B’ = t(plpo)B.

Here py is the radial distance to the magnetopause (as a first approxima-
tion we assume the magnetopause boundary to be spherical) and d re-
lates to the thickness of the boundary, In principle, B shonld be the total
field. However, we still negleet the ¢ component of the perturbation
ficld.

The above function terminates the preceding azimuthal currents at
p = po and in addition provides the magnetopause currents, i.c., for the
spherical model

—d

= O recoch2 _
]" . 2 pylypy [sech? d(1 — plpy)] B,

mp

and for the cylindrical model (here p = Vi + 2, normilized)

—d R B~ pH
A = [ sech? d (l Vet )] [ f-g g ¥ ] )
m.p. 2”""]”“ Po \/pl -+ Z!

We find that B, for the spherical model is positive at all values of 6, so
that the corresponding magnetopaunse current is clockwise, as viewed
from the magnetic pole, at all latitudes. Hence, just prior to the magneto-
piuse boundary the predicted field direction is southward, as is observed
by both Pioncers 10 and 11 (Smith, et al, 1974; 1975). On the other hand,
the bracketed tenm contained in the magnetopause expression for the
cylindrical model becomes negative at magnetic latitudes greater than
ahout 20°, so that the divection of the magnetopause cunrent flow re-
verses from a clockwise direction at lower Lititudes to a counterclock-
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wise divection at higher latitudes. The corresponding ficld just inside
the boundary is predicted to point northward at latitudes greater than
20° and southward at lower latitudes. Such a prediction appears to be
in disagrecment with the data, although it is interesting to note that prior
to the outhound magnetopanse crossings by Pioneer 11 there were inter-
vals approaching 8 hours during which the magnetospheric fields pointed
notth of radial by roughly 20°. However, these are likely transient fea-
tures related to a (possibly) northwurd component of the solar wind flow
velocity.

Discussion

Since the functions plotted in Figures 1 and 2 were derived from the
Pioneer 10 outhound data, they were developed from data taken within
about 207 of the magncetic equator and over the radial range 20 = p = 80,
and quaditatively represent the magnctospheric field configuration in
meridional planes that lie near the dawn terminator. However, one
notes that the models also qualitatively fit the Pioneer 11 data quite well,
which extends the Lditude range of the functions o perhaps 40° (the
Pioneer 11 inhound data is qualitatively very similar to the Pioneer 10
outhound data) and to about 40° sunward of the dawn meridian. As is
evident from the figures, hoth models should he considered unreliable at
Latitudes greates than about 45°

A basic dillerence between the two models s the fact that one is for a
comtant ampular width aurent sheet (the spherical coordinate model,
Figure 1) while the other is for a constant thickness current sheet (the
eviindrical coordinate model, Figare 2). Likely the actuoal case lies some-
whete hetween these twa current sheet configarations. Both permit the
current sheet to exist to the center of the planet, althonghy it must be cut
oll it some mner radins pg 2, since one would not expect the sheet to
exist within the centrifugal-gravitational balance distanee of several radii.

Another hasie diflerence involves the divection of flow of the magneto-
panse currents and the corresponding direction of the magnetopanse
licld. Predictions based upon the sphevical model are more consistent
with the mcasimements.

Theve wie also a nomber of factors regarding the constants derived for
the models that should be mentioned. For example, in the case of the
evlindrical coordimate model, the value of ¢ in fi i determined from
b, versus poat comstant /D, but this reguires a knowledge of D, The
eviahuation of the constants a, A, and b depends eritically upon the aceu-
rate determination of the actual power law dependence of D on p. The
conrent sheet ladfawidth is one of the aost uncertain parianeters, and its
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dependence upon p is particularly difficult to determine directly from the
plots of H versus p. The constants contained in the expression for fy
are self-consistent, and the model appears to establish the p independence
of D. Similar comments can be made regarding the coustant angular
width model as well. Unfortunately, a brief study of the variation of the
widths of the field dips has not shed much light on this crucial point, ex-
cept that the data tend to favor the constant angolar width model.

In the study by Goertz, et al. (1974), the determination of @ and D (their
by) from a plot of b, instead of b, causes the resulting function that is to
represent the shape of the field in meridional planes to he a mixtwre of
f functions requiring different g functions. On the other hand, in our
determination of these constants for the eylindrical model, we have used
only f lunctions that have the same g function. Becanse the spiraling of
the field was not excessive, the disagreement with the results of Coertz,
et al. (1974) is not great, and a comparison of the plots of the field lines
shows them to be quite similar.

Any interpretation regarding the value of p. (where By = 0) that is
derived from the models should be viewed with cantion since the model
fits the data only ont to about 80 or 85 Ry, and hence these cutolf radii
should be considered as possible artifacts of the models. An artifact of
this kind is meaningless because the magnetopause currents have been
neglected in the derivation of the f functions. As noted carlier, it is
tempting to assume that fiecld lines leaving the planet at higher magnetic
latitudes than those related to p, are open field lines and that they merge
with the interplanctary ficld. But the data show that the field lines are
southward at the magnetopause, suggesting that they are closed by the
magnetopanse currents. In the sense of field lines and pasticle trapping,
these lines clearly will not have trapped particles on them. The last
closed field line which could contain trapped particles shonld be the one
which crosses the equator just prior to the magnetopause houndary.

The particles in the intense cquatorial current sheet likely result from
plasma flow due to the combined action of a Jovian * "polar wind,” much
like that postulated for Earth (Banks and Holzer, 1969), plus the strong
centrifugal force caused by the large size and r.npn(l rotation of the mag-
netosphere. The balance of pressures at the magnetopanse likely must
include that exerted by a radial flow of polar wind jons moving parallel
to the essentially radial field lines in the magnetosphere. Peihaps such
a plasma flow also provides a significant stabilizing influence for the
large-scale magnetosphere configuration reported here, sinee one would
otherwise expeet the solar wind to blow the high Latitnde field lines
back into the tiil becanse of the relatively weak magnetic pressure
exerted at the magnetopanse (Smith, et al., 1974). A study ol the Pioneer
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11 outbound data will provide some important information in this regard,
although much higher latitude data are clearly necded.

Further studies of the magnetosphere will likely require the use of
perturhation techmigues (Stem, 1967) in order to obtain more well-
behaved functions at high latitudes and to allow for a nonspherical
magnetopause boundary. Other studies being conducted at the present
time will merge models developed for the range 1= p = 6 with the
magnetospheric models reported here. In this regard, magnetospheric
studies establish reasonable estimates of the magnetospheric current
systems and detailed attempts at merging the two programs will establish,
amonyg other things, the inner cutofl rudius of the current sheet.

This rescarch was supported in part by the National Aeronawtics and
Space Administration under NASA-Ames contract NAS2-7358.
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