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In situ Measqfements of the Plasma Bulk Velocity Near the Io Flux Tube

by
" Alan Barnett

-

Massachusetts Institute of Technology, Cambridge, Massachusetts

Abstract

We study the flow aroﬁnd the To flux tube by analyzing the eleven sﬁectra
taken-by the beager 1 Plasma Science (PLS) experimeht,in its vicinity. We
determine ihe bulk plasmg‘parametéfs.using a procedure that uses.the full
response function of the instrument and the data iﬁ allvfour PLS sensors. The
mass dehsity qf the plasma in the vicinify_of Io_isAfound to be 22;500i2,500
anu/cm’ and its electron density is found to be 15004200 e, We determine
. tge Alfven spéed uéihg three ihdépendent.methods; the:values obtained are
' congistent and taken together yield V = 300%50 km/sec, corresponding to an
Alfven Macﬁ number of 0.19%0.02. For the flow pattern, we find good agreement
with the model of Neubauer (1980), and conclude that the plasma flows around

the flux tube with a pattern similar to the flow of an 1ncompressiblq fluid.

around a long cylindrical obstacle of radius 1.26i0.1 RIo'



(2)

1. Introduction

The Jo_vian satellite Io has been an object of great interest since the
'discovery that the intensity'of the Jovian decametric radio emmission is
strongly correlated with the phase angle of the satellite (Bigg, 1964). |
Much theoretical work has been done attempting to explain the correlation
(for a review,-see Goldstein and Goertz, 1983). When Voyager 1 flew within
20,000 km of Io on 5 March 1979, its field and particle experiments took
data which have been used to test the theories of the interaction between
Io and the Jovian magnetosphere.

The idea that a pair of Alfven wings forms attached to a conducting
body when that body moves. through a magnetized plasma is due to Drell et al
(1965). Neubauer (1980) found that an exact solution of the nonlinear MHD
~.equations can be used to describe in detail the magnetic, electric, and
'velocity fields in the vicinity'of Io's Alfven wing. Analysis by Acuna et
‘al (1981) showed that the Voyager magnetometer data are consistent with
this theory. An indication in the data from the Voyager Plasma Science
Experiment (PLS) that the predicted velocity perturbation is present has
been noted by Belcher et al (1981).

Using the full response function of the instrument, we have analysed
the data taken by the PLS instrtlment during the Io flyby to determine the
bulk plasma velocity, and our results confirm the existence of the Alfven
wing. The.data_analysis consists of two distinct steps. - First, the
individual spectra must be analyzed in order to determine the plasma bulk
velocity at the time of each spectrum taken during the Io flyby.'_ Then the
vmeasured velocities must be compared to the flow pattern of - a model of the

To-magnetosphere interaction.
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In Section 2 of this paper, we»describe'the grbit\and orientafion of |
thé spacecraft during the Io flyby. Thaf seétion also'contains a. brief
description of:the PLS instrument.. The precedure used to'determiné the
Plasma bulk velocity from fhe méasured épectra is described in Section 3.
The line dipole model of the flow ground the flux tube ié briefly degcfibed’
in Section 4. We have inferpretéd.the velocities'defermined in Section 3
by comparihg thém to.this model. The flow velocity'ﬁeasurements,
.supplehented only by the direction of the Background (unéerturbed) magnetic
field, are sufficient to determine all of the parametefs of the model.

This determination is described in Section 5. |

Since the flow perturbation and the magnetic field perturbation aré
linearly related, one can, in additioﬂ to the analysis described above,

" obtain values for the backg;ound flow vélocity and the A;fven speed from a
-vlinéar regressién of the velocity data to the magnetic field data. Ihe
results of this analysis are stated in‘Sedtion 6. The results of the

preceding sections are summarized and conclusions are stated in Segtion Te
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2. The PLS Instrument and the Io Flyby

In this section we briefly describe the instrument and its orientation
during the Io flyby. The Voyager Piasma'Science ExperimentAconsists of
fourAmodulated grid Faraday cups. A sketch of the'instrument is shown in
Figure 1. Three of the cups, called the A-cup, B-cup, and C-cup, cemprise
the main sensor. These three cups have the same pentagonal shape and are
arrayed with their.cup normals 20° from an axis of symmetry. The fourth
cup, called the side sensor or D-cup, has a circulaf aperture. The'ﬁormel'.
to>the D-cup aperture points in'a directien 88° from the main sensor
symmetry axis. .A |

The.Voyager‘spacecfaft is;three axis stabilized. The outward pointiﬁg_
symme try axie of the PLS mainAeepsor'is parallel to the axie of the
spaccecraftAmain antenna, which is pointed at the ﬁarth dufing most of the
ﬁissidn. The D-cup is oriented such'fhat it looked ihto corotating floﬁ
durlng the inbound pass of the Jupiter flyby. |
| On 5 March 1979, Voyager I flew through the inner magnetosphere of
Jupiter. 1Its orblt is shown in F;Lgures 2, 3a, and 3b. Figure 2 shows the
projection of the spacecraft trejectory into the jovian equatorial plane,
in addition to the orientation of the main sensor symmetry a;ie (labeled S)
~and the D—eup normal~(1abeled D); 'The.angles between the Jovian equaﬁorial
plane and the D-cup look direction and‘between the Jovian equatorial plane
and the main sensor symmetry axis were 6° and 1°, respectiveiy. As can be
seen from this figure, the D-cup was leoking into the co-rotating plaema_
throughout the inbound pass. . As fhe spacecraft.approached perijove, the:
corotating flow swung around towards the mein sensor, almost coning down

the symmetry axis near closest approach. As the spacecraft receded from
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Jupiter, the flow direction shifted away from all of the cups. Severall
hours after the Io flyby; the spacecraft rolled about the symmetry axis,
ubringing the b-cup look direction closer to the co-rotating flow during
' much.of the rest of the outbéund péss. The closest approach to Io occurred
on the outbound pass at abqut‘spacecraft event time (SCET) 1510. At tha#
time, thé direction of the'buik velocitj of a rigidly corotating plasma
would have been almost perpendicular to the main sensor symmétry axis.

Figures 3a and 3b are closeups of the Io. flyby. The coordinate system
-ﬁsed is a cartesian s&stem (x,y;z) whose origin is the center of Io. The
' z;axis is parallel to the spin axis of Jupiter; the y-axis poiﬁts from_the_
center of Io to the center.of'Jupitér, and the x-axis, which points in the
diiectibn of rigid corotation,'completes the right—handéd orthogonal
‘system. Fig. 3a is a projectidn of the orbit into the x—y'plﬁne,_while
‘Fig. 3b is_a plof of the distancelfrom the origin of that projection
agéinst thelheight above the plane. All distances are iﬁ units of the
radius of To.

The 15 flyby occﬁrred on the spacecraft's’6ﬁtb6und-pass, when Voyager
I flew about 20 thousand kilometers due south of the satellite. Analysis
of the magnetic field data (Acuna et al, 1981) showed that the spacecraft
had passed several thousand kilometers upstream of the Alfven Qing.
Pfeliminary examination of the plasma data (Belcher et al, 1981) revealed a
-signature v}high was interpreted as Seing due to the velocity perturbation
associatéd with the plasma flow around - the flux tube. The app:oximate |
position of the intersection of the flux tube with the plane z=-11.5Rp,
based on the direction of the background magnetic field measured by Aéuna
et al, a rigidly céfotating plasma, and an Alfven ahgle (defined in section
4) of 0.19 (the result oﬁtaine@ in the analysis described in Seétion 5), is

also shown in Fig. 3a.
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3. Analysis.of the Spectrg

Duringlthe Jupiter encpunter, the PLS exﬁeriment took one complete
high resolution (M-mode) spectrum every 192 seconds. The data which we
'have analyzed consist of the eleven spectra, taken between SCET 1451 and
SCET 1523, which céntain the velocity perturbation. The measuremgnt of an
~ entire M-mode spectrum takes 32 seconds to complete, and the SCETs quoted
in the text are the hour and minute of the start time of the meésurement.
fhe spectra cénsist of 128 coﬁtigupus channels which span the
energy—per;chafge faﬁge of'10—5950 eV with:a nomimalvenérgy.resélutidh of‘
3%. The position of the spacecraft at the start time of eéch spectrum is
indictated‘by the tick marks on the frajecfof& plots of Figs. 3a and 3b.

During the Io flyby, the flow direction of a rigidly corotating plasma
would.have been almost perpendicular fé the iain éensof symmetry axis. Due
_ to the large angle between therplasma bulk &elocity and the look directidﬁs_
of-.the'cups, accuraté kno;fledge of the re_sboﬁse functioﬁ oi‘ thg cups is 4
required»in‘qrder to analyze the data. The response functiqn of the cﬁps
was derived byAgtudying particlé trajectories inéide the cup. The
resulting éxpression was fested'by analyzing data téken during a cruise
manéuver,.when the spacecfaft rotéted such that the main sensor symmetry'
axis no longer pointed at the earth. Using the solar wind (with a SOn;Q
Maqh number of ;bout 20) aé a test 5eam, the theoretical response function
‘was found to be acéurate to within a few percent fof ail angles of . |
-incidence (Barnett and Olbert, 1985). |

.Kmﬂﬁ@bfmeéwmmfmﬁmnmmﬁsmtommmemewnmt

in each channel of each cup for a given plasma distibution function.
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Inverting this procedure to find the distribution function from the
currénts is a more'difficﬁlt task“AWe have solved fhis ﬁfdblem by
para@eterizing the distribution function and uéing a nonlinear'least square
fit routine to‘find the optimuﬁ values of the parameters.

) ' - 2
- The criterion used to define the "best fit" is the minlm;zation of x,

defined by
K= 5(0y- 4y)° | - . (1),
i i i

with féspect to the plasma parameters. In Eq. (1), eaﬁh of thé D,'s is the
measured "reduced distributions functions"; defined Below, and the Ai's arg
the corresponding simﬁlated quantitieé which depend upon the plasma
pafaméters: The solution to thé extremum problem is found using a gradient
search algorifhm similar to that.described in Be?ington (1969);ﬁ - .

: ~Figures 4 and 5 are log-log plots of the "reduded distribuf;on function“-
versus the equivalent‘protoh hvelo_city in each véup vfor the spectra taken at
SCET 1500 énd 1504. The "reduéed.distribution function" F and the equivalent

proton velocity vp are defined by

F =1/ S S | (2)

v (2edk/mp)1/2- - - « | (3)

P
where I, is the measured current in the k-th channel, 4, is the threshold

voltage of the k-th channel, Wd, = d,  ,-d, is the vdltage width of the k-th
channel, and mp_is the proton éaés. In the figures, the staircases‘are the
data, and crosses are the "best fit " simulatibns. . The Asmooth curves show the
contributions of the individwual ionic components to tﬁe "best fits". All of
the:main sensor spectra are smboth and almost featureless, wifh a single;
broad peak. FUrthefmore, in each spectrum the peak in the A-cup is in a

higher channel than the peaks in the B- and C- cups. Since the D-cup was
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pointed almost 180° from fhe'direction of corétaﬁing ﬁlasma flow at this time,
its currents are.lqwer than those of the main éensors bf more than an order of
magnitude, and all but the first 20 chanhels orlso are noise. The B- and
C-cup spectra aiso confain features which lookilike absorbtion lines. These
feafures, called dropouts, are caused by interference with another experiment
on board the épacecraft. The fits use data from channels 1 through 72 in the
A-cup, 1 through 20 in‘the D-cup,:and 1 through 56 in.the B- and C-cups, with
'fhe exception of the channels affécted by the interference. We chose which
cﬁanneis to'include in the fits by considering both the noise level in ﬁhe
iﬁStrument,and the -limita't'ions set by our use of convected maxwellians to .
describe the particle dist#ibutioh functions. |

| To'determine.macroscopic plasma parameters fpom these7épectra is a
diffiqultvpropositioﬁ. Since the flow is oblique to élliof the cup normals,
the results depend critically upon the. cup responsé fuhctiop at large angles.
In addition, the_plasma contains many different kinds of ions (Bagenal and
Suilivén, 1981)' which are pfqbably ﬁot in thérmal équilibrium. v In order to
 get'any results at all,»we have had to make some assumptions about the
chemical cdmpositién,aﬁd the distributionvfunctions of the various iﬁnic
species. $heée assumptiops are: | |

i : " I 2
1. The plasma consists of the following 6 ionic species; g*, o*, o°*, s,

Sz+, and S3+.
' o + L2+ 3+ ' )
2. The densities of the S, S , and S , components are fixed at

3, 183 cm-3, and 64 cm-3, respectively (see below).

150 cm
3. The species all have the same bulk velocity.

4. The distribution function which describes each of the species is a

convected maxwellian.
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5. The'hgayy'ion species all have the same:tehperature, But.the proton
component has‘an independent temperature. A

6. The presence of suprathermal.tailg'in the true'diétribution-functions
can be cbmpenéated fér by including a additiopal "mock" iohic species Qith’a
higher temperature. We have parameterized this "hot" compdnent as ifvit were
o*. | |

Measurements made by Voyager 1 inbound (Bagehal and Sullivan, 1981) lead
ué to expect the plasma to consist primarily of various ioﬁiiafioﬁ states of
oxygen and sulfur. The values of A/Z% for 02+, o, 33+; 52+, and S* are 8, |
.16, 10'2/3, 16, and 32, respectively.,_ln addition, we haye included a'pfoton
pdmponent,Awhich is important in‘the low channels of all of the-cup$~becaﬁse
of its large thermél speed. | | |

‘Exper;ehcebwith the nonlinear least squares fit prbcedufe leads us to'tpy
" to reduce the number of fit parameters whenevér poséible. In pérticular, if
one permits the densities of éll of the speciles to vary as fit parameteré, one
finds that the "best fit" values'for some of them are negatiie; a very |
~ unphysical result. To remedy this situation, we have arbitrarily chosen the
thr.ee ionization 'stateé of sulphur to havé fixed densities. The iralﬁes that
we have used were egtrapolated from the data taken at the same L-shell on the
inboﬁnd pass (Fran Bagenal, private communication 1985)- -

The assumption of a common bulk Qelocity for all of the species_is the
least likely of the four assuﬁptions to be violated. In_the»MHD
approxirhation, the "frc;zer_l in" law requireé all species to have the same
" velocity perpendicular to E, and there is no reasop-to expect differential
stfeaﬁing along E,'either.

The assumption that the distribution functions are méxwellian is more

difficult to justify. Since the self-maxwellization times for the various
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speéies (computed using the densities and temperatures determined by Bagenal
and Sullivan, 1981) are comparable to or greater than the residence time in
the torus (Richardson and Siscoe, 1983) we should conSiﬁer the maxwellian form
as no more than a convient parageterization of the distribution function. As
long as‘the true distribution functions do qot have multiple peaké, a
ma#wellian should be a reasonably good apprbximation to the tiue distributioﬂ
function around the maxiﬁum. Unfortunately, the true.distribution functions
 uﬁdoubtedly have suprathermal tails. We have included the contribution of the
tails by the-additioﬁ'of a "hot" component of 0+, also described By a .
maxwellian, but with a higher temperéture. One shou}d bear in mind that the
density andhthénmal speed of this‘hqt C6mponent should npt be fakenAtoo
' literailyf it should rather be thought of merely as a way to»paraméterize the
cohfribution of the suprathgrmal‘téils.

Our ultimate jﬁstificétion for the'assumptioﬁ of maxwellian distributions
for each ion species is that it is a good representation of the true |
distrlbution function which enables us to greatly reduce the amount of

.qomputer time necessary to cqmpute the simulated currentsnnecessary-for the
least squares fit (Barnett, 1983). In fact, withou£ that aséumptioh, no
.an-alysis of the data is possible. Unfortunately, the fact that the angle
between the plasma bulk velocity and the cup normals is .lafge 'imp'l'-ies that
host of the signal comes from particles not near the peak of the distribution
function. The simulations indicate that the largéSt contribution comes frdm
.particles about one thermal speed away from the peak. We must conclude that
our approximation of maxwellian distfibufions is a possible sﬁurce of error.
'Although there is no reason to expect all of the ionic species to have
the same temperature {the time scale for equipartition among the various ion

species. is longer than the'residence time in the torus), the merging-of the
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peaks in the spectra makes it impossible to fit the temperatures
independently. Furthermore, in analyzing man& spectra, including inbound
spectra (whichhare much easier to analyze because of more favorable geometry)
we find that the‘spectra are best fit by the present assumptions of—commom
temperature oi heavy ion "core" distributions, the inciusion of a "hot"
"component to mock up suprathermal tails, and an independent proton

twmme.waumtMmmm,MthpnwﬂuthtM%cmWMMS

2+

of the common bulk velocity, four densities (H ’ 0—, o, and O ), and three

temperature parameters (for H*, heavy ions, and 0h t)

" The parameters derived from the fits of the eleven spectra taken during
the Io flyby are given in Table 1. Each velocity listed in Table 1 is the
"best fit" plasma_bulk velocity in a frame of reference which rotates about
the spin aris of Jupiter with the orbital period of Io. (Note that_Io is at’
rest in that-frame.) <The componentsplisted'are tme projections of the
velocity omto tme'unit vectors (at the position of the spacecraft at the time
" the spectrum was taken) of a cylindrical'polar coordinate system uhose polar
axis is also the spin axisiof Jupiter. The componeht Vd of the bulk velocity
of a rigidly co-rotating plasma at the spacecraft location at the time of each
| spectrum is given . in the column‘which is labeled VCR’ the components V and
Vz for such a plasma are; of course, zero. . |

At SCET 1451, the deviation from corotation was small. As the spacecraft

proceeded touard the flux tube, V, first decreased, then increased until it

d
was greater than V., before finally decreasing again to close to the
corotation speed.at SCET 1523. During the same time interval, V.. remained
small before increasing greatly. around SCET 1507, and then decreasing back to

zero. This is the expected behavior as the plasma slows'down and is deflected

around the Io Alfven wing (see section 4).
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The thermaln speed w is defined by

W= (ZkT/m)‘l/2 : v o _ (4)
where‘k is the Boltzmaﬁn‘conétant, T is the absolute temperature, and m is
the ion mass. The column labeled Woold gives the thegmal speed of the o

2+

and 02+ccmpohen£s; the themmal épeed of the'S+, s, and 53+ components is

equal to w

cold/[2. The thermal speeds do not vary much during the

flyby. '

Thrpughoquthe Io flyby,-the‘eleéfron density n, (qompufed using the-
assumptioﬁ df'charge neutrality) remains roﬁghly qonstant, exgeﬁt for a
_decrease.in'the last spectrumv(1523). The decregse is probably.caused by a
density éradient in the ahbient mediﬂm which is'unrélated to the Io
ihteract;én.- Our estimate of n, is consistent with the va;de of
.1;6 x 10° cm-3 obtained by tﬁe Plgnétafy Radio'Astronomy-(PRA) experimenf
(Birmingham et al, 1981).

The local Alfven speed-decreases more or less steadily during the
flybvy,}ar‘x effeét due primarily to the monotonic decrease in the background
‘magnetic field strength from about 2000 nT ét 1451 to-about 1700 nT at41523
(Acuné et al, 1981). The change in the mass density is less important?'due
“to the weakér dependencg_of_the Alfven speed on thé Aensify._

We have duoted tﬁe "best fit" parameters without.efror estimates
because of the difficulty involved in estihating the uncertaintigs. We
believe that the uncertainties in the détefm;nafion of the macroscopic
ﬁlasﬁa parameters are ﬁuch greater than the formal errors obtained'in fhé-
fit procedurg, which do not take into accéunt the possible violation 6f our
assunptions or imperfections in our approxiﬁation to the instrumént.

response function. Due to the unfavorable geometry, the fits are very

sensitive to the shapeé of the tails of the distribution functions and to .
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the cup reséonse functign. In all Qf these spectra, fhe geometry is suéh
that the flow is almost perpendicular to the symmetry axis of tﬁe main
sensor wiﬁhrthe A-cup look diréction closest to the flow. At SCET 1504,'
for example, the angles.getﬁeen the corotation direction and the difections
of the cup normals for the A, B, C, and D‘cups were 679, 950, 98°,and 171°,
respectively. Althoﬁgh we believe that our knqwledge of the cup response_y |
is very accurate, the response function must still be considered gs a
possible source of error.

Error ana}ysis is further complicated by the existencé of large ‘
‘off-diagonal terﬁé in the error matfix (see Bevingtbn, 1969). By fitting
the same spectra with siightly differing assumptionél(such as changing the
.assumed values of the densities of the sulphur species), and considériﬁg 3
.uncertainties due to violation of our various assumptions, we estimate the
_ uncérfainty in the velocity components to be about 1.5 km/ sec, thé_ v
uncertainty in the electron density to be less than 20%, and the
uncertainty in the Alfven speed estimates to be about 15%.

The unéertaintiés in fhe densities.of the individual épecies are much
greater fhan the uncertaintiés in the eiectron density or in the total ﬁass
dgnsity, and they might be as high as a factor of‘two-br more.‘ The
decrease in the density of‘thé hydrogen componént, however, is real; since
the signél in the low channels of the D-cup is almost.alliprotons, one can
make accurate estimates of the proton density. One'ﬁust, however, be very
carefui in interpreting the peaning of the density of the "hot" compohent.
Chan-ges' in Mot and Yot del;lote changes in the non-.-maxwellia_xi tail of the

-distribution function.
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4. The Flux Tube Model
In this section we discuss the model 6f the Io-magnetoéphere
interaction which we have used to interpret the velocitigs defermined in
the preceding Section.»‘Our model, based oﬁ the work df Neubaugr (1980), is
summarized.below. | »
AAs Io moves through the magnetosphgric‘plasma, it generates the pair
-of cylindriéal_Alfvep wings,‘as éhown in Figure 6.“ The axis of each’wing

is parallel to the outgoing Alfven characteristic, define& by

+ o ' ’ - '
Vo=V v, _ L : : (5)

‘where the Alfven velocity qA is defined by
‘VA = B/v(4mo) .- : . ' - (6)

On the surface of thé wing, the?e‘is a surface charge distriﬁutiﬁnvand a
surface cufrent dist#ibution, sh&wn'schematically in Figure 6. The surface-
charge distribution is the source of a line dipole electric field outside of
‘the wing, whi;e the-surface current distribution is the source of a similar
magnetic field. This.mogél is equivalent to dropping the highef order térms
in fhe muitipole expansion of the fields dué fo currents and charges inéide
the volume of the wing. The total electric or magnetic field in the rest
frame of Io is taken to be the sﬁﬁ of the field due to the sources associated
with the Alfven wing and a‘uniform backgfound field.

We are primarily interested in the velocity field outside of the wiﬁg-
The flow velocity is the‘sum of a uniform background flow and a velocity’
.perturbation which is reléted to the magnetic field perturﬂétion by the
relation '>
1/2

8V = -8B/(4mp) A7)
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where 6V is the velocity perturbation, 8B is the magnetic field perturbation,
and p is the plas@a mass density. '

Voyager 1 flew south of Io, in the region in which FX is the outgoing
characteristic. In that region, all field variebles are constants elong the
. ﬁz.direction.v We therefore define Alfven coordinates (X,Y,Z)‘ee followe: the
center of Io is taken to be the origin; the gnit vector ; is antiparallel te
the vector U3 the unit vector ¥ points in the direction of Z x Ty where ¥
is the bulk flow velocity of the unperturbed plasma with respect to Io; and
the wnit vector X is equal to Y x Z.

We new write expllcltly the compqnents of the velocity field in the
Neubauer model. We assume that the line.dipolé moment has magnitude Q and
that its direction makes an angle wo with the negative X.axis. In Alfven

 coordinates, the velocity components are

< .
1

X Vg - Q cos(2¢-w°)/R2 ‘ | - - (8a)
Vy = - Q sin(2¢—w°)/32 B ' - (8b)
VZ = V°i+ Q_tan(eA) cos(2¢-wo)/R? _ i ] - ' (8c)

whefe o = tanf1(Y/x), R® = (Xz + fz), 8,9 called the Alfven angle, .is the
angle between ﬁo and ﬁZ{ and Q is a parameter which describes the strength
of the line dipole. If To is alperfect conductor, Q can Be exppessed in
terms of the background bulk speed VO, fheAAlfven angle GA, the effective
radius of Io Rc,-ﬁhe Alfven Mach number M, (=VO/VA),.and 6, the complement

of the angle between V° and Bo’ as

Q = Vo Ri cos SA /(1 + M2 + 2M 51n 6)1/2 -(9)

A
The quantity Rc.is the radius of a perfectly conducting sphere that would

produce the given velocity perturbation. If the conductivity of Io is finite,



(16)

Rc would be less than RI§' If the region of high conductivityvis an extended
ionosphere -which surrounds To, Rc may be greater than RIo‘

The angle wo is related to the Hall term in the generalized Ohm's law for
Io's ionosphere (Herbe;t and Lichtenstein, 1980). Eor'the case ¢o=0, (Hall
currents negligible), the projection of the.flow field into the X-Y plane is
simply that of the potential flow of an incompreséible fluid around an
infinite cylinder.

"In order to compare Eqs.'8a-80 with the experimentél data, Alfven
coordinates must be related to some coordinate system whose definition does
not depénd upon any measured quantity (tﬁe orientation of the Alfven
coordinate system depends upon the direction of. the vecfor VX, whiéh in turn.
dependé-upon the backgrodnd bulk velocity 6, which is not known a priori); To

do this, we define "magnetic coordinates" (xma zmég) as follows: the

g’ ymag,
origin of the coordingte gystem is the center of Io; the unit vector gmag is -
antiparallel to the’direction of the extrapblated background magnetic field at
the location of the spacecraft at SCET 1500, as quoted in Acuna et al (1981);

the unit vector X lies in the plane containing_ﬁ. and the direction of

mag mag

strigt}y coroﬁa#ing flow, making an acute angie with the'floﬁ direction; and

ymag is defined so as to form a right—handed coordinate system, The

‘components of the Emag along the x-,y-,and z-axes of figures 3a and 3b are
0.1, -0.3, and 0.95, respectively. The relative orientation of the A}fven
coordinate system and the magnetic coordinate system can be described by a

sequence of two rotations (see Fig 7). First one rotates about ﬁmag by an

A

‘angle a, then one rotates about Y by an angle -9A-'
Our model therefore has six free parameters which have to be determined.

y V (Voy is zero by definition), V

oxX 02

from the data: V o

» 8,, and Q (the five
parameters in Eqs. 4a, 4b, and 4c), plus the angle @. Since we have 33 data

points (the three components of ﬁ for each of the eleven spectra), the sysﬁem
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is multiply overdetermined. One passing remark: noté that OA enters twice;
it appears in Eq. 4c, and it appears in the rotatioh matrix which défines the
transformationAbetween.magnetic coordinates and Alern coordinates.

The ﬁodel just described is a solution of the MHD equat;ons for the flow
of a uniform plasma around a sphérical.conducting body. - The solution is valid
for the épecial éase_where the unperfurbed plasma is spatially uniform, and
theré are no perturbations of the plasma density or préssure, or of.the
magnitude of the magnetic field:
| .Fof the case of the Io interaction, the unperturbéd state is definitely
non-uniform; effects due the curvature of the background magnetic field lines
-and df the background velocity streamlines might be importaht. As long as the
scale length characteristic‘of gradients in the background quantities is large
compared to the scale length characteristic of the perturbation; these effects
should be small. A characteristic léngth for gradients in the background
magnetic field and velécity field is the distance from Io to_Jupiter, ébogt
six Jovian radii or 430,000 km. A length scale which characterizes the
perturbation'is the distance from Io of the spacecraftvat the time that the
perturbations were observed; about 18 Ionian fadii or 33,000 km.  The ratio of
the scale lengths is ~0.08. We therefore expect the these gradients will
effect the details, but not the overall picture, of the Io-magnetosphere
interaction as observed by Voyager 1. |

Potentially more serious are effects due to density and pressure
gradiehts within the Io plasma torus; these gradients have a scale length of
about 1 Jovian radius (72,000 km) (Bégenal and Sullivan, 1981). For example,
the electrén density determinations included in Table 1 vary by about 37%.

The reader must keep thege facts in mind when evaluating the fit to the model

described in the next secfion.
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5. Iﬁterpretation of the Méasured Velocities

We used the bulk veldpities given in Table 1 to obtain a "best fit"
fof the 6'qﬁantities (VdX’ voZ; eA, a, ¢°, and Rc) which deécribé our model
of the flux tube. The results aré given in Table 2, Comparisonhof the
data with the theory is_complicated By the curvature of ‘ the background
Aflow; In particular, one has to correct for the increase in the speed of‘
'rigi& corotation as the spacecraf£ recedes from Jupiter. As can be seen
from:Table 1, the éorotation speed increaseé by 4 km/seq betweeh'the first.
and last speétra included in the fit. We compepsated for this b&
correcting V¢ ip thé input.data_for each:spectrum_by an émount equal to thel
difference betweeh'thé local corotatidn speed and the corqtatioﬁ speed at
SCET.1560. The-un¢eftaintiés quoted in Table 2_wére thained-by répeatihg
‘thé fifting procedure with different methods of correcting for'thé
cur&ature of the stréamlinés and fof the changing corotafion sﬁeed.

" Figure 8 shows,a plot 6f the proje#tion of the féorrected"'Qélocity ¥
,ir{to the X-Y plane for‘ ail eieven spectra, 'v}here vu:e have used 1_:he values Bf ‘

BA and & quoted in Table 2.to define the Alfven coordinéte coordinate
system. The tails of the,érrows'representingAthe velocity vecto:s are
positioned at the location of the spacecraft at the time of the start of

" the corrgsponding ﬁeasurement.- Superimposéd on tﬁe'measured velocity
vectors are the streamlines of the model flow. Figure 9 shows eéch of the

three components of ¥ as a function of time, along'with a smooth curve

which represents-the line dipole flow model.
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We now discuss thé parameters listed in Table 2. The‘componenfs-of
the background flow velocify {;o in the (x,y,z) coordina_te system of Figures
3a and 3b are;0.811;5 km/see, 57.3*1.5 km/sec, and--1.ii1.5 km/sec. We see.
that these values are consistent with rigid cﬁrotation (Vx=56'0 km/sec, .
| Vev,0). |

The angle wo is .consistent with zero, indicatiﬁg that the Hall
-currehts are not important. |

The value of R_ of 2285200 km or about 1.25 Ry is consistent with
the determination by Acuna et al, and it suggests that the region of large
conductivity is Io's ionosphere. 7

" The value'gf the Alfven angle 0, is 0.19$0,02 radians, which is
greater than the value of 0.15i0.61 obtained by Acuna,et al. Using the
formﬁla | | _
4 Vy, =V, cos(e + 8,)/sin 6, o (10),

which is quite easily>derive¢ from the definition ofAQ

A and geometrical

éonsiderations, one obtains the value of 300%30 for V Note that only the

A'
velocity data and the direction of the background magnetic field are'required
for this determination of V,. Comparison with the values of V, quoted in
Téble 1, obtained from local measurements of the mass density and magnetic

field strength, show excellent agreement. This agreement is confirmation of

the work of Drell et al (1965).
6. Comparison with the Magnetic Field Results

Up tb now, we have not used the measured magnetic field perturbations in
our analysis, althdugh'the model of the plasma flow around the Io flux fube
which we have used predicts that each component of the velocity perturbation

and the corresponding component of the magnetic field perturbation are related
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by Equation (7). We now test this relation by assuming that 6V and B are

related by the equations

_ 1
6Vy = ay + vy 8By | | | (11a)
Vy = ay + vy 8By _ ' | (11b)
Vg =95 + 7, 8By - (11e)

where oy, ay, O,y Yy, Yy, and Y, are constants to bg determined. The "best
fit" values of the a's and the Y's were detefmined using the'method of least
squares, utilizing the magnetic field resﬁlts of Acuna et al (1981). The
results of the linear regressipn'fpr each cémponents afe given in Tablé 3..
Also éiven.in Table 3 is the correlationicoefficieﬁt r for each fit; and the
'Alfven speed derivéd‘from the results. The correlation coefficién£s are all
close to -1, indicafiﬁg that the correéﬁonding components sV and 68 are well
antifcorrelated, as predicted by the theory.

. Figurg 10 is a plot of the projection of &V and-dﬁ into the X-Y plane
(Alfven coordinates)Afor the eléven'analyzed M-ﬁodeAspedtraf As in Figure 9,
the location of the tails of‘the vectors représenté the bosition of the
spacecraft.af the time of the measurement. A

To within the experimental unce_rjtainty', the vélues oﬁtained fqr the Ogs '
ay and o, are consistent with zero (implying rigid corotation). The values of
YX’.YY and' v, should be the same for all three coméonents; this value should
bé proportional to (plasma mass density)-1/2. The values of YX and YY agree
to within 6%, while the value of Y, is about 25% higher. Since-the
Z-components.éf B and V are much smaller than the other components, while the
uncertainty in the determination of all of the components is about the same,
one expects the error in the determination of v, %0 be much larger than the

error in the determination of Yx and Yye ‘In particular, none of the measured

values of VZ is greater than three times the uncertainty in its measurement.
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We therefore conclude'tha£ our results are consistent. We can use the spread
in the values of the.Yi to obtain an error estimate for VA' We conclude from
this line of reasoning.that v, =325 %50 km/sec. This value, ébtained by
_completely independent ihformation, agrees well with the result obtained usihg
the local plasma density measurements (seé Table 1) and the result inferred
from the best fit to the flow model (see the discussion which follows Equation

10). The three determinations taken together yield V, = 30050 km/sec.
7. Summary and Conclusions

This work marks. the first use of the knowledge of the full.‘respons‘e
function of the PLS instrument in analyzing data. The response of the
inétrumentiis known to within a few pércent for all angles of incidence
(Barnett and Olbert). A limitation is that this knowledge can 5n1y be of
practicai use when .the distribution functionsAof the ion speéieS'can be well .
described by a convected maxwellian (or bimaxwellian).' The inclusion'in the
analysig pf the signals in all four cups is aAgreat constraint, however. The
fact that we are able to obtain excellent fits in ail three cups of the main
sensor,‘and reasonable fits to the side sensor (which looked almost
antiparallgl to the'flow) indicates that our assumptions are'not badly
violate& and illustrates the power of multi-sensor analysis. |

| Our reéults confirmm the essentials of the Neubauer's (1980) model; the
measured velocities can be understood as potential flow around a cylinder.
The obstacle to the flow is not Io itself, however, but rather is the Alfven
wing which is attached to_Io. The Alfven wing is thus seen to pe a vefy real

object.
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As is the case for the magnetic field measurements of Acuna et al (1981),
we are unable to determine the conductivity of Io from our measurements, for
we‘can only measure the dipole moment of the flow perturbation. Since the
dipole moment which we infer is so large, we conclude that the electrical
resistence of Io is comparable to or very much much less than the uovA (the
characteristic impedence of the medium). Under the assumption that Io is a
perfect conductor, we find the radius of the flux tube to be ~1.25 RI ’
implying'that the region of high conductivity is the ionosphere of Io,'rather
than the satellite itself. For this case, the total current flowing through
v(orvaround) Io is given by (see Neuhauer, 1980) L

I = 4BR Malvy | 4 | (12)

Using the values of M, = 0.19, B0 = 1.9 x 10 § Tesla, and Rc = 2.3 x10" m, we

A
find the I = 2.6 x-106'amps. _These'results all agree ﬁell with the
conclusions drawn by Acuna et al (1981).
The one result which agrees less well with Acuna et al 1is the

.~ detenmination of the Alfven angle; ‘our value of 0 1910, 02 radians is slightly

greater than their value of 0.15i0.01_rad1ans. Our direct in~situ measurement

- of the plasma mass density and the‘results'of the'linear-regression between
the bulk velocity components and the corresponding magnetic field perturbation
'both imply a lower Alfyen speed and hence a larger Alfven angle. One must
bear in mind the'fact that the Alfven speed is not constant over the entire
region of interest, a fact which contradictslone of the assumptions.made by
Neubauer in his model of the Io-ionosphere interaction. This minor
discrepency might be caused by effects due to gradients in the background °
plasma. When one considers the extent to which the unperturbed state of the

plasma differs from the uniform background assumed by the theory, one

concludes that the theory and exoeriment agree as well as can be expected.
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Tab?e 2
es¢ Figu rameters for c mpress1b7é Flow Model
v v 9 : ‘
X Z A @ 4 Rc
'57.0:,2.0 ~6.2_{- 1.3 0.79_1_L 0.02 0.021 0.05 0 71- 0.1 26 4 0
VZ in km/éec, A @y, in fadwns
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Results of Linear Regression

0.3 - .166 6B,

Table 3

= 325 + 50 km/sec

'-Q.9.- .157 GBy

-0.9 -.,205_682_
Va

km/sec

nT

i

-.99
-.95

~-.94
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Figure Captions

Figure 1 “The PLS instrument, consisting of four modulator grid Faraday
cups. The D-cup look direction is 88 from the axis of symmetry of
main sensor, which consists of the A-, B-, and C-cups. During the Io

. flyby, the flow direction of a rigidly corotating plasma was roughly

anti-parallel to .the look direction of the D-cup.

Figure 2 The Voyager 1 Jupiter encounfer. The projection of the .
| spscecraft trajectory info the Jovian equatorial plane'is'shown, along -
with~the direction of the uain sensor symmetry axis (S) and the D-cup
look direction (D). The angle between S (D) and the Jovian
equatorisi plane during the encounter was 1° (60), respectively.'
Also shown are the orbits of the Gallilean saﬁeilites (in order of
incrsaSing distance from Jupiter) Io,. Europa, Ganymede, snd Callisto.-
Note that‘during the Io flyby, which occured during'the outbound
ipass, the flow direction of rigidly corotating plasma was roughly
anti- parallel to the look direction of the D—cup, and almost

perpendicular to the main sensor-symmetry_axis.
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Figure 3 The Io flyby. The coordinate system used in these figures is
defined as follows: the origin of the cartesian system is the center
of Io; the z-axis is parallel to the spin axis of Jupiter; the y-axis
points toward the center of Jupiter; and the x- axis points in the
dirgction of rigidly corotating plasma flow. The circle labeled
"Location of>Io Flux Tube" is the intersection of the flux tube (uging

the orientation deduced from plasma measurements) with the plane

Z=-1 1 . BRIO.

Figure 4 _Reduded distribution function versus equivalent proton speed for
the spectrum taken at SCET 1500. The reduced diétribution fqngtion'is
definéd as the current in a given energy. channel divided by the

| voltage width qf that channel;' The equivalent proton speed is related
to the modulator voltage by vy = /(2e$/m), where vy is the equivalent |
protcn speed, e is the elementary charge, ¢ is the modulator voltage,
and m is the pfotoh méss. The "staircase" is the dafa, the crosses
ﬁre the "best fit" simulation, and fhe smooth curves are thg

contributions of the individual species, as indicated.

Figure 5 Reduced distribution function versus equivalent proton speed for

the spectrum taken at SCET 1504 (see the caption for Figure 4).

Figure 6 Io's Alern Wings. Two Qiéwg are shown of the Alfven wing and
associated current system, Figure 6a shows the Alfven wings as seen
looking along the flow direction of a rigidly corotating plaéma. |
Figure 6b shows the Alfveﬁ wings as viewed by an observer located oﬁb

the line which connects Jupiter énd To.



(31)

Figure 7 The relative orientation of the magnétic coordinate system and
the Alfven coordinate system. To go from Magnetic to Alfven

A

coordinates, rotate first about Zmag'by an angle a, then about Y by

an angle -eA.

Figure 8 Plasma bulk velocity in the vicinity of Io. The dark arrows
represent the projections of the bulk flow velocity into the X-Y plane
(for the definition of the coordinaté gystem, see the text or the
caption to Figure 7). The tails of the arrows are located at the
position of the spacecraft at the time that the measurement was taken.

The dotted lines are the streamlines of the model flow.

Figure 9 Flow velocity versus time. The smooth curves are the "best fit"
model velocities, while the data points are shown with error bars

' which correspond to an uncertainty of *1.25 km/sec.

Figure 10 Velocity and magnetic field perturbations during the Io flyby.
. .The projection into'the X-Y plane (Alfven coordinates) is shown;A The
| solid arrows represent the velocity perturbations, and the broken
arrows represent the magnetic field perturbation from Acuna et al.
The tails of the arrows are located at the position of the spacecraft
at the time of the measuremeﬁt. The expected anti—correlati&n of the

corresponding magnetic field and velocity perturbations is evident.
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