
form is in the interpretation of results: con- the same sense as the 19 tracts from sale 30. We 
clusions based on analysis of the logarithms are therefore caution the reader not to extrapolate 
not necessarily valid for the values. Therefore, our statements about the "transition period" to 
we tested both the values and the logarithms. Of the entire suite of leases issued in sale 31. 
the 12 sets of tests performed on both the BOE 11. We thank J. R. Pearcy, T. G. Crawford, B. S. 
values and the logarithms of BOE values, in on- Dickerson, and J. Hunter of the U.S. Geological 
ly one instance were the two results different at Survey, Metairie, La., for their help in com- 
a 95 percent rejection level (see text). piling data, and G. W. Horton, L. J. Drew, and 

9. J. V. Bradley, Distribution-Free Statistical R. Kasper for their critical comments. Sup- 
Tests (Prentice-Hall, Englewood Cliffs, N.J., ported in part by USGS contract 14-08-0001- 
1968). 17217. 

10. Sale 31 contributed only two tracts to the analy- 
sis, neither of which was particularly unusual in 22 March 1979 

form is in the interpretation of results: con- the same sense as the 19 tracts from sale 30. We 
clusions based on analysis of the logarithms are therefore caution the reader not to extrapolate 
not necessarily valid for the values. Therefore, our statements about the "transition period" to 
we tested both the values and the logarithms. Of the entire suite of leases issued in sale 31. 
the 12 sets of tests performed on both the BOE 11. We thank J. R. Pearcy, T. G. Crawford, B. S. 
values and the logarithms of BOE values, in on- Dickerson, and J. Hunter of the U.S. Geological 
ly one instance were the two results different at Survey, Metairie, La., for their help in com- 
a 95 percent rejection level (see text). piling data, and G. W. Horton, L. J. Drew, and 

9. J. V. Bradley, Distribution-Free Statistical R. Kasper for their critical comments. Sup- 
Tests (Prentice-Hall, Englewood Cliffs, N.J., ported in part by USGS contract 14-08-0001- 
1968). 17217. 

10. Sale 31 contributed only two tracts to the analy- 
sis, neither of which was particularly unusual in 22 March 1979 

Magnetospheres of the Galilean Satellites 

Abstract. The plasma and field perturbations of magnetospheres that wvould sur- 
round magnetized galilean satellites embedded in the corotating jovian plasma differ 
from those produced by interaction with an unmagnetized conductor. If the intrinsic 
satellite dipole is antiparallel to that of Jupiter, the magnetosphere will be open. It is 
predicted that lo has an internal magnetic field with a dipole moment of 6.5 x 1022 

gauss-cubic centimeters antiparallel to Jupiter's, and Io's special properties can be 
interpreted on the basis of a reconnecting magnetosphere. 

Magnetospheres of the Galilean Satellites 

Abstract. The plasma and field perturbations of magnetospheres that wvould sur- 
round magnetized galilean satellites embedded in the corotating jovian plasma differ 
from those produced by interaction with an unmagnetized conductor. If the intrinsic 
satellite dipole is antiparallel to that of Jupiter, the magnetosphere will be open. It is 
predicted that lo has an internal magnetic field with a dipole moment of 6.5 x 1022 

gauss-cubic centimeters antiparallel to Jupiter's, and Io's special properties can be 
interpreted on the basis of a reconnecting magnetosphere. 

The intriguing speculation that the gal- 
ilean satellites of Jupiter may possess in- 
trinsic magnetic properties (1, 2) gains 
support from Voyager's photographic 
evidence of surface activity consistent 
with a molten interior for lo (3). If some 
or all of the galilean satellites are magne- 
tized, the properties of the magneto- 
spheres that will result from their inter- 
action with the corotating jovian plasma 
can account for numerous puzzling fea- 
tures of the jovian system in a way that 
avoids inconsistencies inherent in earlier 
models of satellite-planet interactions. 

In our initial arguments we assume the 
magnetic moments (Ms) proposed by 
Neubauer (2) on the basis of Busse's (4) 
scaling law. "Bode's law" estimates (5) 
differ by less than a factor of 2. Neu- 
bauer's magnetic moments and other pa- 
rameters needed for the arguments pre- 
sented here are listed in Table 1. Voy- 
ager measurements may change these 
estimates, but the burden of this report 
will be unaffected provided the ratio of 
the thermal plasma pressure to the mag- 
netic pressure and the ratio of flow ve- 
locity to Alfven velocity remain less than 
1. Because Pioneer 10 and Pioneer 11 
measurements show little departure from 
a dipole magnetic field in the vicinity of 
lo and Europa, we are confident that the 
required conditions are met, at least 
inside of 10 Rj [Rj (Jupiter radius) = 
71,000 km]. 

Suppose that the dipole moment of the 
satellite is strictly aligned with that of Ju- 
piter. The satellites are embedded in the 
jovian plasma. Relative to the more 
slowly moving satellites, the flow arrives 
from behind and is diverted by the satel- 
lite magnetic field. A closed magneto- 
sphere should form around the satellite 
as the highly conducting corotating jo- 
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vian plasma moves by. The total external 
pressure (Ptot) at the nose of the 
magnetosphere is the sum of the ram 
pressure, the thermal pressure, and the 
magnetic pressure (Table 2). The stand- 
off distance, Rm, satisfies 

Rm6 = K(MS2/Pt(t) 

where K = 1.7 for Earth's magneto- 
sphere and Ms is the satellite's magnetic 
moment (6). The magnetic pressure 
dominates or equals the other contribu- 
tions, at least for lo and Europa (Table 
2). This means that the satellite magneto- 
sphere would form a bubble with little 
asymmetry between upstream and 
downstream dimensions and with little 
disruption of jovian plasma in this 
aligned-moment configuration. We sug- 
gest that this occurs at Europa and possi- 
bly at Ganymede and Callisto. 

The occurrence pattern of jovian deca- 
metric radiation (7) suggests that Io 
alone is strongly coupled to the jovian 
magnetosphere and ionosphere (8-10), 
and this can occur if its dipole is approxi- 
mately antiparallel to that of Jupiter. As 
in the earlier case, we focus on an ex- 
treme by taking the dipoles to be exactly 
antiparallel. We now expect a Dungey- 
type (reconnected) magnetospheric con- 
figuration (11). This expectation is con- 
sistent with the results obtained for the 
lowest Alfv6nic Mach number (MA = 
1.5) flow recently reported for terrella 
experiments (12). 

The antiparallel jovian and ionian field 
lines will extend from lo's ionosphere to 
Jupiter's. Field lines will be dragged 
ahead of lo in its orbit and will skew to- 
ward Jupiter as their feet in the jovian 
ionosphere corotate. Stress is trans- 
mitted along this extended tail by field- 
aligned currents. The tail length can be 
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readily estimated. If the electric field im- 
posed across lo's magnetosphere is re- 
duced by a factor e from the corotation 
field upstream and A is the fractional 
area of lo with field lines connecting to 
Jupiter, a straightforward calculation 
(13) yields a length 5.6 A/e in units of Io 
radii, e measures the efficiency of recon- 
nection and is about 0.1 at Earth. For A/ 
e - 10, the tail is 56 rl,, long and subtends 
an angle of 14? ahead of lo. We picture 
the field moving through the ionian iono- 
sphere and frozen to Jupiter, in contrast 
with some earlier accounts (9). The high 
conductance of lo's ionosphere (10) is 
not high enough for us to modify this 
view. The field-aligned current system 
connecting ionian and jovian iono- 
spheres has an associated magnetic per- 
turbation, 8B, that, unlike the main field, 
is roughly independent of the distance 
from Jupiter. If 8B is constant and 
azimuthal, we can give an expression for 
the equatorial trace of Io's flux tube. If X 
is the angle between that trace and the 
radial direction, then tan X is the ratio of 
SB to the radial component of the ap- 
proximately dipolar jovian field and var- 
ies with radial distance r (in Rj) as 

tan X = (6B/2Bj)(l - r/6)-1/2(r/6)3 

The skewing of the field toward Jupiter 
increases rapidly as the flux tube moves 
inward from lo at r = 6. 

The open ionian magnetosphere pro- 
vides a model which can explain many 
lo-related phenomena, some of which 
have been hard to understand until now. 
First consider lo's ionosphere, whose 
density profile Kliore et al. (14) estab- 
lished with Pioneer 10 occultation data. 
Cloutier et al. (15) have pointed out the 
difficulty of understanding how lo's 
weak gravity (1.8 m/sec2) can hold an 
ionosphere against the large electromag- 
netic (j x B) forces produced by iono- 
spheric currents and the ram pressure of 
the corotatingjovian plasma (Table 2). In 
addition, both the strong day-night 
asymmetry of the measured ionosphere 
(Table 2) and the sharp cutoff of the 
'nightside" or upstream electron den- 
sity at an altitude of 200 km have been 
hard to understand. 

Our open magnetosphere model read- 
ily explains the retention of the iono- 
sphere. The magnetic field of lo shields 
the ionosphere from the flowing jovian 
plasma and produces a strongly asym- 
metric cavity. On the upstream side, 
which is (fortuitously?) the nightside in 
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plasma and produces a strongly asym- 
metric cavity. On the upstream side, 
which is (fortuitously?) the nightside in 
the observations, the cutoff of ion den- 
sity could be the magnetopause. Were 
this so, the magnetic moment would 
need to be half Neubauer's value. The 
observation is suggestive enough that we 
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denote by M's this revised moment and 
use it in the remaining calculations of 
this report. This moment reduces our tail 
length estimate to 32 r1o subtending 8?. 
The high electron density in the down- 
stream ionosphere may be produced 
both by sunlight and by precipitation 
from a reconnecting tail, by analogy to 
the auroral electron precipitation phe- 
nomenon at Earth. Whether electromag- 
netic and gravitational forces are com- 
parable cannot be firmly answered with- 
out a model of lo's atmosphere. The 
open magnetosphere model predicts ion- 
ospheric currents large enough to drive 
decametric radiation but smaller than 
those used in nonmagnetized models (10) 
and is compatible with the neutral atmo- 
sphere models reviewed by Brown and 
Yung (16). 

lo's effect on jovian energetic charged 
particles can be explained in the frame- 
work of our model. In Thomsen's (17) 
summary of Pioneer 10 and Pioneer 11 
observations, she notes that near lo's or- 
bit all electrons (energies between 40 
keV and 35 MeV) show strong absorp- 
tion and energetic protons also show 
strong losses except in the > 80-MeV 
channel. Those energetic protons can 
"hop over" lo in their rapid drift and are 

not strongly affected by lo in any model. 
Losses in other energy channels result 
when particles moving along a jovian 
flux tube temporarily connected with 
lo's polar cap approach lo's surface or 
the level in lo's atmosphere where they 
can be scattered and lost. Only a fraction 
will come close enough to lo's polar cap 
to be lost. Others will mirror in lo's polar 
cap field and remain in the flux tube. We 
can estimate the fraction lost from an 
isotropic pitch angle distribution as 
1 - cos ac, where a is the equatorial 
pitch angle in the ambient jovian field 
(Bj) and sin2 a, = Bj/Bpc, where BpC is 
the polar cap field of Io. This figure is ex- 
tremely sensitive to the assumed mag- 
netic moment. For Neubauer's (2) mo- 

ment, 24 percent of the particles are lost, 
those with equatorial pitch angles < 40?, 
but with our smaller magnetic moment 
M's 70 percent of the particles, all those 
with equatorial pitch angles < 72?, are 
lost. The 70 percent loss is qualitatively 
in agreement with the data and can also 
explain why pitch angle distributions 
peaked at 90? develop near lo's orbit 
(17). Further study could refine our esti- 
mate (M's) of the ionian magnetic mo- 
ment. 

Thomsen also reports that electrons 

Table 1. Physical properties of the galilean satellites and their environments. 

Physical property, symbol, and unit Io Europa any- Callisto Refer 
' mede ence 

Ls = Jupiter-satellite distance (Rj) 6.0 9.5 15 27 (24) 
rs = Satellite radius (km) 1800 1500 2600 2500 (24) 
Ps = Satellite density (g/cm3) 3.5 3.4 2.0 1.6 (24) 
Ts = Satellite period (hours) 42 85 170 400 (24) 
Bj, = Local jovian field (y) 2000 500 100 25 (2) 
Ms = Magnetic moment from(2)(F-cm3) 1.4 x 1023 2.9 x 1022 4.0 x 1022 9.3 x 1021 (2) 
M's = Revised magnetic moment (F-cm3) 6.5 x 1022 

Beq = Equatorial field from (2) (y) 2400 860 230 60 
B's = Revised equatorial field (y) 1100 
Av = Relative plasma velocity (km/sec) 57 100 180 320 
E,.r = Corotation electric field (mV/m) 114 50 18 8 
n, = Plasma number density (cm-:3) 4000? 600? 
kTp = Plasma temperature (eV) 10? 2.5? (25) 

Table 2. Properties of satellite magnetospheres and of lo's ionosphere. In the calculations we 
assume an average mass of 10 proton masses for plasma ions. 

Property lo Europa Ganymede Callisto 

External pressure (dynes) 
Ram pressure, pv2 2.1 x 10-6 9.6 x 10-7 
Thermal pressure, nkT 6.4 x 10-8 2.4 x 10-9 
Magnetic pressure, B2/87r 1.6 x 10-5 9.9 X 10-7 4.0 x 10-8 2.5 x 10-9 

Magnetopause standoff distance, Rm 
For Ms, from center of satellite (rs) 1.4 1.5 < 1.8 < 1.8 
For Ms, altitude above surface (km) 780 710 < 2100 < 2100 
For M'S, from center of satellite (rs) 1.1 
For M's, altitude above surface (km) 200 

Ionospheric properties 
Upstream (night) peak density (cm-3) 1 x 104 
Upstream (night) peak altitude (km) 50 
Downstream (day) peak density (cm-3) 6 x 104 
Downstream (day) peak altitude (km) 100 

492 

with energy < 560 keV are injected near 
lo's orbit and that the magnitude of the 
injection varies from one pass to anoth- 
er. A reconnecting magnetosphere sub- 
ject to substorm type instabilities as at 
Earth or Mercury produces bursts of en- 
ergetic particles. Experience at Earth 
suggests that the substorm-accelerated 
particles may have energies greater by 
an order of magnitude or more than the 
total available potential energy across 
the magnetosphere (in electron volts) 
(18). At lo the voltage available from the 
corotation electric field is 680 kV, and 
accelerated particles up to this energy 
would be anticipated. The accelerated 
particles could be emitted in a range of 
directions centered in the plane of lo's 
orbit and the pitch angle distributions 
of the injected particles should peak 
near 90?, consistent with the observa- 
tions. 

At Europa, for which we suggested an 
approximately aligned dipole configura- 
tion, particle absorption should be weak. 
There should be no changes noted in the 
flux of particles whose gyroradii are 
small with respect to the radius of Eu- 
ropa. The 10? tilt (19) of the jovian dipole 
means that weak interaction with the 
particle environment can occur and 
some particle loss is anticipated and pos- 
sibly observed. The losses should be 
weak enough that pitch angle distribu- 
tions and injection would be little af- 
fected by Europa's magnetic properties. 
The gyroradius of 30-MeV protons is 
comparable with Europa's radius, and 
protons of some tens of millions of elec- 
tron volts will be able to penetrate the 
satellite magnetosphere and be lost. Ab- 
sorption seen near Europa is greatest for 
high-energy protons (17). 

An additional lo-associated phenome- 
non which fits well into the open-magne- 
tosphere model is the strangely skewed 
neutral sodium cloud (16, 20). The shape 
of the neutral sodium cloud has recently 
been described by Murcray and Goody, 
who noted (20, p. 327) that "the sodium 
is in a column extending forward from Io 
with the axis pointing slightly inside the 
orbit." Without invoking any strong an- 
isotropy of emission regions, we account 
for the shape described by noting that 
the neutral sodium whose radiation is de- 
tected is lost when it becomes ionized by 
charge exchange and electron ionization 
through interaction with the jovian 
plasma. Within lo's magnetosphere, the 
flux of ionizing jovian plasma is signifi- 
cantly reduced relative to the ambient 
level because of the loss process de- 
scribed above. Consequently, the life- 
time of sodium atoms shielded within the 
ionian magnetosphere is several times 
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larger than in the adjacent regions out- 
side. Because of magnetospheric asym- 
metry, the partially shielded region ex- 
tends farther ahead of lo than behind and 
is also skewed toward Jupiter. 

A similar argument can be applied to 
the interpretation of the lo-associated 
decametric radiation (7), whose source 
region is in the jovian ionosphere near 
the foot of lo's flux tube where strong 
field-aligned currents produce insta- 
bilities. Models of the emission mecha- 
nism have been reviewed by Smith (21). 
Decametric radiation is emitted most of- 
ten when lo is at 90? and at 240? from the 
Earth-Jupiter line (0? is away from 
Earth). The strange asymmetry of these 
preferred positions relative to Earth has 
previously been accounted for by assum- 
ing that the foot of the flux tube leads Io 
by 15? in just the manner we have de- 
scribed (22). An 8? lead is predicted by 
the revised order of magnitude numbers 
which we have introduced. A more sys- 
tematic selection of parameters and a 
treatment that properly accounts for the 
tilt of the jovian dipole would be needed 
to test whether the difference between 8? 
and 15? presents a problem to the open 
magnetosphere model. 

If the Voyager or Galileo spacecraft 
confirm the existence of satellite magne- 
tospheres, a radically different view of 
the inner jovian system will emerge. 
Moreover, the properties of a magne- 
tosphere immersed in a sub-Alfvdnic 
plasma flow would augment the devel- 
oping general theory of magnetospheres 
(23). 
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tem of reaction-diffusion equations. The 
system has solitary waves and when two 
solitary waves collide we find solitary 
waves identical to the original waves 
emerging from the collision. The meth- 
ods employed consist of numerical in- 
tegration of the reaction-diffusion equa- 
tions. 

Reaction-diffusion systems of equa- 
tions arise in many models of biological 
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Fig. 1. Computed solutions of the reaction-diffusion equations which display solitons. At 
t = 0.2 two solitary waves with peaks for u at x = 0.4 and x = 0.6 are approaching the center of 
the figure. The collision takes place and the waves merge so that at t = 0.725 the u envelope has 
values which are larger than those in either solitary wave. This envelope drops to that shown for 
t = 0.825. 

*3 -4 .5 -6 *7 
x 

Fig. 1. Computed solutions of the reaction-diffusion equations which display solitons. At 
t = 0.2 two solitary waves with peaks for u at x = 0.4 and x = 0.6 are approaching the center of 
the figure. The collision takes place and the waves merge so that at t = 0.725 the u envelope has 
values which are larger than those in either solitary wave. This envelope drops to that shown for 
t = 0.825. 

0036-8075/79/0803-0493$00.50/0 Copyright ? 1979 AAAS 0036-8075/79/0803-0493$00.50/0 Copyright ? 1979 AAAS 

Solitons in a Reaction-Diffusion System 

Abstract. Solitary waves in reaction-diffusion systems usually annihilate on colli- 
sion. A nonlinear system of reaction-diffusion equations has been constructed which 
has solitons: solitary waves whose interaction in a collision results in the emergence 
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