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Capture of Interplanetary and Interstellar Dust
by the Jovian Magnetosphere

Joshua E. Colwell,* Mihaly Horanyi, Eberhard Griin

Interplanetary and interstellar dust grains entering Jupiter’s magnetosphere form a
detectable diffuse faint ring of exogenic material. This ring is composed of particles in
the size range of 0.5 to 1.5 micrometers on retrograde and prograde orbits in a 4:1 ratio,
with semimajor axes 3 < a < 20 jovian radii, eccentricities 0.1 < e < 0.3, and inclinations
i < 20 degrees or i = 160 degrees. The size range and the orbital characteristics are
consistent with in situ detections of micrometer-sized grains by the Galileo dust detector,
and the measured rates match the number densities predicted from numerical trajectory

integrations.

The dust detector on the Galileo space-
craft (DDS) measures impacts of dust parti-
cles and gives estimates of the masses and
the velocities of the grains (1). Grains were
detected by the DDS inside about 20 Jovian
radii (R;; 1 Ry = 7.1492 X 10* km) on
prograde and retrograde orbits around Jupi-
ter (2). These grains are at least several
tenths of a micrometer in radius.

During Galileo’s second orbit, eight
“large” dust grains were detected inside 20
R;, and, based on the rotation angle of the
detector and the impactor speeds, most of
these particles follow retrograde orbits (Fig.
1). The impact rate of these particles on the
detector was I =~ 3 X 107 s7!. Similar
numbers were seen on subsequent orbits.
The number density of uniformly distribut-
ed particles on circular Keplerian orbits
necessary to explain this impact rate is nppg
~ lo(f Jv, + f.lv,), where o is the effective
cross section of the DDS, f, and f, are the
fraction of detected grains on prograde and
retrograde orbits, respectively, and v, and v,
are the relative velocities. We used the
physical cross section ¢ = 10° cm? (3).
Using circular Keplerian orbits for the dust
at 15 Ry (roughly the middle of the re-
gion where the large grains were detected),
npps =~ 107% cm™, which implies a mean
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optical depth of 7, = 107'. Captured
interstellar and interplanetary grains and
the jovian moons are potential sources of
these grains.

To determine these sources, we inte-
grated the trajectories of dust grains in
Jupiter’s magnetosphere, using the same
numerical approach as in our earlier stud-
ies (4). The grains move under the influ-
ence of Jupiter's and the sun’s gravity,
solar radiation pressure, and the Lorentz
force. The grain’s charge is time-depen-
dent and is calculated from the current
balance equation dQy,/dt = 2,1, where I,
is electron and ion thermal currents and
secondary and photoelectron emission
currents. The currents are all functions of
the grain’s velocity and position in the
magnetospheric plasma and of the instan-
taneous charge on the grain which is as-
sumed to have a density of 1.0 g cm™.

Our magnetospheric model uses Voyager
plasma parameters (5-6) outside 5 R; and
an “engineering” plasma model (7) msrde 5
R;. The magnetic field is the O6+ current
sheet model, assuming rigid corotation up
to a distance of R = 50 R; from Jupiter’s
center (8). Outside 50 Ry, we assumed solar
wind conditions and reversed the azimuthal
component of the magnetic field in 14-day
intervals to imitate the sector structure of
the interplanetary magnetic field (Fig. 2).
There is no magnetotail or bow shock in
this model. Grains were started with an
initial potential of +5 V, the equilibrium
value in the solar wind (9), at a distance of
100 R, from Jupiter. We followed the parti-
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cles until they either hit Jupiter, were more
than 300 R from Jupiter, or 5 (Earth) years
had passed The fraction of captured grains
and their orbital parameters enable us to
estimate the number density of dust or-
biting Jupiter from each of the possible
sources.

Dust particles in the solar wind develop
a positive charge and experience a retarding
force entering Jupiter’s magnetosphere be-
cause of the outward-pointing, corotating
jovian electric field. On the outbound por-
tion of their trajectory, dust grains regain
some, but not all of their energy because of
charging time delays. The grains’ dynamical
time scales are shorter than the charging
time scales, so in general, they are not in
charge equilibrium with the plasma in the
jovian magnetosphere (10). Simultaneous-
ly, their angular momentum decreases. Sim-
ilarly, grains within the jovian magneto-
sphere can also lose or gain energy and
angular momentum leading to rapid chang-
es of grain semimajor axis and eccentricity.
The process is dependent on the size of the
grains, which determines their charge-to-
mass ratio and susceptibility to radiation
pressure and the Lorentz force. Particles
that experience this rapid loss of energy and
angular momentum become captured in Ju-
piter’s magnetosphere, where their lifetime
is limited by sputtering, plasma drag, or
collision with a moon or Jupiter (9).

Measurements of dust impacts by Gali-
leo and Ulysses during interplanetary cruis-
es showed that beyond about 3 astronomi-
cal units (1 AU = 1.49 X 10'3 cm) the flux
of submicrometer-sized dust particles is
dominated by interstellar grains, with a flux
of F,, = 10® cm™ s7! in the same direction
as the local interstellar wind (11). The
mean mass of these particles is 10 7125 = 1
g, and their approach speed to Jupiter varies
from about 13 to 39 km s~! as Jupiter orbits
the sun.

We computed the trajectories of grains
with sizes of 0.4 to 1.0 pm in 0.1-pm in-
crements, with 10,000 particles at each size
(12). The grains were started with impact
parameters randomly distributed between O
and 10 R;, with a uniform surface density
(13). Trajectories were integrated at three
different approach velocities corresponding
to upstream (Jupiter’s orbital velocity anti-
parallel to the dust velocities), downstream,
and cross-stream geometries with respect to
the flow of interstellar gas through the solar
system.

The most grains captured at any size
were nine of the 0.6-pm grains in the
downstream geometry. In the same geome-
try, three of the 0.5-wm grains were cap-
tured and one each at 0.7 and 0.8 pm. The
capture efficiency as a function of particle
size therefore peaks at 9 X 10~ for 0.6-pum
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grains. The overall capture efficiency for a
size distribution of interstellar grains is less
than this peak capture efficiency and de-
pends on the detailed size distribution of
the incoming particles. Assuming that the
interstellar dust size distribution peaks near
0.5 um [107123 g; the measured value is
107125 =15 o (11)], we estimate a lower
limit for the total capture efficiency f_ ,; ~
10~* in the downstream direction, based on
our integrations. The capture efficiency is
highest in this geometry, because the speed
of the interstellar dust relative to Jupiter is
minimized, and the particles must lose less
energy to be captured than when Jupiter’s
orbit velocity carries it into the interstellar
wind. Accounting for the fraction of Jupi-
ter’s orbit that is approximately in this ge-
ometry relative to the interstellar dust, we
take f_,, = 107 as an order-of-magnitude
lower limit estimate.

The average capture rate of interstellar
grains by Jupiter's magnetosphere is N

300
200F

100

Rotation angle (deg)

200

100

252
Day of year 1996

254 256 258 260

Fig. 1. (A) The large (micrometer-sized) particles
detected by the Galileo DDS during the G2 en-
counter (flyby of Ganymede on Galileo’s second
orbit) showing the orientation of the DDS at each
impact. Closest approach to Ganymede is indi-
cated by the vertical dashed line. Distance from
Jupiter of the Galileo spacecraft varied from a min-
imum of 10.7 R, on day 251 to a maximum of 68
R, on day 260. Dot sizes are proportional to par-
ticle mass, but the absolute calibration depends
on impact velocity which is uncertain. The con-
tours are DDS effective cross section for particles
on circular prograde orbits in units of square cen-
timeters. Most of the detected grains are far from
the two peaks, suggesting they are not on pro-
grade orbits. (B) The contours represent DDS ef-
fective cross section for particles on circular ret-
rograde orbits. Most of the particles come from
directions where the DDS has a high effective
cross section for particles on retrograde orbits (3).
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= AFisfc,iS =16 X 10°s7!, where A = 7
(10 R])2 is the cross-sectional area of the
region our test grains were sent in order to
empirically determine f_,. We found that
most captured grains have stable orbits with
semimajor axes (a) between 3 and 15 R,
eccentricities (e) between 0.1 and 0.3, and
inclinations (i) of <20° or >160° (Fig. 3).
This gives a toroidal volume of space occu-
pied by the captured grains between 3 and
20 Ry with a volume V ~ 4 X 10%) em’. The
average number density of grains in this
volume is n, = N T/V, where T is the
lifetime of the grains.

Our orbital integrations show that the
orbits are dynamically stable for longer than
100 years, so the loss time scale is set by
plasma drag, collisions, sputtering, or evap-
oration. The time scale for loss of microme-
ter-sized grains from the main Jovian ring
because of these processes is T = 100 years
(14). Using Opik’s formalism (15), we find
T, = 34 years for a particle on a retro-
grade orbit with i = 160°, e = 0.3, and a =
15 R, for collisions with Ganymede
(AGanymede = 19 Ry, and T_,, = 85 years for
the same particle on a prograde orbit. Be-
cause the orbital elements of the grains vary
with time and dynamically longer lived or-
bits exist between the Galilean satellites,
we adopt T = 100 years. This gives n,
=13 X 10" em™.

We modeled the interplanetary popula-
tion of dust at Jupiter with a “planetary”
population consisting of particles on low-e,
low-i orbits and an “Oort Cloud” popula-
tion consisting of particles on isotropically
distributed near-parabolic orbits (4, 16).
We used an interplanetary flux model (17)
to estimate the contribution of interplane-
tary dust to the total flux of 0.5- to 1.5-pm
grains at Jupiter of F |, ..., = 3 X 10-11
em™?stand Fy = 3.2 X 10719 em™2 571,

Grains were captured from the planetary
population at all sizes from 0.4 to 2.0 pm
with a typical efficiency of f., = 107. The
peak capture rate was for 0.8-wm grains,
where f_ =3 X 107%; most captured grains
were between 0.6 and 1.4 pm. Computing
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the number density interior to 20 R; for
these grains in the same way as for the
interstellar grains yielded n ey = 4
X 107'* cm™. Because of the much higher
approach speeds of cometary dust, we cap-
tured only one dust particle from a come-
tary orbit, starting with 10,000 grains at
each particle size (18). Based on this single
grain, f_, < 107, and we can only estimate
an upper limit on the abundance of come-
tary dust orbiting Jupiter: no,, <4 X 1071
cm™,

Micrometeoroid impact ejecta from the
regular prograde satellites of Jupiter will
similarly be on prograde orbits. The ejecta
size distribution is a power law of the form
n(r)dr « r~9dr, where ¢ =~ 3.5 is the size
distribution index and r is the particle size
(19). Thus, impact ejecta detected by the
DDS should exhibit a broad size distribu-
tion contrary to the narrow distribution of
sizes near 0.5 to 1.0 pm for the impacts
studied here. Furthermore, we know of no
mechanism—including angular momen-
tum exchange with the magnetosphere—
capable of reversing the orbital direction
of dust on short-period prograde orbits.
This leaves the four irregular retrograde
satellites of Jupiter as the only endogenic
source of retrograde dust in the Jupiter
system (20, 21).

These satellites’ a values lie between 296
and 332 Ry, their i values are between 147°
and 163°, and their radii range from 15 to
35 kin. Ejecta from these satellites are loose-
ly bound to Jupiter and quickly perturbed by
radiation pressure into high-e orbits. Most
are lost from Jupiter’s gravitational field of
influence or strike Jupiter. However, be-
cause these grains start on orbits that have
a low energy relative to Jupiter, they may be
captured into small prograde or retrograde
orbits through the same mechanism that
captures interplanetary and interstellar
grains.

The mass flux of micrometeoroids at Ju-
piter is dominated by 100-wm particles and
is F, ~ 1071% g em™ s7! (22). The ejecta
flux F; = AYF, where Y = 10% to 10°

Fig. 2. A schematic cross section of 30
the model jovian magnetosphere
shows the main jovian ring (R), the
Galilean satellites lo (l), Europa (E),
Ganymede (G), Callisto (C), the tra-
jectory of the Galileo spacecraft on
the G2 orbit, the region of space oc-
cupied by captured interplanetary
and interstellar dust, and the inter-
planetary magnetic field (crosses).
The dotted line indicates the bound-
ary of the model jovian magneto-
sphere. All dust particle integrations
started with dust at a distance of 100

20
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depends on surface properties of the moon
(23, 24), and A is the moon cross-section-
al area. Using ¢ = 3.5, the ejection rate of
particles from each retrograde satellite in
the 0.5- to 1.5-pm size range is Nyoon
~1.2x10° Fej/(rl';/z ~T05/Z), where v, and
7o are the largest and smallest particles
cjected, respectively. Assuming r, is com-
parable to the size of the typical impactor
(r, = 100 wm) and the smallest particles
are smaller than 0.5 wm, the ejection rate
for all four retrograde satellites is N =~
2 X 10 YF, sl If Y = 10 as appropriate
for impacts into loose sand (24), then the
mass loss rate from each satellite if reac-
cretion is negligible would result in com-
plete erosion of the moon in less than the
age of the solar system. Because the typical
ejection velocity (25) exceeds the escape
speed of the moons (11 m s7!) and all
ejecta produced by impacts are probably
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lost, a value of Y = 107 for a solid rocky or
icy surface is appropriate. This gives N
~ 2 X 1012 S_l‘

We integrated the trajectories of 2500
particles at each size from 0.4 to 1.0 pm in
0.1-pm increments launched from Ananke,
the innermost retrograde satellite, for 40
years or until the particles are more than
900 R, from Jupiter (26). We found that the
capture efficiency of particles into the orbits
detected by the DDS is less than 3 X 1074
resulting in a number density of dust in the
3- to 20-R; region of n, . =3 X 107
cm’, much less than the number densities
we obtained for the exogenic sources.

All the calculated and detected number
densities of orbiting large grains can only
be considered order-of-magnitude esti-
mates because of our incomplete knowl-
edge of the impacting flux, size distribu-
tion, and the orbital elements of the de-
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Fig. 3. The history of the orbital elements semimajor axis a (top), eccentricity e (middle), and inclination
i (bottom) of two interstellar grains that became captured in Jupiter's magnetosphere on a prograde (left)
and on a retrograde orbit (right). The orbits are stable, and the oscillation in the eccentricity is due to
forced precession of the orbit by electromagnetic forces and Jupiter’s oblateness and pumping of the
eccentricity by radiation pressure (28). Some grains are captured into smaller orbits with a ~ 3 R,
whereas others are on larger orbits. Grains captured into orbits witha >25 R ; were not considered in this
discussion. The eccentricity of the grain on the right is gradually pumped up by radiation pressure,
causing it to make a deep penetration into the jovian magnetosphere where it undergoes energy and
angular momentum exchange leading to a small a and a retrograde orbit.

tected dust particles. However, our simu-
lations indicate that interstellar and
interplanetary grains can be captured on
prograde and retrograde orbits, with an
approximate preference of four to one for
the latter case, and that these exogenic
sources are the dominant source of mi-
crometer-sized dust on retrograde orbits.
The captured dust population is dominat-
ed by low-e interplanetary grains over in-
terstellar grains by a factor of 30. We
conclude that the capture of interplane-
tary and interstellar dust results in a
tenuous ring around Jupiter composed of
particles ~0.5 to 1.5 pm in radius. The
average optical depth of this ring is T =<
107", and the number density isn ~ 1014
em™’ in the region from 3 to 20 R,. Parti-
cles in this ring of captured dust may have
already been detected by the Galileo DDS.
This ring is enhanced by stochastic events
such as the capture of comet Shoemaker-
Levy 9 into temporary orbit around Jupi-
ter. This comet enhanced the flux of
cometary dust at Jupiter, some of which
may have been captured into retrograde

orbits (27).
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Time Scales and Heterogeneous Structure in
Geodynamic Earth Models
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Carolina Lithgow-Bertelloni, John R. Baumgardner,
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Computer models of mantle convection constrained by the history of Cenozoic and
Mesozoic plate motions explain some deep-mantle structural heterogeneity imaged by
seismic tomography, especially those related to subduction. They also reveal a 150-
million-year time scale for generating thermal heterogeneity in the mantle, comparable
to the record of plate motion reconstructions, so that the problem of unknown initial
conditions can be overcome. The pattern of lowermost mantle structure at the core-
mantle boundary is controlled by subduction history, although seismic tomography
reveals intense large-scale hot (low-velocity) upwelling features not explicitly predicted

by the models.

Geodynamic Earth models were pioneered
by Hager and O’Connell (1), who calculat-
ed mantle flow by imposing present-day
plate motions as a surface boundary condi-
tion. With the advent of global seismic
tomography (2), these models were extend-
ed to predict the geoid and dynamic topog-
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raphy (3). However, these Earth models are
“static,” because they solve for instanta-
neous mantle flow in response to boundary
conditions, internal loads, or both.

Time-dependent Earth models are re-
quired to understand how the evolution of
mantle flow affects Earth processes that oc-
cur on geologic time scales. For example,
continental shelf and platform stratigraphy
are controlled by vertical motions of the
continental lithosphere in response to man-
tle convection (4). True polar wandering is
caused by changes in the inertia tensor as a
result of mantle convection (5), and the
alternation between periods of rapid and
slow magnetic field reversals is probably
related to mantle-controlled changes at the
core-mantle boundary (CMB).

The development of time-dependent
Earth models has been delayed for several
reasons: (i) Sufficient computer power to
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resolve the narrow thermal boundary layers
in global mantle convection models has not
been available; (ii) it is not obvious how the
internal mantle density structure can be re-
lated to plate motion observations at the
surface; and (iii) it is not known how time-
dependent Earth models can be initialized at
some starting point in the past, because the
mantle density structure is known only for
the present day (6).

Some of these difficulties have been over-
come. (i) Advances in computer power al-
low three-dimensional (3D) spherical con-
vection to be simulated at a resolution on
the order of 50 to 100 km (7, 8). At the same
time, large-scale mantle velocity heterogene-
ity structure has been mapped in greater
detail (9, 10), and seismic tomography has
imaged subducted slabs (11-13). (ii) The
connection of internal mantle density struc-
ture to the history of subduction (14, 15) has
allowed estimation of the internal buoyancy
forces that drive plates (16). These develop-
ments allow convection models to be com-
bined with plate motion reconstructions and
such models to be tested with seismic data.

Figure 1B shows an Earth model ob-
tained with the TERRA convection code
(17, 18). More than 10 million finite ele-
ments provide an element resolution of
about 50 km throughout the mantle, which
allowed us to model convection at a Ray-
leigh number of 10% (19). The history of
plate motion is imposed as a time-depen-
dent velocity boundary condition (20)
starting in the mid-Mesozoic at 119 to 100
million years ago (Ma). We chose this start-
ing time because well-constrained recon-
structions exist only as far back in time as
the 119 to 100 Ma period.

In computing the Earth model (Table 1)
we assumed that (i) the mantle is of uniform
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