FeS cores are only possible for the + 1o value
of C,,.

Although a large suite of three-layer Eu-
ropa models is possible depending on the ac-
tual value of C,,, the core density, and the
densities of the water ice-liquid shell and rock
mantle, the gross features of these models are
all similar. In these models, Europa has a
metallic core about 0.4 Ry in radius and a
water ice-liquid shell about 150 km thick.
Although Io is somewhat larger than Europa,
a possible model of Europa is an lo-like inte-
rior surrounded by a shell of water ice-liquid.
Europa could have a subsurface liquid water
ocean; our determination of the low degree
and order gravitational coefficients cannot
distinguish if the water in the outer shell is
solid or liquid. Instead of a metallic core,
Europa could have a dense deep interior that
is a mixture of metal and rock, but the pres-
ence of a europan magnetic field, as implied
by the magnetometer data (13), would argue
in favor of a metallic core in Europa as a
necessary site for magnetic field generation.
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Europa’s Magnetic Signature: Report From
Galileo’s Pass on 19 December 1996

M. G. Kivelson,* K. K. Khurana, S. Joy, C. T. Russell,
D. J. Southwood, R. J. Walker, C. Polanskey

On 19 December 1996 as Galileo passed close to Jupiter’s moon, Europa, the mag-
netometer measured substantial departures from the slowly varying background field of
Jupiter’s magnetosphere. Currents coupling Europa to Jupiter’s magnetospheric plasma
could produce perturbations of the observed size. However, the trend of the field
perturbations is here modeled as the signature of a Europa-centered dipole moment
whose maximum surface magnitude is ~240 nanotesla, giving a rough upper limit to the
internal field. The dipole orientation is oblique to Europa’s spin axis. This orientation may
not be probable for a field generated by a core dynamo, but higher order multipoles may
be important as they are at Uranus and Neptune. Although the data can be modeled as
contributions of an internal field of Europa, they do not confirm its existence. The dipole
orientation is also oblique to the imposed field of Jupiter and thus not directly produced
as a response to that field. Close to Europa, plasma currents appear to produce per-
turbations with scale sizes that are small compared with a Europa radius.

On 19 December 1996, the Galileo space-
craft completed the first stage of its reconnais-
sance of the Galilean satellites of Jupiter as it
passed by Europa, the only large moon not
previously encountered. Closest approach was
at 06:52:58 universal time (UT) at the space-
craft at an altitude of 688 km. The radial
distance from Jupiter to Europa’s orbit is 9.38
R; (radius of Jupiter = 71,492 km) and near
Europa, Jupiter’s magnetic field was ~450 nT.
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Data were acquired at 24 s per vector over
large parts of the orbit, and for 51 min near
the closest approach, the magnetometer (1)
data were recorded on the tape recorder at a
sampling rate of 0.33 s.

Consistent with Galileo’s motion out-
bound from Jupiter, the measured magnetic
field magnitude (B) decreased from ~460 nT
to ~325 nT during the 5 hours that included
Galileo’s closest approach to Europa (Fig. 1).
Because Jupiter’s dipole moment is tilted by
10° from its spin axis, the dipole equator
moves back and forth across Galileo with the
10-hour periodicity of Jupiter’s rotation. Ga-
lileo was below Jupiter’s magnetic equator (B,
< 0) at 05:00 UT (Fig. 1), crossed the mag-
netic equator at ~05:30 UT, and reached
maximum displacement above the equator
shortly before 08:00 UT. Fluctuations of B >
5nT are commonly absent in the regions well
above the magnetic equator where the Europa
encounter occurred. At the time of closest
approach, Galileo was approaching the north-
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ern boundary of the plasma sheet, and the
background magnetic field of Jupiter (B_) was
oriented predominantly southward and radi-
ally outward from Jupiter, with a small com-
ponent along the sense of Europa’s orbital
motion.

In the 0.33-s time resolution data acquired
near closest approach, the signature of the
Europa interaction is evident as substantial
field rotations that appeared rather abruptly
in By, but grew more slowly in B.. A magni-
tude depression of ~50 nT occurred near
closest approach; additional depressions of
~30 nT lasting for ~16 s near 07:01:45 UT
and for ~6 s at 07:06:15 UT were recorded as
Galileo crossed in front of Europa in the sense
of its orbital motion.

Analysis of a measured magnetic perturba-
tion that is neither large compared with the
background field nor well ordered presents a
challenge. Various processes produce currents
that perturb the magnetic field. For example,
because the speed of corotation is much larger
than the speed of Europa’s orbital motion,
magnetospheric plasma which approximately
corotates with Jupiter sweeps by Europa, ap-
proaching from the trailing hemisphere. Inter-
action with Europa or its ionosphere drives
currents that slow the flowing plasma and
divert it so that it will flow around the obsta-
cle where it may be accelerated before it
converges downstream of the moon on the
leading hemisphere in what is referred to as
the wake. Plasma currents are also generated
where neutral atoms or molecules from Eu-
ropa are ionized by electron impact or other
processes. The currents arising from the inter-
action between Europa and the flowing plas-
ma must produce some and could produce all
of the magnetic perturbations observed. The
largest perturbations are transverse to the
background field B_. Such perturbations can
be carried by Alfvén waves for which the field
change 8B, , is related to the velocity change
du by 8B, = =#=Bjju/V, where v, =
B,/ (. p)* is the Alfvén speed in terms of p,
the mass density, and p, the permeability of
vacuum. If the flow is stopped, du = u where
u is the incident flow velocity, giving a max-
imum field perturbation of 8B, = £B_ufv, =
=M, B,, where M, is the Alfvén Mach num-
ber. Near Europa, M, is ~1/5 to 1/3 and
magnetic perturbations amplitudes could be-
come as large as those observed (~100 nT)
whether or not there is an internal field. Any
pickup of newly ionized neutral atoms would
enhance the perturbation. However, because
Ganymede (2) and possibly Io (3) have inter-
nal fields, there is interest in investigating
what limits could be put on an internal field
of Europa. Here we investigate whether the
magnetic perturbations could be produced by
an internal field of Europa or as a paramag-
netic response to the imposed field of Jupiter
by fitting a Europa-centered magnetic dipole
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to the perturbations of the background field.
The orientation of a centered dipole moment
is an important element in the interpretation
of the perturbation. A paramagnetic response
would be oriented along B, and the symmetry
of plasma responses would be governed by B,
and the flow direction.

The small changes of field magnitude and
orientation near Europa are small (Fig. 2, A
and B), so it is useful to examine the departure
of the measured field from the trend of the
background field. We represent the back-
ground field using a small offset to a model of
the magnetospheric field of Jupiter (4). The
perturbation field obtained as the difference
between the measured field and the back-
ground field (Fig. 2, C and D) is largest near
closest approach, which occurred on the side
facing Jupiter; another significant magnetic
perturbation was localized at the center of the

wake (07:01:44 UT) (Fig. 2, C and D).

In fitting the data to a centered dipole, we
assumed that plasma perturbations contribute
significantly to the signature only in localized
regions such as the center of the wake and
that Europa is the dominant source of the
magnetic field variations on the scale of its
radius. The perturbation field is fit by a cen-
tered dipole pointing at an angle of 135° from
the spin axis in the meridian 20° west of the
Jupiter-facing meridian plane. This fit assumes
that vacuum superposition of the background
field and the dipole field is justified as a first
approximation. At the surface, the magnitude
of this dipole field ranges from 240 nT near
the magnetic poles to 120 nT near the equa-
tor. Although the model (Fig. 2, E and F) does
not fit all of the observed signal, it does reflect
many features of the measured perturbations
such as the field rotation in the vicinity of
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Lat -0.29° -0.25° -0.20° -0.16° -0.12° -0.08°
Lon 260.69° 230.20° 199.55° 168.67° 137.53° 106.15°

Fig. 1. The three components of the magnetic field B,, By, B,, and its magnitude B in right-handed System lll
(1995) coordinates (/7) from 05:00 UT to 10:00 UT on 19 December 1996. Trajectory information (radial
distance, R, in R, latitude, longitude) is given beneath the panels. Data are 48-s averages on 24-s centers
except for 06:33-07:24 UT near the closest approach, where 2-s averages of the high-resolution data are
plotted on 1-s centers. Closest approach to Europa occurred at a radial distance = 1.43 R, (Europa radi),
1.65° south of Europa'’s spin equator and 47.6° west of the Jupiter-facing meridian plane. Closest approach
(CA) and the center of the wake (WC) relative to the flow of corotating plasma are marked.

Table 1. Estimated maximum surface field magnitudes (near the magnetic poles) compared with the
local background field and angles between fitted dipole moments M = M/ M and the spin axis direction
(unit vector Q) and the background magnetic field direction (b = B,/B,) for the Galilean moons of
Jupiter. Data for lo, Ganymede, and Callisto were taken from (3), (2), and (70), respectively.

Moon Bg.+/B, cos'(M - Q) cos (M - b)
lo ~2600/1800 ~180° 5°
Europa 240/420 135° 65°
Ganymede 1500/120 170° 34°
Callisto <80/35 ~80° 37°
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closest approach and the location of the max-
imum perturbation. If an internal field is the
dominant source of the perturbation, the poor
quality of the fit requires higher order multi-
poles in addition to the dipole moment. If
higher order multipoles are important, then
the range of surface field strengths will in-
crease. The relative amplitudes of the differ-
ent multipole moments give clues to the prob-
able source of an internal field. Large quadru-
pole moments as observed at Neptune (5) and
Uranus (6) are thought to indicate that the
field is generated in a shell at intermediate
depth in the planetary interior, not in the
core. The possibility of a source outside of the
core would be of special interest for Europa
which may have a liquid ocean in a shell
beneath the surface (7) where convection
could in principle drive a dynamo. However,
the likelihood of dynamo action in such a
shell is quantitatively improbable because it
requires unreasonably large convective flow
speeds (8).

We now consider what can be inferred
about the source of the magnetic perturbation
from the magnitude of the surface field and
the inclination of the dipole moment to the

directions of the spin axis € and of the am-
bient magnetic field. The spin axis direction is
also the direction of Jupiter’s field at Europa’s
orbit averaged over a full rotation of Jupiter.
Approximate alignment with € is likely for
a dynamo-generated internal magnetic field if
Coriolis forces are a dominant part of force
balance, although other styles of dynamo ac-
tion are possible. A dipole moment generated
as a paramagnetic response to an imposed
field, B, is likely to be aligned with =B
although, because of Europa’s finite conduc-
tivity, there may be a phase lag between the
applied external field and the induced inter-
nal field which could account for different
alignments. In a paramagnetic response the
surface magnitude cannot exceed 3B, (9),
providing a strict upper limit. Because this
upper limit occurs for infinite paramagnetic
susceptibility and planetary materials general-
ly have low susceptibility, this upper limit is
improbable.

With these considerations in mind, we can
compare the magnetic properties inferred
from Galileo measurements for the Galilean
moons other than Callisto (10), whose esti-
mated surface field is weak enough that local-

Fig. 2. Measured mag- 3 3
netic field and measured A B
and modeled magnetic 2 2
field perturbations at Gali-

leo during the closest ap- 1
proach to Europa. Trajec-
tory of Galileo past Europa

1
on 19 December 1996 in- 1 1

dicated by line with small

circles. The interval be- -2 I
tween circles is 5 min. The 400 nT 400 nT
trajectory is plotted in a -3 -3
Europa-centered coordi- 8 8
nate system in which x is 2 D >
along the direction of co-

rotational flow, z is parallel 1

to Jupiter’'s spin axis (ap- .

proximately parallel to Eu- 0 N
ropa’s), and y, radially in ’

toward Jupiter, is orthog- )

onal to the other two di- 2 BaCEZ[S““d Background 2
rections. Projections of 100 nT field 100 nT
averages of the magnetic -3 -3

field are plotted along the 3
trajectory projected (A, C,
and E) into the x-y plane

measured field. A fit to
the trend of the back- -1
ground field data was

3
E F
2 2
and (B, D, and F) into the 1 1
y-z plane. (A) and (B) are / \
50-s averages of the 0 Q \-/ - N

2 -2
subtracted from the Qb- 100 ™T 100 nT
served field to provide 3 3
perturbations which are 3 -2 1 0 1 2 83 -2 4 0 1 2 3
plotted as 30-s averages X y

in (C) and (D). Projections

of the dipole fit are plotted as 30-s averages along the trajectory in (E) and (F). The background field of
Jupiter’'s magnetosphere was southward-oriented, and its projections are indicated in (C) and (D). Closest

approach to Europa is ~06:53 UT.
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ized internal sources like magnetic anomalies
in the crust or purely external sources are
more probable than a source that is driven
within its interior. lo’s putative internal mag-
netic moment and Ganymede’s well-estab-
lished magnetic moment are rather closely
aligned antiparallel to the spin axis, £, con-
sistent with expectations for a core dynamo
(Table 1). The alignment is also parallel to
the ambient magnetic field, consistent with
symmetries expected for the response to an
imposed field and for the perturbations arising
from plasma currents. The surface field does
not exceed the upper limit for a paramagnetic
response, which is one reason why the inter-
pretation of 10’s signature (3) remains some-
what ambiguous. For Ganymede (2), the di-
pole moment makes an angle of 34° with the
ambient field, inconsistent with the response
to an imposed field and the surface field ex-
ceeds the upper limit for a paramagnetic re-
sponse (9). Europa is different because the
estimated dipole moment is not approximate-
ly aligned with the spin axis, but its orienta-
tion is not readily interpreted in terms of
currents coupling the moon with the magne-
tospheric plasma. Possible reasons for these
alignments include effects of higher order
multipoles, temporal phase lags in the re-
sponse to time-varying externally imposed
fields, comparable contributions from internal
sources and external plasma sources, or dom-
inant contributions from several different cur-
rent systems in the plasma.
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