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Galileo plasma wave observations near Europa

D. A. Gurnett,®! W. S. Kurth,! A. Roux,? S. J. Bolton,?

E. A. Thomsen,! and J. B. Groene, !

Abstract. In this paper we present results from the
Galileo plasma wave instrument during the first two fly-
bys of Europa, which occurred on December 19, 1996,
and February 20, 1997. Strong whistler-mode noise was
observed in the vicinity of Europa during both flybys.
Emission at the upper hybrid resonance frequency, fyg,
and a propagation cutoff at the local electron plasma
frequency, fp, provided measurements of the local elec-
tron number density. The electron density measure-
ments show a region of highly disturbed plasma in the
vicinity of Europa with density enhancements ranging
from about 30 to 100 cm™3 above the ambient Jovian
magnetospheric background, which in both cases was
about 80 cm™3.

1. Introduction

The Galileo spacecraft, which was placed in orbit
around Jupiter on December 8, 1995, is carrying out
a series of close flybys of the four Galilean satellites
[Johnson et al., 1992]. Since the Galilean satellites
are immersed in the rapidly rotating magnetosphere of
Jupiter, the interaction of these satellites with the Jo-
vian magnetospheric plasma has been of considerable
interest. In this paper we discuss plasma wave observa-
tions obtained during the first two close flybys of Eu-
ropa, which occurred on December 19, 1996, and Febru-
ary 20, 1997. The spacecraft trajectories during these
flybys are shown in Figure 1. A Europa-centered coor-
dinate system is used with the +z axis aligned parallel
to Jupiter’s rotational axis and the +x axis aligned par-
allel to the nominal co-rotational plasma flow induced
by Jupiter’s rotation. The +y axis completes the right-
hand coordinate system. The flyby on December 19,
1996, is labeled E4, which is the designation for the
Europa flyby that occurred on orbit 4. The flyby on
February 20, 1997, occurred on orbit 6 and is labeled
E6. As can be seen, the two flyby geometries are quite
different. The E4 flyby passed through the wake imme-
diately downstream of Europa, and the E6 flyby passed
through the region immediately upstream of Europa.
The E4 closest approach to Europa occurred at 06:52:58
Universal Time (UT) at a radial distance of 1.44 Rg, (the
radius of Europa is taken to be 1 Rg = 1565 km), and
the E6 closest approach occurred at 17:06:10 UT at a
radial distance of 1.37 Rg.
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2. Observations

Spectrograms of the electric and magnetic fields ob-
tained from the Galileo plasma wave instrument during
the E4 and E6 flybys are shown in Figures 2 and 3.
For a description of the Galileo plasma wave instru-
ment, see Gurnett et al., [1992]. The top panel shows
the electric field intensities and the bottom panel shows
the magnetic field intensities. The intensities are color
coded with red being the most intense and blue being
the least intense. An intensity scale in dB is shown at
the top of each plot. As can be seen, major responses
are evident in both the electric and magnetic field spec-
trograms around the times of closest approach.

Although the electric and magnetic field responses
have some close similarities, they do differ considerably
in certain details, particularly with respect to the spec-
trum. Since the magnetic field spectrum is the simplest,
we start with a discussion of the magnetic field. On
both flybys the Europa-related magnetic field response
extends over a very broad frequency range, from about
ten Hz to as much as ten kHz. The peak magnetic
field intensity on the E4 flyby occurred at about 06:50
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Figure 1. The Galileo trajectories during the E4 and
E6 flybys of Europa. The E4 flyby passed through the
wake region downstream of Europa with a closest ap-
proach altitude of 692 km. The E6 flyby passed through
the region upstream of Europa with a closest approach
altitude of 586 km.
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Figure 2. Spectrograms showing the electric and mag-
netic field intensities detected by the Galileo plasma
wave instrument during the E4 flyby. The strong
magnetic field response near closest approach (bottom
panel) is believed to be due to whistler-mode emissions.
The narrowband emissions labeled fyg (top panel) are
upper hybrid waves, and the low-frequency cutoff la-
beled f,¢ is the propagation cutoff of free-space electro-
magnetic waves at the local electron plasma frequency.

UT, shortly before closest approach. The broadband
root-mean-square (rms) magnetic field strength at this
point, integrated over a frequency range from 10 Hz
to 10 kHz, was B;ns = 0.36 nT. Since the onset and
termination of the magnetic field noise is gradual, the
boundaries of the region of enhanced magnetic noise is
difficult to accurately determine, but is roughly 06:45
to 07:00 UT. These times span a region slightly more
than twice the diameter of Europa, and correspond very
well with the region where the Galileo magnetometer
detected large magnetic field perturbations [Kivelson et
al., 1997]. The magnetic field detected by the magne-
tometer near Europa was about B = 450 nT, which cor-
responds to an electron cyclotron frequency (fce = 28 B
Hz) of about 12.6 kHz, and a proton cyclotron frequency
of about 7 Hz. Thus, the magnetic field noise is be-
tween the proton cyclotron frequency and the electron
cyclotron frequency. The only electromagnetic plasma
wave mode that can propagate in this frequency range
is the whistler mode [Stiz, 1962].

On the E6 flyby the peak magnetic field intensity oc-
curred at about 17:03 UT, again slightly before closest
approach. The broadband rms magnetic field strength,
integrated from 10 Hz to 10 kHz, was B;s = 0.75
nT, significantly stronger than for the E4 flyby. A dis-
cernable magnetic response can be seen extending from
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about 16:55 to 17:15 UT, again corresponding to a re-
gion slightly more than twice the diameter of Europa.
Although no data were available from the magnetome-
ter during the E6 flyby [personal communication, M.
Kivelson, 1997, since the radjal distance from Jupiter
is almost the same, one would expect the electron cy-
clotron frequency near Europa to be comparable to the
E4 flyby (i.e., fce ~ 12 kHz), which again indicates that
the noise is propagating in the whistler mode.

Simple inspection of the electric field spectrograms in
Figures 2 and 3 shows that the electric field response
consists of three components: (1) a broadband low-
frequency component that extends from a few Hz to
about ten kHz, (2) a broadband high-frequency compo-
nent that extends from a few Hz to about one hundred
kHz, and (3) a narrowband emission at about 100 kHz.
On the E6 flyby the low-frequency electric field com-
ponent appears to be closely correlated with the low-
frequency magnetic field noise, which is consistent with
the interpretation that this noise is caused by electro-
magnetic whistler-mode waves. The peak electric field
intensity occurred at 17:08 UT, shortly after closest
approach. The broadband rms electric field strength
at this point, integrated from 10 Hz to 10 kHz was
Ems = 5.1 mV/m. On the E4 flyby, the correlation
between the low-frequency electric and magnetic field
components is not as good as on the E6 flyby. The
low-frequency electric field noise, which extends from
about 06:50 to 07:20 UT, extends over a broader region
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Figure 3. Spectrograms showing the electric and mag-
netic field intensities detected during the E6 flyby. The
strong low-frequency electric and magnetic field noise
near closest approach is believed to be due to whistler-
mode waves similar to those observed during the E4
flyby (see Figure 2). Upper hybrid resonance emissions
at fyg can be seen nearly continuously through the en-
tire fiyby.
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and occurs later than the low-frequency magnetic field
noise, which extends from about 06:45 to 07:00 UT.
The poor correlation is most likely due to the presence
of a electrostatic noise that partially obscures the elec-
tric field of the whistler-mode waves, which were not
as intense as on the E6 flyby. After closest approach,
at about the time the spacecraft is passing through the
wake, a strong broadband high-frequency component
can be seen extending up to nearly 100 kHz from about
06:57 to 07:02 U'T. This noise is almost certainly electro-
static, since it extends well above the electron cyclotron
frequency, and no comparable response can be seen in
the magnetic field data. The narrowband emission at
about 100 kHz is a common feature of planetary magne-
tospheres [Walsh et al., 1964; Mosier et al., 1973; War-
wick et al., 1979; Kurth et al., 1980], and is caused by
electrostatic waves at the upper hybrid resonance fre-
quency, fyg. The upper hybrid resonance frequency is
given by fun = (2.4 £2,)'/2, where f,. = 8,980v/N; Hz
is the electron plasma frequency (N, = electron number
density in cm™3), and f.. is the electron cycloiron fre-
quency. The upper hybrid emission is particularly clear
during the E6 flyby (Figure 3), and has several distinct
enhancements near closest approach, from about 17:02
to 17:12 UT. During the E4 flyby (Figure 2), the upper
hybrid emission line is more difficult to identify and,
with the exception of a brief strong intensification at
about 80 kHz from 06:57 to 06:59 UT, can be clearly
identified only in the downstream region, after about
07:01 UT. The brief, strong intensification from about
06:57 to 06:59 UT has a peak electric field intensity of
about 4 mV/m. In the region before 06:57 UT, from
about 06:30 to 06:55 UT, a sharp, low-frequency cutoff
can be seen at 80 to 90 kHz. This cutoff is believed to be
due to the propagation cutoff of free-space electromag-
netic radiation at the local electron plasma frequency
(see Stiz [1962]), and is labeled fpe.

3. Electron Density

Two methods can be used to compute the electron
number density from these plasma wave observations.
When the radio emission cutoff can be identified, as
from 06:30 to 06:55 UT in Figure 2, the electron density
can be computed directly from the plasma frequency
using N = £2,/(8980)? cm™3, where fy. is the cutoff
frequency in Hz. In principle, this cutoff only provides
an upper limit to the electron density. However, since
the cutoff is very sharp we believe a good case can be
made that the cutoff is controlled by the local electron
density. When the upper hybrid emission can be iden-
tified, as it can after about 06:57 UT in Figure 2, and
in most regions of Figure 3, the electron density can be
computed using Ne = (&3~ £,)/(8980)%> cm ™2, where
fun is the upper hybrid emission frequency and fc. is the
electron cyclotron frequency, both in Hz. This equation
follows directly from the definition of the upper hybrid
frequency, iy = 2.+ f%,. For the E4 flyby, we used
magnetic field measurements from the Galileo magne-
tometer to compute f... Since no magnetic field data
were available during the E6 flyby, we used the nomi-
nal value of B =450 nT, which still gives good accuracy
since f2, € 5.

The electron density profiles obtained using the above
procedures are shown in Figure 4. The top panel is for
the E4 flyby and the bottom panel is for the E6 flyby.
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Figure 4. The electron number density, Ne, computed
from the upper hybrid resonance frequency, fyg, and
the propagation cutoff at the electron plasma frequency,
fpe. The dashed line gives our best estimate of the am-
bient background density of the Jovian magnetospheric
plasma.

As can be seen, large disturbances are present in the
electron density in the immediate vicinity of Europa.
Because of the high Jovian magnetospheric plasma den-
sity that exists at the orbit of Europa, approximately
80 electrons cm™3, the density enhancements associ-
ated with Europa are difficult to identify. To help iden-
tify Europa’s contribution to the total electron density,
straight dashed lines have been drawn in Figure 4 that
are asymptotic to the magnetospheric electron density
before and after the Europa flybys (i.e., in the region
R 2 3 Rg). Using these dashed lines as guides, the
electron density enhancements associated with Europa
are estimated to be about AN, = 50 to 100 electrons
cm ™2 during the E4 flyby, and AN, = 30 to 50 electrons
cm ™3 during the E6 flyby.

4. Discussion

We have shown that an enhanced level of plasma wave
emissions occurs in the vicinity of Europa. The primary
emission consists of electromagnetic noise from a few
tens of Hz to about ten kHz, narrowband upper hybrid
emissions at about 100 kHz, and broadband electro-
static noise. The frequency range of the low-frequency
electromagnetic noise, between the proton cyclotron fre-
quency and the electron cyclotron frequency, strongly
suggests that this noise consists of whistler mode emis-
sions. Comparisons of the magnetic-to-electric field ra-
tio with the refractive index of the whistler mode sup-
port this interpretation. For example, at 17:04 UT dur-
ing the E6 flyby, the magnetic and electric field s?ectral
densities at 300 Hz were B2/Af = 3 x 10~* nT? Hz !
and E?/Af=5%10"° V2 m~2 Hz~!, which gives a cB/E
ratio of 73. Using representative parameters, fp, = 10°
Hz and f., = 1.2 x 10* Hz, the refractive index of the
whistler mode, n = f;¢/ }f f.e)'/?, is 52, which is very
close to the expected cB/E ratio.
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Whistler-mode emissions of the type described above
are usually driven by energetic electrons with a loss-
cone anisotropy [Kennel and Petschek, 1966]. Since
Europa is unlikely to be the source of such electrons,
the emissions are most likely driven by the energetic
Jovian electron population. Such electrons have long
been known to be a source of whistler-mode radiation
in the inner magnetosphere of Jupiter [Van Allen et al.,
1975; Scarf and Sanders, 1976; Thorne and Tsurutani,
1979; Gurnett et al., 1996a, Bolton et al., 1997]. Just
why the whistler-mode noise should be enhanced in the
immediate vicinity of Europa, and more intense on the
E6 flyby than on the E4 flyby, are open questions. If the
Jovian magnetic field lines intersect the surface of Eu-
ropa, the resulting loss cone in the Jovian electron dis-
tribution would promote the growth of whistler-mode
waves, similar to the generation of whistler-mode noise
near Ganymede [Gurnett et al., 1996b)]. It is also possi-
ble that the enhanced electron density in the vicinity of
Europa, or a depressed magnetic field strength (as was
observed by the magnetometer on E4), could decrease
the cyclotron resonance energy, which would also have
the effect of increasing the whistler-mode growth rate
(see Kennel and Petschek [1966]).

It is clear that other types of waves, such as the upper
hybrid emissions and the broadband elecirostatic noise,
are driven unstable by nonthermal plasma distributions
in the vicinity of Europa. The broad band of electric
field noise from about 06:57 to 07:02 UT in Figure 2 is
worthy of additional comment. Since this noise extends
well above the electron cyclotron frequency, it cannot
be due to whistler-mode waves. The strong narrowband
emission at about 80 kHz near the beginning of this in-
terval, which was earlier interpreted as an upper hybrid
emission, suggests that this noise may consist of elec-
trostatic electron cyclotron harmonic (ECH) waves, of
the type first studied by Kennel et al. [1970], Ashour-
Abdalla et al. [1975], and others. ECH waves are driven
by loss-cone type electron distributions and tend to be
strongly enhanced near the upper hybrid resonance fre-
quency [Ronnmark et al., 1978].

Electron number densities obtained from upper hy-
brid resonance emissions and from the propagation cut-
off of Jovian radio emissions clearly show that a region
of disturbed plasma exists around Europa. The dis-
turbed plasma extends over a region that has a diameter
of about two times the diameter of Europa. Near closest
approach the electron densities are enhanced above the
ambient Jovian magnetospheric background by about
30 to 100 electrons cm~3. Although our local electron
density measurements are not as high as those reported
by Kliore et al. [1997] from radio occultation measure-
ments, their evidence of densities as high as 10* elec-
trons cm ™3 near the surface strongly suggests that Eu-
ropa is a significant source of plasma.
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