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Abstract. Ganymede’s mini-magnetosphere, embedded in
Jupiter’s larger one, sustains ULF (ultra-low frequency)
waves that are analyzed here using data from two Galileo fly-
bys that penetrate deeply into the upstream closed field line
region. The magnetometer data are used to identify field line
resonances, magnetopause waves and ion cyclotron waves.
The plasma densities that are inferred from the interpreta-
tion of these waves are compared with the observations made
by other plasma and wave experiments on Galileo and with
numerical and theoretical models of Ganymede’s magneto-
sphere.

Keywords. Magnetospheric physics (Planetary magneto-
spheres; Plasma waves and instabilities) – Space plasma
physics (Waves and instabilities)

1 Introduction

Ganymede is the third Galilean moon of Jupiter and has a
radius of 2631.2 km, which makes it the largest moon in
the solar system. Ganymede is in a 7.115-day orbit around
Jupiter, and in a 1: 2 : 4 resonance with Europa and Io. The
first Galileo flybys of this moon surprisingly showed that it
possesses an internal magnetic field strong enough to create
its own mini-magnetosphere inside that of Jupiter (Kivelson
et al., 1996, 1998). Further investigation of all Galileo flybys
has shown that not only is there an internal magnetic field,
but there is a time-varying residual field after removal of the
contribution of the intrinsic dipole field. The time-varying
contribution can be attributed to an induced magnetic field
(Kivelson et al., 2002) in a possible conducting ocean un-
derneath the icy surface. Energetic particle data confirmed

the form of the field around Ganymede by demonstrating a
change in the ion and electron distributions after the cross-
ing of the magnetopause. Loss cone distributions appeared
(Williams et al., 1997b), indicating regions of half-open and
closed field lines.

The presence of Ganymede’s mini-magnetosphere and its
closed magnetic field lines has been confirmed by close fly-
bys of the moon. The MAG data (Kivelson et al., 1992) have
shown that Ganymede’s internal field near the equator is op-
positely directed to the Jovian field (see e.g.Volwerk et al.,
1999), and particle measurements have shown characteristic
signatures of magnetospheres in low-energy electrons (Frank
et al., 1997) and also at high energy where trapped electrons,
radiation belts and electron beams (Williams et al., 1997a,
1998; Williams, 2001, 2004) are identified. Similarly, plasma
wave observations have shown typical magnetospheric emis-
sions (Gurnett et al., 1996). Other aspects of Ganymede’s
magnetosphere include auroral emissions (Barth et al., 1997;
Hall et al., 1998; Eviatar et al., 2001a) and the presence of
polar caps (Khurana et al., 2007), high-latitude regions from
which field lines emerge but do not return to Ganymede’s
surface.

Studies of the Galileo data with respect to the interaction
of Ganymede and the Jovian magnetosphere and the physics
of Ganymede’s magnetosphere and of the Jovian magne-
tosphere in general are important for planning JUICE, the
upcoming ESA mission to Jupiter and Ganymede (see e.g.
Blanc et al., 2009; Dougherty and The JUICE Science Study
Team, 2011). The information that can be obtained from the
earlier Galileo mission to the Jovian system can help in opti-
mizing the specifications of the various instruments that will
fly on this satellite.
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Fig. 1. Left: Galileo magnetic field data for the G8 flyby in GphiO coordinates. The GphiO coordinate system is defined as centred on
Ganymede, the z-axis aligned with the rotational axis, the x-axis in the direction corotation, and the y-axis completes the triad and is mainly
directed towards Jupiter. The grey filled regions are the magnetopause crossings (MP) and the intervals during which field line resonances
(FLRs) and ion cyclotron (IC) waves are observed. The vertical dashed line indicates the time of closest approach. Right: the same for the
G28 flyby.

In this paper we will discuss two upstream Galileo fly-
bys of Ganymede (G8 and G28), during which the space-
craft passed close to the moon and entered into regions of
closed magnetic field lines. These two flybys encountered
Ganymede during two extreme locations of the moon in the
Jovian current sheet. The G8 flyby has the moon near the
centre of the current sheet, whereas the G28 flyby has the
moon near the outer edge of the current sheet. This means
that the external plasma flow around the Ganymede is dras-
tically different. We show some of the parameters of these
flybys in Table1.

The small values ofBr, the background Jovian radial mag-
netic field and the centrifugal latitude for G8 show that the
moon is near the centre of the current sheet (centrifugal equa-
tor) with an estimated maximum ion density ofni ≈ 8 cm−3

(e.g. Kivelson et al., 2004). On the other hand G28 shows
largeBr and centrifugal latitude indicating a significant dis-
tance from the centre of the current sheet, with an estimated
ion densityni ≈ 1 cm−3.

The difference in the ambient magnetoplasma might well
cause the interaction with Ganymede’s magnetosphere to be
quite different for these two flybys. We will investigate the
ULF (ultra-low frequency) wave activity in the neighbour-
hood of Ganymede along these two flybys first based on
analysis of the magnetic field data and then investigate the
data from other experiments (PLS (Plasma Instrumentation),
PWS (Plasma Wave Spectrometer), EPD (Energetic Particle
Detector)).

2 G28 FLRs near closest approach

On 20 May 2000, during the G28 flyby Galileo once more en-
tered deeply into the upstream magnetosphere of Ganymede.
Closest approach was at 10:10:10 UT at an altitude of
808.7 km, which can be mapped to an L-shell ofL ≈ 1.5.
The magnetic field data, at a resolution of 3 vectors per sec-
ond, for this flyby are shown in Fig.1 (right panel). The rota-
tion period of the spinning platform of the spacecraft was ap-
proximately 20 s. For 3 min around closest approach, Galileo
remained at approximately the same L-shell, similar to the
situation during the G8 flyby (seeVolwerk et al., 1999). We
use this interval to look for the signatures of field line reso-
nances.

The magnetic field data are transformed into a mean field
aligned (MFA) coordinate system, where the mean is deter-
mined by a low-pass filter (for periods greater than 5 min).
The Bc component is along the mean field, theBφ compo-
nent obtained from the cross product ofBc and the radial
vector to the spacecraft, describing the toroidal direction, and
the Bρ component closes the triad and is mainly in the ra-
dial direction. Spectral analysis is performed on the data (cf.
McPherron et al., 1972). The data are pre-whitened (i.e. we
take first differences of the time series data, which effectivity
multiply the spectrum by the factorf 2 forcing the power to
zero at zero frequency; see alsoVolwerk et al., 1999), and the
spectral estimates are averaged over seven harmonics. The
spectral matrix is then diagonalized for the real part (see e.g.
Arthur et al., 1976). The result of the spectral density in the
eigenvector system is shown in Fig.2.

There are several spectral peaks in the red (i.e. maximum
eigenvalue) component. These values are listed in Table2. In
Fig. 3 (bottom right) the detrended power spectrum (of non-
pre-whitened data) is shown with the 95 % confidence level
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Table 1.Various parameters for the Ganymede flybys G8 and G28. The ambient plasma environment is characterized by an ion density range
ni = 1− 8 cm−3 (Kivelson et al., 2004). Listed are the time of closest approach (CA), the local time (LT) of the encounter, the System III
latitude (Dessler, 1983), theBr component of the Jovian field and the dipole (centrifugal) latitude (Dip.(Cent.) Lat.), the altitude and latitude
of the flyby centred on Ganymede.

CA LT SIII Lat. B r Dip.(Cent.) Lat. alt. SC GLat
UT hrs. deg. nT deg. km deg.

G8 7 1997 May, 15:56:10 8.0 0.07 12 1 (1) 1603.2 28.27
G28 20 2000 May, 10:10:10 0.7 −0.10 −71 −8 (−5) 808.7 −18.96
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Fig. 2. The spectral density for the G28 flyby during the interval
of field line resonances in the eigenvector system obtained from
the real part of the cross-spectral matrix (Arthur et al., 1976), with
maximum eigenvalue in red, intermediate in green and minimum in
blue.

as a dashed line (see e.g.Bendat and Piersol, 1966). This
shows that the first harmonic is well below the 95 % confi-
dence level, as is the fourth harmonic. The second, third and
fifth harmonics exceed the confidence level. In the top right
panel, we show one of the transverse magnetic field compo-
nents (Bρ) and the band-pass filtered data for the first (red)
and second (green) harmonics.

The observed peaks in the spectrum are compared to the
peaks in the dipole model byCummings et al.(1969) using
the following scaling equation:

fmodel= fcumm
BGan

BEarth

(
Lcumm

Lobs

)4 √
ncumm

√
nobs

REarth

RGan
, (1)

where a mass density of 3 AMU cm−3 for G8 was used,
and for G28 a mass density of 90 AMU cm−3 at L = 1.5
is assumed. The appropriate equatorial mass density can be
found through fitting the observed harmonic spectrum with
the model spectrum using Eq. (1). Ganymede’s equatorial
surface field strength is taken as 750 nT. It is clear from Ta-
ble 2 that the measured frequencies during the G28 flyby,

Table 2.The first five harmonics in the spectra for G8 and G28. The
model values for the FLR frequencies are obtained fromCummings
et al. (1969). The boldface numbers are those frequency estimates
that exceed the 95 % confidence level in the power spectrum.

Harmonic G8L = 2 G28L = 1.5

number Obs. Model Obs. Model

harmonic Hz Hz
1 0.060 0.059 0.039 0.034
2 0.211 0.208 0.116 0.120
3 0.328 0.346 0.200 0.200
4 0.468 0.469 0.279 0.271
5 0.584 0.579 0.401 0.334

near closest approach, fit well with the expected model fre-
quencies, except for the fifth harmonic.

3 G8 revisited

Field line resonances (FLRs) were identified in the magne-
tometer data from Galileo’s G8 flyby on 7 May 1997 byVol-
werk et al.(1999). Waves were observed during the 3 min
around closest approach, 15:54:47–15:57:47 UT. During this
time interval the spacecraft remained on approximately the
same L-shell,L ≈ 2.1. The magnetic field data are shown in
Fig. 1 (left panel). In this section we will revisit these waves
and check the field line resonance interpretation. The reso-
nance frequencies identified in the previous paper are listed
in Table2, with a comparison with the model byCummings
et al. (1969), which shows good agreement for an assumed
plasma density of 3 AMU cm−3.

The harmonic spectrum in a principal axis system (see e.g.
Arthur et al., 1976) was already shown in Fig. 6 ofVolwerk
et al. (1999). In Fig. 3 (left bottom) we show the detrended
(third-order polynomial) power spectrum with the 95 % con-
fidence level as a dashed line for the peaks (see e.g.Bendat
and Piersol, 1966). Naturally, the data were not pre-whitened
for this analysis. The first harmonic touches the 95 % confi-
dence level, while the second and fourth harmonics are above
this level of confidence, whereas the third and fifth are be-
low. We also show one of the transverse components of the

www.ann-geophys.net/31/45/2013/ Ann. Geophys., 31, 45–59, 2013
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Fig. 3.Left panels: At the bottom the detrended (third-order polynomial) power spectra for the FLRs in the G8 flyby are shown. The dashed
and solid horizontal red lines show the 95 % confidence levels. The small red and green lines show the location of the first and second
harmonics. The top panel shows one of the transverse magnetic field components (Bρ in blue with the band-pass filtered data for the first
(red) and second (green) harmonics). Right panels: the same for G28.
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Fig. 4. At the bottom the detrended power spectrum is shown with the 95 % confidence levels for the spectral peaks. The peaks for the
cyclotron waves for O+2 (left) and O+ (right) are indicated by short, red, vertical lines. At the top one of the transverse magnetic field
components (Bρ ) is shown in blue with superimposed band-pass filtered data (red).

magnetic field (Bρ , top left) with superimposed band-pass
filtered data for the first (red) and second (green) harmonics.

Thus, using field line resonances we obtain two esti-
mates for the plasma density in Ganymede’s magnetosphere:
3 AMU cm−3 at L ≈ 2 and 90 AMU cm−3 at L ≈ 1.5. As-
suming that oxygen is the main heavy ion in the magneto-
sphere (see e.g.Calvin et al., 1996; Vasiliũnas and Eviatar,
2000; Jia et al., 2009), this would mean an ion number den-
sity of ni ≈ 0.16 and 5.5 cm−3 respectively.

We have determined the plasma density at two L-shells,
which allows for estimating an expected scale height of the

plasma in Ganymede’s magnetosphere. Assuming a simple
exponential fall off,

n(L) = n0exp

{
L − 1

H

}
. (2)

Using the above values this leads to a scale heightH ≈

465 km, which is about half the value determined byGur-
nett et al.(1996), H ≈ 1000 km, but closer to the value deter-
mined byEviatar et al.(2001b) who findH ≈ 600 km. This
difference will be discussed below in Sect.6.

Ann. Geophys., 31, 45–59, 2013 www.ann-geophys.net/31/45/2013/
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4 Other wave modes

Apart from field line resonances, we have investigated the
MAG data for other wave signatures for these two passes
through Ganymede’s magnetosphere.

4.1 Ion cyclotron waves

In Volwerk and Khurana(2010) it was shown that ion cy-
clotron waves near water group ion gyro frequencies (H2O+

or O+) were present during the interval 15:46–15:50 UT of
the G8 flyby. These waves appear on open field lines, out-
side of Ganymede’s magnetopause (see Fig.1, left panel).
Here we seek evidence of ion cyclotron waves in the MAG
data for G28. During the interval of 10:15:30–10:18 UT, the
spacecraft is at relatively constant magnetic field strength and
results from global MHD (magnetohydrodynamics) simula-
tion of the magnetosphere (Jia et al., 2010) and EPD data
(Williams, 2001) show that the spacecraft is on open field
lines. In Fig.4 (bottom right) we show the detrended power
spectrum for this interval with the 95 % confidence level in-
dicated by a dashed line.

The first peak in the spectrum at∼89 mHz is left-hand po-
larized at∼80 %, and with the average local magnetic field
strength|B| = 116± 8 nT. Assuming an ion cyclotron wave,
this would correspond to ions withmi ≈ 20± 1 AMU. How-
ever, it is not unusual that the emitted cyclotron waves are
up to 80 % below the actual gyro frequency (see e.g.Lee,
1989; Mazelle et al., 2004). The resonance condition for ion
cyclotron waves is given by

ω − k · v‖ = ±n�i, (3)

whereω andk are the wave frequency and vector,v‖ the par-
allel velocity of the ions along the magnetic field and�i the
ion cyclotron frequency. The thermal background plasma im-
pedes the growth of the waves at the ion cyclotron frequency.
However, waves travelling at a small angle with respect to
the magnetic field can grow at frequencies below�i as well
as waves emitted by particles with a small parallel velocity.

This would bring the ion mass tomi ≈ 17± 1 AMU. This
is close to the weight of the water group ions also observed
in G8. In Fig.4 top right panel, one of the transverse compo-
nents of the magnetic field (Bρ) is shown with the band-pass
filtered data superimposed.

Slightly earlier, during the interval of 10:13–10:15 UT,
there is strong transverse wave power at a frequency of
∼75 mHz, which is∼80 % left-hand elliptically polarized.
The detrended power spectrum is shown in Fig.4 bottom
left. These waves occur on open field lines as apparent from
the single energetic particle loss-cone that will be shown be-
low in the discussion of the EPD data. The averaged mag-
netic field strength during this interval is|B| = 182± 20 nT.
Assuming the waves are cyclotron waves, this would lead to
an ion mass ofmi ≈ 37± 4 AMU. Taking into account the
emission below the local gyro frequency, this leads to a mass

mi ≈ 30± 4 AMU. This would indicate the presence of O+

2
ions.

The presence of the ion cyclotron waves can be used to
estimate the ion pick-up rate (see e.g.Gary, 1991; Huddle-
ston and Johnstone, 1992; Volwerk et al., 2001; Cowee et al.,
2007; Delva et al., 2008a, for application in different space
environments). Basically, part of the energy in the ring dis-
tribution of the pick-up ions can be released into cyclotron
wave energy if the energy of the ring well exceeds the ther-
mal energy of the background plasma, which is indeed the
case with an exospheric ion temperature of∼450 K (Barth
et al., 1997) and a pick-up velocity of 50 to 100 km s−1. The
free energy in the ring (Efr) is given by

Efr = 0.5mrnrv
2
puφ, (4)

wheremr andnr are the mass and density of the pick-up ions
in the ring andvpu is the pick-up velocity. The efficiency fac-
tor φ is usually around 0.3 (Cowee et al., 2007).

When we assume that the free energy in the ring is trans-
formed to wave energy of the cyclotron waves, it is possible
to calculate the number density of the ringnr through deter-
mination of(δB)2, the squared amplitude of the waves. This
can be estimated from the power spectrum:

(δB)2
=

f 2∫
f 1

P(f )df, (5)

whereP(f ) is the power spectral density (PSD) in nT2 Hz−1

and the limits of the integralf 1 andf 2 can be set at the
cyclotron frequencyfc± the half width at half maximum
(HWHM) of the spectral peak. From that the density in the
pickup ring is found through equaling the free energy to the
wave energyEw = (δB)2/2µ0 (see alsoHuddleston et al.,
1998; Volwerk et al., 2001; Cowee et al., 2007; Delva et al.,
2008a):

nr =
Ew

φmrv2
pu

. (6)

For the O+ cyclotron waves, the PSD shows for G8 a
peak of 102.239nT2 Hz−1 at a frequency offc = 96 mHz and
HWHM = 25 mHz and for G28 a peak of 102.344nT2 Hz−1

at a frequency offc = 89 mHz and HWHM = 33 mHz. This
leads to a wave energy ofEw ≈ 4× 10−12 J. With the pick-
up velocity atvpu ≈ 100 km s−1 outside the magnetopause
for G8, this leads to a pick-up density ofnr ≈ 1 cm−3. For
G28, inside the magnetopause, the pick-up velocity is lower
at vpu ≤ 50 km s−1, which would imply a pick-up density,
i.e. the density of the ions in the ring distribution, ofnr ≥

4 cm−3.
For the cyclotron waves generated by heavier O+

2 ions in
the G28 flyby, the spectral power density is 102.529nT2 Hz−1

at a frequency offc = 75 mHz and HWHM = 25 mHz, which
corresponds to an energy ofEw ≈ 5× 10−12 J. Assuming a

www.ann-geophys.net/31/45/2013/ Ann. Geophys., 31, 45–59, 2013
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pickup of 50 km s−1, this leads to a pick-up density ofnr ≈

2.5 cm−3.
As was done inVolwerk et al.(2001), this pickup density

will be transformed to a pickup rate:

Ṅ = Avpunr, (7)

whereA is an effective surface through which the pickup
ions are lost. The width1y of the surface perpendicular to
the flow can be estimated by the region over which the waves
are observed, giving1y ≈ 0.75 and 0.5RG for O+

2 and O+

respectively. The height1z of this surface is unknown, but
we will set to 1RG for convenience. This leads to pickup
ratesṄ ≈ 5× 1023s−1 for each species.

4.2 Magnetopause waves

For the G8 flyby, the main power on the closed field lines is
in the FLRs. However, there is also strong wave power con-
nected to the magnetopause crossings. This has already been
addressed by e.g.Kivelson et al.(1998), where it was posited
that the strong oscillations of the field before crossing the
magnetopause were Kelvin–Helmholtz waves, as in a min-
imum variance coordinate system (Sonnerup and Scheible,
1998) Bm and Bn vary in phase, whereasBl is in quadra-
ture.Jia et al.(2010) provide a different interpretation. They
have modelled the magnetopause and shown that, even un-
der steady upstream conditions, reconnection at Ganymede’s
magnetopause is intermittent rather than steady, and conse-
quently the location of the magnetopause in their simulation
varies in time, giving the appearance of waves on the bound-
ary. The calculated locations of the magnetopause during the
simulation do not follow completely the whole increasedBy
region observed just before magnetopause entrance. How-
ever, they also show that the bursty reconnection on the up-
stream magnetopause produces FTEs (flux transfer events)
that are transported downstream. When transported along the
sides of the magnetosphere, the FTEs produce signatures in
the MAG data of “folded” flux tubes passing over the space-
craft. Such folded flux tubes moving downstream would pro-
duce rotations of the field, mainly in theBy−Bz components.

In Fig. 5 the magnetic field data around the G8 magne-
topause crossings are shown in the GphiO coordinate sys-
tem and in a magnetic field aligned system. In the left pan-
els, showing the inbound magnetopause crossing, the main
oscillations in the field are inBφ with peak-to-peak ampli-
tudes of1Bφ ≈ 60 nT. Theφ direction corresponds to the
By direction of the GphiO coordinate system. There is little
variation in the total magnetic field strength1Bmag≤ 14 nT,
which means that these are mainly field rotations. The period
of these fluctuations varies between 20 and 40 s.

For the inbound crossing, the main variations are from the
mean field aligned componentBθ into the transverse compo-
nentsBφ andBr and these rotations are shown in a hodogram

and the inclination angle of the field (in Fig.6 (top left)):

α = atan
{
Bθ/

√
B2

φ + B2
r

}
There is little compression of the field. We have plotted the
same quantities for the data in GphiO coordinates in the bot-
tom left panels of Fig.6. The strong rotations of the field
shown in Fig.5 are colour coded. The red/green/blue rota-
tions clearly make a circular motion, whereas the cyan “ro-
tation” (inside the magnetopause boundary) seems more lin-
early polarized.

The inclination angle remains high, most of the timeα ≥

70◦, indicating that the field remains mainly along the mean
average field. The data in GphiO coordinates show that the
inclination angle

γ = atan
{
Bz/

√
B2

x + B2
y

}
≥ −70◦,

indicating a tilted magnetic field with respect to the Jovian
rotation axis, which is expected for draped field lines in the
neighbourhood of Ganymede.

During the outbound crossing of the magnetopause, there
are large oscillations in the field, as shown in the right pan-
els of Fig.5, similar as during the inbound crossing. How-
ever, these oscillations are connected with a much stronger
compressional component with1Bmag≈ 50 nT. The period
of these waves is around 90 s.

The hodograms of the transverse components of the mag-
netic field during the outbound crossing are shown in Fig.6
right panels. The variation in the hodogram is not as nicely
circular as in the inbound case; there is much stronger varia-
tion in theBθ (Bz) component, which is also reflected in the
change inBmag for these rotations. The elevation angle is on
average greater than in the inbound case aroundα ≈ 60◦, in
agreement with the more compressional nature of the oscilla-
tions. In the GphiO coordinate system, the first 15 s the field
is little bent back. However, afterwards the field is strongly
bent back withγ ≈ −50◦, and then the field returns to not
being bent back.

We also look at the data around the magnetopause cross-
ings during the G28 flyby in Fig.7. The first noticeable dif-
ference with the G8 flyby is that, outside the magnetopause,
the oscillations of the field are much smaller, and during the
outbound phase of the flyby the interesting oscillations are
in the grey magnetopause region. Very interesting are the
small sharp structures observed between 10.04 and 10.06 h
before entering the magnetopause, which seem to have bipo-
lar structure inBr and monopolar inBφ , not unlike the sig-
nature of flux tubes. They have a duration of several seconds
and could well be evidence for the FTEs created by recon-
nection at the magnetopause as discussed above.

Once more we study the field variations in hodograms
and inclination angles. There is little variation in the incli-
nation angleα ≥ 80◦, indicating little rotation from mean
field aligned into transverse components. The inclination
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Fig. 5.Left: G8 inbound magnetopause crossing in GphiO coordinates (with the data in blue and the low-pass filtered data in red superposed)
and in mean field aligned coordinates. The grey shaded area is the magnetopause crossing. Right: the same for the G8 outbound magnetopause
crossing.
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magnetopause crossing for the interval 16:02:06–16:02:48 UT.

angleγ ≥ −40◦ shows that the field becomes more draped
as Galileo gets closer to the magnetopause.

The hodograms show that the oscillations are not as nicely
ordered as in the G8 inbound case. Before entering the mag-
netosphere there are slight rotations of the field from field
aligned to transverse (see Fig.8 left panels). However, the
main oscillations are transverse at no specific period. That
is even more the case when exiting the magnetosphere (see
Fig. 8 right panels). However, the period of the first few os-
cillations is close to the period of the ion cyclotron waves just
inside the magnetosphere and can well be created by pickup
ions “leaking through” the magnetopause.

As already mentioned the big difference between the two
flybys is that G8 occurred whilst Ganymede was near the

centre of the current sheet, whereas during G28 the moon
was located near maximum magnetic latitude outside of the
current sheet. This will be discussed further below in Sect.6.

5 Comparison with other data

We can compare the results inferred from the magnetometer
observations, e.g. the density results, with the particle/plasma
measurements of the PLS plasma instrument (Frank et al.,
1992), the PWS plasma waves instrument (Gurnett et al.,
1992) and the EPD energetic particle detector (Williams
et al., 1992).
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Fig. 8. Left: G28 inbound magnetopause crossing hodogram for the interval 10:02:40–10:04:12 UT. Right: the same for the G28 outbound
magnetopause crossing for the interval 10:18:23–10:19:42 UT.

5.1 PLS

In Fig. 9 we show the energy spectrograms for the G8 and
G28 flybys (energy spectra obtained from the Planetary Data
System). The count rate is low for both of the two flybys
near closest approach. However, our estimates from the FLRs
showed a higher density for G28 than for G8. So why does
the PLS not show different count rates?

In order to understand this difference between the den-
sity estimates and the count rates in the PLS data, we turn
to Eviatar et al.(2001b), who discussed the ionosphere of
Ganymede, based on an earlier paper (Eviatar et al., 1964).
They derive a density distribution for the magnetosphere
given by

n(r,L)

n(1,L)
=

(
1−

√
1−

B

B0
exp

{
−βB(1−

RGan
r

)

B0 − B

})

exp

{
−β

(
1−

RGan

r

)}
, (8)

where β = mv2
∞/2kBT , and we can setv∞ ≈ 2740 m s−1

as the escape velocity. A realistic temperature range for
Ganymede’s ionosphere was found to be 150≤ Ti ≤ 500 K
(Eviatar et al., 2001b). Using all these values we find a
range forβ of 50≥ β ≥ 15. The observed density ratio is
n(1.5)/n(2) ≈ 27 for whichβ ≈ 20 orTi ≈ 360 K. The tem-
perature inferred for the exosphere is of the order of 0.03 eV,
a temperature that falls well outside the specifications of the
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Fig. 9. Ion energy spectrograms measured by the Galileo PLS dur-
ing the G8 (top) and G28 (bottom) flybys. The colour-coded ion
counting rate represents the maximum response at a given E/Q dur-
ing one spacecraft spin period. In each plot, two horizontal dashed
lines mark the mean energies for two ion masses (top line for
16 AMU and bottom for 1 AMU) determined for a given velocity
of the ambient Jovian flow (150 km s−1). The PLS data were ob-
tained from the PPI node of the Planetary Data System.

PLS instrument (Frank et al., 1992). Barth et al.(1997) arrive
at a slightly higher exospheric temperature of 450 K, using
Galileo ultraviolet observations.

The pickup ions discussed above are at higher energies
than the thermal plasma on the closed field lines. The pickup
results in heavy ions at an energy around 940 eV, which one
should be able to identify in the energy spectra. In Fig.9 top
panel, there is an increased count rate of O+ (upper dashed
line) during the interval 15:46–15:50 UT, during which ion
cyclotron waves were observed in the G8 flyby. This is at
an E/Q ∼ 2× 103 V, which corresponds to the energy of
oxygen ions at a velocity of 150 km s−1, higher than the as-
sumed 100 km s−1 pickup velocity above. However, the max-
imum velocity of the particles for pickup in the spacecraft
frame is twice the flow velocity (see e.g.Coates and Jones,
2009, vpu, max= 2vswsinθ with θ = 6 (B,v)). Thus the in-
creased counts at higher energy than the red line could be
from pickup ions. However, these are omnidirectional spec-
tra, whereas pickup ions are usually identified by studying
the appropriate sectors of the PLS instrument (see e.g.Pa-
terson et al., 1999, for pickup ions near Europa). Lately, a
re-investigation has started of the PLS data near Ganymede,
and for the G8 flyby it was shown that there was evidence
in the PLS data for pickup ions outside the magnetopause
(W. R. Paterson, private communication, 2012).

Also in the G28 spectrogram there is a indication of in-
creased counts during the interval 10:15–10:20 UT, during
which the O+ cyclotron waves were observed.

5.2 PWS

Another instrument capable of deducing the plasma density
is PWS, where often the upper hybrid frequency can be used
to determine the electron density (see e.g.Kurth et al., 2001,
for electron densities near Europa). In Fig.10the PWS spec-
trograms are shown for the G8 and G28 flybys. In a white
line the electron gyro frequency is shown. There is no upper-
hybrid signature in the spectrograms that might be used to
deduce the electron density. During the G8 flyby there is
no nKOM cut-off observable to deduce an electron density.
There is, however, at∼16:03 UT a weak narrow-band ra-
dio emission (in the black box in Fig.10 left panel) near
∼25 kHz. This signature corresponds to an electron density
ne ≈ 8 cm−3. However, note that the cut-off frequencies that
are determined give an upper limit to the electron density in
the magnetosphere, but not necessarily at the location of the
spacecraft.

During the G28 flyby there are two locations where there
is a nKOM cut-off: around∼10:10 UT (closest approach)
at ∼74.3 kHz and around∼10:15 UT at∼57.7 kHz, both
marked by a black line in Fig.10 right panel. These two
cut-offs translate into electron densitiesne ≤ 68 cm−3 and
ne ≤ 41 cm−3 respectively. There is also an interval of ra-
dio emission around∼10:13 UT (marked with a black box
in Fig. 10 right panel), which can be interpreted as the upper
hybrid frequency at∼28.571 kHz, which would correspond
to an electron densityne ≈ 9.5 cm−3.

How should these PWS results be interpreted in view of
the inferred densities from the FLRs? In general it is assumed
(as in Volwerk et al., 1999) that the charge per ion is 1.5,
which means that the electron density is∼1.5 times the ion
density.

Galileo observations presented byGurnett et al.(1996)
for the G1 (downstream and high latitude) flyby indi-
cate a high-density ionosphere with a maximum density of
100 particles cm−3 and a scale height of 1000 km. Further
investigations byEviatar et al.(2001b), including also the
G2 (polar) flyby, showed good agreement between the two
radial electron density profiles. This is in reasonable agree-
ment with the maximum electron densities that have been
determined above, considering there may be an upstream-
downstream asymmetry in the magnetosphere.

The upper-hybrid emissions seen in G28 correspond to an
electron densityne ≈ 9.5 cm−3, and at∼10:13 UT Galileo is
at R ≈ 1.5RG. This is outside the interval where the FLRs
were measured, however. The FLRs showed a number den-
sity (assuming oxygen to be the main ion)n ≈ 5.5 cm−3,
which together with a charge per ion of 1.5 would under-
estimate the electron density, but is in the right ball park.

The narrow-band radio emission seen in G8 could cor-
respond to an electron densityne ≈ 8 cm−3 at ∼16:03 UT.
This, again, is outside the interval where the field line
resonances were observed and a number density ofni ≈
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Fig. 10.The PWS spectrograms for G8 (left) and G28 (right) flybys. The black boxes in both panels indicate narrow band radio emissions,
and the black lines in the right panel show the nKOM cut-off.

0.16 cm−3 was inferred. Quite possibly, the spacecraft was
already outside of Ganymede’s magnetosphere at this time.

5.3 EPD

The location of the magnetopause crossing can be established
unambiguously at low latitudes on the day side by using en-
ergetic particle properties to identify the boundary between
ambient flux tubes and closed flux tubes of Ganymede’s mag-
netosphere. For this purpose we study four different chan-
nels of the EPD data: B1 (electrons), T02 (oxygen 416≤

E ≤ 816 keV), T03 (oxygen 816≤ E ≤ 1792 keV) and A1
(mixed ions: H, He, O, S). These data can be used e.g. to find
whether Galileo is on open or closed field lines, using the
pitch angle distribution of the particles. In Fig.11 the EPD
data are shown for G8 (15:40–15:57 UT) and G28 (10:05–
10:24 UT). The format of the scans is longitude and latitude
of the detection sphere with the pitch angle of the particles
given as contours, and the counts are depicted by the colour
bar.

For G8 the interval 15:40:03–15:57:22 UT is shown in
Fig. 11 top panel.Williams et al. (1997a) show that the
electron loss-cone signatures were observed from∼15:52
to ∼16:00 UT. This shows that indeed during the interval
of field line resonances (15:54:47–15:57:47 UT) the space-
craft was on closed field lines. Before entering the region
of closed field lines, 15:46–15:50 UT, ion cyclotron waves
were observed in the MAG data near the O+ or H2O+ gyro
frequencies (Volwerk and Khurana, 2010). The EPD data for
G8 during this interval are marked by a purple box in Fig.11.
The data show only partial ring distributions for O in the
T02 channel with maxima around parts of the 90◦ contours.
There is a minimum in the anti-parallel direction, indicat-

ing one foot point connected to the moon. The T03 channel
shows more fully developed, but still partial ring distribu-
tions. This partial ring could be related to the gyro radius
of the energetic ions. The gyro radius for the T02 channel is
3280–4599 km (1.25–1.75RG) at a magnetic field strength of
∼120 nT. At the location at which the cyclotron waves were
observed, Galileo was at a radial distance greater than 2RG,
so there cannot be a shadowing effect of the moon in this en-
ergy range. For the T03 channel the energy range is higher
and thus the the gyro radius larger. Here there could be a
shadowing effect by the moon.

For G28 the interval 10:05:09–10:24:28 UT is shown in
Fig. 11 bottom panel.Williams (2001) show that trapped-
like electrons exist during the interval∼10:06–10:12 UT and
trapped ions during∼10:08:30–10:12 UT, giving an indica-
tion of the closed field line region. The interval during which
the FLRs were observed, 10:09–10:12 UT, fits well with
these values. The interval that the ion cyclotron waves are ob-
served is indicated by the purple box (∼10:15–∼10:19 UT),
i.e. well outside the closed field line region. The energetic
oxygen looks ring-like around 90◦ pitch angle. There is ev-
idence for a single loss cone in the anti-parallel direction,
which agrees with Galileo being in the other Ganymede
hemisphere as during the G8 flyby.

Ion cyclotron waves are often associated with ring dis-
tributions often created by ion pickup (see e.g.Lee, 1989;
Huddleston and Johnstone, 1992; Mazelle et al., 2004; Delva
et al., 2008b). In the case of Ganymede freshly ionized oxy-
gen would be picked up at a velocity of∼100 km s−1, which
would correspond to an energy ofE ≈ 940 eV, which is well
below the energy of the oxygen measured by the EPD.

Ann. Geophys., 31, 45–59, 2013 www.ann-geophys.net/31/45/2013/



M. Volwerk et al.: Ganymede ULF waves 55

Io
ns

   
  O

   
   

 O
   

   
e-

Io
ns

   
  O

   
   

 O
   

   
e-

Fig. 11. The EPD energetic particle data for G8 (top) and G28 (bottom). Shown are the electron (B1 1.5 ≤ E ≤ 10.5 MeV), oxygen (T02
416≤ E ≤ 816 keV, T03 816≤ E ≤ 1792 keV) and ion data (A1 42≤ E ≤ 65 keV for protons). The format per small panel is longitude and
latitude of the detection sphere with the pitch angle of the particles given as contours and the counts are depicted by the colour bar. The
purple boxes indicate the intervals for which ion cyclotron waves are observed in the MAG data.

6 Discussion

We have investigated the Galileo data obtained during two
flybys of Ganymede’s upstream low-latitude magnetosphere
focusing on the interpretation of various kinds of wave

modes that are present. Combining the MAG data with those
from other instruments (PLS, PWS and EPD) enhances the
interpretation of the wave modes and their inferred physi-
cal parameters, such as the local plasma density. In Fig.12
we show the location of the observed ULF wave modes
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Fig. 12.A overview of the location of the various ULF wave modes
along the two flybys:(a) G8 and(b) G28. The field line resonances
are in red, the O+ cyclotron waves in orange, the O+

2 cyclotron
waves in yellow and the magnetopause waves in purple. Magnetic
field lines are traced along the orbits and shown in green, which are
obtained from the numerical model ofJia et al.(2009).

along the orbits of the two flybys in the numerical model
of Jia et al. (2009) along the orbits of Galileo through
Ganymede’s magnetosphere. The different colours show the
different ULF wave activity: field line resonances are marked
in red, O+ cyclotron waves in orange, O+2 cyclotron waves in
yellow and magnetopause waves in purple. Added to that,
the magnetic field lines were traced from the wave inter-
vals, in order to give an impression of the magnetospheric
region/environment of the waves that are observed.

We have observed an harmonic spectrum of field line res-
onances during both flybys, when the spacecraft remained at
approximately the same L-shell for 3 min around closest ap-
proach. Not all harmonics of the FLRs in Table2 are detected
above a 95 % confidence level. Especially the first harmonic
in the G28 flyby is very weak. Shifting the spectrum one har-
monic results in a spectrum that does not agree with the FLR

model used in determining the frequencies. The amplitude
of FLRs is dependent on the harmonic and on the location
at which the measurements are made. The fundamental has
a node at the equator (see e.g.Kivelson, 1995, Fig. 11.5),
where no signal would be measured, whereas the second
harmonic will have maximum amplitude at the equator. The
G28 flyby was at low latitude,−18.96◦, which may cause
the weak signal at the fundamental frequency of the FLRs.
Indeed, this would explain why for both low-latitude flybys
the second harmonic is more significant than the fundamen-
tal. It should be mentioned that, at Mercury,Russell(1989)
discussed possible FLRs where the magnetic field data only
showed waves in the range of the third to fifth harmonic of
the field line as would be expected near the equator.

The field line resonances that were observed near closest
approach on both flybys are indicators for the plasma density
near the resonant field lines. We have inferred densities of 3
and 90 AMU cm−3 for G8 and G28 respectively from which
we calculated an ionospheric scale height of 465 km, which
is much smaller that the estimate of 1000 km byGurnett et al.
(1996) but closer to the estimate of 600 km byEviatar et al.
(2001a). Similarly, the plasma temperature obtained through
the magnetospheric model byEviatar et al.(2001a) is 360 K,
whereasBarth et al.(1997) found a temperature of 450 K.
The reason for this discrepancy of our values and previous
estimates can be found in the location of Ganymede with re-
spect to the Jovian current sheet. The calculations we per-
formed did not take this into account. During the G8 flyby
Ganymede was near the centre of the current sheet, whereas
during the G28 flyby the moon was outside the current sheet.
This means that the magnetosphere for G8 was compressed
compared to the G28 case. Using these two different ambi-
ent plasma cases together to determine the ionospheric scale
height will then lead to an underestimate when compared
with the previous estimates.Gurnett et al.(1996) andEviatar
et al.(2001a) used the G1 and G2 flybys to obtain the scale
height, with both flybys in similar ambient plasma conditions
as G28.

One question that has not been answered yet is what drives
the FLRs. The base harmonics shown in Table2 show that
the frequency is 60 (G8) and 39 (G28) mHz for periods of 17
and 26 s.Jia et al.(2010) showed in their global model that
the intermittency of the reconnection process on the magne-
topause is on the order of tens of seconds. Assuming that
the bursty reconnection emits compressional waves into the
magnetosphere with that bursty frequency, those waves can
then resonantly couple to the field lines further in and drive
the FLRs that we have described (see e.g.Kivelson et al.,
1998) and as described at the Earth’s magnetopause by e.g.
Prikryl et al.(1998).

Naturally, other sources that can drive the FLRs can
be found in the dynamics of the Jovian current sheet.
For example, ram pressure variations in the the upstream
plasma, driven by activity in the Io plasma torus, will also
interact with Ganymede’s magnetosphere, and can drive
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compressional waves in the magnetosphere that can again
couple to resonant field lines.

Observations of ion cyclotron waves are indicative of
pick-up of freshly ionized particles and have been observed
around the various moons of Jupiter (see e.g.Huddleston
et al., 1997; Warnecke et al., 1997; Huddleston et al., 1998;
Russell et al., 2003; Volwerk et al., 2001; Volwerk and Khu-
rana, 2010). For G8 these waves were detected just outside
the magnetopause, whereas for G28 the waves were found in-
side the magnetosphere. This will be caused by the different
conditions of the two flybys. As already mentioned before,
for G8 the moon was near the centre of the Jovian current
sheet and Galileo was at high northern latitude with respect
to Ganymede, whereas for G28 the moon was at its highest
Jovian latitude outside the current sheet and Galileo was at
lower southern latitudes of Ganymede.

The ion cyclotron waves appear on open field lines with
one side connected to Ganymede (G28) or on Jovian field
lines (G8) outside of Ganymede’s magnetosphere, which all
move with respect to the moon and the pickup region. The
inferred density of the pickup ions in the ring distribution
on Jovian field lines at G8 isnr ≈ 1 cm−3 for O+, com-
pared to the ambient plasma density in the centre of the
current sheet ofni ≈ 8 cm−3 (Kivelson, 2004, Table 21.1).
For G28 the pickup occurred on open field lines and the
inferred density of the pickup ions in the ring distribution
wasnr ≥ 4 cm−3 for O+ andnr ≈ 2.5 cm−3 for O+

2 , which
is significant with respect to the ambient background Jo-
vian plasma atn ≈ 1 cm−3. However, this pickup occurs in
Ganymede’s magnetosphere where the density may be higher
than in the Jovian current sheet. Therefore we compare the
estimate of the pickup rate with the sputtering rate at the
moon. The estimated pickup rates of these ions for G28 were
found to beṄ ≈ 5× 1023s−1. This rate is well below the
sputtering rate of water molecules found byParanicas et al.
(1999) to beṄH2O ∼ 2× 1026s−1. However,Khurana et al.
(2007) have shown that there is a large redeposition of the
sputtered particles onto the polar cap, thereby reducing the
amount of pickup that can occur significantly.

The magnetopause waves observed in the G8 flyby exhibit
different characteristics on the anti-Jovian side (rotations
in By and Bz with no compressional component) and the
sub-Jovian side (rotations with strong compressional com-
ponent). The amplitude of the oscillations during G8 is much
larger compared with the G28 flyby. The main difference be-
tween the two flybys is the location of the moon, near the cen-
tre of the current sheet for G8 and on its outer boundary for
G28. This would indicate that the plasma flow along the mag-
netopause is the main driver for the oscillations. However,
the overall characteristics of the waves for both flybys do not
seem to be in agreement with Kelvin–Helmholtz waves as
one would expect. Only for the inbound crossing at G8, a
case could be made looking at how the magnetic field com-
ponents behave in a minimum variance coordinate system

where it is found thatBm andBn vary in phase, whereasBl
is in quadrature.

Folded flux tubes as shown byJia et al.(2010), created
by bursty reconnection on the upstream magnetopause, could
provide an explanation of the wave-like perturbations ob-
served at the magnetopause, where the flux tubes moving
to the anti-Jovian side will mainly remain rotational signa-
tures, whereas the tubes moving to the sub-Jovian side enter
a slightly stronger background field and get compressed, cre-
ating the compressional signatures related to the rotations.
However, this interpretation needs to be confirmed through
further investigation using simulations and virtual spacecraft
flybys. In Fig.12 it is clear that the region where the mag-
netopause waves were observed (the purple intervals) is re-
lated to folded magnetic field lines created by reconnection.
The numerical modelling byJia et al.(2010) does not show
any significant difference in the occurrence rate of the re-
connection bursts between G8 and G28. There seems to be
no significant difference between the two flybys in the sim-
ulations. This suggests that factors other than magnetopause
reconnection need to be considered in order to fully explain
the difference in the amplitude and period of the magnetic
fluctuations seen during the G8 and G28 flybys.

7 Conclusions

Ganymede’s mini-magnetosphere, embedded in Jupiter’s
larger one, shows many characteristics of “normal” mag-
netospheric processes, such as field line resonances and
magnetopause waves. Clear indications of field line reso-
nances were found. The boundary between Ganymede’s and
Jupiter’s magnetospheres, the magnetopause, shows wavy
activity that may be driven by the reconnection at the mag-
netopause, but is dependent on the density of the background
plasma in which the moon is embedded. Pickup of freshly
produced water-group ions and molecular oxygen has been
observed through the presence of ion cyclotron waves.

The continued study of Ganymede’s magnetosphere and
interaction with the Jovian magnetic field using Galileo data
is important with respect to the upcoming ESA L-Class mis-
sion JUICE. The results shown here can help optimize the
specifications of the particles and fields instruments that will
be put onto the spacecraft.

Acknowledgements.The authors would like to acknowledge the
PDS/PPI for the Galileo PLS data used in this study. MV thanks
Magda Delva for some useful discussions.

Topical Editor I. A. Daglis thanks P. Canu and one anonymous
referee for their help in evaluating this paper.

References

Arthur, C., McPherron, R. L., and Means, J. D.: A comparitive study
of three techniques for using the spectral matrix in wave analysis,

www.ann-geophys.net/31/45/2013/ Ann. Geophys., 31, 45–59, 2013



58 M. Volwerk et al.: Ganymede ULF waves

Radio Sci., 11, 833–845, 1976.
Barth, C. A., Hord, C. W., Steward, A. I. F., Pryor, W. R., Sim-

mons, K. E., McClintock, W. E., Ajello, J. M., Naviaux, K. L.,
and Aiello, J. J.: Galileo ultrviolet spectrometer observations of
atomic hydrogen in the atmosphere of Ganymede, Geophys. Res.
Lett, 24, 2147–2150, 1997.

Bendat, J. S. and Piersol, A. G.: Measurement and analysis of ran-
dom data, John Wiley & Sons, New York, USA, 1966.
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