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Abstract. Ganymede’s mini-magnetosphere, embedded inthe form of the field around Ganymede by demonstrating a
Jupiter's larger one, sustains ULF (ultra-low frequency) change in the ion and electron distributions after the cross-
waves that are analyzed here using data from two Galileo flying of the magnetopause. Loss cone distributions appeared
bys that penetrate deeply into the upstream closed field lindWilliams et al, 19971, indicating regions of half-open and
region. The magnetometer data are used to identify field lineclosed field lines.

resonances, magnetopause waves and ion cyclotron waves. The presence of Ganymede’s mini-magnetosphere and its
The plasma densities that are inferred from the interpretaclosed magnetic field lines has been confirmed by close fly-
tion of these waves are compared with the observations madeys of the moon. The MAG dat&{velson et al, 1992 have

by other plasma and wave experiments on Galileo and withshown that Ganymede'’s internal field near the equator is op-
numerical and theoretical models of Ganymede’s magnetopositely directed to the Jovian field (see e/glwerk et al,
sphere. 1999, and particle measurements have shown characteristic

Keywords. Magnetospheric physics (Planetary magneto_signatures ofmagnetospheres in low-energy electierank
spheres; Plasma waves and instabilities) — Space plasn t al, 1997 and also at high energy where trapped electrons,
physics ,(Waves and instabilities) radiation belts and electron beanWilliams et al, 19973

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

1 Introduction magnetosphere include auroral emissid®@erth et al, 1997

. . . ! Hall et al, 1998 Eviatar et al. 20013 and the presence of
Gznymese;ézihzekthwd (hs_alrllleankmoqn ﬁf Jluplter and has_; abolar capsKhurana et al.2007, high-latitude regions from
radius o -< KM, Which makes It the largest moon Nyyhich field lines emerge but do not return to Ganymede’s
the solar system. Ganymede is in a 7.115-day orbit aroun%ﬁluncace

J_up|ter, gnd inai2:4 resonance W'th _Europa and lo. Th? Studies of the Galileo data with respect to the interaction
first Galileo flybys of this moon surprisingly showed that it of Ganymede and the Jovian magnetosphere and the physics
possesses an internal magnetic field strong enough to creajg Ganymede’s magnetosphere and of the Jovian magne-
Its own mmpmagnetosphgre |ns_|de_that ofJupn_éwelson tosphere in general are important for planning JUICE, the
etal, 1996 1998. Further investigation of all Galileo flybys upcoming ESA mission to Jupiter and Ganymede (see e.g.
has shown that not only is there an internal magnetic field,Blanc et al, 2009 Dougherty and The JUICE Science Study
but there is a time-varying residual field after removal of the Team 201]’) The information that can be obtained from the
contribution of the intrinsic dipole field. The time-varying earlier Galileo mission to the Jovian system can help in opti-

co_ntr|but|on can be at_tnbuted t(.) an mduceql magnetic erIOImizing the specifications of the various instruments that will
(Kivelson et al, 2002 in a possible conducting ocean un- ély on this satellite

derneath the icy surface. Energetic particle data confirme
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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- 2 G28 FLRs near closest approach
bys of Ganymede (G8 and G28), during which the space-
craft passed close to the moon and entered into regions ddn 20 May 2000, during the G28 flyby Galileo once more en-
closed magnetic field lines. These two flybys encounteredered deeply into the upstream magnetosphere of Ganymede.
Ganymede during two extreme locations of the moon in theClosest approach was at 10:10:10UT at an altitude of
Jovian current sheet. The G8 flyby has the moon near th&08.7 km, which can be mapped to an L-shelllof 1.5.
centre of the current sheet, whereas the G28 flyby has th&he magnetic field data, at a resolution of 3 vectors per sec-
moon near the outer edge of the current sheet. This meanand, for this flyby are shown in Fid. (right panel). The rota-
that the external plasma flow around the Ganymede is drastion period of the spinning platform of the spacecraft was ap-
tically different. We show some of the parameters of theseproximately 20 s. For 3 min around closest approach, Galileo
flybys in Tablel. remained at approximately the same L-shell, similar to the
The small values oB;, the background Jovian radial mag- situation during the G8 flyby (sedlwerk et al, 1999. We
netic field and the centrifugal latitude for G8 show that the use this interval to look for the signatures of field line reso-
moon is near the centre of the current sheet (centrifugal equaaances.
tor) with an estimated maximum ion density:gf~ 8 cn 3 The magnetic field data are transformed into a mean field
(e.g.Kivelson et al, 2004. On the other hand G28 shows aligned (MFA) coordinate system, where the mean is deter-
large B; and centrifugal latitude indicating a significant dis- mined by a low-pass filter (for periods greater than 5 min).
tance from the centre of the current sheet, with an estimated’he B component is along the mean field, tBg compo-
ion densitynj ~ 1 cm 3, nent obtained from the cross product B and the radial
The difference in the ambient magnetoplasma might wellvector to the spacecraft, describing the toroidal direction, and
cause the interaction with Ganymede’s magnetosphere to bie B, component closes the triad and is mainly in the ra-
quite different for these two flybys. We will investigate the dial direction. Spectral analysis is performed on the data (cf.
ULF (ultra-low frequency) wave activity in the neighbour- McPherron et a).1972). The data are pre-whitened (i.e. we
hood of Ganymede along these two flybys first based ortake first differences of the time series data, which effectivity
analysis of the magnetic field data and then investigate thenultiply the spectrum by the factof? forcing the power to
data from other experiments (PLS (Plasma Instrumentation)zero at zero frequency; see alawerk et al, 1999, and the
PWS (Plasma Wave Spectrometer), EPD (Energetic Particlspectral estimates are averaged over seven harmonics. The
Detector)). 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 FR.
There are several spectral peaks in the red (i.e. maximum
eigenvalue) component. These values are listed in Tabie
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
nj=1-— 8cm3 (Kivelson et al, 2004. Listed are the time of closest approach (CA), the local time (LT) of the encounter, the System Il
latitude Dessler1983, the By 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 SlliLat. By Dip.(Cent) Lat. alt. SC GlLat
uT hrs. deg. nT deg. km deg.
G8 71997 May, 15:56:10 8.0 0.07 12 1(1) 1603.2 28.27
G28 202000 May, 10:10:10 0.7 -0.10 -71 -8 (-5) 808.7 —18.96
. G28 Table 2. The first five harmonics in the spectra for G8 and G28. The
10 ‘ ‘ model values for the FLR frequencies are obtained f@ummings

et al. (1969. The boldface numbers are those frequency estimates
that exceed the 95 % confidence level in the power spectrum.

Harmonic G8L =2 G28L =15
§ number Obs. Model Obs. Model
E harmonic Hz Hz
o) 1 0.060 0.059 0.039 0.034
4 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

05 1 15
Frequency (Hz) near closest approach, fit well with the expected model fre-

) ) ) ) qguencies, except for the fifth harmonic.
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 mateixthur et al, 1976, with

maximum eigenvalue in red, intermediate in green and minimum in3  G8 revisited

blue.

Field line resonances (FLRs) were identified in the magne-

tometer data from Galileo’s G8 flyby on 7 May 1997 \Ayl-

werk et al.(1999. Waves were observed during the 3min
round closest approach, 15:54:47-15:57:47 UT. During this
ime interval the spacecraft remained on approximately the

same L-shellL ~ 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

! Table?2, with a comparison with the model Eyummings

et al. (1969, which shows good agreement for an assumed

as a dashed line (see eBendat and Pierspll966. This
shows that the first harmonic is well below the 95 % confi-
dence level, as is the fourth harmonic. The second, third an
fifth harmonics exceed the confidence level. In the top right
panel, we show one of the transverse magnetic field compo,
nents B,) and the band-pass filtered data for the first (red)
and second (green) harmonics.

The observed peaks in the spectrum are compared to th
peaks in the dipole model bBBummings et al(1969 using

the following scaling equation: plasma density of 3 AMU crr?,
Baan [ Leumm\? /cumm Rearth The harmonic spectrum in a principal axis system (see e.g.
Jmodel= fcummBEarth< Lot ) Jobe Roan’ (1) Arthur et al, 1976 was already shown in Fig. 6 ablwerk

et al.(1999. In Fig. 3 (left bottom) we show the detrended
where a mass density of 3AMU cm for G8 was used, (third-order polynomial) power spectrum with the 95 % con-
and for G28 a mass density of 90 AMU cthat L = 1.5 fidence level as a dashed line for the peaks (seeBexdat
is assumed. The appropriate equatorial mass density can tend Piersql1966. Naturally, the data were not pre-whitened
found through fitting the observed harmonic spectrum withfor this analysis. The first harmonic touches the 95 % confi-
the model spectrum using Eql)( Ganymede’s equatorial dence level, while the second and fourth harmonics are above
surface field strength is taken as 750 nT. It is clear from Ta-this level of confidence, whereas the third and fifth are be-
ble 2 that the measured frequencies during the G28 flyby,low. We also show one of the transverse components of the

www.ann-geophys.net/31/45/2013/ Ann. Geophys., 31, 92013
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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 compdeirisb(ue 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 Cz’i (left) and OF (right) are indicated by short, red, vertical lines. At the top one of the transverse magnetic field
componentsg,) is shown in blue with superimposed band-pass filtered data (red).

magnetic field B,, top left) with superimposed band-pass plasma in Ganymede’s magnetosphere. Assuming a simple
filtered data for the first (red) and second (green) harmonicsexponential fall off,

Thus, using field line resonances we obtain two esti-
mates for the plasma density in Ganymede’s magnetosphergl:(L) =no exp{ L__l} ) )
3AMUcm™3 at L ~2 and 90AMUcnt? at L ~ 1.5. As- H
suming that oxygen is the main heavy ion in the magneto-
sphere (see e.galvin et al, 1996 Vasiliinas and Eviatar

200Q Jia et al, 2009, this would mean an ion number den-
a 9 nett et al(1996, H ~ 1000 km, but closer to the value deter-

sity of nj ~ 0.16 and 5.5 cm? respectively. . ; . ~ :
We have determined the plasma density at two L-shells,mIneOI byEviatar et al (2001 who find # ~ 600 km. This

which allows for estimating an expected scale height of thedifference will be discussed below in Sedt.

Using the above values this leads to a scale height
465 km, which is about half the value determined Gyr-

Ann. Geophys., 31, 4559, 2013 www.ann-geophys.net/31/45/2013/
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4 Other wave modes mj ~ 30+t 4 AMU. This would indicate the presence ogo
ions.
Apart from field line resonances, we have investigated the The presence of the ion cyclotron waves can be used to
MAG data for other wave signatures for these two passesstimate the ion pick-up rate (see eGary, 1991 Huddle-
through Ganymede’s magnetosphere. ston and Johnston&992 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~@f50 K (Barth
etal, 1997 and a pick-up velocity of 50 to 100 knv&. The
free energy in the ringKy ) is given by

4.1 lon cyclotron waves

In Volwerk and Khurang2010 it was shown that ion cy-

clotron waves near water group ion gyro frequenciesXH

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 Ejdeft 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 g, — 0.5mrnrvgu¢>, 4)

spacecraftis at relatively constant magnetic field strength and

results from global MHD (magnetohydrodynamics) simula- wherem, andn, are the mass and density of the pick-up ions

tion of the magnetospherdig et al, 2010 and EPD data in the ring andvpy is the pick-up velocity. The efficiency fac-

(Williams, 2001) show that the spacecraft is on open field tor ¢ is usually around 0.3Zowee et al.2007).

lines. In Fig.4 (bottom right) we show the detrended power When we assume that the free energy in the ring is trans-

spectrum for this interval with the 95 % confidence level in- formed to wave energy of the cyclotron waves, it is possible

dicated by a dashed line. to calculate the number density of the rimgthrough deter-
The first peak in the spectrum-a89 mHz is left-hand po- ~ mination of(s B)?, the squared amplitude of the waves. This

larized at~80 %, and with the average local magnetic field can be estimated from the power spectrum:

strength|B| = 116+ 8 nT. Assuming an ion cyclotron wave,

this would correspond to ions with; ~ 20+ 1 AMU. How- 12

ever, it is not unusual that the emitted cyclotron waves are6B)* = / P()df, (%)

up to 80% below the actual gyro frequency (see eeag f1

1989 Mazelle et al.2004. The resonance condition for ion

cyclotron waves is given by whereP( f) is the power spectral density (PSD) indHz 1
and the limits of the integraf1 and f2 can be set at the

w—k-v==+nQ;, (3)  cyclotron frequencyf.+ the half width at half maximum

(HWHM) of the spectral peak. From that the density in the
wherew andk are the wave frequency and vectoythe par- oy ring is found through equaling the free energy to the
allel velocity of the ions along the magnetic field afadthe wave energyEw = (3B)2/2u0 (see alscHuddleston et a).

ion cyclotron frequency. The thermal background plasma im-1998 Volwerk et al, 2001 Cowee et al.2007 Delva et al,
pedes the growth of the waves at the ion cyclotron frequencyzoosa:

However, waves travelling at a small angle with respect to

the magnetic field can grow at frequencies betewas well e Ew

as waves emitted by particles with a small parallel velocity. ' ¢mrv§u-
This would bring the ion mass te; ~ 174+ 1 AMU. This

is close to the weight of the water group ions also observedor the O cyclotron waves, the PSD shows for G8 a

in G8. In Fig.4 top right panel, one of the transverse compo- peak of 18239nT2Hz~! at a frequency of; = 96 mHz and

nents of the magnetic field3;,) is shown with the band-pass HWHM=25mHz and for G28 a peak of #&*4nT?Hz!

filtered data superimposed. at a frequency off; = 89 mHz and HWHM =33 mHz. This
Slightly earlier, during the interval of 10:13-10:15UT, leads to a wave energy @, ~ 4 x 10-2J. With the pick-

there is strong transverse wave power at a frequency ofip velocity atvpy~ 100kms* outside the magnetopause

~75mHz, which is~80% left-hand elliptically polarized. for G8, this leads to a pick-up density of ~ 1 cm3. For

The detrended power spectrum is shown in Fdgottom  G28, inside the magnetopause, the pick-up velocity is lower

left. These waves occur on open field lines as apparent fronat vou < 50km s, which would imply a pick-up density,

the single energetic particle loss-cone that will be shown bei.e. the density of the ions in the ring distribution, of>

low in the discussion of the EPD data. The averaged mag4 cm3.

netic field strength during this interval j8| = 182+ 20 nT. For the cyclotron waves generated by heavigrions in

Assuming the waves are cyclotron waves, this would lead tathe G28 flyby, the spectral power density i€ ¥ nT2 Hz 1

an ion mass ofn; ~ 37+ 4 AMU. Taking into account the ata frequency of. = 75 mHz and HWHM =25 mHz, which

emission below the local gyro frequency, this leads to a massorresponds to an energy éf, ~ 5 x 10-12J. Assuming a

(6)

www.ann-geophys.net/31/45/2013/ Ann. Geophys., 31, £9-2013
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pickup gf 50km s1, this leads to a pick-up density of ~ and the inclination angle of the field (in Fi§.(top left)):
25cm .
As was done involwerk et al.(200)), this pickup density « = atani By/./ Bg + B?]
will be transformed to a pickup rate:
There is little compression of the field. We have plotted the
N = Avpuny. @) same quantities for the data in GphiO coordinates in the bot-
tom left panels of Fig6. The strong rotations of the field
shown in Fig.5 are colour coded. The red/green/blue rota-
where A is an effective surface through which the pickup tions clearly make a circular motion, whereas the cyan “ro-
ions are lost. The widtly of the surface perpendicular to tation” (inside the magnetopause boundary) seems more lin-
the flow can be estimated by the region over which the wavesarly polarized.
are observed, giving.y ~ 0.75 and 0.5 for O; and O The inclination angle remains high, most of the time-
respectively. The heightz of this surface is unknown, but  7¢¢ indicating that the field remains mainly along the mean

we will set to 1R for convenience. This leads to pickup ayerage field. The data in GphiO coordinates show that the
ratesN ~ 5 x 10?3s~1 for each species. inclination angle

4.2 Magnetopause waves y = atan{ B;/,/B%+ Bg] > _70°,

For the G8 flyby, the main power on the closed field lines isindicating a tilted magnetic field with respect to the Jovian
in the FLRs. However, there is also strong wave power con-+otation axis, which is expected for draped field lines in the
nected to the magnetopause crossings. This has already beeaighbourhood of Ganymede.
addressed by e.#ivelson et al(1998, where it was posited During the outbound crossing of the magnetopause, there
that the strong oscillations of the field before crossing theare large oscillations in the field, as shown in the right pan-
magnetopause were Kelvin—Helmholtz waves, as in a minels of Fig.5, similar as during the inbound crossing. How-
imum variance coordinate systerf8dnnerup and Scheible ever, these oscillations are connected with a much stronger
1998 Bm and By, vary in phase, whereaB) is in quadra-  compressional component withBmag= 50 nT. The period
ture.Jia et al.(2010 provide a different interpretation. They of these waves is around 90 s.
have modelled the magnetopause and shown that, even un- The hodograms of the transverse components of the mag-
der steady upstream conditions, reconnection at Ganymedeisetic field during the outbound crossing are shown in Big.
magnetopause is intermittent rather than steady, and conseight panels. The variation in the hodogram is not as nicely
quently the location of the magnetopause in their simulationcircular as in the inbound case; there is much stronger varia-
varies in time, giving the appearance of waves on the boundtion in the By (Bz) component, which is also reflected in the
ary. The calculated locations of the magnetopause during thehange inBmag for these rotations. The elevation angle is on
simulation do not follow completely the whole increasgd  average greater than in the inbound case areurds0®, in
region observed just before magnetopause entrance. Howagreement with the more compressional nature of the oscilla-
ever, they also show that the bursty reconnection on the uptions. In the GphiO coordinate system, the first 15 s the field
stream magnetopause produces FTEs (flux transfer event§ little bent back. However, afterwards the field is strongly
that are transported downstream. When transported along theent back withy ~ —50°, and then the field returns to not
sides of the magnetosphere, the FTEs produce signatures being bent back.
the MAG data of “folded” flux tubes passing over the space- We also look at the data around the magnetopause cross-
craft. Such folded flux tubes moving downstream would pro-ings during the G28 flyby in FigZ. The first noticeable dif-
duce rotations of the field, mainly in thi&, — B, components.  ference with the G8 flyby is that, outside the magnetopause,
In Fig. 5 the magnetic field data around the G8 magne-the oscillations of the field are much smaller, and during the
topause crossings are shown in the GphiO coordinate syssutbound phase of the flyby the interesting oscillations are
tem and in a magnetic field aligned system. In the left pan-in the grey magnetopause region. Very interesting are the
els, showing the inbound magnetopause crossing, the maismall sharp structures observed between 10.04 and 10.06 h
oscillations in the field are iB, with peak-to-peak ampli- before entering the magnetopause, which seem to have bipo-
tudes of ABy ~ 60 nT. The¢ direction corresponds to the lar structure inB, and monopolar irBg, not unlike the sig-
By direction of the GphiO coordinate system. There is little nature of flux tubes. They have a duration of several seconds
variation in the total magnetic field strengBmag < 14 nT, and could well be evidence for the FTEs created by recon-
which means that these are mainly field rotations. The periodhection at the magnetopause as discussed above.
of these fluctuations varies between 20 and 40s. Once more we study the field variations in hodograms
For the inbound crossing, the main variations are from theand inclination angles. There is little variation in the incli-
mean field aligned componeB} into the transverse compo- nation anglex > 80C°, indicating little rotation from mean
nentsBy andB; and these rotations are shown in a hodogramfield aligned into transverse components. The inclination

Ann. Geophys., 31, 4559, 2013 www.ann-geophys.net/31/45/2013/
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Fig. 6. Left: G8 inbound magnetopause crossing hodogram for the interval 15:50:04-15:51:24 UT. Right: the same for the G8 outbound
magnetopause crossing for the interval 16:02:06-16:02:48 UT.

angley > —40° shows that the field becomes more drapedcentre of the current sheet, whereas during G28 the moon
as Galileo gets closer to the magnetopause. was located near maximum magnetic latitude outside of the
The hodograms show that the oscillations are not as nicelycurrent sheet. This will be discussed further below in Sect.
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 FRjleft panels). However, the
main oscillations are transverse at no specific period. Tha
is even more the case when exiting the magnetosphere (s
Fig. 8 right panels). However, the period of the first few os-

cillations is close to the period of the ion cyclotron waveslust1993’ the PWS plasma waves instrumef@ufnett et al,

inside the magnetosphere and can well be created by pickuE993 and the EPD energetic particle detectwiljams
ions “leaking through” the magnetopause. etal. 1992

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

Comparison with other data

ES/Ve can compare the results inferred from the magnetometer
oebservations, e.g. the density results, with the particle/plasma
measurements of the PLS plasma instrumé&nartk et al.
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Fig. 7. Left: G28 inbound magnetopause crossing in GphiO coordinates (with the data in blue and the low-pass filtered data in red super-
posed) and in mean field aligned coordinates. The grey shaded area is the magnetopause crossing. Right: the same for the G28 outbour
magnetopause crossing.
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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
/ — _ Rean
In Fig. 9 we show the energy spectrograms for the G8 and- L) —(1- /1= Eexp BBA- 72
G28 flybys (energy spectra obtained from the Planetary Data(1. L) Bo Bo—B
System). The count rate is low for both of the two flybys RGan
near closest approach. However, our estimates from the FLRs exp{ —p <1 - > } ) (8)

showed a higher density for G28 than for G8. So why does ) L
the PLS not show different count rates? where g =mv5,/2kgT, and we can set, ~2740ms

In order to understand this difference between the denas the escape velocity. A realistic temperature range for
sity estimates and the count rates in the PLS data, we turffanymede’s ionosphere was found to be 50 < 500K
to Eviatar et al.(20010, who discussed the ionosphere of (Eviatar et al. 2001h. Using all these values we find a
Ganymede, based on an earlier pajivigtar et al. 1964.  range forg of 50> g > 15. The observed density ratio is

They derive a density distribution for the magnetosphere(1.5)/n(2) ~ 27 for which ~ 20 or7; ~ 360 K. The tem-
given by 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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M. Volwerk et al.: Ganymede ULF waves 53

Galileo PLS ion energy spectrogram: G8 52 PWS

T ¥ : 35

Another instrument capable of deducing the plasma density
‘ : is PWS, where often the upper hybrid frequency can be used
15:40 15:50 :fnfg 16:10 1620 to determine the electron density (see &grth et al, 2001,
for electron densities near Europa). In Fi§.the PWS spec-

35 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.

Energy/Q (V)
2

log 1élon counts/s)

Energy/Q (V)
log 1(Sion counts/s)

n

09:40 09:50 10:00 10:10 10:20 10:30 .
time There is, however, at16:03UT a weak narrow-band ra-

dio emission (in the black box in Fid.O left panel) near

Fig. 9. lon energy spectrograms measured by the Galileo PLS dur-N25 kHz. This sianature corresbonds to an electron densit
ing the G8 (top) and G28 (bottom) flybys. The colour-coded ion ' 9 P y

. : . ne ~ 8cm 3. However, note that the cut-off frequencies that
counting rate represents the maximum response at a given E/Q dur-

ing one spacecraft spin period. In each plot, two horizontal dashed'® determined give an upper limit to Fhe electron d?nS'ty In
lines mark the mean energies for two ion masses (top line forthe magnetosphere, but not necessarily at the location of the
16 AMU and bottom for 1 AMU) determined for a given velocity SPacecraft.
of the ambient Jovian flow (150 knT$). The PLS data were ob- During the G28 flyby there are two locations where there
tained from the PPI node of the Planetary Data System. is a NKOM cut-off: around~10:10UT (closest approach)
at ~74.3kHz and around-10:15UT at~57.7 kHz, both
marked by a black line in FiglO right panel. These two
cut-offs translate into electron densities < 68 cnT3 and
ne < 41cnt? respectively. There is also an interval of ra-
dio emission around-10:13UT (marked with a black box
in Fig. 10right panel), which can be interpreted as the upper
PLS instrumentKrank et al.1992. Barth et al (1997 arrive hybrid frequency at-28.571 kHz, which would correspond
at a slightly higher exospheric temperature of 450K, usingto an electron densitye &~ 9.5 cni 3.
Galileo ultraviolet observations. How should these PWS results be interpreted in view of
The pickup ions discussed above are at higher energiethe inferred densities from the FLRs? In general it is assumed
than the thermal plasma on the closed field lines. The pickugdas in Volwerk et al, 1999 that the charge per ion is 1.5,
results in heavy ions at an energy around 940 eV, which onavhich means that the electron density~i4.5 times the ion
should be able to identify in the energy spectra. In Bitpp density.
panel, there is an increased count rate of @pper dashed Galileo observations presented Burnett et al.(1996
line) during the interval 15:46-15:50 UT, during which ion for the G1 (downstream and high latitude) flyby indi-
cyclotron waves were observed in the G8 flyby. This is atcate a high-density ionosphere with a maximum density of
an E/Q ~ 2 x 10%V, which corresponds to the energy of 100 particlescm® and a scale height of 1000 km. Further
oxygen ions at a velocity of 150 knt$, higher than the as-  investigations byEviatar et al.(2001b, including also the
sumed 100 km's! pickup velocity above. However, the max- G2 (polar) flyby, showed good agreement between the two
imum velocity of the particles for pickup in the spacecraft radial electron density profiles. This is in reasonable agree-
frame is twice the flow velocity (see e.Goates and Jonges ment with the maximum electron densities that have been
2009 vpy, max= 2vswSing with 6 = Z(B, v)). Thus the in-  determined above, considering there may be an upstream-
creased counts at higher energy than the red line could bdownstream asymmetry in the magnetosphere.
from pickup ions. However, these are omnidirectional spec- The upper-hybrid emissions seen in G28 correspond to an
tra, whereas pickup ions are usually identified by studyingelectron densityte ~ 9.5 cm 3, and at~10:13 UT Galileo is
the appropriate sectors of the PLS instrument (seeRag. at R ~ 1.5Rg. This is outside the interval where the FLRs
terson et al.1999 for pickup ions near Europa). Lately, a were measured, however. The FLRs showed a number den-
re-investigation has started of the PLS data near Ganymedsity (assuming oxygen to be the main iomy 5.5 cm 3,
and for the G8 flyby it was shown that there was evidencewhich together with a charge per ion of 1.5 would under-
in the PLS data for pickup ions outside the magnetopausestimate the electron density, but is in the right ball park.
(W. R. Paterson, private communication, 2012). The narrow-band radio emission seen in G8 could cor-
Also in the G28 spectrogram there is a indication of in- respond to an electron densitg ~ 8 cnm2 at ~16:03 UT.
creased counts during the interval 10:15-10:20 UT, duringThis, again, is outside the interval where the field line
which the O cyclotron waves were observed. resonances were observed and a number densiwy; f
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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 cnm 23 was inferred. Quite possibly, the spacecraft wasing one foot point connected to the moon. The T03 channel
already outside of Ganymede’s magnetosphere at this time.shows more fully developed, but still partial ring distribu-
tions. This partial ring could be related to the gyro radius
53 EPD of the energetic ions. The gyro radius for the TO2 channel is
3280-4599 km (1.25-1.78¢g) at a magnetic field strength of
~120nT. At the location at which the cyclotron waves were

h - . . EE)q)served, Galileo was at a radial distance greater t 2
unambiguously at low latitudes on the day side by using en- g e,

. . . . . so there cannot be a shadowing effect of the moon in this en-
ergetic particle properties to identify the boundary betweenergy range. For the TO3 channel the energy range is higher
ambient flux tubes and closed flux tubes of Ganymede’s mag: 4 thus the the gyro radius larger. Here there could be a
netosphere. For this purpose we study four different Chan'shadowing effect by the moon.
nels of the EPD data: B1 (electrons), TO2 (oxygen 416

For G28 the interval 10:05:09-10:24:28 UT is shown in
E = 816keV), TO3 (oxygen 816 E =< 1792keV) and Al Fig. 11 bottom panelWilliams (2001 show that trapped-

(mixed ions: .H’ H_e, O, S). These data can be.used eg.10 finﬂke electrons exist during the intervall0:06—-10:12 UT and
whether Galileo is on open or closed field lines, using thetrapped ions during-10:08:30-10:12 UT, giving an indica-

pitch angle distribution of the particles. In Figgl the EPD tion of the closed field line reai . . :
) ) i gion. The interval during which
data are shown for G8 (15:40-15:57UT) and G28 (10:05,0 ¢ pg yere observed, 10:09-10:12 UT, fits well with

10:24 UT). The format of the scans is longitude and Iatltljdethese values. The interval that the ion cyclotron waves are ob-

of the detection sphere with the pitch angle of the particlesserved is indicated by the purple box10:15-10:19 UT),

given as contours, and the counts are depicted by the COIOq.e. well outside the closed field line region. The energetic

bar. . . . .
. . . _ . oxygen looks ring-like around 9(pitch angle. There is ev-
For G8 the interval 15:40:03-15:57:22UT is shown in idence for a single loss cone in the anti-parallel direction,

Fig. 11 top paneI.Wi.IIiams et al. (19973 show that the which agrees with Galileo being in the other Ganymede
electron loss-cone signatures were observed froh®:52 hemisphere as during the G8 flyby

t? Fllg?O UT. This Showist_g‘zt_ igd(letse.cg;j.lir;n&_thfhmterval lon cyclotron waves are often associated with ring dis-
of field line resonances (15:54:47-15:57: ) the SPaCCinutions often created by ion pickup (see d.ge 1989

craft was on closed field lines. Before entering the regiony ,qdleston and Johnstori992 Mazelle et al, 2004 Delva

of closed field lines, 15:46-15:50 UT, ion cyclotron waves Lo
N ' et al, 2008h. In the case of Ganymede freshly ionized oxy-
+
were observed in the MAG data near th& 6r H,O" gyro gen would be picked up at a velocity 6100 km s-%, which

frequencies\olwerk and Khurang2010. The EPD data for would correspond to an energy Bf~ 940 eV, which is well

G8 during this interval are marked by a purple box in Rigy. below th fth d by the EPD
The data show only partial ring distributions for O in the elowthe energy of tne oxygen meastired by the '

T02 channel with maxima around parts of theé @ntours.
There is a minimum in the anti-parallel direction, indicat-
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Fig. 11. The EPD energetic particle data for G8 (top) and G28 (bottom). Shown are the electrorb@F 1< 10.5 MeV), oxygen (T02

416< E <816keV, T03 816< E < 1792keV) and ion data (Al 42 E < 65keV 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 modes that are present. Combining the MAG data with those
from other instruments (PLS, PWS and EPD) enhances the
We have investigated the Galileo data obtained during twainterpretation of the wave modes and their inferred physi-
flybys of Ganymede’s upstream low-latitude magnetospherecal parameters, such as the local plasma density. Inl2ig.
focusing on the interpretation of various kinds of wave we show the location of the observed ULF wave modes
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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 eidvelson 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 MercuRwIssell(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 cn12 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 knGuyrnett et al.
(1996 but closer to the estimate of 600 km Byiatar et al.
(20013. Similarly, the plasma temperature obtained through
the magnetospheric model Byiatar et al(20013 is 360K,
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
Fig. 12.A overview of the location of the various ULF wave modes compared to the G28 case. Using th_ese tW(_) different _ambl-
along the two flybys(a) G8 and(b) G28. The field line resonances €Nt Plasma cases together to determine the ionospheric scale
are in red, the O cyclotron waves in orange, thejOcyclotron height will then lead to an underestimate when compared
waves in yellow and the magnetopause waves in purple. Magnetigvith the previous estimate&urnett et al(19969 andEviatar
field lines are traced along the orbits and shown in green, which areet al. (20018 used the G1 and G2 flybys to obtain the scale
obtained from the numerical model i et al.(2009. height, with both flybys in similar ambient plasma conditions

as G28.

One question that has not been answered yet is what drives
along the orbits of the two flybys in the numerical model the FLRs. The base harmonics shown in Tabkhow that
of Jia et al. (2009 along the orbits of Galileo through the frequency is 60 (G8) and 39 (G28) mHz for periods of 17
Ganymede’s magnetosphere. The different colours show thand 26 sJia et al.(2010 showed in their global model that
different ULF wave activity: field line resonances are markedthe intermittency of the reconnection process on the magne-
in red, O cyclotron waves in orange,p:yclotron waves in  topause is on the order of tens of seconds. Assuming that
yellow and magnetopause waves in purple. Added to thatthe bursty reconnection emits compressional waves into the
the magnetic field lines were traced from the wave inter-magnetosphere with that bursty frequency, those waves can
vals, in order to give an impression of the magnetospheridhen resonantly couple to the field lines further in and drive
region/environment of the waves that are observed. the FLRs that we have described (see &igelson et al,

We have observed an harmonic spectrum of field line res-1998 and as described at the Earth’'s magnetopause by e.g.
onances during both flybys, when the spacecraft remained &rikryl et al. (1998.
approximately the same L-shell for 3 min around closest ap- Naturally, other sources that can drive the FLRs can
proach. Not all harmonics of the FLRs in Tallare detected be found in the dynamics of the Jovian current sheet.
above a 95 % confidence level. Especially the first harmonid=or example, ram pressure variations in the the upstream
in the G28 flyby is very weak. Shifting the spectrum one har-plasma, driven by activity in the lo plasma torus, will also
monic results in a spectrum that does not agree with the FLRnteract with Ganymede’s magnetosphere, and can drive

Ann. Geophys., 31, 4559, 2013 www.ann-geophys.net/31/45/2013/
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compressional waves in the magnetosphere that can agaimhere it is found thaB,, and B, vary in phase, wheread
couple to resonant field lines. is in quadrature.

Observations of ion cyclotron waves are indicative of Folded flux tubes as shown hjja et al.(2010, created
pick-up of freshly ionized particles and have been observedy bursty reconnection on the upstream magnetopause, could
around the various moons of Jupiter (see élgddleston  provide an explanation of the wave-like perturbations ob-
et al, 1997 Warnecke et al.1997 Huddleston et al.1998 served at the magnetopause, where the flux tubes moving
Russell et a].2003 Volwerk et al, 2001, Volwerk and Khu-  to the anti-Jovian side will mainly remain rotational signa-
rang 2010. For G8 these waves were detected just outsidetures, whereas the tubes moving to the sub-Jovian side enter
the magnetopause, whereas for G28 the waves were found ir& slightly stronger background field and get compressed, cre-
side the magnetosphere. This will be caused by the differenating the compressional signatures related to the rotations.
conditions of the two flybys. As already mentioned before, However, this interpretation needs to be confirmed through
for G8 the moon was near the centre of the Jovian currenfurther investigation using simulations and virtual spacecraft
sheet and Galileo was at high northern latitude with respecflybys. In Fig.12 it is clear that the region where the mag-
to Ganymede, whereas for G28 the moon was at its highestetopause waves were observed (the purple intervals) is re-
Jovian latitude outside the current sheet and Galileo was dfated to folded magnetic field lines created by reconnection.
lower southern latitudes of Ganymede. The numerical modelling byia et al.(2010 does not show

The ion cyclotron waves appear on open field lines withany significant difference in the occurrence rate of the re-
one side connected to Ganymede (G28) or on Jovian fieldonnection bursts between G8 and G28. There seems to be
lines (G8) outside of Ganymede’s magnetosphere, which alho significant difference between the two flybys in the sim-
move with respect to the moon and the pickup region. Theulations. This suggests that factors other than magnetopause
inferred density of the pickup ions in the ring distribution reconnection need to be considered in order to fully explain
on Jovian field lines at G8 is; ~ 1cn 2 for Ot, com-  the difference in the amplitude and period of the magnetic
pared to the ambient plasma density in the centre of thdluctuations seen during the G8 and G28 flybys.
current sheet ofij ~ 8cm 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
wasn, > 4cni3 for OF andn, ~ 2.5cm3 for O}, which

7 Conclusions

L= . . nymede’s mini-magn her m in iter’
is significant with respect to the ambient background Jo-ﬁ%eyr Oe:: Ssh OWS mazgnyet((:)hsgraectz,riseticg eoo]ld‘ac:)rmal‘,],ur%;eg_s

. ~ _3 . . .
vian plasm:a au ~ 1 cm . However, this p|ck.up occurs in netospheric processes, such as field line resonances and
Ganymede’s magnetosphere where the density may be hlgh(?ﬁagnetopause waves. Clear indications of field line reso-
than in the Jovian current sheet. Therefore we compare thre1ances were found Tﬁe boundary between Ganymede’s and
estimate of the pickup rate with the sputtering rate at theJupiter’s magnetospheres, the magnetopause, shows wavy
moon. The estimated pickup rates of these ions for G28 Wer%ctivity that may be driven, by the reconnection,at the mag-
found to beN ~ 5 x 10?3s1. This rate is well below the

sputtering rate of water molecules found Bgranicas et al netopause, but is dependent on the density of the background
(1999 to beNHgO ~ 2 x 10?51, However Khurana et al. plasma in which the moon is embedded. Pickup of freshly

(2007 have shown that there is a large redeposition of theproduced water-group ions and m_olecular oxygen has been
sputtered particles onto the polar cap, thereby reducin thg bserved through the presence of ion cyclotron waves,
P P P P, y 9 The continued study of Ganymede’s magnetosphere and

amount of pickup that can occur significantly. . ; ith the Jovi i< field using Galileo d
The magnetopause waves observed in the G8 flyby exhibi{nt.eractlon with the Jovian magnetic field using Galileo data
Is important with respect to the upcoming ESA L-Class mis-

Q|ﬁerent charagterlstlcs on the 'antl—Jowan side (rotatlonssion JUICE. The results shown here can help optimize the
in By and B, with no compressional component) and the

. . . . ! specifications of the particles and fields instruments that will
sub-Jovian side (rotations with strong compressional coms

ponent). The amplitude of the oscillations during G8 is much be put onto the spacecraft.

larger compared with the G28 flyby. The main difference be-

tween the two flybys is the location of the moon, near the cen-AcknowledgementsThe authors would like to acknowledge the

tre of the current sheet for G8 and on its outer boundary forPDS/PPI for the Galileo PLS data used in this study. MV thanks

G28. This would indicate that the plasma flow along the mag-Magda Delva for some useful discussions.

netopause is the main driver for the oscillations. However,  Topical Editor I. A. Daglis thanks P. Canu and one anonymous

the overall characteristics of the waves for both flybys do not'éferee for their help in evaluating this paper.

seem to be in agreement with Kelvin—-Helmholtz waves as

one would expect. Only for the inbound crossirjg 'at G8, aReferences
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