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Abstract

The Galileo plasma wave instrument has detected intense electromagnetic wave emissions approximately centered on the

second and fourth harmonics of the local proton gyrofrequency during the close equatorial ¯yby of Io on 7 December 1995.
Their frequencies suggest these emissions are likely generated locally by an instability driven by non thermal protons. Given that
this process occurs close to Io, we suggest that hydrogen-bearing compounds, escaping from Io, are broken up/ionized near this

moon, thereby releasing protons. Newly-created protons are thus injected in the Jovian corotating plasma with the corotation
velocity, leading to the formation of a ring in velocity space. Several electromagnetic wave±particle instabilities can be driven by
a ring of newborn protons. Given that the corotating plasma is sub-AlfveÂ nic relative to Io, the magnetosonic mode cannot be

destabilized by this proton ring. The full dispersion relation is studied using the WHAMP program (RoÈ nmark, 1982. Rep. 179.
Kiruna Geophys. Inst., Kiruna, Sweden) as well as a new algorithm that allows us to ®t the distribution function of newborn
protons in a more realistic way. This improvement in the ring model is necessary to explain the relative narrowness of the

observed spectral peaks. The measured E/B ratio is also used to identify the relevant instability and wave mode: this mode
results from the coupling between the ion Bernstein and the ion cyclotron mode (IBCW). To our knowledge this mode has not
yet been studied. From the instability threshold an estimate of the density of newborn protons around Io is thus given; at about
2 Io radii from the surface and 408W longitude from the sub-Jupiter meridian, this density is found to be r0.5% of the local

plasma density (04000 cmÿ3), namelyr20 cmÿ3. Assuming a stationary pickup process and a rÿn distribution of pickup protons
within several Io radii of Io's wake, this implies that more than 1026 protons/s are created around Io. The ultimate origin of
these protons is an open issue. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Jupiter's innermost Galilean moon, Io, is well
known for the active volcanoes, the lakes of molten
sulfur and the vast ®elds of sulfur dioxide snow cover-
ing its surface. Io is believed to be the major source of
the heavy ions (sulfur and oxygen ions, mainly) in the
Jovian magnetosphere. Although the existence of a
tenuous SO2 neutral atmosphere around Io is well
established, the existence of H2S (a common volcanic
gas along with SO2) in the composition of Io's atmos-
phere still remains a controversial issue (see Lellouch,
1996 and references therein). The detection of H2S in

solid phase, from measurements at 3.9 mm, has been

claimed by Nash and Howell (1989) and Salama et al.

(1990), even though the temperature and pressure con-

ditions of the surface material of Io are above the sub-

limation point of pure H2S. On the other hand, no

gaseous H2S has been detected by millimeter-wave ob-

servations (Lellouch et al., 1992). This disagreement

about the existence of H2S and hydrogen is at the ori-

gin of the present paper. Recent observations based

upon a new focal instrument implemented on the

Hubble Space Telescope have given evidence of glow-

ing hydrogen gas at the Io poles (Roesler et al., 1999).

Here, we use the Galileo Plasma Wave Subsystem

(PWS) to investigate the plasma wave emissions in the

low frequency range. More details about the PWS ex-

periment can be found in Gurnett et al. (1992). During
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the closest approach of Io on 7 December 1995, the
PWS experiment made a detailed survey of plasma
wave emissions at frequencies above 5 Hz. Taking ad-
vantage of the possibility of measuring the electric and
magnetic components, we estimate the E/B ratio and
use it to identify the nature of the emitted waves and
their relation to the pickup process of iogenic hydro-
gen.

2. Galileo plasma wave observations

The Galileo orbiter ¯ew by Io at a minimum dis-
tance of about 900 km during its ®rst inbound pass
through the Io torus. Its trajectory was not far from
radial towards Jupiter and passed Io downstream in
the equatorial region. As originally suggested by the
Pioneer 10 radio science measurements (Kliore et al.,
1975), the plasma environment of Io presents a strong
upstream/downstream asymmetry: a cold, near-stag-
nant and dense plasma structure (n > 4 � 104 cmÿ3)
extends far away from Io in the wake direction (see
Gurnett et al., 1996; Frank et al., 1996; Louarn et al.,
1997; Hinson et al., 1998), whereas no extended dense

region is found upstream (Louarn et al., 1997; Hinson
et al., 1998). Fig. 1 shows the calibrated/®ltered
dynamic power spectra of the waves as Galileo ¯ew by
Io. The frequency range displayed is from 5 to 200 Hz.
The top panel shows the data from the magnetic
antenna, whereas the bottom panel shows the data
from the electric one. The wave spectrum analyzer tog-
gles between the electric and magnetic antennas every
18.666 s. In order to help visualize the highest fre-
quency signals, the calibrated spectra have been multi-
plied by the function (2f/75+1/3)2, which compensates
for the average slope (of the calibrated power spectra)
and reduces the relatively strong low-frequency noise
( f R 10 Hz). It has to be stressed that these spectra
are obtained via several ®lters having di�erent fre-
quency resolutions, depending on their central frequen-
cies. The vertical width of the rectangular color
patterns displayed in Fig. 1 are proportional to the fre-
quency resolution. The line at about 130 Hz on the
magnetic data is due to a spurious noise. Although
there is a large level of spurious instrumental noise,
tending to hide the natural emission, this ®gure gives a
good overview of the events we are dealing with. The
entry into, and the exit from, the geometrical wake are

Fig. 1. Calibrated/®ltered dynamic power spectra of the waves as Galileo ¯ew through the Io wake. The top (bottom) panel shows the data from

the magnetic (electric) antenna. The entry into, and the exit from the geometrical wake are at 17:44:22 and 17:48:31 UT, respectively. The super-

imposed curves indicate the ®rst four harmonics of the local proton gyrofrequency.
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at 17:44:22 and 17:48:31 UT, respectively. The closest
approach to the moon is at 17:45:46 UT and the wake
axis closest approach is at 17:46:31 UT. The ®rst four
harmonics of the local proton gyrofrequency measured
from the Galileo magnetometer (Kivelson et al., 1992)
are plotted as dark lines. The variations of these lines
correspond to the perturbation of the Jovian magnetic
®eld due to Io (Kivelson et al., 1996a). It is, however,
di�cult to ascertain whether Io has an intrinsic mag-
netic ®eld because the plasma ¯ow disturbs the mag-
netic ®eld (Frank et al., 1996; Kivelson et al., 1996b).
The intense burst of broadband electromagnetic wave
emissions, from about 17:45:30 to 17:47:30 UT, is as-
sociated with intensive magnetic ®eld-aligned bidirec-
tional energetic (>15 keV) electron beams (Williams et
al., 1996; Gurnett et al., 1996). The origin of these
beams observed in the middle of the wake and their re-
lation to waves is beyond the scope of this paper. We
will only focus on the intense electromagnetic wave
emissions that are approximately visible at two and
four times the local proton gyrofrequency (FH+025 to
29 Hz), from about 17:50:00 to 17:54:00 UT, as
Galileo was leaving the stagnation region of the Jovian
corotating plasma (i.e. just after the exist from the
cold plasma wake). Before the entry into the wake, no
such emission is detected from the spectrum analyzer.
The power spectral peak observed at about 2FH+ is ap-
proximately 10 times more intense than that observed

at about 4FH+. For both emissions, the ratio of the
electric to the magnetic ®eld component E/B has the
same order-of-magnitude, typically 2 to 8 � 106 m/s.
The maximum intensities for the magnetic and electric
®eld components are about 2 � 10ÿ3 nT2/Hz and
6 � 10ÿ8 (V/m)2/Hz, respectively.

In addition to the ®lter banks used to build Fig. 1,
wave form data were registered during selected time
periods, in particular during ¯ybys. During the Io
¯yby, a snapshot of 0.274 s of wave form data was
registered every 4/3 s at a rate of 3.15 kHz. Fig. 2
shows some examples of wave form data which have
been Fourier transformed for the sake of comparison
with data from the ®lter banks. Spectra from wave
form data have a better frequency resolution and, as
indicated above, they are collected every 4/3 s instead
of 18.666 s, for the ®lter banks. Because of telemetry
shortage, however, wave form data are digitized with a
small numbers of bits (4) and are not calibrated. Thus,
information on wave amplitude only comes from ®lter
bank data. Thanks to their better time resolution the
Fourier transformed wave form data show evidence of
a very irregular electromagnetic wave activity at fre-
quencies above FH+. Before the wake crossing the fre-
quency is highly variable, as evidenced in panels a and
b of Fig. 2. After the wake crossing the observed fre-
quencies are more stable, consistent with data from the
spectrum analyzer. For the time interval where the

Fig. 2. Wave form data (left panels) and corresponding wave spectra (right panel). The mean values of the waveforms have been removed before

performing the Fourier transforms. The ticks at the top of the right panels indicate the ®rst four harmonics of the local proton gyrofrequency.
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calibrated data show the intense spectral peaks after Io
¯yby, at about 2FH+ and 4FH+, the two data sets (®lter
bank data and Fourier transformed wave form data)
give the same result; spectral peaks are well visible at
about 2FH+ and 4FH+ (panel c).

In conclusion, during the close ¯yby of Io on 7
December 1995, the Galileo plasma wave instrument
detected, outside the Io wake, electromagnetic wave
activity at frequencies related to FH+. In particular,
from about 17:50:00 to 17:54:00 UT, i.e. after the
wake crossing at about 2 Io radii (RIo21800 km)
from Io's surface, intense electromagnetic wave emis-
sions approximately centered at 2FH+ and 4FH+ have
been clearly identi®ed. Owing to their frequencies,
these emissions are likely to be generated locally by an
instability driven by non thermal protons. Given that
this process occurs close to Io, we suggest that hydro-
gen-bearing compounds, escaping from Io, are broken
up/ionized near this moon, thereby releasing protons.
Newly-created protons are thus injected in the Jovian
corotating plasma with the corotation velocity, leading
to the formation of a ring in velocity space. We will
show that this type of assumed distribution accounts
for the properties of the observed waves.

3. Wave instabilities for ring protons

Several electromagnetic wave±particle instabilities
can be driven by a ring of newborn protons. The pre-
sent paper is an attempt to identify the speci®c
instability responsible for the observations presented
above.

3.1. Preliminaries

Since the corotating plasma in the vicinity of the
orbit of Io is moving approximately in a direction per-
pendicular to the magnetic ®eld (B0), the distribution
function of newborn ions, initially at rest with respect
to Io, is ring-shaped around the magnetic ®eld, with
only a small parallel drift velocity that will be neg-
lected hereafter for the sake of simplicity. The ring vel-
ocity (Vring) is thus approximately equal to the
corotation velocity with respect to Io (vVcv). In general,
this is a very unstable con®guration and ion cyclotron
waves are expected to grow and to scatter the particles,
in pitch angle and in energy, which reduces the wave

growth. In a plasma containing several components,
such as the Jovian corotating plasma near Io, we do
not expect to get a positive growth rate near every
gyrofrequency of the newly-picked up ions but only
near the gyrofrequencies of the heavier and denser
ones. Indeed, at low frequencies (<5 Hz) strong ion
cyclotron waves were observed close to FSO+

2
and FSO+

by the Galileo magnetometer over a region extending
up to more than 15 RIo from Io (Kivelson et al.,
1996b). The fact that ion cyclotron waves (ICWs) are
possibly destabilized by pickup protons is, therefore,
unexpected. Furthermore, proton ICWs are not
expected to grow at frequencies above FH+.

Ion cyclotron harmonic wave generation by ring
protons in space plasmas has been considered by
Perraut et al. (1982), McClements and Dendy (1993)
and McClements et al. (1994), referring to the magne-
toacoustic cyclotron instability intensively studied in
fusion plasmas (see Dendy et al., 1994 and references
therein). Unfortunately, this mechanism where perpen-
dicular propagating fast AlfveÂ n waves are in resonance
with ion Bernstein waves at cyclotron harmonics of
the ring ions requires a ring velocity (Vring) much lar-
ger than the AlfveÂ n speed (VA), which is far from
being the case here (see Table 1).

Thus, a quick analysis based upon the well-known
instabilities does not provide an obvious explanation
of the observations. We investigate, therefore, the full
dispersion relation.

3.2. Study of the dispersion relation using WHAMP

In a ®rst step, the dispersion relation corresponding
to the interaction between the Jovian plasma ¯owing
around Io and the newborn ions has been computed
with the WHAMP program (RoÈ nmark, 1982). This
program solves the full dispersion relation in a multi-
component magnetized plasma described by the
Vlasov kinetic theory. The Jovian equilibrium plasma
considered here has been assumed to be Maxwellian
with temperatures of 100 eV for the ions and 10 eV
for the electrons (Bagenal, 1994; Thomas, 1995; Frank
et al., 1996). This corotating plasma contains about
10% of H+, the dominant ions being oxygen and sul-
fur ions (Bagenal, 1995; Frank et al., 1996). Since we
are concerned with `high frequency' waves (rFH+),
only one heavy ion species has been taken into account
(O+) in the calculations. This assumption stems from

Table 1

Summary of the most important physical parameters used for modelling the background torus plasma near Io

B0 (nT) ne (cm
ÿ3) nH+ (%) nO+ (%) Te (eV) TH+ (eV) TO+ (eV) Vc

a (km/s) VA (km/s)

1700 4000 10 90ÿe ringH+ 10 100 100 57 0150

a The corotation velocity is given with respect to Io.
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the fact that the contributions of the heavy ions
(picked up and corotating) are roughly indiscernible
for the wave±particle interactions at work in the fre-
quency range of interest (above FH+). For the values
of the magnetic ®eld intensity (B0) and the electron
plasma density (ne), we have taken 1700 nT (Kivelson
et al., 1996a) and 4000 cmÿ3 (Frank et al., 1996), re-
spectively, which corresponds to representative values
observed just outside the Io wake. Thus, for the back-
ground torus plasma considered here, VA0150 km/s.
All these parameters used in the calculations for mod-
elling the background torus plasma near Io are sum-
marized in Table 1.

The assumed fraction of pickup protons (e ringH+ ) is
distributed in the perpendicular direction on a ring
with the local corotation velocity (Vring=vVcv057 km/
s), which approximately corresponds to a ring energy
(Ering � 1

2MV 2
ring) of 17 eV. The ring model used by

the WHAMP program being de®ned by the di�erence
of two Maxwellian functions, its perpendicular velocity
dispersion is comparable to the ring velocity itself.
Thus, this model does not allow the description of
narrow ring-shaped distribution functions. The ring
distribution function used is displayed in Fig. 3. Let us
de®ne the perpendicular temperature of the ring (T ring

_ )
as the average value of 1

2M�v? ÿ Vring�2. Therefore, one
gets for this distribution function T ring

_ 2Ering/3. The
parallel temperature of the ring (T ring

k ) is a free par-
ameter that parametrizes the anisotropy. We assume
all along that the threshold value for a substantial
instability is a growth rate gr10ÿ3OH+; this hypoth-
esis will be justi®ed afterwards.

The dispersion relation obtained in this way shows
that ICWs could be excited at 0FH+ for e ringH+=1%
when T

ring
k R 0.08 eV. In fact, for T

ring
k < 0.08 eV

(strong anisotropy) the dispersion relation displays
other solutions, connected to electrostatic ion
Bernstein waves (they are electrostatic, excited near the

harmonics of FH+ and propagate obliquely relative to
B0 with strong ®nite Larmor radius e�ects, i.e. their
perpendicular wave number is such as
k_VringrOH+=2pFH+), that have a much greater
growth rate than the proton ICWs. Fast di�usion is
thus expected, which will ¯atten the ring and increase
T

ring
k to a few eV, thereby quenching these initially

growing waves. The stable existence of such electro-
static waves around Io is indeed unlikely because: (1)
they should be excited around every harmonic of FH+

and furthermore, their observation would be strongly
a�ected by Doppler-shifts (DF/FH+r1); our obser-
vation could only account for the ®rst harmonic; (2)
the observed E/B ratio is smaller than 107 m/s, which
does not correspond to these electrostatic waves
excited by a strong anisotropy of ring protons (E/
Br108 m/s). In what follows we will thus take
T

ring
k =2 eV, as a standard value; for this value the

above quoted electrostatic instability is quenched. It
has to be stressed that this conclusion on T

ring
k is valid

independently of the precise form of the pickup distri-
bution function we have considered. The electrostatic
waves which initially di�use the freshly-picked up pro-
tons are mainly determined by the anisotropy of ring
protons.

This preliminary analysis of the dispersion relation
has led us to investigate the transient regime when the
newborn protons freshly-picked up by the Jovian
background corotating plasma can produce, over a
short time, a very anisotropic ring. We have seen that
electrostatic (like-ion Bernstein) waves rapidly heat the
parallel distribution, so one asks now what waves are
unstable once T

ring
k =2 eV. Indeed, as the anisotropy

becomes ®nite (T
ring
k =2 eV > 0.08 eV) due to rapid

pitch angle di�usion, unstable ICWs are no more
found for realistic densities of pickup protons
(e ringH+ < 33%). Nevertheless, for intermediate values of
the density (e ringH+ r2.2%), another branch of the dis-
persion relation is found to be destabilized. It corre-
sponds to quasi-electrostatic waves having a small
torsional magnetic ®eld component (E/B05 � 106 m/
s) that grow at FH+. These waves propagate in a nearly
perpendicular direction (also with strong ®nite Larmor
radius e�ects) and are only weakly a�ected by chan-
ging signi®cantly the anisotropy value. These waves
are also found at the second harmonic of FH+ but, at
this frequency, they are damped. They are probably
ion Bernstein waves coupled with the ion cyclotron
waves associated with the ring protons (IBCWs). To
our knowledge these waves have not yet been studied.
In Fig. 5, the corresponding dispersion relation is pre-
sented for e ringH+=2.5%. It has to be stressed that the
ICW and this IBCW are modes for which wave±pro-
ton gyroresonant interactions should play an import-
ant role. A realistic ring model is thus of crucial
importance for de®ning their propagative properties,

Fig. 3. Normalized ring distribution function we have used in the

WHAMP computations for the pickup protons.
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in particular, for de®ning their growth rate. Transient
electrostatic waves due to initially strong anisotropy
are expected to di�use rapidly the freshly-picked up
protons. The form of a realistic pickup distribution
function has to be thought of as resulting from this
transient regime. The proton ring distribution function
used in WHAMP's computations (Fig. 3) has intrinsi-
cally (1) a large perpendicular spread (0Vring) and (2)
a relatively asymmetric shape with respect to the injec-
tion velocity (Vring) so that there are slightly more par-
ticles for v_ > Vring than for v_ < Vring. In fact,
energy di�usion of freshly-picked up particles is
usually slower than pitch angle di�usion and very
likely towards smaller energies. The ring-shaped distri-
bution function of the pickup protons is thus expected
(1) to be relatively narrow in the perpendicular direc-
tion (T ring

_ < T
ring
k <<Ering017 eV) and (2) to have

more particles at positive density gradient (v_ < Vring)
than at negative density gradient (v_ > Vring). There-
fore, using the ring model compatible with WHAMP,
the threshold values determined on the pickup proton
density for unstable IBCWs and ICWs (2.2 and 33%,
respectively) are certainly not very accurate.

3.3. More realistic ring model

In view of the lack of ¯exibility of WHAMP in ®t-
ting the distribution function of the newborn ions, we
have built a new algorithm to solve the same full dis-
persion relation but using for the pickup protons the
distribution function given by:

f
ring

H� �vk, v?� �
nee

ring

H� a
ÿ1
?

p3=2DvkDv2?
� exp

 
ÿv2k
Dv2k

!

�exp

 
ÿ�v? ÿ Vring�2

Dv2?�1� �d? ÿ 1�Y�v? ÿ Vring��2
!
, �1a�

where

a? � exp

 
ÿV 2

ring

Dv2?

!
� ���

p
p Vring

Dv?
erfc

�ÿVring

Dv?

�

��d? ÿ 1�
�
d? � 1� ���

p
p Vring

Dv?

�
�1b�

is a normalisation factor, Dvk is the parallel thermal
velocity (2T

ring
k =M)1/2 and Dv_ the perpendicular ther-

mal velocity implicitly determined by

Dv? � �2T ring
? =M �1=2 �

�������
a?
b?

r
�1c�

with

b? � exp

 
ÿV 2

ring

Dv2?

!
�

����
p
2

r
Vring

Dv?
erfc

�ÿVring

Dv?

�

��d 4
? ÿ 1� � �d 3

? ÿ 1�
����
p
2

r
Vring

Dv?
; �1d�

Y is the step function, equal to 1 for positive values of
its argument and 0 otherwise; d_ is a given dilation
coe�cient that allows an increase (d_ > 1) or a
decrease (d_ < 1) of the width of the ring distribution
function for v_ > Vring, while for v_ < Vring the distri-
bution remains unchanged. Fig. 4 shows the distri-
bution function plotted for T ring

_ =0.4 eV and d_=1/2
(curve a). It will be used with these parameters here-
after. For comparison, the ring distribution function
used in the previous analysis is superimposed (curve
b). The contribution of these protons to the dielectric
tensor (eeering) has been determined by substituting (1)
into the general expression of the dielectric tensor
given by Ichimaru [1973, Eqs. (3.71)±(3.73), p. 51]. Its
expression obtained after a substantial amount of alge-
braic calculations is reproduced in the Appendix. We
have prescribed the contribution of the background
torus plasma by the expression given by Ichimaru
[1973, Eqs. (5.20)±(5.22), p. 89] which is valid for
Maxwellian populations. The dispersion relation has
been solved by computing these full expressions using
the Mathematica software (Wolfram, 1991) that per-
mits one to work with a precision exceeding 16 deci-
mal digits. Naturally, this computation takes much
more time than WHAMP computations but it allows
us to characterize the unstable modes we are dealing
with in a more realistic way, that is to say, with a
more realistic distribution function of the pickup pro-
tons.

As a result, for T
ring
k =2 eV, T ring

_ =0.4 eV and

Fig. 4. Normalized ring distribution function we have used in the

modi®ed analysis (curve a). It is believed to be more realistic than

the distribution function we have used in the WHAMP computations

(curve b).
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d_=1/2, (1) the ICW is stable whatever e ringH+ and (2)
the IBCW is unstable for e ringH+ r0.45%. The dispersion
relation of IBCWs obtained by this computation for
e ringH+=0.5% is displayed in Fig. 6. Note that the pro-
ton ring distribution function we have used here is
slightly less anisotropic than that used in the compu-
tations with WHAMP. This explains why ICWs are no
longer destabilized in this last calculation. In fact, the
ICW is sensitive to the anisotropy value as for a hy-
drodynamic mode. ICWs are indeed excited for small
values of the wave number so that they propagate
without ®nite Larmor radius e�ects (k_Vc<<OH+). On
the other hand, IBCW is sensitive to the shape of the
ring distribution function as a resonant mode (e.g., it
is stable for d_r1), and is not very sensitive to the
anisotropy value. IBCWs are indeed excited for large
values of k_ so that they propagate with strong ®nite
Larmor radius e�ects (k_VcrOH+). As a matter of
fact, in contrast to the growth rate g obtained from
WHAMP as a function of k_ (Fig. 5, bottom panel),
the growth rate pro®le obtained from our new algor-
ithm is narrower (Fig. 6, bottom panel).

4. Discussion

Assuming that the background torus plasma ¯owing
around Io is mixed with ring protons, recently picked
up from the Io's extended neutral cloud, two types of
wave instability, IBCW and, eventually, ICW (if the
anisotropy turned out to be very large), have been
identi®ed as possible candidates for explaining the ob-
servations presented above. In order to give more
insight into the interpretation of these observations,
the geometry of the encounter has now to be taken
into account. In Fig. 2 of Kivelson et al. (1996a), for
example, a view of the wake crossing by the Galileo
spacecraft is presented. As evidenced in this ®gure, the
near-Io trajectory is not exactly perpendicular to the
wake axis so that the region crossed after the exit from
the wake (inside Io's orbit) is located more down-
stream from Io than the region crossed before the
entry into the wake (outside Io's orbit). This is prob-
ably the reason why there is a clear signature of spec-
tral peaks inside Io's orbit while the signature is less
clear outside Io's orbit (only seen occasionally on
Fourier transformed wave form data). The waves have
a perpendicular group velocity much smaller than the

Fig. 6. Same as Fig. 5 but the dispersion relation is computed by

using for the pickup protons the ring model given by (1), with

e ringH+=0.5%, T ring
_ =0.4 eV and d_=1/2.

Fig. 5. Dispersion relation of the IBCWs computed for e ringH+=2.5%

with the WHAMP program (see the text). The top (bottom) panel

shows the dispersion curve as a function of kk (k_), the value of k_

(kk) being chosen to have the maximum growth rate.
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corotation velocity (Vg<<Vc) so that they are essen-
tially moving with the corotating plasma. Given that
these waves are generated by pickup protons near Io,
roughly speaking in a sphere around Io, they convec-
tively grow downstream from Io. Thus, the convective
wave growth at a given point from Io will depend on
the location with respect to the stream line. While
approaching Io (beyond Io's orbit), Galileo was more
upstream than while leaving Io (inside Io's orbit).
Consequently, the integrated convective growth will be
larger inside Io's orbit than outside Io's orbit. Indeed,
insofar as the waves observed from about 17:50:00 to
17:54:00 UT are due to wave perturbations that have
linearly grown, we can conclude that they have had
enough time to convectively grow before their obser-
vation aboard the Galileo spacecraft. Then, let A be
the corresponding ampli®cation factor of these pertur-
bations; one can reasonably assume that the convective
growth should exceed 10 exponentiations,

Are10 �2�
to be extracted from noise. Being generated upstream
at some typical distance L from Galileo's trajectory,
they then grow during a time scale

t0 L

Vc

�3�

before reaching Galileo. Inside Io's orbit, L02RIo,
while outside Io's orbit, L is roughly reduced by a fac-
tor 2. Assuming that the same wave instability takes
place on both sides with the same growth rate g, the
corresponding ampli®cation factors are given by
exp(gt ). Thus, for the perturbations convectively grow-
ing outside Io's orbit, the ampli®cation factor is only
of the order of

����
A
p

. Since
����
A
p � 1 and assuming that

the amplitudes of the initial wave perturbations have
the same order-of-magnitude on both sides, the ampli-
tudes of the waves reaching Galileo outside Io's orbit
have to be much smaller than the wave amplitudes
observed inside Io's orbit, which explains the observed
asymmetry.

The threshold value of g used in the preceding sec-
tion for determining the threshold value of e ringH+ for
unstable waves can now be determined. Indeed, one
gets from (2) and (3) that

gr10Vc

L
�4�

which leads, for L02RIo, to a threshold value of
about 0.16 sÿ1 for the growth rate. This corresponds
to the value quoted above, namely, g/OH+r10ÿ3.

As discussed above ICWs are little a�ected by
Doppler-shift e�ects (k_Vc<<o 1 OH+). Hence, the
lack of observation at and below FH+, from about
17:50:00 to 17:54:00 UT, suggests that the waves

observed during this period are not ICWs. Moreover,
the ratio E/B for unstable ICWs would be about
5 � 105 m/s, which is one order-of-magnitude smaller
than what is observed. Therefore, IBCWs remain the
only viable candidate to explain the spectral peaks
observed at about 2FH+ and 4FH+, as it will be shown
hereafter.

First of all, the ratio E/B for unstable IBCWs are
consistent with the observed values. In contrast to
ICWs, IBCWs propagate for large values of k_ so that
Doppler-shift e�ects can be important. As a matter of
fact, the dispersion relation shows that k_Vc03OH+

for the most unstable IBCWs excited at FH+ (Fig. 6).
The spacecraft velocity being, in the ®rst approxi-
mation, negligible with respect to the corotation vel-
ocity, IBCWs excited in the downstream direction are
thus observed at 0(1+3)FH+, while IBCWs excited in
the upstream direction are observed at 0(3ÿ1)FH+.
This means that IBCWs are apparently not excited in
a direction transverse to Vc, since wave spectra do not
present a continuum for frequencies between FH+ and
4FH+. Relatively narrow spectral peaks at about 2FH+

and 4FH+ are observed instead. As shown above, the
use of a more realistic distribution function for pickup
protons (in contrast to WHAMP's) gives a relatively
narrow growth rate pro®le with respect to k_.
Doppler-shift can thus get a narrow range of
frequencies.

The reason why IBCWs are mainly excited in the
upstream and downstream directions can be under-
stood as follows. The newly-created electron±proton
pairs originating from the ionization of iogenic neu-
trals are injected into the background Jovian plasma
with the velocity of Io, ÿVc. After several gyrations of
the electrons but well before protons have time to
rotate around B0, a current of protons is created that
¯ows approximately towards the upstream direction.
Due to the initial charge separation between the new-
born protons and the newborn electrons, an electro-
static ®eld approximately parallel to Vc has, therefore,
to be created. On the other hand, in order to preserve
charge neutrality, a current parallel to the background
magnetic ®eld is rapidly produced. The plane including
both the background magnetic ®eld and the ¯ow line
is, therefore, the plane in which the currents compen-
sate. Faraday's law indicates that a magnetic ®eld is
then induced in a direction perpendicular to this plane.
Naturally, the typical scale length of the spatial ¯uctu-
ations associated with these electric and magnetic ®elds
is about a fraction of the Larmor radius of the picked
up protons (Vc/OH+). Start up conditions on the elec-
tric and magnetic ®elds select the eigenmodes that
have both the wave vector and the wave polarization
consistent with it. On this ground, one can conclude
that the quasi-electrostatic IBCWs are predominantly
excited along the ¯ow lines in both the upstream and
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downstream directions. Conversely, if one assumes
that the spectral peaks, observed aboard the Galileo
spacecraft are due to monochromatic waves (one wave
frequency F ) propagating in two opposite directions
(Doppler-shifts2DF ), it has to be stressed that the fre-
quencies observed for the spectral peaks, 02FH+ and
04FH+, determine in a unique way the wave frequency
and the amplitude of the Doppler-shift as

F0FH� and DF03FH� �5�
respectively.

The free parameters in the calculation are those
determining the ring shape (T

ring
k , T ring

_ and d_) and
the ring density (e ringH+ ). The other parameters, summar-
ized in Table 1, are pulled out of the observations. The
ring temperatures used, T

ring
k =2 eV and T ring

_ =0.4 eV,
can very likely be obtained from the rapid di�usion of
the newly-picked up protons by transient electrostatic
waves, pitch angle di�usion occurring faster than
energy di�usion. For the dilation coe�cient an inter-
mediate value has been used, d_=1/2. Indeed, the
most important thing is to have d_ < 1, in order to be
consistent with the initial di�usion of the newly-picked
up protons towards energies smaller than the injection
energy (Ering). We conclude that IBCWs excited by
newly-picked up protons can explain in a rather simple
way, the properties of the observed waves. The density
of the newly-picked up proton must then be r0.5% of
the total density at about 2RIo from Io's surface. The
asymmetry of the observations with respect to the
wake axis is explained by the fact that Galileo crossed
Io's wake diagonally.

5. Io as an intrinsic source of protons?

From the data collected by the Galileo PWS exper-
iment, the emissions observed in the low frequency
range (5 to 200 Hz) during the close Io ¯yby on 7
December 1995 have been investigated. (1) Carrying
out the dispersion analysis of the electromagnetic
waves that can spontaneously develop in the plasma
¯owing near Io (®rst, by the use of WHAMP, then, by
the use of a new algorithm that allows us to ®t the dis-
tribution function of newborn ions in a more realistic
way) and (2) taking into account the motion of the
Galileo spacecraft relative to Io and the Jovian coro-
tating plasma, it is possible to relate these observations
to the existence of ring protons over a region of
>2RIo around Io. An extended neutral cloud of
hydrogenic compounds around Io is thus inferred, at
least in the equatorial region crossed by Galileo. The
neutral cloud is partially broken up into its constitu-
ents and ionized by the ultraviolet light of the Sun
and/or by impacts with the electrons and ions of the

corotating plasma, thereby producing protons. Initially
at rest with respect to Io, these newly-created protons
are accelerated by the corotational electric ®eld and
begin to drift downstream with the Jovian magnetized
plasma, forming a ring in velocity space. In particular,
at about 2RIo from Io's surface along the Galileo tra-
jectory inside Io's orbit, the density of these freshly-
picked up protons is found to be r0.5% of the local
plasma density (04000 cmÿ3), namely r20 cmÿ3. By
assuming that protons are created within 8RIo of Io's
surface, that the density of the pickup protons around
Io's wake falls as rÿn with distance and that the
pickup process is stationary, we can estimate a lower
limit on the total amount of the newly-created protons
which drift away from Io per unit time. For n = 3, we
®nd that more than 3 � 1026 protons/s are created
around Io.

Thus, Io acts as a source of protons in the Jovian
magnetosphere. What is the origin of the inferred
hydrogen? Hydrogen-bearing compounds other than
H2S might be present (Salama et al., 1994; Carlson et
al., 1997). Do they ultimately originate from Io?
Indeed, as suggested by the observation of caps of
glowing hydrogen gas at the moon's poles (Roesler et
al., 1999), the iogenic hydrogen might also result from
the absorption of the Jovian magnetospheric proton
current that ¯ows into Io. In this case, Io would not
really be a source of protons but a (more or less com-
plex) relay station recycling Jovian magnetospheric
protons.
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Appendix A. Expression of eeering

The expression of the tensor eeering, as inferred from
(1) and Ichimaru [1973, Eqs. (3.71)±(3.73), p. 51], nor-
malized to the square of the ratio between the ring
proton plasma frequency and the wave frequency, can
be written as

ering
yy � ÿ1�

4aÿ1?
Db2?

X�1
n�ÿ1

"
n

Dbk
An�b?, Db?�Z0�zn�

� Dv2?
Dv2k

1

Db?
Bn�b?, Db?�Z1�zn�

#
�A1a�
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ering
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where
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kkDvk
�A1h�

and

b? �
k?Vring

OH�
, Db? �

k?Dv?
OH�

, Dbk �
kkDvk
OH�

�A1i �

The functions An, Bn, Cn, Dn, En, and Fn determine the
®nite Larmor radius e�ects. They are de®ned by the
following integrals:
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du being the step function, equal to d_ for positive
values of u and 1 otherwise.

The velocity dispersion e�ects along the magnetic
®eld are determined by the functions Zj, j= 0 to 3,
that are de®ned as

Zj�z� � 1���
p
p

�
L

dt
t j eÿt

2

tÿ z
�A3a�

L being the Landau contour of integration that avoids
the pole t=z by passing below. Thus, for j= 0, Zj is
merely the Fried and Conte's function (Fried and
Conte, 1961) and, for j = 1 to 3, Zj is related to this
latter as follows:

Z1�z� � 1� zZ0�z� �A3b�
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Z2�z� � zZ1�z� �A3c�

Z3�z� � 1=2� zZ2�z� �A3d �
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