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Abstract

We consider the distribution of plasma density in the atmosphere of Ganymede and present electron density profiles inferred from data
of the Plasma Wave instrument of Galileo. To study the question of ionospheric plasma, we present a zero-dimensional local rate equation
model of the source and loss functions and the atomic and molecular processes we assume to be taking place. We conclude from the
model that Ganymede has a bound ionosphere composed mainly of molecular oxygen ions in the polar regions and of atomic oxygen
ions at low latitudes and that protons are absent everywhere. This implies that the plasma observed to be flowing out along the open
flux tubes connected to the polar cap is composed of ions of atomic oxygen. We predict that Ganymede is surrounded by a corona of
hot oxygen atoms. The model neutral atmosphere has a composition similar to that of the ionosphere and is exospheric everywhere. Our
calculated neutral column density is consistent with values of Ganymede ultraviolet auroral brightness observed by means of the Hubble

Space Telescope. (© 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The icy Galilean satellites of Jupiter have atmospheres.
The atmosphere of Europa has been modeled numerically in
detail in 3-D by Saur et al. (1998) and their results are con-
sistent with observation. Ganymede is significantly larger
than the other satellites and, more importantly, has an intrin-
sic magnetic field as discovered by the Galileo spacecraft
(Kivelson et al., 1996; Gurnett et al., 1996).

The earliest indication of a possible atmosphere at
Ganymede was a stellar occultation observation by Carl-
son et al. (1973), who found an atmospheric pressure of
the order of a microbar. Observations by the UVS (Ul-
traviolet Science) telescope of Voyager 1 placed an up-
per limit on the pressure about five orders of magnitude
lower (Broadfoot et al., 1981). Hubble space telescope
(HST) observations by Hall et al. (1998) are consistent
with the lower density, which is in contradiction to the
early ionosphere/atmosphere model of Yung and McElroy
(1977). Kumar and Hunten (1982) showed that the atmo-
sphere can have two possible states that differ in pressure by
a factor of 10°. The uncertainties in the H,O vapor pressure
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extrapolations are, according to Kumar and Hunten (1982),
sufficient to leave indeterminate the differentiation between
the high and low density states of the system. The latter is
a regime in which the generation rate of the constituents
of the atmosphere is easily accommodated by thermal es-
cape. As we shall see below, the HST observations fit the
low-density state model of Kumar and Hunten (1982).

In this paper, we shall attempt to evaluate the distribu-
tion of plasma density in the exospheric ionosphere in both
the polar cap and the equatorial regions of Ganymede. We
also present new Galileo plasma wave science (PWS) mea-
surements that have implications for the nature of the iono-
sphere. A simple steady-state analytic model is developed
for Ganymede, which is consistent with the findings of PWS
and HST but raises severe questions with respect to pub-
lished interpretations of Plasma Science (PLS) data. We find
the latter to be inconsistent with the physical processes that
must be taking place at and near the surface of Ganymede.

2. The observations

In this section, we shall first present the PWS data
obtained during the Ganymede 1 and Ganymede 2
(hereafter G1 and G2, respectively) encounters and then
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Fig. 1. Horizontal projection of the Gl and G2 encounters of Galileo
with Ganymede.
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Fig. 2. Vertical projection of the G1 and G2 encounters of Galileo with
Ganymede.

discuss the published Galileo Ultraviolet Science (UVS)
and PLS data.

We also quote data and inferences from the energetic
particle detector (EPD), radio occultation studies, ground
based observations and HST findings. The implications of
the combined data sets will be shown to be consistent with
our model. The horizontal and vertical projections of the
encounter trajectories are shown in Figs. 1 and 2.

2.1. PWS data

Fig. 3 shows the electron density obtained from PWS
measurements of the upper hybrid resonance frequency dur-
ing the G1 and G2 flybys. For a discussion of the technique

3
B L e e e e e L S e o
" C
3 C —— INBOUNG
> i - -~ QUTBOUND |
z L ]
w

2
Wi = 3
ol E 3
- - 7]
wl ~ —
@ - _
=
o} = -
=

|
g 9F 3
[ty - B
& = =
O C ]
w
- [~ —
w B |
e <) BT SN I R R B R B

1.0 1.5 2.0 2.5

R, RADIAL DISTANCE (Rg)

Fig. 3. Electron density profiles on Ganymede 2 obtained by means of
the PWS instrument on Galileo.
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Fig. 4. The ratio of density to magnetic field magnitude as measured by
the MAG and PWS instruments on Galileo.

involved, see Gurnett et al. (1996). The densities are de-
rived from the density-dependent upper hybrid resonance
and are accurate to the level of the channel separation, i.e.
about 6%. The G1 inbound and outbound curves and the
G2 outbound share a more or less common slope over most
of the range and the steepening of the slope shown by G2
inbound is based on too little data to be considered real.
The common slope of the first mentioned triad corresponds
to a scale height of 600 km and a surface density of about
400 cm—3. We shall conclude below that very near the sur-
face, the scale height may be expected to be considerably
smaller, and the surface density correspondingly greater, but
nonetheless, our predicted density will be well below the
upper limit of 4 x 103 cm™ obtained by Kliore (1998) in
the radio occultation observation. This density should be ap-
proximately equal to the density of O5, since atomic oxygen
is a minor constituent of the bound ionosphere, as we show
in Section 4.2.

In Fig. 4, we plot the ratio of density » to magnetic field
magnitude B as measured by the magnetometer and PWS
instruments on Galileo as a function of radial distance along



A. Eviatar et al. | Planetary and Space Science 49 (2001) 327-336 329

a field line. For the case of plasma flowing outwards along
magnetic field lines at a constant speed, it follows from the
continuity and magnetic field divergence equations:

V- (nU) =0,
V-B=0 (1)

that the ratio n/B is constant along a field line. We may
note with the exception of the anomalous G2 inbound
curve, that, although the ratio is not constant but de-
creases with increasing radial distance, its variation is much
smaller (about a factor of 10 over the range of observa-
tions) than the variation of # itself (about a factor of 70).
The implications of this phenomenon for the outflow from
the polar cap will be discussed below in Section 4.2.

2.2. Other Galileo observations

The Galileo ultraviolet instrument observed, during the
G2 encounter, a cloud of neutral atomic hydrogen in Ly — o
emission with a modeled density of about 10* cm™—> at
the surface, an inverse square radial dependence or a scale
length of about a Ganymede radius (2634 km) (Barth
et al., 1997). This is consistent with a source-free, spheri-
cally symmetric, constant velocity outflow, i.e. the continu-
ity equation for this case is

% (rzu,.n(r)) =0 )
which implies the »~2 fall off.

At the G2 encounter, Frank et al. (1997) reported an
outflow of ions which they assume to be protons with a
density of about 100 cm~3, a bulk velocity component of
about 70 km/s and a temperature of the order of 1-3 eV.
These densities were consistent with the G1 density mea-
surements reported by Gurnett et al. (1996). On the other
hand, Barth et al. (1997) point out the difficulties in sup-
plying the protons mentioned by Frank et al. (1997).
An alternative hypothesis, that protons are sputtered di-
rectly from the surface, fails because the rate of such
sputtering is at least 3—4 orders of magnitude smaller
than the neutral sputtering rate (Johnson, 1990). As we
shall demonstrate below, there are no protons in the iono-
sphere of Ganymede (nor would we expect to find them at
Europa). An alternative interpretation to the results reported
by Frank et al. (1997) is presented in detail in a separate
paper (Vasylitinas and Eviatar, 2000).

The polar caps of Ganymede are heavily sputtered, as in-
dicated by the surface characteristics (Johnson, 1997; Pap-
palardo et al., 1997) and the Galileo heavy energetic ion
observations (Paranicas et al., 1999). The change in color of
the terrain and the boundary of closed field lines, as inferred
from the EPD and magnetometer measurements (Williams
et al., 1997; Kivelson et al., 1998) appear to coincide quite
well. Paranicas et al. (1999) estimate a polar cap source
strength of 2.6 x 1026 s~!. The lower latitude regions show
molecular oxygen and ozone in the form of liquids (Calvin

et al., 1996; Hendrix et al., 1999; Johnson and Jesser, 1997)
although there are indications of ion radiation effects there
as well (Hendrix et al., 1999).

Hall et al. (1998) report the detection by means of HST
of ultraviolet airglow in the polar regions of Ganymede in
the atomic oxygen lines at 130.4 and 135.6 nm with an in-
tensity of 300 R (1 Rayleigh = 10° photons cm ™2 s~!) in
the northern hemisphere and 100 R in the south polar cap re-
gion. They interpreted this in the light of the G1 PWS data,
taken at a greater distance from the surface of Ganymede
(Gurnett et al., 1996), that showed 7, ~ 100 cm~3, to be
consistent with a surface column density in the range 10'4—
10" cm~2. At the G2 encounter, as shown in Section 2.1,
a higher electron density was found. The surface plasma
density is not as well constrained and an upper limit of
4 x 10° cm—3 has been estimated by means of radio occul-
tation measurements (Kliore, 1998). Later observations by
Feldman et al. (2000) detected a high degree of inhomoge-
niety in the emitted brightness which leads to the conclusion
that the radiation is auroral in nature.

3. Composition and sources

The existence of an indigenous atmosphere entails the
presence of an ionosphere as well. Sputtering, even in
the absence of major sublimation, can deliver molecules
to the space above the surface and, if conditions are fa-
vorable, support a significant atmosphere. As mentioned
above, the existence of a molecular oxygen atmosphere on
both Europa and Ganymede has been established (Hall et
al., 1995, 1998). In this section, we explore the sources and
the physical mechanisms that lead to the composition of the
ionosphere of the Ganymede.

3.1. Physical processes

In the sputtered region the products of the interaction
will depend on the energy of the incident ions. The polar
cap temperatures, which are too low to support effective
sublimation, will also cause any sputtered water vapor and
hydroxyl to recondense before it can dissociate. Molecular
oxygen, on the other hand, can maintain a vapor pressure
even at polar cap and nightside temperatures, with the result
that there is gaseous O, available for interaction with plasma
and energetic particles (Johnson, 1996).

In the tropical and equatorial region, the situation is quite
different. Water vapor and hydroxyl can survive in the at-
mosphere and on photodissociation, the hydrogen escapes
forthwith, while the oxygen atom comes off with a very low
velocity (Budzien et al., 1994) and thus does not escape as
in the polar cap region. Energetic electrons in the range in
which the fluxes are significant do not have access to this
closed field line region (Eviatar et al., 2000) and the atomic
oxygen should mainly be a product of photodissociation.
The vast majority of the atomic oxygen photodissociation
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of O, is in the 'D state and 14% of that made by H,O pho-
todissociation is in that state as well (Huebner et al., 1992).

Low-energy sputtering experiments (0.5-6 keV) by
Bar-Nun et al. (1985) indicate that O, and H, are pro-
duced in the body of the ice, whereas water vapor and H
are produced near the surface. Bar-Nun et al. (1985) find
that the sputtering of water vapor and of atomic hydrogen
are temperature independent and of comparable magni-
tude, which they interpret to imply that H is created by
the breaking of water molecule bonds at the surface at a
rate comparable with the sputtering of water. The emit-
ted hydrogen, molecular and atomic, will escape rapidly,
since the energy required to escape from the surface of
Ganymede is £y = 0.039 eV/amu, which is readily avail-
able to sputtered low-mass products. Energy in excess of
Ey is also available to the low-mass dissociation products
of water vapor (Budzien et al., 1994) and hydroxyl (van
Dishoeck and Dalgarno, 1984) as may be noted in Table 1,
and to oxygen atoms from dissociation of O, in low states
of excitation. As mentioned above, the molecular oxygen
will survive both recondensation (7 > 80 K) and escape
loss. Water vapor and the hydroxyl remaining behind from
the dissociation in the ice surface will recondense under the
low-temperature conditions of the polar cap environment.
The yield of O,, created by oxygen recombination reactions
in the ice (Bar-Nun et al., 1985), is comparable to the water
yield and the molecular oxygen from this source, which
lacks the energy needed to escape from Ganymede in sig-
nificant amounts (Sieveka and Johnson, 1982), will survive
in gaseous form in the atmosphere. At higher incident ion
energies (up to a few MeV), H,0, O, and H, are produced
(Johnson, 1990; Johnson and Quickenden, 1997) and will
be subject to the same loss processes.

The time to escape to the distance of the magnetopause
(2Ry)

2R, dr
(= / ,
Koo \Juh =02+ 2GM)r

(vo and v, are the surface and escape speeds respectively, G
is the gravitational constant and M is the mass of Ganymede)
is two or three orders of magnitude shorter than either the
photoionization or electron impact ionization time of atomic
hydrogen, as may be noted by glancing at Table 1.

The electron impact ionization rates given in Table 1 are
for 50 eV electrons. Laboratory work (Shulman et al., 1985)
indicates that the rates of the dissociation and excitation
processes that give rise to these emissions peak between
50 and 100 eV. There are no published electron spectra
from Galileo below 800 eV, but Voyager results indicate a
bimodal distribution with a core at about 20 eV and a hot
component of about 1/10 the density at 2 keV (Scudder et al.,
1981). The value of 50 eV is taken for illustrative purposes
and the conclusions would be no different for 100 eV. Even if

the suprathermal electron density were as high as 100 cm 3,

huge compared to observed plasma sheet densities, it is clear
that no significant ionization of the hydrogen population can
take place in the time available. We infer from this that
protons are not present in the ionosphere of Ganymede.
The implications of this conclusion are discussed below in
Section 4.2.

Although the allotropes of hydrogen escape readily and
O, remains, it should not be inferred that huge amounts of
oxygen will accumulate on the surface, as has been sug-
gested by Frank et al. (1997). The molecular oxygen is sub-
ject to ionization and dissociative excitation by the Jovian
plasma sheet electrons and to loss by means of the kinetic
energy made available to the dissociation products by dis-
sociative recombination:

O, +e—0+0+e,
O, +e— 05 +e+e,
0f +e—0+0. (3)

The dissociation reactions are both exothermic, and the ex-
cess energy can be delivered to the atomic oxygen as kinetic
translational energy, i.e., the atomic oxygen escapes, or as
excitation energy of the electrons in the product atom, in
which case a UV photon is emitted and the atoms remains
bound and available for ionization. The dissociative ion-
ization process, which produces an ionosphere ion—electron
pair directly is possible, but is much slower (Schmidt et al.,
1988) and will therefore be ignored. The parameters rele-
vant to these reactions and the associated rate equations are
given in Table 1. We shall see below how these processes
combine to create the observed configuration.

Nagy et al. (1998) predict that Europa has a corona of hot
oxygen, with the energy for the escaping atoms provided by
the dissociative recombination of O5 . It is quite reasonable,
in light of the above to expect such a cloud to envelope
Ganymede as well. Hall et al. (1998) show, on the basis of
emission line ratios, that the UV emission from atomic oxy-
gen observed by means of HST is produced by electron im-
pact dissociation of molecular oxygen, i.e. of the first of the
reactions (3). It has been found, however (Shulman et al.,
1985) that for incident electron energy greater than about
50 eV, the main channel of this reaction involves an initial
ionization followed by immediate dissociative recombina-
tion. We thus may use the energy level branching ratios of
Kella et al. (1997) cited by Nagy et al. (1998) for the atmo-
sphere of Europa to infer a similar result for Ganymede. A
search for the radiative signature of such an oxygen corona
would be a worthy effort.

3.2. Model equations

In the following model, we shall assume that all elec-
tron ionization and subsequent dissociative recombination
of molecules lead to escape. For the case of electron impact
dissociation of O, the fraction excited to sufficiently high
energy will emit the UV lines and the remainder will escape,
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Table 1
Parameters for molecular and atomic processes

Process AE? (eV) Rate coefficient References
H,O photodissociation 5 37 %1077 57! Budzien et al. (1994)
0, photodissociation 1.3 40 x 1076 5! Schmidt et al. (1988)
OH photodissociation 3.0 1.5x 1077 51 van Dishoeck and Dalgarno (1984)
0, electron dissociation 5.12 13 x 1078 cm3 s~! Cosby (1993)
0, electron ionization 12.1 32x 10710 ¢m3 5! Schmidt et al. (1988)
OF dissociative recombination 5 50x 1077 em? s~! Walls and Dunn (1974)
H electron impact ionization — 254 x 1078 ecm? s—! Lotz (1967)
O electron impact ionization — 424 x 1078 cm3 57! Lotz (1967)
2Dissociation energy.
including the large fraction excited to the 'D level. We are dn®D , ,
LS . . . o (@) (a+m,i) | _ (a,n)
aware of the limitations of this assumption, which ignores i Ojne + 1;° + U Z Ojkhy, n;
cascade decay to the 'D level from the 115.2 nm level. J#k
In light of the above, we may set up a simple, illustrative
zero-dimensional model (Richardson et al., 1998) for the — |y Z ijniaﬂn,n) + 5}3’1) n}a"), (4)

density and composition of the ionosphere. Since hydrogen,
both molecular and atomic, escapes, the relevant species are
H,0, O,, OH, O and O" at low latitudes and O, and O
and their ions in the polar cap region. For a neutral atmo-
sphere in equilibrium with a surface at a temperature of about
120 K in the region poleward of 45° (Orton et al., 1996),
the scale height of Oy, is Hp, = 21.5 km. The usually in-
voked doubling of the scale height for a singly ionized par-
ticle by the ambipolar field is based on the assumption of
no net outflow, which does not apply in this situation. In
our model, we use Ho, to define the volume in which the
sputtering takes place and the effective electron scale height,
H, =600 km, is estimated from Fig. 3 as a measure of the
depletion length over which the UV radiation is excited by
electron impact dissociation (Hall et al., 1998).
The resulting rate equations are, in generic form

™ ) M, ()
] _ m,n 1
= = |Gy B+
(a+m,i) (m,n) (m,n)
+szo'jki’lk +5j ]nj 5
k
dnt™D ; i
Zit = |ane + nﬁl) + v Z an ™Y n}m’n)
7k
sz O_kjnzaJﬁm,n) + yj(d)ne + 5;m,i) n}m,i)’
P
(a,n)
dnj

=2 (Bene + ™"
k
- {(“j + Bj)ne + ’I.E-i)

+sz O-jkn/(ca+m’i) + 5J(a,n) n;a,n)’
k

k#j

where the following notation has been used: The sub-
scripts j and k denote individual species, the superscripts
(m,n),(m,1),(a,n), and (a,1) denote molecules, neutral and
ionized and atoms, neutral and ionized, respectively. We
designate charge exchange cross-sections as oy, electron
ionization rate coefficients by «;, electron dissociation rate
coeflicients by f;, photodissociation and photoionization

rates by n}i) and nﬁ-d), respectively, and the dissociative

recombination rate by (4. Dissociation of molecules by
any process will engender various products, which may be
atoms or molecules of lower order. To avoid confusion, the
number of product atoms from a given dissociation process
is considered to be included in the  and 5 terms and will
be applied ad hoc for the species being deal with. The 5}17 4)
terms represent the escape rates of the specific species and
are of the form: 55{”’” = vgfp’q)/Hk.

The source strengths for the sputtered species fi(p ) are
given for the polar cap by

(p.q)
fﬂp,q) — 5

! 25 H;’
where ¥, is the combined area of the two polar caps 4 >
45° of Ganymede, 2.6 x 10'” cm? and in the tropics by the
sublimation flux [Alexander et al., 1999]

Jw ~ 107 em™2 571

We include charge exchange as a neutral loss mechanism
since the newly created neutral has sufficient velocity to es-
cape but it is not a source of ions since ion number is con-
served in charge exchange reactions. The values of these
various rate coefficients are given in Table 1. For the steady
state in which all the time derivatives in Eqs. (4) vanish,
the values of these rate coefficients do not matter except to
show that they are large enough to preclude any contribution
to the plasma density from the creation of protons. We also
include no rate equations for hydrogen allotropes because
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of the arguments given above. In the following sections, we
proceed to apply this model to the objects under consider-
ation. We calculate predicted neutral and ion densities and
compare them with the PWS and HST observations.

4. Ion densities

We consider two separate regions on the surface of
Ganymede, the polar cap region, for which the latitude
J. > 45° and the lower latitude regions equatorward of this
limit. Temperature maps published by Orton et al. (1996)
show a range of temperatures from about 150 K in the
subsolar equatorial zone to below 90 K near the poles and
in the pre-dawn sector. For the low temperatures in the
polar cap region, all sputtering products can be expected
to recondense immediately with the exception of molecular
oxygen which can survive as gas down to a temperature
of 80 K (Johnson, 1996). In the lower latitude dayside
regions, where temperatures are significantly higher and
Ganymede has closed field lines, we expect the main contri-
bution to the gaseous atmosphere at Ganymede to be from
sublimation (Alexander et al., 1999). In this region water
group molecules such as H,O and OH will survive above
the surface and will participate in the local atmospheric
chemistry. As we shall see below, this difference will give
rise to a difference in composition between the polar and
equatorial ionospheres.

4.1. The polar caps

In the appendix, we derive expressions for the densities of
the four components of the Ganymede polar ionosphere and
atmosphere. For the values of the parameters given above,
we find for the molecular neutrals and ions:

oy =2.2 X 10° cm~3,

no, =3.5 x 10 ecm 3,

no+ =33 x 102 cm ™3,

no = 1.7 x 10® cm 3, (5)

which leads, with the scale height Ho, to a molecular oxygen
column density

No, =74 x 10" cm ™2, (6)

This is somewhat less than the column density estimated
by Hall et al. (1998), who used a lower value for the elec-
tron density. We also find a higher atomic oxygen abun-
dance than postulated in the analysis of Hall et al. (1998).
The value estimated here is certainly consistent with the
Voyager occultation constraint of an atmospheric density
of less than 1.5 x 10° cm™3 (Broadfoot et al., 1981). The
plasma density is considerably higher (by a factor of about
5) than that extrapolated above from the curve in Fig. 3,

which casts some doubts, as expressed above in Section 2.1
on the validity of the extrapolation of the scale height ob-
served a few hundred kilometers above the surface to the
near-surface region. The PWS result and the total ion den-
sity (atomic oxygen ions comprise only about 15% of the
plasma and can be regarded as a minor component) can be
reconciled if we assume a mean scale height in the inter-
vening layer of about 125 km. Further speculation is, in our
opinion, fruitless in view of the vast uncertainties in both
the atomic and environmental parameters. It certainly does
not contradict the upper limit of Kliore (1998).

It is of interest to attempt to predict the auroral emission
to be expected from the above model atmosphere. The ex-
pression that relates the product of the electron and molec-
ular oxygen density to the observed UV emission:

41rl:/ CaNeNo, ds
0
= coneho, Ho,. (7)

In the notation of Hall et al. (1998),
c2=11x10"" cm® s7!
is the rate coefficient for excitative dissociation into the °S
state. Use of the model results given in Eq. (5) leads to the
brightness

4n] = 20R, (®)

which is about an order of magnitude less than the brightness
reported by Hall et al. (1998). More recent measurements
with higher spatial resolution of Feldman et al. (2000) show
a great degree of inhomogeniety in the longitudinal and lati-
tudinal distribution of the auroral brightness with maxima in
“hot spots” of about 300R in the vicinity of 45° and strong
dropoffs with increasing latitude. The “mean” brightness in
the Feldman et al. (2000) polar regions show upper limits of
50R in much of the region with values as large as 100—150R
in the outer peripheries of the bright spots. Obviously a sim-
ple model such as ours that assumes polar cap uniformity
cannot be expected to reproduce the details of the auroral
structure and it is reasonable that our “mean” value be signif-
icantly lower than the maxima observed. Further analysis of
the structure of the upper polar atmosphere and ionosphere
and the spatial distribution of aurora will depend on finding
the pitch angle and energy space distribution functions of
the electrons responsible for the processes taking place.

4.2. The polar cap outflow

The polar wind is a known terrestrial phenomenon, the
ambipolar outflow of thermal ions in the polar ionosphere,
driven by the escape of the electrons. At the Earth, the light
minor ion of hydrogen is driven to supersonic speed by
the ambipolar field between the electrons and the atomic
oxygen. As we have shown above, the situation in the polar
cap region of Ganymede is somewhat different since there
are no protons. On the other hand if the density of atomic
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oxygen plasma is indeed small compared to that of OF, it
may well be that something analogous to a polar wind flow
is taking place. Of course, Galileo is not moving along a
stream line, in which case n/B would be conserved, but the
approximate constancy of this ratio shown above in Fig. 4
is highly suggestive of such a polar wind like outflow.

In this region we have electrons bound by the ambipo-
lar electric field to ions of mass 32, i.e. their effective mass
would be 16 if the ambipolar approximation were to hold.
The minority ion, O™ would then experience an electric field
that very nearly cancels its gravity. The motion of the par-
ticle along the field would than depend on residual pres-
sure gradient effect. In the direction normal to the magnetic
field, it will have whatever pickup velocity the attentuated
corotation flow might give it. In contrast to protons at the
Earth, whose mass in only 1/8 that of the majority heavy
ion, the O™ would not, in the ideal situation of pure am-
bipolar diffusion and equal ion and electron temperatures,
experience any acceleration and the velocity along the field
line would be totally unconstrained. A flow velocity of about
18 km/s has been inferred from published PLS observations
by Vasylitunas and Eviatar (2000). Motion perpendicular to
the field line will be driven by the corotation electric field.
Upper limits of the order of 25 km/s have been set from the
EPD anisotropies by Williams et al. (1998) and the velocity
will be much smaller if Ganymede has a high conductance
(Eviatar et al., 2000).

In addition to the plasma outflow, neutral atomic oxygen
created in the ground state or in low excited states will escape
in a manner analgous to the escape of hydrogen discussed
above. We predict that these escaping atoms will give rise
to an oxygen corona around Ganymede analogous to the
hydrogen corona observed there (Barth et al., 1997; Feldman
et al., 2000) and predicted for Europa by Nagy et al. (1998).
Atoms created in a high excited state, such as that which
gives the observed oxygen ultraviolet airglow, have small
translational energy and are gravitationally bound.

5. The closed field line region

During encounter G8, the spacecraft entered a region of
closed field lines as indicated by the detection of trapped en-
ergetic electrons (Williams et al., 1997) and the magnetome-
ter measurements by Kivelson et al. (1998). In this region,
the energetic particle spectra change drastically (Eviatar et
al., 2000). The magnetospheric thermal plasma density can
be expected to be very low in this region, because of the in-
accessibility of closed drift paths to injected Jovian particles
(Eviatar et al., 2000; Volwerk et al., 1999) and the paucity
of local plasma sources, as shown in the previous section.

In the low-latitude regions of Ganymede, the dayside tem-
perature can be as high as 140—150 K (Orton et al., 1996)
and a vapor pressure of water can be maintained above the
ice. Alexander et al. (1999) have estimated the sublimation

flux of water vapor to be as high as j, = 10° cm—2 s~

For the equatorial belt between north and south latitudes of
45°, with area ¥, = 6 x 10'7 ¢cm? this can reach a dayside
source strength of 6 x 102 s~!. Nonetheless, the arguments
presented above against the existence of hydrogen in the
Ganymede tropical atmosphere for times long enough to al-
low protons to be created still hold. Thus we have a system of
equations similar to (4) with the addition of a rate equation
for water vapor and, since the oxygen ions are constrained
to move along the closed field lines, the replacement of the
plasma sink term with a term of the form

lp = JS”"O;

where o, = 5 x 107 ecm~2 (Book, 1977), representing
collisional pitch angle diffusion of the oxygen ions into a
loss cone in which they will collide with the surface of
Ganymede.

In the appendix, we apply Egs. (4) to this situation and
obtain the set of Eqs. (A.3). We have left out equations for
hydrogen, which has escaped, and for molecular oxygen
and ozone, which do not exist in gaseous form in this re-
gion (Hendrix et al., 1999). We have kept charge exchange
between neutral and ionized oxygen as a loss mechanism
for neutrals, on the assumption that the former ion now re-
leased from the control of the magnetic field has sufficient
energy (0.6 eV) to escape and have made allowance for the
fact that H,O™ is lost via the combined reactions of ion—
atom interchange and dissociative recombination of the
product H;O™

Hzo + I‘Iz()jL — 1‘13()7L + OH,

H;0" + e — H, + OH. 9)

The hydrogen escapes and the hydroxyl remains to undergo
photodissociation and thus contribute more bound oxygen
atoms. Because of the efficiency of dissociative recombina-
tion of all the molecular ions and the effectiveness of pho-
todissociation of neutral molecules, the dominant ion in this
part of the ionosphere is O" and charge neutrality implies

Ne = NO+.

Application of the assumptions that:

e Photolysis and photoionization dominate all atomic and
molecular processes.

e The dominant channel for photodissociation of water va-
por is

H,O + hw — H + OH.

e The cross-sections for pitch angle scattering and charge
exchange are approximately equal (value given in text)
and the typical ion speed is about 1 km/s

and use of the Eqs. (A.3), leads, as shown in the Appendix,
to the values
i
o = 10 =37 % 10° em 3,
s
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Fig. 5. Normalized plasma density in the closed field line region.

_ Ju,0
Ho/WsHu,0(0040v + )

which for a neutral oxygen scale height of 54 km leads to a
column density

No=3x 10" cm~2,

=56x10"cm™3, (10)

no

significantly larger than the O, column density predicted
by our model for the polar cap region, but still nearly exo-
spheric. The main source of atomic oxygen in this model is
photolysis of water and hydroxyl, a process that populates
the 'D level heavily. The observation of 630 and 636.3 nm
emission reported by Brown and Boucher (1999) may be
construed to provide support for our conclusions.

It is of interest to calculate the variation of the ion density
along a closed field line. This has been done for a nonrotating
Earth (which corresponds to Ganymede with appropriate
scaling) by Eviatar et al. (1964). Their expression, which
includes the effect of gravity and the magnetic mirror force
for an ion exosphere can be written, in the following form,
normalized to the surface density on a given L shell:

n(r,L) B\ BB(1 — R,/r)
n(1,L) (1 - (1 - Bo) P {_ (Bo—Bg) D
BB Rg/r)]

(Bo—B) |’

where f is the Jeans escape parameter (the ratio between
the escape and thermal energies for the species in question),
B is the magnitude of the dipole field and By is surface
field. We plot this expression Fig. 5 as a function of bothy
colatitude and L, in order to display the full dimensionality
of the variation. The relative density in the closed field line
region drops off very rapidly from its surface value, which
lends support to the conclusion of Volwerk et al. (1999),
inferred from both drift trajectories and field line resonances,
that the plasma density in this region must be very low.

xexp{ (11)

6. Conclusions

We have presented observations of the radial profile of
the electron density in the near-Ganymede polar cap region

from the G1 and G2 flybys. The n/B ratio computed from
these profiles is indicative of a polar cap outflow. We have
developed a simple rate equation model that predicts an
ionosphere on Ganymede comprised of oxygen ions, with
molecular oxygen dominant in the polar region and atomic
oxygen in the equatorial zone. The predicted neutral com-
position in both regions is similar. Our model results are
consistent, within the uncertainties of the ambient parame-
ters, in particular the unknown electron temperature, with
the UV auroral observations made by HST (Hall et al., 1998;
Feldman et al., 2000). We have shown that the conditions
holding over the entire surface of Ganymede are inconsis-
tent with the existence of protons, reported by Frank et al.
(1997), whose observation of an outflow of charged parti-
cles from the polar cap region during the G2 flyby must,
therefore, be reinterpreted as an outflow of atomic oxygen
ions at a much lower flow speed. (see Vasylitinas and Evi-
atar (2000) for a detailed discussion). We also predict that
Ganymede should be enveloped in a corona of atomic oxy-
gen escaping from the polar cap and suggest that a spectro-
scopic search for it would be a worthy effort.

We analyze the configuration in the region of closed
field lines traversed by Galileo during G8 and apply a
Earth-derived model of Eviatar et al. (1964) to map the
exospheric density along the field lines. We find that the
density should drop off quite rapidly which lends support to
the prediction by Volwerk et al. (1999) that the ion density
should be very low.
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Appendix A. Specific density equations
A.1. The polar regions

For the polar regions, we can formulate the appropri-
ate rate equations from (4) for O, Oj, O and O". We thus
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obtain in terms of the generic Equations (4):

(a0, + Bo, Inozno, = fo,,

20,10} 0, — Vo;”é; =0,

2/3021’10;1’102 — (20 + 0oo+ U)n02+no =0,

aonO;no — 50+n0+ =0. (Al)

In this region, the incident electron fluxes are sufficiently
large so that electron impact processes will dominate pho-
tolytic processes. We therefore ignore the latter in our polar
cap model. We proceed to solve the Egs. (A.1) and obtain

12
- J0,%0, ,

: vo; (20, + Po,)
no, = {foﬂo; } - )

%0, (%0, + Po,)

. Zﬁoz |: fOzyO;r :| 12
o= (20 + d00+v) | 20,(20, + fo,)]
no %020, /o, (A2)

~ 50 (@0, + Boy)(@0 + 0001 1)’

In the last of these equation, we use an estimate of the
escape rate of atomic oxygen ions given by the 18 km s~
velocity inferred by Vasyliinas and Eviatar (2000) from
the published PLS data and an electron depletion length of
200 km.

A.2. The equatorial region

In the equatorial region, 4 < 45°, we have, as discussed
in the main text body above, the following set of equations:

Hzo :

Hio — (1,0 + Pu,o)ne + 1o
+1h,0)H,0 = 0,

H,O0™": (a0 + 1iy,0)M150
—(VH,0+Me + OH,0+H,0V))nm,0+ = 0,

H;0": om,0+1,00mH,0+
—7VH;0+NeM;0+ = 0,

OH : ((¢on(Bu0)e + 1i1,0) 1,0 + Vi0+ ettiyo-
7,04 Ment,0+ — ((on + Por e + oy
+om)non =0,

OH™: (aonnehon non
—Yon+Nehon+ =0,

O:  so(Buone + Miy,0)nm,0
—((ao + do0+V)ne + nio)no =0,

0" (aone + ny)no — Ysnono: = 0. (A3)

In Eq. (A.3) the ¢; factors indicate the branching ratio of
the reaction that delivers component j to the system.

This set of equations can be solved with the aid of a few
simplifying assumptions which we list in the text.
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