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ABSTRACT

The role of electrostatic electron cyclotron harmonic (ECH) waves in producing diffuse auroral emission
O I 1356Å on Ganymede is investigated. Electron precipitation flux entering the atmosphere of Ganymede due to
pitch-angle diffusion by ECH waves into the atmospheric loss-cone is calculated. The analytical yield spectrum
approach for electron energy degradation in gases is used for calculating diffuse auroral intensities. It is found that
calculated O I 1356Å intensity resulting from the precipitation of magnetospheric electrons observed near
Ganymede is insufficient to account for the observed diffuse auroral intensity. This is in agreement with estimates
made in earlier works. Heating and acceleration of ambient electrons by ECH wave turbulence near the magnetic
equator on the field line connecting Ganymede and Jupiter are considered. Two electron distribution functions are
used to simulate the heating effect by ECH waves. Use of a Maxwellian distribution with temperature 100 eV can
produce about 50–70 Rayleigh O I 1356Å intensities, and the kappa distribution with characteristic energy 50 eV
also gives rise to intensities with similar magnitude. Numerical experiments are performed to study the effect of
ECH wave spectral intensity profile, ECH wave amplitude, and temperature/characteristic energy of electron
distribution functions on the calculated diffuse auroral intensities. The proposed missions, joint NASA/ESA
Jupiter Icy Moon Explorer and the present JUNO mission to Jupiter, would provide new data to constrain the ECH
wave and other physical parameters near Ganymede. These should help confirm the findings of the present study.

Key words: atomic processes – molecular processes – planets and satellites: aurorae – planets and satellites:
individual (Ganymede, Jupiter) – planets and satellites: atmospheres

1. INTRODUCTION

Ganymede is the largest moon of Jupiter and is also the
largest moon in the solar system. It has a diameter of 5268 km
and orbits Jupiter at distance of 1,070,400 km (∼15 RJ, RJ is the
radius of Jupiter). Several probes flying by or orbiting Jupiter
have explored Ganymede more closely. The first approaches
were conducted by the Pioneer 10 and 11 probes in 1973 and
1974, respectively (Mead 1974). These missions returned
information on its physical characteristics and resolved features
to 400 km on its surface. The next missions came in 1979,
when the Voyager 1 and 2 probes passed the moon, refining
estimates of its size (Gurnett et al. 1979; Scarf et al. 1979). In
1995 the Galileo spacecraft orbited Jupiter and went to make
six close flybys of Ganymede (G1, G2, G7, G8, G28, and G29)
between 1996 and 2000 (Williams et al. 1992; Susanna
et al. 2002). The spacecraft had a suite of instruments dedicated
to study Jupiter and its satellites. These included the: Plasma
Wave Instrument, magnetometer, Energetic Particle Detector,
and Plasma Science Experiment. The most recent mission to
Ganymede was made by the New Horizons probe in 2007
(Grundy et al. 2007) while en route to Pluto. The probe
obtained topographic and composition mapping data of
Ganymede during its flyby of Jupiter. In addition to these
missions, Ganymede has also been studied by the Hubble
Space Telescope (HST).

No atmosphere was revealed on Ganymede by the Voyager
data. Despite the Voyager data, evidence for a tenuous oxygen
atmosphere on Ganymede was found from observations by the
HST in 1995. These observations constrained the fluxes and
spectral shapes of the O I 1356Å and O I 1304Å emission
lines, which imply a molecular oxygen atmosphere with a

column density in the range of (1–10)×1014 cm−2 (Hall
et al. 1998).
Data from the Galileo encounters of Ganymede provided

many surprises including the discovery, verification, and initial
studies of Ganymede magnetic field, its magnetosphere, its
trapped particle populations, and its interaction with the Jovian
environment (Gurnett et al. 1996; Kivelson et al. 1996, 1997;
Frank et al. 1997; Williams et al. 1997a, 1997b; Williams &
Mauk 1997). During the first Ganymede encounter G1, intense
plasma waves were detected over a region of nearly four times
Ganymede’s diameter. The types of waves detected (whistler
mode emissions, hybrid waves, electrostatic electron cyclotron
waves and escaping radio emission) strongly suggested that
Ganymede has an extended magnetosphere of its own. The data
indicated the existence of a strong (B>400 nT) magnetic
field. Further analysis of data acquired by the Galileo
magnetometer showed that the permanent dipole moment has
an equatorial field magnitude 719 nT (Kivelson et al. 2002). It
is tilted by 176° from the spin axis, with the pole in the
southern hemisphere rotated by 24° from the Jupiter-facing
meridian plane toward the trailing hemisphere.
Ganymede also exhibits auroral emission, first observed

by Hall et al. (1998) with the Goddard High Resolution
Spectrograph on board the HST. The observed double-peaked
profile of Ganymede’s O I 1356Å feature indicated a nonuni-
form spatial emission distribution that suggested two distinct
and spatially confined emission regions, consistent with the
satellite’s north and south poles. Subsequent spatially and
spectrally resolved HST observations with the Space Telescope
Imaging Spectrograph clearly demonstrate the existence of two
auroral ovals around Ganymede’s magnetic north and south
poles as shown in the work of Feldman et al. (2000) and
McGrath et al. (2013). Atomic oxygen emission is observed in
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both hemispheres with maxima at latitudes of about 30°, which
is consistent with the magnetic field data—the boundary
between Ganymede’s open and closed magnetic field lines
passes precisely at these latitudes. The aurora brightness data
from Feldman et al. (2000) show that there is a background
diffuse emission that does not exceed 100 Rayleigh (R) over
almost the entire auroral oval region. Localized regions of
enhanced emission with an intensity up to 300 R are super-
imposed on this general background. Auroral emissions result
from the interaction of electrons precipitating from the
magnetospheric electrons on open field lines with oxygen
molecules in Ganymede’s tenuous atmosphere. The Jovian
magnetospheric plasma at Ganymede is characterized by a
thermal component with ne∼5–20 cm−3, Te∼20 eV, plus a
suprathermal component with ne∼0.5–2 cm−3, Te∼2 keV
(Scudder et al. 1981). The thermal electrons of the Jovian
magnetosphere with the above parameters can generate an
emission with an intensity of ∼10–40 R. In contrast, the
observed intensity of 300 R can be achieved only if the
electrons are accelerated significantly and are characterized by
a Maxwellian distribution with a temperature in the range
75–300 eV (Eviatar et al. 2001). The processes that lead to the
acceleration of electrons can be different in nature (Eviatar
et al. 2001; Lavrukhin & Alexeev 2015).

It is accepted that the occurrence of diffuse aurora on Earth
results from pitch-angle diffusion of electrons into the
atmospheric loss-cone due to resonant wave–particle interac-
tions. Plasma waves, considered major candidates responsible
for electron scattering, are electrostatic electron cyclotron
harmonic (ECH) waves and electromagnetic whistler mode
chorus waves. Recent quantitative analyses of the diffuse
aurora have demonstrated that whistler mode chorus waves
are the dominant scattering mechanism for the diffuse auroral
precipitation in the inner magnetosphere at geocentric
distances of below ∼8 RE (RE is the radius of Earth), while
ECH waves can act as a major contributor to diffuse auroral
precipitation in the outer magnetosphere (Thorne et al. 2010;
Ni et al. 2014, 2016).

In the present study we explore the role of electrostatic
waves in producing the diffuse emissions on Ganymede.
Banded emissions which lie between the harmonics of the
electron cyclotron frequency ( fce), often referred to as (n +1/2)
fce emissions or electrostatic ECH emissions, have been
observed near Ganymede (Gurnett et al. 1996). Electrostatic
ECH waves have also been observed in Jupiter’s middle
magnetosphere with amplitudes up to a few mV m-1 (Gurnett et
al. 1979; Scarf et al. 1979; Kurth et al. 1997). ECH waves are
driven by an anisotropy in the electron velocity distribution,
such as loss-cone anisotropy. A loss-cone anisotropy is
produced when particles moving within a cone of directions
along the magnetic field (the loss-cone) strike the planet and are
lost from the system. Loss-cone distributions are normally
associated with radiation belt particles trapped on “closed”
magnetic field lines that link the magnetic poles of the same
body. However, because Ganymede lies within the magneto-
sphere of Jupiter, field lines link the magnetic field of
Ganymede to the magnetic field of Jupiter. A unique situation
arises in which particles are trapped between their Ganymede
mirror points and their near Jupiter mirror points. It was
suggested by Gurnett et al. (1996) that electron precipitation
into Ganymede’s atmosphere due to pitch-angle scattering by
ECH waves could cause observable optical emissions, possibly

accounting for the auroral emissions observed near Ganymede
by the HST (Calvin et al. 1996). In addition to pitch-angle
diffusion, ECH wave turbulence may also heat and accelerate
the ambient magnetospheric electrons.
In this work we have used a different, much more

comprehensive approach for calculating auroral emissions
resulting from energy loss of electrons precipitating into the
atmosphere of Ganymede. Numerical experiments have been
performed by changing the spectral intensity profile of ECH
waves, amplitudes of waves, and energy spectra of precipitat-
ing electrons. In Section 2 we present the calculation details.
Results are discussed in Section 3 and conclusions of the
present study are presented in Section 4.

2. CALCULATION DETAILS

2.1. Precipitation Flux

Electrons will be precipitated into the atmosphere of
Ganymede due to pitch-angle diffusion by ECH waves into
the atmospheric loss-cone. Precipitation flux f is determined by
the differential flux of precipitating electrons inside the
equatorial loss-cone (e.g., Chang 1983)

ò òp a a a aF =
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Here BA is the magnetic field strength at the top of Ganymede’s
atmosphere, Beq is the field strength at the magnetic equator on
the field line connecting Ganymede and Jupiter, J is the
electron differential flux inside the equatorial loss-cone (αLC)
as a function of energy and pitch angle, and E1 and E2 are the
lower and upper limit for integration over energy. Equatorial
pitch angle α (o to αLC) maps to pitch angle θo (0 to π/2) at
the top of the atmosphere. The relation between α and θo is
given by
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Substituting Equation (3) in Equation (1)
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where sinα=sinθo sinαLC and J(Eo, α) is given by (Kennel &
Petschek 1966; Ni et al. 2012)
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where = á ñaa aZ D D ,o SD LC∣ Io is the modified Bessel
function of the first kind, and J (Eo, αLC) is the electron flux
near the equatorial loss-cone. DSD is the strong diffusion rate
determined by (Kennel 1969)
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τB is the electron bounce period along the entire field line. It is
set equal to half the bounce time between Jupiter’s north and
south poles at L=15 (Orlova & Shprits 2011). aá ñaaD LC∣ is
the bounce-averaged diffusion coefficient at the edge of the
loss-cone.
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2.2. Loss-cone Angle

The magnetic field of the Ganymede–Jupiter system is
calculated from

= - + +B b bV . 7G ( )

The magnetic field of Jupiter is a sum of contributions from
internal and external sources. The internal field is derivable from
a scalar potential V. We have used the VIP4 model (Connerney
et al. 1998) in which V is expressed as a spherical harmonic
expansion to degree and order 4. External field b is due to a thin
disc-shaped azimuthal current sheet. It is calculated using the
analytical expressions given by Connerney et al. (1981, 1982)
and Acuna et al. (1983). The component bG is the magnetic field
of Ganymede which is modeled by a Ganymede-centered dipole
with dipole moment 1.4×1013 Tm3. Ganymede’s magnetic
pole is tilted 4° from the spin axis and points toward 156° W in
the north and 336° W in the south (Kivelson et al. 2002). The
field line connecting Ganymede and Jupiter is traced (Tripathi
et al. 2013a, 2014a). In Figure 1 we present the magnetic field on
the field line as a function of Jupiter latitude. There are two
mirror points on this field line, one near Ganymede and the other
near Jupiter. The minimum magnetic field on the field line
defines the magnetic equator. The Ganymede side loss-cone is
calculated from

a = B BSin 8A
2

LC eq ( )

where Beq is the field at the magnetic equator and BA is the field
at the top of the atmosphere of Ganymede, assumed at 1 RG (RG
is the radius of Ganymede). Loss-cone angles αLC≈10°.8–13°.6
are obtained. Variations of αLC with Ganymede latitude and
longitude are not too significant. The separatrix is found near the
latitude of 30°.

2.3. Bounce-averaged Diffusion Coefficients

Pitch-angle diffusion coefficients for ECH waves, in units of
per second, are given as (Lyons 1974a; Tripathi & Singhal

2009)

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥òå y

w a
a a

=
W -

aa
=-¥

¥

^ ^

=

9D k dk
n sin

sin cos
,

n
n k

e k

k k

,

2 2

res

( )( )

where

⎛
⎝⎜

⎞
⎠⎟y

p
w

w
=

W
- ¶ ¶
^ ^

 

e

m

E

V k

J k v

v v k4
n k

e

k k n e

k
,

2

2

2 2 2

4

∣ ∣
∣ ∣

( )
∣ ∣

k⊥ and k are the components of the wave vector perpend-
icular and parallel to the ambient magnetic field Bo,
respectively, w= - W k n vk eres ( ) is the resonant parallel
wave number, W = eB me eo∣ ∣ is the (angular) electron gyro-
frequency, ωk is the wave frequency as a function of k, Ek is
the wave electric field at each k, and α and v are the particle
pitch angle and velocity, respectively. V is plasma volume, e/
me is the electron charge to mass ratio, and Jn is the Bessel
function of order n. Wave electric field Ek is expressed in the
form (Lyons 1974b)

w w y= wE V N E g 10k
2 2∣ ∣ [ ( )] ( ) ( ) ( )

where E2 (ω) is the wave electric field intensity squared per unit
frequency, and gω(ψ) gives the variation of wave electric field
energy with wave normal angle for each frequency. We
parameterize the wave distribution as follows:
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Here, x=cosψ, ψ is the wave normal angle (the angle between
Bo and k), and xo = cos 89°. The parameter xω determines the
angular width of the wave electric field energy. It is set equal to
0.01 and assumed independent of the wave frequency. The
function f (ω) determines the distribution of wave energy with
wave frequency.
ECH waves can also play a role of heating and accelerating

ambient electrons besides pitch-angle scattering. We have,
therefore, also calculated momentum diffusion coefficients
using
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Bounce-averaged diffusion coefficients are obtained by (Lyons
et al. 1972)
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where αo is the equatorial pitch angle.
Since ECH waves are generally confined to within a few

degrees l »  3int( ) of the magnetic equator (Gough
et al. 1979; Kurth et al. 1980), pitch-angle diffusion is
effectively zero outside this latitude range. Assuming that the

Figure 1. Magnetic field (Bo) along the field line connecting Ganymede and
Jupiter is shown as a function of latitude.
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local diffusion coefficient is approximately constant over this
narrow latitude region and neglecting any variations due to
changes in pitch angle, we can approximate (Horne &
Thorne 2000)

òt a
á ñ »
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D
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ds

T D

2

cos
, 16

B o
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where

l a t=T L R v4 cos 17J Bfrac int o ( )

is the fraction of time the particle interacts with the wave
during one bounce period. aaD is evaluated at the magnetic
equator. Tfrac is set equal to 1 for particles with mirror point less
than λint. Similarly we obtain

á ñ =D T D . 18pp frac pp ( )

In the Jupiter-centered coordinate system, the location of the
magnetic equator is obtained as: radial distance = 15.97 RJ,
co-latitude = 83°.4 and west longitude = 289°. 5. Plasma
parameters at the magnetic equator are: nc = 12.5 cm−3, TC =
18.6 eV. Equatorial magnetic field is 55 nT. The plasma
parameters have been calculated using the model presented by
Divine & Garrett (1983). We have used the temporal growth
rates of ECH waves to represent the wave frequency spectrum
(Tripathi et al. 2013b). It is assumed that wave energy is
proportional to the linear temporal growth rate. The linear
temporal growth rate profiles, therefore, represent the
distribution of wave energy with frequency. Temporal growth
rates are calculated using the dispersion relation for electro-
static modes. The electron distribution function, which is a
combination of Maxwellian and kappa-loss-cone distribution,
is used (Tripathi et al. 2014b). Temporal growth rate profiles
are shown in Figure 2. ECH waves are assumed to have a
latitudinal extent of ±3° from the magnetic equator. The
bounce-averaged pitch angle and momentum diffusion
coefficients á ñaaD and á ñDpp are shown in Figures 3 and 4,
respectively, at three representative electron energies 50, 500,

and 2 keV. The temporal growth rate profile for wave normal
angle ψ = 89° (Figure 2) and ECH wave amplitude 1 mVm−1

are used.

Figure 2. Normalized temporal growth rate g g= Wc( ) vs. normalized
frequency w w= Wr r c( ). The wave normal angle ψ (angle between wave
vector k and ambient magnetic field) is marked.

Figure 3. Bounce-averaged electron pitch-angle diffusion coefficients vs.
equatorial pitch angle using the temporal growth rate profile from Figure 2 (ψ
= 89°) for various electron energies. ECH wave amplitude 1 mV m−1 is taken.

Figure 4. Bounce-averaged momentum diffusion coefficients vs. equatorial
pitch angle using the temporal growth rate profile from Figure 2 (ψ = 89°) for
various electron energies. ECH wave amplitude 1 mV m−1 is considered.
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2.4. Electron Energy Deposition in the Atmosphere of
Ganymede

Electron flux precipitated in the atmosphere of Ganymede is
used to calculate the emission intensity of O I λ1356Å. We use
the model neutral O2 atmosphere computed by Eviatar et al.
(2001). The model O2 profile is presented in Figure 5. We have
also included atomic oxygen with a constant mixing ratio of
10%. Radial distance from the center of Ganymede is
expressed in Ganymede radii (1 RG = 2634 km). Surface O2

density is 1×108 cm−3 and vertical column density is
2.9×1014 cm−2.

The O I λ1356Å line is emitted from the transition (2s2 2p4
3P¬2s2 2p3 3s 5s0). We consider following three processes
for excitation:

(i) dissociative excitation of O2 with excitation probability

s
s s

=
+

PX1
0.1

; 19d

1 2
( )

(ii) direct excitation of atomic O with excitation probability

s
s s

=
+

PX2
0.1 s

0.1
; 20

5 0

1 2

( ) ( )

(iii) direct excitation of atomic O to (4s0) 3p 5P followed by
cascading to (4s0) 3s 5s0 with excitation probability

s
s s

=
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PX3
0.1 P

0.1
. 21

5
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s1 is the total inelastic electron impact cross section of O2 and
σ2 is the total inelastic cross section of atomic O. The cross
section for dissociative excitation of O2 (σd) is taken from the
works of Wells et al. (1971), Erdman & Zipf (1987) and
Itikawa et al. (1989). Inelastic cross sections for O2 and atomic
O are taken from the work of Jackman et al. (1977). Calculated
excitation probabilities PX1, PX2, and PX3 are presented in
Figure 6.

We have calculated the volume excitation rates (VERs) from
energy loss of precipitated electrons in the atmosphere of
Ganymede. The analytical yield spectrum (AYS) approach for
electron energy degradation is used (Green & Singhal 1979;
Singhal et al. 1980; Singhal & Green 1981). The AYS

approach is described in the Appendix. VER is expressed as
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where q¢ =Z Z cos .o
Here Z is the penetration depth in gm cm−2, U is the AYS, ρ

is the atmospheric mass density, and pki is the excitation
probability given by Equations (19)–(21). Integration of
Equation (22) over altitude gives the intensity (R), where (1
R = 106 photons cm−2 s−1). It is assumed that each excitation
results in the emission of a photon.
For the calculation of precipitation flux J (Eo, α(θo)) we

require the flux at the edge of the loss-cone J (Eo, αLC). We
have considered three cases:
Case A: Magnetospheric electron flux
The flux observed near Ganymede (Frank et al. 1997;

Paranicas et al. 1999) is expressed as

= -J E
a

E
in units of cm s sr eV , 23o

o
b

2 1( ) ( ) ( )

assuming the flux is isotropic. The parameter details are given
in Table 1. Flux below 1 keV has been extrapolated.
We next consider that the ambient electrons near the

magnetic equator are being heated and accelerated by the
ECH wave turbulence. The Maxwellian ( fM) and kappa ( fκ)
distribution functions are used here.
Case B: Maxwellian distribution
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Case C: Kappa distribution
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Ec is the characteristic energy. κ = 2 and nh = 12.5 cm−3 are
used. Electron flux is obtained using J=2 Ef/m2, m is the
mass of an electron.

Figure 5. Variation of O2 number density. Figure 6. Excitation probability vs. electron energy. PX1 is for dissociative
excitation of O2, PX2 is for excitation of atomic O, PX3 is for cascading.
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3. RESULTS AND DISCUSSION

In Figure 1 we have presented the magnetic field on the field
line connecting Ganymede and Jupiter. It is seen that the
magnetic equator is located at 6.6°N Jupiter latitude. In
temporal growth rate profiles of ECH waves presented in
Figure 2 we note that for wave normal angle ψ = 89°, a wider
range of normalized frequency ϖr (1.20–1.85) is obtained. But
the case ψ = 87° yields a narrow range (1.40–1.75) of
frequencies. Bounce-averaged pitch-angle diffusion coeffi-
cients á ñaaD for ECH waves at ψ = 89° are depicted in
Figure 3. It is evident from Figure 3 that coefficients á ñaaD
cover a narrow range of pitch angles. Further, coefficients á ñaaD
are decreased as the electron energy is increased. It is also
noticed that coefficients á ñaaD for the case of ψ = 87° (not
shown) are negligible for energies less than 100 eV. In Figure 4
we show the bounce-averaged momentum diffusion coeffi-
cients á ñDpp . It is seen that coefficients á ñDpp are lower by one to
two orders of magnitude in comparison with á ñaaD coefficients.
It is also noted that in general coefficients á ñDpp cover a wider
range of pitch angles and show an oscillatory behavior. The
profile of O2 presented in Figure 5 represents a vertical column
density of 2.9×1014 cm2. This is consistent with values used
in previous works (Eviatar et al. 2001).

For the emission of O I λ1356Å, we consider three
processes: dissociative excitation of O2, excitation from atomic
O, and cascading. Excitation probabilities for these processes
are presented in Figure 6 as a function of electron energy. It is
noted that dissociative excitation probability remains signifi-
cant even at higher energies. As the electron energy increases,
the total inelastic cross section of O2 also decreases. The other
two excitation probabilities contribute for energies less than a
few tens of eV since the excitation cross section of atomic O
states decreases very fast as compared to the total inelastic
cross section of O and O2 at higher electron energies.

Intensities of O I λ1356Å calculated due to precipitation of
magnetospheric electrons (case A, Equation (23)) are presented
in Table 2. It is seen from Table 2 that intensities are obtained
in the range 8–35 (R). These values are in agreement with other
works (Eviatar et al. 2001). The calculated intensities are
insufficient to explain the observed diffuse auroral intensities.
As noted in previous works, some mechanism to accelerate the
electrons is required (Eviatar et al. 2001; Lavrukhin &
Alexeev 2015).

Electrostatic ECH wave turbulence may heat and accelerate
the ambient electrons near the magnetic equator. It is seen
from Figure 4 that the momentum diffusion coefficients are
appreciable over a broad range of pitch angles. Thus the
electrons may undergo substantial change in momentum.
Electrons may also be accelerated in direction parallel to the
field line. For electrostatic waves the wave normal is nearly
perependicular to the field lines, thus resulting in increased
parallel phase velocity. As a consequence, an electron trapped
in the wave may experience a significant increase in velocity as
it accelerates to keep up with the parallel component of the
phase velocity. For an incoherent wave field, the result will be

the production of a beam with a broad energy spectrum
(Swift 1970). The accelerated electrons will be subject to a
frictional force in the ambient electron gas (Mantas 1975),

b
= -

dE

ds

N

E
26e ( )

where β = 2.59×10−12 (eV2 cm2), Ne is electron density, E is
the electron energy, and ds is the element of path length. The
ambient electron gas may be heated in the process.
We have therefore considered precipitation flux of Maxwel-

lian (case B, Equation (24)) and kappa (case C, Equation (25))
distributions.The intensities due to a Maxwellian distribution as
function of thermal temperature are depicted in Figures 7 and 8
for the growth rate profiles (Figure 2) at ψ = 87° and 89°,
respectively. The O I λ1356Å intensities up to ≈150 (R) or
higher may be obtained. However, these values are strongly
dependent on the heating of ambient electrons by ECH wave
turbulence. The values also depend on the amplitude of ECH
waves. Higher amplitudes produce higher intensities since
á ñaaD coefficients scale as the square of ECH wave amplitude.
The intensities due to a kappa distribution (case C,
Equation (25)) are shown in Figures 9 and 10 for the temporal

Table 1
Parameters for Magnetospheric Electron Flux (Case A—Equation (23))

Electron Component a b Eav (eV) Ne (cm
−3) Energy Flux (erg cm−2 s−1)

Thermal (9–100 eV) 1.1×1012 3.52 14.3 100.3 0.50
Suprathermal (100 eV–3 keV) 1.6×107 1.10 784.3 0.31 0.47

Table 2
Calculated Intensities of O I 1356 Å in Rayleigh due to Magnetospheric

Electrons (Case A—Equation (23))

Electron Component 1 2 3 4 5

Thermal 6.1 6.0 6.1 16.0 16.0
Suprathermal 6.1 2.3 4.0 12.0 18.8

Notes. (1) Using magnetospheric electron flux, O2 column density
2.9×1014 cm2. (2) Using precipitation flux, (ψ = 89°), ECH wave amplitude
1 mV m−1, O2 column density 2.9×1014 cm2. (3) Using precipitation flux,
(ψ = 89°), ECH wave amplitude 3 mV m−1, O2 column density
2.9×1014 cm2. (4) Using precipitation flux, (ψ = 89°), ECH wave amplitude
3 mV m−1, O2 column density 1.0×1015 cm2. (5) Using magnetospheric
electron flux, O2 column density 1.0×1015 cm2.

Figure 7. Emission O I 1356 Å intensity in Rayleigh (R) vs. electron
temperature (Th) for a Maxwellian distribution (case B, Equation (24)) using
temporal growth rate profiles shown in Figure 2 at ψ = 87°.
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growth rate profile at ψ = 87° and 89°, respectively. It appears
that intensities up to 200 R may be obtained depending on the
characteristic energy. It is also found from Figures 7–10 that
intensities for the case ψ = 87° are generally higher than the
intensities calculated for ψ = 89°. This may be understood
from the temporal growth rate profiles for ψ = 87° and 89°
shown in Figure 2. The profile for ψ = 87° produces larger
wave growth rates as compared to that for ψ = 89°. This results
in larger pitch-angle diffusion coefficients for ψ = 87° and

hence a larger precipitation flux into the loss-cone. Further, it is
seen that in general higher intensities are obtained from a kappa
distribution as compared to those for a Maxwellian distribution.
The reason for this lies in the fact that a kappa distribution
function has a high energy tail whereas the Maxwellian
distribution falls off much more rapidly with increasing energy.
Therefore, the contribution to VER from a kappa distribution
function is higher than that from a Maxwellian distribution.
Acceleration of ambient electrons by electrostatic ECH wave
turbulence may produce a high energy tailand a Maxwellian
distribution is appropriate for heating by electrostatic waves.
Finally in Figure 11 we present the VER as a function of

altitude for a representative case: ψ = 87°, Maxwellian
distribution with Th = 100 eV and ECH wave amplitude
1 mVm−1. It is seen that most of the electron energy is
deposited within about 200 km from the surface of Ganymede.
The major contribution to VER appears from dissociative
excitation of O2. Contributions from direct atomic O excitation
and cascading are quite small. Emission O I λ1356Å intensities
for three processes: dissociative, direct O, and cascading are
66.6 R, 0.65 R, and 1.7 R, respectively.
In the present work we have dealt with the role of ECH

waves in generating diffuse aurora on Ganymede. However,
whistler mode waves are also observed near Ganymede.
Whistler mode waves would also contribute to the diffuse
auroral precipitation on Ganymede. Whistler mode chorus has
been understood as the dominant trigger to the diffuse aurora at
Earth (Thorne et al. 2010; Ni et al. 2011, 2014). These waves
generally resonate with electrons of higher energy as compared
to the electrons energies resonating with ECH waves. In ECH
waves, use of a Maxwellian distribution with temperature
100 eV produces about 50–70 R of emission O I 1356Å
intensities. In the case of whistler mode waves it would require
somewhat higher temperature ≈150 eV to produce intensities
of similar magnitude. A detailed and comprehensive study of
diffuse aurora on Ganymede due to whistler mode waves has
just been submitted (Tripathi et al. 2016).
Electron density on the magnetic equator on the field line

connecting the north pole of Ganymede to Jupiter is 12.5 cm−3

and on the field line connecting the south pole of Ganymede to

Figure 8. Same as in Figure 7 but using a temporal growth rate profile at ψ
= 89°.

Figure 9. Emission O I 1356 Å intensity in Rayleigh (R) vs. electron
characteristic energy (Ec) for a kappa distribution (case C, Equation (25))
using temporal growth rate profiles shown in Figure 2 at ψ = 87°.

Figure 10. Same as in Figure 9 but using a temporal growth rate profile at ψ
= 89°.

Figure 11. Volume excitation rate (VER) vs. altitude profiles for dissociative
excitation, direct atomic O, and cascading contribution as marked. Maxwellian
distribution, temporal growth rate for ψ = 87°, ECH wave amplitude
1 mV m−1, and Th = 100 eV are used.
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Jupiter, the value is 7 cm−3 (Divine & Garrett 1983). The
diffuse auroral emissions in the southern hemisphere of
Ganymede should therefore be lower as compared to intensities
in the northern hemisphere (Hall et al. 1998).

4. CONCLUSIONS

The role of electrostatic ECH waves in producing the diffuse
O I 1356Å emissions on Ganymede is studied. Electron
precipitation flux entering the atmosphere of Ganymede due
to pitch-angle diffusion into the loss-cone by ECH waves has
been estimated. The AYS approach for electron energy
degradation has been used to calculate diffuse auroral
intensities. The effect of the ECH wave spectral intensity
profile and ECH wave amplitude on calculated intensities has
been studied. The heating and acceleration of ambient electrons
by ECH wave turbulence at the magnetic equator is modeled by
using Maxwellian and kappa electron distribution functions.
The main results of the present study may be summarized as
follows:

1. Intensities of O I 1356Å emissions calculated due to the
precipitation of magnetospheric electrons observed near
Ganymede are found too small to account for the observed
diffuse emissions. This is in agreement with conclusions
reached in previous works (Eviatar et al. 2001).

2. Use of a Maxwellian distribution function to model
heating and acceleration of ambient electrons by ECH
wave turbulence can produce intensities ≈50–70 R for a
temperature of 100 eV.

3. Use of a kappa distribution function with characteristic
energy 50 eV can also produce intensities ≈50–80 R.

4. The spectral intensity profile and ECH wave amplitude
have very significant effects on calculated intensities.

5. The calculated intensities strongly depend on ambient
electron density, and temperature/characteristic energy of
the electron distribution function. Further, it is seen that
the use of a kappa distribution function to simulate
heating/acceleration of ambient electrons produces in
general higher intensities as compared to those from a
Maxwellian distribution. Future joint NASA/ESA Jupi-
ter Icy Moons Explorer and JUNO missions to Jupiter
may provide new data to confirm the findings of the
present study.

This work was supported by the Planetary Sciences and
Exploration Programme, Indian Space Research Organization
(ISRO), PRL, Ahmedabad under the sanctioned project
scheme. Calculations reported in the present work were carried
out at the Computer Centre, Banaras Hindu University.

APPENDIX
ANALYTICAL YIELD SPECTRUM

Energy degradation of monoenergetic electrons in planetary
atmospheric gases has been studied using a Monte Carlo
technique (Green & Singhal 1979; Singhal et al. 1980; Singhal
& Green 1981). A function which has been called “yield
spectra” is obtained from the Monte Carlo simulation. The
three-dimensional yield spectra U(E, Z, Eo) is defined as

=
D D

- - -U E Z E
N E Z

E Z
, ,

,
eV gm cm , 27o

1 2 1( ) ( ) ( ) ( ) ( )

where N (E, Z) is the total number of inelastic collisions that
exist in the spatial interval ΔZ around Z, in the energy interval
ΔE centered at E after the incident electron energy of energy Eo
and all its secondaries, tertiaries, etc. have been completely
degraded in energy. The numerical yield spectral function
generated by Monte Carlo simulation is represented analytically
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where c =
+

WE

E L
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1000
o ( ) , L=1 eV, Ω = 0.585.

Gi is a microplume of the form

b g= - +G Z Zexp . 29i i
2 2

i⌊ ⌋ ( )

Z is longitudinal distance expressed in fraction of a scale factor
R (in gm cm−2). βi, γi, ¢Ai depend on Eo. It is found that the
AYS function where distances are expressed in gm cm−2 has
almost a universal character.
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