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Gyroresonant interactions between the radiation belt electrons
and whistler mode chorus waves in the radiation environments
of Earth, Jupiter, and Saturn: A comparative study
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[11 Inthe current study we perform a comparative analysis of the gyroresonant interactions
of whistler mode waves with radiation belt electrons in the magnetospheres of Earth,
Jupiter, and Saturn. Our primary goal is to evaluate the effect of resonant wave-particle
interactions with chorus waves and determine whether chorus waves can produce net
acceleration or net loss of radiation belt electrons on the outer planets. The ratio of plasma
frequency to gyrofrequency is a key parameter that determines the efficiency of the pitch
angle and energy resonant scattering. We present a comparison of statistical maps of the
ratio of plasma frequency to gyrofrequency for Jupiter, Saturn and Earth in terms of radial
distance and latitude. Preliminary maps of the plasma frequency to gyrofrequency ratio and
2D simulations of pitch angle and energy diffusion using the Versatile Electron Radiation

Belt (VERB) indicate that the Kronian plasma environment is not likely to support as
efficient gyroresonant interactions with whistler mode chorus waves as in the Terrestrial
or Jovian environments. Inefficiency of the local acceleration by whistler mode waves in
the Kronian environment raises important questions about the origin of the relativistic
electrons in the Saturn’s radiation belts. Two-dimensional diffusive simulations of local
acceleration and loss to the atmosphere using the VERB code confirm previous suggestions
that the acceleration of electrons may be very efficient in the outer radiation belt of Jupiter.
However, sensitivity simulations also show that the result of the competition between
acceleration and loss in the Jupiter’s magnetosphere strongly depends on the currently
unknown latitudinal distribution of chorus waves that will be provided by the upcoming
Juno mission. If waves extend to high latitudes, it is likely that the loss rates

due to whistler mode waves will exceed energization rates.

Citation: Shprits, Y. Y., J. D. Menietti, X. Gu, K. C. Kim, and R. B. Horne (2012), Gyroresonant interactions between the
radiation belt electrons and whistler mode chorus waves in the radiation environments of Earth, Jupiter, and Saturn: A comparative

study, J. Geophys. Res., 117, A11216, doi:10.1029/2012JA018031.

1. Introduction

[2] The first observations of the decimeter emissions from
Jupiter provided evidence of the presence of trapped radia-
tion in Jupiter’s magnetosphere [Drake and Hvatum, 1959;
Radhakrishnan and Roberts, 1960]. Later, remote sensing of
the Jovian magnetosphere based on the measurements of the
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synchrotron radiation [e.g., Branson, 1968; Stannard and
Conway, 1976; Bolton et al., 2002] provided detailed maps
and information on pitch angle distributions of the ultra-
relativistic electron population in the Jovian magnetosphere.
The highest intensity of the synchrotron radiation was observed
around 1.4 R; [Drake and Hvatum, 1959; Carr and Gulkis,
1969]. In situ measurements also showed the presence of
>1 MeV protons as well as oxygen, sulfur and sodium ions
[Cohen et al., 2001].

[3] Whether Saturn’s environment has been populated by
trapped energetic particles or not remained unknown until the
first measurements by Pioneer 11 [McKibben and Simpson,
1980; Simpson et al., 1980; Van Allen et al., 1980]. Voyager
and Cassini provided the first detailed measurements of the
Kronian radiation environment.

[4] Modeling of the inner part of the trapped radiation of
Jupiter [Santos-Costa and Bourdarie, 2001; Santos-Costa
et al., 2008] and Saturn [Santos-Costa et al., 2003] included
radial diffusion, interactions with neutrals, and synchrotron
radiation loss which is most important for Jupiter’s inner
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region. Santos-Costa et al., [2003] modeled the Saturn’s
radiation belts by including a number of competing accelera-
tion and loss processes. The source of electrons was pro-
vided by the boundary condition at L = 6 and radial transport
was modeled by a radial diffusion with empirically selected
parameters for the radial diffusion. The radial diffusion
coefficient was chosen to be in the form D;; = DyL" where n
was assumed to be equal to 3 and Dy equal to 10~ 5s~'. While
the results of simulations were very similar to observations in
the inner region, authors noted that “Wave particle interac-
tion effects have not been introduced in our model.” They
also noted that detailed study of wave-particle interactions
should be a subject of future studies. Similar approach was
used by Sicard and Bourdarie [2004] who modeled Jupiter’s
radiation belts by setting up the outer boundary of 3D simu-
lations at L = 9.5 and Sicard et al. [2004] with the boundary
at L = 6. Most recently, Lorenzato et al. [2012] compared the
3D global modeling of Saturn’s radiation belts with obser-
vations from various spacecraft. For the first time authors
included wave-particle interactions. However, the detailed
study of the sensitivity of simulations to the assumed para-
meters, mixed term scattering, and comparison of the wave-
particle interactions on Saturn and other planets was beyond
the scope of the study.

[s] The Earth’s radiation belts have received substantial
attention in recent years. Relativistic electrons in the Earth’s
radiation belts can penetrate the protective shielding sur-
rounding satellites and can be hazardous to the satellite’s
electronics [e.g., Baker, 2002]. It is now widely accepted that
the presence of radiation belt electrons in the terrestrial envi-
ronment results from radial diffusion [e.g., Kellogg, 1959;
Félthammar, 1965, Tverskoy, 1965; Shprits and Thorne,
2004] and also local acceleration [e.g., Summers et al., 1998;
Horne and Thorne, 1998; Horne et al., 2005a; Shprits et al.,
2006a; Miyoshi et al., 2003]. A number of multidimensional
codes that combine radial diffusion and local processes due
to gyroresonant scattering [e.g., Varotsou et al., 2005; Shprits
et al.,2009; Albert et al., 2009; Su et al., 2010] have recently
been developed and validated.

[6] Unlike the Earth’s magnetosphere, which is strongly
driven by solar wind, the dynamic evolution of plasma popu-
lations in the planetary magnetospheres is primarily deter-
mined by internal processes. However, there are a number of
similarities between the physical processes that affect the most
energetic populations of the terrestrial and planetary magne-
tospheres. Inward radial diffusion driven by the Ultra-Low
Frequency (ULF) waves provides radial transport of particles
and may result in acceleration of particles in the Earth’s radi-
ation belts [Kellogg, 1959]. Similar inward transport processes
which include radial diffusion induced by electrostatic fluc-
tuations and centrifugally driven instabilities in the magneto-
spheres of Jupiter and Saturn, can provide a net diffusive
transport from the outer into the inner planetary magneto-
spheres [Brice and McDonough, 1973; Siscoe and Summers,
1981; Kivelson et al., 1997].

[7] Horne et al. [2008] showed that, similar to the Earth’s
radiation belts, relativistic electrons in the Jovian radiation
belts can be accelerated locally by chorus waves that take
free energy for the excitation and growth form few keV
electrons [Katoh et al., 2011]. In particular, Horne et al.
[2008] noticed that the local acceleration by chorus waves
on Jupiter may serve as the processes of providing the seed
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population for further acceleration to ultra-relativistic ener-
gies in region around 10R;. In the described process of
excitation of waves and local acceleration, waves allow the
transfer of energy from the low-energy population of elec-
trons to the high-energy population.

[8] In the current study, we perform a comparative anal-
ysis of the conditions for the local acceleration of radiation
belt electrons in the magnetospheres of Earth, Jupiter, and
Saturn. The competition between the local acceleration and
loss to the atmosphere can be described by the modified
Fokker-Planck equation, which can be written as [i.e., Schulz
and Lanzerotti, 1974; Shprits et al., 2008]:

o 1ol 5 o o
o plop a(,‘Lp (<DPP(a07p)>a - + <DP‘"’(O‘°’p)>8ao bl
1 0 .
+ m% vaT(Oéo) Sm(zao)
of o f
<<Dﬂuﬂn(a07p)>aa0 " + <D011P(a03p)>ap an,L) iy (1)

where f'is the Phase Space Density (PSD), ¢ is the time, p is
the relativistic momentum, L is the L* parameter, and « is
the equatorial pitch angle. Relativistic momentum p can be
related to the kinetic energy as E = \/p?c? + m*c* —

and the momentum diffusion is closely related to energy
diffusion. (D,,), (Daga,) » and (Dpq, ) (5(Dayp)) are the
momentum, pitch angle, and mixed bounce and drift-aver-
aged diffusion coefficients, 7 is the electron lifetime, which
we assume to be equal to a quarter of the bounce time inside
the loss cone and to be infinite outside the loss cone. 7(c) is
a function, related to bounce motion, and in a dipolar field is
approximated following [Lenchek et al., 1961]:

T(ap) = 13802 — 0.3198 (sin ao + sinl/zao). )

2. Latitudinal and Radial Distribution
of the Plasma Frequency to Gyrofrequency Ratio

2.1.

[9] The efficiency of wave-particle interactions strongly
depends on the value of the plasma frequency to gyrofre-
quency ratio w,./|<2.| [e.g., Horne et al. 2005b]. To compare
the environments of Earth, Saturn and Jupiter, we first com-
pare the ratio of the plasma frequency to gyrofrequency for
these planets, which depends on the strength of the local
background magnetic field and plasma density. A similar map
for Jupiter has been recently shown in Katoh et al. [2011].

[10] Based on the observations of the Plasma Particle
Investigation (PLS) on board the Galileo spacecraft in
Jupiter’s magnetosphere during the period of May 4 through
June 22, 1997, Frank et al. [2002] derived a parameteriza-
tion of the near equatorial electron density inside 20 R,

Jovian Cold Plasma Environment

Neg(L) = 3.2 x 10°L7%%em ™, (3)

where L is the approximate distance between the center of
Jupiter and the field line in the equatorial plane. This model
has been validated by Bagenal and Delamere [2011], who
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Figure 1. Modeled electron density (log;o(Ne), cm™—>) and Wpe/|€2e| distribution in the inner magneto-
sphere of Jupiter. (left) The density for (a) model J1, (b) model J2, and (c) model J3. (right) The
corresponding ratios of w,./|{2..|. The solid line represents the L-shell and the dash-dotted line represents

the latitude from 0° to 90° with a 10° interval.

combined measurements from Voyager and Galileo and
derived a profile of equatorial plasma density between the
orbit of Io and 10 R;.

[11] Since the dependence of electron density on latitude A
is not well known, we adopt three different models in this
study, herein referred to as J1, J2, and J3, to study the sen-
sitivity of our assumptions to the latitudinal distribution of
density. For model J1, we assume that density does not
change with latitude.

N(L, ) = Neg(L)(Model T1), (4)

while for model J2, the density along the field line is
inversely proportional to the magnetic field strength

N(L, \) = Ny (L) [(1 +3sin?)) '/ /cos6)\] ! (Model 12), (5)

[12] The third model is adopted following Persoon et al.
[2006]

N(L, \) = N (L) (—L (1 — cos°)))"? /3H2(Model J3),  (6)

where H is the scale height and given by Bagenal and
Delamere [2011] as below, H = 104 tartasrtar’ tasr® iy
r =logo(L) and a set of parameters a; = —0.116, a, =
2.14, a3 = —=2.05, a4 = 0.491, and a5 = 0.126.

[13] The distribution of the plasma frequency to gyro-
frequency ratio is on the scale of 2 to 6 for a wide range

of L-shells and latitudes, creating preferential conditions for
the local acceleration of electrons [e.g., Horne and Thorne,
1998; Horne et al., 2005b].

2.2. Kronian Cold Plasma Environment

[14] Based on Radio and Plasma Wave Science (RPWS)
measurements taken by Cassini, Persoon et al. [2006] devel-
oped a diffusive equilibrium model for the distribution of water
group ions, hydrogen ions, and electrons in the inner region of
Saturn’s magnetosphere. Furthermore, they derived the elec-
tron density in Saturn’s magnetosphere from the charge neu-
trality condition, which we denote as model S1 (Figure 2a).

[15] We also present another density model for Saturn
(model S2), using the Thomsen et al. [2010] equatorial
density model

Nuy(L) = A exp(~BL), (7)

where 4 = 627 and B = 0.517, and a latitudinal dependence
given by equation (6) with H = /L?/3C, C = 4.56.

[16] Both models show a relatively high ratio of plasma
frequency to gyrofrequency of above 10 for L-shells greater
than 5. A comparison of Figures 1 and 2 shows that the cold
electron plasma environment on Jupiter provides preferential
conditions for local acceleration by whistler mode waves
while the high ratio of plasma frequency to gyrofrequency in
Saturn’s inner magnetosphere does not allow for such effi-
cient exchange of energy between the electrons and waves.
Other processes such as inward radial diffusion and possibly
interactions with other plasma waves may play important
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Figure 2. Model electron density (log;o(Ne), cm ) and Wpel 2| distribution in the inner magnetosphere
of Saturn. (left) (a) Model S1 and (b) model S2 and (right) the corresponding values for w,./|{2c|.

roles in the acceleration of electrons to relativistic energies
in the Kronian magnetosphere.

[17] A comparison of plasma environments for all three
planets (Figure 3) shows that, while local acceleration in the
Earth’s magnetosphere can occur for the relatively narrow
range of L-shells between the plasmapause, where density

Electron Denstiy Log X 0(Ne),(cm's)

i ot

drops to low values to approximately L = 7, which is close to
the boundary of trapping, the magnetosphere of Jupiter can
allow for local acceleration for a wide range of L-shells.
Unlike the Jovian magnetosphere, Saturn’s magnetosphere
does not provide preferential conditions for the efficient
local acceleration by chorus waves in the region outside of

x(RJ)

Figure 3. Model electron density (log;o(Ne), cm ) and Wpel|§2c| distribution in the inner magnetosphere
of Earth, Saturn, and Jupiter. (a) The density model given by Sheeley et al. [2001] for Earth, (b) model S2
in Figure 2 for Saturn, and (c) model J3 in Figure 1 for Jupiter.
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6 Rs, where losses due to the interactions with dusty plasmas
are not significant.

3. Chorus Waves in the Magnetospheres
of Saturn and Jupiter

[18] Whistler mode chorus emissions are often observed in
the Earth’s magnetosphere as the rising tones above and
below one half of the electron gyrofrequency [Tsurutani and
Smith, 1977; Koons and Roeder, 1990] in the regions of low
plasma density. Chorus waves in the Earth’s magnetosphere
are confined to approximately 15° of the geomagnetic equa-
tor on the night side [e.g., Meredith et al., 2003] and up to
40°—45° on the day side [Bunch et al., 2011, 2012]. The total
amplitudes of typical chorus waves in the Earth environment
vary from 10 to 100 pT and are strongly correlated with
geomagnetic activity [Meredith et al., 2003; Shprits et al.,
2007].

[19] The rapid rotation of Jupiter and Saturn drives the
interchange instability between the cold and dense plasma
in the inner region and the hot and tenuous plasma from the
outer region. Interchange instability results in a hotter inflow
plasma that forms a temperature anisotropy and excites
whistler mode waves [Bolton et al., 1997; Thorne et al.,
1997; Rymer et al., 2008; Liu et al., 2010]. The first obser-
vations of chorus waves in the Kronian magnetosphere were
done by the Voyager spacecraft [Gurnett et al., 1981; Scarf
et al. 1982]. Spectrograms from Voyager showed rising fre-
quency elements characteristic of chorus that looked similar
to Earth’s emissions near the 1/2 gyrofrequency. The Cassini
mission, with its complex of radio receivers, has greatly
expanded our knowledge of chorus emission from Saturn
[e.g., Hospodarsky et al., 2008]. Figure 4a shows an example
of a frequency-time spectrogram for day 352 of 2008, with
the magnetic field spectral density color-coded. The data
were obtained as the spacecraft crossed the magnetic equator
from north to south. Chorus emissions in Jupiter’s magneto-
sphere were first detected by Voyagers 1 and 2 [e.g., Scarf and
Gurnett, 1977]. Figure 4b shows a typical example of chorus
emissions observed by the Galileo spacecraft. The dynamic
spectrogram shows waves in the frequency range from 300 Hz
to 20 kHz. A number of constant-frequency interference lines
are present for /> 5 kHz. Chorus emission is seen in the fre-
quency range from a few hundred Hz up to, but seldom
exceeding, about £.../2. The frequency of the chorus band peaks
every time the satellite crosses the magnetic equator, forming a
repeating pattern. Note that the waves remain strong as the
satellite moves to higher magnetic latitudes.

[20] The dynamic spectrograms (Figure 4) clearly show that
waves are commonly present below the 1/2 gyrofrequency for
the magnetospheres of both Jupiter and Saturn and have wave
amplitudes that are similar to those of the waves observed on
the Earth. A detailed statistical study of the wave environments
of Jupiter and Saturn is beyond the scope of this initial study
and will be a subject of future studies.

4. Resonant Wave Particle Interactions

[21] Based on the observations from Voyager and Cassini,
Figure 4, and the typical properties of the Earth’s chorus waves
[e.g., Li et al., 2007], we adopt a model for the distribution of
the plasma waves, which is summarized in Table 1. Since the
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latitudinal distribution of chorus waves in the Kronian and
Jovian magnetospheres is not known, we first assume that
waves are confined to within 10 degrees of the magnetic
equator, following Horne et al. [2008]. Waves are assumed
to be present at all MLT at all times for both Jupiter’s and
Saturn’s magnetospheres (J. D. Menietti, et al., Chorus emis-
sions observed at Jupiter and Saturn and possible electron
acceleration, manuscript in preparation, 2012.).

[22] Figure 5 shows the results of calculations of the
bounce-averaged diffusion coefficients with the Full Diffu-
sion Code (FDC) [Ni et al., 2008; Shprits and Ni, 2009],
accounting for Landau (n = 0) and higher order (n < 5) res-
onant scattering. The code can be run on multiple processors
in the UCLA computer cluster. The code uses a formulation
of Glauert and Horne [2005] and Albert [2005]. We assume
that the wave power spectral density B*(w) is distributed
according to a Gaussian frequency distribution with fixed
cut-offs wj, and w,,., median value w,,, bandwidth dw, and B,,
averaged wave amplitude. We also assume that the wave
normal distribution is Gaussian over X, where X = tan (6),
X, = tan (0,,), X,, = tan(d), 0 is the wave normal angle, 6, is
the peak wave normal angle, and df is a parameter describing
the angular width of the distribution.

[23] While pitch angle scattering results in the loss of par-
ticles from the system, momentum diffusion, which is often
referred to as energy diffusion, results in the acceleration of
particles. The net effect of wave-particle interactions depends
on a number of factors including the ratio of plasma fre-
quency to gyrofrequency, the amplitudes of waves, the
spectral properties of waves, and on the distribution in the
wave normal angle and the latitudinal extent of waves [e.g.,
Horne et al., 2005b; Thorne et al., 2005; Shprits et al.,
2006b].

[24] The pitch angle scattering rates for all three planets are
higher than the energy scattering rates. However, that does
not necessarily mean that losses will dominate acceleration
[Shprits et al., 2009]. While loss rates are primarily deter-
mined by the value near the edge of the loss cone, where pitch
angle scattering rates are often at a minimum [Roberts, 1969;
Shprits et al., 2006d; Albert and Shprits, 2009], acceleration
will occur at all pitch angles and may overtake losses [e.g.,
Li et al., 2007]. Mixed diffusion terms can also affect evo-
lution of the phase space density and usually act to inhibit
local accelerations [A/bert and Young, 2005; Tao et al., 2009;
Subbotin et al., 2011]. To quantitatively study the effect
of pitch angle and energy scattering by chorus waves, in
section 5 we present 2D simulations with the 2D version of
the Versatile Electron Radiation Belt (VERB) diffusion code
[Shprits et al., 2006a, 2009; Subbotin and Shprits, 2009].

5. The 2-D Simulations of the Pitch Angle,
Energy, and Mixed Scattering by Chorus Waves

[25] We first perform simulations of the pitch angle and
energy scattering using an analytical spectrum given by
Albert and Young [2005] as an initial condition

J = e (E-02)/01 (sin v — $in oss cone ), 8)
where E is the kinetic energy in MeV and « is an equatorial
pitch angle. The boundary conditions are summarized in
Table 2.
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Figure 4. Dynamic spectrograms obtained from observations of chorus waves on (a) Saturn and (b) Jupiter.
The wave intensity is plotted as a function of spacecraft event time (SCET), system 3 longitude (Lonyy),

magnetic latitude (Mlat), and local time (LT).

[26] Figure 6 shows a comparison of the 2D simulations
that include pitch angle and energy diffusion for the local
scattering of electrons in Jupiter’s and Saturn’s radiation
belts. Results for Saturn’s radiation belt are given at L =6, in
the region where plasma frequency to gyrofrequency is

9.64 10.68
244.09 9.85
7.08 -9.27
16.11 17.40

Spectral Density (nT?/Hz)

Spectral Density (nT?2/Hz)

Al1216

relatively low, to give local acceleration a fair chance. At
higher L-shells (not shown in this manuscript), acceleration
at high energies is less efficient. Following Horne et al.
[2008], we perform simulations for Jupiter at L = 10, which
is a region where plasma frequency to gyrofrequency is rel-
atively low. The ratio of plasma frequency to gyrofrequency
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Wave Intensity

MLT Distribution

Wave Spectral Wave Propagation

Planet By, (pT) Amax of Wave Power (%) Properties Angle
Jupiter and Saturn 30 10° 100 Wi/ = 0.1 0 =0°
6w/ = 0.05 60 = 30°
wlc/Qe =0.05 Qlc =
Wye /9. =0.25 Oy = 70°
Earth Chorus Day 30 35° 25 W/ = 0.2 0 = 0°
bw/e = 0.1 60 =30°
DJ]C/Qe =0.1 Blc =0°
Wye /0. =0.3 Oy = 45°
Earth Chorus Night 30 15° 25 wm/e = 0.35 0 =0°
6w/, =0.15 60 = 30°
UJ]C/QC =0.05 910 =0°
Wye /92 = 0.65 Oy = 45°

Wpel2ce| at Jupiter is calculated to be 4.8 at the equator and
decreases with latitude. This value is very similar to the value
of wy,e/|€2| in the heart of the Earth’s radiation belts at
L = 4.5. The value of w,/|{1.| on Saturn is much higher and
is approximately 17.5 at the Equator at L = 6.

[27] While pitch angle diffusion alone is not able to pro-
duce a significant loss of electrons on the scale of a few
days for both Jupiter and Saturn, it changes the shape of the
distribution function making it more isotropic than the initial
sine distribution function. The changes in the pitch angle

distribution are more pronounced for the Jupiter radiation
belts due to the lower plasma frequency to gyrofrequency as
discussed above.

[28] When energy diffusion is included, local acceleration
dominates over pitch angle scattering for high-energy elec-
trons for both of the planets, and acceleration is clearly much
more efficient for Jupiter. The addition of mixed diffusion
only slightly changes the pitch angle distribution, and acts to
suppress the local acceleration. The effect of mixed diffusion
is most pronounced at 500 keV and small pitch-angels,
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Figure 5. Pitch angle, energy, and mixed scattering rates: (a) Saturn, L = 6, (b) Saturn, L = 10, (c) Jupiter
L =10, (d) Earth day side L = 4.5, (e) Earth Night side L = 4.5.

7 of 12



Al1216

Table 2. Boundary Conditions Used for the 2-D VERB
Simulations

Boundary Condition Physical Approximation
a=0.3° =0 Empty loss cone in the weak
diffusion regime
a=89.7° dffda=0 Flat pitch angle distribution at 90°
Enin = 100 keV f= constant Balance of convective sources
and losses
Emax = 10 MeV f=0 Absence of higher energy electrons

where inclusion of mixed scattering produces fluxes by an
order of magnitude lower than in the case when mixed
scattering is neglected. The effect of mixed term is more
pronounced in the long-term simulations and for the simu-
lations when waves are assumed to be present at high lati-
tudes and first order resonant scattering dominates at low
pitch angles (see section 6). Figure 6 clearly shows that, for a
given energy spectrum, the local acceleration is more effi-
cient for Jupiter and can clearly produce the acceleration of
electrons on the scale of a few days, while for Saturn the
acceleration is much slower. The influence of the initial
condition is discussed in more detail in section 6.

6. Sensitivity to the Latitudinal Distribution
of Waves

[29] To study how the latitudinal distribution of waves
may affect the competition between acceleration and loss
on Jupiter and Saturn, we perform calculations with the
FDC code but now assuming that waves are present up to

Saturn L=6
days
107 Y5
E=300keV| [E=500kev] [E=1Mev | [E=15Mev
10" 3
10° 2

flux (arbitrary units) &

R

E =300 keV E =500 keV E=1MeV E=1.5MeV,

flux (arbitrary units) &
S, S
—_ )

E =300 keV E =500 keV E=1MeV E=1.5MeV,

flux (arbitrary units) O
5‘ )
— |38

0
0 30 60 90 0 30 60 90 0O 30 60 90 O 30 60 90
o (deg) o (deg) o (deg) o (deg)

SHPRITS ET AL.: COMPARATIVE STUDY

Al1216

45° magnetic latitude and not up to 10° as was assumed in
section 3. Figure 7 shows the new diffusion rates.

[30] Since most of electrons at energies below 100 keV
resonate with chorus waves within 10°-15° of the geomag-
netic environment, extending waves to higher latitudes
cannot change the scattering rates for these low-energy
particles. At relativistic energies, particles at small equatorial
pitch angles will reach these latitudes and will be in reso-
nance with waves. A comparison with Figure 5 shows that
extending waves to higher latitudes significantly increases
pitch angle scattering close to the edge of the loss cone.
Scattering near the loss cone is critical for the loss of elec-
trons to the atmosphere [Roberts, 1969; Shprits et al., 2006¢;
Albert and Shprits, 2009]. The presence of efficient scatter-
ing near the edge of the loss cone may change the balance
between local acceleration due to energy diffusion and los-
ses in the loss cone. A similar effect has been studied for the
Earth’s radiation belts [e.g., Thorne et al., 2005; Shprits
et al., 2006c]. Such a large (several orders of magnitude)
increase in pitch angle scattering at small equatorial pitch
angles results in a dramatic increase in losses.

[31] To quantify the effect of the change of the latitudinal
wave distribution, we performed simulations similar to those
shown in Figure 6 but with the diffusion coefficients com-
puted assuming that waves extend to 45° (Figure 7).

[32] The results of the simulations (Figure 8) clearly show
that when waves extend to high latitudes the balance between
the acceleration and loss can change. In this case, local
acceleration is producing a net loss at energies of 1 MeV and
below for Saturn and 500 keV and below for Jupiter. There is
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Figure 6. (a) Pitch angle diffusion only, (b) pitch angle and energy diffusion, and (c) pitch angle, energy,
and mixed diffusion for (left) Saturn at L = 6 and (right) Jupiter at L = 10.
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Figure 7. Diffusion rates computed assuming that waves are confined to within 45° of the magnetic
equator for (a) L = 6 on Saturn and (b) L = 10 on Jupiter.

still significant acceleration for above 1.5 MeV for Saturn
and for greater than 1 MeV for Jupiter.

7. Sensitivity to the Assumed Initial Distribution

[33] Energy diffusion depends not only on the scattering
rates but also on the gradients in energy spectrum in the
initial conditions. To perform more realistic simulations, we
introduce initial conditions that are based on observations. If
the local acceleration is an important mechanism, the phase
space density energy spectrum, derived from observations,

Saturn L=6
days
a) 10’ Y%
= E=300keV| [E=3500kev] [E=1Mev | [E=15Mev
E 10’ 3
g
= 10” 2
£
& .
Z 10 1
=
107 oy
ays
b) 10” Y3
P E=300keV| [E=500keV E=15MeV
€ 10’ 3
g
= 10” 2
£
& .
Z 10 1
=
=,
10 o 0
ays
Q10 41
- E=300keV| [E=500kev] [E=1Mev | [E=15Mev
€ 10’ 3
ol
0 P 2
Naj
&
Z 10 1
=
107 0

0 30 60 90 0 30 60 90 0O 30 60 90 0O 30 60 90
o (deg) o (deg) o (deg) o, (deg)

may already be affected by the local acceleration. If the
local acceleration and loss by chorus waves were the only
mechanisms that can violate the adiabatic invariants, a sim-
ulation initiated with a realistic energy spectrum simply
would not change energy and pitch angle distributions since
the initial condition will represent the steady state. If there is
an additional loss process, such a simulation with a realistic
initial spectrum would produce slow acceleration since this
additional loss process was not taken into account.

[34] While a clear interpretation of the results of such
simulations is complicated due to the unknown number of
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Figure 8. Same as Figure 6 but using diffusion coefficients computed assuming that waves are distrib-
uted to 45° in latitude. (a) Pitch angle diffusion only, (b) pitch angle and energy diffusion, and (c) pitch
angle, energy, and mixed diffusion for (left) Saturn at L = 6 and (right) Jupiter at L = 10.
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Figure 9. (a) Pitch angle diffusion only, (b) pitch angle and energy diffusion, and (c) pitch angle, energy,
and mixed diffusion for (left) Saturn at L = 6 and (right) Jupiter at L = 10.

additional source and loss processes, such a simulation is still
important as it may help estimating the relative strength of
the local acceleration and loss in comparison to other pro-
cesses. Such simulations can also help study the sensitivity of
the simulations to the assumptions of the model. While for
waves with wave-normal angles within 45° the calculated
diffusion rates are relatively insensitive to the assumed wave-
normal distribution, in the case of highly oblique waves
quasi-parallel assumptions will lead to significant errors
[Mourenas et al., 2012]. Simulations that include radial dif-
fusion and local acceleration and loss will be a subject of
future research. Note that while we start our simulations from
the steady state in this section, the electron fluxes will be
strongly modulated by the injections that are driven by the
interchange instability. Nevertheless the simulations with
initial conditions taken from observations can help determine
long-term contribution of various acceleration and loss
mechanisms and indicate at which energies processes that are
not accounted by the 2D model will be required to explain the
long-term competition between acceleration and loss in the
radiation belts.

[35] The energy spectrum for Saturn at L = 6 is taken from
Carbary et al. [2011] as

J(E) =3 x 10* x E7!4, 9)
while for Jupiter we follow Tomas et al. [2004]

J(E) =10° x E7!, (10)

where kinetic energy E is given in keV and flux is given
in cm st 's 'keV~'. Note that the measured spectrum for
Jupiter is inferred from a relatively small data set obtained on
Galileo and is most likely produced by a combination of
processes such as injections that are not included in the 2D
model. The spectrum for Saturn was obtained using the
medial with quartile values in an attempt to exclude the effect
of injections but may still be influenced by previous injec-
tions. For these simulations we assume that waves are con-
fined to 10° of the magnetic equator.

[36] The increase in relativistic electrons is much less
pronounced in simulations using an energy spectrum inferred
from measurements (Figure 9) than for simulations shown on
Figure 6. At a few hundred keV, wave-particle interactions
actually result in the net loss of electrons. As was discussed
above, this result can be expected as the acceleration rates are
weaker in the case of a more realistic initial spectrum, which
is likely already hardened by the wave-particle interactions.
The loss at lower energies is most likely compensated for by
the injections driven by the interchange instabilities, which
provides a source of electrons similar to the inward radial
diffusion in the Earth’s radiation belts. While the presented
simulations indicate that local acceleration and loss are in
balance there are clearly a number of other missing acceler-
ation and loss mechanisms present and operational in the
magnetospheres of Jupiter and Saturn.

8. Summary

[37] Since plasma frequency to gyrofrequency is one of
the main parameters that determine the effectiveness of the
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gyroresonant wave particle interactions, we presented in this
study comparative maps of this parameter for Earth, Jupiter,
and Saturn. While Earth and Jupiter’s environments create
preferential conditions for efficient wave-particle interaction
of relatively strong magnetic fields, and relatively tenuous
plasma, the environment of Saturn has very high plasma
densities, which do not allow for efficient wave-particle
interactions. Two-dimensional simulations of pitch angle and
energy scattering that account for the loss of particles to the
dense surface of a planet and for local acceleration due to
gyroresonant wave-particles interactions confirm that local
acceleration is a potentially very important factor in the
acceleration of electrons on Jupiter. While the efficiency of
local acceleration and loss depends on the shape of pitch
angle and energy distributions produced by other processes,
the efficiency of local gyroresonant scattering of electrons by
chorus waves is most likely less efficient on Saturn than on
Jupiter due to a higher ratio of the plasma frequency to
gyrofrequency. Since 2D simulation results are strongly
dependent on the initial conditions, 3D modeling including
radial diffusion, local acceleration, and pitch angle scattering
are required to estimate the relative contribution of each of
the acceleration and loss mechanisms. Future work should
also account for the stretched magnetic field and diffusion
coefficients should be computed in the distorted magnetic
field following Orlova and Shprits [2010]. Such modeling
should also include the interactions with neutrals, which play
an important role at small L-shells for both Jupiter’s and
Saturn’s radiation belt dynamics.

[38] Sensitivity simulations also show that knowledge of
the latitudinal distribution of waves is crucially important. If
waves extend to high latitudes on Jupiter, the net effect of
chorus waves on relativistic electrons will be loss and not
acceleration. The high latitude Jovian wave measurements
will be provided by the upcoming Juno mission, which will
survey wave properties in the inner magnetosphere of Jupiter.

[39] Ineffectiveness of local acceleration on Saturn, pres-
ence of losses due to dusty plasmas and losses due to ECH
waves that are very strong in Saturn’s magnetosphere raises
new questions on the other potential acceleration mechan-
isms that can explain the presence of relativistic electrons in
the Kronian environment. Search for these unknown accel-
eration mechanisms and more accurate quantification of the
diffusion processes should be a subject of future research.
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