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Abstract: Whistler-mode chorus waves are regarded as an important acceleration mechanism contributing to the formation of relativistic
and ultra-relativistic electrons in the Jovian radiation belts. Quantitative determination of the chorus wave driven electron scattering
effect in the Jovian magnetosphere requires detailed information of both ambient magnetic field and plasma density and wave spectral
property, which however cannot be always readily acquired from observations of existed missions to Jupiter. We therefore perform a
comprehensive analysis of the sensitivity of chorus induced electron scattering rates to ambient magnetospheric and wave parameters in
the Jovian radiation belts to elaborate to which extent the diffusion coefficients depend on a number of key input parameters. It is found
that quasi-linear electron scattering rates by chorus can be strongly affected by the ambient magnetic field intensity, the wave latitudinal
coverage, and the peak frequency and bandwidth of the wave spectral distribution in the Jovian magnetosphere, while they only rely
slightly on the background plasma density profile and the peak wave normal angle, especially when the wave emissions are confined at
lower latitudes. Given the chorus wave amplitude, chorus induced electron scattering rates strongly depend on Jovian L-shell to exhibit a
tendency approximately proportional to LJ

3. Our comprehensive analysis explicitly demonstrates the importance of reliable information
of both the ambient magnetospheric state and wave distribution property to understanding the dynamic electron evolution in the Jovian
radiation belts and therefore has implications for future mission planning to explore the extreme particle radiation environment of
Jupiter and its satellites.
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1.  Introduction
In the solar system, the radiation belts of Jupiter are most intense
among all  the planets  (Bolton et  al.,  2002).  The first  observations
of  decimetric  wavelength  emissions  (10  s  to  100  s  of  cm)  (e.g.,
Burke and Franklin, 1955; Drake and Hvatum, 1959; Radhakrishnan
and Roberts, 1960) provided evidence of the presence of trapped
radiation in the Jovian magnetosphere (e.g., Carr and Gulkis, 1969;
Berge and Gulkis, 1976; Bolton et al., 2002). While radial diffusion,
interactions  with  neutrals,  and  synchrotron  radiation  loss  have
been  intensively  investigated  as  mechanisms  accounting  for  the
acceleration of  Jovian radiation belt  relativistic  electrons (Gerard,
1970,  1976;  Klein,  1976;  Klein  et  al.,  1989;  Santos-Costa  and

Bourdarie,  2001;  Santos-Costa  et  al.,  2008),  wave-particle  interac-
tions, while fundamental and important, receive relatively less at-
tention.  As  one  piece  of  pioneer  work,  Horne  et  al.  (2008)  de-
veloped  a  basic  model  of  whistler  mode  waves  at  Jupiter  to
demonstrate  that  intense  whistler-mode  waves  are  strong
enough to accelerate Jovian radiation belt electrons to relativistic
energies. A later study of Shprits et al. (2012) performed a compar-
ative study to investigate the effect of chorus wave induced pitch
angle and energy diffusion at Earth, Jupiter,  and Saturn, confirm-
ing that interactions with whistler waves are responsible for signi-
ficant  local  acceleration  of  electrons  at  Jupiter,  and  suggesting
that the wave latitudinal distribution has a determining role in the
dynamics of energetic electrons. Most recently, De Soria-Santacruz
et  al.  (2016)  presented an empirical  model  of  the  energetic  elec-
tron environment in Jupiter’s magnetosphere, which is named as
the Galileo Interim Radiation Electron Model version-2 (GIRE2).

Apparently, as an important acceleration mechanism of relativist-
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ic  and  ultra-relativistic  electrons  in  the  Jovian  radiation  belts
(Woodfield et al., 2013, 2014), chorus wave driven scattering coef-
ficients not only provide straightforward information of the wave
impact  on  electrons  but  also  act  as  essential  inputs  for  diffusion
simulations of  electron dynamic evolution.  Their  quantitative de-
termination  requires  detailed  information  of  both  ambient  mag-
netic field and plasma density and wave spectral property, which
however  cannot  be  always  readily  acquired  from  spacecraft  ob-
servations. While previous studies explored the sensitivity of chor-
us wave induced electron scattering rates to the wave latitudinal
coverage, wave normal angle, plasma density model and so on in
the  Jovian  magnetosphere  (e.g.,  Horne  et  al.,  2008;  Shprits  et  al.,
2012; De Soria-Santacruz et al., 2016), a further detailed analysis is
necessary to figure out how the diffusion coefficients depend on a
full  group of important ambient magnetospheric and wave para-
meters, which is the focus of the present study.

The  paper  is  organized  as  follows.  Section  2  describes  the  basic
models of ambient magnetic field, plasma density and wave spec-
tral  intensity  adopted  in  the  context  of  Jupiter’s  magnetosphere
for this comprehensive analysis. In section 3, we investigate in de-
tail the variations of Jovian radiation belt electron scattering rates
by  chorus  waves  with  ambient  magnetic  field  strength,  plasma
density  profile,  wave  latitudinal  coverage,  peak  wave  frequency,
wave  spectral  bandwidth,  and  Jovian  L-shell.  Normalized  differ-
ences or ratios between the model results corresponding to differ-
ent  parameter  selections  are  evaluated  to  quantitatively  specify
the diverse importance of ambient and wave parameters, which is
followed by discussions and conclusions in section 4.

2.  Model Description
In the present study, we focus on the spatial region of typically in-
tense  radiation  environment  in  the  Jovian  magnetosphere,  say,
the Jovian L-shells  of  LJ  =  6–10.  The ambient  magnetic  field  pro-
file  can be reasonably  approximated as  a  dipole  model  (Khurana
et al., 1997), given by

B = Beq

(
1+3sin2λ

)1/2
/cos6λ, (1)

L3
Jwhere Beq=B0/  is the equatorial magnetic field and λ is the mag-

netic latitude.  Regarding the background plasma density,  we fol-
low previous studies (Shprits et al.,  2012) to select three different
electron density models for sensitivity analysis:

Density Model 1 (DM1) :
N (LJ,λ) = Neq (LJ) , (2)

Density Model 2 (DM2) :

N (LJ,λ) = Neq (LJ)
[(

1+3sin2λ
)1/2
/cos6λ

]−1

, (3)

Density Model 3 (DM3) :

N (LJ,λ) = Neq (LJ)exp
[
−L2

J

(
1− cos6λ

)
/
(
3H2

)]
, (4)

where

Neq = 3.2×108L−6.9
J cm−3 (5)

is the equatorial plasma density as a function of the Jovian L-shell
(LJ)  following  the  study  of  Bagenal  and  Delamere  (2011),

H = 10a1+a2r+a3r2+a4r3+a5r4
 is the scale height with r=log10  (LJ) and a

set of parameters a1 = –0.116, a2 =2.14, a3 = –2.05, a4 = 0.491, and
a5  =  0.126.  Note  that  DM3  is  adopted  following  the  study  of
Persoon  et  al.  (2006).  Figure  1  displays  the  plasma  density  vari-
ations with magnetic latitude for the above three models at LJ = 8.
Apparently, DM1 is latitudinally constant, while DM2 and DM3 are
latitudinally  variable.  The  change  of  DM2  is  more  pronounced
compared to DM3. The differences between different models are
more  apparent  as  the  latitude  increases.  It  is  worthwhile  to  note
that the differences are quite small for |λ|<15°.

Concerning  the  chorus  wave  distribution  model  in  the  Jovian
magnetosphere,  we  follow  previous  studies  (Glauert  and  Horne,
2005)  to  assume  that  both  the  wave  frequency  spectrum  and
wave  normal  angle  distribution  are  Gaussian.  Specifically,  the
wave power spectral density B2(ω) follows

B2 (ω) =

 A2 exp
−(ω−ωm

δω

)2 for ωlc ⩽ ω ⩽ ωuc,

0 otherwise,
(6)

where the term A2 can be written as (Glauert and Horne, 2005)

A2 =
2
√
π

|Bω|2

δω

[
erf

(
ωm−ωlc

δω

)
+ erf

(
ωuc−ωm

δω

)]−1

, (7)

with the upper and lower cut-off frequency ωuc and ωlc, peak fre-
quency ωm, spectral bandwidth δω, and averaged wave amplitude
Bω. The wave normal angle distribution is given by

g (X) = exp
−(X−Xm

Xω

)2 , (8)

where  X=tan(θ),  Xm=tan(θm),  Xω=tan(δθ)  with  the  wave  normal
angle  θ,  peak  wave  normal  angle  θm,  and  angular  width  δθ.  The
wave  spectral  intensity  is  further  assumed  constant  within  the
wave latitudinal coverage.

For  the  sake  of  the  sensitivity  analysis  of  chorus  wave  scattering
rates  in  the Jovian radiation belts,  we select  the following group
of the above ambient and wave parameters as the representative
standard for quantitative comparisons: LJ = 8; the dipole magnet-
ic  field  model  given  by  equation  (1)  with  B0=0.42  mT;  the  cold
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Figure 1.   Plasma density variations with magnetic latitude for the

considered three models (described by equations (1)–(3)) at LJ = 8.
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plasma  Density  Model  1  (DM1)  given  by  equation  (2);  the  wave
frequency  spectrum:  Bω=20  pT,  ωm/Ωe=0.1,  δω/Ωe=0.05,  ωlc/Ωe=
0.05,  and  ωuc/Ωe=0.25,  where  Ωe  is  the  equatorial  electron  gry-
ofrequency;  the  wave  normal  angle  distribution:  θm  =0°,  δθ=30°,
θlc=0°, and θuc=70°; and the wave latitudinal coverage λm = 15°. In
the  following  section,  we  vary  one  input  parameter  reasonably
but  fix  all  the other  input  parameters  to investigate the depend-
ence of  electron scattering rates on any specific  parameter of  in-
terest.

3.  Sensitivity Analysis Results of Chorus Wave Induced

Electron Scattering Rates in the Jovian

Magnetosphere
In  this  section,  before  we  display  the  results  of  chorus  wave  in-

duced electron scattering rates corresponding to various choices

of  ambient  and  wave  parameters,  we  evaluate  the  variations  of

the  wave  dispersion  curve  and  resonant  wave  frequency  with  a

number  of  key  input  parameters.  Figures  2a–2c  present  the

quantitative  results  of  chorus  wave dispersion curve  at  the  mag-

netic  equator  of  LJ  =  8  for  varying  magnitudes  of  the  ambient

magnetic  field  (B0/2,  B0,  and  2B0),  background  plasma  density

(Ne/2,  Ne,  and  2Ne)  and  wave  normal  angle  (θ  =  0°,  15°,  and  30°).

Clearly, the chorus wave dispersion in the Jovian magnetosphere

depends largely on all these parameters. Specifically, the increase
trend of wave number (k) with wave frequency (ω) becomes more
pronounced  as  the  ambient  magnetic  field  strength  drops,  the
background  plasma  density  increases  or  the  wave  normal  angle
increases. Figures 2d–2f show the variation of wave resonant fre-
quency  with  magnetic  latitude  for  the  same  varying  parameter
conditions  above,  corresponding  to  the  first  order  (n  =  1)  cyclo-
tron resonance with Jovian radiation belt electrons at 1 MeV and
10° equatorial pitch angle (α0). Apparently, the resonant wave fre-
quency increases with the magnetic latitude. In addition, the res-
onant wave frequency increases largely as the ambient magnetic
field strength drops or the background plasma density increases,
while  it  changes  slightly  with  the  wave  normal  angle.  As  a  con-
sequence,  both  the  chorus  wave  dispersion  relation  and  wave-
particle  resonant  interaction  condition  need  to  be  carefully  de-
termined for various sets of input parameters.

These input parameters under our consideration include the am-
bient magnetic field strength, background plasma density profile,
peak  wave  normal  angle,  wave  latitudinal  coverage,  peak  wave
frequency,  wave  spectral  bandwidth,  and  Jovian  L-shell.  We  do
not consider the effect of  chorus wave amplitude,  since wave in-
duced quasi-linear diffusion coefficients for different wave powers
can be readily obtained by scaling the square of wave amplitude
when the  wave power  is  not  strong enough to  trigger  nonlinear

Dispersion curves Resonant frequency

k
c 

/Ω
e

8

6

4

2

0

ω
/Ω

e

0.05

0.1

0.15

0.2

0.25

ω
/Ω

e

0.05

0.1

0.15

0.2

0.25

ω
/Ω

e

0.05

0.1

0.15

0.2

0.25

0 405 10 15 20 25 30 35

0

1

2

3

4

5

1

2

3

4

5

ω/Ωe

0.05 0.1 0.15 0.2 0.25
λ (°)

k
c 

/Ω
e

k
c 

/Ω
e

B0/2

B0

2B0

Ne/2

Ne

2Ne

θ=0°

θ=15°

θ=30°

LJ=8

λ=0°

LJ=8
Ek=1 MeV
α0=10°
n=1

(a)

(b)

(c)

(d)

(e)

(f)

 
Figure 2.   Chorus wave dispersion curves at the magnetic equator of LJ = 8 for varying magnitudes of (a) the ambient magnetic field (B0/2, B0, and

2B0), (b) background plasma density (Ne/2, Ne, and 2Ne) and (c) wave normal angle (θ = 0°, 15°, and 30°). (d–f) Corresponding to (a–c), variation of

wave resonant frequency with magnetic latitude for the first order (n = 1) cyclotron resonance with Jovian radiation belt electrons at 1 MeV and

10° equatorial pitch angle (α0).
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wave-particle  interaction  effects.  The  quasi-linear  Full  Diffusion
Code (Ni  et  al.,  2008,  2011,  2015)  is  implemented for  various  nu-
merical  runs  to  compute  the  chorus  induced  electron  scattering
rates  in  the  Jovian  magnetosphere,  for  which  the  contributions
from the n  = –5 to n  = 5 cyclotron harmonic resonances and the
Landau resonance (n = 0) are included.

3.1  Dependence on Ambient Magnetic Field Strength
To explore the dependence of chorus wave scattering rates on the
ambient magnetic field amplitude, we follow the dipolar configur-
ation (equation (1)) but scale the ambient magnetic field at LJ = 8.
Specifically,  three  cases  of  0.5B0,  B0,  and  2B0  are  adopted  to  ap-
proximately  represent  the  conditions  of  stretched,  normal  and
compressed  ambient  magnetic  field,  while  all  the  other  input
parameters  keep  unchanged  as  shown  in  section  2.  2-D  plots  of
bounce-averaged  electron  diffusion  coefficients  (i.e.,  pitch  angle
diffusion  <Dαα>,  momentum  diffusion  <Dpp>,  and  cross  diffusion
<Dαp>) by chorus waves at LJ = 8 are presented in Figure 3 as a func-
tion of equatorial pitch angle (α0) and electron kinetic energy (Ek).

Corresponding  to  the  standard  choice  of  input  parameters,  the
middle  panels  (b,  e,  h)  indicate  that  chorus  waves  can  drive  effi-
cient pitch angle scattering on the order of 10–5  s–1  of  ~100–150

keV  electrons  at  pitch  angles  <  ~55°  and  of  ~150–500  keV  elec-
trons  at  pitch  angles  ~30°–70°  in  the  Jovian  radiation  belts.  The
emissions  can  also  cause  more  intense  pitch  angle  scattering  of
~100  keV–1  MeV  electrons  at  pitch  angles  ~80°–85°  at  the  rates
approaching  10–4  s–1,  which  is  mainly  due  to  the  Landau  reson-
ance between the waves and the electrons. Hence, chorus waves
can  act  as  an  important  loss  candidate  of  100’s  keV  electrons  in
the Jovian magnetosphere. In addition, these waves (with the as-
sumed  wave  amplitude  of  20  pT)  can  slowly  accelerate  ~100
keV–1 MeV electrons at the rates <~10–6 s–1 according to the mo-
mentum diffusion rates at high equatorial pitch angles > ~80°. It is
worthwhile to note that the discontinuity of <Dpp> at α0 ~60° res-
ults from the wave confinement within 15° of the magnetic equat-
or, which will be further studied in section 3.5.

When  varying  the  ambient  magnetic  field  strength  of  the  Jovian
magnetosphere,  it  is  clearly  shown  that  chorus  wave  scattering
rate varies considerably. In general, compared to the results of the
normal  dipole  field,  the  2-D  diffusion  rate  profile  tends  to  shift
downwards  (upwards)  as  a  whole  when  the  ambient  magnetic
field  decreases  (increases).  The  maximal  values  of  chorus  wave
scattering  rates  increase  and  tend  to  peak  at  electron  energies
well  below  100  keV  (not  shown  in  Figure  3)  when  the  ambient
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Figure 3.   2-D plot of chorus induced electron diffusion coefficients at LJ = 8 as a function of equatorial pitch angle α0 and electron kinetic energy

Ek: (a–c) pitch angle diffusion <Dαα>, (d–f) momentum diffusion <Dpp>, and (g–i) cross diffusion <Dαp>, for three cases of (from left to right) 0.5B0,

B0, and 2B0 with B0 as the normal dipole model intensity.
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magnetic  field  decreases,  while  they  decrease  and  peak  at  ener-
gies of ~200–300 keV when the ambient magnetic field increases.
It is interesting to see that <Dpp> strongly intensifies at energies >
~1 MeV for the case of 2B0, suggesting the enhanced acceleration
effect of chorus waves on higher energy electrons.

The  differences  in  chorus  wave  scattering  rates  induced  by  the
variation of ambient magnetic field strength can be further evalu-
ated  by  computing  the  normalized  difference  (ND)  between  any
two models as follows:

ND =2.0
<D>2−<D>1

<D>2+<D>1
×100%, (9)

where  <D>2  denotes  the  chorus  wave  scattering  rates  using  the
varied model and <D>1 denotes the results using the standard in-
puts  given  in  section  2.  Figure  4  presents  the  results  of  normal-
ized  difference  for  <Dαα>  and  <Dpp>,  compared  to  the  results  of
the normal dipole field. Apparently, for the (Ek, α0) space of our in-
terest, the scattering rates primarily decrease but considerably in-
crease  at  pitch  angles  ~50°–75°  for  100’s  keV  electrons  and  ~85°
up to  a  few MeV electrons  when the ambient  magnetic  field  de-
creases. The variation trend is almost contrary when the ambient
magnetic  field  increases,  exhibiting  large  increase  in  diffusion
rates  over  the  majority  of  the  space  but  large  decrease  in  diffu-
sion rates at pitch angles < ~70° for 100’s keV electrons and ~80°–
85°  up  to  a  few  MeV  electrons.  Figures  3  and  4  clearly  demon-
strate that chorus wave induced electron scattering rates strongly
depend  on  the  profile  of  ambient  magnetic  field  in  the  Jovian

magnetosphere.  Note  that,  while  introducing  large  variations  in

chorus  wave  scattering  rates,  changes  in  B0  can  have  a  trivial  ef-

fect  when  the  bounce-averaged  diffusion  coefficients  are  negli-

gibly small.

3.2  Dependence on Background Plasma Density Profile
To investigate the dependence of chorus wave scattering rates on
background plasma density, we use the three density models giv-
en  by  equations  (2)–(4)  (defined  as  DM1–DM3)  to  compare  the
bounce-averaged  electron  diffusion  coefficients,  the  results  of
which are shown in Figure 5. Basically, the chorus wave scattering
rates  do  not  exhibit  large  variations  for  the  three  considered
plasma density models.

Figure 6 shows the results of normalized difference for <Dαα> and
<Dpp>, compared to the results of DM1. Here <D>1 in equation (9)
denotes the chorus wave scattering rates obtained using the con-
stant  plasma  density  model  (DM1).  It  is  clearly  shown  that  the
scattering  rates  are  almost  identical  between  DM1  and  DM3.  In
contrast,  the  electron  scattering  rates  for  DM2  exhibit  large  in-
creases for electrons at energies of 300 keV–5MeV with equatorial
pitch  angles  <~20°.  While  the  normalized  differences  are  also
large between DM1 and DM2 for  >5 MeV electrons  at  equatorial
pitch  angles  up  to  ~60°,  the  corresponding  scattering  rates  are
negligibly small.  Figures 5 and 6 indicate that electron scattering
rates by equatorial (|λ| < 15°) chorus waves in the Jovian magneto-
sphere vary insignificantly with the three ambient plasma density
models that are adopted on basis of previous empirical studies.
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Figure 4.   Corresponding to Figure 3, 2-D plots of normalized difference for (top panels) <Dαα> and (bottom panels) <Dpp>.
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Figure 5.   Same as in Figure 3, except for three different background plasma density profiles given by equations (1)–(3), i.e., DM1, DM2 and DM3.
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Figure 6.   Corresponding to Figure 5, 2-D plots of normalized difference for (top panels) <Dαα> and (bottom panels) <Dpp>.
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3.3  Dependence on Peak Wave Normal Angle
To study the dependence of chorus wave scattering rates on peak

wave normal angle θm,  we choose three cases as follows:  θm  =0°,

θm =30° and the latitudinally varying model (e.g., Tao et al., 2011):

θm=–0.36+5.04λ–0.06λ2.  Figure 7 shows the 2-D plots of bounce-

averaged  electron  diffusion  coefficients  corresponding  to  the

three peak wave normal angle models.

Clearly,  chorus  wave  scattering  rates  in  the  Jovian  magneto-

sphere  vary  with  the  adopted  peak  wave  normal  angle.  Specific-

ally, larger peak wave normal angle tends to decrease the scatter-

ing  rates  for  100’s  keV  electrons  at  a  broad  range  of  equatorial

pitch angles up to ~80° but increase the scattering rates for high-

er energy electrons at small and intermediate pitch angles. Such a

tendency  becomes  more  distinct  by  computing  the  normalized

differences  of  the  diffusion  coefficients  between  different  peak

wave normal angle models,  the results of which are presented in

Figure 8.

Here  <D>1  in  equation  (9)  denotes  the  chorus  wave  scattering

rates obtained with θm =0°. It is clear that, as a result of increasing

peak  wave  normal  angle,  the  scattering  rates  increase  signific-

antly for ~ 300 keV–5 MeV electrons with equatorial  pitch angles

<~45°.  In  contrast,  the  scattering  rates  decrease  more  or  less  at

energies  of  ~5–100  MeV  with  equatorial  pitch  angles  ~60°–75°,

while the value of scattering rates in these corresponding regions

are small. Figures 7 and 8 together illustrate that chorus wave in-

duced  electron  scattering  rates  depend  on  peak  wave  normal

angle in the Jovian magnetosphere.

3.4  Dependence on Wave Latitudinal Coverage
As shown in Figures 3, 5, and 7, there exists a discontinuity in the

energy  diffusion  coefficients  <Dpp>  at  the  equatorial  pitch  angle

~59°. In order to explain this phenomenon, here we choose three

wave latitudinal  coverage,  say,  |λ|  < 15°,  |λ|  < 30°  and |λ|  < 40°  to

compute  the  bounce-averaged  diffusion  coefficients,  the  results

of which are displayed in Figure 9.

It is clear that the pitch angle scattering coefficients increase sub-

stantially for ~200keV–1MeV electrons at equatorial pitch angles <

~40° when the wave latitudinal coverage increases to 30°. The re-

gion of diffusion rate increase expands to higher energies and lar-

ger equatorial pitch angles when chorus waves occur at |λ|  < 40°.

Regarding  the  momentum  diffusion  coefficients,  the  increase  is

obvious  for  ~100–1  MeV  electrons  at  pitch  angles  ~20°–60°

between the cases of |λ|  < 15° and |λ|  < 30°, while the variation is

small  between  the  cases  of  |λ|  <  30°  and  |λ|  <  40°.  Also  interest-
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Figure 7.   Same as in Figure 3, except for three different values of peak wave normal angle, i.e., θm = 0°, θm =30° and the latitudinally varying

model θm=–0.36+5.04λ–0.06λ2.
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Figure 9.   Same as in Figure 3, except for three different cases of wave latitudinal coverage, i.e., |λ| < 15°, |λ| < 30° and |λ| < 40°.
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ingly, the discontinuity in <Dpp> at pitch angle ~59° when |λ| < 15°

disappears when chorus waves have a larger latitudinal coverage,

as  shown  in  the  second  and  third  columns  of  Figure  9,  demon-

strating  that  the  wave  latitudinal  extent  acts  as  an  important

factor contributing to electron scattering rates in the Jovian radi-

ation belts.

Figure  10  shows  the  results  of  normalized  difference  for  <Dαα>

and <Dpp>, compared to the results for the case of |λ| < 15°. Here

<D>1 in equation (9) denotes the chorus wave scattering rates ob-

tained with |λ| < 15°. It is clear that the normalized differences are

large  for  ~200  keV–100  MeV  electrons  at  equatorial  pitch  angles

up to ~60°. In contrast, the scattering rates at higher pitch angles

do  not  show  any  change  because  these  electrons  can  only

bounce to the mirror latitude ~15° and thus chorus waves at |λ| >
15° have no effect on them. Figures 9 and 10 clearly indicate that

the  wave  latitudinal  coverage  in  the  Jovian  magnetosphere

strongly affects chorus wave scattering rates of electrons that mir-

ror above the wave latitudinal extent.

3.5  Dependence on Peak Wave Frequency
To investigate the dependence of chorus wave scattering rates on

peak  wave  frequency  ωm,  we  choose  three  typical  values  of

ωm/Ωe,  i.e.,  0.1,  0.15,  and 0.2,  to compare the computed bounce-

averaged diffusion coefficients,  the results of which are shown in

Figure 11.

When varying the peak wave frequency of  whistler-mode chorus

in the Jovian magnetosphere, chorus induced electron scattering
rates vary considerably. As the peak wave frequency increases, the
pitch angle diffusion coefficients overall shift downwards, thereby
causing the rates to decrease at a broad range of considered en-
ergy and pitch angle but increase at a small region, e.g., ~100 keV
with  equatorial  pitch  angles  ~50°–70°.  The  variation  of  mo-
mentum  diffusion  coefficients  is  also  clear  to  illustrate  that  their
maximal  values  increase  considerably  and  tend  to  peak  at  elec-
tron energies below 100 keV (not shown in Figure 11).

Figure  12  shows  the  results  of  normalized  difference  for  <Dαα>
and  <Dpp>,  compared  to  the  results  for  the  case  of  ωm/Ωe  =  0.1.
Here  <D>1  in  equation  (9)  denotes  the  chorus  wave  scattering
rates obtained with ωm/Ωe  = 0.1.  More clearly,  when the value of
ωm/Ωe increases, <Dαα> increases for ~100 keV–1 MeV with equat-
orial  pitch  angles  ~45°–80°  but  predominantly  decreases  at  the
other regions. A similar variation trend occurs for <Dpp>, while the
degree of either increase or decrease of  scattering rates tends to
be smaller. It is also interesting to see that <Dpp> is more likely to
increase  for  electrons  with  equatorial  pitch  angles  ~45°–80°.  Fig-
ures  11  and  12  clearly  demonstrate  that  chorus  wave  induced
electron  scattering  rates  strongly  depend  on  the  peak  wave  fre-
quency in the Jovian magnetosphere.

3.6  Dependence on Wave Spectral Bandwidth
To study the dependence of chorus wave scattering rates on chor-
us wave spectral bandwidth, we choose three values of δω/Ωe, i.e.,
0.05, 0.1, and 0.15, to compute the bounce-averaged electron dif-
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Figure 10.   Corresponding to Figure 9, 2-D plots of normalized difference for (top panels) <Dαα> and (bottom panels) <Dpp>.
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Figure 11.   Same as in Figure 3, except for three different cases of peak wave frequency, i.e., ωm/Ωe = 0.1, 0.15 and 0.2.
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Figure 12.   Corresponding to Figure 11, 2-D plots of normalized difference for (top panels) <Dαα> and (bottom panels) <Dpp>.
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fusion coefficients at LJ = 8 in the Jovian magnetosphere, the res-

ults of which are displayed in Figure 13 for comparisons.

As  the  wave  spectral  bandwidth  increases,  chorus  induced  elec-

tron scattering rates vary discernibly but slightly.  Specifically,  the

peak values  of  <Dαα> somehow decrease and the strong scatter-

ing rates >10–5 s–1 extend to a broader region with increasing val-

ues  of  δω/Ωe.  In  contrast,  the  maximal  values  of  <Dpp>  increase

and tend to peak at electron energies <100 keV (not shown in Fig-

ure 13) when the chorus wave spectral bandwidth increases.

Figure  14  displays  the  results  of  normalized  difference  for  <Dαα>

and <Dpp>,  compared to  the  results  of  δω/Ωe=0.05.  Here  <D>1  in

equation  (9)  denotes  the  chorus  wave  scattering  rates  obtained

with  δω/Ωe=0.05.  Clearly,  the  chorus  wave  scattering  coefficients

vary largely only for a narrow range of electron energy and equat-

orial  pitch angle,  say,  for  ~100 keV–1 MeV electrons with a  small

portion of  equatorial  pitch angles  between ~50°  and 80°  and for

1–2 MeV with equatorial  pitch angles ~85°.  Figures 13 and 14 in-

dicate that chorus wave induced electron scattering rates weakly

depend on the wave spectral  bandwidth in the Jovian magneto-

sphere.

3.7  Dependence on Jovian L-shell
To  explore  the  dependence  of  chorus  wave  scattering  rates  on

Jovian L-shell (LJ), we select three LJ values, that is, LJ = 6, 8, and 10,

to compute and compare chorus induced bounce-averaged diffu-

sion coefficients at different regions of the Jovian radiation belts.

Figure 15 shows the 2-D plots of bounce-averaged electron diffu-

sion coefficients by chorus waves as a function of equatorial pitch

angle and electron kinetic energy at the three indicated Jovian L-

shells.

It  is  evident  that  given  chorus  wave  amplitude,  electron  scatter-

ing  rates  increase  considerably  as  the  Jovian  L-shell  increases.  In

order to carefully check the underlying relationship between elec-

tron  diffusion  coefficients  by  chorus  and  Jovian  L-shell,  we  as-

sume  that  electron  scattering  rates  are  proportional  to  LJ
3  and

then evaluate the ratios between the diffusion coefficients at two

Jovian L-shells, i.e.,

RR =
(
< D>1/LJ1

3
)
/
(
< D>2/LJ2

3
)
, (10)

where  <D>1  denotes  the  chorus  wave  scattering  rates  at  LJ1  and

<D>2  denotes  the  chorus  wave  scattering  rates  at  LJ2.  Figure  16

displays the results of the ratio RR for two groups of comparison,

say, LJ  = 6 versus LJ  = 8 and LJ  = 10 versus LJ  = 8. It is clearly illus-

trated that in the majority of  the (Ek,  α0)-space considered in this

study,  the ratio is  close to 1,  strongly suggesting that an approx-

imately good power law function seems to exist between chorus
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Figure 13.   Same as in Figure 3, except for three different cases of wave spectral bandwidth, i.e., ωm/Ωe = 0.1, 0.15 and 0.2.
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Figure 14.   Corresponding to Figure 13, 2-D plots of normalized difference for (top panels) <Dαα> and (bottom panels) <Dpp>.
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Figure 15.   2-D plot of chorus induced electron diffusion coefficients as a function of equatorial pitch angle α0 and electron kinetic energy Ek for

three Jovian L-shells (from left to right): LJ = 6, 8 and 10.
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induced electron scattering rates and Jovian L-shell, that is, <D> is
approximately  proportional  to  LJ

3,  given  the  chorus  wave  amp-
litude.  There  are  exceptions  at  small  equatorial  pitch  angles  or
high  electron  energies  (indicated  by  the  red  areas  in  Figure  16),
which  however  mostly  correspond  to  very  small  rates  of  chorus
wave scattering. Figures 15 and 16 clearly clarify that chorus wave
induced  electron  scattering  rates  strongly  depend  on  L-shell  in
the Jovian magnetosphere.

4.  Discussions and Conclusions
Populated by energetic and relativistic electrons at energies from
~100  keV  to  100  MeV,  the  Jovian  radiation  belts  are  regarded  as
the most intense particle radiation environment in the solar plan-
ets. While its formation remains unresolved, a number of mechan-
isms  have  been  proposed  as  candidate  contributors,  including
local acceleration due to electron cyclotron resonance with whist-
ler-mode chorus. In the quasi-linear regime, computation of elec-
tron  scattering  rates  by  chorus  waves  provides  straightforward
messages of the wave impact on electron dynamics in the Jovian
radiation  belts,  which  however  requires  detailed  information  of
both ambient magnetic field and plasma density and wave spec-
tral  property.  Hence,  to  comprehend  the  resonant  wave-particle
interactions in the Jovian magnetosphere, we have implemented
a  detailed  analysis  to  investigate  how  quasi-linear  bounce-aver-
aged  electron  diffusion  coefficients  induced  by  whistler-mode

chorus  depend  on  a  full  group  of  important  ambient  magneto-
spheric and wave parameters.

Our main conclusions are summarized as follows:

(1)  Factors  that  can  strongly  affect  chorus  induced  quasi-linear
electron  scattering  rates  include  the  ambient  magnetic  field  in-
tensity,  the  wave  latitudinal  coverage,  and  the  peak  frequency
and  bandwidth  of  the  wave  spectral  distribution  in  the  Jovian
magnetosphere.

(2)  Chorus  induced  quasi-linear  electron  scattering  rates  in  the
Jovian radiation belts tend to depend slightly on the background
plasma  density  profile  and  the  peak  wave  normal  angle,  espe-
cially when the wave emissions are confined at low latitudes (e.g.,
|λ| < 15°).

(3)  Given  the  chorus  wave  amplitude,  chorus  induced  electron
scattering  rates  strongly  depend  on  Jovian  L-shell  to  exhibit  a
tendency approximately proportional to LJ

3.

Our  comprehensive  analysis  explicitly  demonstrates  the  import-
ance of reliable information of both the ambient magnetospheric
state and wave distribution property to understanding the contri-
bution  of  whistler-mode  chorus  to  the  dynamic  electron  evolu-
tion  in  the  Jovian  radiation  belts  and  therefore  has  implications
for  future  mission  planning  to  explore  the  extreme  particle  radi-
ation environment of Jupiter and its satellites.
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Figure 16.   Corresponding to Figure 15, (a) (<Dαα>| /83)/(<Dαα>| /63), (b) (<Dαα>| /103)/(<Dαα>| /83), (c) (<Dpp>| /83)/(<Dpp>| /63),

and (d) (<Dpp>| /103)/(<Dpp>| /83), which indicates that chorus induced electron scattering rates exhibit a tendency to be approximately

proportional to LJ
3.
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