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Abstract An abundant multi-MeV electron population beyond the orbit of Io is required to explain the
intense inner radiation belt (electrons > 50 MeV) at Jupiter and its synchrotron radiation. In order to better
understand the synergistic effect of radial transport and local wave-particle interactions driven by whistler-mode
waves on the formation of Jupiter's radiation belt, we perform 3-D Fokker-Planck simulations for Jovian
energetic electrons with the Versatile Electron Radiation Belt code. An empirical model of Jovian whistler-
mode waves updated with measurements from the Juno extended mission is used to quantify the local
acceleration and pitch angle scattering. Resonant cyclotron acceleration by whistler-mode waves leads to
significant enhancement in the intensity of electrons above 1 MeV in the middle magnetosphere. Radial
diffusion is capable of transporting MeV electrons accelerated by outer-belt whistler-mode waves into the

M < 10 region, where they are further accelerated adiabatically to energies of about 10 MeV.

Plain Language Summary To sustain the most intense electron radiation belt in our solar system,
Jupiter's magnetosphere needs to pre-accelerate electrons to the energy level of multi-MeV outside the orbit of
Io. How such “seed electrons” of the synchrotron radiation belt are effectively accelerated is a challenging
question. Gyro-resonance between electrons and whistler-mode waves is believed to be a potential candidate for
such pre-acceleration process. In this study, the efficiency of particle acceleration driven by Jovian whistler-
mode waves is quantitatively evaluated. With the quasilinear scattering rate calculated with the updated Jovian
whistler-mode wave model derived from Juno measurements, 3-D diffusion simulations show that whistler-
mode waves between 5 and 25 R; are capable of accelerating electrons upto about 10 MeV in tens of days. The
recently discovered outer whistler-mode belt is found to contribute to the acceleration of multi-MeV electrons.

1. Introduction

The intrinsic magnetic field of Jupiter traps the most intense electron radiation belt in the solar system. In the inner
magnetosphere (M < 5, following the definition in S. J. Bolton et al. (2004), where M denotes the M-shell of the
Jovian magnetic field), synchrotron radiation measurements suggest the presence of ultrarelavistic electrons with
energy up to 50 MeV (S. Bolton et al., 2002; de Pater & Dunn, 2003). How such an intense electron belt is
generated and sustained has been a long-standing question. As whistler-mode waves are suppressed inside the
orbit of moon Io (M =~ 5.9) (Menietti et al., 2016), the formation of an intense electron population in the inner
magnetosphere is believed to be dominated by inward radial diffusion (de Pater & Goertz, 1990, 1994; Santos-
Costa & Bourdarie, 2001). However, such an explanation requires an abundant “seed electron” population
(>1 MeV) outside the orbit of lo, which is well above the energy range and intensity level that interchange in-
jections (R. Thorne et al., 1997) or other injection events (Mauk et al., 1999) could provide. In other words,
electrons must be pre-accelerated to multi-MeV in the Jovian middle magnetosphere (5 <M < 30) to provide
sufficient seed populations for the inner radiation belt.

Horne et al. (2008) suggested that the wave-particle interactions between whistler-mode waves and electrons
beyond Io may be a potential mechanism that accelerates the existing electron population to the energy of seed
electrons. The efficiency of such a process has been investigated by multiple numerical studies in the regime of
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both test-particle (e.g., Kubota & Omura, 2018; Tao et al., 2012) and quasilinear diffusion simulations (e.g., Ma
et al., 2020; Shprits et al., 2012; E. Woodfield et al., 2013; E. E. Woodfield et al., 2014).

Whistler-mode waves are known to play a dual role in the radiation-belt dynamics at Earth and gas giants. On the
one hand, whistler-mode waves are capable of driving fast acceleration of electrons up to multi-MeV at Earth
(e.g., Allison et al., 2021; Shprits et al., 2006), Saturn (e.g., E. E. Woodfield et al., 2019; E. Woodfield
et al., 2022), and Jupiter (e.g., Horne et al., 2008; Shprits et al., 2012). On the other hand, whistler-mode waves
can also drive electron precipitation into the atmosphere and henceforth contribute to the loss of energetic par-
ticles at Earth (e.g., Ni et al., 2014; R. M. Thorne et al., 2016; Li et al., 2015; Zhao, Ni, et al., 2019), Saturn (e.g.,
Kumari et al., 2019; Tripathi et al., 2013), and Jupiter (e.g., Li et al., 2017, 2021; Xiao et al., 2003). To quan-
titatively investigate the efficiency of wave-particle interactions in providing the seed electrons for the Jovian
inner electron belt, a comprehensive numerical simulation for the middle magnetosphere is needed. As the net
effect of wave-particle interactions strongly dependent on the initial distribution of electrons (Huang et al., 2018;
Shprits et al., 2012; de Soria-Santacruz et al., 2017), 3-D simulations including radial diffusion can be more
reliable than 2-D simulations as they could constrain a more realistic distribution of electrons in both the energy
and pitch angle dimensions. 3-D simulations also help to understand the possible inward transport (and therefore
being additionally accelerated due to the conservation of their first adiabatic invariant) after electrons' being
accelerated locally by whistler-mode waves, which has been studied in Earth's outer radiation belt (Liu
et al., 2018; Zhao, Baker, et al., 2019). A realistic global model for Jovian whistler-mode waves with M-shell,
latitude, and frequency dependence is required for such 3-D simulations. Shprits et al. (2012) also suggested that
the latitudinal distribution of waves is of crucial importance in the net effect of whistler-mode waves. Previous
studies using the whistler-mode wave profile from Galileo observations (Horne et al., 2008; E. E. Woodfield
et al., 2014; de Soria-Santacruz et al., 2017) could possibly have overestimated the net acceleration by whistler-
mode waves due to the lack of high-latitude Jovian wave measurements before the Juno mission.

In this paper, we perform 3-D Fokker-Planck simulations for the radial diffusion and local scattering (hereafter
referred to as diffusion processes in the dimensions of energy, pitch angle and mixed diffusion terms) by whistler-
mode waves of Jovian energetic electrons in the middle magnetosphere to investigate the pre-acceleration of seed
electrons. The most updated empirical model for Jovian whistler-mode waves derived from measurements
sampled during the first 45 orbits of Juno is used to quantify the scattering rate of electrons.

2. Scattering Rate of Electrons by Whistler-Mode Waves

To quantify the local scattering of electrons by whistler-mode waves in the Jovian magnetosphere, both the spatial
distribution of wave intensity and the wave frequency spectrum are needed. Regarding the spatial distribution of
the whistler-mode wave intensity, statistical results derived from measurements taken by the Juno spacecraft
during its PJO1-PJ45 orbit have been detailed in a companion article (Hao et al., 2024). The survey of whistler-
mode wave data covers 5 <M <25 and |1]| <36°, where 1 denotes the magnetic latitude. In the companion article,
a novel double-belt distribution of whistler-mode wave is revealed. Figure S1 in Supporting Information S1
presents the mean whistler-mode intensity as a function of M-shell and |4|. An outer whistler-mode belt peaking at
M =~ 21 shows wave intensity over an order of magnitude higher than the slot region (M ~ 14), which compels us
to study its contribution toward the Jovian electron dynamics.

Regarding the frequency spectrum, we follow the data processing methodology described in Menietti et al. (2021)
and extend the data set of statistics with the Juno Extended Mission (PJ34-PJ45) (c.f. Figure 2a in Menietti
etal., 2023). According to the spatial distribution of the wave intensity, the data set is divided into four individual
regions in the (M, 1) space by M = 13 and |1] = 16° (see regions divided by dashed lines in Figure S1 of
Supporting Information S1). Within each region, the mean squared wave spectra are derived by

) feg (BH30P)
10glO<BWi> = 10g10< PSD(fceq ﬂ)fceq dﬂ>’ (1)
feg (B=38P)

where (B%,) denotes the mean squared wave intensity with in each frequency bin (i = 1,2,3...8). PSD(f)
denotes the magnetic Power Spectral Density (PSD) at the given frequency f measured by the Waves instrument
onboard Juno (Kurth et al., 2017). f = f/f,, is the normalized wave frequency, where f,, is the electron
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Figure 1. Statistical frequency spectrum of whistler-mode waves. Panel (a) presents the wave intensity distribution measured by the Juno spacecraft in the inner whistler-
mode belt (5 <M < 13) at low magnetic latitude (J4| > 16°). The color denotes the probability of wave intensity in each frequency bin. Diamonds denote the average
value in each frequency bin and vertical error bars denote their standard error. Triangles denote the most probable value in each frequency bin. Solid and dashed curves
show their best polynomial fit within 0.1 < #<0.8. Lower Band Chorus (LBC) denotes the frequency range from 0.1 f,, to 0.5 f.., while Upper Band Chorus (UBC)
denotes the frequency range from 0.5 f.,, to 0.8 f.,. Panel (b, c, and d) are in the same format as (a) but for high-latitude inner whistler-mode belt, low-latitude outer

whistler-mode belt, and high-latitude outer whistler-mode belt, respectively. Panel (e) presents normalized mean square spectra in the aforementioned regions. Panel

(f) presents the most probable spectra.

cyclotron frequency at the magnetic equator calculated from the JRM09 + CAN model (Connerney et al., 1981,
2018).

Panels (a—d) of Figure 1 show the statistics for wave frequency spectra in different regions of the Jovian
magnetosphere. In addition to the mean squared spectra, the possibility distribution of B%V,- and the most probable
spectra are also presented. We note that the most probable wave intensity integrated between fj;, (lower hybrid
frequency) and 0.1 f,, is approximately an order of magnitude higher than that in each frequency bin above 0.1
Jeeq- The statistical wave intensity below 0.1 £, is likely to be contaminated by other plasma wave modes or noise.
Therefore, in this study, we focus on the frequency range 0.1f,, < f <0.5f,,, which is typical for lower-band
whistler-mode chorus waves. This lower frequency cutoff at 0.1f,, is a normal treatment for chorus waves
(e.g., Meredith et al., 2012; Wang et al., 2019). As the diffusion coefficients are calculated under the quasilinear
assumption, the contribution of plasma waves outside this frequency range (i.e., Z-mode waves or kinetic Alfvén
waves, chorus and hiss waves below 0.1f,,) can be easily taken into account by adding their diffusion coefficients
to our results once their wave mode and propagation are identified in further studies. The least squares polynomial
fit is performed for loglo(B%w) as a function of S in the following form.

10g10<B%V,*> = h(ﬁi) =0+ 0/f + Qzﬂiz + Qaﬂ? = Q4(/3i - /}lc)_s’ £=0.1. @)

As discussed above, we set 8. = 0.1 as the lower cutoff of the wave frequency spectra. Here, Q| , 3 are free
parameters and Q, is determined by

dh(p)

Wl/}:ﬂ.lS =0. 3)
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Figure 2. Diffusion coefficients of electrons scattered by Jovian whistler-mode waves in LBC frequency range. (a—d): pitch angle, energy (momentum), mixed scattering
rate and sign of mixed scattering rate in the inner whistler-mode belt (M = 8). (e~h): same format but calculated in the outer whistler-mode belt (M = 21). Panel (a—c)
and (e-g) share the same vertical coordinate axises. (i): diffusion coefficients for 1.5 MeV, a,, = 45° electrons driven by whistler-mode waves in the frequency range of
lower band chorus as a function of the M-shell. Dashed curves show the case that the outer whistler-mode belt is artificially suppressed. Black curve gives a typical profile
of radial diffusion rate in Jovian magnetosphere.

Then the normalized frequency distribution function g() can be defined as

101 101
C 100 ap T Gy

g(h) 4)

The fitting results for both the mean squared spectra and the most probable spectra of the whistler-mode waves are
overplotted in Figures 1a—1d. Their normalized distribution functions g(/3) are shown in Figures le and 1f. In this
study, region-specific g(#) functions derived from mean squared spectra are used to calculate the diffusion co-
efficients of whistler-mode waves. As there is not much difference between the normalized frequency distribution
function for the mean squared wave spectrum fitted from each different spatial region, we suggest that it might
also be feasible to use a single g(/) function for the entire spatial volume.

Figure 2 presents the phase-averaged diffusion coefficients (averaged among the gyration, bounce and drift phase
of electrons) calculated with the Full Diffusion Code (FDC) (Ni et al., 2008; Shprits & Ni, 2009), which is based
on the quasilinear formulations detailed in Glauert and Horne (2005) and J. Albert and Young (2005). The M-shell
and latitude dependence of the wave intensity are adapted from the companion study on the spatial distribution of
whistler-mode waves (Hao et al., 2024; Figure 2). The normalized power spectrum density g() of the whistler-
mode waves shown in Figure le is used. In this study, we set a fixed cutoff fi, = 0.1f., and f,. = 0.5f,, of the
frequency distribution to study the contribution of whistler-mode waves in the frequency range of the Lower Band
Chorus (LBC) wave. The distribution of the wave normal angle 6 centered in the field-aligned direction is also
assumed. A Gaussian distribution of X = tan(d) centered at 6, = 0° with width 60 = 30° and cutoff at
6,. = 70°is used to calculate the coefficients, which are the same parameters as Shprits et al. (2012) and de Soria-
Santacruz et al. (2017). Landau resonance (n = 0) and the gyroresonance (n = 1, *2,..., *5) are taken into
account. For simplicity, we use the plasma density profile N, = 3.2 x 103M~5°cm™3 (Frank et al., 2002) without
latitude dependence and a dipole magnetic field model in the diffusion coefficient calculation.

Panel (i) of Figure 2 presents the M-shell dependence of the local diffusion coefficients. The bounce-averaged
pitch angle scattering rate ((D,,)) of Ex = 1.5 MeV, a,, = 45° electrons varies from 5 X 1073days™! to

4 x 1072days~! among 5 < M < 25. The kinetic energy of the electrons Ej equals 4/ p2c? + mc* — myc?, where

my denotes the rest mass of the electrons and ¢ denotes the speed of light. For (1.5 MeV, 45°) electrons, (D, ) is
approximately one order of magnitude higher than momentum scattering ((Dpp)/ pz) and mixed pitch angle-
momentum ([{D,,)/p|) scattering, while the momentum and mixed scattering rate are comparable. The local
scattering rates peak at M ~ 8 and M = 21, corresponding to the double-belt structure of statistical whistler-mode
wave intensity (Hao et al., 2024). Local diffusion coefficients as a function of E; and a,, in the heart of the inner
and outer whistler-mode belt (M = 8 and M = 21, respectively) are shown in Figures 2a—2h.

HAO ET AL.

4 of 13

858017 SUOLUWIOD 3A 1110 3[cedldde 8Ly Aq pausienob afe sejole YO ‘8sn Jo sainJ 10} Ariq178ul|UO 3|1 UO (SUORIPLOD-pUe-SWB) LD A8 | 1M Afe.q)1|BuJUO//Sd1Y) SUORIPUOD pue SWe | 8Ly 88S " [1202/2T/60] U0 A%iqi8uliuo A8|Im Aenins onoeiuy usiug Aq GE£ZE0VIY202/620T OT/I0p/woo A3 1m Arelqijeul|uo'sandnBe//sdny woiy pepeojumod ‘ZT ‘v202 ‘20766912



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2024JA032735

The radial diffusion coefficient (D) is also compared with the local scattering rate. We use the formula
Dy = Dy - M" for radial diffusion (Schulz & Lanzerotti, 1974). For simplicity, the dependence of energy and
pitch angle on radial diffusion is not taken into account. n = 3 and D, = 3 x 107s™! are typical values for
electrons around Jupiter (de Pater & Goertz, 1994), which is used by both E. E. Woodfield et al. (2014) and this
study in Fokker-Planck diffusion simulations. As marked by the black curve in Figure 2i, the radial diffusion
coefficient is more than an order of magnitude higher than all the local diffusion coefficients of the (1.5 MeV, 45°)

electrons.

In order to quantify the effect of the lately discovered outer whistler-mode belt on electron dynamics, we also
attempt to evaluate the local scattering rates in the case that the outer whistler-mode belt did not exist. In a second
set of FDC calculations, we set the whistler-mode wave intensity at M > 14 to be the same value as M = 14,
where the wave intensity is around an order of magnitude weaker than at the heart of the inner or outer whistler-
mode belt. Other input parameters for the FDC code remain the same as aforementioned. The dashed curves in
Figure 2i show the scattering rates for the case where the outer whistler-mode belt was removed. Among
14 <M <25, the local diffusion coefficients are significantly suppressed (by over an order of magnitude at
M = 21) and increase monotonically with the radial distance.

3. VERB 3-D Simulations of Local Scattering and Radial Diffusion

To quantitatively evaluate the effect of local scattering by Jovian whistler-mode waves, we perform 3-D nu-
merical simulations with the Versatile Electron Radiation Belt (VERB) diffusion code (Shprits et al., 2006;
Subbotin & Shprits, 2009; Subbotin et al., 2010), in which a fully implicit numerical scheme is used to solve the
modified Fokker-Planck equation (i.e., Schulz & Lanzerotti, 1974)

& _pd ( ! J

Dy ——
ot oM, \M* MMaM”,Kf )
1o 0 0
—— D)) —| f+(D,.)—
w7 (2 ap'a,Mf (D) 2
1 0
+%_
T(a)sin(2a) da

p. >
T((’X) Si n (2(1)

p.M
f) -

a,M T

a 7]
: ((Daa> %'quf + <Dap> %

where f is the fully phase-averaged Phase Space Density (PhSD, to differentiate it from the power spectral density
of waves) of the electrons (averaged over the gyration, bounce and drift phase of electrons), 7 is the simulation
time. p and a (also used as a,, hereafter) denote the relativistic momentum and the equatorial pitch angle of the
electrons. p, K and M (M = M* in the dipole field) denote the first (gyration), second (bounce), and third (drift)
adiabatic invariant of electrons. Dy, (D,), (Deq) and (Dy,, ) (= (D,,)) are the coefficients of radial, bounce-
averaged momentum, pitch angle and mixed diffusion discussed in Section 2. 7 is the lifetime of electrons, which
is defined as infinite outside the loss cone and as a quarter of the bounce period inside the loss cone. 7(«) is a non-
dimensional function for particles' bounce motion in a dipole field (detailed in Equation 19 of Lenchek
et al. (1961)).

3.1. Grids, Boundary and Initial Conditions

In this paper, we simulate the PhSD evolution of electrons up to 30 MeV at the spatial extent of 1 <M <25.
(201 x 91 X 121) grids in the (Ey,a, M) space are used. Detailed setup of the grids is described in Text S1 of
Supporting Information S1.

Similar boundary conditions to most VERB-3D simulations for the terrestrial radiation belt (e.g., Subbotin &
Shprits, 2009) are adapted for simulations in this paper, but with electron spectra from the GIRE2 model (de
Soria-Santacruz et al., 2016). The setup of the boundary conditions is detailed in Text S2 of Supporting
Information S1.
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Figure 3. The evolution of Jovian electron energy spectrum during the 100 days of Fokker-Planck simulations. Color-coded
curves show the energy spectra at different simulation time at 10 R;. Dashed curves show the initial condition of the
simulations. The left panel shows the simulation with only radial diffusion included. The middle panel shows the simulation
with radial diffusion and pitch angle scattering included. The right panel shows the simulation with radial diffusion and all local
diffusion terms included.

The net effect of wave-particle interactions in 2-D Fokker-Planck simulations strongly depends on the initial
conditions (e.g., Huang et al., 2018). When simulation the whistler-mode-driven Jovian radiation belt dynamics,
Horne et al. (2008) propagated electron distribution at 15.75R; adiabatically to 10R; and initiated 2-D diffusion.
As to the initial condition for 3-D Fokker-Planck simulations, we start our runs with an “empty magnetosphere”,
in which no pre-existing MeV electrons are included in the system. Whistler-mode waves immediately scatter the
electrons propagated inward by radial diffusion from the outer boundary in M-shell. The initial condition is an
input in the radial diffusion grid in the VERB code. For each specific (u, k) value, background-level electron

—i
PhSD is set for the 61st to 201th grids in the E; dimension. A soft power law spectrum f(E}) = f. - (%) linking

the boundary E; and the 61st grid gives the PhSD value for the second to 60th E, grids (for the 60th grid in energy
dimension, E; = 120keV at M = 10), where f;. comes from the boundary condition at E;, = E,.. The dotted
curves in Figure S1 of Supporting Information S1 show the initial energy spectrum at M = 10. The previous
numerical study used a similar form of initial condition and showed that the softness of the initial spectrum has a
very limited effect on the results of 2-D local diffusion simulations (E. E. Woodfield et al., 2014, Figure 9). Such
an “empty magnetosphere” initial condition enables us to start our simulations with a Jovian magnetosphere
containing no pre-existing MeV electrons and investigate how the MeV-electron population is built and shaped by
radial transport and local processes.

3.2. Acceleration and Loss Driven by Whistler-Mode Waves

Figure 4 presents a comparison among three individual simulations in which different terms of local diffusion are
included. The ratios among spectra presented in Figures 4a—4d are shown in Figures S2a—S2d of Supporting
Information S1. The initial and boundary conditions used in these simulations are identical to each other. The time
evolution of the simulated PhSDs is shown in Figure 3, indicating that the systems of the three simulations
mentioned above have evolved to their quasistatic states after 100 days. After 100 days of evolution, the simu-
lation in which both pitch angle scattering and radial diffusion are included shows a significantly lower PhSD in
comparison to the case where only radial diffusion is taken into account and all other loss and source processes are
neglected. As shown in Figure 4e (see also dotted curves in Figure S2 of Supporting Information S1 for the PhSD
ratio), pitch angle scattering by whistler-mode waves leads to a significant loss of electrons by more than an order
of magnitude over a wide range of M-shells and values of kinetic energy. As the M-shell decreases from 20 to 5,
the upper edge in E; of the region with significant PhSD depletion extends from ~2 to ~10 MeV. This curve in
(M, E}) appears to approximately follow a constant first adiabatic invariant, indicating a synergy of loss by local
pitch-angle scattering and radial diffusion.
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Figure 4. Electron energy spectrum after 100 days of Fokker-Planck simulations starting from an empty magnetosphere. Panel (a—d) show the results for near-equator
mirroring electrons at 5, 10, 15 and 20 R;. Solid curves show results with all diffusion terms involved. Dotted curves show the results simulated with radial diffusion and
pitch angle scattering. Dashed curves show the case in which only radial diffusion is considered. Panel (e) depicts the comparison between phase space density profiles
simulated with and without pitch angle scattering. Dashed curves trace the electron energy with a set of constant first adiabatic invariants. Panel (f) is in the same format but
depicts the effect of energy (momentum) and mixed diffusion terms. Panel (g) is also in the same format but depicts the net effect of all local diffusion terms by whistler-
mode waves in LBC frequency. Vertical dashed line indicates the separation M-shell between inner and outer whistler-mode belt.

Figure 4f (see also the dashed curves in Figure S2 of Supporting Information S1) presents the contribution of local
acceleration (“D,,”, “D,,” and “D,,”). When momentum and mixed pitch angle-momentum diffusion is
included, the PhSD of electrons increases by an order of magnitude in comparison with the case of radial plus
pitch angle diffusion (“D,y, + D,,”) in a broad range of energy after 100 days of evolution. At M =5 and
M = 10, the increase in PhSD for 1 MeV electrons exceeds two orders of magnitude. This demonstrates that
momentum and mixed diffusion contribute significantly to the acceleration of electrons from 100 keV to
several MeV.

Figure 4g evaluates the net effect of whistler-mode waves on building the electron population in the Jovian middle
magnetosphere. Including all local diffusion terms, namely Dqq, Dy, Dpg, and D, results in a higher PhSD for
energies from 10 keV to 2 MeV at 14 <M <25. At M < 14, the zone of net increase in PhSD extends to the multi-
MeV range, following constant curves u. PhSD depletion is evident for energies from 10 to 100 s keV at M < 10.
Such differences indicate a complicated competition between acceleration and loss driven by whistler-mode
waves and their dependence on M-shells. The outer whistler-mode belt predominantly accelerates electrons.
Electrons accelerated by the outer whistler-mode belt are further transported into the lower M-shell, during which
they get adiabatically accelerated to multi-MeV level (discussed in detail in Section 3.4). The inner whistler-mode
belt is efficient in driving the atmospheric loss of sub-MeV electrons by scattering them into the loss cone. As the
result, the net effect of the whistler-mode waves throughout the middle magnetosphere toward electrons is energy
dependent in our simulations. For >1 MeV electrons, acceleration compensates for and outweighs loss, leading to
a considerable increase in PhSD (by a factor of 8 for 2 MeV electrons at M = 5).

3.3. Importance of Mixed Diffusion

”

ap
and “D,,”). 3-D simulation without mixed terms gives similar “flat top” PAD of multi-MeV electrons as the

Figure 5 compares the simulations that include and exclude the mixed pitch angle-energy diffusion terms (“D

previous 2-D simulation results without mixed terms (see Horne et al., 2008, Figure 4b), which is not recorded in
the measurement by Galileo-EPD (Nénon et al., 2022). “Flat-top PAD” is no longer visible in the simulation
results when mixed diffusion is taken into account. As shown in Figure S2 of Supporting Information S1, the
PhSD of MeV electrons with a pitch angle close to 90° evolving under full diffusion terms could be an order of
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Figure 5. Evaluating the effect of mixed diffusion terms. Panel (a—d) present the pitch angle distribution of electrons at 5, 10,
15 and 20 R; after 100 days of evolution from an empty magnetosphere. Solid (dash-and-dot) curves show the simulation
results with (without) mixed diffusion curves. Color of each curve denotes the energy of electrons. Panel (e) is in the same
format as Figure 3e but compares the results with and without mixed diffusion term.

magnitude lower than without mixed terms after 100 days of simulation. Omitting the mixed terms could result in
a significant overestimation of the acceleration of the Jovian multi-MeV electron population, which is consistent
with the effect of mixed terms of chorus scattering in the outer radiation belt of Earth (J. Albert & Young, 2005; J.
M. Albert et al., 2009; Subbotin et al., 2010; Su et al., 2011; Tao et al., 2009; Xiao et al., 2010).

3.4. Contribution of the Outer Whistler-Mode Belt

Measurements taken by Juno during its first 45 orbits have revealed a second belt of whistler-mode wave emission
peaking at M ~ 21 (Hao et al., 2024). To examine the effect of such an outer whistler-mode belt on energetic
electrons, we run an additional 3-D VERB simulation, in which the outer whistler-mode belt is artificially
removed. The local diffusion coefficients used in this simulation are discussed in Section 2 (see the dashed curves
in Figure 2i). Radial, momentum, pitch angle, and mixed diffusion processes have been taken into account.
Figure 6 presents the comparison between the full 3-D diffusion results with and without the outer whistler-mode
belt. At the heart of the outer whistler-mode belt (M = 21), the simulation with the outer whistler-mode belt gives
PhSD larger than without the outer whistler-mode belt from 10 keV to 3 MeV. In the inner whistler-mode belt
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Figure 6. Evaluating the contribution of outer whistler-mode belt. Panel (a—c) show electron energy spectrum in the inner whistler-mode belt (M = 8), slot region of
wave intensity (M = 14) and the outer whistler-mode belt (M = 21). Blue curves show the VERB 3D diffusion results after 100 days for the case that the outer
whistler-mode belt is artificially suppressed while red curves show the case that the outer whistler-mode belt is included. Dashed vertical lines mark the threshold energy
where the simulation with outer whistler-mode belt gives stronger electron phase space density. Panel (d) compares the results without and with the outer whistler-mode
belt in the same format as Figure 3e. Red vertical line and arrows mark the M-shell extent where whistler-mode wave intensity is artificially suppressed.

(M = ), the energy range of PhSD enhancement due to the outer whistler-mode belt starts at 200 keV and
extends to above 10 MeV. The comparison between simulated PhSD profiles that exclude and include the outer
whistler-mode belt is shown in Figure 6d (see Figure S3 in Supporting Information S1 for line plots). For an
electron population below 200 keV, the effect of the outer whistler-mode belt is around an order of magnitude in
the electron PhSD but mostly confined in the region of M > 14. For an electron population above 100 keV, the net
effect of the outer whistler-mode belt is weaker (by a factor of 3-5 in PhSD for 1 < E;, < 10 MeV electrons at
M = 8), but spatially continuous between 5 < M < 23. The upper energy limit of electrons affected by the outer
whistler-mode belt in the (M, E},) space follows a curve of constant z. We suggest that in our simulations electrons
above 200 keV get accelerated locally by the outer-belt whistler-mode waves and then transported inward
adiabatically by radial diffusion. Cooperation between the local acceleration of the outer whistler-mode belt
(synchrotron acceleration) and the inward radial transport (betatron acceleration) adds to the multi-MeV elec-
tron population inside 14 R;.

4. Summary and Discussion

In this study, we have evaluated the effect of whistler-mode waves toward energetic electrons in the Jovian middle
magnetosphere. Through comparison among Fokker-Planck simulation results with various sets of local diffusion
coefficients, we could draw the following conclusions.
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1. Whistler-mode waves between 0.1f.., and 0.5f,, in the middle magnetosphere contribute to considerable
acceleration of Jovian multi-MeV electrons (by around a factor of five in simulated PhSD), which are of the
right energy to sustain the ultrarelativistic inner radiation belt.

2. Mixed diffusion terms are important in evaluating the wave-particle interactions between Jovian electrons and
whistler-mode waves. Fokker-Planck simulation without pitch angle-energy diffusion terms overestimates the
acceleration of Jovian MeV electrons by whistler-mode waves.

3. Intense whistler-mode waves outside M = 15 recently observed by Juno do contribute to the acceleration of
Jovian electrons in a wide range of M-shell and energy. Radial diffusion is capable of transporting the MeV
electrons accelerated by the outer whistler-mode belt into the M < 10 region and further accelerate them
adiabatically upto 10 MeV.

In Section 3.4, comparison between the simulated electron phase space density with and without the outer
whistler-mode belt indicates a two-step process for Jovian electrons to accelerate up to the 10 MeV range.
Electrons accelerated by the outer whistler-mode belt can be further adiabatically energized by radial transport
processes, which is similar to the mechanism proposed by Liu et al. (2018) and Zhao, Baker, et al. (2019) for
terrestrial outer belt electrons. The chance for electrons to get locally accelerated at a larger M-shell (namely
in the outer whistler-mode belt) significantly increases the efficiency of the middle magnetosphere as a “pump”’
for the ultrarelativisitc inner radiation belt.

Kollmann et al. (2018) analyzed the upper cutoff energy (E,) in the electron energy spectrum measured by the
EPD instrument onboard the Galileo spacecraft and found an increasing E. toward Jupiter. The L-shell (or M-
shell) dependence of E,. appears to follow a curve along which the first adiabatic invariant is conserved within a
wide radial extent, based on which they concluded that adiabatic radial transport is the predominant acceleration
mechanism. In our simulation results, the net effect of whistler-mode waves (see Figure 4g), especially the outer
whistler-mode belt (see Figure 6d), also shows a similar radial distribution. The upper cutoff energies of net
acceleration by whistler-mode waves also follow the curve of constant y. In other words, the net effect of local
acceleration can propagate across a wide range of M-shells by radial diffusion. Therefore, local acceleration by
whistler-mode waves along with radial diffusion may also result in a similar profile in E.(M). The effect of local
processes toward multi-MeV electrons may not be easily ruled out by the upper cutoff in the electron energy
spectrum.

As discussed in our companion paper (Hao et al., 2024), the outer whistler-mode belt for the wave frequency
above 0.1f,, at 14 <M <25 is likely to be a mixture of chorus waves originating from the near-equator region and
auroral hiss waves generated in the polar region. Differentiating them in a statistical study is difficult. However,
the origin of various types of whistler-mode waves does not change the validity of our simulation results. Auroral
hiss waves also scatter electrons and have the same dispersion relation as chorus waves. In our study, only the
whistler-mode waves sampled within |1| <36° are taken into account. Therefore, the auroral hiss waves that
contribute to the whistler-mode wave model used in this study are most likely to propagate in ducted mode, and
therefore their wave normal angle can also not be far away from the field aligned direction. Therefore, our
calculation on the scattering rate of electrons in Section 2 applies to either types of whistler-mode waves. Our
Fokker-Planck simulation results do not essentially change with the origin of whistler-mode waves.

In this study, statistical frequency spectra of the wave have also been used to derive the scattering rate of electrons,
which could be more realistic than Gaussian-like frequency spectra in previous studies on wave-particle in-
teractions in the Jovian magnetosphere (e.g., de Soria-Santacruz et al., 2017; Shprits et al., 2012). The numerical
simulations in this study could be improved in several aspects. For simplicity, a dipole field and a constant plasma
density along the field line are assumed in our simulations. 2-D simulations by Ma et al. (2020) suggested that the
acceleration of multi-MeV electrons is enhanced when realistic density and magnetic models are taken into
account. f.,,, from JRM + CAN model was used to better constrain the nature of whistler-mode waves while dipole
field is used to quantify diffusion coefficients and to run Fokker-Planck simulation, which makes our simulations
less self-consistent. In this study, we focus on the wave frequency range 0.1f.., ~ 0.5f.,. As the scattering rates
of waves are calculated with the quasilinear method, the scattering rate of the full wave spectrum can be derived in
future studies simply by adding the current results to the contribution of the rest of the wave spectrum (e.g., upper
band chorus and low-frequency hiss waves). The Juno data used to generate our statistical wave model come from
PJ01-45 orbits, during which only the night sector of the Jovian magnetosphere is sampled. In this study, the
mean value of the wave intensity in all available MLTs is used to calculate the diffusion coefficients. MLT
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dependence of wave emission (especially the day-night asymmetry) is neglected, which awaits accumulation of
data from the Juno extended mission and cross calibration with Galileo data. Several physical processes have not
been considered in our simulations, such as Coulomb collisions and synchrotron radiation (e.g., Nénon
et al., 2017). In reality, the contribution of whistler-mode waves to electron acceleration depends more or less on
the efficiency of radial diffusion and its energy dependence. We must note that the radial diffusion coefficient
(Dypr) for energetic Jovian electrons at 5 < M <25 is not exactly quantitatively known. A better understanding of
the radial diffusion coefficient may benefit from investigating the microsignatures and their fading rates of Jovian
moons, which is similar to the case of Saturn (e.g., Roussos et al., 2005; Van Allen et al., 1980). In addition, non-
diffusive resonant radial transport is also known to contribute to the prompt acceleration of ultrarelativistic
electrons in the Jovian magnetosphere (Hao et al., 2020; Roussos et al., 2018). It could be a challenging task for
future investigations to conduct a comprehensive simulation using realistic wave, plasma density, and magnetic
field models accounting for more physical processes and to compare the simulated energy spectrum, pitch angle
distributions, and radial profile of electrons with Galileo/Juno measurements.
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