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Science operation started from 
29 Mar 2017 

Electric field: DC - 10 MHz 
Magnetic field: DC - 100kHz 
Electrons: 10 eV - 20 MeV 
Ions: 10 eV/q - 180 keV/q 
Software-type Wave-Particle 
Interaction Analyzer

ARASE 
(ERG; Exploration of 

energization and 
Radiation in Geospace)



Whistler-mode chorus in the terrestrial magnetosphere

[Santolik et al., 2008]

[Summers et al., 1998]

CLUSTER



“Magnetized” planets in the solar system

Whistler-mode chorus emissions
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[Katoh et al., JGR 2011]
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[Santolik et al., GRL 2004]

JUPITER

Chorus in planetary magnetospheres
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Purpose of the present study

Understanding differences/similarities of chorus generation 
process in planetary magnetospheres 

We conduct a series of electron hybrid simulations of the 
chorus generation and reveal properties on the magnetic field 
inhomogeneity and velocity distribution function of energetic 
electrons 

In particular, we focus on the chorus generation process in the 
magnetospheres of the Earth, Jupiter, and Mercury, by referring 
the results of MHD simulations
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Electron hybrid – MHD cross-reference simulations

Density and magnetic field inhomogeneity

Distance from the equator

Electron acceleration
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Electron hybrid simulations

MHD simulations



Electron Hybrid code: Basic equations

Cold electrons are treated as a fluid
energetic electrons are treated as particles

[e.g., Katoh and Omura, JGR 2004, GRL 2007]



Outer radiation belt

Inner radiation belt Chorus generation region

Injection of
seed electrons

Simulation model & initial settings

Fig: Schematic illustration of radiation belts
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• 1D, field aligned system 

•mirror motion of electrons is 
taken into account  

• neglecting electrostatic waves
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[14] Examining Figure 2b we can see that no such delay
appears in the Poynting flux data. The observed variations
of the Poynting flux were thus temporal and not spatial once
the spacecraft reached the generation region. That means
that within its !2000 km extent along the magnetic field
lines, the actual source of chorus is not a stable feature
localized in space but that it changes its directional proper-
ties at time scales shorter or comparable to the 4-s time
resolution of the STAFF-SA instrument. These observations
could be alternatively consistent with smaller sources reap-
pearing at different places in the broader generation region
and they also do not rule out the possibility that the chorus
sources are very rapidly moving, as U.S. Inan (private
communication, 2002) has recently suggested and as Helli-

well [1967] previously discussed for discrete emissions in
general.

3. Multipoint Analysis of Separate Chorus
Wave Packets

[15] Figure 4 shows detailed power spectrograms from
the WBD instruments on board all four Cluster spacecraft
in the source region during a portion of the time period
plotted in Figure 2. The time scale is chosen to allow
detection of separate chorus wave packets below 1

2 fce. The
four satellites were localized slightly to the south of the
magnetic equator during this 6-s time interval. The band
above the local 1

2 fce contains intense hiss-like emissions
with no clear demonstration of separate chorus wave
packets. However, these waves rapidly change their inten-
sity and the spectrograms are much more structured
compared for instance with the spectrograms of plasma-
spheric hiss observed during other orbits of Cluster
spacecraft. Moreover, the band above the local 1

2 fce does
contain well-defined discrete chorus elements in other
portions of the time period covered by Figure 2, as we
will show later on. We thus use the common term
‘‘chorus’’ for all these emissions shown in Figures 1 and
2, knowing that the classical chorus elements are not
always present and speculating that all these waves have
a common origin.
[16] The band below 1

2 fce generally is more structured, but
in Figure 4 we can only see two well-defined chorus
elements during the 6-s time interval. As we will show
later on, this situation facilitates our analysis. Besides these
two intense chorus wave packets recorded after 0849:30

Figure 3. Relative position of the four Cluster spacecraft
at 0849:30UT. Local field aligned coordinates are used in
two projections: (left) to the plane of the local magnetic
meridian; (right) to the plane perpendicular to the local
magnetic field B0.

Figure 4. Detailed time-frequency power spectrograms of electric field fluctuations in the source region
recorded by the WBD instruments on board all the four Cluster spacecraft on 18 April 2002 after 0849:28
UT. Figures 4a–4c show data from Cluster 1–4, respectively. Horizontal arrows on the right indicate
local 12 fce for each spacecraft. Magnetic latitude (MLat) is given on the bottom for Cluster 1. Cluster 2–4
are shifted by "0.39!, "0.53!, and "0.25! respectively. A bold vertical arrow on the bottom points to the
chorus element which is chosen for further analysis (see text).

SANTOLÍK ET AL.: STRUCTURE OF STORM-TIME CHORUS SMP 7 - 5
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Nonlinear wave growth theory for chorus generation

B0
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VR

phase bunching 
caused by the 
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v⊥ × BW

[Omura et al., 2008, 2009]

S = -0.4

Trajectories of trapped/untrapped electrons in the wave phase space



Nonlinear wave growth theory for chorus generation
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[Omura et al., 2008, 2009]

S = -0.4

Trajectories of trapped/untrapped electrons in the wave phase space
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Dependence of chorus generation process on  
temperature anisotropy

AT = 9.0

AT = 4.0

Linear growth rate Simulation results

[Katoh and Omura, submitted]
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Background magnetic field: Jupiter

Jupiter: 15 RJ
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Run 1: Nh = 1.3 x 10-5 N0 

Run 2: Nh = 6.0 x 10-5 N0 

Run 3: Nh = 1.3 x 10-4 N0

Initial velocity distribution of energetic 
electrons at the magnetic equator

fp/fc = 4

• 15 RJ (Ganymede’s orbit)

• 262,144 grids

• 1.1x10^9 particles

• 1536 cores, 2 weeks 
(FX10, Kyushu Univ.)

[cf. Tang et al., AnG 2014]

AT = 9.0

Simulations in the Jovian magnetospheric configuration



Simulations in the Jovian magnetospheric configuration
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Comparison of simulation results with theories
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Mercury’s magnetic field inhomogeneity: 
an example of MHD simulation results
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Mercury’s magnetic field inhomogeneity: 
an example of MHD simulation results
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Simulation result of chorus 
in the Mercury’s magnetospheric configuration

2 RM,eq 
fc = 840 Hz 
fp = 8.4 kHz 

(~1 /cc) 
AT = 9 
Nh = 10-3 N0 
20 keV



We carried out “cross-reference” simulations by MHD and 
electron hybrid simulations for the study of whistler-mode chorus 
generation in the planetary inner magnetospheres 

By a series of electron hybrid simulations, we reproduced the 
enhancement of whistler-mode emissions in the Jovian 
magnetosphere 

We reproduced chorus in the Mercury’s magnetospheric 
configuration by electron-hybrid code 

These properties should be evaluated by further numerical 
experiments by cross-reference simulations and by in situ 
measurements in the magnetospheres of the Earth (Arase, VAPs, 
…), Jupiter (Voyager, Galileo, JUICE), and Mercury (BepiColombo)

Summary


