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“Magnetized” planets in the solar system



“Magnetized” planets in the solar systemRadiation belts in planetary magnetospheres

Earth (L=5) 
Jupiter (L=8) 
Saturn (L=3) 
Uranus (L=5) 
Neptune (L=7)

1 MeV 10 MeV100 keV

[Mauk and Fox, JGR 2010]



Magnetized planets as a natural magnetic 
confinement devise of energetic particles

Motion of charged particle in the magnetosphere 
Gyration 
Mirror motion 
Drift motion



Evolution of radiation belts: 
Relativistic electron acceleration in 
planetary magnetospheres

[Horne et al., 2003]

Outer radiation belt

Inner radiation belt
Chorus generation region
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Solar activity and radiation belt electrons

[Baker et al., Nature 2004]
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Flux of 2-6 MeV electrons



Possible scenario of the radiation belt reformation

Model A: Transport 
Radial transport of 
energetic electrons 

Model B: Acceleration 
Electrons are energised 
in the inner region of 
the magnetosphere, 
due to wave-particle 
interactions

[Obara et al., EPS 2000; Miyoshi et al., JGR 2003]

ω − kv∥ = Ωe/γ

Waves and particles satisfying the 
cyclotron resonance condition can 
exchange their energy efficiently

ω: wave frequency     k: wavenumber 
v||: velocity component parallel to the magnetic field 
Ωe: electron cyclotron frequency     γ: Lorentz factor



Evolution of radiation belts: 
Relativistic electron acceleration in 
planetary magnetospheres

[Horne et al., 2003]

Outer radiation belt

Inner radiation belt
Chorus generation region

0 8 Earth radii2 4 6



“Magnetized” planets in the solar system

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

EARTH

[Santolik et al., GRL 2004]

JUPITER

Chorus in planetary magnetospheres

-11  log Ew [mV2/m2/Hz] -4



Launch: 20 Dec 2016 
Nicknamed “ARASE” 
Critical operation completion: 
23 Jan 2017 
Science operation: 29 Mar 2017

JAXA satellite ERG 
(Exploration of 

energization and 
Radiation in Geospace)

Science target of “ARASE” 
When/Where/How are radiation 

belt electrons created?
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[Kasahara et al., EPS 2018]Arase (ERG)

[Summers et al., 1998]

Arase PWE/WFC (Chorus burst)

Whistler-mode chorus in the Earth’s magnetosphere



Generation process of whistler-mode chorus

1)  Linear growth phase 

2)  Non-linear phase



Generation process of whistler-mode chorus

--> A finite amplitude coherent wave 
element emerges from the band of waves
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Forward/Backward propagating waves

1)  Linear growth phase 

 Excitation of a band of whistler-mode waves through the 
instability driven by a temperature anisotropy of energetic electrons
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[cf., Kennel and Petschek, 1966]



Generation process of whistler-mode chorus

2)  Non-linear phase 

 Resonant electrons are trapped/untrapped by a coherent 
wave element, resulting in the formation of “resonant current”
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[cf. Omura et al., 2008, 2009, 2012]
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Nonlinear wave growth theory for chorus generation

B0

v∥

VR

phase bunching 
caused by the 

balance between 
Lorentz force 

 （　　　　　） 

and mirror force
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Frequency variation and 

magnetic field inhomogeneity 
play the same role

[Omura et al., 2008, 2009]

S = -0.4



Electron Hybrid code: Basic equations

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

@V

@t
= �(V ·r)V +

q

m
(E + V ⇥B)

d(mv)
dt

= q(E + v �B)
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[cf. Katoh and Omura, 2004, 2006]



• Electron Hybrid code 

• 1D, field aligned system 

•mirror motion of electrons is 
taken into account  

• neglecting electrostatic waves

Simulation model & initial settings
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[Katoh et al., 2008]

Energetic electrons are 
nonlinearly trapped by 

generated chorus 

Trapped electrons are 
rapidly energized to 
MeV energy range

Chorus emissions are 
generated from the 
magnetic equator



Nightside: magnetic field lines are 
stretched during a disturbed time

Magnetic field inhomogeneity

[Tsyganenko, 1989]

Dayside: magnetospheric 
configuration is distorted by 
solar wind compression

[Keika et al., 2012]



Threshold of the wave amplitude Bw,th 
for nonlinear wave growth [Omura et al., JGR 2009]
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[Katoh and Omura, JGR 2013]

Simulations of the same initial condition of energetic electrons 
and different background magnetic field



Run 1 smallest gradient

Run 3

Run 2

Run 4 largest gradient
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⌧ = TN/Ttr

threshold 
[Omura et al., 

JGR 2009]

optimum amplitude 
[Omura and Nunn, JGR 2011]



⌧ = TN/Ttr

threshold 
[Omura et al., 

JGR 2009]

optimum amplitude 
[Omura and Nunn, JGR 2011]
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⌧ = TN/Ttr

threshold 
[Omura et al., 

JGR 2009]

optimum amplitude 
[Omura and Nunn, JGR 2011]
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⌧ = TN/Ttr

threshold 
[Omura et al., 

JGR 2009]

optimum amplitude 
[Omura and Nunn, JGR 2011]

(          )B0log10 B  /w

-6

-5

-4

-3

0.0

0.2

0.4

0.6

0.8

1.0

[     ]t

h = -200 [       ]

4.02.0  6.0 8.0 1.21.0

ω

104

Run 2

ω
/Ω

e
0



⌧ = TN/Ttr

threshold 
[Omura et al., 

JGR 2009]

optimum amplitude 
[Omura and Nunn, JGR 2011]
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Energy source: Energetic electrons having temperature 
anisotropy at the magnetic equator 

Mirror force: Magnetic field gradient is required for the 
nonlinear wave growth through the formation of an 
electromagnetic electron hole 

Triggering waves: Wave amplitude should be larger 
than the threshold required for emerging nonlinear effect

Condition required for the chorus generation

1)  Linear growth phase 

2)  Non-linear phase



Roles of chorus emissions in the acceleration/
loss processes of energetic electrons

Aurora Radiation Belts

Outer radiation belt

Inner radiation belt
Chorus generation region

0 8 Earth radii2 4 6



Aurora as seen from International Space Station

Discrete aurora
Diffuse 
aurora



Pulsating aurora: 
periodic precipitation of energetic electrons 

from the magnetosphere

[Nishimura et al., Science 2010]

Close correlation between 
variations of auroral intensity 

and chorus activity



Arase satellite observation of the direct 
evidence of electron precipitation by chorus

[Kasahara et al., Nature 2018]

Chorus

Electrons moving along the magnetic field

2017/03/27 10:50 11:00 11:10



Summary
The variation of solar activity significantly modify the plasma 
dynamics in planetary magnetospheres and results in the 
evolution of radiation belts 

Relativistic electron acceleration is caused by the radial 
transport in the magnetosphere and wave-particle interactions 
by whistler-mode chorus in the inner region of the 
magnetosphere 

We conducted a series of electron hybrid simulations for the 
study of dependencies of the generation process of whistler-
mode chorus emissions 

We are very much interested in comparative study of plasma 
phenomena occurring in space, around astrophysical objects, 
and in laboratory experiments


