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Software for Space Plasma Simulations

https://space.rish.kyoto-u.ac.jp/software/

• 1D PIC Code: KEMPO1 (MATLAB)

• 2D PIC Code: KEMPO2 (MATLAB)



KEMPO1: GUI for Input Parameters



Subtracted Maxwellian Distribution

Ref: Zenitani and Nakano, JGR Space Phys., 2023
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Coordinates in KEMPO1
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: Wave Normal Angle

1D: Particle-In-Cell Code



Relative Unit System
We assume in KEMPO1

Reference Values for Space and Time

Speed of light:  c

Characteristic frequency:  ω    max (ωｐ ,  ωｃ )

We choose Δｔ  so that

We choose Δｔ  so that



Charge Neutrality Condition

is an arbitrary value.   

For simplicity,  -1 for electrons.  

1/16,  1/256 or 1/1836 for protons.

Number Density

Particle Charge

Nx: Number of Grid Points



Renormalization 
Relative Unit SystemSimulation Unit System



Maxwell’s Equations

ey(X2) = ey(X2) -tcs*(bz(X2)-bz(X1)) -2.0*ajy(X2);
ez(X2) = ez(X2) +tcs*(by(X3)-by(X2)) -2.0*ajz(X2);

by(X2) = by(X2) + ez(X2) - ez(X1);
bz(X2) = bz(X2) - ey(X3) + ey(X2);

Equations of Motion
x = x +vx;

ux = ux + boris*(uyt*bz1 -uzt*by1) +ex1;
uy = uy + boris*(uzt*bx1 -uxt*bz1) +ey1;
uz = uz + boris*(uxt*by1 -uyt*bx1) +ez1;

Coding with Δx = 1  and  Δt / 2 = 1       



Normal Modes in the Parallel Direction
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Normal Modes in the Perpendicular Direction

Bernstein mode

Ordinary (O) Extraordinary (X)



Electron Two-Stream Instability and 
Formation of Electron Holes (BGK mode)



Electron Two-Stream Instability and
Evolution of Electrostatic Solitary Waves



Buneman Instability and Excitation of Ion Acoustic Waves



Bump-on-tail Instability



Electron-Positron Firehose Instability

[Jao and Hau, Physical Review E, 2020]



Whistler Mode Wave Radiation



Whistler-mode Instability
Driven by Temperature Anisotropy of Hot Electrons

(subtracted Maxwellian distribution)



Whistler-mode Waves Excited by Electron Beam



Electrostatic Cyclotron Harmonic Waves 
Excited by Ring Beam Electrons



Relativistic Ring-Beam Instability (Parallel Propagation)



EMIC Wave Instability 
driven by Temperature Anisotropy of Protons

(subtracted Maxwellian distribution)



Pitch Angle Scattering of Relativistic Electrons 
by EMIC Waves due to Anisotropic Protons



KEMPO2
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KEMPO2: Main Program

charge;
potential;
for itime = 1:ntime

jtime = jtime +1;
bfield;
rvelocity;
position;
current;
position;
bfield;
efield;
charge;
potential;
diagnostics;

end

charge;
potential;

for itime = 1:ntime
jtime = jtime +1;
bfield;
rvelocity;
position;
current2;
position;
bfield;
efield;
diagnostics;

end

Method 1: 
Electrostatic Field Correction Method

Method 2:
Charge Conservation (zigzag)

% Computation times for Methods 1 and 2 are nearly the same.



Electron Two-stream Instability

wp1 = 1,  wp2 = 1,  wc = -1



Buneman Instabilitymi / me= 25



Whistler Mode Instability 
Driven by Temperature Anisotropy

vs = sum(vx(m).^2 + vy(m).^2 + vz(m).^2);
vspara = sum(((vx(m)*bx0+vy(m)*by0+vz(m)*bz0)/b0).^2);
%Temperature Anisotropy  T_perp/T_para

At(it,k) = 0.5*(vs/vspara -1); 

% direction of the static magnetic 
magnetic field
theta= 90.0;
phi= 45.0;



Relativistic Ring-Beam Instability 
Generating Whistler-mode and ECH Waves



Whistler Instability

Buneman Instability

Current2 (zigzag)

Current2 (zigzag)



Courant Condition

Two-Dimensional Simulation System (x, y)



Comment on Zigzag Method

The Zigzag method for computation of the 
current density is slightly faster than the 
electrostatic correction method with charge 
density computation.  It can enhance the 
electromagnetic fluctuations because of the 
non-physical trajectories of particles assumed 
to simplify the computation of the current. 



Zigzag Method (current2)

[Umeda et al., CPC, 2003]



Charge Conservation Method

[Villasenor & Buneman, CPC, 1992]



KEMPO2
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