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To study high energy phenomena (e.g., particle acceleration at collisionless shocks) occurring in the solar-terrestrial

environment, we develop a new first-principles simulation code, which is a hybridization of the Lagrangian and the Eulerian

simulation methods. This paper reports brief description of the code and some benchmark tests to measure its performance.
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1. Introduction

The solar-terrestrial environment is rich in energetic phenomena
such as solar flares, coronal mass ejections and associated shocks,
magnetic storms in the Earth magnetosphere. High energy
particles are frequently generated associated with these
phenomena, and they could cause the failure of artificial satellites,
the exposure of astronauts, and the change of the Earth climate.
To study high energy phenomena occurring in the solar terrestrial
environment, we develop a new first-principles simulation code.
The code is a hybridization of the Particle-In-Cell (PIC)
simulation method [1], which is a well-developed Lagrangian
method for kinetic plasmas, and the Eulerian Vlasov simulation
method [2,3], to enjoy their advantages. The goal of this study is
to complete this code and apply it to collisionless shocks to
understand the particle acceleration mechanism at the shock.

2. Model

The governing equations are the collisionless Boltzmann
(Vlasov) equation for the phase space distribution function of
particles f(x,v,t), and the Maxwell equations for the
electromagnetic fields E(x,t), B(x,t). The Vlasov simulation
directly discretizes the following Vlasov equation on grid points
in phase space,

of /ot +v -V f + (q/m)(E+vxB)-V,f =0,
where g, m are the elementary charge and the mass. The PIC
simulation solves the following Newton equations for individual
“super-particles”,
dx/dt = v, dv/dt = (q/m)(E + v X B).

The velocity distribution function is reconstructed by summing
up the particles in a computational cell. Currently, typical PIC
simulations use ~100 particles per one cell, causing 0(1007°%)

statistical noise on simulation results, and the amplitude of the
noise increases with increasing the thermal velocity. Although the
Vlasov simulation does not cause the statistical noise inherent to
the PIC simulation, it is numerically expensive to treat cold and
fast particles because the domain of the velocity space is limited
to be finite. These pros and cons evoke us to solve light particles
(with relatively fast thermal velocity and slow bulk velocity) with
the Vlasov simulation and heavy particles (with slow thermal
velocity and fast bulk velocity) with the PIC simulation. The
hybridized particle-Vlasov simulation method has been
implemented to self-gravitating systems [4], but is a first attempt
to collisionless plasma.

The simulation methods adopted here are as follows: For the
Vlasov simulation, we split the equation into two advection parts
in the configuration and velocity spaces, and then solve them by
a conservative semi-Lagrangian method [5]. For the PIC
simulation, we utilize the open-source package for the
electromagnetic PIC simulation code, pCANS [6]. Since the
Vlasov simulation code is written in the C++ language while a
part of the PIC simulation code is in the Fortran language, we
conducted multilingual programming with a help of "SX-Aurora
TSUBASA C/C++ compiler Users Guide" (obtained from ES
User Support page).

() PIC+Viasov

(a) PIC (b) Viasov

4

Figure 1: Dispersion relation for linear waves

propagating parallel to the magnetic field.
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3. Results

Some benchmark simulations are conducted to measure the
performance of the new hybridized PIC-Vlasov simulation code.
Figure 1 shows the dispersion relation for linear waves
propagating parallel to the magnetic field obtained with (left) the
PIC simulation, (center) the Vlasov simulation, and (right) the
hybridized simulation. The R-mode, L-mode and whistler-mode
waves are observed, and are in good agreement with the linear
theory (dashed lines). The noise originating from thermal
electrons around the whistler branch is evident in the PIC
simulation, but is eliminated in the Vlasov and hybridized
simulations.

Figure 2 shows the time evolution of the electric field in the
ion acoustic instability, which is induced by the interaction of hot
electrons and cold ions when they have a relative velocity. The
electric field grows exponentially when the ion to electron
temperature ratio is 10™* (green and red lines), and is in good
agreement with the linear theory (dashed lines). Figure 3 shows
the phase space distributions of electrons (top) and ions (bottom)
at the saturated stage. Electrons resonate with the ion acoustic
wave (the phase velocity is indicated by the dashed line), and
forms hole structures. Ions have fast bulk velocity (~0.0008) and
slow thermal velocity (~<0.0001), and thus they are hard to be
resolved with Eulerian methods.

Figure 4 shows the snapshot of the phase space distributions
of electrons (top) and ions (center) and the electric field (bottom)
in the collisionless shock. Particles are injected from the right
boundary (x = 49152) and is reflected at the left boundary
(x = 0) to form the shock. The background magnetic field is
aligned in the x direction (called the “parallel shock” because the
magnetic field is parallel to the shock normal). The shock front is
located around x = 10000. A part of particles is reflected at the
shock and can escape to the upstream region. They interact with

incident particles around x = 20000 and form the weak shock.

A part of ions is further escape to x = 30000, and induces the
electric field via an electrostatic instability. Complicated
structures seen in the parallel shock are known as the foreshock,
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Figure 2: Time evolution of the electric field in the ion

acoustic instability.
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Figure 3: Phase space distribution of electrons and ions

in the ion acoustic instability.
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Figure 4: Phase space distribution of electron and ions,

and the electric field distribution in the parallel shock.

and is formed ahead of the Earth’s bow shock.

4. Summary and Perspective

To study high energy phenomena (e.g., particle acceleration at
shocks)
environment, we develop a new first-principles simulation code,

collisionless occurring in the solar-terrestrial
which is a hybridization of the Lagrangian PIC simulation

method and the Eulerian Vlasov simulation method. The
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performance of the code is measured through the benchmark tests
of the linear wave propagation and the ion acoustic instability.
Toward the product run, we perform the simulation of the
collisionless shock, and show its complicated structure due to
reflected particles. In future works, we will perform simulations
with various shock parameters to measure the efficiency of

particle acceleration and discuss its mechanism.
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