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Performance tuning of the MHD simulation code on Fugaku and super-high-
resolution global magnetospheric simulations.

#Yosuke Matsumoto")

(Institute for Advanced Academic Research, Chiba University

We have developed a global magnetohydrodynamic (MHD) simulation model of the magnetosphere using the public MHD
code CANS+ (Matsumoto et al., 2019; Matsumoto and Miyoshi, 2022). This model was developed to virtually observe the
soft X-ray emission by the charge exchange process between the high-charge state ions in the solar wind and the Earth’s
exosphere and for upcoming X-ray imaging missions of GEO-X and SMILE.

On the other hand, we recently started a project called “Elucidation of Solar-Terrestrial Environment with Simulation and
AI” on the Supercomputer Fugaku. In this project, we plan to conduct different simulation models of the solar convection
zone, the solar corona, the solar wind, and the Earth’s magnetosphere. Using Fugaku’s huge computational resources, we
examine super-high-resolution MHD simulations to examine turbulence in the plasma sheet and particles’ turbulent transport
to the inner magnetosphere. The numerical resolution approaches the limit of the MHD approximation with a few hundred
kilometers (0.04 the Earth’s radius) of the computational cell.

In this presentation, we report performance tuning results of the CANS+ code on Fugaku, its application to the super-high-
resolution global MHD simulations, and turbulent natures in the magnetosphere. We also discuss the possibility of remote
imaging of the soft X-ray emission reflecting the turbulent structure around the magnetopause.
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Correction of Numerical Errors in Higher-Order Explicit Finite-Difference Time-
Domain Method with Current Sources

#Harune Sekido!:?) ,Takayuki Umeda?, Yoshizumi Miyoshi2)

(1Graduate School of Engineering, Nagoya University, Institute for Space-Earth Environmental Research, Nagoya Univer-
sity

This study proposes a correction of numerical errors in the Finite-Difference Time-Domain (FDTD) method with the time-
development equations using higher-order differences and including current sources. The FDTD method (Yee 1966) is a
numerical method for solving the time development of electromagnetic fields by approximating Maxwell’s equations in both
space and time with the finite difference of the second-order accuracy. FDTD(2,4) uses the fourth-order spatial difference
(Fang 1989; Petropoulos 1994).

Although numerical errors in the phase velocity of FDTD(2,4) are smaller than that of FDTD(2,2), the Courant condition of
FDTD(2,4) is more restricted than that of FDTD(2,2). Recently, a numerical method has been proposed to relax the Courant
condition and reduce the numerical errors in the phase velocity (Sekido & Umeda 2023). However, it has been found that
there arises a large numerical error in the charge conservation law if the time-development equations including current sources
are discretized with a higher-order finite difference in space. In the present study, the numerical error is suppressed by adding
correction terms to the time-development equations of a higher-order FDTD.
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A new integrator for relativistic equations of motion for charged particles
#Takayuki Umeda®) ,Riku Ozaki®)
(nstitute for Space-Earth Environmental Research, Nagoya University

Numerical methods for solving the relativistic motion of charged particles with a higher accurately is an issue for compu-
tational physics in various fields. The classic fourth-order Runge-Kutta method (RK4) has been used over many years for
tracking charged particle motions, although RK4 does not satisfy any conservation law. However, the Boris method has been
used over a half century in particle-in-cell plasma simulations because of its property of the energy conservation during the
gyro motion.

In the present study, a new method for solving relativistic charged particle motions has been developed, which conserves
both boosted Lorentz factor and kinetic energy during the gyro motion. The new integrator has the second-order accuracy in
time and is less accurate than RK4. The new integrator is also extended to the fourth-order method by combining RK4.
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Self-Consistent Quantum Calculations of the 6D Boltzmann-Maxwell System in
Collisionless Plasmas Using Quantum Computer
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The space plasma environment, extending from the Sun to the magnetosphere-ionosphere-atmosphere, includes regions
of frozen conditions, zones of anomalous resistance caused by electromagnetic turbulence, interconnected regions charac-
terized by weakly ionized gas systems in strong magnetic fields, coupled neutral-atmosphere chemical processes, and pure
neutral-atmosphere collision systems. Owing to their complex interactions, an inclusive understanding and forecasting of
the space environment remains an elusive goal, even with the advancements in high-performance instrumentation and in-situ
observation of satellites. Therefore, it is imperative to develop space plasma simulations capable of providing comprehensive
insights, ranging from local spatial domains to the global schematic.

Historically, the development of space plasma simulations has been constrained by computational time, memory capacity,
and data storage limitations, resolving complex phenomena with restricted physics at local space scales.

In recent years, advances in quantum computing, both software and hardware, have demonstrated numerous advantages
of quantum algorithms, such as those represented by (e.g. Shor [1994]). Following Google’s achievement of quantum
supremacy in 2019 (Arute et al., [2019]), the pragmatic implementation of quantum computing in plasma simulation, weather
forecasting, fluid simulation, and various fields is attracting interest. Among them, the quantum lattice Boltzmann method is
constructed by considering the streaming operation as Quantum Walk(Aharonov et al., [1993])(Succi et al., [2015]). Then
Todorova et al. developed a quantum algorithm for the collisionless Boltzmann equation using the discrete velocity method,
describing propagation in discrete real space and discrete velocity space with quantum walks (Todorova and Steijl, [2020]).

We have improved the quantum algorithms presented at JpGU2023(Higuchi, et al.,[2023]) and developed a quantum
algorithm for the 6D Boltzmann-Maxwell equations for collisionless plasmas without the uniform velocity condition and
the vacuum condition in Maxwell’s equations. By implementing a quantum algorithm that computes the velocity moment
into (Higuchi, et al.,[2023]), the collisionless Boltzmann-Maxwell system becomes self-consistent as a simulator. Thus, our
simulator obtains MHD quantities based on the Boltzmann equation. In other words, it can be called a quantum algorithm
for the MHD equation using the Boltzmann method. Furthermore, although there was a measurement problem of the 6D
distribution function on the side (Higuchi, et al.,[2023]), this problem was solved by obtaining 3D MHD quantities.

In this presentation, we will explain the above quantum algorithm, compare quantum numerical results to classical results,
and discussed with those, with a view to the future.
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Parameter dependence of excitation and non-linear development of harmonic
lower hybrid waves

#Tsubasa Kotani') Mieko Toida®) , Toseo Moritaka®) ,Satoshi Taguchi®)

(1Graduate School of Science , Kyoto University,(?National Institute for Fusion Science

The harmonic structure of lower hybrid waves (or harmonic lower hybrid waves) is a characteristic structure in the
wavenumber-frequency (k — w) spectrum resulting from non-linear wave-wave interactions of large amplitude lower hybrid
waves. In the simplest case, harmonic lower hybrid waves can be generated at a specific wavenumber and frequency, (mky, n
1), due to the lower hybrid wave with (k;, @ 1). In recent years, increasing attention has been paid to the harmonic lower
hybrid waves because of their possibility to efficiently accelerate background ions in the polar region. In order to clarify this,
general conditions for generating the harmonic lower hybrid waves should be investigated, but not yet.

In this meeting, we report the parameter dependence of excitation and non-linear development of the harmonic lower
hybrid waves driven by ring-like energetic ions. We mainly focus on two parameters: the ratio of the electron plasma
frequency to electron cyclotron frequency and the ratio of the ring velocity of energetic ions to the Alfven velocity. The
favorable condition of generating the harmonic lower hybrid waves is discussed.
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Plasma Particle Simulations on Electrostatic Environment near Lunar Local
Magnetization Regions
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In airless planetary bodies such as the Moon, the solar wind plasma precipitates directly onto the surface. The plasma
charge deposition on the surface and the photo-emitted electron current determine the dayside, near-surface electrostatic
environment. In general, orbital observations by a number of lunar exploration satellites suggest that the day side of the
Moon is positively charged. Although the Moon has no global intrinsic magnetic field like the Earth, it is widely known
that there are locally magnetized crusts (magnetic anomaly). The influence of these magnetic anomalies on the plasma and
wave environment above has been intensively discussed for many years, whereas the near-surface electrostatic environment,
including the contribution of photoelectrons, inside and directly below the magnetized regions, has not been fully addressed.

For large magnetic anomalies with a spatial scale comparable to the ion inertia lengths, it is not practical to perform three-
dimensional simulations of the electrostatic environment taking into account the photoemission effect. This study focuses
on a small-scale magnetization region on the Moon to elucidate its electrostatic environment as well as the contributions of
photo-emitted electrons to the environment.

Our preliminary simulation results have identified a pronounced charge separation effect resulting from the difference
in electron and ion inertia, as previously reported. This leads to a higher surface potential, e.g. 60 V, below the mini-
magnetosphere than that predicted for the outside. The simulations also suggest the effect of photoelectrons of moderating
the intense positive charge below the mini-magnetosphere, which differs from the conventional view on the photoelectron
effect as a major source of positive surface charging.
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Particle Simulation on Antenna Impedance Characteristics near the Lower-
Hybrid Resonance Frequency

#Koshiro Kusachi®), Yohei Miyake® Hideyuki Usui')Hirotsugu Kojima?),Satoshi Kurita?), Ibuki Fukasawa?)

(IDepartment of Computational Sciences, Graduate School of System Informatics, Kobe University, ?Research Institute for
Sustainable Humanosphere, Kyoto University,®,(4,(> (6Kyoto University Graduate School of Engineering and Faculty of
Engineering,("Kyoto University Graduate School of Engineering and Faculty of Engineering

For the plasma wave observations in space, the electric field sensor based on a dipole antenna is commonly put in use
onboard scientific satellites. The electrical properties of the dipole antenna in space are different from those on the ground
due to the dispersive nature of space plasma. Since the observed wave data are calibrated taking into account the antenna
characteristics, it is important to understand them quantitatively for correct interpretation of the observational data. The
solar-terrestrial physics community in Japan has organized a new polar ionosphere-mesosphere mission FACTORS, one of
whose objectives is to observe and elucidate the ion-mode plasma wave processes that cause ion heating and acceleration.
Thus, we have initiated numerical investigations of the antenna characteristics in a low-frequency range where the ion
dynamics are involved. It is reported that previous chamber experiments detected a lower-hybrid resonance feature in the
measured impedance data [1]. In this study, we apply the particle-in-cell (PIC) method to the analysis of antenna impedance
in such a low-frequency range [2]. The PIC simulation is advantageous to include plasma kinetic effects.

In the simulation, we place a dipole antenna in the center of a three-dimensional simulation box domain filled with a
large number of plasma particles. We evaluate the antenna impedance by using the delta-gap feeding technique [3]. In the
simulation results, we observed an impedance resonance near the lower hybrid resonance frequency: w LHR (Figure). To
clarify the relationship between the impedance resonance and relevant plasma wave modes, we derived dispersion relations
from the simulation. We found that the impedance resonance frequency coincides with the frequency at which a lower hybrid
wave blanch intersects the particular wavenumber k_half where the antenna behaves as a half-wave dipole. In addition,
we found that the dependence of the antenna impedance on plasma conditions such as ion temperature and magnetic field
strength. Our preliminary simulations have also identified similar impedance resonances relevant to the electrostatic ion
cyclotron harmonic waves, which are, however, pronounced in different simulation configurations. We will discuss necessary
physical conditions under which these impedance resonances are prominent.
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Electron pre-acceleration in shock transition regions of weakly magnetized per-
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One of the long-standing issues regarding cosmic ray acceleration by the Fermi process at astrophysical shocks is the
electron injection problem. Some population of the electrons must be pre-accelerated before the Fermi process because low-
energy electrons cannot resonate with MHD-scale waves in the shock downstream. It is believed that this acceleration takes
place in the shock transition region (a thin layer with a thickness of ion gyro-radius).

We investigate the electron pre-acceleration by Weibel instability, which is known to be the dominant instability for non-
relativistic, high-Mach number shocks. We use 2D and 3D particle-in-cell simulations to show that Weibel instability can
amplify the magnetic field efficiently when there is a strong enough background magnetic field to magnetize the electrons but
not the ions.

The 2D simulation shows clear evidence of magnetic reconnection and associated electron acceleration. This result is con-
sistent with previous shock simulations, which indicate that the Weibel instability determines the dynamics of shocks with
these parameters.

In the 3D simulation, we find the same efficient magnetic field amplification. However, the structure in the nonlinear stages
is much more turbulent than in 2D.

This scenario applies to nonrelativistic shocks with Alfven Mach-numbers of 100s, which is a typical value for young
supernova remnants believed to accelerate a significant portion of galactic cosmic rays.
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Theory and simulation of the nonlinear motion of electrons trapped by Kinetic
Alfven waves
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The kinetic Alfven wave (KAW) is a type of dispersive Alfven wave with a long wavelength parallel to the magnetic
field line and a perpendicular wavelength comparable to the ion Larmor radius. KAWSs carry an electric field component
parallel to the magnetic field line 6 E;; and accelerate electrons along the magnetic field line through Landau resonance
[e.g., Hasegawa, 1976; Kletzing, 1994; Artemyev et al., 2015]. KAWSs are often observed in the terrestrial magnetosphere
during substorms [e.g., Stasiewicz et al., 2000], and it has been pointed out that a few keV electrons produced by KAWs
cause the auroral brightening during the substorm expansion phase [e.g., Keiling et al., 2002; Duan et al., 2016]. At the
equatorial region in the L-shell of 9, where electrons are accelerated by KAWs, the plasma 3 is me/m; <3 <1. A parallel
magnetic field component, & B;;, which depends on the plasma {3 [Schekochihin et al., 2009], becomes approximately
8% of a background magnetic field By and is considered to be a non-negligible value in the electron acceleration process
of KAWs. The electron acceleration by KAWSs has also attracted attention as an electron acceleration process in the Jovian
magnetosphere [e.g., Saur et al., 2018; Damiano et al., 2019]. While it has increased the importance of the electron
acceleration process by KAWs in magnetized planets, there are still unresolved questions regarding the details of the process,
such as the effect of & B;; on the process, the conditions determining the efficiency of the electron acceleration, and the
upper energy limit of the accelerated electrons.

In this study, we apply the second-order resonance theory, which has been applied to the electron acceleration processes
by coherent whistler mode waves [e.g., Omura and Katoh, 2008; Hsieh and Omura, 2017; Kitahara and Katoh, 2019], to the
electron acceleration process by KAWs. We calculate the conditions for the Landau resonance and estimate the amount of
energy gained through the Landau resonance. If only 6 E;; is considered, we can describe the motion of electrons trapped
by KAWs as the balance between a simple harmonic motion of the wave phase as viewed from the electron \ and the
inhomogeneity ratio S due to the background magnetic field gradient. This is similar to the theory of the nonlinear motion of
resonant electrons interacting with coherent whistler mode waves. Furthermore, when both § E;; and 0B 45 are considered,
the motion of the trapped electrons is described by the balance between the superposition of two simple harmonic motions
of Y and 2  and the inhomogeneity ratio S. Here, the magnitude of the 2 \ oscillation is about § B ;/By relative to the
oscillation.

We apply the above discussion to the test particle simulation results for the electron acceleration process by KAWs in
the terrestrial magnetosphere in the L-shell value equal to 9 [Saito et al., P-EM17-P08, JpGU Meeting, 2023]. We have
confirmed that trapped electrons are detrapped from the KAW at the time when S exceeds 1. In addition to the above
theoretical considerations and results, we discuss the amount of energy gained through the trapped/detrapped process and the
contribution of & Bj;.
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1976; Kletzing, 1994; Artemyev et al., 2015], KAW (ZHIEKESKE OY 72 b= b BEELIDHZ e EZ SN TED [eg,
Stasiewicz et al., 2000], KAW 2EF 2 EIFREITABNCE keV BEOZ X VX —FTIE L, A —u 7L 5| 2
T e MERHIN TV [e.g., Keiling et al., 2002; Duan et al., 2016], X 512, KAW (2 & 2 BI04 U % Higk
WKEL=9Tlx. 72X~ msm; <B <1 THH, 77X~ DHEIHKTFT 5 KAW OREITREATRIE RS 6
B, ;[Schekochihin et al., 2009] 1. 75 E#H Bo 1o LT 8% REEL 72 . KAW O FHIHGEBRAIC 51 TIET E 41
fEickh2eEIXLNE, REMKEIIIBWTD KAW I X 2 BT IHEIZERRMNEBEMHE > U TEH XN [e.g., Saur et al.,
2018; Damiano et al., 2019]. L EITH T 2 KAW I X 2 EFIHEBEREOBEE S EE 2 —77T. § B BETFIHE
ICE 2 BB, BT IENNRINCEL 258, IEXNBETFOIILF— FR Y Wo 72, EBFIEHEEDOFEMC D
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AHFZETIE. KAW 12 & 3 B FIEERICH LT, coherent whistler mode wave 12 & % B FIIEGAKRE O THW S
N T &7z 2 RILEHEES [e.g., Omura and Katoh, 2008; Hsieh and Omura, 2017; Kitahara and Katoh, 2019] Z3&A$ 5% Z &
. Landau #MEIC BT 2 IERENE 2 E R LM HEB EToBFHEOEH Y, HEZ2EL CTEFHHEI XY —
BOMELRA S, KAW OFEFIEER D, whistler mode wave DEFE L Rk DR AIRETH 2, KAW D § Ej;
DHEERLIHE. KAW It S BT OHEAHZEHE EoEENEX. KAW OGAHEE vy, DD O, BFH
5 H72 KAW O AP IZ W T OBIRH) » & SR aEIC KK T 3 R —HRF S DA v A TiHdEnd, —FHT.
KAW 0 § Bj; bEBIC AN G, KAW IS S h 72 BT OMEENE. vy, ORI D T, KAW ORHY L 2 y» 25
DOHIRFDBELAEDLE LRI —EREF S DT VAT ENd, I T, 2 YORFDOKZ X I Y DIRENTKH LTS
B,;/By BREETH 3, X510, MERRIKIE L =9 To KAW I & 2 B PGB T 2 7 2 1K FHEAS T [Saito et al.,
P-EM17-P08, JpGU Meeting, 2023] 125 LT, M EO##Z @A T2 2 LT, FI—HET SH 1 ZBAZZA I 22
T, KAW IZHife SN TO A EF2IHHRET OHEISER § 2 Z L MR T & oo AR TIE, DL EOHERRGHHER
X T, B E L CHE T35 L F— o, KAW L8 70 Landau £IBICH 5 6 Bj; OF 51OV TH
Eia
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Filamentation Instability in Electron-Positron Plasmas
#Masanori Iwamoto!) ,Emanuele Sobacchi?),Lorenzo Sironi®)
(I'Yukawa Institute for Theoretical Physics, Kyoto University, *The Hebrew University,(®*Columbia University

The nonlinear interaction between electromagnetic waves and plasmas attracts significant attention in astrophysics because
it can affect the propagation of Fast Radio Bursts (FRBs), which are luminous millisecond-duration radio pulses. The fila-
mentation instability (FI), which is a kind of four wave interactions, is considered to be dominant near FRB sources, and its
non-linear development may also affect the inferred dispersion measure of FRBs. In this study, we carry out fully kinetic
particle-in-cell simulations of the FI in unmagnetized electron-positron plasmas. Our simulations show that the FI generates
transverse density filaments, and that the electromagnetic wave propagates in near vacuum between them, as in a waveguide.
The density filaments keep merging until force balance between the wave ponderomotive force and the plasma pressure gradi-
ent is established. We estimate the merging time-scale and discuss the implications of filament merging for FRB observations
in this talk.
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Effect of the magnetized parameter on particle acceleration in 2D Alfven turbu-
lence

#SHOGO ISAYAMA!?) Shuichi Matsukiyo'?), Takayoshi Sano®

(Unterdisciplinary Graduate School of Engineering Sciences, ?Faculty of Engineering Sciences, Kyushu University, ®Institute
of Laser Engineering, Osaka University, *Institute of Laser Engineering, Osaka University

Coherent large amplitude MHD waves are ubiquitous in space, and they are considered to play crucial roles in the
acceleration of high energy cosmic rays. A number of models of large amplitude Alfven generation accompanying cosmic
ray acceleration have been proposed so far [1-3]. In 2009, by 1D simulation, Matsukiyo and Hada [4] showed that a
relativistic Alfven wave in a pair plasma is unstable to form the coherent standing wave form which consists of counter
propagating Alfven waves. Recent studies have also shown that when the amplitude of the two counter-propagating Alfven
waves exceeds critical amplitude any particles irreversibly gain relativistic energy within a short time regardless of their
initial energy [5].

In this study, we investigate the particle acceleration in 2D Alfven wave turbulence where the long-time evolution of
parametric instability could be different from that in 1D. It is clarified that the particle acceleration process strongly depends
on the magnetized parameter (0 ) due to the difference in the rate of decay process. In this talk, we discuss the effect of o
on particle acceleration in 2D Alfven turbulence.

[1] B. Zhang, ApJ. 836, L32 (2017).

[2] P. Kumar and P. Bosnjak, MNRAS. 494, 2385 (2020).

[3] X. Li, A. M. Beloborodov and L. Siroini, ApJ. 915, 101 (2021).

[4] S. Matsukiyo and T. Hada, ApJ. 692, 1004 (2009).

[5] S. Isayama, K. Takahashi, S. Matsukiyo and T. Sano, ApJ. 946 68 (2023).
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Microscale fluctuations in a magnetic island in collisionless reconnection

#yumeng fan') Shuichi Matsukiyo?® ,Seiji Zenitani®)

(IKyushu University, ?Faculty of Engineering Sciences, Kyushu University, ®Space Research Institute, Austrian Academy of
Sciences

Magnetic reconnection is a fast magnetic energy releasing process. It is widely observed in space and laboratory plasma
such as solar flares, CME, substorms, tokamak devices etc. In the process of magnetic reconnection, magnetic energy is
converted into the thermal and kinetic energy of plasma. When there are two or more X-points, magnetic island is formed.
Inside a magnetic island one can often observe nonthermal particles as well as a variety of electromagnetic fluctuations. The
origin of microstructures and nonthermal particles in a magnetic island has not been fully understood and extensively studied
by using numerical simulations.

We conducted 2d PIC simulations of magnetic reconnection without guide field using periodic boundary conditions. The
system size is L_X+L_Y=25.6d_ix12.8d_i in which two Harris current sheets are distributed along Y=L_Y/4 and Y=(3L_Y)/4.
We focus only on the lower half system, 0 < L_Y < 6.4d_i, hereafter. Ion to electron mass ratio is m_i /m_e=100, and the
ratio between the background density and current sheet density n_b /n_0=0.2, initial temperature ratio T_i /T_e= 4 for both
background and current sheet particles.A perturbation of magnetic flux is added in an initial Harris sheet condition to trigger
a reconnection at (X, Y) = (0, 3.2d.i). In the development of magnetic island, micro-scale fluctuations are grown along the
current sheet. We focus them here and their generation mechanism is discussed by carefully estimating parameters of local
plasma. The result here is compared with the micro-fluctuations observed by Lu et al. (2011).
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Energy Partitioning of Thermal and Nonthermal Plasmas in 3D Magnetic Recon-
nection

#Masahiro Hoshino®)

(IDepartment of Earth and Planetary Science, University of Tokyo

In our space and astrophysical collisionless plasmas, nonthermal particles whose energies are much higher than the thermal
temperature are often observed, yet our understanding of the energy partitioning between thermal and nonthermal particles
remains to be elucidated. In this presentation. we discuss the energy partitioning during magnetic reconnection by using
PIC simulations. We have investigated the energy partitioning for hot plasmas in plasma sheet as a function of plasma sheet
temperature from nonrelativistic to relativistic reconnection. For simplicity, we have assumed a pair plasma, and analyzed
the hot plasmas heated by reconnection by fitting a model function composing of Maxwellian and kappa distributions. It was
found that the nonthermal energy density can occupy more than 90% of the total kinetic plasma energy density in relativistic
reconnection, and furthermore the efficiency of the nonthermal particle acceleration can be enhanced for three-dimensional
system. However, the nonthermal particle acceleration efficiency decreases with decreasing the plasma sheet temperature.
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Triggering problem of fast magnetic reconnection process in MHD linear theory
of tearing instability

#Tohru Shimizu®)

(IRCSCE, Ehime University

Recently, anew MHD linear theory of tearing instability in 1D current sheet was proposed by largely improving the classical
FKR theory (PhF11963) and modern LSC theory (PoP2007), which is called as modified LSC theory. According to the new
theory, the critical condition of the instability depends on the resistivity, viscosity and upstream boundary condition. Simply,
when the resistivity and viscosity are fixed in the plasma, the relation of the upstream boundary and the thickness of current
sheet simply determines whether the instability starts on the linear growth stage or not. That will be significantly suggestive
for the controversial triggering problem of the fast magnetic reconnection in solar flares and geomagnetic substroms, where
3D current sheet is destabilized by tearing instability.
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Asymmetric magnetic reconnection in the solar corona
#Koji Kondoh?)
(1Research Center for Space and Cosmic Evolution, Ehime University

Asymmetric magnetic reconnection plays crucial role in a lot of situations in the space plasma. We have shown using MHD
simulations that the asymmetric magnetic reconnection is significantly different with the symmetric one, and we have verified
our previous simulation results (models) using the in-situ observation in the magnetosphere. Next stage, we apply them to
the solar corona phenomena. In this study, we show the asymmetric reconnection seen in the solar corona on the basis of our
simulation models.
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Upstream velocity dependence of the electron surfing acceleration efficiency in
non-relativistic high Mach perpendicular shocks

#Kenya Nagai®), Yosuke Matsumoto?)

(1Graduate School of Science and Engineering ,Chiba University, ?Institute for Advanced Academic Research, Chiba Uni-
versity

One of the most important problems with cosmic rays is the electron injection problem. This problem is that an unresolved
acceleration mechanism for electrons to gain energy to enter the diffusive shock acceleration (DSA) is needed. Currently, the
mechanism combining the shock drift acceleration (SDA) and the shock-surfing acceleration (SSA) is proposed. In particular,
the Buneman instability is the key mechanism in the SSA. This is an electrostatic two-stream instability of cold electrons and
ions, which excites a coherent electrostatic field in the shock transition region, leading to the electron acceleration.

The supernova remnant shocks, which are considered to be the main source of the galactic cosmic rays, have speeds of
several thousands km/s (about 1% of the speed of light). However, current Particle-In-Cell (PIC) simulations have been con-
ducted with the parameters of several tens of percent of the speed of light due to computational resource limitations. Under
a fixed Alfven Mach number, decreasing the shock wave speed to the speed of light (V/c) corresponds to increasing the ratio
of the electron plasma to gyro frequencies. This ratio is known to affect the saturation process of the Buneman instability.
The Debye length consequently becomes small for large frequency ratios (=V/c<<1), increasing computational resources.
Therefore, the simulations of high Mach number shocks have not been conducted with such large frequency ratios.

We have examined 1D PIC simulations of high Mach number shocks and found that lowering V/c tends to make the
Buneman instability grow at higher amplitudes and result in higher electron acceleration efficiencies. In this study, we also
examine 2D PIC simulations of high Mach non-relativistic perpendicular shock using the supercomputer Fugaku. We report
the results of the Buneman instability growth under various frequency ratios. We discuss electron heating and acceleration
efficiencies under such high frequency ratios, and resulting electron reflection ratio at the shock front in quasi-perpendicular
shocks, which are recently actively studied by 2D PIC simulations.

BRI BT 2 EEEHRIIR FEHROIER E LTEZ LN TV AR, ZOIHEX B =X LI DWW TIE
XA TWRW, KEZMED—D2 L L TETOIEAMENRD 225, HIETIEEFHEHREEFHFHINE (DSA) AT
INF =227, B FY 7 ME (SDA) LB — 7 1 Y HI# (SSA) ZilAEDE B IEEHEE
ZAHNTWS, ZD5H SSA TOEFIHICKE L B2 DA Buneman RELEWETH %, ZHUIET - A 4> D20k
EARZEMT, HREEBERICa—LV Y M RBEGEMR L, ETOIENL BT 2, —7, @B 2REEREOHEE X
BIZHT knm/s CGEED 1 WIEE) THE2EXZLNTWVWEIDIIN L. THETOD Particle-In-Cell (PIC) I 2l —
T a YTIEREEEROFINC X D O TUEED T X X TITbRTWVWS, < v A NE—ED RN THHIH T 2 HE
BEE (Vi) BN TR BT T IR/ v A uiREEIEEZ RES T2 22 1HY L. ZOREFLEO K= X1k
Buneman NEE M D RIFGEIRICN LEEERIZT AR TWS, Tz, KERIBEHELL (= Vie<<]) TETAN
A BOHEMINNE D, ZOBRIERIIEAT 2, 202D KRELIRFPLLO T TOE~ v NERIETOFEIZT
HDILTWL Do 72,

INFETHEADTo7 1 XL PICFHEIZE D, Vic ZFIF5 Z 212 & > T Buneman NEEMD & D KIRIEA & i E
L. ak—L Y FREFER—IN, &Ummﬁ%mexﬁﬁahKO% T, ARECERA—NR—arPa—%— E
B ZHOEESYy NEEHRKEDO 2IZOLPIC I a2l —Ya v 2fToRE2ME T2, IhETiIrbaiTuwizn
FERN ZR AT BIEGH B T D Buneman RZEMICDOWT, ZD85 X XIREFEERZRICIE DR % & 1= R iE R 2 Wi
T 5, BT, WEEEHERIC X 2 ETFIMRCOVTRDERFEOMALEAITONTE D, ZOREHRR TOMEL
TEICHRIDEHEIFIC BT 2 BT O RINRIZOWTHERZIT D,
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1D PIC simulation of collisionless shock formation in high-power laser experi-
ment

#Kotaro Oshida®),Shuichi Matsukiyo® ,SHOGO ISAYAMA'),Youichi Sakawa?) Naoji Yamamoto'),Taichi Morita®),Ryo
Yamazaki®) ,Shuta Tanaka®),Taichi Takezaki®,Akihisa Tomita® Kentaro Sakai*),Gaku Nakayama') Juri Siota®),Masahiro
Hanano?, Yuto Suzuki?), Yoshio Maenosono!) ,Koki Kanesada'), Yuya Muramoto®), Yuma Sato'),Shoma Yakura®)
(Unterdisciplinary Graduate School of Engineering Sciences Kyushu University, ?Institute of Laser Engineering, Osaka
University,® Aoyama Gakuin University,(*Osaka University, ®*Toyama University,(Hokkaido University,(” Aoyama Gakuin
University, ®Osaka University, Interdisciplinary Graduate School of Engineering sciences Kyushu University

It is known that a collisionless shock plays a role of energy converter in space. While it produces cosmic rays and large
amplitude waves, detailed mechanism of the energy conversion has been unresolved so far. We have used Gekko XII
high-power laser in the Institute of Laser Engineering at Osaka University to investigate microstructure of a collisionless
shock. In the experiment a solid target surrounded by magnetized uniform gas is irradiated by the Gekko laser. The target
plasma sweeps the ambient gas plasma so that a shock is formed in the gas plasma. However, the process of shock formation
has not been well understood. Therefore, this study aims to resolve the mechanism of collisionless shock formation in the
experiment by utilizing one-dimensional full particle-in-cell simulation.

The experimental circumstance is mimicked as follows. Initially, a homogeneous gas plasma at rest is distributed in space
(-0.3 L <x <0.7 L). Then, a dense target plasma having bulk velocity VO is injected at x=0 for a finite time (=tau). This target
plasma plays a role of a piston to initiate a shock in the gas plasma. The gas plasma is magnetized along BO which is applied
in z-direction. The number of spatial grid is 90,000. The number of super-particles per cell is 128 for each species. The
ion-to-electron mass ratio is 100 for the gas ions and 200 for the target ions. The ratio of electron density of the gas plasma
to the target plasma is 1/7. The electron plasma to cyclotron frequency ratio in the gas plasma is 20. We performed a number
of runs with different ambient magnetic field strength as well as the injection time of the target plasma. The dependence on
the above parameters in the mechanism of shock formation will be reported.

A GBE, B 12 5L —¥— (RIRK¥ LV —F =BT & W CEE RGN & AR T 2 EBRIIFRICE D
HATWS, EEZHERIZIFHICBY 2 AL —EHEBOREEH-TE Y, FHESCAIRIBIEEOAERKIR Y LT
HNTWVWAEA, T X - OFEMIKRMBIATDH 5, FEBETIE. BELUMEZEMNICHRE L1 ERE —7 Y MSE
HALV—YF—%2BHE L, =%y MHROEHRT 7 XA~vMBPE R AT 7 X~ 2 [ EME L CTHEEBEZERT 5, FEEREEOE
BROARGERII I CERINTES S, AR TIE, ERREEZE LI 107 VR FY a2l —Y a Y ERAVWTHEL
75 A< EHRIE 0L S ER T 5,

WA (t=0) 1 1 Xkoezefi (-0.3L<x<0.7L) WCEIEL=HF R TR~ (4 A A1) #EEL. BROHEE VX%
ok =7y b5 X< (A4 UiE6) % x=0 0 5HBRH (=1) HBATEIETHRT 7 A~HICEHERERZ4E
M5, BRESGE LTz ARANICBXZHMLTE D, BREZMFEIKGRER L Lz, 90000 DZEM 7Y v R Z2hzhu
128 DBRM TR T CEKE L TW2, EFINTEA4A A VERIETRAA A% 1000 B—7 v b4 2% 200,
HRALX—=Fy VETOEELIZ 17, PRATIAYDET T IAVEFEREETFA 70 v VEFBROHIZ 20 2 L
72o HERWEEE BX) X—7 v b 77 XvDFEARM (1) 2Z2{LXBFEETV, HEEEEROESGEEIC
Bl 289 X =X KFWICOWTIE T %,
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Full-particle simulation of multidimensional evolution of a large-amplitude Alfven
wave

#Gaku Nakayama®),Shuichi Matsukiyo? ,SHOGO ISAYAMA®)

(nterdisciplinary Graduate School of Engineering sciences Kyushu University, ®Faculty of Engineering Sciences, Kyushu
University, ®Interdisciplinary Graduate School of Engineering Sciences

In general, an Alfven wave of finite amplitude propagating along magnetic field is unstable to parametric instabilities.
Heating of plasma via parametric instabilities has attracted much attention in recent years, as it is regarded as a candidate
mechanism for solar wind acceleration. Although there have been many studies on the long time evolution of parametric
instability in the one-dimensional case where the direction of wave propagation is limited to the direction of the background
magnetic field, there have been few studies on the multidimensional evolution of parametric instability. In this study, we use
two-dimensional full particle-in-cell simulations to investigate the long-time evolution of waves when a low-beta monochro-
matic Alfven wave propagating in the direction of magnetic field is used as the parent wave. When a left-hand circularly
polarized wave (amplitude of 0.6 of the background field and wavenumber normalized to the inverse of the ion inertial length,
1.23) is the parent wave, a short wavelength obliquely propagating waves are first excited, followed by the decay instability
along the background field. In this case, more efficient plasma heating was observed than in the 1D calculation. In the pre-
sentation, we will also report the results of simulations for a right-hand polarized parent wave and different amplitudes of the
left-hand and right-hand polarized parent waves.

— AN, BB DVITERT 2 ABRIRIEO 7 L 7 RVBUI AR T A MY v IR REWZR T BTV S, <
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NV I REERORKF TR DGR, IBIDARIRST 7% T RS 5 AR - 72220 1 XOTD 5 E 113 Z < DRHERZE
BHBbDD, ZRICFHEEDIZEHNI DI, RIFFE TR, 2 KT 7 VKTt R Z VT, BT RIS ERS 5 8~ —
REET VIR WERNE L 2ORBORKHERZRAN S, BlKL UTERD FRR (RIEXERESD 0.6,
A F NENER OB THIE L2 B80E 1.23) 25 272548, IDICEEEOMDIEIROESME XN, ZHliinwThH
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Two-dimensional evolution of synchrotron maser instabilities in relativistic
electron-positron plasmas

#Shunsuke Babal),Shuichi Matsukion)

(1IGSES, Kyushu Univ.,(®Faculty of Engineering Sciences, Kyushu University

Synchrotron maser instability (SMI) is one of the energy conversion processes from charged particles to electromagnetic
fields. It has recently attracted attention as a physical mechanism that contributes to high-intensity emissions as well as
particle acceleration observed in some high energy astrophysical phenomena. Although SMI has been extensively discussed
in conjunction with numerical simulations of relativistic shocks, simulation studies focusing purely on the basic processes
of SMI are seldom. The purpose of this study is to understand the fundamental properties of SMI in an electron-positron
plasma by using two-dimensional periodic PIC simulation. We discuss the long-term evolution of the waves and particle
acceleration process when the background magnetic field is taken out of the simulation plane (Z direction) and in the
simulation plane (Y direction). In the out-of-plane case, X-mode waves were excited and the system evolution is similar to
the case of one-dimensional simulations. In the in-plane case, in addition to the X-mode waves, waves propagating oblique
to the background magnetic field, O-mode-like waves, and R- and L-mode waves propagating parallel to the background
magnetic field were observed. Obliquely propagating waves and O-mode waves have high radiation intensity, and particles
are energized by these waves in both parallel and perpendicular to the background magnetic field. The results are discussed
in comparison with the past relativistic shock simulations.
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Two-dimensional full particle-in-cell simulation of collective Thomson scattering
in equilibrium and non-equilibrium plasmas

#Yuma Sato!),Shuichi Matsukiyo?) ,SHOGO ISAYAMA?)

(1IGSES, Kyushu Univ.,?Kyushu Univ., ®]IGSES

Thomson scattering measurement is commonly used to measure laboratory and ionospheric plasmas. When the wavelength
of the incident wave is longer than the Debye length of the plasma, it is called collective Thomson scattering. In the col-
lective Thomson scattering the spectrum of scattered light contains the information of the collective motion of electrons in
the plasma. For example, the scattered light spectrum through Langmuir waves (called the electron feature) is a function of
the electron density, temperature, and specific heat ratio of the electrons, and that through ion acoustic waves (called the ion
feature) is a function of the ion valence, temperature, and specific heat ratio. Therefore, the parameters of the plasma can be
estimated by theoretically fitting the measured scattered light spectra.

We aim to measure the transition region of collisionless shock waves generated in high-power laser experiments by col-
lective Thomson scattering. In general, the transition region of a collisionless shock is in a highly nonequilibrium state. But
the theory of collective Thomson scattering in a non-equilibrium plasma is not well developed. In this study, we reproduce
the collective Thomson scattering in equilibrium as well as non-equilibrium plasmas by using full particle-in-cell (PIC) sim-
ulation to develop a scattering theory. Although in the past PIC simulations one-dimensionality and uniformity of space are
assumed, the actual experimental system is two-dimensional and the incident light has a finite beam width. In this study,
we reproduce the collective Thomson scattering of incident light with finite beamwidth by two-dimensional PIC simulations
and discuss the characteristics of scattered light propagating in arbitrary directions. First, we reproduce the scattering in an
equilibrium plasma and compare it with theory. Next, we reproduce collective Thomson scattering in a beam-plasma system
as an example of a non-equilibrium system and discuss the results.
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ARZ MV (BFHEHE X)) 377 XA0BEBFEESLRE, HALOBIIC, A1V BRICE23D (A4 VIHE LX)
X BHITA A > DlERIRE., AL OBEBICKR 2 Ze BN TWD, TDEHFEIZNZEELEA RS b L e B
T4 T4V I LTTIRARDRIA—REWET BRI LNTE S,

Foxlx, REL — —FBTAER L - MEREREOBSEMELHRE oY VEELTEHIIT 2 22 ZHIELTW S,
—fRi, BTSSR BRI IIE UWIEHENREEIC B 2 hs, JEEH T 5 X<z X B190A b &Y VEELOERREARE R T
BB, ZITARMIETIE, BES I 2L —2 a Y ICE > TEEE TS A~ DFFE b oY VEEL 2 HIR U, BELER O
PHIET, IHETIC, 22D 1 ROty —BMERRE L72HE b &Y YBELD PIC FHEBThIRTWE 2, EBRDE
B> AT 20% 2 LR T, AGEITERO Y — ARERD, KISt TIX, BROL —LREROHEAS LIz EDHH
b2y UEELE 2 O PIC HETHE L, EEOAMICAER I N 2 HEDEORMIC OV THERR T %, HIDIFE 7o X
SICBIIHEEHEL, BTHE A 4 VHORMEER L E T 2, K2, IEEFHROHIE LTE—A 75 X<vRTD
WA &Y VEELEBER L TR EERR T 5.
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Generation of oblique whistler waves by an energetic electron beam
#RUOLIN WANGY  Takanobu Amano?)
(1University of Tokyo

Diffusive shock acceleration (DSA) stands as the leading candidate for producing high-energy particles, such as cosmic
rays believed to be accelerated at supernova remnant shocks. However, it still faces a challenge known as the electron
injection problem, as it cannot efficiently accelerate electrons with low energies. Overcoming this challenge necessitates
higher-frequency waves capable of scattering these low-energy electrons to confine them around the shock.

Matsukiyo et al. (2011) proposed a self-generation mechanism wherein energetic electrons reflected in the upstream region
of the shock locally excite oblique whistler waves. These waves scatter the electrons back toward the shock, potentially
contribute to effective confinement of electrons close to the shock. Similar oblique wave generation ahead of the shock has
been observed in simulations of non-relativistic shocks with various parameter regimes (e.g., Guo et al. 2014, Kobzar et al.
2021, Bohdan in 2022). It is also interesting to note that oblique wave generation mechanisms by an electron heat flux have
been discussed for different astrophysical contexts, including the solar wind (Verscharen et al. 2019), solar flares (Roberg-
Clark et al. 2019), and intracluster medium (Roberg-Clark et al. 2018). Understanding the wave generation mechanism by
an energetic electron beam may help to solve the injection problem.

Our study aims at improving the understanding the conditions required for wave generation and the resulting scattering
efficiency. We conduct two-dimensional (2D) Particle-In-Cell (PIC) simulations with a simplified periodic model to reduce
the computational costs and, at the same time, ease the theoretical analysis. Our model assumes that the plasma consists of
three particle population: background ions and electrons, and a hot electron beam propagating along an ambient magnetic
field.

We have confirmed that, as predicted by Verscharen et al. (2019), the system becomes unstable when the beam velocity
is larger than the electron Alfven velocity. We observe that the generated waves propagate at an angle of approximately 80
degrees with respect to the background magnetic field and the wave amplitude at saturation is around 0.1 times the background
magnetic field. Our ongoing investigation focuses on exploring the dependence of wave generation on the beam velocity and
the plasma to cyclotron frequency ratio. This investigation aims to understand the factors determining the saturation level and
scattering efficiency in a realistic system.
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Comuputer simulation on the structure of double layer in the auroral accelera-
tion region

#Riku Ozakil) ,Takayuki Umedal), Yoshizumi Miyoshil) ,Ryouta Ikebal)

(Unstitute for Space-Earth Environmental Research, Nagoya University, Institute for Space-Earth Environmental Research,
Nagoya University

Electric fields in the acceleration region of the auroral zone have been observed through local observations (Mozer et al.
1977), which is known as electric double layers. The FAST observation showed detailed multi-dimensional structures of the
auroral electric double layer (Ergun et al. 2001). Recently, observations by Arase have suggested the presence of electric
fields parallel to magnetic field lines in the magnetosphere at altitudes of 30,000 km (Imajo et al. 2020). Simulations of the
electric fields in the auroral acceleration region have been performed by one-dimensional Vlasov equations (Newman et al.
2001). They have shown that electric double layers have been generated by a strong density depression in current-carrying
plasmas. However, multi-dimensional kinetic simulations on the formation of double layers in a current-carrying plasma have
not been performed over twenty years due to both computational resources and computational techniques. In the precious
study, we perform two-dimensional Particle-In-Cell simulations of a current-carrying plasma with a density depression. The
formation of electric double layers has been confirmed in two-dimensional current-carrying plasma for w _ce/w _pe=0.1-1.0.
However, it has also been confirmed that the lifetime of electric double layers becomes shorter with a larger ambient magnetic
field. Detailed analyses on the decay process of electric double layers will be made.

A—uIHEBICBVT, BEX_ERB L THLAZIEBSEOREENZ DGOREBHNC X > TRA X N7z (Mozer et
al. 1977), F7z. FAST BEBIHNC X o TAH— 1 SO EX 2 HE OFFEMIR 2 RITHIEHH S 1T S 7z (Brgan et al.
2001), BT, O DS BHEOBINC XD, Hﬁ3mNMn®mﬁlk£mf%mbﬁK¥T&Mﬁ@%®ﬁﬁﬁ%
X 7> (Newman er al. 2001), JUE Vlasov ¥ 2 2L — 3 i & b, NBERESH OSSN T E 72 (Newman et
al. 2001), Newman et al. (2001) (&, BERZERT 7 AHIZHWEERE N2 525 2 ICL - TERZEEIEHR I
52 %Rl L, ZRTIKBI 2E R _EEOEHICE T 2 EFHNS I 2L —Ya YETAETIITbIATZ
otz I TAMZETIE, Newman et al. (2001) OBRWEERE F2E> 75 X<~ EEREFNLEZ, PICYIal—Ya
YERWT2IOCIERT %, ZOEE, w_ce/wpe=0.1-1.0 CBWTER _ERBOERILHERTE-, LIrL,. B
WIGORENKEL BB ONTELS _EHEOEFGHELL RE IR TEL, BRA_EBOHEA =X L1200
TOFEMBBNTZIT S,
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Prediction of plasma parameters in MHD phenomena by using PINNs

#Hikaru Shimooka®) ,Shuichi Matsukiyo® ,SHOGO ISAYAMA®)

(nterdisciplinary Graduate School of Engineering Sciences, Kyushu University, ?Faculty of Engineering Sciences, Kyushu
University, ®Interdisciplinary Graduate School of Engineering Sciences

In space, satellite observations can access to microstructure of plasma phenomena. The MMS (Magnetospheric Multiscale)
mission, for instance, utilizes a formation flight of four satellites to measure microscale spatio-temporal structure of a plasma.
To discuss the physics of plasma phenomena, numerical simulations are commonly used for the comparison with the obser-
vational data [1,2]. In this way, the boundary conditions and initial conditions are set to be consistent with the observed data.
In this case symmetry and/or planarity of the system are often assumed. However, in reality, there are observational data that
cannot be explained solely by comparison with such simplified systems, and there may be still yet-to-be unexplained physics.
While attempts have been made to reconstruct the two-dimensional structure of plasma directly from observational data, they
assume that the plasma is in equilibrium [3,4]. However, actual plasma phenomena are multidimensional and dynamic so that
it is difficult to reconstruct such spatio-temporal evolution from the observation data.

With the recent advancements in Al research, a method called Physics-informed Neural Networks (PINNs) has been pro-
posed [5]. In this approach, unknown physical parameters are predicted from limited data to satisfy the governing equations
describing physical phenomena. As a first step of this study, by using numerical simulations, we use the PINNs to predict
spatio-temporal structures of MHD phenomena such as magnetic reconnection and magnetic turbulence. By using the ob-
served data as a training data, the parameters apart from the observation points are predicted to satisfy the MHD equations.
In this approach, the unknown parameters can be predicted without setting the initial and boundary conditions explicitly.
Therefore, if this method is established, it is expected to greatly contribute to understand spatiotemporal behavior of MHD
phenomena. In our presentation, we discuss the development status of the prediction model and prospects.

FHTRIEEBIICLY, FHIIXAHRDO I 7B ERICT 78R T2 22 B TE %, MMS (Magnetospheric
Multiscale) I v > 2 > Tli, 4 BOBEZHFEFMRITEE2 22T, 77 XV ORFEREE 2L TWS, BllF5— &%
577 ABHROMFEMBREHRT BICE. BEREY I 21—y a Y RIEBENSRE LTHWS [1,2], 2O, 5
G v OISR B T — R e FIED 72V X D ICRE SN0, HEONFREREE SR 2 IE T 255820, L
PUERBIZIX, 2O XS It EINd R T L DHED ST CREHTERWEEIFT — X B FEL,. ZDHIIE.
RIZHLPIZENTOROWYHNIERIN TV R AN D 5, BT — 20 HEE T 7 X0 XuiEr RT3
AMABITHONTVEH, TSR T I AT EIREZREL DD TH S [34], EED T 7 XABRIIZLRITHDOHX
AFIv I THY, ZOX5 REEORERFEELZEHE T — X0 O EEFHBE T 2 HINETH 5,

ITED Al TFFED FEZE IV, Physics-informed Neural Networks (PINNSs) [5] £ W 5 FEMRR Iz, RFIETIE.
RONZBREAT X — 2 5YHBR 2R T 2 XA AEREMZT L5 IO ART X —&%THIT 5 Z A0
TH2, AR BIZRHPIDATy T LT, B> I 2L —> a Y ko> THHlT— X 2B L. PINNs %\
WKV a7y a ryPRAELIRE O MHD BRI EBIT 2 RZEMBEDO THIZIT 5. AFETIE, PIHSEERHER ST
BARENTE D 2 ED 2 K BT — X DAD HERITEEMUN D G XA =R 2 HET B N TE S, AFELMELTE
UE, MHD BB ORZEMMEDOBIICORN 2 e EZ 6N E, Kty ary Tk, FHET LD SHROEBE
IZDOWTiAR %,
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Development of MHD-PIC simulation for Reproducing multiscale coupling phe-
nomena.

#Taisei Imaizumi®),Akimasa Yoshikawa?)

(IKyushu universtiy,(?Department of Earth and Planetary Sciences, Kyushu University

The evolution of large-scale structure in the Earth’s magnetosphere has been understood by assuming that the ideal MHD
conditions are approximately satisfied. Global MHD simulations have reproduced the behavior of the global magnetosphere-
ionosphere based on this concept, and have contributed to the understanding and prediction of plasma dynamics and space
weather phenomena. However, for phenomena such as magnetic reconnection and other phenomena that involve a violation of
the ideal MHD, the only way to describe the effect is to use the electric anomaly resistance and viscosity coefficient in Ohm’s
law, and to reproduce the phenomena, parameterization of the various coefficients based on observation facts and empirical
laws is generally required. In order to reproduce the phenomena, parameterization of the coefficients based on observed
facts and empirical rules is common practice. Naturally, this parameterization is not always consistent with the universality
of plasma physics based on kinetic theory.For example, in the diffusion region, PIC simulation calculations have confirmed
the formation of a peculiar electromagnetic field structure produced by the difference in inertial length between ions and
electrons [Zenitani et al. 2016]. It has also been observed that in the nightside magnetosphere, the explosive flow structure
formed by magnetic reconnection can cause secondary magnetic reconnection [Wang et al.,2014 ], and it has been shown
that for the development of macro-scale electromagnetic field structure and plasma dynamics, the underlying plasma kinetic
behavior of the underlying plasma particles is considered to be an essential contribution to the development of macroscale
electromagnetic field structure and plasma dynamics.

The ideal global simulation is a first-principles three-dimensional PIC simulation of the full particle-electromagnetic
field interaction evolution, but this is not possible due to computational resource constraints. In this study, we are developing
a MHD-PIC coupled hierarchical simulation, in which a dynamic PIC method calculation domain is embedded in a part of
the global MHD simulation, aiming at a smooth connection between micro and macro phenomena. In this presentation, we
will report the current status of the development and discuss future prospects and problems.

%%&ﬁﬁu%ﬁékﬁﬁ%ﬁwﬁﬁdﬁﬁMﬂD%ﬁﬁﬁ@%mﬁﬁurméZﬁﬁ?’&K;b@%éﬂf%to
Za—>UMHD 22l —3ayi3Znk>kharye 7 MO R, KIBWBEKE-BHEORZ B2 HEE L, H2EER
WKBFBTIARRAF I 7 ARFHRGHFEFOEM, FHFICHAEMRL TWS, LrLESES, XY :JZ~7/ a Y
HEEIZUH 2T 38 MHD O E S HRIZOWTIE, A — 2 DFEHICBWTERBEEEITCM MR Y TZED
SIRERET 2 LeTEIEL, Ho, HROBEHOZOIE., #EHREE BHHEFZPRBRANCES I XX V- 1
VEITI BRI o TWE, BROIERNE, TORTRXRYEL— a VIEFHFHICES L T XA YHEED
RN FICART 2 5 OTIREN, Bl 2 I3BERICBWTIEA 4 Y e BTFOBEEEDOE VDL AL I NS HRL
BRGHEEDPTERENZ Z 2D PIC > a2l — a VEMHEIZ X DR X LT\ 3 [Zenitani et al.,2016] . F 7= 1R & B
KBWTIEBAY a7y a VAR T2BREN L 70 —EEEE - RERESRY ax 7> a yEFIEE I3 22 EH
XNTHD [Wangetal 2014 ], ¥Z7 B RAT —LVRBHGHEEB IO T 7 XX AL F I 27 ZDFEICH LT, ZORER
FET 2 79 A< FOEIHIIR OB ARENNCHEE L TWBEEZHND,

Ja—r\Lyal—a YOEBIRE-RHETHZ =L PIC ¥ 3 2L — a Ik B%EERN - BRGHEIE
HOREEETH 20, sFHEEROFIH EARTRETH 2, AR TEI 7R~/ nBHR0 2 40— Xk s Hig
LT, 77— UL MHD ¥ 2 2L — a ¥y O—FBIcBIfN 4 PIC LG B R H A A 72 MHD-PIC #iEE> I =
L—a YORREEED TWDE, ARKRTIEIHEOHTKR SBROEE, MERICOWTERIT A2 TETH S,
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Development of the Space-Weather-Aware Satellite Charging Analysis Platform

based on the Numerical Code Coupling Framework

#Yohei Miyake!), Youhei Sunada®), Yuito Tanaka®) ,Keiichiro Fukazawa?), Takeshi Nanri®), Yuto Katoh®

(1Graduate School of System Informatics, Kobe University,(? Academic Center for Computing and Media Studies, Kyoto
University, ®Research Institute for Information Technology, Kyushu University,(*Graduate School of Science, Tohoku Uni-
versity

The assessment of spacecraft charging is one of the important technical elements of space weather forecasting system. Nu-
merical simulations based on the particle-in-cell (PIC) method are widely used for quantitative analysis of spacecraft charging
processes in space environment. Due to the high computational cost for advancing the motions of a large number of plasma
particles, the method allows us to simulate only phenomena of very limited temporal and spatial scales within practical com-
putation time. This feature makes it difficult to analyze temporal evolution of a spacecraft potential in space environment that
changes dynamically.

In this study, we develop a simulation platform that couples the dynamics of the Earth’s magnetosphere and satellite charg-
ing simulations. The platform enables us to assess a spacecraft potential evolution in a longer time period, which can cover
space environmental variations associated with space weather events. Specifically, the Earth’s magnetosphere environment
during space weather events is simulated by means of a global MHD simulation, and the obtained time-series data of en-
vironmental parameters will be served as an input for the spacecraft charging analysis. One of major difficulties of such
coupled analysis is the large difference in temporal scales between the magnetospheric dynamics and spacecraft charging
phenomena. To address the issue, we have decided to avoid coupling the MHD and PIC computations directly. Instead of PIC
simulations, a single/multiple set of ordinary differential equations representing the potential evolutions of individual satellite
elements are coupled with the MHD calculations, which allows us for long-time spacecraft charging predictions. The plasma
currents, which are source terms of the differential equations, are evaluated based on an analytical model or current-voltage
(I-V) characteristic database prepared for each satellite. Such I-V database are constructed in prior to the coupled analysis by
performing a large (but manageable) number of small-scale plasma particle simulations.

From an information science perspective, we utilize in-house code-to-code coupling framework named CoToCoA (Code-
To-Code Adapter) for coupling the MHD and spacecraft charging calculations. Based on the framework, the coupled analysis
can be executed as a single MPI parallel program that encompass the above model calculations as its subcomponents. It is
expected that the approach enables us for efficient use of modern supercomputers. The paper focuses on design details of the
developed platform and their validity in terms of a coupled physical model involving different temporal and spatial scales.

FHREZENION T 2HETEO TREHLX. FHAKRTHRICB I 2HELREMERO—D2TH 3, BHENEBEDE
BRI, BT (PIC) HBICHESCHEY I 2L —Ya vypELHVWSNS, PICEEZZOHEaX TORKEXICK
D, BREMCHARIREREIEER CIIIET IR 5 N RFHEEY - 2RI 7 — AV OBHREL P I 21— a Y TERY, Z
D=, FNCELT 2FHERICB Y 2 REIOEEBNIFHREEZHEITT 2 Z 2 I3RETH 5,

AR TIE, HBRBSE A A F I 7R HERBY I 2L —Ya vy Ial—vary S5y F 7 x—0%
FIRT %, U7y b7+ —2id, FHERKHSUHES FHEBREZH 2 O L & ) RIFOBEBMINERELFT 2
ZrERHMCHEINTWS, Uk dEROMBRBSEERE.YZ 72— UL MHD 22— a ik THBL, &
LNERIEANT X — R DORRY T — X 2 HERERNOAN L T2, 20 &S REEFETOKERERED—1%, WAE
BAF IR FHEHEHARDOKE R — VK EL BRZ2THD, ZORMBEIHILT 27 PIC 3tHEOREF L
LT, fx 0fEEZDBMIEMBELAT 2HEMO A EROHE—/EK L v % MHD §tHE & #k X ¥, EREOH
EHWETNETS, Mo AERDY —RETH 2 77 A~ ERE, SEEERISHIG U 2ZEMRITIRD U IEHINS/ER L
P BB T — &2 N— 2 12H S WCEfix L3,

AW TIEMHD &I alb—ary b HEGEHAEZHEES T 24010, EFOPMBCHAEZIToa— FEME 7
L — 27 —72 CoToCoA (Code-To-Code Adapter) %2, MFZH#HK 7 L — LV —27I1ZBWTIE, MHD B X O &4
BifEEZY 72V R—2 Y P LTEHET A HE—D MPI WA T e 7o 0 LTHEITEINS, Y7 v—Fickh, A%



SNTHEEBETME TV ERHDRA— -2 a2 —RICEZITHEESE D DR K5, KX T, FFELE
7Ty b7 x— LORGT DML B ZRER R T — % S OERYIEE T L OREREOBRICOW TR Z T S,



R008-P12
RZXZ—1 1924 PMI1/PM2 (13:45-18:15)

#RE EM D A PN
O HK,C FEREFEUIES

Dynamic Load-Balancing Framework for Kinetic Plasma Simulations
#Takanobu Amano?), Yosuke Matsumoto?)
(1University of Tokyo, Institute for Advanced Academic Research, Chiba University

Kinetic plasma simulations have been playing increasingly important roles in the numerical modeling of collisionless and
weakly collisional space, astrophysical, and laboratory plasmas. The standard numerical method for solving Vlasov or Boltz-
mann equation is the so-called Particle-In-Cell (PIC) scheme. The PIC scheme approximates the velocity distribution function
by the superposition of computational particles that move continuously in phase space. While it has been proven useful for
modeling plasma dynamics with a relatively small number of particles, it does not necessarily fit well with the conventional
parallelization strategy based on the static domain decomposition on a distributed memory system. Namely, any inhomogene-
ity in the plasma density naturally introduces unequal computational loads among different processes, substantially degrading
the parallelization efficiency. In particular, since the inhomogeneity often significantly evolves over time, the computational
load balancing must be performed dynamically. Given the ever-increasing parallelism in modern supercomputers, the dy-
namic load-balancing capability is now a necessary feature for a parallel PIC-type code.

We have been developing a generic dynamic load-balancing framework for PIC-type plasma simulation codes. It is based
on “chunking” the computational domain. In other words, the entire domain is divided into small chunks, with the number
of chunks typically more than ten times larger than the number of processes. The chunks are dynamically distributed among
different processes to balance the computational load. The framework automatically handles the distribution of chunks and
boundary exchanges between the chunks (both particles and mesh quantities). It is designed such that an application pro-
grammer is able to implement solvers without knowing the details of parallelization and load balancing. A standard explicit
PIC simulation code implemented on top of the framework has been working with good parallelization efficiency.

We report the present status of the framework and discuss future perspectives. Some of the objectives include the imple-
mentation of higher-order shape functions to the explicit PIC code with Esirkepov’s density decomposition scheme and a
hybrid simulation algorithm (particle ions and fluid electrons). Furthremore, migration to fully asynchronous implementation
using task parallelism and Kokkos library for heterogeneous architecture (including GPUs) will be discussed.
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