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Magnetohydrodynamic simulation of plasmoid-dominated turbulent reconnection 
 

 
         zenitani@port.kobe-u.ac.jp 
 

 (Research Objective): 
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Publications : 

( ) 

1. Zenitani, S. and S. Nakano, Loading a relativistic Kappa distribution in particle 
simulations, Physics of Plasmas 29, 113904 (2022) 

2.  MHD 
 2022  

 
( ) 

3. Zenitani, S., Yamamoto, M., and T. Miyoshi, Plasmoid-dominated turbulent reconnection 
in symmetric and asymmetric systems, US-Japan Workshop on Magnetic Reconnection 
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(MR2022), Monterey, USA, May 2022 ( ) 
4. Zenitani, S., Yamamoto, M., and T. Miyoshi, Plasmoid-dominated turbulent reconnection 

in symmetric and asymmetric systems, EGU General Assembly 2022, Vienna, Austria, 
May 2022 

5. Zenitani, S., Yamamoto, M., and T. Miyoshi, Plasmoid-dominated turbulent reconnection 
in symmetric and asymmetric systems, AOGS 19th Annual Meeting, Online, Virtual, 
August 2022 

6. Zenitani, S., Getting started with MHD simulations, The 14th International 
School/Symposium for Space Simulations (ISSS-14), Online/Kobe, Japan, September 
2022 ( ) 

7. 
2022 11  ( ) 
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Study on energetic electron precipitation using REPPU simulation 
 

  
      kataoka.ryuho@nipr.ac.jp 
 

  
      murase.kiyoka@nipr.ac.jp 
    
 

 (Research Objective): 

EEP
PANSY

EEP
 

 

 (Computational Aspects): 

REPPU

 
 

Accomplishments : 

EEP REPPU
REPPU

EEP
EEP

EEP

 
 

Publications : 

1. Murase K., et al. (2022), Mesospheric ionization during substorm growth phase, J. Space 
Weather Space Clim., Volume 12, 18, https://doi.org/10.1051/swsc/2022012.  
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Study of growth phase topology inducing the substorm onset 

takashi.tanaka.084@m.kyushu-u.ac.jp 

      

 (Research Objective): 
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 (Computational Aspects): 
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Accomplishments : 
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Test Particle Simulation on Wave-Particle Interactions of EMIC waves and Obliquely 
Propagating Whistler-mode Waves 

    yikai_hsieh@rish.kyoto-u.ac.jp 

    omura@rish.kyoto-u.ac.jp 

 (Research Objective): 

The population, motion, and distribution of energetic electrons in the Earth's inner 
magnetosphere are strongly affected by wave-particle interactions with whistler mode waves, 
resulting in energy increasing/decreasing and pitch angle scattering of these electrons. Several 
observations and simulations show evidence of whistler-mode wave-driven electron 
precipitation (e.g., Hikishima et al., 2010; Nishimura et al., 2010; Kurita et al., 2016; Miyoshi 
et al., 2022) under the parallel propagating assumption. However, electron precipitation 
regarding large wave normal angles has been reported (Zhang et al., 2022) but has not yet 
been studied by simulation. When the wave normal angle is very close to the resonance cone 
angle, the resonance condition should be very different from parallel waves or slightly oblique 
waves. This study aims to investigate electron precipitation for broad initial kinetic energies 
and equatorial pitch angles interacting with whistler-mode chorus with various wave normal 
angles. We checked the differences between precipitation rates and wave normal angles, and 
then examined the precipitation mechanism of different nth order resonances. 

 (Computational Aspects): 

We applied test-particle simulations to calculate the electron trajectories interacting with a 
pair of chorus emissions. With the results of the test particle simulations, we generated the 
numerical Green’s function as the modified electron distribution after wave-particle 
interactions. We have 12 wave models with 3 amplitude settings and 4 wave normal angle 
settings covering parallel chorus waves, slightly oblique chorus waves, and very oblique 
chorus waves. The wave models are shown in Fig.1. We simulated wave-particle interactions 
in the Earth’s dipole magnetic field at around L=4.5. We input 3600 electrons in a test particle 
simulation with electrons with the same initial kinetic energy and the same equatorial pitch 
angle. For a Green’s function set, we calculate initial energy K0 from 10 keV to 6 MeV and 
initial equatorial pitch angle 0 from 5° to 89°. We submitted 183,600,000 electrons for one 
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Green’s function set. Both MPI and OpenMP methods are employed for parallel computing. 
After generating the Green’s functions, we integrated electrons inside the loss cone to 
calculate the precipitation rates of each initial pitch angle and kinetic energy. Finally, we 
compared the precipitation rates of the different wave models. 

 
Fig.1 Wave models: (a-c) 3 various wave amplitudes. (d) 4 various wave normal angles. 

 
Accomplishments : 

We theoretically derived the equatorial pitch angle scattering rates of resonant electrons and 
analyzed them in different wave amplitudes, wave frequencies, wave normal angles, and nth 
resonances. We also compared the pitch angle scatter rates to the simulated precipitation rates. 
The physical findings are itemized as follows: 
1. Amplitude is the most critical factor affecting electron precipitation. 
2. In general, low-energy electrons have a higher precipitation rate than high-energy 

electrons because the pitch angle scattering rate of n=1 cyclotron resonance is higher for 
low-energy electrons than high-energy electrons. (See red parts of Fig. 2 a-d) 

3. For large amplitude waves, the precipitation rate of the very oblique chorus waves is 
about 1.5 times greater than that of the parallel waves and about 1.2 times greater than 
that of the slightly oblique waves due to the active nonlinear trapping via the n = 0 
Landau resonance and the n = -1 cyclotron resonance and nonlinear scattering of the n = 
2 cyclotron resonance. (See Fig. 2e) 

4. In the large amplitude and very oblique case, electrons can precipitate from initial 
equatorial pitch angles > 40 deg around 100 keV because of strong nonlinear trapping via 
the n = -1 cyclotron resonance. (See Fig. 2d and magenta circles in Fig. 3.) 

5. The anomalous trapping effect is much weaker in the oblique cases than in the parallel 
case. 
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Fig.2 Precipitation rates for electrons interacting with a pair of chorus emissions shown 

in Fig. 1a. 
 
 

 
Fig. 3 Connection of simulated precipitation rates (left panel) and theoretical pitch angle 

scattering rates (right panel). 
 

Publications : 

 Hsieh, Y.-K., & Omura, Y. (2023). Precipitation rates of electrons interacting with  
lower-band chorus emissions in the inner magnetosphere. Submitted to Journal of 
Geophysical Research: Space Physics.
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1. Hsieh, Y.-K., Y. Omura, Electron precipitation rates due to nonlinear effects of parallel 
and oblique whistler mode waves in the Earth’s inner magnetic field, American 
Geophysical Union (AGU) 2022 Fall Meeting, Chicago, USA & Online, Dec 2022. 

2. Hsieh, Y.-K., Y. Omura, Energetic electron precipitation associated with nonlinear 
wave-particle interactions between electrons and very oblique chorus waves, The 10th 
VLF/ELF Remote Sensing of Ionospheres and Magnetospheres Workshop (VERSIM 
2022), Sodankylä, Finland & Online, Nov 2022. 

3. Hsieh, Y.-K., Y. Omura,Energetic electron precipitation induced by very oblique chorus 
waves in the Earth s inner magnetosphere, 152 , 

, 2022 11 . 
4. Hsieh, Y.-K., Y. Omura, Comparison of Energetic Electron Precipitation Induced by 

Parallel and Oblique Whistler Mode Chorus Waves, Asia Oceania Geosciences Society 
(AOGS) 19th Annual Meeting, Online, Aug 2022. 

5. Hsieh, Y.-K., Y. Omura, Precipitation of resonant electrons interacting with parallel and 
oblique whistler mode chorus waves, AT-AP-RASC 2022, Gran Canaria & Online, 
May-June 2022. 

6. Hsieh, Y.-K., Y. Omura, Precipitation rates of energetic electrons interacting with parallel 
and oblique whistler mode chorus emissions in the magnetosphere, Japan Geoscience 
Union (JpGU) Meeting 2022, Chiba, Japan & Online, May 2022. 

7. Hsieh, Y.-K., Y. Omura, Energetic electron loss process associating with oblique chorus 
emissions in the outer radiation belt, EGU General Assembly 2022, Vienna & Online, 
May 2022.  
 

1. Hsieh, Y.-K., & Omura, Y., Energetic electron precipitation driven by oblique whistler 
mode chorus emissions: Test particle simulation and Green’s function method, The 14th 
International School for Space Simulations (ISSS-14), Online,Sep 2022. 

2. Hsieh, Y.-K., & Omura, Y., Pitch angle scattering rates and precipitation rates of energetic 
electrons interacting with lower-band chorus emissions during nonlinear interactions with 
multiple resonances, Asia Oceania Geosciences Society (AOGS) 19th Annual Meeting, 
Online, Aug 2022. 

1. Hsieh, Y.-K., Outstanding Presentation Awards for Early Career Scientists of the 10th 
VLF/ELF Remote Sensing of the Ionosphere and Magnetosphere (VERSIM) workshop. 
2022 Nov. 11th. 
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MHD simulation of magnetic reconnection in the geomagnetosphere  
 

 
      kondo@cosmos.ehime-u.ac.jp 
 

 (Research Objective): 

 
 

 (Computational Aspects): 
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Accomplishments : 
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Fig.1 

( ) ( )  
 

Publications : 

1. Nitta, S. and Kondoh, K., "Effects of magnetic shear and thermodynamical asymmetry on 
spontaneous MHD magnetic reconnection", The Astrophysical Journal, 936 125, 2022 

 

1. Kondoh K., Three Dimensional MHD simulations of the Dayside Asymmetric Magnetic 
Reconnection , AGU Fall Meeting 2022, on-line, (2021 12 ) 

2. 
2022 , (2021 11 ) 

3. Kondoh K., “Study of the MHD scale asymmetric magnetic reconnection in the dayside 
geomagnetopause”, COSPAR 2022 44th scientific assembly, Greece (2022 7 ) 
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Computer simulations on characteristics  
of electric field sensors in space plasma 

 

  
   

 
 (Research Objective): 
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 (Computational Aspects): 

[Miyake et al., 2006]

Fig.1 3 . 
.  
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Accomplishments : 
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References   

Miyake, Y., and H. Usui, Particle-in-cell modeling of spacecraft-plasma interaction effects on 
double-probe electric field measurements, Radio Science, 51(12), 
https://doi.org/10.1002/2016RS006095, 2016.  

 
Publications : 

( ) 
1. Ibuki Fukasawa, Yohei Miyake, Hideyuki Usui, Koshiro Kusachi, Satoshi Kurita, 

Hirotsugu Kojima, "Simulation Study on Characteristics of Electric Field Sensors 
Applied to the Interferometry Technique", 2022 URSI-Japan Radio Science Meeting 
(URSI-JRSM 2022), Tokyo, September 2022 

2. , , , , , , “Particle Simulations on 
Characteristics of Electric Field Sensors Applied to the Interferometry Technique in 
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Space Plasmas”, , , 2022 11   

3. Ibuki Fukasawa, Yohei Miyake, Hideyuki Usui, Koshiro Kusachi, Satoshi Kurita,
Hirotsugu Kojima, " Computer Simulation on Antenna Impedance of Electric Field
Sensors in Magnetized Plasmas", Japan Geoscience Union Meeting 2022, Chiba, Japan,
May 2022
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Investigation of energy transport and neutral effect on thruster performance  
in magnetic nozzle thrusters 

 
   

      takao@ynu.ac.jp 
 

  
      emoto-kazuma-vc@ynu.ac.jp 
    
 

 (Research Objective): 
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 (Computational Aspects): 

Fig.1 RF
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3 RF ICP
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0.56 cm Fig.1
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Fig.1 . Reproduced from K. Emoto, et al., Phys. Plasmas 30, 013509 (2023), with 
the permission of AIP Publishing. 
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Fig.2 . Reproduced 
from K. Emoto, et al., Phys. Plasmas 30, 013509 (2023), with the permission of AIP Publishing. 
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Publications : 

1. K. Emoto, K. Takahashi, and Y. Takao, Density profile transition and high-energy electron 
transport in a magnetically expanding radio frequency plasma, Physics of Plasmas, 30, p. 
013509, January 2023, doi:10.1063/5.0126901. 

 

1. Kazuma Emoto, Kazunori Takahashi, and Yoshinori Takao, Kinetic Analysis of Thrust 
Generation and Axial Momentum Gain in Magnetic Nozzle Acceleration, 37th International 
Electric Propulsion Conference, Boston, United States, June 2022. 

2. Kazuma Emoto, Kazunori Takahashi, and Yoshinori Takao, Numerical investigation on 
plasma expansion and particle energy in a magnetic nozzle, The 75th Annual Gaseous 
Electronics Conference, Sendai, Japan, October 2022. 

3. Kazuma Emoto, Kazunori Takahashi, and Yoshinori Takao, Numerical Investigation of 
Magnetic Nozzle Plasma Expansion Using Fully Kinetic Simulations, The 6th Asia-Pacific 
Conference on Plasma Physics, online, October 2022.  

4. Kazuma Emoto, Kazunori Takahashi, and Yoshinori Takao, Particle analysis of electron 
cooling and ion acceleration in a magnetic nozzle thruster, The 11th Asian Joint Conference 
on Propulsion and Power, Kanazawa, Japan, March 2023. 

5.  , 
, 27 NEXT( ) , , 2022 8 . 

6.  ,  ,  , 
, 66 , , 2022 11 . 

7.  ,  ,  , 
, 39 , , 2022

11 . 
8.  ,  ,  , 

, 4  , , 2023 1
. 

9.  , , 25
, , 2023 3 . 

10.  ,  ,  , 
, STE KDK

, , 2023 3 . 
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Development of measurement technique for atmospheric disturbance using radar inversion 
 

 
      hasiguti@rish.kyoto-u.ac.jp
 

 
      nishimura@rish.kyoto-u.ac.jp 
    

  
      wang.yuan.73s@st.kyoto-u.ac.jp  
    
 

 (Research Objective): 

Nishimura et al. [IEEE, 2020]
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 (Computational Aspects): 

( 
(Fig.2)

MU
(Table 1)

OpenMP  

 
Accomplishments :  

RI (
) FCA ( ) RI

FCA 3
FCA

Table 1  

 

Fig.2  
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Fig.3 FCA

MU

Publications : 

1. , , , 
, 14 MU , ,

2020 9 14-15 .
2. , , , ,

2020 , , 2020 10 25-31 .
3. , , , 

, 148 , , 2020 11
1-4 .

4. Koji Nishimura, Ryosuke Tamura, and Hiroyuki Hashiguchi, Inversion
Technique on Interferometric Atmospheric Radar, The 11th Symposium on
Polar Science, Online, December 1-3, 2020.

5. R. Tamura, K. Nishimura and H. Hashiguchi, Volume scattering simulation
for 3D wind vector estimation using radar inversion, Japan Geoscience Union
(JpGU) Meeting, online, May 30-June 6, 2021

6. Ryosuke Tamura, Koji Nishimura and Hiroyuki Hashiguchi, The Inversion
Algorithm of Atmospheric Radar Signal Given by a 3-Dimensional Volume

Fig.3 RI FCA  
U : : w : :  
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Scattering Semi-Physical Simulation, LAPAN/BRIN-Kyoto University 
International Symposium for Equatorial Atmosphere / The 6th Asia Research 
Node Symposium on Humanosphere Science / INternational Conference on 
Radioscience, Equatorial Atmospheric Science and Environment (INCREASE), 
online, September 20-21, 2021. 

7. , 3
, 2021 PANSY , , 2022 3 9 . 

8. , 
, 2022 , , 2022

5 22-6 3 . 
9. , 

, 16 MU
, , 2022 9 5-6 . 

10. , 
, 2022 , , 2022 10

24-27 . 
 

, , 3
. 

, Development of Low Altitude Observation Technology by Bistatic Radar (
), 4

. 
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Numerical simulation of solar wind magnetohydrodynamic turbulence 

 
   

      nariyuki@edu.u-toyama.ac.jp 
 

 (Research Objective): 

3

 
 

Computational Aspects : 

3 ( :
:2 [Wambecq, 1978]) 3 128~256

 
 

Accomplishments :  

[Del Zanna, GRL, 2001]
[e.g., Goldstein, 1978]

[Del Zanna, GRL, 2001; Del Zanna et al, JPP, 2015]
( )

[Del Zanna, GRL, 2001]
 

 

Publications :  
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Effects of solar conditions and a planetary intrinsic magnetic field on ion escape from ancient 
Mars 

 
 

      r.sakata@eps.s.u-tokyo.ac.jp 
 

  
      k.seki@eps.s.u-tokyo.ac.jp 
    
 

 (Research Objective): 

X
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 (Computational Aspects): 

MHD 3 MHD
REPPU-Planets (Terada et al. 2009, JGR; Sakata et al., 2020, JGR) 

MHD 3 MHD
MHD
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REPPU-Planets(Terada et al., 2009, and references therein)
MHD

CO2

2 semi-discrete central scheme
3 TVD Runge Kutta

Cubed sphere Cubed sphere
6

100 km 40
80 6 MPI  

 
Accomplishments : 

MHD
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1 eV
0.3 eV, 5 eV

(~1 nPa)

 
MHD REPPU-Planets  

(Sakata et al., 2022, JGR)
 (Pdipole)  (Pdyn) 0.1

 
 

 
Sakata, R., Seki, K., Sakai, S., Terada, N., Shinagawa, H., & Tanaka, T. (2020). Effects of 

an intrinsic magnetic field on ion loss from ancient Mars based on multispecies MHD 
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simulations. Journal of Geophysical Research: Space Physics, 125, e2019JA026945. 
https://doi.org/ 10.1029/2019JA026945 

Terada, N., H. Shinagawa, T. Tanaka, K. Murawski, & K. Terada (2009), A 
three-dimensional, multispecies, comprehensive MHD model of the solar wind interaction 
with the planet Venus, J. Geophys. Res., 114, A09208, doi:10.1029/2008JA013937. 
 

Publications : 

1. Sakata, R., Seki, K., Sakai, S., Terada, N., Shinagawa, H., & Tanaka, T. (2022). 
Multispecies MHD study of ion escape at ancient Mars: Effects of an intrinsic magnetic 
field and solar XUV radiation. Journal of Geophysical Research: Space Physics, 127, 
e2022JA030427. https://doi.org/10.1029/2022JA030427 

 

1. , Simulations of ion escape at 
ancient Mars based on a new multifluid MHD model with the cubed sphere, 

PEM16-12 2021 6  
2. , MHD

: XUV , 
2022 SA-07-05 2022 9  
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Integration of high-resolution plasma bubble model and whole atmosphere-ionosphere model 
 

  
      yokoyama@rish.kyoto-u.ac.jp 
 

  
      jin@nict.go.jp.jp 
    

  
      sinagawa@nict.go.jp 
    

       
       liu.peng.35a@st.kyoto-u.ac.jp 
    
 

 (Research Objective): 

( ) GPS

F

GAIA

 
 

 (Computational Aspects): 

2
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1
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High-Resolution Bubble (HIRB)

NO+(E ) O+(F ) 2
88-1270km 20

Accomplishments : 

MU

Publications : 

1. Yokoyama, T., R. Takagi, and M. Yamamoto, Solar and geomagnetic activity dependence of
150-km echoes observed by the Equatorial Atmosphere Radar in Indonesia, Earth, Planets
and Space, 74, 113, doi:10.1186/s40623-022-01675-6, 2022.

2. Liu, P., T. Yokoyama, W. Fu, and M. Yamamoto, Statistical analysis of medium-scale
traveling ionospheric disturbances over Japan based on deep learning instance
segmentation, Space Weather, 20, e2022SW003151. doi:10.1029/2022SW003151, 2022.
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Particle acceleration and heating associated with kinetic instabilities in collisionless plasmas 
 

 
      amano@eps.s.u-tokyo.ac.jp 
 

   
      jikei@eps.s.u-tokyo.ac.jp 
    

   
      okada2022@eps.s.u-tokyo.ac.jp 
    
 

 (Research Objective): 

 
 

 (Computational Aspects): 
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1
2  

 
Accomplishments : 
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Fig.2: 2  
 
 

Publications : 

1. 
 

 

1. 
Japan Geoscience Union (JpGU) Meeting 2022 2022 5  

2. Outer Heliosheath  
ion-Bernstein 152 2022
11  
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Atmospheric escape from a terrestrial planet under intrinsic magnetic field conditions: 
Comparisons of corotational electric field and EUV irradiances 

 
    shotaro@tohoku.ac.jp 

 
    k.seki@eps.s.u-tokyo.ac.jp 

 (Research Objective): 

 (Ac na et al., 1999)
100 nT 25%  

(Sakai et al., 2018) 
10%

 (Sakata et al., 2020, 2022)  (IMF) 
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 (Sakai et al., 2021)  
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 (e.g., Terada et al., 2009; Ramstad & Barabash, 2021)

XUV
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(2) XUV
2

XUV HD85512 GJ581
 

 
 (Computational Aspects): 

3  (MHD)  (REPPU-Planets) 
REPPU-Planets

 (Tanaka, 1993)
 (Tanaka, 1998; Terada et al., 2009a; 2009b) Sakai et al. (2018) 
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Sakai et al. (2021) 
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 Terada et al. (2009a and references therein) 
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Accomplishments : 

(1)
(2)

40 nm GJ581 HD85512
40 nm HD85512 GJ581

HD85512 GJ581
 ( ) 200 km

CO2 200 km O HD85512
C MHD

HD85512
GJ581  ( ) 

O2+ O+

HD85512
GJ581  ( ) 

HD85512 GJ581
 ( ) O2+ HD85512

GJ581 O+ O2+ 4  

Publications : 

1. Sakai, S., Seki, K., Terada, N., Shinagawa, H., Sakata, R., Tanaka, T., & Ebihara, Y. (2023).
Enhanced ion escape rate during IMF rotation under weak intrinsic magnetic field
conditions on a Mars-like planet. J. Geophys. Res. Space Physics, 128, e2022030510,
doi:10.1029/2022JA030510
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Loss processes of energetic charged particles in space plasma 
 

  
      h-tadokoro@cku.ac.jp 
 

 
      yuto.katoh@tohoku.ac.jp 
    
 

 (Research Objective): 

 

 (Computational Aspects): 
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Accomplishments : 
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Publications : 

1. Tadokoro, H., and Y. Katoh, Test particle simulation of 1keV electron energy loss by 
ionization with water molecule around Enceladus, Proceedings of Symposium on Planetary 
Science 2022, 2022.  

 

1. Tadokoro, H., and Y. Katoh, Numerical simulations of 1keV electron energy loss by 
ionization with neutral H2O around Enceladus, 2022 , 

, 2022 5  
2. Tadokoro, H., and Y. Katoh, Test particle simulation of electron – water molecule ionization 

around Enceladus: energy loss of 1keV electrons, 152
, , 2022 11  

3. Tadokoro, H., and Y. Katoh, Energetic electron collisions with water molecules: elastic 
collision and ionization in the magnetosphere at the orbit of Enceladus, 24

, 2023 2 .  
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Development of seismic response analysis method  
for timber structures using quality engineering 

 
  

      nakagawa@rish.kyoto-u.ac.jp 
 

 JAXA  
      kado.yuji@jaxa.jp 
    
 

JAXA  
      iiyama.youichi@jaxa.jp 
    
 

  
      namba.tokikatsu.68s@st.kyoto-u.ac.jp 
    
 

 (Research Objective): 

wallstat

wallstat

 
  

JAXA JIANT wallstat
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Computational Aspects : 
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Fig.1  
                           

Accomplishments : 

JAXA JSS3
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Publications : 
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 (Research Objective): 

In past years, the linear perturbation equations of tearing instability derived 
by Loureiro (Loureiro,PoP2007 named as LSC theory)) has been deeply and 
widely explored by numerically solving as initial value problem (IVP) (Shimizu, 
AAPPS-DPP2018, KDK Research Report2018, Shimizu&Kondoh, arXiv4472111). 
The Loureiro’s equations are based on Non-Viscous case. In this paper, Viscosity 
and Hyper resistivity are introduced to the equations (Shimizu, KDK Research 
Report2020,21&22, Shimizu&Fujimoto, AOGS2021&22). Then, Non-Uniform 
viscosity and improved WKB-approximation are also studied (Shimizu, 
AAPPS-DPP2021&22 and ICNSP2022). This paper summaries those variations 
of the perturbation equations with some highlighted numerical results.  
 
1. Introduction:  
This paper starts from the linear perturbation equations of tearing instability 

shown next, which were derived by Loureiro,et.al. (PoP2007).  

    (1-1) 

                   (1-2) 

                       (1-3) 
Every notation in this paper is based on the Loureiro’s definitions, where and

are respectively perturbed potential functions of flow and magnetic fields. The 
prime is the derivative for the direction normal to the current sheet, where f( ) 
is the equilibrium function of magnetic field Bxo, as shown below.  

                   (1-4, 1-5) 
Eq.(1-4) is based on the equilibrium linear flow field of Eq.(1-5), where y is 
translated to with y=1.307 . In Eqs.(1-1&2), is the linear growth rate and
is the wave number of and  along the current sheet. In the original LSC 
theory (PoP2007) and most of my previous studies, Eqs.(1-4&5) are applied only 
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for <1.307, i.e., inside of the current sheet. However, in this paper, Eqs.(1-4&5) 
are applied also for >1.307 to rigorously keep the equilibrium even in the 
introduction of viscosity. Resistivity and Lundquist number S are defined below, 
with the sheet thickness cs and sheet length Lcs of Sweet-Parker model.  

                                  (1-6) 
Loureiro analytically solved Eqs.(1-1)~(1-6) under the upstream condition of 

= =0 at =+  (PoP2007). To do so, the traditional approximation introduced 
by FKR theory (Fruth,PhysFluids1963) was employed, where the outer region of 
the current sheet was assumed to be ideal-MHD, and hence, the inner region is 
only solved in resistive-MHD. In contrast, Shimizu solved Eqs.(1-1)~(1-6) without 
the assumption of the ideal-MHD, i.e., every region was seamlessly solved in 
resistive-MHD. To do so, Shimizu did not consider the upstream condition of =

=0 at =+ . Instead, = =0 at c<+ , i.e., a finite point c, was studied. 
The condition can be considered to be open boundary condition at finite upstream 
point c. The concept of the open boundary may be close to what is widely 
employed in MHD simulations. Then, Eqs.(1-1)~(1-6) were numerically solved as 
initial value problem (IVP) from =0 to c (Shimizu, AAPPS-DPP2018, KDK 
Research Report2018, Shimizu&Kondoh, arXiv4472111). The LSC theory 
modified by Shimizu was named as modified-LSC theory. The modified-LSC can 
explore the case of =0, which gives the critical (marginal) unstable condition of 
tearing instability, as shown in the =0 line of Figs.1 and 2. 
 
2. Uniform Viscosity:  

When viscosity is added to Eqs(1-1&2), the equations to be solved are as below, 
where is the viscosity coefficient in isotropic viscosity.  

  (2-1) 

                                          (2-2) 

These equations can be also numerically solved as IVP from =0 with initial 
values of ’(0) and ’’’(0), where (0)= ’’(0)= ’(0)=0 and (0)=1 are fixed for 
the symmetric current sheet. In addition to ’(0) and ’’’(0), changing , ,  
and , and  can be solved as IVP so that = ’= =0 are satisfied at c. Let 
us call it Zero-Contact solution, where “Zero-Contact” means = ’=0. Hence, 
once a set of , , and  is specified, c is determined. It means that the 
linear growth rate depends on the location c of upstream boundary. Then, 
Zero-Converging solution which satisfies (+ )= (+ )=0 may be deduced by 
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examining larger c (see Fig.1). Then, if =0 is set, the critical unstable 
condition is found, as shown in >0 in Fig.2.  
 

3. Non-Uniform Viscosity:  
 In traditional studies such as FKR(1963) and LSC(2007) theory, the outer 

region ( >1.307) is assumed to be ideal-MHD which means = =0. It seems 
that they expect that the assumption is also applicable for when the outer region 
is solved in resistive-MHD. In other words, they expect that whether the outer 
region is ideal-MHD or resistive-MHD is not essential to study the linear growth 
of tearing instability. However, such an expectation fails at some points.  

In this section, Eqs.(2-1&2) are solved only in the inner region of the current 
sheet ( <1.307). Meanwhile, =0 is assumed in the outer region (1.307< ), 
where  Eqs.(1-1&2) is solved. Hence, viscosity works only in the current sheet. 
Note that resistivity (>0) is uniformly kept even in the outer region. In this case, 
to compensate the discontinuity of at =1.307, there are two strategies for the 
combination of the differential continuity of  at =1.307 and the upstream 
boundary condition at c.  
 
Strategy 1:  

To keep the continuity of ’’ at =1.307, the next equation must be satisfied 
at =1.307-0, where is close to =1.307 from <1.307.  

                               (3-1) 
Then, find and  which satisfies = =0 at c. In this strategy, ’=0 is not 

required at c. Hence, that is not Zero-Contact solution. Rather, that is called as 
Zero-Crossing solution. This will be the most rigorous solution. Mathematically, 
this may be a kind of “strong” solution. To study the case of =0, Eq.(1-1&2) for 

>1.307 is replaced by below. Fig.1 includes this numerical result, and Fig.3 
shows the highlighted summary of =0.  

                       (3-2) 

        (3-3) 
Strategy 2: 

In this strategy, Eq.(3-1) is ignored. Hence, the continuity of ’’ at =1.307 is 
not satisfied but ’ is still continuous. Then, find and  which satisfies =

’= =0 at c. Hence, this is Zero-Contact solution. Mathematically, this may be 
a kind of “weak” solution.  
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 Physically, Non-Uniform viscosity may be considered to be “anomalous” 
viscosity. That is physics. On the other hand, most numerical simulations show 
not only strong solutions but often also weak solutions, depending on the 
employed numerical scheme. That is not physics but numerical error. In actual, 
when Non-Uniform viscosity is steadily included in numerical dissipation to 
numerically stabilize MHD simulations. For example, in the shock-capturing 
schemes such as TVD and HLLD, higher-order differential continuity of the 
solutions may not necessarily be kept around the extremely thin current sheet. 
Strategy 2 may be able to examine how tearing instability is disturbed by such 
numerical Non-Uniform viscosity. Fig.1 includes this numerical result.  
 

4. Hyper Resistivity (electron viscosity):  
Hyper resistivity means the fourth-order differential magnetic diffusion, while 

usual resistivity is the second-order magnetic diffusion. Some kinematic 
full-particle simulations of the magnetic reconnection process predict that such 
higher-order magnetic diffusion is dominant rather than the second-order. That 
is physics. In another viewpoint, every finite-differential  MHD simulations 
have numerical dissipations of such higher-order diffusion to stably simulate 
extremely thin current sheets. That is not physics. Such numerical diffusive error 
must be examined for how tearing instability is affected or not. For these reasons,  
hyper resistivity is worth to be studied in comparison with usual resistivity.  

For simplicity, the viscosity examined in the preceding section is ignored in 
this section. First, equilibriums f( ) are studied in the mixture of hyper and 
usual resistivities. Second, the perturbed solutions are studied on the basis of the 
equilibrium.  
 

Equilibrium 1:  
Note that Eq.(1-3) is applicable only for usual resistivity. When hyper 

resistivity effect is added to the usual resistivity effect, f( ) must satisfy the 
following equation.  

             (4-1) 

where 1/Si and 1/SHi are respectively the intensity of usual resistivity and hyper 
resistivity. Si and SHi are “each” Lundquist number for inflow speed to neutral 
sheet (Shimizu&Fujimoto, AOGS2022). At this point, defined in Eq.(1-6) 
remains as “total” Lundquist number on the basis of Sweet-Parker model. In 
other words, Lundquist number referred in this section consists of (1st step) and 
either of Si and SHi (2nd step).  
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  To appropriately normalize Eq.(4-1), let us fix the inflow speed uyo=-1.307 at 
=1.307 in Eq.(1-5). In addition, let us fix f(1.307)=1.0 and f ’(1.307)=0. With 

these setups, the second term of the rhs of Eq.(4-1), i.e., the convection electric 
field (V B) is fixed at -1.307f(1.307)=-1.307, where =1.307 is the boundary 
point of the inner and outer region of the current sheet. This normalization is an 
extension of the concept employed in the original LSC (PoP2007).  
 Eq.(4-1) can be numerically solved as IVP from =0 with initial values 

f(0)=f ’’’(0)=0 and f ’(0). Note that f(0)=f ’’’(0)=0 is fixed for the symmetric current 
sheet. Eventually, Si, SHi, f ’(0) and c are the control parameters to numerically 
find the solution of f( ) which satisfies f(1.307)=1, f ’(1.307)=0 and f( =+ )=0.  
  As for the case of 1/SHi=0, f ’(0) is not needed to solve Eq.(4-1). At this time, 
f( ) obtained for 1/Si=1.0 and c=-1.307 coincides with Eq.(1-3). Then, as 1/Si 
decreases from 1.0 to 0.0, f( ) gradually changes, where 1/SHi increases from 0.0 
to 0.43, which is shown as the line of white square boxes of Fig.4a and 4b.  
 
Equilibrium 2: 

Note that Eq.(1-3) is derived for Eq.(1-5). If Eq.(1-5) is changed, Eq.(1-3) is 
changed. If Eq.(1-5) is replaced by uyo=g tanh(a ), Eq.(4-1) is replaced by below.  

         (4-2) 

where g and a are free parameters to adjust the scaling of the equilibrium flow 
field. In the same manner as Equilibrium 1, let us fix the convection electric field 
(V B)=-1.307. At the time, g and a are mutually related. For example, a=1.0 
results in g=-1.307/0.8635. Otherwise, a=0.5 results in g=-1.307/0.5740, where   
g tanh(1.307a)=1.307 is always kept. It may be noted that, if a=1 and SHi=0 are 
set, Eq.(4-2) analytically results in f( )=tanh( ) which is the well-known Harris 
sheet. On the other hand, in the a=0 limit, f( ) in Eq.(4-2) becomes that of 
Eq.(4-1), resulting in Eq.(1-3). Meanwhile, if a 1, such analytical solutions are 
not found but Eq.(4-2) is numerically solved as IVP, so that f( ) satisfies 
f(1.307)=1, f ’(1.307)=0 and f( =+ )=0. The numerical result is shown in Fig.4a.  
 

Perturbation equations : 
The perturbed equations to be solved for Equilibrium1 are shown below. For 

simplicity, Equilibrium 2 is not studied in this paper.  

  (4-3) 

                  (4-4) 
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Also, these equations can be numerically solved as IVP, where Si, SHi, , , , 
’(0), and ’’(0) are the control parameters to find Zero-Contact solutions which 

satisfy = =0 and ’=0 at c. The numerical results of IVP are shown in =0.1 
and 0.5 of Fig.4b.  
 
5. Improvement of WKB Approximation: 

Rigorously, Eqs.(1-1)-(4-4) are inapplicable for ~0 range because the WKB 
approximation is the zero-order. In other words,  is assumed to be constant in 
time. To explore the ~0 range, Eqs.(6)-(7) shown in Loureiro,PoP2007 must be 
solved, which has the first-order, and hence, the time variation of  is 
considered. However, Eqs.(6)-(7) cannot be directly solved as IVP because some 
terms (e.g., - ’’’/ term in Eq.(5-1)) for WKB become zero at =0. However, 
the IVP can be solved with viscosity terms. Eventually, Eqs.(2-1&2) is replaced by 
the next equations.  

 
 

                                                         (5-1) 

                     (5-2) 

How to solve this IVP is basically the same as Eqs.(2-1)-(2-2). Until last year, the 
Zero-Contact solutions of Eqs.(5-1&2) could not be found but, eventually, have 
been found by improving the IVP technique. The Zero-Contact solutions of 
Uniform viscosity for =0 and =0.1 are summarized in Fig.4.  
 

6. Numerical Results of IVP: 
Fig1 shows how the linear growth rate depends on c which is the location 

of the upstream open boundary. The current sheet is located in 0< <1.307. Every 
solid line shows that  tends to be higher as c is separated from the current 
sheet. However, it seems that  deduced at c=+  (right outside of figure) 
does not exceed unity, i.e. Alfven speed unit time. It suggests that the linear 
growth of tearing instability cannot be fast beyond the Alfven speed measured in 
the upstream magnetic field region.  

The solid line of =0 obtained for Eqs.(1-1&2) (i.e., Non-Viscous case) takes 
the highest growth rate in this figure. Inversely, the solid line of =0.05 labeled 
as “ZeroContactSol-2” takes the lowest rate, which is obtained for Uniform 
viscosity, i.e., Eqs(2-1&2). The other three lines are for Non-Uniform viscosity, 
which are obtained for Strategy1 (ZeroCrossSol.) and 2 (ZeroContactSol.-1). 
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Fig.1: and c relations  Fig.2: Critical unstable condition ( =0). The line of  

=0 is for Eqs.(1-1&2) and the lines of >0 are for Uniform case of Eqs.(2-1&2). 
 

It is remarkable that the line of =+  for Non-Uniform viscosity gives a 
finite growth rate. Similar results have been reported in Fig.1b of Shimizu,KDK 
Research Report2022. In contrast, for Uniform viscosity, Zero-Contact solutions 
in =+  cannot be found. It suggests that Uniform and Non-Uniform cases have 
essentially different characteristic.  
  Fig.2 shows how c obtained for =0 depends on wave number , where 
Non-Viscous and Uniform viscosity cases are studied for (=e)=0.1. Hence, Fig.2 
indicates the foot points ( =0) of the solid lines of Fig.1. Under each solid line is 
stable ( <0). Hence, when c<1.307, tearing instability is completely stabilized 
for all range. Then, as  increases from 0.0, the stable region spreads upward, 
i.e., to larger c. The solid line of =0.0 completely becomes vertical around 
ke=1.15 and higher c. This corresponds to the critical condition of the positive 
prime index ’>0 in FKR (see Appendix C in Shimizu&Kondoh, arXiv4472111 
but it was when Eqs.(1-4&5) is applied only in <1.3), which is observed also in 
Figs.3 and 4. Since the vertical solid lines observed in >0.4 shifts to lower , 
as  increases. It means that the critical condition depends on viscosity.  

 
Fig.3(Non-Uniform) and 4(improved-WKB-Uniform): Critical unstable conditions 
( =0 & (=e)=0.1).  
 

Figs.3 and 4 respectively show the cases of Non-Uniform viscosity (Eqs. (2-1&2) 
&(3-1,2&3)) and improved-WKB-Uniform viscosity (Eqs.(5-1&2)). In comparison 
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with Fig.2, the unstable area in Fig.3 is wider in ~0 range. As shown in Fig.1, it 
is remarkable that unstable region even in =+  appears in c>2.1 and 
<0.6. Inversely, the stable area in Fig.4 is wider. It means that viscosity can 
steadily stabilize tearing instability.  

 
Fig.4a(Equilibriums) and 4b(Perturbed solutions): Hyper Resistivity. 

 
Fig.4a shows the relation of 1/Si and 1/SHi established in the equilibrium 

variations obtained for Eqs.(4-1 or 2). Vyo in this figure is -uyo in Eq.(1-5). For 
Eq.(4-2), the variations of 0.5<a<4 is shown. In the a=0 limit, Eq.(4-2) coincides 
with Eq.(4-1). Since the convection electric field v B at =1.307 is fixed at -1.307, 
the magnetic flux conveyed through =1.307 every unit time is fixed. It means 
that 1/Si and 1/SHi are complimentarily balanced. In other words, the increase 
(decrease) of 1/Si results in decrease (increase) of 1/SHi, as shown in Fig.4a.  

Fig.4b shows how depends on 1/Si. The line of 1/SHi is the same as that of 
Fig.4a. The most right side (i.e., 1/Si=1) of this figure corresponds to Non-Viscous 
case, i.e., Eqs.(1-1&2). As hyper resistivity 1/SHi is strengthen (i.e., 1/Si is 
weakened), becomes higher. It means that the tearing instability caused by 
hyper resistivity grows faster than that of usual resistivity.  
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Paratunka (PTK 45.58  GML) Okinawa (OKI 16.95  GML) 
Yap, Micronesia (YAP (EEJ) 0.51  GML)  (Kikuchi et al., 2022b)  

 H/D PTKH OKIH PTKD OKID EEJ ( )  YAPH 
( )   4(a)(b) PTKH  PTKD  cc(PTKH-D) = 
-0.95  -0.94 PTKH Hall PTKD Pedersen

PTKH  EEJ  cc(PTKH-EEJ) = -0.95  -0.87 
PTKH Hall D

EEJ cc(PTKD-EEJ) = 0.98  0.96  cc(OKID-EEJ) 
= 0.97  0.90 Pedersen-Cowling  PTK  OKI 

Pedersen-Cowling FAC 
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