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1. Background and Motivation

What & Why: GeV-level-SEPs space weather disasters vs. source-origin(Heavy particle, 3He rich)

Research progress: Supercomputer(SUGON,TIANHE-3) & observational data(FY-3E heavy SEPs)

How- Science points: Multi-component-abundance-isotope, Turbulence induced viscosity & resistivity dissipation 
and diffusion
Key points: 3D turbulence MR, 3D topologies evolution, Fractal CS mode



GeV-level-SEPs-induced extreme space weather disasters. identifying producing source and origin 

Motivation: SEPs induced extremely space weather disasters



Research progress : Supercomputer & Observational data

SUGON Heterogeneous DCU(NSCC-CAS) 2019～

ARM CPU TIANHE-3(NUDT&NSCC-TJ) 2023～

CPU TIANHE-2(NUDT&NSCC-GZ) 2014～

FY-3E SEPs Observational data

Our research team: Early warning system of SEPS-induced space weather disasters with the observational data-driven multi-component-
abundance-isotope model through plasma statistical physics theoretical framework on the domestic supercomputer 



identifying producing source and origin

Science points: Multi-components, multi-abundance, multi-isotope

Other heavy particles & Different ionization states

Traditional turbulence acceleration(1st & 2nd Fermi) and wave-particle interaction acceleration



Sweet and Parker’s Model 1957-1958

Petschek’s Model 1964

Hall Mediated Fast Reconnection 
1995-2001

Theoretical Model from Observation

Mode 

Mode 

Mode 

Theoretical Model from Plasma Numerical Model from Simulation

Model A: single current sheet?
Lazarian & Vishniac (1999),  Servidio et al. (2009, 2010, 2011),G. P. Zank et al(2014)

Model B: several current sheet? Model C: full of kinetic scale current sheet?
 Zenitani and Miyoshi (2011 ) and Zenitani (2015 ) D. Burgess, P. W. Gingell, and L. Matteini (2016)

Shibata et al., 1995;,Tsuneta et al., 1992; Masuda et al., 1994; Tajima & 
Shibata 1997; Mann et al., 2006; Zenitani and Miyoshi 2011;  Zenitani 
2015

B&U decoupled condition and Fine structure investigation
Turbulence induced viscosity & resistivity dissipation and diffusion

Science points: Fractal CS model



BOJING ZHU 2016 (Zhu et al 2019,2020a,2020b).  Video URL：https://pan.baidu.com/s/1ALXiDA4hEZhEES93p4o9nQ

Key points: 3D turbulence MR
Turbulence plays a key role in the energy diffusion-dispersion-dissipation, flare heating and SEP energization and acceleration.

https://pan.baidu.com/s/1ALXiDA4hEZhEES93p4o9nQ


Birn and Priest 2007; Pontin 2011; Gonzales and Parker 2016; Zhu et al 2019,2020a,2020b;

Key points: 3D turbulence MR
Fundamentally three-dimensional: What is hidden in the interim of the vorticity (plasma bubble; magnetic islands/magnetic helical structure)



Magnetic islands: defined the magnetic island as a kind of magnetic field structure consisting of a bipolar magnetic field normal to the CS, with 
an enhancement of the core field in the axial direction with a compressed and high-temperature plasma inside of it.
Flux rope: Initial small magnetic helical perturbation will change the geometry and topology of the magnetic field, making MFLs orthogonal to 
the vector of the perturbation \tilde\bm B, forming a magnetic helical structure upon the flux surface (consisting of many spiral MFLs.

Key points: 3D turbulence MR
Fundamentally three-dimensional: What is hidden in the interim of the vorticity (plasma bubble; magnetic islands/magnetic helical structure)



2. RHPIC-LBM 

Method, Algorithm, Code, Validation



1983 Sauro Succi, 2009 Andrew Declan Diver, 2015 Mohseni Farhang (Hans J Herrminer, Sauro succi,Bastien Chopard) , 2017 Wolf-Gladrow Dieter(Neubauer F.M, Lussem M) et.al, Zhu et al 
2007,2013, 2019,2020a,2020b,2023a,2023b,2023c

RHPIC-LBM: Method & Algorithm & code & Validation

Independent Intellectual Property Rights(IIPR) 

US NSF Report: RHPIC-LBM Validation



PHPIC-LBM: Method

Macro dynamic flow characters and micro kinetic particle characters



The Relativistic HPIC-LBM Code based on Plasma Statistical Physics Framework

PHPIC-LBM: Method



The Relativistic HPIC-LBM Code based on Plasma Statistical Physics Framework

PHPIC-LBM: Method

Convert the interaction between fields and real flow into pseudo-flow(fields) and real flow through lattice grid model



Turbulence induced viscosity & resistivity dissipation and diffusion model RHPIC-LBM Method



Turbulence induced viscosity & resistivity dissipation and diffusion model RHPIC-LBM Method



Multi-species & Multi-Degree of Ionization

Multi-component-abundance-isotope modelRHPIC-LBM Method

Electron, Proton, 3He，4He with real proton-to-electron mass ratio & neutron-electron mass ratio



(OpenCL,  计算⑧、OpenGL, 可视化⑩)

• Few things we need to know before running codesRHPIC-LBM Algorithm



(OpenCL,  计算⑧、OpenGL, 可视化⑩)

• Few things we need to know before running codes
RHPIC-LBM code



CPU-GPU Version

CPU TIANHE-2(NUDT&NSCC-GZ) 2014～

X86 CPU Version (2014~2018)

RHPIC-LBM code

SUGON Heterogeneous DCU(NSCC-CAS) 2019～

CPU-DCU (2019-2023.7)

ARM CPU TIANHE-3(NUDT&NSCC-TJ) 2023～

ARM CPU (2023~)



Hybrid Acceleration Diffusive shock acceleration (DSA, 1st Fermi) & Stochastic acceleration( 2nd Fermi)
2.5D turbulence acceleration model IRHPIC-LBM validation



Hybrid Acceleration Diffusive shock acceleration (DSA, 1st Fermi) & Stochastic acceleration( 2nd Fermi)
2.5D turbulence acceleration model IRHPIC-LBM validation



2.5D turbulence acceleration model II-Fractal CSRHPIC-LBM validation



2.5D turbulence acceleration model II-Fractal CSRHPIC-LBM validation



2.5D turbulence acceleration model II-Fractal CSRHPIC-LBM validation



Torsional spin重联 Torsional fan重联

Torsional fan+ 
Torsional fan重联

椭圆形分隔层
Elliptic separator

扇⾯-扇⾯分隔层
Fan-Fan separator

双曲性分隔层
Hyperbolic separator

孤⽴分隔层
Isolated separator

O型中性点O-type null point
对应2D/2.5D磁岛 

X型中性点X-type null point 

3D turbulence acceleration model IRHPIC-LBM validation



      induced spine and fan skeleton

      induced skeleton of Null field points     induced KAW wavelength 

       induced KAW wavelength       induced KAW wavelength 

      induced KAW wavelength 

3D turbulence acceleration model IRHPIC-LBM validation



3D turbulence acceleration model IRHPIC-LBM validation



(IMHD)

(EMHD)

But how to achieve it?

3D turbulence acceleration model IRHPIC-LBM validation



But how to achieve it?

Learning from the methods used in particle tracking？

3D turbulence acceleration model IRHPIC-LBM validation



B & U Decoupled—Frozen-in condition is broken!

3D turbulence acceleration model II-B&U decoupled &Instabilities RHPIC-LBM validation



The cross-section of the multi-loops (MFLs/PFLs), d, is the approximately circular, ellipse or long ellipse cross-section with the equivalent diameter equal to the width between the upper and
lower boundaries of the loops (MFLs/PFLs), vary from 0.6 Mm to 2 Mm (1 arcsec ∼ 3 arcsecs) and the corresponding peak densities from n to 4n

3D turbulence acceleration model II-B&U decoupled &Instabilities RHPIC-LBM validation



• 1st type MR
• 2nd type MR

The cross-section of the multi-loops (MFLs/PFLs), d, is the approximately circular, ellipse or long ellipse cross-section with the equivalent diameter equal to the width between the upper and
lower boundaries of the loops (MFLs/PFLs), vary from 0.6 Mm to 2 Mm (1 arcsec ∼ 3 arcsecs) and the corresponding peak densities from n to 4n

3D turbulence acceleration model II-B&U decoupled &Instabilities 



• The interaction of loops (MFLs/PFLs) decreases with height increase,
3D turbulence acceleration model II-B&U decoupled &Instabilities RHPIC-LBM validation



3. Application (Events Study)

3D turbulence acceleration model [source and origin, proton, 3He rich]



Source and Origin



Aggregate effects of macro-dynamic averaging 
on numerous micro-kinematic evolutions

(众多微观运动学演化的宏观动力学平均集合效应)

Source and Origin
Turbulence on the top of loop (Twisted Flux Rope wrapping and unwrapping)



Source and Origin

Turbulence _Twisted Flux Rope

Turbulence on the top of loop (Twisted Flux Rope wrapping 
and unwrapping)



3D turbulence acceleration model-Source and origin (Proton &electron)Source and Origin



2.D vs 3D turbulence acceleration plus turbulence-induced TVD and TRD

3D turbulence acceleration model-Source and origin (Proton &electron)Source and Origin

Electron Proton



\

The results show that protons and electrons could be efficiently accelerated simultaneously through the nonlinear resonant wave-particle interaction in the 
diffusion region, and the interaction of helical magnetic structure leads to efficient energization of electrons, shown as follows:

1. A new nonlinear resonant wave-particle acceleration mechanism in the interaction of helical magnetic structure in large-scale CME/Flare current sheets 
proposed in solar eruption. The original acceleration model assumed helical magnetic structure evolution in the cross-scaling coupling are separated 
independent process, which is essential in the helical magnetic structure coalescence and growth process. 

2. The multi-component acceleration mechanism and the quantitative relationship between solar flares-CME events and GeV-level SEPs events with the data-
driven RHPIC-LBM algorithm and parallel code. We hope this provides a new understanding of SEP sources and origins. 

3. We found the Langmuir turbulence acceleration (LTA) through the nonlinear resonant wave-particle interaction by tracking the trajectories and analyzing 
the energy spectrum of energetic protons and electrons. LTA is an independent acceleration mechanism similar to shock acceleration. Still, it is much more 
efficient than shock acceleration, indicating that large-scale reconnection is a good candidate for the efficient acceleration of protons and electrons in solar 
eruption. In summary, we anticipate identifying the source and origin of SEPs as a critical point for understanding the relationship between SEPs acceleration 
and explosive energetic electrons observed in the solar flares during MHD Alfven turbulence translates into Kinetic Alfven turbulence progress and provides a 
tool for extreme space weather SEPs forecasting.

Conclusion

Aggregate effects of macro-dynamic averaging on numerous micro-kinematic

3D turbulence acceleration model-Source and origin (Proton &electron)Source and Origin



Wave-particle interaction turbulence acceleration

3D turbulence acceleration model-Source and origin (3He rich)Source and Origin

plus turbulence - induced TVD and TRD without turbulence - induced TVD and TRD





Electrons and Ions are accelerated out of 
thermal equilibrium due to magnetic 
reconnection event

Electrons
1. 1036 per sec accelerated for ~100 s
2. Maximum energy ~ 100 MeV
Ions
1. 1035 per sec accelerated for ~100 s
2. Maximum energy ~ 10 GeV

Nariaki V. Nitta讨论“三尺度五阶段耦合湍流”对
3He丰度之谜如何更好解释问题

Irina Kitiashvili&Tamar Ervin,Chadi Salem,Ace 
Stratton, Meredith Wieber等讨论了PSP观测质子
10GeV能级/电子100MeV与RHPIC-LBM模拟合作

Patrick antolin, Stephane Regnier, Yash Saneshwar, 
Eamon Scullion等讨论了RHPIC-LBM自主知识产权
软件合作

PSP、Solar Orbiter Observational data



To 3He-rich (3He/4He ratio >0.01) events showing up to 10,000-fold abundance enhancement in the pulse solar hurricanes have been a puzzle for more than 60 
years since their discovery.

In this work, based on the statistical physics theoretical model combined with the filter theory of turbulence, we investigate the interaction of 3He/4He, proton, 
and electron particles acceleration process by the actual ratio of the proton mass to the electron mass and turbulence resistivity & viscosity item under fully 
coupled kinetic-dynamic continuous scale (instead of the micro-kinetic and macro-dynamic scale separated independent process) on the supercomputer with 
relativistic hybrid particle-in-cell & lattice-Boltzmann (RHPIC-LBM) innovative algorithm and parallel code. 

1. We have discovered a new independent turbulence, the wave-particle interaction acceleration. This novel nonlinear acceleration mechanism is distinct from 
the current turbulence acceleration mechanism, including 1st and 2nd fermi acceleration; it is more efficient at the GeV level than the shock wave acceleration 
mechanism. This finding has profound implications for our understanding of space weather disasters and the safety of space orbiters. 

2. Tracking the trajectories and analyzing the energy spectrum of energetic 3He/4He allows protons and electrons to be efficiently accelerated simultaneously 
through the nonlinear resonant wave-particle interaction in the diffusion region. Due to the different proton-to-electron mass ratios, more 3He/4He particles 
have reached the GeV level. 

3. We found that Langmuir turbulence acceleration (LTA) through the nonlinear resonant wave-particle interaction prefers to accelerate particles with a 
resonance frequency of 3He, which lead is much more efficient than 4He particles.

Conclusion

Aggregate effects of macro-dynamic averaging on numerous micro-kinematic

3D turbulence acceleration model-Source and origin (3He rich)Source and Origin



4. Summary and Future work



Science point：

1.     What is the difference between shock wave acceleration(turbulence acceleration;1st  Fermi, and 2nd Fermi) and wave-particle interaction acceleration
2. Other heavy particles 
3. Different ionization states



The 12th International Workshop on GPU, MIC, Big Data and Cloud Computing Solutions to Multi-Physics Problems

 2025CGU http://www.cgu.org.cn/cugs/?q=node/158&page=3, 2025.10.18-22，Chengdu



Global Astro and Space Science Congress (GASSC2026), taking place in London, UK, from May 04–05, 2026
Global Astro & Space Science Congress, where Astro & Space Science minds unite to shape the future. To discover ground-

breaking research, connect with top professionals, and explore innovations transforming Astro & Space Science
https://globalastrospacesciencecongress.com/core-committee


