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Figure 1 (Color online) Large temporal-spatial current sheet 3D fractal turbulent magnetic reconnection model [12].
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D3Q19 for the electron AW D3Q19 for the ion flow 18

0~

o @

D3Q7 for the B field D3Q13forthe Efield 18[12]

Bl 2 (W40 ) RHPIC-LBMA#% A5 A4 1%)
Figure 2 (Color online) RHPIC-LBM lattice model [38].

D3Q27 for the neutral flow®
12[6]
17011]

D3Q13 for the EM field 18112]
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Figure 3 (Color online) Magnetic configuration [39,61-66].
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Table 1 Non-dimensional turbulence viscosity and resistance dissipation under different scales®
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Figure 4 (Color online) Topological structure of magnetic flux ropes
and plasma flux ropes following the breakdown of frozen-in-condition.
(a) Magnetic flux ropes; (b) plasma flux ropes [39].
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Figure 5 (Color online) Temporal-spatial evolution of magnetic flux ropes interactions and the associated magnetic anisotropy characteristics as
revealed in the 76 and ¢ cross-sectional planes (65.6000 [6512800A¢,]-71.0667 [6602800A¢,] s).
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Figure 6 (Color online) Temporal-spatial evolution of plasma flux ropes interactions and the associated flow-field anisotropy characteristics as
revealed in the 76 and Oy cross-sectional planes (65.6000 [6512800A¢,]-71.0667 [6602800A¢,] s).
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Figure 7 (Color online) Fourier space magnetic turbulence spectral
characteristics in the 76 cross-sectional planes of interacting magnetic
flux ropes during the temporal-spatial evolution of self-generation-

organization magnetic field structures (E(K)2 oc K |5, 1=65.6000
[6512800A%,]~71.0667 [6602800Az,] s).
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Figure 8 (Color online) Fourier space magnetic turbulence spectral

characteristics in the f¢ cross-sectional planes of interacting magnetic

flux ropes during the temporal-spatial evolution of self-generation-

organization magnetic field structures (E(K )gw x K ’”\g(ﬁ, =65.6000
[6512800At,]-71.0667 [6602800A%,] s).
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Figure 9 (Color online) Fourier space plasma turbulence spectral
characteristics in the 76 cross-sectional planes of interacting plasma flux
ropes during the temporal-spatial evolution of self-feeding-sustaining
plasma motion structures (E(K )ZI x K ’“\%, =65.6000 [6512800At,,]—
71.0667 [6602800At,] s).
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Figure 10 (Color online) Fourier space plasma turbulence spectral
characteristics in the ¢ cross-sectional planes of interacting plasma
flux ropes during the temporal-spatial evolution of self-feeding-
sustaining plasma motion structures (E(K)gwocK"‘%, t=65.6000
[6512800At,,]-71.0667 [6602800At,] s).

IR REAE = RS R B B s s A 1 B
S - YRR AL R —F. AE B R B O N T
5 Fa R, Wmimiiis fe 2l s g
ENNF(E (5l e Egr(h)lg,), 2RI RO K2
VEAS A2 e PR OK S, R M v BB (R, |

KINETIC

Ulocat Llioeal 1), % 16 S AEAFAERTS. BRI 2 w10

‘9|KINETIC

NBEYERFNER, It AU T [l BRI e fpe 4%
REIRAASN 1R, AR, Wi R F e A L
RIKIE LIRS N EE 7(5)gr E7(K)lg,)s A A
PR, FEmIESIINGE, AR EEOCRTE

U al al
(Rm‘HD: ‘glol;hi)‘glob 1 > Rm‘MHD: U‘quc‘lil‘gnacro = 105) >

Wi AR EmA TS, RARBNRSKE
B ARAELAMIRAS, & m) 5 PR RRAE B AEAS [F) 77 7 |-
A TE ST

YR e it — S o EoR, SR T AEE
HRTErOF TH AN O TR T it fe v 2k, JLpgis
FRBOIBE RN OR, S il H B B o RS e
ks, ZIH R0 0 TR IFERURRE. (H15E
BEIZ, ARG A EREEX ] P9 R A F
Wrimim pe s ta %, H[E— A 2R 1) RE S E o A
RIMARG T F—HIH AFERE TR
A WA B (BVE 5 (k)] 5 Eg(k)]o N, Eg(0)]g,
S Eg(k)| g, AR, LR R A [ H T A )%
i AL AE B 4 BB AR AE W8 X (E (k)| S E (k)] g,
A, Eg(k)],g T Eg(k)lg, MR, EIRAENE TR EK) 25 W) 53
iR, S8 P RERME =4l fE R
HRE A& m et fER A S, ANIE 28 8
] b 9 & 1) S VAR AEAS SRR [ 77 £E [ — = (] 77 1) |,
5 170 S P AR e A i P T Y AT R A . 2 S R
AR ) T A S SR R s, LR R R
i () JUBE A [RD T R A2 R e AR

5.3 HIAFRIAE R M IRREEREF

A 58 B M G R4 5 B TR R AR A = 4E R
R R T i e R b, A — 8t
Wirim i i B 2R - B AU RE L I R -
H 4ERFERE L 18] B S R S P ) i 5
kAT TR e L. BTNl 1 s SR
Y (it 56 EE P 1R AU IR Bl ) - W AR B0 0 2 - o0
BB 2 R & 1 2 P I = 423 (8] 7 AR, P
THAEAN A R _E BN [ AL R I R

K45 R &R, EHRBERER )G, “=RE
Tur B2 v g 37y i I o B DR A A R B R AR

114712-15



FHEESE. hE RV B )% RO

2026 4 B 56E 11

3

rvllllllllx_l_
|

3

3

3

3

3

Turbulence intensity factor (B)

3

3

|
l L 1 L 1 I L 1 { I 1
10! 102 10°
Wave number (K)

B 11 (M4 R )i 1 B AR - B 2 R e
268 1 TEL AR P B 2 VA £ EEL v 1) 3 i O 5 S IR (1,
=65.6000 [65128005]1-71.0667 [6602800%] s)

Figure 11 (Color online) Turbulence intensity factor characteristics in
Fourier space during the interaction of magnetic flux ropes throughout

the temporal-spatial evolution of self-generation-organization magnetic
field structure (%, 7=65.6000 [6512800A¢,]-71.0667 [6602800A¢,] s).
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Figure al (Color online) Dynamical processes governing the temporal evolution of turbulent regions.
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Figure a2 (Color online) Selection of the energy spectral interval during coalescence of adjacent magnetic islands.
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Figure a3 (Color online) Selection of the energy spectral interval during coalescence of multi-adjacent magnetic islands.
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Figure a4 (Color online) Interaction between magnetic field lines and streamlines when the frozen-in condition is violated.
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Solar energetic particles, consisting of electrons, protons, helium, and other heavy ions, are generated by the 3D turbulent
magnetic reconnection in large temporal-spatial current sheets during solar activity. These particles directly impact the
space environment and serve as a critical foundation for early warnings of space weather disasters caused by solar
energetic particles. Previous research has revealed notable anisotropies in the acceleration of solar energetic particles.
However, the underlying physical mechanisms driving these variations across different scales—intertwined with
hydrodynamics-magnetohydrodynamics-kinetic coupled scales—remain unresolved. This study employed the relativistic
hybrid particle-in-cell & lattice Boltzmann method (RHPIC-LBM), a plasma statistical physics framework incorporating
a turbulent dissipation model with detailed evolution of large temporal-spatial current sheets on domestic supercomputer
platform (Dongfang Series C86 DCU, Tianhe-2 Interl CPU, Tianhe-3 ARM CPU), to investigate anisotropic properties,
turbulence intensity, and the energy spectrum of turbulence across various characteristics during the magnetic turbulence
self-organized-generation and plasma turbulence self-feeding-sustaining process.

large temporal-spatial current sheet 3D fractal turbulent magnetic reconnection, hydrodynamics-magnetohy-
drodynamics-kinetic coupled scales, magnetic turbulence self-organized-generation, plasma turbulence self-
feeding-sustaining, fine-structure evolution anisotropy
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