0254-6124/2025/45(5)-1163-25 Chin. J. Space Sci. — EAFF R

SHEN Fang, LIAN Wanyi, TAO Xinyi. Progress in Simulations of Solar Energetic Particles Propagation in Large-scale Structures of Interplanetary
Background Solar Wind (in Chinese). Chinese Journal of Space Science, 2025, 45(5): 1163-1187. CSTR:32142.14.¢jss.2025-yg05. DOI:10.11728/
¢j$s2025.05.2025-yg05

KSR TFETERE=ABERNARE
LM R IR I R

. - 1.2 e 1,2 NN
wF % Wi te 5] % 1%
1(h ERlE B E s REE UL KIS 52 AR e EE A0 E et 100190)
2( EBME R F R ST RIS B L 100049)

W FE OKMHEAER T (SEP) i K FRBE S H 28 F S (CME) 350, AE#% % a4 7= )L keV %L
GeV REm MR T, HALRE RS2 R BH XK RS 2504 b 35 52 M0, ST 6 21, s 1) R A HIR A T . AR SCAM TR
FHZ P55 BH RS 45 & 58 B AL iy R K BH R RERE 1 R ORI, EA T ANE A BB ITST, FE45 A UL #dis
MHLZAFATEAE X (SIR) AHSEAT SEP 4. W57 & B, W4 5 A iy A 38 f 30 i 1) = 2R A DR BHAU R
YIS FIRN T T B B L. KBRS ECE A BAE X (CIR) 988, 80k T &I 25 o0 4 2
S, BIATE LY O AR TR I 4 3 R T 22 . AR TR R B XU SEP AL A B HESE, Kok
A B s A CME SR SIS AR, ABE TR 246 TS B2

KRR KEARBER T, “HEREIA S R0, ST AR X, P #K

FESES P353

Progress in Simulations of Solar Energetic
Particles Propagation in Large-scale Structures of
Interplanetary Background Solar Wind

SHEN Fang'”  LIAN Wanyi””  TAO Xinyi'

1(State Key Laboratory of Solar Activity and Space Weather, National Space Science Center,
Chinese Academy of Sciences, Beijing 100190)

2(College of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing 100049)

Abstract This comprehensive review synthesizes pivotal advances in simulating Solar Energetic Parti-
cle (SEP) propagation through large-scale solar wind structures, integrating three complementary

methodologies: analytical Parker-like magnetic fields for steady-state backgrounds, data-driven frame-
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works assimilating multi-satellite observations (STEREO, WIND) to reconstruct 2D Stream Interaction
Regions (SIRs), and 3D Magnetohydrodynamic (MHD) simulations resolving tilted-dipole Corotating In-
teraction Regions (CIRs) with about 35° inclinations. The work quantifies how solar wind topology gov-
erns SEP dynamics, revealing that magnetic focusing dominates flux enhancements in compression zones
by trapping particles in mirror-like structures, enabling multi-reflection acceleration without shocks and
amplifying peak fluxes by up to 200% in simulated CIRs, while adiabatic cooling primarily drives flux
decay in fast solar wind streams, with pitch-angle diffusion modulating intensity levels without altering
temporal profiles. Critically, vertical diffusion reconciles multi-satellite discrepancies through cross-field
transport, smoothing flux evolution as validated in the 2016 STA event (simulations matched observa-
tions within 10% error when a = 0.018~0.025), and CIR geometry — controlled by solar wind speed
contrasts (AV>500 km-s ' widening compression regions), dipole tilt angles optimizing latitudinal spread,
and fast-stream widths modulating longitudinal confinement — dictates acceleration efficiency, where re-
verse compressions accelerate 0.5~5 MeV protons twice as effectively as forward zones due to steeper
magnetic gradients. Event validations confirm these mechanisms: STEREO-A’s August 2016 CIR showed
magnetic trapping explained 95% of flux rise, and STEREO-B’s September 2007 anomalous proton en-
hancement arose from shorter magnetic pathlengths to compression sources. Computationally, the frame-
work synergizes focused transport equations with Stochastic Differential Equations (SDEs), where back-
ward SDEs efficiently map observational points to source distributions and forward SDEs visualize sys-
tem-wide transport, achieving a 100-fold acceleration over finite-difference methods. Future work targets
transient structures (e.g., embedding CME-driven shocks via EUHFORIA /iPATH coupling) and kinetic-
scale turbulence, with next-phase efforts developing unified acceleration-transport models incorporating
stochastic re-acceleration, leveraging Parker Solar Probe and Solar Orbiter data to resolve magnetic is-
lands/current sheets, and deploying machine learning to optimize background parameterization for real-

time space weather forecasting.

Key words Solar Energetic Particle (SEP), Three-dimensional magnetohydrodynamics model,

Co-rotating Interaction Region (CIR), Vertical diffusion
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