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The interaction of the super-magnetosonic solar wind with Earth’s magnetic field produces a collisionless bow shock that converts directed solar-wind energy into downstream thermal, magnetic, turbulent, and nonthermal particle energy before the flow reaches the magnetopause. This study develops a multiscale computational framework integrating magnetohydrodynamic (MHD), collisionless-shock, kinetic, and Dirac–Pauli descriptions of solar-wind–magnetosphere coupling while preserving their distinct physical domains of validity. The objectives are to quantify the dependence of bow-shock and magnetopause geometry on upstream solar-wind conditions, characterize shock compression and heating, and determine the significance of relativistic and electron-spin corrections under near-Earth plasma conditions. The macroscopic formulation combines MHD Rankine–Hugoniot conservation relations, oblique magnetosonic propagation, Parker-spiral interplanetary magnetic-field geometry, plasma beta, pressure balance, magnetic reconnection, and empirical magnetopause and bow-shock models. A physics-constrained 120-minute synthetic data set representing OMNI-like solar-wind conditions is used to calculate dynamic pressure, magnetosonic Mach number, compression ratio, magnetosheath heating, boundary displacement, and IMF- coupling, with uncertainty evaluated through Monte Carlo propagation. The microscopic formulation derives electromagnetic coupling from the covariant Dirac equation and its low-energy Pauli limit and evaluates the dimensionless relativistic parameter  and electron spin-to-thermal energy ratio . The calculations reproduce earthward displacement of the magnetopause and bow shock with increasing solar-wind dynamic pressure, compression approaching the strong-shock limit with increasing Mach number, and enhanced magnetopause erosion under southward IMF. Relativistic and spin-energy corrections remain substantially below dominant thermal and MHD energy scales under representative terrestrial conditions. The results demonstrate that Dirac theory provides a rigorous microscopic foundation without replacing the classical MHD–kinetic description of global bow-shock dynamics. The framework provides a reproducible basis for subsequent validation using time-shifted OMNI measurements and local Magnetospheric Multiscale observations.
Keywords: solar wind; magnetosphere; collisionless bow shock; magnetosheath; Rankine–Hugoniot relations; Dirac equation; Pauli matrices; magnetic reconnection; space weather.

