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On the choice of a particle velocity of the HLLD approximate Riemann solver
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Macroscopic dynamics of plasmas is well governed by the magnetohydrodynamic (MHD) equations. In space plasma phe
nomena with high-speed flows, various discontinuous structures such as fast and slow shocks are often formed. Therefore, t
development of high-resolution shock capturing schemes is important and essential to theoretically clarify the dynamics an
structures of the macro scale space plasma phenomena. The HLLD approximate Riemann solver is a standard shock capt
ing scheme for MHD because of its high-resolution, robustness, and efficiency, in particular [1]. However, multi-dimensional
high-resolution shock capturing schemes which can resolve a contact discontinuity sometimes suffer from numerical shock in
stabilities as a carbuncle phenomenon in general. In the HLLD approximate Riemann solver, the shock instabilities are observe
as well, although those are rather weaker than in the linearized approximate Riemann solver [2].

As a contact-preserving high-resolution scheme that is free from the shock instabilities, a genuinely multi-dimensional high-
resolution scheme may be constructed based on a multi-dimensional Riemann problem. However, that scheme is difficult t
be developed even for the Euler equations. In practical simulations, a shock-fix algorithm where the high-resolution scheme i
locally replaced by some dissipative low-resolution scheme is often utilized to suppress the shock instabilities. On the other hanc
it was conjectured from a comparative study of several schemes for the Euler equations that a source of the shock instabilitie
may be a pressure difference term of the numerical mass-flux [3]. Therefore, in this study, we construct a shock instability-free
HLLD approximate Riemann solver by controlling the numerical mass-flux.

The numerical mass-flux in the HLLD approximate Riemann solver is determined by a particle velocity in the Riemann fan.
Particularly, in order to suppress unphysical oscillations around discontinuous solutions, the particle velocity is evaluated fror
the HLL averages of the mass and the momentum in [1]. On the other hand, when the particle velocity is given by a weightec
mean, the shock instabilities may be avoided because there is no pressure difference term in the mass-flux in this particle veloci
model. Therefore, we propose a hybrid particle velocity model as a function of a Mach number in order to construct a robust
shock instability-free high-resolution scheme for MHD.
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