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Abstract

Here, we indicate how to integrate the set of conservation equations for mass, momentum and energy for a two-fluid plasma
coupled to Maxwell’s equations for the electromagnetic field, written in a composite conservative form, by means of a recently
modified non-staggered version of the staggered second order central difference scheme of Nessyahu and Tadmor [H. Nessyahu,
E. Tadmor, Non-oscillatory central differencing for hyperbolic conservation laws, J. Comput. Phys. 87 (1990) 408-463]. Allowing
for wave propagation in one dimension, we illustrate the formation and evolution of magnetosonic shocks and solitons using two
sets of time and space normalizations.
© 2007 IMACS. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Solitons and shocks are observed in various fluids including plasmas, which can be treated as multi-species ionized
fluids subject to the laws of electrodynamics. Magnetosonic waves arise when propagation is observed in a direction,
say x, and are driven by a transverse magnetic field in a direction, say y, coupled with a transverse electric field
component in the other direction, z. The plasma then undergoes rarefactions and compressions in the x direction due
to the so-called “E x B drift” [3]. Theory, experiments and simulations [3,6,7,2] show that solitons and shocks occur
both in the laboratory and space.

In the past [6], a Lax-Wendroff scheme was employed in the numerical simulation of magnetosonic solitons,
and recently [7], an approximate Riemann solver was used to numerically integrate a two-fluid plasma system
to model magnetosonic shocks. A Riemann-solver-free scheme was employed on a single-fluid system to study
magneto-hydrodynamic (MHD) shocks [2]. Here, we employ a similar but non-staggered version [4] of the method of
Nessyahu and Tadmor [5] on a two-fluid plasma system to model both shocks and solitons. However, another thrust
of these studies is to examine the impact of the differing time scales induced by the widely disparate electron and
ion masses.
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2. The numerical integration scheme

For numerical study we write the system of equations in the conservative form,
al(x,t) 9FU)
+
ot ox

where U(x, t) is the unknown (m-dimensional) vector, F(U) the flux vector and G(U) is a source vector, with x the
space and 7 the time coordinate. On this form, we can use the recently modified scheme [4], namely a non-staggered
source-term-inclusive variation form of [5]:
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This scheme advances the cell average vectors U ;’ (see ref. [5]), where j is the spatial discretization index with
grid spacing Ax, n the time level index, with time spacing At, and it is used in conjunction with the derivative array
approximations (U, ) (see refs. [4,5] for details). Also required is a predictor such as [5],

1
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The predicted flux vector values are obtained by employing F"+! = F(U"*!) and the flux derivative terms F! are
approximated just as we do for U, [4,5].

3. The electromagnetic plasma fluid equations

The model equations employed are Maxwell equations for the electromagnetic fields £ = [Ey, Ey, E 1T and B =
[By, By, BZ]T coupled to the ideal-gas, collisionless-fluid equations for the electrons (s = e) and ions (s = 7) in terms of
ng, Vs = [Vsx, vy, vSZ]T, Ds, Vs, Mg which are the respective component number densities, flow velocities, partial pres-
sures, adiabatic indices and particle masses with particle charges taken as —e (electrons) and +e (ions). Further, we take
Ye = ¥;i = y as the adiabatic indices, p, = n.kpT, and p; = n;kpT; as the respective electron and ion partial pressures
for ideal fluids, with their temperatures given as T, = m, V%e /kpand T; = miv%, / kg, where Vr, and V7; denote the
root-mean-square thermal speeds for each species. These equations are reduced to components, but allowing for wave
disturbances in the x-direction with d/dy = 0 and 9/9z = 0. Thereafter, we employ normalizations corresponding to
time and spatial scales appropriate for the observation of magneto-sonic wave structures, to render them dimensionless.

In the first of these schemes (“‘e-scale”), we consider normalizations on a fast time scale corresponding to the electron
plasma wave oscillation period. Here, the electron and ion densities are given in terms of n¢ their common equilibrium

density, lengths (x) are in units of the electron Debye length Aqe = \/0kpTe,/ noe? = , /eom, V%eo /nge?, where g is

the electric permittivity in free space and 7, is the equilibrium electron temperature, temperatures are given in terms
of T,,, particle charges in terms of e > 0 the electronic charge, time (¢) is in units of the inverse of the electron plasma

frequency wpe = v/ noe? /egme., velocities are in units of the electron thermal speed at equilibrium VTeO = \/kpTe,/me,

and we take y = 5/3 for adiabatic fluids. Components of the electric field are in units of Eg = , /mng V%eo /€0, those

of the magnetic field are in units of By = E¢/c, where c is the unnormalized speed of light, and we take ry = m,/m;
as the mass ratios (= 1 for electrons, m,/m; for ions) and oy as the normalized charge (= —1 for electrons, +1 for
ions). With normalized energy-per-mass terms, wy = nS|VS|2 ~+ 3ny V%s, the final 16-equation set then takes the form,
similar to those in refs. [6,7]:
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‘We write this set in the conservation form (1) with the notation,
U = [uy, ua, u3, ua, us, U, U7, Us, 49, U10, U1, 412, 13, U14, U1s, gl
= [Me, M, MeVex, MeVey, MeVez, NiVix, MiViy, NiViz, We, Wi, Ex, Ey, E;, By, By, B;1" (12)

and with consequential forms for F(U) and G(U).
In the second normalization scheme (“i-scale”), with time in terms of the inverse of the slower ion plasma frequency

Wpi =/ noe? /egm;, length as before and velocities in terms of the ion sound speed at equilibrium Cso = 1/ me V%eo /mi,

the only changes to the basic equations occur in the mass ratio factors r on the right of the above equations where now
rs = r; = 1 forions and ry = r, = m;/m, for the electrons.

At this juncture, we note that the system of equations above, culminating in (1) is not locally hyperbolic. In fact
for its flux Jacobian it can be shown that the eigenvalues are not all real and distinct. This may be inferred from the
Maxwell equations subset (9)—(11). Nevertheless, although the numerical scheme used here [4] is based on ref. [5]
whose theoretical foundation assumes the system dealt with is hyperbolic, hyperbolicity is a sufficiency condition in
the latter stability and convergence theory. Thus, we can still expect the schemes to function under weaker conditions.
In fact our results bear testimony to this. Moreover, linear stability analysis of the scheme [5] indicates that it should
remain stable under the CFL condition A, At/ Ax < 0.5, where A,, is the spectral radius of the flux Jacobian, which is
stronger than that for the Lax-Wendroff scheme used in electrostatic simulations [1]. Now, for the numerical integration,
we employ a system of size L, = 128‘volumes’, each of size a Debye length X4, with the number of grid points per
volume of N, = 20, giving Ax = 0.05, an artificial ion-to-electron mass ratio of 10:1, an ion-to-electron temperature
ratio of 1:10 together with Ar = 0.005. Further, to compute with this scheme we have to employ an implicit procedure
similar to [4,1]. The interesting variation here from the work of Shumlak and Loverich [7] is that the complete system
of equations is solved as if we are dealing with a hyperbolic system such as (1).

4. Magnetosonic shock and soliton computations

For shocks, we employ the initial conditions with ¢ = 10, corresponding to a ‘very hot’ plasma, together with zero
initial flow velocities and free boundary conditions, corresponding to a Riemann (shock-tube or two-state plasma)
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problem with a discontinuity at the system centre x.:
ne=4,n=4vV.,=0,V, =0, w, = 3neV%go, w; = 3""‘/%1-0’
Ey,=0,Ey=0,E;=0,B,=0,B,=1,B,=0; x=<x.
ne=1,n=1,V,=0,V, =0, w, = 3neV%go, w; = 3n,-V%l_O,
Ey,=0,Ey=0,E;,=0,B,=0,B,=1,B,=0; x> x.

For soliton computations, we change only the initial density profile to a Gaussian (centred “hump”) for each
component,

1
ns(x, 0) = 1.0 4+ 4.0 exp [—2@ — xc)z] . 0<x<L, (s=ei).

A typical set of computed results using the fast and slow scalings is given in Fig. 1. Note that the time scale for the
graphs on the left bear no relation to the scale used for the graphs on the right. The first row shows magnetosonic shocks
as observed in the simulations [7]. The second row is a validation check on our computations, showing two independent
fluid shock tube solutions obtained for neutral gases by setting the electric charge e = 0 as obtained in ref. [7]. The
last row depicts magnetosonic solitons. The curves for E,, E, and ¢ provide a validation check on our code since the
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Fig. 1. Shocks and solitons in a two-fluid plasma. The curves on the left arise from e-scale normalizations and those on the right are i-scaled. All
quantities are in normalized units, as functions of the horizontal x-values. The curve (a) indicate from top to bottom: n;, n, — 1, njvix, ReVex — 1.
The curve (b) indicate n;, n, — 1, njv;y — 1, nevey — 2. The curves (c) and (d) indicate n;, ne, n;viy, nevey — 5. The curve (e) indicate n;, n, —
0.5, nivix, Revex — 0.5, Ex — 1, Epy — 2.0, ¢ — 3.5 with the same except for n; + 0.5, n, in (f).
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latter electric field and potential are obtained independently of this scheme by solving a ‘time-frozen’ Poisson equation.
Added confirmation that these solutions depict real physical nonlinear waves, is obtained by comparing the nonlinear
wave speeds estimated from the graphs above with those from the dispersion relation for linear magnetosonic waves.
For the latter we employ [3], the dispersion relation for a magnetosonic wave propagating in a direction perpendicular
to an ambient magnetic field Bo(= By),

2 2 2
w 2 2 Vg + V3

2= U = 2+ vi (13)

where vy is the acoustic velocity, va the Alvén velocity for a wave propagating parallel to the By and v,, = w/k is
the magnetosonic phase velocity. Using our two normalizing schemes, we find for the initial parameter values in our
computations the values, v,, = £0.435 (e-scale) and v, = 3=1.374 (i-scale). The estimated respective shock velocities
are 0.53 and 1.60, whilst for solitons we have +0.47 and 3-1.40. Thus, both the shocks and solitons travel at supersonic
speeds, i.e. they relate to the corresponding linear magnetosonic mode. In general, we find that both scalings depict
the same physics, but the e-scaling allows us to use realistic mass ratios (e.g. m;/m, = 1836) at the expense of larger
evolution times, whilst the i-scaling gives shorter evolution times and require artificially lower mass ratios for numerical
stability.

5. Conclusion

We have shown how the method [4] for the numerical integration of hyperbolic systems with source terms may be
used to solve the 3-D plasma fluid and electromagnetic field equations as a single system for waves in one dimension,
in contrast to an earlier work [7]. In modelling magnetosonic shocks, results consistent with earlier simulations are
obtained. For solitons, we have been able to obtain clear isolated pulses as opposed to solitary trains [6]. Additionally,
we have related such results to linear theory. Also our computations are based on a fast and a slow time scale with the
same model equations, and these remain stable and give essentially the same physical results. Finally, we expect to
improve on these investigations by extending similar computations into two- and three-space dimensions.
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