
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Error calculated as from Eq. (31) as a function of spatial (and temporal) resolution. N represents the number of points used to dis-cretize the domain. The points in the plot correspond to N = 4096 (=Nmax), 2048, 1024, 512, 256. Different combinations of flux schemes (TVDLF, HLL) and limiters (minmod, cada3, woodward, mp5) are shown by different curves, some of them overlap and are grouped as indicated in the legend.

      

    

  
    
      Table 1 

      Quantity p calculated from Eq. (32) for the IMEX-ARS3 scheme.

      
        


	
	α = 10−1
	α= 104





	TVDLF/minmod
	2.36
	2.41



	TVDLF/mp5
	2.77
	2.41



	TVDLF/cada3
	2.74
	2.41



	TVDLF/woodward
	2.76
	2.79



	HLL/minmod
	2.27
	2.41



	HLL/mp5
	2.77
	2.41



	HLL/cada3
	2.74
	2.41



	HLL/woodward
	2.76
	2.79





      

    

  
    
      Fig. 2 
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        Equilibrium density of charges (black solid line) and neutrals (black dashed line) on the left axis, and temperature on the right axis as a function of height. The equilibrium temperature is the same for neutrals and the charges.

      

    

  
    
      Fig. 3 
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        Snapshot of a 1D fast magneto-acoustic wave in a stratified atmosphere (the horizontal z-axis denotes height). Top panel: vertical velocity of charges (solid black line) and neutrals (red dashed line). Bottom panel: perturbation of horizontal magnetic field.

      

    

  
    
      Fig. 4 
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        2D waves in stratified atmosphere. Top row: Velocity perpendicular to the magnetic field. Left: neutrals. Right: decoupling (charges– neutrals). Bottom row: velocity parallel to the magnetic field. Left: neutrals. Right: decoupling (charges–neutrals). We note that the limits of the perpendicular (top-right) decoupling and parallel (bottom-right) decoupling are different.

      

    

  
    
      Fig. 5 
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        Left: perturbation in the neutral density, where the refinement is shown by overplotting the grids. Right: coverage of the grid by different levels of AMR as a function of time: level 1 (blue), level 2 (orange), level 3 (green), level 4 (red), level 5 (violet).

      

    

  
    
      Fig. 6 
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        Self-similar solution for the slow MHD and two-fluid shock. Top left: x-velocity; top right: By; bottom left: y-velocity; bottom right: pressure. Comparison between runs with different resolutions: uniform grid with 8192 points (solid lines, labeled “8192p”), uniform grid with 16384 points (dashed lines, labeled “16384”), and AMR with 2048 points base resolution and four refinement levels (dot-dashed labeled “2048p,41”). The quantities corresponding to the charges and the magnetic field are plotted with solid blue (uniform, 8192 points), dashed violet (uniform, 16 384 points) and dash-dotted gray (AMR, 2048 points base resolution, four levels); and for the neutral fluid with solid red (uniform, 8192 points), dashed yellow (uniform, 16 384 points) and dash-dotted orange (AMR, 2048 points base resolution, four levels). The reference MHD quantities are shown with solid black lines. In the bottom left panel the sum of pressures of charged and neutral fluids is also shown as indicated in the legend. The black arrow in the top left panel indicates the only location where the numerical solution changes visibly for a change in resolution.

      

    

  
    
      Fig. 7 
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        Solution of the 1.75D shock tube problem at time t = 0.5. Top row: MHD reference result with different resolutions: 800 points (dashed red), 4096 points (solid light blue), 8192 points (solid dark blue), 16384 points (dashed black). Bottom row: two-fluid model for different values of the collisional parameter: α = 102 (solid orange), α = 104 (solid red), α = 108 (solid light blue) and α = 1064 (dashed dark blue). The reference MHD solution is also shown with a dotted black line. Left columns: density. For the two-fluid case in the bottom left panel, the sum of densities of neutrals and charges is shown. Right columns: By

      

    

  
    
      Fig. 8 
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        Snapshots of densities for the two-fluid model where α = 103. Left column: charges; right column: neutrals. Top row: t = 0.5; bottom row: t = 0.9.

      

    

  
    
      Fig. 10 
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        Magnitude of the decoupling in velocity between charges and neutrals. Left: α = 103, right: α = 1. The colormap and the normalization are the same for both images.

      

    

  
    
      Fig. 11 
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        Time sequence for quantities seen in parallel shocks undergoing corrugation instabilities. Top left: density in the MHD simulation. Top right: density of charges in the two-fluid simulation. Bottom left: density of neutrals in the two-fluid simulation. Bottom right: (out-of-plane component of) vorticity of neutrals in the two-fluid simulation. The two-fluid simulation used a value of α = 10.

      

    

  
    
      Fig. 12 
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        Time evolution of KHI-unstable neutral density in the uncoupled case (α = 0). The flux limiter used is “cada3.”

      

    

  
    
      Fig. 13 
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        Time evolution for the coupled case. Top row. neutral density; middle row. charged density; bottom row. magnitude of the decoupling in velocity between neutrals and charges. The AMR grid is overplotted in the bottom row plots. The vertical domain is between –0.375 and 0.375, corresponding to the inner half of the full vertical domain. The flux limiter used is “cada3”.

      

    

  
    
      Fig. 14 
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        Time evolution for the coupled case. Top row. neutral density; middle row. charged density; bottom row. magnitude of the decoupling in velocity between neutrals and charges. The AMR grid is overplotted in the bottom row plots. The vertical domain is between –0.375 and 0.375, corresponding to the inner half of the full vertical domain. The flux limiter used is “mp5”.

      

    

  
    
      Fig. 15 
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        Fourier amplitudes of the y-velocities. The amplitudes are averaged in height between –0.375 and 0.375, the same height shown in Figs. 13 and 14. The vertical dotted black line located at n = 145 corresponds to the mode corresponding to the collision frequency between neutrals and ions, calculated from Eq. (44). For an improved visualization, the upper limit on the x-axis is 512 for “cada3” limiter, and 1600 for “mp5” limiter. Both limiters show decoupling at small scales in the velocity.
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