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Alfvén speed

B2 1/2
er=(5) ®)
Tp
Alfvén wave
va = cak)/k (4)
Fast wave i
Vpast = % [ci-}—ci—l— \/(cz—l—cz) — 4¢2 ZLZ/LZI (5)
Slow wave s
1
Vidow = o5 [ 2 4 A — \/(C2 + ¢ ) —4c2e %LT/U} (6)

where ky =k - B/B

27



MHD DR & 7 1]

MHDZ7ARERIE 8 — 1 HOFRESRHE (divB=0) =7ED0OEHE

1

u

’iZl t Entropy wave

Slow wave Slow wave
u-Vvs
Alfven wave Y Alfven wave
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Harten, Lax, van Leer 1983

U Ux

AR RE

~ SrUr = S1UL —Fr + FL
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Brio & Wu (1988) shock tube problem
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& Wu (1988) shock tube problem
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Brio & Wu (1988) shock tube problem
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Projection method

- Poisson AR ZR=. divB [cFE5I 28BS (RAT7—
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- Poisson AIERZ#E DT, EL),

Constrained Transport (CT) method
- Staggered grid T, WHZZz ZI/ILIERTERI S,
o KHIREDEHET divB = 0 hMRIES N 5,

8 -wave formulation

HBLZ/ FBE LT, divB OiinziE<, BREEIIHADERE &

o BIERERLN., V—RENMREICGD, divB HNEE S,
Hyperbolic divergence cleaning
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Projection method
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FOMEEER WA, Poisson VIL/I\HAEWDH TS,

51



Constraint Transport (CT) method

BB % L OB TERT 5.
OB
— =Vx(vxB)  marEs
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8 waves formulation

dep+ V- (pu) =0,
P 1 |
d(pu) +V - [puur + (p + ;B*) f BBT] — —(V - B)B,
B+ V-uB’ —Bu’) = —(V-B)u. (36)

l Bl
die + V - [(( +p+ ;B-’) u—B(u-B)| =—(V-B)u:B.

BV - BICK S NZITEHEIT LD IC,

B V) —ZIBE AT 2.
- (v-BN,
Ot
OB. ESDWHAEN D,
=—U,— " {HEEEL u,
Ox RSV - BEUTERE,

K EARPEHERTV - BNEBER>TULE S,
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Hyperbolic divergence cleaning

dp+V-(pu) =0 (24a)
I 5.
de(pu) + V- !pllllr + (/) + ;B‘) I — BBT] = —(V - B)B. (24b)
B+ V.- uB" —Bu! +v¥7I) =0, (24¢)
l_,

de +V - K( + p+ ;B-’) u—B(u- B)] = —B - (Vy), (24d)

9 ('2
(Y +ciV-B=—"Ly. (24e)

o,

p

cp Ecfd TV —/85X—% 7% mixed GLM formulation (c & 318 (F&DHEI)
& 1 EGLM formulation < & 318

ﬁ'ﬂgtigf AM=—Cy, A=Ux—Cf, A3 =Uyx —Cq, Agq=1Uy —Cs, A5 =1y,

Ag =Ux+Cs, Ap=Ux+Cq, Ag=Ux+Cr, A9 =Cp.

£ (X Dedner, Kemm, Kroner, Munz, Schnitzer, Wesenberg, 2002, JCP, 175, 645
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0V + ¢ 0By = ——
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Orzag-Tang (1979) vortex problem
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New scheme
Boris-HLLD



Troublesome MHD simulations

Very fast Alfven Reducing
wave Alfven speed *

Very small Larger
timestep timestep
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ldeal MHD equations with Boris correction

Simplified version of Boris (1970) correctior
A form of the semi-relativistic MHD equatior

ou
—+ V- -F=0
ar ,
p -
U- | A+Vi/e)pu o R
b | uB — Bu ’
e (e+pr)u— (B-u)B
V2 /¢? additional inertia comes u = (u,v,w)7,
from displacement current. B_ (Bx,By,BZ)T,
2
V2 _ ’B‘ ,
P
_|u p  |Bf
e=p= + — + 5
B[’
prepT
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Features of Boris-HLLD solver

- The solver adopts Boris correction.
- Alfven speed is bounded by c.
V, < ¢ (= artificially reduced speed of light)
- Stable when ¢ > (afew) u
> You can take large timesteps

- It 1s based on HLLD solver.
- Four intermediate states in Riemann fan
- Sharp contact discontinuity
- No overshoot in shock waves
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Shock tube problem, Brio & Wo test

Density Velocity
1.0
0.6 -
0.8 -
0.4 -
0.6 -
Q S 0.2
0.4 - 0.0
—— HLLD
—— Boris-HLLD, c =3
0.2 —— Boris-HLLD, c=2 —0.2-
------ Boris-HLL, c=2
—4 —2 0 2 4 —4 -2 0 2 4
X X
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Orzag-Tang (1979) vortex problem

e

0.0 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0

Gas velocity Alfven speed
HLLD ; N
C =o 5

0.0 0.5 1.0 1.5 20 0.5 1.0 1.5 2.0
Gas velocity Alfven speed

N
N

Boris-HLLD
c=2 °

e

0.0 0.5 1.0 1.5 20 0.5 1.0 1.5 2.0
Gas velocity Alfven speed

0.0 0.5 1.0 1.5 20 0.5 1.0 1.5 2.0
G velocity Alfven speed

Boris-HLLD
c=10

Boris-HLLD
c=1

Crash!
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