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5

( )

5.1

Max Planck MURaM

(Vögler 2003; Vögler et al. 2005; Rempel 2009)

5.2

Qrad

∂ρ

∂t
+∇ · (ρV ) = 0 (5.2.1)

∂ (ρV )

∂t
+∇ ·

[
ρV ⊗ V +

(
p +

B2

8π

)
I− B ⊗B

4π

]
= ρg (5.2.2)

∂e

∂t
+∇ ·

[(
e + p +

B2

8π

)
V − 1

4π
B (V ·B)

]
= ρ (g · V ) + Qrad (5.2.3)

∂B

∂t
+∇ · (V ⊗B −B ⊗ V ) = 0 (5.2.4)

ρ V B

I 3× 3 e

e = eint +
1

2
ρV 2 +

B2

8π
(5.2.5)

eint

p = p (ρ, eint) (5.2.6)
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OPAL (Rogers et al. 1996; Iglesias et al. 1996)

Qrad

dI

dτ
= S − I (5.2.7)

dτ = ρκds (5.2.8)

( ) I

S κ Rosseland τ s

S κ

S = B(T ) =
σs

π
T 4 (5.2.9)

κ = κ(ρ, T ) (5.2.10)

T = T (ρ, eint) (5.2.11)

σs

I

Qrad = ∇ · F = 4πρκ(J − S) (5.2.12)

F =

∫
4π

dΩμI (5.2.13)

J =

∫
4π

dΩI (5.2.14)

μ F J

5.3

4

4 4

MPI

5.3.1

1

∂u

∂t
+

∂f

∂x
= s (5.3.1)
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4

fj+1/2 =
7

12
[f(uj+1) + f(uj)]− 1

12
[f(uj+2) + f(uj−1)] (5.3.2)

Rempel (2009)

(ux)j = minmod

(
uj − uj−1

Δx
,
uj+1 − uj

Δx

)
(5.3.3)

u+
j+1/2

= uj+1 − 1

2
(ux)j+1 (5.3.4)

u−j+1/2 = uj +
1

2
(ux)j (5.3.5)

minmod

gj+1/2 =
1

2
cj+1/2φj+1/2(u

+
j+1/2 − u−j+1/2) (5.3.6)

φj+1/2 =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

[
(u+

j+1/2 − u−j+1/2)/(uj+1 − uj)
]2

for (u+
j+1/2 − u−j+1/2)(uj+1 − uj) > 0

0 otherwise

(5.3.7)

cj+1/2 c = cs + va + V (cs va

)

∂

∂t
uj =− Hj+1/2 −Hj−1/2

Δx
+ s(uj) (5.3.8)

Hj+1/2 ≡ fj+1/2 + gj+1/2 (5.3.9)

5.3.2

(5.3.8)

∂u

∂t
= R(u) (5.3.10)

4

un+1/4 = un +
Δt

4
R(un) (5.3.11)

un+1/3 = un +
Δt

3
R(un+1/4) (5.3.12)

un+1/2 = un +
Δt

2
R(un+1/3) (5.3.13)

un+1 = un + ΔtR(un+1/2) (5.3.14)
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5.1: Sod 256

5.3.3

Sod

Sod (1978) 1

ρR = 0.125

PR = 0.1

ρL = 1.0

PL = 1.0

γ = 1.4 5.1
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Orszag-Tang

Orszag & Tang (1979) 2 0 ≤ x ≤ 1,

0 ≤ y ≤ 1

ρ = 25/(36π)

P = 5/(12π)

Vx = − sin(2πy)

Vy = sin(2πx)

Bx = − sin(2πy)

By = sin(4πx)

γ = 5/3 5.2 Ryu et al. (1998)

fig. 3

5.4

5.4.1 Short Characteristic

μ

Short Characteristic (e.g. Kunasz & Auer 1988) MPI

Δτ

ρ(s) = ρ0 + ρ′1s (5.4.1)

κ(s) = κ0 + κ′1s (5.4.2)

Δτ =

∫ Δs

0
ρ(s)κ(s)ds

= ρ0κ0Δs +
1

2
(ρ0κ

′
1 + ρ′1κ0)(Δs)2 +

1

3
ρ′1κ

′
1(Δs)3 (5.4.3)

S(τ) = S0 + S′1τ (5.4.4)

ΔI = exp(−Δτ)

∫ Δτ

0
S(τ) exp(τ)dτ

= S0W0 + S′1W1 (5.4.5)

W0 = 1− exp(−Δτ) (5.4.6)

W1 = Δτ −W0 (5.4.7)

I(Δτ) = I(0) exp(−Δτ) + ΔI (5.4.8)
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5.2: Orszag-Tang t = 0.48 256 × 256
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1.

2.

(a) I(0)

(b) (5.4.3) (5.4.8) I(Δτ)

3. 2

4.

5. 2 4

5.4.2

1 (e.g., Rybicki & Lightman 1979) z

μz = ±1/3 2 I(μz = +1/3) = 1

I(μz = −1/3) = 1− exp(−√3τ∗top)

Jan = 1− 1

2
exp

(
−
√

3τ∗
)

τ∗

5.3 QF ( (5.2.12) )

QJ ( (5.2.12) ) Qan

5.5

( 2 Mm )

6× 6× 2 Mm3 288× 288× 100

24

5.4 ( τ∗Ross = 1)

3
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5.3: (1 ) 40×80×160(z 160)

J J Qrad

QF QJ Qan ( QF −Qan QJ −Qan QF −QJ)
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5.4: 288× 288× 100

(μz = 1) (τ∗Ross = 1)

6× 6 Mm2
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