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000000000000 z=254+¢0000000000000000 2 — zs0zg — o5
gooooooooooooobooo
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25, ODOOooono 49

gobbd.t0ugoboo

oM oM dlnp
+u +a =

BT o o 0, (2.113)
000D (2111)00 (2113) 000000
I(lnp+ M) I(Inp+ M)
_ —_ = 2.114
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PL



25, ODOOooono o1

rarefaction wave i sot her mal
t shock

tail
head

‘\\Ei\\\ C+ C ////////////'
C+

r holL rhoR X

0260000000000

000000000000 00000000000000000000000000000

DwOp,0000000000000
pQ::exp(—¢”>, (2.133)
PL

000000000 (2.108)0(2.109)000000000000000000000000 pg

gobbouoggbbbougogbboood po000gobobbboooobobbbd
goobooo

&2
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p—_— (2.141)
A3 = U+ cs, (2.142)
(2.143)

O000000000D0000000000Ou+¢,00000XM=«0000000000
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D — @ (0, —pcs, 1) (2.144)
1
2 _ 2
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OoooboboboooooooLdvooogo
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P L2 dU 22 (pesdu+dp) =0 (2.149)
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godad
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2CsL D«
LU, = P —1], 2.182
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goboobubododooond

goobood



60 U220 0O0d0dogobooodd

HEN

g2r7oggoobobuooggboobuouogboboon

pr =10 pgr =0.1250p, = 10pr = 010w, =ug =00~+=140000 (2.158) 0000
Op00000bDOO0DOp, =0.303130w, =0.927450 000000

O0000 pyp = 0.426320 pyg = 0.265570 Sy = —1.183220 Spp = —0.070270 Sy = uy =
0.927450 Vp = 1.752160 ¢ =0.1420 0 0000000000000 = -0.168020 D O O O
U000 x=-0.00980 000000 z=02488100000000000000

oboobg2rygboobgooboobuobboobooboboobooboobo

Jood

gbbbooobbbbooobbbuoogobobn

() 000000 00000000 000

(2)0000 000 000
(3)0000000000 0000 00000000000000000000000000
(4)

4) Riemann Solvers and Numerical Methods for Fluid Dynamics 2nd Edition E.F.Toro Springer
goooooooood

()0(2)0000000000000000000000000000000000000
000000000000000000000000000000000000000000
00000000@3)0@ 000000000000



61

30 Uttt
HREEN

gbobooooooboo

3.1 oo

O0b000bo0o0boobo0 BuwgersUOOOOOO0OOOOOO0ODOODOOODOOODO
Ooo00o0O0OO0O0O0O0O0O000000U0U00000O000O0OOOODOoDOOOg (=TVDO
000000)00000000000000000000000OOOODO000O0OOoOO
obo0—oboboooo—-o0boboboboobo20000b0bo0bobobbon
gboogbbuogbbuoobooobbooobboobuoobboobobooooboobbd
000000000000 (00)00o0O0o0O0O0OOO0OO000000000000oooooO
gooo

00000000000000000000000 (00)OoOooooooooooooo
gboboodbboobbuodgbbuogbobuogbobogobooobobobooboobbd
gobilgdgbobooobbboooboobuoooobobobuooobboobbooobbo
gobbooodggbbouoobbbbooobbboooobbbdags1boooao

00 00 000 0O0/000 000
ooooo u 1 00 3.1
Burgers 0 O [ U 1 gog 3.2, 3.3
Maxwell O O [J E,, K., B,, B, 4 00 3.4, 3.5
oooooon p, v, P 3 oo 3.6
O0O0o0o00oo0  p, v, vy, v, By, B, 7 ogn 3.7

031 000000O00000000000D0000000 (2,t) 000 10000000
goo

00000 ; ,
u u
gu- o Lou g 3.1
a T Cor (3.1)
Burgers 100 [00000000000(0)0000000000 (0)
ou ou
gu 0 g 3.9
o T or (32)



62

Ug3d bOobougobobbbooooobobodad

a_u+2u_2_0
ot or \ 2

(0000 )Maxwel 000 [000000000000000000)

1 0OF
_8_ - VxB =0
c Ot
1 0B
- — VxE =0
c Ot + %
OFE, 0B,
Ty - 0
ot e Oz
OF, 0B,
_ =24 —
ot ox
0B, OF,
Py -0
o ox
0B, OE,
it |
o T o
ooooooo
P pv
9 pU n 0 pv? + P
ot p_vz P ox @ ~ Pv
2 v —1 2 v —1
ogooooooo
pu
B, + B,> — B,?
1Y ,OUQ + P + Y + .
Pl Bxégy
puv —
a pUy a 34%
B X 47
By Byu — vB,
;j B,u — wB,
P DHu — B, (Byu + Byv + B,w)
47
u? + v + w? P B,> + B,? + B,?
E = + +
2 (v = 1Dp 87 p
o o— u? + v? 4+ w? v P ngz+By2+Bz2

2

(v—1p Amp

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

Doobobooboobooboboobobooobboobobbobb0obUUBurgerstd O
OOoO00oooobobobobooobdMaxwellDOODOODOOOOOOODOOOOOOO



3.2, MaxwellDOODOOODOO

63

gogdgbbodgbbuodobbuoobbbodbboobboooobobooobbooag

gobboooggobooooabobon

gobogobogobooobooboboobboobboobbooboboobobobo
OO0000 Maxwell OODOO0OO0O0O0ODOODO0O0OD0OODOO0OODODOO BurgersOOOOO

gobboogobbouogobbbooobobbboooobobbooan

3.2 MaxwellUOUDOOOOOO

Maxwell 00O (3.5)0 1000 40000000200030000000

;(Ey + B.)
5, - B
%(EZ + B,))
9 (B~ B)

+

— C

+

0
C%(Ey + B.)
0
%(Ey - Bz)
2(E + B,)
C@x ® Y
0
Ca_x(EZ — By)

0

0

0

0

(3.10)
(3.11)
(3.12)

(3.13)

boooooooooooooooolooooooobo By + B, 00000000000
Ow=FE,+ B, 0000000000000 0O0O00O0O0O0O0O0O0O0O0O000O000020

guoouoooooon

Owy
ot

871)2
ot

8w3
ot

8w4

ot

+

awl

“or

Ows
“ oz
Jws

ox
o dus

ox

E, + B.

2

2

(3.14)

(3.24)

(3.25)

O0000000O0OMaxwellDODO OO (3.14)-(3.17) 0000000000000 OOOO0O
gobogobogobogbugbuogooooobooogobooooboobbboobobd



64 Ug3d bOobougobobbbooooobobodad

Bz
EBe

B

W

=Bz

031 00Fk,B,w,v,00000000000000

00 wy, wa, wy, w00 (3.18)-(3.21) 00 0000000000000 (3.22)-(3.25)0000
00E, E., B, B.0000000O0OOO (O 3.2)0

[Dooo] 0o E, +B,0E,— B, 000000000O0O0OO

gbooobooooobbbooobobboooobooooobobon

E, 0O 0 0 ¢ E,
0 E 0 0 —c 0 0 E
— i — i =0 3.26
ot B, + 0 —¢c 00 ox B, ( )
B, c 0 00 B,
ou ou
— A—=0 3.27
ot + ox ( )
E,
E
— z 3.28
w= |y (3.28)
B,
0O 0 0 ¢
0 —¢ 00
c 0 00




3.2, MaxwellDOODOOODOO 65

000 (3.27) 000000 [0 (3.1))]000000000«w00000000000000O
OO0 cO0OD AODQ0ODO0ODODODODOOOMaxwellOOOODOODOODODOO £c00
00 A0DDODO0ODOODOODObObOODOoD

A —AI| =0 (3.30)

oo IrIooggooooooobooboobd

A 0 0 c
0 —-X —c 0

= A=) (A 7 = 31
0 —c -3 0 0 — ( c)* (A + ¢ 0 (3.31)

c 0 0 -

00000000000000 (A\) 00000000 (r)

1/2
I e I (3.33)
1/2
1/2
0
ro = 0 > )\2 = —C (334)
—1/2
0
1/2
ry = 1;2 s )\3 = —C (335)
0
0
1/2
ry = _1;2 3 )\4 = C (336)
0

0000000000 00000000 (3.22)-(3.25)0 0000000000000 w000
gobooooogon

o

I

4
u = = W1Tr] + WaTe + W3T3 + WyTy = Zwkrk (337)
k=1

w W

n



66 Ug3d bOobougobobbbooooobobodad

0000000000000000000000000000000 000000 *wd O
O RO

wn
w=|"? (3.38)
w3
Wy
t'w = (U}l, Wy, W3, w4) (339)
tpy 1/2 0 0 1/2
t 1/2  1/2
R—| || 0 V212 0 (3.40)
by 0 1/2 —-1/2 0
bpy 1/2 0 0 —1/2
goooodd
u = Rw (3.41)

oboobobboboobb RUODDOO LOODUODO

10 0 1 2
01 1 0 2

L = = 42
01 -1 0 A (3.42)
10 0 -1 2

£ = (1/2,0,0,1/2) = 2'r 3.43

25 = (0,1/2,1/2,0) = 2%y

( (3.43)
£ = (1/2,0,0, —1/2) = 2'r, (3.44)
( (3.45)
2 = (0,1/2,-1/2,0) = 2'r, (3.46)

Oooob0 Lo RrROOOODOODOD 20000000 DbDO0ODDbDODDbDOODDbDOn
0000000000000000 |r)? =200000000000000 LO0O0O0OOO
000 A0 (0)OODOooooooo

LA = N\ by (3.47)
00000000000 (3.18)-(3.21)00
w = Lu (3.48)

000000000000 (341)0 LOO0D0O0OO0OO0OO0O00O0O0O00OOODOO0OO0O0O0OQ
gbooooooobobobo0o RO LOOODOO

ou A ou

il B 4
En + B 0 (3.49)



3.3. BurgersOOUODOOO MaxwellUODOOODOOOOO 67

J0(Lu) O(Lu)
A - .

5 t AT 0 (3.50)

RL = LR = I (3.51)
—c 00 0

A-rAarR = | Y 00 (3.52)
0 0 ¢ O
0 00 —c

0000000000000 0000000000o00ooooooooo!

U0 w= Lu00O00000000DOOO00O0O0ODO0ODOOODODbOODOOObOOoDbDODO
O0100godooboboooogogoobobboblfd v = LwOO00O0O Maxwell O
goboooog

O000000: DO000O0 (CooooOO0)DOOO0O0ODODOO00DO0DO00D0DO0D0DO0DOOOoOO
gobbuougobbbuooobbbboooobbbuoooobboboad

3.3 BurgersUUOUOOUOOO MaxwellUOOOOOOO OO

Burgers OO0 0O0D0OD«0000000D0OO0OO0ODO0ODOOO0O MaxwellOODOOOOO
ool +ce00000O00O0O0O0OODODOOOODODDODOOOUObODDOOUObODbDDbDOO
Ooooo

Burgers 00 00 OO

wt + A1) = wlt) — X0 G — Fra) (3.53)

Forr = [ () + uy(t) > 0] (3.54)
J+1/ M (i1 (t) + u;(t) < 0] )

0 (3.54) 0

[ujr1 (O + [u; (D]
2

Ujr1 + Uj
2

DO | —

fj—i—l/? (Uj+1 — Uj)] (355)

O0oooO0o0o0o0b0ooboobUnD MaxwellODO OO

ow ow  OJw ofw
fo = LARw = Aw (3.57)

D 200000000000000000



68 Ug3d bOobougobobbbooooobobodad

gobbouooggbobouooobbn

At = .
w;(t + At) = w;(t) — M(fw,j-i—l/Q = fwjo1/2) (3.58)
~ 1
fw,j+1/2 =3 [fw,jﬂ + fw,j — |A] (wjy — 'wj)} (3.59)

000000000000 [A|D000000000O0O0O0000D0D0ooOooODOoOO

c 000
Al = S (3.60)
0 0 ¢c O
00 0 ¢
ogogooog
goopooooono 5 5 5 of
u u u
el A =~ v — 3.61
TR R TR (3.61)
J. = Au (3.62)
O0odoogoooggoooogono
At | =~ ~
uj(t + At) = uj(t) - A—x(fu,j+1/2 - fw,j71/2) (3.63)
.fu,j+1/2 - R.fw,j+l/2 (3-64)
1
= 35 [fu,jJrl + fu,j — RIA|IL (ujyy — uj)] (3.65)

2
0@365) 0000000000000 000O0DOOODOOOOO

34 UOUOUOLOOUoobood

gbbbbooodobbboooobbbbooobbbbooobbbboooobobbobo
gobooo

0 0
1.DDDDDD6—?—|—Aa—u = 000000000 O0ODO0O0DAODDOOO

T
20000 AQDUODOODOODOO
3.0000 AOOO0OUOOoOooooooo
4. 000000000000OO0O0O0O0OOODOO

gobbouogobbboooobbboooobooooon

gobol1 oggoobobobod



34. DDOOooOooboboooon 69

ou of
o 2 =0 3.66
ot os (366)
00000000000000000000
ou ou
— 4+ A— =0 3.67
ot + ox ( )
of
A =21 3.68
S (3.68)
ofi
A); i = 3.69
(A)i o, (3.69)
Do00oo0oo
0oooooood
P p
_ pv _ 3.70
R s 10
2 v—1
pv
pu 2 2
3—7 (pv) pv p
2 _ _ LA -
F = pv* + P _ 5 + (=1 5 T LT (3.71)
v3 Pv Y
IO— + i pY I - Y (p?))2 + ( E)
2 4 -1 12 p
v? P
E = —+ 3.72
2 (y=1p (3.72)
2
P
H=24+ T (3.73)
2 (y=1Dp
000000 f0«00000000020000000000000000000
0 1 0
3—7
A — - v B-mv -1 (3.74)

-1
<72 v2—H>v H— (v -1 v

00002 00000000
A - \I| =0000

M = v+ ¢ (3.75)

)\2 v (376)

A3 = v — ¢ (3.77)
P

o = (| 1= (3.78)



70 Ug3d bOobougobobbbooooobobodad

gobo 3 oguobboooon

r = v+ ¢ (3.79)
H + veg
1
ry = U2 (3.80)
v
2
1
ry = v — Cq (3.81)
H — v
(1 [y —1 U 1 (1 v —1 v —1
6 = |- (% A - - 3.82
! 2 (2 2 cs>’ 2 (cs c? U)’ 2¢2 (382)
[ vy -1 v —1 v —1
0 — B =0 s (3.83)
1 [Py -1 u 1(1 ~-—1 v —1
b = |- = il I 3.84
K 2 (2 2 N cs>7 2 (cs T2 U)’ 22 (384)

go0oooooooooOobOoobOoo0ooboDbbo0oU0 ACDOOoDbUoOobOUOOooDbooo
goodgbbogbboodbbobobooboboobobooobbuoobogoboobbd
gobogobobooobbobbuoobobobooobboobobuoooboboobnboba
000000000 Roe (1981) O

po= Vo (3.85)

5 = VPl P (3.86)
VPirt T /05

g - Vet * yoilh (3.87)
N
-2

2 = (y-1) (f‘[ - %) (3.88)

O000b0o0obboobobo0obob0o0obb0o0obo0obboobbUobobOg ReeOdm
gobbooog

Roe 0O DOOODOOOOOODOOOOOOODOO,/pO0000000000O0O0O0O0O00O0O
0o01/,/p000000000000000D0000D0O00O0DO00D0 (6000000 (=



3.5 DOhoooobobboogooo 71

0000000)0000000000000000 600000000000 (3.88)00
goooo

Bin 5

(fZVW VPi =L Pinh (1 — vy)? (3.89)

ItV 2 (e t )
0000000000000000000 (v #0,)00000000000000000O
ogooooon
00 RoeDODOOODO0O A(uji, v;) 000 w; 0w 00000 Property UDODOO
gooog3nog

i) (fi1 — ) = Ay, wg) (wje, —uy)

ii) 00000000 (OoOoooooooo)

OO000000000000000O0Property UDODOODOODOOOOOOODOODOOO

OO0O0o0oooooooooo HirschDDDDADDDDDDDDDDDDDD
n -

'“’j(t + At) = uj(t) T Ar (fu,j+1/2 - fu,j—1/2) (3.90)

fu,j+1/2 = wa,jJrl/Z (3-91)
1

= = [fusr + Fuy — RIAIL(uji1 — u))] (3.92)

2
O0000 MaxwelUOODODOOODODOOOOOOODOODODOODODOOA=LARODODOOO

gobbooogbobooooobobon

lv+¢c 0 0
|A| = 0 |v] 0 (3.93)
0 0 |v— ¢

000000: 000000000000000000000 (000 A)00000000
(000000 r0¢)00000000000000000000000000000 (Roe
0o)oood

3.5 UO0Ooooooboooboon

gbuogobuogobuogobogbuoobbuoobbuoobobuoobooobbuoobba
goboguobboodabbodobbuoobbuoobbuoobbuoobboooodabod
guoddododooooboooodooooobooooooooooooooouoog
goboboogd



72 Ug3d bOobougobobbbooooobobodad

gbobboooobbbiloooobbboodd

p
pu
pu
u = pw (3.94)
By
B,
pE
pu
pu® + P LB+ BE = B
B.BT
-
= Bx z
Fo= pu — 2 , (3.95)
T
Byu — vB,
B.u — wB,
Hoy B, (B,u + Byv + B,w)
P 4
p-vtvte P B 4B+ B (3.96)
2 (v =1Dp 8mp ’ ’
u? + v + w? P B> + B,?> + B.?
H = > + = , (3.97)
(v—=1p TP

100000000000000Ofst 0 (0000000)0slow 0 (0000000)0
Alfvén 0 (00000 ODD0)000000O00070000 (0000000000)0000
000000000000000000000000000000000000000000
00000000000000000000000000000 fast 00 slow 00 Alfvén O
00000000000000000000000000

0000 (0)000000

Ty = Ru:I:Cf 5 T2 = Ru:l:bx 5 T35 = Ru:ﬁ:cs ) ry = Ru; (398)

)\1’7:17/:|:Cf, >\276:ﬂibm, /\375:ﬂics, )\426, (399)

0D0000000000000000000000000 w;0w;,000000000
000000000Brio & Wu (1988) 0 v = 200000 Property U 00000000
000000O0000Brio& Wu (1988) 00000000000000000000 00
00 Property UDODDOOO0OO0O00O00OO0O00O0O00O0O00OO0O00OO00O0OOOO~OO0O0O
Property UDDODOO0OO0O00OO0O0O00O0O0O0O0?

Property UD OO ()00 200000000000000000000000000O0O0O00OOOOOO0
gboooood




3.5.

gbobooogooobboood

1
u + c
B,Byc
Arp(c® — b,?)
5T B.B.c
w T o 1 o\
Ruic = 47TQ(C§ B bx2>
Byc
p(c® — by?)

B,c?
(2 — b2
p(c ) 22)

v+

R, = B \/ﬂ
Vop

1icﬂ+x—|—(5b2

1
i
7
R, = w
0
0
uw + 07 4 Lo
L 2 i
BBy +Bw) v—2, .,
X=F @ =) -1 )
s = 1~ 2 (By,j+1 — By ;)? + (B. js1 — B.;)?
v -1 87 (/pjr1 + /0;)?
a,? £ \/a* — 4a2b,?
C 2 =
f78 2
’ dmtp
S TR R B,2 + B2+ B.?
-1 (H - —0b?) — (v = 2) (== Y z
(v =1 ( 5 ) = (v = 2)( e

73

(3.100)

(3.101)

(3.102)

(3.103)

(3.104)

(3.105)

(3.106)

(3.107)



74 Ug3d bOobougobobbbooooobobodad

(3.108)

o = VPl T VPV (3.109)
VPi T \/Pivt
VPiWj + /Pi+1Wjt1 (3.110)
VPi T \/Pit1
_ iriB,.; + /7By s
By _ Pi+1Dy, 5 \/p_J v, j+1 (3'111>
VPi /Pt
_ By + Byin
Y 2
_ .BZ._|_ BZ
B, = VPt vPi AR (3.113)
VPi T /Pt
B _ Bz,j + Bz,j—i—l
‘ 2
000000 (3.100)00fast D0 slowD OO0 0OO0OO0O0O0O0O0D0O0O0O0OOODOOOO ¢O
c;y 000000 fast00000000O0O0c,000000slowOO00O0O00O0O0COOOOOO
Ul e U00ogooooboobbb e n
gogoboobobobobobobobbtbtbdodooob bbb booooooobobobobooon
0000000000000 000000OO0O000DO (DUO0OO)OD0DoDoOoODoODODOOOO
oo bbb oooon
OO0Ryu & Jones (1995) 0000000000000 0OOODOOO0OODOOOOOOODOO
gooooo

w

B (3.112)

(3.114)

ar

ay (o + cf)
aft F ofyby sgn (By)
apw F os3.b, sgn (By)
R1’7 == aSﬁny 47T/ﬁ (3115)

asfB.cp\/AT/p

u’ 4 0% +w? cp?

o { 2 5 —1

I +%(Cf2 _ az)} F asbmsgIl(Bm> (ﬁyQ_J + ﬂz@) |

+ 66 £ cpu +




3.5 DOhoooobobboogooo

0
0
F0. sgn(B,)
Rys = +3, sgn(B,)
B.\/Ax/p
_ﬁy \/m

F (00 — Byw)sgn(By)

s

s

as (4 £ c)
asU + apfyasgn (B,)
asw £ aff.asgn (B,)

oy ByaVian
R;5; = cr/p
oy B.a’Vian
crVp
W + 0% + w? cs? v— 2
o + 0 £ cou >
o { 5 + CsU + o + v -1
L j:ozfasgn(Bx) (ﬁyﬁ + ﬁzw)
_ 1 -
U
v
R, = w
0
0
Z2 ) =2 52
ut + 0" +w L5
L 2 |
¢ — by
« =
f ¢ — g2
cp? — a? cr Vh? — 2
O{S = = —
ci? — cg? by c? — cs?
B,
ﬁz = = — >
By2 + BZZ
B
ﬁy = = z =

(cs

2

_ a2)}

5

(3.116)

(3.117)

(3.118)

(3.119)

(3.120)

(3.121)

(3.122)



76 Ug3d bOobougobobbbooooobobodad

Ooo0oDo00O0 (B, =B, =0048,0 6,0
By =1 and B, =0
Oo00000000 ¢f =¢cs =a=00000a;0 o,0
af =1 and a, =0
B + 8.0 =1,
af2+biza82 =1

cf
gooboooog

Wy = % [_ﬁ(ﬁzAU — ByAw)sgn(B,) + \/%szBy B ﬁyABz)}

98-80 = B,8w)sgn(B) + [ - (3.AB, — 6,AB.)

DN —

Weg —

B,AB, + B.AB,
w, + wy = Ca—f<AP—|— Y y47r )
f

+ {ai“;f (v =D = (v - 2)a?] famp

47 ’

w — wy = L 5Au — as—zssgn(Bx)ﬁ(ﬁyAv + B.Aw)

B,AB, + E’ZABZ)
47

o[ 7 - 0 - 0 ] i

—a, \ 8,AB, + B.AB,

? g2 AT ’

Wws + ws = —<AP+

(07
W3 — Ws = csa IBAU + ?ngD(Bx),5<ﬁyAU + BZAU)) )

wy = pip1 — p; — aCf (wy + wr) — o, (ws + ws) ,

AP = P, — P
ABy = By,jJ’,l - B
ABZ - Bz,jJrl - B

Y J o

Z7j :

(3.123)

(3.124)
(3.125)

(3.126)

(3.127)

(3.128)

(3.129)

(3.130)

(3.131)

(3.132)
(3.133)
(3.134)

(3.135)
(3.136)



3.6. DOOooOooooo 7

i 1

U

v
R, — w , (3.137)

0

0

M + 0V + ¢
L 2 -
and

- pi+1e; — pi¢; — (P — By)/(y — 1) ) (3.138)

wq

3.6 UO0Ooooon

gbobogbobuogbobouobboggbboobbuodboouuoobbuoobbuooobo
gboboodgbbodobbuodobbuoobbuoobbooooooooboboobboobbd
gobobooggbobouoooboon

1.00000 (expansion shock) 00 O

D000 0D00000 M0O00M,; <000 Mjp1 >0000000ReeOO0OOODO
00 (expansion shock) 000 000000000000 O0OOOOOO

000 Hirsch OO0OO pp. 467-469

20000020000

bbb bobobbbbboddogooooooobbi1ooooooooobboboo
oob20000000000000DLDO00DODO000bDOoOoDOobObOODO MUSCL

goooo
o0 ooooono g a3d

3. Godunov OO QOO TVDOO

bbb bbobbobbobboboblgodoodoooooooouoaoobon
OO00000D0Godunov DO DOOOOODOODOODOOODOODOODODOODOODO
TVvDOOoOOooboooooooboboboooobooobooooboooboi1oo

gboooggn
gbob oooodgn g a3g

4.000000 (flux limiter)

OO000 MUSCLOODUODOOOOOOODODOOOO0OODO0DOO Godunov DO QOO
Oo0ooo010000000 minmodODOODOO 100



78 Ug3d bOobougobobbbooooobobodad

gbob oooodgo g a3g
5. MUSCLOD (00)ODDOOoOOoooooooo

D000 0oOoooooooMuSCLOObOOobOobDooobooooooobooooo
O00000000000000000000000D00 Fukuda & Hanawa (2000) O
gbooog

6. Property U

ODD0O0O0 Property UDDDOODOODOODOOO ReeODDOODOODODOODOODODODODOO
gbobobogobobboboooobbbog

000 Hirsch OOOO pp. 463-465
r0ggoobbbooooon

bbb 200000000000 b0o0bboobbuoobboobboobobba
gbobboboooobobboooooobod

g.0buuggboooooon

gobobbooddoooooooobobooobbbboooooooooboboobooboooa
gbbbboooobbbuooooobboooobboooon

000 Nobuta & Hanawa (1999)

Oood

(H)OD0ODO,1994, 0000000000, 000000

(2) M. Brio and C. C. Wu, 1988, J. Comput. Phys., vol. 75, p. 400

(3) N. Fukuda and T. Hanawa, 2000, Astrophys. J., vol. 533, p. 911

(4) C. Hirsch, 1990, Numerical Computation of Internal and External Flows, vol. 2: Compu-
tational Methods for Inviscid and Viscous Flows, Wiley

(5) K. Nobuta & T. Hanawa 1999, Astrophys. J., vol. 510, p. 614

(6) P. L. Roe, 1981, J. Comput. Phys., vol. 43, p. 357

(7) D. Ryu and T. W. Jones, Astrophys. J., vol. 442, p. 228



ClpO OO

gbobogobbooobboobuooobuoogbbboon

20030 901 811 (L) 9O 120 (O)
guooobobggoooooboboggd

1 CclpOo0ooognd

gbobooooooboboboooboooooobobobooobooobooon
000000000000 [1]0YabeOOOODOOOOOO CIP(Cubic In-
terpolated Profile[2][3] D0 0000000000 OOOOOOOOOOOO
goo0oOoOooopoooOoOoOoOoooOoOoOoOoOoUOoooOoOoOo crpoOd
gooooopoooooooooooooooo crpOoobDboboOoOoOoOoo
00000 f(e,t) 00000000 OOOOOODOO

oF ,0f _

—0 1
ot " or (1)
OJ00«000000O0o00booooooogoooooooooooog
gpoooogoo

fx,t) = f(x—ut,0) (2)

000000000000000000«0000000000000000
0o 1)
000000000000000000000000000000000
ooooooo
000000000« 00000000000000000000000
0000000 AtDD00000000 2, 0000« 000000000
0000000000 (2)0000

f(xi, t+ At) = f(.’tz — uiAt, t) (3)


既定
2003年9月8日(月)～9月12日(金)

既定
場所：千葉大学総合メディア基盤センター


U 1. 0000000

gobooboooboboboottboboob0 00000000000
00 At00000000 3)oooooouooo

gbobooob200010000000001000000O0000C00
gboboobooboboobooboooobboooboboobooyg
o000 000000000 300000 2000000000 Lax-Wendroff
gboooobooooboboooobooooboboobooboooon
goooobood

(b)

020000000 (000000000 wAtODD0O0OOOm(b)OO
gbhoooobooooobobooom

0 CIPOOODD 200 [;,i+1]0300000 F(z)00000000
0000000000000000000000000000000000
00000CIPOOOOOOODDOOOOO0O

F(X):aX3+bX2+cX+dD X=z—ua; (4)

gboooobooooboboooobooooboboooboOoboooon



0000 (00w<00000
F0) = [ F(Az) = fii, 0:F(0) = 0uf"s 0 F(Az) = 0o fity  (5)

00000 (b)0003000000 a,b,c,d000000O0OOO

o= &cff""a;cfﬁi,-l Z(fin_ zn—’&-l)

Ax? Ax3 (6)
B3l ) 2000 f7 + 02 1)

b= +Ax2 B Az : (™)

Cc= 8:cfzn (8)

d=f" (9)

ubdnO0nO000000D0O0DOO0ODOOOODOOOOOOOOOOOOOD0
ooooooo0D i+1—-:i—-1,0 Az —--Az00000000CDODOO

clr00O0O000OoOoOoOoOoO0O0OoOoOOoOo0U0OoDDOOo0O0O0Og0 wO
00o0o0ooo0oOo ()oooooooo

00cf) | 0D:f)

ot oz (10)

goo00OO0O0oO0O0ooooOoOOo0OooooooODoOoOoOooOoOoOoAtoOd
(n+100000)00000000000000OO0O0OO0O0OOOO

dufi ™ = Lmd; UAY) 3062 + 206 + 0, " (12)

000 ¢=—wAt00000000000000 (11),(12)0000000
goboooooboo
gbooboobobobobobobobobOoooboobol1obooobaoon
0 Lax-Wendroff 0000000000 (O 3) 00000000 OO0OOO
0000000000000 0CC0000000D00000Lax-Wendroff 0 O
gooooboooooooogoooogocerprobobooooobooogooo
gobooobOoboooobobooooooo



1.4 T T T T r 1.4

1.2 E 1.2 |
1 ] ' S LEA
— I
i
0.8} ] 08| ﬂ
H
0.6 | ( ) 1 0.6 |
a
0.4 1 04 (b) 3
0.2} 1 0.2} E‘
o 1 of
-0.2 L . - - - 0.2 . . . . .
50 100 150 200 250 300 350 ‘50 100 150 200 250 300 350
1.4 r T T T T 1.4
1.2}
cip
1 — TR
08}
)
041}
0.2}
ol
0.2 L . . . . 0.2 . L . n .
50 100 150 200 250 300 350 50 100 150 200 250 300 350

03 000000.w=1Az=1At=026000000000000. (a)
00000(b)1 000000 c)Lax-Wendroffd (d)CIP. 000000000
oooo.



2 0Ooooboobooo

gbooooobooboogon

of | ouf)
Fn + 0w q (13)

00000000 -000000b00d g0 o0OUO (f,z,t000)000OO
ooooclPO000DO0O0O0MOOOO0O0OOOODDOOOOOUO (13)0
googo

00000000 (4oooooooo

(0xf) 2(0:f)
a Y ar

af du

:amG_%(‘)x

0O (14),(15) 0000000000000 0O000O0O0ODOO0O0OOOO0O0
ugood

O OooOod o7 o7
0(0xf) 000.f)
9 +u e 0 (17)
O
O 0oooOod of
5 =G (18)
o0.f) _ . Ofu
ot %G Oz Oz (19)

00000000000 CIPOOOO0 (f*0.f") — (f* 00000
0000000 (11),(12) 0 (f~ o, A Hooooo(fa.f)000Mm

000000000000000000000000000000000
000 (f*0.f) — (fo,/~H000000000000D000000
00000000o0000000



21 OOOoooobooo

gbobooobobooobooboooboooboboobooboooboooon
0 (1§ ooooooo

= fr + GiAt (20)

Jo00@Oo0oo00 «x00o0o0oooooooboboobooooom oo
O (19)|:||:||:||:||:||:||:||:||:||:||:||:||:|
Giy1—G

i—1 s Uil — Ui—1
Ay At — 0. f; By V— At (21)

8xfin+1:8xfi*+
000 G, 0000000000 Go0d0dooooooooooooooo
0000000000 (2000000000000000 G; = (7 —f7)/At
oo (21)|:|

(IR = fr) = (M = 120)
2Ax At

Wit1 — Ui
At — 9, fF = TNy

2Ax
(22)

azfin+1 = azfi* +

gobobooboooboobooboobo

22 JO00dOoooo
0 (40000000oo0ooooooooo

1.CIPOODO (11),(12) 0000000000 (16),(17) 000000
(f",0:f™) — (f*,0,/*) 00000

2.0 (20),(22)0000000000000000(f*,d.f*) — (f*™, 8, fmt1)
00000000000

3.0000000

ooo00O000o0000oooObO000ooOO0oO0b0O0b00Ob0000 Vlasov-
Boltzmann 0 000000000 CIPOOOOOOOOOOOOO



3 Uuobbooon

3.1 0oggn

1o0booobooboobooooboobooboobooboon

@ + ua—z = —p@ (23)

o o T pow (24)
dp op B @
En + u% = ’ypam (25)

0000000 p0000wD0000p0000ed00O0DOO0DOODOO
000000000O0oO0oog

I p
y—1p

(26)

O0000~0000000D0O (23)0(25) 000000 (140000000
godooogooooooodoooooooooo crpooooboooooo
goooo

gbobooboooobobooobooooobooo 200000000000
100 (pyu,p) 0O0OODOODOOODDOOOOOOOOD 1000000
O (p,p) 00000000 DO0OOD0ODw(DDOOOOOODODOODOOODO
gbmooboobooobooboooooobooooooboobooooon

p, P u

Lo e 1 e

04 000000000010 000000D0O0

3.2 00on

gooooooooooboboooooobooooobobooooooobooooon
gbooooboobooobobooooboooobobooboOoboooon
00000ooO0O00oU0ooOoooooOoOoooOooooOoooon Az



0000000000000000000000000000000000
0000000000000000000000000000 Von-Neumann
000000 [s)ooooon

Ju 7+1 0u Ju

J— . —_— —_— 2 2 ] —_—
4 = ol plCS(ax)A”L 2 (833) AT 9z = 0
0 otherwise

D000¢ 0000000000000 (du/dz) = (412 — ui_1/2)/Az 0

00000000000000000000000 A0000000000

000000000 Az0000000000C,=+Ap/pf0000a0
00000000600 100000000000
0000D000000000000

Pt — pr — Uiy jg = Ui_q/o (27)

At ¢ Az
+1 * * * * *
“?H/z T Uiy _ (Pi +ai1) — (07 +47) (28)
At Pivise Az
+1 * * %

p =D * oy Yit172 — W12

Pi  —Pi _ g gy Y2 12 2
Y {pi + (v —Dg;'} AL (29)

0000000 plyyy=(pi+05)/200000 (29)00 (y—1)g; 000
0000000000000000000000000000000000
Oooooooo

3.3 ooccurO

0000000 CclpPO000OOOO (270 (2900000000000
gboooobooooboboooooboooobobooooobn

pn+1 _ p* _ * —skok
A7 = —p'V-4u (30)
,L_[** _ 1}:* Vp**
A T o 31)
D; A_t D; — —Wp*V . a** (32)

0000000000000000000000000000000000
(27)0(29) 0000000000 «000000000000000 00
000000000000 (31)0000 divO000qyp=pC2(C,000)



0000000000 (32)000000000000000 poisson 000

gooooo . . . .
v(vf* )—§*03£2+VA2‘D (33)
0000 CIP-CUP O (CIP-Combined Unified Procedure) O 0 O [6]0 0
(33) 00000 SOR, Bi-CGSTAB, etc) 0 p* 0000000 (31)0 @ O
ooOoo (30)0 1000000000000 0D0e000000D0OD
(33)|:| C,—oo0000 MACOODOOODOOODODOOODODOOODDOO
gdoboooobooooouooooooboobuoboobooooo

gbofdddooboboooooooooooooooo

7__["+1—ﬂ'** N
= G (34)
n+1 ok
p —-Pp
= @ (35)

(.,Q,00000000000000000000000000p 0+
ooooo

3.4 00U

00o0000oO0ooOooooDooooOoDbOo crpdOo ccupoonOOO
00000000O0d0p=1p=1(x<1),p=01,p=0.125 (x> 1)00O
00~y=140000 A2=0.10000 At=0.01000400000000
000000000000 00000 a=0700000 50000000
000o0oo0oooooo0oDoooooooooooooooooooon
0000 sharp000000D0DOOOOODOO

0000000000 overshoot,undershoot 0 OO0 O0O0OOOODOOO
000ooo0oooOo0oooOo CIPO [MOo00O0O0O0DO0O0OO0OOOOODODOO
0000000000 CIPODOOO Rarefaction Wave DO OO0 OO0OO
goooooccipOO0OoOooOoOoOoOoOoOooOooOoOoooDO



1.2

1.2

05 ClPOO00ODOOCCUPODOOOODOOOODODODOO

3.5 OAppendix) 000000000000 100 CIP

gobooboooboobgobbool1boobooboobooboboon
gbooooboooobobooooobooooboboooooobn

dp | 1 0(pur’)
ot e o 0 (36)
ou Ou  10p

Oe de _ia(ur‘s) (38)

at " Yor — pré  Or

godoé=o0,1,2000000000000000O0DOOOOODDODOOO
gboooood

G- ( p O(ur®) 10p D 8(ur‘s)) (39)

gbooooboooon

4 0O0O0OO0OCIPO
4.1 CIP-CSL2(Conservative Semi-Lagrangian) [J

01200000 CclpO000ooooOoooooooooooobooog
gboboobooobooboomoooobooooobooobooDbo
oooooooooooooooooooooooooooggo crp

10



00000000000000 CIP-CSL4[8] 00 CIP-CSL2 (900000
0000000000 CIP-CSL2000000000
000000000000000

oD oD
il —— =0 40
8t+u8x (40)
oooooobDOonooooooo (4O)DDDDDDDDDD'58D/395DD
ooooooooooooooog

oD’ o(uD’)
ot Oz

=0 (41)

0000000 (41)0 D = f(=0),0 (40)0 D= [fdz0D000 CIP
000000000000000000000000D0000000000
01200000000000000000000000

000 CIPOOO0 fO00009f/0x0000 3000000000000
CIP-CSL2000 f0000 p= [fdz 0000 200000000000
00000 p00000000000000 20000000000000
0D30000000000000

D) = [ s (42)

ooooo
Di(x) = AL, X3 + A2, X? + f'X (43)

gboobos3tocoboboooobooboooooooobooooon

0D(x)
Ox

Fy(z) = = 3A1,X% 4+ 242, X + [ (44)

oo0oo0o0o00Doo00 X=2x—2; 0000
0000 Dy(x)0000000D;(z)D0000O0ODO0ODO0ODOODO CIPO
good

Di(x;) = 0, Di(Tiup) = —59n(Us) Piceirs

up

(45)

11



0000pr, 0000000000000 icell =i — sgn(u;)/2)0 iup =
i—sgn(u;) 0000000000 A1,A20

S Fhy | 2som(u) ey

Al 4
Ax? Az} (46)
_ 3sgn(ui)p;lcell Z(f'tn + zZp)
A2 = A2 Az, (47)

Az, =x4,—;000000000000000000000O

4.2 0O0O0O0OO0OOOO

CIPOODO fO00OD 0, fO00D0O0O0O0DOODDODDOOOOOCIP-CSL2
000 fO0000p000O0OOOOOOOOOOOOOOOOODO

of | o(uf)
E_‘_ Ox

=0 (48)

O crp-csL2ooooon

1.0 f000 (48)00000000000000 (16),(18) 00 g=000
0000000000000

() 000
fi = F(z; — ult) = 3A1E? + 2426 + f7' (49)
(hyooooo
= e Gar 6= - 2t (50)
gooo
a

2.000 pOO0DDOOLOODOODLOODOODOODOOOBODOO

P:-lel/g =pii1pt (Apiy — Apy) (51)

000000000 App0000O0O0C0OCOOOCOOO

Ap;:/l F(a)dx = —Dy(; + €)
zi+§

= —(A1;E3 + A2,6% + f1¢) (52)
0ooooooooo
3.00000000

12



000 ¢=—wAt00000 (B1),(52)00000000UDOODO0O0OOOO
gbooooboobooobobobooooobooobooboobooooooD

ooooOoO00oOoOooooooooooo cip-csL2ooooooooag
gooooooOooooooooooooclpoooooooooooa
ooo

Fia(X)

|
p LAt Pi-2 At
X
X4 X
O 6: AtOD0OO0OQOQOOoOOoOoOoooooo
4.3 OO0
0 (48)000000o0o0oooUooooooooo

u(z) = 1.0/(1.0 + 0.5sin(27z)) (53)

gbooooboooon

1 if 0.25<x<045

0 otherwise

f(:L',t_O)_{

0000000 Az=20/NONOOODOmMOOO At=Azx020000
gobbooboobo+=080000000000000000 pO0O0OO
goboboooboobooboobod

0 0
P+
R 12 ~(2; — mi-1) (54)

oooo
0 7(a)(b)000000000000000 7(c)(d)d Mass Errord 000
0N=20)00000000000000000000000000 CIP
00000000000000000000000000000 f00000
0000000000000000000000000000000000

13



ia _--B--N=200 14 | ~-°--N=200
—e-N=2000 T N=2900
12 [|——Analytic ( ] 1.2 | |—— Analyti ]
X a) . nalytic (b)
1 p 1 s :
08 | ] 08 1]
™
06 | B L o6 ]
04 | ! ] 04 | :' g
CIP-CSL2 CIp ]
02 | 02 i b
01 [ 4 %,—
0.2 1 L L L L L L 02 1 L L i L L 1
1 105 14 145 12 125 13 135 14 T4 105 11 145 12 125 13 135 14
X X
002 . . . : . i 1510 T T T T T T T
----- fCIP-CSL2) (d)
0.015 " ——f(CIP) _‘_”‘°
\ 110" |
9 o.01 ; I
& (e) ]
.- ] 14 |
S o005 ] £ %%
g 13
w ° 5
iy = [
\ w
0005 [ %
s10"
001 |
0015 ! ! ! L L L . A10° !
o 01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08
time time

0 7.00000(x)000 N =200,600,20000000000 (CIP-CSL2)0
(b) O CIPO (c) O fO Mass Error(CIPO CIP-CSL2)0 (d) DO 0O p O Mass
Error(CIP-CSL2)0

14



goooogoclpOO0O00OOO0O0OO0OOO f000o0oooooocIpP-CSL2
go0oOo00oboOooOoopooooooogcoerp-CsL2000oooogn
000 p00000D0D0O000DO (D10~ 00000000000000
000000000000 f;Az0000 p,_y,p000000O00O0OODO
gobobooobooobooboobooboboo

4.4 0000
44.1 200

000000000000 Directional Splitting[10) D 000000000
gboobo 200000000000

of | 0uf)  OWwf) _
aﬂ- O + oy =0 (55)

goboboliboobooboobobogsubuoobooboood

fi,j+1 Oyjn fi+1,j+1

Oy Piaja Oy, j

N .| fivaj

0 8 CIP-CSL20000 (200MI 000 o,,0,000 pO

gpooo

Tit1

ot = / F(, g, t)da (56)
ll/j+1

on.. = / Fy, t)dy (57)
Y

Tip1 Y+l

o = / / F(x,y, t)dydz (58)
Tq Yj

15



goobgoobooooboo

Lof [ O(uf)

STEPL : 4 =2 =0 (59)
Lof [ oWwf)

STEP2 i 5+ —5= =0 (60)

00000000000 (48)0(52)0000 CIPCSLID(u, fm, fri pn, p"t z)
ooooo

STEP1 :CIPCSL1D(u, f, f¥P* oo gster! )

y O s

= _ Uiy + Ujj4-1
2
CIPCSL1D(a, oy Uztepl,p , pitert ) (61)
STEP2 : CIPCSL1D(v, f5'', fr+1 gstert gntl y)
b= ’U” + vz+1j
2
CIPCSL1D(u,05tP gl tt, potert pntl ) (62)
goooood
4.4.2 300

300000000 04,050, 0000 Say, Sz, S-z0000 p00000
000900MO00

it+1 yJ+1
Zyik =/ / f(@,y, 2k, t)dyde (63)
Zk41 Jy;+1
yrijh = / / f(@iy, 2, t)dydz (64)
it1 2k+1
zmjk / / ZL' yj,Z,t)dZL'dZ (65)
i41 yJL+1 Zk+1
Pijk = / / / flx,y, 2, t)dxdydz (66)
T Yj 2k

goooooooboooo
0 0
LOf | ouf)

STEPL o+ 5= =0 (67)
Jof oWwf)

STEP2 5+ 5= =0 (68)
JOf | o(wf) _

STEP3 : s+ =5 =0 (69)

gboo2000000

16



Ta S

2xijk
fijk (o)

SS(yijk

yijk > v

Xij

D 9: CIP-CSL2 D D D D (3 D D ED D D D U$7Uy7az D D D |:| Sxyasyzaszx

STEP1 : CIPCSL1D(u, f7, f*P! o7 g5tep! g)

STEP2

STEP3

U

2
CIPCSLlD('[j’ U’Z/L’ U;tepla S;Lyv S;Zeplv 33)

0 tepl tepl
CIPCSL1D(i, 0%, 03", 81, ST, )
o = ik Tt Wijk+1 + Uij41k + Uij+1k+1
4
stepl stepl
S;Zep 7pn,ps ep ,J?)

CIPCSL1D(a,S;

yz»

L CIPCSLID(v, f10, foten? gsterl gstep2 )

Yy
Vijk + Vit1jk
2
~ __stepl step2 stepl step2
CIPCSL1D(5, 05", g5ler? gsterl gster? )

v =

Vijk + Vijk+1
2
CIPCSL1D (0,03, g5P? Solept, Soiev? y)
Vijk + Vijk+1 + Vit 15k + Vit15k+1
4
CIPCSLlD(’Z), Sjgtcepl, SjgtcepQ, pstepl, pstep27 y)

: CIPCSLlD(w’ f8t6p27 fn+17 Jzt6p2a U?Jrl; Z)
2

CIPCSLlD('(I)’ U;tep2, O-;Hrla S;;ezﬁ, S?;rla Z)
2

0

ﬁ:

’[1\):

17

(71)



CIPCSL1D(w, a;te”z, a;l“, S;Zepz, ngl, 2)
i — Wijk + Wij+1k + Wit1jk + Wit1j+1k
o 4
CIPCSL1D(w, S5ieP?, St pter?, p"t, 2) (72)

gooo

good

[1] E.F.Toro, Riemann Solvers and Numerical Methods for Fluid Dynam-
ics (Springer, 1997)

[2] T.Yabe, F.Xiao and T.Utsumi, The Constrained Interpolation Profile
Method for Multiphase Analysis, J. Comput. Phys., 169,556 (2001).

[3] T.Yabe and T.Aoki, A Universal Solver for Hyperbolic Equations
by Cubic-Polynomial Interpolation. I. One-Dimensional Solver, Com-
put. Phys. Commun.,66,219 (1991).

[4] J.Von Neumann, R.D.Richtmyer, J. Appl. Phys.,21,232 (1950).

[5] Y.Ogata and T.Yabe, Shock capturing with improved numerical viscos-
ity in primitive Euler representation, Comput.Phys. Commun,119,179
(1999)

[6] T.Yabe and P.Y.Wang, Unified Numerical Procedure for Compressible
and Incompressible Fluid, J.Phys.Soc.Japan.,60,No.7,2105 (1991).

[7] F.Xiao,T.Yabe and T.Ito, Comput. Phys. Commun.,93,1 (1996).

[8] R.Tanaka,T.Nakamura and T.Yabe, Comput.Phys. Commun., 126,232
(2000)

[9] T.Yabe,R.Tanaka,T.Nakamura and F.Xiao,Mon.Wea.Rev.,129,332
(2001)

[10] T.Nakamura,R.Tanaka,T.Yabe,and K.Takizawa,J. Comput. Phys., 174,171
(2001)

18



ClpOOOO MHDOO

gbobooobobuobboboboboboboobobbobo
20030 90 80 ()9 1201 ()
gobobboooooobobobooaa

1 CIpO0OO0O0O MHDUOOOCIP-MOCCT[O

00000 MHDOOOOOOOOOCIPOO MEDOODOOOOOOO
0000000000000000000000000000000000
0000000 MOCCTOOOOO0OOO0 CIP-MOCCT 00 Kudohd 00
0000000000000 [2@o000000o0n

00000000000000000000

% -V = —pv-u 0
0 1 B2 1
S+ -V = Vbt ) B VBEQr (2)
XV = Y utQ g
OB
E—Vx(uxB) =0 (4)
VB = 0 (5)

000 QeO0000O00000000000000Q,0000000000
gbooood

O(Ho@)ooooo clp0o0U0O0oOOOO0OUOOOUODOOUOOOO
0000000 Poisson 000000 CCUPOUOOMMO (4),(5)000
O MOCCTOODOOOO

2 MoOCCTOOOO

MOCCTOO V-B=000O0O0O0O0O0O (4000 CTOOOOOOOO
goooooOoooooooMoOCODOODOOUODOOODOODDOO


既定

既定
場所：千葉大学総合メディア基盤センター

既定
  2003年9月8日(月)～9月12日(金)


21 MOC: AlfvenO0 OO0 OO

000000000 MaxwellDODOO

0B
E—VXE (6)
E=—-uxB+nJ (7)

oooooOoooo0n=00000000000001000X0O00000O
ooooooooo00d « 00 p,p,By,v, 1000000000 v, 000
UO00O0O0OEOzOO e, 0000000 10

S
y'y £
| | |
Lo e 1 e

O 1100000000000 X0O0000ooooooooooo

0O(),(70o B, 0000000000000 D0OO0O0ODOO

Byt = Br (e2)ipase — (€2)io1)e
At " Az =0 (8)
Elit1/2 = Uit1/2B; —v By

000000000 (n+1/2) 0000000V -u=0000 B, =const
000000 0000000000000 00OO000 (Method of Char-
acteristics : MOC)O0O0O0O (40000000000 0OOC MHDOOOOO
gobogobooobooboboo 2b00b0booobooboboobo
good

% - &% _ 8(%”9) (9)
ot 4mp Oz Ox
oB, B Ovy 0 (vsBy)

ot "oz ox (10)



00 p,ve, By =constant) D0 (9),(10) 000000000 20000000

Dv, 1 DB,
Dt T Jamp Di
D 0 B, 0
- = + — 12
Dt 8t+<vx \/47rp> Ox (12)
B,
+
VATp
B
(11)DO000 v, F Y _ 0000000000000000000000D0

VAamp

00000 (1) 000000000000 00UoooOOoooooO nO
O0«x00000000000000000000O0 2)

=00 (11)

gbogoboboogn

0(12)D000000o0ooooo Cct =,

1

* ot * _ pt) —

vy — v, \/W(By B;)=0 (13)
1

v, —v, +———=(B, - B,)=0 (14)

0000(By,v)* 00000 C*0000000000 (13),(14) 000w}
0 B; O

v /Ampt 4+ vy \/Amp~ — B + B,

r = 15

Y Arpt + \/4mp~ (15)

B —vf +v, + B /\/Anpt + B, [\/Amp~ (16)
Y 1/\/Ampt 4+ 1/\/4mp~

00000000000000000pt=p%,,p~ =pf, 0000
0000 f(=By,,v,)* 000 (12)00000000000000000
0000000000000000000000000000000000
000 van Leer 0000i—1/20 i+1/2000000000000

Af
n 1 + . +
B £ fi +§(Ax—CZ+1/2At)A—$(z) if Ci+1/2>0
A P .Y |
i1~ 5(Ar+ Ci+1/2At)E(i+1) otherwise
good
2Afi 1 0Af i1
A if Afi_10Af; >0
_Ai(') = Afi—i2+Afiziy2 ficrpBfisae

0 otherwise



*
E iv2 =

in+l/ZB -V B

Yy X

U2 000000000000000000000000000000A0
oooooooooooooo 8)oooo B, 000000 UOnDo

AfiJrl/z:(fi+1—fi)/AmDDDDDDDDDDDD clpO0O0poOoOOOO
good

22 00OOOCTO

gbobl10ooooboooobobooooobooboobooooobon
200000000000

0B, Oe
== 1
ot oy (17)
oB, Oe
B or (18)
€ = —(vgBy —vyBy) (19)

0000000000000030000000000000000000
0000000000000000000000000 000000000
000000000 1000000000 X000 B,,v,0YO000 B,,v,
00000 (1990000000 (17),(18) 0000000



1B -
0 ¢ D CRE P
e Y
p,p Vx’Bx J
[ ¢ (] ¢ —j-1/2
j-1
i-1 i-1/2 | i +1/2

03 200MHDODODODOOOOOOODOOCTO



+1 n+1/2 n+1/2
Biiyzg ~ Bivyzg) _ Carijageie TS zgoy
At Ay
n+1 n+1/2 n+1/2
Byir2) ~ Byt _ SGH1/2,541/2) T EG-1/2,5+1/2) (21)
At Az

gbooboobooooboboo3bcooobobooooboobon
g30o0o00ooooogoooo Ccrooopgoooooobooooog
0000000000ooOooo (20,(2)00000000O0OV-B=00
0000oooooov-B=00OOOO0OOOOOO [40
gooooooooooOocTOOOOV-B=0OOOOODODODOOO
O0e000000DOCOOOODOOOOODMOCOOOOODODOOOOO
goboboooboobgoo

23 UU0O0Oooboboooogoo

goooooooOoOoOoOoODOOOOOOOOOOOoOoOoOoOoO MocOd
gboboooooooboooooobgooDo200 MEDOOOOOOOODO
gobogbooon

vy duy, dv, 10 ( Bi) B, 0B, (22)

ot Yo Tay T ooy 37 ) Varpon
Ogdoddooooooo 1o ooooooooogono 2
Jo0dooooooooooo MoOCUoOoououoouoooouooooog 2
Ogodoooooogoono

(’Uy):;:j-i-l/Q - (%)Zﬁl/z .
At B

1 B wn (By)f+1/2,j+1/2_(By)f—1/2,j+1/2 923
+ Eﬁ <Dz >ij11/2 Az (23)

IZIDDIZIﬁ,<Bx>ZjH/2DDDEID v, 0000 (5,j+1/2) 000000
gboooao

1

< B >Zj+1/2: 1[(Bz)i+1/2,j + (Bz)i+1/2,j+1 + (Bx)i—l/Z,j(Bz)i—1/2,j+1] (24)



goooog (23)DDDDDB;DDDDDDD MoCOOOOOOOOOO
goo0oO0oOoOoooooooooOooOoOoOoo crrogooooooOoOog
gboooood

B,

ct =+
VAamp

(25)

00000000mMO0 (11),(12)00000000000000000))
000000000 x0000000000000

24 0O0O0O00O
CIpO0O MOCCTOOOODODDOOODOOOODOO
1. 0000 (p"u",p",B*) 0000
2.00000000 (p™,u™p") — (p*,u*,p*)

(a) O00O0O0OO0O0ODOOOOOOOODOOOMOCOUOOOODMIO
(23)0 (25))

3. 00000000000

(a) CIPOO p,u,p00000000O00O0(p*, u*,p*) — (pnF untt prtl)
(b) MOCODODO e00D000OCTODOOO B O0D0MO (20),(21))

4. 0000000

00000000000150000000000000 CIP-MOCCT O
00000000001500000000000y00000008/8y=0
0000000z0000000000)000000p=1,p=1,B,=1.0
(z < 400), p=0.1,p = 0.125, B, = —1.0 (z > 400)0 000 v = 14000
0Az=20000¢t=80.000000000000000 070000



DENSITY

PRESSURE

Temperature

1-VELOCITY

0.8 T

N

*I-VELOCITYI

X PEFEVEN EFEVEVENIS B AVAI VAT AR

200 300 400 500 600 700

X J3[a

RE

2-VELOCITY

800

\

/

AY

y

[——2-Velosity

el b b b Y—h

200 300 400

Y 7313

2-MAG FIELD

500 600 700

RE

\

—— 286 FIELD) -

N

| DENSITY
T T
: B 0.6
08 1
[ — il 0.4
>
I ] g
0.6 9 0.2
r 7 w
r f =
r 1 0
0.4
L i 0.2
02
L 1 -0.4
0 100 200 300 400 500 600 700 800 o100
'—'ﬁ!f\\rEF
PRESSURE
i T o
[——presswe] | ¥
i 02
038 t
\ ] 0.4
0.6 k l > U6
i b+ [
] [
2 sy
] 2 b
04 [
l -1
1 Byt
0.2 [
Bt
13 AT SN AN PRI BRI SPUATAF IR BT B [
0 100 200 300 400 500 600 700 800 0 100
z ! i = 1
EO: [ +Temuerature!
1.6 0.5
a
)
w
1.4 o
L]
3 o
1.2 &
1
-0.5
0.8 4
<
B
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 G600
e Wiz Y B
/M2 7D

04 100MEHDODDOOOODO

700



gobn

[1] T.Kudoh and K.Shibata, Numerical MHD Simulation of Astrophysical
Problems by Using CIP-MOCCT Method; CFD Journal,8, 56 (1999)

[2] T.Kudoh and K.Shibata, Alfven Wave Model of Sppicules and Coronal
Heating, Astrophysical Journal,514,493 (1999)

[3] T.Kudoh and K.Shibata, Magnetically Driven Jets from Accretion
Disks. II. Nonsteady Solutions and Comparison with Steady Solutions,
Astrophysical Journal, 476,612 (1997)

[4] J.F.Hawley and J.M.Stone, MOCCT: A Numerical technique for astro-
physical MHD, Comput. Phys. Commun,89,127 (1995)



MHD

High Performance Fortran (HPF)

Message Passing Interface (MPI) HPF
2000 HPF/JA JAHPF HPF
VPP Fortran MHD
HPF/JA HPF/JA VPP Fortran
HPF/JA HPF
MPI
VPP Fortran HPF/JA MHD
MPI MHD

VRML Virtual Reality Modeling Language
VRML

VRML2.0

cosmoplayer



cpu 256 MB

Webspace
Cosmoworlds
MHD
2 step

Lax-Wendroff
modified leap-frog [1 4]
MHD MHD Maxwell

% —v.(yp)+ DV *p ®

Q:—(V-V)V—EVp+£JxB+g+£cD (2)

ot p p p

%z—(V-V)p—y pV-v+D,V?p (3)

%—]?:VX(VXB)+77VZB (4)

J=Vx(B-B,) (5)
p
B
B 4 Jd
Bad do=p  2v
n=no T/To =32 T=p/p
To n o =0.0005-0.002 0= Q/(3 (?
=X2 +y2 +72 (o =1.35x107 9.8m/s? y =5/3
g
= =p /p sw =0.001



e =6.37

x108 m p s=mns 1010 m-3

s =3.12x104 n

ts= e/ A=0.937s

1
MHD
p
1/4
iz
ZO
%ow shock #
solar sy magnetopause !
wind |2 / E
%o —____ Plasma sheet §
Yo N ’
¢=(p,v,p,B)
(1) X=X, ¢ = const ;
(2) X=X 0¢/0x=0
) x 45° Y=Y,
4)z=0
op 0Op OV, aVy B 0B, _0
0z 0z 0z 0z 0z
v,=B, = By =0
6)y=0
8_,0_@_6%( _GVZ_ﬁBX_aBZ_O
oy oy oy oy oy oy
v,=B,=0
(6) &= (x2 +y? + zz)mg £.(=35)
¢ in

A =6.80%x106 m/s

MHD

MHD
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MHD simulation.

op/oy=0 z=z, 0¢/dz=0;

(6)
(6b)

(78)

(7b)



p=1p ,+(1-1)4, (8)

8, =100 &£>¢, h=(/¢.) -1 ¢<¢, h=0
po=¢& 7" po202p, (99)
pPo=02p, po<02p,, (9b)

Po = poog 2 Po = Psy (10a)
pO = psw pO < pSN (lob)
Yo
g= __3(X! Y, Z) (11)
S
B, =§—15(—3xz, —3yz, x2+y2—222) (12)

0, =135x10°  p,=(r-1)g,/y =54x10"
Py, =5x10"* (5/cm® ) X=% Vg, =(v,0,0)

v,, = 0.0441-0.118 (300—800km/9), p,, = 3.56x10°°(T,, = 2x10°K) By =0

+1.5x104(£5nT) B, IMF  Z

Modified Leap-Frog



Modified leap-frog two step
Lax-Wendroff (£-1) leap-frog L
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Lax-Wendroff leap-frog
L
N
F
-1 o2 \ leap-frog
time step method
ALI]——AUI
OFI F, OF3 /
2 ste
time Step A - N2 > Lax Wendroff
method
Fl P1 F2 P2 FS
|
C, L
I-1 leap-frog
time step method
FZ
fL_AUz
OFI 13 OF3}
2nd step | 2 ste
fime step } Iststep | method
F, P, F P, F Fig.2 Diagram of Modified
IHJl {12 Leap-Frog numerical scheme.
-_—
AX
Modified leap-frog
of of of of ; (13)

(1) First step



1
t t t t
f. 1 1 1= 8(f| jk + f|+lj k + f i,j+Lk + fl+lj+lk + f Jk+l+ fl+lj k+l+ f J+1k+l+ fl+lj+lk+l) (14)

2'7 2" 2
1
t+= 1
2 _ t t
f.1.1 1_f11 Atf 11
i+=, 4= k= =, ket 2 J+ k+=
272" 2 PRI PRI
t t t t
(fH—lj k |+1,j+1,k + fH—lJ k+1 + fl+lj+lk+l fi,j,k - fi,j+l,k - fi,j,k+l - fi,j+l,k-¢—1)
At t t t t
__8Ay(fi,j+lk + f|+11+1k + f| j+Lk+L + f|+lj+lk+1 fi,j,k ik T fi,j,k+1 I+1j k+l)
At t t t t
__8Az(fi,j,k+1 + fl+lj kT f| ke T f|+1]+1k+1 i = fonje = fijn t f|+1]+1k) (15)
(2) Second step
t 1 t I+% 5 t+=
fljk_ (fl 1 1+f,1.1 1+f1 1 +f1‘1 1
8 i-Zj-Zk-= i+2, )= k—= i—= j+=k—= =S k==
27 27 2 2 2 2" 2 2727 2
t+% t+% t+% ;
+f.1.1 1+f.1.1 1+f.1.1 1+f. ) 1) (16)
i—=, j—k+= i+=, j—k+= i—=, j+=k+= i+= ]+7 k+7
27 272 2 2 27272 272
t+1 t 2
=T —Atf %
At t+ t+ t+ t+-
2 2 2 2
EPTVLL RS SN NE G PRt ST
X 272" 272" 2 212" 21"
t+2 t+% t+2 t+2
_f111f11 f.111f1.11)
i—-—, j—k—= i—=, j+=k—= i—, j—=k+= i—=, j+= k+=
27 27 2 27027 2 2 2 2
1
At t+ += t+ t+=
= 2 2 2
YA AP ORI R TIEE LT (TR
y 272" 2 2727 2 2727 2 2727 2
t+2 t+2 t+2 t+2
_f111f1.11f.111f111)
i—-—, j——=k—= i+=, j—k—= i—, j——=k+= i+=, j—=k+=
27 27 2 27 27 2 27 272 27 272
1
At + t+= t+=
—— 2
4AZ( it J—}k 1 * f|+1 j—1 +1 * fl—1 Lt * f|+1 j+= ket
2272 2’ 2 2 2 2 2
ft+2 ft+2 ft+2 ft+2 )
I SO DO S A S O O (U S O (A (17)
27 27 2 27 27 2 27727 2 2727 2

The concrete procedure of two-step Lax-Wendroff method in the 3-dimensional MHD code is as

follows;

1. f(i, j,k) isgivenfor 2<i<nxl, 2<j<nyl and 2<k<nzZl
2. f(i, j,k)fori =1,nx2, j=1ny2 andk =1, nz2 is determined from boundary condition

3. 1st interpolation



p(i,j,k):%(f(i,j,k)Jr fli+2j,k)+ f(i,j+Lk)+ f(i+1j+1k)
+ 100, jk+ D)+ fi+L j,k+D)+ f(i, j+Lk+D)+ f(i+1j+1k+1) (18)
u(i, j,k)= p(, j,k) (19)

4. Calculation of 1st step
u(i,j,k)zu(i,j,k)—%At p(i, j, k)
—%(f(iﬂ,j,kﬂ fi+Lj+Lk)+f(+L ), k+D)+f(i+1j+Lk+D
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5. 2nd interpolation
Pl j.K) = £ (UG -1~1K-D+ G, -Lk-D+u(i -1 j k-1 +ui,j k-2

+u(i -1 j-1k)+u(i, j-Lk)+u(i -1 j,k)+u(, j,k)) (21)
6. Calculation of 2nd step

f(i,j,k)=1(,j,k)-atp(i, j,k)
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4AX
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u(i, j,k): p(i, j,k) two step Lax-Wendroff u(i, j,k)
%At At Leap-frog

Modified leap-frog two-step Lax-Wendroff (€-1) Leap-frog
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do roop 100

PE



MHD VPP Fortran pearthb HPF/JA hearthb
MPI meartb Fortran
VPP Fortran HPF/JA MPI

MPI
MPI

MPI MHD

MPI Message Passing Interface

MPI
PE Processing
Element
MPI MHD MPI
mearthb Fortran
mearthb_send.f mpi_send mpi_recv
mearthb.isend.f mpi_isend mpi_irecv
MHD HPF/JA MPI Ihpf$ HPF/JA
MPI MPI

CC MPI START CC MPI END

mearthb_send.f

Modified leap-frog k (2)
PE Processing Element npe=2 isize  PE irank PE
isize=npe=2 irank=0,1 ks ke irank k
irank k=k_local k=k_global k_global=k_local+kss

k (2)
k=1,nz2 ->  k=ks,ke
k=1,nz2-1 -> k=ks,kel



k=2,nz2-1 -> k=kslkel

recvcount  displs  gather

CC MPI START

include 'mpif.h’

integer istatus(mpi_status_size)

common /para_info/ks,ks1, ke, kel kss,irank,isize
¢ for mpi_gatherv

parameter (npe=2)

integer recvcount(npe),displs(npe)

CC MPI END
ko
ko-1 ko
ko=nzz=(nz2-1)/npe+1 nz2=nz+2
k (2) PE k (2)
k=(0:nzz+1) nzz+2 fg(nx2,ny2,nz2)

read write

CC MPI START
parameter(nzz=(nz2-1)/npe+1)
dimension f(nx2,ny2,0:nzz+1,nb),u(nx2,ny2,0:nzz+1,nb),
1 ff(nx2,ny2,0:nzz+1,nb),p(nx2,ny2,0:nzz+1,nbb),
2 pp(nx2,ny2,0:nzz+1,3)
c for all_gather
dimension fg(nx2,ny2,nz2)
CC MPI END

isize  irank
ks,ke,kss,recvcount(npe),displs(npe) recvcount(npe)
mpi_gather
MPI

CC MPI START
call mpi_init(ier)

call mpi_comm_rank(mpi_comm_world,irank,ier)



call mpi_comm_size(mpi_comm_world,isize,ier)

kk=nz2/isize

kmod=mod(nz2,isize)

ks=1

kss=irank*kk+min(kmod,irank)

if (irank.It.kmod) kk=kk+1
ke=ks+kk-1

ksl=ks

kel=ke

if (irank.eq.0) ks1=2

if (irank.eq.isize-1) kel=ke-1

nword=(ke-ks+1)*nx2*ny2
call mpi_gather(nword,1,mpi_integer,recvcount,
* 1,mpi_integer,0,mpi_comm_world,ier)
displs(1)=0
do i=2,isize
displs(i)=displs(i-1)+recvcount(i-1)
end do
c
CC MPI END

read write

CC MPI START
if (irank.eq.0) then
open(11,file="./school/mearthb/meartO1.data’,
1 access='sequential’',form="unformatted’)
end if
CC MPI END

CC MPI START
if (irank.eq.0)

*write (6,12) iii,last,nx,ny,nz,n1,n2,n3,n4,n5,n6,eat0,rmu0,aru,

irank=0



1 eud,rrat,hx,hy,hz,t,t1,ro01,pr01,gra,dx2,dy2,dz2,dx4,dy4,dz4,

2 bis,(cp(i),i=1,11),(cj(j),j=1,10)
CC MPI END

k(2)
k=ks,ke

CC MPI START
do 22 k=ks,ke
CC MPI END

irank

irank+1 irank ke+1

mpi_barrier

CC MPI START
do m=1,nb
len=nx2*ny2
if (irank.gt.0) then

k (2) k=1,nz2

ks irank-1  mpi_send

PE

call mpi_send(f(1,1,ks,m),n2,mpi_real,irank-1,

& 100,mpi_comm_world,ier)

end if

if (irank.It.isize-1) then

call mpi_recv(f(1,1,ke+1,m),n2,mpi_real,irank+1,

& 100,mpi_comm_world,istatus,ier)

end if
end do
call mpi_barrier(mpi_comm_world,ier)
CC MPI END

mpi_gatherv irank=0
mpi_barrier
do 173 m=1,nb
CC MPI START
c do m=1,nb

call mpi_barrier(mpi_comm_world,ier)

irank=0

call mpi_gatherv(f(1,1,1,m),nword,mpi_real,fg(1,1,1),



* recvcount,displs,mpi_real,0,
* mpi_comm_world,ier)
c end do
call mpi_barrier(mpi_comm_world,ier)
CC MPI END
CC MPI START
if(irank.eq.0) then
CC MPI END
do 1732 k=1,nz2
write(ntap) fg(1:nx2,1:ny2,k)
1732 continue
CC MPI START
end if
CC MPI END

173 continue

MHD
vmax

vmax

CC MPI START
call mpi_allreduce(vmax,vmax1,1,mpi_real,mpi_max,
* mpi_comm_world,ier)
vmax=vmax1
CC MPI END

HPF/JA MPI
END
VPP Fortran MPI

MHD

MHD

MPI

MPI

mpi_allreduce

CC MPI START CC MPI

MPI

read

write



(1)

irank-1 ks
mpi_sendrecv
do
mpi-recv
CC MPI START
iright =irank + 1
ileft =irank-1
if(irank.eq.0) then
ileft = MPI_PROC_NULL
else if(irank.eq.isize-1) then
iright = MPI_PROC_NULL
end if
do m=1,nb
call mpi_sendrecv(f(1,1,ks,m),n2,mpi_real,ileft,100,
& f(1,1,ke+1,m),n2,mpi_real,iright,100,
& mpi_comm_world,istatus,ier)
end do
CC MPI END

)
mpi_send mpi_recv
mpi_isend mpi_irecv
mearthb.isend.f

mpi_isend mpi_irecv

3)

PE irank=isize-1
irank=0  k=ks PE irank=0
irank=isize-1 k=ke

mwave

irank+1 ke+1
mpi_send
mpi_wait
k=ke-1 PE
k=ks+1 PE

Modified leap-frog

mwave3.f.send mwave3.f.isend



CC MPI START
if (irank.eq.isize-1) then
call mpi_send(f(1,1,ke-1,m),n2,mpi_real,0,
& 110,mpi_comm_world,ier)
elseif (irank.eq.0) then
call mpi_recv(f(1,1,ks,m),n2,mpi_real,isize-1,
& 110,mpi_comm_world,istatus,ier)
end if

if (irank.eq.0) then
call mpi_send(f(1,1,ks+1,m),n2,mpi_real,isize-1,
& 115,mpi_comm_world,ier)
elseif (irank.eq.isize-1) then
call mpi_recv(f(1,1,ke,m),n2,mpi_real,0,
& 115,mpi_comm_world,istatus,ier)
end if
call mpi_barrier(mpi_comm_world,ier)
CC MPI END

4) MPI
k(2)
nz2=nz+2 nz3=nz+3

mpi_gatherv  irank=0 mpi_scatterv

do k=1,nz2
f(2:nx1,1,k,1:nb) = f(2:nx1,2,-k+nz3,1:nb)
end do

(5) read  write

MHD mearthb_send.f

mpi_gatherv irank=0 irank=0

irank=0 fg(nx2,ny2,nz2)
MHD

irank=0

MPI

PE

fg(nx2,ny2,nz2)

irank=0

fg



PE

(6) MPI

MPI
VPP Fortran HPF/JA

MPI

MPI MPI

Homepage http://center.stelab.nagoya-u.ac.jp/kaken/kakenhi.html

MHD
MHD SUN  VPP-5000 VP Fortran, VPP Fortran, HPF/JA, MPI
sec Modified leap-frog
SUN GR720 VPP5000(2PE) 70
MHD
SUN GR720 20 VPP5000(2PE,MPI) 20
PE
1/4
earthb (nx,ny,nz)=(180,60,60)

Table 1. Comparison of computer processing capability of 3-dimensional global
MHD code with a quarter volume: earthb with (nx,ny,nz)=(180,60,60).

Computer Processing Capability
A Quarter Model of the Earth's Magnetosphere (nx,ny,nz)=(180,60,60); earthb

computer number of PEs compiler sec (MFLOPS) GF/PE (date)

Fujitsu GR720  (1PE) Fortran 90 (frt) 7.72998 ( 136) 0.14 (2002.08.01)



Fujitsu VPP-5000 (1PE) VP Fortran
Fujitsu VPP-5000 (2PE) VPP Fortran
Fujitsu VPP-5000 (2PE) HPF/JA
Fujitsu VPP-5000 (2PE) MPI

Fujitsu VPP-5000 (2PE) MPI (isend)

0.19342 ( 5,428) 5.43 (2002.08.01)
0.10509 ( 9,990) 5.00 (2002.08.01)
0.11064 ( 9,489) 4.74 (2002.08.01)
0.09899 ( 10,606) 5.30 (2002.08.01)
0.09774 ( 10,797) 5.40 (2002.08.08)

frt: Fujitsu VPP Fortran 90

MPI; Massage Passing Interface

HPF: High Performance Fortran

: MFLOPS is an estimated value in comparison with the computation by

1 processor of CRAY Y-MP C90.

VPP Fortran
Fujitsu VPP5000/64

MHD
Fortran, HPF/JA MPI
MHD
400 Gflops

800x200x478, 800x200x670

MPI Fortran
Homepage
MPI
MPI
MPI
VPP Fortran HPF/JA MPI

Fujitsu VPP5000/64

VPP Fortran

HPF/JA  MPI

VPP Fortran

MPI Fortran

VPPS5000 MPI

HPF/JA cpu

MPI

MPI

MHD

VPP

HPF/JA
PC

MPI

Table 2. Comparison of computer processing capability between VPP Fortran and HPF/JA and MPI
in a 3-dimensional global MHD code of the solar wind-magnetosphere interaction by using Fujitsu

VPP5000/64.



Number Number of VPP Fortran HPF/JA MPI
of PE grids cpu time Gflops Gf/PE  cpu time Gflops Gf/PE  cpu time Gflops Gf/PE
1PE 200x100x478  119.607 ( 0.17) 0.17 (scalar)
1PE 200x100x478 2.967 ( 6.88) 6.88 3.002 ( 6.80) 6.80
2PE 200x100x478 1.458 ( 14.01) 7.00 1.535 ( 13.30) 6.65 1.444 (14.14) 7.07
4PE 200x100x478 0.721 (28.32) 7.08 0.761 ( 26.85) 6.71 0.714 (28.60) 7.15
8PE 200x100x478 0.365 (55.89) 6.99 0.386 (52.92) 6.62 0.361 ( 56.55) 7.07
16PE 200x100x478 0.205 (199.38) 6.21 0.219 (93.39) 5.84 0.191 (107.19) 6.70
24PE 200x100x478 0.141 (144.49) 6.02 0.143 (143.02) 5.96 0.1302(157.24) 6.55
32PE 200x100x478 0.107 (191.23) 5.98 0.110 (186.13) 5.82 0.1011(202.50) 6.33
48PE 200x100x478 0.069 (297.96) 6.21 0.074 (276.96) 5.77 0.0679(301.51) 6.28
56PE 200x100x478 0.064 (319.53) 5.71 0.068 (299.27) 5.34 0.0639(320.39) 5.72
64PE 200x100x478 0.0662(308.91) 4.83 0.0627(324.57) 5.07  0.0569(359.80) 5.62
1PE 500x100x200 2.691 ( 7.94)7.94 2.691 ( 7.94)7.94
2PE 500x100x200 1.381 ( 15.47) 7.73 1.390 ( 15.37) 7.68 1.355 ( 15.77) 7.89
4PE 500x100x200 0.715 (29.97) 7.47 0.712 (29.99) 7.50 0.688 (131.03) 7.76
8PE 500x100x200 0.398 (53.65) 6.71 0.393 (54.38) 6.80 0.372 (57.50) 7.19
16PE 500x100x200 0.210 (101.87) 6.37 0.202 (105.74) 6.61 0.193 (110.70) 6.92
24PE 500x100x200 0.160 (133.70) 5.57 0.150 (142.40) 5.93 0.135 (158.26) 6.59
32PE 500x100x200 0.131 (163.55) 5.11 0.120 (175.50) 5.48 0.1084(197.10) 6.15
48PE 500x100x200 0.100 (214.48) 4.46 0.091 (231.69) 4.82 0.0811(263.44) 5.49
56PE 500x100x200 0.089 (239.48) 4.28 0.086 (244.85) 4.37 0.0688(310.54) 5.55
64PE 500x100x200 0.0956(222.95) 3.48 0.0844(249.49) 3.90 0.0687(310.99) 4.86
2PE 800x200x478 10.659 (15.33) 7.66 10.742 (15.21) 7.60 10.428 ( 15.67) 7.83
4PE 800x200x478 5.351 (130.53) 7.63 5.354 (30.52) 7.63 5.223(31.28) 7.82
8PE 800x200x478 2.738 (59.67) 7.46 2.730 (59.85) 7.48 2.696 (60.61) 7.58
12PE 800x200x478 1.865 ( 87.58) 7.30 1.911 (85.49) 7.12 1.771 (92.25) 7.68
16PE 800x200x478 1.419 (115.12) 7.19 1.389 (117.66) 7.35 1.342 (121.81) 7.61
24PE 800x200x478 0.975 (167.54) 6.98 0.976 (167.45) 6.98 0.905 (180.59) 7.52
32PE 800x200x478 0.722 (226.33) 7.07 0.717 (227.72) 7.12 0.690 (236.63) 7.39
48PE 800x200x478 0.534 (305.70) 6.36 0.515 (317.26) 6.61 0.469 (348.38) 7.25
56PE 800x200x478 0.494 (330.95) 5.91 0.464 (352.49) 6.29 0.433 (377.73) 7.74
64PE 800x200x478 0.465 (351.59) 5.49 0.438 (373.41) 5.83 0.389 (420.45) 6.57



4PE

8PE
12PE
16PE
24PE
32PE
48PE
56PE

16PE
32PE
48PE
56PE
32PE
48PE
56PE

800x200x670
800x200x670
800x200x670
800x200x670
800x200x670
800x200x670
800x200x670
800x200x670

1000x500x1118
1000x500x1118
1000x500x1118
1000x500x1118
1000x1000x1118
1000x1000x1118
1000x1000x1118

7.618 (30.06) 7.52
3.794 (60.36) 7.54
2.806 (81.61) 6.80
1.924 (119.00) 7.44
1.308 (175.10) 7.30
0.979 (233.85) 7.31
0.682 (335.62) 6.99
0.595 (384.61) 6.87

9.668 (123.52) 7.72
5.044 (236.73) 7.40
3.550 (336.40) 7.01
2.985 (400.04) 7.14
9.979 (239.33) 7.48
7.177 (332.79) 6.93
5.817 (410.55) 7.33

8.001 ( 28.62) 7.16
3.962 (57.81) 7.23
3.005 ( 76.21) 6.35
2.012 (113.85) 7.12
1.360 (168.44) 7.02
1.032 (221.88) 6.93
0.721 (317.80) 6.62
0.628 (364.87) 6.52

9.619 (125.50) 7.84
4.992 (241.83) 7.56
3.479 (346.97) 7.23
2.935 (411.36) 7.35
9.813 (243.37) 7.61
7.028 (339.85) 7.08
5.794 (412.23) 7.36

7.433 (30.81) 7.70
3.683 (62.17) 7.77
2.696 ( 84.95) 7.08
1.854 (123.53) 7.72
1.254 (182.61) 7.60
0.955 (239.77) 7.49
0.662 (346.21) 7.21
0.572 (400.59) 7.15

: Mflops is an estimated value in comparison with the computation by
1 processor of CRAY Y-MP C90.

MHD
1/4 MHD
earthb10.f VPP Fortran, HPF/JA MPI
MHD
PostScript VRML (Virtual Reality Modeling
Language) 3
MHD earthb(earthb10.f)
MHD

main program : earthb10.f
earthb10.f using modified leap-frog scheme
3D MHD simulation of 1/4 earth's magnetosphere

Cartesian coordinate  finite resistivity 45 degree boundary



(nx,ny,nz)=(180,60,60) : grid number without boundary

nxp=30 . parameter to determine earth position
last=1024 : number of time steps

iiq0=8 : a unit of modified leap-frog scheme
iip0= 32 : adjust upstream boundary condition
iis0= 1024 : sampling step of data

thx=4.00 . parameter to adjust time step

(x1,y1,z2)=(90.5,30.5,30.5)Re: length in each direction

hx=xl/float(nx+1)=0.5Re : grid interval in x direction
hy=yl/float(ny+1)=0.5Re : grid interval in y direction
hz=zl/float(nz+1)=0.5Re . grid interval in z direction
t=0.5*hx*thx : time interval

t(real)=t*ts : real time to one time step advance

=0.5*0.5*4.00*%0.937 : ts is normalization value in time
=0.937 sec

x=0.5*hx*float(2*i-nx2-1+2*nxp) : x position versus grid number
y=0.5*hy*float(2*j-3) .y position versus grid number

z=0.5*hz*float(2*k-3) : Z position versus grid number

where nx2=nx+2, ny2=ny+2 and nz2=nz+2

ro01=5.0E-4 (5/cc) : mass density of solar wind
pr01=3.56E-8 . pressure of solar wind
vsw=0.044  (300km/s) : speed of solar wind
bis=CP(11)=1.5E-4 (5nT) : amplitude of IMF

eatt : resistivity

rmuu : viscosity

eudoO : friction or collision term

1-dimensional array variable f(i1)=f(i,j,k,m)

nl=nx+2,n2=n1*(ny+2),n3=n2*(nz+2)
nb=8,nbb=11,n4=n3*nb,n5=n3*nbb



il=i+nl1*(j-1)+n2*(k-1)+n3*(m-1)

m=1 :rho, plasma density

m=2 :VX, Xx-component of velocity

m=3 :\Vy, y-component of velocity

m=4 :Vz, z-component of velocity

m=5 :P, plasma pressure

m=6 :Bx, x-component of magnetic field
m=7 :By, y-component of magnetic field

m=8 :Bz, z-component of magnetic field

MHD earthb(earthb10.f)
MPI(mearthb) HPF/JA(hearthb) VPP Fortran(peartb)
MHD
readme

4.2.1. <<execution of main program>>
1. f77 -O earthb10.f
2.a.0ut &

where file must be defined in open statement like

c open(10,file="earthbl10.data’,
c 1 access='sequential’',form="unformatted")
open(11,file="earthbll.data/
1 access='sequential’,form="unformatted’)
c
or
1. f77 -0 earthb10 -O earthb10.f
2. earthbl1l0 &

4.2.2. <<compile and execution using by supercomputer, Fujitsu VPP5000>>

(1) MPI (Massage Passing Interface): mearthb
All the comand shells are in "readme" file.

MHD



(1a) TSS

mpifrt progmpi.f :compile to make execution file, a.out

jobexec -vp 2 ~/school/mearthb/a.out :execution of a.out by 2 PEs
(1b) Batch

gsub -g ¢ -eo -0 pconpmpi2.out pcompmpi2.sh :compile

gsub mpi_lim02e.sh :execution of progmpi by 2 PEs

(2) HPF/JA (High Performance Fortran): hearthb
gsub -qg ¢ -eo -0 pconphpf2.out pcomphpf2.sh :compile
gsub -g z -eo -IPv 2 -0 pexechpf.out pexechpf.sh :execution by 2 PEs

gsub -g ¢ -eo -0 comp.out comp.sh :compile vector mode only
gsub -g x -eo -0 exec.out exec.sh :execution by 1 PE

(3) VPP Fortran (Fortran 90): pearthb
gsub -g ¢ -eo -0 pcomp90.out pcomp90.sh :compile

gsub -g z -eo -IPv 2 -0 pexec90.out pexec90.sh :execution by 2 PEs

Fortran PostScript
(D) IEEE Binary
(2) Fortran PostScript
PostScript Interface Subroutine Package
(3) PostScript xv, pstogif
gif
4 gif

Fortran



PostScript
Interface Subroutine Package

http://gedas.stelab.nagoya-u.ac.jp/simulation/jst2k/hpf02.html

4.3.1. graphics program to make PostScript files

1. gm150b.f (main) + gsub150.f (subroutine)

noon-midnight meridian and equatorial plots (black and white)
2. gm220b.f (main) + gsub220.f (subroutine)

energy distribution of cross section
3. gm480b.f (main) + gsub480.f (subroutine)

3-dimensional magnetic field lines

<<execution of PostScript graphics program>>

. f77 -c -O gsub150.f

. f77 -O gm150b.f gsub150.0
. a.out > gm150b.ps &

. gs gm150b.ps

ga b~ W N P

. Ip gm150b.ps

=

. f77 -c -O gsub220.f
2. f77 -O gm220b.f gsub220.0
3. a.out > gm220b.ps &

. 77 -c -O gsub480b.f

. 77 -O gm480b.f gsub480b.o

. a.out & : output is written in fort.10
. mv fort-10 gm480b.ps

A W N P

MHD

gm150b.ps

gm220b.ps

gm480b.ps



3D MHD Simulation of Earth’s Magnetosphere
Incoming Southward IMF, Bz = -5 nT'

w]
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B Z 30Re Z 30Re
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X Y
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X Y
30Re | 20Re

last= 1 di= | nxp= 30 ne= 180

gm150b.ps
Fig.7 Magnetospheric configurations in the
noon-midnight meridian and equator and cross

sectional patterns (black and white:gm150b.ps).

3D MHD Simulation of Earth’s Magnetosphere
Incoming Southward IMF Bz = -5nT

7 23Re
bl
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i
Y 23Re
gm480b.ps

Fig.9 3-dimensional configuration of magnetic

field lines in the earth's magnetosphere.

3D MHD Simulation of Earth’s Magnetosphere
Density and energy of cross section
Incoming Southward IMF, Bz= -5nT

E Z_ 30Re E Z 30Re
X -60Re Y
30Re -30Re 30Re

Y 30Re -30Re
Z 30Re T

T
X -60Re
30Re -30Re]
P

Y 30Re
Z 30Re

Y 30Re
K__Z 30Re

X
30Re

x= -30.0Re

last= 1 fi= | nxp= 30 ne= 180

gm220b.ps
Fig.8 Magnetospheric configurations in the
noon-midnight meridian and equator and cross

sectional patterns (color:gm220b.ps).

3D MHD Simulation of Earth's Magnetosphere

Bz=-5.0nT Nsw= 5fec Vsw=300kmn/s t=128m( 0m)

~— 7

10 VRML

zvrmlOl.wrl

Fig.10 3-dimensional visualization of the earth's

magnetosphere by using VRML.



VRML

Virtual Reality Modeling Language

2.0 cosmo player
Fortran Interface Subroutine Package
*wrl
PostScript VRML
walk examine

Fortran
ftp://gedas.stelab.nagoya-u.ac.jp/sramp/simulation/vrml/

VRML (Virtual Reality Modeling Language) and PostScript Fortran programs

1. vrml

3-dimensional visualization Fortran program by using VRML
2. PostScript

Fortran test program to make PostScript graphic files
3. PostScript2

Fortran test program to make PostScript graphic files with subroutine

MHD

ftp://gedas.stelab.nagoya-u.ac.jp/sramp/simulation/earthb/

3-dimensional graphics program by VRML files
<Virtual Reality Modeling Language>

1. zvrmagb.f (main) + zvrsubb.f (subroutine)
3-dimensional magnetic field lines
2. zvrcrob.f (main) + zvrsubb.f (subroutine)

cross sectional pattern by pixel image

<<execution of VRML graphics program>>



1. f77 -c -O zvrsubb.f
2. f77 -O zvrmagb.f zvrsubb.o
3. a.out & : output is written in fort.10
4. mv fort.10 fort.102
1. f77 -c -O zvrsubb.f
5. f77 -O zvrcrob.f zvrsubb.o
6. a.out & : output is written in fort.10
7. mv fort.10 fort.101
8. cat fort.101 fort.102 > zvrmlO1.wrl
10
VVP-2600 S820 NEC SX-3 CRAY Y-MP
MHD Fortran
MHD
Fortran MHD
MHD
Fortran
Fortran
HPF (High
Performance Fortran) MPI (Message Passing Interface) HPF
HPF/JA
HPF NEC
MPI MPI MHD

VPP Fortran HPF/JA
MPI



HPF  MPI

Fujitsu VPP5000/64 VPP Fortran HPF/JA  MPI

MPI
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Finite Volume TVD Scheme on Unstructured
Grids for Space MHD Simulations and Space
Weather

T. Tanakal

Communications Research Lab., Koganei-shi, Tokyo 184-8795, Japan

Abstract. A three-dimensional (3-D) high-resolution magnetohydrodynamic (MHD)
simulation scheme is developed on unstructured grid systems to solve the complex-
system problems in space science and space weather in which numerical difficulties
arise from inhomogeneity due to strong background potential fields, inclusion of multi-
species ions, and formations of shocks and discontinuities. The ideal MHD equations
are extended to the 9-component MHD equations for multi-component ions and mod-
ified so as to avoid a direct inclusion of background potential field in dependent vari-
ables through the use of new variables. The numerical scheme adopts the finite volume
method (FVM) with an upwinding numerical flux based on the linearized Riemann
solver. Upwindings on unstructured grid systems are realized from the fact that the
MHD equations are symmetric with respect to the rotation of the space. Despite the
modifications of the equation system, the eigenvectors in the mode-synthesis matrix
necessary for the evaluation of the upwinding numerical flux can still be written analyt-
ically. To get a higher order of accuracy, the upwinding flux is extended to the third-
order total variation diminishing (TVD) numerical flux in the calculation of FVM,
through the monotonic upstream scheme for conservation laws (MUSCL) approach
and Van Leer’s differentiable limiter. Three numerical examples are given in order to
show the efficiency of the above scheme.

1 Introduction

Recently, the magnetohydrodynamic (MHD) simulations are widely applied to
many problems in space science with a great success [1] [2] [3] [4] [5] [6] [7] [8] [9]
[10] [11] [12]. A rapid development of supercomputers in computational speed
and memory size gives a conviction for further developments in this fruitful area.
In these studies, the developments of supercomputers and numerical schemes
are like the two wheels of a cart. In order to apply the MHD simulations to the
problems having more complex configurations, further improvements of numer-
ical schemes are also unavoidable. In this paper, we develop a numerical MHD
scheme that enables an exact treatment of multi-scale space plasma including
multi-component ions and strong background potential field, with an excellent
capturing of shocks and discontinuities.

In the space science, we must always study the complex systems which are
controlled by the coupling processes between different regions having quite differ-
ent characteristics. Auroral physics is a typical example of this kind of problem
[3] [5]. The main process controlling this problem is the coupling effects that
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occur between the magnetosphere and the ionosphere. The characteristic length
and time scales of these two regions are vastly different. If numerical MHD
simulations are applied to these problems, then it becomes necessary to assign
different grid point densities to each region, in order to facilitate the simultane-
ous treatment of the different regions. Therefore, it is unavoidable to adopt an
unstructured grid system. The ordinary finite difference method (FDM) which is
widely used to solve differential equations numerically is no longer applicable on
an unstructured grid system and so here we consider the finite volume method
(FVM) based on the flux conservation law [13].

High-speed flowing plasma that is frequently treated in space science tends
to form shocks and discontinuities. The use of standard numerical schemes of
second-order accuracy (e.g. the Lax-Wendroff method) generates spurious os-
cillations at high gradients. Therefore, there is a need to use more advanced
schemes that can adequately represent these shocks and discontinuities. An out-
standing approach is to evaluate numerical flux in the FVM from an upwinding
method based on the linearized Riemann solver [14] [15] [16]. To get a higher or-
der of accuracy, the upwinding scheme for numerical flux is extended to the total
variation diminishing (TVD) scheme. Among many TVD schemes, a third-order
TVD scheme based on the monotonic upstream scheme for conservation laws
(MUSCL) approach is considered in this paper [17] [18]. With this numerical
flux, excellent shock-capturing is enabled along with stable and highly-accurate
computations. The eigenvalues and eigenvectors of the MHD flux Jacobian ma-
trix necessary for the upwinding calculations are derived from the well-known
Alfven, fast and slow velocities [14]. The calculation of eigenvectors is done with
special care when wave propagations become parallel or perpendicular to the am-
bient magnetic field, because degenerations of eigenvalues occur in these cases
[14] [19].

Another problem in space science is that many planets and stars treated in
the complex-system simulation have a strong dipole magnetic field generated
in their interior regions. In the case of the earth, the magnitude of the dipole
magnetic field is about 30000 nT in the ionospheric region near the Earth, while
it diminishes rapidly in the magnetosphere to about 10 nT. Therefore, the mag-
nitude of the intrinsic magnetic field varies over a wide range in the whole treat-
ing region, in the problem of magnetosphere-ionosphere (M-I) couplings. On the
other hand, the variable components of magnetic field, which are calculated from
the MHD equations, exhibit a similar magnitude over the whole region. As a re-
sult, the ratio of variable to intrinsic components of the magnetic field becomes
extremely small in the ionospheric region. These situations give a difficulty in the
numerical study of the coupling process between two different regions. Especially,
severe difficulties appear in the energy equation. However, this difficulty due to
the wide range in the ratio of variable to internal magnetic fields can be avoided
from the fact that intrinsic magnetic field includes only potential components.
Thus, it becomes important to construct the MHD calculations suppressing the
direct inclusion of the intrinsic component of the magnetic field, as dependent
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variables [3] [19]. In this paper, therefore, a modified equation system is used to
cope with such a problem, changing dependent variables.

In order to apply the MHD simulation to more complicated problems in space
science, an additional improvements is imposed on the original MHD equations.
Since space plasma does not always consist of single ion specie, sometimes we
must treat the plasma that includes multi-component ions with the source and
sink [9]. The ordinary 8-component MHD equations can be extended to the
9-component MHD equations for 2-component plasma.

It is shown in this paper that the equation system with the above modifi-
cations can still be written in the conservation form and can also be treated
numerically through the FVM with the upwinding TVD flux. The eigenvalues
and eigenvectors necessary to construct a TVD scheme are calculated for the 9-
component MHD equations with modified variables. Construction of the scheme
is seen in sections 2, 3, 4, and 5. In section 6, a brief comment is given about the
suitability of the present scheme for parallel computation. To show the feasibility
of the scheme, three numerical examples are shown in sections 7, 8, and 9. The
first example in section 7 shows an excellent ability of present scheme for the
capturing of shocks and discontinuities. The second example in section 8 demon-
strates the applicability of the present scheme to multi-component plasma. The
last example in section 9 adopts the present scheme to the space weather problem
that includes a potential magnetic field, and shows the capability of low-noise
calculation even in the low-/ region.

2 TVD schemes for hyperbolic equations

The history of the development of numerical schemes for hyperbolic conservation
law is long and rich [20]. The idea that stable computation can be accomplished
through an approximate dissipation term was used in early schemes. The ad-
vection equation, the most simple hyperbolic equation, can be written in a one
dimensional coordinate system (z, t) as

ou ou
E + % =0. (1)

Where C is an advection speed. Let ul' be the numerical solution of (1) at
x = iAx and t = n/At. Then, the explicit time integration of this equation is

n n  _ ,n no_ n n
Ui _ _oMien T Uiy duiy, — 2w +ui,

utt —
i T 2
At 2Ax 2 At @)

The stability condition for equation (2) is 1 > d > k%, with k = |C|At/Ax.
Friedrichs-Lax, Godunov, and Lax-Wendroff schemes are obtained automatically
by selecting d = 1,d = k = |CAt/Ax|, and d = k? = (CAt/Azx)?, respectively.
Out of these schemes only the Lax-Wendroff scheme has the second order accu-
racy.

Modern shock-capturing schemes add only enough dissipation in small lo-
calized regions to eliminate numerical oscillations. These schemes enforce some
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constraint on the problem, usually that the solutions be TVD. The Godunov
scheme can be modified to

’U‘?Jrl —uj = Cijrl/z (U?Jrl —uy') — Citl/z (ui —uiy), (3)
with
0;1/2 = (|C| - C)At/2Aar:,C’i+_1/2 = (|C|+ C)At/2Az. 4)
These coefficients satisfy the condition
0< Gy 0y, <1L0<Ch, 0,04, (5)

and the total variation at step n + 1 under this condition is

TV (u™th) = Z|ui+1 + C;B/Z(Ui+2 — Ujp1) — C;l/Z(Ui+1 —u;)

—Uiyq — Ci11/2 (wig1 — ug) + Citl/z(“i —ui_1)|

<Y Criaplttire —uipa]

+> (1=Cfy = Crpy ) lwis — wil

+ZC’i+_1/2|ui — uj_1]

= iy — i (6)

Thus, the TVD is satisfied for the Godunov scheme. This sccheme is a first-order
upwind TVD scheme.
In order to obtain a higher-order TVD scheme, we write equation (2) in the

flux formula
urt yn Fn Fn

i i+1/2 7 ti-1/2
= - 7
At Az ’ (7)
then the Godunov and Lax-Wendroff fluxes in the case of C' > 0 are
Fi(J;rl/Z = Cuy, (8)
and
Fly s = Cui+ C/2:(1 = k) (wig1 — ), 9)

respectively. Equation (8) shows the fact that the Godunov scheme is an upwind
scheme. By combining Godunov and Lax-Wendroff fluxes as

Fij10 = (1- Bi+1/2)Fﬁ1/2 + Bi+1/2FiL+1/2, (10)
one can obtain
G L KB + Sk P (11)
up o —ul 2 2T ri

with
ri = (wi —ui-1)/(Wiv1 — wi). (12)
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In order for the scheme to be TVD, the left hand side of equation (11) must
be between 0 and 1 and the resulting sufficient condition obtained after some
simple algebra is the following,

2 Bit1/2 2
—— < -2<B;_qjp——F <2< —— 1
A < < Db; 1/2 " <2< 1% ( 3)
which reduces to
0< Bi+1/27 Bi+1/2/7"i < 2. (14)

Commonly used limiters which give the constraint for the TVD scheme satisfy
this condition.
For a coupled nonlinear equation system

Oou 0f(u of

ot ox Ou
the Riemann problem is solved to evaluate the upwind flux. From the flux Jaco-
bian matrix A, its eigenvalues Ay, and eigenvectors ry, u;+1 —u; can be expanded
as

Wi —u; =Y Cyry, Cp =1y A, Ay jory, = Mgy, (16)
then, the upwind flux can be evaluated as
Fi+1/2 = f(“fﬂm) = f(u; + Zi(]krk) = f(u;) + Azickrk
= f(lli) + Z_Akark = fi/2 + (fi+1 - ZAkark)/Q + Z_/\kark
+ -
= (fl + fi+1)/2 — (Z AeCrrp — Z )\kaI‘k)/Q
= (£ +£i11)/2 = O_|\lCrry) /2
=(f; +f,1)/2 — (RIA|R"*Au)/2. (17)

The accuracy of the scheme increases by considering the interpolationof depen-
dent variables. An example is the MUSCL interpolation in which i and j are
replaced by L and R as

up = u; + 8 {(1—si/3)(wi —ui—1) + (1 +5si/3)(wis1 —wi) }/4, (18)

up = i1 —Sip{(L+sip1/3) (Wi — i) + (1= sip1/3) (Wig2 —1iy1)} /4, (19)
where s; is a limiter at the grid point .

Assuming first-order accuracy in implicit terms, we can also obtain an im-
plicit MUSCL scheme as

Az n 8Fi+1/2 n 8Fi+1/2 n
EAlli +1 + mAuiiﬁl + TuzAuZ +1
OF;_ OF;_
et - G )
= _(F?+1/2 - F?—1/2)> (20)
n+1 — n+1 n

with a notation Au u’™ —u?.

i i 7
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3 Finite volume TVD scheme for 9-component MHD
equations

In space plasma simulation, sometimes we must treat multiple plasma compo-
nents. The ideal MHD equations can be extended to the 9-component MHD
equations that treat 2-component plasma. The nondimensional conservation-
law form for these equations can be written in the Cartesian coordinate system
(:E)y’Z)t) as

Ou OF(u) 0G(u) O0H(u)

— + + +

ot ox oy 0z

where the dependent variables are u = (p,m,B,U,p>)?" and F,G,H, and S
are flux functions in the z, y, z directions and source terms. p, m, B and U are
the density, momentum, magnetic field and energy density. Where p = p; + po
with p; and ps being the densities of first and second plasma components. Using
Gauss’s law, the integration form of equation (21) can be written as

=8, (21)

%/udv + /(an + Gny +Hn,)ds = /de, (22)

where dv and ds are the volume and surface element of the control volume and
n is a unit vector normal to the surface of the control volume.
Let us define a matrix T which rotates the z axis to the direction of n

1
T,
T = T. |, (23)
1
1
with
Ng Ny N
Tl = |l12 tly 1, ) (24)
t2x t2y t2z
then equation (22) is expressed as
o .
5 udv+ [ T"T(Fn, + Gny +Hn.)ds = | Sdv, (25)

where t; and t, are unit vectors tangent to the surface of the control volume
and orthogonal to each other. Since the form of the MHD equations must be
unchanged for the rotation of the coordinate system, the relation

T(F(u)n, + G(u)n, + H(u)n;) = F(Tu) = F(u,) (26)

must hold [15] [16] [19]. Then one can obtain from equation (25)

%/udv+/T*1F(un)ds - /de. (27)
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Introducing new dependent variables w; = (p,m,B1, Ui, p2)T = (p,my, my,m.,
By — By, By—Boy, B.—Bo.,U—(B1-By)/8—-B3/(28), p2)T, with the conditions
0By /0t = rotBy = divBy, then the equation for u; can be written in the
conservaton-law form as

%/uldv—k/T_lF(um,BOn)ds = /de, (28)

with w1, = Tuy, m, = Tim = (my, ms, me2)?, B, = T1B = (B, Bu1, Bi2) 7,
Bi, = TiBy = (Bin, Bis1, Bi2)", and By, = T1Bg = (Boy, Bot1, Bot2)” . The
flux function in the normalized form is written

- My, 1
2 By
% — %Btan + %BOtIBOn
M2 _ %Btan + %BOQBOH
0
m m
=2 By — =14 B,
F = @Bﬂ - m§2 By ' 2
B2 B
2o (Ur + 55 + P) — &5

X (22 By, + 8By + U Bi2)

P
+Bb“ (B2 By — L By,,)
BOn

'z By,,)

P
B n
+=42(Ba By, — 1
L 14 .

2

p

In the solar wind-magnetosphere-ionosphere (S-M-I) interaction problem, a dipole
field will be adopted as By. In the expression of (29), the By terms are added to
the second, third, fourth, and last components of F, considering rotBgxBg = 0
and mxB-rotBg = 0. The variable component of energy density U, density p,
momentum m, and the variable components of magnetic field By are related to
pressure P by the equation
m?  B?
P= (=1t -5 - 5h) (30)

Constants in these equations are 3 and v, with 3 = upoRTy/B3y,~ the poly-
tropic index, u the magnetic permeability, R the gas constant, pp the normaliza-
tion density, Boo the normalization field, and Tj the normalization temperature.
Momentum m and time ¢ are normalized by po(RTp)'/? and Lg/(RTp)"/?, with
Ly normalization length.

From equation (28), a discrete formulation of the MHD equations in the FVM
style is written for the grid point ¢ in the form

0 -
Vit ZjTileij(ulni’7u1ni7uinja uinjr, Bonij)Sij = SVi,  (31)

where j denotes the grid points neighboring the grid point 4, V; denotes the
volume of the control volume cell which includes the grid point i, T;; is the
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rotation matrix at the interfacing surface between ¢ and j, S;; is the surface area
of the 4 and j interface, Wipni, Uini, Uinj, and uy,j are wyy,ui;, wyj, and ugj
rotated by T;;, and Boy;; is Bo, at the i and j interface. Adopting equation
(17), the first-order upwind numerical flux F,; for equation (31) is given as

1 _
F,= §[F(u1nj; Bonij) + F(uini, Bonij) — Rij | Ayj | Rijl(ulnj — )] (32)
Here, the mode synthesis matrix R;; and the eigenvalue matrix A;; are calcu-
lated from the following diagonalization process:

AR = Rij Ay, (33)
OF
A= 6u—ln(llmij,Bomj), (34)

with A;; the flux Jacobian matrix of F at the ¢ and j interface, and uy,i; a
symmetric average of ui,; and ui,;. As seen from equation (33), the mode
synthesis matrix consists of the right eigenvectors of the flux Jacobian matrix
rijk, and the diagonal matrix A;; consists of eigenvalues A;jx, k = 1~9.

To get a higher order of accuracy, the MUSCL approach is used changing ¢
and j in equation (32) to L and R, suffixes which indicate variables just on the
negative and positive sides of the interface [17]. Adopting equations (18) and
(19), then the numerical flux is defined by the following relation:

1 _
EF,= §[F(u1nR>B0nij) + F(winr, Bonij) — Rer | Are | Ry} (Wing — u1nr)],
(35)
with
ArrLRrr = RrrAgp, (36)
Wipnr = Uip; +8i(1 —8;/3)(Wip; — win) + (14 8;/3)(Wip; — wing)/4, (37)
WinR = Winj — S;(1 —8;/3)(W1pr — w1pj) + (1 +58;/3)(Win; — win) /4, (38)

where the diagonal matrices s; and s; consist of the so-called Van Leer’s differ-
entiable limiter. The Ath components of s; and s; are calculated from the k-th
components of uy,. Without the suffixes 1 and £, they are written as

2(unj — Uni)(Uni — Unir) + €
(unj - uni)2 + (uni - uni’)2 + €’

(39)

S; =

2(unjr — Ung)(Unj — Uns) + €
(tngr = Unj)? + (Unj = tni)® + €’

5j = (40)
with € a small number. Interpolation points 7 and j ’are obtained by extending
the line which connects grid points ¢ and j to the neighboring surface of control
volumes.

A serious problem in numerical MHD simulations involves the violation of
the divB = 0 condition. Not only numerical roundoff errors but also the use
of upwind fluxes and a non-Cartesian grid system make it difficult to fulfill the
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divB = 0 condition automatically. In the present calculation, an extra equation is
added to eliminate artificial magnetic monopoles [21]. The variable components
of magnetic field B; are replaced every several time steps, by a new field By,
given as

Bi. = By + gradg, (41)

v2¢ = —divB;. (42)
To solve equation (41), the conjugate residual (CR) method is applied.

4 Eigenvalues and eigenvectors for the 9-component
MHD equations

In this section, eigenvalues and eigenvectors are shown for the 9-component MHD
equations. For the Jacobian matrix of flux fuction (29), eigenvalues Ay, k = 1~9
are [14]

AL =m), (43)
Aoz = m;ilBél, (44)
Aas =ml, £V}, (45)
Xe,7 = m,,+Vs, (46)
As =0, (47)
Ao =m, (48)
where
ViV = %[Cg + B?+{(Cy + B?)? — 4C,B.*}'/?), (49)
Co =vP/p, (50)

with the notation u/, = (p,m!,, B, U, p2)T = (p,mn/p, me1/p,ms2/p, Bn//Bp,
Bu /V/Bp, Bia/V/Bp,U, p2)T. In the expresion of eigenvalues,\/Cy, |By|,V; and
Vs correspond to sound, Alfen, fast and slow velocities, respectively. In addi-
tion to one entropy, two Alfven, two fast and two slow waves of normal MHD
equations, there appears one more entropy wave in the 9-component MHD equa-
tions. Calculations of eigenvectors must be done with special care avoiding the
degeneration of eigenvectors when wave propagations become perpendicular or
parallel to the magnetic field. The right eigenvectors ry which correspond to Ay
are [19]

1

!

m,

my

My
ry = 0
0
0

0.5-m'?
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rs3 =

)

rg 7 =

F(Bpmy —

0

0
+Bl)-sgn(B,)
+Bl;-sgn(By)

0

n /B
By, \/;
—Bii\/5

Biimiy)-sgn(By,) +
0

(BaBi 1

a
ay(my,£Vy)
aymy, FasBiy Vi By,
apmy, WsBé'szBé

ang'lvf \f

a Bl’t'QVf
af-0.5-m’2 + afoQ/( — l)j:afom'n
FasVy(Bjymy + Biymi,) By,
+ag(=1)/(y = )(V} = Co)
+ap (Vi = Co)(Bf B{'y + By Bl'»)

Ty5 =

/(B> + B?)
L agp2/p J
as
as(m;, £V5)
asmy, +ay By /Co[Vi-sgn(By,)
asmi,+ayBiy/Co/Vy-sgn(By,)

0

—asBii\[2Co/VE

—asBiy\[2Co/VF
as-0.5m'? + a;VZ?/(y — 1)+aV,m!,
*ay(Biymy + Biymg,)
xv/Co/Vi-sgn(By,) + as(=1)/(y — 1)(V7
+a,(V? — Co) (B} B}, + By B] t2)
/(B%? + BYl)?)
asp2/p

—Bé’lBiw)

—_ CO)




Finite Volume TVD Scheme 11

0
0
0
0
re= |1/, (55)
0
0
0
_0_
S
my,
My
Miy
rg = 0 , (56)
0
0
0.5-m'?
1]
where
By = (By, +€)/(Bji + Bjs +2¢°)' /%, (57)
Bé’g = (Bjs +¢)/(Bi} + B3 +2¢)'/?, (58)
11y = (Bijy +€)/(BR + Bj3 + 2¢%)1/, (59)
175 = (B +€)/(Bfi + Bj + 2¢ 2z, (60)
as = (V} ~ BV /(V ~ V)2, (o)
as = (Vi — Co)'/?/(V} = V)?Vy, (62)

and € is a small number.

5 Source terms and boundary conditions

The selection of source terms and boundary conditions depends on the kind of
problem treated by the MHD simulation. Typical source terms considered in
space science are ion production and loss, gravitational acceleration and aero-
nomic friction. They are written as

g1 +qg2—Li — Ly
—vm — pg
F = 0 . (63)
—m/p-(vm + pg) + Ty(q1 +q2)/(y = 1) = Tr.(L1 + L2) /(v = 1)
g2 — Lo

where ¢; and L; (i = 1, 2) are ion production and loss terms for i-th ion species, T}
is the temperature of ions when they are produced, T7, is the temperature of ions
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when they are lost. v and g are ion-neutral collision frequency and gravitational
acceleration. Production and loss rates ¢; and L; (i = 1,2) are normalized by pg
and Lo/(RTy)'/?.

A typical boundary condition on the outer boundary is to give a plasma flow
on the upstream side and a zero gradient condition on the downstream side.
Commonly used boundary conditions on the inner boundary are ion chemical
equilibrium, given plasma velocity, or zero gradient condition. In the case of S-
M-I coupling, the plasma velocity perpendicular to the ambient magnetic field
is decided from the field aligned current (FAC) flowing into the ionosphere.
Assuming a spherical ionosphere at =1 R,, these processes are simulated on
the inner boundary and on the ionosphere from

V-aVor = Gp(rotByny) = Ji|s 64

(64)
o =oguv +opirf(P,p) + os(J)), (65)
m — (mmy)ny = —pVe, xB/B?, (67)

where ¢ is the ionospheric conductivity tenser, ¢ is the ionospheric potential,
¢m is the magnetospheric potential, .J; is the FAC, n; is a unit vector along
B, and G,, is a geometrical factor associated with the mapping along field lines
from r=3 R. to r=1 R.. 0guv,0pif¢, and oy are the ionospheric conductivities
due to the solar EUV, the diffuse auroral precipitation modeled by the pressure
and temperature, and discreet precipitation modeled by the upward FAC [5].
Parallel potential is introduced through f; that is constant at the upward FAC
and 0 at the downward FAC.

6 Parallel computation in a spherical geometry

Recently, the most powerful super-computers, such as the Fujitsu VPP and NEC
SX, adopt the vector-parallel architecture with a distributed memory system.
Efficient utilization of these vector-parallel super-computers is essential for the
future study of space MHD simulations. In parallel computations with a dis-
tributed memory system, it is desirable to set a one-dimensional structuring
axis in the three-dimensional space. In a spherical geometry that is important
for space science, this ”parallel” axis is chosen to be the radial direction. An
unstructured grid can then be generated on spherical surfaces which construct
the remaining two-dimensional space.

In the construction process of the grid system, it is desirable that two-
dimensional spherical surfaces are covered by control volumes of similar size,
because the integration time step is restricted by the smallest control volume.
An example for such kind of grid system is shown in Fig. 1. The left panel in
Fig. 1 shows the grid structure on the spherical inner boundary, while the right
panel shows how to construct a 3-D grid structure by extending the position of
spherically allocated grids outward from the inner boundary.
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Fig. 1. Grid structure for the 3-D FVM calculation

In parallel computations on the distributed memory system of vector-parallel
computers, it is important to identify the difference between distributed and re-
dundant data areas. The parallel axis is used to distribute dependent variables
to processors and to define the overlap data areas. In the finite volume TVD
scheme, the most serious load in calculations comes from those for eigenvalues
(43-50), eigenvectors (51-62), limiters (39,40) and numerical flux (29). These cal-
culations are done sequentially in subroutines on a two-dimensional redundant
data area, after copying 3-D dependent variables from a distributed data area
to two-dimensionl redundant data areas. Using this method means that we do
not have to rewrite subroutines with parallel programming constructs. The par-
allelization then occurs only in the main program which calls these subroutines.
In the calculation of numerical flux, the dependent variables on the neighboring
grid point of the calculation point must be referred to. To enable this referring in
the parallel computation, the overlap data areas are used with the data transmis-
sion. Overlap data must be synchronized to data in the neighboring processors
before the subroutines begin concurrent operation. After the main calculations,
the final correction of the dependent variables is done in the main program, on
the distributed data area. Finally, two processors calculate the inner and outer
boundary conditions.

7 Numerical example 1 (Heliospheric structure)

The pressure difference between the solar corona and interstellar space drives
the ionized solar atmosphere outward, despite the restraining influence of solar
gravity. The solar wind thus generated interacts with the very local interstellar
medium (VLISM) at some large distance from the sun. Here, the volume of the
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space created by the solar wind is called the heliosphere [8] [10] [11] [22] [23]. In
this section, results are shown for the MHD simulation of the heliosphere.

At a distance where the local ram pressure of the solar wind becomes com-
parable to the external VLISM pressure, the solar wind shocks to form the
termination shock (TS), which is a strong shock with a compression ratio 4.
Then outside the TS, the shocked subsonic solar wind flows to the downstream
direction of a uniform interstellar flow surrounding the heliosphere. This region
constrained by the VLISM and filled with shocked solar wind plasma is called
as heliosheath (HS). It is bounded inside by the TS and outside by a tangen-
tial discontinuity between the heliosphere and the VLISM called the heliopause
(HP). Some observational evidences suggests that the interstellar wind is also
supersonic. The supersonic interstellar flow recognizes the shocked solar wind
plasma in the HS as an obstacle and forms a bow shock (BS), which is a mag-
netoacoustic shock. The shocked interstellar wind inside the BS contacts the
shocked solar wind through the HP.

Since the formation process of the heliosphere generates many shocks and
discontinuities, it offers a good problem to test the shock-capturing capability of
the TVD scheme. The outer and inner boundaries for the calculation are set at
1000 AU and 50 AU. In this section, the interstellar plasma and the solar wind
plasma are assigned to p; and p2, respectively. Consequently, p; is zero at the
inner boundary and p- is zero at the upstream boundary. On the inner boundary,
a supersonic solar wind is adopted. The solar wind speed and density at 1 AU
are assumed to be 400 km/sec and 5 cm ™3 respectively, and the strength of the
toroidal interplanetary magnetic field (IMF) here is assumed to be 2.8*cos(f) nT
with 6 the heliolatitude. Toward the outer boundary, the solar wind maintains
a constant velocity while its density and magnetic field fall with heliocentric
distance r as r—2 and r~!. The solar wind temperature at the inner boundary
is assumed to be 10* K. The speed, density and temperature of the interstellar
medium are assumed to be 25 km/sec, 0.1 cm 3, and 10* K. The direction of
the interstellar flow and magnetic field are assumed to be parallel to the ecliptic
plane (toward -z) and to the solar rotational axis (toward +2). The strength
of interstellar magnetic field is 0.15 nT. S and By are not considered in this
problem.

Figure 2 shows the normalized equipressure (P) contour on the polar (upper
half) and ecliptic (lower half) planes. The interstellar wind is from the right. The
normalization value for P and contour spacing are 0.0144 pPa and 0.7, respec-
tively. From the pressure distribution, the major structures of the heliosphere,
the TS with Mach disk, the HP, and the BS are clearly visible as discontinu-
ities. These high-quality resolutions of discontinuities are due to the excellent
shock-capturing property of the TVD scheme.

At the BS the kinetic energy of the interstellar wind is converted to thermal
and magnetic energies. Downstream of the BS, consequently, gas pressure domi-
nates over the kinetic pressure. At the HP, increased gas and magnetic pressure
are supported by the HS plasma pressure which is maintained by a supply of
shocked solar wind pressure from the TS. The highest pressure in the HS appears
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Fig. 2. Pressure distribution in the heliosphere

in the nose region because it must finally balance with the dynamic pressure of
the interstellar wind.

The enhanced HS pressure around the nose region accelerates the shocked
solar wind plasma toward the heliotail (HT). At the flank of the heliosphere,
the oblique TS also helps the HS flow direct downtail based on the principle
that at an oblique shock the downstream flow is always deflected away from
the shock normal. On the contrary, the tailside TS consists of right-angle shock,
because the post-shock flow can direct downtail as it is. Consequently, tangential
discontinuity develops in the downstream HT, to separate fast HT flow that
continues from the flank HS from a slow HT flow that exits directly from the
tailside TS. This is a basic mechanism to form a bullet-shaped TS (Mach disk)
on the downstream side [11].

8 Numerical example 2 (Solar wind-Venus interaction)

Since the internal magnetic field of Venus is negligibly small, the solar wind
makes a direct contact with the ionosphere. When the interaction processes be-
tween the solar wind and planetary ionospheres are studied, at least two plasma
components must be considered [9] [24] [25]. In the case of venusian ionosphere,
the primary component of ionospheric plasma is O ions, whereas the primary
component of the solar wind is H* ions. So one must consider two plasma com-
ponents to distinguish the ionospheric plasma from the solar wind plasma. In
this section, therefore, the solar wind plasma and ionospheric plasma are as-
signed to p; and ps, respectively. In this problem, source terms S are essentially
important, because the high-density low-temperature ionospheric plasma that
supports the impinging solar wind stratifies gravitationally on the balance of ion
production and loss, neutral drag, and the gravitational acceleration. For the



16 T. Tanaka

calculation of py, Lo, and v, a stratified atmosphere composed of O and COs is
assumed around the planet. q;, Ly, and By are set to zero in this section.

The inner and outer boundaries of the calculation region are at 1 R, and
10 R,, with R, the planetary radius. On the outer boundary, the solar wind
flow is given on the upstream (+z) side while the zero gradient condition is
adopted on the downstream (-z) side. Where the IMF is assumed to be parallel
to the y-axis. Near the inner boundary, the ion-neutral collision and ion chemical
processes become dominant. Therefore, the ion chemical equilibrium and zero
plasma velocity conditions are adopted on the inner boundary. Since the scale
sizes of the ionosphere and the solar wind are quite different from each other,
the grid points must be allocated so as to be dense in the ionosphere and coarse
in the solar wind.

Figure 3 shows the result for the distributions of O (left) and total (=H™ +
O™, right) ion densities. The solar wind is from the left. The left and right panels
in Fig. 3 show contours of log(p2/psw) and log(p/psw), respectively. Where pgy,
is the solar wind density. The contour spacing is 0.2 and the dashed contours
are used at every 1.0. The minimum contour value for a dashed contour is 0.0.
The upper and lower halves of the two panels show sun-planet meridian planes
and equatorial planes defined by the direction of the IMF. The solid circles show
the size of the planet. An excellent capturing of shocks and discontinuities is
seen in Fig. 3. Results of the calculation show the formation of the BS, magnetic
barrier and the ionopause in the dayside region. At the ionopause, the primary
ion species change from H™ on the high-altitude side to O on the low-altitude
side. In the nightside region, the ionospheric structure shows rather complex
features. A part of OT ions penetrates into the magnetotail which results from
the draping process of the IMF. Then, the penetrating OT ions tend to gather
toward the central part of the magnetotail and form a high-density region. In

density density
4 . . : 4 .
g 20 ] L2y Y 1
a o
[} [}
g a
n 1
x %
o o
> =2} 1 - =21
—4 . . . —4 . .
4 e 0 —2 -4 4 2 0 -2 4
® axis X O%is

Fig.3. O density (left) and Ht+O™ density (right) around the planet
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Fig. 4. Pressure balance along the sun-planet line

these results, the solar wind and ionospheric plasmas are distinguished clearly
by the 9-component MHD equations.

Figure 4 shows altitude distributions of fluid pressure (P), magnetic pressure
(B) and plasma dynamic pressure (Ram) at the subsolar point. Where small
rectangles show positions of radial grid points. The pressures are normalized
by the solar wind pressure. In the upstream solar wind, plasma kinetic energy
dominates both of fluid pressure and magnetic pressure. At the BS, plasma
kinetic energy is converted to plasma thermal energy. As a result, the fluid
pressure becomes dominant after passing the BS. Approaching the ionopause,
the magnetic pressure increases while the plasma pressure decreases, due to the
formation of the magnetic barrier. At the ionopause, the magnetic barrier is
supported by the fluid pressure of cold ionospheric plasma. This pressure of
cold ionospheric plasma is maintained by the photoionization and ion chemical
processes in the planetary upper atmosphere. The plasma pressure on the bottom
side of the ionosphere is supported by the neutral atmosphere through ion-
neutral collisions.

9 Numerical example 3 (Substorm and space weather)

A goal of the space weather effort is to increase our understanding of the S-
M-I coupling system. In recent years, the global MHD simulation has become
increasingly successful at constructing and predicting the behavior of the S-M-I
system [1] [5] [6] [12]. It gives a theoretical foundation for the complex behavior
of the S-M-I system that is controlled by the coupling process between different
regions.
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Fig. 5. Magnetospheric convection

In the solar wind interaction with the magnetosphere, energy and momen-
tum are transferred from the solar wind to the magnetosphere through non-
ideal MHD processes, to generate magnetospheric plasma convection [4]. Figure
5 schematically shows the construction of convection system. In the magneto-
sphere, the large-scale transportation of plasma is equivalent to a global electric
field. The process driving the magnetospheric convection is at the same time the
process generating the FACs, because the magnetospheric perpendicular stress
must be transmitted to the polar ionosphere so as the ionospheric convection to
follow the magnetospheric convection [3] [26]. In the current circuit connecting
the magnetospheric dynamo and the conducting ionosphere, the JxB force in
the ionosphere acts to accelerate the ionospheric convection against atmospheric
friction. As a counter part of this energy dissipation in the ionosphere, FACs
must be powered through the dynamo driven by the energy conversion in the
convection system. Therefore, acting as a load for the magnetospheric convection
in the M-I coupling system, the ionosphere controls the intensity of FAC.

In this section, we investigate the M-I processes that maintain the self-
consistency in the convection system, including the generation mechanism of
the M-I current systems, the ionospheric control of the magnetospheric configu-
ration, and possible extension of convection status to the substorm. The FAC and
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plasma convection play a central role in the M-I coupling, while the state of en-
ergy source for these current systems depends on the solar wind-magnetospheric
interaction. To improve our understanding of this problem, therefore, a self-
consistent treatment is required for the coupling effects between three different
regions, namely the solar wind, the magnetosphere and the ionosphere.

In the numerical study of the S-M-I coupling process, numerical errors in
the low-f region near the ionosphere should be reduced. For this purpose, the
MHD calculation is reconstructed as shown in equation (29) to suppress the
direct inclusion of the potential component of the magnetic field as dependent
variables. From these situations, a dipole magnetic field is assumed as Bg. S and
p2 are not considered in this section. The outer and inner boundaries for the
simulation are at 200 R, and 3 R.. A uniform solar wind with a speed of 350
km/sec and an IMF magnitude of 5 nT is assumed at the upstream boundary and
zero gradients are assumed at the downstream boundary. Dependent variables
are projected along the field line from the inner boundary (=3.0 R.) to the
ionosphere. In the ionosphere, equations (64) and (65) are solved to match the
divergence of the Pedersen and Hall currents with the FAC.

Figure 6 shows the response of the magnetosphere to the southward turning
of the IMF. The color figure shows the pressure distribution in the noon-midnight
meridian plane of the magnetosphere at three times. Where P is normalized by
the solar wind P. The bottom row illustrates the initial magnetospheric config-
uration for the northward IMF. At this time (7.7 minutes after the southward
turning of the IMF), a thick and low-pressure plasma sheet is observed. The flow
structure at this time (not shown) indicates that x line is situated beyond z =-
60 R., which is the remnant of merging cell structure under the northward IMF
condition [4] and called the distant neutral line. The growth phase shown in the
second row (59 minutes after the southward turning of the IMF) is character-
ized by erosion of the dayside magnetosphere, thinning of the plasma sheet, and
an increase in the flaring angle. The tail-like configuration of the plasma sheet
during the growth phase is the consequence of an enhanced convection.

The substorm onset occurs as an abrupt change of the magnetospheric con-
figuration in the near-earth tail. The top row in Fig. 6 (72.6 minutes after the
southward turning of the IMF) shows the pressure distribution after the onset il-
lustrating the appearance of the high-pressure region in the inner magnetosphere
and the formation of the NENL in the midtail. Figure 6 also shows pressure and
V, distributions along the -z axis in the near-earth and midtail regions before
and after the onset. Where V,, is normalized by the solar-wind sound velocity.
After t=70 min, a sudden change of pressure profile is seen to start just like
a transition from one state to another [5]. Before the onset (¢<70 min), the
strongest —V P force acts in the region between £=-10 and -20 R.. As a result,
earthward convection is obstructed at z=-14 R.. In addition, a gradual forma-
tion of NENL is seen at £=-33 R, before the onset. After the onset (¢£>70 min),
the peak position in the pressure distribution shows a rapid inward movement.
The pressure peek abruptly moves further inward to z=-8 R.. At the same time,
the convection flow intrudes into the inner magnetosphere inside z=-10 R, in-
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Fig. 6. Substorm sequence obtained from the MHD simulation

creasing in magnitude. Through these transition processes, a new stress balance
is achieved in the near-earth plasma sheet in which recovered magnetic tension
is balanced by newly established pressure inside z=-10 R,.. This pressure change
is, in turn, a result of energy conversion from magnetic energy to internal en-
ergy caused by the pumping effect of convection associated with the recovery of
magnetic tension. The fastest earthward flow in the plasma sheet appears after
about 5 minutes from the onset. Then, tailward flow increases its speed. After
t=75.3 min, the NENL begins to gradually retreat downtail.

During substorms, the ionospheric conductance enhances to a large extent
due to precipitating particles which carry enhanced FACs. As a result, the cou-
pling rate between the magnetosphere and the ionosphere becomes stronger, and
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the magnetosphere comes to hold a heavier load. However, the role of a variable
M-I coupling in substorm onset is not clear at the present time [5].
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41 mpicommsize: 000000000
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aad u goad ao
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merr integer | OO ooooo

ex. call mpi_comm_size(mpi_comm_world,npe,merr)

4.2 mpicommirank: 000000000000

mpi_comm_rank(communicator,rank,ierr) : 0 < rank < size-1

o g god ao

communicator | integer | 00 000 mpi_comm_world
rank integer | 00O ooooooooooo
merr integer | 00O ooooo

ex.call mpi_comm_rank(mpi_comm_world,myrank,merr)

4.3 mpisend: 00000000

mpi_send(buf,count,datatype,dest,tag,comm,ierr)

g g god auo
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tag integer | 00O ooooooon
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ierr integer | OO ooooo

ex. call mpi_send( x,1,mpi_real,0,itag,mpi_comm_world,merr)

44 mpirecv: 00000000

mpi_recv(buf,count,datatype,dest,tag,comm,status,ierr) : mpi_send O 0 O status 0 O O

g g god go

buf 0o 0o ooooo

count integer | 00O ooooo

datatype | integer | OO oooooooooooo
dest integer | 00O gboboooooboboon
tag integer | 00O 0o0oo0oooon

comm integer | 00O 000 mpi_comm_world
status integer | OO oooo

ierr integer | OO ooooo

ex. call mpi_recv( x,1,mpi_real,i,itag,mpi_comm_world,mstatus,merr)
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datatype | integer | OO oooooooooooo
dest integer | OO oooooooooooo
tag integer | 00O Oo0ooooono
comm integer | 00O 000 mpi_comm_world
ireq integer | 00O oboOooooooooo
ierr integer | OO ooooo

ex. call mpi_isend( x,1,mpi_real,0,itag,mpi_comm_world,ireq,merr)

4.6 mpidrecv: 0000000000

mpi_recv 0000000000000 0000O0O0OO0OO0OOOOOOOCOOOOO0OOO0O0O0O0O0O0
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mpi_irecv(buf,count,datatype,dest,tag,comm,ireq,ierr) : mpi_recv O status O ireq 0 0 O

o0 0 ooo | o0

buf RN RN goooo

count integer | 00O ooooo

datatype | integer | OO uoboooooooonDon
dest integer | OO oooooooooooo
tag integer | OO Oo0ooooono

comm integer | 00O 000 mpi_comm_world
ireq integer | 00O ooooooooooo
ierr integer | 00O ooooo

ex. call mpi_irecv( x,1,mpi_real,i,itag, mpi_comm_world,ireq,merr)

47 mpiwait: 000000000 00O0O

mpi_wait(ireq,status,ierr) : ireq,status O 0 O

go U gog go

ireq integer | 00O oooooooooon
status | integer | 00O oooo

ierr integer | OO ooooo
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4.8 mpisendrecv: 000000000

O0ooooooooooooooooooooooooo
mpi_sendrecv(bufl,countl,datatypel,destl,tagl buf2,count2,datatype2,dest2,tag2,comm,status,ierr)

oo g ood oo

bufl g go goooooogo

countl integer | OO ooooo

datatypel | integer | OO goobooobboooooood
destl integer | 00O oboboooboboooo

tagl integer | 00O oooooooon

buf2 go go gboobogooogo

count?2 integer | 00O ooooo

datatype2 | integer | OO gboboooboboooooban
dest2 integer | 00O oooooooooooon

tag?2 integer | OO ooooooono

comm integer | 00O 000 mpi_comm_world

status integer | 00O oooo

ierr integer | 00O ooooo

ex. call mpi_sendrecv(x,1,mpi_real,0,1,x0,1,mpi_real,i,1,mpi_comm_world,mstatus,merr)

49 mpireduce: 00000000 DOOODOOODOOOOOOO
mpi_reduce(bufl,buf2,count,datatype,op,dest,comm,ierr) : op O O O

go g god go

bufl a0 00 0o0oO0o00ooon
buf2 00 00 000000000
count integer | OO ooooo

datatype | integer | OO oooooooogooo
op integer | 00O oo

dest integer | 00O oooooooogoooon
comm integer | OO 000 mpi_comm_world
ierr integer | OO ooooo

ex. call mpi_reduce(dt,dtg,1,mpi_double_precision,mpi_min,0,mpi_comm_world,merr)

4.10 mpiallreduce : D0 0000000 O0OOODOOOOOOOO
mpi-allreduce(bufl,buf2,count,datatype,op,comm,ierr) : op 00 O Ompi-reduce 0 00 dest 00O

o0 a ooo | o0d

bufl oo oo ooooooooo
buf2 go g gboooogban
count integer | 00O oooon

datatype | integer | 00O oooooooooooo
op integer | OO 0o

comm integer | 00O 000 mpi_comm_world
ierr integer | 00O ooooo

ex. call mpi_allreduce(dt,dtg,1,mpi_double_precision,mpi_min,mpi_comm_world,merr)
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411 mpibcast: 0000000000000 OO0OOODOOOOOOOO

mpi_bcast(buf,count,datatype,dest,comm,ierr)

oo 0 oo RN

buf oo o0 ooooo

count integer | 00O googoo

datatype | integer | 00O oooooooooooo
dest integer | 00O goooooood
comm integer | 00O 000 mpi_comm_world
ierr integer | 00O ooooo

ex. call mpi_bcast(x,1,mpi_real,0,mpi_comm_world,merr)

412 mpigather: 0000 O0O0O0O0DO0OODOOOOOOOOOO

00000 mpi-gathervmpi_allgather,mpi_allgatherv 0 O O O
mpi_gather(bufl,countl,datatypel,buf2,count2,datatype2,dest,comm,ierr)

o 0 0on 0o

bufl od oo ooooooood

countl integer | 00O ooood

datatypel | integer | OO Oo00o0oooooooooooog
buf2 od gd gooooooon

count2 integer | 00O ooooo

datatype2 | integer | OO 00Oo0o0ooOOooOooooobaono
dest integer | OO oooooooooooo

comm integer | 00O 000 mpi_comm_world

ierr integer | 00O oooog

ex. call mpi_gather(x,1,mpi_real,x0,1,0,mpi_comm_world,merr)

4,13 mpiscatter: 000 DO00ODO000DO00O0OOO0OOOOO

mpi_bcastDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD mpi_scatterv 0 0 0O
mpi_scatter(bufl,countl,datatypel buf2,count2,datatype2,dest,comm,ierr)

ao O oob | 00

bufl oo go gbooboooooo

countl integer | 00O ooooo

datatypel | integer | OO oooooOoooooooooon
buf2 ao od oobooooooo

count?2 integer | 00O ooooo

datatype2 | integer | OO gboboobodaoobooban
dest integer | 00O oobOoooooo

comm integer | 00O 000 mpi_comm_world

ierr integer | OO ooooo

ex. call mpi_scatter(x,1,mpi_real,x0,1,0,mpi_comm_world,merr)
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J—F0|x1 x1

/= Fu mpi_bcast x1

J—FK:2 :> x1

J—FK3 x1

J—K4 x1

J—F0|x1 . X1 [ x2|x3|[x4]|x5

mpi_gather

J—FK:1|x2

J—FK2|x3

J—F3| x4 <l‘:|

J—F4 s mpi_scatter

J—F0|x1 x1| x2|x3|x4|x5

J—F1|x2 _ x1|[x2|x3|[x4]|x5
mpi_allgather

J—F:2|x3 :(> x1|x2 [ x3|x4|x5

J—FK3|xa x1| x2 | x3|x4|x5

J—F4|x5 x1|x2 | x3| x4 | x5

O 7: mpi _bcast,mpi _gather,mpi  _scatter,mpi  _allgather

414 OOODOOODOOOOO
datatype 1000000000000 00000

gooooo bytel:l MPIODOOOOOO
integer,integer*4 4 mpi_integer

real,real*4 4 mpi_real

double precision,real*8 8 mpi_real8, mpi_double_precision
complex 8 mpi_complex

double complex,complex*16 | 16 mpi_complex16

character 1 mpi_character

byte 1 mpi_byte

logical logical*4 4 mpi_logical
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415 MPIOOOCOCOO (op)
mpi_reducempi-allreduce 00 0000000000000 0O0O0Ompi-opcreate00000000

goooooog

goooog RN goooooooog
mpi_sum 0 mpi_integer,mpi_real,mpi_real8,mpi_complex
mpi_pro O mpi_integer,mpi_real,mpi_real8,mpi_complex
mpi_max oo mpi_integer,mpi_real,mpi_real8
mpi_min oo mpi_integer,mpi_real,mpi_real8
mpimaxloc | 00000 mpi_2integer,mpi_2real,mpi_2double_precision
mpiminloc | OD0O000O mpi_2integer,mpi_2real,mpi_2double_precision
mpi_land ooo mpi_logical
mpi_lor ooo mpi_logical
mpi_lxor xor(DOOOOO) | mpi_logical
mpi_band oooooo mpi_integer,mpi_byte
mpi_bor oooooo mpi_integer,mpi_byte
mpi_bxor 000 xor mpi_integer,mpi_byte

S 0o

000000000 UnixOMPIDOODODOOOOOOOOO

(mpif?? (or mpif90) test.f

dobobooooboboooobooboo

(mpirun -np n( 0000O0O0OO0O0O0) a.out (ex. mpirun -np 2 ./a.out) )

0000000000000 0D00O000O00DOO00000oDoDOoooC-c0DOOO0OO0OO
gobbodddpsbbboooboboog

(kill -9 ( oooooo) or killall -9 a.out )

gogoooobbbbtooooogouooobobbb b oooboobbbbooooo
goboboooobobooa

(http://www.env.sci.ibaraki.ac.jp/"snozawa/mpi/ )

goboboodoboboooooobooooboboooobboooobboooooboo
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[1] http://www.env.sci.ibaraki.ac.jp/"snozawa/mpi/summer03/

[2] http://www.mpi-forum.org/

[3] http://www-unix.mcs.anl.gov/mpi/mpich/
[4] http://www.lam-mpi.org/
[5] http://www.openmp.org/
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