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Abstract In this paper, the 2.5-dimensional resistive Magnetohydrodynamics (MHD) equations

were solved to simulate two magnetic reconnection problems in single current sheet by applying the

space-time Conservation Element and Solution Element (CESE) method. Three different versions

of CESE method are employed: (1) the original CESE method, (2) the Courant Number Insensitive

Scheme (CNIS) CESE method, (3) the high order CESE method. The numerical results obtained

from the above-mentioned approaches are discussed in the aspect of the divergence of the magnetic

field. The numerical results indicate that no obvious differences exist among the three approaches in

the configuration of the magnetic field. However, for the divergence of the magnetic field, the results

obtained from the three approaches differ from each other. In respect to keeping the divergence of the

magnetic field small, the CNIS method is better than the others. It is hoped that these conclusions

might be helpful for the design of algorithm where the magnetic reconnection problems should be

included, since the controlling of the divergence of the magnetic field is one of the key issues in MHD
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simulation.
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��������� (CESE) ��1����
��������, �2� Chang ! 1995 ��
� [1]. "������#�, CESE ���� 3$
�: !�, !� !��, �� !� "� !#
"#$; !", !$��"%&��#�, %$�#
#"%&���$� '�, !##�%��&, �
 $(%&; !&, %''()*4& +, ),'
*&; !', (+-.)�, /($0"� 5)(
,�)-*.+; !,, /(1-�.��*)/�
�, 0)*)�; !+, %'!/0&%23�!2
1�����+, [2−5].

.�!, CESE ��!,-1/+2-, .02
�/4 CFL (Courant-Friedrich-Levy)�.� 0.1 �
�/��33/5�45, ��# CNIS �� (01
�/24��) "&$ CESE ��, 6��7-#'
2+5�01 [6−10]. Yee ! Zhang "62� CESE

��01-8"733 (MHD) 44, 942/, "
����#�, CESE��/81:9�8%3(;
,��, %%'<=*.�8%3( [11−12]. �/
:5&, 8"74�8%3(0;;2 0, >!��
674, 5�6;<6=�7�86, ?0/9�8
%3(<=!'.7>:, ;88@Æ?,"A, =
�7-9@�� 9:. :6, 0;<;8%3(
� MHD 674�<=45<� [13−14].

8%7=�>#�1898?��=@;,%'
> � ">578%A?B?�&?. C@AB
AD,8%7=!B.� Æ2/C4C 97$:
1, 0DDEÆ@?EAEE8FFG". #�8%
7=, FB81/.1����#CDG��67,

0 Lax-Wendroff [15]EE� - 0G� [16]EWENO [17]

".5H7=45!�C($81:9�8%3(;
,��'<=8%3('., 8� 9BHFDG.

Feng[ 18] "6H81 CESE ��67#IJ"G!
.J"G�8%7=45,C9I81:9�8%3
(;,��, 8%3(<=!#'.7>:. C�<
;8%3(# MHD 67�7$,, KJ!JI [18]

�DL1, 81 CESE ��#HEIJ"G7=4

5DG#67, 981 CNIS"&$ CESEH1��
#J���DG0D,'IM/#����#8%3
(�KL, KL<;8%3(�MMÆ.

2�JNFN

KN 2 )8%7=� 2.5 )%OOJ;8"7
33 (resistive MHD) �O<�=�G?�0&:

∂U

∂t
+

∂F

∂x
+

∂G

∂y
− ∂F v

∂x
− ∂Gv

∂y
= Q. (1)

C4,

U =(ρ, ρu, ρv, ρw, p, Bx, By, Bz)T =

(u1, u2, u3, u4, u5, u6, u7, u8)T,

F =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ρu

ρu2 +
p

2
− B2

x − B2
y − B2

z

2
ρuv − BxBy

ρuw − BxBz

γpu

0

uBy − vBx

uBz − wBx

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

f1

f2

f3

f4

f5

f6

f7

f8

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

G =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ρv

ρuv − BxBy

ρv2 +
p

2
− B2

y − B2
x − B2

z

2
ρuw − ByBz

γpv

vBx − uBy

0

vBz − wBy

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

g1

g2

g3

g4

g5

g6

g7

g8

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

F v =
[
0, 0, 0, 0, 0, 0, η∗

(∂By

∂x
− ∂Bx

∂y

)
, η∗

(∂Bz

∂x

)]T

=

[fv1, fv2, fv3, fv4, fv5, fv6, fv7, fv8]T,

Gv =
[
0, 0, 0, 0, 0, η∗

(∂Bx

∂y
− ∂By

∂x

)
, 0, η∗

(∂Bz

∂y

)]T

=

[gv1, gv2, gv3, gv4, gv5, gv6, gv7, gv8]T,



=>?@: ABCDEF�GHI CESE JK 213

Q =
{

0, 0, 0, 0, (γ − 1)
{(

u
∂p

∂x
+ v

∂p

∂y

)
+

η∗
[(∂By

∂x
− ∂Bx

∂y

)2

+
(∂Bz

∂x

)2

+

(∂Bz

∂y

)2]}
, 0, 0, 0

}T

= [Q1, Q2, · · · , Q8]T.

5L�P(EM(E8%EP(E� !O&)�
1=�G3� L0, ρ0, B0, vA0, τA, B2

0/(2μ0)H�?;
,. C4 L0, ρ0, B0, vA0 = B0/

√
μ0ρ0, τA = L0/vA0

)�QDJ"GRNESQ">57M(ESQ8
%&(ETUIVP!TUI� . ">57 β =

(2μ0p0)/B2
0 , J;'1 μ0L0vA0 H�?;,,C4 μ0

28'', γ = 5/3 2�R�.

3�SOTJPPP (CESE) KU

Q x1 = x, x2 = y, x3 = t 2&)RLL7�
 E3 �&ELW, MS&VX,, Q� (1) %?2∫

S(V )
◦ h · dS =

∫
V
◦ QdV. (2)

C4, h = (F − F v, G − Gv, U) 2��J"M(W
�, S(V ) 2 E3 4XR��YS V �YT.

KJ1-��"JI [18] ##������N
)��. 0Z 1(a) [D, Q 2'Y? B1B2B3B4

�7T; A1, A2, A3, A4 )�2'Y? B1B2B3B4 �
'E#U'Y?�7T; Q∗ 2ZY? A1B1A2B2A3

B3A4B4 �7T. !51 CESE��44, Q∗  2 Q

 �� , #U), A∗
1, A

∗
2, A

∗
3, A

∗
4 )�2 A1, A2,

A3, A4 �� . A\, 4%�2VV%��, Q∗

" Q 7O. 0Z 1(b) [D, Q, A1, A2, A3, A4,

B1, B2, B3, B4 B� tn �W, Q′, A1, A2, A3,

A4, B1, B2, B3, B4 B� tn−1/2 �W, Q′′, A′′
1 ,

A′′
2 , A′′

3 , A′′
4 , B′′

1 , B′′
2 , B′′

3 , B′′
4 B� tn+1/2 �

W. �� SE(Q) XW2M7 A1B1A2B2A3B3A4B4

:[, XY A1B1A2B2A3B3A4B4 'P'E\XY
Q′Q′′B′′

1 B′
1, Q′Q′′B′′

2 B′
2, Q′Q′′B′′

3 B′
3, Q′Q′′B′′

4 B′
4. �

�� CE(Q)XW2M7 A1B1A2B2A3B3A4B4A1B1

A2B2A3B3A4B4.

!ZE���1, ��!���, :6� (2) %
'!���1Q). ?,�!ZE��:[X (#U
��< , ?,�%'/[X, 5� CESE ��%'
'(*4& +�J:), 9%1]\R�-]. [

^ 1 CESE S_� xy ^�TU�V (a) W
��
��
 (b)

Fig. 1 Space geometry in an xy plane of

CESE method (a), and the definitions of Conservation

Elements and Solution Elements (b) in CESE method

�?,�PC'�C!� 1$�!]^.

#�ZE� Q∗ 'PXR�

(x, y, t) ∈ SE(Q∗), um(x, y, t), fm(x, y, t),

gm(x, y, t), fvm(x, y, t), gvm(x, y, t), Qm(x, y, t)

%'1#0�>3�

u∗
m(x, y, t; Q∗), f∗

m(x, y, t; Q∗), g∗m(x, y, t; Q∗),

f∗
vm(x, y, t; Q∗), g∗vm(x, y, t; Q∗), Q∗

m(x, y, t; Q∗)

_`*_. !JQ CESE ��4, F10&�$]\
-]:

u∗
m(x,y, t; Q∗) =

(um)Q∗ + (umx)Q∗(x − xQ∗)+

(umy)Q∗(y − yQ∗) + (umt)Q∗(t − tn),

(3)
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f∗
m(x,y, t; Q∗) =

(fm)Q∗ + (fmx)Q∗(x − xQ∗)+

(fmy)Q∗(y − yQ∗) + (fmt)Q∗(t − tn), (4)

g∗m(x,y, t; Q∗) =

(gm)Q∗ + (gmx)Q∗(x − xQ∗)+

(gmy)Q∗(y − yQ∗) + (gmt)Q∗(t − tn), (5)

f∗
vm(x,y, t; Q∗) = (fvm)Q∗ , (6)

g∗vm(x,y, t; Q∗) = (gvm)Q∗ , (7)

Q∗
m(x,y, t; Q∗) = (Qm)Q∗ . (8)

C4, m = 1, 2, · · · , 8; xQ∗ , yQ∗ , tn 2 Q∗  LW;

(um)Q∗ , (umx)Q∗ , (umy)Q∗ )�2 um,
∂um

∂x
,
∂um

∂y
!

Q∗  ��, 6�, (fm)Q∗ , (gm)Q∗ , (fmx)Q∗ , (fmy)Q∗ ,

(fmt)Q∗ , (gmx)Q∗ , (gmy)Q∗ , (gmt)Q∗ , (Qm)Q∗ )�2

fm, gm,
∂fm

∂x
,
∂fm

∂y
,
∂fm

∂t
,
∂gm

∂x
,
∂gm

∂y
,
∂gm

∂t
, Qm ��.

 JI [7, 18] %Y

(umt)Q∗ =(Qm)Q∗ − (fmx)Q∗ − (gmy)Q∗ , (9)

(fmx)Q∗ =
8∑

l=1

(fm,l)Q∗(ul,x)Q∗ , (gmx)Q∗ =

8∑
l=1

(gm,l)Q∗(ul,x)Q∗ , (10)

(fmy)Q∗ =
8∑

l=1

(fm,l)Q∗(ul,y)Q∗ , (gmy)Q∗

=
8∑

l=1

(gm,l)Q∗(ul,y)Q∗ , (11)

(fmt)Q∗ =
8∑

l=1

(fm,l)Q∗(ul,t)Q∗ , (gmt)Q∗ =

8∑
l=1

(gm,l)Q∗(ul,t)Q∗ . (12)

C4, fm,l =
∂fm

∂ul
, gm,l =

∂gm

∂ul
)�2 F , G �

Jacobi `Z�#[. a\a�, (fm)Q∗ , (gm)Q∗ ,

(fmx)Q∗ , (fmy)Q∗ , (fmt)Q∗ , (gmx)Q∗ , (gmy)Q∗ , (gmt)Q∗ ,

(Qm)Q∗ , (umt)Q∗ C� (um)Q∗ , (umx)Q∗ , (umy)Q∗ �
X�. :6]$$� (um)Q∗ , (umx)Q∗ , (umy)Q∗ , ;
%'@X#&�'P"%�)`.

#� (2) Q), %'7-

(um)n
Q∗ − Δt

2
Q(um)Q∗ =

∑4
l=1 R

(l)
m

S
. (13)

C4,

R(l)
m =S(l)

q [(um)n−1/2
A∗

l
+ (x(l)

q − xA∗
l
)(umx)n−1/2

A∗
l

+

(y(l)
q − yA∗

l
)(umy)n−1/2

A∗
l

]−
2∑

k=1

{
n

(l)
kx

{[
(fm)n−1/2

A∗
l

− (fvm)n−1/2
A∗

l

]
+

(x(l)
k − xA∗

l
)(fmx)n−1/2

A∗
l

+
Δt

4
(fmt)

n−1/2
A∗

l
+

(y(l)
k − yA∗

l
)(fmy)n−1/2

A∗
l

}}
−

2∑
k=1

{
n

(l)
ky

{[
(gm)n−1/2

A∗
l

− (gvm)n−1/2
A∗

l

]
+

(x(l)
k − xA∗

l
)(gmx)n−1/2

A∗
l

+
Δt

4
(gmt)

n−1/2
A∗

l
+

(y(l)
k − yA∗

l
)(gmy)n−1/2

A∗
l

}}
. (14)

�4, l = 1, 2, 3, 4, m = 1, 2, · · · , 8, k =

1, 2; (x(l)
q , y

(l)
q ) QD'E#U'Y? A1B1QB4,

A2B2QB1, A3B3QB2, A4B4QB3 �7TLW;

S
(l)
q 25'E#U'Y?�YQ; A′

1B
′
1B4A1(1, 1),

A′
1B

′
1B1A1(2, 1), A′

2B
′
1B1A2(1, 2), A′

2B
′
2B2A2(2, 2),

A′
3B

′
2B2A3(1, 3), A′

3B
′
3B3A3(2, 3), A′

4B
′
3B3A4(1, 4),

A′
4B

′
4B4A4(2, 4) �7TLW1 (x(l)

k , y
(l)
k , tn − Δt/4)

QD (bY4��#�2ZEY^X� k, l _�),

�B�QYW� (9�)W�a'YQ) 2 n
(l)
k =

(n(l)
kx, n

(l)
ky , 0); S 2ZY? A1B1A2B2A3B3A4B4 �

YQ.

 6, `1-JI [18] 81�cbc_�,J
I [12] 81�E�–0G�;,a[, d%MSbY
�1��W (n−1/2)Δt#?,���,�� (um)n

Q∗

��.

KJ11�1�ce)`ZbXV���$'
� (umx)n

Q∗ , (umy)n
Q∗ . Q'Y? A∗

1A
∗
2A

∗
3A

∗
4 �7

T2 A∗(xA∗ , yA∗),  6%'� A∗
l N� &[

- Ac
l (xAc

l
, yAc

l
), l = 1, 2, 3, 4,87'Y? Ac

1A
c
2A

c
3A

c
4

�7T2 Q∗, �

xAc
l

=xA∗
l

+ xQ∗ − xA∗ , yAc
l

=

yA∗
l

+ yQ∗ − yA∗ ,

l = 1, 2, 3, 4. (15)
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XW

(um)Ac
l

def= u∗
m(xAc

l
, yAc

l
, tn; A∗),

m = 1, 2, · · · , 8,

l = 1, 2, 3, 4. (16)

(u(1)
mx)Q∗

def= Δx/Δ, (u(1)
my)Q∗

def= Δy/Δ. (17)

C4,

Δ def=

∣∣∣∣∣
xAc

1
− xQ∗yAc

1
− yQ∗

xAc
2
− xQ∗yAc

2
− yQ∗

∣∣∣∣∣ , (18)

Δx
def=

∣∣∣∣∣
(um)Ac

1
− (um)Q∗yAc

1
− yQ∗

(um)Ac
2
− (um)Q∗yAc

2
− yQ∗

∣∣∣∣∣ ,

(19)

Δy
def=

∣∣∣∣∣
(um)Ac

1
− (um)Q∗xQ∗ − xAc

1

(um)Ac
2
− (um)Q∗xQ∗ − xAc

2

∣∣∣∣∣ .
(20)

�1YXW�4� (Ac
1, A

c
2) [@ (Ac

2, A
c
3),

(Ac
3, A

c
4), (Ac

4, A
c
1), 1#U���%'XW (u(k)

mx)Q∗

" (u(k)
my)Q∗ , k = 1, 2, 3, 4.

81ZbXV���, ;%'$7'�

(umx)n
Q∗ , (umy)n

Q∗ , m = 1, 2, · · · , 8.

XW

θmk
def=

√
[(u(k)

mx)Q∗ ]2 + [(u(k)
my)Q∗ ]2,

m = 1, 2, · · · , 8, k = 1, 2, 3, 4;

W (1)
m

def= θm2θm3θm4,

W (2)
m

def= θm3θm4θm1,

W (3)
m

def= θm4θm1θm2,

W (4)
m

def= θm1θm2θm3,

4 θmk = 0, k = 1, 2, 3, 4 �

(umx)Q∗ = 0, (umy)Q∗ = 0. (21)

\Q

(umx)Q∗ =
4∑

k=1

[(W (k)
m )α(u(k)

mx)Q∗ ]
/ 4∑

k=1

(W (k)
m )α,

(umy)Q∗ =
4∑

k=1

[(W (k)
m )α(u(k)

my)Q∗ ]
/ 4∑

k=1

(W (k)
m )α

(22)

C4 α � 0 �%2��, ]d CESE ���+,, �
f- α = 1 , 2. 2#gd)e�f, c^� �!
�!� (22) �)e1Z�E.�, .0 10−60.

4�CESE KUhghdii_

(CNIS) F`

jYke� CESE-α ��, !l[ CFL �.
� 0.1 ��a, 8&7/�33. 2#0D5�4
5, Chang[19] ��#01�/24 (CNIS) ��.

Yen[20−21] #CDG#b?. KJ11 Yen ���,

901-'Y?%�1.

MS� (18)∼(20), CESE-α���1 (um)Ac
l
�

�$'� (umx)Q∗ , (umy)Q∗ ��. CNIS ���Ce
92, 1 Pl  um ��$'� (umx)Q∗ , (umy)Q∗ �
�. C4 Pl  Bf0Z 2 [D (bd �, Z411
VV%�, :6 Al, A

∗
l 7O), LW2

xPl
= x(l)

q + τ(xA∗
l
− x(l)

q ),

yPl
= y(l)

q + τ(yA∗
l
− y(l)

q ),

l = 1, 2, 3, 4. (23)

�4, τ 2� Q∗ #0�l[ CFL �. Q∗  ��
�gmS2Z 34�cf[). �/gmS�Z 44
' O  2hT, cΔt/2 2RÆ�h, C4 c 2 x, y H
E�)'5�n8gP.�/gmSjikd!��
gmS4, :6�l[ CFL ��e�

^ 2 CNIS ��jl�����m
Fig. 2 Modification of calculation of derivative

in CNIS method
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ν1 =
DQ∗M + DMN

DQ∗L
=

(Δt/2)[
√

u2 + v2 cos(ϕ − θ) + c]
Q∗L

< 1.0

τ = max(ν1, ν2, ν3, ν4). (24)

�4 ν2, ν3, ν4 %1##��, !'Y?�o9&<
Y17-.

^ 3 Q∗ n��klpm
Fig. 3 Numerical domain of dependence of point Q∗

^ 4 ��lpm��klpmnf�go
Fig. 4 Relationship between the analytical domain of

dependence and the numerical domain of dependence

5�hi CESE KU

 � (1)%Y, ",p MHD/#, !J; MHD

44, d� 8%'�<@� F v, Gv [, 811N
�$]\-]=�$7 F v, Gv �'�, 5L81J
I [22-23] ���, !/"$]\-], $7 U �"
$'�, o?$� 8%"$'�<@� F v, Gv �
�$'�.

2b? �, jh81VV%�, � (umx)n−1/2
A∗

2
,

(umx)n−1/2
A∗

4
! Q∗  DG]\-], q/i4q,,

7-

(umx)n−1/2
A∗

2
− (umx)n

Q∗ =

(xA∗
2
− xQ∗)(umxx)n

Q∗ − Δt

2
(umxt)n

Q∗ ,

(umx)n−1/2
A∗

4
− (umx)n

Q∗ =

(xA∗
4
− xQ∗)(umxx)n

Q∗ − Δt

2
(umxt)n

Q∗ .
(25)

%k

(umx)n−1/2
A∗

2
− (umx)n

Q∗ =

− Δx(umxx)n
Q∗ − Δt

2
(umxt)n

Q∗ ,

(umx)n−1/2
A∗

4
− (umx)n

Q∗ =

Δx(umxx)n
Q∗ − Δt

2
(umxt)n

Q∗ .
(26)

� (26) 4�H�#Z, %7"$'� (umxt)n
Q∗ �Q

p�

(umxt)n
Q∗ =

[2(umx)n
Q∗ − (umx)n−1/2

A∗
2

− (umx)n−1/2
A∗

4
]/Δt.

(27)

7- (umxt)n
Q∗ ��l, � (26)%'$7 (umxx)n

Q∗

��. 1##���, %'$� (umyt)n
Q∗ , (umyy)n

Q∗ ,

(umxy)n
Q∗ ��.  �5H"$'��LY�8%

�"$'�, :6;%'$7 Fvmx, Fvmy , Gvmx,

Gvmy, Fvmt, Gvmt 5H 8%"$'�m@[��.

$7#[(�'�l, � (15) e92

R(l)
m =S(l)

q [(um)n−1/2
A∗

l
+ (x(l)

q − xA∗
l
)(umx)n−1/2

A∗
l

+

(y(l)
q − yA∗

l
)(umy)n−1/2

A∗
l

]−
2∑

k=1

{
n

(l)
kx

{[
(fm)n−1/2

A∗
l

− (fvm)n−1/2
A∗

l

]
+

(x(l)
k − xA∗

l
)
[
(fmx)n−1/2

A∗
l

− (fvmx)n−1/2
A∗

l

]
+

Δt

4
[
(fmt)

n−1/2
A∗

l
− (fvmt)

n−1/2
A∗

l

]
+ (y(l)

k − yA∗
l
)·

[
(fmy)

n−1/2
A∗

l
− (fvmy)n−1/2

A∗
l

]}}
−
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2∑
k=1

{
n

(l)
ky

{[
(gm)n−1/2

A∗
l

− (gvm)n−1/2
A∗

l

]
+

(x(l)
k − xA∗

l
)
[
(gmx)n−1/2

A∗
l

− (gvmx)n−1/2
A∗

l

]
+

Δt

4
[
(gmt)

n−1/2
A∗

l
− (gvmt)

n−1/2
A∗

l

]
+

(y(l)
k − yA∗

l
)
[
(gmy)n−1/2

A∗
l

− (gvmy)n−1/2
A∗

l

]}}
.

(28)

6�njopqrk

6.1 OPQRST
�JI [16] 4�.J"Gq27=450@I

J"Gq27=45, SQ<6!YT<64, 8%

B = Bx(y)ix, Bx = −a tanh y,

C4 a = 0.5, x, y �7>2

0 � x � 10, −2 � y � 2;

O& p = 1+β−B2,M( ρ = p/β,C4">57RO
8O� β = 0.1; P( u = (0, 0, 0),J;' η∗ = 0.01;

x = 0 " x = 10 ;2UrYT<6, y = ±2 ;2V
 YT<6.

2#q27=, !J�8%1Z�q28%
Bx1 = 0, By1 = ε sin(πx/10), ε2�.�,5L- ε =

0.001. � [1%�2 200 × 200, %k Δx = 0.05,

Δy = 0.02.

)�1 CESE-α ��E&$ CESE ��ECNIS

��� 5�7=45. 2#(� ∇·B !qE"%
4�5., XW8%3(XVle

∇ · B =
∑M

k=1 |(∇ · B)k|
M

. (29)

C4, M 2W%��.

� 9:0Z 5 [D. Z 5 ss�#F1J
Q α-CESE ��7-�83r, &1� ��7-
�8%B?DK##, :6%'mt&1 CESE �
�C%''()675�IJ"G7=�/O.

&1��7-�∇·B "�rE"�r4�∇·B
�n"%25�!2.� (�Z 6 !Z 7) 'P&
1��7-� ∇ · B o� �s? (�Z 8) C]d
�, "CpH1��#�, &$ CESE � ∇ · B �
tA'5. ?!67�jr (T < 60τA), CNIS �
�" CESE-α ��5H1��� ∇ · B �q)t
_, CNIS ��� ∇ · B �$r5�H. !67�
lr (T > 60τA), CNIS ��� ∇ · B �tA.�
CESE-α��, ! 120τA �, CNIS ��� ∇ · B �s

^ 5 (a) T = 60τA, (b) T = 120τA ���
Fig. 5 Magnetic field configurations at T = 60τA (a) and T = 120τA (b)

^ 6 T = 60τA CESE-α S_ (a)r�� CESE S_ (b) W CNIS �� (c) �skt
Fig. 6 Contours of ∇ · B at T = 60τA obtained from CESE-α method (a),

high order CESE method (b), CNIS CESE method (c)
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^ 7 T = 120τA �, CESE-α S_ (a)r�� CESE S_ (b) W CNIS �� (c) �skt
Fig. 7 Contours of ∇ · B at T = 120τA obtained from CESE-α method (a),

high order CESE method (b), CNIS CESE method (c)

^ 8 �!��u ∇ · B s�f�vu
Fig. 8 Evolutions of error (∇ · B) by

the three approaches

2 CESE-α ��� 1/3. oq7?w, CNIS ��
� ∇ · B �o� s?Q/%Xv, 5U8%3(
##/\o� Qu.  6%�, !<;8%3(�
Y, CNIS ��!K1[67�q27=454Q/
2�f.

6.2 XPQRST
Iv"JI [15][18] 4##�V27=45, S

Q<6"YT<64, 8%

B = [Bx(y), 0, 0].

C4, ! 0 < y < 1 Y , Bx(y) = sin(πy/2);

! 1 < y < Y1 Y , Bx = 1; ! Y1 < y < Ym Y ,

Y1 = 3.6, Ym = Y1 + 0.6, Bx(y) = cos[(y − Y1)π/1.2];

! y > Ym �YS: Bx = 0, ?4 y < 0 � Bx(y) =

−Bx(−y). O& p = 1 + β − B2
x, C4 β = 0.15, M

( ρ = p/(1 + β), P( u = [0, 0, 0].

4 0 < t < 4τA �, J;'
η∗(r) = ηd exp[−(x/1.4)2 − (y/1.1)2],

C4, ηd = 0.02. ! t > 4τA <l, 4 vd(r, t) > vC

�,

η∗(r, t) = kR[vd(r, t) − vC], kR = 0.003.

4 vd(r, t) < vC �,

η∗(r, t) = 0,

vd(r, t) = |j(r, t)/p(r, t)|, (j2J")

vC = vCO[T (r, t)/T0]0.5, vCO = 4, T0 = 1 + β.

� YS2 0 � x � 20, 0 � y � 6, [1%�
2 400 × 400, %k Δx = 0.05, Δy = 0.015. x = 0,

y = 0 ;V2#tYT<6, 5U, y < 0 YS:�9
:;%' #t,7-. x = 20, y = 6 ;2V Y
T<6. &1��&�� 9:0Z 9 [D.

^ 9 T = 18τA(a) W T = 30τA(b) ���
Fig. 9 Magnetic field configurations at T = 18τA (a)

and T = 30τA (b)
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^ 10 T = 18τA � CESE-α S_ (a)r�� CESE S_ (b) W CNIS �� (c) � ∇ · B skt
Fig. 10 Contours of ∇ · B at T = 18τA obtained from CESE-α method (a),

high order CESE method (b), CNIS CESE method (c)

^ 11 T = 30τA � CESE-α S_ (a)r�� CESE S_ (b) W CNIS �� (c) � ∇ · B skt
Fig. 11 Contours of ∇ · B at T = 30τA obtained from CESE-α method (a),

high order CESE method (b), CNIS CESE method (c)

 ∇ · B "�r (�Z 10 !Z 11) %'a
�, ! t = 18τA �, CESE-α ��"&$ CESE

��� ∇ · B "�r�'#`, ? CNIS ��7-
� ∇ · B "�rtA�o9H1��7-�"�r
tu, ! t = 30τA �, CESE-α ��"&$ CESE

��� ∇ · B "�r�'#`, ? CNIS ��7-
� ∇ · B "�r�o9H1��7-�"�rwv
tu, HE�W�n"% ∇·B �25�P2.�"
"�r]d��9-�x.

 ∇ · B o� �s?9: (�Z 12) %'a
�, !8%7=DG�qE/O4, CESE-α ��"
&$ CESE ��� ∇ · B ���'t_�, ? CNIS

��� ∇ · B �tA.�o9H1��� ∇ · B �,

9O1N "�r7-�9-,%� CNIS��!<

;8%3(�YQ/72(.

^ 12 �!��u ∇ · B s�f�vu��
Fig. 12 Evolutions of error (∇ · B) by

the three approaches
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7�ox

MS'1HE8%7=45�9:,%'7-'
&9-.

(1) !/818%y9���j�&, KJ[8
1�&1��%''()67J4�HE8%7=
45, [7-�8%B?DK##.

(2) #��o9H1��, CNIS ��!<;8
%3(�YQ/72(, 5%9� � CNIS ��
wu#��+,[x. CNIS ��Kw�2#<;l
[ CFL�/.� CESE���//5���33?
h��,�[���#JQ α-CESE��'�$��
0&, �MSVi0xpN��.

(3) !/KJ���cz%Y, #!��e)�
���$�8"73345,118%y9��,8
1Vi0%�l, %D�vwu8%3(, 090D
� 9:.
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