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G2 5 �� � � � �  � � � �	 � � �� � � � � � � � � � �! # N 3� L ! # B 5 # 56 B� =@ "@ 5 #  � @ N "# $56 ��  ! "#

3� 4 $ �6 5� L $%

∂tB + ∇× (B × v +
D

h
) = 0, ∇ · B = 0,

∂tD + ∇× (D × v −
B

h
) = 0, ∇ · D = 0,

∂t(hv) + ∇ · (hv ⊗ v −
B ⊗ B + D ⊗ D

h
) = ∇(

1

h
), ∂th + ∇ · (hv) = 0.
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� �	 � �� � �	 � � �� � � � �� � � � � � � � � � � � � ��� � �� �� � � � ��� � � � � �

� �. "� 35 N  6 "@ � B
# 5  ! N� 5 3L
B = D = 0C F �� � 	 � � �� � � � � � A " $ $! 
 35 @ "L 5 3 K "6 L � 6 � 5 # 56 B� � / K "6 4 2 ! N2 %

	 	 � � �� 	 �� �  � � � � ��  � �� � � �� � � � 	 � � ��  � � � � ��  �

∂t(hv) + ∇ · (hv ⊗ v) = ∇(
1

h
), ∂th + ∇ · (hv) = 0,

? � *� 6 B 5 � 5 3L $ (B,h)C F �� � � � �� � �  � 	 �� � �4 !  2 "�  B6 � � !  � � � N K � $ " 3� 6

 � N2 " N 3! # 5 �

∂t(hv) + ∇ · (hv ⊗ v − hb ⊗ b) = 0, ∂th + ∇ · (hv) = 0,

∂t(hb) + ∇× (hb × v) = 0, ∇ · (hb) = 0,

4 !  2 B = bh /� K  56 6 5 $ N� 3! # B �
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� �	 � �� � �	 � � �� � � � �� � � � � � � � � � � � � � � � � � � �� �� � � ��� � � � � �

J � G2 5 �	 � �� � � � � �	 � � �� � � � � � ��� � � � � � � PQR T � W [ h [ � � [ Q Y � U�� W � PR �� �R �� PR �� [ �� [ U 	

�	 	 � � 
� 	 � UT � W [ U 	 [ [ R � [ ] \R �R � � Z[ P hW  U � 
� � �6 5 ��� !6 5 � # � L L !  ! "#� 3 � N "# $! $  5 #  �� 3 B 5 
6 � ! N

N 3 " $� 6 5 %

h =
q

1 + B2 + D2 + |D × B|2, v =
D × B

h

� G2 5 9 "6 # =- # K 5 3L  2 5 "6 � ! $6 5 3�  5L  " 8 = 
6 � # 5 $ ! # 2 ! B2 5 # 56 B� A2 � $! N $ / N K � ) " 3 N2 ! # $ � ! � $

0  6 ! # B G2 5 "6 � 
 " " � �

M �O 5� � � 5 3L $ B,D << 1, h ∼ 1 v ∼ 0C F �� � � �	 � �� � � � � � ��� � � � � � �

�4 !  2 9 "6 # � $ $ N� 3! # B 9 - �  $ 7� � 4 5 3 3L "4 #  " 10−15@ 5  56 $ �
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G2 5 � � � � � � � � 	 � � � � � � 56 $! "# " K  2 5 �� � � � �  � � � �	 � � �� � � � � � � �  � � ! $ 5 � 5 #

@ "6 5 6 5 @ � 6 �� 
 35  2 � #  2 5 "6 ! B ! #� 3 / N "# $56 ��  ! � 5 / "# 5 %

∂tb + (v · ∇)b = (b · ∇)v − τ∇× d, ∂td + (v · ∇)d = (d · ∇)v + τ∇× b,

∂tτ + (v · ∇)τ = τ∇ · v, ∂tv + (v · ∇)v = (b · ∇)b + (d · ∇)d + τ∇τ,

4 2 56 5 τ = 1

h
, b = B

h
, d = D

h
.

G2 5 9 "6 # =- # K 5 3L � 3 B 5 
6 � ! N N "# $  6 � ! #  6 5� L $

τ > 0, τ2 + v2 + b2 + d2 = 1, τv = d × b.

G2 ! $ $� $  5 @ ! $ ���� L 6 �  ! N� # L $� @ @ 5  6 ! N / 4 2 ! N2 2 5 3 A $� 3 "  K "6 � 6 ! B "6 "� $� $� @ A  "  ! N

� #� 3� $! $ " K  2 5 �2 ! B2 � 5 3L 6 5 B !@ 5 $�� h ∼ ∞�

P QR S T U � Y [f h [ S� [ � U�� YW Z � h \ Z� [ � Q V hW \ Z P Y U ] \W Z [ � h [ � g Y gj W h [ Y g� \ Z� [ ] QW � g \b Y T � W [f � [ Q Y �

�  Y P \W � g h � [ Y \ Z] g U	 R � h \b R � b � ] Z P ] ^ _ _


R ST UV WX YZ X X[ [



'

&

$

%

* 5  � $6 5 N� 3 3  2 5 �� � � � �  � � � �	 � � �� � � � � � � � � � ! # N "# $56 ��  ! � 5 K "6 @ %

∂tB + ∇× (B × v +
D

h
) = 0, ∇ · B = 0,

∂tD + ∇× (D × v −
B

h
) = 0, ∇ · D = 0,

∂t(hv) + ∇ · (hv ⊗ v −
B ⊗ B + D ⊗ D

h
) = ∇(

1

h
), ∂th + ∇ · (hv) = 0.

O 5 4 � #   "L 5 $! B
# � # � @ 56 ! N� 3@ 5  2 "L 
� $5L "#  2 5 " 
 $56 ��  ! "#  2 �  / ! # � 8 /  2 ! $

$� $  5 @ N� # 
 5 ! #  5 B6 �  5L 
 � $ " 3 � ! # B� N " 3 35 N  ! "# " K 3! # 5� 6 � 8 4 � � 5 5 �� �  ! "# $ /

L 5 $ N6 ! 
 ! # B � ! 
6 �  ! # B $  6 ! # B $�
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- # "# 5 $ A� N 5 L !@ 5 # $! "# � $� � x1 � / ! #  6 "L � N ! # B

z =
q

b2
1

+ d2
1

+ τ2 , u = (
b1

z
,
d1

z
,
τ

z
) , w = (b2,b3,d2,d3,v2,v3) ,

 2 5 �� � � � �  � � � �	 � � �� � � � � � � � � � 6 5� L $

(∂t + v1∂1)z = z∂1v1, (∂t + v1∂1)v1 = z∂1z,

(∂t + v1∂1)u = 0, (∂t + v1∂1)w = z A(u)∂1w,

A(u) =

0

B

B

B

B

B

B

B

B

B

B

@

0 0 0 u3 u1 0

0 0 −u3 0 0 u1

0 −u3 0 0 u2 0

u3 0 0 0 0 u2

u1 0 u2 0 0 0

0 u1 0 u2 0 0

1

C

C

C

C

C

C

C

C

C

C

A

=
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B
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0 −iu3 u1

iu3 0 u2

u1 u2 0
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C

A
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- #  6 "L � N ! # B� # 5 4 � *� B6 � # B !� # � $ A� N 5 N " "6 L ! #�  5 s� # L # 5 4 � 5 3L $ X,U,W%

∂tX(t, s) = v1(t,X(t, s)), ∂sX(t, s) = z(t,X(t, s)),

U(t, s) = u(t,X(t, s)), W(t, s) = w(t,X(t, s)),
 2 5 "# 5 =L !@ 5 # $! "#� 3 ( 9 - $� $  5 @ 6 5L � N 5 $  "

∂ttX = ∂ssX, ∂tU = 0, ∂tW = A(U)∂sW,

4 2 56 5
A(U) =

0

B
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B

B
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B

B
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0 0 0 U3 U1 0

0 0 −U3 0 0 U1

0 −U3 0 0 U2 0

U3 0 0 0 0 U2

U1 0 U2 0 0 0

0 U1 0 U2 0 0
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0 −iU3 U1

iU3 0 U2

U1 U2 0
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G2 5 # � @ 56 ! N� 3 $ N2 5 @ 5 ! $ 
� $5L "#  2 5 L � ( 35 @ 
 56  K "6 @ � 3� K "6  2 5 "# 5 =L !@ 5 # $! "#� 3

3! # 5� 6 4 � � 5 5 ���  ! "# 4 6 !   5 # � $� � 6 $  "6 L 56 $� $  5 @

∂tX = ∂sY, ∂tY = ∂sX,

X(t + δt, s) =
1

2
(X(t, s + δt) + X(t, s − δt) + Y(t, s + δt) − Y(t, s − δt)),

Y(t + δt, s) =
1

2
(X(t, s + δt) − X(t, s − δt) + Y(t, s + δt) + Y(t, s − δt)).

G2 5 # � @ 56 ! N� 3 $ " 3�  ! "# ! $ exact "# � � # ! K "6 @ @ 5 $2 ! K

δt = δs.
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. "4 /� @ � � "6 L ! � N� 3  � � 6 ! $5 $ % �� � linear� � � � � ��� � � � � � � � � � �  	 	 � � � 	 � � � �

� � � � 	 �� �� ��  � � � � �� � � � ∂sX(t, s) > 0� � � � � �	 � � � � �	 � � � �  � �	 � �	 � � � � � � ��

� 	 � �	 � � 	 � � � �  � 	 � � � � � � � �  � � �� � � � �  � 	 � � �	 � � 	  � � � � 	 ∂sX ≥ 0�

�� � � � �� � � �� �� � ��� � � �  � � � � � 	 	 �� � � � �� � � �	 �  � � � � ��� � � � �� �   � �

� �� � �� � � � �� � � � ��  � � 	 	 	 �� � � � � � �  � � � � � � � �  � � � �� � � � �

∂t(hv1) +
∂

∂x1

(hv
2

1) + · · · = ε
∂2

∂x1
2
v1, ε → 0,


 � � � � � �  � � �� � � realistic � 
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= &� 6  5 $!� # B6 !L $� # L L !@ 5 # $! "#� 3 $ A 3!   ! # B

=� �� N  ! #  5 B6 �  ! "# " K  2 5 � 8 5 �� �  ! "# $ � $! # B � ! 
6 �  ! # B $  6 ! # B $� # L L � ( 35 @ 
 56  

K "6 @ � 3� "# � *� B6 � # B !� # @ 5 $2

= *� B6 � # B !� # = F� � 356 !� # = F *� B6 � # B !� # $  5 A $ � $5L  "� 3 3 "4 L !@ 5 # $! "#� 3 $ A 3!   ! # B / # "  

# 5 N 5 $ $� 6 ! 3� A 56 K "6 @ 5L �  5� N2  !@ 5 $  5 A �! # "6 L 56  "6 5L � N 5 # � @ 56 ! N� 3L ! $ $! A�  ! "# % N K �

3� 6 B 5  !@ 5 $  5 A , "L � # " � $ N2 5 @ 5 $� 3� * 5I 5 ��� 5 /@ !L �� � �

G � A ! N� 3 3� / & > *� �� 3 3 "4 $ B " "L 5 # 56 B� N "# $56 ��  ! "#

=. � @ 56 ! N� 3  5 $  $ � $5 5 # 5 �  $ 3!L 5 $ �% � 8 � # L ? 8 &2 � A 3� B ! # 5 ���  ! "# $ /� # L � 3 $ " "#

0O = 7 ' 8 �. "  5 $  $ � 5  "#  2 5 K � 3 3� � B@ 5 #  5L 9 "6 # =- # K 5 3L $� $  5 @ �
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 5 5 # ! #  6 "L � N 5L K "6 7 ' 8  � A 5 5 ����  ! "# $L 56 ! � 5L K6 "@  2 5

9 "6 # =- # K 5 3L @ "L 5 3 / 
� $5L "#  2 5 !6 5 �� N  ! #  5 B6 �  ! "# ! # � 8 / � $! # B � ! 
6 �  ! # B $  6 ! # B $� # L

L !@ 5 # $! "#� 3 $ A 3!   ! # B �

. � @ 56 ! N� 3 N� 3 N� 3�  ! "# $2 � � 5 
 5 5 # A 5 K "6 @ 5L "# $ "@ 5 $!@ A 35 0O 7 ' 8  5 $  $ / � 8 � # L

? 8 &2 � A 3� B ! # 5 ����  ! "# $ "# N� 6  5 $!� # B6 !L $� ( B " "L # � @ 56 ! N� 3 N "#  6 " 3 " K  2 5 5 # 56 B�

L ! $ $! A�  ! "# N� # 
 5 � N2 ! 5 � 5L 
 � 6 5L � N ! # B  2 5 # � @ 
 56 " K� � 356 !� # � = F *� B6 � # B !� # $  5 A $
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