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(v · ∇)v − ν∇2v + 1
% ∇p = (g − γθ) eg ,

∇ · v = 0,

(v · ∇) θ − λ∇2θ = 0,
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∂θ
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]∣∣∣∣
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v · n|Γ−

1
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σ(θ)
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ψ1(x1) = h∞,
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v1 dx2 = F1,
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∫

δ2(bq)

v1(q̂, x2) dx2 = F2.
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Ï�~
Ω1 := {x ∈ R

2 : 0 < x2 < h1
ä8�

− ∞ < x1 6 0
Ñ	Ò�Ó

0 < x2 <
ψ1(x1)

ä8�
0 < x1 < +∞}

�«Ô°Ó�ÔHÒv{$xÂÔSx�z�ÔD�/{�� Óg{	ã°ÑYä
Ò«{$��x
z�Ô°Ü�{��«ÔHÐN��Ö�ä
Ó#��Ï�~
Ω2

É�x
z�Ô��/{���Óg{	ã°ÑYä
Ò­{$��x�z�Ô¦Öv}v}�Ô Ð��/Ö�ä
Ó&É%ÐÂÔ���}/ÔJ|�xØä
Û	ÔHÜ�~:ÉV�«Ô°Ö�Ò�Ó�Ô Ð���xÂÑYÒ/Ó]x
z�Ô��ØÔ9x
Ω2 := {x ∈ R

2 : h1 < x2 < 1
ä��

−∞ < x1 6 0
ÑYÒ�Ó

ψ1(x1) < x2 < 1
ä��

0 <
x1 < +∞}

��Å´ä
Ò�ÑYÜ
Ü�~:É�Õ6~
Ω := Ω1 ∪Ω2

�µÔ�ã Ô3ÑYÒ�x�z�Ô]Ö�Ò�ä�{:Ò�{1��Õt{$x�z���Ö�ä ÓmÜ
Ñ
~:Ô Ð�� �
�Uz�ÔNÓ�ä ÐÂÔ�|9xØä�{	Ò�{$��x
z�Ô]×	Ð@Ñ�Û8ä�xÂÑ$xØä�{	Ò�Ñ	Üv��{:Ð
| Ô6ä�� ÑY×:Ñ	ä Ò(x�z�Ô]Û	ÔJ|�x
{	Ð

eg = (0,−1)T �8� Ô
�#xÂÖ�Óg~Sx�z�Ôrx#��{YË���Ö�ä ÓS�/{�� x�z�Ð
{	Ö�×1zDx�z�Ôr|�z�Ñ	Ò�Ò�Ô Ü

Ω
| ÑYÖ3�QÔ3Ó°Õ6~�Ñ�}�ÐØÔJ���ØÖ�ÐÂÔÌ×	Ð@Ñ	Ó�ä ÔHÒQx

Óg{��+Ò/��xØÐÂÔHÑYã É�Õ6~�xØÔ ãD}�Ô Ð@Ñ�xÂÖ�ÐØÔN×:ÐÂÑ:Ó�ä
Ô Ò?x
� ä
Ò�x�z�Ô<��}�Ñ	Ò6�+ä��ØÔNÓ�ä ÐÂÔ�|9xØä�{	Ò�ÑYÒ/Ó Õ?~ ãD{YË
xØä�{	Ò]{1�jx�z�Ô Ü�{��«ÔHÐr|�z�Ñ	Ò�Ò�Ô Ü�� ÑYÜ
ÜÀ�b�Uz�ä��.ã�ÔHÑ	Ò/�6ã�Ñ$x�z�ÔHã°Ñ�xØä�| Ñ	Ü Ü�~�x�z�Ñ$xrx
z�ÔS}3{?�Qä�xØä
Û	Ô
Û1{	Ü
Ö�ã�ÔS��Ög�

Fi
ä
Ò�ÔHÑ1|�z Ü
ä��8Ö�ä Ó Ü
Ñ
~:Ô Ð

Ωi (i = 1, 2)
ä���}�ÐØÔJ��| ÐØä
Õ�ÔHÓ�Ñ	Ò�Óex�z�Ô-,*¨ -v©

��Ö�ä Ó Ü Ñ
~	ÔHÐ�x�z�ä�|�¡�Ò�Ô��
�QÔJ�
h∞

ÑYÒ�Ó
(1 − h∞)

ÑYÐÂÔyx�{�Õ/Ô Ó�Ô9xØÔHÐØã�ä
Ò�ÔHÓ&�
áÌÒ ä Ò?xØÔHÐ�}�ÐØÔ�xÂÑ�xÂä�{:ÒP{$���QÖ/|�z�Ñ��/{�� |9{:Ö�Ü Ó�Õ�Ô<x
z�ÔS�/{�� {1�;x#��{mÜ
ä��8Ö�ä Óv��|9{:ã ä
Ò�×

�¿Ð�{:ã Ó�ä8£�Ô ÐÂÔ Ò?x«ÐÂÔ��ØÔ ÐÂÛ1{:ä Ð��K�¿ä¤� Ô	�6�QÜ�{$x���{:Ð�|�z�Ñ	ã'Õ�Ô Ð��
�
Ñ	Ò�ÓD�/{��+ä
Ò�×�|�{	ã�ãD{	Ò�Ü�~�ä Ò�{	Ò�Ô
|�z�ÑYÒ�Ò�Ô Ü#Ñ��!xÂÔ ÐUx�z�Ô ä
Ð+Ö�Ò�ä��3| Ñ$xØä�{	Ò&�6��Ò��QÜ�{$xW|9{8Ñ�xÂÔ Ð����ØÖ/|�z��/{��W��{6|�|EÖ�ÐU{:Ò���{	ã�Ôr}/ÑYÐ�x
�
{$��x
z�Ô�|9{8Ñ�xÂÔ Ð3�6�Uz�Ô�|�{	ÐÂÐØÔJ��}t{	Ò/Ó�ä Ò�×'ãD{$xÂä�{:ÒmÑQ�U�«ÔHÜ Ü&ÑQ��x
z�Ô���Ò�Ñ	Ü#Ü
Ñ
~:Ô Ð�x�z�ä�|�¡�Ò�ÔJ���ØÔ��
ÑYÐÂÔ�ä
ãD}3{:Ð�x@ÑYÒ?x+ä Ò�x
z�Ñ�xW| ÑQ�QÔ:�

�&Ô9x
h∞

Õ/Ôrx�z�Ô�|9{:Ò/��xÂÑYÒ?x0Ü
ä
ã ä�xK{$�
ψ1(x1)

ÑQ�
x1 −→ +∞

���6Õ�Û�ä�{:Ö/�ØÜ�~:É	ä�x�zv{:Ü
Ó/�
0 < h∞ < 1

�Q�Uz�Ô Ò½Ä$Ð
{	Õ�Ü ÔHã �f�����jz/Ñ1�jx
z�ÔK��{:Ü Ü�{��+ä Ò�× Ó�Ô��
|EÐÂä�}vxØä�{	Ò&å1x�{G��Ò/Ó½ÑNÛ	ÔJ|�x
{	Ð
{$� Û	Ô Ü�{g|Eä�x#~

v
É´Ñ�}�ÐØÔJ���ØÖ�ÐÂÔ

p
É%Ñ�xØÔ ãD}�Ô Ð@Ñ�xÂÖ�ÐØÔ

θ
Ñ	Ò�Ó�Ñ��¿Ö�Ò/|�xÂä�{:Ò

ψ1
�ØÑ$xØä��#��~�ä
Ò�× ä Ò

x�z�Ô½Óg{:ã°ÑYä
Ò
Ω
x
z�Ô°Ï�{:Ö/�
�Qä
Ò�Ô��
�:Ë Ñ1}v}�Ð
{
��ä ã°Ñ�xÂä�{:Ò�{$��x
z�Ô(|9{:Öv}�Ü
ÔHÓez�ÔHÑ$xQË.Ñ	Ò�Ó�ã°Ñ1�
�

xØÐ@ÑYÒ/���¿Ô Ð




(v · ∇)v − ν∇2v + 1
% ∇p = (g − γθ) eg ,

∇ · v = 0,

(v · ∇) θ − λ∇2θ = 0,

�QÇ	� �1�
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¥���¡ Ç Í�Î
ÑYÒ�Ó�x�z�ÔNÕt{	Ö�Ò�Ó�ÑYÐ
~¦Ñ	Ò�Ómä Ò?xØÔH×	Ð@ÑYÜV|9{:Ò�Ó�ä�xØä�{	Ò/�

v|S0
= (R, 0)T , v|S2

= 0, v|S±

3

= 0,

θ|S0
= θ0, θ|S2

= θ2, θ|S±

3

= θ3,





[θ]|Γ1
= 0,

[
λ
∂θ

∂n

]∣∣∣∣
Γ1

= 0, [v]|Γ1
= 0,

v · n|Γ−

1

= 0, [t · S(v)n]|Γ1
= −b

∂θ

∂t

∣∣∣∣
Γ−

1

,

d

dx1

ψ′
1(x1)√

1 + ψ′
1(x1)

2
=

1

σ(θ)
[−p+ n · S(v)n]|Γ1

,

lim
x1→+∞

ψ1(x1) = h∞,

∫

δ1(bq)

v1 dx2 = F1,

�QÇ	� �Q�

∫

δ2(bq)

v1(q̂, x2) dx2 = F2.

âW{$xÂÔDx�z�Ñ$x��QÖ�Ð��­ÑQ|EÔSxØÔHÒ/�Qä�{	Ò ä���x�z�Ô(�ÂÑYã�Ô½ÑQ�]ä Ò³�¨Ç:� È?���&Å/{	Ð�x�z�Ô({	Ò�Ô ËT�Øä Ó�Ô�Ü ä
ã�ä8x�� Ñ�x
S±

3

�µÔ6Ö3�QÔ]ÑYÒ�Ñ	Ü�{:×1{:Ö/����~�ã'Õt{	Ü��«ÑQ�«ä
Òe�QÇ	� Í?�E�6�Uz�ÔN��Ö�ä
Ó Ü
Ñ
~:Ô Ð�x�z�ä�|�¡�Ò�Ô��
�
h∞

z/Ñ1��x�{
Õ/Ô Ó�Ô�xØÔHÐØã�ä
Ò�ÔHÓ#�

�Ui�����l���n��	��
�o���qKmvu#o�l�
���s��rlNu���q����

à�Ñ�x
z�Ô ã°Ñ�xÂä�|HÑYÜ�}�Ð�{:Õ�Ü
Ô ã�����{	Ð�x�z�Ô��#x@Ñ�xÂä�{:Ò�ÑYÐ
~��/{��W�G{1�.Ñ�Û�ä��
|9{:Ö/�Nä
Ò/|9{:ãD}�ÐØÔJ���Øä
Õ�Ü Ô
��Ö�ä Ó(�+ä�x�z Ñ��¿ÐØÔHÔ.Õt{	Ö�Ò/Ó�ÑYÐ
~D�«ÔHÐØÔÌä
Ò�Û	ÔJ�#xÂä ×8Ñ�xØÔ3Ó�Õ6~ ã°Ñ	Ò?~°Ñ	Ögx�zv{:Ð
�H�:â.Ö�ã�Ô Ð
{	Ö/�«ÐÂÔ9��Ë
Ô ÐÂÔ Ò/| Ô���{	ÒGx
z�ä���x
{1}�ä�|�|HÑYÒ Õ�Ô���{:Ö�Ò�Ó Ë�Ô:� ×/� Ë#ä
Ò�x�z�Ô0Õ�ä
Õ�Ü
ä�{:×	Ð@Ñ$}vz�ä
Ô���{$��� ®�É�ÇHÈ�É`Æ:Æ�É`ÆYÈ
� �
��ÒPx�z�Ô¸ÑYÒ/ÑYÜ�~QxÂä�|HÑYÜ�ä Ò�Û	ÔJ�#xÂä ×8Ñ�xÂä�{:Ò/��� Æ�É�Í�ÉV��É�Ç Í��
ÑYÒ/Ó � ÇJ�
�*x�z�Ô<xØÔHãD}/ÔHÐÂÑ$xØÖ�ÐÂÔ'Ó�Ô�}/ÔHÒ�Ë
Ó�Ô Ò/| ÔD�µÑQ��Ñ:Ó�Ó�ä�xØä�{	Ò�Ñ	Ü Ü�~�xÂÑ1¡	ÔHÒ�ä
ÒQx
{�Ñ1|�|�{	Ö�Ò?x3��â.Ö�ã�Ô ÐÂä�|HÑYÜj��xØÖ�Ó�ä
Ô���{1�«Òv{:Ò�ä���{1x�z�ÔHÐQË
ã�Ñ	Ü��¿ÐÂÔ Ô Õt{	Ö�Ò�Ó�ÑYÐ
~�}�Ð�{:Õ�Ü ÔHã��W{	Ò�Ô�| ÑYÒ��/Ò�Ó�ä
Ò�x�z�Ô<}�Ñ$}�Ô Ð��G� Æ
�´Ñ	Ò�Ó­�
Ç�®
� �#��{8Ñ�xÂä Ò�×
�/{��W�W�Kz�ä�|�z�Ö/�ØÖ�ÑYÜ
Ü�~ ä
Ò/|EÜ
Ö�Ó�Ô<�#x@Ñ�xØä�|�{:Ð.Óg~�Ò�Ñ	ã ä�|�|�{	Ò?xÂÑQ|�xN}t{	ä
Ò?x
�W�µÔ ÐÂÔ���xØÖ�Ó�ä Ô3Ó ä Ò
� ��É ��É8Ç���É:Ç`Î8É:ÇJ®�É3ÆYÍ�É`Æ �J� ����Ò¸ÑYÜ
Ü1}�Ñ1}/ÔHÐ
��|9{	Ò?x@ÑYä
Ò�ä Ò�×ÌÔ ä�x�z�ÔHÐ�|�{	ãD}�ÑQ|�x�{:Ð��QÔHã�ä Ë ä Òv��Ò�ä�xØÔ
�¿ÐØÔHÔ�Õt{	Ö�Ò�Ó�ÑYÐ
~°Û`ÑYÜ
Ö�ÔG}�Ð
{	Õ�Ü
Ô ã���x�z�Ô��ØÑ	ã Ô�×	ÔHÒ�Ô Ð@ÑYÜV��{	Ü
ÖgxØä�{	Ò��
|�z�Ô ã�ÔNÓ�Ô Û:Ô Ü�{1}�ÔHÓ¦ä Ò
� Î�É#Ç �J��z/Ñ1� Õ�Ô Ô Ò Ö/�ØÔHÓ&�

�&Ô9x Ö3����z/{	Ð�xØÜ�~�ÐØÔJ| Ñ	Ü Ü*x
z�ä��<��|�z�Ô ã�ÔD{	Ò�Ä$Ð
{	Õ�Ü
Ô ã°�������E���Uz�Ô(��xÂÑ	Ð�xÂä Ò�×�}�Ð�{:Õ�Ü ÔHã
ä��+Ó�ä
Û�ä
Ó�ÔHÓmä Ò?x
{<x#��{D}�Ð
{	Õ�Ü
Ô ã��HåQx
z�ÔNÕt{	Ö�Ò�Ó�ÑYÐ
~°Û�Ñ	Ü Ö�ÔG}�Ð�{:Õ�Ü
Ô ã ��{	ÐUx
z�Ô Ó�ä�£�ÔHÐØÔHÒ?xØä ÑYÜ
Ô��8Ö�Ñ�xÂä�{:Ò/���¨Ç	� �1�&ä Ò ÑW�/��Ô3Ó Óg{:ã�Ñ	ä Ò ÑYÒ�ÓGx�z�Ô�}�Ð
{	Õ�Ü
Ô ã {$�/��Ò�Ó�ä
Ò�×rx�z�Ô��¿ÐØÔHÔ«Õt{	Ö�Ò�Ó�ÑYÐ
~
Γ1

�¿Ð�{:ã x�z�ÔNÔ��8Ö�Ñ�xÂä�{:Ò

K(x1) =
1

σ(θ)
[−p(x) + n · S(v)n]|Γ1
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ÇJ�
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�v��ÔHÓ½Óg{:ã°ÑYä
Ò&�?�Uz�ÔN{	ÕvxÂÑYä
Ò�Ô3Ó(��{:Ü ÖvxØä�{	Ò½ä����ØÖ�Õ/��xØä�xØÖvxØÔHÓ¦ä Ò?x
{�x�z�Ô6ÐÂä ×Qz?xQËTz�ÑYÒ�Ó��Øä Ó�ÔN{1�
�ÀÆ��
ÇJ�ÌÑYÒ�Ó Õ6~���{:Ü Û�ä
Ò�×�x�z�ä��.Ô��8Ö�Ñ�xÂä�{:Ò�{	Ò�Ô�{	Õgx@ÑYä
Ò/�Kx
z�Ô Ò�Ô��?x�ä8xÂÔ Ð@Ñ�xÂä�{:Ò���{:ÐWx
z�Ô��¿ÐÂÔ Ô
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Õ3{:Ö�Ò�Ó�Ñ	Ð�~

Γ1
�b�Uz�Ö/�HÉt{	Ò�Ô ×	Ô�x
��Ñ½Ò�Ô�� Óg{	ã°ÑYä
Ò�ä
Ò]�Kz�ä�|�z]��~g�#xÂÔ ã �¨Ç:� �Q�Wz/Ñ1�Nx�{¦Õ�Ô

��{:Ü Û:ÔHÓmÑY×:Ñ	ä Ò%���g{�É6x�z�ä��W�
|�z�ÔHã ÔG|HÑYÒmÕ/ÔNä
Ü Ü
Ö/��xØÐ@Ñ�xÂÔHÓmÕ6~�x�z�Ô Ó�ä
Ñ	×	Ð@ÑYã

Γ 0
1 → Ω0 → (v1, p1, θ1) → Γ 1

1 → Ω1 → (v2, p2, θ2) → . . .
�¤Æ�� Æ1�

âW{$xÂÔyx�z�Ñ$x ä
Ò�x�z�ä�� ã�Ô9x�z/{�Ó Ñ$x ÔHÛ	ÔHÐ�~���xØÔ�}�{$�*�QÖ3|�|EÔJ���Øä
Û	Ô6Ñ1}v}�Ð
{
��ä ã°Ñ�xÂä�{:Ò/��x�z�ÔG|9{:Ò�Ë
�#xÂÐØÖ/|9xØä�{	ÒP{1�

(v, p, θ)
ä��r�ØÔ�}/ÑYÐ@Ñ�xØÔ3Ó��¿Ð�{:ã x�z�ÔS|9{	Ò3�#xÂÐØÖ/|9xØä�{	Ò�{1�jx�z�Ô<�¿ÐØÔHÔ'Õt{	Ö�Ò/Ó�ÑYÐ
~

Γ1
�«�6Ò x
z�Ô�{$x
z�Ô ÐSz�ÑYÒ/Ó#É���{	ÐS�¿ÐØÔHÔ¦Õt{	Ö�Ò/Ó�ÑYÐ
~­}�Ð�{:Õ�Ü
Ô ã�� ä Ò �Kz�ä�|�z x�z�ÔmÖ�Òv¡�Òv{��+Ò

�/{�� Óg{	ã°Ñ	ä Ò ä���Ö�Ò�Õt{	Ö�Ò�Ó�ÔHÓ�ä
ÒPx#��{ Ó�ä ÐÂÔ�|9xØä�{	Ò/��Ñ1�6ä Ò Ä$Ð
{	Õ�Ü
Ô ã �f���Wx
z�Ô�Ó�Ô��
|EÐÂä Õ�ÔHÓ
��|�z�ÔHã�Ô�ä��+Òv{1xÌÑ$}v}�Ü
ä�| ÑYÕ�Ü Ô��f|9�¨��� ®�É&Ç3È
�%ÑYÒ�Ó�{1x�z�ÔHÐ
�����

��Ò�{	Ð@Ó�Ô Ðjx
{���{	Ü
Û	ÔW�ØÖ/|�z�}�Ð
{	Õ�Ü
Ô ã��$ä
ÒP� ®
� É8Ñ	Ò�Ó�ä Ò/Ó�Ô�}�Ô Ò�Ó�Ô Ò?xØÜ�~�ä ÒP�
Ç�� É8Ñ'Ó�ä8£�Ô ÐÂÔ Ò?x
��|�z�ÔHã�Ô�� Ñ1�W}�Ð�{Q}3{?�QÔ3Ó��Kz�ä�|�z�Õ�Ñ1�ØÔHÓP{	Ò�Ñ¦Ü ä
Ò�ÔHÑ	ÐØä�ªHÑ$xØä�{	Ò�{1�;x�z�Ô<{	ÐÂä ×:ä Ò/ÑYÜ�}�Ð�{:Õ�Ü ÔHã
{	Ò�ÑYÒ Ñ$}v}�Ð
{1}�ÐØä Ñ�xÂÔNÔ9��Ñ1|9xr��{:Ü ÖvxØä�{	Ò�ä
Ò�x�z�Ô¸Ö�Òv}�Ô Ð�xØÖ�ÐÂÕ�ÔHÓ��QÖ�Ò�ä���{	ÐÂã����3{�� Óv{	ã°ÑYä
Ò&É
�ØÑ
~

Π = {x ∈ R
2 : 0 < x2 < 1}

�v�Uz�Ô ã°Ñ	ä Ò�Ó�ä�£�ÔHÐØÔHÒ/|EÔG{1��x
z�ä��N�
|�z�Ô ã�Ôy�¿Ð�{:ã x
z�Ô
}�ÐØÔHÛ�ä�{:Ö/�W{:Ò�Ô'ä��rx�z�Ñ$xr{	Ò�ÔHÑ1|�ze�#xÂÔ�}]{1�$ä8xÂÔ Ð@Ñ�xÂä�{:Ò/�Kx
z�Ô Ó�Ô9xØÔHÐØã�ä
Ò�Ñ�xÂä�{:ÒP{$�

v, p, θ
ä��

Òv{$x��QÔ�}�ÑYÐ@Ñ�xÂÔHÓ��¿Ð
{	ã�x�z�Ô�Ó�Ô9xÂÔ ÐÂã�ä Ò�Ñ$xØä�{	Ò�{1�jx�z�Ô<�¿ÐØÔHÔ'Õt{	Ö�Ò/Ó�ÑYÐ
~
Γ1

�¿ä¤� Ô	�t�¿Ð�{:ã x
z�Ô
Ó�Ô9xÂÔ ÐÂã ä
Ò�Ñ$xØä�{	Ò�{$��x�z�Ô��¿Ö�Ò3|�xØä�{	Ò3�

ψ1
Ó�Ô��
|EÐÂä Õ�ä
Ò�×

Γ1
���

��ÒP{	Ð@Ó�Ô ÐNx�{���{:Ü Û:Ô Ä$Ð
{	Õ�Ü
Ô ã �f����Étx�z�ä����ØÔ�|9{:Ò�ÓP�
|�z�Ô ã�ÔS��zv{:Ö�Ü Ó�Õ/Ô�Ñ$}/}�Ü ä
ÔHÓ&��Å/{	Ð
Ä$Ð�{:Õ�Ü
Ô ã¯�f����x�z�ä��K�
|�z�Ô ã�Ô�| Ñ	Ò Õ�ÔNä
Ü Ü
Ö/��xØÐ@Ñ�xØÔ3Ó¦Õ6~�x
z�Ô Ó�ä ÑY×:ÐÂÑ	ã

(v0, p0, θ0, ψ0
1) → (v1, p1, θ1, ψ1

1) → · · · → (vm, pm, θm, ψm
1 ) → . . .

�Kz�Ô ÐÂÔG{	Ò�Ô3Ñ1|�z��#xÂÔ�}�{$�
ä�xØÔHÐÂÑ$xØä�{	Ò/�Ux
z�Ô Ü
ä Ò�ÔHÑYÐÂä�ª ÔHÓ�}�Ð
{	Õ�Ü ÔHãoä��N��{	Ü
Û	ÔHÓ ä
Ò�x�z�Ô��ÂÑYã�Ô
�¨Ö�Ò�ä8��{:ÐØã���Óv{	ã°ÑYä
Ò;ÑYÒ�Óex�z�Ô��¿Ö�Ò/|9xØä�{	Ò/�

v, p, θ
ÑYÒ�Ó

ψi (i = 1, 2)
ÑYÐÂÔ½Ó�Ô�xØÔ ÐÂã�ä Ò�ÔHÓ

�Qä
ã'Ö�Ü�xÂÑ	Ò�Ô�{:Ö/�ØÜ�~:�
á �Øä ×:Ò�ä��3| Ñ	ÒQx*}�Ñ	Ð�x�ä Ò�Ó�ÔHÐØä
Û�ä Ò�×rx�z�ÔU|�{	ÐÂÐØÔJ|�x´Ü ä
Ò�ÔHÑ	ÐØä�ªHÑ$xØä�{	ÒGx@Ñ$¡:Ô���x�z�Ô+Ó�Ô�xØÔ ÐÂã�ä Ò/Ñ`Ë

xØä�{	Ò�{1�/Ô���ÑQ|�xj��{:Ü ÖvxØä�{	Ò/��{$�vx
z�Ô Òv{	Ò�Ü ä
Ò�ÔHÑ	Ð*}�Ð�{:Õ�Ü
Ô ã��%ä
Ò�Ñ��QÖ�Ò�ä���{	ÐÂã��r�¿Òv{1x
Ó�ä���x�{:Ð�xÂÔHÓ/�
�/{��qÓg{	ã°ÑYä
Ò&�b�Uz�Ô��ØÔ Ô���ÑQ|�xD�¿Õ�ÑQ�Qä�|��N��{:Ü ÖgxÂä�{:Ò/�Ìä
Ò�x
z�Ô'Ö�Ò�ä8��{:ÐØã�Óg{:ã�Ñ	ä Ò

Π
�+ä Ü
Ü�Õ�Ô

| ÑYÜ�|EÖ�Ü
Ñ$xØÔHÓ ä
Ò½��Ô�|9xØä�{	Ò �6Ë�áW}/}/ÔHÒ�Ó�ä����?�Uz�Ô�~ ÑYÐÂÔ+ÑYÜ���{Nä
ãD}3{:Ð�x@ÑYÒ?x*��{	Ðjx
z�ÔÌÒ�Ö�ã�Ô ÐÂä�|HÑYÜ
�/{��¢�Øä
ã'Ö�Ü Ñ�xÂä�{:Ò&å$x
z�Ô�~D| Ñ	Ò Õ�Ô.Ö3�QÔ3Ó°Ñ1�
ä
Ò�Ü
Ô9x0Õt{	Ö�Ò/Ó�ÑYÐ
~¸Ó�Ñ$xÂÑNä
Ò°ãD{	ÐÂÔW|9{:ãS}�Ü ä�| Ñ$xØÔHÓ
}�Ð�{:Õ�Ü
Ô ã�� �HÅ�Ö�Ð�x�z�ÔHÐØãD{:ÐØÔ:É�x�z�Ô«Õ�Ñ1�Øä�|j��{	Ü
ÖgxÂä�{:Ò�ÐÂÔ�}�ÐØÔJ�QÔHÒQx��#ÑYÒNÑ1��~�ãD}gx�{1xØä�|j��{:Ü ÖgxÂä�{:ÒNÑ1�
x1 → +∞

ä
Ò�Ä$Ð
{	Õ�Ü
Ô ã ���������1��Ò��
ÇHÈ
��ÑYÒ�Ó�� Æ �
�3x�z�ÔÌÑ	Ò�ÑYÜ�{	×Q{	Ö/�´ä���{1x�z�ÔHÐØã°Ñ	Üg}�Ð�{:Õ�Ü
Ô ã��
���+ä�x�zv{:ÖgxÌÑYÒ6~�ä Ò/| Ü Ö3�Qä�{	Ò�{$��xÂÔ ãD}/ÔHÐÂÑ$xØÖ�ÐÂÔJ�;x�{S}�Ð
{	Õ�Ü
Ô ã��������«ÑYÒ/Ó]��������É�ÐÂÔ���}�Ô�|�xÂä Û:Ô Ü�~	É
�«ÔHÐØÔ(��{	Ü
Û	Ô3Ó�Õ6~�Ò�Ö�ã�ÔHÐØä�| Ñ	Ü$ã�Ô9x�z/{�Ó/� �´âW{$xÂÔDx�z�Ñ$x�x�z�Ô½Ü
Ñ
~:Ô Ð�x
z�ä�|�¡�Ò�ÔJ���ØÔ��

h∞
ÑYÒ�Ó

(1− h∞)
{$��x
z�Ôy��Ö�ä Óv� ÑYÒ�Ó&ÉQx
z�Ô ÐÂÔ9��{:ÐØÔNx�z�Ôy�Kzv{:Ü Ô�Ô9��Ñ1|9xU��{	Ü
ÖgxÂä�{:Ò/�0ä
Ò(x
z�Ô]Ö�Ò�ä���{	ÐÂã

Óg{	ã°ÑYä
Ò&É�|�{	Ö�Ü Ó Õ/Ô½Ò/{$x Ö�Ò�ä��8Ö�ÔP�f�ØÔ Ô°áN}v}/ÔHÒ�Ó�ä��/����Åv{	Ð�x
z�Ô(| ÑQ�QÔD{1� â6Ñ�Û8ä
Ô ÐØË¨�?x�{Q¡	Ô��
Ô��8Ö�Ñ�xÂä�{:Ò/�K�ØÖ/|�z Ò/{	Ò�Ö�Ò�ä��8Ö�ÔG��{:Ü ÖgxÂä�{:Ò/�U�µÔ ÐÂÔN��{:Ö�Ò�Ómä Ò­�
Ç	Ç�����{	ÐUx�z�Ô���Ð
��xUxØä
ã�Ô	�

�Ui��NqNlNstmvu�o�l 
	���js ���
�³z�Ô Ò ��xØÖ/Óg~�ä Ò�×tÄ$Ð�{:Õ�Ü
Ô ã �f����ä�x ä���Û:Ô Ð
~±|9{:Ò8Û:Ô Ò�ä
Ô Ò?x�x
{ ��{:Ð�¡ �+ä8x
z �«ÔHä ×Qz?xØÔHÓ
�6{	Õt{	Ü
Ô Û���}�ÑQ|EÔ��H���&Ô�x

Πm (m = 1, 2)
Õ/Ô�x
z�Ô��#xÂÐØä�}�Ë Ü ä�¡	Ô]Óg{:ã�Ñ	ä Ò3�

Π1 := {x ∈ R
2 : 0 < x2 < h∞, −∞ < x1 < +∞},

Π2 := {x ∈ R
2 : h∞ < x2 < 1, −∞ < x1 < +∞},

ÑYÒ�Ó
Π = Π1 ∪Π2

x
z�Ô ä
Ð0Ö�Ò�ä�{:Ò&ÉQ�Kz�Ô ÐÂÔ
h∞ ∈ (0, 1)

ä��;x
z�Ô.Ð
{6{$xjx�{¸Ô��8Ö�Ñ$xØä�{	ÒP����� Í6�
��{	Ð ä���{:Ò�Ôy{$��x
z�Ô]Ð�{6{$x��;x
{�� ��� Í?������� Ô�ä
ÒQxÂÐ�{�Ó�Ö3|EÔrx�z�Ô���}/Ñ1|EÔ

W l,2
β (Π)

{$���¿Ö�Ò/|�xØä�{	Ò3�
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u
{	Ò

Π
�+ä8x
z ÐÂÔ���xØÐÂä�|�xØä�{	Ò3�

u(m) = u|Πm

Õ�Ô Ü�{	Ò�×:ä Ò�×�x�{
W l,2

β (Πm) (m = 1, 2)
Ñ	Ò�Ó

z�Ñ�Û�ä Ò�×<x�z�Ô���Ò�ä�xØÔ Òv{:ÐØã��

‖u(m);W l,2
β (Πm)‖ = ‖u(m) exp

(
β
√

1 + x2
1

)
;W l,2(Πm)‖, (m = 1, 2)

�Kz�Ô ÐÂÔ
W l,2(Πm)

ä��;x�z�ÔÌÖ3�QÖ�Ñ	Ü/�6{:Õ3{:Ü ÔHÛS��}�Ñ1| Ô	�1�Uz�ÔÌÒv{	ÐÂã�ä
Ò
W l,2

β (Π)
ä��$×:ä Û:Ô Ò�Õ6~

‖u; W l,2
β (Π)‖ =

2∑

m=1

‖u(m) exp

(
β
√

1 + x2
1

)
;W l,2(Πm)‖.

�T�
β > 0

Égx�z�Ô Ò�Ô Ü
Ô ã�ÔHÒQx��W{1�
W l,2

β (Π)
Û`ÑYÒ�ä���zmÔ��6}t{	Ò�Ô Ò?xØä ÑYÜ
Ü�~mÑ1�

|x1| → ∞
ÑYÒ�Ó#É�ä8�

β < 0
ÉQx�z�ÔHÒ ÔHÜ ÔHã�Ô Ò?x
�

u ∈W l,2
β (Π)

ã�ä ×QzQxµÔ9�g}3{:Ò�Ô Ò?xÂä
Ñ	Ü Ü�~�ä Ò/| ÐØÔ3Ñ1�ØÔ6ÑQ�
|x1| → ∞

�
�Uz�ÔN��}�Ñ1| Ô��

W
l−1/2,2
β (R)

{$�b�¿Ö�Ò3|�xØä�{	Ò3�«Ó�Ô���Ò�Ô3Ó�{	Ò
R
|HÑYÒ°Õ�Ô.ä
ÒQxÂÐ�{�Ó�Ö3|EÔHÓ°Ñ	Ò�ÑYÜ Ë

{	×1{:Ö/�ØÜ�~:� �%Ô9x
S = {x ∈ Π : x1 ∈ R, x2 = h ∈ [0, 1]}

Õ�Ô Ñ�Ü ä
Ò�Ô	�6Ê.Ô Ë
Òv{$xÂÔmÕ6~

W
l−1/2,2
β (S)

x�z�Ô���}�Ñ1| Ô��<{$�NxÂÐÂÑQ|EÔJ�<{:Ò
S
{$�r�¿Ö�Ò/|�xÂä�{:Ò/�S�¿Ð
{	ã

W l,2
β (Π)

�
�Uz�Ô Ò

W
l−1/2,2
β (R)

|�{	ä
Ò/|Eä Ó�ÔJ�N�+ä�x�z
W

l−1/2,2
β (S)

É�ä¤� Ô	��ä8�
u ∈ W

l−1/2,2
β (Π)

Étx
z�Ô Ò
u(·, h) ∈W

l−1/2,2
β (R)

���

�³z�Ô Ò ä Ò�Û:Ô���xØä
×:Ñ�xÂä Ò�×¦Ä$Ð
{	Õ�Ü
Ô ã �f�����y�µÔ Ñ	ÐØÔ¸Ö/�Øä Ò�×��µÔ ä
×1z?xØÔ3Ó�Ú��:Ü
Ó�Ô ÐG��}/Ñ1|EÔJ� �V�Uz�ä��
ä��ÌÓ�Ö�Ôyx�{½Ñ Õ/Ô�x�xÂÔ ÐWz�Ñ	Ò�Ó�Ü
ä Ò�×S{1�*��xÂÑ$xØä�|�|9{	Ò?x@Ñ1|�xK}t{	ä
Ò?x
�H�
�&Ô9x

B
Õ/Ô ÑYÒ�Ñ	ÐØÕ�ä8xÂÐÂÑ	Ð�~�Óg{	ã°Ñ	ä Ò ä
Ò

R
2 ÑYÒ/Ó

N ⊂ B
Ñ�ã°Ñ	Ò�ä8��{:Ü
Ó {$�6Ó�ä ã�Ô Ò3�Qä�{	Ò

Ü ÔJ���Dx
z�ÑYÒ�Æ����Uz�ÔP��~8ã¸Õ3{:Ü
%N (x)

Ó�Ô Òv{1xØÔ��]�¿ä
Ò x�z�ä��(�ØÔ�|�xÂä�{:Ò {	Ò�Ü�~v�<x�z�Ô�Ó�ä���xÂÑYÒ3|EÔ
Ó�ä���x

(x, N) := infy∈N |x − y|
���&Ô�x

β = (β1, β2)
Õ/Ô Ñ�ã¸Ö�Ü�xØä
ä Ò�Ó�Ô9���+ä�x�z

|β| = β1 + β2
Ñ	Ò�Ó

Dβu =
∂|β|u

∂xβ1

1 ∂xβ2

2

(βi ∈ N ∪ {0}).

�Uz�Ô���~�ã¸Õ3{:Ü
[r]

�+ä
Ü Ü�Ó�Ô Òv{1xØÔyx�z�ÔNä Ò?xØÔH×	ÔHÐK}�ÑYÐ�xK{$�
r
��{:Ò�Ü�~¦ä Ò�x�z�ä��W�ØÔ�|9xØä�{	Ò3�E�

Cr(B)(r > 0,
Òv{:Ò�Ë¤ä
Ò?xØÔH×	Ô Ð��«Ó�Ô Òv{1xØÔJ�Ux�z�Ô Ú��	Ü Ó�Ô ÐW��}�ÑQ|EÔ�{$���¿Ö�Ò/|�xÂä�{:Ò/�ÌÓ�Ô���Ò�Ô3Ó ä
Ò�Ñ

Óg{	ã°ÑYä
Ò
B ⊂ R

2 �+ä�x�z�Ñ<��Ò�ä�xØÔNÒv{:ÐØã

|u|
(r)
B =

∑

|β|<r

sup
x∈B

|Dβu| +
∑

|β|=[r]

sup
x,y∈B

|Dβu(x) −Dβu(y)|

|x − y|r−[r]
.

�&Ô9x
Ċr

s (B,N)
Õ/ÔNx�z�Ôy�µÔ ä
×1z?xØÔ3Ó°Ú��	Ü Ó�ÔHÐ���}�Ñ1| ÔW{$�V�¿Ö�Ò3|�xØä�{	Ò3�«Ó�Ô���Ò�Ô3Ó°ä Ò

B \N
Ñ	Ò�Ó

z�Ñ�Û�ä Ò�×�ÑS��Ò�ä�xØÔNÒ/{	ÐÂã

|u|Ċr
s
(B,N) =

∑

|β|<r

sup
x∈B\N

%
|β|−s
N (x)|Dβu(x)|

+
∑

|β|=[r]

sup
x∈B\N

%r−s
N (x) sup

|x−y|< 1
2
%N (x)

|Dβu(x) −Dβu(y)|

|x − y|r−[r]
.

Cr
s (B,N)(r > s > 0; r, s

Òv{:Ò�Ë¤ä
Ò?xØÔH×	Ô Ð���Ó�Ô Ò/{$xØÔJ�yx�z�Ô���}�ÑQ|EÔD{$���¿Ö�Ò/|9xØä�{	Ò/���+ä8x
z�Ñ
��Ò�ä�xØÔNÒv{:ÐØã
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|u|Cr
s
(B,N) := |u|

(s)
B +

∑

s<|β|<r

sup
x∈B\N

%
|β|−s
N (x)|Dβu(x)|

+
∑

|β|=[r]

sup
x∈B\N

%r−s
N (x) sup

|x−y|< 1
2
%N (x)

|Dβu(x) −Dβu(y)|

|x − y|r−[r]
.

�«Ü Ô3ÑYÐÂÜ�~:É
Ċr

s (B,N)
ä��«Ñ��ØÖ�Õ/��}�Ñ1| ÔW{$�

Cr
s (B,N)

|�{	Ò/�Øä���xØä
Ò�×G{1�V�¿Ö�Ò/|�xÂä�{:Ò/�$Û`Ñ	Ò�ä���z�ä
Ò�×
{	Ò

N
x�{:×	Ô�x�z�ÔHÐ<�+ä�x�z x�z�ÔHä Ð½Ó�Ô ÐÂä Û`Ñ�xÂä Û:Ô��<{$�y{	Ð@Ó�Ô Ð Öv} x�{

[s]
�$Åv{	Ð

s < 0
ÑQ���ØÖ�ã�Ô

Cr
s (B,N) := Ċr

s (B,N)
�

Å�ä
Ò�Ñ	Ü Ü�~ �µÔ Ó�Ô9��Ò�Ô]x�z�Ô«�µÔ ä
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Ω0 := {x ∈ Ω : |x1| < 2}, Ω+ := {x ∈ Ω : x1 > 1},

Ω− := {x ∈ Ω : x1 < −1}, J0 := (0, 2), J+ := (1,+∞).
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S2 = {x ∈ R

2 : x2 = 1 + ε ϕ2(x1), −∞ < x1 < +∞}, ϕ2 ∈

W
l+5/2,2
β (R)

�
��¢�¾
l > 0, β = δ|β0| > 0

² ��¾�� �Ø�
β0

� ¡'����®:� ª�� ��®	� ��¢.¥Q§
δ

¹`��®m®:���
ª�� ��®`¡�¥`��� � ¶:� ���`¹`¬)Ã��E¡ ¥¨§Ì¢¿¾��'¥Âª��E�Ø¹Y¢ ¥Y�
ª��E��±E��¬)¡]¹�¡@¡ ¥3±E�­¹Y¢ �@® �
��¢¿¾¦¢�¾��N±Â¥Y���Ø�E¡Àª�¥`��®`����¶
¬)�����@¹`�µª��Ø¥�� ¬ � º �²|��¨�V�
Ç3Æ��!� ��©]¡@¡@Ã�º°�N¢¿¾�¹Y¢

δ
� ¡�¡@Ã�� ± �­�E�/¢À¬)£�¡�º°¹`¬�¬ � ��¾��E� ¢�¾��E�Ø�¸���:� ¡�¢

ª�¥`¡@��¢¤���`�°��Ã�º��@�E�@¡
ε̂, r̂

¡�Ã�±Â¾ ¢¿¾�¹Y¢&§E¥`�½� ��� ��£
ε ∈ (0, ε̂) � �Â¥�� ¬ �Eº ����� ¾�¹`¡°¹mÃ��/���EÃ��

¡E¥Y¬)Ã�¢¤�­¥`�
(v, p, θ, ψ1)

T � ��¾�� ¡ ¥`¬)Ã�¢¤�­¥`��¹	®Yº¸��¢À¡ ¢�¾�� �Â� ª��Ø��¡ � ��¢�¹`¢¤�­¥`�

v(x) = v0(x) + εu(x), p(x) = p0(x) + ε q(x),

θ(x) = θ0(x) + ε ϑ(x), ψ1(x1) = h∞ + ε Ψ1(x1),
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h∞ ∈ (0, 1)
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{v0, p0, θ0}
¹Y�Ø� ¢�¾��
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U := (u, q, ϑ, Ψ1)
T ∈

[
W l+2,2

β (Π)
]2

×W l+1,2
β (Π)×W l+2,2

β (Π)×W
l+5/2,2
β (R)

≡ Dl,2
β W (Π)

¹`��®½¢�¾��0§E¥Y¬�¬ ¥��
����¶m����� � Ã�¹`¬)��¢¤�­��¡�¾�¥`¬ ®

‖U;Dl,2
β W (Π)‖ 6 r̂, ε̂ 6

|�{	Ò/��x
· δ2.
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+
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(θ2 − θ3)

(x2 − h1)
2

1 − h1

]
+ k2.

�­Í�� Æ1�



Ç �	Æ ����¯#¥H±@¥`¬
¥���¡��`£
�Tx«ä����µÔ Ü
Ü ËT¡�Òv{��+ÒSx�z�Ñ$x�x
z�ÔN}�ÐÂÔ��
�ØÖ�ÐØÔ

p
| Ñ	Ò½Õ/Ô�Ó�Ô9xÂÔ ÐÂã�ä Ò�Ô3Ó�{	Ò�Ü�~ Öv}�x
{¸ÑYÒ½Ñ:Ó�Ó�ä�xØä
Û	Ô

|9{	Ò3�#x@ÑYÒ?x+ä Ò�|�z�Ñ	Ò�Ò�Ô Üb�3{��W�y�²|��¨�
k1, k2

ä Ò���{	ÐÂã'Ö�Ü
Ñ	ÔS�­Í��
ÇJ��É��¿Í�� Æ1�����

Ï�~
{v(+), p(+), θ(+)}

�«Ô°Ó�ÔHÒv{$xÂÔSx�z�Ô°Ô���ÑQ|�x���{	Ü
ÖgxØä�{	Ò³�¿Ò/{	Ò�ä���{1x�z�ÔHÐØã°Ñ	Ü´Ä*{:ä��ØÔ Ö�ä
Ü
Ü Ô
�/{��N� ä
Ò�x�z�Ô Ö�Ò�ä8xÂÔHÓ�}/ÑYÐ�x

Ω+ Ñ$xWx�z�Ô¸ÐØä
×1z?xØË�z�Ñ	Ò�Ó��Qä Ó�Ô�{1��x
z�Ô<|�z/ÑYÒ�Ò�ÔHÜÀ�/âW{$xÂÔGx�z/Ñ�x
x�z�ä�����{	Ü
ÖgxÂä�{:Ò�|9{:ä Ò/| ä
Ó�Ô����+ä�x�z�x�z�Ô«Õ�Ñ1�Øä�|���{	Ü
ÖgxØä�{	Ò

{v0, p0, θ0}
x�{6Ä$Ð
{	Õ�Ü
Ô ã �����E���Uz�Ñ�x

��{:Ü ÖgxÂä�{:Ò ä�� Ó�Ô�xØÔHÐØã�ä
Ò�ÔHÓ Õ6~]��xØÐ@ÑYä
×1z?x���{:Ð�� ÑYÐ@ÓP| Ñ	Ü�| Ö�Ü Ñ�xØä�{	Ò3�]ä Ò«x�z�Ô½áW}v}�Ô Ò�Ó�ä8�³�f�ØÔ Ô
��Ô�|9xØä�{	Ò �1���v�Uz�Ô Ñ1�
��{g|Eä Ñ�xÂÔHÓD�3{�� ��ÔHÜ
Óv�+Ñ	ÐØÔ�×	ä
Û	ÔHÒ Õ6~���{:ÐØã¸Ö�Ü ÑYÔD����� ÈQ�EÉ������ �Q����âW{1xØÔ
x�z�Ñ$x.ä Ò � Ç3È
��x
z�Ô<|�{	ÐÂÐØÔJ��}t{	Ò�Ó�ä Ò�×�ä���{1x�z�ÔHÐØã°Ñ	ÜV�/{�� ��Ô Ü Óv�W�µÔ ÐÂÔ'Ñ	Ü ÐÂÔHÑ:Óg~�| Ñ	Ü�| Ö�Ü Ñ�xØÔ3Ó#�
áÌÒ�ÔJ���ØÔ Ò?xØä ÑYÜN}�ÑYÐ�x�{$��x
z�Ô Ó�Ô�xØÔHÐØã�ä
Ò�Ñ�xÂä�{:Ò³{$�

{v(+), p(+), θ(+)}
|�{	Ò/�Øä���x
�¦ä Ò x
z�Ô

| ÑYÜ�|EÖ�Ü
Ñ$xØä�{	Ò­{$��x�z�Ô¦Û�Ñ	Ü Ö�Ô
h∞

�¿Ð
{	ã x
z�Ô���x�z Ó�ÔH×	ÐÂÔ ÔD}3{:Ü�~�Òv{:ã�ä
Ñ	Ü$Ô��8Ö�Ñ$xØä�{	Ò³����� Í6���
Þ��8Ö�Ñ�xÂä�{:Ò ����� Í6�K|9{:ä Ò/| ä
Ó�Ô��W�+ä�x�z�Ô��8Ö�Ñ�xÂä�{:Ò

(A.13)
�¿Ð
{	ã � Ç3È
���Kz�Ô Ò�x
z�Ô<|�z�Ñ	Ò�Ò�ÔHÜ%ä��

zv{	ÐÂä�ª�{	Ò?xÂÑ	ÜÀ�/âW{$xÂÔGx�z/Ñ�xWx
z�Ô���Ò/ÑYÜ�x
z�ä�|�¡8Ò�Ô��
�
h∞

ä��.ÑD�¿Ö�Ò/|�xÂä�{:ÒP{$�
F1, F2, R

ÑYÒ�Ó�{1�
x�z�Ô]Ð
z�Ô�{:Ü�{:×	ä�| ÑYÜt}�Ñ	ÐÂÑ	ã Ô�xØÔHÐ
��{$��x�z�Ô���Ö�ä
Óv�H�g�TxN| Ñ	Ò�z�Ñ�Û:Ô6Ö/}�x
{<x
z�ÐÂÔ ÔNÓ�ä�£�ÔHÐØÔHÒQx+Û`ÑYÜ Ë
Ö�Ô��0ä ÒDx
z�Ô.ä
Ò?xØÔ ÐÂÛ`ÑYÜ�� ��É
ÇJ����{:Ðjx�z�Ôr�ÂÑYã�ÔK}�ÑYÐ@ÑYã�Ô�xØÔ Ð��QÔ�xr�f|9�¨�/�
ÇHÈ������8Å�Ö�Ð�x�z�Ô ÐÂãS{:ÐØÔ:ÉYÕ6~
ψ0

1(x1)
�µÔ]Ó�Ô Òv{1xØÔNx�z�Ô�ä Òv��Ò�ä�xØÔ Ü�~¦Ó�ä�£�Ô ÐÂÔ Ò?xØä ÑYÕ�Ü
Ôr��{	Ü
ÖgxÂä�{:Ò({$��x
z�Ôr��{	Ü
Ü�{��+ä
Ò�×'Õt{	Ö�Ò�Ó�Ë

ÑYÐ
~½Û`ÑYÜ
Ö�Ô�}�Ð�{:Õ�Ü
Ô ã




d

dx1

ψ′
1(x1)√

1 + ψ′
1(x1)

2
−
g(%1 − %2)

σ(0)
ψ1(x1) = −
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s ∈ (0, s0), z ∈ (0, z0), max (F1, F2, R, |θ0|, |θ2|) < M0¹`��®.§E¥`� ª�¥�¡���¢¤�����

h∞, F1, F2, R
¡ ¹`¢¤� ¡�§@£`����¶ ¢�¾��¸±@¥`��®`��¢¤�­¥`�

|h1 − h∞(F1, F2, R)| <

√
2σ(0)

g (%1 − %2)
,
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{v, p, θ, ψ1}

��¾��­±@¾ ±Â¹Y� �Â� �Ø��ª��Â��¡ � ��¢��Â®����
¢�¾��0§E¥Y��º

v = ξ(−x1)v
(−) + ξ(x1)v

0 + w, p = ξ(−x1)p
(−) + p0 + q,

θ = ξ(−x1)θ
(−) + ξ(x1)θ

0 + ϑ, ψ1(x1) = ψ0
1(x1) + ω(x1),

��¾�� �Ø�
{v(−), p(−), θ(−)}
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x1 −→ −∞
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{v0, p0, θ0}
� ¡ ¢�¾�� �@¹�¡��­±�¡ ¥Y¬)Ã�¢À�­¥Y��¥¨§ � �Ø¥ �E¬
�Eº �����



� ���'¥Y��� ¡ ¥`¢¿¾�� ��º°¹`¬�� �0¥����$¬ Ã��­®
	%¾�¹`�����E¬��$¬
¥���¡ Ç �YÈ
¹�¡
x1 −→ +∞

� ��¾��
§@Ã���± ¢¤�­¥`�
ξ

®:�E��¥`¢���¡.¢¿¾��6¡�º°¥H¥Y¢�¾m± Ã�¢��Q¥���§@Ã���±E¢¤�­¥`�mº�� ��¢¤�­¥`���@®
¹��@¥`�`� �
¼�¥`�Ø�@¥`�`� �@²

w ∈
[
Cs+2

s,z (Ω)
]2
, ϑ ∈ Cs+2

s,z (Ω), q ∈ Cs+1
s−1,z(Ω

0 ∪Ω+),∇q ∈

Cs
s−2,z(Ω)

¹`��®
ω ∈ C3+s

1+s,z(R
1
+)
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Ô ã �­Í�� ÈQ�
ÑYÒ�Óex�z�Ô½ÐØÔJ�#xÂÐØä�|�xÂä�{:Ò

%1 > %2
ä�� ÔJ���ØÔ Ò?xØä ÑYÜ*��{:ÐGx�z�Ô¦Ñ$}v}�Ü ä
ÔHÓ ã�Ô9x
zv{�Ó#���Uz�Ô��µÔ ä
×1z?x

}�ÑYÐ@ÑYã�Ô9xÂÔ Ð
s0

ä
Ò��Uz�Ô�{	ÐÂÔ ãoÆ�| ÑYÒ Õ/Ô]ÔJ�#xÂä ã°Ñ�xÂÔHÓ��#xÂÖ�Óg~�ä Ò�× Ñ¸ãD{�Ó�Ô Üb}�Ð
{	Õ�Ü
Ô ã ��{	Ð+Ñ
Òv{	Ò�ä���{$x�z�Ô ÐÂã�Ñ	Ü��6x�{1¡:Ô�����~6��xØÔHã�ä Ò�ÑmÒ�Ô ä
×1z�Õt{	Ð
zv{6{�Ó�{$�

Q
ä Òex�z�ÔD�ÂÑYã�ÔS�µÑ
~�ÑQ�6ä
Ò

� Ç`Î8É:ÇJ�
��ÑYÒ�Ó�� Æ�Ç9�¤�
�Uz�Ô0Ô��g}3{:Ò�Ô Ò?xØä ÑYÜ8Ó�Ô�|HÑ
~r{1�
{w, q, ϑ, ω}

Ñ�x´ä Òg�/Ò�ä8x#~]ä����µÔ Ü
Ü Ë�¡�Òv{��+Ò
�f|��¨��� ®�É&Ç�Î8É#ÇJ�
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�Ui�� � � ��lNpru����
	 l m�� ��� �	�6u�s�
±lNu���o;n�� 
�o���qKmvu#o�l �

�&Ô9xµÖ/�U|9{:Ò/�Qä Ó�ÔHÐ0Òv{��¢x�z�ÔNx#��{YË���Ö�ä ÓS�/{�� ä
Ò(x�z�Ô��QÖ�Ò�ä���{	ÐÂã �Nz/{	ÐÂä�ª�{	Ò?xÂÑ	Ü/|�z�ÑYÒ�Ò�Ô Ü
Π

É
äÀ� Ô	��ä ÒPx�z�ÔD| ÑQ�QÔ��Kz�Ô ÐÂÔ

S2
ä��Nx�z�ÔS�#xÂÐÂÑ	ä ×QzQx6Ü ä
Ò�Ô

S2 := {x = (x1, x2) ∈ R
2 : x2 ≡

1, −∞ < x1 < +∞}
� � Ô��ØÖv}v}t{Q�ØÔ*x�z/Ñ�x�x
z�ÔN�¿Ö�Òv¡�Òv{��+Ò3�3�¿ÐÂÔ Ô$ä
Ò?xØÔ Ð��­Ñ1| Ô

Γ1
}/ÔHÐØã�ä�x
�

x�z�Ô¸ÐØÔ�}�ÐØÔJ�QÔHÒ?xÂÑ�xÂä�{:Ò
Γ1 = {x ∈ R

2 : x2 = ψ1(x1) = h∞ =
|9{	Ò3�#x3�

, −∞ < x1 <
+∞}

ÑYÒ�Ó��«ÔNÑYÐÂÔ�Ü�{6{1¡�ä
Ò�×���{:ÐK�#x@Ñ�xØä�{	Ò/ÑYÐ
~ Ö�Ò�ä
Ó�ä ÐÂÔ�|9xØä�{	Ò�Ñ	Ü3�3{��W� ����Ö/|�z��/{��W���¿Ö�Ü���Ü
Ü
x�z�Ô ÑQ���ØÖ�ãD}gxØä�{	Ò3�

v2 ≡ 0,
∂v1
∂x1

≡ 0,
∂θ

∂x1
≡ 0.

áN�+ÑD|9{:Ò/�QÔJ�8Ö�Ô Ò/| Ôr�µÔy{	Õgx@ÑYä
Ò�x
z�Ñ�xKx
z�Ô�}�ÐØÔJ���ØÖ�ÐÂÔ6×:ÐÂÑ:Ó�ä
Ô Ò?xµÓg{��+Ò3�#xÂÐØÔ3ÑYãgä��+ÑYÒmÖ�Ò�Ë
¡8Ò/{��+ÒS|�{	Ò/��xÂÑ	ÒQx

∂p/∂x1 = p0 =
|�{	Ò/��xH���Kz�ä�|�z ä��
Ó�Ô�xØÔHÐØã�ä
Ò�ÔHÓ¸Õ6~�}�ÐÂÔ��
|EÐÂä Õ�ä
Ò�×�Û1{:Ü Ë

Ö�ã�Ôr�/Ög��Ô��
F1, F2

�vw.Ò�Ó�ÔHÐUx�z�ÔJ�QÔ]Ñ1�
�QÖ�ãS}vxØä�{	Ò/��x�z�Ô�Ò/{	Ò�ä���{1x�z�ÔHÐØã°Ñ	Ü�â6Ñ�Û8ä
Ô ÐØË¨�?x�{Q¡	Ô��
Ô��8Ö�Ñ�xÂä�{:Ò/� ÐÂÔHÓ�Ö/| Ôyx�{

− ν%∇2 v1 + p0 = 0,

(∂p/∂x2) = −% g + % γ θ, −λ∇2 θ = 0,

ÑYÒ�Ó«x
z�Ô¦ÔJ�:Ö/Ñ�xØä�{	Ò {1�W|9{	Ò?xÂä Ò�Ö�ä�x#~¢�QÇ	�
ÇJ�
2

ä��'ÑYÖvx�{	ã°Ñ$xØä�| ÑYÜ
Ü�~P�¿Ö�Ü���Ü
Ü Ô3Ó#��Ä$Ð�{:Õ�Ü
Ô ã �����
| ÑYÒ'Òv{���Õ/Ô�xØÐ@ÑYÒ/����{	ÐÂã�ÔHÓyx
{Wx�z�Ô;��{	Ü
Ü�{��+ä Ò�×Wx#��{6ä Ò�Ó�Ô�}�Ô Ò�Ó�ÔHÒ?x*��~g�#xÂÔ ã���{1��Ô��8Ö�Ñ$xØä�{	Ò/�
|9{	Ò?x@ÑYä
Ò�ä Ò�×<x
z�Ô]Ö�Òv¡�Òv{��+Ò/�

v1(x2), p0, h∞
ÑYÒ�Ó

θ(x2), p(x1, x2)
É�ÐÂÔ���}/ÔJ|�xØä
Û	ÔHÜ�~

ν1%1
d2v

(1)
1

dx2
2

= p0, ν2%2
d2v

(2)
1

dx2
2

= p0,

v
(1)
1 (0) = R, v

(2)
1 (1) = 0,

v
(1)
1 |x2=h∞

= v
(2)
1 |x2=h∞

, ν1%1
dv

(1)
1

dx2

∣∣∣∣∣
x2=h∞

= ν2%2
dv

(2)
1

dx2

∣∣∣∣∣
x2=h∞

,

∫ h∞

0

v
(1)
1 (x2) dx2 = F1,

∫ 1

h∞

v
(2)
1 (x2) dx2 = F2,
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ÇJ�
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d2θ(1)

dx2
2

= 0,
d2θ(2)

dx2
2

= 0,

θ(1)|x2=0 = θ0, θ(2)|x2=1 = θ2,

θ(1)|x2=h∞
= θ(2)|x2=h∞

, λ1
dθ(1)

dx2

∣∣∣∣
x2=h∞

= λ2
dθ(2)

dx2

∣∣∣∣
x2=h∞

,

∂p

∂x2
= −%g + %γθ(x2), p(1)|x2=h∞

= p(2)|x2=h∞
,
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v
(m)
1

ã�Ô3ÑYÒ/�Ux
z�ÔNÐÂÔ���xØÐÂä�|9xØä�{	Ò
v1|Πm{$�tx�z�ÔK�/Ô Ü Ó

v1
x�{�x�z�ÔN�QÖ�Õ�Óg{:ã°ÑYä
Ò

Πm (m = 1, 2)
�1�Uz�ÔÌÑ	Ò�ÑYÜ�{	×Q{	Ö/�*��xÂÑ$xØÔ ã�ÔHÒQx��$ÑYÐÂÔ

xØÐÂÖ�ÔG��{	Ð
v
(m)
2 , θ(m), p(m) É/ÐØÔJ��}�Ô�|9xØä
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�µä��Ux
z�Ô��ÂÑYã�Ô Ñ1�Ìä Ò �
ÇHÈ
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Ü Ë�¡�Òv{��+Ò���{:Ü ÖgxÂä�{:Ò

v0
1(x2) =

{
0.5a1x

2
2 + b1x2 +R, 0 6 x2 6 h∞

0.5a2(x
2
2 − 1) + b2(x2 − 1), h∞ 6 x2 6 1

,

v0
2(x2) ≡ 0,

p0 = a1ν1%1 = a2ν2%2,

� ��� ÈQ�

�Kz�Ô ÐÂÔ

r =
ν1%1

ν2%2
, a1 =

[
−3

F1 −Rh∞
h2
∞

− 3
F2

r(1 − h2
∞)

]
, a2 = r a1,

b1 =

[
(2 + h∞)

F1 −Rh∞
h2
∞

+ h∞
F2

r(1 − h2
∞)

]
, b2 = r b1,

ÑYÒ�Ó
h∞

ä��µ×:ä Û:Ô Ò¦Õ6~({:Ò�Ôy{$��x
z�ÔG��{:Ü ÖvxØä�{	Ò/��x�{<x�z�Ô���{	Ü
Ü�{��+ä
Ò�×'ÔJ�8Ö�Ñ�xÂä�{:Òe����� Í6���Kz�ä�|�z
ä��ÌÑ	ÒmÑ	Ü ×:Ô Õ�Ð@ÑYä�|ÌÔJ�8Ö�Ñ�xÂä�{:Ò�{1��x
z�Ô��v�!x�z�Ó�ÔH×	ÐÂÔ Ô��f�ØÔ ÔD�
ÇHÈ
���

r(r − 1)Rh5
∞ + [−4r(r − 1)R− r(r − 1)F1 − (r − 1)F2]h

4
∞

+ [r(6r − 5)R+ 2r(2r − 3)F1 − 2rF2]h
3
∞ + [2r(−2r + 1)R

+3r(−2r + 3)F1 + 3rF2]h
2
∞ +

[
r2R+ 4r(r − 1)F1

]
h∞ − r2F1 = 0.
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p0
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ÇJ�bx
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θ0(x2) =





θ0 +
x2

h∞
(θ∞ − θ0), 0 6 x2 6 h∞

θ∞ +
x2 − h∞
1 − h∞

(θ2 − θ∞), h∞ 6 x2 6 1
,

p0(x) =





p0x1 − %1gx2 + %1γ1

(
θ0x2 +

θ∞ − θ0
2h∞

x2
2

)
+ k,

p0x1 − %2gx2 + %2γ2

(
θ∞ − h∞θ2

1 − h∞
x2 +

θ2 − θ∞
2(1 − h∞)

x2
2

)

+pcorr + k,
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pcorr
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8
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θ∞

Ó�ÔHÒv{$xÂÔ��Vx
z�Ô«ÑW}�ÐØä�{	ÐÂäYÖ�Ò/¡8Ò/{��+Ò Û`ÑYÜ
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θ

Ñ�x
x2 = h∞
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�Uz�Ô��ØÔ]Û�Ñ	Ü Ö�Ô��+ÑYÐÂÔ]×	ä
Û	ÔHÒ Õ6~

pcorr = gh∞(%2 − %1) + %1γ1h∞
θ0 + θ∞

2
− %2γ2

h∞
2(1 − h∞)

(2θ∞ − θ2h∞ − θ∞h∞),

θ∞ =
λ2θ2h∞ + λ1θ0(1 − h∞)

λ1(1 − h∞) + λ2h∞
.
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