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ρ ρθ

ρ θ
∂σ ∂τ

ρ + + σ − σ =
∂ρ ∂θ

1I5

E ��
ρθθ

ρθ
∂τ∂σ

+ ρ + τ =
∂θ ∂ρ

1II5

E E E1 5 ? ? �#ρ θ ρθσ − σ + τ = 1III5

���	 �
�

E
# = σ 	��	������	�����������$	����������$	���������#

'�����J4���/�����	�	 �
�

:
# = σ 	��	)�������
����#	������	K�(��

��JB�
���%
L��(�	����
���	��!!����"�������	���������	
���
��	������

���	 ���	 ����(��
�����#	 ��$����$	 ��������#%	 M��������	 1III5
�����	������������	σρA

E EE #ρ θ ρθσ = σ ± − τ
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ρθ

ρ θ
∂τ∂ ρσ − σ + =

∂ρ ∂θ
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E E1 5 E 1 5 ��#
ρθ

θ ρθ θ
∂τ∂ ∂ρσ ± ρ − τ − σ + =

∂ρ ∂ρ ∂θ
������

E EE 1 5 �%#
ρθθ

ρθ
∂τ∂σ ∂ρ ± ρ − τ + =

∂ρ ∂ρ ∂θ
.�!!����"�����	���������	���������	��	θ	�	�����������
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�����#	���������	1I5A

EE E
E E

E
E 1 5 %#

ρθθ
ρθ

∂ τ∂ σ ∂ρ = ρ − τ −
∂ρ∂θ ∂ρ∂θ ∂θ

� 1IN5
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����	�������	��	ρ	�	����
�����	����
������	��
�������	�����	1IIN5A

EE
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ρθ ρθθ ∂ τ ∂τ∂ σ
ρ = −ρ − ρ

∂θ∂ρ ∂ρ∂ρ
1IIN5
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����	��������	1IN5	�	1IIN5	����������
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ρθ ρθ ρθ
ρθ

∂ τ ∂τ ∂ τ ∂ρ + ρ − = ± ρ − τ
∂ρ ∂ρ∂θ∂ρ ∂θ
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ρθ ρθ ρθ∂ τ ∂τ ∂ τ
ρ + ρ − =

∂ρ∂ρ ∂θ
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1 5 1 5 %ρθτ = Φ ρ ⋅ ϕ θ = Φ ϕ
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E : �′′ ′′ ′ρ ϕΦ − Φϕ + ρϕΦ =
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E : %
′′ ′ ′′Φ Φ ϕρ + ρ =

Φ Φ ϕ
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Φ Φ
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E E
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Φ Φρ + ρ − Φ =
ρρ
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ρ
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Φ =
ρ
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� E1 51 5%* + $ $) ) '� (�θ − θ
ρθτ = ρ + ρ +
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E �#
ρ ρθ∂σ ∂τ
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∂ρ ∂θ
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������	����	���������	τρθA
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� E1 51 5 E �* + $ $ #
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ρ − − θ − θ∂σ

= − ρ + ρ − −
∂ρ ρ
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�������	��������������	����
��

� E1 51 5 E RS 1 5%
* +

$ $) )
$ '� (� # ,

* +

θ − θ
ρ

ρ ρ
σ = − + − − ρ + θ

>���������	 σθ	 �	σ
	
	 ��#���	 �
	 ����� ��$	 ��������#A σθ =

E#ρ= σ − 	�	�
	���������	����	1�9?5	���	µ	0	�TEA	 %
E

	 #
ρ θ

ρ
σ + σ

σ = = σ −
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����$	�����	�����	��������#	 �ρθτ 	 ρσ 	�
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��	���������

1I5	�	1III5	������������	����������� ����	�	���������	1II5	�(�����
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� E1 51 5�* + $ $) ) '� (�θ − θ
ρθτ = ρ + ρ +

� E1 51 5 E RS �
* +
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$ '� (� # )

* +

θ − θ
ρ

ρ ρ
σ = − + − − ρ +

� E1 51 5 E 1RS �5 �
* +

$ $) )
$ '� (� # )

* +

θ − θ
θ

ρ ρ
σ = − + − − ρ + +

� E �
1 51 5 E 1RS 5 %
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$ $

	

) )
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θ − θρ ρ
σ = − + − − ρ + +
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∂ ∂
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∂ ∂
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∂ ∂
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∂ ϕ ∂ ϕ ∂ ϕσ = σ = τ = −
∂ ∂∂ ∂
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 ∂ ϕ ∂ ϕ= − µ   ∂ ∂  
 ∂ ϕ ∂ ϕ = − µ   ∂ ∂  
+ µ ∂ ϕ γ = − ∂ ∂ 
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   ∂ ϕ ∂ ϕ ∂ ϕ ∂ ϕ + µ ∂ ϕ− µ + − µ = −      ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂   

? ? ?

? E E ?
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∂ ϕ ∂ ϕ ∂ ϕ+ + =
∂ ∂ ∂ ∂
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∂τ ∂σ + = ∂ ∂ 
∂τ ∂σ + = ∂ ∂

∇ σ + σ = 

1�F�5
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∂ σ ∂ τ∂ σ
+ = −

∂ ∂∂ ∂
1�FE5
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   ∂ σ ∂ σ∂ σ ∂ σ∂ ∂  + σ + σ = + + + =    ∂ ∂ ∂ ∂ ∂ ∂   
[������	 ���������	 �	 ���(��$	��	 ���	 
��
����	 
���
	 τ

��
	 �


1�FE5�	 �	 
����	 �������	����������	 
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    ∂ ∂ ∂ ∂+ + ϕ =       ∂ ∂ ∂ ∂     
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ν

∂ ϕ ∂ ϕ− = ∂ ∂∂ 


∂ ϕ ∂ ϕ − + = ∂ ∂ ∂ 
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E1 5 ��ρ θ∇ σ + σ = 1�F95
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ρ ρθ
ρ θ

ρθθ
ρθ

ρ θ

∂σ ∂τ 
ρ + + σ − σ = ∂ρ ∂θ 

∂τ∂σ + ρ + τ = ∂θ ∂ρ

∇ σ + σ = 
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∂ρ ∂θ θ = = θ = − = − ∂ ∂ ++ 
∂ρ ∂θ θ = = θ = =
∂ ∂ ++ 

1�FG5
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∂ϕ ∂ϕ ∂ρ ∂ϕ ∂θ ∂ϕ θ ∂ϕ = + = θ − ∂ ∂ρ ∂ ∂θ ∂ ∂ρ ρ ∂θ 
∂ϕ ∂ϕ ∂ρ ∂ϕ ∂θ ∂ϕ θ ∂ϕ = + = θ +
∂ ∂ρ ∂ ∂θ ∂ ∂ρ ρ ∂θ 
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∂ ϕ ∂ ∂ϕ ∂ ∂ θ ∂ ∂ϕ     σ = = = θ − =     ∂ ∂ ∂ρ ∂ ρ ∂θ ∂∂      
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∂ ϕ ∂ ϕ ∂ϕ= θ − θ θ + θ θ −
ρ ∂ρ∂θ ∂θ∂ ρ
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aXS ^ba aXS aXS

∂ ϕ ∂ϕ ∂ ϕ− θ θ + θ + θ +
ρ ∂ρ∂θ ρ ∂ρ ρ ∂θ

E
E

E E

�
aXS ^ba ^ba

∂ϕ ∂ ϕ+ θ θ = θ +
∂θρ ∂ρ
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E

E E E

� � � �
aXS E aXS ^ba C

   ∂ϕ ∂ ϕ ∂ϕ ∂ ϕ+ θ + + θ θ −      ρ ∂ρ ∂θ ρ ∂ρ∂θρ ∂θ ρ   
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E
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     ∂ ϕ ∂ ∂ϕ ∂ ∂ϕ θ ∂ ∂ϕσ = = = θ + =     ∂ ∂ ∂ρ ∂ ρ ∂θ ∂∂      
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 ∂ ϕ ∂ϕ ∂ ϕ= θ + θ + −  ρ ∂ρ∂ρ ρ ∂θ 
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 ∂ϕ ∂ ϕ− θ θ −  ∂θ ρ ∂ρ∂θρ 
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  ∂ ϕ ∂ ∂ϕ ∂ ϕ ∂ϕ ∂ ϕ−τ = = = θ θ − − −    ∂ ∂ ∂ ∂ ρ ∂ρ∂ρ ρ ∂θ   
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 ∂ϕ ∂ ϕ− θ − θ −  ∂θ ρ ∂ρ ∂θρ 
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∂ ϕ ∂ ϕ ∂ ϕ ∂ϕ ∂ ϕ∇ ϕ = + = + +
ρ ∂ρ∂ ∂ ∂ρ ρ ∂θ
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ρθ

ρ θ
∂τ∂ ρ σ + − σ =

∂ρ ∂θ
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ρθ θ∂ ρ τ ∂σ+ ρ =
∂ρ ∂θ
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