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���!� 0

�9QS� �%�� 3| �"0,9� ())J* �&>)<� (�� 
�#)�� �� ���� �FS� �
�� Y��� �� 
�SN -� �?4,

�U�<* 
�S;� �" �
�SN �:XR �'�� �
��)� 
�S��� �� 3~ � �γ FS� �� Y��� �9	
��P!W 3} �σ Y���
2"0,9� ())J* 9	
��P!W � 9QS� �%�� �� d;� �� �����9� 
������ :& �� FS� �" ����� �� Y���

�:���" �,�� U�<* 
����� η �	�

cos η = 1 − γ

σ
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γ ≈ 0 �>8�R �" �>�� 
�, :�� ?4, �" "�)+� ���0*9� U�<* 
����� �� �� 9�#�Z� �
�&>8�R
∆p �	� �"0,9� (A.m �� ��� FS� �
�� 
�SN γ ≥ 2σ �" � �"��" FS� � � �� U�<* (�� *:� 
�SN

�:���" ��,�� Y��� �FS� �� �S;� �& �
�� ?E�" � '��)� �����f��E�

∆p = ± σ

(
1

R1
+

1

R2

)
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�" ����>!& FS� �:& �� "0<@ �
��Q����J, �" R1,2 '5 �" � �>�� f��J� '0�50. 
�S��� �� ��
�� >�� 9�N� �
��� 3−6 + � �>�� ?E�" ����� �
�A�� '��)� ����� ∆p �:)��9� ��� �� �� 
"�"���N
39���6 >PM� >�� Y��� �B��E �f�D �� � Y��� �FS� �� "0<@ �� 
��4� ���"�� �K0� 
��80� � �>��@
�� �����f��E� �r�!�R� �� � �>,0� FS� 
�8"�J� �L!R �� '�0*9� �� 9#T� �
�&��Q����J, ��,��
��&"9� FS� �
��� ?)!�����" 
�8"�J� -� '0�50. 
�8"�J� ����)� -)*������)& �� "� �9� ��i���

��&"9� >�"�� �� FS� �?4, �'"��?R �a�0T �" ��

GN



η< 90oη≈ 90oη> 90o

γ < σγ ≈ σγ > σ

-� �" 
7��� �'�,��)<� �� O0��� �a�iR�� (���	 �i� �" �� ()�W:& '�0*9� �� FS� �?4,

�'"��:� �� ?��<* 9QS� �%�� �� 98�R�" >�	 '�0*9� 
"�� ��0D�� �"��5>�" �� �)� ��!�� �:�!)�
�X)�� �" � �'�, %Z. �\@�� '�� � 9	
��P!W �"��" '5 �'"�� �*
��5�� �X)�� �" � �
�SN �FS�

�SN -� �
��� ����9� ())J* �� 
�SN �9��A� �?4, �" (�� �()� �>��N� ���0,9� 
�SN �FS� �%�����
>�� (4<� �� �L �
�SN �"�J�� �>,�" 
7��� �" �#�Z� �
�&�H� �:A� �� 
"��5�� '�0*9� �V �:XR ��
�>�� µgL4 �� �mgL 
�P*�� �� '�� �H� �:A� a�0T(�� �" �V

1/3 ∼ L �:)��� ()<Z* :XR �LJ� ��
(4<� "��0� �� 
��)!� �" 2>�� σL2 
�P*�� �� 9QS� �%�� �:A� �>�� Y��� �98�+W µ '5 �" ��
�� :A� �" (�� 
�!��;� �� �>�� 9QS� �%�� 
�P*� �� 
�)W 9	
��P!W ��H� �� :)��x�� >��

���59� %). >8�R

�"��" 9<� ��H� 
�SN �?4, �())J* �" '�� a�0T(�� �" �� �L�
√
σ/(gµ) •

�>�� �P*�� -� �� 9QS� �%�� � '�� ��H� �a�0T(�� �" �� �L ∼
√
σ/(gµ) •

�"��" �� L8�� ��H� 
�SN �?4, �())J* �" '�� �a�0T(�� �" �� �L�
√
σ/(gµ) •

>�� L8�� �H� K��� ��(�� �� 
��)J� L �� "��"  0D ��J�$ ��
√
σ/(gµ) = � �>)<� 
�!��;� YN�� �"

� 0R 
�SN �� �9;�� �>Z* �FS� -� �
�� �� 
�SN -� �?4, >,�""�� (�� �" ��&"9� �� �� ��
��  ��E� � �� 
�P*�� �* >�� -W0� '�� ��H� �� 9�8�R �" �"��" 9�<� �'��;* FS� �� �"0<@ ��0Q�

���59� >�"

y

z

ρ

z = f(ρ)
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 .��� "/��� �  01� 1

��,�� 
�, 
"�" z = f(x, y) �?4, �� FS� -� 
�8"�J� �	� �
�, 
"�" '��� >�0). �" �� �0D'�<&
�:���"

1

R1
+

1

R2
=

(1 + f2
y )fxx + (1 + f2

x)fyy − 2fxfyfxy

(1 + f2
x + f2

y )3/2
, 336

��9�N� �
��� �fxy = fyx = ∂x∂yf � fyy = ∂2
yyf �fxx = ∂2

xf �fy = ∂yf �fx = ∂xf '5 �" ��
(�� �
��� �z = f(ρ) 9�J� �>�� ρ =

√
x2 + y2 �Y��* d;� f �"��" '��;* z ��0Q� � 0R Y��� �FS�

�:���" FS�

fx = f ′ x
ρ
, fy = f ′ y

ρ
, fxx = f ′′ x

2

ρ2
+ f ′ y

2

ρ3
,

fyy = f ′′ y
2

ρ2
+ f ′ x

2

ρ3
, fxy =

xy

ρ2
(f ′′ − f ′

ρ
), 346

�:���" ^�� �d��� � �
��e	�� �� �f ′′ =
d2f

dρ2
� f ′ =

df

dρ
�&'5 �" ��

1

R1
+

1

R2
=

f ′′ +
f ′

ρ
(1 + f ′2)

(1 + f ′2)3/2
356

��X)�� �" � �ψ′(ρ) =
f ′′

(1 + f ′2)3/2
:���" �ψ(ρ) =

f ′√
1 + f ′2 ����J* ��

1

R1
+

1

R2
= ψ′ +

ψ

ρ
=

1

ρ

d

dρ

(
ρψ
)
. 366
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�:���" '0�50. 
�S��� � ?PN �%Z� �" �)E� 
�S��� �� ��0* ��

± 1

ρ

d

dρ

(
ρψ0

)
=

∆p0

σ
, 376

%��< � κ � � �� ∆p0

2σ
�J � � � ( �� �� �>�� >�� H �
�, � �,�e	 �� � � '�� �� H� '0W �∆p0 '5 �" ��

�:���" ^�� �� 
�)	 ��+��� �� �:)��9� ��� >PM� �� �� J� �:)&"9�

ρψ0 = κρ2 + a0 386

� >�� ��T ρ = 0 �" f0 �q��� �>�� 
�SN 
�S;� �(��*^�� ρ = 0 '0W �>��  ��+��� �>��H a0 ��
�:���" /. �a0 = 0 �X)�� �" � ψ0(0) = 0 :���"

G�



f ′2
0

1 + f ′2
0

= κ2ρ2 396

��&"9� ��
df0
dρ

= ± κρ√
1 − κ2ρ2

3106

�:���" ^�� 
�S��� �� 
�)	 ��+��� ��

z = f0(ρ) = ±
√

1

κ2
− ρ2 + z0 3116

κ �>��H �" �>�� ��P� �� z0 
�#T�� �� � z ��0Q� �
�� [����� �� >�� |κ−1| ���J, �� 
�
�� ��
�" �"�0� �" �'5 �� ?PN ���0,9� ��). cos η � 
�SN �:XR 
�#)�� �� z0 � ∆p0  "�J� ��0D �� �� �z0 �
�3η < 906 
�SN �?E�" >�� (4<� 
�� ����� η �U�<* 
����� �� ��!� �"�� >N" ���� �)� ± �>��@
9�N� �
��� ����;� 
�&?4, �� �0�� 2�,�� 3η > 906 
�SN �B��E �� 3η = 906 9;�� �FS� �
��
�:���" FS� �
��� '0W �"�� r�Z��� �� + >��@ ���� >�� FS� �
�� �� 
�SN �B��E 
�� ����� ��

�O�;� + ���� ���0, ��,�" �+� ���� >��@ �" �& >�� 
�SN �?E�" 
�� ����� �� 9�8�R �
��� �z ≥ z0

��&"9� �� ���� �()j�. �O�;� − � ���� �
^��
:���" ��0* �R = −κ−1 :)�)�9� 376 
�8"�J� �" z = ±

√
R2 − ρ2 + z0 �r�0� �
��e	�� ��

� 
�SN �:XR 
�#)�� �� R � z0 ����;� �" �, 
��,� �� �0D'�<& �>�� 9��� κ �X)�� �" � ∆p0 ��
�:)�)�9� 9���& 

"�� � ^���� �� ���0,9� ��). cos η

cos η =
z0
R

3126

9�J � �� z0 < 0 :���" η > 90 �
�� � �>�� >��" �� �z0 > 0 :���59� >�" �� η < 90 �
�� �
-� 
�� -� �� 9�<!N �:XR �L!R �� :XR �(�,0� �� ()�W:& �>�� 9;�� �FS� ���� 
�� �����

�>�� 9��� R � z0 ())J* �
��� �� ��59� >�" �� �+�" 
�8"�J�

3�1. "4	��� �� 56 "578 �� '�&( "*+� 3

��5 >�" �� ?PN �%Z� �" �� 9j 
��� �?4, �� �� 
�SN �'�� �F)Q�*  ��E� 
�P*�� ()8�� �"  �R
�"0� �&�0E ��� �?4, �� ���� �f��E� '�� �"0�� �� �:)��9� ��).

∆p(z) = ∆p0 + µgz = ∆p0 + µgf(ρ) 3136
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�:���" 9j^�� 
�<)� �
���
1

ρ

d

dρ

(
ρψ
)

= 2κ+
µg

σ
f 3146

�>)<� /. (�� �� �"0,9� "��� µg
σ �������. �� ��, ��I ���;� �" �� �0D'�<& �'�� ��H� �� :)�)�9�

()8�� �" �� "��9� ��i��� �:)&"9� %��<� λ �� �� >�� 
�SN �:XR V '5 �" �� V 2/3µg

σ
��J�$ �'���

���� �))c* λ �� -� �'�0* �� 
��� �?4, F)Q�*

z = f(ρ) = f0(ρ) + λf1(ρ) 3156

f1(ρ) �'"�� ��). f�& ��(�� �" � ��, ��). ?PN �%Z� �" �� >�� 9j 
��� �?R f0(ρ) '5 �" ��
�:���" 
��e	�� �� �>��

ψ(ρ) =
f ′√

1 + f ′2
=

f ′
0√

1 + f ′2
0

+ λ
f ′
1

(1 + f ′2
0 )3/2

+O(λ2) 3166

�:���59� >�" �� ���9� u�T λ = 0 �� 
�8"�J� �" f0 ��(�� � �^�� 
�S��� �� 
"����� ��
d

dρ

[
ρ

f ′
1

(1 + f ′2
0 )3/2

]
=

1

V 2/3
f0(ρ)ρ 3176

>�" �� 
�)	 ��+��� �� �f0(ρ) =
√
R2 − ρ2 + z0 ��5 >�" �� 9j^�� 
�<)� �
��� ?PN �%Z� �"

�:���59�

ρ
f ′
1

(1 + f ′2
0 )3/2

= − 1

V 2/3

(
1

3
(R2 − ρ2)3/2 − 1

2
z0ρ

2
)

+ a 3186

�'�, ��T �O�, �� �� >�� 9j^�� 
�<)� �� q#J�� ρ = 0 �>�� 
�)	 ��+��� �>��H a '5 �" ��
�:���" f0(ρ) �"�X� �
 
��e	�� �� �a =

R3

3V 2/3
�&"9� q���

f ′
1(ρ) = − R3

V 2/3

[
1

3ρ
− z0

2

ρ

(R2 − ρ2)3/2
− R3

3ρ(R2 − ρ2)3/2

]
3196

�� U�<� '0W �"��9� ��i��� �� �0D'�<& � "��" "0�� ρ → 0 ��R ^�� 
�S��� �" �� :���" ��0*
^�� 
�S��� �� 
�)	 ��+��� �+�" ����-� �� �>�� ��T �>�� FS� �
 
��0� �S;� (��*^�� �" 
�SN

�:���59� >�" ��

f1(ρ) = − R3

V 2/3

[
1

3
ln ρ− 3z0 + 2R

6
√
R2 − ρ2

+
1

6
ln
(R+

√
R2 − ρ2

R−
√
R2 − ρ2

)]
+ b′ 3206

�"��" "0�� ^�� �a��P@ ρ → 0 ��R �� :���" ��0* ��"�X� �>�� 
�)	 ��+��� �>�� H b′ '5 �" ��
�>,0� :& ��� �?4, �� �� ^�� �r�0� '�0*9�

f1(ρ) = − R3

V 2/3

[
1

3
ln
(R+

√
R2 − ρ2

2R

)
− 3z0 + 2R

6
√
R2 − ρ2

]
+ b 3216
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�" �"��" 
� � ��� � �� ρ ≈ R �
�� � r�0� "0,9� 
� �" �� �0D'�<& �>�� >�� H -� b '5 �" ��
b �>��H a�0T (�� �" �>�� r�0� f1 ()<& � "���� "0�� ���� �()j�. 
�<)� �,�� η > 90 ��9*�0T
�"���9� FS� �
�� 
�SN �� >�� 
�
���" ���J, ρ0 '5 �" �� �f1(ρ0) = 0 �� ��59� >�" �� (�� ��
�"��5 >�" �� :& �� 9�)j�. 
�<)� �r�0� ���� �,�� η < 90 ��9*�0T �" ��� �ρ0 =

√
R2 − z2

0 9�J�

�)	 ��+� �� �� � �" � �f0(ρ) = −

√
R2 − ρ2 + z0 �
 
��e	�� �� /. :& 9�) j� . 
�<) � �
�� �

r�Z��� 9��� �� ���� '0�50. 
�8"�J� 9�)j�. 
�<)� �
��� �� :���" ��0* �"��5 >�" �� �� f1 '�0*9�
�"0,9� ())J* f ′(ρ0) = f ′

0(ρ0) + λf ′
0(ρ0) = tan η �O�, �� 
�)	 ��+��� �>��H ()8�� ���(�� �"0,

�>�� ��� �?4, �� 9�)j�. 
�<)� �
��� 9j�A� �r�0� a�0T(�� �"

f1(ρ) = − R3

V 2/3

[
1

3
ln

ρ

2R
+

z3
0

6R2
√
R2 − ρ2

]

−z0(3R
2 − z2

0)

12V 2/3
ln
(R+

√
R2 − ρ2

R−
√
R2 − ρ2

)
+ c 3226

"0,9� 
��" �� �0D'�<& �"0,9� ())J* f1(ρ0) = 0 �O�, �� c �� � (�� �>�� >��H c '5 �" ��
����" "0�� 9�)j�. � 9j^�� 
�<)� �" �& ��9�N� �" /. �"��" 
�� ������ ρ ≈ R �" :& r�0� (��

�
��� 
�� -� ����>!)�  0PN?��N �>�� 
�SN �:4, h�ST� �� �� �ρ ≈ R �" 98��E� �
�&r�0�
:& �� �� 3z = f(ρ)6 Y��* � 3ρ6 �)c�� �
�� >�� (�� :4, 
�)R�� �" 
�SN �?4, �'"��5 >�" ��
�z = z0 9�J� �:4, 
�)R�� �" h(z) �q��� �a�0T (�� �" �ρ = h(z) �?4, �� �� M� �:)��x0@
�� 
�SN �?4, ?R �� /. � �>,0� FS� �
��� �� a^"�J� �K�<* 
����" ���� �))c* (�� �� �"0,9� ��T
�" �>�� L���� :4, 
�)R�� �
��� �� 9J��* "0,9� 
��" ��P8� �"��5 >�" �� :4, 
�)R�� �
���
���a��P@ �� �:)��9� ��). Y��* �� �� [�� (�� �� �"��" 
�� ������ 3z ≈ z0 +R6 
�SN �
^�� 
�)R��
�� 
���:& �?4, �� ���� �� Y��* �� (�� �:4, 
�)R�� 
��� h � �9�)j�. � 9j^�� 
�&�<)� �
��� f1 ���

���5 >�" �� 
�SN �?� �?4, �* ���P!W :&
/b� � �+�" �
�&r�0� �'"�� ��). �� 9��)�R� '5 
�#)���� �� "��" "0�� :& �*�� �[�� -�

�� �9j^�� 
�<)� �
��� f1 �M� ��&r�0� �� 94� �� 
"����� �� �[�� (�� �" �:����� �&'5 �'���P!W
�� M� �� �,�� 
�0D ���� a���Z� (�� ��&�� �&�)R�� 
�<& �
��� �� r�0� �� :�� �9� 9*���Z�
��� �9�R�� �
��� ��,�� 
��� �a���Z� ���0*9� r�Z��� -� �"0�� >��A�9� '5 �" Y��0* �q���
�" 9�J� �:��)	9� >�� '5 �� 9�<!N '�� �'��� 

�SN �� 
�
�� 
�S;� (��*()j� . �" �� ��P�
�3�,�� 9��� �� >PM� ���0*9� z06 d = R − z0 ��� :)�)�9� �?4, �� �0�� 2FS� �� d 
�#T��
� � q) N" �
�&r�0� � � P �" � � � "��5 >�" � � �� FS� 
�8"�J� '�0 *9� :& ���� �a���Z� �"
����
��5 >�" �� 9R�0� �� 9sJ� �" �:� �>�" ��&r�0� �� ��'5 �� 98� �>�	 '5 �
 98��E�
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�
��� ?R �� :),�� ��,�" ��i��� � �:��P� ���� �a���Z� �� �� �&r�0� �� 94� �� >�� (�� �*
"�� ����
θ ��)c�� �� 9J��* �'�0�@ �� r � �P�" �� :��
"�� r�Z��� �� 
���� �a���Z� �" ��,�� 9R�0� 
�<&

�"0,9� 
��" 9	
"�� �� �:)�!&

r(θ) cos θ − d = z = f(ρ) = f0(ρ) + λf1(ρ) 3236

y

z

θd

r

�
��� �+�" �><!N -� � '�� �'��� 

�SN �
��� ><!N -� :& r(θ) �
��� :���" ��i��� ()�W:&
/. �:)&"9� '��� r1(θ) � r0(θ) �� L)*�*�� �� ><!N �" (�� �>��	 �i� �" "0�� 98��E� �?R

()�W:& �r(θ) = r0(θ) + λr1(θ) �:���"

ρ = r(θ) sin θ = r0(θ) sin θ + λr1(θ) sin θ 3246

��&"9� �� �r0(θ) = 2R cos θ �� ��" '�0*9� �?4, �� ��0* �� �
��� �?R �
���

ρ = r(θ) sin θ = R sin(2θ) + λr1(θ) sin θ 3256

�:���" λ �" -� 
�P*�� �* 3236 �" 
��e	�� ��

λ0 : r0(θ) cos θ −R+ z0 = f0(ρ)
∣∣∣
ρ=R sin(2θ)

3266

λ1 : r1(θ) cos θ =

[
r1(θ) sin θ

∂f0
∂ρ

+ f1(ρ)

]
ρ=R sin(2θ)

3276

 �� 
�S��� �:)��9� (��	
�� "��" "0�� ��)<& �� 9j^�� 
�<)� �
��� �� f1 � f0 �J� �� ��(�� ��
�:���59� >�"�� K�" 
�S��� �" 
��e	�� �� �"0,9� 
"��5�� ��

r1(θ) = − R3

V 2/3 cos θ

(
2

3
cos(2θ) ln cos θ − 3z0 + 2R

6R

)
+ b

cos(2θ)

cos θ
3286


��" 9�R�� �� 98� ���5 >�" �� >,�" "0�� 9j^�� 
�<)� �
��� �� 
��S��� �� �S��� (�� �W�	�
>�� (4<� θ �� 
�
"��Q� (��*%)� �
��� 9�J� �>�� >��" 
�SN �FS� 
�<& �
��� �� "0,9�

���59� ��� �O�, �� ?PN ������ b �>��H �0 ≤ θ < π
2
9�J� �"�)+�

GJ



r1(θ0) = 0, tan θ0 =
ρ0

d
=

√
R2 − z2

0

R− z0
3296

��1�9�- "%&� "���� ���
��� "����	� :����; 4

�>�� R3 �� (u, v) ∈ R
2 �� >,�+� -� 
�J�$�" �FS� -�

(u, v) → r = (x1(u, v), x2(u, v), x3(u, v)) 3306

�� >�� (�� ^�� �p�E �>8�R

x1 = x = u, x2 = y = v, x3 = z 3316

�>�� R3 �� t ∈ R �� >,�+� -� FS� �
�� α �:E

α : t→ (u(t), v(t)) → (x1(u, v), x2(u, v), x3(u, v)) 3326

�"0,9� 
"�" ��� ���"�� �� :E �� U�<�

vα =
dr

dt
= u̇ ∂ur + v̇ ∂vr = u̇ ru + v̇ rv = vαt 3336


�J�$�" �FS� (�� �
�� � � �� >�� H−u � >�� H−v �
�&:E '�0 *9� �>�� �4� ���"� � t '5 �" ��
���0,9� 
"�" ��� �
�&a��P@ �� L)*�* �� >��H−u � >��H−v �
�&:E �� U�<� �"�� ���J*

ru =
∂r

∂u
= ∂ur = (∂ux

1, ∂ux
2, ∂ux

3), 3346

rv =
∂r

∂v
= ∂vr = (∂vx

1, ∂vx
2, ∂vx

3) 3356

�>,0� ��"�� �" (�� �� 9j 9SE �L)��* '�0*9� �� FS� �� U�<� ���"�� �&

v = λ1ru + λ2rv 3366

�:���" �� FS� 
�S;� �& �� "0<@ 
�4� ���"�� ()�W:&

n =
ru × rv

|ru × rv | 3376

U�< � ���"� � q �� � �� � ) � 
� )W � ) � r� � , �|vα| = vα = 1 �� � >�� 9<E �R��>@�� �:E
�>!)� 3>@�� ���"��6

GK



v̇α =
dvα

dt
= aα = v̇αt +

v2
α

r
s 3386

"0<@ '5 �� s �>�� �R�� t � 0D '0W �� :���" ��0* �ṫ ∝ s ����J* �� >�� �4� ���"�� s '5 �" ��
�"��" �� :E �
 9JG0� �
��Q����J, �%;� ^�� �" r �>!)� "0<@ FS� �� �� ���8 s ��P 8� �>��
���J* FS� �� "0<@ ���"�� �
�� r��, 
��80� �� α ��R��>@�� �:E -� �
�� �� R �
��Q����J,

�"0,9�
1

R
= aα · n = v̇α · n 3396

�:���" q��� �(���	 �� �vα · n = 0 �� ��'5 �� � 1

R
=

s · n
r

�:���" �X)�� �"
1

R
= v̇α · n = −vα · ṅ 3406

�:���" nv = ∂vn � nu = ∂un ����J* ��

ṅ = u̇ nu + v̇ nv 3416

��&"9� 
��e	�� �� ��
1

R
= −(u̇ ru + v̇ rv) · (u̇ nu + v̇ nv) 3426

= lu̇2 + 2mu̇v̇ + nv̇2 3436

'5 �" ��

l = −ru · nu, 2m = −(rv · nu + ru · nv), n = −rv · nv 3446

�"0,9� ���J* α2 � α1 �:& �� "0<@ ��R��>@�� �:E �" �-<� �� ()	'�)� �
��Q��

vα1 = vα2 = 1, α1 ⊥ α2 ⇒ vα1 · vα2 = 0 3456

�"0,9� H �()	'�)� �
��Q�� a�0T(�� �"

2H =
1

R1
+

1

R2
= l(u̇2

1 + u̇2
2) + 2m(u̇1v̇1 + u̇2v̇2) + n(v̇2

1 + v̇2
2) 3466

�:���" ���J* � '"0� �R��>@�� �
�&O�, �(�,0� ��

Eu̇2
1 + 2F u̇1v̇1 +Gv̇2

1 = 1 3476

Eu̇2
2 + 2F u̇2v̇2 +Gv̇2

2 = 1 3486

Eu̇1u̇2 + F (u̇1v̇2 + u̇2v̇1) +Gv̇1v̇2 = 0 3496

GL



��&'5 �" ��

E = ru · ru, F = ru · rv, G = rv · rv 3506

�:���" (40) �* (37) �()� v̇i � u̇i �feR ��

H =
En+Gl − 2Fm

2(EG− F 2)
3516

�:���" �x3 = z = f(u, v) � v = y �u = x �� p�E �>8�R �"

ru = (1, 0, fu), rv = (0, 1, fv) 3526

��&"9� �� �ru × rv = (−fu,−fv , 1) ��X)�� �" �fv = ∂vf � fu = ∂uf '5 �" ��

n =
(−fu,−fv, 1)√

1 + f2
u + f2

v

3536

�:���" ()�W:&

E + 1 + f2
u, F = fufv, G = 1 + f2

v 3546

���59� >�" �� 
��e	�� �� ��� n � m �l ��'5 �� � �"�� r�!R �� nv = ∂vn � nu = ∂un '�0*9�

H =
(1 + f2

v )fuu + (1 + f2
u)fvv − 2fufvfuv

2(1 + f2
u + f2

v )3/2
3556
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