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�
 
� ���0# 4F�
�
 ���
Y0��'�
 ���!� 
R��� �� ��
 �� 

 ���#��
 �C�
8 �� 
8
 �� 
#4DF&T
 �� �!� �� �DR

���'�
 �'!a 0�/��
 �l7 �� �� �
8 HU

��



v

v
u

ut−y

L−x

u

x

θ

θ

L

y

 �&��� *�,-+ �� �� ����.� � �&��� /��0 ��,1�� �2( �� �� ��.� 
� ��


���'�
 �'!a �!��� 1� �� �� �
8 Hj

��	
� �	
� ������ 
�� �� �� ���� ���

�+ 
� ���� ��P4C �

� ��� � �!�?�
 �� �
8 �C�
8 �!7d
� 
�+ 4' 4' � 
� ��� ��&_� ��� �8,

��� 4� 0���&(�
 �!(�
(&' �� 4-�
N
 
� �� ��� �� �&_� 6� �&R �� 
� �C�
8 !� ��
 ���&
 �� ��&_� 4'

�0���+
���� x = L �� 4l/� �� � x ��&N
 �� �� �
8 � �T�-
 �� ����� �� �C�
8 0��'�!% �?�
� �� �!�
�� ��4l/� �� ���� D 	G .
 2�C 1� �� !# �� 
8
 y �� 4DF&
 �� ��
R4�
R ��!� �
8 4� �C�
8 !?�
�� 4DF&T 
 4' ��� 4� 4R&( 
� �0�!�?�
 θ �� ��
��
 x ��&N
 
� �C�
8 �� >!� ����!� 4' ��4���� !��


�& �
 4O��� ��� v sin θ �C�
8 �� >!��y

⎧⎨
⎩
D =

∫ T

0
v sin θ dt,

D = uT,

⇒
∫ T

0

sin θ dt =
uT

v
H1I


� �� 
#�+ �� 4E`
% !?� ���� L ����� ��
#�+ �� 4E`
% ���� �
8 4� �C�
8 �� ���� �� 

� T 4'
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Ṡ = w‖ = u sin θ − v, H8I

���� �>!� ��� �� �L!> �� 4DF&T
 �!*�� �

Sθ̇ = w⊥ = u cos θ. H9I

�� ��
D��� � θ̇ !� ẋ 0� ��/( 
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 Q� ����!D�� 4F�
�
 �4F�
�
 �� ����Q< a 
�

δ̈ + ω tanψcδ̇ + ω2δ = 0. H23I

��� �� ���Z?�
R 
� �0�!�?�
 6�&R �� �&�> 4� �� ep t �� ��
9� �4F�
�
 6� �&R �� ���+ ��� 4� �� �!�
��+�
 ��� 4� p �� �!� ���/
 �� 6�&R

p = −ω
2

(
tanψc ±

√
tan2 ψc − 4

)
. H24I
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���&R �� !?� ���� �δ → 0 �

� ��  Z? 
� S� �����# �D�
 
#6�&R��� �� �� !# �� �/�/a �� ��
���'�
 Q�
 r = rc � ψ = ψc �� ,� 4� 6�&R ��� �� 
� r ≈ rc � ψ ≈ ψc 4' 0��' q�! 

������ B% 	.!' 3

��" #$ �� %�� ��&

!# 4' ��� ��4�&? 4� 
#�+ �� '!a �����# �>	Ld���
��
 |� E.
 �� 
#{�T� �� �� ��= 4� ���'�!%
�� ��& �
 
R4�
R vdt �� ������ 4� ��= !# dt ��
(&' �� 

� �� ���'�
 $�/�( �� �&7 ��&ER �� ��= 1�
������ ��!P ��� !(1C&' �,' 4' �!*�� q� 	Ld���
��
 |� E.
 �� 
#{�T� �� �� ��= 4� 4\NF ���
�+ {� �T� �� �� ��= 4� 4' �.E.
 ������
 � Q� 8 �� 4' �&@�
,# ���� ���7!C 0# �,' |E.
 ���

����!� 0# 4� |E.
 2�'!
 �� ��= 4� 4' ��� 
( �& �
 1C&' � �7!C�
 ����#
Q`� |E.
 2� '!
 4 � 4' �l7 
� � ��� |E.
 q� 	L� �� �8� �� 
 ���� �� ��= !# �� >!� ����! �
�0���&�� �-lP ��
*��� �� �� �>!� �� 
#4DF&T
 ��� �%
' ���
��
 α = π/6 �� 4���� ����0# �& �


ṙ = −v cosα,

rθ̇ = v sinα. H25I

���+�
 ��� 4� θ(t) � r(t) 
#4F�
�
 ��� ��
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d
θ α

α

������� ���� ������ �� � !��"� �# $���%�& $� $����� '� ()*+ 
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r(t) = d− v cosα t,

θ(t) = tanα ln
(

d

d− v cosα t

)
. H26I

�� 4F�
�
 �� 4' ��� ��� !*�� ��� 1� �0���+ ��� 4� 2�� �� r(θ) !��
 �� 4F�
�
 0���&(�
 t o� Za 
�
0��' 0��/( 0# !� �� H25I

dr

r
= − cotα dθ, ⇒ r(θ) = d exp(−θ cotα). H27I

��+�
 ��� 4� T 
R��� �� � ��� r(T ) = 0 �����
 0# 4� ;��= 4' ��

�

T =
d

v cosα
. H28I

4� |E.
 2�'!
 �� ;��= ��P� gP�� �� ��& �
 ��
9��� θ �T �� 

� �� 4' ������ H26I )� �� �� 4F�
�
 ��
��!� !\� 4� �8�2�%!��] 4O��� ��� ��� �8,
 �������7!C |E.
 2�'!
 ���� 4�%� ��
9��� �����
 0#
!?� ���� �� � 
� ;��= �� �&� ���x�� �� �8�2�%!� �] �� !% �� $El
 ��� 0� 
� 4� �� 4R&( ��
� �F�
�� � ���� !D` !*�� |E.
 2� '!
 �� �
 4E`
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 0# 4� ;��= ��P� 0�& Q�
P ���x ;��= �� �!�

����� ���N
 ����/
 θ 0# ;�
 ���
�� ��4���� �� >!� 
� |E.
 ���0# 4' ����<� 6� &C�
C �� �� 4F
T�
 4' ��� �+ !*�� �� ��
� ���� 1�
��= !# � �& �
 1C&' p/% 4'Q� �7!C�,� !*�� |E.
 6&C�
C ��� �� �0��' ���!� �7!C�
 θ̇

��& �
 1��2� ��� ��
[ 4' |E.
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 4� v cosα�� >!� 
� ����� p� 7 �� ��
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1� �� 
#{�T� �� �� 4' 0�� �� ��= N ���= 4� �� 
R 4� !?� �α = π/3 q	Ld���
��
 |� E.
 �� �!�
�0�#� ��!P π/N �α �� 
R 4� H26�28I �� 
#4F�
�
 �� ��� �%
' ��� 
� 0\��
 �� ��EL N

r(t) = dN − v cos(π/N) t,

θ(t) = tan(π/N) ln

(
dN

dN − v cos(π/N) t

)

T =
dN

v cos(π/N)
, H29I
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 � ����# CA = l3 � �BC = l2 �AB = l1 �� 
��� 4� �.E.
 {� �T� 4� �� �� 4' ��= 4�

#��= ��� �� 4' �.E.
 4' ���'�!% ����'�
 $�/�( �� !*��0# v3 � �v2 �v1 �� 
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 �� S� 
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� 4�F�� |� E.
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� ��4l��� 4C 
# θi HAF�

i��� ��P4C 4\NF !# �� rivj

rjvi
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