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[∀ (t, r) | (t, r) ∈ Ω] :
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δSΩ

δφ(t, r)
, �3�


�

SΩ(φ) =
∫

Ω

dD+1r L[r, φ(r), ∂φ(r)]. �4�
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dt L[t,q(t), q̇(t)]. �14�
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=
∑

a

δ[r − qa(t)]
(
−Ea i +

∂L

∂qi
a

)
. �25�

�.� 7
�!�;�I� �# �! ��
����� �� 
-��B� ����,�� �-�./ � �-�./ 1�� ����� 	
��

�P-� 0
��# �89 ��	!A �� 
I� � qi 
# 3P$� L � S�@� 
� 1��

d
dt

(∑
a

pa i

)
ns=
∑

a

∂L

∂qi
a

, �26�

!� ��	!A �� 
I� � ���%*� � 6�?��� � 3�: *�$��� ��� �89 3��! � a�T ��� �"B� 
�

"/ �� 73�� 3#�5 
���: � i �� 
8gl� �� �-�./ � 6��.��� �
��# 
���� �!�?: i �� ����!

0�!F�;�I� �# �! ��
����� �� 
2#�! Jμ
i �� �-�./

�� ��# � mK�� � 	�! ��/ 73�� �:
# *� 1�� %� HK� 7
���: � �89 �� 
8gl� � �!�� !�
�� ��
gI, 3�� 1�I� p0 0����I� 	
�� �� pa 0 %� � M�IN� � Y�� 
# p0 �� 
�GN:
*� �# ��	!A � +"�*��# %� ���� �"B� 7
�� 	!A 
"/ � 3e�� � ���� � Y��� 
� 
��# 
����
�?' � Y��� a �� �� �%� 
# La 
� 73��� �� La %� � M�IN� � Y�� 
# ��@# �! L ��� 0
��

��� Z��B: ����� 3Q� �; 7
��# a �� 	!A � 3e�� � ����

pa 0 := La − pa i q̇i
a, �27�

7
N��� !� 0����� Z��B: pa i �� �, 
# pa 0 �# ��� �21� � Yd� *� Jμ
0 3-�4 1�� !� �

Jμ
ν :=

∑
a

δ[r − qa(t)] pa ν q̇μ
a (t). �28�



n X1-028 (2005/01/07)���U 
I��

����� *� �25� �� 
�$���

∂μ Jμ
0 =

∑
a

δ[r − qa(t)] (Ea i q̇i
a + ∂q

0La). �29�

7
�!�;�I� �# �! ��
����� �� 
2#�! p0 � ����,�� �-�./ � p0 �� �-�./ *� 3-�4 1�� !�
�26� �� 
�$��� 7o�N���� 0
��# �89 ���% 
# 3P$� �� La �� 
I� � m��9 � S�@� �.�

�����

d
dt

(∑
a

pa 0

)
ns=
∑

a

∂q
0L, �30�

�
��# 
���� �!�?: ���% � 6�?��� � 3�: *�$��� ��� �89 3��! � a�T ��� �"B� 
�
�� 
2#�! Jμ

0 �� �-�./ 
"/ �� 73�� 3#� 5 
 ��� : � 0 �� 
8g l � �� �-�./ � 6��.� ��
0�!F�;�I� �# �! ��
�����

�!�?: ����� 	
�� 03�� �BK�� �� ��
�$��� � M�� �� 
��@� ��
����� �� 
2#�!
� � -�./ � 1� # ��
 ����� �� 
2 #�! �� �!�� Q� # �� �� # �� �% � � �&' � 6� ? � �� � 3�:
� � 
 ��� : �� ��
�$ �� � �� �� # 
 "/ �� 73$� � �'�� �=� �� � � 
 ��� : � �� ��,�� �-�./
J�!A � +"�*��# 
� 3�� �; 	
�
� 1�� �� �8�� � Z�9�: 03�� �'�� Y� �� �=���
	�!�;�# Y�� 1�� 
# 3�� 1�I� Y� �� 
���: �� ��
�$��� k� 73$�� �BK�� *� �#
�� �, �� !�� � �.�� �� 	!A �� 
���: � 7��� *� ��, �� !�� 	!A �� �� 
���: 
� ���
03$�� �BK�� ��
�$��� 1�� ��� 7	
��� 
�$��� Y� �� 
���: 3-�4 1�� !� 0��� ���% ��.��

��� �� ����� 	 �� ���� 3

0
 �� � . # �  � !� �! �	!A 
 " / � �� � � � ��
 � � �
 " / � �� � � � Y �� � � * � $ � �

� Y�� 
# � *�$��1�"/ �� �R���.-F�� �-�./

L(q, q̇, φ, ∂φ, r) = LF(φ, ∂φ, r)

+
∑

a

δ[r − qa(t)] L̃a(qa, q̇a, φ, ∂φ, t) �31�
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−
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{
δ[r− qa(t)]
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∂φ,μ

}
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)∣∣∣∣∣
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dt
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∂La

∂qi
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La(qa, q̇a, t) := L̃a(qa, q̇a, φ, ∂φ, t)
∣∣∣
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r=qa(t)
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−Θμ
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∂L̃a

∂φ,μ
φ,ν

]

= Eφ,ν + ∂φ
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(∂φ
ν − ∂ν){δ[r − qa(t)] L̃a}

= Eφ,ν + ∂φ
ν LF +

∑
a

δ[r − qa(t)] [(∂φ
ν − ∂ν)L̃a], �37�
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∂L̃

∂qi
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)
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(∂φ
0 − ∂0)L̃a = (∂qφ

0 − ∂q
0)L̃a, �40�
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# q̇ � q � ∂φ � φ �� ��
�$# � 1�'��� �!� � ��
# ����S�@� �"B� ∂qφ �; !� 
�
����� ν = 0 � 3-�4 !� �37� �,1�� %�

A0 = Eφ,0 + ∂φ
0 LF +

∑
a

δ[r− qa(t)] [∂qφ
0 L̃a + Ea i q̇i

a − ṗa 0]. �41�
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Aν +
∑

a

δ[r − qa(t)] ṗa ν =Eφ,ν +
∑

a

δ[r − qa(t)] Ea i ci
ν

+∂φ
ν LF +

∑
a

δ[r − qa(t)] ∂exp
ν L̃a, �42�

7�; !� 
�

ci
ν :=

⎧⎨
⎩

q̇i, ν = 0

−δi
ν , ν �= 0

, �43�

�

∂exp
ν L̃a :=

⎧⎪⎪⎨
⎪⎪⎩

∂qφ
0 L̃a, ν = 0

∂L̃a

∂qi
a

, ν �= 0
. �44�
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ci
ν = ∂ν [qi(t) − ri] �45�
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∑
a

δ[r − qa(t)] ṗa ν = ∂μ

{∑
a

δ[r − qa(t)] pa ν(t) q̇μ
a (t)

}
, �46�
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∂μ τμ
ν = Eφ,ν +

∑
a

δ[r− qa(t)] Ea i ci
ν + ∂φ

ν LF +
∑

a

δ[r− qa(t)] ∂exp
ν L̃a, �47�


�

τμ
ν := τμ

F ν + τμ
I ν + τμ

Mν , �48�

�

τμ
F ν :=−Θμ

Fν ,

τμ
I ν :=−

∑
a

δ[r − qa(t)]
∂L̃a

∂φ,μ
φ,ν ,

τμ
Mν :=

∑
a

δ[r − qa(t)] pa ν q̇μ
a (t). �49�
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