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ρ(t, r) =
∑

i

qi δ[r − ri(t)] 112

� *�W � ���� ri(t) � 0i � *�W � ��� qi 0r � �J<) �+ t � ���% �+ ���4� ρ(t, r) �$ 0���
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ρ(t, r) =
∑

a

ρa(t, r), 122
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ρa(t, r) =
∑

i

a
qi δ[r − ra(t) − Ri(t)]. 132

i � *�W � �� Ri � 0a � :9� � Z�5 � �J<) 6	 � �� ra 0a � :9� %� �/�) � ���4� ρa
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ρa(t, r) =

{∑
i

a
qi exp[−Ri(t) · ∇]

}
δ[r − ra(t)],

= ρ̃a(t, r) −
{∑

i

a
qi [Ri(t) · ∇] F [Ri(t) · ∇]

}
δ[r − ra(t)], 142

�$

ρ̃a(t, r) := Qa δ[r − ra(t)],

:=

(∑
i

a
qi

)
δ[r − ra(t)], 152

�

F (x) :=
1 − exp(−x)

x
. 162
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Pa(t, r) :=

{∑
i

a
qi Ri(t)F [Ri(t) · ∇]

}
δ[r − ra(t)], 172

+"/�� *�	+

ρa(t, r) = ρ̃a(t, r) −∇ ·Pa(t, r), 182

���� %� �

ρ(t, r) = ρ̃(t, r) −∇ ·P(t, r), 192
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ρ̃(t, r) =
∑

a

ρ̃a(t, r), 1102

�

P(t, r) =
∑

a

Pa(t, r). 1112
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(��� ��	
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P(1)
a (t, r) =

[∑
i

a
qi Ri(t)

]
δ[r − ra(t)],

= : pa(t) δ[r − ra(t)]. 1122
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J(t, r) =
∑

i

qi vi(t) δ[r − ri(t)], 1132

(��� i � *�W � �N
� vi �$

vi(t) :=
dri(t)

dt
. 1142
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J(t, r) =
∑

a

Ja(t, r), 1152

�$

Ja(t, r) =
∑

i

a
qi [va(t) + Vi(t)] δ[r − ra(t) − Ri(t)], 1162

�

Vi(t) :=
dRi(t)

dt
. 1172
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Ja(t, r) = va(t) ρa(t, r) +
∑

i

a
qi Vi(t) δ[r − ra(t) − Ri(t)],

= va(t) ρa(t, r) +

{∑
i

a
qi Vi exp[−Ri(t) · ∇]

}
δ[r − ra(t)],

= va(t) ρ̃a(t, r) − va(t)∇ · P(t, r)

+

{∑
i

a
qi Vi exp[−Ri(t) · ∇]

}
δ[r − ra(t)]. 1182
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∂tPa(t, r) = −va(t) · ∇Pa(t, r) +

{∑
i

a
qi Vi(t)F [Ri(t) · ∇]

}
δ[r − ra(t)]

+

{∑
i

a
qi Ri(t) [Vi(t) · ∇] F ′[Ri(t) · ∇]

}
δ[r − ra(t)],

= −va(t) · ∇Pa(t, r) +

{∑
i

a
qi Vi(t)F [Ri(t) · ∇]

}
δ[r − ra(t)]

+

{∑
i

a
qi Vi(t) [Ri(t) · ∇] F ′[Ri(t) · ∇]

}
δ[r − ra(t)]

+∇×
{∑

i

a
qi [Ri(t) × Vi(t)] F ′[Ri(t) · ∇]

}
δ[r − ra(t)],

= −va(t) · ∇Pa(t, r) +

{∑
i

a
qi Vi exp[−Ri(t) · ∇]

}
δ[r − ra(t)]

+∇×
{∑

i

a
qi [Ri(t) × Vi(t)] F ′[Ri(t) · ∇]

}
δ[r − ra(t)]. 1192
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F (x) + xF ′(x) = exp(−x) 1202

+"/�� �Q��) 1192 � 1182 %� ���� ��=� ��$ ��
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Ja(t, r) = va(t) ρ̃a(t, r) + ∂tPa(t, r) − va(t)∇ · Pa(t, r) + va(t) · ∇Pa(t, r)

−∇×
{∑

i

a
qi [Ri(t) × Vi(t)] F ′[Ri(t) · ∇]

}
δ[r − ra(t)],

= va(t) ρ̃a(t, r) + ∂tPa(t, r) + ∇× [Pa(t, r) × va(t)]

−∇×
{∑

i

a
qi [Ri(t) × Vi(t)] F ′[Ri(t) · ∇]

}
δ[r − ra(t)]. 1212

� ��H	
#9 ��

J̃a(t, r) := va(t) ρ̃a(t, r), 1222

�

Ma(t, r) := −
{∑

i

a
qi [Ri(t) × Vi(t)] F ′[Ri(t) · ∇]

}
δ[r−ra(t)]+Pa(t, r)×va(t),

1232
+"/�� 1212 � �J���

Ja(t, r) = J̃a(t, r) + ∂tPa(t, r) + ∇× Ma(t, r), 1242

���� %� �

J(t, r) = J̃(t, r) + ∂tP(t, r) + ∇× M(t, r), 1252

�$

J̃(t, r) =
∑

a

J̃a(t, r), 1262

�

M(t, r) =
∑

a

Ma(t, r). 1272

*+�� � �������� � ���.JF��� %� �/�) M �:�	"-�� +�%� � ����	
� � ���4� J̃ ��
%� �$ ��� �	 �������� � ���.JF��� � 
d� 1232 � ���� � @
� � _�+ � �M�� ����
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K
 &'� ���� a � :9� � ���+ ����� � �$
K %� �/�) � �������� � ���.JF��� � 
d�
� �.JF�+ � ���4� 0��� F ′ � F �AbB 
M� �9� � ;�� � �M�� 3	,�� %� �/�) �$ M %�

(��� ��������

M(1)
a (t, r) =

{[∑
i

a 1
2

qi Ri(t) × Vi(t)

]
+ pa(t) × va(t)

}
] δ[r − ra(t)],

= : ma(t) δ[r − ra(t)],

= : [µa(t) + pa(t) × va(t)] δ[r − ra(t)]. 1282

����� � �$
K %� �/�) � �������� � �.JF�+ 0���� � @
� � �/�
$ � ,�� � �M��
� �������� � �.JF�+ �/�
$ � _�+ � �M�� ���� 1ra2 :9� � E�
� � �J<) �� �.�)

���� :9� � ��	
���� � �.JF�+ � �$
K %� IL�K
0�.JF��� � _�+ � `��� 0�.JF��a� � `��� :� F ′ � F � ;�� � �#� � ���M��

����+�� �� *
�^ �
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1B2 �������� � ����� � 1E2 ��	
���� � ����� � �
� AaB ,"����C � ����+�#�

∇ ·B(t, r) = 0, 1292

∇× E(t, r) + ∂tB(t, r) = 0, 1302

∇ ·E(t, r) = ε−1
0 ρ(t, r), 1312

∇× B(t, r) − μ0 ε0 ∂tE(t, r) = μ0 J(t, r) 1322

�)"/�� 1322 � 1312 � 3-:��) � ����+�#� 01252 � 192 %� *+�R��� �� ��)�

∇ · [ε0 E(t, r) + P(t, r)] = ρ̃(t, r), 1332

∇× [μ−1
0 B(t, r) − M(t, r)] − ∂t[ε0 E(t, r) + P(t, r)] = J̃(t, r). 1342



*+�� �+ ���������
���� � ����� � ����+�#� f

3	� �� �� 1H2 �������� � U+
- � ���4� � 1D2 ��	
���� � ��/ � ���4� � �������
�:��$�� H	
#9 I�/

D(t, r) := ε0 E(t, r) + P(t, r), 1352

H(t, r) := μ−1
0 B(t, r) − M(t, r). 1362

�)"/�� 1342 � 1332 0��3	� %� *+�R��� ��

∇ ·D(t, r) = ρ̃(t, r), 1372

∇× H(t, r) − ∂tD(t, r) = J̃(t, r). 1382

� ��� � � �+ (� )� ��� � � �� a � � I �� / 1382 � 01372 01302 01292 � � �� �+� # �
�������a� 3	� � �+�����+�� � �
� ����+�#� 3	� ����4� � ����� �+ � ���������
����
3 	� � IK � �
 � �� � ��� ) �=�$ %
� � � � ��� � ;	�
/ � +�%� � ������ � 3�/�+ � �
� � �� �+� # � �+�P =� � N"�Q� 3 	� � � :� �� � � ��5�� � � �� �+� # � � 	� � � �� �+� # �
����+�� ���������
���� � ������� � G�K 
� �� ���4� � ������� 0����5��

� 3	P-�� ����5�� � ����+�#� �� *��:� 01382 � 01372 01302 01292 � ����+�#�
��)� 1322 �9 1292 � ����+�#�

��������� 3

� 3�-���� � g") �J<) 6	 �+ ����� � ���<� � �� �� ��#	  ! "L� 0%�����:� � ��	�
=
(+"/�� _�Q)� I�/ 3	� �� ��$ 3	� �:	��T4� �� �J<) �� � �-�	��:� �+ ����� � ���<�

(Sf)(t, r) :=
∫

dt′ dV ′ W (t − t′, r − r′) f(t′, r′),

=
∫

dt′ dV ′ W (t′, r′) f(t − t′, r − r′). 1392

� �)��% � ��a8 �� h �.� � ,"K *�	P-�� � ���:�  E��9 W � 0f � *�/���:� Sf �$
3���:� ���� Δr � �	�i= � ��a8 � Δt
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∫
dt dV W (t, r) = 1. 1402

%� ��� �=�$ 03	� � ��	+ � �
� ���� 
9�	�/ %�����:� 0�)"/ 
9k�P� Δr � Δt �� 
�
(:	
�4� AcB �	�"= � I	�.9 1392

[F(Sf)](ω,k) = [(FW )(ω,k)] [(Ff)(ω,k)], 1412

(��� AcB �	�"= � I	�.9 F �$

(Ff)(ω, r) :=
∫

dt dV exp[i(ω t − k · r)] f(t, r). 1422

%� E �� 9 �� � AcB � 	�" =I� 	� . 9 � � �a 8 0�/� � Δx � *� 	P-�� � E �� 9 � � �a 8 
-� � ��
� �
� � (Δt)−1 � �.9
� %� ω � 
���� � �
� FW � ��a8 78 ���� Δx � 7�N � �.9
�

9k�P�  I�5 � �� ω � �
� 0F(Sf) � ��#	 3	� ���� (Δr)−1 � �.9
� %� k � 
����
� �
� Ff %� 
96�"$  I�5 0(Δr)−1 %� 
9k�P�  I�5 � |k| �� � �� k�	 (Δt)−1 %�
� ��O��<� � � � ��P�5��=� 0W � � %�����:� 78 ���� k � ω � �����<� 3���

���$�� @TK �� Δr %� 
96�"$ � �	�i= � ��O��<� �	 Δt %� 
96�"$ � �)��%
+"/�� *�	+ �-*+���� 01392 %� *+�R��� ��

S(∂tf) = ∂t(Sf),

S(∇f) = ∇(Sf). 1432

� +"5 � �� ��2 ������ � ������� � *�/���:� � �
� 01382 �9 1292 ��+�� ���) 3	�
0�M�� %� ��)� ��
F
� :� 1������ � �������

∇ · (SB)(t, r) = 0,

∇× (SE)(t, r) + ∂t(SB)(t, r) = 0,

∇ · (SD)(t, r) = (Sρ̃)(t, r),

∇× (SH)(t, r) − ∂t(SD)(t, r) = (SJ̃)(t, r), 1442

� 1AaB ,"����C � �V���
$�� � X +�#�2
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(SD)(t, r) := ε0 (SE)(t, r) + (SP)(t, r),

(SH)(t, r) := μ−1
0 (SB)(t, r) − (SM)(t, r). 1452

1442 ��)��+�� 
� *�/���:� � ������� %� �� S � ��nN �-*+�� � �
� 0����  I�5 �+
,"L ��MN 1*�/���:� � ������� � �
 � ����5�� � ��� �+�#� � � *��:�2 1452 �
� ������ � %
� � ����� � ;	�
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�
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