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v =
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[Λ(v)]
ds

dτ
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s = T + u
1
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u · T +

1
m

f · S
)
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ds

dτ
= Tr + ur

1
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ur · Tr +
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m
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X =: [Λ(v)] Xr. �27�
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!�7�� �26� $� ���12 � ,X"

ds
dτ

= Tr − [Λ−1(v)]
d[Λ(v)]

dτ
s. �28�

� %!� � �� T  >� " $� & \ "� �� �� �� � � ! & "� T � $� .R � � 
 " !�� � �D� T : Tr

�D�T: =�� 
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Λ0
0(v) = γ,

Λ0
j(v) =

γ vj

c2
,

Λi
0(v) = γ vi,

Λi
j(v) = δi

j +
(γ − 1) vi vj

v · v ,

= δi
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γ2 vi vj

c2 (γ + 1)
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{
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}0

0
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dτ

}0

j
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1
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γ

dvj
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+
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dγ

dτ

]
,

{
[Λ−1(v)]

d[Λ(v)]
dτ

}i

0

= γ
dvi

dτ
+

vi

γ + 1
dγ

dτ
,

{
[Λ−1(v)]
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dτ

}i

j
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γ2
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dvi

dτ
vj − vi dvj

dτ
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ds
dt
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1
γ

Tr + TT, �31�

&*

TT =− γ2

c2 (γ + 1)

(
dv
dt

v · s − v
dv
dt

· s
)

,

=−s×
[

γ2

c2 (γ + 1)
dv
dt

× v
]

. �32�

TT & " �!�7�� = �U �� �$� $�,�@� � ,6
# � j;� " TT ��7� " 
'g Tr 
:� � �0
�+���:�� �e� ?���3 $� $�,�@ �D �� Vg�0 $� $�,�@ &" � ��e� ?���3 � �D�T:
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:� &* ��F� =�� &" ���� ���`� $� .���@ �� �D�T: =�� � !��� !�7�� .��!

�!�7�� 
'g �D�T: =�� ����
h" ���B �"

��	����������� � ����� � ��	� 2

s ���� � �H�0 ! �D � =�U�� &* ��
�h" 
� ! � q � �" � m � 	
� �" �!�" $� .R ��
!�7�� ���� � �H�0 ! .R =�� $� ���N��O� $� �`\K�! ����

µ =
g

2 m
s, �33�
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���� � �H�0 ! �.R =�� 
" !�� � �D�T: ���� .R $� ���N��O��
�l � �`� g &*
!�7��

T= µ × B,

=
g q

2 m
s× B, �34�

��

T i =
g q

2 m
F i

j sj , �35�

�7� � �D !�7�� ���� 
'g s0 ��# &*

T i =
g q

2 m
F i

β sβ . �36�

�+��*�� E�
F3 =��# � �D�T: � �!
"�# ��=�� ��

T α =
g q

2 m
Fα

β Sβ , �37�

��

T =
g q

2 m
F S. �38�

�I�3
3 =�� &"

Tr =
g q

2 m
Fr Sr, �39�

&*

F =: [Λ(v)] Fr [Λ−1(v)]. �40�

!�7�� 	�(F� I�3
3 =�� &"

Tr =
g q

2 m
s× Br, �41�

$� � %, X " B � E �F $� � � & " Fr � " � �� �� � �D� � � �! & " �11� � V Z � Br � Er & *
=�-% &" �� � F � ��4��!�@ � �� �3 $� �%&'()� &* V" ������ �!
"�# �! $� ���12

+��! bK�� ! ���� T �" Tr $� &\"� � &�`7 B �" Br $� &\"� dY Z� 
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Br =B +
γ2

(γ + 1) c2
(v × B) × v +

γ

c2
(E × v),

=
γ

c2
(E + v × B) × v + B − γ

(γ + 1) c2
(v × B) × v. �42�

!�7�� &C�� �+��[:�� �41� ! � =��

Tr =
g q

2 m
s×

[
γ

c2
(E + v × B) × v + B− γ

(γ + 1) c2
(v × B) × v

]
. �43�

+% .R =�� 
" !�� $� �
� � �!
"�#

f = q F u �44�

G�%!�� � �b� ?� 
�H� $� �
� ��-% bK�� ! &* ����

d (γ v)
dt

=
q

m
(E + v × B), �45�

!�7�� &C�� �D �� &*

γ
dv
dt

× v =
q

m
(E + v × B) × v. �46�

!�7�� �32� ��=�� ��

TT = − γ q

c2 (γ + 1)m
s× [(E + v × B) × v]. �47�

!�7�� &C�� �+��[:�� �31� ! � �43� � &\"� =��

ds
dt

=
q

2 m
s×

{
1
c2

[(
g − 2 γ

γ + 1

)
(E + v × B) × v − g

γ + 1
v × B × v

]

+
g

γ
B

}
. �48�

��-% +% 	�! $� &(-� � !�7�� 
'g !d* D � ��! � _�� $� &(-� ����`� 
��n � �0 !
���N��O� $� �`\K�! �� &" ���N��O� � ����� �� &* �%!�� � $ _�-F� � �D�T:
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$ �K� ���� 
'g &(-� =�� +�7�" &�7�� ���N��O� � ����� $ �K� &�`H� ���*�� !��
!�7�� �48� ��7�` ���N��O� � �����

ds
dt

=
(

g − 2 γ

γ + 1

)
q

2 m c2
s× (E × v). �49�

	�(F� ���� ���N��O� $� �`\K�! �� 
" !�� � �D�T: 
" ���`� � p�Qq3 �� =��
!�� �D�T: r
Q�� $� ���N��O� $� �`\K�! �� 
" +% ���
��H� � ����� !�7��

���� =��# !��� � +* $� �%�;
� ! >�" � L�`; � �0 �&(-� �� ���*��

ds
dt

= (g − 1)
q

2 m c2
s× (E × v), |v| � c, �50�

ds
dt

= (g − 2)
q

2 m c2
s× (E × v), |v| ≈ c. �51�

� ����� �� ! =�U�� �� $� ���(�-% !�7�� �+* $� �%�;
�� ���`� 
� �n � �0 !

� a
7 &" ��7� ���N��O� � ����� �� ! =�U�� �� $� ���(�-% � V�7 &" � ���
��H�
&" � =�U�� � ���� � f�#�# ! ���N��O� � ����� ���N��O� � ����� $� �� &" &* =��

� �;
� &" ��!W $� �%�;
�� ���`� �
2 � �0 ! �+��[h" � (g − 1) � ��4� g $� ��
$� .R �� $� �
" ���� I����� (g − 2) �" ���
��H� � ����� �� �7� � �D�T: �� 
�� &# �D bK�� ! ���� 2 &" ��!W g ���
��H� � VZ�� 	�!��=�U�� � ��6���" � �!�"
$� �%p�Qq3 � 
N�6 &" ��� ���� 2 �" 
"�
" �Y4�K! g ��D�� ��! &" �f� r
̂�! $� &H!�F�
���`� 
� �n � �0 ! �I�3
3 =�� &" ��2� !�7�� /
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