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=
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∆y = yA − yB

∆z = zA − zB
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∆x′

∆t′
=
∆x/∆t− βc

1− β∆x/c∆t
(13)

T�X %

u′x =
ux − v

1− uxv
c2

u′y =

√
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c
)2uy
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u′z =

√
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c
)2uz

1− uxv
c2.98 ��'�> W  H
I � R !
1 6
� ��'� ��� &G%

ux =
u′x + v
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1 + u′
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(15)

uz =

√
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x
v
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3

u
.�� W F V�% � � � v ��
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�
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�
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� 
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IV. ������� < 3 � ���H:I
u
6 � &G%@& � ������� < E

3 � �
�
p * ��� � �
	
� � m0 (

��� � H:I����� # 
 &���� � � � 6/� ��> 3  
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�! ) .#" &+% (@) � T1 ��K�$T� WQ��'

E =
m0

√

1− (u
c
)2
c2 (16)

p =
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√

1− (u
c
)2

u (17)
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E = c
√

p2 +m20c
2 (18)

u =
pc2

E
(19)

 
!�"$#�%�& ��'
*
4: p ¿ m0c


�� 3D< �
E = m0c

2 + p2

2m0

3 
 X %
Newton ��� � � � ������� <

� -�4  ���� � WQ�:> 3�. C � Z T '

E�F 1 (15) ���

1
√

1− (u
c
)2
=

√

(1− (v
c
)2)(1− (u′

c
)2)

1 + u′

x
v

c2

=

√

1− (u′

c
)2

γ(1 + u′

x
v

c2
)

(20)

 
!�"54 � � 6 ������� < � ��� ��� 4 ��7 F ���\7 F’ � � Lorentz E�F *
p′x = γpx − βγ

E

c
p′y = py (21)

p′z = pz

E ′ = γ(E − βcpx) (22)

3 
���' � E�F *
px = γp′x + βγ

E ′

c
py = p′y (23)

pz = p′z

E = γ(E ′ + βcp′x) (24)

6�� ��'
> � E�F � [:3 6

E ′2 − c2(p′x
2
+ p′y

2
+ p′z

2
) = E2 − c2(px

2 + py
2 + pz

2) = m20c
4 (25)

3 
 U �
√

E2

c2
− p2 = m0c (26)

�D����� �
	�� �  
Lorentz 	�E � 6�� �:> 3+[ C � Z �XWQ��'
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� �
� � �
	�� E����  � ��� #G& 3 & 1 �  Newton � � ��
�� 4 6
� �  � ���� [��
	�[
Lorentz 	+E � 6 * 
 B �	� % 7 ��T�U E 3�X %�# PQ1 � 6 � � [ 	

E � 6 * 
 & '7
F
6 � � ��
�� 4 dp

dt
= f * 7 F’ 6 * dp′

dt′
= f ′

3 
���'

 � 7

F ��!�E ����	 � � m0 � �
�  ��	 # %�& � 3 # T�1 ' � f
 �� ��	

∆t �
B [ � 3 4 ��'
∆t * ��& ��� ��> � 	 � .�JDK 3�� 
 #�% T & ' T�X % ��� � � ��� * ∆t � � *
∆p = f∆t

� 
 X %:& ��'
> � 3�< � ��� ��� < � E
��* O(∆t2) � � � 6���U � �
� � E�� [ O(∆t2) ��� � � � 6
� �:> 3  O ����� 6 B �$��'
������� < � E�� ∆E � ]:&G% � V ��' ∆p *�� � � �G� � ∆p ¿ m0c

6
� U � *
4
T�U �

∆E = c
√

(∆p)2 +m20c
2 −m0c

2 ≈ (∆p)
2

2m0
=
f 2(∆t)2

2m0
(27)

3 
�� � 6 ������� < � E��+* O((∆t))2) � � � � 6�� �:> 3  �B � X�9 '
E�� ∆r

� ]�&�% � V T�1 ' 7 F 6 � ��� � H+I?. u
3 - 4 3 (17) 4 T?U t ∈ [0,∆t]
���� 	���� #�%

u = f
m0

t
3 ' &D% T & � 6

∆r =
∫ ∆t

0

u(t)dt ≈ f

2m0
(∆t)2 (28)

 8 �XW?� E�� [ O((∆t))2) � � � � 6
� ��> 3  
B �;��'� Z %��?& � 	�	���6 * 7 F 6 ��� � 8 � H
I * ��� & � 6 Newton � ��� � ���
4  �!+"�#�%�& �:> 3  �B � X09 '@> � �
� . 7 F’ 6 / * # 9�3=< � N�1 8 V � �.
Lorentz E�F .�" &D%�����% � � E�F 1 .98 �:> 3 � # T;1 '

(11) 4 3 (28) 4 ���G>�> 6Q[ O((∆t)2) �	� .���� #�%

∆t′ =
1√
1− β2

∆t− v√
1− β2

∆x

c2
≈ γ∆t (29)

� ��� * 7 F’ �� �+H
I 3"!�1 
 x′
!�B � � #�%

∆p′x =
1√
1− β2

∆px −
v√
1− β2

∆E

c2
≈ γ∆px (30)

 8 �XW?�
dp′x
dt′

=
dpx
dt

(31)
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T�X %
f ′x = fx (32)

6�� �:> 3  �B �;��'���� 4 � !�B
y′
3
z′
� � #�% * (21) 4 T�U

∆p′y = ∆py

∆p′z = ∆pz (33)

6�� U
dp′y
dt′

=
1

γ

dpy
dt

(34)

dp′z
dt′

=
1

γ

dpz
dt

(35)

T�X %

f ′y =
1

γ
fy (36)

f ′z =
1

γ
fz (37)

3 
���'
� �	 �2� � 3 ��� 4 � !+B � ]�&=% � 7 F’ 6 � �  ��� � ��	 7 6�� ��7 F 6 �
� T$U 1

γ
=
√
1− β2

�
� �M� & '
( � P@3 Z % 7 F 6 � ��	 ��� .  �GH�I v

6 � &=%:& � � % 7
F’
6V��9�3=< � �

� ��� * v
3"!�1 
 !�B .���� ‖ �	��� 4 � 

� � !�B .
��� ⊥ 6 - 4 3

dp′‖
dt′

=
dp‖
dt

(38)

dp′⊥
dt′

=
1

γ

dp⊥
dt

(39)

f ′‖ = f‖ (40)

f ′⊥ =
1

γ
f⊥ (41)
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