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� � � � � � �

α′ �

� � � � � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � 
 
 � � � � � � � � � � 
 �
α

� � � � � � � � � � � 
 � 
 � �

� � � � � � � 
 � � � � � 
 � � � 
 � � � � � � � 
 � � � � � � � � � � � 
 
 � � � � � � � � � � � � � � � 
 � � � � � � � 
 � � �


 � � � � � 	 � � � � � � � � � � � � � 	 � � �

tg α′ =
c sinα

c cosα + v

� � � � � � �

T1

T2

T3

T4

X

Y

E

t1

t2

t3

t4
X

Y

� � � � 
 �

� � � � � � � � � � � � � � 
 � � � � � � � 	 � � � � � � � � � � � � 	 � � 	 � � � � � � � 	 � � 
 
 � � � � � � � � � � � � 
 � � 	 � � 	 �

� � � � � � � � � � � � � � � � � � 	 � � � 	 � 	 � � � 	 � � � 	 � � � � � � � � 
 � � � 
 � � � � 
 
 � � � � � � 
 � � � � � 
 � � � � � � � 
 � � � � �

	 � � � � � � � 
 � � 	 � � � 
 � � � � 	 
 � 	 � � 	 � 
 � � � � � � � � � � � � � � � 	 	 � � � � � � � � � � � � � � � � � � � � � 
 � � � � �

� � � � � 
 � � � � � � � � � � � � � 	 � � � � � � � � � � � 
 � � � � � � � 	 � � � 

Y

� � � � � � 
 � � � � � � � 
 � � � � � � � � � � � � � 
 � � � � 	 � 
 
 � � � � � � � � � � � � � � � � � � � � 
 � � � �

� � � � � 
 � � � � 
 � � � � � � � � � 
 
 � � � 
 � � � � � � � � � 
 � � � � 	 � � � � 
 � 
 � � � � � � � 
 � � �  � ! � � � � 
 �



� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � 	 
 � � � � � 
 � � � � � � � � � 
 � 
 � 	 � � � � � � � � � � � � � � � � � � � � � � 
 
 � � � � � � � � � � � � �

� 
 � � � � � � � � � � � � � � � � � � � � � � 
 � � � � � � � 	 
 � � � � � � � � 
 � 
 � 	 � � � � � � 	 
 � � � � � � � 
 � �
E

� � 
 � � �

� � � � 	 

O

� � � � � � � � 	 � � 
 � � � � � � � 
 � 
 � � � � 	 � � 
 � � � � � � � � � 
 � � � � � 
 � � � � � � � � � � 
 
 � � � � �

� � � � � � � 
 
 � � � � � � � � 	 
 �
ti

�
i = 1, 2, 3, 4

� � 	 � � � � � � 
 � 
 � 	 � � � � � � 	 
 � � � � � � � 
 � �
E

� � � 	 � �

� � � � � � � � 	 � � � � � � � �
Ti

�
i = 1, 2, 3, 4

� � � � � � � � � 
 
 � � � � 	 � � � � � 
 � � � � � � � � 
 � 
 � � � � � � 	 


� � � � � � 
 � � � � � � � 
 � � 	 � � 
 � � � � � � � � 	 � 
 � � � � � � 

v/c

�

� 
 � � � � � � � � � 	 � � 
 � � � 	 � � � � � � � � � � � � � � 
 
 � � 
 
 	 � � � � � � � 
 
 � � � 
 � � � � � � 
 
 � � � �

� � � � � � �  � � � � � � � � � � � 
 � � � � 	 � � � � � � � 	 ! � � � � � � � � � � � � � � � � " � 
 � � � � � 
 # � 
 � � � � � � 	 


� � � � � � 
 � � � � � 	 � � � 
 � � 	 
 � � � 
 � � � � 
 � � 
 � � � � � � 
 
 � �
v/c

�

T4

T1

T2

T3

Y

X

E

t1

t2

t3

t4
X

Y

� � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � 	 � 
 � � � � 	 � � � � � � � � 
 � � � � � � � � � � � � � � � 
 � � � � 	 
 � � � � � � � � � � 	

� � 
 � � � � � � � � 	 � 
 � � � � � 
 � � � � � � � � � � � � � � � 
 � � � � 
 
 � � � � � � 
 � � � � 	 
 � � � � � 	 � 
 � � � � � � 
 � � 	 � 	 � 


� � � 
 � � � � � � � � � � � � � � � 	 � � 
 � � � � � � � � �

$ � � � � � 
 � � � � 	 � � � 
 � 
 � 	 � 
 	 
 � � � � � 
 � � � � � � � � 
 � 
 � � � � � � 	 
 � � � � � 
 � � 	 � � � � � 
 � � � � �

� � � 
 � 
 � � � � � �
v/c

� � � � � � � � � � � � � � 
 
 � 
 � � � 
 
 � � � � � � � � � � � � � � � � 	 � � % � � � −1 �

� � � � � � � � �
v/c ≈ 10−4 rad ≈ 21′′

�

& � � � � � � � � � 	 � � 	 � � � � � � � � 
 � � � 
 � � 	 
 � � � � � � � � � � � � � � 
 � � � � � � 
 � � � � � 	

� � � 
 � � 	 
 � � � � � 	 
 � � � � 
 � � � � � � 
 � 
 � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � 
 
 � � 
 � � �

� 
 � � 
 	 � � 
 � � � � � � � 
 � 
 ! 	 � 
 �
D

� � � � � � 
 � � � � � � � � 
 � � 
 � � � � � 
 � � � � � 
 
 
 � � � � � � � � � �

� �
R/D

� � 	
R

� � � � � � � 
 � � � � � � � � � 
 
 � � � $ � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � �

0, 1′′
� � � � � � � � � � � � � � � � � � � � � � 
 � � � � � 	 � � � � � 	 � � � �

π/2
� � � � � � 
 � � � � � � � � � � � 
 � �

� ' ( ) * + , - . ' . / ) * ' * * 0 	 ) 
 0 
 	 ) / - � 0 ) ) 1 	 + 0 " � � � � � � 
 
 � 
 � � � � � � � �

� 	 � 	 � � � 
 � � � � 
 	 � � 	 
 � � � 	 � � � � � � � � � � � � 
 �
n

� �
c/n

� � 	 � � � � � � � � � � 
 � � � 
 � � �

� � � � � � � � 
 � � 	 � � � 
 � � � � � � � � � � � 
 � � 	 
 � � 
 � � 
 � � � 	 
 
 
 � 
 � � � � � 
 � � 
 ! � 	 � � � # � � � � � � � 
 �

� � � � 
 � � � � 
 � � � � � 
 � � � � � � � � � � � � � 
 
 � 

v

� � 
 � � � 
 � � � � � � � � � � 
 � 
 � 
 
 � 
 � � � 
 � � � � �

� � � 
 � � � � � 
 � 
 � � � � � � � � 
 
 � 
 � � � � 	 � � � � � 	 � 
 � � � � � � 
 	 � 
 � 
 � � � � � � 
 
 � 
 
 � 
 � � � � � � � ! 	 
 � � �

� � � � � � � 
 
 � 
 � � � � � � � � � � 
 � � � � � � � � � � � � � � � 
 � � � � � � � � � 
 � � 
 � � � !
c/n± v

� � � � � 	 � � 


� � � � 	 � 
 � � � � � � 	 � � � � 	 
 
 
 � � � � � � 
 � � 	 
 � � � � � � 
 � � 	 � � � � 	 
 � � � 
 � � � 	 
 � � � � � � �

� � � � � � � � 
 � � 	 � � � 
 � � � 
 � � � � � � � � � � 
 � � � � 	 
 
 	 � � 
 � 	 � � � � � 
 � � 
 � 
 � � � � 	 
 � � � � � � � � � 


� � � � � � 
 � � 	 
 � � � � � � � 
 � � � 
 � �
� 	 � � � 
 � � � � � � 
 � 
 � 
 
 � 
 � � 	 � 
 � 
 � 
 � � 	 � � � � 
 � � � � � � 
 � � � 
 � � 
 	 � � � � � � � � 
 � � � � 	 


� � � � � � � � � 
 � � � � � � 
 � � � � � 	 � � � � � � � � � � � � � 
 
 � 
 � � � � � � � � � � 
 � � 
 � � 

c/n ± αv

�

� � � � 	 � � � � � 	 
 
 
 � 
 � � 
 � � � � 	 � � � � 	 
 � � 	 � � � � � � � � � 	
0 ≤ α ≤ 1

� � � � � � � � � 
 � 	 




� � � � � � � � � � � � � 	 � � � � � � � � � � � � 
 � 	 � �

� � � � � � � � � 	 � 
 � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � 
 � � � � � � � � � � � � � � � � �

� � � � � � � � � �
α = 1− 1/n2 � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � 
 � � � � � � � � � � � � � � � � �

� � � � � � 


� � � � � � � � 
 � � � � � � � � � � � � � �  � � � � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � 	 � 
 � � �

� � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � � 
 � � � � � � � � � � � � � ! � � � 
 � � � � � � � � � � 
 � � � � � �

� � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � � � � � � � � � � � � �

M0M1M2M3M0
� � � � � � � � � � � � � � � � � � �

M0M3M2M1M0



" � � � � � � � � � � � � � � � � � � � � 
 � � � � � # � � � � � 
 � � � � � � � 	 � � � � � � � � � � � 
 � � �
� � � 	 � � � � � 
 � � � 
 � � � � � � � � � � � 
 � �

� � � � � � � � � � 	 � � � � � � � � � � � � � � � � � �

� � � � 	 � � � � � � � � � 
 � � � � � � � � � � � � � �


 � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � �

� � � � �
c/n + αv

� � � � � � � � 	 � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � 	 � � � � � �
c/n−αv


 � � � � � � � � � 
 � �

� � � � � � � � � 
 	 � � � � � � � � � ! � � � � � � � � � � �

� � � � � � � � � � � � � � � � � ! � � # � � � � � � � # � � �

v

 � � 
 � � � � � � � � � � � � � � � � � � � � � � � ! � �

� # � � � � � � � � � � � � 	 � � � � � � � � � � � 
 �

� � � � 	 � � � � � � � � � � � � � � � � � � � �
v

� � �

� � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � �

� � 	 � 
 � � �
α




M0

M3

M1 M2

S

T

 � $ % $ & ' $ � ( � � ( & � � � � � � � � � � � � � � � ! � � � � � � � 
 � � � 
 � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � �

� � � � � � � � � � 
 
 " � � � � � � � � � � � � � � � 	 �

� � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � �

	 � � � � 
 � � � � � � � � � � � � 	 � � � �
ω

� � 
 �

� � � � 
 � � � � � �
M1, M2

�
M3

� � � � � � ) �


 � � � � � 
 � � � 	 � � � � � �
M0

� � � � � � � � �

� � � � 
 " � � � � � � � � �
M0

� � � � � 
 � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

M0M1M2M3M0
� � ! � � � � � � � 
 � � � �


 � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � �
M0M3M2M1M0

� � � � � � � � � 
 � �

� � 
 � � � � � � � � � � 
 � � � � � � � � � � � � � �

� � � � � � � � � � ! � � # � � � � � � � � � � � � � � � � � �

� � � � 
 � � � � � 
 � � � � � � � � � � � � � � � �

ω

M0

M1

M2

S
T

M3

� � � � � � 	 � � � 
 � � � � � � � � � � � � � � � � � � � 
 � � � � � � � � ! � � � 	 � � � � � � � � � ! � � # � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � 	 � � � � � � � � ) � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � � �

� � � � � � � � � 


� � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � 
 � � � � � 
 � � � � � � � � � # � � � � � 
 � � � � � � � 	 � � �

� � � 	 � � � � � � � � � � � � � � � � � � � � � 
 � � � ) � � � � � � 	 � � � � � � � � � 
 � � 
 " � � � � � � � � � � � � � � � � 


� � � � � � � 	 � � � � � � � � � � � � � � � � � � 	 � � � � � � 
 � � � � � � 
 � � � � � � � � 
 � � 
 � � � � � � � � 
 � � �

� � � � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � � � � � � 
 � � � � � � � � 	 � � � � � � � � � � � � 




� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � 	 � 
 � � � � � � � � 

v2/c2 � � � 
 � 	 
 � 
 � 
 � � � 
 � 
 � � 
 � � � �

� � � � � � � 	 
 � � � � � � � 
 � � � � 	 � � � � � � � � � 
 	 � 
 � � � � � 
 	 � 
 � � � � � � 
 � � � � � � � � � � � � � � 
 � �

� � � � 
 � � � � � � � � 	 
 � 
 � � � 	 
 � � � � � � 	 
 � � � � 
 � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � 
 � � � � � �

� � � � � � � 	 � � 
 � 
 � � � 
 � � � � � � � � � � � � � � 	 � � � � � � � � � � 
 � � � � � 
 � � � � � � � � 	 
 � � � � � � � � � � � � 	 �

� � � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � 
 � � � � � � 	 
 � � �
c

� � � � � � � � � � 
 
 � � 	 	 
 � � � �

� � � � � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � 	 � � � � � � � � 	 
 � � � �
�v

� � � � � � 	 � � � � � � � � � � 
 � � �

� � � � � � � � � � 	 
 � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � 
 � � � � � 
 � 
 � � � � 
 � � 
 � � � 
 
 � � 	 	 
 �


 � � � � � � � � 	 
 � �

� � � � � 	 � � � 
 � � 	 � � 
 � � � � � � � � 
 � � � 
 � � 
 � � � 
 � � 
 
 
 	 
 � 
 � � � � � 	 
 � � � � � � � � � � � 	 
 � � � 
 �

� � � � � � � 	 
 � 
 � � � � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � � �
�c ′ = �c − �v

� 
 � 

θ

� � � � � � � � �

� � � � � � � � � � � 
 
 � � 	 	 
 � 
 � � � � � � � � 	 
 � � � � � � � � � � � � � � 
 
 � � 
 � � � � � 
 � � � � � � � � � 
 � �

� 
 � 
 � � � �

c′(θ) = c

(√
1 − β2 sin2 θ − β cos θ

)

≈ c

(
1 − β cos θ − β2

2
sin2 θ + O(β4)

)
� � �

β ≡ v/c.
� � � � � �

�v
θ

�c

�c ′

� � � � � � � � � � � � � � � � � � � � � � � � � 	 � � 	 
 � � 	 � � � 	 � � � � � � � 
 	 � � � � � � 
 	 � � � 
 	 � � 
 � � 	 � � � �
θ

� � � � � � 
 � � � �  � � � � � � 
 � � � 
 � � � � � � � � � � 	 � � 
 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � �


 � � � � � � � 	 
 � � � 
 � � � � � � � � 	 
 � 
 � � � � � � � 
 � � � � � � � � � � � � 	 
 � � � � 
 � � � � � � � � � � � �

	 � � � 
 � � � � 
 � 
 � � � � � 
 � � ! 	 � � � � � � � � 	 
 � 
 � � 
 � � � � � � � � � � 
 � � � 
 � � � � � 
 � � � �
β

� � 	 � � � � � � � 
 � � � � � � � � 
 � � � � � � 	 � � 
 � � � 
 � �
β2 � " 
 � � � � � � � � � � � � 	 
 � � � � � � 
 � � � 
 �

� � # � � � � 	 � � � � � � 
 � � 	 
 � 
 �
v

� � � � � � � �
β2 ≈ 10−8 
 � � � � � 	 � � 
 � � � 
 � � � � � � 
 � � � � � � � �

� � � � � � 	 
 � � � � �
β2 � � � � � � � � � � � � 
 � � � � � � 
 � � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � 
 �

� � � � � 	 � � � � � � � 
 � � � 
 � 	 � 
 � 
 � � $ % & � �

' � 
 � � � � � � � � � � � � � � � � � � ! � � � � � ! � � 
 	 � � � � � � � � 
 � � � � � � � � � � � � � 
 � � � � � � � � �


 � � � � � � � � 	 
 � 
 � � � � 	 � � � � � � � 	 � � 
 � � � � � 
 	 � � � � 
 � � � � � � � � � � � � � 
 � � 
 	 � � � � � � � 
 � �


 � � � � � � � � � � 
 	 � � � � � � � � � � � � � � � � � � � 	 � � � 
 � � � � � 
 � � � � 
 � � � # � � � � � � � � � � � � � � � � �

� � 	 
 � 
 � � � � � � � � ! � � � � � � � � � � � � � � � � 	 � 
 � 
 � � � � � � � � 
 � � � � � 
 � � 
 	 � � � � � � � � $ $ � � 



 � � 
 	 � � � � � � 
 � � � � � � � � $ $ % � �

�
�

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  � � � ! � � � � � ! � � � " �  � � # � � � � � �
# � � � # � � � � � � � � � � � � � � � � � " ! � � � � � � � � " �  � � � � � " � # � � � $ � � %  � � � " � � � � ! � � � � " � # � " �  � �  � � � � � � &



� � � � � � � � � � � � � 	 � � � � � � � � � � � � 
 � 	 � �

�v

B

F

T

M1

M2

l1

l2

D

A

� � � � � � � � � � � � � � � � � � � � � � 	 � � 
 � � 
 � � � � 
 � � � � � � � � � � � 	

� � � � � � � 	 � � 
 � � � � � � � 
 � � � � � � � � 	 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � �
A

� � � 	 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � � �
F

� �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
M2

� � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � �
M1

� � � � � � � � � � � � � � � � � � � � � � � � � � 	 � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � � � � � � � � �
T

� � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � 	 � � � � � � � � � � � � � � � � � � � � � 	 � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

 � � 	 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � 	 � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � � � � � � � � � � � � � � � � � �
AB

� � �

� � � � � � � �
l1

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
AD

�

� � � � � � � � � �
l2

� � � � � � � � � � � � � � � � � � �  � � � � 	 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � �
AB

�
θ = 0

� � �
c′ = c − v

� � � � � � � � �
BA

�
θ = π

� � �
c′ = c + v

� � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

t1 =
l1

(c − v)
+

l1
(c + v)

=
2l1

c(1 − β2)

�

 � � � � 	 � � � � � � � � � � � � � � �
θ = ±π/2

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � �
c′ =

√
c2 − v2

� � � � � � � � � � � � � � � � � � � � � � �

t2 =
2l2

c
√

1 − β2

�

� � � � � � � � � � � � � � � � � � � � � � � � � � 	 � � � � � � � � � � � � � � � � � � 	 � � � � � � � � � � � � � � � 
 � � � � � � � � � � � �

� � � �

c∆t

λ
=

c(t2 − t1)
λ

=
2
λ

(
l2√

1 − β2
− l1

(1 − β2)

)
,

� �
λ

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � � � �

� � � � � � � � �
β2 � ! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �



� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � 	 
 � � � � 
 
 	 � � 
 � 
 � � 	 	 � 
 � 
 � � � 
 � 	 � � � � � 	 
 � 	 
 � � 	 � 
 	 
 � � � � � � � � � � 
 � �

� � � 	 
 � 
 � 
 � � � 
 � � � � � � 
 	 � � 
 � � � � 	 � 	 � � � � � � � 	 
 � 	 � � 	 
 � � 	 � � � � 	 
 	 � � � � 
 � � � 	 
 �

� 
 � � � 	 � � � � � � � 	 � 
 � � � � � � 
 � 
 � � ◦ � � � � � � � � 
 	 � � � � � � � � 	 
 � � � � � 	 
 � 	 � � 
 � �
AB

� � 
 
 �

� � 	 � � 
 � � � � � 
 � � � � � 
 � � 
 � 	 
 
 � � � � 	 � � 	 � � 
 	 � � 
 � � � 	 
 � � � � � � 	 � 	 � � � � � � 	 � 	
A

�

B
� � � 
 � � 
 � 
 � 
 �

t′1 =
2l1

c
√

1 − β2

�

� 	 � � 
 	 � � 	 � � 	 � � 
 � � 	 � 	 � � � � � � 	 � 	
A

�
D

� � � 
 � � � � � 


t′2 =
2l2

c(1 − β2)

�

� � � � � 	 
 � � � � � � 	 � � � � � 
 � � � � � 
 � � � 
  � � � � � � � � � 
 � � � � � 
 � � � � � 	 � 
 � � 	 � � 
 � � � � � 	 
 � 	 �


 � � � � � � � � � 
  � � � � � � � 	 
 �

c∆t′

λ
=

c(t′2 − t′1)
λ

=
2
λ

(
l2

(1 − β2)
− l1√

1 − β2

)
.

� � � � � 	 
 � � � � � 	 � � 
 	 	 � 
 � � 
 	 � 	 � � 	 
 � � � � � � � � � 	 � 	 
 � 
 � � � 	 
 � 	 � 
 	 � � � 	 
 � 	 � � 
 	

	 
 � � � � 	 
 � � � � � � 	 
 
 	 
 � 	 � � 	 � 	 � 	 
 � 	 � � 
 � � 	 
 	 � �

c(∆t′ − ∆t)
λ

=
2 (l1 + l2)

λ

(
1

(1 − β2)
− 1√

1 − β2

)

≈ 2 (l1 + l2)
λ

(
1 + β2 − 1 − β2

2

)
=

(l1 + l2)
λ

β2 .

! � � 	 
 � � � � � � � � � � � 	 � 
 � � � � 	 � � 	 
 � � � � � � 	 � � � 	 � 
 	 � � � 	 
 � 	 � � 
 	 
 	 
 � 	 � � 	 � 	 � � 
 � � 	 
 �

	 � � � � � 
 	 � 	 � 
 � � � 	 
 �

" � � 
 	 � 	 � 	 � � � � � � 	 � � � 	 � 
 � � 
 � � � � � � 	 � � # 	 
 
 � � � � � � � 	 
 � � � � � � � � 	 � � 
 	 � �

� 	 � � � � � � � 
 	 
 � 	 � � 	 � � � � � 	 
 �
v ≈ 3 · 106 � � 
 −1 � � � � 	 
 � � � � � � 	 
 � 	 
 � � 	 � 
 	 � � � � � 


� 
 � � � 
 � � $ $ � � 	 � � � � � � � � � � 	 
 � � � � � � � � 
 � � � � 	 � 
 � � � �
λ = 5, 5 · 10−5 � � � �


 	 
 � � � � � � � 	 
 � � � � � � 	 � � 	 
 � 	 
 � � � 	 � � � � � 
 � � � 	 
 � � � 	 � 	 � � 	 � � 
 	 
 � � � � � 
 	 
 $ � � � � 


� � 
 � 	 � � � � � 	 � � 	 
 � 	 
 � � � � � � 
 � 	 � � � 
 � 	 � � 	 
 
 � 
 	 � � 	 
 � � 	 � � � � 	 
 � � � � 
 � � � # 	 
 
 �

� � 	 
 � � � � � 
 
 	 
 � 	 � � 	 � � � � � 	 
 �

% � � 
 	 � 	 
 � � 
 
 � � � 	 
 	 � � � � � � � � � � 
 � � 	 	 
 � � � � � � 
 � � 	 
 � 
 � 	 
 � � � 	 
 � 
 	 � � 
 � � � 	 
 �


 	 
 � � � � � � 	 � � � � � � � � � 	 
 � � � � 
 � � 	 � 	 
 
 	 � � 	 � � 
 �

� � � � � 	 
 � 
 � 
 
 � 
 
 	 � � � � � � � � � 	 � � � 	 � � � � � 
 � � � 
 � � 	 
 
 	 
 � 
 	 � � 	 � � � � � 	 � � � � � � 	 
 �

� � 	 � � � � � � 
 � 	 
 � � 
 � 
 
 � 
 
 	 � � � � � 	 
 � � # 	 
 
 � �

� � � � � � � 	 � � � � � � 	 
 � � � � 
 � � � � 
 
 � � � � � � � � � � � � 	 
 � � 
 	 � � � 
 � � � � � � � � � 
 	 � 
 � � � 	 � �

� 	 
 	 
 � � � � 
 � � 	 � 	 � � � � � 
 	 � � � � � 	 � 
 	 � � � � � � 	 � � 
 	 � � � � � � � � � � 	 
 	 � � � � � � � � 
√
1 − v2/c2

� � 	 � � 
 	 � � 	 	 � � 	 
 � � 
 	 � � � � � 
 � 
 � � 
 � 	 
 
 � � 
 � � 	 
 � 	 � � 
 � 	 � � �

� � � � � � � � � � � � � � � � � � � � � � �  � � ! � � � � � " ωR/c ≈ 0, 5 · 105
�  � −1

#



� � � � � � � � � � � � � 	 � � � � � � � � � � � � 
 � 	 � �

�
� � � � � � � � � 	 
 � � � � � � � � � � � 
 � � � � � � � 
 � � 
 � 
 �

c
� � � 
 
 
 � � � � � � � 	 � � � � 
 � � � � � 	 �

	 � � � � � 
 � � � � � 
 � 
 � � � � � 
 	 � � � 
 � � 
 	 	 � � � 
 � � 	 � � � � � � 
 � 
 	 � � � � � � � � � � � � � � � � � �


 � � � � � � � � � � � 
 � �

� 
 
 � � 
 	 � � � � � � � � � � � 
 � � 
 � � � � � � � 
 � � � � � � � 
 � � � � � 
 � � � 	 
 � � � � 	 � � � 	 � � � � � � 
 	 � � � � � 	 � �


 	 
 � � 	 � � � � � � 
 � � � � � � � � � 	 � � � � � � 	 	 � � � � � � 
 � � � � � 	 � � � � � � � 
 � � � � � � � � 	 � 
 � � � � � 
 
 	 �

� � � � � 
 � � � 
 � � � � � � � � � � � � � � � � 
 � � � � � 
 � � � 
 � � � � � 
 � � 	 � � � � � 
 � � � � � � � � � � � � � � �

� 	 
 � � � � � � 
 � � � � � � � � 
 � � � 	 
 � � � � � 
 � � � � � � 
 � � � � � � � 
 � � � � � 
 � � � 	 	 
 � � � � � � � 
 
 
 � � � � � 


� � � 
 � 	 � � � � 
 � 
 � � 
 � � � � � 	 � � � � � 	 	 � � � � � � 
 � � � � � 	 �

� � � � � 
 � � � � � � � � � � � � � � � � � � � � 
 � � � � � � � � 
 � � � � � 
 � � 
 	 
 � � � � 
 � � � � � � � � � � � � � �

� � � � � 	 � � � � � � � 
 	 � � � � � 
 � 	 � 
 � � � � � � � � � � � � � 	 � � � 
 � � � � � � � � � � � � � � 
 � � � � 
 	 � � � � � � � � �

� � � � � � � 	 � � 
 � � � � � � � � � � � � 
 � � 
 	 � � 
  � � � � � � 
 � 
 � 	 � � 	 
 � 
 � � � 	 � � � � � � � � � � 
 	 � � � � 
 	 � � �

� � � � � � 
 
 	 � � � � � � � � � � � � � � � 
 � 
 	 � � � � � � � � � � 
 	 � �

� � 
 � 	 � � 	 � � � � � � � � � � � � � � � � � � 	 � � � � 
 � � � � � � � 
 � � � 
 � 
 � � � � � � � 
 � � � � � � � � � �

	 � � � � � 
 � � � 	 � � 	 � � � 
 � � � � � 
 	 � � � � � � � � � � � � � 
 � � � � � � 
 � � � � � 	 � � 
 � � � � � � � � � � � � � � � 
 � �

� � � � � � � � � � � � � � � 
 � � � � � � � � 	 
 � � � � � � � � 
 � 	 � � � � � � � � 	 � � � � � 	 
 � � � � � � 	 � � 	 � � �

� 	 � � � � � � � � � 
 � 
 	 � � � 
 	 � � � � � � � 	 � � � � � � � � � � � � � � � � 
 � 
 	 � � 
 � � � � � 
 � 	 � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � 
 � 
 	 � � � � � � 
 	 
 � � � � � 
 � � � � � 
 � � 	 � � � 
 � 
 	 � � � � � � � � � � �

� � ! � � �  � � � � � � � � 
 � � � � � � � � � � � � 
 � � � � � 
 � � � � � 	 � � � � 
 � � � � � � 	 � � � � � 
 
 � � � 
 � � 


� � 
 � � � � � � � � � 
 � � � � � � � � � � � � � � � � 
 � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � �

� 	 	 � � � � � � � � � 
 � � � 
 � � � 
 � � � � � � � � � 
 � � � � � � � � � � � � � 
 � 
 � � 	 � 	 � 
 � � � � � � � 	 � � � �

� � � � � � � � � 	 � � � � � � � � � � � � 	 � 
 � � � � � � � � � � 
 � � � 	 � � " 	 � � 
 	 � � � � � � � � � � � � 
 � 
 � � � �

� � � � � � � � " 	 � � 	 � � � � � � � � 	 � � � � " 	 	 � � � � � � � � � � � � � � � � � � � � � � � � 	 � � � � � � 	 � � � � � � �

� � � � 
 � � � 	 � � " 	 � � � � � 
 � � � 	 � � " 	 � � � � � � 
 	 
 � � � � � � � � � � � 
 " � � � � � � � � � 
 	 � � � � � �

� � 	 " � � 
 	 � � � � � � � � 
 � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � � � 
 � � � � � � 	 � 	 � 


� � � � � � � � � � � 	 " � 
 � � � � � � 
 � 
 � � � � 	 	 � � � � � � � � 
 � � � 	 � � � � � � � � � � 
 � � 
 � � 
 � � � 
 �

� � � � � � � 
 � � � � 
 � � � � � 
 � � � � � � � 	 	 � � � � � � 
 � � � � � � � � " 	 � � � � � � � � � � 
 � � � � � � � � � � �


 	 � � � � � 
 � � � � � � � � � � 
 � 	 � � 
 � � � � � 	 � � � � � � � � 
 � � � � � 
 � 
 	 � � � � � � � � � � � � � � � � 
 � 	 � � � �

� � � 
 � � 
 � 

c

	 � � � � � 
 � � � � � � � � 
 � � � � �

� � � � � � � � � � 
 � � � 
 � � 
 � � � � � � � � � � 	 � � 	 � � � � 
 � 
 � � � � 
 � � � � � � 
 � � � � � 
 
 	 � � � � � � � 	 
 � � 	

� � � � 
 
 � � � � 	 � � � 
 � � � 
 � 
 	 � � � � � � 	 � � � 
 � � � 
 � 
 � � � � � � � � 	 � � 
 � � � � � � 
 � 	 
 � � � � � �



� �

� � � � � � � � �

� � � � � � � � � � 	 
 � � � � 
 
 � 
 � � � � 	 � � � � � � � � � � � � � � � � � � 	 � � 	 � � � � � � � �
A

� � �

� � � �
B

� � 	 � � � � 	 � 
 
 � 
 � � � � � � � � � 
 � � � � � � � � � 
 � 	 � � � � � � � � � � � 	 � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 
 
 � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � �
AB

� � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � � � � � � � � � �

� � � � � � � � � � �

� � � � � 
 � 	 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � � � � �
φ(t, �x)

�

1
c2

∂2

∂t2
φ(t, �x) = �∇2φ(t, �x)

� � � 	 � � � � � � � � � 	 � � � � � � � � � � 	 � � � 
 � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � 	 � � � � � � � � � � � � � � �  � 	 � � 	 � � � �
1/2Ue(v/c)2 sin(2θ)

� �
Ue

� 	

� � � � � � � � � � � � � � � � 	 � � � � � � � � � � 	 � � � 	 � � � � � � � � 	 � � � 	 � � � 	 � � � 
 � 	 � � � � � � � � � �

� � � � � � � � � 	 � � � � � � � � � � � � � 	 � � � � � � � � � 	 � � � � � � � � � � � � � � � � � � 
 � � � � � � � �

� � � 
 � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � 	 � � � � � � � � � � � 	 � � � � � � � � � � � � 	 � � � � � � � � 	 � � 	 � 	 � ! 	

� � � 
 � � � � � � � � � � � � " # ◦ � � 	 � � � � � � � 
 � 
 � � � � � � � � � � � � � � $ � � � � �
v ≈ 30

� 
 � 	 �
% 
 � � � � 	 � � � � � � 	 � � � 
 
 � 
 2 	 � � � � � � � 	 � � 
 � � � � � � � � � � 	 � 
 � � � � � � � � � � � �

� � � 
 � & �

� � " � � � � � � � � � � � � � 	 � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � � � � # # � � � 	 � � � � � �

� � � � � � � 	 � � � � � � � � � 
 � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � 
 � 	 � � 	 � � � � � � � 	 � �

� � $ � � � � � � � � � � � 	 � � � � � 	 � 	 � � � 	 � � � � � � 	 	 � � � � � 	 � � � � � � � � � � � 
 � � � � � � � �

� � � 
 � � � � � � � � � � � � � � � � � � 	 � � 	 � � � � � � � � � � 
 � � � � � 
 � � � 
 � � � � � � � � � � � � 	 ' �

� � � � � � � � � � � � � � � � � � � � $ � � � � � 	 � � � 
 � 
 � 	 � � � � � � � � � � � � � � � � � � 	 � � " � � 
 8

� 
 �

� � # � � � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � � � � � � � � 
 
 � 	 � � � 	 � � � � � 	 � � � � � 
 � 
 �

� � � � � � � � � � 	 � � � � � � � � � � � � � � � # 
 � 	 � % 
 � � � � � � � � � � � � 	 � � � � � � � � � � � � � � � �

� � 
 � � � � � � � � � � � � � � � � � � � � � 	 � � � � � 
 � � � � � 
 � � 	 	

� � 	 � � � � $ � � � � � � 	 � � � � 
 � � � � 	 � � � � � � � � � � � 	 � � � � � � � � � � � � � 	 � � � 
 � � � � � � � �

� � 	 � � � � � 
 � � � � � � � � � � 
 � 
 � � � � � � � � � � �  � � � � � � � � � � � � � � 
 � � � � 	 � � � � � �

� 
 � � � � � � � � � � � � 	

( � 	 � � � 	 � 	 	 � 
 � � � � � 
 � � � 
 � � � � � � � � � � � � � � � � � � � � � 	 � � � � � � � � � � � � � � � � % � � � � �

� � 	 � � � � � � � 	 � � � � � � � � � � � 	 � � � � � � � � � ( � � � � � � � 	 � � � 
 	

� �  � 	 � � � � � � � � � � � � � � 
 � � � � � � � ) � � � � � � � � � � � � � � � ( � � � � � 
 � � � � � � � � � � � � � � � � �

λ = 5700 � � � � � � � � � � � � � � � � � � � � � � 	
= 6, 15


 � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � �
7, 65


 � 	 � � � � � � 	 � � � � � 
 � � � 
 � � � � � � � � 	 � � � � � � 	 � � � � � � � � � � � � � � �

� 	 � �
0, 86 ± 0, 01

� � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 	 � � � 
 � � � � � � � * �

� � � 	 � � � � � 	 � � � � � � � � 	 � 
 � � � � � � � �
1 − 1/n2 � � � � � � � � � � � �

n = 1, 333
�



� � � � � � � � � � � � � 	 � � � � � � � � � � � � 
 � 	 � �

� � � � � � � 	 
 � � � � � 
 � � � � � � 
 � � � � � � � � � �

� 
 � � 
 � � � � 
 � � � 	 � � � � 	 
 � � � � � � 	 


� � � � � � � � � � � 
 � 
 � � � � � 	 
 � � � � � � � � � � � 
 
 � �

� � � � � 
 � � � � � � � � � � � 	 � � � � � � � � � 
 	 


� � � � � � � � � � � � 
 � � � � � 	 
 � � 
 � � � � � �
n =

1, 5
� � � 	 
 � � 	 
 � � � � � � � � � � � 
 � � � � � �

� � � � � � � � 	 � � � � � � � � � � 
 � � � � 
 � 	 � � � � �

� � � � 
 � � � � 
 � �  
 � � � � 
 � � � � � � � � � � 
 � � � ! �

� � � � � � � � � 
 
 � � � 
 
 � 
 � � 
 � � 
 � � 	 
 
 � � �

� � � 
 � � � " 
 � 
 � � � � � � 
 
 � ! � � 
 � � � 
 � � � � 
 � �

� � � � � � � � 	 � � � � � � �

�v

cristall
50 cm

mirall làser

� � # � � 	 � � � � � � 	 � � � � � 	 
 � � � � � 
 � � 
 � � � $ 
 � � � � � � 
 � 	 � 
 � � � � � � � � � 
 � � � 
 
 


� � � � � � � � � � 
 
 � � � � � 
 � 
 � 	 � � � � � � � � � 
 � � 
 � � � � � � � � � � � � " � � � � � � � � 
 � � � � � � �

� � � � � � � � 
 � � � � � � � � � � 	 � � � � � � � �
l1

� � � � � � � � 
 � � � � 
 � � � 	 � ◦ 	 
 � 
 � � �
θ

� � � � � � 
 � � � � 
 � � � � � � 
 � � 
 � � � � � � 
 	 � � � � % � � � � � � � � � � � � � � � " � � � � � 	 � � � � 	

� 	 � � � 	 � � � � � 
 � � � � 
 � � � � 
 � � � � � � � � � 
 
 � � � � � � ! � � � � � � � 
 � � � � � � � 	 � 	 � � �

� � � � � � � � � � 
 � � 
 
 � � � � � � � � � � 
 � � � � � � � 
 � � � � �

l1 + l2
λ

β2 cos 2θ.




