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9 !�D�� #9�� �# =�3D�� � J�>��a�9��)I� 9 �I�)<� � 0�
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	2<� �<���#�D � "�#9- � �$�&��D � ]�&�)� � k#-

!���� 1

-���� �-�- Q��$& ψ(�x) � 8�� � ^%�� ]� �% -�76 09��)I� ]� � �$�&��D � 2I�? �$�&��D � ]�&�)� #-
:
�6�� 2<- .% �5��-9�� � 8�� � ".I-��� � �? 7� .D(

−�
2

2m
∇2 − i�∂t

)
ψ(�x, t) = 0, P1R

���� ��� SI � "� 
?�9 � ���2<- #- 2%�s ,�� � #�
�� 	2<� ]&(� � `9��� � 2%�s 0�$ � 06 #- .D
	2<� 6.63 × 10−34Kg m2 s−1

7� cgs � � SI � "�  
?�9 � �� �2<- � "�+ . % . D 2<� , �� � % ! <# "-� � � % � '�#u ]�C � � #-
06 #- .D 2<� ,�� ���2<- ,�� � ".�f� 	-�� �-�@�<� P-�-�
*R ����> � "� 
?�9 � ���2<-
�% .D 2<� �)� 0��7 9 =�> � 
�% .���& #- 9 2<� ]� � �%��% �PcR #�& � 2;�< 9 � � "-
; � #�
��
#�D9�< "-
; � ��-��� �% .I��� ,�� #- 
�1� 	
&���� �
���< MeV−1 2I9 09��)I� 0����� � J);
	� = c = 1 !�D�� b�� ,� ,���& � #�D � 0
� ���-�< .��I� 9 '���<�� � 2��;# � "��% �I9 !�#�
&

�!3��&��7�% ��7 � '#�/ .% �# P1R � ".I-��� ����� ,�� .%(
∇2

2m
+ i∂t

)
ψ(�x, t) = 0, P2R
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� ^%��� 7� �c* � ��D�� ]� �% -���� �# K�% � ".I-��� 7� ��? � .D 
�- -���� ��-�< .%

ψ�k(�x) = ei�k.�xe−iE�k
t

	
��D�� o�/�� �# E�k =

∣∣�k∣∣2
2m � "t�&� 9 �k � ".&�)� �% �&9��)I� .D 2��&

� ". I-� � � ! � � D . � I�c � �# �3 �>� � a �9� � ) I� � 0�
 � � � % 09� � ) I� � Q� D! � % ! �  ��f % � ��
.% ���� �
�6�� 2<- .% ���G � ".I-��� 7� .��$D � ��
� 2@+ � A9# �% .D !�3��&�� "
�
+

� "� .@I��� (φ, �A) 06 #- .D !�#�4��� ∂t − ieφ ���$; ∂t � "�+ .% 9 ∇ + ie �A � ���$; ∇ � "�+
7� .D 2<� "C�1 Aµ 	!� - �� Q��$& Aµ �% �# 06 .D 
��3 �3�>��a�9��)I� � ��3&��� � #�-�%#�S1

� ".I��3� � �? � "��% =�[� 0���; .% 	
�6�� 2<- .% =�3D�� � J�>��a�9��)I� � ]�<(D � ".��E&
�!� -�� #��G Q � #�% .% ,�5�< � 0�� ]� 7� "t�&� !D 09��)I� ]� � ��
�D���

Aµ(�x) =

(
Q

4πε0 |�x| ,
�0

)
. P3R

�$�� 7� 	!��D�� ��3� ,�5�< � 0�� ]� � 2$< .% �# �p � ".&�)� � % �&9��)I� Q���76 ,�� #-

� ".���� 7� "C�1 �9��35&6 � ".���� 7� ��/��� #- 0�� �% 09��)I� � Q�D! �% � "t�&� .D !�&�-��
7� ! 06 9 12I9 09� �) I� #�C  ]� (� [ � � "t� &� � % �# 09� �) I� ]� ��� J� 	2<� 2I909� �) I�

� ��3� 7� "��
$; � Qf% #- �# 09��)I� -���� (� $; !��D ��3� 0�� � "�����&�< 
�1 � ".�/��

� "9��& ]� �)���)I� � "9��& 
�1 � 23&�- ψ�p(�x, t) � 8�� � ^%� � � % -�76 � "�#u ]� Q�D�?
0��9�� ]� ��? `
 � 0�� ��� 	
 -�� ��3� � ���a� 0�� �% Q�D! �% � �s� #- 09��)I� 	2<� -�%
��%
(� $; 2<� ��Q�% 09��)I� 7� #�% #�C 9- .% ]�-C& 06 � ��+ 0�1 
��% ! .�3 ,���]�< ����
,�$ 7�% 	
�D�� ���a� Q�D�? � "��<�# U�� 9 
�D�$& "���a� 09��)I� � "t�&� -#�*�% ,�� #-

� 8�� � ^%�� 9 �p′ � ".&�)� �% -�76 "��#u �# 06 -���� -�� #9- 0�� 7� ��9��35&6 
�1 09��)I� .D
	23&�- ψ�p′(�x, t)

:-���� �-�- ��7 � ".c%�# �% =9� � ".���� � ����� #- T (�p, �p′) � #�4� � ".���-

T (�p, �p′) = −i
∫
dt d3xψ�p′(�x, t)

∗ Q

4πε0 |�x| ψ�p(�x, t)

= −2π δ(E − E′)
iQ

ε0
∣∣�p− �p′

∣∣2 P4R

�(��� �) �� *+ ,�-.� $���/� 0��
 �� �(��� *+ ����1"� 2� �"�����1"� ,�� � �(��� �� ����1"� 2� 1

��  � �34,�� �� � 2� �� 2���� �5�� #�� ��� $��� ��� � ��1� � 6�! �� ���/75�! � �(��� � �5�� 8�,9 ����

� �:�  � ,�+ #�� � ���� ��, #��3;���� <= �> 6�� � ?����+ $�@�� �:� ,� �, A/���,�"B /�-5�� 8�C
<� ���� ����
$��� ?��� � �� ��5D��

��



.���& #- 9 2<� 0��7 7� ���3� Q�D! �% .D 2<� �
� � �p ��I- ,�� .% 2πδ(E − E′) � ���;
O��D (� [� 
�&����� �# ����� ,�� 	
�D�$& ���a� Q�D! �% � ,�? #- 09��)I � � ���+ � "t�&�

	
��D �
�� i�9#��<�� � �$�&��D � ]�&�)�
-���� .� ��� #� D . % . ��E & ,�� #- .D Aµ � �3� &� � � � #�-� %#�S1 .1��� .D 2<� �
� �� ���

� A9# ��� -���� O�3? =�3D�� � ]�<(D � 0�
�� � ".��E& 7� .D 2<� ]�<(D � 0�
�� ]�

� !�� � ".I��3� ���
�D��� � ".I��3� � "�+ .% ��� �� 9 
 -�� �%�* .% �# -#��#-�# � ��
�D��� K�%
2<- .% ��<#- .% �%�* #��3% � ����� �% �# 0t9#
� � !�� � o�> !��D �? ��3&��� ,�� �% �# 0t9#
� 
.$�& ]�<(D .$�& � ".��E& ,�� !� - ���&� "��Q�% � 2G- �% �# � Q��< ,�$ ��� .��I� 	!�#96��
! �# �3�>��a�9��)I� � "� 0�
�� .D 2<� �7K 9# ,�� 7� 9 
 -�� 2<- 7� �# A���6#�D �$�&��D

	
� l�c� ��9�@�� (� ��D � �)� .% .I��3� �f�#�� � #�> .% .��I� 	!��D �
��&��D
	-�D l�c� ���< � !3+ � Q%�� � o�/�� #- ,����� �# =�3D�� � 0�
�� � Q�&��D � ��/� � "�
��
�# ���< � !3+ � Q%�� � ".I��3� �S�� .& �3�>��a�9��)I� � Q%�� � 0-�% �
��&��D � b�� .D -�- 0�& 9�
�-�� �% �3�>��a�9��)I� � Q%�� � 06 #- .D �# ��� Q���76 � ��$� � ".���& .)�% 
 -�� r�X��

� o�/�� Q%�� � �*7�7� � =
� � -#962<- ,���!S� 	
�D�� ���%Q�� ��<#- .% �# 
�D�� Q�D! �%
�
&�� C+�; (� ��D 06 � r�X�� 7� =�3D�� � ]�<(D � ".��E& .D -�% 0��e��D � ��
�D�� � � �$� D

� ]�&�)� .% .+�� � ��/� � ��K- 7� �)� ,����� � 
�6#�D � -�S&Q�� ,�� K� �$�?� .D #�>0�$ 	-�%
	2<� �-�% � =�< 06 #- �$�&��D

� ".I-��� ]� .D 2<� ,�� =�3D�� � ".��E& � Q�&��D � "��% ��# ,���.% �"79��� � ���
�- 7�
��<��� � ��# ��9- � Q�&��D� 	!��D �
�� ��<��� � �&����$ 
��% #�D ,�� � "��% 9 !�3���% �5��-9��
#- 	!�D�� #9�� �# �I�)<� � 0�
�� 9 =�3D�� � 0�
�� � �9- � Q�&��D } � Qf% #- 	2<� #�D ,�� � "��%
�# ��� ��3&�� � -���� #�>.1 .D ! -�� 0�& 9 !�D�� #9�� �# �I-�� ��#u � ".��E& � � Qf%
� � 2<��� #- 	!�&��f% �$�&��D � "� 0�
�� � ".��E& 7� !��%�� #�D .% �$�&��D � ]�&�)� #- .D
#- 	!�D�� #9�� #���*� .% �# =�3D�� � 0�
�� � ".��E& � F���- � Q�&��D 9 F���- � "� ���+.%�+

� #�> .% �# ���� � ".�$+ �% =�3D�� � ".��E& #- "�.c�& 9- � ^%�� � ".�<�Y� � "��Y& } � 2<���
	! -�� r�X�� y�3��

1�� F*-��/ 2

�-���� �-�- ��7 � ".I-��� �% ∂µA
µ = 0 J�&#�I � ".&�$�� #- =�3D�� � 8�� � ".I-���

��



(
∂2

t −∇2
)
Aµ(�x) = 0. P5R

.D !��D b�� ���

Aµ(�x) =

∫
d3k

(2π)3
ei�k.�xÃµ(�k), P6R

�-���� .���& ��7 � '#�/ .% 8�� � ".I-��� .D 
�- -����

(
∂2

t + ω2(�k)
)
Ãµ(�k) = 0, ω(�k) =

∣∣�k∣∣ P7R

�
�6�� 2<- .% ��7 � ".c%�# 7� .D 2<� Aµ(�x) � ".�#�� � ".@I��� Ãµ(�k)

Ãµ(�k) =

∫
d3xAµ(�x) e−i�k.�x. P8R

.D 
�- -���� P8R � ".c%�# � ]$D .% 9 2<� U��f� � 0�
�� ]� Ãµ(�k) � 0�
��

Ãµ(�k)
∗

= Ãµ(−�k). P9R

� '#�/ .% A���� �� 9 ����? � "� .@I��� � �3? �% �# Ãµ(�k, t) !�&�����

Ãµ(�k) = Ãµ
r (�k) + iÃµ

i (�k) P10R

���> 7� 	
��D�� L
/ P7R � 2D�? � ".I-��� #- .@I�� � 9- � .D 2<� �S�
% 9 !��D �3��&7�%

� ".I-��� 2<#- �k 9 µ � �31�% �% Ã � 0�
�� � ��� �� �� ����? � ".@I��� � � "��% P7R � ".I-���
.D 
��D b�� V�X�� ,�� � 0
�- � "��% 	2<�

∣∣�k∣∣ � 
��3% �% �-�< � x� 6! � ��0�<�& ]� � 2D�?
:
�6�� #- ��7 � '#�/ .% P7R � ".I-��� ����� ,�� .% 	x = Ãµ

r (�k) �
� �-�- � " k 9 µ ]� � "��%

ẍ+
∣∣�k∣∣2 x = 0. P11R

:2<�
∣∣�k∣∣ � 
��3% �% �-�< � x� �$ � ��0�<�& ]� � �&����$ ����2<- ,�� � ��E& � �&����$ J�

H =
1

2
ẋ2 +

1

2

∣∣�k∣∣2 x2

=
∣∣�k∣∣ (a†a+

1

2

)
. P12R

� �3?�% 0�� � o���� .D ��.���& ��� 9 \�* � "� ���$; � �3?�% �# �&����$ �9- � "9�3� #-
:2<� ��7 � '#�/ .% p = ẋ � "�*�H� 9 x $�H	 � "� ���$;

��



a =

√∣∣�k∣∣
2

(
x+

ip∣∣�k∣∣
)
, a† =

√∣∣�k∣∣
2

(
x− ip∣∣�k∣∣

)
. P13R

:!�#�- �&����$ ]� Ãµ
r(i)

(�k) � 
� � � "��% ����� ,�� .%

hµ
r(i)(

�k) = ω(�k)

[(
aµ

r(i)(
�k)
)†

aµ
r(i)(

�k) +
1

2

]
P14R

�k � ".&�)� .% �&���� � #�-�%#�S1 � ��nµ � ".@I�� � � \�* 9 ��� � ���$; aµ†(�k) 9 aµ(�k) 06 #- .D
:2<�

Ãµ
r(i)

(�k) =
1√

2ω(�k)

(
ar(i)(�k) + a

†
r(i)

(�k)
)
. P15R

�.D !�&�-�� (9R � ".c%�# 7�

aµ
r (�k) = aµ

r (−�k), aµ
i (�k) = −aµ

i (−�k). P16R

�2��& ��� 9 \�* � "� ���$; � �3? �% �# Ãµ(�k, t) -���� P10R � ".c%�# � ]$D .% J�

Ãµ(�k) =
1√

2ω(�k)

(
aµ(�k) + aµ†(−�k)

)
, P17R

:.D 
�- 
�% 9 aµ(�k) = aµ
r (�k) + iaµ

i (�k) .D

Aµ(�x) =

∫
d3k

(2π)3
Ãµ(�k)ei�k.�x

=

∫
d3k

(2π)3
1√

2ω(�k)

(
aµ(�k)ei�k.�x + aµ†(�k)e−i�k.�x

)
P18R

�% �# 0��"
�%=���� .D 2<� ��.% 
���% ��"-�%#�D �%��� � 
/��� � "��% �� � "� =���� !� ��f% ���
-���� ���Q���76 #- .D ��1 	!��D #��< 0���&��7 9 ���_� � "� .@I��� .& 9 � 0���� � Q�cG � �3?
J� 	-�D ��< ! 7� �# �3�>��a�9��)I� � 8�� ]� � "� .@I��� -���$& ��� -�D �
��cG �# #�& �&�<6 .%
.% 0���� ]� � ��3&��� � #�-�%#�S1 � ��n µ � ".@I�� � .% .D aµ(�k) � "��� � ���$; 7� �-�@�<� � "�+ .%
���� 	
&#�- 2IK- � 0���� � Q�cG .% .D !��D�� �-�@�<� ��� ���$; 7� -#�- �#��� �k � ".&�)�

�!�3��&��

aµ(�k) =
∑

s

εµs a
s(�k), P19R

"#�-�%#�S1 ! εµs 9 2<� �k � ".&�)� 9 s � Q�cG .% �&���� � "��� � ���$; as(�k) �+ ,�� #- .D
x3 � "��<�# #- .D �&���� "��% -��z1 � Q�cG � "��% (� [� 	
 -�� 0�& �# s � Q�cG .D 2<�

��



.% �# P18R � ".c%�# � O��D � ��Q�% #- ����� ,�� .% 	ε = 1√
2
(0, 1, i, 0) !�3��&�� 
�D�� 2D�?

:
�3��&�� ��7 � '#�/

Aµ(�x) =
∑

s

∫
d3k

(2π)3
1√

2ω(�k)

(
εµs a

s(�k) ei�k.�x + ε∗s
µ
as†(�k) e−i�k.�x

)
P20R

!������ �E& #- "�.&�$�� � "-�76 � ,���-�% � "��% .D ��� 
�G �# Q�cG � "� #�-�%#�S1 � �)�
.D !��D b�� 2<� ,)$� (� [� 	
��D�� -9
Y�

A0 = 0, ∇. �A = 0. P21R

�% �# "�.&�$�� � "-�76 ���S�� .% J�&#�I � ".&�$�� ^G�9 #- 	
&#��7�< J�&#�I � ".&�$�� �% 
�G 9- ,��
�# �9- � 
�G ���I�W 	2<� 7��& ! "�5�- � 
�G .% "�.&�$�� � "-�76 � ���D � ,���-�% � "��% 9 2-#�-�$&

� 
�G .D 2<� ����� 	
���&�� Q%�� � ".&�$�� �# P21R � "
�G � ���2<- 	
��D�� O�f�&� A0 = 0

.D 
����� Q%�� � ".&�$�� #- =9�

ε0s = 0. P22R

#- �9- � 
 � G 	2<� �@/� & ! � -�� Q&� & �εs � % .D εs � #�-� %#�S1 � ���_� � 2$3G U�� J�

����� P21R � ���2<-

�k.�εs = 0. P23R

7� -�% 
 ��* '#��; εs � "��% �<��� � ".��� ��� 06 �k = kẑ ��� (� [� J�

εL =
1√
2
(0, 1, i, 0) εR =

1√
2
(0, 1,−i, 0). P24R

� "� #�-�% .D 
�- -���� 	
��D�� o�/�� �# -��2<�# 9 -��z1 � Q�cG �% �&���� ����� .% � ,��
:
��D�� �-#96�% �# ��7 � U%�9 # Q�cG

�εs.�ε
∗
s′ = δs,s′ ,

∑
s=L,R

εisε
∗
s

j
= δij − kikj∣∣�k∣∣2 , P25R

-���� 
��3 �c* =�3D�� � 'K-��� 0�1 	-#�- 2IK- U��f� � 89-C� .% .�$ 0�1 ∗ � -�$& .D

� �&����$ �% Aµ(�x) � 0�
�� � 2D�? � 'K-��� .D 
�-
/�.� ����� E�� � ��"��.� � F
 2� * φ � ��+ ��,���� �, G��,�" � �����-) Aµ ��� �+ �-�+ �!�3 2

�+ �-� ��7� �-���3/� $��+/� ��,���� �, G��,�" � �����-) * A′
µ = Aµ + ∂µφ ����� �

(
∂2

t −∇2
)

φ = 0

$A′
0 = 0 �+ ������ ������ �� �, φ ���/� �7-�

��



H =

∫
d3k

(2π)3

∑
µ

(
hµ

r (�k) + hµ
i (�k)

)

=

∫
d3k

(2π)3

∑
µ

hµ(�k)

=
∑

s=L,R

∫
d3k

(2π)3
hs(�k) P26R

� "9�3� ,�� #- 	-���� �-�-

hµ(�k) = ω(�k)aµ(�k)†aµ(�k)

hs(�k) = ω(�k)as(�k)†as(�k), P27R

.% .+�� �% P26R � ".c%�# #- �9- � "9�3� 	!���-�D ����!1 1
2
ω(�k) � 2%�s � ".�$+ 7� � 06 #- .D
(� [� .D 2<� �
�6 2<- .% .�)& ,��

∫
d3k ω(�k) aµ

r
†(�k) aµ

i (�k) =
1

2

∫
d3k ω(�k)

(
aµ

r
†(�k) aµ

i (�k) + aµ
r
†(−�k) aµ

i (−�k)
)

=
1

2

∫
d3k ω(�k)

(
aµ

r
†(�k) aµ

i (�k) − aµ
r
† (�k)aµ

i (�k)
)

= 0. P28R

]$D P25R 9 P22R �P19R � "� .I-��� 7� P26R � ".c%�# #- ��< � "9�3� � 0-#96 2<- .% � "��%
	��.����

� �5��-9�� � ".I-���

H |ψ〉 = i ∂t |ψ〉 , H =
∑

s=L,R

∫
d3k

(2π)3
hs(�k) P29R

.% �<��� � ".��� ,�� 	-�D �? ��-�< .% '���� � "�_� � ".��� 7� ��<��� O�f�&� �% -���� �#
�-���� .���& ��7 � '#�/

|ψ〉 =
∏
�k,s

∣∣φ(�k, s)
〉

P30R

��



� � �0�<� & ]� � � &� � � � $  hs(�k) 0�1 	2<� hs(�k) � � &� � � � $  � ^ %� ��g �9
∣∣φ(�k, s)

〉
06 #- . D

��7 � ".c%�# �% .D -�- U3%
∣∣ns(�k)

〉
� ".��� � �3?�% ��-�< .% �# 06 -���� 2<� �-�< � x� �$ 

�-���� o����

∣∣ns(�k)
〉

=
[
as†(�k)

]n

|0〉 . P31R

���� �
 -�� 0�& �# ��5�<- � ".���7 � 2I�? o���� � \%�c� |0〉 (� * � 2D�

H |0〉 = 0, P32R

.���& #- .D

hs(�k) |0〉 = 0, ⇒ as(�k) |0〉 = 0. P33R

.D -�% O�* #
G06 �
�� ,�� 	
������ 2+� � "6*'7#�]�<(D � "� 0�
�� � Q�&��D � A9# ,�� .%
(� [� �
&����� =�3D�� � ]�<(D � 0�
�� � !�&��D �# 0���� .D #�>0�$ -�D .<�<9 !D !D �# �-��
0-n#�� H ,���D � ]�<(D � 0�
�� � !�&��D �# 0���� 9 F���- � ]�<(D � 0�
�� � !�&��D ! �# 09��)I�

3	
&��5%

� �I�)<� � 0�
�� .D 2<� �c* � ]�<(D � 8�� � ".I-��� ]� 0-#�� H ,��D � 8�� � ".I-���
��7 � '#�/ .% φ(�x, t) � ".�#�� � "� .@I�� � � "��% .I-��� ,�� 	
�D�� o�/�� �# φ(�x, t) � �3�&#�I

�-���� .���&

(
∂2

t − ω(�k)2
)
φ̃µ(�k, t) = 0, ω(�k) =

√∣∣�k∣∣2 +m2, P34R

� % �-�< � x�$ �$ � ��0�<� & ]� � 2D�? � ".I-��� P34R � ".I-��� 	2<� 0��� � � ��+ m .D
.D 
�- -���� !��@� �I�3D�� � 0�
�� � Q�&��D � "��% .D .106 � #��)� � % 	2<� ω(�k) � 
��3%

7� 2<� '#��; �&����$ 

H =

∫
d3k

(2π)3
ω(�k)f†(�k)f(�k), P35R

� 2%� s � ". �$+ 7� 9 
 � �3 �k � ". &�) � . % � &� �� � � \ �* 9 � � � � "� � ��$; f†(�k) 9 f(�k) .D
�X��# � 2��S&�% ]� .�$+ ,�� .D 
���5% -���� 2<� ,)$� 	!���-�D ����!1

∫
d3k

(2π)3
1
2
ω(�k)

� ".��E& � 2<#- � "
�%=���� ��� .D 
���5% ��? 2<� ,)$� 	-�D ����!1 06 7� -���$& 9 2<�

� "� 0�
�� � ".��E& .D 2��� .���& 
��% 
��% .�$+ ,�� � ,�*�
&� #9- � �C��3� �$�&��D � "� 0�
��
	-#�
& ��<#- � k�<� 9 .��� �$�&��D

� ? � +* � � ,� �(� �� * + � �� / �� � +�� ) ,� � �� � � � � - � ��� - � � � 8�,9 � �� �� ) � + � - � + � !� 3 3

$��+ H-I�3 JK�L� � ��,�� M #-K+ � ���-� �� /��N �� ���/� �, π± �/�-O��P����1"�

��



��1 	23�& ��<#- � b�� =�/K���; k ∈ (0,∞) � b�� .D 
��D .+�� '�-���� ,�� � O��+ #-

� ".��E& .D !�&�-�� � .I�1���< � ]�C�� 7� 9 2<� ��4��&O���+� �&��� � #�s6 k ∼ EPlanck #- .D
� "���=��5�&� ,�� � ��$� #- =�/K���; J� 	23�& r�Y/ � "t�&� 06 #- �$�&��D � "� 0�
��
��]1�D EPlanck  1019GeV 7� ���D � 
? .% 
��% .D 2<� � ��*=- � ����#�� Λ .D k ∈ (0,Λ)

� "t� &� 	
 �� % � �j#C % � � "�  �� �Q �� �76 � "�  "t� &� 7� � �� D � 
 ? . % 
 �� % Λ . � � I� 	
 �� %

� "��% �$�&��D � "� 0�
�� � ".��E& .D 
����� ,�� 	-�% 
 ��* 14TeV �<	��	=� � "�
� 
%���

� "t�&� ���I- .% .D ,�� �5� 2<� O�* �
� -O��� � �+9�* � "� -�-"9# .% y�%�� � '��<�Y�

� 'K-���� .&��f%A�* 	4
��% TeV �- 
�1 0�$ � -9
? #- 9 �� � ".�I9� � k
? 7� ��!D ]&(�

� "� 0�
�� � ".��E& #- .D �)�C�� � "� ��4��
 �� � #�
�� .D 
� -�� 0�& �A#���S%7�% � �9��
	
��3�& k�3? Λ � ���*=- � ����#�� � #�
�� .% 
&���� .�<�Y� k � Λ "� "t�&� #- �$�&��D

#�E�&� U�� 06 7� .D ���� ,�� .% 2<� �s�� � � ".��E& ]� !�3��&�� .D "�.��E& ����� ,�� .%

� #�
�� 06 9 
�D o�/�� ��<#- .% �# P]&(� � "t�&� �% .3���� #-R ,���� � "� "t�&� � ]�C�� !�#�-
�<���0�S�D � "�� 
� ��f% ��� .��I� 	2��4� #��D �# 06 -���� .D 2<� -9
Y� � #�
�� ]� ! 2%�s

� 'K-��� #- .�$+ ,�� .D ��1 23�& �Y�Y/ � #�D .�$+ ,�� � ,���4� #��D �5�- 
�)% 0��� .% ! �#
06 .% .D 2<� ��)� � ���� 9 -���� � �p j#C% ���* � �<���0�S�D � 2%�s ]� � �)� .% ,�����

	��� 
������ ��<���0�S�D � 2%�s � ".I��3��
�-�- ��7 � ".c%�# �% ��� 9 \�* � "� ���$; � ��+ .D !�)�� r���� "
�% � "�-�@�<� � "��%

�-����

[f(�k), f†(�k′)] = δ3(�k − �k′). P36R

�j��&C�� � ����� #- �9(; .%

φ(t, �x) = eiHt φ(�x) e−iHt

=

∫
d3k

(2π)3
1√

2ω(�k)

(
f(�k)e−i(ω(�k)t−�k.�x) + f†(�k)ei(ω(�k)t−�k.�x)

)
P37R

��Q� $��� 1.2× 1016 TeV �=5��	3 �+ ���
√

� c5/G 2�<) �� �(���  � ,�:�� R= ��.� S,������� �T-U�3 4

�1 �V!�� �� $W$,B ���/� ��X ��������Y! �� ���� � Z�� ,� �+ ��� �� �(��� ������� � ,�:�� �! #�� ,�
$A�"�	� #-�

��



�B���, ��D �!�
E- 3

� ".���& �# Q�D! �% .D !���% #�D .% �# �
�� ,�� 2<� ,)$� � Q�D! �% � 0-#96 2<- .% � "��%
.c<�9 � "�#u ,�� � Q�& 	!�&�
% Q�D! �% � =�? #- � "�#u 9- � ,�% .c<�9 � "�#u ]� � #��&�
�# .c<�9 � "�#u 06 .D �� � �E& 7� 	
�D�� �+.%�+ �#u 9- ,�� � ,�% .&�)� 9 "t�&� �$D .D 2<� ,��
���a� 0��.&�)� 9 "t�&� ! � #��D 7� #4� � ,�? #- �#u 9- .D 2<� ,�� 
����� .D �G�@�� !���%�$&

� �)� �$�&��D � "� 0�
�� � ".��E& #- 	
&��-�D Q�D! �% �5�
)� �% .D !������ .���& 9 
�D��
,���� �"��4�#���S%7�%�9 �J�&#�I � ���-#9�&� ��0-�% ��X��� � �[� ��� y�� �% �# � Q�D! �%
� 06 � ,����-�� � "��% 
��% 
�$G(; � "�
�&��* 9 2<� 8#�* .I��� ,�� � ".�/�? 7� .D 
��D��
7� .D .106 ,���� #�D .% �% .D 
�- -���� ��� 	
&�#45% �$�&��D � "� 0�
�� � ".��E& � k#- ]�

� "�
�� � �@�D � o�/�� 0�$ .% 2;��G 9 !����� -�� ��G � Qf% #- �$�&��D � "� 0�
�� � ".��E&
���& 
��% ���
�- ,�� #- .D �)���)I� � ��3&��� V (r) ∼ r−1 � #���# !D � 2<- !�&����� �I-��� � "�#u
2<- .% �# 
��% 0���� ]� � ".I-��� 7� ���& 
��% .D �9�D�� � ��3&��� �� 9 
��% 0���� ]� � ".I-��� 7�

	!�#96

� "� Q�D! �% 2�#�� #�E�&� .D 2<� ���3&��� ,�� 	!��D V9�� �9�D�� � ��3&��� �% 
�#�45%
:2<� ��7 '#�/ .% 06 � �)� 9 
�D o�/�� �# "�.�3 

V (r) ∼ e−mr

r
. P38R

7� � .�3 � -��%� 0�1 	
�D�� ,���� �# "�.�3 � "9��& � -�% .D 2<� "���#� � .c%�# ,�� #- m
.D 
�- -���� 	2<� ]�-C& ���* 0���� � ��+ .% .D m  100MeV J� 2<� ���� 
�1 � ".����
�% �/�? � Q�D! �% !�&�
% 0�{�D�& 9- � ,�% 0���� ]� � ".I-��� 7� ���& �# "�.�3 � "9��& ���

	
��% 0���� � ��+ m 06 #- .D -���� �-�- P38R � ��3&���

'��� ��"(
�I-��� � "�#u � "�
�� #- .D "�.c<�9 � '�#u .D !����% 2<� ��.% ��3&��� � ".�<�Y� 7� Q��
"�� % 	
 &#�- �)��� � �- � "� ��g�9 .1 0-�% 0� �� � � � 0� ��� 7� �E& � `�/ !�#�- #�D9�< � 06 � %
.% ,�5�< ���* � "�#u ]� 9 m � ��+ .% ]�< � "�#u ]� � ,�% ��D! �% 2<� ��.% #�D ,��
0�)< � ��+ � 2�3& . % �#��� �+ ,�� #- 0-� % ,�5�< � � ]�< 	!� � D �<#� % �# M → ∞ � ��+

� "t�&� -#�*�% 7� J� .D !�&�-�� 	-#�- ��+ � CD�� � ��5�<- #- � 06 � ���+ � "t�&� .% '�#u
.D 
�D�� ���a� ∆�P = −∆�p � "�7�
&� .% A�.&�)� 
�1 � 
�D�$& "���a�M � "�#u � ���+
!��� % . � �� �4 � �# �I-� � � � "�#u � "�
 �� � �� 	2<� -#�*� % � s� #- m � "�#u � ".&�) � � � � � a � ∆�p

�	



� ,� % q0 = 0 � "t� &� 9 �q = ∆�p � ".&�)� . % "��#u � ".I-� �� � ".��� & �# Q�D! �% ,�� ���06
����? � '�#u � ".$ � "�� % !� &�-�� .D ��1 23�& �����?� "��#u ,��1 	!� &�-�� M 9 m

� #�-�%#�S1 .D !�
�- ��* � Q���76 ,�� #- ��� 	
�D�� L
/ −q2 ≥ 0 � y�� #- .&�)� � #�-�%#�S1
	!���&�� �"7���� �# "��#u ,��1 9# ,�� 7� 	
�D�$& �-#96�% �# y�� ,�� �I-��� � "�#u � ".&�)�
9- � � "��% ^G�9 #- 	23�& "#9�X .���& ,�� .% 0
�<# � "��% M → ∞ � b�� .D 
��D .+��

� ��5�<- #- �# .I��3� J�&#�I � 'K
�� � 2Y� −q2 � ���-#9�& 7� �-�@�<� �% -���� � ��*=- � "�#u
M → ∞ �# � 06 7� �)� � ��+ .D 2<� ,�� A����� (� $; .D -�D �? �#u 9- � ��3& � '���f�

	!��.����

���)�* �+,��-.
]� � ,�% .D 
��% �-�% mπ � ��+ .% 0���� ]� K�% � Q���76 #- �
� .I-��� � "�#u .D 
��Db��

�% �# .I-��� 7� Q�� ��5�<- � 8�� ^%�� 	-���� .I-��� ,�5�< � ".�3 ]� 9 0�{�D�&

ψ(�p, �P ; x) = ei(�p.�x−Ept)ei(�P .�x−EP t)

�% �# 06 ���S& � 2I�? 9 
 -�� 0�& �# �p � ".&�)� �% "-9#9 � "�#u � "t�&� Ep = p0 06 #- .D

� ".I-��� � ".���& Q�D! �% 	
 -�� 0�& �# U��f� � 89-C� ∗ .D !� -�� Q��$& ψ∗(�p′, �P ′;x)

9 �
� \�* xµ(t, �x) � ".c�& #- 2<� ,)$� 0���� ,�� 	2<� 0�{�D�& 9- � ,�% qµ � ".&�)� �% �&����

� ".���- � ".�<�Y� #- 
��% �� 9 23�& ����� yµ 9 xµ � ��-��� 	J);�% �� -�� ��� yµ = (t′, �y) #-
��7 � ".c%�# �% ��
�D��� � ".���- J� 	!�#9��% O�3? .% �# ,)$� � "� -�-"9# � ".$ ��
�D���

5�-���� �-�-

T (p,P ; p′, P ′) ∼
∫
d4y d4xψ∗(�p′, �P ′; y)ψ(�p, �P ;x) 〈0|Tφ(t′, �y)φ(t, �x) |0〉 . P39R

:62<� �
�%�� m .% M 7� 0���� t > t′ ��� 9 M .% m 7� 0���� t < t′ ��� .D 2<� ���� ,�� .% T � -�$&

Tφ(t′, �y)φ(t, �x) =

{
φ(t′, �y)φ(t, �x), t < t′,

φ(t, �x)φ(t′, �y), t > t′.
P40R

� ^%�� � ".�<�Y� 	
���&�� "�.c�& 9- � ^%�� �# 〈0|Tφ(y)φ(x) |0〉 �$�&��D "� 0�
�� � ".��E& #-
���06 	t < t′ 
��D b�� 	2<� �&�<6 � #�D "�.c�& 9-

〈0| Tφ(t′, �y)φ(t, �x) |0〉 = 〈0|φ(t′, �y)φ(t, �x) |0〉
$6����+ ���&��� = � ���.� � ���� � ��! �� ∼ � ����  � 6���@�� ������ �, ���> � ;[��U ��\ �D��, #�� ,� 5

� ��D	� ,� �������! � ����) 2� � E�� � V��3 φ(�x, t) |0〉 �A37B � ��D��, �� �!�3 �� �t < t′ � ���� <= ]� 6

$���/� ����� (�y, t′) � ��D	� ,� φ(�y, t′) � ��F�> � J��3 ����) #�� $��/� ��� �� �, (�x, t)

��



Re(q0)

Im(q0)

/0123�� ±ω(�q) "� �4563 /q0 7,�" ,��89��&'+� 7 01��: ��  !�

=

∫
d3q

(2π)3
1

2ω(�q)
e−iω(�q)(t′−t) e−i�q.(�x−�y), P41R

0�& 
�&�� ��� 	��.���� ]$D P36R 9 P37R � 'K-��� 7� �9- � "9�3� � 0-#96 2<- .% � "��% .D
��D � #�> .% .D 
� -

〈0|Tφ(y)φ(x) |0〉 =

∫
d3q

(2π)3

∫
dq0

2πi

eiq.(y−x)

(q2 +m2)
, P42R

:-���� .���� P�R � �)� #- �
� �-�- 0�& � 
�%�� � "9# q0 � =��5�&� .D
#- �23% Pq0 → i∞R K�% #- �# 
�%�� 
��% .D t < t′ � "��% (� [� 
�%�� ,�� � O�f�&� �% .D 
���%��

� "��% 	-���� ���� P41R � ".I-��� .% .D 
�6�� O�3? .% q0 = −ω(�q) � �cG U�� P42R � =��5�&�
.D !��D�� .+�� #�4� � ".���- � ".�<�Y�

∫
d4y d4xψ∗(�p′, �P ′; y)ψ(�p, �P ;x) eiq.(y−x) =

∫
d4y d4x e−i∆p.x e−i∆P.y eiq.(y−x)

= (2π)8 δ4(q − ∆p) δ4(∆P − ∆p), P43R

�c* � ".&�)� 9 "t�&� � "��% � 0�&�G .% δ4(∆P − ∆p) ���9# � �)� .% 	∆p = p′ − p (� [� .D
.D 
�- -���� P39R � ".I-��� #- "#�4�"�+ �% 	-#�- 2IK-

T (p,P ; p′, P ′) ∼ (2π)4 δ4 (∆P − ∆p)
1

(p′ − p)2 +m2
. P44R

� "�#u � "��% ���S& � "� 2I�? � ��$� � "9# m � "�#u � "��% ��
�D��� � ".���- � ".�<�Y� � "��%
:!������ =��5�&� M

��



T̃ (p, p′) =

∫
d3P ′

(2π)3
T (p,P ; p′, P ′)

= 2π δ(p0 − p′0)
1∣∣�p− �p′
∣∣2 +m2

π

P45R

�-�@�<� ∆P 0  0 .���& #- 9 P ′0  P 0 = M .D b�� ,�� 7� �9- � "9�3� � 0-#96 2<- .% #-
.D 
�- -���� ��-�< .% 	���-�D∫

d3k

(2π)3
1∣∣�k∣∣2 +m2

π

∼ e−mπ|�x|

|�x| . P46R

9- � ,�% "7��� � 0���� ]� � ".I-��� � ".���& .D -���� ����� P4R �% P45R � ".I-��� � ".3���� �%
	2<� 0�{�D�& 9- 06 � ,�% �9�D�� � Q�D! �% � =-��� �I-��� H �#u � ".��E& #- 0�{�D�&
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dq0
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∂ẋ
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.D py = 0 � 
�G .% 9 
������ .�I9� � 
�G 
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δx = {x,G} = θ̇,

δy = {y,G} = θ. P56R
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[z, px] = 0. P60R

	!���% P57R � "��% ���C�"�+ � �)� .% 
��% 0��1! ��� 2<� #��7�< px = 0 � 
�G �% �*6 � "9�3� ,��
	
���% �-#9.&�$�� 
�&����$& �)�C�� � "� ��4��
 �� .D !��D�� .+�� �
�%� �)� ,�� � �? � "��%
��7 � ".&�$�� � 2��[� � "� 
�G (� [� #�D ,�� � "��% 	!��D .&�$�� � 2��[� 2<� �7K Q�&��D 7� Q�� J�

�!��D�� b�� �#

χ1 = x = 0, χ2 = y = 0. P61R

J�� �� � ,�� 	
 �� �5 % �E & #- �# ∆ij = {χi, χj} � J�� �� � 	χ4 = y 9 χ3 = px !� �D�� o��� �
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