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

%'&)(+*�,.-+/1032"/54

6�798;:�<>=@?�=;AB8@:DC�:9E+F�AHGJI�K�L"ANM+=;?;F>APORQ+OTSU7�ANL�V

W�(�*YXY*>-+4Z,[/]\5^@*_W�(�*�&[^a`Y2"/54

bRc

2d-�/eX�^a/5fH^a&[\�X�g5^h(�*�,[^jiZ,kX_^al5-nm�X�^h/po_^h/5(+*�iZ,)^a*�25/543`Y4+*�2�q5qr^h/�s�t
&)^h,)u;ge25/543^h/ev

w+x"y 254325`zX|{�}3}9~

••€e‚Yƒ+„…„‡†nˆe‰Nƒ�‚z‚>€�ˆeŠe‹�ŒN••Žz•’‘’“BŽz”–•�Žz—™˜�šnŽ�‘�›•œ;•P“B•’•@ž@‘|Ÿ Žz•’šJŽz”¢¡'•’£n”nšJ˜™•@ž@Ž�”¤šJŽz•

¥

“B•’Žz£h“B¦nŽzœ@•’—™Ž§£n”nš
šn•;‘�¨©•’Žz—™Ž'”nŽz£h“B•’•@˜™ŽTª'˜™Žz—™”h«P¡§œ@•’šnœ;”J«N¬nŽz˜™š_šn—™‘B­a£J“B—™Žz•P“z®n¯rŽz—9šnŽ�•±°�”J«

“BŽz•’‘’£n²³¦a£n”nž�šnŽz‘�•@‘P´J•�µJ“Bœ;“B—™‘’²³¦nŽ�”'›dŽz•’¦n•;˜ “BŽz”n‘�šnŽ�‘�Ÿ Ž�²³¦n‘’Žz˜ Ÿ�—™•’­;Žz”nšnŽ�” ¬nŽz˜™šnœ@µ+Žz•’•>“Bœ@•’‘

“B•’— “’“�šnŽz•¶¯rŽzž@•’— ·�šnŽz•�‘B²R¦@Ÿ •@²R¦nŽz”Z¸§µ3Ž�•’•;“Bœ@•’­;œ;”a¹@Ž�•’ž@Žz”nº»£n”nšZšJ—™Ž_šn•;•’•@£n‘�•’Žz‘B£J˜ “B—™Ž�«

•’Žz”nšJŽ�¼§‘P´J•½µh“Bœ;“BŽz”a¾+Žzšn—™”nž;£n”nž»¨k¿n•±šnŽz”j¬nŽz˜™šnœ;µ3Ž�•’•;“Bœ@•À•@£n¨N®3ŒN•Áº�Ÿ Žz— “BŽz”|•�Žz—™˜�˜™Žz— “BŽz”

Ÿ�—™•'šn—™Ž½ÂeŽz¦J•½•@”n”h«

¥

´J•½•;”nºz—™­@«HÃ3—™•½•½Ž�•’•½•@”n”h«HÄÀŽzšn£J­a“B—™œ;”n‘B¨kœ;•’•½Žz˜�¨k¿J•TŽz—™”‡”nŽz£J“B•’•;˜™Žz‘

ª'˜™Žz—™”J«H¡§œ@•’šnœ;”J«

¥

­�•;˜™•@•’¨kŽz˜™š]¦nŽz•�Å±šn—™Ž…Ž�—™”nŽz”¢Ã+£n‘B•;•½•½Žz”J¦n•@”nžÆº�Ÿ�—™‘B²R¦nŽz”

S
«HÇ|•;“B•’— Èa«

Éd˜™Ž�•½Žz”@“À£n”nš|šJŽz”

n
«HÊ"£n”n­@“’«N¬n£n”n­@“B—™œ@”nŽz”
¦nŽz•’‘P“BŽz˜™˜ “z®

Ë�ÌUÍ'Î3Ï9Ð•Ñ Î9Ò�ÐdÓ�ÏeÔ’ÐÁÑ¶Õ¶Ö#×ÙØnÚ�ÛÝÜ�Î+Ó�Î+Ð•Õ'Þ»Ð•Ö¶ÔBÕ�ß§Ñ¶Õ�ß

à³/Á\5^@*D`zX�á+*�25/"4�X�g"^a(+*�^@X�,[`Yu>g5^h/�â9XY*�^h2�X�g5^a(+*�,[^125/9X�^@*�`Y2"u>g9XÆi�-�/äã�år^a*�49æ�/"4+^1çaè_,)`Yu;g5^a/

7�F>E+é�êrORë+OPAHFa8;:ÙF;OR79<@AHì[=;LÝí•25`zX>æ+/5\5^h/ î'\
x

g
x

\5^a*…`Y(34+^h/"-+/5/9X�^p,[/�s�í•25`zX>-+/5\ïè_,)*�\ï&.-�/"4+^Æð9(�*

\5^a*�^h,)43^a/eX�&),[u>g5^h/òñó^au>g"`Y^a&)è_,k*Ym�25/54Ùq5*>æ�qd-�*�,)^a*YXhîTè�(+43^h4+^h/�\"^@*�(32�XYs�í•25`zX>-+/5\Á^a*�`zX�&[-+/543^

/"-+u;gó\5^a*ôñU^hu>g5`Y^h&kè_,)*Ym�25/54õ43^aiZ^a`Y`Y^h/óè_,k*�\
x

ñ�,)*ôè�(+&[&[^a/ò-�/"/5^ag5iZ^h/ î§\d-�`Y`ö^a`ö`Y,)u;góår^a,

\5,[^a`Y^h/ò-+`z÷�iöq"X�(�X�,[`Yu>g"^a/Áíd25`zX>æ+/5\"^a/ò25iùø>?�=@A’=@î'-+&[`Y(õ/5,[u>g9Xöè�^hu>g5`Y^h&kè_,)*Ym9^a/5\"^Æú�,)/5s|(e\"^@*

ûõ^hg�*YX�^a,[&[u>g5^h/�s�íd2"`zX>æ�/"\5^–gd-�/"\5^a&)Xhî¶fNü�*Æ\5,[^–i�-�/ä^h,)/5^h/ä%"(�u�m�*>-+25iým9(3/5`zXY*�25,[^@*�^a/Ám3-�/"/
x

þ|^a*ôú�,)/"fH-+u>g"g5^a,)Xôg"-+&)år^@*‡è�(3&[&)^h/Uè_,k*ög5,[^@*ö/e2�*ö^a,[/ó^a,[/5ça^h&)/"^a`‡/5^h2�XY*>-+&)^h`ôÿ�&[^a,[/�s�t
(+*�\5(3/�s

â9m3-+&[-�*�fH^a&[\jå ^@XY*>-+u>g9X�^h/ î�\5,[^¶ã�år^@*�&[^a4325/543^h/ôça25*§o_^h\52�m�X�,[(+/"`YfN(+*�iZ^a&�&.-�`Y`Y^h/ö`Y,)u;g…-�år^@*'(3g5/5^

è�^h,kX�^a*�^a`_-+25f±m3(3i…q"&[,)çh,)^a*YX�^@*�^öâe,kX�2d-nX�,[(3/5^a/]ð9^@*>-+&[&)43^hi…^h,)/"^@*�/
x

þ|,)^��±-+4+*>-+/543^a\5,[u>g9X�^j\"^a`�ø�?�=@AB=;L��ôì)=@AHL����_ë�?	�9ë�L
�P6�=aì���F

�
,[`zX
�

�

K G = 1
2 @� �@� � � m2� 2 : �

w��

ûõ,)X§\5^h/‡ú�25&)^a*Ys��±-+4+*>-+/543^@s�t
&[^a,[u>ge25/"4+^h/ôfH(3&)4+X§\"-�*>-+25`§\5,)^§ø�?>=;AB=��ôì)=@AHL����_ë�?	�9ë�L
���½ì)=@A’8@:���L��

(� + m2)� = 0 : �

{
�

þ�-+`½m3-�/"(+/",)`Yu;g]m9(3/���2"4+,[^@*YX�^�%d^a&[\]^a*�43,kå5X_`Y,[u>g–ça2��

� (x) =
@

�

K G

@_� (x)
= _� (x) : �

~
�

þ�-�^a`�`Y,[u>gõ2"i��½(3`Y(3/5^a/õg"-+/5\5^h&kX

�

â9q",[/¤}
�

fN(+*�\5^a*�/1è_,)*
ça2�*

c

2d-�/eX�,)`Y,[^@*�25/"4D\"^a`�%d^a&[\5^a`

\5,[^��3ì)=@A’8@:+VJ=;APOPA��9=@L �…ë�éöé!��OR7+OPABë�L"F�?>=@ì)7+OPABë�Lr=;L¢fNü�*_\",)^�"
^a,[`Y^a/9år^a*�4+sB%"^a&[\5(+qr^a*>-nX�(+*�^h/��

[�̂ (t; x ); �̂ (t; y )] = i� (x � y ) ;

[�̂ (t; x ); �̂ (t; y )] = 0 = [�̂ (t; x ); �̂ (t; y )] : �$#

�

%
i \5,[^Zú *�ça^h254325/543`zs�25/5\¢W�^@*�/5,[u>geX�25/543`Y(+qr^@*>-�X�(+*�^a/Ù\"^@*'&½g5^h(�*�,[^Zçh2Ù^@*�gd-�&)X�^a/ÀîÀ^h/9X³è_,ks

u>m3^h&)/]è_,k*

�̂
/"-+u;g]^h,)/"^@*(�»-+`Y,)`»ð9(+/1^aår^a/5^h/pñU^h&)&[^a/

up (x) = ) p e� ip �x ; ��*

�



� �������	��

�������������������������! #"$�&%

\5,[^ö\5,[^öfN*�^a,[^öÿ�&[^a,[/�s�t
(+*�\5(3/�s�t
&[^a,[u>ge2"/54

�

{ � &)á3`Y^a/ x þj-�` ��(+*�^a/9X�ças’m9(hð3-�*�,[-+/9X�^('dG+7+ì)7�?Rê•?�ë �

����GJO�ç@è�^h,)^a*_ÿ�&[^a,[/�s�t
(+*�\5(3/�s’ñU^a&[&[^a/5fH25/�m�X�,[(+/"^a/1\"^�)"/5,[^@*YX_i�-+/–-+&)`

(� 1; � 2) := i
Z

d3x � 1

*

@x 0 � 2 �,+

�

iZ,)X_\5^@*�`Yu>g5,[^afH`z÷�iZi…^aXY*�,)`Yu;g5^a/ y å"&[^a,)X�25/54

� 1

*

@x � � 2 = � 1

�
@� 2

@x �

�
�

�
@� 1

@x �

�
� 2 : �.-

�

�½^a,r4+^h^a,[43/5^@X�^a*¶ñó-+g5&r\5^@*0/
(+*�iZ,[^@*�25/543`zm9(3/5`zX>-+/9X�^a/

) p
43^a&)X�^a/ÆfNü5*�\5,[^

up
\5,)^$1�*YX�g5(343(�s

/"-+&[,kX>æ�X�`z*�^h&[-�X�,[(+/"^a/

(up ; uq ) = � (p � q) ; (u�
p ; u�

q ) = � � (p � q) : �,2

�

þ|,[^�ú�/9X³è_,[u�m�&[25/54�\5^a`_f.*�^h,)^h/]%"^h&)\"(�q ^@*>-�X�(+*�`»&.-+2�X�^@X_\"-+/5/��

�̂ (x) =
Z

d3pup (x)âp + u�
p (x)ây
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p 1

� � � ây
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p 1 ;out =
i

p
Z

Z
d4x

�
up 1

@2
x 0 � � (r 2 � m2)up 1

�
	

�������

=
i

p
Z

Z
d4x

�
up 1

@2
x 0 � � up 1

(r 2 � m2)�
	

=
i

p
Z

Z
d4x up 1

(� x + m2)� : �

~

#

�

%'ü�*�\"-+`

S
sBû¤-�XY*�,kl�sBú�&)^hiZ^a/9X�-+25`

�

{

+

�
g"-�år^a/]è_,)*_\"-+iZ,kX
�

Sf i =
i

p
Z

Z
d4x up 1

(x) (� x + m2)hq1; : : : ; qm ; outj� (x)jp2; : : : ; pn ; ini ; �

~

*

�

^h`¶,[`zX�2"/5`½-+&)`Y(ö43^a&[25/543^a/Æ\"-+`�^a*�`zX�^ &±^a,[&)u;g5^a/]-�2"`¶\5^hi
y

/5fP-+/543`Yça25`zX>-+/5\pça2Æ^a&[,[i…,[/5,[^@*�^h/
x

ñ�,)*_ça,[^ag5^h/]/e25/–\"-+`»çaè�^a,)X�^�&�^h,)&[u>g5^h/1g5^@*>-+25` �

hq1; : : : ; qm ; outj� (x)jp2; : : : ; pn ; ini

= hq1; : : : ; qm ; outj� (x)ây
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p 2 ;in = � � (x)i

Z
d3y up 2

(y)
*

@y0 � in (y)

= � � (x) lim
y0 !�1

i
p

Z

Z
d3y up 2

*

@y0 � (y)

= �
i

p
Z

lim
y0 !�1

Z
d3y up 2

*

@y0

�
� (x)� (y)

�
: �

~

-

�

ñU^h43^a/

y0 ! �1
\5ü5*�fN^h/�è_,k*Dg5,[^@*D\5,[^¤í•^a,)X�(+*�\5/e25/54U^h,)/5fHü5g�*�^h/Á(3g5/5^õ-�i ñU^@*YXD\5^a`

à³/9X�^h4+*>-�&[`_^@X³è½-+`»çh2pð9^@*>æ+/5\5^a*�/��

� (x)ây
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