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∂nF
mn = 0, ∂pFmn + ∂mFnp + ∂nFpm = 0

Ë Ç Ï

Fmn =





F µν −Sµ −T µ

Sµ 0 −η
T µ η 0





Ë Ð Ï

Ð



Ñ�®°¯�»a¯�·�±l»
ÀV²�¶{»a¾�½?Ò�Ñ�¯&®h¶wÊm¯�Ñ�»a¾t½J½J¯jº4±m¸0½
½J®°¯�Ûh¯j²´³�¼2½J»a¯�º°µl½J®4½J¯�º�¼2±m»e¾´º�½J¯j»JÁ�¼�±{· × ¿_³ÀV±|Ê|¶l»J¾�¶{ºX½a¼jÄ�Ù!¯�¼J¯�¯�½a®h¶|½�½J®°¯j»J¯�¾�¼
½a®°¯�¸�¼2¸h¶l²�Ô�¶ � Ñ�¯j²�²0Û�¯�²�³*½J¯jºh¼2±m»jÎX¶ × ¿¢Êl¯CÀ
½J±m»8¶{ºh³�¶× ¿¢Ãh¼J¯�¸h³°±|Êl¯jÀV½J±m»jÎ|¶{º�³�¶�Ã�¼2¯j¸h³0±m¼aÀ�¶l²´¶l»�Ë�¼J¯�¯�ÂM¯�²´±|Ñ�Ï
Îl¾�·¹Ñ�¯�À�±lºh¼J¾�³0¯�»
±mº°²�Ò�½J®°±X¼2¯���� A������½J»S¶{º�¼?·�±m»JÁ�¶|½a¾�±mºh¼�±{· H ��Ë Õ Î Õ Ï�½a®h¶|½�²´¯j¶wÊl¯4½J®h¯ Ç ¿ × ¶{º�³!ß|¿CE�¼2¸hÂh¼2Ã�¶lÀV¯C¼#¾�ºiÊ|¶{»a¾´¶lºX½jÄ�Ú_º½J¯j»JÁ�¼&±l·�½a®°¯j¼J¯�ÀV±lÁ*ÃM±lº°¯jºX½a¼�½J®h¯�Ûh¯�²�³�¯jÞX¸h¶|½a¾�±mºh¼�¶{»a¯

F µν
,ν = ∂uS

µ + ∂vT
µ = Jµ Ë Õ Ï

∂µS
µ = −∂vη

∂µT
µ = ∂uη

Ñ�®°¾�ÀS®�¶l»J¯�¶{º�¶{²´±lµl±m¸h¼�½J®°¯#½a®°¯	�_Û�»a¼2½�¼2¯�½�
�¾�º�Ô�¶ � Ñ�¯�²´²�à ¼&¯jÞX¸h¶{½J¾´±lºh¼jÎ°¶{º�³

∂αFµν + ∂µFνα + ∂νFαµ = 0
Ë × Ï

∂uFµν = ∂µSν − ∂νSµ

∂vFµν = ∂µTν − ∂νTµ

∂µη = ∂uTµ − ∂νSµ = Kµ

Ñ�®°¾�ÀS®Ý¶{»a¯4¶lºh¶{²´±lµm±l¸h¼�½J± ½J®°¯��J¼2¯CÀV±lº�³�¼2¯�½�
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ÎAÑ�¯¼J¯�¯�½a®h¶|½&¶�½2¿¢»J¯jÊl¯j»a¼a¶{²0Á4¸h¼?½�Â�¯#¶lÀjÀV±lÁ*Ãh¶lº°¾´¯j³*ÂiÒ4¯j¾t½a®°¯�»&¶�¸0¿¢»a¯�Êl¯j»a¼a¶{²0±m»�¶�ÊX¿¢»J¯jÊl¯j»a¼a¶{²HÎ

��� B-

A�B � A	B��0Î¹¾�º�±m»a³°¯�»�½J±�®�¶wÊl¯4¶�Ã°»a±lÃM¯�»�½a»a¶lºh¼2·�±l»aÁ*¶{½J¾´±lº,±l·8½J®°¯�¯�ºX½a¾�»a¯ E{¿¢³�¼JÃh¶mÀV¯lÄ­&®°¾�¼�¾´Á�Ãh²�¾´¯j¼\½J®h¶{½jÎ�·�»J±mÁ ½J®h¯�Ã�¯j»a¼JÃ�¯CÀ
½a¾�Êm¯�±{·&½J®°¯ ��±l»a¯�ºX½JÍ*µm»J±m¸°Ã�Î�¾�·�¸Ü¾´¼�¶,¼JÀj¶{²�¶{»CÎ½J®h¯�º!Ê�¾´¼�¶�Ãh¼J¯�¸�³0±m¼aÀ�¶l²´¶l»jÄ\Ù!¯�¶l³°±lÃ0½#½J®°¾�¼\À�±lºiÊl¯jºm½a¾�±mº�º°±|Ñ�Î�Ñ�¾�½J®h±l¸0½\²´±m¼a¼#±{·�µm¯�º0¿¯�»S¶{²´¾�½?ÒlÄ*­&®X¸�¼���Â�¯CÀV±lÁ*¯C¼#½J®°¯�¼J¸°Á ±l·�½?Ñ�±�¼JÃh¶mÀV¯V½a¾�Á*¯*Êl¯CÀ
½a±l»S¼�Î�Ì ½a®°¯�¼J¸°Á ±l·�½?Ñ�±¼JÃh¶lÀ�¯V½J¾´Á*¯\Ãh¼J¯�¸h³°±|Êl¯jÀV½J±m»a¼jÎh¶{º�³�Ûhºh¶l²�²´Ò
η
¾�¼#¶�Ãh¼J¯�¸h³0±X¼JÀj¶{²�¶{»�¾�½a¼J¯�²�·
¿�¶{ºh³�½a®°¾´¼�²�¶|½2½a¯�»¾�¼&¾�ºh³°¯�ÃM¯�ºh³0¯jºX½�±{·�½J®°¯�®h¶lºh³0¯C³0º°¯j¼a¼�ÀV±mºiÊl¯�ºX½a¾�±mº�Ñ�¯#¯jÁ*Ã°²�±|ÒmÄ

ÙÝ¯�¼2¯j¯�½J®h¶{½�½J®°¯
¯CÞX¸h¶|½a¾�±mºh¼�¶{ÂM±|Êl¯�®h¶wÊm¯e½J®°¯
·�±m»JÁ ±{·X½J®°¯���
�� A	��A����7
�� A ��� Ô�¶ � Ñ�¯�²´²¯jÞX¸h¶{½J¾´±lºh¼jÎiÑ�¾t½a®�¶m³°³0¾�½J¾´±lºh¶l²A¯jÞX¸h¶|½a¾�±mºh¼�·�±l»�½J®°¯#Ûh¯j²´³
η
½a®h¶|½�¯j¼2½a¶lÂ°²´¾´¼J® ¶4µl¯j±lÁ*¯V½a»J¾�À�¶l²»a¯�²�¶|½J¾´±lº�Â�¯�½?Ñ�¯j¯�º�½a®°¯�ÀV±lÁ*ÃM±lº°¯jºX½�Êm¯jÀ
½a±l»S¼ H ¶{ºh³�­ ¶l¼�½J®h¯�Ò�¶{ÃhÃ�¯C¶{»�¾�º ½J®°¯�ÀV¸h»J»a¯�ºX½jÄ

Õ



��±l½J¯&½a®h¶|½�ºh¯�¾�½J®°¯j» H�º°±l»�­ ¾�¼8ÀV±mºh¼J¯�»aÊl¯j³4¾´º*½J®°¯ × ¿¢³*¼J¯�ºh¼J¯lÎmÂ°¸0½8½a®°¯ × ¿¢Êl¯CÀ
½a±l» ��Á�¶l³0¯·�»a±lÁ¨½a®°¯ � � � ±l·e³0¯j»J¾´Ê|¶|½J¾´Êl¯C¼&±{· H�¶{ºh³�­ Ñ�¾t½a®,»J¯C¼2ÃM¯jÀV½�½a±�¸,¶{ºh³�ÊAÎ°»a¯j¼JÃ�¯CÀ
½J¾´Êl¯j²�Ò�¾´¼¾´ºh³0¯�¯C³�À�±lºh¼J¯�»aÊl¯C³,¾�ºÝ½J®h¯ × ¿¢³�¼2¯jºh¼2¯mÄ�­&®i¸h¼�Ñ�¯4®h¶wÊm¯4¶�¼2¸h»JÃ°»a¾�¼2¾´º°µ ¶l²t½a¯�»aºh¶|½a¯�»a¯�Ã°»a¯V¿¼J¯�ºX½a¶{½J¾´±lº,±{·�½J®°¯�¾�ºh®°±lÁ*±lµm¯�º°¯j±l¸h¼�Ô�¶ � Ñ�¯�²´²�½a®°¯�±m»JÒ�ÂiÒ�¾�ºX½J¯j»JÃh»J¯�½J¾´º°µ4E|¿_³�À�±|Êw¶l»J¾�¶{ºX½S¼·�»a±lÁ¨½a®°¯�Ã�¯j»a¼JÃM¯jÀ
½a¾�Êm¯�±{·
¼2Ãh¶mÀV¯�½J¾´Á�¯mÄ
­&®°¯	�2³°¸h¶{²�À�¸°»J»a¯�ºX½ 
#Ì ¾�¼�¶�Ãh¼J¯�¸h³0±|Êm¯jÀV½J±l»&¶{º�³®h¶m¼�Ê|¶{º°¾�¼J®°¾�ºhµ × ¿_ÀV¸h»J²HÎhÑ�®°¾�ÀS®�µm¾�Êm¯j¼�ºh¯j¶{»a²´Ò ¸°º�¶{Á�Âh¾�µm¸°±l¸h¼�¾�º°·�±l»aÁ*¶{½J¾´±lº�¶m¼�½J± ¾t½S¼�¾´º0¿½J¯j»JÃh»J¯�½a¶|½a¾�±mº�¿
½J®h¯#È
¶l¸°²�¾�¿F��¸°Âh¶lºh¼JÅX¾A¼JÃ°¾�º�Êl¯CÀ
½a±l»CÄe­&®°¯�¯ � ½a»a¶�Ûh¯j²´³°¼&¶l²�²´±|Ñ ¼J±lÁ*¯V½a®°¾�ºhµ¸°º°¯ � Ã�¯CÀ
½J¯C³�±mº�½J®h¯�À�²´¶m¼J¼J¾´Àj¶{²e²�¯jÊl¯j²�ÎM½J®h¯�¾´ºX½J»a±0³0¸hÀ
½a¾�±mº�±{·�¼2Ã°¾´º�Ä\Ù!¯�µl±�·�¸h»2½a®°¯�»�¶{º�³¾´ºm½a¯�»aÃ°»a¯V½�½J®°¯�¼J¸°Á*Á*¶lºh³°¼�¾´º�½J®h¯ × ¿¢À�¸°»a»J¯jºm½&¶l¼�»a¯�Ã°»a¯j¼J¯�ºX½a¶{½J¾´±lºh¼�±{·&���	BDB � �\¶lºh³ �	
JB � �
�2��B B ���

�
­&®°¾�¼#Á�¶{Ål¯C¼�¼J¯�º�¼2¯mÎ¹¾�º�½J®h¶{½�Ñ�¯�Á�¶wÒ,»a¯�Ã°»a¯j¼J¯�ºX½�¶�Ãh¶l»J¾�½?Ò�±lÃM¯�»S¶|½J¾´±lº�¾�º × ¿_³¶l¼�¶�ÀV±mºm½a¾�ºi¸°±m¸h¼�±mÃ�¯j»a¶{½J¾´±lº�¾�º�½J®°¯4Ã°»J±mÃ�¯j»�E|¿_³�µl»a±l¸°Ã�¿�½J®i¸h¼�¶�®h¶{²�·�¿¢»J±l½a¶|½a¾�±mº�±{·�½J®°¯

�?½J¾´Á�¯�¿¢¼JÃh¶mÀV¯ 
�¶{ÂM±l¸°½�½J®h¯�¸0¿_¶ � ¾�¼\»a¯�Êl¯j»a¼J¯j¼\Â�±l½J®Ü½�¶{ºh³ÖÊAÄ��°¸°»J½J®°¯j»jÎ
Ñ�¯�Åiº°±|Ñ ·�»a±lÁ¯ � ÃM¯�»a¾�¯jºhÀV¯\½J®h¶{½#º°¯j¾t½a®°¯�»#Á�¶|½J½J¯�»#º°±m»�¶{ºX½a¾�Á�¶|½J½J¯j»���� A�
 ��¾´¼#ÀV±mºh¼2¯j»JÊm¯j³¹Î�»a¶{½J®°¯j»jÎM±lºh²�Ò½J®h¯ � � � ±l·M½a®°¯�½?Ñ�±�»J¯jµm¶l»a³0¯C³4¶m¼ ��� A���� � × ¿HÊm¯jÀ
½a±l»S¼eÃ�±m¾�ºX½J¾´º°µ�·�±m»JÑ&¶{»S³4¾�º*½a¾�Á*¯lÄ
­&®i¸h¼½J®h¯�½a®°±l»aºiÒ!¾�¼a¼2¸°¯�±{·�¾´ºX½J¯j»JÃ°»a¯V½S¶|½a¾�±mº�±{·�ºh¯�µm¶{½J¾´Êl¯ ¯�º°¯j»JµmÒÝ½a®h¶|½�¶{»a¾�¼2¯C¼\¾´º�½J®h¯���¾´»a¶mÀ½J®h¯�±l»aÒlÎi¾�¼�¶{²´²�¯jÊi¾´¶{½J¯j³�·�»J±mÁ¨½J®h¯#Êm¯�»aÒ�Â�¯jµl¾´º°º°¾´º°µ*¾�º ½J®h¾´¼�·�±m»JÁ�¶{²´¾�¼2Á�Ä
Ô�¶|½J½J¯j»�¶{ºh³�¶{º0¿½J¾´Á�¶|½J½J¯�»&¶{»a¯�·�¸°²´²´Ò�¶{ºh³�¯CÞX¸h¶{²´²�Ò�»a¯�Ã°»a¯j¼J¯�ºX½J¯C³�¶l¼���A � �����������2��
 ��� � � 

� �7
 B � 
JB ��BD� � � Îm½a®h¶|½¶{»a¯#»J¯j²´¶{½J¯j³ ÂiÒ�Ûh¯j²´³�¯jÞX¸h¶{½J¾´±lºh¼jÄ
­&®°¯*¯jÞX¸h¶{½J¾´±lºh¼#¶|½�Ûh»S¼?½�¼J¾�µm®m½�¶{»a¯�®h¾�µm®°²�Ò�±|Êl¯�»J¿_³0¯V½a¯�»aÁ�¾´º°¯C³�¿&Ñ�¯�®h¶wÊl¯ Ð E ¯jÞX¸h¶|¿½J¾´±lº�¼&·�±l» Ç ß\Û�¯�²�³�Êw¶l»J¾�¶{Âh²�¯C¼�Ä���±|Ñ�¯jÊl¯�»CÎCÉ?¸h¼2½�¶l¼&¾´º�½J®°¯ × ¿¢³�Àj¶l¼J¯lÎi½J®h¾´¼�¾´¼�ºh±{½�¼J±hÎ°¶{º�³Ñ�¯�Á*¶wÒ4¾�ºX½a¯�»aÃ°»J¯�½�¼2±mÁ*¯�±{·M½J®°¯�¯jÞX¸h¶{½J¾´±lºh¼8¶m¼
¾´º°¾t½a¾´¶l²�À�±lºh³0¾�½J¾´±lº�¼
±lº*½a®°¯�Ûh¯j²´³°¼jÄ�­&®X¸�¼�ÎÑ�¯�¼J¯�²´¯jÀ
½&±lºh¯�±{·�½J®°¯�½J¾´Á*¯V¿¢²�¾´Ål¯�Êw¶l»J¾�¶{Âh²�¯C¼�Îi¼J¶wÒ*¸
	 � ß°ÎX¶lºh³�¶m¼2Å*®°±|Ñ Á�¶{ºiÒ*¯jÞX¸h¶{½J¾´±lºh¼¾´ºÜÂ�±l½J®Ü¼2¯�½a¼4³0±,º°±{½\¾´ºiÊl±m²�Êm¯*³°¯�»a¾�Ê|¶|½a¾�Êm¯j¼�Ñ�¾�½J®Ü»a¯j¼JÃM¯jÀ
½�½a±,¾t½CÄ Ú_ºÖ½a®°¯�Ûh»S¼2½�¼2¯�½\½J®°¯¶{º�¼2Ñ�¯�»�¾�¼�±lÂiÊi¾´±l¸h¼J²�Ò Ç Î�Ñ�®°¾�²´¯�¾´ºÖ½J®°¯ ¼2¯CÀV±lº�³!¼J¯V½CÎ�º°±,¾�º�³0¯ � Á�¶wÒ�ÂM¯ ß�Â�¯CÀ�¶l¸h¼2¯�±l·½J±l½a¶l²�¶{ºX½a¾´¼JÒiÁ�Á*¯�½J»aÒlÎhµm¾�Êi¾´º°µ��#ËDE|¿ Ç Î Õ Ï
	 Ç 
 ¯CÞX¸h¶|½a¾�±mºh¼�Ä�­&®h¾´¼�µl¾´Êl¯j¼ ÇlÇ ¯CÞm¸�¶|½J¾´±lº�¼�¾´º½J±l½a¶l²�½J®h¶{½�³°±�ºh±{½�¾�ºiÊm±l²´Êl¯�¸Ý¿�ÂiÒ�Á�¶lº°¾�Ãh¸°²´¶{½J¾´º°µ�½J®°¯*»a¯�Á�¶{¾´º°¾´º°µ Ç ß�¯jÞX¸h¶{½J¾´±lºh¼jÎ¹Ñ�¯Á�¶wÒ ¯ � Ã°»J¯C¼J¼�½J®°¯C¼2¯ ÇlÇ ¾´º,½a®°¯�·�±m»JÁ ±{·8¾´º°¾�½J¾�¶{²�¿H¸ÝÀV±lº�³0¾t½a¾�±mºh¼jÄ�­&®°¾�¼�²´¯j¶wÊm¯j¼&Û�ºh¶{²´²�Ò Ç ß¯jÞX¸h¶{½J¾´±lºh¼�·�±l» Ç ß�¸°º°Åiº°±|Ñ�ºh¼jÎ8¼J±�½J®h¯�¼JÒ0¼?½a¯�Á ¾´¼�Ñ�¯�²´²t¿_³0¯�½J¯�»aÁ*¾�ºh¯j³¹Ä Ë�­&®h¾´¼�¶{ºh¶l²�Ò0¼J¾´¼¶lÀV½J¸h¶l²�²´Ò�¶lÃ°Ã°²´¾�¯C¼&¾�º,¶{ºiÒ�ºi¸°Á4Â�¯j»�±{·�³0¾�Á*¯jºh¼2¾´±lº�¼�Ä�Ï
��¯jÀ�¶l¸h¼J¯�±{·A½J±l½a¶{²�¶{ºX½J¾�¼2ÒiÁ*Á*¯V½a»JÒmÎ{½J®h¯�¼2¯CÀV±mºh³*¼2¯�½�¾�Á*Ã°²´¾´¯j¼
½a®h¶|½�½J®°¯�Û�¯�²�³�¼?½a»J¯jº°µ{½a®½J¯jºh¼J±l»&Á�¶wÒ�Â�¯\³°¯�»a¾�Êm¯j³�·�»J±mÁ ¶�Ã�±l½J¯�ºX½a¾´¶l²�Æ

Fmn = ∂mAn − ∂nAm

Ë�ßlÏ
¾�º�½a¯�»aÁ*¼&±l·eÑ�®h¾´ÀS® ½J®°¯�Ê|¶l»J¾´±l¸h¼�À�±lÁ*ÃM±lº°¯jºm½S¼�¶{»a¯�¯ � Ã°»J¯C¼J¼J¯j³

B = ∇×A E = −∇ϕ− ∂tA
Ë�EmÏ

S = −∇χ− ∂uA σ = ∂tχ− ∂uϕ

T = −∇ψ − ∂vA τ = ∂tψ − ∂vϕ

×



η = ∂uψ − ∂vχ

Ú_º2��¶{½�¼2Ã�¶lÀV¯�Ñ�¾�½J®���¶{»J½J¯j¼J¾�¶{º�ÀV±i±l»S³0¾´ºh¶|½a¯j¼jÎ|½J®h¯�ÀV±mÁ*Ã�±mº°¯�ºX½a¼�±{·A½J®h¯�Ã�±l½J¯jºm½a¾´¶l²�¶l²�²¼a¶|½J¾�¼2·�Ò�½J®°¯�¸h²t½a»a¶l®XÒiÃM¯�»aÂ�±m²�¾�À�Ñ�¶wÊm¯�¯CÞm¸�¶|½J¾´±lº
(

∂2
u + ∂2

v + ∂2
t −∇2

)

A = 0
Ë��{Ï

Ú_º�½J¯�»aÁ�¼&±{·e½J®°¾�¼�ÃM±{½a¯�ºX½J¾�¶{²HÎi½J®°¯\À�¸°»a»J¯jºm½S¼&®h¶wÊl¯�½J®h¯�¯ � Ã°»a¯j¼a¼2¾´±lºh¼

Jµ = −
(

∂2
u + ∂2

v

)

Aµ + ∂µ (∂uχ+ ∂vψ)
Ë��mÏ

=
(

∂2
t −∇2

)

Aµ − ∂µ (∇ ·A+ ∂tφ)

Kµ = ∂µ(∂uψ − ∂vχ)

Ñ�®°¯�»a¯�Ñ�¯�¶m¼J¼J¸°Á*¯j³�½J®°¯$E{¿¢À�±|Ê|¶{»a¾´¶lºm½&ÀV±mºh³0¾�½J¾´±lº�±lº�½J®°¯�ÃM±{½a¯�ºX½J¾�¶{²�¼

∂mA
m = 0

Ë��mÏ
��±l½J¾�ÀV¯,½a®h¶|½�½a®°¯j¼J¯�¯ � Ãh»J¯C¼J¼J¾�±mºh¼*¶{»a¯*É?¸h¼2½�½J®°±X¼2¯�±{·�±l»S³0¾�º�¶{»aÒ�¯�²´¯jÀV½J»a±i³°ÒXº�¶{Á*¾´Àj¼�ÎÂM¯V·�±l»a¯*¾�Á*ÃM±m¼J¾t½a¾�±mºÝ±l·�½a®°¯ × ¿_ÀV±|Ê|¶{»a¾´¶lºX½ ��±m»J¯jºX½JÍ�µm¶{¸hµl¯lÄ4Ú_º�½a®°¯*Ã°»a¯j¼J¯�ºX½�·�±l»aÁ*¶l²�¾�¼JÁ�Î½J®h¯ × ¿¢À�±|Ê|¶{»a¾´¶lºm½&��±l»a¯�ºX½aÍ�µX¶{¸°µm¯#À�±l»a»J¯C¼2ÃM±lºh³h¼8½a±�¶*¼JÃ�¯CÀV¾�¶{²¹µm¶l¸°µl¯�½J®h¶{½�¾´¼ × ¿8Â°¸0½�º°±{½

E|¿_ÀV±|Ê|¶l»J¾�¶{ºX½jÆ

∂µA
µ = 0 ∂uχ+ ∂vψ = 0

Ë Ç 
 Ï
Ú¢½�Á�¶wÒ�ÂM¯�Êm¯�»a¾tÛ�¯j³4½J®h¶{½8½J®h¯�·�±l²´²´±|Ñ�¾�º°µ�½a¯�ºh¼J±l»�¾´¼�¼2ÒiÁ*Á*¯V½J»a¾�À�¶{ºh³�À�±lºh¼J¯�»aÊl¯C³ Ë�Â°¸0½º°±l½�¶m¼&¾�º × ¿¢³�½J»S¶lÀ�¯�²´¯j¼a¼aÏVÆ

Tmn = FmaF n
a +

1

4
gmnF abFab ∂nT

mn = 0
Ë ÇmÇ Ï

­&®°¾�¼�¾�¼�½a®°¯ E{¿¢³,¼2½a¶{½J¯jÁ�¯jºX½�±{·8¯jº°¯�»aµlÒX¿¢Á*±lÁ*¯�ºX½J¸hÁ ÀV±mºh¼J¯�»aÊw¶{½J¾´±lº�Ä�Ù!¯*¼2Ã°²´¾�½�½J®h¾´¼
E|¿_³�¼?½S¶|½J¯jÁ*¯�ºX½�¾�ºX½J± ×�� Ð ·�±m»JÁ ¶l¼�·�±l²´²´±|Ñ�¼�Æ

ß



T µν = F µαF ν
α + F µ5F ν

5 + F µ6F ν
6 +

1

4
gµνF abFab

Ë ÇCÐ Ï
= T

µν
Maxwell − SµSν − T µT ν +

1

2
gµν

(

SαSα + TαTα + η2
)

T µ5 = F µαF 5
α + F µ6F 5

6

Ë ÇjÕ Ï
= −F µαSα − ηT µ

T µ6 = F µαF 6
α + F µ5F 6

5

Ë Ç × Ï
= −F µαTα + ηSµ

T 55 =
1

2
(−η2 +B2 −E2 − SµSµ + T µTµ)

Ë Ç ßlÏ
T 66 =

1

2
(−η2 +B2 −E2 + SµSµ − T µTµ)

T 56 = −SµTµ

Ë Ç EmÏ

trace (T ) = B2 −E2 + η2 + SµSµ + T µTµ =
1

2
FmnFmn

Ë Ç �{Ï
Ø�·�½a¯�»�¼J±lÁ*¯�Á�¶{º°¾´Ã°¸°²�¶|½a¾�±mº ¸h¼J¾´º°µ*½J®°¯�Û�¯�²�³�¯CÞm¸�¶|½J¾´±lº�¼�Î0Ñ�¯�¶{»a»J¾´Êl¯�¶|½

∂νT
µν
Maxwell = F µα (∂uSα + ∂vTα) = F µαJα

Ë Ç �mÏ
Ñ�®°¾�ÀS®�¶l»J¯Ý½J®°¯Ü¯jº°¯�»aµlÒ »a¯�²�¶|½a¾�±mºh¼ ¾�º ¼JÃh¶lÀ�¯V½J¾´Á*¯!·�±l»,¶{º ��
��JA��2A ���7
���A ��� Ûh¯�²�³¹Ä­&®i¸h¼jÎ�¶�¼J±l²´¸0½J¾´±lºÝ½J±�½J®°¯4E{¿¢³ÝÊ|¶lÀ�¸°¸°Á�¯jÞX¸h¶|½a¾�±mºh¼�¾�¼\¼J¯�¯�º!·�»a±lÁ ½J®°¯�ÃM¯�»S¼JÃ�¯CÀ
½J¾´Êl¯�±l·¼JÃh¶lÀ�¯V½J¾´Á*¯4¶m¼�ÂM±{½a®�½J®h¯4Ô�¶ � Ñ�¯�²´²�Ûh¯�²�³�¯CÞm¸�¶|½J¾´±lº�¼�Ñ�¾�½J®Ý¼J±l¸h»aÀ�¯j¼jÎM¶m¼�Ñ�¯�²´²e¶m¼�½a®°¯*¶lÀ
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∂uS
µ
¶lºh³�¶{ºX½a¾�Á�¶|½J½J¯j»

∂vT
µ
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∂µ(∂uS
µ) = −∂u∂vη = 0

Ë Ç �mÏ
­&®i¸h¼

η
¾�¼�¾´ºh³0¯�ÃM¯�º�³0¯�ºX½�±{·�¸,¶{ºh³ ÊAÄ ��¸0½�½J®°¾�¼&¾´Á�Ãh²�¾´¯j¼

∂µK
µ = (∂2

u + ∂2
v)η = 0

Ë Ð�
 Ï
��±|Ñ ½J®°¯ × ¿HÊm¯jÀV½J±l»
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δ (V µVµ) = −δλ(xm)(V µVµ)
Ë Ð0Ç Ï

δV µ = −Γµ
αβδx

αV β Ë ÐlÐ Ï
Γµ

αβ = Γµ
βα

Ø�¼a¼2¸hÁ�¾´º°µ�¶4ÀS®h¶{ºhµl¯�¾´º�À�¶{²´¾´Â°»a¶{½J¾´±lº�¾�¼8²´¾�ºh¯j¶{»�¶{ºh³*®h±lÁ*±lµm¯�º°¯j±l¸h¼�¾´º�½J®h¯�³0¾�¼2Ãh²´¶mÀV¯V¿Á*¯�ºX½jÎ

δλ = Aµδx
µ Ë Ð{Õ Ï

2gµνV
µδV ν + δgµνV

µV ν = − (Γµαβδx
α + Γβαµδx

α − δgµβ)V µV β

= −Aαδx
αgµβV

µV β

��¯jÀ�¶l¸h¼J¯�� ¾�¼�¶l»JÂ°¾�½J»S¶{»aÒlÎmÑ�¯�µl¯V½�¶\»a¯�²�¶|½J¾´±lº*ÂM¯V½?Ñ�¯�¯jº�½J®°¯#À�¶l²�¾´Â°»S¶|½J¾´±lº�Ûh¯j²´³�Ø ¶{º�³½J®h¯�Á�¯�½J»a¾´ÀlÆ

(Γµαβ + Γβαµ) δxα = δgµβ +Aαgµβδx
α Ë Ð × Ï

¶{ºh³�¼J±

Γµαβ + Γβαµ = ∂αgµβ +Aαgµβ

Ë Ð ßlÏ
Hi±l²´Êi¾�ºhµ4·�±m»&½J®°¯\À�±lº°ºh¯jÀ
½a¾�±mº Òi¾´¯�²�³°¼

Γν
αβ =

1

2
gµν (∂αgµβ + ∂βgµα − ∂µgαβ +Aαgµβ +Aβgµα −Aµgαβ)

Ë Ð EmÏ
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gµν;α = −gµνAα gµν
;α = gµνAα

Ë Ð �{Ï
��¯�½�¸h¼&Ñ�»J¾�½J¯\¶*Àj¶{²´¾�Â°»S¶|½a¾�±mº ÀS®h¶lº°µl¯�¶m¼

gµν → λgµν gµν → 1

λ
gµν Ë Ð �mÏ

Ñ�¾t½a®�½J®°¯\¶m³°³0¾�½J¾´±lºh¶l²¹®XÒiÃM±{½a®°¯j¼J¾´¼

Aα → Aα − ∂µ log λ = Aα − 1

λ
∂µλ
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½J±m»�±{·

λ
±lº�ÀS®h¶lº°µl¯#±{·
À�¶l²�¾´Â°»S¶|½J¾´±lº�Æ

Tαβ...
µν... → λWTαβ...

µν...
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­&®°¯\ÀV±|Ê|¶{»a¾�¶{ºX½�Á*¯V½a»J¾�À#½J¯jºh¼J±l»&®h¶l¼&Ñ�¯�¾´µl®X½ � Ç ÎX½a®°¯\ÀV±mºm½a»a¶wÊ|¶l»J¾�¶{ºX½�¿ Ç Ä­&®°¯�Ûh¯�²�³�¼2½J»a¯�º°µl½J®,½a¯�ºh¼J±l»�·�±l»aÁ*¯j³�·�»a±lÁ ½a®°¯*ÀV¸°»a²�±l·�Ø ¾´¼#¶{Âh¼J±l²´¸0½a¯�²´Ò�¾´ºiÊ|¶{»a¾´¶lºm½CÄ#ØÀV±|Ê|¶l»J¾�¶{ºX½�±{·&Ñ�¯j¾�µm®m½ � Ç ¾�¼�±{·�½a¯�º�¼J¾�Á*Ã°²´Ò�»a¯V·�¯j»J»a¯j³�½J±�¶m¼�¶ B � 
 � A �4��� 
 � ��BD��Ã°»J±mÃ�¯j»jÄ

��Âh¼J¯�»aÊ|¶{Â°²´¯j¼&¶{»a¯�½?ÒXÃh¾´Àj¶{²´²�Ò�½a¯�ºh¼J±l»�³°¯�ºh¼J¾t½a¾�¯C¼�Ä
��º°¯�Á�¶wÒ�º°±|Ñ ·�±l»aÁ ½a®°¯�ÀV¸h»JÊ|¶|½a¸°»a¯4½a¯�ºh¼J±l»�·�»a±lÁ ½J®°¯ ÀV±lºhº°¯jÀV½J¾´±lº!¾�ºÖ½a®°¯�¸h¼J¸h¶{²Ñ&¶wÒlÎwÂiÒ�ÀV±mÁ�Á4¸0½a¶{½J¾´±lº4±{·�À�±|Êw¶l»J¾�¶{ºX½�³0¯�»a¾�Ê|¶{½J¾´Êl¯j¼jÎ|Ñ�®°¾�ÀS®�º°±|Ñ Â�¯CÀV±lÁ*¯C¼e¶lº4¯ � Ã°»J¯C¼J¼J¾´±lº¾´º�ÂM±{½a®�µ*¶lºh³�Ø ¶{ºh³�½J®°¯j¾�»�³0¯�»a¾�Ê|¶{½J¾´Êl¯j¼jÄ�ÙÝ¯\¶m³0±lÃ°½�½a®°¯\ÀV±mºiÊl¯�ºX½a¾�±mº

R
ρ
µαβ = ∂αΓρ

µβ − ∂βΓρ
µα + Γρ

ασΓσ
µβ − Γρ

βσΓσ
µα

Ë Õ°Ç Ï
­&®°¯�ÀV¸°»aÊ|¶|½a¸°»J¯�½J¯jºh¼2±m»�¾�¼
À�¶l²�¾´Â°»S¶|½a¾�±mº\¾�ºiÊ|¶{»a¾�¶{ºX½e¶lºh³\®h¶m¼�½J®°¯�·�±l²´²�±|Ñ�¾´º°µ�¼2ÒiÁ*Á*¯V½a»JÒÃ°»a±lÃM¯�»J½J¾´¯j¼&ÀV±mÁ*Á�±mº�½a±�¶{²´²�¼2ÒiÁ*Á*¯V½a»J¾�À�ÀV±lºhº°¯jÀV½J¾´±lºh¼jÆ

�



R
ρ
µαβ +R

ρ
µβα = 0

Ë ÕXÐ Ï
R

ρ
µαβ +R

ρ
αβµ +R

ρ
βµα = 0

R
ρ
µαβ;γ +R

ρ
µβγ;α +R

ρ
µγα;β = 0

­&®°¯�À�±|Êw¶l»J¾�¶{ºX½�ÀV¸h»JÊ|¶|½a¸°»a¯�½J¯�º�¼2±m»�¾´¼�®°±|Ñ�¯�Êl¯j»*º°±{½ ¶lºX½J¾�¼2ÒiÁ*Á*¯V½J»a¾�À�¾�º ½a®°¯,Ûh»S¼?½¾´ºh³0¾�ÀV¯j¼jÎ¹º°±m»�¾�¼#¾t½�¼2ÒiÁ*Á*¯V½a»J¾�À�¸hºh³0¯�»�¯ � ÀS®�¶{º°µm¯�±{·�¾t½S¼�Û�»a¼2½�¶lºh³,²�¶l¼2½#¾´ºh³0¯ � Ãh¶{¾´»CÄ�Ú_º·�¶lÀV½

Rαβµν +Rβαµν = gαβ (∂µAν − ∂νAµ) = gαβFµν

Ë ÕlÕ Ï
ÙÝ¯jÒi²�¼2¸hµlµl¯C¼?½a¾�Êm¯�²´Ò�»J¯�·�¯�»S¼#½J±�½J®°¾�¼\¶ »J¯C¼2±m²�¸°½J¾´±lº!¾�ºX½J± �J³0¾´»J¯CÀ
½J¾´±lº!ÀV¸°»aÊ|¶|½a¸°»J¯ 
�¶{º�³

�2²�¯jº°µ{½a®�À�¸°»JÊ|¶{½J¸°»a¯ 

Ä
­&®°¯�À�±lºX½J»S¶lÀV½J¯j³*À�¸°»JÊ|¶{½J¸°»a¯�½J¯jºh¼J±l»8¾�¼�¶l²´¼J±�º°±{½�¼2ÒiÁ*Á*¯V½J»a¾�À&¿e¶\¼J¾´Á�Ãh²�¯�Àj¶{²�ÀV¸°²�¶|½a¾�±mº¼J®°±|Ñ�¼

Rµν = Rα
µνα Rµν −Rνµ = −1

2
NFµν

Ë Õ × Ï
Ñ�®°¯�»a¯ ��¾´¼&½a®°¯�³0¾´Á�¯jºh¼J¾�±mº ±l·�½J®h¯�Âh¶l¼J¯#¼JÃh¶mÀV¯lÄ
­&®°¯\À�±lºX½J»S¶lÀV½J¯C³*½J¯jºh¼2±m»jÎ0²´¾´Ål¯#½J®°¯·�¸°²´²8½a¯�ºh¼J±l»CÎ�¾�¼\¶{Â�¼2±m²�¸0½a¯�²´Ò�¾´ºXÊ|¶l»J¾�¶{ºX½jÄ'��±{½a¯*½J®h¶{½�¯�Êm¯�ºÝ½J®°¯ ¼2ÒiÁ*Á*¯V½J»a¾�À*Ãh¶{»J½\±{·�½J®°¯ÀV±mºX½J»S¶lÀ
½a¯j³�½J¯�º�¼2±m»�¾�ºiÊl±m²�Êm¯j¼�½J®°¯\Ø�Û�¯�²�³�¿�¶�·�¸h»2½a®°¯�»�À�±lºX½J»S¶lÀV½J¾´±lº�Òi¾´¯�²�³°¼

R = Rα
α = R∗ + (N − 1)

1√∂µ(
√
Aµ) +

(N − 1)(N − 2)

4
AµAµ

Ë Õ ßlÏ
Ñ�®°¯�»a¯�½a®°¾�¼�¼2½a¶l»J»a¯j³�¼JÀj¶{²�¶{»�¾�¼�½J®h¶{½�Ãh¶l»2½�±{·�á ¾�ºiÊm±l²´ÊX¾´º°µ\ºh±4Ø ½J¯�»aÁ�¼�Ä
­&®°¯�ÀV¸h»JÊ|¶|¿½J¸h»J¯�¼JÀj¶{²�¶{»�¾´¼�Ñ�¯�¾´µl®X½�¿ Ç Ä ��¯j»J¯�½J®°¯�Âh¶l»J¯#¼JÞX¸h¶l»J¯�»J±i±l½�¼J¾�µmº�¾´¼&¼J®°±l»J½J®�¶{ºh³*·�±m» �2¼aÞX¸h¶{»a¯»a±X±l½�±l·�½a®°¯\³0¯�½J¯�»aÁ*¾�º�¶{ºX½�±{·�µ 

Î°¶4Êm¯�»aÒ�®h¶{º�³0Ò�º°±l½a¶{½J¾´±lº�¾�ºiÊl¯jºX½J¯j³ ÂiÒ ��¾�»S¶lÀlÄ
­&®°¯�¶lÂh¼2¯jºX½�¼2ÒiÁ*Á*¯V½J»a¾´¯j¼�±l·e½a®°¯�À�¸°»JÊ|¶{½J¸°»a¯#½J¯�º�¼2±m»�»J¯CÞX¸°¾�»a¯\À�¶l»J¯�·�¸°²¹½a»J¯C¶|½JÁ*¯jºm½�±l·½J®h¯\ÀV±lºX½a»a¶mÀ
½J¯C³ ��¾�¶{ºhÀS®°¾¹¾�³0¯jºm½a¾t½a¾�¯C¼�Ä�ÙÝ¯\¼2½a¶l»2½�Ñ�¾�½J®�½J®°¯\·�¸°²�²�¾´³0¯jºX½J¾�½J¾´¯j¼�¶lºh³�Ã°¸°²´²¹½J®°¯Á*¯V½a»J¾�À�¸°ºh³0¯j»Jº°¯C¶|½a®�½a®°¯�ÀV±|Ê|¶{»a¾´¶lºX½e³0¾��M¯j»J¯jºX½J¾�¶|½J¾´±lº�Î{»J¯jÁ*¯�Á�ÂM¯�»a¾´º°µ�½a®h¶|½
½a®°¯�ÀV±|Ê|¶{»a¾�¶{ºX½³0¯j»J¾´Ê|¶|½J¾´Êl¯#±{·e½J®h¯�Á�¯�½J»a¾´À#¾�¼�º°±l½&Íj¯�»a±hÆ

R
µν
αβ;γ +R

µν
βγ;α +R

µν
γα;β = gνρ

;γR
µ
ραβ + gνρ

;αR
µ
ρβγ + g

νρ
;βR

µ
ργα

Ë Õ EmÏ
= AγR

µν
αβ +AβR

µν
γα +AαR

µν
βγ

Ç 




È8¸0½
β = µ �

Rν
α;γ −Rν

γ;α +Rµν
γα;µ = AγR

ν
α −AαR

ν
γ +AµR

µν
γα

Ë Õ �{Ï
¶{ºh³�ºh±|Ñ

γ = ν
¶{ºh³�¸h¼J¯�½J®h¯�¼2ÒiÁ*Á*¯V½a»JÒ Ã°»J±mÃ�¯j»2½a¾�¯C¼�±{·�½a®°¯�á�¾�À�À�¾�½J¯jºh¼J±l»�¾´º�½J®°¾�¼¼JÃh¶lÀ�¯lÆ

2Rν
α;ν −R;α + F ν

α;ν = 2AνR
ν
α −AαR+AνF

ν
α

Ë Õ �mÏ
¶{ºh³�º°±|ÑÜ»S¶{¾�¼2¯8¾´ºh³0¯ � α ÂXÒ�¶lµm¶{¾´º�Ã°¸°²´²´¾�º°µ�½J®h¯�Á*¯V½a»J¾�À8¸hºh³0¯�»e½a®°¯�À�±|Êw¶l»J¾�¶{ºX½�³°¯�»a¾�Ê|¶|¿½J¾´Êl¯mÆ

2Rνα
;ν − (gναR)ν + F να

;ν = 4AνR
να − 2Aνg

ναR + 2AνF
να Ë Õ �mÏ

¶{ºh³�¼J±�Ûhºh¶{²´²´Ò�Ñ�¯�¶l»J»a¾�Êm¯#¶{½

(∇α − 2Aα)(Rνα − 1

2
gυαR +

1

2
F να) = 0

Ë × 
 Ï
Ø�º�¯jÞX¸°¾´Ê|¶{²´¯�ºX½�·�±l»aÁ ¾�¼

∇α(Rυα − 1

2
gυαR+

1

2
Fυα) = 0

Ë × Ç Ï
­&®°¯�¯ � Ã°²�¶{ºh¶{½J¾´±lº�±l·8½J®h¯�Ø ½J¯j»JÁ)±mº,½J®h¯�²´¯V·�½�±l·8½J®°¯4Ûh»S¼?½#·�±l»aÁ)¾�¼�·�±m¸°ºh³�¾�ºÝ½J®°¯ÀV±mºhÀV¯jÃ0½�±{·���A�
��7A �<���	� ��A���� �<���	
JB-�����<��� �	BD��� �4±{·
¶4½J¯�º�¼2±m»�±{·�Ñ�¯�¾´µl®X½��

�

DαT(N) = (∇α +NAα)T(N)
Ë × Ð Ï

ÙÝ¯�º°±|Ñ ®�¶wÊl¯�¶�·�±l»aÁ�¶{²´¾´¼JÁ Ñ�¯�À�¶lº�¶{ÃhÃ°²�Ò*½a±�¶�É?±l¾´ºX½�Û�¯�²�³�½J®h¯�±l»aÒ*·�±l»�½J®h¯�Ø�¶{º�³µhÄ�­�±�Ã°»a±0ÀV¯j¯j³!½J±�Ã°®iÒi¼J¾�À�¼jÎeÑ�¯�Á4¸h¼?½4Á*¶lÅl¯�¶m¼J¼J¸°Á*Ã0½a¾�±mºh¼\¶{ÂM±l¸°½�½J®h¯�½J®h¯�Ã�±X¼J¼J¾´Â°²�¯
��¶lµl»S¶{º°µm¯�·�¸hºhÀ
½a¾�±mºh¼�½J®�¶|½�Á*¾´µl®X½�¶{Ã°ÃM¯j¶l»
¾�º�¶�Ê|¶l»J¾�¶|½a¾�±mºh¶{²iÃ°»a¾�º�ÀV¾´Ã°²�¯mÄ�ÙÝ¯�¶m¼J¼J¸°Á*¯&½J®°¯¾´ºm½a¯�µm»a¶lºh³�Ñ�¾´²´²hÂM¯�¶{º�¶lÂh¼2±m²�¸°½J¯�¾´ºXÊ|¶l»J¾�¶{ºX½
¿�½a®°¯�Ûh¯j²´³*¯CÞX¸h¶|½a¾�±mºh¼8¶{»a¯&½J®h¯�º�µl¸�¶{»S¶{ºX½J¯j¯j³½J±�ÂM¯�À�¶{²´¾´Â°»a¶{½J¾´±lº�¶m¼�Ñ�¯j²�²0¶m¼
ÀV±i±l»S³0¾´ºh¶|½a¯�¾´ºXÊ|¶l»J¾�¶{ºX½jÄ ��±|Ñ�Î|½a®°¯�³0¾´Á�¯jºh¼J¾�±mº4±l·°½J®°¯�Â�¶l¼J¯¼JÃh¶lÀ�¯�ÀV±lÁ*¯C¼
¾�ºX½a±\Ã°²�¶wÒlÎlÂM¯jÀj¶{¸h¼J¯&½J±�Á*¶lÅl¯�¶lº�¾�ºiÊ|¶{»a¾´¶lºX½8¾�ºX½J¯jµl»S¶{ºh³�ÎlÑ�¯�Á�¸h¼2½8½a¶lÅl¯�¶lº¶{Â�¼2±m²�¸0½a¯�¼JÀj¶{²�¶{»8¶{º�³�¶lÃ°ÃM¯�ºh³�¶#·�¶mÀ
½J±m»8±{·¹¼aÞm»J½CË�³0¯V½wË�µiÏ2Ïe½a±�Á*¶lÅl¯�¶{º�¾´ºiÊ|¶{»a¾´¶lºm½
Êm±l²´¸°Á*¯¯�²´¯�Á*¯jºm½�¾�º,½a®°¯�¾´ºX½J¯jµl»S¶|½J¾´±lº�Ä�Ú_º�¼JÃh¶mÀV¯V½a¾�Á*¯mÎh½a®°¯�³0¯�½J¯�»aÁ*¾�º�¶{ºX½�¾´ºXÊm±l²´Êl¯C¼ × ·�¶lÀV½J±m»a¼�±l·ÀV±|Ê|¶l»J¾�¶{ºX½�Á*¯V½J»a¾�À�ÀV±lÁ*ÃM±lº°¯jºX½a¼jÎe¶lºh³Ö±lºÖ½S¶{Åi¾�ºhµ�½J®°¯�¼aÞX¸h¶{»a¯�»a±X±l½jÎeÑ�¯�¼J¯�¯�½J®h¶{½\½J®°¯

ÇlÇ



Ñ�¯�¾´µl®X½\±{·�½J®°¯ Ã°»a¯V·�¶lÀV½J±m»�¾´¼ Ð Ä�­&®X¸�¼�Î�½J®°¯�Ã�±X¼J¼J¾�Âh²�¯�¼aÀ�¶l²´¶l»a¼�Á4¸h¼?½4Â�¯�±l·�Ñ�¯j¾�µm®m½�¿ Ð Ä­&®°¯�±lºh²�Ò�¼J¾´Á�Ãh²�¯\¼aÀ�¶l²´¶l»a¼�±{·eÑ�¯j¾�µm®X½�¿ Ð ¾�º,¼JÃh¶lÀ�¯V½a¾�Á*¯�¶{»a¯

R2, RµνRµν , R
µναβRµναβ , F

µνFµν

Ë × Õ Ï
ÙÝ¯�¼J¯�¯*º°±|Ñ ½J®h¶{½�Ñ�¯�¶{»a¯*¾�ºÝ½J»a±l¸hÂ°²�¯*¾´º × ¿_³¹Ä�­&®°¯�Ûh»a¼2½�½J®°»a¯�¯*Ñ�¾´²�²�²�¯C¶l³�½J± × ½a®±l»S³0¯j»\³0¾ �A¯�»a¯�ºX½a¾´¶l²�¯jÞX¸h¶{½J¾´±lºh¼\¾�ºÜ½a®°¯�Á*¯V½a»J¾�À{Ä,Ó�Êl¯�ºÜ¾�·�½J®h¯j¼J¯�Á�¶wÒ�ÂM¯ ³0¾��M¯j»J¯jºX½J¾�¶{²´²�Ò»a¯j³0¸hÀ�¯j³�½J±ÖÁ�¶|½aÀS® ¸°Ã Ñ�¾t½a® µm»a¶wÊi¾�½a¶{½J¾´±lº ¶m¼4Ñ�¯�Åiº°±|Ñ ¾�½jÎ�Ñ�¯,À�¶lº°º°±{½*ÂM¯�¼J¶{½J¾�¼?Ûh¯C³Ñ�¾�½J®Ö¼2¸hÀS®Ö¶ Ã°»J±0À�¯j¼a¼�Î�¶lºh³�¾´ºÖ¶{²´²e²´¾´Ål¯�²´¾´®°±i±i³�½J®h¯�»a¯4¾�¼�¶�²´¶l»Jµm¯�¯ � À�¯j¼a¼�±l·�¸°ºhÃ°®iÒi¼J¾�À�¶{²¼J±l²´¸0½J¾´±lºh¼�¶|½�®�¶{ºh³¹Ä
­&®°¯�²´¶m¼?½�¯ � Ã°»a¯j¼a¼2¾´±lº�³0±i¯j¼�º°±l½�²�¯C¶l³*½a±\¯jÞX¸h¶{½J¾´±lºh¼8·�±l»�½J®°¯�Á�¯�½J»a¾´À¶|½�¶l²�²HÄ
ÙÝ¯jÒi²�®°¾´Á*¼J¯�²�·e½J»a¾�¯C³�½a®°¯�¯ � Ã°»a¯j¼a¼2¾´±lº

R2 + κF µνFµν

Ë ×l× Ï
��±|Ñ ®°±|Ñ�¯�Êm¯�»CÎlÑ�¯�®�¶wÊl¯�¶lº�¯�Êm¯�º�Á*±m»J¯#¼2¯j»J¾´±l¸h¼�±lÂ0É?¯CÀ
½a¾�±mº�¿�½a®°¯�¶{»aÂ°¾t½a»a¶l»JÒ�Á�¸h²t½a¾t¿Ã°²´¾´Àj¶|½a¾�Êm¯�·�¶mÀ
½a±l»
Ñ�»a¯jÀSÅ0¼e½J®°¯�¸hº°¾tÛMÀ�¶|½a¾�±mº�¶|½
½J®h¯�¼?½S¶{»J½jÄ�Ø�·�½J¯j»�¶#Ã°»a±lÁ*¾´¼J¾´º°µ�Â�¯jµl¾´º°º°¾´º°µhÎ½J®h¯\½J®h¯�±l»aÒ ·�¶{¾´²´¼�·�±l»�½J®°¯�¼2¾´Á*Ã°²�¯C¼?½#±{·
»a¯j¶l¼J±lº�¼&¿&¼JÃh¶mÀV¯V½a¾�Á*¯\¾�¼#¼2¾´Á*Ã°²�Ò�½a®°¯�Ñ�»a±lº°µ�³°¾t¿Á*¯�ºh¼J¾´±lº�Ä Ú_º ®°¾´ºh³°¼J¾´µl®X½jÎ&Ñ�¯,Ñ�±m¸°²´³ ®h¶wÊm¯�ÂM¯�¯jº ¾�º ½a»J±m¸°Â°²´¯,¾�º ¶{ºiÒ À�¶l¼J¯lÎ�ÂM¯jÀ�¶l¸h¼J¯º°±|Ñ�®°¯j»J¯�³0±i¯j¼�½J®h¯�¯j²�¯CÀ
½a»J¾�À4À�¸°»a»J¯jºm½�¶{Ã°ÃM¯j¶l»#¿�½a®i¸h¼#¾t½�Ñ�±l¸°²�³�º°¯jÊl¯j»#ÂM¯*Ã�±X¼J¼J¾´Â°²�¯4·�±l»½J®h¾´¼�½J®°¯j±l»aÒ�½J±Ü»a¯j³°¸hÀV¯�½a±�±l»S³0¾´ºh¶{»aÒ�¯�²´¯jÀV½J»a±0³0Òiºh¶{Á*¾�À�¼*¾´º ½J®°¯�¶lÂh¼J¯�ºhÀ�¯,±{·�µl»S¶wÊi¾t½?ÒmÄ­&®°¯�ÂM¯j¼2½
½J®h¶{½�ÀV±m¸°²�³�ÂM¯�¶lÀS®h¾�¯jÊl¯j³4Ñ�±l¸°²�³�ÂM¯�¶#Ñ�±l»a²´³4Ñ�¾t½a®�º°±\ÀS®h¶l»Jµm¯j¼�¶{ºh³�·�»a¯�¯�²´¾�µm®m½Ñ&¶wÊl¯j¼jÎX®h¶wÊi¾�º°µ*º°±l½J®°¾´º°µ�½J±�¼J®°¾´º°¯�±lº�Ä
Hi®°±m»2½a²�Ò ¶{·�½J¯j»�¾t½�Ñ&¶l¼�Ã°¸°Âh²�¾�¼2®h¯j³¹Î�Ó8¾´ºh¼?½a¯�¾´º ¼2®h±|Ñ�¯C³Ü½J®�¶|½�ÙÝ¯jÒi²�à ¼*½J®h¯�±l»aÒÜÁ�¶l³0¯Ã°»a¯j³0¾�À
½a¾�±mºh¼e½J®�¶|½�Ñ�¯�»a¯�¶|½8±0³°³°¼
Ñ�¾�½J®�¯ � Ã�¯j»J¾´¯�ºhÀ�¯lÄ���¶lÁ�¯j²�ÒmÎl¾�½�Ñ�±l¸°²�³�º°±{½8ÂM¯�Ã�±X¼J¼J¾´Â°²�¯·�±l»*¼J®h¶{»aÃ�¼2ÃM¯jÀV½J»S¶{²�²�¾´º°¯C¼\½a±�¯ � ¾�¼?½CÎ
Â�¯CÀ�¶l¸h¼2¯�¶�ºh¶l¾�Êm¯ ¶lÃ°Ã°²´¾´Àj¶|½J¾´±lºÜ±l·�½J®h¯�¾�³0¯j¶�½J±Ý¶Á*±|Êi¾�º°µ�¯j²�¯CÀ
½J»a±lº�¼J®°±|Ñ�¼�½a®h¶|½�¾�½a¼�Á�¶l¼a¼
¾´¼�³0¯�ÃM¯�ºh³°¯�ºX½�±mº�¾�½a¼�¼2Ã�¶lÀV¯�½J¾´Á*¯�®°¾´¼2½J±m»JÒmÄe­&®h¾´¼Ã°®iÒ0¼2¾�À�¶l²¹·�¶{¾´²´¸°»J¯�ÀV±m»J»a¯j¼JÃ�±mºh³°¼&¯ � ¶mÀ
½a²�Ò ½J±�½J®°¯4Á*¶{½J®°¯jÁ�¶|½J¾�À�¶l²�·�¶l¾�²´¸°»a¯\±{·
½a®°¯�Á*¾�¼J¼J¾�ºhµÊ|¶{»a¾´¶{½J¾´±lºh¶l²A¾�ºX½J¯jµl»S¶{ºh³�Ä
��º°²´Ò4Û�»a¼2½�¾´º�¼2¾ � ³0¾´Á�¯jºh¼J¾�±mºh¼�Àj¶{º�Ñ�¯�·�±l»aÁ¨¼2¾´Á*Ã°²´¯�»S¶|½J¾´±lº�¶{²°¾´ºiÊw¶l»J¾�¶{ºX½S¼�½J®h¶{½�²´¯j¶m³½J±�¶�¼J¯�º�¼2¾´Â°²´¯�Êw¶l»J¾�¶|½a¾�±mºh¶{²¹Ãh»J¾´ºhÀV¾´Ã°²´¯lÄ&­&®°¯�Êl±m²�¸hÁ�¯�·�¶mÀ
½a±l»�º°±|Ñ�®h¶m¼�Ñ�¯j¾�µm®X½ Õ Î�¼J±*½J®°¯ÃM±m¼a¼2¾´Â°²´¯�¼aÀ�¶l²´¶l»a¼&¶l»J¯#Ñ�¯j¾�µm®X½�¿ Õ Î°¶lºh³ Ñ�¯�®h¶wÊm¯�½a®°¯�ÃM±m¼a¼2¾´Â°¾´²�¾�½J¾´¯j¼

RFmnFmn, R
mnabFmnFab, R

mnabFmaFnb

Ë × ßlÏ
Ú_º ÀV±lºX½a»a¶m¼?½*½J±Ö½a®°¯�¼J¾t½a¸h¶|½a¾�±mº ¾´º × ¿_³¹Î&¶{²´²�±{·#½J®°¯C¼2¯,Ñ�¾´²´²�²�¯C¶l³ ½J±�¼J¯jÀ�±lºh³ ±l»S³0¯�»¯jÞX¸h¶{½J¾´±lºh¼�·�±m»�½J®h¯�µhÎh¶lºh³�¶{²´²�¶{»a¯�¾�»a»a¯j³0¸hÀ�¾�Âh²�¯#¿�º°±�¶l»JÂh¾t½a»a¶l»JÒ*·�¶mÀ
½J±m»a¼&Ñ�¾´²´²�¶{ÃhÃ�¯C¶{»�¾´º½J®h¯4Ê|¶{»a¾�¶|½J¾´±lº�¶{²eÃ°»J¾´ºhÀ�¾�Ã°²´¯lÄ�Ù!¯*Ã°¾�ÀSÅ�½J®°¯4Ûh»S¼?½�±lº°¯mÄ�­&®°¯�±{½a®°¯�»S¼�¶l»J¯4¸°ºh¼J¸°¾�½a¶{Âh²�¯�·�±l»»a¯j¶l¼J±lº�¼�±m¸0½J²´¾�ºh¯j³�¾�º�½a®°¯\¶{Ã°ÃM¯�º�³0¾ � Ä8­&®°¯�¸hº°¾´ÞX¸°¯�Ê|¶{»a¾�¶|½J¾´±lº�¶{²AÃ°»a¾�ºhÀ�¾�Ãh²�¯�¾�¼�½J®°¯jº

ÇCÐ



∫

RW
√
d6ω =

∫

RWdΩ = 0, W = FmnFmn

Ë × EmÏ
ÙÝ¯�Á�¶wÒ�¾´Á*Á*¯j³0¾�¶|½a¯�²´Ò�º°±l½J¯#½J®°¯�·�±m²�²´±|Ñ�¾´º°µ*Ã�±m¾�ºX½a¼jÆ
• Ù ®�¶|½J¯jÊl¯j»�½a®°¯�Ûh¯j²´³�¯jÞX¸h¶{½J¾´±lºh¼�¶{»a¯lÎm½J®°¯jÒ�Ñ�¾�²´²�ÂM¯#¯j¼a¼2¯jºm½a¾´¶l²�²´Ò�¸°º°¾�Ûh¯j³�¾�º�Ø ¶{º�³µ*ÂM¯jÀj¶{¸h¼J¯�½J®°¯�¾´ºX½J¯jµl»S¶{ºh³�¾´¼&¾´»J»a¯j³°¸hÀV¾´Â°²´¯lÄ
• ��ºh¯�Á�¾´µl®X½8¾´Á�¶{µl¾´º°¯�¶�¼2¾�½J¸�¶|½J¾´±lº*¾´º*Ñ�®°¾´ÀS®�½a®°¯�¯�²´¯jÀV½J»a±lÁ�¶{µmº°¯V½a¾´À�¼JÀj¶{²�¶{»�¾�¼
Á*±l»a¯±m»�²´¯j¼a¼#ÀV±lº�¼?½S¶{ºX½�¾´ºÝ¶�¼2Á�¶l²�²�¶{»a¯j¶�±l·�¼JÃh¶lÀ�¯V½J¾´Á*¯\¿�Ê|¶{»a¾´¶{½J¾´±lº,Ñ�¾´²�²e½a®°¯�º!»J¯C³0¸hÀ�¯½a±*½J®°¯�¸�¼2¸h¶l² ��¾´²�ÂM¯�»J½�¶lÀV½J¾´±lº�Ä
• ��¾�Åm¯�Ñ�¾�¼2¯mÎ8¾´º ¶!¼2Á�¶l²�²�»a¯�µm¾�±mº�¾�º Ñ�®°¾�ÀS® á ¾´¼*»a±l¸hµl®°²´ÒÜÀV±lº�¼?½S¶{ºX½jÎ8Ñ�¯,¶{»a¯�²´¯V·�½Ñ�¾�½J®�½J®°¯2��±l»a¯�ºX½JÍ�¶mÀ
½a¾�±mº�±{·�¯j²�¯CÀ
½a»J±0³0Òiºh¶lÁ�¾�À�¼jÎMÑ�®°¾´ÀS®�Î�¶l¼�Ñ�¯4®h¶wÊl¯�¼2¯j¯�º�ÎAÑ�¾´²�²µm¯�º°¯j»a¶{½J¯#½J®h¯�·�¸h²�²�¾�º°®h±lÁ*±lµm¯�º°¯j±l¸h¼&Ô�¶ � Ñ�¯�²´²�¿C��±l»a¯�ºX½JÍ�½J®°¯j±l»aÒ�¾�º,¼JÃh¶lÀ�¯V½J¾´Á*¯lÄ

� � 	 ©�� !$+V«�� ª�! .�«7065�� 5�§ !�ª�«7!$5 .	� «V©-+71 *�
�%'! .�«70$5�8
­&®°¯�Ûh¯�²�³ ¯jÞX¸h¶|½a¾�±mºh¼�·�±l»�Ø ¶{»a¯�¯C¶l¼J¾�²´Ò�±lÂ°½a¶{¾´º°¯C³�ÂiÒ�ÀV±i±lÅiÂM±i±lÅ�Ã°»a±0ÀV¯j³°¸°»J¯mÎm¸�¼2¾´º°µ�½J®°¯·�±l»aÁ�¸h²´¶�¶{ÂM±|Êl¯�·�±l»�½a®°¯�á�¾�À�ÀV¾�¼JÀj¶{²�¶{»CÎi¼J±�½J®°¯�¯ � Ãh¶{ºh³°¯j³���¶{µm»a¶lº°µl¯#³0¯�º�¼2¾�½?Ò�¾�¼

L = (R∗ + 5gmn∂mAn + 5An (gmn∂m log
√

+ ∂mg
mn + gmnAn))

Ë × �{Ï
· gmagnb∂[mAn]∂[aAb]

√

­&®°¯�Ó8¸°²´¯�»J¿F��¶{µm»a¶lº°µl¯�¯jÞX¸h¶{½J¾´±lºh¼�Ñ�¾�½J®�»J¯C¼2ÃM¯jÀV½�½J±�Ø ¶{»a¯

5W (gmn∂m log
√

+ ∂mg
mn + 2gmnAn) − ∂n (5W

√
gmn + 4R

√
Fmn) = 0

Ë × �mÏ
±l»

∂m (
√
RFmn) = −5

4

√
gmn (∇m − 2Am)W =

5

4

√
Cn Ë × �mÏ

ÙÝ¯ ¼2¯j¯�®°¯�»a¯*½J®°¯ ¶{Ã°ÃM¯j¶l»a¶lºhÀV¯*±{·�¶ � � ���7��� � ��A�� � B �<��������ÀS®h¶l»Jµm¯�ÀV¸°»a»J¯jºX½\±lº!½J®°¯»a¾�µm®m½�½J®h¶{½#¾�¼�¶�Ã°»a±lÃM¯�»�¶{Â�¼2±m²�¸0½a¯�¾´ºiÊw¶l»J¾�¶{ºX½CÄ�­&®h¯4¯CÞm¸�¶|½J¾´±lº�¼�®h¶wÊm¯�½J®h¯�Ãh»J±mÃ�¯j»�·�±l»aÁ±{·�Ô�¶ � Ñ�¯�²´²Hà ¼*¯CÞm¸�¶|½J¾´±lº�¼*¾�º À�¸°»JÊm¯j³ ¼2Ã�¶lÀV¯�½J¾´Á*¯lÎ&Â°¸0½�½a®°¯�¶{ÃhÃ�¯C¶{»S¶{ºhÀ�¯�±l·�á ¸°º�³0¯�»½J®h¯�³0¾��A¯�»a¯�ºX½J¾�¶|½a¾�±mº�±lºÜ½a®°¯�²�¯�·�½�¼J®°±|Ñ�¼�¾�Á*Á*¯j³0¾�¶|½a¯�²´ÒÖ½J®h¶{½4½a®°¯�µÝ¶{º�³�Ø Û�¯�²�³°¼*¶{»a¯

ÇjÕ



¯j¼a¼J¯�ºX½J¾�¶{²´²�Ò\À�±l¸°Ãh²�¯C³¹Ä ��¯j¼JÃ°¾�½J¯&½a®°¯�¾´»�¼J¾�Á*Ã°²´¯�·�±l»aÁ�Îl½J®°¯C¼2¯&¯CÞm¸�¶|½J¾´±lº�¼
¶{»a¯�¾´º4·�¶lÀ
½8»S¶|½a®°¯�»ÀV±mÁ*Ã°²�¯ � ÂM¯jÀ�¶l¸h¼J¯#±l·�½a®°¯�¾�Á*Ã°²´¾�ÀV¾�½�³0¯�ÃM¯�º�³0¯�ºhÀ�¯�±{·�á ±mº�Ø�ÄÚ¢½�¾�¼�»a¯�Á�¶{»aÅ|¶{Â°²´¯�½a®h¶|½�Ñ�¾t½a®°±l¸0½�¯�Êl¯j»�¾´ºm½a»J±0³0¸�ÀV¾´º°µ*¯�²´¯jÀ
½a»J±mºh¼jÎ°Ñ�¯�®�¶wÊl¯�»a¯jÀV±|Êm¯�»a¯j³½J®h¯�¯j¼a¼2¯jºX½J¾�¶{²�¯�²´¯�Á*¯jºm½S¼�±{·�¯j²�¯CÀ
½J»a±0³0Òiºh¶{Á*¾�À�¼jÎ�É?¸�¼?½a¾t·�Òi¾´º°µ�Ó8¾´ºh¼2½J¯�¾´º�à ¼�·�¶lÁ�±m¸h¼�¼2½a¶{½J¯V¿Á*¯�ºX½jÆ � ��¶m¼�Ó�²�¯jÅm½a»J±mº,¾´¼2½�¯�¾´º �°»a¯�Á�³0¯j»�¾´º�³0¾´¯�Ó8²´¯�ÅX½J»a±0³0Òiºh¶{Á*¾´Å�� 
Ö¿�½a®°¯�¯j²�¯CÀ
½a»J±mº,¾´¼¶*¼?½a»a¶lº°µl¯j»&¾�º�¯�²´¯jÀV½J»a±i³°ÒXº�¶{Á*¾´Àj¼��
­&®°¯�À�±lºh¼J¯�»aÊ|¶|½a¾�±mº#±l· �?µm¯�±mÁ�¯�½J»a¾´À
ÀS®�¶{»aµl¯ 

®h¶m¼�¶{º�¾�ºX½J¯j»J¯C¼?½a¾�ºhµ�¯ � Ã°»a¯j¼a¼2¾´±lº�¾´º�½J¯j»JÁ�¼±{·�½J®°¯\À�±lº0·�±m»JÁ�¶l²AÀ�±|Ê|¶{»a¾´¶lºm½�³0¯j»J¾´Ê|¶|½J¾´Êl¯mÄ�ÙÝ¯�®h¶wÊm¯

5

4
∂n (

√
Cn) = ∂m∂n (

√
RFmn) = 0

Ë�ß 
 Ï
Ñ�®°¾�ÀS®�Á�¶wÒ�ÂM¯�¾´ºXÊ|¶l»J¾�¶{ºX½J²´Ò�Ñ�»a¾t½J½J¯�º,¶m¼

DmD
mW = 0

Ë�ß Ç Ï
­&®°¾�¼�¶{Á*±m¸°ºX½a¼
½a±\¶	�JÀV±lº°·�±l»aÁ*¶l²°Ñ&¶wÊl¯&¯jÞX¸h¶{½J¾´±lº�
&·�±l»8Ù Ä ��±l½J¯�½a®h¶|½�½J®°¯�¯jÞX¸h¶|½a¾�±mº¾�¼�¯ � ¶mÀ
½ ¿�½a®°¾�¼ ¾�¼ º°±{½,¶ ��¶{½�¼JÃh¶mÀV¯Ý¶lÃ°Ã°»a± � ¾�Á�¶|½a¾�±mº�Ä Ú_º ½J¯j»JÁ�¼ ±{·\½a®°¯Ý±m»a³°¾�ºh¶l»JÒÀV±|Ê|¶l»J¾�¶{ºX½�³°¯�»a¾�Ê|¶|½a¾�Êm¯�¾t½�¾�¼

(∇m − 3Am)gmn(∇n − 2An)W = 0
Ë�ß Ð Ï

gmn(∇m − 2Am)(∇n − 2An)W = 0

­�±�µl¯V½�½J®°¯�µl»S¶wÊi¾t½S¶|½J¾´±lº�¶{²0¯jÞX¸h¶{½J¾´±lºh¼jÎlÑ�¯�¯jÁ�Ãh²�±|Ò4½J®°¯�È
¶{²�¶|½J¾´º°¾�Ã°»J±0À�¯j³0¸°»a¯lÎmÑ�®°¾�ÀS®®°±m²´³°¼�¶l¼�Ñ�¯j²�²�¾�º�ÙÝ¯jÒX²¹¼JÃh¶lÀ�¯�¶l¼�¾t½&³0±i¯j¼�¾�º á�¾�¯jÁ�¶{º°º�¼JÃh¶mÀV¯lÎXÂM¯jÀ�¶l¸h¼J¯�¾t½&¾�¼�º°±l½�Âh¶m¼2¯C³±lº*½a®°¯�Ã�¶{»J½J¾�ÀV¸°²�¶{»
·�±m»JÁ ±{·¹½a®°¯�À�±lº°º°¯CÀ
½a¾�±mº�Îm»S¶|½a®°¯�»8½J®°¯#¼2¾´Á*Ã°²�¯�±lÂh¼J¯�»aÊ|¶|½a¾�±mº4½a®h¶|½�½J®°¯³0¾��M¯j»J¯jºhÀV¯�±l·�½?Ñ�±�À�±lº°ºh¯jÀ
½a¾�±mºh¼&¾�¼�¶4½J¯�º�¼2±m»jÄ�Ù!¯�Ñ�»J¾�½J¯

δRmn =
(

∂nδΓ
a
ma − Γa

mnδΓ
b
ab

) ËHß Õ Ï
−

(

∂aδΓ
a
mn − Γa

mbδΓ
b
an − Γa

bnδΓ
b
am + Γa

abδΓ
b
mn

)

= (δΓa
ma);n − (δΓa

mn);a

ÙÝ¯\³°±4½a®°¯�Ê|¶{»a¾´¶{½J¾´±lº�¾�º,¼J¯�Êm¯�»S¶{²A¼?½a¯�Ãh¼jÄ��e¾�»S¼?½�Ñ�»a¾�½J¯

δ(RW
√

) = Wδ(R
√

) +Rδ(W
√

) −RWδ
√ ËHß × Ï

Ç ×



ÙÝ¯�®�¶wÊl¯

δ(R
√

)
Ë�ßmßlÏ

= Rrsδ(g
rs√) + grs√δRrs

= Rrsδ(g
rs√) + grs√ (δΓa

ra);s − grs√ (δΓa
rs);a

= Rrsδ(g
rs√) +

√
(grsδΓa

ra);s −
√

(grsδΓa
rs);a −

√ (

grs
;sδΓ

a
ra

)

+
√ (

grs
;aδΓ

a
rs

)

= Rrsδ(g
rs√) +

√
(grsδΓa

ra);s −
√

(grsδΓa
rs);a −

√
(grsAsδΓ

a
ra) +

√
(grsAaδΓ

a
rs)

= Rrsδ(g
rs√) + ∂s (

√
grsδΓa

ra) − ∂a (
√
grsδΓa

rs) + 2
√
grsAsδΓ

a
ra − 2

√
grsAaδΓ

a
rs

Ø�ÂM±|Êl¯mÎ{Ñ�¯&¸h¼J¯j³�½J®h¯&·�±l²´²�±|Ñ�¾´º°µ�ÀV±mºXÊm¯�»S¼2¾´±lº�±l·A¶�À�±|Êw¶l»J¾�¶{ºX½�³0¾�Êm¯�»aµl¯jºhÀV¯�±{·A¶�Êm¯jÀV½J±l»½J±�¶lº ±m»a³0¾´ºh¶l»JÒ�³0¾´Êl¯j»Jµm¯�ºhÀ�¯�¾´º,¶�E|¿_³�Ù!¯�Òi²�¼JÃh¶lÀ�¯lÆ

V µ
;µ = ∂µV

µ + Γµ
µνV

ν = ∂µV
µ +

(

1√∂µ

√
+ 3Aµ

)

V µ ËHß	EmÏ
√
V µ

;µ = ∂µ (
√
V µ) +

√
3AµV

µ

È8»a±iÀ�¯�¯C³0¾�ºhµhÎ8Ñ�¯�®h¶wÊm¯lÎ
¸h¼J¾´º°µ�½a®°¯�¶{ÂM±|Êl¯ ³°¯VÛhº°¾�½J¾´±lº ±{·�½a®°¯�µl¯�±mÁ*¯V½J»a¾�À�ÀV¸h»J»a¯�ºX½jÎ½J®h¯�·�±l²´²�±|Ñ�¾´º°µ*»J¯jÁ*±|Êw¶l²A±{·
¶�³°¾�Êm¯�»aµl¯�º�ÀV¯�ÂiÒ'HX½J±mÅl¯mà ¼�½a®°¯�±m»J¯jÁ ¶{º�³�Ãh¶l»2½S¼�¾´ºm½a¯�µm»a¶{½J¾´±lºË�¾´ºh³0¾�À�¶{½J¯C³ ÂiÒ�½a®°¯�Ñ&¶wÊXÒ�¯CÞX¸h¶{²´¾t½?Ò ¼2¾´µlº�ÏVÆ

Wδ(R
√

) = WRrsδ(g
rs√) +W∂s (

√
grsδΓa

ra) −W∂a (
√
grsδΓa

rs)
Ë�ß �lÏ

+
√
grsδΓa

ra2WAs −
√
grsδΓa

rs2WAa

≈ WRrsδ(g
rs√) +

√
grsδΓa

raCs −
√
grsδΓa

rsCa

= (WRrs − Γa
raCs + Γa

rsCa) δ(grs√) + δ (
√
grsΓa

ra)Cs − (δ
√
grsΓa

rs)Ca

ÙÝ¯�Á�¸h¼2½�ºh±|Ñ!¯ � Ã°»J¯C¼J¼�½J®°¯�Ê|¶{»a¾´¶{½J¾´±lº�±{·i½a®°¯�À�±lº°ºh¯jÀ
½a¾�±mº�¾�º\½J¯�»aÁ�¼�±l·0½J®°¯�Êw¶l»J¾�¶|½a¾�±mº±{·�½J®°¯�µ�Ûh¯j²´³�Ä
ÙÝ¯�¸h¼J¯�½J®h¯�·�±l²´²�±|Ñ�¾´º°µ�¾´³0¯jºX½J¾�½J¾´¯j¼jÆ

∂r

(√
gab

)

=
(

−gasΓb
sr − gbsΓa

sr + gabΓs
sr − 2gabAr

)√ ËHß �mÏ
∂b

(√
gab

)

= (−grsΓa
rs − 2Aa)

√

δ
√

=
1

4
gmnδ(

√
gmn)

Ç ß



á�¯V½a¸°»aº°¾�ºhµÝ½a±!½J®°¯�³0¯jÊl¯j²�±mÃ°Á*¯�ºX½jÎ�Ñ�¯�®h¶wÊm¯lÎ8º°±l½J¾´º°µ!½J®h¶{½�Ø ¾´¼*º°±l½�Ê|¶{»a¾�¯C³ ¶{º�³¶{µX¶{¾´º�»a¯�Á*±|Êi¾�ºhµ�¶*³0¾´Êl¯j»Jµm¯�ºhÀ�¯lÆ

δ (
√
grsΓa

ra)Cs = δ (grs∂r

√
+ 3

√
grsAr)Cs

Ë�ß �mÏ
= δ (grs∂r

√
)Cs + 3Arδ(

√
grs)Cs

= (∂r

√
)δgrsCs + grsCs∂r(δ

√
) + 3ArCsδ(

√
grs)

= (∂r

√
)δgrsCs + grsCs∂r

(

1

4
gmnδ(

√
gmn)

)

+ 3ArCsδ(
√
grs)

≈ (∂r

√
)δgrsCs − ∂r(g

rsCs)
1

4
gmnδ(

√
gmn) + 3ArCsδ(

√
grs)

ÙÝ¯�ºh¯�¯j³ ½a±�»a¯V¿¢¯ � Ã°»a¯j¼a¼�½J®°¯�½a¯�»aÁ ¾´º ½a®°¯\³0¾´»J¯CÀ
½�Ê|¶{»a¾´¶{½J¾´±lº�±{·eµhÆ

√
δgrs = δ(

√
grs) − grs 1

4
gmnδ(

√
gmn) = (δr

mδ
s
n − 1

4
grsgmn)δ(

√
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δgrs =
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mδ
s
n − 1

4
grsgmn)δ(

√
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ËDE 
 Ï

¶{ºh³�¼J±hÎ0¸h¼J¾´º°µ�½J®°¯�Ã°»a¯�Êi¾´±l¸h¼J²´Ò�³0¯�»a¾�Êm¯j³ ¯�²´¯jÀV½J»a±lÁ�¶{µmº°¯V½a¾´À�Ûh¯�²�³�¯jÞX¸h¶{½J¾´±lºh¼jÎ
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√
grsΓa
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ËDE Ç Ï
=
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(∂m log
√
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r δ

n
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4
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1

4
grs + 3ArCs

)
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√
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(

(∂r log
√
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1

4
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1√∂m(
√
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)

δ(
√
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= ((∂r log
√
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√
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δ (
√
grsΓa

rs)Ca = δ (∂s (
√
grs) + 2

√
grsAs)Cr

ËDE Ð Ï
= Crδ∂s (

√
grs) + 2AsCrδ(

√
grs)

≈ (−∂sCr + 2AsCr)δ(
√
grs)
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Wδ(R
√

)
ËDE Õ Ï

= (WRrs − Γa
raCs + Γa

rsCa + (∂r log
√

)Cs − ∂sCr + 3ArCs + 2AsCr)δ(
√
grs)

= (WRrs + ((∂r log
√

) + 3Ar − Γa
ra)Cs − Cr;s + 2AsCr)δ(

√
grs)

= (WRrs − Cr;s + 2AsCr)δ(
√
grs)

��¯ � ½CÎ°Ñ�¯#®�¶wÊl¯

Rδ(W
√

) −RW (δ
√

) = Rδ(gmngrsFmrFns

√
) − RW (δ

√
)

ËDE × Ï
= R(2gmnFmrFnsδ(

√
grs) − 2Wδ

√
)

= −2R(FrnF
n
s +

1

4
Wgrs)δ(

√
grs) = −2RTrsδ(

√
grs)
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δ(RW
√

) = (WRrs − 2RTrs − Cr;s + 2AsCr)δ(
√
grs)
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Cr;s − 2AsCr +WFrs

ËDE EmÏ

= Cr;s − 2

(

Cs + ∂sW

W

)

Cr +W∂[r

(

Cs] + ∂s]W

2W

)

=
1

2
C{r,s} − C{r

(

Cs} + ∂s}W

2W

)

=
1

2
(∇{r − 2A{r)Cs}

= −1

2
(∇{r − 2A{r)(∇s} − 2As})W
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δ(RW
√

) = (WRrs − 2RTrs +
1

2
(∇{r − 2A{r)(∇s} − 2As})W )δ(

√
grs)
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Rmn =

(

2R

W

)

Tmn −
(

1

2W

)

(DmDn +DnDm)W
ËDE �mÏ

1√∂n (
√
RFmn) =

5

4
DmW
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Rmn − 1

2
gmn(R− Λ)

Ë�E �mÏ
=

(

2R

W

) (

Tmn − 1

4
gmn

W

R
(R − Λ) −

(

1

4R

)

(DmDn +DnDm)W

)

­&®°¯�²�¶l¼2½�½?Ñ�±�½J¯j»JÁ�¼&±lº ½J®h¯�»J¾´µl®X½�Á�¸h¼2½�À�¶lºhÀV¯j²�Æ

(DmDn +DnDm + gmn(R − Λ))W = 0
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(R − Λ)W = 0
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Λ = 0, R → 0, W → 0,
R

W
→ −4πG
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Rmnab +Rnmab = gmnFab
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R = R0 +
ε

W0
R1, W = W0 +

ε

R0
W1
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Ñ�®°¯�»a¯

ε
¾´¼�¶l¼a¼J¸°Á*¯j³�¼JÁ�¶{²´²
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√

= R0W0
√

+ ε(R1 +W1)
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δ

∫

RWdΩ = δ

∫

R0W0dΩ + δ

∫

ε(R1 +W1)dΩ
Ë � �mÏ

= R0W0δΩ + δ

∫

ε(R1 +W1)dΩ

= 0 + δ

∫

ε(R1 +W1)dΩ
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