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Nous	 allons	 envisager	 de	modifier	 le	 système	des	 équations	 de	 champ	 couplées	
Janus	comme	suit	et	c’est	que	j’ai	fait	dans	l’article	que	j’ai	publié	en	2019	dans	la	
revue	 Progress	 in	 Physics,	 à	 comité	 de	 lecture,	 et	 que	 vous	 n’avez	 pas	 pris	 en	
considération	 (je	 vous	 demandais	 de	mettre	 un	 lien	 dans	 votre	 page	 du	 site	 de	
l’IHES)		:		

B&! *$2+%&+! E%&2! 3O$Z5*$22)?&! E$2! La1%+)?&2! E%&2! 3$1*! W?*6$! 6)Z+$D! $&I)2%P$?&2! E$!
6?E)W)$*! 3$2! +$&2$1*2! *$25?&2%73$2! E$2! $WW$+2! E$! PL?6L+*)$! )&E1)+$D! K$! a1)! *$I)$&+! M!
21PPL*$*!E$!5%22$*!E1!2V2+R6$!b"/c!h!b"-c!%1!2V2+R6$!T!!

b0/c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
R(+ )

µ
ν − R(+ )δ µ

ν = T(+ )
µ
ν + g(− )

g(+ )

⌢
T(− )

µ
ν !!

b0-c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

  

R(! )
µ
" ! R(! )#µ

" = !
g(+)

g(! )

!
T(+)

µ
" + T(! )

µ
"

$

%
&

'

(
) !!

Rappelons-le	T!%1K1&!)65L*%+)W!E$!&%+1*$!5GV2)a1$!&O)65?2$!1&!KG?)Z!5%*+)K13)$*!E$!3%!
W?*6$! E$! K$2! +$&2$1*2! ! $+<! (%*! K?&+*$! 3%! W?*6$! E$2! 5*$6)$*2! 6$67*$2! )65?2$! 3$2!
)65L*%+)W2!6%+GL6%+)a1$2!E$!E)I$*P$&K$!&133$!a1$!&?12!%I$\!5?)&+L2D!$+!%1Za1$32!?&+!&$!
5$1+!LKG%55$*<!!

	

	

	

	

	



! j !

Montrons	que	le	choix	T!!

b04c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!  

!
T(+)

µ
! =

" (+) 0 0 0

0 +
p(+)

c2 0 0

0 0 +
p(+)

c2 0

0 0 0 +
p(+)

c2

#

$

%
%
%
%
%
%
%
%
%

&

'

(
(
(
(
(
(
(
(
(

!

b0jc!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!  

⌢
T(! )

µ
" =

#(! ) 0 0 0

0 +
p(! )

c2
0 0

0 0 +
p(! )

c2
0

0 0 0 +
p(! )

c2

$

%

&
&
&
&
&
&
&
&
&

'

(

)
)
)
)
)
)
)
)
)

!

5$*6$+!E$!2%+)2W%)*$!K$+!)65L*%+)W!6%+GL6%+)a1$<!J$5*$&?&2!3%!K?&W)P1*%+)?&!a1$! I?12!
%I$\!$&I)2%PL$!E%&2!I?+*$!%*+)K3$D!KO$2+!M!E)*$!3%!2)+1%+)?&!EO1&$!L+?)3$!E$!6%22$!5?2)+)I$D!
$&+?1*L$!E$!I)E$!T!!

!b0. c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
R(+)

µ
! " R(+)#µ

! = T(+)
µ
! !!

b09c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
R(! )

µ
" ! R(! )#µ

" = T (+ )
µ
" = !

g(+ )

g(! )

!
T (+ )

µ
" !!

+?1+!*$&+*$!E%&2!3O?*E*$!b3$!EL+%)3!E$2!K%3K132!$2+!W?1*&)!$&!%&&$Z$c<![%!2$K?&E$!La1%+)?&!
E)WWL*$&+)$33$!E$I)$&+!T!!

bg8c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 

p(+) '
c2

= !
m+ 4" G p(+) r3 / c4

r r + 2m( ) #(+) +
p(+)

c2

$

%&
'

()
!

a1)D! $&! &$o+?&)$&D! *$E?&&$! 3OLa1%+)?&! EOB13$*D! +*%E1)2%&+! 3OLa1)3)7*$! $&+*$! 5*$22)?&! $+!
W?*K$!E$!P*%I)+L!E%&2!3OL+?)3$<!!

I?8.9)6A#&.9&$D67/8B"&$&:$(-:6A(-:8B"&$*8/D-#-E:1$

[$2! E$1Z! La1%+)?&! 2%+)2W?&+! b%2V65+?+)a1$6$&+D! $&! %55*?Z)6%+)?&! &$o+?&)$&&$c! 3$2!
)E$&+)+L2!E$!,)%&KG)<!!

	

	

	



! . !

A	ce	stade,	quelqu’un	pourrait	dire	T!!

'  <?&/:$ :#+/$(-%8.1$2)"#$ ;-8#&$*8/D-#-E:#&$9&::&$*8;;89"%:A$2&:8:$ -$J#89)%A$*&/$ :&./&"#/$
D#A/&.:/$ *-./$ %&/$ /&9).*/$ (&(J#&/$ D)"#$ B"&$ %?8.9)6A#&.9&$ %8A&$ K$ %?A(&#=&.9&$ *&$
%?AB"-:8).$*?3"%&#L$:#-*"8/-.:$*-./$%&/$(-//&/$%?AB"8%8J#&$&.:#&$;)#9&/$*&$D#&//8).$&:$
;)#9&$*&$=#-C8:AL$*8/D-#-8//&1$1$$

;%)2D!K?66$!&?12!3O%I?&2!2?13)P&L!

!a1O$2+' K$! a1)! EL+$*6)&%)+! 3%! W?*6$! E$2! +$&2$1*2!
 
tµν

(+ ) !$+!
 
tµ!

(" ) *$25?&2%73$2! E$2! $WW$+2! E$!

PL?6L+*)$!)&E1)+$!m!@K)!$&!*$5*$&%&+!I?+*$!W?*613%+)?&!T!!!

bg" c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
R µ!

(+) "
1
2

R(+) gµ!
(+) = Tµ!

(+) + tµ!
(+) !!

bg0c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
Rµ!

(" ) "
1
2

R(" ) gµ!
(" ) = Tµ!

(" ) + tµ!
(" ) !

$

M8&.$$-$D#8)#8$N$$

!

>%&2! 3O%55*?Z)6%+)?&! Q$o+?&)$&&$! b3)&L%*)2%+)?&c! ! 3O$WW$+! E$! 3%! 5*$22)?&! 2$! +*?1I$!
&LP3)PLD!5%*!*%55?*+!%1!+$*6$!E$!E$&2)+L! ( p << ! c2 ) !<!B&!E)2%&+!a1$!K$!2V2+R6$!&$!2$*%!
I%3%73$!a1$!5?1*!E$2!2?31+)?&2!3)&L%*)2L$2D!K$3%!W?1*&)+!1&$!7?&&$!E)\%)&$!E$!*L213+%+2!$&!
%KK?*E!%I$K!3$2!?72$*I%+)?&2<!!

>%&2!K$++$!?5+)a1$!E$!3)&L%*)2%+)?&!?&!%1*%!!E$2!+$&2$1*2!2?12!3%!W?*6$!T!!

bggc!!!!!!!!!!!!!!!!!!

  

t(+)
µ
! !

" (+) 0 0 0

0 ... 0 0
0 0 ... 0
0 0 0 ...

#

$

%
%
%
%

&

'

(
(
(
(

t() )
µ
! !

" () ) 0 0 0

0 ... 0 0
0 0 ... 0
0 0 0 ...

#

$

%
%
%
%

&

'

(
(
(
(

!!

[$2!+*?)2!+$*6$2!E)%P?&%1Z!L+%&+!W)&%3$6$&+!&LP3)PL2<!!

F?66$&+!K?653L+$*!%3?*2!K$2!+$&2$1*2!$&!%S?1+%&+!K$2!+$*6$2!E)%P?&%1Z!6%&a1%&+2!m!!

JL5?&2$!b!E$!5GV2)K)$&c!T!$&!W%)2%&+!$&!2?*+$!a1$!3$2!La1%+)?&2!EOB13$*!bLa1)3)7*$D!E%&2!
3$2! *LP)?&2! ?`! 2?&+! 5*L2$&+$2! E$2! 6%22$2D! $&+*$! 3%! W?*K$! E$! P*%I)+L! $+! 3%! W?*K$! E$!
5*$22)?&c!2?)$&+!2%+)2W%)+$2<!F$!a1)!$2+!La1)I%3$&+!%1!W%)+!E$!2?1G%)+$*!a1$!3$2!La1%+)?&2!
2%+)2W%22$&+!b%2V65+?+)a1$6$&+c!3$2!K?&E)+)?&2!E$!,)%&KG)<!!

F$!a1)!K?&E1)+$!%1!KG?)Z!b04c!h!b0jc<!!

Y?)3M!E?&K!3%!*L5?&2$!a1$!S$!I?12!%I%)2!W?1*&)$!M!+*%I$*2!K$+!%*+)K3$!5173)L!E%&2!(*?P*$22!
)&!(GV2)K2D!a1$!I?12!&O%I$\!5*?7%73$6$&+!5%2!31<!!



! 9!

#O%)!I1!a1$!Q%+G%3)$!>$*1$33$!%I%)+!L+L!I?+*$!K?&2$)3!5?1*!3%!K?&W$K+)?&!E$!I?+*$!%*+)K3$<!#$!
I?12!%)!5*?5?2LD!%)&2)!a1OM!$33$D!1&$!*$&K?&+*$D!E%&2!1&$!2%33$!61&)$!EO1&!+%73$%1!&?)*D!
2%&2! +L6?)&! &)! $&*$P)2+*$6$&+D! a1)! 51)22$! 6$! 5$*6$++*$! EO$Z5?2$*! K$! +*%I%)3! $+! E$!
*L5?&E*$!M!I)2!a1$2+)?&2<!:1K1&!E$!I?12!E$1Z!&O%!$1!3%!2)653$!K?1*+?)2)$!E$!2)653$6$&+!
6$!*L5?&E*$<!!

[$! +$Z+$D! a1)! W)P1*$! +?1S?1*2! E%&2! I?+*$! 5%P$! E$! 3O@ABCD! 6$! E)2K*LE)+$! $&! +%&+! a1$!
2K)$&+)W)a1$D! &?&! 2$13$6$&+! %15*R2! E$! p*%&d%)2D! 6%)2! %1! 2$)&! E$! 3%! K?661&%1+L!
2K)$&+)W)a1$!)&+$*&%+)?&%3$!+?1+$! $&+)R*$<! Y?12! 5?1I$\! LI)E$66$&+! KG?)2)*! E$! &$! 5%2!
2?12K*)*$! M! 6$2! E$6%&E$2<!>%&2! K$! K%2D! K$! a1$! S$! 5$1Z! I?12! E)*$D! KO$2+! a1$D! W%1+$!
EO?7+$&)*! 1&! 3LP)+)6$! EL7%+!%I$K! 3$2! P$&2! a1)! 2?&+! K$&2L2! i+*$! E$2! 25LK)%3)2+$2! E$! K$2!
a1$2+)?&2D!+?1+$!K$++$!%WW%)*$!2$*%!)&!W)&$!5?*+L$!M!3%!K?&&%)22%&K$!E1!5312!P*%&E!&?67*$D!
$&!W*%&d%)2!$+!$&!%&P3%)2D!I)%!1&$!?1!5312)$1*2! I)EL?2D!%I$K!+?12!3$2!EL+%)32!E$2!K%3K132!
W?1*&)2!E%&2!E$2!5EW!S?)&+2<!!

e&$!2)+1%+)?&!&?1I$33$!$2+!$&!+*%)&!E$!&%k+*$<!:!+*%I$*2!3%!2L*)$!EO1&$!+*$&+%)&$!E$!I)EL?2!
#%&12D! $&! 1+)3)2%&+! 6$2! +%3$&+2! E$! 5LE%P?P1$D! SO%)! $Z5?2L! 3O$&2$673$! E$2! +$&%&+2! $+!
%7?1+)22%&+2! E$! 3%! EL6%*KG$! a1$! &?12! %I?&2! $&+*$5*)2$D! E$51)2! +%&+! EO%&&L$2D! $&!
2?13)P&%&+!%1!5%22%P$!3$2!K?&+*%E)K+)?&2!E%&2!3$2a1$33$2!3%!K?26?3?P)$!$+!3O%2+*?5GV2)a1$!
K?&+$65?*%)&$!2O$&W?&K$&+!E$!5312!$&!5312D!$&! *$K?1*%&+!%1Z!K?&K$5+2!&?&!ELW)&)2!E$!
6%+)R*$!2?67*$!$+!EOL&$*P)$!&?)*$<!!

Y?12! i+$2!3$!2$13!M!%I?)*! *L%P)!E$!6%&)R*$!K?&2+*1)+$!$+!%*P16$&+L$!M!+*%I$*2!3O%*+)K3$!
a1$!I?12!%I$\!5?2)+)?&&L!E%&2!I?+*$!5%P$!E$!3O@ABC!$+!&?12!I?12!$&!2?66$2!P*L<!!

=?1+!3$!6?&E$!2%)+!a1$!3$2!6?ER3$2!&$!I?)$&+!5%2!3$!S?1*!EO1&!K?15D!2?12!3$1*!W?*6$!3%!
5312! L3%7?*L$<! Y?+*$! *$6%*a1$! %! E?&K! 5*?I?a1L! 1&$! *$+?1KG$! &LK$22%)*$! E1! 6?ER3$D!
%22?*+)$!EO1&$!5173)K%+)?&!E%&2!1&$!*$I1$!M!K?6)+L!E$! !3$K+1*$! !ba1)!L+%)+!EO%)33$1*2!$&!
K?1*2!%1!6?6$&+!E$!I?+*$!EL6%*KG$c<!e&$!*$+?1KG$D!E$!&%+1*$!51*$6$&+!6%+GL6%+)a1$!!
a1)D!%1!5%22%P$D!&$!KG%&P$!$&!*)$&!%1Z!*L213+%+2!ELSM!?7+$&12!$+!5173)L2!$+!%1Z!&?67*$1Z!
5?)&+2! EO%KK?*E!%I$K! 3$2! ?72$*I%+)?&2<! C?12! K$+! %&P3$! ?&! &$! 5$1+! a1$! I?12! i+*$! P*L!
EO%I?)*!2?13)P&L!K$++$!)&21WW)2%&K$!$+!EO%I?)*!212K)+L!K$!5*?P*R2<!!

'  #$!W?*613$!E?&K!3%!E$6%&E$!a1$!I?12!%S?1+)$\D!21*!K$++$!5%P$!E$!3O@ABC!3$!K?&+$&1!
E$!K$++$!3$++*$D!$&!+%&+!a1O$Z$*K)K$!E$!6?&!E*?)+!E$!*L5?&2$!2K)$&+)W)a1$<!l1)++$!M!
K$!a1$!I?12!6$++)$\!M!3%!21)+$!EOLI$&+1$32!%*P16$&+2!K?&+*$E)2%&+!6$2!%*P16$&+2<!!
:!6?)&2!a1$!I?12!&$!5*LWR*$*)$\!6$++*$!K$!3)$&!21*!I?+*$!5%P$!E1!2)+$!E$!3O@ABC!q!!
!

'  #$!I?12!E$6%&E$!E$!6$++*$!3$!3)$&!I$*2!6?&!%*+)K3$!E$!5*?P*$22!)&!5GV2)K2!T!!
!

'  #$!I?12!E$6%&E$!E$!6$++*$!1&!3)$&!I$*2!3%!+*%E1K+)?&!E$!I?+*$!5*?5*$!%*+)K3$!$&!
%&P3%)2D!M!+*%I$*2!3$!3)$&!T!!
_1!E$!*$5*?E1)*$!K$!+$Z+$!E%&2!I?+*$!5%P$!E1!2)+$!E$!3O@ABC<!!
!

'  >%&2!3%! 6$21*$! ?`! &?12! %I?&2! *L5?&E1! M! I?+*$! 3LP)+)6$! ?7S$K+)?&D! )3! 2$*%)+!
?55?*+1&! a1$! &?12! 51)22)?&2! 5*L2$&+$*! K$! +*%I%)3D! U!*$I)2)+L!XD! $&! 2L6)&%)*$D! M!
[O@ABC!$+!S$!*$W?*613$!%15*R2!E$!I?12!K$++$!E$6%&E$<!!
!

!!!!!!!!!!!!!!!C)&KR*$6$&+!Ir+*$!!!!!! !!!!!!! ! ! ! !!!!!!!#$%&' ()$**$!($+)+!
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:QQByB!" !

;)2$!$&!5$*25$K+)I$!EOL3L6$&+2!E$!I?+*$!5*?5*$!%*+)K3$!
!$+!E$!3%!W%d?&!E?&+!&?12!%I)?&2!%55?*+L!*$6RE$!M!K$!5*?73R6$<!

!

![$2!K)+%+)?&2!EO$Z+*%)+2!E$!I?+*$!+$Z+$!W)P1*$&+!$&!)&E$&+%+)?&<!!

B&!*?1P$D!3%!6?E)W)K%+)?&!E$!I?+*$!%&%3V2$D!a1%&E!?&!2$!7%2$!21*!3$!&?1I$%1!2V2+R6$!
EOLa1%+)?&2!E$!KG%65!E$!08"9!]0 !̂a1)!K?**$25?&E!M!b0.c!z!K)' E$2212<!!

Y?12!&?+$\!]"^ !!&?+$!a1$!E$!5%*!3%!2+*1K+1*$!E$2!5*$6)$*2!6$67*$2!E$2!La1%+)?&2!E$!
KG%65!#%&12!?&!%!3%!*$3%+)?&!T!!

 
! +

" Eµ"
+ = 0!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!b0c!

 
∇−

ν Eµν
− = 0!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!bgc!

B&!%S?1+%&+!a1$!K$2!)E$&+)+L2!E$!,)%&KG)!)653)a1$&+!E$2!3?)2!E$!K?&2$*I%+)?&!5?1*!3$2!
2?1*K$2!K?**$25?&E%&+$2<!Y?+*$!+$Z+$!T!!

$<)((&$ %&/$ AB"-:8)./$P,-."/Q$ /).:$ 9)./:8:"A&/$ *&$ *&"R$ AB"-:8)./$ *"$
:7D&$ 38./:&8.L$ 9&/$ AB"-:8)./$ 8(D%8B"&.:$ *&"R$ %)8/$ *&$ 9)./&#C-:8).$
/AD-#A&/$D)"#$%&"#/$*&"R$(&(J#&/$*&$*#)8:&$1$$

FO$2+!3M!?`!3$!*%)2?&&$6$&+!I%!i+*$!*$5*)2<!!

Y?12!5%*+$\!E1!2V2+R6$!#%&12!E$!08"-!]9 !̂

 
w+ Eµ!

+ = " w+Tµ!
+ + w#Tµ!

#( ) !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!b"%c!

 
w! Eµ"

! = ! # w+Tµ"
+ + w! Tµ"

!( ) !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!b"7c!

%I$K!T!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
Eµ!

± = Eµ! (g± ) = Rµ!
± "

1
2

R ± gµ!
± !!

$+!I?12!5?2$\!T!!
 
w± = ! detg± !!

Y?12!LK*)I$\T!!

$I&/$ *&"R$ :&./&"#/$ /)"#9&/$
 
Tµ!

+ $&:$
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Ceci	contient	l’intégralité	des	calculs	(ô	combien	fastidieux,	comme	c’est	toujours	
le	cas	en	géométrie	différentielle)	qui	supportent	le	raisonnement	présenté	dans	
le	corps	de	l’article.		
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! µ ( " 1u

µ ) = 0!

b"0c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
! µ uµ = 0!

b"0c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
! µ ( " 1u

µ ) = 0!

!

=G$!5GV2)K%3!6$%&)&P!?W!+G$!$a1%+)?&!b"8c!)2!+G$!W?33?o)&P<!@+!2G?o2!+G%+!+G$!3)&$2!?W!+G$!
1&)I$*2$! ?W! +G$! 6%++$*! bE$W)&$E! 7V! u

µ = gµ! u! !c! %*$! P$?E$2)K2! ?W!
 
gµ! " gµ!

(+) !D! oG)3$! +G$!

+G)*E!$a1%+)?&!b"0c!2%V2!+G%+!+G$!2%6$!5?2)+)I$!6%++$*! )2!%32?!*13$E!b7V!+G$!$a1%+)?&2!

 " ! " !c!+?!?7$V!%&?+G$*!$a1%+)?&2!?W!+G$!6?I$6$&+!!
 
! µ uµ = 0!oG)KG!2G?o2!+G%+!+G$!3)&$!

?W! +G$! 1&)I$*2$! E$W)&$E! 7V! u
µ = gµ! u! !612+! 7$! P$?E$2)K2! E$*)I$E! W*?6! +G$!

 
gµ! " gµ!

(+)

6$+*)K<!,1+!+G$!/' I$3?K)+V!W)$3E! u
µ !)2!&?+!)&E$5$&E$&+!?W!! u

µ <!F?&2)E$*$E!%2!%!K?I%*)%&+!
W)$3E!)+! )2!7%2)K%33V!+G$!2%6$!+G*?1PG!%!*$&?*6%3)\%+)?&!W%K+?*! u

µ = uµ / N D!$a1%+)?&D!2?!

+G%+!
 
uµ = gµ! u! / N = gµ" g" ! u! / N. !:2! +G$! +o?! 6$+*)K2!

 
gµ! " gµ!

(+) !%&E!
 
gµ! " gµ!

(+) !%*$! %!

5*)?*)!E)WW$*$&+!@!E?&O+!2$$!G?o!)+!K?13E!7$!5?22)73$!b!K?&2)E$*)&P!%!K?653$Z!P$&$*%3!+)6$!



! /8 !

E$5$&E$&+!2?31+)?&D!E$W)&$E!7V!%*7)+*%*V!F%1KGV!E%+%!W?*!!
 
gµ! and gµ! !c!+?!G%I$!+G$!2%6$!

6%++$*! W?33?o)&P! E)WW$*$&+! 6?+)?&! $a1%+)?&2<! @W! o$! K?&2)E$*! W?*! $Z%653$! 2?6$! )&)+)%3!
I$3?K)+V!E%+%!W?*!%!%!+$2+!E12+D!21KG!I$3?K)+V!o?13E!7$!2155?2$E!+?!W?333?o!%+!+G$!2%6$!
+)6$! +o?! E)2+)&K+! *13$2! ?W! $I?31+)?&D! oG)KG! )2! 6%+G$6%+)K%33V! %721*E! W?*! %! K3%22)K%3!
+G$?*V!~!

!!!:&?+G$*!5GV2)K?' 6%+G$6%+)K%3!K?&+*%E)K+)?&!6%V!%*)2$!W*?6!$a1%+)?&2!b/%c!%&E!b/7c!
%553V)&P! 21KG! 2V2+$6! +?! +G$! 2+*1K+1*$! ?W! %! 2$3W' P*%I)+%+)&P! 2+%*D! )&! Q$o+?&)%&! 3)6)+<!
F?&2)E$*!%!7%KnP*?1&E!2?1*K$!K?**$25?&E)&P!+?!%!5$*W$K+!W31)E!T!!

b"gc!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
Tµ! = T µ!

o(+) = ( " c2 + p ) uµ u! + pgµ! !!

@!o)33!3)6)+!+G$!%&%3V2)2!+?!+G$!%36?2+!Q$o+?&)%&!K?&E)+)?&2<!@!o)33!2G?o!+G%+!+G)2!+G$?*V!
)2!2$3W!K?&+*%E)K+?*V!%&E!E?$2!&?+!3$%E!+?!%&V!5GV2)K%3!2?31+)?&<!!

@!*$K%33!+G%+!+G$!3)&$%*)\$E!2?31+)?&!?W!+G$!B)&2+$)&!$a1%+)?&2!6%V!7$!o*)++$&!T!!

b"/c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
goo = − (1− 2

U
c2

) ; gi j = + (1+ 2
U
c2

)δ i j !!!

oG$*$!e!)2!+G$!&$o+?&)%&!5?+$&+)%3!W*?6!(?)22?&!$a1%+)?&!T!!

b"-c!!!!!!!!!!!!!!!!!!!!!!!!!
 
! U = " 4# G

Too

c2
1+ 0( 1

c
2
)$

%&
'
()

= " 4# G * 1+ 0( 1

c
2
)$

%&
'
()

!!

>1$!+?!+G$!W?*6%3!2V66$+*V!?W!+G$!2V2+$6!b/%c!h!b/7c!o$!P$+!+G$!K?**$25?&E)&P!
3)&$%*)\$E!2?31+)?&!T!

b"4c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
goo = ! (1! 2

U
c2

) ; gi j = + (1+ 2
c2

) " i j !

oG$*$!+G$!a1%2)!Q$o+?&)%&!5?+$&+)%3! U !?7$V2!T!!

b"jc!!!!!!!!!!!!!!!!!!!!!!!!
 
ΔU = − 4π G

Too

c2
1+ 0

1

c
2( )⎛

⎝⎜
⎞
⎠⎟

= − 4π G ρ 1+ 0
1

c
2( )⎛

⎝⎜
⎞
⎠⎟

!

W*?6!b9c!o)+G!
 
w / w =1+ 0( 1

c
2
) ! ! !!)2!2)653V!!' ! ! !<!C?!+G%+!T!!

b".c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
U = ! U 1 + 0 1

c2( )"
#$

%
&'

!!

Q?o!@!2G)W+!+?!%&?+G$*!+G)&P!+G%+!2G?o2!+G$!1&K?&2)2+$&KV!?W!+G$!U!#%&12!;?E$3!X<!:W+$*!
$a1%+)?&!b/Kc!!!

b"9c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
Ti j = !

w
w

Ti j = ! 1+ 4
U
c2

+ 0(
1
c4

)
"
#$

%
&'

Ti j
!!



! /" !

@+!)2!&?o!I$*V!)65?*+%&+!+?!+%n$!)&!KG%*P$!+G$!K?&2$a1$&K$2!?W!+G$!$a1%+)?&2!b-%c!%&E!
b-7c!oG)KG!%K+!?&!+G$!2%6$!$&$*PV' )65132)?&!+$&2?*<!

@!*$K%33!T!!

b08c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
! " Tµ

" =
1
w

#" (w Tµ
" ) $

1
2

#µ g%& T%& !!

@W!)!*$W$*2!+?!25%K$!T!!

b0"c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
! " Ti

" =
1
w

#" (w Ti
" ) $

1
2

#i g%& T%& !!

@&!+G$!Q$o+?&)%&!%55*?Z)6%+)?&D!)&!!+G$!3%2+!+$*6!+G$!K?&+*)71+)?&!W*?6! ! = " = 0!!)2!

E?6)&%&+!7$K%12$! T
oo = 0(c2) !oG)3$! T

oi = 0(c1) !%&E! T
i j = 0(co) <!=G$&!!

!b00c!!!!!!!!!!
 
0 = ! " Ti

" = #j(Ti
j ) $

Too

c2
#i U + 0

1

c
2

%
&'

(
)*

= #j(Ti
j ) $ +#i U + 0

1

c
2

%
&'

(
)*

!!

@!*$K%33!+G%+!)&!+G$!Q$o+?&)%&!%55*?Z)6%+)?&!+G$!?*E$*!?W!6%P&)+1E$!?W!
 
Ti j !)2!1&)+VD!)<$<!)2!

oG$&! c ! " !!<!!!

p?*!$Z%653$D!W?*!%!5$*W$K+!6?I)&P!W31)E!o$!G%I$!
 
Ti j = ! vi v j + p" i j + 0(1/ c2). !=G$&!+G$!

%7?I$!$a1%+)?&!boG$&!W133W)33$E!7V!
 

1
w

! o (w T i
o) = ! t (" vi ) + 0(1/ c2) !c!)2!&?+G)&P!b!oG$&!

 c ! " c!71+!+G$!K3%22)K%3!GVE*?EV&%6)K%3!B13$*!$a1%+)?&<!!@!G%I$!K?&2)E$*$E!%!2+%+)K!K%2$D!
o)+G!+G$!$a1)3)7*)16!?W!%!2$3W' P*%I)+%+)&P!2+%*<!!

Q?oD!K?&2)E$*!+G$!2$K?&E!K?&2$*I%+)?&!3%o!b-7c<!v$!2G%33!G%I$!T!!

b0gc!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
! " Ti

" =
1
w

#j(w Ti
j ) $

1
2

#i g%& T%& !!

=G12D!W)&%33V!T!!

b0/c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
0 = ! " Ti

" = #j(Ti
j ) $ %#i U + 0(1/ c2) !!

@&!+G)2!2$K?&E!B13$*!$a1%+)?&!T!! T i
j ! " T i

j # ! " # U ! " U !!+G$&!!

b0-c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
0 = ! " Ti

" = # $j(Ti
j ) # %$i U + 0(1/ c2) !!

oG)KG!K?&+*%E)K+2!+G$!K3%22)K%3!B13$*!$a1%+)?&!b00c<!!

@W!+G$!2+%*!)2!W)33$E!7V!%!5$*W$K+!W31)E!+G)2!2+%+)K!$a1)3)7*)16!)653)$2!7?+G!!

b04c!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
! i p = + " ! i U and ! i p = # " ! i U !!

!



! /0 !

F_QF[eC@_Q!T!=G$!2V2+$6!?W!K?153$E!$a1%+)?&2!?W!+G$!U!#%&12!;?E$3!X!%*$!
6%+G$6%+)K%33V!%&E!5GV2)K%33V!K?&+*%E)K+?*V<!

!

!


