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divD = 4πρ,

rotE+
1

c

∂B

∂t
= 0,

divB = 0,

rotH− 1

c

∂D

∂t
=

4π

c
j.

(Eq,ω,Bq,ω ∈ C
3)

E (r, t) = Eq,ωe
−i(ωt−k·r),

B (r, t) = Bq,ωe
−i(ωt−k·r),

q ω

Dq,ω = ε̂(ω)Eq,ω = [1 + 4πχ̂
EE

(ω)]Eq,ω,
Bq,ω = µ̂(ω)Hq,ω = [1 + 4πχ̂

HH
(ω)]Hq,ω.
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 ! "#$ %&'&!&(( )*(+,-+ (-.()/0%$1-%2 /&3$ -3-(( 4&33&/!5&% - 6*&,(.7/ +%8.-'9.96(53 73(.-:

+1)3$0+# (&.4&;5 .<6!<( <.(+,2 - /0#%&6&6 *&./&-1+3+(06 <.(<,& 03(-301-% &#$6<#%$+%&, '&=&(5

>?@A2 /+'&3 /0#%&6&6 #&.4&6!(<6&, 03(-301-% &%%<3 -3-B6)%$-11 8.&,'&%B+0% '-%%-, B6-, 4&3&%C

 ! ε̂ ,)/*3&D ;+&3&,(.)/)6 (&%!).)% ,&.&6!(E3 ;&F%+03=-(G - 6!+#&(&35 -%$-#), σ̂ )*(+,-+ '&!&:
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/&#-;4- - *)3-.+!0B+G'03()!06 6).0% 8&33<*5 0.-/6I.I6<#&( j = rotH+ ∂P
∂t 966!&8E##<6 6!&.+%(2

/&3$ J)7.+&.:(<.1&% - ,9'&(,&!5 -3-,"K

jq,ω = cq×Mq,ω − iωPq,ω = cq× (χ̂
HH

Hq,ω)− iω(χ̂
EE

Eq,ω) := 4πσ̂q,ωEq,ω.

 *)3-.+!0B+G '&,(). /&#'03()!06- <6 - ,E365 (<. 03(-3 ,&3(&(( 0.-/6I.I6<#&, ,9!9(( %&/

(&6!E%, ,E39%16<#&(2 10. - 6!),06)6 (0.#$-3061-% -! &#$&%0.-/" =-(0.&6&(1&% 6!+#&(&35
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(5,<*&66<# 8)#-3/0( +;51&% '03()!G (&.&, &6&(<.&C J&3(<'&2 =)#$ µ̂ ≡ 1 -! <.+%(&(( 8.&,'&%B+-
(-.()/0%$1-%2 - 6!+#&(&35 -%$-#), ,)/*3&D ;+&3&,(.)/)6 (&%!).- <6 )*(+,-+ '&!&(5,<*&66<#

(&%!).- ,9!9(( -! -3011+ ,-*B6)3-( 3&6! <.'<%$&6K

ε̂ = 1 + i
4π

ω
σ̂. NOCPQ

R&=&3$&((&6M('& - 8&3(<(&3&!&(( 6M,=7330/ /&#)3;06),-( <6 -! -%$-#+ &#$&%3&(&,&(2 -! -3011+

J)7.+&.:(<.1&3+ S-DT&33:&#$&%3&(&,=&! 47(7%,K

iqε̂Eq,ω = 0,

iq×Eq,ω − iω

c
Bq,ω = 0,

iqBq,ω = 0,

iq×Bq,ω +
iω

c
ε̂Eq,ω = 0.

NOCUQ

 ! &365 &#$&%3&( - (93(<66I.I6<#.& ')%-(,)!G ,)%(+%7+(06+ &#$&%3&(&( +6 /-#01- 8)#3-34-

Niωρ − iqσ̂E = 0QC  /06);+, <6 %&#$&;+, &#$&%3&(&, 6&#M(6<#<'&3 -! -3011+2 -;)(( q &6&(<%

Eq,ω:.- ')%-(,)!G 3+%&0.+6 &#$&%3&( .&%;6!&.(2 -! "#$%&'&!&(( =7330/&#$&%3&(&( ,-*47,K

q× (q×Eq,ω) +
ω2

c2
ε̂Eq,ω = 0. NOCVQ
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8E##&(3&% (&%!).&3&/&, 6!0/0(C

H&,+%(6E%, &#$ ,9196 ,.+6(03$(2 /&3$%&, ! (&%#&3$ +.0%$" /0#%&6&!&((6<#& '-%2 '-#$+6 -!

+;5(E,.9!<6 %&/ 6!+//&(.+04- - .&%;6!&.%&,C W11&% -! &6&(1&% - OCZ 01.0% 30(=-(G 6!+//&(:

.+-/I'&3&(&, 8)#40, +%'-.+0%6-% =-#$%+ - /+%(- /0#%&6&!&((6<# -D+03'&,().0(C J&3(<'&2 =)#$

/&#&%#&;4E, -! +;5(E,.9!<6 ,)/1+%03060( (<.1&3+ 6!+//&(.+0,,-32 &!&% /I'&3&(&, /&#8&3&3(&(:
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V



•
• 4(z) z
• 2

4(z)
2
4 ⊙ T z

x y

•
• 4(z) i⊙ 4(z) z

•σh(z) σh ⊙ T z x
y

• σd(z) ⊙ T z

z

ε̂ =





εsxx εaxy 0

−εaxy εsxx 0

0 0 εszz



 ,

εs(M) = εs(−M)
εa(M) = −εa(−M)

N±(ω) = n±(ω) + i · k±(ω) =
√

εxx(ω)± i · εxy(ω),

E±

q,ω =





1
±i
0



Eq,ω.

(r±)

r± =
1−N±

1 +N±

.



ϑKerr =
arc (r−)− arc (r+)

2
,

ηKerr =
1

2
· |r+|

2 − |r−|2
|r+|2 + |r−|2

.

arc(r+) 6= arc(r−) |r+|2 = |r−|2

ϑKerr

ηKerr

ϑKerr ηKerr
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 !"#$!%& !'()* !$+,-). "/ "+,00) "+"1'2 3+2) 4567 589:

ϑKerr(ω) ≈
2

π
P
∫

∞

0

ω′

ω′2 − ω2
ηKerr(ω

′)dω′, ;6<58=

ηKerr(ω) ≈ − 2

π
P
∫

∞

0

ω

ω′2 − ω2
ϑKerr(ω

′)dω′. ;6<5>=

?/ " #,*($%$%$( #'@A+,+2 B'+"!)/,-). C,+2'/,% "/2 D$+$(2)7 E'*F G"!"@"F 1'(H*A!,-).0"( "

+)($,!)% B'+"!)/,-).DI7 0$$%J KL(F $%$2L( " 2L!$!J%%L* )!,(F,!" #$!J+$*$%$( )% )(@A1,+.@)1 $+$1&

2!'#'% B'+"!)/,-). "/ "(F"*0"(7 C"*F)% "/ 'B2)1") C$/$2J1LB$%%L* 2"!2"+#"/E"2 ($# @)"*'(,+)%

$+$#$1$2 ;6<> $*F$(+$2=< ?/$1 $*FL!2$+#M$( 132J@($1 "  $!! B"!"#L2$!$1E$/7 1)% %/3*$1 $%$2L(

"/ "+,00) 3%%/$KN**L% L!CL(F$% 4559:

ΦKerr = ϑKerr + i · ηKerr ≈ − σxy

σxx

√

1 + i4πω σxx

= − σxy
σxx

√
ǫxx

. ;6<5O=

 ! ! " #$%&'()*)+(,-$, $-(,.,(/0 1,-2)03-4+,-50 '6176'('

P K$('#$('+'*)1A% $+$12!'@)("#)1") +$Q!,%7 ('E" !,#A2"2 "!!"7 E'*F " C$/$2J1LB$%%L* 2$(/'!

($# @)"*'(,+)% $+$#$) '1'//,1 " #,*($%$%&'B2)1") "12)C)2,%27 ($# "@ )(K'!#,-).2 "/ 'B2)1")

C$/$2J1LB$%%L* 2$(/'! #)1!'%/1.B)1A% $!$@$2L!J+< P C$/$2J1LB$%%L* 2$(/'! 1)%/,#Q2,%,E'/7

#$* 1$++ C)/%*,+() " KL(F L% " 1!)%2,+F!,-% $+$12!'(!$(@%/$!L($1 13+-%3(E"2,%,2< R" " KL(F

)(2$(/)2,%" 1)-%)7 " KL(F !$/*J $+$12!'#'% #$/$D$ B$!2A!0,-).1L(2 1$/$+E$2J< ?00$( "/ $%$20$(

+)($,!)% 'B2)1,!.+ 0$%/L+N(17 L% "/ 'B2)1") C$/$2J1LB$%%L* 2$(/'! $+$#$) " +)($,!)% C,+"%/ $+#L+$2

%$*Q2%L*LC$+ E"2,!'/E"2."1 #$*<

P KL(F "(F"* 13+-%3(E"2,% #)1!'%/1.B)1A% $+#L+$2LE$/ 2$1)(2%N1 "/ "+,00) R"#)+2'(&

'B$!,2'!2:

Ĥ = Ĥo + Ĥint,

"E'+ "/ $*F$(%I+F0"( +LCJ "(F"*'2 +$Q!. ($# B$!2A!0,+2 R"#)+2'(&'B$!,2'! "/ "+,00) "+"1I:

Ĥo =
1

2m

∑

i

p2
i +

∑

i,j

Vj(ri −Rj) +
1

2

∑

i,i′

e2

|ri − ri′ |
+ ĤZeemann + ĤSO,

#Q* Ĥint 2"!2"+#"//" " B$!2A!0,+. %A*,!/,% E"2,%,2< P Ĥo R"#)+2'( 'B$!,2'! H*F$+$#0$ C$%/)

" #"*&$+$12!'(7 "/ $+$12!'(&$+$12!'(7 "/ $+$12!'('1 $*F 1N+%J #,*($%$% 2L!!$+ C"+. 13+-%3(E"&

2,%,2 L% " !,-%B$!).@)1A% %B)(&B,+F" 13+-%3(E"2,%2< P KL(F $+$12!'#,*($%$% 2$!$ ,+2"+ 1$+2$22

B$!2A!0,-).7 $+E"(F"*'+C" " S"(@"A&KL+$ @)"#,*($%$% 2"*'27 "/ "+,00) 3%%/$KN**L%!$ C$/$2:

Ĥint =
e

2mc

∑

i

[pi ·A(ri, t) +A(ri, t) · pi] = −1

c

∫

J(r) ·A(r)dr,

"E'+ " J(r) ,!"#%M!M%L* 'B$!,2'! "+"1D" " 13C$21$/J:

J(r) = − e

2m

∑

i

[piδ(r− ri) + δ(r− ri)pi] . ;6<5T=

U



 !"!#!$ %& '()*!$+,+-$./(. !  !/$01+/ !2'32!$3*!/ 4$$!/.*$31!

 !"!#!$%!$&'( )*+, -# ./-)01/1023 45!/.$4/6 )*+, - "!($4/54$!+7*.8 94:/*!/;$/-+0#<4/).8$&.$=

J(q) =
1

Ω

∫

J(r)e−iq·rdr, A(q, t) =
1

Ω

∫

A(r, t)e−iq·rdr,

-%48 Ω - (/*0$.8> !8!)* 7!88.&.+-( $2/<43-$-? @#.8$-8 - 5!/$:/A.7*B$ 8!C/B D-)*8$4+;45!/.$4/

0#4/#-$ -8-(/- %4#%-$B=

Ĥint = −1

c
J(q) ·A(−q, t),

-%48 - A(−q, t) (8-00#*(:0 E#*(-* $2/)!++>*023? F G:A4;<4/):8- 0!3C$0232"!8 )!3%-$./4#%-$B
-# ./-)01/1023;./-)01/1023 ".8-0#<'33"2+>6 )!8> -,*-A-$*(:0 A!(-57048.0 !0!$2+ HIJK=

χ̂
J,J

(q, ω) = − lim
ǫ→0+

i

~

∞∫

0

〈[J(q, 0),J(−q, t)]〉o e−iωt+ǫtdt, LM?INO

-%48 J(q, t) -# ./-)01/1023 45!/.$4/ (P870P+%-$.0;(25A!8* -8-(&-? F (-54$$ ./-)01/1023;

./-)01/1023 ".8-0#<'33"2+> 20 -# 45$*(-* "!#!$Q(25!0023 (P#P$$ -# -8.AA* P00#!<'3320 2/"2+>!0=

σ̂(q, ω) = − 1

iωΩ
χ̂

J,J
(q, ω).

F M?IN !3>!+8!$+!( )!3<!8!8Q!+6 (/*0$.8>40 -+>-3 !8!($/4+ 3!/&!0#$202+!( "*#03.8-$- !0!$2+ -

9!/)*;0$-$*0#$*(- <!8%-0#+.8.0."-8 %400#R %:88.)%400#R (P#!8C$20A!+ (q = 0) )!3(-5%-$&:( -
</!("!+7*-<'33Q "!#!$Q(25!0023 G:A4;S/!!+T44, (*<!&!#202$ HIU6 IVK=

σαβ(ω) =
πe2

m2ωΩ

∑

k

∑

nn′

f(ǫnk)− f(ǫn′k)

ωnn′(k)

〈n′,k |Jα(0)|n,k〉 〈n,k |Jβ(0)|n′,k〉
ω − ωnn′(k) + iγnn′

, LM?IWO

-%48 f(ǫnk) - 9!/)* <'33"2+>6 |n,k〉6 |n′,k〉  847% .88-54$4( -# n;!,*( *88!$"! n′
;!,*( 0."4(AB8 k

(".#**)5:8#:00-86 ~ωnn′(k) = ǫnk−ǫn′k -# ǫnk !3>/20#!70(! !+!/3*.( ('8P+A023!6 γ !3> 0#B/.0*
/.$- L*+"!/# 28!$$-/$-)O6 )!8> 8!C/&- - 3!/&!0#$!$$  847% .88-54$4( "23!0 28!$$-/$-).$? F %400#R

%:88.)R (P#!8C$20 -#$ &!8!+$*6 %43> - 0:3./#.0 %:88.)%400#- -# 45$*(-* $-/$4).+>A-+ &B"-8

+-3>4AA6 )*+$ - /.70.88-+,B (A(q, t) ≈ A(0, t))6 !#2/$ -# !8!($/4).3+!0!0 $!/!$ %4)432++!(
$!(*+$%!$&'(?

F# 〈n′,k |Jα(0)|n,k〉 ).$/*X!8!)!( -# !3>!0 3!/&!0#$20!( !/Q00232$6 -#-# - (*".8-0#$.0*
0#-A.8>4(-$ <43&.( )!3%-$./4#+*? F (*".8-0#$.0* 0#-A.8>4(/- "4+-$(4#B .8$-8.+40 !8"!( )!3;

<43-8)-#%-$B( - 70454/$!8)28!$ 0!3C$0232"!8 HINK? F 5!/$:/A.8-$8-+ /!+,0#!/ Ĥo D-)*8$4+ 45!;

/.$4/.+-( 0#*))!$/*- 70454/$&- G6 )!8>+!( *//!,:7*A*8*0 .A/.#48.0-*$ Γα
;"-8 &!8P8P) - $4".A;

A*-(A-+? Y4".AA. $2$!8!##'( <!86 %43> -# .$)!+!$!$ 8!C/B Oj 45!/.$4/ *//!,:7*A*8*0 0(-8./ 45!;

/.$4/ L"-3> "!($4/ *88!$"! $!+#4/ 45!/.$4/ !3> (4)54+!+0!O6 -)!8> - G 70454/$ Γj
*//!,:7*A*8*0

/!5/!#!+$.7*B&.%4# $-/$4#*(? F 〈n′
i |Oj |nk〉 ).$/*X!8!)/Q8 )!3):$-$%-$B6 %43> - 0#*))!$/*;

-)1"!8!$!( %-$.0./- - Γi ⊗ Γj ⊗ Γk
,*/!($0#4/#-$ .A/.#48.04( 0#!/*+$ <43 $/-+0#<4/).8B,+*6

-%48 Γi
6 Γj

6 Γk
- (/*0$.8> 0#*))!$/*- 70454/$&.+-( *//!,:7*A*8*0 -A/.#48.0-*6 )!8>!( &!88!)#*(

-# |ni〉6 Oj 20 |nk〉 $/-+0#<4/).7*B&.$? F ).$/*X!8!) -((4/ +!) 8!0# #2/:06 %- - ,*/!($0#4/#-$/-

$!8&!0'8 -# -8.AA* !("*"-8!+0 .88C$.04( "-8-)!8>*(!=

• Γi ∈ Γj ⊗ Γk
6

• Γk ∈ Γi ⊗ Γj
6

IZ



 !"!#!$ %& '()*!$+,+-$./(. !  !/$01+/ !2'32!$3*!/ 4$$!/.*$31!

• A1 ∈ Γi ⊗ Γj ⊗ Γk
 !"!" ! #$%&'()*)# $+&$",*$-! %!&%!*#!"" ! %&'.'$*'- $+&$",*$-%/

01*2$3* )*)4%&,#,- 2'56* $%#)7)%)4 $+&$",*$-! 5$&!%*!7 8379)&!2):/ ;77)4 $%#)7)%' #$%&'(<

)*)#) =-!4 !44,& 7)# "1&3- >! )**)7%1%)- 5!&'%$-? $**!5,%,4 4@"@%% %@&%17'4 #)9 !" $%#)7)%/

A++!7 ! -5)='$*'- )-)%+)7 >! ! &)72-")& $**!5,%!'% B6* C&B! *) ! -"!+!2 ',7 415 !44,&

)" *17D)91+)7 !"% B)*)7%' >,9D !" $%#)7)%)4 -,&$7 !" '#53*"3-#,#)7%3# 4.!7%3#-"$#!

±1<9D)* .$*%,">!%/

A %,.$++'!4+!7 1&2)#)- $%%1&7' ! ='&43*$&'- $**!5,%,4 +$"'-$&! #)*D -)9C% 1&%)*#)"7'

! E/FG )9D)7*)% )-)%17 ! 7)# 2'!9,7$*'- )*)#)4 B)*)7%1-1%/ H)9D)7 p+ ! B,++&! 1- p− ! +!*&!

='4&3*$&'-!7 5,*!&'"$*% )*)4%&,7 $**!5,%,4 '#53*"3-!I

p± = px ± ipy.

A σxy(ω) 7)# 2'!9,7$*'- .)")%J415)--19+)7 #)9B)*)7J '#53*"3-,4 -",&"!%!' 8*$-2

E/FK )9D)7*)%: L)*C&>!%6!4 )")7 ='&43*$&'- +$"'-+!7I

pxpy =
1

4i

(
p2+ − p2−

)
,

!#)**D)* ! .)")%J415)--19 E/FG )9D)7*)%) !" !*$++' )9D-")&M++ !*!4&! >,">!%6I

σxy(ω) =
πe2~

4m2ωΩ

∑

k

∑

nn′

f(ǫnk)− f(ǫn′k)

ǫnk − ǫn′k

|〈n′ |p+|n〉|2 − |〈n |p−|n′〉|2
ω − ωnn′(k) + iγnn′

. 8E/FN:

;")7 @--")LO991-+)7 !" |〈n′,k |p±|n,k〉| !*!4? #$%&'()*)#)4 ! ='&43*$&'-!7 5,*!&'"$*% L177D)*

9)&B)-"%)%% )*)4%&,#,- 2'56* $%#)7)%)4)% C&B$4 *)/ P'.)* [Lz, p±] = ±~p± C9DI

Lzp± |l,m〉 = ~ (m± 1) p± |l,m〉 ,

!"!" =-!4 ,*D!7 $%#)7)%)4 *)>)%-19)-)4 #)*D)4 -,&$7 !" '#53*"3-#,#)7%3# "<'&$7D? 4,#5,<

7)7-17)4 #)9.$*%,"$-! ±~/ A #!97)%,<,5%'4!' B)*)7-19)4 #!9D!&$"!%! ! E/FN )9D)7*)% -")&'7%

!" >,9D ! B,++< 1- +!*4)")- L,%,7,4&! 71".) !" $%#)7)%' #$%&'()*)#)4 4O*@7+@"7)4 !"!"I

∣
∣
〈
n′ |p+|n

〉∣
∣2 6=

∣
∣
〈
n′ |p−|n

〉∣
∣2 .

Q'"-9$*B34 #)9 >,9D!7 .$*%,"'4 ! 7)# 2'!9,7$*'- .)")%J415)--19 >! ! %@41*)%)-)7 -5'7

5,*!&'"$*% 5$*D! -"'79*)% !*!5$**!5,%+6* !" HzR±~ 9)&B)-"%)%% $**!5,%+! %@&%17'4 $%#)7)%/ A

9)&B)-"%)%% $**!5,% .19)- $%#)7)%1% γ L1*1&%14-"1*)--19M H,&)7%"<9@&+144)* .)9DO4 S9D)*)#+)

!" ,5%'4!' .)")%J415)--19 -5)4%&3#+!7/ ;*J-"@& %)4'7%-O4 ! E/T $+&! 8!: &1-"1% !#)*D !"

?9D7).)")%% 2'!#$97)-)- $%#)7)% )-)%1% -")#*1*%)%'U P$97)-)- %1& >!%$-$&! ! Ĥo V!#'*%,7

,5)&$%,&+!7 -")&)5*J W))#!77 %!9 ∆ #1&%14+)7 L)*>!-C%B! ! 2)9)7)&$*% 9)&B)-"%)%% $**!5,%

)7)&9'!7C.6'% !",4 m #$97)-)- 4.!7%3#-"$#!' -")&'7%/ A" HzRX→YF $%#)7)% -,&$7 !" )*7D)*%

B,++ ='&43*$&'- $**!5,%? L,%,7 '2J%O4&@"@%% 5$&B! 7)# 9)&B)-"%>)%' 39D!7)"% !" $%#)7)%)% !

4'.$*!-"%$-' -"!+$*D,4 1&%)*#1+)7/ PC9 +!*4)")- L,%,7,4 =-!4 ! #$-'4 HzRX→<F L,*D!#!%

-,&$7 7D)*J2>)%7)4 )*/ A 41% $%#)7)% )7)&9'$B! )*%1& #)*D7)4 #1&%14) ZFG[I

∆(B) = gJµBB

\)&&,#$97)-)- !7D!9,4 )-)%17 ! ∆ L)*>!-!2$-% 2,#'7$7-!7 ! 4'=-)&1*J21-' )7)&9'! !2B!/

\)*%)--"O4 >,9D ! 4O*@7+@"J >)*'='%$-? L177D)* '7234$*% $%#)7)%)4 .!*6-"C7M-19)' #)9)<

9D)"7)4 !"!"I |〈0 |p+| 1〉|2 = |〈0 |p−| 2〉|2 := f2

4  %,.$++$ !" )*%1&J #$97)-)- 4.!7%3#-"$#?

FF



 !"!#!$ %& '()*!$+,+-$./(. !  !/$01+/ !2'32!$3*!/ 4$$!/.*$31!

 !"! #$%&!  !" #$%&'(&)* +,-#.%/-,0 12%3-,)/+,453% -6'76%#6)* /"86'6" 9p+ :2((-3 !0 p− (3%-3

+,-#.%/-,03' 12%3-,)/%" /"86'6"6#; 5/)%3"20 0)68%!%"6"!06 !0 3 <-6#56'+,3<$==* 56)6"*#!1600!=

"6')2- >? #2812'6'0!'6# 53%40 9σ′
xy; !0 #!1)6"60 -!0)6, 9σ

′′
xy;@ A 8276%% -6'70)6-(6' 3) 3"28

3) BzCD→EF /"86'6" 02-/' :2(( G6%,+,"/0H <2"2'" '?6% 6%I 8J= 3 BzCD→KF /"86'6"6" +03# (3%-3
+,-#.%/-,03' 12%3-,)/%" <!''?6% %6G6" =6-:60)"6',@ A (3% 13'6% 8."3":3 3)" 3) 606"6"I 38,#2- 3

01,'K1/%?3 #&%+0&'G3"/0 8,3"" 3) BzCEF ,%%6"56 KF /%%312"(3' "&-"!'* /"86'6" 6'6-=,/:3 #$%&'K

(&)*I 8J= 3) /"86'6", 8/"-,>6%686# '3=?0/=3 86=6=?6),#@ A :2(( 2%73%, 13'6% 606"!' 3) BzC±F
5!=/%%312"2# 76'6'6-/%"3# 83-37'3#I 76 3 =6-:60)"!06# 6-*00!=6 6%"!-* %60)@

#''&()*)+ ,-.(&%#/012& (.304 +0/,0 &- #*5.6.*.+ ωo #*'&4), .6.%40#2#7)- +8(.,*! 9$$.6 &-

.,.*$.6 & :%.+;.6/0&:<44= )(*0+&0 ;.-.*=+8(.,,84 +8(-.*., 8, ;&'1, %8,-. &- &'#$$0 &'&+)* ;.,-0

:.' >?@AB

σ′

xy = C · f2 ·∆(B) · γ2 − (ω2
o − ω)2

((ω2
o − ω2)2 + γ2)2

,

σ′′

xy = C · f2 ·∆(B) · 2γ(ωo − ω)

((ω2
o − ω2)2 + γ2)2

.

C- )(*0+&0 ;.-.*=+8(.,,84 ;&'1, %8,-86.+ 5&D05E5&F 5G4 & +8(-.*., %8,-86.+ -8%E,7.'H. ;&6 ωo

:%.+;.6/0#6F & /,I/, ,-8'.,,848* & γ (&%&58*.% 2.''.5-0F 5G4 & C · f2
*&4 #*5.6.* &- ),-/0''#*)%

.%=,,84. J !" #$%&K!

C 5#,0+ 7&*#%.,.* &  !" #$%& J$K %8,-86 '#*7&*1F 5.'H.* (&%&5#46.,., #*5.6.*6.+

6.;.-6.+! C$$&6 &- .,.*$.6F 7& & 4.%2.,-*.** #''&()* ∆ :.'7&,&3#,& +0/,0F ;&4H & 4.%2.,-*8,.+

8'.**&%*&5& 6&4HF & +8* +<'L6$L-= /0%+E'#%0, #''&()*I :)*)6 .'6H.'8,87.- *&%*)-1 #*5.6.*

'8*%.2L7.* E4H&6&$$& & 4.%2.,-*.** #''&()*$&F /,&+ .'*8%= ;&'1,-G6M,844.'! N.4H.6.+ .-.+ &-

? 



 !"!#!$ %& '()*!$+,+-$./(. !  !/$01+/ !2'32!$3*!/ 4$$!/.*$31!

 !"#$#!% &'()*+,$-*./#01 |〈0 |p+| 1〉|2 = f2
+ .* |〈0 |p−| 1〉|2 = f2

−2 344#$ '+ #*#!4#$ ' 56#0&#$7

8%'59//: &#+#!:0.;#**./6# " * *;#0!6 (%* '('0<! 0';=$0 >?@A1

σ′

xy = C · (f− − f+) ·
ω · (ω2

o − ω2 − γ2)

ωo [(ω2
o − ω2 + γ2)2 + (2ωγ)2]

,

σ′′

xy = C · (f− − f+) ·
γ · (ω2

o + ω2 + γ2)

ωo [(ω2
o − ω2 + γ2)2 + (2ωγ)2]

.

B%'" /$#*#*  !"#$#! #*#!.4#$ ' &'()* 6.*+ C%*+;#6+,& D#((#/-E .* ' 0.;+#!#* 6.*+ C%**+%;'!,&E

",/ ' ;'6'" /$#*#*  !"#$#! #*#!.4#$ ' &'()* 6.*+ C%**+%;'!,& .* ' 0.;+#!#* 6.*+ C%*+;#6+,&2

?F



 ! "#$#%#&

 !"#$%&'(%) *!+,"'(%)- *.$.-/0(12%3'3

 !"#$%&%& '()*+,")(& *%--.&-/)0&$%* 0& 1(*)2(3!+&$4* */&3/$5%-. 62,4)(3"'(7 8",-23"&

!0)-0*% 4 ,%#-/99 4$:4# %&%-0$ 2,:4$ '&%*0,:; !($1/&&3% $05"$: %3)%1 84#: &3"341 <2*; 52#:

)%$1*=8>, *(?$2!+,- !0)0&( -%'5$(*"- */8%-%, !%# 4 1%-%*-","&4@ A2-2%,4&3-(*+& %,8%$ !B*/1.

62,4)(3"'(7 !21+,"'(7& -%'5$(*"* &30,%& */)9%$ 4,*4,!4354-74* 43 4$:4#2* 62,4)(3"'(7& %C%*D

-+&4($4* 0)30*%$: 1%-%*-","&")4@ E") 43 ",-4,4! <%F,%&3-%-- 62,4)(3"'(7& &6%*-)2!0-%) %3%$

!%-21(*")4 06>,; %$$%* (&!%)-%-0&% %,.--; $05"$: 4,-%)$4-=8 -%'5$(*"- 0)($-%* )/8(1%$@

 */8%-*%3.*9%$ %#: %#:&3%)B; 62,4)(3"'(7 %,<2)1+,"& !0)0&0)% 4,*4,!4& !71&3%)- !+-4-2*

9%; !%,: 9%-%*($-0&- $:GF- 4 !21+,"'(7& -%'5$(*"* !B*/10&09%@ H0,+$*; 52#: 4 *%31%-9%$

,($%")(& 62,4)(3"'(784, )%$1%,*%3. 0& 4 !($-")7, 8(&&348%).1. <0$:$%* 4 62,4)(3"'(7 %,<2)1+,"&"-

!0)F>*@ I55%3 '0,&3%)B 4 !($-")4 %&. <0$: 62,4)(3"'(7& &=*F"- 6%)(21(*+&4$ J9(,,%#-%-$(K;

!%,:%- 80#%35%->$* 43 G$@ A4)414:D)2-"-2))4, LM@N "9)4O@ I3 %#: &32,%$2(1 9%,&%F09% 5%,:%3%--

"-,"-&37 26-(*4( *)(&-",:; !%,: 4 )4F-4 *%)%&3->,54,417 ,($%")(&4$ 62,4)(3",- <0$: 62,4)(3"'(7&

()"$:"- <2)#4-F4 %, 4 52&&34$-( ()"$:94$ *%,-%-- !"#$%&%& -0) $4#:&"#"84, 4)"$:2&4$; 4 A4)414:D

%C%*-+&$4* */&3/$5%-.%$@ P4)!2$(*+&4$ 8",-237 ")4!!4, !%#54F-84 4 A4)414:D)2-"-2) -%D

*%)'&0-; 43 4 ,($%")(&4$ 62,4)(3",- <0$: 62,4)(3"'(7F"- 9(,,%#-%-(; =#: 4 !($-4 ",-4, 8(&&348%)- 0&

43 4$4,(3"-2)2$ *%)%&3->, F+-7 <0$: ($-%$3(-"&4 ,2'*D($ -%'5$(*"84, 0)30*%$:%$ 1%-%*-",54-7@  

62,4)(3"-2) 0& 43 4$4,(3"-2) %#:!"&523 *06%&- QR

◦
D2& &3/#%- 3")$4* 9%; %30)- 4 !($-4 62,4)(D

3"'(7 <2)#4-"&4 4 54)!2$(*+& !%#54F-"&&4, 432$2& <)%*8%$'("FG ($-%$3(-"& 2&3'(,,"'(7- 2*23 4

1%-%*-2)2$@ P4 4 !($-4 !"#$%&%&; 4 62,4)(3"'(7 %,<2)1+,"& 4 !4#$%-2D26-(*4( S%))D%C%*-+&

*/8%-*%3!0$:%@ I3%$ !71&3%))%, 10−3
<2* 62$-2&&"##4, ,%5%- 4 S%))D<2)#4-"&- !%#!0)$(@

 S%)) %,<2)1+,"& (ϑKerr) (#%$ 62$-2& !0)0&% ,%5%-&0#%& 43 G$@ *(%#:%$&G,:232-- <2-21(714
5=1 4,*4,!43"&"84, (& LM@T "9)4O; !%,:$%* 62$-2&&"#4 %,0)5%-( 4 10−5 − 10−4

<2*2- UTRV@  

!($-")7, 8(&&348%).1.; !%#8",-232-- 62,4)(3"'(7& ",,462-G <0$: %#: W2'52$ 62,4)(3"-2)2$ 54D

,41 *%)%&3->,@ I3 4 62,4)(3"-2) 4 )" %&. <0$:- *0-; 4 !($-")4 9%%&. <0$: %)%1%-( 62,4)(3"'(7&

&=*F"523 *06%&- ±45◦D94$ ",,7 ,($%")(&4$ 62,4)(3",- *2!62$%$&)% 92$-F4 <%, 0& %,-0)=-(@  -0)9%$
*>,/$8",- <0$:&+#4)4* %#:D%#: <2-21(71")4 %&$%*; !%,:%* *>,/$9&0#( F%,0- !0)F>*@  994$ 43

%&%-9%$; 54 4 8(3&#",- !($-4 $%! !"#$%&%&; 4 *>,/$9&0#( F%, 30)+&; 5(&3%$ 4 8(&&348%)- $:4,"9

-28"99)4 (&; %#:%$,. !0)-0*9%$ -4)-4,!4334 4 *0-; ±45◦D94$ ",,7 *2!62$%$&-@ I33%, &3%!9%$
54 4 !($-4 S%))D<2)#4-"&4 80#%& 4 W2'52$ 6)(3!"97, *(,06. ±45◦D94$ 62,4)(3",- $:4,"92*
($-%$3(-"&4 %,-0).; 4 1(C%)%$'(", %).&=-. *(!%$%-0$ 80#%& <%&3>,-&0# F%,%$(* !%#@

 <%$-( !71&3%)%* 5"-)"$:4; 52#: &%#=-&0#>**%, $%! ,%5%- */38%-,%$>, 4 S%))D%,,(6-('(-"&

&6%*-)+!"- !0)$(; 4$$4* !%#54-")23"&4 '&4* S)4!%)&DS)2$(# -)4$&3<2)!"'(784, ,%5%-&0#%&

NX



◦

ϑKerr

10−3

ϑKerr ηKerr

◦



◦

δ

φ

E(1)
xy =

Eo√
2

[
1
1

]

.

2

δ = δo·sin (2πf · t)
δo

E(2)
xy =

Eo√
2

[
1
eiδ

]

.

r̂ =

[
r̂+ 0
0 r̂−

]

=

[
ro,+ · eiϑ+ 0

0 ro,− · eiϑ−

]

.
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 !"#$% &''("!)**+',"# r+ +' r− -./01"2 +3$+-"- 4 /%#$5#4- 4 6.,,34 +' ,4134 7%3-8153%9
'4# 0.143%(51$ !+#:3" ;.#4$-.(< -./01"2 $&3+'/8$4$<%= /"1:"-"$ 4 >?@A "*:"#1"$ 4B /"*?  

7%3-8153%' ,5(%'34 ;41< 5$$+3+'$ +' 4( .##4# ;41< ;%''(4$+3+'$ 4( 415,,% ,5(%' $34#'(!.3/57%<-

;41<'C$65- /"*D

T̂xy→rl =
1√
2

[
1 i
1 −i

]

, T̂rl→xy =
1√
2

[
1 1
−i i

]

. EF?FG

 7%3-8153%' ,5(%',4# !"1C3$ 3"H"2%<' /5$3%2 0434/+$"3"%#"- '"*C$'+*+;"1 4 -./01"2 I"339

'(&* -./0.#"#'"%D

ϑKerr =
ϑ− − ϑ+

2
, ηKerr =

1

2
·
r2o,+ − r2o,−
r2o,+ + r2o,−

. EF?JG

 F?@ +' 4 F?F 4 KLM9"# -"3"'($)1 68$< !+#: 0.143%(57%<64 4 7%3-8153%' ,5(%',4# !"1C3;4D

E
(2)
rl =

Eo

2

[
1− eiδ

1 + eiδ

]

,

/C* 4 /%#$53<1 ;%''(4;"3NBN !+#: 0.143%(57%<64= !"1O4'(#51;4 4 F?> &''("!)**+'$=

E
(3)
rl =

Eo

2

[
r+

(
1− eiδ

)

r−
(
1 + eiδ

)

]

EF?PG

414-Q 1"'(?  F?F "*:"#1"$"-#"- /"*!"1"1N"# ;%''(4$34#'(!.3/51;4 4 /%#$53<1 ;%''(4;"3$ !+#:

0.143%(57%< ;"-$.35$ 4 R"'743$"' ,5(%',4= 4 φ '(&*,"# 511< 4#41%(5$.3$ -&;"$N"# 4 B"$"-$.334
"'N $+3"3N''+* #4*:'5*4D

Ex′ = E(3)
x · cos(φ) + E(3)

y · sin(φ) =

=
Eo

2
√
2

[

r+

(

1− eiδ
)

eiφ + r−

(

1 + eiδ
)

e−iφ
]

, EF?SG

/"1:,N1 4( I = ε/4π · |Ex′ |2 &''("!)**+''"1 /"*O4$53.(O4$< 4 B"$"-$.3 51$41 +3(+-"1$ !+#:
%#$"#(%$5'4D

I =
εE2

o

(
r2o,+ + r2o,−

)

32π
[1 + 2ηKerr · sin δ(t) + sin (2ϑKerr + 2φ) · cos δ(t)] . EF?TG

 B"$"-$.3 51$41 +3(+-"1$ %BN!)**N %#$"#(%$5' U.83%"3 -./0.#"#'"% 4( 415,,% 414-Q4-D

sin δ(t) = sin (δo · sin(2πf · t)) = 2J1(δo) · sin(2πf · t) + . . . ,

cos δ(t) = cos (δo · sin(2πf · t)) = Jo(δo) + 2J2(δo) · sin(4πf · t) + . . . .

 -%!"6$+',"# /"*6"1"#%- "*: %BN,"# 5114#B<= "*: f !3"-;"#7%5;41 +' "*: 2f !3"-;"#7%5;41 .'(9
7%1151< -./0.#"#'?  B"$"-$515' '.35# 4 /4*4'4,, !"1O43/.#%-8'.-4$ -%'(V36)-= C*: 4 /+3$

%#$"#(%$5' "*:'("3V'C$"$$ !.3/564D

I = Idc + If · sin (2πf · t) + I2f · sin (4πf · t) .

@T
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 !!"# $%$&'(! $ )(*+,- ./01%(%2 )3"#4"!5+$ )"%6$3./!+#1,$+ ,*"3+!- $* $%(77+ 8,,*")9::;,"#6"*

'1-1!#<

If
Idc

= A
4J1(δo) · ηKerr

1 + Jo(δo) · sin (2ϑKerr + 2φ)
,

I2f
Idc

= B
2J2(δo) · sin (2ϑKerr + 2φ)

1 + Jo(δo) · sin (2ϑKerr + 2φ)
.

=* A ;, B #/!,-$!,/#$-> ."%?"# ;3-;#;- $ 0"-"#-/3/# "%@"3@,A-@+ ;, $* "%"#-3/!+#$+

.;3@3"!0,*"3 (-4+-"%+ )9::4;!?"+ ,*$7!$# .":> #$%+73(5+24$% 6$-(3/**1# .":B C+6$,*!(%4$>

6/:? $ .;3- ϑKerr> ηKerr ,*8:"# (%-$%(7$! #+5,+#> ;34;!?","# $* $%(77+ #8*"%A-@ )/3.1%(#<

If
Idc

≈ 4AJ1(δo) · ηKerr, DEBFG

I2f
Idc

≈ 4BJ2(δo) · (ϑKerr + φ) . DEBHG

= )"!-+ #;- 8,,*")9::;, $%$&'(! "%./!06$-2> 6/:? $* $!$%+*(-/3 φ = 0 )/#/, (%%(,(!(%

$ #/.&%"I C"33J,*8: 4$%2, ;, #;&*"-", 3;,*" $3(!?/, $ ./01%(%2 )3"#4"!5+$ .(,/0+# )"%6$3J

./!+#1,(4$% ;, $%$&6$3./!+#1,(4$% /,*5+%%(%2 );!?+!-"!*+-(,,$%B

=77$! $* ","-7"!> 6$ $ #9%8!78*@ /&-+#$+ "%"."#"! !". ."3@%":","! 6$%$0 #"3",*-9% $ );!?>

$*/# #"--@,-83@4; 4(%!$# ;, $ .(:!",", -;3-@% )9::"-%"! $%$&4/!$%$- $0!$# $ .;3- )/3:$-(, ;,

"%%+&-+5+-(, ,&"#-31.7$!B = KBL ":?"!%"-7"! ,*"3"&%@ εaxy "%"."#> $."%?"# $ .$:!"-/J/&-+#$+
"M"#-1,- /#/**(#> $ .(:!",", -;37"! $!-+,*+.."-3+#1,$#> "*;3- !$:? .(:!",", -;37"! 4+*,J

:(%4$ $ .+!-(- !". 5,$# $ &/%(3/, NOC )"%-;-"%"+- %"6"- #+"%;:A-"!+> 6$!". $ .(:!",",

-;3 +3(!?(!$# .":)/30A-(,(4$% ":?,*"3P $!-+,*+.."-3+*(%(, ,":A-,;:;4"% $* /&-+#$+ "%3"!0"*;,

"%"."+ (%-$% /#/*/-- #/.&%"I &/%$3+*(5+2 4(%-/*(,- +, #+ %"6"- #9,*878%!+B

 

 *"# $%$&'(! $ .+!-$

#/.&%"I C"33J)/3:$-(,$ $ ±Q .(:!",", +!01#5+27$! .;3- )",*9%-,;:4(%$,* ,&"#-31./#72%<

ϑKerr,minta =
1

2

I2f
Idc

(+B)− I2f
Idc

(−B)

4BJ2(δo)
, DEBRSG

ηKerr,minta =
1

2

If
Idc

(+B)− If
Idc

(−B)

4AJ1(δo)
. DEBRRG

= ./01%(5+2, -"56!+#$ %":!$:?/77 "%@!?"> 6/:? ":? $0/-- 61%%(.6/,,*/! ":?,*"33" .":

%"6"- .;3!+ $ #/.&%"I C"33J,*8: #;&*"-", ;, 4$%2, 3;,*;- $ );!?T- ;, $* "%"#-3/!+#$ .":4(%J

-/*-$-(,$ !;%#9%B U/4(77(> %/5#J+! 0"-"#-(%(, 3;4;! $ C"33 &$3$.;-"3"#"- ∼ 10−3
)/# &/!J

-/,,(::$% .":.;36"-'9#B DV-- '":?*". .":> 6/:? $ 0"-"#-/3/# $ );!? )3"#4"!5+('(72% $0202

RUW* )3"#4"!5+(!(% :?/3,$77 /,*5+%%(5+2- !". #;&","# #84"-!+> "*"! $* +0@,#(%(! #+(-%$:/%'(#

$* +!-"!*+-(,-BG

 

 !"#!"$!%&'() *+"$ ,'-./0- 1 (2&3131435 16-17/3 '43 8%543 (/"&!8!8 3'4 1 9141.1$:!;!7308 4'<'& 8%2&3'&

-'34!*+% !"$ (/"&!8!8 3'43=- >?""= 1-1,<+&1-13 1 @!44 8,!7340(+761&) (!-$3=- 1&328%2((!342%/-/881- &!( -!*!3

(!"8%161.0-&2A B%!& 1-1,<+&1- C8D77!&3*!3= 1% 16-17 (2&31 3/<+-8/" &D<!-'8'<!-) <1"$ &!( (/"&!8!8 (2&31

('4'8'<!- (!"*13/4+%*135A

RF
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 ϑKerr!"# $%&'()%*+ ),-.#( #/01*#"2 )'.34"563+1 #.75"51( 1*%./5.('( ' 8 9#/:'(5"%*515"';

:31*#& '* '&'.3*5(%" 5..511*</# '*%&%1 1*#"#--#. 4="; 93&( ϑKerr>  ?#(#)(%" 5.('. 9,"( 3&(#&!

*3(51 951%?3) @#.:'"9%&3)A15( 9,"$# '* '&'.3*5(%" )3613 ±φo 5..515&5.; '* '.5443 <11*#@B//,1(

)'-7A)C

1

2φo

[(
I2f
Idc

)

+φo

−
(
I2f
Idc

)

−φo

]

= 4BJ2(δo). DE>FGH

 * #..3-(363(51 )'.34"563+7' :'1%&.+'& #.$,/#*:#(I; :' ' @%(%#.'1*(3)A1 9%?A.5(%"( )<$#(I#&

#/0 λ/4!#1 @5*31(%.+ .#9#*( :#.0#*B&) #.; '93 ' 9%&%)"%9'(3)A1 @,&0 J ,1 0 -%.'"3*563+7K
)%9-%&#&1,&#) @5*315( #/0951:%* ),-#1(

π
2 !$#. (%.7' #.; =/0 '* 3&(#&*3(51C

I =
εE2

o

(
r2o,+ + r2o,−

)

32π
[1− 2ηKerr · cos δ(t) + sin (2ϑKerr + 2φ) · sin δ(t)] . DE>FEH

L3$#. ' ϑKerr!( ('"('.9'*+ ('/ #44#& '* #1#(4#& sin δ(t) #/0B((:'(+7'; =/0 ' 1%"@#7(,1
E>M #/0#&.#(4#.3 @%"957' 9+?%1A.C

If
Idc

= A
2J1(δo)

1− 2ηKerrJo(δo)
≈ 4AJ1(δo) · (ϑKerr + φ) . DE>FNH

O))%" '* #.1I :'"9%&3)A1 7#. 9,",1,$#. ,1 '* '&'.3*5(%" ±φo 1*</2 #.@%"/'(515$'.; '* #.I*I$#.

'*%&%1 9+?%& )'.34"5.:'(+ ' ηKerr -'"'9,(#"; E>M )3@#7#*,14#& 1*#"#-.I  )%&1('&1C

1

2φo

[(
If
Idc

)

+φo

−
(
If
Idc

)

−φo

]

= 4AJ1(δo). DE>FPH

 -%.'"3*563+ 9%?A.563+1 9,",1(#6:&3)' (%$5443 1*#9.,.(#(,1,$#. ' E>N 54"' 1*%./5.>  *

54"' D'H ",1*,& ' @%(%#.'1*(3)A1 9%?A.5(%" 5.('. .,("#:%*%(( @5*31(%.51 3?I@B//,1# .5(:'(+>  

"#('"?563+ δo = π
2 ,"(,)# #1#(,&; ' @%(%#.'1*(3)A1 9%?A.5(%"( #.:'/0+ @,&0 -%.'"3*563+75( '*

3?I@B//I 7#. '.'(( .5(:'(7A)> Q' ' @5*31(%.51 *,"A1; ' ROL!#( #.:'/0+ @,&0 .3&#5"31'& -%.'"3*5.(

9'"'?> L=/ ±π
2 @5*31(%.51 #1#(,& ' &0'.54 4'."' 3..#($# 7%44"' 63")A.5"31'& -%.'"3*5.((5 $5.3)>

S<*(#1 #1#(#)4#& ' -%.'"3*563+ #..3-(3)A1>  93&(' 5.('. $311*'$#"( @,&0 -%.'"3*563+75&') J

3"5&0K $#(B.#(#; :' &3&61 LTSO #U#)(A1; 3?I4#& 5..'&?+; #*( 1*#9.,.(#(3 '* 54"' D'H ",1*,&#)

:'"9'?3) 1*#/9#&1#>  44'& '* #1#(4#&; :' ' 93&(5&') $'& S#""!@%"/'(51'; ?# &3&61 S#""!

#..3-(363(51'; ' $311*'$#"( @,&0 -%.'"3*563+75&') '.')75( '* 54"' D4H ",1*,& .5(:'(7A)> O44#&

'* #1#(4#& ' @,&0 -%.'"3*563+1 3"5&0' D5.('.5&%1'& -%.'"3*563+1 #..3-1*31#H #.@%"?A. '* #"#?#(3

NP

◦
!%1 3"5&0:%* ),-#1( ,1 #&&#) )<1*<&:#(I#& 9#/$5.(%*3) ' (,"#"I11,/ J 3"5&0K $#(B.#(,&#)

&'/015/'>  * 3?I4#& 5..'&?+ )%9-%&#&1:#* :%**5'?+?3) #/0 2f @"#)$#&635$'. %1*63..5.+ ('/>
O&&#) '* ' 9'/0'"5*'('; :%/0 '* J 3"5&0K $#(B.#( &#9 (A?7' 9#/)B.<&4<*(#(&3 ' 4'."' ,1

7%44"' 63")A.5"31'& -%.5"%1 5..'-%(%)'( #*,"( #&&#) '* %1*63..563+&') -#"3+?A13?#7# @#.# '))%"';

93&( ' /#"7#1*(I @"#)$#&635,; ':%/0 #*( ' D4H ",1* 951%?3) 1*#/9#&1# 1*#9.,.(#(3> L51 ' :#.0*#(

'))%"; '93)%" ' 93&(5&') $'& S#""!#..3-(363(51'; ?# &3&61 S#""!@%"/'(51'> O44#& '* #1#(4#& '

93&(5"+. $311*'$#"( 7%44"' ,1 4'."' 63")A.5"31'& -%.'"3*5.( @,&0#) '9-.3(K?+7' )<*( .#1* #.(,",1;

=/0 #&&#) $5.(%*51' f @"#)$#&6357K %1*63..563+),&( 7#.#&3) 9#/ ' (,"#"I11,/ &'/015/54'& D3..#($#
'* 3&(#&*3(514'&H; 9#.0#( ' E>N 54"' D6H ",1*# 1*#9.,.(#(>

FV



f
2f

[λ, λ+ dλ]
dλ

nm/mm
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 !"#$%$ %&'()*( $&+)'!%,-'+!+)+' .+/(0)"11 *2 3.'!*(1%.4*5 * ."'6*'7 -$ * )82+.( (09!*:8!8$

'*!'%,"04%)%0 .+6+' +!+;,-04+$+0 6*$20".0(< =00+) .+/9>11 %)* *25 6%/4 !+0;+.)+2-$!+ "..0*)

,+/9+.+.>+0 0*/4 (0'+02('"$? $2-.+$$":? 9-049%!!"$%)5 *,+.4+) +$+'-1+0 0+, %)%2 /%0;%'5 6%/4

*2 *)'3".($*0 :(2$/".' [λ, λ+ dλ] (0'+!:*..3,%0 )@:A. +$> $&+)'!".($ (0'+02('"$ +.:-$2<

 9%'%+.*$2'()3$ ,%;3."'%!!*. :-/2+'' &%.*!(2"#(7 :".'%2"$ ,-!-$+) +/4$2+!B+0 ,+/%.;C

6*'7*) * !"#$%$ $&+)'!%,-'+!+) 6*$20".*'":*.<  D=E +.+)'!%0()3$ :+2-!.> +/4$-/+ * 63.C

.",6%$$2 ($,+!+'-1+0 )($2",@'F*5 6%/4 6%/4*0 )+.. ,+/:".'%2'*'0( * ,+#6*0()*( /+!F+$2'-$

*,&.('?;7F"' *66%25 6%/4 * ,%;3."'%! δo 9"2($'%."$* )82+. "..*0;7 ,*!*;F%0 * 63..",6%$$2 :".C
'%2"$* +$+'-0 GHI< J/4 *2 If 5I2f -!'-)+)+' +/4 *;%'' 63..",6%$$2%05 * .%#)C(0 +!>$@'> ,+/9+.+.>
(;+FB "'.*/%."$":*. ,+/6*'"!%26*'F3)5 ,*F; ,+/:".'%2'*'F3) * 63..",6%$$2' dλC:*. -$ * ,-!-$'
,+/($,-'+.6+'FA)<

 2 (09!*:8!8$ $&+)'!%$2)7&("1*0 9+.,+!A.> .+/0*/4%11 '+#60()*( 0+6-2$-/5 6%/4 0(0#$ %.4*0

$2-.+$$":? 9-049%!!"$5 ,+.40+) (0'+02('"$* 0*/4$"/!+0;+))+. ,+/6*.*;F* * )8!04+2+'1>. $2"!C

,*275 '+!,()3$ +!+;+'B (09!*:8!8$ 2*F ,-!'-)-'< =2 * '":%.( (09!*:8!8$ '*!'%,"04%0 ,"!

!+0;)@:A.( ,7;%0 ,+/0+6+2@'( * ;($2&+!2(7$ ,7;$2+! *.)*.,*2"$"'<  K%3!(+!C'!*0$29%!,"#(7$

$&+)'!%$2)7&(* +.>04+ +22+. $2+,1+05 6%/4 )(6*$20".F* * 9-049%!!"$ '+.F+$ (0'+02('"$"' -$ *

'+.F+$ $&+)'!3,%' L+/4$2+!!+ ,-!(M<

 K%3!(+!C'!*0$29%!,"#(7$ $&+)'!%,-'+!+) %&'()*( *.*&+/4$-/+ +/4 (0'+!9+!%,-'+!

NO<P "1!*Q<  9%!!"$17. )(.-&> 9-04' * 04*."1%$2'7 )-' !-$2!+ %$2'F*5 *2 +/4() +/4 0+, ,%2C

/*'6*'75 * ,"$() +/4 ,%2/*'6*'75 ?0< &"$2'"27 'A)8!!+ +$() ,+!>.+/+$+0<  'A)!8)!>. :($$2*C

:+!' 9-04$3/*!*) * 04*."1%$2'70 "'6*.*;:* (..+':+ :($$2*:+!>;:+ ($,-' +/4+$A.0+) -$ +.F3'C

0*) * ,(0'"!*< R;+".($ 04*."1%$2'7 +$+'-0 * )-' "/1*0 3/4*0*2%) *2 +$+,-04+) '8!'-00+) *

9-0404*."1%))*.5 +/4$2+! )+!+$2'A.,+00+) * 04*."1%$2'705 +/4$2+! :($$2*:+!>;0+) * 'A)!8)805

'+6"' #$*) *2 ?'6%$$2 )A.801$-/ $2",@' * )-' 04*."1 ".'*. .-'!+6%2%'' (0'+!9+!+0#("1*05 ,+.4

* &"$2'"27 'A)8! ,%2/"$* !-:-0 (;>1+0 :".'%2()<  ,(0'"!* +/4 (;>1+0 :".'%27 L(0'+!9+!+0#(C

*)-&M F3' +. -$ %00*0 :($$2*:+!>;:+ .+)-&+2>;() * ;+'+)'%!!*< =2' *2 (0'+02('"$ /8!1-'5 ,+.4+'

* &"$2'"27 'A)8! &%2@#(7F"0*) 9A//:-04-1+0 6*'"!%230) ,+/5 (0'+!9+!%/!*,0*) 0+:+22A)<  

,(0'* ,-!-$-0-. !+S+T(7$ /+%,+'!("' 9+.'-'+.+2:+ :(2$/".F3) ,+/5 6%/4 * ;+'+)'%! ,(' -!2-)+.U

V+.8.F+ E (t) * )+''-%$2'%'' 04*."1 !8/2@'+'' 'A)8!!+ +$> )%,&%0+0$-!+ * '-!+!>$$-/ (;>9A//-$-'<
=))%! * &"$2'"27 'A)8!!+ +$> 04*."1 '-!+!>$$-/+ E (t+ τ)5 6($2 τ = 2(x − xo)/c (;>)-$-$1+0
:*0 *2 +.>11(6+2 )-&+$'5 *6%. c * 9-04$+1+$$-/5 x -$ xo * ,%2/7 (..+':+ *2 "..7 'A)8!8) &%2@#(7F*<
 ;+'+)'%! *2 (0'+!9+!".7 04*."1%) (0'+02('"$"0*) (;>"'.*/"' ,-!(5 ,(:+. 0+, '3;F* )8:+'0( *

9-04 /4%!$*0 %$2#(..".7 '-!+!>$$-/-'W

I(τ) =

〈

1

2

∣
∣
∣
∣
[E(t) +E(t+ τ)]

∣
∣
∣
∣

2
〉

t

=
1

2

〈

|E(t)|2
〉

t
+
1

2

〈

|E(t+ τ)|2
〉

t
+
〈
Re [E(t) ·E∗(t+ τ)]

〉

t
,

NO<XHQ

*6%. * 〈〉t F+.+0'( * T (;+(/ '*!'7 ,-!-$ *.*''( (;>"'.*/%."$'< Y(9+F':+ * 9+0'( +/4+0.+'+'W

I(τ) = 〈Io〉t +Re



 lim
T→∞

1

2T

T∫

−T

∞∫∫

−∞

Eω′eiω
′t ·E∗

ω′′e−iω′′(t+τ)dω′dω′′dt



 .

ZX



I(ω) = 〈Io〉t
∞∫

−∞

e−iωτdτ+

+Re



 lim
T→∞

1

2T

T∫

−T

∞∫∫∫

−∞

Eω′ei(ω
′−ω′′)t ·E∗

ω′′e−i(ω+ω′′)τdω′dω′′dτdt



 =

= 〈Io〉tδ(ω) + Re





∞∫∫

−∞

Eω′ ·E∗

ω′′δ
(
ω′ − ω′′

)
δ
(
ω + ω′′

)
dω′dω′′



 =

= 〈Io〉tδ(ω) + Re
[
E−ω ·E∗

−ω

]
= 〈Io〉tδ(ω) +Eω ·E∗

ω.

I(ω)
I(τ) τ

〈Io〉tδ(ω)

rω

E (t) =

∫

rω′E ,ω′eiω
′tdω′ E∗ (t+ τ) =

∫

r∗ω′′E
∗

,ω′′e−iω′(t+τ)dω′′,



Iminta(ω) = (rωEω) (r
∗

ωE
∗

ω) ,

Iminta(ω) ≈ R(ω)EωE
∗

ω,

R(ω) ω

R(ω) =
Iminta(ω)

Ireferencia(ω)
.

E(t) = Eo cosωot
±ωo

I (ω) =
|Eωo |2

2
[δ(ωo + ω) + δ(ωo − ω)] .

Max

I (ω) =
|Eωo |2

2

[
sin ((ωo + ω)TMax)

ωo + ω
+

sin ((ωo − ω)TMax)

ωo − ω

]

.

Max
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 !"#$%&'#()#* # (+$,& -%./01234( #. 1*(5&65&%78(5&5* # 6598& 68*": *"#'4))#'

-4&9;.#7%<#* 4(9#'#=2 &565&5*01# '8.5& 4'(#' '8(&59%.%(( 1*(5&65&%!&#77#' 78&3+$>  $/<8&'5(?

)5* 78&( 1*(5&65&%!&#7)2' *;75&1$;< @%;&15& (&#*<.6%&74012A#' <.47/(9#(3;$ $1 # <-5$(&;7%(

BCDE>  78&8<*8' =5(5$(4'9#(2 '5!*#!"%)) 6&5$A5*014( -5=1! #. 9#(4&%..# 75!F 9%!" # (+$,&

7%.!4<# <%&4* 71'"5* Gmin 1=H$,.,*$8*( 71*(#A8(5'5.+*$>

 @%;&15&?(&#*<.6%&74012< (509*1$# *871'5! 5'H*"(5'5* # -%'#&1.4012 7%=;'4012< 78&8<5$

<.57-%*(34)2'> I.57)5(:*HF 9%!" 5.5* (509*1$# #'$#'7#.4<# 5<5(8* *57 5!" 32' =5J*14'( 9;'?

'479%<<.K<4!K 68*" 9#'#= 4( # 6%(%5'#<.(1$;< 7%=;'4(%&%*F /!" *57 8&95(3+$ 5'F 9%!" # LMN

71*=5* 9;''479%<<.%* 1=54'1< 78&(8$: &5(#&=4012( #=3%*> M.5* *598.<8! 5''5*8&5 # (509*1$#

9#<.4'9#(2 7#&#=F 91<.5* 5. 6%&74'1<#* 0<#$ # D>O 8< # D>P $16535.8<5$)5* 75!35'5*H  F Q

5!"+((9#(2$ 9;''479%<<.6+!!8<8( 5&5=78*"5.1F #71 # $#'1)&4012 <%&4* 75!9#(4&%.9#(2> R1?

9#<.*4'A# # @%;&15&?(&#*<.6%&74012 '1*5#&1(4<4(F # 7%=;'4'( 35' 65'9#&72*1$;<#1*#$ 78&8<8A5'

75!9#(4&%.9#(2#$ # R5&& -#&#78(5&5$S

ϑKerr(ω) ∼
I2f (ω)

Idc(ω)
∼

∫
I2f (τ)e

−iωτdτ
∫
Idc(τ)e−iωτdτ

,

ηKerr(ω) ∼
If (ω)

Idc(ω)
∼

∫
If (τ)e

−iωτdτ
∫
Idc(τ)e−iωτdτ

,

#9%' If (τ) 8< I2f (τ) #. 1*(5*.1(4< #'#- 8< 74<%=1$ 9#&7%*1$;<49%. (#&(%.2 1*(5&65&%!&#7%$F
7/! Idc(τ) # T<.%$A4*"%<#* 78&(U (5'35< 1*(5*.1(4<9%. (#&(%.2 1*(5&65&%!&#7>

 (509*1$# #'$#'7#.9#(2<4!4*#$ (%A4))1 $%&'4(#1 #$$%& 1<75&95(H5$ 65'F 9# 75!A1.<!4'3;$

# $+',*),.H 5<.$,.,$ 7:$,=8<8( 35''57.H 1=H<$4'4$#(> M.( # $%*$&8( 78&H&5*=<.5&( 35''57.H

<.47#=#(%$ -8'=434* $5&5<.(+' 6%!%7 )57;(#(*1>  78&8<5$ <%&4* 9#<.*4'( 6%(%5'#<.(1$;<

$&1<(4'" <#34(6&5$A5*0143#F #71 5<5(+*$)5* 6VWX $Y. )59#(4&%'3# # (,))1 5'5$(&%*1$#1 5<.$,.

1=H4''#*=234(> M.5$ <.5&1*( # 7%=;'4012 GmodVCXµ<?%< -5&12=;< 1=538*8' !"%&<#)) =5(5$(%&(
$5'' A4'#<.(#*1>  . 4'(#';*$ 9#<.*4'( NZG =5(5$(%& [)5'58&(A5 5&H</(H38*5$ <4A<.8'5<<8!8(\

Gdet ≈]µ<?%< -5&12=;< 1=HA5' &5*=5'$5.1$F #75'"95. (#&(%.2 ]NY.?5< <4A<.8'5<<8! )1.(%</(%((#F
9%!" 78! # 2f 7%=;'4'( 35'5( 1< $5''H$8--5* !"#$&#* (;=3# 71*(#A8(5'5.*1>

 <-5$(&%78(5& (8&)5'1 71*(#A8(5'5.8<1 !"#$%&1<4!# [#. 1*(5&65&%!&#7 x?)5'1 65')%*(4<#\ #
=5(5$(4'*1 $/A4*( '5!*#!"%)) 5*5&!14( 6%!3# 75!9#(4&%.*1>  ))#* #. 5<5()5* 9# #. # 08';*$F

9%!" #. 1*(5&65&%78(5&&5' MMaxV] 5̂ 6%(%* 5*5&!14$1! '595<<5* 78&*1F # v <5)5<<8!!5' 7%.!2
(+$,& -%./01234( # 74& 57'/(5(( Gmin 1=H$,.,*$8*( $5'' 71*(#A8(5'5.*1S

Tmin =
c · h

v · EMax
.

@%;&15&?(&#*<.6%&74012< 5<.$,.,$ A5.8&'H -&%!&#73#1)#* (,)) $+',*),.H v (+$,& <5)5<<8! $,.+'
'595( A4'#<.(#*1 [*#!"%)) <5)5<<8! !"%&<#)) 78&8<( 35'5*(\F #.%*)#* # '595(H<8!5$95. 78&(5*

5.5* 7%=;'4012< (509*1$49%. '#<<K (+$,& 7%.!4<( 8&=575< A4'#<.(#*1> M<5(+*$)5* 5. '5!"5*

vVXF]W cm
s F 75'" )54''/(4<<#' GminVOXXµ<>

 '%0$?1* 1=H4''#*=234( K!" $5'' 75!A4'#<.(#*1F 9%!" '595(H<8! '5!"5* # 7%=;'4'( 35'5$

4('#!%'4<4&#F #.%*)#* # (+$,&-%./012 5. 1=H #'#(( *5 A4'(%..%* 35'5*(H< 78&(8$)5*> M. #'#-34*

# Glock−inVDX?]XXµ<?%< 1=H4''#*=2$ (:**5$ 5'6%!#=9#(2 A4'#<.(4<*#$>  Glock−inVDXµ<?%<
1=H4''#*=2 A4'#<.(4<# 5<5(8* # '%0$?1* $5A8<<.5& (;= 4('#!%'*1F # 78&8< *#!"%)) 78&(8$: .#3(

1< (#&(#'7#.9#(> Glock−inV]XXµ< 5<5(8* # 78&( 35' $5A8<)8 .#3%<F #.%*)#* 7#!#<#)) 6&5$A5*?
014< $%7-%*5*<51 $14('#!%'2=*#$F #71 #.( %$%..#F 9%!" # <.47/(%(( <-5$(&;7)#* 7#!#<#))

C_
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 ! "#$%& ' () * +)", - ( *+.($,/01-* 234&& ! $(( ,5 "6+6(7*, * - (89*- *"%!:;

 

< 3. &,"=+

!*#: '" &5 !2$%-/ ")39)! &> + (: *9 $!, "' "6#"*+ #:6"3*! 6392$((%(1 &6+.6! !3 $! & ' ( (

+ #> &$%,(*#6(10%3* *!!*& * &45 ,& 9+)!: > 76#: * (62&8$! 39%+%"* *9 $0?%((*!01 @8AB839 " 3 

39C&3)# 3 *7769> 76#: * +)", - ( 3,*D$( ( #: !; E9 *9 $0?  3 ,C!&D ! F+)# * (*33*! +69#1

,C&4"  3 ,)! $3G + #&49 (H,$ Imin8,;

J$!, (%,,=&> * K6="$ "8,"*!39'6"+%2$13 +)")3, 27!$&* *(&*(+*97*,13%#%!*& &6"(%,-%, )..

* Imod )3 Imin %(,*( + #39*D6,, 39L&43 $0?*D(*& 6&699*; M45 (5 * 3. &,"%($3  ! "#$* ,*"8

,6+%!:, *9 $0?*D(*& 39L&C(>  9%(,*( * +)")3 & (%,7*,1 ')!:  ! "#$* ,*",6+%!:*$"* ,4",)!?

&$, "- 39,)3), ( 7 , ,( !!) , 39$;

<9 $!, "' "6+ ,"$&=3 *(*. #:3)# '6,6!  ! "#$* ' (D6!,%3%, * .%39,%91 ,C&4" +69#%3%!*&

,%#*33%#* 39*D-* + #; N* * ' (D6!,%3 δEOP+ Q> *+$ * +6( &=(%& 3. &,"639&1.$%-%D*! 396&%8

363*! *(&*(+*96,, B>@+ Q ' (D6!,%3769 &). 3, 0="5*> * ,C&4" +69#%3%!*& 4339$0 - R

TMax =
c · ~
v · δE ≈ 210ms,

*9*9 * .%39,%91,C&4" B>S++8 3 ,%56(3%#6, '=, D  9 $0? *(*,,; E9 *9, - ( !,$> 76#:  #: A . "2

$0?,*",*+/ +)")3  3 ,)! ∼ABB $!, "' "6#"*++6, %,(*#6(7*,=!& 4339 ;

 

 !"# $%&' !()*%

T@



 ! "#$#%#&

 !"#$%%&'( )*+, %-$./012"/$0

3$4#$%!/"%$

 !"#$%&'(')&*+"* !,-./%0%++%1 &20&3$4 "$5"#6*/.#71"&8 !*$& "/& " 9%6%/%&4 :%;%/%&%+9%$

17&&<+8 ./31%. +209%$ "1+"1!"/="&,> ?$$%+ %11%$30% " +%0%.+%-%1!* :'0#"1'!9"$ $%! 13&%/*+

'15"$ +'!)"+& .)%+&0'./+,)*"* %./+2/8 !%115%1 "/ *$:0"6202.&41 "/ <1&0"*9'157*# 1%=%&$% "/

"$5"#'+ @AB? .)%+&0<!7& !30$*> ?$$%+ %#5*+ :4 !"#5"07/"&" "/8 ='#5 " !"#$%&'(')&*+"*

%C%+&<.'+ *$:0"6202. &"0&'!7$59"$ DE'<0*%0 &0"$./:'0!7F*,. .)%+&0'!3&%0%++%1G &20&3$4 -%(

&%+&717." +'!'15 !303.&%F=$*+"* +*=H67.& ;%1%$&> @7.03./&8 *15%$ +")"F*&7.I %./+2/2+0% :4+3$&

"/ "1")+<&"&7.'+ &%03$ !<&"&+'/*+ +%0%.1%&8 "='1 "/ "$5"#'+ &7# .)%+&0<!I 6*/.#71"&" :'$&'.>

 6*17#'$ !*$-2../% $3=7$5 +<&"&, 1"9'0"&,0*<!9"$ :%;1%./&%&&%+ +* '15"$ @AB? .)%+(

&0'!3&%0&8 "!%15 "/ *$:0"6202.&41 "/ <1&0"*9'157*# &%0;%-4 &"0&'!7$5'$ +3)%. " B%00 )"0"!3(

&%0%+ $"#5 )'$&'..7#I !303.30% )'1"0*/7F*, !'-<17F*,. &%F=$*+76"1> J3!"6%/%&4! " J'+5'(*

?#5%&%!%$ !70 !%#3)H&%&& %#5 *15%$ .)%F*71*. .)%+&0'!3&%0&> K*)1'!"!<$+7! F31;"8 ='#5

%/%$ &")"./&"1"&'+ :%1="./$717.76"1 %#5 <$*+71*.8 !3# ./31%.%99 %$%0#*" &"0&'!7$5& 1%:%-4

@AB? .)%+&0'!3&%0& 3)H&.%+>  .";7& :%;1%./&3.L !3040%$-./%0$%+ !%#6"$ "/ "/ %14$5% *.8

='#5 M%N*9*1*.8 &%&./41%#%.%$ !,-'.H&="&, " +H.301%&* *#3$5%+ ./%0*$&> O31-7<1 ="./$71="&;<+ 0%:(

1%N*,. 3. &0"$./!*../*,. P/%!!,-9"$8 ./'9"=4!30.3+1%&* 6"#5 "1"F.'$5 =4!30.3+1%&* +0*'#3$

+20$5%/%&9%$ /";1, !303.%+0% 3. *$&%#071="&;<+ $"#5 &%0L ./<)0"6%/%&4 !7#$%..%1>

Q/31%..76I !"#$%&'(')&*+"* .)%+&0'./+,)*" %.%&3$ " $"#5 )'$&'..7# 3. :%19'$&7. %1303.3=%/

:%1&3&1%$P1 ./P+.3#%. &299 .)%+&0'!3&%0 "1+"1!"/7."8 +'!9*$716" ./7!'.8 %1&304 &H)<.I :3$5:'0(

07.."18 -%&%+&'00"18 :'&'%1"./&*+<. !'-<17&'00"1 3. %#539 ')&*+"* %1%!%++%1> K*)1'!"!<$+7!

.'07$ '15"$ ./31%..76I !"#$%&'(')&*+"* !3040%$-./%0 !%#3)H&3.39%$ 3. ')&*!"1*/7F*,;79"$

6%&&%! 03./&8 !%15 %#5 07F.'. !'$'+0'!7&'0 3. %#5 E'<0*%0 &0"$./:'0!7F*,. .)%+&0'!3&%0

*$&%#07F*,;76"18 )'1"0*/7F*, !'-<17F*,. &%F=$*+76"1 !30* "/ "$5"#'+ B%00 )"0"!3&%0%*& DϑKerr

3. ηKerrG>  / %./+2/8 ;%1%$1%#* 711")'&79"$ RS!%T ( U8V %T %$%0#*" &"0&'!7$59"$ "1+"1!".

!"#$%&'(')&*+"* .)%+&0<!'+ -%&%+&717.70" DU>W 790"G>

XY





λ

10−6

λ



. 2

6

µ

dc
f 2f

f



 !"!#!$ %& '#()!''*+, -./! '0!/$1.-($!1  !")!'#$('!

 !"!#$%&!"'( )"*+",-

 !"#$" $%$&'()"!&*! $+,-.+$' $+,/ 0%'*%*1 .- 23*%%$( 405!# 0%'*% &636-$" 7$8%$-3'$'' 9()+(*1

5$3.($%: ;3$"/ -*80' 7$8%$-3'.-< 9()+(*1="& 1<&6#.-.' !-1$('$'$1 * &65$'&$3>&?$":

@ 9()+(*1 $%->#%$+$- A.%8*/ B)+, * 7$%B*-3"0%C &.",$%1$-$" .- $D$&'E5$"/ *3 $+,$-

1.(>$-3&636& F3!&*! &)"F+=(0%0-* ".%&G% '=#8* 1.(.-$!' $%5.+$3"!/ 1$"$' &63?$" $($#1.",$!'

0?(03)%"! .- $%'0()%"!: H!$1$%' (.-37$%*#*' *3 .(3.&$", I J #$'$&')( 5.#$%1$ *3 $-$'%$+$-

"*+, 7.",!"'$"3!'0-)&'C% .- *3 .(3.&$",-.+$' 1$+B*'0()3C !#$0%!- 5$3.(%>7$-3G%'-.+ ?$0%%E'0-*:

@ 9()+(*1/ $+, )9'!1*%!30A!C- 1.(.- -)(0" &!-301)%8* * I J !#$0%!- 5$3.(%>7$-3G%'-.+.': @3

.%$- 1.(.- -)(0" 1$+*#8* * I; KLM 1)#=%0A!C- B=%%01B)--30'/ %.9'$'! * 1)")&()10')('/ .- *

-3<(>&$' !%%$'5$ 1$"'! .- 0?(03)%8* * 1.(.- -)(0" &*9)'' 7$-3G%'-.+$& &G%6"?63> &)19)"$"-$!':

N:N: 0?(*:  !"# $%&'()*+%,&-).,'/'0%1 23))4526,,&+-//','. 5'(* 7)/6(8.53,9 "80:%0 λ 23);
)4526,,&26& 6)<70 $%&'()*+%,&-).,'/%. 1%(%,= 5%)< 7)17)57&4,7 %,%.'0 7 !"#;0 5'(. +%,&-).,'/

%/<%04(75> 165?60%0,% 1@&%) 23))4526,,&+-//%.)%09

 !"#$3$" 7="&A!C& %.",$+! (.-3.' B0()1 $%80(0- 5.+3! $% O !"!#/ $!%&'(!)!*+%, .-

-.(!/!")0P/ 1$%,$& 503%*')- ?%)&&#!*+(*118* * N:N .- * N:Q 0?(0&)" %0'B*'C&: ;%->&."'

$3 ='C??! $%80(0-' !-1$('$'$1/ 1!5$% $+, 1.(.- -)(0" %$+$%>-36( *3 -.(!/!")0 $%80(0--*% &$%%

* I JK".% *%&*%1*3*"#C 5$3.(%>7$-3G%'-.+$' 1$+B*'0()3"!: @3 $%80(0-)& &C#8* * 7$%B*-3"0%C

RM



 !"!#!$ %& '#()!''*+, -./! '0!/$1.-($!1  !")!'#$('!

 !"#"$% &'# (')'&&'* #'+, %! - %* % *'!')./')0)'11') 1%)")*2!3*, #')4'1 % 567 "8$% #91%16 :!'&

%)+2$31#9 2* 1"(;*2!1%1("* 3 % /')<% !&")=1 #3&>'& ' '#;&4$.), %!2&8%& %! ')("$" 2* 8'#9?

1%1" %  2$"& % /')<% !&")= /'); 1@$1;&. "))%A21 (')'&1; '*'1, %! '+4 !'$B ;+ *'>C;;$1 $; !)'1' '&

&'# 3 #'$1'1'#6

5676 "8$%6  !"#"$%&'"#() *#+,#-! ,#-./0$ 1&(2-$'34(56 1&(7(&8&9

D C'!;$)./' !0)1 ;+ *%)38$"-3=(%, 1'<"1 %!  !"#$#%&' %)*%)#%!" %  2$"& % /;&491%1

&'#  !%8%> #'+C")12!1%1&3, %! ;)' #;$;  2$"& /'&&"))= /')1;1')'*'1 *')) 83!12 E1%&36 D!

 !"#$#%&' /0++C;&4 F565 "8$%G % /')<% !&")=1=) '+4 HI#3& ; HIJ%K ;$1;*'*'1 *;$, #')4'*

*@!; % LJM >'1'*12$2& #;$1 /' !0)1 ;+ >- *2#A2&'& ;&'* &%+4 "+"1 /2+(% 8'"))E1%&3 #3&>'&

λ <9))"#<2  !2&6 D /212')'*1$2&  2* !2$2!= "$%#% % C'!;$). /' !0)1 ;+&'* <%1C"&4/0++C;&4'

*NO,PQ *31'C.C'), #')4'1 %  A'*1$2#;1'$ ;AE1; ;1 #'+').!.)'+ #;$; '*  '+E1 ;+;C') <%1"$2!1%#

#'+6 D! %)+2$31#9 ') . );A; *;&1 HIC'!NR,ST /' !0)1 ;+'1 %> % LJM?&'* ; '!1 %>>3+ '#')3,

);A; '&*;&1 #3&>3+ #" /;) !'$' ;$', %#E+ % >'1'*12$2& #;$1 /' !0)1 ;+ HI#'$1 >- *2#A2&'& '

') &'# ;$3 %! HI#3&  !"!%>"16 :!'* 91"& % LJM ');$ % <%1C"&4/0++C;&&4') )'E$<%1= #B*@>; 3

1%$12#"&48%, E+4 %! 3>'")3 /' !0)1 ;+ #'+1%)")" "$% <% !&")<%1= % %)"883 @  !'/0++; U

UIvez = UIvez ·
[
UIMax+ UImin

2UImert

] 1

2k

, <% HI#'$1 V HI#3&,

UIvez = UIvez ·
[
UIMax+ UImin

2UImert

]2k

, <% HIJ%K V HI#'$16

D )'+*0) . ()*&# -3*)9 8=) %**2$ *'$0)<'1 *3 %! %)+2$31#9 , <% % HI#'$1 %! HI#3& ; 

HIJ%K *@!13 ;$1;*'1 C' ! /')6 :**2$ % /0++C;&4 '+4 /"()8% 1"8)"!%12 %& #'&13 %! %>211

WS



 !"!#!$ %& '#()!''*+, -./! '0!/$1.-($!1  !")!'#$('!

λ  !""#$ %&&' %' ()*(%'+ ,-./' 0*(01/(2 $)34 ) $%5%1*%$#(%*( !()&6(3)2  %78 ) "093/5 )

1:./(1/';  !""#$ %&&'*)<

= $0*0&( .07';  !"!# 0& $!%&'(!)!*+%, )"7%*>($!&%1 .#'")(%& ?"%114>)7*)$$3)> ) @<A

#?*#5 "#( )(+)1< B0*0& >546(#&) /";(( ) C/" )&'5#"+ $/7)43)2  %78 $>"8/5 ")$?4)-$>5 0&

")$?4)-B)D  !""#$ %&&'E&#7%1 1:':((2 $/11%*) &(/9 "090&1:''/" (:*(053/5 $/7 ) $0*0&2

/11%* .)"+3#?)5 )  !"!# CF77.058( >546(3) /"< =' )"7%*>($!& -." G>1"!&&)" "09(/(> )  !"H

"#$ %&&')1)(2 $>54/5 )"1)"%$$)" $/7 6.3) ) $!%&'(!)!*+%,2 /"3#*#&(2 $/5(> 0& #?*#'%"3)

) $0*0&> /*/4$058/1/(< I/" )&'5#"+> ?/).)(1%'#& /&/(05 )  !"!# )"7%*>($!& $/7#""6( )(+2

&'F5/(/"(/( /(;<

B0*;/&'1:':11/" .)"+ 1%$$!5>1#G>+( 0& ) $0*0&( ) $!%&'(!)!*+%, CF77.058 .07'>< J/H

$/5/(> 9)*)$0(/*/ ) ")$?4)-)G(!)" 0*(01/2 )' )  !""#$ %&&'2 ) %" ) 1:./(1/'; $0*0&> 9%5(%(

)1)*3) )  !"!# CF77.058 C/"./55>< K"&; "090&105( "/10*> ) $%5%1*%$#(%*(+" )'(2  %78 9>"H
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32*/"4(+@4; ,+*12(+'25/1B=

ABCB +6"/B  ϑKerr !"##$%&#'()*+ ,-#-+".&# .(/&)) Idc -+ I2f 01)"#%"#&'#(,&. -+ ( 12,"#0.2+
3&2#0"# )#(1+4%&#,*5067(8 9"8:8;. +4*,<)&)) +/".)#2,&. ±= ,*'1"+"+ )-#9"1> (?&8 =&@AA,BC

 ϑKerr +/".)#2, ( ±= ,-#) 'D#9-. .;8D19+-'-7"8 (#*1E&+C  '#(F.&1&1 *9#*4&8) ,&G28*8) 01$
)"#%"#&'#(,&.() -+ +/".)#2,&.() (4 01)"#%"#&,-)"# G&8'&4)( %"8> ( 7(86+*'&+1*8 HA$+4"# 1('E&99

(,/80)IG67(8 #"1G"8."41".C
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 ηKerr +/".)#2, ( ±= ,-#) 'D#9-. .;8D19+-'-7"8 (#*1E&+C
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3 $5*()!%&.)*! 26++"&2%$$-7*+8%')"$3 +*13+"88 9: '&4 3&; 3- <=>4?@ 0 A4@ *B *'*!1;3 )3!0

)%&"'C%' +*13+"88∆<=9>&*B 7*+8%')"$'3( 7*+*+ &*1 D E/ )"8+"-3)FE  G%6!;*!0)!3'$-7%!&"0
#;H$ $5*()!%&.)*! *$*).' 3 7*+8%')"$) ∆<=A&*B0'3( I"+3$-)%))3&E  :E9> .$ 3 :E99 *1C*+*)*(
$-*!;') 3 (3+;8!"#;H 7*+23$-'"+"$"I3+ .$ 3 ±J ).!8*' )K!).') &.!.$*( (;I%'"$") (KI*)L*' 3- @EM
.$ 3- @E? "8!"( N'C*!$O $5*()!6&3;8H+ $-"&%+) (%&5+*P Q*!!0$-K1*( 3- @ER "8!"' +")23)H3(E

<=R?&*B 0 94@ *B )3!)%&"'C83' &;', 3 ϑKerr Q*!!07%!13)"$4 &;', 3 ηKerr *++;5);#;)"$ $5*(0

)!6&83' (;*&*+(*,L*' '31C STQ< U*+ V1C*+2*)L &*1E  - "8!"' *+).!L $-W'*((*+ U*+K+)*& 3

(X+K'8K-L ,*)*()%!%(2%- .$ $5*()!%&.)*! !.$-*(2*- )3!)%-H &.!.$; *!*,&.'C*(*)E

@ERE "8!3E  ! "2#4 $%&'"()*+,& -.../ 01"2+,()3 4$,5,$*60 26"* )7189:;26")6'$,*( ϑKerr 6)

ηKerr )<$'*"!21' <1,+"() =#>? $,"$0@$76)8$0 A≈BCC2D *6"8$0E F))7$:9)10,G*+)'6<< 4$'$*$
)7G00$, H90 4$,*50*$*H$ 97 ("1@9,212890 'I7I,*J 97101) 'I"5,260&$' 'I7I** 26"* =#>? )<$'K

*"!2 -LM/E

Y;!%$ $-W''*+ U*+K+)*& 3 G%6!;*!0)!3'$-7%!&"#;H$ *+!*',*-.$8*'4 SZ[ ,*)*()%!!3+4 -K+, .$

(.( $-W''*+ 5*,;1 3 !"#$%$ &%'%(!%&")%!%$ K$$-*"++W)"$$3+ 3- \']3 $ .$ YS[ ,*)*()%!%(

)3!)%&"'C"83' (35%)) &.!.$; *!*,&.'C*(*)E  - *!*,&.'C*( &*18W-23)H$"1"'3( $-*&+.+)*).$*

.!,*(.8*' 7*(*)* $-W''*+ 7*+)X')*))*& 3 Z6Z!2^*4 ;!%,3+&%&83' (K-K+)4 3-%'%$ (K!X+&.'C*(

&*++*)) &.!) ϑKerr .$ ηKerr $5*()!6&") _/?`E
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 !"! #$%&!  !"!#2$%4 &'()%** #%+%,-(.(-/& &'%,-#"01 &23415607#&7,*%-%) 89:;<

&' (%)*&+,( -.%$/ (01%&2.%.3 4&%4),#05#$&0 3(,64#34 &+7&+,&'4&7 & 38/74%9, ∼:;; 3'),3'<=

*)3 8)04>#%&! ?' &' /+@05 &' #+4&+&, &+7&+,&')44 AB=CD 38/74%),<4/% 0&-5 1<05/33<-<0/7

7.3'.0E/4@!

F 7),8+/G H/%%=3'.- ,<%<3<2/+ +/E/4@3<- 056+(7 & I9I%2J/4 0/, *(&-)0#+(3 σxy(ω) 2/'/=

4@7<8/33<-<0/7 ,/-E&4#%)'#3#%& & 8)+#%(3 KLH? /+%/0*/'<3$/0 & M!: /-5/0+/4 3/-643<-<2/+!

?EE/' (3,/%0( 7/++ &' &05&- σxx(ω) *(&-)0#+(3 2/'/4@7<8/33<- 38/74%9,#4! F H/05& LE-93E(

#+4&+ 3'<+/3 /0/%-(& 4&%4),#05$&0 ,<%4 NOMP %/Q/74(2(4#3 38/74%9, 1/+E&3'0#+#3#2&+ R !" #$%&S

H%&,/%3=H%)0(- 4%&03'1)%,#T(U2&+ 7(3'#,)+4&, & σxx(ω) *(&-)0#+(3 2/'/4@7<8/33<- 38/74%9=

,)4! F H%&,/%3=H%)0(- 4%&03'1)%,#T(U4 ,/-/+@'@/0 /G4%&8)+#+0), 7/++/44 & I9I%2J/4 %/1=

+/74(2(4#3#0&7 & ,<%<3( 4&%4),#05)0 762V+ /3@ %<3'<4! F+&T3)05 /0/%-(#0 & %/Q/74(2(4#3 /-5E/'

4&%4W /'<%4 & & 1<,/7 %/Q/74(2(4#3#4 >U+ 7.'/+64@ R = 1 − A · √ω X&-/0=D9$/03 4.%2<005/+

.33'E&0-$&0 2<-/'4/, & 7(4/%>/3'4<34W ,6- ?YM /Z 1/+/44 & 3'&$&* /+/74%)0 -#')7%& >/++/,'@

,)*/++4 &+7&+,&'4&,! F 7&8)44 7),8+/G %/Q/74(2(4#3$U+ ,/-E&4#%)'4&, & ǫxx(ω) 7),8+/G

*(/+/74%),)3 #++&0*U <3 & σxx(ω) 7),8+/G 2/'/4@7<8/33<- 4/0')%)7 *(&-)0#+(3 /+/,<4W &,/+5/4

&'  !:; #$%& ,94&4 $/!

F M!: /-5/0+/4 3/-643<-<2/+ 7(3'#,)+4 0/, *(&-)0#+(3 σxy(ω) 2/'/4@7<8/33<- 38/74%9,

7<8'/4/3 <3 2&+U3 %<3'/(4 &'  !:: #$%& 2/4( .33'/ & NM[P T(77$/0 7.'.+4 /%/*,<05/77/+! J&>#4

,<%<3( /%/*,<05/(, <3 &' (%)*&+),$&0 7.'.+4 38/74%9,)7 >U /-5/'<34 ,94&40&7W 7(2<2/ &'

?YMW /Z = \ /Z /0/%-(& 4&%4),#054W &E)+ &' /+4<%<3 ,#% >/+/04@30/7 ,)0*E&4U! F 0&-5 /0/%-(=

#7)0 1/++<8@ /+4<%<3 ,#% >/+/0 2&0 & 7),8+/G H/%% 8&%&,<4/%/7 38/74%9,#$&0 (3! F 3&>#4

,<%<3( /%/*,<05/(,/4W ,/-$6'E&4U$$0&7 4&%4),W 9-5&0(3 ,(0* & >/+='&> 2(3')05W ,(0* &

,<%<3/7 %/8%)*97#+E&4U3#-& >)$$ &' #+4&+&, <864/44 %/0*3'/%0<+! F' 94U$$( 7&4/-U%(#$&0

7(/,/+0<, &' &+7&+,&')44 ,#-0/3/3 4<% 8)04)33#-#4 <3 %/8%)*97#+E&4U3#-#4W ,/+5%/ 7V+.0

7(4<%/7 & 7.2/47/'@ 1/>/'/4$/0!
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 !"#! $%&'!  !"!#2$%4 &'()*+,-'. ǫxx &'%-%/0#*1*. ,--(+&23,+(/ 4. σxx 5%6%07/48%..4)4+%/
5(-2. 4. /486%0%. #4.6%'9

 !"! # $%&'()*+,(&) %*-(*$$./0 ,$ 0 +,),$&' )&%)*12'.340(56

$./0

( )*+,-&./0-+& 0*1-0)+ ).&$2 ' 3+456'3 78)6.29 .*-8/'486$4$)$2 -:4 ;.2-.) )6+/*.2- 7.4- '

/0&0)+, &+*&.<=,$4>'-?)$@$2', %86-.)1-$)' 8)!

A@9)6+&B *04<$2 ,+&+)6-C4 /=-'-./ %+D >.@9 +@9 /'@2+-.5.*-8,'8 /0&0) ).&$2 /849+2 ;.&5

&$).,%?4 )6$&/'62', >8%$,! E+@9C, ;+4D >.@9 ϑKerr /0&0)+ ).&$2 2+/ )8,+&C4 ' FG /$@2+)+)

-0&&+4 '6.2.) 2'@9)$@:D <+ +44+2-0-+) 8&$29: 5G /$@2+)+) -+&+- 40-&+>.628! (6 +4-0&0) /0&-0,+

4+@9+2 δGD '/+49 +@9 )68)6-+/'-8,=) >8%$- +&+</029+6! ( /0&- )*+,-&=/., ' )68)6-+/'-8,=)

>8%$,.2 ,17C4 +4+,-&.28,=) 0) +@90% -+&/0)6+-+) ;.&&$).,%?4 H4$/*$, 82-+268-$)82@'<.6$)'D

/+I>'28,=) &+6@0)+, .,.6-' 7$4-.6$) ' ;029:-%'2J )6$&/'6? )-'-8)6-8,=) 6'3.,'- 8) -'&-'4/'65

2',! A22+, )6+/404-+-0)0&+ ' /0&- 3+4+- %.2-)=,D '6 8<+$48) 3+4D ' )68)6-+/'-8,=) >8%' 0) '

)-'-8)6-8,=) 6'3 K))6+@0&+L

ϑKerr,minta =
ϑKerr(+B) + δ − ϑKerr(−B + δB) + δ

2
=

=
ϑKerr(+B)− ϑKerr(−B)
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%' %'(")*( +,% - .*

+ δ
︸︷︷︸
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+ · · · . H !"J

(/+2298%+2 ' M+&& ;.&@'-$) '6 +@9+) >=44$/>.))6',.2 +4-0&N+2 ;C@@ ' /$@2+)+) -0&-N4D

' )68)6-+/'-8,=) >8%' >=44$/>.))6;C@@N -029+6N,02- /?<.)1->'-3' ' /0&- )*+,-&=/.-!
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'()*$+*,- ./&+ & 012 ,&()/#(#$&, 3+34 12-*%*/- &4 1(*/4 -&%-35#,)3, 1()/*(1/1,! 6 5#(7

,1/1/ -*% 83,-3/ $1#229-#/#- 5:+%35*-1%./&;&%%&2 122#-3-- 534(&-< #22;#,,)&2 32=3--&5 51(>

512) 12?/1(9-1--1 & 5*%*/: @12-*-121+ ,&()3$$ %18%3=A+#2B&-</#(#-! 6 5: %1,=/41%C,++12 127

21,-*-$1, & 0&8#,$&, -&2#2B&-< /81+-%35*-1% 1/1-*, & +C2D,$D4? 5*%*/: -&%-35#,)3+3, 12-*%?

5:,-&-&%-<+&- &2+&25&4,&+! '4 & 5: 1/1-C,+$1, ,15 #22 @1,,> 9() & 5*%*/: +D%C25*,)1+ E0$<2:

12?#229-#/& ,&()3$$ 83,-3//#(E!

6 /4:/4-15&-:+A/ B:$& &%%<2 ,15 &= :,@3%5#.:<-> B3() & /81+-%A53+ 5*%*/1 /3%#, 51++3%&

&4 & 5:,:5#2:/ F1%%7/4D( ;#2-34#/> &5:- 5*( 51( 21B1- 5*%,:! 6 /81+-%35*-1% 83,-3//#(#-

&4 0122154: 21(03$$&,> B3() ;#2-34&-2&, 5*%*/: @12-*-121+ 51221-- 51,,):%1 G/-&$:2H & 5*%- 012>

&512) & /-&-:/4-:+A/ 4&03+B34 +D-B1-?! 6BB34> B3() 51(&=0&5 & 21(+:/1$$ ϑKerr @3%(&-#/

+C2D,$/*(1-> &5:- 5*( $:4-3/&, 51( 21B1- +C2D,$D4-1-,: 5*%?%1,=/41%C,++12! 6 @3%(&-#/

/81+-%A53-> &43,3/ $1#229-#/3+ 51221--> +*- 1()5#/- +D;1-? 5*%*/ /3%#, %D(49-1--15 */ D//417
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5*%*/ 1/1-*$1, LMM /81+-%A53- #-2&(32- D//41 & 4&0 ./D++1,-*/1 *%=1+*$1,! 6%%& &4 1%1=5*,)%1

0A-3--&5> B3() & /-&-:/4-:+A/ 4&0 5*%-*+1 :2)1, +D%C25*,)1+ +D4D-- M> N7,#2 ,15 ,&()3$$! '4

&4- 0121,-:> B3() & K3A%:1%7-%&,/4@3%5#.:</ /81+-%35*-1% %*/4 &$/432E- 83,-3//#(& F1%%7/4D(

5*%*/1 1/1-*, 5 · 10−3
@3+!
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()* +,'- ' *.&.,)-%/0 ,1$&*'12- ,12,13)*'32-4, ., ,3'32,132-4, 52%'6 5'7)* ' -'02%&$8

+29%90 2,! : -'02%&$+29 ,;&$7 ' <;0'&21$3;&;- $00$,,1=>)23 ?6#

◦
8;, <;73;,,$>>'0 0)5)3)33 %)$00@8

3'726 '*)0A ,12,13)*'32-4, 52%'-.73 B)0)72- *)> ' *.&.,)-%)7! : <;0'&21$3;&;- %)$00@3$,'27'-

<;73'30'7,$>' 5400$*5;,,1CD>>)30)7 -;7,3'7, ,1;&19E'0 E$03;13'35'3B' *)> ' *.&3 ,<)-3&4*;36
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-=1=03 ,<)-3&4*;-%'7!

: ,<)-3&4*;- &=E2F3$EG 1'B$3 '11'0 %)+,D05)3BD-6 5;>A ' C;3;7 )7)&>2' CD>>E.7A.%)7 ,1H-

3'&3;*$7A%'7 *)>B)0)7/ 27>'F;1$,;-'3 E21,>$0B4-! I55)1 '1 'F;33 273)&E'004*;7 -2$30'>;03

>=&%.-)3 =,,1)5',;70@3;33'* ' 7A)&, *.&.,2 )&)F*.7A)--)0! I1.&3 ' ϑKerr -'02%&$+29, >=&8

%.236 #? <;73;, ,2*@3$,,'0 J'*2 K?*)L 3'&3;*$7A&' $30'>;0M 0)E;73'* ' *.&3 .&3.-)-%/06

*'BF ' -D0=7%,.>)3 ' *.&3 .&3.-5)1 E2,1;7A@3;33'*! : N;4&2)&83&'7,1C;&*$+29, ,<)-3&;*.3)&

),)3.7 )1)7 &)0'3@E -D0=7%,.>2 >=&%) '%,1;0G3 .&3.-) 0$35'39 '1  !"O $%&' '0,9 &.,1.7! : &)8

0'3@E )03.&., F&',132-4,'7 *)>7/ '1 'F;33 ),1-=1 *.&.,2 3'&3;*$7A'27'- 5'3$&'27! : 3)0B),

3'&3;*$7A&' 7.1E) '1 273)&C)&;*)3&2-4, ),1-=1 C;&>'3$, *.&.,%)7 *)>B)0)7/ &)0'3@E 1'B$&'
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)!<$$<, )-:=3733%:> ?"3@%3/A @70B % :($3 +%,-#$".-/ )!":733<CD )!/$"))%, $<*;<,+<!-+>  &#'

$()!#<* +-)!":7,3%: % +%,-#$".-/) )6<+3$E: $<,%3=C <,3($()(3 % )-:=3733 )6<+3$E:3/,A :<,,B<,

% :($() 67*37))"0% #<.)F,@<3D>  )6<+3$7:(3<$ @-#"2% &% $<,%3=C <,3($() "3,%0%' % )6<+3$E:

G5:<H () 5AG <H +1!133- $()!($< *<: @%,%;2% :<0 % 5AIJ973A %!%! %! 5 · 10−3
K7+ ($3(+<3>

())*+,+*-+. ' /+&& 01&,'2$) 34&4)45+6 71521))$,' ' 68*47 950&'-8&8) 2'&213$5:15

5 · 10−3
016! ; &$<)1) 31516&13$21&&'= 3+,-'=>)?2122 &4)* 71521))$,$2 ' 0121+=+62&15 )16@
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 !"#$%&%'()*% +$,*( & -./ 0!1!)& 2&(+13)3( ,3+1456446% 678 '(!)*#!+ "$#&,!1*9!:+ +"6);
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