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2.%&0-(5/! 768! .%/! 2.%&0-(5/! .%/! +.,/! %*0%-5%/:! ?0450! $(552! .4! D4)H.%! %*0%5/)(5!

/+40)4.%! $%/! (-H)04.%/! 76! IY)C,-%! 6K8! .%/! 0%--%/! -4-%/! @(50! $(5&! 4@()-! $%/!

+-(+-)202/! 0-M/! +-(&'%/! %5! 0%-1%! $%! .)4)/(5! &')1)3,%! %0! $%! -24&0)@)028! &%! 3,)!

%*+.)3,%!+(,-3,()!).!%/0!/)!$)DD)&).%!$%!.%/!/2+4-%-:!!
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! "#!

$%! &'()!*+! ,-./0'1)'2+!304*%()!3'0! ,+5!.,+/)0415!*+5!/4%/6+5!7-! +)!7$.! ,+5!

408()',+5!9/!*+5!(415!*+!)+00+!0'0+!30.5+1)+1)!%1+!&(1+55+!53+/)0',+!0+:'0;%'8,+<!

/+!;%(!+1!&'()!*+5!/'1*(*')5!*+!/64(=!34%0!,-(1&40:')(41!;%'1)(;%+>!

?(!,+5!)+00+5!0'0+5!.)'(+1)!0.+,,+:+1)!(54,.+5!*+!,+%0!+1@(0411+:+1)<!(,!1+!

5+0'()! 3'5! 3455(8,+! *-485+0@+0! *+! )0'15()(415! 43)(;%+5! /'0! ,+5! )0'15()(415!

*(34,'(0+5!.,+/)0(;%+5!541)!(1)+0*()+5!3'0!,'!0A2,+!*+!B'340)+!*'15!,+!/'5!*-%1!(41!

(54,.>! C+%0+%5+:+1)<! ,-(1)+0'/)(41! '@+/! ,-+1@(0411+:+1)! 3+0:+)! *+! ,+@+0! /+)!

485)'/,+>!!

!

!"#$%&'(')'*+,-%."."/0'12-32$3+&4'5&'3-'5&06".+'+3&2.%/0"7$&'5&6'/%8".-3&6'9:;'<6;'<,;'
=6'5&'3>"/0'?5@'&0':/02."/0'5&'3-'5"6.-02&'-$'0/A-$BCD'E&6'/%8".-3&6'9:'6/0.'&2%-0.+&6',-%'3&6'
/%8".-3&6'<6'&.'<,D'

!

!"# $%&'()*+,-./'01%'+,'2+%3/2+,'+4'00'2+0(0'2
56#76#86#96#:6#;6#<

+

!

!(&&()$#'&%()01(-&)23130)'4-354)6(-)'4/4'(07(-)7%&4(-)6#0-)8()&%&'(9):;3')$83-)

61%0/;'5#&%;0-) -3') 8(-) 0%<(#3=) 6140('>%() 6(-) %;0-) 6() &(''(-) '#'(-.) 0;3-) <;3-)

7;0-(%88;0-)6()<;3-)'4/4'(')?)7(-)$3@8%7#&%;0-9)

B-6':(,)41(+1! *-%1! (41! *+! )+00+! 0'0+! (15.0.! *'15! %1+!:')0(/+! /0(5)',,(1+!

+5)!,'!54::+!*+!D!/41)0(8%)(415!+)!5-./0()!*+!,'!&'E41!5%(@'1)+!F!!

!

F7$-."/0'(')H = H IL +HCC[ ]+ HZe +Hhf +HQ +HZn
!" #$

''
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!""!

#$%&! 789'! ()*#+,(-./,%/! 0%! (),./! (,12%! 34,! %5-! (#! 5.++%! 6%/! 7(45! 0%!

(),/-%2#&-,./!8(%&-2./9/.:#4!%-!04!+.+%/-!&,/8-,34%;!0%!(),/-%2#&-,./!8(%&-2./5!<!

8(%&-2./5!704!%-!04!&.47(#=%!57,/!.21,-%!7:;!08>,/,5!-%(5!34%!?!

!

!"#$%&'()*)+)Hel =
e
2

riji< j

! )

#$%&'!0'!(#!&*#2=%!0%!()8(%&-2./!%-!",@!(#!0,5-#/&%!%/-2%!(%5!8(%&-2./5!,!%-!@A!

!

!"#$%&'(),)+)H
SO
=

!
2

2m
2
c
2
e
2
r
ii

!
dU r

i( )
dr

i

)

#$%&!2,!(#!0,5-#/&%!8(%&-2./!/.:#4A!

722! %5-! ()*#+,(-./,%/! 0%! &*#+7! &2,5-#((,/'! 7<0! %5-! ()*#+,(-./,%/! B%%+#/!

8(%&-2./,34%'!7=6)34#/-,>,%!(),/-%2#&-,./!*:7%2>,/%'!7>'! (),/-%2#&-,./!34#0247.(#,2%!

%-!7<-!%5-!()*#+,(-./,%/!B%%+#/!/4&(8#,2%!67285%/-85!7#2!(#!54,-%;A!

!

C(! %5-! &.42#/-! 0%! 587#2%2! ()*#+,(-./,%/! %/! 0%4D! -:7%5! 0%! &./-2,14-,./5!

5%(./!(%42!,+7.2-#/&%!542!(#!5-24&-42%!0%5!/,$%#4D!0)8/%2=,%A!!

!

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

!

E%5!0%4D!72%+,%25! -%2+%5!2%7285%/-%/-!2%57%&-,$%+%/-! ()*#+,(-./,%/!0%!

(),./!(,12%!%-!04!&*#+7!&2,5-#((,/A!F%5!-%2+%5!5./-!7280.+,/#/-5!7#2!2#77.2-!#4D!

34#-2%!#4-2%5!34,!5./-'!%4D'! -2#,-85!&.++%!0%5!7%2-421#-,./5A!E%5!#4-2%5!-%2+%5!

2%7285%/-%/-! 0#/5! ().202%!?! (),/-%2#&-,./! B%%+#/! 8(%&-2./,34%'! (),/-%2#&-,./!

*:7%2>,/%'! (),/-%2#&-,./! 34#0247.(#,2%! %-! (),/-%2#&-,./! B%%+#/! /4&(8#,2%A! E#!

G,=42%!"!7285%/-%!()%>>%-!0%!&*#34%!,/-%2#&-,./!542!(#!(%$8%!0%!08=8/82%5&%/&%!0%5!

/,$%#4D! 0)8/%2=,%A! E),/-%2#&-,./! 8(%&-2./598(%&-2./5! 6H%(;! %-! (%! &.47(#=%! 57,/9

.21,-%! 6IJK;! 5./-! &./-%/45! 0#/5! ()*#+,(-./,%/! 0%! (),./! (,12%A! E%! 7.-%/-,%(!

8(%&-2.5-#-,34%'!H%('!7%2+%-!0%!(%$%2!(#!08=8/82%5&%/&%!0%5!/,$%#4D!L6!%/!/,$%#4D!

"JMNEA!O! &%&,! 5)#@.4-%! (),/-%2#&-,./! 57,/9.21,-%! 34,! (P$%! %/&.2%! (#! 08=8/82%5&%/&%!

0%5!/,$%#4D!"JMNE!Q!-2#$%25!4/!-%2+%!R!S!EMJ'!(%!+.+%/-!&,/8-,34%!-.-#('!0.//#/-!

(,%4! Q!0%5!+4(-,7(%-5! "JMNERA! R! 8-#/-! &./5%2$8!7#2! (%! &.47(#=%! 57,/9.21,-%'! &*#34%!

+4(-,7(%-! %5-! 08=8/828! "RMN! >.,5A! E),/-%2#&-,./! #$%&! (%! &*#+7! &2,5-#((,/! $#'! %((%!

#455,'!(%$%2!&%--%!08=8/82%5&%/&%!7.42!0.//%2!(,%4!#4!+#D,+4+!Q!RMNT"!0.41(%-5!

08=8/8285!0#/5!(%!&#5!0%5!,./5!Q!/.+12%!,+7#,2!0)8(%&-2./5! 6!%-!Q!"R!MN!/,$%#4D!
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! "#!

$%&'!()!*%'!$)'!+,&'!-!&,./0)!1%+0!$23()*40,&'!5()!&,./0)!$31)&$!$)!(%!'6.340+)7!

*89!:%/()%;!<=9!>)'!34%4'!10,10)'!$)!(2?%.+(4,&+)&!')!$3@)(,11)&4!%(,0'!';0!(%!/%')!

!>ABCBD! $)'! 34%4'! 10,10)'! $)! B"! )4! BE! 5>! )4! A! &)! ',&4! 1%'! $)! /,&'! &,./0)'!

F;%&4+F;)'! )&! G3&30%(=9! >)'!.;(4+1()4'! ',&4! '31%03'! )&! ',;'H&+@)%;I! A4%0J7! F;+!

*,00)'1,&$)&4! -! $)'! *,./+&%+',&'! (+&3%+0)'! $)'! $+8830)&4)'! @%();0'! 10,10)'!

1)0.+')'!./9!K;!8%+4!$)!(23*0%&4%G)!$)'!3()*40,&'!L0!1%0!*);I!$)'!*,;*?)'!M-!)4!M$!

()! *,;1(%G)! %@)*! ()! *?%.1! *0+'4%((+&! 0)'4)! 8%+/()! $)@%&4! ()! *,;1(%G)! '1+&H,0/+4)!

5F;)(F;)'! $+E%+&)'! $)! *.H<! @'! F;)(F;)'!.+((+)0'=7! *)! F;+! '+G&+8+)! F;)! B! 0)'4)! )&!

G3&30%(!;&!/,&!&,./0)!F;%&4+F;)!1,;0!()'!&+@)%;I!$)!*?%.1!*0+'4%((+&9!!

!

!

!"#$%&' (')' *+,-%".$-"+,/' 0&/' 0"112%&,-&/' ",-&%3*-"+,/' 4' 53' 5&62&' 0&' 02#2,2%&/*&,*&'

0&/',"6&3$7'082,&%#"&'9+$%'$,'"+,'4',+:.%&'":93"%'0825&*-%+,/'!;'

!

>)! &,./0)! $)! &+@)%;I! A4%0J! $;'! -! (2+&4)0%*4+,&! %@)*! ()! *?%.1! *0+'4%((+&!

$31)&$!%;''+!$)!(%!'6.340+)!1,&*4;)(()!$;!'+4)9!>)!:%/()%;!<!103')&4)!()!&,./0)!

$)!&+@)%;I!A4%0J!)&!8,&*4+,&!$)!B!)4!$)!(%!'6.340+)!1,&*4;)(()9!!

!

<3.5&3$'=')',+:.%&'0&',"6&3$7'>-3%?'9+$%'$,'@'&-'$,&'/A:2-%"&'9+,*-$&55&'0+,,2/;'

>A:2-%"&'
@'&,-"&%' @'0&:"B&,-"&%'

C' =' (' D' E' F' =G(' DG(' FG(' HG(' IG(' ==G(' =DG(' =FG('

:0+*(+&+F;)! <! #! M! N! O! <<! <! "! #! L! M! P! N! Q!

C,&,*(+&+F;)! <! #! M! N! O! <<! <! "! #! L! M! P! N! Q!

R?,./,3$0+F;)! <! #! M! N! O! <<! <! "! #! L! M! P! N! Q!

:0+G,&%()! <! "! #! M! P! N! <! "! #! L! M! P! N! Q!

S)I%G,&%()! <! "! #! M! P! N! <! "! #! L! M! P! N! Q!

:)40%G,&%()! <! "! L! M! N! Q! <! "! #! L! M! P! N! Q!

T;/+F;)! <! <! "! #! L! L! <! <! "! #! #! L! M! M!

!
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!"#!

$%!&'%()*'%!+,!-.!/.0*)1!+2!%'340,!+51-,()0'%6!/016,%)6!+.%6!-.!('2(7,!#68!

-.! -,91,! +,! +1:1%10,6(,%(,! +,6! %*9,.2;! /.0! -,! (7.3/! (0*6).--*%! %5,6)! /.6!

*+,%)*<2,=!>,(*!,6)!+?!.2!&.*)!<2,8!6,-'%!-.!/.0*)18!-,!('3/'0),3,%)!+,6!&'%()*'%6!

+5'%+,! 1-,()0'%*<2,! /.0! 0.//'0)! @! -5'/10.)*'%! 0,%9,06,3,%)! +2! ),3/6! 6,0.!

'//'61=!A.%6!-,!(.6!+,6!*'%6!@!%'340,!*3/.*0!+51-,()0'%68!-,6!9.-,206!/0'/0,6!+,!

-57.3*-)'%*,%! 6'%)! .2! 3'*%6! +,2;! &'*6! +1:1%101,6=! B.%)! <2,! -57.3*-)'%*,%! <2*!

+1(0*)! -,!6C6)D3,!('332),!.9,(!-5'/10.),20!0,%9,06,3,%)!+2!),3/68! -.!-,91,!+,!

+1:1%10,6(,%(,! %5,6)! /.6! ('3/-D),8! (,! <2*! ,6)! -,! (.6! /'20! -,! /'),%)*,-!

1-,()0'6).)*<2,8!-,!('2/-.:,!6/*%E'04*),!,)!-,!(7.3/!(0*6).--*%=!>,)),!)7D6,!/'0).%)!

2%*<2,3,%)!620!-,6!*'%6!F0.3,06!%'26!.20'%6!)'2G'206!@!&.*0,!@!+,6!+'24-,)6!,%!

.46,%(,!+5*%),0.()*'%6!3.:%1)*<2,6!/,03,)).%)!+,!-,9,0!-.!+1:1%10,6(,%(,=!!

!

!"#"# $%&'()*+')%&,-'(.)'/0,-0&-10('+(*.')%&,-

!

H,6!*%),0.()*'%6!.9,(!-,!(7.3/!3.:%1)*<2,!6'%)!)0.*)1,6!,%!/,0)204.)*'%!

1).%)! +'%%1! -,20! &.*4-,! *%),%6*)1! /.0! 0.//'0)! .2;! /0,3*,06! ),03,6! +,!

-57.3*-)'%*,%! IJKEL! (3EJ! ('%)0,! /-26! +52%,! (,%).*%,! +,! (3EJM=! >,6! *%),0.()*'%6!

0,:0'2/,%)! -,6! *%),0.()*'%6! N,,3.%! 1-,()0'%*<2,6! ,)! %2(-1.*0,6!I<2*! 6'%)! /-26!

/.0)*(2-*D0,3,%)! 0,6/,()*9,3,%)! 6'%+1,6! ,%! OP$! ,)! OQRM8! -5*%),0.()*'%!

7C/,0&*%,!,)!-5*%),0.()*'%!<2.+02/'-.*0,=!

H5*%),0.()*'%! N,,3.%! 1-,()0'%*<2,! 9.! .9'*0! /'20! ,&&,)! +,! 61/.0,0! -,6!

%*9,.2;!+51%,0:*,!6'26!-5,&&,)!+52%!(7.3/!3.:%1)*<2,!,;),0%,!7=!!

!

!"#$%&'()*)+ Ĥ
Ze
= g

J
µ
B
B̂ ! Ĵ )

!

.9,(! ,S! -,! &.(),20! +,! H.%+1! +,! -51-,()0'%8! <2*! 9.! %'26! 0,%6,*:%,0! 620! -.!

&'0(,! +2! ('2/-.:,! ,%)0,! -51-,()0'%! ,)! 6'%! ,%9*0'%%,3,%)! ,)! TU! -,!3.:%1)'%! +,!

U'70=!H,!&.(),20!+,!H.%+18!+.%6!-,!(.6!+52%!('2/-.:,!6/*%E'04*),8!/0,%+!-.!&'03,!

62*9.%),!V!!

!

!"#$%&'(),)+ gJ =
3

2
!
L(L +1)! S(S +1)

2J(J +1)
)

!

H5*%),0.()*'%!N,,3.%!%2(-1.*0,8!<2.%)!@!,--,8!651(0*)!6'26!-.!&'03,!V!

!
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! "#!

!"#$%&'()*)+ Ĥ
Zn
= !!!

n
B̂ " Î = !µ

N
B̂ " Î )

!

$%&'!!.!(&!)$'*&+,!-.,/0$-12*34+&!5+!1/.$+!&*!/!(&!6731!1+'(2$3,&8!!

9&!6/1*!(&6!)$'*&+,6!0)&*!!.!4+3!6/1*!2*+5326!,&67&'*3%&0&1*!&1!:;<!&*!&1!

:=>!7/+,! 6/15&,! (?31*&,$'*3/1! &1*,&! (?2(&'*,/1@1/.$+! $%&'! 6/1! &1%3,/11&0&1*8!

A&! )$'*&+,!0B! 4+3! &6*! 53))2,&1*! 5&!0C! &*! (?31*&,$'*3/1! D&&0$1! 2(&'*,/134+&! 6&,/1*!

7,26&1*26!7(+6!&1!52*$3(!5$16!(&!'E$73*,&!"!'/16$',2!F!($!:;<8!!

!

A?31*&,$'*3/1!E.7&,)31&!&6*!5+&!$+!'/+7($-&!&1*,&! (&6!2(&'*,/16!&*! (&!6731!

1+'(2$3,&8!<((&!6?2',3*!6/+6!($!)/,0&!G!!

!

!"#$%&'(),)+ Ĥhf = !AJ Î " Ĵ )

!

$%&'!12!(&!)$'*&+,!5?31*&,$'*3/1!E.7&,)31&8!!

<1)31! (?31*&,$'*3/1!4+$5,+7/($3,&!2(&'*,34+&B!4+3!1?&H36*&!4+&!5$16! (&! '$6!

5?3/16!$.$1*!+1!6731!1+'(2$3,&!6+72,3&+,!/+!2-$(!F!IB!6?2',3*!G!

!

!"#$%&'()-)+ ĤQ =
!P Iz '

2 !
I I +1( )
3

+
!

3
Ix '
2 ! Iy '

2( )
"

#
$

%

&
' )

$%&'! 3! ($! '/16*$1*&! 5&! '/+7($-&! 4+$5,+7/($3,&B! ") (&! 7$,$0J*,&!

5?$6.02*,3&! 5+! -,$53&1*! 5&! 'E$07! 2(&'*,34+&! &*! H?B! .?B! K?! (&6! $H&6! 7,31'37$+H! 5+!

*&16&+,! 5+! -,$53&1*! 5&! 'E$07! 2(&'*,34+&8! 9&! *&,0&! '/1*3&1*! 5&6! '/1*,3L+*3/16!

5+&6! $+! ,26&$+B! $+H! 2(&'*,/16! 45! &*! $+H! 2(&'*,/16! 5&6! $+*,&6! '/+'E&6! 5/1*! ($!

536*,3L+*3/1!5&!'E$,-&!&6*!0/53)32&!7$,!(&!'E$07!2(&'*,34+&!5+!,26&$+8!

!

A$!M3-+,&!I!7,26&1*&!(?2'($*&0&1*!5&6!13%&$+H!5?21&,-3&!7/+,!(&6!3/16!5&!

*&,,&!,$,&!5$16!+1!',36*$(!5&!A$9(N8!
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!"#!

!

!"#$%&'(')'*"+#%+,,&'*&'-".&+$/'*01-&%#"&'*&2'3&%%&2'%+%&2'*+-2'4+56('*0+7%82'9(:;<'

4&2'3%"+-#6&2'"-*"=$&-3'6&2'3%+-2"3">-2'?6$>%&2@&-3&2<'

!

!
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! "#!

!"# $%&'()*+')%&,-.-/0-/0(12+(-32-(0)2-

!

$%&'!()&! *+! *+,-&),! ./&01,+*&!2&.! ,+%&.!2&.! %3'.!2&! 1&,,&.! ,+,&.! .3%1! 1,4.!

5+%6*&7! &**&! ,&.1&! *3%'!28)'!/%0!2&!9%,+0!/+,5+%1:!;&.! .3),0&.!2&!0&1!<*+,-%..&=&'1!

.3'1! 0*+..<&.! &'! 2&)>! 0+1<-3,%&.!?! *8<*+,-%..&=&'1! %."/0/12.(7! .1+1%()&7! ()%!

,&5*41&! *8%'@3=3-<'<%1<! 2&! *8&'A%,3''&=&'1! 2&! 0@+0)'! 2&.! 23/+'1.! B! 08&.1! *+!

*+,-&),!2&! ,+%&!2&! *8&'.&=6*&!2&.! %3'.!2)! 0,%.1+*! C! &1! *8<*+,-%..&=&'1!"/0/12.(7!

2D'+=%()&7! ()%! ,&5*41&! *8%'1&,+01%3'! 2&! *8%3'! +A&0! *&.! 2%55<,&'1.! 03'.1%1)+'1.! 2&!

*8&'A%,3''&=&'1:! E*! 03,,&./3'2! F! *+! *+,-&),! 2&! ,+%&! 28)'! .&)*! %3':! ;3,.()&! *83'!

)1%*%.&! 2&.! 1&0@'%()&.! 2&! ./&01,3.03/%&.! F! 5+%6*&! ,<.3*)1%3'! G6+*+D+-&! &'!

5,<()&'0&H7! .&)*&! *+! *+,-&),! %'@3=3-4'&!&.1!=&.),<&! G2+'.! *&! 0+.!3)! *+! *+,-&),!

@3=3-4'&! &.1! /*).! 5+%6*&! ()&! *+! *+,-&),! %'@3=3-4'&H:! ;8+004.! F! *+! *+,-&),!

@3=3-4'&! .&! 5+%1! /+,! 2&.! .<()&'0&.! 28%=/)*.%3'.! /*).! <*+63,<&.! 03==&! /+,!
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!"#$%&'()*!!"!!"#$%&'!!"#$%&'!()*+!,!

!

!

!

!

!

!

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

('1&! #5'(&! 1./2/&%*! +'1$! )#$#).%$/&*$! ('&! ,#.%$/#167! 8#(&! )*..*! +#$./*! ('1&!

+$%&*(.*$'(&!)*..*!,%.3'4*!4*!&+*).$'&)'+/*!#/(&/!01*!2*&!&%01*()*&!1./2/&%*&!*(!

9:;! /,+12&/'((*22*!#1! )'1$&!4*! )*..*! .3<&*7!:'1$!1(*! 2*).1$*!+21&!#++$'='(4/*>!

('1&!)'(&*/22'(&!2#!2*).1$*!41!!"#$%#&'()*+,*&-')(*('(%."+$*&/"/0/1$(.#%*"()+$/$%(!

4*!?7! @)3A*/-*$! *.!B7! C*&)3D*7! "*&! )#$#).%$/&#./'(&!'+./01*&! &*$'(.!01#(.! E! *22*!

+$%&*(.%*&!4#(&!2*!)3#+/.$*!F7!!
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!"#!

! !



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

! "#!

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

!

$%! &'()*%*+,! -%&%.%/*'0123,! '4,+0&)*123,! 56789! ,(0! 3*,! .'0:);,! ;,!

(-,+0&)(+)-1,!231!01&,!-%&01,!;,!4<,==,0!>,,.%*!-)3&!()*;,&!4%!.%01?&,@!A1,*!23,!4,!

-&1*+1-,! %10! '0'! 1.%/1*'! 0&?(! 0B0C! 14! %! =%443! %00,*;&,! DEFF! ,0! 4,(! -&)/&?(! =%10(! ,*!

'4,+0&)*123,! 5;'G,4)--,.,*0! ;3! &%;%&! *)0%..,*09! ;3&%*0! 4%! (,+)*;,! /3,&&,!

.)*;1%4,!-)3&!4%!-&,.1?&,!&'%41(%01)*!;<3*,!,H-'&1,*+,!678!I!J%K%*!-%&!L,G/,*M!

>%G)1(NM!5;'.)*(0&%01)*!;,!4<%O()&-01)*!678!;,!P*QRFC!S3QRF!,0!S&S4"9!(31G1!;,!

-,3!,0!;,!=%T)*!1*;'-,*;%*0,!-%&!A&,O1(!A4,%*,M!I!4<U*1G,&(10'!;<RH=)&;@!$%!678!

-,&.,0! ;<'03;1,&! 0)3(! 4,(! +).-)('(! -&'(,*0%*0! ;,(! '4,+0&)*(! +'41O%0%1&,(! %G,+!

3*,!0&?(!/&%*;,!(,*(1O1410'!514!,(0!-)((1O4,!;,!;'0,+0,&!V3(23<I!DWD"!(-1*(!;%*(!3*!

'+:%*0144)*!()10!;,(!+)*+,*0&%01)*(!1*='&1,3&,(!%3!--.9!.%1(!%G,+!3*,!&'()4301)*!

&,(0%*0! 1*='&1,3&,! I! +,44,! ;,! 4%! 6PXD@! Y,(! .'0:);,(! -43(! +).-4,H,(! 0,44,(! 4%!

;)3O4,! &'()*%*+,! '4,+0&)*123,! ,0! *3+4'%1&,! 58XYR69 Z !4%! 678! ;'0,+0',!

)-0123,.,*0! 5RY8769! )3! ,*+)&,! 4<8XYR6! ;'0,+0'! )-0123,.,*0! 5RY8XYR69!

-,&.,00,*0!;,!+).O1*,&!4,(!%G%*0%/,(!;,(!;1=='&,*0,(!(-,+0&)(+)-1,(!,*!0,&.,!;,!

(,*(1O1410'!,0!;,!&'()4301)*@!!

Y3! =%10! ;,! ()*! %--41+%01)*! %3H! ,(-?+,(! -%&%.%/*'0123,(! 3*123,.,*0C! 4%!

678! ,(0! O1,*! .)1*(! 30141(',! 23,! 4%! 6PX! .[.,! (1! ,44,! ,(0! ,*! -4,1*! ,(()&!

%+03,44,.,*0@! 7%&.1! 4,(! %--41+%01)*(! *)3(! -)3G)*(! +10,&! 4<'03;,! ;,(! G,&&,(!

5+%&%+0'&1(%01)*(!;,(!;'=%30(!1*;310(!-%&!&%M)**,.,*0(!1)*1(%*0(!-%&!,H,.-4,9"C!

4<'03;,!;,(! -&)-&1'0'(! ;,! +%0%4M(,! ;,(! K')410,(FC! ;3! 0&%*(-)&0! '4,+0&)*123,!;%*(!

4,(!.%0'&1%3H!-)3&!4,!(0)+N%/,!;,!4<'*,&/1,\!)3!,*+)&,!4<'03;,!;,(!-&)0'1*,(]@!$%!

678!%!%3((1!'0'!-&)-)(',!-)3&!.%*1-34,&!;,(!23O10(!,*!G3,!;,!4%!&'%41(%01)*!;<3*!

)&;1*%0,3&! 23%*0123, # !,0! -)3&! 4%! &'%41(%01)*! ;,! .'.)1&,(! 23%*0123,( ^ C E!

5;1=='&,*0,(! ;,(! .'.)1&,(! 23%*0123,(! )-0123,(! -&'(,*0',(! ;%*(! 4<1*0&);3+01)*!

/'*'&%4,9@! Y%*(! +,! +:%-10&,! *)3(! -&'(,*0,&)*(! ;%*(! 3*! -&,.1,&! 0,.-(! 4,!

=)*+01)**,.,*0!;<3*!(-,+0&).?0&,!678!,0!(,(!;1=='&,*+,(!%G,+!4,(!(-,+0&)(+)-1,(!

)-0123,(!-31(!*)3(!-&'(,*0,&)*(!4,(!/&%*;,3&(!-,&01*,*0,(!,*!678!+)*01*3,!,0!4%!

.%*1-34%01)*!;,(!+):'&,*+,(!G1%!;,(!0&%1*(!;<1.-34(1)*(@!

!

!

!

!



!"#$"%&'&()*+,-&'%./0()0')#$'%./0()10)2"%('+/3)1#$&()'0""0()"+"0()$#/")45%-6#"*+'%#-)./+-'%./0)

!"#!

! "#$%&'()'*+,-.,$/$)01#,#2(3&'1#+)45
67
,

!

$%!&'(!)*+,-.)!,)/!0.%1/202-1/!3%4150267)/!672!/-10!8%.%805.2/5)/!+%.!71)!

51).42)! 9)! 0.%1/202-1! 0),,)! 67)! :(;<=>?@!A! B-7/! +-7C-1/! 23%421).! 9)7*!

92/+-/202D/!)*+5.23)10%7*!92DD5.)10/!+-7.!-E0)12.!8)!.5/7,0%0!F!/-20!0.%C%2,,).!G!<=!

8-1/0%10!)0!D%2.)!C%.2).!,%!D.567)18)!!H!/-20!0.%C%2,,).!G!<=!C%.2%E,)!)0!!!8-1/0%10A!

$%!+.)32I.)!/-,702-1!%!505!.)0)17)!+-7.!,%!&JB!%,-./!67)!,%!/)8-19)!8-..)/+-19!

G!,%!&'(A!!

!

!

!"#$%&' (')' *%+,$&-.&/' 0&/' 0"10&/' 2".%131-0&' &4' .5627/' 26#-+4",$&/'

.1%%&/71-06-4/'71$%'8&/'/7&.4%1294%&/':;<'.122&%."6$=>'

!

K)!8@-2*!/L)*+,267)!+%.!,)!D%20!67)!,)/!/+21/!5,)80.-1267)/!50%10!D-.0)3)10!

8-7+,5/!)10.)!)7*!)0!%C)8!,)!32,2)7H!,L210).%802-1!M))3%1!1L)/0!+%/!+.5+-195.%10)!

+%.!.%++-.0!%7*!%70.)/!210).%802-1/!;8@%3+!8.2/0%,,21H!/+21N.5/)%7H!)08A>A!O!8@%3+!

3%4150267)!8-1/0%10H!,%!92DD5.)18)!9L51).42)!8-..)/+-19%10!G!71)!0.%1/202-1!&'(!

+)70! 9-18! +.)19.)! 71)! ,%.4)! +,%4)! 9)! C%,)7./! /72C%10! ,)/! /P/0I3)/A! Q,! D%79.%20!

9-18! +-7C-2.! /-19).! ,)! /P/0I3)! /7.! 71)! ,%.4)! +,%4)! 9)! D.567)18)H! -.! 2,! )/0!

%807),,)3)10!)*0.R3)3)10!92DD282,)!9)!.5%,2/).!9)/!92/+-/202D/!328.-!-19)!;8%C205H!

4729)H!950)80)7.H!)08A>!672!D-1802-11)10!/7.!71)!,%.4)!+,%4)!9)!D.567)18)A!

S1!/+)80.-3I0.)!&'(!9-20!8-10)12.!%!32123%!,)/!5,53)10/!/72C%10/!F!

• S1)! /-7.8)! 9)! 8@%3+! 3%4150267)! 9-10! ,L210)1/205! 9-20! +-7C-2.!

C%.2).! ,)10)3)10! ;+-7.! /-19).! 0-70)/! ,)/! 0.%1/202-1/! %C)8! 71)!

.5/-,702-1!/7DD2/%10)!9%1/!,)!8%/!-T!,)/!0.%1/202-1/!/-10!D21)/>A!

• S1)! /-7.8)! 9)! D.567)18)! 8-1/0%10)! ;3%2/! 67)! ,L-1! 9-20! +-7C-2.!

D%2.)!C%.2).! D%2E,)3)10A!(1!)DD)0! ,)/! )*+5.2)18)/!50%10!3)15)/!)1!

8%C205H!2,!D%70!+-7C-2.!D%2.)!8-..)/+-19.)!,%!D.567)18)!9)!,%!/-7.8)!

G! ,%! D.567)18)! 9)! .5/-1%18)! 9)! ,%! 8%C205! 672! C%.2)! ,54I.)3)10!



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

! "#!

$%&'(! ()*+,-('.(! /! &'(! 0&1,(23! 40'5! '61,(! .057! 80! 9,+:&('.(!

&1-8-5+(!(51!$(!8%6,$,(!$(!;<!=>?!@A0'$(!B7!.93!C-D&,(!;23!!

• E'! $+1(.1(&,! *(,F(110'1! $(! F(5&,(,! 8%0A56,*1-6'! $(! 8%6'$(! *0,!

8%+.G0'1-886'3!

HI(.! &'! 1(8! 5*(.1,6FJ1,(! -8! '%(51! *05! *655-A8(! $%(99(.1&(,! $(5! F(5&,(5!

9-'(5! $&! 90-1! $(! 80! 96,1(! 5('5-A-8-1+! $%&'! 1(8! 0**0,(-880D(! 0&)! *(,1&,A01-6'57! 80!

F0&I0-5(!-'1(,0.1-6'!('1,(!8%6'$(!+8(.1,6F0D'+1-:&(!(1!8%+.G0'1-886'7!(1.3!H9-'!$(!

$%0F+8-6,(,! 8%-'1(,0.1-6'! 8&F-J,(KF01-J,(7! 8(5!F(5&,(5!$(!LMN!5(! 96'1!('! .0I-1+3!

4%0&1,(5! 5O51JF(5! 6'1! +1+! ,0P6&1+5! *6&,! D0D'(,! ('! 5('5-A-8-1+! (1! 0F+8-6,(,! 80!

510A-8-1+!$(!80!F(5&,(!.6FF(!8(!*6'1!GO*(,9,+:&('.(7!80!$+1(.1-6'!G6F6$O'(7!80!

F6$&801-6'!$(!.G0F*!(1!80!$+1(.1-6'!5O'.G,6'(3!

!

!"#$%&'(')'*+&,-%&'./0'12$3',%"*-45'1&'6178')'9"9$!:;'

!

Q0! C-D&,(! R! *,+5('1(! 8(! 5*(.1,(! LMN! $(! 8%-6'! S$"T! $0'5! &'! .,-5108! $(!

Q-Q&CU3! Q0! 96,F(! $(5! *-.5! 6A5(,I+5! '(! .6,,(5*6'$! *05! /! .(! :&(! 8%6'! 6A5(,I(!

.6&,0FF('1! ('! 5*(.1,65.6*-(3! N'! (99(17! 09-'! $%0F+8-6,(,! 8(! ,0**6,1! 5-D'08! 5&,!

A,&-1!(1!*6&,!*6&I6-,!$+1(,F-'(,!50!*G05(7!6'!&1-8-5(!80!$+1(.1-6'!5O'.G,6'(!:&-!

5(!A05(!5&,!80!F6$&801-6'!$(!.G0F*!$6'1!8(!*,-'.-*(!(51!*,+5('1+!('!C-D&,(!"3!V'!

&1-8-5(!&'(!F6$&801-6'!G0&1(!9,+:&('.(!@('!*,-'.-*(7!6'!5(!8-F-1(!/!;<<!W>?2!*6&,!

8-F-1(,! 8%-'98&('.(!$(5!$-99+,('1(5!56&,.(5!$(!A,&-13!Q(!5-D'08!(',(D-51,+!(51!$6'.!

8(! *,6$&-1! $%&'(! *0,1-(! .6'510'1(! (1! $%&'(! *0,1-(! F6$&8+(3! E'! 9-81,(! *055(! A057!

('1,(! 0&1,(57! *(,F(1! $(! '(! ,+.&*+,(,! :&(! 80! *0,1-(! :&-! '6&5! -'1+,(55(3! N'!

*,01-:&(7! .(80!0!*6&,!.6'5+:&('.(!:&(!.(!'%(51!*05! 8%0A56,*1-6'!$(! 8%+.G0'1-886'!

:&-! (51! (',(D-51,+(! F0-5! 50! *,(F-J,(! $+,-I+(! $%6X! 80! 96,F(! 5-! *0,1-.&8-J,(! $(5!

,0-(5!('!LMN3!
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!"#!

!

!

!"#$%&'(')'*+,-./'0&'1%"2+"1&'0&'3/'.40$3/5"42'0&'+,/.16'7&'*"#2/3'&2%&#"*5%-'&*5'
8/3/9-'1/%'$2&'.40$3/5"42',/$5&':%-;$&2+&'1&%.&55/25'0</.-3"4%&%'3&'%/114%5'*"#2/3=8%$"5'
&5'0&'0-5&%."2&%'3/'1,/*&6''

!

$%!&'(!)*+,!-,.*!+,/0/12*!1*034!5*+6!.27/8*1!9!:34,/4+!3+!*4!/8)+01/341;!

<3+1!%00341!8%/4,*4%4,!).21*4,*.!0*1!1)2:/=/:/,21!5*!:>%?+*!82,>35*;!!

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

!

$*!)./4:/)*!5*!0%!&'(!:341/1,*!@!,/.*.!)%.,/*!5*!0A*==*,!B**8%4!)3+.!/45+/.*!

+4*! ,.%41/,/34! *4,.*! 5*+6! 2,%,1! 5*! 1)/4! 20*:,.34/?+*! *4! %))0/?+%4,! +4! :>%8)!

8%742,/?+*!*6,*.4*;!$*1!20*:,.341!)311C5*4,!*4!*==*,!+4!1)/4!DEFGH!?+/!/45+/,!+4!

838*4,!8%742,/?+*!/4,./41C?+*!I*J!,*0!?+*!9!

!

>;$/5"42'?')
!
µe = !ge ße

!
S '

• KL*:!!*J!0*!8%742,34!5*!M3>.!20*:,.34/?+*;!!

ße =
e!

2me

!E!N;HO;F#PH"!QRPF!%L*:!8*!0%!8%11*!5*!0A20*:,.34;!!

• ,0J! *1,! +4*! 7.%45*+.! 1%41! 5/8*41/34J! %))*02*! S!=%:,*+.! ,!T! 5*!

0A20*:,.34;! U0! :%.%:,2./1*! 0*! :3+)0%7*! *4,.*! 0A20*:,.34! *,! 134!

*4L/.344*8*4,;!V%41!0*!:%1!5A+4!20*:,.34!/1302J!,!*1,!+4!1:%0%/.*!*,!

L%+,!H;##HW;!)

)



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

! "#!

$%! &'()*%+*! ,-.%! +/01&! 102%(345.*! *63*'%*! )30345.*! ,-4%3*%)43(! 78! *3!

0942%(!)*9:%!9-06*!;!,.!90<:'03:4'*!9-/01493:%4*%!,*!9-(9*+3':%!,*=4*%3!>!

!

!"#$%&'()*)+) ĤZe = !
!
µ "
!
B
0
= "g!eB0Ŝz )

!

56)*)3! 90!&':?*+34:%!,*!9-:&('03*.'!,*!)&4%!(9*+3':%45.*!).4=0%3! 9-06*!6!,.!

90<:'03:4'*@!!

A-*6&'*))4:%! ,*! 9-/01493:%4*%! ,:%%(*! 4+4! &'*%,! *%! +:1&3*! 9*! B0+3*.'! 7!

,-.%!(9*+3':%!0.!)*4%!,-.%!*%=4':%%*1*%3!+'4)30994%!*3!%:%!&9.)!,*!9-(9*+3':%!94<'*@!

C-*)3!&:.'!+*90!5.*!7(!*)3!4+4!'*1&90+(!&0'!9*!B0+3*.'!78!5.4!*)3!0!&'4:'4!.%!3*%)*.'!

,*!'0%2!,*.6@!A0!,4BB('*%+*!*%3'*!7(!*3!7!'()4,*!,0%)!9*!B043!5.*!2!&'*%,!*%!+:1&3*!

,*.6! *BB*3)!>! 9*! )&4%! B4+34B! *3! 9*)! *BB*3)! ,-(+'0%302*)@! A0! B:'1*! ,*! 9-/01493:%4*%!

&'()*%3(! *%! D5.034:%! E! &'*%,! 41&94+43*1*%3! *%! +:1&3*! 9*! B043! 5.*! 9-:%! 3'0=049!

0=*+! .%! )&4%! B4+34B! :.! 9-:%! +:%)4,F'*! 5.*! 9*! )G)3F1*! *)3! &0'B043*1*%3! '*&':,.43!

&0'!.%!)&4%!HI#JE!K+*!5.4!*)3!='04!&:.'!9*)!3*''*)!'0'*)!L!<0))*!3*1&('03.'*M!*3!

5.-49! %-G! 0! &0)! ,*! &*'3.'<034:%)! 0=*+! 9*)! %4=*0.6! ).&('4*.')! ,-(%*'24*@! N*! &9.)O!

.%*! B:4)! 4%)('(! ,0%)! .%*! 103'4+*! 9*! +/01&! &*'P.! &0'! 9-(9*+3':%! %-*)3! &9.)! 9*!

+/01&!0&&945.(!104)!.%!+/01&!*BB4+0+*!7*BB! 3*9!5.*!7*BB!I!78K#Q!M!0=*+!!!&:)434B@!

R:.)!0=:%)!,:%+!,0%)!+*!+0)!7)I!7(K#Q!M@!C*!1:,F9*!)41&94)3*!&*'1*3!%(0%1:4%)!

,-0=:4'!.%*!<:%%*! 4,(*!,*! 9-(+0'3!5.-49!G!0!&0'!'0&&:'3!L!.%!(9*+3':%! 4):9(@!S4%)4!

&9.)!7))-(9:42%*!,*!7*!&9.)!9*!+:.&902*!0=*+!9-*%=4':%%*1*%3!*)3!B:'3@!!

!

A:')5.*!9-:%!0&&945.*!9-/01493:%4*%!,*!9-D5.034:%!E!0.6!B:%+34:%)!,*!)&4%!

1)O! 90! ,(2(%('*)+*%+*! *)3! 9*=(*! *%3'*! 9*)! (303)! ,*! )&4%!1)! I! T#JE! *3!1)! I! Q#JE@!

C/05.*!(303!0+5.4*'3!09:')!.%*!(%*'24*!$!3*99*!5.*!!

!

!"#$%&'(),)+E± = ±
1

2
g!

e
B
0
)

!

A-.3494)034:%! ,-.%! +/01&! 14+':Q:%,*! ,*! B'(5.*%+*! "! &*'1*3O! *%! UV$O!

,-4%,.4'*!,*)!3'0%)434:%)!*%3'*!%4=*0.6!,*!)&4%!30%3!5.*!90!3'0%)434:%!'*)&*+3*!90!

'F29*! ,*! )(9*+34:%! W1)! I! ±! #! KA*! +/0&43'*! X! &'()*%3*! ,*)! +0)! :Y! 9*)! 'F29*)! ,*!

)(9*+34:%)!&*.=*%3!Z3'*!'*906(*)!2'[+*!L!.%!*%=4':%%*1*%3!+'4)30994%!&0'34+.94*'M@!

N*.6!+:%,434:%)!).&&9(1*%304'*)!,:4=*%3!Z3'*!=('4B4(*)!&:.'!+*90>!



!"#$"%&'&()*+,-&'%./0()0')#$'%./0()10)2"%('+/3)1#$&()'0""0()"+"0()$#/")45%-6#"*+'%#-)./+-'%./0)

!"#!

• $%! &'()*+',-! &.! */%01! 0'*(,2,-&)! &,'+! 3+()! 1)(1)-&'*.$%'()! %.!

*/%01!45!6+%+'7.)8!

• 9)!*/%01!.+'$'6:!1,.(! '-&.'()! $)6! +(%-6'+',-6;!B
0

res
!&,'+!<:('=')(! $%!

*,-&'+',-!&)!(:6,-%-*)!6.'<%-+)!>!

!

!"#$%&'()*)+)!E = E+ "E" = h! = g"B0
res

)

!

?,00)!-,.6!$@%<,-6!:<,7.:!&%-6!$%!1%(+')!#;!1,.(!&)6!(%'6,-6!+)*/-'7.)6;!

!! )6+! ='A)! )+! *@)6+! 78"0() 7.'! <%(')8! 9%! B'C.()! "! (:6.0)! 1(:6)-+)! $%! $)<:)! &)!

&:C:-:()6*)-*)!6,.6!$@)==)+!&)!$@'-+)(%*+',-!D))0%-!:$)*+(,-'7.)8!

!

!

,&-#./)*)+)/00/%)1//2$()/%)3'(4&%&'()4/).56'($(3/)47$8.96):;;<=)

!

E%-6!$)!*%6!&@',-6!&)!+)(()!(%()!%<)*!.-!61'-!-.*$:%'()!F+,.6!$)6!'6,+,1)6!G!

61'-!-.*$:%'()6!-,-!-.$!&)6!',-6!&)!H(%0)(6I;!$)!*,.1$%C)!/J1)(='-!<%!1)(0)++()!

%.66'!&)! $)<)(! $%!&:C:-:()6*)-*)!&)6!-'<)%.A!&@:-)(C')8!K,.(!.-! 6J6+L0)!%J%-+!

.-!61'-!M!*,.1$:!%<)*!.-!61'-!-.*$:%'()!N;!$@/%0'$+,-')-!&@'-+)(%*+',-!6@:*('+!>!

!

!"#$%&'()>)+) Ĥ tot = ĤZe + Ĥhf = !eŜ ! !g ! B̂0 + Ŝ !
!A ! Î )

!

O<)*!()61)*+'<)0)-+!>!!

• Ŝ ;!$@,1:(%+).(!&)!61'-!:$)*+(,-'7.)!

• 78;!$)!*/%01!0%C-:+'7.)!

• !A !$)!+)-6).(!&)!*,.1$%C)!/J1)(='-!
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! "#!

• Î !$%&'()*+,-)!.'/0!0-1$(*/),!2-!0&3*-!

4-! 5*/+! 2-! 1&-'$*6,! *7,1! $,! .'/0! 0-1$(*/),8! $%/0+,)*1+/&0! 93',)5/0,!

,06,02),!-0,!2(1&:'&./+/&0!,0!;<=>!.&-.!0/7,*-?!@-/!1&)),.'&02,0+!19*1-0!A!

$%-0,!2,.!;<=>!7*$,-)!2,!25B!C,-).!(0,)6/,.!.&0+!(6*$,.!A!D!

!

!"#$%&'()*)+)E mS = ±
1
2
,mI( ) = g!eB0 ± 12A !mI

))

!

C,! +,0.,-)! 93',)5/08! E8! ,.+! $*! .&::,! 2,! 2,-?! /0+,)*1+/&0.!D! -0,!

/0+,)*1+/&0!/.&+)&',!&-!%3&('#6&%.3)/()6.3&#6&)/()7('2%!89!!,+!2%-0,!/0+,)*1+/&0!2,!

1&-'$*6,!2/'F$,G2/'F$,!,0+),!$%($,1+)&0!,+!$,!0&3*-!8::B!!

C,!+,):,!2,!1&0+*1+!2,!H,):/!,.+!2&00(!'*)!D!

)

!"#$%&'(),)+)H
F
= a

iso
Ŝ ! Î )

!

E7,1!#%0.!$*!1&0.+*0+,!2,!1&-'$*6,!/.&+)&',!2(5/0/,!+,$$,!@-,!D!

!

!"#$%&'()-)+ a
iso
=
2

3

µ
0

!
g
e
!egn!n ! 0( )

2

)

!

E7,1! |!IJK|;! $*!2,0./+(!2,!.'/0!($,1+)&0/@-,!.-)! $,!0&3*-8!;08! $,! 5*1+,-)!;!

0-1$(*/),! ,+! "0! $,! :*60(+&0! 2,! L&9)! 0-1$(*/),B! C,.! /0+,)*1+/&0.! $,.! '$-.!

/:'&)+*0+,.! &0+! $/,-! *7,1! $,.! &)M/+*$,.! 2,! +3',! .! :*/.! ,?/.+,0+! *-../! 7/*! $,!

:(1*0/.:,! 2,! '&$*)/.*+/&0! 2,! .'/0! '&-)! $,.! &)M/+*$,.! 2,! +3',! '8! 2! &-! 5B! N+*0+!

2&00(!@-,!$,.!&)M/+*$,.!.!.&0+!7/2,.!2*0.!$,!1*.!2,.!/&0.!2,!+,)),!)*),!,+!@-,!$,.!

&)M/+*$,.!5!.&0+!',-!/:'*1+(,.!'*)!$,.!*-+),.!&)M/+*$,.8!1,!+,):,!,.+!6(0()*$,:,0+!

5*/M$,!'&-)!1,.!/&0.!B!

C,!1&-'$*6,!2/'F$,G2/'F$,!,.+!2&00(!'*)!$%,?'),../&0!.-/7*0+,!D!

!

!"#$%&'().)+HDD =
µ
0

4!!
ge!egn!n

3Ŝ ! r( ) r̂ ! I( )

r
5

"
Ŝ ! Î

r
3

#

$

%
%

&

'

(
(
)

!

E7,1!'!$,!7,1+,-)!O&/60*0+!$%($,1+)&0!,+!$,!.'/0!0-1$(*/),B!

!
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!""!

#$!%&'(!)*!+,'-(*.&/('0-!123*.%'-*!*(!)*4!.56+*4!)*!47+*/('0-!8+*4!(.&-4'('0-4!

&$(0.'47*4!)0'9*-(!/0-4*.9*.!+*!43'-!-$/+7&'.*!)0-/!:*(!;!±!<=!:*7!;!>?=!+*!43*/(.*!

@AB! 4,*-.'/1'(! )*! CDE<! .&'*4! )*! FGF*! '-(*-4'(7! *(! )'4(&-(*4! )*! HI,!0J! K*4!

(.&-4'('0-4!&33&.&'44*-(!30$.!)*4!/1&F34!)*!.740-&-/*!(*+4!L$*!M!!

!

!"#$%&'()*+),B
0

res
mI( ) =

h!

g"e
!
A

g"e
"mI

)

!

K&! N'6$.*! O! 3.74*-(*! +*! .74$+(&(! )*! +&! +*97*! )*! )767-7.*4/*-/*! )*4!

-'9*&$P!),7-*.6'*!)$! %&'(! )*! +,'-(*.&/('0-!123*.%'-*!30$.!$-!7+*/(.0-!)*! 43'-!Q!

/0$3+7!&9*/!$-!43'-!-$/+7&'.*!RIC=!/*!L$'!*4(! +*!/&4!)*4!7+*/(.0-4!)*4! '40(03*4!S!

43'-!-0-!-$+!)*!+,*.T'$F!*(!)$!-70)2F*J!!

!

-&.#/0)1),)234'56'7&%&'()8960/:&(0)6'#/);<*=>)0%)?<@=>A)

!

U-*! .&'*! @AB! 3*$(! 3.*-).*! $-*! %0.F*! 6&$44'*--*! 83+$4! *P&/(*F*-(! 4&!

)7.'97*=!)$!%&'(!)*!+&!F0)$+&('0-!*-!%.7L$*-/*?!0$!$-*!%0.F*!+0.*-(V'*--*!8')*F?!

0$!-,'F30.(*! L$*+!F7+&-6*! 6&$44'*--*! W! +0.*-(V'*--*J! K&! 6&$44'*--*! 4,*P3.'F*!

4*+0-!+,*P3.*44'0-!4$'9&-(*!M!

!
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! "#!

!"#$%&'()**)+) fG = !a " x "exp !
x
2

b
2

#

$
%

&

'
( )

$%&'!!

x = B
0
!B

0

res( )
a = e

1/2
"App /#Bpp

b = #Bpp / 2
!

!

())!&*+!,-$.),/+01&!)/'!2!)/'!1&!,$!3$/&!4567!8))9!&*+!:0$;1!2!,0/9!,$!,$3<&03!

1&!3$/&!)/'!2!)/'7!=$!3$/&!,>3&;+?/&;;&!$!)>03!&@)3&**/>;!A!!

!

!"#$%&'()*,)+) f =
! " x

b
2
+ x

2( )
2
)

(%&'!19!#!&+!5!+&,*!:0&!1BC/;/*!)3B'B1&..&;+7!!

!

D;&! C>3.&! 1&! 3$/&! <$0**/&;;&! $))$3$E+! ,>3*:0&! 1&*! *)/;*! B,&'+3>;/:0&*!

/;+&3$</**&;+! $%&'! ,&*! *)/;*! ;0',B$/3&*! %>/*/;*! FGHI9! =/I9! JK! >0! $%&'! 1&*! *)/;*!

B,&'+3>;/:0&*!%>/*/;*!2!+3$%&3*!1&*!/;+&3$'+/>;*!.$<;B+/:0&*!1/)>,$/3&*LM7!=$!3$/&!

&*+! ),0+N+! ,>3&;+?/&;;&! ,>3*:0&! '&! *>;+! 1&*! /;+&3$'+/>;*! 1/)>,$/3&*! :0/!

)3B1>./;&;+! )>03! 1&*! *O*+P.&*!.$<;B+/:0&.&;+! 1/,0B*! >09! $0! '>;+3$/3&9! 1$;*!

1&*! *O*+P.&*!>0! ,$! '>;'&;+3$+/>;!&;!*)/;*!&*+! +3P*!B,&%B&LM7! =&*!1/*+$;'&*!&;+3&!

*)/;*! *>;+! */! '>03+&*! :0&! ,&*! *)/;*! /;+&3$</**&;+! &;+3&! &0@! 2! +3$%&3*! 0;&!

/;+&3$'+/>;!1-B'Q$;<&7!

=-B+01&! 1&! ,$! C>3.&! 1&! 3$/&! )&3.&+! '&3+&*! 1&! '>;;$E+3&! ,&! +O)&!

1-/;+&3$'+/>;!./*&! &;! R&09!.$/*! /,! ;-&*+! )$*! )>**/S,&! 1&! 1B+&3./;&3! )3B'/*B.&;+!

:0&,,&*!&*)P'&*!*>;+!'>;'&3;B&*!1$;*!,&!'$*!>T!),0*/&03*!&*)P'&*!1/CCB3&;+&*!*>;+!

)3B*&;+&*!1$;*!,-&;%/3>;;&.&;+!1&!,-/>;!B+01/B7!5>03!)$,/&3!2!'&!)3>S,P.&9!/,!&*+!

)>**/S,&! 1-0+/,/*&3! ,$! 456! &;! /.)0,*/>;*! )>03! *>;1&3! 1&! C$U>;! )3B'/*&! ,&*!

1/CCB3&;+&*!/;+&3$'+/>;*!&;+3&!,-/>;!&+!*>;!&;%/3>;;&.&;+7!!

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

!

(,>3*!:0&! ,$!456!&;!>;1&!'>;+/;0&!'>;*/1P3&!0;!B+$+!*+$+/>;;$/3&!>T! ,&*!

*)/;*! /;+&3$</**&;+! $%&'! ,&! 3$O>;;&.&;+! B,&'+3>.$<;B+/:0&9! ,$! 456! &;!
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!"#!

$%&'()$*+)!,-! ).$+/012))21! 3! (.0,*('/$*+!42! (.-$%-+/-/$*+!
!
M !4'! )5)/6%2!4-+)! (2!

/2%&)7!8((2!2)/!409$+$2!:*%%2!0/-+/!(2!%*%2+/!%-;+0/$<'2!&-1!'+$/0!42!,*('%2!=!

!

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

1

V
µ
i

i=1

n

!
)

!

!-,2:!
!
µ
i
= !g!

e

!
S
i
!(2)!%*%2+/)!%-;+0/$<'2)!42!)&$+7!!

!

!"# $%%&'()&(*+,--*./,'.01()+21&(.3-2*4.01(425(21(-,62&'()&(4-.14(

!

8+!&10)2+:2!4.'+!:>-%&!%-;+0/$<'2!40&2+4-+/!4'!/2%&)?! (.0<'-/$*+!4'!

%*',2%2+/!4'!%*%2+/!%-;+0/$<'2!2)/!4*++02!&-1!=!

!

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

dt
=
!
µ!
!
B t( ) )

!

@2:$! 0<'$,-'/?! &*'1! '+! 2+)2%A(2! 42! )&$+)! 0(2:/1*+$<'2)! 4-+)! '+! :>-%!

)/-/$<'2!BC!3!=!!

!"#$%&'()*.),
d
!
M

dt
=
!
M !

"ge!e
"

!
B
0
)

!

D$! (2! :>-%&!)/-/$<'2!2)/!-&&($<'0!&-1-((6(2%2+/!3! (.-E2!7F!4'! (-A*1-/*$12!

-(*1)! (.-$%-+/-/$*+! 2)/! $+,-1$-+/27! G-+)! (2! :-)! :*+/1-$12?! '+2! 9*1:2!

&21&2+4$:'(-$12!3!8?!,-!(-!9-$12!/*'1+21!)'$,-+/!'+!:H+2!4.-E2!BC!3!'+2!910<'2+:2!

4$/2! 6"&./0-20) 10) 9+"*#"?! /2((2! <'2! !
S
=
g
e
!
e
B
0

!
?! :.2)/! (2! &>0+*%6+2! 42!

&10:2))$*+7! @*+/1-$12%2+/! 3! (-! IJ8! 2+! *+42)! :*+/$+'2)! *'! (2)! 42'E! :>-%&)!

-&&($<'0)! KBC! &*'1! (2,21! (-! 40;0+012):2+:2! L22%-+! 2/! BM! &*'1! )*+421! (2)!

+$,2-'EN! )*+/! )/-/$<'2)?! (2! :>-%&! BM! 2)/! -&&($<'0! )2(*+! 42)! )0<'2+:2)!

K-(/21+-+:2! 4.$11-4$-/$*+)! 2/! 42! /2%&)!%*1/)N! <'$! ,*+/! &21%2//12! 42!%2//12! 2+!

-,-+/! (2)! 4$99012+/2)! $+/21-:/$*+)! 4-+)! (2! %-/01$-'E7! F*1)! 4.'+2! $%&'()$*+! 42!

4'102!/&?!(.-$%-+/-/$*+!,-!A-):'(21!4.'+!-+;(2!!!/2(!<'2!=!!

!
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! "#!

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

e
B
1

!
t
p
=!

1
t
p
)

!

$%&'! ())%*'!+(,*-.*(*-! /01'.*-.0! ).'! 2,3310.*-.'! '14&.*5.'! 4&,! %*-! 1-1!

&-,),'1.'!)%0'!2.!5.!-0(6(,)7!!

!

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

!

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

!

8915:%! 2.! '/,*'! .'-! &*.! -.5:*,4&.! 4&,! /.0+.-! 2.! +.'&0.0! )(! )(0;.&0!

:%+%;<*.!29&*.!-0(*',-,%*!'(*'!/%''12.0!&*.!'%&05.!2%*-!)(!)(0;.&0!'/.5-0().!.'-!

/)&'!3(,=).!4&.!)(!)(0;.&0!:%+%;<*.!2.!)(!-0(*',-,%*!5%*',2101.!%&!/%&0!)(4&.)).!

)(! )(0;.&0!:%+%;<*.!.'-!*%>1.!2(*'! )(! )(0;.&0! ,*:%+%;<*.!2&!+(-10,(&7!?)).! (!

1-1!/0%/%'1.!/(0!@(:*!.*!01'%*(*5.!+(;*1-,4&.!*&5)1(,0.!.*!ABCDAE7!F*!15:%!2.!

'/,*!.'-! 5%*'-,-&1!29&*.! '14&.*5.!2.!2.&G! ,+/&)',%*'! '1/(01.'!/(0!&*! 0.-(02!!!

5%++.! /01'.*-1! .*! H,;&0.! I7! 8(! /0.+,<0.! ,+/&)',%*J! 29(,0.! KLM! 501.! &*.!

'&/.0/%',-,%*!5%:10.*-.!.*-0.!).!*,6.(&!3%*2(+.*-()!.-!).!*,6.(&!.G5,-1!(>(*-!)(!

/:('.!2.!)9.G5,-(-,%*!+,50%N%*2.7!8.!2,/O).!(,*',!5011!6(!.*'&,-.!21/:('.0!2&!3(,-!

2.! )(! 2,3310.*5.! 29.*6,0%**.+.*-! /.0P&.! /(0! ).'! '/,*'! 5%+/%'(*-! ).! /(4&.-! 2.!

'/,*'!Q!2.'! 3014&.*5.'!2.!01'%*(*5.!4&,!'%*-!/0%/0.'!Q!5:(4&.!/(4&.-!2.!'/,*7!

R/0<'! &*! -.+/'! !J! &*.! ,+/&)',%*! K! 6(! /.0+.--0.! 2.! 0./:('.0! )9.*'.+=).! 2.'!

'/,*'!.-!(,*',!2.!;1*10.0!&*!15:%7!!

!

!

-&.#/0) +),) 12"#0(30) 40) 56237') 40) 18&() 9) 40#:) &;8#51&'(1<) =$) 8/0;&>/0) &;8#51&'(?)
46$&/0)@AB?)3/20)#(0)1#80/8'1&%&'()3'72/0(%0)0(%/0) 562%$%) C'(4$;0(%$5)0%) 562%$%)0:3&%2<)D0%%0)
1#80/8'1&%&'()3/22)#()4&8E50)"#&)F$)4287$10/?)4#)C$&%)40)5625$/.&110;0(%)&(7';'.>(0?)4#/$(%)
50) %0;81) ! <) =$) 103'(40) &;8#51&'(?) 46$&/0)@?) 80/;0%)40) /087$10/) 50) 4&8E50) 0%) 0(.0(4/0)#(0)
2;&11&'()3'72/0(%0)46#()237')40)18&()$8/>1)#()%0;81)! )$8/>1)5$)103'(40)&;8#51&'(<)

!
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!"#!

$%&&%! '()*%+,%! -%*&! .*''/! '0%1-2/)*%3! %+! *&/2/'.+&! 2%! 4536.2/'6%! 7%! 2.!

'-893%! 7%! :25,8;"!<=/>*3%! ?@A! B0/6-*2'/5+! CDE! 4./&! F.',*2%3! 2%! G%,&%*3! 7%! :25,8!

7.+'! 2%! -2.+! ()*.&53/.2! <'*-%3-5'/&/5+! 7%! 20(&.&! 45+7.6%+&.2! %&! %1,/&(@A! H&.+&!

75++(! )*%! 2%'! /5+'! ,56-5'.+&! 2%! -.)*%&! 7%! '-/+! %1,/&(! 5+&! &5*'! *+!

%+G/35++%6%+&! 7/44(3%+&I! 2%*3! 43()*%+,%! 7%! 3('5+.+,%! G.3/%! %&! /2'! +%! G5+&! -.'!

7(-8.'%3!J!2.!6K6%!G/&%''%A!L+!5F'%3G%!.253'!*+!(2.3>/''%6%+&!7*!-.)*%&!7%!'-/+!

%&! *+%! -%3&%! 7%! 2.! '*-%3-5'/&/5+! '/! 2%! 'M'&96%! %'&! 2./''(! 2/F3%! 70(G52*%3A!

B0/6-*2'/5+!C!.--2/)*(%!.-39'!*+!&%6-'!!!-%36%&!70/+G%3'%3! 2%!'%+'!70(G52*&/5+!

7%'! 7/-N2%'A! O-39'! *+! &%6-'! !! .-39'! 20/6-*2'/5+! C! &5*'! 2%'! 7/-N2%'! '5+&! J!

+5*G%.*1!3%-8.'('!%&!/2!M!.!(6/''/5+!,58(3%+&%!70*+%!3.7/.&/5+!6/,35P5+7%!Q!,0%'&!

20(,85!7%!'-/+'A!!

!

!

!"#$%&'(')'*&+,%"-."/0'*&'123,4/'*&'-4/./0'5'*&$6'"7-$1+"/0+'*80+'1&'9/%781"+7&'*&'
18'+-4:%&'*&';1/,4<'=286&'!'%&-%3+&0.&'1&+'-/-$18."/0+<'=/%+>$&'1&'?&,.&$%'-/"0.&'?&%+'1&'@8+A'
1&'+B+.:7&'&+.'*80+'123.8.'9/0*87&0.81A'123.8.'&6,".3'&+.'%&-%3+&0.3'-8%'$0'?&,.&$%'*"%"#3'?&%+'
1&' 48$.<' =/%+>$&' 1&' ?&,.&$%' &+.' *80+' 1&' -180' 3>$8./%"81A' $0&' +$-&%-/+"."/0' &0.%&' 1&+' *&$6'
3.8.+'&+.',%3&<'''

!

B.!RSH!-%36%&!7%!6%'*3%3! 20.6-2/&*7%!7%! 20(,85!%+! 45+,&/5+!7*!&%6-'!!!

'(-.3.+&!2%'!7%*1!/6-*2'/5+'A!B0.6-2/&*7%!%'&!75++(%!-.3!20()*.&/5+!'*/G.+&%!Q!

!

C>$8."/0'D(') A !( ) = A0 exp !
2!

T2

"

#
$

%

&
' '

OG%,!78I!2%!&%6-'!7%!,58(3%+,%!<5*!&%6-'!7%!3%2.1.&/5+!'-/+P'-/+@I!3%2/(!J!

2.!2.3>%*3!8565>9+%!-.3!!

!

C>$8."/0'DE')!
h
=
1

!T
2

'

!

B0T)*.&/5+! ;?! ,5+'/793%! )*%! 2%! 'M'&96%! (&*7/(! +0%'&! -.'! '5*6/'! J! 7%'!

-%3&*3F.&/5+'!%1&(3/%*3%'!)*/!G5+&!,5+&3/F*%3!J!.,,(2(3%3!2.!7(,58(3%+,%!7*3.+&!

'5+!(&*7%I!,566%!2.!1%66/(%#-)($02'"+40!-.3!%1%6-2%!<,4A!,8.-/&3%!U@A!V2!%'&!,5*3.+&!
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%36&)*2(5%3.8)

!

>2+)! &923)! 0$28(/%! .+! 8&(/! *+,! 0'+)(,+$)! /$&3)(/(23)! 2?),$9%,)! $,'(,3/!

.(88%$,3/)! 3(9,&+1! 5=0,$8(3)! .+! 3(9,&+! @A"#B;CDE! F! +3! -G-,! 3(9,&+! .+! .2+?',/!

823.&-,3/&'! 02+$! .%/,$-(3,$! ,10%$(-,3/&',-,3/! 'H%4&$/! ,3! %3,$:(,! ,3/$,! ',)!

.2+?',/)!.+!3(9,&+!,14(/%6!73!,88,/I!'2$)*+,!'H23!4$,+),!+3!/$2+!,3/$,!+3!3(9,&+!#!

,/!+3!3(9,&+!#4I! ',!3(9,&+!#!),!$,/$2+9,!.%0,+0'%!.H+3,!0&$/(,!.,!4,)!(23)I!4,!*+(!

)(:3(8(,!*+H('!=!&+$&!-2(3)!.H(23)!.()023(?',)!02+$!',)!/$&3)(/(23)!$,'(&3/!',!3(9,&+!

#! ,/! .H&+/$,)! 3(9,&+1! ,14(/%)6! JH(3/,3)(/%! .,! 4,)! &+/$,)! /$&3)(/(23)! ,3! ),$&! .234!

.(-(3+%,I! 4,! *+(! 32+)! 0,$-,//$&! .,! .%/,$-(3,$! 0$%4()%-,3/! 'H%4&$/! ,3! %3,$:(,!

,3/$,! ',)! .(88%$,3/)! 3(9,&+1! 5=0,$8(3)! .,! 'H%/&/! ,14(/%6! J&! K(:+$,! "@! $%)+-,! ',!

0$(34(0,!.,!'H,10%$(,34,6!!

!

!

!"#$%&'()'*'+,-./0'1&'2%"3,"2&'1&'45$6"4"+06"73'1$'-74&'8$%3"3#'27$%'/&+$%&%'45.,0%6'

&92.%"/&3604'&36%&'4&+'3":&0$9'-;2&%<"3+'1$'3":&0$')=(>?@ABCD'E&+'1&$9'3":&0$9'-;2&%<"3+'1&'

45.606' &9,"6.' .6036' %&4".+' F' $3'/G/&'3":&0$' <7310/&3604H' 47%+I$&' 4573' ,%&$+&'$3' 6%7$'103+'

45$3'1&+'3":&0$9'&9,"6.'450$6%&'3":&0$'&+6'4$"'0$++"'1.2&$24.H',&'I$"'2&%/&6'1&'/&+$%&%'45.,0%6'

&3'.3&%#"&'&36%&'4&+'1&$9D''

!

>2+)! &923)! -,3%! 4,//,! ,10%$(,34,! 02+$! 'H,3),-?',! .,)! /$&3)(/(23)!

0$%),3/,)! .&3)! ',! )0,4/$,! F! 45&-0! 3+'I! 4,! *+(! 32+)! &! 0,$-()! .,! $,423)/(/+,$!
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%&'()*%+%&'! ,%! -(./*.++%! -%! &(0%.1! -23&%*/(%! -1! &(0%.1! -%! 45.+6! 4*(7'.,,(&!

$8"#9:;<=>! ?%1,! -%1@! 34,.'%+%&'7! &2A&'! 6.7! 61! B'*%! -(*%4'%+%&'! AC7%*037D!

,234,.'%+%&'!%&'*%!,%!&(0%.1!E2!%'!F2!%'!%&'*%!,%7!&(0%.1@!"2!%'!:2!4.*!,%7!'*.&7('(A&7!

7%! '*A10.(%&'! 'A1'%7! &AG3%7! -.&7! ,.! *.(%! H%%+.&>! IA17! .0A&7! &3.&+A(&7! 61!

4.,41,%*!4%7!0.,%1*7!%&!7A17'*.G.&'!,%7!34,.'%+%&'7!+%71*37!%&'*%!,%7!&(0%.1@!J2!

%'!F2!%'!J2!%'!E2!;6A1*!,234,.'%+%&'!E2!!!F2=!%'!%&'*%!,%7!&(0%.1@!"2!%'!#2!%'!:2!%'!#2!

;6A1*!,234,.'%+%&'!"2!!!:2=>!K.!4A+6.*.(7A&!%&'*%!,2%@63*(%&4%!%'!,.!'53A*(%!&A17!

+A&'*%!1&%!LA(7!%&4A*%!M1%!,%7!4.,41,7!-%!45.+6!4*(7'.,,(&!7A&'!CA&7>!!

!

!"#$

!%#$

!&#$

!'#$

!(#$

!)#$

!*#$

!+#$

!,#$

59.25 MHz 57.10 MHz

189.65 MHz 167.56 MHz 11.6 %

3.6 %

373.73 MHz 404.53 MHz 9.6 %

893.43 MHz 952 MHz 6.5 %

1735.24 MHz 1717.10 MHz 1.0 %

358.17 MHz 317.79 MHz 11.3 %

181.87 MHz 177.56 MHz 2.4 %

57.53 MHz 68.53 MHz 19.1 %

Theoritical splitting Experimental splitting error4I13/2

!
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4&'+7/-.'+%"02/33"1'&2' 3;&6.<%"&1+&='>&0'<+3/2&-&120'&12%&' 3&0'1"5&/$6' |(;?'&2' |@;?'&2' |A;?'&2'
|B;?' 1;/' ./0' .$' C2%&' -&0$%<' 4"%&+2&-&12=' D3' /' <2<' 4<4$"2' ./%' 0,$02%/+2",1' 4&' 4&$6'
<+3/2&-&120='

!

K%7!%@63*(%&4%7!-%!5A,%!C1*&(&/!&A17!A&'!.177(!6%*+(7!-2(-%&'(L(%*!%'!-%!

4A&L(*+%*! ,2%@(7'%&4%! -%! '*.&7('(A&7! N61*%72! -.&7! ,%! 76%4'*%! 7.&7! 45.+6!

+./&3'(M1%! ;O(/1*%! F=D! P! 7.0A(*! -%7! '*.&7('(A&7! 5G6%*L(&%7! (7A,3%7! M1%! &A17!

6A10A&7! 3'1-(%*! 7.&7! M12%,,%7! &%! 71C(77%&'! ,2(&L,1%&4%! -2.1'*%7! '*.&7('(A&7!

6*A45%7>!

IA17! .0A&7! (-%&'(L(3! -%1@! '*.&7('(A&7! 5G6%*L(&%7! (&'3*%77.&'%7! P!

"Q#<>#JJ&+!%'!"Q#<>#F$&+!6A1*!.0A(*!1&!.6%*R1!-%!,.!-G&.+(M1%!-%7!&(0%.1@!

5G6%*L(&7!7.&7!45.+6!+./&3'(M1%>!K%!'%+67!-%!0(%!-%7!'*A17!.!3'3!+%71*3!P!">JS!
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J0)2!@5012!3)!5D*'I'+*!4+.!+II+.!+1!6+2)*@1.! A@! A@*(+)*!H!6'!K@).+)*!/)!.*0)!+1!

I014.'01!/)!/DA@'!+1.*+! AC'63)A2'01!/+!G*LA)*+!+.!/+! A+4.)*+!%&'()*+!"9-<!M066+!

10)2!30)5012!A+!50'*N!A+!.*0)!+2.!DA@*('!/+!I@O01!.*B2!'630*.@1.+N!4+!P)'!401I'*6+!

ACKQ30.KB2+! /+! A@! /'II)2'01! 23+4.*@A+<! ?+! .*0)! 1+! /'23@*@R.! 3@2! )1'P)+6+1.! 3@*!

*+A@E@.'01! /+! AC+12+6GA+! /+2! '012! /)! 1'5+@)! +E4'.D! 5+*2! A+! 1'5+@)! I01/@6+1.@A!

6@'2!@)22'!3@*!DA@*('22+6+1.!/L!H!A@!/'II)2'01!23+4.*@A+<!J0.012!+1I'1!P)C'A!10)2!@!

D.D!'63022'GA+!/+!6+2)*+*!/+2!.+632!/+!40KD*+14+!2@12!4K@63!6@(1D.'P)+<!

!

@!S!7"!F!898!±!#:;2! GS!7"!F!,=!±!":;2!

!

!"#$%&' ()'*' +&,$%&' -&' ./' -$%0&' -&' 1"&' -&,' 2%3$,' -&,' 2%/4,"2"34,' 567&%8"4&,' 9'
(:;<=;))4>'?/@'(:;<=;AB4>'?C@'7/%'53.&'C$%4"4#'9'D'E'(=)F=''

!

!

!"#$%&' (G'*' ./%#&$%' 9' >"H5/$2&$%' -$' 2%3$' ,7&I2%/.' I%&$,0' -/4,' ./' 2%/4,"2"34' 9'

(:;<=;AB4>'&4'834I2"34'-$'-0./"'&42%&'.J">7$.,"34'-&'C%K.$%&'&2'.J">7$.,"34'-&'.&I2$%&'9'D'E'

(=)F=''

› ! › !
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!

%&'!()'*+,-,'!.&'!/&'*(&'!.&!(&+-0-,123!'-3'!45-/6!/-73),18*&!32*'!23,!

62*'')!9!),*.1&(!+&'!31:&-*0!5;6&(<13'!'2*'!45-/6=!>2*'!32*'!'2//&'!6+-4)'!'*(!

+-! ,(-3'1,123! ?"! !! @"! AB17*(&! "CD! 62*(! ),*.1&(! +-! .;3-/18*&! .&'! 31:&-*0!

5;6&(<13'=!E-+5&*(&*'&/&3,F!/-+7()!+-!()'2+*,123!.&!32,(&!/23,-7&!A!!"CCGHID!

32*'!3J-:23'!6-'!6*!+&'!2K'&(:&(=!L3&!'1/*+-,123!.&!+J):2+*,123!.&!+-!62'1,123!.&'!

31:&-*0! 5;6&(<13'! '2*'! 45-/6! /-73),18*&! 32*'! -! 6&(/1'! .&! :21(! 8*&! +&'!

,(-3'1,123'! 5;6&(<13&'! '23,! &3! <-1,! ,2*,&'! 32;)&'! .-3'! +-! ,(-3'1,123! ?&&/-3!

42//&! +&! /23,(&! +-! B17*(&! "M! K1&3! 8*&! 32*'! 32*'! -,,&3.(123'! 9! 62*:21(! +&'!

2K'&(:&(!+2('8*&!N!&',!6&(6&3.14*+-1(&!9!4!),-3,!.233)!8*&!4&(,-13&'!,(-3'1,123'!

'23,!-!6(12(1!52('!.&!+-!(-1&!?&&/-3=!O&+-!6&*,!13.18*&(!.&'!1352/27)3)1,)'!.-3'!

+&!45-/6!/-73),18*&!8*&!32*'!-:23'!*,1+1')!62*(!/&3&(!32'!&06)(1&34&'=!>2*'!

-:23'!,&3,)!.&!4(&*'&(! +-!(-1&!?&&/-3!6-(!52+&!K*(3137!62*(! 1.&3,1<1&(!4&(,-13'!

31:&-*0! 5;6&(<13'! /-1'! 1+! 3&! 32*'! -! 6-'! ),)! 62''1K+&! .&! +&'! (&6)(&(! .&! 4&,,&!

/-31P(&=! %J*,1+1'-,123! .J*3! )45-3,1++23! 1'2,2618*&/&3,! 6*(! &3! "$QR(! 6&(/&,,(-1,!

.&! (&/).1&(! +J1/62''1K1+1,)! .J),*.1&(! +&'! 31:&-*0! 5;6&(<13'! '2*'! 45-/6=! >2*'!

62*:23'! ,2*,&<21'! 2K'&(:&(! 8*J1+! &',! 6()<)(-K+&! .&! ,(-:-1++&(! .-3'! *3&!

423<17*(-,123! 2S! +&! 45-/6! /-73),18*&! &',! 6&(6&3.14*+-1(&! 9! +J-0&! 4! 62*(!

/-01/1'&(!+J)4+-,&/&3,!&3,(&!+&'!31:&-*0!5;6&(<13'!:21(&!+&'!')6-(&(!&3,1P(&/&3,!

A"135!!!"QCEHI!9!45-/6!3*+D=!!

!
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!"#$%&'()'*'+,-".",/'0&-'%1"&-'23+&%4"/&-'&.'5&&61/'718'-1/-'9216+'61#/:.";$&<'7=8'

-,$-' $/' 9216+'61#/:.";$&' 0&' >?>@' +1%1AABA&' C' AD1E&' 9<' 798' +,$%' $/' 9216+'61#/:.";$&' 0&'
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!

%&'(! )*&+(! ,&+-! .'! ,/01234+12! -&3.560131+0! 51(! 01+(1'2(! 4! 10! 5) ,1!

571284'3! ,)+(! 9:;<! =1(! .)2)36021(! +&'(! &+0! (12*4! )'! -)5-'5! ,1! 5)! (02'-0'21!

>?.12@4+1! (&'(! ->)3.! 3)A+/04B'1! 10! C! ->)3.! +'5! )4+(4! B'1! 57/*&5'04&+! ,1(!

02)+(404&+(!D113)+!1+!@&+-04&+!,1!574+01+(40/!,'!->)3.!3)A+/04B'1!1E012+1<!:1(!

*)51'2(!&801+'1(!.)2!51!-)5-'5!(&+0!C! 5)!@&4(!1+!8&+!)--&2,!)*1-!+&(!1E./241+-1(!

3)4(!)'((4!)*1-! 5)! 5400/2)0'21"FGF#FH<!%&'(!)*&+(!,1!.5'(!31('2/F!.&'2! 5)!.2134621!

@&4(! C!+&021! -&++)4(()+-1F!,1(! 013.(!,1!*41!,1! 02&'!,1!+4*1)'E!>?.12@4+(! 10! 51(!

013.(!,1!-&>/21+-1!(&'(!'+!->)3.!3)A+/04B'1!,1!G<GI!,1!5)!02)+(404&+!JK"LMGNOP!

!! JK"#MGNOP<! Q)5>1'21'(131+0! 51(! *)51'2(! &801+'1(! +1! .1231001+0! .)(! ,1!

-&+-5'21!.&(404*131+0!.&'2!'+1!'0454()04&+!,'!-24(0)5!,7R2!S!9:;!-&331!>T01!.&'2!

'+1!3/3&421! B')+04B'1<! U1(!31('21(! 1@@1-0'/1(! ('2! '+! -24(0)5! 4(&0&.4B'131+0!

.'2!1+!"H$R2!.&'22)41+0!.1'0VW021!3&,/212!-1001!-&+-5'(4&+!3W31!(745!?!)!.1'!,1!

->)+-1(!B'1!51(!2/('50)0(!(&41+0!026(!-&+-5')+0(!.&'2!'+1!'0454()04&+!1+!0)+0!B'1!

3/3&421!B')+04B'1<!R+!1@@10F!,'!@)40!,'!A2)+,!@)-01'2!4!,1!571284'3!10!,1!5)!@&201!
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1(*+! )*91! :&*)(-(')!/(*)5*83!/+*! 0(! *31(+5! ;,0!'(!'&51!(1)!/+1!/&11,80(!('! 073)+)!

+%)5(0! .(! '&1! %&''+,11+'%(1! .(! .3)(*-,'(*! 1,! 07,')(*+%),&'! (*8,5-! <! (*8,5-!

/*3.&-,'(! /+*! *+//&*)! +5=! ,')(*+%),&'1! (*8,5-! <! :05&*! &5! (*8,5-! <! 0,)>,5-?@!

A(50(1!07+//0,%+),&'!.75'!:&*)!%>+-/!-+2'3),45(!;!BC!DE6F"G?!&5!0+!.,-,'5),&'!.(!

0+! %&'%(')*+),&'! ('! (*8,5-! ;"H!//-!/+*! (=(-/0(!/&5*! *3.5,*(! 0(1! ,')(*+%),&'1!

(*8,5-! <! (*8,5-?! /&5**+,)! /(*-())*(! .7+))(,'.*(! .(1! )(-/1! .(! %&>3*('%(!
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(1)! ('! %&')*+.,%),&'! +I(%! 5'(! 3)5.(! /+*! LMK! /5013(! .(! 07+',1&)*&/,(! .5! C"! ('!

:&'%),&'!.(! 07&*,(')+),&'!/580,3(!.+'1! 0+! 0,))3*+)5*(F#@!O&51!+I&'1!/+*!%&')*(!/5!

&81(*I(*! 0(! 1,2'+0!.5!2+.&0,',5-!('!LMK!/5013(6!45,!(1)!5'!/&005+')!%&5*+')!.(!

07(*8,5-6! ,0! 1(! /(5)! .&'%! 457P'),/,'! 0')+47! +,(')! ('! :+,)! 3)5.,3! 0+! .J'+-,45(! .5!

2+.&0,',5-! .+'1! QRS@! R7+81('%(! .(! 1,2'+0! ('! LMK! /5013(! 1,2',:,(! .&'%! 45(! 0(1!

)(-/1!.(!*(0+=+),&'!.(!07(*8,5-!.+'1!QRS!1&')!/051!%&5*)1!45(!0(!)(-/1!-&*)!.(!

07+//+*(,0! ;1&,)! TF'1?! %(! 45,! (1)! 5'! 303-(')! .(! /051! ('! .3:+I(5*! .(! 075),0,1+),&'!

.7K*!U!QRS!/&5*!0(1!-3-&,*(1!45+'),45(1@!

N(!1J1)9-(!*(1)(!'3+'-&,'1!,')3*(11+')!/&5*!5'(!3)5.(!.(1!/>3'&-9'(1!

.(! .3%&>3*('%(! 15*)&5)! .+'1! 0(! %+.*(! .75'(! %&-/+*+,1&'! +I(%! .7+5)*(1! ,&'1!

;O.#V6! /+*! (=(-/0(?! &5! .(1! -+)*,%(1! /051! -5())(1! -+2'3),45(-(')! /+*0+')!

;QFA,WB?6!8,('!457,0!'(!1&,)!/+1!/&11,80(!.(!*3+0,1(*!5'(!3)5.(!.(!0+!*(0+=+),&'!X!0+!
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]!"#$%&'()*&)(%3!L/!),+@,'((/!+)<#(#5/!H/!%&#5G,!5+,<'-<!./!%&'()*#<M!

D-!.J</,(#-/!#%#!HI+,#/-<'<#+-!.F!%&'()!('@-J<#GF/!/0)J,#(/-<'H!%+--'#55'-<!H'!
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La maitrise de l’information représente un avantage concurrentiel de nos jours. Malgré une 

intensification des moyens développés pour protéger les flux de données, il n’est actuellement pas 

possible d’échanger à distance et  de façon complètement sure, une information entre deux 

interlocuteurs. Néanmoins, des travaux menés par Bennett et Brassard ont montré qu’il est possible 

d’atteindre un niveau de sécurité maximum en utilisant un protocole quantique de transmission de 

l’information. Ce protocole se base sur l’utilisation de réseaux télécom utilisant des répéteurs 

quantiques à la place des répéteurs classiques.  

La voie étudiée dans cette thèse, réalisée en partie dans le cadre du projet européen QuRep,  a pour but 

l’amélioration des connaissances sur les monocristaux dopés aux ions de terre rare qui sont des 

candidats de choix pour la mise au point de répéteurs quantiques. 

Deux grands axes ont émergés : dans un premier temps nous avons essayé de comprendre quels sont 

les facteurs de succès et limitatifs dans l’utilisation du cristal de Nd : YSO en tant qu’hôte pour les 

mémoires quantiques avec pour objectif le transfert de la cohérence électronique vers des niveaux 

hyperfins. Dans un second temps, nous avons étudié un cristal présentant une structure hyperfine 

directement accessible en optique, Er : YLF afin de vérifier sa potentielle utilisation pour les 

mémoires quantiques. 

Ces travaux ont permis, entre autre, de réaliser un transfert de cohérence d’un niveau Zeeman 

électronique vers un niveau hyperfin avec un temps de stockage de plus de 300 !s, ce qui permet 

d’envisager une mémoire quantique dans Nd : YSO permettant de réémettre un photon à la demande. 

 

 

 

 

 

The control of information is a competitive advantage today. Despite an intensification of the means 

developed to protect the data stream, it is currently not possible to exchange remotely and in a 

completly safe way information between two parties. However, the work of Bennett and Brassard has 

shown that it is possible to achieve a maximum level of security using a protocol for transmitting 

quantum information. This protocol is based on the use of telecom networks using quantum repeaters 

in place of conventional repeaters. 

The route studied in this thesis, carried out partly in the framework of the European Project QuRep, 

aims to improve knowledge on single crystals doped with rare earth ions that are good candidates for 

the development of quantum repeaters. 

Two main areas emerged: on the one hand, we tried to understand the success and limiting factors 

regarding the use of Nd : YSO single crystal as host for quantum memories. The objective was also to 

transfer the coherence from an electronic Zeeman level to the hyperfine levels. In a second step, we 

studied a crystal with a hyperfine structure directly accessible in optics, Er : YLF to assess its potential 

use for quantum memories. 

Among other things, we achieved the transfer of coherence from a Zeeman level to an  hyperfine level 

with a storage time of over 300 microseconds, which allows to consider the development an on 

demand readout quantum memory in Nd : YSO. 
 


