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(&!%!-/#&3"(*(?#&.8-&/-)?(!?-/.?(5B

Z*./(6?-2&*,-&3-+$.&?%*%$%&6/(E.?(5&'"7+-!&?.&0-G
E.,&6/(8%,4+5&/$./-:&W#&3-$7*($(&%'+7"6?#@&-,/.,&?%
-+?-/%?((&3".63-$-E.?(52&*,-&'"7+-!&?%*?.,&+%#*:D-,:
/3"%/-& (& ?%& ?.8-& 3"(& <,-0& +,%?.,& 6.@+,/-/%,4& +-*&
,45$-'(+%#*:<5$-'& ,"V P= µ :&>?%$()&-,/.,%&3-!%)#/%G
.,M& 6$5& ,-8-& *,-'#& '"7+-!& ?%*%$& 6/(8%,4+52& !& ?(,(
?.-'1-6(0-&3-6/.+(,4&8"7)&0%++-@& N M> µ :&L&3"-,(/G
?-0&+$7*%.&I!%!&/&6%??-@&)%6%*.K&+($%&?%,5E.?(5&?(,(
?.& 3"./#+(,&0%!+(0%$4?79& +($7& ,".?(5& 3-!-5:& `%!(0
-'"%)-02&'"7+-!&-+,%?.,+5&/&3-!-.2&(&.8-&7+!-".?(.&'76.,
"%/?-&?7$9:

-./.0.)1<6&_&($&%*#$$#=()*#+%#+,-.(+#+,&0*'675=(+
1#4-D#$,#8(91#*( XYα = ° .($&E#/-,+'(149D(8&++#=(`(Q
Q(R(%1(>4-+?ZXA?([(149D9()4-0'D&$(*51%-=(3$94.()545%-2
$9,C=(;545D($505+#8C=(I*#%.(9%45)*5$$C=($&(0543-$5

$&%*#$$#=()*#+%#+,-?([(/491#89(%#$H9(3$94&()#/05352
$&(1-4'(8&++#=(N(Q(Z(%1?(\)45/5*-,5(9+%#45$-5(,5*()#+*5
,#1#.(%&%(+-+,58&(I9/5,()45/#+,&0*5$&(+&8&(+5I5.(5+*-
%#FGG-H-5$,(,45$-'(85</9(149D#8(-($&%*#$$#=()*#+%#2
+,:6( µ (Q(Y.R?("45$-58(0(#+-(I*#%&()45$5I45;:?

"2324526)P)-'"%)(0&/+.&+($#2&6.@+,/79H(.&?%&!%E6-.
,.$-&+(+,.0#&I"(+:amK:&W#&?.&)?%.0&)%"%?..2&!76%&6/(G
E7,+5&,.$%2&3-<,-07&3".63-$-E(02&*,-&8("5&-37+!%.,+5:
;"-/.6.0&-'H(@&1-6&".=.?(5&%?%$-8(*?-&3".6#67H.@
)%6%*.&T&)%3(=.0&7"%/?.?(.&/,-"-8-&)%!-?%&F49,-?%&/
3"-.!D(51&?%&-+(&E&(& fU (6$5&,.$%&0%++-@&`((&?%&-+4& aU
6$5&,.$%&0%++-@(NM
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− − α =
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ghi ipq 2

Na c Nd

c Ma Ma Md

− =
− µ α − α =

-,!76%&/#"%)(0&(+!-0-.&7+!-".?(.M

( )ipq ghi
:

N M
d a

M N

− α + µ α
=

+

;-6+,%/(/& *(+$-/#.& )?%*.?(52& ?%1-6(0& fm2d 0 +d = − :
V$.6-/%,.$4?-2&?%=.&3".63-$-E.?(.2&*,-&8("5&-37+!%.,G
+52&?./."?-:

S%0.,(02&*,-&/&-,+7,+,/(.&,".?(5&)?%!&k0(?7+l&7!%)#G
/%$&'#&?%&,-2&*,-&8("5&3-6?(0%.,+5&//."1&+&,.0&E.&3-
0-67$9&7+!-".?(.0:&;"(&?%$(*((&,".?(5&?7E?-&"%++0-,G
".,4&/,-"-@&+$7*%@2&3"-6.$%/&%?%$-8(*?#.&/#!$%6!(:

P)0.?(0&?%&3"-,(/-3-$-E?#.&?%3"%/$.?(5&+($#&,".G
?(5& (& 7+!-".?(@& ,.$:& S%3(+%/& 7"%/?.?(52& 3-6-'?#.
3".6#67H(02&3-$7*(0
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ipq ghi :

c Na Nd

Ma c Ma Md

− =
α − − µ α =

Z,+96%&0-E?-&?%@,(&(+!-0-.&7+!-".?(.2&?-&-?-&-!%)#/%G
.,+5&+?-/%&-,"(D%,.$4?#0M

( ) fipq ghi
e2d 0 +

M N
d a

M N

α − µ α −
= ≈ −

+
:

`.3."4&0-E?-&+6.$%,4&-!-?*%,.$4?#@&/#/-6M&,.$%&?%1-G
65,+5&/&3-!-.2&(1&7+!-".?(.&"%/?-&?7$9:

e&85;&$-5?&̂ .=.?(.&)%6%*(&0-E?-&'#$-&'#&)?%*(,.$4G
?-&73"-+,(,42&3".6/%"(,.$4?-&/#5+?(/2&!76%&6/(E7,+5
,.$%&3"(&-,+7,+,/((&,".?(5:&`-86%&3"(&?%$(*((&,".?(5
,.$%&$('-&?.&6/(E7,+5&/--'H.2&$('-&'767,&6/(8%,4+5&/&,7
E.&+,-"-?72&*,-&(&/&-,+7,+,/(.&,".?(5:

-./.0.)1=)IXwxK:&f49D#0#=(&0,#8#I-*:(8&++#=(`(Q
Q R(,(,'$5,(D&($54&+,'<-8C=(,4#+(0054E()#(9%*#$9
*51%#0#=(&0,#8#I-*:.(8&++&(%#,#4#1#(N(Q(Z(,?(g0-1&2
,5*:(*51%#0#1#(&0,#8#I-*'(0C%*6;5$?(b(%&%-8(8&%+-2
8&*:$C8(9+%#45$-58(8#19,(/0-1&,:+'(&0,#8#I-*-.(5+*-
91#*(9%*#$&( dhijkl Y.Zα = .(&(%#FGG-H-5$,(,45$-'(85<2
/9(3-$&8-( 149D#0#1#( &0,#8#I-*'( -( /#4#1#=( µ ( Q( Y.]J
b-*#=(,45$-'(%&;5$-'.(/5=+,09675=($&(*51%#0#=(&0,#2
8#I-*:.()45$5I45;:?

"2324526)P,%!2&0#&+?-/%&(0..0&6.$-&+&<!+,".0%$4?-@
)%6%*.@:&O%!&3"%/($-2&/&3-6-'?#1&)%6%*%1&I?%&6/(E.?(.
3-& ?%!$-??-@& 3$-+!-+,(K& ,".'7.,+5& 3"-+,-& -3".6.$(,4
7+!-".?(.2&)6.+4&E.&".*4&(6.,&-&8&%+-8&*:$#8&7+!-".?((:
`-86%2&3-&/,-"-07&)%!-?7&F49,-?%2&"%/?-6.@+,/79H%5
+($%&6-$E?%&,-E.&6-+,(8?7,4&8&%+-8&*:$#1#&)?%*.?(5:

X6(?+,/.??-@&3.".0.??-@&+($-@2&6.@+,/79H.@&?%&+(+G
,.07&()&6/71&%/,-0-'($.@2&5/$5.,+5&+($%&,58(&6/(8%,.$5:
Z?%&?%"%+,%.,&6-&,.1&3-"2&3-!%&?.&?%*?.,+5&3"-+!%$4)#G

/%?(.& /.67H(1& !-$.+& 8"7)-/-8-& %/,-0-'($5:& C"78(0(
+$-/%0(2&"-$4&+($#&,58(&/#3-$?5.,&+($%&,".?(5&3-!-52
?%3"%/$.??%5&/3.".6&(&3"(/-65H%5&/&6/(E.?(.&%/,-0-'(G
$(:& X.& 0%!+(0%$4?-.& )?%*.?(.& "%/?-& ,"V P= µ 2& 86.

ghiP Ma= α :&;-+!-$4!7&,"-+&$54&+,'<-8C=2&7+!-".G
?(.&%/,-0-'($.@&'76.,&-6(?%!-/#02&(&(1&0-E?-&"%++0%,G
"(/%,4&!%!&+(+,.07&+&-'H.@&0%++-@&`&y&N2&6/(E7H79+5
+&7+!-".?(.0&&:&̂ %)8-?59H%5&+(+,.07&8&%+-8&*:$&'(+-*&
,45$-'()#%#'2&6.@+,/79H%5&?%&/.67H(.&!-$.+%&8"7)-/-8-
%/,-0-'($52&"%/?%& ghiMaµ α :&̀ -"0-)5,&E.&+(+,.07&%/,-G
0-'($.@&3"-.!D((&+($&,5E.+,(& ipqMa α &(& ipqNa α &?%
?%3"%/$.?(.&7!$-?%:&`%!(0&-'"%)-02&"%/?-6.@+,/79H%5
+($2&3"($-E.??#1&!&+(+,.0.&%/,-0-'($.@2&"%/?%

( )( )ghi ipqV a M M N= µ α − + α :

;-&/,-"-07&)%!-?7&F49,-?%&(+!-0-.&0%!+(0%$4?-.&7+!-G
".?(.&'76.,&"%/?-

fghi ipq e2J 0 +
V M

d a
M N M N

 = = µ α − α = + + 
:

0-12$&")$)13-14$5)6&1-

V!"#,%5& (?Q-"0%D(5& /& 7+$-/((& )%6%*(& 0-E.,& '#,4
+3"5,%?%&(?%*.M&!-.G*,-&%/,-"#&!%!&'#&3-6"%)70./%9,
-*./(6?#0:& `%!79& (?Q-"0%D(9&0#& '76.0& /#6.$5,4& /
".=.?((& ?.& ,-$4!-& !7"+(/-02& ?-& (& 6-3-$?(,.$4?#0
3-6*."!(/%?(.0:

-./.0.)1>6&B*&+,-$%-(8&++&8-(N(-(]N(+#5/-$5$C(*51%#=
)49<-$#=(<5+,%#+,:6(m(>4-+?ZnA?(b(%&%#=(8-$-8&*:$#=
0C+#,C(o(/#*<5$(9)&+,:($&(054E$66()*&+,-$%9(149D-%
8&++#=(N.(;,#IC()4-(4&+,'2
<5$--()49<-$C()#+*5(9/&4&
$-<$''( )*&+,-$%&( #,#40&2
*&+:(#,(+,#*&J(p/&4(+;-,&,:
$59)491-8?

"2324526) L& ?%*%$4?#@
0-0.?,& /."1?55& 3$%+,(?!%
?%1-6(,+5&0(4&0$#05+--2&3-G
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3.?+("7.,+5&+($-@&73"78-+,(

emO &+E%,-@&3"7E(?#M

e2Na mO=

86.& eO & T& ?%*%$4?%5& 6.Q-"0%D(5& +E%,(5& 3"7E(?#:& L
0-0.?,&#,4C0&&(+*.)%.,&+($%&".%!D((&-3-"#2&%&?(E?55
3$%+,(?!%&#+,&$&0*-0&5,+'&I3-&7+$-/(9&8"7)(!&3%6%.,
+&8-$-8&*:$#=&/#+-,#K2&3-<,-07

f 2Na mO=
86.&E&T&"%+,5E.?(.&3"7E(?!(&/&<,-,&0-0.?,:

b#)4#,-0*5$-5( 0#D/9E&( #,+9,+,095,2& 3-<,-072& 3-
)%!-?7&+-1"%?.?(5&0.1%?(*.+!-@&<?."8((2
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Nao = 2

86.& K& T& +!-"-+,4& 8"7)(!%& 3.".6& 76%"-0& -& /."1?99
3$%+,(?!7:&p/&4(8#<$#( +;-,&,:($59)491-8.( %( 149D-%
)4-*-)&5,(%()*&+,-$%5(81$#05$$#2&+$.6-/%,.$4?-2&3"(
76%".&'76.,&+3"%/.6$(/&)%!-?&+-1"%?.?(5&(037$4+%

fNK NL= 2

86.&L&T&+!-"-+,4&8"7)(!%&/0.+,.&+&/."1?.@&3$%+,(?!-@
+"%)7&3-+$.&76%"%:

!"#$%<@
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Na O O+ = + + :

Z!-?*%,.$4?-&3-$7*(0

az
Na

o
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-./.0.)1?6&f49D(8&++#=(N(Q(nq%1()#/0535$(%()#,#*%9
$&(9)491#8(45D-$#0#8(3$945(<5+,%#+,:6(m(Q(nYYq_S8?
f49D9(/0&</C(+##I7&6,($&;&*:$96(+%#4#+,:.($&)4&02
*5$$96(054,-%&*:$#(0054E?(T()540#8(+*9;&5(F,&(+%#2
4#+,:(4&0$&( aK (Q(Y.nq8S+.(0#(0,#4#8qr( fK (Q(]q8S+?(T#
+%#*:%#(4&D(8&%+-8&*:$&'(0C+#,&()#/s58&(149D&(>#,+;-2
,&$$&'(#,($&;&*:$#=(,#;%-A(0#(0,#4#8(+*9;&5(I#*:35.
;58(0()540#8J

"2324526) W#& 7E.& /(6.$(& I/& )%6%*.& zK2& *,-& )%0.?%
$505+#8#1#( +,54<$'& ?%& $505+#896( $-,:& 3"(/-6(,& !
()0.?.?(9&1-6%&".=.?(5&)%6%*(:&>?%$-8(*?%5&!%",(?%
?%'$96%.,+52& .+$(& /0.+,-& )49<-$C& 8"7)& 3-6/.+(,4& ?%
9)491#8(3$945:

P,%!2&/&6%??-@&)%6%*.&3"(/#*?%5&3"7E(?%&)%0.?.?%&?%
73"78(@&=?7":&r?7"&/.6.,&+.'5&3-6-'?-&3"7E(?.&,#*:%#
)4-( 4&+,'<5$--:& ;"(& 3-3#,!.& +E%,(5& /& =?7".& ?.
/-)?(!%9,&6.Q-"0%D((2&(&8"7)&3.".+,%.,&.8-&k)%0.*%,4l:
W-E?-&3".63-$-E(,42&*,-&(&/.$(*(?#&+!-"-+,.@&)%6%?#
?.&+$7*%@?-M&3"(&0%$-@&+!-"-+,(&=?7"&/.6.,&+.'5&!%!
"%+,5?7,%5&3"7E(?%2&%&3"(&'-$4=-@&+!-"-+,(&/&?.!-,-G
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e e2 ( e2a&0
Na

Na mO O
m

= = = :

Z,+96%2&+&7*.,-0&3".6#67H.8-&"%/.?+,/%2&3-$7*(0
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Na O O+ = + − 2

86.&E&T&!-?.*?%5&6.Q-"0%D(5&"%+,5E.?(5&=?7"%&/&,-,
0-0.?,2&!-86%&8"7)&-+,%?-/(,+5:&;-6+,%/(/&+96%&/#"%E.G
?(.&6$5& eO 2&3-$7*(0&!/%6"%,?-.&7"%/?.?(.:&X8-&!-"?(
"%/?#& aO & v& e2ez|0& (& fO & v& e2az|0:& V"%/?(/%5& (1& +
*(+$-/#0& )?%*.?(.0& eO 2& )%!$9*%.02& *,-& 6.Q-"0%D((
"%+,5E.?(5&=?7"%&76-/$.,/-"5.,&,-$4!-&3."/#@&!-".?4:

S?%*(,2&/#+-,%&3-6A.0%&8"7)%&/&3."/-0&+$7*%.&"%/?%
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-./.0.)1@6&_5I#*:3#5(,5*#(8&++#=(N(85/*5$$#(0,&7-2
*-($&(1#4%9.(/5=+,09'(+-*#=(V.(%#,#4&'(0(%&</#=(,#;%5
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#+$#0&$-'(t(-(%#FGG-H-5$,(,45$-'( µ ?

"2324526&`.$-&/,%+!(/%9,&85/*5$$#2&3-<,-07&0-67$4
.8-& +!-"-+,(& -+,%.,+5& ?.()0.??#0& (& 0%$#0:&F.()0.?G
?-+,4&0-67$5&+!-"-+,(&3"(/-6(,&!&,-072&*,-&6.@+,/79H%5
?%&,.$-&3-&%&+&,5*:$#=(%(,4&5%,#4--&+($%&"%/?%&+700.
+($#&,".?(5&+!-$4E.?(5&(&3"-.!D((&+($#&,5E.+,(&?%
?%3"%/$.?(.& !%+%,.$4?-@& !& ,"%.!,-"((:& C$5& "%+*.,%
(+!-0-@&"%'-,#&"%)-'4.0&,"%.!,-"(9&?%&0%$.?4!(.&7*%G
+,!(& 6$(?-@& j∆ 2& !%E6#@& ()& !-,-"#1& 0-E?-& +*(,%,4
3"50-$(?.@?#0:&^%'-,%&+($#&V&?%&,%!-0&7*%+,!.&"%/?%

ghi ipqu Na j Na j∆ = µ ∆ α + ∆ α :

`%!(0&-'"%)-02&"%'-,%&+($#&V&(6.,&?%&"%'-,7&3"-,(/&+($#
,".?(5& (& ?%& 7/.$(*.?(.& 3-,.?D(%$4?-@& <?."8((& ,.$%:
S%0.,(02&*,-& ghij t∆ α = ∆ &T&3"-.!D(5&7*%+,!%&37,(& j∆ &?%
8-"()-?,%$4?-.&?%3"%/$.?(.&(& ipqj o∆ α = ∆ &T&3"-.!D(5
?%& /.",(!%$4?-.& ?%3"%/$.?(.:& `-86%2& 3"-+700("-/%/
/#"%E.?(5&6$5&/.$(*(?&"%'-,&?%&0%$#1&7*%+,!%12&3-$7G
*(0&(+!-079&"%'-,7M
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"2324526)L&<,-@&)%6%*.&0-E?-&3-$7*(,4&3"%/($4?#@
-,/.,2&6-37+,(/&-=('!7&/&".=.?((:&;"(/.6.0&.8-:

Z!"7E?-+,4& 1#4-D#$,&*:$&'2& 3-<,-07& +($%& ,5E.+,(
!-03.?+("7.,+5&+($-@&".%!D((&-3-"#:&W-67$4&+!-"-+,(
)#+,#'$$C=&T&+($%&,58(&"%/?%&3-&0-67$9&(&3"-,(/-3-G
$-E?%&3-&?%3"%/$.?(9&+($.&,".?(5:&̀ -86%&(+!-0%5&"%'-G
,%&+($#&,58(&"%/?%&3-&0-67$9&"%'-,.&+($#&,".?(5M

," jfee&CEu V w= = :



$ 7 # , 8 )
! ! " # $ % & ' ( $

#%

L&-,$(*(.&-,&)%6%*(&ab2&/&6%??-0&+$7*%.&?.&8-/-"(,+5
-& 6/(E.?((& +& 8&*#=& +!-"-+,49:& ;-<,-07& -'5)%,.$4?-
/-)?(!%.,&D.?,"-+,".0(,.$4?-.&7+!-".?(.:&>&/-,&!%!%5
+($%&.8-&/#)#/%.,B&x,%&+($%&6-$E?%&'#,4&?%3"%/$.?%&!
D.?,"7&-!"7E?-+,(:&F-&3-0(0-&+($#&,58(&(&+($#&,".?(5
6"78(1&+($&/&8-"()-?,%$4?-@&3$-+!-+,(&?.,:&;"(1-6(0&!
/#/-672&*,-&+($%&,58(&?%3"%/$.?%&3-6&?.!-,-"#0&78$-0
α &!&!%+%,.$4?-@&!&-!"7E?-+,(&,%!2&*,-'#&..&3%"%$$.$4G
?%5& +-+,%/$59H%5& ghiV V= α# & '#$%& 3-&0-67$9&"%/?%
+($.& ,".?(52& %& 3."3.?6(!7$5"?%5& +-+,%/$59H%5

ipqV V⊥ = α &+-)6%/%$%&D.?,"-+,".0(,.$4?-.&7+!-".?(.:
O%!&/(6(02&?.3-+".6+,/.??-&?%&-,/.,&3"(/.6.??-.&7,-*G

?.?(.&?.&/$(5.,2&?-&8$7'(?%&3-?(0%?(5&7+$-/(5&)%6%*(
+,%?-/(,+5&(?-@:

-./.0.):1)IXwxK:&B54-#/(%#*5I&$-=()#,5$H-&*:$#=
F$541--( )49<-$$#1#( 8&',$-%&( Y.n( +?( [&%-8( I9/5,
)54-#/(%#*5I&$-=(/491#1#(8&',$-%&.(5+*-(-(8&++&(149D&
8&',$-%&.(-(<5+,%#+,:(51#()49<-$C(0(R(4&D&(I#*:35.
;58(9()540#1#J

"2324526) ;"(& '.8$-0& 3"-*,.?((& 7+$-/(5& 0-E?-& ?.
)%0.,(,42& *,-& )%6%?& ?.& 3"(/#*?#@& 3."(-6& !-$.'%?(@
3"7E(??-8-&0%5,?(!%2&%&)54-#/(%#*5I&$-=(51#()#,5$H-2
&*:$#=(F$541--:&S%,-&,".'7.,+5&-3".6.$(,4&3"-+,-&3."(-6
!-$.'%?(@&6"78-8-&3"7E(??-8-&0%5,?(!%:&F%3-0?(02&*,-
(&3-,.?D(%$4?%5&(&!(?.,(*.+!%5&<?."8((&3"7E(??-8-&I(
0%,.0%,(*.+!-8-&,-E.}K&0%5,?(!%&()0.?59,+5&/6/-.&*%H.2
*.0&0.?59,+5&.8-&!--"6(?%,%2&+!-"-+,4&(&7+!-".?(.:

P,%!2&.+$(&0#&)%0.,($(&1(,"-+,(&+-+,%/(,.$.@&)%6%*(2
,-& 6%$4?.@=..& ".=.?(.& ?.& /#)-/.,& )%,"76?.?(@:& ;-G
+!-$4!7&3."(-6&!-$.'%?(@&3-,.?D(%$4?-@&<?."8((&3."/-G
8-&0%5,?(!%&"%/.?& 3<ac &v&e2z&+2&,-&3."(-6&.8-&!-$.'%?(@
'76.,&/6/-.&'-$4=.M& a 3<a a&gc c= = :&P)&Q-"07$#&3."(-6%
!-$.'%?(@&3"7E(??-8-&0%5,?(!%

f
N

c
m

= π

+$.67.,2& *,-& 3"(& -6?-/".0.??-0& 7/.$(*.?((& 0%++#& N
8"7)%& 0%5,?(!%& (& E.+,!-+,(& m& .8-& 3"7E(?#& /& m& "%)%
3."(-6&!-$.'%?(@&?.&()0.?(,+5:&`%!(0&-'"%)-02

f a a&gc c= = :

-./.0.)::)IXwxK:&b(&F4#+,&,&.(D&0-+351#($&/(D58*5=.
9)&*(149D?(y545D(ZY(+(#$(/#+,-1()#054E$#+,-(D58*-?(_&
%&%#=(0C+#,5($&E#/-*+'(&F4#+,&,J(b#)4#,-0*5$-5(0#D2
/9E&()45$5I45<-8#(8&*#?

"2324526) x,-& +-/+.0& 3"-+,%52& ?-& ?.& +$7*%@?%5& 6$5
6%??-@&+,%,4(&)%6%*%:&L&7+$-/((&)%6%*(&-8-/-".?#&/+.
6.,%$(M&%<"-+,%,&D&0-+&T&?%*%$4?%5&+!-"-+,4&8"7)%&"%/?%
?7$92& +#)4#,-0*5$-5( 0#D/9E&( )45$5I45<-8#( 8&*#& T
7+!-".?(.&8"7)%&"%/?-&a:&`-86%&(+!-0%5&/#+-,%&"%/?%

f

zee&0
f

aW
o = = :

-./.0.):96&"5$$-+$C=(8';()&/&5,(+(I#*:3#=(0C+#,C
$&(D58*6?(\)45/5*-,5(51#(9+%#45$-5(+4&D9()#+*5(&I+#2
*6,$#(9)491#1#(#,+%#%&?

"2324526)Z'"%,(,.&/?(0%?(.2&*,-&-'5)%,.$4?%5&/&3-G
6-'?#1& )%6%*%1& 3"(+!%)!%& k+#)4#,-0*5$-58( 0#D/9E&
)45$5I45;:l&/&7+$-/((&-,+7,+,/7.,:&],-&<,-&T&?.'".EG
?-+,4& +-+,%/(,.$.@2& )%'#/=(1& 7!%)%,4& -*./(6?79& 3-G
3"%/!72&($(&+-)?%,.$4?-.&..&(+!$9*.?(.B

X+$(& +-3"-,(/$.?(.& /-)671%& 3".?.'".E(0-& 0%$-2& ,-
-,/.,&/&)%6%*.&-*./(6.?M&7+!-".?(.&05*%&!%!&6-2&,%!&(
3-+$.&-,+!-!%&"%/?-&a:&Z6?%!-2&3-+!-$4!7&05*&3%6%.,&+
I#*:3#=(0C+#,C2&+-3"-,(/$.?(.&/-)671%&6-$E?-&-!%)#G
/%,4&+7H.+,/.??-.&/$(5?(.&?%&.8-&6/(E.?(.:&F.&+$(=!-0
,5E.$#@&,.??(+?#@&05*&*.".)&?.!-,-"-.&/".05&+&?%*%$%
3-$.,%&3.".+,%?.,&7+!-"5,4+5&T&+($%&+-3"-,(/$.?(5&/-)G
671%&3"-3-"D(-?%$4?%&+!-"-+,(&05*%:&̀ -86%&)%&08?-/.?(.
6-&76%"%&+($%&+-3"-,(/$.?(5&'76.,&"%/?%&3-&0-67$9&+($.
,5E.+,(& (& 3"-,(/-3-$-E?%& .@& 3-& ?%3"%/$.?(9:&V"%)7
3-+$.&&I+#*6,$#(9)491#1#(#,+%#%&&0-67$4&+!-"-+,(&05*%
-+,%?.,+5&,.0&E.2&)?%*(,2&+($%&+-3"-,(/$.?(5&+-1"%?(,
+/-9&/.$(*(?72&()0.?(/&,-$4!-&?%3"%/$.?(.&?%&3"-,(/-G
3-$-E?-.:&̀ %!(0&-'"%)-02&/&<,-,&0-0.?,&"%/?-6.@+,/79G
H%5&+($2&3"($-E.??#1&!&05*72&"%/?%&fNa2&%&.8-&7+!-".G
?(.&"%/?-

d&v&fa:

F.-E(6%??#@&-,/.,2&?.&3"%/6%&$(B

P?-86%& +$7*%.,+5& ,%!2& *,-& 7+$-/(.& +,%"%.,+5& !%!& '#
7/.+,(&".=%9H.8-&+&/."?-8-&37,(:&F%3"(0."2&+&3-0-H49
()'#,-*?#1&6%??#1:&^%++0-,"(0&3-!%)%,.$4?#@&/&<,-0
+0#+$.&3"(0.":

-./.0.):;)IXwxK:&_&(G#,#14&G--(>4-+?ZzA()45/+,&02
*5$&( 9+,&$#0%&( /*'( -D9;5$-'( 4&0$#854$#1#( /0-<5$-'
I49+%&(>ZA(8&++#=(Y.Z(%1.($&(%#,#4#8($&E#/-,+'(149D(>]A

8&++#=(Y.Z(%1?(y589(4&0$&(4&I#,&(4&0$#/5=+,09675=
0+5E(+-*.(/5=+,0967-E($&(I49+#%(i(149D#8.()4-()545852
75$--($&(]Y(+8J

"2324526)L&<,-@&)%6%*.&0+5&*(+$-/#.&6%??#.&?.&(8"%9,
?(!%!-@&"-$(:&C$5&".=.?(5&6-+,%,-*?-&-'"%,(,4&/?(0%G
?(.&?%&6/.&/.H(M&/-G3."/#12&6/(E.?(.&'"7+!%&4&0$#8542
$#5~&/-G/,-"#12&?7E?-&?%@,(&"%'-,7&4&0$#/5=+,09675=
0+5E(+-*2&6.@+,/79H(1&?%&'"7+-!&g&8"7)-0:&`.3."4&/+.
3".6.$4?-&5+?-M&3"(&"%/?-0."?-0&6/(E.?((&7+!-".?(.
"%/?-&?7$92&)?%*(,2&"%/?-6.@+,/79H%5&/+.1&+($&I!-,-G
"79&3-!%)#/%.,&6(%0.,"&XK&,-E.&"%/?%&?7$9:&̀ -86%&"%/?%
?7$9&(&..&"%'-,%:

L&)%!$9*.?(.&T&-'.H%??%5&,%'$(D%&k+!"#,-8-&+0#+G
$%l:&L&?.@&6%.,+5&/-)0-E?-.&,-$!-/%?(.&-,6.$4?#1&Q"%)2
/+,".*%9H(1+5&/&)%6%*%1&0.1%?(!(:&x,%&,%'$(D%&6%$.!-
?.&3-$?%5:&F%&?%=&/)8$562&'#$-&'#&3-$.)?-&3"-6-$E(,4
..:& ;"(& E.$%?((& *(,%,.$4& 0-E.,& +3"%/(,4+5& +& <,(0
+%0-+,-5,.$4?-:

'BC.D4245E
1&IXwxK:&F.'-$4=%5&=%@'%&3-+$.&76%"%&+!-$4)(,&//."1&3-

?%!$-??-@&3$-+!-+,(&()&,-*!(&{&I"(+:acK:&L&,-*!.&T&?%!$-??%5
3$-+!-+,4&'.)&()$-0%&3.".1-6(,&/&?%"7E?79&3-/."1?-+,4&8-"(G

!"#$%<&



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

)-?,%$4?-@&,"7'#&"%6(7+-0&|:&X+$(&/&,-*!.
{&+!-"-+,4&=%@'#&3"./-+1-6(,& eK &v&m|0�+2
,-& /& ,-*!.&T&=%@'%& -,"#/%.,+5& -,& -3-"#:
C$(?%&?%!$-??-@&3$-+!-+,(&{T&v&w&v&a&02
78-$& jeα = ° :&O-<QQ(D(.?,&,".?(5&0.E67
?%!$-??-@&3$-+!-+,49&(&=%@'-@& µ &v&e2f:
F%@6(,.&/?.=?(@&"%6(7+&,"7'#&|:

:) IXwxK:& F%*%$4?%5& +!-"-+,4& +?%"56%2
/#37H.??-8-&()&37=!(&/.",(!%$4?-&//."12
"%/?%& zee|0�+:& L& ,-*!.& 0%!+(0%$4?-8-
3-6A.0%&+?%"56&"%)-"/%$+5&?%&6/%&-+!-$!%:
;."/#@&73%$&?%&).0$9&/'$()(&,-*!(&/#+,".G
$%2&(0.5&+!-"-+,4&/&f&"%)%&'-$4=.&?%*%$4?-@
+!-"-+,(&+?%"56%2&%&/,-"-@&-!%)%$+5&/&<,-0
E.&0.+,.&*.".)&aee|+&3-+$.&"%)"#/%:&].07
"%/?-&-,?-=.?(.&0%++#&3."/-8-&-+!-$!%&!
0%++.& /,-"-8-& -+!-$!%B& V-3"-,(/$.?(.0
/-)671%&3".?.'".*4:

9&IW_`P2&abcdK:&`-?!%5&3$%+,(?!%&0%+G
+-@& aN 2&6/(E7H%5+5&+-&+!-"-+,49& eK 2&76%G
"5.,+5& -& ?.3-6/(E?79& ,-?!79& 3$%+,(?!7
0%++-@& fN 2& "%+3-$-E.??79& 3%"%$$.$4?-
3."/-@&I+0:&"(+:bK:&V!-"-+,4& eK &+-+,%/$5.,
78-$&ϕ &+&3$-+!-+,49&3$%+,(?-!:&R6%"&%'+-G
$9,?-&73"78(@2&,".?(5&0.E67&3$%+,(?!%0(
?.,:&V&!%!(0(&+!-"-+,50(&'767,&6/(8%,4+5
3$%+,(?!(&3-+$.&76%"%B

;6&r%"(!72&/(+5H.07&?%&$.8!-@&?."%+,5G
E(0-@&?(,(&6$(?-@&a2J&02&+--'H%9,&8-"(G
)-?,%$4?79&+!-"-+,4&d|0�+:&F%&!%!79&0%!G
+(0%$4?79&/#+-,7&3-6?(0.,+5&=%"(!B

<6&F%&,.$.E!.&0%++-@&`&v&mee|82&!-,-"%5
0-E.,&!%,(,4+5&'.)&,".?(5&3-&8-"()-?,%$4G
?-@&3$-+!-+,(2&(0..,+5&$.8!(@&!"-?=,.@?2
?%& !-,-"-0& 3-6/.=.?& ?%& ?(,(& 0%$.?4!(@
=%"(!& 0%++-@& N& v& fee|8:& F%& ,.$.E!7& 3-
8-"()-?,%$(&?%$.,%.,&(&%'+-$9,?-&?.73"78-
+,%$!(/%.,+5&+&?.@&=%"&0%++-@&`&I"(+:adK:

;-+$.& +,-$!?-/.?(52& /& ,-,& 0-0.?,& !-86%
?(,42&?%&!-,-"-@&3-6/.=.?&=%"(!2&-,!$-?(G
$%+4& ?%&0%!+(0%$4?#@& 78-$& -,& /.",(!%$(2
+!-"-+,4&,.$.E!(&'#$%&K&v&m|0�+:&O%!-/%
'#$%& +!-"-+,4&=%"%& eK & 6-& +,-$!?-/.?(5B
C$(,.$4?-+,4& +,-$!?-/.?(5&=%"%& +& ,.$.EG
!-@&+*(,%,4&-*.?4&0%$-@:

=&IZ$(03(%6%&k[-0-?-+-/l2&feazK:&C-+G
,%,-*?-&6$(??%5&6-+!%&0%++-@&M&6/(E.,+5
3-+,73%,.$4?-&/6-$4&+/-.@&6$(??-@&+,-"-G
?#&+-&+!-"-+,49& eK :&L&D.?,"&6-+!(&%!!7G
"%,?-&!$%67,&8"7)&0%++-@&N:&O-<QQ(D(.?,
,".?(5&0.E67&8"7)-0&(&6-+!-@& µ :&Z3".6.G
$(,.&0%!+(0%$4?-.&+0.H.?(.&8"7)%&-,?-+(G
,.$4?-&6-+!(:

%.FG5H.)IJKCLMNON)JPLJG.Q

!"#$%<A

!"#$%<B



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

!"##$%&'()*+,-(*+.$%+/&%+/01&23+.

-40%50+(+

1'!"#$#%&#'()*#+"#,-.)'/0123' !"# α– = '!"&1)45.)'6789-'&:
#$';'$"'1<#90#2' $#" $"# α– = – = ='-'&:'2787='>27'"!'?
@&11#A2"&1-'08<-'%"#='&'&:'"-,#%12,-'!%';'%"'1<#90#2

!"% %!" α– = – = )'B-<##='"%'?'@&11#A2"&1-'08<-'!"&'&
%&';'&"='+7C27D0' %"& %"! &%" α– = – = – = )'6789-'&:

&%" %"!α– = = – '1<#90#2' %& "!! ='&'2789-'&:' &( "!!
1<#90#2='>27'27>A&'(='%='&'<#E-2'%-'79%7F'+"GD7F)
/7'01<7,&H' IJ!#$– = ∞ '&'#)'?'D#9&-%-='+7C27D0'#)';
* )!';')$)'K21H9-' 5)#$ #$) $"# $#" α– = – = – + – = =
+7C27D0'#1<&'+7<7E&23'#)';')!';')$';'4='27

5LMN5#$ α= =' 5 5 LMN5 5"! "$ $! #$ #) α= + = + = + =
5O LMN α= )'6789-' 5LMN

5LMN

"!
"% α

α
= = ='

5 LMN

"%
"&

α
= =

!"#$%&'

123'P0<7%'+"&,79&<','17Q
+"&A71%7,#%&#'9,-'17,#"Q
$#%%7'79&%-A7,RS'$-"&A-=
79&%'&:'A727"RS'@R<':-"GQ
E#%='-'9"087F'?'%#2)'/#"#Q
2#A-G'1'79%787'$-"&A-'%-
9"087F=':-"G9R'"-1+"#9#<GQ
<&13'1&DD#2"&>%7='2)#)'+7Q

"7,%0'?',#93'%&'79&%'&:'$-"&A7,'%#'&D#<'+"#&D0T#12,-'+#Q
"#9'9"08&D)'/"7U#11'9#<#%&G'+797@%RD'7@"-:7D'D78'@R23
%#79%7A"-2%7'+"797<E#%)
113'V1S79G'&:'1&DD#2"&&='%-+"GE#%%7123'+7<G'97<E%-'@R23
%-+"-,<#%-'+#"+#%9&A0<G"%7'%&2&'+7',1#D'%-+"-,<#%&GD'&
@R23'79&%-A7,7F'9<G'"-,%709-<#%%RS'72'%&2&'27>#A'!"&1)WX
:-"G9'%&2&'+"&%G2'+7<7E&2#<3%RD.)

143'Y-+"GE#%%7123'@7<3$#'+"&'"-:%7&D#%%RS':-"G9-S)'/"&
79%7&D#%%RS':-"G9-S=','1&<0'1&DD#2"&&'&S'"-1+7<7E#%&G=
%-+"GE#%%7123'+7<G','9-%%7F'27>A#'"-,%-'%0<H)
153'/7<#'+7<7E&2#<3%787':-"G9-='+7D#T#%%787','9,08"-%%RF
087<='>-12&>%7'17,+-9-#2'1'+7<#D'>#2R"#S':-"G97,='"-:D#T#%Q
%RS',',#"$&%-S'A,-9"-2-'!"&1)ZX'"&10%7A'+712"7#%'1'+7D7Q
T3H'D#279-'C<#A2"712-2&>#1A&S'&:7@"-E#%&F.)'[&DD#2"&G
A-"2&%R'+7<G'+7:,7<G#2'%-F2&'%-+"-,<#%&#'&1A7D7F'1&<R)
163'\1<&'1712-,&23'&:'9,0S'2-A&S'+7<01]#"'U#<0H'1]#"0='27
+7<#',%02"&'%##'@09#2'"-,%7'%0<H)'^%->&2='+7<#'79%7F'&:'+7Q
<01]#"','+<71A712&'A"08-='A727"RF'&S'9"08'72'9"08-'729#<GQ
#2='97<E%7'A7D+#%1&"7,-23'+7<#'9"087F)'/71A7<3A0'+7<G'+7Q
<01]#"'1&DD#2"&>%R'72%71&2#<3%7'C2787'A"08-='%-+"GE#%Q
%7123'+7<G'A-E97F'&:'%&S'+#"+#%9&A0<G"%-'#87'+<71A712&)
173'V:'1&DD#2"&&'1S#DR'1<#90#2'"-,#%12,7'+72#%U&-<7,'27Q
>#A'!'&'%'!"&1)I.=','1&<0'>#87'27A'+7'C27F'+#"#DR>A#'&92&
%#'@09#2)'B-<3%#F$&F'"-1>#2'%#'+"#912-,<G#2'2"09-_

`

45"#+ += )

183'V:'1&DD#2"&&'7>#,&9%7='>27'+"&'&:D#"#%&&'#DA712&'U#Q
+7>A&'D#E90'27>A-D&','&'-'!"&1)4J.'"-:%7123'+72#%U&-<7,
D#E90'9,0DG'<H@RD&'&:'9"08&S'27>#A'"-,%-'%0<H)'^%->&2=
,A<H>#%%R#'D#E90'C2&D&'27>A-D&'A7%9#%1-27"R'%#':-"GE#%R
&'+7C27D0'%#'9-H2',A<-9-','7@T0H'#DA7123)'6789-'#DA7123
U#+7>A&'"-,%-'.!a5)
193'[7:9-,-#DR#'1&DD#2"&>%7'"-1+7<7E#%%RD&'+7<0A7<3U#Q
,RD&'27A-D&'D-8%&2%R#'+7<G','U#%2"#'A7<3U-'"-,%R'+7',#<&Q
>&%#'&'+"72&,7+7<7E%R'+7'%-+"-,<#%&H='+7C27D0'A7D+#%1&Q

"0H2'9"08'9"08-'&'%-'12"#<A0'%#
9#F12,0H2)
1:3'V:7@"-E#%&#'<&U-'@09#2'+#"#Q
,#"%02RD)'*'2-A7D':#"A-<#'+"7&1Q
S79&2'9,7F%7#'72"-E#%&#'!"&1)44.)
[2"#<A&'"#'&' " #¢¢ ¢¢ '"-1+7<7E#%R
1&DD#2"&>%7'72%71&2#<3%7'U#%2"-
/='2-A-G'E#'1&DD#2"&G'@09#2'D#E90
<H@RD'+"#9D#27D'&'#87'&:7@"-E#Q
%&#D)
1;3'*'C27D'1<0>-#'+"#9D#2'&'#87
&:7@"-E#%&#'"-1+7<7E#%R'1&DD#2Q
"&>%7'72%71&2#<3%7'<&%:R'%-'"-1Q
127G%&&'5$'72'%##='+7C27D0'"-1127G%&#'D#E90'%&D&'"-,%7'O$)
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