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

+$%+$-.!&+$//-%!&*$012"+3%#4-"!

5*."-6"&!*5+#7#4-"&8&7#0#9."&*+

*31!#4-"&)
!"#$%&'!"#$%&$'

!"#$%&%'($%)*+,-'+.(&.#&($/%.-'+-'$+(#$)/%'0-+1+!-'+,-#2+3/)4&56-'+')*$+%*,03-*,(*$'

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

7-/$(%*'+8%9-/':+%&+;(#$+(60&%)/-/+&"-**-%<-6-*$+,-'+3%'$-'+,-+'=%+-*+#$%&%'(*$+,-+&(+*-%<-+(/$%;%.%-&&->+?&&-+-'$+3/),#%$-+@
&"(%,-+,-+.(*)*'+@+*-%<->+!(+A#(&%$0+,-+&(+*-%<-+3/),#%$-+,03-*,+3/%*.%3(&-6-*$+,-'+.)*,%$%)*'+($6)'380/%A#-'+-$+,-+&(
;(B)*+,)*$+')*$+<0*0/0-'+&-'+<)#$$-'+,"-(#+@+&"%*$0/%-#/+,#+.(*)*>+C*+'-+3/)3)'-+%.%+,-+$/(%$-/+A#-&A#-'+3)%*$'+/-&($%;'+@
&(+$8-/6),D*(6%A#-+-$+(#2+$/(*';-/$'+$8-/6%A#-'+6%'+-*E-#+&)/'+,-+&(+3/),#.$%)*+,-+*-%<-+(/$%;%.%-&&->

23456347(89::;47(<=4>?98@:A?B6347(84(5C4A3(79:<(8B7D9:BE547(F(5A(GB:(84(5C;:9:H;I

()"1=A:J4?4:<(84(D=A74(795B84*5B63B84(847(H9>D7

()"*+",-./&0'"1$"23.4&.55$"/&6'$786"'%&"1."934%&$"*":
)";38%$&"1$'"<=7$'"'=132$>"13?%32$>"$8"@./$%&+
)",69373&"1$'"/=378'"A"$8"B"$8"26C&3&$"D&30@$5$78"C$"?%3"'-E"/.''$+
)F=55$78"'G.//$11$78"1$'"C=%&D$'"'B>"B9"$8"AB"H

C*+(33-&&-+.8(&-#/+&($-*$-+6(''%A#-+,-+$/(*'%$%)*+,-+38('-:+,-+&(+38('-+F+9-/'+&(+38('-+G:+&-+$/(*';-/$+$8-/6%A#-+!FG
*0.-''(%/-+3)#/+/0(&%'-/+,-+;(B)*+/09-/'%4&-+@+&(+$-630/($#/-+H+')#'+&(+3/-''%)*+I:+&(+$/(*'%$%)*+,-+&"#*%$0+,-+6(''-+,"#*
.)/3'+3#/:+$-&+A#-+J+!FG+K+8G+L+8F+)M+8F+-$+8G+')*$+&-'+-*$8(&3%-'+6(''%A#-'+,-'+38('-'+F+-$+G>



*)"I+"J=78&$&"?%$"1."8&.7'383=7"2$"/#.'$"$'8".''=C36$"K"%7$"23'C=7837%386"2$"1-$78&=/3$"8$11$"?%$
LM *I*I ''H'H! −=∆=

=N"'*$8"'I"'=78"1$'"$78&=/3$'"5.''3?%$'"&$'/$C83@$'"2$'"/#.'$'"*"$8"I"$8"O"1."8$5/6&.8%&$"2$"C#.74$5$78"2$"/#.'$"K
1."/&$''3=7"P+

*)"Q+"J=78&$&"?%$"1$"C#.74$5$78"2$"/#.'$"&6@$&'3D1$"2-%7"C=&/'"/%&"'$"9.38"K"$78#.1/3$"13D&$"C=7'8.78$+

*)"!+"R7"262%3&$"1."&$1.83=7"2$"F1./$E&=7"?%3"2=77$".%"/=378"MPS>OSL"1."/$78$"2$"1."C=%&D$"2$"C#.74$5$78"2$"/#.'$
2.7'"%7"23.4&.55$"MP>OL"$7"9=7C83=7"2$"T*I>"OS"$8"2$'"@=1%5$'"5.''3?%$'"@*"$8""@I"2$'"/#.'$'"*"$8"I+

*)"U+"F.1C%1$&"1."/$78$"2$"1."C=%&D$"2-6?%313D&$"'=132$)13?%32$"2$"1-$.%"2.7'"%7"23.4&.55$"MP>OL"K"O"V"SWF+"X7
2=77$",+1."2$7'386"2$"1."41.C$:",+K+N:OFP>+P=%&?%=3"1$"23.4&.55$"2$"1."934%&$"*"7-$'8)31"/.'"C$1%3"2$"1-$.%"H

*)"Y+",=77$&"1-6?%.83=7"2$"1."C=%&D$"2-6?%313D&$"'=132$)13?%32$"2$"1-$.%".''35316$"K"%7$"2&=38$+

*)"Z+"X7"C=7'320&$"1-6C#.%99$5$78"3'=D.&$"2$"1."41.C$"/&3'$"K"O"V")"UWF"'=%'"USS"D.&'+"[%$11$"$'8"1."8$5/6&.8%&$
2$"C#.74$5$78"2$"/#.'$"2$"1."41.C$"H"[%$"'$"/.''$)8)31"'3"1-6C#.%99$5$78"."13$%"K"%7$"/&$''3=7"3796&3$%&$"K"P8&"H

*)" \+" ;=3$78" 41MOL" 1-$78#.1/3$" 13D&$"5.''3?%$" 2$" 1-$.%" 13?%32$" $8" 4'MOL" 1-$78#.1/3$" 13D&$"5.''3?%$" 2$" 1-$.%" '=132$
C.1C%16$'"K"/&$''3=7"C=7'8.78$+"T$%&'"@.&3.83=7'"$7"9=7C83=7"2$"1."8$5/6&.8%&$".%"@=3'37.4$"2$"1."8$5/6&.8%&$"2$
C#.74$5$78" 2$" /#.'$" O9" '=78" &$/&6'$786$'" '%&" 1." 934%&$" I+" J=78&$&" ?%$" 1-$78&=/3$" 23537%$" 1=&'?%$" 1$" 2$4&6
2-=&4.73'.83=7"2$"1."5.830&$".%45$78$+

]34%&$"I":"@.&3.83=7'"$7"9=7C83=7"2$"1."8$5/6&.8%&$>".%"@=3'37.4$"2$"1."8$5/6&.8%&$"2$"C#.74$5$78"2$"/#.'$"O9>
2$'"$78#.1/3$'"13D&$'"5.''3?%$'"2$'"/#.'$'"13?%32$"$8"'=132$

*)"^+"[%-.//$11$)8)=7"'%&9%'3=7"H

))*(04>?B:A<B9:K('98L54(84(M95?4>

!-+3/).-''#'+,-+.8(*<-6-*$+,-+38('-+&%A#%,-1')&%,-+/-3)'-+'#/+&-+.)*.-3$+,-+<-/6%*($%)*>+!(+<-/6%*($%)*+-'$
,0;%*%-+.)66-+&(+;)/6($%)*+,"#*-+*)#9-&&-+38('-+,(*'+#*-+/0<%)*+,%'$%*.$-+'03(/0-+,-+.-+A#%+&"-*$)#/-+3(/+#*-



&%6%$-+4%-*+,0;*%-+J+&"%*$-/;(.-+&%A#%,-1')&%,->+!"0*-/<%-+%*$-/;(.%(&-+σ+QR>+61FS:+@+&(+$-630/($#/-+H+-$+@+&(+3/-''%)*
I+-'$+,0;%*%-+@+3(/$%/+,#+$/(9(%&+δT+A#"%&+-'$+*0.-''(%/-+,-+;)#/*%/+(#+'D'$56-+3)#/+;)/6-/+#*-+%*$-/;(.-+,"(%/-+,U

δT+K+σ+,U
U%*'%:+&(+3/%'-+-*+.)63$-+,V#*-+%*$-/;(.-+,"(%/-+U+-*$/-+,-#2+38('-':+/-9%-*$+@+(E)#$-/+&-+$-/6-+σU+@+&"-*$8(&3%-
&%4/->
?*+09(&#(*$+&(+9(/%($%)*+,"-*$8(&3%-+&%4/-+('').%0-+@+&(+;)/6($%)*+,"#*+<-/6-+'380/%A#-+')&%,-+,(*'+#*+9)&#6-
,)**0+,-+&%A#%,-:+&-+6),5&-+,-+WC!X?Y+6)*$/-+A#-+&-+.8(*<-6-*$+,-+38('-+&%A#%,-1')&%,-+,-'+.)/3'+3#/'+*-
3-#$+(9)%/+&%-#+A#-+'%+&(+$-630/($#/-+,#+'D'$56-+-'$+%*;0/%-#/-+@+&(+$-630/($#/-+$8-/6),D*(6%A#-+,-+.8(*<-6-*$
,-+38('-+@+&(+3/-''%)*+.)*'%,0/0->

;=38"6+1."5.''$"8=8.1$"2%"'E'805$"2.7'"1-68.8"*"$8"I>"$8"@'"1$"@=1%5$"5.''3?%$"2$"1."/#.'$"'=132$"C=78$7%$"2.7'"1$
4$&5$"'/#6&3?%$"2$"&.E=7"/+2%"'E'805$"2.7'"1-68.8"I+

((+"*)"F.1C%1$&"1-$78#.1/3$"13D&$"_*"2%"'E'805$"2.7'"1-68.8"*+

((+"I)"F.1C%1$&"$7"9=7C83=7"2$'"$78#.1/3$'"13D&$'"5.''3?%$'"41"2%"13?%32$"$8"4'"2%"'=132$>"2$"σ>"@'>"5+$8"&+1-$78#.1/3$
13D&$"_I"2%"'E'805$"2.7'"1-68.8"I+

((+"Q)"R7"262%3&$"1."@.&3.83=7"2-$78#.1/3$"13D&$"∆_*I"C=&&$'/=72.78".%"/.''.4$"2%"'E'805$"2$"1-68.8"*"K"1-68.8"I+

((+"!)",=77$&"1-.11%&$"2$"∆_*IM&L"/=%&"O"V"O9"$8"O`"O9+"J=78&$&"?%$"1-68.8"I"7$"/$%8"a8&$"'8.D1$"?%$"'3"O"`"O9"$8"?%$
1."7=%@$11$"/#.'$"7$"/$%8"C=7837%$&"K"'$"26@$1=//$&"?%$"'3"1$"&.E=7"2%"4$&5$"$'8"'%/6&3$%&"K"%7$"@.1$%&"53735.1$
/./%$%A#-+?%$"1-=7"C.1C%1$&."$7"9=7C83=7"2$"41>"4'>"σ"$8"@'+

((+"U)"R7"%8313'.78"1$'"2=776$'"2$"1."934%&$"I>"5=78&$&"?%$"1."4$&537.83=7"$'8"2-.%8.78"/1%'"9.C31$"?%$"1."'%&9%'3=7
$'8"35/=&8.78$+

)))*(+AE>BHA<B9:(84(:4BJ4(A><BGBHB4554(*(1A:9:(F(:4BJ4

!(+ *-%<-+ (/$%;%.%-&&-+ -'$+ )4$-*#-+ -*+ 3#&90/%'(*$:+ @+ &"(%,-+ ,-+ .(*)*'+ @+ *-%<-:+ ,-+ ;%*-'+ <)#$$-'+ ,"-(#+ &%A#%,-+ @
H%KFNZ7+,(*'+ &"(%/+(64%(*$+ @+ &(+ $-630/($#/-+H-K1F[Z7>+C*+3/)3)'-+ ,-+ .(&.#&-/+ &-+ $-63'+6%'+ 3(/+ #*-+ <)#$$-
,"-(#+ 3)#/+ 3(''-/+ ,-+ &"0$($+ &%A#%,-+ @+ &"0$($+ ')&%,->+ C*+ '#33)'-+ A#-+ &(+ <)#$$-+ ,"-(#+ -'$+ '380/%A#-+ ,-+ /(D)*
YKN:G66+-$+A#-+'(+$-630/($#/-+@+$)#$+%*'$(*$+-'$+#*%;)/6->+U+&"%*$-/;(.-+-(#1(%/:+&-+;&#2+$8-/6%A#-+,Φ+@+$/(9-/'
#*-+'#/;(.-+,\+,(*'+&-+'-*'+,-+&(+*)/6(&-+-2$0/%-#/-+ * +-'$+,)**0-+3(/+&(+&)%+,-'+$/(*';-/$'+.)*9-.$)1,%;;#'%;'

,Φ+K+8+]HQ$S+1+H-^+,\
)M+HQ$S+-'$+ &(+ $-630/($#/-+,-+ &(+<)#$$-:+'#33)'0-+#*%;)/6-:+@+ &"%*'$(*$+ $>+ 8+ -'$+#*-+ .)*'$(*$-+A#-+ &")*+3/-*,/(
0<(&-+@+8+K+_[+T>+61G+`1F>



((()"*+"R7"%8313'.78"1$"/&$53$&"/&37C3/$"2$"1."8#$&5=2E7.53?%$>"$7"'%//='.78"1."4=%88$"37269=&5.D1$>"$7"6?%313D&$
56C.73?%$".@$C"1$"5313$%".5D3.78>"68.D13&"?%$"1-6?%.83=7"?%3"&6438"1."@.&3.83=7"8$5/=&$11$"2$"1."8$5/6&.8%&$"HQ$S
2$"1."4=%88$"2-$.%"13?%32$"$'8

bLMcQ -& H$H8
,$
,HY. −−=ρ

=N"C1"$'8"1."C./.C386"8#$&53?%$"5.''3?%$"2$"1-$.%"13?%32$"$8"ρ"'."5.''$"@=1%53?%$"'%//='6$"C=7'8.78$+

((()"I+"J=78&$&"?%$"1."@.&3.83=7"8$5/=&$11$"2$"1."8$5/6&.8%&$"2$"1."4=%88$"13?%32$"$'8"&643$"/.&
τdLM $

-%

- -
HH
H$H −=

−
−

Re/&35$&"τ" $7" 9=7C83=7"2$"8:+ρ:+ .&+$8"Y>+F.1C%1$&" 1$" 8$5/'" $)+53'"/.&" 1."4=%88$"2-$.%" 13?%32$"/=%&".88$372&$" 1.
8$5/6&.8%&$"2$"'%&9%'3=7"HQ$)S+K+1[Z7>

((()"Q+"T=&'?%$"1."4=%88$".88$378"1."8$5/6&.8%&$"2$")UWF>+31"E".+&%/8%&$"2$"1."'%&9%'3=7":" 1."8$5/6&.8%&$"$'8".1=&'
64.1$"K"SWF"$8"1."4=%88$"$'8"/.&83$11$5$78"'=1323936$+"F.1C%1$&"1."9&.C83=7"e"2$"13?%32$"&$'8.78"K"'=132393$&"./&0'"1.
&%/8%&$" 2$" 1." '%&9%'3=7+" X7" .25$88&." /=%&" C$1." 1." 8&.7'9=&5.83=7" .23.D.83?%$" C.&" 8&0'" &./32$+" X7" 764134$
64.1$5$78"1."@.&3.83=7"2$"@=1%5$"2%$".%"C#.74$5$78"2$"5.''$"@=1%53?%$+

((()"!+"F.1C%1$&"1$"8$5/'"76C$''.3&$"K"1."'=132393C.83=7"2%"&$'8$"2$"1-$.%"13?%32$+

((()"U+"f"'=7".&&3@6$".%"'=1>"1$"&.E=7"2$"1."4=%88$"'=132$"$'8"3796&3$%&"K"C$1%3"2$"1."4=%88$"13?%32$"37g$C86$"/.&"1$
C.7=7"K"7$34$"M=7"764134$"1."@.&3.83=7"2$"5.''$"@=1%53?%$".@$C"1."8$5/6&.8%&$L":"1."41.C$"'-$'8"'%D1356$+"[%$1
$'8"1$"56C.73'5$"/#E'3?%$"&$'/=7'.D1$"2$"C$88$"'%D135.83=7"H

a#-&A#-'+,)**0-'+$8-/6),D*(6%A#-'+,-+&"-(#

P=378"8&3/1$":" O8&V"S>S*"WF
P8&"V"S>Y**Q"hP.

P=378"C&383?%$":" PC"V"II>S^"JP.
OC"V"QZ!>*!"WF

F#.1$%&"1.8$78$"2$"C#.74$5$78"2$"/#.'$"'=132$)13?%32$"MP"V"*SU"P.L

!;+MIZQiL"V"QQQ"hj+h4)*

F./.C386"8#$&53?%$"5.''3?%$"MK"SWFL": 2$"1-$.%"13?%32$":"C1V"!>*\"hj+h4)*+i)*
2$"1-$.%"'=132$":"C'V"I>*"hj+h4)*+i)*


