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&8.U$4*WE*"#$5$;#$/1=

41+*%"#1A1"7-7"1#0!+#/*/"A&!," -++18"QL =".-".-9!"+/+#% !
#%*"$"A1&/,1.#-*5.1 ".-0&-$*%.//"D1+5" Z F"./7-7/%"$.%9./%
+/*(" .%" '%8+#$!;#=" 01:#1 !" A1&/,1.#-*5.-?" 711&'/.-# -
B%.#&-" -++"+/+#% ("E!'%#"1+#-$-#5+?".%/, %..183"4! +#5"$
0&1/,$1*5.(8" 1 %.#"$&% %./"D01+*%"1+$1E12'%./?"A&! ,-
 -++18"QL F"A1&/,1.#-*5.(%"711&'/.-#("B%.#&1$" -++"#&%)
#%*"E!'!#"#-7/ /H" mx "I"711&'/.-#-"A&!,-" -++18" L =" 2mx "I
711&'/.-#-" 7*/.-=" 3mx " I" 711&'/.-#-" A&!,-"  -++18" Q L
D.-<-*1" 1#+<%#-" I" 0&1/,$1*5.1%F3" T1A'-" A1&/,1.#-*5. -?
711&'/.-#-"B%.#&-" -++"+/+#% ("E!'%#"&-$.-
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41+71*57!"$%*/</.-"  x "1+#-%#+?"01+#1?..18=" 12.1",-0/6
+-#5

2 32 3 constm m mx x x+ + = 3

L-"$&% ?"0-'%./?"A&!,-"  -++18"Q L "0&1/+)1'/#" /, %.%./%
$+%)"#&%)"711&'/.-#="0&/<% ":#/"/, %.%./?"E!'!#"+$? ,-.(
 %2'!"+1E18"+11#.19%./% 

2 32 3 0m m mx x xD D D! !  =

/*/="#-7"7-7" 2 3m mx xD D= =

25 0m mx xD D+ = 3

S0!+7-./%" A&!,-"  -++18" Q L " .-" $%*/</.!" H" 0&/$1'/#" 7
0%&% %>%./;"A&!,-"  -++18"L "$'1*5" .-7*1..18"0*1+71+#/
#-72%" .-" H=" -" $'1*5" 1+/" Z " I" .-" cosH a 3" R1" :#1" I
0%&% %>%./%"1#.1+/#%*5.1"7*/.-="-"01*.1%"A1&/,1.#-*5.1%
0%&% %>%./%"A&!,-" -++18"L "E!'%#"&-$.1

2cosm mx H xD a D ! 3

T1A'-=" +" !<%#1 " +11#.19%./?"  %2'!" mxD " /" 2mxD =" '*?
0%&% %>%./?"7*/.-"01*!</ 

2
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6 9m

H H
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a
D  "  "  " 3

L.-7"Y /.!+Z"1,.-<-%#="<#1"7*/."+ %+#/#+?"$*%$13
 !"!#!$*&$ !"#$%$&'($*:'5':,&153$*I5,/$5'$*+'5$('/$0P

+34*65$#7''* a P/,0('9?)*5$3;@3%':3$*%&8*30-U$0(2&$5'8
#$,+9''

4 7 10He Li B n! $ ! =

$0&'*#$,+9'8*'%$(*0*"37&3U$5'$:*65$#7''*[*G*O)\]* 6 E=
^%#3*&'('8*5$"3%2'<53=

C1"&%-7B//" ("/ %% " a 6<-+#/B!="/*/"?'&1"-#1 -"A%*/?=
/" ?'&1" */#/?=" -" 01+*%" &%-7B//" 1E&-,!;#+?" ?'&1" E1&-" /

.%8#&1.3" J+*/"  (" 01'+</#-% " +!  -&.(%" :.%&A//" 0171?
<-+#/B"'1"&%-7B//"/"01+*%"&%-7B//="#1"!$/'/ ="<#1": .%&A/?
0171?"?'&-"E1&-"/".%8#&1.-"E1*59%="<% ":.%&A/?"0171?"a 6
<-+#/B(" /" ?'&-" */#/?3" X#-" &-,.1+#5" 7-7" &-," /" &-$.-
01A*1>-% 18":.%&A//"[ "0&/"'-..18"&%-7B//3"T-7/%"?'%&.(%
&%-7B//=" 0&1)1'?>/%" +" 01A*1>%./% " :.%&A//=" .-,($-;#
:.'1#%& /<%+7/ /"&%-7B/? /3"[%-7B//="/'!>/%=".-1E1& 1#=
+"$('%*%./% ":.%&A//=".-,($-;#":7,1#%& /<%+7/ /3"S# +;'-
01.?#.1="<#1"%+*/"/+)1'.(%"<-+#/B(".%01'$/2.(="#1": .'16
#%& /<%+7-?" &%-7B/?" .%" 018'%#3" L.-</#=" .-*%#-;>-?" .-
 /9%.5"<-+#/B-" '1*2.-"1E*-'-#5".%71#1&18" /./ -*5.1 8
:.%&A/%8=" 0&/" 71#1&18" .-<.%#+?" &%-7B/?3" K%*/</.!" :#18
:.%&A//".-,($-;#"01&1A1$183

R-/E1*%%"!'1E.1"&-++ 1#&%#5"0&1B%++".%!0&!A1A1"$,-/ 16
'%8+#$/?"<-+#/B"$"+/+#% %"1#+<%#-="+$?,-..18"+"B%.#&1 " -++
+/+#% (3"SE1,.-</ "+71&1+#5" a 6<-+#/B(" $" *-E1&-#1&.18
+/+#% %"1#+<%#-"<%&%,"va 3"T1A'-"+71&1+#5"'$/2%./?"B%.#&-
 -++"&-$.-
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A'%"ma "/" Lim "I" -++(" a 6<-+#/B("/"?'&-"*/#/?3"W71&1+#5" a 6
<-+#/B("$"+/+#% %"B%.#&-" -++"+1+#-$*?%#
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a a
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I",'%+5",-"01*12/#%*5.1%".-0&-$*%./%"$(E&-.1".-0&-$ *%./%
+71&1+#/"a 6<-+#/B("$"*-E1&-#1&.18"+/+#% %"1#+<%#-3"W716
&1+#5"?'&-"*/#/?"$"+/+#% %"B%.#&-" -++"&-$.-

Li  
Li

m v
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K":#18"+/+#% %"1#+<%#-"0&/"01&1A1$18"+71&1+#/"a 6<-+#/B(
1E&-,1$-$9%%+?" ?'&1" E1&-" /" .%8#&1." '1*2.(" 0171/#5+? 3
L-0/9% " ,-71." +1)&-.%./?" 01*.18" :.%&A//" '1" &%-7B//" /
01+*%"&%-7B//H

2 2
 () ()  2 2 2 2

Li B2 2 n

m v m v
m c m ª m c m ca a

a ! ! !  !

I" :.%&A//" <-+#/B" ,'%+5" ,-0/+-.(" '*?" .%&%*?#/$/+#+71 A1
+*!<-?3"41'+#-$*??"$":#1"!&-$.%./%"$(&-2%./?"'*?"  va "/

Li  v "/"!</#($-?="<#1

( )2 2 2 2
B Linm c m c m c m c Qa! " !  =

01*!</ 
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S#+;'-" .-)1'/ "  /./ -*5.!;"7/.%#/<%+7!;" :.%&A/;" a 6
<-+#/B("$"*-E1&-#1&.18"+/+#% %"1#+<%#-H

2

Li

1 4,48 "#$
2k

m v m
E Q

m
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 !"#$%&%'(

)*+ !"#$%&'()"#*+,-+"-%."'*/"+01#$+"-%2&*34%)".50%26"# $7
/*0$%8,/%0',+*(%!9,%)5:04;%<5:01%)122"-% %2%&'*6',&#,++"-
6% +,-% #,.6"-% &'5=*+"-
=,206"20$>%! %!9*=,02(%2"
26"'"20$>% 0v ?%1%)5:01%)127
2"-% @ % &"6"*02(% A'*2;BC;
D&',!,#*0,%26"'"20$%)5:7
04%)122"-%@ %&"2#,%,,%"07
'491%"0%&'5=*+4%*%9',)(
6"+01601%E0"-%)5:04%2%&'5=*+"-;%F1/),'4%)5:0%)+"."%),+$G,
!#*+4%&'5=*+4;

,*+H1%.#1!6"-%."'*/"+01#$+"-%&"9,'I+"20*%20"#1%+1I"!*0 2(
8'52"6%9%:"'),%&'()"5."#$+"."%&1'1##,#,&*&,!1?%+1%6 "0"'")
56',&#,+4%205&,+J104-%8#"6%2%'1!*521)*%G6*9"9%"%*%# %A#$%

 !"#$(

 !"#$)

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



 ! " # $   ! ! " # $   "
K% @"C% *% 9,'0*61#$+1(
G01+.1%&' % A'*2;LC;% H1
G6*94% +1)"01+4% #,.6*,
+*0*?% &'*6',&#,++4,% 6
.'5/1)%)1221)*%  %*%B ;
M'5/% )122"-% % )"=,0
26"#$/*0$% 9!"#$% G01+.*
&' ;%  +1J1#,% .'5/% )127
2"-%B %5!,'=*91>0%9%&"7
6",?% 1% /10,)% "0&5261>0;
N% )"),+05% 5!1'1% .'5/1

)122"-% %"%20"#%!'5."-%.'5/%+,%!"20*.1,0%8#"61?%1%8'52"6%/1
E0"% 9',)(% 2),O1,02(% +1% '1220"(+*,%(% K% P?B% 2);% H1% 616")

 !"#$*

'1220"(+**%"0%20"#1%+1I"!*#2(%.'5/%)122"-% %9+1J1#,Q%<127
21)*%8#"61%*%G01+.*%&',+,8',J$;

-*+R9*=5O1(2(%J120*31%&',0,'&,91,0%5&'5.",%20"#6+"9,+* ,%2
&"6"(O,-2(% J120*3,-% 016"-% =,% )1224;% R"61=*0,?% J0"% &"2#,
20"#6+"9,+*(?%,2#*%"+"%+,%84#"%#"8"94)?%J120*34%'1/#,0(02(
&"!%&'()4)%5.#")%!'5.%6%!'5.5;

.*+N16"91%6*+,0*J,261(%E+,'.*(%a 7J120*34?%,2#*%&'*%&"&1!17
+**%9%(!'"%1/"01%14N %&'"*2I"!*0%',163*(

4 14 17 1He N O H !  =

2"&'"9"=!1>O1(2(%&".#"O,+*,)%E+,'.**% ) %K%S%<E ?%1%"8'1/"7
919G*-2(%&'"0"+%&"6"*02(%9%#18"'10"'+"-%2*20,),%"02J,01Q

! $020-&0'-0!3#+,3&1'50!6$&+0$&7'*'(% 3$&30
$+#!0/#%*5.()":7,- %.1$"&%A!*?&.1"01?$*?;#+?",-'-</ =

$"71#1&()"/,"'-..1A1"+% %8+#$-"G!.7B/8"#&%E!%#+?"$('%*/#5
#%=" <5/"  .12%+#$-" ,.-<%./8" !'1$*%#$1&?;#" 1E\?$*%..(  
!+*1$/? 3

R/2%"  (" !7-2% " /'%/" &%9%./?" .-/E1*%%" 010!*?&.1A1
7*-++-"01'1E.()",-'-<3

4!+#5"'*?"'-..1A1",.-<%./?"0-&- %#&-" , "&-++ -#&/$-%#+?
G!.7B/?

( ) ( );ay x f x a 3

]!'% "A1$1&/#5="<#1",-'-.1"+% %8+#$1"G!.7B/8" { }ay ="A'%",
0&/./ -%#"$+%"'10!+#/ (%",.-<%./?3"K('%*/ "#/0("1+. 1$6
.()",-'-<3

+,-.!/$0120.2!/$3!"!#!&$ H,4('*20$*I5,/$5'8*",#,:$(#,
,)* "#'* +3(3#?@* :53<$0(23* I5,/$5'4* _-5+9''* ( );f x a
03%$#<'(*%,55?4*3(#$I3+*A'5($#2,&)*"3&-'5($#2,&)*&- /*'
(=%=B=

450-!/$0120.2!/$3!"!#!&$ H,4('*20$*I5,/$5'8*",#,:$(#,
,)*"#'*+3(3#?@*:53<$0(23*I5,/$5'4*_-5+9''* ( );f x a *5$
03%$#<'(*5'*3%5373*I5,/$5'8*'I*%,55373*3(#$I+,*A'5( $#2,P
&,)*"3&-'5($#2,&,)*&-/,*'*(=%=B=

^+.1="<#1" 12.1"!7-,-#5"/"'&!A/%"&%A!*?&.1"$+#&%<-; >/6
%+?"#/0("1+.1$.()",-'-<3"]1*%%"#1A1="$"+/*!"$,-/ 1+ $?,/
 %2'!" 1+.1$.( /" ,-'-<- /="  12.1" /.1A'-" 1'.!" /," ./)
+G1& !*/&1$-#5"$"$/'%"'&!A183

R-9" $(E1&" 1+.1$.()" ,-'-<" 0&%'10&%'%*%." 0&-7#/718
$+#!0/#%*5.()":7,- %.1$="A'%":#/",-'-</".-/E1*%%"<- +#1"$
01'1E.1 "$/'%"/"0&/+!#+#$!;#3

 !"#"$%&'()(*+,&"#*"-*%.&/0102

4&/.?#1"$('%*?#5"+*%'!;>/%"+01+1E("&%9%./?3
+,-.67$180109 *̀ *0"303;*3"#$%$&$5'8* ( )aE y )*(=$=*:53<$P

0(2,*I5,/$5'4*_-5+9''* ( );f x a *"#'*%,553:*,=
W!#5":#1A1"+01+1E-"+1+#1/#"$".%01+&%'+#$%..1 "/++*%'1$-6

.//"G!.7B//"+"B%*5;".-)12'%./?" .12%+#$-"%%",.-<%./ 8"/
01*!<%./?"1#$%#-".-"$10&1+="?$*?%#+?"*/"1.1"/+71 ( "/*/
.%#"$"'-..18"1+.1$.18",-'-<%3

X#1#" +01+1E" I" +- (8" A&1 1,'7/8" 01" 1E\% !" &-E1#(=
01+71*57!"#&%E!%#+?"0&%'$-&/#%*5.-?"01*.-?"7*-++/G/7-6
B/?"$1, 12.()"$-&/-.#1$="$",-$/+/ 1+#/"1#"0-&- %#&- ", =
#/01$"/++*%'!% 18"G!.7B//"/"&-++ 1#&%./%"7-2'1A1"$- &/6
-.#-3

450-07$180109*`*0"303;*3"#$%$&$5'8*-0&32'4*0-U$0(23P
2,5'8*+3#5$4*-#,25$5'8

( );y f x a ***************************"DaF

3(530'($&153*@*A0/'(,8*"$#$:$55?$*-*'*,*",#,:$(#,:'
6(373*-#,25$5'8B*"#'*0_3#:-&'#32,55?@*(#$;32,5'8@*+
"$#$:$5534*-=

X#1#"+01+1E"I".-/E1*%%"%+#%+#$%..(8"'*?"01./ -./?"$ +%)
'%8+#$/8"0&/"%A1"/+01*5,1$-.//"/".-/E1*%%"<-+#1"'% 1.+#6
&/&!% (8"$"*/#%&-#!&%3

:-,5;7$180109 *`*#$D$5'$*#,2$50(2,*AaB*3(530'($&153
",#,:$(#,*,=

X#1" I" 1<%.5" /,$%+#.(8" +01+1E" $" ,-'-<-)" +" 0-&- %#&1 =
#&%E!;>/8=" 1'.-71=" .-/E1*%%" $(+1718" 7!*5#!&(" 0&/" %A 1
/+01*5,1$-.//3

C*?"01./ -./?"/,*-A-% 1A1"$"'-*5.%89% "#%7+#-"7&-8. %
$-2.1"1#'-$-#5"+%E%"1#<%#="+"7-7/ /"G!.7B/? /"/,"+%  %8+#$-
{ }ay "  (" / %% " '%*1=" 71A'-" G/7+/&!% " ,.-<%./%" 7-7186
./E!'5"/,"#&%)"0%&% %..()"$"&-$%.+#$%"DNF3

E,#',5(* ,*G*0 H"&-++ -#&/$-%#+?"0"2!$ G!.7B/?" ( )y x  

( );f x c "/,"+% %8+#$-"{ }ay 3
E,#',5(*@*G*0 H"&-++ -#&/$-;#+?" .1,$ G!.7B//"/,"+% %86

+#$-"{ }ay ="'*?"71#1&()" 0"0&/.-'*%2/#"/)"1E*-+#/"10&%'%*%6
./?3

E,#',5(*-*G*0 H"&-++ -#&/$-;#+?" .1,$ G!.7B//"/,"+% %86
+#$-"{ }ay ="'*?"71#1&()" 0"0&/.-'*%2/#" .12%+#$!"/)",.-<%6
./83

SE+!'/ " #%0%&5" 01'&1E.%%" &%9%./?" 71.7&%#.()" ,-'-<
$+% /"+01+1E- /3

3'+4('%&'()(*+,&/0102&!('-%4&#!"#"$"4

 !"!#!$%&$ H,4%'($*20$*I5,/$5'8*",#,:$(#,*,)*"#'*+,<P
%3:*'I*+3(3#?@*_-5+9'8
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5,*"#3:$<-(+$* _̀ ab a`*"#'5':,$(*20$*I5,/$5'8*'I*3(#$I+,
_cb à =

<,=,2;,& *K('%*/ "$"&-$%.+#$%"DPF"B%*!;"<-+#5H
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S#+;'-"+*%'!%#="<#1"A&-G/71 "G!.7B//" ( )f x "?$*?%#+?"*/E1
A/0%&E1*-"D 0a / F="*/E1"0&? -?"E%,"#1<7/3"4&/":#1 "%+*/

0!&!.(#1'
23",4*.

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



d*e*a="#1"G!.7B/?" ( )f x " 1.1#1..1"!E($-%#".-"*!<-)" ( ); 2a"0

/" ( )2 ;a ! 0 ="-"%+*/"d*f* a="#1"G!.7B/?" 1.1#1..1"$1,&-+#-%#
.-":#/)"*!<-)3"J+*/"2%" , "b"a="#1" ( ) 2f x  " ".-"$+%8"1E*-+#/
10&%'%*%./?" 0x / 3"41:#1 !"1<%$/'.1="<#1"/+71 (%",.-<%6
./?"0-&- %#&-".%"&-$.?;#+?".!*;3

41+71*57!".-+"/.#%&%+!;#",.-<%./?"G!.7B//"#1*571".-
1#&%,7%"[ ]1; 1" =" #1" 7*-++/G/7-B/?" +/#!-B/8" 10&%'%*?%#+?
#% ="7-7"-+/ 0#1#-"@"b"P, "A/0%&E1*("D 0a / F"&-+01*-A-%#+?
1#.1+/#%*5.1":#1A1"1#&%,7-3

F&-/,4*a 3"K+%"#1<7/"0&1 %2!#7-"[ ]1; 1" ".-)1'?#+?"+0&-$-
1#"$%&#/7-*5.18"-+/ 0#1#(" @"b"P, ="#3%3"P, "c" ` N3

F&-/,4*O= "K%&#/7-*5.-?"-+/ 0#1#-"0%&%+%7-%#"0&1 %2!6
#17"[ ]1; 1" ="/"G!.7B/?"!E($-%#"D7-7"/"$"+*!<-%"NF="#3%3
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F&-/,4*J=* K%&#/7-*5.-?"-+/ 0#1#-"0%&%+%7-%#"0&1 %2!6
#17"[ ]1; 1" ="/"G!.7B/?"$1,&-+#-%#="#3%3
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F&-/,4*S=* K+%"#1<7/"0&1 %2!#7-"[ ]1; 1" ".-)1'?#+?"+*%$-"1#
$%&#/7-*5.18"-+/ 0#1#(="#3%3

1
1 2

2
a a4 3 % 3

R-" +*%'!;>% " :#-0%" '*?" 7-2'1A1" /," <%#(&%)" +*!<-%$
.-)1'/ " .12%+#$1",.-<%./8"G!.7B//".-"1#&%,7%" [ ]1; 1" "$
#1<7-)="A'%"1.-"10&%'%*%.-3"X#1".%#&!'.1"+'%*-#5="!</#($-?
 1.1#1..1+#5".-9%8"G!.7B//3
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T-7"7-7"$",-'-<%"&%<5"/'%#"1",.-<%./?)"G!.7B//"/,"1 #&%,7-
[ ]0; 1 ="#1"'*?"+*!<-?"P" ("&-++ -#&/$-% "G!.7B/;"#1*571". -
01*!/.#%&$-*%" ( ]2 ; 1a "D ( ) 2f x 4 " "0&/"g*e*PdF3"U.-*1A/<.1=
'*?"+*!<-?"Q" ("&-++ -#&/$-% "G!.7B/;"#1*571".-"01* !/.6
#%&$-*%"[ )1; 2a- 3
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E f f
a

"  # *% "  + %  +# ,& ( - &
3

S+#-*1+5"$"7-2'1 "/,"<%#(&%)"+*!<-%$".-0/+-#5"!+*1$ /?
$7*;<%./?"1#&%,7-" [ ]0; 1 "$"0&1 %2!#17".-8'%..1A1" .12%6
+#$-" ,.-<%./8" G!.7B//" ( )f x " /" &%9/#5" +11#$%#+#$!;>/%
+/+#% (".%&-$%.+#$H
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