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=!"-+&,'!./).!./'!'-',%1!("./"-!./'! $7')-"7!+"%-)0!4&,)."$-!4$'+!-$.!*),1!("./! ! 5!9"-7'!./'!
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!
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!
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! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!aOSb!
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Ωi =−

1
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fi (x, t) ! fi
eq(x, t)( ) !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!aOYb!
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fi

eq(x,t) = ! " i 1+3(c i ⋅u)+
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⎢
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!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
υ = cs

2 τ ! 1/ 2( ) !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!aQ[b!
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!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
fi

* (x,t) = fi (x,t) !
1
!

fi (x,t) ! fi
eq(x,t)( ) !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!aQOb!

!
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!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!fi (x+ cit, t + ! t) = fi
* (x,t) !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!aQQb!
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Drag = fi (x,t + ! t)
i" {1,2,8}

# $ f j (x,t + ! t)
j" { 5,6,4}

#
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&
''

(

)
**$ fk (x,t)

 k" {1,2,8}

# $ fl (x,t)
l " { 5,6,4}

#
%

&
''

(

)
**

x " obstacle surface
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)77$,4)-7'!("./!./'!+.)-4),4!0).."7'!D$0.E2)--!3,'+7,"3."$-5!c QXd!
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! tn

" FFT#1 (i! )n FFT A(z,t)$% &'{ } !!!!!!!!!!!!!!!!!!!!!!!!!!!!aQSb!
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k(z,A) = i !
1
2!

1
" t2

c2 j A(tn+ j )
j=#6

j=6

$ +i! | A|2 A

k1 = k(zn,A(zn))

k2 = k(zn +
" z
2

,A(zn)+
" z
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k1)

k3 = k(zn +
" z
2

,A(zn)+
" z
2

k2)

k4 = k(zn +" z,A(zn)+hk3)

A(zn+1) = A(zn)+
" z
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#)10'"%/! 4"+.,">&."$-!%'-',)001! $*','+."2).' +! ./'! ()*'! /'"%/.+! $=! 0),%'! ()*'+5! cR[d5!
A44"."$-)001!+"-7'! 2)-1! 0"-'),!3,$3)%)."$-! 3,$>0'2+! 7)-!>'! '=="7"'-.01! )-)01E'4! ("./! ./'!
NN?G!)!7$23),"+$-!("./!./'!M$-.'!P),0$!,'+&0.+!"+!-$.!3),."7&0),01!2')-"-%=&0!"-!./'!0"-'),!
,'%"2'5! !!!!!!
)
DNK)V88+,#()%8)0%0-/0+.&/#E)
!!!!!L/"0'! ,'7$,4"-%! ./'! /'"%/.+!$=! 62.8 10! " !()*'+!%'-',).'4!=,$2!S[G[[[! ,')0"E)."$-+! "-!
./'! )>+'-7'! $=! -$-0"-'),".1! a 0! = G 8! = b! 1"'04'4! $-01! Y! ,$%&'! ()*'+! '*'-.+G! ("./!
-$-0"-'),".1!3,'+'-.G!./$&+)-4+!$=!,$%&'!()*'+!(',' !%'-',).'4!)+!'*"4'-.!=,$2! 7.1-+ N)I 5!!
?/"+! 70'),01! 7$-=",2+! ./'! +"%-"="7)-7'! $=! -$-0"-'),".1! "-! ,$%&'! ()*'! %'-',)."$-5! ! A-!
"4'-."7)0!7$-70&+"$-!7)-!>'!4,)(-!=,$2!./'!4"+7&++"$-!$=! ()*'!3$(',!"-! +'7."$-+!S5O!)-4!
S5R5! ! A44"."$-)001G! "-!M/5N)==G! ./'! 3',7'-.)%'! $=! ,$%&'! ()*'+! "+! &-'@3'7. '401! +2)00',! ).!

0.05! = !./)-! ).! 0.03! = 5! ! A-! )-)01+"+! $=! ./'! 3',7'-.)%'! $=! ,$%&'! ()*'+! =$,! 0.05! = !)-4!
4"==','-.!*)0&'+!$=!! !"+!3,'+'-.'4!"-! M/5N)=IG!(/"7/!"+!7$23&.'4!("./!. /'!#]UI!=$,!)!+7)0'4!
3,$3)%)."$-!4"+.)-7'!$=!ZG!Z[[[!3,$3)%)."$-!+.'3+G!OSS[!%,"4!3$"-.+!)-4!)!7$23&.)."$-)0!
("-4$( !$=!VO5Q5! !?/"+!="%&,'!"-4"7).'+! ./).! ./'! 3,$>)>"0".1!$=! ,$%&'! ()*'+!4$'+! -$.! *),1!
2$-$.$-"7)001!("./! ! !>&.!,)./',!' @3',"'-7'+!)!2"-"2&2!=$,! 0.05! " 5!!D'7)&+'!$=!./'!+2)00!
*)0&'!$=!./'!3,$>)>"0".1!).!./"+!2"-"2&2G!./'!,'+&0.+!=$,!./'!3',7'-.)%'!$=!,$%&'!()*'+!).!

7,8! = !),'!+&+7'3.">0'!.$!',,$,G!(/"7/!3,'+&2)>01!'@30)"-+!./'!)-$2)0$&+!,'+&0.+!$=! M/5N)
==5!
!



! R[ !

!
M/5"&+N) =I \!?/'!3',7'-.)%'!$=! ,$%&'! ()*'+!=$,!4"==','-.! ! !)-4! ! !"-! a^b!=$,! )!+7)0'4!3,$3)%)."$-!4"+.)-7'!

';&)0!.$!Z!)-4!)! 7$23&.)."$-)0!("-4$( !$=!VO5Q!(/','! ./'!#]UI!"+! '230$1'4!("./!Z[[[!3,$3)%)."$-!+.'3+!
)-4!OSS[!%,"4!3$"-.+5!
!
N&,./',! +.&4"'+! +/$(! )! +"2"0),! .,'-4! =$,! '@7".)."$-+! ("./! *),1"-%! 2"-"2&2! ,$%&'! ()*'!
/'"%/.!)-4! ! !*)0&'+!)+!"00&+.,).'4!>1!./'!34=!$=!./'!+7)0'4!()*'!/'"%/.G! M/5N)=KG!=$,! 0.03! = !

)-4! 0.05! = 5!!?/"+!="%&,'!'230$1+!aOOb!.$!%'-',).'!./'!=",+.!,')0"E)."$-G!)-4! 110,000 1.36n!"
+)230' +!=$,!./'!n./!".',)."$-!.$%'./',!(" ./!./'!)77'3.)-7'!,).'!$=! M/5N)=?5!!?/'!*',."7)0!)@"+!
"+!3$+"."$-'4!).!)!+7)0'4!,'0)."*'!()*'!/'"%/.!$=!ORG!(/"7/!"+!./'!+;&),'!,$$.!$=!./'!)*',)%'!
$=! ./'!2"-"2&2! ,$%&'! ()*'! /'"%/.!+;&),'!=$,! 0.03! = 5!!N&,./',!+.&4"'+! "-4"7).'! ./).! ./'!
)*',)%'!$=!./'!+;&),'!$=!./'!+7)0'4!2"-"2&2!,$%&'!()*'!/'"%/.!)..)"-+!)!2"-"2&2!agOY[b!
).! 0.03! = !)-4!)!2)@"2&2!agQ[Vb!).! 0.05! = 5!!M/5N)=K!4'2$-+.,).'+!./).!./"+!&-'@3'7.'4!
>'/)*"$,! +."00! '@"+.+! '*'-! "=! ./'! +7)0'4! 2"-"2&2! ,$%&'! ()*'! /'"%/.+! ),'! >$./! +'.! .$! )-!
"4'-."7)0! *)0&'G! /','!OR5!A+! ./'! 2&0."7)-$-"7)0!3,$7'4&,' !)44"."$-)001! '@.'-4+! ./'! 34=!$=!
,'0)."*'! ()*'! /'"%/.! .$! ./'! ,),'! 3,$>)>"0".1 ! ,'%"$-! "-! M/5N) =K! ./"+! >'/)*"$,! 7)--$.! >'!
)..,">&.'4!.$!&-4',+)230"-%5 !
!



! RO!

!
!M/5"&+N) =K\!?/'! 34=!$=! ,'0)."*'! ()*'! /'"%/.!=$,! 8, 0.03,0.05! "= = !)-4! )!>"-! ("4./! $=! [5O5!?/'! *',."7)0!

)@"+!7,$++'+! ./'! /$,"E$-.)0! )@"+!).!ORG!! ./'!+;&),'! ,$$.!$=! ./'! )*', )%'!$=! ./'!+;&),'!$=! ./'!2"-"2&2!+7)0'4!
,$%&'!()*'!/'"%/.!=$,! ! = 0.035!

!
?/'! $,"%"-! $=! ./'! )-$2)0$&+! =').&,'+! >'7$2'+! )33),'-.! =,$2! ./'! =,';&'-71! +3'7.,&2!

4"+30)1'4!"-!M/5N)=O!)-4! M/5N)=P!$=!./'!3,$3)%).'4!="'04G! ( ) ( )peakRe , exp 2A z t f t!" #
$ %G!$>.)"-'4!

)=.',!+7)0'4!3,$3)%)."$-!4"+.)-7'+!$=!ZG!S[G! )-4!Z[! (/'-! aOOb!.$%'./',! ("./! )!+'.!$=!V[[!
,)-4$2!3/)+'+! "+! '230$1'4! )+! ./'! "-".")0!7$-4"."$-5! !6-! ./"+!="%&,'! ./'!+$0".$-!3',"$4! )-4!
.$.)0!+7)0'4! '-',%1!';&)0! 0.5! !)-4!QVXG!,'+3'7."*'01!(/"0'! 0.03! = G! 8! = G! t! m![5[QV!)-4!

z! "+!+'.!+0"%/.01!>'0$(!./'!+.)>"0".1!0"2".5!
!



! RQ!

!
M/5"&+N)=O\!?/'!3,$3)%).'4!="'04!+3'7.,&2!=$,! 0.03! = 5!

!

!
M/5"&+N)=P\!?/'!3,$3)%).'4!="'04!+3'7.,&2!=$,! 0.05! = 5!

!
A+!7)-!>'! +''-! "-! M/5N) =O!).! )! 3,$3)%)."$-! 4"+.)-7'! $=!Z! -$,2)0"E'4!&-".+G!=$,! 0.03! = !)!
2)@"2&2!"+!3,'+'-.!-'),![5OUE!./).!"+!)>+'-.!).!0$-%',!3,$3)%)."$-!4"+ .)-7'+!)+!('00!)+!"-!



! RR!

./'! 0.5! = !+3'7.,&2!$=!M/5N)=P5!!A.!./'!0$-%',!4"+.)-7'+G!./'!+3'7.,)!>,$)4'-!+&7/!./).!./'!
)*',)%'! ("4./! "+! 0),%',! ).! /"%/',! ! 5! ! A+! ('00G! ./'! ("4./! "+! %,').',! =$,! 0.03! = !./)-! =$,!

0.05! = G!1"'04"-%! )-! "-7,')+'4! ,$%&'! ()*'! 3,$>)>"0".15! ! !U'-7'G! ./'! )33),'-.! )-$2)0$&+!
,'+&0.!=$,!./'!3',7'-.)%'!$=!,$%&'!()*'+!).! 0.03! = !"-! M/5N)=O!7)-!>'!)++$7").'4!("./! ./'!
+2)00!3,$3)%)."$-!0'-%./5!!!
!
!!!!!N&,./',2$,'G! )+! '*"4'-.! =$,! '@)230'! "-! M/5N)=I G! ./'! ,$%&'! ()*'! 34=!*),"'+! ,'0)."*'01!
+0$(01! ("./! ./'! -$-0"-'),! 7$'=="7"'-.! =$,! 0.08! > 5! ! M$,'! %'-',)001G! ./'!34=!$=! ./'! ()*'!
/'"%/.!$=.'-!"-".")001!"-7,')+'+!("./! ! !>&.! ./'-!4"2"-"+/'+!3)+.!)!7',.)"-! j7,$++"-%!3$"-.k5!!
A+! )! ,'+&0.G! =$,! ()*'+! ("./! /'"%/.+! >'0$(! ./'! *)0&'! )++$7").'4! ("./! ./'! 7,$++"-%! 3$"-.G!
,$%&'!()*'+!),'!+&33,'++'4!).!0),%',! ! 5!!6-!cOOd!./"+!'=='7.!"+!)..,">&.'4!.$!>$./!)! -$-0"-'),!
>,$)4'-"-%!$=!./'!=,';&'-71!+3'7.,&2G!(/"7/!1"'04+!0),%',!3,$>)>"0"."'+!=$,!/"%/01!3')C'4!
'@7".)."$-+! )-4! .$! ./'!0$(!=,';&'-71!=0)..'-'4!3&0+'+! ,'+&0."-%!=,$2! ./'! ,'4"+.,">&."$-!$=!
'-',%1!$*',! ./'! 7$23&.)."$-)0! ("-4$( !)77$,4"-%! .$! ./'!M)../'(! '== '7. \!./'! 0'++! ("00!>'!
0'++!)-4!./'!2$,'!("00!>'!2$,' 5!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!



! RS!

L$.S#+&)I)
*&.5)J&%1.1/-/#/+())
!
!
!!!!!6-! ./"+!7/)3.',G!('! '@)2"-'! ./'!3,'4"7."$-+!=$,! ./'! 4,)%!3,$>)>"0"."'+! "-! ./'! 7$-.'@.!$=!
./'! 2$4'0! $=! P/)3.', +! Q! )-4! RG! =$7&+"-%! $-! ./'!4,)%! 3,$>)>"0"."'+! )++$7").'4! ("./! )!
3',.&,>'4!$>+.)70'5! 6-!+'7."$-! V5O!('!7)07&0).'!./'!34=!$=!./'!4,)%!"-! *',1!,),'!3,$>)>"0".1!
),')+ ! )-4! =$00$(! ./"+! "-! +'7."$-! V5Q! ("./! )! +.&41! $=! ./'! 4,)%! 3,$>)>"0"."'+! $=! )! -$"+'8
3',.&,>'4! "-0'.! )-4! )! 2$*"-%! $>+.)70' 5!?/'+'! ,'+&0.+! ),'! ./'-! +/$(-! .$! >'! "-! %$$4!
)%,''2'-.!("./!./$+'!$=!./'! +.)-4),4 !&->")+'4!M$-.'!P),0$! 2'./$45! !!!!!L/"0'!)+!"-! P/)3.',!
SG!./'+'!,'+&0.+!7)--$.!>'!$>.)"-'4!)-)01."7)001G!./'1!),'!7$-=",2'4!./,$&%/!)!7$23),"+$-!
.$! )-! j"-4&7."$-k!2'./$4!=$,! ./' !'@)7.!3,$>)>"0".1!$=!./'! +2)00'+.!4,)%+!"-!+'7."$-! V5R!)+!
('00! )+! .$! 3/1+"7)0! ),%&2'-.+! "-! +'7."$-! V5SG!(/','! ./'! ,'0)."$-+/"3! >'.(''-! 4"==','-.!
+&,=)7'! 7$-="%&,)."$-+! $=! ./'! $>+.)70'! )-4! ./'! *)0&'! $=! 4,)%+! "+! 4"+7&++'4! =$,! ./'!
7$-="%&,)."$-+!)++$7").'4!("./!./'! /"%/'+.!)-4!0$('+.! 34=+5!
!
!
IN=)G+("-#()%8)#$+)6"-#/,.0%0/,.-)S&%,+4"&+)

!
M/5"&+N)=Q! ?/'! 34=+! $=! ./'! 4,)%! =$,! ./'! 7)+'! $=! )! 7$-+.)-.! "-3&.! =0$(! *'0$7".1! 3',.&,>'4! >1! )! +&2! $=! S!
+"-&+$"4)0! ()*'+! ("./! ,)-4$201! %'-',).'4! 3/)+'+! $>.)"-'4! ("./! ./'! +.)-4),4! M$-.' 8P),0$! 2'./$4!
a4")2$-4+b! )-4! ./,''! ".',)."$-+! ("./! )! .$.)0! $=! RRXYY! ,')0"E)."$-+! $=! ./'! 2&0 ."7)-$-"7)0! 3,$7'4&,'! a+$0"4!
0"-'b5!!!
!
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! RV!

!
M/5"&+N)?R!A+! "-!M/5N)=Q!>&.! =$,! )-! $>+.)70'! ("./! )! ,)-4$201! 3',.&,>'4! +&,=)7'! )=.',! =$&,! 2&0."7)-$-"7)0!
M$-.'!P),0$!".',)."$-+!("./!)!.$.)0!$=!SYQO^!,')0"E)."$-+5 !
!
!!!!!?/'! 34=+! $>.)"-'4! (/'-! ./'! 2&0."7)-$-"7)0! 2'. /$4! "+! )330"'4! .$! ./'! 4,)%+! )++$7").'4!
("./!3',.&,>"-%!=",+.!./'!0'=.!>$&-4),1!*'0$7".1!)-4!./'-!./'!$>+.)70'!+&,=)7'!),'!4"+30)1'4!
"-!M/5(N)=Q!)-4! ?RG!,'+3'7."*'01!=$,!)!/"+.$%,)2!>"-!("4./!$=! 5! 10" 3 5!?/'!,'+&0.+!$=!M/5N)=Q!
(','!7)07&0).'4!("./!)!.$.)0!$=!RRXYY!,')0"E)."$-+!=$,!>$./!./'!+.)-4),4!a4")2$-4!2),C',+b!
)-4!./,''!".',)."$-+!$=!./'!2&0."7)-$-"7)0!3,$7'4&,'!a+$0"4!0"-'+b!(/"0'! M/5N)?R)'230$1'4!)!
.$.)0! $=! SYQO^! ,')0"E)."$-+! )-4! =$&,! 2&0."7)-$-"7)0! ".',)."$-+5! L/"0'! ./'! 2&0."7)-$-"7)0!
3,$7'4&,'!'=='7."*'01!7$"-7"4'+!("./!./'!M$-.' 8P),0$!,'+&0.+!"-!./'!0),%'!3,$>)>"0".1!,'%"$-G!
./'! 34=+!$=!M/5N) ?R)),'! "-!+"%-"="7)-.01!>'..',! )%,''2'-.G! '@.'-4! .$!0$(',! *)0&'+! )-4! ),'!
%'-',)001! +2$$./',! ./)-! ./$+'! $=! M/5N)=Q5! ?/'! 0$++! $=! )77&,)71! "-!M/5N)=Q!"+! 2$+.! 0"C'01!
)++$7").'4! ("./! ./'!4"+7,'."E)."$-! ',,$,! ),"+"-%!=,$2! ./'! /"%/'+.!=,';&'-71!7$23$-'-.!$=!
./'! "-3&.!="'04!a./'!=$&,./!0$('+.!30)-'! ()*'b5!N&,./',G!+"-7'! ./'!2$2'-.&2!$=!./'! "-3&.!
="'04!*),"'+!("./!./'!,'0)."*'!3/)+'+!$=!./' !+"-&+$"4)0!7$23$-'-.+!$=!./'!"-3&.!="'04G!)!+2)00!
7/)-%'!"-!./'!3/)+'!7$'=="7"'-.!+"%-"="7)-.01!)=='7.+!./'!4,)%!)-4!/'-7'!./'! 34=5!!?/"+!'=='7.G!
(/"7/! "+!2$,'!3,$-$&-7'4!=$,!+2)00! -&2>',+!$=!%,"4!3$"-.+G!+&>+.)-.")001!7$-.,">&.'+! .$!
./'!$>+',*'4!',,$,!"- !./'!2&0."7)-$-"7)0!,'+&0.!).!/"%/!4,)%!*)0&'+5!
!!!!!H',.&,>"-%! ./'!$>+.)70'!+/)3'! ).! )!+"-%0'!%,"4!3$"-.! /$('*',!$-01!+0"%/.01!7/)-%'+! ./'!
4,)%!7$'=="7"'-.G!"-+&,"-%!./'!)77&,)71!$=!./'!2&0."7)-$-"7)0!3,$7'4&,'5!!A+!('00G!"-!./'!/"%/!
3,$>)>"0".1! ,'%"$-! $=! M/5N)=QG! ./'! =$&,! 7$23$-'-.+! $=! ./'! "-3&.! ="'04! 3$++'++! 4"==',"-%!
3/)+'+!(/"0'!./'!=,$-.!'-4!$=!./'!$>+.)70'!"+!-$.!0$7).'4!).!./'!2)@"2&2!$,!2"-"2&2!$=!./'!
"-7$2"-%!()*'5!U'-7'!)!+2)00!3/)+'!7/)-%'!/','!4$'+!-$.!+&>+.)-.")001!)0.',!./'!4,)%5 !
!
IN?)W+0+&.-/#E)%8)#$+)6"-#/,.0%0/,.-)S&%,+4"&+)
     To show the generality of the 2&0."7)-$-"7)0!3,$7'4&,' , we insert a 10! 10 obstacle into a 
flow with an inlet velocity given by Uinlet = (0.12+noise~ uniform[! 0.01,0.01]) öx . The modelÕs 
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! RX!

resolution is 50 ! 40 . The result is shown in the following figure. 
 

 
M/5"&+N)?=!?/'! 34=+!$=! ./'!4,)%!=$,! )!7$-+.)-.! "-3&.!=0$(!*'0$7".1!3',.&,>'4!>1!-$"+'! )+!$>.)"-'4! ("./! ./'!
+.)-4),4! M$-.'! P),0$! 2'./$4! a4")2$-4+b! )-4! ./,''! ".',)."$-+! ("./! )! .$.)0! $=! OXVVO! ,')0"E)."$-+! $=! ./'!
2&0."7)-$-"7)0!3,$7'4&,'!a+$0"4!0"-'b5!
!
This result demonstrates the efficiency of the multicanonical procedure for noisy inputs.. The 
result is consistent with earlier studies of Multicanonical Monte Carlo to various systems 
affected by noise. [31] 
!
     We also examined the case of a moving obstacle. For example, we considered the case that 
the inlet and obstacle velocities are offset by Uinlet =0.14x̂  and UObstacle = 0.05öx . For a 66! 60 

point grid with the same surface perturbations as above the results, which are given in the figure 
below demonstrate the applicability of the multicanonical method to this case. In fact, the 
fundamental property that ensures the applicability of the multicanonical procedure is the 
requirement that small changes in the initial/boundary conditions yield small changes of the final 
result that are sufficiently often accepted by the transition rule..  
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! RY!

  
M/5"&+N)??!?/'! 34=+!$=! ./'!4,)%!=$,! )!7$-+.)-.! "-3&.!=0$(! *'0$7".1! )-4! )!2$*"-%! $>+.)70'! ("./! )! ,)-4$201!
3',.&,>'4!+&,=)7' !)+!7$23&.'4! ("./!./'!+.)-4),4!M$-.'! P),0$!2'./$4!a4")2$-4+b!)-4!./,''!".',)."$-+!("./!
)!.$.)0!$=!SYQO^!,')0"E)."$-+!$=!./'!2&0."7)-$-"7)0!3,$7'4&,'!a+$0"4!0"-'b5!
!
INA)X+&/8/,.#/%0)
!!!!!?/'!2&0."7)-$-"7)0!,'+&0.+!=$,!./'!3',.&,>'4!$>+.)70'!7)-!>'!"-.',3,'.'4!"-!./'!7$-.'@.!
$=! ./'! 4,)%G!D0 = 0.263G! $=! ./'! &-3',.&,>'4! $>+.)70'! ("./! )! 0'-%./! $=! O[! 3$"-.+! "-! ./'!

.,)-+*',+'G! y84",'7."$-!)-4!./'!7$,,'+3$-4"-%!4,)%G! D1 = 0.332G!=$,!./'!OQ!.,)-+*',+'!3$"-.!
,'7.)-%&0),! $>+.)70'! $>.)"-'4! $-7'! )00! =0&"4! 3$"-.+! )>$*'! )-4! >'0$(! ./'! $>+.)70'! ),'!
7$-*',.'4! .$! +$0"4! 3$"-.+5! ! L/"0'! ./'! 0$(',! >$&-4! $=! ./'! 4,)%! 4$'+! -$.! =)00! >'0$(! D0 G!

3,'+&2)>01!+"-7'!'-0),%"-%!./'!+&,= )7'!>1!)!+2)00!-&2>',!$=!%,"4!3$"-.+!4$'+!-$.!0')4!.$!)!
+&=="7"'-.01! +.,')20"-'4! 3,$="0'G! ./'! 7$,,&%).'4G! 0),%'! ),')! +&,=)7'! ./).! '2',%'+! (/'-! )!
0),%'!-&2>',!$=!-$-)4<)7'-.!=0&"4!3$"-.+!),'!7$-*',.'4!.$!+$0"4!3$"-.+!7)-!%'-',).'!)!4,)%!
%,').',!./)-! D1 5!!?/&+!"-!M/5N)??!./'!2&0."7)-$-"7)0! 34=!'@.'-4+!=,$2!)!4,)%!*)0&'!$=![5QXX!

(/"7/! =)00+! "-.$! ./'! /"+.$%,)2! >"-! bL ! 0.265,0.270( ] G! )-4! $77&,+! ("./! )! 3,$>)>"0".1! $=!

)33,$@"2).'01! 4.33! 10" 10 !.$! )! *)0&'! $=! [5RRR! "-!bU = 0.330,0.335( ] !("./! )! 3,$>)>"0".1!

! 1.28" 10#2 5!!!
!!!!!?$!7$-=",2!./'!3/1+"7)0!3"7.&,'!3,'+'-.'4!"-!./'!3,'7'4"-%!3),)%,)3/G! M/5(N)?A))-4 )?D)
4"+30)1! ./'! 0$('+.! )-4! /"%/'+.! 4,)%! 7$-="%&,)."$-+! %'-',).'4! >1! ./'! 2&0."7)-$-"7)0!
2'./$45! !?/'! =",+.! $=! ./'+'! ="%&,'+!4"==',+!$-01! ).! )! +"-%0'! '4%'!3$"-.!=,$2! ./'! 2"-"2&2!
4,)%!&-3',.&,>'4!+.).'!)-4!"+!)++$7").'4!("./!)!4,)%!*)0&'!./).!=)00+!"-.$!./'!/"+.$ %,)2!>"-!
(0.260,0.265] 5!!?/"+!+&%%'+.+!./).!=$,!./'!+2)00!4,)%!*)0&'+!70$+'+.!.$!./'!$,"%"-!$=!M/5N)??G!
./'!4,)%!"+!+.,$-%01!4'3'-4'-.!$-! ./'!+&,=)7'!%'$2'.,1G!(/"7/! "-! .&,-! '-)>0'+! ./'!4",'7.!
*',"="7)."$-! $=! ./'! 2&0."7)-$-"7)0! 34=! $=! ./'! >"-! bL 5! ?/).! "+G! (/'-! ./'! -&2>',! $=! =0&"4!
3$"-.+G!n G! )0$-%! ./'! +&,=)7'! ./).! /)*'! >''-! 7$-*',.'4! .$! 2).',")0! 3$"-.+! "+! +2)00G! )-!
)44"."$-)0! 2).',")0! 3$"-.! +"%-"="7)-.01! "-7,')+'+! ./'! 4,)%5! U'-7'G! )00! 7$-="%&,)."$-+! ("./!
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! RZ!

n+1!+&,=)7'!3$"-.+!)-4!4,)%+!"-!bL G!7)-!>'!=$&-4!>1!)44"-%!)-!)44"."$-)0!+&,=)7'!3$"-.!.$!
./'!C-$(-!7$-="%&,)."$-+!("./! n !+&,=)7'!3$"-.+!("./!4,)%+!"-!./"+!>"-5!!9.),."-%!=,$2! n =1G!
./'! SXS! 7$-="%&,)."$-+! '-&2',).'4! "-! 7.1-+ N)P! ("./! 6n ! !(','! =$&-4! .$! 3$++'++! 4,)%!
*)0&'+!"-! bL G!(/"0'!=$,!n > 6!)00!7$23&.'4!4,)%+!(','!0),%',! ./)-! [5QY[5!?/).!"+G!)! .$.)0!$=!

SXS! 7$-="%&,)."$-+! 3$++'++! 4,)%+! "-!bL !"-! ./'! 2$4'0! 7$23),'4! .$! ./'! 240 7$-="%&,)."$-+!
./).!),'!)++$7").'4!("./!./'!S[!%,"4!3$"-.+!)>$*'!)-4!>'0$(!./'!$>+. )70'!+&,=)7'5!!9"-7'!./'!
3,$>)>"0".1! $=! )! %"*'-! 7$-="%&,)."$-! ./','=$,'! ';&)0+! 2! 40 G! ./'! 3,$>)>"0".1! $=! $>.)"-"-%! )!
4,)%!"-!bL !'@7''4+!./).!$=!./'!+"-%0'!0$('+.!4,)%!+.).'G! 2−40 ≈ 9.09×10−13 G!>1!)!=)7.$,!$=!SXS5!!!

?/'! *)0&'G! 4.22! 10" 10 G! -'),01! 7$"-7"4'+! ("./! ./'! 2&0."7)-$-"7)0! 3,'4"7."$-G! 4.33! 10" 10 G!
*',"=1"-%!./'! )77&,)71!$=!./'!2&0."7)-$-"7)0!)0%$,"./2!"-! ./'!0$(!3,$>)>"0".1!,'%"$-5!B$.'!
./).!./'! ,)3"4!4'7,')+'!"-!./'!-&2>',!$=!7$-="%&,)."$-+!"-! bL !)+!./'!-&2>',!$=!)44"."$-)0!
+&,=)7'!3$"-.+!"-7,')+'+!)%)"-!"-4"7).'+!./'!0),%'!"- =0&'-7'!$=!+&,=)7'!%'$2'.,1!$-!./'!4,)%!
7$'=="7"'-.!=$,!+2)00!4,)%!*)0&'+5!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!
7.1-+N)P)
?$.)0! B&2>',! $=!
A44"."$-)0! 9&,=)7'!
H$"-.+G!-!

B&2>',! $=!
P$-="%&,)."$-+!
("./!I,)%+!"-! bL !

B&2>',! $=!
H$++">0'!
P$-="%&,)."$-+!

P$-4"."$-)0!
H,$>)>"0".1! $=!
I,)%+!"-! bL !

O! RQ! !
!
!

40
n

!

"
##

$

%
&&!

8×10−1 !
Q! QSQ! 3.10×10−1!
R! V[ ! 5.06×10−3!
S! O[Z! 1.18! 10" 3 !
V! QZ! 4.03! 10" 5 !
X! S! 1.04 ! 10" 6 !
Y! [ ! 0!
pY! [ ! 0!
!
IND)L%08/5"&.#/%0().04)*&.5( )
!!!!!?/'! 2&0."7)-$-"7)0! ,'+&0.!=$,! ./'! 2)@"2&2!4,)%!7$-="%&,)."$-! "+!4"+30)1'4! "-! M/5N)?D!
)-4! )+!3,'4"7.'4!4"+30)1+! )! /"%/!0'*'0!$=!7$,,&%)."$-G!(/"7/! '-/)-7'+! ./'!=,"7."$-)0!=$,7'!
,'0)."*'!.$!./).!$=!)!+"230'!'-0),%'4!,'7.)-%0'5!!B$.'!=&,./',!./).!./'!2)%-".&4 '!$=!./'!+0$3'!
$=! ./'! 34=!=$,! +2)00! 4,)%+! "+! =),! 0),%',! ./)-! ./).! $-! ./'! 0),%'! 4,)%! +"4'! $=! ./'! 2)@"2)G!
7$-+"+.'-.! ("./! ./'! 7$-+"4',)>01! %,').',! 2)%-".&4'! ).! 0$(! #'1-$04+! -&2>',! $=! ./'!
3,'++&,' 8"-4&7'4!4,)%!7$23),'4!.$!./'!=,"7."$-)0!4,)%5!c RQd!?/'!-&2>',! $=!,')0"E)."$-+!"+!
)44"."$-)001!0"2".'4!=$,!0$(!4,)%!*)0&'+G!)+!$-01!)!+"-%0'!+.).'!'@"+.+!("./!./'!2"-"2&2!4,)%!
(/"0'!-&2',$&+!/"%/01!7$,,&%).'4!+.).'+!7$-.,">&.'!("./!-'),01!+"2"0),!4,)%!*)0&'+!).!./'!
&33',!'-4!$=!./'! 34=!7&,*'!)+!)!,'+&0.!$=!./'!,'0)."* '01!+2)00!=,"7."$-)0!=$,7'5!!!
!!!!!A+!'@3'7.'4G!./'!4,)%!"+!,'4&7'4!=$,!+.,')20"-'4!$><'7.+!./).!),'!'-0),%'4!-'),!./'!=,$-.!
)-4! >)7C! =)7'+! 7$23),'4! .$! ./'! 7'-.,)0! ,'%"$-5! ! ?/&+G! ./'! .($! 7$-="%&,)."$-+! ("./! 0),%'!
4,)%+!"-!M/5(N)?D!)-4! ?I !),'!'-0),%'4!-'),!./'!=,$-.!)-4!>)7C!(/"0'!4"==',"-%!"-!%'$2'.,1!



! R !̂

-'),! ./'!2"440'!$=! ./'!$>+.)70'5!U$('*',G!=$,!7$-="%&,)."$-+! ("./! -),,$(!=,$-.! )-4!>)7C!
,'%"$-+!)-4!./','=$,'!+2)00!4,)%G!+&7/!)+!"-! M/5N)I G!./'!%'$2'.,1!-'),!./'!7'-.',!$=!./'!.$3!
)-4!>$..$ 2!=)7'.+!7)-!7$-+"4',)>01!)=='7.!./'!4,)%G!)+!'*"4'-.!./,$&%/!)!7$23),"+$-!("./!
M/5N) ?D) (/"7/! 3$++'++'+! )! 2&7/! +2)00',! 4,)%! 7$'=="7"'-.! 4'+3".'! ".+! -'),01! "4'-."7)0!
%'$2'.,1!-'),!./'!2"440'!$=!./'!$>+.)70'5!!U','!./'!0),%'!-&2>',!$=!4"++"2"0),!+.).'+!./).!
7$-.,">&.'!.$!./'!+)2'!/"+.$%,)2!>"-!=$,!0),%'!4,)%+!3,'70&4'+!)!4",'7.!*',"="7)."$-!$=!./'!
2&0."7)-$-"7)0!3,$>)>"0".1!"-!7$-.,)+.!.$!./'!+2)00!4,)%!7)+'5!!?/'!)>$*'!,'+&0.+!)0+$!70'),01!
"-4"7).'!./).!=$,!)-!"4'-."7)0! +)230'!+"E'!)-4!./','=$,'!7)07&0)."$-! ."2'!./'!2&0."7)-$-"7)0!
3,$7'4&,'! >$./! ,'3,$4&7'+! ./'! +.)-4),4F &->")+'4! M$-.'! P),0$! ,'+&0.+! "-! ./'! /"%/!
3,$>)>"0".1! ,'%"$-! )-4! '@.'-4+! ./'! 41-)2"7! ,)-%'! $=! ./'! 2'./$4! >1! +'*',)0! $,4',+! $=!
2)%-".&4'5 
!

!
M/5"&+N)?A)?/'! +.')41! +.).'! *'0$7".1! 3,$="0'! %'-',).'4 !>1! ./'! 2"-"2&2! 4,)%! ,')0"E)."$-! $>.)"-'4! =$,! ./'!
3',.&,>'4!,'7.)-%&0),!$>+.)70'!("./!./'!2&0."7)-$-"7)0!M$-.'!P),0$!3,$7'4&,'5! !
!
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! S[ !

!
M/5"&+N)?D)A+!"-!M/5N)?A!>&.!=$,!./'!2)@"2&2!4,)%!,')0"E)."$-5 !
!

!
M/5"&+N)?I)A+!"-!M/5N)?A!>&.!=$,!)!,')0"E)."$-!("./!)!4,)%!70$+'!.$!./'!2)@"2&2!*)0&'5 !
!
!
!
!
!
!
!

Drag = 0.33349
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! SO!

L$.S#+&)K)
L%0,-"(/%0( )
!
!
KN=)GYZ*T)C"-#/,.0%0/,.-)C%0#+)L.&-%T).04)B%0-/0+.&/#1)
!!!!!6-! ./"+! ./'+"+! ('! /)*'! )4*)-7'4! +'*',)0! 2'./$4+! =$,! "23,$*"-%! ./'! )-)01+"+! $=! ,$%&'!
()*' !3,$>)>"0"."'+5!?/'!3,$3)%)."$-!)0%$,"./2!=$,!./'! B$-0"-'),!97/,:4"-%',!_;&)."$- !()+!
=",+.! "23,$*'4!>1!"-.,$4&7"-%!./'! #]UI 5!!B'@.G!./'!2&0."7)-$-"7)0!3,$7'4&,' !'-)>0'+! ./'!
34=+!$=! ()*'!3$(',! )-4! ()*'! /'"%/. +!.$!>'! '*)0&).'4! /"%/01! '=="7"'-.01 5!A77$,4"-%01G! ./'!
34=+!$=!./'! ()*'! /'"%/.+!7)-!>'! '*)0&).'4! '*'-! "-! 3,$>)>"0".1! ,'%"$-+! ./).! ),'! =),! 0$(',!
./)-! ./$+'! 7$22$-01! )++$7").'4! ("./! ./'! )33'),)-7'! $=!,$%&'!()*' +5!!A44"."$-)001G!('!
)4*)-7'4!)! ="-".'!4"==','-7'!>)+'4!#&-%' 8]&..)!3,$7'4&,'! ./).! ()+!=$&-4!.$!>'!2$,'!,)3"4!
./)-! +.)-4),4! NN?! >)+'4! #&-%' 8]&..)! "-.',)7."$-! 3,$7'4&,'+G! '+3'7")001! =$,! 0),%'!
3,$3)%)."$-!4"+.)-7'+!)-4!/"%/!+$0".$-!$,4',+ 5!!?/"+!+/$&04!'-)>0'!./'!'*)0&)."$-!$=!="'04+!
)=.',!*',1! 0$-%8,)-%' !3,$3)%)."$- !4"+.)-7'+!$,!."2'+ 5!
!!!!!U','!('!=$&-4!./).!./'! %'-',)."$-!3,$>)>"0".1!=$,!,$%&'!()*'+! "+!%,').',! "-!./'!3,'+'-7'!
$=!0$(! =,';&'-71! "-".")0! ="'04+!./)-! "=! $-01! /"%/! =,';&'-71! 7$23$-'-.+! ),'! 3,'+'-. 5!?/"+!
7$-70&+"$-!"+!70'),01!7$-+"+.'-.!("./!>$./!"4')0!2$4'0!)-4!./'!$7')-"7!2$4'05 !A+!('00G!('!
$>+',*'4! )! 0$%),"./2"7! 4' 3'-4'-7'! $=! ./'! +0$3'! $=! ./'! 34=! =$,! 0),%'! /'"%/.+! $-! ./'!
-$-0"-'),".1! 7$'=="7"'-.G! (/"7/! +/$(+! ./).! ./'! 7$-.,">&."$-! $=! -$-0"-'),".1 ! .$! ./'!
%'- ',)."$-! $=! /"%/! 3$(',! ()*' +!4'7,')+'+! ("./! "-7,')+"-%! -$-0"-'),".1! 7$'=="7"'-.5 !?/"+!
3/'-$2'-$-! "+!3,'4"7.'4!>1! >$./!$=!./'!"4')0!2$4'0!)-4!./'!$7')-"7!2$4'05! !
!!!!!h)+.!>&.! -$.! ./'! 0')+.G!('!7$-=",2 '4 !./'! )330"7)>"0".1!$=!M&0."7)-$-"7)0!M$-.'!P),0$!"-!
$7')-"7!7$-.'@. +5!A+!2'-."$-'4 ! ).! ./'! '-4! $=! cO[ dG!=$,! 2$,'! ,')0"+."7! 2$4'0+G! ./'!
3,$7'4&,'! ./).!('!'2 30$1'4!.$!%'-',). '! M/5(N)=A!)-4! =D!7$&04!>'!) 330"'4!.$!4'.',2"-'!./'!
3,$>)>"0"."'+!./).!)! ()*' !("./!)!2&7/! /"%/',! )230".&4'!./)-!./'!7$22$-01!)77'3.'4!7&.$==!
)230".&4'! $=! ,$%&'! ()*'+ ! )33'),+! ).! )! 7',.)"-! 4"+.)-7'! =,$2! ./'! $>+',*', 5! ?/"+! "+!)!
+"%-"="7)-.!;&)-.".1!=$,!$7')-"7!30).=$,2!4'+"%- +5!
!
KN?)["/#.1/-/#E )%8)#$+)6"-#/,.0%0/,.-)S&%,+4"&+)8%&)4&.5)S&%1.1/-/#/+()
!!!!!L/"0'! ./'! 7)07&0)."$-+! $=! ./'! 2&0."7)-$-"7)0! 3,$7'4&,'! 3,"-7"3)001! 4'2$-+.,).'! ./'!
'=="7"'-71! $=! ./'! 2&0."7)-$-"7)0! )0%$,"./2! "- ! 7$2>"-)."$-! ("./! ./'! 0).."7'! D$0.E2)--!
3,$7'4&,'G! ./).! ./'! 3,$>)>"0"."'+! $=! +.)."+."7)001! &-0"C'01! >&.! 3/1+"7)001! +"%-"="7)-.!
7$-="%&,)."$-+! 7)-! >'! ,)3"401! 4'.',2"-'4! "-! ./"+! =)+/"$-! +&%%'+.+! -&2',$&+! 3,)7."7)0!
)330"7)."$-+5!!N$,!'@)230'G!./'!4'=$,2)."$-+!$=!)!("-%!,'+&0."-%!=,$2!0$7)0!'-*",$-2'-.)0!
7/)-%'+! ./).! 1"'04! )-! &-)77'3.)>01! 0),%'! 4,)%! ($&04! >'! 4"=="7&0.! .$! 7/),)7.',"E'!
'@3',"2'-.)001! >'7)&+'! $=! ./'! 0),%'! -&2 >',! $=! 3$++">0'! 7$-="%&,)."$-+5! U$('*',G! )!
2&0."7)-$-"7)0! +"2&0)."$-! 7$&04! "+$0).'! +&7/! 7)+'+! ("./"-! )! ,'0)."*'01! 0"2".'4! )2$&-.! $=!
7$23&.)."$-!."2'!"=!./'!&-4',01"-%!,';&",'2'-.+!$ =!./'!3,$7'4&,'!),'!+)."+="'45 !
!
KNA)L%66+0#()%0)C"-#/,.0%0/,.-)C%0#+)L.&-%)
!
!!!!!A0./$&%/!+)230"-%!./'! /"%/!3,$>)>"0".1!),')+ !4$'+!-$.!0')4!.$!)!+&>+.)-.")0!"-7,')+' !"-!
./'! ,'0)."*'! )77&,)71G! ".! 4$'+! "-7,')+'! ./'! $*',)00! ;&)0".1! $=!./'! ,'+&0. 5! U$('*',G! "-!



! SQ!

M&0."7)-$-"7)0!M$-.'!P),0$G!(/'-! )! -'(!+.).'! "+! ,'<'7.'4G!./'! 3,'*"$&+! +.).'! ("00! >'7$2'!
./'!-'(! +.).'G!+$!./).! ./'! .,)-+"."$-! 4$'+!-$.!7$-.,">&.'!.$!./'!;&)0".1!$=! ./'! 34=5!!9"-7'! ./'!
$3."2)0!)77'3.)-7'!,).'!"+! .13"7)001!)33,$@"2).'4!>1!)!-&2>',!70$+'!.$!QVqG!,$&%/01!r!$=!
./'!.,)-+"."$-+!),'!$-01!,';&",'4!.$!4,"*'!./'!M),C$*!7/)"-!.$(),4! 0$(!3,$>)>"0".1!,'%"$-+!
>&.! 4$! -$.! +"2&0.)-'$&+01!7$-.,">&. '! .$! ./'! )77&,)71! $=! ./'! 34=5!?/"+! "++&'! 7)-! >'!
)44,'++'4!>1!7$-+.,&7."-%! )! .,)-+"."$-!2).,"@! )+!4'2$-+.,).'4! "-! c QQd!>&.! ).! ./'! 7$+.!$=!
3,$%,)2!7$230'@".1!)-4!2'2$,1!&."0"E)."$-5 !
!
!!!!!A77$,4"-%!.$!cRRdG!./'!)77&,)71!$=!)00!M),C$*! P/)" -!M$-.'!P),0$! 7)07&0)."$-+!+/$&04!>'!
'+.) >0"+/'4!>1!<$"-.!4"+.,">&."$-!.'+.+5!9"-7'!./'! +)230"-%!2'./$4 !'230$1'4!>1!./'!MMP!"+!
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