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<= .1."9'/ BC7 @DE/ >2. -2."$%& 9"%4#.1- 4"#,#19 !".33+".7 Ft7 2%3 1)- ".*.#,.4

-2. 3%$. &.,.& )8 3*"+-#1'/ Ft 5%3 ;"3- 3-%-.4 #1 -2. ())6 (' <)--3-.#1 %14

F2,#14&."$%1 BCE %14 -2. 4."#,%-#)1 !"),#4.4 (' =%# .- %&/ B@GE/ 0- #3 -"#,#%& -)

.:-.14 -2. )1. 4#$.13#)1%& -.$!."%-+". ;.&4 !"),#4.4 (' =%# .- %&/ -) % -2"..

4#$.13#)1%& ;.&4 B@GE/ >2. .H+%-#)1 8)" Ft #3 -2.1 9#,.1 %3

Ft =
2λ∆S

Ω
∇T ?CA

52.". ∆S #3 -2. .1-")!' 4#I.".1*. (.-5..1 -2. <= %14 -2. *"'3-%& 52#*2 #3

%!!"):#$%-.&' .H+%& -) -2. $.&-#19 .1-")!'7 2λ #3 -2. <= 5#4-27 T #3 -2. -.$!."J

%-+". %14 Ω #3 -2. $)&%" ,)&+$. )8 -2. $%-."#%& 52#*2 $%' ".%4#&' (. 8)+14 8")$

-2. 4.13#-' %14 $)&%" $%33/ >2. ,%&#4#-' )8 -2. %33+$!-#)13 #1 -2. 4."#,%-#)1

)8 Ft ?-2%- ∆Ui %14 ∆Si %". -.$!."%-+".J#14.!.14.1-A 2%3 (..1 #1,.3-#9%-.4

+3#19 % 1+$(." )8 $)&.*+&%" 4'1%$#*3 3#$+&%-#)13/ 0- 2%3 (..1 8)+14 -2%- -2.

!")!)3.4 -2.)".-#*%& .:!".33#)1 8)" -2. -2."$%& 9"%4#.1- 4"#,#19 8)"*.7 32)51 #1

KH+%-#)1 C7 #3 ,%&#4 B@GE/ >2. <= ,.&)*#-' 4+. -) -2. 3+!."!)3#-#)1 )8 -2. &)*%&

*+",%-+". %14 -2."$%& 9"%4#.1-3 #3 -2.1 9#,.1 ('

v = m

(

∆S2λ

Ω
∇T − σκ

)

?LA

m #3 3-")19&' -.$!."%-+". 4.!.14.1- %14 #3 )8-.1 %33+$.4 -) 8)&&)5 %1 M""2.1#+3J

-'!. ".&%-#)132#! )8 -2. 8)"$

m = mo exp

(

− Q

kBT

)

? A

52.". Q #3 -2. %*-#,%-#)1 .1."9' 8)" -2. <= +14." *)13#4."%-#)17 m0 #3 % !".J

.:!)1.1-#%& *)13-%1- %14 kB #3 -2. =)&-N$%11 *)13-%1-/

01 -2. OP $)4.&7 ()+14%"#.3 (.-5..1 ;.&43 ".!".3.1-#19 9"%#13 %". *)13#4J

.".4 %3 4#I+3. #1-."8%*.3 )8 % ;1#-. 5#4-2/ >2. )"#.1-%-#)17 )" !2%3.7 )8 -2. ;.&4

*2%19.3 9"%4+%&&' ),." -2#3 ()+14%"'/ M1 )"4." !%"%$.-."7 φn7 #3 +-#&#3.4 -)

".!".3.1- -2. )"#.1-%-#)1 #1 -2. $)4.& *)13#3-#19 )8  9"%#13/ 01 -2. !".3.1-.4

OP $)4.& -2. <= .1."9' %14 $)(#&#-' %". %33+$.4 -) (. #3)-")!#*7 3) -2%-

-2.' 4) 1)- ,%"' 5#-2 ".&%-#,. $#3)"#.1-%-#)1 )8 -2. ()+14%"#.3/ Q)13#4." % <=
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!"#$""% #$& '"()&%*+ φn = 1 ,%- φm = 1. /# #0" )%#"'1,2" !"#$""% #0"*" #$&

3"4-* #0" 5,(%)#6-" &1 #0" φn ,%- φm 3"4-* 7,')"* *5&&#048 )% *620 , 5,%%"'

#0,# #0" *65 &1 #0" 3"4-*+ )%-""- #0" *65 &7"' ,44 &'-"' 3"4-* )% #0" -&5,)%

'"5,)%* 6%)#8 9:;+ :<+ =>?

N
∑

n=1

φn = 1 @ A

B0" -)C6*" )%#"'1,2" ,DD'&,20 0,* !""% 20&*"% 1&' *"7"',4 '",*&%*. B0" -)C6*"

)%#"'1,2" 5&-"4 5,)%#,)%* #0" 1&'2" !,4,%2"* ,# #')D4" E6%2#)&%*. B0" 5&-"4 ,4*&

,-&D#* #0" D,',!&4)2 D&#"%#),4 $)#0 , -&6!4" &!*#,24"+ $0)20 '"*64#* )% , -"3%)#"

!&6%-,'8 $)#0)% #0" FG+ D'"7"%#)%( -)C6*" #',%*D&'# &1 3"4-* )%#& %")(0!&6')%(

(',)%* 9H+ =:?. / *#"D 16%2#)&% )* -"3%"- #& -"#"'5)%" #0" %65!"' &1 2&I"J)*#)%(

D0,*"* ,* *0&$% )% KL6,#)&% M. B0" %65!"' &1 D0,*"* 2&I"J)*#)%( ,# , ()7"%

D&)%# )* #0"% ()7"% !8 KL6,#)&% N

sn =

{

1; ∀φn > 0
0; ∀φn = 0

@MA S =
N
∑

n=1

sn @NA

O% &'-"' #& -"#"'5)%" #0" "7&46#)&% &1 #0" PI2&6D4"- FG* #0,# '"D'"*"%# #0"

(',)%*+ &%" 56*# 2&%*)-"' #0" 1'"" "%"'(8 $)#0)% #0" *8*#"5+ ,%- #0" -')7)%(

1&'2"* ,')*)%( -6" #& #0)* "%"'(8. O% #0" D'"*"%#"- $&'Q #0" 1'"" "%"'(8 )*

D'"*"%#"- ,* ,% )%#"(',4 &1 #0" -"%*)#8 16%2#)&%,4 &7"' #0" -&5,)% Ω. B0"

-"%*)#8 16%2#)&%,4 )* *D4)# )%#& #$& D,'#*R #0" ST "%"'(8 -"%*)#8 fGB (x, t)U ,%-
#0" #0"'5,4 "%"'(8 -"%*)#8 fT (x, t)

F (t) =

ˆ

Ω

{fGB (x, t) + fT (x, t)} d3x @VA

B0" "7&46#)&% "L6,#)&% 1&' #0" FG )* ()7"% !8

∂φq

∂t
=

2Mφ

S

N
∑

p 6=n

spsn

(

δF

δφn
− δF

δφp

)

@<A

$0"'" Mφ )* #0" )*&#'&D)2 FG 5&!)4)#8 9H+ : ?. B0" 7,'),#)&% )% #0" 1'"" "%"'(8

-"%*)#8 -6" #& #0" ST 26'7,#6'" ,%- #0"'5,4 (',-)"%# -')7)%( 1&'2"* )* ()7"% !8

KL6,#)&% :>

δF

δφn
=

N
∑

m 6=n

(

ǫ2

2
∇2φm + ωφm −

µ

2
∇φm · ∇T

)

@:>A

$0"'" ǫ )* #0" (',-)"%# "%"'(8 2&"W2)"%#+ T )* #0" #"5D"',#6'"+ µ )* #0" #"5D"'I

,#6'" (',-)"%# "%"'(8 2&"W2)"%#+ ,%- ω )* #0" 0")(0# &1 #0" D,',!&4)2 D&#"%#),4

$)#0 , -&6!4" &!*#,24". B0" 3%,4 #"'5 &% #0" XYZ &1 KL6,#)&% :> )* %,#6',448

D'&D&*"- 1&' #0" #0"'5,4 (',-)"%# 2&%#')!6#)&%U #0)* "JD'"**)&% $)44 !" *0&$%

#& '"D'&-62" #0" "JD"2#"- !"0,7)&6' &1 , !&6%-,'8 )% , #0"'5,4 (',-)"%# ,* #0"

!&6%-,'8 5)(',#"* #& 5)%)5)*" #0" #&#,4 1'"" "%"'(8 )% #0" *8*#"5. X"5&7)%(

#0)* #"'5 D'&-62"* #0" 1,5)4),' FG "JD'"**)&% 1&' #0" "7&46#)&% &1 , !&6%-,'8

%"#$&'Q -6" #& 26'7,#6'" -')7)%( 1&'2"* 9:H+ : ?. B0" D,',5"#"'* ǫ+ ω+ µ ,%-
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 !" #$%&' ()*+&,%-+ ./0/* 1)%234/4  

Mφ !"#$ %$&'()$ *$+")(,'-!(.- /()! )!$ 01 $'$*234 σ4 56 7,8'%"*3 /(%)!4 2ξ4
7,8'%"*3 $')*,.3 %(9$*$':$4 ∆S4 01 /(%)!4 2λ4 "++,3 ;,+"* #,+8;$4 Ω4 "'%
;,7(+()3 m ,< " 01=

 !"! #$%&' ()*+&,%-+ ./0/* 1)%234/4

>!$ (')$*<":$ /(%)!4 2ξ "'% 01 $'$*23 σ4 <,* " 7,8'%"*3 7$)/$$' )/, 2*"('-

"*$ 2(#$' 73 2ξ = πǫ/
√
2ω "'% σ = π

8 ǫ
√
2ω *$-.$:)(#$+3 ?@4 ABC= >, %$)$*;('$

)!$ *$+")(,'-!(.- 7$)/$$' )!$ ,)!$* 56 01 ."*";$)$*-4 (' ,*%$* ), -(;8+")$

.!3-(:"+ -3-)$;-4 <8*)!$* :,'-(%$*")(,'- ;8-) 7$ ;"%$= D,'-(%$* " 7,8'%"*3

7$)/$$' )/, &$+%- φq "'% φn4 8)(+(-('2 EF8")(,' B4 EF8")(,' G *$%8:$- ),

φ̇q = Mφ

[

ǫ2∇2φq + µ∇φq · ∇T + ω (1− 2φq)
]

HAAI

>!$ 56 ;,7(+()34 Mφ4 !"- " *$+")(,'-!(. /()! )!$ 01 ;,7(+()34 m= >!$ *$+")(,'J

-!(. ;"3 7$ <,8'% 73 :,'-(%$*('2 " -!*('K('2 2*"(' (' -.!$*(:"+ :,J,*%('")$-4

"- &*-) :,'-(%$*$% 73 L++$' "'% D"!' ?AMC= D,'-(%$* " -.!$*(:"+ q &$+% /()!

:8*#")8*$ κ4 (' " .,-()(,' %$.$'%$') )$;.$*")8*$ &$+%= N-('2 " 2$'$*"+ $O.*$-J

-(,' <,* )!$ %(#$*2$':$ ,< " 2*"%($') #$:),* ), " -:"+"* &$+%4 EF8")(,' AA ;"3

7$ $O.*$--$% "- ?PPC

1

Mφ

∂φq

∂t
=

v

Mφ

dφq

dr
= −ǫ2 d

2φq

dr2
− ǫ2κ

dφq

dr
+ µ

dφq

dr
∇T + ω (1− 2φq) HAPI

/!$*$ v (- )!$ &$+% -!*('K"2$ #$+,:()34

dr/dt= L -!"*. (')$*<":$ +(;() ,<

1/κ ≫ ξ
(- "--8;$% ?AM4 ABC= Q')$2*")('2 EF8")(,' AP <*,;

1/κ− ξ ),

1/κ + ξ 3($+%-

[

− v

Mφ
φq

]1/κ+ξ

1/κ−ξ

=

[

ǫ2
dφq

dr
+ ǫ2κφq − µφq∇T − ωr (1− 2φq)

]1/κ+ξ

1/κ−ξ

HAMI

L) )!$ 8..$* 7,8'% ,< )!$ -!"*. (')$*<":$ +(;()4

1/κ + ξ 4 )!$ #"+8$ ,< )!$ φq

&$+% )$'%- ), R$*, "'% )!$ #"+8$ ,< )!$ 2*"%($') ,< )!$ &$+% #"*("7+$ /()! *$-.$:)

), r "+-, )$'%- ), R$*,S ") )!$ +,/$* 7,8'% ,< )!$ -!"*. (')$*<":$ +(;()4

1/κ − ξ
4 )!$ #"+8$ ,< φq )$'%- ), 8'()34 )!$ #"+8$ ,<

dφq/dr )$'%- ), R$*,= Q'.8))('2 )!$

#"+8$- ,< )!$ &$+% #"*("7+$4 )!$ 2*"%($')- ,< )!$ ,*%$* ."*";$)$* "'% )!$ +(;()-

,< )!$ (')$2*")(,' ('), EF8")(,' AM4 () :"' 7$ -!,/' )!")

− v

Mφ
[0− 1] = ǫ2κ [0− 1]− µ∇T [0− 1] HA@I

>!$*$<,*$4 )!$ 01 ;,7(+()3 :"' 7$ $O.*$--$% "-

v = Mφ

(

µ∇T − ǫ2κ
)

HABI

EF8")('2 )!(- $O.*$--(,' <,* )!$ 56 #$+,:()3 /()! )!$ $O.*$--(,' <,* )!$ 01

#$+,:()34 EF8")(,' M
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Mφ

(

µ∇T − ǫ2κ
)

= m

(

2λ∆S

Ω
∇T − σκ

)

!"#$

%&'()*+,)'- ./+ 01(+ &2 1 31. 4&5'*1,67 (50/ ./1. ./+ 05,81.5,+7 κ = 07 199
,+91.)&'(/):( 4+.;++' <= 1'* >? :,&:+,.)+( @16 4+ *+.+,@)'+*A B' ./)( 01(+

./+ +C:,+(()&' 2&, µ )(

µ =
m

Mφ

2λ∆S

Ω
!" $

D/+' ./+ &,)-)'19 05,8+* 4&5'*1,6 )( 0&'()*+,+*7 1'* ./)( +C:,+(()&' )( )'(+,.+*

)'.& EF51.)&' "# ). )( 09+1, ./1. Mφǫ
2κ = mσκA G/+,+2&,+Mφ = mσ/ǫ2 = π2m/16ξ

1'* 12.+, (54(.).5.)'- 2&, m/Mφ )' ./+ +C:,+(()&' 2&, µ

µ =
16ξ2λ∆S

π2Ω
!"H$

G/+ 14&8+ +F51.)&'( *+(0,)4+ )(&.,&:)0 -,1)' -,&;./ *5+ .& ./+ 05,81.5,+ 1'*

./+,@19 -,1*)+'. *,)8)'- 2&,0+(A B. )( ;&,./ '&.)'- 1. ./)( :&)'. ./1. ./+ +CI

:,+(()&' µ )( ()@)91, .& ./1. 2&5'* 46 &./+, 15./&,( JKL7 0&'()*+,)'- ./+,@19

*,)8)'- 2&,0+( &' -,1)' 4&5'*1,)+( 45. '+-9+0.)'- ./+ 1*&:.)&' &2 ./+ :1,14&9)0

:&.+'.)19 .+,@7 5()'- ./+ 19.+,'1.+ <= 1::,&10/ &2 M&+91'(  ! "#$ JNKLA

 ! "#$%&'()* '+, -./)0(,)' -+,.$/1 /)2 3+/0, 4(,12

G/)( ;&,O 2&05(+( &' ./+ ()@591.)&' &2 @)0,&(.,50.5,+ +8&95.)&' *5,)'- @+9.I

)'- 1'* ,+@+9.)'- +8+'.(7 (50/ 1( ./&(+ +'0&5'.+,+* )' 25()&' ;+9*)'-A G/+

:,+8)&5( (+0.)&' :,+(+'.+* 1' )'.+,210+ 2,1@+;&,O .& ()@591.+ (&9)*)P01.)&'A B'

&,*+, .& )@:9+@+'. ./+ ./+,@19 -,1*)+'. *,)8)'- 2&,0+ 1'* .+@:+,1.5,+ P+9* )'.&

./+ <= @&*+97 1 ,+:,+(+'.1.)8+ ./+,@19 P+9* @5(. 4+ 0&@:5.+*A G/)( (+0.)&'

;)99 -)8+ 1 ./+&,+.)019 &5.9)'+ &2 ./+ @+.19 (&9)*I9)F5)* .,1'().)&' *5,)'- 25()&'

;+9*)'- 2&, :,+*)0.)&'( &2 ./+ ./+,@19 P+9*( ,+F5),+* 46 ./+ <= @&*+9A G/+,+

1,+ 81,)&5( @+./&*( 46 ;/)0/ 1' 1::,&:,)1.+ .+@:+,1.5,+ P+9*7 ,+:,+(+'.1.)8+

&2 ./+ ;+9*)'- :,&0+((7 @16 4+ &4.1)'+*A Q'+ @16 ;)(/ .& :+,2&,@ 1 P').+

+9+@+'. ()@591.)&' 1'* .,+1. ./+ *&@1)' 1( 1 (&9)* 4&*6 1'* 1::96 1 ,+:,+I

(+'.1.)8+ 1,+1 &, 8&95@+.,)0 /+1. 35C *)(.,)45.)&' )' @&.)&'7 (&98)'- ./+ /+1.

+F51.)&' 2&, ./+ *+(),+* .+@:+,1.5,+ JNRLA S'&./+, @+./&* ;&59* 4+ .& &4I

.1)' ./+ 1'196.)019 (&95.)&' 2&, 1 ,+:,+(+'.1.)8+ /+1. (&5,0+ @&*+9 1'* ./+,+2&,+

,+@&8+ '5@+,)019 5'0+,.1)'.)+( 2,&@ ./+ 0190591.)&' :,&0+*5,+ JNTLA U&;+8+,7

(50/ 1::,&10/+( 1,+ 9)@).+*A S' 19.+,'1.)8+ )( .& *),+0.96 0190591.+ ./+ ./+,@19

P+9*( 2,&@ ./+ *6'1@)0( &2 ./+ 9)F5)* @+.19A G/)( ;)99 )'8&98+ 2599 ./+,@19 35)*

()@591.)&'( &2 1 /)-/ :&;+, 91(+, )'0)*+'. &' ./+ (5,210+ &2 1 (54(.,1.+ @1.+,)197

25996 01:.5,)'- ./+ (&9)* .& 9)F5)* (.1.+ .,1'().)&' 1( ;+99 1( ./+ @&@+'.5@ P+9*

)' ./+ *&@1)' 1'* 0&5:9+* .+@:+,1.5,+ P+9*A V50/ 1 2,1@+;&,O )( )@:9+@+'.+*

)' ./+ 05,,+'. ;&,O 2&, ./+ 0&@:5.1.)&' &2 ./+ .+@:+,1.5,+ P+9*A

G/+ @&@+'.5@ 1'* &./+, 35)* :,&:+,.)+( &2 ./+ @)C.5,+ 1,+ 2&,@591.+* 1(

1 ()'-9+ @&@+'.5@ +F51.)&' 0&5:9+* ;)./ +F51.)&'( 2&, +'+,-6 1'* 0&'.)'5).6A
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!"#$# %&# $'()#* +' &%+,'-%(,$# +"# #)'(.+,'- '/ +"# 0#+%((,1 %-* 2%$#'.$ 3"%$#$4

!"# 0#+%((,1 3"%$# 5%$ +&#%+#* %$ % $,-2(# 0%+#&,%( 60#+%(7 5,+" 0.(+,3(# 3"%$#$

6$'(,*8 (,9.,* %-* 2%$74 !"# $+%-*%&* :%(%-1# '/ /'&1#$ %-* 1'-$#&)%+,'- '/ 0';

0#-+.0 %-* #-#&2< ,$ .$#* %-* +"# 0'*#( %$$.0#$ +"%+ +"# =#<-'(*$ -.0:#&

'/ +"# 0'(+#- (,9.,* 0#+%( ,$ $.>1,#-+(< ('5 $.1" +"%+ % (%0,-%& $'()#& ,$ %3;

3&'3&,%+#4 ?,0,(%& %$$.03+,'-$ %&# 0%*# ,- '+"#& 1'03.+%+,'-%( @.,* *<-%0,1$

6ABC7 0'*#((,-2 %33&'%1"#$ /'& /.$,'- 5#(*,-2 DEFGE H4 !' $,0.(%+# +"# (%$#&

,-+#&%1+,'- 5,+" +"# 0%+#&,%(8 %- #-2,-##&,-2 %33&'I,0%+,'- '/ % (%$#& )'(.0#+;

&,1 "#%+ $'.&1# 6#424 DEJH7 ,$ .$#* +' &#3&#$#-+ +"# 0.(+,3(# &#@#1+,'-$ :< %

)'(.0#+&,1 #-#&2< *#-$,+<4

K :&,#/ $.00%&< '/ +"# 3"<$,1%( 3"#-'0#-% .$#* ,- $,0.(%+,-2 +"# ,-+#&;

%1+,'- :#+5##- "#%+ $'.&1# %-* 0%+#&,%( ,$ %$ /'(('5$4 !"# $'(,*8 (,9.,* %-*

)%3'.& 0#+%( 1'-$+,+.+,)# :#"%),'.&$ %&# *#L-#* 5,+",- +"# 0#+%((,1 3"%$# :<

,-+&'*.1,-2 %33&'3&,%+# 3"%$# +&%-$/'&0%+,'-$ *#3#-*,-2 '- +"# +#03#&%+.&#8

:#,-2 #,+"#& :#('5 +"# $'(,*.$8 :#+5##- +"# $'(,*.$ %-* (,9.,*.$ +#03#&%+.&#8

%:')# +"# (,9.,*.$ +#03#&%+.&# '& %:')# +"# )%3'&,$%+,'- +#03#&%+.&#4 K:')#

+"# )%3'&,$%+,'- +#03#&%+.&#8 0#+%( (,9.,* +&%-$/'&0$ +' 0#+%( )%3'.&4 !"#

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

!"# ('$$ '/ 0#+%((,1 3"%$#8 *.# +' #)%3'&%+,'- 5"#- +"# #)%3'&%+,'- +#03#&%;

+.&# ,$ &#%1"#*8 ,$ ,-1(.*#* ,-+' +"# M%),#&;?+'N#$ 60'0#-+.07 #9.%+,'- '/ +"#

(,9.,* 0#+%( %-* 0#+%( )%3'.&4 O+ %($' ,-1(.*#$ &#%1+,'- $.&/%1# /'&1#$8 ,- +"#

3&#$#-+ +&#%+0#-+8 /&'0 )%3'&,$%+,'- 6%$ % /.-1+,'- '/ +"# )%3'.& &#1',( 3&#$$.&#

DEP8 QRGQEH78 $.&/%1# +#-$,'- %-* S%&%-2'-, /'&1#4 K(( $.&/%1# /'&1#$ %1+ '-(< '-

+"# 0#+%( (,9.,*T)%3'.& ,-+#&/%1#4 O- %**,+,'-8 +"# :.'<%-1< /'&1# +#&0 1%.$#*

:< *#-$,+< *,U#&#-1#$ *.# +' +"#&0%( #I3%-$,'- %-* % *%03,-2 /'&1# %$$'1,;

%+#* 5,+" +"# /&,1+,'-%( *,$$,3%+,'- ,- +"# 0.$"< V'-# 2,)#- :< A%&0%-;W'V#-<

#9.%+,'- 5",1" ,$ %- #-+"%(3< 0#+"'* /'& 3"%$# 1"%-2#$ DQQ8 QXH %&# .$#*4 !"#

+"#&0%( #-#&2< ,$ 1'.3(#* 5,+" % 0'0#-+.0 1'-+&,:.+,'- %-* :%(%-1#* :#+5##-

+"# "#%+ ,-3.+ *.# +' +"# $'.&1# +#&08 QT 8 3&'3'$#* :< Y. #+ %(4 DEJH8 %-* +"#

"#%+ ('$$ *.# +' 1'-*.1+,'-8 1'-)#1+,'-8 &%*,%+,'- %-* #)%3'&%+,'- DQZ8 QFH4

K )'(.0# '/ @.,* %33&'%1" 5%$ %*'3+#* /'& +"# +"#&0%(;@.,* 1%(1.(%+,'-[

"#&# +"# $.0 '/ 0#+%( α1 %-* 2%$ α2 3"%$# /&%1+,'-$ ,$ 0%,-+%,-#* %+ .-,+<8

α1+α2 = 14 !"# 5#,2"+ /.-1+,'- '/ %-< 3%&%0#+#& x8 *#L-#* %$ x̄ = x1α1+x2α28

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

*<-%0,1$8 @.,* @'5 %-* "#%+ +&%-$/#& #9.%+,'-$ -##*#* +' :# $'()#*4 ?+%&+,-2

5,+" +"# %$$.03+,'- '/ ,-1'03&#$$,:(# @.,* +"# 1'-+,-.,+< 1'-*,+,'- '- +"#

)#('1,+< L#(* u ,$ 5&,++#- %$

∇ · u = 0 6\J7

!"# 1'03.+%+,'- *'0%,- ,$ *,),*#* ,-+' % 0#+%((,1 α1 &#2,'- %-* %+0'$3"#&,1

2%$#'.$ α2 &#2,'-$4 !"# $'(,*8 (,9.,* %-* )%3'.& 0#+%( 1'-$+,+.+,)# :#"%),'.&$

%&# *#L-#* 5,+",- α1 :< ,-+&'*.1,-2 %33&'3&,%+# 3"%$# +&%-$/'&0%+,'-$ *#3#-*;

,-2 '- +"# +#03#&%+.&#8 :#,-2 #,+"#& :#('5 +"# $'(,*.$8 :#+5##- +"# $'(,*.$ %-*

(,9.,*.$ +#03#&%+.&#8 %:')# +"# (,9.,*.$ +#03#&%+.&# '& %:')# +"# )%3'&,$%+,'-

+#03#&%+.&#4 !"# )'(.0# '11.3,#* :< +"# α1 3"%$# 5,(( #)'()# +"&'.2" +"#
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 !" #$%&'()(*$+), -.$/01'.02  

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

∂α1

∂t
+∇ · (α1u) = −

ṁV

ρ2
1234

$5*+* t %6 ,%7*0 -&( ,5* 6%&8 ,*+7 %& ,5* +%'5, 5-&( 6%(* 19:;4 "! <./-,%"&

23 (*6=+%>*6 ,5* #"66 "! 7*,-##%= ?5-6* (/* ," *@-?"+-,%"& $5*& ,5* *@-?"+-,%"&

,*7?*+-,/+* Tv %6 +*-=5*(A B& ,5%6 $"+80 ρ2 %6 +*!*++*( ," ,5* (*&6%,C "! 7*,-#

@-?"/+ $5%=5 %6 *./%@-#*&, ," ,5* -,7"6?5*+%= '-6 ?5-6* -6 =5*7%=-# 6?*=%*6

%6 &", (%6,%&'/%65*( 5*+*A D5* 7-66 *@-?"+-,%"& +-,* ṁv %6 - !/&=,%"& "! ,5*

@-?"/+ +*="%# ?+*66/+* pvA D5* '"@*+&%&' E*#( *./-,%"& (*6=+%>%&' ,5* F"$6 "!

,5* #%./%( 7*,-# %& $*#( ?""# -&( 7*,-# @-?"/+ %6 ,5* G-@%*+H;,"8*6 *./-,%"&0

∂ρ̄u
∂t +∇ · (ρ̄u⊗ u) = −∇p+∇ · Tv

+fbuoyancy + fmelting + fsurface
12I4

$5*+* Tv %6 ,5* @%6="/6 (*@%-,"+%= 6,+*66 ,*&6"+0 p %6 ,5* 5C(+"6,-,%= ?+*66/+* -&(

ρ̄ %6 ,5* (*&6%,CA D5+** 6"/+=* ,*+76 -+* ?+*6*&, "& ,5* 9:; "! <./-,%"& 2IA D5*

>/"C-&=C !"+=* ,*+7 fbuoyancy %6 =-/6*( >C (*&6%,C (%)*+*&=*6 (/* ," ,5*+7-#

*J?-&6%"&A D5* 7*#,%&' 6"/+=* ,*+70 fmelting (-7?%&' !"+=* -66"=%-,*( $%,5

,5* !+%=,%"&-# (%66%?-,%"& %& ,5* 7/65C K"&* '%@*& >C L-+7-&HM"K*&C *./-,%"&

$5%=5 %6 -& *&,5-#?C 7*,5"( !"+ ?5-6* =5-&'*6 NOO0 OPQ -+* /6*(A R &/7>*+

"! 7*=5-&%676 ="&,+%>/,* ," ,5* 6/+!-=* !"+=*0 fsurface0 %&=#/(%&' &"+7-# -&(

,-&'*&,%-# ="7?"&*&,6 "! 6/+!-=* ,*&6%"&S $5*+* %& ,5* ?+*6*&, ,+*-,7*&, ,5*

,-&'*&,%-# ="7?"&*&, "! 6/+!-=* ,*&6%"& -+%6*6 (/* ," ,5* ,*7?*+-,/+* (*?*&(*&,

T-+-&'"&% ="&@*=,%"& *)*=,A D5* T-+-&'"&% !"+=* %6 - ,5*+7"H=-?%##-+C !"+=*

,5-, -+%6*6 !+"7 ,*7?*+-,/+* '+-(%*&,6 -=+"66 ,5* #%./%(U'-6 %&,*+!-=* NOVWO QA

D5* ="&6*+@-,%"& "! ,5*+7-# *&*+'C %6 '%@*& -60

∂ρ̄C̄pT
∂t +∇ · (ρ̄uC̄pT ) = −∂ρ̄∆H

∂t −∇ · (ρ̄u∆H)

+∇ · (k̄∇T )− [QV |∇α1|+QT ]
2C̄pρ̄

(Cp1ρ1+Cp2ρ2)

1224

$5*+* T %6 ,5* ,*7?*+-,/+*0 C̄p %6 ,5* 6?*=%E= 5*-, "! ,5* 7*,-##%= ?5-6* -&(

H %6 ,5* #-,*&, 5*-,A <./-,%"&6 230 2I -&( 22 -+* 6"#@*( ," ./-&,%!C ,5* F"$

(C&-7%=6 "! ,5* 7*#,A XC 6"#@%&' ,5* 6*, "! '"@*+&%&' *./-,%"&60 ,5* *@"#/,%"& "!

7*#, 8%&*,%=6 -&( #%./%(U'-6 %&,*+!-=* =5-&'* =-& >* -&-#C6*( -&( +-,%"&-#%6*(A

R (*,-%#*( 7"(*# (*6=+%?,%"& %6 ," >* ?/>#%65*( *#6*$5*+* NP3WP2Q -&( 7"(*#

?-+-7*,*+6 $*+* -("?,*( !+"7 NPOWPYQA

 !"! #$%&'()(*$+), -.$/01'.02

D5* ,5*+7-# F/%( F"$ =-#=/#-,%"& 5-6 >**& (*@*#"?*( /6%&' ,5* LZZ "?*&

6"/+=* ="(* [?*&\[RT 1[?*& \%*#( [?*+-,%"& R&( T-&%?/#-,%"&4 ,""#>"JA

R 6"#@*+ !"+ ,$" %&="7?+*66%>#*0 &"&H%6",5*+7-# %77%6=%>#* F/%(6 /6%&' - @"#H

/7* "! F/%( ?5-6*H!+-=,%"& >-6*( %&,*+!-=* =-?,/+%&' -??+"-=5 %6 -("?,*( !+"7

]-&$%6-$-6 *, -#A NP2QA D5* ?5-6* E*#(6 -&( ,5*+7-# E*#(6 -+* ="/?#*( >C -

6,-''*+*( ,%7* %&,*'+-,%"& ?+"=*(/+*A \"+ -&C '%@*& ,%7*H6,*?0 <./-,%"&6 230 2I

-&( 22 -+* 6"#@*( /6%&' - @"#/7*H"!HF/%( -??+"-=5 ," =-?,/+* ,5* ,*7?"+-# -&(
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 !

"#$%&$' ()*'+%&*, *- '&.+&/ 0(%$'12$" &,%(3-$4( %* 4$#%+3( %5( %3$,"&(,% #56"&4$'

(7(4%" /+3&,2 %5( 5($% "*+34(80$%(3&$' &,%(3$4%&*, *- $ -+"&*, 9('/&,2 #3*4("":

;5( 9(&25%(/ $)(3$2( &" +"(/ %* %$<( &,%* $44*+,% %9* &00&"4&='( >+&/" $" *,(

(7(4%&)( >+&/ %53*+25*+% %5( 4$'4+'$%&*, /*0$&,: ;5( 0*/(' 0$<(" +"( *- %5(

%9*8>+&/ ?+'(3&$, 0*/(' -*3 %9*8#5$"( >*9@ 95(3( #5$"( -3$4%&*, (.+$%&*," $3(

"*')(/ "(#$3$%('6 -*3 ($45 &,/&)&/+$' #5$"(: ;5( #56"&4$' #3*#(3%&(" $3( 4$'4+8

'$%(/ =$"(/ *, %5( /&"%3&=+%&*, *- %5( '&.+&/ )*'+0( -3$4%&*,@ $,/ %5+" %5(6 $3(

(.+$' %* %5( #3*#(3%&(" *- ($45 >+&/ &, %5(&3 4*33("#*,/&,2 *44+#&(/ 3(2&*," $,/

)$3&(/ *,'6 $43*"" %5( &,%(3-$4(: A, %5&" 0*/('@ $ "5$3#(3 &,%(3-$4( 3("*'+%&*,

&" 4*,"&/(3(/ %53*+25 $, $//&%&*,$' 4*,)(4%&)( %(30 *3&2&,$%&,2 -3*0 0*/(''&,2

%5( )('*4&%6 &, %(30" *- 9(&25%(/ $)(3$2( *- %5( 4*33("#*,/&,2 '&.+&/ $,/ 2$"

)('*4&%&(" &" &,%3*/+4(/ &,%* %5( %3$,"#*3% (.+$%&*, -*3 #5$"( -3$4%&*,: ;* $''*9

"5$3# &,%(3-$4( 3("*'+%&*,@ ,+0(3&4$' /&7+"&*,@ 95&45 &" +,$)*&/$='6 &,%3*/+4(/

%53*+25 %5( /&"43(%&"$%&*, *- 4*,)(4%&)( %(30"@ 4$, =( 4*,%3*''(/ $,/ 0&,&0&"(/

%53*+25 %5( /&"43(%&"$%&*, *- %5( 4*0#3(""&*, %(30: A, *3/(3 %* (,"+3( "%$=&'&%6

*- %5( "*'+%&*, #3*4(/+3(@ %5( 4$'4+'$%&*," $3( #(3-*30(/ +"&,2 $ "('-8$/$#%&,2

%&0( "%(# 95&45 &" $/B+"%(/ $% %5( =(2&,,&,2 *- %5( %&0( &%(3$%&*, '**# =$"(/ *,

%5( C*+3$,% ,+0=(3: D*3(*)(3@ &, *3/(3 %* $45&()( $ #3*#(3 4*+#'&,2 =(%9((,

)('*4&%6 $,/ #3(""+3( &% &" ,(4(""$36 %* $/$#% %5( EAFG HE3(""+3( A0#'&4&% 9&%5

F#'&%%&,2 *- G#(3$%*3"I '**# %* %5( 0*0(,%+0 (.+$%&*, $,/ /(3&)( $ ,(9 #3("8

"+3( (.+$%&*, -*3 ($45 %&0( "%(#: ;5( %53(( /&0(,"&*,$' %(0#(3$%+3( J('/ &"

%5(, #$""(/ %* %5( EK 4$'4+'$%&*, #*3%&*, *- %5( 4*/( 95(3( %5( "#$%&$' 23$/&8

(,%" *- %5( %(0#(3$%+3( J('/ $3( 4$'4+'$%(/: ;5( ()*'+%&*, *- %5( EK )$3&$='("

&" %5(, 4$'4+'$%(/ =6 "*')&,2 ?.+$%&*, L *)(3 %5( (,%&3( /*0$&,@ $,/ $'' *3/(3

#$3$0(%(3"@ +"&,2 %5( -*39$3/ ?+'(3 0(%5*/ %* +#/$%( %5( EK )$3&$='("@ φ:
G,4( $ #*&,% &, %5( 4*0#+%$%&*,$' /*0$&, (M4((/" %5( "*'&/+" %(0#(3$%+3( *-

%5(  !"#$%"&' "6"%(0 +,/(3 4*,"&/(3$%&*,@ %5( EK )$3&$='(@ φ@ $% %5&" '*4$%&*,
&" $""&2,(/ $ 3$,/*0 *3&(,%$%&*,: ;5&" 3$,/*0&"$%&*, *- %5( EK )$3&$='( &, %5(

0*'%(, 3(2&*," *- %5( "6"%(0 &" #(3-*30(/ $% ()(36 %&0(8"%(# &, %5( "&0+'$%&*,

+,%&' %5( 3(2&*, "*'&/&J(" *,4( $2$&, $,/ (,"+3(" %5$% ,* 23$&, "%3+4%+3( &"

#(30&%%(/ %* /()('*# &, %5( 0('%:

;5( (7(4% *- %5( NO 9&/%5@ 2ξ@ *, %5( $44+3$46 *- %5( EK "&0+'$%&*, 9$"

&,)("%&2$%(/@ $" 9&'' =( /&"4+""(/ &, F+=8"(4%&*, P: @ $,/ &% 9$" /(%(30&,(/ %5$%

&,43($"&,2 %5( ,+0=(3 *- 4(''" &, %5( =*+,/$36 3(2&*, '($/" %* &0#3*)(/ $44+3$46

*- %5( "&0+'$%&*, $44+3$46: ;5(3( &" 5*9()(3 $ %3$/(8*7 =(%9((, $44+3$46 $,/

4*0#+%$%&*, %&0(: A, %5( "&0+'$%&*," *- 23$&,8=*+,/$36 ,(%9*3<" &, %5&" 9*3<

%5( EK =*+,/$3&(" 9(3( #(30&%%(/ %* "#$, $ 0&,&0+0 *-  ! 4(''": ;5&" $##($3(/

%* =( $ 3($"*,$='( 4*0#3*0&"( =(%9((, %5( "*'+%&*, $44+3$46 $,/ 4*0#+%$%&*,$'

(Q4&(,46 *- %5( EK "&0+'$%&*,:

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

R5&'"% /&3(4% 0&43*"%3+4%+3$' 4*0#$3&"*," $3( ,*% 0$/( &, %5( #3("(,%(/

9*3<S $ ,+0=(3 *- "4(,$3&*" $3( &,)("%&2$%(/ $,/ %5( (7(4% *- #$3$0(%(3 $'%(38

$%&*," $3( &,)("%&2$%(/ $,/ 4*00(,%(/ *, &, %5( 3("+'%&,2 #3(/&4%(/ 0&43*"%3+48

%+3(: T'' "&0+'$%&*," &, %5( 4+33(,% 9*3< $3( 3(#3("(,%$%&)( *-  !"#$%"&': D$%(8
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!"#$ #%& '(&)$ *#!#')+)!, #,,(-"#+)& ."+/ +/) 012 /#3) 4))% &)+)!'"%)& 5!('

*!)3"(6, .(!7 89:;< =/) *#!#')+)!, 5(! +/) >1 ,"'6$#+"(% #!) ,/(.% "% =#4$)  

=/) '($#! 3($6') (5  !"#$%"&' ", -#$-6$#+)& 5!(' +/) &)%,"+? #%& '($#! '#,,<

=/) !)$#+"3) )%+!(*? &"@)!)%-) 4)+.))% +/) 4(6%&#!"), #%& 46$7 "% +/) &('#"%A

∆SA ", ),+"'#+)& 5!(' +/) ')$+"%B )%+/#$*?< =/) *!)C)D*(%)%+"#$ 5#-+(!A m0A

*!),)%+ "% EF6#+"(% 9 5(! +/)  !"#$%"&' ,?,+)' ", %(+ 7%(.% #%& +/)!) ", 3)!?

$"++$) "%5(!'#+"(% (5 +/", *#!#')+)! 5(! )%B"%))!"%B #$$(? ,?,+)',< G(.)3)!A *6!)

#$6'"%"6' #$$(? ,?,+)', /#3) 4))% "%3),+"B#+)& #%& +/)!)5(!) +/) 3#$6) (5 +/",

*#!#')+)! ", +#7)% 5!(' +/", .(!7 89H;< I+ ", .(!+/ %(+"%B +/#+ +/) ,"'6$#+"(%,

.)!) 5#! '(!) ,)%,"+"3) +( +/) #-+"3#+"(% )%)!B?A QA +/#% +/) *!)C)D*(%)%+"#$

5#-+(!A m0A #%& ,( +/", ", # !)#,(%#4$) #,,6'*+"(%<

 !"#$ %& '!(!)$*$(+ ,+$- ./ *0$ '1 +.),#!*.2/ 23  !"#$%"&' ).4(2+*(,4*,($+(

>#!#')+)!  !"#$%"&'

σ
(

kg s−2
)

89J; 0.81
Ω

(

mm3 mol−1
)

100.3× 103

∆S
(

kgmm2 s−2 K−1 mol−1
)

152.9× 106

Ts (K) 1878.0
Q (eV )89K; 1.0
2λ (nm) 5.0

m0

(

mm2 s kg−1
)

89H; 178.0

=/) *#!#')+)!, "% =#4$)  #!) %(+ +!"3"#$ +( &)+)!'"%)< 0)!+#"% *#!#')+)!,

/#3) # B!)#+)! )@)-+ (% +/) LM '(+"(% "% +/) +)'*)!#+6!) N)$& #%& +/)!)5(!)

+/) !),6$+#%+ &",+!"46+"(% "% B!#"% ,"O),< =/) #-+"3#+"(% )%)!B?A QA /#, # &!#,+"-

)@)-+ (% +/) '(4"$"+? (5 +/) B!#"% 4(6%&#!"), "% +/) ,"'6$#+"(%< I+ ", +/)!)5(!)

-!6-"#$ +( /#3) # !)*!),)%+#+"3) 3#$6) 5(! +/", *#!#')+)! -(!!),*(%&"%B +( +/)

'#+)!"#$ 4)"%B ,"'6$#+)&< 1(! # B"3)% +"') 3#!?"%B +/)!'#$ N)$&P # /"B/)! Q ."$$

+)%& +( !)&6-) +/) LM '(4"$"+? (3)! +/) %)+.(!7 ./"$) # $(.)! Q ."$$ "%-!)#,) +/)

%)+.(!7 '(4"$"+?< =/)!)5(!) "5 +/) #-+"3#+"(% )%)!B? 3#$6) "%,)!+)& "%+( +/) >1

,"'6$#+"(% ", +(( $(. -('*#!)& ."+/ +/) */?,"-#$ 3#$6) 5(! +/) B"3)% '#+)!"#$A

+/) >1 ,"'6$#+"(% .(6$& (3)!C*!)&"-+ +/) #'(6%+ (5 -(#!,)%"%B (--6!!"%B "%

+/) !)B"(% 6%&)! -(%,"&)!#+"(% #%& +/) B!#"% ,"O) &",+!"46+"(%, .(6$& 4) ,/"5+)&

+(.#!&, # $#!B)! B!#"% ,"O)< Q, ,/(.% "% EF6#+"(% R +/) LM ."&+/A 2λA )%+!(*?
&"@)!)%-)A ∆SA #%& '($#! 3($6')A ΩA /#3) # &"!)-+ "%S6)%-) (% +/) '"B!#+"(%

3)$(-"+? "% +/) >1 '(&)$< I%,)!+"%B # 3#$6) 5(! 2λ "%+( +/) >1 -('*6+#+"(%

+/#+ ", +(( $(. ."+/ !),*)-+ +( +/) */?,"-#$ 3#$6) ."$$ &#'*)% +/) 3)$(-"+"), (5

+/) 4(6%&#!"), (3)! +/) +)'*)!#+6!) !#%B) #%& )@)-+"3)$? !)&6-) +/) #'(6%+ (5

-(#!,)%"%B (--6!!"%B "% +/) ,"'6$#+"(%< Q 3#$6) 5(! ∆S +/#+ ", )!!(%)(6,$? $(.

."$$ /#3) # ,"'"$#! )@)-+ ./"$) # $(. 3#$6) 5(! Ω ."$$ /#3) +/) (**(,"+) )@)-+ #,

+/", +)!' #**)#!, "% +/) &)%('"%#+(! !#+/)! +/#% +/) %6')!#+(! 5(! +/) &!"3"%B

5(!-) )D*!),,"(%<
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20µm 10µm
500, 000

1000 × 500
18.9× 106 Km−1 2.03µs

400nm

m = 1

2.03µs

18.9× 10
6 Km−1

κ = 0

3200 1.58 × 106 Km−1

1mm × 1mm

300K
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0.12× 10
−3 s 4.92× 10

−3 s 9.84× 10
−3 s

1.58× 106 Km−1
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 !" #$%&' ()*'+%$, -&.$%/&)' &' % 0&.1 2'3$., 43'5&/, 613$7%8 9&38+  !

"#$%&' ()#)*( %"*' +,()#-.*( %/ # /*0 mm1 23,4* )3* *5*.) %/ )3* .&'"#)&'*

+',",-6 /%'.* ,- )3* (,7&4#),%- ,( +%7,-#-)8 ,) ,( .4*#' )3#) )3* )3*'7#4 6'#+,*-)

+',",-6 /%'.* (3%&4+ -%) 9* %7,))*+ 03*- .%-(,+*',-6 :; -*)0%'< *"%4&),%- ,-

)3* $'*(*-.* %/ ()**$ )3*'7#4 6'#+,*-)(1

 !"! #$%&' ()*'+%$, -&.$%/&)' &' % 0&.1 2'3$., 43'5&/, 613$7%8 9&38+

= )*7$*'#)&'* >*4+8 )3* 6*-*'#),%- %/ 03,.3 ,( +*(.',9*+ ,- ?*.),%- @8 ,(

&(*+ )% (,7&4#)* )3* *"%4&),%- %/ # :; -*)0%'< (&9A*.) )% )3* #$$4,.#),%- %/ #

3,63 $%0*' +*-(,)B 0*4+,-6 3*#) (%&'.*1 C3* #$$4,*+ 3*#) (%&'.* +*-(,)B8 QT 8

.#&(*( # (%4,+ )% D&,+ ()#)* .3#-6* 0,)3,- )3* 7*)#44,. '*6,%- %/ )3* .%7$&)#E

),%-#4 +%7#,-8 #- *F#7$4* %/ )3,( .#- 9* (**- ,- G,6&'*( @ #-+ !1 C3* '*6,%-

%/ )3* .%7$&)#),%-#4 +%7#,- .%-)#,-,-6 )3* 6#(*%&( $3#(* ,( %7,))*+ /'%7 )3*

>6&'*( ,- )3,( (*.),%- /%' .4#',)B1 H%0*"*'8 /%' .%7$4*)*-*(( ,) (3%&4+ 9* -%)*+

)3#) )3* 7*)#44,. '*6,%- %/ )3* +%7#,- 0#( (&''%&-+*+ 9B 6#(*%&( '*6,%-( #9%"*

#-+ 9*4%0 )3* 7*)#44,. '*6,%-( (3%0-1 =( 7%4)*- '*6,%-( %/ )3* +%7#,- .%%4

9*4%0 )3* (%4,+&( )*7$*'#)&'* #) )3* (%4,+E4,I&,+ 9%&-+#'B8 #-+ φ ,( -% 4%-6*'

'#-+%7,(*+8 )3*,' .&'"#)&'* ,( '*4#),"*4B 3,63 #-+ (% )3*(* >*4+( )*-+ )% (3',-<1

JF,(),-6 >*4+( -*,639%&',-6 )3*(* -*04B $'*.,$,)#)*+ >*4+( 03,.3 )*-+ )% 3#"*

4%0*' .&'"#)&'* ,- )3* (%4,+ '*6,%- )*-+ )% 6'%01 K- )3* .#(* 03*'* )3* )*7$*'#E

)&'* +*.'*#(*( '#$,+4B /%44%0,-6 (%4,+,>.#),%-8 )3*'* 7#B 9* ,-(&L.,*-) ),7* /%'

)3* 9%&-+#',*( )% 7,6'#)*8 #( )3* 7%9,4,)B ,( # ()'%-6 /&-.),%- %/ )*7$*'#)&'*8

#-+ (% ,- )3,( .#(* # (*',*( %/ >*4+( 0,)3 # 3,63 .&'"#)&'* 7#B '*7#,-1 K- #-B

.#(* )3* >*4+( )*-+ )% 7,6'#)* &$ )3* )3*'7#4 6'#+,*-) +&* )% )3* #++,),%-#4

)3*'7#4 6'#+,*-) /'** *-*'6B +',",-6 /%'.*1 M#',%&( )*7$*'#)&'* >*4+( 0,44 9*

#-#4B(*+ #-+ )3* +,5*'*-.*( ,- )3* '*(&4),-6 7,.'%()'&.)&'*( +*(.',9*+ ,- )*'7(

%/ )3* NG 7%+*41

 !"!:! ;%$/&%8 ;3'3/$%/&)' -38/&'.

K- )3,( .#(* )3* *-*'6B +*-(,)B /'%7 )3* 4#(*' (%&'.* ,( ,-(&L.,*-) )% 6*-E

*'#)* # 7*4)E$%%4 )3'%&63%&) )3* )3,.<-*(( %/ )3* +%7#,-1 G,6&'* @ (3%0( )3*

),7* *"%4&),%- %/ )3* )*7$*'#)&'* #-+ |φ| >*4+( ,-(,+* )3* 7*)#44,. '*6,%- %/ )3*

.%7$&)#),%-#4 +%7#,-8 '*$'*(*-)#),"* %/ 6&<=>8< ? 6'#,-(8 #( )3* 7*4)E$%%4

)'#"*'(*( )3* '*6,%-1 C3* )0% +,7*-(,%-#4 *"%4&),%- %/ )3* :; -*)0%'<8 .%-E

(,+*',-6 ,(%)'%$,. :; 9*3#",%&'8 ,( (3%0- ,- G,6&'* ! #) /%&' (*I&*-),#4 ),7*

()*$(1
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 !" #$%&' ()*'+%$, -&.$%/&)' &' % 0&.1 2'3$., 43'5&/, 613$7%8 9&38+  !

 !"#$% &' ($)*+*!,!-. /%01!-. 2#03-!)01 2)$ -4% 56 %7),#-!)0 !0 + 8+$-!+, 8%0%-$+-!)0 9%,/:

"# $%& '( #((& )& *)+,-(# . %&/ 01 23( (4($2 56 23( 23(-7%8 $9$8( 5& 23( :;

&(2<5-= )# 25 /-%#2)$%889 -(/,$( 23( &,7'(- 56 +-%)&# )& 23( /57%)&> "# 7582(&

-(+)5& 56 23( /57%)& #3-)&=# %&/ 23( &(<89 #58)/)?(/ +-%)&# %-( $5&#,7(/1 /,(

25 23( 3)+3 85$%8 23(-7%8 +-%/)(&2# )& 23( -(+)5& 56 23( #58)/)?$%2)5& 6-5&2 %&/

23( 8%-+( $,-@%2,-( 56 23(#( &(< ?(8/#1 $58,7&%- +-%)&# +-5< A(-A(&/)$,8%- 25

23( #58)/)?$%2)5& 6-5&2> *5885<)&+ #58)/)?$%2)5& 23( 2(7A(-%2,-( )# #,B$)(&289

3)+3 65- $5%-#(&)&+ 25 A-5$((/ 65- % $5&#)/(-%'8( 2)7(> C3( $558)&+ -%2( 56

23( /57%)& )# 85< (&5,+3 23%2 %&9 (D,)%E(/ +-%)&# 23%2 /(@(85A )& 23( $(&2-%8

-(+)5& 56 23( /57%)& 2(&/ 25 3%@( #,B$)(&2 2)7( 25 '( $5&#,7(/ '9 23( )&$)/(&2

$58,7&%- +-%)&#>

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

F& 23)# $%#( 23( (&(-+9 /(&#)29 6-57 23( 8%#(- #5,-$( )# #,B$)(&2 25 (E2(&/ 23(

7(82GA558 23-5,+3 23( (&2)-( 23)$=&(## 56 23( #,'#2-%2( 7%2(-)%8H C3)# )# -(6(--(/

25 %# % 6,88 A(&(2-%2)5& <(8/> C3( $558)&+ -%2( 56 23( 7582(& 7(2%88)$ -(+)5& )#

3)+3(- 65- 23( 6,88 A(&(2-%2)5& $%#( %# 23(-( %-( 2<5 -(+)5&# <3(-( 23( 7(2%88)$

I,)/ <%# )& $5&2%$2 <)23 23( +%#(5,# -(+)5&1 23( ,AA(- %&/ 85<(- #,-6%$(#1 %#

5AA5#(/ 25 23( #)&+8( -(+)5& )& 23( A%-2)%8 A(&(2-%2)5& $%#( <3(-( 5&89 23( ,AA(-

#,-6%$( 3%# 7(2%88)$ I,)/ (EA5#(/ 25 23( +%#(5,# -(+)5&> J5&@($2)5& %&/ -%/)%G

2)5& 5$$,- %2 23(#( 85$%2)5&#1 <)23 % 3)+3 2(7A(-%2,-( +-%/)(&2 %2 23( )&2(-6%$(1

$%,#)&+ 23( 6,88 A(&(2-%2)5& /57%)& 25 $558 %2 % 3)+3(- -%2( %&/ 23(-(65-( 23(

#58)/)?$%2)5& 6-5&2 A-5$((/# %2 % 3)+3(- @(85$)29 23%& )& 23( A%-2)%8 A(&(2-%2)5&

$%#(> C3( /-%#2)$%889 3)+3(- 3(%2 )&A,2 7(%&# 23%2 23( (&2)-( /57%)& #2)88 2%=(#

85&+(- 25 #58)/)691 -(+%-/8(## 56 23)# 3)+3(- $558)&+ -%2(> C3( 23(-7%8 ?(8/ )& 23(

7(2%88)$ -(+)5& %&/ A3%#(G?(8/# 65- 23)# 6,88 A(&(2-%2)5& $%#( %-( #35<& 65- 65,-

#(D,(&2)%8 2)7(G#2(A# )& *)+,-( !>
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 !

 !"#$% &'( )$%*!+,%* "$-!. /!0% *!/,$!1#,!2./ 324425!." /#++%//!6% $%78%4,!." %6%.,/9

"# $%& '( )((& #*%# #*( (+($# ,- #*( .(/0(1#2&3 (4(&#) ,& #*( 3.%2& )25(

62)#.2'7#2,& 6($.(%)() %) #*( &70'(. ,- (4(&#) 2&$.(%)()8 9&( 0%: 20%32&(

#*%# %) #*( &70'(. ,- .(/0(1#2&3 (4(&#) 2&$.(%)() '(:,&6 #*,)( )*,;& 2& <237.(

 => #*( $*%&3( 2& #*( 3.%2& )25( 62)#.2'7#2,& ;211 #(&6 #, 5(., -,. #*2) ?%.#2%1

?(&(#.%#2,& $%)(8

@*( $,7?12&3 ,- #*( #*(.0%1/A726 %&6 B< $,0?7#%#2,&) ': 0(%&) ,- #*(

)#%33(.(6 #20( 2&#(3.%#2,& ?.,$(67.( 0(%&) #*%# #*( 2&A7(&$( ,- #*( 4%.2%#2,&

,- ?*%)( C(16) ,& #*( #*(.0%1 C(16) *%) &,# '((& $,&)26(.(68 @*2) 0(#*,6

,- $,7?12&3 &%#7.%11: &(31($#) #*(.0%1 $,&#.2'7#2,&) -.,0 #*( 023.%#2,& ,- #*(

3.%2& ',7&6%.2()8 D,;(4(.> #*()( 023.%#,.: #*(.0%1 $,&#.2'7#2,&) 2& #*( )20/

71%#2,& %.( &(31232'1( ;*(& $,0?%.(6 ;2#* #*( *(%# 2&?7# -.,0 #*( 1%)(. *(%#

),7.$( %&6 #*( 1%#(&# *(%# $,&#.2'7#2,&) -.,0 #*( #;, )#%#( $*%&3() ,- 0(1#2&3

%&6 4%?,.2)%#2,& $,&)26(.(6 2& #*( ;,.E8 F*,716 #*( *(%# $,&#.2'7#2,& -.,0 #*(

023.%#2,& ,- #*( ?*%)( C(16) *%4( '((& $,&)26(.(6> ,&( ;,716 &,# (G?($# #*(

)2071%#2,& .()71#) #, 6(42%#( $,&)26(.%'1: -.,0 #*,)( .(?,.#(68

@*( ?.,?,)(6 B< 0(#*,6> 2&$,.?,.%#2&3 #*(.0%1 C(16) #*%# %$$7.%#(1: $%?/

#7.( #*( ?*:)2$%1 ?.,$())() 2&4,14(6 ;2#* )#%#( $*%&3(> ;211 ?.,426( % 0,.( .,/

'7)# 7&6(.)#%&62&3 ,- #*( (+($# #*%# ?.,$())2&3 .,7#() *%4( ,& 0%#(.2%1) ;2#*2&

%& "HIJ -.%0(;,.E8 K1#20%#(1: #*( ?.,?,)(6 0(#*,6 $,716 '( (0?1,:(6 #,

6(#(.02&( #*( 26(%1 ?*:)2$%1 ?.,?(.#2() .(L72.(6 2& % 0%#(.2%1 2& ,.6(. #, ?.,/

67$( % 324(& $,%.)(&2&3 '(*%42,7.M #*2) 0%: #*(& '( 7)(6 %) % '17(?.2&# -,. #*(

):&#*()2) ,- #*()( 0%#(.2%1)8

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

"& )700%.:> % 0,6(112&3 %??.,%$* -,. #*( ?.(62$#2,& ,- 3.%2& 3.,;#* %&6

$,%.)(&2&3 67.2&3 *23* (&(.3: 6(&)2#: *(%# ),7.$( 2&67$(6 0(1#2&3 2) ?.()(&#(68

@*( 0(#*,6 2&$,.?,.%#() ',#* $7.4%#7.( %&6 #*(.0%1 3.%62(&# 6.242&3 -,.$()

2&#, #*( -.(( (&(.3: -7&$#2,&%1 ,- #*( B< 0(#*,68 @*( #(0?(.%#7.( C(16 3(&/

(.%#(6 ': % *23* (&(.3: 6(&)2#: *(%# ),7.$( ;%) $%1$71%#(6 -.,0 #*(.0%1 A726

6:&%02$) )2071%#2,&) .(?.()(&#%#24( ,- -7)2,& ;(162&3 %&6 7)(6 #, )2071%#( NO

&(#;,.E (4,17#2,& 67( #, )7$* ?.,$())() 2&  !"#$%"&'( F?($2C$ $,&$17)2,&) $%&

'( 6.%;& %) -,11,;P
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 !

• "# $%&'( )*(&+%$ '&%,-(#). )*( )*(&+%$ '&%,-(#) ,&-/-#' 01&2( -. .-'#-32%#)

-# 4&1+1)-#' )*( +-'&%)-1# 10 '&%-# 516#,%&-(.7

• 8*( +1,($ 4&1/-,(. 5())(& 6#,(&.)%#,-#' 10 .1$-,9$-:6-, )&%#.-)-1#. %#,

.1$-, .)%)( 516#,%&; (/1$6)-1# ,6&-#' 06.-1# %#, /%41&-.%)-1# .)%)( 2*%#'(

4&12(..(.< -7(7 06.-1# =($,-#' %#, 41=,(&95(, 06.-1# %,,-)-/( +%#60%2)6&9

-#'7

• 8*( 4*%.( 3($, .-+6$%)-1# -#,-2%)(. )*%)< =-)* .6>2-(#) (#(&';< '&%-#

516#,%&-(. +%; +-'&%)( 64 )*( )*(&+%$ '&%,-(#) %) % &%)( (:6%$ )1 )*(

.1$-,-32%)-1# -#)(&0%2( /($12-);7

• ? +(2*%#-.+ 01& )*( '(#(.-. 10 (:6-%@(, '&%-#. %) )*( )(&+-#%)-1# 10

)*( 21$6+#%& '&%-#. =-)* *-'* $12%$ 516#,%&; 26&/%)6&( -. 4&141.(, %#,

,-.26..(,7

• A6&-#' &(9+($)-#' (/(#).< )*( 4&141.(, +1,($ 4&(,-2). )*%) )*( '&%-# +1&9

4*1$1'; -. .)%)-.)-2%$$; &(.)1&(,7

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

8*( =1&B 4&(.(#)(, -# )*-. +%#6.2&-4) -. .6441&)(, 5; )*( C#'-#((&-#' %#,

D*;.-2%$ E2-(#2(. F(.(%&2* G16#2-$ HCDEFGI 6#,(& )*( J? =*1$(9$-0( %44&1%2*

)1 )*( ,(/($14+(#) 10 *-'* -#)('&-); =($,-#' )(2*#1$1'-(. 01& K(#(&%)-1# "L 0%.)

&(%2)1&.M '&%#) CDNO!PQ!PRNP %#, )*( J?# "#)('&%)(, 21+46)%)-1#%$ +%)(&-%$.

(#'-#((&-#' H"GSCI %44&1%2* )1 +6$)-.2%$( +1,($$-#' 10 )*( 0%5&-2%)-1# %#,

T1-#-#' 10 41=,(& 4&12(..(, 4%&).M '&%#) CDND!!Q UVNP7 8*( %6)*1&. =16$,

$-B( )1 )*%#B 8&(/1& W($$(& %#, )*( 8*( S(.1.2%$( S-2&1.)&62)6&( E-+6$%)-1#

D&1T(2) 01& 01& /%$6%5$( ,-.26..-1#.7 8*( &%=N4&12(..(, ,%)% &(:6-&(, )1 &(4&19

,62( )*(.( 3#,-#'. 2%##1) 5( .*%&(, %) )*-. )-+( %. )*( ,%)% %$.1 01&+. 4%&) 10

%# 1#'1-#' .)6,;7

/)0)1)%#).

XPY S S-2*-62*-< Z W1B%=%< [ \ ]%#'< ^ E E%)1< %#, W E%B%-7 8=-#9-#,62(,

'&%-# 516#,%&; (#'-#((&-#' 01& RP_ %6.)(#-)-2 .)%-#$(.. .)(($7  !"# $#"%&'(

#)'#< QVHP`IaQPb`cQPUV<  !!_7

X Y K6#)(& K1)).)(-# %#, O%.%& E E*/-#,$(&+%#7 *&#'+ ,-.+/#&0 $'1&#"'-+ '+

$%"#)23 "4%&$-/0+#$'!25 6'+%"'!25 #77)'!#"'-+27 GFG 4&(..<  !!`7

XRY S-2*%($ F 81#B.< 1̂#'0(#' [*%#'< d-%#+-#' e%-< %#, D%6$ G S-$$())7

A(+1#.)&%)-#' )*( 8(+4(&%)6&( K&%,-(#) "+4%2) 1# K&%-# K&1=)* -# fg 

f.-#' )*( D*%.( h-($, S()*1,7 8#"%&'#)2 9%2%#&!4 :%""%&2<  HPIa Rc U<

 !PV7

XVY " E)(-#5%2* %#, h D(ii1$$%7 ? '(#(&%$-i(, 3($, +()*1, 01& +6$)-4*%.(

)&%#.01&+%)-1#. 6.-#' -#)(&0%2( 3($,.7 ;402'!# <3 =-+)'+%#& ;4%+-$%+#<

PRVHVIaRUQcR`R< P```7
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 !"! !#$!%  !

"#$ %&'() * +&,,(-. /01 213&0&)45. *6(7&-8(, 9 :13;1<);0. &-8 + =,&5>

=&,?(,@ 97?(-85-> A4&)( B(68 '18(6) 1C )16585BD&?51- ?1 A160D,0)?&665-(

'&?(,5&6)@  !"# $#"%&'#('#. #!E FGHIFJ#KIF#L.  FFJ@

"I$ M : +(5. % + 96'(,. &-8 N O(3/10@ N4,((P85'(-)51-&6 '18(65-> 1C >,&5-

)?,QD?Q,( (<16Q?51- 8Q,5-> R(685-> 1C &- &6Q'5-Q' &6610@  !"# $#"%&'#('#.

 F!S@

"S$ O&-& TU66-(, &-8 V&Q61 /&->(6 /51)@ N1A161>5D&6 D4&->() 5- D1&,)(-5->

-(?R1,;)@  !"# $#"%&'#('#. !JFH!WSK!#W.  F!S@

"L$ =4,5)?5&- X5(Y(-. Z5;16& [(65-1<. \]-?(, \1??)?(5-. &-8 :Q5) * ^&,,&6()P

X1,&@ * 45>460 (_D5(-? JO 6(<(6P)(? >,&5- >,1R?4 &6>1,5?4' ?&561,(8 C1,

DDZ`X* &,D45?(D?Q,(@ #&)'* +&%+&'," #&)'*-./0.102234.  F!S@

"a$ b'&, :1A(cP^1?(661. `,5(6 X&,?5-(cPM(,-&-8(c. %1)d /&'e,(c. =4,5)?1A4(

V5--&. &-8 2&',&- XQ'?&c@ NR1P85'(-)51-&6 )5'Q6&?51- 1C >,&5- )?,QDP

?Q,( >,1R?4 R5?45- )(6(D?5<( 6&)(, '(6?(8 **P F W@ $#"%&'#(5 678 9%5':,.

!!JHJIaKJSI.  F!S@

"!F$ ^f65-? 21,3Q60. N&'f) VQ)c?&5. \0Q6& g Nh?4. M(,<d M(-,0. X&?45) V6&AA.

&-8 :f)c6h \,f-f)0@ b,5(-?&?51-PB(68 '18(6) C1, A160D,0)?&665-( )16585BP

D&?51-H \,&5- D1&,)(-5-> &-8 D1'A6(7 >,1R?4 C1,')@ ;<=&,#( <> ?&@5"#(

A&<B"C. W#SHJ KJS.  F!S@

"!!$ M&'(8 /&<&)4. :5()3(?4 [&-4(,A(. %(C [6(Q>(6). &-8 Z(6( X1(6&-)@ N4,((P

85'(-)51-&6 A4&)(PB(68 )?Q80 1C >,&5- D1&,)(-5-> &-8 >,&5- )4&A( &DD1'P

'18&?51- 5- ?4( B-&6 )?&>( 1C 65iQ58PA4&)( )5-?(,5->@ ;<=&,#( <> "C% D=&<E

+%#, ?%&#F'! G<!'%"@. JSE#GH  I#K  S#.  F!S@

"! $ 95)Q;( X501)45. N1'145,1 N&;&;5. XQ-(;&cQ b4-1. j&)Q)45 k453Q?&.

k45-l5 k&;&-(. N&;&)45 k45'1;&R&3(. &-8 N&;&0Q;5 *1;5@ `6?,&P6&,>(P)D&6(

A4&)(PB(68 )5'Q6&?51- )?Q80 1C 58(&6 >,&5- >,1R?4@ ,+H ?<F+="#"'<,#( $#E

"%&'#(5. JE!GH #.  F!S@

"!J$ k&'Q(6 X *66(- &-8 %14- + =&4-@ * '5D,1)D1A5D ?4(1,0 C1, &-?5A4&)(

31Q-8&,0 '1?51- &-8 5?) &AA65D&?51- ?1 &-?5A4&)( 81'&5- D1&,)(-5->@  !"#

$%"#((=&:'!#.  SEIGH!FL#K!Fa#. !aSa@

"!W$ g k?(5-3&D4 &-8 X *A(6@ XQ6?5 A4&)( B(68 '18(6 C1, )1658 )?&?( ?,&-)C1,'&P

?51- R5?4 (6&)?5D )?,&5-@ IC@5'!# 9- J<,(',%#& IC%,<F%,#.  !SE GH!#JK!IF.

 FFI@

"!#$ k(1-> \011- 25'. O1-> g; 25'. +1- N&( 25'. &-8 j1-> ^Q' V&,;@

=1'AQ?(, )5'Q6&?51-) 1C ?R1P85'(-)51-&6 &-8 ?4,((P85'(-)51-&6 58(&6 >,&5-

>,1R?4@ IC@5'!#( K%*'%B D E G"#"'5"'!#(L J<,(',%#&L #,M G<>" $#""%&

IC@5'!5. SWEIGH!K!W.  FFI@
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 !"! !#$!%   

!"#$ % &'()*+, -.). /012, 3 4)5, )56 7.89. :;+5. :02<)*'=05 0> <;)=+8?+16

)56 @0AA= 206+1= >0* B0)*=+5'5C <*0B+==+=.  !"# $#"%&'#('#, DEF"GHI#IJIE",

"KKL.

!"E$ M0=;';'*0 NOP), M0=;'QO(' N)'A0, )56 /'6+;'*0 R506+*). &;*++8

6'2+5='05)1 <;)=+ ?+16 ='2O1)A'05 0> A;+ +S+BA 0> )5'=0A*0<Q '5 C*)'58

T0O56)*Q 20T'1'AQ 05 C*0PA; ('5+A'B= )56 20*<;010CQ 0> C*)'5 =A*OBAO*+.

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

!"L$ W')58X'5C Y)', M05C>+5C Z;)5C, )56 X'B;)+1 [. &05(=. &+=A'5C A;+*8

2)1 C*)6'+5A 6*'\'5C >0*B+ >0* C*)'5 T0O56)*Q 2'C*)A'05 O='5C 201+BO1)*

6Q5)2'B= ='2O1)A'05=.  !"# $#"%&'#('#, LVHKVJ"U#,  U"V.

!"K$ N ] ^'2, _ & ^'2, )56 & NO`O('. @;)=+8?+16 206+1 >0* T'5)*Q )110Q=.

123/'!#( &%4'%56 78 0"#"'/"'!#( ,23/'!/8 ,(#/+#/8 9-':/8 #.: &%(#"%: '."%&;

:'/!',('.#&3 "*,'!/, #UF# @A YGHE"L#JE"KE, "KKK.

! U$ ]QO1) a &bA;, &)2c= @O=`A)', )56 7c=`1b ]*c5c=Q. :05='=A+5A 2O1A'<;)=+8

?+16 A;+0*Q >0* '5A+*>)B+ 6*'\+5 2O1A'602)'5 6Q5)2'B=. 123/'!#( <%4'%5 =

; )*.:%./%: $#""%& #.: $#"%&'#(/ 123/'!/, K F"LGH"J"K,  U"V.

! "$ N+05C ]Q005 ^'2, _05 &)+ ^'2, &0=;'0 NO`O(', )56 X)B;'(0 R6+.

@;)=+8?+16 206+1'5C 0> +OA+BA'B =01'6'?B)A'05. >*-&.#( *? )&3/"#( @&*5"2,

 #"F"GH"IVJ"VL,  UUD.

!  $ ]+0*C+ d*>(+5. $#"2%+#"'!#( $%"2*:/ ?*& 123/'!'/"/, \01O2+ DU. "KE .

! I$ e+1+ X0+1)5=, 4*)5( _+561+*, )56 Y*'AA) e+=A1+*. :02<)*)A'\+ =AO6Q 0>

AP0 <;)=+8?+16 206+1= >0* C*)'5 C*0PA;. )*+,-"#"'*.#( $#"%&'#(/ 0!'%.!%,

D#F GHDEKJDKU,  UUK.

! D$ &.4. 41'5A, f.d. 4*)5B'=, X.:. N2'A;, )56 f. Y)1)(*'=;5)5. -gA+5='05 0>

A;+ 60OT1+8+11'<=0'6)1 ;+)A =0O*B+ 206+1 A0 5)**0P8C*00\+ )56 (+Q;01+ P+16

B05?CO*)A'05=. >*-&.#( *? $#"%&'#(/ 1&*!%//'.A B%!2.*(*A3,  D#H" IJ"IV,

 U"E.

! V$ &.4. 41'5A, f.d. 4*)5B'=, X.:. N2'A;, )56 %)='1+'0O d.e. N+2'8)5)1QA'B)1

=01OA'05= >0* A;+ A*)5='+5A A+2<+*)AO*+ ?+16= '56OB+6 TQ ) 20\'5C ;+)A

=0O*B+ '5 )5 0*A;0C05)1 602)'5. C."%&.#"'*.#( >*-&.#( *? B2%&+#( 0!'%.!%/,

" IH"DUJ"VU, h)5  U"L.

! #$ _ &)5, e N Y)'1+Q, )56 M : N;'5. a5\+=A'C)A'05 0> (+Q;01+ <1O2+ )56

201A+5 <001 T)=+6 05 ) A;*++86'2+5='05)1 6Q5)2'B 206+1 P'A; =;)*< '58

A+*>)B+ >0*2O1)A'05. >6 123/ DE  ,,( 123/6, D#HVVVU",  U"I.

! E$ X :0O*A0'=, X :)*'5, @ 7 X)==05, N ])'+6, )56 X Y)1)T)5+. d 5+P

)<<*0)B; A0 B02<OA+ 2O1A'iij8ijj*+k+BA'05= 0> 1)=+* T+)2 '5 ) (+Q;01+ >0*

;+)A A*)5=>+* )56 kO'6 k0P 206+11'5C '5 1)=+* P+16'5C. >6 123/ DE  ,,(

123/6, D#HVUVIUV,  U"I.
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" #$ %&'(()*)+ ,)(-'.)-)./ 0123.& 415)('/ 6'7&)89 , :;8(38/ <3=38> ?

@811A./ B37+18 % @).1)C+1/ )(9 D.)E3CC3 %&1F;3+G H193CC'(2 1I +&38J)C

K;'9 9>()J'7. I18 I;.'1( -3C9'(2G  !"#$%& !' (%)*#+%&, -#!.*,,+$/ 0*.12

$!&!/3/ *)23. L/  MNOG

" P$ Q R R;/ % 4 ?;/ Q S T'(/ R 0 ?)(2/ )(9 4 0 S'(G U9)*+'53 51C;J3+8'7

&3)+ .1;873 J193C. I18 C).38 E3)J )(9 C).38 VVWXVWW *;C.39 VVWQHU?VWW

&>E8'9 -3C9'(2 *8173..3.G 4$)5  5 6785 (%$"'5 0*.1$!&5/ YOZ [YL YY/  MNNG

"!M$ H Q3'238/ \G]BG S3'+^/ B \17A/ )(9 U _++1G U !` +8)(.'3(+ J193C 1I

A3>&1C3 )(9 J3C+ *11C 9>()J'7. '( C).38 E3)J -3C9'(2 )**C'39 +1 +&3 a1'('(2

1I ^'(7 71)+39 .&33+.G -#!75 9$/5 :*,5 ;*8*&/ !ZN OLN!b/  MMPG

"!N$ R <'(/ S S'/ )(9 0 c&)(2G U .+;9> 1( I83.(3C )E.18*+'1( )(9 83K37+'1(.

'( +&3 A3>&1C3 '( 933* *3(3+8)+'1( C).38 -3C9'(2G  5 -13, ;< 6==& -13,5/

!YZ !M[L !NM/  MM G

"! $ R <'(/ , @38238/ )(9 : Q8)IG H;C+'*C3 83K37+'1(. )(9 d83.(3C )E.18*+'1(

'( )( )7+;)C !VVW`VWW A3>&1C3 9;8'(2 933* *3(3+8)+'1( C).38 -3C9'(2G  5

-13, ;< 6==& -13,5/ !PZ[ON L[O!M/  MMbG

"!!$ e 6 e1CC38/ H %81../ )(9 f % H)8A)+1.G U( 3(+&)C*> J3+&19 I18 71(]

537+'1(VgW9'=;.'1( *&).3 7&)(23G 4$)*#$%&)+!$%&  !"#$%& '!# >"?*#+.%&

(*)1!7, +$ 9$/+$**#+$//  [Z ONL #[/ NP#OG

"![$ d 6h.C38 )(9 ` @8i223J)((G 4&3CC])(9]+;E3 +>*3 C)+3(+ &3)+ +&38J)C

3(382> .+18)23Z (;J38'7)C )()C>.'. )(9 71J*)8'.1( -'+& 3j*38'J3(+.G @*%)

(%,, 0#%$,'*#/ [OZNM OLNM!!/  MNNG

"!Y$ 0 4;( )(9 % @37A38J)((G `'=;.3 '(+38I)73 J193CC'(2 1I +-1]*&).3 K1-.

E).39 (( )538)2'(2Z J).. )(9 J1J3(+;J 3F;)+'1(.G -13,+.% ;/ NP#Z #NL

!M#/  MM[G

"!b$ < k @8)7AE'CC/ ` @ \1+&3/ )(9 % c3J)7&G U 71(+'(;;J H3+&19 I18 H193C]

'(2 4;8I)73 :3(.'1(G  !"#$%& !' A!?=")%)+!$%& -13,+.,/ NMMZ!!YL!Y[/ NPP G

"!O$ S l 478'53( )(9 % e 4+38(C'(2G :&3 H)8)(21(' 3=37+.G >%)"#*/ N#OZN#bL

N##/ NPbMG

"!#$ : 0+83&;. )(9 4 _.+J1G \'(3+'7 +&318> )**81)7& +1 '(+38*&).3 *8173..3.G

4$)5  5 ("&)+=1%,* B&!C/   ZN!!LNYY/ NPPbG

"!P$ B \'/ , 4 H1&)(+>/ )(9 < H)^;J938G H193CC'(2 1I &'2&]93(.'+> C).38]

J)+38')C '(+38)7+'1( ;.'(2 I).+ C353C .3+ J3+&19G  5 -13, ;< 6==& -13,5/

![Z!b[L!O /  MMNG

"[M$ % S T';/ % ,)(-'.)-)./ 6 H ?)89/ B % @).1)C+1/ < ? @811A./ )(9 H H

U++)CC)&G _( +&3 81C3 1I J3C+ K1- '(+1 +&3 .;8I)73 .+8;7+;83 )(9 *181.'+>

9353C1*J3(+ 9;8'(2 .3C37+'53 C).38 J3C+'(2G 6.)% (%)*#5/ PbZO LOP/  MNYG
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"!#$ % &'()*+')'+, % - .*/, 0 123'(*, 4 5 67228+, 9 9 :;;'<<'=, '(> ? % 6'@

+2'<;2A B( ;=C 72<C 2D ;=C7E'< F/*> >G('E*H+ *(;2 ;=C C32</;*2( 2D I272+*;G

>/7*(J +C<CH;*3C <'+C7 EC<;*(JA  !"# $%&'"# !"#$!%&!' ("!#)

*%(+ , -./012.0.2 , 314 5 6 7/89:2;/ < =;>./1 ? - @4:/9: 5 5 7AA.BB.C 

6 D E:;;F2 ./8 G , E.2;.BA;) 592;2H.B9 I;89BB1/J ;K 29B9HA1>9 B.29:

I9BA1/J$ @C9:I.B L418 8M/.I1H2 ./8 I1H:;2A:4HA4:.B 9>;B4A1;/)  !"#

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

*%P+ ? ?.1 6 D QBI9: @ 7 -.BI9:/ ./8 @ R9S?;M) G9.A A:./2K9: ./8 L418

L;0 84:1/J F9MC;B9 I;89 B.29: 09B81/J ;K A./A.B4I T@1UN7BU%VW P"%TXW

2A.1/B922 2A99B ./8 >./.814I) ,# -./0 12 3445 -./0# %"$#'#P&#'NN (""')

*%%+ ? ?.1 - E4:J.:8A 6 Y 51B9902F1 @ 6 X19/9:A ./8 @ R9S?;M) G9.A

A:./2K9: ./8 L418 L;0 84:1/J 9B9HA:;/ S9.I 09B81/J ;K T(!,:UNZ1UO5/W

2A99B ./8 T@1UN7BU%VW .BB;M) ,# -./0 12 3445 -./0# %($"(##"P[!(\\] (""O)

*%#+ 6 ^ X1 D X 6;C/2;/ ./8 D _ ?C1I) @C9:I.B 9`\./21;/ ;K B1a418 T@1U

N7BU%VW I9.24:98 SM 9B9HA:;2A.A1H B9>1A.A1;/) 3445# -./0# 6'&&# bO$!!!O!P 

(""N)

*%N+ < G4./J ./8 c 6 G4I\C:9M2) 59.24:9I9/A2 ;K J:.1/ S;4/8.:M I;S1B1AM

84:1/J :9H:M2A.BB1d.A1;/ ;K . 21/JB9U\C.29 .B4I1/14I .BB;M) 3*&% $%&'(+%5+% 

%'[']$((#O&((Nb !OOO)

*%'+ @ 7 ?;AC ./8 - =4\\.M.F) @C9 24:K.H9 ./8 J:.1/ S;4/8.:M K:99 9/9:J192

;K \4:9 A1A./14I ./8 AC9 A1A./14I .BB;M @1N7B%V) $%&'(+%50 )*+'7*' %78

97:+7''(+7: P#[(]$!b'&!ON !O'b)

*%b+ c e f1B R ?;8:1J49d ./8 6 7 -B./9BB) f:.1/ J:;0AC F1/9A1H2 ;K \4:9

A1A./14I) PP$!PN!&!PNN !OO#)
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