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0-.(*23<#2.'(*23$')#/#Q!JE#380,#.:#/'#,I0,-$+,'3#%6.*1(#9,#

$+0,-/3$;,<#%6.*1(#$3#'.3N#J22.-($')18<#Q!JEo%#.9>,23$;,#$%#3.#

2.'&-+#*%/),#.:#/#0/-3$2*1/-#+.-,#.-#1,%%#=,11#,%3/91$%6,(#RU<#

3.#2.'&-+#D%/8<#/:3,-#?JhE#$%#2.'(*23,(F#36,#*'(,-18$')#

068%$2%#.:#:/$1*-,<#/'(#,%3/91$%6#36,#'*+,-$2/1#26/-/23,-$%3$2%#

D/23$;/3$.'#,',-)8<#3$+,#2.'%3/'3<#,I0.','3%<#$:#/'8<#,324F#.:#36,#

0/-3$2*1/-#Q!JE#-,1$/9$1$38#+.(,1#.:#$'3,-,%34

G1;AF+@*6+;@<9@H*1::@A@+19@H*
9@89;<I*JG619K*18*1<*@Q9@<8;6<*
1<H*1HE1<:@C@<9*6G*9?@*?;I?AB*
1::@A@+19@H*A;G@*9@89;<I*J?1A9K
Q!JE#2.*1(#9,#;$,=,(#/%#/'#,I3,'%$.'#.:#?JhE4#?JhE#$%#/#

Y91/2A#9.IZ<#$4,4<#/#+,36.(.1.)8#=6$26#2/'#9,#0,-2,$;,(#$'#3,-+%#

.:#$3%#$'0*3%#/'(#.*30*3%#=$36.*3#/#21,/-#A'.=1,(),#.:#36,#

*'(,-18$')#068%$2%#/'(#36,#1$A,1$6..(#.:#:/$1*-,4#Q!JE<#.'#36,#

.36,-#6/'(<#$%#/#Y=6$3,#9.IZ<#=6.%,#+/$'#.9>,23$;,#$%#3.#2.'&-+#

*%/),#.:#/#0/-3$2*1/-#RU#36/3#-,V,23%#/#%0,2$&2#/'3$2$0/3,(#

:/$1*-,#+.(,4#E6,#+/>.-#/%%*+03$.'#$%<#.:#2.*-%,<#36/3#36$%#+.(,1#

%6.*1(#9,#;/1$(#$'#9.36#JE#/'(#$'#/23*/1#.0,-/3$.'#2.'($3$.'%4

f6$1,#?JhE#(.,%#'.3#+,/%*-,#D(.,%#'.3#@*/'3$:8F#-,1$/9$1$38<#

Q!JE#(.,%4#?JhE#2/'#9,#*%,(#:.-#Y-.*)6#3*'$')Z#.:#/'#!"#

0-.(*23o%#-,1$/9$1$38<#=6$1,#Q!JE#%6.*1(#9,#,+01.8,(#=6,'#Y&',#

3*'$')Z#$%#',,(,(<#$4,4<#=6,'#36,-,#$%#/#',,(#3.#@*/'3$:8<#/%%*-,#

/'(#,;,'#%0,2$:8#36,#.0,-/3$.'/1#-,1$/9$1$38#.:#/'#!"#(,;$2,4#

?JhE#3-$,%<#@*$3,#.:3,'#-/36,-#%*22,%%:*118<#3.#YA$11#+/'8#

*'A'.='#9$-(%#=$36#.',#%3.',Z4#?JhE#6/%#(,+.'%3-/3,(#.;,-#

36,#8,/-%#$3%#/9$1$38#3.#$+0-.;,#-.9*%3',%%#36-.*)6#/#Y3,%37:/$17

&IZ#0-.2,%%<#$'#=6$26#36,#/001$,(#%3-,%%,%#/-,#%.+,=6/3#/9.;,##

36,#%0,2$&,(#.0,-/3$')#1$+$3%4#E6,-,#$%#/#),',-/1#0,-2,03$.'#

36/3#98#(.$')#36/3<#?JhE#+$)63#9,#/91,#3.#@*$2A18#0-,2$0$3/3,#

/'(#$(,'3$:8#:/$1*-,%#.:#($::,-,'3#.-$)$'%4

5$'2,#36,#0-$'2$01,#.:#%*0,-0.%$3$.'#(.,%#'.3#=.-A#$'#-,1$/9$1$38#

,')$',,-$')<#9.36#?JhE#/'(#Q!JE#*%,<#=6,'#/00-.0-$/3,<#

2.+9$',(#%3-,%%$')#*'(,-#;/-$.*%#%3$+*1$#D%3-,%%.-%F4#Q!JE#

/'(#?JhE#2.*1(#9,#2/--$,(#.*3#%,0/-/3,18<#.-#+$)63#9,#0/-3$/118#

2.+9$',(#$'#/#0/-3$2*1/-#JE#,::.-34

g,=#!"#0-.(*23%#0-,%,'3#'/3*-/1#-,1$/9$1$38#2.'2,-'%<#/%#=,11#

/%#%$)'$&2/'3#26/11,'),%#/3#/11#36,#%3/),%#.:#36,$-#(,%$)'<#

+/'*:/23*-,#/'(#*%,4#J'#/00-.0-$/3,#2.+9$'/3$.'#.:#?JhE#/'(#

Q!JE#,::.-3%#2.*1(#9,#,%0,2$/118#*%,:*1#:.-#-*)),($W$')#/'(#

@*/'3$:8$')#-,1$/9$1$38#.:#%*26#0-.(*23%4#G3#$%#/1=/8%#',2,%%/-8#

3.#2.--,2318#$(,'3$:8#36,#,I0,23,(#:/$1*-,#+.(,%#/'(#

+,26/'$%+%<#/'(#3.#,%3/91$%6#36,#/00-.0-$/3,#%3-,%%#1$+$3%#.:#

?JhE%#/'(#Q!JE%#=$36#/'#.9>,23$;,#3.#0-,;,'3#Y%6$:3%Z#$'#36,#

(.+$'/'3#:/$1*-,#+,26/'$%+%4#E6,-,#/-,#+/'8#=/8%#.:#6.=#

36$%#2.*1(#9,#(.',#D%,,<#,4)4#K]aOF4

E6,#Q!JE#9/%,(#/00-./26#2.*1(#9,#;$,=,(#/%#/#Y@*/'3$&,(#

/'(#-,1$/9$1$38#068%$2%#.-$,'3,(#?JhEZ4#Q!JE#%6.*1(#9,#

$+01,+,'3,(<#=6,',;,-#:,/%$91,#/'(#/00-.0-$/3,<#$'#/(($3$.'#3.#

?JhE4#G'#%.+,#2/%,%#Q!JE#2.*1(#9,#$+01,+,'3,(#,;,'#

$'%3,/(#.:#?JhE<#,%0,2$/118#:.-#',=#!"#0-.(*23%<#=6.%,#

.0,-/3$.'/1#-,1$/9$1$38#$%#*'21,/-#/'(#:.-#=6$26#'.#,I0,-$,'2,#$%#

/22*+*1/3,(#/'(#'.#9,%3#0-/23$2,%#,I$%34#E6,#Q!JE#/00-./26#

%6.*1(#9,#),/-,(#3.#/#0/-3$2*1/-#3,26'.1.)8#/'(#/001$2/3$.'<#

=$36#2.'%$(,-/3$.'#.:#36,#+.%3#1$A,18#%3-,%%.-%4

86C@*C1R6+*G1;AF+@*6+;@<9@H*
1::@A@+19@H*9@89*C6H@A8
?,-,#/-,#%.+,#+/>.-#Q!JE#+.(,1%B

• J--6,'$*%H#,@*/3$.'

(1)

?,-,#!#$%#36,#1$:,3$+,<#!
0
#$%#36,#3$+,#2.'%3/'3<#U#$%#36,#

/23$;/3$.'#,',-)8<#T#$%#36,#/9%.1*3,#3,+0,-/3*-,#/'(#k is 

P.13W+/''H%#2.'%3/'34#E6$%#1/=#/'(#$3%#'*+,-.*%#,I3,'%$.'%#

/'(#+.($&2/3$.'%#/-,#*%,(#=6,'#36,-,#$%#,;$(,'2,#.-#9,1$,:#

36/3#36,#,1,;/3,(#3,+0,-/3*-,#$%#36,#+/>.-#2/*%,#.:#36,#

+/3,-$/1#.-#36,#(,;$2,#(,)-/(/3$.'4#"I/+01,%#/-,#1$:,3$+,#

.:#,1,23-$2/1#$'%*1/3$.'%#/'(#($,1,23-$2%<#%.1$(#%3/3,#/'(#

%,+$2.'(*23.-#(,;$2,%<#$'3,-7+,3/11$2#($::*%$.'<#9/33,-$,%#

/'(#%.1/-#2,11%<#1*9-$2/'3%#/'(#)-,/%,%<#36,-+/1#$'3,-:/2,#

+/3,-$/1%<#01/%3$2%<#2,-3/$'18<#!"#(,;$2,%<#,324#J--6,'$*%#

+.(,1#2/'#9,#*%,(#/1%.#=6,'#,;/1*/3$')#-,1$/9$1$38#

26/-/23,-$%3$2%#.36,-#36/'#1$:,3$+,<#%*26#/%<#,4)4<#1,/A/),#

2*--,'3#.-#1$)63#.*30*34#

• PJX#+.(,1#K]b<#^M<#21<#22]

(2)

2/'#9,#*%,(#=6,'#36,#+/3,-$/1#.-#36,#(,;$2,#,I0,-$,'2,#

2.+9$',(#/23$.'#.:#,1,;/3,(#3,+0,-/3*-,#T#/'(#,I3,-'/1#

1./($')#!#D'.3#',2,%%/-$18#+,26/'$2/1F4#J136.*)6#$'#

X6*-A.;H%#3,%3%#1./($')#!#=/%#/#2.'%3/'3#+,26/'$2/1#3,'%$1,#

%3-,%%<#$3#6/%#9,,'#-,2,'318#%*)),%3,(#K12<#^MO#36/3#/'8#.36,-#

%3$+*1*%#.:#$+0.-3/'2,#D;.13/),<#2*--,'3<#36,-+/1#%3-,%%<#

6*+$($38<#-/($/3$.'<#,324F#2/'#9,#*%,(#/%#%*26#/#%3-,%%4#E6,#

,::,23$;,#/23$;/3$.'#,',-)8

(3)



01/8%#$'#36,#PJX#+.(,1#36,#-.1,#.:#36,#%3-,%%7:-,,#,',-)8#U
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$'#36,#J--6,'$*%#+.(,1#D]F4#E6,#PJX#+.(,1#/'(#36,#J--6,'$*%#

,@*/3$.'#2/'#9,#.93/$',(#/%#36,#%3,/(87%3/3,#%.1*3$.'#3.#36,#

Q.AA,-7R1/'2A#,@*/3$.'#$'#36,#36,.-8#.:#U/-A.;$/'#0-.2,%%,%#

K^MO4#G3#6/%#9,,'#%6.='#36/3#36$%#%.1*3$.'#-,0-,%,'3%#36,#

=.-%3#2/%,#%2,'/-$.#:.-#36,#U/-A.;$/'#0-.2,%%#/((-,%%,(#

/'(#36/3#36,#-,1$/9$1$38#0-,($23$.'%#9/%,(#.'#36,#PJX#+.(,1#

/-,#-,/%.'/918#2.'%,-;/3$;,#/'(#/-,#/(;$%/91,#3.#9,#*%,(#$'#

,')$',,-$')#0-/23$2,4#

• p/-$.*%#/'(#'*+,-.*%#2-/2A#)-.=36#+.(,1%#/-,#*%,(#3.#

/%%,%%#36,#:-/23*-,#3.*)6',%%#.:#+/3,-$/1%#$'#36,#9-$331,#%3/3,4#

• G';,-%,#0.=,-#1/=#$%#*%,(#$'#'*+,-.*%#+.($&2/3$.'%#.:#36,#

d.:&'7U/'%.'H%#%,+$7,+0$-$2/1#-,1/3$.'%6$0%#/$+,(#/3#36,#

0-,($23$.'#.:#36,#1.=#2821,#:/3$)*,#1$:,73$+,#.:#%.1(,-%#36/3#

.0,-/3,#/9.;,#36,#8$,1(#1$+$34#

• U$',-7R/1+)-,'#-*1,#$%#*%,(#3.#/((-,%%#:/3$)*,#=6,'#36,#

,1/%3$2#1$+$3#$%#'.3#,I2,,(,(4#

• f,/A,%3#1$'A#+.(,1%#/-,#*%,(#3.#,;/1*/3,#36,#1$:,3$+,#$'#
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+$2-.,1,23-.'$2%4#
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2.'%$(,-%#36,#2.+9$',(#/23$.'#.:#,1,;/3,(#3,+0,-/3*-,#/'(#

-,1/3$;,#6*+$($38#H4#

• R,2AH%#0.=,-#1/=

(5)

2.'%$(,-%#/1%.#36,#/001$,(#;.13/),4#
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:.-+*1/#D_F<#36,#-,%*13%#2/'#9,#,/%$18#$'3,-0-,3,(#$'#3,-+%#.:#
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>*'23$.'#9$0.1/-#3-/'%$%3.-%#/'(<#$'#%.+,#2/%,%<#36,#-.1,#.:#

6*+$($38#/%#=,114
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1./($')#2.'($3$.'%#/'(#/:3,-#36,#)$;,'#3$+,#$'#.0,-/3$.'4#J#
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2*-;,#$%#/;/$1/91,<#36,'#+/'8#*%,:*1#@*/'3$3/3$;,#0-,($23$.'%#

2.*1(#9,#+/(,#D%,,<#,4)4<#K^LOF4

J%#/'.36,-#,I/+01,#1,3#*%#2.'%$(,-#/#(,;$2,#=6.%,#%3,/(87

%3/3,#.0,-/3$.'#$%#(,3,-+$',(#98#36,#J--6,'$*%#,@*/3$.'#D]F4#

E6,#0-.9/9$1$38#.:#'.'7:/$1*-,#2/'#9,#:.*'(<#*%$')#36,#

,I0.','3$/1#1/=#.:#-,1$/9$1$38#D36$%#%$')1,70/-/+,3-$2#1/=#$%#

26/-/23,-$W,(#98#36,#6$)6,%3#,'3-.08#/'(#-,V,23%#36,-,:.-,#36,#

+.%3#2.'%,-;/3$;,#/00-./26F#/%

(7)

5.1;$')#36$%#,@*/3$.'#:.-#36,#3,+0,-/3*-,#T<#=,#6/;,B

(8)

J((-,%%$')<#,4)4<#%*-:/2,#26/-),#/22*+*1/3$.'#:/$1*-,<#:.-#

=6$26#36,#-/3$.#.:#36,#/23$;/3$.'#,',-)8#3.#36,#P.13W+/''H%#

2.'%3/'3#$%#U/k = 11600 °K<#/%%*+$')#36/3#36,#Q!JE70-,($23,(#

3$+,#:/23.-#!
0
 is !

0
 = 2 × 10$&#6.*-%<#36/3#36,#2*%3.+,-#-,@*$-,%#

36/3#36,#0-.9/9$1$38#.:#:/$1*-,#/3#36,#,'(#.:#36,#(,;$2,H%#%,-;$2,#

3$+,#.:#t = 40,000#6.*-%#(.,%#'.3#,I2,,(#Q = 10$&<#=,#.93/$'B#

T = 352.3 °K = 79.3 °C4#E6*%<#36,#6,/3#+/'/)$')#(,;$2,#D6,/3#

%$'AF#%6.*1(#9,#(,%$)',(#/22.-($')18<#/'(#36,#;,'(.-#%6.*1(#

9,#/91,#3.#(,1$;,-#%*26#/#6,/3#%$'A4#U.-,#2.+01$2/3,(#

,I/+01,%#.:#Q!JE#/'(#(,%$)'#(,2$%$.'%#9/%,(#.'#36,#Q!JE#

(/3/#2.*1(#9,#:.*'(#$'#T,:%4#K]M<#22<#^_O4
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1++?@<;F8S*T?F+U6E*J71TK*C6H@A
h,3#36,#1$:,3$+,#!#$'#36,#PJX#+.(,1#D^F#9,#;$,=,(#/%#36,#UEEQ4#

5*26#/'#/%%*+03$.'#%*)),%3%#36/3#$:#36,#,I0.','3$/1#1/=#.:#
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:/$1*-,#-/3,#.:#/'#!"#(,;$2,<#=6$26#26/-/23,-$W,%#36,#-/3,#.:#
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I
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$.'$W$')#-/($/3$.'#H#/'(#,1,;/3,(#;.13/),#V#7#36,#+.(,1#2/'#9,#

,/%$18#+/(,#+*13$70/-/+,3-$2<#$4,4<#),',-/1$W,(#:.-#/%#+/'8#

%3$+*1$#/%#',2,%%/-84

G3#%6.*1(#9,#0.$'3,(#.*3#36/3#36,#%,'%$3$;$38#:/23.-%#"#%6.*1(#9,#

(,3,-+$',(#:-.+#36,#Q!JE#=6,'#36,#2.+9$',(#/23$.'#.:#/11#36,#

%3$+*1$#D%3-,%%.-%F#.:#$+0.-3/'2,#D$'3,-,%3F#$%#2.'%$(,-,(4#

P,2/*%,#.:#36/3#36,#%3-*23*-,#.:#36,#+*13$70/-/+,3-$2#PJX#

,I0-,%%,(#98#36,#,@*/3$.'#DbF#%6.*1(#'.3#9,#$'3,-0-,3,(#/%#/#

%*0,-0.%$3$.'#.:#36,#,::,23%#.:#($::,-,'3#%3-,%%.-%<#9*3#-/36,-#/%#

/#2.';,'$,'3#/'(#068%$2/118#+,/'$'):*1#-,0-,%,'3/3$.'#.:#36,#

Q!JE#(/3/4
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($::,-,'3$/3$.'4#E6,#:.11.=$')#2.'21*%$.'%#2/'#9,#+/(,#9/%,(#
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• E6,#26/'),#$'#36,#0-.9/9$1$38#.:#'.'7:/$1*-,#/1=/8%#

$'2-,/%,%#=$36#/'#$'2-,/%,#$'#36,#,'3-.08#D*'2,-3/$'38F#.:#

36,#($%3-$9*3$.'4#

• E6$%#0-.9/9$1$38#(,2-,/%,%#=$36#/'#$'2-,/%,#$'#36,#1,/A/),#

2*--,'3#/'(#=$36#3$+,<#=6$26#2,-3/$'18#+/A,%#068%$2/1#%,'%,4#

• E6,#1/%3#3=.#:.-+*1/%#$'#D]MF#%6.=#36,#068%$2/1#+,/'$')#.:#

36,#%,'%$3$;$38#:/23.-%#"#B#36,8#2/'#9,#:.*'(#/%#36,#-/3$.%#.:#

36,#26/'),#$'#36,#0-.9/9$1$38#.:#'.'7:/$1*-,#=$36#-,%0,23#3.#

36,#2.--,%0.'($')#%3$+*1$#3.#36,#26/'),#.:#36$%#0-.9/9$1$38#
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U2x-/=7?$11<#g,=#y.-A<#D]bb\F

^L4#5*6$-<#"<#YT,+/$'$')#k%,:*1#h$:,3$+,#DTkhFB#R-.9/9$1$%3$2#R-,($23$;,#
U.(,1Z<#G'3,-'/3$.'/1#w.*-'/1#.:#R?U<#;.1#^D^F<#D^M]]F

^_4#5*6$-<#"#/'(#R.9.-,3%<#P4<#Y5.1(,-#x1/%%#J33/26+,'3#$'#d,-($0`
d,-@*/(#R/2A/),%B#E6,-+/118#G'(*2,(#53-,%%,%#/'(#U,26/'$2/1#
T,1$/9$1$38Z<#R-.24#.:#36,#_M36#"1,234#d.+04#/'(#E,26'4#d.':4<#h/%#
p,)/%<#g,;/(/<#U/8#D]bbMFq5,,#/1%.B#J5U"#w.*-'/1#.:#"1,23-.'$2#
R/2A/)$')<#;.14#]]^<#g.4#^<#D]bbMF4

^i4#J9-/+.=$3W<#U4#/'(#53,)*'<#G4#J4#D"(%4F4#?/'(9..A#.:#
U/36,+/3$2/1#Q*'23$.'%#=$36#Q.-+*1/%<#x-/06%<#/'(#U/36,+/3$2/1#
E/91,%<#b36#0-$'3$')4#g,=#y.-AB#S.;,-<#004#b__7b_i<#]b\^4

^c4#P,8,-<#f4#?4#dTd#53/'(/-(#U/36,+/3$2/1#E/91,%<#^a36#,(4#P.2/#
T/3.'<#QhB#dTd#R-,%%<#004#iL_7iLi<#]ba\4

^\4#";/'%<#U4q#?/%3$')%<#g4q#/'(#R,/2.2A<#P4#YP,3/#S$%3-$9*3$.'4Z#d64#
i#$'#53/3$%3$2/1#S$%3-$9*3$.'%<#L-(#,(4#g,=#y.-AB#f$1,8<#004#L_7_^<#
^MMM4

^a4#w/+9*'/36/'<#U4#p4#Y5.+,#R-.0,-3$,%#.:#P,3/#/'(#x/++/#
S$%3-$9*3$.'%4Z#J''4#U/364#53/34#^i<#_M]7_Mi<#]bi_4

^b4#v.1/-%A$<#G4#Y!'#x-.*0%#.:#nG'(,0,'(,'3#T/'(.+#p/-$/91,%#=6.%,#
R-.(*23#Q.11.=%#36,#P,3/#S$%3-$9*3$.'4Z#d.11.@4#U/364#Gz#Q/%24#^<#
L^i7LL^<#]bc^4

LM4#v-8%$2A$<#f4#Y!'#5.+,#g,=#R-.0,-3$,%#.:#36,#P,3/#S$%3-$9*3$.'4Z#
53/34#R-.94#h,34#_^<#]L]7]L\<#]bbb4

L]4#5*6$-<#"<#YJ'/183$2/1#U.(,1$')#$'#53-*23*-/1#J'/18%$%#:.-#"1,23-.'$2#
R/2A/)$')B#G3%#U,-$3%<#56.-32.+$')%#/'(#G'3,-/23$.'#=$36#
"I0,-$+,'3/1#/'(#g*+,-$2/1#E,26'$@*,%Z<#J5U"#w.*-'/1#.:#
"1,23-.'$2#R/2A/)$')<#;.14#]]]<#g.4#^<#w*',#D]babF4

L^4#5*6$-<#"<#YJ'/183$2/1#53-,%%753-/$'#U.(,1$')#$'#R6.3.'$2%#
"')$',,-$')B#G3%#T.1,<#J33-$9*3,%#/'(#G'3,-/23$.'#=$36#36,#Q$'$3,7
"1,+,'3#U,36.(Z<#h/%,-#Q.2*%#f.-1(<#U/8#D^MM^F4

LL4#5*6$-<#"<#YJ'/183$2/1#E6,-+/1#53-,%%#U.(,1$')#$'#"1,23-.'$2#/'(#
R6.3.'$2#58%3,+%Z<#J5U"#J001$,(#U,26/'$2%#T,;$,=%<#$';$3,(#
0/0,-<#;.14c^<#g.4_<#D^MMbF4

1:+6<BC8
19#7#J22,1,-/3,(#3,%3$')q

71T#7#P.13W+/''7J--6,'$*%7X6*-A.;#+.(,1q

7;9#7#P*-'7$'#3,%3$')q

H0+#7#S,%$)'#:.-#-,1$/9$1$38q

G619#7#Q/$1*-,#.-$,'3,(#/22,1,-/3,(#3,%3$')q

?1A9#7#?$)618#/22,1,-/3,(#1$:,#3,%3$')q

C99G#7#U,/'#3$+,#3.#:/$1*-,q

OE#7#!03.,1,23-.'$2%q

DH0+#7#R-.9/9$1$%3$2#S:Tq

DH9#7#R-.(*23#(,;,1.0+,'3#3,%3$')q

D?C#7#R-.)'.%3$2%#/'(#6,/136#+.'$3.-$')q

DC#7#R-,($23$;,#+.(,1$')q

D/G#7#R-.9/9$1$38#.:#:/$1*-,q

QT#7#C*/1$&2/3$.'#3,%3$')q

8G#7#5/:,38#:/23.-q

8C#7#5/:,38#+/-)$'q

99G#7#E$+,#3.#:/$1*-,


