
 
 
	

Geochem. Persp. Let. (2023) 27, 15–19 | https://doi.org/10.7185/geochemlet.2328  SI-1 

	

	
	
	
	

Contrasting oxygen isotopes in garnet from diamondiferous and 
barren eclogitic parageneses 

N. Korolev, M. Kopylova, E. Dubinina, R.A. Stern 
	
!
Supplementary Information 
!
!"#$%&''(#)#*+,-.$/*01-),+21*$2*3(&4#56$
$

! ! 7*,(.+23,($8#+"145$
! ! %,)'(#5$,*4$9#5&(+5$
! ! %&''(#)#*+,-.$!,:(#5$%;<$+1$%;=$
! ! %&''(#)#*+,-.$>2?&-#5$%;<$+1$%;@$
! ! 9#0#-#*3#5$01-$>2?&-#5$<A$%;B$,*4 $%;@A$,*4$!,:(#$%;C$
! ! 9#0#-#*3#5$01-$>2?&-#$C$
! ! %&''(#)#*+,-.$/*01-),+21*$9#0#-#*3#5$

!
!
Analytical Methods 
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,-#$?2J#*$2*$!,:(#$%;<H$>#!" $31*+#*+$G,5$3,(3&(,+#4$5+123"21)#+-23,((.$1*$+"#$:,525$10$+"#$24#,($1S.?#*$&*2+$+1+,($01-$#,3"$
-#5'#3+2J#$)2*#-,(H$O"#)23,($31)'152+21*5$10$+"#$5+&42#4$2*3(&521*5$,*4$-#(,+#4$2*01-),+21*$,-#$?2J#*$2*$!,:(#$%;=H$
	
	
!"#$%&'() $ O,(3&(,+#4$)2*2)&)$4#+#3+21*$(2)2+5$2*$G+H$c$E8D_F$01-$+"#$O&((2*,*$42,)1*4$2*3(&521*5H$
$
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%2L#$ UHUZ$ UHUZ$

!2L #$ UHU=$ UHU=$

7(#L ! $ UHU@$ UHU@$

O-#L ! $ UHUd$ UHUd$

>#L$ UHUe$ UHUd$

8*L $ UHUd$ UHUd$

8?L $ UHUB$ UHUB$

O,L $ UHU@$ UHU@$

Q,#L $ UHUC$ UHUC$

W#L $ ;$ UHUC$

$
$
>#$#&(?52:30%+:%5=(%6(3,2(47**"&#&(!8+(
$
9,),*$5'#3+-,$10$+"#$)2*#-,($2*3(&521*5$0-1)$42,)1*45$G#-#$1:+,2*#4$G2+"$,$I1-2:,$T'(197$̂ _M%$31*013,($9,),*$
5'#3+-1)#+#-$#f&2''#4$G2+"$,$OOD;4#+#3+1-$,+$KL7%A$MNO$EP,*31&J#-A$O,*,4,FH$%'#3+-,$",J#$:##*$31((#3+#4$,+$-11)$
+#)'#-,+&-#$G2+"$+"#$=BCH<e$*)$(2*#$10$,$<@$)g$Q4 ;h7i$(,5#-$+"-1&?"$,*$L_h8^M%!8$<UUT$1:R#3+2J#$2*$+"#$-,*?#$
:#+G##*$<UU$,*4$<=UUj <eUU$3)$%$,+$<HB$3)$%$5'#3+-,($-#51(&+21*A$,*4$k<$])$5',+2,($-#51(&+21*H$!"#$,'#-+&-#$10$+"#$
31*013,($"1(#$G,5$5#+$+1$CUU$])A$+"#$5'#3+-,$5(2+$G24+"$G,5$BUU$])H$
$
@A=-2&(8+%3%52(4%$5%+"3"%&+(%6(3,2(47**"&#&(!8+9(?2:%&'#0=(8%&(.#++(?52:30%$230=(B?8.?C(
$
LS.?#*$251+1'#$31)'152+21*$G,5$)#,5&-#4$2*$=U$#3(1?2+23$?,-*#+$,*4$),R1-2+#$2*3(&521*5$E!,:(#$%;=FH$

^-#',-,+21*$10$)1&*+5$,*4 $%/8%$5+&4.$10$+"#$5,)'(#5$G#-#$31*4&3+#4$,+$+"#$O,*,42,*$O#*+-#$01-$ /51+1'23$
823-1,*,(.525$EOO/8FA$M*2J#-52+.$10$7(:#-+,H$^1(25"#4$42,)1*45$G2+"$+"#$#S'15#4$),R1-2+#$,*4$?,-*#+$2*3(&521*5$G#-#$
,--,.#4$1*$,$+,'#$ ,*4$3,5+$2*$C=$))$42,)#+#-$#'1S.$ )1&*+5$E8<Z<CA$8<Z<BF$,(1*?$G2+"$OO/8$?,-*#+$-#0#-#*3#$
),+#-2,(5$ E985F$ %UUZe$ Ei1-#$ 81&*+,2*$ O,;8? ;>#$ ?,-*#+FA$,*4$ %UUeeN$ E?-155&(,-2+#FH$ !"#$'-#',-#4 $)1&*+5$ G#-#$
3(#,*#4$G2+"$,$(,:$51,'$51(&+21*$,*4$4#;21*25#4$I#L H$!"#$5+&42#4$5,)'(#5$G#-#$31,+#4$G2+"$C=$*)$10$"2?";'&-2+.$7&$
'-21-$+1$53,**2*?$#(#3+-1*$)23-1531'.$E%K8FH$!"#$ %K8$1:5#-J,+21*5$G#-#$),4# $G2+"$,$a#255$KPL$87<=$#(#3+-1*$
)23-1531'#$&52*?$:#,)$31*42+21*5$10$CU$VP$,*4$Bj @$*7H$O1,+2*?$10$<UU$*)$10$7&$G,5$5&:5#f&#*+(.$4#'152+#4$1*$+"#$
)1&*+$:#01-#$%/8%$,*,(.525H$

!"#$1S.?#*$251+1'#$,*,(.525$E%&LA$%'LF$10$?,-*#+5$G,5$31*4&3+#4$&52*?$,$O,)#3,$/8%$<CeU$)&(+231((#3+1-$21*$
)23-1'-1:#H$i,-*#+$,*,(.+23,($)#+"145$,*4$985$,-#$-#'1-+#4$2*$4#+,2($:.$/3V#-+$,*4$%+#-*$ECU<BFH$7$%!!O5" $'-2),-.$
:#,)$G,5$1'#-,+#4$G2+"$2)',3+$#*#-?.$10$CU$V#PA$,*4$:#,)$3&--#*+$10$kCHU$*7H$!"#$'-1:#$G2+"$+"#$42,)#+#-$10$ke$l)$
G,5$-,5+#-#4$ECU$m$CU$l)F$01-$BU$5$'-21-$+1$,3f&252+21*A$,*4$+"#*$B$m$B$l)$4&-2*?$,3f&252+21*A$01-)2*?$#((2'+23,($,*,(.5#4 $
,-#,5$k<C$l)$,3-155$,*4$k<$l)$4##'H$!"#$*1-),($2*324#*3#$#(#3+-1*$?&*$G,5$&+2(25#4$01-$3",-?#$31)'#*5,+21*H$Q#?,+2J#$
5#31*4,-.$ 21*5$ G#-#$ #S+-,3+#4$ +"-1&?"$ <U$ VP$ '1+#*+2,($ 2*+1$ +"#$ 5#31*4,-.$ E!-,*50#-F$ 31(&)*H$ !-,*50#-$ 31*42+21*5$
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2*3(&4#4$,$<CC$l)$#*+-,*3#$5(2+A$,$=$m$=$))$ '-# ;K%7$E02#(4F$,'#-+&-#A$,*4$<BBm$5,)'(#$),?*2023,+21*$,+$+"#$02#(4$
,'#-+&-#A$ +-,*5)2++2*?$ ,(($ -#?21*5$ 10$ +"#$ 5'&++#-#4$ ,-#,H$ !"#$ ),55n3",-?#$ 5#',-,+#4$ 1S.?#*$ 21*5$ G#-#$ 4#+#3+#4$
52)&(+,*#1&5(.$2*$>,-,4,.$3&'5$_oC$E%'L $F$ ,*4$ IoC$E%&L $F$ ,+$),55$-#51(&+21*5$E)n$)$ ,+$<U$cF$10$<b=U$,*4$CC=UA$
-#5'#3+2J#(.H$%#31*4,-.$21*$31&*+$-,+#5$01-$%'L $$,*4$%&L $$G#-#$+.'23,((.$C$m$<U($,*4$@$m$<U' $31&*+5n5$&+2(252*?$<U%)$%$
,*4$<U%%$%$,)'(202#-$32-3&2+5A$-#5'#3+2J#(.H$>,-,4,.$3&'$:,5#(2*#5$G#-#$)#,5&-#4$,+$+"#$5+,-+$10$+"#$,*,(.+23,($5#5521*H$7$
52*?(#$,*,(.525$+11V$C@U$5A$2*3(&42*?$'-#;,*,(.525$'-2),-.$:#,)$2)'(,*+,+21*A$,&+1),+#4$5#31*4,-.$21*$+&*2*?A$,*4$d=$
5$10$31*+2*&1&5$'#,V$31&*+2*?H$

/*5+-&)#*+,($),55$0-,3+21*,+21*$E/8>F$G,5$)1*2+1-#4$:.$-#'#,+#4$,*,(.525$10$%UUZe$EM7iF$,*4$%UUeeN$G2+"$
&%&L *+,-. $p$q=HdC$r$,*4$q@H<B$rA$-#5'#3+2J#(.H$L*#$,*,(.525$10$%UUZe$G,5$+,V#*$,0+#-$#J#-.$01&-$)#,5&-#)#*+5A$,*4 $
1*#$,*,(.525$10$%UUeeN$G,5$+,V#*$,0+#-$#J#-.$#2?"+$&*V*1G*5H$!"#$4,+,$5#+$10$%&L $n%'L $$01-$%UUZe$?,-*#+$G,5$'-13#55#4$
31((#3+2J#(.$01-$+G1$,*,(.+23,($5#5521*5A$.2#(42*?$5+,*4,-4$4#J2,+21*5$10$UH<Uj UH<B$r$,0+#-$31--#3+21*$01-$5.5+#),+23$
G2+"2*;5#5521*$4-20+H$D,+,$01-$%UUeeN$,*4$&*V*1G*5$G#-#$02-5+$/8>$31--#3+#4$+1$%UUZe$?,-*#+A$,*4$+"#*$0&-+"#-$31--#3+#4$
,331-42*?$+1$+"#2-$)#,5&-#4$O,so5$EO,$n$XO,$q$8?$q$>#YF$&52*?$+"#$)#+"145$5&??#5+#4$:.$/3V#-+$,*4$%+#-*$ECU<BFH$!"#$
f&,4-,+23$),+-2S$3,(2:-,+21*$3&-J#$',-,)#+#-5$E/3V#-+$,*4$%+#-*A$CU<BF$G#-#$53,(#4$+1$02+$%UUeeN$+1$2+5$-#0#-#*3#$J,(&#H$
!"#$b=$c$31*024#*3#$&*3#-+,2*+.$#5+2),+#5$01-$&%&L *+,-. $01-$?,-*#+$&*V*1G*5$,J#-,?#$tUHBU$rA$,*4$2*3(&4#$#--1-5$
-#(,+2*?$ +1$ G2+"2*;5'1+$ 31&*+2*?$ 5+,+25+235A$ :#+G##*;5'1+$ E?#1)#+-23F$ #00#3+5A$ 31--#3+21*$ 01-$ 2*5+-&)#*+,($ ),55$
0-,3+21*,+21*A$,*4$),+-2S$#00#3+5$-#(,+2*?$+1$O,s5$4#+#-)2*#4$:.$#(#3+-1*$)23-1'-1:#$G,J#(#*?+"$425'#-52J#$5'#3+-1)#+-.H$

7(($%&Ln%'L$-,+215$,-#$-#'1-+#4$2*$'#-$)2($ErF$,*4$#S'-#55#4$2*$4#(+,$*1+,+21*$E&%&LF$-#(,+2J#$+1$P2#**,$%+,*4,-4$
8#,*$L3#,*$g,+#-$EP%8LgF$EN,#-+53"2A$<bdZF$2*$Kf&,+21*$%;<6$
$

&%&L$ErF$p$XE%&Ln%'LF/01234$n$E%&Ln%'LF*+,-. Y$u$<$ EKfH$%;<F$
$
N#3,&5#$+"#$5+&4.$R12*+(.$&5#5$&%&L$J,(&#5$0-1)$%/8%$,*4$1(4#-$(,5#-$0(&1-2*,+21*$,*,(.5#5A$2+$25$2)'1-+,*+$+1$#5+,:(25"$
+"#2-$31*525+#*3.H$Q#G$4,+,$01-$91:#-+5$P23+1-$#3(1?2+23$?,-*#+$EI,-4),*$'%#()*A$CUC<F$E>2?H$%;<F$4#)1*5+-,+#$+",+$L$
251+1'#$)#,5&-#)#*+5$:.$%/8%$,+$+"#$O,*,42,*$O#*+-#$01-$/51+1'23$823-1,*,(.525$EOO/8F$,*4$(,5#-$0(&1-2*,+21*$E_>F$
+#3"*2f&#5$,-#$-#'-14&32:(#$G2+"$+"#$),S2),($4253-#',*3.$10$tUHB=$rH$
$
$

$
45670%&'() $ 9#'-14&32:2(2+.$ +#5+$ 01-$ L$ 251+1'#$ )#,5&-#)#*+5$ :.$ %/8%$ ,+$ +"#$ O,*,42,*$ O#*+-#$ 01-$ /51+1'23$
823-1,*,(.525$ EOO/8FA$ M*2J#-52+.$ 10$ 7(:#-+,$ ,*4$ (,5#-$ 0(&1-2*,+21*$ E_>F$ +#3"*2f&#5$ 01-$ ?,-*#+$ 2*$ 91:#-+5$ P23+1-$
#3(1?2+#5$EI,-4),*$'%#()*A$CUC<FH$
$
$
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Samples and Results 
$
."&20#*(8&:*7+"%&+(60%$(3,2(47**"&#&(! "#$%&'+(
$
g#$5+&42#4$D/$2*$),023$)2*#-,($',-,?#*#5#5$E#3(1?2+23$,*4$),R1-2+#;:#,-2*?$',-,?#*#5#5$10$+"#$+-,*52+21*$v1*#F$0-1)$
42,)1*45$10$+"#$O&((2*,*$)2*#$E^-#)2#-$V2):#-(2+#FA$%1&+"$70-23,H$!"25$(13,+21*$G,5$3"15#*$:#3,&5#$2+5$5(,:;-#(,+#4$
42,)1*45$01-)#4$0-1)$+"#$52*?(#$3,-:1*$51&-3#$G2+"$*,--1G$O$251+1'#$31)'152+21*$E&%!O$10$@=$5,)'(#5$p$u<HB$+1$
udHe$rFA$:&+$4#-2J#$0-1)$,$G24#$2*+#-J,($10$'-#55&-#5$E+F$,*4$+#)'#-,+&-#5$E, F$EW1-1(#J$'%#()*A$CU<e,A$CU<e:FH$82*#-,($
2*3(&521*5$31)#$0-1)$4#'+"5$10$k<dUj CCU$V)$Ei-+$,*4$O'SFA$CeUj @CU$V)$E),R1-2+#5F$EW1-1(#J$'%#()*A$CU<e,A$CU<e:F$
,*4$w==U$V)$EO,%2;'#-1J5V2+#F$EQ#5+1(,$'%#()*A$CU<eFA$31J#-2*?$+"#$ :-1,4$, $-,*?#$2*$+"#$ (2+"15'"#-23$ ),*+(#$0-1)$
<CeU$xO$&'$+1$5&'#-;,42,:,+23$<=dU$xO$E=HZj dHC$i^,F$EW1-1(#J$'%#()*A$CU<e,A$CU<e:FH$!1$#S+#*4$+"#5#$2*+#-J,(5A$G#$
53-##*#4$+"#$O&((2*,*$42,)1*45$01-$)1-#$31#S25+2*?$i-+;O'S$',2-5$,*4$),R1-2+#5$+",+$),V#$+"#$42,)1*45$,)#*,:(#$+1$
+"#-)1:,-1)#+-.H$75$,$-#5&(+A$G#$,*,(.5#4$@C$i-+;O'S$',2-5$,*4$e$),R1-2+#5$,*4$3,(3&(,+#4$+"#2-$+;, 5$10$01-),+21*H$
!"25$ *&):#-$ 10$ ,*,(.5#5$ ,*4$ +"#2-$ -#5'#3+2J#$+;, 5$ ,-#$ +"#$ "2?"#5+$ -#'1-+#4$ 01-$ #3(1?2+23$ 42,)1*45$ 0-1)$ ,$ 52*?(#$
V2):#-(2+#H$!"#$2*3(&521*5$G#-#$,*,(.5#4$01-$),R1-$#(#)#*+5[$=U$?,-*#+5$,*4$),R1-2+#5$G#-#$0&-+"#-$,*,(.5#4$01-$1S.?#*$
251+1'#5H$

7*,(.5#4$&%&L &31)'152+21*5$10$?,-*#+$31J#-$ ,$ -,*?#$10$q=H@$+1$q<UHC$r$+",+$2*3(&4#5$+"#$1S.?#*$251+1'#$
31)'152+21*$10$),R1-2+#5$EqZHU$+1$qbH@$rA$!,:(#$%;=FA$2*423,+2*?$+",+$+"#$1S.?#*$251+1'#$31)'152+21*$41#5$*1+$3",*?#$
4&-2*?$5(,:$+-,*50#-$0-1)$+"#$(2+"15'"#-23$+1$+"#$5&:(2+"15'"#-23$),*+(#H$i,-*#+5$,*4$),R1-2+#5$5"1G$*1$31--#(,+21*$10$
+"#$L$251+1'#5$G2+"$, $1-$+A$#S3#'+$,$5),(($5&:5#+$10$8?;-23"$?,-*#+5$31#S25+2*?$G2+"$O'S$(1G$2*$R,4#2+23$31)'1*#*+$
E>2?5H$%;C,$,*4$%;BFH$
$
4%D#0"#3"%&+(%6(&!" @(E"3,(F,20$%'=&#$":()#0#$2320+(%6(!8+(
$
&%&L$5"1G5$,$:2)14,($425+-2:&+21*$G2+"$+"#$02-5+$'#,V$10$,-1&*4$qZHU$r$,*4$+"#$1+"#-$,+$qeH@$r$E?-##*$(2*#$1*$>2?H$%;
CFH$i,-*#+5$G2+"$&%&L$w$dHU$r$5"1G$*1$31--#(,+21*$10$+"#$L$251+1'#5$G2+"$, H$i,-*#+5$G2+"$+"#$(2?"+#-$L$E&%&L$y$dHU$rF&
3,*$:#$42J24#4$2*+1$+G1$?-1&'5A$,55132,+#4$G2+"$+"#$"2?"(.$R,4#2+23$Ez4F$3'S$Ez4$w$@U$cF$1-$*1+$E>2?H$%;C:FH$8?L$31*+#*+$
10$?,-*#+5$2*$,55132,+21*$G2+"$+"#$"2?";z4$3'S$25$(1G#-$EdHCj <C$G+H$cA$+"#$)#42,*$25$<UHe$G+H$cF$+",*$8?L$31*+#*+$10$
+"#$1+"#-$?,-*#+5$EbHCj <dH@$G+H$cA$+"#$)#42,*$25$<@H<$G+H$c[$!,:(#$%;=FH$!"#$8?;'11-$?,-*#+5$,55132,+#4$G2+"$"2?";z4$
3'S$41$*1+$4#)1*5+-,+#$,$&%&L j , $31--#(,+21*A$G"2(#$8?;-23"$?,-*#+5$31#S25+2*?$G2+"$(1G;z4$O'S$5"1G$,$'-1*1&*3#4$
&%&L j , $31--#(,+21*$E^OO$p$UHdCF$E>2?H$%;C,FH$!"#$8?;'11-$?,-*#+5$,55132,+#4$G2+"$"2?";R,4#2+23$O'S$,-#$51&-3#4$0-1)$
,$ J,-2#+.$ 10$ +#)'#-,+&-#5$ E>2?H$ %;C,F$ ,*4$ '-#55&-#5H$ !"#-#$ 25$ *1$ 31--#(,+21*$ :#+G##*$+$,*4$ +"#$ 1S.?#*$ 251+1'#$
31)'152+21*$10$?,-*#+5$,*4$),R1-2+#5H$7(+"1&?"$G#$424$*1+$02*4$,*.$?(1:,($31--#(,+21*$:#+G##*$, $1-$+$,*4$&%&L$2*$?,-*#+A$
+"#$&%&L j , $31--#(,+21*$25$1:5#-J#4$01-$8?;-23"$?,-*#+5$31#S25+2*?$G2+"$(1G;z4$O'S$E>2?H$%;C,FH$!"25$31--#(,+21*A$,(1*?$
G2+"$,*,(1?1&5$4,+,$1*$+"#$L-,',$,*4$_,3#$),*+(#$#3(1?2+#$S#*1(2+"5$ED#2*#5$'%#()*A$<bb<[$7&(:,3"$'%#()*A$CU<dF$'12*+$
+1$133,521*,($ '-#5#*3#$10$31--#(,+21*5$-#5+-23+#4$+1$,$5&:5#+$10$5,)'(#5$E<@$O&((2*,*$2*3(&521*5$E>2?H$%;C,FA$<B$_,3#$
#3(1?2+#5$E7&(:,3"$'%#()*A$CU<dFA$,*4$<C$L-,',$#3(1?2+#5$ED#2*#5$'%#()*A$<bb<FFH$Q1+,:(.A$+"#$&%&L j , $31--#(,+21*$-#(,+#5$
+1$+"#$3"#)23,($31)'152+21*$10$+"#$O&((2*,*$D/5A$:&+$,(51$133&-5$2*$5,)'(#5$G2+"$&%&L$y$d$r$E>2?H$%;C,FH$
$
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$
45670%&'(8& O1J,-2,+21*5$10$+"#$1S.?#*$251+1'#$31)'152+21*5$01-$?,-*#+5$2*$5+&42#4$O&((2*,*$42,)1*45$G2+"$9":$
3,(3&(,+#4$O'S;i-+$D/$+#)'#-,+&-#5$EQ,V,)&-,A$CUUb[$,42,:,+$,0+#-$W,+5&-,$'%#()HA$CU<UF$,*4$9#:&R,4#2+23$31*+#*+$10$+"#$
31#S25+2*?$D/$O'SH$I#-#$,*4$1*$02?&-#5$:#(1G$+"#$:#2?#$31(1&-$5+-2'$25$+"#$&%&L$),*+(#$J,(&#$3,*1*23,($),*+(#$-,*?#$
E=H=$t$UH@$rF$E8,++#.$'%#()*A$<bb@FH$^OO$5+,*45$01-$+"#$^#,-51*$O1--#(,+21*$O1#00232#*+H$
$
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$
45670%&'(; & O1J,-2,+21*5$10$+"#$1S.?#*$251+1'#$31)'152+21*5$G2+"$+#)'#-,+&-#$,*4$'-#55&-#$01-$#3(1?2+23$W,,'J,,($
?,-*#+5$2*$31)',-251*$G2+"$+"#$5+&42#4$O&((2*,*$42,)1*45H$9":$!"#$?,-*#+$&%&L$-$H$3,(3&(,+#4$O'S;i-+$+#)'#-,+&-#5$
EQ,V,)&-,A$CUUbFH$!"#$+#)'#-,+&-#5$01-$W,,'J,,($#3(1?2+#$S#*1(2+"5$E5##$+"#$4,+,:,5#$2*$!,:(#$%;=F$G#-#$-#3,(3&(,+#4$
EQ,V,)&-,A$CUUbF$01-$31*525+#*3.[$,42,:,+$25$,0+#-$W,+5&-,$'%#()*$ECU<UFH$9#:$!"#$&%&L$-$H$#5+2),+#4$+H$!"#$'-#55&-#$01-$
W,,'J,,($#3(1?2+#5$,*4$O&((2*,*$D/5$25$3,(3&(,+#4$:.$'-1R#3+21*$10$+"#$O'S;i-+$+#)'#-,+&-#5$EQ,V,)&-,A$CUUbF$1*+1$+"#$
'#-241+2+23$?#1+"#-)$,5$4#+,2(#4$2*$W1-1(#J$'%#()*$ECU<e:FH$>&(($(25+$10$-#0#-#*3#5$1*$),R1-$#(#)#*+$,*,(.5#5$10$O'S$,*4$
i-+A$,*4$&%&L$2*$?,-*#+$25$?2J#*$:#(1GH$!"#$?-,'"2+#;42,)1*4$'",5#$:1&*4,- .$ED,.A$CU<CF$25$5"1G*$:.$+"#$:(&#$(2*#H$/+$
25$'152+21*#4$01-$+"#$W,,'J,,($3-,+1*$,+$+"#$2*+#-5#3+21*$G2+"$+"#$@U$)gn)#$)14#($31*4&3+2J#$?#1+"#-)$EI,5+#-1V$,*4$
O",'),*A$CU<<FH$
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$
45670%&'(<& O1J,-2,+21*$ :#+G##*$+#)'#-,+&-#$ ,*4$&%&L$31)'152+21*$01-$?,-*#+$ ,*4$3(2*1'.-1S#*#$0-1)$#3(1?2+#$
S#*1(2+"5$ G1-(4G24#H$9":$!"#$ 4200#-#*3#$ 2*$ 1S.?#*$ 251+1'#$ 31)'152+21*$ :#+G##*$ ?,-*#+$ ,*4$ 3(2*1'.-1S#*#$-$H$
+#)'#-,+&-#$01-$<e<$',2-5[$+"#$4200#-#*3#$:#+G##*$&%&L 567$,*4$&%&L 829$25$tUHed$r$EC{[$?-##*$,-#,FH$9#:$7$'(1+$10$&%&L 567$
-$H$!H$9=:$7$'(1+$10$&%&L 567$-$H$'-#55&-#H$!"#$0&(($(25+$10$-#0#-#*3#5$25$?2J#*$:#(1GH$
$
$
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@A=-2&("+%3%52(:%$5%+"3"%&(%6(47**"&#&($#/%0"32+(D+G(!8( $#/%0"32+(E%0*'E"'2(
$
7(($),R1-2+#5$+",+$133&-$,5$42,)1*4$2*3(&521*5$5"1G$-#(,+2J#(.$"2?"$&%&L$J,(&#5$G#(($,:1J#$+"#$31*J#*+21*,($),*+(#$
-,*?#$E>2?H$BFH$!"#$,*,(.5 #4$),R1-2+#5$0-1)$>2?&-#$B$2*3(&4#$+"#$O&((2*,*$5,)'(#5$'-#5#*+#4$2*$+"25$5+&4.$Ed$5,)'(#5FA$
D/$0-1)$z,?#-501*+#2*$E<<$5,)'(#5A$/3V#-+$'%#()HA$CU<=FA$z&2*,;=$EB$5,)'(#5A$N&-*",)$'%#()HA$CU<=FA$,*4 $O1((2#-;@$EB$
5,)'(#5A$N&-*",)$'%#()HA$CU<=F$42,)1*45H$8,R1-2+#5$0-1)$O&((2*,*$42,)1*45$,-#$*1+,:(#$:#3,&5#$10$+"#2-$31*+-,5+2*?$
L$251+1'#$52?*,+&-#5H$8,R1-2+#5$G2+"$"#,J.$1S.?#*$E&%&L $w$eHd$rF$31)'-25#$de$c$10$5,)'(#5$0-1)$z,?#-501*+#2*A$z&2*,A$
,*4$O1((2#-A$:&+$*#J#-$01&*4$,)1*?$O&((2*,*$),R1-2+#5$E>2?H$BFH$81-#1J#-A$+"-##$O&((2*,*$5,)'(#5$G2+"$+"#$(1G#5+$&%&L$
10$ZHUA$ZHZA$,*4$dHU$r$,-#$*1+$),+3"#4$:.$),R1-2+#5$0-1)$1+"#-$(13,+21*5$E>2?H$B$,*4$!,:(#$%;=FH$8,R1-2+#$D/5$0-1)$
#(5#G"#-#$),.$",J#$01-)#4$0-1)$"#,J2#-A$".4-1+"#-),((.$,(+#-#4$L$51&-3#$,*4$G#-#$01&*4$2*$42,)1*45$G2+"$+"#$(2?"+#-$
&%!O$52?*,+&-#5$51&-3#4$0-1)$1-?,*23$),++#-$1-$,(+#-#4$13#,*23$3-&5+$EuCZ$+1$ub$rA$>2?H$BFH$/*$31*+-,5+A$O&((2*,*$),R1-2+#$
2*3(&521*5$",J#$:##*$3,'+&-#4$:.$42,)1*45$G2+"$+"#$),*+(#$&%!O$52?*,+&-#5$Eu@Hd$+1$uCH<$rA$>2?H$B$,*4$!,:(#$%;=FH$
!"25$',++#-*$5&??#5+5$,*$#S3(&52J#(.$5",((1G$3-&5+,($51&-3#$10$O$,*4$L$01-$),R1-2+#;:#,-2*?$42,)1*45$0-1)$z,?#-501*+#2*A$
z&2*,A$,*4$O1((2#-A$G"2(#$+"#$1S.?#*$251+1'#$31)'152+21*$10$O&((2*,*$),R1-2+#5$'155#55#5$3-&5+,($52?*,+&-#5A$,*4$"15+$
42,)1*45$5"1G$'-1)2*#*+$,002*2+.$G2+"$),*+(#$51&-3#$10$3,-:1*H$D2,)1*4$01-),+21*$'-13#55#5$2*$+"#$),R1-2+#;"15+2*?$
42,)1*45$(13,+21*5$G#-#$3(#,-(.$4200#-#*+$#J#*$+"1&?"$,(($+"#$),R1-2+#5$01-)#4$2*$+"#$4##'(.$5&:4&3+#4$),023$5(,:$,*4$
",4$(1G;O-$#3(1?2+23$),R1-$#(#)#*+$31)'152+21*5H$
&
?3#3"+3":#*(3132+3(6%0(&!" @("&(H#0&23+(60%$(!"#$%&'"620%7+(#&'(I#002&(J:*%-"32+(60%$(3,2(K##5D##*(40#3%&(
$
g#$3,--2#4$1&+$+"#$2*4#'#*4#*+$+G1;5,)'(#$&*#f&,($%;+#5+$01-$+"#$42,)1*420#-1&5$,*4$:,--#*$#3(1?2+#5$0-1)$+"#$W,,'J,,($
3-,+1*$E!,:(#$%;CFH$!"#$%;+#5+$4#+#-)2*#5$+",+$+"#$,J#-,?#$&%&L$,*4$2+5$425+-2:&+21*$2*$?,-*#+$0-1)$+"#$42,)1*420#-1&5$
#3(1?2+#5$,-#$425+2*3+$0-1)$+"#$:,--#*$#3(1?2+#5$0-1)$+"#$W,,'J,,($3-,+1*$G2+"$,$'-1:,:2(2+.$wbbHbb$c$E!,:(#$%;CFH$
$
$
!"#$%&'(8& O1)',-251*$ 10$ +"#$ ?,-*#+$ 1S.?#*$ 251+1'#$ 31)'152+21*$ E&%&L$ 2*$ rF$ 2*$ +"#$ 5+,+25+23,($ 5,)'(#5$ 10$
42,)1*420#-1&5$,*4$:,--#*$#3(1?2+#5$0-1)$+"#$W,,'J,,($3-,+1*$E4,+,$5#+6$0&(($(25+$10$-#0#-#*3#5$25$?2J#*$:#(1GFH$
$

>7+#%0&?@&."+2$%.& &!" A&5,&6"0,%-&
B5"+?,C5@%0?7.&%=$?65-%.&<8&

&!" A&5,&6"0,%-&
D"00%,&%=$?65-%.&)EF&

7J#-,?#$&%&L$E2*$rF! dHCe$ =HU@$

<' ! <HB<$ <H@b$

%;+#5+$E3,(3HF$ $ bHdd$

%2?*2023,*3#$(#J#(6$ $ $

$$$$$UHU<$c$ $ @H<B$

$$$$$UH<$c$ $ BH@@$

$$$$$<$c$ $ CHZ=$

$
$
	 $
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H2%:,2$":#*(.%'2**"&-(%6(&!" @(#&'(&!#4(J662:3+(%6(!2:#0;%&#3"%&(>2#:3"%&+(
$
Q&)#-23,($)14#((2*?$10$4#3,-:1*,+21*$,+$+#)'#-,+&-#5$<UUU$,*4$<CUU$xO$G,5$3,--2#4$1&+$01-$+"#$01((1G2*?$-#,3+21*5$
,(51$(25+#4$2*$!,:(#$%;@6$
$
)G&$ 7()$q$B|8?5$p$^-'$q$8,?$q$B|O$q$CH=|L #$
8G$$ C|i-+$q$C|!+*$q$C|8?5$p$C|i-+$q$O'S$q$C|/()$q$C|O$q$C|L #$
;G$$ C|i-+$q$C|!+*$q$C|8?5$p$C|i-+$q$O'S$q$C|/()$q$C|OL#:

<G&$ ^-'$q$9+$q$8?5$p$8?;^-'$q$i V$q$OL#$
HG$$ ^-'$q$C|}v$q$D1($p$̂ -'$q$D2$q$C|OL#$
IG$$ B|^-'$q$@|}v$q$C|8?5$p$C|^-'$q$@|K*$q$C|W.$q$C|OL#$
FG&$ i-5$q$D2$q$C|}v$q$D1($p$i-5$q$C|D2$q$C|OL#$
$
7(($'",5#5$#S3#'+$L #$2*$+"#$'-1'15#4$-#,3+21*5$,-#$01&*4$2*$3-,+1*23$#3(1?2+#5$E'*.* A$z,31:A$CUU@[$%)2+"$'%#()*A$CU<=[$
82V",2(#*V1$'%#()*A$CUCCFA$,*4$51)#$10$+"#)$,-#$1*#$10$5#J#-,($#*4$)#):#-5$10$)1-#$31)'(#S$)2*#-,($31)'152+21*$ED2$
,*4$ K*$ ,5$ ,$ 31)'1*#*+$ 10$ 1)'" ,32+#$ #3(1?2+23$ O'S[$ 7()A$ i-5A$ ,*4$ ^-'$ ,-#$ 31)'1*#*+5$ 10$ ,$ )1-#$ 31)'(#S$ i-+$
31)'152+21*FH$} &,-+v$5&:5+2+&+#5$01-$31#52+#$01-$+"#$'&-'15#$10$&%&L$)14#((2*?H$75$3,*$:#$5##*$0-1) $-#,3+21*5$<$,*4 $C$
,:1J# A$+"#.$'-14&3#$L#A$G"23"$G#$+-#,+$,5$,$J2-+&,($31)'1*#*+A$*1+$,5$,$0-##$?,5$'",5#$2*$+"#$4##'$),*+(#H$!"#$1S.?#*$
1S2425#5$?,-*#+$,*4$3(2*1'.-1S#*#A$01-$#S,)'(#$2*$-#,3+21*$Ee,F6$
$
E"G& 8⸱E>##"

#;%!8? );'# O,);#<F!;)) $7(#;)): X%2L=Y! $q$E⸱EO,);#) Q, );&)F%;))E8?);#) 7( );&)F%;))$E%2#L ' F$q$
HGH⸱EO,);() Q, );%)F%;)):E8?);&#>##"

);)&7( );%)F%;)):E%2#L ' F$q$JGH⸱L #!
!
" &
&
; ⸱E8?%;%)O,%;))>##"

);() F!;)) $E7(%;(&>#!"
);)# F#;)): X%2L=Y! $q$)J ⸱EO,);!< $Q, );'< F%;)):E8?);!<: 7( );=' $>#!"

);%(F%;))$E%2#L ' F$q$
EO,);<<$Q, );=<F%;)):E8?);<<:7( );=%$>#!"

);)= F%;))$E%2#L ' F$q$8⸱%2L#H	
$
O1)'152+21*5$10$?,-*#+$,*4$3(2*1'.-1S#*#$2*$+"#$-#,3+21*$,-#$+,V#*$0-1)$*,+&-,($#3(1?2+#$5,)'(#5$G"#-#$)2*#-,($>#!" $
,-#$,*,(. 5#4$EW1'.(1J,$'%#()*A$CU<Z[$7&(:,3"$'%#()*A$CUCCFH$>1-$+"#$'&-'15#5$10$1S.?#*$251+1'#$)14#((2*?A$+"#$-#,3+21*$
25$52)'(202#4$,56$
$
E#G$ C⸱i-+ $q$<BH=⸱O'S$q$UH=⸱L #$p$B⸱i-+ $q$<<⸱O'S$q$C⸱}v EO1#FH$
$
9#,3+21*5$E<j eF$,-#$0&((.$:,(,*3#4H$g#$,55&)#4$+"#$2*2+2,($#f&2(2:-2&)$10$,(($-#,3+,*+5$G2+"$?,-*#+$G2+"$&%&~$p$qZ$rH$
!"#$)14#((2*?$&5#4$1S.?#*$,*4$3,-:1*$0-,3+21*,+21*$0,3+1-5$4#-2J#4$0-1)$251+1'#$#f&2(2:-,+21*$10$52(23,+#$)2*#-,(5$
G2+"$3,-:1*,+#A$10$OL#$,*4$L#$,*4$,''(23,:(#$+1$"2?"$+#)'#-,+&-#5$10$+"#$(2+"15'"#-23$),*+(#$E!,:(#$%;BFH$g#$,(51$
3,(3&(,+#4$-#(#J,*+$1S.?#*$251+1'#$0-,3+21*,+21*$0,3+1-5$E!,:(#$%;BF$0-1)$+"#$2*+#-*,((.$31*525+#*+$4,+,:,5#$10$P"1$'%#
()*$ECU<bF$,+$<UUU$,*4$<CUU$xOH$>1-$-#,3+21*$e$+",+$2*J1(J#5$1S24,+21*A$G#$&5#4$L #$G2+"$,$-,*?#$10$• %&L$J,(&#5$
3,(3&(,+#4$0-1)$-#,3+21*5$E<F$,*4$ECF[$*#+$#00#3+5$01-$31):2*#4$-#,3+21*5$E<F$q$EeF$,*4$ECF$q$EeF$,-#$,(51$(25+#4$E!,:(#$%;
@FH$
	 $
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!"#$%&'(; & >-,3+21*,+21*$10$1S.?#*$251+1'#5$2*$+"#$)14#((#4$4#3,-:1*,+21*$-#,3+21*5$,+$<UUU$,*4$<CUU$xO$
$
K%"=-5?,& )J #$, !  

"-&)JJJ&L1&
)J #$, !  
"-&)8JJ&L1&

K%@%0%,=%.&

7() j 8,? $ CHCB$ <He=$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

7() j 8?5$ uCHCe$ u<Hb<$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

i-5 j D2$ uUHB@$ uUHCd$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

i-5 j D1($ uCHBZ$ u<HbZ$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

i-5 j }v $ uCHB=$ u<HbB$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

i-+ j O'S$ UHUC$ UHUC$ O",3V1$'%#()*$ECUU<F$

i-+ j 8,? $ CHC<$ <HZ=$ O",3V1$'%#()*$ECUU<F$

i-+ j !+*$ UH=b$ UH@@$ O",3V1$'%#()*$ECUU<F$

z4j ^-' $ <HBZ$ <H<@$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

z4j }vEO1#F$ u<HC@$ u<HUB$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

8?5j OL#$ <HeZ$ <H@B$ O",3V1$,*4$D#2*#5$ECUUeF$

^-' j D1($ uCHZC$ uCHCU$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

^-' j K*$ uUHBb$ uUHB<$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

^-' j iV $ CHBb$ <Hbe$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

^-' j /() $ CH<B$ <HdZ$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

^-' j z4$ u<HBZ$ u<H<@$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

^-' j W.$ UHeb$ UHd<$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

^-' j 8?5$ uCH=@$ uCH<B$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

^-' j }v $ uCHZ<$ uCH<d$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

^-' j 9+$ <HC<$ <HUC$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

^-' j !+*$ uUHUZ$ uUHU@$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

}v j D1($ uUHUC$ uUHUB$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

}v j 8?5$ uUHUC$ uUHUB$ O,(3&(,+#4$0-1)$4,+,:,5#$10$P"1$'%#()*$ECU<bF$

!"#$%&'(&))%$*"&+",#-(.&//,%0"#1(+,(2&%%3(454678(9': 3(9':&#0"#$ ;(<,$ 3(/,$-"+$;(<=>3(/'"#,=?%,>$#$;(@"3(0",=-"0$;(@,'3(0,',:"+$ ;(
A#3($#-+&+"+$;(BC3(1$"C"$'"+$;(B%-3(1%,--D'&%;(B%+3(1&%#$+;(E': 3("':$#"+$;(F03(G&0$"+$;(H?3(C?&#"+$;(!&1 3(:&1#$+"+$;(!1- 3(:&1#$-"+$;(
I%=3(=?%,=$;(J+3(%D+"'$;(KL3(MD&%+L;(N+#3(+"+&#"+$O(
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!"#$%&'(<& &%&L$#00#3+5$01-$-#,3+21*5$10$42,)1*4$01-),+21*$
$

K%"=-5?,&
M&

K%"=-5?,.& &!" A&%@@%=-&?,&&
-N%&0%.7$-5,6&/0-&9O:&
".&-N%&0%"=-5?,&
20?=%%C.&

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

! ! ! !
<$ 7()$q$B|8?5$p$^-'$q$8,?$q$B|O$q$CH=|L #:

$
<HBj <H@$ <HUj <H<$

C$ C|i-+$q$C|!+*$q$C|8?5$p$C|i-+$q$O'S$q$C|/()$q$C|O$q$
C|L #:

$

UHZ$ UH=$

B$ C|i-+$q$C|!+*$q$C|8?5$p$C|i-+$q$O'S$q$C|/()$q$
C|OL#:

:

UH<j UHB$ UH<j UHB$

@$ ^-'$q$9+$q$8?5$p$8?;^-'$q$iV$q$OL#:

:

UHUBj UHC$ UH<j UHC$

=$ ^-' $q$C|}v$qD1($p$^-'$q$D2$q$C|OL#:

$
UH<j UH=$ UHCj UH@$

Z$ B|^-'$q$@|}v$q$C|8?5$p$C|^-'$q$@|K*$q$C|W.$q$
C|OL#:

$

UH=j UHZ$ UH=$

d$ i-5$q$D2$q$C|}v$q$D1($p$i-5$q$C|D2$q$C|OL#:

$
u<HZ$+1$
u<H@$

u<HZ$+1$
u<H@$
$

e$ C|i-+ $q&<BH=|O'S$q$UH=|L #$p$B|i-+$q$<<|O'S$q$
C|}vEO1#F$
$

UH<$ UH<$

E<F$q$EeF$ Q#+$#00#3+$01-$EeF$+,V2*?$'(,3#$,0+#-$E<F$
$

<H@j <H=$ <H<j <HC$

ECF$q$EeF$ Q#+$#00#3+$01-$EeF$+,V2*?$'(,3#$,0+#-$ECF$
$

UHd$ UHZ$

<&'/D'&+",#-(&%$(0,#$(P,%(! !" Q( ,P(+R$(B%+S9':(%$&/+&#+( ,P(T(U(&#0(! !#<( ,P( !1-(%$&/+&#+( ,P(VT(UO(9))%$*"&+",#-(,P(:"#$%&'-(
.&//,%0"#1(+,(2&%%3(454678(9': 3(&':&#0"#$;(<=>3(/'"#,=?%,>$#$;(@"3(0",=-"0$;(@,'3(0,',:"+$ ;(A#3($#-+&+"+$;(BC3(1$"C"$'"+$;(B%-3(
1%,--D'&%;(B%+3(1&%#$+;(E': 3("':$#"+$;(F03(G&0$"+$;(H?3(C?&#"+$;(!&1 3(:&1#$+"+$;(!1- 3(:&1#$-"+$;(I%=3(=?%,=$;(J+3(%D+"'$;(KL3(MD&%+L;(
N+#3(+"+&#"+$O(
	
	

!"#$4#3,-:1*,+21*$G,5$31*524#-#4$,5$,$9,.(#2?"$'-13#55$2*$,331-4,*3#$G2+"$EN,&)?,-+*#-$,*4$P,((#.A$CUU<FA$
G"#-#$+"#$L$251+1'#$31)'152+21*$10$+"#$)#+,51),+23$,?#*+$25$4#53-2:#4$,56$
$

! !"# " #$$%&%&' ' #($ EKfH$%;CF$

$
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G"#-#$&,5/ $j $1S.?#*$251+1'#$31)'152+21*$10$),?*#52+#$,+$,*.$5+,?#$10$+"#$4#3,-:1*,+21*[$/#j $+"#$#S+#*+$+1$G"23"$+"#$
4#3,-:1*,+21*$-#,3+21*$'-13##45A$1-$,*$,:&*4,*3#$10$1S.?#*$2*$+"#$3,-:1*,+#$-#524&#[$! $j $+"#$0-,3+21*,+21*$31#00232#*+$
10$1S.?#*$251+1'#5$2*$+"#$€~#;8?5$EL#;8?5F$5.5+#)H$

>1-$,*.$5+,+#$10$+"#$5.5+#)$3",-,3+#-25#4$:.$J,(&#$/A$+"#$01((1G2*?$#f&,+21*$3,(3&(,+#5$&%&~$10$€~#$1-$~#6$
$

! ()*+, " )! !"#
- ' & *! !"# +, )# ' &+# EKfH$%;BF$

$
!"#$1S.?#*$251+1'#$31)'152+21*$10$+"#$-#,3+21*$'-14&3+5$E01-$#S,)'(#A$*#G(.$01-)#4$?,-*#+$,*4$),?*#+2+#$2*$9#,3+21*$
<F$3,*$:#$3,(3&(,+#4$&52*?$),55$:,(,*3#6$
$

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

' &'! ( ' )*+
! EKfH$%;@F!

G"#-#$&>62$j $1S.?#*$251+1'#$31)'152+21*$10$+"#$*#G(.;01-)#4$'.-1'#[$&?#$j $1S.?#*$251+1'#$31)'152+21*$10$+"#$'-14&3+$
0(&24$'",5#[$$@67A,05: j $#f&2(2:-2&)$1S.?#*$251+1'#$0-,3+21*,+21*$:#+G##*$?,-*#+$,*4$),?*#+2+#[$0?#B:1@67A$,*4$1,05 $j $)1(,-$
0-,3+21*5$10$+"#$-#,3+21*$'-14&3+5$1S.?#*A$?,-*#+A$,*4$),?*#+2+#A$-#5'#3+2J#(.[$&7C7$j $1S.?#*$251+1'#$31)'152+21*$10$+"#$
G"1(#$E+1+,(F$5.5+#)H$

7(($10$+"#$,:1J#$-#,3+21*5$,-#$,''(23,:(#$+1	),R1-2+#$01-),+21*$2*$+"#$5&:(2+"15'"#-23$),*+(#H$O,-:1*,+2+23$0(&245$
+-,J#-5#$+"#$+-,*52+21*$v1*#$,*4$+"#$(1G#-$),*+(#$EO1((#-51*$'%#()*A$CU<U[$!2))#-),*$ '%#()*A$CUC<F$,5$#J24#*3#4$:.$
)23-1* ;52v#4$3,-:1*,+#$2*3(&521*5$ 2*$ 5&:(2+"15'"#-23$ 42,)1*45$EW,)2*5V.$'%# ()*A$ CU<Z[$ a#4?#*2v1J$'%# ()*A$ CU<ZFH$
O(2*1'.-1S#*#$E421'524#F$25$5+,:(#$2*$+"#$+-,*52+21*$v1*#$+1$4#'+"5$10$k=dU$V)$E<dj <e$i^, [$O,*2(A$<bb@FA$G"2(#$2()#*2+#$
25$5+,:(#$41G*$+1$CUj CZ$i^,A$,+$'-#55&-#5$10$+"#$(1G#-$),*+(#$Eh&$'%#()*A$CU<<FH$/()#*2+#$,*4$),?*#+2+#$,-#$4#53-2:#4$
,5$2*3(&521*5$2*$5&:(2+"15'"#-23$42,)1*45$E'*.* A$W,)2*5V.$'%#()*A$CUU<A$CUUb[$W,)2*5V.A$CU<CFH$!2+,*2+#o5$+;, $5+,:2(2+.$
02#(4$,5$,*$2*4#'#*4#*+$'",5#$,*4$,5$,$51(24$51(&+21*$#*4$)#):#-$#S+#*45$+1$+"#$5&:(2+"15'"#-23$),*+(#$,5$5"1G*$:.$
#S'#-2)#*+5$2*$+"#$:&(V$),023$31)'152+21*$EW,*v,V2$'%#()*A$<bb<[$i,5',-2V $'%#()*A$<bb@[$W*13"#$'%#()*A$<bbeFH$O1#52+#$
Ef&,-+v$2*$+"#$-#,3+21*5$0-1)$!,:(#$%;@F$3,*$:#$2*$#f&2(2:-2&)$G2+"$),R1-2+#$2*$+"#$5&:(2+"15'"#-23$),*+(#$41G*$+1$,:1&+$
<UH=$i^,A$5&:5#f&#*+(.$2*$+"#$+-,*52+21*$v1*#$2+$+-,*501-)5$2*+1$5+25"1J2+#$Ea",*?$'%#()*A$<bbZ$,*4$-#0#-#*3#5$+"#-#2*FH$
/*$+"#$,:5#*3#$10$0-,3+21*,+21*$31#00232#*+5$01-$251+1'#5$2*$),R1-2+#A$G#$#)'(1.#4$-#5'#3+2J#$31#00232#*+5$! !"# 	01-$?,-*#+H$
$
$
$
$
Supplementary Table 
$
!"#$%&'(H$ E%"##+$<F$̂12*+;:. ;'12*+$4,+,$1*$1S.?#*$251+1'#$,*,(.5#5$10$),R1-2+#$,*4$?,-*#+$2*3(&521*5$0-1)$+"#$
O&((2*,*$ 42,)1*45$ )#,5&-#4$ :.$ %/8%H$E%"##+$CF$7J#-,?#4$ 1S.?#*$ 251+1'#$ ,*4$ ),R1-;#(#)#*+$ 31)'152+21*$ E01-$
5,)'(#5F$10$),R1-2+#$,*4$?,-*#+$2*3(&521*5$0-1)$+"#$O&((2*,*$42,)1*45$)#,5&-#4$:.$%/8%H$E%"##+$BF$7J#-,?#4$),R1-;
#(#)#*+$31)'152+21*$10$+"#$3(2*1'.-1S#*#$2*3(&521*5$0-1)$+"#$5+&42#4$O&((2*,*$42,)1*45$E2*$G+H$cF$
$
!,:(#$ %;=$ EHS(5SF$25$ ,J,2(,:(#$ 01-$ 41G*(1,4$ 0-1)$ +"#$ 1*(2*#$ J#-521*$ 10$ +"25$ ,-+23(#$ ,+$
"++'56nn412H1-?n<UHd<e=n?#13"#)(#+HCBCeH$

$ $
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References for Figures 1, S-3 and S-4, and Table S-2 
$
!"#$01((1G2*?$-#0#-#*3#5$G#-#$&5#4$01-$31)'2(2*?$>2?&-#5$<,$,*4 $%;B$,*4$!,:(#$%;CH&
$
47**"&#&(B)02$"20C('"#$%&'("&:*7+"%&+(BLM(+#$5*2+C(
$
!"25$5+&4.$
$
K##5D##*(;#002&(2:*%-"32+(BNOP(+#$5*2+C(
$
9D')&/R3(WO3(X"'G,$#3(HOWO(.456Y7(A/',1"+$(>$#,'"+R-(P%,:(+R$(Z&/$(C":)$%'"+$3(H&&=*&&'(/%&+,#8(P%,:(/,#*$/+"#1(:&#+'$(-,D%/$(+,(

=&'&$,[,/$&#(P',,%(&#0()&/CO(!"#$%&"'(&)*"'+$"#,&-./+'.+&0+$$+#1(\]63(4^\ _4`TO(
R++=-8SS0,"O,%1S65O656TSGO$=-'O456YO5`O5]a(

9D')&/R3(WO3(B$%0$-3(9O3(X"'G,$#3(HOWO(.456T7(b,%:&+",#(,P(0"&:,#0"P$%,D-(C?&#"+$_$/',1"+$("#(&(-D)0D/+",#(:c'&#1$O(
2+3.%/4/."&+$&53143.%/4/."&6.$"(6^a3(6YT_6^TO(R++=-8SS0,"O,%1S65O656TSGO1/&O456TO56O5]`(

9D')&/R3(WO3(2,,0'&#03(9OdO3(X&-"'?$*3(IO3(B&'*$L3(!OAO3(X"'G,$#3(HOWO(.456^7(APP$/+-(,P(',e[=%$--D%$("1#$,D-(=%,/$--$-(&#0(
-D)0D/+",#(,#(b$#$Sfb$(&#0(%$0,>(-+&+$(,P(:&#+'$($/',1"+$-(P%,:(Z&/$(.H&&=*&&'(/%&+,#7O(!"#$%&"'(&)*"'+$"#,&-./+'.+&
0+$$+#1(\^\3(4`] _4aYO(R++=-8SS0,"O,%1S65O656TSGO$=-'O456^O5TO5]5(

9D')&/R3(WO3(2,,0'&#03(9OdO3(W+$%#3(JO9O3(X&-"'?$*3(IO3(g$&:&#3(ZO!O3(X"'G,$#3(HOWO(.456a7(A*"0$#/$(P,%(&(0,:"#&#+'?(%$0D/"#1(
9%/R&$&#(&:)"$#+(:&#+'$(P%,:(+e,(%$0,>(=%,>"$-3(&#0(',e(,>?1$#(PD1&/"+?(,P(0$$='?(-D)0D/+$0(,/$&#"/(/%D-+O(-./+'$/7/.&
8+93#$1(a3(456a5O(R++=-8SS0,"O,%1S65O65]`S-\6Ya`[56a[YY^\] [6(

<&=,%D-/",3(bO9O(.6aa57(Q>?1$#("-,+,=$(-?-+$:&+"/-(,P($/',1"+$(:"#$%&'(=R&-$-(P%,:(W,D+R(9P%"/&O(0/$%31(4Y3(45]_465O(
R++=-8SS0,"O,%1S65O656TS554\[\a]^.a57a556Y[W(

<&=,%D-/",3(bO9O3(W:?+R3(FOJO(.6aa57(N%&/$($'$:$#+(/%?-+&'(/R$:"-+%?(,P(:&#+'$($/',1"+$-O(53'$#/:;$/3'1&$3&</'+#"*3=,&"'(&
)+$#3*3=,(65Y3(YY5_YT6O(R++=-8SS0,"O,%1S65O655^Sdb55]54\a\(

B&%'"/C3(BO@O3(!&/B%$1,%3(EO@O3(X,1$'3(@OAO(.6a^67(Q>?1$#(E-,+,=$(J&+",-("#(A/',1"+$-(P%,:(H":)$%'"+$-O(-./+'.+ (6^43(654Y_
654^O(R++=-8SS0,"O,%1S65O664TS-/"$#/$O6^4O]a`^O654Y(

B%c&D3(hO3(gD&#13(FOiO3(B%"PP"#3(2OZO3(J$#&/3(<O3(9'&%03(QO3(QjJ$"''?3(WOhO(.45667(N?=$(E($/',1"+$-(P%,:(J,)$%+-(X"/+,%(
C":)$%'"+$-8(I %,0D/+-(,P($>+$#-"*$(:&#+'$(:$+&-,:&+"-:O(2+3.%/4/."&+$&53143.%/4/."&6.$"(̂ Y3(Ta4_̂TaY\O(
R++=-8SS0,"O,%1S65O656TSGO1/&O4566O5`O5]Y(

g&%0:&#3(!ObO3(W+&/R$'3(NO3(I$&%-,#3(@OBO3(<&#,3(AOFO3(W+$%#3(JO9O3(WR&%=3(kO@O(.45467(<R&%&/+$%"-"#1(+R$(@"-+"#/+(<%D-+&'(
I%,+,'"+R-(,P(J,)$%+-(X"/+,%(N?=$(E(&#0(EE(A/',1"+$-O(>3;#'"*&37&)+$#3*3=,(T43($1&)5a5O(
R++=-8SS0,"O,%1S65O65a]S=$+%,',1?S$1&)5a5(

gD&#13(FO[iO3(B%c&D3(hO3(B%"PP"#3(2OZO3(QlJ$"''?3(WOhO3(I$&%-,#3(mOFO(.45647(!D'+"[-+&1$(,%"1"#(,P(J,)$%+-(X"/+,%($/',1"+$-8(
I %,1%$--"*$(:$+&-,:&+"-:(&#0("+-("-,+,="/($PP$/+-O(0/$%31(6\4_6\] 3(6T6_6`6O(R++=-8SS0,"O,%1S65O656TSGO'"+R,-O4564O5]O554(

gD&#13(FO[iO3(i"&#13(hO3(9#3(hO3(B%"PP"#3(2OZO3(B%c&D3(hO3(i"$3(ZO3(I$&%-,#3(mOFO3(hD3(gO3(QlJ$"''?3(WOhO(.456T7(!&1#$-"D:(&#0(
,>?1$#("-,+,=$-("#(J,)$%+-(X"/+,%($/',1"+$-O(5%+4/."*&2+3*3=,(\]`3(^] _`]O(
R++=-8SS0,"O,%1S65O656TSGO/R$:1$,O456TO5YO5]5(

F&/,)3(@OAO3(d"L":"-3(!O3(W&'+$%-3(XOFO!O(.455Y7(ZD_gP(&#0(1$,/R$:"/&'(-?-+$:&+"/-(,P(%$/?/'$0(&#/"$#+(,/$&#"/(/%D-+8($*"0$#/$(
P%,:(J,)$%+-(X"/+,%($/',1"+$-O(53'$#/:;$/3'1&$3&</'+#"*3=,&"'(&)+$#3*3=,(6\`3(^5^_^45O(R++=-8SS0,"O,%1S65O655^S-55\65[
55\ [5T]6[>(
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F&/,)3(@OAO3(X"'G,$#3(HOWO3(B%&--"#$&D3(mOXO(.455a7(A/',1"+$(>$#,'"+R-(P%,:(H":)$%'$?3(W,D+R(9P%"/&(n (9(/&-$(-+D0?(,P(:&#+'$(
:$+&-,:&+"-:("#($/',1"+$-O(0/$%31(664(WD=='$:$#+(43(6554_656]O(R++=-8SS0,"O,%1S65O656TSGO'"+R,-O455aO5]O5]\(

F&1,D+L3(AO3(@&e-,#3(FOdO3(g,$%#$-3(WO3(W=$++$'3(dO3(2&#C$3(gO(.6a`\7(9#,%+R,-"+"/(,/$&#"/(/%D-+("#(+R$(9%/R$&#(A&%+RO(0;'"#&"'(&
)*"'+$"#,&-./+'.+&?@(9)-+%&/+3(]aY_]aTO(R++=-8SS&%+"/'$-O&0-&)-OR&%*&%0O$0DSSPD''S6a`\ZIEOOOO6YOO]aYFS5555]aYO555OR+:'(

Z,e%?3(@O3(!&++$?3(@OIO3(g&%%"-3(FO2O(.6aaa7(Q>?1$#("-,+,=$(/,:=,-"+",#(,P(-?#1$#$+"/("#/'D-",#-("#(0"&:,#0(P%,:(+R$(b"#-/R(
!"#$3(JW9O(2+3.%/4/."&+$&53143.%/4/."&6.$"(T]3(6`4Y_6`]TO(R++=-8SS0,"O,%1S65O656TSW556T[^5]^.aa755645[a(

!&/B%$1,%3(EO@O3(!&#+,#3(2OEO(.6a`T7(J,)$%+-(X"/+,%($/',1"+$-8(9 #/"$#+(,/$&#"/(/%D-+O(>3;#'"*&37&2+39%,1/."*&8+1+"#.%A&-3*/(&
!"#$%(a63(6\5T]_6\5^aO(R++=-8SS0,"O,%1S65O654aSFd5a6"d6\=6\5T](

m$&'3(<OJO3(N&?',%3(ZO9O3(@&*"0-,#3(FOIO3(g,'0$#3(IO3(g&''"0&?3(9OmO3(m">,#3(IOgO3(I&/$-3(FOdO3(<'&?+,#3(JOmO3(!&?$0&3(NOHO(.6aa57(
A/',1"+$-(e"+R(,/$&#"/(/%D-+&'(&#0(:&#+'$(-"1#&+D%$-(P%,:(+R$(d$''-)&#C(C":)$%'"+$3(W,D+R(9P%"/&3(=&%+(48(W%3(m03(&#0(Q(
"-,+,=$(1$,/R$:"-+%?O(!"#$%&"'(&)*"'+$"#,&-./+'.+&0+$$+#1(aa3(]T4_]^aO(R++=-8SS0,"O,%1S65O656TS5564[`46i.a57a56\5 [W(

Q#1'$?3(FOWO3(d&-D3(9OJO3(H?-$%3(NOHO(.6a`^7(Q>?1$#("-,+,=$-("#(/,$>"-+"#1(1&%#$+-3(/'"#,=?%,>$#$-(&#0(=R',1,="+$-(,P(J,)$%+-(
X"/+,%($/',1"+$-8(":='"/&+",#-(P,%(=$+%,1$#$-"-(&#0(:&#+'$(:$+&-,:&+"-:O(!"#$%&"'(&)*"'+$"#,&-./+'.+&0+$$+#1(̀ ]3(`5_`\O(
R++=-8SS0,"O,%1S65O656TS5564[`46i.`^7a55Y4 [Y(

J&0D3(EO[dO3(g&%%"-3(<O3(!,"#$3(dOmO3(<,-+"#3(BO3(<,++"#3(FO[hO(.456a7(WD)0D/+",#(%$'"/-("#(+R$(-D)/,#+"#$#+&'('"+R,-=R$%"/(:&#+'$(
$*"0$#/$(P%,:(*&%"&+",#("#(+R$(o!" Q(*&'D$(,P($/',1"+$(>$#,'"+R-(P%,:(+R$(H&&=*&&'(/%&+,#O(53'$#/:;$/3'1&$3&</'+#"*3=,&
"'(&)+$#3*3=,(6^\3(6aO(R++=-8SS0,"O,%1S65O655^S-55\65[56a[6YY4[L(

J"/R$-3(9OFOXO3(E/C$%+3(JOdO3(I$&%-,#3(@OBO3(W+$%#3(JO9O3(F&/C-,#3(WOAO3(E-R"C&e&3(9O3(HG&%-1&&%03(dO9O3(BD%#$?3(FOFO(.456T7(B'&1/$;(
,>?1$#["-,+,=$3(:&G,%[3(&#0(+%&/$[$'$:$#+(/,#-+%&"#+-(,#(+R$(:$+&-,:&+"/(:,0"P"/&+",#(&#0(/%D-+&'(,%"1"#(,P(&(
0"&:,#0"P$%,D-($/',1"+$(P%,:(J,)$%+-(X"/+,%3(H&&=*&&'(<%&+,#O(2+3.%/4/."&+$&53143.%/4/."&6.$"(6^\3(]\Y_]YaO(
R++=-8SS0,"O,%1S65O656TSGO1/&O456YO66O54`(

W/RD'L$3(@OFO3(X&''$?3(FO2O3(W="/DLL&3(!OFO(.45557(<,$-"+$($/',1"+$-(P%,:(+R$(J,)$%+-(X"/+,%(C":)$%'"+$3(W,D+R(9P%"/&O(0/$%31(Y\3(
4] _]4O(R++=-8SS0,"O,%1S65O656TSW554\[\a]^.557555]6 [6(

WR$%*&"-3(FO2O3(N&?',%3(ZO9O3(ZD1:&"%3(BO2O3(<'&?+,#3(JOmO3(!&?$0&3(NOHO3(H,%,+$*3(JOZO(.6a`` 7(A&%'?(I%,+$%,L,"/(,/$&#"/(/%D-+(
&#0(+R$($*,'D+",#(,P(-D)/,#+"#$#+&'(:&#+'$8(A/',1"+$-(&#0(%$'&+$0(%,/C-(P%,:(-,D+R$%#(9P%"/&O(2 -6 &C;**+$/'(6553(\66_
\4]O(R++=-8SS0,"O,%1S65O66]5S556T[^T5T.6a``7655p5\668AIQ<9Nq4O]O<Q;4(

WRD3(KO3(d%$?3(BOIO3(g,$P$%3(gOAO3(kR&,3(kO3(I$&%-,#3(@OBO(.456T7(H?&#"+$S/,%D#0D:($/',1"+$-(P%,:(+R$(H&&=*&&'(<%&+,#8(
-D)0D/+$0(+%,/+,'"+$-(&#0('&?$%$0(1&))%,-(P%,:(+R$(!"0[(+,(A&%'?(9%/R$&#O(53'$#/:;$/3'1&$3&</'+#"*3=,&"'(&)+$#3*3=,(
6^63(66O(R++=-8SS0,"O,%1S65O655^S-55\65[56Y[644Y[Y(

N&?',%3(ZO9O3(m$&'3(<OJO(.6a`a7(A/',1"+$-(e"+R(Q/$&#"/(<%D-+&'(&#0(!&#+'$(W"1#&+D%$-(P%,:(+R$(d$''-)&#C(H":)$%'"+$3(W,D+R(
9P%"/&3(I&%+(E8(!"#$%&',1?3(I$+%,1%&=R?3(&#0(2R,'$(J,/C(<R$:"-+%?O(D%+&>3;#'"*&37&2+3*3=,(a^3(YY6_YT^O(
R++=-8SS0,"O,%1S65O65`TST4a]]\(

X"'G,$#3(HOWO3(W/RD'L$3(@OFO3(KD&0'"#13(9OBO(.455Y7(<,#+%&-+"#1(B%,D=(E(&#0(B%,D=(EE(A/',1"+$(i$#,'"+R(I$+%,1$#$-"-8(
I$+%,',1"/&'3(N%&/$(A'$:$#+(&#0(E-,+,="/(A*"0$#/$(P%,:(A/',1"+$3(B&%#$+[2$)-+$%"+$(&#0(9'C%$:"+$(i$#,'"+R-("#(+R$(
H&&'*&''$"(H":)$%'"+$3(W,D+R(9P%"/&O&>3;#'"*&37&)+$#3*3=,(\T3(45Ya_45a5O(R++=-8SS0,"O,%1S65O65a]S=$+%,',1?S$1"5\^(
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!"#$01((1G2*?$-#0#-#*3#5$G#-#$&5#4$01-$31)'2(2*?$>2?&-#5$<:$,*4 $%;@$,*4$!,:(#$%;CH$
$
!"#$%&'"620%7+(2:*%-"32+(E%0*'E"'2(BQNM(+#$5*2+C(
$
9D')&/R3(WO3(F&/,)3(@OAO3(<&%+"1#?3(IO3(W+$%#3(JO9O3(W":,#$++"3(WOWO3(2r%#$%3(BO3(X"'G,$#3(HOWO(.456^7(A/',1"+$(>$#,'"+R-(P%,:(

Q%&=&8(Q/$&#(/%D-+(%$/?/'"#13(:&#+'$(:$+&-,:&+"-:(&#0(/&%),#(/?/'"#1(&+(+R$(e$-+$%#(k":)&)e$(/%&+,#(:&%1"#O(
2+3.%/4/."&+$&53143.%/4/."&6.$"(46]3(Y^\_Ya4O(R++=-8SS0,"O,%1S65O656TSGO1/&O456^O5TO5]`(

9D')&/R3(WO3(2,,0'&#03(9OdO3(W+$%#3(JO9O3(X&-"'?$*3(IO3(g$&:&#3(ZO!O3(X"'G,$#3(HOWO(.456a7(A*"0$#/$(P,%(&(0,:"#&#+'?(%$0D/"#1(
9%/R&$&#(&:)"$#+(:&#+'$(P%,:(+e,(%$0,>(=%,>"$-3(&#0(',e(,>?1$#(PD1&/"+?(,P(0$$='?(-D)0D/+$0(,/$&#"/(/%D-+O(-./+'$/7/.&
8+93#$1(a3(456a5O(R++=-8SS0,"O,%1S65O65]`S-\6Ya`[56a[YY^\] [6(

d$&%03(dOZO3(b%&%&//"3(HOmO3(<'&?+,#3(JO9O3(!&?$0&3(NOHO3(W#?0$%3(BO9O3(W,),'$*3(mOXO3(N&?',%3(ZO9O(.6aaT7(I$+%,1%&=R?(&#0(
1$,/R$:"-+%?(,P($/',1"+$-(P%,:(+R$(!"%(C":)$%'"+$3(h&CD+"&3(JD--"&O(53'$#/:;$/3'1&$3&</'+#"*3=,&"'(&)+$#3*3=,(64Y3(
4a]_]65O(R++=-8SS0,"O,%1S65O655^S-55\6555Y544](

<&%:,0?3(ZO3(d&%%?3(IOgO3(WR$%*&"-3(FO2O3(H'D$-#$%3(FO2O3(N&?',%3(ZO9O(.456]7(Q>?1$#("-,+,=$-("#(-D)0D/+$0(,/$&#"/(/%D-+8(9(#$e(
=$%-=$/+"*$(P%,:(W")$%"&#(0"&:,#0"P$%,D-($/',1"+$-O(2+3.%+4/1$#,E&2+39%,1/.1E&2+31,1$+41(6\3(]\^a _]\a]O(
R++=-8SS0,"O,%1S65O6554S111$O45445(

@$"#$-3(IO3(g&%%"-3(FO2O3(J,)"#-,#3(@OmO3(BD%#$?3(FOFO3(WR$$3(WOJO(.6aa67(<&%),#(&#0(,>?1$#("-,+,=$(*&%"&+",#-("#(0"&:,#0(&#0(
1%&=R"+$($/',1"+$-(P%,:(Q%&=&3(d,+-e&#&3(&#0(+R$(#"+%,1$#(/,#+$#+(,P(+R$"%(0"&:,#0-O(2+3.%/4/."&+$&53143.%/4/."&6.$"(
YY3(Y6Y_Y4\O(R++=-8SS0,"O,%1S65O656TS556T[^5]^.a67a555a[N(

F&/,)3(@OAO3(b,'$?3(WObO(.6aaa7(A*"0$#/$(P,%(9%/R$&#(,/$&#(/%D-+(e"+R(',e(R"1R(P"$'0(-+%$#1+R($'$:$#+(-"1#&+D%$(P%,:(
0"&:,#0"P$%,D-($/',1"+$(>$#,'"+R-O(0/$%31(\`3(]6^ _]]TO(R++=-8SS0,"O,%1S65O656TSW554\[\a]^.aa7555]\ [6(

F&/,)3(@O3(F&1,D+L3(AO3(Z,e%?3(@O3(!&++$?3(@O3(HD0%G&*+-$*&3(BO(.6aa\7(@"&:,#0"P$%,D-($/',1"+$-(P%,:(W")$%"&8(J$:#&#+-(,P(
9%/R$&#(,/$&#"/(/%D-+O(2+3.%/4/."&+$&53143.%/4/."&6.$"(Y`3(Y6a6_Y45^O(R++=-8SS0,"O,%1S65O656TS556T[^5]^.a\7a5]5\ [
4(

F$%0$3(AO9O3(N&?',%3(ZO9O3(<%,L&L3(BO3(W,),'$*3(mOXO3(W,),'$*3(XOmO(.6aa]7(@"&:,#0"P$%,D-($/',1"+$-(P%,:(h&CD+"&3(W")$%"&8(
$*"0$#/$(P,%(&(0"*$%-"+?(,P(=%,+,'"+R-O(53'$#/:;$/3'1&$3&</'+#"*3=,&"'(&)+$#3*3=,(66\3(6`a_454O(
R++=-8SS0,"O,%1S65O655^Sdb55]5^^YY(

Z"D3(hO3(N&?',%3(ZO9O3(W&%)&0R"C&%"3(9OdO3(X&''$?3(FO2O3(s-R"CD),3(NO3(W="/DLL&3(!OFO3(H"+&3(mO3(H$+/R&:3(JO9O3(<&%'-,#3(2O3(
WR&+-C?3(XO(.455a7(!$+&-,:&+"/(,%"1"#(,P(0"&:,#0-("#(+R$(e,%'0j-('&%1$-+(0"&:,#0"P$%,D-($/',1"+$O(0/$%31(664(
WD=='$:$#+(43(656\_654\O(R++=-8SS0,"O,%1S65O656TSGO'"+R,-O455aO5TO5]T(

I$%#$+[b"-R$%3(FObO3(g,e&%+R3(BOgO3(Z"D3(hO3(d&%%?3(IOgO3(<&%:,0?3(ZO3(X&''$?3(FO2O3(d,0#&%3(JOFO3(W=$+-"D-3(kOXO3(N&?',%3(ZO9O(
.456\7(H,:-,:,'-C&?&(0"&:,#0"P$%,D-($/',1"+$-8($*"0$#/$(P,%(,/$&#"/(/%D-+&'(=%,+,'"+R-O(53'$#/:;$/3'1&$3&</'+#"*3=,&
"'(&)+$#3*3=,(6T^3(a`6O(R++=-8SS0,"O,%1S65O655^S-55\65[56\ [5a`6[?(

J"/R$-3(9OFOXO3(Z"D3(hO3(@&?3(FO!O@O3(W=$+-"D-3(kOXO3(N&?',%3(ZO9O(.45657(WD)0D/+$0(,/$&#"/(/%D-+(&-(0"&:,#0(R,-+-(%$*$&'$0()?(
1&%#$+-(,P(:&#+'$(>$#,'"+R-(P%,:(m?D%)"#-C&?&3(W")$%"&O(0/$%31(6453(]T` _]^`O(
R++=-8SS0,"O,%1S65O656TSGO'"+R,-O4565O5aO55T(

J"/R$-3(9OFOXO3(E/C$%+3(JOdO3(I$&%-,#3(@OBO3(W+$%#3(JO9O3(F&/C-,#3(WOAO3(E-R"C&e&3(9O3(HG&%-1&&%03(dO9O3(BD%#$?3(FOFO(.456T7(B'&1/$;(
,>?1$#["-,+,=$3(:&G,%[3(&#0(+%&/$[$'$:$#+(/,#-+%&"#+-(,#(+R$(:$+&-,:&+"/(:,0"P"/&+",#(&#0(/%D-+&'(,%"1"#(,P(&(
0"&:,#0"P$%,D-($/',1"+$(P%,:(J,)$%+-(X"/+,%3(H&&=*&&'(<%&+,#O(2+3.%/4/."&+$&53143.%/4/."&6.$"(6^\3(]\Y_]YaO(
R++=-8SS0,"O,%1S65O656TSGO1/&O456YO66O54`(
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J,)"#-,#3(@O!O3(BD%#$?3(FOFO3(WR$$3(WOJO(.6a`\7(@"&:,#0($/',1"+$(&#0(1%&=R"+$($/',1"+$(>$#,'"+R-(P%,:(Q%&=&3(d,+-e&#&O(E#8(
H,%#=%,)-+3(FO(.A0O7(F/4:+#*/$+1&BBA&D%+&<"'$*+&"'(&5#;1$G<"'$*+&8+*"$/3'1%/913(@$*$',=:$#+-("#(I $+%,',1?(663(
A'-$*"$%3(9:-+$%0&:3(66_4\O(R++=-8SS0,"O,%1S65O656TSda^`[5[\\\ [\44^\ []OY555[̀6(

WR&+-C?3(XOWO3(k$01$#"L,*3(@O9O3(J&1,L"#3(9OZO(.456T7(A*"0$#/$(P,%(&(-D)0D/+",#(/,:=,#$#+("#(+R$(0"&:,#0[)$&%"#1(:&#+'$(,P(
+R$(W")$%"&#(/%&+,#O(8;11/"'&2+3*3=,&"'(&2+39%,1/.1(Y^3(666_64TO(R++=-8SS0,"O,%1S65O656TSGO%11O456TO56O55`(

W:&%+3(HO9O3(<R&/C,3(NO3(W+&/R$'3(NO3(N&==$3(WO3(W+$%#3(JO9O3(E/C$%+3(JOdO3(AE!b(.45647(A/',1"+$(P,%:&+",#()$#$&+R(+R$(#,%+R$%#(
W'&*$(/%&+,#(/,#-+%&"#$0()?(0"&:,#0("#/'D-",#-8(Q/$&#"/('"+R,-=R$%$(,%"1"#(e"+R,D+(&(/%D-+&'(-"1#&+D%$O(!"#$%&"'(&
)*"'+$"#,&-./+'.+&0+$$+#1(]6a_]453(6TY_6^^O(R++=-8SS0,"O,%1S65O656TSGO$=-'O4566O64O5]4(

W:&%+3(HO9O3(<R&/C,3(NO3(W":,#$++"3(9O3(WR&%=3(kO@O3(g$&:&#3(ZO!O(.456\7(9(J$/,%0(,P(I&'$,=%,+$%,L,"/(WD)0D/+",#(I%$-$%*$0("#(
+R$(m,%+R$%#(W'&*$(<%&+,#"/(!&#+'$8(W%_I) _Q(E-,+,=$(&#0(N%&/$[$'$:$#+(E#*$-+"1&+",#-(,P(A/',1"+$(i$#,'"+R-(P%,:(+R$(
F$%"/R,(&#0(!D-C,>(H":)$%'"+$-O(>3;#'"*&37&)+$#3*3=,(YY3(Y\a_Y`]O(R++=-8SS0,"O,%1S65O65a]S=$+%,',1?S$1+5^^(

W:?+R3(FOJO3(<&=,%D-/",3(bO9O3(!/<,%:"/C3(NO<O(.6a`a7(!&#+'$($/',1"+$-8($*"0$#/$(,P("1#$,D-(P%&/+",#&+",#("#(+R$(:&#+'$O(!"#$%&
"'(&)*"'+$"#,&-./+'.+&0+$$+#1(a]3(6]] _6\6O(R++=-8SS0,"O,%1S65O656TS5564[`46i.`a7a56a6 [i (

W#?0$%3(BO9O3(F$%0$3(AO9O3(N&?',%3(ZO9O3(g&''"0&?3(9OmO3(W,),'$*3(XOmO3(W,),'$*3(mOXO(.6aa]7(m0(&#0(W%("-,+,=$-(P%,:(
0"&:,#0"P$%,D-($/',1"+$-3(s0&/R#&?&(H":)$%'"+$(I"=$3(h&CD+"&3(W")$%"&8(A*"0$#/$(,P(0"PP$%$#+"&+",#("#(+R$($&%'?(A&%+Rt(
!"#$%&"'(&)*"'+$"#,&-./+'.+&0+$$+#1(66`3(a6_655O(R++=-8SS0,"O,%1S65O656TS5564[`46i.a]7a56T6 [4(

W#?0$%3(BO9O3(N&?',%3(ZO9O3(F$%0$3(AO9O3(<'&?+,#3(JOmO3(!&?$0&3(NOHO3(@$"#$-3(IO3(J,--:&#3(BOJO3(W,),'$*3(mOXO(.6aaY7(9%/R$&#(
:&#+'$(R$+$%,1$#$"+?(&#0(+R$(,%"1"#(,P(0"&:,#0"P$%,D-($/',1"+$-3(W")$%"&8(A*"0$#/$(P%,:(-+&)'$("-,+,=$-(&#0(R?0%,>?'("#(
1&%#$+O(64+#/."'&</'+#"*3=/1$(̀ 53(^aa_`5aO(R++=-8SS0,"O,%1S65O46]`S&:[6aaY[^[`6T(

W#?0$%3(BO9O3(N&?',%3(ZO9O3(B%,L&L3(BO3(g&''"0&?3(9OmO3(d$&%03(dOZO3(W,),'$*3(XOmO3(W,),'$*3(mOXO(.6aa^7(NR$(Q%"1"#-(,P(
h&CD+"&#(A/',1"+$(i$#,'"+R-O(>3;#'"*&37&)+$#3*3=,(]`3(`Y_66]O(R++=-8SS0,"O,%1S65O65a]S=$+%,GS]`O6O`Y(

W=$+-"D-3(kOXO3(N&?',%3(ZO9O3(X&''$?3(FO2O3(@$&#1$'"-3(!ONO3(W="/DLL&3(!O3(E*&#,*3(9OWO3(d&#L$%DC3(XOEO(.455`7(@"&:,#0"P$%,D-(
>$#,'"+R-(P%,:(/%D-+&'(-D)0D/+",#8(1&%#$+(,>?1$#("-,+,=$-(P%,:(+R$(m?D%)"#-C&?&(="=$3(h&CD+"&O(!;#39+"'&>3;#'"*&37&
</'+#"*3=, (453(]^Y_]`YO(R++=-8SS0,"O,%1S65O664^S5a]Y[6446S455`S5545[6`4` (

sCR&#,*3(9OXO3(J?&)/R"C,*3(EO@O3(HR&%jC"*3(9O@O(.6a``7(0/$%319%+#/.&4"'$*+&37&$%+&H"I;$/"'&I/4:+#*/$+&9#3J/'.+O(ID)'"-R"#1(
g,D-$(um&DC&v3(!,-/,eO (

s-+"#,*3(XOEO3(sCR&#,*3(XO9O3(B%"#$#C,3(XO9O3(B&*%"',*3(hOhO(.6a`^7(o!" Q("#($/',1"+$-(P%,:(+R$(s0&/R#&?&(&#0(Q)#&LR$##&?&(
C":)$%'"+$-(="=$-O(2+3I%/4/," (663(6T]_̂6T\6O(."#(JD--"&#7(

X"'G,$#3(HOWO3(W/RD'L$3(@OFO3(KD&0'"#13(9OBO(.455Y7(<,#+%&-+"#1(B%,D=(E(&#0(B%,D=(EE(A/',1"+$(i$#,'"+R(I$+%,1$#$-"-8(
I$+%,',1"/&'3(N%&/$(A'$:$#+(&#0(E-,+,="/(A*"0$#/$(P%,:(A/',1"+$3(B&%#$+[2$)-+$%"+$(&#0(9'C%$:"+$(i$#,'"+R-("#(+R$(
H&&'*&''$"(H":)$%'"+$3(W,D+R(9P%"/&O&>3;#'"*&37&)+$#3*3=,(\T3(45Ya_45a5O(R++=-8SS0,"O,%1S65O65a]S=$+%,',1?S$1"5\^(

k$01$#"L,*3(@O9O3(J&1,L"#3(9OZO3(WR&+-C?3(XOWO(.455^7(<R',%"0$[/&%),#&+$(P'D"0("#(0"&:,#0-(P%,:(+R$($/',1"+$(>$#,'"+RO(K3I*"(,&
!"#$%&-./+'.+1(\6Y3(aT6_aT\O(R++=-8SS0,"O,%1S65O66]\SW654`]]\i5^5T54a]$

$
$
H#0&23('"#$%&'("&:*7+"%&+(E%0*'E"'2(BOR(+#$5*2+C(
$
9#&#03(!O3(N&?',%3(ZO9O3(!"-%&3(HO<O3(<&%'-,#3(2O@O3(W,),'$*3(mOXO(.455\7(m&+D%$(,P(0"&:,#0-("#(h&CD+"&#($/',1"+$-8(*"$e-(P%,:(

$/',1"+$(+,:,1%&=R?(&#0(:"#$%&'("#/'D-",#-("#(0"&:,#0-O(0/$%31(̂ ^3(]]] _]\`O(R++=-8SS0,"O,%1S65O656TSGO'"+R,-O455\O5]O54T(
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dD%#R&:3(9O@O3(NR,:-,#3(9OJO3(dD'&#,*&3(BOIO3(H,R#3(WO<O3(W:"+R3(<OdO3(2&'+$%3(!OFO(.456Y7(W+&)'$("-,+,=$($*"0$#/$(P,%(/%D-+&'(
%$/?/'"#1( &-( %$/,%0$0( )?( -D=$%0$$=( 0"&:,#0-O(!"#$%& "'(& )*"'+$"#,& -./+'.+& 0+$$+#1( \]43( ]^\ _]`5O(
R++=-8SS0,"O,%1S65O656TSGO$=-'O456YO65O54](

E/C$%+3(JOdO3(W+&/R$'3(NO3(W+$%#3(JO9O3(g&%%"-3(FO2O(.456]7(@"&:,#0(P%,:(%$/?/'$0(/%D-+&'(/&%),#(0,/D:$#+$0()?(/,D='$0(o!" Q_o!#<(
:$&-D%$:$#+-( ,P( 0"&:,#0-( &#0( +R$"%( "#/'D-",#-O( !"#$%& "'(& )*"'+$"#,& -./+'.+& 0+$$+#1( ]T\3( `Y_a^O(
R++=-8SS0,"O,%1S65O656TSGO$=-'O456]O56O55`(

E/C$%+3(JOdO3(W+&/R$'3(NO3(W+$%#3(JO9O3(g&%%"-3(FO2O(.456Y7(A>+%$:$(!" Q[$#%"/R:$#+("#(:&G,%"+$(/,#-+%&"#-(&(/%D-+&'(,%"1"#(,P(+%&#-"+",#(
L,#$(0"&:,#0-O(2+3.%+4/."*&)+#19+.$/J+1&0+$$+#1(63(TY_^\O(R++=-8SS0,"O,%1S65O^6`YS1$,/R$:'$+O6Y5^(

Z,e%?3(@O3(!&++$?3(@OIO3(g&%%"-3(FO2O(.6aaa7(Q>?1$#("-,+,=$(/,:=,-"+",#(,P(-?#1$#$+"/("#/'D-",#-("#(0"&:,#0(P%,:(+R$(b"#-/R(
!"#$3(JW9O(2+3.%/4/."&+$&53143.%/4/."&6.$"(T]3(6`4Y_6`]TO(R++=-8SS0,"O,%1S65O656TSW556T[^5]^.aa755645[a(

W/RD'L$3(@OFO3(g&%+$3(dO3(A0"#)D%1R(E,#(!"/%,=%,)$(b&/"'"+?(-+&PP3(I&1$3(bOkO3(X&''$?3(FO2O3(<R&##$%3(@O!O@O3(F&MD$-3(9OZO(.456]7(
9#+"/,%%$'&+",#()$+e$$#(',e(o!#<(,P($/',1"+"/(0"&:,#0-(&#0(R"1R(o!" Q(,P(+R$"%(/,$-"+$(&#0(1&%#$+("#/'D-",#-(%$MD"%$-(&(
-D)0D/+",#(,%"1"#O(2+3*3=,(\63(\YY_\Y`O(R++=-8SS0,"O,%1S65O66]5SB]]`]aO6(

W:&%+3(HO9O3(<R&/C,3(NO3(W+&/R$'3(NO3(N&==$3(WO3(W+$%#3(JO9O3(E/C$%+3(JOdO3(AE!b(.45647(A/',1"+$(P,%:&+",#()$#$&+R(+R$(#,%+R$%#(
W'&*$( /%&+,#( /,#-+%&"#$0( )?( 0"&:,#0( "#/'D-",#-8( Q/$&#"/( '"+R,-=R$%$( ,%"1"#( e"+R,D+( &( /%D-+&'( -"1#&+D%$O(!"#$%& "'(&
)*"'+$"#,&-./+'.+&0+$$+#1(]6a_]453(6TY_6^^O(R++=-8SS0,"O,%1S65O656TSGO$=-'O4566O64O5]4(

k$01$#"L,*3(@O3(JD)&++,3(@O3(WR&+-C?3(XO3(J&1,L"#3(9O3(H&'"#"#&3(XO(.456T7(A/',1"+"/(0"&:,#0-(P%,:(*&%"&)'$(/%D-+&'(=%,+,'"+R-("#(
+R$(#,%+R$&-+$%#(W")$%"&#(/%&+,#8(N%&/$($'$:$#+-(&#0(/,D='$0(o!#<_o!" Q(-"1#&+D%$-("#(0"&:,#0-(&#0(1&%#$+("#/'D-",#-O(
5%+4/."* &2+3*3=,(\443(\T_YaO(R++=-8SS0,"O,%1S65O656TSGO/R$:1$,O456YO64O56`(

	
$
$
$
References for Figure 2 
$
!"#$01((1G2*?$-#0#-#*3#5$G#-#$&5#4$01-$31)'2(2*?$>2?&-#$CH$
$
I#002&(2:*%-"32+(
$
9D')&/R3(WO3(F&/,)3(@OAO3(<&%+"1#?3(IO3(W+$%#3(JO9O3(W":,#$++"3(WOWO3(2r%#$%3(BO3(X"'G,$#3(HOWO(.456 7̂(A/',1"+$(>$#,'"+R-(P%,:(

Q%&=&8(Q/$&#(/%D-+(%$/?/'"#13(:&#+'$(:$+&-,:&+"-:(&#0(/&%),#(/?/'"#1(&+(+R$(e$-+$%#(k":)&)e$(/%&+,#(:&%1"#O(
2+3.%/4/."&+$&53143.%/4/."&6.$"(46]3(Y^\_Ya4O(R++=-8SS0,"O,%1S65O656TSGO1/&O456^O5TO5]`(

d&%+R3(!OBO3(JD0#"/C3(JOZO3(g,%#3(EO3(!/@,#,D1R3(2ObO3(W="/DLL&3(!OFO3(X&''$?3(FO2O3(g&11$%+?3(WOAO(.45567(B$,/R$:"-+%?(,P(
>$#,'"+R"/($/',1"+$-(P%,:(2$-+(9P%"/&3(=&%+(E8(9('"#C()$+e$$#(',e(!1Q($/',1"+$-(&#0(&%/R$&#(/%D-+(P,%:&+",#O(
2+3.%/4/."&+$&53143.%/4/."&6.$"(TY3(6\aa_6Y4^O(R++=-8SS0,"O,%1S65O656TSW556T[^5]^.55755T4T[` (

<&=,%D-/",3(bO9O(.6aa57(Q>?1$#("-,+,=$(-?-+$:&+"/-(,P($/',1"+$(:"#$%&'(=R&-$-(P%,:(W,D+R(9P%"/&O(0/$%31(4Y3(45]_465O(
R++=-8SS0,"O,%1S65O656TS554\[\a]^.a57a556Y[W(

<&=,%D-/",3(bO9O3(W:?+R3(FOJO(.6aa57(N%&/$($'$:$#+(/%?-+&'(/R$:"-+%?(,P(:&#+'$($/',1"+$-O(53'$#/:;$/3'1&$3&</'+#"*3=,&"'(&
)+$#3*3=,(65Y3(YY5_YT6O(R++=-8SS0,"O,%1S65O655^Sdb55]54\a\(

bD#13(9ONO3(g&11$%+?3(WOAO(.6aaY7(I$+%,1%&=R?(&#0(:"#$%&'(/,:=,-"+",#-(,P($/',1"+$-(P%,:(+R$(H,"0D(H":)$%'"+$(<,:='$>3(W"$%%&(
Z$,#$O(>3;#'"*&37&2+39%,1/."*&8+1+"#.%A&-3*/(&!"#$%(6553(45\Y6_45\^]O(R++=-8SS0,"O,%1S65O654aSaYFd56Y^](
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B&%'"/C3(BO@O3(!&/B%$1,%3(EO@O3(X,1$'3(@OAO(.6a^67(Q>?1$#(E-,+,=$(J&+",-("#(A/',1"+$-(P%,:(H":)$%'"+$-O(-./+'.+ (6^43(654Y_
654^O(R++=-8SS0,"O,%1S65O664TS-/"$#/$O6^4O]a`^O654Y(

g&%0:&#3(!ObO3(W+&/R$'3(NO3(I$&%-,#3(@OBO3(<&#,3(AOFO3(W+$%#3(JO9O3(WR&%=3(kO@O(.45467(<R&%&/+$%"-"#1(+R$(@"-+"#/+(<%D-+&'(
I%,+,'"+R-(,P(J,)$%+-(X"/+,%(N?=$(E(&#0(EE(A/',1"+$-O(>3;#'"*&37&)+$#3*3=,(T43($1&)5a5O(
R++=-8SS0,"O,%1S65O65a]S=$+%,',1?S$1&)5a5(

g"''-3(@OXO3(g&11$%+?3(WOAO(.6a`a7(I$+%,/R$:"-+%?(,P($/',1"+$-(P%,:(+R$(H,"0D(H":)$%'"+$(<,:='$>3(W"$%%&(Z$,#$O(53'$#/:;$/3'1&
$3&</'+#"*3=,&"'(&)+$#3*3=,(65]3(]a _̂\44O(R++=-8SS0,"O,%1S65O655^Sdb565\6^\a(

F&/,)3(@OAO3(d"L":"-3(!O3(W&'+$%-3(XOFO!O(.455Y7(ZD_gP(&#0(1$,/R$:"/&'(-?-+$:&+"/-(,P(%$/?/'$0(&#/"$#+(,/$&#"/(/%D-+8($*"0$#/$(
P%,:(J,)$%+-(X"/+,%($/',1"+$-O(53'$#/:;$/3'1&$3&</'+#"*3=,&"'(&)+$#3*3=,(6\`3(^5^_^45O(
R++=-8SS0,"O,%1S65O655^S-55\65[55\ [5T]6[>(

F&/,)3(@OAO3(X"'G,$#3(HOWO3(B%&--"#$&D3(mOXO(.455a7(A/',1"+$(>$#,'"+R-(P%,:(H":)$%'$?3(W,D+R(9P%"/&(n (9(/&-$(-+D0?(,P(:&#+'$(
:$+&-,:&+"-:("#($/',1"+$-O(0/$%31(664(WD=='$:$#+(43(6554_656]O(R++=-8SS0,"O,%1S65O656TSGO'"+R,-O455aO5]O5]\(

F&1,D+L3(AO3(@&e-,#3(FOdO3(g,$%#$-3(WO3(W=$++$'3(dO3(2&#C$3(gO(.6a`\7(9#,%+R,-"+"/(,/$&#"/(/%D-+("#(+R$(9%/R$&#(A&%+RO(0;'"#&"'(&
)*"'+$"#,&-./+'.+&?@(9)-+%&/+3(]aY_]aTO(R++=-8SS&%+"/'$-O&0-&)-OR&%*&%0O$0DSSPD''S6a`\ZIEOOOO6YOO]aYFS5555]aYO555OR+:'(

H,%,'$*3(mO3(m"C"+"#&3(ZOIO3(B,#/R&%,*3(9O3(@D)"#"#&3(AOQO3(!$'#"C3(9O3(!w''$%3(@O3(<R$#3(hO[iO3(k"#/R$#C,3(XOmO(.45467(NR%$$(
N?=$-(,P(!&#+'$(A/',1"+$(P%,:(Ne,(Z&?$%-(,P(Q/$&#"/(<%D-+8(9(H$?(<&-$(,P(!$+&-,:&+"/&''?[9"0$0(N%&#-P,%:&+",#(,P(
Z,e [+,[g"1R[!&1#$-"&#(A/',1"+$O(>3;#'"*&37&)+$#3*3=,(T43($1&)5^5O(R++=-8SS0,"O,%1S65O65a]S=$+%,',1?S$1&)5^5(

Z,e%?3(@O3(!&++$?3(@OIO3(g&%%"-3(FO2O(.6aaa7(Q>?1$#("-,+,=$(/,:=,-"+",#(,P(-?#1$#$+"/("#/'D-",#-("#(0"&:,#0(P%,:(+R$(b"#-/R(
!"#$3(JW9O(2+3.%/4/."&+$&53143.%/4/."&6.$"(T]3(6`4Y_6`]TO(R++=-8SS0,"O,%1S65O656TSW556T[^5]^.aa755645[a(

!&/B%$1,%3(EO@O3(!&#+,#3(2OEO(.6a`T7(J,)$%+-(X"/+,%($/',1"+$-8(9 #/"$#+(,/$&#"/(/%D-+O(>3;#'"*&37&2+39%,1/."*&8+1+"#.%A&-3*/(&
!"#$%(a63(6\5T]_6\5^aO(R++=-8SS0,"O,%1S65O654aSFd5a6"d6\=6\5T](

m$&'3(<OJO3(N&?',%3(ZO9O3(@&*"0-,#3(FOIO3(g,'0$#3(IO3(g&''"0&?3(9OmO3(m">,#3(IOgO3(I&/$-3(FOdO3(<'&?+,#3(JOmO3(!&?$0&3(NOHO(.6aa57(
A/',1"+$-(e"+R(,/$&#"/(/%D-+&'(&#0(:&#+'$(-"1#&+D%$-(P%,:(+R$(d$''-)&#C(C":)$%'"+$3(W,D+R(9P%"/&3(=&%+(48(W%3(m03(&#0(Q(
"-,+,=$(1$,/R$:"-+%?O(!"#$%&"'(&)*"'+$"#,&-./+'.+&0+$$+#1(aa3(]T4_]^aO(R++=-8SS0,"O,%1S65O656TS5564[`46i.a57a56\5 [W(

Q#1'$?3(FOWO3(d&-D3(9OJO3(H?-$%3(NOHO(.6a`^7(Q>?1$#("-,+,=$-("#(/,$>"-+"#1(1&%#$+-3(/'"#,=?%,>$#$-(&#0(=R',1,="+$-(,P(J,)$%+-(
X"/+,%($/',1"+$-8(":='"/&+",#-(P,%(=$+%,1$#$-"-(&#0(:&#+'$(:$+&-,:&+"-:O(!"#$%&"'(&)*"'+$"#,&-./+'.+&0+$$+#1(̀ ]3(`5_
`\O(R++=-8SS0,"O,%1S65O656TS5564[`46i.`^7a55Y4 [Y(

K"3(KO3(N&?',%3(ZO9O3(W#?0$%3(BO9O3(<'&?+,#3(JOmO3(!&?$0&3(NOHO3(W,),'$*3(mOXO(.6aa 7̂(@$+&"'$0(=$+%,',1?(&#0(1$,/R$:"-+%?(,P(&(
%&%$(/,%D#0D:($/',1"+$(>$#,'"+R(P%,:(Q)#&LR$##&?&3(h&CD+"&O(8;11/"'&2+3*3=,&"'(&2+39%,1/.1(]`3(4\^ _4T5O(

J&0D3(EO[dO3(g&%%"-3(<O3(!,"#$3(dOmO3(<,-+"#3(BO3(<,++"#3(FO[hO(.456a7(WD)0D/+",#(%$'"/-("#(+R$(-D)/,#+"#$#+&'('"+R,-=R$%"/(:&#+'$(
$*"0$#/$(P%,:(*&%"&+",#("#(+R$(o!" Q(*&'D$(,P($/',1"+$(>$#,'"+R-(P%,:(+R$(H&&=*&&'(/%&+,#O(53'$#/:;$/3'1&$3&</'+#"*3=,&
"'(&)+$#3*3=,(6^\3(6aO(R++=-8SS0,"O,%1S65O655^S-55\65[56a[6YY4[L(

J"/R$-3(9OFOXO3(E/C$%+3(JOdO3(I$&%-,#3(@OBO3(W+$%#3(JO9O3(F&/C-,#3(WOAO3(E-R"C&e&3(9O3(HG&%-1&&%03(dO9O3(BD%#$?3(FOFO(.456T7(B'&1/$;(
,>?1$#["-,+,=$3( :&G,%[3( &#0( +%&/$[$'$:$#+( /,#-+%&"#+-( ,#( +R$( :$+&-,:&+"/( :,0"P"/&+",#( &#0( /%D-+&'( ,%"1"#( ,P( &(
0"&:,#0"P$%,D-( $/',1"+$( P%,:( J,)$%+-( X"/+,%3( H&&=*&&'( <%&+,#O(2+3.%/4/."& +$& 53143.%/4/."& 6.$"( 6^\3( ]\Y_]YaO(
R++=-8SS0,"O,%1S65O656TSGO1/&O456YO66O54`(

J,)"#-,#3(@O!O3(BD%#$?3(FOFO3(WR$$3(WOJO(.6a`\7(@"&:,#0($/',1"+$(&#0(1%&=R"+$($/',1"+$(>$#,'"+R-(P%,:(Q%&=&3(d,+-e&#&O(E#8(
H,%#=%,)-+3(FO(.A0O7(F/4:+#*/$+1&BBA&D%+&<"'$*+&"'(&5#;1$G<"'$*+&8+*"$/3'1%/913(@$*$',=:$#+-("#(I $+%,',1?(663(
A'-$*"$%3(9:-+$%0&:3(66_4\O(R++=-8SS0,"O,%1S65O656TSda^`[5[\\\ [\44^\ []OY555[̀6(

(
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W/R:"0)$%1$%3(WOWO3(W":,#$++"3(9O3(g$&:&#3(ZO!O3(<%$&-$%3(JO9O3(2R"+$P,%03(WO(.455 7̂(ZD_gP3("#[-"+D(W%(&#0(I)("-,+,=$(&#0(+%&/$(
$'$:$#+(-?-+$:&+"/-(P,%(:&#+'$($/',1"+$-(P%,:(+R$(@"&*"C(0"&:,#0(:"#$8(A*"0$#/$(P,%(I&'$,=%,+$%,L,"/(-D)0D/+",#(
)$#$&+R(+R$(W'&*$(/%&+,#3(<&#&0&O(!"#$%&"'(&)*"'+$"#,&-./+'.+&0+$$+#1(4Y\3(YY_T`O(
R++=-8SS0,"O,%1S65O656TSGO$=-'O455TO66O545(

WR$%*&"-3(FO2O3(N&?',%3(ZO9O3(ZD1:&"%3(BO2O3(<'&?+,#3(JOmO3(!&?$0&3(NOHO3(H,%,+$*3(JOZO(.6a`` 7(A&%'?(I%,+$%,L,"/(,/$&#"/(/%D-+(
&#0(+R$($*,'D+",#(,P(-D)/,#+"#$#+&'(:&#+'$8(A/',1"+$-(&#0(%$'&+$0(%,/C-(P%,:(-,D+R$%#(9P%"/&O(2-6 &C;**+$/'(6553(\66_
\4]O(R++=-8SS0,"O,%1S65O66]5S556T[^T5T.6a``7655p5\668AIQ<9Nq4O]O<Q;4(

WRD3(KO3(d%$?3(BOIO3(g,$P$%3(gOAO3(kR&,3(kO3(I$&%-,#3(@OBO(.456T7(H?&#"+$S/,%D#0D:($/',1"+$-(P%,:(+R$(H&&=*&&'(<%&+,#8(
-D)0D/+$0(+%,/+,'"+$-(&#0('&?$%$0(1&))%,-(P%,:(+R$(!"0x(+,(A&%'?(9%/R$&#O(53'$#/:;$/3'1&$3&</'+#"*3=,&"'(&)+$#3*3=,(
6^63(66O(R++=-8SS0,"O,%1S65O655^S-55\65[56Y[644Y[Y(

W:?+R3(FOJO3(<&=,%D-/",3(bO9O3(!/<,%:"/C3(NO<O(.6a`a7(!&#+'$($/',1"+$-8($*"0$#/$(,P("1#$,D-(P%&/+",#&+",#("#(+R$(:&#+'$O(!"#$%&
"'(&)*"'+$"#,&-./+'.+&0+$$+#1(a]3(6]] _6\6O(R++=-8SS0,"O,%1S65O656TS5564[`46i.`a7a56a6 [i (

N&?',%3(ZO9O3(m$&'3(<OJO(.6a`a7(A/',1"+$-(e"+R(Q/$&#"/(<%D-+&'(&#0(!&#+'$(W"1#&+D%$-(P%,:(+R$(d$''-)&#C(H":)$%'"+$3(W,D+R(
9P%"/&3(I&%+(E8(!"#$%&',1?3(I$+%,1%&=R?3(&#0(2R,'$(J,/C(<R$:"-+%?O(D%+&>3;#'"*&37&2+3*3=,(a^3(YY6_YT^O(
R++=-8SS0,"O,%1S65O65`TST4a]]\(

sCR&#,*3(9OXO3(J?&)/R"C,*3(EO@O3(HR&%jC"*3(9O@O(.6a`` 7(0/$%319%+#/.&4"'$*+&37&$%+&H"I;$/"'&I/4:+#*/$+&9#3J/'.+O(ID)'"-R"#1(
g,D-$(um&DC&v3(!,-/,eO (

s-+"#,*3(XOEO3(sCR&#,*3(XO9O3(B%"#$#C,3(XO9O3(B&*%"',*3(hOhO(.6a`^7(o!" Q("#($/',1"+$-(P%,:(+R$(s0&/R#&?&(&#0(Q)#&LR$##&?&(
C":)$%'"+$-(="=$-O(2+3I%/4/," (663(6T]^_6T\6O(."#(JD--"&#7(

X"'G,$#3(HOWO3(W:"+R3(<OdO3(WR&%=3(kO@O(.6aaT7(W+&)'$(&#0(%&0",1$#"/("-,+,=$(-+D0?(,P($/',1"+$(>$#,'"+R-(P%,:(+R$(Q%&=&(
C":)$%'"+$3(d,+-e&#&O(5%+4/."*&2+3*3=,(6]63(4]Y_4YYO(R++=-8SS0,"O,%1S65O656TS555a[4Y\6.aT75556[̀T(

X"'G,$#3(HOWO3(W/RD'L$3(@OFO3(KD&0'"#13(9OBO(.455Y7(<,#+%&-+"#1(B%,D=(E(&#0(B%,D=(EE(A/',1"+$(i$#,'"+R(I$+%,1$#$-"-8(
I$+%,',1"/&'3(N%&/$(A'$:$#+(&#0(E-,+,="/(A*"0$#/$(P%,:(A/',1"+$3(B&%#$+[2$)-+$%"+$(&#0(9'C%$:"+$(i$#,'"+R-("#(+R$(
H&&'*&''$"(H":)$%'"+$3(W,D+R(9P%"/&O&>3;#'"*&37&)+$#3*3=,(\T3(45Ya_45a5O(R++=-8SS0,"O,%1S65O65a]S=$+%,',1?S$1"5\^(

	
!"#$%&'"620%7+(2:*%-"32+(
$
9D')&/R3(WO3(F&/,)3(@OAO3(<&%+"1#?3(IO3(W+$%#3(JO9O3(W":,#$++"3(WOWO3(2r%#$%3(BO3(X"'G,$#3(HOWO(.456^7(A/',1"+$(>$#,'"+R-(P%,:(

Q%&=&8(Q/$&#(/%D-+(%$/?/'"#13(:&#+'$(:$+&-,:&+"-:(&#0(/&%),#(/?/'"#1(&+(+R$(e$-+$%#(k":)&)e$(/%&+,#(:&%1"#O(
2+3.%/4/."&+$&53143.%/4/."&6.$"(46]3(Y^\_Ya4O(R++=-8SS0,"O,%1S65O656TSGO1/&O456^O5TO5]`(

d$&%03(dOZO3(b%&%&//"3(HOmO3(<'&?+,#3(JO9O3(!&?$0&3(NOHO3(W#?0$%3(BO9O3(W,),'$*3(mOXO3(N&?',%3(ZO9O(.6aaT7(I$+%,1%&=R?(&#0(
1$,/R$:"-+%?(,P($/',1"+$-(P%,:(+R$(!"%(C":)$%'"+$3(h&CD+"&3(JD--"&O(53'$#/:;$/3'1&$3&</'+#"*3=,&"'(&)+$#3*3=,(64Y3(
4a]_]65O(R++=-8SS0,"O,%1S65O655^S-55\6555Y544](

@$"#$-3(IO3(g&%%"-3(FO2O3(J,)"#-,#3(@OmO3(BD%#$?3(FOFO3(WR$$3(WOJO(.6aa67(<&%),#(&#0(,>?1$#("-,+,=$(*&%"&+",#-("#(0"&:,#0(&#0(
1%&=R"+$($/',1"+$-(P%,:(Q%&=&3(d,+-e&#&3(&#0(+R$(#"+%,1$#(/,#+$#+(,P(+R$"%(0"&:,#0-O(2+3.%/4/."&+$&53143.%/4/."&6.$"(
YY3(Y6Y_Y4\O(R++=-8SS0,"O,%1S65O656TS556T[^5]^.a67a555a[N(

F&/,)3(@OAO3(b,'$?3(WObO(.6aaa7(A*"0$#/$(P,%(9%/R$&#(,/$&#(/%D-+(e"+R(',e(R"1R(P"$'0(-+%$#1+R($'$:$#+(-"1#&+D%$(P%,:(
0"&:,#0"P$%,D-($/',1"+$(>$#,'"+R-O(0/$%31(\`3(]6^ _]]TO(R++=-8SS0,"O,%1S65O656TSW554\[\a]^.aa7555]\ [6(

F&/,)3(@O3(F&1,D+L3(AO3(Z,e%?3(@O3(!&++$?3(@O3(HD0%G&*+-$*&3(BO(.6aa\7(@"&:,#0"P$%,D-($/',1"+$-(P%,:(W")$%"&8(J$:#&#+-(,P(
9%/R$&#(,/$&#"/(/%D-+O(2+3.%/4/."&+$&53143.%/4/."&6.$"(Y`3(Y6a6_Y45^O(R++=-8SS0,"O,%1S65O656TS556T[^5]^.a\7a5]5\ [
4(
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F$%0$3(AO9O3(N&?',%3(ZO9O3(<%,L&L3(BO3(W,),'$*3(mOXO3(W,),'$*3(XOmO(.6aa]7(@"&:,#0"P$%,D-($/',1"+$-(P%,:(h&CD+"&3(W")$%"&8(
$*"0$#/$(P,%(&(0"*$%-"+?(,P(=%,+,'"+R-O(53'$#/:;$/3'1&$3&</'+#"*3=,&"'(&)+$#3*3=,(66\3(6`a_454O(
R++=-8SS0,"O,%1S65O655^Sdb55]5^^YY(

Z"D3(hO3(N&?',%3(ZO9O3(W&%)&0R"C&%"3(9OdO3(X&''$?3(FO2O3(s-R"CD),3(NO3(W="/DLL&3(!OFO3(H"+&3(mO3(H$+/R&:3(JO9O3(<&%'-,#3(2O3(
WR&+-C?3(XO(.455a7(!$+&-,:&+"/(,%"1"#(,P(0"&:,#0-("#(+R$(e,%'0j-('&%1$-+(0"&:,#0"P$%,D-($/',1"+$O(0/$%31(664(
WD=='$:$#+(43(656\_654\O(R++=-8SS0,"O,%1S65O656TSGO'"+R,-O455aO5TO5]T(

J,)"#-,#3(@O!O3(BD%#$?3(FOFO3(WR$$3(WOJO(.6a`\7(@"&:,#0($/',1"+$(&#0(1%&=R"+$($/',1"+$(>$#,'"+R-(P%,:(Q%&=&3(d,+-e&#&O(E#8(
H,%#=%,)-+3(FO(.A0O7(F/4:+#*/$+1&BBA&D%+&<"'$*+&"'(&5#;1$G<"'$*+&8+*"$/3'1%/913(@$*$',=:$#+-("#(I $+%,',1?(663(
A'-$*"$%3(9:-+$%0&:3(66_4\O(R++=-8SS0,"O,%1S65O656TSda^`[5[\\\ [\44^\ []OY555[̀6(

WR&+-C?3(XOWO3(k$01$#"L,*3(@O9O3(J&1,L"#3(9OZO(.456T7(A*"0$#/$(P,%(&(-D)0D/+",#(/,:=,#$#+("#(+R$(0"&:,#0[)$&%"#1(:&#+'$(,P(
+R$(W")$%"&#(/%&+,#O(8;11/"'&2+3*3=,&"'(&2+39%,1/.1(Y^3(666_64TO(R++=-8SS0,"O,%1S65O656TSGO%11O456TO56O55`(

W:&%+3(HO9O3(<R&/C,3(NO3(W+&/R$'3(NO3(N&==$3(WO3(W+$%#3(JO9O3(E/C$%+3(JOdO3(AE!b(.45647(A/',1"+$(P,%:&+",#()$#$&+R(+R$(#,%+R$%#(
W'&*$(/%&+,#(/,#-+%&"#$0()?(0"&:,#0("#/'D-",#-8(Q/$&#"/('"+R,-=R$%$(,%"1"#(e"+R,D+(&(/%D-+&'(-"1#&+D%$O(!"#$%&"'(&
)*"'+$"#,&-./+'.+&0+$$+#1(]6a_]453(6TY_6^^O(R++=-8SS0,"O,%1S65O656TSGO$=-'O4566O64O5]4(

W:&%+3(HO9O3(<R&/C,3(NO3(W":,#$++"3(9O3(WR&%=3(kO@O3(g$&:&#3(ZO!O(.456\7(9(J$/,%0(,P(I&'$,=%,+$%,L,"/(WD)0D/+",#(I%$-$%*$0("#(
+R$(m,%+R$%#(W'&*$(<%&+,#"/(!&#+'$8(W%_I) _Q(E-,+,=$(&#0(N%&/$[$'$:$#+(E#*$-+"1&+",#-(,P(A/',1"+$(i$#,'"+R-(P%,:(+R$(
F$%"/R,(&#0(!D-C,>(H":)$%'"+$-O(>3;#'"*&37&)+$#3*3=,(YY3(Y\a_Y`]O(R++=-8SS0,"O,%1S65O65a]S=$+%,',1?S$1+5^^(

W:?+R3(FOJO3(<&=,%D-/",3(bO9O3(!/<,%:"/C3(NO<O(.6a`a7(!&#+'$($/',1"+$-8($*"0$#/$(,P("1#$,D-(P%&/+",#&+",#("#(+R$(:&#+'$O(!"#$%&
"'(&)*"'+$"#,&-./+'.+&0+$$+#1(a]3(6]] _6\6O(R++=-8SS0,"O,%1S65O656TS5564[`46i.`a7a56a6 [i (

W#?0$%3(BO9O3(F$%0$3(AO9O3(N&?',%3(ZO9O3(g&''"0&?3(9OmO3(W,),'$*3(XOmO3(W,),'$*3(mOXO(.6aa]7(m0(&#0(W%("-,+,=$-(P%,:(
0"&:,#0"P$%,D-($/',1"+$-3(s0&/R#&?&(H":)$%'"+$(I"=$3(h&CD+"&3(W")$%"&8(A*"0$#/$(,P(0"PP$%$#+"&+",#("#(+R$($&%'?(A&%+Rt(
!"#$%&"'(&)*"'+$"#,&-./+'.+&0+$$+#1(66`3(a6_655O(R++=-8SS0,"O,%1S65O656TS5564[`46i.a]7a56T6 [4(

W#?0$%3(BO9O3(N&?',%3(ZO9O3(F$%0$3(AO9O3(<'&?+,#3(JOmO3(!&?$0&3(NOHO3(@$"#$-3(IO3(J,--:&#3(BOJO3(W,),'$*3(mOXO(.6aaY7(9%/R$&#(
:&#+'$(R$+$%,1$#$"+?(&#0(+R$(,%"1"#(,P(0"&:,#0"P$%,D-($/',1"+$-3(W")$%"&8(A*"0$#/$(P%,:(-+&)'$("-,+,=$-(&#0(R?0%,>?'("#(
1&%#$+O(64+#/."'&</'+#"*3=/1$(̀ 53(^aa_`5aO(R++=-8SS0,"O,%1S65O46]`S&:[6aaY[^[`6T(

W#?0$%3(BO9O3(N&?',%3(ZO9O3(B%,L&L3(BO3(g&''"0&?3(9OmO3(d$&%03(dOZO3(W,),'$*3(XOmO3(W,),'$*3(mOXO(.6aa^7(NR$(Q%"1"#-(,P(
h&CD+"&#(A/',1"+$(i$#,'"+R-O(>3;#'"*&37&)+$#3*3=,(]`3(`Y_66]O(R++=-8SS0,"O,%1S65O65a]S=$+%,GS]`O6O`Y(

W,),'$*3(XOmO3(N&?',%3(ZO9O3(W#?0$%3(BO9O3(W,),'$*3(mOXO(.6aa\7(@"&:,#0"P$%,D-(A/',1"+$-(P%,:(+R$(s0&/R#&?&(H":)$%'"+$(I"=$3(
h&CD+"&O(B'$+#'"$/3'"*&2+3*3=,&8+J/+L(]T3(\4_T\O(R++=-8SS0,"O,%1S65O65`5S5545T`6a\5a\TY\\`(

sCR&#,*3(9OXO3(J?&)/R"C,*3(EO@O3(HR&%jC"*3(9O@O(.6a``7(0/$%319%+#/.&4"'$*+&37&$%+&H"I;$/"'&I/4:+#*/$+&9#3J/'.+O(ID)'"-R"#1(
g,D-$(um&DC&v3(!,-/,eO (

s-+"#,*3(XOEO3(sCR&#,*3(XO9O3(B%"#$#C,3(XO9O3(B&*%"',*3(hOhO(.6a`^7(o!" Q("#($/',1"+$-(P%,:(+R$(s0&/R#&?&(&#0(Q)#&LR$##&?&(
C":)$%'"+$-(="=$-O(2+3I%/4/," (663(6T]_̂6T\6O(."#(JD--"&#7(

X"'G,$#3(HOWO3(W/RD'L$3(@OFO3(KD&0'"#13(9OBO(.455Y7(<,#+%&-+"#1(B%,D=(E(&#0(B%,D=(EE(A/',1"+$(i$#,'"+R(I$+%,1$#$-"-8(
I$+%,',1"/&'3(N%&/$(A'$:$#+(&#0(E-,+,="/(A*"0$#/$(P%,:(A/',1"+$3(B&%#$+[2$)-+$%"+$(&#0(9'C%$:"+$(i$#,'"+R-("#(+R$(
H&&'*&''$"(H":)$%'"+$3(W,D+R(9P%"/&O&>3;#'"*&37&)+$#3*3=,(\T3(45Ya_45a5O(R++=-8SS0,"O,%1S65O65a]S=$+%,',1?S$1"5\^(

k$01$#"L,*3(@O9O3(J&1,L"#3(9OZO3(WR&+-C?3(XOWO(.455 7̂(<R',%"0$_/&%),#&+$(P'D"0("#(0"&:,#0-(P%,:(+R$($/',1"+$(>$#,'"+RO(K3I*"(,&
!"#$%&-./+'.+1(\6Y3(aT6_aT\O(R++=-8SS0,"O,%1S65O66]\SW654`]]\i5^5T54a](
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Supplementary Information References 
 
9%&"3(gO(.45657(9(PD#/+",#(P,%(+R$(J(=%,1%&::"#1('&#1D&1$(+,(%$/&-+(1&%#$+(&#&'?-$-("#+,($#0[:$:)$%-8(J$*"-",#(&#0(=,%+"#1(,P(

!DR'"#1(&#0(B%"PP"#j-(:$+R,0O(5349;$+#1&M&2+31./+'.+1(]T3(\5T_\5aO(R++=-8SS0,"O,%1S65O656TSGO/&1$,O455aO5YO55^(

9D')&/R3(WO3(2,,0'&#03(9OdO3(X&-"'?$*3(IO3(B&'*$L3(!OAO3(X"'G,$#3(HOWO(.456^7(APP$/+-(,P(',e[=%$--D%$("1#$,D-(=%,/$--$-(&#0(
-D)0D/+",#(,#(b$#$Sfb$(&#0(%$0,>(-+&+$(,P(:&#+'$($/',1"+$-(P%,:(Z&/$(.H&&=*&&'(/%&+,#7O(!"#$%&"'(&)*"'+$"#,&-./+'.+&
0+$$+#1(\^\3(4`] _4aYO(R++=-8SS0,"O,%1S65O656TSGO$=-'O456^O5TO5]5(

9D')&/R3(WO3(2,,0'&#03(9OdO3(W+&1#,3(XO3(H,%-&C,*3(9OXO3(!"CR&"'$#C,3(@O3(B,',*"#3(9O(.45447(b$#$(@"-+%")D+",#(&#0(b$#$Sfb$[
Q>?1$#(bD1&/"+?(X&%"&+",#-("#(H":)$%'"+$[d,%#$(A/',1"+$(i$#,'"+R-3(e"+R(<,::$#+-(,#(<'"#,=?%,>$#$[B&%#$+(Q>?[
NR$%:,)&%,:$+%?O(>3;#'"*&37&)+$#3*3=,(T]3($1&/5^TO(R++=-8SS0,"O,%1S65O65a]S=$+%,',1?S$1&/5^T(

d&$%+-/R"3(IO(.6a^T7(9)-,'D+$(!" Q(/,#+$#+(,P(-+&#0&%0(:$&#(,/$&#(e&+$%O(!"#$%&"'(&)*"'+$"#,&-./+'.+&0+$$+#1(]63(]\6 _]\\O(
R++=-8SS0,"O,%1S65O656TS5564[`46i.^T7a566Y[6(

d&D:1&%+#$%3(ZOIO3(X&''$?3(FO2O(.45567(W+&)'$(E-,+,=$(N%&#-=,%+(&#0(<,#+&/+(!$+&:,%=R"/(b'D"0(b',eO(8+J/+L1&/'&</'+#"*3=,&
"'(&2+3.%+4/1$#,(\]3(\6Y_\T^O(R++=-8SS0,"O,%1S65O46]`S1-%:1O\]O6O\6Y(

dD%#R&:3(9O@O3(NR,:-,#3(9OJO3(dD'&#,*&3(BOIO3(H,R#3(WO<O3(W:"+R3(<OdO3(2&'+$%3(!OFO(.456Y7(W+&)'$("-,+,=$($*"0$#/$(P,%(/%D-+&'(
%$/?/'"#1(&-(%$/,%0$0()?(-D=$%0$$=(0"&:,#0-O(!"#$%&"'(&)*"'+$"#,&-./+'.+&0+$$+#1(\]43(]^\ _]`5O(
R++=-8SS0,"O,%1S65O656TSGO$=-'O456YO65O54](

<&#"'3(@O(.6aa\7(W+&)"'"+?(,P(/'"#,=?%,>$#$(&+(=%$--D%$[+$:=$%&+D%$(/,#0"+",#-(,P(+R$(+%&#-"+",#(%$1",#O()%,1/.1&37&$%+&!"#$%&"'(&
)*"'+$"#,&B'$+#/3#1(̀ T3(4Y_]\O(R++=-8SS0,"O,%1S65O656TS55]6[a456.a\75Y5Ya[^(

<R&/C,3(NO3(@$"#$-3(IO(.455`7(NR$,%$+"/&'(/&'/D'&+",#(,P(,>?1$#("-,+,=$(P%&/+",#&+",#(P&/+,%-("#(/&%),#&+$(-?-+$:-O(2+3.%/4/."&+$&
53143.%/4/."&6.$"(̂ 43(]T\4_]TT5O(R++=-8SS0,"O,%1S65O656TSGO1/&O455`O5TO556(

<R&/C,3(NO3(<,'$3(@OJO3(g,%"+&3(FO(.45567(AMD"'")%"D:(Q>?1$#3(g?0%,1$#(&#0(<&%),#(E-,+,=$(b%&/+",#&+",#(b&/+,%-(9=='"/&)'$(+,(
B$,',1"/(W?-+$:-O(8+J/+L1&/'&</'+#"*3=,&"'(&2+3.%+4/1$#,(\]3(6_`6O(R++=-8SS0,"O,%1S65O46]`S1-%:1O\]O6O6(

<,''$%-,#3(HO@O3(2"''"&:-3(KO3(Ae&%+3(9OAO3(!D%=R?3(@ONO(.45657(Q%"1"#(,P(gE!s(&#0(A![6(0,:&"#-(-&:='$0()?(,/$&#("-'&#0(
)&-&'+-3(C":)$%'"+$-(&#0(/&%),#&+"+$-8(NR$(%,'$(,P(<Q%[P'D>$0(',e$%(:&#+'$(:$'+"#1("#(+R$%:,/R$:"/&'(D=e$''"#1-O(
)%,1/.1&37&$%+&!"#$%&"'(&)*"'+$"#,&B'$+#/3#1(6`63(664_6]6O(R++=-8SS0,"O,%1S65O656TSGO=$="O4565O5YO55`(

@&?3(gO2O(.45647(9(%$*"-$0(0"&:,#0[1%&=R"+$(+%&#-"+",#(/D%*$O(64+#/."'&</'+#"*3=/1$(a^3(Y4_T4O(
R++=-8SS0,"O,%1S65O46]`S&:O4566O]^T](

@$"#$-3(IO3(g&%%"-3(FO2O3(J,)"#-,#3(@OmO3(BD%#$?3(FOFO3(WR$$3(WOJO(.6aa67(<&%),#(&#0(,>?1$#("-,+,=$(*&%"&+",#-("#(0"&:,#0(&#0(
1%&=R"+$($/',1"+$-(P%,:(Q%&=&3(d,+-e&#&3(&#0(+R$(#"+%,1$#(/,#+$#+(,P(+R$"%(0"&:,#0-O(2+3.%/4/."&+$&53143.%/4/."&6.$"(
YY3(Y6Y_Y4\O(R++=-8SS0,"O,%1S65O656TS556T[^5]^.a67a555a[N(

@%,,=3(BONOJO(.6a`^7(9(1$#$%&'($MD&+",#(P,%($-+":&+"#1(b$#$(/,#/$#+%&+",#-("#(P$%%,:&1#$-"&#(-"'"/&+$-(&#0(,>"0$-(P%,:(
:"/%,=%,)$(&#&'?-$-3(D-"#1(-+,"/R",:$+%"/(/%"+$%"&O(</'+#"*3=/."*&<"="N/'+ (Y63(\]6_\]YO(
R++=-8SS0,"O,%1S65O66`5S:"#:&1O6a`^O5Y6O]T6O65(

B&-=&%"C3(NO3(2,'P3(HO3(W:"+R3(<O!O(.6aa\7(A>=$%":$#+&'(0$+$%:"#&+",#(,P(=R&-$(%$'&+",#-("#(+R$(<&W"Q#(-?-+$:(P%,:(`(+,(6Y(BI&O(
64+#/."'&</'+#"*3=/1$(̂ a3(646a_6444O(

g&%0:&#3(!ObO3(W+&/R$'3(NO3(I$&%-,#3(@OBO3(<&#,3(AOFO3(W+$%#3(JO9O3(WR&%=3(kO@O(.45467(<R&%&/+$%"-"#1(+R$(@"-+"#/+(<%D-+&'(
I%,+,'"+R-(,P(J,)$%+-(X"/+,%(N?=$(E(&#0(EE(A/',1"+$-O(>3;#'"*&37&)+$#3*3=,(T43($1&)5a5O(
R++=-8SS0,"O,%1S65O65a]S=$+%,',1?S$1&)5a5(
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g&-+$%,C3(@O3(<R&=:&#3(@OWO(.45667(g$&+(=%,0D/+",#(&#0(1$,+R$%:-(P,%(+R$(/,#+"#$#+&'('"+R,-=R$%$O(!"#$%&"'(&)*"'+$"#,&-./+'.+&
0+$$+#1(]5^3(Ya_^5O(R++=-8SS0,"O,%1S65O656TSGO$=-'O4566O5\O5]\(

E/C$%+3(JOdO3(W+$%#3(JO9O(.456]7(!&+%">(<,%%$/+",#-(&#0(A%%,%(9#&'?-"-("#(g"1R[I%$/"-",#(WE!W(!" QS!&Q(!$&-D%$:$#+-(,P(<&[!1 [
b$(B&%#$+O(2+31$"'("#(1&"'(&2+3"'"*,$/."*&8+1+"#.%(]^3(\4a_\\`O(R++=-8SS0,"O,%1S65O6666SGO6^Y6[a5`iO456]O55444O>(

E/C$%+3(JOdO3(W+&/R$'3(NO3(W+$%#3(JO9O3(g&%%"-3(FO2O(.456Y7(A>+%$:$(!" Q[$#%"/R:$#+("#(:&G,%"+$(/,#-+%&"#-(&(/%D-+&'(,%"1"#(,P(
+%&#-"+",#(L,#$(0"&:,#0-O(2+3.%+4/."*&)+#19+.$/J+1&0+$$+#1(63(TY_^\O(R++=-8SS0,"O,%1S65O^6`YS1$,/R$:'$+O6Y5^(

F&/,)3(@OAO(.455\7(m&+D%$(&#0(,%"1"#(,P($/',1"+$(>$#,'"+R-(P%,:(C":)$%'"+$-O(0/$%31(̂ ^3(4aY_]6TO(
R++=-8SS0,"O,%1S65O656TSGO'"+R,-O455\O5]O5]`(

H&:"#-C?3(bO(.45647(!"#$%&',1?(,P(+R$(',e$%(:&#+'$8(9(%$*"$e(,P(y-D=$%[0$$=j(:"#$%&'("#/'D-",#-("#(0"&:,#0O(!"#$%G-./+'.+&
8+J/+L1(6653(64_̂6\^O(R++=-8SS0,"O,%1S65O656TSGO$&%-/"%$*O4566O65O55Y(

H&:"#-C?3(bO3(k&CR&%/R$#C,3(QO3(@&*"$-3(JO3(B%"PP"#3(2O3(HR&/R&+%?&#[d'"#,*&3(BO3(WR"%?&$*3(9O(.45567(WD=$%0$$=(0"&:,#0-(
P%,:(+R$(FD"#&(&%$&3(!&+,(B%,--,(W+&+$3(d%&L"'O(53'$#/:;$/3'1&$3&</'+#"*3=,&"'(&)+$#3*3=,(6\53(^]\ _^Y]O(
R++=-8SS0,"O,%1S65O655^S-55\655555446(

H&:"#-C?3(bOXO3(HR&/R&+%?&#3(BOHO3(9#0%$&LL&3(IO3(9%&DG,3(@O3(B%"PP"#3(2OZO(.455a7(WD=$%[0$$=(0"&:,#0-(P%,:(C":)$%'"+$-("#(
+R$(FD"#&(&%$&3(!&+,(B%,--,(W+&+$3(d%&L"'O(0/$%31(6643(`]]_`\4O(R++=-8SS0,"O,%1S65O656TSGO'"+R,-O455aO5]O5]T(

H&:"#-C?3(bO3(!&+L$'3(FO3(F&/,)-$#3(dO3(gD+/R$,#3(EO3(2"%+R3(JO(.456T7(E-,+,="/(P%&/+",#&+",#(,P(,>?1$#(&#0(/&%),#("#(0$/,:=,-$0(
',e$%[:&#+'$("#/'D-",#-("#(0"&:,#0O(</'+#"*3=,&"'(&)+$#3*3=,(6653(]^a_]`YO(R++=-8SS0,"O,%1S65O655^S-55^65[56Y[5\56[
^(

H&#L&C"3(!O3(W+$))"#-3(FObO3(iD$3(iO(.6aa67(<R&%&/+$%"L&+",#(,P(MD$#/R$0(R"1R(=%$--D%$(=R&-$-("#(<&W"Q#(-?-+$:()?(iJ@(&#0(%'W"(
m!JO(2+39%,1/."*&8+1+"#.%&0+$$+#1(6`3(\T]_\TTO(R++=-8SS0,"O,%1S65O654aSa6BZ55\T](

H&+-D%&3(NO3(h,#$0&3(9O3(h&:&L&C"3(@O3(h,-R"#,3(NO3(E+,3(AO(.45657(90"&)&+"/(+$:=$%&+D%$(=%,P"'$("#(+R$(:&#+'$O()%,1/.1&37&$%+&
!"#$%&"'(&)*"'+$"#,&B'$+#/3#1(6`]3(464_46`O(R++=-8SS0,"O,%1S65O656TSGO=$="O4565O5^O556(

H#,/R$3(JO3(9#1$'3(JOFO3(W$"P$%+3(bO3(b'"$%*,$+3(NObO(.6aa`7(<,:='$+$(-D)-+"+D+",#(,P(W"(P,%(N"("#(+"+&#"+$(<&.N"! ()W")7*+W"+*Q, O(
64+#/."'&</'+#"*3=/1$(̀ ]3(66T`_66^YO(R++=8SS:"#-,/&:O,%1S!W9S&::"#S+,/S9%+"/'$-zb%$$S6aa`SH#,/R$z=66T`[
66^Yza`O=0P(

H,=?',*& 3(!OBO3(d$&D-,'$"'3(hO3(B,#/R&%,*3(9O3(dD%1$--3(FO3(W+%&#03(IO(.456T7(W=&+"&'(0"-+%")D+",#(,P($/',1"+$("#(+R$(W'&*$(/%&+,#"/(
:&#+'$8(NR$(%,'$(,P(-D)0D/+",#O(D+.$3'39%,1/.1(T^4_T^]3(̀ ^ _65]O(R++=-8SS0,"O,%1S65O656TSGO+$/+,O456TO56O5]\(

H,%,'$*3(mO3(H,=?',*&3(!O3(BD%#$?3(FOFO3(!,,%$3(9OAO3(@&*"0-,#3(FO(.456`&7(NR$(,%"1"#(,P(N?=$(EE(0"&:,#0-(&-("#P$%%$0(P%,:(
<D''"#&#(:"#$%&'("#/'D-",#-O(</'+#"*3=,&"'(&)+$#3*3=,(6643(4^Y_4`aO(R++=-8SS0,"O,%1S65O655^S-55^65[56`[5T56[L(

H,%,'$*3(mO!O3(H,=?',*&3(!O3(dD--e$"'$%3(hO3(I$&%-,#3(@OBO3(BD%#$?3(FO3(@&*"0-,#3(FO(.456`) 7(NR$(D#"MD$'?(R"1R[+$:=$%&+D%$(
/R&%&/+$%(,P(<D''"#&#(0"&:,#0-8(9(-"1#&+D%$(,P(+R$(dD-R*$'0(:&#+'$(='D:$t(0/$%31(]5\ _]5^3(]T4_]^]O(
R++=-8SS0,"O,%1S65O656TSGO'"+R,-O456`O54O566(

Z,/,/C3(9OFO(.455`7(9#(A>/$'(-=%$&0-R$$+(+,(%$/&-+(&#&'?-$-(,P(1&%#$+("#+,($#0[:$:)$%(/,:=,#$#+-3(&#0(&(-?#,=-"-(,P(+R$(/%?-+&'(
/R$:"-+%?(,P(#&+D%&'(-"'"/&+$(1&%#$+-O(5349;$+#1&M&2+31./+'.+1(]\3(6^Ta_6^`5O(
R++=-8SS0,"O,%1S65O656TSGO/&1$,O455^O64O56](

!&++$?3(@O3(Z,e%?3(@O3(!&/=R$%-,#3(<O(.6aa\7(Q>?1$#("-,+,=$(/,:=,-"+",#(,P(:&#+'$(=$%"0,+"+$O(!"#$%&"'(&)*"'+$"#,&-./+'.+&
0+$$+#1(64`3(4]6_4\6O(R++=-8SS0,"O,%1S65O656TS5564[`46i.a\7a56\^ [] (
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m&C&:D%&3(@O(.455a7(9(#$e(P,%:D'&+",#(,P(1&%#$+[/'"#,=?%,>$#$(1$,+R$%:,:$+$%()&-$0(,#(&//D:D'&+",#(&#0(-+&+"-+"/&'(&#&'?-"-(
,P(&('&%1$($>=$%":$#+&'(0&+&(-$+O(>3;#'"*&37&<+$"43#9%/.&2+3*3=,(4^3(\aY_Y5`O(R++=-8SS0,"O,%1S65O6666SGO6Y4Y[
6]6\O455aO55`4`O>(

m$-+,'&3(bO3(H,%,'$*3(mO3(H,=?',*&3(!O3(J,+"%,+"3(mO3(I$&%-,#3(@OBO3(I&:&+,3(!OBO3(9'*&%,3(!O3(I$%DLL,3(ZO3(BD%#$?3(FOFO3(!,,%$3(
9OAO3(@&*"0-,#3(FO(.456`7(<&W"Q#(=$%,*-C"+$("#(0"&:,#0("#0"/&+$-(+R$(%$/?/'"#1(,P(,/$&#"/(/%D-+("#+,(+R$(',e$%(:&#+'$O(
O"$;#+(YYY3(4]_̂4\6O(R++=-8SS0,"O,%1S65O65]`S#&+D%$4Ya^4(

I,D/R,D3(FO[ZO3(I"/R,"%3(bO(.6aa67(KD&#+"+&+"*$(9#&'?-"-(,P(g,:,1$#$,D-(,%(W+%&+"P"$0(!"/%,*,'D:$-(9=='?"#1(+R$(!,0$'(uI9IOv(
E#8(g$"#%"/R3(HObOFO3(m$e)D%?3(@OAO(.A0-O7(!*+.$#3'&)#3:+&P;"'$/$"$/3'O(W=%"#1$%3(d,-+,#3(]6_^YO(
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W:"+R3(AO!O3(H,=?',*&3(!OBO3(b%$L,++"3(!OZO3(9P&#&-"$*3(XOIO(.456Y7(b'D"0("#/'D-",#-("#(A)$'?&CR(0"&:,#0-8(A*"0$#/$(,P(<Q%(
'")$%&+",#("#($/',1"+$(&#0(+R$($PP$/+(,P(g%Q(,#(0"&:,#0(R&)"+O(0/$%31(46T_46^3(65T_66^O(
R++=-8SS0,"O,%1S65O656TSGO'"+R,-O456\O64O565(

W+D%:3(JO(.45547(Ii[mQ! n &#("#+$%&/+"*$(-=%$&0-R$$+(=%,1%&:(P,%(+R$(/,:=D+&+",#(,P(=?%,>$#$(&#&'?-$-(0$%"*$0(P%,:(+R$(
$'$/+%,#(:"/%,=%,)$O(5349;$+#1&M&2+31./+'.+1(4`3(\^] _\`]O(R++=-8SS0,"O,%1S65O656TSW55a`[]55\.567555`] [` (

N"::$%:&#3(WO3(W="*&C3(9OXO3(F,#$-3(9OIO(.45467(<&%),#&+"+"/(!$'+-(&#0(NR$"%(J,'$("#(@"&:,#0(b,%:&+",#("#(+R$(@$$=(A&%+RO(
!*+4+'$1(6^3(]46_]4TO(R++=-8SS0,"O,%1S65O46]`S1-$'$:$#+-O6^OYO]46(

XR,3(9O3(Z&#&%"3(IO3(JD)&++,3(@O(.456a7(9#(E#+$%#&''?[<,#-"-+$#+(@&+&)&-$(P,%(Q>?1$#(E-,+,=$(b%&/+",#&+",#(d$+e$$#(!"#$%&'-O(
>3;#'"*&37&) +$#3*3=,(T53(4656_464aO(R++=-8SS0,"O,%1S65O65a]S=$+%,',1?S$1&&556(

2&%%3( ZOmO( .45467( E!9_<m!m<( &==%,*$0( :"#$%&'( -?:),'-O( </'+#"*3=/."*& <"="N/'+ ( `Y3( 4a6_]45O(
R++=-8SS0,"O,%1S65O66`5S:1:O4546O\](
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+%&#-"+",#-(#$&%(TT5(C:(0$=+R("#(!1W"Q#(&#0(!1 %W"Q-8(9(P"%-+(=%"#/"='$-(-+D0?O(>3;#'"*&37&2+39%,1/."*&8+1+"#.%A&-3*/(&
!"#$%(66T3(d5445`O(R++=-8SS0,"O,%1S65O654aS4565Fd55^a64(
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+R$(#,%+R$&-+$%#(W")$%"&#(/%&+,#8(N%&/$($'$:$#+-(&#0(/,D='$0(o!#<_o!" Q(-"1#&+D%$-("#(0"&:,#0-(&#0(1&%#$+("#/'D-",#-O(
5%+4/."*&2+3*3=,(\443(\T_YaO(R++=-8SS0,"O,%1S65O656TSGO/R$:1$,O456YO64O56`(
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