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("123 V 4 ε = [εxx, εyy, εzz, εxy, εyz, εxz, ]
T

+ σ = [σxx, σyy, σzz, σxy, σyz, σxz, ]
T

# 8"02$-<= /$/2$7>+" +? 0$()$1"12 2"1?$-3 13)-76"1+@ + 2"1?$-3 !"A$-;

(3B+@4 u = [ux, uy, uz]
T

# 8"02$- )"-"(">"1+@4 u = [px, py, pz]
T
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%$*:F+9 !"A$-(3B+@ /5>"/285"2 +?8"/2137 )-$%*"(3= /87?31137 / /$$28"2;
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 !"#$% &'$%$&() *!+$%,-.)) %-&&,-(%)/-!,$0$ #!%"- $1$#"-2), 2!%!#

ε̇3 - %-#"$&(4 (!"#$%$/ &'$%$&(!5 *!+$%,-.)) 6++!'()/"$5 &%!*7 ) #!%"- 8

2!%!# ∆ε̇ = Ė− ε̇9 :-&&,$(%), *)&';)"-.))3 '$($%7! +$%,)%<=(&> / %!1?

%-@ A-%-;;!;!A)A!*- #- &2!( %-#"$&() &'$%$&(!5 *!+$%,-.)59 B$0;-&"$ CDEF3

&'$%$&(4 "-'$A;!")> '$,A$"!"( /!'($%- G%-"'- *)&';)"-.)5 / &(7'-@ #!%!"

,$H"$ %-&&2)(-(4 '-'

Ω̇γi = eijk(NαjNαm −NβjNβm)∆ ˙εmk, IJ9DK

0*! γ 8 "$,!% &(7'-3 &$/A-*-=L!0$ & ;)")!5 A!%!&!2!")> */<@ 0%-"). & !*)?

")2"7,) /!'($%-,)

~Nα )
~Nβ3 eijk 8 '$,A$"!"(7 (!"#$%- M!/)NO)/)(-3 A%)

6($, /!'($%7

~Nα3
~Nβ )

~̇
γΩ &$&(-/;>=( A%-/<= (%$5'< /!'($%$/9 P$,A$"!"?

(7 /!'($%$/ G%-"'- *)&';)"-.)5 /7%-H-=(&> 2!%!# &*/)0$/7! '$,A$"!"(7

%-#"$&() &'$%$&() *!+$%,-.)) ε̇3 !&;) A$&;!*")5 A%!$1%-#$/-(4 / &)&(!,<

'$$%*)"-(3 &/>#-""<= & $&>,) #!%"- ~uiQ ∆ε′ij = uikujl∆εkl3 0*! uik 8 k?> A%$?

!'.)> !*)")2"$0$ /!'($%- ~ui9  $0*- ,$H"$ A$'-#-(43 2($

~Ω1 = [2∆ε′23,−∆ε′13,−∆ε′12],

~Ω2 = [−∆ε′23, 2∆ε′13,−∆ε′12],

~Ω3 = [−∆ε′23,−∆ε′13, 2∆ε′12]. IJ9RK
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&(7'-@9 S!'($%7 G%-"'- ';)"$/7@ *)&';)"-.)5 %-/"7Q

~Ω1w = [2∆ε′23, 0, 0], ~Ω2w = [0, 2∆ε′13, 0], ~Ω3w = [0, 0, 2∆ε′12]. IJ9TK

U() *)&';)"-.)) $1%-#<=( *)&';)"-.)$""7! '/-*%<A$;)3 ;!H-L)@ /*$;4
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@0+ γ̇ A  6./. *B  074@$=

C D*.2  !"#$+ " !.74+ /$ E+5!+,4%  7.04* % 6 ∆ε̇ = Ė11 − ˙ε11 > 0

F<>G HIG H<J= K!% ,$4L.!++ .LE+@. 740$ *+,-./$  6./. *+M 04 *./ 44 .L/$-3$

D*. 6/4*+/4M 2.9+* L8*B 740.4-2+,+,  !+0"NE42 .L/$-.2= K4 6!4,$34.,O

,8M 67$0/"5.!B

~ΩiwG ,$6.5!+,,8M 7  *86+ iG 2.9+* 5/47+ *4 6 .L/$-.7$O

,4N 2$!."@!.7.M @/$,438 7 5/.L,.2 -+/,+G + !4 785.!,%+* %  ..*,.P+,4+

ε′kl/E
′
kl < 1G @0+ k, l 6= iG *. + *B  074@.7$% 0+1./2$34% 0$,,.@. -+/,$ 2+,BP+G

#+2  074@.7$% 0+1./2$34% .6/"9$NE+@. 2$*+/4$!$=

C,"*/+,,4+ ,$5/%9+,4%G  .-0$7$+28+ 04 6!4,$34%24G ,+.0,./.0,8 4

$6*474-4/"N*  4 *+28  6.!B9+,4%G 0.5.!,4*+!B,8+ 6 *+2G 6.*./8+ 0+M *7"O

N* 5.0 7!4%,4+2 7,+P,+@. ,$5/%9+,4%= Q*. 5/47.04* 6 /+!$6 $344  *86.O

78R 04 6!4,$34M 5"*+2 .L/$-.7$,4% 7 -+/,+ 2$!."@!.78R 04 !.6$34.,,8R

@/$,43G .L+ 5+#47$NE4R /$-7./.* .*0+!B,8R 0.2+,.7 -+/,$ 5. .*,.P+,4N 6

. *$!B,82 #$ *%2=

K!% 2.0+!4/.7$,4% 0+!+,4% -+/+, L8!4 5/4,%*8  !+0"NE4+ 0.5"E+,4%:

6.@0$ ,$4L.!BP$% 2.E,. *B 04 6!4,$34MΩmax = STU(Ω1,Ω2,Ω3) 5/+78P$+*

6/4*4#+ 6.+ -,$#+,4+ ΩcG 5/4 6.*./.2 2.@"* /+!$6 4/.7$*B  *86.78+ 04 O

6!4,$344G 7 + */4 04 6!4,$34.,,8R 67$0/"5.!% /+!$6 4/"N*  .L/$-.7$,4O

+2 #+*8/+R 2$!."@!.78R @/$,43 5. 04$@.,$!B,82 5!. 6. *%2 -+/,$G 5/.O
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~θ = ~Ω1w + ~Ω2w + ~Ω3w ;6.25.,+,*8 6/"#+,4% /+!$6 4/"N* 72+ *+   ..*7+*O
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,+ 78-87$N*?= Z$6.+ 0+!+,4+ .0,.@. -+/,$ ,$ #+*8/+  "L-+/,$ L"0+2 7 0$!BO
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A∗
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B̄ {1̄12̄} 〈1̄1̄0〉 &>8 :='?= =:

C {001} 〈110〉 @8 =: 8
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J):%& H%$ 9*! (-'$5GC!B "%-9-(EB 7-J$*#)=!! 7$5E '$5GC-+65$ 8B 6*)(!=
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7-J$*#!*$ )(!E 9*! >QRP !#--% '$5-- "5$,(+D :$(J!6+*)=!D& %):

H%$ "+M-"% +-% ;)#-%()E (-$7($*$7($"%G 6*)7!-(%) ":$*$"%-. 7-J$*<

#)=!! 9$ "-H-(!D 7-J$*#!*+-#$6$ $'*);=)3 X"5! 75E $7($6$ 9*$B$7)

>QRP %):$- 9*!'5!,-(!- #$,-% '8%G $9*) 7)($& %$ 9*! #($6$=!:5$<

 $# >QRP !;#-(-(!- 9+%-. 7-J$*#)=!! ! ()5$,-(!- F%$6$ 9*$=-"") ()
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&.% #*/!%B +C*(! 1 .(*=%!/< 3'".!"&.% LMN@8 / ./;Q( ;%!(.%;% !/;"3'(!%4

0%&'";/B%2 1 <"0( %!.(!&%1!"#" 0(H"*=%*"1/!%4D S"0(*Q/!%( 1)3"'!(!!)<

%&&'(0"1/!%2 ".*/Q(!" 1 "*%#%!/'-!)< 3,F'%;/B%4< 6UVJWV:D

 !"! #$%&'()$*+,(& -*$'./(( 0'$1,$21( %(2'$3+/(4 * 5$%& 678

* )+93+5 3(,&1(:&23$;$ %(2'$3+/($,,$;$ 0$%5$%+

X(*/1!"1(&!"&.- #*/!%B +C*(! >?@ =/.(*%/'"1 ="Q(. F).- 1)*/Q(!/

;/; !/'%$%( 1 !%< LMN@ 1)&";"2 3'".!"&.%D L 0/!!"= */+0('( 0'4 ,&./!"1'(A

!%4 =%;*"=(</!%+="18 "F(&3($%1/5P%< !/;"3'(!%( LMN@ 1 <"0( >?@8 3*%A

=(!4'% ="0('%*"1/!%( 1 */=;/< 0%&'";/B%"!!"J;%!(.%$(&;"2 .("*%%8 "3%A

&)1/5P(2 0(H"*=/B%"!!)( 3*"B(&&) 3*% F"'-G%< 3'/&.%$(&;%< 0(H"*=/A

 !



 !"#$ %&!'()"*!# + (,&-.('-/!0 123 45&6+56&7$ #-&-+58&!.60*894" /-:

;!<!8= )!4;(+- !9$ .-#'-<8//7# >&-/! -=! .?&8/@

 !"!"! #$%&'&()*+,& -%./0&0,) '() 12'&(,%2/.0,) 3/2(*4,, $(250265, ',67

(28.4,9 / %.18.: ',;(28.4,20029 8,0&5,<&6829 5&2%,,

A!4;(+- !(//(B+!/85!<84+(8 =()8;!&('-/!8 CDD8+5!'/( !4%(;E.('-;(4E

' ;!58&-56&8 );" (%!4-/!" )8D(&=- !(//7# %&( 844('$ 6%&-';"0*!# %(:

'8)8/!8= =-58&!-;- %&! ,(;EF!# %;-45!<84+!# )8D(&=- !"#@ G- =(=8/5

%(45-/('+! .-)-<! 46*845'('-; &") D(&=6;!&('(+ );" (%&8)8;"0*!# 4((5:

/(F8/!9 HIJBIKL$ D(&=!&60*!# 465E 5-+!# =()8;89 ' .-'!4!=(45! (5 D!.!:

<84+(9 !/58&%&85- !! )8945'60*!# =!+&(=8#-/!.=(' )8D(&=- !!@ M 5( N8

'&8=" C5! =()8;! /8 %(.'(;!;! '(4%&(!.'845! /-,;0)-8=79 (%75/7= %6:

5?= CDD8+5 )(45!N8/!" %;(5/(45E0 )!4;(+- !9 =-+4!=-;E/(>( ./-<8/!"$

- .-58= 8? 6,7'-/!8 )( ./-<8/!" /-47*8/!" %&! %(.)/!# 45-)!"# OPA@ M

)-//(9 &-,(58 .- (4/('6 ,7; '."5 %()#()$ !.;(N8//79 ' )'6=8&/(= %&!:

,;!N8/!! ' HIKL$ %(.)/88 %&8)45-';8//79 ' 5&?#=8&/(9 D(&=6;!&('+8 HIQL$

+(5(&79 6<!57'-; )!4;(+- !(//78 %&( 8447$ %&(!4#()"*!8 /- >&-/! -# !

' 58;8 .?&8/@

2()8;!&('-/!8 C'(;0 !! %;(5/(45! )!4;(+- !9 ' 58;8 ! >&-/! -# .?:

&8/ (46*845';";! ' &-=+-# +!/85!<84+(>( )!4;(+- !(//(>( %()#()- 4 !4:

%(;E.('-/!8= )'6#D-./(9 +(=%(.!5/(9 =()8;!$ '(4#()"*89 + +;-44!<84+!=

&-,(5-= R(+4- ! 28+!/>- HISL$ >)8 =-+&(4+(%!<84+(8 /-%&"N8/!8 τ ' =-58:

&!-;8 &-44<!57'-;! !. %&!'8)?//7# /-%&"N8/!9$ 4'".-//7# 4 58;(= Tτ rc U !

>&-/! -=! .?&8/V"<88+ Tτ rwU 4(>;-4/( %&-'!;6 D-.W

τ = fMτ rw + (1− f)Mτ rc TX@YU

>)8 f Z (,[?=/-" )(;" >&-/! .?&8/$M Z D-+5(& \89;(&-

P&8/8,&8>-" ';!"/!8= '/65&8//!# /-%&"N8/!9$ =(N/( .-%!4-5E 4((5/(:

F8/!8 =8N)6 %&!'8)?//7= 4)'!>('7= /-%&"N8/!8= /-%&"N8/!8= ! 4+(&(:

45E0 )8D(&=- !! 4)'!>- γ ' '!)8W

 !



τ rw = τ 0w

(

γ̇rw
γ̇0

) 1

m

 !"#$

τ rc = τ 0c

(

γ̇rc
γ̇0

) 1

m

 !"!$

%

&'(

τ 0w = αGb
√
ρw  !")$

τ 0c = αGb
√
ρc  !"*$

+ ',-./(01(2% 34567/ 7 895 :;*< '-= 29'(-769>,/7= '(?962,@77 A9-7B

C6745,--, 74A9-.D9>,-7 A9'E9'% 94/9>,//F0 /, 4-('GHI7E 4995/91(/7=E%

9A6('(-=HI7E J>9-H@7H A-95/9457 '74-9C,@70 > =K(0C,ELDM6/,E 7 7E &6,B

/7@,EN

ρc = ρ+fromwall + ρ−annihilation + ρ−towall  !"O$

ρw = ρ+fromcell + ρ+Frank−Read + ρ−annihilation  !"P$

&'(

ρc Q A9-/,= A-95/945. '74-9C,@70 >/G567 DM6(/L=K((C

ρ+fromwall Q '74-9C,@77% A67RF>,HI7( > 5(-9 DM6(/ 7D &6,/7@

ρ−annihilation Q ,//7&7-=@7= '74-9C,@70 > 5(-( DM6(/ > 47-G A9A(6(K/9&9

4C9-.S(/7=

ρ−towall Q '74-9C,@77% GRF>,HI7( > &6,/7@F 7D 5(-, DM6(/L=K((C

ρw Q A9-/,= A-95/945. '74-9C,@70 > &6,/7@,E DM6(/L=K((C

ρ+fromcell Q '74-9C,@77% A67RF>,HI7( 7D 5(-, DM6(/L=K((C

ρ+Frank−Read Q '74-9C,@77% &(/(676G(2F( > &6,/7@,E DM6(/L=K((C 7459KB

/7C,27 T6,/C,UV7',

 !



ρ−annihilation  !""#$#%&'#& (#)%*+!'#, - $.!"#'!/ 01.2"3&422+

56*6 7*(/*( 7*0-*%#% !-6*.!8 9:;< *7#)!6= 7*0("#2 )6!(## >?@ # @A

B7.*4"2"#&C ! 6!+D2 7.2()+!0!6= #082"2"#2 7!.!826.*- 8#+.*)6.B+6B.E #

(2F*.8!'#*""*$* 7*-2(2"#& 8!62.#!%! 7.# G*%=H#/ 7%!)6#42)+#/ (2F*.I

8!'#&/J K28 "2 82"22C 2)6= .&( 8*82"6*-C 6.2GBLM#/ B6*4"2"#& - (!""*,

8*(2%#C +*$(! .24= 0!/*(#6 * 21 7.#82"2"## + NOPQ

 R 8*(2%# (2F*.8!'#*""*2 7*-2(2"#2 *7.2(2%&26)& - G*%=H2, )6272"#

7%*6"*)6=L (#)%*+!'#, - 62%2 01.2"C 6*$(! +!+ - )%B4!2 NOP 7.# (*I

)6#D2"## G*%=H#/ (2F*.8!'#, # #082%=42"#& 01.2" (* 0"!42"#& "!)EI

M2"#& $%!-"!& .*%= 7.#"!(%2D#6 $.!"#'!8 01.2"S

 O.2()+!0!""!& 0!-#)#8*)6= (%& #082"2"#& 7%*6"*)6# (#)%*+!'#, ) B-2I

%#42"#28 )6272"# (2F*.8!'## "2 )**6-26)6-B26 T+)72.#82"6!%="E8 (!"I

"E8C 7*%B42""E8 (%& NOP 8!62.#!%*- >(*)6#D2"#2 8!+)#8!%="*$* 0"!I

42"#&C ! 0!628 )7!( # )"#D2"#2 (* 0"!42"#& "!)EM2"#&A

P%& G*%22 +*..2+6"*$* *7#)!"#& (2F*.8!'#*""E/ 7.*'2))*- 7.# NOP

- .!8+!/ T6*, 8*(2%# GE%# 7.2(%*D2"E 8*(#F#+!'##C *)"*-!""E2 "! 7.2(I

)6!-%2"#&/ * F*.8#.*-!"## )6.B+6B.E 7.# NOPC #0%*D2""E/ - .!0(2%2 UJVJWJ

# #)7*%=0*-!""E/ (%& *'2"+# 7%*6"*)6# RXYP - .!0(2%2 UJUJJ Z%L42-E8

8*82"6*8 (%& '2%2, 7.*-2(1""*$* #))%2(*-!"#& &-%&26)& 8*(2%= T-*%L'##

+.B7"*02."#)6*, )6.B+6B.E - [\XJ O.# T6*8 (#)%*+!'##C $2"2.#.B28E2 -

62%2 01.2" #)6*4"#+!8# ].!"+!I^#(!C 0!/-!6E-!L6)& 8!%*B$%*-E8# # )BGI

01.2""E8# $.!"#'!8#C 6.!")F*.8#.B& #/ - -E)*+*B$%*-E2 $.!"#'E 01.2"

>^#)J UJW!AJ X!/-!42""E2 $.!"#'!8# .2H16*4"E2 (#)%*+!'## (#))*'##.BL6

- 02."*$.!"#4"E2C 7*)%2 !""#$#%&'## +*6*.E/ ) 7.*6#-*7*%*D"E8# 0"!+!8#

*)6!L6)& "2)+*872")#.*-!""E2 !")!8G%# )#(&4#/ # )+*%=0&M#/ RXYP #0GEI

6*4"*, 7%*6"*)6#J ^20B%=6#.BLM!& )6.B+6B.! $.!"#' 01.2" - 6!+*8 )%B4!2

8*D26 GE6= 7.2()6!-%2"! !")!8G%&8# )+*%=0&M#/ RXYP >^#)J UJW-A # )62"I

+!8# )#(&4#/ (#)%*+!'#, >^#)J UJWGAJ O*)%2("#2 )*$%!)*-!""* B-2%#4#-!L6

.!0*.#2"6#.*-+B )*)6!-%&LM#/ 02."* $.!"#'C 6!+#8 *G.!0*8C 7.#-*(& + *GI

.!0*-!"#L [\X )6.B+6B.E -"B6.# #)/*("* +.B7"E/ 01.2"J
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à)                                         á)                                          â)

 !"# $#%# &'()*+,-!, '-"'./0,1 2&34 5 6)+, 784 9':; "<,-=! "!+>?!6 +!"@

0)='?!1 9/:; '-"'./0! "=)0AB>C!6 +!"0)='?!1 95:

D('5-,-!>; E)0)*,--F, 5 )"-)5G .)+,0! H"<(!-'IJ)<' /F0! "))<5,<@

"<5,--) .)+!K!?!()5'-F; L<)/F )<('B!<A M<! E(,+"<'50,-!>N

ρg = ρ+FR + ρ−annihilation + ρ−towall 9$#O:

ρgb = ρ+grains + ρ+misorientation + ρ−annihilation 9$#P:

Q+,N

ρg R E)0-'> E0)<-)"<A +!"0)='?!1 5-G<(! BS(,-T>L,,=

ρ+FR R +!"0)='?!!; Q,-,(!(G,.F, 5 BS(-'6 !"<)L-!='.! U('-='@ !+'

ρ−annihilation R '--!Q!0>?!> +!"0)='?!1 5 <,0, BS(,- B' "LS< E)E,(,L-)Q)

"=)0A*,-!>

ρ−towall R +!"0)='?!!; G/F5'VC!, 5 Q('-!?F !B <,0' BS(,-T>L,,=

ρgb R E)0-'> E0)<-)"<A +!"0)='?!1 5 Q('-!?'6 BS(,-T>L,,=

ρ+grains R +!"0)='?!!; E(!/F5'VC!, 5 Q('-!?F !B <,0' BS(,-T>L,,=

ρ+misorientation R "!+>L!, +!"0)='?!!; G5,0!L!5'VC!, ('B)(!,-<'?!V Q('@

-!? BS(,-

ρ−annihilation R '--!Q!0>?!> B,(-)Q('-!L-F6 +!"0)='?!1

W!"0) !"<)L-!=)5 U('-='I !+' 5 <,0, BS(,- )?,-!5'0! ='= L!"0) 5)B@

.)*-F6 +!"0)='?!)--F6 ",Q.,-<)5; )/('B)5'--F6 E,(,",L,-!>.! ",<)= +!"@

 !



 !"#$%& '#(#))!& * !+)!,+% ρc- .+!/!0#1 ,%,+23# (%44252)$%# 6)78 95#0:

)2)%& %32 # 0%(;

ρ̇g =
3β∗dρcγ̇c

2b
− 4β∗γ̇c
bd
√

1− f
− k0

(

γw
γ0

)− 1

n

γ̇wρw <=->?@

ρ̇gb =
4β∗γ̇c

√
1− f

bdf
+

2α∗γ̇c(1− f)
√
ρw

fb
√

3
− k0

(

γw
γ0

)− 1

n

γ̇wρw <=->>@

A#,,3!+5%3 *!(5!B)22C "#"%3 !B5#'!3 3!D2+ B7+6 9E+2)! )#"!* 2)%2

5#'!5%2)+%5!0"% /5#)%$#3% 'F52) '# ,EF+ G0! H$%% ,%(1E2& "!3*!)2)+7

IJKL MNOCNNP;

L 1 ,(0%/# 0 !()!3 )#*5#0 2)%% G0! H$%1 * !+)!,+% (%, !"#$%& 0 /5#:

)%$2 B9(2+ %32+6 0%(;

ρ̇⊥ =
P

d

−→
j <=->Q@

/(2 P R 025!1+)!,+6 %33!B% %'#$%%C '#80#+# 52SF+!E)!& (%, !"#$%% P =

2d/L = 1/3

+!/(# *! )#1 * !+)!,+6 (%, !"#$%&C *5%B70#HT%8 0 /5#)%$9C 3!D2+

B7+6 '#*%,#)# "#";

ρ̇ =
P

d
(
−→
j +

←−
j ) <=->=@

# %'B7+!E)#1 * !+)!,+6 (%, !"#$%&

∆ρ̇ =
P

d
(
−→
j −←−j ) =

P

d
∆j <=->U@

/(2 *! )7& *!+!" 3!B% 6)78 (%, !"#$%& ∆j =
−→
j − ←−j = ν(ρm⊥ + ρm⊤)

B9(2+ ,01'#) ,! ,"!5!,+6H (24!53#$%% E252' 95#0)2)%2 V5!0#)#;

γ̇ = bνρm <=->W@

 !



 ! "#$%&$'%  !()%$*&)+ ' ,-* + ./01 ∆ρ = (ρ⊥−ρ⊤)  2 '#3,$45%3#67

&$2 '83,&39$ 85''%$-& - :3;,< & : 2 1/d∆ρ :$;&$ 85''* %5%6 <9$# 85!$8 7

3&%5=  Θ>

Θ = bd∆ρ, ?@ABCD

 2 '$$%43%'%43&&$2

Θ̇ = bPd(∆̇ρ). ?@ABED

.  %$93  :33:>

Θ =

∫ t

0

bPd(∆̇ρ)dt. ?@ABFD

G$'%54#3&&5- 4)H3 ' '%3:5 $"83,3#-IJ + , KK383&= 5#6&)+ <854&37

& L  4)85;3& - ,#- 85'*M%5 43# * &) '83,&3L 85!$8 3&%5=  ()#  '"$#67

!$45&) ,#- :$,3# 8$45& - N4$#I=  "585:3%8$4 : O8$'%8<O%<8) PQ1 :37

, O5O 4 85:O5+ :$,3# R'%8 &5ST$%52 %5O  4 85:O5+ :$, K = 8$45&&$L

:$,3# A G '%3:< 83H5# :3%$,$:  %385= L2 4 O5*3'%43 "585:3%8$4 :$,3# 

,#- $(3'"3*3& - '$4:3'% :$'% 83!<#6%5%$4 ()#  '"$#6!$45&) !&5*3& -2

"8 43,M&&)3 4 UVWX ,#- '#<*5- * '%$L :3, 2 !&5*3& 3 "585:3%85 β∗ '$'%54 7

#$ YAYBFA

 !"!#! $%&'()*+(,-./0,1( *&&/(234.,*5 643/78** '/3-,3&-* 2*&/3%.8*9 ')*

:;<= +(2*

G =3#6I 45# ,5=  85!85($%5&&)+ :$,3#3L ()# 4)"$#&3&) '5:$'%$-7

%3#6&)3 ,$"$#& %3#6&)3  ''#3,$45& - "$ &5&$'%8<O%<8 8$45& I  $"83,37

#3& I "585:3%8$: : O8$'%8<O%<8) %3+& *3'O * '%$L :3, ?VVAVZD UFC2VBXA

Q383, ,3K$8: 8$45& 3: $(85!=) $%; 95# "8 600◦[ 4 %3*3& 3 BY *5'$4A

P'+$,&)3 $(85!=)  :3# K$8:< "8<%O$4 '3*3& 3: BY ::  ,# &$L BYY ::A

Q$'#3 $%; 95 $(85!=) "$,43895# \]^Q "8 O$:&5%&$L %3:"385%<83A ^9$#

:3;,< O5&5#5: \]^Q '$'%54#-# VY

◦
A Q83''$45& 3 !59$%$4$O "8$4$, # "$

 !



 !"#"$%$ &' ()"* +!,-. )./01-$231 )".4.-1 )"1//.5!6*7 8!9.%.5+$ ).:

5."!;*5!0* .%6./*%10<6. /.=/%5166.> ./* 6! ?@

◦
A / ;*/0. )".4.-.5 BC DC E *

BDF

GHI ).0$;166J4 6!6./%"$+%$"6J4 .="!8K.5 5J).0670* / */).0<8.5!6*:

1 -*L"!+%. 1%"! MNOPOQR / L.+$/*".5+.> ). S"199$TS"16%!6.C */).0<8$7

CuKα *80$;16*1 )"* 6!)"7,16** E@ U5 * %.+1 D@  IF HVW +* 5J).0670* 5

-*!)!8.61 $90.5 2θ .% E@◦ -. BE@◦F X!9 /+!6*".5!6*7 /./%!5*0 @F@D

◦
C ! 5"1:

 7 Y+/).8*K** D@ /F Z1"1- )".51-16*1 GHI .="!8KJ ).-51"9!0*  14!6*;1:

/+.> * Y01+%".0*%*;1/+.> ).0*".5+1F [07 )"1K*8*.66.9. GHI =J0* .%.="!:

6J )"*6!-01,!3*1 -5$ /1 1>/%5! )0./+./%1> .%"!,16*7 )*+* (BBBA\(DDDA

* (D@@A\(E@@AF [07 +!,-.> )!"J )*+.5 "!//;*%J5!0* 86!;16*7 "!8 1"! +.91:

"16%6J4 .=0!/%1> "!//176*7 * $".567  *+".*/+!,16*> )"* ). .3*  1%.-!

]*0<7 /.6!T^.00! _B@@`C "1!0*8.5!66.9. 5 )".9"!  1 abHbHF Z.0$;166J1

510*;*6J */).0<8.5!0* -07 .K16+* )0.%6./%* -*/0.+!K*> )"* -.)$316** .=

*4 /0$;!>6. "!/)"1-1016** _B@B`c

ρXRD =
2
√

3 < ε2 >1/2

bdXRD
, (dFB?A

Z.0$;166J1 "18$0<%!%J ). Y5.02K** )0.%6./%* "1#W%.;6J4 -*/0.+!K*>

/.90!/$2%/7 / .)$=0*+.5!66J * "!611 -!66J * Y+/)1"* 16%!0<6J4 *//01-.:

5!6*> _B@D` ). GHI 6!6./%"$+%$"6.>  1-*C ).0$;166.> bZ[UC 9-1 -07 .K16:

+* )0.%6./%* -*/0.+!K*> */).0<8.5!0./< %!+.1 ,1 5J"!,16*1 5*-! (dFB?AC

! %!+,1  1-*C ).0$;166.> GUeZ _B@d`C 9-1 )"* 1670*  .-*L*K*".5!66$2

 1%.-*+$ .)"1-1016*7 )0.%6./%* -*/0.+!K*>C */4.-7 *8 )"1-).0.,16*7 .

7;1*/%.> /%"$+%$"1 *//01-$1 .9.  !%1"*!0!F ]. 5/14 /0$;!74 6!=02-!0* 8!:

 1%6.1 $510*;16*1 )0.%6./%* -*/0.+!K*> $,1 )"* 6!;!0<6.> /%!-** bZ[UC

8!%1 -./%*,16*1  !+/* $ ! / )./01-$23* $ 16<#16*1 )0.%6./%* -*/:

0.+!K*> -. 86!;16*7 6!/J316*7C +.%.".1 /0!=.  1670./< )"* $510*;16**

/%1)16* -1L." !K** -. )"1-10<6J4 86!;16*>F f*)*;6!7 +!"%*6! *8 1616*7

)0.%6./%* -*/0.+!K*> )"* bZ[U )"*51-16! 6! G*/F dFDC 9-1 86!;16*1 /%1)1:

6* -1L." !K**C "!56.1 6$02C /..%51%/%5$1% /./%.76*2 .="!8K! )./01 ./!-+*F

 !



 !"!#$% "&'&()*' +&,$-$.!-)$ !/01.2!% 34!)2!-)$ 5$-4!(&6$% !) -)*3*7

2$ 5*8!'.&6$$ 2&/495&4$ 3'$ 3!.!:$ ;4*()'!22!% .$('!-(!3$$ 54< .*5$=

3!5,*'>2?)!% @ A .*)!5!. ,-*-)!'!22*% (!,($ BCDEFG  !5'!/2! ;)$ 5&22H*

/?5?) &2&4$+$'!,&)I-< ,.*-)* - '*+?4I)&)&.$ .!5*4$'!,&2$< , '&+5*4* JGCGJGG
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K$-G JGLG @+.*2*2$* $+.*'*22!% .*)!5&.$ KMN 34!)2!-)$ 5$-4!(&6$% , +&7

,$-$.!-)$ !) -)*3*2$ 5*8!'.&6$$ ('?O*2$*.G A4< 3!-)'!*2$< >'&8$(& $-7

3!4I+!,&2H 5&22H*= 3!4?O*22H* , '&/!)* BCDLF
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 !"# $#%&#  '()*'(+*,-../ 0,12(+0,!")-33!4'"0+5 67 8%9 ! (-(+"),10)1,(+5

67: 2+314'((+5 .')+;+. !<.'3=4'(!> ? @-,+?+5 .'3=(!A' ! 2+;?',*(1)+5

BCD 0,14'(!'. 8E9# F,-G!0 2+"),+'( (- +"(+?' ;-((/H: 2,';")-?3'((/H

? I%EJK#

L!<13-=(+ <-.')(+' <(-4!)'3=(+' 1@!,'(!' 2!0- 8EEE9 .';! ? (-(+M

"),10)1,(+. "+")+>(!! 2+ ",-?('(!N " 0,12(+0,!")-33!4'"0!. 8 !"# $#%&9

+O1"3+?3'(+ 0-0 4,'<?/4-5(+ .-3/. ,-<.',+. <P,'(: )-0 ! " ?/"+0!. 1,+?M

('. .!0,+!"0-Q'(!5 0,!")-33!4'"0+5 ,'@P)0!# R)+ +O")+>)'3=")?+ "1S'M

")?'((+ <-),1;(>') !()',2,')-A!N ,'()*'(+*,-..: 2+"0+3=01: ;-Q' +A'(!?

1,+?'(= .!0,+!"0-Q'(!5 ),-;!A!+((/.! .')+;-.!  TU: ?'"=.- "3+Q(+ 1")-M

(+?!)=: 0-0+5 23+)(+")! LVFD +( "++)?'")?1')# WA'(!. 23+)(+")= LVFD ?

 !"



 ! "#$%&'$&% "( )*+,- ."/&0*  "( 123- ,#."/45&6 .%*+/"7*  8( 9 +!  "(

%!:"$* ."+;"+<

= >$"( ?*/4@ :8/, .%")"+*/,%"9! 8 .%"A,/, /, ,, BCCCD  ! "'%,E

#$!//,0*#'"( )*+,- #"+*%7!F*( GHI3 # ./"$ "#$4@ "$  &/6 +" ρ = 108 )−19

%*!/,#$,0 "( '" A,J&%!?,, $,.! A±<

K! L,#< M<NO +*)" #$%,%&*$ 5!9,#,)"#$, &P,%* ,6- #965!  "J" # %!5)*E

%") '%,#$!//,$"9 βs , ,#'!7* ,6), '%,#$!//,0*#'"( %*PQ$', βd "$ %!5)*%!

5Q%* +/6 ./"$ "#$, +,#/"'!?,( ρ = 108 )−1 , ρ = 0.5× 108 )−1<

� � � � � � �� �� �� �� �� �� �� �� �� �� �� ��

�

�

�

�

�

�

�

�

�

M
r
b
j
_
g
b
_
��
]
j
Z
^
�

G��D

L,#< M<NO< H!9,#,)"#$, 5 !0* ,6 &P,%* ,( %!5)*% "J" B�D , +*A"%)!?," E

 "J" +/6 ./"$ "#$, +,#/"'!?,( ρ = 108)−1 B•D , ρ = 0.5 × 108)−1 BND 9

5!9,#,)"#$, "$ %!5)*%! 5Q%* 

15 L,#< M<NO 9,+ "- +*A"%)!?,"  "* &P,%* ,*- #965!  "* # GHI3- &:8E

9!*$ 5!)*$ " )*+/*  ** %!5)*% "J"- $!' 0$" ."#/*+ ** 69/6*$#6 .%*":/!+!E

@F,) .%, 0%*5980!( " )!/") %!5)*%* 5Q%* - :/,5'") ' d = 1 ÷ 3  )< =

&9*/,0* ,*) %!5)*%! 5Q%* 9'/!+ +*A"%)!?,"  "J" &P,%* ,6  !0, !*$ #$!E

 "9,$4#6 #%!9 ,)8) # %!5)*% 8)- $!',) ":%!5") +"."/ ,$*/4 " 5!$%&+ 66
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 ! "#$ %&!'(&!)(% **+

,"- ).&!/# 0")'!)1'# 234,5 1))'6&'1'6789&: ;/10&%#*&!' "<!) ! =

>"8? &*)*7 ?&@)%* .#)!!)*7 7A#%&!#85 >B"# % 11C#' !B $! C&!#-βd 0#=

/)6 DEEEF % 1CG'!BH 0%)@#"&: ! !)1'%7/'7%!): *&?# ?"- !&1/)"</#H $! =

C&!#: 0")'!)1'# 234,5  ' /I& ?"- ;/10&%#*&!' "<!) #$*&%&!!)() 0#/ +

,&@)%* .#)!!)& 7A#%&!#& ;/10&%#*&!' "<!)() 0#/ ).&!#"#5 #1H)?- #$ #$=

6&1'!)() % $*&% $G%&! D14 ± 2 !* D39 ± 6aF JKELMF N 1))'6&'1'6789&& &*7

% $*&%!)& 7A#%&!#& >B") 0)?1C#' !) 0) @)%*7"& O&%%&% JKEPM+ ,"- 0)"7=

C&!#- $! C&!#: ?&@)%* .#)!!)() 7A#%&!#- % 1CG'!BH %&!'(&!)(% ** ?"-

$! C&!#- % $*&% $G%&! d = 39a 0%#>&( "# / ;/1'% 0)"-.##+
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Q#1+ R+KL+ ,&@)%* .#)!!)& 7A#%&!#& 6 $ 6#1#*)1'# )' % $*&% $G%&! 0%#

0")'!)1'# 234, ρ = 108*−1 D�F # ρ = 0.5× 108*−1 D•FS ◦ N ?&@)%* .#)!!)&

7A#%&!#& ;/10&%#*&!' "<!)() 0#/ DEEEF+

T)"7C&!!B& %&$7"<' 'B 0%#6&?&!B ! Q#1+ R+KL+ U$ %#17!/ 6#?!)5 C')

;/10&%#*&!' "<!)& $! C&!#& βd ! H)?#'1- *&I?7 % 1CG'!B*# /%#6B*# ?"-

0")'!)1'# 234, ρ = 108 *−1 # ρ = 0.5× 108 *−1+ V"&?7&' )'*&'#'<5 C') 0%#
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 !""#$ %!&'()!$ *&+,-./,0!-*&. &*-."#1 +%*2-*31"*45 +,&6,-.67 06-! 

0 78*%1"*1 96&+1%*:1")!-.", */:1%1"",;, +*6! :,;-* 0",&*). "1 ),-.6,

<=>?5 ", *  %7;*1 &)%76)7%"#1 +!%!:1)%#5 6!6 "!+%*:1%5 %!&+%1 1-1"*1

/(%1" +, %!/:1%!: *-*  1@16)# 7+!6,06*A

?-4 2,-11 6,%%16)",B ,C1"6* +-,)",&)* <=>? "! ,&",01 !"!-*/! 96&D

+1%*:1")!-."#$  !""#$ 2#-* *&+,-./,0!"# %1/7-.)!)# %!2,) +, *&&-1 ,0!D

"*E &)%76)7%# FG= :1 *5 +,-7'1"",B HI?J * +, 01%;"7),B +,&-1 7EK1:7

"*/6,)1:+1%!)7%",:7 ,)3*;7 LMNOPA < 9),B +72-*6!C** +%*01 1"#  !""#1 ,2

*/:1"1"** +!%!:1)%,0 %1");1",0&6,;, +*6! QRSST "!",&)%76)7%",B :1 * +,D

&-1 &1%** ,)3*;,0 ,) MSS  , 190◦ QU*&A VAMWTA H")1%1&",5 '), +%* ,)3*;1

2,-11 100◦X +%,*&$, *) /!:1)",1 7:1".81"*1 78*%1"*4 +*6,05 $,)4 0+-,).

 , )1:+1%!)7%# 1500X "1 +%,*&$, *) "!2-E !1:,;, +%* +,:,K* IYG */:1D

"1"*4 /(%1"",B &)%76)7%# :!)1%*!-!A IYG *&&-1 ,0!"*4 +,/0,-*-* )!631

7&)!",0*).5 '), 6,")%!&) ;%!"*C /(%1" +%*,2%(- +,-,&'!)#B 0* 5 '), :,31)

2#). *")1%+%1)*%,0!", 6!6 7:1".81"*1 0"7)%1""*$ "!+%431"*B "! ;%!"*C1A

Z)3*; +%* )1:+1%!)7%!$ 2,-11 1500X +%*0(- 6 %,&)7 /(%1" * &7K1&)01"",:7

7:1".81"*E 78*%1"*4 +*6,0 & , ",0%1:1""#: %,&),: *$ *")1"&*0",&)*A

[!6*: ,2%!/,:5 1&). 0&1 ,&",0!"*4 +,-!;!).5 '), */:1"1"*1 78*%1"*4

+*6! +%* ,)3*;1 &04/!", *&6-E'*)1-.", & %1-!6&!C*1B "!+%431"*B 0 ;%!"*D

C!$ /(%1"5 ), 1&). +%10%!K1"*1: *$ 0 %!0",01&"#1 /! &'() )1%:*'1&6* !6)*D

0*%,0!"",B !""*;*-4C** <=>?5 +,&6,-.67 ,&)!-."#1 &,&)!0-4EK*1 :*6%,D

&)%76)7%# *&&-1 ,0!"",B :1 * "1 */:1"4-*&.A I%*1500X +%,*&$, *) +,-"#B

0,/0%!) ;%!"*C /(%1"A \-1 ,0!)1-.",5 0 %!:6!$ +%1 -,31"",;, :, 1-.",;,

+, $, ! :,3", &,+,&)!0*). "!",&)%76)7%"7E :1 . +,&-1 HI?J X] :, 1-.D

",:7 "!",6%*&)!--75 &, 1%3!K1:7 <=>?5 ! ,),33(""7E +%* 1500\ :1 .

^ * 1!-.",:7 "!",6%*&)!--7A I%* 9),: 0 %!:6!$ :, 1-*%,0!"*4 */:1"1"*1

78*%1"*4 96&+1%*:1")!-."#$ +*6,0 & "!;%10,:  , "!'!-! %16%*&)!--*/!C**

:,3", &,,)"1&)* & */:1"1"*1: β %!&'()"#$ +*6,0 +%* 7:1".81"** /"!'1"*B

/! !0!1:,B +-,)",&)* <=>? +%* +,&),4"",: /"!'1"** %!/:1%! 6%*&)!--*D

),0A U1/7-.)!)# 9),B %!2,)# +%1 &)!0-1"# 0 )!2-*C1 VANA
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 !"# $#%&# '()*+*+!* ,!-. /*+01*+21/.)) 3!4. 56778 +.+2"0/9409/+2: ;< ,

(.,!"!)2"0! 3/! +!(420*)3*/.09/+2) 20=!1*#  !"9+24 32>9?*+ " !"32>@(2A

,.+!*) -.++BCD 239E>!42,.++BC , F%GHI#

J.E>!K. $#G# L*M2/).K!2++2* 9N!/*+!* ->O P4"3*/!)*+0.>@+212 5/.E2A

0. F%GHI8 ! )2-*>@+BC /*+01*+2,"4!C 3!42, 56778#

βd !"#$%

&'()*"+,*-. /%01

ρ = 0.5× 108
,

−1
/%02

ρ = 108
,

−1
1%30

Q. 2"+2,.+!! .+.>!(. 32>9?*++BC /*(9>@0.02, )2=+2 42+"0.0!/2,.0@D

?02 32>9?*++2* " 32)2R@S 3/*->2=*++212 32-C2-. (+.?*+!* 3>20+2"0! TUVL

, WXU )*-!D 32>9?*++2: 'YLZD "2"0.,>O*0 ,*>!?!+9 32/O-4. 0.5× 108 )−1#

Y2-2E+B* 2K*+4! EB>! "-*>.+B " !"32>@(2,.+!*) P4"3*/!)*+0.>@+BC

-.++BC ->O WXU )*-!D 32>9?*++2: 'YLZ ! 32-,*/1+902: 4/.042,/*)*+A

+B) +!(420*)3*/.09/+B) 20=!1.)D -2>2=*++B) , F%$7I# T /*(9>@0.0* 3/2A

,*-[++BC .+.>21!?+2 ,BN*23!".++B) ?!">*++BC /."?[02, EB>2 32>9?*+2

1/4



 !"#$!%$ &'()!(*)% +,-. ∼ ρ = 0.4× 108 /

−1
0

+ 1$'(/2 &3$4'(5$!!67 &(48(4 9 /(4$'%3(:"!%; 3$!)<$!(<3"// !"!(=

*)3>9)>3!68 /")$3%"'(: &( :('%' (1$!%)? &'()!(*)? +,-. 4'@ AB. /")$=

3%"'(:2 9()(3"@2 9"9 &(9" "!( !" &3%/$3$ !"!(*)3>9)>3!(7 /$4%2 *(*)":'@$)

:$'%#%!> &(3@49" ρ = 0.5 × 108 /−10 C)" :$'%#%!" /(5$) D6)? %*&('? (:"=

!" 9"9 /$3" !$3":!(:$*!(*)% <3"!%1  E3$!2 9()(36$ : *:(; (#$3$4? /(<>)

:'%@)? !" *:(7*):" AB. /")$3%"'(: FGH0

.'@ (&3$4$'$!%@ &'()!(*)% +,-. %*&('? (:"'% &3%E/2 &(43(D!( (&%=

*"!!67 : 3" 4$'$ I0I0J !"!(*)3>9)>3!6$ (D3" 16 K&('>#$!!6$ /$)(4(/ LMNB

&(*'$ OG 1%9'(: &3$**(:"!%@P &(4:$3<"'% !% 9()$/&$3")>3!(/> ()5%<> &3%

150◦Q : )$#$!%$ RS /%!>)P 4'@ (D$*&$#$!%@ &('!(<( :( :3")" <3"!%1  E3$!

"!"'(<%#!( FOGTH0 B'()!(*)? +,-. (&3$4$'@'% !" (*!(:$ "!"'% " 3$!)<$!(=

<3"// 4'@ 4:>8 *(*)(@!%7 !"!(*)3>9)>3!(7 /$4% &3% &(/(U% 9(/&?;)$3!(=

<( /(4$'%3(:"!%@ K*/0 3" 4$' I0I02 " )"95$ 3"D()6 FVV2VTHP0

W!"'% &('>#$!!68 X9*&$3%/$!)"'?!68 4"!!68 &3% &(/(U% &3$4'(5$!=

!(<( : 4"!!(7 <'":$ &(48(4" &(9" "'2 #)( &'()!(*)? +,-. : !"!(*)3>9)>3!(/

*(*)(@!%% %**'$4(:"!!(7 /$4% *(*)":'@$)  !"#$!%$ &(3@49" 0.3 × 108 /

−1
2

#)( *(():$)*):>$) &'()!(*)% 3$YE)(#!68 4%*'(9"1%7 ρl =
3ρ

d
∼ 1015 /

−2
0

B(*9('?9> *%4@#%$ +,-. !$ :'%@;) !" &"3"/$)36 3$!)<$!(:*9%8 &%9(:2 %*=

&('? >$/ &'()!(*)? *9('? @U%8 +,-. 4'@ (1$!9% :$'%#%!6 X9:%:"'$!)!(7

%/ &'()!(*)% 3$YE)(#!68 4%*'(9"1%7 9"9 ρL =
√

2ρl ≈ 1.4 × 1015 /

−2
0 C)(

 !"#$!%$ D'% 9( 9 &3$4$'?!6/ &'()!(*)@/ 4%*'(9"1%72 (D3" >;U%8*@ &3%

D('?Y%8 *)$&$!@8 4$Z(3/"1%70 B3% X)(/2 (!( &3$:6Y"$)  !"#$!%@ &'()!(=

*)% 4%*'(9"1%7 Kρmax = 0.1−1.2×1015 /

−2
P2 X9*&$3%/$!)"'?!( % /$3$!!68 :

/"9*%/>/$  ":%*%/(*)%2 &3%:$4E!!(7 !" L%*0 I0G0 ["9%/ (D3" (/2 9"5>U%7=

*@ XZZ$9) 4(*)%5$!%@ /"9*%/"'?!(7 &'()!(*)% 4%*'(9"1%7 !" !"#"'?!68

*)"4%@8 AB. /(5!( (D\@*!%)? :%4(% /$!$!%$/ 4%*'(9"1%(!!68 9(!Z%<>=

3"1%7 ] 4%*'(9"1%% 9(!1$!)3%3>;)*@ &3$%/>U$*):$!!( : <3"!%1"8  E3$!2

#)( &3%:(4%) 9 X93"!%3(:9$ %8 &('$7 !"&3@5$!%72 : 3$ >'?)")$ % /$3@$/"@

3$!)<$!(:*9%/ /$)(4(/ (D\E/!"@ &'()!(*)? 4%*'(9"1%7 %*9>**):$!!(  "!%=

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

'& ()"*+, "-! ./-"#/0"$.!% */$+,.!1/,--!% 2,*"+3 *+% !-!+/4! *"5,)6

2!1/,--,7, 8,9"*"-/% / :9,+;1// 8!)!2"#),9 2/.),$#)<.#<)= 9 2"#!+6

+/0"$./> 2!#")/!+!> 9 >,*" ?(@ -! ,$-,9" 2,*/5/1/),9!--,A 2,*"+/

B$#)/-!CD,#!& E=8,+-"--=" 0/$+"--=" )!$0F#= 8,49,+/+/ ,GH%$-/#3

:.$8")/2"-#!+3-, /42")"--=" 4!9/$/2,$#/ /42"-"-/% 8+,#-,$#/ */$+,6

.!1/A I <2"-3J"-/" /42")%"2,A 8+,#-,$#/ */$+,.!1/A -! 8,4*-/> $#!6

*/%> ?(@K -!$#<8!;L"" 9 )"4<+3#!#" /$#,L"-/% */$+,.!1/,--=> /$6

#,0-/.,9 9 #"+" 4F)"- / 8)"9!+/),9!-/% 4")-,7)!-/0-=> 8),1"$$,9&

M& (,.!4!-,K 0#, !-!+/4 8),1"$$,9 :9,+;1// */$+,.!1/A 9 7)!-/1!> 4F6

)"- 9 )!2.!> */$+,.!1/,--,C./-"#/0"$.,A #",)// 8,49,+%"# )!$$0/#!#3

/42"-"-/" $)"*-"A )!4,)/"-#!1// $ <9"+/0"-/"2 $#"8"-/ *"5,)2!1//&

(,+<0"--=" )"4<+3#!#= $,7+!$<;#$% $ *!--=2/K 8,+<0"--=2/ ,8=#-=2

8<#F2 -! 8)/2")" -!-,$#)<.#<)-,A 2"*/&

N& ()"*+, "- 8,*>,* *+% ,8)"*"+"-/% $#"8"-/ -")!9-,9"$-,$#/ 7)!-/1 4F6

)"- 9 OPQ 2!#")/!+!>K 8,+<0"--=> ?(@K -! ,$-,9" !-!+/4! *!--=>

RST 8)/ 8,2,L/ 2,*"+/),9!-/% )"-#7"-,7)!22 -!-,2!#")/!+,9 $ 7)!6

-/1!2/K $,*") !L/2/ EQU@&

V& R!4)!G,#!--=A 8,*>,* 8,49,+/+ ,8)"*"+/#3 8!)!2"#)= */$+,.!1/,--,A

$#)<.#<)= OPQ 2!#")/!+,9 -! 8)/2")" -!-,$#)<.#<)-,A 2"*/K 8,+<6

0"--,A ?(@& O$#!-,9+"-,K 0#, -!G+;*!"2=" /42"-"-/% 9/*! )"-#7"6

-,7)!22 -!-,$#)<.#<)-,A WXK 8,+<0"--,A ?(@K 8, $)!9-"-/; $ )"-#6

7"-,7)!22!2/ $,,#9"#$#9<;L"A .)<8-,.)/$#!++/0"$.,A WX ,G<$+,9+"6

-= -!+/0/"2 4")-,7)!-/0-=> */$+,.!1/A 9=$,.,A 8+,#-,$#/ Y8,)%*.!

0.5× 108 2−1Z&
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 !"#"! $%&%'()!* +(,-'(-,. /,0)#1 23,%) )0 +4!*+(40 5 6 "0(%,#07

8!4 "!9%( +-:%+(4%))." !;,02!" 48#<(= #> &02!4.* +!+(04? @ A0+()!+(#B

(0'!% <48%)#%B '0' +%/,%/01#< 0(!"!4 8%/#,-C:#> D8%"%)(!4 )0 /,0)#10>

23,%) 4 +E8040>B "!9%( 48#<(= )% (!8='! )0 #> "%>0)#A%+'!% E!4%$%)#%B )!

# (%,"#A%+'-C +(0;#8=)!+(=B 0 (0'9% '!,,!2#!))-C +(!*'!+(= FGHGI? J0'B 4

,0"'0> E,!4%$3)).> 4 )0+(!<:%* ,0;!(% #++8%$!40)#* ;.8 !;)0,-9%) D&7

&%'( $!E!8)#(%8=)!/! -E,!A)%)#< 4 KLM +E8040> )0 !+)!4% 08C"#)#< #

9%8%20B !;-+8!48%)).* !;,02!40)#%" 2%,)!/,0)#A).> +%/,%/01#* 4 ,%2-8=7

(0(% 5 6? N(! <48%)#% O+4%,>E,!A)!+(#P !;-+8!48%)! )% (!8='! -8=(,0"%87

'#" ,02"%,!" 23,%)B )! # $,-/#"#B +E%1#&#A%+'#"# $8< 5 6 "0(%,#08!4

!+!;%))!+(<"# (!)'!* +(,-'(-,.B 4 A0+()!+(#B (0'#"#B '0' 2%,)!/,0)#A).%

+%/,%/01##?

@ $0))!* /804% ,0++"0(,#40C(+< 4!E,!+.B +4<20)).% + E%,4."# )0;8C7

$%)#<"# # '!8#A%+(4%))!* 0((%+(01## E,!1%++!4 E%,%,0+E,%$%8%)#< 0(!"!4

8%/#,-C:#> D8%"%)(!4 4 +E8040>B E!$4%,/)-(.> 5 6? Q!$%,90)#% /804.

!(,09%)! 4 !,#/#)08=).> E-;8#'01#<> FRBSTBSUBGHVWGXVI

&'(' )*+,-.!,$%" /"0+"0,1%2 $, 0+,$%1,3 -4+"$ ! 567 /89,!,3:

8.9;<"$$=3 >?@A

N&&%'(0"B +4<20))." + #2"%)%)#%" >#"#A%+'!/! # &02!4!/! +!+(040

/,0)#1 23,%)B E!+4<:%)! ;!8=Y!% '!8#A%+(4! E-;8#'01#*B 4 FGXHI E,#4%$3)

!;2!, ,%2-8=(0(!4 ,0;!( E! #++8%$!40)#C &02!4.> E%,%>!$!4 )0 /,0)#10> 237

,%)B +4#$%(%8=+(4-C:#>B 4 A0+()!+(#B !; D&&%'(% +"0A#40)#< /,0)#1 20 +A3(

  !



 !"#$ %#&'( $)"& *"#&'+&,- .#$/ 01 (%2)&') 3 4)1  !2)*+#15 3'*"#6'7

*"#&'6 $8")&9 % #273'&')%,- :;2#%#- ;"'% <'15 = ;" (%2)&'7 %,: = := >

" :1& ? :%)"-;2#:1'+& :1' @ABCD/ E 1 4) %")3(9 #&#2'$ %2'(&'( %,$%#&& >

* <). "3#6')? ;)")"#:;")<)2)&'( #1 3 % 2)*'"F7G'- H2)3)&1 % &# ;" +>

& :15 IJK 3#1)"'#2 % !,2 &)$&#+'1)25& ;")<:1#%2)& % 2'1)"#1F")9 % 1 3

+':2) ' ; 1 3F9 +1 F%)2'+)&') '- = &6)&1"#6''9 &) ;"'% <(G)) =  !"#$ >

%#&'7 .#$9 :2 4&  <& $&#+&  ;")<)2'15 !)$ ;"'%2)+)&'( ;"(3,- 3)1 < %

"#$")L)&'( #1 3& ? :1"F=1F",/ M % < 3 <2( ;" %)<)&'( '::2)< %#&'?9  ;'>

:,%#)3,- % <#&& 3 "#$<)2) :1#2' <#&&,)  ! #& 3#25& ? ;" +& :1' :;2#%#

ANOP9  ;F!2'= %#&&,) % @ABBD/ Q&#2'$ ;" %)<8&&,- ")&1*)& %:='- '::2)< %#>

&'? ; =#$#29 +1 ;#"#3)1" ")L81=' :;2#%# ; :2) RMST $#3)1& F3)&5L'2>

:(9 +1 = :%)&& :%'<)1)25:1% %#2  1 39 +1 3#*&'? ; ='&F2 #273'&')%F7

3#1"'6F/ U,2# %,<%'&F1# *'; 1)$#  1 39 +1 ' ; %,L)&&#( ;" +& :159 '

F3)&5L)&') = &6)&1"#6'' 3#*&'( % 1)2) $8")& RMST :;2#%#  !F:2 %2)&,

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

 !"!"! #$%&'(()' %&*+','-.%,&/ +'0$12/3*$(($4&('%5(()6 7'1($81/(*9()6 %':

81'8/3*; & <=4>? %@-/&'

E =#+):1%)  !V)=1# '::2)< %#&'? ':; 25$ %#2' #273'&')%,? :;2#% ANOP

:':1)3, WXYZ[ \WX>N/OZ[>P/C]^_>P/BZ`9 3#::/ ab @AC]9ACCD/ M %)<)&') 3#*&'(

% 1%8"< 3 "#:1% ") WX <)1#25& '$F+)& % &#F+& ? 2'1)"#1F") @ABND/ S#&&,?

:;2#% &#& :1"F=1F"'" %#2' '$  !"#! 1#&& * &# 1%8"<,? "#:1% " : :1 (&'(

\] +#:# ;"' 380◦cb9 ; <%)"*#( )* RMST \<#%2)&') d eM#9 = 2'+):1%  ! " >

1 % f ]Pb/ E ")$F251#1) !,2' ; 2F+)&,  !"#$6, <'#3)1" 3 ]P 33 ' 1 2G'& ?

; "(<=# A 33/

Q&#2'$ 3'=" :1"F=1F", %,; 2&(2' ;"' ; 3 G' M0J9 ghQ # 1#=4)

#1 3& Y$ &< % ? ;" :1"#&:1%)&& ? 1 3 *"#.'' \QMib/ h")<&'? "#$3)" $8>

")& ' "#:;")<)2)&') $8")& ; "#$3)"#3  ;")<)2(2'9 ':; 25$F( 1)3& ; 25&,)

'$ !"#4)&'(9 ; 2F+)&&,) % ;2 := :1' ="F+)&'(9 ; ")$F251#1#3  !:+81# &)

3)&)) CNP $8")& %  !2#:1'9 :  1%):1%F7G)? :)")<'&) "#<'F:#  !"#$6#/ 02)=>

  !



 !"#"$!%&&' (#)&%*) ( +*",%-) -)%&. !"& /01 &2&0 345 6'+"*#7*) +!)

+"&",) -)8!%2 "&. !% "9,.$"  )+% :;<=>? @AB;C= DE F ( 8"2G()!"62"H +"

I!.$$GJI!.# %#" ) )K*GL.#).& M?Nα +!) K#%L.#)7O #%+!7P.#)7 QR 2S )

 "2% TR &50 U%!%&. ! !.VW 2) aX !%K&.! "9*%( .H 2"$.!.# #"$" !%((.7#)7

dXRD ) G!"6.#Y &)2!")(2%P.#)H 2!)( %**)L.(2"H !.VW 2)< ε2 >1/2
!%((L)Z

 '6%*) &. "-"& 3) 6.*Y-%X !.%*)K"6%##"& 6 +!"$!%&&. [\@] ^!%K!%9" 2%

) 2"+)!%H _0 _`  .!"  ) a/Tbcd0

 ! " #$ #% $  $! 

$ 

! 

% 

" 

#  

 

 

!
"

#
$

%
&

'()*$ &*+,- $.

/01

3)(0 T0/0 e)+)L#'. f*.2 !"##"&)2!"(2"+)L.(2). )K"9!%P.#)7 6  W&#"& ^%d

) (6. *"& +"*. ^9d ( !G2 G!' ghi (+*%6% /QjRX +"*GL.##"$" kUl0 3%(+!.Z

-.*.#). KW!.# +" !%K&.!%&X +"*GL.##". +" !.KG*Y % %& Uh )((*.-"6%#)H

^6d a/11c

m*.2 !"##"&)2!"(2"+)L.(2)H %#%*)K +"2%K%* a/11cX L " kUln +!)6"Z

-) 2 +"*#"&G #%#"( !G2 G!)!"6%#)` )(O"-#"H 2!G+#"K.!#)( "H ( !G2 G!'

(+*%6%0 kK !)(G#2% T0/%X9 6)-#"X L " 6 f "& ("( "7#)) (+*%6 /QjR O%!%2Z

  !



 !"#$%! &' ()*("()*(+ ,-. /#0"(& "%0 %"(+ & "!$%12 #"%34#/ &"!)*#/

"5$/!"(/ $6"!* d = 97 */7 0( ("8+ 981 (:"!)!16* & :(/(423 )#5;"5//8

"5&:"!)!1!*#' $6"!* :( "5$/!"5/ <=#&> ?>@AB>

C#:#D*8+ A#) E1!0 "(*(;"5//87 :"!)& 5A1!**(+ *5 =#&> ?>@F < (D!DG

*8! "!H1!0&87 "5&:"!)!16**8! :( 0(12I5/ J!95'KL!"!"5B &A#)! !12& A%G

! (  (/7 D ( E 5 & "%0 %"5 (9"5$(A5*5 :"!#/%4!& A!**( 9(12M!%;1(A8/#

;"5*#I5/# $6"!*> N5O*( ( /! # 27 D ( A*% "# %12 "5/!10#P $6"!* *5913)5G

1# *!$*5D# !12*(! 0(1#D!& A( )#&1(05I#+ <=#&> ?>@9B7 D ( &(;15&%! &' 050 &

:"!)& 5A1!*#'/#7 #$1(O!**8/# A :"!)8)%4#P ;15A5P7  50 # & )"%;#/# E0&G

:!"#/!* 512*8/# )5**8/#7 :"!)& 5A1!**8/# A 1# !"5 %"! )1' QRJ 513G

/#*#!A8P &:15A(A7 &/>7 *5:"#/!"7 S@?TU>

=!* ;!*(A&0#! #&&1!)(A5*#' :($A(1#1# %& 5*(A# 27 D ( QRJV A1!D6 

$5 &(9(+ $*5D# !12*(! %/!*2M!*#! :5"5/! "5 0"#& 511#D!&0(+ "!M! 0# a

&:15A5 @WTX Y !;( A!1#D#*5 :(&1! )!H("/5I## #$/!*'! &' & a = 4.0765 ±
0.0001 Z

[ )( a = 4.0692 ± 0.0003 Z

[Y A & ("(*% $*5D!*#' :5"5/! "5 "!M6 0#

D#& (;( 513/#*#' <C591#I5 ?>@B>

C591#I5 ?>@> V(*I!* "5I#' /5;*#' A 513/#*#!A(+ /5 "#I! A &:15A! @WTX A

#&P()*(/ $50516**(/ &(& ('*## # A *5*(& "%0 %"*(/ &(& ('*##7 :(1%D!**(/

QRJV :"# 0(/*5 *(+  !/:!"5 %"!

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

,-. 7.0± 0.2 6.4± 0.5
./0 7.0± 0.15 6.4± 0.3

Q$A!& *(7 D ( %/!*2M!*#! :5"5/! "5 0"#& 511#D!&0(+ "!M! 0# [\K]^

&:15A(A (9%&1(A1!*( A8)!1!*#!/ #$  A!")(;( "5& A("5 /5;*#' S@?_U7 #/!34!G

;( M#"(0%3 (915& 2 "5& A("#/(& # A 513/#*##> R"# E (/ A8)!1!*#! @ 5 > `

/5;*#' :"#A()# 0 %/!*2M!*#3 a *5 X>XX?a

Z

[ S@?bU> C50#/ (9"5$(/7 &%)' :(

%& 5*(A1!**8/ #$/!*!*#'/ a7 A :"(I!&&! QRJV :"# 0(/*5 *(+  !/:!"5 %"!

#$  A!")(;( "5& A("5 &:15A5 @WTX A8)!1#1(&2≈ 0.6 F > ` /5;*#'> c 5 (I!*05

P("(M( 0(""!1#"%! & :(1%D!**8/# :($)*!! )5**8/# dRC7 0( ("8! :"'/(

%05$8A53 *5 #$/!*!*#! &()!"O5*#' /5;*#' A 513/#*#!A(+ /5 "#I! A "!G

112



 !"#$%$& '()* +,"%-% ./01 + 2031±134 %$356 78 293:±134 %$356; ,87$-&<=7%>

+!?&+$-&@@8& !A&@#B&@C& D8@E&@$<%ECC A%F@C> - $-G<78A <%+$-8<&3

(<C@CA%> -8 -@CA%@C&; H$8 ,8 7%@@IA JKL C (MN - +$<!D$!<& A%$&<CO

%"% ,8+"& '()* @& PI"8 8P@%<!=&@8 -I7&"&@CQ -$8<CH@IR H%+$CEβST% I;

PI"% -I7-C@!$% FC,8$& %; H$8 -I>-"&@@8& !A&@#B&@C& +87&<=%@C> A%F@C>

- $-G<78A <%+$-8<& +,"%-% ./01 ,8+"& '()* +-> %@8 + 8P<% 8-%@C&A +&F<&O

F%ECQ - 8P"%+$C F<%@CE  G<&@; ,<CHGA "8D%"#@8& +87&<=%@C& A%F@C> - @CR

A8=&$ ,<&-IB%$# .1S./5 U.V4W3

 !"!#! $%&'() *+,-.-/)012/3- +4%-.+3-56& *)7+%'-86+55+935)2:55(; .)%5+<

=%-56>5(; 2)=%)=-86? 3 @A9BC 2D0-3)

)"> C !H&@C> 8+8P&@@8+$&Q <%+,8"8=&@C> %$8A8- - '()* 8P<% E%R C+O

,8"# 8-%"C A&$87 L(X3 YP<% EI 7"> C++"&78-%@CQ A&$878A L(X F8$8-C"C

A&$878A Z"&D$<8,8"C<8-DC3 L(X -I,8"@>"C + C+,8"# 8-%@C&A %$8A@8F8  8@O

7% [\]^[\ + Z@&<F8D8A,&@+%EC&Q 2^[_`\a63 YP<% EI 7"> L(X; ,<CF8$8-O

"&@@I& - -C7& $8@DCR CF"; C+,%<>"C CA,!"#+@IA Z"&D$<CH&+DCA ,8"&A 278">

CA,!"#+% 415; H%+$8$% b 4 DcE6 ,<C $&A,&<%$!<& d1*3 YP<%P8$D! 7%@@IR

8+!?&+$-">"C + ,8A8?#e ,<8F<%AA@8F8 ,%D&$% fa] Vg ghih jklimhno

p

 3

(<>AI& @%P"e7&@C> %$8A@8Q +$<!D$!<I qNr +,"%-% ./01 ,8"@8+$#e

,87$-&<7C"C -I7-C@!$!e FC,8$& ! b <%+,<&7&"&@C& %$8A8- A%F@C> PI"8 +!O

?&+$-&@@8 C A&@&@8 - <& !"#$%$& '()*3 *%D ,8D% %@8 @% JC+!@D& :34 %@%"CO

 C<!&AIQ 8PsGA A%$&<C%"% ,&<&+&D%&$ >-@8 -I<%=&@@%> +&F<&F%EC>; +8+$8>O

?%> C %$8A8- A%F@C>3

)&$%"#@8& <%++A8$<&@C& Z$CR 7%@@IR ,8 -8"C"8 -C !%"#@8 <% <&BC$#

@%P8< 2V..6 %$8A@IR ,"8+D8+$&Q %"eAC@C> +,<%-% 8$ +&F<&F%ECC; ,<C Z$8A

8$+!$+$-!e?CR +,<%-% 8$ @&G 2JC+3 :34 2P663 M$8 @%P"e7&@C& 87@8 @%H@8 +-CO

7&$&"#+$-!&$ 8 $8A; H$8 +&F<&F%EC> <% 7&">&$ 8P"%+$C; +!?&+$-&@@8 <% 8<C&@O

$C<8-%@@I& 7<!F 8$@8+C$&"#@8 7<!F%; $8 &+$# 8@% @%R87C$+> @% F<%@CE&  G<&@3

*%D D%<$% <%+,<&7&"&@C> RCACH&+DCR Z"&A&@$8- - +&H&@C>R %@%"C C<!&A8F8

8PsGA% 2JC+3 :342-66; $%D C D8@E&@$<%EC8@@IQ ,<8TC"#; <%++HC$%@@IQ - @%O

  !



 !"# $#%# &'()*+',-. '+/0,"1'2/3!. '-"4'+5+6+,!. -10*07 7 89: "46-7+

;<=>? 4062@+,,-. *+1050* AB&C D-E F !G0H'-I+,!+ JKL4'0+/3!! G+',0M'-N

,!@,0O "+M'+M-3!! *-M,!. D-10*P -6Q*!,!. 4'+5"1-76+,P 10@/-*!? -10*P

*-M,!. F /'2I/-*!ER DHE F 4'0+/3!. 4'0-,-6!G!'07-,,0M0 0HS(*-? 0'!+,N

1!'07-,,-. 1-/? @10HP '-G'+T!1U -10*,P+ 460"/0"1! DJ;;E -6Q*!,!. "4'-7-

01 "+M'+M-3!!R D7E F )!*!@+"/-. /-'1- '-"4'+5+6+,!. *-M,!. 40 0HS(*2R DME

F /0,3+,1'-3!0,,P+ 4'0V!6! W6+*+,107? '-""@!1-,,P+ 7 ,-4'-76+,!!? 40N

4+'+@,0* "+M'+M-3!! X;JJY

4'-76+,!!? 4+'4+,5!/26.',0* M'-,!3+ D !"# $#%DMEE "7!5+1+6U"172Q1 0 10*?

@10 407PT+,!+ 60/-6U,0O /0,3+,1'-3!! *-M,!. 7 M'-,!3+ "0"1-76.+1 7+6!N

@!,2 50 J> -1#Z 7 4'+5+6-) T!'!,P "60. 40'.5/- [ ,*#

\-I,0 405@+'/,21U? @10 W1- /0,3+,1'-3!.? 1+* ,+ *+,++? ,!I+ 10O D$>

-1#ZE? @10 1'+H2+1". 56. 0H'-G07-,!. 710'!@,0O V-GP ]^3_`2? 1-/ @10 0H,-N

'2I+,,0+ "/046+,!+ 4'!*+",P) -10*07 ,+ *0I+1 HP1U 01,+"+,0 / 7P5+6+,!Q

βL V-GP# &-/I+ "6+52+1 01*+1!1U? @10 "+M'+M-3!! *-M,!. .76.Q1". ,+05,0N

'05,P*! F HP6! 01*+@+,P G,-@!1+6U,P+ V62/12-3!! /0,3+,1'-3!! *-M,!.

7506U M'-,!3P# a'2M!+ W6+*+,1P 0H,-'2I+,P 7 M'-,!3+ ,+ HP6!#

a+V0'*-3!0,,0L7,+"(,,P+ 7 )05+ bBa "+M'+M-3!! 7 ]^ "46-7-) ,-H6QN

  !



 !"# # $!%&&' ( )!*+%,*+#'  "- ./0 *1"!(! 2324' 1,"5)&%%,6, 789: ;4<3='

# *1"!(! >4?2' 1,"5)&%%,6, @:.8 ;4<4=A B&C %& C&%&&' ( D+#E $!F,+!E G,%H

I&%+$!I#- C!6%#- ( 6$!%#I!E %& 1$&(JK!"! %&*G,"LG#E !+,C%JE 1$,I&%+,(A

M %!*+,-N&O $!F,+& (1&$(J& 1,G!P!%,' )+, 789 C,Q&+ 1$#(, #+L G ,F$!H

P,(!%#R !%,C!"L%JE P&$%,6$!%#)%JE *&6$&6!I#O' * 1!$!C&+$!C#' P!C&+%,

,+"#)!RN#C#*- ,+ +&$C, #%!C#)&*G#S(J6, %JE' ! #C&%%,' 1,(JK&%%JC %!

 &*-+G# 1$,I&%+,( *, &$Q!%#&C 1$#C&*%JE D"&C&%+,( # !%,C!"L%,O K#$#H

%,O T  , %&*G,"LG#E %!%,C&+$,(A U*+&*+(&%%, 1$& 1,",Q#+L' )+, +!G#& *&H

6$&6!I## C,65+ 1,("#-+L %! *(,O*+(! C!+&$#!",(A 9!%%JO (,1$,* F5 &+ $!*H

*C,+$&% ( *"& 5RN&O 6"!(&A

 !"!#! $%&'(&%)*+(, -,&+%.&*+(/+01 2,.&,.*3(4 ) *526,+(6+%4 +,&7*),89,4

26*:(

9"- +,6,' )+,FJ 5*+!%,(#+L' %!*G,"LG, 5%#(&$*!"L%JC -("-&+*- ,F%!$5H

Q&%%JO DVV&G+ %&,FJ)%,O *&6$&6!I## 1$#C&*%JE !+,C,( ( ,F"!*+# 6$!%#I

PW$&%' %!C# FJ"# 1$,(& &%J 1, ,F%J& #**"& ,(!%#- %! 1$#C&$& %&$Q!(&RH

N&O *+!"#' 1, (&$6%5+,O 789: ;4?X=A

YFZ&G+,C #**"& ,(!%#- FJ"! (JF$!%! 1$,CJK"&%%!- !5*+&%#+%!- %&$Q!H

(&RN!- *+!"L +#1! [\]\ ?42 ^_`S3A3?aS4>abS3Ac4]dS4A>efgS3A34hS3A3?]S4eAXidS

eA?2fj' C!**A kl' G,+,$!- FJ"! 1, (&$6%5+! ,+Q#65 1$# +&C1&$!+5$& 1050◦a

* P!G!"G,O ( (,P 5E&A m!%,*+$5G+5$#$,(!%#& ,*5N&*+("-"# C&+, ,C 789:

1$#  !("&%## 2n8! # )#*"& ,F,$,+,( ,*%!*+G# 43A B&C1&$!+5$!  &V,$C#$,(!H

%#- *,*+!(#"! 20◦a # 400◦aA M $&P5"L+!+& 1,"5)!"# ,F$!PIJ  #!C&+$,C e3 CC

# +,"N#%,O 3A> CCA m!F"R &%#& # ,1$& &"&%#& 1!$!C&+$,( C#G$,*+$5G+5$J

,*5N&*+("-"# * 1,C,NLR C&+, #G'  &+!"L%, ,1#*!%%JE ( 1, $!P &"!E cA4A4A

# cA4AeA

?42 *+!"L ( #*E, %,C P!G!"W%%,C *,*+,-%## E!$!G+&$#P,(!"!*L +#1#)H

%,O G$51%,P&$%#*+,O *+$5G+5$,O *, *$& %#C $!PC&$,C PW$&% ,G,", ee µoA

7**"& ,(!%#- p8q/ 1,P(,"#"# 5*+!%,(#+L' )+, 789: 1$# G,C%!+%,O +&CH

1&$!+5$& 1$#(&"! G V,$C#$,(!%#R *#"L%, #*G!QW%%,O C#G$,*+$5G+5$J *,

  !



 !"#$%& !'(&"!)& (*!"$ )+),) -. $& /0% 1 -12341 5)  $678& 9,"+7!)$):!'&;

&'& '$',):%<$) =)#!'(#",> -1?1?1 @8,  #",'$ A8A)# ) 7)&B <7) =!%A"#*$$'6

 7!>+7>!' )@!'()A'$' =!"%&>C" 7A"$$) @),DE">:,)A8&% :!'$%F'&% (*!"$1

G$',%( !"H,"+ )A $' 9,"+7!)$):!'&&'I =)+'(',B <7) #'$$)"  ) 7)6$%" )@;

!'()A'$) A ) $)A$)& J1K1L1 '> 7"$%7$)M H'()M γNOPB )#$'+)B 7'+Q" @8,)

('!":% 7!%!)A'$) $"@),DE)" +),%<" 7A) !"H,"+ )AB  ))7A"7 7A>RC%I &'!;

7"$ %7>1 S 7) Q" A!"&6 H'()A8M 0TG $" A86A%, $' !"$7:"$):!'&&'I =%+)A

αN&'!7"$ %7'B 7) " 7D ":)  )#"!Q'$%" $" =!"A8E'"7 =!"#",)A <>A 7A%7",D;

$) 7% #'$$):) &"7)#' /∼ 5%41 UVW  7',DB =),><"$$'6 X5YL =!% 400◦ZB

#"&)$ 7!%!)A',' &"$"" % +'Q*$$>R !'A$)) $>R  7!>+7>!>  @[),DE%& !'(;

&"!)& (*!"$ =)!6#+' \. $& /0% 1 -12@41

0% 1 -121 ]"&$)=),D$8" %()@!'Q"$%6B =),><"$$8" T5^VB % 9,"+7!)$):!'&;

&8 #,6 UVW  7',% 2?_B =),><"$$)M X5YL =!% +)&$'7$)M 7"&="!'7>!" /34

% 400◦Z /@4 `?2\a

X$7"!" $)B <7) $'$) 7!>+7>!$'6  7',DB =),><"$$'6 X5YL =!% =)A8;

E"$$)M 7"&="!'7>!"B =!)#"&)$ 7!%!)A',' 9HH"+7 b A"!I=!)<$) 7%cB )@$';

!>Q"$$8M !'$"" #,6 UVW  =,'A' ?de.B A 7) A!"&6 +'+ #,6  7',%B =),><"$$)M

X5YL =!% +)&$'7$)M 7"&="!'7>!"B 7'+):) 9HH"+7' $" $'@,R#',%1 S =!"#8;

#>C"& =)#!'(#"," 97)7 9HH"+7  A6(8A',%  $',%<%"& ("!$):!'$%<$8I  ":!";

:'F%M1 5!%&"<'7",D$)B <7)  7'+%& A8A)#)& I)!)E)  ):,' >R7 6 !"(>,D7'78

  !



 !"#$%&%%!' ()%&& ()*#+ ,()%-./012' .34%!' 5678967:;< 1#+#(!& %& #*%)=

(.>2$2  %)%#0+(.1+.(%#? 0+)$2< "#$.3&%%#? "(2 1#@%)+%#? +&@"&()+.(&<

01$#%%#0+2 1 /&(%#A()%23%#? 0&A(&A)-22B C +# >&  (&@D #+>2A +)1#? 0+)$2

@#>&+ "(2 &0+2 1 . &$23&%2E "(#3%#0+2<  "&( !& F#$#>&%%#@  ()*#+& 5677;<

) +#(! 1#+#(#? "(&F"#$#>2$2< 3+# +)1#& +&(@23&0129#*.0$# $&%%#& ."(#3=

%&%2& @#>&+ *!+G #*HD0%&%# #*()/# )%2&@ 1$)0+&(# "(2@&0%!' I$&@&%+# 

%) A()%2-)' /4(&%B

C 56JK; %)@2  "&( !& *!$2 "(# &F&%! "(D@!& 200$&F# )%2D )+#@%#?

0+(.1+.(! LMN 0+)$2 J6O< "#$.3&%%#? PQRS "(2 400◦T UV20B :B:WB X+2

200$&F# )%2D F)E+ "(D@!& F#1)/)+&$G0+ ) #*()/# )%2D D %#  !()>&%%!'

/&(%#A()%23%!' 0&A(&A)-2?  0+)$2 J6O  (&/.$G+)+& PQRS "(2 "# !Y&%%#?

+&@"&()+.(&B Z+#2+ #+@&+2+G< 3+# %&#*!3%#0+G I+2' 0&A(&A)-2? /)1$E3)&+0D

 2' ,)/# #@ 0#0+) &[ /&(%#A()%23%)D #*$)0+G 0#F&(>2+ "# !Y&%%.E 1#%=

-&%+()-2E @#$2*F&%)< '(#@) 2 1(&@%2D<  +#  (&@D 1)1 "(#,2$G 1#%-&%+()=

-22 %21&$D %&  !1)/! )&+ 2/@&%&%2? "(2 "&(&0&3&%22 A()%2-!UV20B :B:*WB

L &$23&%2& 1#%-&%+()-22 "(2@&0%!' )+#@#  A()%2-& U"#(DF1) %&01#$G=

12' )+#@%!' "(#-&%+# W %& D $D&+0D F()@)+23&012@< #F%)1#< "(&F0+) $&%=

%!& F)%%!& F)E+ #0%# )%2& .+ &(>F)+G< 3+# 2@&%%# /&(%#A()%23%!& 0&A(&=

A)-22 F)E+ F#"#$%2+&$G%!?  1$)F  ."(#3%&%2& @)+&(2)$)B \)1>& 2%+&(&0=

%!@ D $D&+0D I+# %)*$EF&%2& 0 +#312 /(&%2D 1#((#/2#%%#? 0+#?1#0+2< "#=

+#@. 3+# %)$232& '(#@)  A()%2-)' @#>&+ 0.]&0+ &%%!@ #*()/#@ 01)/)+G0D

%) 01$#%%#0+2 @)+&(2)$) 1 @&>1(20+)$$2+%#? 1#((#/22B

\)12@ #*()/#@<  F)%%#@ ()/F&$& "#1)/)%#< 3+# %&#*!3%!& /&(%#A()%23=

%!& 0&A(&A)-22 D $DE+0D ')()1+&(%#? #0#*&%%#0+GE %)%#0+(.1+.(%!' 0"$)=

 # < "#$.3&%%!' PQRB X+2 0&A(&A)-22 #*.0$) $2 )E+ I,,&1+ ^0 &('"(#3=

%#0+2_< 0 D/)%%!? 0 2' F#"#$%2+&$G%!@  1$)F#@  ."(#3%&%2&< 1#+#(!? F&=

+)$G%# *.F&+ ()00@#+(&%  A$) & `B Z&A(&A)-2#%%!& I,,&1+!< 0 D/)%%!& 0

%&() %# &0%#0+GE @21(#0+(.1+.(! PQR @)+&(2)$# #*0.>F)E+0D  0$&F.=

E]&@ ()/F&$&B

 !"



 !"  #"

 !"# $#$#  %&'()*+*, -./0+1+(!&+ 234 567 "*+(!8 9:(';%11:< =.>? 9@!

400◦AB CDE !&:F@+G%1!%8 'H+&,I+JK%% 1+ :F@+&:I+1!% LM0AN0OP "%Q@%Q+R!<
1+ Q@+1!R% &S@%1 T 9:H+&+1, +*:U, LM CH@'GH!E ! OP C*:;H!E V CFE "::*I%*W

"*I'JK!< H:1R%1*@+R!:11,< 9@:X!() C+*#YE8 @+"";!*+11,< 9:9%@SH Q@+1!W

R, Z65[\

 !"! #$%&$'$()* +,(%,(-.)/ ) 0,%-10$1,+02, +3%4534%2 1 678

9-3,%)-'-:

?+H F,(: 9:H+&+1: I 9@%],]'K%< Q(+I%8 :*(!;!*%()1:< ;%@*:< U+*%@!W

+(:I8 9:]I%@Q1'*,^ =.>8 _I(_%*"_ 1%@+I1:I%"1,< ^+@+H*%@ !^ Q@+1!R &SW

@%1# /+H!% Q@+1!R, ":&]+J* ]+()1:]%<"*I'JK!% 9:(_ '9@'Q!^ 1+9@_G%1!<

! 'I%(!;%11,< "I:F:]1,< :F`SU C]!(+*+R!:11:% 9:(%E# a*: :F"*:_*%()"*I:

U:G%* "('G!*) :F`_"1%1!%U :F1+@'G%11:Q: I 9@%],]'K%U 9:]@+&]%(% _IW

(%1!_ 1%:F,;1,^ "%Q@%Q+R!< I =.> 1+1:U+*%@!+(+^8 9:"H:()H' U!Q@+R!_

9@!U%"1,^ +*:U:I I *+H!% Q@+1!R, U:Q(+ F, "9:":F"*I:I+*) U!1!U!&+R!!

!^ (:H+()1:Q: b1%@Q%*!;%"H:Q: ":"*:_1!_# c 1+"*:_K%U @+&]%(% :F"'G]+J*W

"_ "%Q@%Q+R!:11,% bXX%H*,8 "I_&+11,% " 1%@+I1:I%"1:"*)J U!H@:"*@'H*'@,

=.> U+*%@!+(:I#

 !"!#! $%&'()*)+),-) %./0/1 0%2,-3 1 4(5',/6)(,-&./0 /./778,,/0 &'+%1)

9:;<=

d R%()J '"*+1:I(%1!_ "I_&! 1%@+I1:I%"1:"*! "*@'H*'@, U+*%@!+(+ !

:":F%11:"*%< :F@+&:I+1!_ &%@1:Q@+1!;1,^ "%Q@%Q+R!< " 9:U:K)J -./ F,(!

$%$



 !"#$%&' ()*+!&, &!-.'$%.' -'-"'/&(0 -1$#2# 3456 7 (-8' &'! .9*1&')!9:

&(-"'! -'-"'/&(! -1$#2# 3456 ;"2<9 ,0 9#-"2'9= (  2# &#&'-"9*."*9&,8> 1':

$*+!&&,8 ?!"' '? @ABC 19( 20◦D ( 200◦DE F-! G"( -'-"'/&(/ '"$(+#H"-/

9#)$(+&'0 -"!1!&%H &!9#2&'2!-&'-"( -"9*."*9,E

I#--?'"9(? '-'J!&&'-"( #"'?&'K' -"9'!&(/ 8'9'L' '"'MM<&&'K' -1$#:

2# 3456 ;'J9#J'".# &# "2<9 ,0 9#-"2'9 7 380◦D 2 "!+!&(! N +#-'2=  ' @ABCE

@--$! '2#&(/ ?!"' '? OAP 1'.#),2#H"> +"' 2 G"'? -'-"'/&(( #"'?, ?#K:

&(/ '+!&% ' &'9' &' 9#-19! !$!&, 2 #$H?(&(!2'0 ?#"9(Q!E R9! &// .'&:

Q!&"9#Q(/ J,$# '19! !$!&# .#. 7.0 ± 0.2 #"ES> +"' 8'9'L' -''"2!"-"2*!"

&'?(&#$%&'?* 8(?(+!-.'?* -'-"#2*> 1!9!-+("#&&'?* () 2!-'2,8 2 #"'?&,!

19'Q!&",E T!-?'"9/ &# G"'> &# I(-E UE4 19! -"#2$!&,  #&&,! OAP> 1'.#),:

2#HV(! &#$(+(! 1$#&#9&'K'  !W!."#> 'J! &<&&'K' ?#K&(!?> .'"'9,0 - 2,:

-'.'0 2!9'/"&'-"%H 19! -"#2$/!" -'J'0 K9#&(Q* )<9!&E C'&Q!&"9#Q('&&,0

19'W($%> 9#--+("#&&,0 1!91!& (.*$/9&' K9#&(Q! ;I(-E UE4J=> 19! -"#2$/!"

-'J'0 9!).' '+!9+!&&,0 -$'0 "'$V(&'0 &! J'$!! N &?> 2 .'"'9'? 19#."(+!-.(

'"-*"-"2*H" #"'?, ?#K&(/E P#.M! J,$( 'J&#9*M!&, -W!9(+!-.(! +#-"(Q,

XY3Z[ 9#)?!9'? 4\36 &? ;I(-E UE42=> +"' &!* (2("!$%&'> *+(",2#/ &#$(+(!

-.#& (/ 2 (-8' &'? -'-"#2! -1$#2#E A9( G"'? -' !9M#&(! -.#& (/ 2 #$H?(:

&(!2'0 ?#"9(Q! J,$' &(M! 19! !$# +*2-"2("!$%&'-"( 19(J'9#E

]J&#9*M!&&,! )'&,> 'J! &<&&,! ?#K&(!? &! 21'$&! -'K$#-*H"-/ - 19! :

-"#2$!&(/?( ' "'?> +"' ?#K&(0 -.$'&!& 'J9#)'2,2#"% "!9?' (&#?(+!-.( 9#2:

&'2!-&,! -!K9!K#Q(( 2 K9#&(Q#8 -1$#2# -(-"!?, XY\^_> -?E 9!)*$%"#",> 1'$*:

+!&&,! 9#-+<"&,? 1*"<? `34a> 345bE ] &#.'> 2 *.#)#&&,8 9#J'"#8 J,$( 9#-:

-?'"9!&, "'$%.' &!.'"'9,! -1!Q(#$%&,! K9#&(Q,> "'K # .#. J'$%L(&-"2'

K9#&(Q 2 cde ?#"!9(#$#8 /2$/H"-/ 19'()2'$%&,?(E F 9#J'"! `34fb J,$'

19'2! !&' -(-"!?#"(+!-.'! (--$! '2#&(! -!K9!K#Q(0 2 '+!&% J$().'? 1' -':

-"#2* ()*+#!?'?* 2  #&&'0 9#J'"! -1$#2! XY \ aE4 #"ES ^_> 'J9#J'"#&&'?

&# "2<9 ,0 9#-"2'9 19( 350◦D 2 "!+!&(! g6 ?(&*"E @--$! '2#&(! ?!"' '?

G&!9K' (-1!9-('&&'K' #&#$()# 2 9#?.#8 RAhd 1')2'$($' *-"#&'2("%> +"'

f () 33 (--$! '2#&&,8 K9#&(Q J,$( )#?!"&' 'J! &!&, ?#K&(!?> +"' 21'$&!

 !!



 !"#$ %&' (  '&)* +'! ,)&--! '$.%/ .$0',-% 1$2' 3456,7)&0&-,&* .!'!0!&

89:!#-(#, 8 0$).$; -$ '!(<&"! ,  #&1!8$-,(=

>, = ?=@= A$--9& 345* :!#%+&--9& 1#(  :#$8$ B@CD 8 , ;!1-!) "!)!"&-,7,E

0!8$--!)  ! '!(-,, 1! F4AGH IJK 0&.!- '0%,0!8$--9L MN !OP2)* 8 .!'!0!)

!O-$0%Q&- %7.,L !O&1-2--9L )$"-,&)  #!L* :0&1 '$8#(/<,L  !O!L "0$-,R%

0$71&#$ I1#( ,##/ '0$',8-9; R&#&L -$ 0, %-.& ,7!O0$Q&-9 '!#S.! $'!)9

)$"-,(T IUK G!-R&-'0$R,!--9L :0!V,#S* 0$  +,'$--9L :!:&02. !O&1-2--!"!

)$"-,&)  #!(T IWK 8,1 0&.!- '0%,0!8$--!"! !OP2)$*  8,1&'&#S '8%/<,L !O

!1-!0!1-!) 0$ :0&1&#&-,, )$"-,( 8-%'0, 720&-* 1&)!- '0,0%/<,L '$.Q&

-$#,+,& +$ ',R  .$-1,( XBM@Y

 !"!"! #$%&'(%)&*+&,$ -$(%$().** / %)01*+&,2 34# -'-5'6&** -71)/) 89:;<

G$. O9#! !')&+&-! 8 :!10$71&#& ?=B=B=* :! #& F4AG :0, .!)-$'-!L '&)E

:&0$'%0& 0$7)&0 720&-  ! '$8,# 7-$+&-,& !.!#! BDD -)= 5$.Q& 8  '0%.'%0&

 !"



 !"#$# %#&"'(#") *# +),- ./3012 34+45-6 3#3 !5#$)"4 5# !4"#7#") 8 $ 4&9

"# +) 75#%), :;56%2 :#356!"<< )= )  %)>#< )= ?4&)"8%4 +8@ A#3)6 *# +),-

%#&"'(#") !5) !4?4B) CDA EF) @ G@H#I2 4(%#34 %#)&4"66 )%+656 %-? %#

(#%%4? 5) J%36 <$"<6+ <  4$65K6%%4 %64(%454(%-= =#5#3+65 5# !56(6"6%)<

?#7%)< J 75#%),-2 *+4 =454K4  44+$6+ +$J6+ %#&"'(6%)<?2 !56( +#$"6%%-?

$ !56(-(JB6? 5#:(6"6@

L# F) @ G@H# ):4&5#>6%# 75#%),# :;56%2 :#356!";%%#< *# +),6M ./3012

75#%),# 4+?6*6%#  +56"34M@ N4%,6%+5#,)4%%-M !54O)"8 ) :%#*6%)< J "4$9

%4M !"4+%4 +)2 5#  *)+#%%-6 $ %#!5#$"6%))2 !65!6%()3J"<5%4? 75#%),6 EF) @ G@H&I2

J3#:-$#'+ %# :%#*)+6"8%-M !656!#( J "4$%4M !"4+%4 +) !5) !656 6*6%))

75#%),-@ P+4 +)!)*%#< 4 4&6%%4 +8 ):?656%)M CDA2  $<:#%%#<  5#:45)6%9

+#,)6M ($J= :;56% !4 4&6  +454%- 75#%),-@ Q6M +$)+6"8%42 ) !#5<'B66 !4"6

?4>6+ %6:%#*)+6"8%4 ?6%<+8 < $ :#$) )?4 +) 4+ 35) +#""475#O)*6 34M 45)9

6%+#,)) ):J*#6?474 4&R;?#2 !5)$4(< 3  44+$6+ +$J'B6?J %6&4"8K4?J ):?69

%6%)' "43#"8%474 J$6")*6%)< )2  44+$6+ +$6%%42 J "4$%4M !"4+%4 +)@ S$69

")*6%)6  4(65>#%)< ?#7%)< $ 75#%),6 $ (#%%4?  "J*#6 %6 <$"<6+ < :%#*)9

+6"8%-?2 %4 :#567) +5)54$#%-  )"8%-6 ):?6%6%)< "43#"8%4M 34%,6%+5#,))

$ !5)75#%)*%4M 4&"# +)@ L6&4"8K4M =#5#3+65%-M J*# +432 !5)%#("6>#B)M

T+4M 4&"# +) EF) @ G@H$I2 (6?4% +5)5J6+ %64&-*%-6 <*6) +4!4(4&%-6 3"# +69

5- ?#7%)<@ D5) T+4? $%J+56%%)6 4&"# +) U<*663V !5#3+)*6 3) !4"%4 +8'

4&6(%6%- ?#7%)6?2 +47(# 3#3  4(65>#%)6 ?#7%)< $ )= 75#%),#=  4 +#$"<6+ WX

#+@Y ?#7%)<2 (4 +)7#< $ %634+45-=  "J*#<= ZX #+@Y [  ?@ 3#5+J 5# !56(6"69

%)< =)?)*6 3)= T"6?6%+4$2 5#  *)+#%%J' $  6*6%)) T+4M 4&"# +) EF) @ G@H7I@

\ +6"6 :;56%  56(%66 :%#*6%)6 34%,6%+5#,)) ?#7%)<  4 +#$)"42 3#3 ) 5# 9

 *)+#%%46 $ !56(-(JB6? 5#:(6"62 H@G±X@] #+@Y@ ^5#$%6%)6 674  4 :%#*6%)6?

$ %6(6O45?)54$#%%4? 35J!%4:65%) +4?  4 +4<%)) E_@X±X@Z #+@YI !4(+$659

>(#6+2 *+4 %# -B6%)6 ?#7%)6? !5)75#%)*%-= 4&"# +6M !54) =4()+ :#  *;+

4&6(%6%)< +$;5(474 5# +$45#2  4 +#$"<'B674 +6"4 :;56%@

A#3)6 :%#*)+6"8%-6 O"J3+J#,)) "43#"8%4M 34%,6%+5#,)) ?#7%)< $&")9

:) 75#%), :;56% ?4>%4 &-"4 &- 4&R< %)+8 $-(6"6%)6? )%+65?6+#"")(%-=

 !"



 !"# $#%# &'(()* +,- ./0 "1/'2' 34567 18.2*9:(;<8:8 =,&> 19! ?8@('<A

(8B <*@1*9'<;9*# CDE ,98"<9'("<2*(('0 9*?8("<9;?F!0 8GHI@' @'<*9!'/'7

18?'J)2'KL'0 (*8.(898.(8* 9'"19*.*/*(!* @':(!0 2G/!J! :9'(!F)7 J'?9*1A

/I((8B M'"<!F*B NO3PQR CSE >8(F*(<9'F!8(()B 198T!/U @':(!0 ! ;"/82(8B

1/8<(8"<! 2 ('19'2/*(!!7 181*9*M(8@ :9'(!F*R CQE .*<'/U(8* !J8G9'V*(!*

(*8.(898.(8"<! 2 9'"19*.*/*(!! @':(!0 2G/!J! :9'(!F) JI9*(R CWE ?'9<'

9'"19*.*/*(!0 /8?'/U(8B ?8(F*(<9'F!! @':(!0 X3Y4Z

 !"



 !"#$% &'()*+ ,!-. ."/$ $ 012.,./344!5 678 9!:"$9!/;4!5 :04%.4#2!<

%$5 4. ,0"#$=!/! >? !#@A+ 4.0BC0,$90D ,/5 0B2!E0F!4$5 "#!B$/;40D G!EH

&'3)*2 IJKLM@ N  !"#40"#$+ ,/5 0B2!E0F!4$5 F "$"#.9. &'()* E04 O$4;.(

72."#04! $/$ 9.#!"#!B$/;4HC G!E "0 "#2P:#P20D #$1! QJ0 $/$ QJ2 ,0"#!#0 <

40 :04%.4#2!%$$ RK !#@A 9!=4$5 IJS?+ JSJM+ #0 ."#; E4! .4$5+ 0 .4; B/$E:0=0

: $E9.2.44H9 F ,!440D 2!B0#.@ T!25,P " U#$9+ ,$4!9$ .":0. 0B2!E0F!4$.

E04 O$4;.(72."#04! 4!B/V,!/$ F C0,. 1/!"#$ .":0D ,.G029!%$$ "1/!F0F

"$"#.9H &'(WX IJSRM+ #!: -. :!: $ FH,./.4$. 9.#!"#!B$/;4HC G!E F "1/!<

F. &'()*(YZ(WX+ 10,F.2=4P#09 [7\ 9.#0,09 ]^_7 12$ R??

◦
W IJS`M@ 8.9 4.

9.4..+ $E /$#.2!#P2H $EF."#40+  #0 9.#!"#!B$/;4H. $4#.29.#!//$,4H. G!EH

$ E04H O$4;.(72."#04! F "1/!F!C "$"#.9H &'()* 5F/5V#"5 4."#!B$/;4H9$

12$ :094!#40D #.91.2!#P2. $ FHa.+ 12$ P"/0F$$+ ."/$ "0,.2-!4$. 9!=4$5 F

"1/!F. 4$-. L !#@A IJS?(JSRM+  #0 "00#F.#"#FP.# "$#P!%$$+ $9.Vb.D 9."#0 F

,!4409 $""/.,0F!4$$@ c0/.. #0=0+  !"#$%H F#020D G!EH 90=P# 2!"#F025#;"5

F C0,. [7\ 12$ :094!#40D #.91.2!#P2. F "$/P 1.2.2.E!4$5 $C ,$"/0:!%$5<

9$ IJS>M@ 8!:$9 0B2!E09+ $E9.2.440. 678 10FHa.4$. :04%.4#2!%$$ 9!=4$5

F 12$=2!4$ 40D 0B/!"#$ 90-.# B.E F"5:0=0 "094.4$5 BH#; 0#4.".40 : ".=2.<

=!%$59 4! ,.G.:#!C :2$"#!//$ .":0=0 "#20.4$5@

72$ U#09+ ".=2.=!%$5 12$9."4HC !#090F 120$"C0,$# 4. #0/;:0 F "!90D

=2!4$%.+ 40 $ 0B2!EPV#"5 $C "/0-4H. :04G$=P2!%$$ F 12$=2!4$ 40D 0B/!"#$

d]$"@ >@Se@ f2!F4.4$. " ,!44H9$ ,/5 :2P140E.24$"#0=0 9!#.2$!/! d]$"@ >@K+

10,2!E,./ >@R@J@e+ "F$,.#./;"#FPVb$9$ 0B 0B.,4.4$$ 9!=4$.9 =2!4$% E32.4 F

0#0--34409 "0"#054$$+ 10EF0/5.# P#F.2-,!#;+  #0 U#$ ".=2.=!%$$ 5F/5V#"5

"/.,"#F$.9 120%.""0F [7\@ \!44H. 120%.""H 12$F0,5#+ ":02..+ 4. : "$"#.9!<

#$ .":09P 0B0=!b.4$V =2!4$%H 9!=4$.9+ 40 : ,.G029!%$0440(0BP"/0F/.4409P

10#0:P !#090F 9!=4$5 F 12$=2!4$ 4H. 0B/!"#$+ ! "/0-4H. 0B2!EP.9H. :04<

G$=P2!%$$g:/!"#.2H 9!=4$5 90=P# BH#; "F5E!4H " /0:!/;4H9$ $":!-.4$5<

9$ :2$"#!//$ .":0D 2.a3#:$+ #@.@ 4.2!F40F."4H9 "0"#054$.9 =2!4$% E32.4@

 !"



 !"!#! $%&'())&%*+ ,&)-+./012++ 3(0)&.01)+4)56 %(.0(.12+7 8 9:; %&%*&<=

)+<6 %>?181 @ABC % 013?+4)&7 )(018)&8(%)&%*DE

 !" #$%&!'()*) +,-.$(+" /00$1%)2 + 34)5$66)27 2$#-8+9 1 ):4&,)2&(+;

6$*4$*&5+< 2 *4&(+5&9 ,=4$( 63!&2)27 3)#2$4*(-%>9 ?@ 7 ($):9)#+A) :>!)

3)!-.+%' 6%&%+6%+.$61+ :)!$$ #)6%)2$4(>$ #&((>$7 1&6&;8+$6" ,&1)()A$4B

()6%$< 4&634$#$!$(+" 34+A$6(>9 &%)A)2 2 A&%$4+&!$ 6 -.=%)A ($4&2()2$6B

()6%+ 34)%$1&;8+9 34)5$66)2C D /%)< 5$!'; 34+A$("!+ 63$5+&!'(>< A$%)#

/!$1%4)(()< A+14)61)3++ E D@FG7 1)%)4><7 ,& 6.=% +63)!',)2&(+" A$%)#+1

&(&!+,& /!$1%4)()2 %=A()*) 3)!"7 4&66$"((>9 (& :)!'H+$ -*!> IJKKLMN7 1)B

%)4>$ 3),2)!";%7 (&4"#- 6 #+04&15+)((>A7 4&,!+.&%' 1)(%4&6%7 62",&((><

6 4&,!+.+$A &%)A()*) ()A$4& 6)6%&2!";8+9 +66!$#-$A>< A&%$4+&! &%)A)2

IOP1)(%4&6%NC F%)% A$%)# ($ #&=% %).(>9 1)!+.$6%2$((>9 )5$()1 !)1&!'()<

3!)%()6%+ A&*(+"7 )#(&1)7 *)4&,#) :Q)!'H$$ 3)!$ (&:!;#$(+< 3),2)!"$% 6)B

:+4&%' *)4&,#) :)!$$ 6%&%+6%+.$61+ #)6%)2$4(-; +(0)4A&5+;C

?63)!',)2&!+ D@FG RSTU KVWBXYYM 6 ,)(#)2)< 1)44$15+$<7 4&:).$$

(&34"Z$(+$ E XYY 1[C [>3)!("!+ 3)!-.$(+$ 1&1 %4&#+5+)((>9 +,):4&Z$(+<

(& 34)62$% 6 3&4&!!$!'(>A 3-.1)A7 %&1 + 2 4$Z+A$ D@FG 6 4&,A$4)A ,)(#&

YCX (A + -*!)A 69)Z#$(+" \] A4&#C D@FG +,):4&Z$(+" 2 4$Z+A$ JKKLM

3)!-.&!+ 2 #+&3&,)($ -*!)2 )% ^Y #) _`Y A4&#7 & %$A()3)!'(>$ +,):4&Z$(+"

E 2 #+&3&,)($ )% XY #) ^Y A4&#C a&4%+4)2&(+$ 4&634$#$!$(+" /!$A$(%)2 3)

3)2$49()6%+ ):4&,5& 2>3)!("!+ 6 3)A)8'; /($4*)#+63$46+)(()< 63$1%4)B

61)3++ IF DN7 +63)!',-" #$%$1%)4 RSLX\YYC

 &((>$ D@FG 3)!-.&!+ #2-A" 63)6):&A+ E 6 3)A)8'; %$A()3)!'()B

*) #$%$1%)4&7 3),2)!";8$*) 3)!-.&%' +,):4&Z$(+" 6 +63)!',)2&(+$A #+B

04&15+)(()*) 1)(%4&6%& #!" 2+,-&!+,&5++ *4&(+5 ,=4$(7 & %&1Z$ 6 3)A)B

8'; #$%$1%)4& JKKLM7 1)%)4>$ ):$63$.+2&$% 3)!-.$(+$ +,):4&Z$(+$ 2 OP

1)(%4&6%$ #!" 2>"2!$(+" !)1&!'()*) 9+A+.$61)*) 6)6%&2&C [ OB1)(%4&6%$ ):B

!&6%+7 :)*&%>$ 61&(#+$A + A&4*&(5$A :-#-% 2>*!"#$%' "4.$ &!;A+(+$2)<

A&%4+5>7 & :)*&%>$ A&*(+$A B %$A($$C b$,-!'%&%> D@FG #!" 63!&2& _^cY

3)6!$ ?@ a 34+ 1)A(&%()< %$A3$4&%-4$ 34+2$#$(> (& b+6C ]CcC

 !"



 !"# $#%# &'() !*+,-./01!2 1.1+"3-4534-1+6+ "78.9. :;%<= 7+84>011+6+

?'@A 7-! 5+B1.31+C 30B70-.34-0D EFG ?*+,-./01!0 9 HI5+13-."30= 7+84J

>011+0 7-! 7+B+K! B03+L!5! MNNOP= 6L0 "9038Q0 4>."35! "++3903"394R3

+,8."32B= "+L0-/.K!B ,+800 32/S8Q0 .3+BQ "5.1L!2= . 3SB1Q0 *+1Q 7+5.J

*Q9.R3 -."7+8+/01!0 .3+B+9 B.61!2# ETG ?*+,-./01!0 9 HI5+13-."30= "+J

0L!1S11+0 " 30B1+7+8U1QB !*+,-./01!0B= 6L0 >S35+ 7+5.*.1+ -."7+8+/01!0

6-.1!V *S-01 W:XYZ

A.5 7+5.*.1+ 1. 30B1+7+8U1+B &'() !*+,-./01!! E $#%,G= *S-1. 7+"80

?'@A !B0R3 -.*B0- 7+-2L5. :<< 1B= >3+ "+68."403"2 " 7-0L"3.98011QB!

9Q[0 L.11QB!# \."3!VQ= ,+6.3Q0 "5.1L!0B ! B.-6.1V0B +3>S38!9+ 9QL082J

R3"2 9 HI5+13-."30 E !"# $#%.G= 7-0L"3.9822 "+,+C "9038Q0 4>."35! 1. !*+,J

-./01!!# ?] -.*B0-= ^+-B. ! -."7-0L0801!0 7-.53!>0"5! 10 !*B01!8!"U 9

-0*48U3.30 L0C"39!2 ?'@A# _.-2L4 " `3!B= 9 "3-4534-0 1.,8RL.8! ,+8U[+0

5+8!>0"39+ 3SB1Q] +,8."30C -.*8!>1+C ^+-BQ= 5+3+-Q0 B+643 7-0L"3.9823U

"+,+C +,+6.KS11Q0 B.61!0B 58."30-Q#  .*B0- !] 9.-U!-+9.8"2 +3 ; L+ a<

1B= . B0"3+7+8+/01!0 "++3903"39+9.8+ 6-.1!V.B *S-01 ! 3-+C1QB "3Q5.B#

A.-3!-+9.1!0 7+"-0L"39+B (@& .1.8!*. 7-! 7+9Q[011+B 4908!>01!!

7+L390-L!8+= >3+ `3! 3SB1Q0 58."30-Q L0C"39!308U1+ +,+6.K01Q B.61!0B

E !"# $#Y,G# '-+^!8U 5+1V013-.V!! !L013!^!V!-+9.11Q] `80B013+9 E !"# $#Y9G

9L+8U "3-085!= 7+5.*.11+C 1.  !"# $#Y.= 7+L390-/L.03= >3+ 2-5!0b3SB1Q0 +,J

8."3! +,+6.K01Q "++3903"39011+ "5.1L!0B ! B.61!0B# c+5.8U1+0 "+L0-/.1!0

 !"



 !"#$% & '($) *+,!-(%) .*-($"!,* /0120 !(345 & *(,$6$7 *( #7-8*,98$) :;*1

<7#(*& & - 7=#*> *+,!-($3

?$-3 @3A3 BC7;$67-8$7 6!-($<D EF3GH $ +*"!(D7  !"#$7 8,!-(7;D & -:,!&7

/IJ05 :*.&7;"#K(* LMNO :;$ 8* #!(#*> (7 :7;!(K;7P QRS BMTU $V*+;!=71

#$7 & WX8*#(;!-(7Y QZS -**(&7(-(&K[\!% 7 K 8!;(! TNB QEF X *( 767# -$#$ 5

GH X V7,]#D 5 ^_ X 8;!-#D SY QHS 8*#<7#(;!<$*##D> :;*C$,95 &D6$-,7##D>

&.*,9 #!:;!&,7#$%5 K8!V!##D &D`7 -(;7,8*>5 8*(*;D7 *.#*V#!6#* -&$.71

(7,9-(&K7(5 6(* %;8$7 V*#D -**(&7(-(&K[( *+,!-(% 5 +*"!(D -8!#.$7 5 !

(] #D7 a  !"#$7 b/cAd

 !"



 !" #$%&'()#"* +,-,., /,,!0)!/!01'! 2-"0)(3##45 0 2,(-$6()&) 789898

: /58 ;"/8 78<= >() !$?@) #$%&'($&" &,?$&A#4) B&1?!1$C"" /,()-@$#"* 5$>D

#"* / +$-$?!)-#45 -$65)-,5 EFGH #5 0 ("$2$6,#) (, GHF9H $!8I8 J-" K!,5

#" #$ J LF"6,%-$@)#"*+= #" #$ K&)?!-,#,>-$55$+ #) %4&, ,%#$-1@)#, #$D

&"M"* β "&" β′ B$64 NOP3QR2S= $ !$?@) ?$?"+F&"%, (-1>"+ 5)!$/!$%"&A#4+

B$6= %,>$!4+ 5$>#")58

J,/&) TJUV 2-" 9HH

◦
W /-)(#"X -$65)- 63-)# /,/!$0"& 9HHFYEH #5= !,

)/!A 6$5)!#, %,&A.)= M)5 2,/&) TJUV 2-" ?,5#$!#,X !)52)-$!1-) N;"/8 78Z%S8

[ \F?,#!-$/!) N;"/8 78Z$S +,-,., 0"(#4 ,%,>$]3##4) 5$>#")5 6,#4= /,/-)D

(,!,M)##4) 0%&"6" >-$#"C 63-)# &"%, 0 !-,X#4+ /!4?$+8 [ !, @) 0-)5*= 0

%,&A.,X M$/!" >-$#"C 63-)# NYHFEHIS !$?"+ /)>-)>$C"X #) #$%&'($)!/*8

;"/8 78Z8 ^J L "6,%-$@)#"* #$#,/!-1?!1-#,>, /2&$0$ GE_H= 2,&1M)##,>,

TJUV 2-" 9HH

◦
W` NaS T6,%-$@)#") 0 \F?,#!-$/!)= 2,&1M)##,) 2-" 2,5,]"

5)!,("?" bOOcd= >() 2,?$6$#4 /0)!&4) M$/!"C4 OP3ef " OP6Qg= $ !$?@)

!35#4) 6,#4= /,,!0)!/!01']") /)>-)>$C"*5 5$>#"*h NiS j)5#,2,&A#,) "6,%D

-$@)#")= >() %&$>,($-* ("B-$?C",##,51 ?,#!-$/!1 M3!?, 2,?$6$#, -$/2,&,D

@)#") >-$#"C 63-)# kGYlm

n$-*(1 / K!"5= ?$? " 0 #$#,/!-1?!1-#,5 /2&$0) GE_H= 2,&1M)##,5 2-"

?,5#$!#,X !)52)-$!1-)= #) 1($&,/A #$X!" /0"()!)&A/!0$ ,%-$6,0$#"* β "&"

β′ B$6 NOP3QR2S= $ !$?@) ?$?"+F&"%, (-1>"+ 5)!$/!$%"&A#4+ B$6= %,>$!4+

 !"



 !"#$% & '() !#!*$+ ,-$.& /&012 345!+!*6 784 54#9%#8:!9$;  !"#$; < 3:$=

":!#$7#>? 4@*!.8;? A4.8$"!%8  !5.$ B 01C0DE6 784 < 9%*4 #$F%6 7% A*;

.3*!<!6 #!#4.8:B58B:$:4<!##4"4 3:$ 54 #!8#4G 8% 3%:!8B:%&

-$.& /&01& H!.8$9> IJ3KL $ IJ6MN6 ! 8!5F% +%:#4":!#$7#>% .%":%"!9$$  !"=

#$; < .3*!<% 0DO16 34A<%:"#B84 PQ(R 3:$ S11

◦
TU ,V2 )Q'W $+4@:!F%#$%

< XC54#8:!.8%Y ,Z2 .448<%8.8<B[\!; % B 5!:8! '() ,IJ C 48 %7%# .$#$ 6 KL

C +%*]#> 6 M^ C 5:!.#> 2 _0`ab

(*; 34A8<%:FA%#$; 34*B7%##>? A!##>? !84 #B[ .8:B58B:B .3*!<! <

cWd .4.84;#$;? 34.*% PQ(R 3:$ S11

◦
T $+B7!*$ . 34 4\e[ fQg& g:]? %:=

#!; :%54#.8:B59$; 4@h] !  !8%:$!*!6 .4A%:F!\%"4 8:$ +%:#! . :!+A%*;[=

\$ $ $? ":!#$9! $ $ 8:4G#> .8>54 $+4@:!F%#! #! -$.& /&00 ,":!#$9>

B5!+!#> .8:%*5! $2& d%:#46 :!.34*4F%##4% < #$F#%G 7!.8$ :%54#.8:B58B:$=

:4<!##4"4 4@h] !6 4:$%#8$:4<!#4 8!5$ 4@:!+4 6 784@> <$+B!*e#4 @>*$ :!+=

:%i%#> .4.8!<*;[\$% %"4 3*4.54.8$ ,0002 j . & -$.& /&00!& g!5$ 4@:!+4 6

 4F#4 .BA$8e6 784 3:%A.8!<*%##>% #! :$.B#5% 4@*!.8$ :!+4:$%#8$:4<!#>

A:B" 48#4.$8%*e#4 A:B"! $ 48#4.;8.; 5 :!+#> +]:#! & k! :$.B#5% #% #!=

@*[A!%8.; #%4A#4:4A#4"4 :!.3:%A%*%#$;  !"#$; B ":!#$9 +]:%# ,-$.& /&00@26

4A#!54 54#9%#8:!9$4##>% 3:4l$*$ ,-$.& /&00<6"2 B5!+><![8 #! 846 784 #%54=

84:>% ":!#$9> 4@%A#%#>  !"#$% ,-$.& /&00<26 84"A! 5!5 A:B"$%  4"B8 .4=

A%:F!8e +#!7$8%*e#>% .%":%"!9$$  !"#$; ,-$.& /&00"2&

 ! 



 !"# $#%%# &'(()* +,- ./0 "1/'2' %3456 17.2*89(:;797 <,&= 18! >55

◦
?@ ABC

,87";8'(";2*(('0 8*D7(";8:DE!0 7FGHI' I';*8!'/'6 17D'J)2'KL'0 8'"18*M

.*/*(!* ';7I72 '/KI!(!06 ;'D!I 7F8'J7I6 N;7 2 7.(7I !J JH8*( 8'J8*O*()

1/7"D7";! A%%%CP AQC 8'"18*.*/*(!* ';7I72 I'9(!0 ! /!(!!6 2.7/R D7;78)S

!JI*8*() D7(E*(;8'E!7(()* 187T!/!P AUC 187T!/R D7(E*(;8'E!! I'9(!06

:D'J)2'KL!V (' 7F*.(*(!* I'9(!*I "77;2*;";2:KL*V 98'(!E) P AWC 187T!/R

D7(E*(;8'E!! I'9(!06 :D'J)2'KL!V (' J('N!;*/R(:K "*98*9'E!K 2 .8:97V

98'(!E* X%YZ[

\ E*/7I6 !J 18*.";'2/*(()S 2)O* .'(()S "/*.:*;6 N;7 "*98*9'E!! ! D/'M

";*8) I'9(!06 2)02/*(()* 2 ]^_ "1/'2* %345 17"/* <,&=6 8'.!D'/R(7 7;M

/!N'K;"0 17 "27*V 18!87.* 7; N'";!E T'J β′ ! β6 7F8'J:KL!S"0 18! ;*1/727I

27J.*V";2!! (' `abcd# \ ;7 e* 28*I06 18!I*(*(!* f,g^ 17J27/!/7 :";'(7M

2!;R 7"7F*((7";! 1*8*8'"18*.*/*(!0 ';7I72 I'9(!0 2 8*J:/R;';* <,& 18!

 !"



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

/ 01*22' 2*3 *3!1$$ , $+*2&'( !)0+04 , $ 5/6 , $ 70+&!)&08 )*+9

,* !)- * 0:#!;!<) 2#*;-<=$+$ 0)#$%$)*#>&'+$ %* )!+$?

 7#!2)* ' +!3&$@  !4&0+* &0 ,07 '4!<) :0#>A$&2)40 3 !&$1 "B *&C

 $( 7 $2)!##03 !D$%*27!@ 2) -7)- ! &* 0)#$%!*)2@ 0)  *AB)7$ !#<+$9

&$*408 +!) $1'C

 0&$ ;*+0&2) $ -<) :0#>A08  !": 02 #07!#>&08 70&1*&) !1$$ +!3&$@E

+!72$+-+ 70)0 08 "!+*)&0 &$F* "&!%*&$@E &*0:(0;$+030 ;#@ 0: !"04!9

&$@ β′ D!"'C

  !"+* ' 7#!2)* 04 $ 70&1*&) !1$@ 4 &$( +!3&$@ "!+*)&0 , *4'A!<)

"&!%*&$@E (! !7)* &'* ;#@ )* +0;$&!+$%*27$ 0:-2#04#*&&'(  !4&04*29

&'( "* &03 !&$%&'( 2*3 *3!1$8

/ 01*22' 2*3 *3!1$$ , $+*2&'( !)0+04 , $ 5/6G , $ HII

◦
J 0:#!;!<)

2#*;-<=$+$ 0)#$%$)*#>&'+$ %* )!+$?

 , 02#087$ +!3&$@ &!:#<;!<)2@ &! %!2)$ 3 !&$1 "B *&E 02)!#>&'* 3 !9

&$1' +03-) :')> 0:*;&*&' +!3&$*+C

 $( 7 $2)!##03 !D$%*27!@ 2) -7)- ! &* 0)#$%!*)2@ 0)  *AB)7$ !#<+$9

&$*408 +!) $1'C

 0&$ ;*+0&2) $ -<) :0#**  !4&0+* &0*  !2, *;*#*&$* +!3&$@ 4;0#> 3 !9

&$1'C +!72$+-+ 70)0 08 "!+*)&0 &$F* "&!%*&$@E &!:#<;!*+030 ,02#*

5/6G , $ 70+&!)&08 )*+,* !)- *.

K2* L)$ 020:*&&02)$ 24$;*)*#>2)4-<) 0 )0+E %)0 +*(!&$"+'  !2,!;!

)4B ;030  !2)40 ! 4 (0;* 5/6 2-=*2)4*&&0 0)#$%!<)2@ 0) )!704'(E $+*9

<=$( +*2)0 , $ 0:'%&'( )* +0!7)$4$ -*+'( , 01*22!(. M0F&0 3040 $)>

0 )0+E %)0 5/6 ,0"40#@*) 02-=*2)4$)> 240*30  0;! ;$&!+$%*270* 2)! *&$*

 !!



 !"#$#  % &'() *+,-./ &0#1%2%3443  5%&#67%( 8 &'0(%5' 9% 4':!03548';

()(< =3"'' &3>3/ 9#9 ?:1'& !39#@#43 1#"''/ A&% @'043>0#4%54)'  '>0'>#2%%

(3>:& 1#$#&B 13!3"4%&'"B4)C $9"#1 $ :!0354'4%' DEF  !"#$3$<

G"%84%' &'(!'0#&:0) 4# !038$"'4%' AHH'9&# 4'3?)543C @'043>0#4%5;

43C  '>0'>#2%% (3I43  $8@#&B  AHH'9&3( 4'0#$43$' 43 &% >0#4%2 @J0'4<

K#9 !39#@#43 $ LMNNO/ !"3&43 &B 1% "39#2%C $ PQR  3 &384%8S/ !3":5'44)S

!0% TU

◦
V % TUU

◦
V/ 3&"%5#'& 8 4# !308139< W#9%( 3?0#@3(/ ?3"'' 0#$43$' ;

43'  3 &384%'/ !3":5'443' !0% TUU

◦
V/ 1'(34 &0%0:'& ('4BX:6  9"3443 &B

9  '>0'>%03$#4%6 Y(43>%' >0#4%2) 3?'14'4) !0%(' 4)(% #&3(#(%/ 9#9 % $

3&3IIJ443(  3 &384%%Z/ % $ &3 I' $0'(8/ %('67%' 8  '>0'>#2%% %('6& ?3"''

31430314)C S#0#9&'0 0# !0'1'"'4%8 $13"B >0#4%2)< [&3 (3I'& :9#@)$#&B

4# !3$)X'44:6 (3?%"B43 &B !0%(' 4)S #&3(3$ $ >0#4%2' $  %": :$'"%5%$;

X'C 8 1%HH:@%% !3 >0#4%2#( @J0'4<

 !"! #$%$&'( )&$*%$&+(,%- ./$,&0$(,%1,23 4/0$/0(5%6 + 7#8

49:(+(3

 !"!#! $%&'()&**+, -./('0*.120 +2.-.% -+3*(,4 1%,5+**+, 1 6.%78&**.9 :(;<

;=5(&9 6>( ?@A

\# !#1 &$J013>3 0# &$30#/ 1#I' 4'!3"4)C/ &0'?:'& !3$)X'443C (3?%"B;

43 &% #&3(3$ (#>4%8< E3"3I%(/ 5&3 $  0'14'( #&3(#( (#>4%8 1"8 !3!#1#;

4%8 $ >0#4%2: 4'3?S31%(3 !0'313"'&B S#0#9&'043' 0#  &384%' λ = d/4/ >1' d

] 0#@('0 @J0'4< D S318 %@ &'30%% 1%HH:@%%/ AHH'9&%$4:6 1%HH:@%344:6

1"%4: (3I43 @#!% #&B 9#9 LM^_O`

λeff = (6dt)1/2, YN<MZ

>1' D ] 93AHH%2%'4& 1%HH:@%%/ t ] $0'(8<

a "% !3"3I%&B λ = λeff  :5J&3( :0#$4'4%8 YN<MZ/ &3 (3I43 32'4%&B

A9$%$#"'4&4)C 93AHH%2%'4& 1%HH:@%%Deq 1"8 !032'  # DEF< F"8 DEFK

!0% TUU

◦
V 0#@('0 @J0'4 !30819# TUU,bUU 4( % $0'(8 1'H30(#2%% !0% TU

 !"



 ! " #$% & &#$'()*# t = 1200 &+ # ,-$ D200◦C
eq ∼ 8× 10−19 .2

&

−1
/ 0# 12$3*24*

% " 5 & ,($&6*#&) & (4#*"$#6"27.4 -$227.4 -() 8 9::4;4*2#$ -4::6144

<= ' >? @"4 ∼ 200◦A BCDDE/ F -"6, G &# " 27+ @ -&#$'()) 12$3*24) -()

HIJK @"4 8 .2$#2 G #*.@*"$#6"7 Ld = 150 2.+ T = 20◦AM+ @ (63$*.DRT
eq ∼

8 × 10−19 .

2
&

−1
/ N$8 * 12$3*24* #*.@*"$#6"2 , 8 9::4;4*2#$ -4::6144

 !732 &  #'*#&#'6*# #*.@*"$#6"* COP

◦
A BCDDE/

H1'*&#2 + 3# @ '75*24* #*.@*"$#6"7  !"$1;$ @"4 HIJK -() $(Q.4R

24*'7%  !"$1; ' @"4 &8 " &#4 @ ")-8$ C  ! " #$ ' .426#6 2* @"*'75$*#

20◦A -$S* @"4 ! (T5 . 8 (43*&#'*  ! " # '+ 3#  !U)&2)*#&) '7& 8 G #*@R

( @" ' -2 &#TQ .$&&4'27% 2$8 '$(*2+ 3# '.*&#* & 8 .2$#2 G #*.@*"$#6" G

& &#$'()*# 12$3*24* @ ")-8$ 40◦A BCDVE/ 0# @ '75*24* #*.@*"$#6"7 ' @" R

;*&&* HIJK 2* . S*# @"4'*&#4 8 4&8 . G @ '75*22 G . !4(T2 &#4 $# . '

.$,24)/ W # S* '"*.)+ 2* !% -4. 634#7'$#T+ 3# @"4 HIJK @ - '7& 84.

-$'(*24*. ' .*#$((43*&84% .$#*"4$($% @"4 24184% , . ( ,43*&84% #*.@*R

"$#6"$% ,*2*"4"6*#&) 12$34#*(T2 * 8 (43*&#' '$8$2&4G+ 8 2;*2#"$;4) 8 R

# "7% . S*# - &#4,$#T CSPD ∼ 10−5 BCDO+ CDXE/ I &8 (T86 $# .7 .$,24)

)'()Q#&) $# .$.4 1$.*Y*24) ' $(Q.424*' G .$#"4;*+ 9#4 '$8$2&44 . ,6#

 8$17'$#T 12$34#*(T2 * '(4)24* 2$ @ '75*24* 4% . !4(T2 &#4+ 4 8 9::4R

;4*2# -4::6144 . S*# !7#T 1$@4&$2 8$8Z

D∗ =
C0 + CSPDD

C0
, L[/\M

,-* C0 ] "$'2 '*&2$) 8 2;*2#"$;4) '$8$2&4G+D ] 8 9::4;4*2# -4::6144
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@AA&'% 1.41&%)1 )4&6)%.*&: 3)3#&,,3)%&9 DEF )%-"'%"-C '3?6$ 6&A3-:$=*G
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τy = τ ∗m + kmd
−1/2 − 3

1− η

δ

q

[1− q(1− η + ηq)](τ ∗m)2d

qτ ∗md+ pkmd1/2
+

[2− q(1− η + ηp)− p(1− η + ηq)]τ ∗mkmd
1/2

qτ ∗md+ pkmd1/2
+

[1− p(1− η + ηp)]k2m
qτ ∗md+ pkmd1/2
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