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!#1 % 2 "/=%5/ )5/)%!/+0✳ ➶ !'5 )+.3#/✱ /)+% !"/;./!)0 *'+.3%!, *"/$/+,('
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2 =
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❬✸✺❪✮✳ ➶ $) J6

4"6&* ()+)K<96 +6$6,$)"9 )K5#+#L$ 7"#4<'$658<) <'3,'& K97$")+6=7$4'6&
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(%587)4 $6"#M6"D)4)M) '35%26<'*✳ N$# J6 (")K56&# 74)=7$46<<# +6$6,$)")& <#

,'<6$'267,)= '<+%,$'4<)7$' ❬✸✻❪✳ ✃")&6 $)M)✱ +#<<96 +6$6,$)"9 &)M%$ K9$8

'7()583)4#<9 $)58,) 4 %75)4'*: <'3,)= P)<)4)= 3#746$,' ' $"6K%L$ ):5#J+6⑧

<'* ),"%J#L@6= )($',' +) M65'649: $6&(6"#$%"✱ $) 67$8 <6 476M+# ("'M)+<9
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➶ (")$'4)()5)J<)7$8 +#<<9& +6$6,$)"#&✱ +')+9 Q)$$,' "#K)$#L$ ("'
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$658<)7$8L ✭?,4'4#56<$<#* &)@<)7$8 A%&#∼ 10−10
➶$·➹D−0.5

❬✸✼❪✮ ➶ "#K)$6 ❬✹✵❪

)('7#<9 '<$6M"'")4#<<96 4 (5#<#"<%L #<$6<<% ◆❜ K)5)&6$"9✱ ?,4'4#56<$<#*

&)@<)7$8 A%&# +5* ,)$)"9: 7)7$#45*6$∼ 10−14
➶$·➹D−0.5

✱ # ()7$)*<<#* 4"6&6⑧

<' ∼ ✶ <7✳ W+)K<9& ,)&<#$<9& X➹D +6$6,$)")& *45*6$7* $#,J6 *26=,# ➹)56*
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<)7$8L A%&# ∼ 10−10
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5.0 · 10−10
✭*>$43-⑧

?702✮

➴G4/4&F >47*?-⑧
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✵✳✾ ,7? ✹✳✷ ✃
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/05 ❬✹✶❪

1.3 · 10−13
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10−20
✭6+-7$.43-⑧

?702✮
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➶"$.$**(- + ✾✽✪ #"$& >(1(*(#✱ ,(1(%D$ ED.+ +9.<2$*D " 3(3$*14 ➪(.AH(⑧
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<313",I H(:(4 -3<(/3<=%*%5 (?-<%;,H,), 7?+31"% +<%:39%"?-<,<%*("% <("33

* <(&%-3 ❬✹✷❪✳
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9%L"%?-8 -3+'%*%/% ,H'743",I :%?-,/(3- 7<%*"I )%?9,43?)%/% ;%"(✱ 4-% ?7⑧
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➶ ?$0$C0$B, ✶✳✶ 50$25( 3/#(E,-: 2,(0,234,)53, ()-(%: '03-@3'$ 0$.(2:

<,2,52(0$ -$ ()-(%, )%,06'0(%(<-35(%(C( .(#(8,20$ -$ 7BB,52, 7#,520(--(C(

0$/(C0,%$✳ ➶ ?$0$C0$B, ✶✳✷ '0,<)2$%#,- (./(0 ()-(%-:6 '1.#35$@3=✱ '()%*+,-⑧

-:6 3))#,<(%$-3*8 )8,)32,#,= -$ ()-(%, 7#,520(--(✲0$/(C0,%-:6 .(#(8,20(%✳

➶ ?$0$C0$B, ✶✳✸ '0,<)2$%#,-: ()-(%-:, 0,/1#92$2: 3))#,<(%$-3= B3/353 0$⑧

.(2: .(#(8,20(% -$ 7BB,52, 7#,520(--(C( 0$/(C0,%$ % 0,E38, '0*8(C( <,2,5⑧

230(%$-3*✳ ➶ ?$0$C0$B, ✶✳✹ <$,2)* (.()-(%$-3, %:.(0$ (.I,52$ 3))#,<(%$-3*✱

$ 2$5E, B(081#301,2)* /$<$4$ <3)),02$@3(--(= 0$.(2:✳

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

J3/34,)53= '03-@3' <,=)2%3* 3))#,<1,8:6 % 0$.(2, <,2,52(0(% ()-(%:%$⑧

,2)* -$ 2$5 -$/:%$,8(8 7BB,52, 7#,520(--(C( 0$/(C0,%$ % 1#920$2(-536 '#,-⑧

5$6 )%,06'0(%(<-35(%✱ ('3)$-3, 5(2(0(C( %',0%:, .:#( '0,<)2$%#,-( % 0$.(⑧

2, ❬✻❪✳ ➘$--:= 7BB,52 %(/-35$,2 '03 1)#(%33✱ 42( %0,8* 1)2$-(%#,-3* 0$%⑧

-(%,)-(= 2,8',0$210: 7#,520(--(= '(<)3)2,8: '#,-53 ✭2$5 -$/:%$,8(, %0,⑧

8* 2,08$#3/$@33✮ 8$#( '( )0$%-,-3A ) %0,8,-,8 7#,520(-✲B(-(--(C( %/$3⑧

8(<,=)2%3*✳ ➶ 72(8 )#14$, '(C#(+,-3, '#,-5(= 7#,520(8$C-32-(C( 3/#14,-3*

-, '03%(<32 5 0$/(C0,%1 %),= '#,-53 % @,#(8✳ ➶8,)2( 72(C( '0(3)6(<32 0$/(⑧

C0,% #3Q9 7#,520(--(= '(<)3)2,8:✱ ('3):%$A+,=)* B1-5@3,= 0$)'0,<,#,-3*
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 !"✳ ✶✳✶✳ %&'()*!+'",-' !.-/0)1'2!' 3!.!+'",!& 40-5'""-6✱ 40-!"&-89:!& 6 8'*',*-0'✳ ;3⑧

3',* =>',*0-22-?- 0).-?0'6) 6-.2!,)'* 6 ">@+)'✱ ,-?8) 60'(9 @&-8) 2'0)62-6'"2A& 3-2-2-6

!. 4>'2,! 6 4-8>-1,@ ()>- 4- "0)62'2!B " 60'('2'( =>',*0-2✲3-2-22-?- 6.)!(-8'D"*6!9✳

 ).>!+)B* /->-('*0A " 3-2-22A( ! 8!33@.!-22A( ('&)2!.()(! -&>)18'2!9✳

"#$%& ' (#%)#$*(+$,-✱ /#0&1&2* 3,(,$,- /45# (#%)#$*(+$4 6,2,2,/✳ 89#%*⑧

(&1#'3& ;(,( )$,<#'' )$#='(*/0#2 2* >&'✳ ✶✳✶✳ ❰'2,/24# )*$*%#($4 '/#$9)$,⑧

/,=2&3* ◆❜◆ )$#='(*/0#24 / C*D0✳ ✶✳✶✳ ➮F )$&/#=#2249 =*2249 /&=2,✱ 1(,

/'# 2#,D9,=&%4# +'0,/&G =0G /,F2&32,/#2&G ;66#3(* ;0#3($,22,H, $*F,H$#/*

/ &''0#=+#%49 =#(#3(,$*9 /4),02#24✳

I, 9*$*3(#$+ $#0*3'*<&& (#%)#$*(+$4 ;0#3($,22,- ),='&'(#%4 / )0#23#

$*F0&1*J( =/* (&)* D,0,%#($,/ 2* ;66#3(# ;0#3($,22,H, $*F,H$#/*✿ '  !""#⑧

%!&''() %#9*2&F%,% ,90*L=#2&#% ✭3,H=* /$#%G ;0#3($,2✲6,2,22,H, /F*&%,⑧

=#-'(/&G /#0&3, ), '$*/2#2&J ' /$#%#2#% =&66+F&& ;0#3($,2,/ &F )0#23&✮ &

' "&'&''() ,90*L=#2&#% ✭/ )$,(&/,),0,L2,% '0+1*#✮✳ ➶ '0+1*# $*''%*($&/*⑧

#%49 / $*D,(# ◆❜◆ =#(#3(,$,/✱ =&66+F&,224- 3*2*0 ,90*L=#2&G ),=30J1*⑧

#('G✱ 3,H=* =0&2* 1+/'(/&(#0Q2,H, ;0#%#2(* '(*2,/&('G %#2Q5# ❬✺✼❪✿



✷✻

➶#$%& '$#%()*+(,** -)$.'#/00/1 2/34*⑧

4'$%6 τth

✼ 24 ❬✻✶❪

➶#$%& -)$.'#/0✲</0/00/=/ >+(*%/3$1⑧

4'>*& τep

✶✼ 24 ❬✺✽❪

➶#$%& AB/3( 0$#(>0/>$406B </0/0/> >

2/3)/C.A τes

✼✽ 24✯ ❬✻✶❪ ✭+(>*4*' /' '/)F*⑧

06 2)➻0.* ◆❜◆ d✱ ./-<<*,*$0⑧

'( 2#/2A4.(0*& </'/0/> 0( =#(⑧

0*,$ 2)➻0.(✲2/3)/C.( α✱ * 4./⑧

#/4'* +>A.( > 2)➻0.$ ◆❜◆ u 2/

+(./0A τes = 4d(αu)−1
❬✻✷❪✮

 !"#$%! ✶✳✶✳ (!)!*+,)-., /),0,-! 1-,)2,+$3,4*56 ),#!*4!%$$ / 7#,-*, ◆❜◆ +5#:$-56 5*5#5

✻✱✵ -0 7)$ +,07,)!+>), "#$?*56 * *)$+$3,4*56 ✭Tc = 10 ❑✮✳

L = π
√

Dτep, ✭✶✳✶✮

=3$ D = 0, 45 4%

2·4−1
✕ ./-<<*,*$0' 3*<<A+** ◆❜◆ > 0/#%()N0/% 4/4'/⑧

&0**✱ τep = 17 24 ✕ >#$%& -)$.'#/0✲</0/00/=/ >+(*%/3$14'>*& > '/0./1 2)$0.$

◆❜◆ 2#* .#*'*O$4./1 '$%2$#('A#$ ❬✺✽❪✳ P(4O$'6 3(Q' +0(O$0*$ L ≈ 0.1 %.%✳

R#* -'/% -<<$.'*>0(& #$)(.4(,*& -)$.'#/00/1 '$%2$#('A#6 +( 4O$' 3*<<A⑧

+** #(+/=#$'6B -)$.'#/0/> > /S)(4'N %$'())*O$4.*B ./0'(.'/> >/+%/C0( '/)N⑧

./ $4)* >$4N OA>4'>*'$)N061 -)$%$0'( 0(B/3*'4& > #$+*4'*>0/% 4/4'/&0**✱ *0(⑧

O$ -)$.'#/06 SA3A' (03#$$>4.* /'#(C$06 ❬✺✾❪✳ ➘(00/$ A4)/>*$ >62/)0&$'4& >

4)AO($ #(S/'6 S/)/%$'#( > #$C*%$ 2#&%/=/ 3$'$.'/#(✱ 0/ %/C$' 0$ >62/)0&'N⑧

4& > 4)AO($ =$'$#/3*00/=/ #$C*%( #(S/'6✱ ./=3( > #(S/OAQ '/O.A S/)/%$'#

>6>/3*'4& 2A'$% $=/ 0(.(O.* %/F0/4'NQ =$'$#/3*0( ❬✻✵❪✳ ➶ -'/% 4)AO($ AO$'

(03#$$>4./=/ /'#(C$0*& .#*'*O$4.* >(C$0✳

➮44)$3A$%61 > #(S/'$ 3$'$.'/# 0( /40/>$ S/)/%$'#( 0( -<<$.'$ -)$.'#/0⑧

0/=/ #(+/=#$>( <(.'*O$4.* 2#$34'(>)&$' *+ 4$S& 2/)/4.A 4>$#B2#/>/30*.(✱ B(⑧

#(.'$#06$ 2)(0(#06$ #(+%$#6 ./'/#/1 0$ 2#$>6X(Q' 0$4./)N.*B %*.#/0✱ (
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"#$%&'( ✕ '*+,#$-,&. '('#/*"0#1✳ ➘(''(4 5#$#+,(✱ ,#"#078 9($** 1 "*,+"*

0(:#"; /; :79*/ '(<;1("- =71+"1&"*$-';/ >$*/*'"#/ 9*"*,"#0(✱ &'"*?0&07⑧

*"+4 + 5$('(0'#A ('"*''#A✱ &+5#$-<7*/#A 9$4 +#?$(+#1('&4 9*"*,"#0( + 5(9(⑧

8%&/ B➹D &<$7=*'&*/✳ ➘(''#* &<$7=*'&*✱ 5#5(9(4 '( ('"*''7✱ 1#<:7E9(*" 1

'*A 1;+#,#=(+"#"';* "#,&✱ 50#"*,('&* ,#"#0;. 5# =71+"1&"*$-'#/7 >$*/*'"7

9*"*,"#0( 50&1#9&" , 71*$&=*'&8 *?# >$*,"0#''#A "*/5*0("70;✳ ➬(1&+&/#+"-

+#50#"&1$*'&4 +1*0.50#1#9'&,( #" "*/5*0("70; 1:$&<& +1*0.50#1#94%*?# 5*⑧

0*.#9( &/**" #=*'- 0*<,&A .(0(,"*0✱ 5#>"#/7 9(E* '*<'(=&"*$-'#* &</*'*'&*

>$*,"0#''#A "*/5*0("70; 9*"*,"#0( 50&1#9&" , <'(=&"*$-'#/7 &</*'*'&8 *?#

+#50#"&1$*'&4✱ ="# 41$4*"+4 >$*,"0&=*+,&/ +&?'($#/ # '($&=&& &<$7=*'&4 9$4

+=&";1(8%*A >$*,"0#'&,&✳

B*0/#9&'(/&,( =71+"1&"*$-'#?# >$*/*'"( :#$#/*"0( /#E*" :;"- #5&+('(

+ &+5#$-<#1('&*/ /#9*$& #9'#0#9'#?# 0(<#?0*1(✱ ( "(,E* :#$** 50#91&'7"#A /#⑧

9*$& ?#04=*?# 54"'( ❬✷❪✳ ➶ /#9*$& #9'#0#9'#?# 0(<#?0*1( 50*95#$(?(*"+4✱ ="#

"*/5*0("70( >$*,"0#''#A 5#9+&+"*/; :#$#/*"0( 1# 1+*. *?# "#=,(. 5#1;J(*"⑧

+4 '( #9'7 & "7 E* 1*$&=&'7 5#9 1#<9*A+"1&*/ 5(9(8%*?# >$*,"0#/(?'&"'#?#

&<$7=*'&4 & "0('+5#0"'#?# "#,(✱ & =71+"1&"*$-';A >$*/*'" :#$#/*"0( '(.#⑧

9&"+4 50& >"#/ 1 0*<&+"&1'#/ +#+"#4'&&✳ K"0#?# ?#1#04✱ 50& "*/5*0("70* '&E*

,0&"&=*+,#A "*0/#9&'(/&,( =71+"1&"*$-'#?# >$*/*'"( :#$#/*"0( #5&+;1(*"+4

+&+"*/#A '*$&'*A';. 70(1'*'&A "*5$#1#?# :($('+(✱ ,#"#0;* /#?7" :;"- 0*J*⑧

'; $&J- =&+$*''# ❬✻✸❪✳ ❐&'*(0&<(D&4 70(1'*'&A 1#</#E'( 9$4 +$7=(4✱ ,#?9(

"*/5*0("70( :#$#/*"0( :$&<,( , ,0&"&=*+,#A✱ ( +#+"#4'&* +1*0.50#1#9'&,#1#A

5$➻',& :$&<,# , 0(1'#1*+'#/7 ❬✻✹✱ ✻✺❪✳ ➶ >"#/ +$7=(* +##"1*"+"178%&* 70(1'*⑧

'&4 "*5$#1#?# :($('+( /#?7" :;"- 50*9+"(1$*'; 1 +$*978%*/ 1&9* ❬✷❪✿

dTe

dt
=

Tp − Te

τep
+

W (t)

Ce

✭✶✳✷✮

dTp

dt
=

Ce

Cp

Te − Tp

τep
− Tp − T0

τes
✭✶✳✸✮
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"#$ W (t) ✲ &'$($))*+ ,*&-.-(/.01 2/"3/4➻))/6 73$80'/))/6 2/#.-.0$(/6

(/4)/.0-✱ τep - τes ✲ &'$(+ 73$80'/)✲:/)/))/"/ &,*-(/#$6.0&-+ - &'$(+ ;</#*

)$'*&)/&$.)=< :/)/)/& -, 23➻)8-✱ .//0&$0.0&$))/✱ Ce - Cp ✲ 73$80'/))*+ -

:/)/))*+ 0$23/➻(8/.0-✱ .//0&$0.0&$))/✱Te✱ Tp - T0 ✲ 0$(2$'*0;'= 73$80'/))/6

2/#.-.0$(=✱ :/)/))/6 2/#.-.0$(= - 0$23/&/6 &*))=✱ .//0&$0.0&$))/✳

➶ (/#$3- "/'+@$"/ 2+0)* 2'$#2/3*"*$0.+✱ @0/ 2/# &/,#$6.0&-$( 2*#*A4$6

(/4)/.0- - 0'*).2/'0)/"/ 0/8* & @;&.0&-0$31)/( 73$($)0$ B/3/($0'* :/'⑧

(-';$0.+ )$8/0/'*+ /B3*.01 ✭#/($)✮✱ & 8/0/'/6 .&$'<2'/&/#-(/.01 '*,';F$)*

❬✻✵✱ ✻✻❪✳ ➶ #*))/( .3;@*$ ;'*&)$)-+ 0$23/&/"/ B*3*).* ,*2-.=&*A0.+ & .3$#;⑧

A4$( &-#$ ❬✷❪✿

−K
d2Te

dx2
+

ce
τe
(Te − T0) = j2ρn +Nrf ✭✶✳✹✮

−K
d2Te

dx2
+

ce
τe
(Te − T0) = Nrf ✭✶✳✺✮

"#$ ;'*&)$)-$ ✶✳✹ /0)/.-0.+ 8 /B3*.0-✱ )*</#+4$6.+ &);0'- "/'+@$"/ 2+0⑧

)*✱ * ;'*&)$)-$ ✶✳✺ ✲ &)$ 70/6 /B3*.0-✳ O'- 70/( '$F$)-+ 8*P#/"/ -, ;'*&⑧

)$)-6 ➽.F-&*A0.+➾ )* "'*)-S$ )/'(*31)/"/ #/($)* )* /.)/&*)-- 0'$B/&*)-+

)$2'$'=&)/.0- '$F$)-+✳ ➶ ,*2-.*))=< ;'*&)$)-+<K ✲ 8/7::-S-$)0 0$23/2'/⑧

&/#)/.0-✱ τe ✲ &'$(+ '$3*8.*S-- 73$80'/))/6 0$(2$'*0;'=✱ ce ✲ 0$23/➻(8/.01

73$80'/))/6 2/#.-.0$(= )* $#-)-S; /BT➻(*✱ j ✲ 23/0)/.01 0'*).2/'0)/"/ 0/8*✱

ρn ✲ ;#$31)/$ ./2'/0-&3$)-$ .&$'<2'/&/#)-8* & )/'(*31)/( ./.0/+)--✱Nrf ✲ 2/⑧

"3/4➻))*+ 73$80'/))/6 2/#.-.0$(/6 (/4)/.01 73$80'/(*")-0)/"/ -,3;@$)-+

)* $#-)-S; /BT➻(*✳
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✶✳✷✳ ➪$%$&'() *+ ,--'.(' ,%'.()$**$/$ )+0$/)'1+ .+.

2&'23('%4
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<'65#8 #,,/.<)2&*./.0 #$ 2.<6H#8 -#')2+8 /&()'&*)'#0✱ *&%#8 %&% ➹.'-&1⑧
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4#$#%# ❬✻✾❪✱ ❐&()'&*)'#? 4#$#>.,%)0 3/.%*')1#%# P.81#>.,%)5) 61#2.',#*.*&
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5#>.,%)5) #1,*#*6*& ❬✼✶❪✱ ❮#<.'/&1<,%#0 #1,*#*6* %),-#>.,%#8 #,,/.<)2&1#0

❬✼✷❪✱ ❰(,.'2&*)'#? W6'96'1)0 5)'+ ✃#*&0,%)0 &%&<.-## 1&6% ❬✼✸❪✱ ➮1,*#*6*

1&1)1&6%# ✃&2/# P.81)/)5#>.,%)5) 61#2.',#*.*& ➘./4*& ❬✼✹❪ # <'✳

➮,,/.<)2&1#\ ,-.,#*./.0 1& ),1)2. 3/.%*')11)✲'&$)5'.21+8 ()/)-.*')2

9),2?H.1+ *&%G. '&()*+ -1)5#8 ,)*'6<1#%)2 %)//.%*#2& ]>.(1)✲1&6>1)5) '&⑧

<#)4#$#>.,%)5) K.1*'& ❒W➹]✳ ➶ >&,*1),*#✱ '&()*& ❬✼✺❪ 9),2?H.1& #,,/.<)2&⑧

1#\ `6-)2)0 *.-9.'&*6'+ %2&$#)9*#>.,%#8 3/.%*')11)✲'&$)5'.21+8 ,-.,#*.⑧

/.0 ,6(-#//#-.*')2)5) <#&9&$)1& , 4)1)11+- %&1&/)- )8/&G<.1#?✱ #$5)*)2⑧
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<#11+0 9'#➻-1#% 1& >&,*)*6 ✸✵ P➹K 1& ),1)2. 3/.%*')11)✲'&$)5'.21)5) (.$&1⑧
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"#$#%&' &(%#)*+$,- , .&%/0+$& ++ 1$#0+$,+ ✻✳✺ ➹➹6 .7, "7,8,0+9"&: 8+'.+7#⑧

8/7+✱ # 8#")+ ,99%+*&=#$# 9,98+'# "&'.+$9#6,, =%,-$,- $+98#>,%?$&98, '&@⑧

$&98, ,1%/0+$,- A+8+7&*,$# $# 7#>&0/B 8&0"/ 9'+9,8+%- $# =&%?8✲#'.+7$&:

(#7#"8+7,98,"+ ./8+' "&$87&%,7/+'&A& ==+*+$,- D➶F '&@$&98, &*$&=7+'+$⑧
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, ✭✸✳✺✮
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♣❡j❝♦♥❞✉❝`♦ja ❛♥❞ ✐`a ❛♣♣❧✐❝❛`✐♦♥a ❢♦j j❛❞✐❛`✐♦♥ a❡♥a♦ja ✴✴ ❙✉♣❡j❝♦♥❞✉❝`♦j

❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣②✳ ✷✵✵✷✳ ❱♦❧✳ ✶✺✱ ♥♦✳ ✹✳ u✳ ❘✶✳

✸✳ v(.3=,*;%43? w3)3=3 3 7%@(3=3✳ ❒*6=80✱ ✶✾✽✾✳

✹✳ ❙❤❦❧♦✈a❦✐❥ ❱✳ ❆✳ ❍♦` ❡❧❡❝`j♦♥a ✐♥ ♠❡`❛❧a ❛` ❧♦✇ `❡♠♣❡j❛`✉j❡a ✴✴ ❏♦✉j♥❛❧ ♦❢

▲♦✇ ❚❡♠♣❡j❛`✉j❡ u❤②a✐❝a✳ ✶✾✽✵✳ ❱♦❧✳ ✹✶✱ ♥♦✳ ✸✲✹✳ u✳ ✸✼✺✕✸✾✻✳

✺✳ ❘✐❞❧❡② ❇✳ ❑✳ ❍♦` ❡❧❡❝`j♦♥a ✐♥ a❡♠✐❝♦♥❞✉❝`♦ja ✴✴ ❙❝✐❡♥❝❡ uj♦❣j❡aa ✭✶✾✸✸✲✮✳ ✶✾✽✻✳

u✳ ✹✷✺✕✹✺✾✳

✻✳ ➴✳❒✳➹%&'%()*(✱ ❒✳➴✳➹%&'%()*(✱ ➹✳❮✳➹*,-./0( 3 4&✳ �0)*2&%8 =80)3M0673.

8 68%&@;&*8*4?�%� ;,%(=%✱ (0@*4?�%�6? 8 &%)36738(*/ 6*67*?(33 ✴✴ �36-⑧

/0 8➷9&(0, <=6;%&3/%(70,-(*� 3 7%*&%73M%6=*� w3)3=3✳ ✶✾✽✶✳ E✳ ✸✹✱ ➑ ✺✳

5✳ ✷✽✶✕✷✽✺✳

✼✳ ●❡ja❤❡♥③♦♥ ❊✳ ▼✳✱ ●❡ja❤❡♥③♦♥ ▼✳ ❊✳✱ ●♦❧`a♠❛♥ ●✳ ◆✳ ❡` ❛❧✳ ◆♦♥a❡❧❡❝`✐✈❡ ❡✛❡❝`

♦❢ ❡❧❡❝`j♦♠❛❣♥❡`✐❝ j❛❞✐❛`✐♦♥ ♦♥ ❛ a✉♣❡j❝♦♥❞✉❝`✐♥❣ ✜❧♠ ✐♥ `❤❡ j❡a✐a`✐✈❡ a`❛`❡ ✴✴

❏❊❚u ▲❡``✳ ✶✾✽✷✳ ❱♦❧✳ ✸✻✱ ♥♦✳ ✼✳

✽✳ ●❡ja❤❡♥③♦♥ ❊✳ ▼✳✱ ●❡ja❤❡♥③♦♥ ▼✳ ❊✳✱ ●♦❧`a♠❛♥ ●✳ ◆✳ ❡` ❛❧✳ ❍❡❛`✐♥❣ ♦❢ ❡❧❡❝⑧

`j♦♥a ✐♥ ❛ a✉♣❡j❝♦♥❞✉❝`♦j ✐♥ `❤❡ j❡a✐a`✐✈❡ a`❛`❡ ❜② ❡❧❡❝`j♦♠❛❣♥❡`✐❝ j❛❞✐❛`✐♦♥ ✴✴

❩❤✳ ❊❦a♣✳ ❚❡♦j✳ ❋✐③✳ ✶✾✽✹✳ ❱♦❧✳ ✽✻✳ u✳ ✼✺✽✕✼✼✸✳

✾✳ ●❡ja❤❡♥③♦♥ ❊✳ ▼✳✱ ●♦❧`a♠❛♥ ●✳ ◆✳✱ ❊❧❛♥`✬❡✈ ❆✳ ■✳ ❡` ❛❧✳ ■♥`❡♥a❡ ❡❧❡❝`j♦♠❛❣♥❡`✐❝

j❛❞✐❛`✐♦♥ ❤❡❛`✐♥❣ ♦❢ a✉♣❡j❝♦♥❞✉❝`♦j ❡❧❡❝`j♦♥a ✐♥ j❡a✐a`✐✈❡ a`❛`❡ ✴✴ ❋✐③✳ ◆✐③❦✳

❚❡♠♣✳ ✶✾✽✽✳

✶✵✳ ●❡ja❤❡♥③♦♥ ❊✳ ▼✳✱ ●♦❧`a♠❛♥ ●✳ ●✳✱ ●♦✉a❡✈ ❨✳ u✳ ❡` ❛❧✳ ❊❧❡❝`j♦♠❛❣♥❡`✐❝ j❛❞✐⑧

❛`✐♦♥ ♠✐①❡j ❜❛a❡❞ ♦♥ ❡❧❡❝`j♦♥ ❤❡❛`✐♥❣ ✐♥ j❡a✐a`✐✈❡ a`❛`❡ ♦❢ a✉♣❡j❝♦♥❞✉❝`✐✈❡ ◆❜



✾✷

❛♥❞ ❨❇❛❈✉❖ ✜❧♠- ✴✴ ▼❛❣♥❡2✐❝-✱ ■❊❊❊ ❚9❛♥-❛❝2✐♦♥- ♦♥✳ ✶✾✾✶✳ ❱♦❧✳ ✷✼✱ ♥♦✳ ✷✳

?✳ ✶✸✶✼✕✶✸✷✵✳

✶✶✳ ❲❡❧❧-2♦♦❞ ❋✳ ❈✳✱ ❯9❜✐♥❛ ❈✳✱ ❈❧❛9❦❡ ❏✳ ❍♦2✲❡❧❡❝29♦♥ ❡✛❡❝2- ✐♥ ♠❡2❛❧- ✴✴ ?❤②-✐❝❛❧

❘❡✈✐❡✇ ❇✳ ✶✾✾✹✳ ❱♦❧✳ ✹✾✱ ♥♦✳ ✾✳ ?✳ ✺✾✹✷✳

✶✷✳ ❑❛9❛-✐❦ ❇✳ ❙✳✱ ■❧✬✐♥ ❑✳ ❙✳✱ ?❡❝❤❡♥ ❊✳ ❱✳✱ ❑9❛-♥♦-✈♦❜♦❞2-❡✈ ❙✳ ■✳ ❉✐✛✉-✐♦♥ ❝♦♦❧✐♥❣

♠❡❝❤❛♥✐-♠ ✐♥ ❛ ❤♦2✲❡❧❡❝29♦♥ ◆❜❈ ♠✐❝9♦❜♦❧♦♠❡2❡9 ♠✐①❡9 ✴✴ ❆♣♣❧✐❡❞ ♣❤②-✐❝-

❧❡22❡9-✳ ✶✾✾✻✳ ❱♦❧✳ ✻✽✱ ♥♦✳ ✶✻✳ ?✳ ✷✷✽✺✕✷✷✽✼✳

✶✸✳ ❙❦❛❧❛9❡ ❆✳✱ ▼❝●9❛2❤ ❲✳ ❘✳✱ ❇✉♠❜❧❡ ❇✳ ❡2 ❛❧✳ ▲❛9❣❡ ❜❛♥❞✇✐❞2❤ ❛♥❞ ❧♦✇ ♥♦✐-❡

✐♥ ❛ ❞✐✛✉-✐♦♥✲❝♦♦❧❡❞ ❤♦2✲❡❧❡❝29♦♥ ❜♦❧♦♠❡2❡9 ♠✐①❡9 ✴✴ ❆♣♣❧✐❡❞ ♣❤②-✐❝- ❧❡22❡9-✳

✶✾✾✻✳ ❱♦❧✳ ✻✽✱ ♥♦✳ ✶✶✳ ?✳ ✶✺✺✽✕✶✺✻✵✳

✶✹✳ ❋❧♦❡2 ❉✳ ❲✳✱ ❇❛-❡❧♠❛♥- ❏✳ ❆✳✱ ●❛♦ ❏✳ ❘✳✱ ❑❧❛♣✇✐❥❦ ❚✳ ▼✳ ❘❡-✐-2✐✈❡ ❜❡❤❛✈✐♦✉9

♦❢ ◆❜ ❞✐✛✉-✐♦♥✲❝♦♦❧❡❞ ❤♦2 ❡❧❡❝29♦♥ ❜♦❧♦♠❡2❡9-✳ ❱♦❧✳ ✶ ♦❢ ◆✐♥2❤ ■♥2❡9♥❛2✐♦♥❛❧

❙②♠♣♦-✐✉♠ ♦♥ ❙♣❛❝❡ ❚❡9❛❤❡92③ ❚❡❝❤♥♦❧♦❣②✳ ✶✾✾✽✳ ✖▼❛9❝❤✳ ?✳ ✻✸✳

✶✺✳ ❲②-- ❘✳ ❆✳✱ ❑❛9❛-✐❦ ❇✳ ❙✳✱ ▼❝●9❛2❤ ❲✳ ❘✳ ❡2 ❛❧✳ ◆♦✐-❡ ❛♥❞ ❜❛♥❞✇✐❞2❤ ♠❡❛⑧

-✉9❡♠❡♥2- ♦❢ ❞✐✛✉-✐♦♥✲❝♦♦❧❡❞ ◆❜ ❤♦2✲❡❧❡❝29♦♥ ❜♦❧♦♠❡2❡9 ♠✐①❡9- ❛2 ❢9❡d✉❡♥❝✐❡-

❛❜♦✈❡ 2❤❡ -✉♣❡9❝♦♥❞✉❝2✐✈❡ ❡♥❡9❣② ❣❛♣✳ ?9♦❝✳ ♦❢ 2❤❡ ✶✵2❤ ■♥2✳ ❙②♠♣✳ ❖♥ ❙♣❛❝❡

❚❍③ ❚❡❝❤♥♦❧♦❣②✳ ✶✾✾✾✳ ✖▼❛9❝❤✳

✶✻✳ ❘②❛❜❝❤✉♥ ❙✳✱ ❚♦♥❣ ❈✳ ❨✳ ❊✳✱ ❇❧✉♥❞❡❧❧ ❘✳✱ ●♦❧2-♠❛♥ ●✳ ❙2❛❜✐❧✐③❛2✐♦♥ -❝❤❡♠❡

❢♦9 ❤♦2✲❡❧❡❝29♦♥ ❜♦❧♦♠❡2❡9 9❡❝❡✐✈❡9- ✉-✐♥❣ ♠✐❝9♦✇❛✈❡ 9❛❞✐❛2✐♦♥ ✴✴ ❆♣♣❧✐❡❞ ❙✉⑧

♣❡9❝♦♥❞✉❝2✐✈✐2②✱ ■❊❊❊ ❚9❛♥-❛❝2✐♦♥- ♦♥✳ ✷✵✵✾✳ ❱♦❧✳ ✶✾✱ ♥♦✳ ✶✳ ?✳ ✶✹✕✶✾✳

✶✼✳ ❙❤✉9❛❦♦✈ ❆✳✱ ❙❡❧✐✈❡9-2♦✈ ❙✳✱ ❑❛✉9♦✈❛ ◆✳ ❡2 ❛❧✳ ■♥♣✉2 ❜❛♥❞✇✐❞2❤ ♦❢ ❤♦2 ❡❧❡❝29♦♥

❜♦❧♦♠❡2❡9 ✇✐2❤ -♣✐9❛❧ ❛♥2❡♥♥❛ ✴✴ ❚❡9❛❤❡92③ ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣②✱ ■❊❊❊

❚9❛♥-❛❝2✐♦♥- ♦♥✳ ✷✵✶✷✳ ❱♦❧✳ ✷✱ ♥♦✳ ✹✳ ?✳ ✹✵✵✕✹✵✺✳

✶✽✳ ❋✐❧✐♣♦✈✐❝ ❉✳ ❋✳✱ ●❡❛9❤❛92 ❙✳ ❙✳✱ ❘❡❜❡✐③ ●✳ ▼✳ ❉♦✉❜❧❡✲-❧♦2 ❛♥2❡♥♥❛- ♦♥ ❡①2❡♥❞❡❞

❤❡♠✐-♣❤❡9✐❝❛❧ ❛♥❞ ❡❧❧✐♣2✐❝❛❧ -✐❧✐❝♦♥ ❞✐❡❧❡❝29✐❝ ❧❡♥-❡- ✴✴ ▼✐❝9♦✇❛✈❡ ❚❤❡♦9② ❛♥❞

❚❡❝❤♥✐d✉❡-✱ ■❊❊❊ ❚9❛♥-❛❝2✐♦♥- ♦♥✳ ✶✾✾✸✳ ❱♦❧✳ ✹✶✱ ♥♦✳ ✶✵✳ ?✳ ✶✼✸✽✕✶✼✹✾✳

✶✾✳ ❙❡♠❡♥♦✈ ❆✳ ❉✳✱ ❘✐❝❤2❡9 ❍✳✱ ❍✉❜❡9- ❍✳ ❲✳ ❡2 ❛❧✳ ❚❡9❛❤❡92③ ♣❡9❢♦9♠❛♥❝❡ ♦❢

✐♥2❡❣9❛2❡❞ ❧❡♥- ❛♥2❡♥♥❛- ✇✐2❤ ❛ ❤♦2✲❡❧❡❝29♦♥ ❜♦❧♦♠❡2❡9 ✴✴ ▼✐❝9♦✇❛✈❡ ❚❤❡♦9②

❛♥❞ ❚❡❝❤♥✐d✉❡-✱ ■❊❊❊ ❚9❛♥-❛❝2✐♦♥- ♦♥✳ ✷✵✵✼✳ ❱♦❧✳ ✺✺✱ ♥♦✳ ✷✳ ?✳ ✷✸✾✕✷✹✼✳



✾✸

✷✵✳ ▲✐♥✜❡❧❞ ❊✳ ❚❡.❛❤❡.1③ ❛♣♣❧✐❝❛1✐♦♥6✿ ❛ 6♦✉.❝❡ ♦❢ ❢.❡6❤ ❤♦♣❡ ✴✴ ◆❛1✉.❡ <❤♦1♦♥✐❝6✳

✷✵✵✼✳ ❱♦❧✳ ✶✱ ♥♦✳ ✺✳ <✳ ✷✺✼✕✷✺✽✳

✷✶✳ ❙✐❡❣❡❧ <✳ ❍✳ ❚❡.❛❤❡.1③ 1❡❝❤♥♦❧♦❣② ✐♥ ❜✐♦❧♦❣② ❛♥❞ ♠❡❞✐❝✐♥❡ ✴✴ ▼✐❝.♦✇❛✈❡ ❙②♠⑧

♣♦6✐✉♠ ❉✐❣❡61✳ ✷✵✵✹✳ ❱♦❧✳ ✸✳ <✳ ✶✺✼✺✕✶✺✼✽✳

✷✷✳ ❯♣❛❞❤②❛ <✳ ❈✳✱ ◆❣✉②❡♥ ❑✳ ▲✳✱ ❙❤❡♥ ❨✳ ❈✳ ❡1 ❛❧✳ ❈❤❛.❛❝1❡.✐③❛1✐♦♥ ♦❢ ❈.②6⑧

1❛❧❧✐♥❡ <❤❛6❡✲❚.❛♥6❢♦.♠❛1✐♦♥6 ✐♥ ❚❤❡♦♣❤②❧❧✐♥❡ ❜② ❚✐♠❡❄❉♦♠❛✐♥ ❚❡.❛❤❡.1③

❙♣❡❝1.♦6❝♦♣② ✴✴ ❙♣❡❝1.♦6❝♦♣② ❧❡11❡.6✳ ✷✵✵✻✳ ❱♦❧✳ ✸✾✱ ♥♦✳ ✸✳ <✳ ✷✶✺✕✷✷✹✳

✷✸✳ ❲♦♦❞✇❛.❞ ❘✳ ▼✳✱ ❈♦❧❡ ❇✳ ❊✳✱ ❲❛❧❧❛❝❡ ❱✳ <✳ ❡1 ❛❧✳ ❚❡.❛❤❡.1③ ♣✉❧6❡ ✐♠❛❣✐♥❣ ✐♥
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