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C>p>D$:0:E"&0%'3*.3'4*-2&10:*25&2%*;?=F*&/!1!;7;:',;4/,!/>!?7@!8AB=!C-D!

B!C/EF<! 4,!'G0'H! 8BI!C.<D!J1;!122'2!1,!'G0'H'1E!;/E7G4/,!/>!p*G/E%EC1-,';47C!

$H/C42'!8AAKA!CC/ED!AAKA!C.D!#!L!4,!'G0'H<!1G!I!°?K!&0'!C4MG7H'!J1;!1EE/J'2!G/!

;G4H! 1G! G04;! G'C:'H1G7H'! >/H! #! 0K! ! NG! G0'! ',2! />! J04(0D! 1! ;/E7G4/,! />! C'G0%E!

(H/G/,1G'! 8=KII! -D! =IKI! CC/ED! =K#=! C.<! 4,! 'G0'H! J1;! 122'2! 2H/:J4;'! G/! G0'!

H';7EG1,G!C4MG7H'! 1,2! ;G4HH4,-!J1;! (/,G4,7'2! >/H! 1,/G0'H! O! 0K! &0'!C4MG7H'!J1;!

:/7H'2! 4,G/! (/E2!#!L!6?E! 8#BI!C.<!1,2!'MGH1(G'2!J4G0!'G0'H! 8B!×!PI!C.<K!&0'!

(/C$4,'2! 'MGH1(G;! J'H'! J1;0'2! J4G0! $H4,'! 8=II! C.<D! 2H4'2! 8Q1="R9<! 1,2!

'S1:/H1G'2!via vacuoK!&0'!H';427'!J1;!24;G4EE'2!7,2'H!H'27('2!:H';;7H'!G/!1>>/H2!

C'G0%E! ';G'H! ?! 8OKIA! -D! PIF! %4'E2<! 1;! 1! (/E/HE';;! E4T742U Rf! IKVW! 8#IU#!

0'M1,'X'G0%E! 1('G1G'<Y! #6!QLZ! 8OII!L6[D!?\?EO<!δ! WK##! 8;D! 96<D! OKV=! 8;D! O6<D!

OKO#]OK#P!8CD!#6<D!=KV#!822D!J!^!#BKID!VKV=!6[D!#6<D!=KB=!822D!J!^!#BKID!PKI#!6[D!

#6<D! =KO=! 8;D! O6<D! #K=P! 82D! O6D! J! ^! VKAWD! O6<Y! #O?! QLZ! 8WBK9! L6[D! ?\?EO<! δ!

#WOK9D! #9OK=D! #OVK9D! #=AKWD! #=WKID! B#KAD! 9OKOD! OVKBD! ==KOD! =#KBY! @Z! 8>4EC<! #W9ID!

#B#BD!##VV!(C]#Y!6ZL"!?1E(2!>/H!?#=6#VR=!_L
`aU!#A=K##BIK!b/7,2U!#A=K##9#K!

CGH>@'-2&10:'(4.(>I>$(2*;J=F*N!C4MG7H'!/>!C'G0%E!';G'H!?! 89II!C-D!=KIP!

CC/E<!1,2!'M(';;!:/E%:0/;:0/H4(!1(42!8#I!C.<!J1;!0'1G'2!1G!AI°?!>/H!9P!0K!&0'!

H';7EG4,-!21H)!$H/J,!;E7HH%!J1;!:/7H'2!/,G/!4('!1,2!'MGH1(G'2!J4G0!'G0'H!8B!×!=I!

C.<K!&0'!(/C$4,'2!'MGH1(G;!J'H'!J1;0'2!J4G0!$H4,'!8WI!C.<D!2H4'2!8Q1="R9<!1,2!

'S1:/H1G'2!via vacuoK!&0'!H';4271E!/4E!J1;!:7H4>4'2!via!(/E7C,!(0H/C1G/-H1:0%!

8#IIU#!0'M1,'X'G0%E!1('G1G'<D!%4'E24,-!O#I!C-!8#KAO!CC/ED!AO!F<!/>!4,21,/,'!J!

1;!1!%'EE/J!/4EU!Rf!IKWP!8=U#!0'M1,'X'G0%E!1('G1G'<Y!#6!QLZ!8OII!L6[D!?\?EO<!δ!



! "O!

WKB=! 8;D!#6<D!WK99]WK9#! 8CD!#6<D!WKOP! 82D!J!^!PKI#!6[D!#6<D!OK99]OKO9! 8CD!#6<D!

=KAO!822D!J!^!#AK#D!WKO=!6[D!#6<D!=K9I!8;D!O6<D!=K=W!822D!J!^!#AK#D!OK9P!6[D!#6<D!

#KOP! 82D!J! ^! WKO=!6[D! O6<Y! #O?!QLZ! 8WBK9!L6[D!?\?EO<!δ! =IVKBD!#BWK9D!#OWKOD!

#OVKVD! #OBKAD! #=9KAD! #=OKOD! 9BKWD! O=K9D! =#K9D! =#KIY! @Z! 8>4EC<! #W#=D! #V#B! (C]#Y!

6ZL"!?1E(2!>/H!?##6#=R!_L
`aU!#VIKIPPPK!b/7,2U!#VIKIPP#K!

CGH>@'-2&10:'(4.(>I>$:* ;IK=F* N! ;7;:',;4/,! />! Q1c69! 8##KO! C-D! IKOI!

CC/E<!4,!L'R6!8O!C.<!J1;!;G4HH'2!1G!]WP!°?!>/H!OI!C4,D!>/EE/J'2!$%!G0'!1224G4/,!

/>!?'?EO⋅W6=R!8##I!C-D!IKOI!CC/E<!1,2!G0'!C4MG7H'!J1;!;G4HH'2! >/H!1,/G0'H!OI!

C4,K!N!;/E7G4/,!/>!4,21,/,'!J!8O=KI!C-D!IK=I!CC/E<!4,!L'R6!8=!C.<!J1;!122'2!

2H/:J4;'! G/! G0'!C4MG7H'! 1,2! ;G4HH'2! 1G! ]WP! °?! >/H! 1! >7HG0'H! =! 0K! #!L!6?E! J1;!

122'2! G/! G0'! H';7EG1,G! C4MG7H'! G4EE! '>>'HS';(',('! ('1;'2K! &0'! C4MG7H'! J1;!

'MGH1(G'2!J4G0!'G0'H! 8B!×!=I!C.<!1,2! G0'!(/C$4,'2!'MGH1(G;!J'H'!J1;0'2!J4G0!

$H4,'! 8OI!C.<D! 2H4'2! 8Q1="R9<! 1,2!'S1:/H1G'2!via vacuoK! &0'! H';4271E! /4E!J1;!

:7H4>4'2!via!(/E7C,!(0H/C1G/-H1:0%!8=IU#!0'M1,'X'G0%E!1('G1G'<D!%4'E24,-!O#I!C-!

8#KAO!CC/ED! AV!F<! />! 4,21,/E!IK! 1;!1!#IU#!synUanti! 241;G'H'/C'H4(!C4MG7H'U!Rf!

IK9W!8=U#!0'M1,'X'G0%E!1('G1G'<Y!#6!QLZ!8OII!L6[D!?\?EO<!δ!WK=O!8;D!#6<D!WK#9!

8;D!=6<D!BK#O!822D!J!^!WKO#D!WKO#!6[D!#6<D!OKIW]OKII!8CD!#6<D!=KW9!8222D!J!^!#=KBD!

VKAWD!VKAW!6[D!#6<D!=KOA!8;D!O6<D!#KBO]#K9O!8CD!#6<D!#KOW!82D!J!^!VKV=!6[D!O6<Y!#O?!

QLZ!8WBK9!L6[D!?\?EO<!δ!#9BK#D!#99KOD!#OVKOD!#=PKPD!#=9K=D!#==KAD!W9KPD!9BKWD!

OBKPD!=#K=D!=IK=Y!@Z!8>4EC<!OOB#D!O=BPD!#9PVD!#O9ID!#IBOD!P#9!(C]#Y!6ZL"!?1E(2!

>/H!?##6#9R!_L
`aU!#V=K#I9BK!b/7,2U!#V=K#IOPK!
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C>L04%$A0>IGM>4'-2&10:'(4.(>N>3.%E$A0:'3* .3'4* ;H=F* N! ;/E7G4/,! />!

4,21,/E! IK! 8PIKI! C-D! IK9A! CC/E<D! 2H%! 0'M1,'! 89! C.<! 1,2! NDNDN’DN’*

G'GH1C'G0%E'G0%E','241C4,'! 8>H';0E%!24;G4EE'2! >H/C!?16=D!==A!C-D!IKOI!C.D!#KAW!

CC/E<!J1;!GH'1G'2!2H/:J4;'!J4G0!n*c7.4!8#K=O!C.D!#KV!L!4,!0'M1,'<!1G!HGK!N>G'H!

=I!C4,D! G0'! H';7EG4,-! :4,)!C4MG7H'!J1;! 0'1G'2! 1G! H'>E7M! >/H! O! 0K! ! &0'! H';7EG4,-!

2'':!H'2!C4MG7H'!J1;!(//E'2!G/!I!°?D!1,2!-1;'/7;!?R=!J1;!$7$$E'2!G0H/7-0!G0'!

;/E7G4/,!/S'H,4-0GD!J4G0!;G4HH4,-K!&0'!H'1(G4/,!C4MG7H'!J1;!G0',!24E7G'2!J4G0!'G0'H!

8OB!C.<!1,2!1(424>4'2!J4G0!#!L!6?E!G/!:6!=]OK!&0'!E1%'H;!J'H'!;':1H1G'2D!1,2!

G0'! 1T7'/7;! E1%'H! J1;! 'MGH1(G'2! J4G0! 'G0%E! 1('G1G'! 8B! ×! =B! C.<D! 1,2! G0'!

(/C$4,'2! /H-1,4(! E1%'H;! J'H'! J1;0'2! J4G0! $H4,'D! 2H4'2! 8Q1="R9<D! 1,2!

'S1:/H1G'2! via vacuo! G/! 1>>/H2! VBKA!C-!/>! (1H$/M%4,21,/E!H! 8IKO=!CC/ED! VBF!

%4'E2<! 1;! 1! :1E'! $H/J,! /4ED! J04(0! ;/E424>4'2! 7:/,! ;G1,24,-K! &0'! (H72'!

(1H$/M%4,21,/E!H! G07;!/$G14,'2! 4;! ;7>>4(4',GE%!:7H'! >/H! G0'!,'MG!;G':K!&0'!QLZ!

21G1!J'H'!2'G'HC4,'2!>/H!G0'!(/HH';:/,24,-!C'G0%E!';G'HD!:H':1H'2!$%!G0'!1(G4/,!

/>! 'M(';;! 'G0'H'1E! ?6=Q=D! >/EE/J'2! $%! :7H4>4(1G4/,! via! (/E7C,! (0H/C1G/-H1:0%!

8PU#! 0'M1,'X'G0%E! 1('G1G'<U! Rf! IK9P! 8=U#! 0'M1,'X'G0%E! 1('G1G'<Y! #6! QLZ! 8OII!

L6[D!?\?EO<!δ!WK=O!82D!J!^!PKI#!6[D!#6<D!WK#V!82D!J!^!PKI#!6[D!#6<D!BK=W!822D!J!^!

WKO#D!9KBO!6[D!#6<D!OKA9!8;D!O6<D!OKIW!8CD!#6<D!=KV=!8222D!J!^!#OKVD!PKI#D!WKO#!6[D!

#6<D!=K9B!8;D!O6<D!#KWI!8222D!J!^!#OKVD!BKBPD!9KBO!6[D!#6<D!#KOB!82D!J!^!VKAW!6[D!

O6<Y! #O?! QLZ! 8WBK9! L6[D! ?\?EO<! δ! #WIK#D! #9WKID! #9BKOD! #OVK#D! #O#KBD! #=WKPD!

#=VKWD!W9KVD!B=K#D!9=KOD!OVKAD!==KID!=IKPY!@Z!8dcH<!OOP9D!#WO=D!#9AID!#=VPD!##OID!

#IB#!(C]#Y!6ZL"!?1E(2!>/H!?#O6#VRO!_L
`aU!==IK#IAAK!b/7,2U!==IK#IP9K!
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C>L04%$A0>IGM>4'-2&10:>OGCGNGP>&2&%.104%$>IH>'(42(2>N>3.%E$A0:'3*

.3'4*-2&10:*25&2%*;M=F!?1H$/M%4,21,/E!H!89II!C-D!#KA9!CC/E<!J1;!24;;/ES'2!4,!

E4T742!Q6O!8#I!C.<!1G!]WP!°?!7,2'H!,4GH/-',K!&/!G0'!H1:42E%!;G4HH'2!;/E7G4/,!J1;!

122'2!;/247C!C'G1E!4,!;C1EE!:4'(';!7,G4E!1!$E7'!(/E/H!:'H;4;G'2!8caK!==O!C-D!AKWI!

CC/ED! /S'H! 1! #B! C4,! :'H4/2<K! &/J1H2;! G0'! ',2! />! G0'! 1224G4/,D! 1! :H'(4:4G1G'!

>/HC'2!4,!G0'!H'1(G4/,!C4MG7H'K!&0'!C4MG7H'!J1;!G0',!1EE/J'2!G/!H'>E7M!>/H!#!0D!1G!

G0'!',2!/>!J04(0!;/E42!1CC/,47C!(0E/H42'! 8POI!C-D!#BKB!CC/E<!J1;!122'2! G/!

T7',(0! G0'! H'1(G4/,! 1,2! G0'! 1CC/,41! J1;! 1EE/J'2! G/! 'S1:/H1G'K! &0'! ;/E42!

H';427'!J1;!:1HG4G4/,'2!$'GJ'',!1!;1G7H1G'2!Q16=+R9!;/E7G4/,!8#I!C.<!1,2!'G0'H!

8B! ×! =I! C.<K! &0'! (/C$4,'2! 'MGH1(G;! J'H'! J1;0'2! J4G0! $H4,'! 8BI! C.<D! 2H4'2!

8Q1="R9<!1,2!'S1:/H1G'2!via vacuoK!&0'!(H72'!1(42!J1;!4CC'241G'E%!';G'H4>4'2!

1G!I!°?!J4G0!'G0'H'1E!?6=Q=D!1,2!G0'!'G0'H!'S1:/H1G'2!via vacuoK!&0'!H';4271E!/4E!

J1;!:7H4>4'2!via!(/E7C,!(0H/C1G/-H1:0%!8VU#!0'M1,'X'G0%E!1('G1G'<D!%4'E24,-!=BA!

C-!8#K#V!CC/ED!VIF!/S'H!GJ/!;G':;<!/>!#D9*24','!M!1;!1!:1E'!%'EE/J!/4EU!Rf!IKVO!

8=U#!0'M1,'X'G0%E!1('G1G'<K!#6!QLZ!8OII!L6[D!?\?EO<!δ!BKVP!8$H!;D!#6<D!9KVA!8!$H!

;D!#6<D!OKW#!8;D!O6<D!OKW=]OKV9!8CD!#6<D!=KAI]=KPO!8CD!#6<D!=KWI!8$H!;D!=6<D!=KI9!

8222D!J!^!#OKAWD!WKVVD!=KWA!6[D!#6<D!#KPB]#KVP!8CD!#6<D!#KW9!8;D!O6<D!#KII!82D!J ^!

VKAW!6[D!O6<Y! #O?!QLZ!8WBK9!L6[D!?\?EO<!δ!#W9KOD!#99KWD!#O#K9D!#=AKOD!#==KID!

WWKPD! B=KOD! 9PK=D! 9OK#D! OPKWD! =BKWD! =#K9D! #AKIY! 6ZL"! ?1E(2! >/H! ?#O6#PRO! _L
`aU!

===K#=BVK!b/7,2U!===K#=VIK!

P.>@'-2&10:3.%E.-$0:-2&10:>IGM>4'-2&10:>OGHGPGP.>&2&%.104%$>IH>

'(42(2>N>3.%E$A0:'3*.3'4*-2&10:*25&2%*;IC=F*N!;/E7G4/,!/>!#D9*24','!M!8=K==!-D!



! "V!

AKAA!CC/E<!1,2!NDN*24C'G0%E1('G1C42'!24C'G0%E! 1('G1E! 8VKVB!-D!WKOI!C.D!9AKA!

CC/E<!4,!M%E','!8WI!C.<!J1;!H'>E7M'2!>/H!9P!0K!N>G'H!J04(0D!M%E','!J1;!H'C/S'2!

via vacuo! 1,2! G0'! H';4271E! /4E! J1;! :7H4>4'2! via! (/E7C,! (0H/C1G/-H1:0%! 8BU#!

0'M1,'X'G0%E!1('G1G'<D!%4'E24,-!#K#I!-!89KAA!CC/ED!BIF!%4'E2<!/>!1C42'!IC!1;!1!

%'EE/J!/4EU!Rf!IK=I!8=U#!0'M1,'X'G0%E!1('G1G'<Y!#6!QLZ!8OII!L6[D!?\?EO<!δ!BKBO!

8$H!;D!#6<D!OKPI!8;D!O6<D!=KAW!8;D!O6<D!=KPW!8;D!O6D<D!=KWV!822D!J!^!#=KBD!BK=O!6[D!

#6<D!=KBW]=K9V!8CD!#6<D!=K9I!8222D!J!^!#VKWD!WKVWD!OK9P!6[D!#6<D!=K=W!82D!J!^!#BKO!

6[<D!=K#A!82D!J!^!#BKO!6[<D!=K#A]=K#I!8CD!=6<D!=KIO]#KAB!8CD!#6<D!#KP9!8;D!O6<D!

#KO=! 8G2D! J! ^! #=KBD! BKA=!6[D! #6<Y! #O?!QLZ! 8WBK9!L6[D!?\?EO<! δ! #W=K=D! #VAK=D!

#9OKPD!#9#K9D!#=9KWD!#=OKID!B#KBD!9PKAD!9VKWD!OPKPD!OPK#D!OBKVD!O=K#D!O#KOD!O#KID!

=#K#D! #9KIY! @Z! 8>4EC<! #W=VD! #VO9D! #9V=D! #=WP! (C]#Y!6ZL"!?1E(2! >/H!?#W6=BQRO!

_L`aU!=A#K#PO9K!b/7,2U!=A#K#PO9K!

;N>Q2(R0:$A0-2&10:>P.>4'-2&10:3.%E.-$0:-2&10:>I>-2&10:>M>

-2&10:2(2>OGNGMGHGPGP.>12A.104%$>IH>'(42(>N>0:=.32&'3* .3'4* -2&10:* 25&2%*

;N=F*.\N! 8=KWB!C.D#KB!L! 4,! (%(E/0'M1,'<!J1;!122'2!2H/:J4;'! G/!1! ;/E7G4/,!/>!

1C42'!IC! 8#BI!C-D!IKB#!CC/E<! 4,!&6b!8O!C.<!1G!]WP!°?D!1,2!G0'!;/E7G4/,!J1;!

;G4HH'2!>/H!#!0K!c,R?6=?E!8#V#!C-D!IK#V!C.D!#KIO!CC/ED!AIF!:7H4G%<!J1;!122'2D!

1,2!G0'!C4MG7H'!J1;!1EE/J'2!G/!J1HC!G/!HG!1,2!;G4HH'2!>/H!1!>7HG0'H!=!0K!e1G'H!8#!

C.<!J1;!122'2!G/!T7',(0!G0'!H'1(G4/,!1,2!'MGH1(G'2!J4G0!'G0%E!1('G1G'!8B!×!#I!

C.<K!&0'!(/C$4,'2!'MGH1(G;!J'H'!J1;0'2!J4G0!$H4,'!8#B!C.<D!2H4'2!8Q1="R9<!1,2!

'S1:/H1G'2!via vacuoK!&0'!H';4271E!/4E!J1;!:7H4>4'2!via!(/E7C,!(0H/C1G/-H1:0%!

8OU#! 0'M1,'X'G0%E! 1('G1G'<D! %4'E24,-! PWKV!C-! 8IK=#!CC/ED! 9IF! %4'E2<! />!C'G0%E!



! "W!

';G'H!N!1;!1!(/E/7HE';;!/4EU!Rf!IK=#!8=U#!0'M1,'X'G0%E!1('G1G'<Y!#6!QLZ!8OII!L6[D!

?\?EO<!δ!WKOB]WK=B!8CD!B6<D!BKBW!8GD!J!^!=K99!6[D!#6<D!BKIA!8;D!#6<D!BKI=!8;D!#6<D!

9KB9!8;D!=6<D!9KIV!82D!J!^!PKW#!6[D!#6<D!OKPO!82D!J!^!PKW#!6[D!#6<D!OKV#!8;D!O6<D!

=KAP! 8;D! O6<D! =KPA! 8;D! O6<D! =KW#]=KVI! 8CD! #6<D! =KBW]=KBI! 8CD!#6<D! =K9A! 82D!J! ^!

#WK#!6[D!#6<D!=K=#! 82D!J!^!#WK#!6[D!#6<D!=KIA]#KAV!8CD!#6<D!#K=B!8G2D!J!^!#=KAD!

9K#P! 6[<D! IKAB! 82D! J! ^! VKAW! 6[<Y! #O?! QLZ! 8WBK9!L6[D! ?\?EO<! δ! #WOK9D! #W#K=D!

#9WK9D! #9BKOD! #OPKID! #=PKOD! #=WKVD! #=WKBD! #=VK#D! ###K=D! W9K#D! WOKBD! BVKID! B=KID!

B#KID!9BKBD!OAK9D!OAK=D!OAK=!8/S'HE1:<D!OWKBD!OBK9D!O=KVD!O#K9D!#BKIY!@Z!8>4EC<!#WO#D!

#VBID! #9BID! #OAWD! #=#PD! #IAA! (C]#Y! 6ZL"! ?1E(2! >/H! ?=B6OOQR9! _L
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