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L

),(4,)&!!K*4(6B!.*,!.*(,,!).=64,)!*#<,!#$#?:),6!6#.#!).(,.8*4$5!@#83!.0!.*,!RP[\)!.0!,).4/#.,!.*,

?0$5e(=$!804$.,5(#.4$5!(,?#.40$)*4-!@,.H,,$!-(48,)!#$6!64<46,$6)&!!S1!80=(),B!.*,!$#.=(,!01!.*,
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.*,!S4?B!i,#?.*B!A,4)=(,B!l,*48?,!D$54$,,(4$5B!K(#$)-0(.B!7006!#$6!G#83#54$5!),8.0()!#/0$5!0.*,()&!K*,(,10(,B!#)

0$,!H0=?6!,O-,8.B!)0/,!01!.*,!$,H,(!4$6=).(4,)!#(,!$0.!(,-(,),$.,6!4$!.*,!)#/-?,&

!!!!!V 2#((0$!URVPZW!10=$6!.*#.!)0/,!ZR&RQ!01!.*,!;C!14(/)!4$!*4)!)#/-?,!8*0),!+,8,/@,(!#)!.*,4(!14$#$84#?

:,#(e,$6!6#.,&!!'#(8*!H#)!.*,!$,O.!/0).!-0-=?#(!/0$.*!UX\&ZQW!#$6!>,-.,/@,(!H#)!(#$3,6!.*4(6!UP&PQW&!

M

2 Data sources

I??!14(/)!0$!.*,!A0$60$!"$.,($#.40$#?!S11484#?!>.083!DO8*#$5,!A4).!#880(64$5!.0!.*,!+#.#).(,#/

6#.#@#),! 4$! +,8,/@,(! RVVM! H,(,! 4$4.4#??:! 80$)46,(,6! 10(! .*4)! ).=6:&! ! 7(0/! .*4)! ?4).! 01

#--(0O4/#.,?:!RM\\!80/-#$4,)B! 0$?:! .*0),! 14(/)!H*48*! )#.4)14,6! #!$=/@,(! 01! 8(4.,(4#!H,(,

4$8?=6,6!4$!.*,!14$#?!)#/-?,&!!74().B!80/-#$4,)!*#6!.0!*#<,!#!1=??!),.!01!).083!-(48,!4$10(/#.40$

#$6!#!80/-?,.,!),.!01!64<46,$6!6#.#!0<,(!.*,!-,(406!RVMP!.0!RVVM&!!>,80$6B!80/-#$4,)!*#6!.0

*#<,!#!+,8,/@,(!:,#(e,$6!6#.,!#$6!.0!(,.#4$!.*4)!14$#$84#?!:,#(!,$6!.*(0=5*0=.!.*,!XVe:,#(!.4/,

)-#$&!!K*4(6B!0$?:!80/-#$4,)!H*48*!H,(,!$0.!8?#))414,6!#)!*#<4$5!@,,$!.#3,$!0<,(!H,(,!4$8?=6,6

4$!.*,!14$#?!)#/-?,&!!>0/,!LM!80/-#$4,)!)#.4)14,6!.*,),!),?,8.40$!8(4.,(4#!#$6!#(,!#$#?:),6!4$!.*4)

).=6:&!!K*4)!)#/-?,!4)!6(#H$!1(0/!#!H46,!5(0=-!01!4$6=).(4,)P!#$6!.*,!80/-#$4,)!<#(:!4$!)4Y,

1(0/!mLBRPR/!.0!mX_/a!.*,!14$64$5)!)*0=?6!.*,(,10(,!$0.!@,!)-,84148!.0!#$:!0$,!),8.0(!0(!.:-,

01!14(/&!!K*4)!)#/-?,!)=11,()!1(0/!#!)=(<4<0()*4-!@4#)!)4$8,!0$?:!.*0),!80/-#$4,)!H*48*!*#<,

,O4).,6!10(!.*,!1=??!XV!:,#(!-,(406!#(,!4$8?=6,6!4$!.*,!#$#?:)4)&!!i0H,<,(B!.0!).=6:!)=8*!#!?0$5e(=$

(,?#.40$)*4-!@,.H,,$!64<46,$6)!#$6!-(48,)!#.!#$!4$64<46=#?!80/-#$:!?,<,?!)=8*!@4#)!4)!4$,<4.#@?,&

T,<,(.*,?,))B!.*4)!@4#)!/#:!*#<,!4/-?48#.40$)!10(!4$.,(-(,.4$5!.*,!,80$0/,.(48!(,)=?.)B!#$6!.*,:

)*0=?6!@,!4$.,(-(,.,6!H4.*!.*4)!8#<,#.!4$!/4$6&

70(!,#8*!80/-#$:B!#$$=#?!).083!-(48,!4$10(/#.40$!H#)!0@.#4$,6!1(0/!+#.#).(,#/!1(0/

_R).!+,8,/@,(!RVMP!.0!_R).!+,8,/@,(!RVVM&!!S@<40=)?:!0.*,(!6#.,)!80=?6!*#<,!@,,$!8*0),$!@=.

+,8,/@,(!*#)!.*,!@,$,14.!.*#.!#!?#(5,!-(0-0(.40$!01!;C!80/-#$4,)!8*0),!.0!(,-0(.!.*,4(!#$$=#?

(,)=?.)!4$!.*4)!/0$.*!U2#((0$B!RVPZWV!#$6!14$#$84#?!).#.,/,$.!4$10(/#.40$!10(!#??!.*,!14(/)!4$!.*,



!!!!!R\ K*4)!4$10(/#.40$!(,?#.,)!.0!]0(64$#(:!#$6!-(,1,(,$8,!64<46,$6)!-#46!6=(4$5!.*,!-,(406B!01.,$!(,-(,),$.4$5

.*,!-(,<40=)!:,#()!14$#?!#$6!8=((,$.!:,#()!4$.,(4/!64<46,$6^&!!K*,(,10(,B!-(,1,(,$8,!64<46,$6)!#(,!4$8?=6,6!4$!.*,

6#.#B!*0H,<,(B!H,!60!$0.!@,?4,<,!.*#.!.*4)!4$8?=)40$!)45$4148#$.?:!,11,8.)!0=(!#$#?:)4)!01!0(64$#(:!,N=4.4,)!)4$8,!U4W

RR!01!14(/)!4$!.*,!#$#?:)4)!*#6!$0!-(,1,(,$8,!)*#(,)!4$!4))=,!.*(0=5*0=.!.*,!-,(406!@,4$5!,O#/4$,6!#$6!U44W!.*0),

14(/)!.*#.!646!4))=,!-(,1,(,$8,!)*#(,)!.,$6,6!.0!-#:!#!(,?#.4<,?:!80$).#$.!-(,1,(,$8,!64<46,$6!1(0/!0$,!:,#(!.0!.*,

$,O.a!4$6,,6B!L!14(/)!/#4$.#4$,6!.*,!)#/,!-(,1,(,$8,!64<46,$6!.*(0=5*0=.!.*,!XVe:,#()!).=64,6&!!;$10(.=$#.,?:B

64<46,$6!4$10(/#.40$!(,?#.4$5!)0?,?:!.0!0(64$#(:!)*#(,)!H#)!$0.!#<#4?#@?,!10(!.*,!H*0?,!.4/,!-,(406!,O#/4$,6!4$!.*4)

).=6:&!

[

)#/-?,!(,?#.,6!.0!.*,!RXe/0$.*!-,(406!,$64$5!0$!.*#.!6#.,&!!+4<46,$6!4$10(/#.40$!10(!,#8*!)*#(,R\

H#)!#?)0!,O.(#8.,6! 1(0/! .*,!+#.#).(,#/!6#.#@#),a! .*,!#$$=#?!64<46,$6!-#46! U".,/!Z_ZW!H#)

0@.#4$,6!10(!,#8*!80/-#$:&!!K*,!),(4,)!H,(,!6,1?#.,6!@:!.*,!80$)=/,(!-(48,!4$6,O!#$6!.*0),!6#.#

H,(,!.*,$!#$#?:),6!.0!6,.,(/4$,!H*,.*,(!.*,(,!4)!#!?0$5e(=$!(,?#.40$)*4-!@,.H,,$!(,#?!).083

-(48,)!#$6!(,#?!).083!64<46,$6)!=)4$5!.*,!804$.,5(#.40$!/,.*060?05:!10(!#!-#$,?!6#.#!),.&

!

3 Orders of Integration

,-. /&01+()(23*"&40)"(5")46)5"*"&40*7&"8

"$!.*4)!),8.40$!H,!4$<,).45#.,!.*,!0(6,()!01! 4$.,5(#.40$!01! .*,!(,#?!-(48,!#$6!64<46,$6!),(4,)&

>4$5?,e,N=#.40$! U#=5/,$.,6W! +483,:e7=??,(! ).#.4).48)! 01! .*,! -(48,! #$6! 64<46,$6! ),(4,)! #(,

8#?8=?#.,6&!!K*,!?#5!?,$5.*!4$!.*,!I+7!.,).!4)!#??0H,6!.0!<#(:!#8(0))!4$64<46=#?!80/-#$4,)!)0!#)

.0!/0-!=-!#$:!(,)46=#?!),(4#?!80((,?#.40$&!!K0!80$),(<,!)-#8,!.*,!(,)=?.)!#(,!$0.!(,-0(.,6!4$!1=??

@=.!<,(:!1,H!),(4,)!(,f,8.!.*,!$=??!*:-0.*,)4)!01!$0$e).#.40$#(4.:&!!;)4$5!)/#??e)#/-?,!8(4.48#?

<#?=,)!1(0/!'#8C4$$0$!URVVRWB!0$?:!.H,?<,!-(48,!#$6!14<,!64<46,$6!),(4,)!80=?6!@,!6,,/,6

).#.40$#(:!#.!.*,!LQ!?,<,?&

i0H,<,(B!.*,!-0H,(!01!.*4)!.,).!4)!3$0H$!.0!@,!<,(:!?0H!#$6!(,8,$.?:!-(0-0),6!-#$,?

#--(0#8*,)!.0!=$4.!(00.!.,).4$5!8#$!#?)0!@,!#--?4,6!.0!#$#?:),!0=(!6#.#!),.&!!K*,!-#$,?!#--(0#8*

5#4$)! -0H,(! 1(0/! .*,! 8(0))e,N=#.40$! (,).(48.40$! 0$! .*,! 14().e0(6,(! -#(.4#?! #=.080((,?#.40$

1=$8.40$)&!!>-,84148#??:B!H,!=),!.*,!A,<4$!#$6!A4$!URVVXB!RVV_W!.,).!H*48*!H,!$0H!@(4,1?:!0=.?4$,&



P

,-9 !*0(+)"(5")46)5"*"&40*7&"8

A,.!:&"!6,$0.,!.*,!-#$,?!),(4,)!=$6,(!80$)46,(#.40$B!H*,(,!&!4)!.*,!8(0))!),8.40$!64/,$)40$

.*#.!(=$)!1(0/!R!.0!;&!!G,(10(/!.*,!10??0H4$5!(,5(,))40$)

!:
&"
" ˆ
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=!R
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&=
!:

&"#=
# n#
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?
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# nŒ
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=!R

n$
&=
!:

&"#=
# n%

>&
?
>"#R

# n@
&"#R

(3)

H*,(,!#!84(8=/1?,O!4$648#.,)!#!14..,6!<#?=,B!Œ&"!#$6!@&)"A.!(,-(,),$.!,).4/#.,6!(,)46=#?)B!<&!/,#)=(,)

.*,! 4640):$8(#.48! ?#5! ?,$5.*! 10(! )*#(,! &B! #$6!?>"! 6,$0.,)! #$! #--(0-(4#.,! ),.! 01! 6,.,(/4$4).48

<#(4#@?,)!6,14$,6!10(!.*(,,!#?.,($#.4<,!/06,?)!U>!o!RB!X!0(!_W&!!K*=)!?."!80$.#4$)!$0!6,.,(/4$4).48

<#(4#@?,)B!?9"!80$.#4$)!#!80$).#$.!.,(/!#$6!?,"!80$.#4$)!@0.*!#!80$).#$.!#$6!6,.,(/4$4).48!.(,$6

.,(/)&!!K*,$B!.*,!"e(#.40!0$!&&!4$

nŒ
&"
" n&

&
n@
&"#R

# n'
&" (4)

4)!.*,!-#$,?!,N=4<#?,$.!01!#!=$4<#(4#.,!+483,:e7=??,(!=$4.!(00.!.,).&!!K0!80$.(0?!10(!*,.,(05,$,4.:

#8(0))! 4$64<46=#?)! @0.*!Œ&"! #$6! @&"A.! #(,! 6,1?#.,6! @:! .*,! ).#$6#(6! ,((0(! 01! ,N=#.40$! U_W! #$6

)=@),N=,$.?:!6,$0.,6!@:!#!.4?6,&!!A,<4$!#$6!A4$!6,/0$).(#.,!.*#.!.*,!"e(#.40!0$!&!4$

pŒ
&"
" p& p@

&"#R
# p'

&" (5)



V

*#)!#!).#$6#(6!$0(/#?!64).(4@=.40$!10(!'06,?!R!@=.!64<,(5,)!.0!$,5#.4<,!4$14$4.:!10(!'06,?)!X!#$6

_&!!70(.=$#.,?:!.*,!10??0H4$5!#6f=).,6!"e(#.40!*#)!@,,$!80$).(=8.,6!.0!0<,(80/,!.*4)!-(0@?,/a!4.

*#)!#!).#$6#(6!$0(/#?!64).(4@=.40$!#$6!8#$!@,!=),6!.0!.,).!.*,!$=??!*:-0.*,)4)!.*#.!&&!o!\!10(!&!o

R!.0!;

"
$

& "

"
&
! ;B

CDE
n/
;B
n(
#X

' $/%
n& q

$

> pB

(
$

> pB

(6)

H*,(,! B!!Œ&!4)!.*,!(,)46=#?!).#$6#(6!,((0(!1(0/!UZWB!!:&!4)!.*,!?0$5e(=$!).#$6#(6n/
;B

"
R

;
ˆ
;

&!R

n(
:&

n(
Œ&

6,<4#.40$!01!:B!$/%U&W!4)!.*,!(,-0(.,6!).#$6#(6!,((0(!01!&B!!
"
!4)!.*,!).#$6#(6!,((0(!01!,N=#.40$!ULWB

BCDE!4)!.*,!#<,(#5,!$=/@,(!01!0@),(<#.40$)!-,(!4$64<46=#?!4$!.*,!-#$,?!Uo!B!e!<CDE!e!RWB!#$6!<CDE

4)!.*,!#<,(#5,!?#5!0(6,(!01!.*,!4$64<46=#?!I+7!).#.4).48)B!<&&!!74$#??:B! !#$6! !6,$0.,(
$

> pB
q
$

> pB

/,#$!#$6!).#$6#(6!6,<4#.40$!#6f=)./,$.)!54<,$!4$!K#@?,!X!01!A,<4$!#$6!A4$!URVV_W!10(!,#8*

/06,?!>&!!

K*,!(,)=?.)!01!#--?:4$5!.*4)!-(08,6=(,!.0!0=(!6#.#!),.!#(,!54<,$!4$!K#@?,!R&!!K*,!A,<4$!#$6

A4$!-(08,6=(,!(,N=4(,)!.*#.!.*,!6#.#!@,!5,$,(#.,6!4$6,-,$6,$.?:!#8(0))!4$64<46=#?)!4$!.*,!-#$,?&

K*,:!)=55,).!.*#.!.*4)!#))=/-.40$!/#:!@,!1#84?4.#.,6!@:!.*,!(,/0<#?!01!.4/,!)-,84148!#55(,5#.,

,11,8.)!UH*48*!4)!60$,!@:!)=@.(#8.4$5!.*,!8(0))!),8.40$!#<,(#5,)!1(0/!.*,!0@),(<,6!6#.#!@,10(,

).#(.4$5!.*,!#@0<,!(,5(,))40$)W&!!%,!(,-0(.!).#.4).48)!@0.*!H4.*!#$6!H4.*0=.!.*4)!#6f=)./,$.!10(

A,<4$!#$6!A4$c)!'06,?)!X!#$6!_&



R\

B*F+().

!*0(+)G0&")$44")B(5"5

J,#?!G(48,) J,#?!+4<46,$6)

'06,?!X '06,?!_ '06,?!X '06,?!_

%4.*!.4/,!6=//4,) R&ZX RR&X\ eL&VR eR&[M

%4.*0=.!.4/,!6=//4,) _&MR V&[[ X&RZ e_&MZ

;4"(5E K*,!.,).)!#(,!64).(4@=.,6!#)!).#$6#(6!$0(/#?)&!!K,).!).#.4).48)!@,?0H!eR&VM!4$648#.,!(,f,8.40$!01!.*,!$=??!01

$0$!).#.40$#(4.:&

K*,! .,).)! 4$648#.,! .*#.! .*,! (,#?! ).083! -(48,! ),(4,)! #(,! 'URWB! 4((,)-,8.4<,! 01! U4W! H*,.*,(! .*,

6,.,(/4$4).48!<#(4#@?,)!#(,!4$8?=6,6!4$!.*,!):).,/!0(!U44W!H*,.*,(!8(0))!),8.40$#?!.4/,!6=//4,)

#(,!4$80(-0(#.,6!4$.0!.*,!#$#?:)4)&!!70(!(,#?!64<46,$6)!.*,!-48.=(,!4)!?,))!8?,#(!8=.a!.*,!.,).!(,)=?.)

6,-,$6!0$!H*,.*,(!.4/,!6=//4,)!#(,!4$8?=6,6!4$!.*,!,N=#.40$)!#$6!H*,.*,(!#!.(,$6!4)!4$8?=6,6&

"1!@0.*!.4/,!6=//4,)!#$6!#!.(,$6!#(,!4$8?=6,6B!0(!41!@0.*!#(,!,O8?=6,6B!.*,!A,<4$!#$6!A4$!.,).

).#.4).48)!1#4?!.0!(,f,8.!$0$!).#.40$#(4.:&!!"1!,4.*,(!.4/,!6=//4,)!0(!#!.(,$6!#(,!4$8?=6,6B!.*,!6#.#

4$648#.,!).#.40$#(:!(,#?!64<46,$6)&! !%,!,O-,(4/,$.,6!H4.*!#$!#?.,($#.4<,!-#$,?!=$4.!(00.! .,).

-(08,6=(,!6=,!.0!"/B!G,)#(#$!#$6!>*4$!URVV[W&!!;$10(.=$#.,?:B!.*4)!.00!5#<,!/4O,6!(,)=?.)!H*48*

H,(,!<,(:!),$)4.4<,!.0!.*,!?#5!?,$5.*)!)-,8414,6!4$!.*,!4$64<46=#?!(,5(,))40$)&!!9#/-@,??!#$6

>*4??,(!URVP[W!#?)0!$0.,!.*#.!].*,(,!4)!)0/,!,<46,$8,!10(!.(,$6!).#.40$#(4.:!01!?05!64<46,$6)^&!K*4)

.(,$6!/#:!@,!#..(4@=.#@?,!.0!/#$#5,()c!(,?=8.#$8,!.0!(#4),!64<46,$6)!4$!?4$,!H4.*!4$8(,#),)!4$

,#($4$5)a!4$).,#6B!A4$.$,(!URVLMW!(,-0(.,6!.*#.!80/-#$4,)!/0<,6!.0!#!.#(5,.!64<46,$6!?,<,?!U@#),6

0$!#!-,(8,$.#5,!01!,#($4$5)W!0<,(!#!-,(406!01!.*(,,!:,#()&!A4$.$,(!,O-?#4$,6!.*4)!8#=.40$!4$!.,(/)

01! /#$#5,()c! =$H4??4$5$,))! .0! 8=.! 64<46,$6)! -#46! .0! 4$<,).0()&! ! 7#/#! #$6! 2#@4#3! URVMPW

/06,??,6! .*,! .4/,! ),(4,)! @,*#<40=(! 01!;>! 80/-#$4,)c! 64<46,$6! -#:/,$.)! #$6! #5(,,6!H4.*

A4$.$,(c)!80$8?=)40$)!.*#.!/#$#5,()!646!$0.!H4)*!.0!4$8(,#),!64<46,$6!-#:/,$.)!H*48*!/45*.

*#<,!.0!@,!8=.!4$!.*,!$,#(!1=.=(,&

%*4?,!0=(!4$.,5(#.40$!(,)=?.)!10(!.*,!64<46,$6!),(4,)!#(,!#/@45=0=)!H,!H4??!-(08,,6!.0!.*,



!!!!!RR 904$.,5(#.40$!H0=?6!$0.!4/-?:!$0$e).#.40$#(:!64<46,$6)!41!.*,!80,11484,$.!0$!).083!-(48,)!4)!Y,(0B!@=.!.*4)

4)!(=?,6!0=.!@:!.*,!$0(/#?4)#.40$!4/-0),6!4$!.*,!10??0H4$5!,/-4(48#?!H0(3&

RR

804$.,5(#.40$!.,).)!10(!.H0!(,#)0$)&!!74().B!)4/-?:!,:,@#??4$5!.*,!6#.#!H0=?6!),,/!.0!4$648#.,!.*#.

.*,!),(4,)!4$!N=,).40$!#(,!$0$!).#.40$#(:&!!>,80$6B!H,!@,?4,<,!.*#.!.*,!-#$,?!.,).!01!804$.,5(#.40$

0=.?4$,6! 4$! ),8.40$!Z&X!-(0<46,)! #!@,..,(! 1(#/,H0(3! 10(! #)),))4$5! .*,! ).#.40$#(4.:!01!-(48,)B

64<46,$6)B!#$6!80/@4$#.40$)!01!.*,!.H0&!!D<46,$8,!01!804$.,5(#.40$!@,.H,,$!).083!-(48,)!UH*48*

#(,!=$,N=4<08#??:!'URWW!#$6!64<46,$6)!U=$8,(.#4$!0(6,(!01!4$.,5(#.40$W!H0=?6!4/-?:!)0/,!6,5(,,

01!)=--0(.!10(!.*,!-(,),$.!<#?=,!/06,?!*0?!.*#.!64<46,$6)!#(,!4$6,,6!'URW&RR

4 Cointegration

H-. /&01+()(23*"&40)I4&0"(17*"&40

2,10(,!#$#?:Y4$5!.*,!-#$,?!804$.,5(#.40$!-(0-,(.4,)!01!0=(!6#.#!),.!H,!14().!,O#/4$,!H*,.*,(

4$64<46=#?!80/-#$4,)c!).083!-(48,)!#$6!64<46,$6)!#(,!804$.,5(#.,6!=)4$5!.*,!).#$6#(6!D$5?,e

b(#$5,(!#--(0#8*&!!"1!.*,!LQ!8(4.48#?!<#?=,!01!e_&LLZ!1(0/!'#8C4$$0$!URVVRW!4)!,/-?0:,6B!f=).

10=(!01!0=(!LM!-#$,??4).)!(,f,8.!.*,!$=??!*:-0.*,)4)!01!$0!804$.,5(#.40$a!.*,!14$64$5)!80$14(/!.*,

,<46,$8,!1(0/!-(,<40=)!;>!).=64,)!.*#.!.*,(,!#--,#()!.0!@,!$0!?0$5e(=$!(,?#.40$)*4-!@,.H,,$

).083!-(48,)!#$6!64<46,$6)!H*48*!.*,!-(,),$.!<#?=,!/06,?!)=55,).!0=5*.!.0!,O4).&!!i0H,<,(B!.*,

-0H,(!01!.*4)!)4$5?,!,N=#.40$!#--(0#8*!.0!804$.,5(#.40$!*#)!@,,$!)*0H$!.0!@,!?0H!#$6B!#)!H4.*

0=(!=$4.! (00.! .,).4$5B! 4$! .*,!10??0H4$5!)=@),8.40$!H,!)*#??!#--,#?! .0! .*,!-0H,(!01! .*,!-#$,?

#--(0#8*&



!!!!!RX K*4)!/,.*06!*#)!@,,$!=),6!.0!.,).!10(!).(0$5e10(/!-=(8*#)4$5!-0H,(!-#(4.:!U7(#$3,?!#$6!J0),B!RVVMW!#$6

10(!804$.,5(#.40$!@,.H,,$!)-0.!#$6!10(H#(6!,O8*#$5,!(#.,)!U'#8+0$#?6!#$6!'#()*B!RVV[W&

RX

H-9 !*0(+)I4&0"(17*"&40

"1!.*,!80,11484,$.)!4$!.*,!804$.,5(#.4$5!(,?#.40$)*4-!@,.H,,$!).083!-(48,)!#$6!64<46,$6)

H,(,!3$0H$!*)<7&47&!(#.*,(!.*#$!*#<4$5!.0!@,!,).4/#.,6B!.*,!A,<4$!#$6!A4$!-(08,6=(,!80=?6!@,

#--?4,6!.0!.*,!80$).(=8.,6!<#(4#@?,!4$!#!-#$,?!1(#/,H0(3&RX!!i0H,<,(B!#$#?050=)!.0!.*,!1#8.!.*#.

+483,:e7=??,(! 8(4.48#?! <#?=,)! #(,! $0.! #--?48#@?,! .0! 5,$,(#.,6! (,)46=#?)! 1(0/! #! 804$.,5(#.4$5

(,5(,))40$B! A,<4$! #$6! A4$! 8(4.48#?! <#?=,)! #(,! U=)=#??:W! 4$#--(0-(4#.,! 4$! #! -#$,?! 80$.,O.&

7=(.*,(/0(,B!G,6(0$4!URVVLW!$0.,)!.*#.!H*4?,!4$!.*,!)4$5?,!),(4,)!8#),!.*,!6,-,$6,$8:!01!.*,

(,)46=#?)!0$!.*,!64).(4@=.40$#?!-(0-,(.4,)!01!.*,!,).4/#.,6!80,11484,$.)!4$!.*,!)-=(40=)!(,5(,))40$

8#$!@,!#880=$.,6!10(!@:!)4/-?:!#?.,(4$5!.*,!8(4.48#?!<#?=,)B!.*,!,11,8.!8#$!@,!/=8*!/0(,!6(#/#.48B

#$6!?,))!,#):!.0!(,/0<,B!4$!#!-#$,?!@,8#=),!01!.*,!8(0))!),8.40$#?!64/,$)40$!.0!.*,!).(=8.=(,!01

.*,!(,)46=#?)&!!K*,!,11,8.!01!.*4)!6,-,$6,$8:!#?)0!*4$5,)!8(=84#??:!0$!.*,!#?.,($#.4<,!*:-0.*,)4)

@,4$5!.,).,6&!!90$)46,(!#!*0/05,$,0=)!-#$,?!
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" # # %

"
# :
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&" (7)

H*,(,! .*,!#?.,($#.4<,!*:-0.*,)4)!).#.,)! .*#.!#!804$.,5(#.4$5!(,?#.40$)*4-! 4)!)4/4?#(!#8(0))! .*,

6411,(,$.!/,/@,()!01!.*,!-#$,?&!!G,6(0$4!)*0H)!.*#.!#!)=-,(80$)4).,$8:e.:-,!(,)=?.!/,#$)!.*#.

4$!.*4)!8#),!.*,!#):/-.0.48!64).(4@=.40$)!01!=$4.!(00.!.,).)!#(,!4$<#(4#$.!.0!H*,.*,(!.*,!(,)46=#?)

#(,!3$0H$!0(!,).4/#.,6&!!i0H,<,(B!4$!.*,!/0(,!5,$,(#?!8#),!01!#!*,.,(05,$,0=)!-#$,?
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&"
" #

&
# %

"
# :

&"
)
&
# (

&" (8)

H*,(,!.*,!804$.,5(#.4$5!(,?#.40$)*4-!8#$!6411,(!@,.H,,$!4$64<46=#?!-#$,??4).)B!.*,!).#$6#(6!-#$,?

=$4.!(00.!.,).!).#.4).48!@,80/,)!$0$80$<,(5,$.B!H4.*!),(40=)!4/-?48#.40$)!10(!.*,!.,).!).#.4).48&



R_

G,6(0$4! URVVLW!-(,),$.)! .*(,,! .,).)!01! .*,!$=??!*:-0.*,)4)! .*#.!(&"! #(,!$0$!).#.40$#(:E

!@#),6!0$!<#(4#$8,!(#.40)B !@#),6!0$!(,)46=#?!#=.0(,5(,))40$)B!#$6! !@#),6!0$J
n@;B

J
n*;B

J
"n*;B

#!"!.,).a!.*4)!?#..,(!.,).!80((,)-0$6)!.0!#!+483,:e7=??,(!0(!G*4??4-)eG,((0$e.:-,!.,).!6,-,$64$5!0$

.*,!/,.*06!=),6!.0!,).4/#.,!8(0))!),8.40$#?!80<#(4#$8,)&!!>-,84148#??:B!*,!6,14$,)

J
n@;B

" ˆ
;

&!R
ˆ
;

"!R

n=
#X

RR&
n(
X

& "#R

#R

J
n*;B

" ˆ
;

&!R
ˆ
;

"!R

n=
#X

RR&
n(
X

& "#R

#R

ˆ
;

&!R
ˆ
B

"!R

n=
#X

RR&
n(
&"#R
n(
&"
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&

J
"n*;B
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X

;Bˆ
;

&!R
ˆ
;

"!R

n=
#X

RR&
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X

& "#R

#R`X

ˆ
;

&!R
ˆ
B

"!R

n=
#X

RR&
n(
&"#R
! n(

&"
! n+

&

(9)

H*,(,! =&! 4)! .*,! ?0H,(! .(4#$5=?#(! 9*0?,)3:! 6,80/-0)4.40$! 01! #! 80$)4).,$.! ,).4/#.,! 01! .*,

#):/-.0.48! 80<#(4#$8,! /#.(4O! 01! .*,! (,)46=#?)! 1(0/! #! 14().! 0(6,(! lIJ! 01! :&! #$6! 8&B

#$6 &! K*,! <#(4#@?, 4)! @#),6! 0$! .*,! ,).4/#.,6! (,)46=#?)! 1(0/! .*,p(
;B

"
R

;
ˆ
;

"!R

n=
RR&
n(
&

X n+
&

#=.0(,5(,))40$ B!)=8*!.*#. B B!#$6 4)(
&"
" *(

&"#R
# q

&"
n+
&
"
R

X
n(
X

& ! n5
X

& n5
X

& "
R

B
ˆ
B

"!R

q
X

&" n(
&

.*,!).#$6#(6!,((0(!01! &!!!G,6(0$4!URVVLW!6,(4<,)!#):/-.0.48!64).(4@=.40$)!10(!,#8*!01!.*,),q
&"

.,).!).#.4).48)!10(!@0.*!*0/05,$,0=)!#$6!*,.,(05,$,0=)!-#$,?)B!.05,.*,(!H4.*!'0$.,!9#(?0e@#),6

14$4.,! )#/-?,! .,).! ).#.4).48)&! !i,! 14$6)! .*#.! .*,! 14$4.,! )#/-?,! 64).(4@=.40$)! N=483?:! #--(0#8*

#):/-.0.48!64).(4@=.40$)B!,<,$! 4$! (,?#.4<,?:!)/#??!-#$,?)&! !I)! 4$! .*,!)4$5?,!),(4,)!8#),B! ?#(5,

-0)4.4<,!<#?=,)!01!.*,!-#$,?!<#(4#$8,!(#.40!.,).!).#.4).48!4$648#.,!(,f,8.40$)!01!.*,!$=??!*:-0.*,)4)B

H*4?,!10(!.*,!-#$,?!#=.080((,?#.40$!#$6!"e.,).)!?#(5,!$,5#.4<,!<#?=,)!4$648#.,!(,f,8.40$)!01!.*,!$=??

01!$0!804$.,5(#.40$&!

%,!14().!.,).!10(!804$.,5(#.40$!4$!.*,!*,.,(05,$,0=)!/06,?!H*,(,!@0.*!.*,!804$.,5(#.4$5

<,8.0(!U)?0-,W!#$6!4$.,(8,-.!.,(/!8#$!6411,(!@,.H,,$!4$64<46=#?!-#$,?!/,/@,()&!!K*,!(,)=?.)!01

#--?:4$5!.*,!G,6(0$4!.,).)!.0!.*4)!-#$,?!#(,!54<,$!4$!.*,!14().!.H0!80?=/$)!01!145=(,)!4$!K#@?,!X&

K*,!14().!80?=/$!(,-0(.)!.,).!).#.4).48)!H*,$!.*,!/06,?!#??0H)!10(!.*,!-0))4@4?4.:!01!.4/,!)-,84148



!!!!!R_ K*4)!).(0$5!14$64$5!01!804$.,5(#.40$!)=55,).)!.*#.!.*,!64<46,$6!),(4,)!#(,!4$6,,6!$0$!).#.40$#(:&!!>4$8,!.*,

?,1.!*#$6!)46,!<#(4#@?,B!.*,!).083!-(48,B!4)!=$#/@45=0=)?:!'URWB!.*4)!/=).!@,!80/@4$,6!H4.*!#$0.*,(!4$.,5(#.,6!),(4,)

10(!).#.40$#(:!(,)46=#?)!.0!088=(&

RZ

#55(,5#.,!,11,8.)!U%"!£\!4$!,N=#.40$!UPWW&!!K*,(,!4)!8?,#(!,<46,$8,!.*#.!).083!-(48,)!#$6!64<46,$6)

804$.,5(#.,!4$!.*4)!1(#/,H0(3!)4$8,!.*(,,!01!.*,!10=(!.,).!).#.4).48)!#(,!)45$4148#$.!#.!).#$6#(6

80$146,$8,!?,<,?)&!!K*4)!80$8?=)40$!4)!=$8*#$5,6!H*,$!.4/,!,11,8.)!#(,!,O8?=6,6!1(0/!.*,!/06,?

U80?=/$!XWB!4$648#.4$5!.*#.!80//0$!8(0))e),8.40$#?!,11,8.)!/#:!$0.!@,!4/-0(.#$.&R_

B*F+()9

!*0(+)K4&0"(17*"&40)B(5"5

i,.,(05,$,0=)!>?0-,) i0/05,$,0=)!>?0-,

%"!£!\ %"!o!\ %"!£!\ %"!o!\

l#(4#$8,!J#.40 _V&M_ _V&VM! XR&MP _P&\L

I=.080((,?#.40$!K,). eRV_&XX eRV\&\Z eRVM&Z[ eR[V&XX

G*4??4-)eG,((0$!"e.,). eZ[&PZ eLL&LM eML&RP eLX&MZ

+483,:e7=??,(!"e.,). eXZ&VR eXZ&Z_ eX\&[V eX\&VP

SA>!G04$.!D).4/#., RM&LL R[&Z\

7'SA>!G04$.!D).4/#., R[&\Z R[&X_

;4"(5E K*,!14().!10=(!(0H)!54<,!.*,!.,).!).#.4).48)!01!.*,!$=??!01!$0!804$.,5(#.40$!@,.H,,$!(,#?!).083!-(48,)!#$6!(,#?

64<46,$6)!6,.#4?,6!4$!.*,!.,O.&!!70(!.*,!<#(4#$8,!(#.40B!#=.080((,?#.40$!#$6!"e.,).)!(,)-,8.4<,?:B!.*,!0$,!U14<,W

#$6!g.,$h!-,(8,$.!8(4.48#?!<#?=,)!10(!#!KoXLB!ToL\!-#$,?!#(,!PV&[Z!UPX&_PW!g[P&MZhB!eL_&LP!UeZV&[LW!ge

Z[&PXhB!#$6!eRL&[Z!UeRZ&VVW!geRZ&MXh&

%,!*#<,!).(0$5!,<46,$8,!.*#.!804$.,5(#.40$!,O4).)!@,.H,,$!).083!-(48,)!#$6!64<46,$6)!41

H,!#??0H!.*,!804$.,5(#.4$5!<,8.0(!U4&,&!.*,!)?0-,!80,11484,$.!0(B!,N=4<#?,$.?:B!.*,!4$<,(),!01!.*,

64)80=$.!(#.,W!.0!6411,(!#8(0))!.*,!-#$,?!/,/@,()&!!".!4)!-?#=)4@?,!10(!,O-,8.,6!64<46,$6!).(,#/)

.0!@,!64)80=$.,6!#.!6411,(,$.!(#.,)!41!80/-#$4,)!*#<,!6411,(,$.!(4)3!8*#(#8.,(4).48)&!!D).4/#.,)!01

.*,),! )?0-,)! (#$5,! 1(0/!\&V! .0![M!H4.*!#!/,#$!<#?=,!01!X\&_M! U#$! 4/-?4,6!64)80=$.! (#.,!01



!!!!!RZ!!K*,!#=.*0()!#..,/-.,6!.0!(,?#.,!.*,),!64)80=$.!(#.,)!.0!U4W!,).4/#.,6!@,.#!<#?=,)!#$6!U44W!5,#(4$5!?,<,?)!@=.
$0!)45$4148#$.!(,?#.40$)*4-)!H,(,!10=$6&

RL

Z&VRQW&RZ

"1!(4)3!4)!45$0(,6B!.*,$!10(!.*,!-(,),$.!<#?=,!/06,?!,).4/#.,6!10(!).083)!.(#6,6!H4.*4$!0$,

14$#$84#?!8,$.(,!H,!/45*.!,O-,8.! .*,!64)80=$.! (#.,! .0!@,!,N=#?! 10(!#??! 80/-#$4,)&! !K*=)!H,

,).4/#.,!.*,!10??0H4$5!,N=#.40$
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&"
" #

&
# %

"
# :

&"
) # (

&" (10)

G,6(0$4!URVVLW!)*0H)!.*#.!10(!#!804$.,5(#.4$5!(,?#.40$)*4-!)=8*!#)!.*4)!H4.*!*0/05,$,0=)!)?0-,)B

.*,!#):/-.0.48!8(4.48#?!<#?=,)!10(!.*,!.,).)!6,)8(4@,6!4$!,N=#.40$!UVW!H4??!@,!46,$.48#?!.0!.*0),!01

.*,!(#H!-#$,?!=$4.! (00.! .,).)!=$6,(! .*,!#664.40$#?!#))=/-.40$! .*#.! .*,!(,5(,))0()!#(,!).(48.?:

,O05,$0=)&!!K*4)!4)!#?/0).!8,(.#4$?:!$0.!.(=,!4$!0=(!8#),!#$6!)0!H,!-(08,,6!H4.*!8#=.40$&!!%*,$

.,).4$5!.*,!(,)46=#?)!1(0/!UR\W!H,!)*#??!#?)0!80$)46,(!.*,!*45*,(!8(4.48#?!<#?=,)!0@.#4$,6!10(!.*,

*,.,(05,$,0=)!/06,?&!!K*,),!(,)=?.)!#(,!(,-0(.,6!4$!.*,!14$#?!.H0!80?=/$!01!K#@?,!X&!!I5#4$B!#$6

4((,)-,8.4<,!01!H*,.*,(!%"!4)!(,).(48.,6!.0!Y,(0B!,<,$!=)4$5!.*,!/0(,!80$),(<#.4<,!8(4.48#?!<#?=,)

H,! *#<,! ).(0$5! ,<46,$8,! 01! 804$.,5(#.40$&! ! 7=(.*,(/0(,B! .*,! SA>! -04$.! ,).4/#.,! 01! .*,

804$.,5(#.4$5!<,8.0(! 4/-?4,)! #!<,(:!-?#=)4@?,! (,#?! 64)80=$.! (#.,!01!L&[LQ! UM&\ZQ!H4.*! .4/,

6=//4,)W&!!G,6(0$4!URVVMW!)*0H)!*0H!.0!0@.#4$!=$@4#),6B!1=??:e/06414,6!SA>!,).4/#.,)!01!.*,

80//0$!)?0-,!80,11484,$.!4$!#!-#$,?!804$.,5(#.4$5!(,5(,))40$&!!K*,),!#(,!(,-0(.,6!4$!.*,!14$#?

8,??)!01!K#@?,!X!#$6!4/-?:!#$!,N=#??:!(,#?4).48!64)80=$.!(#.,!01!L&PRQB!0(!L&P[Q!H*,$!.4/,!,11,8.)

#(,!4$80(-0(#.,6&

%*4?,!.*,!#<,(#5,!(,)=?.!4)!1#4(?:!(,#?4).48B!.*,!0<,(#??!80$8?=)40$!1(0/!.*,!#$#?:)4)!4)

64)#--04$.4$5&!!I!?#(5,!-(0-0(.40$!01!.*,!4/-?4,6!64)80=$.!(#.,)!#(,!,4.*,(!<,(:!?0H!0(!=$=)=#??:

*45*&! ! K*4)! 14$64$5!/#:! )=55,).! .*#.! 0.*,(! <#(4#@?,)! #(,! /4))4$5! 1(0/! .*,! #$#?:)4)! 01! .*,



RM

(,?#.40$)*4-!@,.H,,$!64<46,$6)!#$6!).083!-(48,)a!1=(.*,(!H0(3!=)4$5!0.*,(!4/-0(.#$.!<#(4#@?,)

/#:!:4,?6!/0(,!(,#?4).48!64)80=$.!(#.,)!10(!#!?#(5,(!-(0-0(.40$!01!.*,!)#/-?,&

5 Conclusions

S$,!01!.*,!/0).!4/-0(.#$.!-=YY?,)!H4.*4$!.*,!14$#$8,!?4.,(#.=(,!4)!.*,!(,?#.40$)*4-!@,.H,,$!)*#(,

-(48,)!#$6!)*#(,!64<46,$6)&!!2,*#<40=(#?!(,),#(8*!@#),6!0$!4$.,(<4,H)!H4.*!14$#$8,!64(,8.0()

)=55,).)!.*#.!#!5(,#.!6,#?!01!8#(,!#$6!#..,$.40$!4)!-#46!H*,$!6,.,(/4$4$5!.*,!64<46,$6!?,<,?!H*48*

4)!-#46!.0!)*#(,*0?6,()!,#8*!:,#(&!!"$!#664.40$B!.*,!(,)=?.)!01!/#(3,.e@#),6!,<,$.!).=64,)!4$648#.,

.*#.!$,H)!01!#!64<46,$6!8*#$5,!#--,#()!.0!8#=),!)*#(,!-(48,)!.0!#?.,(!#?.*0=5*!.*,!64(,8.40$!01!.*,

)*#(,!-(48,!8*#$5,!(,/#4$)!#!/#..,(!01!80$.,$.40$!#/0$5!6411,(,$.!,/-4(48#?!).=64,)&!!i0H,<,(B

#..,/-.)!.0!4$<,).45#.,!.*,!(,?#.40$)*4-!@,.H,,$!)*#(,!-(48,)!#$6!)*#(,!64<46,$6)!=)4$5!.4/,

),(4,)! #$#?:)4)! *#<,! 5,$,(#??:! @,,$! =$)=88,))1=?&! ! >.=64,)! 608=/,$.! ,4.*,(! $0! )45$4148#$.

(,?#.40$)*4-!@,.H,,$!.*,!.H0!<#(4#@?,)!U9#/-@,??!#$6!>*4??,(B!RVP[a!G*4??4-)!#$6!S=?4#(4)B!RVPMW

0(!0$?:!6,.,8.!,<46,$8,!01!#!)45$4148#$.!?4$3!@,.H,,$!.*,!.H0!/,#)=(,)!0$8,!#664.40$#?!<#(4#@?,)

)=8*!#)!.*,!-#:0=.!(#.40!#(,!4$8?=6,6!4$!.*,!#$#?:)4)!U'#8+0$#?6!#$6!G0H,(B!RVVLW&

S$,!-0))4@?,!,O-?#$#.40$!10(!.*,),!64)#--04$.4$5!.4/,!),(4,)!(,)=?.)!4)!.*#.!.*,!-0H,(!01

-(,<40=)!.,).)!4)!(,?#.4<,?:!?0H!@,8#=),!01!.*,!?0$5!6#.#!),.!$,,6,6!.0!=$6,(.#3,!)=8*!#$!#$#?:)4)

#$6!@,8#=),! .*,!=$6,(?:4$5!8*#(#8.,(!01!/0).!80/-#$4,)!<#(4,)!0<,(!)=8*!#! ?0$5! .4/,!)-#$

@,8#=),!01!/,(5,()B!.#3,0<,()!#$6!0.*,(!10(/)!01!80(-0(#.,!(,).(=8.=(4$5&!!I$0.*,(!(,#)0$!10(!.*,

(,?#.4<,?:!=$4/-(,))4<,!14$64$5)!4)!.*#.!/0).!01!.*,!#$#?:)4)!.0!6#.,!*#)!80$8,$.(#.,6!0$!0$,!;>

6#.#!),.!e!.*,!>jG!80/-0)4.,!4$6,O&!!20.*!01!.*,),!?4/4.#.40$)!*4$6,(!(,),#(8*,()c!#@4?4.:!.0

6,.,(/4$,!H*,.*,(!.*,4(!(,)=?.)!*#<,!=$80<,(,6!4/-0(.#$.!,<46,$8,!#@0=.!.*,!<#?464.:!01!.*,

-(,),$.!<#?=,!/06,?!U#$6!.*,!,11484,$8:!01!.*,!).083!/#(3,.W&

K*4)! -(,),$.! -#-,(! 0<,(80/,)! )0/,! 01! .*,),! ?4/4.#.40$)! @:! ,/-?0:4$5! .*,! $,H?:



R[

6,<,?0-,6!-#$,?!804$.,5(#.40$!.,8*$4N=,!H*48*!-(0<46,)!#!/=8*!).(0$5,(!.,).!=)4$5!#!)/#??,(

.4/,!),(4,)!01!6#.#&!!>-,84148#??:B!.*,!-#-,(!4$<,).45#.,)!.*,!(,?#.40$)*4-!@,.H,,$!)*#(,!-(48,)!#$6

)*#(,!64<46,$6)!10(!#!-#$,?!01!LM!;C!14(/)!0<,(!.*,!(,8,$.!.4/,!-,(406!1(0/!d#$=#(:!RVMP!.0

+,8,/@,(!RVVM&!!K*,!(,)=?.)!4$648#.,!.*#.!.*,(,!4)!#!)45$4148#$.!804$.,5(#.4$5!(,?#.40$)*4-!@,.H,,$

)*#(,!-(48,)!#$6!)*#(,!64<46,$6)!10(!0=(!)#/-?,!01!14(/)&!'0(,!4/-0(.#$.?:B!.*,!804$.,5(#.4$5

<,8.0(!4/-?4,)!#!/,#$!(,#?!64)80=$.!(#.,!01!L&PQ!H*48*!4)!)4/4?#(!.0!.*,!#<,(#5,!(,#?!(#.,!01

4$.,(,).!0<,(!.*,!.4/,!-,(406!).=64,6a!-(,<40=)!;>!4$<,).45#.40$)!*#<,!0@.#4$,6!,).4/#.,)!01!.*,

64)80=$.! (#.,!H*48*!*#<,!@,,$!/=8*! ?0H,(! 4$!<#?=,&! !S1!80=(),B! 4/-?4,6!64)80=$.! (#.,)! 10(

4$64<46=#?!),8=(4.4,)!<#(4,6!H46,?:!#(0=$6!.*4)!/,#$!?,<,?B!#$6!1=(.*,(!H0(3!4)!$,,6,6!0$!H*:

.*4)!<#(4#.40$!088=()&

S<,(#??B!.*,!14$64$5)!01!.*4)!-#-,(!)=--0(.!.*,!-(,),$.!<#?=,!/06,?!H*48*!?4$3)!64<46,$6

-#:/,$.)!H4.*!)*#(,!-(48,)B!#?.*0=5*!.*,!#8.=#?!$#.=(,!01!.*,!(,?#.40$)*4-!$,,6)!.0!@,!1=(.*,(
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