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4!(! )&5#"')2!( ! #6)"'7&8)! 1# ,/! (#-!$9* 8!,"!- #&'(# (#-!6!/#&'* 1#

8(:1)'* #"',1!&')- # #&8!(2*" #"8*-!(#"; <" (#",-'!1*" *0')1*" )&1)8!/ =,# !

8*&8#""9* 1# 8(:1)'* #"',1!&')- '#5# )/4!8'* 4*")')5* "*0(# *" 8,"'*" !""*8)!1*"

> ?1,8!$9* @,4#()*(; A# /!&#)(! #"4#8BC8!+ * !,/#&'* 1* !-8!&8# # (#-#5D&8)!

1* 4(*2(!/! 1# 8*&8#""9* 1# 8(:1)'* #"',1!&')- 1* 2*5#(&* 3#1#(!-+ * EF?@+

(#",-'*, #/ ,/ !,/#&'* (#-!')5* &!" /#&"!-)1!1#" 8*0(!1!" 4*( !=,#-#" 8,("*"

1# 2(!1,!$9* G!0)-)'!1*" ! (#8#0#( * H,6* 1# &*5*" !-,&*" C&!&8)!1*";

< *0I#')5* !2*(! : )&5#"')2!( *" /#8!&)"/*" !""*8)!1*" ! #""# !,/#&'*;

F&',)')5!/#&'#+ ! 8*&8#""9* 1# C&!&8)!/#&'* #"',1!&')-+ !* -#5!( *" 8,"'*"

!""*8)!1*" > #1,8!$9* 4!(! ,/ /*/#&'* 1)"'!&'# &* '#/4*+ 4*1# '#( !-'#(!1*

! 1#/!&1! 4*( #1,8!$9*+ # 8*&"#=,#&'#/#&'# /#&"!-)1!1#"+ ! 4!(')( 1# 1*)"

/#8!&)"/* 1)"')&'*"; ?""! )&H,7&8)! 4*1# '#( "# 1!1* &! 3*(/! 1# ,/ ")/4-#"

1#"-*8!/#&'* 1! 1#/!&1!+ &* "#&')1* 1# =,# )&1)5B1,*" !&'#" (#"'()'*" >

8(:1)'* 4!""!(!/ ! 1#/!&1!( #1,8!$9*; ?""# !,/#&'* 1# /#&"!-)1!1#" #"'!()!

(#H#')&1*+ #&'9*+ ,/! #"'(,',(! 8(#"8#&'# 1# 8,"'*" /!(2)&!)"; J=,)+ * !,/#&'*

1# 4(#$*" (#H#')()! !4#&!" )&#C8)7&8)!" &* "#'*(;

?""# !,/#&'*+ #&'(#'!&'*+ 4*1# "#( (#",-'!1* 1# ,/! 1)/)&,)$9*+ #/ '#(K

/*" !0"*-,'*"+ 1! #-!"')8)1!1#K4(#$* 1! 1#/!&1!; L!(#8# (!.*M5#- ",4*( =,#+

8*&1)8)*&!- > =,!-)1!1#+ *" (#'*(&*" !""*8)!1*" > )&5#"')/#&'*" #/ #1,8!$9*

&9* "9* 8(#"8#&'#" #/ 8,"'*; A#"'! /!&#)(!+ ,/! 1)/)&,)$9*+ #/ '#(/*" !0K

"*-,'*"+ 1! #-!"')8)1!1# 4(#$* 1! 1#/!&1! 4*( #1,8!$9* 4*1# "#( (#",-'!1* 1#

!-2,&" 8#&M()*"; N 4*""B5#- =,#+ =,!&1* #/ (#-!$9* ! )&5#"')/#&'*" #/ 8!4)'!-

G,/!&*+ *" 1#/!&1!&'#" 1#"8*&")1#(#/ ! !&M-)"# 1# 5!-*( 4(#"#&'# -B=,)1*;

<,'(! 4*"")0)-)1!1# : =,#+ 4!(! 1#'#(/)&!1!" 8*/0)&!$%#" 1# I,(*" # 3!'*( 1#

1#"8*&'* )&'#('#/4*(!-+ * 5!-*( 4(#"#&'# -B=,)1* !""*8)!1* !* )&5#"')/#&'* #/

#1,8!$9* "#I! 4*")')5* /#"/* !4O" * !,/#&'* 1# 8,"'*" *0"#(5!1*; P/! '#(K

8#)(! G)4O'#"# : =,# + &* 8Q/4,'* )&1)5)1,!- 1# (#'*(&* -B=,)1*+ *" 1#/!&1!&K

'#" 1#"8*&")1#(#/ *" 8,"'*" 3,',(*" !""*8)!1*" !* C&!&8)!/#&'*+ !&'#8)4!&1*

3!-G!" &* 8,/4()/#&'* 1*" 8*&'(!'*" C(/!1*";

?&'#&1#( =,!- ! (#-#5D&8)! 1# 8!1! ,/ 1#""#" /#8!&)"/*" &* !,/#&'*

*0"#(5!1* #/ /#&"!-)1!1#" : 3,&1!/#&'!- 4!(! ! 8*/4(##&"9* 1*" (#!)"

)/4!8'*" 1* 4(*2(!/!; R*/ * *0I#')5* 1# )&5#"')2!( =,!)" *" /#8!&)"/*"

(#-#5!&'#"+ 4!(')/*"+ &,/ 4()/#)(* #"3*($*+ 1# ,/! #"')/!$9* ")/4-#" 1!

3,&$9* 1#/!&1! 4*( #1,8!$9*;
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" #$%&'( )&*+(,( ,% -,./(01# 2.)%&*#& 3# )(45 6 /(&(/'%&*7(,( )%8(

/#3+*+93/*( ,% :&.)#5 %,./(/*#3(*5 ,% :&(3,% )#&'% /#; .; :&(3,% 3<;%&#

,% *35'*'.*0=%5 ;%3#&%5> ?#35*,%&(3,# (5 *3$#&;(0=%5 ,# ?%35#@ '%;#5 A.% %;

!BC!@ )#& %D%;)8#@ (5 ,%7 ;(*#&%5 ;(3'%3%,#&(5 ,# )(45 /#3'&#8(+(; /%&/(

,% !B E ,# ;%&/(,# %; '%&;#5 ,% (8.3#5 ;('&*/.8(,#5> -; /#3'&()(&'*,(@

.; )#./# ;(*5 ,( ;%'(,% ,(5 ;(3'%3%,#&(5 3# )(45 /#3'(+(; /#; ;%3#5

,% CBBB (8.3#5 ;('&*/.8(,#5> "86; ,*55#@ # ;%&/(,# 5% /(&(/'%&*7( )%8(

:&(3,% +(&*(F*8*,(,% 3( A.(8*,(,% ,% /.&5#5 #$%&'(,#5> " %5'*;(01# ,% .;(

$.301# ,%;(3,( %; .; ;%&/(,# ,%55% '*)#@ *5'# 6@ /#3/%3'&(,# % /#;

)&#,.'#5 ,*$%&%3/*(,#5 8*,(@ %; :%&(8@ /#; ,.(5 ,*G/.8,(,%5> " )&*;%*&(@ #

:&(3,% 3<;%&# ,% %8(5'*/*,(,%5 % %8(5'*/*,(,%5 /&.7(,(5 ( 5%&%; %5'*;(,(5>

-55( ,*G/.8,(,% 6 5.)%&(,( )%8( %5'*;(01# ,( ,%;(3,( %; .; (&/(F#.0#

,% ;#,%8#5 ,% %5/#8H( ,*5/&%'( '(8 /#;# )&#)#5'# %; I%&&J KCLLMN@ I%&&J@

O%+*35#H3 % P(Q%5 KCLLRN % S%+# K!BBCN> " 5%:.3,(@ ( %3,#:%3%*,(,% ,(

+(&*T+%8 )&%0#@ 3# /(5# ;%35(8*,(,%> -; :%&(8@ %55( ,*G/.8,(,% 6 5.)%&(,(

)%8# .5# ,% .;( %5'&('6:*( %; +(&*T+%*5 *35'&.;%3'(*5>

O*,(;#5@ (*3,(@ /#; ( ,*G/.8,(,% ,% *3/8.*& 3( (3T8*5% #5 )#554+%*5 %$%*'#5

,# UV-2 5#F&% ( ,%;(3,(> P(&'*;#5@ %3'1#@ ,( H*)W'%5% &(7#T+%8 ,% A.% # UV-2@

(# (,A.*&*& *;)#&'X3/*(@ 5% '#&3#. $('#& &%8%+(3'% ( 5%& )#3,%&(,# 3( ,%/*51#

)#& #F'%& %,./(01# 5.)%&*#&> S%55% 5%3'*,#@ # *;)(/'# ,# UV-2 5%&T /#35*,%&(,#

)#& ;%*# ,( *3/8.51# ,# )&#:&(;( /#;# .;( /(&(/'%&45'*/( &%8%+(3'%@ '(3'#

,*&%'( A.(3'# *3,*&%'(;%3'%@ 3( $.301# .'*8*,(,% ,#5 *3,*+4,.#5>

?#35*,%&(;#5 ( ,%;(3,( )#& %,./(01# /#;# .;( $.301# ,(5 /(&(/Y

'%&45'*/(5 ,#5 /.&5#5 ,% :&(,.(01#> 2.)#;#5 t = 1, ...T ;%&/(,#5@ /(,( .;

k = 1, ..., K ,*$%&%3'%5 ;(&/(5 #. /.&5#5 ,% :&(,.(01# % /#; i = 1, ... /#35.Y

;*,#&%5> Z%G3*;#5 ;%&/(,# /#;# .;( /#;F*3(01# %5'(,# [ (3#> V5'# 6@ /(,(

.; ,#5 +*3'% % 5%'% %5'(,#5 ,( $%,%&(01# %; /(,( (3# /#35*,%&(,# &%)&%5%3'(

.; ;%&/(,# ,*$%&%3'%> " .'*8*,(,% *3,*&%'( /#3,*/*#3(8 ,# /#35.;*,#& * 3#

;%&/(,# ' 3# /#35.;# ,# /.&5# Q @ Uikt@ 6 ,(,( )#&\

δkt ≡ Xktβ − αpkt + ωFIESkt + λFIESkt ∗ pkt + ǫkt K]YCN

Uikt = δkt + εikt K]Y!N

^3,% δkt &%)&%5%3'( .'*8*,(,% ;6,*( % pkt &%)&%5%3'( ( ;%35(8*,(,% /#Y

F&(,(> " ;%,*,( /#35*,%&(,( )(&( ( *3/8.51# ,# UV-2 /#;# .;( /(&(/'%&45Y

'*/( ,#5 /.&5#5 ,% :&(,.(01# 6 ( )&#)#&01# ,% (8.3#5 G3(3/*(,#5 )%8# UV-2

%; &%8(01# (# 3<;%&# ,% (8.3#5 ;('&*/.8(,#5 %; /(,( /.&5#@ FIESkt> -55(

)&#)#&01# 3#5 ,T .;( ;%,*,( ,*&%'( ,( &%8%+X3/*( ,# UV-2 )(&( /(,( /.&5#>

^ )(&X;%'&# α 6 .;( ;%,*,( ,% 5%35*F*8*,(,% ,( ,%;(3,( ( )&%0#> ^ '%&;#

*3'%&(01# FIESkt ∗ pkt % # )(&X;%'&# λ (55#/*(,# /#35*,%&(; ( )#55*F*8*,(,%
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!" #"$"%&'"(")!*!"+ (* +"(+),)-)!*!" . /%"0& "1 %"-*02& . %"-"34(5)* !& 6789:

; #)/<$"+" =+=*- (* -)$"%*$=%* > !" ?=" &@"%$*($"+ " 5&(+=1)!&%"+ &,A

+"%3*1 $&!*+ *+ 5*%*5$"%B+$)5*+ !& /%&!=$& ?=*(!& !* $&1*!* !" !"5)+C"+: ;+

5*%*5$"%B+$)5*+ &,+"%3D3")+E 5&(+)!"%*!*+ /"-& 3"$&% Xkt )(5-="1 *+ 5*%*5$"%B+$)A

5*+ 5&(+)!"%*!*+ *$> *?=) (* *(D-)+": ;-'=1*+ 5*%*5$"%B+$)5*+E "($%"$*($&E (2&

+2& &,+"%3*!* /"-& /"+?=)+*!&%: F $"%1& ǫkt %"/%"+"($* "++*+ 5*%*5$"%B+$)5*+

(2& &,+"%3D3")+: F $"%1& εikt %"/%"+"($* =1 $"%1& "+$&5D+$)5&E (2& &,+"%3*!&

/"-& /"+?=)+*!&%:

G*%* 5&1/-"$*% * "+/"5)H5*02& !& +)+$"1* !" !"1*(!*E > ("5"++D%)* *

)($%&!=02& !" =1* I&/02& !" @&%*J : 8++* I&/02& !" @&%*J > !"H()!* * /*%$)%

!* !"5)+2& !&+ 5&(+=1)!&%"+ /&% (2& *!?=)%)%"1 ("(#=1 !&+ ,"(+ &@"%$*!&+

(& 1"%5*!&: K& 5*+&E &+ 5&(+=1)!&%"+ ?=" &/$*%*1 /"-* I&/02& !" @&%*JE

&/$*%*1 /&% (2& *!?=)%)% "!=5*02& (* 5&1,)(*02& *(&A"+$*!& " +2& !"H()!&+

/"-* !)@"%"(0* "($%" (L1"%& )(!)3B!=&+ M&3"(+ N )(!)3B!=&+ 5&1 )!*!"+ "($%"

OP " QR *(&+S " & (L1"%& !" )(!)3B!=&+ ?=" !"1*(!*%*1 "!=5*02&E !" *5&%!&

5&1 * !"H()02& !" !"1*(!* * +"% "+$*,"-"5)!*:

9=/&(!& ?=" 5&(+=1)!&%"+E "1 5*!* 1"%5*!&E *!?=)%"1 =1* =()!*!"

!& ,"1 ?=" -#"+ @&%("5" 1*)&% =$)-)!*!"E > /&++B3"- )!"($)H5*% &+ /*%41"$%&+

!* !"1*(!*E "1 $"%1&+ !" /*%$)5)/*02& !" 1"%5*!&E /"-& 5=%+& !" '%*!=*02&

k (& 1"%5*!& t 5&1& =1* @=(02& !" +=*+ 5*%*5$"%B+$)5*+ &,+"%3D3")+ " (2&

&,+"%3D3")+: T1* #)/<$"+" =+=*- (* -)$"%*$=%* > * !" ?=" & $"%1& εikt +"'="

!)+$%),=)02& ):):! !" 3*-&% "U$%"1& V)/& 7: 8++* #)/<$"+" %"!=W & 1&!"-& *&

5#*1*!& 1&!"-& 1=-$)(&1)*- X&')$:

; )1/&+)02& !" =1* "+$%=$=%* ):):!: %"+=-$* "1 *-'=1*+ -)1)$*0C"+ ,"1

!&5=1"($*!*+ (* -)$"%*$=%*: 8+/"5)H5*1"($"E )1/&1&+E )1/-)5)$*1"($"E ?="

* "-*+$)5)!*!" !" +=,+$)$=)02& "($%" 5=%+&+ ?=*)+?="%E )(!"/"(!"($"1"($" !"

+=*+ 5*%*5$"%B+$)5*+E !"/"(!"%D !" +=*+ /*%$)5)/*0C"+ !" 1"%5*!&: ;)(!* ?="

* +=/&+)02& !" )(!"/"(!Y(5)* (2& +"M* %"*-)+$* (& /%"+"($" 5&($"U$&E (&++&

)($"%"++" /%)1")%& %"+)!" (& 5Z1/=$& !" "-*+$)5)!*!"+ /%</%)*+E " (2& !"

"-*+$)5)!*!"+ 5%=W*!*+:

K& X&')$E * /*%$)5)/*02& !* 1*%5* &= 5=%+& k (& 1"%5*!& tE sktE > !*!*

/&% =1* @=(02& !* =$)-)!*!" 1>!)* !" 5*!* =1* !*+ &/0C"+ (& 1"%5*!&[

skt =
exp(δkt)

1 +
∑

K

v=1
exp(δvt)

N\A S

7+$& >E =1 +)+$"1* !" "?=*0C"+ !" !"1*(!*E =1* /*%* 5*!* /%&!=$&

&@"%$*!&: ]*!* "?=*02& !"$"%1)(* * !"1*(!* /&% =1 /%&!=$&E (& 5*+& 5=%+&

!" '%*!=*02&E 5&1& @=(02& !" +"= /%"0&E !& /%"0& !&+ &=$%&+ /%&!=$&+ (&

1"%5*!& " !*+ &=$%*+ 5*%*5$"%B+$)5*+ %"-"3*($"+ 5&(+)!"%*!*+: K"++" *%5*,&=0&E

> /&++B3"- 1&+$%*% ?=" * "-*+$)5)!*!" /%"0& !* !"1*(!* 5&%%"+/&(!" . +"'=)($"
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"#$%"&&'()

∂sktpkt

∂pktskt
= (−α + λ ∗ FIESkt)pkt (1− skt) *+,!-

./%/ "&012/% (& $/%32"0%(& 4" 150"%"&&"6 &"7812(& ( $%($(&0( "2 9"%%:

*;<<!-6 82/ /=(%4/7"2 "2 48/& "0/$/& >8" %"&8?0/ 5/ "&012/@'( $(% A/%1BA"1&

15&0%82"50/1& 4/ &"78150" %"7%"&&'()

ln(skt)− ln(s0t) = Xktβ − αpkt + ωFIESkt + λFIESkt ∗ pkt + ǫkt *+,C-

(54" s0t %"$%"&"50/ / $/%01D1$/@'( 4" 2"%D/4( 4/ E($@'( 4" F(%/EG

H $%12"1%/ 41ID8?4/4" "&0B "2 4"I51% 82/ A/%1BA"? %"$%"&"50/01A/ 4/

4"2/54/ $(% "48D/@'(6 82/ A"J >8" "#1&0"2 %"&0%1@K"& L (F"%0/ >8/54( D(5,

&14"%/2(& / 154M&0%1/ 4" "48D/@'( &8$"%1(%G N( 9%/&1?6 / 2/0%OD8?/ 5( P5&15(

Q8$"%1(% "&0B D(541D1(5/4/ L /$%(A/@'( "2 $%(D"&&(& &"?"01A(& 4"I514(&G ./%/

/?785& 4(& D8%&(& D(5&14"%/4(&6 RB 82/ (D1(&14/4" 4" A/7/& (F"%0/4/&G N"&&"

&"5014(6 0(4(& (& 150"%"&&/4(& "2 &" 2/0%1D8?/% 5"&&"& D8%&(& "&0'( R/=1?10/4(&

/ F/JS,?(G H 4"2/54/ $(% "&&"& D8%&(& $(4" &"% D?/%/2"50" %"$%"&"50/4/6 $(%,

0/50(6 $"?( 5M2"%( 4" /?85(& 2/0%1D8?/4(& (86 /154/6 $"?( 5M2"%( 4" "&084/50"

157%"&&(& 5( /5( "2 D(5&14"%/@'(G P50%"0/50(6 $/%/ 82 $(8D( 2/1& 4/ 2"0/4"

4(& D8%&(& D(5&14"%/4(& RB 82 5M2"%( 2/1(% 4" 15&D%10(& 5( $%(D"&&( &"?"01A(

4( >8" ( 5M2"%( 4" A/7/& (F"%0/4/&G T"&&/ F(%2/6 U $(&&OA"? >8" "#1&0/ 82/

4"2/54/ %"$%1214/ $(% "&&"& D8%&(&6 5( &"5014( 4" >8" /?785& 1541AO48(& 7(&,

0/%1/2 4" D(5&821,?(& " "&&" D(5&82( 5'( ?R"& U $"%21014(G ./%/ "&&"& D/&(&6

5'( RB 82/ 4"I51@'( V=A1/ $/%/ / A/%1BA"? 4"2/54/G W(2 1&&( "2 D(5&14"%/,

@'(6 5/ /5B?1&" >8" &"78"6 / 4"2/54/ U 4"I514/ D(2( 5M2"%( 4" 15&D%10(& 5(&

$%(D"&&(& &"?"01A(& /&&(D1/4(& / D/4/ D8%&(G P&&/ 2"414/6 /$"&/% 4" 12$"%F"10/6

U / >8" 2"?R(% D/%/D0"%1J/ ( 150"%"&&" $(% D/4/ D8%&( 4" 7%/48/@'( (F"%0/4(G

 

H &"7854/ 41ID8?4/4" %"&14" 5/ 4"I51@'( 4(& 15&0%82"50(& /$%($%1/4(&G

W(5&14"%/54( >8" /$"5/& D8%&(& R/=1?10/4(& &'( D/$/J"& 4" %"D"="% 2/0%OD8?/&

4" /?85(& I5/5D1/4(& " >8" / R/=1?10/@'( U 4"I514/ 4" /D(%4( D(2 82/ 2"414/

4" 4"&"2$"5R( 4(& /?85(& 2/0%1D8?/4(&6 RB 82/ %"?/@'( "50%" ( 5M2"%( 4"

/?85(& I5/5D1/4(& $"?( XYPQ " >8/?14/4"G N"&&" &"5014(6 $/%"D" %/J(BA"? &8$(%

>8" / %"?/@'( "50%" / $%($(%@'( 4" /?85(& I5/5D1/4(& " D(2$(5"50"& 5'(

(=&"%ABA"1& 4/ 4"2/54/ &" 4B A1/ >8/?14/4"G N"&&" &"5014(6 /( ?(57( 4" 0(4/

/5B?1&" >8" &"78"6 D(5&14"%/2(& / $%($(%@'( 4" /?85(& I5/5D1/4(& 82/ A/%1BA"?

"#V7"5/6 D(541D1(5/? L 801?1J/@'( 4" D(50%(?"& $/%/ >8/?14/4"6 "2 "&$"D1/?6 /

5(0/ (=014/ $(% D/4/ D8%&( 5( "#/2" PNHTPG Z"2(&6 "50'(6 48/& A/%1BA"1&

 

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

/'&"+,$%'()! -) ,$"!) ,)/) 1'"+21#% "#3"#!#-&'&+1' (' (#/'-(' !4) 5$'%+&'&+1'/#-&#

!#/#%6'-&#! ')! "#!$%&'()! )*&+()! ,)-!+(#"'-() +-!,"+&)! -)! 3"),#!!)! !#%#&+1)!7
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"#$$%&'()'*+' ,'(-.%#*-/-$ - .0#12'$ /' /')-*/-3 ",'4# #2 )'*$-(%/-/' ' -

%*+',-45# '*+,' )'*$-(%/-/' ' - ",#"#,45# /' -(2*#$ 6*-*.%-/#$ "'(# 789:;

<#*$%/',-)#$3 '*+5#3 +,=$ %*$+,2)'*+#$; 9) ",%)'%,# (2>-,3 /%&%/%)#$ #$

.2,$#$ #?$',&-/#$ ') @@ >,2"#$ AB,'-$ '$"'.C6.-$D +-( .#)# .(-$$%6.-45# #6.%-(;

9$$-$ B,'-$ '$"'.C6.-$ $5# /'6*%/-$ /' -.#,/# .#) ",#E%)%/-/' ') -?#,/->')

+')B+%.-; F')#$3 "-,- .-/- -*#3 12' .-/- .2,$# /' >,-/2-45# .#) $'/' ')

-(>2) )',.-/# '$"'.C6.# t '$+B -$$#.%-/# - 2)- B,'- +')B+%.- '$"'.C6.- h;

G ",%)'%,# %*$+,2)'*+#3 AH,'4# )I/%# *# )',.-/#)
−ht I /-/# "'(- )I/%- ')

.-/- )',.-/# /-$ )'*$-(%/-/'$ /' +#/#$ #$ .2,$#$ /' B,'-$ '$"'.C6.-$ 12'

*5# - .#*$%/',-/-; 9$$' %*$+,2)'*+# *#$ /B 2)- )'/%/- /' .2$+# )-,>%*-( ;

J 0%"K+'$' ?B$%.- "-,- %/'*+%6.-45# I 12'3 -"K$ - -/%45# /' .#*+,#('$ ,'(-+%&#$
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