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K�BM +QKTQM2Mib- BV H�#Q` +Qbib �bbQ+B�i2/ rBi? }HHBM; i?2 p�+�M+v UK�BMHv BMi2`pB2r +QbibV-
�M/ BBV MQM@H�#Q` +Qbib UK�BMHv DQ# �/p2`iBbBM; +QbibV- �`2 `2H�i2/ iQ Qm` Q++mT�iBQM�H@H2p2H
K2�bm`2 Q7 H�#Q` K�`F2i iB;?iM2bbX q2 mb2 � mMB[m2 �M/ `2T`2b2Mi�iBp2 /�i� bQm`+2 7Q` DQ#
p�+�M+B2b BM :2`K�Mv Ui?2 :2`K�M CQ# o�+�M+v am`p2v (JQ+x�HH 2i �HX- kyR8)V �M/ T`QpB/2
�M 2biBK�i2 Q7 i?2 `�iBQ Q7 ?B`BM; +Qbib iQ QmiTmi 7Q` i?2 TQTmH�iBQM Q7 �HH �MMm�H ?B`2b BM :2`@
K�MvX q2 }M/ i?�i K�`;BM�H +Qbib iQ }HH � p�+�M+v BM :2`K�Mv �p2`�;2 #2ir22M RyNy �M/
Rjdy 1m`Q T2` ?B`2- /2T2M/BM; QM i?2 v2�` Q7 i?2 bm`p2v �M/ i?2 2t�+i +�H+mH�iBQM K2i?Q/X
q2 }M/ i?�i i?2 b?�`2 Q7 ?B`BM; +Qbib `2H�iBp2 iQ QmiTmi Bb BM/22/ p2`v HQrc yXyyR8- Q` yXR8W

e�b r2 T`Qp2 Bi BM i?2 K�BM i2ti- i?2 T`2b2M+2 Q7 }t2/ ?B`BM; +Qbib- K�i?2K�iB+�HHv- �HH 2Hb2 #2BM; 2[m�H- BM
Bib2H7 HQr2`b i?2 2H�biB+Biv Q7 K�`F2i iB;?iM2bb- mMH2bb r�;2b �`2 }t2/ � H� >�HH Ukyy8V Q` rQ`F2`bǶ #�`;�BMBM;
TQr2` Bb M2�` x2`QX h?2B` BKTQ`i�M+2 +QK2b 7`QK irQ 7�+ib, }`bi- i?2v �`2 BM i?2 /�i�c b2+QM/- �b r2 �H`2�/v
K2MiBQM2/- BM i?2B` T`2b2M+2- r2 +�M Q#i�BM �M 2KTB`B+�HHv `2H2p�Mi 2H�biB+Biv Q7 K�`F2i iB;?iM2bb rBi? `2bT2+i
iQ T`Q/m+iBpBiv rBi?Qmi �bbmKBM; �M BKTH�mbB#Hv ?B;? `2TH�+2K2Mi `�iBQX >Qr2p2`- iQ ;2i � p2`v H�`;2 K�`F2i
iB;?iM2bb 2H�biB+Biv- i?2 +�MQMB+�H K�i+?BM; KQ/2H biBHH M22/b iQ ?�p2 � ?B;? `2TH�+2K2Mi `�iBQ �HQM; rBi? p2`v
bK�HH T`QTQ`iBQM�H ?B`BM; +QbibX

dq2 +�HB#`�i2 i?2 +�MQMB+�H K�i+?BM; KQ/2H rBi? L�b? #�`;�BMBM; rBi?Qmi �M/ rBi? }t2/ ?B`BM; +Qbib
�M/ rQ`F Qmi i?2 p�Hm2b Q7 T`QTQ`iBQM�H ?B`BM; +Qbib �M/ }t2/ ?B`BM; +Qbib i?�i rQmH/ #2 +QMbBbi2Mi rBi? �M
Q#b2`p2/ 2H�biB+Biv Q7 K�`F2i iB;?iM2bb- 7Q` TH�mbB#H2 p�Hm2b Q7 Qi?2` bi`m+im`�H T�`�K2i2`bX qBi? MQ }t2/
?B`BM; +Qbib- i?2 p�Hm2 i?�i r2 Q#i�BM 7Q` T`QTQ`iBQM�H p�+�M+v +Qbib Bb `Qm;?Hv yXRk 7Q` �M 2H�biB+Biv Q7 K�`F2i
iB;?iM2bb 2[m�Hb dX8e- r?B+? SBbb�`B/2b (kyyN) 2biBK�i2b �b i?2 2KTB`B+�HHv `2H2p�Mi QM2X h?Bb p�Hm2 2bb2MiB�HHv
`2bmHib BM � H�`;2 `2TH�+2K2Mi `�iBQ UyX3dVX q?BH2 T`QTQ`iBQM�H ?B`BM; +Qbib �`2 BM/22/ bK�HH BM i?2 /�i�- �b
r2 rBHH /Bb+mbb �M/ b?Qr H�i2`- i?2 BKTHB2/ `2TH�+2K2Mi `�iBQ Bb r2HH �#Qp2 i?2 2biBK�i2/ QM2b 7`QK i?2 /�i�
UEQ2MB; 2i �HX (kyky) }M/ i?�i � `2�bQM�#H2 p�Hm2 7Q` i?2 `2TH�+2K2Mi `�iBQ- #�b2/ QM lE /�i�- Bb �#Qmi yXeNXV
qBi? }t2/ ?B`BM; +Qbib- iQ i�`;2i i?2 iB;?iM2bb 2H�biB+Biv Q7 dX8e- r2 Q#i�BM yXyk 7Q` T`QTQ`iBQM�H ?B`BM; +Qbib-
�M/ yXj 7Q` }t2/ ?B`BM; +Qbib- r?BH2 F22TBM; i?2 `2TH�+2K2Mi `�iBQ �i i?2 TH�mbB#H2 p�Hm2 yXeN �/pQ+�i2/ #v
EQ2MB; 2i �HX UkykyVX h?2b2 irQ p�Hm2b �`2 p2`v BM HBM2 rBi? Qm` 2KTB`B+�H }M/BM;b- �b r2 /Bb+mbb BM i?2 K�BM
i2tiX
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Q7 i?2 �MMm�H :.SX JQ`2Qp2`- r2 }M/ i?�i i?2 +Qbib iQ }HH � p�+�M+v /Bz2` bi`QM;Hv #v i?2
[m�HB}+�iBQM `2[mB`2K2Mi- r?B+? Bb +QMbBbi2Mi rBi? i?2 7�+i i?�i +v+HB+�HBiv BM mM2KTHQvK2Mi
Bb ?B;?2bi 7Q` BM/BpB/m�Hb rBi? HQr 2/m+�iBQM H2p2Hb UC2z2`bQM- kyy3VX 6m`i?2`KQ`2- r2 }M/
i?�i QMHv MQM@H�#Q` +Qbib �bbQ+B�i2/ rBi? }HHBM; � p�+�M+v �`2 T`QTQ`iBQM�H UBX2X- i?2v �`2
�bbQ+B�i2/ rBi? H�#Q` K�`F2i iB;?iM2bbVX *QMp2`b2Hv- Qm` 2KTB`B+�H 2pB/2M+2 bm;;2bib i?�i
BMi2`pB2r +Qbib /Q MQi /2T2M/ QM iB;?iM2bb UBX2X- i?2v �`2 � }t2/ +QKTQM2Mi Q7 ?B`BM; +QbibVX
6BM�HHv- r2 mb2 �//BiBQM�H bm`p2v /�i� QM TQbi@K�i+? i`�BMBM; +Qbib �M/ `2H�i2 i?2b2 +Qbib
iQ p�+�M+v TQbiBM; �M/ BMi2`pB2r +QbibX q2 }M/ i?�i i?2 `�iBQ Q7 T`2@K�i+? iQ TQbi@K�i+?
?B`BM; +Qbib Bb p2`v bK�HHX �b TQbi@K�i+? ?B`BM; +Qbib +�M #2 /2b+`B#2/ �b QM2@Qz i`�BMBM;
+Qbib- r2 }M/ i?�i T`QTQ`iBQM�H ?B`BM; +Qbib �KQmMi QM �p2`�;2 iQ RXRW- �M/ }t2/ ?B`BM;
+Qbib iQ jkW Q7 KQMi?Hv QmiTmiX h?mb- r2 T`QpB/2 bi`QM; 2KTB`B+�H 2pB/2M+2 bmTTQ`iBM; Qm`
i?2Q`2iB+�H }M/BM;b `2;�`/BM; i?2 +2Mi`�HBiv Q7 bK�HH T`QTQ`iBQM�H ?B`BM; +Qbib BM BM/m+BM;
?B;? mM2KTHQvK2Mi pQH�iBHBivX h?2 bK�HH bBx2 Q7 T`QTQ`iBQM�H ?B`BM; +Qbib `2H�iBp2 iQ i?2
}`KǶb }t2/ ?B`BM; +Qbib �HbQ +QM}`Kb i?2 i?2Q`2iB+�H TQbimH�iBQM Q7 SBbb�`B/2b (kyyN) `2;�`/@
BM; i?2 `2H�iBp2 BKTQ`i�M+2 Q7 i?2b2 }t2/ +Qbib BM BM/m+BM; � ?B;? mM2KTHQvK2Mi pQH�iBHBiv-
;Bp2M � `2�bQM�#H2 +�HB#`�iBQM Q7 i?2 rQ`F2`Ƕb 7Q`2;QM2 H2Bbm`2 �M/ mM2KTHQvK2Mi BM+QK2X
Pm` i?2Q`2iB+�H �M/ 2KTB`B+�H +QMi`B#miBQMb �HbQ b?Qr i?�i i?2 `2+2Mi bB;MB}+�Mi }M/BM; Q7
*?Q/Q`Qr@_2B+? �M/ E�`�#�`#QmMBb (kyRe) `2;�`/BM; i?2 T`Q+vHB+�HBiv Q7 i?2 QTTQ`imMBiv
+Qbi Q7 2KTHQvK2Mi /Q2b MQi TQb2 � b2`BQmb +?�HH2M;2 iQ KQ/2Hb Q7 2[mBHB#`BmK mM2KTHQv@
K2Mi BM ;2M2`�iBM; i?2 Q#b2`p2/ K�;MBim/2 Q7 i?2 ~m+im�iBQMb BM mM2KTHQvK2Mi �M/ K�`F2i
iB;?iM2bb BM `2bTQMb2 iQ b?Q+Fb Q7 TH�mbB#H2 K�;MBim/2X

PM2 Q7 i?2 +2Mi`�H `2�bQMb #2?BM/ i?2 iB;?i +QMM2+iBQM #2ir22M i?2 ?B`BM; +Qbib �M/
7mM/�K2Mi�H bm`THmb 7`�+iBQM BM /Bz2`2Mi p2`bBQMb Q7 i?2 +�MQMB+�H K�i+?BM; KQ/2H Bb i?2 7`22
2Mi`v Q7 p�+�M+B2b �bbmKTiBQMX AM 7�+i- Bi Bb #2+�mb2 Q7 i?Bb �bbmKTiBQM i?�i Bi Bb TQbbB#H2
iQ /2`Bp2 i?2 2H�biB+Biv Q7 K�`F2i iB;?iM2bb rBi? `2bT2+i iQ T`Q/m+iBpBiv �b � 7mM+iBQM QMHv
Q7 bQK2 bi`m+im`�H T�`�K2i2`bX AM � `2+2Mi +QMi`B#miBQM- *QH2b �M/ JQ;?�//�bB E2HBb?QKB
(kyR3) U*JE- ?2M+27Q`i?V `2H�t i?Bb +QM/BiBQM BM i?2 +�MQMB+�H K�i+?BM; 7`�K2rQ`F rBi?
L�b? #�`;�BMBM; �M/ }M/ i?�i i?2 p�+�M+v +`2�iBQM T`Q+2bb Bb H2bb i?�M BM}MBi2Hv 2H�biB+ BM
i?2 /�i�X h?2v i?2M b?Qr i?�i i?2B` `2H�t2/ 7`�K2rQ`F- /2bTBi2 � ?B;? 7mM/�K2Mi�H bm`THmb
7`�+iBQM- ;2M2`�i2b bm{+B2Mi mM2KTHQvK2Mi- K�`F2i iB;?iM2bb- �M/ p�+�M+B2b pQH�iBHBiB2b �HQM;
rBi? K�i+?BM; i?2B` +`Qbb +Q``2H�iBQMb BM i?2 /�i�X q2 2ti2M/ i?2 7`�K2rQ`F Q7 *JE iQ
�HHQr 7Q` #Qi? T`QTQ`iBQM�H �M/ }t2/ ?B`BM; +QbibX q2 b?Qr i?�i �Hi?Qm;? i?2 +�MQMB+�H
7`�K2rQ`F rBi? MQ 7`22@2Mi`v +QM/BiBQM /Q2b MQi M22/ � bK�HH 7mM/�K2Mi�H bm`THmb iQ K�i+?
i?2 /�i� UBM 7�+i- �HH 2Hb2 2[m�H- b2iiBM; mM2KTHQvK2Mi #2M2}ib iQ x2`Q #�`2Hv +?�M;2b *JEǶb
K�BM `2bmHibV- Bi /Q2b M22/ p2`v bK�HH T`QTQ`iBQM�H ?B`BM; +QbibX AM/22/- BM i?2B` +�HB#`�iBQM-
*JE b2i T`QTQ`iBQM�H ?B`BM; +Qbib iQ x2`QX q2 }M/ i?�i- �HH 2Hb2 #2BM; 2[m�H- � bK�HH `Bb2 BM
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T`QTQ`iBQM�H ?B`BM; +Qbi H2�/b iQ bm#bi�MiB�H +?�M;2b BM i?2 /vM�KB+b Q7 i?2 KQ/2H- +QM}`KBM;
i?2B` +2Mi`�HBiv iQ i?2 +�MQMB+�H 7`�K2rQ`F rBi? MQ 7`22@2Mi`v +QM/BiBQM �b r2HHX 6m`i?2`KQ`2-
r2 b?Qr i?�i i?2 BMi`Q/m+iBQM Q7 }t2/ ?B`BM; +Qbib- BM +QMi`�bi iQ i?2 +�MQMB+�H KQ/2H rBi?
i?2 7`22@2Mi`v +QM/BiBQM- /Q2b MQi BKT`Qp2 i?2 T2`7Q`K�M+2 Q7 i?2 KQ/2H rBi?Qmi 7`22@2Mi`v
�bbmKTiBQM BM ;2M2`�iBM; 2MQm;? mM2KTHQvK2Mi pQH�iBHBivX AM 7�+i- mMH2bb T`QTQ`iBQM�H �M/
}t2/ ?B`BM; +Qbib �`2 p2`v bK�HH- Bi Bb mM�#H2 iQ ;2M2`�i2 2MQm;? mM2KTHQvK2Mi pQH�iBHBivX
>Qr2p2`- �b r2 K2MiBQM2/ �#Qp2 �M/ /Q+mK2Mi #2HQr- r?BH2 T`QTQ`iBQM�H ?B`BM; +Qbib �`2
BM/22/ bK�HH BM i?2 /�i�- }t2/ ?B`BM; +Qbib �`2 `2H�iBp2Hv H�`;2X

h?2 T�T2` T`Q;`2bb2b �b 7QHHQrbX a2+iBQM k #2;BMb #v b2iiBM; 7Q`i? � bi�M/�`/ K�i+?BM;
KQ/2H �M/ 2tTH�BMb i?2 `QH2 Q7 T`QTQ`iBQM�H �b r2HH �b }t2/ ?B`BM; +Qbib BM ;2M2`�iBM; #B;
`2bTQMb2b Q7 mM2KTHQvK2Mi iQ T`Q/m+iBpBiv +?�M;2b BM /Bz2`2Mi `2+QM};m`2/ p2`bBQMb Q7 i?2
JS 7`�K2rQ`FX a2+iBQM j mb2b `2T`2b2Mi�iBp2 :2`K�M bm`p2v /�i� rBi? /2i�BH2/ BM7Q`K�iBQM
QM ?B`BM; +Qbib �M/ T`QpB/2b 2biBK�i2b 7Q` `2H2p�Mi ?B`BM; +Qbi +�HB#`�iBQM p�Hm2bX a2+iBQM 9
+QM+Hm/2bX

k h?2 *�MQMB+�H JS JQ/2H

q2 bi�`i Qm` �M�HvbBb rBi? i?2 +�MQMB+�H JS KQ/2H- r?2`2 r�;2b �`2 /2i2`KBM2/ i?`Qm;?
L�b? #�`;�BMBM;X q2 }`bi 2bi�#HBb? i?2 +2Mi`�HBiv Q7 T`QTQ`iBQM�H ?B`BM; +Qbib BM ;2M2`�iBM;
� H�`;2 K�`F2i iB;?iM2bb 2H�biB+Biv BM i?Bb KQ/2HX q2 rBHH i?2M b?Qr i?�i- BM i?2 KQ/2Hb
/Bb+mbb2/ #v GDmM;[pBbi �M/ a�`;2Mi UkyRdV- i?2 7mM/�K2Mi�H bm`THmb 7`�+iBQM Bb bK�HH QMHv
B7 ?B`BM; +Qbib �`2 bK�HHX L2ti- r2 rBHH HQQb2M mT i?2 iB;?i +QMM2+iBQM #2ir22M T`QTQ`iBQM�H
?B`BM; +Qbib �M/ mM2KTHQvK2Mi #2M2}ib BM i?2 +�MQMB+�H KQ/2H #v }`bi �//BM; }t2/ ?B`BM;
+Qbib �M/ M2ti `2H�tBM; i?2 7`22@2Mi`v +QM/BiBQM �b r2HHX q2 rBHH i?2M im`M iQ � mMB[m2 /�i�
b2i QM DQ# p�+�M+B2b BM :2`K�Mv iQ K2�bm`2 #Qi? T`QTQ`iBQM�H �M/ }t2/ ?B`BM; +QbibX q2
b?Qr i?�i i?2 T`QTQ`iBQM�H ?B`BM; +Qbib iQ QmiTmi `�iBQ Bb p2`v HQr- r?BH2 }t2/ ?B`BM; +Qbib
�`2 `2H�iBp2Hv H�`;2X

kXR >Qmb2?QH/b

h?2`2 Bb � `2T`2b2Mi�iBp2 ?Qmb2?QH/ BM i?2 2+QMQKv +QMbBbiBM; Q7 � +QMiBMmmK Q7 K2�bm`2
QM2 Q7 7�KBHv K2K#2`b i?�i �`2 bmTTHB2/ BM2H�biB+�HHv iQ i?2 H�#Q` K�`F2iX h?2 bBx2 Q7 i?2
TQTmH�iBQM Bb MQ`K�HBx2/ iQ QM2- ut + nt = 1- r?2`2 ut bi�M/b 7Q` i?2 `�i2 Q7 mM2KTHQvK2Mi-
�M/ nt Bb i?2 2KTHQvK2Mi `�i2 BM T2`BQ/ iX A7 2KTHQv2/- � rQ`F2` rBHH `2+2Bp2 i?2 `2�H r�;2
wtX AM i?2 +�b2 Q7 #2BM; mM2KTHQv2/- ?2 rBHH `2+2Bp2 i?2 ;Qp2`MK2Mi@T`QpB/2/ mM2KTHQvK2Mi
+QKT2Mb�iBQM χ BM +QMbmKTiBQM ;QQ/bX h?2 T�T2` 7QHHQrb i?2 HBi2`�im`2 �M/ �bbmK2b T2`72+i

e



+QMbmKTiBQM BMbm`�M+2X
S`272`2M+2b Q7 i?2 7�KBHv K2K#2`b �`2 `2T`2b2Mi2/ #v i?2 /Bb+QmMi2/ bmK Q7 miBHBiv Qp2`

+QMbmKTiBQM ct �b 7QHHQrb,

E0

∞∑

t=0

βtlnct, URV

r?2`2 0 < β < 1 Bb i?2 /Bb+QmMi 7�+iQ`- �M/ E0 /2MQi2b i?2 K�i?2K�iB+�H 2tT2+i�iBQM
QT2`�iQ` +QM/BiBQM�H QM BM7Q`K�iBQM �p�BH�#H2 BM T2`BQ/ 0X

h?2 ?Qmb2?QH/ Bb �bbmK2/ iQ 7�+2 � b2[m2M+2 Q7 #m/;2i +QMbi`�BMib ;Bp2M #v,

ct + bt = wtnt + rtbt−1 + (1− nt)χ+ Πt − tt UkV

r?2`2 bt /2MQi2b ?QH/BM;b Q7 ;Qp2`MK2Mi /2#i i?�i T�v BM mMBib Q7 i?2 +QMbmKTiBQM ;QQ/- rt
Bb i?2 `2�H BMi2`2bi `�i2- Πt /2MQi2b `2�H T`Q}ib `2im`M2/ iQ i?2 ?Qmb2?QH/ i?`Qm;? /BpB/2M/b-
�M/ tt /2MQi2b `2�H HmKT@bmK i�t2bX

h?2 }`bi@Q`/2` +QM/BiBQM 7Q` i?2 ?Qmb2?QH/Ƕb K�tBKBx�iBQM T`Q#H2K `2bmHib BM i?2 7QHHQrBM;
bi�M/�`/ 1mH2` 2[m�iBQM,

1 = Etβrt+1
ct
ct+1

UjV

kXk h?2 }`K- b2�`+?- p�+�M+B2b- K�i+?BM;- �M/ L�b? r�;2 Qmi+QK2

h?2 `2T`2b2Mi�iBp2 }`K T`Q/m+2b QmiTmi- yt- mbBM; H�#Q` �b i?2 bQH2 BMTmi �++Q`/BM; iQ yt =

atnt- r?2`2 at Bb � +QKKQM T`Q/m+iBpBiv 7�+iQ` i?�i Bb biQ+?�biB+ �M/ 7QHHQrb i?2 �_ URV
T`Q+2bb,

lnat = ρalnat−1 + εat . U9V

hQ }HH � p�+�M+v- � }`K BM+m`b ?B`BM; +QbibX q2 �/QTi i?2 +QMp2MiBQM�H �bbmKTiBQM Q7 �
~Qr +Qbi γ 7Q` i?2 p�+�M+v /m`�iBQMX h?2 iBKBM; Bb �b 7QHHQrb, i?2 }`K bi�`ib BM T2`BQ/ t

rBi? nt−1 2KTHQv2/ rQ`F2`b �M/ TQbib p�+�M+B2b vt iQ �ii`�+i M2r rQ`F2`bc i?2 MmK#2` Q7
rQ`F2`b b2�`+?BM; 7Q` DQ#b Bb,

ut = 1− nt−1, U8V

r?2`2 i?Bb T`Q+2bb rBHH ;Bp2 `Bb2 iQ m (ut, vt) M2r K�i+?2bc i?2M- �M 2tQ;2MQmb 7`�+iBQM ρ

Q7 rQ`F2`b 2KTHQv2/ �i t − 1 b2T�`�i2b 7`QK i?2 }`Kc i?2 b2T�`�i2/ rQ`F2`b +�MMQi b2�`+?
mMiBH i?2 7QHHQrBM; T2`BQ/c }M�HHv- M2r rQ`F2`b bi�`i i?2B` DQ# `B;?i �r�v- `�i?2` i?�M rBi? �
QM2@T2`BQ/ /2H�vX h?mb- iQi�H T2`BQ/@t rQ`F7Q`+2 +�M #2 r`Bii2M �b,

d



nt = (1− ρ)nt−1 + qtvt, UeV

r?2`2 qt /2MQi2b i?2 K�`F2i@/2i2`KBM2/ T`Q#�#BHBiv i?�i � p�+�M+v Bb }HH2/X
q2 �bbmK2 i?�i mM2KTHQv2/ rQ`F2`b ut �M/ p�+�M+B2b vt �`2 +QMp2`i2/ BMiQ K�i+?2b

�++Q`/BM; iQ i?2 7QHHQrBM; bi�M/�`/ +QMbi�Mi@`2im`Mb@iQ@b+�H2 U*_aV i2+?MQHQ;v,

m (ut, vt) = ζutθ
1−α
t , UdV

r?2`2 θt = vt
ut

Bb i?2 K�`F2i iB;?iM2bb �i iBK2 t- �M/ 0 < α < 1 Bb i?2 2H�biB+Biv Q7 K�i+?BM;
rBi? `2bT2+i iQ mM2KTHQvK2MiX :Bp2M � *_a K�i+?BM; i2+?MQHQ;v- i?2 T`Q#�#BHBiv 7Q` �M
mM2KTHQv2/ rQ`F2` iQ #2 K�i+?2/ rBi? � p�+�M+v Bb pt = ζθ1−α

t - �M/ i?2 T`Q#�#BHBiv 7Q` �
p�+�M+v iQ #2 }HH2/ Bb qt = ζθ−α

t X
:Bp2M 1[X UdV- i?2 H�r Q7 KQiBQM 7Q` �;;`2;�i2 2KTHQvK2Mi BM T2`BQ/ t +�M #2 r`Bii2M �b,

nt = (1− ρ)nt−1 + ζutθ
1−α
t . U3V

h?2 }`KǶb Q#D2+iBp2 Bb iQ K�tBKBx2 Bib /Bb+QmMi2/ T`Q}ib- r?B+? ;Bp2b `Bb2 iQ i?2 7QHHQrBM;
bi�M/�`/ DQ# +`2�iBQM +QM/BiBQM,

γ

qt
= at − wt + (1− ρ)Etβ

ct
ct+1

γ

qt+1
. UNV

1tT`2bbBQM UNV bi�i2b i?�i �i i?2 QTiBKmK i?2 ?B`BM; +Qbib T�B/ #v i?2 }`K Kmbi #2 2[m�H
iQ i?2 /Bb+QmMi2/ 2tT2+i2/ T`Q}ib p�Hm2 Q7 � K�i+?X q2 7QHHQr i?2 bi�M/�`/ �TT`Q�+? BM
K�i+?BM; KQ/2Hb �M/ �bbmK2 i?�i r�;2b �`2 /2i2`KBM2/ #v L�b? #�`;�BMBM;X G2iiBM; φ #2
rQ`F2`bǶ #�`;�BMBM; TQr2`- i?2 #�`;�BMBM; T`Q+2bb `2bmHib BM i?2 7QHHQrBM; r�;2 Qmi+QK2 Ub22
�TT2M/Bt � 7Q` � 7Q`K�H /2`Bp�iBQMV,

wt = φat + (1− φ)χ+ φγEtβ
ct
ct+1

pt+1

qt+1
. URyV

kXj *HQbBM; i?2 KQ/2H- i?2 `2bQm`+2 +QMbi`�BMi- �M/ i?2 /2}MBiBQM Q7 2[mBHB#`BmK

h?2 ;Qp2`MK2Mi �/Dmbib HmKT bmK i�t2b- tt- iQ #�H�M+2 Bib #m/;2i +QMbi`�BMiĜbt + tt =

rtbt−1 + (1− nt)χ. h?2 �;;`2;�i2 `2bQm`+2 +QMbi`�BMi Q7 i?2 2+QMQKv Bb,

ct + γutθt = atnt. URRV

�M 2[mBHB#`BmK 7Q` {ct, nt, ut, wt, rt, θt} Bb +?�`�+i2`Bx2/ #v +QM/BiBQMb UjV- U8V- �M/ U3V@
URRV- ;Bp2M i?2 biQ+?�biB+ T`Q+2bb {at} .

3



kX9 h?2 +2Mi`�HBiv Q7 ?B`BM; +Qbib

q2 MQr /2`Bp2 i?2 2H�biB+BiB2b Q7 K�`F2i iB;?iM2bb �M/ r�;2b rBi? `2bT2+i iQ T`Q/m+iBpBiv BM
i2`Kb Q7 T`QTQ`iBQM�H ?B`BM; +Qbi- γX q?�i 2K2`;2b 7`QK i?Bb T�`i TQBMib iQ � +H2�` M2;�iBp2
`2H�iBQMb?BT #2ir22M i?2 K�`F2i iB;?iM2bb 2H�biB+Biv �M/ i?2 T`QTQ`iBQM�H ?B`BM; +Qbib- �M/ �
TQbBiBp2 QM2 #2ir22M i?2 r�;2 2H�biB+Biv �M/ i?Qb2 +QbibX

hQ #2ii2` mM/2`bi�M/ i?2 iB;?i HBMF #2ir22M γ �M/ mM2KTHQvK2Mi #2M2}ib χ U�M/ i?2`2@
7Q`2- i?2 `2TH�+2K2Mi `�iBQ �M/ 7mM/�K2Mi�H bm`THmbV BM i?2 +�MQMB+�H K�i+?BM; KQ/2H- MQiB+2
i?�i i?2 `2�H r�;2- wt, �TT2�`b BM #Qi? i?2 DQ# +`2�iBQM +QM/BiBQM UNV �M/ i?2 L�b? r�;2 Qmi@
+QK2 URyVX LQiB+2 �HbQ i?�i i?2b2 irQ 2[m�iBQMb /Q MQi �miQK�iB+�HHv ;Bp2 i?2 b�K2 `2�H r�;2
BM i?2 bi2�/v bi�i2- mMH2bb r2 bQHp2 i?2K iQ;2i?2` iQ iB2 /QrM QM2 Q7 i?2 KQ/2H T�`�K2i2`b
i?�i �TT2�`b BM �i H2�bi QM2 Q7 i?2K #v i?2 Qi?2` T�`�K2i2`b BM i?2b2 irQ 2[m�iBQMbX q2 rBHH
;2i #�+F iQ i?Bb �7i2` /2`BpBM; i?2 2H�biB+Biv Q7 K�`F2i iB;?iM2bb rBi? `2bT2+i iQ T`Q/m+iBpBiv
Uηθ,aV- i?�i BM i?2 HBi2`�im`2 7QHHQrBM; a?BK2` (kyy8) Bb mb2/ �b i?2 K�BM K2�bm`2 Q7 H�#Q`
K�`F2i pQH�iBHBivX

h?2 bi2�/v@bi�i2 p2`bBQMb Q7 2[m�iBQMb UNV �M/ URyV- `2bT2+iBp2Hv- ;Bp2 mb,

γ

q
(1− β (1− ρ)) = a− w, URkV

w = φa+ (1− φ)χ+ βφγθ. URjV

hQ ?�p2 � mMB[m2 bQHmiBQM 7Q` w r2 Kmbi ?�p2,

γ

q
(1− β (1− ρ− φp)) = (1− φ) (a− χ) . UR9V

AKTHB+Bi /Bz2`2MiB�iBQM Q7 2tT`2bbBQM UR9V ;Bp2b mb i?2 2H�biB+Biv Q7 K�`F2i iB;?iM2bb �b
7QHHQrb UMQi2 i?�i a = 1V,

ηθ,a =
dθ

da

a

θ
=

(1− φ)
1
q {α (1− β (1− ρ)) + βφp}

1

γ
. UR8V

_mHBM; Qmi i?2 mMBMi2`2biBM; �M/ mM`2�bQM�#H2 +�b2 i?�i i?2 K�`F2i iB;?iM2bb θ → 0

Ur?B+? K2�Mb i?�i i?2 DQ#@}M/BM; T`Q#�#BHBiv p → 0- i?2 p�+�M+v@}HBM; T`Q#�#BHBiv q → ∞-
�M/ p�+�M+B2b v → 0V- Bi Bb 2pB/2Mi 7`QK UR8V i?�i i?2 K�;MBim/2 Q7 ηθ,a Bb K�BMHv /2i2`KBM2/
#v i?2 b2+QM/ i2`K- i?�i Bb QMHv � 7mM+iBQM Q7 γX h?2`27Q`2- iQ ;2M2`�i2 ?B;? pQH�iBHBiv BM
K�`F2i iB;?iM2bb � HQr p�Hm2 7Q` γ Bb 2bb2MiB�HX � bK�HH γ 72�im`2b � H�`;2 p�Hm2 7Q` i?2 b2+QM/
i2`K Q7 UR8V- �M/ i?2`27Q`2- � H�`;2 K�`F2i iB;?iM2bb 2H�biB+BivX JQ`2 T`2+Bb2Hv- �b γ −→ 0,

i?2 K�`F2i iB;?iM2bb 2H�biB+Biv ;Q2b iQ BM}MBiv- ηθ,a −→ +∞X
N



Ai Bb �HbQ 2pB/2Mi 7`QK UR8V i?�i rQ`F2`bǶ #�`;�BMBM; TQr2` φ TH�vb �M BKTQ`i�Mi `QH2 BM
/2i2`KBMBM; i?2 bBx2 Q7 ηθ,aX :Bp2M γ- i?2 HQr2` φ- i?2 ?B;?2` Bb ηθ,aX >Qr2p2`- i?2 +2Mi`�HBiv
Bb rBi? γ- #2+�mb2 2p2M B7 φ Bb x2`Q � H�`;2 γ BM/m+2b � p2`v bK�HH ηθ,aX h?2 `2p2`b2 Bb MQi
i`m2X 1p2M B7 φ Bb M2�` R- � p2`v bK�HH γ +�M biBHH BM/m+2 � H�`;2 ηθ,aX3

A7 BM i?Bb bi�M/�`/ i2ti#QQF p2`bBQM Q7 i?2 JS KQ/2H Bi Bb γ �M/ φ i?�i iQ;2i?2` /2i2`@
KBM2 i?2 2H�biB+Biv Q7 K�`F2i iB;?iM2bb- r?v i?2M BM i?2 `2H�i2/ HBi2`�im`2 Bi Bb #2HB2p2/ i?�i
i?2 K�;MBim/2 Q7 mM2KTHQvK2Mi #2M2}ib- χ- /2i2`KBM2b ηθ,a\ Ai Bb #2+�mb2 Q7 i?2 7`22@2Mi`v
�bbmKTiBQM BM p�+�M+B2b �M/ i?2 M�im`2 Q7 i?2 +�MQMB+�H JS 7`�K2rQ`F i?�i K�F2b Bi BK@
TQbbB#H2 iQ ;2i � HQr γ Q` � HQr φ rBi?Qmi ?�pBM; � ?B;? χXN h?Bb Bb +H2�` 7`QK UR9VX 6Q`
� KQK2Mi �bbmK2 i?�i i?2`2 Bb MQ mM2KTHQvK2Mi #2M2}ib- i?�i Bb- χ = 0X 1pB/2MiHv- UR8V
`2K�BMb mM+?�M;2/X >Qr2p2`- bBM+2 UR9V Kmbi #2 b�iBb}2/ � x2`Q χ i2HHb mb i?�i � p2`v HQr γ

Kmbi #2 �++QKT�MB2/ #v � p2`v ?B;? θ Q` � p2`v ?B;? φ U�HKQbi RV- Q` #Qi?- r?B+? MQM2 Q7
i?2b2 +QK#BM�iBQMb rBHH ;Bp2 � H�`;2 ηθ,aX JQ`2 T`2+Bb2Hv- 2tT`2bbBQM UR9V ?B;?HB;?ib i?2 bi`B+i
M2;�iBp2 `2H�iBQMb?BTb #2ir22M γ �M/ φc γ �M/ θc �M/ θ �M/ φX AM Qi?2` rQ`/b- F22TBM; �HH
i?2 Qi?2` T�`�K2i2`b +QMbi�Mi- � HQr2` γ rBHH `2bmHi BM � ?B;?2` φ- r?B+? rQmH/ i?2M H2�p2
i?2 iQi�H BKT�+i Q7 � bK�HH2` γ QM ηθ,a BMbB;MB}+�MiX h?2 b�K2 ?QH/b 7Q` i?2 Qi?2` irQ +�b2bX
Ai Bb QMHv pB� χ- BM i?Bb bi�M/�`/ KQ/2H- i?�i r2 +�M �+?B2p2 � HQr γ- Q` � HQr φ- Q` #Qi? �i
i?2 b�K2 iBK2X LQi2 i?�i χ Bb BM i?2 #�+F;`QmM/ �M/ /Q2b MQi b?Qr mT BM UR8VX hQ b22 KQ`2
+H2�`Hv i?2 `2H�iBQMb?BT Q7 γ- φ- �M/ θ rBi? mM2KTHQvK2Mi #2M2}ib χ- `2r`Bi2 UR9V �b,

χ = 1− [1− β (1− ρ− φp)]

(1− φ) q
γ, UReV

r?2`2 Bi Bb +H2�` i?�i �b γ �M/ φ /2+`2�b2- χ BM+`2�b2bX �b � K�ii2` Q7 7�+i- χ Bb �i Bib ?B;?2bi
TQbbB#H2 p�Hm2 r?2M γ = 0XRy "2HQr- r2 rBHH /Bb+mbb ?Qr BM i?2 T`2b2M+2 Q7 }t2/ ?B`BM; +Qbib

3a22 �TT2M/Bt " 7Q` /2i�BH2/ bi�iB+ �M/ /vM�KB+ MmK2`B+�H 2t2`+Bb2bX
NAM bm#b2+iBQM kX3 r2 /`QT i?2 �bbmKTiBQM Q7 7`22 2Mi`v �M/ b?Qr i?�i i?2 K�;MBim/2 Q7 γ `2K�BMb +2Mi`�H

iQ ;2iiBM; H�`;2 K�`F2i iB;?iM2bb pQH�iBHBiv- #mi i?Bb Bb MQ HQM;2` i?2 +�b2 `2;�`/BM; χX
RyLQi2 i?�i rBi? i?2 2t+2TiBQM Q7 γ �M/ χ- �HH i?2 Qi?2` T�`�K2i2`b �TT2�`BM; BM UR9V �`2 #QmM/2/ iQ

+?�M;2 BM � M�``Qr `�M;2- r?2`2 i?2`2 Bb � +QMb2Mbmb `2;�`/BM; i?2 p�Hm2b i?�i 2�+? Q7 i?2b2 T�`�K2i2`b +�M
i�F2X h?2`27Q`2- Bi `2K�BMb QMHv i?2b2 irQ `2�bQM�#H2 QTiBQMb iQ bQHp2 7Q` UR9VX :Bp2M i?2 p�Hm2 Q7 QM2- i?2
p�Hm2 Q7 i?2 Qi?2` Bb /2i2`KBM2/ 2M/Q;2MQmbHvX 1tT`2bbBQM UR9V +QMi�BMb QMHv QM2 2M/Q;2MQmb p�`B�#H2- K�`F2i
iB;?iM2bbX :Bp2M Bib /2}MBiBQM- r2 ?�p2 θ = v/uX h?Bb- BM Bib2H7- /Q2b MQi BKTQb2 �Mv bT2+B}+ `2bi`B+iBQM QM
i?2 K�;MBim/2 Q7 θX >Qr2p2`- #2+�mb2 Q7 i?2 M�im`2 Q7 i?2 K�i+?BM; 7mM+iBQM- m (u, v) = ζuαϑ1−α- r2 ?�p2
i?�i p = ζθ1−α �M/ q = ζθ−αX aBM+2 0 < p, q < 1- i?2 BM2[m�HBiv

(
1
ζ

)−1/α
< θ <

(
1
ζ

)1/1−α

Kmbi ?QH/- �M/
θ = p

q Kmbi �HbQ #2 i?2 +�b2X h?2 BM2[m�HBiv ?QH/b QMHv B7 ζ < 1. JQ`2Qp2`- ;Bp2M i?2 /2}MBiBQMb Q7 p �M/ q-
i?2 K�i+?BM; T�`�K2i2` ζ Bb mMB[m2Hv TBMM2/ /QrM iQ,

ζ = pαq1−α. URdV

.m2 iQ i?2 7�+i i?�i p �M/ q Kmbi #2 �#Qp2 x2`Q �M/ #2HQr QM2- Bi Bb MQi � ;QQ/ bi`�i2;v iQ bQHp2
2tT`2bbBQM UR9V 7Q` θ- bBM+2 r2 K�v 2M/ mT ;2iiBM; � T`Q#�#BHBiv �#Qp2 QM2 Q` �i x2`Q 7Q` bQK2 +�HB#`�iBQMb Q7
i?2 T�`�K2i2`bX JQ`2Qp2`- BM i?Bb +�b2- r2 +�M MQ HQM;2` TBM /QrM ζ #v URdV �M/ ?�p2 iQ �bbB;M �M �`#Bi`�`v

Ry



Bi Bb TQbbB#H2 iQ �+?B2p2 � HQr γ i?`Qm;? � ?B;?2` }t2/ ?B`BM; +Qbi rBi?Qmi ?�pBM; iQ �bbmK2
� ?B;? χX

LQr- H2i mb /2`Bp2 i?2 2H�biB+Biv Q7 K�`F2i iB;?iM2bb BM i2`Kb Q7 i?2 7mM/�K2Mi�H bm`THmb
7`�+iBQMX hQ /Q bQ- MQi2 i?�i �MQi?2` r�v Q7 r`BiBM; 1[X UR8V Bb iQ 2HBKBM�i2 (1− φ) #v mbBM;
+QM/BiBQM UR9V- r?B+? `2bmHib BM,

ηfsθ,a =
(1− β (1− ρ)) + βφp

α (1− β (1− ρ)) + βφp

a

a− χ
, UR3V

r?2`2 +QKT�`2/ iQ UR8V Bi Bb MQr γ i?�i ;Q2b BM i?2 #�+F;`QmM/ �M/ /Q2b MQi �TT2�` BM
ηθ,aX h?2 }`bi i2`K BM UR3V Bb #QmM/2/ 7`QK �#Qp2 #v 1/α. >2M+2- #�b2/ QM GDmM;[pBbi �M/
a�`;2MiǶb UkyRdV BMi2`T`2i�iBQM- Bi Bb i?2 b2+QM/ 7�+iQ`- Q` KQ`2 T`2+Bb2Hv- a−χ i?�i Bb +`BiB+�H
BM ;2M2`�iBM; H�`;2 pQH�iBHBiv BM mM2KTHQvK2MiX hQ ?�p2 H�`;2 ~m+im�iBQMb BM mM2KTHQvK2Mi
i?2 BMp2`b2 Q7 i?2 7mM/�K2Mi�H bm`THmb 7`�+iBQM a

a−χ Kmbi #2 H�`;2X :Bp2M i?�i a = 1- i?2
QMHv r�v iQ ;2i � ?B;? p�Hm2 7Q` i?2 BMp2`b2 Q7 i?2 7mM/�K2Mi�H bm`THmb Bb iQ ?�p2 � ?B;?
mM2KTHQvK2Mi #2M2}i χX LQi2 i?�i 2tT`2bbBQM UR3V #v /2}MBiBQM Bb 2bb2MiB�HHv i?2 b�K2 �b
2[m�iBQM UR8VX �b /Bb+mbb2/ �#Qp2- χ �+?B2p2b Bib K�tBKmK- B7 γ = 0. h?�i Bb- i?2 T`QTQ`iBQM�H
?B`BM; +Qbib �M/ i?2 7mM/�K2Mi�H bm`THmb �`2 irQ bB/2b Q7 i?2 b�K2 +QBM mM/2` i?2 7`22@2Mi`v
�bbmKTiBQMX

AM r`BiBM; /QrM i?2 2H�biB+Biv Q7 K�`F2i iB;?iM2bb �b BM UR3V �M/ �/pQ+�iBM; i?2 K�;MBim/2
Q7 mM2KTHQvK2Mi #2M2}ib Q` i?2 7mM/�K2Mi�H bm`THmb �b i?2 K�BM 7�+iQ`b #2?BM/ /2HBp2`BM;
?B;? mM2KTHQvK2Mi pQH�iBHBiv- Bi KB;?i b22K i?�i r�;2 `B;B/Biv /Q2b MQi TH�v �Mv `QH2 BM
;Qp2`MBM; i?2 bBx2 Q7 K�`F2i iB;?iM2bb 2H�biB+BivX h?Bb Bb r?�i >�;2/Q`M �M/ J�MQpbFBB
(kyy3) �M/ GDmM;[pBbi �M/ a�`;2Mi UkyRdV- �`;m2 7Q` �M/ �/pQ+�i2X >Qr2p2`- i?Bb �b r2
+H2�`Hv b22 7`QK UR8V- �M/ rBHH b22 KQ`2 #2HQr- i?Bb Bb MQi i?2 +�b2X

hQ b22 i?2 +2Mi`�HBiv Q7 HQr ?B`BM; +Qbib BM ;2M2`�iBM; r�;2 BM2`iB� BM K�i+?BM; KQ/2Hb- r2
MQr im`M iQ /2`Bp2 i?2 2H�biB+Biv Q7 `2�H r�;2b rBi? `2bT2+i iQ aX hQ i?Bb 2M/- �b BM GDmM;[pBbi
�M/ a�`;2Mi UkyRdV- }`bi /Bz2`2MiB�i2 r�;2 2tT`2bbBQM URjV rBi? `2bT2+i iQ w- a- �M/ θ iQ
;2i,

dw

da
= φ[1 +

β (1− φ)
α
p (1− β (1− ρ)) + βφ

], URNV

p�Hm2 iQ BiX Ai Bb KQ`2 `2�bQM�#H2 iQ +�HB#`�i2 p �M/ q iQ bQK2 2KTB`B+�HHv `2H2p�Mi p�Hm2b- �b BM a?BK2` (kyy8)
�M/ SBbb�`B/2b (kyyN)- �M/ TBM /QrM θ #v i?2 `�iBQ p

q �M/ ζ #v URdVX q2 b?Qr [m�MiBi�iBp2Hv BM �TT2M/Bt *
r?2M γ Bb `2H�iBp2Hv ?B;? �M/ r2 bQHp2 UR9V 7Q` θ- 2p2M B7 χ Bb ?B;?- r2 2M/ mT ;2iiBM; M2�` x2`Q p�Hm2b 7Q` θ
�M/ pX "2bB/2b- �M/ KQ`2 BKTQ`i�Mi- r2 rBHH ;2i p2`v HQr mM2KTHQvK2Mi pQH�iBHBiv BM i?Bb +�b2X

RR



L2ti- `2r`Bi2 2[m�iBQM URkV BM i?2 7QHHQrBM; r�v,

w

a
= 1− [1− β (1− ρ)] γ

qa
. UkyV

.2MQiBM; i?2 2H�biB+Biv Q7 i?2 `2�H r�;2 rBi? `2bT2+i iQ T`Q/m+iBpBiv #v ηw,a- r2 ?�p2,

ηw,a = ( dw
da )/(w

a ). UkRV

Ai Bb 2�bv iQ b22 7`QK 1[bX URNV@UkRV i?�i r?BH2 i?2 MmK2`�iQ` Q7 i?2 r�;2 2H�biB+Biv Bb MQi
� 7mM+iBQM Q7 γ- i?2 /2MQKBM�iQ` Bb bi`B+iHv /2+`2�bBM; BM BiX h?2`27Q`2- BM �M 2t�+i QTTQbBi2
Q7 i?2 K�`F2i iB;?iM2bb 2H�biB+Biv ηθ,a i?�i Bb M2;�iBp2Hv `2H�i2/ iQ γ- i?2 r�;2 2H�biB+Biv ηw,a

Bb TQbBiBp2Hv `2H�i2/ iQ BiX h?mb- HQr ?B`BM; +Qbib �`2 MQi QMHv +`BiB+�H iQ ;2M2`�iBM; H�`;2
pQH�iBHBiB2b BM mM2KTHQvK2Mi �M/ K�`F2i iB;?iM2bb #mi i?2v �`2 �HbQ +`BiB+�H iQ ;2iiBM; r�;2
BM2`iB�X h?mb- �b EQ2MB; 2i �HX (kyky) K2MiBQM- i?2 mM2KTHQvK2Mi pQH�iBHBiv TmxxH2 +�M #2
+�HH2/ i?2 ǳr�;2 ~2tB#BHBiv TmxxH2XǴ

q?�i +�M r2 b�v �#Qmi i?2 `2H�iBQMb?BT #2ir22M i?2 r�;2 2H�biB+Biv �M/ i?2 7mM/�K2Mi�H
bm`THmb 7`�+iBQM\ hQ b22 i?2B` `2H�iBQMb?BT- mb2 2tT`2bbBQM UR9V iQ 2HBKBM�i2 (1− φ) BM URNV
iQ ;2i,

dw

da
= φ[1 + βγ

(1− β (1− ρ)) + βφp

α (1− β (1− ρ)) q/p+ βφq
(

1

a− χ
)]. UkkV

�HbQ MQi2 i?�i #v mbBM; 2tT`2bbBQM UR9V iQ 2HBKBM�i2 [1−β(1−ρ)]γ
q 7`QK UkyV r2 +�M ;2i,

w

a
= 1 +

βφγθ

a
− (1− φ) (a− χ)

a
. UkjV

h?2 r�;2 2H�biB+Biv #�b2/ QM i?2 `�iBQ Q7 UkkV �M/ UkjV rBHH ;Bp2 i?2 b�K2 r�;2 2H�biB+Biv
�b i?2 QM2 +�Tim`2/ #v UkRVX >Qr2p2`- Bi Bb 2�bv iQ b22 7`QK 2[m�iBQMb UkkV �M/ UkjV i?�i- �HH
2Hb2 2[m�H- � /2+`2�b2 BM (a− χ) BKTHB2b iQ �M BM+`2�b2 BM #Qi? dw

da �M/ w
a , �M/ i?2`27Q`2- �M

�K#B;mQmb iQi�H 2z2+i QM i?2 r�;2 2H�biB+BivX P7 +Qm`b2- #�b2/ QM r?�i r2 /Bb+mbb2/ �#Qp2-
�HH 2Hb2 +�MMQi #2 2[m�HX :Bp2M � `2�bQM�#H2 p�Hm2 Q7 θ- r?2M χ +?�M;2b- 2Bi?2` γ Q` φ Kmbi
�HbQ +?�M;2 iQ K�F2 UR9V ?QH/ BM 2[mBHB#`BmKX h?2`27Q`2- /2`BpBM; i?2 K�`F2i iB;?iM2bb �M/
r�;2 2H�biB+BiB2b BM i2`Kb Q7 i?2 7mM/�K2Mi�H bm`THmb K�F2b i?2 +2Mi`�HBiv Q7 γ BM BM/m+BM;
� H�`;2 K�`F2i iB;?iM2bb 2H�biB+Biv �M/ bBKmHi�M2QmbHv � HQr r�;2 2H�biB+Biv Q#b+m`2X h?Bb Bb
�HbQ i?2 +�b2 `2;�`/BM; i?2 `QH2 Q7 rQ`F2`bǶ #�`;�BMBM; r2B;?iX

Rk



kX9XR � +�HB#`�iBQM 7Q` γ

AM i?Bb T�`i- r2 +�HB#`�i2 i?2 +�MQMB+�H KQ/2H iQ rQ`F Qmi i?2 p�Hm2 Q7 T`QTQ`iBQM�H ?B`BM; +Qbi-
γ- i?�i rQmH/ #2 +QMbBbi2Mi rBi? i?2 Q#b2`p2/ 2H�biB+Biv Q7 K�`F2i iB;?iM2bb iQ T`Q/m+iBpBiv-
;Bp2M bQK2 TH�mbB#H2 p�Hm2b 7Q` Qi?2` bi`m+im`�H T�`�K2i2`b UBM �TT2M/Bt " r2 T`QpB/2 �
/2i�BH2/ bi�iB+ �M/ /vM�KB+ �M�HvbBb 7Q` /Bz2`2Mi +QK#BM�iBQMb Q7 F2v T�`�K2i2`b γ- φ- �M/
χ rBi?BM i?2 +�MQMB+�H 7`�K2rQ`FXV

q2 +?QQb2 � KQMi?Hv +�HB#`�iBQMX h?2`2 �`2 b2p2M T�`�K2i2`b iQ r?B+? r2 M22/ iQ �bbB;M
p�Hm2bX q2 �/QTi KQbi Q7 Qm` T�`�K2i2` p�Hm2b 7`QK SBbb�`B/2b (kyyN)X 6QHHQrBM; ?BK- r2 b2i
i?2 /Bb+QmMi 7�+iQ`- β- �M/ i?2 2tQ;2MQmb b2T�`�iBQM `�i2- ρ- iQ yXNN8 �M/ yXyj9- `2bT2+iBp2HvX
AM HBM2 rBi? SBbb�`B/2b (kyyN) �M/ EQ2MB; 2i �HX (kyky) r2 b2i i?2 DQ#@}M/BM; `�i2 p iQ yXe �M/
i?2 p�+�M+v@}HHBM; `�i2 iQ yX33X q2 �bbmK2 i?2 2H�biB+Biv Q7 K�i+?2b iQ mM2KTHQvK2Mi- α-
2[m�H iQ yXe- r?B+? Bb �i i?2 KB//H2 Q7 i?2 `�M;2 Q7 TH�mbB#H2 p�Hm2b `2TQ`i2/ #v S2i`QM;QHQ
�M/ SBbb�`B/2b (kyyR)X �b BM Km+? Q7 i?2 HBi2`�im`2- r2 b2i rQ`F2`bǶ #�`;�BMBM; TQr2` φ �i
i?2 b�K2 H2p2H �b α iQ ?�p2 i?2 >QbBQb 2{+B2M+v +QM/BiBQM BM TH�+2X

:Bp2M i?2 #�b2HBM2 +�HB#`�iBQM r2 Dmbi /Bb+mbb2/- i?2 K�;MBim/2 Q7 i?2 }`bi i2`K QM i?2
`B;?i@?�M/ bB/2 Q7 7Q`KmH� UR8V Bb

Υ1 =
1− φ

1
q {α (1− β (1− ρ)) + βφp}

= 0.9227

h?mb- ;Bp2M i?2 p�Hm2 Q7 Υ1- Bi Bb i?2 p�Hm2 Q7 i?2 b2+QM/ i2`K- i?2 BMp2`b2 Q7 i?2 T`QTQ`@
iBQM�H ?B`BM; +Qbi- i?�i /2i2`KBM2b i?2 K�;MBim/2 Q7 ηθ,aX a?BK2` (kyy8) +QMbB/2`b RNXR �b �
TH�mbB#H2 i�`;2i 7Q` i?2 bi�iB+ 2H�biB+Biv Q7 K�`F2i iB;?iM2bb rBi? `2bT2+i iQ T`Q/m+iBpBiv- r?BH2
SBbb�`B/2b (kyyN) `2�bQMb 7Q` dX8e �b i?2 2KTB`B+�HHv@`2H2p�Mi i�`;2iX .2T2M/BM; QM r?2i?2`
r2 +QMbB/2` RNXR Q` dX8e �b � `2�bQM�#H2 i�`;2i 7Q` ηθ,a- γ b?QmH/ #2 +�HB#`�i2/ iQ yXy93 Q`
yXRk- `2bT2+iBp2HvX �Hi?Qm;? BM 7Q`KmH� UR8V mM2KTHQvK2Mi #2M2}i χ Bb +QKTH2i2Hv �#b2Mi-
r2 FMQr i?�i 2tT`2bbBQM UR9V Kmbi ?QH/X h?mb- ;Bp2M i?2 +�HB#`�iBQM Q7 Qi?2` bi`m+im`�H T�@
`�K2i2`b- Qm` 0.047 �M/ 0.12 +�HB#`�iBQMb 7Q` γ rQmH/ `2[mB`2 p2`v ?B;? `2TH�+2K2Mi `�iBQb Q7
0.95 Uχ = 0.946V �M/ 0.87 Uχ = 0.865V- `2bT2+iBp2HvX � `2TH�+2K2Mi `�iBQ Q7 yXN9e Bb pB`im�HHv
i?2 b�K2 +�HB#`�iBQM mb2/ #v >�;2/Q`M �M/ J�MQpbFBB Ukyy3V �M/ p2`v +HQb2 iQ yXN Q#i�BM2/
#v EQ2MB; 2i �HX (kyky)X �b r2 Q#b2`p2/ �#Qp2- i?2 QMHv r�v iQ ;2i � HQr γ rBi?BM i?2 L�b?
7`�K2rQ`F Q7 i?2 +�MQMB+�H KQ/2H Bb iQ ?�p2 � p2`v ?B;? p�Hm2 7Q` χX

kX8 h?2 +�b2 Q7 >�HHǶb biB+Fv r�;2b

h?Bb bm#b2+iBQM +QMbB/2`b i?2 >�HHǶb Ukyy8V r2HH@FMQrM +�b2 Q7 � +QMbi�Mi r�;2 BM i?2 +QMi2ti
Q7 i?2 bi�M/�`/ K�i+?BM; 7`�K2rQ`F /Bb+mbb2/ �#Qp2X h?�i Bb- BMbi2�/ Q7 L�b?@#�`;�BM2/

Rj



r�;2b- r2 �bbmK2 r�;2b � H� >�HH (kyy8)- r?2`2 � +QMbi�Mi r�;2 ŵ BMbB/2 i?2 L�b? #�`;�BMBM;
b2i Bb T�B/ iQ rQ`F2`bX

qBi? }t2/ r�;2b i?2 QMHv 2[m�iBQM i?�i rQmH/ +QMi�BM i?2 `2�H r�;2 Bb i?2 7`22@2Mi`v
+QM/BiBQM BM p�+�M+v +`2�iBQM UNV- i?�i Bib bi2�/v@bi�i2 p2`bBQM ;Bp2b mb

ŵ = a− [1− β (1− ρ)]
γθα

ζ
. Uk9V

AKTHB+Bi /Bz2`2MiB�iBQM Q7 2tT`2bbBQM Uk9V �M/ mbBM; i?2 /2}MBiBQM Q7 i?2 2H�biB+Biv Q7 K�`F2i
iB;?iM2bb rBi? `2bT2+i iQ T`Q/m+iBpBiv a vB2H/,

ηŵθ,a =
a

α
q (1− β (1− ρ))

1

γ
. Uk8V

�;�BM- Bi Bb +H2�` i?�i i?2 QMHv r�v iQ ?�p2 � H�`;2 K�`F2i iB;?iM2bb 2H�biB+Biv Bb iQ ?�p2 �
bK�HH T`QTQ`iBQM�H ?B`BM; +Qbi γX GDmM;[pBbi �M/ a�`;2Mi UkyRdV /2`Bp2 ηq,a /Bz2`2MiHvX h?2v
mb2 2tT`2bbBQM Uk9V iQ `2�``�M;2 i?2 /2MQKBM�iQ` Q7 i?2 }`bi 2[m�HBiv Q7 UReV iQ ;2i,

ηfsθ,a = a/α(a− ŵ), UkeV

r?2`2 a− ŵ Bb i?2 7mM/�K2Mi�H bm`THmb 7`�+iBQM Ua = 1 BM i?2 bi2�/v bi�i2VX GDmM;[pBbi �M/
a�`;2Mi UkyRdV K2MiBQM i?�i i?2 bK�HH2` Bb i?2 7mM/�K2Mi�H bm`THmb i?2 ?B;?2` i?2 BMp2`b2 Q7
i?2 7mM/�K2Mi�H bm`THmb- i?mb i?2 ?B;?2` rQmH/ #2 ηfsθ,aX >Qr2p2`- i?2 7mM/�K2Mi�H bm`THmb Bb
bK�HH B7 �M/ QMHv B7 γ Bb bK�HHX A7 ?B`BM; +Qbib �`2 ?B;?- i?2`2 Bi Bb MQi TQbbB#H2 iQ ;2i � bK�HH
7mM/�K2Mi�H bm`THmb 7`�+iBQMX

kXe h?2 +�b2b Q7 H�vQz i�t2b- � }M�M+B�H �++2H2`�iQ`- �M/ �P" KQ/2H

AM i?Bb bm#b2+iBQM- r2 #`B2~v /Bb+mbb i?2 Qi?2` +�b2b +QMbB/2`2/ #v GDmM;[pBbi �M/ a�`;2Mi
UkyRdVX AM i?2 M2ti bm#b2+iBQM- r2 /Bb+mbb BM /2i�BH i?2 }t2/ ?B`BM; +Qbi +�b2 BMi`Q/m+2/ #v
SBbb�`B/2b (kyyN)X AM �TT2M/Bt . r2 �HbQ /Bb+mbb i?2 +2Mi`�HBiv Q7 T`QTQ`iBQM�H ?B`BM; +Qbib
BM i?2 K2/BmK@b+�H2 KQ/2H Q7 *?`BbiB�MQ 2i �HX (kyRe)X AM �HH i?2b2 +�b2b � bK�HH 7mM/�K2Mi�H
bm`THmb 7`�+iBQM Bb � M2+2bb�`v `2bmHi Q7 � bK�HH T`QTQ`iBQM�H ?B`BM; +QbiX q2 bBKTHv `2T2�i
i?2 `2H2p�Mi 2[m�iBQMb BM GDmM;[pBbi �M/ a�`;2Mi UkyRdV BM i2`Kb Q7 Qm` MQi�iBQM- �M/ 7Q`
2�+? +�b2 `2r`Bi2 Bi BM i2`Kb Q7 i?2 T`QTQ`iBQM�H ?B`BM; +Qbi �M/ i?2 7mM/�K2Mi�H bm`THmb
7`�+iBQMX

G2iǶb bi�`i rBi? i?2 +�b2 Q7 H�vQz i�t2bX amTTQb2 i?�i i?2 ;Qp2`MK2Mi BKTQb2b � H�vQz i�t
τ QM 2�+? H�vQz �M/ `2im`Mb i?2 i�t `2p2Mm2b �b HmKT bmK i`�Mb72`b iQ rQ`F2`bX AM i?Bb +�b2-
2tT`2bbBQM UR9V- i?�i Bib 2[mBp�H2Mi p2`bBQM BM GDmM;[pBbi �M/ a�`;2Mi UkyRdV Bb 2tT`2bbBQM
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UkkV- Bb �b 7QHHQrb,

a− χ− β (1− ρ) τ =
[1− β (1− ρ)] + φp

(1− φ) q
γ. UkdV

Ai Bb p2`v +H2�` 7`QK UkdV i?�i i?2 7mM/�K2Mi�H bm`THmb 7`�+iBQM a− χ− β (1− ρ) τ Bb HQr
B7 �M/ QMHv B7 γ Bb HQrX AM 7�+i- �MQi?2` r�v Q7 BM/m+BM; � bK�HH γ Bb iQ `�Bb2 τ BMbi2�/ Q7
�bbmKBM; � ?B;? mM2KTHQvK2Mi #2M2}i χX

�MQi?2` +�b2 /Bb+mbb2/ #v GDmM;[pBbi �M/ a�`;2Mi UkyRdV Bb i?2 +�b2 Q7 � }M�M+B�H �+@
+2H2`�iQ` BMi`Q/m+2/ #v q�bK2` �M/ q2BH (kyy9)X qBi? � }M�M+B�H �++2H2`�iQ`- i?2 �/Dmbi2/
2[m�iBQM UR9V- i?�i Bb 2[m�iBQM U9jV BM GDmM;[pBbi �M/ a�`;2Mi UkyRdV- Bb �b 7QHHQrb,

q [a− ŵ − [1− β (1− ρ)]βK (σ)]

1− β (1− ρ)
− (1− β)K (σ) = γ, Uk3V

r?2`2 K (σ) Bb � 7mM+iBQM Q7 +`2/Bi K�`F2i iB;?iM2bb σ �M/ ŵ Bb � +QMbi�Mi r�;2X PM+2 �;�BM-
i?2 7mM/�K2Mi�H bm`THmb [a− ŵ − [1− β (1− ρ)]βK (σ)] Bb bK�HH B7 γ Bb bK�HHX

h?2 H�bi +�b2 i?�i r2 /Bb+mbb BM i?Bb bm#b2+iBQM Bb i?2 KQ/2H Q7 �Hi2`M�iBM;@Qz2` r�;2
#�`;�BMBM; +QMbB/2`2/ #v >�HH �M/ JBH;`QK (kyy3)X AM i?Bb +�b2- i?2 2tT`2bbBQM 7Q` 2[mBHB#`BmK
K�`F2i iB;?iM2bb- r?B+? Bb 2[m�iBQM UjeV BM GDmM;[pBbi �M/ a�`;2Mi UkyRdV- Bb,

a− βρψ − χ = (1 + βρ)
[1− β (1− ρ)]

q
γ, UkNV

r?2`2 ψ Bb � +Qbi Q7 /2H�v i?�i }`Kb BM+m`X 1tT`2bbBQM UkNV b?Qrb +H2�`Hv i?�i- BM i?Bb +�b2
iQQ- i?2 7mM/�K2Mi�H bm`THmb Ua− βρψ − χV Bb bK�HH B7 γ Bb bK�HHX

kXd 6Bt2/ ?B`BM; +Qbib

LQr- r2 im`M iQ i?2 +�b2 Q7 }t2/ ?B`BM; +Qbib- BMi`Q/m+2/ #v SBbb�`B/2b (kyyN)X AM/22/-
SBbb�`B/2b UkyyNV- BM �//BiBQM iQ 2KT?�bBxBM; i?2 BKTQ`i�M+2 Q7 mM2KTHQvK2Mi BM+QK2- /Q2b
K2MiBQM i?2 BKTQ`i�M+2 Q7 ?B`BM; +Qbib Q7 i?2 }`K iQ i?2 bBx2 Q7 K�`F2i iB;?iM2bb 2H�biB+BivX
�HQM; rBi? i?2 T`QTQ`iBQM�H ?B`BM; +Qbib- ?2 �bbmK2b i?�i � }`K BM+m`b � }t2/ +Qbi Θ r?2M
K�i+?BM; rBi? � rQ`F2`X SBbb�`B/2b UkyyNV BMi2`T`2ib i?2b2 +Qbib- �b r2 /Q ?2`2 �M/ BM Qm`
2KTB`B+�H `2TQ`ib- �b i?2 bmK Q7 +Qbib i?�i �`Bb2 7Q` BMi2`pB2rb �M/ r�;2 M2;�iBQMb #27Q`2 �M/
i`�BMBM; +Qbib �7i2` i?2 M2r rQ`F2` Bb ?B`2/X >2 b?Qrb i?�i- ;Bp2M � `2�bQM�#H2 +�HB#`�iBQM
Q7 mM2KTHQvK2Mi #2M2}ib χ- �b i?2 }t2/ ?B`BM; +Qbi BM+`2�b2b i?2 T`QTQ`iBQM�H ?B`BM; +Qbi
/2+`2�b2b �M/ i?2 K�`F2i iB;?iM2bb 2H�biB+Biv BM+`2�b2bX

AM i?2 T`2b2M+2 Q7 }t2/ ?B`BM; +Qbib- i?2 bi2�/v bi�i2b Q7 DQ# +`2�iBQM +QM/BiBQM UNV �M/
i?2 L�b? r�;2 Qmi+QK2 URyV �`2 KQ/B}2/ �b 7QHHQrb,
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(
γ

q
+Θ

)
(1− β (1− ρ)) = a− w, UjyV

w = φa+ (1− φ)χ+ βφp

(
γ

q
+Θ

)
, UjRV

r?2`2 2[m�iBQMb UjyV �M/ UjRV �`2 i?2 b�K2 �b 2[m�iBQMb Uk3V �M/ UkNV- `2bT2+iBp2Hv- BM
SBbb�`B/2b UkyyNVX

G2i mb }`bi B;MQ`2 i?2 L�b? #�`;�BMBM; Qmi+QK2 UjRV �M/ �bbmK2 i?�i r�;2b �`2 }t2/ �i
ŵX h?mb- mbBM; i?2 /2}MBiBQM Q7 i?2 p�+�M+v@}HHBM; `�i2 q- +QM/BiBQM UjyV +�M #2 `2r`Bii2M
�b,

(
γ

ζ
θα +Θ

)
(1− β (1− ρ)) = a− ŵ. UjkV

�7i2` BKTHB+Bi /Bz2`2MiB�iBQM Q7 2[m�iBQM UjkV- i?2 2H�biB+Biv Q7 K�`F2i iB;?iM2bb rBi?
`2bT2+i iQ T`Q/m+iBpBiv +�M #2 r`Bii2M �b,

ηθ,a =
1

α
q (1− β (1− ρ))

1

γ
, UjjV

r?B+? Bb 2t�+iHv i?2 b�K2 7Q`KmH� �b i?�i BM Uk8V r?2`2 i?2`2 �`2 MQ }t2/ ?B`BM; +QbibX h?2
+2Mi`�HBiv Q7 bK�HH T`QTQ`iBQM�H ?B`BM; +Qbib BM BM/m+BM; � H�`;2 K�`F2i iB;?iM2bb 2H�biB+Biv
`2K�BMb [mBi2 +H2�` 7`QK UjjVX h?2 BKTQ`i�M+2 Q7 ?�pBM; }t2/ K�i+? +Qbib ?2`2 Bb i?�i r2
+�M Q#i�BM � bK�HH γ rBi?Qmi ?�pBM; iQ ?�p2 � p2`v ?B;? ŵX �b 2tT`2bbBQM UjkV b?Qrb- i?2
T`QTQ`iBQM�H ?B`BM; +Qbi γ �M/ }t2/ ?B`BM; +Qbib Θ �`2 BMp2`b2Hv `2H�i2/X Pi?2` i?BM;b 2[m�H-
QM2 r�v iQ ;2i � bK�HH2` γ Bb iQ ?�p2 � ?B;?2` ΘX

LQr H2i mb r`Bi2 /QrM UjjV BM i2`Kb Q7 i?2 7mM/�K2Mi�H bm`THmbX AM Q`/2` iQ /Q bQ- r2
mb2 UjkV iQ bm#biBimi2 7Q` γ

q BM i?2 /2MQKBM�iQ` Q7 UjjV iQ ;2i,

ηfsθ,a =
1

α

1

1− ŵ − (1− β (1− ρ))Θ
, Uj9V

r?2`2 i?2 b2+QM/ i2`K BM i?2 /2MQKBM�iQ` Bb i?2 7mM/�K2Mi�H bm`THmbX 1tT`2bbBQMb UjjV �M/
Uj9V #v /2}MBiBQM �`2 i?2 b�K2- r?2`2 γ Bb BM i?2 #�+F;`QmM/ BM Uj9VX Ai b?QmH/ #2 2pB/2Mi
7`QK UjkV i?�i i?2 7mM/�K2Mi�H bm`THmb Bb bK�HH B7 �M/ QMHv B7 i?2 +Qbi Q7 TQbiBM; � p�+�M+v
γ Bb bm{+B2MiHv bK�HHX

q2 MQr im`M iQ +QMbB/2` i?2 +�b2 Q7 L�b? #�`;�BMBM; r�;2bX *QK#BMBM; UjyV �M/ UjRV
r2 ?�p2 i?�i,

(
γ

q
+Θ

)
(1− β (1− ρ− φp)) = (1− φ) (a− χ) . Uj8V

Re



:Bp2M i?2 /2}MBiBQMb Q7 p �M/ q �M/ mbBM; BKTHB+Bi /Bz2`2MiB�iBQM- 2tT`2bbBQM Uj8V i2HHb mb
i?�i i?2 2H�biB+Biv Q7 K�`F2i iB;?iM2bb rBi? `2bT2+i iQ T`Q/m+iBpBiv Bb,

ηθ,a =
1− φ

α
q (1− β (1− ρ)) + βφ

(
1 + q(1−α)Θ

γ

)
θ

1

γ
, UjeV

�M/ BM i2`Kb Q7 i?2 7mM/�K2Mi�H bm`THmb 7`�+iBQM Bi Bb,

ηfsθ,a =
(1− β (1− ρ)) + βφp

α (1− β (1− ρ)) + βφp
(
1 + q(1−α)Θ

γ

) 1

1− χ− 1−β(1−ρ−φp)
1−φ Θ

, UjdV

aQK2 F2v Q#b2`p�iBQMb �#Qmi i?2 `QH2b Q7 T`QTQ`iBQM�H ?B`BM; +Qbib �M/ }t2/ ?B`BM; +Qbib-
rQ`F2`bǶ #�`;�BMBM; TQr2`- 7mM/�K2Mi�H bm`THmb 7`�+iBQM- �M/ i?2 `2TH�+2K2Mi `�iBQ- #�b2/ QM
2tT`2bbBQMb Uj8V@UjdV �`2 rQ`i? TQBMiBM; QmiX 6B`bi- �b Bi Bb +H2�` 7`QK UjeV- i?2 T`QTQ`iBQM�H
?B`BM; +Qbi γ �M/ rQ`F2`bǶ #�`;�BMBM; TQr2` φ +QMiBMm2 iQ TH�v i?2 TBpQi�H `QH2b BM /2i2`KBMBM;
i?2 K�;MBim/2 Q7 K�`F2i iB;?iM2bb 2H�biB+BivX qBi? }t2/ K�i+? +Qbib- BM �//BiBQM iQ � bK�HH
γ- � bK�HH φ Bb �HbQ +`BiB+�H �M/ M2+2bb�`v 7Q` ;2iiBM; � p2`v ?B;? 2H�biB+Biv Q7 K�`F2i iB;?iM2bbX
JQ`2 T`2+Bb2Hv- � +QKT�`BbQM Q7 UjeV rBi? UR8V Q` UjdV rBi? UR3V K�F2b Bi +H2�` i?�i � TQbBiBp2
}t2/ ?B`BM; +Qbi BM Bib2H7- Qi?2` i?BM;b #2BM; 2[m�H- `2/m+2b i?2 K�;MBim/2 Q7 K�`F2i iB;?iM2bb
2H�biB+BivX J�i?2K�iB+�HHv bT2�FBM;- �b Bb 2pB/2Mi 7`QK UjeV- r2 +�MMQi ;2i � p2`v H�`;2 ηθ,a-
mMH2bb Θ = γ- �M/ γ → 0 Q` #Qi? φ, γ → 0X qBi? Θ ?B;? �M/ /Bz2`2Mi 7`QK γ- iQ ?�p2
ηθ,a → +∞ Bi Bb M2+2bb�`v iQ ?�p2 � M2�` x2`Q rQ`F2`bǶ #�`;�BMBM; TQr2` φ iQ �TT`QtBK�i2Hv
M2mi`�HBx2 i?2 2z2+i Q7 � H�`;2 Θ/γ BM i?2 /2MQKBM�iQ` Q7 UjeVX h?Bb Bb [mBi2 BM HBM2 rBi? r?�i
r2 Q#i�BM2/ �#Qp2 BM UjjV mM/2` +QMbi�Mi r�;2b- bBM+2 � M2�` x2`Q φ K�F2b r�;2b �HKQbi
}t2/X h?2 b�K2 HQ;B+ 2pB/2MiHv ?QH/b r?2M r2 HQQF �i i?2 2H�biB+Biv Q7 K�`F2i iB;?iM2bb UjdV
i?`Qm;? i?2 H2Mb Q7 i?2 7mM/�K2Mi�H bm`THmb- U1 − χ − 1−β(1−ρ−φp)

1−φ ΘV, � ?B;? Θ- Q#i�BM2/
pB� � bK�HH γ- H2�/b iQ � bK�HH 7mM/�K2Mi�H bm`THmbc ?Qr2p2`- �i i?2 b�K2 iBK2- bB;MB}+�MiHv
K�F2b i?2 bBx2 Q7 i?2 }`bi i2`K QM i?2 `B;?i@?�M/ bB/2 Q7 UjdV bK�HH- mMH2bb φ Bb M2�` x2`QX

h?2 BKTQ`i�M+2 Q7 BMi`Q/m+BM; }t2/ ?B`BM; +Qbib BMiQ i?2 +�MQMB+�H KQ/2H +QK2b 7`QK
irQ 7�+ib, }`bi- i?2v �`2 2KTB`B+�HHv `2H2p�Mi �M/ T`2b2Mi BM i?2 /�i�- �b r2 /Q+mK2Mi
#2HQrX a2+QM/- BM i?2B` T`2b2M+2- iQ ;2i �M 2KTB`B+�HHv `2H2p�Mi K�;MBim/2 7Q` i?2 2H�biB+Biv
Q7 K�`F2i iB;?iM2bb Q7 i?2 bBx2 bm;;2bi2/ #v SBbb�`B/2b UkyyNV- dX8e- r2 /Q MQi M22/ iQ `2bQ`i
iQ �M 2KTB`B+�HHv BKTH�mbB#H2 +�HB#`�iBQM 7Q` i?2 `2TH�+2K2Mi `�iBQX �b +QM/BiBQM Uj8V b?Qrb-
i?2`2 Bb �M BMp2`b2 `2H�iBQM #2ir22M i?2 T`QTQ`iBQM�H ?B`BM; +Qbi γ �M/ i?2 }t2/ K�i+? +Qbi Θ
�M/ �HbQ #2ir22M rQ`F2`bǶ #�`;�BMBM; TQr2` φ �M/ ΘX h?2`27Q`2- r2 +�M Q#i�BM � `2H�iBp2Hv
H�`;2 ηθ,a i?`Qm;? �bbmKBM; � HQr p�Hm2 Q7 γ �M/ � `2H�iBp2Hv ?B;? p�Hm2 Q7 Θ r?BH2 +�HB#`�iBM;
i?2 `2TH�+2K2Mi `�iBQ iQ � `2�bQM�#H2 p�Hm2X

Ai Bb BM7Q`K�iBp2 iQ ?�p2 � b�KTH2 Q7 `2bmHib `2;�`/BM; i?2 bBx2 Q7 K�`F2i iB;?iM2bb 2H�biB+Biv
Rd



7Q` /Bz2`2Mi +QK#BM�iBQMb Q7 γ- Θ- φ- �M/ χX AM /QBM; bQ- r2 �bbmK2 i?2 b�K2 TH�mbB#H2 p�Hm2b
7Q` β- α- ρ- p- �M/ q �b i?Qb2 r2 +QMbB/2`2/ BM bm#b2+iBQM kX9XR- r?B+? i?`Qm;?Qmi Qm` 2t2`+Bb2b
r2 F22T i?2K +QMbi�MiX h?�i Bb- r2 b2i β = 0.995- p = 0.6- q = 0.88 ρ = 0.034- �M/ α = 0.6X
LQi2 i?�i- �b #27Q`2- BM i?2 bi2�/v bi�i2 a = 1X S�M2H � Q7 i�#H2 URV `2TQ`ib i?2 K�;MBim/2
Q7 i?2 K�`F2i iB;?iM2bb 2H�biB+Biv 7Q` � `�M;2 Q7 p�Hm2b 7Q` γ �M/ Θ r?BH2 F22TBM; rQ`F2`bǶ
#�`;�BMBM; TQr2` }t2/ �i φ = 0.6 �M/ mM2KTHQvK2Mi #2M2}ib �i 0.7- r?B+? SBbb�`B/2b UkyyNV
+QMbB/2`b �b � TH�mbB#H2 p�Hm2X h?Bb T�M2H `2T`Q/m+2b bBKBH�` `2bmHib �b i?Qb2 `2TQ`i2/ BM h�#H2
Ao Q7 SBbb�`B/2b UkyyNVX Pi?2` i?BM;b 2[m�H- �b i?2 }t2/ ?B`BM; +Qbib Θ `Bb2- T`QTQ`iBQM�H
?B`BM; +Qbib /2+HBM2 �M/ i?2 2H�biB+Biv Q7 K�`F2i iB;?iM2bb BM+`2�b2bX

S�M2H " /Q+mK2Mib i?2 K�;MBim/2 Q7 ηθ,a 7Q` � `�M;2 Q7 p�Hm2b 7Q` χ �M/ Θ- r?BH2 F22TBM;
φ �b #27Q`2 }t2/ �i yXe �M/ γ �i � HQr p�Hm2- yXy8X h?2 T�M2H b?Qrb i?�i /m2 iQ i?2 M2;�iBp2
`2H�iBQMb?BT #2ir22M χ �M/ Θ- �b χ BM+`2�b2b Θ /2+`2�b2b- H2�/BM; iQ �M BM+`2�b2 BM ηθ,aX h?2
BM+`2�b2 BM ηθ,a +QK2b 7`QK � /2+`2�b2 BM i?2 b2+QM/ i2`K BM i?2 /2MQKBM�iQ` Q7 i?2 }`bi i2`K
Q7 UjeVX P#b2`p2 i?�i i?2 +?�M;2b BM χ �M/ Θ H2�p2 i?2 BMp2`b2 Q7 i?2 7mM/�K2Mi�H bm`THmb-
i?2 b2+QM/ 7�+iQ` QM i?2 `B;?i@?�M/ bB/2 Q7 UjdV- iQi�HHv mM+?�M;2/X h?2 `2�bQM Bb i?�i � `Bb2
U7�HHV BM χ Bb +QmMi2`#�H�M+2/ #v � 7�HH U`Bb2V BM 1−β(1−ρ−φp)

1−φ Θ- H2�pBM; i?2 7mM/�K2Mi�H bm`THmb-
1− χ− 1−β(1−ρ−φp)

1−φ Θ- mM+?�M;2/X h?Bb Bb �HbQ +H2�` 7`QK i?2 7�+i i?�i- #�b2/ QM 2tT`2bbBQM
Uj8V- i?2 7mM/�K2Mi�H bm`THmb Bb bBKTHv 2[m�H iQ γ(1−β(1−ρ−φp))

q(1−φ) r?2`2 �HH i?2 T�`�K2i2`b BM
i?Bb 2tT`2bbBQM `2K�BM }t2/X Pi?2` i?BM;b #2BM; 2[m�H- ?B;?2` p�Hm2b Q7 χ �`2 �bbQ+B�i2/ rBi?
HQr2` }t2/ K�i+?BM; +Qbib- r?B+? �HQM; rBi? i?2 �bbmK2/ bK�HH p�Hm2 Q7 i?2 T`QTQ`iBQM�H
+QKTQM2Mi- BM/m+BM; � H�`;2 K�`F2i iB;?iM2bb 2H�biB+BivX 1[mBp�H2MiHv- HQr2` p�Hm2b Q7 χ
;Bp2 `Bb2 iQ ?B;?2` p�Hm2b Q7 }t2/ K�i+?BM; +Qbib- �M/ i?2`27Q`2- BM/m+BM; bK�HH2` ηθ,a- r?2M
rQ`F2`bǶ #�`;�BMBM; TQr2` Bb MQi HQr 2MQm;?X h?Bb Bb /Q+mK2Mi2/ BM i?2 H�bi `Qr Q7 T�M2H "-
r?2`2 mM/2` χ = 0- Θ Bb bB;MB}+�MiHv H�`;2 �M/ i?2 K�`F2i iB;?iM2bb 2H�biB+Biv Bb bB;MB}+�MiHv
bK�HH- r?BH2 i?2 7mM/�K2Mi�H bm`THmb `2K�BMb H�`;2X

h?2 H�bi T�M2H Q7 i�#H2 URV `2TQ`ib i?2 K�`F2i iB;?iM2bb 2H�biB+Biv 7Q` � `�M;2 Q7 γ- Θ-
�M/ φ p�Hm2b- r?BH2 b2iiBM; χ = .7 �M/ F22TBM; �HH Qi?2` T�`�K2i2`b }t2/ �i i?2B` #�b2HBM2
+�HB#`�i2/ p�Hm2bX h?2 K�BM `2bmHi 2K2`;BM; 7`QK i?Bb T�M2H- �b /Q+mK2Mi2/ BM Bib H�bi `Qr-
Bb i?�i i?2 2H�biB+Biv Q7 K�`F2i iB;?iM2bb +�M #2 H�`;2 r?2M #Qi? i?2 T`QTQ`iBQM�H ?B`BM; +Qbib
�M/ rQ`F2`bǶ #�`;�BMBM; TQr2` �`2 p2`v bK�HHX �Hi?Qm;?- BM i?Bb +�b2- /m2 iQ i?2 HQr p�Hm2b
Q7 φ- γ- �M/ i?2 �bbmK2/ `2H�iBp2Hv bK�HH p�Hm2 Q7 χ- i?2 K�;MBim/2 Q7 Θ #2+QK2b BKTH�mbB#Hv
p2`v H�`;2X JQ`2 bT2+B}+�HHv- �b #Qi? φ �M/ γ 7�HH iQ M2�` x2`Q- Θ bB;MB}+�MiHv BM+`2�b2b- #mi
bBM+2 φ Bb p2`v bK�HH Bi /Q2b MQi ?�p2 � bB;MB}+�Mi BKT�+i QM i?2 K�;MBim/2 Q7 ηθ,a- �b r2
/Bb+mbb2/ �#Qp2X
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h�#H2 R, hB;?iM2bb 2H�biB+Biv �i /Bz2`2Mi +QK#BM�iBQMb Q7 T`QTQ`iBQM�H ?B`BM; +Qbib γ- �M/
}t2/ +Qbib Θ- �M/ rQ`F2`bǶ #�`;�BMBM; TQr2` φ �M/ mM2KTHQvK2Mi #2M2}ib χ

�X *QK#BM�iBQMb Q7 Uγ,ΘV �M/ F22TBM; Uφ = 0.6,χ = 0.7V

γ Θ BMp2`b2 Q7 6a ηθ,a

Xkee y jXjj jX9d

Xk Xyd8 9X9j 9XR

XR8 XRj3 8XN 9X3

Xy8 Xk989 RdXd dXyj

Xyy8 XkNee Rdd 3XNe

"X *QK#BM�iBQMb Q7 Uχ,ΘV �M/ F22TBM; Uφ = 0.6, γ = 0.05V

χ Θ BMp2`b2 Q7 6a ηθ,a

XN9 Xyyje RdXd R3Xyk

X3 XR99d RdXd NX9

X8 X99d RdXd 9Xd

Xk Xd9N RdXd jXR

y XN8 RdXd kX8

*X *QK#BM�iBQMb Q7 Uγ,Θ,φV �M/ b2iiBM; Uχ = .7V

γ φ Θ BMp2`b2 Q7 6a ηθ,a

X9 X9 XRN9 9X3 9X9

Xk Xk RXj kkXk 3X8

XR XR kXej 3yX9 RkX8

Xyk Xy8 9XRj eyN R3X3

Xyk Xyk 8Xdd 39NXj j9Xe

kXdXR � +�HB#`�iBQM 7Q` γ �M/ Θ

LQr r2 mT/�i2 Qm` 2t2`+Bb2 BM bm#b2+iBQM kX9XR �M/ Q#i�BM � `2�bQM�#H2 +�HB#`�iBQM 7Q` i?2
T`QTQ`iBQM�H ?B`BM; +Qbi γ #v +QMbB/2`BM; }t2/ ?B`BM; +Qbib rBi?BM i?2 L�b? 7`�K2rQ`F Q7 i?2
+�MQMB+�H KQ/2H �b r2HHX q2 +QMbB/2` � K�`F2i iB;?iM2bb 2H�biB+Biv Q7 dX8e- 7QHHQrBM; SBbb�`B/2b
UkyyNV- �b Qm` i�`;2i iQ K�i+?X q2 F22T i?2 +�HB#`�iBQM Q7 β- ρ- α- φ- p- �M/ q }t2/ �i i?2B`
#�b2HBM2 p�Hm2b /Bb+mbb2/ BM bm#b2+iBQM kX9XRX AM +QMi`�bi iQ i?2 +�b2 Q7 Θ = 0- r2 +�M MQr
+�HB#`�i2 i?2 `2TH�+2K2Mi `�iBQ iQ � `2�bQM�#H2 i�`;2i �M/ �HHQr 7Q` � +QK#BM�iBQM Q7 γ �M/ Θ

iQ K�i+? � ;Bp2M 2H�biB+Biv Q7 K�`F2i iB;?iM2bbX EQ2MB; 2i �HX (kyky) T`QTQb2 � MQp2H �TT`Q�+?
BM +�HB#`�iBM; i?2 `2TH�+2K2Mi `�iBQ i?�i /Q2b MQi `2[mB`2 �Mv �bbmKTiBQM �#Qmi i?2 ?QK2
iBK2 p�Hm2X h?2v `2�bQM 7Q` � TH�mbB#H2 p�Hm2 7Q` i?2 `2TH�+2K2Mi `�iBQ 2[m�Hb yXeNX q2 7QHHQr
i?2K �M/ b2i i?2 `2TH�+2K2Mi `�iBQ iQ i?�i p�Hm2X hQ K�i+? i?2 2H�biB+Biv ηθ,a = 7.56- r2
M22/ iQ b2i T`QTQ`iBQM�H ?B`BM; +Qbi γ iQ yXyk �M/ }t2/ ?B`BM; +Qbib Θ iQ yXjX �b r2 b?Qr BM

RN



b2+iBQM j- #Qi? p�Hm2b �`2 p2`v BM HBM2 rBi? Qm` 2KTB`B+�H }M/BM;b QM T`QTQ`iBQM�H �M/ }t2/
?B`BM; +QbibX

kX3 LQ 7`22@2Mi`v +QM/BiBQM

h?2 T`2pBQmb bm#b2+iBQM ?�b 2bi�#HBb?2/ i?�i bK�HH T`QTQ`iBQM�H ?B`BM; +Qbib �`2 TBpQi�H iQ
;2iiBM; H�`;2 ~m+im�iBQMb BM mM2KTHQvK2Mi �M/ K�`F2i iB;?iM2bb BM �Mv K�+`Q KQ/2H rBi?
b2�`+? �M/ K�i+?BM; 7`B+iBQMbX Ai ?�b �HbQ 2bi�#HBb?2/ i?�i HQr ?B`BM; +Qbib �M/ � bK�HH
7mM/�K2Mi�H bm`THmb 7`�+iBQM �`2 irQ bB/2b Q7 i?2 b�K2 +QBMc iQ ;2i � H�`;2 BMp2`b2 Q7 i?2
7mM/�K2Mi�H bm`THmb- T`QTQ`iBQM�H ?B`BM; +Qbib Kmbi #2 bK�HHX

h?Bb iB;?i `2H�iBQMb?BT #2ir22M i?2 ?B`BM; +Qbib �M/ 7mM/�K2Mi�H bm`THmb BM � +QKT�`�iBp2
bi2�/v@bi�i2 �TT`Q�+? +QK2b K�BMHv 7`QK }`KbǶ 7`22@2Mi`v +QM/BiBQM i?�i- ;Bp2M � r�;2@
b2iiBM; �``�M;2K2Mi- K�F2b Bi TQbbB#H2 iQ Q#i�BM �M 2[mBHB#`BmK +QM/BiBQM �b � 7mM+iBQM Q7
K�`F2i iB;?iM2bb �M/ T`Q/m+iBpBiv �M/ � MmK#2` Q7 bi`m+im`�H T�`�K2i2`bX h?mb- i?Bb +HQb2
HBMF +�M #2 #`QF2M B7 i?2 7`22 2Mi`v Q7 p�+�M+B2b +QM/BiBQM Bb `2H�t2/X AM � +QMi`B#miBQM iQ
i?2 HBi2`�im`2- *QH2b �M/ JQ;?�//�bB E2HBb?QKB (kyR3)U*JEV `2H�t i?Bb �bbmKTiBQM BM i?2
+QMi2ti Q7 i?2 +�MQMB+�H KQ/2H �M/ �/QTi � DQ# +`2�iBQM T`Q+2bb BM i?2 bTB`Bi Q7 .B�KQM/
(RN3k)X h?2v +`BiB+Bx2 i?2 7`22@2Mi`v �bbmKTiBQM QM i?2 ;`QmM/b i?�i ǳ� F2v BKTHB+�iBQM
Q7 i?2 7`22 2Mi`v �TT`Q�+?ěi?�i +QM/BiBQM�H QM T`Q/m+iBpBiv p�`B�#H2b- K�`F2i iB;?iM2bb Bb
Q`i?Q;QM�H iQ mM2KTHQvK2MiěBb MQi +QMbBbi2Mi rBi? i?2 /�i�XǴ

qBi?Qmi 7`22@2Mi`v �bbmKTiBQM- *JE �bbmK2 i?�i p�+�M+B2b 2pQHp2 �b � biQ+F p�`B�#H2
r?2`2 i?2 p�+�M+v +`2�iBQM T`Q+2bb Bb H2bb i?�M BM}MBi2Hv 2H�biB+X AM i?Bb +�b2- i?2 biQ+Fb
Q7 p�+�M+B2b �M/ mM2KTHQvK2Mi #2+QK2 bi�i2 p�`B�#H2bX LQi2 i?�i- rBi? `2H�tBM; i?2 7`22
2Mi`v �bbmKTiBQM- Bi Bb MQ HQM;2` TQbbB#H2 iQ +QM/m+i � +QKT�`�iBp2 bi2�/v@bi�i2 �M�HvbBb �M/
/2`Bp2 i?2 2H�biB+Biv Q7 K�`F2i iB;?iM2bb BM i2`Kb Q7 bQK2 bi`m+im`�H T�`�K2i2`bX q2 M22/
iQ `2bQ`i iQ � bBKmH�iBQM K2i?Q/ iQ B/2MiB7v i?2 2H�biB+Biv Q7 p�+�M+v +`2�iBQM T`Q+2bbX hQ
2biBK�i2 i?Bb 2H�biB+Biv- *JE mb2 i?2 bBKmH�i2/ K2i?Q/ Q7 KQK2Mib UaJJV rBi? � L2r2v@
q2bi /B�;QM�H r2B;?iBM; K�i`BtX h?2v b?Qr i?�i i?2B` 7`�K2rQ`F- /2bTBi2 � [mBi2 ?B;?
7mM/�K2Mi�H bm`THmb 7`�+iBQM K�i+?2b i?2 bi�M/�`/ /2pB�iBQMb- �miQ+Q``2H�iBQMb- �M/ +`Qbb
+Q``2H�iBQMb Q7 mM2KTHQvK2Mi- K�`F2i iB;?iM2bb- �M/ p�+�M+B2b 2ti`2K2Hv r2HHX Ai Bb BKTQ`i�Mi
iQ TQBMi Qmi i?�i- BM �//BiBQM iQ �M 2tQ;2MQmb T`Q/m+iBpBiv b?Q+F- *JE �HbQ �bbmK2 � DQ#
b2T�`�iBQM b?Q+F i?�i Bb 7�` KQ`2 BKTQ`i�Mi i?�M T`Q/m+iBpBiv b?Q+Fb BM i?2B` 7`�K2rQ`Fc Bi
�++QmMib 7Q` �#Qmi jf9 Q7 mM2KTHQvK2Mi �M/ K�`F2i iB;?iM2bb p�`B�iBQMbX q?BH2 iQ ;2M2`�i2
?B;? p�`B�iBQMb BM mM2KTHQvK2Mi- p�+�M+B2b- �M/ K�`F2i iB;?iM2bb �M/ K�i+? i?2B` +`Qbb
+Q``2H�iBQM- *JEǶb 7`�K2rQ`F /Q2b MQi M22/ � bK�HH 7mM/�K2Mi�H bm`THmb- r2 b?Qr i?�i Bi
BM/22/ M22/b p2`v HQr ?B`BM; +QbibX �b � K�ii2` Q7 7�+i- i?2v b2i T`QTQ`iBQM�H ?B`BM; +Qbib BM
i?2B` #�b2HBM2 +�HB#`�iBQM iQ x2`QX q2 rBHH b22 #2HQr i?�i i?Bb x2`Q ?B`BM; +Qbi +�HB#`�iBQM Bb

ky



2bb2MiB�H iQ i?2B` KQ/2H iQ K�i+? i?2 /�i� r2HHX
hQ 7m`i?2` b22 i?2 BKTQ`i�M+2 Q7 ?B`BM; +Qbib BM K�i+?BM; 7`�K2rQ`Fb- r2 K�F2 �MQi?2`

+QMi`B#miBQM #v KQ/B7vBM; �M/ 2biBK�iBM; i?2 *JE 7`�K2rQ`F #v �bbmKBM; i?�i BM �//BiBQM
iQ i?2 T`QTQ`iBQM�H ?B`BM; +Qbib i?2`2 �`2 �HbQ }t2/ ?B`BM; +QbibX �b BM *JE- r2 mb2 aJJ
iQ 2biBK�i2 �M/ bBKmH�i2 i?2 KQ/2HX

kX3XR h?2 KQ/2H

AM i?Bb T�`i r2 �m;K2Mi i?2 #�b2HBM2 7`�K2rQ`F Q7 *JE iQ BM+Hm/2 }t2/ ?B`BM; +Qbib �b BM
SBbb�`B/2b UkyyNVX hQ 7�+BHBi�i2 +QKT�`BbQMb- r2 T`2b2Mi i?2 KQ/B}2/ KQ/2H 2[m�iBQMb 2t�+iHv
�b BM *JE- #mi r2 biB+F iQ Qm` MQi�iBQM BM T`2b2MiBM; +QKKQM p�`B�#H2b �M/ bi`m+im`�H
T�`�K2i2`b- Qi?2`rBb2 r2 mb2 i?2B` MQi�iBQMX q2 QMHv #`B2~v /Bb+mbb i?2 KQ/2H Q7 *JEX 6Q`
/2i�BHb- TH2�b2 b22 *QH2b �M/ JQ;?�//�bB E2HBb?QKB (kyR3)X

amTTQb2 i?�i � }MBi2- }t2/ K2�bm`2 F > 0 Q7 }`Kb +`2�i2 p�+�M+B2b 2p2`v T2`BQ/ r?2`2
2�+? }`K ?�b QM2 M2r �M/ BM/2T2M/2Mi #mbBM2bb QTTQ`imMBivX :Bp2M i?2 #mbBM2bb QTTQ`imMBiv-
i?2 }`K Bb �bbmK2/ iQ 7�+2 �M BMp2biK2Mi +Qbi x i?�i Bb �M B/BQbvM+`�iB+ `�M/QK /`�r 7`QK
�M 2tQ;2MQmb +Qbi /Bbi`B#miBQM HX Ai +QKT�`2b i?2 BMp2biK2Mi +Qbi iQ i?2 #mbBM2bb p2Mim`2Ƕb
2tT2+i2/ `2im`Mb- Jt = J (Ωt)- r?2`2 Ωt bi�M/b 7Q` i?2 bi�i2 Q7 i?2 �;;`2;�i2 2+QMQKv �i
iBK2 iX h?2 BMp2biK2Mi +Qbi Bb �bbmK2/ iQ +�Tim`2 �HH Q7 i?2 B/BQbvM+`�iB+ 72�im`2b �bbQ+B�i2/
rBi? �Mv ;Bp2M #mbBM2bb QTTQ`imMBivX

*JE 7QHHQr .B�KQM/ (RN3k) �M/ �bbmK2 i?�i 2�+? }`K BMp2bib BM Bib #mbBM2bb QTTQ`imMBiv
B7 �M/ QMHv B7 x ≤ JtX h?mb- �i i?2 �;;`2;�i2 H2p2H- iQi�H M2r p�+�M+v +`2�iBQM BM T2`BQ/ t- it-
+�M #2 r`Bii2M �b,

it = FH (Jt) . Uj3V

qBi? MQ 7`22@2Mi`v �bbmKTiBQM- i?2 biQ+F Q7 mM2KTHQv2/ DQ# b22F2`b- ut- �M/ i?2 biQ+F Q7
p�+�M+B2b- vt- �`2 �bbmK2/ iQ 2pQHp2- `2bT2+iBp2Hv- �++Q`/BM; iQ,

ut = ut−1 + ρt−1 (1− ut−1)− (1− ρt−1)mt−1, UjNV

vt = (1− ρt−1) [vt−1 −mt−1] + it. U9yV

r?2`2 m �b #27Q`2 Bb i?2 K�i+?BM; 7mM+iBQM- �M/ ρt- r?B+? /2MQi2b DQ# b2T�`�iBQMb BM T2`BQ/
t- HBF2 �;;`2;�i2 T`Q/m+iBpBiv- Bb �bbmK2/ iQ 7QHHQr �M 2tQ;2MQmb- biQ+?�biB+ �_URV T`Q+2bbX
LQi2 i?�i i?2 }`bi i2`K QM i?2 `B;?i@?�M/ bB/2 Q7 U9yV- ṽt = (1− ρt−1) [vt−1 −mt−1]- /2}M2b
i?2 MmK#2` Q7 bm`pBpBM; p�+�M+B2b +�``B2/ Qp2` 7`QK i?2 T`2pBQmb K�i+?BM; 2p2Mi �7i2` i?2

kR



`2�HBx�iBQM Q7 �;;`2;�i2 T`Q/m+iBpBiv �M/ DQ# b2T�`�iBQM b?Q+Fb- (at, ρt)X �b BM *JE r2
`2bi`B+i Qm` �ii2MiBQM iQ J�`FQp 2[mBHB#`B� BM /2i2`KBMBM; 2[mBHB#`BmK M2r p�+�M+v +`2�iBQMX

q2 MQr im`M iQ +?�`�+i2`Bx2 i?2 "2HHK�M 2[m�iBQMbX .2}M2 V U
t (Ωt) �M/ V E

t (Ωt) �b-
`2bT2+iBp2Hv- � rQ`F2`Ƕb p�Hm2b �b mM2KTHQv2/ �M/ 2KTHQv2/- r?2`2 Ωt = (at, ρt, ṽt, ut)X q2
i?2M ?�p2 i?�i,

V U
t = χ+ βEt

{
V U
t+1 + (1− ρt)

m (ut, vt)

ut

[
V E
t+1 − V U

t+1

]}
, U9RV

V E
t = wt + βEt

{
V E
t+1 + ρt

[
V U
t+1 − V E

t+1

]}
. U9kV

� }`KǶb p�Hm2b JF
t Q7 � }HH2/ DQ# �M/ Jt Q7 � p�+�M+v b�iBb7v i?2 "2HHK�M 2[m�iBQMb,

JF
t = at − wt + β (1− ρt)EtJ

F
t+1, U9jV

Jt = −γ + β (1− ρt)Et

{
m (ut, vt)

vt

(
JF
t+1 −Θ

)
+

(
1− m (ut, vt)

vt

)
Jt+1

}
, U99V

r?2`2- +QKT�`2/ iQ *JE- r2 ?�p2 KQ/B}2/ 2tT`2bbBQM U99V #v +QMbB/2`BM; }t2/ ?B`BM; +Qbib
Θ �b r2HHX �bbmKBM; i?�i i?2 K�i+? bm`THmb Bb bTHBi #2ir22M � K�i+?2/ }`K �M/ rQ`F2`
�++Q`/BM; iQ L�b? #�`;�BMBM;- i?2 L�b? bQHmiBQM Kmbi b�iBb7v

φ
(
JF
t − Jt

)
= (1− φ)

(
V E
t − V U

t

)
. U98V

�b K2MiBQM2/ #27Q`2- BM i?Bb 7`�K2rQ`F- mM2KTHQvK2Mi ut �M/ p�+�M+B2b vt �`2 bi�i2
p�`B�#H2bX .m2 iQ i?2 �#b2M+2 Q7 7`22@2Mi`v +QM/BiBQM- Bi Bb MQi HQM;2` TQbbB#H2 iQ +QM/m+i �
+QKT�`�iBp2 bi2�/v bi�i2 �M�HvbBb �b � b?Q`i@+mi 7Q` �M�HvxBM; KQ/2H /vM�KB+bX h?2`27Q`2-
r2 M22/ iQ bBKmH�i2 i?2 KQ/2HX Smi �MQi?2` r�v- rBi? MQ 7`22@2Mi`v �bbmKTiBQM r2 +�MMQi
Q#i�BM 7`QK 2[mBHB#`BmK +QM/BiBQMb U9RV@U98V �M 2tT`2bbBQM i?�i BM+Hm/2b K�`F2i iB;?iM2bb �M/
T`Q/m+iBpBiv UQ` DQ# b2T�`�iBQMbV �b i?2 QMHv 2M/Q;2MQmb p�`B�#H2b �M/ ;Bp2b i?2 K�;MBim/2
Q7 i?2 2H�biB+Biv Q7 K�`F2i iB;?iM2bb rBi? `2bT2+i iQ T`Q/m+iBpBiv UQ` DQ# b2T�`�iBQMbV �b �
7mM+iBQM Q7 bQK2 bi`m+im`�H T�`�K2i2`b QMHvX q2 +�M �HbQ MQ HQM;2` /2`Bp2 � +H2�` 2tT`2bbBQM
i?�i HBMFb i?2 K�;MBim/2 Q7 7mM/�K2Mi�H bm`THmb 7`�+iBQM iQ i?2 ?B`BM; +Qbib �b r�b TQbbB#H2
BM i?2 +�b2 mM/2` i?2 7`22@2Mi`v �bbmKTiBQMX

q2 �/QTi i?2 b�K2 T�`�K2i2` p�Hm2b �b i?Qb2 +QMbB/2`2/ #v *JE- r?2`2 i?2v `2Hv QM
i?2 /�i� +QMbB/2`2/ BM a?BK2` (kyy8) �M/ �/QTi i?2 +�HB#`�iBQM T�`�K2i2`b Q7 JQ`i2Mb2M �M/
úp� L�;vT�H (kyyd)X h?2 KQMi?Hv /Bb+QmMi 7�+iQ` β Bb b2i �i yXNNed- �M/ rQ`F2`bǶ #�`;�BMBM;
TQr2` φ �M/ i?2 2H�biB+Biv T�`�K2i2` QM K�i+?BM; 7mM+iBQM α #Qi? �`2 �bbmK2/ iQ #2 2[m�H
iQ yXeX *JE b2i mM2KTHQvK2Mi BM+QK2 �i � HQr H2p2H Uχ = 0.7V- r?B+? BKTHB2b iQ � H�`;2

kk



7mM/�K2Mi�H bm`THmb 7`�+iBQM 2[m�H iQ yX9jX h?Bb ?�b #22M 2KT?�bBx2/ �b � +2Mi`�H TQBMi
Q7 i?2B` T�T2`- bBM+2 Bi /Q2b MQi M22/ � bK�HH bm`THmb iQ ;2M2`�i2 bm{+B2Mi mM2KTHQvK2Mi
pQH�iBHBivX >Qr2p2`- i?2v /Q M22/ p2`v HQr T`QTQ`iBQM�H ?B`BM; +Qbib iQ K�i+? i?2 /�i2X AM
7�+i- *JE �bbmK2 i?�i i?Qb2 +Qbib �`2 x2`Q- i?�i Bb- i?2v b2i γ = 0X

*JE �bbmK2 i?2 7QHHQrBM; 7mM+iBQM�H 7Q`K 7Q` i?2 p�+�M+v +`2�iBQM `mH2,

it = FJ ξ
t , U9eV

r?2`2 ξ Bb i?2 2H�biB+Biv Q7 M2r p�+�M+v +`2�iBQM rBi? `2bT2+i iQ p�+�M+v p�Hm2X q?2M ξ = 0-
i?�i K2�Mb M2r p�+�M+v +`2�iBQMb �`2 T2`72+iHv BM2H�biB+X ξ = ∞ Bb 2[mBp�H2Mi iQ i?2 +�b2
Q7 7`22@2Mi`v +QM/BiBQM- bBM+2 Bi BKTHB2b iQ BM}MBi2Hv 2H�biB+ M2r p�+�M+v +`2�iBQMXhQ }i i?2
KQMi?Hv pQH�iBHBiv i�`;2ib Q7 u- θ- �M/ v- �b `2TQ`i2/ BM a?BK2` Ukyy8V- *JE mb2 aJJ iQ
2biBK�i2 ξ �M/ }M/ ξ = 0.265X h?2v +QMbB/2` i?Bb p�Hm2 �b i?2B` #�b2HBM2 +�HB#`�iBQM BM
`2TQ`iBM; i?2B` #�b2HBM2 `2bmHibX �HH i?BM;b #2BM; 2[m�H- r?2M r2 `22biBK�i2 i?2B` KQ/2H #v
BM+Hm/BM; }t2/ ?B`BM; +Qbib �b r2HH- r2 }M/ i?2 b�K2 MmK#2` 7Q` i?Bb T�`�K2i2`X

L2ti- r2 im`M iQ /Bb+mbb ?Qr i?2 bi2�/v bi�i2b Q7 2M/Q;2MQmb p�`B�#H2b �`2 /2i2`KBM2/X
*JE b2i i?2 DQ#@}M/BM; T`Q#�#BHBiv iQ yX98 �M/ i?2 bi2�/v@b�i2 Q7 K�`F2i iB;?iM2bb θ iQ
yX8X h?2v b2i i?2 K2�M KQMi?Hv DQ# b2T�`�iBQM T`Q#�#BHBiv iQ jX9 T2`+2Mi- r?B+? �HQM; rBi?
θ = 0.5- TBM /QrM i?2 bi2�/v@bi�i2 Q7 mM2KTHQvK2Mi #v UjNVX h?2M- mbBM; U9yV r2 +�M
/2i2`KBM2 i?2 bi2�/v@bi�i2 Q7 iX 6BM�HHv- i?2 bvbi2K Q7 }p2 2[m�iBQMb U9RV@U98V ;Bp2 mb i?2
p�Hm2b Q7 JF

t - Jt- V E
t - V u

t - �M/ wt �b 7mM+iBQMb Q7 i?2 +�HB#`�i2/ bi`m+im`�H T�`�K2i2`bX LQi2
i?�i- i?2 p�Hm2 Q7 F Bb /2i2`KBM2/ 2M/Q;2MQmbHv #v U9eVX

kX3Xk _2bmHib

h�#H2 UkV `2TQ`ib i?2 /�i� i�`;2ibc i?2 #�b2HBM2 `2bmHib Q7 *JE UQ#i�BM2/ mM/2` i?2 �b@
bmKTiBQM γ = 0- Θ = 0- �M/ χ = 0.7Vc �M/ i?2 bBKmH�iBQM `2bmHib 7Q` /Bz2`2Mi p�Hm2b Q7
mM2KTHQvK2Mi BM+QK2 χ- T`QTQ`iBQM�H ?B`BM; +Qbi γ- �M/ }t2/ ?B`BM; +Qbib Θ- r?BH2 F22TBM;
�HH i?2 Qi?2` T�`�K2i2`b �i *JEǶb #�b2HBM2 p�Hm2bXRR LQi2 i?�i- /m2 iQ i?2 �#b2M+2 Q7 7`22@
2Mi`v +QM/BiBQM- r2 +�M MQr 7`22Hv +?�M;2 QMHv χ- Q` Θ- Q` γ- r?BH2 K�BMi�BMBM; �HH i?2 Qi?2`
bi`m+im`�H T�`�K2i2`b- rBi? i?2 2t+2TiBQM Q7 F i?�i Bb TBMM2/ /QrM 2M/Q;2MQmbHv #v U9eV-
�i i?2B` #�b2HBM2 +�HB#`�iBQMX

h?2 }`bi T�M2H Q7 i�#H2 UkV bBKTHv `2THB+�i2b i?2 bBKmH�iBQM `2bmHib Q7 i�#H2 j BM *JEX
Aib }`bi `Qr /Q+mK2Mib i?2 i�`;2i KQK2Mib- r?B+? �`2 i�F2M 7`QK a?BK2` Ukyy8VX Aib b2+QM/
`Qr `2TQ`ib i?2 #�b2HBM2 +Q``2bTQM/BM; bi�iBbiB+b Q7 *JE r?2M #Qi? ivT2b Q7 ?B`BM; +Qbib �`2
x2`Q Uγ = Θ = 0V �M/ χ = 0.7X Ai b?Qrb i?�i i?2 KQ/2H bm++22/b BM K�i+?BM; i?2 +?Qb2M

RRh?2 `2THB+�iBQM }H2b �`2 �p�BH�#H2 �i ?iiTb,ffrrrX�2�r2#XQ`;f�`iB+H2b\B/4RyXRk8dfK�+XkyR8yy9yX

kj



i�`;2ib p2`v r2HHX
h?2 b2+QM/ T�M2H Q7 i�#H2 UkV- �HH 2Hb2 #2BM; 2[m�H- T`2b2Mib i?2 `2bmHib 7Q` /Bz2`2Mi p�Hm2b

Q7 mM2KTHQvK2Mi #2M2}i χX h?2 i?`22 `Qrb Q7 i?Bb T�M2H iQ;2i?2` b?Qr i?�i i?2 p�Hm2 Q7
χ Bb MQi p2`v BKTQ`i�Mi 7Q` i?2 #�b2HBM2 `2bmHibX JQ`2 bT2+B}+�HHv- B``2bT2+iBp2 Q7 r?2i?2`
χ = 0 Q` χ = 0.7- i?2`2 Bb #�`2Hv � +?�M;2 BM i?2 pQH�iBHBiB2b Q7 u- q- �M/ ϑ- �M/ i?2B` +`Qbb
+Q``2H�iBQMbX ZmBi2 i?2 +QMi`�`v- i?2 `2bmHib `2TQ`i2/ BM i?2 M2ti irQ T�M2Hb `2K�`F�#Hv
b?Qr i?�i QM+2 i?2 +Qbib Q7 TQbiBM; p�+�M+B2b BM+`2�b2 �#Qp2 i?2B` #�b2HBM2 p�Hm2b r?B+? �`2
y- 2p2`vi?BM; 2Hb2 2[m�H- i?2M i?2 T2`7Q`K�M+2 Q7 i?2 KQ/2H bB;MB}+�MiHv /2i2`BQ`�i2bX S�M2H
i?`22 /Q+mK2Mib i?2b2 +?�M;2b 7Q` i?2 +�b2 i?�i T`QTQ`iBQM�H ?B`BM; +Qbib `Bb2 r?BH2 b2iiBM;
}t2/ ?B`BM; +Qbib iQ x2`QX h?2 H�bi T�M2H `2TQ`ib i?2 `2bmHib 7Q` i?2 +�b2 i?�i }t2/ +Qbib
BM+`2�b2 r?BH2 T`QTQ`iBQM�H ?B`BM; +Qbib `2K�BM }t2/ �i x2`QX

1p2`vi?BM; 2Hb2 2[m�H- T�M2H i?`22 b?Qrb i?�i �b r2 BM+`2�b2 γ- i?2 pQH�iBHBiv Q7 mM2K@
THQvK2Mi bB;MB}+�MiHv 7�HHbX JQ`2 bT2+B}+�HHv- i?2 H�bi `Qr Q7 i?2 T�M2H /Q+mK2Mib i?�i 7Q`
γ = 0.33 i?2 bi�M/�`/ /2pB�iBQMb Q7 mM2KTHQvK2Mi- K�`F2i iB;?iM2bb- �M/ p�+�M+B2b �`2-
`2bT2+iBp2Hv- yXyN- yXyN- �M/ yXy9 p2`bmb yXR3- yXj3- �M/ yXk- `2bT2+iBp2Hv- BM i?2 +�b2 i?�i
γ = 0X JQ`2Qp2`- i?2B` #�b2HBM2 KQ/2H rBi? γ = 0.33 +�MMQi +�Tim`2 i?2 +`Qbb +Q``2H�iBQMb Q7
i?2 K2MiBQM2/ p�`B�#H2b �MvKQ`2X aT2+B}+�HHv- i?2 +Q``2H�iBQM #2ir22M mM2KTHQvK2Mi �M/
p�+�M+B2b Ui?2 "2p2`B/;2 +m`p2V i?�i BM i?2 +�b2 Q7 γ = 0 Bb @yXNe- bB;MB}+�MiHv /2i2`BQ`�i2b
iQ YyXk8- r?B+? 2bb2MiB�HHv K2�Mb i?2 +QKTH2i2 /Bb�TT2�`�M+2 Q7 i?2 "2p2`B/;2 +m`p2X h?2
H�bi T�M2H b?Qrb i?�i BM+`2�b2b BM }t2/ ?B`BM; +Qbib ;Bp2 `Bb2 iQ [m�HBi�iBp2Hv bBKBH�` `2bmHib
�b i?Qb2 `2TQ`i2/ BM T�M2H j BM i?2 +�b2 Q7 γ- �Hi?Qm;? [m�MiBi�iBp2Hv i?2 2z2+ib �`2 r2�F2`X
h?mb- ;Bp2M i?�i ?B`BM; +Qbib �`2 MQi x2`Q BM i?2 /�i�- KQ/B7vBM; i?2 KQ/2H iQ �HHQr 7Q` }t2/
?B`BM; +Qbib BKT`Qp2b i?2 `2bmHib- #mi i?2 T2`7Q`K�M+2 Q7 i?2 KQ/2H Bb biBHH rQ`b2 +QKT�`2/
iQ i?2 bBim�iBQM r?2M #Qi? γ �M/ Θ �`2 �bbmK2/ iQ #2 x2`QX

q2 /`�r irQ K�BM +QM+HmbBQMb 7`QK i?Bb T�`i �M/ 7`QK Qm` 2t2`+Bb2b `2TQ`i2/ BM i�#H2
UkVX 6B`bi- Bi Bb MQi Dmbi i?2 `2H�t�iBQM Q7 i?2 7`22@2Mi`v �bbmKTiBQM i?�i 2M�#H2b i?2 +�MQMB+�H
7`�K2rQ`F rBi?Qmi i?2 7`22@2Mi`v +QM/BiBQM iQ T2`7Q`K r2HHX h?2 �bbmKTiBQM Q7 x2`Q T`Q@
TQ`iBQM�H ?B`BM; +Qbib �HbQ TH�vb � +`BiB+�H `QH2 BM i?Bb `2;�`/X a2+QM/- 7Q` TH�mbB#H2 TQbBiBp2
p�Hm2b Q7 T`QTQ`iBQM�H ?B`BM; +Qbib �M/ }t2/ ?B`BM; +Qbib �M/ ;Bp2M i?2 `2�bQM�#H2 +�HB#`�iBQM
Q7 *JE Q7 Qi?2` bi`m+im`�H T�`�K2i2`b- i?2 +�MQMB+�H K�i+?BM; KQ/2H rBi?Qmi i?2 7`22@2Mi`v
+QM/BiBQM /Q2b MQi b22K iQ #2 2KTB`B+�HHv KQ`2 bm++2bb7mH i?�M i?2 +�MQMB+�H KQ/2H rBi?
i?�i +QM/BiBQM- �i H2�bi BM i2`Kb Q7 K�i+?BM; mM2KTHQvK2Mi �M/ K�`F2i iB;?iM2bb KQK2MibX
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h�#H2 k, aBKmH�iBQM `2bmHibĜ/Bz2`2Mi γ �M/ χ BM i?2 KQ/2H Q7 *QH2b �M/ JQ;?�//�bB E2H@
Bb?QKB (kyR3)

ai�M/�`/ /2pB�iBQMb *`Qbb +Q``2H�iBQMb

σu σϑ σθ Corr. (ϑ, u) Corr. (θ, u) Corr. (ϑ, θ)

.�i� XRN Xk Xj3 @X3N @XNd XN3
"�b2HBM2 KQ/2H

γ = 0,Θ = 0,χ = 0.7
XR3 Xk Xj3 @XNe @XNN XN3

χ = .5 XR3 Xk Xjd @XNe @XNN XNN

χ = .3 XRdd XRN Xjd @XN8 @XNN XNN

χ = 0 XRd8 XRN Xje @XN8 @XNd XN3

γ = .1 XR8 XR8 Xj @XNj @XN3 XN3

γ = .2 XRj XR Xkk @X38 @XNd XN8

γ = .33 XyN Xy9 XyN Xk8 @X3N Xkk

Θ = .2 XRe XRd Xjj @XN9 @XN3 XN3

Θ = .3 XR8 XR9 Xk3 @X3N @XN3 XNd

Θ = .4 XRk XR XRN @X89 @XN X38

j 1KTB`B+�H 1pB/2M+2 QM o�+�M+v SQbiBM; *Qbib

q2 T`Qp2/ BM i?2 T`2pBQmb b2+iBQM i?�i /Bz2`2Mi `2+QM};m`2/ b2�`+? �M/ K�i+?BM; KQ/2Hb
T`QpB/2 � `2�bQM�#H2 /2b+`BTiBQM Q7 H�#Q` K�`F2i pQH�iBHBiv QMHv B7 T`QTQ`iBQM�H ?B`BM; +Qbib
�`2 HQrX q2 �HbQ b?Qr2/ i?�i }t2/ ?B`BM; +Qbib +�M TH�v �M BKTQ`i�Mi `QH2 BM /2HBp2`BM;
�M 2KTB`B+�HHv `2H2p�Mi K�`F2i iB;?iM2bb 2H�biB+Biv- ;Bp2M � `2�bQM�#H2 +�HB#`�iBQM 7Q` i?2
`2TH�+2K2Mi `�iBQX AM i?Bb b2+iBQM- r2 mb2 irQ mMB[m2 /�i� bQm`+2 QM DQ# p�+�M+B2b �M/ ?B`BM;
+Qbib BM :2`K�Mv- i?2 :2`K�M CQ# o�+�M+v am`p2v UJQ+x�HH 2i �HX (kyR8)V- �M/ bm#b2[m2MiHv
i?2 "A""@*"a /�i� Ua+?ƺM72H/ 2i �HX kyReV i?�i +QMi�BMb BM7Q`K�iBQM QM TQbi@K�i+? i`�BMBM;
+QbibX 6B`bi- r2 T`QpB/2 /2b+`BTiBp2 bi�iBbiB+b QM i?2 +Qbib Q7 }HHBM; � p�+�M+v �M/ i?2B`
+QKTQM2Mib 7Q` i?2 v2�`b kyR9 �M/ kyR8- �M/ /Bb+mbb BKTQ`i�Mi ?2i2`Q;2M2Biv #v [m�HB}+�iBQM
`2[mB`2K2Mib- �;2- �M/ }`K bBx2X JQ`2Qp2`- r2 +QKTmi2 7Q` i?2 }`bi iBK2 iQi�H �MMm�H +Qbib
iQ }HH p�+�M+B2b BM :2`K�Mv �M/ `2H�i2 i?2K iQ QmiTmi UBX2X- :.SVX a2+QM/- r2 2ti`�+i �
T`QTQ`iBQM�H �M/ � }t2/ +QKTQM2Mi Q7 ?B`BM; +Qbib- #v i2biBM; i?2 �bbQ+B�iBQM Q7 ?B`BM; +Qbib
+QKTQM2Mib rBi? � K2�bm`2 Q7 H�#Q` K�`F2i iB;?iM2bbX h?2`2 Bb � T�m+Biv Q7 `2b2�`+? QM i?Bb
iQTB+- �b- iQ i?2 #2bi Q7 Qm` FMQrH2/;2- QMHv Jm2?H2K�MM �M/ ai`mTH2` G2Bb2` (kyR3) T`2pBQmbHv
�ii2KTi2/ iQ 2biBK�i2 i?2 �bbQ+B�iBQM #2ir22M iB;?iM2bb �M/ i?2 p�`BQmb +QKTQM2Mib Q7
/B`2+iHv Q#b2`p�#H2 ?B`BM; +Qbib BM arBbb }`KbX 6BM�HHv- r2 +�H+mH�i2 `2H2p�Mi T�`�K2i2`b 7Q`
T`QTQ`iBQM�H �M/ }t2/ ?B`BM; +Qbib BM `2H�iBQM iQ QmiTmi- bQ i?�i i?2v +�M #2 mb2/ iQ +�HB#`�i2
bQK2 F2v bi`m+im`�H T�`�K2i2`b Q7 b2�`+? �M/ K�i+?BM; KQ/2HbX aBHp� �M/ hQH2/Q (kyyN)
T`QpB/2 �M 2t+2HH2Mi Qp2`pB2r Q7 MmK2`Qmb ?B`BM; +Qbi T�`�K2i2`b 7Q` i?2 lMBi2/ ai�i2b i?�i
/`�rb QM bm`p2vb QM p�+�M+v TQbiBM; �M/ i`�BMBM; +Qbib r?B+? r2`2 +QM/m+i2/ #2ir22M RN3k
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�M/ RNNj ("�``QM 2i �HX- RNNd- "Bb?QT- RNNe- .QH}M- kyye)X h?mb- r2 �// iQ i?�i HBi2`�im`2 #v
T`QpB/BM; KQ`2 `2+2Mi 2KTB`B+�H 2pB/2M+2 BM i?2 +QMi2ti Q7 � K�DQ` 1m`QT2�M H�#Q` K�`F2iX

� MmK#2` Q7 bm`p2vb rBi? /B`2+i 2biBK�i2b Q7 ?B`BM; +Qbib ?�p2 #2+QK2 �p�BH�#H2 7Q` 1m`Q@
T2�M H�#Q` K�`F2ib (�#Qr/ �M/ E`�K�`x- kyyj- "H�ii2` 2i �HX- kyRk- *�`#QM2`Q �M/ :�`iM2`-
kyky- Jm2?H2K�MM �M/ S72B72`- kyRe- Jm2?H2K�MM �M/ ai`mTH2` G2Bb2`- kyR3- a+?ƺM72H/ 2i �HX-
kyRe) i?�i BM+Hm/2 irQ K�BM +QKTQM2Mib Q7 i?2 +Qbib iQ }HH � p�+�M+vX 6B`bi- }`Kb �`2 �bF2/
�#Qmi i?2 iBK2 `2[mB`2/ iQ TQbi � p�+�M+v- b2H2+i �M/ BMpBi2 +�M/B/�i2b 7Q` BMi2`pB2rb- �M/
bm#b2[m2MiHv K�F2 i?2B` ?B`BM; /2+BbBQMX h?2 +Q``2bTQM/BM; H�#Q` +Qbib iQ }HH � p�+�M+v �`2
i?2M +�H+mH�i2/ #v KmHiBTHvBM; i?2 MmK#2` Q7 ?Qm`b rBi? i?2 +Q``2bTQM/BM; ?Qm`Hv H�#Q`
+QbibX a2+QM/- }`Kb �`2 �bF2/ �#Qmi MQM@H�#Q` 2tT2Mb2b `2H�i2/ iQ }HHBM; � p�+�M+v- bm+?
�b +Qbib Q7 p�+�M+v TQbiBM;b BM M2rbT�T2`b Q` QMHBM2- 722b 7Q` 2ti2`M�H TH�+2K2Mi �;2M+B2b Q`
?2�/?mMi2`b- �b r2HH �b �Mv `2BK#m`b2K2Mi Q7 i`�p2H 2tT2Mb2b 7Q` BMpBi2/ +�M/B/�i2bX

JQ`2Qp2`- TQbi@K�i+? i`�BMBM; +Qbib �`Bb2 #2+�mb2 M2r ?B`2b �`2 BMBiB�HHv MQi 7mHHv T`Q@
/m+iBp2- `2[mB`2 BM7Q`K�H QM@i?2@DQ# i`�BMBM; 7`QK +QHH2�;m2b �M/ bmT2`pBbQ`b �M/ T�`iB+BT�i2
BM 2ti2`M�H i`�BMBM; +Qm`b2b i?�i K�v #2 }M�M+2/ #v i?2 2KTHQv2`X 1KTB`B+�H 2pB/2M+2 b?Qrb
i?�i i?2b2 +Qbib +�M #2 bm#bi�MiB�H- �b i?2 QM#Q�`/BM; T2`BQ/ K�v H�bi 7Q` b2p2`�H r22Fb Q`
KQMi?b ("Bb?QT- RNNe- GQ2r2Mbi2BM �M/ aTH2ix2`- RNNN- Jm2?H2K�MM �M/ ai`mTH2` G2Bb2`-
kyR3- a+?ƺM72H/ 2i �HX- kyRe)X >Qr2p2`- i?2 :2`K�M CQ# o�+�M+v am`p2v /Q2b MQi BM+Hm/2
BM7Q`K�iBQM �#Qmi TQbi@K�i+? i`�BMBM; +QbibX AM Q`/2` iQ Q#i�BM �M 2biBK�i2 Q7 i?2 `2H�iBp2
BKTQ`i�M+2 Q7 i`�BMBM; +Qbib- r2 �//BiBQM�HHv mb2 :2`K�M bm`p2v /�i� rBi? BM7Q`K�iBQM �#Qmi
TQbi@K�i+? i`�BMBM; +Qbib U"A""@*"a- +7X a+?ƺM72H/ 2i �HX kyReVX h?Bb 2M�#H2b mb iQ +�H+mH�i2
i?2 `2H�iBp2 BKTQ`i�M+2 Q7 TQbi@K�i+? i`�BMBM; +Qbib BM +QKT�`BbQM iQ T`2@K�i+? ?B`BM; +Qbib
i?�i r2 Q#b2`p2 BM i?2 :2`K�M CQ# o�+�M+v bm`p2vX

h?2 2KTB`B+�H 2pB/2M+2 i?�i ?�b #22M �p�BH�#H2 mT iQ MQr `2p2�Hb � 7�B`Hv +QMbBbi2Mi
TB+im`2 �#Qmi i?2 K�;MBim/2 Q7 i?2 +Qbib iQ }HH � p�+�M+v #Qi? Qp2` iBK2 �M/ �+`Qbb /Bz2`2Mi
+QmMi`B2bX �#Qr/ �M/ E`�K�`x (kyyj) }M/ i?�i bm+? T`2@K�i+? ?B`BM; +Qbib �KQmMi iQ
jXjW Q7 v2�`Hv H�#Q` +Qbib BM 6`�M+2 #�b2/ QM BM7Q`K�iBQM Q7 i?2 6`2M+? q�;2 ai`m+im`2
am`p2v �M/ i?2 P++mT�iBQM�H ai`m+im`2 am`p2v BM RNNkX "H�ii2` 2i �HX (kyRk)- `2HvBM; QM
arBbb 2bi�#HBb?K2Mi@H2p2H bm`p2v /�i� 7`QK kyyy �M/ kyy9- �M/ bm#b2[m2MiHv Jm2?H2K�MM
�M/ ai`mTH2` G2Bb2` (kyR3) #�b2/ QM arBbb bm`p2v /�i� 7`QK kyyN- }M/ i?�i �p2`�;2 T`2@
K�i+? ?B`BM; +Qbib 7Q` bFBHH2/ rQ`F2`b �KQmMi iQ eXjW Q7 �MMm�H bFBHH2/ rQ`F2` H�#Q` +QbibX
6Q` :2`K�Mv- Jm2?H2K�MM �M/ S72B72` (kyRe) `2TQ`i i?�i T`2@K�i+? ?B`BM; +Qbib 7Q` bFBHH2/
rQ`F2`b �KQmMi iQ 8X3W Q7 �MMm�H bFBHH2/ rQ`F2` H�#Q` +QbibX >Qr2p2`- i?2 :2`K�M �M/ i?2
arBbb bm`p2vb r2`2 bQH2Hv 7Q+mb2/ QM bFBHH2/ rQ`F2`b rBi? � pQ+�iBQM�H [m�HB}+�iBQM �i i?2
mTT2` b2+QM/�`v H2p2H Q7 i?2 2/m+�iBQM bvbi2KX h?mb- mMbFBHH2/ �M/ b2KB@bFBHH2/ p�+�M+B2b- �b
r2HH �b p�+�M+B2b i?�i `2[mB`2/ � mMBp2`bBiv /2;`22 r2`2 MQi +Qp2`2/ #v i?2b2 bm`p2vbX 6BM�HHv-
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r2 �`2 �#H2 iQ `2H�i2 ?B`BM; +Qbib iQ QmiTmi- `�i?2` i?�M U�p2`�;2V r�;2b- r?B+? T`QpB/2b mb
rBi? � K2�bm`2 i?�i Bb HBMF2/ KQ`2 +HQb2Hv rBi? i?2Q`2iB+�H b2�`+? �M/ K�i+?BM; KQ/2HbX

jXR .�i�, h?2 :2`K�M CQ# o�+�M+v am`p2v

q2 mb2 /�i� 7`QK irQ r�p2b Q7 i?2 :2`K�M CQ# o�+�M+v am`p2v i?�i �HHQrb mb iQ +�H+mH�i2
i?2 +Qbib iQ bm++2bb7mHHv }HH � p�+�M+v 7Q` jkyy }`Kb BM kyR9- �M/ 9y8N }`Kb BM kyR8X h?2 /�i�
`272` iQ i?2 H�bi ?B`2 BM � T�`iB+mH�` }`K- i?mb r2 +�M BMi2`T`2i i?Bb BM7Q`K�iBQM �b � K�`;BM�H
+QbiX .2b+`BTiBp2 bi�iBbiB+b Uh�#H2 jV b?Qr i?�i }`Kb- QM �p2`�;2- `2+2Bp2/ R9 �TTHB+�iBQMb
Q7 r?B+? i?2v `�i2 9 iQ 8 �TTHB+�iBQMb �b bmBi�#H2 7Q` i?2 TQbBiBQM- �M/ bm#b2[m2MiHv BMpBi2/
QM �p2`�;2 jXd �TTHB+�Mib 7Q` � DQ# BMi2`pB2rX h?2 �p2`�;2 b2�`+? /m`�iBQM 7`QK TQbiBM; i?2
p�+�M+v mMiBH bm++2bb7mHHv }HHBM; Bi r�b 83 /�vb BM kyR9 �M/ e9 /�vb BM kyR8X h?2 ;`Qbb ?Qm`Hv
r�;2 Q7 � M2r ?B`2 Bb QM �p2`�;2 +HQb2 iQ R8 1m`Q- #�b2/ QM � je@?Qm` �p2`�;2 rQ`F r22F-
r?BH2 i?2 �;2 Q7 i?2 M2r ?B`2 Bb je v2�`b QM �p2`�;2- �M/ �#Qmi ?�H7 Q7 �HH M2r ?B`2b �`2
72K�H2X

h�#H2 j, .2b+`BTiBp2 bi�iBbiB+b
kyR9 kyR8

J2�M a. J2�M a.
LmK#2` Q7 �TTHB+�Mib UiQi�HV R9Xy9 keXj9 R9Xk8 kdXRe
LmK#2` Q7 �TTHB+�Mib bmBi�#H2 7Q` TQbBiBQM 9Xey NXRy 9Xkj eXyN
LmK#2` Q7 �TTHB+�Mib BMpBi2/ 7Q` DQ# BMi2`pB2r jXej 9XRy jXde 8Xdj
a2�`+? /m`�iBQM UBM /�vbV 83X98 e9XNN e9XR3 eNXyk
qQ`FBM; ?Qm`b bT2Mi iQ }HH � p�+�M+v RdX83 RNXRy RdXk3 RNXd8
>Qm`Hv r�;2 Q7 M2r ?B`2 UBM 1l_V R9X8y eX3j R8XRR dXRd
q22FHv rQ`FBM; ?Qm`b jeX9j dXjj jeXkN RyX3d
�;2 Q7 M2r ?B`2 jeXe9 RyXd3 jeXj8 RyXe3
:2M/2` Q7 M2r ?B`2 U72K�H24R- K�H24yV yX9N yX8y yX8k yX8y
G�#Q` K�`F2i iB;?iM2bb U8@/B;Bi Q++mT�iBQM H2p2HV yX98 yX89 yX9d yX8j
P#b2`p�iBQMb jkyy 9y8N

q2 7QHHQr *�`#QM2`Q �M/ :�`iM2` (kyky) �M/ +�H+mH�i2 i?2 +Qbib iQ bm++2bb7mHHv }HH �
p�+�M+v �b 7QHHQrb,

vact = htlt + nlct,

r?2`2 h +Q``2bTQM/b iQ ?Qm`b bT2Mi 7Q` }HHBM; � p�+�M+v- l Bb i?2 +Q``2bTQM/BM; H�#Q` +Qbi- �M/
nlc /2MQi2b MQM@H�#Q` +QbibX PM �p2`�;2- BM+mK#2Mi 2KTHQv22b bT2M/ Rd iQ R3 ?Qm`b iQ bQ`i
i?`Qm;? *ob- T`2T�`2- +QM/m+i �M/ 2p�Hm�i2 BMi2`pB2rb �M/ K�F2 i?2 ?B`BM; /2+BbBQM Uh�#H2
jVX h?Bb }M/BM; Bb bQK2r?�i ?B;?2` +QKT�`2/ iQ .QH}M (kyye)- r?Q `2TQ`ib i?�i la }`Kb
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bT2Mi RjX8 ?Qm`b 7Q` `2+`mBiBM; �M/ b2�`+? BM RN3kX a2+QM/Hv- r2 Q#b2`p2 MQM@H�#Q` +Qbib iQ
}HH � p�+�M+v- r?B+? BM+Hm/2 +Qbib 7Q` p�+�M+v TQbiBM;b BM M2rbT�T2`b- QM@HBM2 DQ# TH�i7Q`Kb-
2ti2`M�H TH�+2K2Mi �;2M+B2b �M/ �Mv `2BK#m`b2K2Mi Q7 i`�p2H 2tT2Mb2bX PM �p2`�;2- bm+?
+Qbib �KQmMi2/ iQ 3R9 1m`Qb BM kyR9- �M/ d88 1m`Qb BM kyR8 Uh�#H2 9VX >Qr2p2`- QM2
/`�r#�+F +QKT�`2/ iQ i?2 Qi?2` :2`K�M bm`p2vb i?�i BM+Hm/2 i?2 +Qbib iQ }HH � p�+�M+v
(a+?ƺM72H/ 2i �HX- kyRe) Bb i?�i r2 /Q MQi ?�p2 BM7Q`K�iBQM �#Qmi r?B+? 2KTHQv22b BM i?2
}`K �`2 BMpQHp2/ BM i?2 ?B`BM; T`Q+2bb- �M/ r2 /Q MQi ?�p2 BM7Q`K�iBQM �#Qmi +Q``2bTQM/BM;
H�#Q` +QbibX q2 T`QTQb2 irQ bQHmiBQMb iQ /2�H rBi? i?Bb Bbbm2X 6B`bi- 7QHHQrBM; *�`#QM2`Q
�M/ :�`iM2` (kyky)- r2 KmHiBTHv i?2 ?Qm`b #v i?2 �p2`�;2 :2`K�M H�#Q` +Qbi BM kyR9 �M/
kyR8- `2bT2+iBp2Hv- BM Q`/2` iQ Q#i�BM �M 2biBK�i2 Q7 �p2`�;2 K�`;BM�H +Qbib iQ }HH � p�+�M+v
UvacV 1VX "�b2/ QM i?Bb }`bi +�H+mH�iBQM K2i?Q/- i?2b2 +Qbib �KQmMi iQ Rjd9 1m`Q BM kyR9- �M/
RjRN 1m`Q BM kyR8X a2+QM/- r2 +�H+mH�i2 i?2 K�`;BM�H +Qbib iQ }HH � p�+�M+v #v KmHiBTHvBM;
H�#Q` ?Qm`b rBi? i?2 r�;2 Q7 i?2 M2r ?B`2 UKmHiBTHB2/ #v RXkR iQ �++QmMi 7Q` i?2 �p2`�;2
MQM@r�;2 H�#Q` +Qbib K�`FmT BM :2`K�MvVX q?BH2 i?2 H�ii2` K2i?Q/ �HHQrb mb iQ �++QmMi 7Q`
?2i2`Q;2M2Biv BM r�;2b �+`Qbb }`Kb- r2 K�v 2Bi?2` Qp2`Ĝ Q` mM/2`2biBK�i2 i?2 i`m2 BMi2`pB2r
+Qbib iQ }HH � p�+�M+v- iQ i?2 2ti2Mi i?�i 2KTHQv22b BMpQHp2/ BM i?2 ?B`BM; T`Q+2bb �`2 T�B/
KQ`2 Q` H2bb i?�M i?2 M2r ?B`2X �++Q`/BM; iQ i?2 b2+QM/ +�H+mH�iBQM K2i?Q/- r2 }M/ i?�i
i?2 K�`;BM�H +Qbib iQ }HH � p�+�M+v UvacV 2V r2`2 RR93 1m`Q BM kyR9 �M/ RyNj 1m`Q BM kyR8
U9VX

Pm` K�BM K2�bm`2 Q7 BMi2`2bi Bb iQ +�H+mH�i2 ∇t- r?B+? Bb � K2�bm`2 Q7 iQi�H +Qbib iQ }HH
� p�+�M+v `2H�iBp2 iQ QmiTmi BM v2�` t,Rk

∇t = (vactvt)/GDPt,

r?2`2 vt /2MQi2b i?2 iQi�H Q7 M2rHv }HH2/ p�+�M+B2b �M/ GDP Bb i?2 :2`K�M ;`Qbb /QK2b@
iB+ T`Q/m+iX AM kyR9- � iQi�H jXed KBHHBQM p�+�M+B2b r2`2 }HH2/ BM :2`K�Mv- r?2`2�b i?2
+Q``2bTQM/BM; };m`2 r�b jX9 KBHHBQM p�+�M+B2b BM kyR8 ("QbbH2` 2i �HX- kyR3)X

.2bTBi2 i?2 /B{+mHiB2b iQ 2biBK�i2 i?2 +Qbi iQ }HH � p�+�M+v- Qm` 2biBK�i2b �`2 MQi p2`v
b2MbBiBp2 rBi? `2;�`/ iQ i?2 irQ +�H+mH�iBQM K2i?Q/b i?�i r2 �TTHvX �b b?QrM BM h�#H2 U9V-
Qm` TQBMi 2biBK�i2b 7Q` ∇ `�M;2 #2ir22M yXyyRk �M/ yXyyRd- /2T2M/BM; QM i?2 v2�` �M/ i?2
+�H+mH�iBQM K2i?Q/X h?mb- i?2 +Qbib iQ }HH � p�+�M+v BM :2`K�Mv +Q``2bTQM/ iQ �TT`QtBK�i2Hv
yXR8W Q7 �MMm�H :.S- Q` RX3W Q7 KQMi?Hv QmiTmiX

hQ mM+Qp2` TQi2MiB�HHv BKTQ`i�Mi mM/2`HvBM; ?2i2`Q;2M2Biv BM Qm` /�i�- r2 �HbQ `2TQ`i
i?2 p�`BQmb +Qbi +QKTQM2Mib #v [m�HB}+�iBQM `2[mB`2K2Mib Uh�#H2 8VX 6B`Kb bT2M/ #Qi? KQ`2

RkLQi2 i?�i i?2 +Qbib Q7 TQbiBM; p�+�M+B2b BM /Bz2`2Mi +QM};m`�iBQMb Q7 i?2 JS KQ/2H rBi?Qmi +�TBi�H Bb
�HKQbi i?2 b�K2 �b i?2 `�iBQ Q7 ?B`BM; +Qbib iQ :.SX h?Bb Bb #2+�mb2 GDP = 1− u- �M/ u Bb �bbmK2/ iQ #2
�`QmM/ 8 T2`+2Mi- �b r2 /Q BM Qm` MmK2`B+�H �M�Hvb2bX qBi? +�TBi�H- �b Bb i?2 +�b2 BM *1h i?�i r2 /Bb+mbb2/
�#Qp2- i?2 /Bz2`2M+2 Bb �HbQ p2`v bK�HH- �M/ [m�HBi�iBp2Hv �M/ [m�MiBi�iBp2Hv M2;HB;B#H2X
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h�#H2 9, *Qbib iQ bm++2bb7mHHv }HH � p�+�M+v `2H�iBp2 iQ :.S BM :2`K�Mv
kyR9 kyR8 hQi�H

LQM@H�#Q` +Qbib UnlcV 3R9X3R d88Xjd d3kXd3
U8yX3dV Uj3XyRV URjRXyyV

AMi2`pB2r +Qbib UhlV 1V 883X38 8ejXkR 8eRXky
URyXdjV URyXRyV UdXjeV

AMi2`pB2r +Qbib UhlV 2V jjkXde8 jj3XR8 jj8Xed
UNX8N3V UdXRReV U8X3kNV

o�+�M+v TQbiBM; +Qbib UvacV 1V RjdjXee RjR3X83 Rj9jXNN
U88XdjV U9RXR3V UjjX3yV

o�+�M+v TQbiBM; +Qbib UvacV 2V RR9dX83 RyNjX8k RRR3X98
U8eX3yV U9RXejkV Uj9XjkV

∇V 1 yXyyRd yXyyRe yXyyRe
UyXyyyydV UyXyyyy8V UyXyyyy9V

∇V 2 yXyyR9 yXyyRk yXyyRj
UyXyyyydV UyXyyy8V UyXyyyy9V

LQi2b, _Q#mbi bi�M/�`/ 2``Q`b BM T�`2Mi?2b2bX oR, #�b2/ QM +�H+mH�iBM; MQM@H�#Q` +Qbib iQ }HH � p�+�M+v
#v mbBM; �p2`�;2 H�#Q` +Qbib BM :2`K�MvX ok, #�b2/ QM +�H+mH�iBM; MQM@H�#Q` +Qbib iQ }HH � p�+�M+v
#v mbBM; }`K@H2p2H r�;2 +Qbib Q7 � M2r ?B`2Ƕb TQbBiBQM �M/ � kRW MQM@r�;2 H�#Q` +Qbib K�`F@mTX

rQ`FBM; ?Qm`b �M/ KQ`2 MQM@H�#Q` +Qbib iQ bm++2bb7mHHv }HH � p�+�M+v- �b i?2 [m�HB}+�iBQM
`2[mB`2K2Mib Q7 � T�`iB+mH�` p�+�M+v BM+`2�b2X Pm` 2biBK�i2b 7Q` i?2 b2+QM/ [m�HB}+�iBQM
+�i2;Q`v UbFBHH2/ rQ`F2`b rBi? � pQ+�iBQM�H [m�HB}+�iBQMV �`2 #`Q�/Hv BM HBM2 rBi? a+?ƺM72H/
2i �HX (kyRe)- r?Q `2TQ`i p�+�M+v �/p2`iBbBM; +Qbib iQ }HH � p�+�M+v 7Q` bFBHH2/ 2KTHQv22b rBi?
� pQ+�iBQM�H [m�HB}+�iBQM Q7 9jk 1m`QX JQ`2Qp2`- T`B+BM; rQ`FBM; ?Qm`b �i �p2`�;2 H�#Q`
+Qbib Q7 jk 1m`Q T2` ?Qm` �KQmMib iQ BMi2`pB2r +Qbib Q7 9Ne 1m`Q 7Q` bFBHH2/ rQ`F2`b rBi? �
pQ+�iBQM�H [m�HB}+�iBQM Uh�#H2 8V- +QKT�`2/ iQ 8kN 1m`Q `2TQ`i2/ BM a+?ƺM72H/ 2i �HX (kyRe)X
h?mb- 7Q` i?2 +�i2;Q`v Q7 bFBHH2/ rQ`F2`b rBi? � pQ+�iBQM�H [m�HB}+�iBQM- i?2 [m�MiBi�iBp2Hv
KQbi BKTQ`i�Mi rQ`F2` +�i2;Q`v BM :2`K�Mv- r2 }M/ p2`v bBKBH�` `2bmHib +QKT�`2/ iQ 2tBbiBM;
bm`p2vb i?�i /B`2+iHv �++QmMi 7Q` H�#Q` +Qbib Q7 �HH 2KTHQv22b i?�i �`2 BMpQHp2/ BM i?2 ?B`BM;
T`Q+2bbX >Qr2p2`- � +`m+B�HHv BKTQ`i�Mi 72�im`2 Q7 Qm` /�i� Bb i?�i Bi Bb `2T`2b2Mi�iBp2 7Q`
i?2 TQTmH�iBQM Q7 �HH M2r ?B`2b BM :2`K�Mv- BM+Hm/BM; p�+�M+B2b i?�i `2[mB`2 HQr2` Q` ?B;?2`
2/m+�iBQM H2p2Hb i?�M � pQ+�iBQM�H [m�HB}+�iBQM- r?B+? +QMi�BMb BKTQ`i�Mi ?2i2`Q;2M2Biv �b
+Qbib BM+`2�b2 #v [m�HB}+�iBQM `2[mB`2K2MibX

Pm` `2bmHib BM h�#H2 8 b?Qr i?�i rQ`FBM; ?Qm`b �M/ MQM@H�#Q` +Qbib �`2 bm#bi�MiB�HHv
?B;?2` 7Q` p�+�M+B2b i?�i `2[mB`2 � i2`iB�`v 2/m+�iBQMX AM T�`iB+mH�`- i?2 MmK#2` Q7 rQ`FBM;
?Qm`b bT2Mi iQ }HH � p�+�M+v BM+`2�b2b bi`QM;Hv #v i?2 `2[mB`2/ bFBHH H2p2H- 7`QK Rk ?Qm`b 7Q`
mMbFBHH2/ 2KTHQv22b iQ k9 ?Qm`b 7Q` p�+�M+B2b i?�i `2[mB`2 � J�bi2` /2;`22 Q` � S?.X JQ`2@
Qp2`- MQM@H�#Q` +Qbib BM+`2�b2 bi`QM;Hv �M/ `�M;2 7`QK �#Qmi R9yy 1m`Q UK�bi2` +`�7ibK2M-
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h�#H2 8, *QKTQM2Mib Q7 i?2 +Qbib iQ }HH � p�+�M+v #v [m�HB}+�iBQM `2[mB`2K2Mib
R k j 9 8 hQi�H

qQ`FBM; ?Qm`b bT2Mi iQ RRXde ReX88 kkXR8 kjXky kjX38 RdX9k
}HH � p�+�M+v UyX8RV UyXkdV URXkNV UyXNNV UyXdjV UyXkjV
LQM@H�#Q` +Qbib iQ Re3X38 9NeX8R RjNNX89 Rj83X3j k99yXR9 d3kXNy
}HH � p�+�M+v UBM 1l_V UReX33V UkyXyjV UR83XydV UR8NXR3V UR39Xk3V UjRXyRV
o�+�M+v /m`�iBQM UBM /�vbV 9RX3d ejXjj djX8j 83Xk8 d8XR3 eRX88

URXe3V URXyjV U9XRyV UkXj8V UkXkkV UyXdNV
P#b2`p�iBQMb 38j 98kN 9ky 9dj N39 dk8e
LQi2b,_Q#mbi bi�M/�`/ 2``Q`b BM T�`2Mi?2b2bX R4lMbFBHH2/- K�tBKmK QM2@v2�` i`�BMBM;-
k4oQ+�iBQM�H [m�HB}+�iBQM- j4J�bi2` +`�7ibK2M- i2+?MB+B�M- 94"�+?2HQ`Ƕb /2;`22-
84 .BTHQK�- J�bi2`Ƕb /2;`22- S?.X

i2+?MB+B�M Q` #�+?2HQ` /2;`22V iQ k99y 1m`Q 7Q` BM/BpB/m�Hb rBi? � J�bi2`b /2;`22 Q` � S?.-
r?BH2 MQM@H�#Q` +Qbib �KQmMi iQ K2`2Hv ReN 1m`Q 7Q` mMbFBHH2/ BM/BpB/m�Hb rBi? MQ KQ`2
i?�M QM2 v2�` Q7 i`�BMBM;X AM bmK- #Qi? +QKTQM2Mib Q7 i?2 +Qbib iQ }HH � p�+�M+v BM+`2�b2
bi`QM;Hv #v [m�HB}+�iBQM `2[mB`2K2Mib- BM/B+�iBM; i?�i }`Kb M22/ iQ bT2M/ KQ`2 `2bQm`+2b
iQ TQbi p�+�M+B2b- #mi �HbQ bT2M/ KQ`2 iBK2 iQ b+`22M �TTHB+�Mib U2X;X- �bb2bbK2Mi +2Mi2`b- �
`2bQm`+2@BMi2MbBp2 7Q`K Q7 �TTHB+�Mi b+`22MBM;- �`2 KQ`2 +QKKQMHv mb2/ 7Q` DQ#b i?�i `2[mB`2
� i2`iB�`v 2/m+�iBQMVX

h�#H2 e, *QKTQM2Mib Q7 i?2 +Qbib iQ }HH � p�+�M+v #v }`K bBx2
6B`K bBx2

I Ry Ry@RN ky@9N 8y@k9N k8y@9NN =4 8yy
qQ`FBM; ?Qm`b bT2Mi iQ ReXN9 R8X3j ReX9d R3XRR RdXd3 kRXRk
}HH � p�+�M+v UyXd8V UyX93V UyXj8V UyX9dV UyX3jV URXRjV
LQM@H�#Q` +Qbib iQ k8dXyN 93jXRe 8ddXj3 eNkX33 kRjdX89 RNRkXj3
}HH � p�+�M+v UBM 1l_V U9yX99V U9RXNjV UjdXR9V U8RXNyV UkeyXdjV Ukk9XdeV
o�+�M+v /m`�iBQM UBM /�vbV ejXjj e8XRN 8NXN9 8dX9y eNX9N e8X3R

UkX98V URXd3V URXkeV URX8dV UjXk8V UjX93V
P#b2`p�iBQMb djj R9kR kk8e kydR 9jd jj3
LQi2b, _Q#mbi bi�M/�`/ 2``Q`b BM T�`2Mi?2b2bX

AM �//BiBQM- r2 }M/ i?�i i?2 +Qbib �HbQ /Bz2` #v }`K bBx2 Uh�#H2 eVX qQ`FBM; ?Qm`b
bT2Mi iQ }HH � p�+�M+v BM+`2�b2 7`QK Rd ?Qm`b BM bK�HH }`Kb iQ kR ?Qm`b BM H�`;2 +QKT�MB2b
rBi? KQ`2 i?�M 8yy 2KTHQv22bX LQM@H�#Q` +Qbib iQ }HH � p�+�M+v BM+`2�b2 KQ`2 bi`QM;Hv
#v }`K bBx2, r?BH2 bK�HH }`Kb rBi? H2bb i?�M Ry 2KTHQv22b bT2M/ H2bb i?�M kke 1m`Q- i?2
+Q``2bTQM/BM; };m`2 BM+`2�b2b iQ KQ`2 i?�M 3yy 1m`Q BM K2/BmK@bBx2/ }`Kb rBi? 8y@k9N
2KTHQv22b �M/ `2�+?2b �HKQbi kyyy 1m`Q 7Q` }`Kb rBi? KQ`2 i?�M 8yy 2KTHQv22bX *H2�`Hv-
}`K bBx2 Bb MQi BM/2T2M/2Mi Q7 i?2 [m�HB}+�iBQM `2[mB`2K2Mib- �b bK�HH }`Kb Q7i2M QT2`�i2 BM
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/Bz2`2Mi b2+iQ`b r?2`2 }`Kb ?�p2 � /Bz2`2Mi /2K�M/ 7Q` bFBHHb- r?B+? BM im`M �z2+ib � }`KǶb
b2�`+? BMi2MbBivX

h�#H2 d, *QKTQM2Mib Q7 i?2 +Qbib iQ }HH � p�+�M+v #v �;2 ;`QmT
R k j 9

qQ`FBM; ?Qm`b bT2Mi iQ RdXR3 RdX9N RdXey R8X3j
}HH � p�+�M+v UyXeNV UyXj3V UyXj9V UyXdNV
LQM@H�#Q` +Qbib iQ j99Xd3 eRyXNk N3kXy9 Rk3yX8e
}HH � p�+�M+v UBM 1l_V UkeX3kV Uj8X3jV U8eXd8V URdNXe3V
o�+�M+v /m`�iBQM UBM /�vbV e9XNd eyXNj 8NXjk deXNy

UkXRRV URXkkV URXkyV U9XyeV
P#b2`p�iBQMb NRR kek8 jkee 989
LQi2b,_Q#mbi bi�M/�`/ 2``Q`b BM T�`2Mi?2b2bX R4Re@k9 v2�`b QH/-
k4k8@j9 v2�`b QH/- j4j8@89 v2�`b QH/- 9488@e8 v2�`b QH/X

6BM�HHv- r2 �HbQ }M/ i?�i MQM@H�#Q` +Qbib iQ }HH � p�+�M+v BM+`2�b2 #v �;2 ;`QmTb UdVX AM
T�`iB+mH�`- MQM@H�#Q` +Qbib iQ }HH � p�+�M+v �`2 KQ`2 i?�M i?`22 iBK2b �b ?B;? 7Q` i?2 QH/2bi
�;2 ;`QmT BM +QKT�`BbQM iQ i?2 vQmM;2bi �TTHB+�MibX AM bmK- r2 }M/ BKTQ`i�Mi ?2i2`Q;2M2Biv
BM i?2 +Qbib iQ }HH � p�+�M+vX *v+HB+�HBiv Bb M2;�iBp2Hv �bbQ+B�i2/ rBi? bm+? +Qbib �++Q`/BM;
iQ i?2 T`2/B+iBQM Q7 Qm` i?2Q`2iB+�H KQ/2HX h?mb- Qm` /2b+`BTiBp2 `2bmHib �`2 BM HBM2 rBi?
i?2 bivHBx2/ 7�+ib `2;�`/BM; +v+HB+�HBiv- �b mM2KTHQvK2Mi ~m+im�iBQMb i2M/ iQ #2 i?2 H�`;2bi
7Q` BM/BpB/m�Hb rBi? HQr2` H2p2Hb Q7 2/m+�iBQM U+7X C2z2`bQM- kyy3VX aBM+2 ?B;?2` 2/m+�iBQM�H
`2[mB`2K2Mib 7Q` i?2 DQ# �`2 �bbQ+B�i2/ rBi? ?B;?2` +Qbib iQ bm++2bb7mHHv }HH � p�+�M+v- Qm`
}M/BM;b bm;;2bi i?�i bm+? +Qbib +�M- BM T�`i- 2tTH�BM i?2 Q#b2`p2/ /Bz2`2M+2b BM +v+HB+�HBiv
#v 2/m+�iBQM�H [m�HB}+�iBQMbX

jXk _2;`2bbBQM �M�HvbBb

Pm` K�BM BMi2`2bi Bb iQ i2bi r?2i?2` i?2 ?B`BM; +Qbib �`2 T`QTQ`iBQM�H Q` BM T�`i }t2/X h?mb-
r2 `2;`2bb i?2 +QKTQM2Mib Q7 ?B`BM; +Qbib QM � K2�bm`2 Q7 H�#Q` K�`F2i iB;?iM2bbX am+?
FMQrH2/;2 Bb BKTQ`i�Mi #2+�mb2 HQr T`QTQ`iBQM�H ?B`BM; +Qbib �`2 M2+2bb�`v 7Q` �Mv K�i+?BM;
7`�K2rQ`F iQ K�i+? i?2 /�i� r2HH- �M/ `2H�iBp2Hv H�`;2 }t2/ ?B`BM; +Qbib �HHQr i?2 +�MQMB+�H
KQ/2H iQ K�i+? �M 2KTB`B+�HHv `2H2p�Mi K�`F2i iB;?iM2bb 2H�biB+Biv rBi?Qmi ?�pBM; iQ �bbmK2
� H�`;2 `2TH�+2K2Mi `�iBQX Pm` /�i� +QMi�BMb BM7Q`K�iBQM �#Qmi i?2 2t�+i /�v r?2M � }`K
TQbi2/ � p�+�M+v- �M/ r2 �`2 �#H2 iQ K2`;2 iB;?iM2bb /�i� 7`QK i?2 :2`K�M 1KTHQvK2Mi
�;2M+v i?�i Bb #�b2/ QM `2;Bbi2`2/ p�+�M+B2b �M/ mM2KTHQv2/ BM/BpB/m�Hb �i i?2 8@/B;Bi Q+@
+mT�iBQM H2p2H 7Q` i?2 T�`iB+mH�` KQMi? Q7 i?2 p�+�M+v TQbiBM;- r?B+? iQQF TH�+2 #2ir22M
C�Mm�`v kyRj �M/ .2+2K#2` kyR8X AM7Q`K�iBQM Q7 +?�M;2b BM iB;?iM2bb �i � }M2;`�BM2/ Q++m@
T�iBQM�H H2p2H Bb BKTQ`i�Mi iQ �++QmMi 7Q` /Bz2`2M+2b BM i?2 H2p2H [m�HB}+�iBQM `2[mB`2K2Mib-
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r?B+? +�M #2 bm#bi�MiB�H Uh�#H2 8VXRj

jXkXR A/2MiB}+�iBQM bi`�i2;v

A/2�HHv- r2 rQmH/ r�Mi iQ 2tTHQBi p�`B�iBQM BM iB;?iM2bb rBi?BM Q++mT�iBQMb BM � HQ+�H H�#Q`
K�`F2i Qp2` iBK2 �M/ �M�Hvx2 Bib �bbQ+B�iBQM rBi? +?�M;2b BM }`K@H2p2H ?B`BM; +QbibX >Qr2p2`-
bm+? /�i� +m``2MiHv /Q2b MQi 2tBbi iQ i?2 #2bi Q7 Qm` FMQrH2/;2X .�i� QM ?B`BM; +Qbib BM i?2
:2`K�M CQ# o�+�M+v am`p2v Bb �p�BH�#H2 7Q` kyR9 �M/ kyR8- �M/ `272`b iQ i?2 H�bi ?B`2X
h?2`27Q`2- r2 /Q MQi ?�p2 `2T2�i2/ BM7Q`K�iBQM QM ?B`BM; +Qbib �i i?2 Q++mT�iBQM@}`K H2p2H-
r?B+? rQmH/ #2 M2+2bb�`v iQ `mM � }t2/ 2z2+ib T�M2H `2;`2bbBQM �M/ iQ �++QmMi 7Q` mMQ#b2`p2/
?2i2`Q;2M2Biv �i i?2 }`K H2p2HX AMbi2�/- r2 �`2 `2bi`B+i2/ iQ BM7Q`K�iBQM 7`QK }`Kb i?�i
bm++2bb7mHHv }HH2/ �i H2�bi QM2 p�+�M+v BM 2Bi?2` kyR9 Q` kyR8X � b2+QM/ HBKBi�iBQM Bb i?�i
iB;?iM2bb /�i� �i i?2 8@/B;Bi Q++mT�iBQM H2p2H Bb MQi �p�BH�#H2 �i i?2 H2p2H Q7 HQ+�H H�#Q`
K�`F2ib- #2+�mb2 +2HH bBx2b rQmH/ #2+QK2 iQQ bK�HHXR9 q2 i?2`27Q`2 mb2 BM7Q`K�iBQM QM
Q++mT�iBQM@H2p2H iB;?iM2bb �i i?2 M�iBQM�H H2p2H- �M/ BM+Hm/2 bi�i2 }t2/ 2z2+ib iQ �++QmMi 7Q`
Qp2`�HH /Bz2`2M+2b BM ?B`BM; +Qbib �+`Qbb 72/2`�H bi�i2bX AM bmK- Qm` B/2MiB}+�iBQM `2HB2b QM
p�`B�iBQMb BM iB;?iM2bb �i i?2 iBK2 � p�+�M+v r�b TQbi2/ #2ir22M kyRj �M/ kyR8 rBi?BM � 8@
/B;Bi Q++mT�iBQMX h?mb- r2 +�M BM+Hm/2 }M2@;`�BM2/ Q++mT�iBQM }t2/ 2z2+ib BM Qm` `2;`2bbBQMb
iQ �++QmMi 7Q` /Bz2`2M+2b BM i?2 H2p2H Q7 ?B`BM; +Qbib �+`Qbb Q++mT�iBQMbX �++QmMiBM; 7Q`
Q++mT�iBQM@H2p2H ?2i2`Q;2M2Biv Bb BKTQ`i�Mi- �b /Bz2`2M+2b BM H�#Q` K�`F2i iB;?iM2bb �+`Qbb
Q++mT�iBQMb KB;?i #B�b i?2 `2bmHib iQ i?2 2ti2Mi i?�i }`Kb }M/ Bi KQ`2 /B{+mHi iQ ?B`2 rQ`F2`b
BM bQK2 Q++mT�iBQMb 7Q` Qi?2` `2�bQMb U2X;X- #2+�mb2 bQK2 Q++mT�iBQMb Qz2` TQQ` rQ`FBM;
+QM/BiBQMb Q` �`2 T�B/ `2H�iBp2Hv TQQ`Hv BM +QKT�`BbQM iQ Qi?2` Q++mT�iBQMbVX LQM2i?2H2bb- Qm`
`2bmHib +�MMQi #2 BMi2`T`2i2/ �b bi`B+iHv +�mb�H 2z2+ib iQ i?2 2ti2Mi i?�i H�#Q` K�`F2i iB;?iM2bb
�i i?2 Q++mT�iBQM H2p2H Bb +Q``2H�i2/ rBi? mMQ#b2`p2/ }`K �ii`B#mi2b i?�i �`2 �bbQ+B�i2/ rBi?
?B`BM; +QbibX >Qr2p2`- 2tTHQBiBM; i?2 `B+?M2bb Q7 i?2 :2`K�M CQ# o�+�M+v am`p2v- r2 +�M
Q#b2`p2 K�Mv `2H2p�Mi }`K �ii`B#mi2b- BM+Hm/BM; }`K bBx2- [m�HB}+�iBQM `2[mB`2K2Mib �M/ i?2
bi�`iBM; r�;2 Q7 i?2 M2r ?B`2X JQ`2Qp2`- r2 �`2 �#H2 iQ +QMi`QH 7Q` BM/BpB/m�H +?�`�+i2`BbiB+b-

Rjh?2 b?�`2 Q7 `2;Bbi2`2/ p�+�M+B2b rBi? i?2 2KTHQvK2Mi �;2M+v BM :2`K�Mv Bb QM �p2`�;2 �#Qmi 9y@
8yW Q7 �HH p�+�M+B2bX JQ`2Qp2`- i?2 b?�`2 Q7 `2;Bbi2`2/ p�+�M+B2b Bb M2;�iBp2Hv �bbQ+B�i2/ rBi? i?2 `2[mB`2/
[m�HB}+�iBQM H2p2H- �b T�`iB+mH�`Hv p�+�M+B2b 7Q` ?B;?@bFBHH2/ BM/BpB/m�Hb �`2 H2bb HBF2Hv iQ #2 `2;Bbi2`2/ rBi?
i?2 2KTHQvK2Mi �;2M+vX >Qr2p2`- BM Qm` `2;`2bbBQM �M�HvbBb r2 2tTHQBi +?�M;2b BM H�#Q` K�`F2i iB;?iM2bb
Qp2` iBK2- i?mb /Bz2`2M+2b BM i?2 H2p2H Q7 `2;Bbi2`2/ p�+�M+B2b �`2 H2bb Q7 � +QM+2`MX aBKBH�` Bbbm2b �`Bb2 BM
i?2 +QMi2ti Q7 mM2KTHQvK2Mi- �b `2;Bbi2`2/ mM2KTHQv2/ BM/BpB/m�Hb QMHv �++QmMi 7Q` � 7`�+iBQM Q7 � }`KǶb
TQi2MiB�H �TTHB+�Mib iQ � TQbi2/ p�+�M+vX

R9q?2M �++QmMiBM; 7Q` HQ+�H H�#Q` K�`F2ib- /�i� QM iB;?iM2bb Bb QMHv �p�BH�#H2 �i i?2 j@/B;Bi Q++mT�iBQM�H
H2p2H- r?B+? BM/B+�i2b i?2 Q++mT�iBQM�H }2H/ Q7 BMi2`2bi #mi /Q2b MQi �HHQr iQ /Bz2`2MiB�i2 Q++mT�iBQMb #v bFBHH
`2[mB`2K2Mib U2X;X- iB;?iM2bb rQmH/ #2 �p�BH�#H2 7Q` i?2 �miQKQiBp2 BM/mbi`v BM � HQ+�H H�#Q` K�`F2i #mi Bi
rQmH/ MQi �HHQr /Bz2`2MiB�iBM; #2ir22M mMbFBHH2/ Q` ?B;?@bFBHH2/ DQ#b rBi?BM i?2 �miQKQiBp2 BM/mbi`vVX LQi
#2BM; �#H2 iQ �++QmMi 7Q` /Bz2`2M+2b BM iB;?iM2bb #v bFBHH H2p2H rQmH/ #B�b Qm` `2;`2bbBQMb iQ i?2 2ti2Mi i?�i
HQ+�H ~m+im�iBQMb BM iB;?iM2bb bvbi2K�iB+�HHv /Bz2`2/ #v bFBHH `2[mB`2K2MibX
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BM+Hm/BM; i?2 �;2 �M/ ;2M/2` Q7 i?2 �TTHB+�MiX
h?2 `2;`2bbBQM Q7 K�`;BM�H +Qbib (vacV �M/ Bib bm#+QKTQM2Mib UH�#Q` �M/ MQM@H�#Q` TQbi@

BM; +QbibV BM }`K i 7Q` bm++2bb7mHHv }HHBM; � p�+�M+v BM Q++mT�iBQM o i?�i r�b }`bi TQbi2/ BM
KQMi? t i�F2b i?2 7Q`K,

HM vaci = α HM θot +X ′
iβ + λo + λr + εi,

r?2`2 θot Bb Qm` K2�bm`2 7Q` H�#Q` K�`F2i iB;?iM2bb- λo /2MQi2b Q++mT�iBQM }t2/ 2z2+ib- λr
/2MQi2b bi�i2 H2p2H }t2/ 2z2+ib- �M/ Xi BM+Hm/2b 7m`i?2` +QMi`QH p�`B�#H2bX q2 �`2 T`BK�`BHv
BMi2`2bi2/ BM i?2 +Q2{+B2Mi α- �M/ r2 i2bi i?2 ?vTQi?2bBb r?2i?2` α > 0- r?B+? BKTHB2b i?�i
i?2 +Qbib �`2 T`QTQ`iBQM�H UBX2- ?B`BM; +Qbib BM+`2�b2 BM H�#Q` K�`F2i iB;?iM2bbVX AM i?2 +�b2
r?2M r2 +�MMQi `2D2+i i?2 MmHH ?vTQi?2bBb i?�i α = 0- i?2 +Qbib �`2 }t2/X q?2M `mMMBM;
bBKBH�` `2;`2bbBQMb Q7 i?2 /Bz2`2Mi +QKTQM2Mib Q7 i?2 +Qbib iQ }HH � p�+�M+v- r2 }`bi 2biBK�i2
� KQ/2H rBi? i?2 HQ; Q7 rQ`FBM; ?Qm`b iQ bm++2bb7mHHv }HH � p�+�M+v �b i?2 /2T2M/2Mi p�`B�#H2X
a2+QM/Hv- r2 2biBK�i2 � hQ#Bi KQ/2H U`�i?2` i?�M PGaV 7Q` i?2 +�b2 Q7 MQM@H�#Q` p�+�M+v
TQbiBM; +Qbib- #2+�mb2 bQK2 }`Kb K�v MQi 7Q`K�HHv TQbi p�+�M+B2b 7Q` TQbBiBQMb i?�i r2`2
}HH2/ BM7Q`K�HHv- �M/ i?mb MQi BM+m` �Mv +Qbib UBX2X- i?2v `2TQ`i x2`Q MQM@H�#Q` +QbibVX hQ#Bi
`2;`2bbBQM KQ/2Hb �`2 bmBi�#H2 iQ �++QmMi 7Q` bm+? /�i� bi`m+im`2b (�K2KBv�- RN39)X

jXkXk _2bmHib

AM � }`bi bi2T- r2 `mM b2T�`�i2 `2;`2bbBQMb Q7 i?2 irQ K�BM +QKTQM2Mib Q7 i?2 +Qbib iQ
bm++2bb7mHHv }HH � p�+�M+v- r?B+? �`2 i?2 MmK#2` Q7 rQ`FBM; ?Qm`b bT2Mi iQ }HH � p�+�M+v-
�b r2HH �b MQM@H�#Q` p�+�M+v TQbiBM; +QbibX q2 }M/ MQ bi�iBbiB+�HHv bB;MB}+�Mi �bbQ+B�iBQM
#2ir22M iB;?iM2bb �M/ i?2 HQ; Q7 i?2 MmK#2` Q7 rQ`FBM; ?Qm`b i?�i r2`2 BMpQHp2/ 7Q` � }`K
iQ }HH � p�+�M+v- M2Bi?2` BM � #Bp�`B�i2 `2;`2bbBQM- MQ` r?2M r2 BM+Hm/2 Q++mT�iBQM }t2/
2z2+ib �M/ 7m`i?2` +QMi`QH p�`B�#H2b Uh�#H2 3VX h?mb- r2 +�MMQi `2D2+i i?2 MmHH ?vTQi?2bBb
i?�i BMi2`pB2r +Qbib �`2 }t2/ UBX2X- i?2v �`2 MQi �bbQ+B�i2/ rBi? H�#Q` K�`F2i iB;?iM2bbVX

>Qr2p2`- r2 }M/ i?�i H�#Q` K�`F2i iB;?iM2bb Bb TQbBiBp2Hv �bbQ+B�i2/ rBi? MQM@H�#Q` `2@
+`mBiK2Mi +Qbib Uh�#H2 NVX Pm` `2bmHib BM/B+�i2 i?�i � RyW BM+`2�b2 BM iB;?iM2bb Bb �bbQ+B�i2/
rBi? � e3 1m`Q UQ` � 3XdWV BM+`2�b2 BM MQM@H�#Q` p�+�M+v TQbiBM; +Qbib- r?B+? Bb �M 2+QMQK@
B+�HHv bB;MB}+�Mi 2z2+i bBx2X h?mb- BM HBM2 rBi? i?2 �bbmKTiBQM BM (SBbb�`B/2b- kyyN)- r2 +�M
i?BMF Q7 i?2 +Qbib Q7 K22iBM; � TQi2MiB�H K�i+? UBX2X- BMi2`pB2r +QbibV �b � }t2/ +Qbi- r?BH2
MQM@H�#Q` +Qbib UBM+Hm/BM; K�BMHv i?2 +Qbib 7Q` DQ# �/p2`iBbBM;V �`2 T`QTQ`iBQM�H +QbibX

q2 7m`i?2` `2;`2bb i?2 K�`;BM�H +Qbib iQ }HH � p�+�M+v UvacV QM H�#Q` K�`F2i iB;?iM2bb
�M/ BM+Hm/2 +QMi`QH p�`B�#H2b 7Q` }`K@bBx2- `2[mB`2/ [m�HB}+�iBQM H2p2H- ;2M/2` �M/ �;2 Q7 i?2
bm++2bb7mH �TTHB+�Mi �M/ i?2 MmK#2` Q7 ?B`2b BM i?�i Q++mT�iBQMX �Hi?Qm;? iB;?iM2bb �M/ i?2
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+Qbib iQ }HH � p�+�M+v �`2 TQbBiBp2Hv +Q``2H�i2/- r2 MQ HQM;2` }M/ � bi�iBbiB+�HHv bB;MB}+�Mi
�bbQ+B�iBQM #2ir22M p�+�M+v +Qbib �M/ iB;?iM2bb QM+2 r2 BM+Hm/2 Q++mT�iBQM }t2/ 2z2+ib
Uh�#H2 R9- JQ/2H kVXR8 q2 7m`i?2`KQ`2 +QMi`QH 7Q` i?2 bi�`iBM; r�;2 Q7 i?2 M2r ?B`2- r?B+?
QM Bib QrM Bb bi`QM;Hv +Q``2H�i2/ rBi? i?2 +Qbib iQ }HH � p�+�M+v- �b +�M #2 2tT2+i2/ #2+�mb2
Km+? Q7 i?2 +Qbib iQ }HH � p�+�M+v �`2 2bb2MiB�HHv r�;2 +QbibX >Qr2p2`- BM+Hm/BM; i?2 r�;2 �b
� +QMi`QH p�`B�#H2 /Q2b MQi �z2+i i?2 +Q2{+B2Mi QM iB;?iM2bb- Qm` K�BM p�`B�#H2 Q7 BMi2`2biX
q2 �HbQ i2bi r?2i?2` i?2 MmK#2` Q7 ?B`2b Bb �bbQ+B�i2/ rBi? i?2 +Qbib iQ }HH � p�+�M+vX q?BH2
r2 }M/ � TQbBiBp2 �M/ K�`;BM�HHv bi�iBbiB+�HHv bB;MB}+�Mi +Q2{+B2Mi- i?2 2+QMQKB+ bB;MB}+�M+2
Bb `�i?2` HQr- �b r2 }M/ �M 2H�biB+Biv Q7 QMHv yXyeX

h�#H2 3, UGQ;V rQ`FBM; ?Qm`b iQ }HH � p�+�M+v
JQ/2H R JQ/2H k JQ/2H j JQ/2H 9 JQ/2H 8

HM UH�#Q` K�`F2i iB;?iM2bbV yXyyekd @yXyN8d @yXRR3 @yXRyd @yXy3yk
UyXyke8V UyXRRyV UyXRRyV UyXRyNV UyXRRkV

Ry@RN 2KTHQv22b yXyRe9 yXyR88 yXyy3e8
UyXyNj3V UyXyN9yV UyXyNkkV

ky@9N 2KTHQv22b yXydje yXyekN yXy8RN
UyXyNj3V UyXyN9kV UyXyNk3V

8y@k9N 2KTHQv22b @yXyRye @yXyjdd @yXy88R
UyXRyeV UyXRy3V UyXRy8V

k8y@9NN 2KTHQv22b @yXyNky @yXR8y @yXRdR
UyXRjjV UyXRjeV UyXRjjV

8yyY 2KTHQv22b @yXyjj8 @yXRR3 @yXRj8
UyXR8jV UyXR8NV UyXR88V

HMU?B`2bV yXy8jj yXyekj  yXyey8  
UyXykddV UyXyk3kV UyXyk3RV

HMUbi�`iBM; r�;2 Q7 M2r ?B`2V yXkkd  yXk8R  
UyXRy9V UyXRyRV

P++mT�iBQM }t2/ 2z2+ib LQ u2b u2b u2b u2b
*QMbi�Mi kXj3y   RXyyd yXN8k yX8eN yX98N

UyXy99yV UyX8N9V UyXdkRV UyXd99V UyXd9kV
P#b2`p�iBQMb dkjR dkjR dkjR dkjR dkjR
_@b[m�`2/ yXyyy yXkeN yXkde yXk39 yXkNe
LQi2b, _Q#mbi bi�M/�`/ 2``Q`b BM T�`2Mi?2b2bX *QMi`QH p�`B�#H2b UJQ/2Hb k@9V, .mKKv
p�`B�#H2b 7Q` Re :2`K�M bi�i2b- �;2- ;2M/2`- `2[mB`2/ [m�HB}+�iBQM H2p2HX JQ/2H 8
BM �//BiBQM BM+Hm/2b � /mKKv p�`B�#H2 7Q` 2�+? KQMi? iQ �++QmMi 7Q` b2�bQM�H 2z2+ibX
aB;MB}+�M+2 H2p2Hb,   TIyXy8-    TIyXyRX

R8h?Bb `2bmHi Bb BM HBM2 rBi? *�`#QM2`Q �M/ :�`iM2` (kyky)- r?Q Tm`bm2 � /Bz2`2Mi �TT`Q�+? �M/ mb2
iB;?iM2bb �b �M BMbi`mK2Mi 7Q` b2�`+? /m`�iBQMX h?2v b?Qr i?�i � p�`B�iBQM BM b2�`+? /m`�iBQM +�mb2/ #v
`2;BQM�H +?�M;2b BM iB;?iM2bb Bb MQi bB;MB}+�MiHv �bbQ+B�i2/ rBi? i?2 +Qbib iQ }HH � p�+�M+vX >Qr2p2`- i?2v /Q
MQi b2T�`�i2Hv �M�Hvx2 i?2 /Bz2`2Mi +Qbi +QKTQM2MibX
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q2 �HbQ BM+Hm/2/ 7m`i?2` +QMi`QH p�`B�#H2b- bm+? �b i?2 T`2pBQmb 2KTHQvK2Mi bi�imb U2K@
THQv2/ pbX mM2KTHQv2/V- r?B+? rQmH/ TQi2MiB�HHv TH�v �M BKTQ`i�Mi `QH2 BM QM@i?2@DQ# b2�`+?
KQ/2Hb- �b r2HH �b i?2 ;2M/2` �M/ i?2 �;2 Q7 i?2 M2r ?B`2X >Qr2p2`- QM+2 r2 BM+Hm/2 Q++m@
T�iBQM }t2/ 2z2+ib BM Qm` `2;`2bbBQM KQ/2Hb- i?2 +Q2{+B2Mib Q7 i?2b2 p�`B�#H2b �`2 MQ HQM;2`
bi�iBbiB+�HHv bB;MB}+�MiXRe

h�#H2 N, hQ#Bi `2;`2bbBQM Q7 MQM@H�#Q` +Qbib
JQ/2H R JQ/2H k JQ/2H j JQ/2H 9 JQ/2H 8

HM UH�#Q` K�`F2i iB;?iM2bbV RRyXj 8R9Xd 8N3XN d9RX3  e39X8  
URyeX8V U9yeXNV UjN9X9V Uj38X3V Uj3NXdV

Ry@RN 2KTHQv22b RjRdX3   RjjRXN   RjkyXN   
UkNeXjV UkN9X3V Uk3dX3V

ky@9N 2KTHQv22b RRykX8   NNkXd   NdNXk   
UkNjXyV Uk3NXRV Uk33XkV

8y@k9N 2KTHQv22b RkyjX3   33eXe   38dXd  
Uj98XdV Uj9RXyV UjjdX3V

k8y@9NN 2KTHQv22b kjNRXk   Re3dXR   Rd9eX8   
UekRXdV U8d9X3V U8dRX9V

8yyY 2KTHQv22b k88kXd   R8kdXd   R8NRX3   
U8NjXjV U8dNXyV U83yXNV

HMU?B`2bV @edX98 9RXyR k3X39
URy9XkV UNNXRjV URyNX3V

HMUbi�`iBM; r�;2 Q7 M2r ?B`2V kNkdX3   kN8kXd   
U88dXdV U898XeV

P++mT�iBQM }t2/ 2z2+ib LQ u2b u2b u2b u2b
P#b2`p�iBQMb dkjR dkjR dkjR dkjR dkjR
LQi2b, _Q#mbi bi�M/�`/ 2``Q`b BM T�`2Mi?2b2bX *QMi`QH p�`B�#H2b UJQ/2Hb k@9V,
.mKKB2b 7Q` Re :2`K�M bi�i2b- �;2- ;2M/2`- `2[mB`2/ [m�HB}+�iBQM H2p2HX JQ/2H 8
BM �//BiBQM BM+Hm/2b � /mKKv p�`B�#H2 7Q` 2�+? KQMi? iQ �++QmMi 7Q` b2�bQM�H 2z2+ibX
aB;MB}+�M+2 H2p2Hb,   TIyXy8-    TIyXyRX

jXkXj h?2 `2H�iBp2 BKTQ`i�M+2 Q7 T`QTQ`iBQM�H �M/ }t2/ ?B`BM; +Qbib +QKT�`2/ iQ
TQbi@K�i+? i`�BMBM; +Qbib

q2 MQr im`M iQ i?2 [m2biBQM Q7 ?Qr H�`;2 TQbi@K�i+? i`�BMBM; +Qbib �`2 BM `2H�iBQM iQ i?2
T`QTQ`iBQM�H �M/ }t2/ +Qbib iQ }HH � p�+�M+vX Pm` 2pB/2M+2 7`QK i?2 :2`K�M CQ# o�+�M+v
am`p2v b?Qrb i?�i i?2 bmK Q7 T`QTQ`iBQM�H �M/ }t2/ +Qbib iQ }HH � p�+�M+v �`2 `�i?2` HQr

Req2 BMBiB�HHv }M/ � TQbBiBp2 �bbQ+B�iBQM #2ir22M �;2 �M/ i?2 +Qbib iQ }HH � p�+�M+vX >Qr2p2`- i?2 +Q2{+B2Mi
Bb MQ HQM;2` bi�iBbiB+�HHv bB;MB}+�Mi QM+2 r2 BM+Hm/2 Q++mT�iBQM }t2/ 2z2+ib- BM/B+�iBM; i?�i QH/2` �TTHB+�Mib
i2M/ iQ #2 bQ`i2/ BM Q++mT�iBQMb i?�i �`2 �bbQ+B�i2/ rBi? � ?B;?2` H2p2H Q7 MQM@H�#Q` +Qbib iQ }HH � p�+�M+vX
aBKBH�`Hv- i?2 ;2M/2` Q7 � M2r ?B`2 �b r2HH �b i?2 }`K bBx2 �`2 MQ HQM;2` bB;MB}+�MiHv �bbQ+B�i2/ rBi? i?2 MmK#2`
Q7 rQ`FBM; ?Qm`b iQ }HH � p�+�M+v- QM+2 r2 BM+Hm/2 Q++mT�iBQM }t2/ 2z2+iX h?mb- Km+? Q7 i?2 /2b+`BTiBp2
bi�iBbiB+b #v +?�`�+i2`BbiB+b Q7 �TTHB+�Mib �M/ }`Kb K�bF BKTQ`i�Mi ?2i2`Q;2M2Biv �+`Qbb Q++mT�iBQMbX
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�M/ �++QmMi 7Q` HX3W Q7 KQMi?Hv QmiTmiX �b i?2 :2`K�M CQ# o�+�M+v am`p2v /Q2b MQi
BM+Hm/2 BM7Q`K�iBQM QM TQbi@K�i+? i`�BMBM; +Qbib- r2 K�F2 mb2 Q7 � 7m`i?2` /�i� bQm`+2X
h?2 "A""@*"a bm`p2v 7`QK kyRkfRj BM+Hm/2b /2i�BH2/ BM7Q`K�iBQM QM TQbi@K�i+? i`�BMBM;
+Qbib (a+?ƺM72H/ 2i �HX- kyRe)- BM+Hm/BM; +Qbib /m2 iQ T`Q/m+iBpBiv HQbb2b /m`BM; i?2 �/�Ti�iBQM
T2`BQ/ �b r2HH �b 2ti2`M�H i`�BMBM; +Qm`b2bX q2 `2H�i2 i?2b2 +Qbib iQ BMi2`pB2r +Qbib- r?B+?
r2 Q#b2`p2 BM i?2 :2`K�M CQ# o�+�M+v am`p2v #mi �HbQ BM i?2 "A""@*"aX PM �p2`�;2- TQbi@
K�i+? i`�BMBM; +Qbib `�M;2 7`QK keRk 1m`Q BM bK�HH }`Kb iQ 9933 1m`Q BM H�`;2 }`Kb rBi?
KQ`2 i?�M 8yy 2KTHQv22b (a+?ƺM72H/ 2i �HX- kyRe)X q2 }M/ i?�i TQbi@K�i+? i`�BMBM; +Qbib
�`2 bm#bi�MiB�HHv H�`;2` +QKT�`2/ iQ BMi2`pB2r +Qbib- �M/ Bi im`Mb Qmi i?�i i?2 +Q``2bTQM/BM;
`�iBQ Bb �HKQbi 9y,R Uh�#H2 RyVXRd JQ`2Qp2`- r2 }M/ i?�i i?Bb `�iBQ Bb ?B;?2` 7Q` bK�HH2` }`Kb
#2+�mb2 p�+�M+v TQbiBM; +Qbib BM+`2�b2 `2H�iBp2Hv KQ`2 bi`QM;Hv BM }`K bBx2 BM +QKT�`BbQM
iQ TQbi@K�i+? i`�BMBM; +QbibX q2 +�MMQi /B`2+iHv i2bi r?2i?2` TQbi@K�i+? i`�BMBM; +Qbib
b?QmH/ #2 pB2r2/ �b }t2/ Q` T`QTQ`iBQM�H +Qbib- #2+�mb2 i?2 "A""@*"a Bb � +`Qbb@b2+iBQM�H
bm`p2vX >Qr2p2`- Jm2?H2K�MM �M/ ai`mTH2` G2Bb2` (kyR3) }M/ i?�i TQbi@K�i+? i`�BMBM; +Qbib
�`2 MQi �bbQ+B�i2/ rBi? H�#Q` K�`F2i iB;?iM2bb- mbBM; arBbb T�M2H /�i� rBi? BM7Q`K�iBQM QM
TQbi@K�i+? i`�BMBM; +Qbib 7Q` i?�i �`2 /2}M2/ p2`v bBKBH�`Hv �b BM i?2 "A""@*"a /�i� 7Q`
� bm#b2i Q7 }`Kb i?�i �`2 Q#b2`p2/ BM irQ iBK2 T2`BQ/bX h?mb- �HbQ BM HBM2 rBi? i?2Q`2iB+�H
+QMbB/2`�iBQMb BM SBbb�`B/2b (kyyN)- r2 �bbmK2 i?�i TQbi@K�i+? i`�BMBM; +Qbib �`2 BM/2T2M/2Mi
Q7 iB;?iM2bb �M/ i`2�i i?2K �b }t2/ UQM2@QzV +Qbib 7Q` i?2 Tm`TQb2 Q7 +�HB#`�iBM; Qm` KQ/2HXR3

h�#H2 Ry, _�iBQ Q7 TQbi@K�i+? i`�BMBM; +Qbib �M/ BMi2`pB2r +Qbib iQ }HH � p�+�M+v
SQbi@K�i+? i`�BMBM; +Qbib f BMi2`pB2r +Qbib L

�HH }`Kb jNXdR RN8d
U8NXkeV

R@N 2KTHQv22b 93XNe 9k3
UedXj8V

Ry@9N 2KTHQv22b j9Xdd 3kN
U8jX8eV

8y@9NN 2KTHQv22b jyXey 839
U8jX8eV

8yyY 2KTHQv22b jeXNj RRe
UedXk3V

LQi2b, .�i� bQm`+2, "A""@*"a kyRkfRj Ua+?ƺM72H/ 2i �HX kyReV
ai�M/�`/ /2pB�iBQM BM T�`2Mi?2b2bX

RdLQi2 i?�i i?2 �p2`�;2 Q7 i?2 }`K@H2p2H `�iBQ Q7 TQbi@K�i+? i`�BMBM; +Qbib iQ BMi2`pB2r +Qbib Bb +QMbB/2`�#Hv
?B;?2` i?�M i?2 `�iBQ Q7 i?2 �p2`�;2 TQbi@K�i+? i`�BMBM; +Qbib iQ i?2 �p2`�;2 BMi2`pB2r +Qbib- #2+�mb2 bBKBH�`
iQ r�;2b i?2 /Bbi`B#miBQMb �`2 bF2r2/X

R3q2 �`2 ;`�i27mH iQ >�`�H/ S72B72` 7Q` ;`�MiBM; mb �++2bb iQ i?2 /�i�X h?2 /�i� +�M #2 �++2bb2/ pB� i?2
`2b2�`+? /�i� +2Mi2` 7`QK i?2 62/2`�H AMbiBimi2 Q7 oQ+�iBQM�H 1/m+�iBQM �M/ h`�BMBM; U"A""VX

je



jXkX9 _2H2p�Mi T�`�K2i2`b 7Q` +�HB#`�iBQM

AM i?2 +�MQMB+�H KQ/2H- i?2 2biBK�i2 7Q` i?2 K�`;BM�H p�+�M+v TQbiBM; +Qbib UBX2X- nlc BM h�#H2 9V
Bb γ/qt- r?2`2 qt- �b r2 /2}M2/ �#Qp2- Bb i?2 T`Q#�#BHBiv i?�i � p�+�M+v Bb }HH2/ BM T2`BQ/ tX JQ`2Qp2`-
1/q Bb i?2 2tT2+i2/ /m`�iBQM Q7 � p�+�M+vX �b r2 Q#b2`p2 p�+�M+v /m`�iBQM �i i?2 Q++mT�iBQM�H H2p2H-
r2 +�M /B`2+iHv 2biBK�i2 γ = nlc/E[duration]- �bbmKBM; i?�i i?2 Q#b2`p2/ �p2`�;2 /m`�iBQM Q7 �
p�+�M+v �i i?2 Q++mT�iBQM�H H2p2H Bb � ;QQ/ BM/B+�iQ` Q7 � }`KǶb 2tT2+i2/ p�+�M+v /m`�iBQM BM i?�i
Q++mT�iBQMX q2 �HbQ mb2 i?2 `2H�iBp2 bBx2 Q7 TQbi@K�i+? i`�BMBM; +Qbib iQ BMi2`pB2r +Qbib- r?B+?
+Q``2bTQM/b iQ jNXd QM �p2`�;2 Uh�#H2 RyV iQ 2biBK�i2 i?2 T�`�K2i2` p�Hm2b i?�i r2 `2[mB`2
iQ +�HB#`�i2 Qm` KQ/2HX q2 �bbmK2 i?�i i?2 `�iBQ Q7 TQbi@K�i+? i`�BMBM; +Qbib iQ BMi2`pB2r
+Qbib BM h�#H2 Ry Bb +QMbi�Mi �+`Qbb DQ#b rBi? /Bz2`2Mi [m�HB}+�iBQM `2[mB`2K2Mib- �b r2 /Q
MQi Q#b2`p2 i?�i `�iBQ 7Q` mMbFBHH2/ DQ#b Q` 7Q` DQ#b i?�i `2[mB`2 � i2`iB�`v 2/m+�iBQM BM i?2
"A""@*"a /�i�XRN AMi2`pB2r +Qbib iQ }HH � p�+�M+v �KQmMi iQ yX3W Q7 KQMi?Hv QmiTmi-
r?B+? r2 KmHiBTHv #v jNXdR iQ Q#i�BM �M 2biBK�i2 Q7 TQbi@K�i+? i`�BMBM; +Qbib BM i2`Kb Q7
KQMi?Hv QmiTmi- r?B+? Bb QM �p2`�;2 jjW Q7 KQMi?Hv QmiTmi Ub22 h�#H2 RRVX h?mb- 7QHHQrBM;
SBbb�`B/2b UkyyNV- }t2/ ?B`BM; +Qbib Θ �`2 i?2 bmK Q7 #Qi? }t2/ +Qbib iQ bm++2bb7mHHv }HH �
p�+�M+v �M/ U}t2/V TQbi@K�i+? i`�BMBM; +QbibX

h�#H2 RR, *2Mi`�H ?B`BM; +Qbi T�`�K2i2`b 7Q` +�HB#`�iBQM
S�`�K2i2` J2�M
S`QTQ`iBQM�H ?B`BM; +Qbib γ yXyy93
AMi2`pB2r +Qbib iQ }HH � p�+�M+v U}t2/V yXyy3
SQbi@K�i+? i`�BMBM; +Qbib U}t2/V yXjk
6Bt2/ ?B`BM; +Qbib Θ yXjk3
aQm`+2b, CQ# o�+�M+v am`p2v- "A""@*"a kyRkfRj Ua+?ƺM72H/ 2i �HX kyReVX

AM bmK- r2 }M/ i?�i T`QTQ`iBQM�H ?B`BM; +Qbib γ �`2 p2`v bK�HH �M/ �p2`�;2 yX8W Q7
KQMi?Hv QmiTmi- r?BH2 }t2/ ?B`BM; +Qbib Θ �`2 +QMbB/2`�#Hv H�`;2` �M/ �KQmMi iQ jjW Q7
KQMi?Hv QmiTmiX h?2b2 p�Hm2b �`2 p2`v +HQb2 iQ Qm` +�HB#`�i2/ p�Hm2b 7Q` γ �M/ Θ BM b2+iBQM
kX3XR- i?�i iQ;2i?2` ;Bp2 � `2�bQM�#H2 K�;MBim/2 7Q` i?2 K�`F2i iB;?iM2bb 2H�biB+Biv BM i?2
+�MQMB+�H JS KQ/2H rBi? }t2/ ?B`BM; +Qbib- ;Bp2M 2KTB`B+�HHv TH�mbB#H2 p�Hm2b 7Q` Qi?2`
bi`m+im`�H T�`�K2i2`bX

RNS`2pBQmb `2b2�`+? bm;;2bib i?�i TQbi@K�i+? i`�BMBM; +Qbib BM/22/ BM+`2�b2 #v i?2 `2[mB`2/ 2/m+�iBQM H2p2Hb
7Q` �HH ivT2b Q7 DQ#b (GQ2r2Mbi2BM �M/ aTH2ix2`- RNNN)X aBKBH�`Hv- r2 }M/ BM Qm` /�i� i?�i i?2 +Qbib iQ }HH �
p�+�M+v �HbQ BM+`2�b2 #v 2/m+�iBQM H2p2Hb- r?B+? T`QpB/2b bmTTQ`i 7Q` Qm` �bbmKTiBQM i?�i i?2 `�iBQ #2ir22M
i?2 +Qbib iQ }HH � p�+�M+v �M/ TQbi@K�i+? i`�BMBM; +Qbib K�v BM/22/ #2 `Qm;?Hv +QMbi�Mi �+`Qbb [m�HB}+�iBQM
`2[mB`2K2MibX P7 +Qm`b2- 7mim`2 `2b2�`+? b?QmH/ �ii2KTi iQ 2KTB`B+�HHv �bb2bb i?2 p�HB/Biv Q7 Qm` �bbmKTiBQMX
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9 *QM+HmbBQM

q2 b?Qr i?�i HQr T`QTQ`iBQM�H ?B`BM; +Qbib ?�p2 � T`22KBM2Mi `QH2 BM 2M�#HBM; b2�`+? �M/
K�i+?BM; KQ/2Hb iQ `2T`Q/m+2 i?2 Q#b2`p2/ ~m+im�iBQMb BM mM2KTHQvK2Mi �M/ K�`F2i iB;?i@
M2bb �i #mbBM2bb +v+H2 7`2[m2M+B2bX JQ`2Qp2`- `2H�iBp2Hv H�`;2 }t2/ ?B`BM; +Qbib �HHQr i?2
+�MQMB+�H KQ/2H iQ ;2M2`�i2 #B; `2bTQMb2b Q7 mM2KTHQvK2Mi iQ T`Q/m+iBpBiv +?�M;2b rBi?Qmi
`2bQ`iBM; iQ mM`2�bQM�#Hv ?B;? p�Hm2b 7Q` i?2 `2TH�+2K2Mi `�iBQX q2 mb2 /�i� QM ?B`BM; +Qbib
7`QK i?2 :2`K�M CQ# o�+�M+v am`p2v �M/ i?2 "A""@*"a �M/ }M/ i?�i T`QTQ`iBQM�H ?B`BM;
+Qbib �`2 BM/22/ HQr UyX8W Q7 KQMi?Hv QmiTmiV- r?BH2 }t2/ ?B`BM; +Qbib �`2 `2H�iBp2Hv H�`;2
UjjW Q7 KQMi?Hv QmiTmiVX q2 KQ/B7v i?2 +�MQMB+�H K�i+?BM; KQ/2H #v �//BM; }t2/ ?B`BM;
+Qbi iQ Bi �M/ mb2 Qm` /�i� iQ +�HB#`�i2 i?2 T`QTQ`iBQM�H �M/ }t2/ ?B`BM; +QbibX q2 b?Qr
i?�i- 7Q` � `2�bQM�#H2 +�HB#`�iBQM Q7 i?2 `2TH�+2K2Mi `�iBQ �M/ Qi?2` bi`m+im`�H T�`�K2i2`b-
i?2 KQ/2H Bb �#H2 iQ ;2M2`�i2 � K�`F2i iB;?iM2bb 2H�biB+Biv Q7 i?2 bBx2 i�`;2i2/ #v SBbb�`B/2b
UkyyNV 7Q` p�Hm2b Q7 }t2/ �M/ T`QTQ`iBQM�H ?B`BM; +Qbib r?B+? �`2 BM HBM2 rBi? i?2 /�i�X
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_272`2M+2b
CQ?M JX �#Qr/ �M/ 6`�M+Bb E`�K�`xX h?2 +Qbib Q7 ?B`BM; �M/ b2T�`�iBQMbX G�#Qm` 1+QMQKB+b-

RyU8V,9NNĜ8jy- P+iQ#2` kyyjX

h�F2b?B �K2KBv�X hQ#Bi KQ/2Hb, � bm`p2vX CQm`M�H Q7 1+QMQK2i`B+b- k9UR@kV,jĜeR- RN39X

.�pB/ �M/QH7�iiQX "mbBM2bb +v+H2b �M/ H�#Q`@K�`F2i b2�`+?X h?2 �K2`B+�M 1+QMQKB+ _2pB2r-
3eURV,RRkĜRjk- RNNeX

CQ?M JX "�``QM- J�`F *X "2`;2`- �M/ .�M �X "H�+FX PM i?2 CQ# h`�BMBM;X lTDQ?M AMbiBimi2-
E�H�K�xQQ- E�H�K�xQQ- JB+?B;�M- RNNdX

CQ?M "Bb?QTX q?�i r2 FMQr �#Qmi 2KTHQv2`@T`QpB/2/ i`�BMBM;, � `2pB2r Q7 HBi2`�im`2X
h2+?MB+�H _2TQ`i Ne@yN- *�>_a qQ`FBM; S�T2` a2`B2b- RNNeX

J�`+ "H�ii2`- a�Km2H Jm2?H2K�MM- �M/ a�Km2H a+?2MF2`X h?2 +Qbib Q7 ?B`BM; bFBHH2/ rQ`F2`bX
1m`QT2�M 1+QMQKB+ _2pB2r- 8eURV,kyĜj8- kyRkX

J�`BQ "QbbH2`- LB+QH2 :m2`ix;2M- �H2t�M/2` Em#Bb- �M/ �M/`2�b JQ+x�HHX A�"@
ai2HH2M2`?2#mM; pQM RNNk #Bb kyRd, aQ r2MB;2 �`#2BibHQb2 T`Q Qz2M2 ai2HH2 rB2 MB2 BM
/2M p2`;�M;2M2M k8 C�?`2MX h2+?MB+�H `2TQ`i- A�"@Em`x#2`B+?i- kyR3X

6`�M+2b+Q *�`#QM2`Q �M/ >2`K�MM :�`iM2`X � MQi2 QM i?2 `2H�iBQM #2ir22M b2�`+? +Qbib
�M/ b2�`+? /m`�iBQM 7Q` M2r ?B`2bX J�+`Q2+QMQKB+ .vM�KB+b- T�;2b RĜR9- kykyX BM T`2bbX

:�#`B2H *?Q/Q`Qr@_2B+? �M/ GQmF�b E�`�#�`#QmMBbX h?2 +v+HB+�HBiv Q7 i?2 QTTQ`imMBiv +Qbi
Q7 2KTHQvK2MiX CQm`M�H Q7 SQHBiB+�H 1+QMQKv- Rk9UeV,R8ejĜReR3- kyReX

G�r`2M+2 CX *?`BbiB�MQ- J�`iBM 1B+?2M#�mK- �M/ *?�`H2b GX 1p�MbX LQKBM�H `B;B/BiB2b �M/
i?2 /vM�KB+ 2z2+ib Q7 � b?Q+F iQ KQM2i�`v TQHB+vX CQm`M�H Q7 SQHBiB+�H 1+QMQKv- RRjURV,
RĜ98- kyy8X

G�r`2M+2 CX *?`BbiB�MQ- J�`iBM aX 1B+?2M#�mK- �M/ J�i?B�b h`�#�M/iX lM2KTHQvK2Mi �M/
#mbBM2bb +v+H2bX 1+QMQK2i`B+�- 39U9V,R8kjĜR8eN- kyReX

G�r`2M+2 CX *?`BbiB�MQ- J�`iBM aX 1B+?2M#�mK- �M/ J�i?B�b h`�#�M/iX q?v Bb mM2KTHQv@
K2Mi bQ +QmMi2`+v+HB+�H\ qQ`FBM; S�T2`- kykyX

J2HpvM :X *QH2b �M/ �HB JQ;?�//�bB E2HBb?QKBX .Q DQ# /2bi`m+iBQM b?Q+Fb K�ii2` BM i?2
i?2Q`v Q7 mM2KTHQvK2Mi\ �K2`B+�M 1+QMQKB+ CQm`M�H, J�+`Q2+QMQKB+b- RyUjV,RR3Ĝje-
CmHv kyR3X
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S2i2` �X .B�KQM/X �;;`2;�i2 /2K�M/ K�M�;2K2Mi BM b2�`+? 2[mBHB#`BmKX CQm`M�H Q7 SQHBiB+�H
1+QMQKv- NyU8V,33RĜ3N9- RN3kX

a�`�? .QH}MX �M 2t�KBM�iBQM Q7 }`KbǶ 2KTHQvK2Mi +QbibX �TTHB2/ 1+QMQKB+b- j3U3V,3eRĜ3d3-
kyyeX

J�`F :2`iH2` �M/ �MiQM2HH� h`B;�`BX lM2KTHQvK2Mi ~m+im�iBQMb rBi? bi�;;2`2/ M�b? r�;2
#�`;�BMBM;X CQm`M�H Q7 SQHBiB+�H 1+QMQKv- RRdURV,j3Ĝ3e- kyyNX

J�`F :2`iH2`- *?`BbiQT?2` >m+F72H/i- �M/ �MiQM2HH� h`B;�`BX lM2KTHQvK2Mi 6Hm+im�iBQMb-
J�i+? Zm�HBiv �M/ i?2 q�;2 *v+HB+�HBiv Q7 L2r >B`2bX h?2 _2pB2r Q7 1+QMQKB+ aim/B2b-
yk kykyX

J�`+mb >�;2/Q`M �M/ AQm`BB J�MQpbFBBX h?2 +v+HB+�H #2?�pBQ` Q7 2[mBHB#`BmK mM2KTHQvK2Mi
�M/ p�+�M+B2b `2pBbBi2/X �K2`B+�M 1+QMQKB+ _2pB2r- N3U9V,ReNkĜRdye- kyy3X

_Q#2`i 1X >�HHX 1KTHQvK2Mi ~m+im�iBQMb rBi? 2[mBHB#`BmK r�;2 biB+FBM2bbX �K2`B+�M 1+Q@
MQKB+ _2pB2r- N8URV,8yĜe8- J�`+? kyy8X

_Q#2`i 1X >�HH �M/ S�mH _X JBH;`QKX h?2 HBKBi2/ BM~m2M+2 Q7 mM2KTHQvK2Mi QM i?2 r�;2
#�`;�BMX h?2 �K2`B+�M 1+QMQKB+ _2pB2r- N3U9V,Re8jĜRed9- kyy3X

�M/`2�b >Q`Mbi2BM- S2` E`mb2HH- �M/ :BQp�MMB GX oBQH�Mi2X h2+?MQHQ;v@TQHB+v BMi2`�+iBQM BM
7`B+iBQM�H H�#Qm`@K�`F2ibX h?2 _2pB2r Q7 1+QMQKB+ aim/B2b- d9U9V,Ry3NĜRRk9- kyydX

S?BHBT L C2z2`bQMX 1/m+�iBQM�H �ii�BMK2Mi �M/ i?2 +v+HB+�H b2MbBiBpBiv Q7 2KTHQvK2MiX CQm`@
M�H Q7 "mbBM2bb � 1+QMQKB+ ai�iBbiB+b- keU9V,8keĜ8j8- kyy3X

62HBt EQ2MB;- �H�M J�MMBM;- �M/ "�`#�`� S2i`QM;QHQX _2b2`p�iBQM r�;2b �M/ i?2 r�;2
~2tB#BHBiv TmxxH2X qQ`FBM; S�T2`- kykyX

G�`b GDmM;[pBbi �M/ h?QK�b CX a�`;2MiX h?2 7mM/�K2Mi�H bm`THmbX �K2`B+�M 1+QMQKB+
_2pB2r- RydUNV,kejyĜe8- a2Ti2K#2` kyRdX

G�`b GDmM;[pBbi �M/ h?QK�b CX a�`;2MiX h?2 7mM/�K2Mi�H bm`THmb bi`BF2b �;�BMX qQ`FBM;
S�T2`- kykyX

J�`F �X GQ2r2Mbi2BM �M/ C�K2b _X aTH2ix2`X 6Q`K�H �M/ BM7Q`K�H i`�BMBM;, 1pB/2M+2 7`QK
i?2 MHbvX R3,9yjĜ9j3- RNNNX

�M/`2�b JQ+x�HH- �MM2 JɃHH2`- J�`iBM� _2#B2M- �M/ Em`i oQ;H2`@Gm/rB;X h?2 A�" DQ#
p�+�M+v bm`p2v @ 2bi�#HBb?K2Mi bm`p2v QM DQ# p�+�M+B2b �M/ `2+`mBiK2Mi T`Q+2bb2b , r�p2b
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kyyy iQ kyRj �M/ bm#b2[m2Mi [m�`i2`b 7`QK kyyeX h2+?MB+�H `2TQ`i- AMbiBimi2 7Q` 1KTHQv@
K2Mi _2b2�`+? UA�"V- kyR8X

.�H2 hX JQ`i2Mb2M �M/ *?`BbiQT?2` �X SBbb�`B/2bX CQ# +`2�iBQM �M/ DQ# /2bi`m+iBQM BM i?2
i?2Q`v Q7 mM2KTHQvK2MiX h?2 _2pB2r Q7 1+QMQKB+ aim/B2b- eRUjV,jNdĜ9R8- RNN9X

.�H2 hX JQ`i2Mb2M �M/ úp� L�;vT�HX JQ`2 QM mM2KTHQvK2Mi �M/ p�+�M+v ~m+im�iBQMbX
_2pB2r Q7 1+QMQKB+ .vM�KB+b- Ry,jkd Ĝ j9d- kyydX

a�Km2H Jm2?H2K�MM �M/ >�`�H/ S72B72`X h?2 bi`m+im`2 Q7 ?B`BM; +Qbib BM ;2`K�MvX AM/mbi`B�H
_2H�iBQMb- 88UkV,RNjĜkR3- kyReX

a�Km2H Jm2?H2K�MM �M/ JB`D�K ai`mTH2` G2Bb2`X >B`BM; +Qbib �M/ H�#Q` K�`F2i iB;?iM2bbX
G�#Qm` 1+QMQKB+b- 8k,Rkk Ĝ RjR- kyR3X

"�`#�`� S2i`QM;QHQ �M/ *?`BbiQT?2` �X SBbb�`B/2bX GQQFBM; BMiQ i?2 #H�+F #Qt, � bm`p2v Q7
i?2 K�i+?BM; 7mM+iBQMX CQm`M�H Q7 1+QMQKB+ GBi2`�im`2- jNUkV,jNyĜ9jR- CmM2 kyyRX

LB+QH�b S2i`QbFv@L�/2�m �M/ 1iB2MM2 q�bK2`X h?2 +v+HB+�H pQH�iBHBiv Q7 H�#Q` K�`F2ib mM/2`
7`B+iBQM�H }M�M+B�H K�`F2ibX �K2`B+�M 1+QMQKB+ CQm`M�H, J�+`Q2+QMQKB+b- 8URV,RNjĜkkR-
C�Mm�`v kyRjX

*?`BbiQT?2` �X SBbb�`B/2bX a?Q`i@`mM 2[mBHB#`BmK /vM�KB+b Q7 mM2KTHQvK2Mi- p�+�M+B2b- �M/
`2�H r�;2bX h?2 �K2`B+�M 1+QMQKB+ _2pB2r- d8U9V,ede Ĝ eNy- RN38X

*?`BbiQT?2` �X SBbb�`B/2bX 1[mBHB#`BmK mM2KTHQvK2Mi i?2Q`vX JAh S`2bb- Ua2+QM/ 1/BiBQMV-
kyyyX

*?`BbiQT?2` �X SBbb�`B/2bX h?2 mM2KTHQvK2Mi pQH�iBHBiv TmxxH2, Ab r�;2 biB+FBM2bb i?2 �M@
br2`\ 1+QMQK2i`B+�- ddU8V,RjjNĜRjeN- kyyNX

_B+?�`/ _Q;2`bQM �M/ _Q#2`i a?BK2`X a2�`+? BM K�+`Q2+QMQKB+ KQ/2Hb Q7 i?2 H�#Q` K�`F2iX
>�M/#QQF Q7 G�#Q` 1+QMQKB+b- 9�,eRNĜdyy- kyRRX

ai2T?�MB2 a+?KBii@:`Q?2 �M/ J�`iBM l`B#2X aQHpBM; /vM�KB+ ;2M2`�H 2[mBHB#`BmK KQ/2Hb
mbBM; � b2+QM/@Q`/2` �TT`QtBK�iBQM iQ i?2 TQHB+v 7mM+iBQMX CQm`M�H Q7 1+QMQKB+ .vM�KB+b
�M/ *QMi`QH- k3U9V,d88 Ĝ dd8- kyy9X

:m/`mM a+?ƺM72H/- �MBF� C�Mb2M- 62HBt q2Mx2HK�MM- �M/ >�`�H/ S72B72`X EQbi2M mM/ Lmix2M
/2` /m�H2M �mb#BH/mM; �mb aB+?i /2` "2i`B2#2X qX "2`i2HbK�MM o2`H�;- kyReX

_Q#2`i a?BK2`X h?2 +v+HB+�H #2?�pBQ` Q7 2[mBHB#`BmK mM2KTHQvK2Mi �M/ p�+�M+B2bX �K2`B+�M
1+QMQKB+ _2pB2r- N8URV,k8Ĝ9N- J�`+? kyy8X
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CQbû A;M�+BQ aBHp� �M/ J�Mm2H hQH2/QX G�#Q` im`MQp2` +Qbib �M/ i?2 +v+HB+�H #2?�pBQm` Q7
p�+�M+B2b �M/ mM2KTHQvK2MiX J�+`Q2+QMQKB+ .vM�KB+b- Rj,deĜNe- 8 kyyNX

1iB2MM2 q�bK2` �M/ S?BHBTT2 q2BHX h?2 K�+`Q2+QMQKB+b Q7 H�#Q` �M/ +`2/Bi K�`F2i BKT2`@
72+iBQMbX �K2`B+�M 1+QMQKB+ _2pB2r- N9U9V,N99ĜNej- a2Ti2K#2` kyy9X
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� L�b?@r�;2 Qmi+QK2

amTTQb2 i?�i V E
t �M/ V U

t /2MQi2- `2bT2+iBp2Hv- i?2 p�Hm2b iQ � rQ`F2` Q7 #2BM; K�i+?2/ rBi?
� }`K �M/ #2BM; mM2KTHQv2/- i?mb r2 ?�p2,

V E
t = wt + Et

(
β

ct
ct+1

){
(1− ρ)V E

t+1 + ρV U
t+1

}
, U9dV

V U
t = χ+ Et

(
β

ct
ct+1

){
(1− pt+1)V

U
t+1 + pt+1V

E
t+1

}
, U93V

r?2`2 Et

(
β ct

ct+1

)
Bb i?2 biQ+?�biB+ /Bb+QmMi 7�+iQ` rBi? r?B+? }`Kb- BM 2[mBHB#`BmK- /Bb+QmMi

T`Q}i ~QrbX AM 1[X U9dV rBi? T`Q#�#BHBiv 1− ρ i?2 rQ`F2` bm`pBp2b i?2 2tQ;2MQmb b2T�`�iBQM
?�x�`/ �M/ rBi? T`Q#�#BHBiv ρ i?2 rQ`F2` Bb 2tQ;2MQmbHv b2T�`�i2/X 1[X U93V b�vb i?�i �M
BM/BpB/m�H r?Q Bb mMbm++2bb7mH BM }M/BM; � DQ# BM T2`BQ/ t Bb +H�bbB}2/ �b mM2KTHQv2/ �M/
`2+2Bp2b mM2KTHQvK2Mi #2M2}i χ BM i?�i T2`BQ/- r?B+? ?�b p�Hm2 K2�bm`2/ BM i2`Kb Q7 ;QQ/bX
qBi? T`Q#�#BHBiv pt+1 i?2 BM/BpB/m�H }M/b � DQ# M2ti T2`BQ/ �M/ rBi? T`Q#�#BHBiv 1− pt+1 ?2
Q` b?2 `2K�BMb mM2KTHQv2/X

.2MQiBM; i?2 bm`THmb Q7 #2BM; 2KTHQv2/ iQ � rQ`F2` #v V S
t = V E

t − V U
t , r2 ?�p2,

V S
t = wt − χ+ (1− ρ− pt+1)Et

(
β

ct
ct+1

)
V S
t+1. U9NV

LQr- B7 r2 H2i Υt /2MQi2 i?2 p�Hm2 Q7 � rQ`F2` iQ i?2 }`K- �M �M�HQ;Qmb /2`Bp�iBQM QM i?2
}`K bB/2 H2�/b iQ i?2 7QHHQrBM; 2tT`2bbBQM 7Q` i?2 bm`THmb iQ � }`K Q7 i?2 K�`;BM�H rQ`F2`,

Υt = at − wt + (1− ρ)Et(β
ct
ct+1

)Υt+1, U8yV

r?2`2 Υt = γ
qt
X amTTQb2 i?�i φ ∈ (0, 1) /2MQi2b � rQ`F2`Ƕb #�`;�BMBM; TQr2`X h?2M BM

;2M2`�HBx2/ L�b? #�`;�BMBM;- i?2 T�`iB2b +?QQb2 wt iQ K�tBKBx2

(
V E
t − V U

t

)φ
Υ1−φ

t ,

i?�i `2bmHib BM i?2 7QHHQrBM; b?�`BM; `mH2,

V S
t

Υt
=

φ

1− φ
. U8RV

lT/�iBM; i?Bb `mH2 #v QM2 T2`BQ/ r2 ?�p2 i?�i

V S
t+1 =

φ

1− φ
Υt+1 =

φ

1− φ

γ

qt+1
. U8kV
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L2ti- mbBM; 1[bX U9NV- U8yV- �M/ U8kV �M/ i?2 7�+i i?�i Υt+1 =
γ

qt+1
- iQ bm#biBimi2 Qmi V S

t

�M/ Υt BM U8RV r2 ;2i i?2 7QHHQrBM; bi�M/�`/ L�b?@#�`;�BM2/ r�;2 2[m�iBQM,

wt = φat + (1− φ)χ+ φγEtβ
ct
ct+1

pt+1

qt+1
, U8jV

r?B+? Bb 2tT`2bbBQM URyV BM i?2 K�BM i2tiX

" ai�iB+ �M/ .vM�KB+ `2bmHib Q7 i?2 #�b2HBM2 KQ/2H

q2 MQr im`M iQ � bi2�/v@bi�i2 �M�HvbBb �M/ � /vM�KB+ �M�HvbBb Q7 i?2 #�b2HBM2 KQ/2H rBi?
L�b? #�`;�BMBM;- /Bb+mbb2/ BM b2+iBQM kX AM i?Bb bm#b2+iBQM #�b2HBM2 +�HB#`�iBQM Q7 i?2 bi`m+@
im`�H T�`�K2i2`b `2K�BMb bBKBH�` iQ i?�i /Bb+mbb2/ BM bm#b2+iBQM kX9XRX _2;�`/BM; i?2 2tQ;2@
MQmb T`Q+2bb 7Q` i?2 T`Q/m+iBpBiv b?Q+F- r2 b2i Bib T2`bBbi2M+2 T�`�K2i2` �M/ Bib bi�M/�`/
/2pB�iBQM iQ (ρz, εzt ) = (0.97, 0.005)- +QMbBbi2Mi rBi? i?2 HBi2`�im`2X q2 �HbQ �bbmK2 i?�i i?2
bi2�/v bi�i2 Q7 mM2KTHQvK2Mi `�i2 Bb Ry T2`+2MiX �b � #�b2HBM2 p�Hm2- r2 BMBiB�HHv �bbmK2
i?�i γ = 0.02- r?B+? ;Bp2b mb χ = 0.98X

"XR � bi2�/v@bi�i2 �M�HvbBb

AM i?Bb bm#b2+iBQM- r2 7Q+mb QM i?2 bi2�/v bi�i2 Q7 i?2 #�b2HBM2 KQ/2H �M/ +�H+mH�i2 i?2
K�`F2i iB;?iM2bb 2H�biB+Biv �M/ r�;2 2H�biB+Biv mM/2` i?`22 /Bz2`2Mi b+2M�`BQbX E22TBM; i?2
rQ`F2`bǶ #�`;�BMBM; r2B;?i }t2/ �i i?2 #�b2HBM2 +�HB#`�iBQM yXe �M/ +�H+mH�iBM; ηθ,a �M/ ηw,a

7Q` /Bz2`2Mi +QK#BM�iBQMb Q7 i?2 T`QTQ`iBQM�H ?B`BM; +Qbi γ �M/ mM2KTHQvK2Mi #2M2}ib χc
F22TBM; χ }t2/ �i i?2 #�b2HBM2 +�HB#`�iBQM yXNd33 �M/ +�H+mH�iBM; ηθ,a �M/ ηw,a 7Q` /Bz2`2Mi
+QK#BM�iBQMb Q7 γ �M/ φc F22TBM; γ }t2/ �i i?2 #�b2HBM2 +�HB#`�iBQM yXyk �M/ +�H+mH�iBM; ηθ,a
�M/ ηw,a 7Q` /Bz2`2Mi +QK#BM�iBQMb Q7 χ �M/ φX �TT2M/Bt " T`2b2Mib i?2 /vM�KB+ `2bmHib Q7
i?2b2 +�b2b �b r2HHX

99



h�#H2 Rk, J�`F2i iB;?iM2bb �M/ r�;2 2H�biB+BiB2b 7Q` /Bz2`2Mi +QK#BM�iBQMb Q7 γ- χ- �M/ φ
�X *QK#BM�iBQM Uγ,χV

γ χ ηθ,a ηw,a

XyyyR XNNNN NkN9 XNd8e

XyyR XNN3N NkNX9 XNd8e

Xyj XNeek jR XNdeN

XR X33dk NXj XNdNN

XR8 X3jy3 eXk XN3kR

Xk8 XdR3 jXd XN3e8

"X *QK#BM�iBQM Uγ,φV

γ φ ηθ,a ηw,a

XyyyR XNNe9 8RX8 XNNNN

XyyR XNe8R 8RX8 XNN3d

Xyj X9ek3 8jXR XN8N8

XR XRdd8 8dXk X3888

Xk XydR3 e9X8 XedNR

X98 Xyyy9 N9 XyRR

*X *QK#BM�iBQM Uχ,φV

φ χ ηθ,a ηw,a

XN X3eNR dXN XNNed

X8 XN39d eN XNe9d

Xk XNN88 k8RXe X3dyk

XR XNNd8 9N9 Xd93

Xy8 XNN39 3jy X839

XyyR XNNN ky3j Xyk

S�M2H � Q7 i�#H2 URkV `2TQ`ib ηθ,a �M/ ηw,a 7Q` /Bz2`2Mi p�Hm2b Q7 γ r?2M φ Bb �i Bib #�b2HBM2
H2p2H �M/ χ �/Dmbib iQ b�iBb7v UR9VX h?2 T�M2H +H2�`Hv b?Qrb i?�i r?2M γ Bb p2`v HQr i?2 K�`F2i
iB;?iM2bb 2H�biB+Biv Bb 2ti`2K2Hv ?B;? �M/ i?2 r�;2 2H�biB+Biv Bb HQrX AM 7�+i- �b r2 b�r �#Qp2-
r?2M γ −→ 0- i?2M ηθ,a −→ ∞X h?2 T�M2H /Q+mK2Mib i?�i r?2M γ BM+`2�b2b- ηθ,a 7�HHb �M/
ηw,a `Bb2b- bm+? i?�i �i γ = 0.25 ηθ,a Bb 2ti`2K2Hv HQr �M/ ηw,a Bb H�`;2X � HQr γ M2+2bb�`BHv
`2bmHib BM � ?B;? χ- �M/ i?2`27Q`2- � HQr 7mM/�K2Mi�H bm`THmb- #mi i?Bb Bb Dmbi �M mM�pQB/�#H2
72�im`2 Q7 i?2 JS KQ/2H- #2+�mb2 Q7 i?2 7`22@2Mi`v +QM/BiBQMX

S�M2H " `2TQ`ib i?2 K�`F2i iB;?iM2bb �M/ r�;2 2H�biB+BiB2b 7Q` /Bz2`2Mi +QK#BM�iBQMb Q7
γ �M/ φ- r?2M χ Bb ?2H/ +QMbi�Mi �i Bib #�b2HBM2 p�Hm2X �b K2MiBQM2/ �#Qp2- �M/ Bb �HbQ +H2�`
7`QK UR9V- �HH 2Hb2 2[m�H- � HQr rQ`F2`Ƕb #�`;�BMBM; TQr2` φ +�M BM/m+2 � H�`;2 K�`F2i iB;?iM2bb
2H�biB+Biv i?`Qm;? #Qi? BM+`2�bBM; i?2 MmK2`�iQ` Q7 UR8V �M/ HQr2`BM; Bib /2MQKBM�iQ`X h?2
T`Q#H2K Bb i?�i /m2 iQ i?2 7`22@2Mi`v +QM/BiBQM �HH 2Hb2 +�MMQi #2 2[m�HX q2 ?�p2 iQ 2Bi?2`
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�/Dmbi γ Q` χ. �HbQ /m2 iQ i?Bb +QM/BiBQM �M/ i?2 M�im`2 Q7 i?2 KQ/2H φ �M/ γ �`2 M2;�iBp2Hv
`2H�i2/ iQ QM2 �MQi?2`X 1[m�iBQM UR9V b?Qrb i?�i HQr2`BM; φ rBHH `2bmHi BM � ?B;?2` γ �M/
i?mb rBHH K�F2 i?2 iQi�H 2z2+i Q7 � HQr ω QM ηq,a iQ #2 p2`v bK�HHX AM Qi?2` rQ`/b � HQr2`
γ i?�i `�Bb2b ηθ,a Bb �++QKT�MB2/ #v � ?B;?2` φ i?�i HQr2`b ηθ,a �M/ bQ `2bmHib BM � bK�HH
+?�M;2 BM ηθ,aX >Qr2p2`- B7 BMbi2�/ Q7 γ r2 �HHQr χ iQ �/Dmbi- i?2M � HQr φ +�M BM/22/ BM/m+2
� p2`v H�`;2 ηθ,a �b HQM; �b γ Bb bK�HH- �b T�M2H * `2TQ`ibX LQi2 i?�i BM i?Bb +�b2- � HQr φ

M2+2bb�`BHv `2bmHib BM � ?B;? χ- �M/ i?2`27Q`2- � HQr 7mM/�K2Mi�H bm`THmb 7`�+iBQMX h?mb- `2�H
r�;2 `B;B/Biv +�M BM/22/ BM/m+2 � H�`;2 K�`F2i iB;?iM2bb 2H�biB+Biv bQ HQM; �b i?2 T`QTQ`iBQM�H
?B`BM; +Qbib �`2 bK�HHX �HbQ- Bi Bb BKTQ`i�Mi iQ MQi2 7`QK UR8V i?�i r?2M φ Bb p2`v ?B;? UyXN
�M/ ?B;?2`V Bi Bb 2ti`2K2Hv /B{+mHi iQ ;2i � H�`;2 ηθ,a- mMH2bb γ −→ 0X

�b K2MiBQM2/ �#Qp2 i?2 bBx2 Q7 i?2 ?B`BM; +Qbib TH�vb �HbQ � +2Mi`�H `QH2 BM BM/m+BM;
r�;2 `B;B/Biv- �b Bb 2pB/2Mi 7`QK i?2 i�#H2X q2 K2MiBQM2/ rQ`F2`bǶ #�`;�BMBM; TQr2` +�M #2
2ti`2K2Hv HQr #mi i?2 r�;2 2H�biB+Biv +�M #2 p2`v H�`;2 B7 γ Bb p2`v H�`;2X 6Q` 2t�KTH2- ;Bp2M
i?2 +�HB#`�iBQM Q7 i?2 Qi?2` T�`�K2i2`b- bmTTQb2 i?�i φ = 0.01- �M/ γ = 19, r?B+? iQ;2i?2`
BKTHv i?�i χ Bb yXykX AM i?Bb +�b2 ηθ,a = 1.7 �M/ ηw,a = 1.3X h?Bb Bb �M BKTQ`i�Mi `2bmHi i?�i
+QMi`�bib b?�`THv rBi? i?2 2tBbiBM; #2HB27 BM i?2 HBi2`�im`2 i?�i � HQr φ rBHH /2}MBi2Hv 72�im`2
r�;2 `B;B/BivX

"Xk .vM�KB+ �M�HvbBb

hQ bim/v i?2 #mbBM2bb@+v+H2 BKTHB+�iBQMb Q7 i?2 KQ/2H- r2 �TT`QtBK�i2 i?2 2[mBHB#`BmK /v@
M�KB+b #v bQHpBM; � }`bi@Q`/2` �TT`QtBK�iBQM iQ i?2 2[mBHB#`BmK +QM/BiBQMb �`QmM/ i?2 MQM@
biQ+?�biB+ bi2�/v@bi�i2 Q7 i?2b2 +QM/BiBQMbX h?2 MmK2`B+�H K2i?Q/ mb2/ Bb i?2 T2`im`#�iBQM
�H;Q`Bi?K /2b+`B#2/ #v a+?KBii@:`Q?2 �M/ l`B#2 (kyy9)X a2+QM/ KQK2Mib �`2 +�H+mH�i2/
mbBM; JQMi2 *�`HQ bBKmH�iBQMbX q2 +QM/m+i Ryyy bBKmH�iBQMb- 2�+? kyy T2`BQ/b HQM;X 6Q`
2�+? bBKmH�iBQM- r2 +QKTmi2 b�KTH2 KQK2Mib �M/ i?2M �p2`�;2 i?2b2 };m`2b Qp2` i?2 Ryyy
bBKmH�iBQMbX

AM i�#H2 URjV σu/y- σθ/y- �M/ σw/y bi�M/ 7Q` i?2 bi�M/�`/ /2pB�iBQMb Q7 mM2KTHQvK2Mi-
K�`F2i iB;?iM2bb- �M/ r�;2b `2H�iBp2 iQ i?2 bi�M/�`/ /2pB�iBQM Q7 :.S- `2bT2+iBp2HvX AM HBM2
rBi? r?�i r�b /Bb+mbb2/ �#Qp2 BM i?2 bi2�/v@bi�i2- � HQr ?B`BM; +Qbi BM/m+2b H�`;2 ~m+im�iBQMb
BM mM2KTHQvK2Mi �M/ K�`F2i iB;?iM2bb- �M/ bK�HH ~m+im�iBQMb BM r�;2bX h?2 }`bi `Qr Q7
T�M2H � +H2�`Hv b?Qrb i?�i mM/2` γ = 0.0001 �M/ γ = 0.001- i?2 `2H�iBp2 bi�M/�`/ /2pB�iBQMb
Q7 K�`F2i iB;?iM2bb �M/ mM2KTHQvK2Mi �`2 �#Qmi k8 �M/ N- `2bT2+iBp2Hv- �M/ i?2 `2H�iBp2
bi�M/�`/ /2pB�iBQM Q7 r�;2b Bb �TT`QtBK�i2Hv x2`QX h?2 M2�`@x2`Q pQH�iBHBiv Q7 r�;2b Bb /2bTBi2
i?2 7�+i i?�i rQ`F2`bǶ #�`;�BMBM; TQr2` Bb [mBi2 ?B;? �M/ 2[m�H iQ yXeX �b γ BM+`2�b2b- BM HBM2
rBi? i?2 bi2�/v@bi�i2 �M�HvbBb- i?2 `2H�iBp2 pQH�iBHBiB2b Q7 u- �M/ θ 7�HH bB;MB}+�MiHv- �M/ i?2
`2H�iBp2 pQH�iBHBiv Q7 r�;2b `Bb2b bm#bi�MiB�HHvX
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AM T�M2H "- ?Qr2p2`- bBM+2 � bK�HH γ 2bb2MiB�HHv 72�im`2b � H�`;2 φ- #2+�mb2 χ `2K�BMb
}t2/- i?2 +?�M;2b BM i?2 `2H�iBp2 pQH�iBHBiB2b Q7 u- �M/ θ �`2 MQi bB;MB}+�Mi- bBM+2 i?2 2z2+ib
Q7 � bK�HH UH�`;2V γ �`2 �TT`QtBK�i2Hv #�H�M+2/ #v i?2 2z2+ib Q7 � H�`;2 UbK�HHV φX AM T�M2H
*- bBM+2 γ Bb }t2/ �i � [mBi2 bK�HH p�Hm2 UyXykV �M/ Bi Bb χ i?�i �/Dmbib- HQr2`BM; φ H2�/b iQ
bm#bi�MiB�H BM+`2�b2b BM i?2 pQH�iBHBiB2b Q7 mM2KTHQvK2Mi �M/ K�`F2i iB;?iM2bb- �M/ bB;MB}+�Mi
/2+`2�b2b BM σw/yX h?2 }`bi `Qr Q7 T�M2H * +H2�`Hv b?Qrb i?�i r?2M φ Bb p2`v ?B;? i?2 KQ/2H
+�MMQi ;2M2`�i2 ?B;? pQH�iBHBiv BM u �M/ θ- �M/ BMbi2�/- Bi 72�im`2b H�`;2 ~m+im�iBQMb BM r�;2bX
hQ ?�p2 2KTB`B+�HHv `2H2p�Mi ~m+im�iBQMb BM u- θ- �M/ w- BM i?Bb +�b2- r2 M22/ iQ bB;MB}+�MiHv
HQr2` γ �M/ b2i Bi iQ � p�Hm2 M2�` x2`QX h?2 H�bi `Qr Q7 T�M2H *- QM i?2 Qi?2` ?�M/- b?Qrb
i?�i r?2M rQ`F2`bǶ #�`;�BMBM; TQr2` Bb p2`v M2�` x2`Q- φ = 0.001- �HQM; rBi? HQr p�+�M+v
+Qbib- γ = 0.03- i?2 KQ/2H bm++22/b BM ;2M2`�iBM; bm#bi�MiB�H pQH�iBHBiv BM u �M/ θ �M/ MQ
~m+im�iBQM BM `2�H r�;2bX �Hi?Qm;? MQi `2TQ`i2/ BM i?2 i�#H2- MQr bmTTQb2 r2 F22T rQ`F2`bǶ
#�`;�BMBM; TQr2` �i yXyyR- #mi BMbi2�/ `�Bb2 γ iQ RkX AM i?Bb +�b2 i?2 `2H�iBp2 pQH�iBHBiB2b
Q7 u �M/ θ 7�HH iQ- `2bT2+iBp2Hv- yX93 �M/ RX8- �M/ i?2 `2H�iBp2 pQH�iBHBiv Q7 `2�H r�;2b `Bb2b
2MQ`KQmbHv iQ RXRX h?Bb b?Qrb i?�i 2p2M B7 rQ`F2`bǶ #�`;�BMBM; TQr2` Bb �HKQbi x2`Q- Bi Bb
biBHH TQbbB#H2 7Q` `2�H r�;2b iQ #2 bB;MB}+�MiHv pQH�iBH2 B7 i?2 ?B`BM; +Qbib �`2 p2`v ?B;?X
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h�#H2 Rj, .vM�KB+ `2bmHib 7Q` /Bz2`2Mi +QK#BM�iBQMb Q7 γ- χ- �M/ φ
�X *QK#BM�iBQM Uγ,χV

γ χ ηθ,a ηw,a σu/y σθ/y σw/y

XyyyR XNNNN NkN9 NkN9 N k9X8 Xyyj

XyyR XNN3N NkNX9 NkNX9 3Xd kjX3 Xyk

Xyj XNeek jR jR 9XN RjX8 X9j

XR X33dk NXj NXj kX9 eX8 Xd

XR8 X3jy3 eXk eXk RXd 9Xd Xdd

Xk8 XdR3 jXd jXd RXR j X3k

"X *QK#BM�iBQM Uγ,φV

γ φ ηθ,a ηw,a σu/y σθ/y σw/y

XyyyR XNNe9 8RX8 XNNNN eXR ReXe Xjk

XyyR XNe8R 8RX8 XNN3d eXy3 ReX88 XjR

Xyj X9ek3 8jXR XN8N8 e ReX9 Xj

XR XRdd8 8dXk X3888 8X3 ReXR Xk9

Xk XydR3 e9X8 XedNR 8Xd R8Xe XRd

X98 Xyyy9 N9 XyRR 8Xj R9Xe Xyyk

*X *QK#BM�iBQM Uχ,φV

φ χ ηθ,a ηw,a σu/y σθ/y σw/y

XN X3eNR dXN XNNed kXk 8XN Xd8

X8 XN39d eN XNe9d eX8 RdXN Xk8

Xk XNN88 k8RXe X3dyk 3 kk Xy3

XR XNNd8 9N9 Xd93 3X9 kj Xy9

Xy8 XNN39 3jy X839 3Xe kjX9 XyR

XyyR XNNN ky3j Xyk 3X3 k9 Xyyy

* aQHpBM; 7Q` K�`F2i iB;?iM2bb

amTTQb2 i?�i BMbi2�/ Q7 +�HB#`�iBM; p �M/ q iQ bQK2 +QMp2MiBQM�H �M/ `2�bQM�#H2 p�Hm2b r2
bQHp2 2tT`2bbBQM UR9V 7Q` K�`F2i iB;?iM2bb θX h?Bb K2�Mb i?�i r2 ?�p2 iQ B;MQ`2 i?2 bi`m+im`�H
`2H�iBQMb?BTb �M/ i?2 ;2M2`�H@2[mBHB#`BmK +QMbBbi2M+v `2[mB`2K2Mib i?�i #2ir22M q- p- ζ- �M/
θ /m2 iQ i?2 M�im`2 Q7 i?2 K�i+?BM; 7mM+iBQM 2tBbi- r?B+? K�F2 �HH i?2 7Qm` Q#D2+ib /2T2M/2Mi
iQ 2�+? Qi?2`X AM i?Bb +�b2 ζ +�M MQ HQM;2` #2 TBM2/ /QrM #v 2tT`2bbBQM URdVX JQ`2Qp2`-
r2 rBHH #2 �#H2 iQ ;2i �M �++2Ti�#H2 p�Hm2 7Q` θ- BM i?2 b2Mb2 Q7 ;2iiBM; � p�Hm2 i?�i /2HBp2`b
DQ#@}M/BM; �M/ DQ#@}HHBM; T`Q#�#BHBiB2b H2bb i?�M R- QMHv 7Q` � HBKBi2/ `�M;2 Q7 p�Hm2b 7Q` χ- γ-
φ �M/ ζX hQ b22 i?Bb- H2i mb b2i γ �i yX9- MQi � p2`v ?B;? p�Hm2- �M/ �HHQr θ iQ #2 /2i2`KBM2/
2M/Q;2MQmbHvX AM /QBM; i?Bb 2t2`+Bb2 �HH i?2 Qi?2` bi`m+im`�H T�`�K2i2`b rBi? i?2 2t+2TiBQM
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Q7 χ �M/ ζ i�F2 i?2 p�Hm2b /Bb+mbb2/ �#Qp2 BM bm#b2+iBQM kX9XRX
LQr- ;Bp2M γ = 0.4- φ = 0.6- �M/ i?2 Qi?2` T�`�K2i2`b �i i?2B` #�b2HBM2 H2p2H- i?2

K�tBKmK TQbbB#H2 p�Hm2 i?�i r2 +�M �bbB;M iQ χ Bb yX3- ;Bp2M �HbQ i?�i r2 b2i ζ �i � p2`v
BKTH�mbB#H2 H2p2H yXy88X 6Q` χ = 0.805 �M/ ?B;?2`- Q` ζ = 0.05 �M/ HQr2`- r2 rBHH ;2i � p

�i Q` H2bb i?�M x2`QX LQi2 i?�i- 7Q` i?2b2 p�Hm2b- r2 Q#i�BM p�Hm2b θ = 0.05- �M/ p = 0.01X
:Bp2M i?Bb mM`2�bQM�#H2 T�`�K2i2`Bx�iBQM- MQi QMHv r2 /Q MQi Q#i�BM �Mv `2�bQM�#H2 p�Hm2
7Q` θ- pX "mi KQ`2 BKTQ`i�MiHv- i?2 K�tBKmK TQbbB#H2 mM2KTHQvK2Mi pQH�iBHBiv BM i2`Kb Q7
QmiTmi 7Q` i?2 K�tBKmK TQbbB#H2 p�Hm2 Q7 χ- ;Bp2M γ �M/ φ- Bb H2bb i?�M XR T2`+2MiX

. � K2/BmK@b+�H2 .a:1 KQ/2H

*?`BbiB�MQ 2i �HX (kyRe) BM � +QMi`B#miBQM iQ i?2 HBi2`�im`2 2biBK�i2 � L2r E2vM2bB�M KQ/2H
�M/ b?Qr i?�i Bi �++QmMib r2HH 7Q` F2v #mbBM2bb +v+H2 T`QT2`iB2b Q7 K�+`Q2+QMQKB+ �;;`2;�i2b-
BM+Hm/BM; H�#Q` K�`F2i p�`B�#H2bX h?2v /Q bQ BM � K2/BmK@b+�H2 .a:1 7`�K2rQ`F rBi?
7`B+iBQM�H H�#Q` K�`F2ib- �/DmbiK2Mi +Qbib BM +�TBi�H 7Q`K�iBQM- +�T�+Biv miBHBx�iBQM +Qbib-
?�#Bi 7Q`K�iBQM BM T`272`2M+2b- *�HpQ biB+Fv T`B+2 7`B+iBQMb- � h�vHQ` `mH2 7Q` KQM2i�`v TQHB+v-
� }t2/ +Qbi +QKTQM2Mi BM ?B`BM;- �M/ rBi? M2mi`�H �M/ BMp2biK2Mi@bT2+B}+ i2+?MQHQ;v b?Q+Fb
�M/ KQM2i�`v TQHB+v b?Q+FbX h?2v 2biBK�i2 /Bz2`2Mi p2`bBQMb Q7 i?2B` KQ/2H mbBM; � "�v2bB�M
p�`B�Mi Q7 i?2 bi`�i2;v BM *?`BbiB�MQ 2i �HX (kyy8)- i?�i KBMBKBx2b i?2 /Bbi�M+2 #2ir22M i?2
/vM�KB+ `2bTQMb2 iQ i?2 i?`22 b?Q+Fb BM i?2 KQ/2H �M/ i?2 �M�HQ; Q#D2+ib BM i?2 /�i�X

h?2B` K�BM }M/BM; Bb i?�i mM/2` #Qi? �Hi2`M�iBM;@Qz2` #�`;�BMBM; U�P"V �M/ L�b? #�`@
;�BMBM; r�;2 K2+?�MBbKb- i?2B` KQ/2Hb bm++22/ BM T`Q/m+BM; bBKBH�` BKTmHb2 `2bTQMb2 7mM+@
iBQMb iQ i?2 o�_@#�b2/ BKTmHb2 `2bTQMb2 7mM+iBQMbX *?`BbiB�MQ 2i �HX UkyReV }M/ i?�i BM
Q`/2` iQ �++QmMi r2HH 7Q` i?2 o�_@#�b2/ 2biBK�i2b Q7 BKTmHb2 `2bTQMb2b iQ i?2 b?Q+Fb- i?2B`
L�b? #�`;�BMBM; KQ/2H `2[mB`2b � p2`v ?B;? `2TH�+2K2Mi `�iBQ Uχ/w)X "2bB/2b- BM � M2r T�T2`
#mBHi QM i?2 �`;mK2Mib BM *?`BbiB�MQ 2i �HX UkyReV- *?`BbiB�MQ 2i �HX (kyky) T`QpB/2 �M �Mbr2`
iQ i?2 +`BiB+BbKb Q7 GDmM;[pBbi �M/ a�`;2Mi UkyRdV Q7 r�;2 `B;B/Biv BM 2biBK�i2/ b2�`+? �M
K�i+?BM; KQ/2HbX h?2v }M/ i?�i ǳr�;2 BM2`iB� Bb � M2+2bb�`v +QM/BiBQM 7Q` ;2M2`�iBM; �
H�`;2 +QmMi2`+v+HB+�H `2bTQMb2 Q7 mM2KTHQvK2Mi iQ � b?B7i BM i?2 K�`;BM�H `2p2Mm2 T`Q/m+i
Q7 H�#Q`Ǵ- r?BH2 i?2 7mM/�K2Mi�H bm`THmb 7`�+iBQM K�v MQi #2 BM7Q`K�iBp2 BM i?Bb `2;�`/X

AM �HH i?2 `2bmHib /Q+mK2Mi2/ #v *?`BbiB�MQ 2i �HX UkyRe- kykyV- 7Q` �HH i?2 +�b2b i?�i
i?2B` KQ/2Hb K�i+? i?2 /�i� r2HH �M/ ;2M2`�i2 H�`;2 `2bTQMb2b BM mM2KTHQvK2Mi- i?2 ?B`BM;
+Qbib �`2 p2`v HQr Ub22 h�"G1 AAA BM *?`BbiB�MQ 2i �HX UkyReV �M/ h�#H2 9 BM *?`BbiB�MQ 2i �HX
UkykyVVX JQ`2 T`2+Bb2Hv- r?BH2 i?2 �P" KQ/2H Q7 *?`BbiB�MQ 2i �HX UkyReV /Q2b MQi `2[mB`2 �
?B;? `2TH�+2K2Mi `�iBQ- `2K�`F�#Hv Bi /Q2b `2[mB`2 bK�HH T`QTQ`iBQM�H ?B`BM; +Qbib BM `2H�iBQM
iQ QmiTmi iQ �++QmMi 7Q` i?2 2KTB`B+�H BKTmHb2 `2bTQMb2bX �b h�"G1 AAA Q7 i?2B` T�T2` �M/
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i?2B` `2THB+�iBQM }H2b `2TQ`i- i?2 TQbi2`BQ` KQ/2 Q7 i?2 ?B`BM; +Qbi Us BM i?2B` T�T2`V BM i?2B`
�P" KQ/2H �M/ L�b? #�`;�BMBM; KQ/2H �`2 QMHv yXyy9 �M/ yXyyRe- `2bT2+iBp2HvX JQ`2Qp2`-
i?2 TQbi2`BQ` KQ/2 7Q` i?2 p�+�M+v +Qbi@:.S `�iBQ BM i?2 �P" KQ/2H Bb QMHv yXyyyj- �M/
7Q` i?2B` L�b? #�`;�BMBM; KQ/2H rBi? � ?B;? `2TH�+2K2Mi `�iBQ Bi Bb �HbQ 2ti`2K2Hv bK�HH �M/
2[m�H iQ yXyyykX

AM � `2bTQMb2 iQ *?`BbiB�MQ 2i �HX (kyky)- GDmM;[pBbi �M/ a�`;2Mi (kyky) �M�HviB+�HHv /2`Bp2
i?2 7mM/�K2Mi�H bm`THmb 7`�+iBQM BM i?2 bi2�/v bi�i2 7Q` i?2 �Hi2`M�iBM; Qz2` r�;2 #�`;�BM@
BM; KQ/2H Q7 *?`BbiB�MQ 2i �HX (kyRe)X h?2 2H�biB+Biv Q7 K�`F2i iB;?iM2bb rBi? `2bT2+i iQ
T`Q/m+iBpBiv i?�i i?2v Q#i�BM Bb i?2 7QHHQrBM; Ub22 2[m�iBQM UNV BM GDmM;[pBbi �M/ a�`;2Mi
UkykyVV,

ηfsθ,a =
1

α

a

a− χ− M−2
M ν − 2Θ

, U89V

r?2`2 M Bb i?2 K�tBKmK MmK#2` Q7 #�`;�BMBM; `QmM/b #2ir22M i?2 }`K �M/ i?2 rQ`F2` T2`
[m�`i2`- ν Bb i?2 +QmMi2`Qz2` +Qbi �M/ Θ bi�M/b 7Q` }t2/ ?B`BM; +Qbib Ui?2 +�b2 Q7 }t2/ ?B`BM;
+Qbib Bb /Bb+mbb2/ BM /2i�BH BM i?2 M2ti bm#b2+iBQMVX >2`2- a− χ− M−2

M ν − 2Θ bi�M/b 7Q` i?2
7mM/�K2Mi�H bm`THmbX >Qr2p2`- �b Bi Bb +H2�` 7`QK i?2B` +QM/BiBQM UNV i?2 7QHHQrBM; 2tT`2bbBQM
Kmbi �HbQ ?QH/,

γ =
βq

2

{
a− χ− M − 2

M
ν − 2Θ

}
. U88V

Ai Bb [mBi2 +H2�` 7`QK 1[X U88V i?�i i?2 +Qbi Q7 TQbiBM; � p�+�M+v γ- 7Q` �Mv +�HB#`�iBQM
Q7 β �M/ q- Kmbi #2 H2bb i?�M ?�H7 Q7 r?�i GDmM;[pBbi �M/ a�`;2Mi UkyRd- kykyV +�HH i?2
7mM/�K2Mi�H bm`THmbX
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1 _2;`2bbBQM i�#H2b

h�#H2 R9, UGQ;V +Qbib iQ bm++2bb7mHHv }HH � p�+�M+v
JQ/2H R JQ/2H k JQ/2H j JQ/2H 9 JQ/2H 8

HM UH�#Q` K�`F2i iB;?iM2bbV yXydy9  @yXRye @yXRyN @yXy3kj @yXyd3e
UyXyjj3V UyXRjRV UyXRkdV UyXRk8V UyXRjRV

Ry@RN 2KTHQv22b yXk8R  yXk9N  yXk8j  
UyXRyeV UyXRyeV UyXRy9V

ky@9N 2KTHQv22b yXjRj   yXk3e   yXkdN   
UyXRy8V UyXRyeV UyXRy8V

8y@k9N 2KTHQv22b yXk3y  yXkRk yXRNd
UyXRkRV UyXRk9V UyXRkjV

k8y@9NN 2KTHQv22b yX9R3  yXkd9 yXkek
UyXRe8V UyXRedV UyXRedV

8yyY 2KTHQv22b yX8k9   yXjR9 yXjRk
UyXR3eV UyXRNRV UyXRNRV

HMU?B`2bV yXy98y yXyed9 yXye8j 
UyXyj8yV UyXyj8kV UyXyjd9V

HMUbi�`iBM; r�;2 Q7 M2r ?B`2V yX8e8   yX83N   
UyXRkeV UyXRk9V

P++mT�iBQM }t2/ 2z2+ib LQ u2b u2b u2b u2b
*QMbi�Mi eX9R3   9XN3k   9Xe89   jXejN   jXkky   

UyXy8edV UyXe8yV UyX389V UyX3eNV UyX3d8V
P#b2`p�iBQMb dkjR dkjR dkjR dkjR dkjR
_@b[m�`2/ yXyyj yXjRk yXj99 yXj8k yXjeR
LQi2b, _Q#mbi bi�M/�`/ 2``Q`b BM T�`2Mi?2b2bX *QMi`QH p�`B�#H2b UJQ/2Hb k@9V,
.mKKB2b 7Q` Re :2`K�M bi�i2b- �;2- ;2M/2`- `2[mB`2/ [m�HB}+�iBQM H2p2HX JQ/2H 8
BM �//BiBQM BM+Hm/2b � /mKKv p�`B�#H2 7Q` 2�+? KQMi? iQ �++QmMi 7Q` b2�bQM�H 2z2+ibX
aB;MB}+�M+2 H2p2Hb,   TIyXy8-    TIyXyRX
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