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_�D/22T a2Mb�`K�
.2TiX Q7 h?2Q`2iB+�H S?vbB+b
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h?Bb h?2bBb Bb .2/B+�i2/ iQ

.`X �K`Bi� "X >�x`�
o22M� a?�MF�` �p�/?�MB

�
h2�K E�HT�



�+�/2KB+ �+FMQrH2/;2K2Mib

Ai r�b CmHv kyRN- BM S�`Bb- b2�iBM; M2�` SQMi a�BMi@JB+?2H- K2 �M/ Kv
;QQ/ 7`B2M/ EQmbi�p >�H/2` /2+B/2/ iQ MQi T2`bm2 Qm` Ja �#`Q�/X Ai
r�b � T`2@*PoA. /2+BbBQMX �M/ � p2`v K�im`2 QM2X A r`Qi2 QMHv QM2
�TTHB+�iBQM K�BH 7Q` JaX �M/ A r`Qi2 Bi 7�B`Hv H�i2X A biBHH `2K2K#2` i?2
2p2MBM; T2MMBM; Bi 7`QK i?2 J�`BM2 .`Bp2- /m`BM; Kv H�bi pBbBi iQ >"*a1-
rBi? i?2 �MiB+BT�iBQM Q7 i?2 QTTQ`imMBiv iQ +QK2 #�+F iQ Bi �;�BM �M/ �;�BM
7Q` �M v2�`5
_�D/22T aB` iQQF K2 BM- #mi A ?�p2 MQi #22M �#H2 `2im`M iQ J�`BM2 .`Bp2
2p2` bBM+25
A ?�p2 K2i ?BK QMHv QM+2 #27Q`2 /m`BM; i?2 LAla S?vbB+b +�KT r?2`2 ?2
r�b i2�+?BM;X GBF2 2p2`vQM2 �i >"*a1- ?2 r�b � 7`B2M/Hv- +�`BM; b+B2MiBbi5
AM i?2 p2`v }`bi bFvT2 K22iBM; TQbi �++2Ti�M+2- ?2 `�M K2 i?`Qm;? MmF2b
�M/ +Q`M2`b Q7 i?2 T`Q#H2K bi�i2K2MiX A ?�p2 M2p2` i�F2M Zm�MimK 6B2H/
h?2Q`v k- v2i ?2 2Mi`mbi2/ K2 rBi? � T`QD2+i r?B+? /2�Hb rBi? E2H/vb?
6B2H/ h?2Q`v �i Bib +Q`2X Ai Bb QMHv rBi? ?Bb Tmb? �M/ T�iB2M+2 MQr A FMQr
+2`i�BM i?BM;b �#Qmi BiX
�MvQM2 r?Q Bb 7�B`Hv r2HH p2`b2/ rBi? i?2 hA6_- Bb �r�`2 i?�i i?2 mbm�H
T`Q#H2K HB2b rBi? /B{+mHiv BM }M/BM; �++QKKQ/�iBQMX _�D/22T aB`- rBi?
?Bb miKQbi +�`2 ?�/ �+im�HHv �``�M;2/ QM2 7Q` K2 �i i?2 AMbiBimi25 "mi
i?2M i?2 S�M/2KB+ ?�TT2M2/5
q2 �`2 #H2bb2/ i?�i r2 7�+2/ i?2 HQ+F/QrM BM i?2 �;2 Q7 bQ+B�H K2/B�X
_�D/22T aB` Bb p2`v pQ+�H QM 6�+2#QQF �M/ A +QmH/ 2M;�;2 QM p�`BQmb



TQHBiB+�H- bQ+B�H �M/ �+�/2KB+ /Bb+mbbBQMb rBi? ?BK Qp2` i?2`2X Ai Bb mM7Q`@
imM�i2Hv MQi 7`2[m2Mi BM AM/B�M �+�/2KB� iQ 2M+QmMi2` T2QTH2 r?Q b?�`2b
i?Bb bTB`BiX A r�b 7Q`imM�i2 2MQm;? iQ rQ`F rBi? QM2 �M/ A QMHv rBb?- ?�/
A #22M �i hA6_- r2 +QmH/ ?�p2 /Bb+mbb2/ b+B2M+2 �b r2HH Qi?2` i?BM;b �i
`2;mH�` BMi2`p�Hb5 J�v#2 �i � H�i2` TQBMi- r2 rBHH K22i5
"BD�v aB` �M/ a`22DBi? aB` iQQF miKQbi +�`2 BM ?QbiBM; K2 �i AAa1_ /m`BM;
i?2 r?QH2 /m`�iBQM5 Ai Bb #2+�mb2 Q7 i?2B` 2zQ`i �M/ T2`bm�bBQM rBi? i?2
h�bF 6Q`+2 �M/ i?2 bmTTQ`i 7`QK amT`Bv� J�Ƕ�K U+?�B` Ja *QKKBii22V
A +QmH/ `2im`M BM QM2 Q7 i?2 2�`HB2bi #�i+?2b Q7 Ja bim/2Mib BM P+iQ#2`-
M2�`Hv irQ KQMi?b #27Q`2 Qi?2` bim/2Mib +QmH/X o2`v 72r T2QTH2 mb?2`b
i?Bb Km+? �z2+iBQM QM �Mv#Q/vX
S`Q7 .22T�F .?�` ?�b �Hr�vb #22M Kv 7`B2M/- T?BHQbQT?2` �M/ ;mB/2- bBM+2
A Tm`bm2/ � b2K2bi2` T`QD2+i rBi? ?BK5 >2 r�b QM2 Q7 i?2 F2v T2`bQM BM
i?B`/ v2�` r?Q MQi QMHv Tm`bm2/ K2 iQ 2t2`+Bb2- #mi �+im�HHv K�/2 bm`2
i?�i A /Q5 .m`BM; i?2 HQ+F/QrM ?2 F2Ti QM +?2+FBM; QM K2 Qp2` T?QM2
�#Qmi Kv �+�/2KB+ T`Q;`2bbX aBM+2 Kv `2im`M ?2 ?�b �HHQr2/ K2 iQ #m;
?BK rBi? [m2`B2b �i �Mv TQbbB#H2 KQK2MiX >2 �HbQ F2Ti K2 BMpBiBM; iQ ?Bb
?QK2 7Q` bM�+Fb �M/ M2p2` `2�HHv H2i K2 #mBH/ i?2 ?QK2bB+FM2bb- �Hi?Qm;?
Bi Bb M2�`Hv 2B;?i KQMi?b bBM+2 A ?�p2 H�bi bi2TT2/ Qmi Q7 i?2 +�KTmb5
Ai Bb �M mM/2`bi�i2K2Mi iQ mb2 i?2 rQ`/ #H2bb2/ r?2M A HQQF #�+F �i i?2
QTTQ`imMBiB2b A ?�/ �M/ i?2 i2�+?2`b A ?�p2 ;Qi i?2 QTTQ`imMBiv iQ H2�`M
7`QKX Ai Bb /2#�i�#H2 B7 A ?�p2 #22M �#H2 iQ #2 � ;QQ/ 2MQm;? bim/2Mi- A
�K +2`i�BM i?�i Bb MQi bQ- v2i Bi Bb #2+�mb2 Q7 i?2K- �M/ i?2B` bmTTQ`i �M/
�z2+iBQM- A ?�p2 #22M �#H2 iQ H2�`M r?�i2p2` A ?�p2 H2�`Mi iBHH MQrX
G�biHv- A 2M/ i?2 �+FMQrH2/;2K2Mi rBi? a�`QMvQ .�- Jm`b�HBM .� �M/
:m`m- Kv H�#@K�i2b- rBi?Qmi r?Qb2 bmTTQ`i A rQmH/ MQi ?�p2 #22M �#H2
iQ K�F2 �Mv T`Q;`2bb r?�ibQ2p2`- 2bT2+B�HHv Jm`b�HBM .�- r?Q �HKQbi
bBM;H2@?�M/2/Hv �Mbr2`2/ �HH Kv i`Qm#H2b BM /2#m;;BM; i?2 #QbQMB+ b2+iQ`X
A rBb? r2 rBHH �HH K22i QM2 /�v �M/ +QK2 #�+F iQ Qm` +QHH�#Q`�iBQM i?�i
r2 r2`2 HBKBi2/ iQ bT2M/ rQ`FBM; QM QMHv `2KQi2Hv5
J�v i?�i /�v +QK2 bQQM2`5

d



S2`bQM�H �+FMQrH2/;2K2Mib

h?2 6B7i? u2�` J�bi2`Ƕb h?2bBb �i AAa1_ SmM2 Q{+B�HHv ?�TT2Mb Qp2` i?2
+mHKBM�iBM; 2B;?i@MBM2 KQMi?b- #mi /Q2b Bi `2�HHv\ *�M QM2 `2�HHv Dm/;2
i?2 H�bi H�T Q7 � bT`BMi bT�MM2/ Qp2` }p2 v2�` i?�i BbQH�i2/Hv\ S2`?�Tb5
"mi i?�i Bb BMDmbiB+2X
q?2M A H�M/2/ �i AAa1_ BM � bBKBH�`Hv Qp2`+�bi �m;mbi KQ`MBM; �b iQ/�v-
A ?�/ MQ TH�Mb iQ bi�v KQ`2 i?�M � KQMi? Q` bQ �M/ r�b ?2HH#2Mi QM
DQBMBM; S`2bB/2M+v *QHH2;2- *�H+mii� 7Q` � "Xa+X BM S?vbB+b BMbi2�/X A ?�/
�Hr�vb 7QmM/ i?2 "a +m``B+mHmK BM T?vbB+b p2`v /BHmi2 �M/ iQM2/ /QrM
�M/ r�b #2�KBM; rBi? �#bQHmi2 /Bbb�iBb7�+iBQM 2i2`M�HHvX "mi bQK2i?BM;
MB+2 ?�TT2M2/5
q2 ?�p2 � 7�b+BM�iBM; v2i 2ti`2K2Hv mM/2``�i2/ bvbi2K M�K2Hv i?2 6�+@
mHiv �/pBbQ` Qp2` ?2`2 �i AAa1_X h?2 MQpB+2 }`bi v2�` K2 ?�/ �TT`Q�+?2/
?2` BM i?2 p2`v }`bi KQMi? rBi? � `2[m2bi 7Q` � `2im`M `�BH iB+F2i iQ ?QK2X
a?2 BMbi2�/ iQQF K2 7Q` � +Qz22 i?�i /�v �M/ iQH/ K2 �#Qmi ?2` rQM/2`b
Q7 r?v �hS Bb BM �#mM/�M+2 �b �M 2M2`;v +m``2M+vX a?2 2tTH�BM2/ iQ
K2 r?�i T�T2`b �`2- r?�i � DQm`M�H Bb- r?�i bmKK2` T`QD2+ib �`2X a?2
BMi`Q/m+2/ K2 iQ hA6_ ?2�`BM; Kv 7�b+BM�iBQM �#Qmi T?vbB+b �M/ r`Qi2
K2 � `2+Q 7Q` LAla *?2KBbi`vX
A ?�/ 7QmM/ Kvb2H7 BMiQ � 7mHH #HQrM Tbv+?QbQK�iB+ M2m`QM�H 7�BHm`2 #v
i?2 2M/ Q7 b2+QM/ v2�`- QrBM; iQ ǴQp2`rQ`FǴ 7QHHQrBM; � b2[m2M+2 Q7 #�/
/2+BbBQMbX .`X �K`Bi� "X >�x`�- Kv 7�+mHiv �/pBbQ`- ?�/ �mi?Q`Biv iQ
ivT2 Qmi � `2[m2bi iQ /`QT +Qm`b2b QM #2?�H7 Q7 K2 BM i?2 KB//H2 Q7 i?2
b2K2bi2` �M/ �bF K2 iQ bB;M- rBi?Qmi r?B+? A T`Q#�#Hv rQmH/ ?�p2 2M/2/
mT HQbBM; �M v2�`- K�v#2 Kv +�`22`5



*QmH/ i?2`2 2p2` #2 � #2ii2` +QHH2;2 i?�i A rQmH/ TQbbB#Hv ?�p2 Tm`bm2/
Kv /2;`22 BM\ AAa1_ ;�p2 K2 � JQi?2`5
Ai Bb �HbQ 2ti`2K2Hv mM/2`�TT`2+B�i2/ ?Qr mMmbm�HHv ;`2�i � .2�M S`Q7X
"?�b "�T�i Bb5
*�`22` /2+BbBQMb BM Kv HB72 ?�b �Hr�vb #22M /`Bp2M #v i?2 B/2� Q7 �T@
T`Q�+?BM; r2HH@`QmM/2/ 2t+2TiBQM�HBbKX A b?QmH/ 2t+2H BM S?vbB+b- #mi
b?QmH/ 2t2+mi2 ky Qi?2` ;�K2 +?�M;BM; i?BM;b QM i?2 r�v iQQ5 AAa1_
SmM2- HBF2 Bib 2p2`v bim/2Mi- ;�p2 K2 � M�iBQM�H@H2p2H bi�;2 iQ 2t2+mi2
i?Bb5 ai�`iBM; 7`QK i?2 CQBMi a2+`2i�`vb?BT �i aSA*@J�*�u- Ur?B+?-
�HQM; rBi? /B`2+i +QMi�+i rBi? K�2bi`Qb Q7 A*J- �HbQ ;�p2 K2 bQK2 HB72
HQM; 7`B2M/b?BTb iQ +?2`Bb? �i i?2 *P1S5V- i?2 MQr 2TQMvKQmb >2KBM;@
r�v J2KQ`B�H .2#�i2- h?2 G2�/2`b?BT *QM+H�p2 �M/ }M�HHv i?2 irQ v2�`
bi`2i+? Q7 *?B27@1/BiQ`b?BT �i E�HT�- A T`�+iB+�HHv /B/ r?�i2p2` A r�Mi2/
r?2M2p2` A r�Mi2/5 o22M� a?�MF�` �p�/?�MB b�vb A ?�p2 �Hr�vb HBp2/
Ǵ� FBM;@bBx2/ HB72XǴ AAa1_ ;�p2 K2 i?�i FBM;@bBx25 AAa1_ �HbQ ;�p2 K2
i?2 T�`iM2` BM �HH i?2b2 +`BK2b- i?2 ;`2�i EQmbi�p >�H/2`- r?Q bQK2?Qr
�Hr�vb K�M�;2b iQ 7mM/�K2Mi�HHv /Bb�;`22 rBi? K2 v2i bmTTQ`i K2 BM i?2
�+i #v i?2 2M/5
Ai Bb ?�`/ iQ +QMi`QH i?2 i2KTi�iBQM Q7 MQi r`BiBM; � FBM;@bBx2 �+FMQrH@
2/;2K2Mi Q7 � FBM;@bBx2/ DQm`M2vX "mi A rBHH +QMi`QH Qp2` ?2`25 G2i i?Bb
+QM+Hm/BM; bT�+2 #2 `2b2`p2/ 7Q` QMHv i?2 KQbi mM/2`�TT`2+B�i2/ QM2b-
rBi? i?2 +�p2�i Q7 MQi K2MiBQMBM; M2�`Hv �Mv Q7 Kv KQbi 7�pQm`Bi2 T2QTH2
#v M�K25
AAa1_ ;�p2 K2 7`B2M/bX aQ+B�H *QMi�+ib ?�b M2p2` `2�HHv #22M Kv r2�F
bmBi- bQ i?�i Bb mMbm`T`BbBM;X q?�i Bb bm`T`BbBM; Bb r?2M i?2 QM2 rBi?
H2�bi bQ+B�H bFBHHb �HbQ im`Mb Qmi iQ #2 7�B`Hv i?Qm;?i@T`QpQFBM;X aBM+2 i?2
/�vb Q7 aSA* J�*�u- �M/ i?`Qm;?Qmi i?2 i?B`/ v2�`- i?2`2 r�b � iBMv
;B`H r?Q 7Q` MQ ;QQ/ `2�bQM +?Qb2 iQ ?�M; �`QmM/ rBi? K2 �M/ �;�BM
7Q` MQ ;QQ/ `2�bQM H2i K2 TQF2 KBb+?B27 �i �M 2p2` �++2H2`�iBM; `�i2 Q7
T`2+2/2M+2X q?v\ q?�i /B/ b?2 ;�BM\ q?v r�b b?2 iQH2`�Mi\ LQ +Hm25
"mi M2p2` ?�p2 A 2p2` H2�`Mi KQ`2 i?BM;b �#Qmi HB72- i?�M TQM/2`BM; Qp2`
?Qr :QTBF� J rQmH/ `2�+i iQ +2`i�BM i?BM;bc M2Bi?2` ?�p2 A TB+F2/ �Mv
bQ+B�H };?i rBi?Qmi rQM/2`BM; ?Qr +QmH/ i?�i TQbbB#Hv �z2+i :QTBF� J
BM � TQbBiBp2 r�vX 1p2M i?Qm;? i?BM;b ?�p2 MQi `2�HHv `2K�BM2/ i?2 b�K2-
K�v#2 i?Bb Bb � ;QQ/ TH�+2 iQ �+FMQrH2/;2 i?�iX
h?�i #`BM;b mb iQ i?2 +QM+HmbBQM iQ Kv �ii2KTi Q7 T2MMBM; � HQp2 H2ii2`
iQ AAa1_ �i i?2 iBK2b Q7 *Q`QM�5 A i?�MF 2p2`v QM2 r?Q ?�b #Q`M2 rBi?
K2- 7Q` #2�`BM; rBi? K2 7Q` i?Bb HQM; HQM; v2�`b5

Uh?2 bF2i+? Q7 J�BM "mBH/BM; Bb #v a�KvmF?i� _�K�/m`�B Q7 "aJa@kyR3-
r?Q bF2i+?2/ Bi /m`BM; JBK�Kb� kyRN 7Q` K2 �M/ ?�b #2HQp2/Hv �;`22/ iQ
H2i K2 `2mb2 Bi ?2`2 BM i?2 p2`v }`bi `2[m2biXV

N



Ry



�#bi`�+i

AM i?Bb rQ`F r2 /2p2HQT � MQM@2[mBHB#`BmK �TT`Q�+? iQ bim/v i?2 iBK2
2pQHmiBQM Q7 � +QmTH2/ 2H2+i`QM@T?QMQM K�Mv@#Q/v bvbi2K- rBi? 2H2+i`QMB+
BMBiB�H bi�i2b /`Bp2M 7�`@�r�v 7`QK i?2 ;`QmM/ bi�i2b Ui?2 >Qi 1H2+i`QM
T`Q#H2KV iQ T`Q#2 Bib #2?�pBQm` rBi? `2;�`/b iQ i?2`K�HBb�iBQMX h?2
2[mBHB#`�iBQM Q7 Ǵ?Qi 2H2+i`QMbǴ- 2t+Bi2/ iQ � ?B;? 2M2`;v bi�i2 2Bi?2` #v
2ti2`M�H 2H2+i`QK�;M2iB+ r�p2b Q` #v +QHHBbBQM rBi? ?B;? 2M2`;v T�`iB+H2b-
Bb `2H2p�Mi iQ � H�`;2 +H�bb Q7 T`Q#H2Kb- pBxX BM TmKT@T`Q#2 bT2+i`Qb+QTv-
bi�#BHBiv Q7 bQHB/ bi�i2 i`�MbBbiQ`b- `2bTQMb2 Q7 T?QiQ/2i2+iQ`b- QT2`�iBQM
Q7 i?2`KQ2H2+i`B+ /2pB+2b 2i+X JQbi T`2pBQmb bim/B2b Q7 i?2 ǳ?Qi 2H2+i`QMǴ
T`Q#H2K i`2�i i?2 T?QMQMb �b � i?2`K�H #�i? r?Qb2 /2MbBiv K�i`Bt UQ`
/Bbi`B#miBQM 7mM+iBQMbV `2K�BM BMp�`B�Mi rBi? iBK2X AM i?Bb T`QD2+i r2 rBb?
iQ /2Hp2 BM rBi? i?2 b2H7@+QMbBbi2Mi iBK2 2pQHmiBQM Q7 i?2 +QmTH2/ bvbi2K
mbBM; a+?rBM;2`@E2H/vb? }2H/ i?2Q`vX
q2 +QMbi`m+i �M 2pQHmiBQM b+?2K2 r?2`2 r2 �bbmK2 [m�bbB@bi�iB+ Q7 i?2
2H2+i`QMB+ b2+iQ` r?2`2�b i?2 T?QMQMB+ b2+iQ` ?�b #22M i`2�i2/ T`2b2`pBM;
Bb +QKTH2i2 MQM@2[mBHB#`BmK M�im`2X >2`2 r2 }`bi /2p2HQT i?2 Bi2`�iBQM 7Q`
T?QMQMb �M/ i2bi Bib /vM�KB+b +QmTHBM; rBi? �M P?KB+ "�i?X 1[mBTT2/
rBi? i?Bb r2 rBb? iQ +QmTH2 i?Bb iQ i?2 bvbi2K 2H2+i`QMb �M/ bim/v i?2B`
DQBMi /vM�KB+b BM � b2H7@+QMbBi2Mi r�vX





*QMi2Mib

R AMi`Q/m+iBQM R

RXR hrQ h2KT2`�im`2 JQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X k

RXk � +?�M;2 Bb BM Q`/2` X X X X X X X X X X X X X X X X X X X X X X X X X X X 9

k h?2Q`v d

kXR :`�bbK�MM �H;2#`� � *Q?2`2Mi ai�i2b X X X X X X X X X X X X X X X X X d

kXk :�mbbB�M AMi2;`�Hb Q7 :`�bbK�MM 6B2H/b X X X X X X X X X X X X X X X X X RR

kXj 62`KBQMB+ S�`iBiBQM 6mM+iBQM X X X X X X X X X X X X X X X X X X X X X X RR

kX9 AMi2`�+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9

kX8 _2�H a+�H�` 6B2H/ h?2Q`v X X X X X X X X X X X X X X X X X X X X X X X X X Rd

kXe :�mbbB�M AMi2;`�Hb Q7 _2�H a+�H�` 6B2H/b X X X X X X X X X X X X X X X X R3

kXd "QbQMB+ S�`iBiBQM 6mM+iBQM X X X X X X X X X X X X X X X X X X X X X X X X R3

kX3 .vbQM 1[m�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kR

j LQM BMi2`�+iBM; "QbQMb *QmTH2/ rBi? P?KB+ "�i? kj

jXR :`22MǶb 6mM+iBQMb- a2H7 1M2`;B2b X X X X X X X X X X X X X X X X X X X X X kj

jXk Ai2`�iBM; i?2 .vbQM 1[m�iBQM X X X X X X X X X X X X X X X X X X X X X X ke

jXj 6BM/BM;b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kd

9 6m`i?2` qQ`F jj

B



"B#HBQ;`�T?v j8

BB



GBbi Q7 6B;m`2b

kXR .B;`�K�iB+ `2T`2b2Mi�iBQM Q7 i?2 iBK2 H�#2HHBM; Q7 i?2 62`KBQMB+  }2H/
BM i?2 /Bb+`2i2 E2H/vb? +QMiQm`X h?2 MQiBQM 7Q` i?2  Bb �M�HQ;QmbX Ai
Bb rQ`i? MQiBM; i?�i i?2 r?2M i?2v �`2 `2H�#2H2/ �b  +, �- i?2  � +Q@
Q`/BM�i2b �`2 Q`/2`2/ BM i?2 QTTQbBi2 r�v BM i?2 #�+Fr�`/ +QQ`/BM�i2X
h?Bb 7�+BHBi�i2b i?2 /Bz2`2M+2 BM bB;M Q7 �t BM i?2 7Qm`i? +Q@Q`/BM�i2 Q7
UkXRRVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rj

kXk .B�;`�KK�iB+ `2T`2b2Mi�iBQM Q7 i?2 o2`iB+2b Q7 i?2 7Qm`@72`KBQMB+ BM@
i2`�+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Re

kXj .B;`�K�iB+ `2T`2b2Mi�iBQM Q7 i?2 iBK2 H�#2HHBM; Q7 i?2 "QbQMB+ � }2H/
BM i?2 /Bb+`2i2 E2H/vb? +QMiQm` X X X X X X X X X X X X X X X X X X X X X ky

jXR SHQi Q7 i?2 BMBiB�H 1M2`;v G2p2Hb pfb i?2 KQK2MimK H2p2H BM i?2 6B`bi
"`BHHBQmM wQM2X h?2 THQi BM i?2 `B;?i b?Qrb i?2 BMBiB�H Q++mT�iBQM
MmK#2`b +Q``2bTQM/BM; iQ i?2 b�B/ 2M2`;v H2p2HbX q2 �`2 rQ`FBM; rBi?
�+QmbiB+ T?QMQMb bQ i?2 /BbT2`bBQM `2H�iBQM Bb bBMmbQB/�H �b Bb ;Bp2M
#v 1[X UjXNVX h?2 Q++mT�iBQM MmK#2` 7Q` 2�+? 2M2`;v H2p2H Bb i?2M
+QKTmi2/ mbBM; � "Qb2 .Bbi`B#miBQM- rBi? � = 1X 6Q` T?QMQMb i?2
+?2KB+�H TQi2MiB�H- ⌫ = 0X h?2 #�M/rB/i? Q7 i?2 /Bbi`B#miBQM !0 Bb b2i
�i k X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k8

jXk SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4yR Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb
� = 10, 5, Tbath = 0.8, 1,� = 0.5, 1 X X X X X X X X X X X X X X X X X X X X k3

jXj SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4yk Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb
� = 10, 5, Tbath = 0.8, 1,� = 0.5, 1 X X X X X X X X X X X X X X X X X X X X k3

jX9 SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4yj Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb
� = 10, 5, Tbath = 0.8, 1,� = 0.5, 1 X X X X X X X X X X X X X X X X X X X X k3

jX8 SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4y9 Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb
� = 10, 5, Tbath = 0.8, 1,� = 0.5, 1 X X X X X X X X X X X X X X X X X X X X kN

jXe SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4y8 Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb
� = 10, 5, Tbath = 0.8, 1,� = 0.5, 1 X X X X X X X X X X X X X X X X X X X X kN

BBB



jXd SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4ye Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb
� = 10, 5, Tbath = 0.8, 1,� = 0.5, 1 X X X X X X X X X X X X X X X X X X X X kN

jX3 SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4yd Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb
� = 10, 5, Tbath = 0.8, 1,� = 0.5, 1 X X X X X X X X X X X X X X X X X X X X jy

jXN SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4y3 Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb
� = 10, 5, Tbath = 0.8, 1,� = 0.5, 1 X X X X X X X X X X X X X X X X X X X X jy

jXRy SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4yN Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb
� = 10, 5, Tbath = 0.8, 1,� = 0.5, 1 X X X X X X X X X X X X X X X X X X X X jy

jXRR SHQib 7Q` �iDK(t, t) pb t 7Q` p�`BQmb H2p2Hb rBi? Tbath = 0.8 X X X X X X jR

jXRk SHQib 7Q` �iDK(t, t) pb t 7Q` p�`BQmb H2p2Hb rBi? Tbath = 1.2 X X X X X X jk

Bp



*?�Ti2` R

AMi`Q/m+iBQM

� ;2M2`B+ bvbi2K BM *QM/2Mb2/ J�ii2` S?vbB+b +QMbBbib Q7 � K�i2`B�H H�iiB+2 +QMbiB@
imi2/ Q7 �iQKb UQ7 QM2 Q` KmHiBTH2 FBM/V �i Bib 2�+? H�iiB+2 TQBMib- r?B+? BMi2`�+i rBi?
2�+? Qi?2` BM bQK2 bT2+B}2/ K�MM2`X

AM i?2 rQ`F T`2b2Mi2/ BM i?Bb i?2bBb- r2 �`2 BMi2`2bi2/ BM bim/vBM; /vM�KB+�H #2@
?�pBQm` Q7 bm+? �M 62`KBQMB+ G�iiB+2- rBi? QM2 7`22@2H2+i`QM �i 2�+? H�iiB+2 bBi2- BM@
i2`�+iBM; rBi? i?2Kb2Hp2b �b r2HH �b i?2 G�iiB+2 S?QMQMbX

6Q` bm+? � bvbi2K BMBiB�HHv i?2 2H2+i`QMb +�M #2 �bbmK2/ iQ #2 BM i?2 ;`QmM/ bi�i2
Q7 i?2 62`KB a2� rBi? x2`Q UQ` rBi? � bK�HH #mi }MBi2V i2KT2`�im`2X h?2M �M 2ti2`@
M�H BMi2`�+iBQM Bb im`M2/ QM Ubm+? �b � G�a1_ HBF2 BM TmKT@T`Q#2 2tT2`BK2Mib Q`
#QK#�`/K2Mi Q7 ?B;? 2M2`;v +?�`;2/ T�`iB+H2b �b BM i?2 T�`iB+H2 /2i2+iQ`bV- r?B+?
2t+Bi2b i?2b2 2H2+i`QMb iQ p2`v ?B;? 2M2`;v 2B;2Mbi�i2b- #mi H2�p2b i?2 T?QMQM b2+iQ`
mM�Hi2`2/ iQ � ;QQ/ �TT`QtBK�iBQMX

q2 �`2 BMi2`2bi2/ BM bim/vBM; ?Qr i?Bb bvbi2K Q7 >Qi@2H2+i`QMb +QmTH2/ iQ i?2
bvbi2Kb Q7 H�iiB+2 T?QMQMb 2[mBHB#`B�i2X

PM2 BMi2`2biBM; [m2biBQM iQ �bF BM i?Bb `2bT2+i Bb i?2 }M�H i2KT2`�im`2 �b � 7mM+@
iBQM Q7 i?2 BMTmi 2M2`;v- r?B+? +�M #2 2�bBHv +QKTmi2/ 7`QK 2[mBHB#`BmK bi�iBbiB+�H
K2+?�MB+bX >Qr2p2`- i?Bb Bb �M �Mbr2` �i BM}MBi2 iBK2 r?B+? Bb Km+? #2vQM/ i?2
mbm�H K2�bm`2K2Mi iBK2b+�H2bX

�;�BM- BM i?2 2tT2`BK2Mib /2b+`B#2/ �#Qp2- i?2`2 Bb �Hr�vb bQK2 }MBi2 2M2`;v #2BM;
BMD2+i2/ �b �M BMTmi- �M/ BM 2[mBHB#`BmK i`2�iK2Mi �Mv }MBi2 2M2`;v ?�b � x2`Q /2MbBiv
BM i?2 T?�b2 bT�+2X >2M+2 B``2bT2+iBp2 Q7 i?2 BMTmi 2M2`;v- �i i?2 i?2`KQ/vM�KB+
HBKBi- �M 2[mBHB#`BmK i`2�iK2Mi Q7 i?2 T`Q#H2K rBHH ;Bp2 `Bb2 iQ MQ i2KT2`�im`2 `Bb2X
>Qr2p2`- �HH i?2 /2i2+iQ`b �b r2HH �b T`Q#2b �`2 Q7 }MBi2 bBx2 �M/ i?2v /Q `2+Q`/ �
`Bb2 BM i2KT2`�im`2 BM i?2b2 2tT2`BK2MibX >2M+2 i?2 }M�H �Mbr2` Q7 i?2 +QKKQM
i2KT2`�im`2 �HbQ #2+QK2b � 7mM+iBQM Q7 i?2 bvbi2K bBx2X

AM i?Bb rQ`F r2 b22F iQ /2p2HQT K�+?BM�`B2b 7Q` � MQM@2[mBHB#`BmK i`2�iK2Mi Q7 i?Bb

R



T`Q#H2KX AM bT2+B}+ r2 �`2 BMi2`2bi2/ BM +QKTmiBM; i?2 iBK2 b+�H2 Q7 2[mBHB#`�iBQM-
r?2i?2` 2p2`v T?QMQM KQ/2 ?�b i?2 b�K2 2[mBHB#`B�iBQM iBK2b+�H2- i?2 2{+B2M+v Q7
2M2`;v i`�Mb72` �i }MBi2 iBK2 b+�H2b BMpQHp2/ 2i+X q2 rBb?2/ iQ bim/v i?2b2 #v b2iiBM;
mT � /vM�KB+�H 7`�K2rQ`F mbBM; E2H/vb?@a+?rBM;2` 6B2H/ h?2Q`v(R- k)X

AM bim/v Q7 >Qi@2H2+i`QM i?2`K�HBb�iBQM Bi Bb +mbiQK�`v iQ �bbmK2 i?�i i?2 2H2+@
i`QMb i?2`K�HBb2 #2ir22M i?2Kb2Hp2b p2`v [mB+FHv(j)X h?2 2H2+i`QMb BMi2`�+i �KQM;
i?2Kb2Hp2b pB� � HQM;@`�M;2 +QmHQK# BMi2`�+iBQM- r?B+? ?�b � i?2`K�HBb�iBQM iBK2b+�H2
Q7 i?2 Q`/2` Q7 72KiQ@b2+QM/bX h?2 Qi?2` `2H2p�Mi iBK2b+�H2b `2H2i�2/ iQ T?2MQK2M�
QM2 Bb mbm�HHv BMi2`2bi2/ BM bim/vBM; Ubm+? �b 2H2+i`QM@T?QMQM BMi2`�+iBQM- i`�MbB2Mi
/vM�KB+bV i2M/b iQ #2 Q7 i?2 Q`/2` Q7 TB+Q@b2+QM/b (9)X >2M+2 BM bim/v Q7 i?2 K2+?@
�MBbK Q7 `2/Bbi`B#miBQM Q7 i?2 2M2`;v �KQM; i?2 T?QMQM /2;`22b Q7 7`22/QK �M/ i?2
�TT`Q�+? iQ � +QKKQM 2[mBHB#`BmK Bi Bb mbm�HHv b�72 iQ �bbmK2 � [m�bbB@bi�iB+ M�im`2
Q7 i?2 2H2+i`QMbX

q2 �`2 BMi2`2bi2/ BM BMp2biB;�iBM; i?2 K2+?�MBbK Q7 i?Bb T`Q+2bb #v F22TBM; BMiQ
�++QmMi i?2 MQM@2[mBHB#`BmK M�im`2 Q7 i?2 T?QMQMbX

h?2 `2K�BM/2` Q7 i?Bb `2TQ`i Bb bi`m+im`2/ �b 7QHHQrbX

AM i?2 7QHHQrBM; b2+iBQM r2 #`B2~v `2pB2r i?2 hrQ h2KT2`�im`2 JQ/2H /m2 iQ
�MBbBKQp 2iX �HX (j)- r?B+? Bb +mbiQK�`v iQ BMpQF2 BM bim/v Q7 i?2b2 bvbi2Kb- r?B+?
�HbQ �bbmK2b � [m�bbB@bi�iB+ M�im`2 Q7 i?2 T?QMQMb �M/ QmiHBM2 bQK2 T`Q#H2Kb Bi K�v
bmz2` QrBM; iQ i?Bb �bbmKTiBQMX

AM i?2 7QHHQrBM; +?�Ti2` r2 `2pB2r i?2 `2H2p�Mi `2bmHib Q7 i?2 E2H/vb?@a+?rBM;2`
7Q`KmH�iBQM(R- k) Q7 }2H/ i?2Q`v- `2[mB`2/ 7Q` i?2 bim/vX q2 #`B2~v bmKK�`Bb2 bQK2
T`2HBKBM�`v `2bmHib 7Q` i?2 T?QMQMB+ b2+iQ`- r?2`2 r2 ?�p2 bim/B2/ /vM�KB+b Q7 MQM@
2[mBHB#`BmK T?QMQMb +QmTH2/ iQ �M Q?KB+ #�i?X G�biHv r2 i`�+2 Qmi i?2 `Qmi2b iQ
7m`i?2` rQ`Fb �M/ +QM+Hm/2X

RXR hrQ h2KT2`�im`2 JQ/2H

h?2 T`QiQivT2 Q7 i?2 bvbi2K r?Qb2 /vM�KB+�H #2?�pBQm` r2 b22F iQ KQ/2H �`2 bim/@
B2/ rBi? SmKT@S`Q#2 aT2+i`Qb+QTv (jĜe)X AM i?2b2 2tT2`BK2Mib r2 mbm�HHv bi�`i rBi?
� H�iiB+2 Q7 � bmBi�#H2 K�i2`B�H- rBi? �M 2H2+i`QMB+ �M/ � T?QMQMB+ bm#@H�iiB+2X h?2
2H2+i`QM TQTmH�iBQM Bb i?2M /`Bp2M �r�v 7`QK 2[mBHB#`BmK #v 2t+BiBM; i?2K iQ ?B;?2`
KQK2MimK H2p2Hb #v b?BMBM; ?B;? 7`2[m2M+v T?QiQMb Uh?2 SmKT SmHb2VX hQ � ;QQ/
�TT`QtBK�iBQM i?2 T?QMQMb +�M #2 �bbmK2/ iQ `2i�BM i?2B` BMBiB�H 2[mBHB#`BmK +QM};@
m`�iBQMX

h?2 `2bmHiBM; MQM@i?2`K�H TQTmH�iBQM Q7 2H2+i`QMb mbm�HHv ?�p2 �M b2H7@2[mBHB#`BmK
iBK2 b+�H2 Q7 Ry@Ryy 72KiQ@b2+QM/b K2/B�i2/ #v i?2 2H2+i`QM 2H2+i`QM +QmHQK# b+�i@
i2`BM;X �7i2`r�`/b- BM i?2 iBK2 b+�H2 Q7 i?2 Q`/2`b Q7 TB+Q@b2+QM/b- i?2 BMi2`�+iBQMb
rBi? i?2 T?QMQMB+ bm#@H�iiB+2 TH�vb i?2 T`BK�`v `QH2 �b � i?2`K�HBb�iBQM +?�MM2HX

k



Ai Bb BM?2`2MiHv �bbmK2/ i?�i i?2 2H@2H BMi2`�+iBQM �b r2HH �b i?2 T?@T? BMi2`�+iBQM
KBt2b i?2 /2;`22b Q7 7`22/QK Q7 i?2 BM/BpB/m�H bm#@bvbi2Kb �i iBK2 b+�H2b Km+? 7�bi2`
i?�M i?�i Q7 i?2 BMi2`�+iBQM i?�i +QmTH2b i?Qb2 irQX >2M+2 �i i?2 iBK2 b+�H2b +QKT�@
`�#H2 iQ i?2 H�i2` Bi +�M #2 �bbmK2/ i?�i �i �HH iBK2b i?2`2 Bb � 2H2+i`QM i2KT2`�im`2
UTeV �M/ � T?QMQM i2KT2`�im`2 UTphV �i 2p2`v iBK2 bi2TX h?2 �+iBQM Q7 i?2 +QmTHBM; Bb
i?2M `2/m+2/ iQ mT/�iBM; i?2b2 irQ p�Hm2bX 1p2Mim�HHv #Qi? i?2 bm#@bvbi2K i2KT2`@
�im`2 `2�+?2b � +QKKQM 2[mBHB#`BmK p�Hm2 �M/ ?2�i /BzmbBQM BM i?2 bvbi2K `2biQ`2b
iQ Bib BMBiB�H bi�i2X

h?2 /vM�KB+b Q7 i?2 i2KT2`�im`2b Q7 i?2 irQ bm#@bvbi2Kb UTe, TphV mM/2` i?2 �+@
iBQM Q7 i?2 2H2+i`QM@T?QMQM +QmTHBM; BM i?Bb KQ/2H Bb bmKK�`Bb2/ #v i?2 7QHHQrBM;
;Qp2`MBM; +QmTH2/ /Bz2`2MiB�H 2[m�iBQMbX

Ce(Te)
dTe

dt
= r(erTe)�G(Te, Tph) (Te � Tph) + S(t)

Cph(Tph)
dTph

dt
= r(phrTph) +G(Te, Tph) (Te � Tph)

URXRV

>2`2 Ce, Cph /2MQi2b i?2 `2bT2+iBp2 ?2�i +�T�+BiB2b- e,ph bi�M/b 7Q` i?2 `2bT2+iBp2
i?2`K�H +QM/m+iBpBiB2b- G(Te, Tph) Bb i?2 2H2+i`QM T?QMQM +QmTHBM; i?�i BM ;2M2`�H
/2T2M/b QM #Qi? i?2 i2KT2`�im`2b �M/ S(t) Bb i?2 7Q`+BM; i2`K 7Q` i?2 2H2+i`QMB+
bm#@b2+iQ`- i?�i bmKK�`Bb2b i?2 +QMi`B#miBQM Q7 i?2 TmHb2X

1[m�iBQMb URXRV +�M MQi #2 bQHp2/ BM +HQb2/ 7Q`K BM Bib 7mHH ;2M2`�HBivX "mi BiǶb
�TTHB+�iBQM iQ bK�HH bvbi2Kb bm+? �b M�MQ@K�i2`B�H i?BM@}HKb �HHQrb 7Q` +2`i�BM bBK@
THB}+�iBQMbX AM i?2b2 bvbi2Kb i?2 i2KT2`�im`2 #2+QK2b bT�iB�HHv mMB7Q`K �i � b?Q`i
iBK2 b+�H2b (d)- bQ i?2 i2`Kb T`QTQ`iBQM�H iQ i?2 i2KT2`�im`2 ;`�/B2Mib +�M #2 B;MQ`2/X
h?2 7Q`+BM; i2`K- S(t) +�M #2 i`�/2/ 7Q` +?QQbBM; � ?B;? BMBiB�H i2KT2`�im`2- �i r?B+?
i?2 bm#@bvbi2K b2iiH2b /QrM �7i2` �M BMBiB�H MQM@2[mBHB#`BmK BMi2`K2/B�i2 /vM�KB+bX

h?2 irQ 2[m�iBQMb BM URXRV i?2M +�M #2 bm#i`�+i2/ iQ Q#i�BM-

d

dt
(Te � Tph) = �G(Te, Tph)

⇣ 1

Ce(Te)
+

1

Cph(Tph)

⌘
(Te � Tph) URXkV

A7 i?2 ?2�i +�T�+BiB2b �b r2HH �b i?2 BMi2`�+iBQM i2`K r2`2 BM/2T2M/2Mi Q7 i2KT2`@
�im`2- i?2M URXkV +QmH/ ?�p2 #22M BMi2;`�i2/ iQ Q#i�BM i?2 �M�HviB+�H bQHmiBQM-

Te(t)� Tph(t) = [T 0
e � T 0

ph]e
� t

⌧ URXjV

r?B+? bi�i2b i?�i i?2 2H2+i`QMB+ �M/ i?2 T?QMQM i2KT2`�im`2b `2H�t2b 2tTQM2MiB�HHv
irQ � +QKKQM i2KT2`�im`2 rBi? � iBK2 b+�H2-

j



1

⌧
= G

⇣ 1

Ce
+

1

Cph

⌘
URX9V

>Qr2p2`- i?Bb �bbmKTiBQM Bb QMHv i`m2 7Q` +H�bbB+�H B/2�H ;�b2bX AM MQM@BMi2`�+iBM;
K2i�HHB+ bvbi2Kb T?QMQMb �M/ 2H2+i`QMb ?�p2 ?2�i@+�T�+BiB2b i?�i p�`B2b �b TQr2`
H�r Q7 i?2 i2KT2`�im`2X u2i- BM �M�HQ;v- QM2 +�M /2}M2 � HQ+�H iBK2@b+�H2 7Q` i?2b2
bvbi2Kb-

1

⌧e,ph
:= G(Te, Tph)

h 1

Ce(Te)
+

1

Cph(Tph)

i
URX8V

bm+? i?�i i?2 2H2+i`QM i2KT2`�im`2 +�M #2 KQ/2H2/ rBi? �M 2z2+iBp2 2tTQM2MiB�H
/2+�v-

Te(t) e= T 0
e e

� t
⌧ + T1 URXeV

r?2`2 T1 Bb i?2 }M�H +QKKQM i2KT2`�im`2X h?2 [m�MiBiB2b BM URX8V +�M #2 Q#i�BM2/
7`QK �#@BMBiBQ }`bi T`BM+BTH2 +�H+mH�iBQMb- bm+? �b .2MbBiv 6mM+iBQM�H h?2Q`v- pBxX
6Q`MQ 2i �H (9)X 6Q` bQK2 bvbi2Kb HBF2 BM hBL i?Bb �TT`QtBK�iBQM Bb FMQrM iQ `2THB+�i2
+HQb2Hv /B`2+i MmK2`B+�H bQHmiBQMb Q7 URXkVX

AM?2`2Mi iQ i?2 �bbmKTiBQM Q7 irQ i2KT2`�im`2b -

RXk � +?�M;2 Bb BM Q`/2`

h?2 irQ@i2KT2`�im`2 KQ/2H BM?2`2MiHv �bbmK2b BMbi�Mi�M2Qmb i?2`K�HBb�iBQM 7Q` #Qi?
i?2 b2+iQ`bX >Qr2p2`- i?�i- 2bT2+B�HHv rBi? `2;�`/ iQ i?2 T?QMQMB+ b2+iQ` Bb FMQrM iQ
MQi ?QH/ ;QQ/ 7Q` K�Mv b+2M�`BQbX

*QMbB/2` � j /BK2MbBQM�H bvbi2K Q7 T?QMQMbX AM i?Bb +�b2 i?2 T?QMQMB+ T?�b2
bT�+2 pQHmK2b p�`B2b �b k2dkX A7 r2 �bbmK2 � HBM2�` /BbT2`bBQM `2H�iBQM- i?2M i?2
.Pa p�`B2b �b !2X q?B+? M2+2bb�`BHv K2�Mb i?�i i?2 HQr 2M2`;v T?QMQMb ?�b �HKQbi
M2;HB;#H2 b+�ii2`BM;- r?B+? Bb +QMi`�`v iQ i?2 `2[mB`2K2Mi Q7 �bbmKBM; BMbi�Mi�M2Qmb
i?2`K�HBb�iBQMX AM ;2M2`�H 7Q` }MBi2 bBx2 bvbi2Kb i?2`2 Bb MQ BMbi�Mi�M2Qmb T`Q+2bb-
#mi �M 2tTQM2iB�H /2+�vX "mi 7Q` T?QMQMb Bi Bb TQbbB#H2 iQ ;2i � TQr2`@H�r BMbi2�/X

aBKBH�` b+2M�`BQb +�M #2 �`;m2/ 7Q` i?2 2H2+i`QMB+ b2+iQ`X 1bT2+B�HHv +HQb2 iQ i?2
62`KB bm`7�+2- i?2 2H2+i`QMB+ b2+iQ` Bb FMQrM iQ ?�p2 �HKQbi MQ 2z2+iBp2 b+�ii2`BM;
/m2 iQ 2H2+i`QM@2H2+i`QM BMi2`�+iBQMb- r?B+? 7Q`Kb i?2 #�bBb Q7 i?2Q`B2b HBF2 i?�i Q7

9



i?2 62`KB GB[mB/b (3)X qBi? i?�i i?2 p�HB/Biv Q7 BMbi�Mi�M2Qmb i?2`K�HBb�iBQM Q7
2H2+i`QMB+ b2+iQ`b- 2bT2+B�HHv BMpQHpBM; 2M2`;v b+�H2b Q7 i?2 Q`/2` Q7 62`KB 1M2`;v
+QK2b iQ [m2biBQMBM;X

LQ 2z2+iBp2 b+�ii2`BM; M2�` 62`KB am`7�+2 Bb ?rQr2p2` � x2`Q i2KT2`�im`2 bi�i2@
K2MiX aQ- �i }MBi2 i2KT2`�im`2 T`Q#�#Hv Bi +�M biBHH #2 �bbmK2/ i?�i i?2 2H2+i`QMb
rBHH 2t?B#Bi BMbi�Mi�M2Qmb b2H7@i?2`K�HBb�iBQMX >2M+2 i?2 p�HB/Biv Q7 i?Bb bi�i2K2Mi
#2+QK2b � +mi@Qz /2T2M/2Mi [m2biBQMX Ai Bb MQi 2MiB`2Hv Q#pBQmb bi�i2K2Mi i?�i Bi ?�T@
T2Mb �i �HH 2M2`;v b+�H2bX h?2 �TT`QtBK�iBQM ?�b #22M �i mb2 BM bim/v �M/ KQ/2HHBM;
Q7 i?2`K�HBx�iBQM 7Q` p�`BQmb bvbi2Kb r?2`2 Bi 2t?B#Bib [mBi2 `2�bQM�#H2 2z2+iBp2M2bbX
>Qr2p2`- 1p2M B7 i?2 2H2+i`QMb �`2- S?QMQMb �`2 ?�`/Hv 2tT2+i2/ iQ 2t?B#Bi BMbi�Mi�@
M2Qmb i?2`K�HBb�iBQM 7Q` � bT�MMBM; `�M;2 Q7 T�`�K2i2`bX

Ai ?�b #22M `2+2MiHv b?QrM i?�i #Qi? i?2 T?QMQMb �b r2HH �b i?2 72`KBQMb r?2M
+QmTH2/ iQ BM}MBi2 MQM@BMi2`�+iBM; T?QMQMB+f 72`KBQMB+ #�i?b- i?2v +�M 2t?B#Bi TQr2`
H�r /2+�vb ;Bp2M i?2`2 �`2 bBM;mH�`BiB2b BM i?2 #�i? bT2+i`�H 7mM+iBQMbX (N)X AM?2`2Mi iQ
i?2 �bbmKTiBQM Q7 BMbi�Mi�M2Qmb i?2`K�HBb�iBQM HB2b i?2 �bbmKTiBQM Q7 J�`+QpB�MBiv
Q` BMpQHp2K2Mi Q7 K2KQ`vH2bb +Q`2bX Ai ?�b #22M 2t?B#Bi2/ i?�i 7QHHQrBM; /Q2b MQi
?QH/ i`m2 7Q` �HH +�b2b Q7 i?2 b+2M�`BQ r2 �`2 +QM+2`M2/- 2bT2+B�HHv r?2M r2 bi�`i 7`QK
�`#Bi`�`v BMBiB�H +QM/BiBQMb- r?B+? Bb MQi M2+2bb�`BHv � /2MbBiv K�i`Bt(Ry)X

AM HB;?i Q7 i?�i r2 rBb? iQ `2QT2M i?2 [m2bi �M/ b2i mT � ;2M2`�H MQM@2[mBHB#`BmK
7`�K2rQ`F iQ bim/v i?2 iBK2 2pQHmiBQM Q7 i?2 +QmTH2/ 2H2+i`QM@T?QMQM bvbi2Kb BM �
b2H7@+QMbBbi2Mi r�v �M/ `2pBbBi bQK2 Q7 i?2b2 [m2biBQMbX

8



e



*?�Ti2` k

h?2Q`v

kXR :`�bbK�MM �H;2#`� � *Q?2`2Mi ai�i2b

*QMbB/2` � bBM;H2 72`KBQMB+ H2p2H- r?B+? Bb bT�MM2/ #v i?2 MmK#2` bi�i2b |0i �M/ |1iX
h?2 �MMB?BH�iBQM �M/ +`2�iBQM QT2`�iQ`b- c, c† �`2 /2}M2/ #v i?2B` �+BQM �b-

c |0i = 0 , c† |1i = |0i ,
c |0i = |1i , c† |1i = 0

Ai 7QHHQrb i?�i i?2 �MiB+QKKmi�iQ`- {c, c†} = cc† + c†c = I �M/ i?�i c2 = c†2 = 0X
h?2 MmK#2` QT2`�iQ` Bb /2}M2/ �b-

c†c |ni = n |ni

AM/BpB/m�H 62`KBQMB+ bi�i2b �`2 T�`�K2i`Bx2/ #v :`�bbK�MM LmK#2`bX

.2}MBiBQM R U:`�bbK�MM LmK#2`VX G2i G /2MQi2 b2i Q7 :`�bbK�MM MmK#2`bX h?2M
8  , 0 2 GX

a. { , 0} = 0

b. { , c} = { , c†} = 0

Ai 7QHHQrb 7`QK T`QT2`iv �X i?�i  2 = 0, 8  2 GX � 72`KBQMB+ H27i +Q?2`2Mi bi�i2
| i Bb T�`�Ki2`Bx2/ mbBM; i?2 :`�bbK�MM 6B2H/ �b-

d



| i = |0i �  |1i ,  2 G

#v +QMbi`m+iBQM bm+? � bi�i2 Bb �M 2B;2Mbi�i2 iQ i?2 �MMB?BH�iBQM QT2`�iQ`X

c | i = c |0i � c  |1i
=  |0i =  |0i �  2 |1i
=  | i

"27Q`2 /2`BpBM; 7m`i?2`b T`QT2`iB2b Q7 +Q?2`2Mi bi�i2b Bi Bb mb27mH iQ /2p2HQT 7mM+iBQMb
�M/ +�H+mHmb Q7 :`�bbK�MM LmK#2`bX 6mM+iBQMb Q7 :`�bbK�MM LmK#2`b �`2 /2}M2/
mbBM; Bib h�vHQ` 2tT�MbBQMX

.2}MBiBQM k U6mM+iBQMb Q7 :`�bbK�MM LmK#2`bVX G2i 7 #2 � K�T 7`QK G iQ GX h?2M

f( ) = f0 + f1 , f0, f1 2 R UkXRV

h?2 /2}MBiBQM Bb M�im`�HHv ;2M2`�HBb2/ iQ k �M/ ?B;?2` /BK2MbBQMb �b 7QHHQrbX G2i 7
#2 � K�T 7`QK G2 iQ GX h?2M-

f( , 0) = f00 + f10 + f01 
0 + f11  

0, f00, f10, f10, f11 2 R UkXkV

h?Bb �HHQrb mb iQ BMi`Q/m+2 i?2 /2`Bp�iBp2b Q7 :`�bbK�MM LmK#2`b BM i2`Kb Q7 i?2B`
�+iBQM QM i?2b2 7mM+iBQMbX

.2}MBiBQM j U.2`Bp�iBp2b Q7 :`�bbK�MM LmK#2`b VX G2i f( ),  2 G /2MQi2 �
;2M2`B+ 7mM+iBQM Q7 :`�bbK�MM LmK#2`X f( ) = f0 + f1 X h?2M i?2 /2`Bp�iBp2 rBi?
`2bT2+i iQ  +�M #2 /2}M2/ �b K�T 7`QK G iQ G bXiX

@

@ 
f( ) = f1

.2`Bp�iBp2b �MiB@+QKKmi2 rBi? :`�bbK�MM LmK#2`bX h?2M Bi 7QHHQrb i?�i /2`Bp�@
iBp2b �MiB@+QKKmi2 rBi? 2�+? Qi?2`X *QMbB/2`-

@

@ 

@

@ 0f( , 
0) =

@

@ 
(f01 � f11 ) = �f11

@

@ 0
@

@ 
f( 0, ) =

@

@ 0 (f10 + f11 
0) = f11

lHiBK�i2Hv i?2 BMi2;`�Hb rBi? `2bT2+i iQ :`�bbK�MM LmK#2`b �`2 /2}M2/ �b 7QHHQrb-

3



.2}MBiBQM 9 UAMi2;`�Hb Q7 :`�bbK�MM LmK#2`bVX G2i  2 GX h?2M i?2 BMi2;`�Hb
rX`XiX  �`2 /2}M2/ �b 7mM+iBQM 7`QK G iQ G bm+? i?�i-

Z
d = 0 ,

Z
 d = 1

h?2 /Bz2`2MiB�Hb �MiB@+QKKmi2 rBi? 2�+? Qi?2` �M/ :`�bbK�MM LmK#2`bX h?2
/Bz2`2MiB�H �M/ i?2 AMi2;`�H K�T �`2 i?mb B/2MiB+�H 7Q` :`�bbK�MM LmK#2`bX

LQr- bBM+2 �Mv 7mM+iBQM Q7 :`�bbK�MM LmK#2`b �`2 /2}M2/ QMHv mTiQ i?2 }`bi
Q`/2` Q7 i?2B` h�vHQ` a2`B2b- r2 +�M `2r`Bi2 i?2 H27i +Q?2`2Mi bi�i2 �b-

1

Tr[⇢0]
Tr[U�1,1U1,t⇢tUt�,1] = I UkXjV

| i = |0i �  |1i
= (1�  c†) |0i = e� c

† |0i

aBKBH�`Hv i?2 `B;?i +Q?2`2Mi bi�i2 Bb /2}M2/ �b i?2 `B;?i 2B;2Mbi�i2 Q7 +`2�iBQM
QT2`�iQ`- c†.

h | = h0| e�c ̄

= h0|� h1| ,  2 G

>2`2  Bb �M BM/2T2M/2Mi :`�bbK�MM LmK#2` mM`2H�i2/ iQ  X Ai 7QHHQrb i?2M- i?�i
i?2 +Q?2`2Mi bi�i2b �`2 MQi Q`i?QMQ`K�H �M/ i?2B` BMM2` T`Q/m+i Bb ;Bp2M #v-

h | 0i = (h0|� h1| )(|0i �  0 |1i)
= 1 +   0 = e  

0

h?2 B/2MiBiv +�M #2 `2bQHp2/ BM i2`Kb Q7 i?2 T`QD2+iBQM QT2`�iQ` �b 7QHHQrbX

I =

Z
d 

Z
d e�  | i h | UkX9V

S`QQ7X Ai 7QHHQrb 7`QK i?2 /2}MBiBQMb i?�i-

N



Z
d 

Z
d e�  | i h |

=

Z
d 

Z
d (1�   )(|0i �  |1i)(h0|� h1| )

=

Z
d 

Z
d �   (|0i h0|+ |0i h0|) =

Z
d  

Z
d  (|0i h0|+ |0i h0|)

= I

.2}MBiBQM 8 ULQ`K�HHv Q`/2`2/ QT2`�iQ`bVX �M QT2`�iQ`- A Bb b�B/ iQ #2 MQ`K�HHv
Q`/2`2/ B7 i?2 �MMB?BH�iBQM QT2`�iQ`b- c �TT2�`b �i i?2 `B;?i Q7 i?2 +Q``2bTQM/BM;
+`2�iBQM QT2`�iQ`- c† UB7 �MvV BM �HH Bib �//BiBp2 +QMbiBim2Mi +QKTQM2MibX

LQ`K�H P`/2`2/ QT2`�iQ`b �`2 /2MQi2/ �b : A : iQ /BbiBM;mBb? i?2K 7`QK i?2 ;2M2`�H
QM2bX

S`QT2`iv RX J�i`Bt 2H2K2Mib Q7 i?2 MQ`K�HHv Q`/2`2/ QT2`�iQ`b �`2 i?2M 2p�Hm�i2/
�b-

h | : A : (c†, c) | 0i =: A : ( , 0)e  
0

=: A : ( , 0) h | 0i
UkX8V

h?Bb 7QHHQrb 7`QK i?2 /2}MBiBQM Q7 *Q?2`2Mi bi�i2b �M/ i?2 LQ`K�H P`/2`2/ PT2`@
�iQ`X

S`QT2`iv k Uh`�+2 Q7 �M PT2`�iQ`VX h`�+2 Q7 �M QT2`�iQ` +�M #2 +QKTmi2/ �b 7QHHQrb
#v miBHBxBM; i?2 `2bQHmiBQM Q7 B/2MiBiv-

Tr[O] =
X

n=0,1

hn|O |ni

=
X

n=0,1

Z
d 

Z
d e�  hn| i h |O |ni

=
X

n=0,1

Z
d 

Z
d e�  h |O |ni hn|�  i

=
X

n=0,1

Z
d 

Z
d e�  h |O |� i

UkXeV

h?2 bB;M ?2`2 7QHHQrb 7`QK i?2 �MiB@+QKKmi�iBQM T`QT2`iv Q7 :`�bbK�MM LmK#2`bX

Ry



kXk :�mbbB�M AMi2;`�Hb Q7 :`�bbK�MM 6B2H/b

hQ r?�i 7QHHQrb BM Qm` /Bb+mbbBQM Q7 i?2 T?vbB+b- 2bT2+B�HHv BM +QMbi`m+iBQM Q7 i?2
S�i? BMi2;`�H �M/ i?2 :`22MǶb 6mM+iBQMb- r?B+? 7Q`Kb i?2 7mH+`mK Q7 E2H/vb? 6B2H/
h?2Q`v- i?2 7QHHQrBM; `2bmHib `2H�i2/ iQ i?2 UKmHiB/BK2MbBQM�HV :�mbbB�M AMi2;`�H TH�vb
� `2H2p�Mi `QH2X

.2}MBiBQM e U:�mbbB�M AMi2;`�H Q7 :`�bbK�MM 6B2H/bVX G2i  j, j,�j,�j 2 Gn, j 2
[1, n] #2 7Qm` Kmim�HHv BM/2T2M/2Mi b2ib Q7 :`�bbK�MM MmK#2`bX G2i Aij 2 GLn(R)
#2 �M BMp2`iB#H2 n⇥ n K�i`BtX h?2M i?2 :�mbbB�M AMi2;`�iBQM Q7 :`�bbK�M }2H/b +�M
#2 T�`�K2i`B+�HHv /2}M2/ �b-

Z[�,�] =

Z
d j

Z
d j e

�
P

i,j  iAij j+ j�j+�j j

= det(A)e�
P

i,j �iA
�1
ij �j

UkXdV

LQi2 i?�i mMHBF2 i?2 :�mbbB�M AMi2;`�iBQM BMpQHpBM; +@MmK#2`b i?2 /2i2`KBM�Mi Q7
i?2 +Q2{+B2Mi K�i`Bt �TT2�`b BM i?2 /2MQKBM�iQ` BM i?2 7Q`KmH�X

h?Bb �HHQrb iQ +QKTmi2 p�`BQmb KQK2Mib rBi? `2bT2+i iQ i?2 :�mbbB�M .Bbi`B#miBQM
bmKK�`Bb2/ #v i?2 qB+FǶb i?2Q`2KX

h?2Q`2K R UqB+FǶb h?2Q`2K 7Q` 62`KBQMbVX

h a bi =
1

Z[0, 0]

@2Z[�,�]

@�b@�a

= A�1
ab

h a b c di =
1

Z[0, 0]

@4Z[�,�]

@�d@�c@�b@�a

= �A�1
ac A

�1
bd + A�1

adA
�1
bc

UkX3V

6Q` �Mv Q// T2`Kmi�iBQM Q7 i?2 BM/B+2b i?2 +Q``2bTQM/BM; i2`Kb �+[mB`2 � M2;�iBp2
bB;M �b i?2 T�`iB�H /2`Bp�iBp2b rX`XiX :`�bbK�MM LmK#2`b �MiB@+QKKmi2X

kXj 62`KBQMB+ S�`iBiBQM 6mM+iBQM

q2 }`bi /2Hp2 rBi? i?2 MQM@BMi2`�+iBM; +�b2X h?2 >�KBHiQMB�M 7Q` i?2 bvbi2K Bb ;Bp2M
#v-

H0 =
X

k

✏(k)c†kck UkXNV

RR



h?2 2M2`;v H2p2Hb �`2 /2i2`KBM2/ 7`QK i?2 bvbi2K /BbT2`bBQM `2H�iBQM ✏(k) = k2

2m 7Q`
7`22 72`KBQMb RX

h?2 E2H/vb? 6Q`KmH�iBQM Bb 7Q`KmH�i2/ mTQM i?2 B/2� Q7 iBK2 2pQHmiBQM Q7 i?2
/2MbBiv K�i`Bt 7`QK �M BMBiB�H iBK2 t = t0 iQ t = 1- 7QHHQr2/ #v � #�+Fr�`/ 2pQHmiBQM
iQ t = 1 i?2M #�+F iQ t = t0 ;2M2`�i2b i?2 B/2MiB+�H bi�i2X

h?2 S�`iBiBQM 7mM+iBQM Bb i?2M +QMbi`m+i2/ #v }`bi /Bb+`2iBbBM; i?2 +HQb2/ iBK2
+QMiQm` BMiQ 2N K�Mv BMbi�Mib �M/ mbBM; i?2 `2bQHmiBQM Q7 B/2MiBiv iQ mM7QHB�i2 i?2
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Bb MQi b2H7@+QMbBbi2MiX h?2 Bi2`�iBQM 2[m�iBQM 7Q` DR(t, t0) +�M #2 Q#i�BM2/ #v i�FBM;
/2`Bp�iBp2 rX`Xi i?2 }`bi iBK2 BM/2t Q7 i?2 #Qi? bB/2b Q7 2[ UjXR9VX

h?2 2[m�iBQMb 7Q` i?2 E2H/vb? *QKTQM2Mi Bb bBKBH�`X h?2 7QHHQrBM; b2+iBQM bmK@
K�`Bb2b i?2 }M/BM;b Q7 i?Bb i2biX

jXj 6BM/BM;b

aBM+2 i?2 #�i? bT2+i`�H 7mM+iBQM 2ti2M/b iQ BM}MBi2 7`2[m2M+B2b r2 2tT2+i �HH KQ/2b
iQ i?2`K�HBb2 7Q` �HH T�`�K2i2` p�Hm2b 7Q` #�i? #�M/rB/i? �M/ +QmTHBM; bi`2M;i?X

q2 +QKTmi2 i?2 BK�;BM�`v T�`i Q7 i?2 /B;�MQ�H 2H2K2Mib Q7 i?2 E2H/vb? *QKTQM2Mi
7Q` 2�+? 2M2`;v H2p2HX h?Bb Bb `2H�i2/ iQ i?2 Q++mT�iBQM MmK#2` �i � T�`iB+mH�` iBK2
iX

�b r2 im`M QM i?2 #�i? �i iBK2 i4y- i?2 #�i? `2MQ`K�HBb2b i?2 2M2`;v H2p2HbX PrBM;
iQ i?Bb r2 2tT2+i i?2 �iDK

k (t, t) iQ b?Qr i`�MbB2Mi Qb+BHH�iBQMb BMBiB�HHv #mi 2p2Mim�HHv
b2iiH2 /QrM iQ Bib 2[mBHB#`BmK p�Hm2 /B+i�i2/ #v i?2 "�i? h2KT2`�im`2X

q2 �HbQ 2tT2+i i?2 7QHHQrBM; #2?�pBQm` �b r2 p�`v p�`BQmb T�`�K2i2`bX

AM ;2M2`�H � bi`QM;2` +QmTHBM; bi`2M;i? Bb bmTTQb2/ iQ `2bmHi BM 7�bi2` /�KTBM; Q7
i?2 BMBiB�H Qb+BHH�iBQMbX h?�i Bb ?B;?2` � b?Qrb 7�bi2` iBK2b+�H2 Q7 2[mBHB#`B�iBQMX

"�i? "�M/rB/i? � mbm�HHv /Q2b MQi 2z2+iBp2Hv 7�+iQ` BM �b HQM; Bi Bb MQi +QKT�`�#H2
iQ bvbi2K #�M/rB/i?X h?�i Bb 7Q` � #B;;2` #�i? #�M/rB/i? i?2 bvbi2K 2z2+iBp2Hv b22b
Bi �b BM}MBi2 �M/ b?Qrb 2[mBp�H2Mi iBK2b+�H2 Q7 i?2`K�HBb�iBQMX

h?�i Bb ?Qr2p2` MQi i`m2 7Q` � < !0X AM i?Bb +�b2 i?2 bvbi2K b?Qrb 2ti`2K2Hv HQM;
iBK2b+�H2 Q7 i?2`K�HBb�iBQMX h?2 HQr2` 2M2`;v H2p2Hb r?B+? biBHH ?�b bQK2 +QKT�`�#H2
Qp2`H�T b22Kb iQ 7�bi2` iBK2b+�H2 i?�M i?2 ?B;?2` KQ/2bX

h?2b2 #2?�pBQm` Q7 p�`BQmb H2p2Hb �`2 bmKK�`Bb2/ BM i?2 7QHHQrBM; THQib-

h?2 +QHH2+iBp2 #2?�pBQm` Q7 p�`BQmb H2p2Hb �`2 bmKK�`Bb2/ BM i?2 7QHHQrBM; THQib-

kd



U�V � = 5 U#V � = 10

6B;m`2 jXk, SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4yR Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb � = 10, 5, Tbath = 0.8, 1,� = 0.5, 1

U�V � = 5 U#V � = 10

6B;m`2 jXj, SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4yk Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb � = 10, 5, Tbath = 0.8, 1,� = 0.5, 1

U�V � = 5 U#V � = 10

6B;m`2 jX9, SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4yj Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb � = 10, 5, Tbath = 0.8, 1,� = 0.5, 1

k3



U�V � = 5 U#V � = 10

6B;m`2 jX8, SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4y9 Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb � = 10, 5, Tbath = 0.8, 1,� = 0.5, 1

U�V � = 5 U#V � = 10

6B;m`2 jXe, SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4y8 Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb � = 10, 5, Tbath = 0.8, 1,� = 0.5, 1

U�V � = 5 U#V � = 10

6B;m`2 jXd, SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4ye Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb � = 10, 5, Tbath = 0.8, 1,� = 0.5, 1

kN



U�V � = 5 U#V � = 10

6B;m`2 jX3, SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4yd Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb � = 10, 5, Tbath = 0.8, 1,� = 0.5, 1

U�V � = 5 U#V � = 10

6B;m`2 jXN, SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4y3 Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb � = 10, 5, Tbath = 0.8, 1,� = 0.5, 1

U�V � = 5 U#V � = 10

6B;m`2 jXRy, SHQib 7Q` �iDK(t, t) pb t 7Q` H2p2H4yN Q7 i?2 T?QMQMB+ bvbi2K 7Q` p�`BQmb � = 10, 5, Tbath = 0.8, 1,� = 0.5, 1

jy



U�V � = 10,� = 0.5 U#V � = 10,� = 1.0

U+V � = 5,� = 0.5 U/V � = 5,� = 1.0

U2V � = 1,� = 0.5 U7V � = 1,� = 1.0

6B;m`2 jXRR, SHQib 7Q` �iDK(t, t) pb t 7Q` p�`BQmb H2p2Hb rBi? Tbath = 0.8

jR



U�V � = 10,� = 0.5 U#V � = 10,� = 1.0

U+V � = 5,� = 0.5 U/V � = 5,� = 1.0

U2V � = 1,� = 0.5 U7V � = 1,� = 1.0

6B;m`2 jXRk, SHQib 7Q` �iDK(t, t) pb t 7Q` p�`BQmb H2p2Hb rBi? Tbath = 1.2

jk



*?�Ti2` 9

6m`i?2` qQ`F

�b /Bb+mbb2/ BM i?2 T`2pBQmb +?�Ti2`- i?2 MQM@2[mBHB#`BmK i`2�iK2Mi Q7 i?2 T?QMQMb
mbBM; .ubQM 1[m�iBQM +QmTH2/ iQ �M P?KB+ "�i? b22Kb iQ 2t?B#Bi iQ `2�bQM�#H2
/2;`22b Q7 �++m`�+v i?2 2tT2+i�iBQM 7`QK bm+? � bvbi2K +QmTH2/ iQ �M BM}Mi2 #�i?X

AM +QKBM; /�vb r2 mb2/ iQ +QmTH2 i?Bb rBi? i?2 62`KBQMB+ bvbi2K r?2`2 r2 i`2�i
i?2 62`KBQMB+ 2pQHmiBQM BM � [m�bbB@bi�iB+ r�v �M/ /2Hp2 BMiQ i?2 /vM�KB+b Q7 i?2
+QKTH2i2 bvbi2KbX

q2 �`2 BM T�`iB+mH�` BMi2`2bi2/ BM S?QMQM 2[mBHB#`�iBQM #2+�mb2 Q7i2M i?2 K2�bm`2@
K2Mi BM *QM/2Mb2/ J�ii2` 1tT2`BK2Mib �`2 /QM2 QM i?2 T?QMQMbX

1p2M 7Q` }MBi2 bBx2 �M/ BMTmi 2M2`;v /2MbBiv BM 2tT2`BK2Mib HBF2 TmKT@T`Q#2 mbm�HHv
i?2 BMpQHp2/ +?�M;2 BM 2M2`;v �M/ i2KT2`�im`2 +?�M;2 Bb p2`v bK�HHX h?2 T?QMQM
bT2+B}+ ?2�i r?B+? p�`B2b �b T 3 bQ Bi ;Bp2b � p2`v b2MbBiBp2 K2�bm`2K2Mi- �b Bi +?�M;2b
p2`v 7�bi rBi? i?2 i2KT2`�im`2X

AM +�b2 i?2 /2+�v Bb � TQr2` H�r- i?�i #`BM;b BM � HQi Q7 7mM/�K2Mi�H +?�M;2b BM i?2
r�v r2 b22 i?2b2 2tT2`BK2MibX h?2 }M�H K2�bm`2 Q7 i?2 bvbi2K Bb Q7i2M i?2 bT2+B}+
?2�i- BM bBKTHv BM � +�HQ`BK2i2`X 1tBbi�M+2 Q7 � i2KT2`�im`2 �b r2HH �b � HBM2�`
`2bTQMb2 �bbmK2b BMbi�Mi�M2Qmb i?2`K�HBb�iBQM r?B+? BM im`M �bbmK2b 2tTQM2MiB�H
/2+�vbX

JQ`2 BKTQ`i�MiHv i?2 T 3 7`QK i?2 T?QMQMb +QK2b 7`QK p2`v HQr KQK2MimK KQ/2bX
LQr i?Qb2 QM2 rQmH/ 2tT2+i iQ #2 p2`v ?�`/ iQ i?2`K�HBb2- /m2 iQ T?�b2 bT�+2 +`B@
i2`BQMX PM2 KB;?i 2M/ mT BM bBim�iBQMb i?2 ?B;? 2M2`;v KQ/2b i?2`K�HBb2 #mi i?2
HQr2` QM2b biBHH 2t?B#Bi T`2p�H2Mi MQM@2[mBHB#`BmK 72�im`2bX h?2 #QBHBM; [m2biBQM i?Bb
#2+QK2b r?2i?2` Bi Bb TQbbB#H2 iQ `2+Qp2` i?2 #2?�pBQm` Q7 T 3 ?2�i +�T�+BivX h?2b2
T`QT2`iB2b +�M #2 BMp2biB;�i2/ BM � /2i2+iQ` bT2+B}+ r�vX

�M�HQm;2b Q7 i?Bb T`Q#H2K �`Bb2 QrBM; iQ i?2 MQM@i?2`K�H #2?�pBQ` Q7 T?QMQMb �M/
i?2B` K2/B�iBQM BM 2H2+i`QM 2[mBHB#`B�iBQM BM SmKT@S`Q#2 ivT2 2tT2`BK2Mib �M/ +�M
TQi2MiB�HHv T�p2 `Qmi2b iQ mM2tTHQ`2/ T?vbB+bX

jj



1M�#H2/ rBi? i?2 b2H7 +QMbBbi2Mi 7`�K2rQ`F- r2 rBb? iQ 2tTHQ`2 �i H2�bi bQK2 Q7
i?2b2 BM i?2 iBK2b iQ +QK2X

j9
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RX E2H/vb?- GX oX 2i �HX .B�;`�K i2+?MB[m2 7Q` MQM2[mBHB#`BmK T`Q+2bb2bX aQpX S?vbX
C1hS ky- RyR3ĜRyke URNe8VX

kX E�K2M2p- �X 6B2H/ i?2Q`v Q7 MQM@2[mBHB#`BmK bvbi2Kb U*�K#`B/;2 lMBp2`bBiv
S`2bb- kyRRVX

jX �MBbBKQp- aX- E�T2HBQpB+?- "X- S2`2HK�M- hX- 2i �HX 1H2+i`QM 2KBbbBQM 7`QK K2i�H
bm`7�+2b 2tTQb2/ iQ mHi`�b?Q`i H�b2` TmHb2bX w?X 1FbTX h2Q`X 6Bx ee- jd8Ĝjdd
URNd9VX

9X .�H 6Q`MQ- aX � GBb+?M2`- CX 1H2+i`QM@T?QMQM +QmTHBM; �M/ ?Qi 2H2+i`QM i?2`@
K�HBx�iBQM BM iBi�MBmK MBi`B/2X S?vbX _2pX J�i2`B�Hb j- RR8kyjX ?iiTb,ffHBMFX
�TbXQ`;f/QBfRyXRRyjfS?vb_2pJ�i2`B�HbXjXRR8kyj URR LQpX kyRNVX

8X 1Hb�v2/@�HB- >X 1X- LQ``Bb- hX "X- S2bbQi- JX �X � JQm`Qm- :X �X hBK2@`2bQHp2/
Q#b2`p�iBQM Q7 2H2+i`QM@T?QMQM `2H�t�iBQM BM +QTT2`X S?vbX _2pX G2iiX 83- RkRkĜ
RkR8X ?iiTb,ffHBMFX�TbXQ`;f/QBfRyXRRyjfS?vb_2pG2iiX83XRkRk URk J�`X
RN3dVX

eX >�#B#- �X- 6HQ`BQ- 6X � amM/�`�`�K�M- _X >Qi +�``B2` /vM�KB+b BM TH�bKQMB+
i`�MbBiBQM K2i�H MBi`B/2bX CQm`M�H Q7 PTiB+b ky- ye9yyRX ?iiTb,ff/QBXQ`;fRyX
Ry33fky9y@3N3ef��+R/3 UJ�v kyR3VX

dX *Qbi2b+m- _X JX- q�HH- JX �X � *�?BHH- .X :X h?2`K�H +QM/m+i�M+2 Q7 2TBi�tB�H
BMi2`7�+2bX S?vbX _2pX " ed- y89jykX ?iiTb,ffHBMFX�TbXQ`;f/QBfRyXRRyjf
S?vb_2p"XedXy89jyk U8 62#X kyyjVX

3X :QQ/bi2BM- .X GX ai�i2b Q7 K�ii2` U*Qm`B2` *Q`TQ`�iBQM- kyR9VX
NX *?�F`�#Q`iv- �X � a2Mb�`K�- _X SQr2`@H�r i�BHb �M/ MQM@J�`FQpB�M /vM�KB+b

BM QT2M [m�MimK bvbi2Kb, �M 2t�+i bQHmiBQM 7`QK E2H/vb? }2H/ i?2Q`vX S?vbB+�H
_2pB2r " Nd- Ry9jye UkyR3VX

RyX *?�F`�#Q`iv- �X- :Q`�MiH�- SX � a2Mb�`K�- _X LQM2[mBHB#`BmK }2H/ i?2Q`v 7Q`
/vM�KB+b bi�`iBM; 7`QK �`#Bi`�`v �i?2`K�H BMBiB�H +QM/BiBQMbX S?vbB+�H _2pB2r "
NN- y89jye UkyRNVX

RRX G�`FBM- �X � Pp+?BMMBFQp- uX LQMHBM2�` +QM/m+iBpBiv Q7 bmT2`+QM/m+iQ`b BM i?2
KBt2/ bi�i2X aQpX S?vbX C1hS 9R- NeyĜNe8 URNd8VX

RkX EH2BM- PX Zm�Mi2Mi?2Q`B2 mM/ 7ɃM7/BK2MbBQM�H2 _2H�iBpBi ibi?2Q`B2X w2Bib+?`B7i
7Ƀ` S?vbBF jd- 3N8ĜNye URNkeVX

RjX :`2BM2`- qX � _2BM?�`/i- CX 6B2H/ [m�MiBx�iBQM UaT`BM;2` a+B2M+2 � "mbBM2bb
J2/B�- kyRjVX

R9X .�b- �X G2+im`2b QM [m�MimK }2H/ i?2Q`v UqQ`H/ a+B2MiB}+- kykyVX

j8


