
� K�x2 Q7 bQHB/ bQHmiBQMb Q7 TBKQ#2M/�M

2M�MiBQK2`b, �M 2ti`�Q`/BM�`v +�b2 Q7 TQHvKQ`T?

�M/ bQHp�i2 /Bp2`bBiv

hQKb _2FBb-∗-†-‡ �;`Bb "�`xB��-† AM2b2 a�`+2pBÍ�-† �`iBb EQMb-† J`iB��

"�HQ/Bb-†-¶ GBM� P`QH�-† >2BF2 GQ`2Mx-‡ �M/ �M/`Bb �+iB��
†

†.2T�`iK2Mi Q7 S?vbB+�H *?2KBbi`v- lMBp2`bBiv Q7 G�ipB�- _B;�- G�ipB�

‡J�t SH�M+F AMbiBimi2 7Q` .vM�KB+b Q7 *QKTH2t h2+?MB+�H avbi2Kb- J�;/2#m`;- :2`K�Mv

¶1+QH2 TQHvi2+?MB[m2 7û/û`�H2 /2 G�mb�MM2- G�mb�MM2- arBix2`H�M/

1@K�BH, iQKbX`2FBb!HmXHp

�#bi`�+i

Pp2` i2M TQHvKQ`T?b �M/ bQHp�iQKQ`T?b Q7 +?B`�H T?�`K�+2miB+�HHv �+iBp2 BM;`2/B@

2Mi TBKQ#2M/�M r2`2 7QmM/ iQ H�+F 2M�MiBQb2H2+iBpBiv BM i?2 bQHB/ bi�i2- �++Q`/BM;Hv-

7Q`KBM; bQHB/ bQHmiBQMb Q7 2M�MiBQK2`b- r?B+? Bb `2TQ`i2/ iQ #2 � `�`2 T?2MQK2MQMX

aQHB/ 7Q`K b+`22MBM; r�b T2`7Q`K2/ QM /Bz2`2Mi 2M�MiBQK2`B+ +QKTQbBiBQM b�KTH2b iQ

�M�Hvb2 Q#i�BM2/ T?�b2b rBi? Ss_. �M/ h:f.a*X 6Q` MQM@bQHp�i2/ 7Q`Kb � K2Hi

T?�b2 /B�;`�K ?�b #22M +QMbi`m+i2/ +QMpBM+BM;Hv b?QrBM; 2tBbi2M+2 Q7 bi�#H2 �M/

K2i�bi�#H2 bQHB/ bQHmiBQMb M2�` i?2 Tm`2 2M�MiBQK2` �M/ �`QmM/ i?2 `�+2KB+ +QKTQ@

bBiBQM `2;BQMbX � +`vbi�H bi`m+im`2 bim/v +QK#BM2/ rBi? bQHB/@bi�i2 LJ_ 2tT2`BK2Mib

r�b T2`7Q`K2/ iQ �M�Hvb2 �M/ 2tTH�BM bi`m+im`�H �bT2+ib Q7 TBKQ#2M/�M bQHB/ bQHmiBQMbX

6m`i?2`KQ`2- /`BpBM; 7Q`+2 7Q` 2tBbi2M+2 Q7 bm+? � bm`T`BbBM;Hv H�`;2 �KQmMi Q7 /Bz2`@

2Mi bQHB/ bi�i2 T?�b2b H�+FBM; 2M�MiBQb2H2+iBpBiv 7Q` � bBM;H2 +QKTQmM/ Bb 2Hm+B/�i2/

i`�+FBM; /QrM i?2 Q`B;BM Q7 i?2B` 7Q`K�iBQM iQ i?2 KQH2+mH�` H2p2HX

R
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AMi`Q/m+iBQM

*?B`�HBiv TH�vb � bB;MB}+�Mi `QH2 BM K�Mv /BpBbBQMb Q7 b+B2M+2X S�`iB+mH�`Hv BKTQ`i�Mi Bi Bb

BM T?�`K�+v- �;`Q+?2KBbi`v- �M/ 7QQ/ BM/mbi`v r?2`2 Q++�bBQM�HHv � bBM;H2 KQH2+mH2 rBi? �

bT2+B}+ +QM};m`�iBQM Bb /2bB`2/ Qp2` � KBtim`2 Q7 2M�MiBQK2`b Q` /B�bi2`2QK2`bXR h?2`27Q`2

BM+`2�bBM; MmK#2` Q7 bim/B2b ?�p2 #22M +QM/m+i2/ iQ BMp2biB;�i2 i?2 `Qmi2b 7Q` Q#i�BMBM; �

bBM;H2 2M�MiBQK2`Xk "2bB/2b i?2 2M�MiBQb2H2+iBp2 bvMi?2bBb � b2i Q7 T?vbB+Q+?2KB+�H K2i?Q/b

�`2 2ti2MbBp2Hv mb2/ 7Q` i?2 b2T�`�iBQM Q7 2M�MiBQK2`b r?B+? BMpQHp2 bQHB/ +`vbi�HHBM2 T?�b2b

Q7 i?2 +QKTQmM/ Q7 BMi2`2biXk-j lM/2`bi�M/BM; i?2 2M�MiBQb2H2+iBpBiv BM i?2 bQHB/ bi�i2 Bb

i?2`27Q`2 +`m+B�HX

lbm�HHv +?B`�H bm#bi�M+2b b?Qr p2`v ?B;? 2M�MiBQb2H2+iBpBiv �i i?2 +`vbi�HHBx�iBQM bi�;2X JQ`2

i?�M NNW Q7 `�+2KB+ 2M�MiBQK2`B+ KBtim`2b �`2 `2TQ`i2/ iQ +`vbi�HHBx2 2Bi?2` 7Q`KBM; `�+2KB+

+QKTQmM/b Q` +QM;HQK2`�i2b-j r?2`2 7Q`K2` Bb � `�+2KB+ +`vbi�HHBM2 T?�b2 rBi? � bi`B+i Q`/2`

Q7 #Qi? +QKTQM2Mib- �M/ H�ii2` +QMi�BMb irQ +`vbi�HHBM2 UKB``Q`V T?�b2b r?2`2 2�+? +QKTQ@

M2Mi ?�b 7Q`K2/ Bib QrM T?�b2X 1ti`2K2Hv `�`2Hv- ?Qr2p2`- bBM;H2 T?�b2b 7Q`K r?2`2 i?2`2 Bb

QMHv T�`iB�H Q` MQ `2+Q;MBiBQM Q7 i?2 2M�MiBQK2`b BM i?2 bQHB/ bi�i2Xj�d *QMb2[m2MiHv b+�H2KB+

+QKTQbBiBQMb �`2 �#H2 iQ 7Q`K BbQbi`m+im`�H T?�b2bX am+? bQHB/ bQHmiBQMb �`2 �M BMi2`2biBM;

T?2MQK2MQM bBM+2 Bi ?B/2b i?2 �Mbr2`b QM ?Qr i?2 2M�MiBQb2H2+iBpBiv Bb ;Qp2`M2/ BM i?2 bQHB/

bi�i2X

6`QK � bi`m+im`�H TQBMi Q7 pB2r irQ +�b2b +�M #2 /BbiBM;mBb?2/ `2;�`/BM; 2M�MiBQb2H2+iBpBiv BM

i?2 bQHB/ bi�i2, RV +QKTH2i2 H�+F Q7 2M�MiBQb2H2+iBpBiv UhvT2 AVc kV T�`iB�H 2M�MiBQb2H2+iBpBiv

Bb T`2b2Mi UhvT2 AAVX hvT2 A ?�b #22M /2}M2/ �b 7QHHQrb, rBi?BM � +`vbi�H +QMi�BMBM; x _

KQH2+mH2b �M/ U1�xV a KQH2+mH2b i?2 T`Q#�#BHBiv Q7 }M/BM; �M _ KQH2+mH2 QM � ;Bp2M bBi2 Bb

T`QTQ`iBQM�H iQ x- �M/ i?2 T`Q#�#BHBiv Q7 }M/BM; �M a KQH2+mH2 Bb T`QTQ`iBQM�H iQ U1�xVX3 hrQ

+QKTQmM/b ?�p2 #22M `2TQ`i2/ iQ #2HQM; iQ i?Bb +�b2 #v i?2 �mi?Q`b Q7 i?2 +H�bbB}+�iBQMX3-N

6m`i?2`KQ`2- irQ K�M/2HB+ �+B/ /2`Bp�iBp2bRy-RR +�M #2 +H�bbB}2/ �b hvT2 A bQHB/ bQHmiBQMb �b

i?2`2 Bb QMHv QM2 bvKK2i`B+�HHv BM/2T2M/2Mi bBi2 BM i?2 mMBi +2HHb Q7 i?2 `2bT2+iBp2 2M�MiBQT@

m`2 bi`m+im`2bX *QMb2[m2MiHv- MQ T�`iB�H 2M�MiBQb2H2+iBpBiv Bb TQbbB#H2 �b 7Q` i?�i �i H2�bi irQ

k
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bvKK2i`B+�HHv BM/2T2M/2Mi bBi2b �`2 `2[mB`2/ BM i?2 2M�MiBQTm`2 bi`m+im`2bX3 hvT2 AA BM i?2

T`2b2Mi bim/v Bb H27i 7Q` bi`m+im`2b b?QrBM; +2`i�BM /2;`22 Q7 2M�MiBQb2H2+iBpBiv r?B+? �`Bb2b

7`QK `2�bQM�#H2 bi`m+im`�H �bT2+ibX h?2 /2}MBiBQM Q7 hvT2 AA ?�b #22M i?2`27Q`2 bHB;?iHv `2@

pBb2/ +QKT�`2/ iQ i?�i BMi`Q/m+2/ /2+�/2b �;Q BM i?2 TBQM22`BM; bim/v Q7 bi`m+im`�H �bT2+ib

Q7 bQHB/ bQHmiBQMb Q7 2M�MiBQK2`bX3 �b Bi +�M #2 Q#b2`p2/ BM b2p2`�H bi`m+im`2b /2i2`KBM2/

`2+2MiHve-Rk 7Q` r?B+? T�`iB�H 2M�MiBQb2H2+iBpBiv Bb 2pB/2MiHv T`2b2Mi i?2 bi`m+im`�H �bT2+ib

/Q MQi 7mHHv +Q``2bTQM/ iQ i?2 ;Bp2M /2}MBiBQM- r?B+? `�i?2` /2b+`B#2b �M B/2�HBx2/ +�b2 Q7

T�`iB�HHv 2M�MiBQb2H2+iBp2 bQHB/ bQHmiBQMbX 6Q` hvT2 AA bQHB/ bQHmiBQMb UZ ′ ≥ 2V i?2 �bvKK2i@

`B+ KQH2+mH2b BM i?2 2M�MiBQTm`2 bi`m+im`2b �`2 ivTB+�HHv [m�bB�+2Mi`QbvKK2i`B+�HHv `2H�i2/-

r?B+? Bb �+?B2p2/ #v /Bz2`2Mi +QM7Q`K�iBQMb Q7 i?2 KQH2+mH2b Q7 i?2 b�K2 ?�M/2/M2bbX AM

bm+? +�b2b � bBM;H2 2M�MiBQK2` Bb 7Q`KBM; � [m�bB�+2Mi`QbvKK2i`B+ bi`m+im`2X q?2M i?2

QTTQbBi2 2M�MiBQK2` Bb BMi`Q/m+2/ ;2MmBM2 +2Mi`QbvKK2i`v +�M #2 �+?B2p2/ HQ+�HHvX �i i?2

`�+2KB+ +QKTQbBiBQM � i`m2 `�+2KB+ +QKTQmM/ U�M Q`/2`2/ +2Mi`QbvKK2i`B+ bi`m+im`2V Bb

TQbbB#H2- ?Qr2p2`- mbm�HHv bQK2 /2;`22 Q7 /BbQ`/2` Bb Q#b2`p2/X L2p2`i?2H2bb- i?2 `�+2KB+

bi`m+im`2 +�M #2 bQHp2/ BM � +2Mi`QbvKK2i`B+ bmT2`;`QmT Q7 i?2 aQ?M+F2 bT�+2 ;`QmT Q7

i?2 2M�MiBQTm`2 bi`m+im`2X *QMb2[m2MiHv- i?2 p�Hm2 Q7 Z ′ Bb ?�Hp2/X h?2b2 bi`m+im`�H �b@

T2+ib �`2 r2HH BHHmbi`�i2/ rBi? � T?2MvHTB`�+2i�K bQHB/ bQHmiBQM 2t�KTH2e r?2`2 irQ T�B`b

Q7 [m�bB�+2Mi`QbvKK2i`B+ KQH2+mH2b �`2 T`2b2Mi BM i?2 2M�MiBQTm`2 bi`m+im`2 Ub22 6B;m`2 RVX

h?2`2 Bb � Tb2m/QBMp2`bBQM +2Mi`2 U/2TB+i2/ rBi? � +HQb2/ +B`+H2V BM i?2 2M�MiBQTm`2 bi`m+im`2

6B;m`2 R, �bvKK2i`B+ mMBib Q7 T?2MvHTB`�+2i�K bQHB/ bQHmiBQM α HBKBiBM; +�b2b 2M�Mi�� UP1-
Z ′ = 4V �M/ `�+�� UP 1̄- Z ′ = 2Ve b?QrBM; /BbQ`/2` rBi? +Q``2bTQM/BM; bBi2 Q++mT�M+v 7�+iQ`
UbQ7 V p�Hm2b ;Bp2X

�M/ � bi�iBbiB+�H BMp2`bBQM +2Mi`2 BM i?2 `�+2KB+ bi`m+im`2X 6Q` #Qi? �bvKK2i`B+ bBi2b BM i?2

j
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`�+2KB+ bi`m+im`2 i?2`2 Bb � T`Q#�#BHBiv Q7 }M/BM; _ Q` a 2M�MiBQK2` Q7 T?2MvHTB`�+2i�KX

h?Bb T`Q#�#BHBiv- ?Qr2p2`- Bb MQi 8yWX PM2 Q7 i?2 bBi2b Bb M2�`Hv Q`/2`2/ b?QrBM; /BbQ`/2` �b

HQr �b 9W- i?2 Qi?2` QM2 Bb H�`;2Hv Q`/2`2/X 6`QK i?2 bi`m+im`2 Q7 `�+2KB+ T?2MvHTB`�+2i�K

�HQM2 Bi Bb 2pB/2Mi i?�i �i � +2`i�BM /2;`22 i?2 2M�MiBQK2`b �`2 `2+Q;MBx2/ BM i?2 bQHB/ bi�i2X

a2p2`�H Qi?2` +QKTQmM/b TQbb2bbBM; 2t�+iHv i?2 b�K2 bi`m+im`�H 72�im`2b �M/ +QMb2[m2MiHv

?�pBM; T�`iB�H 2M�MiBQb2H2+iBpBiv �`2 `2TQ`i2/ Ui�xQ72HQM2-Rj +Bi�HQT`�K Qt�H�i2-R9 �i2MQHQH-R8

+�`p2/BHQH T?QbT?�i2-Re iBKQHQH K�H2�i2-Rd �M/ irQ M�T?i?�HBKB/2 /2`Bp�iBp2bRkVX am+? bi`m+@

im`2b +Q``2bTQM/ iQ hvT2 AA bQHB/ bQHmiBQMbX

AM i?Bb bim/v � +?B`�H T?�`K�+2miB+�HHv �+iBp2 BM;`2/B2Mi TBKQ#2M/�M U9-8@.B?v/`Q@e@(k@UT@

K2iQtvT?2MvHV@8@#2MxBKB/�xQHvH)@8@K2ivH@jUk>V@Tv`B/�xBMQM2V ?�b #22M BMp2biB;�i2/X SB@

KQ#2M/�M Bb mb2/ iQ i`2�i ?2�`i 7�BHm`2 2Bi?2` BM p2i2`BM�`v Q` ?mK�M K2/B+BM2XR3-RN h?2

+?2KB+�H b+?2K2 Q7 TBKQ#2M/�M Bb b?QrM BM 6B;m`2 kX AM i?Bb bim/v TBKQ#2M/�M Bb 7QmM/

6B;m`2 k, *?2KB+�H b+?2K2 Q7 TBKQ#2M/�M U9-8@.B?v/`Q@e@(k@UT@K2iQtvT?2MvHV@8@#2MxBKB@
/�xQHvH)@8@K2ivH@jUk>V@Tv`B/�xBMQM2VX

iQ 7Q`K � p�`B2iv Q7 TQHvKQ`T?b �M/ bQHp�i2b BM Bib `�+2KB+ �M/ 2M�MiBQTm`2 7Q`KX 6m`i?2`@

KQ`2- Bi Bb �M 2ti`�Q`/BM�`v +�b2 �b KQ`2 i?�M i2M Q7 i?2 MQM@bQHp�i2/ �M/ bQHp�i2/ 7Q`Kb

�`2 T`Qp2M iQ #2 bQHB/ bQHmiBQMb- r?BH2 �HbQ i?2 Qi?2`b �`2 BM 7�+i MQi bi`B+iHv +H�bbB}2/ �b

2M�MiBQb2H2+iBp2X

h?2 �BK Q7 i?Bb bim/v r�b iQ T`2b2Mi i?2 FMQrM bQHB/ 7Q`K /Bp2`bBiv Q7 `�+2KB+ �M/ 2M�M@

iBQTm`2 TBKQ#2M/�M- +?�`�+i2`Bx2 i?2 bQHB/ bQHmiBQMb Q7 i?2 +QKTQmM/- �M/ }M�HHv iQ i`�+F

/QrM i?2 bi`m+im`�H �bT2+ib `2bTQMbB#H2 7Q` i?2 7Q`K�iBQM Q7 bm+? � H�`;2 MmK#2` Q7 MQM@

2M�MiBQb2H2+iBp2 +`vbi�HHBM2 T?�b2bX

9
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1tT2`BK2Mi�H J2i?Q/b

J�i2`B�Hb

_�+2KB+ TBKQ#2M/�M U>NN.3WV r�b bmTTHB2/ #v Ca* :`BM/2Fb U_B;�- G�ipB�VX Sm`2 2M�M@

iBQK2` Q7 TBKQ#2M/�M r�b `2bQHp2/ 7`QK i?2 `�+2KB+ KBtim`2 #v +H�bbB+�H `2bQHmiBQM mbBM;

U�V�P-Pö�/B#2MxQvH�G�i�`i`B+ �+B/ �++Q`/BM; iQ K2i?Q/ �p�BH�#H2 BM T�i2Mi HBi2`�im`2Xky h?2

K2i?Q/ r�b MQi 7m`i?2` QTiBKBx2/ �b � `2bmHi i?2 vB2H/ 7Q` i?2 2M�MiBQb2T2`�iBQM r�b �b HQr

�b �`QmM/ 9W- bBKBH�`Hv �b ;Bp2M BM i?2 bQm`+2X Sm`Biv UNN.dW eeV r�b +QM}`K2/ #v +?B`�H

+?`QK�iQ;`�T?vX U�V�P-Pö�/B#2MxQvH�G�i�`i`B+ �+B/- T?QbT?Q`mb T2MiQtB/2- �[m2Qmb �KKQ@

MB� r2`2 Tm`+?�b2/ 7`QK +QKK2`+B�H bQm`+2bX aQHp2Mib mb2/ BM i?2 bim/v r2`2 >SG* ;`�/2

Q` BMi2M/2/ 7Q` Q`;�MB+ bvMi?2bBb rBi? Tm`Biv >NNWX q�i2` U<y.yR �a +K−RV r�b /2BQMBx2/

�i i?2 H�#Q`�iQ`v mbBM; BQM@2t+?�M;2 `2bBMbX

SQHvKQ`T? �M/ bQHp�i2 b+`22MBM;

aQHB/ 7Q`K b+`22MBM; r�b T2`7Q`K2/ QM `�+2KB+ TBKQ#2M/�M #v +`vbi�HHBxBM; 7`QK /Bz2`2Mi

bQHp2Mib- /2bQHp�iBM; bQHp�i2b- 2tTQbBM; bQHB/ 7Q`Kb iQ bQHp2Mi p�TQm`b- �M/ �MM2�HBM; i?2

�KQ`T?Qmb 7Q`K �i 2H2p�i2/ i2KT2`�im`2bX aiQB+?BQK2i`v Q7 bQHp�i2b r�b 2Hm+B/�i2/ #�b2/

QM `2T2�i2/ h: bim/B2bX .2i�BH2/ T`Q+2/m`2b 7Q` Q#i�BMBM; T`2b2Mi2/ TBKQ#2M/�M +`vbi�H

7Q`Kb �`2 ;Bp2M BM i?2 amTTQ`iBM; AM7Q`K�iBQMX

1ti2MbBp2 bQHB/ 7Q`K b+`22MBM; Q7 2M�MiBQTm`2 TBKQ#2M/�M- ?Qr2p2`- r�b MQi T2`7Q`K2/-

bBM+2 Bi Bb MQi �p�BH�#H2 QM i?2 K�`F2i- �M/ +H�bbB+�H `2bQHmiBQM Q7 TBKQ#2M/�M 2M�MiBQK2`b

;�p2 2ti`2K2Hv HQr vB2H/bX >Qr2p2`- � 72r 7Q`Kb ?�p2 #22M Q#i�BM2/ pB� +`vbi�HHBx�iBQM 7`QK

/Bz2`2Mi bQHp2MibX

aBM;H2 +`vbi�Hb

aBM;H2 +`vbi�Hb Q7 TBKQ#2M/�M 7Q`K `�+�� r2`2 ;`QrM #v bHQr 2p�TQ`�iBQM Q7 � /`v �+2@

iQMBi`BH2 �M/ 2i?vH �+2i�i2 bQHmiBQM UR,R pfpV �i `QQK i2KT2`�im`2 BM � S2P5 /2bbB+�iQ` UiQ

8
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T`2p2Mi i?2 7Q`K�iBQM Q7 i?2 KQMQ?v/`�i2 /m2 iQ �B` KQBbim`2V Qp2` i?2 +Qm`b2 Q7 b2p2`�H

KQMi?bX

a*s_.

h?2 /�i� r2`2 +QHH2+i2/ �i kNjE i2KT2`�im`2 QM � "`mF2` LQMBmb E�TT� **. /Bz`�+iQK2@

i2` mbBM; JQ@Eα `�/B�iBQM U;`�T?Bi2 KQMQ+?`QK�iQ`- r�p2H2M;i? Q7 y.dRy dj³V U"`mF2`-

:2`K�MvVX h?2 bi`m+im`2 r�b bQHp2/ #v /B`2+i K2i?Q/b �M/ `2}M2/ #v 7mHH@K�i`Bt H2�bi

b[m�`2b QM F 2 7Q` �HH /�i�- mbBM; a>1Gs@kyR9 bQ7ir�`2 bmBi2XkR h?2 MQM@?v/`Q;2M �iQKb

r2`2 `2}M2/ �MBbQi`QTB+�HHvX �b /BbQ`/2` r�b 7QmM/- i?2 bBi2 Q++mT�M+v 7�+iQ`b UbQ7 V Q7 �iQKb

r2`2 `2}M2/ mbBM; a>1Gs +QKK�M/ S�_h �M/ �M �//BiBQM�H 7`22 p�`B�#H2X

Ss_.

Ss_. T�ii2`Mb r2`2 /2i2`KBM2/ QM � "`mF2` .3 �/p�M+2 /Bz`�+iQK2i2` U"`mF2`- :2`K�MvV

mbBM; +QTT2` `�/B�iBQM U*m@EαV �i � r�p2H2M;i? Q7 R.89R 3y³ 2[mBTT2/ rBi? � GvMt1v2

TQbBiBQM b2MbBiBp2 /2i2+iQ` U"`mF2`- :2`K�MvVX h?2 im#2 pQHi�;2 �M/ +m``2Mi r2`2 b2i iQ

9y Fo �M/ 9yK�X h?2 /Bp2`;2M+2 bHBi r�b b2i �i y.eKK �M/ i?2 �MiBb+�ii2`BM; bHBi r�b b2i

�i 3.yKKX h?2 /Bz`�+iBQM T�ii2`M r�b `2+Q`/2/ mbBM; � b+�MMBM; bT22/ Q7 y.k bfy.ykê 7`QK

jê iQ j8ê QM kθ b+�H2X

6Q` BM/2t�iBQM Q` bi`m+im`2 /2i2`KBM�iBQM Ss_. T�ii2`Mb r2`2 `2+Q`/2/ QM � "`mF2` .3

.Bb+Qp2` /Bz`�+iQK2i2` U"`mF2`- :2`K�MvV mbBM; +QTT2` `�/B�iBQM U*m@EαV �i � r�p2H2M;i?

Q7 R.89R 3y³ 2[mBTT2/ rBi? � GvMt1v2 UR.V /2i2+iQ` BM i`�MbKBbbBQM KQ/2X h?2 im#2

pQHi�;2 �M/ +m``2Mi r2`2 b2i iQ 9y Fo �M/ 9yK�X h?2 b�KTH2b r2`2 HQ�/2/ BMiQ bT2+B�H ;H�bb

L`X Ry +�TBHH�`B2b Uy.8KK BM /B�K2i2`VX *�TBHH�`v bTBMM2` U60 `TKV r�b mb2/ iQ KBMBKBx2

BMbi`mK2Mi�H �M/ b�KTH2 T�+FBM; �#2``�iBQMbX lTT2` FMB72 2/;2 r�b mb2/ iQ `2/m+2 i?2

#�+F;`QmM/ T`Q/m+2/ #v �B` b+�ii2`BM; �M/ HQr2` FMB72 2/;2 r�b mb2/ iQ #HQ+F i?2 T`BK�`v

#2�KX h?2 /Bz`�+iQK2i2` BM+B/2Mi #2�K T�i? r�b 2[mBTT2/ rBi? � :º#2H KB``Q`- aQHH2` bHBi-

�M/ � y.eKK /Bp2`;2M+2 bHBi- r?BH2 i?2 /Bz`�+i2/ #2�K T�i? r�b 2[mBTT2/ QMHv rBi? aQHH2`

e
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bHBiX h?2 /Bz`�+iBQM T�ii2`Mb r2`2 `2+Q`/2/ QM kθ b+�H2 7`QK jê iQ dyê rBi? y.yRê BM+`2K2Mib-

mbBM; � b+�M bT22/ Q7 je b T2` bi2TX

ai`m+im`2 /2i2`KBM�iBQM 7`QK Ss_. /�i�

AM/2tBM;- bT�+2 ;`QmT /2i2`KBM�iBQM- bi`m+im`2 bQHmiBQM- �M/ _B2ip2H/ `2}M2K2Mi r2`2 T2`@

7Q`K2/ mbBM; 1sSPkyR9Xkk h?2 mMBi +2HH /BK2MbBQMb r2`2 /2i2`KBM2/ #v �TTHvBM; i?2 L@

h_1P_yNkj �M/ .B+pQHyek9 BM/2tBM; T`Q+2/m`2b- rBi? � b2i Q7 20�25 `2~2+iBQMb 7QmM/ BM

jê iQ jyê kθ `�M;2X aT�+2 ;`QmT /2i2`KBM�iBQM r�b +�``B2/ Qmi mbBM; � bi�iBbiB+�H �bb2bb@

K2Mi Q7 bvbi2K�iB+ �#b2M+2b- �M/ wö r�b /2i2`KBM2/ #�b2/ QM bQHB/@bi�i2 LJ_ UaaLJ_V

`2bmHibX h?2 +2HH �M/ /Bz`�+iBQM T�ii2`M T`Q}H2 T�`�K2i2`b r2`2 `2}M2/ �++Q`/BM; iQ i?2

G2"�BH �H;Q`Bi?KXk8 h?2 #�+F;`QmM/ r�b KQ/2HH2/ #v � kyi? Q`/2` TQHvMQKB�H 7mM+iBQM Q7

i?2 *?2#vb?2p ivT2- T2�F T`Q}H2b r2`2 /2b+`B#2/ #v i?2 S2�`bQM oAA 7mM+iBQMX

h?2 BMBiB�H ;2QK2i`v Q7 KQH2+mH2b r�b i�F2M 7`QK i?2 +`vbi�H bi`m+im`2 Q7 `�+��X h?2 JQMi2

*�`HQfaBKmH�iBM; �MM2�HBM; i2+?MB[m2 r�b mb2/ iQ +QMbi�MiHv �/Dmbi i?2 +QM7Q`K�iBQM- TQ@

bBiBQM- �M/ Q`B2Mi�iBQM Q7 i?2 i`B�H KQ/2H BM i?2 mMBi +2HH BM Q`/2` iQ K�tBKBx2 i?2 �;`22K2Mi

#2ir22M +�H+mH�i2/ �M/ K2�bm`2/ /Bz`�+iBQM /�i�X h?2 _B2ip2H/ `2}M2K2Mi r�b +�``B2/ Qmi

mbBM; bQ7i +QMbi`�BMib QM #QM/ /Bbi�M+2b �M/ �M;H2bX AM i?2 _B2ip2H/ `2}M2K2Mi- T`Q}H2 �M/

+2HH T�`�K2i2`b- BbQi`QTB+ i?2`K�H pB#`�iBQM- �M/ T`272``2/ Q`B2Mi�iBQM T�`�K2i2`b UmbBM;

J�`+?@.QHH�b2 KQ/2Hke-kdV r2`2 QTiBKBx2/ iQ ;2i i?2 QTiBK�H +`vbi�H bi`m+im`2X h?2 TH�M�`

+QMDm;�i2/ `BM;b r2`2 b2T�`�i2Hv i`2�i2/ �b `B;B/ #Q/B2b- r?2`2�b bQ7i +QMbi`�BMib QM #QM/

/Bbi�M+2b �M/ �M;H2b r2`2 mb2/X h?2 }M�H _B2ip2H/ `2}M2K2Mi b?Qr2/ � ;QQ/ �;`22K2Mi

#2ir22M i?2 Q#b2`p2/ �M/ i?2 +�H+mH�i2/ T`Q}H2bX

�7i2` i?2 _B2ip2H/ `2}M2K2Mi i?2 �iQKB+ TQbBiBQMb Q7 i?2 }M�H bi`m+im`2 r2`2 `2H�t2/ BM

Zm�MimK 1aS_1aaPk3 mbBM; i?2 S"1 7mM+iBQM�H rBi? mHi`�@bQ7i Tb2m/QTQi2MiB�Hb 7`QK i?2

Q`B;BM�H Tb2m/QTQi2MiB�H HB#`�`v �M/ � 99 _v TH�M2r�p2 +mi@Qz 2M2`;v rBi? p/q BMi2`�+iBQMb

i`2�i2/ �++Q`/BM; iQ i?2 .k K2i?Q/ Q7 :`BKK2XkN h?2 T�`�K2i2`b Q7 +QMp2`;2M+2- Tb2m/QTQ@

i2MiB�Hb �M/ i?2 k@TQBMi ;`B/ r2`2 mb2/ �b bm;;2bi2/ 7Q` bi`m+im`2 QTiBKBx�iBQMb Q7 Q`;�MB+

d
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KQH2+mH2bXjy h?2 `2H�t2/ bi`m+im`2 r�b +QKT�`2/ iQ i?2 `2}M2/ QM2 iQ +?2+F 7Q` i?2 `2HB�#BH@

Biv Q7 i?2 bi`m+im`2 bQHmiBQMX �iQKB+ TQbBiBQMb /B/ MQi /Bz2` bB;MB}+�MiHvX h?2 2tT2`BK2Mi�H

�M/ +�H+mH�i2/ Ss_. T�ii2`Mb BM+Hm/BM; /Bz2`2M+2 7mM+iBQM �M/ "`�;; TQbBiBQMb �`2 ;Bp2M

BM 6B;m`2 aR9X 6m`i?2`KQ`2- aaLJ_ bT2+i`mK Q7 i?2 `2}M2/ bi`m+im`2 r�b bBKmH�i2/ Ub22

#2HQrV �M/ +QKT�`2/ iQ i?�i Q7 i?2 2tT2`BK2Mi�H QM2 Q#i�BMBM; � ;QQ/ +Q``2H�iBQM #2ir22M

i?2 2tT2`BK2Mi�H �M/ +�H+mH�i2/ +?2KB+�H b?B7ibX

h?2`K�H K2i?Q/b Q7 �M�HvbBb

h?2 h:f.a* +m`p2b r2`2 Q#i�BM2/ mbBM; � h:f.a* ah�_e avbi2K UJ2iiH2` hQH2/Q- arBix2`@

H�M/VX � 8 iQ RyK; b�KTH2 r�b r2B;?2/ QM �M QT2M �HmKBMBmK T�M �M/ ?2�i2/ �i i?2 `�i2

Q7 8 iQ RyEKBM−R 7`QK k8 ◦* iQ k8y ◦* mM/2` � +QMiBMmQmb MBi`Q;2M ~Qr URyyKGKBM−RVX

h?2 .a* +m`p2b r2`2 `2+Q`/2/ QM � a1h�_�J .a* RjR BMbi`mK2Mi Ua1h�_�J AMbi`m@

K2Mi�iBQM- 6`�M+2V �i i?2 ?2�iBM; `�i2 Q7 y.8 iQ 8EKBM−RX h2KT2`�im`2 �M/ 2Mi?�HTv

+�HB#`�iBQM r�b /QM2 mbBM; BM/BmK- iBM �M/ H2�/ `272`2M+2 K�i2`B�HbX � 9 iQ RyK; b�KTH2

r�b r2B;?2/ BM �M �HmKBMBmK +`m+B#H2 �M/ i?2 +`m+B#H2 r�b +`BKT2/X

J2Hi T?�b2 /B�;`�K

h?2 KBtim`2b Q7 /Bz2`2Mi +QKTQbBiBQMb r2`2 T`2T�`2/ #v r2B;?BM; `�+2KB+ �M/ 2M�MiBQTm`2

b�KTH2b QM �M�HviB+�H #�H�M+2 Ud = y.RK;VX .Bz2`2Mi 2M�MiBQK2`B+ +QKTQbBiBQM b�KTH2b r2`2

i?2M 7mHHv /BbbQHp2/ BM �+2iQMBi`BH2f2i?vH �+2i�i2 UR,R pfpV �M/ +`vbi�HHBx2/ BM /`v +QM/BiBQMbX

�7i2` +QKTH2i2 2p�TQ`�iBQM Q7 i?2 bQHp2Mi i?2 b�KTH2b r2`2 ?QKQ;2MBx2/ BM � KQ`i�` T`BQ`

i?2 .a* K2�bm`2K2MibX 6Q` i?2 K2i�bi�#H2 bQHB/ bQHmiBQMb δ �M/ γ i?2 `2bT2+iBp2 7Q`Kb r2`2

Q#i�BM2/ #v /2bQHp�iBM; i?2 ?v/`�i2 >R �M/ K2i?�MQH bQHp�i2 Jak- `2bT2+iBp2HvX h?2 b�KTH2b

i?2M r2`2 ?QKQ;2MBx2/ BM � KQ`i�` T`BQ` i?2 .a* K2�bm`2K2MibX Ss_. �M�HvbBb r2`2

T2`7Q`K2/ iQ �M�Hvb2 Q#i�BM2/ T`Q/m+ibX h?2 .a* �M�Hvb2b r2`2 T2`7Q`K2/ �b /2b+`B#2/

�#Qp2X 6Q` +QMbi`m+iBQM Q7 i?2 bQHB/mb HBM2b i?2 QMb2i i2KT2`�im`2b Q7 i?2 `2bT2+iBp2 .a*

T2�Fb r2`2 i�F2MX h?2 .a* T2�F K�tBK� r2`2 mb2/ 7Q` /2i2`KBM�iBQM Q7 i?2 +Q``2bTQM/BM;

3
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HB[mB/mb HBM2bX

13* aaLJ_ bT2+i`Qb+QTv

aT2+i`� Q7 TBKQ#2M/�M `�+�. �M/ 2M�Mi�6 r2`2 `2+Q`/2/ �i � MQKBM�H i2KT2`�im`2 Q7 jyyE

rBi? � "`mF2` �p�M+2@AAA RR.dh bT2+i`QK2i2` 2[mBTT2/ rBi? � j.kKK HQr@i2KT2`�im`2 *S@

J�a T`Q#2 QT2`�iBM; �i G�`KQ` 7`2[m2M+B2b Q7 500 �M/ Rk8J>x 7Q` 1> �M/ 13*- `2bT2+iBp2HvX

13* *S@J�a LJ_ bT2+i`� r2`2 `2+Q`/2/ �i Rk.y F>xX 13* +?2KB+�H b?B7ib r2`2 `272`2M+2/

iQ i?2 *>2 `2bQM�M+2 Q#b2`p2/ 7Q` �/�K�Mi�M2 �i 38.48 TTK rBi? `2bT2+i iQ i?2 bB;M�H 7Q`

M2�i hJaXjR

aBKmH�iBQM Q7 bQHB/@bi�i2 LJ_ bT2+i`�

*?2KB+�H b?B7i +�H+mH�iBQMb 7Q` 2M�Mi�6 �M/ `�+�. r2`2 +�``B2/ Qmi mbBM; i?2 :AS�q

K2i?Q/ BKTH2K2Mi2/ BM *�ah1S eXy bQ7ir�`2-jk�j8 �7i2` ;2QK2i`v QTiBKBx�iBQM #v `2H�tBM;

�HH �iQKB+ TQbBiBQMbX h?2 +�H+mH�iBQMb r2`2 T2`7Q`K2/ rBi? i?2 S"1je 7mM+iBQM�H mbBM; QM@

i?2@~v ;2M2`�i2/ mHi`�bQ7i Tb2m/QTQi2MiB�Hb �M/ � +mi@Qz 2M2`;v Q7 eyy 2oX h?2 hF�i+?2MFQ@

a+?2|2` /BbT2`bBQM +Q``2+iBQM b+?2K2jd r�b mb2/X h?2 +QKTmi2/ 13* +?2KB+�H b?B7ib r2`2

`272`2M+2/ #v HBM2�` `2;`2bbBQM Q7 i?2 +QKTmi2/ b?B2H/BM; p�Hm2b iQ i?2 2tT2`BK2Mi�HHv Q#@

b2`p2/ +?2KB+�H b?B7ibXj8-j3

_2bmHib �M/ .Bb+mbbBQM

SQHvKQ`T?b �M/ bQHp�i2b Q7 TBKQ#2M/�M

a2p2`�H +`vbi�H 7Q`Kb Q7 `�+2KB+ TBKQ#2M/�M �`2 �H`2�/v `2TQ`i2/ BM i?2 HBi2`�im`2- BM+Hm/BM;

TBKQ#2M/�M KQMQ?v/`�i2jN-9y U`272``2/ iQ �b `�+�>R BM i?2 T`2b2Mi bim/vV- TBKQ#2M/�M R-9@

/BQt�M2 KQMQbQHp�i2jN U`�+�.aRV- TBKQ#2M/�M K2i?�MQH KQMQbQHp�i2jN U`�+�JaRV- �b r2HH

�b TQHvKQ`T?b `�+��-jN-9R `�+�"-jN-9k �M/ `�+�.X9y � `2+2Mi QrM bim/v b?Qr2/ 2tBbi2M+2 Q7

N
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�M 2M�MiBQTm`2 KQMQ?v/`�i2 2M�Mi�>8 �M/ Bib /2?v/`�iBQM T`Q/m+i � � TQQ`Hv +`vbi�HHBM2

7Q`K 2M�Mi�1X9y AM i?2 T`2b2Mi bim/v- ?Qr2p2`- b2p2`�H MQp2H +`vbi�H 7Q`Kb 7`QK `�+2KB+

TBKQ#2M/�M r2`2 Q#i�BM2/- M�K2Hv- � KQMQ?v/`�i2 U`�+�>kV- � ?2KB?v/`�i2 U`�+�>jV- �

i`B?v/`�i2 U`�+�>9V- � K2i?�MQH ?2KBbQHp�i2 U`�+�JakV- �M BbQbi`m+im`�H MQM@biQB+?BQK2i`B+

bQHp�i2 7�KBHv U`�+�:c iQHm2M2- +v+HQ?2t�M2- R-9@/BQt�M2- 2i?vH �+2i�i2- �+2iQM2- +v+HQ?2t@

�MQH- tvH2M2- #mi?vH �+2i�i2- 2i?vH 7Q`K�i2- K2i?vH �+2i�i2- T`QTvH �+2i�i2- �M/ T`QTvH 7Q`@

K�i2 bQHp�i2bV- irQ TQHvKQ`T?b � `�+�*- �M/ `�+�:d Ui?2 BbQbi`m+im`�H /2bQHp�i2 Q7 bQHp�i2b

`�+�:VX 6Q` 2M�MiBQTm`2 TBKQ#2M/�M �HQM; rBi? i?2 �H`2�/v `2TQ`i2/ ?v/`�i2 2M�Mi�>89y

�M/ Bib /2?v/`�iBQM T`Q/m+i U2M�Mi�1V- � R-9@/BQt�M2 KQMQbQHp�i2 U2M�Mi�.akV �M/ � TQHv@

KQ`T? U2M�Mi�6V r�b Q#i�BM2/X Ss_. T�ii2`Mb Q7 �HH FMQrM TBKQ#2M/�M +`vbi�H 7Q`Kb

�`2 ;Bp2M BM 6B;m`2 jX h?2 i`�MbBiBQM b+?2K2 #2ir22M i?2 +`vbi�HHBM2 7Q`Kb Q7 `�+2KB+ TB@

6B;m`2 j, Ss_. T�ii2`Mb Q7 MQM@bQHp�i2/ UH27iV �M/ bQHp�i2/ U`B;?iV TBKQ#2M/�M +`vbi�H
7Q`Kb U � i?2 #`Q�/ T2�F Q#b2`p2/ �i 6.3 2θ 7Q` 2M�Mi�1 �`Bb2b 7`QK i?2 }HK Q7 i?2 p�`B�#H2
i2KT2`�im`2 +?�K#2`VX

KQ#2M/�M Bb b?QrM BM 6B;m`2 9 Ub22 �HbQ 6B;m`2 aR BM amTTQ`iBM; AM7Q`K�iBQM 7Q` i`�MbBiBQM

+QM/BiBQMbVX AM i�#H2 h�#H2 R i?2`KQ+?2KB+�H /�i� Q7 `�+2KB+ �M/ 2M�MiBQTm`2 TBKQ#2M/�M

TQHvKQ`T?b Bb ;Bp2MX 6`QK ?2�i Q7 7mbBQM `mH29j Bi 7QHHQrb i?�i TQHvKQ`T?B+ 7Q`K bvbi2Kb

`�+�� �M/ `�+�.- `�+�� �M/ `�+�"- `�+�. �M/ `�+�"- �M/ `�+�. �M/ `�+�* �`2 KQMQi`QTB+-

Ry
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6B;m`2 9, S`BM+BT�H i`�MbBiBQMb #2ir22M i?2 +`vbi�HHBM2 7Q`Kb Q7 `�+2KB+ TBKQ#2M/�M UrBi? >-
Ja- .a- �M/ : bQHp�i2b rBi? r�i2`- K2i?�MQH- R-9@/BQt�M2- iQHm2M2 UQ` Qi?2`bV- `2bT2+iBp2HvVX

bQ `�+�� Bb i?2 KQbi bi�#H2 TQHvKQ`T? BM �HH i2KT2`�im`2b r?BH2 `�+�. Bb i?2 b2+QM/ KQbi

bi�#H2X LQ `2H�iBQMb?BT #2ir22M `�+�" �M/ `�+�* +�M #2 �bb2bb2/ �b i?2 2Mi?�HTv Q7 K2HiBM;

+�MMQi #2 /2i2`KBM2/ +H2�`Hv 7Q` i?2 `2bT2+iBp2 7Q`KbX L2Bi?2` �Mv bHm``v 2tT2`BK2Mib �`2

bmBi�#H2 BM i?Bb +�b2 �b #Qi? `�+�" �M/ `�+�* �`2 MQi bi�#H2 BM bQHp2Mib �M/ +�M #2 BM 7�+i

Q#i�BM2/ QMHv #v /2bQHp�iBM; `2bT2+iBp2 bQHp�i2b Q7 TBKQ#2M/�M �M/ M2p2` +`vbi�HHBxBM; 7`QK

bQHp2MibX

h�#H2 R, J2HiBM; QMb2ib �M/ 2Mi?�HTB2b Q7 K2HiBM; Q7 TBKQ#2M/�M +`vbi�H 7Q`Kb U � T2�F
K�tBKmKc   � /m2 iQ BKK2/B�i2 `2+`vbi�HHBx�iBQM 2p2Mi MQ T`2+Bb2 2Mi?�HTv Q7 K2HiBM; +�M
#2 �bb2bb2/VX

6Q`K J2HiBM; TQBMi f ◦* ∆H 7 f FCKQH−R

`�+�� 240 40.1
`�+�. 224 31.0
`�+�" 189∗ ≈ 25 ∗ ∗
`�+�* 176∗ ≈ 25 ∗ ∗
`�+�:d 163∗ ≈ 3
2M�Mi�6 231 33.2

1ti2MbBp2 bvbi2K Q7 bQHB/ bQHmiBQMb Q7 TBKQ#2M/�M 2M�MiBQK2`b

h?2`KQ/vM�KB+ 2pB/2M+2 Q7 bQHB/ bQHmiBQM 2tBbi2M+2 Q7 � ;Bp2M irQ +QKTQM2Mi bvbi2K +�M

#2 bmKK�`Bx2/ BM � 7Q`K Q7 � K2Hi T?�b2 /B�;`�KX 6m`i?2`KQ`2- Bi ;Bp2b � +QKTH2i2 TB+im`2

Q7 i?2 bvbi2K Q7 BMi2`2bi b?QrBM; i?2`KQ/vM�KB+ bi�#BHBiv �M/ KBb+B#BHBiv HBKBib Q7 i?2 2t@

BbiBM; bQHB/ bQHmiBQMbXe-Ry-99 h?2 K2Hi T?�b2 /B�;`�K Q7 TBKQ#2M/�M 2M�MiBQK2`b U6B;m`2 8V

RR
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b?Qrb 2tBbi2M+2 Q7 7Qm` /Bz2`2Mi bQHB/ bQHmiBQMb- M�K2Hv- α- γ- δ- �M/ ζ UαX=50 +Q``2bTQM/b

iQ T`2pBQmbHv K2MiBQM2/ 7Q`K `�+��- γX=50 � iQ 7Q`K `�+�*- δX=50 � iQ `�+�.- �M/ ζX=0

� iQ 2M�Mi�6VX h?2 .a* �M/ Ss_. /�i� mb2/ iQ 2bi�#HBb? i?2 T?�b2 /B�;`�K Bb ;Bp2M

BM 6B;m`2b ak�adX *QM+2`MBM; i?2 i?2`KQ/vM�KB+�HHv bi�#H2 T?�b2b i?2 /B�;`�K BM/B+�i2b

i?�i i?2`2 Bb � 2mi2+iB+ bvbi2K Q7 irQ bQHB/ bQHmiBQMb Uα �M/ ζV- +QMb2[m2MiHv- KBb+B#BHBiv Bb

T`2b2Mi �`QmM/ i?2 `�+2KB+ +QKTQbBiBQM �M/ M2�` i?2 Tm`2 2M�MiBQK2` `2;BQM- bBKBH�`Hv HBF2

Q#b2`p2/- 2X;X- BM i?2 +�b2b Q7 T?2MvHTB`�+2i�Ke �M/ K�HB+ �+B/X8 .m2 iQ 2tT2`BK2Mi�H HBK@

6B;m`2 8, J2Hi T?�b2 /B�;`�K Q7 TBKQ#2M/�M 2M�MiBQK2`b �M/ J2HiBM; 2Mi?�HTv�
i2KT2`�im`2 THQi UBM i?2 T?�b2 /B�;`�K, +HQb2/ K�`F2`b � bQHB/mb- QT2M K�`F2`b � HB[mB/mbc
HBM2b �`2 ;mB/2b 7Q` i?2 2v2bVX

Bi�iBQMb MQ 2[mBHB#`�i2/ b�KTH2b +QmH/ #2 Q#i�BM2/ `2T`2b2MiBM; i?2 KBb+B#BHBiv ;�T Q7 bQHB/

bQHmiBQMb α �M/ ζ- i?2`27Q`2 MQ 2mi2+iB+b +QmH/ #2 2tT2`BK2Mi�HHv �++2bb2/X >Qr2p2`- i?2

HB[mB/mb HBM2b BM/B+�i2 i?�i i?2 2mi2+iB+ +QKTQbBiBQM Bb �`QmM/ kyWX h?2`27Q`2- i?2 2mi2+iB+

i2KT2`�im`2 Bb 2biBK�i2/ iQ #2 Q7 �`QmM/ kkN ◦* �M/ i?2 KBb+B#BHBiv ;�T 2tBbiBM; #2ir22M

Rk
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`Qm;?Hv Ry iQ jyW +QKTQbBiBQMX h?2`2 Bb � ;QQ/ +Q``2H�iBQM #2ir22M i?2 2Mi?�HTv p�Hm2 �M/

i?2 +QKTQbBiBQM U6B;m`2 8V 7Q` α UR2 = 0.9V- ?Qr2p2`- BM +�b2 Q7 ζ i?2 HQr +Q2{+B2Mi p�Hm2

`�i?2` BM/B+�i2 7Q` MQ bB;MB}+�Mi +QKTQbBiBQM /2T2M/2Mi p�`B�iBQM Q7 i?2 2Mi?�HTv Q7 K2HiBM;

7Q` bQHB/ bQHmiBQMb ζX �b b?QrM BM i?2 T?�b2 /B�;`�K- i?2 ζ + liquid `2;BQM Bb `2H�iBp2Hv ~�iX

Ai BM/B+�i2b i?�i TBKQ#2M/�M 2M�MiBQK2`b i2M/ iQ 7Q`K r?�i Bb +�HH2/ �M B/2�H bQHB/ bQHmiBQMX

*HQb2@iQ@B/2�H #2?�pBQm` Bb `�`2- Bi Bb `2TQ`i2/ 7Q` irQ ;Hv+2`QH 2i?2`b98-9e �M/ bHB;?iHv +QM@

+�p2/ /QK2 Bb ;Bp2M 7Q` i�xQ72HQM2XRj h?2`2 Bb �HbQ �MQi?2` M2�`Hv B/2�H #mi K2i�bi�#H2 bQHB/

bQHmiBQM δ T`2b2Mi UK2i�bi�#H2 bQHB/ bQHmiBQMb ?�p2 �H`2�/v #22M T`2pBQmbHv `2TQ`i2/9d-93VX

aBKBH�`Hv- i?2`2 Bb MQ +QKTQbBiBQM /2T2M/2Mi p�`B�iBQM Q7 i?2 2Mi?�HTv Q7 K2HiBM;X h?2 HB[@

mB/mb �M/ bQHB/mb Q7 δ 7Q`K � +QMp2t /QK2- r?B+? BM/B+�i2b QM � bHB;?iHv HQr2` bi�#BHBiv

Q7 i?2 `�+2KB+ +QKTQbBiBQM T?�b2X h?2 Q#b2`p2/ +QMp2t #2?�pBQm` Bb MQi ivTB+�H 7Q` bQHB/

bQHmiBQMb b?QrBM; KBb+B#BHBiv �`QmM/ i?2 `�+2KB+ +QKTQbBiBQM �b KQbiHv +QM+�p2 #2?�pBQm`

Bb `2TQ`i2/XRj-R9-Re-Rd-98-9e-9N�8R

h?2 p2`v bBKBH�` Ss_. T�ii2`Mb Q#b2`p2/ 7Q` 2M�Mi�6 �M/ `�+�. U6B;m`2 jV �b r2HH �b K2Hi@

BM; /�i� `2T`2b2Mi2/ BM i?2 T?�b2 /B�;`�K KB;?i bm;;2bi i?�i Bi Bb � bBM;H2 +QMiBMmQmb bQHB/

bQHmiBQM BM T�`i Q7 i?2 +QKTQbBiBQM `�M;2 #2BM; K2i�bi�#H2X >Qr2p2`- `2bmHib Q7 i?2 bi`m+@

im`�H �M/ aaLJ_ bim/v Q7 2M�Mi�6 �M/ `�+�. T`2b2Mi2/ H�i2` BM/B+�i2 i?�i i?2b2 T?�b2b

�`2 MQi +QKTH2i2Hv BbQbi`m+im`�H i?mb +QM}`KBM; i?2 2tBbi2M+2 Q7 irQ /BbiBM+i bQHB/ bQHmiBQMbX

6BM�HHv- i?2 bQHB/ bQHmiBQM γ Bb �HbQ K2i�bi�#H2 �M/ HBF2 bQHB/ bQHmiBQM δ bmTTQb2/Hv /m2 iQ

K2i�bi�#BHBiv +�M #2 �++2bb2/ iQ QMHv BM � HBKBi2/ +QKTQbBiBQM `�M;2X 6Q`Kb `�+�" �M/

2M�Mi�1 �`2 /2TB+i2/ �b K2i�bi�#H2 TQHvKQ`T?b- ?Qr2p2`- /m2 iQ 2tT2`BK2Mi�H HBKBi�iBQMb

Q#i�BMBM; i?2 7Q`Kb- MQ bi`QM; bi�i2K2Mib +QmH/ #2 K�/2 r?2i?2` 7Q`Kb �`2 bi`B+iHv 2M�M@

iBQb2H2+iBp2- Q` Bb i?2`2 �Mv KBb+B#BHBiv Q7 i?2 2M�MiBQK2`b TQbbB#H2X

h?2 H�`;2 �KQmMi Q7 bQHB/ bQHmiBQMb 7QmM/ 7Q` TBKQ#2M/�M 2M�MiBQK2`b Bb bm`T`BbBM; �M/ iQ

i?2 #2bi FMQrH2/;2 Q7 i?2 �mi?Q`b MQ Qi?2` +QKTQmM/ Bb `2TQ`i2/ iQ b?Qr bm+? � /Bp2`bBiv Q7

bi`m+im`2b �#H2 iQ 7Q`K bBM;H2 b+�H2KB+ T?�b2bX JQ`2Qp2`- i?2 HBbi Q7 bQHB/ bQHmiBQMb 7Q`K2/ #v

TBKQ#2M/�M 2M�MiBQK2`b /Q2b MQi 2M/ rBi? MQM@bQHp�i2/ T?�b2bX `�+�* UγX=50V +QmH/ QMHv
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#2 Q#i�BM2/ #v /2bQHp�iBM; i?2 K2i?�MQH ?2KBbQHp�i2 `�+�Jak mTQM ?2�iBM; Ub22 6B;m`2 9V-

�M/ #2+�mb2 i?2 i`�MbBiBQM 7`QK `�+�Jak iQ `�+�* Bb /B`2+i Ub22 i?2 .a* +m`p2b BM 6B;m`2 e

�M/ /�i� QM i`�Mb7Q`K�iBQM FBM2iB+b ;Bp2M BM i?2 amTTQ`iBM; AM7Q`K�iBQMV- Bi 7QHHQrb i?�i

7Q`K Jak Bib2H7 Kmbi #2 � bQHB/ bQHmiBQM �b r2HHX �Hi?Qm;? �M BbQTH2i? b2+iBQM Q7 i?2 i2`M�`v

K2Hi T?�b2 /B�;`�K +QmH/ �HbQ #2 +QMbi`m+i2/- Bi K22ib �//BiBQM�H 2tT2`BK2Mi�H /B{+mHiB2b

U.a* �M�HvbBb Kmbi #2 +�``B2/ Qmi BM ?2`K2iB+�HHv b2�H2/ T�Mb iQ �pQB/ /2bQHp�iBQM T`BQ`

i?2 K2HiBM;X 6m`i?2`KQ`2- i?2 BMi2`T`2i�iBQM Q7 i?2 /�i� +QmH/ #2 +QKTHB+�i2/ B7 i?2 bQHp�i2

K2Hib BM+QM;`m2MiHvXVX h?2 2tBbi2M+2 Q7 bQHB/ bQHmiBQMb Q7 TBKQ#2M/�M K2i?�MQH ?2KBbQH@

p�i2 Jak Bb i?mb T`Qp2M #v Ss_.- h:- �M/ .a* �M�HvbBbX 6B;m`2 e +H2�`Hv b?Qrb i?�i

Ss_. T�ii2`Mb Q7 /Bz2`2Mi 2M�MiBQK2`B+ +QKTQbBiBQM b�KTH2b �`2 p2`v bBKBH�` �b 2tT2+i2/

7Q` bQHB/ bQHmiBQMbXe-Ry-R9-Re 6m`i?2`KQ`2- h: +m`p2b b?Qr i?�i 7Q` 2t�KTH2 `�+2KB+ �M/ jyW

+QKTQbBiBQM b�KTH2b #Qi? HQQb2 �TT`QtBK�i2Hv 9.eW Q7 i?2 BMBiB�H K�bb +Q``2bTQM/BM; iQ 0.5

K2i?�MQH KQH2+mH2b T2` QM2 TBKQ#2M/�M KQH2+mH2 i?2`27Q`2 2t+Hm/BM; i?2 2tBbi2M+2 Q7 �M

�//BiBQM�H KBMQ` T?�b2 Q7 i?2 2t+2bb 2M�MiBQK2` BM i?2 jyW b�KTH2- i?�i K�v #2 KBbb2/

Q` Qp2`HQQF2/ BM i?2 Ss_. �M�HvbBbX AM �//BiBQM- i?2 .a* +m`p2b b?Qr bBKBH�` i?2`K�H

#2?�pBQm`X

6m`i?2` 2tTHQ`�iBQM Q7 i?2 TBKQ#2M/�M bQHB/ 7Q`Kb `2p2�H2/ i?�i K�DQ`Biv Q7 i?2 bQHp�i2b �`2

�+im�HHv bQHB/ bQHmiBQMbX S`2pBQmbHv `2TQ`i2/ bi`m+im`�H �M/ bi�#BHBiv bim/v9y Q7 TBKQ#2M@

/�M KQMQ?v/`�i2b b?Qr2/ i?�i bi`m+im`�HHv /BbiBM+i `�+2KB+ �M/ 2M�MiBQTm`2 KQMQ?v/`�i2b

UM�K2Hv- `�+�>R �M/ 2M�Mi�>8V 2tBbiX Ai rQmH/ #2 2tT2+i2/ i?�i b+�H2KB+ KBtim`2b rQmH/

b?Qr 2M�MiBQb2H2+iBpBiv Q7 TBKQ#2M/�M 2M�MiBQK2`b � 2[mBKQH�` �KQmMib Q7 QTTQbBi2 2M�M@

iBQK2`b 7Q`KBM; `�+�>R �M/ i?2 `2K�BMBM; 2t+2bb 2M�MiBQK2` 7Q`KBM; 2M�Mi�>8X >Qr2p2`-

+`vbi�HHBxBM; b+�H2KB+ TBKQ#2M/�M KBtim`2b 7`QK bQHp2Mib +QMi�BMBM; r�i2`- bQHB/ bQHmiBQMb

7Q`K2/ BMbi2�/X AM 6B;m`2 d Ss_. T�ii2`Mb Q7 >R �M/ >8 �`2 /2TB+i2/X �Hi?Qm;? Ss_.

T�ii2`Mb Q7 i?2 2M�MiBQTm`2 �M/ `�+2KB+ KQMQ?v/`�i2b �`2 p2`v bBKBH�` U/m2 iQ i?2 �H`2�/v

/2b+`B#2/ bBKBH�`BiB2b Q7 i?2 bi`m+im`2b9yV- Ss_. T�ii2`Mb Q7 b+�H2KB+ KBtim`2b �`2 MQi bm@

T2`TQbBiBQM Q7 `�+�>R �M/ 2M�Mi�>8 T�ii2`MbX AM 7�+i- Ss_. T�ii2`Mb Q7 46- 41- �M/ jkW
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6B;m`2 e, Ss_. T�ii2`Mb- h: UbQHB/ HBM2bV �M/ .a* U/�b?2/ HBM2bV +m`p2b Q7 `�+2KB+ �M/
b+�H2KB+ +QKTQbBiBQM b�KTH2b Q7 TBKQ#2M/�M K2i?�MQH ?2KBbQHp�i2 JakX

KBtim`2b �`2 KQ`2 bBKBH�` iQ i?�i Q7 `�+�>R- r?2`2�b i?�i Q7 RyW b�KTH2 Bb KQ`2 bBKBH�`

iQ 2M�Mi�>8- rBi? i?2 +Q``2bTQM/BM; T2�F TQbBiBQMb �M/ BMi2MbBiB2b bHB;?iHv p�`vBM;X �M@

Qi?2` T`QQ7 i?�i i?2 b+�H2KB+ +QKTQbBiBQM b�KTH2b �`2 bBM;H2 T?�b2b U�M/ MQi KBtim`2b Q7

`�+�>R �M/ 2M�Mi�>8V +�M #2 7QmM/ BM i?2 `2+Q`/2/ h:f.a* i`�+2bX "Qi? KQMQ?v/`�i2b

�`2 `2TQ`i2/ iQ /2?v/`�i2 �i /Bz2`2Mi i2KT2`�im`2b- 7m`i?2`KQ`2 i?2 /2?v/`�iBQM T`Q/m+ib

/Bz2`X9y A7 i?2`2 r2`2 /Bz2`2Mi �KQmMib Q7 `�+�>R �M/ 2M�Mi�>8 T`2b2Mi- i?2 h: +m`p2 rQmH/

+QMi�BM irQ bi2Tb +Q``2bTQM/BM; iQ i?2 /2?v/`�iBQM Q7 2�+? Q7 i?2 ?v/`�i2b- ?Qr2p2`- h:

+m`p2b Q7 46- 41- �M/ jkW +QKTQbBiBQM b�KTH2b �`2 p2`v bKQQi? b?QrBM; i?�i i?2 `2KQp�H Q7

r�i2` Q++m`b BM � bBM;H2 bi2T Ub22 6B;m`2 a3VX 6m`i?2`KQ`2- .a* +m`p2b �`2 bBKBH�` iQ i?�i Q7

`�+�>R b?QrBM; i?�i bBKBH�` /2?v/`�iBQM T`Q/m+i U�KQ`T?Qmb T?�b2V 7Q`Kb Ub22 6B;m`2 a3VX

.a* +m`p2 Q7 RyW b�KTH2 Bb bBKBH�` iQ i?�i `2TQ`i2/ 7Q` 2M�Mi�>89y b?QrBM; �//BiBQM�H 2M@

/Qi?2`KB+ 2p2Mi +Q``2bTQM/BM; iQ i?2 K2HiBM; Q7 i?2 TQQ`Hv +`vbi�HHBM2 /2?v/`�iBQM T`Q/m+i

1 Ub22 6B;m`2 aNVX Ai +�M #2 +QM+Hm/2/ i?�i `�+�>R �M/ 2M�Mi�>8 �`2 BM 7�+i HBKBiBM; +�b2b
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6B;m`2 d, Ss_. T�ii2`Mb Q7 `�+2KB+- 2M�MiBQTm`2- �M/ b+�H2KB+ +QKTQbBiBQM b�KTH2b Q7
TBKQ#2M/�M KQMQ?v/`�i2b >R �M/ >8X

Q7 irQ bQHB/ bQHmiBQMb �TT�`2MiHv b?QrBM; HBKBi2/ KBb+B#BHBiv �`QmM/ i?2 `�+2KB+ �M/ M2�`

i?2 Tm`2 2M�MiBQK2` +QKTQbBiBQM `2;BQMb- `2bT2+iBp2HvX

aBKBH�`Hv- irQ TBKQ#2M/�M R-9@/BQt�M2 KQMQbQHp�i2b +�M #2 Q#i�BM2/ � i?2 �H`2�/v FMQrM

`�+�.aR �M/ 2M�Mi�.ak /Bb+Qp2`2/ BM i?Bb bim/vX "Qi? bQHp�i2b ?�p2 bBKBH�` Ss_. T�i@

i2`Mb- ?Qr2p2`- +�`27mH 2t�KBM�iBQM Q7 i?2 T�ii2`Mb U6B;m`2 3V Q7 b+�H2KB+ b�KTH2b b?Qr2/

i?�i i?Qb2 �`2 MQi irQ 2ti`2K2b Q7 QM2 bQHB/ bQHmiBQM- #mi UbBKBH�`Hv HBF2 BM +�b2 Q7 `�+�>R

�M/ 2M�Mi�>8V i?2`2 �`2 irQ bQHB/ bQHmiBQMb � QM2 �`QmM/ i?2 `�+2KB+ �M/ i?2 Qi?2` M2�`

i?2 Tm`2 2M�MiBQK2` +QKTQbBiBQM `2;BQMX Ss_. T�ii2`Mb b?Qr i?�i `�+�.aR- yX9R�.aR- �M/

6B;m`2 3, Ss_. T�ii2`Mb Q7 `�+2KB+- 2M�MiBQTm`2- �M/ b+�H2KB+ +QKTQbBiBQM b�KTH2b Q7
TBKQ#2M/�M R-9@/BQt�M2 KQMQbQHp�i2b .aR �M/ .akX

yXjy�.aR �`2 bBKBH�`- 7m`i?2`KQ`2 T2�F #`Q�/2MBM; `2bmHiBM; 7`QK i?2 BM+`2�b2 Q7 i?2 /BbQ`@

Re
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/2` Bb Q#b2`p2/X PM +QMi`�`v- k8W b�KTH2 `2b2K#H2b KQ`2 i?�i Q7 2M�Mi�.akX LQ bKQQi?

�M/ +QMiBMmQmb i`�MbBiBQM Q7 i?2 T2�F T`QT2`iB2b Bb T`2b2Mi �+`Qbb i?2 +QM+2Mi`�iBQM `�M;2-

#mi `�i?2` /Bb+QMiBMmBiv +�M #2 Q#b2`p2/ #2ir22M 25 �M/ jyW 2M�MiBQK2`B+ +QKTQbBiBQM

b�KTH2bX �HbQ i?2 h:f.a* �M�HvbBb b?Qr +QMbB/2`�#Hv /Bz2`2Mi #2?�pBQm` Q7 25 �M/ jyW

T?�b2b Ub22 6B;m`2 aRyVX

*QMbB/2`BM; i?2 /Bp2`bBiv Q7 TBKQ#2M/�M +`vbi�H 7Q`Kb 2tBbiBM; �b bQHB/ bQHmiBQMb �H`2�/v

/Bb+mbb2/- Bi Bb MQi bm`T`BbBM; i?�i � 72r KQ`2 Q7 i?2 `2K�BMBM; `�+2KB+ bQHp�i2b r2`2 7QmM/

iQ #2 bQHB/ bQHmiBQMb b?QrBM; �i H2�bi bQK2 KBb+B#BHBiv Q7 i?2 2M�MiBQK2`b �`QmM/ i?2 `�+2KB+

+QKTQbBiBQMX 6Q` 2t�KTH2- � bBM;H2 T?�b2 � bQHp�i2 :toluene r�b Q#i�BM2/ �HbQ 7Q` i?2 jyW

+QKTQbBiBQM b�KTH2 �b +QM+Hm/2/ 7`QK i?2 Ss_. /�i� Ub22 6B;m`2 aRRV �M/ h: �M�HvbBb

`2bmHib Ub?QrBM; �`QmM/ RNW r2B;?i HQbb bBKBH�`Hv �b 7Q` i?2 `�+�:tolueneVX Ai Bb i?2`27Q`2

HBF2Hv i?�i �HbQ Qi?2` BbQbi`m+im`�H bQHp�i2b : U+QMi�BMBM; �MQi?2` bQHp2MiV ?�pBM; b+�H2KB+

+QKTQbBiBQMb 2tBbiX SBKQ#2M/�M ?2KB?v/`�i2 >j r�b 7QmM/ iQ 2tBbi �b bQHB/ bQHmiBQM b?Qr@

BM; p2`v bBKBH�` Ss_. T�ii2`Mb Ub22 6B;m`2 aRkV �M/ �`QmM/ k.8W r2B;?i HQbb QM ?2�iBM;

+Q``2bTQM/BM; iQ i?2 ?2KB?v/`�i2X 6m`i?2`KQ`2- �HbQ TBKQ#2M/�M K2i?�MQH KQMQbQHp�i2

JaR KQbi HBF2Hv `2T`2b2Mib �MQi?2` bQHB/ bQHmiBQM U6B;m`2 aRjVX

h?2 H�`;2 �KQmMi Q7 bQHB/ bQHmiBQMb B/2MiB}2/ 7Q` #Qi? MQM@bQHp�i2/ �M/ bQHp�i2/ TBKQ#2M/�M

T?�b2b `Bb2b � [m2biBQM r?�i �`2 i?2 mM/2`HvBM; `2�bQMb `2bTQMbB#H2 7Q` i?2 7Q`K�iBQM Q7 i?Qb2

+QKKQMHv 2ti`2K2Hv `�`2 ivT2 Q7 T?�b2bj BM bm+? � H�`;2 /Bp2`bBiv 7Q` � bBM;H2 +QKTQmM/X

ai`m+im`�H bim/v r�b T2`7Q`K2/ iQ #2ii2` 2tTHQ`2 i?2 Q#b2`p2/ T?2MQK2MQMX

ai`m+im`�H bim/v Q7 TBKQ#2M/�M bQHB/ 7Q`Kb

S`2pBQmb bim/B2b ?�p2 b?QrM i?�i i?2`2 Kmbi #2 p2`v bT2+B}+ bi`m+im`�H 72�im`2b T`2b2Mi 7Q`

bQHB/ bQHmiBQMb iQ 2tBbie-d r?B+? Bb i?2 `2�bQM i?2v Q++m` bQ 2ti`2K2Hv `�`2HvXj am`T`BbBM;Hv-

BM +�b2 Q7 TBKQ#2M/�M �HKQbi �HH Q7 i?2 +`vbi�H 7Q`Kb 7QmM/ �`2 +QMpBM+BM;Hv T`Qp2M iQ 2tBbi

BM � 7Q`K Q7 bQHB/ bQHmiBQMb UrBi? i?2 `2K�BMBM; +`vbi�HHBM2 T?�b2b #2BM; `�i?2` [m2biBQM�#H2

MQi bi`QM;Hv T`Qp2M iQ #2 +QKTH2i2Hv 2M�MiBQb2H2+iBp2VX 6m`i?2`KQ`2- bQHB/ bQHmiBQMb 7Q`K

Rd
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`2;�`/H2bb Q7 r?2i?2` MQM@bQHp�i2/ Q` bQHp�i2/ T?�b2b �`2 +QMbB/2`2/X Ai 7QHHQrb i?�i i?2

/`BpBM; 7Q`+2 Q7 bQHB/ bQHmiBQM 7Q`K�iBQM BM i?Bb +�b2 +QmH/ #2 i`�+F2/ /QrM iQ i?2 KQH2+mH�`

H2p2HX

ai`m+im`�H bim/v Q7 TBKQ#2M/�M +`vbi�H 7Q`Kb r�b T2`7Q`K2/ iQ 2tTHQ`2 i?2 bi`m+im`�H �bT2+ib

;Qp2`MBM; i?2 bQHB/ bQHmiBQM 7Q`K�iBQMX 6Q` `�+2KB+ TBKQ#2M/�M bBM;H2 +`vbi�Hb- ?Qr2p2`-

r2`2 Q#i�BM2/ QMHv BM +�b2 Q7 `�+�� UαX=50V bBM+2 Bi Bb i?2 QMHv `�+2KB+ MQM@bQHp�i2/ 7Q`K

Q#i�BM�#H2 7`QK � bQHmiBQMX lM7Q`imM�i2Hv- MQ bBM;H2 +`vbi�Hb r2`2 Q#i�BM2/ 7Q` �Mv Q7 i?2

bQHp�i2b 2t+2Ti 7Q` i?2 `�+2KB+ KQMQ?v/`�i2 `�+�>R �H`2�/v `2TQ`i2/X9y a*s_. bi`m+im`2

Q7 � KQMQ?v/`�i2 Q7 2M�MiBQTm`2 TBKQ#2M/�M U2M�Mi�>8V Bb �HbQ `2TQ`i2/-9y #mi MQ bBM;H2

+`vbi�Hb Q7 �Mv Qi?2` 2M�MiBQTm`2 7Q`Kb r2`2 Q#i�BM2/X *`vbi�H bi`m+im`2 /2i2`KBM�iBQM 7`QK

TQr/2` s@`�v /Bz`�+iBQM /�i� Q7 b2p2`�H T?�b2b r�b +QMbB/2`2/ Ui?2 bi`m+im`2 Q7 `�+�" 7`QK

i?2 Ss_. /�i� ?�b �H`2�/v #22M `2TQ`i2/9kVX h?2 bi`m+im`2 bQHmiBQM r�b bm++2bb7mH �M/ `2@

HB�#H2 QMHv BM i?2 +�b2 Q7 i?2 2M�MiBQTm`2 TQHvKQ`T? 2M�Mi�6 UζX=0VX 6m`i?2`KQ`2- aaLJ_

bT2+i`Qb+QTv b2`p2/ �b � +`m+B�H i2+?MB[m2 iQ 7�+BHBi�i2 i?2 bi`m+im`2 /2i2`KBM�iBQMX a2H2+i2/

+`vbi�HHQ;`�T?B+ /�i� Q7 `�+�� �M/ 2M�Mi�6 �`2 T`2b2Mi2/ BM h�#H2 kX

ai`m+im`2 Q7 `�+��

h?2 �bvKK2i`B+ mMBi Q7 `�+�� UQ` αX=50V Bb � bmT2`BKTQbBiBQM Q7 #Qi? 2M�MiBQK2`b _ �M/

aX h?2B` Q++mT�M+B2b �`2 0.74 �M/ 0.26- `2bT2+iBp2Hv Ub22 6B;m`2 NVX 1�+? Q7 i?2 2M�MiBQK2`b

Q++mTB2b /Bz2`2Mi +QM7Q`K�iBQM- 2X;X- _A �M/ aAAX 6m`i?2`KQ`2- +QM+2`MBM; i?2 �TT�`2Mi +2M@

i`QbvKK2i`v Q7 i?2 bi`m+im`2 i?2`2 �`2 �HbQ aA �M/ _AA +QM7Q`K2`b T`2b2Mi UrBi? i?2 QTTQbBi2

Q++mT�M+B2b ;BpBM; Qp2`�HH `�+2KB+ +QKTQbBiBQM Q7 i?2 +`vbi�HVX h?mb- BM i?2 +`vbi�H bi`m+@

im`2 Q7 `�+�� 7Q` 2p2`v 2�+? T�B` Q7 +`vbi�HHQ;`�T?B+ KQH2+mH�` TQbBiBQMb i?�i �`2 `2H�i2/

#v bvKK2i`v 2H2K2Mib +?�M;BM; i?2 ?�M/2/M2bb U+2Mi`2b Q7 BMp2`bBQM �M/ ;HB/2 TH�M2b BM

i?Bb +�b2V i?2`2 Bb BM 7�+i � T`Q#�#BHBiv U�TT`QtBK�i2Hv j,RV- r?2i?2` � T�B` Q7 TBKQ#2M/�M

KQH2+mH2b Bb ;2MmBM2Hv bvKK2i`B+ U_A�aA Q` _AA�aAAV Q` Bb Bi [m�bB�bvKK2i`B+ U_A�_AA Q`

R3
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h�#H2 k, a2H2+i2/ +`vbi�HHQ;`�T?B+ /�i� Q7 TBKQ#2M/�M +`vbi�H bi`m+im`2b `�+�� �M/ 2M�Mi�6X

`�+�� 2M�Mi�6
bb αX=50 bb ζX=0

1KTB`B+�H 7Q`KmH� *RN>R3L9Pk *RN>R3L9Pk

6Q`KmH� r2B;?i f ;KQH−R 334.37 334.37
T f E 293 293

a�KTH2 ivT2 aBM;H2 +`vbi�H SQr/2`
*`vbi�H bvbi2K JQMQ+HBMB+ h`B;QM�H

aT�+2 ;`QmT C2/c P3121 UP3221V
a f ³ 16.9418(5) 9.3798(6)

b f ³ 9.1256(3) 9.3798(6)

c f ³ 22.9751(8) 33.194(3)
α f ê 90 90
β f ê 107.3133(16) 90
γ f ê 90 120

V f ³
j

3391.11(19) 2529.2(5)
ρcalc f ; +K−j 1.310 1.317

Z- Zö 8- 1 6- 1
_2~MbX +QHH2+i2/ 3276 �

_2~MbX rBi? I > 2σ(I) 2132 �
R1 UI > 2σ(I)V 0.0643 �

S 1.045 �
Rwp URpV � 0.0740 U0.0494V

6B;m`2 N, �bvKK2i`B+ mMBi Ub?QrBM; i?2 bmT2`BKTQbBiBQM Q7 #Qi? 2M�MiBQK2`b rBi? Q++m@
T�M+v 7�+iQ`b 0.74 �M/ 0.26V �M/ T�+FBM; `2T`2b2Mi�iBQM U+2Mi`2b Q7 BMp2`bBQM /2TB+i2/ BM
v2HHQrV Q7 TBKQ#2M/�M `�+�� X >v/`Q;2M �iQKb QKBii2/ 7Q` i?2 b�F2 Q7 +H�`BivX

RN
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aA�aAAVX LQi2 i?�i �++Q`/BM; iQ i?2 /2i2`KBM2/ bi`m+im`2 i?2`2 �`2 M2p2` _A�aAA Q` _AA�

aA T�B`b T`2b2Mi B7 i?2 HQ+mb Q7 bvKK2i`v 7Q` i?2 T�B` Q7 irQ +`vbi�HHQ;`�T?B+ TQbBiBQMb Bb

�M BMp2`bBQM +2Mi`2 Q` � ;HB/2 TH�M2X h?2`27Q`2- �b i?2 Q++mT�M+v Q7 #Qi? 2M�MiBQK2`b Bb

MQi R,R- i?2`2 Bb BM2pBi�#Hv bQK2 /2;`22 Q7 2M�MiBQb2H2+iBpBiv T`2b2MiX h?2 bi`m+im`2 i2M/

iQ #2 �M Q`/BM�`v `�+2KB+ +QKTQmM/X 6m`i?2`KQ`2- Bi +�M #2 MQi2/ i?�i b�K2 +?B`�HBiv

+QM7Q`K2`b A �M/ AA 7QmM/ BM i?2 +`vbi�H bi`m+im`2 �`2 �TT`QtBK�i2 KB``Q` BK�;2b iQ 2�+?

Qi?2` 2Mbm`BM; [m�bB�+2Mi`QbvKK2i`B+ UQ` [m�bB�;HB/2@bvKK2i`B+V `2H�iBQMb?BTX ai`m+im`�H

Q`B;BM Q7 bQHB/ bQHmiBQM 2tBbi2M+2 7Q` `�+�� U�b T`Qp2/ #v i?2 K2Hi T?�b2 /B�;`�K `2T`2b2Mi2/

BM i?2 6B;m`2 8V Bb i?2`27Q`2 2pB/2MiX Ai Bb +QKT`2?2MbB#H2 i?�i BM b+�H2KB+ +`vbi�Hb KQ`2

[m�bB�bvKK2i`B+ T�B`b Q7 i?2 2M�MiBQK2` BM K�DQ`Biv K�v 7Q`K BM i?�i r�v T`2b2`pBM; i?2

�TT�`2Mi +2Mi`QbvKK2i`v �M/ ;2M2`�H T�+FBM; Q7 i?2 bi`m+im`2X "2+�mb2 Q7 i?2 Q#b2`p2/

bi`m+im`�H �bT2+ib T`2b2Mi �M/- i?mb- T�`iB�H 2M�MiBQb2H2+iBpBiv BM i?2 bQHB/ bi�i2- i?2 bQHB/

bQHmiBQM α Bb hvT2 AA bQHB/ bQHmiBQMX

ai`m+im`2 Q7 2M�Mi�6

URV�TBKQ#2M/�M r�b 7QmM/ iQ +`vbi�HHBx2 BM P3121 bT�+2 ;`QmTX �b Bi Bb QM2 Q7 i?2 RR

2M�MiBQKQ`T?B+ T�B`b Q7 +?B`�H bT�+2 ;`QmTb- i?2 bi`m+im`2 Q7 i?2 QTTQbBi2 2M�MiBQK2` #2HQM;b

iQ i?2 P3221 bT�+2 ;`QmTX h?2 13* aaLJ_ bT2+i`mK r�b bBKmH�i2/ iQ +QKT�`2 i?�i rBi?

i?2 2tT2`BK2Mi�HHv Q#i�BM2/ QM2 #v i?mb �bb2bbBM; B7 i?2 bi`m+im`2 bQHp2/ 7`QK i?2 Ss_.

/�i� Bb `2�bQM�#H2 Ub22 6B;m`2 RyVX � ;QQ/ }i #2ir22M i?2 2tT2`BK2Mi�H �M/ i?2Q`2iB+�H

p�Hm2b Bb Q#i�BM2/X h?2 H�`;2bi /Bz2`2M+2b 7`QK i?2 }ii2/ bi`�B;?i HBM2 �`2 Q#b2`p2/ 7Q`

#Qi? K2i?vH ;`QmTb r?B+? +QmH/ #2 2tTH�BM2/ #v `2H�iBp2 7`22/QK Q7 i?Qb2 bm#biBim2Mib BM

i?2 +`vbi�H bi`m+im`2X 6m`i?2`KQ`2- i?2 aaLJ_ bT2+i`mK r�b �HbQ 2tTHQBi2/ iQ /2}M2 i?2

bi`m+im`�H �bT2+ib Q7 TBKQ#2M/�M bQHB/ bQHmiBQM ζX h?2 bT2+i`mK U6B;m`2 RRV Q7 2M�Mi�6

UζX=0V +QMpBM+BM;Hv b?Qrb i?�i i?2`2 Bb QMHv QM2 TBKQ#2M/�M KQH2+mH2 BM i?2 �bvKK2i`B+

mMBi UZ ′ = 1VX �b Z ′ = 1 Bi 7QHHQrb i?�i MQ T�`iB�H 2M�MiBQb2H2+iBpBiv Bb TQbbB#H2 �M/ Bi

ky
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6B;m`2 Ry, *Q``2H�iBQM #2ir22M i?2 i?2Q`2iB+�H �M/ 2tT2`BK2Mi�HHv /2i2`KBM2/ +?2KB+�H
b?B7ib BM 13* aaLJ_ bT2+i`� Q7 2M�Mi�6X

6B;m`2 RR, 13C aaLJ_ bT2+i`� Q7 2M�Mi�6 �M/ `�+�. UbTBMMBM; bB/2@#�M/b /2TB+i2/ rBi?
�M �bi2`BbFVX

BM/B+�i2b i?�i bQHB/ bQHmiBQM ζ Bb Q7 � hvT2 AX JQpBM; iQr�`/b `�+2KB+ +QKTQbBiBQM bi�iBbiB+�HHv

i?2`2 rBHH #2 � T`Q#�#BHBiv Q7 }M/BM; _ Q` a 2M�MiBQK2` BM �Mv KQH2+mH�` bBi2 2[m�H iQ

KQH2 7`�+iBQM Q7 _ Q` a 2M�MiBQK2` BM i?2 +`vbi�H- `2bT2+iBp2HvX AM2pBi�#Hv Bi H2�/b i?�i

T`Q#�#BHBiv Q7 }M/BM; _ Q` a KQH2+mH2 BM �Mv KQH2+mH�` bBi2 7Q` bm+? bi`m+im`2 Bb 2t�+iHv

8yW 7Q` `�+2KB+ +QKTQbBiBQMX aaLJ_ bT2+i`� Q7 2M�Mi�6 �M/ `�+�. r2`2 +QKT�`2/ iQ

2Hm+B/�i2 r?2i?2` i?Qb2 T?�b2b +QmH/ #2 BbQbi`m+im`�H +Q``2bTQM/BM; iQ HBKBiBM; +�b2b Q7 QMHv

QM2 bQHB/ bQHmiBQM- Q` �`2 i?2v `�i?2` HBKBiBM; +�b2b Q7 irQ /BbiBM+i bQHB/ bQHmiBQMbX S2�F

+QmMi Q7 `�+�. bT2+i`mK BM/B+�i2b i?�i �HbQ i?2`2 Bb QMHv QM2 TBKQ#2M/�M KQH2+mH2 BM i?2

kR
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�bvKK2i`B+ mMBi UZ ′ = 1VX h?2 T2�Fb �`2 #`Q�/2` BM/B+�iBM; i?�i `�+�. Bb +QMbB/2`�#Hv

/BbQ`/2`2/X �Hi?Qm;? i?2 Ss_. T�ii2`Mb Q7 #Qi? 7Q`Kb �`2 p2`v bBKBH�` U6B;m`2 jV �M/

i?2 K2HiBM; /�i� Q7 +Q``2bTQM/BM; b+�H2KB+ T?�b2b +QmH/ #2 BMi2`T`2i2/ �b #2HQM;BM; iQ �

bBM;H2 +QMiBMmQmb bQHB/ bQHmiBQM U6B;m`2 8V- 7m`i?2` �M�HvbBb Q7 i?2 aaLJ_ /�i� +QM}`Kb i?2

T`2b2M+2 Q7 irQ /BbiBM+i bQHB/ bQHmiBQMbX h?2 irQ �//BiBQM�H T2�Fb U�i �`QmM/ 17 �M/ 153

TTKV BM i?2 bT2+i`mK Q7 `�+�. BM/B+�i2 QM i?2 bi�iB+ /BbQ`/2`X >Qr2p2`- i?2 bTHBi Ub�K2

�iQKV T2�F �`2� `�iBQ Bb MQi R,R- BM/B+�iBM; i?�i QM2 Q7 i?2 +QM7Q`K2` Bb KQ`2 �#mM/�Mi

BM i?2 +`vbi�H bi`m+im`2 Q7 `�+�.X A7 `�+�. r�b i?2 HBKBiBM; +�b2 Q7 i?2 bQHB/ bQHmiBQM ζ-

i?2M �i `�+2KB+ +QKTQbBiBQM �b K2MiBQM2/ #27Q`2 T`Q#�#BHBiv Q7 }M/BM; QM2 2M�MiBQK2` BM

� +`vbi�HHQ;`�T?B+ KQH2+mH�` bBi2 rQmH/ #2 2t�+iHv 8yW +QMb2[m2MiHv ;BpBM; 2[m�H �`2�b 7Q`

i?2 bTHBi �iQK T2�FbX �b Bi Bb MQi bQ- #v /2}MBiBQM bQHB/ bQHmiBQM δ +�MMQi #2 hvT2 A bQHB/

bQHmiBQM- #mi QM +QMi`�`v i?2`2 Bb bQK2 2M�MiBQb2H2+iBpBiv T`2b2Mi H2�/BM; iQ hvT2 AA 7Q` δX

aBKBH�`BiB2b �M/ /Bz2`2M+2b Q7 `�+�� �M/ 2M�Mi�6 bi`m+im`2b

h?2 bi�#BHBiv Q7 � +`vbi�H bi`m+im`2 Bb 2Mbm`2/ #v 7�pQm`�#H2 BMi2`KQH2+mH�` BMi2`�+iBQMbX SB@

KQ#2M/�M KQH2+mH2 ?�b b2p2`�H 2H2+i`QM@/QMQ`f�++2TiQ` bBi2b �b r2HH �b �`QK�iB+ `BM;b i?�i

+�M #2 2tTHQBi2/ iQ 7Q`K bm+? 7�pQm`�#H2 BMi2`�+iBQMb BM � 7Q`K Q7 ?v/`Q;2M #QM/b Q` π ···π

b�+FBM;bX AM i?2 bi`m+im`2 Q7 `�+�� �M/ 2M�Mi�6 ?v/`Q;2M #QM/b �`2 T`2b2Mi U6B;m`2 RkVX AM

#Qi? +�b2b MQM2 Q7 i?2 +?B`�H +�`#QM bm#biBim2Mib �`2 /B`2+iHv BMpQHp2/ BM ?v/`Q;2M #QM/ M2i@

rQ`F r?B+? Bb mM/Qm#i2/Hv i?2 K�BM bi�#BHBxBM; 7Q`+2 /2i2`KBMBM; i?2 bi�#BHBiv Q7 i?2 +`vbi�H

bi`m+im`2bX 1tBbi2M+2 Q7 bQHB/ bQHmiBQMb α �M/ ζ +�M #2 i?2`27Q`2 2tTH�BM2/ #v i?2 7�+i i?�i

�TT�`2MiHv /m2 iQ +QM7Q`K�iBQM�H ~2tB#BHBiv i?2 ?v/`Q;2M #QM/ M2irQ`F +�M #2 T`2b2`p2/

`2;�`/H2bb Q7 r?B+? 2M�MiBQK2` Bb 2tTHQBi2/ bBKBH�`Hv HBF2 BM +�b2 Q7- 2X;X- irQ bQHB/ bQHmiBQMb

`2TQ`i2/ 7Q` T?2MvHTB`�+2i�K-e � +?B`�H Tv``QHB/BM2 /2`Bp�iBp2-8k �M/ /`m;b i�xQ72HQM2Rj �M/

�i2MQHQHXR8

>v/`Q;2M M2irQ`Fb BM #Qi? bi`m+im`2b BM 7�+i �`2 B/2MiB+�H Ub22 i?2 `2T`2b2Mi�iBQM BM 6B;@

m`2 RjVX h?2`2 �`2 R2

2
(16) `BM;b �M/ C1

1
(11) +?�BMb T`2b2MiX h?2 /Bz2`2M+2b #2ir22M i?2

kk
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6B;m`2 Rk, �bvKK2i`B+ mMBib Q7 TBKQ#2M/�M `�+�� �M/ 2M�Mi�6 b?QrBM; ?v/`Q;2M #QM/bX

6B;m`2 Rj, _2T`2b2Mi�iBQM Q7 ?v/`Q;2M #QM/ M2irQ`F BM i?2 bi`m+im`2b Q7 `�+�� �M/ 2M�Mi�6X

kj
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bi`m+im`2b �`2 7QmM/ BM KQH2+mH2 +QM7Q`K�iBQMb �M/ T�+FBM; Q7 i?2 KQH2+mH2bX AM i?2 bi`m+@

im`2 Q7 `�+�� i?2 KQH2+mH2b 7Q`KBM; R2

2
(16) `BM;b �`2 U[m�bB�V+2Mi`QbvKK2i`B+- r?BH2 BM i?�i

Q7 2M�Mi�6 i?2v �`2 MQi 2p2M +HQb2 iQ +2Mi`QbvKK2i`vX AM i?2 bi`m+im`2 Q7 `�+�� i?2 BM}@

MBi2 C1

1
(11) +?�BMb bi�+F2/ T�`�HH2H �`2 7Q`KBM; H�v2`b r?B+? �`2 BMi2`+QMM2+i2/ pB� #27Q`2

K2MiBQM2/ R2

2
(16) ?v/`Q;2M #QM/bX AM 2M�Mi�6 i?2 C1

1
(11) +?�BMb 7Q`K `Q/b r?B+? ?�p2

j@7QH/ b+`2r �tBb bvKK2i`vX h?2 `Q/b �`2 BMi2`+QMM2+i2/ pB� R2

2
(16) ?v/`Q;2M #QM/b Ub22

6B;m`2 R9VX

6B;m`2 R9, S�+FBM; `2T`2b2Mi�iBQM Q7 `�+�� �M/ 2M�Mi�6 �HQM; i?2 +`vbi�HHQ;`�T?B+ a- �M/
c��tBb- `2bT2+iBp2HvX G�v2`b �M/ `Q/b 7Q`K2/ pB� C1

1
(11) ?v/`Q;2M #QM/b b?QrM BM Q`�M;2X

*QM+HmbBQMb

AM i?Bb �M/ T`2pBQmb bim/B2b Q7 i?2 �mi?Q`b i?2 T?�`K�+2miB+�HHv �+iBp2 BM;`2/B2Mi TBKQ#2M@

/�M r�b 7QmM/ iQ 7Q`K 8 `�+2KB+ �M/ k 2M�MiBQTm`2 TQHvKQ`T?b �b r2HH �b 3 `�+2KB+ �M/

k 2M�MiBQTm`2 bQHp�i2bX am`T`BbBM;Hv- 9 Q7 e TQHvKQ`T?B+ 7Q`Kb r2`2 T`Qp2M iQ 2tBbi �b bQHB/

bQHmiBQMb +QMb2[m2MiHv b?QrBM; HBKBi2/ Q` MQ 2M�MiBQb2H2+iBpBiv BM i?2 bQHB/ bi�i2X 6m`i?2`@

KQ`2- �HbQ �i H2�bi d Qmi Q7 Ry bQHp�i2b r2`2 7QmM/ iQ #2 bQHB/ bQHmiBQMbX LQM2 Q7 i?2 RR bQHB/

bQHmiBQMb 2tBbi BM i?2 7mHH +QKTQbBiBQM `�M;2X h?2`27Q`2 7Q` � /BbiBM+i b2i Q7 `�+2KB+ �M/ �

k9
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/BbiBM+i b2i Q7 2M�MiBQTm`2 bi`m+im`2b i?2`2 Bb �M �#BHBiv iQ ?Qbi �KQmMib Q7 U2t+2bb Q` i?2

QTTQbBi2V 2M�MiBQK2` T`2b2`pBM; i?2 +`vbi�H bi`m+im`2X h?2 +QMbB/2`�#H2 MmK#2` Q7 /Bz2`2Mi

bi`m+im`2b UMQM@bQHp�i2/ �M/ bQHp�i2/V i?�i K�v #2 Q#i�BM2/ �b bBM;H2 T?�b2b Q7 b+�H2KB+

+QKTQbBiBQMb K2�Mb i?�i i?2 /`BpBM; 7Q`+2 Q7 bQHB/ bQHmiBQM 7Q`K�iBQM +QmH/ #2 i`�+F2/ /QrM

iQ KQH2+mH�` bi`m+im`2 H2p2HX

�b i?2 +?B`�H +2Mi`2 Bb }t2/ BM � Tv`B/�xBMQM2 +v+H2 rBi? i?2 `2K�BMBM; irQ bm#biBim2Mib #2BM;

� ?v/`Q;2M �iQK �M/ � K2i?vH ;`QmT- Bi Bb �bbmK2/ i?�i i?2 H�+F Q7 i?2 2M�MiBQb2H2+iBpBiv

Bb �b 7QHHQrb, i?2 +?�M;2b BMi`Q/m+2/ #v TH�+BM; QM2 Q` �MQi?2` 2M�MiBQK2` BM � +`vbi�HHQ@

;`�T?B+ KQH2+mH�` TQbBiBQM �`2 MQi +`m+B�H- #2+�mb2 BM i2`Kb Q7 BMi2`KQH2+mH�` BMi2`�+iBQMb,

RV MQ bi2`B+ 2z2+i ?BM/`�M+2 Bb 2tT2+i2/ #2+�mb2 Q7 +QKT�`�#H2 bBx2b Q7 i?2 MQM@`BM; +?B`�H

+2Mi`2 bm#biBim2Mibc kV QMHv /BbT2`bBQM 2M2`;v i2`K Bb �z2+i2/ #v i?2 +?�M;2- r?B+? Q#pBQmbHv

?�b � KBMQ` BKTQ`i�M+2 /2i2`KBMBM; i?2 H�iiB+2 2M2`;v �b 2{+B2Mi ?v/`Q;2M #QM/ M2irQ`F

+�M #2 2tT2+i2/X h?2 K2MiBQM2/ `2�bQMb �`2 BM �;`22K2Mi rBi? i?2 irQ /2i2`KBM2/ +`vbi�H

bi`m+im`2bX 6m`i?2`KQ`2- i?2 KQbi +`m+B�H �bT2+i Q7 bQHB/ bQHmiBQM 7Q`K�iBQM Bb KQH2+mH�`

~2tB#BHBiv r?B+? �HHQrb iQ K�BMi�BM i?2 ?v/`Q;2M #QM/ M2irQ`F `2;�`/H2bb Q7 i?2 +QM};m`�@

iBQM Q7 i?2 +?B`�H +2Mi`2 Q7 TBKQ#2M/�M KQH2+mH2X h?2 bim/v �HbQ b?Qr2/ i?�i bQHB/ bQHmiBQMb

α �M/ δ Bb hvT2 AA bQHB/ bQHmiBQMb r?B+? K2�Mb i?2`2 Bb bQK2 2M�MiBQb2H2+iBpBiv BM i?2 bQHB/

bi�i2 r?BH2 bQHB/ bQHmiBQM ζ Bb hvT2 A bQHB/ bQHmiBQM � rBi?Qmi �Mv 2M�MiBQb2H2+iBpBivX

6BM�HHv- Bi Bb BMi`B;mBM; i?�i MQM2 Q7 i?2 bQHB/ bQHmiBQMb 2tBbi BM i?2 r?QH2 2M�MiBQK2`B+ +QKTQ@

bBiBQM `�M;2X �Hi?Qm;? +`vbi�HHQ;`�T?B+ KQH2+mH�` TQbBiBQMb BM TBKQ#2M/�M TQHvKQ`T? �M/

bQHp�i2 +`vbi�H bi`m+im`2b b22K iQ #2 7�B`Hv BM/Bz2`2Mi `2;�`/BM; #Qi? 2M�MiBQK2`b- /Bz2`2Mi

bi`m+im`2b 7Q`K �i irQ 2ti`2K2 +�b2b � `�+2KB+ �M/ 2M�MiBQTm`2 +QKTQbBiBQMbX Ai b?Qrb

i?�i �TT�`2MiHv Bi Bb 2M2`;2iB+�HHv KQ`2 7�pQm`�#H2 iQ T�+F `�+2KB+ UQ` +HQb2@iQ@`�+2KB+V +QK@

TQbBiBQM bvbi2Kb /Bz2`2MiHv i?�M i?Qb2 Q7 2M�MiBQTm`2 UQ` +HQb2@iQ@2M�MiBQTm`2V +QKTQbBiBQMX
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amTTQ`iBM; AM7Q`K�iBQM �p�BH�#H2

h?2 +`vbi�H bi`m+im`2 /�i� U*A6V- i`�MbBiBQM b+?2K2 #2ir22M TBKQ#2M/�M 7Q`Kb- T`2T�`�iBQM

Q7 TBKQ#2M/�M 7Q`Kb- i?2`K�H �M�HvbBb Q7 TBKQ#2M/�M 7Q`Kb- .a* �M/ Ss_. /�i� mb2/

iQ 2bi�#HBb? i?2 T?�b2 /B�;`�K Q7 TBKQ#2M/�M 2M�MiBQK2`b- 2pB/2M+2 Q7 bQHp�i2/ TBKQ#2M@

/�M bQHB/ bQHmiBQMb- 2tT2`BK2Mi�H �M/ +�H+mH�i2/ Ss_. T�ii2`Mb Q7 TBKQ#2M/�M TQHvKQ`T?

2M�Mi�6X h?Bb K�i2`B�H Bb �p�BH�#H2 7`22 Q7 +?�`;2 pB� i?2 AMi2`M2i �i ?iiT,ffTm#bX�+bX

Q`;fX

_272`2M+2b

URV _Qm?B- �X JX *?B`�H "mbBM2bbX *?2KB+�H � 1M;BM22`BM; L2rb �`+?Bp2 kyyj- 3R- 98�eRX

UkV GQ`2Mx- >Xc a2B/2H@JQ`;2Mbi2`M- �X S`Q+2bb2b hQ a2T�`�i2 1M�MiBQK2`bX �M;2r�M/i2

*?2KB2 AMi2`M�iBQM�H 1/BiBQM kyR9- 8j- RkR3�Rk8yX

UjV C�+[m2b- CXc *QHH2i- �Xc qBH2M- aX 1M�MiBQK2`b- `�+2K�i2b- �M/ `2bQHmiBQMbc qBH2v- RN3RX

U9V E�2KK2`2`- >Xc GQ`2Mx- >Xc "H�+F- aX LXc a2B/2H@JQ`;2Mbi2`M- �X aim/v Q7 avbi2K

h?2`KQ/vM�KB+b �M/ i?2 62�bB#BHBiv Q7 *?B`�H _2bQHmiBQM Q7 i?2 SQHvKQ`T?B+ avbi2K

Q7 J�HB+ �+B/ 1M�MiBQK2`b �M/ Aib S�`iB�H aQHB/ aQHmiBQMbX *`vbiX :`Qri? .2bX kyyN-

N- R38R�R3ekX

U8V EQi2HMBFQp�- 1X LXc Ab�FQp- �X AXc GQ`2Mx- >X LQM@2[mBKQH�` /Bb+`2i2 +QKTQmM/b BM

#BM�`v +?B`�H bvbi2Kb Q7 Q`;�MB+ bm#bi�M+2bX *`vbi1M;*QKK kyRd- RN- R38R�R3eNX

UeV _2FBb- hXc "�`xB��- �Xc P`QH�- GXc >QH+x#�m2`- hXc �+iB��- �Xc a2B/2H@JQ`;2Mbi2`M- �Xc

GQ`2Mx- >X aBM;H2 2M�MiBQK2`öb m`;2 iQ +`vbi�HHBx2 BM +2Mi`QbvKK2i`B+ bT�+2 ;`QmTb,

bQHB/ bQHmiBQMb Q7 T?2MvHTB`�+2i�KX *`vbiX :`Qri? .2bX kyRd- Rd- R9RR�R9R3X

UdV "`�M/2H- *Xc S2iBi- aXc *�`iB;Mv- uXc *Q[m2`2H- :X ai`m+im`�H �bT2+ib Q7 aQHB/ aQHmiBQMb

Q7 1M�MiBQK2`bX *m``2Mi S?�`K�+2miB+�H .2bB;M kyRe- kk- 9NkN�9N9RX

ke
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U3V *?BQM- "Xc G�Dx2`QrB+x- CXc "Q`/2�mt- .Xc *QHH2i- �Xc C�+[m2b- CX ai`m+@

im`�H �bT2+ib Q7 bQHB/ bQHmiBQMb Q7 2M�MiBQK2`b, i?2 j@?v/`QtvK2i?vH@ �M/ j@

+�`#Qtv@k-k-8-8@i2i`�K2i?vHTv``QHB/BMvH R@QtvH bvbi2Kb �b 2t�KTH2bX h?2 CQm`M�H Q7

S?vbB+�H *?2KBbi`v RNd3- 3k- ke3k�ke33X

UNV "Q`/2�mt- .Xc G�Dxû`QrB+x- CX ai`m+im`2 +`Bbi�HHBM2 /m iûi`�Kûi?vH@k-k-e-e U?v/`Qtv@

BKBMQV@9 TBTû`B/BM2 QtvH@RX �+i� *`vbi�HHQ;`�T?B+� a2+iBQM " RNdd- jj- R3jd�R39yX

URyV h�`�iBM- LX oXc GQ`2Mx- >Xc EQi2HMBFQp�- 1X LXc :HBFBM- �X 1Xc :�HH�M/- �Xc .mT`�v- oXc

*Q[m2`2H- :Xc a2B/2H@JQ`;2Mbi2`M- �X JBt2/ *`vbi�Hb BM *?B`�H P`;�MB+ avbi2Kb, �

*�b2 aim/v QM U_V@ �M/ UaV@1i?�MQH�KKQMBmK j@*?HQ`QK�M/2H�i2X *`vbiX :`Qri? .2bX

kyRk- Rk- 833k�8333X

URRV q2`K2bi2`- LXc �m#BM- 1Xc S�m+?2i- JXc *Qbi2- aXc *Q[m2`2H- :X S`272`2MiB�H +`vbi�H@

HBx�iBQM BM �M mMmbm�H +�b2 Q7 +QM;HQK2`�i2 rBi? T�`iB�H bQHB/ bQHmiBQMbX h2i`�?2/`QM,

�bvKK2i`v kyyd- R3- 3kR � 3jRX

URkV _2FBb- hXc .ö�;QbiBMQ- aXc "`�;�- .Xc :`2TBQMB- 6X .2bB;MBM; bQHB/ bQHmiBQMb Q7 2M�M@

iBQK2`b, H�+F Q7 2M�MiBQb2H2+iBpBiv Q7 +?B`�H M�T?i?�HBKB/2 /2`Bp�iBp2b BM i?2 bQHB/ bi�i2X

*`vbi�H :`Qri? � .2bB;M y- y- MmHHX

URjV >m�M;- CXc *?2M- aXc :mx2B- AX �Xc c um- GX .Bb+Qp2`v Q7 � aQHB/ aQHmiBQM Q7 1M�MiBQK2`b

BM � _�+2K�i2@6Q`KBM; avbi2K #v a22/BM;X CQm`M�H Q7 i?2 �K2`B+�M *?2KB+�H aQ+B2iv

kyye- Rk3- RRN38�RRNNkX

UR9V /2 .B2;Q- >X GXc "QM/- �X .Xc .�M+2`- _X CX 6Q`K�iBQM Q7 bQHB/ bQHmiBQMb #2ir22M `�+2KB+

�M/ 2M�MiBQK2`B+ +Bi�HQT`�K Qt�H�i2X *?B`�HBiv kyRR- kj- 9y3�9ReX

UR8V /2 *�bi`Q- _X �X 1Xc *�MQiBH?Q- CXc "�`#Qb�- _X JXc aBHp�- JX _Xc "2D�- �X JXc

S�Bt½Q- CX �Xc _2/BM?�- CX aX *QM7Q`K�iBQM�H AbQKQ`T?BbK Q7 P`;�MB+ *`vbi�Hb,

_�+2KB+ �M/ >QKQ+?B`�H �i2MQHQHX *`vbiX :`Qri? .2bX kyyd- d- 9Ne�8yyX
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UReV oQ;i- 6X :Xc *QTH2v- _X *X "Xc Jm2HH2`- _X GXc aTQQ`b- :X SXc *�++?BQ- hX LXc *�`H@

iQM- _X �Xc E�i`BM+B+- GX JXc E2MM�/v- CX JXc S�`bQMb- aXc *?2iBM�- PX oX AbQKQ`T?BbK-

.BbQ`/2`- �M/ >v/`�iBQM BM i?2 *`vbi�H ai`m+im`2b Q7 _�+2KB+ �M/ aBM;H2@1M�MiBQK2`

*�`p2/BHQH S?QbT?�i2X *`vbiX :`Qri? .2bX kyRy- Ry- kdRj�kdjjX

URdV "`2/BF?BM- �X �Xc "`2/BF?BM�- wX �Xc w�F?�`v+?2p- .X oXc :m#�B/mHHBM- �X hXc

6�vxmHHBM- _X _X *?B`�H /`m; iBKQHQH K�H2�i2 �b � +QMiBMmQmb bQHB/ bQHmiBQM, h?2`@

KQ+?2KB+�H �M/ bBM;H2 +`vbi�H s@`�v 2pB/2M+2X *`vbi1M;*QKK kyRk- R9- e93�e88X

UR3V :Q`/QM- aX :Xc JBHH2`- JX qXc a�mM/2`b- �X "X SBKQ#2M/�M BM >2�`i 6�BHm`2 h?2`�Tv

@ � aBHp2` "mHH2i\ CQm`M�H Q7 i?2 �K2`B+�M �MBK�H >QbTBi�H �bbQ+B�iBQM kyye- 9k-

Ny�NjX

URNV *?m- EX JXc a?B2?- aX JXc >m- PX uX S?�`K�+QFBM2iB+b �M/ T?�`K�+Q/vM�KB+b Q7 2M�M@

iBQK2`b Q7 TBKQ#2M/�M BM T�iB2Mib rBi? /BH�i2/ +�`/BQKvQT�i?v �M/ +QM;2biBp2 ?2�`i

7�BHm`2 �7i2` bBM;H2 �M/ `2T2�i2/ Q`�H /QbBM;X *HBMB+�H T?�`K�+QHQ;v �M/ i?2`�T2miB+b

RNN8- 8d- eRy�ekRX

UkyV �mbi2H- oXc LQHH- EXc 1#2`H2BM- qXc >2B/2`- CXc o�M .` J22H- CXc .B2/2`2M- qXc >��`@

K�MM- qX L2m2 U@V@#2MxBKB/�xQH2- /2`2M ?2`bi2HHmM; mM/ /B2b2 p2`#BM/mM;2M 2Mi?�H@

i2M/2 �`xM2BKBii2HX RN3Nc ?iiTb,ff2M+`vTi2/X;QQ;H2X+QKfT�i2Mibf.1jdk3k99�R\

+H4Bi- .1 S�i2Mi �TTX .1RN-3dj-dk3-k99X

UkRV a?2H/`B+F- :X JX � b?Q`i ?BbiQ`v Q7 a>1GsX �+i� *`vbi�HHQ;`�T?B+� a2+iBQM �, 6QmM@

/�iBQMb Q7 *`vbi�HHQ;`�T?v kyyd- e9- RRk�RkkX

UkkV �HiQK�`2- �Xc *mQ++B- *Xc :B�+Qp�xxQ- *Xc JQHBi2`MB- �Xc _BxxB- _Xc *Q``B2`Q- LXc 6�H+B+@

+?BQ- �X 1sSPkyRj, � FBi Q7 iQQHb 7Q` T?�bBM; +`vbi�H bi`m+im`2b 7`QK TQr/2` /�i�X CX

�TTHX *`vbi�HHQ;`X kyRj- 9e- RkjR�Rkj8X

UkjV �HiQK�`2- �Xc *�KTB- :Xc *mQ++B- *Xc 1`BFbbQM- GXc :B�+Qp�xxQ- *Xc JQHBi2`MB- �Xc

k3
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_BxxB- _Xc q2`M2`- SX 1X �/p�M+2b BM TQr/2` /Bz`�+iBQM T�ii2`M BM/2tBM;, L@h_1P_yNX

CX �TTHX *`vbi�HHQ;`X kyyN- 9k- de3�dd8X

Uk9V "QmHiB7- �Xc GQm2`- .X SQr/2` T�ii2`M BM/2tBM; rBi? i?2 /B+?QiQKv K2i?Q/X CX �TTHX

*`vbi�HHQ;`X kyy9- jd- dk9�djRX

Uk8V G2 "�BH- �Xc .m`Qv- >Xc 6Qm`[m2i- CX GX �#@BMBiBQ bi`m+im`2 /2i2`KBM�iBQM Q7 GBa#qPe

#v s@`�v TQr/2` /Bz`�+iBQMX J�i2`X _2bX "mHHX RN33- kj- 99d�98kX

UkeV .QHH�b2- qX �X *Q``2+iBQM Q7 BMi2MbBiB2b 7Q` T`272``2/ Q`B2Mi�iBQM BM TQr/2` /Bz`�+iQK@

2i`v, �TTHB+�iBQM Q7 i?2 J�`+? KQ/2HX CX �TTHX *`vbi�HHQ;`X RN3e- RN- ked�kdkX

UkdV J�`+?- �X wX J�i?2K�iBb+?2 h?2Q`B2 /2` _2;2HmM; M�+? /2` EQ`M;2bi�Hi #2B �{M2`

.27Q`K�iBQMX E`Bbi�HHQ;`X RNjk- 3R- k38�kNdX

Uk3V :B�MMQxxB- SX 2i �HX Zl�LhlJ 1aS_1aaP, � KQ/mH�` �M/ QT2M@bQm`+2 bQ7ir�`2

T`QD2+i 7Q` [m�MimK bBKmH�iBQMb Q7 K�i2`B�HbX CQm`M�H Q7 S?vbB+b, *QM/2Mb2/ J�ii2`

kyyN- kR- jN88ykX

UkNV :`BKK2- aX a2KB2KTB`B+�H ::�@ivT2 /2MbBiv 7mM+iBQM�H +QMbi`m+i2/ rBi? � HQM;@`�M;2

/BbT2`bBQM +Q``2+iBQMX CQm`M�H Q7 *QKTmi�iBQM�H *?2KBbi`v kyye- kd- Rd3d�RdNNX

UjyV GmM/- �X JXc P`2M/i- �X JXc S�;QH�- :X AXc 62``�`Q- JX "Xc 6�+2HHB- CX *X PTiBKBx�iBQM Q7

*`vbi�H ai`m+im`2b Q7 �`+?2ivTB+�H S?�`K�+2miB+�H *QKTQmM/b, � SH�M2@q�p2 .6h@.

aim/v lbBM; Zm�MimK 1bT`2bbQX *`vbi�H :`Qri? � .2bB;M kyRj- Rj- kR3R�kR3NX

UjRV JQ`+QK#2- *X _Xc wBHK- EX qX *?2KB+�H b?B7i `272`2M+BM; BM &J�a' bQHB/ bi�i2 &LJ_'X

CQm`M�H Q7 J�;M2iB+ _2bQM�M+2 kyyj- Rek- 9dN � 93eX

UjkV SB+F�`/- *X CXc J�m`B- 6X �HH@2H2+i`QM K�;M2iB+ `2bTQMb2 rBi? Tb2m/QTQi2MiB�Hb, LJ_

+?2KB+�H b?B7ibX S?vbX _2pX " kyyR- ej- k98RyRX

UjjV *H�`F- aXc a2;�HH- JXc SB+F�`/- *Xc >�bMBT- SXc S`Q#2`i- JXc _27bQM- EXc S�vM2- JX 6B`bi

T`BM+BTH2b K2i?Q/b mbBM; *�ah1SX w2Bib+?`B7i 7C` E`Bbi�HHQ;`�T?B2 kyy8- kky- 8ed�8dyX
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Uj9V u�i2b- CXc SB+F�`/- *Xc J�m`B- 6X *�H+mH�iBQM Q7 LJ_ +?2KB+�H b?B7ib 7Q` 2ti2M/2/

bvbi2Kb mbBM; mHi`�bQ7i Tb2m/QTQi2MiB�HbX S?vbB+�H _2pB2rX "- *QM/2Mb2/ K�ii2` �M/

K�i2`B�Hb T?vbB+b kyyd- deX

Uj8V >�``Bb- _X EXc >Q/;FBMbQM- SXc SB+F�`/- *X CXc u�i2b- CX _Xc wQ`BM- oX *?2KB+�H b?B7i

+QKTmi�iBQMb QM � +`vbi�HHQ;`�T?B+ #�bBb, bQK2 `2~2+iBQMb �M/ +QKK2MibX J�;M2iB+

_2bQM�M+2 BM *?2KBbi`v kyyd- 98- aRd9�aR3eX

UjeV S2`/2r- CX SXc "m`F2- EXc 1`Mx2`?Q7- JX :2M2`�HBx2/ :`�/B2Mi �TT`QtBK�iBQM J�/2

aBKTH2X S?vbX _2pX G2iiX RNNe- dd- j3e8�j3e3X

UjdV hF�i+?2MFQ- �Xc a+?2|2`- JX �++m`�i2 JQH2+mH�` o�M .2` q��Hb AMi2`�+iBQMb 7`QK

:`QmM/@ai�i2 1H2+i`QM .2MbBiv �M/ 6`22@�iQK _272`2M+2 .�i�X S?vbX _2pX G2iiX kyyN-

Ryk- ydjyy8X

Uj3V "�`xB��- �Xc >Q/;FBMbQM- SX aQHB/@bi�i2 &LJ_' �M/ +QKTmi�iBQM�H BMp2biB;�iBQM Q7

bQHp2Mi KQH2+mH2 �``�M;2K2Mi �M/ /vM�KB+b BM BbQbi`m+im`�H bQHp�i2b Q7 /`QT2`B/QHX

aQHB/ ai�i2 Lm+H2�` J�;M2iB+ _2bQM�M+2 kyR8- e8- Rk � kyX

UjNV "Q2`2M- JX JX JXc S�`B/��Mb- _X CXc S2iFmM2- aXc GmbBb- oXc Jm+2MB2+2- .X *`vbi�HHBM2

TBKQ#2M/�M- T`Q+2bb 7Q` i?2 T`2T�`�iBQM i?2`2Q7- T?�`K�+2miB+�H +QKTQbBiBQM �M/ mb2X

kyR9X

U9yV _2FBb- hXc "�`xB��- �Xc .��#BD2p�- .Xc L�Fm`i2- AXc P`QH�- GXc �+iB��- �X ai`m+im`2 �M/

bi�#BHBiv Q7 `�+2KB+ �M/ 2M�MiBQTm`2 TBKQ#2M/�M KQMQ?v/`�i2b, QM i?2 T?2MQK2MQM

Q7 mMmbm�HHv ?B;? bi�#BHBivX *`vbiX :`Qri? .2bX kyRd- Rd- R3R9�R3kjX

U9RV _2FBb- hXc P��- :Xc "�`xB��- �Xc �+iB��- �X S`Q+2bb 7Q` T`2T�`�iBQM Q7 +`vbi�HHBM2 7Q`K

� Q7 TBKQ#2M/�MX kyRjX

U9kV wpB`;x/BMb- �Xc .2HBM�- JXc JBb?M2p- �Xc �+iBMb- �X SBKQ#2M/�M " 7`QK TQr/2` /Bz`�+@

iBQM /�i�X �+i� *`vbi�HHQ;`�T?B+� a2+iBQM 1 kyRj- eN- QReddX

jy
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U9jV >BH}F2`- _X SQHvKQ`T?BbK, AM i?2 S?�`K�+2miB+�H AM/mbi`vc kyyec TT R�9R9X

U99V *Q[m2`2H- :X _2pB2r QM i?2 ?2i2`Q;2M2Qmb 2[mBHB#`B� #2ir22M +QM/2Mb2/ T?�b2b BM #B@

M�`v bvbi2Kb Q7 2M�MiBQK2`bX 1M�MiBQK2` kyyy- 8- 93R � 9N3X

U98V "`2/BF?BM- �X �Xc "`2/BF?BM�- wX �Xc w�F?�`v+?2p- .X oX *`vbi�HHBx�iBQM Q7 +?B`�H +QK@

TQmM/b, i?2`KQ/vM�KB+�H- bi`m+im`�H �M/ T`�+iB+�H �bT2+ibX J2M/2H22p *QKKmMB+�@

iBQMb kyRk- kk- RdR � R3yX

U9eV 6�vxmHHBM- _X _Xc w�F?�`v+?2p- .X oXc :m#�B/mHHBM- �X hXc �MiQMQpB+?- PX �Xc

E`BpQH�TQp- .X "Xc "`2/BF?BM�- wX �Xc "`2/BF?BM- �X �X AMi`B+�i2 S?�b2 "2?�pBQ` �M/

*`vbi�H ai`m+im`2 62�im`2b Q7 *?B`�H T�`�@J2i?QtvT?2MvH :Hv+2`QH 1i?2` 6Q`KBM; *QM@

iBMmQmb �M/ S�`iB�H aQHB/ aQHmiBQMbX *`vbiX :`Qri? .2bX kyRd- Rd- kdR�k3jX

U9dV "`�M/2H- *Xc �K?�`�`- uXc _QHHBM;2`- CX JXc :`B2bb2`- lX CXc *�`iB;Mv- uXc S2iBi- aXc

*Q[m2`2H- :X AKT�+i Q7 JQH2+mH�` 6H2tB#BHBiv QM .Qm#H2 SQHvKQ`T?BbK- aQHB/ aQHm@

iBQMb �M/ *?B`�H .Bb+`BKBM�iBQM /m`BM; *`vbi�HHBx�iBQM Q7 .BT`QT?vHHBM2 1M�MiBQK2`bX

JQH2+mH�` S?�`K�+2miB+b kyRj- Ry- j38y�j3eRX

U93V "`2/BF?BM- �X �Xc "`2/BF?BM�- wX �Xc �MiQMQpB+?- PX �Xc w�F?�`v+?2p- .X oXc

E`BpQH�TQp- .X "X *`vbi�HHBx�iBQM 72�im`2b �M/ bTQMi�M2Qmb `2bQHmiBQM Q7 j@

Uk-e@/BK2i?QtvT?2MQtvVT`QT�M2@R-k@/BQH, h?2 +�b2 Q7 bi�#H2 +QM;HQK2`�i2 �M/

K2i�bi�#H2 bQHB/ bQHmiBQMX CQm`M�H Q7 JQH2+mH�` ai`m+im`2 kyRd- RR99- 99j � 98yX

U9NV GB- uXc w?�Q- uXc w?�M;- uX aQHB/ h`vTiQT?�M �b � Sb2m/Q`�+2K�i2, S?vbB+Q+?2KB+�H

�M/ *`vbi�HHQ;`�T?B+ *?�`�+i2`Bx�iBQMX *?B`�HBiv kyR8- kd- 33�N9X

U8yV :�HHBb- >Xc "Qm;`BQm�- 6Xc PQMF- >Xc p�M 1F2`2M- SXc p�M JBHi2M#m`;- CX JBtim`2b Q7

/@ �M/ H@+�`pQM2, AX .Bz2`2MiB�H b+�MMBM; +�HQ`BK2i`v �M/ bQHB/@HB[mB/ T?�b2 /B�;`�KX

h?2`KQ+?BKB+� �+i� RNNe- kd9- kjR � k9kX
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U8RV PQMF- >Xc hDQ�- EXc "`�Mib- 6Xc E`QQM- CX h?2 +�`pQtBK2 bvbi2KX h?2`KQ+?BKB+� �+i�

RNdd- RN- ReR � RdRX

U8kV G�Dx2`QrB+x- CXc *?BQM- "Xc G�Dx2`QrB+x- CX hrQ /BK2MbBQM�H Q`/2` BM � bQHB/ bQHmiBQM Q7

KQH2+mH2b Q7 QTTQbBi2 +?B`�HBivX h?2 CQm`M�H Q7 *?2KB+�H S?vbB+b RN3R- d9- j8yy�j8yN-

+Bi2/ "v 8X

jk
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6Q` h�#H2 Q7 *QMi2Mib lb2 PMHv

� K�x2 Q7 bQHB/ bQHmiBQMb Q7 TBKQ#2M/�M 2M�MiBQK2`b, �M 2ti`�Q`@

/BM�`v +�b2 Q7 TQHvKQ`T? �M/ bQHp�i2 /Bp2`bBiv

hQKb _2FBb- �;`Bb "�`xB��- AM2b2 a�`+2pBÍ�- �`iBb EQMb- J`iB�� "�HQ/Bb- GBM� P`QH�- >2BF2

GQ`2Mx- �M/ �M/`Bb �+iB��

a2p2`�H TQHvKQ`T?b �M/ bQHp�i2b �`2 7QmM/ 7Q` `�+2KB+ �M/ 2M�MiBQTm`2 TBKQ#2M/�MX JQbi

Q7 i?2K �`2 T`Qp2M iQ 2tBbi �b bQHB/ bQHmiBQMb Q7 2M�MiBQK2`bX ai`m+im`�H bim/v b?Qrb i?2

Q`B;BM Q7 bQHB/ bQHmiBQM 7Q`K�iBQMX h?2 `2�bQMb Q7 i?2B` 7Q`K�iBQM BM bm+? � H�`;2 /Bp2`bBiv

7Q` � bBM;H2 +QKTQmM/ �`2 i`�+F2/ /QrM iQ KQH2+mH�` H2p2HX

jj
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