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i?2 aGA*f*.* T`2/B+iBQMb Q7 bQHp�iBQM 2Mi`QTB2b �M/ ?2�i +�T�+BiB2b �`2 K�/2 rBi?Qmi �T`BQ`B
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AKTHB+Bi bQHp2Mi KQ/2Hb +�M #2 bQHp2/ Q`/2`b Q7 K�;MBim/2 7�bi2` i?�M �iQKBbiB+- 2tTHB+Bi@
bQHp2Mi KQ/2Hb iQ +QKTmi2 +QKT�`�#Hv �++m`�i2 i?2`KQ/vM�KB+ T`QT2`iB2bX h?2v `2TH�+2
/2i�BH2/ bi�iBbiB+�H b�KTHBM; Q7 bQHp2Mi KQH2+mH�` TQbBiBQMb �M/ Q`B2Mi�iBQMb rBi? +QMiBMmmK
2H2+i`Qbi�iB+bX h?2 bi�`iBM; TQBMi 7Q` bi�M/�`/ +QMiBMmmK 2H2+i`Qbi�iB+b KQ/2Hb Bb �HKQbi
�Hr�vb i?2 SQBbbQM Q` SQBbbQM@"QHixK�MM T�`iB�H /Bz2`2MiB�H 2[m�iBQMb i?�i +QmTH2 � KB@
+`Qb+QTB+ /2b+`BTiBQM Q7 bQHmi2 iQ � K�+`Qb+QTB+ `2T`2b2Mi�iBQM Q7 i?2 bQHp2Mid-9R-3kX aQHmi2b
?�p2 #22M /2b+`B#2/ mbBM; /Bz2`2Mi H2p2Hb Q7 ;`�MmH�`Bivc 7`QK �M 2H2+i`QMB+ bi`m+im`2 H2p2H-
�b BM TQH�`Bx�#H2 +QMiBMMmK KQ/2H US*JVek-ej mT iQ +Q�`b2@;`�BM2/ KQ/2Hb 7Q` .L�8k-3d �M/
H�`;2 K�+`QKQH2+mH2bk9-3RX 1p2M i?Qm;? i?2 +QMiBMmmK /2b+`BTiBQM Q7 bQHp2Mi bB;MB}+�MiHv
`2/m+2b i?2 +QKTH2tBiB2b BMpQHp2/ BM bi�iBbiB+�H KQ/2HHBM;- bQK2 Q7 i?2 +QMiBMmmK 2H2+i`Q@
bi�iB+b �TT`QtBK�iBQMb #`2�F/QrM BM bvbi2Kb �i �iQKBbiB+ H2M;i? b+�H2b- i?�i BM im`M +�M
H2�/ iQ b2`BQmb 2``Q`b BM T`2/B+iBQMb r?2M +QKT�`2/ rBi? 2tT2`BK2Mi�H /�i�Rd-jd-8y-8e-39-33-NRX
h?Bb rQ`F T`2b2Mib irQ bB;MB}+�MiHv BKT`Qp2/ BKTHB+Bi bQHp2Mi KQ/2Hb i?�i `2K2/v i?2b2
BM�++m`�+B2b #v K�FBM; irQ bBKTH2 KQ/B}+�iBQMb iQ i?2 bi�M/�`/ +QMiBMmmK 2H2+i`Qbi�iB+b
i?2Q`vX

J�Mv T`BQ` BMp2biB;�iQ`b ?�p2 i�F2M /Bz2`2Mi �TT`Q�+?2b iQ �//`2bb i?2 BM�++m`�+B2b
Q7 i?2 bi�M/�`/ +QMiBMmmK 2H2+i`Qbi�iB+b i?2Q`vX a2p2`�H KQ/2Hb mb2 � MQM@HBM2�` 7mM+@
iBQM iQ /2b+`B#2 i?2 /B2H2+i`B+ T`QT2`iB2b Q7 bQHp2Mi KQH2+mH2bX a�M/#2`;bǶb G�M;2pBM@.2#v2
KQ/2HdN +?�`�+i2`Bx2b r�i2` TQH�`Bx#BHBiv mbBM; i?2 p�`B�iBQM Q7 r�i2`Ƕb `2H�iBp2 T2`KBiiBpBiv
rBi? i?2 HQ+�H 2H2+i`B+ }2H/X q�`b?2HǶb G�M;2pBM /BTQH2b bQHp�iBQM KQ/2H mb2b � MQMHBM2�`-
2H2+i`Qbi�iB+ TQi2MiB�H@/2T2M/2Mi bm`7�+2 �`2� KQ/2H iQ BKT`Qp2 i?2 �++m`�+v Q7 bi�M/�`/
+QMiBMmmK KQ/2H BM T`2/B+iBM; ?v/`�iBQM 2Mi`QTB2b- 2Mi?�HTB2b- �M/ :B##b 2M2`;B2b Q7 bK�HH
KQH2+mH2bjkX :QM; 2i �HX mb2/ � MQMHBM2�` 7mM+iBQM iQ /2b+`B#2 i?2 bQHp2Mi T2`KBiiBpBiv
i?�i /2T2M/b QM i?2 bQHmi2ĜbQHp2Mi #QmM/�`v /Bbi�M+2 iQ i?2 bQHmi2 +2Mi2` Q7 K�bbjeX Lm@
K2`Qmb KQ/2Hb �//`2bb i?2 /2pB�iBQMb 7`QK HBM2�`@`2bTQMb2 i?2Q`v mbBM; � MQM@HQ+�H i?2Q`vX
LQM@HQ+�H i?2Q`B2b `2TH�+2 i?2 ;Qp2`MBM; T�`iB�H /Bz2`2MiB�H 2[m�iBQMb #v T�`iB�H BMi2;`QĜ
/Bz2`2MiB�H 2[m�iBQMb iQ i�F2 BMiQ �++QmMi i?2 M2�`@BMi2`7�+2 +Q``2H�iBQMb #2ir22M bQHp2Mi
KQH2+mH2bkN-9y-8RX J�Mv KQ/2Hb �//`2bb #Qi? MQM@HBM2�`Biv �M/ MQM@HQ+�HBiv Q7 i?2 bQHp2Mi
`2bTQMb2X 6Q` BMbi�M+2- #v BM+Hm/BM; i?2 /BTQH2 /2;`22b Q7 7`22/QK 7Q` i?2 bQHp2Mi KQH2+mH2b-
P`H�M/ �M/ +Q@rQ`F2`b /2`Bp2/ � K2�M@}2H/ H2p2H SQBbbQM KQ/2H i?�i +�M +�Tim`2 bQK2
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KQH2+mH�`@H2p2H +?�`�+i2`BbiB+b Q7 i?2 bQHp2Mi KQH2+mH2b- 2X;X- i?2 Q`;�MBx�iBQM Q7 bQHp2Mi
KQH2+mH2b �`QmM/ #BQKQH2+mH2bj-e-93-9NX �//BiBQM�H KQ/2Hb i?�i �`2 #Qi? MQM@HBM2�` �M/ MQM@
HQ+�H BM+Hm/2 /2MbBiv@7mM+iBQM�H i?2Q`v U.6hV@#�b2/ �TT`Q�+?2bj9- p�`B�iBQM�H �TT`Q�+?2bjR-
�M/ bi�iBbiB+�HĜK2+?�MB+�H BMi2;`�H 2[m�iBQMbRyR-RykX Pm` rQ`F /Bz2`b 7`QK T`2pBQmb rQ`F BM
i?2 HBi2`�im`2 BM i?�i r2 �//`2bb /Bz2`2Mi bQm`+2b Q7 BM�++m`�+v BM +QMp2MiBQM�H +QMiBMmmK
K2i?Q/b- i?2 M2;H2+i Q7 +?�`;2@bB;M �bvKK2i`v U*>�Vj3-88-eR-eN-de �M/ HB[mB/Ĝp�TQ` BMi2`7�+2
TQi2MiB�HkyX

ai�M/�`/ +QMiBMmmK KQ/2Hb �`2 +?�`;2@bB;M bvKK2i`B+- K2�MBM; i?�i i?2v T`2/B+i i?2
b�K2 bQHp�iBQM :B##b 2M2`;v 7Q` �M BQM Q7 +?�`;2 K�;MBim/2 q- `2;�`/H2bb Q7 Bib bB;MX AM
`2�HBiv- BQMb Q7 2[m�H bBx2 #mi QTTQbBi2 p�H2M+2 ?�p2 p2`v /Bz2`2Mi bQHp�iBQM :B##b 2M2`@
;B2b i?�i K�v /Bz2` �b Km+? �b 9y F+�HfKQH BM i?2 b�K2 bQHp2MiX h?Bb 2z2+i Bb FMQrM �b
+?�`;2@?v/`�iBQM �bvKK2i`vX h?2 irQ K�DQ` mM/2`HvBM; K2+?�MBbKb Q7 *>� BM+Hm/2 bi2`B+
�bvKK2i`v �M/ HB[mB/Ĝp�TQ` BMi2`7�+2 TQi2MiB�HX AM r�i2`- i?2 bi2`B+ �bvKK2i`v Bb /m2
iQ i?2 bBx2 /Bz2`2M+2 #2ir22M i?2 ?v/`Q;2M �M/ Qtv;2M �iQKbX 1H2+i`QTQbBiBp2 ?v/`Q;2Mb
+�M �TT`Q�+? � M2;�iBp2 BQM KQ`2 +HQb2Hv i?�M i?2 2H2+i`QM2;�iBp2 Qtv;2Mb +�M �TT`Q�+? �
TQbBiBp2 BQM Q7 i?2 b�K2 `�/Bmb3X h?2 HB[mB/Ĝp�TQ` BMi2`7�+2 TQi2MiB�H- ?2`2�7i2` +�HH2/ i?2
bi�iB+ TQi2MiB�H- 2K2`;2b /m2 iQ i?2 ?B;?Hv Q`/2`2/ }`bi bQHp�iBQM b?2HH �M/ ?�b #22M i?Q`@
Qm;?Hv bim/B2/ mbBM; �iQKBbiB+ bBKmH�iBQMb8-ky-ddX h?2 bi�iB+ TQi2MiB�H }2H/ Bb �TT`QtBK�i2Hv
+QMbi�Mi BM i?2 bQHmi2 BMi2`BQ`kyX Pm` T`2pBQmb rQ`F b?Qr2/ i?�i �++QmMiBM; 7Q` i?2 bi�iB+
TQi2MiB�H �b r2HH �b i?2 bQHp2Mi@bi2`B+ +QKTQM2Mi bB;MB}+�MiHv BKT`Qp2b i?2 �++m`�+v Q7 i?2
bQHp�iBQM :B##b 2M2`;v T`2/B+iBQMbe8-d8X

6BiiBM; �iQKB+ `�/BBRj-R9-88-dy �M/ mbBM; 2KTB`B+�H +Q``2+iBQMb iQ i?2 }`bi bQHp�iBQM b?2HHR8-Re-ke-kd-NN-Ryj

�`2 TQTmH�` �TT`Q�+?2b iQ �//`2bb i?2 *>� BM �[m2Qmb bQHp�iBQMX 6Q` 2t�KTH2- Sm`BbBK� 2i
�HX3N mb2/ bm`7�+2 +?�`;2 /2MbBiv QM i?2 bQHmi2ĜbQHp2Mi BMi2`7�+2 iQ �/Dmbi i?2 "Q`M `�/Bmb
Q7 2�+? bQHmi2 �iQK iQ bQHp2 i?2 BM�++m`�+B2b /m2 iQ +?�`;2 �bvKK2i`vX S�`�K2i2`@}iiBM;
�TT`Q�+?2b ?�p2 bQK2 7mM/�K2Mi�H T`Q#H2KbX 6B`bi- i?2 �/Dmbi2/ �iQKB+ `�/BB Q7i2M 2t?B#Bi
mMT?vbB+�H i`2M/b BM bBx2- 7Q` 2t�KTH2- `�/Bmb Q7 ?v/`Q;2M K�v 2M/ mT #2+QKBM; H�`;2` i?�M
i?�i Q7 ~mQ`BM2e3X a2+QM/- Qi?2` i?2`KQ/vM�KB+ T`QT2`iB2b �`2 BM�++m`�i2X q?2M `�/BB �`2
}ii2/ iQ `2T`Q/m+2 2tT2`BK2Mi�H bQHp�iBQM :B##b 2M2`;B2b mbBM; i?2 "Q`M 2tT`2bbBQM- i?2
"Q`M KQ/2H 2M/b mT b2p2`2Hv Qp2`2biBK�iBM; i?2 i`�Mb72` :B##b 2M2`;B2b �M/ TE� b?B7ibjy-j8X
h?B`/- i`�BMBM;@b2i �M/ i2bi@b2i +QKTQmM/b Kmbi ?�p2 ?QKQHQ;Qmb bi`m+im`2bRN-dR-Ry9-Ry8X

q2 ?�p2 T`2pBQmbHv BMi`Q/m+2/ �M �++m`�i2 bQHp�iBQM 2H2+i`Qbi�iB+b KQ/2H i?�i BM+Hm/2b
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i?2 T?vbB+�H K2+?�MBbKb mM/2`HvBM; *>�X h?2 KQ/2H bmTTH2K2Mib i?2 +H�bbB+�H +QMiBMmmK
KQ/2H rBi? � MQM@HBM2�` #QmM/�`v +QM/BiBQM �i i?2 bQHmi2ĜbQHp2Mi /B2H2+i`B+ BMi2`7�+2X h?2
M2r #QmM/�`v +QM/BiBQM �++QmMib 7Q` KQH2+mH�` Q`/2`BM; BM i?2 bQHp�iBQM b?2HH- �M/ ?2M+2
r2 +�HH Bi i?2 bQHp�iBQM@H�v2` BMi2`7�+2 +QM/BiBQM UaGA*V KQ/2HN-e8-ee-d8X h?2 aGA* KQ/2H �HbQ
BM+Hm/2b i?2 2z2+i Q7 bi�iB+ TQi2MiB�H- i?�i Bb 2bT2+B�HHv BKTQ`i�Mi 7Q` bQHp�iBQM i?2`KQ/v@
M�KB+b +�H+mH�iBQMb Q7 +?�`;2/ bT2+B2bX h?2 aGA* KQ/2H T`QpB/2b BKT`Qp2/ T`2/B+iBQMb Q7
bQHp�iBQM T`QT2`iB2b r?BH2 mbBM; bi�M/�`/ +H�bbB+�H 7Q`+2@}2H/ �iQKB+ `�/BB- rBi? � +QMbi�Mi
b+�HBM; 7�+iQ` 7Q` �HH �iQK@ivT2bNX h?Bb bBKTH2 KQ/2H �++m`�i2Hv T`2/B+ib KQMQp�H2Mi BQM ?v@
/`�iBQM :B##b 2M2`;B2bNX h?2 aGA* KQ/2H r�b i?2M 2ti2M/2/ iQ bQHp�iBQM +�H+mH�iBQMb BM Tm`2
bQHp2Mib �M/ BQMB+ bQHmiBQMb pB� i?2 HBM2�` SQBbbQMƐ"QHixK�MM 2[m�iBQMe8X h?2 aGA* KQ/2H
rBi? i2KT2`�im`2@/2T2M/2Mi T�`�K2i2`b +�M �++m`�i2Hv +Q``2H�i2 i?2 BQM bQHp�iBQM :B##b 2M@
2`;B2b- 2Mi`QTB2b- �M/ ?2�i +�T�+BiB2b BM p�`BQmb TQH�` bQHp2Mibee-edX �MQi?2` `2K�`F�#H2 �+@
+QKTHBb?K2Mi Bb i?2 �#BHBiv iQ `2T`Q/m+2 TQbBiBp2 +?�`;BM; :B##b 2M2`;B2b 7Q` �iQKb i?�i �`2
?v/`QT?Q#B+edX h?Bb r�b � bB;MB}+�Mi Qmi+QK2 +QMbB/2`BM; i?�i i?2 bi�M/�`/ S" i?2Q`B2b +�M
MQi `2T`Q/m+2 TQbBiBp2 +?�`;BM; :B##b 2M2`;B2bX h?2 aGA* KQ/2H �HbQ b2H7@+QMbBbi2MiHv +Q``2@
H�i2b BQM i`�Mb72` :B##b 2M2`;B2b BM KBtim`2beeX qBi? i2KT2`�im`2@/2T2M/2Mi aGA* T�`�K2@
i2`b �M/ i2KT2`�im`2@/2T2M/2Mi T�`�K2i2`b 7Q` i?2 bQHp2Mi@�++2bbB#H2 bm`7�+2 �`2� Ua�a�V-
i?2 +QK#BM2/ KQ/2H +�M �++m`�i2Hv T`2/B+i ?v/`�iBQM :B##b 2M2`;B2b �M/ 2Mi`QTB2bd8X h?Bb
aGA*fa�a� KQ/2H 2t?B#Bib bB;MB}+�Mi r2�FM2bb2b BM T`2/B+iBM; bQHp�iBQM ?2�i +�T�+Biv �M/
i?2 MQMTQH�` +QKTQM2Mi Q7 i?2 bQHp�iBQM :B##b 2M2`;v 7Q` bK�HH KQH2+mH2bX

h?2 T`2b2Mi rQ`F +QK#BM2b i?2 aGA* KQ/2H rBi? bi�iBbiB+�H /2b+`BTiBQMb Q7 +�pBiv@
/BbT2`bBQM@+QK#BM�iQ`B�H KQH2+mH�` i?2`KQ/vM�KB+b- ?2`2�7i2` +�HH2/ i?2 aGA*f*.* KQ/2H-
iQ �//`2bb r2�FM2bb BM i?2 aGA*fa�a� KQ/2HX h?2 `272`2M+2 2tT2`BK2Mi�H /�i� BM i?Bb
rQ`F Bb 7�` KQ`2 +QKT`2?2MbBp2 i?�M i?2 T`2pBQmb rQ`Fd8X h?2 M2r `272`2M+2 /�i� BKT`Qp2b
i?2 [m�HBiv Q7 KQ/2H �bb2bbK2Mi r?B+? r�b � K�DQ` #QiiH2M2+F BM Qm` T`2pBQmb rQ`Fee-d8X h?2
aGA*fa�a� �M/ aGA*f*.* KQ/2Hb iQ Qm` FMQrH2/;2- �`2 i?2 }`bi BKTHB+Bi@bQHp�iBQM KQ/2H
+�T�#H2 Q7 T`2/B+iBM; ?v/`�iBQM ?2�i +�T�+BiB2bX S`QKTi2/ #v i?2 +?�HH2M;2b BMpQHp2/ BM T2`@
7Q`KBM; KQH2+mH�` bBKmH�iBQMb BM BQMB+ HB[mB/bdj-Ryy- r2 i2bi i?2 T2`7Q`K�M+2 Q7 aGA*fa�a�
BM T`2/B+iBM; bQHp�iBQM :B##b 2M2`;B2b �M/ 2Mi`QTB2bX h?2 7QHHQrBM; b2+iBQM BMi`Q/m+2b i?2
i?2Q`v #2?BM/ i?2 aGA*fa�a� �M/ aGA*f*.* bQHp�iBQM KQ/2HbX a2+iBQM AAA /2b+`B#2b i?2
MmK2`B+�H K2i?Q/b �M/ QTiBKBx�iBQM b+?2K2 mb2/ BM i?Bb rQ`FX a2+iBQM Ao /2KQMbi`�i2b i?2
�++m`�+B2b Q7 i?2b2 KQ/2Hb iQ T`2/B+i 2tT2`BK2Mi�H bQHp�iBQM i?2`KQ/vM�KB+ T`QT2`iB2bX

9



AAX h>1P_u

q2 KQ/2H i?2 bQHp�iBQM :B##b 2M2`;v T2` KQH2 Q7 � KBtim`2 ∆ bQHpG �b � bmK Q7 BM/2T2M@
/2Mi 2M2`;v KQ/2b

∆ bQHpG = ∆ bQHpG
2b +∆ bQHpG

MT +∆ bQHpG
?#, URV

r?2`2 ∆ bQHpG 2b Bb i?2 2H2+i`Qbi�iB+ +QMi`B#miBQM- ∆ bQHpG MT Bb i?2 MQMTQH�` +QMi`B#miBQM- �M/
∆ bQHpG ?# /2b+`B#2b i?2 +QMi`B#miBQM Q7 ?v/`Q;2M #QM/BM;X q2 T`QTQb2 irQ BKTHB+Bi bQHp2Mi
KQ/2Hb #�b2/ QM i?2 +QMi`B#miBQMb i?�i �`2 QmiHBM2/ BM i?2 AMi`Q/m+iBQMX h?2 aGA*fa�a�
KQ/2H +QKT`Bb2b i?2 aGA* 2H2+i`Qbi�iB+ i?2Q`v �M/ i?2 2KTB`B+�H bQHp2Mi@�++2bbB#H2 bm`7�+2@
�`2� Ua�a�V MQMTQH�` +Q``2+iBQM �b

∆
solv

G SLIC/SASA = ∆
solv

G SLIC, es +∆
solv

G SASA, np. UkV

h?2 M2r aGA*f*.* bQHp�iBQM KQ/2H i?�i �//b � M2r MQMTQH�` KQ/2H- ∆
solv

GCDC, np- �M/

i?2 ?v/`Q;2M #QM/BM; KQ/2H- ∆
solv

GCDC, np- iQ i?2 aGA* 2H2+i`Qbi�iB+ KQ/2H ?�b i?2 7Q`K

∆
solv

G SLIC/CDC = ∆
solv

G SLIC, es +∆
solv

G hb +∆
solv

GCDC, np. UjV

q2 #2;BM #v bmKK�`BxBM; i?2 aGA* 2H2+i`Qbi�iB+ KQ/2H- �M/ i?2M r2 /2b+`B#2 irQ /Bz2`@
2Mi �TT`Q�+?2b iQ i`2�i i?2 MQMTQH�` bQHp�iBQM +QMi`B#miBQMX h?2 bQHp2Mi@�++2bbB#H2 bm`7�+2
�`2� �TT`Q�+? Bb �M 2KTB`B+�H +Q``2H�iBQM /2i2`KBM2/ #v i?2 bQHmi2 bm`7�+2 �`2�X h?2 +�pBiv@
/BbT2`bBQM@+QK#BM�iQ`B�H U*.*V i?2Q`v /2b+`B#2b i?2 MQMTQH�` +QMi`B#miBQM 7`QK bi�iBbiB+�H
i?2`KQ/vM�KB+b KQ/2HbX AM i?2 aGA*fa�a� KQ/2H- r2 }i i?2 aGA* �M/ a�a� T�`�K@
2i2`b �i 2�+? i2KT2`�im`2X AM i?2 aGA*f*.* KQ/2H- �HH T�`�K2i2`b �`2 }t2/ +QMbi�Mib-
BM/2T2M/2Mi Q7 i2KT2`�im`2X

�X aGA* 1H2+i`Qbi�iB+b h?2Q`v

6B;m`2 R BHHmbi`�i2b � b+?2K�iB+ Q7 i?2 2H2+i`Qbi�iB+b T`Q#H2KX h?2 bQHmi2 Bb � /B2H2+i`B+
K2/BmK rBi? `2H�iBp2 T2`KBiiBpBiv ε

Ω
BM `2;BQM Ω- #QmM/2/ #v /B2H2+i`B+ #QmM/�`v ΓD X h?2

bQHmi2 +?�`;2 /Bbi`B#miBQM- ρ(r)- +QMi�BMb Nc /Bb+`2i2 TQBMi +?�`;2bX h?2 B@i? +?�`;2 Bb
HQ+�i2/ �i ri �M/ ?�b p�Hm2 qiX h?2 SQBbbQM 2[m�iBQM ;Qp2`Mb i?2 2H2+i`Qbi�iB+ TQi2MiB�H BM
i?2 bQHmi2 ϕ

Ω
(r),

∇2ϕ
Ω
(r) = −ρ(r)

ε
Ω

r ∈ Ω. U9V
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h?2 bQHp2Mi `2;BQM Σ Bb � ?QKQ;2M2Qmb K2/BmK rBi? `2H�iBp2 T2`KBiiBpBiv ε
Σ
X h?2 HBM2�`Bx2/

SQBbbQMĜ"QHixK�MM 2[m�iBQM ;Qp2`Mb i?2 2H2+i`Qbi�iB+ TQi2MiB�H BM i?2 bQHp2Mi ϕ
Σ
(r)

∇2ϕ
Σ
(r) = κ2ϕ

Σ
(r) r ∈ Σ, U8V

r?2`2 κ Bb i?2 BMp2`b2 .2#v2 b+`22MBM; H2M;i?- /2}M2/ BM i2`Kb Q7 BQMB+ bi`2M;i?k3X h?2
/B2H2+i`B+ `2;BQM Ω Bb b2T�`�i2/ 7`QK i?2 bQHp2Mi `2;BQM Σ #v � i?BM- mM+?�`;2/ `2;BQM ΣS

FMQrM �b ai2`M H�v2`- Q` BQM@2t+HmbBQM H�v2`X h?2 TQi2MiB�H BM i?2 ai2`M H�v2` b�iBb}2b i?2
G�TH�+2 2[m�iBQM- i?2 SQBbbQMĜ"QHi�K�MM 2[m�iBQM BM i?2 �#b2M+2 Q7 7`22 +?�`;2b-

∇2ϕ
Σ s
(r) = 0 r ∈ Σ b. UeV

!1

!2
!N

"#

Ω

Γ

O

D

!2!1!

ΓS

Σ
ΣS

NC

6A:X RX a+?2K�iB+ Q7 i?2 +QMiBMmmK 2H2+i`Qbi�iB+ T`Q#H2KX h?2 bQHmi2 BMi2`BQ` `2;BQM Ω +QMi�BMb

TQBMi +?�`;2b qi �i HQ+�iBQMb ri �M/ Bb bm``QmM/2/ #v �M BQM@2t+HmbBQM `2;BQM ΣS - r?B+? BM im`M Bb

bm``QmM/2/ #v i?2 bQHp2Mi `2;BQM ΣX h?2 BQM@2t+HmbBQM `2;BQM Bb #QmM/2/ #v i?2 /B2H2+i`B+ bm`7�+2

ΓD �M/ i?2 ai2`M bm`7�+2 ΓS �M/ Bb +?�`;2@/2TH2i2/X h?2 Qmir�`/ mMBi MQ`K�H QM i?2 /B2H2+i`B+

bm`7�+2 ΓD Bb /2MQi2/ #v n̂X

"QmM/�`v +QM/BiBQMb �`2 bT2+B}2/ QM i?2 /B2H2+i`B+ �M/ ai2`M bm`7�+2bX h?2 bi�M/�`/
+QMiBMmmK KQ/2H 2M7Q`+2b i?2 +H�bbB+�H J�tr2HH #QmM/�`v +QM/BiBQMb QM #Qi? BMi2`7�+2b-

e



M�K2Hv- +QMiBMmBiv Q7 2H2+i`Qbi�iB+ TQi2MiB�H �M/ 2H2+i`B+ /BbTH�+2K2Mi }2H/- �b 7QHHQrb

ϕ
Ω
(r) = ϕ

Σ S
(r) (�)

ε
Ω

∂ϕ
Ω
(r)

∂n(r)
= ε

Σ S

∂ϕ
Σ S

(r)

∂n(r)
(#)






r ∈ Γ.

ϕ
Σ S

(r) = ϕ
Σ
(r) (+)

ε
Σ

∂ϕ
Σ
(r)

∂n(r)
= ε

ΣS

∂ϕ
Σ
(r)

∂n(r)
(/)






r ∈ Γa .

UdV

"QmM/�`v +QM/BiBQMb BM i?2 aGA* KQ/2Hb /Bz2` 7`QK i?2 bi�M/�`/ +QMiBMmmK KQ/2Hb BM irQ
r�vbX 6B`bi- i?2 +QMiBMmBiv Q7 i?2 /BbTH�+2K2Mi #QmM/�`v +QM/BiBQM QM i?2 /B2H2+i`B+ BMi2`7�+2
U1[m�iBQM d @ #V Bb `2TH�+2/ rBi? � M2r /BbTH�+2K2Mi #QmM/�`v +QM/BiBQM i?�i +�Tim`2b +?�`;2
?v/`�iBQM �bvKK2i`ve8-ee-d8

[
ε
Ω
− ε

∆
h(En(r

−))

]∂ϕ
Ω
(r−)

∂n(r)
=

[
ε
Σ
− ε

∆
h(En(r

+))

]∂ϕ
Σ S

(r+)

∂n(r)
, r ∈ Γ. , U3V

r?2`2

h(En(r)) = α tanh(βEn(r)− γ) + µ, UNV

ε
∆
= ε

Σ
−ε

Ω
- �M/ En(r−) �M/ En(r+) �`2 i?2 MQ`K�H 2H2+i`B+ }2H/ Dmbi BMbB/2 �M/ QmibB/2 i?2

/B2H2+i`B+ BMi2`7�+2- `2bT2+iBp2HvX S�`�K2i2`b α- β- γ �M/ µ �`2 mMB[m2 iQ i?2 aGA* KQ/2HX
6B;m`2 k b?Qrb � b+?2K�iB+ THQi Q7 h(En) BM 1[m�iBQM NX S�`�K2i2` α +Q``2bTQM/b iQ i?2
K�;MBim/2 Q7 �bvKK2i`v BM /B2H2+i`B+ `2bTQMb2- BX2X- Bi +?�`�+i2`Bx2b i?2 /Bz2`2M+2 #2ir22M
i?2 irQ `2bTQMb2 `2;BK2bX _2bTQMb2 `2;BK2b +Q``2bTQM/ iQ En >> 0 �M/ En << 0 HBKBib
Q7 h(En) �b b?QrM BM 6B;m`2 kX S�`�K2i2` β +�Tim`2b i?2 KBMBKmK p�`B�iBQM BM i?2 HQ+�H-
MQ`K�H 2H2+i`B+ }2H/ i?�i Bb `2[mB`2/ iQ +?�M;2 i?2 /B2H2+i`B+ `2bTQMb2 7`QK QM2 KQ/2 iQ
�MQi?2`X S�`�K2i2` γ /2i2`KBM2b i?2 +`BiB+�H 2H2+i`B+ }2H/ r?2`2 i?2 i`�MbBiBQM #2ir22M i?2
irQ KQ/2b Q++m`b- BX2X- i?2 /B2H2+i`B+ `2bTQMb2 �/QTib i?2 M2;�iBp2 KQ/2 B7 En > γ/β �M/
pB+2 p2`b�X S�`�K2i2` µ /2i2KBM2b i?2 �bvKK2i`v Q7 i?2 irQ `2bTQMb2 KQ/2b rBi? `2bT2+i
iQ i?2 #mHF `2bTQMb2X h?2 b2+QM/ /Bz2`2M+2 #2ir22M i?2 aGA* �M/ bi�M/�`/ +QMiBMmmK
KQ/2H #QmM/�`v +QM/BiBQM Bb i?�i i?2 aGA* KQ/2H `2TH�+2b 1[m�iBQM d @ / rBi? � MQMHBM2�`

d



2H2+i`B+ /BbTH�+2K2Mi }2H/ #QmM/�`v +QM/BiBQM
[
−

q
tot

ε
Σ

]∂ϕ
Σ s
(r)

∂n(r)
=

[‹
ΓS

∂ϕ
Σ s
(r′)

∂n(r′)
dr′

]∂ϕ
Σ
(r)

∂n(r)
, r ∈ Γa . URyV

h?Bb 2Mbm`2b i?�i :�mbb ′b H�r Bb b�iBb}2/ QmibB/2 i?2 ai2`M bm`7�+2 Γ
S

e8-d8X h?2 amTTQ`iBM;
AM7Q`K�iBQM b2+iBQM T`2b2Mib i?2 MmK2`B+�H bQHmiBQM Q7 i?2 +QmTH2/ bvbi2K Q7 T�`iB�H /Bz2`@
2MiB�H 2[m�iBQMb US.1bV 9@e rBi? i?2 aGA* KQ/2H #QmM/�`v +QM/BiBQMb mbBM; i?2 #QmM/�`v
2H2K2Mi K2i?Q/X

ℎ(#!) = &	tanh(β#! - -) + 	/

1
1

&
/

-

ℎ

#!
#2	≪	0		limit 

negative response mode

#2 ≫ 0		limit 
positive response mode

6A:X kX a+?2K�iB+ Q7 i?2 MQMHBM2�` T2`im`#�iBQM 7mMiBQM T`2b2Mi2/ BM 1[m�iBQM NX

h?2 aGA* KQ/2H 7Q` i?2 2H2+i`Qbi�iB+ :B##b 2M2`;v Q7 bQHp�iBQM +QKT`Bb2b `2�+iBQM �M/
bi�iB+ TQi2MiB�H +QMi`B#mi2b �b

∆ bQHpG
SLIC, es = ∆ bQHpG

reac +∆ bQHpG
static =

1

2

Nc∑

i=1

q
i
ϕ
reac

(r
i
) + ϕ

static
q
tot
. URRV

r?2`2 q
tot

=
∑Nc

i=1 qi(ri)X h?2 `2�+iBQM TQi2MiB�H +QMi`B#miBQM- ϕ
reac

- Bb /m2 iQ i?2 bQHp2Mi
TQH�`Bx�iBQM `2bTQMb2 iQ i?2 }t2/ bQHmi2 +?�`;2bX Ai +�M #2 +�H+mH�i2/ mbBM; i?2 bmT2`TQbBiBQM
T`BM+BTH2 7Q` 2H2+i`B+ TQi2MiB�Hb,

ϕ
Ω
= ϕ

Coul
+ ϕ

reac
. URkV

r?2`2 ϕ
Coul

Bb i?2 2H2+i`Qbi�iB+ TQi2MiB�H +�H+mH�i2/ 7`QK *QmHQK#Ƕb H�r +QMbB/2`BM; i?2
}t2/ +?�`;2b BM i?2 bQHmi2 `2;BQM �M/ ϕ

Ω
Bb i?2 2H2+i`Qbi�iB+ TQi2MiB�H BM i?2 bQHmi2 `2;BQM

+�H+mH�i2/ 7`QK bQHpBM; i?2 bvbi2K Q7 ;Qp2`MBM; S.1b rBi? bmBi�#H2 #QmM/�`v +QM/BiBQMbX
h?2 bi�iB+ TQi2MiB�H- ϕ

static
- Bb BM/m+2/ #v i?2 +QKTH2t bi`m+im`BM; Q7 i?2 bQHp2Mi KQH2+mH2b

3



�`QmM/ � 7mHHv mM+?�`;2/ bQHmi2 KQH2+mH2X �iQKBbiB+ bBKmH�iBQMb ?�p2 b?QrM i?�i i?2 bi�iB+
TQi2MiB�H Bb M2�`Hv +QMbi�Mi BM i?2 bQHmi2 `2;BQMkyX aBKBH�` iQ Qm` T`2pBQmb rQ`Fd8- i?2 bi�iB+
TQi2MiB�H Bb �bbmK2/ iQ #2 +QMbi�Mi �M/ Bb `2;�`/2/ �b � }iiBM; T�`�K2i2`X h?2 +QMi`B#miBQM
iQ bQHp�iBQM :B##b 2M2`;v /m2 iQ bi�iB+ TQi2MiB�H Bb x2`Q 7Q` M2mi`�H bK�HH KQH2+mH2b #2+�mb2
i?2 M2i 2H2+i`Qbi�iB+ +?�`;2 q

tot
Bb x2`QX

"X >v/`Q;2M "QM/ JQ/2H

� bBKTH2 irQ 2M2`;v H2p2H bvbi2K /2b+`B#2b i?2 bQHmi2 �M/ bQHp2Mi BM mM#QM/2/ �M/
?v/`Q;2M #QM/2/ KB+`Qbi�i2bX h?2 ?v/`Q;2M #QM/ +�MQMB+�H T�`iBiBQM 7mM+iBQM i�F2b i?2
7Q`K Q7 � irQ@bi�i2 bvbi2K

q hb = e−βε0(1 + e−βε) r?2`2 ε < 0, URjV

r?2`2 ε0 �M/ ε0+ε /2MQi2 i?2 2M2`;v BM mM#QM/2/ �M/ ?v/`Q;2M@#QM/2/ bi�i2b- `2bT2+iBp2Hv-
�M/ β Bb i?2 `2+BT`Q+�H Q7 kBT X q2 mb2 i?2 +�MQMB+�H 2Mb2K#H2 �p2`�;2 2M2`;v iQ /2}M2 i?2
�p2`�;2 ?v/`Q;2M #QM/BM; 2M2`;v ε

hb
i 7Q` � ?v/`Q;2M #QM/ �++2TiQ`@/QMQ` bvbi2K Q7 ivT2 i-

ε
hb
i = −∂ ln q hb

∂β
=

εi e−βεi

1 + e−βεi
UR9V

r?2`2 εi Bb i?2 ?v/`Q;2M@#QM/ 2M2`;v /Bz2`2M+2 ε 7Q` i?2 ?v/`Q;2M #QM/ ivT2 iX h?2 :B##b
2M2`;v i2`K 7Q` i?2 bmK Qp2` �HH BMi2`�+iBQMb #2ir22M i?2 ?v/`Q;2M@#QM/BM; bBi2b #2ir22M
i?2 bQHmi2 �M/ bQHp2Mi +�M #2 r`Bii2M �b

∆G hb =
hbtypes∑

j

njε
hb
j , UR8V

r?2`2 nj /2MQi2b i?2 MmK#2` Q7 �HH TQbbB#H2 ?v/`Q;2M@#QM/ ivT2b j #2ir22M i?2 bQHmi2
�M/ bQHp2MiX h?2 ?v/`Q;2M #QM/ 2M2`;v +QMi`Q#miBQM ε

hb
j +�M #2 +QKTmi2/ Q` 2tT2`BK2M@

i�HHv K2�bm`2/ BM/2T2M/2MiHvX 6Q` i?2 b+QT2 Q7 i?2 +m``2Mi rQ`F- p�Hm2b �`2 +�H+mH�i2/ pB�
T�`�K2i2`Bx�iBQM Q7 i?2 bQHp�iBQM 2M2`;v 7mM+iBQM�H U1[m�iBQM jV �;�BMbi i?2 2tT2`BK2Mi�H
p�Hm2bX h?2b2 +Q2{+B2Mib �`2 BM/2T2M/2Mi Q7 i2KT2`�im`2 �M/ /2T2M/ QMHv mTQM +?2KB+�H
;`QmTX h�#H2 aA@R BM amTTQ`iBM; AM7Q`K�iBQM b?Qrb i?2 ?v/`Q;2M #QM/BM; �iQK@ivT2b mb2/
BM i?Bb rQ`FX h?Bb T`2@�p2`�;BM; i?2 2M2`;v bi�i2b +QKT`Bb2b � bi�iBbiB+�H �TT`QtBK�iBQM
i?�i M2;H2+ib HQM;2` `�M;2 BMi2`�+iBQMbX JQ`2 7Q`K�H bT2+B�iBQM K2i?Q/bey �`2 7mM/�K2M@
i�HHv +Q``2+iX

N



*X a�a� LQMTQH�` JQ/2H

h?2 a�a� MQMTQH�` KQ/2H 2biBK�i2b i?2 MQMTQH�` +QMi`B#miBQM iQ bQHp�iBQM mbBM; i?2
HBM2�` 2[m�iBQM

∆ bQHpG
SASA, np = γ

A
A

SASA
+ γ

B
, UReV

r?2`2 A
SASA

Bb i?2 bQHp2Mi@�++2bbB#H2 bm`7�+2 �`2� Q7 i?2 bQHmi2X h?Bb �`2� /2T2M/b QM i?2
bQHmi2 +QM7Q`K�iBQM �M/ Bb BM/2T2M/2Mi Q7 i2KT2`�im`2X JmHiBTH2 +QM7Q`K�iBQMb +�M #2
+QMbB/2`2/ BM i?Bb KQ/2H mbBM; � bT2+B�iBQM �TT`Q�+?eyX S�`�K2i2`b γ

A
�M/ γ

B
/2b+`B#2 i?2

2z2+iBp2 bm`7�+2 i2MbBQM- �M/ i?2 2M2`;v `2[mB`2/ iQ +`2�i2 �M BM}MBi2bBK�HHv bK�HH p�+mmK
+�pBiv BM i?2 bQHp2Mi- `2bT2+iBp2Hv38X "Qi? T�`�K2i2`b �`2 }i iQ /�i� �i 2�+? i2KT2`�im`2 Q7
BMi2`2bi- �M/ i?2v �`2 �bbmK2/ iQ #2 BM/2T2M/2Mi Q7 bQHmi2 �M/ /2T2M/ QMHv QM i?2 bQHp2MiX

.X *.* LQMTQH�` JQ/2H

h?2 *.* MQMTQH�` KQ/2H Bb �M 2ti2MbBQM Q7 i?2 MQMTQH�` KQ/2H i?�i ?�b #22M bm++2bb7mHHv
mb2/ BM *PaJP@a�* bQHp�iBQM KQ/2HbX8N-Nd-N3

∆ bQHpG
CDC, np = ∆ bQHpG

cav +∆ bQHpG
disp +∆ bQHpG

comb, URdV

r?2`2 ∆ bQHpG cav- ∆ bQHpG disp- �M/ ∆ bQHpG comb �`2 i?2 +�pBiv 7Q`K�iBQM- /BbT2`bBQM- �M/ +QK@
#BM�iQ`B�H 2M2`;v KQ/2 +QMi`B#miBQMb iQ i?2 MQMTQH�` bQHp�iBQM :B##b 2M2`;v- `2bT2+iBp2HvX

h?2 +�pBiv +QMi`B#miBQM Bb i?2 :B##b 2M2`;v `2[mB`2/ iQ +`2�i2 � ?QH2 bT�+2 BM i?2 Tm`2
bQHmi2 rBi? i?2 bQHmi2 ′b b?�T2 �M/ bBx2X h?2`KQ/vM�KB+ T2`im`#�iBQM i?2Q`v 7Q` KQH2+mH2b
rBi? 7mb2/ +Q`2b9-N9T`QpB/2b

∆ bQHpG
cav = RT

(
(αc − 1)

η(4− 3η)

(1− η)2
− (2αc − 2) ln

[
1− (η/2)

(1− η)3

])
, UR3V

r?2`2 αc Bb i?2 BMp2`b2 Q7 bT?2`B+Biv T�`�K2i2`- �M/ η Bb i?2 T�+FBM; 7`�+iBQM Q7 i?2 bQHmi28NX
AM i?Bb rQ`F- i?2 irQ T�`�K2i2`b �`2 +�H+mH�i2/ �b

αc =
Avdw

(6
√
πVvdw)

2
3

�M/ η =

∑na

i (4/3)πr3i − Vvdw∑na

i (4/3)πr3i
, URNV

r?2`2 na Bb i?2 MmK#2` Q7 �iQKb- ri Bb i?2 `�/Bmb Q7 �iQK i- �M/ A
vdw

�M/ V
vdw

�`2 i?2 o�M
/2` q��Hb bm`7�+2 �`2� �M/ pQHmK2 Q7 i?2 bQHmi2- `2bT2+iBp2HvX LQi2 i?�i +�pBiv 7Q`K�iBQM

Ry



2M2`;v Bb +QMbB/2`2/ 7Q` i?2 Tm`2 bQHmi2X h?2 +QK#BM�iQ`B�H i2`K �++QmMib 7Q` i?2 /Bz2`2M+2b
BM bBx2 �M/ b?�T2 Q7 i?2 bQHmi2 �M/ bQHp2Mi KQH2+mH2bX h?2 +QK#BM�iQ`B�H +QMi`B#miBQM iQ
MQMTQH�` bQHp�iBQM :B##b 2M2`;v Bb +�H+mH�i2/ mbBM; i?2 ai�p2`K�MMĜ:m;;2M?2BKjN-3e KQ/2H
7Q` � #BM�`v KBtim`2 Q7 � bQHmi2 i �M/ � bQHp2Mi SX h?2 BM}MBi2@/BHmiBQM HBKBi +�M #2 2tT`2bb2/
�b,

∆ bQHpG comb
i,S = −RT

[
1− V vdw, i

V vdw, S
(1− z

2) + ln Vvdw, i

V vdw, S
− z

2
Avdw, i

Avdw, S

(
1 + ln

[
Avdw, SV vdw, i

Avdw, iV vdw, S

])]
, UkyV

r?2`2 z Bb i?2 +QQ`/BM�iBQM MmK#2`- BX2X- i?2 �p2`�;2 MmK#2` Q7 i?2 M2B;?#Q`BM; bQHp2Mi
KQH2+mH2b �`QmM/ i?2 bQHmi2X S�`�K2i2` z Bb +QKKQMHv i�F2M iQ #2 � MmK#2` BM i?2 `�M;2
10− 128d-83-Nd #mi BM i?Bb rQ`F- Bi r�b 2KTB`B+�HHv }i iQ /�i�X

h?2 /BbT2`bBQM +QMi`B#miBQM iQ i?2 bQHp�iBQM :B##b 2M2`;v Bb +�H+mH�i2/ mbBM; � K2�M@}2H/
KQ/2H i?�i �++QmMib 7Q` �HH TQbbB#H2 T�B`rBb2 BMi2`�iQKB+ +QMi�+ib #2ir22M i?2 bQHmi2 �M/
bQHp2Mi KQH2+mH2bN3X h?2 BM}MBi2@/BHmiBQM HBKBi Q7 i?2 /BbT2`bBQM BMi2`�+iBQM 2M2`;v 7Q` �
#BM�`v KBtim`2 Q7 � bQHmi2 i �M/ � bQHp2Mi S +�M #2 r`Bii2M BM i2`Kb Q7 i?2 >2HK?QHix 2M2`;v
�b,

∆ bQHpA
disp
i/S =

V̄i/L

V̄S

na,S∑

τ

na,S∑

ω

mS
τ m

S
ω ετω − 2

na,i∑

τ

na,S∑

ω

mi
τ m

S
ω ετω UkRV

r?2`2 na, x Bb i?2 iQi�H MmK#2` Q7 �iQK ivT2b BM i?2 bT2+B2b x- V̄i/L Bb i?2 T�`iB�H KQH�`
pQHmK2 Q7 i?2 bQHmi2 i- �M/ V̄S Bb i?2 T�`iB�H KQH�` pQHmK2 Q7 i?2 bQHp2Mi SX h?2 p�`B�#H2
mi

τ Bb i?2 2z2+iBp2 MmK#2` Q7 �iQKĜivT2b τ Q7 bT2+B2b i /2}M2/ �b

mi
τ =

∑

a∈i

( Sa

Sa0

)qs
, UkkV

r?2`2 Sa Bb i?2 bQHp2Mi@�++2bbB#H2 bm`7�+2 �`2� Q7 �iQK a Q7 bT2+B2b i- Sa0 Bb i?2 bm`7�+2 �`2� Q7
i?2 �iQK a- �M/ qs Bb � }iiBM; T�`�K2i2` BM i?2 `�M;2 y@RX am`7�+2 �`2� 7`�+iBQMb Q7 /Bz2`2Mi
�iQK ivT2b 7Q` /BbT2`bBQM +�H+mH�iBQMb �`2 +�H+mH�i2/ mbBM; i?2B` *PaJP `�/BBX h�#H2 aA@9
BM amTTQ`iBM; AM7Q`K�iBQM +QMi�BMb i?2 *PaJP `�/BBN3 7Q` /Bz2`2Mi �iQK ivT2b- /2}M2/ #v
2H2K2Mi �M/ 2H2+i`QMB+ ?v#`B/Bx�iBQM QMHvX h?2 T�`�K2i2` ετω BM 1[m�iBQM kR Bb i?2 T�B`Ĝ
BMi2`�+iBQM 2M2`;v #2ir22M �iQK ivT2b τ �M/ ω r?B+? Bb +Q``2H�i2/ mbBM; GQ`2MixĜ"2`i?2HQi
+QK#BMB; `mH2 �b ετω =

√
ετεω- r?2`2 ετ Bb i?2 /BbT2`bBQM 2M2`;v@+Q2{+B2Mi Q7 �iQK@ivT2

τ - Q#i�BM2/ #v }iiBM; iQ /�i�X aBM+2 bQHmiBQMb �`2 `2;�`/2/ H�`;2Hv �b BM+QKT`2bbB#H2- i?2
/BbT2`bBQM +QMi`B#miBQM iQ bQHp�iBQM :B##b 2M2`;v +�M #2 +�H+mH�i2/ 7`QK 1[m�iBQM kR �bN3

∆ bQHpG
disp = ∆ bQHpA

disp
i/S UkjV

RR



h?2 Q`B;BM�H /BbT2`bBQM KQ/2HN3 �bbmK2b i?2 �iQK@bT2+B}+ 2M2`;v +Q2{+B2Mib BM 1[m�@
iBQM kR iQ #2 mMBp2`b�H +QMbi�Mib i?�i �`2 }i iQ 2tT2`BK2Mi�H /�i�Xq2 mb2 � bBKTH2 b[m�`2@
r2HH TQi2MiB�H iQ /2b+`B#2 i?2 i2KT2`�im`2@/2T2M/2Mi BMi2`@KQH2+mH�` /BbT2`bBQM BMi2`�+iBQMbX
h?2 �p2`�;2 2M2`;v �++QmMib 7Q` �HH irQ@#Q/v BMi2`�+iBQMb `2bmHiBM; 7`QK i?2 b2+QM/ pB`B�H
+Q2{+B2MiX h?mb i?2 BMi2`�+iBQM #2ir22M �iQK@ivT2b τ �M/ ω +�M #2 r`Bii2M �b

ε/
τω = 〈E〉τω = −2πρnσ3

τω

3

[
ετω e

βετω
(λ3

τω − 1)
]
. Uk9V

S�`�K2i2` στω = Rτ +Rω- r?2`2 Ri /2MQi2b i?2 �iQK `�/Bmb 7Q` �iQK@ivT2 iX S�`�K2i2` ρn
Bb i?2 �p2`�;2 MmK#2` /2MbBiv Q7 i?2 bT2+B2b BM i?2 KBtim`2 �M/ T�`�K2i2` λτω = rτω/στω

Bb i?2 b[m�`2@r2HH `�M;2- r?2`2 rτω Bb i?2 +2Mi2`@iQ@+2Mi2` /Bbi�M+2 #2ir22M i?2 �iQK@ivT2b
τ �M/ ωX h?2 T�`�K2i2` ρn �TT`Q�+?2b i?2 MmK#2` /2MbBiv Q7 Tm`2 r�i2` BM i?2 BM}MBi2
/BHmiBQM HBKBi- BX2X- ρn = N/V

mix
X h?2 T�`�K2i2` λτω r�b i�F2M iQ #2 +QMbi�Mi- 2[m�H iQ 2- iQ

`2/m+2 i?2 +QKTH2tBiv Q7 i?2 KQ/2HX a2iiBM; λτω iQ i?Bb p�Hm2 BM+Q`TQ`�i2b i?2 rB/i? Q7 i?2
G2MM�`/@CQM2b TQi2MiB�H #2ir22M i?2 +HQb2 `�M;2 �#b+Bbb� �M/ N9XjW Q7 i?2 �ii`�+iBQM 2M2`;v
r2HHX h?2 QMHv i2KT2`�im`2 /2T2M/2M+2 BM 1[m�iBQM k9 Bb 7`QK β r?B+? Bb i?2 `2+BT`Q+�H Q7
k
B
T X lbBM; 1[m�iBQM kj- i?2 }M�H 2tT`2bbBQM 7Q` i?2 /BbT2`bBQM +QKTQM2Mi Q7 i?2 BM}MBi2

/BHmiBQM bQHp�iBQM :B##b 2M2`;v +�M #2 r`Bii2M �b

∆ bQHpG
disp
i/S =

Vi

VS

na,S∑

τ

na,S∑

ω

mS
τ m

S
ω ε

/
τω − 2

na,i∑

τ

na,S∑

ω

mi
τ m

S
ω ε

/
τω Uk8V

q2 MQi2 i?�i �HH i?2 }iiBM; T�`�K2i2`b BM i?2 *.* MQMTQH�` KQ/2H �`2 i2KT2`�im`2@
BM/2T2M/2MiX

AAAX *PJSlh�hAPL�G J1h>P.a

1tT2`BK2Mi�H �bb2bbK2Mi Q7 i?2 aGA*f*.* �M/ aGA*fa�a� KQ/2Hb `2[mB`2b /2i2`KBM�@
iBQM Q7 T�`�K2i2`b 7`QK i`�BMBM; /�i�X S�`�K2i2`b �`2 2biBK�i2/ #v KBMBKBxBM; i?2 Q#D2+iBp2
7mM+iBQM /2}M2/ #v i?2 J2�M@a[m�`2/ 1``Q` UJa1V

Ja1 =
1

Ni`�BM

Ni`�BM∑

i=1

[
∆

solv
G

ref, i
−∆

solv
G

calc, i

]2
, UkeV

r?2`2 ∆
solv

G
ref, i

Bb i?2 `272`2M+2 :B##b bQHp�iBQM 2M2`;v Q7 i?2 bQHmi2 i Q#i�BM2/ 7`QK 2t@
T2`BK2Mi�H /�i� Q` 2tTHB+Bi@bQHp2Mi bBKmH�iBQMb- ∆

solv
G

calc, i
Bb i?2 KQ/2H@T`2/B+i2/ bQHp�iBQM

Rk



:B##b 2M2`;v Q7 i?2 bQHmi2- �M/ Ni`�BM Bb i?2 MmK#2` Q7 i?2 bQHmi2b BM i?2 i`�BMBM;@b2iX q2
mb2/ Hb[MQMHBM- i?2 MQMHBM2�` H2�bi@b[m�`2b bQHp2` Q7 J�hG�"R- rBi? +QMbi`�BMib QM �HH
T�`�K2i2`bX S�`�K2i2` QTiBKBx�iBQM Bb /B{+mHi bBM+2 b2p2`�H T�`�K2i2` p�Hm2b 2p�Hm�i2 iQ
HQ+�H Ja1 KBMBK�X h?2 QTiBKBx�iBQM T`Q+2/m`2 mb2/ BM Qm` T`2pBQmb rQ`Fd8 }i i?2 2H2+i`Q@
bi�iB+ �M/ MQMTQH�` T�`�K2i2`b bBKmHi�M2QmbHvX *QMbB/2`BM; i?�i i?2 MQMTQH�` +QKTQM2Mi
Q7 i?2 bQHp�iBQM :B##b 2M2`;v r�b �p�BH�#H2 7`QK i?2 2tTHB+Bi@bQHp2Mi J. bBKmH�iBQMb Q7
JQ#H2v 2i �HXe9- r2 mb2/ � k@bi2T QTiBKBx�iBQM b+?2K2 BM i?Bb rQ`FX 6B`bi- i?2 2H2+i`Qbi�iB+
T�`�K2i2`b �`2 Q#i�BM2/ #v QTiBKBxBM; i?2 aGA* 2H2+i`Qbi�iB+ KQ/2H �;�BMbi i?2 2tTHB+Bi@
bQHp2Mi J. 2H2+i`Qbi�iB+ +?�`;BM; 2M2`;B2bX h?2M- i?2 iQi�H bQHp�iBQM KQ/2H Bb QTiBKBx2/
�;�BMbi i?2 2tT2`BK2Mi�H bQHp�iBQM :B##b 2M2`;B2b- r?2`2 i?2 2H2+i`Qbi�iB+ T�`�K2i2`b �`2
}t2/ �i i?2B` QTiBK�H p�Hm2b Q#i�BM2/ BM i?2 }`bi bi2TX Pm` `2bmHib b?Qr i?�i i?Bb �T@
T`Q�+? BM+`2�b2b i?2 �++m`�+v Q7 i?2 KQ/2H T`2/B+iBQMb rBi? i?2 �ii�BMK2Mi Q7 i?2 HQr2`
Ja1 KBMBK�X h?2 bvbi2K Q7 S.1b BM 1[m�iBQMb 9@e rBi? i?2 aGA* KQ/2H #QmM/�`v +QM/B@
iBQMb BM 1[m�iBQMb dU�V- dU+V- 3- �M/ Ry �`2 `2+�bi BMiQ #QmM/�`v@BMi2;`�H 2[m�iBQMb U"A1bV
�M/ bQHp2/ MmK2`B+�HHv mbBM; #QmM/�`v 2H2K2Mi K2i?Q/ U"1JVX h?2 #QmM/�`v BMi2;`�Hb
�M/ "1J /2`Bp�iBQMb �`2 T`QpB/2/ BM i?2 amTTQ`iBM; AM7Q`K�iBQMX h?2 }`bi bi2T BM BK@
TH2K2MiBM; i?2 "1J Bb /Bb+`2iBxBM; i?2 bQHmi2 bm`7�+2bX 6B;m`2 j T`QpB/2b � b+?2K�iB+ Q7
i?2 KQH2+mH�` bm`7�+2b mb2/ BM i?2 aGA* KQ/2HX h?2 /B2H2+i`B+ #QmM/�`v Γ

D
Bb i?2 bQHp2Mi

2t+Hm/2/ bm`7�+2 Ua1aV 7Q`K2/ #v `QHHBM; � bQHp2Mi T`Q#2 bT?2`2- `2T`2b2MiBM; � bQHp2Mi
KQH2+mH2- Qp2` i?2 bQHmi2 o�M /2` q��Hb bm`7�+2 �M/ i`�+BM; i?2 BMi2`BQ` bm`7�+2- ?�pBM; �
bm`7�+2 �`2� A

SES
X aQHp2Mi@�++2bbB#H2 bm`7�+2 Ua�aV Bb 7Q`K2/ #v i`�+BM; i?2 +2Mi2` Q7 i?2

bQHp2Mi T`Q#2 �b Bi bT�Mb i?2 bQHmi2 o�M /2` q��Hb bm`7�+2 �M/ ?�b � bm`7�+2 �`2� A
SAS

X
aBKBH�` iQ i?2 /B2H2+i`B+ #QmM/�`v- i?2 ai2`M bm`7�+2 Γ

S
Bb 7Q`K2/ #v i`�+BM; i?2 BMi2`BQ`

Q7 i?2 bQHp2Mi T`Q#2 bT?2`2 `QHHBM; QM � ?vTQi?2iB+�H o�M /2` q��Hb bm`7�+2 i?�i Bb +`2�i2/
#v �//BM; k ³ iQ i?2 �iQKBbiB+ o�M /2` q��Hb `�/BBX �HH i?2 bm`7�+2b �M/ bm`7�+2 �`2�b
�`2 +QKTmi2/ mbBM; i?2 JaJa bQ7ir�`23y- rBi? p2`i2t /2MbBiv �M/ bQHp2Mi T`Q#2 `�/Bmb b2i
iQ k p2`iB+2b/³2 �M/ RX9 ³- `2bT2+iBp2HvX h?2 b2+QM/ bi2T Bb bQHpBM; i?2 bvbi2K Q7 "A1bX
q2 mb2/ � bi�M/�`/ T�M2H@#�b2/ "1J mbBM; i`B�M;mH�` T�M2Hb rBi? TB2+2rBb2@+QMbi�Mi #�@
bBb 7mM+iBQMb �M/ +2Mi`QB/ +QHHQ+�iBQMN-e8- r?2`2 i?2 2H2+i`Qbi�iB+ TQi2MiB�H �M/ Bib MQ`K�H
/2`Bp�iBp2 �`2 +QKTmi2/ �i i?2 2H2K2Mi +2Mi`QB/b mbBM; SB+�`/ Bi2`�iBQMX h?2 bvbi2K Q7
"A1b Bb /Q+mK2Mi2/ BM i?2 amTTQ`iBM; AM7Q`K�iBQM Ua22 1[m�iBQM "@R8VX G2i i?Bb bvbi2K
Q7 2[m�iBQMb #2 AX = b- r?2`2 bQK2 2H2K2Mib Q7 K�i`Bt A /2T2M/ QM i?2 mMFMQrM 2H2+i`Q@

Rj



bi�iB+ TQi2MiB�H �M/ Bib MQ`K�H /2`Bp�iBp2 BM p2+iQ` X �M/ p2+iQ` b Bb +QMbi�MiX G2i p2+iQ`
X(i) `2T`2b2Mi i?2 mMFMQrMb �i i?2 +2Mi`QB/b Q7 bm`7�+2 2H2K2Mib �i i?2 ii? Bi2`�iBQMX �
b2H7@+QMbBbi2Mi bQHmiBQM 7Q` X(i) Bb Q#i�BM2/ #v 2p�Hm�iBM; K�i`Bt 2H2K2Mib A(i) 7Q` i?2 ii?
Bi2`�iBQM BM i2`Kb Q7 i?2 mMFMQrMb 7`QK T`2pBQmb Bi2`�iBQM X(i−1)- �M/ bQHpBM; i?2 HBM2�`
bvbi2K Q7 2[m�iBQMb A(i)X(i) = bX h?2 Bi2`�iBQMb �`2 +QMiBMm2/ mMiBH i?2 +QMp2`;2M+2 +`Bi2`B�
�`2 K2iX q2 mb2/ � ;2M2`�HBx2/ KBMBK�H `2bB/m�H K2i?Q/ U:J_1aV rBi? T`2+QM/BiBQMBM;-
iQ � iQH2`�M+2 Q7 10−5 �M/ K�tBKmK 100 Bi2`�iBQMb iQ bQHp2 i?2 HBM2�` bvbi2K Q7 2[m�iBQMbX
h?2 "1J bQHmiBQM +QMp2`;2M+2 r�b �+?B2p2/ rBi?BM i?2 }`bi 20 Bi2`�iBQMb 7Q` KQbi +�b2be8X
AM +QMi`�bi iQ Qm` T`2pBQmb rQ`Fee-d8- r2 i2`KBM�i2/ SB+�`/ Bi2`�iBQMb �7i2` ky HQQTb BMbi2�/
Q7 8 �b r2 Q#b2`p2/ � 72r bK�HH@KQH2+mH2 +�H+mH�iBQMb `2[mB`2 KQ`2 Bi2`�iBQMb iQ +QMp2`;2d8X
� `B;Q`Qmb �M�HvbBb Q7 i?2 bQHmiBQM +QMp2`;2M+2- 2tBbi2M+2- �M/ mMB[m2M2bb +�M #2 7QmM/ BM
i?2 rQ`F #v EHQix9dX

!!"#

!$%$

!$&$

Solvent probe

rprobe

6A:X jX a+?2K�iB+ Q7 i?2 bQHp2Mi 2t+Hm/2/ bm`7�+2 Ua1aV- bQHp2Mi �++2bbB#H2 bm`7�+2 Ua�aV- �M/ o�M

/2` q��Hb Uo/qV bm`7�+2 Q7 � bQHmi2 KQH2+mH2X h?2 a1a Bb 7Q`K2/ #v i`�+BM; i?2 BMr�`/ T�`i Q7

i?2 bQHp2Mi T`Q#2 �b Bi `QHHb QM i?2 bQHmi2 o�M /2` q��Hb bm`7�+2X h?2 a�a Bb 7Q`K2/ #v i`�+BM;

i?2 +2Mi2` Q7 i?2 bQHp2Mi T`Q#2X Aa /2MQi2b i?2 bm`7�+2 �`2 Q7 i?2 bm`7�+2 aX

AoX _1alGha

h?Bb b2+iBQM /2KQMbi`�i2b i?2 �++m`�+v Q7 i?2 aGA*fa�a� �M/ aGA*f*.* bQHp�iBQM
KQ/2HbX S�`i Ao � /2KQMbi`�i2b i?2 T`2/B+i2/ bQHp�iBQM i?2`KQ/vM�KB+b Q7 bK�HH KQH2+mH2b
BM r�i2` p2`bmb 2tT2`BK2Mi�H /�i�X S�`i Ao * T`2b2Mib i?2 aGA*fa�a� KQ/2H T`2/B+iBQMb Q7
bQHp�iBQM :B##b 2M2`;B2b �M/ bQHp�iBQM 2Mi`QTB2b Q7 Rk �KBMQ@�+B/ bB/2+?�BM �M�HQ;b BM b2p2M
BQMB+ HB[mB/b +QKT�`2/ rBi? i?�i Q7 i?2 KQH2+mH�` /vM�KB+b UJ.V bBKmH�iBQMb 7`QK G�iB7 2i
�HX �M/ S�Hm+? 2i �Hd9X

R9



�X aPGo�hAPL AL q�h1_

q2 �bb2bb i?2 �++m`�+v Q7 i?2 aGA*fa�a� �M/ aGA*f*.* KQ/2Hb 7Q` T`2/B+iBM; bQH@
p�iBQM :B##b 2M2`;v 7Q` � bm#b2i Q7 8yk M2mi`�H bK�HH KQH2+mH2b BM r�i2` 7`QK i?2 /�i�
Q7 JQ#H2v 2i �HXe9- ?2`2�7i2` +�HH2/ JQ#H2v i2bi@b2iX h?2 /�i� +QMi�BM 8y9 KQH2+mH2b #mi
irQ Q7 i?2 KQH2+mH2b U�KKQMB� �M/ 9@K2i?Qtv@L-L@/BK2i?vH@#2Mx�KB/2V r2`2 2t+Hm/2/ BM
i?Bb rQ`F #2+�mb2 Qm` K2b?BM; bQ7ir�`2 7�BH2/ iQ ;2M2`�i2 /Bb+`2iBx2/ bm`7�+2b 7Q` i?2KX
h?2 JQ#H2v i2bi@b2i +QKT`Bb2b 2tT2`BK2Mi�H K2�bm`2K2MibX JQ#H2v �HbQ T`QpB/2b 2tTHB+Bi@
bQHp2Mi KQH2+mH�` /vM�KB+b UJ.V +�H+mH�iBQMb i?�i �`2 ?2HT7mH iQ #2M+?K�`F Qm` `2bmHibX
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6A:X 9X aGA*fa�a� U�V- aGA*f*.* U#V- �M/ J. U+V T`2/B+iBQMb Q7 bQHp�iBQM :B##b 2M2`;v

Up2`iB+�H �tBbV 7Q` i?2 JQ#H2v i2bi@b2i +QKT�`2/ rBi? 2tT2`BK2Mib U?Q`BxQMi�H �tBbVX "Hm2 �M/ `2/

+B`+H2b /2MQi2 i?2 KQ/2H T`2/B+iBQMb 7Q` i?2 i2bi@b2i �M/ i`�BMBM;@b2i- `2bT2+iBp2Hv- �i k8◦*X _2/

/�b?2/ HBM2b b?Qr i?2 ±k F+�HfKQH 2``Q` K�`;BMX h?2 MmK#2`b BM T�`2Mi?2b2b �`2 i?2 _Ja 2``Q`b

BM F+�HfKQHX
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6B;m`2 9 BHHmbi`�i2b i?2 aGA*fa�a� �M/ aGA*f*.* bQHp�iBQM :B##b 2M2;v T`2/B+iBQMb
�i k8◦*- +QKT�`2/ iQ 2tT2`BK2Mi�H p�Hm2bX h?2 `2bmHib BM 6B;m`2 9 BHHmbi`�i2 i?�i #Qi?
i?2 aGA*fa�a� �M/ aGA*f*.* KQ/2Hb �++m`�i2Hv `2T`Q/m+2 i?2 2tT2`BK2Mi�H bQHp�iBQM
:B##b 2M2`;B2b Q7 bK�HH KQH2+mH2b BM r�i2`X S`2/B+iBQMb Q7 i?2 aGA*fa�a� KQ/2H b?Qr yXj
F+�HfKQH BKT`Qp2K2Mi +QKT�`2/ iQ Qm` T`2pBQmb rQ`Fd8X h?2 aGA*f*.* KQ/2H 2t?B#Bib
� `2K�`F�#H2 �++m`�+v BM T`2/B+iBM; bQHp�iBQM :B##b 2M2`;B2bX qBi? �M _Ja 2``Q` Q7 yXN3
F+�HfKQH +QKT�`2/ iQ 2tT2`BK2Mib- QMHv �#Qmi 9W Q7 i?2 8yk bK�HH KQH2+mH2b ?�p2 �M 2``Q`
H�`;2` i?�M k F+�HfKQHX 6m`i?2`KQ`2- i?2 2```Q` Bb b2MbB#Hv `�M/QK BM #Qi? i?2 aGA*f*.*
�M/ aGA*fa�a� KQ/2HbX h?2`2 Bb MQ Q#b2`p�#H2 #B�b 7Q` bQHmi2b ?�pBM; 2Bi?2` TQbBiBp2
Ur2�FHv bQHp�i2/ bQHmi2V Q` M2;�iBp2 Ubi`QM;Hv bQHp�i2/ bQHmi2V bQHp�iBQM :B##b 2M2`;vX AM
+QMi`�bi- i?2`2 �`2 irQ KQ/2b Q7 �TT�`2Mi #B�b BM i?2 J. +�H+mH�iBQMb Q7 bQHp�iBQM :B##b
2M2`;v- �b BHHmbi`�i2/ BM 6B;m`2 9@+X 6B`bi- i?2 J. +�H+mH�iBQMb bvbi2K�iB+�HHv Qp2`@2biBK�i2
2tT2`BK2Mi�H bQHp�iBQM :B##b 2M2`;vX a2+QM/- i?2 J. +�H+mH�iBQM 2``Q`b �`2 bvbi2K�iB+�HHv
bK�HH2` BM K�;MBim/2 7Q` r2�FHv bQHp�i2/ bQHmi2b �M/ ;`Qr BM K�;MBim/2 7Q` KQ`2 bi`QM;Hv
bQHp�i2/ bQHmi2bX
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6A:X 8X >BbiQ;`�K Q7 2``Q`b `2H�iBp2 iQ 2tT2`BK2Mi- 7Q` M2mi`�H bK�HH@KQH2+mH2 bQHp�iBQM :B##b

2M2`;B2b mbBM; aGA*fa�a�- aGA*f*.*- �M/ 2tTHB+Bi@bQHp2Mi J. `2bmHibe9X h?2 MmK#2`b BM T�`2M@

i?2b2b BM/B+�i2 i?2 _Ja 2``Q`b BM F+�HfKQHX .�b?2/ HBM2b b?Qr i?2 K2�Mb Q7 i?2 +Q``2bTQM/BM;

TQTmH�iBQMbX

6B;m`2 8 b?Qrb ?BbiQ;`�Kb Q7 i?2 2``Q`b `2H�iBp2 iQ 2tT2`BK2Mi�H bQHp�iBQM :B##b 2M2`;B2b
7Q` i?2 irQ KQ/2Hb �HQM; rBi? i?Qb2 7`QK JQ#H2v ′b 2tTHB+Bi@bQHp2Mi J. `2bmHibe9X JQ#H2v ′b

Re



J. bBKmH�iBQMb r2`2 T2`7Q`K2/ BM :_PJ�*aNe mbBM; i?2 :�66 bK�HH KQH2+mH2 T�`�K2@
i2`b �b �bbB;M2/ #v �Mi2+?�K#2`N8 r?2`2 T�`iB�H +?�`;2b r2`2 �bbB;M2/ mbBM; J2`+F@6`Qbbi
BKTH2K2Mi�iBQM Q7 �JRĜ"**98-9eX JQ#H2v ′b +�H+mH�iBQMb i2M/ iQ bHB;?iHv Qp2`2biBK�i2 i?2
bQHp�iBQM :B##b 2M2`;B2b rBi? �M �p2`�;2 2``Q` Ux̂V �M/ bi�M/�`/ /2pB�iBQM USxV Q7 @yXe3
�M/ RXy8 F+�HfKQH- `2bT2+iBp2HvX h?2 aGA*fa�a� �M/ aGA*f*.* KQ/2Hb /Q MQi 2t?B#Bi
� #B�b BM Qp2`@ Q` mM/2`@T`2/B+iBQM rBi? �p2`�;2 2``Q`b 2[m�H iQ @yXyR USx = 1.25V �M/ yXyj
USx = 1.00V F+�HfKQH- `2bT2+iBp2HvX S�`iB+mH�`Hv `2K�`F�#H2 BM i?Bb `2;�`/ Bb i?2 aGA*fa�a�
KQ/2H ′b +QMbBbi2M+v +QMbB/2`BM; i?�i Bi mb2b QMHv e 7`22 T�`�K2i2`b �M/ � i`�BMBM;@b2i Q7 Rk
bQHmi2bX

h�"G1 R, �++m`�+v Q7 aGA*fa�a�- aGA*f*.*- �M/ J. BM K�FBM; T`2/B+iBQMb Q7 bQHp�iBQM

:B##b 2M2`;B2b 7Q` ?v/`Q;2M@#QM/BM; �M/ MQM@?v/`Q;2M@#QM/BM; +QKTQmM/bX _27 +QHmKM b?Qrb i?2

`272`2M+2 /�i� i?�i r�b mb2/ iQ T�`�K2i2`Bx2 i?2 KQ/2HX LQ >" /2MQi2b i?�i i?2 >v/`Q;2M #QM/BM;

i2`K r�b MQi BM+Hm/2/ BM i?2 KQ/2HX _Ja1 Bb `2TQ`i2/ BM F+�HfKQHX a2T�`�i2 T�`�K2i2`Bx�iBQMb

�`2 `mM 7Q` 2�+? `QrX

_Ja1 rX`XiX ∆ solvG tot
Ref

JQ/2H _27 e9 �HH >" MQM@>"
aGA*fa�a� 2tTiX RXk8 RX9d yXdN
aGA*f*.* 2tTiX yXN3 RXRk yXdj
J. 2tTiX RXke RXjj RXkk
aGA*fa�a� J. yXN8 RXyy yX38
aGA*f*.*ULQ >"V J. yXdd yXNR yX9d

L2ti- r2 +QKT�`2 i?2 T2`7Q`K�M+2 Q7 i?2 aGA* KQ/2Hb �M/ 2tTHB+Bi@bQHp2Mi KQH2+mH�`
/vM�KB+b- +QMi`�biBM; �++m`�+v Qp2` �HH i2bi /�i� �M/ #2ir22M bQHmi2@bQHp2Mi bvbi2Kb rBi?
�M/ rBi?Qmi ?v/`Q;2M #QM/BM;X h�#H2 R bmKK�`Bx2b i?2 bi�iBbiB+�H `2bmHibX a2T�`�i2 T�@
`�K2i2`Bx�iBQMb �`2 /2`Bp2/ 7Q` irQ ivT2b Q7 `272`2M+2 �M/ i2bi /�i� b2ib- �b BM/B+�i2/ BM i?2
_27 +QHmKMX S�`�K2i2`Bx�iBQMb BM/B+�i2/ #v 2tTi mb2 i?2 2tT2`BK2Mi�H /�i� 7`QK JQ#H2v 2i
�HXe9 �b i?2 `272`2M+2X S�`�K2i2`Bx�iBQMb BM/B+�i2/ #v J. mb2 i?2 2tTHB+Bi@bQHp2Mi KQH2+mH�`
/vM�KB+b +�H+mH�iBQMb Q7 JQ#H2ve9 �b i?2 `272`2M+2X h?2 bi�iBbiB+�H T2`7Q`K�M+2 K2�bm`2/
#v _Ja1 UBM 2�+? +QHmKMV Bb T`QpB/2/ 7Q` i?2 2MiB`2 i2bi b2i U�HHV- 7Q` QMHv bvbi2Kb rBi?
?v/`Q;2M #QM/b U>"V- �M/ 7Q` bvbi2Kb rBi?Qmi ?v/`Q;2M #QM/b UMQM@>"V BM +QHmKMb j- 9-
�M/ 8- `2bT2+iBp2HvX 6B`bi- +QMbB/2` i?2 `2bmHib T2`i�BMBM; iQ i?2 2tT2`BK2Mi�H `272`2M+2 �M/
i2bi /�i�X Pp2`�HH- i?2 T2`7Q`K�M+2 Q7 i?2 aGA*fa�a� KQ/2H U_Ja14RXk8V �M/ J. bBKm@
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H�iBQMb U_Ja14RXkeV �`2 +QKT�`�#H2 �M/ [m�MiBi�iBp2Hv �++m`�i2X Pp2`�HH- i?2 aGA*f*.*
KQ/2H U_Ja14yXN3V Bb KQbi �++m`�i2X >v/`Q;2M #QM/BM; bvbi2Kb �`2 KQ`2 �++m`�i2Hv /2@
b+`B#2/ #v i?2 J. 7Q`+2}2H/ U_Ja14RXjjV i?�M #v aGA*fa�a� U_Ja14RX9dVX h?2 2z2+ib
Q7 ?v/`Q;2M #QM/BM; �`2 bm++2bb7mHHv +Q``2H�i2/ mbBM; i?2 bBKTH2- irQ@bi�i2 #QM/BM; KQ/2H
BM 2[m�iBQMb Rj Ĝ AA "- �b i?2 aGA*f*.* KQ/2H U_Ja14RXRkV Bb i?2 KQbi �++m`�i2 7Q` i?2b2
bvbi2KbX avbi2Kb rBi?Qmi ?v/`Q;2M #QM/b �`2 KQ`2 �++m`�i2Hv /2b+`B#2/ #v i?2 aGA*fa�a�
KQ/2H U_Ja14yXdNV �M/ i?2 aGA*f*.* KQ/2H U_Ja14yXdjV- i?�M #v J. bBKmH�iBQMb
U_Ja14RXkkVX a2+QM/- +QMbB/2` i?2 `2bmHib 7Q` aGA* T�`�K2i2`Bx�iBQMb r?2M 2tTHB+Bi bQH@
p2Mi KQH2+mH�` /vM�KB+b bBKmH�iBQMb �`2 mb2/ 7Q` `272`2M+2 �M/ i2bi /�i�X q2 MQi2 i?�i i?2
J. 7Q`+2}2H/ /Q2b MQi BM+Hm/2 �M 2tTHB+Bi 2M2`;v +QMi`B#miBQM 7Q` i?2 2tBbi2M+2 Q7 ?v/`Q;2M
#QM/bX AMbi2�/- i?2 bi`m+im`�H �M/ i?2`KQ/vM�KB+ 2z2+ib Q7 ?v/`Q;2M #QM/b �`2 T�`�K2@
i2`Bx2/ mbBM; +QMbi�Mi- �iQK@+2Mi2`2/ +?�`;2bX h?2`27Q`2- i?2 irQ@bi�i2 ?v/`Q;2M #QM/BM;
KQ/2H Bb MQi BM+Hm/2/ BM i?Bb b2T�`�i2 T�`�K2i2`Bx�iBQM Q7 i?2 aGA*f*.*UMQ >"V KQ/2HX
h?2 aGA*f*.*UMQ >"V KQ/2H U_Ja14yXddV Bb KQ`2 �++m`�i2 i?�M i?2 aGA*fa�a� KQ/2H
U_Ja14yXN8V- #mi i?2B` �++m`�+B2b �`2 +QKT�`�#H2 7Q` TQH�` bvbi2Kb BM r?B+? ?v/`Q;2M
#QM/BM; Q++m`b BM i?2 2tT2`BK2Mi�H bvbi2Kb- U_Ja14yXNRV �M/ U_Ja14RXyyV `2bT2+iBp2HvX
h?2 MQM@TQH�` +QMi`B#miBQM iQ i?2 aGA*f*.*UMQ >"V KQ/2H U_Ja14yX9dV K�`F2/Hv BK@
T`Qp2b i?2 �++m`�+v /2b+`B#BM; i?2 bBKmH�iBQMb Q7 bvbi2Kb BM r?B+? ?v/`Q;2M #QM/BM; /Q2b
MQi Q++m` Qp2` i?2 aGA*fa�a� KQ/2H U_Ja14yX38V mbBM; i?2 HBM2�` a�a� MQM@TQH�` +QM@
i`B#miBQMX

� KQ`2 /2i�BH2/ bi�iBbiB+�H �M�HvbBb 7m`i?2` bmTTQ`ib i?Bb �bb2bbK2MiX 6B;m`2 e T`2b2Mib
?BbiQ;`�K /Bbi`B#miBQMb 7Q` i?2 bB;M2/ 2``Q`b Q7 i?2 aGA*fa�a� �M/ aGA*f*.* KQ/2Hb �b
T�`�K2i2`Bx2/ i?2 }`bi irQ `Qrb Q7 h�#H2 RX h?2`2 �`2 bHB;?i /Bz2`2M+2b BM T2`7Q`K�M+2 #2@
ir22M i?2 _Ja1 K2i`B+ �M/ i?2 K2�M �#bQHmi2 2``Q` K2i`B+ /m2 iQ i?2 mb2 Q7 2[m�iBQM UkeV
7Q` T�`�K2i2`Bx�iBQM- #mi i?2 MmK2`B+�H +QKT�`BbQMb �`2 [m�HBi�iBp2Hv bBKBH�`X 1``Q` /Bbi`B@
#miBQM 7mM+iBQMb 7Q` i?2 aGA*f*.* KQ/2H �`2 `Qm;?Hv MQ`K�HHv /Bbi`B#mi2/ r?BH2 +2Mi2`2/
�i x2`Q 7Q` #Qi? ?v/`Q;2M #QM/BM; �M/ MQM@?v/`Q;2M #QM/BM; +QKTQmM/b- i?2 7Q`K2` �`2
bHB;?iHv rB/2`X 1``Q` /Bbi`B#miBQMb 7Q` i?2 aGA*fa�a� KQ/2H �`2 bHB;?iHv bF2r2/X avbi2Kb
rBi? ?v/`Q;2M #QM/b �`2 bHB;?iHv Qp2`@2biBK�i2/ �M/ bvbi2Kb rBi?Qmi ?v/`Q;2M #QM/b �`2
bHB;?iHv mM/2`2biBK�i2/X q2 +QM+Hm/2 i?�i i?2 irQ@bi�i2 ?v/`Q;2M #QM/BM; /2b+`BTiBQM BM
i?2 aGA*f*.* KQ/2H BKT`Qp2b i?2 Qp2`�HH �++m`�+v Q7 i?2 KQ/2H BM T`2/B+iBM; bQHp�iBQM
:B##b 2M2`;B2bX
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6A:X eX >BbiQ;`�K Q7 2``Q`b `2H�iBp2 iQ 2tT2`BK2Mi- 7Q` M2mi`�H bK�HH@KQH2+mH2 bQHp�iBQM :B##b

2M2`;B2b mbBM; i?2 aGA*fa�a� U�V �M/ aGA*f*.* U#V KQ/2HbX h?2 >" �M/ MQM@>" /2MQi2

i?2 ?v/`Q;2M #QM/BM; �M/ MQM@?v/`Q;2M #QM/BM; +QKTQmM/b- `2bT2+iBp2HvX h?2 MmK#2`b BM i?2

H2;2M/b BM/B+�i2 _Ja U�M/ K2�M �#bQHmi2V 2``Q`b BM F+�HfKQHX .�b?2/ HBM2b b?Qr i?2 K2�Mb Q7 i?2

+Q``2bTQM/BM; TQTmH�iBQMbX h?2b2 HBM2b �`2 pBbm�HHv BM/BbiBM;mBb?�#H2 BM ;`�T? U�VX

h?2 bQHp�iBQM 2Mi`QTv �M/ ?2�i +�T�+Biv T`QT2`iB2b �`2 i2KT2`�im`2 /2`Bp�iBp2b Q7 i?2
bQHp�iBQM :B##b 2M2`;v i?�i T`QpB/2 �//BiBQM�H /B�;MQbiB+ �bb2bbK2Mib Q7 bQHp�iBQM KQ/2HbX
J2i?Q/b iQ +�H+mH�i2 i?2b2 T`QT2`iB2b 7Q` i?2 aGA*fa�a� �M/ aGA*f*.* KQ/2Hb �`2 /2@
b+`B#2/ BM �TT2M/Bt o Q7 i?2 amTTQ`iBM; AM7Q`K�iBQMX h?2 amTTQ`iBM; AM7Q`K�iBQM �HbQ
BM/B+�i2b ?Qr i?2b2 T`QT2`iB2b r2`2 /2i2`KBM2/ 7`QK �M 2tT2`BK2Mi�H /�i� b2i +QKT`Bb@
BM; R8N bK�HH KQH2+mH�` r2B;?i bQHmi2bX "2+�mb2 i?2 2tT2`BK2Mi�H /�i� Bb Q#i�BM2/ 7`QK
i?2 rQ`F Q7 KmHiBTH2 `2b2�`+? ;`QmTb i?�i mb2 /Bz2`2Mi 2tT2`BK2Mi�H i2+?MB[m2b 7Q` K2�@
bm`BM; bQHp�iBQM 2Mi?�HTB2b ∆

solv
H- r2 �bb2bb i?2 T`2+BbBQM Q7 i?2 2tT2`BK2Mi�H /�i� 7Q`

bQHp�iBQM 2Mi`QTB2b �b R F+�HfKQHX 6B;m`2 d BHHmbi`�i2b +QKT�`BbQMb Q7 i?2 2tT2`BK2Mi�H bQH@
p�iBQM 2Mi`QTB2b rBi? i?2 T`2/B+iBQMb Q7 i?2 aGA*fa�a� KQ/2H- i?2 aGA*f*.* KQ/2H- �M/
J. bBKmH�iBQMbX h?2 H�ii2` T`2/B+iBQMb r2`2 +QKTmi2/ #v 6HQ`B�M �M/ q�`b?2Hjk mbBM; �
G�M;2pBM /BTQH2 K2i?Q/X >2`2 r2 BM+Hm/2 i?2B` `2bmHib 7Q` k8 bQHmi2b 7Q` r?B+? r2 ?�p2 2t@
T2`BK2Mi�H K2�bm`2K2MibX �HH K2i?Q/b �`2 ;2M2`�HHv �++m`�i2 iQ rBi?BM �#Qmi Yj F+�HfKQH
�#bQHmi2 2``Q`X h?2 aGA*f*.* KQ/2H ?�b MQ i2KT2`�im`2@/2T2M/2Mi }iiBM; T�`�K2i2`b
�M/ T2`7Q`Kb rBi? RXde F+�HfKQH _Ja 2``Q`X h?2 b[m�`2 r2HH KQ/2H �TT`QtBK�iBM; i?2
/BbT2`bBQM 2M2`;v ?�b i?2 ;`2�i2bi +QMi`B#miBQM iQ i?2 bQHp�iBQM 2Mi`QTvX h?2 2tT2`BK2Mi�H-
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i2KT2`�im`2@/2T2M/2Mi /2MbBiv Q7 r�i2` +QMi`B#mi2b iQ i?2 KQ/2HkX h?2 G�M;2pBM /BTQH2
K2i?Q/ T2`7Q`Kb rBi? RXRj F+�Hf QH _Ja 2``Q`X h?2 aGA*fa�a� K2i?Q/ ?�b i2KT2`�im`2
/2T2M/2Mi T�`�K2i2`b �M/ T2`7Q`Kb rBi? RXkj F+�HfKQH _Ja 2``Q` rBi? `2bT2+i iQ 2tT2`@
BK2Mi�H /�i� �M/ yXN9 F+�HfKQH _Ja 2``Q` 7Q` i?2 +QKTQmM/b i?�i +QmH/ #2 +QKT�`2/ iQ
i?2 G�M;2pBM /BTQH2 K2i?Q/X
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6A:X dX aGA*fa�a� U� @ "Hm2 +B`+H2b- R8N /�i� TQBMibV- 6HQ`B�M 2i �HXjk U� @ ;`22M b[m�`2b- k8 /�i�

TQBMibV- �M/ aGA*f*.* U# @ "Hm2 +B`+H2b- R8N /�i� TQBMibV T`2/B+iBQMb Q7 bQHp�iBQM 2Mi`QTB2b Up2`@

iB+�H �tBbV +QKT�`2/ rBi? 2tT2`BK2Mi�H /�i� U?Q`BxQMi�H �tBbVX AM U�V- K�;2Mi� b[m�`2b /2MQi2 i?2

aGA*fa�a� KQ/2H `2bmHib 7Q` i?2 +QKTQmM/b BM 6HQ`B�M 2i �HX ′b rQ`FX h?2 MmK#2`b BM T�`2Mi?2b2b

�`2 i?2 _Ja 2``Q`b BM F+�HfKQHX

h�#H2 k b?Qrb i?2 i2KT2`�im`2 /2T2M/2M+2 Q7 i?2 2H2+i`Qbi�iB+ �M/ MQMTQH�` T�`�K2i2`b
Q7 i?2 aGA*fa�a� bQHp�iBQM KQ/2HX h?2 2H2+i`Qbi�iB+ T�`�K2i2`b �M/ i?2 MQMTQH�` Qzb2i
T�`�K2i2` γ

B
b?Qr MQ bB;MB}+�Mi +?�M;2 rBi? i?2 i2KT2`�im`2X h?2 MQMTQH�` bm`7�+2Ĝ

i2MbBQM T�`�K2i2` γ
A

2t?B#Bib � HBM2�` BM+`2�b2 rBi? i?2 i2KT2`�im`2 �b d×10−5 T (K) @
kXyj×10−2 F+�HfKQHf³2 rBi? S2�`bQM +Q``2H�iBQM +Q2{+B2Mi Q7 yXNjX h?2 aGA*fa�a� KQ/2H
2bb2MiB�HHv T`2/B+ib i?2 bQHp�iBQM 2Mi`QTv iQ ?�p2 � HBM2�` +Q``2H�iBQM rBi? i?2 KQH2+mH�`
bm`7�+2 �`2� r?2`2 i?2 HBM2�` +Q2{+B2Mi Bb 2[m�H iQ i?2 `�i2 r?B+? γ

A
+?�M;2b rBi? i?2

i2KT2`�im`2- BX2X- ∆S ∝ ∂ γA
∂ T

A
SASA

X 6B;m`2 aA@R BM i?2 amTTQ`iBM; AM7Q`K�iBQM BHHmbi`�i2b
i?�i bQHp�iBQM 2Mi`QTv Bb bi`QM;Hv +Q``2H�i2/ rBi? a�aX

ky



h�"G1 k, PTiBKBx2/ aGA*fa�a� T�`�K2i2`b �b i2KT2`�im`2 p�`B2bX

2H2+i`Qbi�iB+ MQMTQH�`
T (K) α β U∗V γ µ γA UF+�HfKQHf³2V γB UF+�HfKQHV
kd3 yX9R @kyyXyy @yXN8 @yX9j yXyyye RXej
k33 yX9k @kyyXyy @RXyk @yX99 yXyyy8 RXej
kN3 yX9j @RN8XN8 @RXRR @yX98 yXyyRe RXeR
jy3 yX99 @kyyXyy @RXkN @yX9e yXyykd RX8N
jR3 yX98 @RNNXd8 @RXke @yX9e yXyyjk RXe9
∗ AMp2`b2 i?2 mMBi Q7 2H2+i`B7 }2H/

6B;m`2 3 b?Qrb i?2 ?BbiQ;`�K Q7 2``Q`b BM aGA*fa�a�- aGA*f*.* �M/ Qm` 7Q`K2` KQ/2H
T`2/B+iBQMb Q7 bQHp�iBQM 2Mi`QTB2b `2H�iBp2 iQ 2tT2`BK2Mi�H /�i�X h?2 +m``2Mi aGA*fa�a�
KQ/2H Bb KQ`2 �++m`�i2 i?�M i?2 T`2pBQmb Tm#HBb?2/ KQ/2Hd8 BM T`2/B+iBM; bQHp�iBQM 2Mi`QTB2b
Q7 M2mi`�H bK�HH KQH2+mH2bX h?2 T`2pBQmb KQ/2H 2t?B#Bib � bvbi2K�iB+ mM/2` T`2/B+iBQM Q7
bQHp�iBQM 2Mi`QTB2b UT∆SV rBi? � K2�M 2``Q` Q7 yXNk F+�HfKQHX h?2 M2r aGA*fa�a� �M/
i?2 aGA*f*.* KQ/2Hb /2KQMbi`�i2 K2�M 2``Q`b Q7 yXj3 �M/ @yXkk F+�HfKQH- `2bT2+iBp2HvX
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6A:X 3X >BbiQ;`�K Q7 2``Q`b `2H�iBp2 iQ 2tT2`BK2Mi- 7Q` bQHp�iBQM 2Mi`QTB2b mbBM; aGA*fa�a�-

aGA*f*.*- �M/ Qm` T`2pBQmb aGA*fa�a� KQ/2Hd8X h?2 MmK#2`b BM T�`2Mi?2b2b �`2 i?2 _Ja

2``Q`b BM F+�HfKQHX .�b?2/ HBM2b BM/B+�i2 i?2 /Bbi`B#miBQM K2�M 7Q` i?2 i?`22 KQ/2HbX

G�biHv- r2 /2KQMbi`�i2 i?2 T2`7Q`K�M+2 Q7 i?2 aGA*fa�a� KQ/2H BM K�FBM; T`2/B+iBQMb
Q7 bQHp�iBQM ?2�i +�T�+BiB2bX 6B;m`2 N b?Qrb i?2b2 T`2/B+iBQMb 7Q` Rkj M2mi`�H bK�HH KQH2+mH2b-

kR



?2`2�7i2` +�HH2/ >* i2bi@b2i- +QKT�`2/ rBi? 2tT2`BK2Mi�H K2�bm`2K2MibX >2�i +�T�+Biv T`2@
/B+iBQMb Q7 i?2 aGA*fa�a� KQ/2H �`2 bm#bi�MiB�HHv KQ`2 �++m`�i2 r?2M +QKT�`2/ rBi? Qm`
T`2pBQmb `2bmHibd8X h?2 T`2pBQmb KQ/2H 7�BH2/ iQ T`QpB/2 K2�MBM;7mH T`2/B+iBQMb Q7 bQHp�iBQM
?2�i +�T�+BiB2b rBi? � +Q``2H�iBQM +Q2{+B2Mi Q7 @yX9j �M/ �M _Ja 2``Q` Q7 kRdXN3 +�HfKQHfE
Ur2 `2TQ`i2/ � /Bz2`2Mi +Q``2H�iBQM +Q2{+B2Mi �M/ _Ja 2``Q` BM Qm` T`2pBQmb rQ`F #2+�mb2
QMHv ky 2tT2`BK2Mi�H ?2�i +�T�+BiB2b r2`2 �p�BH�#H2 �i i?2 iBK2VX h?2 M2r aGA*fa�a�
KQ/2H �+?B2p2b � +Q``2H�iBQM +Q2{+B2Mi Q7 yXeN �M/ �M _Ja 2``Q` Q7 k9X9k +�HfKQHfE BM
+QKT�`BbQM rBi? 2tT2`BK2Mi�H bQHp�iBQM ?2�i +�T�+BiB2bX h?Bb H2p2H Q7 �++m`�+v Bb [mBi2
bm`T`BbBM; #2+�mb2 bQHp�iBQM ?2�i +�T�+Biv Bb � b2+QM/ /2`Bp�iBp2 T`QT2`ivc i?2`27Q`2- QM2
rQmH/ 2tT2+i �++m`�i2 T`2/B+iBQMb Q7 i?Bb [m�MiBiv iQ `2[mB`2 KQ`2 bQT?BbiB+�i2/ T?vbB+b �M/
KQH2+mH�` /2i�BHb i?�M i?2 T`2b2Mi KQ/2HX
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+QKT�`2/ rBi? 2tT2`BK2Mi�H /�i� U?Q`BxQMi�H �tBbVX "Hm2 �M/ `2/ +B`+H2b /2MQi2 i?2 T`2/B+iBQMb

7Q` i?2 i2bi@b2i �M/ i`�BMBM;@b2i- `2bT2+iBp2HvX h?2 MmK#2`b BM T�`2Mi?2b2b �`2 i?2 _Ja 2``Q`b BM

+�HfKQHfEX

kk



"X .1h�AG1. *PJS�_AaPL P6 h>1 S_1.A*h1. aPGo�hAPL :A""a

1L1_:u *PJSPL1Lha hP 61S *�G*lG�hAPLa

AM i?2 }`bi bim/v Q7 i?2 aGA* bQHp�iBQM KQ/2Hb BM b2+iBQM Ao �- r2 T�`�K2i2`Bx2/ i?2
KQ/2Hb mbBM; 2tT2`BK2Mi�H /�i� 7Q` bQHp�iBQM :B##b 2M2`;B2b- 2Mi`QTB2b- �M/ ?2�i +�T�+BiB2bX
>Qr2p2`- iQ �bb2bb i?2 aGA*fa�a� �M/ aGA*f*.* BM KQ`2 /2i�BHb- r2 `2@T�`�K2i2`Bx2/
i?2K mbBM; 2tTHB+Bi@bQHp2Mi 61S `2bmHib Q7 JQ#H2v 2i �He9X JQ#H2vǶb rQ`F T`QpB/2b � #`2�F@
/QrM Q7 i?2 +?�M;2 BM :B##b bQHp�iBQM 2M2`;v iQ 2H2+i`Qbi�iB+b �M/ MQMTQH�` +QKTQM2Mib �b
r2HH �b i?2 #`2�F/QrM Q7 i?2 MQMTQH�` +QKTQM2Mi BMiQ +�pBiv �M/ /BbT2`bBQM +QKTQM2MibX
h?2 61S /�i� Q7 JQ#H2v 2i �HXe9 KQiBp�i2/ mb iQ BHHmbi`�i2 i?2 b2T�`�i2 T2`7Q`K�M+2 Q7
i?2 MQMTQH�` �M/ 2H2+i`Qbi�iB+ KQ/2Hb r?2M +QK�T`2/ iQ JQ#H2vǶb 2tTHB+Bi@bQHp2Mi `2bmHibX
AM �//BiBQM- r2 +QKT�`2 i?2 T2`7Q`K�+2 Q7 i?2 aGA*f*.* KQ/2HbǶ +�pBiv �M/ /BbT2`bBQM
+QKTQM2Mib rBi? i?�i Q7 i?2 61S /�i�X G�biHv- r2 T`2b2Mi irQ b2ib Q7 T`2/B+iBQMb 7Q` 2�+?
i?2`KQ/vM�KB+ T`QT2`ivX PM2 r?2`2 i?2 k@bi2T QTiBKBx�iBQM b+?2K2 i?�i r2 BMi`Q/m+2/ BM
a2+iBQM AAA Bb mb2/ U?2`2�7i2` +�HH2/ k@bi2T b+?2K2V �M/ QM2 r?2`2 �HH i?2 KQ/2H T�`�K2i2`b
�`2 QTiBKBx2/ BM � bBM;H2 +�H+mH�iBQM U?2`2�7i2` +�HH2/ R@bi2T b+?2K2VX q2 mb2/ JQ#H2vǶb
61S /�i� 7Q` bQHp�iBQM :B##b 2M2`;B2b Q7 bK�HH KQH2+mH2be9 iQ T�`�K2i2`Bx2 i?2 aGA*fa�a�
�M/ aGA*f*.* KQ/2HbX 6B;m`2 Ry b?Qrb i?2 T`2/B+iBQMb 7Q` i?2 irQ K/Q2Hb r?2`2 i?2 }`bi
`Qr /2MQi2b i?2 T`2/B+iBQMb K�/2 mbBM; i?2 R@bi2T b+?2K2 �M/ i?2 b2+QM/ `Qr b?Qrb i?2
T`2/B+iBQMb K�/2 mbBM; i?2 k@bi2T b+?2K2X S`2/B+iBQMb Q7 i?2 irQ KQ/2Hb �`2 BM p2`v ;QQ/
�;`22K2Mi rBi? i?2 `272`2M+2 /�i� �M/ i?2 [m�HBiv Q7 T`2/B+iBQMb 7Q` #Qi? KQ/2Hb Bb BKT`Qp2/
r?2M +QKT�`2/ iQ i?2 `2bmHib Q7 i?2 T`2pBQmb b2+iBQM r?2`2 i?2 irQ KQ/2Hb r2`2 T�`�K2@
i2`Bx2/ �;�BMbi i?2 2tT2`BK2Mi�H /�i�X h?Bb Bb BMimBiBp2 #2+�mb2 #Qi? i?2 aGA* KQ/2Hb �M/
i?2 61S +�H+mH�iBQMb +�M MQi `2T`Q/m+2 i?2 bQHp�iBQM 2p2Mib i?�i �`2 #2vQM/ i?2 b+QT2 Q7
�iQKBbiB+ bBKmH�iBQMbX 6BM�HHv- QTiBKBx�iBQM mbBM; i?2 k@bi2T b+?2K2 /Q2b MQi /2KQMbi`�i2
� bB;MB}+�Mi BKT`Qp2K2Mi Qp2` i?2 R@bi2T b+?2K2 7Q` i?2 aGA*fa�a� KQ/2H UyXyj F+�HfKQH
BKT`Qp2K2Mi BM _Ja 2``Q`V- ?Qr2p2`- 7Q` i?2 aGA*f*.* KQ/2H- i?2 BKT`Qp2K2Mi BM i?2
_Ja Bb yXR3 F+�HfKQHX

�b r2 K2MiBQM2/ BM i?2 #2;BMMBM; Q7 i?Bb b2+iBQM- iQ �bb2bb ?Qr r2HH i?2 aGA*fa�a� �M/
aGA*f*.* KQ/2Hb `2T`Q/m+2 /Bz2`2Mi +QMi`B#miBQMb iQ bQHp�iBQM :B##b 2M2`B;2b- r2 +QK@
T�`2/ i?2 KQ/2H@T`2/B+i2/ 2H2+i`Qbi�iB+ +QKTQM2Mi Q7 i?2 bQHp�iBQM :B##b 2M2`;B2b rBi? i?�i
Q7 i?2 61S /�i� 7Q` i?2 JQ#H2v i2bi@b2iX 6B;m`2 RR BHHmbi`�i2b i?2 Qmi+QK2 Q7 i?Bb +QKT�`BbQM

kj
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6A:X RyX aGA*fa�a� �M/ aGA*f*.* T`2/B+iBQMb Q7 i?2 bQHp�iBQM :B##b 2M2`;B2b Up2`iB+�H �tBbV

7Q` i?2 JQ#H2v i2bi@b2i +QKT�`2/ rBi? i?2 61S `2bmHib U?Q`BxQMi�H �tBbVe9 Q7 JQ#H2v 2i �HX 6B`bi

`Qr U�-#V /2MQi2b i?2 T`2/B+iBQMb K�/2 mbBM; i?2 R@bi2T b+?2K2 �M/ b2+QM/ `Qr U+-/V /2MQi2b i?2

T`2/B+iBQMb K�/2 mbBM; i?2 k@bi2T b+?2K2X "Hm2 �M/ `2/ +B`+H2b /2MQi2 i?2 KQ/2H T`2/B+iBQMb 7Q`

i?2 i2bi@b2i �M/ i`�BMBM;@b2i- `2bT2+iBp2HvX _2/ /�b?2/ HBM2b b?Qr i?2 ±k F+�HfKQH 2``Q` K�`;BMX

h?2 MmK#2`b BM T�`2Mi?2b2b BM/B+�i2 i?2 _Ja 2``Q`b BM F+�HfKQHX

r?2`2 i?2 }`bi �M/ b2+QM/ `Qrb b?Qr i?2 KQ/2H T`2/B+iBQMb K�/2 mbBM; i?2 R@bi2T b+?2K2
�M/ k@bi2T b+?2K2- `2bT2+iBp2HvX AM JQ#H2v ′b rQ`F- i?2 2H2+i`Qbi�iB+ +QKTQM2Mi Q7 bQHp�iBQM
:B##b 2M2`;v r�b +�H+mH�i2/ �b i?2 :B##b 2M2`;v Q7 +?�`;BM; i?2 bQHmi2 BM r�i2`X aGA*fa�a�
�M/ aGA*f*.* T`2/B+iBQMb Q7 i?2 2H2+i`Qbi�iB+ +QKTQM2Mi Q7 bQHp�iBQM :B##b 2M2`;B2b �`2
BM ;QQ/ �;`22K2Mi rBi? JQ#H2v ′b 2tTHB+Bi@bQHp2Mi `2bmHibX h?2 S2�`bQM +Q``2H�iBQM +Q27@

k9



}+B2Mi UρV #2ir22M aGA*fa�a�@T`2/B+i2/ 2H2+i`Qbi�iB+ 2M2`;B2b �M/ JQ#H2v ′b /�i� mbBM;
k@bi2T b+?2K2 UR@bi2T b+?2K2V Bb yXN8N UyXNeyV rBi? �M _Ja 2``Q` Q7 yX3y URXyRV F+�HfKQHX
aBKBH�`Hv- aGA*f*.* T`2/B+iBQMb ;Bp2b ρ = 0.969(0.975) �M/ _Ja140.69(1.40) F+�HfKQHX
"v HQQFBM; �i 6B;m`2b RR@+ �M/ RR@/- r2 MQiB+2 i?�i mbBM; � H�`;2` i`�BMBM;@b2i H2�/ iQ �
?B;?2` �++m`�+v BM T`2/B+iBQMb K�/2 mbBM; i?2 aGA* 2H2+i`Qbi�iB+b KQ/2HX h?Bb Bb KQbi HBF2Hv
/m2 iQ i?2 7�+i i?�i � H�`;2` i`�BMBM;@b2i T`QpB/2b �M QTTQ`imMBiv iQ BM+Hm/2 +?2KB+�H ;`QmTb
i?�i KB;?i MQi #2 r2HH `2T`2b2Mi2/ r?2M mbBM; � bK�HH i`�BMBM;@b2iX

hQ BHHmbi`�i2 i?2 b2T�`�i2 T2`7Q`K�M+2 Q7 i?2 MQMTQH�` KQ/2Hb- 6B;m`2 Rk T`2b2Mib i?2
aGA*fa�a� �M/ aGA*f*.* KQ/2Hb ′ T`2/B+iBQMb Q7 i?2 MQMTQH�` +QMi`B#miBQM- +QKT�`2/ iQ
JQ#H2v ′b 61S `2bmHibe9X AM JQ#H2v ′b rQ`F- i?2 MQMTQH�` +QKTQM2Mi r�b +QKTmi2/ �b i?2
7`22 2M2`;v Q7 im`MBM; QM i?2 G2MM�`/@CQM2b BMi2`�+iBQMb #2ir22M i?2 mM+?�`;2/ bQHmi2 �M/
r�i2`X �Hi2`M�iBp2 r�vb Q7 /2}MBM; Q` +QKTmiBM; i?2 MQMTQH�` +QKTQM2Mi �`2 TQbbB#H2 �M/
+�M H2�/ iQ /Bz2`2Mi `2bmHibe9X LQiB+2 i?�i mbBM; i?2 k@bi2T b+?2K2 bB;MB}+�MiHv BKT`Qp2b i?2
T2`7Q`K�M+2 Q7 i?2 aGA*f*.* KQ/2H BM T`2/B+iBM; i?2 MQMTQH�` +QKTQM2Mi U6B;m`2 Rk@/VX
h?Bb Bb � T`QKBbBM; `2bmHi +QMbB/2`BM; i?�i i?2 bm`7�+2@�`2� /2T2M/2Mi KQ/2Hb �`2 FMQrM
iQ 7�BH iQ `2T`Q/m+2 i?2 MQMTQH�` 2M2`;B2b 7`QK bBKmH�iBQMbX h?2 aGA*fa�a� KQ/2H QM
i?2 Qi?2` ?�M/ 2t?B#Bib TQQ` �++m`�+v BM T`2/B+iBM; i?2 MQMTQH�` +QKTQM2Mi Q7 bQHp�iBQM
:B##b 2M2`;B2b r?2M +QKT�`2/ rBi? i?2 61S +�H+mH�iBQMb Q7 JQ#H2ve9- `2;�`/H2bb Q7 i?2
QTiBKBx�iBQM b+?2K2 mb2/X

q2 �HbQ bQm;?i iQ �bb2bb i?2 aGA*f*.* KQ/2HbǶ T`2B/+iBQMb Q7 i?2 +�pBiv �M/ /BbT2`bBQM
2M2`;B2b rBi? i?2 2tTHB+Bi@bQHp2Mi `2bmHib Q7 JQ#H2ve9- �b THQii2/ BM 6B;m`2 RjX h?2 bmK
Q7 +�pBiv �M/ +QK#BM�iQ`B�H 2M2`;v +QKTQM2Mib Bb +QMbB/2`2/ �b i?2 +�pBiv 2M2`;vX h?2
`2bmHiBM; _Ja 2``Q`b Q7 i?2 +�pBiv �M/ /BbT2`bBQM 2M2`;v +QKTQM2Mib mbBM; k@bi2T b+?2K2
UR@bi2T b+?2K2V �`2 9X83 U9XeRV �M/ 9Xe9 UdXRyV F+�HfKQH- `2bT2+iBp2HvX h?2 S2�`bQM +Q``2@
H�iBQM +Q2{+B2Mib #2ir22M i?2 KQ/2H T`2/B+iBQMb �M/ i?2 2tTHB+Bi@bQHp2Mi `2bmHib �`2 yXNR9
UyXNRkV �M/ yX3ej UyX389V- `2bT2+iBp2Hv- 7Q` +�pBiv �M/ /BbT2`bBQM +QKTQM2MibX *�pBiv �M/
/BbT2`bBQM 2M2`;B2b ?�p2 `2�/BHv #22M b?QrM iQ bi`QM;Hv +Q``2H�i2 rBi? KQH2+mH�` bm`7�+2
�`2�b �M/ pQHmK2bjj-e9-NyX h?2 aGA*f*.* KQ/2H �M/ J. +Q``2H�iBQMb rBi? i?2 KQH2+mH�`
pQHmK2b �M/ bm`7�+2 �`2�b �`2 T`2b2Mi2/ BM h�#H2 aA@NX h?2 +Q``2H�iBQM THQib +�M #2 7QmM/
BM amTTQ`iBM; AM7Q`K�iBQM U6B;m`2b aA@k iQ aA@8VX h?2 8yk KQH2+mH2b BM i?2 JQ#H2v i2bi@
b2i �`2 bK�HH 2MQm;? i?�i bm`7�+2 �`2�b �M/ pQHmK2b �`2 ?B;?Hv +Q``2H�i2/ UR2 = 0.995VX
Pm` �M�HvbBb +QM}`Kb i?�i #Qi? i?2 /BbT2`bBQM �M/ +�pBiv +QKTQM2Mib 7`QK 2tTHB+Bi@bQHp2Mi

k8
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6A:X RRX aGA*fa�a� �M/ aGA*f*.* T`2/B+iBQMb Q7 i?2 2H2+i`Qbi�iB+ +QKTQM2Mi Q7 bQHp�iBQM

:B##b 2M2`;B2b Up2`iB+�H �tBbV 7Q` i?2 JQ#H2v i2bi@b2i +QKT�`2/ rBi? i?2 61S `2bmHib U?Q`BxQMi�H

�tBbV Q7 JQ#H2v 2i �He9X 6B`bi `Qr U�-#V /2MQi2b i?2 T`2/B+iBQMb K�/2 mbBM; i?2 R@bi2T b+?2K2

�M/ b2+QM/ `Qr U+-/V /2MQi2b i?2 T`2/B+iBQMb K�/2 mbBM; i?2 k@bi2T b+?2K2X "Hm2 �M/ `2/ +B`+H2b

/2MQi2 i?2 KQ/2H T`2/B+iBQMb 7Q` i?2 i2bi@b2i �M/ i`�BMBM;@b2i- `2bT2+iBp2HvX _2/ /�b?2/ HBM2b b?Qr

i?2 ±k F+�HfKQH 2``Q` K�`;BMX h?2 MmK#2`b BM T�`2Mi?2b2b BM/B+�i2 i?2 _Ja 2``Q`b BM F+�HfKQHX

bBKmH�iBQMb �M/ 7`QK i?2 KQ/2H T`2/B+iBQMb ?B;?Hv +Q``2H�i2 rBi? KQH2+mH�` bm`7�+2 �`2�
�M/ pQHmK2X h�#H2 aA@N BM amTTQ`iBM; AM7Q`K�iBQM +QMi�BMb i?2 +Q``2H�iBQM +Q2{+B2Mib 7Q`
KQH2+mH�` bm`7�+2 �`2� �M/ pQHmK2 �b 2biBK�iQ`b Q7 i?2 +�pBiv �M/ /BbT2`bBQM 2M2`;B2bX

ke
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6A:X RkX aGA*fa�a� U�V �M/ aGA*f*.* U#V T`2/B+iBQMb Q7 i?2 MQMTQH�` +QKTQM2Mi Q7 bQHp�iBQM

:B##b 2M2`;B2b Up2`iB+�H �tBbV 7Q` i?2 JQ#H2v i2bi@b2i +QKT�`2/ rBi? i?2 61S `2bmHib U?Q`BxQMi�H

�tBbV Q7 JQ#H2v 2i �He9X 6B`bi `Qr U�-#V /2MQi2b i?2 T`2/B+iBQMb K�/2 mbBM; i?2 R@bi2T b+?2K2

�M/ b2+QM/ `Qr U+-/V /2MQi2b i?2 T`2/B+iBQMb K�/2 mbBM; i?2 k@bi2T b+?2K2X "Hm2 �M/ `2/ +B`+H2b

/2MQi2 i?2 KQ/2H T`2/B+iBQMb 7Q` i?2 i2bi@b2i �M/ i`�BMBM;@b2i- `2bT2+iBp2HvX _2/ /�b?2/ HBM2b b?Qr

i?2 ±k F+�HfKQH 2``Q` K�`;BMX h?2 MmK#2`b BM T�`2Mi?2b2b BM/B+�i2 i?2 _Ja 2``Q`b BM F+�HfKQHX
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6A:X RjX aGA*f*.* T`2/B+iBQMb Q7 i?2 +�pBiv U�V �M/ /BbT2`bBQM U#V +QKTQM2Mib Q7 bQHp�iBQM

:B##b 2M2`;B2b Up2`iB+�H �tBbV 7Q` i?2 JQ#H2v i2bi@b2i +QKT�`2/ rBi? i?2 61S `2bmHib U?Q`BxQMi�H

�tBbV Q7 JQ#H2v 2i �He9X 6B`bi `Qr U�-#V /2MQi2b i?2 T`2/B+iBQMb K�/2 mbBM; i?2 R@bi2T b+?2K2

�M/ b2+QM/ `Qr U+-/V /2MQi2b i?2 T`2/B+iBQMb K�/2 mbBM; i?2 k@bi2T b+?2K2X "Hm2 �M/ `2/ +B`+H2b

/2MQi2 i?2 KQ/2H T`2/B+iBQMb 7Q` i?2 i2bi@b2i �M/ i`�BMBM;@b2i- `2bT2+iBp2HvX _2/ /�b?2/ HBM2b b?Qr

i?2 ±k F+�HfKQH 2``Q` K�`;BMX h?2 MmK#2`b BM T�`2Mi?2b2b BM/B+�i2 i?2 _Ja 2``Q`b BM F+�HfKQHX

k3



*X aPGo�hAPL h>1_JP.uL�JA*a AL APLA* GAZlA.a

h?Bb b2+iBQM T`2b2Mib i?2 T2`7Q`K�M+2 Q7 aGA*fa�a� BM T`2/B+iBM; bQHp�iBQM i?2`KQ/v@
M�KB+b BM b2p2M BQMB+ HB[mB/bX 1tT2`BK2Mi�H K2�bm`2K2Mib 7Q` bQHp�iBQM i?2`KQ/vM�KB+b
�`2 MQi �p�BH�#H2 7Q` � rB/2 `�M;2 Q7 bK�HH KQH2+mH2b BM BQMB+ HB[mB/bX AMbi2�/- iQ i2bi i?2
aGA*fa�a� BKTHB+Bi@bQHp2Mi KQ/2H QM BQMB+ HB[mB/b- r2 mb2/ �b `272`2M+2 bQHp�iBQM :B##b
2M2`;B2b i?2 `2bmHib Q7 2tTHB+Bi@bQHp2Mi 61S +�H+mH�iBQMb QM �KBMQ@�+B/ bB/2+?�BM �M�HQ;b #v
G�iB7 2i �HX89 �M/ S�Hm+? 2i �HXd9X aQHp�iBQM 7`22 2M2`;v +�H+mH�iBQMb 7Q` �KBMQ@�+B/ bB/2+?�BM
�M�HQ;b BM BQMB+ HB[mB/b rBi? ("JAJ)+ +�iBQMb r2`2 T2`7Q`K2/ #v G�iB7 2i �HX89 �i � i2KT2`@
�im`2 Q7 kN3XR8 E �M/ BM BQMB+ HB[mB/b rBi? (h7kL)− �MBQMb r2`2 T2`7Q`K2/ #v S�Hm+? 2i �HXd9

�i i2KT2`�im`2b kN3- jk3- �M/ j83 EX q2 }`bi T`2b2Mi i?2 KQ/2H T`2/B+iBQMb Q7 bQHp�iBQM
:B##b 2M2`;B2b 7Q` Rk �KBMQ@�+B/ bB/2+?�BM �M�HQ;b- ?2`2�7i2` +�HH2/ �� i2bi@b2i- BM b2p2M
BQMB+ HB[mB/b �i kN3 EX h�#H2 aA@j BM amTTQ`iBM; AM7Q`K�iBQM T`2b2Mib i?2 Rk �KBMQ@�+B/b �M/
+Q``2bTQM/BM; bB/2+?�BM �M�HQ;bX h?2 b2p2M BQMB+ HB[mB/b �`2 (1JAJ)(h7kL)- ("JAJ)(h7kL)-
(PJAJ)(h7kL)- ("JAJ)("69)- ("JAJ)(*H)- ("JAJ)(S6e)- �M/ ("JAJ)(h7P)X L2ti- r2
T`2b2Mi i?2 KQ/2H T`2/B+iBQMb Q7 bQHp�iBQM 2Mi`QTB2b BM (1JAJ)(h7kL)- �M/ ("JAJ)(h7kL)-
(PJAJ)(h7kL) �i jk3 EX

h�"G1 j, .B2H2+i`B+ +QMbi�Mib Q7 b2p2M BQMB+ HB[mB/b �i kN3 E

aQHp2Mi .B2H2+i`B+ +QMbi�Mi aQHp2Mi .B2H2+i`B+ +QMbi�Mi
(1JAJ)(h7kL) R8XkNj- Rk9k ("JAJ)(S6e) RRX9Nj- RjX8dd3- RdXk9k

("JAJ)(h7kL) RRXeNj- RjX38d3 ("JAJ)(h7P) R9Xj9d3- RkXN9k

("JAJ)("69) RRXdNj- RjX8dd3- R9Xe9j ("JAJ)(*H) RkXe3d3

PM2 Q7 i?2 +?�HH2M;2b BM K�FBM; T`2/B+iBQMb Q7 bQHp�iBQM i?2`KQ/vM�KB+b BM BQMB+ HB[mB/b
r�b Q#i�BMBM; +`2/B#H2 /B2H2+i`B+ +QMbi�Mib 7`QK i?2 HBi2`�im`2X JQbi BQMB+ HB[mB/b 2t?B#Bi
� /B2H2+i`B+ +QMbi�Mi BM i?2 `�M;2 Q7 RyĜR8 r?B+? +H�bbB}2b i?2K �b KQ/2`�i2Hv TQH�` bQH@
p2MibNjX h?2 bi�iB+ /B2H2+i`B+ +QMbi�Mi Q7 BQMB+ HB[mB/b +�M MQi #2 /2i2`KBM2/ #v +QMp2MiBQM�H
K2i?Q/b �M/ `2[mB`2 bT2+B�H K2�bm`2K2Mi i2+?MB[m2bd3X "2+�mb2 i?2 `2TQ`i2/ /B2H2+i`B+ +QM@
bi�Mib 7Q` BQMB+ HB[mB/b i?�i r2 7QmM/ BM i?2 HBi2`�im`2 �`2 bQK2iBK2b p2`v /Bz2`2Mi U2X;X
RRX9Nj �M/ RdXk9j 7Q` ("JAJ)(S6e)V- 7Q` 2�+? BQMB+ HB[mB/- r2 T�`�K2i2`Bx2/ aGA*fa�a�
mbBM; KmHiBTH2 /B2H2+i`B+ +QMbi�Mib UmMH2bb- Q7 +Qm`b2- i?2`2 Bb � bBM;H2 `2TQ`i2/ p�Hm2VX h?2
/B2H2+i`B+ +QMbi�MiUbV �M/ i?2 +Q``2bTQM/BM; `272`2M+2UbV i?�i r2 mb2/ iQ T�`�K2i2`Bx2 i?2

kN



aGA*fa�a� KQ/2H 7Q` BQMB+ HB[mB/ +�H+mH�iBQMb �`2 b?QrM BM h�#H2 jX _2;�`/H2bb Q7 i?2
/B2H2+i`B+ +QMbi�Mi i?�i r�b mb2/ iQ T�`�K2i2`Bx2 i?2 KQ/2H- aGA*fa�a� T`2/B+iBQMb Q7
bQHp�iBQM :B##b 2M2`;B2b �`2 BM ;QQ/ �;`22K2Mi rBi? i?2 2tTHB+Bi@bQHp2Mi +QmMi2`T�`ibX 6B;@
m`2 R9 b?Qrb i?2 aGA*fa�a� KQ/2HbǶ T`2/B+iBQMb Q7 bQHp�iBQM :B##b 2M2`;B2b 7Q` i?2 ��
i2bi@b2i BM ("JAJ)("69) �M/ (1JAJ)(h7kL)X PM2 `2�bQM #2?BM/ i?2 �++m`�i2 aGA*fa�a�
T`2/B+iBQMb r?2M T�`�K�i2`Bx2/ mbBM; /Bz2`2Mi p�Hm2b Q7 /B2H2+i`B+ +QMbi�Mib Bb i?�i i?2 QTiB@
KBx2` +�M KBMBKBx2 i?2 2``Q` `2H�iBp2 iQ i?2 `272`2M+2 /�i� #v imMBM; i?2 aGA* 2H2+i`Qbi�iB+
T�`�K2i2`bX h?2 KQ/2H T`2/B+iBQMb 7Q` i?2 `2bi Q7 i?2 BQMB+ HB[mB/b +�M #2 7QmM/ BM h�#H2 9
�M/ amTTQ`iBM; AM7Q`K�iBQMX

h�"G1 9, S2`7Q`K�M+2 Q7 i?2 aGA*fa�a� KQ/2H BM T`2/B+iBQM bQHp�iBQM :B##b 2M2`;B2b Q7 i?2 ��

i2bi@b2i BM b2p2M BQMB+ HB[mB/b �i kN3 EX ε �M/ ρ /2MQi2 /B2H2+i`B+ +QMbi�Mi �M/ S2�`bQM +Q``2H�iBQM

+Q2{+B2Mi- `2bT2+iBp2HvX am#b+`BTib /2MQi2 i?2 `272`2M+2 i?�i i?2 2tTHB+Bi@bQHp2Mi /�i� r�b Q#i�BM2/c

G, G�iB7 2i �HX89 �M/ S, S�Hm+? 2i �HXd9

AQMB+ HB[mB/ ε _Ja1 ρ AQMB+ HB[mB/ ε _Ja1 ρ

(1JAJ)(h7kL)
P

R8Xk yXee yXN3R ("JAJ)("69)
L

R9Xe yX98 yXNN8
(1JAJ)(h7kL)

P
R8Xj yXee yXN3R ("JAJ)(S6e)

L
RRX9 yX8y yXNNj

(1JAJ)(h7kL)
P

Rk yXd3 yXNd9 ("JAJ)(S6e)
L

RjX8d yXek yXNNR
("JAJ)(h7kL)

P
RRXe yX88 yXN3e ("JAJ)(S6e)

L
RdXk yX8j yXNNj

("JAJ)(h7kL)
P

RjX38 yX8e yXN3e ("JAJ)(h7P)
L

R9Xj9 yX8e yXNNj
("JAJ)(h7kL)

L
RRXe yX83 yXNNy ("JAJ)(h7P)

L
RkXN yXeR yXNNk

("JAJ)(h7kL)
L

RjX38 yX83 yXNNy ("JAJ)(*H)
L

RkXe3 yX33 yXNNR
("JAJ)("69)

L
RRXd yX89 yXNNk (PJAJ)(h7kL)

P
RkX38 yX8k yXN3d

("JAJ)("69)
L

RjX8d yX9N yXNN9 (PJAJ)(h7kL)
P

ReX3 yX8j yXN3d

q2 �HbQ i2bi2/ aGA* �;�BMbi i?2 `2bmHib Q7 S�Hm+? �M/ J�;BMM 2i �HX- r?Q ?�p2 T2`@
7Q`K2/ bQHp�iBQM 61S +�H+mH�iBQMb �i KmHiBTH2 i2KT2`�im`2b BM r�i2` �M/ Q+i�MQH �b r2HH
�b i?`22 BQMB+ HB[mB/b +QMi�BMBM; �MBQM (h7kL)− r?B+? �HHQrb 2biBK�iBQM Q7 bQHp�iBQM 2M@
i`QTB2bd9X 6B;m`2 R8 THQib i?2 aGA*fa�a�@T`2/B+i2/ bQHp�iBQM 2Mi`QTB2b 7Q` (1JAJ)(h7kL)-
�M/ (PJAJ)(h7kL)- +QKT�`2/ iQ S�Hm+? ′bd9 2tTHB+Bi@bQHp2Mi `2bmHibX q2 mb2/ � i2KT2`�im`2@
/2T2M/2Mi /B2H2+i`B+ +QMbi�Mi 7Q` (1JAJ)(h7kL) �M/ ("JAJ)(h7kL) 7`QK � rQ`F #v E`QbbBM;
2i �HX r?2`2 i?2 /B2H2+i`B+ +QMbi�Mi 7Q` ("JAJ)(h7kL) r�b 2ti`�TQH�i2/ 7Q` h > jk3 E8jX LQ
i2KT2`�im`2@/2T2M/2Mi T2`KBiiBpBiv r�b �p�BH�#H2 7Q` (PJAJ)(h7kL) �M/ 7Q` +QMbBbi2M+v-

jy



r2 mb2/ i?2 b�K2 T2`KBiiBpBivd3 �i KmHiBTH2 i2KT2`�im`2bX aGA*fa�a� T`2/B+iBQMb Q7 BQMB+
HB[mB/b �`2 BM ;QQ/ �;`22K2Mi rBi? `272`2M+2 /�i�X �HH 2Mi`QTv +�H+mH�iBQM bi�`i2/ 7`QK i?2
b�K2 BMBiB�H ;m2bb Ub22 LmK2`B+�H J2i?Q/b �M/ amTTQ`iBM; AM7Q`K�iBQM 7Q` KQ`2 /2i�BHbVX
h�#H2 8 bmKK�`Bx2b i?2 aGA*fa�a� KQ/2HbǶ T2`7Q`K�M+2 BM T`2/B+iBM; bQHp�iBQM 2Mi`QTB2b
Q7 i?2 �� i2bi@b2i BM i?`22 BQMB+ HB[mB/bX
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6A:X R9X aQHp�iBQM :B##b 2M2`;B2b 7Q` i?2 �� i2bi@b2i BM ("JAJ)("69) U�V �M/ (1JAJ)(h7kL)

U#V +�H+mH�i2/ mbBM; i?2 aGA*fa�a� KQ/2H Up2`iB+�H �tBbV- +QKT�`2/ iQ i?2 2tTHB+Bi@bQHp2Mi J.

`2bmHib U?Q`BxQMi�H �tBbV89-d9X h?2 `272`2M+2 /�i� i?�i Bb mb2/ iQ T�`�K2i2`Bx2 i?2 KQ/2H Bb /2MQi2/

BM i?2 H2;2M/X h?2 H2ii2`b BM #`�+F2ib /2MQi2 i?2 /B2H2+i`B+ +QMbi�Mi i?�i r�b mb2/c �,_272`2M+2Nj-

#,_272`2M+2d3- +,_272`2M+29j- �M/ /,_272`2M+29kX h?2 MmK#2`b BM T�`2Mi?2b2b �`2 i?2 _Ja 2``Q`b

BM F+�HfKQHX

h�"G1 8, S2`7Q`K�M+2 Q7 i?2 aGA*fa�a� KQ/2H BM T`2/B+iBM; bQHp�iBQM :B##b 2M2`;B2b Q7 i?2 ��

i2bi@b2i BM b2p2M BQMB+ HB[mB/b �i jk3 EX _Ja1 Bb `2TQ`i2/ BM BM F+�HfKQH �M/ ρ /2MQi2b S2�`bQM

+Q``2H�iBQM +Q2{+B2MiX

AQMB+ HB[mB/ _Ja1 ρ

(1JAJ)(h7kL) RXjy yXNej
("JAJ)(h7kL) RX8N yXN8R
(PJPJ)(h7kL) RXjd yXN9d

jR
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6A:X R8X aQHp�iBQM 2Mi`QTB2b 7Q` �� i2bi@b2i BM Q+i�MQH- (1JAJ)(h7kL)- ("JAJ)(h7kL)- �M/

(PJAJ)(h7kL) �i jk3 E +�H+mH�i2/ mbBM; aGA*fa�a� Up2`iB+�H �tBbV- +QKT�`2/ iQ i?2 2tTHB+Bi@

bQHp2Mi J. `2bmHib Q7 S�Hm+? �i �HX �b `272`2M+2d9X h?2 MmK#2`b BM T�`2Mi?2b2b �`2 i?2 _Ja 2``Q`b

BM F+�HfKQHX

oX .Aa*laaAPL

AM i?Bb rQ`F- r2 i2bi2/ i?2 T2`7Q`K�M+2 Q7 irQ BKTHB+Bi@bQHp2Mi KQ/2Hb i?�i #Qi? mb2 i?2
aGA* 2H2+i`Qbi�iB+b KQ/2H 7Q` 2H2+i`Qbi�iB+ +�H+mH�iBQMbX h?2 }`bi KQ/2H Bb i?2 aGA*fa�a�
KQ/2H i?�i +QK#BM2b aGA* rBi? � bBKTH2 a�a�@T`QTQ`iBQM�H MQMTQH�` +Q``2H�iBQMX h?2
b2+QM/ KQ/2H Bb i?2 aGA*f*.* KQ/2H i?�i +QK#BM2b aGA* rBi? � KQ`2 bQT?BbiB+�i2/ MQM@
TQH�` KQ/2H 7`QK *PaJP@a�* bim/B2b �M/ � ?v/`Q;2M@#QM/BM; +Q``2H�iBQM i?�i 2tTHB+BiHv
�++QmMib 7Q` i?2 ?v/`Q;2M #QM/ 2M2`;B2bX q2 /2KQMbi`�i2/ i?�i #Qi? KQ/2Hb T`2/B+i ?v@
/`�iBQM :B##b 2M2`;B2b- 2Mi`QTB2b- �M/ ?2�i +�T�+BiB2b rBi? bm`T`BbBM; �++m`�+v +QKT�`2/
iQ 2tT2`BK2MibX q2 �bb2bb2/ i?2 �++m`�+v Q7 i?2 irQ KQ/2Hb ′ T`2/B+iBQMb Q7 ?v/`�iBQM
:B##b 2M2`;B2b- 2Mi`QTB2b- �M/ ?2�i +�T�+BiB2b #v +QKT�`BM; i?2K rBi? 2tT2`BK2Mi�H /�i�
7Q` 8yk- R8N- �M/ Rkj M2mi`�H bK�HH KQH2+mH2b- `2bT2+iBp2HvX q2 �HbQ i2bi2/ i?2 T2`7Q`@
K�M+2 Q7 aGA*fa�a� BM K�FBM; T`2/B+iBQMb Q7 bQHp�iBQM :B##b 2M2`;B2b �M/ 2Mi`QTB2b 7Q`
Rk �KBMQ@�+B/ bB/2+?�BM �M�HQ;b BM b2p2M BQMB+ HB[mB/b �M/ Q+i�MQHX Pm` `2bmHib b?Qr i?�i

jk



i?2 aGA*fa�a� KQ/2H ′b �++m`�+v Bb MQi HBKBi2/ iQ �[m2Qmb bQHp2Mib- �M/ i?2 KQ/2H +�M #2
bm++2bb7mHHv mb2/ iQ T`2/B+i bQHp�iBQM T`QT2`iB2b BM KQ`2 +QKTH2t bQHp2MibX

aGA*fa�a� �+?B2p2b ?B;? �++m`�+v BM T`2/B+iBM; bQHp�iBQM T`QT2`iB2b mbBM; QMHv bBt 7`22
T�`�K2i2`b �M/ � i`�BMBM;@b2i Q7 QMHv Rk bK�HH KQH2+mH2bX h?2 bK�HH MmK#2` Q7 7`22 T�@
`�K2i2`b K�/2 Bi TQbbB#H2 iQ }i i?2 MQMTQH�` �M/ 2H2+i`Qbi�iB+ T�`�K2i2`b bBKmHi�M2QmbHvX
q2 �HbQ i2bi2/ � irQ@bi2T QTiBKBx�iBQM T`Q+2/m`2X 6B`bi- r2 Q#i�BM2/ i?2 2H2+i`Qbi�iB+ T�@
`�K2i2`b #v T�`�K2i2`BxBM; i?2 aGA* 2H2+i`Qbi�iB+b KQ/2H �;�BMbi JQ#H2v ′b 2tTHB+Bi@bQHp2Mi
2H2+i`Qbi�iB+ 7`22 2M2`;B2bX L2ti- r2 QTiBKBx2/ i?2 aGA*fa�a� KQ/2H �;�BMbi i?2 2tT2`B@
K2Mi�H ?v/`�iBQM :B##b 2M2`;B2b- r?2`2 r2 F2Ti i?2 2H2+i`Qbi�iB+ T�`�K2i2`b 7QmM/ BM i?2
}`bi bi2T }t2/X h?2 irQ@bi2T QTiBKBx�iBQM T`Q+2/m`2 H2�/ iQ � bHB;?i BM+`2�b2 BM i?2 �++m`�+v
Q7 T`2/B+iBQMb U≈ 0.1 F+�HfKQHVX h?2 aGA*f*.* KQ/2H �+?B2p2/ ?B;?2` �++m`�+v i?�M i?2
2tTHB+Bi@bQHp2Mi bBKmH�iBQMb Q7 JQ#H2v BM T`2/B+iBM; ?v/`�iBQM :B##b 2M2`;B2bX *QKT�`2/ iQ
i?2 aGA*fa�a� KQ/2H- aGA*f*.* `2[mB`2b � ?B;?2` MmK#2` Q7 bK�HH KQH2+mH2b BM i?2 i`�BM@
BM; b2i Uej `�i?2` i?�M RkVX h?Bb H�`;2 i`�BMBM;@b2i Bb `2[mB`2/ iQ 2Mbm`2 i?2 i`�BMBM;@b2i ′b
�/2[m�i2Hv /Bp2`b2 iQ `2T`2b2Mi i?2 p�`BQmb �iQK@bT2+B}+ /BbT2`bBQM �M/ ?v/`Q;2M@#QM/BM;
T�`�K2i2`bX

"Qi? KQ/2Hb /2KQMbi`�i2 ?B;? �++m`�+v BM T`2/B+iBM; ?v/`�iBQM 2Mi`QTB2b �M/ ?2�i +�@
T�+BiB2bX *QKT�`2/ iQ Qm` T`2pBQmb bim/v- i?2 M2r BKTH2K2Mi�iBQM Q7 aGA*fa�a� r�b
b?QrM iQ #2 KQ`2 �++m`�i2 BM T`2/B+iBM; bQHp�iBQM 2Mi`QTB2b Q7 bK�HH KQH2+mH2bX h?2 M2r
aGA*fa�a� BKTH2K2Mi�iBQM /Bz2`b 7`QK Qm` T`2pBQmb rQ`F BM irQ r�vbX 6B`bi- i?2 MmK@
#2` Q7 SB+�`/ Bi2`�iBQMb r�b BM+`2�b2/ 7`QK 8 iQ Ry #2+�mb2 r2 `2�HBx2/ i?�i 8 Bi2`�iBQMb
/Q MQi ;m�`�Mi22 i?2 bQHmiBQM +QMp2`;2M+2 7Q` � 72r +QKTQmM/bX a2+QM/- r2 mb2/ i?2 QT@
iBK�H 2H2+i`Qbi�iB+ T�`�K2i2`b 7`QK ?v/`�iBQM :B##b 2M2`;v +�H+mH�iBQMb �i kN3 E �b i?2
BMBiB�H ;m2bb2b 7Q` i?2 2Mi`QTv +�H+mH�iBQMb �i �HH i2KT2`�im`2bX h?Bb 2Mbm`2b i?�i i?2 QT@
iBKBx�iBQM �i �HH i2KT2`�im`2b bi�`ib 7`QK � HQ+�H KBMBKmKX h?Bb r�b BM +QMi`�bi iQ Qm`
T`2pBQmb rQ`F- r?2`2 i?2 BMBiB�H ;m2bb2b �i �HH i2KT2`�im`2b r2`2 �HbQ i?2 b�K2 #mi MQi �
HQ+�H KBMBKmKX h?2b2 irQ +?�M;2b �HbQ bB;MB}+�MiHv BKT`Qp2/ i?2 �++m`�+v Q7 aGA*fa�a�
BM T`2/B+iBM; ?v/`�iBQM ?2�i +�T�+BiB2b- r?2`2 r2 �+?B2p2/ � Ry@7QH/ BM+`2�b2 BM �++m`�+v
+QKT�`2/ iQ Qm` T`2pBQmb rQ`Fd8X PM2 Q7 i?2 KQbi `2K�`F�#H2 Qmi+QK2b Q7 i?Bb rQ`F r�b
i?2 aGA*f*.* KQ/2H ′b ?B;? �++m`�+v BM T`2/B+iBM; ?v/`�iBQM 2Mi`QTB2b �M/ ?2�i +�T�+BiB2b
7Q` bK�HH KQH2+mH2bX h?Bb r�b p2`v bm`T`BbBM; 7Q` irQ `2�bQMbc 6B`bi- i?2 aGA*f*.* KQ/2H
/Q2b MQi `2[mB`2 iQ #2 T�`�K2i2`Bx2/ �i /Bz2`2Mi i2KT2`�im`2b iQ K�F2 �++m`�i2 T`2/B+iBQMbX

jj



AM Qi?2` rQ`/b- i?2 KQ/2H /Q2b MQi M22/ T`BQ` FMQrH2/;2 Q7 i?2 2tT2`BK2Mi�H ?v/`�iBQM 2M@
i`QTB2b �M/ ?2�i +�T�+BiB2b 7Q` i?2 i`�BMBM;@b2i +QKTQmM/bX h?Bb r�b BM bi�`F +QMi`�bi iQ
i?2 aGA*fa�a� +�H+mH�iBQMb- r?2`2 i?2 KQ/2H mb2b i2KT2`�im`2@/2T2M/2Mi T�`�K2i2`b iQ
T`2/B+i ?v/`�iBQM i?2`KQ/vM�KB+bX a2+QM/- #2+�mb2 ?v/`�iBQM 2Mi`QTB2b �`2 ?B;?2`@Q`/2`
/2`Bp�iBp2 [m�MiBiB2b Q7 ?v/`�iBQM :B##b 2M2`;B2b- QM2 rQmH/ MQi M�im`�HHv 2tT2+i iQ Q#i�BM
�++m`�i2 T`2/B+iBQMb Q7 ?v/`�iBQM 2Mi`QTB2b rBi? i?2 b�K2 H2p2H Q7 �++m`�+v �b bQHp�iBQM 7`22
2M2`;B2bX h?Bb ?B;?HB;?i2/ i?2 p�Hm2 Q7 � `Q#mbi bi�iBbiB+�H@K2+?�MB+b@#�b2/ KQ/2H- r?2`2
K22iBM; i?2 i?2`KQ/vM�KB+ +QMbBbi2M+v +QM/BiBQMb r�b b?QrM iQ #QQbi i?2 �++m`�+v Q7 i?2
KQ/2H bB;MB}+�MiHvX

q2 }M/ i?�i r?2M +QKT�`2/ rBi? i?2 2tTHB+Bi@bQHp2Mi `2bmHib Q7 JQ#H2v- aGA*f*.* +�M
T`QpB/2 �++m`�i2 T`2/B+iBQMb Q7 i?2 +�pBiv �M/ /BbT2`bBQM +QKTQM2Mib Q7 i?2 MQMTQH�` ?v@
/`�iBQM :B##b 2M2`;B2bX q2 MQiB+2/ i?�i i?2 +�pBiv �M/ /BbT2`bBQM +QKTQM2Mib �`2 bi`QM;Hv
+Q``2H�i2/ �M/ �MiB@+Q``2H�i2/- `2bT2+iBp2Hv- rBi? KQH2+mH2 ′b bBx2 UpQHmK2 Q` �`2�XV .2bTBi2
i?Bb ;QQ/ +Q``2H�iBQM- i?2 bmK Q7 i?2 +�pBiv �M/ /BbT2`bBQM 2M2`;v i?�i ;Bp2b i?2 MQMTQ@
H�` +QKTQM2Mi Q7 bQHp�iBQM :B##b 2M2`;v M2Bi?2` +Q``2H�i2b rBi? i?2 KQH2+mH�` bBx2 MQ` i?2
2tTHB+Bi@bQHp2Mi `2bmHibX h?2 `2�bQM Bb i?�i i?2 MQMTQH�` +QKTQM2Mi Q7 bQHp�iBQM Bb i?2 bmK
Q7 irQ �MiB@+Q``2H�i2/ [m�MiBiB2b Q7 i?2 b�K2 Q`/2` Q7 K�;MBim/2X h?2`27Q`2- i?2 MQMTQH�`
bQHp�iBQM 2M2`;v Bb /QKBM�i2/ #v i?2 MQBb2 BM i?2 KQ/2HǶb T`2/B+iBQMb Q7 i?2 irQ [m�MiBiB2b-
M�K2Hv- i?2 +�pBiv �M/ /BbT2`bBQM 2M2`;B2bX AM Qi?2` rQ`/b- i?2 /2pB�iBQMb Q7 KQ/2H T`2/B+@
iBQMb 7`QK � T2`72+i +Q``2H�iBQM U7Q` i?2 +�pBiv i2`KV Q` �MiB@+Q``2H�iBQM U7Q` i?2 /BbT2`bBQM
i2`KV rBi? i?2 bBx2 Q7 bK�HH KQH2+mH2b �`2 BM i?2 b�K2 Q`/2` Q7 K�;MBim/2 �b i?2 MQMTQ@
H�` 2M2`;B2bX aBKBH�`Hv- i?2 aGA*fa�a� T`2/B+iBQMb Q7 MQMTQH�` ?v/`�iBQM �`2 BM�++m`�i2
�M/ TQQ`Hv +Q``2H�i2/ rBi? i?2 2tTHB+Bi@bQHp2Mi /�i�X h?Bb TQQ` T2`7Q`K�M+2 bm;;2bib i?�i
BKTHB+Bi MQMTQH�` KQ/2Hb i?�i bQH2Hv BM+Q`TQ`�i2 �`2� Q` pQHmK2 /2T2M/�Mi /2b+`BTiQ`b �`2
BMbm{+B2Mi iQ +�Tim`2 MQMTQH�` bQHp�iBQMX Pi?2` kR-kj-dk-Ny-NkX *QQT2` �M/ "�`/?�M ?�p2
`2+2MiHv T`QTQb2/ �M �mbTB+BQmb �TT`Q�+? r?2`2 i?2v mb2 � bBKTH2 KQ/2H iQ K�F2 �++m`�i2
T`2/B+iBQMb Q7 MQMTQH�` bQHp�iBQM 7Q` bK�HH KQH2+mH2b Q7 �`#Bi`�`v b?�T2bk8X

AQMB+ HB[mB/ bQHp�iBQM bim/v /2KQMbi`�i2/ aGA*fa�a� ′b �#BHBiv iQ K�F2 �++m`�i2 T`2/B+@
iBQMb Q7 bQHp�iBQM :B##b 2M2`;B2b �M/ 2Mi`QTB2b BM +QKTH2t bQHp2MibX �++m`�i2 T`2/B+iBQMb
Q7 bQHp�iBQM T`QT2`iB2b- bB;MB}+�MiHv HQr2` +QKTmi�iBQM�H +Qbi BM +QKT�`BbQM iQ 2tTHB+Bi@
bQHp2Mi bBKmH�iBQMb- �M/ i?2 +?�HH2M;2b �bbQ+B�i2/ rBi? i?2 bHQr /vM�KB+b Q7 bQHp�iBQM BM
2tTHB+Bi@bQHp2Mi bBKmH�iBQMb BM BQMB+ HB[mB/bdj-Ryy K�F2 i?2 aGA*fa�a� KQ/2H � p2`v �T@
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R J�iH�# pXeX J�i?rQ`Fb- AM+X
k *_* ?�M/#QQF Q7 +?2KBbi`v �M/ T?vbB+b- pQHmK2 38X *_* S`2bb- kyy9X
j �X �#`�b?FBM- .X �M/2HK�M- �M/ >X P`H�M/X .BTQH�` SQBbbQMĜ"QHixK�MM 2[m�iBQM, BQMb �M/

/BTQH2b +HQb2 iQ +?�`;2 BMi2`7�+2bX S?vbX _2pX G2iiX- NN,ydd3yR- kyydX
9 CX �H2D�M/`2- aX 1X J�`iBM2x@*�b�b- �M/ :X �X *?�T2H�X PM i?2 +�H+mH�iBQM Q7 i?2 bT?2`B+Biv

7�+iQ` 7Q` 7mb2/ ?�`/ bT?2`2 KQH2+mH2bX JQHX S?vbX- e8U8V,RR38ĜRRNj- RN33X
8 CX ³[pBbi �M/ hX >�MbbQMX PM i?2 p�HB/Biv Q7 2H2+i`Qbi�iB+ HBM2�` `2bTQMb2 BM TQH�` bQHp2MibX CX

S?vbX *?2KX- Ryy,N8RkĜN8kR- RNNeX
e *X �xm�`�- >X P`H�M/- JX "QM- SX EQ2?H- �M/ JX .2H�`m2X AM+Q`TQ`�iBM; /BTQH�` bQHp2Mib rBi?

p�`B�#H2 /2MbBiv BM SQBbbQMĜ"QHixK�MM 2H2+i`Qbi�iB+bX "BQT?vbX CX- N8,883dĜ8ey8- kyy3X
d CX SX "�`/?�MX "BQKQH2+mH�` 2H2+i`Qbi�iB+běA r�Mi vQm` bQHp�iBQM UKQ/2HVX *QKTmiX a+BX

.Bb+QpX- 8,yRjyyR- kyRkX
3 CX SX "�`/?�M- SX CmM;rB`i?- �M/ GX J�FQrbFBX �{M2@`2bTQMb2 KQ/2H Q7 KQH2+mH�` bQHp�iBQM Q7

BQMb, �++m`�i2 T`2/B+iBQMb Q7 �bvKK2i`B+ +?�`;BM; 7`22 2M2`;B2bX CX *?2KX S?vbX- Rjd,Rk9RyR-

kyRkX
N CX SX "�`/?�M �M/ JX :X EM2TH2vX JQ/2HBM; +?�`;2@bB;M �bvKK2i`B+ bQHp�iBQM 7`22 2M2`;B2b

rBi? MQMHBM2�` #QmM/�`v +QM/BiBQMbX CX *?2KX S?vbX- R9R,RjRRyj- kyR9X
Ry �X "2M@L�BKX aQHp�iBQM i?2`KQ/vM�KB+bX aT`BM;2`- RN3dX
RR �X "2M@L�BK �M/ uX J�`+mbX ai�M/�`/ i?2`KQ/vM�KB+b Q7 i`�Mb72`X mb2b �M/ KBbmb2bX CX S?vbX

*?2KX- 3kUdV,dNkĜ3yj- RNd3X
Rk �X "2M@L�BK �M/ uX J�`+mbX aQHp�iBQM i?2`KQ/vM�KB+b Q7 MQMBQMB+ bQHmi2bX CX *?2KX S?vbX-

3RU9V,kyReĜkykd- RN39X
Rj GX "HmKX J2�M bT?2`B+�H KQ/2H 7Q` �bvKK2i`B+ 2H2+i`QHvi2b, AX K2i?Q/ Q7 bQHmiBQMX JQHX S?vbX-

jyU8V,R8kNĜR8j8- RNd8X
R9 GX "HmK �M/ qX _X 6�r+2iiX �TTHB+�iBQM Q7 i?2 K2�M bT?2`B+�H �TT`QtBK�iBQM iQ /2b+`B#2 i?2

:B##b bQHp�iBQM 2M2`;B2b Q7 KQMQp�H2Mi KQMQ�iQKB+ BQMb BM TQH�` bQHp2MibX CX S?vbX *?2KX-

NeURV,9y3Ĝ9R9- RNNkX
R8 CX PǶJX "Q+F`Bb- JX �X oX .2p�M�i?�M- �M/ EX JɃHH2`X PM i?2 bi`m+im`2 Q7 +?�`;2/ BMi2`7�+2bX

S`Q+X _Qv�H aQ+X GQM/QMX �, J�i?X �M/ S?vbX a+BX- kd9,88ĜdN- RNejX

je



Re .X CX "QMi?mBb �M/ _X _X L2ixX "2vQM/ i?2 +QMiBMmmK, ?Qr KQH2+mH�` bQHp2Mi bi`m+im`2 �z2+ib

2H2+i`Qbi�iB+b �M/ ?v/`Q/vM�KB+b �i bQHB/Ĝ2H2+i`QHvi2 BMi2`7�+2bX CX S?vbX *?2KX "- RRd,RRjNdĜ

RR9Rj- kyRjX
Rd AX "Q`mF?Qp- .X �M/2HK�M- �M/ >X P`H�M/X ai2`B+ 2z2+ib BM 2H2+i`QHvi2b, � KQ/B}2/ SQBbbQMĜ

"QHixK�MM 2[m�iBQMX S?vbX _2pX G2iiX- dN,9j8Ĝ9j3- RNNdX
R3 hX "Qm#HőFX 1[m�iBQM Q7 bi�i2 Q7 HBM2�` 7mb2/ ?�`/@bT?2`2 KQ/2HbX JQHX S?vbX- e3URV,RNRĜRN3-

RN3NX
RN "X .X "m`bmH�v� �M/ *X GX "`QQFb AAAX *QKT�`�iBp2 bim/v Q7 i?2 7QH/BM; 7`22 2M2`;v H�M/b+�T2

Q7 � i?`22@bi`�M/2/ β@b?22i T`Qi2BM rBi? 2tTHB+Bi �M/ BKTHB+i bQHp2Mi KQ/2HbX CX S?vbX *?2KX

"- Ry9,Rkjd3ĜRkj3j- kyyyX
ky .X aX *2`miiB- LX �X "�F2`- �M/ CX �X J+*�KKQMX aQHp2Mi `2�+iBQM }2H/ TQi2MiB�H BMbB/2 �M

mM+?�`;2/ ;HQ#mH�` T`Qi2BM, � #`B/;2 #2ir22M BKTHB+Bi �M/ 2tTHB+Bi bQHp2Mi KQ/2Hb\ CX *?2KX

S?vbX- Rkd,R88RyR- kyydX
kR �X *?�F`�pQ`iv- 1X :�HHB++?BQ- �M/ 1X �H2tQpX � ;`B/@#�b2/ �H;Q`Bi?K BM +QMDmM+iBQM rBi?

� ;�mbbB�M@#�b2/ KQ/2H Q7 �iQKb 7Q` /2b+`B#BM; KQH2+mH�` ;2QK2i`vX CX *QKTmiX *?2KX-

9yURkV,RkNyĜRjy9- kyRNX
kk �X *X *?�K#2`HBM- *X CX *`�K2`- �M/ .X :X h`m?H�`X 1ti2MbBQM Q7 � i2KT2`�im`2@/2T2M/2Mi

�[m2Qmb bQHp�iBQM KQ/2H iQ +QKTQmM/b +QMi�BMBM; MBi`Q;2M- ~mQ`BM2- +?HQ`BM2- #`QKBM2- �M/

bmH7m`X CX S?vbX *?2KX "- RRk,jyk9ĜjyjN- kyy3X
kj JX *?2M- "X hm- �M/ "X GmX h`B�M;mH�i2/ K�MB7QH/ K2b?BM; K2i?Q/ T`2b2`pBM; KQH2+mH�`

bm`7�+2 iQTQHQ;vX CX JQHX :`�T?B+b JQ/2HBM;- kyRkX
k9 AX@GX *?2`M- CX@:X GBm- �M/ qX@*X q�M;X �++m`�i2 2p�Hm�iBQM Q7 2H2+i`Qbi�iB+b 7Q` K�+`Q@

KQH2+mH2b BM bQHmiBQMX J2i?Q/b �TTHX �M�HX- Ry,jyNĜjk3- kyyjX
k8 *X *QQT2` �M/ CX SX "�`/?�MX � bBKTH2 2H2+i`Qbi�iB+ KQ/2H 7Q` i?2 ?�`/@bT?2`2 bQHmi2 +QKTQM2Mi

Q7 MQMTQH�` bQHp�iBQMX �`sBp T`2T`BMi �`sBp,kyy8XRjyRN- kykyX
ke *X _X *Q`#2BH- hX amH2�- �M/ 1X PX Sm`BbBK�X _�TB/ T`2/B+iBQM Q7 bQHp�iBQM 7`22 2M2`;vX kX h?2

}`bi@b?2HH ?v/`�iBQM U6Ba>V +QMiBMmmK KQ/2HX CX *?2KX h?2Q`v *QKTmiX- e,RekkĜRejd- kyRyX
kd aX .�b- aX *?�F`�#Q`iv- �M/ aX EX JBi`�X _2/2}MBM; 2H2+i`B+�H /Qm#H2 H�v2` i?B+FM2bb BM M�``Qr

+QM}M2K2Mib, 2z2+i Q7 bQHp2Mi TQH�`Bx�iBQMX S?vbX _2pX 1- 38,y8R8y3- kyRkX
k3 SX .2#v2 �M/ 1X >mɃ+F2HX wm` i?2Q`B2 /2` 2H2Fi`QHvi2 BBX /�b ;`2Mx;2b2ix 7Ƀ` /B2 2H2Fi`Bb+?2

H2Bi7 ?B;F2Bi Ui?2Q`v Q7 2H2+i`QHvi2bĜHBKBiBM; H�r 7Q` 2H2+i`B+�H +QM/m+iBpBivVX S?vbBF w- k9,jy8Ĝ

jd



jk8- RNkjX
kN _X _X .Q;QM�/x2 �M/ �X �X EQ`Mvb?2pX SQH�` bQHp2Mi bi`m+im`2 BM i?2 i?2Q`v Q7 BQMB+ bQHp�iBQMX

CX *?2KX aQ+X 6�`�/�v h`�MbX k- dy,RRkRĜRRjk- RNd9X
jy CX CX .rv2`- �X :X :BiiBb- .X �X E�`T- 1X 1X G�iiK�M- .X aX aT2M+2`- qX 1X aiBi2b- �M/

"X :�`+ő� JQ`2MQ 1X >B;? �TT�`2Mi /B2H2+i`B+ +QMbi�Mib BM i?2 BMi2`BQ` Q7 � T`Qi2BM `2~2+i

r�i2` T2M2i`�iBQMX "BQT?vbX CX- dN,ReRyĜReky- kyyyX
jR CX .xm#B2HH�- CX JX CX ar�MbQM- �M/ CX �X J+*�KKQMX *QmTHBM; ?v/`QT?Q#B+Biv- /BbT2`bBQM-

�M/ 2H2+i`Qbi�iB+b BM +QMiBMmmK bQHp2Mi KQ/2HbX S?vbX _2pX G2iiX- Ne,y3d3yk- kyyeX
jk CX 6HQ`B�M �M/ �X q�`b?2HX *�H+mH�iBQMb Q7 ?v/`�iBQM 2Mi`QTB2b Q7 ?v/`QT?Q#B+- TQH�`- �M/

BQMB+ bQHmi2b BM i?2 7`�K2rQ`F Q7 i?2 G�M;2pBM /BTQH2b bQHp�iBQM KQ/2HX CX S?vbX *?2KX "-

Ryj,Ryk3kĜRyk33- RNNNX
jj 1X :�HHB++?BQ- JX JX Em#Q- �M/ _X JX G2pvX 1Mi?�HTvĜ2Mi`QTv �M/ +�pBiv /2+QKTQbBiBQM Q7

�HF�M2 ?v/`�iBQM 7`22 2M2`;B2b, MmK2`B+�H `2bmHib �M/ BKTHB+�iBQMb 7Q` i?2Q`B2b Q7 ?v/`QT?Q#B+

bQHp�iBQMX CX S?vbX *?2KX "- Ry9UkeV,ekdRĜek38- kyyyX
j9 oX :�pBMB- EX "?�ii�+?�`v�- �M/ JX P`iBxX Zm�bB@+QMiBMmmK Q`#Bi�H@7`22 /2MbBiv@7mM+iBQM�H

i?2Q`v, � `Qmi2 iQ KmHiB@KBHHBQM �iQK MQM@T2`BQ/B+ .6h +�H+mH�iBQMX CQm`M�H Q7 i?2 J2+?�MB+b

�M/ S?vbB+b Q7 aQHB/b- 88,eNdĜdR3- kyydX
j8 >X :QM; �M/ EX 6X 6`22/X G�M;2pBMĜ.2#v2 KQ/2H 7Q` MQMHBM2�` 2H2+i`Qbi�iB+ b+`22MBM; Q7 bQHp�i2/

BQMbX S?vbX _2pX G2iiX- RykUy8deyjV- kyyNX
je >X :QM; �M/ EX 6X 6`22/X 1H2+i`Qbi�iB+ bQHp�iBQM 2M2`;v 7Q` irQ QTTQbBi2Hv +?�`;2/ BQMb BM �

bQHp�i2/ T`Qi2BM bvbi2K, a�Hi #`B/;2b +�M bi�#BHBx2 T`Qi2BMbX "BQT?vbX CX- N3UjV,9dyĜ9dd- 62#

kyRyX
jd SX :`Q+?QrbFB �M/ CX h`vHbF�X *QMiBMmmK KQH2+mH�` 2H2+i`Qbi�iB+b- b�Hi 2z2+ib- �M/ +QmMi2`BQM

#BM/BM;ě� `2pB2r Q7 i?2 SQBbbQMĜ"QHixK�MM i?2Q`v �M/ Bib KQ/B}+�iBQMbX "BQTQHvK2`b- 3N,NjĜ

RRj- kyydX
j3 �X :`Qbb}2H/X .2T2M/2M+2 Q7 BQM ?v/`�iBQM QM i?2 bB;M Q7 i?2 BQMǶb +?�`;2X CX *?2KX S?vbX-

Rkk,yk98ye- kyy8X
jN 1X �X :m;;2M?2BKX JBtim`2b, i?2 i?2Q`v Q7 i?2 2[mBHB#`BmK T`QT2`iB2b Q7 bQK2 bBKTH2 +H�bb2b Q7

KBtim`2b- bQHmiBQMb �M/ �HHQvbX *H�`2M/QM S`2bb- RN8kX
9y �X >BH/2#`�M/iX "BQKQH2+mH2b BM � bi`m+im`2/ bQHp2Mi, � MQp2H 7Q`KmH�iBQM Q7 MQMHQ+�H 2H2+i`Q@

bi�iB+b �M/ Bib MmK2`B+�H bQHmiBQMX S?. i?2bBb- lMBp2`bBi i /2b a��`H�M/2b- kyy8X
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9R "X >QMB; �M/ �X LB+?QHHbX *H�bbB+�H 2H2+i`Qbi�iB+b BM #BQHQ;v �M/ +?2KBbi`vX a+B2M+2- ke3,RR99Ĝ

RR9N- RNN8X
9k JX JX >m�M;- uX CB�M;- SX a�bBb�MF2`- :X qX .`Bp2`- �M/ >X q2BM; `iM2`X ai�iB+ `2H�iBp2

/B2H2+i`B+ T2`KBiiBpBiB2b Q7 BQMB+ HB[mB/b �i k8 +X CX *?2KX 1M;X .�i�- 8eU9V,R9N9ĜR9NN- kyRRX
9j CX >mM;2`- �X aiQTT�- aX a+?`ƺ/H2- :X >27i2`- _X- �M/ "m+?M2`X h2KT2`�im`2 /2T2M/2M+2 Q7

i?2 /B2H2+i`B+ T`QT2`iB2b �M/ /vM�KB+b Q7 BQMB+ HB[mB/bX *?2KS?vb*?2K- RyU9V,dkjĜdjj- kyRRX
99 CX .X C�+FbQMX *H�bbB+�H 1H2+i`Q/vM�KB+bX qBH2v- L2r uQ`F- jrd 2/BiBQM- RNN3X
98 �X C�F�HB�M- "X GX "mb?- .X "X C�+F- �M/ *X AX "�vHvX 6�bi- 2{+B2Mi ;2M2`�iBQM Q7 ?B;?@[m�HBiv

�iQKB+ +?�`;2bX �KR@#++ KQ/2H, AX K2i?Q/X CX *QKTmiX *?2KX- kRUkV,RjkĜR9e- kyyyX
9e �X C�F�HB�M- .X "X C�+F- �M/ *X AX "�vHvX 6�bi- 2{+B2Mi ;2M2`�iBQM Q7 ?B;?@[m�HBiv �iQKB+

+?�`;2bX �KR@#++ KQ/2H, ABX T�`�K2i2`Bx�iBQM �M/ p�HB/�iBQMX CX *QKTmiX *?2KX- kjUReV,RekjĜ

Re9R- kyykX
9d hX aX EHQixX LmK2`B+�H �M�HvbBb Q7 LQMHBM2�` "QmM/�`v AMi2;`�H 1[m�iBQMb �`BbBM; BM JQH2+mH�`

"BQHQ;vX S?. i?2bBb- _B+2 lMBp2`bBiv- kyRNX
93 SX EQ2?H- >X P`H�M/- �M/ JX .2H�`m2X "2vQM/ i?2 SQBbbQMĜ"QHixK�MM, KQ/2HBM; #BQKQH2+mH2@

r�i2` �M/ r�i2`@r�i2` BMi2`�+iBQMbX S?vbX _2pX G2iiX- Ryk,y3d3yR- kyyNX
9N SX EQ2?H- >X P`H�M/- �M/ JX .2H�`m2X �/�TiBM; SQBbbQMĜ"QHixK�MM iQ i?2 b2H7@+QMbBbi2Mi K2�M

}2H/ i?2Q`v, �TTHB+�iBQM iQ T`Qi2BM bB/2@+?�BM KQ/2HBM;X CX *?2KX S?vbX- Rj8,y88Ry9- kyRRX
8y SX EQHHK�MX 6`22 2M2`;v +�H+mH�iBQMb, �TTHB+�iBQMb iQ +?2KB+�H �M/ #BQ+?2KB+�H T?2MQK2M�X

*?2KX _2pX- Nj,kjN8Ĝk9Rd- RNNjX
8R �X �X EQ`Mvb?2p �M/ :X amiK�MMX h?2 b?�T2 Q7 i?2 MQMHQ+�H /B2H2+i`B+ 7mM+iBQM Q7 TQH�` HB[mB/b

�M/ i?2 BKTHB+�iBQMb 7Q` i?2`KQ/vM�KB+ T`QT2`iB2b Q7 2H2+i`QHvi2b, � +QKT�`�iBp2 bim/vX CX

*?2KX S?vbX- Ry9,R8k9- RNNeX
8k LX EQ`QH2p- �X SX Gvm#�`ib2p- �X _mTT`2+?i- �M/ GX LQ`/2MbFBƺH/X *QKT2iBiBp2 #BM/BM; Q7

J;kY- *�kY- L�Y- �M/ EY BQMb iQ .L� BM Q`B2Mi2/ .L� }#2`b, 2tT2`BK2Mi�H �M/ JQMi2

*�`HQ bBKmH�iBQM `2bmHibX "BQT?vbX CX- dd,kdjeĜkd9N- RNNNX
8j AX E`QbbBM;- CX JX aH�ii2`v- *X .�;m2M2i- SX CX .vbQM- �X PH2BMBFQp�- �M/ >X q2BM; `iM2`X q?v

�`2 BQMB+ HB[mB/b HB[mB/\ � bBKTH2 2tTH�M�iBQM #�b2/ QM H�iiB+2 �M/ bQHp�iBQM 2M2`;B2bX CX S?vbX

*?2KX- Rk3U9RV,Rj9kdĜRj9j9- kyyeX
89 JX �X JX G�iB7- LX JB+�āHQ- �M/ JX "X �X _�?K�MX aQHp�iBQM 7`22 2M2`;B2b BM (#KBK)@#�b2/

BQMB+ HB[mB/b, �MBQM 2z2+i iQr�`/ bQHp�iBQM Q7 �KBMQ �+B/ bB/2 +?�BM �M�HQ;m2bX *?2KX S?vbX

jN



G2iiX- eR8,eNĜd9- kyR9X
88 qX JX G�iBK2`- EX aX SBix2`- �M/ *X JX aH�MbFvX h?2 7`22 2M2`;v Q7 ?v/`�iBQM Q7 ;�b2Qmb BQMb-

�M/ i?2 �#bQHmi2 TQi2MiB�H Q7 i?2 MQ`K�H +�HQK2H 2H2+i`Q/2X CX *?2KX S?vbX- d,Ry3ĜRRk- RNjNX
8e _X JX G2pv �M/ 1X :�HHB++?BQX *QKTmi2` bBKmH�iBQMb rBi? 2tTHB+Bi bQHp2Mi, `2+2Mi T`Q;`2bb BM

i?2 i?2`KQ/vM�KB+ /2+QKTQbBiBQM Q7 7`22 2M2`;B2b �M/ BM KQ/2HBM; 2H2+i`Qbi�iB+ 2z2+ibX �MMmX

_2pX S?vbX *?2KX- 9NURV,8jRĜ8ed- RNN3X
8d aX hX GBM �M/ aX AX a�M/H2`X AM}MBi2 /BHmiBQM �+iBpBiv +Q2{+B2Mib 7`QK �# BMBiBQ bQHp�iBQM +�H+m@

H�iBQMbX �A*?1 CQm`M�H- 98,keyeĜkeR3- RNNNX
83 aX hX GBM �M/ aX AX a�M/H2`X � T`BQ`B T?�b2 2[mBHB#`BmK T`2/B+iBQM 7`QK � b2;K2Mi +QMi`B#miBQM

bQHp�iBQM KQ/2HX AM/X 1M;X *?2KX _2bX- 9R,3NNĜNRj- kyykX
8N a?B�M;@h�B GBM- C�22QM *?�M;- a?m q�M;- qBHHB�K � :Q//�`/- �M/ ai�MH2v A a�M/H2`X S`2@

/B+iBQM Q7 p�TQ` T`2bbm`2b �M/ 2Mi?�HTB2b Q7 p�TQ`Bx�iBQM mbBM; � +QbKQ bQHp�iBQM KQ/2HX

DT?vb+?2K�- Ry3UjeV,d9kNĜd9jN- kyy9X
ey aX _X GmbiB;X aT2+B�iBQM BM 2H2+i`QHvi2b mbBM; i?2 +QbKQ@`b bQHmiBQM KQ/2HX 6HmB/ S?X 1[mBHB#`B�-

8kR,RRkdRd- kykyX
eR _X JX GvM/2M@"2HH- CX *X _�b�B�?- �M/ CX SX LQrQ`vi�X lbBM; bBKmH�iBQM iQ bim/v bQHp�iBQM BM

r�i2`X Sm`2 �TTHX *?2KX- dj,RdkRĜRdjR- kyyRX
ek "X J2MMm++BX *QMiBMmmK bQHp�iBQM KQ/2Hb, r?�i 2Hb2 +�M r2 H2�`M 7`QK i?2K\ CX S?vbX *?2KX

G2iiX- R,ReeeĜRed9- kyRyX
ej aX JB2`imb- 1X a+`Q++Q- �M/ CX hQK�bBX 1H2+i`Qbi�iB+ BMi2`�+iBQMb Q7 � bQHmi2 rBi? � +QMiBMmmK

Ĝ � /B`2+i miBHBx�iBQM Q7 �# BMBiBQ KQH2+mH�` TQi2MiB�Hb 7Q` i?2 T`2pBbBQM Q7 bQHp2Mi 2z2+ibX *?2KX

S?vbX- 88URV,RRdĜRkN- RN3RX
e9 .X GX JQ#H2v- *X AX "�vHv- JX .X *QQT2`- JX _X a?B`ib- �M/ EX �X .BHHX aK�HH KQH2+mH2 ?v/`�iBQM

7`22 2M2`;B2b BM 2tTHB+Bi bQHp2Mi, �M 2ti2MbBp2 i2bi Q7 }t2/@+?�`;2 �iQKBbiB+ bBKmH�iBQMbX CX *?2KX

h?2Q`v *QKTmiX- 8UkV,j8yĜj83- kyyNX
e8 �X JQH�pB h�#`BxB- aX :QQbb2Mb- �X J2?/Bx�/2? _�?BKB- *X .X *QQT2`- JX :X EM2TH2v- �M/

CX SX "�`/?�MX 1ti2M/BM; i?2 bQHp�iBQM@H�v2` BMi2`7�+2 +QM/BiBQM UaGA*V +QMiBMmmK 2H2+i`Qbi�iB+

KQ/2H iQ HBM2�`Bx2/ SQBbbQMĜ"QHixK�MM bQHp2MiX CX *?2KX h?2Q`v *QKTmiX- Rj,k3NdĜkNR9- kyRdX
ee �X JQH�pB h�#`BxB- aX :QQbb2Mb- �X J2?/Bx�/2? _�?BKB- JX EM2TH2v- �M/ CX SX "�`/?�MX

S`2/B+iBM; bQHp�iBQM i?2`KQ/vM�KB+b rBi? /B2H2+i`B+ +QMiBMmmK i?2Q`v �M/ � bQHp�iBQM@H�v2`

BMi2`7�+2 +QM/BiBQM UaGA*VX CX *?2KX S?vbX- R9eUyN9RyjV- kyRdX

9y



ed �X JQH�pB h�#`BxB- JX EM2TH2v- �M/ CX SX "�`/?�MX :2M2`�HBxBM; i?2 K2�M bT?2`B+�H �TT`QtBK�@

iBQM �b � KmHiBb+�H2- MQMHBM2�` #QmM/�`v +QM/BiBQM �i i?2 bQHmi2ĜbQHp2Mi BMi2`7�+2X JQHX S?vbX-

RR9,k883Ĝk8ed- kyReX
e3 �X JmF?QT�/?v�v- "X >X �;mBH�`- AX aX hQHQF?- �M/ �X oX PMm7`B2pX AMi`Q/m+BM; +?�`;2 ?v/`�@

iBQM �bvKK2i`v BMiQ i?2 :2M2`�HBx2/ "Q`M KQ/2HX CX *?2KX h?2Q`v *QKTmiX- Ry,Rd33ĜRdN9-

kyR9X
eN �X JmF?QT�/?v�v- �X hX 62MH2v- AX aX hQHQF?- �M/ �X oX PMm7`B2pX *?�`;2 ?v/`�iBQM �bvKK2i`v,

i?2 #�bB+ T`BM+BTH2 �M/ ?Qr iQ mb2 Bi iQ i2bi �M/ BKT`Qp2 r�i2` KQ/2HbX CX S?vbX *?2KX "-

RRe,Ndde�īǳNd3j- kyRkX
dy JX LBM�- .X "2;HQp- �M/ "X _QmtX �iQKB+ `�/BB 7Q` +QMiBMmmK 2H2+i`Qbi�iB+b +�H+mH�iBQMb #�b2/

QM KQH2+mH�` /vM�KB+b 7`22 2M2`;v bBKmH�iBQMbX CX S?vbX *?2KX "- RyR,8kjNĜ8k93- RNNdX
dR >X LvK2v2` �M/ �X 1X :�`+ő�X aBKmH�iBQM Q7 i?2 7QH/BM; 2[mBHB#`BmK Q7 α@?2HB+�H T2TiB/2b, �

+QKT�`BbQM Q7 i?2 ;2M2`�HBx2/ "Q`M �TT`QtBK�iBQM rBi? 2tTHB+Bi bQHp2MiX SL�a- RyyUk9V,RjNj9Ĝ

RjNjN- kyyjX
dk aX Pm- CX �X .`�F2- �M/ "X JX S2iiBiiX LQMTQH�` bQHp�iBQM 7`22 2M2`;v 7`QK T`QtBK�H /Bbi`B#miBQM

7mM+iBQMbX CX S?vbX *?2KX "- RkRUR8V,j888Ĝj8e9- kyRdX
dj hX S�H �M/ _X "Bbr�bX aHQr bQHp�iBQM BM BQMB+ HB[mB/b, *QMM2+iBQMb iQ MQM@;�mbbB�M KQp2b �M/

KmHiB@TQBMi +Q``2H�iBQMbX CX *?2KX S?vbX- R9RURyV,TRy98yR- kyRNX
d9 �X aX S�Hm+?- *X �X oBii2`- CX EX a?�?- �M/ 1X CX J�;BMMX � +QKT�`BbQM Q7 i?2 bQHp�iBQM i?2`@

KQ/vM�KB+b Q7 �KBMQ �+B/ �M�HQ;m2b BM r�i2`- R@Q+i�MQH �M/ R@M@�HFvH@j@K2i?vHBKB/�xQHBmK

#BbUi`B~mQ`K2i?vHbmH7QMvHVBKB/2 BQMB+ HB[mB/b #v KQH2+mH�` bBKmH�iBQMX CX *?2KX S?vbX-

RjdUR3V,R398y9- kyRkX
d8 �X J2?/Bx�/2? _�?BKB- �X JQH�pB h�#`BxB- aX :QQbb2Mb- JX :X EM2TH2v- �M/ CX SX "�`/?�MX

aQHp�iBQM i?2`KQ/vM�KB+b Q7 M2mi`�H �M/ +?�`;2/ bQHmi2b mbBM; i?2 bQHp�iBQMɢ@H�v2` BMi2`7�+2

+QM/BiBQM +QMiBMmmK /B2H2+i`B+ KQ/2HX AMiX CX Zm�MimK *?2K- RRNURV,2k8ddR- kyRNX
de aX _�D�K�MB- hX :?Qb?- �M/ aX :�`/2X aBx2 /2T2M/2Mi BQM ?v/`�iBQM- Bib �bvKK2i`v- �M/

+QMp2`;2M+2 iQ K�+`Qb+QTB+ #2?�pBQ`X CX *?2KX S?vbX- Rky,998d- kyy9X
dd JX JX _2B7 �M/ SX >X >ɃM2M#2`;2`X P`B;BM Q7 �bvKK2i`B+ bQHp�iBQM 2z2+ib 7Q` BQMb BM r�i2`

�M/ Q`;�MB+ bQHp2Mib BMp2biB;�i2/ mbBM; KQH2+mH�` /vM�KB+b bBKmH�iBQMb, i?2 ar�BM �+Biv@#�bBiv

b+�H2 `2pBbBi2/X CX S?vbX *?2KX "- Rky,3938Ĝ38Rd- kyReX
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d3 �X _v#BMbF�@6`v+�- �X aQbMQrbF�- �M/ hX SmxvMX S`2/B+iBQM Q7 /B2H2+i`B+ +QMbi�Mi Q7 BQMB+

HB[mB/bX CX JQHX GB[- key,8dĜe9- kyR3X
dN GX a�M/#2`;- _X *�b2Kv`- �M/ PX 1/?QHKX *�H+mH�i2/ ?v/`�iBQM 7`22 2M2`;B2b Q7 bK�HH Q`;�MB+

KQH2+mH2b mbBM; � MQMHBM2�` /B2H2+i`B+ +QMiBMmmK KQ/2HX CX S?vbX *?2KX "- Rye,d33NĜd3Nd-

kyykX
3y JX a�MM2`- �X CX PHbQM- �M/ CX *X aT2?M2`X _2/m+2/ bm`7�+2, �M 2{+B2Mi r�v iQ +QKTmi2

KQH2+mH�` bm`7�+2bX "BQTQHvK2`b- j3,jy8Ĝjky- RNNeX
3R JX a+?�272` �M/ *X 6`Q2KK2HX � T`2+Bb2 �M�HviB+�H K2i?Q/ 7Q` +�H+mH�iBM; i?2 2H2+i`Qbi�iB+

2M2`;v Q7 K�+`QKQH2+mH2b BM �[m2Qmb bQHmiBQMX CX JQHX "BQHX- kRe,Ry98ĜRyee- RNNyX
3k EX �X a?�`T �M/ "X >QMB;X 1H2+i`Qbi�iB+ BMi2`�+iBQMb BM K�+`QKQH2+mH2b, h?2Q`v �M/ �TTHB+�@

iBQMbX �MMmX _2pX "BQT?vbX "BQX- RN,jyRĜjjk- RNNyX
3j JX _X a?B`ib �M/ oX aX S�M/2X aQHp�iBQM 7`22 2M2`;B2b Q7 �KBMQ �+B/ bB/2 +?�BM �M�HQ;b 7Q`

+QKKQM KQH2+mH�` K2+?�MB+b r�i2` KQ/2HbX CX *?2KX S?vbX- RkkURj98y3V- kyy8X
39 hX aBKQMbQMX J�+`QKQH2+mH�` 2H2+i`Qbi�iB+b, *QMiBMmmK KQ/2Hb �M/ i?2B` ;`QrBM; T�BMbX *m``X

PTBMX ai`m+X "BQHX- RR,k9jĜk8k- kyyRX
38 .X aBiFQz- EX �X a?�`T- �M/ "X >QMB;X �++m`�i2 +�H+mH�iBQM Q7 ?v/`�iBQM 7`22 2M2`;B2b mbBM;

K�+`Qb+QTB+ bQHp2Mi KQ/2HbX CX S?vbX *?2KX "- N3,RNd3ĜRN33- RNN9X
3e �X ai�p2`K�MX h?2 2Mi`QTv Q7 ?B;? TQHvK2` bQHmiBQMbX ;2M2`�HBx�iBQM Q7 7Q`KmH�2X h`�pX *?BKX

S�vb@"�b- eN,RejĜRd9- RN8yX
3d .X aiB;i2`X AMi2`�+iBQMb Q7 ?B;?Hv +?�`;2/ +QHHQB/�H +vHBM/2`b rBi? �TTHB+�iBQMb iQ /Qm#H2@

bi`�M/2/ .L�X "BQTQHvK2`b- Re,R9j8ĜR993- RNddX
33 *X JX aimHixX �M �bb2bbK2Mi Q7 TQi2MiB�H Q7 K2�M 7Q`+2 +�H+mH�iBQMb rBi? BKTHB+Bi bQHp2Mi KQ/2HbX

CX S?vbX *?2KX "- Ry3,Re8k8ĜRe8jk- kyy9X
3N hX amH2� �M/ 1X PX Sm`BbBK�X PTiBKBxBM; HB;�M/ +?�`;2b 7Q` K�tBKmK #BM/BM; �{MBivX �

bQHp�i2/ BMi2`�+iBQM 2M2`;v �TT`Q�+?X CX S?vbX *?2KX "- Ry8U9V,33NĜ3NN- kyyRX
Ny *X h�M- uX h�M- �M/ _X GmQX AKTHB+Bi MQMTQH�` bQHp2Mi KQ/2HbX CX S?vbX *?2KX "- RRRU9kV,RkkejĜ

Rkkd9- kyydX
NR oX oH�+?vX AQMB+ 2z2+ib #2vQM/ SQBbbQMĜ"QHixK�MM i?2Q`vX �MMmX _2pX S?vbX *?2KX- 8y,R98Ĝ

Re8- RNNNX
Nk CX �X q�;QM2` �M/ LX �X "�F2`X �bb2bbBM; BKTHB+Bi KQ/2Hb 7Q` MQMTQH�` K2�M bQHp�iBQM 7Q`+2b,

h?2 BKTQ`i�M+2 Q7 /BbT2`bBQM �M/ pQHmK2 i2`KbX S`Q+X L�iHX �+�/X a+BX la�- RyjUkkV,3jjRĜ
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3jje- kyyeX
Nj *X q�F�B- �X PH2BMBFQp�- JX Pii- �M/ >X q2BM; `iM2`X >Qr TQH�` �`2 BQMB+ HB[mB/b\ /2i2`@

KBM�iBQM Q7 i?2 bi�iB+ /B2H2+i`B+ +QMbi�Mi Q7 �M BKB/�xQHBmK@#�b2/ BQMB+ HB[mB/ #v KB+`Qr�p2

/B2H2+i`B+ bT2+i`Qb+QTvX CX S?vbX *?2KX "- RyN,Rdyk3ĜRdyjy- kyy8X
N9 CX JX q�Hb? �M/ EX 1X :m##BMbX � KQ/B}2/ i?2`KQ/vM�KB+ T2`im`#�iBQM i?2Q`v 2[m�iBQM 7Q`

KQH2+mH2b rBi? 7mb2/ ?�`/ bT?2`2 +Q`2bX DT?vb+?2K- N9URkV,8RR8Ĝ8Rky- RN33X
N8 CX q�M;- qX q�M;- SX �X EQHHK�M- �M/ .X �X *�b2X �miQK�iB+ �iQK ivT2 �M/ #QM/ ivT2

T2`+2TiBQM BM KQH2+mH�` K2+?�MB+�H +�H+mH�iBQMbX CX JQHX :`�T?X JQ/2HX- k8UkV,k9dĜkey- kyyeX
Ne CX q�M;- _X JX qQH7- CX qX *�H/r2HH- SX �X EQHHK�M- �M/ .X �X *�b2X .2p2HQTK2Mi �M/ i2biBM;

Q7 � ;2M2`�H �J"1_ 7Q`+2 }2H/X CX *QKTmiX *?2KX- k8,RR8dĜRRd9- kyy9X
Nd a?m q�M;- ai�MH2v A a�M/H2`- �M/ *?�m@*?vmM *?2MX _2}M2K2Mi Q7 +QbKQ@ b�+ �M/ i?2

�TTHB+�iBQMbX AM/X 1M;X *?2KX _2bX- 9eUkkV,dkd8Ĝdk33- kyydX
N3 _X sBQM;- aX AX a�M/H2`- �M/ _X AX "m`M2iiX �M BKT`Qp2K2Mi iQ +QbKQ@b�+ 7Q` T`2/B+iBM; i?2`@

KQ/vM�KB+ T`QT2`iB2bX AM/X 1M;X *?2KX _2bX- 8j,3ke8Ĝ3kd3- kyR9X
NN uX EX u�M;- :X LûK2i?v- �M/ >X �X a+?2`�;�X 6`22 2M2`;B2b Q7 ?v/`�iBQM Q7 bQHmi2 KQH2+mH2bX

RX BKT`Qp2K2Mi Q7 i?2 ?v/`�iBQM b?2HH KQ/2H #v 2t�+i +QKTmi�iBQMb Q7 Qp2`H�TTBM; pQHmK2bX CX

S?vbX *?2KX- NR,9Ry8Ĝ9RyN- RN3dX
Ryy uX u�b�F�- JX GX EH2BM- JX L�F�?�`�- �M/ LX J�im#�v�bBX *QKKmMB+�iBQM, 1tTHQ`BM; i?2

`2Q`B2Mi�iBQM Q7 #2Mx2M2 BM �M BQMB+ HB[mB/ pB� KQH2+mH�` /vM�KB+b, 1z2+i Q7 i2KT2`�im`2 �M/

bQHp2Mi 2z2+iBp2 +?�`;2 QM i?2 bHQr /vM�KB+bX CX *?2KX S?vbX- Rj9,RNRRyR- kyRRX
RyR .X uQFQ;�r�- >X a�iQ- hX AK�B- �M/ aX a�F�FBX � ?B;?Hv T�`�HH2HBx�#H2 BMi2;`�H 2[m�iBQM i?2Q`v

7Q` i?`22 /BK2MbBQM�H bQHp2Mi /Bbi`B#miBQM 7mM+iBQM, �TTHB+�iBQM iQ #BQKQH2+mH2bX CX *?2KX

S?vbX- Rjy,ye9RRR- kyyNX
Ryk LX uQb?B/�- hX AK�B- aX S?QM;T?�MT?�M22- �X EQp�H2MFQ- �M/ 6X >B`�i�X JQH2+mH�` `2+Q;MBiBQM

BM #BQKQH2+mH2b bim/B2/ #v bi�iBbiB+�H@K2+?�MB+�H BMi2;`�H@2[m�iBQM i?2Q`v Q7 HB[mB/bX CX S?vbX

*?2KX "- RRj,3djĜ33e- kyyNX
Ryj wX um- JX SX C�+Q#bQM- CX CQbQpBix- *X aX _�TT- �M/ _X �X 6`B2bM2`X 6B`bi@b?2HH bQHp�iBQM

Q7 BQM T�B`b, *Q``2+iBQM Q7 bvbi2K�iB+ 2``Q`b BM BKTHB+Bi bQHp2Mi KQ/2HbX CX S?vbX *?2KX "-

Ry3,ee9jĜee89- kyy9X
Ry9 _X w?QmX 6`22 2M2`;v H�M/b+�T2 Q7 T`Qi2BM 7QH/BM; BM r�i2`, 2tTHB+Bi pbX BKTHB+Bi bQHp2MiX

S`Qi2BMb- 8j,R93ĜReR- kyyjX
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Ry8 _X w?Qm �M/ "X CX "2`M2X *�M � +QMiBMmmK bQHp2Mi KQ/2H `2T`Q/m+2 i?2 7`22 2M2`;v H�M/b+�T2

Q7 � β@?�B`TBM 7QH/BM; BM r�i2`\ S`Q+X L�iHX �+�/X a+BX la�- NNUkyV,RkdddĜRkd3k- kyykX
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�SS1L.As �, _1G�hAPLa>AS "1hq11L h>1 *>�L:1 AL :A""a 1L@

1_:A1a �L. h>1 1G1*h_Pah�hA* *>�_:AL: 1L1_:A1a AL aPGo�hAPL

S_P*1aa

aQHp�iBQM :B##b 2M2`;v Bb � i?2`KQ/vM�KB+ T`QT2`iv i?�i Bb T2`?�Tb #2bi /2}M2/ #v
"2M@L�BK �b i?2 2M2`;v +?�M;2 /m`BM; i?2 T`Q+2bb Q7 BMi`Q/m+BM; � bQHmi2 iQ � bQHmiBQM �i
� ;Bp2M �#bQHmi2 i2KT2`�im`2 T �M/ T`2bbm`2 P X aQHp�iBQM :B##b 2M2`;v Bb � K2�bm`2 Q7 i?2
bQHmi2 ′b �{MBiv 7Q` i?2 bQHp2Mi �M/ +�M #2 /B`2+iHv /2i2`KBM2/ #v 2tT2`BK2Mi�H K2�bm`2@
K2MibX ai�M/�`/ bQHp�iBQM :B##b 2M2`;B2b U∆

solv
G 0V �`2 Q7i2M /2b+`B#2/ �b i?2 :B##b 2M2`;v

+?�M;2 BM i?2 T`Q+2bb Q7 i`�Mb72``BM; � bQHmi2 7`QK � ;�b@T?�b2 �i R �iK iQ � bQHmiBQM@T?�b2
�i R KQHfG +QM+2Mi`�iBQMX "2M@L�BK T`QTQb2/ �M �Hi2`M�iBp2 T`Q+2bb r?2`2 i?2 bQHmi2 Bb
i`�Mb72``2/ 7`QK � ;�b@T?�b2 �i R KQHfG +QM+2Mi`�iBQM iQ � bQHmiBQM@T?�b2 �i R KQHfG +QM@
+2Mi`�iBQMX q2 /2MQi2 i?2 bQHp�iBQM :B##b 2M2`;v +?�M;2 BM i?Bb T`Q+2bb #v ∆

solv
G ∗X 6Q` �

bQHmi2 � BM � bQHmiBQM a- i?2 irQ /2}MBiBQMb �`2 `2H�i2/ i?`Qm;? i?2 2tT`2bbBQM

∆
solv

G
0

� =
[
∆

solv
G

∗
� + kBT ln

(
ρ
sol

� /ρ
g

�
)]

P�=1 �iK
x�=1

, U�@RV

r?2`2 ρ
sol

� �M/ ρ
g

� �`2 i?2 bQHmiBQM@T?�b2 �M/ ;�b@T?�b2 MmK#2` /2MbBiB2b- `2bT2+iBp2HvX
q2 �/QTi i?2 /2}MBiBQM Q7 "2M@L�BK 7Q` i?2 `2bi Q7 i?Bb b2+iBQM �M/ r2 `272` iQ ∆

solv
G ∗

�b bQHp�iBQM :B##b 2M2`;vX *QMbB/2` � ;�b@T?�b2 �M/ � bQHmiBQM@T?�b2 r?2`2 bT2+B2b � �`2
/Bbi`B#mi2/

[A]
g
⇐⇒ [A]

sol
. U�@kV

�i 2[mBHB#`BmK r?2`2 i?2 irQ T?�b2b �`2 �i i?2 b�K2 T`2bbm`2 �M/ i2KT2`�im`2 r2 ?�p2

µ
sol

� = µ
g

�, U�@jV

r?2`2 µ
i

� Bb i?2 +?2KB+�H TQi2MiB�H Q7 bT2+B2b � �i T?�b2 BX ai�iBbiB+�H i?2`KQ/vM�KB+b
T`QpB/2b � mb27mH `2H�iBQMb?BT 7Q` i?2 +?2KB+�H TQi2MiB�H Q7 i?2 bQHmi2 �b U7QHHQrBM; i?2 rQ`F
Q7 "2M@L�BKRR-Rk-3jV

µ� = µ
∗
� + kBT ln ρ�Λ

3
�, U�@9V

r?2`2 Λ� Bb i?2 KQK2MimK T�`iBiBQM 7mM+iBQM �M/ µ
∗
� Bb `272``2/ iQ �b i?2 Tb2m/Q+?2KB+�H

TQi2MiB�H Q7 bT2+B2b � �M/ +�M #2 BMi2`T`2i2/ �b i?2 :B##b 2M2`;v +?�M;2 7Q` �//BM; � bT2+B2b

98



� rBi? i?2 +QMbi`�BMi i?�i Bib +2Mi2` Q7 K�bb Bb }t2/ UBMi2`M�H �M/ i`�MbH�iBQM�H /2;`22b Q7
7`22/QK /Q MQi +?�M;2VX LQ +QMbi`�BMib �`2 BKTQb2/ QM i?2 Qi?2` /2;`22b Q7 7`22/QK Q7 �X
h?2 b2+QM/ i2`K QM i?2 _>a Bb /m2 iQ i?2 `2KQp�H Q7 i?2 }t2/@TQbBiBQM +QMbi`�BMi �M/ Bb
`272``2/ iQ �b i?2 HB#2`�iBQM :B##b 2M2`;vRyX lbBM; 1[m�iBQM �@9- +?2KB+�H TQi2MiB�H Q7 i?2
bQHmi2 BM 2�+? T?�b2 +�M #2 Q#i�BM2/ �b

µ
sol

� = µ
∗sol
� + kBT ln ρ

sol

� Λ
3

� U�@8�V

µ
g

� = µ
∗g
� + kBT ln ρ

g

�Λ
3

�. U�@8#V

6BM�HHv- bQHp�iBQM :B##b 2M2`;v +�M #2 +�H+mH�i2/ �b

∆
solv

G
∗
� = µ

∗sol
� − µ

∗g
� . U�@eV

LQi2 i?�i i?2 bi�M/�`/ bQHp�iBQM :B##b 2M2`;v +�M �HbQ #2 +�H+mH�i2/ �b

∆
solv

G
0

� = µ
sol

� − µ
g

� = µ
∗sol
� + kBT ln ρ

sol

� Λ
3

� − µ
∗g
� − kBT ln ρ

g

�Λ
3

�

= ∆
solv

G
∗
� + kBT ln

(
ρ
sol

� /ρ
g

�
)
, U�@dV

r?B+? `2+Qp2`b 1[m�iBQM �@RX 1[m�iBQM RR T`QpB/2/ �M 2tT`2bbBQM 7Q` i?2 2H2+i`Qbi�iB+
BMi2`�+iBQM 2M2`;v #2ir22M i?2 bQHp�i2/ bQHmi2 �M/ bQHp2MiX q2 MQr T`QpB/2 � `2H�iBQMb?BT
#2ir22M :B##b bQHp�iBQM 2M2`;v BM 1[m�iBQM �@e �M/ 2H2+i`Qbi�iB+ rQ`F BM 1[m�iBQM RRX
*QMbB/2` i?2 `2p2`bB#H2 T`Q+2bb Q7 i`�Mb72``BM; i?2 bQHmi2 7`QK � }t2/ TQbBiBQM BM i?2 ;�b
T?�b2 iQ � }t2/ TQbBiBQM BM bQHmiBQMX h?2 :B##b 2M2`;v +?�M;2 BM i?2 T`Q+2bb U∆

solv
GV Bb

2[m�H iQ i?2 /Bz2`2M+2 BM bi�M/�`/ +?2KB+�H TQi2MiB�Hb #2ir22M i?2 bQHmiBQM �M/ ;�b T?�b2b-
�M/ �HbQ 2[m�H iQ i?2 rQ`F T2`7Q`K2/ QM i?2 bvbi2K /m`BM; i?2 i`�Mb72`- i?�i Bb,

∆
solv

G = ∆
solv

G
∗
� = µ

∗sol
� − µ

∗g
� = W. U�@3V

"2+�mb2 r2 �`2 QMHv +QMbB/2`BM; i?2 2H2+i`Qbi�iB+ BMi2`�+iBQMb /m`BM; i?2 i`�Mb72` T`Q+2bb-
i?2 rQ`F `2[mB`2/ 7Q` i?2 i`�Mb72` +�M #2 BMi2`T`2i2/ �b i?2 /Bz2`2M+2 #2ir22M i?2 rQ`F
`2[mB`2/ iQ /Bb+?�`;2 i?2 bQHmi2 BM i?2 ;�b T?�b2 �M/ i?2 rQ`F `2[mB`2/ iQ +?�`;2 Bi BM
bQHmiBQMX LQi2 i?�i r2 �`2 /Bb`2;�`/BM; i?2 +QMi`B#miBQM Q7 MQMTQH�` bQHp�iBQM �M/ rBHH
7Q+mb QM i?2 2H2+i`Qbi�iB+ +QKTQM2Mi 7Q` i?2 `2bi Q7 i?Bb b2+iBQMX q2 /2MQi2 i?2 2H2+i`Qbi�iB+
+QKTQM2Mi Q7 i?2 bQHp�iBQM :B##b 2M2`;v #v ∆

solv
G ∗es �M/ 7Q` i?2 b�F2 Q7 bBKTHB+Biv rBHH

`272` iQ Bi �b bQHp�iBQM :B##b 2M2`;vX q2 /2}M2 i?2 T`Q+2bb Q7 +?�`;BM; i?2 bQHmi2 �b �
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7mM+iBQM Q7 � +?�`;BM; T�`�K2i2` λ- `�M;BM; 7`QK 0 UmM+?�`;2/V iQ 1- r?2`2 i?2 KQH2+mH�`
+?�`;2 /2MbBiv `2�+?2b Bib }M�H p�Hm2 ρ(r) �i �Mv TQBMi r BM i?2 /B2H2+i`B+ `2;BQMX .2}MBM;
i?2 +?�`;2 /2MbBiv BM i2`Kb Q7 i?2 +?�`;BM; p�`B�#H2 �b ρ(r;λ) = λρ(r) �M/ FMQrBM; 7`QK
i?2 HBM2�`@`2bTQMb2 i?2Q`v i?�i i?2 iQi�H TQi2MiB�H }2H/ Bb � HBM2�` 7mM+iBQM Q7 i?2 +?�`;2
/Bbi`B#miBQM- r2 +�M r`Bi2

ϕ(r;λ) = λϕ(r). U�@NV

LQi2 i?�i BM i?2 bQHmiBQM T?�b2- �M 2ti`� i2`K /m2 iQ i?2 +QMi`B#miBQM Q7 bi�iB+ TQi2MiB�H
Bb �//2/ iQ i?2 iQi�H TQi2MiB�H }2H/ r?B+? Bb BM/2T2M/2Mi Q7 i?2 BMi2`M�H +?�`;2 /Bbi`B#miBQM
Q7 i?2 bQHmi2ky-e8- BX2X

ϕ sol(r;λ) = λϕ(r) + ϕ
static

. U�@RyV

o�`B�iBQM BM +?�`;2 7Q` � pQHmK2 2H2K2Mi /V (r) BM i?2 bQHmi2 `2;BQM /m`BM; � p�`B�iBQM
/λ BM +?�`;BM; T�`�K2i2` +�M i?2M #2 r`Bii2M �b

/q =
[
ρ(r)/V (r)

]
/λ. U�@RRV

h?2 2H2+i`Qbi�iB+ TQi2MiB�H 2M2`;v- U es- Q7 � TQBMi +?�`;2 q �i TQbBiBQM r BM i?2 T`2b2M+2
Q7 �M 2H2+i`B+ TQi2MiB�H ϕ Bb /2}M2/ �b

U es(r) = qϕ(r), U�@RkV

h?2 rQ`F T2`7Q`K2/ QM i?2 bvbi2K /m`BM; i?2 p�`B�iBQM /λ +�M #2 Q#iBM2/ #v BMi2;`�iBM;
Qp2` i?2 /B2H2+i`B+ `2;BQM Ω

/U es(r) =

ˆ
ϕ/q =

ˆ
Ω

ϕ(r′;λ)
[
ρ(r′)/V (r′)

]
/λ. U�@RjV

6BM�HHv- bm#biBimiBM; ϕ(r;λ) 7`QK 1[m�iBQM �@N iQ 1[m�iBQM �@Rj �M/ BMi2;`�iBM; λ 7`QK
y iQ R ;Bp2b i?2 +?�`;BM; rQ`F BM i?2 ;�b �M/ bQHmiBQM T?�b2b �b

/U es, g =

ˆ 1

0

λ/λ
ˆ
Ω

ϕ g(r′)ρ(r′)/V (r′) =
1

2

ˆ
Ω

ϕ g(r′)ρ(r′)/V (r′) U�@R9�V

/U es, sol =

ˆ 1

0

λ/λ
ˆ
Ω

ϕ sol(r′)ρ(r′)/V (r′) + ϕ static

ˆ 1

0

/λ
ˆ
Ω

ρ(r′)/V (r′)

=
1

2

ˆ
Ω

ϕ sol(r′)ρ(r′)/V (r′) + ϕ static

ˆ
Ω

ρ(r′)/V (r′). U�@R9#V
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r?2`2 ϕ g = ϕ
Coul

�M/ ϕ g = ϕ
Coul

+ ϕ
reac

X aQHp�iBQM :B##b 2M2`;v +�M MQr #2 +�H+mH�i2/
mbBM; 1[m�iBQM �@R9 �b i?2 bmK Q7 i?2 mM+?�`;BM; rQ`F BM � ;�b T?�b2 �M/ i?2 +?�`;BM;
rQ`F BM � bQHmiBQM T?�b2

∆
solv

G ∗es = ∆
solv

U es =

+?�`;BM;
BM bQHmiBQM︷ ︸︸ ︷
U es, sol + (

mM+?�`;BM;
BM ;�b︷ ︸︸ ︷

−U es, g ) U�@R8V

lbBM; i?Bb 2[m�iBQM �M/ THm;;BM; i?2 2tT`2bbBQMb 7Q` ϕ g �M/ ϕ sol BMiQ 1[m�iBQM �@R9- r2
Q#i�BM

∆
solv

G ∗es =
1

2

ˆ
Ω

(ϕ sol − ϕ g)(r′)ρ(r′)/V (r′) + ϕ static

ˆ
Ω

ρ(r′)/V (r′) U�@ReV

=
1

2

ˆ
Ω

ϕ
reac

(r′)ρ(r′)/V (r′) + ϕ static

ˆ
Ω

ρ(r′)/V (r′) U�@RdV

*QMbB/2`BM; i?2 bQHmi2 +?�`;2 /Bbi`B#miBQM iQ #2 Nc /Bb+`2i2 TQBMi@+?�`;2b r?2`2 i?2 i−i?
+?�`;2 Bb HQ+�i2/ �i ri rBi? � p�Hm2 p�Hm2 qi- 1[m�iBQM �@Rd `2T`Q/m+2b r?�i r2 T`2b2Mi2/
BM 1[m�iBQM RR

∆
solv

G ∗es =
1

2

Nc∑

i=1

q
i
ϕ
reac

(r
i
) + ϕ

static

Nc∑

i=1

q
i
(r

i
), U�@R3V

�SS1L.As ", "PlL.�_u 1G1J1Lh J1h>P. 6P_ *PLhALllJ 1G1*@

h_Pah�hA*a

*QMiBMmmK 2H2+i`Qbi�iB+b i?2Q`v T`QpB/2b � K�i?2K�iB+�H KQ/2H 7Q` i?2 bQHp�iBQM 2H2+i`Q@
bi�iB+b T`Q#H2K #v /2b+`B#BM; i?2 #2?�pBQ` Q7 i?2 2H2+i`Qbi�iB+ TQi2MiB�H BM /Bz2`2Mi /QK�BMb
mbBM; � bvbi2K Q7 +QmTH2/ S.1bX 1�+? S.1 +Q``2bTQM/b iQ � /QK�BM �M/ KBKB+b i?2 bT�iB�H
2pQHmiBQM Q7 i?2 2H2+i`Qbi�iB+ TQi2MiB�H BM i?�i /QK�BM �b b22M BM 1[m�iBQMb 9 iQ \\X "QmM/@
�`v 2H2K2Mi K2i?Q/b `27Q`KmH�i2b i?2 bvbi2K Q7 +QmTH2/ S.1b �b � bvbi2K Q7 #QmM/�`v
BMi2;`�H 2[m�iBQMb U"A1bVX Ai i?2M �TT`QtBK�i2b i?2 bQHmiBQM #v }M/BM; i?2 mMFMQrMb QM
i?2 #QmM/�`B2b b2T�`�iBM; i?2 /QK�BMb �M/ i?2M mb2 i?�i BM7Q`K�iBQM iQ }M/ i?2 bQHmiBQM
�i `2;BQMb Q7 BMi2`2biX "1J Bb � TQr2`7mH K2i?Q/ 2bT2+B�HHv 7Q` i?2 T`Q#H2Kb rBi? H�`;2 /Q@
K�BMb r?2`2 Qi?2` MmK2`B+�H K2i?Q/b bm+? �b 61J Q` 6oJ rQmH/ ?�p2 iQQ K�Mv 2H2K2Mib
iQ #2 T`�+iB+�HX �MQi?2` �/p�Mi�;2 Q7 "1J Bb �++m`�i2 i`2�iK2Mi Q7 i?2 #QmM/�`v +QM/B@
iBQMb r?B+? Bb 2ti`2K2Hv BKTQ`i�Mi BM KQH2+mH�` 2H2+i`Qbi�iB+bX 6m`i?2`KQ`2- #v QpB�iBM; i?2

93



M22/ iQ bQHp2 i?2 mMFMQrM 7mM+iBQM U2H2+i`Qbi�iB+ TQi2MiB�H �M/ Bib MQ`K�H /2`Bp�iBp2V QM i?2
b2T�`�iBM; #QmM/�`B2b QMHv U�M/ MQi i?2 2MiB`2 /QK�BMV- Bi Qz2`b � bB;MB}+�Mi +QKTmi�iBQM�H
�/p�Mi�;2X h?2`2 �`2 MmK2`Qmb �TT`Q�+?2b i?�i mb2 "1J 7Q` bQHpBM; i?2 T`Q#H2K #mi ?2`2
?2`2 r2 �`2 BMi2`2bi2/ QMHv BM BMi`Q/m+BM; i?2 7Q`KmH�iBQM Q`B;BM�HHv T`QTQb2/ #v uQQM �M/
G2M?QzX q2 2M+Qm`�;2 i?2 BMi2`2bi2/ `2�/2` iQ i�F2 � HQQF �i Qm` T`2pBQmb rQ`F r?B+?
/2b+`B#2b i?2 TQH�`Bx�#H2 +QMiBMmmK KQ/2H US*JV 7Q`KmH�iBQMX

h?2 uQQM@G2M?Qz 7Q`KmH�iBQM mb2b :`22M ′b b2+QM/ i?2Q`2K- r?B+? b�vb 7Q` irQ b+�H�`
}2H/b Φ(r) �M/ Ψ(r)- #Qi? irB+2 +QMiBMmQmbHv /Bz2`2MiB�#H2 BM � /QK�BM Ω i?�i Bb 2M+HQb2/
#v i?2 Ubm{+B2MiHv bKQQi?V #QmM/�`v Γ Ua22 6B;m`2 R rBi? Γ = Γ

D
V-

ˆ
Ω

[
Φ(r′)∇2Ψ(r′)− Φ(r′)∇2Ψ(r′)

]
dr′ =

‹
Γ

[
Φ(r′)

∂Ψ(r′)

∂n(r′)
−Ψ(r′)

∂Φ(r′)

∂n(r′)

]
dr′, U"@RV

r?2`2 n TQBMib Qmir�`/ 7`QK ΩX �bbmKBM; Φ(r′) iQ #2 i?2 2H2+i`Qbi�iB+ TQi2MiB�H- 1[m�@
iBQM "@R �HHQrb i?2 +�H+mH�iBQM Q7 i?2 Φ �i �Mv TQBMi BM Ω /B`2+iHv 7`QK Φ �M/ ∂Φ/∂n

QM ΓX 6Q` BMbi�M+2- +QMbB/2` Φ(r) iQ #2 i?2 2H2+i`Qbi�iB+ TQi2MiB�H BM i?2 bQHmi2 `2;BQM
ϕ
Ω
(r) 7`QK 1[m�iBQM 9 Ur?2`2 ∇2ϕ

Ω
(r) = −ρ(r)/ε

Ω
VX a2iiBM; Φ(r) = GG(r, r

′)- r?2`2
GG(r, r

′) = 1/4π|r− r′| Bb i?2 7`22@bT�+2 :`22M ′b 7mM+iBQM 7Q` i?2 G�TH�+2 2[m�iBQM BM i?`22@
/BK2MbBQM-

∇2GG(r, r
′) = −δ(r− r′), U"@kV

�M/ THm;;BM; Φ(r) BMiQ 1[m�iBQM "@R- r2 Q#i�BM

ϕ
Ω
(r) =

1

ε
Ω

Nc∑

i=1

q
i
GG(r, ri)−

‹
Γ

ϕ
Ω
(r′)

∂GG(r, r
′)

∂n(r′)
dr′ +

‹
Γ

GG(r, r
′)
∂ϕ

Ω
(r′)

∂n(r′)
dr′, U"@jV

r?2`2 r2 /2b+`B#2/ i?2 bQHmi2 +?�`;2 /Bbi`B#miBQM �b � b2i Q7 Nc TQBMi +?�`;2b- i?2 ii? Q7
r?B+? Bb HQ+�i2/ �i ri rBi? p�Hm2 qi

ρ(r) =
Nc∑

i=1

q
i
δ(r− r

i
). U"@9V

h?2 mMFMQrM 7mM+iBQMb QM i?2 #QmM/�`v +�M #2 Q#i�BM2/ #v H2iiBM; r �TT`Q�+? i?2
#QmM/�`v Γ #mi #Qi? BMi2;`�H i2`Kb BM 1[m�iBQM "@j #2+QK2 bBM;mH�` �i r = r

Γ
X q2 +�M

`2KQp2 i?2 bBM;mH�`Biv #v /2}MBM; � bT?2`2 +2Mi2`2/ �i r
Γ

�M/ +�H+mH�i2 i?2 BMi2;`�Hb �b Bib
`�/Bmb p�MBb?2bX 6B;m`2 Re b?Qrb � b+?2K�iB+ Q7 i?Bb T`Q+2/m`2X
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!′
#

Γ!
Γ%

Γ − Γ%

6A:X ReX a+?2K�iB+ Q7 i?2 HBKBiBM; T`Q+2bb iQ `2KQp2 bBM;mH�`BiB2b BM 1[m�iBQM "@j �b r′ → rΓ X

q2 /BpB/2 i?2 #QmM/�`v Γ iQ irQ `2;BQMb �b b?QrM BM i?2 };m`2 �M/ +�H+mH�i2 i?2 bm`7�+2
BMi2;`�Hb BM bT?2`B+�H +QQ`/BM�i2 bvbi2K QM i?2 bBM;mH�` `2;BQM Γε �M/ �b i?2 bT?2`2 `�/Bmb
ε p�MBb?2b

lim
ε→0

[‹
Γε

ϕ
Ω
(r′)

1

4π|r− r′|2
dr′ +

‹
Γε

∂ϕ
Ω
(r′)

∂n(r′)

1

4π|r− r′|dr
′
]

=

ˆ φ=2π

φ=0

ˆ θ=π
2

θ=0

ϕ
Ω
(r)

1

4π!!ε2
""ε2 sin θ dθ dφ+

ˆ φ=2π

φ=0

ˆ θ=π
2

θ=0

∂ϕ
Ω
(r)

∂n(r)

1

4π#ε
""ε2 sin θ dθ dϕ

=
1

4π

(

$
$

$
$
$$%

2πˆ φ=2π

φ=0

dφ
&&&&&&&&'1ˆ θ=π

2

θ=0

sin θ dθ

)[
ϕ(rΓ) +

$
$

$
$
$$%

0
∂ϕ

Ω
(rΓ)

∂n(rΓ)
ε

]
=

1

2
ϕ
Ω
(rΓ), U"@8V

r?2`2 r2 �bbmK2/ i?2 mMFMQrM 7mM+iBQMb iQ `2K�BM +QMbi�Mi QM Γε �b ε → 0X q2 +�M
MQr mb2 i?Bb `2bmHi iQ }M/ i?2 mMFMQrM 7mM+iBQMb QM i?2 #QmM/�`v �b

ϕ
Ω
(rΓ) = lim

r → rΓ

ϕ
Ω
(r)

=
1

ε
Ω

Nc∑

i=1

q
i
GG(rΓ , ri) U"@eV

+
1

2
ϕ
Ω
(rΓ)−

‹
Γ

ϕ
Ω
(r′)

∂GG(rΓ , r
′)

∂n(r′)
dr′ +

‹
Γ

GG(rΓ , r
′)
∂ϕ

Ω
(r′)

∂n(r′)
dr′,

h?2 i2`K ϕ
Ω
(rΓ)/2 QM i?2 `B;?i@?�M/ bB/2 r?B+? r2 Q#i�BM2/ BM 1[m�iBQM "@8 Bb � +QM@

b2[m2M+2 Q7 i?2 /Bb+QMiBMmBiv /Bb+QMiBMmBiv BM i?2 /BTQH2 TQi2MiB�H U}`bi bm`7�+2 BMi2;`�H BM
1[m�iBQM "@RV �+`Qbb i?2 BMi2`7�+299X 1[m�iBQM "@e +�M #2 r`Bii2M KQ`2 bBKTHv #v /2}M@
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BM; i?2 G�TH�+2 bBM;H2@H�v2` �M/ /Qm#H2@H�v2` TQi2MiB�H QT2`�iQ`bX h?2 G�TH�+2 bBM;H2@H�v2`
TQi2MiB�H QT2`�iQ` Bb /2}M2/ �b

V Υ

G,Γ

∂ϕ

∂n
=

‹
Γ

GG(rΥ , r
′)
∂ϕ(r′)

∂n(r′)
dr′, U"@dV

r?B+? +QKTmi2b i?2 TQi2MiB�H BM/m+2/ �i i?2 BMi2`7�+2 Υ /m2 iQ � bBM;H2@H�v2` Q7 +?�`;2
UKQMQTQH2 +?�`;2 /Bbi`B#miBQMV QM i?2 BMi2`7�+2 ΓX aBKBH�`Hv- i?2 G�TH�+2 /Qm#H2@H�v2` TQ@
i2MiB�H QT2`�iQ` +�H+mH�i2b i?2 TQi2MiB�H �i i?2 BMi2`7�+2 Υ /m2 iQ � /Qm#H2@H�v2` Q7 +?�`;2
U/BTQH2 +?�`;2 /2MbBivV QM i?2 BMi2`7�+2 Γ

KΥ

G,Γ
ϕ =

‹
Γ

∂GG(rΥ , r
′)

∂n(r′)
ϕ(r′)dr′. U"@3V

1[m�iBQM "@e +�M i?2M #2 `2�``�M;2/ �M/ r`Bii2M mbBM; i?2 QT2`�iQ` /2}MBiBQMb �b

1

2
ϕ
Ω
(r) =

1

ε
Ω

Nc∑

i=1

q
i
GG(r, ri) + V Γ.

G,Γ.

∂ϕ
Ω
(r)

∂n(r)
−K Γ.

G,Γ.
ϕ
Ω
(r) r ∈ Γ

D
, U"@NV

r?2`2 r2 bm#biBimi2/ Γ rBi? Γ
D

BM �++Q`/�M+2 rBi? i?2 b+?2K�iB+ Q7 i?2 T`Q#H2K BM
6B;m`2 RX � bBKBH�` HBKBiBM; T`Q+2bb 7Q` i?2 ;Qp2`MBM; S.1 BM i?2 ai2`M H�v2` ;Bp2b i?2 "A1
7Q` i?2 TQi2MiB�H BM i?�i `2;BQM �b

1

2
ϕ
Σa

(r) = K Γ.
G,Γ.

ϕ
Σa

(r)− V Γ.
G,Γ.

∂ϕ
Σa

(r)

∂n(r)
r ∈ Γ

D
. U"@RyV

LQi2 i?�i i?2 bB;Mb Q7 i?2 irQ bm`7�+2@BMi2;`�H i2`Kb �`2 ~BTT2/ +QKT�`2/ iQ 1[m�iBQM "@
N #2+�mb2 i?2 MQ`K�H@iQ@BMi2`7�+2 p2+iQ` n MQr TQBMib BMiQ i?2 `2;BQM Q7 BMi2`2b2i UΣ

S
V- BM

+QMi`�bi iQ i?2 T`2pBQmb +�b2X lbBM; i?2 /B2H2+i`B+ BMi2`7�+2 #QmM/�`v +QM/BiBQMb UU�V �M/
U#V BM 1[m�iBQM dV- r2 Q#i�BM i?2 +QmTH2/ bvbi2K Q7 "A1b FMQrM �b i?2 uQQMĜ@G2M?Qz
7Q`KmH�iBQM





1
2I +K Γ.

G,Γ.
−V Γ.

G,Γ.

1
2I −K Γ.

G,Γ.

ε
Ω

ε
Σ

K Γ.
G,Γ.









ϕ
Ω
(rΓ.

)

∂ϕ
Ω
(rΓ.

)

∂n(rΓ.
)









Nc∑

j=1

q
j
GG(rΓ.

, r
j
)

0




, U"@RRV

r?2`2 I Bb i?2 B/2MiBiv QT2`�iQ`X *QMiBMmmK 2H2+i`Qbi�iB+ KQ/2H i?�i r2 BHHmbi`�i2/
BM 6B;m`2 R +QMbBbib Q7 KmHiBTH2 2K#2//2/ `2;BQMb rBi? /Bz2`2Mi /B2H2+i`B+ T`QT2`iB2b �M/
;Qp2`MBM; "A1bX 1H2+i`Qbi�iB+ TQi2MiB�H BM � `2;BQM i?�i Bb /2}M2/ #v KmHiBTH2 BMi2`7�+2b 2X;X
Σ

S
+�M #2 Q#i�BM2/ #v }M/BM; i?2 2H2+i`Qbi�iB+ TQi2MiB�H �M/ Bib MQ`KQH /2`Bp�iBp2 QM i?2

8R



#QmM/BM; BMi2`7�+2bX 6Q` 2t�KTH2- mbBM; :`22M ′b b2+QM/ i?2Q`2K iQ }M/ i?2 2H2+i`Qbi�iB+
TQi2MiB�H BM Σ

S
;Bp2b

ϕ
Σa

(r) =−
‹

Γ.

ϕ
Σa

(r′)
∂GG(r, r

′)

∂n(r′)
dr′ +

‹
Γ.

GG(r, r
′)
∂ϕ

Σa
(r′)

∂n(r′)
dr′ U"@Rk�V

+

‹
Γa

ϕ
Σa

(r′)
∂GG(r, r

′)

∂n(r′)
dr′ −

‹
Γa

GG(r, r
′)
∂ϕ

Σa
(r′)

∂n(r′)
dr′, U"@Rk#V

r?2`2 i?2 bm`7�+2 BMi2;`�Hb BM U"@Rk�V �M/ U"@Rk#V +Q``2bTQM/ iQ i?2 +QMi`B#miBQMb 7`QK
Γ
D

�M/ Γ
S
- `2bT2+iBp2HvX aBKBH�`Hv 7Q` Σ `2;BQM QM2 }M/b

ϕ
Σ
(r) =

‹
Γa

ϕ
Σ
(r′)

∂GG(r, r
′)

∂n(r′)
dr′ −

‹
Γa

GG(r, r
′)
∂ϕ

Σ
(r′)

∂n(r′)
dr′. U"@RjV

� HBKBiBM; T`Q+2bb QM 1[m�iBQMb "@Rk �M/ "@Rj 7QHHQr2/ #v BKTQbBM; i?2 #QmM/�`v +QM@
/BiBQMb Q7 1[m�iBQM d Bb `2[mB`2/ iQ }M/ i?2 mMFMQrMb QM Γ

S
X LQi2 i?�i 7Q` � `2;BQM HBF2 Σ

S

i?�i Bb #QmM/2/ #v KQ`2 i?�M QM2 BMi2`7�+2- i?2 HBKBiBM; T`Q+2bb �b � TQBMi r ∈ Σ
S

KQp2b
iQr�`/b �M BMi2`7�+2 `2bmHib BM QM2 2[m�iBQM T2` BMi2`7�+2X 6Q` 2t�KTH2 BM i?2 2H2+i`Qbi�iB+
T`Q#H2K i?�i r2 /2b+`B#2/- T`2b2M+2 Q7 i?2 irQ BMi2`7�+2b Σ

D
�M/ Σ

S
H2�/b iQ � bvbi2K Q7

7Qm` +QmTH2/ "A1b �b





1
2I +K Γ.

G,Γ.
−V Γ.

G,Γ.

1
2I −K Γ.

G,Γ.

ε
Ω

ε
Σ

V Γ.
G,Γ.

K Γ.
G,Γa

−V Γ.
G,Γa

−K Γa
G,Γ.

ε
Ω

ε
Σ

V Γa
G,Γ.

1
2I +K Γa

G,Γa
−V Γa

G,Γa

1
2I −K Γa

G,Γa

ε
Σa

ε
Σ

V Γa
G,Γa









ϕ
Ω
(rΓ.

)

∂ϕ
Ω
(rΓ.

)

∂n(rΓ.
)

ϕ
Σ
(rΓa

)

∂ϕ
Σa
(rΓa

)

∂n(rΓa
)





=





∑Nc

j=1 qjGG(rΓ.
, r

j
)

0

0

0





U"@R9V

h?2 bvbi2K Q7 "A1b BM 1[miBQM "@R9 r�b Q#i�BM2/ mbBM; i?2 bi�M/�`/ +QMiBMmmK i?2Q`v
#QmM/�`v +QM/BiBQMb 7`QK 1[m�iBQM dX aBKBH�`Hv- mbBM; aGA* #QmM/�`v +QM/BiBQM `2bmHib BM
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� #HQ+F bvbi2K Q7 i?2 7Q`K Ax = b �b

A︷ ︸︸ ︷



1
2I +K Γ.

G,Γ.
−V Γ.

G,Γ.

1
2I −K Γ.

G,Γ.

f
1 + f

V Γ.
G,Γ.

K Γ.
G,Γa

−V Γ.
G,Γa

−K Γa
G,Γ.

f
1 + f

V Γa
G,Γ.

1
2I +K Γa

G,Γa
−V Γa

G,Γa

1
2I −K Γa

G,Γa

d1
d2

V Γa
G,Γa





x︷ ︸︸ ︷



ϕ
Ω
(rΓ.

)

∂ϕ
Ω
(rΓ.

)

∂n(rΓ.
)

ϕ
Σa
(rΓa

)

∂ϕ
Σa
(rΓa

)

∂n(rΓa
)





=

b︷ ︸︸ ︷



∑Nc

j=1 qjGG(rΓ.
, r

j
)

0

0

0





, U"@R8V

r?2`2 f = f(En) =
[
ε
Ω
/(ε

Σa
− ε

Ω
)
]
+h(En)- h(En) = α tanh(βEn−γ)+µ- d

1
= −q

total
/ε

Σa
-

�M/ d
2
=
‚

ΓS

[
∂ϕ

Σa
(r′)/∂n(r′)

]
dr′X LQi2 i?�i i?2 FMQrH2/;2 Q7 x �M/ �HbQ i?2 2H2+i`QbiiB+

T�`�K2i2`b α- β- γ- �M/ µ �`2 `2[mB`2/ iQ +�H+mH�i2 A
22

- A
32

- �M/ A
44

BM 1[m�iBQM "@R8VX
"QmM/�`v 2H2K2Mi K2i?Q/ /2b+`BiBx2b i?2 KQH2+mH�` bm`7�+2 iQ � b2i Q7 N MQM@Qp2`H�TTBM;

#QmM/�`v 2H2K2Mib �b b?QrM BM 6B;m`2 RdX

6A:X RdX a+?2K�iB+ Q7 � #QmM/�`v /Bb+`2iBx�iBQM, i?2 #QmM/�`v 2H2K2Mib �TT`QtBK�i2 i?2 bQHmi2Ĝ

bQHp2Mi BMi2`7�+2X

"1J i?2M �TT`QtBK�i2b i?2 mMFMQrM bm`7�+2 p�`B�#H2b ϕ �M/ ∂ϕ/∂n �b r2B;?i2/ +QK@
#BM�iBQMb Q7 � b2i Q7 N #�bBb 7mM+iBQMb �b

ϕ
Ω
(rΓ) ≈

N∑

i=1

w
i,ϕ

ei(rΓ) U"@Re�V

∂ϕ
Ω
(rΓ)

∂n(rΓ)
≈

N∑

i=1

w
i,ϕn

ei(rΓ), , U"@Re#V

bm+? i?�i i?2 ii? #�bBb 7mM+iBQM ei 2[m�Hb R B7 r Bb QM i?2 ii? 2H2K2Mi- �M/ y Qi?2`rBb2X
h?2 mMFMQrM r2B;?ib w

i
�M/ w

i,ϕn
�`2 i?2M 7QmM/ #v 7Q`+BM; 1[m�iBQM "@R8 iQ #2 b�iBb}2/
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Ub22 a2+iBQM AAAVX �7i2` /2i2`KBMBM; i?2 #�bBb@7mM+iBQM r2B;?ib w
i

�M/ w
i,ϕn

- i?2 `2�+iBQM
TQi2MiB�H �i i?2 +?�`;2 HQ+�iBQMb ri i?�i �`2 BM/m+2/ BM i?2 bQHmi2 +�M #2 +�H+mH�i2/ mbBM;
:`22M ′b i?2Q`2KX LQi2 i?�i ϕ

Ω
(rΓ) BM 1[m�iBQM "@Re� Bb bmK Q7 i?2 *QmHQK#B+ TQi2MiB�H

�M/ i?2 `2�+iBQM TQi2MiB�H �b ϕ
Ω
= ϕ

Coul
+ ϕ

reac
X h?2 `2�+iBQM�H TQi2MiB�H +�M i?2M #2 mb2/

iQ T`2/B+i bQHp�iBQM :B##b 2M2`;B2b mbBM; 1[m�iBQM RRX

�SS1L.As *, �..AL: h1JS1_�hl_1 .1S1L.1L*1 hP h>1 .AaS1_@

aAPL JP.1G

h?2 +�MQMB+�H T�`iBiBQM 7mM+iBQM r?B+? Bb � K2�bm`2 Q7 i?2 MmK#2` Q7 KB+`Qbi�i2b �p�BH�#H2
iQ i?2 bvbi2K +�M #2 r`Bii2M �b

Q disp(N, V, T ) =

U*@RV
CN

ˆ [
e−β

∑N
j=1(p

2
j/2m)

]
dp

1
dp

2
. . . dp

N

ˆ [
e−βU disp(r1 ,r2 ,...,rN )

]
dr

1
dr

2
. . . dr

N

r?2`2 β = 1
kBT Bb i?2 "QHixK�MM +QMbi�Mi- p = mv- CN Bb i?2 MQ`K�HBx�iBQM +QMbi�Mi

UCN = 1/h3N B7 �HH i?2 T�`iB+H2b �`2 /BbiBM;mBb?�#H2- Qi?2`rBb2 CN = 1/(N !h3N) V- �M/ U disp

Bb i?2 /BbT2`bBQM 2M2`;v Q7 i?2 bvbi2K rBi? N T�`iB+H2bX LQi2 i?�i i?2 }`bi BMi2;`�H Bb �Hr�vb
i?2 b�K2 7Q` �Mv bvbi2K UU = 0V- �M/ BM 7�+i- Bb i?2 B/2�H@;�b T�`iBiBQM 7mM+iBQM U�bbmKBM;
i?2 T�`iB+H2b iQ #2 BM/BbiBM;mBb?�#H2V,

Q disp(N, V, T )ig =
1

N !h3N

ˆ [
e−β

∑N
j=1(p

2
j/2m)

]
dp

1
dp

2
. . . dp

N
dr

1
dr

2
. . . dr

N

U*@kV
=

V N

N !h3N

ˆ [
e−β

∑N
j=1(p

2
j/2m)

]
dp

1
dp

2
. . . dp

N
=

V N

N !Λ3N
,

r?2`2 Λ = h/(
√
2πmkB T ) Bb i?2 i?2`K�H /2 "`Q;HB2 r�p2H2M;i?X h?2 b2+QM/ T�`i Q7

i?2 1[m�iBQM *@k Bb T�`iB+mH�` iQ 2�+? BM/BpB/m�H bvbi2K �M/ ;Bp2b `Bb2 iQ i?2 T�`iB+mH�`
T`QT2`iB2b Q7 /Bz2`2Mi bvbi2Kb �M/ Bb +�HH2/ +QM};m`�iBQM BMi2;`�H UbQK2 `272`2M+2b +�HH i?Bb
BMi2;`�H T�`iBiBQM 7mM+iBQM `�i?2` i?�M 1[m�iBQM *@kV

Z disp(N, V, T ) =

ˆ
. . .

ˆ
e
−βU(r

1
,r

2
,...,r

N
)
dr1dr2 . . . drN. U*@jV

h?2 >2HK?QHix 7`22 2M2`;v Q7 /BbT2`bBQM +�M #2 r`Bii2M �b

A disp(N, V, T ) = −kBT lnQ disp(N, V, T ), U*@9V
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r?2`2
Q disp(N, V, T ) =

1

N !Λ3N
Z disp(N, V, T ), U*@8V

h?2 TQi2MiB�H 2M2`;v- U disp- +�M #2 2tT`2bb2/ �b � bmK Q7 BMi2`KQH2+mH�` T�B` TQi2MiB�Hb-
uij- Q7 �HH i?2 T�`iB+H2 T�B`b (i, j) - i`BTH2i TQi2MiB�Hb U;Bp2M #v i?2 /Bz2`2M+2 Q7 i?2 BMi2`�+iBQM
2M2`;v Q7 � i`BTH2i bvbi2K uijk �M/ bmK Q7 i?2 i?`22 T�B` TQi2MiB�Hb uij- uik- �M/ ujkV- �M/ bQ
QMX >B;?2` Q`/2` TQi2MiB�Hb �M/ [mBi2 Q7i2M �HbQ i`BTH2i BMi2`�+iBQM TQi2MiB�Hb �`2 M2;H2+i2/
�M/ QMHv T�B` TQi2MiB�Hb uij �`2 +QMbB/2`2/X �bbmKBM; i?2 TQi2MiB�H 2M2`;v U disp iQ #2
�//BiBp2- Bi +�M #2 �TT`QtBK�i2/ mbBM;,

U disp(r
1
, r

2
, . . . , r

N
) ≈

∑

j≤N
1≤i≤j

u
disp

(r
ij
), U*@eV

r?2`2 rij = |ri − rj| �M/ u
disp

(rij) /2b+`B#2b i?2 /BbT2`bBQM BMi2`�+iBQM 2M2`;v #2ir22M
irQ T�`iB+H2b �b � 7mM+iBQM Q7 i?2B` b2T�`�iBQM /Bbi�M+2X hvTB+�HHv- u

disp
(rij) → ∞ �b r → 0-

u
disp

(rij) → 0 �b r → ∞- �M/ u
disp

(rij) 2t?B#Bib � KBMBKmK #2ir22M i?2 irQ HBKBibX h?2
�bbmKTiBQM �#Qp2 K�F2b Bi Km+? 2�bB2` iQ +�H+mH�i2 i?2 +QM};m`�iBQM�H BMi2;`�H- ZX �MQi?2`
`2�bQM�#H2 �bbmKTiBQM 7Q` i?Bb bvbi2K Bb i?�i i?2 T�B` TQi2MiB�H /2T2M/b QMHv QM i?2 T�`iB+H2
+2Mi2`@iQ@+2Mi2` /Bbi�M+2 Q7 T�`iB+H2b i �M/ j UbBKTH2 ~mB/V

Z disp(N, V, T ) =

ˆ
e−βU dr

1
dr

2
. . . dr

N
, U*@dV

r?2`2

e−βU =
∏

i<j

e−βudisp (rij) =
∏

i<j

(1 + f(rij)), U*@3V

�M/ f(rij) = e−βu(rij) − 1X 1tT�M/BM; i?2 T`Q/m+i �M/ r`BiBM; �HH i?2 i2`Kb ;Bp2b
∏

i<j

(1 + f(rij)) = 1 +
∑

i<j

f(rij) +
∑

i<j

∑

k<l

f(rij)f(rkl) + . . . , U*@NV

i?2`27Q`2- Z disp +�M #2 `2@r`Bii2M �b

Z disp(N, V, T ) =

ˆ
(1) · dr

1
dr

2
. . . dr

N
+

ˆ [∑

i<j

f(rij)

]
dr

1
dr

2
. . . dr

N

+

ˆ [∑

i<j

∑

k<l

f(rij)f(rkl)

]
dr

1
dr

2
. . . dr

N
+ . . . U*@RyV

≈ V N +
N(N − 1)V N−2

2

ˆ
f(rij)dr1dr2.
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"v K�FBM; � +?�M;2 Q7 p�`B�#H2b �b 7QHHQrb

R =
r
1
+ r

2

2
, r = r

1
− r

2
, U*@RRV

r?B+? ;Bp2b dr1dr2 = dRdr- �M/ bm#biBimiBM; BM 1[m�iBQM *@Ry- Z disp +�M #2 7QmM/ �b

Z disp(N, V, T ) ≈ V N +
N(N − 1)

2

ˆ
f(r)drdR = V N +

N(N − 1)V N−1

2

ˆ
f(r)dr. U*@RkV

q`BiBM; Z disp BM bT?2`B+�H TQH�` +QQ`/BM�i2b ;Bp2b

Z disp(N, V, T ) = V N +
N(N − 1)V N−1

2

ˆ 2π

0

ˆ π

0

ˆ ∞

0

r2f(r) sin θ dr dθ dϕ

= V N +
N(N − 1)V N−1

2

ˆ ∞

0

4πr2f(r)dr U*@RjV

N
N−1≈N−−−−−→ ∞ ≈ V N +N2V N−1

ˆ ∞

0

2πr2f(r)dr.

6BM�HHv- bm#biBimiBM; i?2 `2bmHib iQ i?2 T�`iBiBQM 7mM+iBQM BM 1[m�iBQM *@R

Q disp(N, V, T ) =
1

N !Λ3N

(
V N +N2V N−1

ˆ ∞

0

2πr2f(r)dr

)

U*@R9V
= Q disp(N, V, T )ig

(
1 +Nρn

ˆ ∞

0

2πr2f(r)dr

)

r?2`2 ρn = N/V Bb i?2 T�`iB+H2 /2MbBiv Q7 i?2 bvbi2K r?2`2 7Q` i?2 BM}MBi2Hv /BHmi2
bQHmiBQMb Bb �bbmK2/ iQ #2 i?2 MmK#2` /2MbBiv Q7 i?2 bQHp2MiX h?Bb ;Bp2b i?2 +?�M;2 BM
>2HK?QHix 2M2`;v rBi? `2bT2+i iQ i?2 B/2�H ;�b bi�i2 7`QK 1[m�iBQM *@9 iQ #2

A disp(N, V, T ) = −kBT lnQ disp(N, V, T ), ∆A = A− Aig

→ ∆A disp(N, V, T ) = −kBT ln
Q disp

Q disp
ig

= −kBT ln
(
1 +Nρn

ˆ ∞

0

2πr2f(r)dr
)

U*@R8V

Taylor expansion of ln(1+x)−−−−−−−−−−−−−−−−→ ≈ −kBTNρn
( ˆ ∞

0

2πr2(e−βu(r) − 1) dr
)

6BM/BM; �M �TT`QT`B�i2 T�B` TQi2MiB�H H2�/b iQ �M 2tT`2bbBQM 7Q` i?2 +?�M;2 BM i?2
>2HK?QHix 2M2`;v Q7 i?2 bvbi2KX � ;`2�i p�`B2iv Q7 T�B` TQi2MiB�Hb ?�p2 #22M T`QTQb2/
iQ i?Bb /�i2X hQ F22T i?2 KQ/2H �b bBKTH2 �b TQbbB#H2- � b[m�`2@r2HH TQi2MiB�H Bb mb2/ iQ
/2b+`B#2 i?2 /BbT2`bBQM BMi2`�+iBQMb BM i?2 bvbi2KR3,

u(r) =






∞ r ≤ σ

−ε σ ≤ r ≤ λσ where λ > 1

0 r > λσ,

U*@ReV
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r?2`2 i?2 T�B` TQi2MiB�H ?�b � b?Q`i@`�M;2 +QMbi�Mi �ii`�+iBp2 TQi2MiB�H ε rBi? � b[m�`2@
r2HH b?�T2X h?2 T�`�K2i2` λ /2i2`KBM2b i?2 `�M;2 Q7 i?2 b[m�`2 r2HHX SHm;;BM; i?2 b[m�`2
r2HH TQi2MiB�H 7mM+iBQM iQ 1[m�iBQM *@R8 ;Bp2b

∆A disp(N, V, T )
O(1)

2πkBTNρn
=−

[ ˆ σ

0

(
e−β∞ − 1

)
r2 dr

+

ˆ λσ

σ

(
eβε − 1

)
r2 dr +

ˆ ∞

λσ

(
e−β·0 − 1

)
r2 dr

]

=−
[
−
ˆ σ

0

r2 dr +
(
eβε − 1

) ˆ λσ

σ

r2 dr

]

U*@RdV
=−

[
− σ3

3
+
(
eβε − 1

)r3

3

∣∣∣∣
λσ

σ

]

=
σ3

3

[
1−

(
eβε − 1

)
(λ3 − 1)

]

→ ∆A disp(N, V, T )
O(1)

NkBT
=
2πρnσ3

3

[
1−

(
eβε − 1

)
(λ3 − 1)

]
= ρnB2(T ).

r?2`2 B2(T ) Bb +�HH2/ i?2 b2+QM/ pB`B�H +Q2{+B2Mi �M/ O(1) /2MQi2b i?2 }`bi Q`/2` �T@
T`QtBK�iBQM Q7 i?2 >2HK?QHix 2M2`;vX lbBM; 1[m�iBQM *@9- i?2 �p2`�;2 +?�M;2 BM BMi2`M�H
2M2`;v 〈E〉 BM � +�MQMB+�H /Bbi`B#miBQM +�M #2 Q#i�BM2/ �b

〈E〉 = −
(
∂ lnQ disp

∂β
−

∂ lnQ disp
ig

∂β

)
= −

(
∂(lnQ disp

ig + lnZ)

∂β
−

∂ lnQ disp
ig

∂β

)

square−well potential−−−−−−−−−−−−→ lnZ = −2πρnσ3N

3

[
1− (eβε − 1)(λ3 − 1)

]
U*@R3V

→ 〈E〉 = −∂ lnZ

∂β
= − 1

Z

∂Z

∂β
= −2πρnσ3N

3

[
εeβε(λ3 − 1)

]

lbBM; i?Bb 7Q`K Q7 �p2`�;2 2M2`;v �b i?2 �iQK@bT2+B}+ 2M2`;v +Q2{+B2Mib BM 1[m�iBQM kR
BKTHB+BiHv �//b i?2 i2KT2`�im`2 /2T2M/2M+2 iQ i?2 /BbT2`bBQM KQ/2H rBi?Qmi M22/BM; iQ
2tTHB+BiHv T�`�K2i2`BxBM; 2M2`;v +Q2{+B2Mib �i /Bz2`2Mi i2KT2`�im`2bX

�SS1L.As ., *�G*lG�hAPL P6 aPGo�hAPL 1Lh_PSA1a �L. aPGo�@

hAPL >1�h *�S�*AhA1a

aGA*f*.* mb2b i?2 �/Dmbi�#H2 T�`�K2i2`b i?�i �`2 Q#i�BM2/ BM i?2 QTiBKBx�iBQM T`Q+2bb
Q7 bQHp�iBQM :B##b 2M2`;B2b iQ }M/ bQHp�iBQM 2Mi`QTB2bX h?Bb Bb /m2 iQ i?2 7�+i i?�i i?2
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i2KT2`�im`2 /2T2M/2M+2 Q7 bQHp�iBQM :B##b 2M2`;v Bb M�im`�HHv BM+Q`TQ`�i2/ BM i?2 KQ/2H
�b 2tTH�BM2/ T`2pBQmbHvX PM2 +�M bBKTHv +�H+mH�i2 i?2 bQHp�iBQM 2Mi`QTB2b #v /Bz2`2MiB�iBM;
bQHp�iBQM :B##b 2M2`;B2b rBi? `2bT2+i iQ i2KT2`�im`2 �b

∆
solv

S +�H+- aGA*f*.* = −
∂
(
∆

solv
G +�H+- aGA*f*.*

)

∂T
. U.@RV

h?Bb Bb 2ti`2K2Hv �ii`�+iBp2 7`QK i?2 +QKTmi�iBQM�H +Qbi bi�M/ TQBMi �b bQHp�iBQM :B##b
2M2`;B2b �M/ 2Mi`QTB2b +�M bBKmHi�M2QmbHv #2 +�H+mH�i2/ BM � bBM;H2 QTiBKBx�iBQM `mMX
aGA*fa�a� QM i?2 Qi?2` ?�M/ M22/b iQ #2 T�`�K2i2`Bx2/ �i KmHiBTH2 i2KT2`�im`2b �b
r2 2tTH�BM BM i?2 7QHHQrBM;, 6B`bi- bQHp�iBQM :B##b 2M2`;B2b �`2 +�H+mH�i2/ �i }p2 i2KT2`@
�im`2b- HBM2�`Hv bT�+2/ #2ir22M kd3 E �M/ jR3 EX q2 mb2 i?2 bi�M/�`/@bi�i2 i2KT2`�im`2
/2T2M/2M+2 Q7 i?2 :B##b 2M2`;v Q7 bQHp�iBQMkk iQ }M/ bQHp�iBQM :B##b 2M2`;B2b �M/ bm#b2@
[m2MiHv- i?2 QTiBKBx2/ aGA*fa�a� KQ/2H T�`�K2i2`b �i 2�+? i2KT2`�im`2X h?2 bi�`iBM;
BMBiB�H ;m2bb �i 2�+? i2KT2`�im`2 r�b b2i iQ i?2 QTiBKBx2/ T�`�K2i2`b �i kN3 EX 6BM�HHv
r2 +QKTmi2/ i?2 :B##b bQHp�iBQM 2M2`;B2b �i 2�+? i2KT2`�im`2 �M/ mb2/ � MQMHBM2�` H2�bi
b[m�`2 }i iQ /2i2`KBM2 2Mi`QTv �M/ ?2�i +�T�+Biv 7Q` 2�+? bQHmi2 mbBM;

∆
solv

G
calc

(T ) = ∆
solv

G
calc

(T0)−∆
solv

S
calc

[T − T0] +∆
solv

Cpcalc
(T0)

[
(T − T0)− ln T

T0

]
. U.@kV

h�"G1 .@R, PTiBKBx2/ aGA*fa�a� T�`�K2i2`b �b i2KT2`�im`2 p�`B2bX

JQ/2H ∆G ∆S ∆Cp

aGA*fa�a� e jy∗ jy∗

aGA*f*.* j3 j3 j3
aGA*f*.* ULQ@>"V ke ke ke

∗ e T�`�K2i2`b T2` i2KT2`�im`2 �i 8 i2KT2`�im`2b

h?Bb HBKBib i?2 BKT�+i Q7 MmK2`B+�H 2``Q`b U/m2 iQ TQQ` /Bb+`2iBx�iBQM �M/ QTiBKBx�iBQM
i2`KBM�iBQMV QM +�H+mH�iBQM Q7 i?2 /2`Bp�iBp2 [m�MiBiB2b U2Mi`QTB2b �M/ ?2�i +�T�+BiB2bVX h�@
#H2 .@R bmKK�`Bx2b i?2 MmK#2` Q7 T�`�K2i2`b mb2/ BM i?Bb rQ`F #v i?2 aGA*fa�a� �M/
aGA*f*.* KQ/2Hb iQ +�H+mH�i2 /Bz2`2Mi i?2`KQ/vM�KB+ T`QT2`iB2bX

83



�SS1L.As 1, _161_1L*1 .�h� *PGG1*hAPL �L. h_�ALAL:@a1h a1@

G1*hAPL

�b /Bb+mbb2/ BM i?2 BMi`Q/m+iBQM- Qm` 2�`HB2` rQ`F 7�BH2/ iQ 7mHHv 2tTHQ`2 i?2 T2`7Q`K�M+2 Q7
aGA*fa�a� �M/ �//`2bb Bib TQi2MiB�H Bbbm2b BM T`2/B+iBM; bQHp�iBQM 2Mi`QTB2b /m2 iQ i?2 H�+F
Q7 2tT2`BK2Mi�H /�i�d8X h?Bb KQiBp�i2/ mb iQ +�``v Qmi � #`Q�/2` b2�`+? BM i?2 HBi2`�im`2
iQ Q#i�BM +`2/B#H2 2tT2`BK2Mi�H K2�bm`2K2Mib Q7 2Mi`QTv �M/ ?2�i +�T�+Biv Q7 bQHp�iBQMX
.m2 iQ i?2 r�v i?2 aGA*fa�a� KQ/2H T`2/B+ib bQHp�iBQM 2Mi`QTB2b �M/ ?2�i +�T�+BiB2b- QM2
K�DQ` `2bi`B+iBQM Bb i?�i i?2 2tT2`BK2Mi�H /�i� Bb QMHv p�Hm�#H2 B7 i?2 bK�HH KQH2+mH2 #2HQM;b
iQ i?2 bm#b2i Q7 8yk bK�HH KQH2+mH2b Q7 JQ#H2v 2i �HX- r?2`2 i?2 KQH2+mH�` bi`m+im`2b rBi?
�++m`�i2 +?�`;2 HQ+�iBQMb �M/ T�`iB�H +?�`;2b �`2 `2�/BHv �p�BH�#H2X h�#H2 1@R T`2b2Mib i?2
MmK#2` 2tT2`BK2Mi�H /�i� TQBMib �M/ i?2 MmK#2` `272`2M+2b i?�i i?2 /�i� �`2 ;�i?2`2/ 7`QK
+QKT�`2/ rBi? i?2 T`2pBQmb rQ`FX

h�"G1 1@R, LmK#2` Q7 `272`2M+2 /�i� 7Q` bK�HH KQH2+mH2 bQHp�iBQM +�H+mH�iBQMbX

h?2`KQ/vM�KB+ p�`B�#H2 S`2b2Mi rQ`F J2?/Bx�/2? 2i �HXd8

∆
solv

G 8yk 8yk

∆
solv

S R8N k8

∆
solv

Cp Rkj R3

Pm` i`�BMBM;@b2i 7Q` aGA*fa�a� +�H+mH�iBQMb Bb +QKTQb2/ Q7 Rk M2mi`�H �KBMQ@�+B/
bB/2+?�BM �M�HQ;m2b �b b?QrM BM h�#H2 aA@j BM amTTQ`iBM; AM7Q`K�iBQMX Pm` `2bmHib bm;;2bi
i?�i aGA*fa�a� �+?B2p2b � bm`T`BbBM; �++m`�+v 2p2M rBi? bm+? � bK�HH i`�BMBM;@b2iX q?BH2
� i`�BMBM; b2i Q7 i?Bb bBx2 Bb �/2[m�i2 7Q` T�`�K2i2`BxBM; aGA*fa�a� KQ/2Hb- aGA*f*.*
KQ/2H `2[mB`2b � H�`;2` i`�BMBM; b2i /m2 iQ i?2 H�`;2` MmK#2` Q7 7`22 T�`�K2i2`bX 6Q` i?2
aGA*f*.* KQ/2H- r2 mb2/ � i`�BMBM; b2i rBi? e8 M2mi`�H +QKTQmM/b iQ K�F2 bm`2 i?�i
Bi +Qp2`b i?2 rB/2 p�`B2iv Q7 /BbT2`bBQM �M/ ?v/`Q;2M #QM/BM; bT2+B}+ �iQK ivT2bX h?Bb
i`�BMBM;@b2i Bb T`2b2Mi2/ BM h�#H2 aA@k BM amTTQ`iBM; AM7Q`K�iBQMX

8N



h�"G1a

h�"G1 aA@R, >v/`Q;2M #QM/ �iQK ivT2b

�++2TiQ`b L
Amine

L
Amide

L
NO2

L
other

6 P
Ester

P
NO2

P
OH

P
Carbonyl

.QMQ`b >
OH

>
NH

>
other

h�"G1 aA@k, h`�BMBM;@b2i mb2/ BM aGA*f*.* +�H+mH�iBQMb

k@MBi`QT`QT�M2 K2i?vH@Q+i�MQ�i2 ?2t@R@2M2
i`B2i?vH@T?QbT?�i2 R@MBi`QT2Mi�M2 9@#`QKQT?2MQH
k-e@/BK2i?vHTv`B/BM2 M@Q+i�M2 M@#mi�M2i?BQH
i`BK2i?vH@T?QbT?�i2 j@+v�MQT?2MQH 2i?�M�KB/2
#2Mx2M2 M@T`QTvH#2Mx2M2 M�T?i?�H2M2
K2i?�M2i?BQH Tv`B/BM2 i2~m`�M2
#mi@R@2M2 T@+`2bQH j-j@/BK2i?vH#mi�M@k@QM2
/BK2i?vH@bmH7�i2 9@MBi`Q�MBHBM2 9@+?HQ`Q�MBHBM2
#mi@R@vM2 T`QT�MQB+@�+B/ j-j-j@i`BK2i?QtvT`QTBQMBi`BH2
TBT2`B/BM2 R-9@/BQt�M2 k@K2i?vHT`QT�M2
K@tvH2M2 i2i`�?v/`QTv`�M +?HQ`Q2i?�M2
2i?vH�KBM2 �+2iB+@�+B/ k-k-k@i`B~mQ`Q2i?�MQH
K2i?�M2 i`B+?HQ`Q2i?2M2 /B2i?vH@bmH}/2
L@K2i?vH�+2i�KB/2 #mi�M@R@QH k@~mQ`QT?2MQH
M@T2MivH�KBM2 k@K2i?Qtv�MBHBM2 2i?2M2
MBi`QK2i?�M2 K2i?vH@�+2i�i2 k@BQ/QT`QT�M2
T@/B#`QKQ#2Mx2M2 k@K2i?vH?2t�M2 BKB/�xQH2
MQM�M�H T`QT�MQM2 BQ/Q#2Mx2M2
#2Mx�H/2?v/2 K2i?�MQH j@K2i?vH@R?@BM/QH2
�Mi?`�+2M2 R-k-9@i`BK2i?vH#2Mx2M2 k@M�T?i?vH�KBM2
9@7Q`KvHTv`B/BM2 +v+HQ?2tvH�KBM2 /BK2i?vH@bmH}/2

ey



h�"G1 aA@j, h?2 2tT2`BK2Mi�H /�i� Q7 bQHp�iBQM ?2�i +�T�+BiB2b Q7 Rk �KBMQ �+B/b U��bV �M/ i?2B`

�M�HQ;m2b BM
[ +�H

KQHXE

]
X

�KBMQ@�+B/ U�##pXV ∆Cp
� �M�HQ;m2 ∆Cp ∆C��

p −∆C�M�HQ;m2
p

�H�MBM2U�H�V jjXN K2i?�M2 8kXe# R3Xd

�bT�`�;BM2U�bMV eXy 2i?�M�KB/2 keXy/ kyXy

BbQH2m+BM2UAH2V d9XR M@#mi�M2 NkXy# RdXN

H2m+BM2UG2mV eNXj k@K2i?vHT`QT�M2 33Xe# RNXj

T?2MvH�H�MBM2US?2V e3XR iQHm2M2 38X32 RdXd

b2`BM2Ua2`V RyX8 K2i?�MQH kdXj/ ReX3

i?`2QMBM2Uh?`V kNXk 2i?�MQH 9dXe# R3X9

iv`QbBM2Uhv`V 9RXe T@+`2bQH ekXy+ kyX9

p�HBM2Uo�HV 83X3 T`QT�M2 d3XN# kyXR

+vbi2BM2U*vbV 8yXN K2i?�M2i?BQH eyXd∗ R3X3

K2i?BQMBM2UJ2iV kyXe K2i?vH@2i?vH@bmH}/2 jNX9∗ R3X3

i`vTiQT?�M2Uh`TV 3yXj j@K2i?vH@R?@BM/QH2 NNXR∗ R3X3

�_272`2M+2e /_272`2M+2Ry

#_272`2M+2R9 2_272`2M+2N

+_272`2M+2j

∗h?2 /Bz2`2M+2 #2ir22M bQHp�iBQM ?2�i +�T�+Biv Q7 i?2 �� �M/ Bib �M�HQ;m2 U∆C��
p −∆C�M�HQ;m2

p V

/Q2b MQi p�`v bB;MB}+�MiHv Uµ = 18.8 �M/ σ = 1.16 +�H
KQHXEV 7Q` i?2 �KBMQ �+B/ bB/2@+?�BM �M�HQ;m2b

rBi? FMQrM 2tT2`BK2Mi�H bQHp�iBQM ?2�i +�T�+BiB2bX

"Q``QrBM; 7`QK i?Bb- i?2 KBbbBM; 2tT2`BK2Mi�H bQHp�iBQM ?2�i +�T�+BiB2b r2`2 �TT`QtBK�i2/ mbBM;,

∆C�M�HQ;m2
p = ∆C��

p + 18.8 +�H
KQHXE

eR



h�"G1 aA@9, .BbT2`bBQM BMi2`�+iBQM �iQK ivT2b- `�/BB- �M/ i?2 QTiBK�H /BbT2`bBQM 2M2`;v +Q2{@

+B2MibX 1M2`;v +Q2{+B2Mib �`2 `2TQ`i2/ BM F+�HfKQHX h?2 QTiBKBx2/ p�Hm2 7Q` i?2 T�`�K2i2` qs r�b

7QmM/ iQ #2 yXjd

�iQK ivT2 _U³V �iQK ivT2 _U³V �iQK ivT2 _U³V
*UbTjV k > RXj S kXRk
*UbTkV k PUbTj@>V RXdk a kXRe
*UbTV k PUbTjV RXdk *H kXy8
LUbTjV RX3j PUbTkV RXdk "` kXRe
LUbTkV RX3j PUbTk@LV RXdk A kXjk
LUbTV RX3j 6 RXdk

h�"G1 aA@8, PTiBKBx2/ aGA*fa�a� UaaV �M/ aGA*f*.* Ua*V KQ/2H T�`�K2i2`b mb2/ BM i?Bb

rQ`F

JQ/2H
aa a* a*ULQ >"V aa a*ULQ >"V

_272`2M+2 /�i� e9 2tTiX 2tTiX 2tTiX J. J.
S�`�K2i2` Ĝ ivT2∗

α Ĝ 1a yX9j RXNj RXNy yX98 yX33
β Ĝ 1a RN8XN8 @RN3X8N @RNRXRj @93X3R @9eXRR
γ Ĝ 1a @RXRR @RXyj @yX88 @yX89 @RXy8
µ Ĝ 1a @yX98 @kXk9 @RXdy @yX88 @yXdd
φ
static

Ĝ 1a yXR @yXRy @yXRy @yXye @yXRy

γA Ĝ a� yXyyRe Ĝ Ĝ @yXyyRd Ĝ
γB Ĝ a� RXeR Ĝ Ĝ kXj3 Ĝ
"` Ĝ . Ĝ yX8 yX8y Ĝ yXRe
*
sp

Ĝ . Ĝ yX93 yXjy Ĝ yXR9

*
sp2

Ĝ . Ĝ yX93 yXkk Ĝ yXk8

*
sp3

Ĝ . Ĝ yXeR yXkk Ĝ yXj8

*H Ĝ . Ĝ yXjR yX9y Ĝ yXR9
6 Ĝ . Ĝ yXk9 yXjk Ĝ yXyd
> Ĝ . Ĝ yXR3 yXy9 Ĝ yXyk
A Ĝ . Ĝ yXj8 yX9y Ĝ yXRR

ek



h�#H2 aA@8 U*QMiBMm2/V

JQ/2H
aa a* a*ULQ >"V aa a*ULQ >"V

_272`2M+2 /�i� e9 2tTiX 2tTiX 2tTiX J. J.
S�`�K2i2` Ĝ ivT2∗

L
sp

Ĝ . Ĝ yXe8 yX89 Ĝ yXyy

L
sp2

Ĝ . Ĝ yX83 yX9R Ĝ yX8R

L
sp3

Ĝ . Ĝ yXdy yXjN Ĝ yXjy

P
sp2

Ĝ . Ĝ yXyN yXye Ĝ yXyk

P
sp2N

Ĝ . Ĝ yX8k yX99 Ĝ yXRN

P
sp3

Ĝ . Ĝ yXkj yXjd Ĝ yXkj

P
sp3H

Ĝ . Ĝ yX98 yXRe Ĝ yXR3

S Ĝ . Ĝ yX98 yXyy Ĝ yXyy
a Ĝ . Ĝ yX9N yXj9 Ĝ yXRd
qs Ĝ . Ĝ yXjN yXkd Ĝ yXjd
x Ĝ * Ĝ kXjj kX3k Ĝ eXNR
L

Amine
Ĝ >P> Ĝ yXyy Ĝ Ĝ Ĝ

L
Amide

Ĝ >P> Ĝ yXj9 Ĝ Ĝ Ĝ

L
Nitro

Ĝ >P> Ĝ yXyy Ĝ Ĝ Ĝ

L
other

Ĝ >P> Ĝ yXyy Ĝ Ĝ Ĝ

P
Carbonyl

Ĝ >P> Ĝ yXyy Ĝ Ĝ Ĝ

P
Ester

Ĝ >P> Ĝ yXRd Ĝ Ĝ Ĝ

P
Nitro

Ĝ >P> Ĝ yXyy Ĝ Ĝ Ĝ

P
Hydroxyl

Ĝ >P> Ĝ yX9N Ĝ Ĝ Ĝ

P
Hydroxyl

Ĝ >L> Ĝ yXRk Ĝ Ĝ Ĝ

6HmQ`BM2 Ĝ >P> Ĝ yXyy Ĝ Ĝ Ĝ
∗ 1a, 2H2+i`Qbi�iB+- a�, bm`7�+2 �`2�- ., /BbT2`bBQM- *, +QK#BM�iQ`B�H- >, ?v/`Q;2M #QM/BM;

ej



h�"G1 aA@e, aGA*fa�a� UaaV �M/ aGA*f*.* Ua*V T`2/B+iBQMb Q7 ?v/`�iBQM :B##b 2M2`;B2b-

bQHp�iBQM 2Mi`QTB2b �M/ bQHp�iBQM ?2�i +�T�+BiB2b Q7 RyN M2mi`�H +QKTQmM/b +QKT�`2/ rBi? 2t@

T2`BK2Mi�H K2�bm`2K2MibX h?Bb bm#b2i Q7 bK�HH KQH2+mH2b r�b i?2 #B;;2bi b2i i?�i r�b 7QmM/ BM

i?2 HBi2`�im`2 r?2`2 7Q` �HH i?2 +QKTQmM/b- i?2 2tT2`BK2Mi�H p�Hm2b Q7 ?v/`�iBQM i?2`KQ/vM�KB+b

U∆G expt- ∆S expt- �M/ ∆C expt
p V r2`2 �p�BH�#H2X

∆G

[F+�H
KQH

]
−T∆S∗

[F+�H
KQH

]
∆Cp

[ +�H
KQHXE

]

L2mi`�H +QKTQmM/ 2tTiX� aa a* 2tTiX aa a* 2tTiX aa a*

R-k@/B�+2iQtv2i?�M2 @eXj9 @RyXeR @dX9d RyXk8# 3Xye RkXdk NeX38# 38X33 RRjXdy

R-k@/BK2i?Qtv2i?�M2 @9X39 @8Xkd @jXkR 3Xd9# dXyy NXej 8dX39# ddX89 9eXR8

R-k@2i?�M2/BQH @NXj @RRXdd @RRXRk dXj3# dXRd RyXRy kdXkk# 9yXy3 3eXRN

R-9@/BQt�M2 @8Xye @9Xyy @9Xj9 8X3R# 8X39 dXj3 jyX89# 8eX9R 9yX93

k-k@/BK2i?vHT`QT�M2 @eXk8 @9Xej @9XR9 RyXd8# NX3e RkXdy NkXNy# RkjXNR R9RX3N

k-9@/BK2i?vHT2Mi�M@j@QM2 @eXeN @NXed @3Xkd 3X8d# 3Xjj RyXd9 ekXde# dNXyj RyeXyN

k-e@/BK2i?vHTv`B/BM2 @eXde @NX99 @8X9k dXyN# dX98 dXey 99Xek# 8NXNj 33X8N

k@#miQtv2i?�MQH @9X9j @kXdj @jXR8 RRXj9+ 3Xkk NXyk NeX3y+ N8Xje e3X8N

k@2i?Qtv2i?�MQH @9X8 @9XRd @9Xj9 NXkN+ 3Xkd 3X9R d3X3d+ 38X8j RyeXR9

k@K2i?Qtv2i?�MQH @9X9d @jX98 @jXyN RyXk8+ dX8k 3Xdj 39Xjd+ 3yX3k dNXdR

k@K2i?vH#mi�M@k@QH kXjk kXyy RXjR dX8y+ dXk3 8X8j 33X9j+ NRX8k jNX8y

k@K2i?vHT`QT�M@R@QH @9Xej @jXj8 @9X39 dX3k/ eXNj dX99 e9X8j# ddXdd R9jXdk

k@K2i?vHT`QT�M@k@QH @eX9 @NXed @3XjN NXdk# NX9R RRXde d3XR8# N3Xee 9eXeR

k@K2i?vHT`QT�M2 kX8R kXyj kXjR dXNR+ dXNR eX9N RRdXRR+ RykX3k 8jXjj

k@K2i?vHTv`B/BM2 @kXd9 @jXRj @RXjN NXjj# NXjR NXdj 83XRy# Rk9XjR 3dXjj

k@T`QTQtv2i?�MQH @9X8N @kXNk @9XkN NXek/ 3XRR 3X9R d8X88# RyyXRy 99Xje

j@K2i?vH@R?@BM/QH2 @8X33 @eXRd @dXR8 3X83Þ 3Xd9 RkXye NNXRyß NNXRy e8Xd3

j@K2i?vHTv`B/BM2 @9Xdd @jXjd @9XNk dXNy/ eXNe dXjN edXyd# d3X3d RRdXN3

j@MBi`QT?2MQH @NXek @eX8y @RyXy9 8XNe# 3Xyj RyXdy 8NX89# e3Xkj edXjk

9@K2i?vHT2Mi�M@k@QM2 @jXy8 @jX8k @jXyy dXdd/ 3Xk3 3Xjy eeXNk# RyjX3j 8eX83

9@K2i?vHTv`B/BM2 @9XNj @jX89 @8Xyk dXd3/ eX3d dX9k eeXRj# deX3j d3X33

9@MBi`QT?2MQH @RyXe9 @eXN3 @RyX9y 8XRe# 3Xy9 RyXed 88Xd9# eeXdy edXR8

�+2M�T?i?2M2 @jXR8 @jXRk @jXde 3XRR# 3Xdy RRXde NjXyN# RydXdy 89Xdk

�+2iB+@�+B/ @eXeN @NXRe @3XR8 8Xjj/ eX83 dX9k kjX89# 9kX99 RjRXeN

e9



h�#H2 aA@eX U*QMiBMm2/V

∆G

[F+�H
KQH

]
−T∆S∗

[F+�H
KQH

]
∆Cp

[ +�H
KQHXE

]

L2mi`�H +QKTQmM/ 2tTiX� aa a* 2tTiX aa a* 2tTiX aa a*

�Mi?`�+2M2 @jXN8 @9X9d @8XjN NX98# 3Xd3 RjXyj 9dXNd# RyjXNe RRRXyN

#2Mx2M2 @yX3e @RXkR @yXee eXRk+ eXkN dX33 eNXjR+ edX83 8kXRe

#`QKQK2i?�M2 @yX3k yX98 @RXye 9Xe3# 9X8N kX3N 9dXNN# jNXye RjNXjk

#mi@R@2M2 RXj3 RXj9 kXRy eXdj+ eXNy eXe8 NjXkR+ 3jXj9 kydX8k

#mi�@R-j@/B2M2 yXeR yX99 RX38 eX9e+ eXRd eXNd Rj3XdN# e3Xjd RedXyN

#mi�M@R@QH @9Xdk @jXNk @9X9R NX9j+ dXNd 3XNy 3yXyd+ 3eXNN RkRXdN

#mi�M@k@QH @9Xek @jXkk @jX3d NXdN+ dXde 3X93 3RXke+ 39X9d dyX8e

#mi�MQB+@�+B/ @eXj8 @3X8k @dX9k dXkd/ 3XN8 NXj8 8kX3d# 3eXk8 N3Xed

#mi�MQM2 @jXdR @jXNN @jXRN eXeR# eXje dXyk 88X3e# e8XNN 8yXeN

+?HQ`Q/B~mQ`QK2i?�M2 @yX8 @yX3R @kXRd eXNj# 8XkN kX3N 3jXey# 9yXje kNX3j

+?HQ`Q2i?vH2M2 @yX8N yX9y yXR8 8XR8# 8Xyk 9X9R jyXNy# 9eXyk RyRXj3

+?HQ`Q~mQ`QK2i?�M2 @yXdd @yXNy @RXeR jX3k# 9Xyk jXdR jeX38# kRX9d RyjXde

+?HQ`QK2i?�M2 @yX88 yXkk @yX9e 9Xj3# 9Xje jXk3 99Xy8# j9X83 3kXRk

+v+HQ?2Ti�MQH @8X93 @jXed @dX9e RRXdd+ 3XN8 3X93 Ry8XRe+ Ry8Xej e3Xye

+v+HQ?2t�M2 RXkj kXy9 yXkR 3X89+ 3XRd eX9e NdXNN+ RydX9y 9eXd9

+v+HQ?2t�MQH @8X9e @9XkR @8Xej RyX39+ NXRe NXkk 3RXke+ RyjXdy RjNX33

+v+HQT2Mi�MQH @8X9N @9Xy8 @8Xjk RyXRR+ 3X9N 3X8N 33X9j+ NRXR9 R8RXRy

+v+HQT`QT�M2 yXd8 RXdj yX9j 8Xdk+ 8XNj 9Xjy d9XyN+ eeXdj e9Xdk

/B@M@#mivH�KBM2 @jXk9 @RX3R @kXyy R9Xjy/ RRX33 RkXyy N9XdN# ReeXR3 RRdXye

/B@M@T`QTvH@bmH}/2 @RXk3 @yXje @yX9e NX8R2 NXdd NXjR RReX9y2 RjkXN8 93X39

/B@M@T`QTvH�KBM2 @jXe8 @RX3N @kXdR RjXyR/ RyXy8 RkXR8 N8X9j# RjjXk8 3dXye

/B2i?vH@/BbmH}/2 @RXe9 @yXNd @kX88 dX882 3X9N dXjR 3eXde2 Ry3Xyj ReX3N

/B2i?vH@bmH}/2 @RX9e @yX8N @yXNk dX882 dX39 dXky deX932 N3XRR RNXRR

/B2i?vH�KBM2 @9Xyd @kXR8 @kXNR RyX3d/ 3XRj RyXRN 33Xe8# N3Xy8 RjRXk3

/BK2i?vH@/BbmH}/2 @RX3j yXN3 @RXkj 8X3e2 dX98 dXyy e3Xje2 3yXk3 e9XjN

/BK2i?vH@bmH}/2 @RXeR @yX99 @RXkd 8XjR2 8XeR 9X3k 89X9N2 8dX93 j9Xdk

/BK2i?vH@bmH7QtB/2 @3XdR @3X9y @3Xk9 dX33/ 9X3e eXy9 kjXRR# j9Xd3 eeXyN

2i?�M�KB/2 @NXdR @NX3y @RyXN8 eX8e; 8XN3 dXye kkXeR# 9kXed j3Xd9

e8
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L2mi`�H +QKTQmM/ 2tTiX� aa a* 2tTiX aa a* 2tTiX aa a*

2i?�M2 RX3j RXNR RXed 8X3d+ 8X83 jXNN eeXNk+ eyXNR 8yXy3

2i?�MQH @8 @9Xd9 @9X8e eXNd+ eX9d dXyR 9dX8e+ 8jXRe NkXNd

2i?2M2 RXk3 RXky kXyk 9Xek+ 9X3k 9X89 8dXje+ 98Xde dyX8k

2i?vH@�+2i�i2 @kXN9 @9Xkk @kXee dXje# dXk9 3X99 edXe9# 3jXdy RyjXed

2i?vH#2Mx2M2 @yXdN @yXN8 @yXR8 3Xkk+ 3Xkk NXN9 33X9j+ RyjXkR N3Xye

~mQ`QK2i?�M2 @yXkk @yXke yXRj jX8R# jX3N jXde jeXjj# k8XN9 9yX8R

?2Ti�M@R@QH @9XkR @jXe8 @jX3d RkXjj+ RyX8N RRXN3 Rk9Xk3+ Rj8Xej N8X88

?2Ti�M@k@QM2 @jXy9 @jXe9 @kX8e NXNe/ NX9d RyXy9 e9XyR# Rk9Xej j3XRj

?2Ti�M@9@QM2 @kXNk @jXkR @kX8y RyX33/ NX8N NX38 83Xy8# RkdXeR 8jXR9

?2t�M@R@QH @9X9 @jXek @jXNe RRXk3+ NXdk RyXNN RyNXN9+ RkyXj3 RyeX3y

?2t�M@j@QH @9Xye @kXde @jX3j RRXNd+ NXey RyXye RRkXjj+ RR3Xdy deXe3

BQ/QK2i?�M2 @yX3N @yX3e @RXe9 9Xdy# 9Xkk jXk9 NNX3R# k3Xkk Rj9XR3

K@tvH2M2 @yX3j @yX3e @yX99 dXdd+ 3Xj9 NXeR N3XyN# Ry8X3N 8kXRk

K2i?�M2 RXNN RX3e RXjj 9X8k+ 9X9j kX8d 8kX83+ 9yXk9 R3Xjd

K2i?�M2i?BQH @RXk9 @RX9N @RXdk jXN3+ 9X3y 9XRR eNXdyß eNXdy dkXN3

K2i?�MQH @8XR @8Xy3 @eXey 8XyN+ 8X9y 8Xkd kdXk8+ jjX3k R83Xyd

K2i?vH@�+2i�i2 @jXRj @8Xy9 @jXNd eX9j# 8Xdd dXyd 9NXyk# 88Xy9 38Xey

K2i?vH@2i?vH@bmH}/2 @RX8 @yX89 @RXR9 eX9dȜ eXdj 8XNd jNX3yß jNX3y 3RXjR

KQ`T?QHBM2 @dXRd @8XRe @dXye 3X3j# eX39 NXde jjXRd# e3Xe8 R9eX9e

M@#mi�M2 kXyd kXyy RXey dXee+ dX98 8X3d NkXyk+ N9X8j 9yXek

M@#mivH�+2i�KB/2 @NXjR @NXRd @RyXyd RRX8j/ NXN9 RyXNk 38X99# RR8XjN 8NX3d

M@#mivH�KBM2 @9Xk9 @jX3N @9X93 NXkd/ 3Xky RyXyy dkX89# NkXyk 8eX3R

M@?2t�M2 kX93 kXRy RXNj NX9j+ NXjy dXNd RRdXRR+ RkdXNy k8Xyj

M@?2tvH�KBM2 @jXN8 @jX98 @9XR9 RRXR9/ RyXy8 RRXNj Ry9XN8# RkeX8y 9eXNy

L@K2i?vH�+2i�KB/2 @Ry @3X83 @NXkN eXNk; eX8N 3X99 9yXyj# 8NXNd jyX9k

L@K2i?vHKQ`T?QHBM2 @eXjk @9XRd @9XjR NX9N# dXy8 NXek 9dX3j# dNX3e 9eXNe

L@K2i?vHTBT2`B/BM2 @jX33 @RXe9 @jXN9 RRXk9# 3XRR dXNd NeXe8# RyjXdj jkXdN

M@T2Mi�M2 kXjk kXy8 RX39 3Xey+ 3Xj3 eXNd Ry8XRe+ RRRXRN RNXjy

ee
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L2mi`�H +QKTQmM/ 2tTiX� aa a* 2tTiX aa a* 2tTiX aa a*

M@T2MivH�KBM2 @9XyN @jXNN @9XNR RyXRe/ NXRe RyXde 3NX99# RyNXj9 99XkN

M@T`QT�M2i?BQH @RXye @RX9d @RX89 8X8e2 eX33 eXyd d3X3d2 djXy3 j8Xjj

M@T`QTvH�KBM2 @9XjN @jXd9 @9Xk8 3Xjj/ dXjR NXRy 88Xke# d8XN8 83X9j

M@T`QTvH#2Mx2M2 @yX8j @yX3e @yXRy NXje+ NXRe RyX3d RydX88+ RkyXke 38XyR

M�T?i?�H2M2 @kX9 @jXy8 @jXR8 3Xky# dX8k RyX8j 3kXRy# 38Xj8 Ry3XNd

L-L@/BK2i?vH7Q`K�KB/2 @dX3R @eX3R @9XNN eXdy; 8X88 dXNk jkX88# 93XjR kNXd8

Q+i�M@R@QH @9XyN @8Xyd @9X3y RjXyN+ RkXeR RkXdj RjeXkj+ R83Xk9 3yXkd

T@+`2bQH @eXRj @eXyy @eXRe 3Xyy/ 3Xk9 RyXN3 ekXyk# 3RXyj edXRk

T@tvH2M2 @yX3 @yX33 @yX99 dX3j+ 3Xj9 NXej 3yXyN# Ry8Xdd 98Xyj

T2Mi�M@R@QH @9X8d @jXeN @jXN8 RyXjd+ 3X3N NXNe NeXy3+ Ry9XdR Re9XkN

T2Mi�M@j@QH @9Xj8 @jXkk @jX3e RRXyk+ 3XNy NXj8 NdXNN+ Ry9XN8 N9XNd

T2Mi�M@j@QM2 @jX9R @jX9k @kXNy dX3R/ dXed dXdd dRXNN# NkXde 8kXy3

T?2MQH @eXeR @eXky @eXRe eX9y/ dXky RyXkk 8yX8j# eRX8R 8RXRk

TBT2`B/BM2 @8XRR @kX9k @9XN3 NXNk# dXN9 NXkd deXRk# NkXk9 9RXd8

T`QT@k@2M@R@QH @8Xyj @9Xjk @jXej dXjd+ eXej 3X8R ekXR9+ 8NX3k deX8R

T`QT�M@R@QH @9X38 @jXde @9Xje 3Xjj+ dXyk 3Xyy e9Xy8+ dRXky ddXRR

T`QT�M@k@QH @9Xd9 @jXd3 @9Xjj 3Xe9+ eXNk dXeN e8XyR+ e3Xdj 3jXdj

T`QT�M2 RXNe RXNe RXej eX3j+ eX8k 9XN8 d3X3d+ ddX3R 9NXRy

T`QT�MQB+@�+B/ @eX9e @NXkj @3XRk eX99/ 3XRy 3Xj9 j3XkN# edXR3 RkdXdR

T`QT�MQM2 @jX3 @9XR8 @jX9N 8Xjd# 8Xed 8X38 jNXdd# 88X8N 88XRR

T`QT2M2 RXjk RXkk RXdR 8X33+ 8XNk 8X9k eeXNk+ e8XeN RRRXNy

T`QTvM2 @yX93 yX8y @yXjN jXd8+ 8Xje 9XjR dNX89# 8jXdj 3NXky

Tv`2M2 @9X8k @8XjN @dXe9 RyXy3# 3Xdy RjXkd RkNXNd# RyyXk8 RdRX3k

Tv`B/BM2 @9XeN @jXdy @8Xk9 eXek/ 8Xd8 eX98 89X9y# 88Xj8 k3X8e

Tv``QHB/BM2 @8X93 @jXRk @8X93 NXRR# dXRe 3Xd9 eyXjj# d3Xjy 3NXyd

i2i`�~mQ`QK2i?�M2 jXRk RXk8 RXdd eXRk# 8XRj 9Xee NyXd8# 9NXek RddX99

i2i`�?v/`Q7m`�M @jX9d @RX3j @kXk9 dXkj# eX8R eXe9 8yXkN# d9XR3 NyXdd

i2i`�?v/`QTv`�M @jXRk @RXRj @kXyN dXNe# dXkd dXyR ejXey# 33Xj9 NeXR3

ed
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L2mi`�H +QKTQmM/ 2tTiX� aa a* 2tTiX aa a* 2tTiX aa a*

iQHm2M2 @yX3N @RXye @yX88 dXRN+ dXjk 3Xde 3RXke; 3eXeR 3NX3y

_Ja1 RXjd yXN8 RXkN RXdR k9Xkj 98XNR

J�1 RXyk yXd9 yXN3 RXjj R3XRk jeXeR
�_272`2M+2e9X 2_272`2M+2R8X
#_272`2M+2jX 7_272`2M+2RX
+_272`2M+2R9X ;_272`2M+2NX
/_272`2M+2RyX
∗*�H+mH�i2/ mbBM;,

−T∆S = ∆G−∆H

Þ�TT`QtBK�i2/ mbBM; i?2 /Bz2`2M+2 #2ir22M ∆H Q7 hv` �M/ T@+`2bQH,

∆HUj@K2i?vH@R?@BM/QH2V ≈ ∆HUh`TVY∆HUT@+`2bQHV−∆HUhv`V

ß�TT`QtBK�i2/ mbBM; i?2 �p2`�;2 Q7 |∆C��
p −∆C�M�HQ;m2

p | Ua22 h�#H2 aA@jV
ȜAMi2`TQH�i2/ 7`QK i?2 2tT2`BK2Mi�H p�Hm2b Q7 ∆H 7Q` /BK2i?vH@bmH}/2 �M/ /B2i?vH@bmH}/2X

1tT2`BK2Mi�H bQHp�iBQM 2Mi?�HTB2b r2`2 i`�Mb7Q`K2/ iQ i?2 R J ;�b bi�M/�`/ bi�i2,

∆H1M = ∆H`27 + 0.6
F+�H
KQH X Ua22 _272`2M+2bRk-jk-jjV

e3
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2tTiX� +�H+X 2tTiX +�H+X 2tTiX +�H+X

L2mi`�H +QKTQmM/ iQi 2b MT

R@#`QKQ@k@+?HQ`Q2i?�M2 @RXN8 @yXyk @kXyj kXyR 8X3R 83XRj

R@#`QKQ@k@K2i?vHT`QT�M2 @yXyj yXee @RX9R kXye dXjj 3NX9N

R@#`QKQ#mi�M2 @yX9y yXej @RX9e kXyN dXdk NeX83

R@#`QKQ?2Ti�M2 yXj9 yXdN @RX9e kXk8 RyX8k R9dXyk

R@#`QKQ?2t�M2 yXR3 yXde @RX9j kXRN NXey RjyX89

R@#`QKQQ+i�M2 yX8k yX38 @RX98 kXjy RRX9e RejXNR

R@#`QKQT2Mi�M2 @yXRy yXdR @RX9j kXR9 3Xe3 RRjX3j

R@#`QKQT`QT�M2 @yX8e yX83 @RX9e kXyj eX3y dNXN9

R@+?HQ`Q@k-k-k@i`B~mQ`Q2i?�M2 yXye @yXdk @kXdj kXyR 8Xkd 9jXN9

R@+?HQ`Q#mi�M2 @yXRe yX9e @RXeR kXy3 dX88 NjX9N

R@+?HQ`Q?2Ti�M2 yXkN yXek @RXek kXk9 RyXj8 R9jX3R

R@+?HQ`Q?2t�M2 yXyy yX8k @RXee kXR3 NXk8 RkjXd9

R@+?HQ`QT2Mi�M2 @yXyd yX98 @RXed kXRj 3Xj8 RydX8y

R@+?HQ`QT`QT�M2 @yXjj yX9d @RX88 kXyk eX99 dkXNN

R@2i?vHM�T?i?�H2M2 @kX9y @kXdj @9XNd kXk9 NXkR RReX3d

R@BQ/Q#mi�M2 @yXk8 @yX8k @kXek kXRy dX8d NRXjk

R@BQ/Q?2Ti�M2 yXkd @yXjk @kX83 kXke RyXjN R9kXy9

R@BQ/Q?2t�M2 yXy3 @yXje @kX8d kXkR NX98 Rk8Xke

R@BQ/QT2Mi�M2 @yXR9 @yX9j @kX83 kXRe 3X8j Ry3Xe8

R@BQ/QT`QT�M2 @yX8j @yX83 @kXej kXy8 eXe8 d9Xd3

R@K2i?vH@BKB/�xQH2 @3X9R @8Xek @dXe8 kXyj 8XdR 8kXjd

R@K2i?vH@Tv``QH2 @kX3N @kXj3 @9X9j kXy9 eXjk eeXdd

R@K2i?vH+v+HQ?2t2M2 yXed RXkN @yX3j kXRk 3Xek RR9X9e

R@K2i?vHM�T?i?�H2M2 @kX99 @kX3e @8Xy8 kXRN 3Xje RyRXjy
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L2mi`�H +QKTQmM/ iQi 2b MT

R@M�T?i?QH @dXed @3Xkj @RyXjN kXRe NXjd 3NXdN

R@M�T?i?vH�KBM2 @dXk3 @dX8k @NXe3 kXRe NXyd NyXyd

R@MBi`Q#mi�M2 @jXyN @RXy9 @jXR8 kXRy dXek NkXR9

R@MBi`QT2Mi�M2 @kX3k @yXN9 @jXRy kXRe 3X8e RyNXyy

R@MBi`QT`QT�M2 @jXj9 @RXR9 @jXRN kXy8 eXe3 d9XN8

R-R@/B�+2iQtv2i?�M2 @9XNd @NXR3 @RRX9y kXkk 3XeN RykXNy

R-R@/B+?HQ`Q2i?�M2 @yX39 @yXR9 @kXR8 kXyy 8X3k 83Xke

R-R@/B+?HQ`Q2i?2M2 yXk8 yX38 @RXR9 RXNN 8Xdd 8NXde

R-R@/B2i?Qtv2i?�M2 @jXk3 @jX9d @8XeN kXkR NX9j RkjXd8

R-R@/B~mQ`Q2i?�M2 @yXRR @RXyk @kXN3 RXNe 9X3N 9yX38

R-R-R@i`B+?HQ`Q2i?�M2 @yXRN yXey @RX99 kXy9 eX88 djXk3

R-R-R@i`B~mQ`Q@k-k-k@i`BK2i?Qtv2i?�M2 @yX3y @jXdR @8X3d kXRe dXjj d3X3j

R-R-R@i`B~mQ`QT`QT�M@k@QH @9XRe @eX3e @3XNy kXy9 3Xy9# eXe8 99XkN

R-R-R@i`BK2i?Qtv2i?�M2 @9X9k @9Xey @eXdj kXRj dXd8 NRX9k

R-R-R-k@i2i`�+?HQ`Q2i?�M2 @RXk3 yXjk @RXd8 kXyd eXek dRX8k

R-R-k@i`B+?HQ`Q@R-k-k@i`B~mQ`Q2i?�M2 RXdd RX9d @yXey kXyd dX89 N9Xyd

R-R-k@i`B+?HQ`Q2i?�M2 @RXNN @RXk8 @jXkN kXyj 8XkN 9RX9y

R-R-k-k@i2i`�+?HQ`Q2i?�M2 @kX9d @yXjN @kX9e kXye eX8k e9XRd

R-k@/B�+2iQtv2i?�M2 @eXj9 @RyXeR @RkX39 kXkj RyXk8# 3Xye NeX38# 38X33

R-k@/B#`QKQ2i?�M2 @kXjj yXy3 @RXN9 kXyk 8XNN eRX9k

R-k@/B+?HQ`Q#2Mx2M2 @RXje @yXjN @kX8y kXRy dXyd dNXyj

R-k@/B+?HQ`Q2i?�M2 @RXdN @RXkk @jXkk kXyy 8Xyy jNXNN

R-k@/B+?HQ`QT`QT�M2 @RXkd @RXyd @jXRR kXy8 eXy3 eRXyR

R-k@/B2i?Qtv2i?�M2 @jX89 @9Xje @eX83 kXkk NX9N Rk9XR8

R-k@/BK2i?Qtv2i?�M2 @9X39 @8Xkd @dXje kXyN 3Xd9# dXyy 8dX39# ddX89

dy
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R-k@2i?�M2/BQH @NXjy @RRXdd @RjXdj RXNe dXj3# dXRd kdXkk# 9yXy3

R-k-j@i`B+?HQ`Q#2Mx2M2 @RXk9 yXRj @kXyy kXRj dXdj NRXjR

R-k-j@i`BK2i?vH#2Mx2M2 @RXkR @yXde @kXNj kXRd dXR8+ 3X39 RR8Xjy

R-k-j-9@i2i`�+?HQ`Q#2Mx2M2 @RXj9 yXdj @RX9j kXRe 3X83 Ry3Xky

R-k-j-8@i2i`�+?HQ`Q#2Mx2M2 @RXek RXyj @RXR9 kXRd 3X33 RR9Xd3

R-k-9@i`B+?HQ`Q#2Mx2M2 @RXRk yXj8 @RXdN kXR9 dXNe N8X33

R-k-9@i`BK2i?vH#2Mx2M2 @yX3e @yXdk @kXNy kXR3 3Xy3+ NXRj RkyX8d

R-k-9-8@i2i`�+?HQ`Q#2Mx2M2 @RXj9 yXN3 @RXRN kXRd 3X39 RR9Xy8

R-j@/B+?HQ`Q#2Mx2M2 @yXN3 @yXRj @kXk9 kXRR dXk3 3jXke

R-j@/B+?HQ`QT`QT�M2 @RX3N @yXNy @kXN8 kXy8 eXk3 e8Xej

R-j@/BK2i?vHM�T?i?�H2M2 @kX9d @kXey @9X39 kXk9 NX99 RkRXe3

R-j-8@i`B+?HQ`Q#2Mx2M2 @yXd3 yXdy @RX99 kXR9 3Xk8 RykX9y

R-j-8@i`BK2i?vH#2Mx2M2 @yXNy @yXe8 @kX39 kXky 3Xjy+ NXjd Rk8Xy8

R-9@/B+?HQ`Q#2Mx2M2 @RXyR @yXky @kXjR kXRR dXkR 3RXN9

R-9@/B+?HQ`Q#mi�M2 @kXjk @RXRd @jXkd kXRy dXRk 3yX93

R-9@/BK2i?vH@TBT2`�xBM2 @dX83 @9XRN @eXjj kXR9 3XRd dyX9e# RyyXed

R-9@/BK2i?vHM�T?i?�H2M2 @kX3k @kXe9 @9X3d kXkj NXkR RRdXjN

R-9@/BQt�M2 @8Xye @9Xyy @eXyk kXyj 8X3R# 8X39 jyX89# 8eX9R

k@#`QKQ@k@K2i?vHT`QT�M2 yX39 yXke @RX3R kXyd dX9e NkXj8

k@#`QKQT`QT�M2 @yX93 yXjk @RXdR kXyj eXdR d3Xk8

k@#miQtv2i?�MQH @eXk8 @9Xej @eX3j kXky RyXd8# NX3e NkXNy# RkjXNR

k@+?HQ`Q@R-R-R@i`BK2i?Qtv2i?�M2 @9X8N @eXy8 @3Xky kXR8 dXRj d9XRy

k@+?HQ`Q@k@K2i?vHT`QT�M2 RXyN yXkR @RX3e kXye dXj8 NyX98

k@+?HQ`Q�MBHBM2 @9XNR @8Xjy @dXjN kXyN 3Xyd deXRe

k@+?HQ`Q#mi�M2 yXyy yXj9 @RXdj kXyd dX99 NRX3e
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k@+?HQ`QT?2MQH @9X88 @jXdd @8X38 kXy3 dX88 d9X8d

k@+?HQ`QT`QT�M2 @yXk8 yXky @RX3k kXyk eX8d d8X3R

k@+?HQ`QTv`B/BM2 @9XjN @jXey @8Xee kXye eX3j# eXy9 8dXNR

k@+?HQ`QiQHm2M2 @RXR9 @yXe9 @kXde kXRk dX88 3NXjR

k@2i?Qtv2i?�MQH @eXeN @NXed @RRXde kXyN 3X8d# 3Xjj ekXde# dNXyj

k@2i?vHTv`�xBM2 @8X98 @8X8N @dXdR kXRR eXN8 dkXej

k@2i?vHTv`B/BM2 @9Xjj @jXyN @8Xkk kXRj dX38/ dX33 N8Xye

k@2i?vHiQHm2M2 @RXy9 @yX3y @kXNd kXRd 3X39 RR9X33

k@~mQ`QT?2MQH @8XkN @jXN8 @eXyk kXye dXyd eeX8y

k@BQ/QT?2MQH @eXky @jXkj @8Xj9 kXRR dXdj dNXej

k@BQ/QT`QT�M2 @yX9e @yXde @kX3y kXy9 eXeR d9Xjy

k@BbQ#mivHTv`�xBM2 @8Xy9 @8Xyy @dXR3 kXR3 3Xjj N3Xe8

k@K2i?Qtv@R-R-R@i`BK2i?Qtv2i?�M2 @8Xdj @3Xde @RyXNd kXkR 3XR9 NRXNd

k@K2i?Qtv�MBHBM2 @eXRk @dXk3 @NX9R kXRj 3X9e 39XR8

k@K2i?Qtv2i?�M�KBM2 @eX88 @eXd8 @3Xd3 kXyj dXkj edXde

k@K2i?Qtv2i?�MQH @eXde @NX99 @RRX9e kXyk dXyN# dX98 99Xek# 8NXNj

k@K2i?QtvT?2MQH @8X8d @8X3k @dXN9 kXRk dX33 dNXe3

k@K2i?vH@#mi@k@2M2 RXjR RXk8 @yX3k kXyd dXd3+ dXd8 N3XNR

k@K2i?vH#mi@k@2M2 RXjR RXk8 @yX3k kXyd dXd8 N3XNR

k@K2i?vH#mi�@R-j@/B2M2 yXe3 yX98 @RX8N kXy8 8X8R+ eXN3 3jXk8

k@K2i?vH#mi�M@R@QH @9X9k @jXjj @8X9k kXyN 3Xk8 N8XkN

k@K2i?vH#mi�M@k@QH @9X9j @kXdj @9X3k kXyN RRXj9+ 3Xkk NeX3y+ N8Xje

k@K2i?vH#mi�M2 kXj3 kXyj @yXy9 kXyd dXd3+ dXN9 RyjXjj

k@K2i?vH?2t�M2 kXNj kXRk @yXye kXR3 NXdN RjeXey

k@K2i?vHT2Mi@R@2M2 RX9d RX9y @yXdk kXRk 3X8N RRjXNy
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k@K2i?vHT2Mi�M@k@QH @jXNk @jXk8 @8XjN kXR9 NXkd RRkXjR

k@K2i?vHT2Mi�M@j@QH @jX33 @kXRR @9Xk8 kXR9 3XN3 RRkX98

k@K2i?vHT2Mi�M2 kX8R kXy3 @yXy8 kXRj NXdy+ 3XN3 RkkXyj

k@K2i?vHT`QT�M@R@QH @9X8y @9XRd @eXkR kXy9 NXkN+ 3Xkd d3X3d+ 38X8j

k@K2i?vHT`QT�M@k@QH @9X9d @jX98 @8X9N kXy8 RyXk8+ dX8k 39Xjd+ 3yX3k

k@K2i?vHT`QT�M2 kXjk kXyy @yXy9 kXy9 dX8y+ dXk3 33X9j+ NRX8k

k@K2i?vHT`QT2M2 RXRe RXk8 @yXdd kXyk eX3k e8Xjd# 3kXy8

k@K2i?vHTv`�xBM2 @8X8R @8XNy @dXNe kXye 8X33 8kXj9

k@K2i?vHTv`B/BM2 @9Xej @jXj8 @8X9j kXy3 dX3k/ eXNj e9X8j# ddXdd

k@K2i?vHi2i`�?v/`Q7m`�M @jXjy @RXjN @jX98 kXyd dX9j NRXj8

k@K2i?vHi?BQT?2M2 @RXj3 @yX9e @kX8k kXye eX3d d3Xjd

k@M�T?i?QH @3XRR @3Xke @RyX9k kXRe NXyN 3dX8k

k@M�T?i?vH�KBM2 @dX9d @dX38 @RyXyk kXRd NXRd NkX9k

k@MBi`Q�MBHBM2 @dXjd @8Xde @dX3e kXRy dXee e3XR3

k@MBi`QT?2MQH @9X83 @dXd3 @NX33 kXRy dX8j 83X39

k@MBi`QT`QT�M2 @jXRj @RXkk @jXke kXy9 eXek d9Xk9

k@MBi`QiQHm2M2 @jX83 @RXN9 @9Xyd kXRj dXj8 3kXd9

k@T?2MvH2i?�MQH @eXdN @eX8j @3Xe3 kXR8 3Xej NRXN3

k@T`QTQtv2i?�MQH @eX9y @NXed @RRX3k kXR8 NXdk# NX9R d3XR8# N3Xee

k-k@/BK2i?vH#mi�M2 kX8R kXyd @yXy9 kXRR 3X83 RR9X3j

k-k@/BK2i?vHT2Mi�M2 kX33 kXRR @yXy8 kXRe NX8R RjRXe3

k-k@/BK2i?vHT`QT�M2 kX8R kXyj @yXy9 kXyd dXNR+ dXNR RRdXRR+ RykX3k

k-k-k@i`B~mQ`Q2i?�MQH @9XjR @eXj9 @3Xjj RXNN dXye# eX9N j3XkR

k-k-9@i`BK2i?vHT2Mi�M2 kX3N kXRj @yXy8 kXR3 NX33 Rj3Xj9

k-k-8@i`BK2i?vH?2t�M2 kXNj kXR3 @yXye kXk9 RyX33 R8eXky
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k-j@/BK2i?vH#mi�@R-j@/B2M2 yX9y yX9e @RXej kXyN dXde NdX9j

k-j@/BK2i?vH#mi�M2 kXj9 kXyd @yXy9 kXRR 3Xdk+ 3Xek RR8X8N

k-j@/BK2i?vHM�T?i?�H2M2 @kXd3 @kXey @9X39 kXk9 NXj3 RkyX8R

k-j@/BK2i?vHT2Mi�M2 kX8k kXRR @yXy8 kXRe NXj3 RkNXj8

k-j@/BK2i?vHT?2MQH @eXRe @8Xj3 @dX8k kXR9 3XN8 N8X3k

k-j@/BK2i?vHTv`B/BM2 @9X3k @jXRj @8Xk8 kXRk 3Xjd/ dX3j N9XNd

k-j-9@i`BK2i?vHT2Mi�M2 kX8e kXR9 @yXy8 kXRN NXN8 RjNX8R

k-9@/BK2i?vHT2Mi�M@j@QM2 @kXd9 @jXRj @8XjR kXR3 NXjj# NXjR 83XRy# Rk9XjR

k-9@/BK2i?vHT2Mi�M2 kX3j kXRy @yXy8 kXR8 NXke RkdXRd

k-9@/BK2i?vHT?2MQH @eXyR @8Xjj @dX93 kXR8 NXRN RyyXye

k-9@/BK2i?vHTv`B/BM2 @9X3e @jXRN @8Xjk kXRj NXy8/ 3Xy8 NNXyk

k-8@/BK2i?vHT?2MQH @8XNR @jXNk @eXyd kXR8 3Xdk RyRXjd

k-8@/BK2i?vHTv`B/BM2 @9Xdk @jXyd @8Xky kXRj NXkk/ 3XR3 RyRX33

k-8@/BK2i?vHi2i`�?v/`Q7m`�M @kXNk @RXyd @jXky kXRk 3X8k RRRXj3

k-e@/BK2i?vH�MBHBM2 @8XkR @9X9e @eXeR kXR8 3X3y NNXey

k-e@/BK2i?vHM�T?i?�H2M2 @kXej @kX8N @9X38 kXk8 NXej Rk8XRd

k-e@/BK2i?vHT?2MQH @8Xke @jXN3 @eXRj kXR8 3X83 N3Xkj

k-e@/BK2i?vHTv`B/BM2 @9X8N @kXNk @8Xye kXR9 NXek/ 3XRR d8X88# RyyXRy

j@�+2ivHTv`B/BM2 @3Xke @dXee @NXd3 kXRk eX8d ekX98

j@+?HQ`Q�MBHBM2 @8X3k @8Xkd @dXje kXyN 3X89 3kXe3

j@+?HQ`QT?2MQH @eXek @8XRN @dXk3 kXyN 9X3R# dXdj e3XNR

j@+?HQ`QT`QT@R@2M2 @yX8d @yXkj @kXk9 kXyy 8Xd9 8dX9N

j@+?HQ`QTv`B/BM2 @9XyR @kXdj @9Xd3 kXy8 eX99# eXjk e8XyN

j@+v�MQT?2MQH @NXe8 @dX3y @NXNR kXRR dX39 e8Xk3

j@+v�MQTv`B/BM2 @eXd8 @8XjR @dXjN kXy3 8X3j 8yXy8
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j@2i?vHT?2MQH @eXk8 @8Xek @dXdd kXR8 NXk8 RyyXdd

j@2i?vHTv`B/BM2 @9X8N @jXk9 @8Xjd kXRk dXNR NeXjN

j@7Q`KvHTv`B/BM2 @dXRy @3Xyy @RyXyd kXyd 8X8R 9RXRR

j@?v/`Qtv#2Mx�H/2?v/2 @NX8y @NX3R @RRXNR kXRy dX98 83XkN

j@K2i?Qtv�MBHBM2 @dXkN @dXN8 @RyXy3 kXRk 3Xey 3kXdy

j@K2i?QtvT?2MQH @dXee @dX3d @NXNN kXRk dXde eeX8N

j@K2i?vH@R?@BM/QH2 @8X33 @eXRd @3Xjk kXRe 3Xd9 NjX3j

j@K2i?vH@#mi@R@2M2 RX3j RX99 @yXej kXyd dXd8 N3XdR

j@K2i?vH#mi@R@2M2 RX3k RX99 @yXej kXyd dXd8 N3XdR

j@K2i?vH#mi�M@R@QH @9X9k @8XRN @dXk3 kXyN NX8e RykX3k

j@K2i?vH#mi�M@k@QM2 @jXk9 @jXdj @8X3k kXyN dX9N/ dX8y NyXye

j@K2i?vH#mi�MQB+@�+B/ @eXyN @3Xk3 @RyXj3 kXyN NX9k NeX3d

j@K2i?vH?2Ti�M2 kXNd kXRd @yXyd kXkj RyXdy R8kXNj

j@K2i?vH?2t�M2 kXdR kXRk @yXy8 kXRd NXej RjjXde

j@K2i?vHT2Mi�M2 kX8R kXy3 @yXy8 kXRj 3X38 RRNXdN

j@K2i?vHTv`B/BM2 @9Xdd @jXjd @8X99 kXyd dXNy/ eXNe edXyd# d3X3d

j@MBi`Q�MBHBM2 @3X39 @dXj9 @NX98 kXRR 3Xke dyXk9

j@MBi`QT?2MQH @NXek @eX8y @3XeR kXRR 8XNe# 3Xyj 8NX89# e3Xkj

j@MBi`QiQHm2M2 @jX98 @kXRj @9Xk3 kXR9 dXe9 3dXde

j@T?2MvHT`QT�MQH @eXNk @eXkN @3X8y kXky NXjk RydX89

j-j@/BK2i?vH#mi�M@k@QM2 @jXRR @jX8R @8Xek kXRR 3Xkk/ 3XRy RyRX8N

j-j@/BK2i?vHT2Mi�M2 kX8e kXRy @yXy9 kXR8 NXkj RkeXe9

j-j-j@i`BK2i?QtvT`QTBQMBi`BH2 @eX9y @dX3R @RyXyy kXRN eX38 ejXdj

j-9@/BK2i?vHT?2MQH @eX8y @8X89 @dXe3 kXR9 NXyN N3Xj3

j-9@/BK2i?vHTv`B/BM2 @8Xkk @jXk3 @8XjN kXRR dXdk/ dXd3 N9X8k
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j-8@/BK2i?vHT?2MQH @eXkd @8Xdd @dXNk kXRe NXje RykXdk

j-8@/BK2i?vHTv`B/BM2 @9X39 @jXRd @8Xjy kXRj NXyk/ 3XRN RykX8y

9@�+2ivHTv`B/BM2 @dXek @dX3e @NXN3 kXRk eX9j 8NXjd

9@#`QKQT?2MQH @dXRj @8XeR @dXdy kXyN 3X89# dXdj edX8j

9@#`QKQiQHm2M2 @RXjN @yXeN @kX3j kXRj dX3j N9XR9

9@+?HQ`Q@j@K2i?vHT?2MQH @eXdN @8XR8 @dXk3 kXRj 3X8e 38Xk9

9@+?HQ`Q�MBHBM2 @8XNy @8XNy @dXNN kXyN 3Xkj d9XNk

9@+?HQ`QT?2MQH @dXyj @8X8d @dXee kXyN dX8N e8Xdd

9@+v�MQT?2MQH @RyXRd @3XRy @RyXkR kXRR dXNe edXy8

9@+v�MQTv`B/BM2 @eXyk @8Xj3 @dX9e kXyd 8Xd9 9dXNR

9@2i?vHT?2MQH @eXRj @8X33 @3Xyj kXR8 NXR8 NdXdk

9@2i?vHTv`B/BM2 @9Xdj @jX9y @8X8j kXRk dX3y NjXN9

9@2i?vHiQHm2M2 @yXN8 @yXdd @kXNe kXRN NXk9 RkkXky

9@~mQ`QT?2MQH @eXRN @8Xej @dXeN kXyd dXkd eyXkd

9@7Q`KvHTv`B/BM2 @dXyy @dXd3 @NX38 kXyd 8Xj9 jdXkR

9@?v/`Qtv#2Mx�H/2?v/2 @3X3j @RyX3j @RkXNj kXRy dXk3 8kXy8

9@BbQT`QTvHiQHm2M2 @yXe3 @yX9j @kXee kXkj NX3d RjjXy8

9@K2i?Qtv�+2iQT?2MQM2 @9X9y @dXd8 @NXNe kXky dXd8 3kXdN

9@K2i?Qtv�MBHBM2 @dX93 @3XRk @RyXk9 kXRk 3Xjj ddXeR

9@K2i?vH@R?@BKB/�xQH2 @RyXkd @dXke @NXkN kXyj eXd3 eyXyj

9@K2i?vH�+2iQT?2MQM2 @9Xdy @8XeN @dX33 kXRN 3XjN RyyXek

9@K2i?vH#2Mx�H/2?v/2 @9Xkd @8XdR @dX38 kXR9 dXjk d3X3N

9@K2i?vHT2Mi�M@k@QH @jXdj @kXkR @9Xj9 kXRj NXRR RRRXe9

9@K2i?vHT2Mi�M@k@QM2 @jXy8 @jX8k @8Xe8 kXR9 dXdd/ 3Xk3 eeXNk# RyjX3j

9@K2i?vHTv`B/BM2 @9XNj @jX89 @8XeR kXyd dXd3/ eX3d eeXRj# deX3j
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9@M@T`QTvHT?2MQH @8XNy @8XdN @3Xyy kXkR RyXyN RR9XeN

9@MBi`Q�MBHBM2 @RyXkd @3XjR @RyX9k kXRR 3X99 eNXRN

9@MBi`QT?2MQH @RyXe9 @eXN3 @NXyN kXRR 8XRe# 3Xy9 88Xd9# eeXdy

9@i2`i@#mivHT?2MQH @8XNR @eXdd @3XNN kXkk RyXdd RRNX98

�+2M�T?i?2M2 @jXR8 @jXRk @8Xjk kXkR 3XRR# 3Xdy NjXyN# RydXdy

�+2i�H/2?v/2 @jX8y @9XjR @eXk8 RXNj 9Xjd kRX38# kNXjN

�+2iB+@�+B/ @eXeN @NXRe @RRXRR RXN8 8Xjj/ eX83 kjX89# 9kX99

�+2iQMBi`BH2 @jX33 @kX3R @9Xd9 RXNj 9Xk9 k3XRy

�+2iQT?2MQM2 @9X83 @8X3j @dXNe kXRj dXkN dNXee

�HT?�@K2i?vHbiv`2M2 @RXk9 @RXdy @jX3e kXRe 3Xk3 RykX8N

�MBHBM2 @8X9N @eXjN @3X98 kXye dXdj eNXd8

�MBbQH2 @kX98 @jXRk @8Xkj kXRy eX3N d9X8R

�Mi?`�+2M2 @jXN8 @9X9d @eXdj kXke NX98# 3Xd3 9dXNd# RyjXNe

�x2iB/BM2 @8X8e @jX8R @8X93 RXN3 eXkR eRXdk

#2Mx�H/2?v/2 @9Xyk @8X3R @dX3N kXy3 eXRN 8dX8e

#2Mx�KB/2 @RRXyy @RyXdy @RkX3y kXRy dX8j edXje

#2Mx2M2 @yX3e @RXkR @jXk8 kXyj eXRk+ eXkN eNXjR+ edX83

#2MxQMBi`BH2 @9XkR @jXjR @8X9y kXyN eXey e3X9j

#2MxQi`B~mQ`B/2 @yXk8 @RXdN @jXNk kXRk dXRy ddXyR

#2MxvH@�H+Q?QH @eXek @8X3d @dXNd kXRy dX3j dNX9y

#2MxvH@#`QKB/2 @kXj3 @kXyR @9XR9 kXRj dXk8 3yX8d

#2MxvH@+?HQ`B/2 @RXNj @kXRN @9XjR kXRk dXyN ddXdy

#BT?2MvH @kXee @kXNj @8XR3 kXk9 NXj8 RRNXk3

R@+?HQ`Q@k@Uk@+?HQ`Q2i?QtvV2i?�M2 @9Xkj @9Xk3 @eX9R kXR9 eX93 eRXRR

#`QKQ#2Mx2M2 @RX9e @yX3e @kXN9 kXy3 eXd9 djX88
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#`QKQ2i?�M2 @yXd9 yX9j @RX88 RXN3 8Xdd eyXNR

#`QKQK2i?�M2 @yX3k yX98 @RX9e RXNk 9Xe3# 9X8N 9dXNN# jNXye

#`QKQi`B~mQ`QK2i?�M2 RXdN RXk3 @yXeN RXNd 8Xdy eyXR3

#mi@R@2M2 RXj3 RXj9 @yXe3 kXyk eXdj+ eXNy 3jXj9

#mi@R@vM2 @yXRe yXe8 @RXje kXyR jXye+ eX9e @kNX9d# djXNd

#mi�@R-j@/B2M2 yXeR yX99 @RX8e kXyy eX9e+ eXRd Rj3XdN# e3Xjd

#mi�M@R@QH @9Xdk @jXNk @8XN3 kXye NX9j+ dXNd 3yXyd+ 3eXNN

#mi�M@k@QH @9Xek @jXkk @8Xkd kXy8 NXdN+ dXde 3RXke+ 39X9d

#mi�M2MBi`BH2 @jXe9 @kXjR @9Xje kXy8 eXee d9Xe9

#mi�MQB+@�+B/ @eXj8 @3X8k @RyX83 kXye dXkd/ 3XN8 8kX3d# 3eXk8

#mi�MQM2 @jXdR @jXNN @eXyj kXy9 eXeR# eXje 88X3e# e8XNN

#miv`�H/2?v/2 @jXR3 @jXNN @eXyj kXy9 eXje e8XNN

+?HQ`Q#2Mx2M2 @RXRk @yXd3 @kX38 kXyd eXe9 dkXy3

+?HQ`Q/B~mQ`QK2i?�M2 @yX8y @yX3R @kXd8 RXN9 eXNj# 8XkN 3jXey# 9yXje

+?HQ`Q2i?�M2 @yXej yXkk @RXd8 RXNd 8X83 8dX9j

+?HQ`Q2i?vH2M2 @yX8N yX9y @RX89 RXN8 8XR8# 8Xyk jyXNy# 9eXyk

+?HQ`Q~mQ`QK2i?�M2 @yXdd @yXNy @kX3k RXNk jX3k# 9Xyk jeX38# kRX9d

+?HQ`QK2i?�M2 @yX88 yXkk @RXeN RXNR 9Xj3# 9Xje 99Xy8# j9X83

+Bb@R-k@/BK2i?vH+v+HQ?2t�M2 RX83 kXRy @yXy8 kXRe NX9y RkNXe3

+v�MQ#2Mx2M2 @9XRy @jXjR @8X9y kXyN eXey e3X9j

+v+HQ?2Ti�@R-j-8@i`B2M2 @yXNN @yXN3 @jXye kXy3 eXR3+ dXky 39Xe3

+v+HQ?2Ti�MQH @8X93 @jXed @8X3y kXRj RRXdd+ 3XN8 Ry8XRe+ Ry8Xej

+v+HQ?2t�M2 RXkj kXy9 @yXy8 kXyN 3X89+ 3XRd NdXNN+ RydX9y

+v+HQ?2t�MQH @8X9e @9XkR @eXjR kXRy RyX39+ NXRe 3RXke+ RyjXdy

+v+HQ?2t�MQM2 @9XNR @jX3e @8XN8 kXyN dXdy N9X9y
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+v+HQ?2t2M2 yXjd RXk8 @yX3k kXyd dX9k+ dXdj N3XR8

+v+HQ?2tvH�KBM2 @9X8N @kXjy @9X9y kXRy 3X3e 3kX3e# Ry9Xk8

+v+HQT2Mi�M2 RXky RXNd @yXy3 kXy8 dXy8+ dX9N N8XkR

+v+HQT2Mi�MQH @8X9N @9Xy8 @eXRR kXye RyXRR+ 3X9N 33X9j+ NRXR9

+v+HQT2Mi�MQM2 @9Xdy @jXdd @8X3k kXy8 eXNN 3RXjj

+v+HQT2Mi2M2 yX8e RXyN @yXN9 kXyj eXRy+ eXN9 3jX8N

+v+HQT`QT�M2 yXd8 RXdj @yXkj RXNe 8Xdk+ 8XNj d9XyN+ eeXdj

/2+�M@R@QH @jXe9 @9Xye @eX99 kXj3 R9Xyk RNyXNR

/2+�M@k@QM2 @kXj9 @jX9R @8Xd3 kXjd RkXk8 Rd9X3j

/B@BbQT`QTvH@bmH}/2 @RXkR @yXd3 @kXN8 kXRd NXR8 RkkXje

/B@M@#mivH@2i?2` @yX3j @yXjd @kXee kXjy RRXey RedXjd

/B@M@#mivH�KBM2 @jXk9 @RX3R @9XRR kXjy R9Xjy/ RRX33 N9XdN# ReeXR3

/B@M@T`QTvH@2i?2` @RXRe @yX9N @kXeN kXRN NXdj RjjXee

/B@M@T`QTvH@bmH}/2 @RXk3 @yXje @kX8d kXkR NX8R2 NXdd RReX9y2 RjkXN8

/B@M@T`QTvH�KBM2 @jXe8 @RX3N @9Xy3 kXRN RjXyR/ RyXy8 N8X9j# RjjXk8

/B#`QKQK2i?�M2 @RXNe yX98 @RX8R RXNe 8XR8 9eX8R

/B+?HQ`QK2i?�M2 @RXjR @yXRy @kXy9 RXN9 9X8e j9Xyd

/B2i?QtvK2i?Qtv#2Mx2M2 @8Xkj @8XRR @dX9N kXj3 RRX8e R8dXRe

/B2i?vH@/BbmH}/2 @RXe9 @yXNd @jXRj kXR8 dX882 3X9N 3eXde2 Ry3Xyj

/B2i?vH@2i?2` @RX8N @yXNk @jXyy kXy3 dXek N9X9y

/B2i?vH@K�HQM�i2 @eXyy @NXee @RRXN8 kXkN NX8d RR8Xk8

/B2i?vH@bm++BM�i2 @8XdR @3Xde @RRXRy kXj9 RyXd9 RjNX8y

/B2i?vH@bmH}/2 @RX9e @yX8N @kXeN kXRy dX882 dX39 deX932 N3XRR

/B2i?vH�KBM2 @9Xyd @kXR8 @9Xk9 kXy3 RyX3d/ 3XRj 33Xe8# N3Xy8

/BBQ/QK2i?�M2 @kX9N @RXRy @jXyN RXNN 8XRd j3XNe
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/BBbQT`QTvH@2i?2` @yX8j @yXkj @kXjN kXRe NXRy RkkXkd

/BBbQT`QTvH�KBM2 @jXkk @RXek @jXd3 kXRe NXjk RkyXej

/BK2i?QtvK2i?�M2 @kXNj @kXd8 @9Xdd kXyk eXy9 9jXyy# ekX8N

/BK2i?vH@/BbmH}/2 @RX3j yXN3 @RXy8 kXyj 8X3e2 eXdN e3Xje2 3yXk3

/BK2i?vH@2i?2` @RXNR @RX8N @jX89 RXN8 8XkR 8yXyN

/BK2i?vH@bmH7�i2 @8XRy @3XNe @RRXy9 kXy3 8Xek 9RXdy

/BK2i?vH@bmH}/2 @RXeR @yX99 @kX9k RXN3 8XjR2 8XeR 89X9N2 8dX93

/BK2i?vH@bmH7QM2 @RyXy3 @RyX33 @RkX3N kXyR 9Xk9 R8Xk8

/BK2i?vH@bmH7QtB/2 @3XdR @3X9y @RyXjN RXNN dX33/ 9X3e kjXRR# j9Xd3

/BK2i?vH�KBM2 @9XkN @jX8N @8X88 RXN8 eXR3 9eXjk# 8dX9R

1@R-k@/B+?HQ`Q2i?2M2 @yXd3 yXee @RXjk RXNN 8Xdy 8dXRk

1@#mi@k@2M�H @9Xkk @8Xy8 @dXy3 kXyj eXyy 8NXy8

1@?2Ti@k@2M2 RXe3 RX93 @yXdR kXky NXNy RjdX8y

1@?2t@k@2M�H @jXe3 @9X8j @eXed kXR9 3Xye NdXRk

1@Q+i@k@2M�H @jX9j @9Xjy @eX88 kXk8 NXNj RjyXdN

2i?�M�KB/2 @NXdR @NX3y @RRXde RXNe eX8e7 8XN3 kkXeR# 9kXed

2i?�M2 RX3j RXNR @yXyk RXN9 8X3d+ 8X83 eeXNk+ eyXNR

2i?�M2i?BQH @RXR9 @RX8e @jX8j RXNd 8XRe2 eXyy 8NXy8

2i?�MQH @8Xyy @9Xd9 @eXeN RXN8 eXNd+ eX9d 9dX8e+ 8jXRe

2i?2M2 RXk3 RXky @yXdy RXNR 9Xek+ 9X3k 8dXje+ 98Xde

2i?vH@�+2i�i2 @kXN9 @9Xkk @eXjy kXyN dXje# dXk9 edXe9# 3jXdy

2i?vH@#2MxQ�i2 @jXe9 @8XjN @dXek kXkj NXRj RR9X9y

2i?vH@#mi�MQ�i2 @kX9N @jX3e @eXy8 kXRN NXjR RkkXj8

2i?vH@7Q`K�i2 @kX8e @9Xyy @eXyk kXyk eXyk 8dX3N

2i?vH@?2t�MQ�i2 @kXkj @jX3y @eXRy kXjy RRXky R8eX8k

3y



h�#H2 aA@dX U*QMiBMm2/V

∆G

[F+�H
KQH

]
−T∆S∗

[F+�H
KQH

]
∆Cp

[ +�H
KQHXE

]

2tTiX� +�H+X 2tTiX +�H+X 2tTiX +�H+X

L2mi`�H +QKTQmM/ iQi 2b MT

2i?vH@T2Mi�MQ�i2 @kX9N @jXN9 @eXRN kXk8 RyXk9 RjNXy3

2i?vH@T?2MvH@2i?2` @kXkk @kXdj @9XNy kXRd 3Xk3 RyyXN8

2i?vH@T`QT�MQ�i2 @kXe3 @9XRd @eXjR kXR9 3Xj9 Ry9X98

2i?vH�KBM2 @9X8y @jX3e @8X3R RXN8 dX3R/ eXkd 8dXe8

2i?vH#2Mx2M2 @yXdN @yXN8 @jXyN kXR9 3Xkk+ 3Xkk 33X9j+ RyjXkR

~mQ`2M2 @jXj8 @jX3j @eXye kXk9 3Xd8# 3X38 k8eXyy# RydX83

~mQ`Q#2Mx2M2 @yX3y @yX3R @kX3e kXy8 eXjj eeX3R

~mQ`QK2i?�M2 @yXkk @yXke @kXR9 RX33 jX8R# jX3N jeXjj# k8XN9

7Q`K�H/2?v/2 @kXd8 @9Xk8 @eXRR RX3e jXRN 8XRe

?�HQi?�M2 @yXRR yXkk @RX3k kXy8 eXe9 dRXkk

?2Ti@R@2M2 RXee RX9N @yXdy kXRN NXdj Rj9Xk9

?2Ti@R@vM2 yXey yX3e @RXjR kXRd NXkd Rk9Xdj

?2Ti�M@R@QH @9XkR @jXe8 @8X3d kXkk RkXjj+ RyX8N Rk9Xk3+ Rj8Xej

?2Ti�M@k@QM2 @jXy9 @jXe9 @8X39 kXkR NXNe/ NX9d e9XyR# Rk9Xej

?2Ti�M@9@QM2 @kXNk @jXkR @8X9k kXkR RyX33/ NX8N 83Xy8# RkdXeR

?2Ti�M�H @kXed @jXe9 @8X39 kXky NXRy RR8XRN

?2t@R@2M2 RX83 RX99 @yXeN kXRj 3Xe3+ 3XdN RRdXjj

?2t@R@vM2 yXkN yXdN @RXjj kXRk 3Xj9 RydXNN

?2t�@R-8@/B2M2 RXyR yX3y @RXjR kXRR 3XRj Ry9Xje

?2t�~mQ`QT`QT2M2 @jXde yX89 @RX8R kXy8 eXey RjXdk# dRX3e

?2t�M@R@QH @9X9y @jXek @8XdN kXRe RRXk3+ NXdk RyNXN9+ RkyXj3

?2t�M@k@QM2 @jXk3 @jXdR @8X3d kXR8 3X8y/ 3X88 Ry3Xy9

?2t�M@j@QH @9Xye @kXde @9XNR kXR8 RRXNd+ NXey RRkXjj+ RR3Xdy

?2t�M�H @kX3R @jX3j @8XN3 kXR8 3Xkk NNXjN

?2t�MQB+@�+B/ @eXkR @3XRd @RyXj9 kXRd RyXeR RRNXk3
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?v/`�xBM2 @NXjy @RyX3d @RkXdk RX38 8X33 kjX3j

?v/`Q;2M@bmH}/2 @yXdy @jXyN @9XNk RX3j jXNe RRXeR

BKB/�xQH2 @NXej @dXj9 @NXjy RXNe 8XeR kdXjd# j3XNR

BM/�M2 @RX9e @RXy8 @jXky kXR8 3X9y RyeXek

BQ/Q#2Mx2M2 @RXd9 @yX33 @kXNd kXyN eX3N d8Xdy

BQ/Q2i?�M2 @yXd9 @yXdN @kXd3 RXNN 8X88 8jXNy

BQ/QK2i?�M2 @yX3N @yX3e @kXdN RXNj 9Xdy# 9Xkk NNX3R# k3Xkk

BbQ�KvH@�+2i�i2 @kXkR @9Xkj @eX98 kXkk NXd3 RjyXye

BbQ�KvH@7Q`K�i2 @kXRj @9Xje @eX8k kXRe 3Xdk Ry8Xdk

BbQ#mivH@�+2i�i2 @kXje @jXNy @eXy3 kXR3 3XN8 RR8XRj

BbQ#mivH@7Q`K�i2 @kXkk @9Xyj @eXR8 kXRR dX3d NRXyy

BbQ#mivH@BbQ#mi�MQ�i2 @RXeN @jXk3 @8X88 kXkd RyXNN R89Xj3

BbQ#mivH#2Mx2M2 yXRe @yX8d @kXd3 kXkR NX9k Rk8XRj

BbQ#miv`�H/2?v/2 @kX3e @jXdN @8X3j kXy9 eXj3 edXdk

BbQ~m`�M2 yXRy @kXde @9X33 kXRR dX8R eNXjd

BbQT`QTvH@�+2i�i2 @kXe9 @9XRy @eXkk kXRk dXNR NeX8j

BbQT`QTvH@7Q`K�i2 @kXyk @jXdy @8Xde kXye eXd3 dkX33

BbQT`QTvH#2Mx2M2 @yXjy @yX33 @jXye kXR3 3X8e+ 3XNR RR8Xe3

K@#Bb@i`B~mQ`QK2i?vH@#2Mx2M2 RXyd @kXNd @8XR8 kXR3 dXj9 deXyR

K@+`2bQH @8X9N @8Xdk @dX3k kXRy dXNj/ 3Xj8 39X9d

K@tvH2M2 @yX3j @yX3e @jXyy kXR9 dXdd+ 3Xj9 N3XyN# Ry8X3N

K2i?�M2 RXNN RX3e @yXyR RX3d 9X8k+ 9X9j 8kX83+ 9yXk9

K2i?�M2bmH7QMvH@+?HQ`B/2 @9X3d @dXkd @NXkd kXyy 9X9N R3XeN

K2i?�M2i?BQH @RXk9 @RX9N @jX9y RXNR jXN32 9X3y jeXdj

K2i?�MQH @8XRy @8Xy3 @eXNe RX33 8XyN+ 8X9y kdXk8+ jjX3k

3k



h�#H2 aA@dX U*QMiBMm2/V

∆G

[F+�H
KQH

]
−T∆S∗

[F+�H
KQH

]
∆Cp

[ +�H
KQHXE

]

2tTiX� +�H+X 2tTiX +�H+X 2tTiX +�H+X

L2mi`�H +QKTQmM/ iQi 2b MT

K2i?Qtv~m`�M2 @RXRk @RXR3 @jXkd kXRy dXyj d8Xek

K2i?vH@�+2i�i2 @jXRj @8Xy9 @dXye kXyk eX9j# 8Xdd 9NXyk# 88Xy9

K2i?vH@#2MxQ�i2 @jXNk @8X3y @dXNe kXRe dX3j 3NX9N

K2i?vH@#mi�MQ�i2 @kX3j @9XR3 @eXjR kXRj dXN9 NeXj9

K2i?vH@+?HQ`Q�+2i�i2 @9Xyy @9Xd3 @eX3j kXy8 8X83 9eXy3

K2i?vH@+v�MQ�+2i�i2 @eXdk @dXk9 @NXjR kXyd 8XRj jRXkd

K2i?vH@+v+HQ?2t�M2+�`#QtvH�i2 @jXjy @jX83 @8Xd3 kXky NXjy RkRXeN

K2i?vH@+v+HQ?2tvH@F2iQM2 @jXNy @jX8j @8XdR kXR3 NXRR RRNXR3

K2i?vH@+v+HQT`QT�M2+�`#QtvH�i2 @9XRy @9XdR @eX3R kXRy dXj3 38Xd9

K2i?vH@+v+HQT`QTvH@F2iQM2 @9XeR @jX8R @8X8N kXyd dXR3 3jXNj

K2i?vH@2i?vH@2i?2` @kXRy @RXk8 @jXkd kXyR eX9R dkXk9

K2i?vH@2i?vH@bmH}/2 @RX8y @yX89 @kX83 kXy9 eXdj ddX3k

K2i?vH@7Q`K�i2 @kXd3 @9XRd @eXRk RXN8 9Xed jRX3j

K2i?vH@?2t�MQ�i2 @kX9N @9XRe @eXjN kXkj NX3k RjyXky

K2i?vH@BbQT`QTvH@2i?2` @kXyR @RXy3 @jXRj kXy8 dXR8 38XNN

K2i?vH@K2i?�M2bmH7QM�i2 @9X3d @NXRj @RRXR3 kXy8 8Xj9 jdXe3

K2i?vH@Q+i�MQ�i2 @kXy9 @jXNR @eXk8 kXj9 RRXe8 RejXy8

K2i?vH@T@K2i?Qtv#2MxQ�i2 @8Xjj @dXj8 @NX8N kXkj 3X9k NeXyd

K2i?vH@T@MBi`Q#2MxQ�i2 @eX33 @8X3y @3Xyk kXkk 3XRk 33Xej

K2i?vH@T2Mi�MQ�i2 @kX8e @9Xkd @eX98 kXR3 3X38 RRkX89

K2i?vH@T`QT�MQ�i2 @kXNj @9X89 @eXeR kXyd eXNe d3XkR

K2i?vH@T`QTvH@2i?2` @RXee @RXkj @jXjy kXyd dX9j NyXdN

K2i?vH@i@#mivH@2i?2` @kXkR @yX3d @kXNe kXyN dXd3 NdXey

K2i?vH@i2`i@#mivH@2i?2` @kXkR @yX33 @kXNe kXyN dXd3 NdXey

K2i?vH@i`B~mQ`Q�+2i�i2 @RXRy @kX3y @9X3e kXye 8XN8 8jXe8
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K2i?vH@i`BK2i?vH�+2i�i2 @kX9y @jXeN @8X39 kXR8 3Xey RyNXd9

K2i?vH�KBM2 @9X88 @9X8y @eXjN RX3N 8Xke k8Xyd# jeXey

K2i?vH+v+HQ?2t�M2 RXdy kXyd @yXye kXRj RkXyk+ 3XNR RkyX3e

K2i?vH+v+HQT2Mi�M2 RX8N kXyR @yXy3 kXyN 3Xk3 RyNX9d

KQ`T?QHBM2 @dXRd @8XRe @dXRN kXyj 3X3j# eX39 jjXRd# e3Xe8

L@�+2ivHTv``QHB/BM2 @NX3y @dXRd @NXjy kXRj dXNe N8X8N

M@#mi�M2 kXyd kXyy @yXy9 kXy9 dXee+ dX98 NkXyk+ N9X8j

M@#mi�M2i?BQH @yXNN @RXjd @jX99 kXy3 dXy32 dXd8 NyXee

M@#mivH@�+2i�i2 @kXe9 @9Xj9 @eX8j kXRN NXR3 RR3XdR

M@#mivH�+2i�KB/2 @NXjR @NXRd @RRXj9 kXRd RRX8j/ NXN9 38X99# RR8XjN

M@#mivH�KBM2 @9Xk9 @jX3N @8XN8 kXye NXkd/ 3Xky dkX89# NkXyk

M@#mivH#2Mx2M2 @yX9y @yX38 @jXyN kXk9 RyXyk+ RyXye RjeXjk

M@/2+�M2 jXRe kXk3 @yXyN kXjd RjXy8 RN8Xje

M@?2Ti�M2 kXed kXR9 @yXye kXkR RyX9e+ RyXk8 R98Xyy

M@?2TivH�KBM2 @jXdN @jX83 @8X3R kXkk RRXyj R9kX9N

M@?2t�M2 kX93 kXRy @yXye kXR8 NX9j+ NXjy RRdXRR+ RkdXNy

M@?2tvH@�+2i�i2 @kXke @9XRe @eX9e kXjy RRXyk R8RX38

M@?2tvH�KBM2 @jXN8 @jX98 @8Xek kXRd RRXR9/ RyXy8 Ry9XN8# RkeX8y

M@?2tvH#2Mx2M2 @yXy9 @yXde @jXRR kXj8 RRX33+ RRXNk ReNX3y

L@K2i?vH@L@k-k-k@i`B~mQ`Q2i?vH@�MBHBM2@RXNk @8X9d @dXeN kXkj dX93 djX8k

L@K2i?vH�+2i�KB/2 @RyXyy @3X83 @RyXey kXyk eXNk7 eX8N 9yXyj# 8NXNd

L@K2i?vH�MBHBM2 @9XeN @8Xey @dXdR kXRR 3XRj 39X9j

L@K2i?vHKQ`T?QHBM2 @eXjk @9XRd @eXk8 kXy3 NX9N# dXy8 9dX3j# dNX3e

L@K2i?vHTBT2`�xBM2 @dXdd @8X93 @dX8d kXyN dXNj 8kXNe# 33X9R

L@K2i?vHTBT2`B/BM2 @jX33 @RXe9 @jXd9 kXRy RRXk9# 3XRR NeXe8# RyjXdj
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M@MQM�M2 jXRj kXkj @yXy3 kXjR RkXRR Rd3Xj8

M@Q+i�M2 kX33 kXRN @yXyd kXke RRX9e+ RRXR3 ReRXe8

M@Q+ivH�KBM2 @jXe8 @jXde @eXy9 kXk3 RRXNj R8NXyd

M@T2Mi�M2 kXjk kXy8 @yXy8 kXRy 3Xey+ 3Xj3 Ry8XRe+ RRRXRN

M@T2MivH@�+2i�i2 @kX8R @9Xjj @eX83 kXk8 RyXRy Rj8Xkj

M@T2MivH@T`QT�MQ�i2 @kXRR @jXN8 @eXk8 kXjy RRXkd R8dX33

M@T2MivH�KBM2 @9XyN @jXNN @eXRy kXRk RyXRe/ NXRe 3NX99# RyNXj9

M@T2MivH#2Mx2M2 @yXkj @yX3y @jXRy kXjy RyX3j+ RRXyk R8jX93

M@T2MivH+v+HQT2Mi�M2 kX88 kXRN @yXRR kXjy RRX3j RdjXke

M@T`QT�M2i?BQH @RXye @RX9d @jX9N kXyj 8X8e2 eX33 d3X3d+ djXy3

M@T`QTvH@�+2i�i2 @kXdN @9Xk8 @eXjN kXR9 3Xkd RykXek

M@T`QTvH@#miv`�i2 @kXk3 @jXe3 @8XNj kXk8 RyXj3 R9kXk9

M@T`QTvH@7Q`K�i2 @kX93 @9XjR @eXjN kXyd dXRj ddXkd

M@T`QTvH@T`QT�MQ�i2 @kX99 @9Xyy @eXky kXky NX9R Rk9XjN

M@T`QTvH�KBM2 @9XjN @jXd9 @8Xd8 kXyR 3Xjj/ dXjR 88Xke# d8XN8

M@T`QTvH#2Mx2M2 @yX8j @yX3e @jXy8 kXRN NXje+ NXRe RydX88+ RkyXke

M@T`QTvH+v+HQT2Mi�M2 kXRj kXRy @yXyN kXRN NXN3 RjNXNe

M�T?i?�H2M2 @kX9y @jXy8 @8Xky kXR8 3Xky# dX8k 3kXRy# 38Xj8

MBi`Q#2Mx2M2 @9XRk @kXj3 @9X9d kXyN eX99 e9X99

MBi`Q2i?�M2 @jXdR @RXkN @jXk3 kXyy 8X8d 8jXNR

MBi`QK2i?�M2 @9Xyk @RX8y @jX99 RXN9 jXNk# 9XRe keXRj

L-L@/BK2i?vH@T@K2i?vH#2Mx�KB/2 @NXde @3X8e @RyX3k kXkd NXek RkyXdN

L-L@/BK2i?vH@T@MBi`Q#2Mx�KB/2 @RRXN8 @NXky @RRX9d kXkd 3Xee N8XjN

L-L@/BK2i?vH�MBHBM2 @jX98 @9XR8 @eXjR kXRe dXd3 NyXje

L-L@/BK2i?vH#2Mx�KB/2 @NXkN @3Xd8 @RyXNe kXkR 3X8d RyRXR8
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L-L@/BK2i?vH7Q`K�KB/2 @dX3R @eX3R @3X3j kXyR eXdy7 8X88 jkX88# 93XjR

MQM@R@2M2 kXye RX83 @yXdk kXjy RRXeR Re3XRy

MQM�M@R@QH @jX33 @9X9k @eXd8 kXjj RjXyj RdkXy9

MQM�M@k@QM2 @kX9N @jX8y @8X3k kXjR RRX3R/ RRXjk R8dX3k

MQM�M@8@QM2 @kXe9 @jXRy @8X9k kXjk RkX3y/ RRX99 ReyX38

MQM�M�H @kXyd @jXe3 @8XNN kXjR RRXyk R9NXdN

Q@+`2bQH @8X3d @8X89 @dXe9 kXRy 3X8R/ 3XR9 3yX8N

Q@iQHmB/BM2 @8X8j @8X88 @dXe8 kXRy 3Xj9 39X3y

Q@tvH2M2 @yXNy @yXNy @jXyj kXRj dXk8+ 3Xy8 RyyX8R

Q+i@R@2M2 RXNk RX88 @yXeN kXk9 RyXR9+ RyXee R8RXyd

Q+i@R@vM2 yXdR yXNy @RXjj kXkj RyXky R9RX9y

Q+i�M@R@QH @9XyN @8Xyd @dXj9 kXkd RjXyN+ RkXeR R83Xk9

Q+i�M@k@QM2 @kX33 @jX8e @8X3k kXke RyXj3 R9yXNk

Q+i�M�H @kXkN @jXdN @eXy8 kXke RyXy9 RjRXNN

T@+`2bQH @eXRj @eXyy @3XRy kXRy 3Xyy/ 3Xk9 ekXyk# 3RXyj

T@/B#`QKQ#2Mx2M2 @kXjy @yXk3 @kX9y kXRk dX98 38X8N

T@iQHmB/BM2 @8X8d @eXR9 @3Xk8 kXRR 3Xdk 33X8y

T@tvH2M2 @yX3y @yX33 @jXyk kXR9 dX3j+ 3Xj9 3yXyN# Ry8Xdd

T2Mi@R@2M2 RXe3 RX9y @yXe3 kXy3 dX3e RyyXe3

T2Mi@R@vM2 yXyR yXd8 @RXjk kXyd dX9k NRX9k

T2Mi�@R-9@/B2M2 yXNj yXey @RX9e kXye dXk8 33XRy

T2Mi�+?HQ`Q2i?�M2 @RXjN yX38 @RXk9 kXyN dXdR NRXNy

T2Mi�M@R@QH @9X8d @jXeN @8X3y kXRR RyXjd+ 3X3N NeXy3+ Ry9XdR

T2Mi�M@k@QH @9XjN @jX83 @8XeN kXRR NXRy Ry8Xy8

T2Mi�M@k@QM2 @jX8k @jXde @8X3e kXRy dX8k/ dXej NRX8y

3e



h�#H2 aA@dX U*QMiBMm2/V

∆G

[F+�H
KQH

]
−T∆S∗

[F+�H
KQH

]
∆Cp

[ +�H
KQHXE

]

2tTiX� +�H+X 2tTiX +�H+X 2tTiX +�H+X

L2mi`�H +QKTQmM/ iQi 2b MT

T2Mi�M@j@QH @9Xj8 @jXkk @8Xjj kXRy RRXyk+ 3XNy NdXNN+ Ry9XN8

T2Mi�M@j@QM2 @jX9R @jX9k @8X8k kXRy dX3R/ dXed dRXNN# NkXde

T2Mi�M�H @jXyj @jX3R @8XNR kXRy dXkd 3kX8y

T2Mi�M2MBi`BH2 @jX8k @kXke @9Xje kXRy dX8N NRX9j

T2Mi�MQB+@�+B/ @eXRe @3X93 @RyX8N kXRR NXdj dyXy3# RyRXjk

T?2M�Mi?`2M2 @jX33 @9X88 @eX3y kXk8 3X8k# 3Xey kejXyd# RyyX8y

T?2MQH @eXeR @eXky @3Xk8 kXy8 eX9y/ dXky 8yX8j# eRX8R

T?2MvH@7Q`K�i2 @jX3k @eXkN @3X9y kXRR eX38 e9XRe

T?2MvH@K2i?vH@bmH}/2 @kXdj @RX33 @9XyR kXRj dXeR 33XNN

T?2MvH@i`B~mQ`Q2i?vH@2i?2` @RXkN @9XdN @eXNN kXkR dXeR dkXRR

TBT2`�xBM2 @dX9y @eXj8 @3Xj3 kXyj dX8N 9kX9y# d9X39

TBT2`B/BM2 @8XRR @kX9k @9X93 kXye NXNk# dXN9 deXRk# NkXk9

T`QT@k@2M@R@QH @8Xyj @9Xjk @eXjy RXN3 dXjd+ eXej ekXR9+ 8NX3k

T`QT�M@R@QH @9X38 @jXde @8Xde kXyy 3Xjj+ dXyk e9Xy8+ dRXky

T`QT�M@k@QH @9Xd9 @jXd3 @8XdN kXyy 3Xe9+ eXNk e8XyR+ e3Xdj

T`QT�M2 RXNe RXNe @yXyj RXNN eX3j+ eX8k d3X3d+ ddX3R

T`QT�M2MBi`BH2 @jX39 @kX9e @9X9e RXNN 8Xe9 88Xd8

T`QT�MQB+@�+B/ @eX9e @NXkj @RRXkj kXyR eX99/ 3XRy j3XkN# edXR3

T`QT�MQM2 @jX3y @9XR8 @eXR9 RXNN 8Xjd# 8Xed jNXdd# 88X8N

T`QT2M2 RXjk RXkk @yXd8 RXNd 8X33+ 8XNk eeXNk+ e8XeN

T`QTBQM�H/2?v/2 @jX9j @jXNe @8XN8 RXNN 8X9y 93Xed

T`QTvM2 @yX93 yX8y @RX98 RXN8 jXd8+ 8Xje dNX89# 8jXdj

Tv`2M2 @9X8k @8XjN @dXed kXk3 RyXy3# 3Xdy RkNXNd# RyyXk8

Tv`B/BM2 @9XeN @jXdy @8Xdk kXyk eXek/ 8Xd8 89X9y# 88Xj8

Tv``QH2 @9Xd3 @9Xkj @eXkR RXN3 eXR3 8kXkN

3d



h�#H2 aA@dX U*QMiBMm2/V

∆G

[F+�H
KQH

]
−T∆S∗

[F+�H
KQH

]
∆Cp

[ +�H
KQHXE

]

2tTiX� +�H+X 2tTiX +�H+X 2tTiX +�H+X

L2mi`�H +QKTQmM/ iQi 2b MT

Tv``QHB/BM2 @8X93 @jXRk @8XR9 kXyk NXRR# dXRe eyXjj# d3Xjy

[mBMQHBM2 @8Xdk @9X8k @eXee kXRj dXjj e3Xje# 3yXN8

b2+@#mivH#2Mx2M2 @yX98 @yXdy @kXNk kXkk NXe9 Rk3XNk

biv`2M2 @RXk9 @RXd3 @jXNy kXRk dX9e 3dXR9

i2~m`�M2 yX8y @yXk8 @kXk3 kXyj eXkd eRXyy

i2`i@#mivH#2Mx2M2 @yX99 @yX3e @jXye kXky NXjN Rk9X9N

i2i`�+?HQ`Q2i?2M2 yXRy RXN8 @yXRy kXye dX83 NeXe9

i2i`�+?HQ`QK2i?�M2 yXy3 RX3k @yXky kXyk eXNj 39X8j

i2i`�~mQ`QK2i?�M2 jXRk RXk8 @yXeN RXN9 eXRk# 8XRj NyXd8# 9NXek

i2i`�?v/`Q7m`�M @jX9d @RX3j @jX39 kXyk dXkj# eX8R 8yXkN# d9XR3

i2i`�?v/`QTv`�M @jXRk @RXRj @jXRN kXye dXNe# dXkd ejXey# 33Xj9

i?BQT?2M2 @RX9k @yXeR @kXeR kXyy 8Xe3 88X3R

i?BQT?2MQH @kX88 @kX8N @9Xed kXy3 eX3k e3Xyy

iQHm2M2 @yX3N @RXye @jXR8 kXyN dXRN+ dXjk 38X3y; 3eXeR

i`�Mb@R-9@/BK2i?vH+v+HQ?2t�M2 kXRR kXRR @yXye kXRd NXee Rj9XjR

i`B�+2ivH@;Hv+2`QH @3X39 @R9Xd8 @RdXyk kXkd NXk3 38Xke

i`B#`QKQK2i?�M2 @kXRj RXR9 @yX3d kXyR eX8k dkX3R

i`B+?HQ`Q2i?2M2 @yX99 RXy9 @yXN3 kXyk eX93 dkXRN

i`B+?HQ`QK2i?�M2 @RXy3 yX8y @RX9N RXN3 8X38 8dXkd

i`B2i?vH@T?QbT?�i2 @dX89 @RRXRR @RjX9j kXjk RyXe8 RjNXe8

i`B2i?vH�KBM2 @jXkk @yX33 @jXy9 kXR8 3XN3 RRNXj3

i`BK2i?Qtv@K2i?�M2 @9X9k @8Xy9 @dXRj kXRy eXN9 d9Xed

i`BK2i?QtvK2i?vH#2Mx2M2 @9Xy9 @eXyd @3Xjj kXkd NXe9 RkkX8d

i`BK2i?vH@T?QbT?�i2 @3Xdy @RRX3d @R9Xyy kXRj eX9d 8dXdR

i`BK2i?vH�KBM2 @jXky @kXRe @9XRe kXyy eXk3 eNXdR
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mM/2+�M@k@QM2 @kXR8 @jXej @eXye kX9k RjXk8 RNkXde

w@R-k@/B+?HQ`Q2i?2M2 @RXRd @yXRR @kXRy RXN3 8XkR 98Xee

w@T2Mi@k@2M2 RXjR RXje @yXdR kXyd dXeN NdXdR

_Ja1 RXk8 RXkk k9X9k

J�1 yXN8 yX3N R3X8k
�_272`2M+2e9X 2_272`2M+2R8X
#_272`2M+2jX 7_272`2M+2RX
+_272`2M+2R9X ;_272`2M+2NX
/_272`2M+2RyX
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R@#`QKQ@k@+?HQ`Q2i?�M2 @RXN8 @RX9R @RXNj yXyy @NXR9 yXNd 3Xdy 9Xd8

R@#`QKQ@k@K2i?vHT`QT�M2 @yXyj @RX8N @RXjy yXyy @RkX8N RX8d RyXdj 8Xye

R@#`QKQ#mi�M2 @yX9y @yX9R @RXj8 yXyy @RkXe3 RXeR RkXyk eXkd

R@#`QKQ?2Ti�M2 yXj9 yXyd @RXj8 yXyy @RNXj8 jXyd RdXdy NX9k

R@#`QKQ?2t�M2 yXR3 yXRk @RXjj yXyy @RdXyj kX8d R8XNR 3X8y

R@#`QKQQ+i�M2 yX8k yXRd @RXj9 yXyy @kRXed jX8d RNXeR RyX9e

R@#`QKQT2Mi�M2 @yXRy @yXyk @RXjj yXyy @R9X3y kXy3 R9Xyj dX9e

R@#`QKQT`QT�M2 @yX8e @yX83 @RXj8 yXyy @RyX9e RXR8 RyXy3 8Xky

R@+?HQ`Q@k-k-k@i`B~mQ`Q2i?�M2 yXye @yXyd @kXdj @yXjd @eXky RXyy 3Xkj eXyd

R@+?HQ`Q#mi�M2 @yXRe yXk8 @RX8y yXyy @RRXd3 RX8j RkXyy eXej

R@+?HQ`Q?2Ti�M2 yXkN yX8N @RX8y yXyy @R3XeR kXNN RdXdR NXd9

R@+?HQ`Q?2t�M2 yXyy @yXye @RX89 yXyy @ReX99 kX93 R8X99 3Xk3

R@+?HQ`QT2Mi�M2 @yXyd yXy8 @RX88 yXyy @R9XRj RXNN RjXd9 dX99

R@+?HQ`QT`QT�M2 @yXjj @yX9k @RX99 yXyy @NX3y RXyd NXd8 8XR8

R@2i?vHM�T?i?�H2M2 @kX9y @jXee @9X83 yXyy @kkXNe jXke kyXek RRX8j

R@BQ/Q#mi�M2 @yXk8 @yXe3 @kX9e yXyy @RRXee RXd8 RRXdy eXee

R@BQ/Q?2Ti�M2 yXkd yXy3 @kX9k yXyy @R3XkR jXkk RdX8y RyXyy

R@BQ/Q?2t�M2 yXy3 @yXyN @kX9R yXyy @R8XNd kXdk R8X83 3XNk

R@BQ/QT2Mi�M2 @yXR9 @yXj3 @kX9j yXyy @RjXN9 kXkj RjXde dX39

R@BQ/QT`QT�M2 @yX8j @yXNd @kX9d yXyy @NX8R RXkN NXdk 8X8j

R@K2i?vH@BKB/�xQH2 @3X9R @8XNR @dXe8 @yXRy @RkX8R RXRy RjXk9 dX9j
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R@K2i?vH@Tv``QH2 @kX3N @yX99 @9Xkk yXyy @RRXey RXkj R9XR8 3X33

R@K2i?vH+v+HQ?2t2M2 yXed yXjR @yXd8 yXyy @ReXjd kXRy R8Xjk dX39

R@K2i?vHM�T?i?�H2M2 @kX99 @jXe8 @9Xed yXyy @kyX33 kXd8 RNXR8 RyX3R

R@M�T?i?QH @dXed @3Xdd @3Xd9 @kXRR @RNXRk kX9j R3Xdd RkXje

R@M�T?i?vH�KBM2 @dXk3 @3X33 @3Xjd @jX9y @RNXyk kX9N RNX9k RjXR8

R@MBi`Q#mi�M2 @jXyN @kX3R @kXNd @yXNe @R8Xyd RXd9 R9X99 3Xyj

R@MBi`QT2Mi�M2 @kX3k @jXRe @kXNj @RXk9 @RdX9d kXkk ReXk8 NXyk

R@MBi`QT`QT�M2 @jXj9 @kX3e @jXyR @yXNe @RkXd8 RXk3 RkX83 dXyd

R-R@/B�+2iQtv2i?�M2 @9XNd @eX9R @RRX98 @yXkd @R8X8k kXey R3Xkj RRX3d

R-R@/B+?HQ`Q2i?�M2 @yX39 @RXjd @kXy8 yXyy @3Xky yXN9 dXN9 9X9e

R-R@/B+?HQ`Q2i?2M2 yXk8 yXyk @RXRR yXyy @eXdN yXdN dXRk 9X8e

R-R@/B2i?Qtv2i?�M2 @jXk3 @RX3j @8X8k @yXRe @RdX9R kX8k R3Xd9 RyX3N

R-R@/B~mQ`Q2i?�M2 @yXRR @yXd8 @kX3e @yXk8 @eXRj yXeR dX33 9XNN

R-R-R@i`B+?HQ`Q2i?�M2 @yXRN yX9j @RXj9 yXyy @dXke RXkd dXd8 8Xke

R-R-R@i`B~mQ`Q@k-k-k@i`BK2i?Qtv2i?�M2 @yX3y @RX8j @8Xee @yXeR @RkX8e kX9d R9X3j RyXke

R-R-R@i`B~mQ`QT`QT�M@k@QH @9XRe @eXy8 @dXN9 @kX93 @dX8R RXkd RyXeR 3Xy9# 3XdN

R-R-R@i`BK2i?Qtv2i?�M2 @9X9k @jXdR @eX8N @yXk9 @R9Xk9 kXRj R8Xkj NXyy

R-R-R-k@i2i`�+?HQ`Q2i?�M2 @RXk3 @yXye @RXd9 yXyy @3Xkj RX89 3Xjd 8X3e

R-R-k@i`B+?HQ`Q@R-k-k@i`B~mQ`Q2i?�M2 RXdd jXy9 @yX88 @yXjd @8Xe9 RXe9 dXNe dXRk

R-R-k@i`B+?HQ`Q2i?�M2 @RXNN @kX3N @jXk8 yXyy @3X93 RXd8 dXyN 9X99

R-R-k-k@i2i`�+?HQ`Q2i?�M2 @kX9d @RXNj @kX88 yXyy @3X33 kXy3 dX9k 8XyN

R-k@/B�+2iQtv2i?�M2 @eXj9 @dX9d @RkXNd @yXkd @ReX9y kX89 RNXej RyXk8# RkXdk

R-k@/B#`QKQ2i?�M2 @kXjj @kXye @RX38 yXyy @NXN3 RXy9 3Xdj 9X9k
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R-k@/B+?HQ`Q#2Mx2M2 @RXje @RX8e @kXjd yXyy @R9XyR RX3j RjXyy dXdN

R-k@/B+?HQ`Q2i?�M2 @RXdN @kXky @jXye yXyy @3X8N yX3N 3X88 9X3y

R-k@/B+?HQ`QT`QT�M2 @RXkd @kXRj @kXNk yXyy @RyX8e RXj8 RyXyR 8X8k

R-k@/B2i?Qtv2i?�M2 @jX89 @kXR3 @eXje @yXRe @R3Xkj kX9d kyXRR RRXdR

R-k@/BK2i?Qtv2i?�M2 @9X39 @jXkR @dXke @yXRe @RjXj9 RX98 ReXRy 3Xd9# NXej

R-k@2i?�M2/BQH @NXjy @RRXRk @RRX39 @9Xkk @dX98 yX8d RRX3k dXj3# RyXRy

R-k-j@i`B+?HQ`Q#2Mx2M2 @RXk9 @RX3j @RXN8 yXyy @R8Xye kXR9 RjXy9 dX3y

R-k-j@i`BK2i?vH#2Mx2M2 @RXkR @kXyN @kXe3 @yXyR @R3X3d kX8e ReXNR dXR8+ 3XN3

R-k-j-9@i2i`�+?HQ`Q#2Mx2M2 @RXj9 @kXyy @RX9k yXyy @ReXR9 kX9d RjXyN dX3k

R-k-j-8@i2i`�+?HQ`Q#2Mx2M2 @RXek @RXjd @RXR9 yXyy @ReXye kX9d RjXje 3XRj

R-k-9@i`B+?HQ`Q#2Mx2M2 @RXRk @RXj8 @RXde yXyy @R8Xyj kXR8 RjXkN 3Xyd

R-k-9@i`BK2i?vH#2Mx2M2 @yX3e @RXe8 @kXee yXyy @RNXRR kXeR RdX8R 3Xy3+ NX9j

R-k-9-8@i2i`�+?HQ`Q#2Mx2M2 @RXj9 @RX9j @RXRN yXyy @ReXy8 kX9d RjXj8 3XRk

R-j@/B+?HQ`Q#2Mx2M2 @yXN3 @yXNe @kXR9 yXyy @RjXNN RX3j RjXjj 3XRk

R-j@/B+?HQ`QT`QT�M2 @RX3N @kXyy @kXd8 yXyy @RyXNR RXjj RyXj9 8Xe8

R-j@/BK2i?vHM�T?i?�H2M2 @kX9d @jXe9 @9X98 yXyy @kjXj9 jXk8 kyXNy RRX8d

R-j-8@i`B+?HQ`Q#2Mx2M2 @yXd3 @yXdR @RX9j yXyy @R9XNN kXR8 RjX8d 3Xje

R-j-8@i`BK2i?vH#2Mx2M2 @yXNy @yXkN @kXeR yXyy @R3Xd3 kXej R3X9e 3Xjy+ RyX9d

R-9@/B+?HQ`Q#2Mx2M2 @RXyR @RXyk @kXkR yXyy @R9Xyj RX3j RjXj3 3XR8

R-9@/B+?HQ`Q#mi�M2 @kXjk @kXkR @jXy9 yXyy @RjXR9 RXd3 RkXRN eXej

R-9@/BK2i?vH@TBT2`�xBM2 @dX83 @jXek @eX9y @RX3R @ReXe8 kXky RNXy8 RkXR9

R-9@/BK2i?vHM�T?i?�H2M2 @kX3k @9XRR @9X93 yXyy @kjXkk jXkR kyXjN RRXRk

R-9@/BQt�M2 @8Xye @9Xj9 @8XNd @yXRe @RjXRR RXRe RjXd9 8X3R# dXj3
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k@#`QKQ@k@K2i?vHT`QT�M2 yX39 yXRd @RXee yXyy @RyX8R RXe9 RyXdR eXyN

k@#`QKQT`QT�M2 @yX93 @RXyj @RX83 yXyy @RyXRd RXRd NX88 9X38

k@#miQtv2i?�MQH @eXk8 @9XR9 @eXey @kXRN @RdXk3 kX9j RNX9N RyXd8# RkXdy

k@+?HQ`Q@R-R-R@i`BK2i?Qtv2i?�M2 @9X8N @8Xkj @3Xyk @yXk9 @R8Xjd kX9R R8XNN NXdR

k@+?HQ`Q@k@K2i?vHT`QT�M2 RXyN yXe3 @RXdR yXyy @NX39 RX8e RyXed eXj9

k@+?HQ`Q�MBHBM2 @9XNR @eXey @eXjj @jX9y @RjX9k RXdy R9X39 RyXdN

k@+?HQ`Q#mi�M2 yXyy @yX9R @RX8N yXyy @RRXee RX89 RRXjR eXyj

k@+?HQ`QT?2MQH @9X88 @8Xyj @8Xkk @kXRR @RjX8k RXe9 R9XRd NXN3

k@+?HQ`QT`QT�M2 @yXk8 @yX9y @RXeN yXyy @NX99 RXyN NXek 8Xkj

k@+?HQ`QTv`B/BM2 @9XjN @8Xd3 @8Xey @yXRy @RjXey RX9y RkXRj eX3j# eX88

k@+?HQ`QiQHm2M2 @RXR9 @RX9R @kX8e yXyy @R8Xkk RXN3 R9XjN 3Xjy

k@2i?Qtv2i?�MQH @eXeN @3Xkd @RyXej @kXRN @RkXed RX9d R8Xd8 3X8d# RyXd9

k@2i?vHTv`�xBM2 @8X98 @3XeN @dXdk @yXRN @RdXNe RX3N R8XkN dXje

k@2i?vHTv`B/BM2 @9Xjj @9Xkk @8XRe @yXRy @ReXNd kXyj R8XN3 dX38/ 3Xe8

k@2i?vHiQHm2M2 @RXy9 @RXdd @kXd9 yXyy @R3X8k kX8N ReXNy NXRN

k@~mQ`QT?2MQH @8XkN @9X89 @8X8y @kXkj @RkX8d RX9d R9Xk3 RyXj8

k@BQ/QT?2MQH @eXky @9Xej @9X3k @kXRR @RjX9y RX3e RjX39 NXNe

k@BQ/QT`QT�M2 @yX9e @RX98 @kXeR yXyy @NXjd RXjR NXkk 8XRj

k@BbQ#mivHTv`�xBM2 @8Xy9 @NX88 @dXkR @yXRN @kRXed kX3y ReXdk dX88

k@K2i?Qtv@R-R-R@i`BK2i?Qtv2i?�M2 @8Xdj @8XeN @RyXdd @yXk9 @RdXRj kXd9 RNXdk RkXje

k@K2i?Qtv�MBHBM2 @eXRk @eXN9 @3Xj3 @jX93 @R8Xed kXyR R3X8d RjXk8

k@K2i?Qtv2i?�M�KBM2 @eX88 @8X9e @3Xke @jX93 @NX3k RXy8 R8Xy9 RRXkN

k@K2i?QtvT?2MQH @8X8d @8X9k @dXj8 @kXRN @R8X3e RXNe R3Xyk RkX8k
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k@K2i?vH@#mi@k@2M2 RXjR yXNe @yXd9 yXyy @RkXky RX9N RkX9R dXd3+ eXdR

k@K2i?vH#mi@k@2M2 RXjR yXNe @yXd9 yXyy @RkXky RX9N RkX9R eXdR

k@K2i?vH#mi�@R-j@/B2M2 yXe3 RXyd @RX98 yXyy @RyX8j RXjy RRXde 8X8R+ dXRk

k@K2i?vH#mi�M@R@QH @9X9k @9Xdy @8Xk9 @kXRR @RjXyd RXd3 RjXN9 3XNe

k@K2i?vH#mi�M@k@QH @9X9j @jXR8 @9X88 @kXRR @RRX9N RX3j RjXRe RRXj9+ NXyk

k@K2i?vH#mi�M2 kXj3 yXj9 @yXy9 yXyy @RjXyj RXed RRXd9 dXd3+ 8X83

k@K2i?vH?2t�M2 kXNj yXNk @yXy8 yXyy @RdXky kXej R8X89 dX3R

k@K2i?vHT2Mi@R@2M2 RX9d RX9e @yXe8 yXyy @RjXNy RXNd R9Xyj dXdd

k@K2i?vHT2Mi�M@k@QH @jXNk @jXkj @9XN9 @kXRR @RjX9d kXjR R9XNN RyXRy

k@K2i?vHT2Mi�M@j@QH @jX33 @jX89 @9XRk @kXRR @R9XNy kXk3 R8XjR NXdy

k@K2i?vHT2Mi�M2 kX8R RXjN @yXy8 yXyy @R9X33 kXRd R9XR9 NXdy+ dXk3

k@K2i?vHT`QT�M@R@QH @9X8y @9Xj9 @8Xk9 @kXRR @RyXNk RXj9 RkX8N NXkN+ 3X9R

k@K2i?vHT`QT�M@k@QH @9X9d @jXyN @8XR8 @kXRR @NXkj RXj3 RkXyk RyXk8+ 3Xdj

k@K2i?vHT`QT�M2 kXjk RXjR @yXyj yXyy @RyXd9 RXke RyX3k dX8y+ 8X8j

k@K2i?vHT`QT2M2 RXRe RX8y @yXdy yXyy @NX8j RXye RyXed eXRy

k@K2i?vHTv`�xBM2 @8X8R @NXjd @dXNd @yXRN @R8Xd9 RX9k RjXRk eXy3

k@K2i?vHTv`B/BM2 @9Xej @9X39 @8XjN @yXRR @R9X3k RX88 RjXNj dX3k/ dX99

k@K2i?vHi2i`�?v/`Q7m`�M @jXjy @kX9R @jXjN @yXy3 @R9XRe RX8k RjXeN eXNR

k@K2i?vHi?BQT?2M2 @RXj3 @RX3j @kXjd yXyy @RjXjy RX9R RkX9j eXe8

k@M�T?i?QH @3XRR @3Xe3 @3XNd @kXRR @RNXkk kX99 RNXR3 RkXdR

k@M�T?i?vH�KBM2 @dX9d @3XdN @3Xej @jX9y @RNXye kX8y RNX3y RjX8y

k@MBi`Q�MBHBM2 @dXjd @NXdN @eXNd @9Xje @ReXe3 RX33 ReXj9 RRXk3

k@MBi`QT?2MQH @9X83 @RRXjN @3X3N @jXyd @ReX3d RX3j R8XeR RyXj3
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k@MBi`QT`QT�M2 @jXRj @jXjj @jXye @yXNe @RkXR9 RXk3 RRX88 eX9y

k@MBi`QiQHm2M2 @jX83 @8X9k @jX38 @yXNe @R3Xek kXRj R8X33 3XdR

k@T?2MvH2i?�MQH @eXdN @8X3e @3Xye @kXRR @ReXe3 kXk9 R3Xd9 RkX3d

k@T`QTQtv2i?�MQH @eX9y @3XjN @RyX3k @kXRN @R8Xyy RXN9 RdXe3 NXdk# RRXde

k-k@/BK2i?vH#mi�M2 kX8R RXej @yXy9 yXyy @RjXR3 kXRj RkXdR eXd8

k-k@/BK2i?vHT2Mi�M2 kX33 RX33 @yXy9 yXyy @R8Xk3 kXej R9X83 dX3j

k-k@/BK2i?vHT`QT�M2 kX8R kXjR @yXyj yXyy @RRXyy RXdR RRXe9 dXNR+ eX9N

k-k-k@i`B~mQ`Q2i?�MQH @9XjR @9X3j @dXyR @kX93 @8Xek yX3j NX98 dXye# 3Xjj

k-k-9@i`BK2i?vHT2Mi�M2 kX3N yXde @yXy9 yXyy @RdXj9 jXyy R8XR8 dXe9

k-k-8@i`BK2i?vH?2t�M2 kXNj RXk8 @yXy8 yXyy @RNXkk jX88 ReXNd 3X38

k-j@/BK2i?vH#mi�@R-j@/B2M2 yX9y yXkR @RX93 yXyy @RkXdd RXd9 RkXdk dXky

k-j@/BK2i?vH#mi�M2 kXj9 yXkj @yXy9 yXyy @R9Xe8 kXR9 RkXd3 3Xdk+ eXRR

k-j@/BK2i?vHM�T?i?�H2M2 @kXd3 @jXd9 @9X9e yXyy @kjXky jXke kyXed RRX9j

k-j@/BK2i?vHT2Mi�M2 kX8k yXj9 @yXy9 yXyy @ReXj3 kXey R9XRe eXNy

k-j@/BK2i?vHT?2MQH @eXRe @eX9k @eXey @kXRR @RdXye kXkk RdXRj RRXy3

k-j@/BK2i?vHTv`B/BM2 @9X3k @8XRe @8Xky @yXRy @RdXRe RXNd R8Xjj 3Xjd/ dX3d

k-j-9@i`BK2i?vHT2Mi�M2 kX8e yX39 @yXy8 yXyy @RdXRR jXyd R9XNj dXey

k-9@/BK2i?vHT2Mi�M@j@QM2 @kXd9 @RXjN @8Xj3 @yXy8 @R9X39 kXed ReXkk NXjj# NXdj

k-9@/BK2i?vHT2Mi�M2 kX3j @yXy9 @yXy8 yXyy @RdXRj kX8j R9XeR eX3N

k-9@/BK2i?vHT?2MQH @eXyR @8X39 @eX8d @kXRR @RdXyk kXkd RdX83 RRX89

k-9@/BK2i?vHTv`B/BM2 @9X3e @9Xdj @8Xke @yXRy @RdXRN kXyk R8X3y NXy8/ 3XjR

k-8@/BK2i?vHT?2MQH @8XNR @8Xy3 @8Xej @kXRR @RdXR8 kXkd RdX89 RRX98

k-8@/BK2i?vHTv`B/BM2 @9Xdk @9Xde @8XRe @yXRy @RdXjy kXyj R8Xdd NXkk/ 3Xk9
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k-8@/BK2i?vHi2i`�?v/`Q7m`�M @kXNk @RXRy @jXR8 @yXy3 @R8XN3 kXyj ReXyd 3Xey

k-e@/BK2i?vH�MBHBM2 @8XkR @eXky @eXyd @jX9y @ReX33 kXjR RdX39 RRXN3

k-e@/BK2i?vHM�T?i?�H2M2 @kXej @jXyN @9X9e yXyy @kjX98 jXjy kRX8k RkXRj

k-e@/BK2i?vHT?2MQH @8Xke @8Xke @8Xed @kXRR @ReXNN kXke RdXk9 RRXk9

k-e@/BK2i?vHTv`B/BM2 @9X8N @9XkN @9XNN @yXRy @RdXy8 kXyj R8X3R NXek/ 3X9R

j@�+2ivHTv`B/BM2 @3Xke @NXkk @NX3e @yXR8 @ReX83 RXN3 R8Xj3 3X9N

j@+?HQ`Q�MBHBM2 @8X3k @8XNj @eXRj @jX9y @RjXk3 RXdy R8XR3 RRXRe

j@+?HQ`QT?2MQH @eXek @eXy9 @eX93 @kXRR @RjX8k RXe9 R9X9j 9X3R# RyXkk

j@+?HQ`QT`QT@R@2M2 @yX8d yXRy @kXRy yXyy @3Xjd yX33 NXeN 8XN3

j@+?HQ`QTv`B/BM2 @9XyR @9XN8 @9Xdd @yXRy @RjXdy RXj3 RkXkk eX99# eX8d

j@+v�MQT?2MQH @NXe8 @NXek @NXy3 @kXky @ReXyR RXdd R8XNR RyXey

j@+v�MQTv`B/BM2 @eXd8 @3Xk8 @dXjR @yXRy @ReXR9 RX8R RjXd3 dXyR

j@2i?vHT?2MQH @eXk8 @8X9j @eX3d @kXRR @ReX3d kXk3 R3XR9 RkXky

j@2i?vHTv`B/BM2 @9X8N @9X9y @8Xjk @yXRy @RdXyd kXyk ReXyd 3Xee

j@7Q`KvHTv`B/BM2 @dXRy @NXye @RyXRN @yXR8 @R9Xj3 RX8R R9XR9 3XRk

j@?v/`Qtv#2Mx�H/2?v/2 @NX8y @NX9k @RRXR3 @kXRe @R9XR9 RXdd ReXkN RRXd8

j@K2i?Qtv�MBHBM2 @dXkN @3X9j @3X3y @jX93 @ReXyy RXNd RdX3N RkX99

j@K2i?QtvT?2MQH @dXee @3Xje @NXRy @kXRN @ReXRN RXNR RdXkR RRX8N

j@K2i?vH@R?@BM/QH2 @8X33 @dXR8 @dX9N @kX8y @R3Xjj kXjj R3X39 RkXye

j@K2i?vH@#mi@R@2M2 RX3j kXey @yX8d yXyy @RRXR9 RX8R RkX3y dXee

j@K2i?vH#mi@R@2M2 RX3k kXey @yX8d yXyy @RRXR9 RX8R RkX3y dXee

j@K2i?vH#mi�M@R@QH @9X9k @eXRe @8XN8 @kXRR @RjXjR RXdd RjX99 3Xjd

j@K2i?vH#mi�M@k@QM2 @jXk9 @kXN8 @8X38 @yXy8 @RRXdj RXdR RkXN3 dX9N/ dXeR
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j@K2i?vH#mi�MQB+@�+B/ @eXyN @dXe3 @NXyN @kXRe @RkXRe RX3k RjXNk NXee

j@K2i?vH?2Ti�M2 kXNd RXjj @yXye yXyy @RNXRe jXRj RdX9R 3XNd

j@K2i?vH?2t�M2 kXdR yXRe @yXy8 yXyy @RdXjy kXe9 R9X3d dXR9

j@K2i?vHT2Mi�M2 kX8R yX3y @yXy9 yXyy @R9XNN kXRe RjXee eXd3

j@K2i?vHTv`B/BM2 @9Xdd @9XNk @8XjN @yXRy @R9XNk RX89 RjXN9 dXNy/ dXjN

j@MBi`Q�MBHBM2 @3X39 @RyXdk @3Xye @9Xje @ReX3e RXNy ReXee RRX8j

j@MBi`QT?2MQH @NXek @RyXy9 @dXd3 @jXyd @RdXyR RX39 R8XN3 8XNe# RyXdy

j@MBi`QiQHm2M2 @jX98 @8Xke @9Xy8 @yXNe @R3X3R kXRN ReXje NXRj

j@T?2MvHT`QT�MQH @eXNk @8XNR @3Xy9 @kXRR @R3XNk kXdj kyX9k RjXd9

j-j@/BK2i?vH#mi�M@k@QM2 @jXRR @kX8k @8Xe8 @yXy8 @RkXR3 kXR9 RjXkk 3Xkk/ dXNj

j-j@/BK2i?vHT2Mi�M2 kX8e yX9N @yXy9 yXyy @R8Xj3 kXey RjXjy eX83

j-j-j@i`BK2i?QtvT`QTBQMBi`BH2 @eX9y @dXdd @NXeN @yXj9 @RdXRy kX83 ReXd3 NXde

j-9@/BK2i?vHT?2MQH @eX8y @dXyy @eXd3 @kXRR @RdXRR kXk8 ReXd9 RyXdj

j-9@/BK2i?vHTv`B/BM2 @8Xkk @eXyk @8Xjk @yXRy @RdXjR RXNN R9XdR dXdk/ dXk9

j-8@/BK2i?vHT?2MQH @eXkd @eXyR @dXyy @kXRR @RdXy3 kXk3 RdXNy RRX3k

j-8@/BK2i?vHTv`B/BM2 @9X39 @9X3N @8Xke @yXRy @RdX9y kXyR R8X38 NXyk/ 3Xk8

9@�+2ivHTv`B/BM2 @dXek @NX99 @RyXyy @yXR8 @ReX8e RXN3 R8Xjy 3X9k

9@#`QKQT?2MQH @dXRj @dXk3 @eXNj @kXRR @R9XjN RXdk R9X9k 3X89# NX38

9@#`QKQiQHm2M2 @RXjN @RXek @kXej yXyy @ReXy3 kXyd R8Xyk 3X8j

9@+?HQ`Q@j@K2i?vHT?2MQH @eXdN @eXd3 @eX8R @kXRR @R8X3N kXRR R8Xek RyX93

9@+?HQ`Q�MBHBM2 @8XNy @eXe8 @eXeN @jX9y @RjX9j RXdy R8XR3 RRXRy

9@+?HQ`QT?2MQH @dXyj @eX8j @eXNy @kXRR @RjX8N RXe9 R9X9j RyXRN

9@+v�MQT?2MQH @RyXRd @NX38 @NXk3 @kXky @ReXy9 RXdd R8XNR RyX83
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9@+v�MQTv`B/BM2 @eXyk @3Xj8 @dXjd @yXRy @ReXRy RX8R RjXdR eXNe

9@2i?vHT?2MQH @eXRj @8Xde @dXyN @kXRR @RdXy9 kXk3 R3Xky RkXR3

9@2i?vHTv`B/BM2 @9Xdj @9Xee @8X9d @yXRy @RdXy8 kXyR R8XN9 3X88

9@2i?vHiQHm2M2 @yXN8 @yXyN @kXdj yXyy @R3Xdk kXe9 R3XdR RyX3y

9@~mQ`QT?2MQH @eXRN @8X3N @eXN9 @kXkj @RkXeR RX9d R9X9j RyX9d

9@7Q`KvHTv`B/BM2 @dXyy @3X3j @NXN9 @yXR8 @R9Xjk RX8R R9Xyd 3Xy3

9@?v/`Qtv#2Mx�H/2?v/2 @3X3j @RyX93 @RkXR9 @kXRe @R9Xk9 RXdd ReXkN RRXdR

9@BbQT`QTvHiQHm2M2 @yXe3 @yXj8 @kX98 yXyy @kyXRR jXRR RNXRy RyX3y

9@K2i?Qtv�+2iQT?2MQM2 @9X9y @3Xyy @NX3e @yXRj @RNXde kXdk RNXyj RRXRk

9@K2i?Qtv�MBHBM2 @dX93 @3Xe3 @NXyy @jX93 @ReXRj RXNd RdXNe RkX9e

9@K2i?vH@R?@BKB/�xQH2 @RyXkd @NXe8 @NXy9 @kX8N @RkXyN RXRR RkXNe 3XR9

9@K2i?vH�+2iQT?2MQM2 @9Xdy @8X9d @dX3y @yXy8 @R3Xke kXey R3Xy9 RyXe9

9@K2i?vH#2Mx�H/2?v/2 @9Xkd @9X38 @dX3k @yXy8 @R8XNR kXRk ReX3R RyXjj

9@K2i?vHT2Mi�M@k@QH @jXdj @9Xj3 @jXNe @kXRR @R8Xjj kXk9 R9Xdd 3XN8

9@K2i?vHT2Mi�M@k@QM2 @jXy8 @jXyy @8Xed @yXy8 @RjXN8 kXR3 R9X9N dXdd/ 3Xjy

9@K2i?vHTv`B/BM2 @9XNj @8Xyk @8X88 @yXRy @R9X3d RX8j RjXNe dXd3/ dX9k

9@M@T`QTvHT?2MQH @8XNy @8XeR @dXye @kXRR @RNXR3 kXdd RNXNd RjXRe

9@MBi`Q�MBHBM2 @RyXkd @RRX8j @3X39 @9Xje @ReXNj RXNy ReXeN RRX89

9@MBi`QT?2MQH @RyXe9 @RyX9y @3XRR @jXyd @RdXyk RX39 R8XNe 8XRe# RyXed

9@i2`i@#mivHT?2MQH @8XNR @eXe9 @dX8k @kXRR @R3X3j jXRd R3Xe9 RkXj8

�+2M�T?i?2M2 @jXR8 @jXde @9XNk yXyy @kkX38 kXN9 kRXyd 3XRR# RRXde

�+2i�H/2?v/2 @jX8y @jX8y @eXjR @yXy8 @8Xj9 yX9k dXd3 8Xy9

�+2iB+@�+B/ @eXeN @3XR8 @NX3j @kXRe @8XNy yX8j NXkk 8Xjj/ dX9k
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�+2iQMBi`BH2 @jX33 @9XeR @9X88 @yXRR @dXkk yX9R eX3e jXjN

�+2iQT?2MQM2 @9X83 @8X8k @dXNy @yXy8 @R8X3d kXRk ReXRN NXdd

�HT?�@K2i?vHbiv`2M2 @RXk9 @RXdk @jX8d yXyy @RdXj3 kXj3 ReX38 NX38

�MBHBM2 @8X9N @eXjj @dXR3 @jX9y @RkXjR RXjN R8XRd RRXR9

�MBbQH2 @kX98 @kXNe @9XNe @yXy3 @R8X88 RXd3 R8X39 NXkN

�Mi?`�+2M2 @jXN8 @8XjN @eXkj yXyy @k8XkN jX9e kkXe3 NX98# RjXyj

�x2iB/BM2 @8X8e @8XdR @8Xjk @jX9y @NX8k yXdj RRX3y 3Xyy

#2Mx�H/2?v/2 @9Xyk @9X39 @dX3d @yXy8 @RjX8d RXe9 R8XyR NX93

#2Mx�KB/2 @RRXyy @RkXd9 @RkXeN @kXey @R8X3e RX3k ReX8N RyXdk

#2Mx2M2 @yX3e @yXee @jXy9 yXyy @RRX3j RXkR RkXNN eXRk+ dX33

#2MxQMBi`BH2 @9XkR @9Xjy @8Xky @yXRy @R8Xjy RXe9 R9Xe8 3X9R

#2MxQi`B~mQ`B/2 @yXk8 yXyj @jXdj @yXjd @RkXed kXy8 R9Xde RyXkN

#2MxvH@�H+Q?QH @eXek @8X8y @dX9y @kXRR @R9X9R RXde ReXe8 RRXe8

#2MxvH@#`QKB/2 @kXj3 @kXy3 @jX3e yXyy @R8X39 kXyk R8X8N NXRN

#2MxvH@+?HQ`B/2 @RXNj @RX8N @9Xyj yXyy @R8XyN RXN8 R8X8d NX93

#BT?2MvH @kXee @yXRe @9X3k yXyy @kyXee jXyN kkXkj R9Xkd

#`QKQ#2Mx2M2 @RX9e @RXd8 @kXde yXyy @RjXdk RX8N RjXRj dXek

#`QKQ2i?�M2 @yXd9 @yXNN @RX9j yXyy @3Xk8 yXdk dXNd 9Xyy

#`QKQK2i?�M2 @yX3k @RXye @RXje yXyy @8X3R yXjk 8XdN 9Xe3# kX3N

#`QKQi`B~mQ`QK2i?�M2 RXdN RXk3 @yXee @yXjd @9XR8 yXeN 8Xdd 9X8d

#mi@R@2M2 RXj3 kXRy @yXek yXyy @NX83 RXyd RRXkj eXdj+ eXe8

#mi@R@vM2 @yXRe yXy9 @RXkd yXyy @NXN8 yXNR RyXj8 jXye+ 8X8d

#mi�@R-j@/B2M2 yXeR RX38 @RX99 yXyy @3Xkd yX3e RyXeN eX9e+ eXNd

NN
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#mi�M@R@QH @9Xdk @9X9R @8XeR @kXRR @RRXj9 RXj8 RjXjy NX9j+ 3XNy

#mi�M@k@QH @9Xek @jX3d @9X3R @kXRR @RRXyk RXje RkXdy NXdN+ 3X93

#mi�M2MBi`BH2 @jXe9 @jXdj @9XRd @yXRy @RRXdd RXk9 RRXyd 8Xed

#mi�MQB+@�+B/ @eXj8 @dX9k @NXk9 @kXRe @RyX9y RXj3 RjXyy dXkd/ NXj8

#mi�MQM2 @jXdR @jXRN @eXRk @yXy8 @NXN3 RXk8 RRXdR eXeR# dXyk

#miv`�H/2?v/2 @jXR3 @jXRN @eXRk @yXy8 @NXN3 RXk8 RRXdR dXyk

+?HQ`Q#2Mx2M2 @RXRk @yXN9 @kXed yXyy @RkXN9 RX8k RjXR8 dXNd

+?HQ`Q/B~mQ`QK2i?�M2 @yX8y @kXRd @kX39 @yXk8 @jX38 yXNe jX3y eXNj# kX3N

+?HQ`Q2i?�M2 @yXej @yXje @RXej yXyy @dXje yXee dXNd 9XjN

+?HQ`Q2i?vH2M2 @yX8N yXR8 @RX9d yXyy @8X38 yX8y eXNd 8XR8# 9X9R

+?HQ`Q~mQ`QK2i?�M2 @yXdd @RXeR @kX3e @yXRk @9XNe yXje 8XNd jX3k# jXdR

+?HQ`QK2i?�M2 @yX88 @yX9e @RX83 yXyy @9XNj yXkd 8Xd3 9Xj3# jXk3

+Bb@R-k@/BK2i?vH+v+HQ?2t�M2 RX83 @yXN8 @yXy8 yXyy @R3Xe8 kXdj R8Xyk eXeN

+v�MQ#2Mx2M2 @9XRy @9Xjy @8Xky @yXRy @R8Xjy RXe9 R9Xe8 3X9R

+v+HQ?2Ti�@R-j-8@i`B2M2 @yXNN @yXdN @kX3k yXyy @R9XRe RXe8 R9X89 eXR3+ 3X8R

+v+HQ?2Ti�MQH @8X93 @dX9e @8Xje @kXRR @RdXd8 kXjd R8XjN RRXdd+ 3X93

+v+HQ?2t�M2 RXkj yXkR @yXy9 yXyy @R8Xjj RX3j RjXde 3X89+ eX9e

+v+HQ?2t�MQH @8X9e @8Xej @8X9j @kXRR @R8XkN RXN9 R8Xke RyX39+ NXkk

+v+HQ?2t�MQM2 @9XNR @9Xjj @eXyy @yXyd @R9Xjy RX3j R9Xkk dXej

+v+HQ?2t2M2 yXjd yXeN @yXd8 yXyy @RjXN3 RXej RjXdN dX9k+ dXkN

+v+HQ?2tvH�KBM2 @9X8N @8XRd @jX33 @jX9y @R8Xk8 RXNN R8Xje NX98

+v+HQT2Mi�M2 RXky yXdy @yXyd yXyy @RjXj3 RXjN RkXde dXy8+ eXR8

+v+HQT2Mi�MQH @8X9N @8Xjk @8Xkk @kXRR @RjX93 RX9N R9Xyy RyXRR+ 3X8N

Ryy
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+v+HQT2Mi�MQM2 @9Xdy @jXdy @8X39 @yXyd @RkX9k RXj3 RjXk9 dXjk

+v+HQT2Mi2M2 yX8e yXey @yX3d yXyy @RRX3N RXky RkXRe eXRy+ eX9d

+v+HQT`QT�M2 yXd8 yX9j @yXky yXyy @NXRk yXeR NXR9 8Xdk+ 9Xjy

/2+�M@R@QH @jXe9 @jXNd @8XeR @kXRR @k9X3e 9XjR k9Xjy R9X3y

/2+�M@k@QM2 @kXj9 @kXkk @8XdN @yXy8 @kjXj8 9Xky kkXdd RjXyy

/B@BbQT`QTvH@bmH}/2 @RXkR @kXdR @kXde yXyy @RdXRN kX88 R9Xdy dXRj

/B@M@#mivH@2i?2` @yX3j yXdy @kXey @yXy3 @kRX9N jXj9 kRX8k RRXNN

/B@M@T`QTvH@2i?2` @RXRe yX38 @kXek @yXy3 @ReXdR kXj9 RdXNk RyXRN

/B@M@T`QTvH@bmH}/2 @RXk3 @yX9e @kXjN yXyy @R3XR9 kXey RdX9d NX8R2 NXjR

/B@M@T`QTvH�KBM2 @jXe8 @kXdR @jX33 @jX9y @ReX99 kX9y R3Xey RjXyR/ RkXR8

/B#`QKQK2i?�M2 @RXNe @kX83 @RX8R yXyy @dX39 yXej eXRj kXd9

/B+?HQ`QK2i?�M2 @RXjR @RX8e @kXy9 yXyy @eXRy yX8y eXyd jX99

/B2i?QtvK2i?Qtv#2Mx2M2 @8Xkj @jXyd @dXR8 @yXk9 @keXyy 9XRN keXRj R8X3d

/B2i?vH@/BbmH}/2 @RXe9 @kX88 @kX3N yXyy @ReXj3 kXRy R9Xek dX882 dXjR

/B2i?vH@2i?2` @RX8N yXy8 @kXNk @yXy3 @RkXRN RXjN RjX38 dX3N

/B2i?vH@K�HQM�i2 @eXyy @eXd9 @RkXy9 @yXkd @R3X3e jXy8 kRXjN RjX89

/B2i?vH@bm++BM�i2 @8XdR @8Xk8 @RRXRN @yXkd @kyX3e jX88 kjX8k R9XN8

/B2i?vH@bmH}/2 @RX9e @yXNk @kX8R yXyy @RjXdj RXej RjXeN dX882 dXky

/B2i?vH�KBM2 @9Xyd @kXNR @9XyR @jX9y @RRXd3 RX99 R9X39 RyX3d/ RyXRN

/BBQ/QK2i?�M2 @kX9N @kX8R @jXR3 yXyy @eXyk yX3e 8X3j jXe3

/BBbQT`QTvH@2i?2` @yX8j yX8y @kXkN @yXy3 @R8Xj3 kXje R8X3N 3XNe

/BBbQT`QTvH�KBM2 @jXkk @9Xk3 @jX89 @jX9y @R8XeR kXj8 R8XNR RyXyR

/BK2i?QtvK2i?�M2 @kXNj @RX3k @9XdR @yXRe @RRXyk RXyk RjXy8 dXe9

RyR
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/BK2i?vH@2i?2` @RXNR @jXyk @jX9N @yXy3 @NX88 yX9N NXeR 9Xek

/BK2i?vH@bmH7�i2 @8XRy @eXRy @RRXke @yXkd @RyXy9 RX9R R9Xye NXdk

/BK2i?vH@bmH}/2 @RXeR @RXkd @kXk8 yXyy @NXR3 yXdy NX9d 8XjR2 9X3k

/BK2i?vH@bmH7QM2 @RyXy3 @3Xd3 @RjXk3 @yXRR @3XkR yXN3 RRX3j dX33

/BK2i?vH@bmH7QtB/2 @3XdR @3Xk9 @RyX8k @yXy8 @3XNR yX39 RyX9R dX33/ eXy9

/BK2i?vH�KBM2 @9XkN @9Xk8 @8XR8 @jX9y @dXyy yX8j RyXdd 3XRR

1@R-k@/B+?HQ`Q2i?2M2 @yXd3 @yXkk @RXj9 yXyy @dXR8 yXde dX8R 9Xd9

1@#mi@k@2M�H @9Xkk @jXdk @dXR8 @yXy8 @NXyd RXy8 RRX8R dX9k

1@?2Ti@k@2M2 RXe3 kXkd @yXe8 yXyy @ReXej kX93 RdXyd NXed

1@?2t@k@2M�H @jXe3 @kX3e @eXdj @yXy8 @RjX89 RXNd R8X9N NXek

1@Q+i@k@2M�H @jX9j @kX83 @eXeR @yXy8 @R3XRR kXN8 RNXk8 RRXe8

2i?�M�KB/2 @NXdR @RyXN8 @RRX8R @kXey @dXed yX8d RyXke eX8e7 dXye

2i?�M2 RX3j RXed @yXyk yXyy @eXRj yX9j dXjN 8X3d+ jXNN

2i?�M2i?BQH @RXR9 @RX3e @jXky @yXyR @3Xdd yXeN NX9j 8XRe2 8Xyy

2i?�MQH @8Xyy @9X8e @8Xde @kXRR @eXdk yX8y NX8j eXNd+ dXyR

2i?2M2 RXk3 kXyk @yXe9 yXyy @9X9j yXkd eX3k 9Xek+ 9X89

2i?vH@�+2i�i2 @kXN9 @kXee @eXjR @yXRj @RRXjj RX9k RjXdy dXje# 3X99

2i?vH@#2MxQ�i2 @jXe9 @jX3j @dX8N @yXRj @RNXjd kXdN kyX93 RkXeN

2i?vH@#mi�MQ�i2 @kX9N @kXjy @eXy3 @yXRj @R8XNj kXj3 RdX9d RyX9k

2i?vH@7Q`K�i2 @kX8e @kX8d @eXR9 @yXRj @3XNk yXN8 RRXeN dX93

2i?vH@?2t�MQ�i2 @kXkj @kXR3 @eXRk @yXRj @kyXjj jXj3 kRXyj RkXje

2i?vH@T2Mi�MQ�i2 @kX9N @kXRk @eXk8 @yXRj @RdXNj kX3d RNXjj RRX88

2i?vH@T?2MvH@2i?2` @kXkk @kXyk @9XeR @yXy3 @RdXeN kXjR R3Xy8 RyXe3

Ryk
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2i?vH@T`QT�MQ�i2 @kXe3 @kXeN @eXj8 @yXRj @RjXde RX3N R8Xee NX9k

2i?vH�KBM2 @9X8y @9XkN @8X89 @jX9y @eX8N yX88 RyXeN dX3R/ 3Xk3

2i?vH#2Mx2M2 @yXdN @yXR8 @kX3e yXyy @ReXjR kXR8 ReX3d 3Xkk+ NXN9

~mQ`2M2 @jXj8 @9XRj @8Xej yXyy @kjXN9 jXk9 kkXRN 3Xd8# RkX3y

~mQ`Q#2Mx2M2 @yX3y @yXjR @kXe3 @yXRk @RRXN3 RXj9 RjXRj 3Xkk

~mQ`QK2i?�M2 @yXkk yXRj @kXyj @yXRk @jXdR yXR8 8X39 jX8R# jXde

7Q`K�H/2?v/2 @kXd8 @jXk3 @eXkd yXyy @kX8e yXRy 8X98 9Xy9

?�HQi?�M2 @yXRR @yXye @RX3e @yXjd @eX39 RXNj dXyN 8Xe3

?2Ti@R@2M2 RXee kXjN @yXe9 yXyy @ReXRN kX93 ReXd9 NXej

?2Ti@R@vM2 yXey yX8R @RXkk yXyy @ReX8k kXjy R8XNe 3Xe9

?2Ti�M@R@QH @9XkR @jX3d @8X8j @kXRR @RdX3N kXd3 R3X33 RkXjj+ RRXN3

?2Ti�M@k@QM2 @jXy9 @kX8e @8X33 @yXy8 @ReXe9 kXeN RdXjj NXNe/ RyXy9

?2Ti�M@9@QM2 @kXNk @kX8y @8X8y @yXy8 @ReXNj kXeN RdXjy RyX33/ NX38

?2Ti�M�H @kXed @kX3e @8XNR @yXy8 @ReX3R kXed RdXk8 NXNj

?2t@R@2M2 RX83 kXk3 @yXej yXyy @RjXNd RXNN R9X3N 3Xe3+ 3XeR

?2t@R@vM2 yXkN yXR9 @RXk9 yXyy @R9X9d RX3k R9Xyj dX93

?2t�@R-8@/B2M2 RXyR kXd9 @RXR3 yXyy @RkX8k RXd3 R9Xed NXk9

?2t�~mQ`QT`QT2M2 @jXde kX9R @RX8R @yXd8 @8X3k RXj3 NXRk dXNj

?2t�M@R@QH @9X9y @jXNe @8X8y @kXRR @R8Xdk kXkN RdXyd RRXk3+ RyXNN

?2t�M@k@QM2 @jXk3 @kX33 @8XNR @yXy8 @R9X9N kXky R8Xjd 3X8y/ 3X3N

?2t�M@j@QH @9Xye @jX3j @9XeR @kXRR @R8Xjy kXkN R8X3N RRXNd+ RyXye

?2t�M�H @kX3R @kX8d @eXy8 @yXy8 @R9Xkd kXR3 R8Xek NXk3

?2t�MQB+@�+B/ @eXkR @eXe3 @NXRe @kXRe @R9X8j kXjj ReX39 RRXej

Ryj



h�#H2 aA@3X U*QMiBMm2/V

∆G

[F+�H
KQH

]
−T∆S∗

[F+�H
KQH

]

2tTiX� +�H+X 2tTiX +�H+X

L2mi`�H +QKTQmM/ iQi 2b ?# /BbT +QK# +�p

?v/`�xBM2 @NXjy @RRXkR @RRXeN @eX3y @RX93 yXyd 3XeN RyXyy

BKB/�xQH2 @NXej @RyXR9 @NXyk @kX8N @NX3y yXed RyXey eX3y

BM/�M2 @RX9e @RX9N @kXNe yXyy @R3X3y kXjy RdXNd NX39

BQ/Q#2Mx2M2 @RXd9 @RXyd @kXdN yXyy @RkX39 RXdj RkX3j dXNe

BQ/Q2i?�M2 @yXd9 @RX8k @kXek yXyy @dXjj yX38 dX83 9Xke

BQ/QK2i?�M2 @yX3N @RXe9 @kXed yXyy @9XNk yX9k 8X8j 9Xdy# jXk9

BbQ�KvH@�+2i�i2 @kXkR @jX83 @eX8y @yXRj @RdXed kX3k RdXNR RyXj9

BbQ�KvH@7Q`K�i2 @kXRj @jXNN @eXd9 @yXRj @R8XRd kXjy R8Xd8 NXk9

BbQ#mivH@�+2i�i2 @kXje @kXk8 @eXyN @yXRj @R8Xkd kXjd ReX3d RyXRd

BbQ#mivH@7Q`K�i2 @kXkk @kX8e @eXjy @yXRj @RkX3e RX38 R9X3d NXRN

BbQ#mivH@BbQ#mi�MQ�i2 @RXeN @RXjR @8X8N @yXRj @RNXj9 jXje kyXj3 RkXR8

BbQ#mivH#2Mx2M2 yXRe @kXyj @kX8d yXyy @kyXkk jXyd RdXeN NX93

BbQ#miv`�H/2?v/2 @kX3e @jXyd @8XNy @yXy8 @NX3R RXk9 RRX98 eX39

BbQ~m`�M2 yXRy @yXk3 @8Xy8 @yXdy @dX8k kX9e RyX8j NXk8

BbQT`QTvH@�+2i�i2 @kXe9 @jXRd @eXRN @yXRj @RjXk8 RX3N R9X8R 3Xey

BbQT`QTvH@7Q`K�i2 @kXyk @jXyk @8X3k @yXRj @RyX3j RXjN RkXjd dX8y

K@+`2bQH @8X9N @8X3R @eXNk @kXRR @R9XdN RX3y ReXkk dXNj/ RRXyd

K@tvH2M2 @yX3j @yX99 @kXdd yXyy @ReX98 kXR8 ReXe9 dXdd+ NXeR

K2i?�M2 RXNN RXjj @yXyR yXyy @jX99 yXRk 9Xed 9X8k+ kX8d

K2i?�M2bmH7QMvH@+?HQ`B/2 @9X3d @eXR9 @NX8j @yXRR @eXe8 yXNk NXkk eX9N

K2i?�M2i?BQH @RXk9 @RXdk @jXyN @yXyR @eX9d yXjy dX8e jXN32 9XRR

K2i?�MQH @8XRy @eXey @eXyj @kXRR @eXkd yXR8 dXe8 8XyN+ 8Xkd

K2i?Qtv~m`�M2 @RXRk @yXNR @jXke @yXjj @RyXRR RXde RRXyj dX8j
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K2i?vH@�+2i�i2 @jXRj @jXNd @dXRj @yXRj @NXy8 yXN8 RRXjN eX9j# dXyd

K2i?vH@#2MxQ�i2 @jXNk @9X33 @dXN9 @yXRj @RdXR3 kXkd R3XRy RRXRd

K2i?vH@#mi�MQ�i2 @kX3j @jXkk @eXje @yXRj @RjXej RX3e R8Xy8 3XNR

K2i?vH@+?HQ`Q�+2i�i2 @9Xyy @9Xjk @eX3d @yXRj @RyXjR RXky RRXdN dXjk

K2i?vH@+v�MQ�+2i�i2 @eXdk @dX8j @NXjj @yXkj @RkX99 RXjd RjXRy dXd9

K2i?vH@+v+HQ?2t�M2+�`#QtvH�i2 @jXjy @8Xy3 @8X3y @yXRj @RNX38 kXNR RdX3y NXR3

K2i?vH@+v+HQ?2tvH@F2iQM2 @jXNy @jXNe @8Xdj @yXy8 @RdXN9 kXdd ReXNN NXRk

K2i?vH@+v+HQT`QT�M2+�`#QtvH�i2 @9XRy @9Xk3 @eX3d @yXRj @R9Xyk RXek R8XRj 3XeR

K2i?vH@+v+HQT`QTvH@F2iQM2 @9XeR @9Xyy @8Xey @yXy8 @RkX3j RX9d RjXyR eXN8

K2i?vH@2i?vH@2i?2` @kXRy @yXj3 @jXky @yXy3 @NXd3 yXNk RRXde eXdN

K2i?vH@2i?vH@bmH}/2 @RX8y @RXR9 @kX9y yXyy @RRX9k RXR8 RRX89 8XNd

K2i?vH@7Q`K�i2 @kXd3 @kXN9 @eXk9 @yXRj @eX8k yX8k NX99 eXk8

K2i?vH@?2t�MQ�i2 @kX9N @kXNe @eX9j @yXRj @R3Xy8 kX39 R3X3R RRXyk

K2i?vH@BbQT`QTvH@2i?2` @kXyR @RXRR @jXyd @yXy3 @RRXdR RXj8 RkX9y eXde

K2i?vH@K2i?�M2bmH7QM�i2 @9X3d @eXj9 @RRX9e @yXRR @NXy9 RXRN RjXyd 3XNR

K2i?vH@Q+i�MQ�i2 @kXy9 @kXe9 @eXkd @yXRj @kkXeN jX38 kkXeR RjXyd

K2i?vH@T@K2i?Qtv#2MxQ�i2 @8Xjj @eXeN @NX8j @yXRj @kyXNk kX33 kRXyR RkXej

K2i?vH@T@MBi`Q#2MxQ�i2 @eX33 @NXNj @3Xyj @RX8k @kjXRy kX3R RNX3N RRX9d

K2i?vH@T2Mi�MQ�i2 @kX8e @kXdj @eX8j @yXRj @R8Xey kXj9 RdXRN RyXjR

K2i?vH@T`QT�MQ�i2 @kXNj @jX9R @eXe3 @yXRj @RRXj3 RX9y RjXjN 3XRR

K2i?vH@T`QTvH@2i?2` @RXee @yXjj @jXk3 @yXy3 @RkXy3 RXje RjXd8 dX39

K2i?vH@i@#mivH@2i?2` @kXkR @yXjN @kXNy @yXy3 @RkXk3 RXdN RjXyN dX99

K2i?vH@i2`i@#mivH@2i?2` @kXkR @yXjN @kXNy @yXy3 @RkXk3 RXdN RjXyN dX99

Ry8
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K2i?vH@i`B~mQ`Q�+2i�i2 @RXRy yXky @9X3e @yX8R @dXjk RXjR RRX8d 3XN8

K2i?vH@i`BK2i?vH�+2i�i2 @kX9y @RX3y @8X3d @yXRj @RjXj3 kXjR R8Xk3 NX8y

K2i?vH�KBM2 @9X88 @RXej @8XNR @yXNy @9Xyk yXR3 NXyk dXyk

K2i?vH+v+HQ?2t�M2 RXdy yXk3 @yXy8 yXyy @ReX33 kXkN R9XNk RkXyk+ dXRj

K2i?vH+v+HQT2Mi�M2 RX8N yXdd @yXyd yXyy @R8Xke RX38 R9Xk8 eXNe

KQ`T?QHBM2 @dXRd @dXye @eXNR @jX93 @RkXed RXkR R9XdN 3X3j# NXde

L@�+2ivHTv``QHB/BM2 @NX3y @dX9k @NX8k @yXy8 @ReX9e kXyN ReX8j 3XN8

M@#mi�M2 kXyd RXey @yXy9 @yXyR @RyX38 RXkd RRXkj dXee+ 8X3d

M@#mi�M2i?BQH @yXNN @RXNR @jXRj @yXyR @RjXje RX8e RjXyk dXy32 eXd9

M@#mivH@�+2i�i2 @kXe9 @kXe9 @eX8e @yXRj @R8X33 kXj3 RdX8e RyX88

M@#mivH�+2i�KB/2 @NXjR @RyXyd @RyXNd @kXey @ReX9j kXj3 RdX88 RRX8j/ RyXNk

M@#mivH�KBM2 @9Xk9 @9X93 @8Xej @jX9y @RRXyj RX9y R9XR3 NXkd/ RyXyy

M@#mivH#2Mx2M2 @yX9y yXy8 @kX3d yXyy @kyXey jXR9 kyXj3 RyXyk+ RRX3N

M@/2+�M2 jXRe kXRy @yXy3 yXyy @k9Xe8 9Xkk kkXeR RRXN3

M@?2Ti�M2 kXed kX9k @yXye yXyy @RdXkN kXeN RdXyd RyX9e+ NXk9

M@?2TivH�KBM2 @jXdN @9Xj3 @8X9y @jX9y @R3Xye kX38 RNXej RkXd9

M@?2t�M2 kX93 RXNj @yXy8 yXyy @R8Xk3 kXky R8Xye NX9j+ dXNd

M@?2tvH@�+2i�i2 @kXke @kXk9 @eX93 @yXRj @kyXjR jXj3 kRXjy RkXe9

M@?2tvH�KBM2 @jXN8 @9XR9 @8XjN @jX9y @R8X8d kXj8 RdX3d RRXR9/ RRXNj

M@?2tvH#2Mx2M2 @yXy9 yXRN @kX3N yXyy @k8XR9 9XR8 k9Xye RRX33+ RjXNy

L@K2i?vH�+2i�KB/2 @RyXyy @NXkN @RyX98 @kX88 @NXN8 RXyy RkXee eXNk7 3X99

L@K2i?vH�MBHBM2 @9XeN @eX8d @eXdN @jX9y @R8Xy9 RX38 ReX3k RRXek

L@K2i?vHKQ`T?QHBM2 @eXjk @9XjR @eXk3 @yXN3 @R8Xye RXed ReXj9 NX9N# NXek

Rye
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L@K2i?vHTBT2`�xBM2 @dXdd @dXyd @dXj3 @9Xjy @R9Xjd RXdk RdXke RRXNN

L@K2i?vHTBT2`B/BM2 @jX33 @jXN9 @jX38 @yXNy @ReXj9 RXNN R8XRd RRXk9# dXNd

M@MQM�M2 jXRj kXyj @yXyd yXyy @kkXjk jXdy kyXdk RyXNe

M@Q+i�M2 kX33 kXRe @yXye yXyy @RNX33 jXRN R3XNR RRX9e+ RyXyd

M@Q+ivH�KBM2 @jXe8 @9Xjj @8XdR @jX9y @kyXye jXj8 kRX93 RjX33

M@T2Mi�M2 kXjk RX39 @yXy9 yXyy @RjXy9 RXdk RjXkR 3Xey+ eXNd

M@T2MivH@�+2i�i2 @kX8R @kX93 @eXej @yXRj @RdXNd kX3d RNXjN RRXeR

M@T2MivH@T`QT�MQ�i2 @kXRR @kXRd @eXjk @yXRj @kyX9k jXjd kRXjk RkX83

M@T2MivH�KBM2 @9XyN @9XNR @8X39 @jX9y @RjX9y RX3d R8X3d RyXRe/ RyXde

M@T2MivH#2Mx2M2 @yXkj @yXyj @kX33 yXyy @kjXRy jXe8 kkXjR RyX3j+ RkX33

M@T2MivH+v+HQT2Mi�M2 kX88 yX3j @yXyN yXyy @kjXNR jX3R kRXyj RyX88

M@T`QT�M2i?BQH @RXye @RX89 @jXy9 @yXyR @RRXy9 RXRk RRX99 8X8e2 eXyd

M@T`QTvH@�+2i�i2 @kXdN @kX8R @eX9k @yXRj @RjX8d RX3N R8Xdk NX8N

M@T`QTvH@#miv`�i2 @kXk3 @kXy3 @8XNd @yXRj @R3Xkd kX33 RNX9k RRX93

M@T`QTvH@7Q`K�i2 @kX93 @kXdk @eX8e @yXRj @RRXRk RX9y RjXeN 3XeR

M@T`QTvH@T`QT�MQ�i2 @kX99 @kX9y @eXk8 @yXRj @ReXyR kXj3 RdXeR RyX8k

M@T`QTvH�KBM2 @9XjN @9Xk8 @8X9y @jX9y @3X3j yXNe RkX9k 3Xjj/ NXRy

M@T`QTvH#2Mx2M2 @yX8j @yXRy @kX3j yXyy @R3X8R kXe9 R3XeR NXje+ RyX3d

M@T`QTvH+v+HQT2Mi�M2 kXRj yXde @yXy3 yXyy @RNXjk kX3y RdXj8 3X8N

M�T?i?�H2M2 @kX9y @jXR8 @9X3j yXyy @R3X8d kXjy RdXN8 3Xky# RyX8j

MBi`Q#2Mx2M2 @9XRk @8Xk3 @9Xk3 @RXk8 @ReXkj RXdR R9Xdd 3XeN

MBi`Q2i?�M2 @jXdR @jXk9 @jXRy @yXNe @RyXeR yX39 RyX8N 8XN9

MBi`QK2i?�M2 @9Xyk @jX8k @jXkN @yXNe @3XjR yX9k 3Xek jXNk# 9XN9

Ryd
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L-L@/BK2i?vH@T@K2i?vH#2Mx�KB/2 @NXde @8XNd @RyX33 @yXy8 @kRXkR jXj9 kkX3j R9XR9

L-L@/BK2i?vH@T@MBi`Q#2Mx�KB/2 @RRXN8 @RRX9k @RRX83 @RXye @k9XNd jXjN kkX3k RjXjk

L-L@/BK2i?vH�MBHBM2 @jX98 @jX8e @8XN3 @yXNy @RdXk8 kXjk R3Xk8 RRX99

L-L@/BK2i?vH#2Mx�KB/2 @NXkN @eXyk @RRXy3 @yXy8 @R3XNk kX3k kRXkR RjX99

L-L@/BK2i?vH7Q`K�KB/2 @dX3R @9XNN @NXyk @yXy8 @NX89 yXNd RkXe8 eXdy7 dXNk

MQM@R@2M2 kXye kXe3 @yXe8 yXyy @kyXe3 jX93 kyX8j RRXd9

MQM�M@R@QH @jX33 @kXye @8X3N yXyy @kkX8R jX3y kkX89 RkX39

MQM�M@k@QM2 @kX9N @kX9e @8X39 @yXy8 @kRXkd jXeN kRXyR RRX3R/ RRXN3

MQM�M@8@QM2 @kXe9 @RX3d @8X9e @yXy8 @kRXyN jXdy kRXy9 RkX3y/ RkXy3

MQM�M�H @kXyd @kXjj @eXy8 @yXy8 @kRXyy jXe3 kRXRy RkXk8

Q@+`2bQH @8X3d @8XNd @eXdj @kXRR @R9Xe3 RX3y R8Xde 3X8R/ RyXeN

Q@iQHmB/BM2 @8X8j @eXj8 @eXdy @jX9y @R9X8d RX38 ReX93 RRX88

Q@tvH2M2 @yXNy @RXee @kX3y yXyy @ReX98 kXRk R8X9d dXk8+ 3X8k

Q+i@R@2M2 RXNk kX9j @yXej yXyy @R3X8N kXNd R3Xe3 RyXR9+ RyXe9

Q+i@R@vM2 yXdR yX93 @RXk9 yXyy @R3X3k kXdN RdXd8 NX8e

Q+i�M@R@QH @9XyN @9X3y @eXy8 @kXRR @kyXe9 jXk3 kyXdR RjXyN+ RkXdj

Q+i�M@k@QM2 @kX33 @kXd3 @8X38 @yXy8 @RNXRj jXRN RNXye RyX3j

Q+i�M�H @kXkN @kX88 @eXRj @yXy8 @R3Xd3 jXRd RNXk8 RRXkR

T@+`2bQH @eXRj @eXRe @dXRd @kXRR @R9X3R RX3y ReXRj 3Xyy/ RyXN3

T@/B#`QKQ#2Mx2M2 @kXjy @kX88 @kXkN yXyy @R8Xe8 RXNN RjX9y dX93

T@iQHmB/BM2 @8X8d @eXk9 @eXNN @jX9y @R9Xek RX3e ReXNk RRXN9

T@tvH2M2 @yX3y @yX99 @kXdN yXyy @ReX9e kXR8 ReXed dX3j+ NXej

T2Mi@R@2M2 RXe3 kXky @yXek yXyy @RRXdj RX8R RjXyj dXeR

Ry3
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T2Mi@R@vM2 yXyR yXy3 @RXkj yXyy @RkXjk RXj8 RkXkd eX89

T2Mi�@R-9@/B2M2 yXNj kXjy @RXjj yXyy @RyX8j RXjR RkX38 3Xky

T2Mi�+?HQ`Q2i?�M2 @RXjN yX3e @RXkN yXyy @dX3y kX98 dX8y eXk9

T2Mi�M@R@QH @9X8d @jXN8 @8X9j @kXRR @RjXjd RX3R R8XR9 RyXjd+ NXNe

T2Mi�M@k@QH @9XjN @jXN8 @9XNy @kXRR @RjXkN RX3j R9X8k NX9R

T2Mi�M@k@QM2 @jX8k @jXy3 @8XNR @yXy8 @RkXjN RXdk RjX8e dX8k/ dX3e

T2Mi�M@j@QH @9Xj8 @jX3e @9X39 @kXRR @RjXRR RX3j R9Xjd RRXyk+ NXj8

T2Mi�M@j@QM2 @jX9R @kXNy @8X89 @yXy8 @RkXeR RXdk RjX8N dX3R/ dXdd

T2Mi�M�H @jXyj @kXde @8XN3 yXyy @RkXy8 RXdy RjX83 3Xyd

T2Mi�M2MBi`BH2 @jX8k @jX8R @9XRd @yXRy @R9XyR RXdy RjXy3 eXdN

T2Mi�MQB+@�+B/ @eXRe @dXk3 @NXjR @kXRe @RkXeR RX39 R9XN8 RyX98

T?2M�Mi?`2M2 @jX33 @8XN3 @eXkN yXyy @k8X9y jX9j kkXkN 3X8k# RkXey

T?2MQH @eXeR @eXRe @dXjk @kXRR @RkX9d RXjj R9X9y eX9y/ RyXkk

T?2MvH@7Q`K�i2 @jX3k @9Xjd @3XjN @yXRj @R9XkN RX3e ReX8N RyXNj

T?2MvH@K2i?vH@bmH}/2 @kXdj @kXj8 @jXdk yXyy @ReXdj kXyd ReXy9 NXyN

T?2MvH@i`B~mQ`Q2i?vH@2i?2` @RXkN @kX93 @eXNk @yXjj @ReXk8 jXkN RdXdj RkX9y

TBT2`�xBM2 @dX9y @NXdd @dX3d @eX3y @RkXRj RXke R8Xde RkXRR

TBT2`B/BM2 @8XRR @9XN3 @9XRN @jX9y @RjXe9 RX89 R9XdR NXNk# NXkd

T`QT@k@2M@R@QH @8Xyj @jXej @8Xed @kXRR @dXdk yXdk RRXR8 dXjd+ 3X8R

T`QT�M@R@QH @9X38 @9Xje @8Xey @kXRR @NXy8 yXNR RRX9N 3Xjj+ 3Xyy

T`QT�M@k@QH @9Xd9 @9Xjj @8Xj9 @kXRR @3X3d yXNj RRXyd 3Xe9+ dXeN

T`QT�M2 RXNe RXej @yXyj yXyy @3X8d yX3j NX9y eX3j+ 9XN8

T`QT�M2MBi`BH2 @jX39 @jXNd @9Xke @yXRR @NX8j yX3R NXRj 9Xej

RyN
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T`QT�MQB+@�+B/ @eX9e @3XRk @NXde @kXRe @3XkN yXNj RRXRe eX99/ 3Xj9

T`QT�MQM2 @jX3y @jX9N @eXRe @yXy8 @dXdN yX3j NXeN 8Xjd# 8X38

T`QT2M2 RXjk RXdR @yXe3 yXyy @dXk8 yXe9 NXyy 8X33+ 8X9k

T`QTBQM�H/2?v/2 @jX9j @jXRe @eXyy @yXy8 @dXde yX3R NX39 eXy9

T`QTvM2 @yX93 @yXjN @RXje yXyy @dXeR yX8R 3Xy3 jXd8+ 9XjR

Tv`2M2 @9X8k @dXe9 @dXyN yXyy @k3XjN jX3j k9XyR RyXy3# RjXkd

Tv`B/BM2 @9XeN @8Xk9 @8XeN @yXRy @RkX8j RXyN RkXyy eXek/ eX98

Tv``QH2 @9Xd3 @9Xd8 @8Xej @kX8y @3XNN yXdN RRX83 3Xk9

Tv``QHB/BM2 @8X93 @8X93 @9XNd @jX9y @RRXe8 RXRR RjX9k NXRR# 3Xd9

[mBMQHBM2 @8Xdk @eX83 @eX8j @yXRy @RNXkj kXRd RdXRy NXk8

b2+@#mivH#2Mx2M2 @yX98 @yXRk @kXdR yXyy @RNXk3 jXy3 R3XdN RyXNj

biv`2M2 @RXk9 @RXRd @jXej yXyy @R8Xke RXNk R8X3y NXek

i2~m`�M2 yX8y yXyd @kXjN @yX8y @8Xek RXd8 eX39 8X3k

i2`i@#mivH#2Mx2M2 @yX99 @yX9N @kX3j yXyy @R3XRk jXy9 RdX9k RyXkR
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Ryj,Ryk3kĜRyk33- RNNNX
8 1X :�HHB++?BQ- JX JX Em#Q- �M/ _X JX G2pvX 1Mi?�HTvĜ2Mi`QTv �M/ +�pBiv /2+QKTQbBiBQM Q7

�HF�M2 ?v/`�iBQM 7`22 2M2`;B2b, MmK2`B+�H `2bmHib �M/ BKTHB+�iBQMb 7Q` i?2Q`B2b Q7 ?v/`QT?Q#B+

bQHp�iBQMX CX S?vbX *?2KX "- Ry9UkeV,ekdRĜek38- kyyyX

Rkj



e "X >2bb �M/ LX 6X �X p�M /2` o2;iX >v/`�iBQM i?2`KQ/vM�KB+ T`QT2`iB2b Q7 �KBMQ �+B/ �M�@

HQ;m2b, � bvbi2K�iB+ +QKT�`BbQM Q7 #BQKQH2+mH�` 7Q`+2 }2H/b �M/ r�i2` KQ/2HbX CX S?vbX *?2KX

"- RRy,RdeReĜRdeke- kyyeX
d CX >mM;2`- �X aiQTT�- aX a+?`ƺ/H2- :X >27i2`- _X- �M/ "m+?M2`X h2KT2`�im`2 /2T2M/2M+2 Q7

i?2 /B2H2+i`B+ T`QT2`iB2b �M/ /vM�KB+b Q7 BQMB+ HB[mB/bX *?2KS?vb*?2K- RyU9V,dkjĜdjj- kyRRX
3 JX �X JX G�iB7- LX JB+�āHQ- �M/ JX "X �X _�?K�MX aQHp�iBQM 7`22 2M2`;B2b BM (#KBK)@#�b2/

BQMB+ HB[mB/b, �MBQM 2z2+i iQr�`/ bQHp�iBQM Q7 �KBMQ �+B/ bB/2 +?�BM �M�HQ;m2bX *?2KX S?vbX

G2iiX- eR8,eNĜd9- kyR9X
N :X AX J�F?�i�/x2 �M/ SX GX S`Bp�HQpX S�`iB�H bT2+B}+ ?2�i +�T�+Biv Q7 #2Mx2M2 �M/ Q7 iQHm2M2

BM �[m2Qmb bQHmiBQM /2i2`KBM2/ +�HQ`BK2i`B+�HHv 7Q` � #`Q�/ i2KT2`�im`2 `�M;2X CX *?2KX h?2`@

KQ/vM- kyU9V,9y8Ĝ9Rk- RN33X
Ry :X AX J�F?�i�/x2 �M/ SX GX S`Bp�HQpX >2�i +�T�+Biv Q7 T`Qi2BMb, AX T�`iB�H KQH�` ?2�i +�T�+Biv Q7

BM/BpB/m�H �KBMQ �+B/ `2bB/m2b BM �[m2Qmb bQHmiBQM, ?v/`�iBQM 2z2+iX CX JQHX "BQHX- kRjUkV,jd8Ĝ

j39- RNNyX
RR .X GX JQ#H2v- *X AX "�vHv- JX .X *QQT2`- JX _X a?B`ib- �M/ EX �X .BHHX aK�HH KQH2+mH2 ?v/`�iBQM

7`22 2M2`;B2b BM 2tTHB+Bi bQHp2Mi, �M 2ti2MbBp2 i2bi Q7 }t2/@+?�`;2 �iQKBbiB+ bBKmH�iBQMbX CX *?2KX

h?2Q`v *QKTmiX- 8UkV,j8yĜj83- kyyNX
Rk EX L�F�Km`� �M/ hX a?BF�i�X avbi2K�iB+ /B2H2+i`B+ �M/ MK` bim/v Q7 i?2 BQMB+ HB[mB/ RĜ�HFvHĜ

jĜK2i?vH BKB/�xQHBmKX *?2KS?vb*?2K- RRURV,k38ĜkN9- kyRyX
Rj �X aX S�Hm+?- *X �X oBii2`- CX EX a?�?- �M/ 1X CX J�;BMMX � +QKT�`BbQM Q7 i?2 bQHp�iBQM i?2`@

KQ/vM�KB+b Q7 �KBMQ �+B/ �M�HQ;m2b BM r�i2`- R@Q+i�MQH �M/ R@M@�HFvH@j@K2i?vHBKB/�xQHBmK

#BbUi`B~mQ`K2i?vHbmH7QMvHVBKB/2 BQMB+ HB[mB/b #v KQH2+mH�` bBKmH�iBQMX CX *?2KX S?vbX-

RjdUR3V,R398y9- kyRkX
R9 �X oX SHv�bmMQp �M/ 1X GX a?Q+FX h?2`KQ/vM�KB+ 7mM+iBQMb Q7 ?v/`�iBQM Q7 ?v/`Q+�`#QMb �i

kN3XR8 F �M/ yXR KT�X :2Q+?BKX *QbKQ+?BKX �+i�- e9UjV,9jNĜ9e3- kyyyX
R8 LX oX SHv�bmMQp�- �X oX SHv�bmMQp- �M/ 1X GX a?Q+FX :`QmT +QMi`B#miBQM p�Hm2b 7Q` i?2 i?2`@

KQ/vM�KB+ 7mM+iBQMb Q7 ?v/`�iBQM �i kN3XR8 F- yXR KT�X kX �HBT?�iB+ i?BQHb- �HFvH bmH}/2b- �M/

TQHvbmH}/2bX CX *?2KX 1M;X .�i�- 8yURV,k9eĜk8j- kyy8X
Re �X _v#BMbF�@6`v+�- �X aQbMQrbF�- �M/ hX SmxvMX S`2/B+iBQM Q7 /B2H2+i`B+ +QMbi�Mi Q7 BQMB+

HB[mB/bX CX JQHX GB[- key,8dĜe9- kyR3X

Rk9



Rd *X q�F�B- �X PH2BMBFQp�- JX Pii- �M/ >X q2BM; `iM2`X >Qr TQH�` �`2 BQMB+ HB[mB/b\ /2i2`@

KBM�iBQM Q7 i?2 bi�iB+ /B2H2+i`B+ +QMbi�Mi Q7 �M BKB/�xQHBmK@#�b2/ BQMB+ HB[mB/ #v KB+`Qr�p2

/B2H2+i`B+ bT2+i`Qb+QTvX CX S?vbX *?2KX "- RyN,Rdyk3ĜRdyjy- kyy8X

Rk8


