
� � ��� ���	� 


� ��� ��
�
���������� ��� � � 
���������� � ��� �����
� � � ����� �

 "!$#&%('*)(+,'.-/'.0(12!(34-5%768)9#&'.+/:;12#=<>6@?A68?&?,B(CD'.0E#F%(6@#G#&%('*12!H#&'.+JIK68-.'MLN'O#"<P'/'.!Q#F%('*C�6@#&+&1SRT68!(0E#&%('
3U+,VW<X12!(3Y)(+&'/-.12)(12#F6@#F'Z<P68?MB9!(0('.+\[]V^-_6@[�'.`HB(1][21]L(+,1]B(CT:N#&%('.+,'/IaVU+,'�6@[][]Vb<X12!(3c#F%('DB(?,'�V8Id#F%('e'.`HB(1Sf
[]12L(+&12B(C�)9%768?&'*0(1g6838+F68Ch#&V�0('O#F'.+,Ci12!('*1j#F?=-.VUCD)kVU?&1j#F1]V8!;lm n#G<P68?o6@[]?&ViCi'/!p#F1]V8!('.0$#&%76@#q?&'OrU'.+&68[
'/sN'.-O#F?ACi6_tE1]!pr@68[21]076@#&'\#&%(1]?G%Ht^)kV8#F%9'.?&12?.lu "!v)76@+,#F12-.B([]68+.:N-_68)91][][]68+&1j#"tU:7<X%(12-5%w12?A64CiV^0(1jx7-_6@#&1]VU!
V8Id#F%('D1]!p#F'/+,IK68-/'e'.`HB(1][21]L(+,1]B(Cy0(B('e#FVT#F%('D-.VU!p#&+&1]L9B9#F12VU!vV8IP#&%('i12!p#F'.+JIK68-.'D'.!9'.+&3@tU:�6zs{'/-/#F?M)768+|f
#F12-.B([]68+&[jtQ#F%('Y'.68+&[jt}?J#5683U'/?eV8I=3U+&Vb<m#F%{l�~>68)(12[][g6@+&12#"tv12?Z68[2?&Vv6@#Z#&%('4VU+&123U1]!�V8I=#F%('4-/Vp68+&?,'.!(12!(3
)(%('/!(VUCD'.!(V8!;l

�P'.-.68B(?,'E#F%('Q)(+,VUL([2'.C V8I\CuB([j#F1]-/VUCD)NVU!9'.!p#D-_68)(12[][]68+&1j#"t�%768?4!(V}?&1]CD)([2'$?&V8[]B9#&1]VU!(?/:mC�6@!Ht
<dVU+&�H?D%76_rU'TB(?&'/0�#F%('��A1]L(L9?Jf"�m%9VUCi?,VU!�'.`HB76@#&1]VU!�0('OrU'.[2VU)k'.0�IaV8+i6QL(12!768+Jt�?,t^?,#&'.CTl� "!�#F%(12?
-5%768)�#F'.+/:7#F%('�r@68[]120(12#"t�V8I�#&%(1]?=68)()9+&Vp68-5%�1]?X0(12?&-.B9?&?&'/0;:N68!(0�#"<dV�Lk'/#,#F'/+qCD'/#&%(V�09?q6@+&'�)(+&V8)NVU?,'.0
68!(0Y-/VUCi)(68+&'/0;l

�4�b� ���4�����Y�Q�Q�X���.�D�
� ?e)(+,'.?&'/!p#F'.0�1]!�-5%768)9#&'.+i�9:�#F%('$~ �o�����q�G� CD'/#F%9V�0�68[2[]Vb<X?Z)(+&'/0(1]-O#F12VU!(?ZV8Iq#F%('Y)(%76@?&'

Lk'.%76_r^1]VUB9+MV8IX-/VUCD)([]'�R{:�CuB([j#F1]-/VUCD)NVU!9'.!p#\?,t^?,#&'.CD?.lv��V@I #"<>68+,'c?&B9-5%�68?e¡��Pf �=� � � VU+M�m%('.+|f
CDVH~>68[]-ZB9?&'i#&%('.+,CiV^09t^!768CD1]-e076z#568L76@?&'.?\#FV�-_68[2-.B([]6@#F'e'.`HB(12[]12L(+&12B(C�)(%(68?&'i-.VUCD)NV8?&12#&1]VU!9?�68!(0
68CDVUB(!p#F?�IaVU+¢3U12r8'.!M-.VUCD)NV8?&12#&1]VU!{:W#&'.CD)N'/+F6@#&B(+&'d68!(0*)(+&'/?&?&B9+&'8l � Vb<P'OrU'/+.:p#F%('d'.`HB(12[]1]L9+&1]B9C£6@#�68!
1]!p#&'.+,IK6@-.'�LN'O#"<P'/'.!E#"<dVc)(%76@?&'.?q-_68!�LN'\CDV�0(1jx7'.0YLptT-.B(+Jr@6@#FB(+,'8:N68!$'Os{'/-/#q-.VUCDCDVU!([2t�+&'OIa'.+&+,'.0
#FVD68?�¤,-.68)(1][2[g68+,12#"t^¥(:^68!(0�CiV8?,#XV8I #&'.!T0('.?,-.+&12LN'/0$Lpt4#F%9'*�A1]L9L(?Jfn�m%(VUCD?&VU!T'.`HB76@#&1]VU!�¦a'8l§3(lA¨ª©b«9©O¬



­;®2¯�°M±(²�³µ´K´K±9¶@³ ·�¸�¹pº�¹^»8·W¼e³µ½�±w¾�³µ½�±(¶b¸�·O¿*À}²�Á¢±(¼.¹v¼/¸�¼/·_¹�Â Ã(Ä
)76838'Z©_ÅpÆpÇ�l��m%('.?,'M-/VU!(-.'/)9#F?=%76_rU'\Lk'.'.!�1]!p#F+,V�09B(-.'/0T12!Y-5%768)9#&'.+q�9l

�m%('.+,'u68+,'A#"<PV�68?&)k'.-O#F?G12!4#F%('�#F+,'_6@#&Ci'/!H#qV8I�#F%('�-_6@)(1][2[g68+,12#"ti)(+&VUL9[]'.CTlPÈA!9'\?,VU[]B�#F1]V8!T12?m#FV
+&'�f"-.68[]-/B([g6@#&'\#&%('u#F%9'.+&CDV^09t^!768CD1]-*'/`HB(1][21]L(+,1]B(Ch<X%('/!Q#F%('D�A1]L(L9?qIa+&'/'Z'.!('/+&38t$V8IÉVU!('u)9%768?&'Z12?
+F6@1]?&'/0eLHtZ68!�6@CiVUB9!H#�<X%91]-5%i68[][2VW<X?�IaVU+�#F%('X-/+&'_6z#F1]V8!DV@I{!('O<Ê1]!p#&'.+,IK6@-.1g6@[9'.!9'.+&3@tD68?�#F%('X)76@+,#F12-.[2'
3U+,VW<X?T¦KË�`kl�ÌUÌ^lÍÌ8ÆE12!Î¨§Ï8Å@¬ Ç�lÐ�m%(1]?e12?Z)NVU?,?&12L([]'cB9?&1]!93v#&%('.+,CiV^09t^!768CD1]-�-_68[2-.B([]6@#F12VU!Ð)768-5�z6838'.?
?&B9-5%E68?=¡��Pf �=� � � :k68?m09'.?&-/+&12LN'/0$[g6z#F'.+/l

Èo!D#&%('qV@#F%('/+É%(68!(0;:H#F%('/+&'=1]?�68!D1]!p#&'.+&'/?,#d1]!DLN'/1]!(3\68L9[]'m#FV\'.?J#F1]Ci6@#&'>#F%('=-_68)91][][]68+&1j#"t\-.VU+,+&'.-�f
#F12VU!4<X12#&%(VUB9#q?&B(-5%$?&V8I #"<P68+&'@:N)(68+,#&1]-.B9[g68+,[2t�<X%9'.!$#&%(1]?=-.VU+,+&'/-/#F12VU!T%768?X#FV�Lk'\'.?,#&1]Ci6@#F'/0T<X1j#F%(12!
6M?,'.)76@+F6@#&'oCiV^0('/[Ñl�Ò7VU+ÉL(12!768+,tD?,VU[]B9#&1]VU!9?.:H#F%(12?d-.68!4LN'q0(VU!('qB(?&12!(3*#&%('��A1]L(L(?|f"�m%(V8Ci?,VU!�'/`^B(6zf
#F12VU!;:�VU+X6D38'.!('/+F68[21]?&'/04IaVU+&CÓIaVU+mCuB([j#F1]-/VUCD)NVU!9'.!p#X68[2[]Vbt^?.l

 "!w#&%('eIaVU[][2VW<X12!(3(:{6Y#"<dV@f")9%768?&'D?,t^?J#F'.CÔ12?\-/VU!(?,1]0('/+&'.0{:¢<X1j#F%v#F%('eCi6@#F+,1jR$+&'/Ia'/+&+,'.0�#&V$6@?�Õ
68!(0Z#&%('m)(+&'/-.12)(12#F6@#F'X68?�Ö^l��m%('X)(+,VUL([]'/C�12?�#FV�'.?J#F1]Ci6@#&'>%(Vb<�#&%('m'.`HB(12[]1]L9+&1]B9C	Lk'/#"<d'.'/!�#F%9'>#"<PV
)(%76@?&'.?P1]?PCDV^0(12x7'/0�<X%('/!c#F%('��A1]L9L(?P'/!('.+,38tcV8I¢Ö\1]?d+F6812?&'.04Lpt�6*3U1jrU'.!Y6@CiVUB9!H#.:�12!�#F%9'o-_68?,'oV8I
-_6@)(1][2[g68+,12#"tU:9×9ØOÙNÚÜÛ*Ý8Ú7Þ�ß;×9ØOÙoLk'.12!(3i#&%('MÕ{Ý8ÖD1]!p#F'/+,IK68-/'*'/!('.+,38tT)N'/+GB(!(1j#o6@+&'_6�:{68!90QÚÜÛuÝ8Ú7Þ}#&%('
1]!9-.+&'.68?&'�12!Y68+&'.6e<X%('/!T#&%('�!HB(CuLk'.+XV8I�CDVU[2'.?>ÞvV8I�ÖZ1]!(-/+&'_6@?&'.?/l

�4��à á�â*ãQ�_ä_ä.â*�É�O�;å æqç�æA�m��èé�_� â êQ�_�Eâu��å �;ë�� ãQìEâ*è�æ è¢åTè���æAí

�m%('D?&VU[2B9#F12VU!QV8IP#&%('e-_68)91][][]68+&1j#"t$)9+&VUL([2'.Cy1]!�6TL(12!768+JtU:�#"<PVzf")(%76@?&'D?,t^?,#&'.CÔ1]?o<d'.[2[É�H!(Vb<X!
68!(0�12?u)(+&'/?&'/!H#&'.0�%('.+,'Y#&VQLN'YB(?,'.0�68?e6E3UB(120('c#FVb<P68+&09?e#&%('4?&V8[]B9#&1]VU!�12!�6$#F'.+,!768+Jt�?,t^?,#&'.CTl
�m%(12?É?,'.-O#F1]V8!i12?�'.?&?,'.!p#F1]68[][jtZ6@I #&'.+ � 12[][2'.+,#m¨S©_«9©.¬µl � L(1]!76@+,tu?Jt^?,#F'/C�î�ïÑð}1]?�-/VU!(?&120('.+,'.0;:H<X12#&%Z#"<PV
)(%76@?&'.?XÕQ6@!(0$Ö^l

�m%('\)(+&'/-.1])912#56z#F'AÖZ1]?X%('/+&'�-.V8!(?&120('.+,'.0�#&Ve%76_rU'M6ex9R�'/0$-5%('/Ci12-_68[;-/VUCD)NVU?,12#&1]VU!;l�Ò�1]3UB9+&'�ñ�lj©
1][2[]B(?J#F+&6@#F'/?q#F%9'Z)(+&VUL9[]'.CTòq#&%('i��12L(L(?GIa+,'.'e'.!9'.+&3@tQV8IdÖv¦µó�Ù�ÇG1]?A+&681]?,'.0QLptv6c#F'/+&Cô×9ØOÙkÚÜÛuÝ@ÚÜÞ�l
�m%('qC�6@#&%('.Ci6@#&1]-_6@[(#F+&'.6@#FCD'.!p#d1]?d%(Vb<P'OrU'.+mCDVU+,'q+,'_68076@L([]'q68!(0c'.68?&12'.+�#FVu09'/rU'/[]VU)�+&1]38VU+&VUB9?&[2tu12I
#F%9'*�A1]L9L(?m'.!('/+&38tT6@0(0(12#&1]VU!412?><X+&1j#&#F'/!�12!T6D3U'/!('.+&68[�Ci68!(!('/+.:kõ Ùö4÷eø <X%('/+&'*õ Ùö 12?>#F%('�CDVU[g68+rUV8[]B(CD'AV8I�ÖZ68!(0 ÷Dø£ù£ú 0 ø 6e)9+&'.?,?&B(+,'*12!(-.+,'_68?,'8l

�m%('�1]!(1j#F1]68[Ü1]!p#F'/+,IK68-/'A-.VUCD)NV8?&12#&1]VU!9?>68+,'A3U12r8'.!YLptc#F%('A#"<dVe-.VU!p#56@-/#=)NV81]!p#F?>V@I�#&%('A-.VUCDCDVU!
#56@!(3U'.!p#A#&Vc#F%('uÕÐ68!(0wÖiIa+&'/'e'.!('/+&38t$-.B(+JrU'.?/lZ nId#&%('Z0(1js{'/+&'.!9-.'e1]!E-/VUCD)NVU?,12#&1]VU!ELk'/#"<d'.'/!�#&%('
Ci6@#F+,1jRu68!(0e#F%('X)(+,'.-.12)(12#F6@#F'm12?�?&B9ûD-/1]'.!p#&[2te[g6@+&3U'@:8<X%('.!i-.VUCD)768+,'.0e#FVA#F%9'q-/VUCi)kVU?,12#F12VU!u-5%76@!(3U'
0(B('d#FVo-.68)(1][2[g68+,12#"t8:W#&%('X680(0912#F12VU!\V8I{õ Ùö 0 ø -_68B9?&'.?�#&%('>?&[2VU)k'PV8I7#&%('>-.V8CiCDVU!*#F68!(3U'/!H#�#FVo-5%76@!(3U'68?/ò



­;®2¯�°M±(²�³µ´K´K±9¶@³ ·�¸�¹pº�¹^»8·W¼e³µ½�±w¾�³µ½�±(¶b¸�·O¿*À}²�Á¢±(¼.¹v¼/¸�¼/·_¹�Â ÃÜ­

γ θγ θ

G

G
Gθ

γ

xθ γ

ϕ

xx

V m
θ

P( )

d

dP

P( d+ )PÒ�123UB(+,'uñ�lj©UòXü;ýWþdþ|ÿUþ��������	��

��
����µþ����µþ���

�µýWþ�����������þ�
Wþ����������	����� ���!�ný"����#>þ$� ���!�%�$��#'&( ��)"
�*
+���
,�µýzþ-#.�/� ����0,����# ( �����1� ����
32546*bþ�
"���µþ��5�ÑýWþ'�����"����þ�
Wþ����������7�ÑýWþ ( ý����µþ��!*bþ�
8&����9zþ�*:�;�.�ÑýWþ��<)���������� ( ��2
¦>= ÙÑØ ? = ØOÙ Ç|0A@ ù õ Ùö 0 ø ¦µñ�l2©bÇ

<X%('/+&'B= ÙÑØ 1]?�#F%9'qCDVU[]'>Ia+&68-/#&1]VU!eV8I{?&VU[2B9#F'X12!i)(%(68?&'GÖ�12!i'/`HB(1][21]L(+,1]B(C	<X12#F%eÕ¢:H?&1]CD1][]68+&[jt�IaVU+%= ØOÙ ß
0A@Ð1]?>#&%('�0(12sN'.+,'.!(-/'MLk'/#"<d'.'/!�#&%('�?&[]V8)N'/?q6z#m#F%('A#"<dVi-/VU!p#568-O#q)kVU12!H#&?M¦ax73UB9+&'\ñ�lj©WÇOò

0A@ ù ÚÜóAØ
ÚC= Ø DDDDFE/G�H�I�JAK7L/JAM ? ÚkóoØ

ÚN= Ø DDDD1E/G�H/I�JAM ù ÚCO�óoØ
ÚN= Ø O 0P= ØOÙ ¦µñ�lÍÌ8Ç

<X%('/+&'>07= ØOÙ ù = ØOÙ ¦ øRQ 0 ø Ç ? = ØOÙ ¦ ø Ç¢12?�#&%('P-/VUCi)kVU?,12#F12VU!\-5%768!(3U'mV@I7#F%('>Ci6@#&+&1jRA1]!u'/`^B91][]12L(+&12B(C<X12#&%4#F%('�)(+,'.-.12)(12#F6@#F'@l � ?,?&B(CD1]!93�6Z0(12[]B9#&'o?&VU[2B9#F12VU!;ò
Ú O óoØ
ÚN= Ø O ù S:T= Ø ¦µñ�l �UÇ

#F%9'.+&'OIaVU+&'@ò
0P= ØOÙ ù = ØOÙ= ÙÑØ ? = ØOÙ õ Ùö 0 øS:T ¦µñ�l ÅpÇ

68!(0EIaV8+A6c+&'.68?&VU!(68L([2t�?&Ci68[2[�-5%76@!(3U'8:�1j#A1]?G)NVU?,?&12L([]'\#FV41]!p#&'.3U+&6@#F'Z6@?&?&B9Ci12!(3c#F%76z#,= ÙÑØ ? = ØOÙ 12?
-.V8!(?,#F68!p#_ò

[]! = ÙÑØ ¦ ø Ç= ÙÑØ ¦ ø ù «UÇ ù
õ Ùö ÷eøS:T*¦�= ÙÑØ ? = ØOÙ Ç ¦µñ�lÍñ8Ç



­;®VUXWP¹H¶z½¢±9¶W¸�¼/¸�¼O·b¹^ÂÐ¼ ÃAY
�m%(1]?�1]?ir@68[21]0�+&'/3p68+&09[]'.?,?cV8IA#&%('E!76@#&B(+&'$V8IA#F%('Q��12L(L(?�'/!('.+,38t 12!(-.+,'_68?,'8ßo12!�#F%9'E-_68?,'EV8I

-_6@)(1][2[g68+,12#"tT<X12#F%}6�?,)(%('.+,1]-.68[d12!p#F'.+JIK68-.'iV8Im+&680(1]B9?[Z^: ø ù «$-/VU+&+,'.?,)NVU!90(?M#&VE6]\Ü6z#*12!H#&'.+JIK68-.'@:
#F%(6@#X1]?.Z ù_^ :768!(0Y#F%('�12!(-.+,'_68?,'\V@I��A1]L(L9?m'.!('/+&38tY12?=ÌUõ Ùö ×9ØOÙOÝ`Z^:(?,Ve#&%76@#.ò

[]! = ÙÑØ ¦�ZUÇ= ÙÑØ ¦�Z ù_^ Ç ù
Ì8õ Ùö ×9ØOÙZ ©S:T*¦�= ÙÑØ ? = ØOÙ Ç ¦µñ�l�aUÇ

�4�/b c�æA���Eâu��å è�åTè¢��æAí è
� +&VUL76@L([2t$LN'/-_68B(?,'Z#F%('Z[212#F'/+F6@#&B(+&'*0(V�'/?A!(V8#�V8sN'.+o6Y?,1]CD)([]'M?&VU[2B9#F12VU!EIaVU+oC*B([2#&1]-.V8Ci)kVU!('/!H#

-_6@)(1][2[g68+,12#"tU:(r@68+,1]VUB9?=<dVU+&�H?A0('.68[]12!(3i<X1j#F%EC*B([2#&1]-.V8Ci)kVU!('/!H#q68[2[]Vbt^?G%76_r8'uB(?&'/0v'.12#&%('.+=#F%('*?,#56@!�f
0768+,04IaVU+&C�V8I�#&%('M��12L(L(?Jfn�m%(VUCD?&VU!4'/`HB76@#F12VU!;:7VU+mCD'/#&%(V^0(?mL768?,'.0$V8!T1j#_l

Ò7VU+�'OR968CD)([]'@:�ÒÜ68B9[]�H!('.+�¨ª©b«pÌW¬ÉB(?,'.0Ð091]+&'/-/#&[2tE#&%('c�A1]L9L(?Jfn�m%(VUCD?&VU!v'.`HB76z#F1]V8!�#FVT-_6@[]-.B9[g6@#&'
#F%9'c1]!7\(B('.!(-/'cV8IX#F%9'c-.B(+Jr@6@#FB(+,'cV8IG¡ O�d ~feeVU!}#&%('c'�R9)k'.-O#F'/0�-5%(+,VUCD1]B(CÔ-.V8!H#&'.!p#eV8IX#F%9'c?&B(+|f
+&V8B(!(0(12!(3Y68B(?J#F'.!912#F'@:�1]!v68!w68B9?,#F'/!(12#&1]-u?J#F'/'.[q¦µÒ7'OfF©bÏp~P+|f5©b«hg=1jf|¡�!�fJ~�<m#�ieÇOle�^B(-5%}64)(+,V�-/'.0(B9+&'
<P68?�+,'.-/VU3U!(12?&'.0M#FV=LN'É1]!(-/VU+&+,'.-O#�LptMÒ7B�j,12#F6=6@!(0u�P%(680('.?,%(1g6*¨§Æ8�z¬^?&12!(-.'�#F%('dL(1]!(68+,tA'/`HB76@#F12VU!*3812rU'/?
6*0(1js{'/+&'/!H#X-/+&1j#F1]-.68[Ü+F68091]B(?�¦K6@#><X%(12-5%Y3U+&Vb<m#F%4Lk'.-/VUCD'.?m1]CD)kVU?&?,1]L([2'bÇ�IaVU+>'.68-5%YV8I�#F%('o?,VU[]B�#F'.?m12!
6iC*B([2#&1]-.V8Ci)kVU!('/!H#q?&V8[]B9#&1]VU!;l � Vb<d'/r8'.+.:;#&%('*#&'.-5%(!(12`HB('uB(?,'.0vLptEÒ7B�j,1j#56D68!(0v�P%76@0('.?,%(1g69:k<X%(V
B(?,'.0$#&%('Z�A1]L(L9?Jf"�m%9VUCi?,VU!T'.`HB76@#&1]VU!$IaV8+q6i)768+,#&1]-/[]'A<X12#&%E6Dx�R9'/0E+F6@0(1]B(?q68!(0�#F%('/!E-_68[2-.B([]6@#F'/0
#F%9'T-.68)(12[][g6@+&12#"t�-.V8+&+&'/-/#&'.0�)9%768?&'�LNV8B(!(0768+JtU:P68[]?,V�%76@?D1j#F?e)(+,VUL([]'/Ci?/l� "!�6wC*B([2#&1]-.V8Ci)kVU!('/!H#
?,t^?J#F'.CT:�#F%('�0(12sN'.+,'.!p#Z-.V8Ci)kVU!('/!H#&?e68+&'�!(V8#Z12!(0('.)k'.!90('.!p#_:É68!90Ð#F%(12?u0(V^'.?u!(V@#e68)()k'_68+M<X%('.!
'.`HB76z#F1]V8!$ñ^l�aZ1]?X6@)()([]12'.0Y1]!c#&B(+&!Y#FVe'.68-5%$-/VUCi)kVU!('/!p#_l

~PVU!(?,1]0('/+G!(Vb<	6i#&'.+&!(68+,tT?,t^?J#F'.Côî�ïÑðmï�k�<X%('.+,'lk}12?=#&%('*?,VU[2r8'.!p#_lq�m%('*CDVU[]'�Ia+F6@-/#F12VU!(?XV8I
î 68!(0�ð�12!$LkV8#F%�#F%('uCi6@#&+&1jR}¦ Õ{Çq68!(0�#F%('u)9+&'.-/1])(1j#56@#&'c¦KÖUÇ=68+&'M[]1]�@'.[jt4#FVcLk'uCDV�0(1jx7'.0TLpt$#&%('
-.B9+,r@6@#FB9+&'�V8I¢#F%('�1]!p#&'.+,IK6@-.'\68!(0T68+,'�#&%('.+,'/IaVU+,'AIaB(!(-/#&1]VU!9?mV8ImZ^l

�m%('m0('/+&12r@6@#&1]VU!*V8IN6o-.VU+,+&'.-O#�?&'O#�V8Ik'.`HB76@#&1]VU!(?�12?�Lk'/#&#&'.+�B(!90('.+,?,#FV^V^0e<X1j#F%u#&%('>%('/[])eV8IÜx73UB(+,'
ñ�l Ì�lY¡ng 1]?M68!�'.`HB(1][21]L(+,1]B(C #F12'Of"[21]!('e6@?M?,%(Vb<X!Ð1]!vx73UB(+,'4ñ�l Ì�lY�^1]!(-/'i1j#M12?*6@?&?&B9Ci'/0}#F%76z#M#&%('
-.V8Ci)kVU?&1j#F12VU!ZV8I�Ö\1]?�-.VU!9?,#56@!H#.:�#&%('G!('O<Ê#F12'Of"[21]!('=¡poqg�o�<X1][][7+,'.Ci681]!e12!i#F%9'G?F6@Ci'XrU'/+,#F12-_68[Ü)([]68!('@l
Ë�`HB76@#F12VU!�ñ�lj©\Lk'.-/VUCD'.?.ò

rE0A@ ù õ Ùö 0 ø ¦µñ�l!s8Ç
<X%('/+&'tr	1]?X#F%('M0(1]?J#568!(-/'*Lk'/#"<d'.'/!v#&%('*-/VUCD)NVU?,12#&1]VU!(?m09'/x7!('/0QLptQ¡ 6@!(0lgMlN~PVU!9?&1]09'.+&12!(3�#&%('
-5%768!93U'qV@I;?&[2VU)k'X68[]VU!93�#&%('X#F1]'�f"[21]!('@:U12#�-.68!�Lk'X?&%(Vb<X!;:�B(?&12!(3\#&%('X?F68CD'=1]0('.6\6@?d12!D'/`HB76@#F12VU!�ñ�lÍÌ^:



­;®VUXWP¹H¶z½¢±9¶W¸�¼/¸�¼O·b¹^ÂÐ¼ Ãvu

M

A

C

’

’M

B

Gα

Gβ

N

N

Ò�1]38B(+&'Pñ�l Ì�ò�ü;ýWþNþJÿ8þ����A����� ��������
"�5�ÑýWþw#f��x����A�����"�`�(þ�
Wþ������������ÑýWþw+ ( ý`���µþv��
f�y�µþ���
`��� �m���8���Ñþ�#,2ü;ýWþ ( ����
z�{�	���|�$��
z�{�����~}��1�ÑýB�ÑýWþ5�{��
"�/þ�
z� ( x!��
zþ��;����
`*B��#��/�/þ����f�t�z��
�*B�-��284��|��� �� *"�Eý`������ ��#���
"��#-)"#�����x�)zþm���y�y�V2
#F%(6@#_ò

õ Ùö 0 ø ù
�~� Ú O óAØ
ÚN= Ø � O Q�� Ú O óoØ

ÚN= Ø � ÚN= Ø �B� 07= Ø � Q � � Ú O óoØÚN= Ø � O Q � Ú O óAØ
ÚN= Ø � ÚC= Ø �B� 07= Ø � ¦µñ�l ÏUÇ

<X%('/+&' �
ù ¦�= Ù� ? = Ø � Ç�6@!(0 �mù ¦>= Ù � ? = Ø � Ç�l�Ë�`HB76@#F12VU!eñ�l Ïq12?�12!MIK68-O#�?&12Ci12[g68+;#&VG#F%9'PVU!('d)(+&V8)NVU?,'.0

LptT¡�VU+,+F68[;68!(0 � B9+&09t�¨ª©b«U�W¬Ñ:7?,1]!(-/'*õ Ùö 0 ø 1]?m+,'.)([]68-.'/0�LptTÌUõ Ùö Ý`Z*IaVU+X6Z?&)9%('.+,1]-_6@[�)768+,#&1]-/[]'8ò
¦ ÷ = ØOÙ ¬H¨§óA¬^¨ ÷ = Ø Ç ù Ì@×9ØOÙOõ ÙöZ ¦µñ�l ÆUÇ

<X%('/+&'�¦�¬�1]!(0(12-_6@#&'.?=6Z+&Vb< r8'.-O#FVU+/:k<X%(12[]'D¨(Çm6e-.VU[2B(CD!Yr8'.-O#FVU+/:N6@!(0T#&%('�C�6z#F+&1SRv¨ óA¬�1]?X0('/x(!('.0
Lptkò

ó
�F� ù Ú O óAØ
ÚN=C�aÚN=|� ¦Ññ^l2©b«UÇ

 nIm6T0(1][2B9#F'Z?,VU[]B�#F1]V8!w12?*6@?&?&B9Ci'/0;:�#&%('i-/+&VU?,?*0('/+&1jr86z#F12r8'.?\68+,'��/'.+&V$68!(0w#F%('DV8#F%9'.+&?M-_68!�LN'D'.?|f
#F12C�6z#F'.0v6@?\12!�'/`HB76@#F12VU!�ñ�l �9lc�A12r8'.!v#F%76z#M0P= Ø � Ý@0P= Ø � ù ¦>= Ù� ? = Ø � Ç&Ý9¦�= Ù � ? = Ø � ÇO:¢'.`HB76@#&1]VU!�ñ�l Ï



­;®SÄ6�4½�¹���±7»8·�»U±7´K»���´a±9·W³aÀk½��¢¼_³K½y�6 ¡W
¢/£��¤W�� ÃÜÃ
Lk'.-.V8Ci'/?.ò

07= Ø � ù
� = Ø � = Ø �� O = Ø � Q�� O = Ø � õ Ùö 0 øS:T

07= Ø � ù
¦>= Ù � ? = Ø � Ç
¦�= Ù� ? = Ø � Ç 07= Ø � ¦Ññ^l2©U©bÇ

�m%('/?&'m'.`HB76z#F1]V8!(?�1]!pr8VU[2r8'8:p68?�'OR�)N'/-/#&'.0;:HLkV8#F%¥= Ø � 68!(0¥= Ø � ßU#F%('P?,t^?,#&'.C�-.68!Z'_6@?&1][jt\LN'>12!p#F'.38+F6@#&'.0
!HB(CD'.+&12-_68[2[2t8:768!(0T#F%('/+&'*12?q!9V�0(1jûi-/B([2#"tY12!�38'.!('/+F68[21]?&12!(3Z#FV�68!pt�!HB(C*LN'/+GV8I�-.VUCD)NV8!('.!p#F?/l=ÒÜV8+
ÞQ-.V8Ci)kVU!('/!H#&?=6D?Jt�?J#F'/C V8Im¦aÞ ? ©WÇP'.`HB76z#F1]V8!(?=68+&'�VUL9#F681]!9'.0;l

 n#o12?G!(V8#&1]-/'_68L([2'M#&%76@#G#&%('*12!p#F'.+,0('.)k'.!90('.!(-/'e0(V�'/?o!(V8#G+&'/`^B91]+&'M#F%('M)(+&'/?&'.!9-.'eV8I�#F%9'.+&CDV^09tpf
!768CD1]-q1]!p#F'/+F68-O#F12VU!(?>Lk'/#"<d'.'/!$#F%('A-/VUCD)NVU!9'.!p#F?/:Ü68?m'.`HB76@#&1]VU!�ñ�lj©U©A%76@?mLN'/'.!T0('.+,12rU'/0$6@?&?&B9Ci12!(3
68!�1]0('.68[�?&VU[2B9#F12VU!;l�¦q6z#F%('/+.:�#&%('�12!p#F'.+,0('.)k'.!90('.!(-/'4-_68!}LN'i'OR�)([g6@1]!('/0;:�3U'/VUCD'/#F+,1]-.68[][jtU:�Lpt�#&%('
!('/'.0�#&VM-/VU!(?&120('.+�#F%9'G?&[2VU)k'q6@[]VU!(3�#F%9'=#&1]'Ofn[]12!('8l � )()9[2t^1]!(3\0(12+&'.-O#F[jtu#F%('o��12L(L(?|f"�m%(VUCD?&V8!i'/`^B(6zf
#F12VU!c12?m'.`HB(12r@68[2'.!p#>#&VD-/VU!(?,1]0('/+m1]!(0(1jr^1]0(B76@[][2tZ#&%('A-.V8Ci)kVU!('/!H#&?mV8I¢#F%(12?>?&[2VU)N'o68[]VU!93u#F%('�6zR�12?�= �
68!(0R= � l

 n#><dVUB([]0YLk'oB(?,'/IaB([;#&VZ-.VUCD)768+,'G#F%('/?&'�?&V8[]B9#&1]VU!(?P683p6812!(?,#m68!4'OR968-O#X-_68[2-.B([]6@#F12VU!�0(V8!('AB(?&12!(3
¡��Pf �=� � � :712!T<X%(12-5%�#&%('�-_68)(12[][]68+&1j#"t�'Os{'/-/#q-_68!TLN'\1]!9-.VU+,)NVU+&6@#F'/0YLHtY+&681]?,1]!(3Z#&%('AIa+&'.'\'.!9'.+&3@t
V8I�VU!('AV8I�#F%('�)(%(68?&'/?qLptY6Z`HB768!p#F1j#"t ÷eø õ Ùö :7'/`HB(12r@68[2'.!p#m#FVD×�ÚÜÛuÝ8Ú7Þ�l

�4��§ ¨ � æ�©Tâu�m�ô�Xâuä.�q�Qä.â\���.�D� �Qè��_�«ª ¬ c®­~¯°¨±c�¨
��V8I #"<P68+&'/?X?&B(-5%�68?=¡��Pf �=� � � +&'/[2tiVU!4#F%('/+&CDV�09t^!76@Ci12-G?&V8[]B9#&1]VU!cCDV^0('.[2?P#FVZ'/?,#F12C�6z#F'G#&%('

�A1]L(L(?�'/!('.+,38teV8I;6\3U1jrU'/!i)(%(68?&'@lÉ��B(-5%�CDV^0('.[2?�%76_rU'=LN'/'.!�)9+&'.?,'.!p#F'/0c1]!D-5%768)�#F'.+d�9l��m%9'o�A1]L(L9?
'.!9'.+&3@tcV8I�6u)(%76@?&'�[]12�8'A68B9?,#F'/!(12#&'o1]?PB(?&B76@[][2ti-_6@[]-.B9[g6@#&'.04B(?,1]!(3e6u?,B(L([g6z#&#F12-.'oCDV^0('.[�¨§Ï9©/¬Ñ:^<X%(1]-5%
1]!pr8VU[2r8'.?.:712!4)768+J#F1]-/B([g6@+.:�#&'.+,Ci?m-.68[][2'.04B(!76@+&1]'/?\¦µó¤²�´³ � 12!Y'.`Üldñ�l2©bÌUÇd<X%(1]-5%{:9IaVU+>#F%9'\'�R968Ci)9[]'AV8I�6
)(%76@?&'A<X12#&%Y#"<dV�?,B(L([]6@#&#&1]-.'/?.:(-/VU!p#F+,1]L(B9#&'A#FVZ#F%('A#&V8#568[NIa+&'.'�'/!('.+,38tT68?>IaVU[2[]Vb<X?.ò

ó
µ�¶;·$¸{�º¹{» ù½¼ �´¾z¿ ¼��¾z¿�¿3À ¿� À ¿�¿� ó ²�´³ � ¦Ññ^l2©WÌ8Ç
<X%('/+&'�Á412?=#&%('�x7+&?J#o?&B9L([g6@#,#F12-.'M68!(0nÁ3Ác#&%('*?,'.-.V8!(0;:~Âd68+,'*68[2[�#F%('\'.[2'.CD'.!p#F?G68L([]'A#&V�'.!p#&'.+G#&%('
x7+,?,#=?&B(L9[g6@#,#F1]-/'\68!(0�Ãi#F%(V8?&'\'.!p#F'/+&1]!93iVU!Y#F%9'M?,'.-.V8!(0;: À ¿� #F%('�?,12#F'AIa+&68-/#&1]VU!YV^-.-.B9)768!(-Ot�V8!T#&%('
x7+,?,#\?&B(L9[g6@#,#F1]-/'ZLptv'.[]'/Ci'/!p#[Â,lc¡TVU?,#M-.VUCDCDVU!([2t8:{#F'/Ci)k'.+&6@#FB9+&'D68!(0w)(+&'/?&?,B(+&'i0('.)k'.!(09'.!(-/'�V8I



­;®SÄ6�4½�¹���±7»8·�»U±7´K»���´a±9·W³aÀk½��¢¼_³K½y�6 ¡W
¢/£��¤W�� ÃAÄ
#F%9'\B9!768+&12'.?X68+,'�0('.?,-.+&12LN'/0�B9?&1]!93e#&%('M�of � �9Ë�¦ÎIaV8+&Ci6@#\¨ ÏU�@¬µò

ó
Å|Æ J ?ÈÇ«É"ÊvË ù � Q�� T Q�Ì T�[]!�T Q�Í T O QÏÎ T d Q ÂnÝ�T Q�Ð J² õ J Æ Åö 0 ø ¦Ññ^l2©b�UÇ
1]!�<X%(12-5%Zó Å|Æ J 1]?�#F%('dCiVU[]68+¢�A1]L(L(?¢'.!9'.+&3@t*6z#m¦>TBÑ ø Ç�68!(0 Ç É"ÊvË 12?¢#&%('d'/!p#F%768[2)pt*V8I�#F%('d'.[2'.CD'.!p#VU+�?,B(L(?J#568!(-/'X1]!Z12#&?�0('Ox7!('.0D+&'OIa'.+,'.!(-/'q?J#56@#&'X6@#ÉÌ8ÆUÏ�l2©Wñ�Òel � [2#&%(VUB(38%u#F%('m076z#56o-.V8!H#F681]!9'.0e1]!u#&%('
�(�A�XË ?,VU[]B�#F1]V8!(?G6@!(0Q?&B(L9?,#56@!(-.'/?\0(6@#568L(68?&'/?o0(V4!(V8#G1]!(-/[]B(09'u68!pt�)(+&'/?&?&B9+&'e0('.)k'.!90('.!p#A#F'/+&CD?
IaVU+�CiVU?J#�V8I7#&%('>-/VU!(0('/!(?&'/0i)(%(68?&'/?.:H12#�1]?�)kVU?,?&1]L9[]'d#&Vo-.V8!(?,#&+&B(-O#�CiV^0(12x('.0u076z#568L76@?&'.?�-.VU!p#56@1]!(12!(3
?&B9-5%D#&'.+&CD?.l� "!e#&%('X-_68?,'XV8IN6�?,B(L([]6@#&#&1]-.'mCDV^0('.[µ:UVU!('m%76@?�#FV�CiV^0(1jI tu68[2[�#&%('mB(!768+,1]'/?�IaVU+�6A3U12r8'.!
)(%76@?&'8lÉ�dt�1]!(?,'.+J#F1]!93Z6Z-.VU!(?J#568!p#XCDVU[g6@+Ér8VU[]B(CD'o12!c#F%('A076z#568L76@?&'.?/:7VU!('A-.68!;:9<X%(12[]'qB(?&12!(3i¡��Pf
�X� � � :{68090v6�3U12r8'.!w�A1]L(L9?G'.!9'.+&3@t$#FVi#F%('u)9%768?&'ZV@I�1]!p#F'/+&'.?J#ALpt$?,'/#,#F1]!93c#F%('u)9+&'.?,?&B(+,'u#FVc#&%('
68)()9+&VU)(+,1g6@#&'Gr@68[]B9'8l � ?q6@!T'�R968Ci)9[]'8:^#568L9[]'\ñ�lj©A[]12?,#F?>68[][k#F%('A!(V8!�f��/'.+&VeB(!(68+&12'.?m076@#F6uIaVU+X¡ O�d ~fe
¦a#&%(+&'/'�?&B(L([]6@#&#&1]-/'.?5Ç�l

~P+.ò ~P+.ò ~ Ò7'8ò ~P+.ò ~ ¡�!;ò ~P+.ò ~ g=1Ñò ~P+.ò ~ Ó*òÍ¡�!{òÍ~~P+.ò Ò7'8ò ~ Ò7'8ò Ò7'8ò ~ ¡�!;ò Ò7'8ò ~ gq1Ñò Ò7'8ò ~~P+/òÍ¡T!;òÍ~ Ò7'@òÍ¡�!{òÍ~ ¡T!;òÍ¡T!;òÍ~ gq1Ñò�gq1µòÍ~~P+.ò ¡�V(ò ~ Ò7'8ò ¡�V(ò ~~P+.ò�gq1µòÍ~ Ò7'8ò�gq1µòÍ~~P+/ò1Ó*òÍ~ Ò7'@ò1Ó*òÍ~ ¡T!;ò1Ó*òÍ~ Ó*ò1Ó*òÍ~
��68L([2'Zñ�lj©UòBÔ;��#Pþ-)"
���� � þ��y*��/� �.�q���Õ�×Ö�Ø/Ù~Ú�2y�¤��� �<��
"�B)�
���� ��x���ÛOþ'�¤
3Ü �¤��ÜFÙYý`���Oþ%� �B�@þ�$�Ñþ����µþ�*'�<���Ñý��/�N�µýzþw��)"#X��
Pþ�Ýz)���������
.Þ82�ß�à5��*"*"�N) ( ���m��
Wþw#f��x þw���á�$��# ( ��
Wþ�
z��2Nâ5�/}{þ��/þ����#����<�7�����µýzþv� ��#>þ���#���� �<��
"��)"
������ þ��7#.���m#���ÛOþ~��
`�<����
"��9`����
z�N����
z��� ���")8������
`�7���P�µýWþ��%��
;����x��/þ#���
"����þ�x þ�#>þ�
z�{��2

Ò7VU+>)(%76@?&'.?=?&B9-5%$68?Bg=LCgM:7�m1´gM:Õã�ä�åOljl2l�<X%(12-5%$6@+&'ACDV�0('/[][2'.0468?m)9B(+&'�?&B9L(?,#F68!(-.'/?.:k%(Vb<P'OrU'/+.:
#F%9'��9���XË£076z#568L76@?&'.?\V8I #&'.!}V8!([2t$-.VU!p#56@1]!w-.V^'/ûD-.12'.!p#F?\#FVT0('.?,-.+&12LN'e#F%9'e#&'.CD)N'/+F6@#&B(+&'D0('/)N'/!�f
0('/!(-.'AV8I�#&%('A%('_6z#m-_68)(68-.1j#"tUl��m%(1]?dIaVU+&Ci6@#>09V�'/?m!(V8#X68-/-.'/)9#X)(+&'/?&?,B(+&'�0('/)N'/!(0('.!p#X#F'/+&CD?X68!(041j#
<P68?P#F%9'.+&'OIaVU+&'q!('.-/'.?,?F68+Jtc#FVu-/+&'.6@#F'q076@#56@?&'/#&?>1]!i#F%('o�of � �9Ë�¦ÊIaVU+&Ci6@#�IaVU+d#&%('G+,'.[2'/r@68!p#>)(%(68?&'/?.l
 "!4#F%('¤æ J fnIaVU+,C�6z#�¨ ÏU�@¬µ:9#F%('or@68+,1g6@#&1]VU!�V8I�#F%('A%('.6@#X-_6@)768-.1j#"t�<X1j#F%(12!c#F%('o#&'.CD)N'/+F6@#&B(+&'A+&68!(3U'
Â,:
IaVU+m<X%(12-5%]T¡ç�¨èT ö ��¶ Æ ��Ñ�T ö �!¶ Æ � Kvé ¬¢<X%9'.+&'×T ö �!¶ Æ ��12?X#&%('*CD1]!91]CuB(C #F'/Ci)k'.+&6@#FB9+&'�IaVU+m#F%('M+F68!(38'[Â,:
1]?m3812rU'/!YLHtkò

æ J �"¦>TGÇ ù½ê � Q�ë �8T Q æf�8T O Q�ì �8T
í O ¦Ññ^l2©_ÅpÇ
<X12#&%�)kVU?&?,1]L([jt�6w#&+F68!9?&12#&1]VU!�#F'/+&C ÷¥î � �GLN'O#"<P'/'.! #F%9'$+F6@!(3U'.?�Â*6@!(0ïÂ Q ©U:d#F%('�)768+F6@Ci'O#F'.+,?
+&'/`HB(1]+,'.04IaVU+P#&%('\�of � �9Ë�¦�IaVU+&Ci6@#>-.68!YLN'A-.68[]-/B([g6z#F'.0iIa+&VUCÓ#F%('A+,'.[g6z#F1]V8!(?&%(12)(?PLk'/#"<d'.'/!Q�A1]L(L9?



­;®SÄ6�4½�¹���±7»8·�»U±7´K»���´a±9·W³aÀk½��¢¼_³K½y�6 ¡W
¢/£��¤W�� ÄCð
'.!9'.+&3@tY68!(0T%('_6z#q-.68)768-/12#"tkò� � ù � ¦�T ö ��¶ Æ �aÇ ? ê �8T ö �!¶ Æ � ? ë �;T Oö �!¶ Æ � ÝUÌ ? æf�8T Oö ��¶ Æ � Ý@� Q�ì �KÝ�T ö ��¶ Æ �� � ù ê � ? �;¦�T ö �!¶ Æ � Ç Q�ê ��[]!;¦�T ö ��¶ Æ �aÇ Q�ë �8T ö �!¶ Æ � Q æf�;T Oö ��¶ Æ � Ý8Ì ? ì � Ý(¦ÑÌ�T Oö �!¶ Æ � ÇÌ � ù ? ê Âñ � ù ? ë � ÝUÌÍ � ù ? æ¤Â"ÝáaÎ ¿ ù ? ì �aÝUÌ
� ¦�T ö ��¶ Æ �aÇ ù ÷óò � ¦ÑÌ8ÆUÏUÇ QÏ¼ ��ô3� � Ð Å�õNö1÷�ø ù�ú�ûÅ�õNö1÷�ø ù æ J �507T � QÏ¼ ��ô3� ¦ ÷¥î � �OÇ
�;¦�T ö �!¶ Æ �KÇ ù � O�ü�ý Q�¼ �/ô3� � Ð Å�õNö�÷�ø ù úhûÅzõ7ö�÷�ø ù æ J �T 07T � Q�¼ ��ô3�¤þ ÷¥î � �T ö �!¶ Æ � Kvé�ÿ ¦Ññ^l2©Wñ8Ç

<X%('/+&'X'.!p#F%(68[])(12'.?�68!90D'/!p#F+&V8)(1]'/?.: ÷óò � ¦ÑÌ8Æ8ÏpÇO:H� O�ü�ý :H6@!(0Z#F%(' ÷¥î � �>6@+&'>IaVUB(!90D12!u#F%('X076z#568L76@?&'.?/l
� )(+,'.?&?,B(+&'Y0('/)N'/!(0('/!(-.'4#F'/+&CÔ<>6@?e680(0('/0�#&V$r@68+&12VUB(?M)(+&'/-.1])912#56z#F'.?*'OR�)N'/-/#&'.0�#FV$IaVU+,C 12!

?,#&'.'/[]?.:H?,Vu68?�#FV\1]!9-.+&'.68?&'m#&%('qCDVU[]68+��A1]L(L(?�'/!('.+,38teV8Ik#F%('=)(%768?,'.?dV8I{12!p#F'.+,'.?J#PLptY©b« í e�� )k'.+ � 6�l
 "!�#&%(1]?É<>6_tU:9?&'/#,#F12!(3Z6*)(+,'.?,?&B(+,'\V@I�© � 6u6@[][]Vb<X?É#F%('qB(?&'/+>#FVu)k'.+JIaVU+&CÓ68!cV8+&0(12!768+,tD'/`^B91][]12L(+&12B(C
-_6@[]-.B9[g6@#&1]VU!�?&1]!9-.'E#F%9'v680(0('/0£�A1]L(L9?c'.!('/+&38t 1]?c!('/3U[]123U1]L9[]'8l � 6z#568L76@?&'.?412!(-.V8+&)kVU+F6@#&1]!(3}?&B(-5%

-1.8

-1.6

-1.4

-1.2

400 800 1200

G
ib

bs
 e

ne
rg

y 
/ 1

0

�

5  J

Temperature / oC

(a)
(b)
(c)

-8.0

-7.0

-6.0

-5.0

-4.0

-3.0

-2.0

-1.0

400 800 1200

G
ib

bs
 e

ne
rg

y 
/ 1

0

�

4  J

Temperature / oC

(a)
(b)
(c)

Ò�123UB(+,'=ñ�l ��ò��7þ�� ��9`����������
����h�µýzþ�þ|ÿUþ��$�	��� ( �Ñþ�� �<)��µþ��µþ$�<� ��
�����
��ÑýWþÕ�����"���Üþ�
Wþ�� ���-���3�5�����
�*[� Ö Ø Ù Ú ����x���)"x!�/�µþ�*¤}����µý¥��ü~&����7ü	�-2^ü;ýWþ�����x���)"x���������
[)��<��
"�:�µýzþf����������
���x7*"��� �������µþ
 ���w���5��*bþ�
z���!����x|�����Ñý��/�y}����µý¤�µýWþ�#��8*8��9zþ�*
*��/� �������µþ%��
�*:�ÑýWþ ( �Ñþ�� ��)"�µþ%�µþ$�5� ����
Xß��C�
 ���$2�Ô_þ��<����
"�,�ÑýWþ ( �Ñþ�� �<)"�Ñþf���
��
ïß��������C�:� �����µþ��Õ�µýzþ�����������þ�
zþ�� ���
���~�µýzþ ( ý����µþ��m�;�ß������ ( þ��y#f��x þm���N����# ( ��
Wþ�
z�{� 
 ���$2



­;®2­�°MÀkÂ}²�±9¶@³K¼.Àk½¢¼e±(½���»UÀkÂÐÂ}¹^½N·W¼ Ä��
CDV�0(1jx7-_6z#F1]V8!(?�%76_rU'GLN'/'.!�-/+&'.6@#F'/0�IaVU+d¡ O�d ~fe_: � ~ � � �c¦a'8l§3(l�~P+ O gM:�¡�V O ~mÇ�:Pg=LCgM:^�m1 g\:3gqLÜ~
68!(0w�m1 ~G:yg=LÜ~ ²! "$# ü :�g=LÜ~ ²! ý #%# ~�68!(0 gqL ²! ü�ý ~Gl�Ò�1]3UB(+,'iñ�l �Y?&%9VW<X?\#F%('��A1]L(L(?�'/!('.+,38twV8I.g=LCg
68!(04¡ O�d ~feX-_68[2-.B([]6@#F'/0c1]!c0912sN'.+&'/!p#m-.VU!90(12#&1]VU!(?/l��dt�?&'O#&#F12!(3*#&%('o)(+,'.?&?,B(+&'A#&Vc© � 6*<X%9'.!YB(?&12!(3
6u#F%('/+&CDV�0�t�!(68Ci12-o-_6@[]-.B9[g6@#&1]VU!c?,V8I #"<P68+&'�?&B9-5%E68?q¡��Pf �=� � � VU+m�m%('.+,CiVp~>68[]-A12!T-/VU!�j,B(!9-/#F12VU!
<X12#&%Z#F%('=CiV^0(1jx7'.0Z076z#568L76@?&'.?/:^#&%('=B(?&'/+É-.68!�-.68[]-/B([g6z#F'>#F%9'=V8+&0(12!768+,t*'.`HB(12[]1]L9+&1]B9Ch¦aLN'/-_68B(?,'q#&%('
�A1]L(L(?*'.!('/+&38t�12!(-.+,'_68?,'41]?u!9'.3U[21]3U12L([]'_ÇO:�<X%91][]'i#F%('4'/`^B91][]12L(+&12B(C <X%('.!�ó�ÙZ1]?Z+F6@1]?&'/0�Lpt�ñ8«U« �
<dVUB([]0YLk'�-_68[2-.B([]6@#F'/04LHtY?,'/#,#F1]!93e#&%('�)(+&'/?&?,B(+&'\#FViñ'&}©b« ý � 69l
�4��� á��Dí ãEâu���_è��i�Qè â*�Q� �=�Dí í æA�c��è
(*)%(*),+ -/.103254$6$798:0<;>=?6�798:4@=�AB+�CDC1EF=HGI4$JK+L8:4@=�A

��VQr@68[21]076@#&'i#&%('4?&12Ci)([2'�'�R9)9+&'.?,?&12VU!�)9+&VU)kVU?&'/0�IaV8+Z6$#F'/+&!768+Jt�?,t^?J#F'.C ¦K'.`HB76z#F1]V8!�ñ^l2©U©bÇO:�6
?,t^?J#F'.C�-.VU!9?&1]?J#F'/!H#P<X12#F%D#F%('o68)()(+,VbR�12C�6@#&1]VU!9?ÉCi680('G68LkVWr8'Z¦a)(+&'/-.1])912#56z#F'GV@I;x9R�'.04-/VUCi)kVU?,12#F12VU!;:
1]09'_68[¢?&VU[2B9#F12VU!ÜÇ><>6@?o-5%(VU?,'.!;òGÒÜ'@:wg=L;:�~G:;6@[][]Vb<X12!(3�6@B(?,#&'.!(1j#F'Y¦ Õ;Ç=68!(0 g=LÜ~Gl;�P'/-_68B9?&'ógqL7~ 12?
CDV�0('/[][2'.0\68?�6q)(B(+&'d?&B(L9?,#56@!(-.'@:^1j#F?¢-.VUCD)kVU?&1j#F1]V8!\-.68!(!(V@#�-5%768!93U'm68?�68?&?,B(Ci'/0u1]!\#F%('P0('.+,12r@6@#F12VU!;l

�dt�?,'/#&#&1]!(3w6Q?&Ci68[2[d#FV@#568[P68CiV8B(!p#eV8I,g=LÎ¦µ«9l «U�QCiV8[]'pieÇu68!(0�~ ¦µ«9l «haQCiV8[]'pieÇ*1]!�#&%('
68B(?J#F'/!(12#&'8:k12#=1]?=)NV8?&?&12L([]'A#&V�Ci6@#F-5%E+,'_68?,VU!768L9[2t4<d'.[][�#F%9'*68)9)(+&V_R�1]Ci6@#F12VU!YV8I�6D0(1][2B9#F'�?&V8[]B9#&1]VU!;:
68?\?&%(Vb<X!�12!�#56@L([]'�ñ�l Ì�l��m%9'�?&'/-.VU!90�)768+,#MV8Im#&%(1]?�#568L9[]'D1]?�IaVU+\#&%('�'�R968Ci)9[]'DB(?&'/0�[g6@#&'.+M68!(0
?&%9VW<X?�#F%(6@#�#F%('=0(1][2B9#F'm?,VU[]B�#F1]V8!e68)()(+,VbR�12C�6@#&1]VU!Z09V�'/?d!(V@#d[2'_680Z#&VM?,1]3U!(1jx7-_6@!H#É'/+&+&V8+.lLM�%('/!i#&%('

Ò7VU+�= Ø N	O ù «>P «U«U«8�Z68!(0p= Ø Q ù «>P «U«U«áa9:76@#�©U©8s8�tÒÙ~��x!�$)"x!�/�Ñþ�*�}��1�Ñý,�\ü~&R���7ü>� S�*bþ���x3�<��x�)8� ����
:� ("( � ��08��#.�/� ����
g=L ~ gqL ~g=L �>PÍÌ8ñT&Ð©b« # ? Ì	P ÆUÏU&Ð©b«WV �>P ÌUñ'&}©b« # «~ ? Ì	P ÆUÏU&Ð©b«WV ©XP�aU�U&}©b« # « ©XP�apÌ'&}©b« #
Ò7VU+>#&%('�-.VUCD)kVU?&1j#F1]V8!c-5%(VU?,'.!$12!Y'OR968CD)([]'D¦K«9lÍÌtg=L;:Ü«9lj©*~Ê<m#�ieÇOòÙ~��x!�$)"x!�/�Ñþ�*�}��1�Ñý,�\ü~&R���7ü>� S�*bþ���x3�<��x�)8� ����
:� ("( � ��08��#.�/� ����
g=L ~ gqL ~g=L Ï>P �8�'&Ð©b« e ? Ì	P Æ�s'&Ð©b«WV Ï>P �pÌ'&}©b« e «~ ? Ì	P Æ�s'&Ð©b« V Ì	P Ì8�U&}©b« e « Ì	Pj©Wñ'&}©b« e

��68L([2'uñ�l Ì�ò>ü;ýWþ'â¢þ�� �<�!��

#.�/� ����0,���A4 
 �Ñý��/�����5Y[Z Ö 4�\^]:ZW_�`aZW_cb@dfe `hg bji � 
 �Ikf#���xl�y����x!�$)"&x����µþ�*[}����µýt��ü~&����7ü>� 
 x þ$�º�%�%��
�*¥����x!�$)"x!�/�Ñþ�*[)��<��
"�,�ÑýWþB*8��x�)8�ÑþB�<��x�)"������
t� ("( ����08��#���������

 � ���/ýz�m��2



­;®2­�°MÀkÂ}²�±9¶@³K¼.Àk½¢¼e±(½���»UÀkÂÐÂ}¹^½N·W¼ ÄÜ¯
-.V8!(-.'/!H#&+F6@#&1]VU!$1]?qIaB9+,#F%9'.+G+&681]?,'.0;:~S:TXÝ�= Ø � 12?G?J#F1][2[¢6�3UV^V�0$68)()(+,VbR�12C�6@#&1]VU!YIaVU+GÚ O óoØ8Ý8ÚN= Ø � O :{L9B9#
#F%9'\-/+&VU?,?X0('.+,12r@6@#F1jrU'/?=-.68!(!(V@#X+&'_6@?&VU!76@L([2t4Lk'�!('.38[]'.-O#F'/0;l
(*)%(*)jn oqpT0�rs8t=vuw+yxz4�nDn1;{0�A10�EF|�}~4�A1r�EF0�+�;>0

 "!$#F%91]?='OR968CD)([]'@:k#&%('*)(+,'.-/1])(1j#56@#&'M12?:g=LÜ~G:N<X%(12-5%E1]?=CDV�0('/[][2'.0�68?o6D)(B(+&'M?&B(L9?,#56@!(-.'@lo�m%('
-.V8Ci)kVU?&1j#F12VU!E-5%768!93U'eV8Id#&%('eC�6z#F+&1SR�¦ Õ{ÇG1]!v'.`HB(12[]1]L9+&1]B9Cé<X1j#F% gqL7~ <X%('/!�#F%9'D[]6@#&#&'.+�� ?\�A1]L(L9?
'.!9'.+&3@t41]?m12!(-.+,'_68?,'.0$LptY6Z-/VU!(?,#F68!p#q#&'.+,Ch1]?m-/VU!(?&120('.+,'.0;l

��6@L([]'Gñ�l �*?&%(Vb<X?P#&%('o'�R9)k'.-O#F'/04-.VUCD)NV8?&12#&1]VU!D-5%768!93U'oV8I;#&%('o6@B(?,#&'.!(1j#F'G12!c'.`HB(12[]12L(+&12B(C <X1j#F%gqL7~ 6@#�©bÌ8«U«tÒZ:(-.V8Ci)76@+&1]!93*#F%('A+,'.?,B([2#&?=V@I�'/`HB76@#F12VU!�ñ�l ñu68!(0YV8I�'.`HB76@#&1]VU!Tñ�lj©U©�1]!p#&'.3U+&6@#F'/0c#FV
#F%9'*r@68[]B('M-_68[2-.B([]6@#F'/0$<X12#&%v¡��Pf �=� � � l;�m%9'uL(B([2��-/VUCi)kVU?,12#F12VU!$12?o«9l ÌD<m#/i gqL{:�«9lj©*<m#�iy~Gl
 "!Y#F%(12?m-_68?,'8:7#F%('M~�1]?m1]!Y'�R9-/'.?,?qIaVU+>#&%('AIaVU+&Ci6@#F12VU!4V8I�gqLÜ~G:Ü6@!(0T#&%('�CiV^0(1jx7-_6@#&1]VU!�V8I�#&%('×gqL

÷ = ØOÙ� -.68[]-/B([g6@#&'.04<X12#&%;ò
ø õ Ùö�� ¦ � � CDVU[gÇ ¡T�Pf �X� � � Ë�`kldñ�l ñ �m���%�f�c�����@�����U�c�^�H�	���W���c�©b«U«U« ¯ P Ä & �3ð~í�� s	P�s@Å�&}©b« í " ¯ P Ä & �3ðwí��ñ8«U«U« � P ÃÜ­ & �3ð í	� a>P «U�U&}©b« í d � P Ã(Ä & �3ð í	�

��68L([2'*ñ^l �9ò�ü;ýWþ%#��8*8�19á���/� ����
����P�ÑýWþ-����� �`��
:����
z�µþ�
�� 
 #f��x þm�q�{���$������
��~���P�ÑýWþ%#.�/� ����0���
þ�Ýz)"��x����"� ��)�#Ï}����µý[�5�áÙ]}�ýWþ�
¤�B�$��
��<� ��
z�������"���y�q�ÑþJþ�þ�
Wþ�� ���:���Õ��*"*Wþ�*��h���Õ����x!�$)�x����µþ�*,�;���ü~&����7ü	�l��
�*:���������{*8��
"�-� �B*8� ÿ8þ��µþ�
���þ�Ý�)`�/������
`��2
-.V8!H#&'.!p#q1]?m<P'/[][�68)9)(+&V_R�1]Ci6@#F'/0�LptT68!pt4IaVU+,CuB([]69l� nI�#&%('M?,12#&B76@#F12VU!41]?XVU)9)NVU?,12#&'�¦<gqLT1]!T'OR�-.'/?&?FÇO:
#F%9'\'Os{'/-/#=V8I�-_68)91][][]68+&1j#"tDVU!�gqLT1]?mVbrU'/+&'.?J#F12C�6@#&'.0TLptY'.`HB76@#&1]VU!�ñ�l ñ�l

�m%(1]?Q?,%(Vb<X?�-/[]'.68+&[jtÎ#&%76@#w6Ê?,#&+F68123U%p#&IaVU+J<>68+,0	68)()([21]-_6z#F1]V8! V8ID#F%('��A1]L(L9?Jf"�m%9VUCi?,VU!£IaVU+|f
CuB([]6i[2'_680(?=#FV46@!Q'.+&+,VU+q<X%91]-5%Q-_6@!QLN'u[]68+&38'8l9M�1j#F%$#&%('u-/VU+&+,'.-/#�C*B([2#&1]-.V8Ci)kVU!('/!H#X#&+&'_6z#FCD'.!p#
¦µË�`Üldñ�lj©U©bÇ�:(#F%('\683U+,'.'/Ci'/!H#=12?m'OR�-.'/[][]'/!p#_l

Ò�1]38B(+&'oñ�l Åe?,%(Vb<X?X#&%('A?&%912I #mV8I�#&%('\68B(?,#&'.!(1j#F' � 68B(?J#F'.!912#F' Q gqLÜ~ÊLNV8B(!(0768+Jt�<X%('/!T#&%('ACDVU[g68+
�A1]L(L(?q'.!('/+&38t$V8I-gqL7~ 12?o+F6@1]?&'/0ELptÐ©b«8«U«U« � � CiVU[µlG n#A?,%(VUB([20QLN'*!(V8#F12-.'/0$#F%76z#_:�68[j#F%(V8B(3U%$#&%('LkVUB(!(076@+,t�-_68[2-.B([]6@#F'/0Ê68-.-/VU+&091]!(3Ð#&VÐ#F%('QCD'/#&%(V�0�)(+&VU)kVU?,'.0�LptÊÒ7B�j,12#F6Ð68!(0��d%7680('/?&%(1]6�¨§ÆU�z¬
0(V^'.?u!9V8#Z[]12'ir8'.+,t}IK68+*Ia+&V8C #&%('4'OR968-O#F[2t�-_6@[]-.B9[g6@#&'.0�VU!('@:�#F%('c'/+&+,VU+ZVU!�1]!90(12r^1]09B768[É)NVU12!p#F?*12?
?&123U!(1jx7-_68!p#.l



­;®VY�°MÀk½�¼.¹��w��¹^½�»U¹^¼D±7½��Ê»UÀk½¢»p´��¢¼_³aÀk½�¼ ÄAU

(a) no capillarity (MT−DATA)

(b) with capillarity (MT−DATA)

(d) Fujita and Bhadeshia

(c) with capillarity, Eq. I.11
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