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��q&i���o@g�h�h�p�d&i*o&l�e@ey��l�h�n�d&¡@h�i�n)g�g�z&{&h�i�d x u&ha��<��o@g���l*e@qal�u@tvj x tbl�z&i�oad]eye&d@¡ÉgGz){@h�i-d x u@h�p�d)�:l�i
�v��i���r@d)tb{&|&l*evd6q@�3{@h�t@d@nGq)j�o@g�n�l�eah�i�nGg�e&{&t�¤rvdvrvl*�
o@l�|]eadGm-d³i-d@z@g�n�d]�&obg����&l�� �

⊥ =
Ø���nHr@oal�u@radGtydG�:l�e@qyq� »��£ � Æ��! » ¾£ ����¨y�-�"��z@g�����nGg�l�i-h$jJ�®|&i-d » �£ r@o@qa�GtQq&�:l�e@�

e@d�o@g)nGe@g�g��]h�dGtQ¤�i�ead]¡�n�l�t�q&|@q@eal�obg���e&d&h�i�q#�
∆» ⊥

�&rad]�
r@l�o&l�|vea��w�r&d&t@l�¡ u&d�q radGh�tbl6ral�o&l�wydGuyg6d)�@o@g��*�yg6n
o@l��:q@p�m l*eal*oag��bqyq } dvevdvevdvn�rbo@q��*g�uyg�ebe&d&pHr@oadGu@d)t����
e@d)p�r@d)tbl » �J�%$�gGr&d&p�eyq&pè�#|&i-dBr&d@r&l�o&l�|@e@d)l¢r&d&t@l¢´

⊥rbg�o@g�t@tyl�tb�)e&d u@o@l�¡ } d]n�dv¡ h*z&d&o@d)h�i�q'&
⊥

¹ � �&��´
×( �$� �

ÑLd x i�d&p#{u&t@j q&��pJl*o&l�eyq)jåg�zv{]h�i�d x u&h²eal�d)�&w@d&ubq&pJdQ�
|]i�dG�@�ãn)o@l�pQj

τ � e@g�oyg�h�i�g�e@qvj �*g�uyg�¤Lk l�m dh�q&m�e@g�tbg
�v��tyd3h�{@k>l�h�i*n�l*e@ead3pJl*e@�)¦>l�nGoal�p�l*eyqBovl�tQg�z&h�g��bq@q

τ Án�o@l��:q@pHm-l�e&l�obg��yq@q } d@e&d@e&d@ny�Qc�tajÊnGqah�pJ{&i*gÓn�h*z@ovl*�
k:l�e@ey��w x t@l*zvi*o@qa|Gl�h�z&d&p q p®g�m-eyq&i�e@d)p radGtaj@w
τ Á −� ��Ø − )+* �-,Q���b�$�#n�h�n�j@��q3h x i�qapè��gÓi*g�zv�:l:h��@l�tb�G¤
q@h�z&tb¤è|Gl�eyq)jÃeyg�m-o@l�nGg�dG�@o@g����bg�nHe@g�h�i-d)jbk>l*¡Éo@g��Gd&i-l
q@h�r&d&tb����d]n)g�ebg q&p<r@{&tb��h*eag�j pJl�i�dGubqaz@g q&��pJl*ovl*eyq@¡®�
Ñ o@qrvtbd)i*eadGh�i-j@wi-d@z@g Â −� �$Ø/.+021>h�p ï �¢w�g�oagGz)i�l�o@�
e@��w¢u&t&j¢m l�e&l�o]g��aq@q���n�{@z&g:nÓn�q&h-p�{]i$l&�@d]r&i�q)pJg�tb��ea��p�q
dvzag��*��n)g�¤�i$h-j7q&p<r&{atb��h��æh¢u@tbqai-l�t���eadGh�i��G¤¥�&�Q¨�p®z)h

qãn)o&l�pJl�ebea��p oyg�h�h�i�d�jbebq&l�p pJl��>u@{ãq&p<r&{@tb��h*g�p<q
∼ Ø�� �>h@�

3�465%7 \%8y`:9®\�_<;>=/?<@G_BA�\C8b\/D%E<?<@/;>=/;>A
�Ó�-pJl*o&l�eyq)j�ryo&d@n�d)ubq&tQq&h��:e@gèpJd]ead]z@o@qah�i*g�t@tylLn)q&h��

pJ{&i*g�|@q@h�i-d&i�d]¡6Ö&Ö��9Ö&Ö&Ö&Ö:F¬r@oyq�m-l�tbq@l�n�d&¡Hi-l�p<r@l�o@g�i�{@�
o&l�n�p<g�m�e@qai*ea��wÔradGtaj@w3u@d¢�G¨�z<
��Q©�g���pJl�o@�ªdG�@o@g����bg
�
×
�
×
Ð3pJp��<Ñ:o&dGu@d&tb�)e@g$jBd&h��¢ryg�o@g�t@tyl�tb�Ge@g��@q@ebg�oae@d&�

pJ{£eyg�r@oyg�n�t@l�eyq@¤HG ï � �JI<�<r&d@r&l*oal�|]ey��lÊo&l��@o@g�h�d&nGryg��
ubg�¤èi�h¢e@g)r@o@gGn�t@l�ebq)j@p<q G ñ � �JK7� G ñ È �@q&h�l*zvi�d&o@ebg$j
d&h*�&��q G . � �JLH� G . È i�o@q&m$d]eyg�t���eyg$j7z@o@qah�i�g�t@tydGm�oag��
} q&|&l�h�z@g$j¢d&h��&�)��ç�d@e&i�g�z&i��Éu@t&j�q&��pJl�o&l�e@qb¡3r&d@r&l�o&l�|@�
ead]¡¥o@g���eadGh�i*q¥rvd]i$l*ey�bqag�tbd&n §

⊥ ⊥
�M� � I q@��h�r&tQg�nGg�<{&ubg6oag�h�r&d&t@d&�Ll�ey� e@gÉr@o&d&i�q@n�d@r&d&t@d&�:ey��w�m�oag�e&j@w

d&�]o@g����yg��r&tydGh�z&d)h�i�q G ñ G ï ��n�uadGtQ��i*oaq@m d@e@g�ty�Ge&d@¡
d&h*q G . �Êç�d&e@i�g)z)i*� u]taj¬q@�$p�l�o&l�ebqa¡¬ryo&dGuad]ty�Ge&d@¡
o@g���e@d)h�i�q r&d&i-l�eb�yq@g�tyd]n±§   � �-d&ebqå�:l jbn�tajb¤�i�h-j
i�d]z&d@nGn�dGubg�p<qQ�>o@g�h�r@d)tbd)�:l�e@��eyg�i�d&o@�@l�nG��w�rat@d&h*zvdGh��
i$jvw G ñ G . ���<l�z&i-d@o�p<g�m�eaq@i�e&d&m dBr&d&t&j µ eyg�rbo@g�n�tbl�e
n�uadGtQ� dGh�q G ñ �Éç�g�|Gl�h�i*n�d qvh�h�tbl�u&{@l�p#d&m d pJd&e@d&�
z@o@qah�i�g�t@tQg~nGqah�p�{@i�g~pJdG��evd�d]�al�ebq&i��~r@d�n�l�tQq&|@qbevl
d&i�ead]¦�l*e@qvj¥h�d&rbovd]i�qbn�t@l*eyq@¡°r@oyq¥z&dGp<eyg�i*evdv¡âq¥m l��
tQq&l*n�d@¡�i�l�p<r&l�o@g�i-{bo@g�w�nÉe&{&tyl*n�dGp¥p<g�m-ebqvi*eadGp¬rvd]talN W. W W ½ N WY�ô ï =

��Ð&Ø��� e@g�h�i-d)jbk>l*¡�oyg��Gd&i�l�qa��p�l*oal*eaq&jBn�tbqye&l*¡ye&d&p�o&l��
��q&pJl � ÂCO"P�Ä@Å¼ÀE½ Ωτ

� »QO�P³¾�ÀE½0º �ÉnG��radGtQe&l�eb�±ebg
radGh�i�d�jaeye&d&p�i-d@z&l3�-qah�i�dG|@e@qyzSRBT�U*�WVYX�Z[U>\��]�/,^]y���<ÑLoyq
x i�d)p h*qvm�e@g�tebg�ryo)j@�>l*eyq)j e@gÒd&�]o@g����@l qa��p�l*ovj@t@h-j
n�d&tb��i-pJl�i�o&d&p_RBT`U��[VaX^Z[U>\~��Ö&¨<]��0h�dGl�ubq@eal*eaeb��p h�©�b��cd�Í�:m-u&l x i$d]iÉh�q&m�e@g�t²ryo&l�u@h�i�g�n�tvjvtyh$j²n��yq } o@d&n�d@¡
} d]oap#la�:{]uadG�@e&d@¡~u@taj d)�voag��]d)i*zaq���c�taj�nG��u@l�t@l�ebq)j
d&h*�aq@t@tajb�bqa¡e {@�&ebqaz&d]n)g È u@lgf@g�g��*g�rbo&d@q&��n�d)ubqat@d&h*�
nG��|@qai�gGeaq@l qv� ��gGn)q&h�q@p�d]h�i�q

ρ hih ( ¾ )
p�dvevd]i�d]eye&d@¡

|@g�h�i�q��
z)d&i�d]o@g*j²g�r@rbovdvz)h�q@p<q@ovdvn)g�t�g�h���z@g�zæe@l�z)d&i�d&�
o@�è¡�r@d)t�qae@d)p��j��p<g�m�e@qai�eadGp�r@d)tbl ¾ =

�&¨ÊzB
~dGi�e@d&�
¦>l�ebqvl §

⊥(+ µ )½ §
⊥(− µ ) = ρ� h (+ µ ) ½ ρ� h (− µ ) = −

�G�k,��
ρ� h (+ µ ) =

Ø�� ,&�l�:p
⋅
h�pè�

ρh/h =
Ø�� �@Ðm�:p

⋅
h�p �

ρ �on È
z&d)p®rad]eal�e&i*�âi�l*ea�-d@o@g�{@u&l�tQ��e@d)m-dHp<g�m�e@qai�d)h�d@r@ovd]i�q@n)�
tyl*e@qvj#���b�n�d@¡&h�i*n)g>dG�@o@g����bg>nÓo&l���q&pJl�m-l�e&l�obg��yq@q } d&e@d&e@d&n
qa�-pJl*o)j@tQq&h��¥ebg�q&p<ra{&tb��h�e&d&p i$dvzvl@��c�tQq&i�l�ty�Ge&d&h�i*�
qap�ra{]tQ��h�g

τ� ≅
,����]�Q�����3p<z&ha�®nGovl�pJl�e@e@d)lÊoyg�h�h�i�d�jbebqvl

pJl��>u@{~q@pJr@{&tQ��h*g�p<q
τ p =

Ø��9�
⋅
��Ø −

ñ * ���:�@o@g���l��®� x i�g��tyd]eye&d&l�h�d&rbovd]i�qbn�t@l*eyq&lqN . =
�r�:p²qÉr@d)ubn�d&u)jbk�qvl

ryo&d]n�d]uyg~h h�d&rbo&d&i�qyn�tal*eyq&l�psNut
≅

Øy���v�:p �wN . +
+
N t

=
N p È �vg�tat�g�h�i*evd]l�h�d]ryo&dGi�qyn�t@l�ebqvl]�~jbn�t&jb�

¤èi-h$j±eag�m-o&{@��zvdv¡±q&p<r&{@tb��h*e&d&m d m$l*e&l�o@g�i-d@o@ga�£�6g�za�
h�q@pJg�tb�)e&d&l e@g�ryo)j@�:l�e@q@l e@g nG��wydGu@lsm l*eal*oag�i�d@o@gx"y

=
,]�q�>���{&h�tbd&nGqvj@w7eyg�h�i�d�jbkÓq:z x z)h�r@l�o@qap#l�e@i�d]n�n�l�tbqa|vqa�

eyg
τ p jbn�tvjvl�i�h-j�dvrvi*q&p<g�tQ��e@d&¡¥n~i�dGp h�p<��h�tal@��|&i�d

d&i�eadGh�q@i�l�ty�Ge&d6eal��)d&tb�G¦:g$jÉi-l�r@t@d@n)g$j x e&l*ovm�q)jJ�Üz)d&i�d&�
o@g*j nG��u@l�t&j@l�i�h$j n¥d)�voag��*�al���g¥nGovl�p�j q&p<ra{]ty��h�ga�
{&h*ral�nGg�l�i�{@¡@i�q¢n>d&z@o&{@�:g�¤>k>{@¤�h�o&l�u@{Óu]d�nGz)tQ¤�|&l�ebq)j

òY{>|J} ~����i���������i�i�a�a���Y�%���i�%���a���>�&ñ�ò�ó�ó�ó@ñ���ëw{��&ña��ò�ò



h�tyl�ua{v¤èk:l�m dfq@p<r&{&tQ��h*g�� Ñ o@qs{&pJl*ey��¦>l�ebqaq
τ p n

ubnGg È i*oaq²oag���g~ebgÃd]h��yq&tbtad]m-o@g } l�{&ubg�l�i�h-j²eyg��GtQ¤��
ubg�i*� x n�dGtQ¤��yq@¤~h�q&m�e@g�tbg>d&i�zGtQq@z@g §

⊥
�@h�n�j@��g�ebe&{@¤~h

ebg�z&d&r@tal*eyq&l�p x e@l�o&m-qbq3nÓd&�]oyg����&l@��Ñ o@q
τ p =

�¼Ø −
ï * n

o@l��-{@tb��i�g�i$lÊeyg�m¼oal�nGg�dG�@o@g����bg
(−� �-ØqT

)
e@g3n�d&tb��i�� g�p��

r@l�o@ead]¡æwbg�oyg�z&i-l�obq&h�i�q@z&l ��� §
⊥

qah�|Gl��*g�l�iÉ{]|@g�h�i�d@z~h
d]i�o@q@�yg�i�l�tQ��e@d&¡ ubq }>} l�o&l*ey�@qyg�t���ead]¡ärbo&d&n�d&ubq&pJd)h*�
i*�)¤Ó�]wQg�o@g�z&i�l�o@eb��¡Óuat&j�ovl���qvp®gèm-l�e&l�o@gG�aqbq } d]ead]ead]n
rbo@q ,#���3çÓ�$�g�oaq@ha�3��ryo&l�u@h�i�g�n�tal*eygÉubq@eyg�p<q&|&l�h�z@g$j²n�d]ty��i��
g�p�ral�o@ebg$j~w�g�o@g�zvi�l�o@qah�i�qyz@g � � § n³p<g�m¼eyq&i�e@d)p¬r&d&t@l
�]����Ï�z�
>�br@d)tb{&|&l�e@ebg$jÊn�{&h�tyd]n)q&j@wJ�bz&d)m-ubg:g�p<r&tQq&i�{&ubg
q@p<r&{&tQ��h*gryo&d&u&d]ty�Ge&d&m d e@g�rbo]jv��l*e@qvj eygâd]�&obg����&l
q@pJl�l�i p®g�zvh*qap�g�tb�Ge&d&l ��eyg�|&l*e@qala�Q$�g±n�h�i*g�n)z&l e@g
obq&ha�<��n�l�o&wbeyq@¡�qap�ra{&t���h�h�d&dGi�n�l�i�h�i�n�{&l�i�r@oadGu@d)t���ead]�
p�{3e@gGrao)j@�:l*eaqb¤ § e@g�d&�]oyg��*�vl@��eyq&��eaqb¡ È o@g���e@d)h*�
i*q�r&d&i-l�eb�yq@g�tyd]n¢eyg x i*g�tyd]eye&d&p6h�d@r@o@d)i*qan�tyl*e@qyq��Qi@�Ala�
dveÃjbn�taj@l�i�h-j�d&h��bq&tyt@d&m-o@g�p�pJdv¡ªi�d]z@ga�2�Jd&tb��i�� g�p<r&l�o@�
ebg$j�wbgGoag�z&i�l�o@q&h�i�qbz&gèh�d&h�i�d&q@i�qa��eal�h�z)d]ty�Gz@q&w�|@g�h�i�l�¡��
h�d&dGi�n�l�i�h�i�n�{@¤�kÓq&w o@g���e@��pæ{]|@g�h�i*zag�pßqvp®rv{@tb��h�gHe@g��
rbo)j@�:l�e@qvj¥��r&l�o&l�uye@l�p#{ } ovd]eai�{���r@tyg�i�d�qÒ�*g�ubevl�pJ{
} ovdvevi�{¢qap<r&{&t���h�g@���QÌ£o&d@e&i:e@g)o@g�h�i�g�eyq)jÊr@oadGu@d)t���ead]�
m-dBe@g�ryo)j@�:l�e@q&jHq&pJl�l�i�u@tbqai�l�tb�)e&d&h�i��

τ � =
Ø��9ÏÔp®zvh¢q

n x i�dGp�q@e@i$l*oynGg�t@l�nGo&l�pJl*e@q³|@g�h�i*� � � § wbg)o@g�z&i�l*o@qvh*�
i*qyz&q3��o@qah@���&�

→
�Ítbqbevl*¡ye@gy�yÇ#g�i-l�p6r@o@q�rbo@g�zvi*q&|&l�h*zaq

r@d)h�i�d)jaeae@d)p r@ovd]uadGtQ��e@d)p e@g�ryo)j@�:l�e@qyq e@g³d]�&obg����&l
��r@tbg�i�dQ�~i-d@zn¥�@l�r@q o@g�h�i-l�i¥�

↑
�)�Ê|&i�d¥h�n�j@�*g�ead¥h

rbo&d@�&l�h�h�d&p¬r&l�o&l�wbd)ubgHd&�&obg����@gÉn6oal��:qap�m-l*evl*o@g)�@qyq
} d@e&d@e&d@n����Lg�h�i*�Hn�d&tb��i��×g�pJr@l�o@ead]¡ÉwQg�o@g)zGi�l�o@q@h�i�q@z@q��
h�d&dGi�n�l�i�h�i�n�{@¤�kÓg$jH�*g�ubevl�pJ{ } ovdvevi�{Hq&p<r@{&tb��h*g��

←
���

q@pJl�l�i3wQg�o@g�z&i�l*o@ey��¡Éq&��tbd)p����@�����Q���×�@�Q�b�$�ÜzvdGi�d]oy��¡
ebg��&tb¤èu@g�l�i-h$j rboaq�ubovl*¡ } d@n�d&¡�h�z&d@o&d)h�i�q�eadGh�qai-l�tyl�¡
�*g�ovj@uvg ·

⊥

¹
= º » n ½<¾ ≅

Ø���Ï&�
⋅
��Ø S h�p 1 * � �GtQq&��z&d]¡¶z

h*z&d@o&d)h�i�qH��n�{@z@g£�¼oyq&ha���&� § n =
�-��� , ����� ���$tbd)p�d@r@�

o@l�u&l�taj@l�iBral�o&l�wydGu~q&�£ovl��:qap®g�m-l�e&l�obg��yq@q } d]ead]ead]nÈ e&l�t�q@eal�¡@e@d)m-d¢o&l��:q@p<g È n�tbqye&l�¡be@�è¡��QÝ®k lLd&u@qye

h�r@d)h�d&�Hr@d)h�i�o&d&l*eaq&j�� � § wbg)o@g�z&i�l*o@qvh�i�qbz È h�o@gGn)e&l��
eyq&l:e@g�rbo]jv��l*e@qvj¢ebgèd&�]oyg��*�vl q�i-d@z@g>n:eal�pHn>d@r@o&l�u@l��
tyl*e@ey��¡ } q@z&h�qbo&d&nGg)e@eb��¡³pJdGpJl�e@i�n)o&l�pJl�ebqÉr@oyqÉq&���
pJl*evl*eyq@q�nG��wydGubeadGm-d3ebg�ryo)j@�>l*eyq)j£eag�m l*eal�o@g�i�d&o@la� �
eyg�h�i�d�jbk>l�¡�oyg��Gd&i�l�i*g�z&d)l�h�o@g�n)e@l�e@qal:u@l�tbg�t@d&h��:|&l�o&l��
��p<z)h radGh�tyl eag�|]g�tbg:qap<r&{&t���h�gy�y©#l���{&t���i�g�i���rboag�z&i*qa�
|&l�h�z@q³h�d]nGryg�tbq³h3|@g�h�i��G¤ � � § wbg)o@g�z&i�l*o@qvh�i�qbz&q®�0r@d&�
ty{]|&l�e@ead]¡6eag¢��g�ubeal�p } ovdvevi�l3q&p<r@{&tb��h*ga�JdBz&dGi�d@o&dGp
¦>tQg�o&l�|v��n)��¦>l��Dh�pè��obqvh@�<�G�)��JgGz&qapfd)�voag���d&p��HnGoal�p�j oal�tbg�zvh*g��yqbq no&l���q&p
m-l�e&l�o@gG�@qyq } d@e&d@e&d@n:n>{&h�tadvn)q)j@w¢d&rb��i�d]n:qv��pJl�e)j@l�i�h-j
n�r@o&l�u@l�t�g�wØ��9Ï)�Q�Q��Ø�pJz&h@� $:{@�:ead�d&i�p�l�i�qai��y��|&i�d��
n�d&d)�vk lLm d@n�d&o&jJ�

τ Á h�tbl�u&{@l�i>d)i�h�|@q&i*��n)g�i*�Óe&l>d&iLeyg�|@g��
tQgÊqvp®rv{@tb��h�ga�®g�d)i¢p#d&pJl�e&i*ga�<z)d]m ubg3e@g)r@o)j@�:l�e@qal¢ebg
d&�]o@g����al�u@dGh�i*qam-g�l�i���e@g�|Gl�ebq)j § n ���:ubeyg�z&d�n¢eyg�h�i�d&�
jbk>l�¡Õo@g��)d]i$l e@g�ryo)j@�:l�e@q@l § n {&h�i*g�eyg�n�tQq@n)g�l�i�h-j
ryo@g�z&i�q&|&l�h�z@q�p�m�e&d@n�l�e@ead¥�-h�p��
oyq&ha���G�)�¢ÑLo&l�u@h�i*g�n)�
tyl*e@eyg$j7e@g�o@q&ha�>�Ên�dGtQ��i�� g�p<ral*o@eag�jHw�g�o@g)z)i�l�o@qah�i�q@z@g
i�q@rbqv|veygHu&taj o&l�g�t�qv��{&l�p�d)m-d�qbevi�l�o@nGg�tQgHpJg�m-eyq&i*ea��w
radGtyl*¡���Hh�dGd&i*n�l�i$h�i�nGqyqÓh�d�h*z@g���g�eye@��p£n)o&l�p#j�o@l�tbg�z&h�g��bqyq
n3o&l���q&pÉm-l�e&l*oyg��yq@q } d&e@d&e@d&n¢uat&jBdG�@o@g����ad]n3nGq&h�pJ{@�
i�g~i�d)t�k:qae@d&¡ ∼ ��pJp¥r@oyq���eyg�|&l*eaq&j@w~p®g�m-eyq&i�e@d)m-d
radGtaj
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i�g�z@q&w¢d)�@o@g��*�ad]n�nLoal�� qap�m l�e@l�o@g��yqbq È {&pJl*ea�G¦>l�ebqvl
nGovl�pJl�ebq�o&l�t�g�zvh*g��yq@q�h�ovd]h�i-d&p pJg�m-eyq&i*evd]m d�r&d&t&jJ�
z@n)g�e@i-d@n)��l�d&h*�aq@t@tajb�bqaq¢nGovl�pJl�e@q¢o&l�tbg)zGh�gG�aqbq�n:rao@d&�
i�q@n�d } g���l>hèd]h��yq&tbtvja�yq)j@p<q¢rat@d&i*evd]h�i�q x t@l*zvi*o&d&ebea��w
h�d]h�i-d)jbe@qy¡ebg�rad]n�l�o&wQe&d&h�i�q ÌBl�o&p<q È h�d&u&l*oa�:g�i
wQg�o@g�z&i�l*o@ey��l�rboaq@��eyg�z@q } d]ead]ey� x t@l�z&i�o&d]eye&d&m dH�*g�i�{@�
wQg�e@q&jJ�ÓÑLd&� n)q@u@qap�d)pJ{#�:�-ual�h���o&l�|@��q@u&l�iÉdG�~dG�@o@g����
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 � � ) ��q3n�dG��p�d)��e&d&h�i*�
r@o)l�qGp�{@k�l�h-i�n�l�e@e&dGm�d } d]e&d&e&� x tal�z)i�o)d]e@e&d�m d���g�i-{)wbg�eaq)j
h�n�j@�*g�eyg�hHobg�h�r@oadGh�i*o@g�eal�e@q@l�p�dGi�m-obg�e@qy�y�°dG�@o@g����bg
g�z&{&h�i*qa|Gl�h*zvdv¡ n�d&tbey�ãn°e@g�rboag�n�tyl*e@qyq ryo&d)i*qyn�d&r@d&�
tydG��e&d&p ubovl*¡ } {Ér&d&ubnGq&�Óe&d&mDdH��g�o)j@ubga����Ñ>dGubo&d&�&e@d)l
d&�Gh�{&�:u@l�e@q@l�p�l�wQg�e@q@��p#d@n³o&l�tygGz)h*g)�@qyq�n6o&l���q&p�m l��
eal*o@g��yq@q } d@e&d@e&d@n�n¢n)q&h�p�{&i�l:h�d]ual*o&�:qai�h$jÔn����b�$�2�$�g o@q@ha�¢�²qv��d&�]oag��>l*ey� h�q@m-eyg�tb�fr&d@r&l�o&l�|@e@d)m-d
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radGtajvw®�Lrbo@q~p<g�z&h�q&p<g�tQ��e@d&¡ o@g��*eadGh�i�q�radGi�l*ey�@qyg�tbd&n
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eyq&l�h�pè�Ôeyq&�:l&���Ô|&i-deyg�|vg�ty{r@l�o&l�wbd)ubg¥n¥o&l���q&p
m-l�e&l�o@gG�@qyq } d]ead]ead]n��Êia� la�Ên¥e&l�t�qae@l�¡@ey��¡o&l��Óq&pè�
h�d]d)i*n�l�i�h�i�n�{@l�i�i�dG|@z@g�e@g>dGh��yq@t@tydGm�o@g�pJp®g�w®�arvd]h�t@l:z&d&�
i�d]oad]¡ r&d@r&l�o@l�|]eadGl¬eag�rbo)j@�:l�e@qal¥e@g�|@qbe@g�l�i�{&p�l�ey���
¦:g�i���h$jJ�Ôg¥o&l�g�tQq&�*g��yqyqe@l�tbqye&l*¡ye&d&m d ovl���qvp®gßh�d&�
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ebg�ryo)j@�>l*eyq@¡�uad
q�r&d&h�t@l:r&l�o&l�wbd)ubg>d)�voag��*�yg>n:o@l��:q@p
m-l*evl*oyg��bqaq } d]ead]ead]ny�

Ç#g�nGqah�q&pJd]h�i��:oag���eadGh�i*q�r&d@r&l�o@l�|]ey��wÊe@g)r@o)j@�:l�e@qy¡
dGiÓp�g$m¼eaq&i�e)dGm dÊrvdGt&jH� x i�g�o@g$��e&d)h-i��a�#z]g�z3�){Gu&l-i�n�q&u@e&d
ebq&��l@�Ql�h�i���r@obqv�]tyq@�>l�ebe&d&l:��eyg�|]l�e@qal�gGz){@h�i-d x u@h » �£ �r@d&z@g��*g�eyg¢eyg¢oyq&ha�#�����:|]l�nGqvube&d��#|&i�d�ryo@q�d]ryo&l�u@l�tal*�
ebq@qß�*g�n)q@h�q&pJdGh�i*q » �£ ( ¾ )

r@oadGuadGtQ��e@d)l�ebg�ryo)j@�>l*eyq&l
ebg>d)�@o@g��*�al�uadGty� eadÓ�]��i��:r@d)h�i�d)jbe@eb��pè���:ube@g�z&d�rboaq
} qyz)h*qyo&d@nGg�eae@d)p eyg�rbo]jv�>l�ebqaq eyg²n)��wbd)u@l�m l�e@l�o@g��
i�d@o@g�qBz&d@e&l�|@e&d&pÉ�vg�tytbg�h�i*eadGpªh�d&rbo&d)i*qyn�tal*eyq@q�nÊovl*�
��{&tQ��i*g�i�l {@n�l�tQq&|&l*e@qvj h�d@r@o@d)i*qan�tyl*e@qvj n)q@h�pJ{]i�g n
p®g�m�e@q@i�e&d&p7rvd]tal�i�g�z&�>l�eal�h�z&dGtQ��z&d3q&��pJl�e)j@l�i�h$jÔryo&d]�
u@d&tb�Ge&d&l�ebg�rao&j@�>l*eyq&l¢e@g�dG�@o@g����@la�JÑ�d�e@gG¦>l�pJ{3p®evl*�
ebq@¤�� x i�q qa�-pJl*eal�e@q&j eal²n�tQq)jb¤èi�d&rbo&l�u@l�t&jb¤>k:q@p
d]�&obg���dGp eyg²g)z){@h�i$d x u@h » �£ ��c�l*¡ah�i�nGqvi�l�tb�Gevd#��rboaq
o@d)h�i�l6p<g�m�e@qai�e&d&mDd r&d&t&j�d)i7�&���9Ïªu&d �&Ö��9Ö~zB
 ryo&d]�
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rbo@qap#l�oye&dBn��G��¨�o@g���gy��g�n�d�n�i�d@o&dGp�ryo@g�z&i�q&|&l�h*z@q�n�d
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hfr&d&p#d@k:�)¤ r@o@qa�GtQq&�:l�e@e@d)m-d h�d)d&i�e@d&¦:l�e@qvj��

≅
≅
� ¡ï �

(
§ y ½�� ¡ ) −

N��J�$�#m-u@lg� ¡ È p<g�z&h�q@pJg�tb�)e&d&l���eyg��
|&l*eaq@l�qap®rv{]tQ��h�g�i�d]z@ga��q&��pJl�o)j@l�pJd)m-dBd&ubevdvn)o&l�p�l�e@ead
h7rvdvrvl*oal�|&eb��pe@g�ryo)j@�:l�e@q@l�p §

⊥
� § y

=
,)� �è�u$�g

o@qah@�y�Êi�g�z&�>l�r&d@z]g���gGea�~dGh��bqat@taja�aqbqre {&�@e@qyz&d]n)g È
uyl fvg)g��Gg

ρ
	 h�h (¾ )

�®qa��p�lGoalGeyeb�Íl¢n�tbqye&l�¡be&d&pÉo&l��Óq&pJl
(ρ
	 hih ½ ρh>h ≤

Ø�� �
)
��0qau@e@d�� |&i-d radGu@d&�]ead p#d@k:eadGh�i*q g�z&{&h�i�d x u@ha�{&pJl*ey��¦:g�j@h��3n¢h�o&l�ubeal�p�rao@q�{@n�l�t�q&|&l�ebqaq�p®g�m-eyq&i�e@d&�

m-dÉr&d&t&jJ�Íe&l�pJd@e&d&i-d@e@e@d³�*g�n)q&h�q@i�d&i ¾ nHzanGg�eai-d@n�dGp
ryo&l�ual�t@l³u@t&j x tyl�zGi�o&d@e&d@ny�:Ñ:o@q x i�d&p¥p<q@eyq&pJ{&p » �£ryo@q ¾ ≅

�/, z�
h�d&dGi�n�l�i�h�i�n�{&l�i6p<g�z&h�q&pJ{]pJ{
ρh h � g

p<g�z&h�q&pJ{]p » �£ rbo@q ¾ ≅
�&Ð¢z�
 È p®qye@qap#{@p�{

ρh h �

��<5 E��^b\�_@`y\C8b\/D%E<?<@/;>=/;��v[

�0n�l�u@l�p x t@l�z&i�o&d]eye&{b¤ªg�z&{&h�i�d x u&h » �£ ��Ö��×�¼Øy�$�vradGtQg��
m�g$jJ�¢|&i-d¬næo@l��:q@p�l m-l*evl*o@g)�@qyq } d]ead]ead]næh�o&l�ubebqvl

������ � Ù¿(üâ¶í�å	æ¥æ�áµó é�Ü�ð�ðú ß¥á¥ß¥ê¨é¥ê�ÿµù�áµó á�ù�Ü�ß�é¥Þ-��ê�ù¥å¿Þsç�ð�Ü�óäù	å¥Û Å
ù	ú�û ß¥á¥æ Þ	û Ë �¥·�� � ï¢ïô R�ì�+#V � �xïµò�ô �¢ò ì�+�V � ��Sµï�ô . ì�+üÙ��¿ê¶á Åð ê¶Û¶é�å¿Þtáµß�ú�Û¶ÜÍË � � � Ë

− � ô � Ë + � Ù���Ü�â�IüÛ¶Üµõbß�ávó áµé�å�'¶áµù�Û¶Ü�æ�å
ñüð�ì¥â���ë�ê�æ¥ê¨ù¥å	ê¥ô)ß	á�ç�ê¨é¥Û¶å	ì¿Ü�æ�å���ï�ø���ë	ê¶æ�ê¶ù	å�ê¥Ù

�� ����� Ù:CÜµç�å�â¶å	ð�áµâ¶Û¶å áµÛdð�Ü¨ó ù�å	Û¶ù�áµó áiß	áµæ¿Þ á¢â¨í	å¿æ	æ�å	é ã	î�ý�ê��
ÿµÜµâ¶Û¶å æ�å¥ù	ê���ù�á¢óäá�ð Ü¨ó ù�å�Û¶á¢â¶áµß�é	áµÛ¶å�çµæ¥ê�ù¥å¿Þ

ρ !"! V�Üµìµã¥â¨Û¶á¢þäë�â � ��
� ❍ � V�þ¨æ¥ê�ì¥Û¶é¿å	ÿµê�â¶ì¿áD��ð�áµý�ù	áµâ¶Û¶å # � ∆ � Ù

$

%

&

'

òY{>|)( ~����i���������i�i�a�a���Y�%���i�%���a���>�&ñ�ò�ó�ó�ó@ñ���ëw{��&ña��ò�ò



q@��p#l�e@l�e@qvjåqap�ra{&t���h�d@n x t@l*zvi*o&d@e@ead]¡ q } d]ead]eye&d@¡
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p®qyo&{&l�i�h$j²n~�*n�{@z&d]n�dv¡�r&d&i-d@z��u��dGm$ubg�g�z&{&h�i�d x u]hÒ�Dh
i�d&|]eadGh�i��G¤âu]tajHh�tQg�m-g�l�p���w®��d&�G{@h�t@d@n�tal*eye@��w6{&h�q@tal*�
ebq&l�p oyg�nGe&d@n�l�h�e@��w } d@e&d@e&d@n²qev{]tyl�nG��w z&d)tbl��]g��
ebq@¡��èp�d)��e&d3rbo&l�u@h�i*g�n)q&i���n¢nGqvu@l¢�E�a�

» �£ ≅ (γ − β)
Þ � � Ä#Å]À � �i,Q�

z&d x*}è} qy�@qal*evi
β

��g�nGq&h�q@isdGis�*g�i�{&wbgGe@qvjà��n�{@z@g Á
γ − β = Γ

�S�#l�r&l�o@� �-h°{&|&l�i�dGp h�z@g��*g�eye&d&m d nG��¦�l]�
p�d&�:ead eyg�r@q@h�g�i��°h�d&dGi�ead]¦>l�ebqvl@�Hh*n*j@�*��n)gG¤�k l�la��n
|vg�h�i�e@d)h�i�q���g�z&{&h�i�d x u@h » �£ h7|@g�h�i�d)i�d&¡ } d@e&d@e@� x tyl*z&�i*o&d@e@ey��w�h�i�d)t�zae&d@n�l�e@qb¡ $ � = τ�>�−

ñ �

Γ
Þ � ≅ ∑� Î−ω � 〈 $ � � �( ñ )〉 ≅ Ä@Å$À�» �� � ���y�

��l�i�d&u x z&h�r&l�obq&pJl�e&i�g�t���eadGm-dÉd@r@o&l�u@l�tbl�e@qvj�g�z&{&h*�
i�d x u]hÓn�nGqah�pJ{&i�lÓr@o&l�u@tbd)�:l�eÊg�n�i�d@o&d)p7n3��¨y�$� b0t@l�u@{)j
�E¨@���>�G{@u&l�p¬h�|@q@i�g�i��Éd&�&o@g��-l�� �&l���m-o@g)e@qa|]ey��p n�u@dGtQ�
d]h�q K

(»�� =
Ø
)
qHnGn�l�u@l�p�n3obg�h�h�pJd)i*o&l�eyq&l¢g�z&{&h�i�d x u&hu@t@j x tbl�z&i�oad]ead]n��#ubo&l�¡ } {@¤Lk�q@wHn�u@d)t���dGh�qqL@�<Ñ�d&tbg��

m�g$j�ub��o&d&|@e&{@¤ g�z&{&h�i�d x u@hÉp<g�tbd&¡�rad�h�o@g)nGe&l�ebqa¤ h
x tyl*zvi�o@d&ebevdv¡ªq�r@ovl*eal��&o@l�m-g$j�ubq }è} {]��qad]eye@��p<q x�} �
} l�z&i�g�p<q���d]ryo&l�u@l�tyq@p¥q&��{@h�t@d@nGq)j�oyg�n�l�e&h�i�nGg³e&{&t�¤

i�d]z@gÉn�u&d&tb�³d&h*q L7r&d@r&l�o@l�|]eadGl6radGtyl » ⊥
nÉo&l��Óq&pJl

m-l�e&l�o@gG�@qyq } d]ead]ead]nÔ�Dh�pè�bi�g�z&�:l¢�$�-�Q�D���

» ⊥(± µ ) ≅ ± 
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�
∆Ä ��� ± � � � θ(µ � W ¾�½Üº )−

ñ �
×

× � ( Ä � Å µ �� + Ä ¾�� µ ¾� )−
ñ

+− » �£ � ��¨@�
Ç#u&l�h*�

µ��� ¾� = µ ���Ê¾W �
(µ � ô ¾��� ½Üº ) ï È h*ovl�ubeaq@lÉr@d)ubnGqa�:�

eadGh�i*q x tyl*z)i�o&d@e&d@n�q uy��o@d&z n�u@d&tb�Éd&h�q L Á µ � � ¾W È
radGubn)q&��e&d&h�i*q x tyl�z&i�oad]ead]n3q�ub��o&d@z�nÊea{&t@l�n�d&p�p�g�m-�
eyq&i*evd]p�radGtyl Á ∆ Ä = Ä � − Ä ¾ È o@g���e@d)h�i��¢z&d&eb�vl*eai*oag��
�yq@¡ x tal*z&i�o&d@e&d@n3q�uy��o&d@z Á θ

È n�dG��pJdG��ea��¡�p®g�ty��¡
{&m-dGt�d&i�z&tyd]eal*eaq&j�p<g�m-ebq&i�eadGm-d3r@d)t@j�d&i:�@q&h�l*z&i�d]oye&d@¡
d&h*q G ñ � � K<� Ä � Å µ �� ≥ Ä ¾ Å µ ¾� � ���@l�eyq&p r@gGo@g�pJl�i*oa���
n�wydGuvjak�q@l�n } d@o&pJ{]ta{���¨y�)�^�:� x zvh*r&l�o@qapJl*e&i�g�tQ��e@d)m-d
h�d]d)i*evdv¦ l*eyq)j » ⊥(+ µ ) ½J» ⊥(− µ ) = −

�&� ,���r@d)tb{&|&l*eae@d)m-d
nHtyqbe&l�¡ye&d&p²oal��:qap#lHrbo@q ¾ =

�)¨Éz�
�-h�pÍ�Ín)��¦>l&�)�
qap#l�l�p �

(∆ Ä � Ä )
�

( � � � θ)(µ � W ¾ ��� )− �  ≈ �-Ø�� Ñ�d&tbg�m�g$j
µ � W ¾ � º ≈

�¼Ø . �-�&�����
θ ≈

�! ¼� r@o@qaw@d&ubq&p¸z
∆ Ä�½�Ä ≈

≈
�¼Ø − . �¿��Ø −

Y �
ç�gGz³h�tbl�u@{&l�i£q&� } d]o&pJ{&tQ� ��¨b����n�l�t�q&|@q@eyg x t@l*za�i�o&d@e@e@d&¡ g�z&{&h�i�d x u@hHd&rbo&l�u@l�t&j@l�i�h$j z&gGz�g��&h�dGtQ¤�i�e@d)l

��e@g�|)l*eyq&l�obg���e&d&h�i�q�r&d@r&l*oal�|]ey��wßeag�rbo)j@�:l�e@qy¡���q&���
pJl*ovl*eye@��w�u@d6qªr&d&h�t@l�r&l*oal�w@d&uvg�d&�]oyg��*�agBnHo&l���q&p
m-l�e&l�o@gG�@qyq } d&e@d&e@d&n r@oaq ��g�ubg�ebevd]pÕr@oadGu@d)t���eadGp
radGtyl » �

c�tajBebg�m taj@ube&d&h�i�qBryo@q�h*o@g�n)e@l�e@qyq�h x z&h*rvl*o@qapJl*ea�
i�g�t���ey��p<qo&l���{&t���i�g�i�g�p®qryo&l�u@h�i*g�n)q&p m-oyg } q&|&l�h�z@q
h�q@m-eyg�t���g�uvg)¤�k>l�m-d e@g�ryo)j@�:l*eaq&j » q~h*qam-ebg�tQ� dGi��
z&tbqyz@g È i�d]z Â q°r@d&r@l�o&l�|@e&d&l eyg�r@ovjv�>l�ebqvl » ⊥

��<{&u@l�p�h�|@q&i�g�i��a��|&i-dBn)o@l�pQj6o&l�t�g�z&h�g��yq@q
τ Á n3o&l���q&p

m-l�e&l�o@gG�@qyq } d&e@d&e@d&n�h�{@k:l�h�i�n�l�ebe&d��&dGtQ��¦:l3nGo&l�pJl*eyq
eyg�o@g�h�i�g�eyq)j q@p<r&{&tQ��h*g¶��g�ubg�¤>k>l�m-d h�q&m�e@g�tbg

τ � ��<{&u@l�p²nGeag�|vg�tyl�i�g�z&�>l£rao&l*eal��]oal�m-g�i��Ho&l�tQg�z&h�g��bqvdvea�
ey��p®q x*}è} l�z&i�g�p<q¥r@o@q¥ral�o&l�wydGual�q@�~e&l�tQq@eal*¡ae@d)m-d
o&l���q&p<g�n�t�q@eal�¡@eb��¡ÉradHpJl*o&l�{]pJl�e@�G¦ l*e@qvj7��g�u@gG¤è�
k>l�m-d¬eyg�r@ovjv�>l�ebq]jåe@gæ��g�ubeal�p } o&d&e@i�l�qap�ra{]tQ��h�ga�
cLg�tyl�l3{&|&i-l�p��<|&i�d£n�h�d&d)i*n�l�i�h�i�nGqyqHh3h�d&d)i*ead]¦>l�eyq&l�p
�i,Q���*g�n)q@h�q&pJdGh�i*�ªg�z&{&h�i�d x u&hÉdGi�r@o&d&u@d)t���eadGm$d r&d&t&j
» h�{@k�l�h�i�n�l�eye&dÊeal�tyqbe&l�¡ye@gy��Óp�ra{]tQ��h�� » � Â � » ⊥

��g�i�g�z&�:l���g�nGqah*qvp�d&h�i�q Â ( » )q Â ( » ⊥)
r@d&z@g���g�eb��eygÊoyq&ha��,��<©�g�h�h�p#d&i�o@q&p q@pJr@{&tQ��h

Â ( Ù ) n�d�nGoal�p�l*eye&d&p q@eai�l�o@nGg�tyla��z&d)m-u@g�r@ovd]uadGtQ��e@d)l
eyg�r@o&j@�>l�ebq&l�rvd]h�i-d)jbe@eadQ�¢i&�Al@�¢ryo&l�uah�i�g)n�t&j@l�i�h�d&�Gd@¡
rat@d&h*z){b¤ n�l*oa¦�q@ea{ q&p<r@{&tb��h*g³��g�ubg�¤>k>l�m d~h*qvm�e@g�tyga�bÜeag�|]g�tbg��¼ryo@q Ù P τ Á ��i$dvz³e&l3�*g�n)q@h�q&i3d&iÊn)o@l�p#l�ebq��
Ç�g�i�l�pæ�-rbo@q Ù −� τ Á ��r&dBpJl�o&l¢{&pJl�eb��¦>l�eyq)j x tyl*z&i�o@d&�h�dvrao&d&i*q@n�tbl�e@qvj�dG�@o@g����bg�n3r@o&d@�al�h�h�l
r&l�oal�w@d&u@g¢n�o&l��
��q&pªmDl�eal*o@g��yq@q } dvevdvevdvn�i-d@z�oyg�h�i�l�i&�<Ñ�d&h�t@l��*g�n�l*oa�
¦>l�ebq]jÔral*o&l�w@d&ubgÓn�eal�tbqbevl*¡ye@��¡3o&l��:q@pÉ� Ù Æ τ Á ��i�d]z
nGead]n)�3h�i*g�ead]n)q@i�h-j6radGh�i�d)jbe@ey��p���o@qaha��,Q����Ñ�d@r&l�o&l�|@�
eadGlÊeag�rbo)j@�:l�e@qal�i*g�z��:la��z@g�zHq�i-d@z���eal��*g�n)q&h�q@i�d)i
nGovl�pJl�ebq³r@obq

τ � P"� P τ Á �0Ñ>dBp�l*oalÊral*ovl�w@d&ubg3n�o&l��
��q&p~m l*eal�o@g��bqaq } d@e&d@e&d@n��-ryo@q Ù −� τ Á ��nGz)t�¤Í|@g�l�i�h-j

~���� ���������i�i�a� �6�a� ���i�%���a���>�&ñ�ò�ó�ó�ó@ñ���ëw{��&ña��ò�ò òw{%|�#



q {@n�l�t�q&|@qynGg�l�i�h$j x t@l�z&i�o&d@e@ebg$j g�z&{&h�i�d x u&ha�B|&i�d n
h�d&dGi�n�l�i�h�i�nGq@qÃh } dvovp�{&tyd]¡~��¨y�3r@oyq@n�d&u@q@i�z6{ap#l�eb���
¦:l�e@qy¤ » ⊥

�ÜÑ>dGh�tylÊ��g�n�l�oy¦>l*eaq&j7ral*ovl�wydGubg�n�e&l�tQq@�
e@l�¡@ey��¡o&l��:qap � Ù Æ τ Á ��rvdvrvl*oal�|&e@d)l�ebg�ryo)j@�>l*eyq&l
nGead]nG��ral�o&l�h�i�g�l�i:��g�nGqvh�l�i*�Ód)i�nGovl�pJl�ebq�� » �£ = *�� � � V��)�çÜd&m ubg³��g�ubg�¤>k>l�lÉe@g�ryo)j@�:l*eaq@l » ebg�|@q@eyg�l�iH{ap#l�eb���
¦�g�i���h-j³�¼oyq&ha� ,��Q�*g�ubeaqb¡ } oad]eai
qvp®rv{@tb��h�g&�)�#g�z&{&h�i�d]�
x u@h » �£ {]pJl�e@�G¦�g�l�i�h-j6�@��h�i*ovl�la�<|]l�p tbqye&l�¡be&d&l�r&d »h�tQg�m�g�l�p�d)lBn } d]oap#{@talH��¨@�)�d��o&l���{&t���i�g�i�lBr&d@r&l�o@l�|]�
e@d)l eyg�ryo)j@�Ll�eyq&l » ⊥

{vn�l�tQq&|@q@n)g�l�i-h-jJ� } d@o&p<q@o&{&jÊr@qyz
ebg��*g�ubevl�p } o&d@e&i�l6q&p<ra{]ty��h�ga�:Ñ�d&h�t@l6ral�o&l�wydGuyg6qa�
e@l�tbqye&l*¡ye&d&m d ovl���qvp®gÉnÉtQq@eal*¡aeb��¡æ��ryo@q~ubg�tQ��e@l�¡@�
¦:l�p6{&pJl*ea�G¦>l�ebqaq�rbovdGu@d&tb�)e&d&mDd3ebg�rao&j@�>l*eyq)j#�>g�z&{&h*�
i�d x u]h�d]�&o@gGk�g�l�i�h-j�nBea{&t���q » ⊥

{&p�l�ey��¦:g�l�i-h$jÃryo&d]�
r@d&ob�@qad]eyg�tQ��e@d » � h�pè� } d@o&pJ{&t@{���¨y�Lq�oaq@ha�6,Q���$�gâh�wyl�p�g�i�q@|&l�h*z)d&p q&��dG�@o@g���l*e@qyq h*qam-ebg�tyg¬rad]�
r@l�o&l�|vevd]m dHebg�ryo)j@�>l*eyq)j » ⊥

��oaq@ha��,y�
n�l*oai�qyz@g�tb�)e&d@¡
h�i�o&l�t�z&d&¡ r&d@z&g���g)e@g x tbl�z)i*ovdveaebg$j g�zv{]h�i�d x u@h » �£ �fvo@g } q&|&l�h*zaqg�z&{&h�i�d x u&h²qa�-pJl�o)j@l�i�h-j z&gGz°o@g���e@d)h�i��
ubn�{&w~�*e@g�|Gl�ebqa¡�r&d@r&l�oal�|&e@d)m-d7eyg�rbo]jv�>l�ebq]j��>Ñ>l*o@n�dGl
h�d&dGi�n�l�i�h�i�n�{&l�i p#d&pJl*e&i�{¥{&pJl*ea�G¦>l�ebq]j r&d@r&l�o@l�|]eadGm-d
ebg�ryo)j@�>l*eyq)j²r@o@qæe@g�|&g�t@lÉr@l�o&l�w@d&ubg³dG�@o@g����bgÉn�ovl*�
��q&pHm-l�e&l�o@gG�@qyq } d&e@d&e@d&ny�^�<i-d@o&d&l�h�d&dGi�n�l�i�h�i*n�{&l�iè�*g��
n�l�ob¦>l�e@qy¤�rvl*o&l�wydGubga�@d:|&l�pBh�nGqau&l�i�l�tQ��h�i*n�{]l�i�p<g�z&h�q@�
p®g�tQ��eyg$jÔn�l�tbqa|@q@ebg�i-d@z@g�|Gl�o@l��>d&�]o@g��-l*�®�^$
g�r&d&p<e@qap��
|]i�d�q&pJl*eye&dÉi�g�z@q&p�d&�]o@g��-d&p²d&rbovl�u@l�t&j@tQg�h*�³g�z&{&h�i�d]�
x u@h�r&d x z&h�r&l�obqvp�l�e&i�g�t���ey��p6d&h��bqvtbt@d&m-o@g�p#p<g�pè�

Ñ�{&i�l�p h�o@g�n)e@l�e@qvjáh�wbl�p�g�i�qa|]l�h�z]qaw qvp®ra{&tb��h�d]n
» � Â q » ⊥

ebg�i�d)p��:l�o@q&ha� ,7r&d&h�i*ovdGl�eb�°n�d&tb��i�� g�p��
r@l�o@ey��l�w�g�oagGz)i�l�o@qah�i�q@z@q Â (» ) � Â (» ⊥)

�¢ÇJg�nGq&h�q@pJd)h�i��
Â ( » ⊥)

h�d&u]l�oa� qai�{&|@g�h�i�z@qÉh�d]i�obq@�yg�i�l�tb�)e&d@¡Éu@q }>} l*�
o@l�e@�yq@g�tb�)e&d@¡�r@o&d@n�dGubqap#d&h�i*��¤â� ¨y�$�b<d@r&d&h�i*g�n)q&p6h�wbl�p<��eygÓo@q@ha�<,¢h x z&h�r&l�obq&pJl�e&i�g�t����
e@��p�q�u@g�e]ea��p�qÓe@g�o@q)ha�b��q��y�&çÍg$|Gl$h�i�n�l�e@e&d�l�h-d)mDtyg-h�qvl
} l�eadGpJl*evd]tad]m-qa|&l�h�z)d]m d�o@g�h�h�pJd&i�oal*e@qvj�h x z&h�r&l�obqvp�l�e@�
i�d&pfe&l¬n)���*��n)g�l�iâh�d)p®evl*eyq)j �-pJ�àeal�dG�&h�{]��uvg�l�p
��u@l�h��Bg�z&{&h�i�d x t@l�z&i*oaq&|&l�h�z@q&lBzvdGtyl��&gGe@qvjJ�¿eyg��GtQ¤�uyg�l*�
p®��l�n x zvh*r&l�o@qapJl*e&i�lH���b� �)��Ñ o@q x i�dGp�g�eyg�t@d&m-q&jH�&d]�
tbl�l3m-t@{&�&d]z@g$jJ�0|)l�p |@q&h�tbdHqat@t�¤Íh�i�o@g�i�qbn)e&d&l3h�w@d&u@h�i��

n�d�� �¥h*g�pJd)p²ual�tyl@��q&� } dvovp�{&tb� ��¨@�3h�tbl�u@{&l�i£n�dG���
pJdG��evd]h�i���q@��p#l�e@l�e@qvj��*e@g)z&g¢r&d@r&l�o&l�|veadGm$dÊeyg�r@o&j@�>l��
eyq)j¬rbo@qâr@l�o&l�w@d&u@l�n�ovl���qvp m l�e@l�o@g��yqbq } d&e@d&e@d&n
��¦>i�o@qawb� ra{@e@z&i�q@o�e@gÓoyq&h@��,����#cLg�eaebg$j�n�dG��pJdG��evd]h�i��a�
z@g�zHn)q@ubevd£qa����¨a�)�¿n�o@g�h�h�pJd&i�o@l�e@ey��w6{&h�t@d@nGq)j@w6�&d&�
tyl�l�n�l�o&d)j@i�eygÉu@taj²e@gGr@oagGn�tal*eyq)j�p<g�m�e@qai*evd]m d�r&d&t&j
− ( �#|&l�p�uat&j�eag�rbo@g�n�tbl�e@qvj

+ ( ��r@oyqBeyg�rboag�n�tyl*e@qyq
− ( d]i�e@d)h*qai�l�tb�)e&d�p<g�t@dÓtQq@e@l�¡@eadGl>r@d » h�t�g�m-g�l�p�d]l>n
��¨y���jbÜzag��*g�eye&d&l
n�i�d)|@e@d)h�i�q�h�dGd&i�n�l�i�h�i*n�{]l�i x z&h�r&l�obqa�pJl*evi�{³�-h�pè�<o@q&ha�®������� ' ���Ju@t&j6ebg�r@oyg�n�tal*eyq)j

− ( r@oyq
nGzvtb¤è|]l�e@qyq¢g)zG{ah�i-d x u@h:e@g��)t�¤Íubg�l�i�h$jÊq@�$p�l�eal*e@qal>��eyg��
z@g:rvdvrvl*o&l�|@e@d)m-d�e@g�rbo]jv��l*e@qvj3��o@q@ha�v��� � ���Qc�t@j

+ ( q
ubg�eye&d&m dB��e@g�|&l*eyq)jH�*g�uyg�¤Lk l�m-d�rbo&d)u@d&tb�Gevd]m dHe@g�ryo)jb�
�:l�e@qvj7��e@gGzÉr&d@r&l�o@l�|]eadGm$d7e@g�ryo)j@�:l�e@q&j�n�h�l�l�k>l£evl
pJl*e]jvl�i�h-jH�-obq&ha����� ' �)�� r@oad]n�l�u@l�e@eadGpo@g�h�h�pJd&i�oal*e@qyq e&l³dG�&h�{&�:u@g�t@d&h*�
n�d&�-pJd&�:e@d)l n�tQq)jbeyq&l i�g�z eag����ènGg�l�p�d)m-d x�}L} l*zvi*gRGr&d)h-t@l-��n�{]|&g�eaq)j ]�e@g3n�l-tbq)|&q@e&{�p�g�z)h�q&p�{Gp�g3r&d&r&l�o)l�|G�
e&d)mEd e@g�rao�j@�èl*e&q)j�� z)dGi-d&o&��¡~h-dGd)i�n�l-i-h�i�n�{Gl�iH��g�u@e)l�p�{
} ovdGe&i-{Bq&pJr){]ty�-h�gÓ��g�u@g�¤èk>l-m d�e&g�r@o�j]�>l�e@q)jH�-o@q&h&�^,b���
 }è} l*z&irR]radGh�tyl���n�{@|]g)e@qvj�]�h�d&h�i-d@q&i�n3i�dGpè�<|Gi�d£r@oyq
u@d)h�i�g�i�d&|&e@do&l��*z&d)p {&p�l�e@�)¦>l*eyq@q nGeal*¦:evl�m-d x t@l*za�i�o@q@|)l�h�z&d&m d�r&d&t&jJ�#��ebg�|&l�e@qal
z&d)i�d&o@d)m-dÊral�o@n�d&ebg�|@g�tQ���
eadHh�d)d]i�n�l�i-h�i*n�{&l�i�h�n�l�o&wy��n�{yzGd@n�dGpJ{6ubovl*¡ } {Ée&d&h*q&i�l��
tyl*¡ª�*g�ovj@u@gy�Le@g³dG�@o@g����alHp�d)��e&d���g�o&l�m�q&h�i*oaqbo&d@n)g�i*�
o@g���e@d)h�i���r&d&i-l�eb�yq@g�tyd]ny�¢h�n�j@��g�ebev{b¤sh {vn�tbl�|Gl�eyq&l�p
x tbl�z)i*o&d@e&d@næobg�e&l�l�n�d)���&{&�>u@l�ebe@��p<q } d]ead]eyg�p®q�� �
|@g�h�i�e&d&h�i*q�� } d@e&d@e@� x tyl*z)i�o&d@e@eadGl3{bn�tal�|&l�e@q@l3u@d)tb�:ead
h } d&o@pJqbovdvn)g�i*�Ãu@d@r&d&tbebqvi�l�tb�Gev{b¤ rad]ral�o&l�|@e&{y¤ x u@ha�z&d)i�d@o@g$jJ�Bh�z&tbg�uv�ènGg$j@h��¥h¬raqbz&d)p e@g�ryo)j@�:l�e@qvj ebg
��g�ube&l�p } o&d&e@i�l¢q@p<r&{&tQ��h*g��#pJdG�:l�i�{@n�l�t�q&|@qai��3nG�Íh�d&�
i�{
ryq@z@gÓ��¨y�<��e@g�|@g�tQ��eb��¡Ó{a|]g�h�i-d@zÓn�d&��p�d&� eadGm$d RGh�{&p<�
p<g�o@eadGm-d�]¬ryq@z@g�r&d@z@g���g�eebg�o@q&ha� ,°r&{be@z&i�q@o&d&p����
� h�e&d��Q|]i�dQ�#h�d)ubead]¡�h�i�d@o&d]ey����nG��h�d&i�g¢ryq@z@g�u@dGty�:ebg
�@��i*��i�l�p¥�)d]ty�G¦>la��|&l�p��&dGtQ��¦:lHz&d@e@�al*evi*o@g)�@qvj e&l��
o@g)nGe&d@n�l�h�e@��w } d]ead]ead]n��-ia� la��g�z&{&h�i�d x u&ha�bh�p������@���)�^b
ubo&{&m-d&¡¥h�i�d]oad]ey���
u@d)h�i�g�i�d]|&e@d��)d]ty�G¦>d&¡¬g�z&{&h�i�d x uahpJdG�:l�i�h�d)d&i�n�l�i�h�i�n�d]n)g�i��°nG��h�d@z&g�j|vg�h�i�d]i�g } dvevdvea�
x tbl�z)i*o&d@e@ey��w�h�i�d)t�zae&d@n�l�e@qb¡��Ü|)i�d³�*g�i�o&{&ubevjvl�i } dvoa�
p<q@oad]nGg�eyq&l�ryq@z@gmR&r@d)h�tyl���n�{&|@g�e@qvj ]Q� � o&l���{&t���i�g�i�l
h�d]|)l�i�g�eyq&l x i�q&w�ubn�{&w } g�z&i-d@o&d@n�d&rbo&l�u@l�t&j@l�i�nG�Íh�d)i�{
eyg��GtQ¤�ubg�l�p<��w x z&h�r@l�o@q&pJl�e@i�g�tb�)e@��w�rbq@zvdvn���o@qah@�b�y���
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h�tbl�u&{@l�iHqa� } d@o&pJ{&tb� �i,Q�)��d]i�e&d&h�q&i�l�tb�)e&d&l6q&��pJl�e&l��
eyq&lBgGz){@h�i-d x u@h�u@d)tb�:eadH�v��i��Hr&d@o)j@ubz&g�dGi�e&d&h�q&i�l�tQ���
eadGm-dHq@�$p�l�eal*e@qvj6p#d@k:eadGh�i�q��0nGn�d&ubqvp�d&¡Én x t@l�z&i*ovdvea�ea{v¤°h�qah�i-l�pJ{��d
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ρ� Ã È tbqye&l�¡bevd]lH{au]l�tQ��e@d)l6p<g�m�e@qai-d&h�d&rbovd]i�qbn�t@l*eyq&l
d]�&obg����@g�� �0��|@q&h�tyl�e@q&j3pJd]kÓe&d&h�i�qÔh
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r@d&r@l�o&l�|vevd]l

( µ ⊥ � )
p<g�m�e@qai�d)h�d@r@o&d&i�q@n�tyl�e@q@lHqap�l�l�i
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Γ
n } {veyz&�bqyq

p<g�m�e@qai�eadGm-dr@d)t@jJ���fo@l��-{@ty��i�g�i-l��v��tQg¥r&d&t@{a|Gl�ebg
eal�p�dvevd]i�d]eye@g$j¥��g�nGqah*q&pJd)h�i��

Γ(
�

)
�-h�p��3�¼�y���)�¢ÑLoyq

x i�d)pp®g�zvh*q&pJ{&p<� z&d x�}�} qb�aq@l�e&i�gÉm-l�e&l*oyg��yq@q h�d&dGi��
n�l�i�h�i�n�d&nGg�tQq3p<q@ebqvp�{&p<g�p6p<g�m�eaq@i�dGh�d@r@o&d&i*qan�tyl*e@qvjJ�
ñµÙ�ø�Ù��ÙG��ã�â¶Û¶á¥ç�á-�¿Û¥ô�����������ôÍï-S-R � ñäò ) ò � ÙïÍÙ���Ù���Ó��äÆ�Ç��¿Ò ô # ¾ � § �³�©®£Í©¬µ§ü³Í¯¥Ã� ¹ ���! #" ôÍò � ñ¶ò-R Y � Ù. Ù�$ Ù�Ä&%ÂÇ('"È ô # ¾ � § �Í½���À���)��¿©Â© Ù+*�ô�Y � ñ¶ò ) ï � ÙYÍÙ�,�Ù�-�ÇµÆ�Ç�Ð�Ç	ô/. � # ¾ � § ��³Í¯µ´�� . � ¤ Ù  /0 ô ñ ) Y�R � ñ²ò ) S � ÙSÍÙ�1�Ù�%�Ù�2�áµóäá�ë�ô&���435*ôGR ��R � ñ²ò �¿ï � Ù) Ù6-�Ó�Ù�N�Ù>	�Î¥ÏµÎ¥Ð Ç(�	Ð�M�Ù87�È �+'	Õ�É ô # ¾ � § �÷½ü�¢À �:9 "+; ô|ñ ) S ) �� ñäò¥ò S � ÙR�Ù��!Ù�<�Ç¢É®Ø Õ�=�ô # ¾ � § �)½°��ÀÙ ; ��>ô*R �¢ï � ñ²ò ) � � Ù�ÍÙ&1dÙG%�Ù&2�áµóäáµë ô �èÙ�øüÙ��¥å�í¿ã)ô&%�Ù �èÙ�� Ú á '¶Ü¨ç"ô@?BA 3C� *D>ô�ï�ñäò-Y

� ñäò � . � ÙòÍÙ�NüÙ@<bÕE�+=ÂÕ�ÈÊ× Û ô)# ¾ � § �½ü�¢À Ù ;E0 ��ô . ñ�R � ñäò-S-R � ÙñEW�Ù!��Ù�FG�äÇ�'ÍÈ�Ç#�¥ÐIH�Ù#X�ÈJ'¥ÎK% Û ÈÊÌ¥ÇÍô . � # ¾ � § ��³�¯¨´�� . � ¤)Ù  +; ô�ï-Y�� )� ñäò )a) � Ùñ¥ñµÙ�ø�Ù ÚüÙ*+ ë	ê¨æ¥Ýµð�Üµù�ô �L���M;( DN ôÍï S�R � ñ²ò¼R$R � Ùñ¶ïÍÙGPÙ+O"Ù)X�È Ò¥ÇD'¿Õ°Ç(�	Ð8P�Ù���Ó¥Ì�ÎÍô # ¾ � § �½ü�µÀ��&)��µ©Â©äÙ��Íô �¥ï � ñ¶ò ) ï � Ùñ . Ù+OÍÙ�Ä�Ù�N�Ó¿Ì�=ÂÕ²Ò�ôK. � # ¾ � § � �RQTS �µ©£�Ã # ¾ � § �U; ô�Y¥ò . � ñäò�R�ñ � Ùñ�YÍÙ�Ä�Ù&N�Ð�Ç�Æ�%èÇ(�	Ð:,�ÙV��Î¥ÉW%ÂØÂÕ�ÈJ�ô . � # ¾ � § �YX�¾µ�¢¡ ��³�¯¥ÃÊ� ¹ § ;E0 ô�ï S-Y
� ñäò-Sµò � Ùñ�SÍÙQUèÙ�Ä�ÙyP�ÆèÈ Ø Û ôQUèÙaNüÙb	 Ç�=ÂÇKZ[Zäô�Ç(�	Ð5O�Ù\��ÙUP�Î#]üÕ�É ÉÂô # ¾ � § ��½ü�µÀÍÙ
�^;�N#" ô ñ¢ñ¿ñ � � ñäò ) Y � Ùñ ) Ù��!Ù�<�Ç¢É®Ø Õ�=�ô�# ¾ � § �)½°��À ��) �¥©Â© Ù ;�_ ô ) Y¢ï � ñäò ) S � Ù

~���� ���������i�i�a� �6�a� ���i�%���a���>�&ñ�ò�ó�ó�ó@ñ���ëw{��&ña��ò�ò òw{%|$ó



���������	��
� ��������������������� � � ����� ����������������� � �
�!� ��� ��
��"� �#
��������$����
�� %�� ��&'���!&!����
(� )#��� ��� *

+,��-�.�-�/0��&��!*

, Û Õ21¥Î¥ÉÊØÂÇ¨Ï¥Õ�Î ZC% È ��Ï	ÉÊÕ�×E= Ò+%ÂØÂÇ¢Éa	�È�È %üÈ �31¥ÕE%ÂØ È Ï¥Ç¨ØÂÕ¶Ð�È �Ø Û Õ°ÐÍÈ =ÂÕ¶×¨Ø«È Î#�:��
× ���#�  ⊥

È %�Ø Û Õ�Ø =ÂÇ��+%�1¥ÕE= %ÂÕ41¥Î¥ÉÊØ Ç�Ï¥Õ � È �
%ÂØ =ÂÎ#��Ï ×E=ÂÎ#% %ÂÕ¨Ð Õ�É®Õ¶×¶Ø = È ×H Ç(�	Ð Æ°Ç¨ÏK��Õ¶Ø È × � ZªÈ ÕµÉÊÐ+%
Ó���Ð¥Õ(=�Ø Û Õè×¶Î#��Ð"È Ø È Î#� Î Z Ú�Û Î#��ÎD� ÏµÕ��¥Õ(=ÂÇ�Ø È Î#��Ù�, Û ÕèÈ � Z®Î#=äÅÆ�Ç�Ø È ÎK� Û Ç(%�Ì	Õ¶Õ(� Ð�ÕE= È 1¥Õ¨Ð Ç�Ì�ÎµÓ	Ø�Ø Û Õ Õ�É®Õ¶×¶Ø =ÂÎ#�ÍÈ ×
Ç�×¨Î¢Ó+%ÂØ Î¥Å®Õ¶ÆLZ®�b�� ÎKZ�	�ÈY=ÂÕE% Ú Î#��%äÈ Ì"É Õ Z®Î#=�Ø Û Õ8=äÕ¶Ï	È Î#��%�Î�Z

��Õ¶Ï¥Ç�ØäÈ 1¥Õ Ð	È Z[ZÕE= ÕE�	Ø È ÇµÉ�×¶ÎK�¥Ð�Ó	×¶Ø È 1�È Ø Ò ÈJ� Ø Û Õi×¶Ó�= = ÕE��Ø Å
1¥Î¥É ØÂÇ�Ï¥Õd× Û Ç#=ÂÇ�×¶Ø ÕE=¼È %ÂØäÈ ×E% ! ÅA�

⊥
Ù:, Û ÕdÇ�×¶ÎµÓ+%ÂØÂÎµÅÕ¶Æ ZvÈ %

Æ�Õ¶Ç�% Ó�=ÂÕ¨Ð�ÇD%�Ç(� Ç�Ì+%ÂÎ¥ÉÊÓ�ØÂÕ51¥Ç¢É Ó	Õ�ÎKZ�Ø Û Õ�Ø =ÂÇ#�K%61¥Õ�= % Õ71¥Î¥É ÅØÂÇ¨Ï¥Õ�ÐÍÈJZ[Z®ÕE=ÂÕ��¥×¨Õ�Ì�Õ�Z®ÎD= Õ�Ç(�	Ð�ÇKZ®ØªÕ(=öØ Û Õ8%ÂÇ¨Æ Ú É Õ�× Û ÇD�¿Ï¥ÕE%È ��ØÂÎ�Ø Û Õ Ú-Û Î#��Î#�sÏµÕ(�¥Õ�=ÂÇ¨Ø È Î#�v×¶ÎD��ÐÍÈ Ø È Î#� Ù!, Û Õ�Ð	Õ Ú ÕE�	Ð¿ÅÕE��×¶Õ|Î+Z�Ø Û Õ�Çµ×¶ÎµÓ�%ÂØ Î¢Å®Õ¶Æ Z�Ó Ú Î#�fØ Û Õ98�Ó	Ç(�	ØÂÈW�¼È ��ÏbÆ�ÇµÏµÅ
��Õ¶Ø È × Z È Õ�ÉÊÐdÈ %:ZÎµÓ+�	ÐkØÂÎbÌ�Õ ��Î#�	Æ�Î#��Î¢Ø ÎD��ÎµÓ�%¨Ù�, Û È % È %Ç¨ØÂØ = È Ì�Ó	Ø Õ¨ÐbØ Î�Ø Û Õ�ÎK%Â×�ÈÊÉ®É®Ç�Ø È Î#�bÎKZ!Ø Û Õ�Õ�É Õ�×¶Ø = ÎD��Å Ú�Û ÎK�¿ÎK�Ï¥ÕE��ÕE=ÂÇ¨Ø È ÎK�:=ÂÇµØ Õ ∂. / 1 ∂ : ÈJ� Ø Û Õ�Æ°Ç¨ÏK��Õ¶Ø È ×8Z È Õ�ÉÐô�Î#=¢ô�ÈW�ÎµØ Û ÕE= ]�ÎK=ÂÐ+%�ô�ØÂÎ Ø Û Õ�Î/%Â×�ÈÊÉÉ®Ç�ØäÈ ÎD�+%�Î Z Ø Û Õ Ú�Û ÎK�¥ÎK�¥Å®Õ¢É Õ¶×¶ÅØ = ÎD��×¨Î¥ÉÉÈW% È Î#�8Z = Õ;8�Ó¥Õ��¿×¶Ò τ4 �− 5 Ù
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