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�hv�� Z\AG}~?2J2M PGx�Hyx�O\O@JBO@A#Ly�-��?2J2W x�TV}KJpHKF v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v  
�hv � � X2O�� }~X2OQJh�eO@AGL����°}~XBJ |yHKAGTIHyx#TV}~JpHyF��2AGTVJ2WQT��2F�O v²v¨v²v¨v¨v²v\v¨v²v¨v²v �
�hv{� � ?2A#AGO@J�x!MBO@J2PGT�x��_��?2J2W x�T�}~JpHKF»x#X2O@}KAG� v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v´�~�
�hv�� �!HKA�x�A#OQO ����}hWYR-T�J�x#O@A#HKWQx#TV}~J v¨v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v´�n�
�hv"! � }~A#AGO@FIH�x�TV}KJ_TVJ�x�OQA�HKW x�TV}KJ v²v¨v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v´�#!
�hv{¡ �\}KX2J$�&%hXpHKS'� u TVA#HKW!O)(�?pHyx�T�}~J_v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v´�n¡
�hv   � X2O²F�}«W@HKF»MBO@J2PGT�x�� H*�+�BA#}-,«TVS&Hyx�T�}~J v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v´�n�
�hv/. ¤ u �µ�1HKJ2M }~AG�2T�x�HKF»S&HKL~J2O x�T�P#S v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v/�KÆ

0 1 d32�q�bnmpo54E^eo�m2d�qr��m«bgqr^elÅ`~^edgdgfh`Kbgq�^ lk¯ �60
�«v�� u O)7pJ2T�x�T�}~J_}K��P8�2T�J[HKJBM�}~AG�2T�x�HKF»SU}~SUO@J�x�P T�J u �µ�+v²v¨v¨v²v\v¨v²v¨v²v/���
�«v � %«O@SUT9� O@S:�2TVAGTVWcHyF }~AG�2T�x�HKF;�e}~FVHKA#T�>cHyx#TV}~J&W@}~AGA#O@W x�T�}~J v²v¨v¨v²v\v¨v²v¨v²v/�<!
�«v{� =°AG�2T�x�HKF>�e}~FIHyA#TV>@Hyx�T�}~J�OQJ2O@AGL~TVOQP�TVJ?�@% u x#X2O@}KAG� v¨v²v¨v¨v²v\v¨v²v¨v²v/�~ 

�Bv{�«v�� � X2O\}~AG�2T�x�HKF»M2OQJ2P#T�x��BA tDC z�v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v/�K�
�Bv{�«v � =	A#�2T�xYHKFwS&HKL~J2O x�TVPGS T�J HKJ TVJ�x�A#H3��PGX2O@F�Fw��T�x�XE�!HKA�x�AGO@O ���p}«WYR

TVJ�x#O@A�HyWQx�T�}~J v¨v²v¨v²v¨v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v/�K�
�«v�� � }~SF�BFVOQx#OG�@% u O)(�?pHyx�T�}~J v¨v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v*�B�

�Bv��Bv�� �D?BS&OQA#TVW@HKF»AGO@PG?2F�x#P v¨v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v*�~�
�«v"! � }~J2W@F�?2P#T�}~J�v¨v¨v¨v¨v¨v²v¨v²v¨v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v*�H!

I J �kfLK�^e��l>M �a�­mpjNM�] qrdgmp` f$O»ikmBbnqr^el�qrl�¯@^eorqs�k¯ 0 �
�Bv�� =°AG�2T�x�HKF�SU}~SUO@J�x HKJ2M }hW@W@?P�pHyx�T�}~J J�?2S��eO@A�TVJ �RQTSU= v¨v²v\v¨v²v¨v²vV��Æ

�2v��Kv�� QEA#}3WGOQWQx#TV}~J HKAGL~?2SUO@J�x�P&v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²vV�2�
�Bv � � X2OX=YQTZ+��?2J2WQx#TV}~J2HKF v¨v²v¨v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²vV���
�Bv{� � X2OX=YQ�CÅ��?2JBWQx�T�}~JpHKF v¨v²v¨v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²vV�<�
�Bv�� =°AG�2T�x�HKF�S&HKL~J2O x�T�P#S T�J_� WQW �pO�[2X2W\�]� }&HKJ2M ��W@W¨�DT�v¨v¨v²v\v¨v²v¨v²vV�^!

�2v��Bv�� � }~S:�2?Bx�Hyx�T�}~JpHKF M2OQx�HKTVF�P v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²vV�^!
�2v��Bv � ¤ O@P#?BF�x�P�HyJ2M�MBTVP#WQ?2P#PGTV}~J v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²vV�^!

�Bv"! � }~J2W@F�?2P#T�}~J�v¨v¨v¨v¨v¨v²v¨v²v¨v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²vV�H.
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!hv � ¤ OQP#?2F�x�P HKJ2M M2TVPGW@?2PGP#T�}~J v²v¨v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v !~�
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!«v �hv�� ��}~F�?2S&O!M2O\�eO@J2MBO@J�x �BA#}<�eO@A�x�TVOQP�}K� � } � ��O-%«T*v¨v¨v²v\v¨v²v¨v²v*¡~Æ
!«v �hv"! �!HyF�� ��SUOQx�HKFVF�TVWQT�x��6v²v¨v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v*¡*�

!hv{� � }~J2W@F�?2P#T�}~J�v¨v¨v¨v¨v¨v²v¨v²v¨v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v*¡H!
� �²^�qsj 4�i­dyq�bgq�fh¯�qsl��_i��k^e¯Qb&j�m«bnd�qs`~fh¯ � �

¡«v�� � }~SF�B?BxYHyx#TV}~J2HKF»M2O xYHKT�FVP v²v¨v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v*¡<.
¡«v � ¤ OQP#?2F�x�P HKJ2M M2TVPGW@?2PGP#T�}~J v²v¨v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v/ KÆ

¡Bv �hv�� Z°O@}~SUOQx#AG�-}*�Bx�T�S&T�>cHyx#TV}~J+v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v/ KÆ
¡Bv �hv � CEFVOQWQx�AG}~J2T�W°PGx�AG?2WQx#?2A#O¨HKJBM�S&HKL~J2O x�T�W �2A#}*� OQAGx�T�O@P�v²v\v¨v²v¨v²v/ KÆ
¡Bv �hv{� ��}hM2O@FaW@HKFVWQ?2FIH�x�TV}KJ2P v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v/ K�
¡Bv �hv�� £ S:� }~A�xYHKJBW@O°}K�R=YQ�W@}~AGA#OQWQx�T�}~J2P6v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v/ ��

¡«v{� � }~J2W@F�?2P#T�}~J�v¨v¨v¨v¨v¨v²v¨v²v¨v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v/ ~ 
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�«v � =°AG�2T�x�HKFR�e}~FIHyA#TV>@Hyx�T�}~J[WQ}~A#AGO@W x�TV}KJ2P°x�}_x�X2ONx#}KxYHKFµO@J2OQA#LK�%}y� �"! TV}~J2P
}K�k�"#NO@F�O@SUO@J�x�P t ?+�+�eO@A5�pHKJ2OQF�zwHKJ2M_�$!/T�}~J2Pw}K� �&%�OQFVO@SUO@J�x#P t F�}n� OQA
�pHKJ2OQF�z ¥Ex#X2O\W@}~J�x�AGTV�2?«x�TV}KJ2P x�}('*)�+-, t �2FVHKWYR�x#X2TVWYR-F�TVJ2OQPYz HKWQW@}~AGM2TVJBL
x�} t CT(�v �Bv �� ~z­HKA#O M2O@J2}yx�O@M ���¨�2FVHKWYR°x�X2T�J²F�TVJ2OQP t/. ' �1032&4)�+ z [~�2F�?2O�x�X2T�J
FVTVJBO@P!��T�x�X%�2?2F�FVO x�P t/. '*��� ��z!HyJ2M¬A#O@M�x#X2TVJ%F�TVJ2OQPD��T�x�X%}<�eO@J%WQTVA#WQFVOQPt
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�Bv�� ��}Kx�HKF°P8�BTVJ M2O@JBP#T�x�� }y�²P�xYHyx#O@P ��}~A_�eW@W,�pO*[!XBW\� � }+[	HKJBM ��WQW � T [
OQ|yHKFV?2Hyx�OQM,��T�x�X%��?2FVFµA#O@FVHyx�T�|hTVPGx#TVWN� Q SU= P#WYX2OQS&Oyv £ J2MBTVW@OQP�9[HKJ2M;:
M2O@J2}yx�O\��}~A S�H�WG}~A#T�x��-HKJBM�SUTVJ2}KA#T�x��UM2OQJ2P#T�x�� }K��PGxYH�x�O@P)[�A#O@P � OQWQx#T�|~OQF��Kv ��¡

!hv�� � AG�hPGx�HKF­PGx�AG?2WQx#?2A#O¨}K�k��?2FVF ��� O@?2PGFVO@A HKFVF�}g�*[ � } � �pO-%«T vhv²v¨v¨v²v\v¨v²v¨v²v !«�
!hv � ��}Kx�HKF M2OQJ2P#T�x�TVOQPN}K�DPGxYH�x�O@P¢}K�!HKF�F W@}KJ2P#T�M2O@AGO@M�WQ}~S:� }~?BJ2M2PNW@F�}~P#O-x#}

x�X2O ��OQA#SUT�FVOQ|KO@F [y}~�«xYHKT�J2O@M²���\��?2F�F��°AGO@FVHyx�T�|«T�PGx#TVWTSU% u=< W@HKFVWQ?2FIHyx#TV}~JBP@v
�[H#WG}~AGT�x�� t SUTVJB}~A#T�x��2z P �2TVJ�WYXpHKJ2JBO@FVP ��T�x#X�MpHyP#X2OQM�A#OQM t PG}~FVT�M �BFV?2Ocz
FVTVJBO@PEHKAGO P#XB}g��JUTVJ�x#X2O ?+�+�eO@A t FV}n� O@AYzU�pHKAGx#PE}K��x�X2O T�J2M2T�|«T�M2?pHKF^�pHyJ2O@F�P@v !<!

!hv{� � } �yM �pHKAGx#TIHKF u =G%,��}~A � } � ��J < F t ?+�P� OQA'�pHKJ2OQF�z²HyJ2M � } � ��J %hTt FV}n� O@A �pHKJ2OQF�z v � X2O²x#X2A#OQO � ��}KFVM M2O@L~OQJ2O@A#Hyx�O�> �@? t x�� }�� ��}KFVM M2O@L~OQJ2O@A��
Hyx�OBA ? z P�xYHyx#O@P¢HKAGO_P#X2}n��J ��T�x#X MpHKP#XBO@M A#O@M t P#}~F�TVM��2F�?2Onz¨FVTVJBO@P�T�J
S�H#WG}KA#T�x�� t 9«z HKJBM�SUTVJ2}KA#T�x�� t :«z P8�2T�J�PG?2�$��PGX2O@F�F v_v¨v²v¨v¨v²v\v¨v²v¨v²v !*.

!hv�� u O@J2PGT�x�� }K�µPGxYH�x�O@P }K� � } � �pO�%«TaWQFV}~PGO¨x#}Ux#X2O �pOQA#SUT�FVO |~O@F [pOQ|yHKF�?pHyx�OQM
��}~A x�� }-M2TDC»OQA#OQJ�xDFIH�x#x�T�W@OY�pHyA�HKSUOQx#O@A#PQv � X2O@}KA#OQx#TVW@HKF­FIHyxGx�TVWQOG�pHKA�HyS �
OQx�OQA@¥°��?2F�Fµ�2FVHKWYR�FVT�J2O@PFEE�"G Æ��#� ��}KFVM�O�,P�eO@AGTVSUO@J�xYHyFEFIHyxGx�TVWQO��pHyA�HKSUOQx#O@A@¥
MpHKP#XBO@MUA#O@M¢F�TVJ2OQP@vE��H#WG}~A#T�x�� t S&T�J2}~A#T�x��Bz­P �2TVJ u =G%�HKA#O LKT�|~OQJ¢TVJ�x�XBO
?+�+�eO@A t FV}n� O@A�z �pHKAGx }K�kx�XBOG72L~?2A#Oyv_v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v*¡B�

!hv"! Z HKJ2M PGx�AG?2WQx#?2A#O&}K� � } � ��O-%«T t ?P�+� OQA �2HKJ2O@FIz°HKJ2M � } � ��J %«T t F�}n� OQA
�pHKJ2OQF�z W@F�}~P#O\x�}¢x�X2O²�pO@AGS&T�F�OQ|KO@F v � X2O¨P8�2T�J[WYXpHKA#HKWQx#O@A TVP�TVJBM2TVW@Hyx�OQM
��� x#X2O²AGO@M�M2HKP#X2OQM�FVT�J2O@P t S�H#WG}KA#T�x���P8�2T�J�z�HKJ2M[�BFV?2O°��?2F�FaFVTVJBO@P t SUT9�
J2}~A#T�x��_P8�BTVJ�z v v¨v¨v¨v¨v²v¨v²v¨v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v*¡B�
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 �nÆ����

 t !«v{�~ ��¨Æ«v{ÆH!Kz���� Hyx����G! ��� v´v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v*¡��
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P#X2}n��P�x#X2OL� }�Hyx�}KS Hyx¢x�X2O?�e}~P#T�x�TV}KJ }y� t����� ���� �� zUHyJ2M x#X2O L~A#OQO@J
P8�2X2OQA#OQP[P#XB}g� x�X2O 7pAGPGx J2O@HKA#OQPGx J2O@T�L~X�� }KA_}K� LK}~FVM Hyx#}~SUP-x�} � }
Hyx�}~S TVJ HNW@?2�2T�W\PG�hS&SUOQx#AG�Kv v¨v²v¨v²v\v¨v²v¨v¨v²v¨v²v¨v¨v²v\v¨v²v¨v²v*¡~�

¡«v � Z\OQ}~S&O x�A���}<�Bx#TVSUTV>@Hyx�T�}~J £ ¥�W@HKFVWQ?2FIH�x�O@M�x#}KxYHyF O@J2OQA#LK� t ��Cwz�TVJ M2O��
� OQJ2M2O@JBW@O¨}K��x#X2O°J2O@HKA#OQPGx J2O@T�L~X�� }KA � }�� < ? MBTVPGx�HKJ2WQO°TVJ_x�X2O°PGWcHKFVHKA&�
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>{ 	 : � M j l+lw� gPkTk X O RwV gPURWVKX kTg RwR j o�X1o M-U l�R gPU R M p 
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scalar−relativistic
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� j r-{@O X 5s&i^ � 6 X M �zX)R OG0'M m@R j � j43 g R j M-U$+ � o gPk o {KkTg RWX Z R M R gPk X U X O[r60 � � ��� j U Z X)mnX U �Z X U o)X M pARWV@X U X gPO X�l[R U X j r V ��M-O � M � 
>{'Z j l[R gPU o�X j U RwVKX�lwo gSk¢gPO � O X k¢g R j ¡ j l�R j o �2{ mKm�X Om gPU X k ��gPUKZ p {@kTk � O X k¢g R j ¡ j l�R j o j U o kT{KZ j UKr lwm j U � M-Ow� j R�o M-{ m k j U@r�gPU@Z * )B` o M-O[O X)o)R j M-U� kTM q X O m gSU X k ��g mKm O[Mcg o�VKX)l &
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Au32 (fcc−supercell)
Au31Co

� j r-{@O X 5s& D � 6 X M �zX)R OG0'M m@R j � j43 g R j M-U$+ + � o gSk o {@k¢g RwX Z R M R gPk X U X Owr60�M p 
1{ 	 � �2�Kk¢g o��o j O o k X>m M j U Rwl �8gSUKZ 
1{ 	 : � M � O X Z l Y]{KgPO X<m M j U Rwl ��g l g p {@U o)R j M-U�M p�l { m�X O o�X k%knkTg RwR j o)Xo M-U l�R gPU R j U RwVKX l[o gPkTgPO � O X kTg R j ¡ j l[R j oFl[o�VKX��zX & � VKX�R M R gPk X U X OwrB0'M p 
1{ 	 � j l1l[V j p RwX ZR M�� Xzo M �zm gPO X Z�q j RWVyRWVKXzR M R gPk X U X Owr60yM p 
>{ 	 : � MK& 
<g l[VKX Z gSUKZ l MPk j Z�¡ X O R j o gSkk j U X�lQlwV M#q RWVKX M msR j � j 3 X Z!kTg RwR j o�X1o M-U l�R gPU Rwl M p 
1{ 	 � gPUKZ 
>{ 	 : � M 7CO X)lwm�X�o�R j ¡ X kV0-&
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Co projected DOS
Total−DOS (Au31Co)

� j r-{@O X 5@& f � � gPk o {Kk¢g RWX Z�Z X U l j R j X)l M p�l�R g RwX�lYp M-O l { m�X O o�X kTk l�R O[{ o)R {KO X gSUKZ � Mxg R M � &� VKX�l M-k j Z�k j U XxlwV M q RwVKX�l[m j UyO X)l M-k ¡ X Z 
 *�] p M-O RWVKX q V M-k Xz� g R O j � gPUKZ�ZCg l[VKX Zk j U X�lQlwV M#q RWVKX � M m OwM�A X�o)RwX Z 
 * ]�& � VKX ¡ X O R j o gPk.k j U X<l[V M q l�RwVKX � X O � j k X ¡ X k*&

¡PgSkT{ X)l j U m gPO X U RWVKX)lwX�l q X O XQo gPk o {Kk¢g RWX Z�q j RWV�V 0]�KO j Z j43 X Z�* ) o MPOwO X)o)R j M-U p {@U o)R j M-UCgSkR Mx� X�o M �zm gPO X Z�q j RwVeRwV M l[X ¡SgPk%{ X�l MP{ R M pam gPO X U RWVKX)lwX)l>o gPk o {Kk¢g RwX Z!q j RwV M-O RwV M-r-M �UCgPk p {@U o)R j M-UCgSk l & � VKXxo gPk o {Kk¢g RWX Z�Owg R j M l ( R b ( � gPO X o M ��m gSO X Z�q j RWV RWV@X � � � 
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M p ;6=>=>= 
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j �zm {KO j R 0�gPUKZ�$CO l[R k¢g 0 X OQM p r-M-k%Z!g R M ��l gPO X<l[V M q+U.& *<�c¡ j MP{ l kV0>7 RwVKX k¢g R[R j o�X O X kTg �v�g R j M-U o M-U l j Z X OWgP�@k40 O X ZK{ o�X�l�RWVKX M-O[� j R gPk � gPr-U X�R j ox� M �zX U R M p8RWVKX � M j �zm {KO j R 0-&
\ V j k X j U RWVKX �H]�
�
 gPU�M-O[� j R gPk � M �zX U R M p =@&_^6= ��� j l1p MP{KUKZ p M-O RwVKX {KU@O X kTg �sX Zl[R O[{ o)R {KO X � R M�� X+o M ��m gPO X Z	q j RWVxRWV@X �H]�
�
�¡SgPkT{ X =@&i^BD ��� M p�RWV@X � � � * ��X�RWV M]Z
 Y@ f = " �Q7 RwVKX�� M]Z X Owg RWX O X kTg � g R j M-U�M p ^>W 0 j X k%Z l g k¢gSOwr X MPOw� j R gPk � M �zX U R O X ZK{ o)R j M-U�90!gP�nMP{ R ^@?>W�& � V j l+X ! X�o�R�V g l � X)X U p M-{KUKZ j U m O X�lwX U o�X M p �nM RwV * ) o M-OwO X�o�R j MPU lg l q X k%k<� lwX�X � gP�@k X 5s&4@�� & � gSk o {@k¢g R j M-U l�X)��m k%M20 j UKr RwVKX * )a� o M-O[O X�o�R j M-U 0 j X kTZ�gP�nMP{ RD>=JW V j r VKX O�M-Ow� j R gPk � M ��X U RWl�RwV gPU RwV M lwX { l j UKr RWVKX * )a` o M-OwO X�o)R j M-U &�+�U �nM RWVg mKm O[Mcg o�VKX)lFRWVKX Owg R j MI� X)R q X�X U�M-Ow� j R gSkAgPU@Z lwm j U � M �zX U R j l kTgPOwr X O RwV gPU RWV@XxX �v�mnX O j �zX U R gPkA¡SgPkT{ X & ]s{ o�V gPU�M ¡ X O X)l[R j � g R j M-U�M p MPOw� j R gPk � gPr-U X)R j lw� j l<p O X Y]{ X U R kV0�K{ R UKM R gPk q�g 0 lQp M-{KUKZ j U RwVKX �^] 
 
�� * ) g mKm O[Mcg o�V � lwX)X � V g m@RWX O ?@��&
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