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QZklbgZ �Kbkl_fb�dhhj^bgZl�<_dlhjgZ�Ze]_[jZ \ djb\he�g�cgbo�dhhj^bgZlZo� ����AZ]ZevgZ�^_dZjlh\Z�kbkl_fZ�dhhj^bgZl�
xx >_dZjlh\��dhhj^bgZlb�gZ�iehsbg�Ihgylly kbkl_fb� dhhj^bgZl� ijbjh^gh\bgbdZ}� ijb� jha\
yaZgg�� lZdh]h� iblZggy�ydbf� qbghf� fh`gZ� hoZjZdl_jbam\Zlbijhklhjh\_� iheh`_ggy� lhqdb� 3 gZiehsbg�"Sh[� \�^ih\�klb� gZ� ihklZ\e_g_� iblZggy�� kihqZldm� ijh\_^_fh� gZiehsbg��ijyfm�e�g�x �^b\��jbk� �����H[_j_fh�gZ�ijyf�c�i_\gm�lhqdm�2c gZa\_fh��� gmevh\hx�lhqdhx��AZn�dkm}fh�s_�h^gm�lhqdm�gZ�ijyf�c�lZihagZqbfh� �� pbnjhx� ��� >h\`bgm� \�^j�adZ� f�`� lhqdZfb� 2� lZ� �\\Z`Zlbf_fh� h^bgbp_x� \bf�jm� \�^klZg�� \�^� gmevh\h�� lhqdb� ^h� [m̂ v�ydh���grh��lhqdb�iehsbgb��Iheh`_ggy�^h\�evgh��lhqdb� 0 gZ�ijyf�c\bagZqZ}lvky�qbkehf� [ ��fh^mev�ydh]h�^hj�\gx}�^h\`bg��\�^j�adZ�20�\ h[jZgbo� h^bgbpyo��� <\Z`Zlbf_fh� [ ^h^Zlgbf�� ydsh� lhqdZ� 0jhalZrh\ZgZ� a lh]h�` [hdm� \�^� gmevh\h�� lhqdb��sh� c lhqdZ� ���Ydshlhqdb� 0 lZ� �� jhalZrh\Zg�� a j�agbo� [hd�\� \�^� gmevh\h�� lhqdb�\\Z`Zlbf_fh� [ \�^
}fgbf��Qbkeh� [ gZab\Zxlv� dhhj^bgZlhx� lhqdb0 gZ�ijyf�c��>Ze��fb�ih[Zqbfh��sh�\\_^_g_� lZdbf�qbghf�ihgyllydhhj^bgZlb�lhqdb�ma]h^`m}lvky�a hagZq_ggyf����� dhhj^bgZl�\_dlhjZ����� HagZq_ggy� Ijyfm�a h[jZgbfb�gZ�g�c�gmevh\hx�lhqdhx�2 lZh^bgbqgbf�\�^j�adhf�2��gZab\Zxlv \�kkx�dhhj^bgZl�
� J_g_�>_dZjl� �DZjl_a�mk���\b^Zlgbc� �̂yq�njZgpmavdh]h�\�̂ jh^`_ggy��`b\�m ����±���� jj�� �\keZ\b\ky�gZmdh\bfb�ijZpyfb�afZl_fZlbdb��f_oZg�db��hilbdb�lZ�n�ehkhn���
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���� HagZq_ggy� >\�� g_iZjZe_evg�� hk�dhhj^bgZl� 2; lZ� 2<�� shi_j_lbgZxlvky� m ki�evg�c� gmevh\�clhqp��� ml\hjxxlv� aZ]Zevgm� ^_dZjlh\mkbkl_fm� dhhj^bgZl gZ� iehsbg��jbk� �����Px�kbkl_fm�gZab\Zxlv�lZdh`dhkhdmlghx�� Z[h� Zn�gghx�� <�kv� 2;gZab\Zxlv� \�kkx� Z[kpbk�� \�kv� 2<� ±\�kkx� hj^bgZl�� lhqdm� i_j_lbgmdhhj^bgZlgbo� hk_c ±� ihqZldhfdhhj^bgZl����� AZm\Z`_ggy� < aZ]Zevg�c�^_dZjlh\�c�kbkl_f��dhhj^bgZl�h^bgbp�\bf�jm�\�^klZg_c�ih�hkyo�2; lZ�2< fh`mlv�[mlb�j�agbfb��<\_^_ggyj�agbo� h^bgbpv� ^h\`bgb� [m\Z}� Z[khexlgh� g_h[o�^gbf��GZijbdeZ^�dheb� gZdj_kexxlv� gZ� iehsbg�� i_j_j�a� lhgdh�� ie�\db�� �� lh\sbgmqZklh�\dZamxlv�m f�djhgZo��Z rbjbgm�Z[h�^h\`bgm�±�m f�e�f_ljZo��lZ�s_�c ah[jZ`mxlv�p��h^bgbp��^h\`bgb�m j�agbo�fZkrlZ[Zo��Ydsh�g_ajh[blb� pvh]h�� i_j_j�a� ie�\db� [m̂ _� e_^v� ihf�lgbf� �Z[h� ah\k�fg_ihf�lgbf��^ey�g_ha[jh}gh]h�hdZ����� HagZq_ggy� Ijyf�� iZjZe_evg�� ^h� h^g�}�� a hk_c� dhhj^bgZl�gZab\Zxlv�dhhj^bgZlgbfb�ijyfbfb�^_dZjlh\h��kbkl_fb�A ^_dZjlh\hx� kbkl_fhx� dhhj^bgZl� gZ� iehsbg�� ih\
yamxlv \_dlhjbH H[ \� � sh�e_`Zlv�gZ�hkyo�2; lZ�2< �\�^ih\�^gh���ihqbgZxlvky�gZihqZldm� dhhj^bgZl� � gZijyfe_g�� \ [�d� �o� ajhklZggy� �jbk� ����� P�\_dlhjb�ml\hjxxlv�[Zabk�gZ�iehsbg���Dml�Z f�`�hkyfb�dhhj^bgZl\�^jZoh\mxlv�\�^�gZijyfdm� H [ � \\Z`Zxlv�^h^Zlgbf�� dheb�ih\hjhl\_dlhjZ� H [ ^h� gZijyfdm� \_dlhjZ� H \ a^�ckgx}lvky� ijhlb� jmom]h^bggbdh\h��klj�edb��� \�^
}fgbf�±�\ h[_jg_ghfm�\biZ^dm����� HagZq_ggy� >_dZjlh\m�kbkl_fm�dhhj^bgZl�gZ�iehsbg��gZab\ZxlvijZ\hx dheb� � < <ω π � e�\hx��dheb�− < <π ω ��Ih\_jg_fhky�^h�iblZggy�ijh�iheh`_ggy�lhqdb�3 gZ�iehsbg��
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���� HagZq_ggy� =_hf_ljbqgbc� \_dlhj� U�� ihqZlhd� ydh]h� e_`blv� gZihqZldm�dhhj^bgZl��Z d�g_pv�±�\ lhqp��3��gZab\Zxlv�jZ^�mk�\_dlhjhflhqdb�3 �jbk������JhadeZ^_fh�jZ^�mk�\_dlhj�lhqdb�3 m [Zabk��{ }H H[ \� �U H H= +[ \[ \ � ��������� HagZq_ggy� >_dZjlh\bfbdhhj^bgZlZfb� lhqdb� 3� gZ� iehsbg�gZab\Zxlv� dhhj^bgZlb� [�� \ �� jZ^�mk�\_dlhjZ�\ [Zabk��{ }H H[ \� � Dhhj^bgZlm�[gZab\Zxlv�Z[kpbkhx�� Z \ ±�hj^bgZlhxlhqdb�3����� AZm\Z`_ggy� Ihgylly� ^_dZjlh\bodhhj^bgZl� fZ}� ijhklbc� ]_hf_ljbqgbcaf�kl�� dhhj^bgZlg�� e�g����sh� ijhoh^ylvdj�av� lhqdm� 3 i_j_lbgZxlvky� a hkyfbdhhj^bgZl�m i_\gbo�lhqdZo�0 lZ�1��yd�gZab\Zxlv ijh_dp�yfb lhqdb� 3 gZ� \�^ih\�^g�� hk��� qbkeZ� [ lZ \^hj�\gxxlv� ^h\`bgZf� \�^j�ad�\� 20 lZ� 21� >_dZjlh\�� dhhj^bgZlbfh`mlv� [mlb� �� �klhjbqgh� [meb�� hagZq_g�� kZf_� yd� qbkeZ�� sh\bagZqZxlv�iheh`_ggy�lhqhd�i_j_lbgm�dhhj^bgZlgbo�e�g�c� a hkyfbdhhj^bgZl��:e_�kmqZkg_�hagZq_ggy ��� fZ}�^m`_��klhlg��i_j_\Z]b�gZ^�klhjbqgbf��a h^gh]h�[hdm��\hgh�^ha\hey}�\bdhjbklh\m\Zlb�ihlm`gbcZiZjZl� e�g�cgh�� Ze]_[jb� ^ey� jha\
yaZggy� ]_hf_ljbqgbo� aZ^Zq�� Z a�grh]h�±�ihe_]rm}�kijbcgylly�hkgh\gbo�iheh`_gv�e�g�cgh��Ze]_[jb�gZ^Zxqb��f�ijhklm�]_hf_ljbqgm��gl_jij_lZp�x�M ���� fb� mi_\gbebky��sh� �kgm}� \aZ}fgh�h^ghagZqgZ� \�^ih\�^g�klvf�`�\_dlhjZfb�lZ� �o�dhhj^bgZlZfb�\ aZ^Zghfm�[Zabk���Hkd�evdb�dh`gZlhqdZ�iehsbgb�3 fZ}�h^bg�}^bgbc�jZ^�mk�\_dlhj��lZdZ�` \�^ih\�^g�klv�kgm}�f�`�lhqdZfb�lZ� �o�dhhj^bgZlZfb��Hl`_��\�^ih\�^v�gZ�iblZggy�
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ihklZ\e_g_�gZ�ihqZldm�pvh]h�iZjZ]jZnZ�agZc^_gZ��Knhjfmex}fh��� m\b]ey^��\bkgh\dm�����<bkgh\hd�Sh[�\bagZqblb�iheh`_ggy�lhqdb�3 gZ�iehsbg���^hklZlgvhagZclb� �� Z[kpbkm� lZ� hj^bgZlm� � \dZaZlb� �o� i�key� e�l_jb��sh� kbf\he�am}lhqdm�� ( )3 [ \� � Ijb� pvhfm� dh`g�c� lhqp�� \�^ih\�^Zlbf_� h^gZ�}^bgZ\ihjy^dh\ZgZ�iZjZ�dhhj^bgZl����gZ\iZdb��dh`gZ�\ihjy^dh\ZgZ�iZjZ�agZq_gv
( )[ \� \�^ih\�^Z}�h^g�c�}^bg�c�lhqp��gZ�iehsbg������� AZm\Z`_ggy� >m`_� qZklh� \bgbdZ}� ihlj_[Z� m agZoh^`_gg�dhhj^bgZl� \_dlhjZ� D�� ihqZlhd� ydh]h� e_`blv� m lhqp��3��� Z d�g_pv� ±� mlhqp�� 3�� Px� aZ^Zqm� e_]dh� jha\
yaZlb� aZ� ^hihfh]hx� ijZ\beZljbdmlgbdZ�� a ydh]h� \bieb\Z}��sh� \_dlhj� D ^hj�\gx}� j�agbp�� jZ^�mk�\_dlhj�\�lhqhd�3� lZ�3���lh[lh�D U U= −� �� JhadeZ^_fh�jZ^�mk�\_dlhjb�m[Zabk�� ^_dZjlh\h�� kbkl_fb� dhhj^bgZl� lZ� \jZom}fh�� ih�i_jr_�Zkhp�Zlb\g�klv�hi_jZp���^h^Z\Zggy�\_dlhj�\��m ^Zghfm�\biZ^dm�±�hjl�\��ih�^jm]_��^bkljb[mlb\g�klv�fgh`_ggy�\_dlhjZ�gZ�kdZeyj�U U H H H H H H� � � � � � � � � �− = + − + = − + −[ \ [ \ [ [ \ \[ \ [ \ [ \� � � � � � �LZdbf�qbghf��jhadeZ^�\_dlhjZ�D�aZ�[Zabkgbfb�\_dlhjZfb�fZ}�\b]ey^D H H= +D D[ [ \ \ � �����^_� D [ [[ = −� � � lZ� D \ \\ = −� � ±� rmdZg�� dhhj^bgZlb� \_dlhjZ� D m^_dZjlh\�c� kbkl_f�� dhhj^bgZl�� Knhjfmex}fh� j_amevlZl� ������ m \b]ey^�\bkgh\dm������ <bkgh\hd� >_dZjlh\�� dhhj^bgZlb� \_dlhjZ�� kijyfh\Zgh]h� �alhqdb 3� ^h� lhqdb 3��� ^hj�\gxxlv� j�agbpyf� dhhj^bgZl� pbo� lhqhd�fh`gZ�\\Z`Zlb�[Zabkg��\_dlhjb�\�evgbfb�� i_j_ghkblb��o�ihqZldb�^hihqZldm�[m̂ v�ydh]h�ijbdeZ^_gh]h�\_dlhjZ�xx >_dZjlh\��dhhj^bgZlb�m ijhklhj�>_dZjlh\�� dhhj^bgZlb� m ljb\bf�jghfm� ]_hf_ljbqghfm� ijhklhj�aZklhkh\mxlvky�^ey�jha\
yaZggy�rbjhdh]h�dheZ�fZl_fZlbqgbo��n�abqgbo�lZl_og�qgbo� aZ^Zq�� yd�� \ lhc� qb� �grbc� kihk�[� a\h^ylvky� ^h� aZ^Zq�� ijhijhklhjh\_�iheh`_ggy�]_hf_ljbqgh��lhqdb�3��Ihgylly��sh�\bgbdZxlv�ijbjha]ey^�� aZ]Zevgh�� ^_dZjlh\h�� kbkl_fb� dhhj^bgZl� m ijhklhj�� ih^�[g�� ^h



��

lbo�� sh� \\_^_g�� \bs_� m pvhfm� iZjZ]jZn��� hagZq_ggy� ����� ����� ����aZm\Z`_ggy� ����� ��� lZ� \bkgh\hd� ���� ebrZxlvky� qbggbfb� � \ljb\bf�jghfm�\biZ^dm��Lhfm�ih^Zevr_�\bdeZ^_ggy�[m̂ _�^m`_�klbkebf������HagZq_ggy� AZ]ZevgZ�^_dZjlh\Z�kbkl_fZ�dhhj^bgZl�m ljb\bf�jghfmijhklhj��kdeZ^Z}lvky�a ljvho�g_dhfieZgZjgbo�hk_c�2;� 2< lZ 2=��yd�i_j_lbgZxlvky� m ki�evg�c� gmevh\�c� lhqp�� �gZ� ihqZldm� dhhj^bgZl���Hk�2;� 2< lZ 2= gZab\Zxlv� \�^ih\�^gh� \�kkx� Z[kpbk�� \�kkx� hj^bgZl lZ\�kkx�Zie�dZl�Iehsbgb��sh�f�klylv�m kh[��iZjm�dhhj^bgZlgbo�hk_c��Z[hiZjZe_evg��^h�gbo��gZab\Zxlv�dhhj^bgZlgbfb�iehsbgZfb������ AZm\Z`_ggy� G_iZjZe_evg�� dhhj^bgZlg�� iehsbgb� ^_dZjlh\h�kbkl_fb� m ijhklhj�� i_j_lbgZxlvky� \a^h\`� hk_c� dhhj^bgZl� Z[hdhhj^bgZlgbo�e�g�c�1a�^_dZjlh\hx�kbkl_fhx�m ijhklhj��ih\
yamxlv�g_dhfieZgZjg��[Zabkg�\_dlhjb� H[� H\�� H]�� sh� e_`Zlv� gZ� hkyo� 2;�� 2< lZ� 2= �\�^ih\�^gh��ihqbgZxlvky�gZ�ihqZldm�dhhj^bgZl�� gZijyfe_g��\ [�d��o�ajhklZggy������ HagZq_ggy� AZ]Zevgm� ^_dZjlh\m� kbkl_fm� dhhj^bgZl� mljb\bf�jghfm�ijhklhj��gZab\Zxlv�ijZ\hx��ydsh�lj�cdZ�\_dlhj�\�H[� H\�H]��fZ}�ijZ\m�hj�}glZp�x��� e�\hx��ydsh�py�lj�cdZ�} e�\hhj�}glh\Zghx�JZ^�mk�\_dlhj� U [m̂ v�ydh�� lhqdb� 3 ljb\bf�jgh]h� ijhklhjm� fh`gZjhadeZklb�\ [Zabk��{ }��� ]\[ HHHU H H H= + +[ \ ][ \ ] � ����������HagZq_ggy� >_dZjlh\bfb� dhhj^bgZlZfb� lhqdb� 3� m ijhklhj�gZab\Zxlv� dhhj^bgZlb� [�� \�� ] �� jZ^�mk�\_dlhjZ� \ [Zabk�� { }��� ]\[ HHHDhhj^bgZlm�[ gZab\Zxlv�Z[kpbkhx��\ ±�hj^bgZlhx� ]�±�Zie�dZlhx lhqdb�3������<bkgh\hd�Sh[�\bagZqblb�iheh`_ggy�lhqdb�3 m ijhklhj���^hklZlgvhagZclb� �� ^_dZjlh\��dhhj^bgZlb� � \dZaZlb� �o�i�key�e�l_jb��sh� kbf\he�am}lhqdm�� ( )3 [ \ ]� � � Ijb� pvhfm� dh`g�c� lhqp�� \�^ih\�^Zlbf_� h^gZ�}^bgZ\ihjy^dh\ZgZ� lj�cdZ� dhhj^bgZl� ��� gZ\iZdb�� dh`gZ� \ihjy^dh\ZgZ� lj�cdZagZq_gv� ( )[ \ ]� � \�^ih\�^Z}�h^g�c�}^bg�c�lhqp��gZ�iehsbg��1s_�jZa� aZm\Z`bfh��sh�\bkgh\hd����� } qbggbf� � ^ey�\_dlhj�\�mljb\bf�jghfm�]_hf_ljbqghfm�ijhklhj��



��

P�edh\blZ� ih^�[g�klv� aZ^Zq� ijh� \bagZq_ggy� iheh`_ggy� lhqdb� m^\h\bf�jghfm� lZ� ljb\bf�jghfm� ijhklhj�� ijba\h^blv� ^h� lh]h�� shihgylly� lhqdb� lZ� �� dhhj^bgZl� \^Z}lvky� ihrbjblb� gZ� \biZ^hd� i�\bf�jgh]h�lhqdh\h]h�ijhklhjm��Yd�p_�jh[blvky��ihdZaZgh�m >h^Zldm ��� ����Ki_p�Zevg��kbkl_fb�dhhj^bgZlAZ]ZevgZ� ^_dZjlh\Z� kbkl_fZ� dhhj^bgZl� ^ha\hey}� jha\
yaZlb� rbjhd_dheh� aZ^Zq� mg�\_jkbl_lkvdbo� dmjk�\� ZgZe�lbqgh�� ]_hf_lj��� lZ�n�abdb�Ze_�ijZdlbqgh��� \bdhjbklh\mxlv�ebr_�\ hdj_fbo��yd�ijZ\beh��^hkblvkdeZ^gbo� \biZ^dZo��M [�evrhkl��` \biZ^d�\� ^hklZlgvh� kdhjbklZlbkyki_p�Zevgbfb kbkl_fZfb�dhhj^bgZl��dh`gZ�a ydbo�kijhsm}�jha\
yaZggy[�evr�\mavdh]h�dheZ�aZ^Zq��ki_pbn�qgh]h�^ey�dh`gh��kbkl_fb�xx Ijyfhdmlg��kbkl_fb�dhhj^bgZl�����HagZq_ggy� >_dZjlh\m� kbkl_fZdhhj^bgZl�� [Zabk� ydh�� hjlhghjfh\Zgbc�gZab\Zxlv�ijyfhdmlghx�A gZ^Zgh]h� hagZq_ggy� \bieb\Z}�� shijyfhdmlgZ� kbkl_fZ� dhhj^bgZl� gZiehsbg�� } hdj_fbf� \biZ^dhf� aZ]Zevgh�^_dZjlh\h�� kbkl_fb�� \ ydhfm� \_dlhjbH L[ ≡ lZ� H M\ ≡ } \aZ}fghi_ji_g^bdmeyjgbfb�hjlZfb��Z hl`_��hk�Z[kpbk� lZ� hj^bgZl� i_j_lbgZxlvky� i�^� ijyfbf� dmlhf� �jbk� ����� JhadeZ^jZ^�mk�\_dlhjZ�ih�hjlZo�ijyfhdmlgh��kbkl_fb�dhhj^bgZl�fZ}�lZdbc�\b]ey^U L M= +[ \ � ���������� <eZklb\�klv� < ijyfhdmlg�c� kbkl_f�� dhhj^bgZl� gZ� iehsbg�Z[kpbkZ [ lZ�hj^bgZlZ \ lhqdb�gZ�iehsbg��^hj�\gxxlv�aZ�Z[khexlghx\_ebqbghx�\�^klZgyf�\�^�p�}��lhqdb�^h�\�^ih\�^gbo�hk_c�dhhj^bgZl�
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� [�Jbk����IjyfhdmlgZ�kbkl_fZ�dhhj^bgZl�m ljb\bf�jghfm�ijhklhj��kdeZ^Z}lvky�aljvho�hk_c�2;� 2< lZ 2=�� yd�� kijyfh\Zg��i�^�dmlhf� ��"� \�^ghkgh� h^gZh^g�c� lZ� i_j_lbgZxlvky� m ki�evg�c� gmevh\�c� lhqp��� Ih\
yaZg�� adhhj^bgZlgbfb�hkyfb�hjlb�H L[ ≡ � H M\ ≡ lZ�H N] ≡ fh`mlv�ml\hjx\Zlbyd�ijZ\m��lZd�� e�\m�lj�cdm��lhfm�lj_[Z�\�^j�agylb�ijZ\��lZ�e�\��ijyfhdmlg�kbkl_fb�dhhj^bgZl�m ijhklhj���IjZ\m�lj�cdm�hjl�\�lZ�\�^ih\�^gm�^_dZjlh\mkbkl_fm�dhhj^bgZl�ah[jZ`_gh�gZ�jbk� ���Z���IjZdlbqgh�ajmqghx�hagZdhxijZ\h��kbkl_fb�} l_��sh�\hgZ�aZ^h\hevgy}�ijZ\bem�]\bglZ��ydsh�]heh\dZ]\bglZ� h[_jlZ}lvky�gZ\dheh� hk��2= m gZijyfdm� \�^� L ^h� M�� hjl�N \dZam}gZijyfhd�ihklmiZevgh]h�jmom�]\bglZ��Me�\�c�kbkl_f��hjl�N kijyfh\Zgbc�m[�d�ijhlbe_`gbc ^h�gZijyfdm�ihklmiZevgh]h�jmom�]\bglZ��E�\m�kbkl_fmdhhj^bgZl�ah[jZ`_gh�gZ�jbk� ���[���GZ]Z^Z}fh��sh�af�gZ�gZijyfdm�[m̂ v�ydh]h�h^gh]h�hjlZ�ijZ\h��kbkl_fb�gZ����"�af�gx}�kZfm�kbkl_fm�gZ�e�\m���gZ\iZdb���IjZ\m� kbkl_fm�fh`gZ� i_j_l\hjblb� gZ� e�\m� �� gZ\iZdb�� lZdh`reyohf� i_j_klZ\e_ggy� Z[h� i_j_ihagZq_ggy� [m̂ v�ydbo� ^\ho� hk_c�gZijbdeZ^��2;l2<���GZ�\�^f�gm�\�^�pvh]h�kmf�kg_ h[_jlZggy�\k�o�ljvhohjl�\�kbkl_fb�gZ�[m̂ v�ydbc�dml�g_ \_^_�^h�af�gb��� hj�}glh\Zghkl��1kgm}� ^hfh\e_g�klv�� a]�^gh� a ydhx�� dheb� g_� h[mfh\e_gh� �gr_�\bdhjbklh\mxlvky� ijZ\�� kbkl_fb� dhhj^bgZl�� Fb� lZdh`� [m̂ _fh^h^_j`m\Zlbkv�p�}��^hfh\e_ghkl��JhadeZ^� jZ^�mk� \_dlhjZ� [m̂ v�ydh�� lhqdb� ijhklhjZ� ih� hjlZoijyfhdmlgh��kbkl_fb�dhhj^bgZl�fZ��\b]ey^U L M N= + +[ \ ] � �����
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