
��

QZklbgZ �<_dlhjgbc�^h[mlhd�\_dlhj�\ lZ�ih\¶yaZg��a gbf�^h[mldb� ����<_dlhjgbc�^h[mlhd�]_hf_ljbqgbo�\_dlhj�\xx Hj�}glh\Zg�klv�lj�cdb�]_hf_ljbqgbo�\_dlhj�\���� HagZq_ggy� <ihjy^dh\Zgm lj�cdm� ijb\_^_gbo� ^h� ki�evgh]hihqZldm� g_dhfieZgZjgbo� \_dlhj�\� { }D D D� � �� � ]_hf_ljbqgh]hijhklhjm� gZab\Zxlv� ijZ\hhj�}glh\Zghx �Z[h� ijhklh� ijZ\hx��� dhebgZcdhjhlrbc�ih\hjhl�\�^�i_jrh]h�\_dlhjZ�^h�^jm]h]h�a^�ckgx}lvkym gZijyfdm�jmom� ]h^bggbdh\h��klj�edb��ydsh�^b\blbkv�gZ�iehsbgm\_dlhj�\� D D� �� \�^�d�gpy�\_dlhjZ� D �� < h[_jg_ghfm�\biZ^dm�lj�cdm\_dlhj�\�gZab\Zxlv�e�\hhj�}glh\Zghx��Z[h�e�\hx������ AZm\Z`_ggy� 1a�^Zgh]h�aZjZa�hagZq_ggy�\bieb\Z}��sh�hj�}glh\Zg�klvlj�cdb� \_dlhj�\� af�gx}lvky� gZ� ijhlbe_`gm�� ijb� i_j_klZ\e_gg�� ^\ho\_dlhj�\� f�`� kh[hx�� lZ� ijb� �g\_jk��� gZijyfdm� h^gh]h� a gbo�� Ijb� lZda\Zghfm�pbde�qghfm i_j_klZ\e_gg� \_dlhj�\�lj�cdb
{ } { } { } { }D D D D D D D D D D D D� � � � � � � � � � � �� � � � � � � �→ → →�� hj�}glh\Zg�klv�g_�af�gx}lvky����� IjbdeZ^� AZa\bqZc� hjlb�^_dZjlh\h�� kbkl_fb� ihagZqZxlv� lZdbfqbghf�� sh[� lj�cdZ� \_dlhj�\� { }L M N� � [meZ� ijZ\hx�� Lh^�� lj�cdb\_dlhj�\�{ }M L N� � lZ�{ }− L� M�N } e�\bfb��Z lj�cdZ�{ }N L M� � ±�ijZ\hx�xx HagZq_ggy�lZ�\eZklb\hkl��\_dlhjgh]h�^h[mldm���� HagZq_ggy� <_dlhj�F�gZab\Zxlv�\_dlhjgbf�^h[mldhf�\_dlhjZD�gZ�\_dlhj E��ydsh�\�g�aZ^h\hevgy}�ljvhf�mfh\Zf�Z�� F D E= VLQ �α ^_�D ±�dml�f�`�D�lZ�E�[��\_dlhj F kijyfh\Zgbc�i_ji_g^bdmeyjgh ^h�iehsbgb�\_dlhj�\�D�lZ E�\� \_dlhjb�D��E�lZ�F�ml\hjxxlv�ijZ\m�lj�cdm��jbk�����
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1kgm}� ^\Z� ihagZq_ggy� \_dlhjgh]h^h[mldm�� F D E= × Z[h� [ ]F D E= � � Fb[m̂ _fh� ^h^_j`m\Zlbkv� i_jrh]h� a pboihagZq_gv�� hkd�evdb� ^jm]_\bdhjbklh\m}lvky�m dgb`dZo� a n�abdb�^eydhfmlZlhjZ� ^\ho� fZl_fZlbqgbo� \_ebqbg�qZkl�r_�aZ�\k_��fZljbpv�Z[h�hi_jZlhj�\��I_j_e�qbfh� hkgh\g�� \eZklb\hkl�\_dlhjgh]h�^h[mldm�]_hf_ljbqgbo�\_dlhj�\����� <eZklb\�klv� <_dlhjgbc� ^h[mlhd� ^hj�\gx}� gmex� m ^\ho\biZ^dZo�� Z�� dheb� ohq� h^bg� �a� \_dlhj�\�ki�\fgh`gbd�\� ^hj�\gx}gmevh\hfm�\_dlhjm��[��dheb�\_dlhjb�ki�\fgh`gbdb�dhe�g_Zjg��� <bieb\Z}�a hagZq_ggy ��������� AZm\Z`_ggy� Hkd�evdb�� gmevh\bc� \_dlhj� fh`gZ� \\Z`Zlbdhe�g_Zjgbf� a [m̂ v�ydbf� �grbf�� j�\g�klv�gmex� \_dlhjgh]h� ^h[mldmih� kml�� } nhjfZevgbf� djbl_j�}f� dhe�g_Zjghkl�� \_dlhj�\�AZklhkm\Zggy� pvh]h� djbl_j�x� kijhsm}� jha\¶yaZggy� [Z]Zlvho� aZ^ZqZgZe�lbqgh��]_hf_lj���lZ�n�abdb����� <eZklb\�klv� Fh^mev� \_dlhjgh]h^h[mldm� ^\ho� ]_hf_ljbqgbo� \_dlhj�\^hj�\gx}� iehs�� iZjZe_eh]jZfZ� 6�klhjhgb� ydh]h� a[�]Zxlvky� a \_dlhjZfb�ki�\fgh`gbdZfb��jbk� ���� 6 K= =D D E VLQ �α ����� AZm\Z`_ggy� Dheb� \_dlhjb�ki�\fgh`�gbdb� } jhaf�jgbfb� ]_hf_ljbqgbfb� Z[hn�abqgbfb� \_ebqbgZfb�� lh� jhaf�jg�klv� �o\_dlhjgh]h� lZ� kdZeyjgh]h� ^h[mld�\� ^hj�\gx}� ^h[mldm� jhaf�jghkl_c\_dlhj�\�ki�\fgh`gbd�\��Hkd�evdb�]_hf_ljbqg��\_dlhjb�fZxlv�jhaf�jg�klv^h\̀ bgb�� jhaf�jg�klv� �o� ^h[mldm� a[�]Z}lvky� a jhaf�jg�klx� iehs��� GZ\�^f�gm� \�^� pvh]h�� jhaf�jg�klv� kmfb� \_dlhj�\� ^hj�\gx}� jhaf�jghkl�\_dlhj�\�̂ h^Zgd�\�� 1a� kdZaZgh]h� \bieb\Z}�� sh� Z� fh^mev� \_dlhjgh�
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\_ebqbgb� fZ}� lZdm�` jhaf�jg�klv� yd� � kZfZ� \_ebqbgZ�� [�� g_� fh`gZ^h^Z\Zlb�\_ebqbgb��sh�\�^j�agyxlvky�aZ�jhaf�jg�klx����� AZm\Z`_ggy� M fZl_fZlbqghfm� ZgZe�a�� lZ� n�abp�� qZklhjha]ey^Zxlv� ihgylly� \_dlhjZ� iehsZ^db� 6�� ih[m̂ h\Zgh�� gZ� ^\ho\_dlhjZo D lZ�E��a\_^_gbo�^h�ki�evgh]h�ihqZldm��6 D E= × ������ <eZklb\�klv� <_dlhjgbc�^h[mlhd�} ZglbdhfmlZlb\gbf��lh[lhD E E D× = − × �� <bieb\Z}�a hagZq_ggy ��� lZ�aZm\Z`_ggy ���������� <eZklb\�klv� <_dlhjgbc� ^h[mlhd� } Zkhp�Zlb\gbf� \�^ghkghkdZeyjZ��lh[lh�λ λ λ� � �D E D E D E× = × = × ^ey�[m̂ v�ydh]h�kdZeyjZ�O�� <bieb\Z}�a hagZq_ggy ���������� <eZklb\�klv� <_dlhjghfm� ^h[mldh\�� ijblZfZggZ^bkljb[mlb\g�klv�� lh[lh� � �D E F D F E F+ × = × + × lZD E F D E D F× + = × + ×� � �� >h\_^_ggy�p�}��\eZklb\hkl��[m̂ _�ih^Zgh�i�ag�r_��^b\��gZke�^hd������������� IjbdeZ^� A\Z`Zxqb� gZ� l_�� sh� hjlb� L�� M� lZ N� ^_dZjlh\h�kbkl_fb� dhhj^bgZl� ihiZjgh� hjlh]hgZevg��� Z \_dlhjgbc� ^h[mlhd� ±ZglbdhfmlZlb\gbc�� e_]dh� \b\_klb� gZklmigm ©lZ[ebpx� \_dlhjgh]hfgh`_ggyª�hjl�\�ijZ\h��lj�cdb�L M M L N M N N M L N L L N ML L M M N N �× = − × = × = − × = × = − × =
× = × = × =

� � �� ����������F�rZgbc�^h[mlhd�lZ�ih^\�cgbc�\_dlhjgbc^h[mlhd�]_hf_ljbqgbo�\_dlhj�\xx HagZq_ggy�lZ�\eZklb\hkl��f�rZgh]h�^h[mldm<_dlhjgbc� ^h[mlhd� ]_hf_ljbqgbo� \_dlhj�\� D lZ E } \_dlhjhf�Jha]eyg_fh� kdZeyjgbc� ^h[mlhd� pvh]h� \_dlhjZ� lZ� \_dlhjZ� F�kdhjbklZ\rbkv�hagZq_ggyfb�kdZeyjgh]h�lZ�\_dlhjgh]h�^h[mld�\�� � FRV VLQ FRV �D E F D E F D E F× ⋅ = × =β α β �����
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^_�D ±�dml�f�`�\_dlhjZfb�D lZ�E ��E ±�dml�f�`�\_dlhjhf�F lZ�\_dlhjhfD E× ������ HagZq_ggy� Qbkeh� � �D E F× ⋅ gZab\Zxlv� f�rZgbf� ^h[mldhf\_dlhj�\�D� E lZ F�F�rZgbc�^h[mlhd�g_�} ijbgpbih\h�gh\bf�fZl_fZlbqgbf�ihgyllyf�[h�ijhp_^mjZ�ch]h�h[qbke_ggy�a\h^blvky�^h�ihke�^h\gh]h�agZoh^`_ggykdZeyjgh]h� lZ� \_dlhjgh]h� ^h[mld�\�� G_a\Z`Zxqb� gZ� p_�� \b\q_ggyf�rZgh]h� ^h[mldm� yd� hdj_fh]h� fZl_fZlbqgh]h� h[¶}dlm� } ^m`_^hp�evgbf��hkd�evdb�\�g�qZklh�amklj�qZ}lvky�ijb�jha]ey^��j�aghfZg�lgboaZ^Zq��� fZ}�gbadm�\eZklb\hkl_c��sh�kijhsmxlv��o�jha\¶yaZggy������ <eZklb\�klv� F�rZgbc� ^h[mlhd� \_dlhj�\� ijZ\h�� lj�cdb� }^h^Zlgbf��Z e�\h��±�\�^¶}fgbf�� � � _ __ _FRV _ __ __ _VLQ FRV �D E F D E F D E F× ⋅ = × =β α βZ aZ�hagZq_ggyf�\_dlhjgh]h�^h[mldm�dml�D g_�i_j_\bsm}�������lhfm�ch]hkbgmk� g_�fh`_� [mlb� \�^¶}fgbf� � agZd�f�rZgh]h� ^h[mldm� \bagZqZ}lvkyagZdhf� FRV �β Ydsh�lj�cdZ�{ }D E F� � ±�ijZ\Z��lh�\_dlhj�k e_`blv�ih�lhckZfbc�[�d�\�^�iehsbgb�\_dlhj�\�Z lZ�E��sh�c \_dlhj� D E× � Z lhfm�^ey\_dlhj�\�ijZ\h��lj�cdb�dml�E ±�]hkljbc��Z ch]h�dhkbgmk� ±�^h^Zlgbc��M\biZ^dm� e�\h�� lj�cdb� \_dlhjb� F lZ� D E× e_`Zlv� ih� j�ag�� [hdb� \�^iehsbgb�\_dlhj�\�Z lZ�E��lhfm�^ey�\_dlhj�\�e�\h��lj�cdb�dml�E ±�lmibc��Zch]h�dhkbgmk�±�\�^¶}fgbc������� <eZklb\�klv� F�rZgbc� ^h[mlhd� � �D E F× ⋅ \_dlhj�\� ijZ\h�lj�cdb� { }D E F� � ^hj�\gx}�h[¶}fm�9 iZjZe_e_i�i_^Z��ih[m̂ h\Zgh]h�gZ\_dlhjZo�ki�\fgh`gbdZo��a\_^_gbo�^h�ki�evgh]h�ihqZldm��<bieb\Z}� �a�nhjfmeb� ������� \eZklb\hkl� ���� lZ� jbk�� ���<eZklb\�klv���� aZ[_ai_qm}�\bdhgZggy�g_j�\ghkl��9 > �������� AZm\Z`_ggy� 1gh^�� [m\Z}� ajmqgh� dhjbklm\Zlbky� ihgyllyfhj�}glh\Zgh]h� iZjZe_e_i�i_^m�� yd� lZdh]h� iZjZe_e_i�i_^m�� shih[m̂ h\Zgbc� gZ� hj�}glh\Zg�c� lj�cp�� \_dlhj�\�� Ijb� pvhfm�iZjZe_e_i�i_^� ih[m̂ h\Zgbc� gZ� ijZ\�c� lj�cp�� \_dlhj�\� gZab\Zxlv
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^h^Zlgbf�� a h]ey^m� gZ� agZd� f�rZgh]h� ^h[mldm� pbo� \_dlhj�\�IZjZe_e_i�i_^�� ih[m̂ h\Zgbc� gZ� e�\�c� lj�cp�� \_dlhj�\� gZab\Zxlv\�^¶}fgbf � mfh\gh� ijbibkmxlv� chfm� \�^¶}fgbc� h[¶}f�� AZ\^ydbpvhfm�� \eZklb\hkl�� ���� lZ ���� \^Z}lvkyknhjfmex\Zlb� jZahf�� f�rZgbc� ^h[mlhdljvho� g_dhfieZgZjgbo� \_dlhj�\� ^hj�\gx}h[¶}fm� hj�}glh\Zgh]h� iZjZe_e_i�i_^Z�ih[m̂ h\Zgh]h�gZ�\_dlhjZo�ki�\fgh`gbdZo������ GZke�^hd� >h[mlhd� D E F� �×^hj�\gx}�h[¶}fm�pvh]h�` iZjZe_e_i�i_^Z�al�}x� j�agbp_x�� sh� l_i_j� \_ebqbgm� 9\bjZ`_gh�q_j_a�iehsm� ]jZg���ih[m̂ h\Zgh�gZ�\_dlhjZo�E � F�� lZ�i_ji_g^bdmeyjgm�^hg_��\bkhlm��LZdbf�qbghf�
( ) ( )D E F D E F DEF× ⋅ = ⋅ × ≡ � ���������� <eZklb\�klv� >ey� f�rZgh]h� ^h[mldm� kijZ\_^eb\�� gZklmig�j�\ghkl�DEF FDE EFD DFE EDF FED= = = − = − = − � ������Hq_\b^gh� a ZglbdhfmlZlb\ghkl�� \_dlhjgh]h� ^h[mldm� Z[h� �aaZm\Z`_ggy ��� lZ�\eZklb\hkl�������������� <eZklb\�klv� F�rZgbc� ^h[mlhd� ^hj�\gx}� gmex� lh^�� c ebr_lh^���dheb�\_dlhjb�ki�\fgh`gbdb�dhfieZgZjg���Dheb� h^bg� a \_dlhj�\� gmevh\bc�� ch]h� fh`gZ� \\Z`Zlbhjlh]hgZevgbf�^h�^\ho� �grbo��sh� � ^h\h^blv� l\_j^`_ggy� l_hj_fb�Ijh\_^_fh�^h\_^_ggy�^ey�ljvho�g_gmevh\bo�\_dlhj�\�D��E � F�G_h[o�^g�klv� g_oZc� DEF �= � >h\_^_fh��sh� D�� E � F dhfieZgZjg��Ijbimklbfh�h[_jg_g_��Lh^���DEF = ≠9 ��
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>hklZlg�klv� g_oZc�\_dlhjb�D��E � F ±�dhfieZgZjg���Lh^��� D E F× ⊥ � Zhl`_�� � � �D E F× ⋅ = � ������ <eZklb\�klv� F�rZgbc� ^h[mlhd� } Zkhp�Zlb\gbf� \�^ghkghkdZeyjZ�O��lh[lh
λ λ λ λ� � �DEF DEF D EF DE F= = =� <bieb\Z}� a Zkhp�Zlb\ghkl�� kdZeyjgh]h� lZ� \_dlhjgh]h� ^h[mld�\\�^ghkgh�kdZeyjZ������� <eZklb\�klv� F�rZgbc�^h[mlhd� } ^bkljb[mlb\gbf�� lh[lh�^ey[m̂ v�ydbo�\_dlhj�\�D��E��F�� G kijZ\_^eb\��j�\ghkl��D E�FG DFG EFG� D�E F�G DEG DFG� DE�F G� DEF DEG�+ = + + = + + = +� ( ) ( ) ( )D E FG D E F G+ = + ⋅ × � Hl`_��i_jrZ�a gZ\_^_gbo�\bs_�j�\ghkl_c[_aihk_j_^gvh� \bieb\Z}� a ^h\_^_gh�� gZfb� jZg�r_� ^bkljb[mlb\ghkl�kdZeyjgh]h�^h[mldm��A\�^kb�` \bieb\Zxlv�� ^\���gr��j�\ghkl���ydsh�aZibkZlb

( ) ( )[ ]D E F G D E F G+ = ⋅ + × lZ� ( ) ( )[ ]DE F G D E F G+ = × ⋅ + ������� GZke�^hd� >bkljb[mlb\g�klv�\_dlhjgh]h�^h[mldm��>h\_^_fh��sh� �D E F D F E F+ × = × + × �� Djbl_j�}f�j�\ghkl��\_dlhj�\�} j�\g�klv��o�dhhj^bgZl��Z hl`_��ih^ZgZ\_dlhjgZ�j�\g�klv�j�\ghkbevgZ�^h�ljvho�kdZeyjgbo�j�\ghkl_c
( )[ ] ( )D E F D F E F+ × = × + × =M M M [ \ ]� � � �>h\_^_fh�i_jrm�a gbo

( )[ ] ( )[ ] ( )
( ) ( ) ( )
D E F D E F L D E FL DFL EFLDF EF L D F E F L D F E F+ × = + × ⋅ = + = +

= + = × + × ⋅ = × + ×
[

[ �>\���gr��j�\ghkl��^h\h^ylvky�ZgZeh]�qgh��J�\g�klvD E F D E D F× + = × + ×� �g_� ihlj_[m}� hdj_fh]h� ^h\_^_ggy� a h]ey^m� gZ� ZglbdhfmlZlb\g�klv\_dlhjgh]h�^h[mldm���
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xx <bjZ`_ggy�\_dlhjgh]h�lZ�f�rZgh]h�^h[mld�\aZ�^hihfh]hx�^_dZjlh\bo�dhhj^bgZlJha]eyg_fh� ^\Z� \_dlhjb�� jhadeZ^_g�� ih� hjlZo� ^_dZjlh\h�kbkl_fb�dhhj^bgZl�D L M N E L M N= + + = + +D D D E E E[ \ ] [ \ ]� �A\Z`Zxqb� gZ� ^bkljb[mlb\g�klv� \_dlhjgh]h� ^h[mldm� lZ� ch]hZkhp�Zlb\g�klv�\�^ghkgh�kdZeyjZ�fZ}fhD E L L L M L N N N× = × + × + × + + ×D E D E D E D E[ [ [ \ [ ] ] ]��� �<bdhjbklh\mxqb�©lZ[ebpx�\_dlhjgh]h�fgh`_ggyª�^_dZjlh\bo�hjl�\�������h^_j`m}fh�\bjZab
( ) ( ) ( )D E N M L× = − + − + −D E D E D E D E D E D E[ \ \ [ ] [ [ ] \ ] ] \ � �����a ydh]h�\bieb\Z}��sh

( ) ( )
( ) ( )
( ) ( )

D ED ED E
× = −

× = −

× = −

[ \ ] ] \
\ ] [ [ ]
] [ \ \ [

D E D ED E D ED E D E
���

�����

;_aihk_j_^gvhx� i_j_\�jdhx� e_]dh� mi_\gblbky�� sh� \_dlhjgbc^h[mlhd�������\bjZ`Z}lvky�aZ�^hihfh]hx�\bagZqgbdZ��lh[lh
D E H H H

× =
[ \ ]
[ \ ]
[ \ ]

D D DE E E � �����
KdZeyjgbc�^h[mlhd� \_dlhjZ� D E× lZ� \_dlhjZ� k ^hj�\gx}�� yd�fb\`_�agZ}fh��kmf��ihiZjgbo�^h[mld�\�^_dZjlh\bo�dhhj^bgZl�\_dlhj�\�ki�\fgh`gbd�\�� lhfm� ^ey� f�rZgh]h� ^h[mldm� \_dlhj�\� kijZ\_^eb\�nhjfmeb

( ) ( ) ( ) ( )DEF D E F D E D E D E= × ⋅ = × + × + ×[ [ \ \ ] ]F F F �A\Z`Zxqb� gZ� ������ [Zqbfh��sh� p�� nhjfmeb� \�^j�agyxlvky� \�^� �����ebr_�aZf�ghx�^_dZjlh\bo�hjl�\�gZ�dhhj^bgZlb�\_dlhjZ�k��Ajh[b\rblZdm�` aZf�gm�m \bjZa���������^hoh^bfh�\bkgh\dm��sh
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DEF = =
F F FD D DE E E

D D DE E EF F F
[ \ ]
[ \ ]
[ \ ]

[ \ ]
[ \ ]
[ \ ]

� �����
xx Ih^\�cgbc�\_dlhjgbc�^h[mlhd�lZ�lhlh`g�klv�EZ]jZg`Z���� HagZq_ggy� Ih^\�cgbf� \_dlhjgbf� ^h[mldhf� \_dlhj�\� D�� E � FgZab\Zxlv�\_dlhj�lbim� ( )D E F× × lZ� ( )D E F× × �AZ� hagZq_ggyf� \_dlhjgh]h� ^h[mldm� ����� \_dlhj� ( )D E F× ×hjlh]hgZevgbc�^h�\_dlhjZ�D E× � lh[lh��e_`blv�m iehsbg��\_dlhj�\�DlZ� E�� � lhfm� fh`_� [mlb� ij_^klZ\e_gbc� m \b]ey^�� �o� e�g�cgh�dhf[�gZp����M ih^Zevrhfm�fb�^h\_^_fh��sh�dh_n�p�}glb�p�}��e�g�cgh�dhf[�gZp���^hj�\gxxlv�D F⋅ lZ�− ⋅E F� Z hl`_�

( ) ( ) ( )D E F E D F D E F× × = ⋅ − ⋅ � �����<_dlhj� ( )D E F× × e_`blv� m iehsbg�� \_dlhj�\� E lZ� k � fh`_� [mlbjhadeZ^_gbc�ih�pbo�\_dlhjZo�aZ�nhjfmehx
( ) ( ) ( )D E F E D F F D E× × = ⋅ − ⋅ � ������;�evr�klv� klm̂ _gl�\� aZiZf¶ylh\m}� nhjfmem� ������� ©nhg_lbqghª�� ydnjZam�©Z[p ^hj�\gx}�[Zp f�gmk�pZ[ª�Miĥ Zevrhfm�fb�̂ h\_̂ _fh�lZdh̀ �kijZ\_̂ eb\�klv�lhlh̀ ghkl��EZ]jZg`Z
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