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QZklbgZ �<_dlhjg��ijhklhjb� ���<klmig��aZm\Z`_ggy�� Ihgylly� \_dlhjZ� } h^gbf� a lbo� gZmdh\bo� ihgylv��sh� \`_� ^Z\ghi_j_creb� a�� ki_p�Zevgbo� fZl_fZlbqgbo�� n�abqgbo� lZ� l_og�qgbo\b^Zgv� ^h� ih\kyd^_ggh]h� \`bldm�rbjhdbfb� \_jkl\Zfb� gZk_e_ggy�A]�^gh� �a aZ]Zevgh\�^hfbf� hagZq_ggyf�� \_dlhjb ±� p_� gZijyfe_g�\�^j�adb�ijyfh��e�g���gZ�iehsbg��Z[h�m ljb\bf�jghfm�]_hf_ljbqghfmijhklhj���kmfZ�ydbo�\bagZqZ}lvky�aZ�ijZ\behf�iZjZe_eh]jZfZ��KZf_lZd� hagZqZ}lvky� ihgylly� \_dlhjZ�� gZijbdeZ^�� m rd�evghfm� dmjk�n�abdb��� \`_�\ pvhfm�dmjk��p_�]_hf_ljbqg_�aZ�k\h}x�kmllx�hagZq_ggyZ\lhfZlbqgh� ihrbjx}lvky� gZ� \_ebdm� d�evd�klv� n�abqgbo� h[¶}dl�\j�agh�� ijbjh^b� ±� f_oZg�qgbo� kbe� lZ� ijbkdhj_gv�� gZijm`_ghkl_c_e_dljbqgbo� lZ�fZ]g�lgbo�ihe�\��fZ]g�lgbo�fhf_gl�\� _e_f_glZjgboqZklbghd��lhsh�±�� ijb�pvhfm�aZ\`^b�\boh^blv��sh�kmfhx�^\ho�kbe�}lj_ly� kbeZ�� kmfhx� ijbkdhj_gv� m ^\ho� j�agbo� gZijyfdZo� }ijbkdhj_ggy� \ lj_lvhfm�gZijyfdm�� Z kmfhx� _e_dljbqgbo�ihe�\��shml\hjxxlvky� ^\hfZ� _e_dljbqgbfb� aZjy^Zfb�� }�� agh\m� ` lZdb�_e_dljbqg_� ihe_�� Z g_� ydZkv� �grZ� n�abqgZ� \_ebqbgZ�� �A]Z^Zcl_\�^hfbc�^hk\�^�a��rd�evgh]h�dmjkm�n�abdb��\ ydhfm�i_j_\�jy}lvky��shkmfZ�^\ho�kbe�} kbehx��Ko_fm�pvh]h�^hk\�^m�gZ\_^_gh�gZ�Jbk� ���
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I� Jbk����Ljb� ijm`bgg�� ^bgZfhf_ljbi�^dexq_gh� ^h� ki�evgh�� lhqdb�Kbeb� I� ±� I��� sh� ^�xlv� gZ^bgZfhf_ljb�� i�^�[jZgh� lZd�� sh[ah[jZ`_gZ� f_oZg�qgZ� kbkl_fZi_j_[m\ZeZ� \ j�\gh\Za��� < pvhfmjZa� I� ��I�  �I����Hkd�evdb� ijb� jha\¶yaZgg�� [Z]Zlvho� aZ^Zq� ^m`_� ajmqgh
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ah[jZ`Zlb� \_dlhjg�� \_ebqbgb� j�agh�� n�abqgh�� ijbjh^b� m \b]ey^�gZijyfe_gbo�\�^j�ad�\��klj�ehqhd��gZ�fZexgdZo�lZ�]jZn�dZo��n�abdb�ih� ZgZeh]��� a ]_hf_ljbqgbf� ijhklhjhf�� ihqZeb� \`b\Zlb� my\e_ggyijh �ijhkl�j� kbe��� �ijhkl�j� f_oZg�qgbo� �fimevk�\��� lZ� �gr��FZl_fZlbdb�maZ]Zevgbeb�\k��p��my\e_ggy��\\�\rb�m jha]ey^�ihgylly\_dlhjgh]h�ijhklhjm��yd�kmdmighkl��_e_f_gl�\��gZa\Zgbo�\_dlhjZfb��^ey�ydbo�hagZq_g��lZd��ijZ\beZ�^h^Z\Zggy� � fgh`_ggy�gZ�qbkeh��yd�g_�\b\h^ylv�_e_f_glb�aZ�f_`��kmdmighkl���LZdbf�qbghf��kdeZ^Zxqb[m̂ v�yd�� ^\Z� _e_f_glb� kmdmighkl��� Z[h� ihfgh`b\rb� [m̂ v�ydbc_e_f_gl�gZ�qbkeh�fb�fZ}fh�h^_j`Zlb�_e_f_gl�ijbgZe_`gbc�^h�p�}�` kmdmighkl���ydsh�py�\bfh]Z�g_�\bdhgZgZ��kmdmig�klv�_e_f_gl�\�g_} \_dlhjgbf�ijhklhjhf�Sh[� ihykgblb�� qhfm� ^hhagZq_ggy� \_dlhjgh]h� ijhklhjm\dexq_gh� \dZaZgm� \bs_� \bfh]m�a]Z^Z}fh� \�^hfbc� ijbdeZ^� ^\ho\mebpv� a h^gh[�qgbf� jmohf�� yd�i_j_lbgZxlvky� i�^� ijyfbf� dmlhf�Jbk� ���� Ijbimklbfh�� sh� gZi_j_oj_kl�� \mebpv� klh�lv� �gki_dlhj>:1�� i�^jZoh\m}�d�evd�klv�Z\lhfZrbg�yd�� ijhoh^ylv� ih� dh`g�c� a gbo� aZh^bgbpx� qZkm�� G_oZc� ih� i_jr�c\mebp��aZ�h^bgbpx�qZkm�ijhoh^blv�Z fZrbg��Z ih�^jm]�c�±�E fZrbg�Ihlhdb� fZrbg�� sh� ijhoh^ylv� dj�av i_j_oj_kly aZ� h^bgbpx� qZkm\�^ih\�^Zxlv�hagZq_ggx�]_hf_ljbqgh]h�\_dlhjZ��dh`_g�a gbo�fh`gZah[jZablb� m \b]ey^�� \�^j�adZ� ijyfh�� e�g��� ^h\`bghx� Z Z[h� E�\�^ih\�^gh��gZijyfe_gh]h� \a^h\`� \�^ih\�^gh�� \mebp���< lZdhfm� jZa�fh`gZ� kdeZklb� p�� \_dlhjb� � hljbfZlb� \_dlhj� kmfZjgh]h� ihlhdmF D E= + �� ydbc� ^hj�\gx}� aZ� \_ebqbghx� D E� �+ �� � ml\hjx}^�Z]hgZev�ijyfhdmlgbdZ��ih[m̂ h\Zgh]h�gZ�\_dlhjZo�D lZ�E��Yd�e_]dhihf�lblb� aZ� ^hihfh]hx� Jbk�� ��� ydsh� fZrbgb� ml\hjxxlv� ihl�d� F�\hgb�fZxlv� \j�aZlbky� m kihjm̂ m�� ih[m̂ h\Zgm� gZ� jha�� \mebpv��Hl`_�kmfZ�ihlhd�\�Z\lhfZrbg�g_�aZ\`^b�} ihlhdhf�Z\lhfZrbg��� p_c�nZdl
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g_� fh`gZ� �]ghjm\Zlb� �gZijbdeZ^�� \oh^�� dhfi¶xl_jgbo� jhajZomgd�\kijyfh\Zgbo�gZ�hilbf�aZp�x�^hjh`gvh]h�jmom�m \_ebdbo�f�klZo��L_i_j� ke�^� aZagZqblb�� sh� gZ\_^_g_� \bs_� hagZq_ggy\_dlhjgh]h� ijhklhjm� fh`gZ� \\Z`Zlb� \bq_jigbf� ebr_� ^ey� lbo\_dlhjgbo� ijhklhj�\�� _e_f_glZf� ydbo� fh`gZ� ihklZ\blb� m\�^ih\�^g�klv� \_dlhjb� ]_hf_ljbqgh]h� ijhklhjm� ±� fZl_fZlbdbgZab\Zxlv� lZd�� ijhklhjb� �ahfhjngbfb �m i_j_deZ^�� a ]j_pvdh��ih^�[gbfb� aZ� [m^h\hx�� ^h� ]_hf_ljbqgh]h� ijhklhjm�� >�ckgh�� ydshijhkl�j� �ahfhjngbc� ^h� ]_hf_ljbqgh]h�� kmfZ� ch]h� _e_f_gl�\� e_]dh\bagZqZ}lvky�reyohf�^h^Z\Zggy�\�^ih\�^gbo�]_hf_ljbqgbo�\_dlhj�\aZ� ijZ\behf� iZjZe_eh]jZfZ�� Z fgh`_ggy� _e_f_glZ� gZ� qbkeh� O\bdhgm}lvky� reyohf� af�gb� ^h\`bgb� \�^ih\�^gh]h� ]_hf_ljbqgh]h\_dlhjZ� \ O jZa�\��P_� jh[blvky� lZd� e_]dh� � ijbjh^gh��sh�rdheyj��dheb�jha\¶yamxlv�aZ^Zqm��gZ�ijbdeZ^��ijh�qh\_g�\ j�qp���gZ\�lv� � g_a]Z^mxlv� ijh� l_�� sh� \_dlhj� r\b^dhkl�� qh\gZ� g_� } ]_hf_ljbqgbf\_dlhjhf�� sh� ch]h� \_ebqbgZ� �ydZ� ^hj�\gx}�� ijbimklbfh�� i¶ylbd�ehf_ljZf� gZ� ]h^bgm�� ebr_� mfh\gh� ah[jZ`m}lvky� klj�ehqdhxaZ\^h\`db� m i¶ylv� de�lbghd� rd�evgh]h� ahrblm�� � sh� pbf\klZgh\ex}lvky�\�^ih\�^g�klv�f�`�_e_f_glZfb�ijhklhjm�r\b^dhkl_clZ ]_hf_ljbqgh]h�ijhklhjm�F�`�lbf��\ oh^��fZl_fZlbqgbo�^hke�^`_gv�[meh�ihf�q_gh��shihgylly�\_dlhjgh]h�ijhklhjm�fh`gZ�ihrbjblb� � gZ�lZd��kmdmighkl�fZl_fZlbqgbo�h[¶}dl�\��yd��\ `h^ghfm�jZa��g_fh`eb\h hlhlh`gblb�a]_hf_ljbqgbfb�\_dlhjZfb��>ey�pvh]h�ebr_�ihlj�[gh��sh[� �kgm\ZeZZgZeh]�y� f�`� fZl_fZlbqgbfb� ^�yfb�� sh� \bdhgmxlvky� a pbfbh[¶}dlZfb�� lZ� hi_jZp�yfb� ^h^Z\Zggy� ]_hf_ljbqgbo� \_dlhj�\� �fgh`_ggy �o�gZ kdZeyj��ydbf ijblZfZgg��lZd� hkgh\g��\eZklb\hkl�Z��dhfmlZlb\g�klv ^h^Z\Zggy�\_dlhj�\��D E E D+ = + �[��Zkhp�Zlb\g�klv ^h^Z\Zggy�\_dlhj�\�� � � � �D E F D E F+ + = + + �\��Zkhp�Zlb\g�klv fgh`_ggy�\_dlhjZ gZ�qbkeh�� � � �α β α β⋅ ⋅ = ⋅ ⋅D D �]��^bkljb[mlb\g�klv�fgh`_ggy� \_dlhjZ� gZ� qbkeh� \�^ghkgh� \_dlhjZ�
α α α⋅ + = ⋅ + ⋅� �D E D E �^�� ^bkljb[mlb\g�klv� fgh`_ggy� \_dlhjZ� gZ� qbkeh� \�^ghkgh� qbkeZ�
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� �α β α β+ = ⋅ + ⋅D D D �P�� \eZklb\hkl�� e_]dh� ^h\h^ylvky� aZ� ^hihfh]hx� ijhklbo]_hf_ljbqgbo� ih[m^h\� � kZf_� \hgb� ihdeZ^_g�� \ hkgh\m� aZ]Zevgh]hZdk�hfZlbqgh]h hagZq_ggy�\_dlhjgh]h ijhklhjm�
� ���Ihgylly�\_dlhjZ��hagZq_ggy�\_dlhjgh]h�ijhklhjm< e�g�cg�c�Ze]_[j��\_dlhj�hagZqZ}lvky�yd�_e_f_gl�i_\gh��fgh`bgb±�\_dlhjgh]h�ijhklhjm��ydbc�gZab\Zxlv�lZdh`�e�g�cgbf�ijhklhjhf�Kmdmig�klv� fZl_fZlbqgbo� Z[h� n�abqgbo� h[¶}dl�\� fh`gZ� \\Z`Zlb\_dlhjgbf�ijhklhjhf�ebr_�lh^���dheb�^ey�g_��} \bdhgZgbfb�^_kylv\bfh]�� kijZ\_^eb\�klv� ydbo� m dh`ghfm� dhgdj_lghfm� \biZ^dmi_j_\�jyxlv�fZl_fZlbqgbf�Z[h�_dki_jbf_glZevgbf�reyohf����� HagZq_ggy� Fgh`bgm $ [m̂ _fh� gZab\Zlb� \_dlhjgbf� �Z[he�g�cgbf��ijhklhjhf��Z ���_e_f_glb�±�\_dlhjZfb� �ihagZqZlb�\_dlhjb[m̂ _fh�`bjgbfb�eZlbgkvdbfb�e�l_jZfb���ydsh�,��∀ ∈ ∃ + ∈[ \ [ \� � �$ $ �,,��∀ ∈ ∀ ∈ ∃ ⋅ ∈[ [$ $� � �α α� ��Z[h� � �,,,����∀ ∈ + = +[ \ [ \ \ [� �$��� ( ) ( )∀ ∈ + + = + +[ \ ] [ \ ] [ \ ]� � �$��� ( ) ( )∀ ∈ ∀ ∈ ⋅ ⋅ = ⋅ ⋅[ [ [$� � �α β α β α β� ��Z[h� ���� ( )∀ ∈ ∀ ∈ ⋅ + = ⋅ + ⋅[ \ [ \ [ \� � �$ α α α α� ��Z[h� �
� Lml�� gZ^Ze��\bdhjbklh\mxlvky�kbf\heb�fZl_fZlbqgh��eh]�db�lZ�ljZ^bp�cg�ihagZq_ggy l_hj���fgh`bg��jhalemfZq_g� m�>h^Zldm���� * ±�fgh`bgZ�^�ckgbo�qbk_e� � ±�fgh`bgZ�dhfie_dkgbo�qbk_e��Ydsh D�E �* lh� dZ`mlv��sh�$ ±�^�ckgbc� \_dlhjgbc�ijhkl�j�� Z[h�ijhklh� \_dlhjgbcijhkl�j�� ydsh� ` D�E� ��� lh� $ gZab\Zxlv� dhfie_dkgbf� \_dlhjgbfijhklhjhf�
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��� ( )∀ ∈ ∀ ∈ + ⋅ = ⋅ + ⋅[ [ [ [$� � �α β α β α β� ��Z[h� ����∃ ∈ ∀ ∈ + =� [ [ � [$ $� �� gZab\Zxlv�g_cljZevgbf�_e_f_glhf�Z[h�gmevh\bf�\_dlhjhf����� ( )∀ ∈ ∃ − ∈ + − =[ [ [ [ �$ $ � ��±[�� gZab\Zxlv� h[_jg_gbf_e_f_glhf�^h�_e_f_glZ�[� Z[h�h[_jg_gbf�\_dlhjhf�^h�\_dlhjZ�[�����∀ ∈ ⋅ =[ [ [$ � ����� AZm\Z`_ggy� Hi_jZp���^h^Z\Zggy�\_dlhj�\�lZ�fgh`_ggy�\_dlhjZgZ�qbkeh�gZab\Zxlv�e�g�cgbfb�hi_jZp�yfb�a \_dlhjZfb����� AZm\Z`_ggy� Kmfm� \_dlhj�\� [ lZ� ( )− \ gZab\Zxlv� j�agbp_x\_dlhj�\�[ lZ�\ � ihagZqZxlv�[ \− ����� AZm\Z`_ggy� :dk�hfb����±����} ZgZeh]hf�\eZklb\hkl_c�Z��±�^�hi_jZp�c� a ]_hf_ljbqgbfb� \_dlhjZfb�� G_h[o�^g�klv� \dexq_ggy� ^hhagZq_ggy� ��� ^h^Zldh\bo� Zdk�hf� ��� ±� ��� ih\¶yaZgZ� a lbf�� sh_e_f_glb� e�g�cgh]h� ijhklhjm� g_� aZ\`^b� fh`gZ� hlhlh`gx\Zlb� a]_hf_ljbqgbfb� \_dlhjZfb� � ah[jZ`Zlb� m \b]ey^�� klj�ehqhd�� lhfmg_cljZevgbc�_e_f_gl�ijhklhjm�g_fh`eb\h�hagZqblb�]_hf_ljbqgh��ydlhqdm�� Z ijhlbe_`gbc� �±[�� ±� yd� klj�ehqdm� gZijyfe_gm� ijhlbklj�ehqdb��sh�ah[jZ`Z}�_e_f_gl�[��Hl`_��gZy\g�klv�g_cljZevgh]h�lZijhlbe_`gh]h� _e_f_glm� \bkm\Z}lvky� m \b]ey^�� ^h^Zldh\bonhjfZevgbo�\bfh]�� i_j_\�jy}lvky�i�key�lh]h��yd�h[jZgh�^ey�jha]ey^mdhgdj_lgm� kmdmig�klv� fZl_fZlbqgbo� h[¶}dl�\� lZ� hagZq_g�� ijZ\beZe�g�cgbo�hi_jZp�c�a gbfb�
� ���IjbdeZ^b�\_dlhjgbo�ijhklhj�\���� IjbdeZ^� Fgh`bgZ� \k�o� ]_hf_ljbqgbo� \_dlhj�\� ±� gZijyfe_gbo\�^j�ad�\�a lhqdhx�ijbdeZ^Zggy�±�a hagZq_ggyf�^h^Z\Zggy�\_dlhj�\�aZijZ\behf� iZjZe_eh]jZfZ� �Z[h� ljbdmlgbdZ�� � fgh`_ggy� \_dlhjZ� gZ^�ckg_� qbkeh�� yd� \�^ih\�^gh�� af�gb� ch]h� ^h\`bgb�� Z fh`eb\h� �gZijyfdm� �ydsh� p_� qbkeh� \�^¶}fg_�� ml\hjx}� ^�ckgbc� \_dlhjgbcijhkl�j�
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����IjbdeZ^� Fgh`bgZ� kbe�� yd�� fh`mlv� ^�ylb� gZ� fZl_j�Zevgm� lhqdm�� a�gl_jij_lZp�}x�kbeb��yd�]_hf_ljbqgh]h�\_dlhjZ��a hagZq_ggyfb�kmfb�kbe��^h[mldm� ^�ckgh]h� qbkeZ� gZ� kbem�� gZ^Zgbfb� m ihi_j_^gvhfm� ijbdeZ^��ml\hjx}�^�ckgbc�\_dlhjgbc�ijhkl�j�����IjbdeZ^�Fgh`bgZ�^�ckgbo�qbk_e�a ljZ^bp�cgbf�hagZq_ggyf��o�kmfblZ�^h[mldm�ml\hjx}�^�ckgbc�\_dlhjgbc�ijhkl�j��KZf_�p_�^Z}�fh`eb\�klv�gl_jij_lm\Zlb�^�ckg��qbkeZ�yd�]_hf_ljbqg��\_dlhjb�gZ�qbkeh\�c�hk������IjbdeZ^� Fgh`bgZ� dhfie_dkgbo� qbk_e� �a� a\bqZcgh� hagZq_gbfbhi_jZp�yfb� ^h^Z\Zggy� dhfie_dkgbo� qbk_e� lZ� fgh`_ggy� dhfie_dkgh]hqbkeZ�gZ ^�ckg_�qbkeh�ml\hjx}�^�ckgbc \_dlhjgbc�ijhkl�j��KZf_�p_�^Z}fh`eb\�klv� �gl_jij_lm\Zlb�dhfie_dkg��qbkeZ�yd�]_hf_ljbqg��\_dlhjb�gZdhfie_dkg�c�iehsbg������IjbdeZ^� Fgh`bgZ�dhfie_dkgbo�qbk_e� �a� a\bqZcgbfb�hagZq_ggyfbkmfb� lZ� ^h[mldm� dhfie_dkgbo qbk_e� ml\hjx}� dhfie_dkgbc \_dlhjgbcijhkl�j��< pvhfm�hdj_fhfm�\biZ^dm�\ hagZq_gg� ��� \_dlhjgh]h�ijhklhjmke�^�ihdeZklb�$ = � ������ IjbdeZ^� Fgh`bgZ�fZljbpv�h^gh]h�c lh]h�` ihjy^dm� P Q× �a^�ckgbfb� �dhfie_dkgbfb�� _e_f_glZfb� } ^�ckgbf� �dhfie_dkgbf�ijhklhjhf�ih�\�^ghr_ggx�^h�a\bqZcgbo�hi_jZp�c�^h^Z\Zggy�fZljbpvlZ� fgh`_ggy� fZljbp�� gZ� ^�ckg_� �dhfie_dkg_�� qbkeh�� Hl`_�� fZljbp�fh`gZ� jha]ey^Zlb� yd� \_dlhjb�� ijbqhfm� gmevh\bf� \_dlhjhf� ke�^\\Z`Zlb�fZljbpx��\k� _e_f_glb�ydh��^hj�\gxxlv�gmex��LZdbc�jha]ey^aZa\bqZc� \bdhjbklh\mxlv� m d\Zglh\�c� f_oZg�p��� dheb� hibkmxlvd\Zglh\�� klZgb� n�abqgh�� kbkl_fb� aZ� ^hihfh]hx� \_dlhj�klh\iqbd�\�fZljbpv�ihjy^dm�Q ×���lZ�\_dlhj�jy^d�\��fZljbpv�ihjy^dm��× Q ������� IjbdeZ^� Fgh`bgZ�\k�o�nmgdp�c�h^g�}��af�ggh��[ \bagZq_gbo� �g_i_j_j\gbo� gZ� \�^j�adm� >[��[�@ } ^�ckgbf� \_dlhjgbf� ijhklhjhf�� ZkZf�� nmgdp��� fh`gZ� jha]ey^Zlb� yd� \_dlhjb�� Ajh[e_g_� l\_j^`_ggyklZ}� hq_\b^gbf�� ydsh� a\Z`blb� gZ� l_�� sh� Z�� kmfZ� ^\ho� nmgdp�cg_i_j_j\gbo� gZ� >[��[�@ lZdh`� } nmgdp�}x� g_i_j_j\ghx� gZ� pvhfm\�^j�adm��[��^h[mlhd�nmgdp���g_i_j_j\gh��gZ�>[��[�@ lZ�^�ckgh]h�qbkeZ�D } nmgdp�}x�g_i_j_j\ghx�gZ�pvhfm�\�^j�adm��\��\k��\�k�f�Zdk�hf�i�,,,�} \bdhgZgbfb��]��jhev�gmey�\�^�]jZ}�nmgdp�y� I � � �ξ ≡ �
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� <eZklb\�klv������} hdj_fbf�\biZ^dhf <eZklb\hkl�������



��
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� Sh[�mi_\gblbky�\ pvhfm��jha]eyg_fh�kbkl_fm�1 � �� kl_i_g_\bonmgdp�c� ( )I L 1L Lξ ξ= ≤ ≤� �� 1 ±� [m^v�yd_ ^h^Zlg_� p�e_� qbkeh��E�g�cgZ�dhf[�gZp�y�pbo�nmgdp�c��\_dlhj�\��} ihe�ghfhf(1 L L
L
1

=
=
∑α ξ ��Gmevh\bf�\_dlhjhf�m ijhklhj��ihe�ghf�\�} ihe�ghf��\k��dh_n�p�}glbydh]h� ^hj�\gxxlv� gmex� �^b\�� ijbdeZ^ ������� � �grh]h� gmevh\h]h\_dlhjZ�g_fZ}��gZke�^hd �������Hl`_��`h^gZ�a g_ljb\�Zevgbo e�g�cgbodhf[�gZp�c� ( )α ξL L L 1I

=�� g_� ^hj�\gx}� gmex�� Z lhfm� kbkl_fZ� 1 � �nmgdp�c� ( ){ }I L L 1ξ
=�� e�g�cgh� g_aZe_`gZ�� LZdbf� qbghf�� \bf�jg�klvijhklhjm� nmgdp�c� h^g�}�� af�ggh�� [�� hagZq_gbo� � g_i_j_j\gbo� gZ\�^j�adm >[��[�@��i_j_\bsm}�[m^v�yd_ qbkeh�1��lh[lh�} g_kd�gq_gghx�� ���;Zabk�m kd�gq_ggh\bf�jghfm�\_dlhjghfm�ijhklhj������ HagZq_ggy� ;Zabkhf� \ Q�\bf�jghfm� \_dlhjghfm� ijhklhj�gZab\Zxlv� \ihjy^dh\Zgm kbkl_fm�Q e�g�cgh�g_aZe_`gbo�\_dlhj�\�pvh]hijhklhjm������ IjbdeZ^� M ljb\bf�jghfm� ijhklhj�� ]_hf_ljbqgbo� \_dlhj�\gZcqZkl�r_�\bdhjbklh\mxlv�^ey�jha\¶yaZggy�dhgdj_lgbo�aZ^Zq�[Zabkml\hj_gbc� ihiZjgh� i_ji_g^bdmeyjgbfb� \_dlhjZfb� h^bgbqgh�^h\`bgb�L��M lZ�N��P��\_dlhjb�aZ^h\hevgyxlv�hagZq_ggx�[Zabkm��lhfmsh�Z���o�d�evd�klv�^hj�\gx}�\bf�jghkl��ijhklhjm��[��\hgb�ml\hjxxlv\ihjy^dh\Zgm� kmdmig�klv� i_j_klZ\e_ggy� ^\ho� a gbo� L M↔ � L N↔ �Z[h� M N↔ i_j_l\hjx}�lZd�a\Zgm��ijZ\m��lj�cdm�\_dlhj�\�gZ��e�\m����gZ\iZdb��� \�� \hgb� e�g�cgh� g_aZe_`g��� [m̂ v�ydZ� e�g�cgZ� dhf[�gZp�y\_dlhj�\�M lZ�N�} \_dlhjhf��ydbc�h[h\¶yadh\h�gZe_`blv�iehsbg���M�N��Z agZqblv�� L�g_� } e�g�cghx�dhf[�gZp�}x� M lZ�N��m lZdbc� kZf_� kihk�[

� <pvhfm�ijbdeZ^��[ � ke� �̂jhamf�lb�yd�[ m kl_i_g�����Ihgylly��ijZ\h���lZ��e�\h���kbkl_fb�\_dlhj�\�[m^_�^hdeZ^gh�jha]eygmlh�\QZklbg��111�
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i_j_dhgm}fhky��sh�`h^_g�a pbo�\_dlhj�\�g_�} e�g�cghx�dhf[�gZp�}x�^\ho�grbo�� djbl_j�c�e�g�cgh��aZe_`ghkl��g_�\bdhgm}lvky������ IjbdeZ^� < ydhkl�� [Zabkm� \ Zjbnf_lbqghfm� ijhklhj��� shkdeZ^Z}lvky� a fZljbpv� ihjy^dm� Q ×� ajmqgh� \bdhjbklh\m\Zlb\_dlhjb�
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� A f_lh^bqghx� p�eex� gb`q_� aZklhkh\Zgh� ihagZq_ggy� \_dlhj�\� Zjbnf_lbqgh]hijhklhjm��\i_jr_�aZijhihgh\Zg��Ihe_f�>�jZdhf��Ajmqg�klv�pbo�ihagZq_gv�ihey]Z}�\lhfm�� sh� \_dlhj�klh\iqbd� [ \Z`dh� i_j_iemlZlb� a \_dlhj�jy^hqdhf

( )[ [ [ [ [Q Q≡ −� � � � Z ^h[mlhd� [ \ � ydbc� } qbkehf�� a ^h[mldhf� \ [ � ydbc� }fZljbp_x� ihjy^dm� Q�� IhagZq_ggy� >�jZdZ� rbjhdh� aZklhkh\mxlvky� m kmqZkg�ce�l_jZlmj� a�d\Zglh\h� f_oZg�db��d\Zglh\h� hilbdb��n�abdb l\_j^h]h�l�eZ��lhsh�
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M ih^Zevrhfm�[m̂ _fh�ihagZqZlb�kbkl_fm�[Zabkgbo�\_dlhj�\�\ Q�\bf�jghfm� ijhklhj�� yd� { }HL L Q=�� � Z[h� ih^Z\Zlb� m \b]ey^�� fZljbp��jy^dZ� ( ) ( )H H H H H� �� �� Q L≡ ≡ .. �E�g�cg�� hi_jZp��� a fZljbpyfb�_e_f_glZfb�ydbo�} \_dlhjb��\bdhgmxlvky�aZ�lbfb�` ijZ\beZfb��sh�chi_jZp��� a qbkeh\bfb� fZljbpyfb��� GZ^Ze��� ydsh� g_� \dZaZgh� �gr_�[m̂ _fh� \\Z`Zlb�� sh� \k�� �g^_dkb�� yd�� [m^mlv� amklj�qZlbky�gZ[m\Zxlv�agZq_gv�\�^���^h�Q�� ����Dhhj^bgZlb�\_dlhjZJha]eyg_fh�kbkl_fm�\_dlhj�\� { }{ }[ H� �L sh�kdeZ^Z}lvky�a ^h\�evgh]h\_dlhjZ�ijhklhjm�$ Q � [Zabkm�m pvhfm�ijhklhj���Py�kbkl_fZ�f�klblvQ � �� \_dlhj� � lhfm� } e�g�cgh� aZe_`ghx�� P_� agZqblv�� sh� �kgm}g_ljb\�ZevgZ� e�g�cgZ� dhf[�gZp�y� \_dlhj�\� kbkl_fb�� ydZ� ^hj�\gx}
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gmevh\hfm� \_dlhjm�� α α[ H �+ =L L � Yd[b� dh_n�p�}gl� D ^hj�\gx\Z\gmex��a\�^kb�\bieb\Zeh�[��sh��kgm}�g_ljb\�ZevgZ�dhf[�gZp�y�\_dlhj�\[Zabkm�� ydZ� ^hj�\gx}� gmex�� sh� g_fh`eb\h� a h]ey^m� gZ� e�g�cgmg_aZe_`g�klv�[Zabkgbo�\_dlhj�\��LZdbf�qbghf��D g_�^hj�\gx}�gmex�� ^h\�evgbc \_dlhj�[ ijhklhjm�$ Q fh`_�[mlb�ij_^klZ\e_gbc�m \b]ey^�e�g�cgh��dhf[�gZp���\_dlhj�\�[Zabkm�[ H= [L L � �����^_� [L L L= −α αH � � <bjZa� ������ gZab\Zxlv� jhadeZ^hf� \_dlhjZ� [ ih\_dlhjZo�[Zabkm������ HagZq_ggy� Dh_n�p�}glb� jhadeZ^m� \_dlhjZ�ih� \_dlhjZo� [Zabkm
{ }HL gZab\Zxlv� dhhj^bgZlZfb pvh]h� \_dlhjZ� \ [Zabk�� { }HL � lh[lh[L ± L�lZ�dhhj^bgZlZ�\_dlhjZ�[ \ [Zabk��{ }HL �Dhhj^bgZlb� \_dlhjZ� [ fh`gZ� ih^Zlb� m \b]ey^�� \_dlhj�klh\iqbdZ�������ydbc�\ lZdhfm�jZa��gZab\Zxlv�dhhj^bgZlgbf�klh\iqbdhf�pvh]h\_dlhjZ��Hl`_��jhadeZ^�������fh`gZ�aZibkZlb�m \b]ey^�

( )( )[ H H= =[ [L L � �����
>h[mlhd� H [ } \_dlhjhf��hkd�evdb�_e_f_glZfb�fZljbp��jy^hqdZ� H} \_dlhjb�� �GZ� \�^f�gm� \�^�pvh]h��^h[mlhd� \ [ qbkeh\h��fZljbp��jy^hqdZ� \ gZ�dhhj^bgZlgbc�klh\iqbd� [ } qbkehf��� ����Hkgh\g��\eZklb\hkl��dhhj^bgZl�\_dlhjZ����� <eZklb\�klv� < aZ^Zghfm� [Zabk�� { }HL dh`ghfm� \_dlhjm\�^ih\�^Z}�h^bg�� ebr_�h^bg�dhhj^bgZlgbc�klh\iqbd��>ey�^h\_^_ggy�ijyfh]h�l\_j^`_ggy�ijbimklbfh�ijhlbe_`g_��g_oZc[ H [ H= =[ [L L L LlZ� � Lh^�� ( )[ [L L

L L− ⋅ =∑ H �� Hkd�evdb� [Zabkg�
\_dlhjb�e�g�cgh�g_aZe_`g��� [ [ LL L− = ∀�� � Z hl`_�� [ [ LL L= ∀� �
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>h\_^_ggy�h[_jg_gh]h�l\_j^`_ggy�} ljb\�Zevgbf������� AZm\Z`_ggy� M j�agbo [ZabkZo� h^ghfm� c lhfm� ` \_dlhjm\�^ih\�^Zxlv�j�ag��dhhj^bgZlg��klh\iqbdb�L_i_j�fb� [Zqbfh��sh� \ aZ^Zghfm [Zabk�� �kgm}� \aZ}fgh� h^ghagZqgZ\�^ih\�^g�klv f�`�\_dlhjZfb��lZ�dhhj^bgZlgbfb�klh\iqbdZfb��Z lhfm[m̂ v�ydZ� j�\g�klv��sh� } kijZ\_^eb\hx� ^ey� \_dlhj�\�� kijZ\^`m}lvkylZdh`�^ey�\�^ih\�^gbo�dhhj^bgZlgbo�klh\iqbd�\�� A\�^kb�\bieb\ZxlvgZklmig��gZke�^db������ GZke�^hd� Djbl_j�c�j�\ghkl��\_dlhj�\��^\Z�\_dlhjb� [ H= [ L L lZ\ H= \ L L ^hj�\gxxlv� h^bg� h^ghfm� lh^�� c ebr_� lh^��� dheb[ \ LL L= ∀� � �1grbfb� keh\Zfb�� ydsh� \_dlhjb� j�\g��� \hgb� fZxlvh^gZdh\�� dhhj^bgZlb� \ aZ^Zghfm�[Zabk��� � gZ\iZdb�� ydsh� \�^ih\�^g�dhhj^bgZlb�\_dlhj�\�h^gZdh\���p��\_dlhjb�^hj�\gxxlv�h^bg�h^ghfm�������GZke�^hd� Dhhj^bgZlgbc� klh\iqbd� kmfb� \_dlhj�\� ^hj�\gx}� kmf�dhhj^bgZlgbo�klh\iqbd�\�\_dlhj�\�^h^Zgd�\�� [ \ [ \+ = + ������ GZke�^hd� Dhhj^bgZlgbc� klh\iqbd� ^h[mldm� \_dlhjZ� gZ� qbkeh^hj�\gx}� ^h[mldm� dhhj^bgZlgh]h� klh\iqbdZ� ^Zgh]h� \_dlhjZ� gZ� p_qbkeh�� α α[ [= ������ GZke�^hd� >ey�e�g�cgh�� aZe_`ghkl�� \_dlhj�\� kbkl_fb� { }[ M M N=��g_h[o�^gh� � ^hklZlgvh��sh[� �o� dhhj^bgZlg�� klh\iqbdb� [meb� e�g�cghaZe_`gbfb�

� AZ�l_jf�gheh]�}x��ydZ�aZklhkh\m}lvky�\ l_hj���]jmi�lZ�d\Zglh\�c�f_oZg�p���dZ`mlv�sh� dhhj^bgZlg�� klh\iqbdb� a^�ckgxxlv� ah[jZ`_ggy� [m^v�ydh]h� \_dlhjgh]hijhklhjm \�Zjbnf_lbqgbc ijhkl�j�
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����� GZke�^hd� >ey� e�g�cgh�� g_aZe_`ghkl�� \_dlhj�\� kbkl_fb
{ }[ M M N=�� g_h[o�^gh�� ^hklZlgvh��sh[��o�dhhj^bgZlg��klh\iqbdb�[mebe�g�cgh�g_aZe_`gbfb�� ����AZf�gZ�[ZabkmJha]eyg_fh� ^\Z� [Zabkb� { }H L lZ� { }′H L m ijhklhj�� $ Q�� GZ^a\bqZcgh\Z`eb\hx� a ijZdlbqgh�� lhqdb� ahjm� } lZdZ� aZ^ZqZ�� aZ� \�^hfbfbdhhj^bgZlZfb� [ \_dlhjZ� [ m [Zabk�� { }H L agZclb� dhhj^bgZlb� ′[pvh]h� ` kZfh]h \_dlhjZ� m [Zabk�� { }′H L � Sh[� jha\¶yaZlb� px� aZ^Zqm�kdhjbklm}fhky�lbf��sh�dh`_g�a \_dlhj�\�rljboh\Zgh]h�[Zabkm��yd�� [m̂ v�ydbc�\_dlhj�ijhklhjm�$ Q��fh`_�[mlb�jhadeZ^_gbc�\ [Zabk��{ }H L �

′ =H HL L M MW � �����^_� WLM ±� M�lZ� dhhj^bgZlZ L�]h� rljboh\Zgh]h� [Zabkgh]h� \_dlhjZ� \g_rljboh\Zghfm�[Zabk������� HagZq_ggy� D\Z^jZlgm�fZljbpx�7 a _e_f_glZfb� WLM gZab\ZxlvfZljbp_x�i_j_oh^m \�^�[Zabkm�{ }H L ^h�[Zabkm�{ }′H L �
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Ihjy^hd�fZljbp��i_j_oh^m�\hq_\b^v�^hj�\gx}�\bf�jghkl��ijhklhjm�Ki�\\�^ghr_ggy� ������ f�`� \_dlhjZfb� ^\ho� j�agbo� [Zabk�\� ajmqghih^Zlb�m fZljbqg�c�nhjf��

′ =H H 7� �����AZagZqbfh�gZc\Z`eb\�r��\eZklb\hkl��fZljbp��i_j_oh^m������ <eZklb\�klv� M�c klh\iqbd�fZljbp�� i_j_oh^m� } dhhj^bgZlgbfklh\iqbdhf� W M [Zabkgh]h�\_dlhjZ� ′H M m [Zabk��{ }HL �
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� <bieb\Z}�a hagZq_ggy ����������� <eZklb\�klv� FZljbpy� i_j_oh^m� } g_\bjh^`_ghx�g_hkh[eb\hx��fZljbp_x�� FZljbpx� 7� a _e_f_glZfb� WLM gZab\Zxlv� g_\bjh^`_ghx�g_hkh[eb\hx�� dheb� �kgm}� h[_jg_gZ� fZljbpy� 7 −� a _e_f_glZfba � GHWW $L M L M= 7 � $LM ±� Ze]_[jZ�qg_� ^hih\g_ggy _e_f_glZ� WLM �GHW7 ±� \bagZqgbd� fZljbp�� i_j_oh^m��� Hl`_�� sh[� ^h\_klb� ^Zg_l\_j^`_ggy�� ^hkblv� ^h\_klb�� sh� \bagZqgbd� fZljbp�� i_j_oh^m� g_^hj�\gx}�gmex��>ey�pvh]h�a]Z^Z}fh��sh�g_h[o�^gZ�� ^hklZlgy�mfh\Zj�\ghkl�� ^_l_jf�gZglZ� gmex� ihey]Z}� \ e�g�cg�c� aZe_`ghkl�klh\iqbd�\�\�^ih\�^gh��fZljbp���>ey� GHW7 py�mfh\Z�g_�\bdhgZgZ�hkd�evdb� a e�g�cgh�� g_aZe_`ghkl�� [Zabkgbo� \_dlhj�\� { }′H M �gZke�^dm ���� lZ� \eZklb\hkl� ���� \bieb\Z}� e�g�cgZ� g_aZe_`g�klvklh\iqbd�\� W M fZljbp��7�������<eZklb\�klv� Ihke�^h\g_� i_j_l\hj_ggy� [Zabk�\� ′ =H H 7� �
′′ = ′H H 7� j�\ghkbevg_� i_j_l\hj_ggx� ′′ =H H 7 a fZljbp_x7 7 7= � � �� >h\_^_ggy�pvh]h�l\_j^`_ggy�qblZq_\��dhjbkgh�ijh\_klb�kZfhkl�cgh�\boh^yqb�a \bjZam������������� <eZklb\�klv� H[_jg_gZ� aZf�gZ� [Zabkm� { } { }′ →H HLa^�ckgx}lvky�aZ�^hihfh]hx�fZljbqgh��j�\ghkl�H H 7= ′ −� � ������ >h\_^_ggy�� a ������ \bieb\Z}�� sh� H 7 H= ′ � Z hl`_�H 77 H 7− −= ′� � � A\Z`b\rb�gZ�l_��sh�77 − =� ( � ^_�? ±�h^bgbqgZfZljbpy��h^_j`m}fh�j�\g�klv��������
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L_i_j�m gZk�} \k_�g_h[o�^g_��sh[�jha\¶yaZlb�ihklZ\e_gm�aZ^Zqm�ijhki�\\�^ghr_ggy�f�`�dhhj^bgZlZfb� [ lZ� ′[ \_dlhjZ�[ m ^\ho�j�agbo[ZabkZo��M i_jrhfm�[Zabk��[ H= [ � Z m�^jm]hfm�[ H= ′ ′[ �
LZdbf�qbghf� H H[ [= ′ ′ � �����M lhc�kZfbc�qZk��a ������\boh^blv��shH H 7[ [= ′ −� � �����Ihj�\gy\rb�\bjZab�������lZ�������agZoh^bfh�rmdZg_�ki�\\�^ghr_ggy�

′ = −[ [7 � � ������J_amevlZl�������fh`_�[mlb�ih^Zgbc�m \b]ey^��l_hj_fb������ L_hj_fZ� I_j_l\hj_ggy� dhhj^bgZl� \_dlhjZ� a^�ckgx}lvky� aZ^hihfh]hx�fZljbp��h[_jg_gh� ^h�fZljbp��i_j_oh^m�L������ L_hj_fZ� G_oZc� aZ^Zgh� i_\gbc� [Zabk� { }H L �� Dh`gZ� g_\bjh^`_gZfZljbpy�7�} fZljbp_x�i_j_oh^m�\�^�pvh]h�[Zabkm�^h�^_ydh]h�[Zabkm�{ }′H L ��< hdj_fhfm�\biZ^dm��dheb�7 ±�h^bgbqgZ�fZljbpy��H HL L L= ′ ∀� ��� >h\_^_ggy� l_hj_fb� [Zam}lvky� gZ� lhfm�� sh� ^_l_jf�gZglg_\bjh^`_gh�� fZljbp�� g_� ^hj�\gx}� gmex�� Z hl`_�� �� klh\iqbdbe�g�cgh� g_aZe_`g�� � �o� fh`gZ� \\Z`Zlb� dhhj^bgZlgbfbklh\iqbdZfb�e�g�cgh�g_aZe_`gbo�\_dlhj�\�{ }′H L � ijh�yd��c^_lvky�\mfh\��l_hj_fb������� AZm\Z`_ggy� Nhjfmeb� ������� ������ fh`gZ� jha]ey^Zlb�� ah^gh]h� [hdm�� yd� ki�\\�^ghr_ggy� f�`� \_dlhjZfb� ^\ho� aZ^Zgbo[Zabk�\���iZkb\gZ��lhqdZ�ahjm��Z[h�lhqdZ�ahjm��DOLDV����Z a��grh]h[hdm�� yd� ijZ\beh�� aZ� ydbf� [Zabk� { }H L i_j_l\hjx}lvky� gZ� [Zabk
{ }′H L � ijbqhfm� p_� ijZ\beh� nhjfZe�am}lvky� fZljbp_x� 7
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��Zdlb\gZ�� lhqdZ� ahjm� Z[h� lhqdZ� ahjm� �DOLE����� LhqdZ� ahjm� DOLEL\ijblme� i�^\h^blv� gZk� ^h� ihgylly e�g�cgh]h� hi_jZlhjZ��� yd_qZklh�amklj�qZ}lvky�\ j�agbo�jha^�eZo�fZl_fZlbdb�lZ�n�abdb�� ����IjbdeZ^b�aZklhkm\Zggyf_lh^m�dhhj^bgZl�m n�abp�M ihi_j_^gvhfm� jha^�e�� fb� mi_\gbebky� \ lhfm�� sh� dheb� h[jZghdhgdj_lgbc� [Zabk�� �kgm}� \aZ}fgh� h^ghagZqgZ� \�^ih\�^g�klv� f�`\_dlhjZfb� lZ� �o� dhhj^bgZlZfb� [L �� AZ\^ydb� pvhfm�� \bgbdZ}fh`eb\�klv� aZ^Z\Zlb� \_dlhjg�� \_ebqbgb� lZ� agZoh^blbki�\\�^ghr_ggy� f�`� gbfb� aZ� ^hihfh]hx� a\bqZcgbo� qbk_e� [L lZnmgdp�c� pbo� qbk_e�� LZdbc� kihk�[� \b\q_ggy� \_dlhjgbo� \_ebqbggZab\Zxlv� f_lh^hf� dhhj^bgZl�� <�g� } gZ^a\bqZcgh� p�ggbf� ^eyn�abdb�lZ��g`_g_jgh��kijZ\b��[h�\j_rl��j_rl�j_amevlZl�^���[�evrhkl��ydsh� g_� \k�o�� n�abqgbo� ijbeZ^�\� lZ� l_og�qgbo� dhgljhexxqboijbkljh�\� ihey]Z}� m \bagZq_gg�� i_\gbo� qbk_e� �yd� m \biZ^dm�gZijbdeZ^��pbnjh\h]h�\hevlf_ljZ��Z[h�qbkeh\bo�nmgdp�c�kdZeyjgh]hZj]mf_glm� �yd� m \biZ^dm� hkpbeh]jZnZ� qb� [m̂ v�ydh]h� ijbeZ^m�� ^hydh]h� i�^dexq_gh� kZfhibk_pv��� < lbo� \biZ^dZo�� dheb� p�� qbkeZi_j_l\hjxxlvky�ijb�i_j_oh^��\�^�h^g�}��kbkl_fb�\�^e�dm�^h��grh��aZ^hihfh]hx�ki�\\�^ghr_gv� ′ =[ D [L ML M � ih^�[gbo�^h����������o�fh`gZ\\Z`Zlb�dhhj^bgZlZfb�\_dlhjZ�[��G_�[m̂ _�i_j_[�evr_ggyf� kdZaZlb�sh� m n�abp�� ihgylly� dhhj^bgZlb� } i_j\bggbf�� Z ihgylly� \_dlhjZiho�^gbf� \�^� gvh]h��>ey� ihykg_ggy� p�}�� ^mfdb� gZ\_^_fh� dhgdj_lg�ijbdeZ^b�a j�agbo�]Zema_c�n�abdb�xx F_oZg�dZ<_dlhjb� nZah\h]h� ijhklhjm� Jha]eyg_fh� f_oZg�qgm� kbkl_fm�� shhibkm}lvky�^_dZjlh\bfb�Z[h�dmlh\bfb�dhhj^bgZlZfb� { }T TL L 6≡
=�� lZ\�^ih\�^gbfb� �fimevkZfb� { }S S / TL L≡ = ∂ ∂� � � ^_� ( )/ T T� � ±

� GZc\Z`eb\�r� \�^hfhkl��a l_hj���e�g�cgbo hi_jZlhj�\�fh`gZ agZclb��gZijbdeZ^��mdgb`p� =_evnZg^ B�F��E_dpbb ih�ebg_cghc Ze]_[j_��±�F��������
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nmgdp�y� EZ]jZg`Z� �j�agbpy� d�g_lbqgh�� lZ� ihl_gp�Zevgh�� _g_j]�ckbkl_fb��� � � �T GT GW= 6 ±�d�evd�klv�klmi_g�\�k\h[h^b��N�abqgbc�klZgkbkl_fb�ih\g�klx�oZjZdl_jbam}lvky�\_dlhjhf�[ a dhhj^bgZlZfb� [L �hagZq_gbfb�m lZdbc�kihk�[�
[ T L 6S 6 L 6L L

L=
≤ ≤

+ ≤ ≤






� �� �� � �Fgh`bgZ� \k�o� \_dlhj�\� [� ml\hjx}� �6�\bf�jgbc� nZah\bc� ijhkl�jf_oZg�qgh��kbkl_fb��M dhgdj_lghfm�\biZ^dm�kbkl_fb�1 g_a\¶yaZgbofZl_j�Zevgbo�lhqhd�\bf�jg�klv�nZah\h]h�ijhklhjm�^hj�\gx}��1���\_dlhjb� <Z`eb\bfb�ihgyllyfb�j_eylb\�klkvdh�� f_oZg�db�} ihgylly��jZ^�mk�\_dlhjZ� lZ� ���fimevkZ� fZl_j�Zevgh�� lhqdb� �_e_f_glZjgh�qZklbgdb��� yd�� hagZqZxlvky� yd� \_dlhjb� a dhhj^bgZlZfb

( )[ FW [ \ ]L = � � � lZ� ( ) ( )S F S S S FL [ \ ]= ≡� �� � � � � � �S \�^ih\�^gh��Lml� [�� \�� ] ±� dhhj^bgZlb� jZ^�mk�\_dlhjZ� qZklbgdb� \ ]_hf_ljbqghfmijhklhj��� W ±� fhf_gl� qZkm� \ ydbc� \bagZqZ}lvky� �� ijhklhjh\_iheh`_ggy�� � lZ� S� ±� _g_j]�y� lZ� a\bqZcgbc� �fimevk� qZklbgdb�� F ±r\b^d�klv� k\�leZ���P�� \_dlhjb�rbjhdh� aZklhkh\mxlvky�� gZijbdeZ^�� mn�abp�� \bkhdbo� _g_j]�c�� hkd�evdb� \hgb� ^m`_� kijhsmxlv� hibkZggyijhp_k�\� a�ldg_ggy� _e_f_glZjgbo� qZklbghd�� Kijhs_ggy� ih\¶yaZg_� albf��sh�\ lZdbo�ijhp_kZo�a[_j�]Z}lvky� �ebrZ}lvky�klZehx��\_ebqbgZS S SL L� ≡ � ^_� ( )S FL = −� � � �S >�ckgh�� \jZoh\mxqb� \�^hf�j_eylb\�klkvd�� nhjfmeb� ^ey� _g_j]��� lZ� �fimevkm� qZklbgdb� a fZkhxkihdhx�P lZ�r\b^d�klx�Y� =
−

=
−

≡
PFY F PY F Y�

� � � �� �� � � � �S Y Y
e_]dh� ihf�lblb�� sh� aZ� [m̂ v�ydbo� agZq_gv� r\b^dhkl�� qZklbgdbS P F FRQVW� � �= = � Z lhfm�� yd� [b� g_� \�^[m\Zehky� a�ldg_ggy� ^Zgh�qZklbgdb�a �grhx�qZklbgdhx���� ���fimevk�af�gblbky�g_�fh`_�
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xx ?e_dljh^bgZf�dZ>ey�kijhs_ggy�j�\gygv�_e_dljh^bgZf�db�qZklh�\\h^ylv�^h�jha]ey^mihgylly� ��ihl_gp�ZeZ� lZ� ��kljmfm�� P�� \_ebqbgb� hagZqZxlvky� yd\_dlhjb� a dhhj^bgZlZfb� ( ) ( )$ $ $ $L [ \ ]= ≡ϕ ϕ� � �$ lZ
( ) ( )M F M M M FL [ \ ]= ≡ρ ρ� � � � �M \�^ih\�^gh��Dhhj^bgZlb�pbo�\_dlhj�\fZxlv� gZklmigbc� n�abqgbc� af�kl�� : ±� \_dlhjgbc� ihl_gp�Ze�ih\¶yaZgbc�a fZ]g�lgbf�ihe_f�+ j�\g�klx+ $= URW �M ±�kdZeyjgbc�ihl_gp�Ze��ydbc�\bagZqZ}lvky�a j�\gyggy( �F $

= − ⋅ −
∂
∂

ϕW JUDG �U�±�]mklbgZ�_e_dljbqgh]h�aZjy^m��M ±�]mklbgZ�kljmfm�AZ�^hihfh]hx���ihl_gp�Zem�lZ���kljmfm�\^Z}lvky�kijhklblb�aZibkaZdhg�\� _e_dljh^bgZf�db�� GZijbdeZ^�� aZdhg� a[_j_`_ggy� aZjy^m� mi�^jmqgbdZo� �a� aZ]Zevgh�� n�abdb� a\bqZcgh� ih^Zxlv� m \b]ey^�j�\gyggy�g_i_j_j\ghkl�
∂ ρ
∂ W + =GLY �M �

Z \� dmjk�� l_hj_lbqgh��n�abdb� qZklh� aZibkmxlv� _d\�\Ze_glg_� ^hgvh]h�j�\gyggy
∂
∂
MW LL = ��

yd_�} klbkebf�aZibkhf�aZdhgm�a[_j_`_ggy�aZjy^m�I�^dj_kebfh�� sh� \ mk�o� gZ\_^_gbo� \bs_� ijbdeZ^Zo� ijhklbcn�abqgbc� af�kl� fZxlv� dhhj^bgZlb� \_dlhj�\�� Z kZf�� \_dlhjb� ke�^jha]ey^Zlb� yd� kmlh� nhjfZevg�� ihgylly�� \\_^_ggy� ydbo� m jha]ey^kijhsm}�fZl_fZlbqg_�hibkZggy�f_oZg�qgbo�kbkl_f�
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xx D\Zglh\Z�l_hj�yK_jchag_� \b\q_ggy� d\Zglh\h�� l_hj��� \ ��� kmqZkghfmnhjfmex\Zgg�� fh`eb\_� ebr_� i�key� hagZchfe_ggy� a ih\gbfmg�\_jkbl_lkvdbf�dmjkhf�e�g�cgh��Ze]_[jb��Hkd�evdb�\bs_�[meh\bdeZ^_gh� ebr_� ihqZldh\�� jha^�eb� pvh]h� dmjkm�� aZjZa� fh`gZebr_� kijh[m\Zlb hoZjZdl_jbam\Zlb� \ aZ]Zevgbo� jbkZo� f�kp_ihgylly� \_dlhjgh]h� ijhklhjm� m aZ]Zevg�c� [m^h\�� d\Zglh\h�f_oZg�db�< hkgh\�� d\Zglh\h�� f_oZg�db� e_`blv� ihgylly� klZp�hgZjgh]hklZgm� n�abqgh�� kbkl_fb�� yd� lZdh]h� �� klZgm�� ydbcoZjZdl_jbam}lvky�i_\gbfb�agZq_ggyfb�n�abqgbo�\_ebqbg��K_j_^pbo� \_ebqbg� gZc\Z`eb\�rhx� } _g_j]�y�� lhfm� ^ey� \bagZq_ghkl�[m^_fh� ]h\hjblb� ijh� klZp�hgZjg�� _g_j]_lbqg�� klZgb �\\Z`Zlbf_fh�� sh� _g_j]�y� kbkl_fb� fh`_� gZ[m\Zlb� ebr_^bkdj_lgbo�agZq_gv�(Q ��Q  ������������>ha\he_g��agZq_ggy�_g_j]��gZab\Zxlv� _g_j]_lbqgbfb� j�\gyfb� n�abqgh�� kbkl_fb��D\Zglh\Zl_hj�y� \b\qZ}� kbkl_fb� yd� a h[f_`_ghx� lZd� � a� g_kd�gq_ghxd�evd�klx�j�\g�\�A]�^gh� a hkgh\gbfb� ihklmeZlZfb� d\Zglh\h�� f_oZg�db� dh`ghfm_g_j]_lbqghfm� klZgm� fh`gZ� ihklZ\blb� m \�^ih\�^g�klv� \_dlhjklZgm�� ijbqhfm� ^ey� \_dlhj�\� klZgm� } kijZ\_^eb\bf� ijbgpbikmi_jihabp���� aZ� ydbf�e�g�cg��dhf[�gZp��� \_dlhj�\� klZgm� lZdh`� }\_dlhjZfb� klZg�\�� LZdbf� qbghf�� \_dlhjb� klZgm� ml\hjxxlv\_dlhjgbc�ijhkl�j�$�>Ze���\k��_g_j]_lbqg��klZgb�jha^�eyxlvky�gZ�^\Z� lbib��Ydshn�abqgZ� kbkl_fZ� agZoh^blvky� \ _g_j]_lbqghfm� klZg�� i_jrh]hlbim�� fh`gZ� kl\_j^`m\Zlb�� sh� \ j_amevlZl�� \bf�jx\Zggy� ��_g_j]��� [m^_� h^_j`Zgh� h^g_� a ^ha\he_gbo� agZq_gv� _g_j]��� (Q��<_dlhjb� klZg�\� i_jrh]h� lbim� a\bqZcgh� ihagZqZxlv� kbf\hehfQ ��� GZlhf�klv�� ^ey� klZg�\� ^jm]h]h� lbim� �kgm}� �fh\�jg�klvh^_j`Zggy� ^_d�evdho� �a� ^ha\he_gbo� agZq_gv� _g_j]���� AnhjfZevgh]h� lhqdb� ahjm� j�agbpy� f�`� klZgZfb� ^\ho� lbi�\ihykgx}lvky� lZdbf� qbghf�� <_dlhjb� Q _g_j]_lbqgbo� klZg�\
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i_jrh]h� lbim� ml\hjxxlv� [Zabk� m ijhklhj�� $�� P_� hagZqZ}��sh^h\�evgbc� \_dlhj� ijhklhjm� fh`_� [mlb� ih^Zgbc� m \b]ey^�jhadeZ^m�aZ�\_dlhjZfb�[Zabkm�
ψ = ∑ F QQQ �

<_dlhjb� ψ �� ^ey� ydbo� jhadeZ^� f�klblv� [�evr_� h^gh]h� ^h^ZgdZ�\�^ih\�^Zxlv� klZgZf� ^jm]h]h� lbim�� 1fh\�jg�klv� hljbfZggy� \j_amevlZl�� \bf�jx\Zggy� agZq_ggy� _g_j]��� (Q ^hj�\gx}� d\Z^jZlmfh^mey� \�^ih\�^gh]h� dh_n�p�}glZ� jhadeZ^m�� 3 FQ Q=
� � Hl`_�� kmfZ\k�o�\_ebqbg� FQ � h[h\¶yadh\h�fZ}�^hj�\gx\Zlb�h^bgbp��


