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6WXGLHV� RI� SRO\YLQ\O� DOFRKRO�PHUFXULF� FKORULGH� ILOPV� KDYH� EHHQ� FDUULHG� RXW� LQFOXGLQJTXDQWXP�FKHPLFDO� FDOFXODWLRQV� RI� HQHUJ\� VWUXFWXUH�� SRWHQWLDO� VXUIDFHV� RI� WKH� JURXQG�H[FLWHG�� DQG� LRQL]HG� VWDWHV� RI� PHUFXULF� FKORULGH� DV� ZHOO� DV� RI� FRPSOH[HV� IRUPHG� E\� WKHPHUFXULF� FKORULGH� GHFRPSRVLWLRQ� SURGXFWV� ZLWK� DPPRQLD�� 7KH� LUUDGLDWLRQ� RI� ILOP� ZLWKKLJK�HQHUJ\�TXDQWD��DERXW���NH9��IROORZHU�E\�DPPRQLD�YDSRU�H[SRVXUH�UHVXOWV�LQ�DQ�LPDJHDSSHDULQJ�� ,W� LV� WKH�PHUFXULF� FKORULGH�PROHFXOH� H[FLWDWLRQ� LQWR� WKH� GLVVRFLDWLYH� VWDWH� E \VHFRQGDU\�HOHFWURQV�IROORZHG�E\�GLVVRFLDWLRQ�WKDW�KDV�EHHQ�VKRZQ�WR�EH�PRVW�OLNHO\�PHFKD �QLVP�RI�WKH�UDGLDWLRQ�FKHPLFDO�SURFHVV��7KH�RSWLFDO�FRQWUDVW�LV�SURYLGHG�GXH�WR�IRUPDWLRQRI�+J��1+���&O�⋅+�2 FRPSOH[� LQ� WKH� ILOP�DQG�WR�FRQGHQVDWLRQ��XQGHU� LUUDGLDWLRQ��RI�PHU �FXU\� PLFURGURSOHWV� VFDWWHULQJ� OLJKW� DQG� JLYLQJ� ULVH� WR� LPDJLQJ� HIIHFW� VLPLODU� WR� WKHYHVLFXODU�RQH�
�¯ºmË�ËÓ©�Ò°°ãË�ºmÈÓÒ«�¹ãËÓº}�¹ºãÒmÒÓÒãºm©®�°¹Ò¯��°�ãËäÈ�+J&O���m}ã
�È
�ÒË}mÈÓ�ºmº�²ÒäÒ�Ë°}ÒË� ¯È°�Ë�©� ªÓË¯�Ë�Ò�Ë°}º®� °�¯�}��¯©�� ¹º�ËÓ�ÒÈã	Óº®� ¹ºmË¯²Óº°�Òº°ÓºmÓº�º�� mºÏ�Î�ËÓÓº�º� Ò� ÒºÓÒÏÒ¯ºmÈÓÓº�º� °º°�º«ÓÒ«� °�ãËä©�� È� �È}ÎË� }ºä¹ãË}°ºm¹¯º��}�ºm�¯È°¹È�È�°�ãËä©�°�ÈääÒÈ}ºä��|ã��ËÓÒË�°ãºËm�m©°º}ºªÓË¯�Ë�Ò�Ë°}ÒäÒ�}mÈÓ��ÈäÒ�ÒÏã��ËÓÒ«��a��}ª{��°�¹º°ãË��
�Òä�m©�Ë¯ÎÒmÈÓÒËä�m�¹È¯È²�ÈääÒÈ}È�¹¯Òmº�Ò��}¹º«mãËÓÒ
 ÒÏº¯ÈÎËÓÒ«���º}ÈÏÈÓº����º�ÓÈÒºãËË�mË¯º«�Ó©ä�äË²ÈÓÒÏäºä�¯È�ÒÈ�ÒºÓÓº�²ÒäÒ�Ë°}Ò²�¹¯º�Ë°°ºm�«mã«Ë�°«�mºÏ�Î�ËÓÒË�äºãË}�ã©�°�ãËä©�m�º¯Ò�Ó©äÒ�ªãË}�¯ºÓÈ�äÒ� m� �Ò°°º�ÒÈ�ÒmÓºË� °º°�º«ÓÒË� °� ¹º°ãË��
�Ë®� �Ò°°º�ÒÈ�ÒË®�� |¹�Ò��Ë°}Ò®� }ºÓ�¯È°��º°�Ò�ÈË�°«�ÏÈ�°�Ë��º¯ÈÏºmÈÓÒ«�m�¹ãËÓ}Ë�}ºä¹ãË}°È�+J��1+���&O�⋅+�2 Ò�}ºÓ�ËÓ°È�ÒÒ�m�°ãºmÒ«²� ºã��ËÓÒ«� äÒ}¯º}È¹Ëã	 ¯���Ò�� ¯È°°ËÒmÈ
�Ò²� °mË�� Ò� m©Ï©mÈ
�Ò²� ªÁÁË}�ÒÏº¯ÈÎËÓÒ«��Ò¹È�mËÏÒ}�ã«¯Óº�º�

7R� HVWDEOLVK� WKH� UHJXODULWLHV� RI� UDGLDWLRQ�LQGXFHG� SURFHVVHV� RFFXUULQJ� LQ� D� VXEVWDQFHVXEMHFWHG� WR�YDULRXV� LRQL]LQJ�UDGLDWLRQ�NLQGVLV� D� SUREOHP� RI� LPSRUWDQFH� LQ� WKH� UDGLDWLRQPDWHULDOV�VFLHQFH�>�@��7KLV�SUREOHP�LV�FRPSOH[DQG�GLIILFXOW�WR�VROYH��7KDW�LV�ZK\�WKH�NQRZQUHVXOWV�REWDLQHG�LQ�VWXG\LQJ�RI�WKH�UDGLRO\VLVVWDJHV�GR�QRW�DOZD\V�PDNH�LW�SRVVLEOH�WR�IRUH �FDVW�TXDQWLWDWLYHO\��DQG�HYHQ�TXDOLWDWLYHO\�LQVRPH�FDVHV��FKDQJHV�LQ�PDFURVFRSLF�SURSHUWLHVRI� PDWHULDOV� FDXVHG� E\� LUUDGLDWLRQ�� 7KLV� LVGXH�WR�WKH�ODFN�RI�UHOLDEOH�GDWD�RQ�PHFKDQLVPDQG�NLQHWLFV�RI�UDGLDWLRQ�LQGXFHG�SURFHVVHV�DVZHOO�DV�RI�TXDQWLWDWLYH�PRGHOV�GHVFULELQJ�WKHFKDQJH� FKDUDFWHU� IRU� VSHFLILF� SURSHUWLHV� RIFRPSRXQGV�DQG�PDWHULDOV�EDVHG�WKHUHRQ�>�@�

%HIRUH�� WKH� DXWKRUV� UHSRUWHG� D� QRYHO;�UD\� VHQVLWLYH� VLOYHU�IUHH�PDWHULDO� FRQVLVW �LQJ� RI� D� SRO\YLQ\O� DOFRKRO� >�&�+�2�@Q OD\HUFRQWDLQLQJ�PHUFXULF�FKORULGH�+J&O� >����@��,WKDV� EHHQ� IRXQG� WKDW� LUUDGLDWLRQ� RI� VXFKILOPV� ZLWK� KLJK�HQHUJ\� TXDQWXP� IROORZHGE\� H[SRVXUH� LQ� DPPRQLD� YDSRU� UHVXOWV� LQIRUPDWLRQ�RI�D�EODFN�SURGXFW� WKDW� LV�D�SUH �UHTXLVLWH�IRU�GDWD�UHFRUGLQJ�XVLQJ�WKH�UDGLD �WLRQ�� 3URFHVVHV� RFFXUULQJ� LQ� WKH� PDWHULDOXQGHU� LUUDGLDWLRQ� DQG� GXULQJ� VWRUDJH� KDYHEHHQ�SRVWXODWHG��6RPH�GLIILFXOWLHV��KRZHYHU�ZHUH�GLVFRYHUHG��7KH�LPDJH�ZDV�IRXQG�WR�EHUDWKHU� XQVWDEOH�� WKH� PDWHULDO� KDV� VKRZQ� DORZ� VHQVLWLYLW\�� WKH� SK\VLFDO� SURFHVVHV� WDN �LQJ�SODFH�LQ�WKH�OD\HUV�XQGHU�;�UD\�LUUDGLD �
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WLRQ�ZHUH� QRW� FRQFHLYHG� VXIILFLHQWO\� WR� LP �SURYH� WKH� PDWHULDO� SKRWRJUDSKLF� FKDUDF �WHULVWLFV�6LQFH�LW�LV�MXVW�HOHFWURQ�WUDQVLWLRQV�LQ�WKH89� UHJLRQ� WKDW� DUH� W\SLFDO� RI� WKH� FRP�SRXQGV�LQYROYHG�LQ�WKH�SURFHVVHV�XQGHU�FRQ �VLGHUDWLRQ�� LQYHVWLJDWLRQV� LQ� WKLV� ILHOG� DUHQHFHVVDU\� WR� VWXG\� WKH� HQHUJ\� FRQYHUVLRQPHFKDQLVPV� LQ� WKH�PROHFXOHV�� HVSHFLDOO\�� LQ+J&O� RQH� WKDW� SOD\V� WKH�PDLQ� SDUW� LQ� WKHPHQWLRQHG� SURFHVVHV�� 7KH� PROHFXODU� VWUXF �WXUH�RI�PHUFXU\�KDOLGHV�LV�ZHOO�NQRZQ�>�Ü�@�EXW�WKH�LQIRUPDWLRQ�RQ�UDGLDWLRQ�VHQVLWLYLW\PHFKDQLVPV� RI� WKRVH� FRPSRXQGV� LV� LQFRP �SOHWH�� ,Q� WKLV� FRQQHFWLRQ�� LW� LV�QHFHVVDU\� WRFDOFXODWH� WKH� HQHUJ\� VWUXFWXUH� RI� +J&O�PROHFXOH� DV�ZHOO� DV� VWXG\� WKHRUHWLFDOO\� DQGH[SHULPHQWDOO\� LWV� 89� DEVRUSWLRQ� VSHFWUXPDQG� UDGLDWLRQ� VHQVLWLYLW\� RI� +J&O� FRQWDLQ�LQJ� OD\HUV�� ,Q� >�@�� VXFK� D� FDOFXODWLRQ� ZDVFDUULHG� RXW� ZLWKRXW� WDNLQJ� G�$2� LQWR� DF�FRXQW��7KH�FDOFXODWHG�UHVXOWV�DUH�LQ�D�UDWKHUJRRG� DJUHHPHQW� ZLWK� H[SHULPHQWDO� RQHV�6RPH� LQFRQVLVWHQF\� EHWZHHQ� WKHRUHWLFDO� UH �VXOWV� DQG� H[SHULPHQW� VXSSRVHV� WKDW� WKHUHDUH� VRPH� DVSHFWV� WKDW� DUH� QRW� WDNHQ� LQWRDFFRXQW�� LQFOXGLQJ� WKH� HIIHFW� RI� G�$2� RIDWRPV�LQYROYHG�LQ�WKH�PROHFXOH�7KH� UDGLDWLRQ�LQGXFHG� HIIHFWV�ZHUH� VWXG �LHG�XVLQJ�WKLQ��DERXW�����µP��ILOPV�FRQVLVW�LQJ�RI�������PDVV��+J&O� DQG������SRO\YL�Q\O� DOFRKRO�� 7KH� VDPSOHV� ZHUH� LUUDGLDWHGWKURXJK� D� WKLFN� SHUIRUDWHG� PHWDO� PDVNXVLQJ� D� ��� N9� ;�UD\� WXEH�� 7R� GHYHORS� WKHLPDJH�� WKH� LUUDGLDWHG� ILOP�ZDV� H[SRVHG� IRUVHYHUDO�PLQXWHV� LQ�DPPRQLD�YDSRU��7KH�DE �VRUSWLRQ� VSHFWUD� RI� DTXHRXV� VROXWLRQV� DQGSRO\PHU�OD\HUV�FRQWDLQLQJ�+J&O� ZHUH�WDNHQLQ�WKH�����WR�����QP�UDQJH��6SHFRUG�0�����7R�VWXG\�WKH�UDGLDWLRQ�FKHPLFDO�PHFKDQLVPV>�@�� TXDQWXP� FKHPLFDO� FDOFXODWLRQV� ZHUHFDUULHG� RXW� XVLQJ� 01'2�� 01'2�G�� 30��$0��PHWKRGV��VHOI�FRQVLVWHG�ILHOG�ZLWK�FRQ �ILJXUDWLRQDO� LQWHUDFWLRQ�� >��Ü��@�� 7KH01'2�G WHFKQLTXH� SURYLGHG� UHVXOWV� PRVWFORVH�WR�H[SHULPHQWDO�RQHV�7KH� WUDQVSDUHQW� FRORUOHVV� +J&O� FRQWDLQ�LQJ� SRO\PHU� ILOPV� RI� ����� WR� ����� PPWKLFNQHVV� VKRZHG� 89� DEVRUSWLRQ� EDQGVSHDNHG�DW�λ  �����QP�DQG�λ ������QP��7KHLUUDGLDWHG� VDPSOHV� H[SRVHG� LQ� DPPRQLDZHUH� EODFN�� ,I� D� VDPSOH� ZDV� LUUDGLDWHG� IRUOHVV� WKDQ� ��� PLQ�� WKH� LPDJH� REWDLQHG� E\DPPRQLD�H[SRVXUH�ZDV�GLVDSSHDUHG�LQ�WLPH�7KH� UHSHDWHG� H[SRVXUH� RI� WKH� ;�UD\� VHQVL �WLYH�OD\HU�LQ�DPPRQLD�YDSRU�UHVXOWHG�LQ�UH �VWRUHG�LPDJH��,I�WKH�LUUDGLDWLRQ�GXUDWLRQ�H[ �

FHHGHG� ��� RU� ��� PLQ�� WKH� LPDJH� GHYHORSHGLQ�DPPRQLD�ZDV�HYHQ�LQWHQVLILHG�LQ�WLPH�7R�LQWHUSUHW�WKH�H[SHULPHQWDO�UHVXOWV��OHWWKH� HQHUJ\� VWUXFWXUH� RI� PROHFXOHV� XQGHUVWXG\� EH� FRQVLGHUHG� ILUVW� RI� DOO�� 7KHQ�� WKHVKRUW�DQG�SURORQJHG�LUUDGLDWLRQ�WLPH�UDQJHVZLOO� EH� FRQVLGHUHG� DFFRUGLQJ� WR� WZR� WLPHUHJLRQV� RI� UDGLDWLRQ�LQGXFHG� SURFHVVHV� RF �FXUULQJ�LQ�WKH�OD\HUV�7KH� HQHUJ\� VWUXFWXUH� RI�&O±+JQ±&O PROH�FXOHV� DQG� WKHLU� FRPSOH[HV� ZLWK� DPPRQLD�7KH�HQHUJ\�VWUXFWXUH�RI�PHUFXULF�FKORULGH�LVSUHVHQWHG� LQ� )LJ����� 7KH�PROHFXODU� RUELWDOV�02��ZLWK�QHJDWLYH�QXPEHUV�DUH�IXOO\�RFFX �SLHG�ZLWK�HOHFWURQV��WKRVH�ZLWK�SRVLWLYH�RQHVDUH�HPSW\��,W�IROORZV�IURP�WKLV�)LJXUH�WKDWWKH� GHHS� �σX VWDWH� �02� 1R�Ü��� LV� QRW� LQ�YROYHG� LQ� WKH� FKHPLFDO� ERQG� IRUPDWLRQ�VLQFH� LW� LV� SUHVHQWHG� E\� VXSHUSRVLWLRQ� RIFKORULQH� V�DWRPLF� RUELWDOV� �VÜ$2�� RQO\�7KXV��LW�LV�D�QRQERQGLQJ�02��QÜ02���6LPL�ODUO\��WKH�KLJKHU�RFFXSLHG��πJÜ02��1RV��Ü�DQG�Ü���DUH�DOVR�QRQERQGLQJ��7KH�DWRPV�DUHERXQG�LQ�WKH�PROHFXOH�E\�IRXU�ERQGLQJ�02V�Ü�� WKURXJK� Ü���ZKHUH� WZR� XSSHU�02V� DUH�πX RQHV�ZKLOH�WKH�UHVW���σJÜ02�IRUPHG�GXHWR� LQWHUDFWLRQ� RI� S]Ü$2V� RI� FKORULQH� DQGPHUFXU\��VHH�)LJ������7KH�02V�DUH�SUHVHQWHGDV� OLQHDU� FRPELQDWLRQ� RI� $2� LQ� WKH� DWRPLFRUGHULQJ�LQ�WKH�PROHFXOH��7KH�FRUUHVSRQGLQJOLQHDU� FRPELQDWLRQV� DUH� SUHVHQWHG� ZLWKRXWWDNLQJ�WKH�ZHLJKW�IDFWRUV�LQWR�DFFRXQW�,Q� RXU� FDVH�� WKH� G�RUELWDOV� RI� FKORULQHDWRPV�DUH�GLVSOD\HG�UDWKHU�ZHOO�IRUPLQJ� σ��
π��� DQG�δ�RUELWDOV� IURP��WK�WR�WKH���WK�RQH

)LJ����� (QHUJ\� VWUXFWXUH� RI� +J&O�� DQG� PR�OHFXODU�RUELWDO�VWUXFWXUH�
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�)LJ������ $OO� RI� WKRVH� DUH�� KRZHYHU�� QRQ �ERQGLQJ�RQHV� �D� VOLJKW�RYHUODS�EHWZHHQ�GLV �WDQW�$2�RI� FKORULQH�UHVXOWV� LQ�DQ� LQVLJQLIL �FDQW�OHYHO�VSOLW��7KH� H[SHULPHQWDOO\� REVHUYHG� DEVRUSWLRQEDQG� SHDNHG� DW� λ  ����� QP� �WKH� 01'2�GFDOFXODWLRQ� JLYHV� λ  ������� QP�� I  ������DQVZHUV�WR�WKH�TXDQWXP�WUDQVLWLRQV�EHWZHHQ�σX DQG� �σJ 02V�� WKDW� LV�� LW� LV� UHODWHG� WRWKH� 6� → 6� ��σX → �σJ�� DEVRUSWLRQ� RIPHUFXULF� FKORULGH��7KLV� TXDQWXP� WUDQVLWLRQLV� DOORZHG� LQ�GLSROH� DSSUR[LPDWLRQ��7KH�GL �SROH�PRPHQW� RI� WKH�TXDQWXP� WUDQVLWLRQ�� DVREWDLQHG� XVLQJ� 30�� DQG� $0�� PHWKRGV�� LVSHUSHQGLFXODU� WR� WKH� PROHFXODU� D[LV� DQGHTXDO� WR� ���� '� �30��� RU� ���� '� �$0���� ,QWKH�FDVH�RI�01'2�G��WKH�FRPSRQHQWV�RI�WKHTXDQWXP� WUDQVLWLRQ� GLSROH� PRPHQW� DUH� DVIROORZV� �'��� [  ��������� \  ��������� ]  �Ü������� 7KHRUHWLFDO�ZDYHOHQJWK�RI�WKH�FRUUH �VSRQGLQJ� TXDQWXP� WUDQVLWLRQ� �λ  �����QP�30��� LV� VRPHZKDW� RYHUHVWLPDWHG� GXH� WRVSHFLILFLW\� RI� VHPL�HPSLULFDO� 30�� PHWKRG�7KH�XVH�RI�$0��JLYHV�D�UHVXOW��λ  �����QP�FORVH� HQRXJK� �DOWKRXJK� QRW� VXIILFLHQWO\�� WRWKH�H[SHULPHQWDO�YDOXH��7KH�01'2�PHWKRGJLYHV�λ  �������QP�IRU�WKH�EDQG�PHQWLRQHGZKLOH� WDNLQJ� LQWR� DFFRXQW� G�RUELWDOV� �LQ01'2�G�� LW� LV� SRVVLEOH� WR� REWDLQ� WKH�YDOXHFRLQFLGHQW� HVVHQWLDOO\� ZLWK� WKH� H[SHULPHQW�,Q�WKH�ODWWHU�FDVH��WZR�ILUVW�TXDQWXP�WUDQVL �WLRQV� DQVZHU� WR� DEVRUSWLRQ� EDQGV� DW������ QP� ��πJ → �σJ�� RVFLOODWRU� VWUHQJWK� I ����DQG�������QP���πX → �σJ��I  ��������7KH� PROHFXODU� HOHFWURQ� FRQILJXUDWLRQ� LQWKH� JURXQG� VWDWH� LV� DV� IROORZV�� ��σX����σJ����σJ����σX�� ��πX����πJ�� ��σJ����πX����σX����σJ�� ��πX���δJ�� ��πJ���δX�� ��σX���WKH� �ΣJ VWDWH� EHLQJ� FRUUHVSRQGLQJ� WKHUHWR�7KH� H[FLWHG� ��σX����σX���� ��σJ����σJ�����σJ����σJ���� ��σX����σX�� ��πX����πX�� VWDWHV���FRQILJXUDWLRQV�DOWRJHWKHU��KDYH�WKH�VDPH

V\PPHWU\�� 7KH� FRQILJXUDWLRQDO� LQWHUDFWLRQVEHWZHHQ� WKRVH� LV� WDNHQ� LQWR� DFFRXQW� LQ� WKH01'2�PHWKRG�WR�FDOFXODWH�WKH�HOHFWURQ�V\V �WHP� HQHUJ\� LQ� JURXQG� VWDWH�� :KHQ� XVLQJ01'2�G�� DORQJ� ZLWK� WKH� DERYH� FRQILJXUD�WLRQV�� WKRVH� FUHDWHG� GXH� WR� WDNLQJ� LQWR� DF �FRXQW� G�$2V� DUH� FRQVLGHUHG�� QDPHO\���σX����σX���� ��σJ����σJ���� ��σJ����σJ�����σX����σX���� ��πX����πX���� ��πJ����πJ���� ���FRQILJXUDWLRQV� DOWRJHWKHU��� 7KLV� FRQVLGHUD �WLRQ�VSHFLILHV�PRUH�DFFXUDWHO\�WKH�HQHUJ\�RIDWRPLF�ERQGV�LQ�WKH�PROHFXOH�:KHQ� WKH� PROHFXOH� XQGHUJRHV� WKH��σX� → ��σJ�� H[FLWDWLRQ�� �ΣX V\PPHWU\VWDWH�LV�IRUPHG��)LYH�FRQILJXUDWLRQV�DQVZHUWR� WKDW� V\PPHWU\� LQ� 01'2� PHWKRG� ZKLOH���RQHV� LQ�01'2�G��7KH�FDOFXODWHG�UHVXOWVDUH� SUHVHQWHG� LQ� 7DEOH��� ZKHUH� RQO\� TXDQ �WXP�WUDQVLWLRQV�DUH�VKRZQ�FRUUHVSRQGLQJ�WRWKH�VSHFWUDO�UDQJH�VWXGLHG�KHUHLQ�,W� IROORZV� IURP�)LJ���� WKDW� WKH�SRWHQWLDOVXUIDFH�RI�WULSOHW�VWDWH�IRUPHG�DV�D�UHVXOW�RIWKH���σX → �σJ��TXDQWXP�WUDQVLWLRQ�LV�ORZ�HUHG� FRQVLGHUDEO\� DQG� FURVVHV� WKH� SRWHQWLDOVXUIDFHV�RI�DOO�RWKHU�H[FLWHG�VWDWHV�DV�RQH�RI&O±+J ERQGV�EHFRPHV�HORQJDWHG��

)LJ�����(QHUJ\�VWDWHV�RI�+J&O��DV�IXQFWLRQV�RIWKH�GLVVRFLDWLQJ�+J±&O ERQG�OHQJWK�

7DEOH����4XDQWXP�WUDQVLWLRQV�LQ�+J&O� PROHFXOH�FDOFXODWHG�XVLQJ�01'2�G�PHWKRG0ROHFXODU�H[FLWDWLRQ 4XDQWXP�WUDQVLWLRQ 7UDQVLWLRQ�W\SH λ��QP 2VFLOODWRU�VWUHQJWK6� → 7� π� → σ� Q → σJ ����� �6� → 6� π� → σ� Q → σJ ����� ��������6� → 7� π� → σ� Q → σX ����� ��6� → 6� π� → σ� Q → σJ ����� ��������6� → 6� σ� → σ� σX → σJ ����� ��������6� → 6� π� → π� Q → πX ����� ��������6� → 6� σ� → π� σJ → πX ����� ��������
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7KXV�� WKH� DERYH�PHQWLRQHG� WULSOHW� VWDWHLV� D� GLVVRFLDWLYH� RQH�� 7KH� GLUHFW� H[FLWDWLRQRI�WKH�PROHFXOH�LQ�WKLV�IDVKLRQ�ZLOO�UHVXOW�LQGLVVRFLDWLRQ�ZLWK�D�KLJK�TXDQWXP�\LHOG�� ,I�KRZHYHU��WKH�H[FLWDWLRQ�LV�ORFDOL]HG�DW�6� RU7� VWDWH�� WKH� GLVVRFLDWLRQ� LV� SRVVLEOH� ZKHQWKH� H[FLWDWLRQ� LV� WUDQVIHUUHG� IURP� WKRVHTXDVL�VWDWLRQDU\� VWDWHV� RQ� WKH� GLVVRFLDWLYH7� RQH�� ,W� LV� ORJLFDO� WR� VXSSRVH� WKDW� WKHPROHFXOH�FDQ�EH�H[FLWHG�LQWR�DOO�WKRVH�VWDWHVRQO\�GXH�WR�JHQHUDWLRQ�RI�SULPDU\�RU�VHFRQ �GDU\�LRQL]DWLRQ�HOHFWURQV�KDYLQJ�FRUUHVSRQG �LQJ�HQHUJ\�ZLWKLQ�WKH�VDPSOH�EXON��$�GLUHFWDEVRUSWLRQ�RI�D�KLJK�HQHUJ\�TXDQWXP�FDQQRWUHVXOW�LQ�WKH�PROHFXOH�H[FLWDWLRQ�LQWR�GLVVR �FLDWLYH�VWDWH�6LQFH�HOHFWURQV�DUH�JHQHUDWHG�LQ�WKH�VDP �SOH�EXON��WKRVH�PD\�EH�FDSWXUHG�E\�PHUFXULFFKORULGH� PROHFXOH� WKXV� IRUPLQJ� +J&O�±DQLRQ��7KH�FDOFXODWLRQV�KDYH�VKRZQ�WKDW�WKHDQLRQ� GLVVRFLDWLRQ� LQ� WKHUPDOL]HG� VWDWH� LVKLQGHUHG�E\�SRWHQWLDO�EDUULHU�RI�DERXW���H9KHLJKW� �)LJ������ 7KLV� EDUULHU� LV� ORZHU� WKDQWKDW� LQ� PHUFXULF� FKORULGH� PROHFXOH�� VLQFHWKH�HOHFWURQ�DIILQLW\�HQHUJ\�WR�WKH�GLVVRFLD �WLRQ�SURGXFWV�LV�KLJKHU�WKDQ�LQ�WKH�PROHFXOH�($ FXUYH� LQ�)LJ������ EXW� LW� LV�KLJK� HQRXJKWR�IUHH]H�WKH�GLVVRFLDWLRQ�SURFHVV��7KXV��WKHUDGLDWLRQ�FKHPLFDO� SURFHVVHV� DUH� WR� EH� H[ �SHFWHG� RQO\� SURFHHGLQJ� IURP� QRQ�WKHUPDO �L]HG� VWDWH�� 1HYHUWKHOHVV�� WKH� GLVVRFLDWLRQIURP� WKH� DQLRQ�HTXLOLEULXP�VWDWH�FDQQRW�EHH[FOXGHG� WRWDOO\�� 7KH� PHUFXULF� FKORULGHDQLRQ� GLVVRFLDWLRQ� ZLOO� UHVXOW� LQ� IRUPDWLRQRI� FKORULQH� DQLRQ� DQG� D� FKHPLFDOO\� DFWLYH+J&O SDUWLFOH�$WRPV� ZLWK� WZR� RXWHU� HOHFWURQV� DUH� EH �OLHYHG�WR�KDYH�DV�D�UXOH�D�ORZ�HOHFWURQ�DIILQ �LW\� >��@� ZKLOH� KDORJHQV� KDYH� PD[LPXP� DI �ILQLW\�YDOXHV�>��@��7KXV��WKH�HOHFWURQ�DIILQ �

LW\� LQFUHDVH� LQ� PHUFXULF� FKORULGH� PROHFXOHZLWK� WKH� +J±&O ERQG� OHQJWKHQLQJ� FDQ� EHVXSSRVHG� WR�EH�DVVRFLDWHG�ZLWK� WKH�HOHFWURQFORXG�UHGLVWULEXWLRQ�WRZDUGV�PHUFXU\�DWRP�ZHDNHQLQJ� LQIOXHQFH� RI� +J DWRP� DQG� WKHLQFUHDVHG�FDSDELOLW\�RI�&O DWRPV�WR�HOHFWURQDWWDFKPHQW� UHVXOWLQJ� WKHUHIURP�� ,Q� FRQ �WUDVW�� WKH� LRQL]DWLRQ�HQHUJ\�WHQGV� WR� ORZHU �LQJ�DV�WKH�+J±&O ERQG�OHQJWKHQV�,Q�WKH�GLVVRFLDWLRQ�FDVH�FRQVLGHUHG�DERYH�WKH�OLQHDU�PROHFXODU�VWUXFWXUH�LV�UHWDLQHG�,QIDFW�� WKH�PROHFXOH� H[FLWDWLRQ�PD\� FDXVH� LWVVKDUS� EHQG�� ,Q� WKLV� FRQQHFWLRQ�� ZH� KDYHVWXGLHG�WKH�SRWHQWLDO�VXUIDFH�VKDSHV�IRU�WKHJURXQG� VWDWH� DQG� H[FLWHG� RQHV� RI� PHUFXULFFKORULGH� PROHFXOH� DV� IXQFWLRQV� RI� WKH&O±+J±&O ERQG�DQJOH� �)LJ������ ,W� LV� MXVW� WKHOLQHDU�PROHFXODU�FRQILJXUDWLRQ�WKDW�DQVZHUVWR� WKH� PLQLPXP� VWDWH� HQHUJ\�� DV� LV� WR� EHH[SHFWHG� IRU� VWDWHV� IRUPHG� XQGHU� π�02� LQ�YROYHPHQW�� $W� WKH� VDPH� WLPH�� WKH� KLJKO\H[FLWHG�7�σσ��VWDWH�HQHUJ\�LV�PD[LPXP�IRUWKH� OLQHDU� FRQILJXUDWLRQ� DQG� VKRXOG� GH �FUHDVH� DV� WKH� ∠ &O±+J±&O DQJOH� GLPLQLVKHVGRZQ� WR� ����� ,W� LV� MXVW� WKH� HIIHFW� WKDW� LVREVHUYHG� LQ� WKH� FDVH� RI� HTXLOLEULXP� ERQGOHQJWKV�LQ�WKH�PROHFXOH��U  ������QP���$V�WKHGLVVRFLDWLQJ�ERQG� OHQJWKHQV��WKH� 7�σσ��VWDWHHQHUJ\� GHFUHDVHV� ZKLOH� WKRVH� RI� DOO� RWKHUVWDWHV�� LQFUHDVH� �)LJ������ 7KLV� UHVXOWV� LQ� DVWURQJHU�FRQILJXUDWLRQDO� LQWHUDFWLRQ�EHWZHHQWKH� 7�σσ�� DQG� RWKHU� WULSOHW� VWDWHV�� 6LQFHWKH� FRUUHVSRQGLQJ� HQHUJ\� OHYHOV� FRPH� WR �JHWKHU� DV� WKH� PROHFXOH� EHFRPHV� EHQW�� WKHFRQILJXUDWLRQDO� LQWHUDFWLRQ�UHVXOWV� LQ�D�VLJ �QLILFDQW�UHSXOVLRQ�RI�WKH�VWDWHV��ILUVW�RI�DOO�

)LJ�����3RWHQWLDO� VXUIDFH�FXUYHV� IRU�6� �VROLGOLQHV���7 �π�σ���GRWWHG�OLQHV��DQG�7�σσ���GRW�DQG��GDVK�OLQHV��VWDWHV�DV�IXQFWLRQV�RI�&O±+J±&OERQG� DQJOH� DW� GLIIHUHQW� GLVVRFLDWLQJ� +J±&OERQG�OHQJWK��QP���������������������������������������������������0 LV�RQH�RI�SRVVLEOH�SDWKVRI�GLVVRFLDWLRQ�UHDFWLRQ�

)LJ�����3RWHQWLDO�VXUIDFHV�RI�+J&O� DQG�+J&O�±DV� ZHOO� DV� HOHFWURQ� DIILQLW\� HQHUJ\� RI� +J&O��($�� DV� IXQFWLRQV� RI� WKH� GLVVRFLDWLQJ� +J±&OERQG�OHQJWK�
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LQ�WKH�EHQW�FRQILJXUDWLRQ��)LJ������$V�D�FRQ �VHTXHQFH��WKH�7�σσ��VWDWH�HQHUJ\�PLQLPXPEHFRPHV� VKLIWHG� WRZDUGV� ODUJHU� ∠ &O±+J±&ODQJOH� YDOXHV�� :KHQ� WKH� 7�σσ�� VWDWH� EH�FRPHV�WKH�ORZHU�H[FLWHG�RQH�GXH�WR�WKH� +J±&O ERQG� OHQJWKHQLQJ�� LWV� HQHUJ\� PLQLPXPZLOO�FRUUHVSRQG�WR�WKH�OLQHDU�PROHFXODU�FRQ �ILJXUDWLRQ�$IWHU� WKH� PROHFXOH� LV� H[FLWHG� LQWR� WKH7�σσ��VWDWH� LQ�WKH�OLQHDU�FRQILJXUDWLRQ��LWVEHQGLQJ�ZLOO�RFFXU��WKH�PROHFXODU�V\PPHWU\ORZHULQJ�� DFFRPSDQLHG� E\� WKH� ERQJ� OHQJWK �HQLQJ�� 7KH�PRVW� SUREDEOH� SDWK� RI� GLVVRFLD �WLRQ� UHDFWLRQ� ZLOO� FRUUHVSRQG� WR� WKH� SURE �DELOLW\� GLVWULEXWLRQ� RI� WKH� 7�σσ�� VWDWH� IRU�PDWLRQ� DV� D� IXQFWLRQ� RI� WKH� PROHFXOHEHQGLQJ� DQJOH� DV� ZHOO� DV� WR� WKH� SRWHQWLDOHQHUJ\�JUDGLHQW�DW� WKDW� VWDWH� VXUIDFH��$V�DUHVXOW��WKH�GLVVRFLDWLRQ�UHDFWLRQ�SDWK��)LJ���VKRZV�D�YHUVLRQ�RI�WKDW�SDWK�GHQRWHG�DV�0�ZLOO�� DW� D� FHUWDLQ� SUREDELOLW\�� FRYHU� WKHZKROH� SRWHQWLDO� VXUIDFH� RI� WKH� 7�σσ�� VWDWHE\�D�QHW��7KXV��D�VWURQJHU� LQWHUDFWLRQ�ZLWKORZHU� WULSOHW� VWDWHV�ZLOO� WDNH� SODFH� IRU� VSH �FLILF� SDWKV� UHVXOWLQJ� LQ� WKH� UHOD[HG� H[FLWD �WLRQ� LQ� WKRVH� VWDWHV� DQG� D� GHFUHDVHG� GLV �VRWLDWLRQ�SUREDELOLW\�,Q�DOO�FDVHV��WKH�UHDFWLRQ�SURGXFW�LV� +J&OKDYLQJ�DEVRUSWLRQ�VSHFWUD��ERWK�LWV�RZQ�DQGLWV�DPPRQLD�FRPSOH[��H[WHQGLQJ�LQWR�YLVLEOH

VSHFWUDO� UHJLRQ� EXW� EHLQJ� FKDUDFWHUL]HG� E\YHU\� ORZ�H[WLQFWLRQ�FRHIILFLHQW��7KH�IRUPHG+J&O SDUWLFOH� LV� KLJKO\� UHDFWLYH� DQG� PRELOH�WKXV� SURYLGLQJ� WKH� UHFRPELQDWLRQ� UHDFWLRQVUHVXOWLQJ�LQ�PHUFXURXV�FKORULGH�&O±+J±+J±&O�5DGLDWLRQ�FKHPLFDO� WUDQVIRUPDWLRQVXQGHU� VKRUW�WLPH� LUUDGLDWLRQ�� 7R� LQWHUSUHWH[SHULPHQWDO� GDWD� RQ� UDGLDWLRQ� VHQVLWLYLW\RI� PHUFXU\� FRPSRXQG� FRQWDLQLQJ� ILOPV�TXDQWXP�FKHPLFDO�VWXGLHV�RI�PHUFXULF�FKOR �ULGH� DQG� PHUFXURXV� FKORULGH� ZHUH� FDUULHGRXW�� 7KH� UDGLDWLRQ�FKHPLFDO� SURFHVVHV� LQ �YROYLQJ�WKRVH�FRPSRXQGV�PXVW�UHVXOW�LQ�IRU �PDWLRQ�RI�DFWLYH�&O±+J DQG�&O±+J±+J SDUWL�FOHV� DQG� WKHLU� UHFRPELQDWLRQ� SURGXFWV�&O±+J±+J±+J±&O DQG� &O±+J±+J±+J±+J±&O �6XFK�PROHFXOHV�DUH�RI�OLQHDU�VWUXFWXUH�W\SL �FDO�RI�VS�K\EULGL]DWLRQ�RI�PHUFXU\�DQG�FKOR �ULQH� DWRPLF� RUELWDOV� IRUPLQJ� σ ERQGV�� 7KHFDOFXODWHG� VSHFWURVFRSLF� FKDUDFWHULVWLFV� RIWKRVH�FRPSRXQGV�DUH�SUHVHQWHG�LQ�7DEOH���6LQFH� LW� IROORZV� IURP� H[SHULPHQWDO� GDWDWKDW� WKH� ILOP�WDNHV�D� VXEVWDQWLDO� FRORUDWLRQZKHQ� WKH� LUUDGLDWHG� VDPSOH� LV� H[SRVHG� LQDPPRQLD�YDSRU��ZH�KDYH� FDUULHG� RXW�FDOFX �ODWLRQV� IRU� DPPRQLD� FRPSOH[HV� RI� WKHIRUPHG�PROHFXOHV� �� &O±+J�1+��Q±&O�� ,Q� WKLVFDVH��DPRQLD�PROHFXOH�WXUQV�RXW�WR�EH�ERXQGZLWK� PHUFXU\� DWRP� XQGHU� IRUPDWLRQ� RI� DGRQRU�DFFHSWRU�ERQG� +J±1��7KH�SUHVHQFH� RIVXFK� ERQG� UHVXOWV� LQ� WKH� VS → VS� UH�K\�

7DEOH����7KHRUHWLFDO�GDWD�IRU�VSHFWURVFRSLF�FKDUDFWHULVWLFV�RI�&O±+JQ±&O FRPSRXQGV
0ROHFXOH 4XDQWXPWUDQVLWLRQ�W\SH $EVRUSWLRQ�EDQG�ZDYHOHQJWK��λ�QP 2VFLOODWRU�VWUHQJWK

01'2�G $0� 01'2�G $0�&O±+J�±&O 6� → 7� ����� ����� ����� �����6� → 6� ����� ����� ����� �����6� → 6� ����� ����� ����� �����&O±+J�±&O�OLQHDU� 6� → 7� ������ ����� ����� �����6� → 6� ����� ����� ����� �����6� → 6� ����� ����� ����� �����&O±+J�±&O�NQHHG� 6� → 6� ���Ü��� ���Ü��� ���Ü��� ���Ü���6� → 6� � ���Ü��� ���� ����6� → 6Q ���Ü��� ���Ü���&O±+J�±&O�OLQHDU� 6� → 7� ���� ���� ����� �����6� → 6� ����� ����� ����� �����6� → 6Q ����� �����&O±+J�±&O�NQHHG� 6� → 6� ����Ü�� ���Ü��� ���Ü��� ���Ü���6� → 6� �� ���Ü��� ���Ü��� �������Ü���
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EULGL]DWLRQ�RI�PHUFXU\�DWRPLF�RUELWDOV�FDXV �LQJ� SODQDU� VWUXFWXUH� RI� WKH� FRPSOH[� ZLWKDQJOHV� EHWZHHQ� σ ERQGV� FORVH� WR� ���� �LQSUDFWLFH�� WKLV� DQJOH� FDQ� YDU\� ZLWKLQ� OLPLWVRI� ���� WR� ������� 7KH� FDOFXODWHG� FKDUDF�WHULVWLFV� RI� HQHUJ\� VWUXFWXUH� IRU� WKH� DERYH�PHQWLRQHG�FRPSOH[HV�DUH�SUHVHQWHG�LQ�7DEOH�� &RPSDULQJ� WKH� UHVXOWV� REWDLQHG� XVLQJERWK�PHWKRGV��LW�LV�VHHQ�WKDW�LQ�D�QXPEHU�RIFDVHV�WKH�$0��PHWKRG�JLYHV�UHVXOWV�FORVH�WRWKRVH� REWDLQHG� XVLQJ� WKH� PRUH� DFFXUDWH01'2�G�� 7KH� GLVWLQFWLRQ� IRU� VRPH� SODQDU�NQHHG�� VWUXFWXUHV� DUH� GXH� WR� WKDW� WKH� JH �RPHWU\�RI�VRPH�SODQDU�FRPSRXQGV��WKH�FRQ �ILJXUDWLRQDO� LQWHUDFWLRQ� EHLQJ� QRW� WDNHQLQWR� DFFRXQW�� GHSHQGV� VLJQLILFDQWO\� RQ� WKHFDOFXODWLRQ�PHWKRG�6LQFH�WKH�&O±+JQ±&O PROHFXOH�LQ�VROLG�VR�OXWLRQV� LV� VXUURXQGHG� ZLWK� IUDJPHQWV� RIPDFURPROHFXOHV� DQG� FDQ� LQWHUDFW� WKHUHZLWK�GXH� WR� RYHUODSSLQJ� DWRPLF� RUELWDOV� RI� R[\ �JHQ�DQG�PHUFXU\���D�SDUWLDO� VS → VS� UH�K\�EULGL]DWLRQ�RI�PHUFXU\�$2V�LV�DOVR�SRVVLEOH�7KHUHIRUH�� VSHFWURVFRSLF� FKDUDFWHULVWLFV� RIFRUUHVSRQGLQJ� VWUXFWXUHV� KDYH� EHHQ� FDOFX �ODWHG��WRR��DV�LV�VHHQ�LQ�7DEOH���&RPSDULQJ� GDWD� IURP� 7DEOHV��� DQG� ��� LWLV�VHHQ�WKDW�WKH�&O±+J�±&O FRPSOH[LQJ�ZLWKDPPRQLD� GRHV� QRW� UHVXOW� LQ� FRORUDWLRQ�� $VWR�&O±+J�±&O�� WKH�PDWWHU� LV�VRPHZKDW�PRUHFRPSOLFDWHG�EHFDXVH�WKH�FRPSRXQG�PXVW�DE �VRUE�LQ�YLVLEOH�UHJLRQ�LQGHSHQGHQW�RI�DPPR �

QLD�SUHVHQFH��7KH�SUREDELOLW\�RI� VXFK�PROH �FXOH� IRUPDWLRQ� XQGHU� LUUDGLDWLRQ� RI�PHUFX �ULF� FKORULGH� FRQWDLQLQJ� ILOP� VHHPV� WR� EHUDWKHU� ORZ�� VLQFH� QR� DSSUHFLDEOH� FRORUDWLRQLV� REVHUYHG�� &O±+J�±&O PROHFXOH� LV� DQRWKHUPDWWHU�� ,WV� LQWHUDFWLRQ� ZLWK� WKH� HQYLURQ �PHQW� UHVXOWV� LQ� D� GLIIXVH� EDQG� LQ� WKH� UHGDQG�QHDU�,5�UDQJH��WKDW�PXVW�FDXVH�D�ZHDNEOXH� FRORUDWLRQ� RI� WKH�PDWHULDO�� ,QWHUDFWLRQZLWK� DPPRQLD� PXVW� UHVXOW� LQ� D� VWURQJEODFNHQLQJ� RI� WKH� ILOP�� 0RUHRYHU�� VLQFH&O±+JQ±&O FRPSRXQGV� DUH� ERXQG� RQO\ZHDNO\� ZLWK� DPPRQLD�� WKH� FRPSOH[� VWUXF �WXUH� LQ� VROLG� ILOP� PD\� KDYH� D� QRQ�RSWLPDOJHRPHWU\� �L�H��� WKH� ERQG� DQJOHV� PD\� EH� RI���� WR��������7KLV�ZLOO�FDXVH�DQ�DEVRUSWLRQEDQG� EURDGHQLQJ� WRZDUGV� VKRUWHU� ZDYH �OHQJWKV�� $V� D� UHVXOW�� WKH� DEVRUSWLRQ� VSHF �WUXP�RI�&O±�+J1+���±&O FRPSOH[�ZLOO�EH�H[�WHQGHG� RYHU� WKH� ZKROH� YLVLEOH� VSHFWUDO� UH �JLRQ� JLYLQJ� D� JUD\� �EODFN�� LPDJH�� $SURORQJHG� DLU� H[SRVXUH� RI� WKH� GHYHORSHGVDPSOH�UHVXOWV� LQ�DPPRQLD�HYDSRUDWLRQ�DQGWKH�YLVLEOH�LPDJH�GLVDSSHDUDQFH�5DGLDWLRQ�FKHPLFDO� WUDQVIRUPDWLRQVXQGHU�SURORQJHG�LUUDGLDWLRQ��7KHRUHWLFDO� LQ�YHVWLJDWLRQ� RI� ILOPV� LUUDGLDWHG� GXULQJ� ORQJWLPH� DQG� H[SRVHG� LQ� DPPRQLD� DQG� ZDWHUYDSRUV� LQFOXGHG� FDOFXODWLRQV� RI� JHRPHWU\DQG� HQHUJ\� VWUXFWXUH� IRU� &O±+JQ±&O�&O±�+J1+��Q±&O�� &O±�+J1+��Q±&O⋅1+��� DQG&O±�+J1+��Q±&O⋅+�2 PROHFXOHV�

7DEOH����7KHRUHWLFDO�GDWD�IRU�VSHFWURVFRSLF�FKDUDFWHULVWLFV�RI�&O±�+J�P±�1+��Q±&O FRPSRXQGV0ROHFXOH 4XDQWXPWUDQVLWLRQ�W\SH $EVRUSWLRQ�EDQG�ZDYHOHQJWK��λ�QP 2VFLOODWRU�VWUHQJWK
01'2�G $0� 01'2�G $0�&O±�+J1+���±&O 6� → 6� ����� ����� ����� �����6� → 6� ����� ����� ����� �����&O±+J��1+���±&O�OLQHDU� 6� → 6� ����� ����� ����� �����6� → 6Q ����� ����� ����� �����&O±�+J1+���±&O 6� → 6� ����� ����� ����� �����6� → 6� ����� ������ ����� �����6� → 6Q ����� ����� ����� �����&O±+J��1+���±&O�OLQHDU� 6� → 6� ������ ����� ����� �����6� → 6Q ����� ����� ����� ���������� �����&O±�+J1+���±&O 6� → 6� ����� ����� ����� �����6� → 6� ����� ����� ����� �����6� → 6Q ����� ����� ����� �����
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&O±+JQ±&O PROHFXOHV� KDYH� EHHQ� HVWDE�OLVKHG�WR�EH�RI�OLQHDU�VWUXFWXUH��:KHQ� Q³ ��VROXWLRQV� RI� WKRVH� FRPSRXQGV� DUH� FRORUHGIDLQWO\�� ,QWHUDFWLRQ�EHWZHHQ�DWRPLF�RUELWDOV�$2�� RI� DPPRQLD� QLWURJHQ� DQG�PHUFXU\� LQ&O±+JQ±&O UHVXOWV�LQ�D�GRQRU�DFFHSWRU�ERQG�WKH� DPPRQLD� PROHFXOH� DFWV� DV� WKH� HOHFWURQSDLU� GRQRU� ZKLOH� PHUFXU\� DWRP� RIIHUV� DQXQRFFXSLHG�$2��%LQGLQJ�RI�D�PHUFXU\�DWRPZLWK� WKUHH� RWKHU� RQHV� LQ� &O±�+J1+��Q±&OFDXVHV�NQHHLQJ�RI�OLQHDU�&O±+JQ±&O PROHFXOHDQG�IRUPDWLRQ�RI�WKH�WUDQV�FRQILJXUDWLRQ�VRWKDW� WKH� ∠ &O±+J±+J DQJOH� LV� ���� LQ� &O±�+J1+���±&O DQG� ���� LQ� ∠ &O±�+J1+���±&O�HTXLOLEULXP� FRQILJXUDWLRQV��� ,Q� WKH� ODWWHUFDVH��WKH� ∠ +J±+J±+J DQJOH�LV����� ����� LQ$0���DQG�UHSXOVLRQ�RI�DPLQR�JURXSV�FDXVHVWKH� PROHFXOH� WZLVWLQJ� �DERXW� ��� IRU� WZR+J±+J ERQGV���7KH�FRPSOH[�FKDLQ�OHQJWKHQ �LQJ�XS� WR�&O±�+J1+���±&O UHVXOWHG� LQ� LQVLJ�QLILFDQW� FKDQJHV� LQ� WKH� ERQG� DQJOHV� EHLQJ������ ����� DQG� ���� DORQJ� WKH� &O±�+J��±&OFKDLQ�� 7KH� WZLVWLQJ� DQJOH� LV� �� � LQ� WKLVFDVH�7KH� GRQRU�DFFHSWRU� ERQG� WXUQHG� RXW� WRKDYH� D� ORZ� HQHUJ\� EHLQJ� RI� ����� H9� LQ� WKHFDVH� RI� &O±�+J1+���±&O�� WKXV� SURYLGLQJ� DORQJ�WHUP�H[LVWHQFH�RI�WKH�FRPSOH[�DW�URRPWHPSHUDWXUH��WKH�FRPSOH[�KDV�FKDUDFWHULVWLFOLIHWLPH�RI�WKH�RUGHU�RI���� V��WKDW�LV��DERXW�� K�� DW� WKH� IUHTXHQF\� IDFWRU� ���� VÜ���� ,Q&O±�+J1+���±&O PROHFXOH��WKH�+J±1 ERQG�HQ�HUJ\�LV������H9�IRU�WKH��VW�DQG��WK�PHUFXU\DWRPV� DQG� ����� H9� IRU� �QG� DQG� �UG� RQHV�7KH� FKDUDFWHULVWLF�GLVVRFLDWLRQ� WLPH� IRU� WKH�VW�+J±1 ERQG�ZLOO�EH�DERXW����V�ZKLOH�IRUWKH� �QG�� RI� WKH� RUGHU� RI� RQH� PLFURVHFRQG�WKH� IUHTXHQF\� IDFWRU� FDQ� EH� RQH� GHFLPDORUGHU� ORZHU� IRU� VXFK�D�ZHDN�ERQG��WKXV�UH �VXOWLQJ� LQ� WKH� FKDUDFWHULVWLF� WLPH� LQFUHDVHE\�RQH�RUGHU���7KXV��WKH�FRPSOH[�FRQWDLQLQJIRXU�DPPRQLD�PROHFXOHV�PD\�DSSHDU�RQO\�DWD� KLJK� DPPRQLD� FRQFHQWUDWLRQ� XQGHU� G\ �QDPLF� HTXLOLEULXP�� 6LPLODU� FDOFXODWLRQV� IRU&O±�+J1+���±&O JLYH� WKH� ERQG� HQHUJ\� ��������H9�DQG������H9�IRU�WKH��VW���QG�DQG��UGPHUFXU\�DWRPV��UHVSHFWLYHO\��,W�LV�FOHDU�WKDWXQGHU�D�KLJK�DPPRQLD�YDSRU�FRQFHQWUDWLRQ�WKH� �VW� PHUFXU\� DWRP� ZLOO� EH� ERXQG� ZLWK1+� SHUPDQHQWO\�� WKH� VHFRQG� RQH�� RQO\XQGHU� G\QDPLF� HTXLOLEULXP�� ZKLOH� WKH� VL �PXOWDQHRXV� ELQGLQJ� RI� DOO� VL[� PHUFXU\DWRPV� ZLWK� DPPRQLD� PROHFXOHV� LV� KDUGO\SUREDEOH�6LPLODU�VWXGLHV�RI�PHUFXU\�DWRP�ELQGLQJZLWK� K\GUR[\O� RI� WKH� SRO\PHU� FKDLQ� KDYHVKRZQ� WKDW� WKH� ELQGLQJ� HQHUJ\� RI� WKH� ILUVWPHUFXU\� DWRP� RI� &O±+J�±&O ZLWK� R[\JHQ� LV

����� H9�ZKLOH� WKDW� RI� WKH� VHFRQG�RQH�� RQO\�����H9��7KXV�� WKH� VHFRQG�PHUFXU\�DWRP�LVHVVHQWLDOO\�QHYHU�ERXQG�ZLWK�K\GUR[\O�ZKLOHWKH� ILUVW� RQH� XQGHU� G\QDPLF� HTXLOLEULXP� LVSUHGRPLQDQWO\�LQ�WKH�ERXQG�VWDWH�0HUFXULF�FKORULGH�LV�NQRZQ�WR�EH�FDSDEOHRI�WKH�IROORZLQJ�WUDQVIRUPDWLRQ�W\SH�LQ�WKHSUHVHQFH�RI�ZDWHU�DQG�DPPRQLD�>�@�+J�&O� + �1+� → +J + +J1+�&O + 1+�&O�����7KLV� UHDFWLRQ� LV� LUUHYHUVLEOH� DQG� UHVXOWVLQ� PHWDOOLF� PHUFXU\� IRUPDWLRQ�� 7KXV�� LQPHUFXULF� FKORULGH� FRQWDLQLQJ� ILOPV� VXE �MHFWHG� WR� ORQJ�WHUP� LUUDGLDWLRQ�� PHWDOOLFPHUFXU\� PD\� EH� UHOHDVHG� XQGHU� ZDWHU� DQGDPPRQLD� YDSRU� H[SRVXUH�� ,W� WKLV� FRQQHF �WLRQ�� WKH� SRWHQWLDO� HQHUJ\� VXUIDFHV� KDYHEHHQ� FDOFXODWHG� IRU� &O±�+J1+��Q±&O WR� FODU�LI\� LI� PHWDOOLF� PHUFXU\� PD\� DULVH� WKHUH �IURP�� 7KH� FDOFXODWHG� UHVXOWV� DUH� VKRZQ� LQ7DEOH���7KH� 7DEOH� SUHVHQWV� FDOFXODWHG� GDWD� IRUWUDQV�� �W�� DQG� FLV �F�� &O±�+J1+��Q±&O FRP�SOH[� FKDLQV� DQG� WKH� UHDFWLRQ� SURGXFWV�� 7KHERQG� HQHUJ\� YDOXHV� LQ� WUDQV�� DQG� FLV�� FRP�SOH[HV�RI�PHUFXULF�FKORULGH�DUH�UDWKHU�FORVHWR� RQH� DQRWKHU� �∆(  �������� H9���:KHQ�QRSRODU� PHGLXP� LV� SUHVHQW�� WKLV� IDFW� ZLOO� UH �VXOW�LQ�WKH�FLV��WR�WUDQV�IRUP�UDWLR�RI������DW�URRP�WHPSHUDWXUH��7KXV��WKH�FRPSOH[� LQDQ�DSRODU�PHGLXP��H�J���LQ�SRO\PHU�PDWUL[�LV�SUHVHQWHG�PDLQO\�E\� LWV� WUDQV�IRUP��7KLVIRUP�� KRZHYHU�� KDV� D� GLSROH� PRPHQW� FORVHWR�]HUR�ZKLOH�LW�DWWDLQV����'�IRU�WKH� FLV�RQH�7KH� GLSROH� PRPHQW� RI� WKH� FRPSOH[�� ZKHQLQWHUDFWLQJ� ZLWK� SRODU� VROYHQW�� FDQ� UHGXFHFRQVLGHUDEO\� WKH� HQHUJ\� VWDWH� RI� FLV�IRUP�WKXV� FDXVLQJ� D� SUHGRPLQDQFH� RI� WKDW� IRUP�,Q� RXU� FDVH�� QR� SRODU� VROYHQWV� ZHUH� XVHG�WKHUHIRUH�� LW� LV� WKH� WUDQV�IRUP� RI� WKH� FRP�SOH[�WKDW�H[LVW�PDLQO\�LQ�WKH�ILOPV�VWXGLHG�7KH� UHDFWLRQ� ���� UHVXOWV� LQ� IRUPDWLRQ� RIUHDUUDQJHPHQW� UHDFWLRQ� SURGXFWV�
7DEOH����7RWDO�ERQG�HQHUJ\�LQ�&O±�+J1+��Q±&OFRPSOH[HV�DQG�LQ�UHDFWLRQ�SURGXFWV��FDOFX�ODWLRQ�E\�$0��WDNLQJ�LQWR�DFFRXQW�FRQILJX�UDWLRQDO�LQWHUDFWLRQ��&RPSOH[ %RQG�HQHUJ\��H9WÜ&O±�+J1+���±&O �������WÜ1+�&O⋅+J⋅1+�+J&O ������FÜ&O±�+J1+���±&O �������FÜ1+�&O⋅+J⋅1+�+J&O ������WÜ&O�+J1+���&O ������WÜ1+�&O⋅�+J1+���⋅1+�+J&O ������
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WÜ1+�&O⋅+J⋅1+�+J&O LV� IRUPHG� IURP� WÜ&O±�+J1+���±&O DV�ZHOO�DV� FÜ1+�&O⋅+J⋅1+�+J&OIURP� FÜ&O±�+J1+���±&O�� 7KLV� UHTXLUHV� DQDGGLWLRQDO� HQHUJ\� FRQVXPSWLRQ� DPRXQWLQJ���� H9� IRU� WÜ&O±�+J1+���±&O DQG� ����� H9IRU�FÜ&O±�+J1+���±&O��1HYHUWKHOHVV��WKLV�UH�DFWLRQ�UXQV�LQ�WKH�SUHVHQFH�RI�ZDWHU��7KXV�WKH�HQHUJ\�ORVV�LV�FRPSHQVDWHG�GXH�WR�LQWHU �DFWLRQ�WKH�UHVXOWLQJ�GLSROH�PRPHQW�RI�UHDF �WLRQ�SURGXFWV�ZLWK�ZDWHU�PROHFXOHV��7KH�UH �VXOWLQJ�GLSROH�PRPHQW�LV����'�IRU�SURGXFWVGHULYHG� IURP� WKH� WUDQV�IRUP� DQG� ���'� IRUWKRVH�RI�WKH�FLV�RQH��7KHUHIRUH��WKH�H[SHFWHGLQWHUDFWLRQ� ZLOO� EH� LQ� IDFW� UDWKHU� VWURQJ�WKXV�H[SODLQLQJ�WKH�IRUPDWLRQ�SRVVLELOLW\�RIUHDFWLRQ� SURGXFWV�� ,Q� WKLV� FDVH�� D� QHXWUDOPHUFXU\�DWRP�LV�UHOHDVHG�DQG�WZR�PROHFXOHVDUH� IRUPHG�� QDPHO\�� 1+�+J&O DQG� 1+�&O�WKH� ODWWHU� EHLQJ�GLVVRFLDWHG� LQ� WKH�SUHVHQFHRI�ZDWHU�7KH� FDOFXODWLRQ� RI� WÜ&O±�+J1+���±&OPROHFXOH� DQG� UHDUUDQJHPHQW� UHDFWLRQ� SURG �XFW� WÜ1+�&O⋅�+J1+���⋅1+�+J&O KDV� VKRZQWKDW� LQ� WKLV� FDVH�� WKH�RQO\�HQHUJHWLFDOO\� ID �YRUDEOH�K\GURJHQ�DWRP�WUDQVIHU�SDWK� LV�WKHWUDQVIHU�IURP�WKH�IRXUWK�DPPRQLD�PROHFXOHWR�WKH�VHFRQG�RQH��RU�IURP�WKH�ILUVW�WR�WKLUGRQH��7KH�ERQG�HQHUJ\�JDLQ�LQ�WKH�IRUPHG�UHDF �WLRQ�SURGXFWV�LV�����H9��,W�VKRXOG�QRWH�WKDWWKH�GLSROH�PRPHQW� RI� WKH� LQLWLDO� UHDJHQW� LVQHDUO\�]HUR�ZKLOH�WKDW�RI�WKH�UHDFWLRQ�SURG �XFWV� DPRXQWV� ���� '�� 1+�+J&O DQG� 1+�&OPROHFXOHV�DUH�IRUPHG�GXH�WR�WKH�UHDFWLRQ�DVZHOO�DV�WKUHH�PHUFXU\�DWRPV�DUH�UHOHDVHG��,QWKH� UHDFWLRQ� SURGXFWV�� DPPRQLD� PROHFXOHVDUH�ZHDNO\� ERXQG�ZLWK�PHUFXU\� DWRPV� �WKHKLJKHVW� ERQG� HQHUJ\� GRHV� QRW� H[FHHG�����H9���WKHUHIRUH��WKRVH�DUH�UHPRYHG�UDS �LGO\��DERXW���Ü� V���7KHQ��WKH�JURXS�FRQVLVW�LQJ� RI� WKUHH� PHUFXU\� DWRPV� PD\� FRPELQHWKHPVHOYHV�LQWR�D�UDWKHU�ODUJH�OLJKW�VFDWWHU �LQJ�GURS�:H� KDYH� FRQVLGHUHG� RQO\� WKH� LQLWLDO� DQGILQDO�VWDWHV�IRU�WKH�K\GURJHQ�WUDQVIHU�UHDF �WLRQ� LQ� &O±�+J1+��Q±&O FRPSOH[� JLYLQJ� QRDWWHQWLRQ� WR� WKH� UHDFWLRQ� FRRUGLQDWH� �SDWK��$W� WKH� VDPH� WLPH�� K\GURJHQ� DWRP� WUDQVIHUEHWZHHQ� DPPRQLD� PROHFXOHV� ERXQG� LQ� WKHFRPSOH[� LV� KLQGHUHG� VWHULFDOO\� ZKHQ� WKRVHPROHFXOHV�DUH�DUUDQJHG�LQ� WUDQV�SRVLWLRQV�WRHDFK� RWKHU�� ,Q� WKLV� FDVH�� D� ORQJ� FKDLQ� RIZDWHU� DQG�RU� DPPRQLD�PROHFXOHV� VKRXOG�EHFRQVWUXFWHG�WR�VLPXODWH�WKH�K\GURJHQ�WUDQV �SRUW� DORQJ� WKDW� FKDLQ�� %XW� WKH� ORQJHU� LVVXFK�D�FKDLQ��WKH�ORZHU�LV�WKH�UHDFWLRQ�SURE �DELOLW\�� $W� WKH� VDPH� WLPH�� K\GURJHQ� DWRPWUDQVIHU� EHWZHHQ� FLV�DUUDQJHG� DPPRQLD

PROHFXOHV� LV� HDV\� WR� RFFXU� LQYROYLQJ� RQO\RQH� ZDWHU� PROHFXOH� �SURWRQ� WUDQVIHU� IURPDPPRQLD� WR� ZDWHU� IROORZHG� E\� LWV� WUDQVIHUWR� WKH� VHFRQG� DPPRQLD�PROHFXOH��� 7KXV�� LWLV� MXVW� WKH� ZDWHU�FDWDO\]HG� SURWRQ� WUDQVIHULQ�WKH� FLV�IRUP�RI�PHUFXULF�FKORULGH�DPPR�QLD� FRPSOH[� WKDW� LV� WKH� PRVW� SUREDEOHPHFKDQLVP�RI�WKH�UHDFWLRQ������,Q�WXUQ��WKHFLV�FRPSOH[� LV� IRUPHG� RQO\� LQ� WKH� SUHVHQFHRI�D�SRODU� VROYHQW� �LQ� WKH�H[SHULPHQW��PHU �FXULF� FKORULGH� SRZGHU� LQ� DPPRQLD� ZDWHUZDV�XVHG�>�@��7KH� PDWWHU� LV� PXFK� EHWWHU� ZLWK� WÜ&O±�+J1+���±&O FRPSOH[� FRQWDLQLQJ� WZR�QHLJK�ERULQJ� DPPRQLD� PROHFXOHV�� 7KH� SURWRQWUDQVIHU� EHWZHHQ� WKRVH� WXUQHG� RXW� WR� EH� RIHQHUJ\� IDYRU� LQ� QRQ�SRODU� VROLG� VROYHQW�SRO\PHU�PDWUL[���7KHUH� LV�D�KLJK�SRWHQWLDOEDUULHU� DJDLQVW� WKH� SURWRQ� WUDQVIHU� LQ� WKDWFRPSOH[� �DPPRQLD� PROHFXOHV� DSSURDFKLQJGXH�WR�YLEUDWLRQ�SURFHVV�ZDV�QRW�WDNHQ�LQWRDFFRXQW�LQ�FDOFXODWLRQV���7KLV�EDUULHU�FDQ�EHORZHUHG� XVLQJ� D� FDWDO\VW�� 7R� FKHFN� WKHPRGHO�� WKH� FDOFXODWLRQ� ZDV� FDUULHG� RXW� IRURQO\� RQH� DPPRQLD� RU� ZDWHU� PROHFXOH�� 7KHFDOFXODWHG� UHVXOWV� DUH� VKRZQ� LQ�)LJ�����7KHEDUULHU� KHLJKW� H[FHHGV� �� H9� LQ� WKH� DEVHQFHRI�FDWDO\VW�ZKLOH�WKH�SUHVHQFH�RI�RQH�DPPR �QLD� PROHFXOH� FDXVHV� WKH� EDUULHU� ORZHULQJGRZQ� WR� ���� H9� DQG�ZDWHU�� WR� ���� H9�� 7KHDFFRXQW� IRU�YLEUDWLRQV� RI� WKH� FRPSOH[�FRP �SRQHQWV�PD\�UHVXOW�RI�FRXUVH�LQ�VRPH�UHGXF �WLRQ�RI�WKH�YDOXHV�IRXQG��7KXV��WKH�UHDFWLRQLV� SRVVLEOH� RQO\� LI� ZDWHU� LV� SUHVHQW�� 7KHVLPXOWDQHRXV�LQYROYHPHQW�RI�VHYHUDO�DPPR �QLD�DQG�ZDWHU�PROHFXOHV�VHHPV�WR�IDYRU�WKHIXUWKHU�ORZHULQJ�RI�WKH�HQHUJ\�EDUULHU�7KXV�� WKH� PDLQ� SURFHVV� FDXVLQJ� DSSHDU �DQFH�RI�D�VWDEOH�LPDJH�LQ�LUUDGLDWHG�SRO\PHUILOPV�FRQWDLQLQJ�PHUFXULF�FKORULGH�LV�SURWRQ

)LJ�����(QHUJ\�GHSHQGHQFH�RQ�WKH�UHDFWLRQ�FR�RUGLQDWH�DW�WUDQVIHU�RI�SURWRQ��U ������c��DQGRI�1+�� FDWLRQ��U !�����c��ZLWK� IRUPDWLRQ�RIWKH�UHDFWLRQ�ILQDO�SURGXFWV�
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WUDQVIHU� UHDFWLRQ� LQ� WÜ&O±�+J1+���±&O FRP�SOH[� UXQQLQJ� LQ� WKH� SUHVHQFH� RI� ZDWHU� �RUZDWHU�DQG�DPPRQLD��YDSRUV�&O(+J1+�)�&O ⋅ +�2 →1+�&O ⋅ +J1+� ⋅ +J ⋅ +J1+� ⋅ +J1+�&O ⋅ +�2����WKLV�K\GURJHQ�DWRP�WUDQVIHU�UHDFWLRQ�RI �IHUV� WKH� HQHUJ\� JDLQ� RI� ���� H9�� 7KHQ� WKHIRUPHG� FRPSOH[� LV� GHFRPSRVHG� DW� D� VXIIL �FLHQWO\�KLJK��H�J���URRP��WHPSHUDWXUH�GXH�WRLWV�LQVWDELOLW\�1+�&O ⋅ +J1+� ⋅ +J ⋅ +J1+� ⋅ +J1+�&O ⋅ +�2→
→ 1+�&O + +�2 + &O+J1+� + �+J + �1+��� ���7KXV�� LUUDGLDWLRQ� RI� SRO\YLQ\O� DOFRKROILOPV� FRQWDLQLQJ� PHUFXULF� FKORULGH� ZLWKKLJK�HQHUJ\� TXDQWXP� �DERXW� �� NH9�� IRO �ORZHG�E\�H[SRVXUH�LQ�DPPRQLD�YDSRU�UHVXOWVLQ�DSSHDUDQFH�RI�LPDJH��7KH�;�UD\�VHQVLWLY �LW\�RI�WKH�PDWHULDOV�LV�GXH�WR�LRQL]DWLRQ�DQGGLVVRFLDWLRQ� RI� +J&O��� )RUPDWLRQ� RI+J��1+���&O�⋅+�2 FRPSOH[� LQ� D� VXIILFLHQWFRQFHQWUDWLRQ� DQG� WKH� LPDJH� IRUPDWLRQ� UH �TXLUHV�DERXW����PLQ�LUUDGLDWLRQ�WLPH��LQ�WKHVSHFLILHG� H[SHULPHQW� FRQGLWLRQV�� WR� DWWDLQWKH� FULWLFDO� FRQFHQWUDWLRQ� RI� +J DWRPV� LQWKH�ILOP�WKDW� LV�GHILQHG�E\�WKH�QHFHVVLW\�RIPHUFXU\�PLFURGURS�IRUPDWLRQ��7KHVH�PLFUR �GURSV� VFDWWHU� WKH� OLJKW�� WKXV� FDXVLQJ� LPDJ �LQJ�HIIHFW�RI�YHVLFXODU�W\SH�5HIHUHQFHV���%�$�%ULNVPDQ�� 9�.�0LOLQFKXN�� .KLP��9\VRN�(QHUJ���������������������$�.�3LNDHY�� 0RGHUQ� 5DGLDWLRQ� &KHPLVWU\�1DXND��0RVFRZ��������>LQ�5XVVLDQ@����3�$�.RQGUDWHQNR�� <X�0�/RSDWNLQ�� 2�9�1HVH�OHYVND\D�� LQ�� $EVWU��RI� �VW� $OO�8QLRQ� 6FKRRORQ�7KHUPRG\QDPLFV�DQG�7HFKQRORJ\�RI�6HPL�

FRQGXFWRU� &U\VWDOV� DQG� )LOPV�� ,YDQR�)UDQN�RYVN�� 2FWREHU� ������ ������ 3DUW� ,,�� S�����������>LQ�5XVVLDQ@����,�<X�']KRV�� <X�0�/RSDWNLQ�� LQ�� 6FLHQWLILF&RPPXQLFDWLRQV�RI�6XP\�6WDWH�3HGDJRJLF�,Q�VWLWXWH�� 663,� 3XEO��� 6XP\�� S���� ������� >LQ8NUDLQLDQ@����7DEOHV� RI� 3K\VLFDO� 4XDQWLWLHV�� $� 5HIHUHQFH%RRN��HG��E\� ,�.�.LNRLQ��$WRPL]GDW��0RVFRZ�������>LQ�5XVVLDQ@����&KHPLFDO�%RQG�%UHDNGRZQ�(QHUJ\��,RQL]DWLRQ3RWHQWLDOV� DQG� (OHFWURQ� $IILQLW\�� HG�� E\9�1�.RQGUDW\HY�� 1DXND�� 0RVFRZ� ������� >LQ5XVVLDQ@����)�$�&RWWRQ��*�:LONLQVRQ��$GYDQFHG�,QRUJDQLF&KHPLVWU\�� -RKQ� 	� &RQV�� ,QWHUVFLHQFH� 3XEO��1�<��/RQGRQ�6\GQH\�������������3�$�.RQGUDWHQNR��<X�0�/RSDWNLQ��2�$�6KRYNR�SO\DV�� <DGHUQ��5DGLDWVLRQ��%H]RSDVQRVW�� 1R����������������<X�0�/RSDWNLQ��3�$�.RQGUDWHQNR��2�$�6KRYNR�SO\DV�� 9LVQ\N� 6XPVN��'HU]KDYQ��8QLYHUV��1R���������������������9�0�3LQFKXN��3�1�7V\EXO\RY��9�'�3DUNKRPHQNR�4XDQWXP�&KHPLVWU\�RI�0ROHFXODU�DQG�,RQ�0R�OHFXODU�,QWHUDFWLRQV�DW�6ROYDWLRQ�DQG�$GVRUS�WLRQ�� 1DXNRYD� 'XPND�� .\LY� ������� >LQ5XVVLDQ@�����0�-�6�'HZDU��(�*�=RHELVFK��(�)�+HDO\� HW� DO��-��$PHU��&KHP��6RF������������������������:�7KLHO�� $�9RLW\XN�� 7KHRU��&KLP��$FWD�� ������������������:�7KLHO��$�9RLW\XN�� ,QW��-��4XDQW��&KHP����������������������:�7KLHO��$�9RLW\XN��-��3K\V��&KHP�������� ��������������3K\VLFDO� (QF\FORSHGLF� 'LFWLRQDU\�� HG�� E\$�0�3URNKRURY�� 6RY��(QWV\NORSHGLD�� 0RVFRZ�������>LQ�5XVVLDQ@�����.�%�<DWVLPLUVN\�� 9�.�<DWVLPLUVN\�� &KHPLFDO%RQG�� 9\VFKD� 6KNROD�� .LHY� ������� >LQ� 5XV�VLDQ@�
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