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,W�KDV�EHHQ�HVWDEOLVKHG�EHIRUH� >���@�WKDWPROHFXODU� DQLRQV� �0$�� SOD\� DQ� LPSRUWDQWSDUW� LQ� UDGLDWLRQ�LQGXFHG� GHIHFW� IRUPDWLRQLQ� SXUH� DQG� GRSHG� FHVLXP� LRGLGH� FU\VWDOVZLGHO\�XVHG�DV�HIIHFWLYH�VFLQWLOODWLRQ�PDWHULDOV�7KH�VLQJOH�FU\VWDOV�JURZQ�IURP�WKH�PHOWRIWHQ�FRQWDLQ�FDUERQDWH�ZKLFK�LV�D�YHU\�XQ �GHVLUDEOH� LPSXULW\� LQ� &V,�1D� >�@� DQG� HVSH�FLDOO\� LQ�&V, >�@� DQG�&V,�7O� >�@�� &RQVLGHUD�WLRQ�RI�SKRWR��DQG�UDGLDWLRQ�LQGXFHG�GDPDJHRI�&V,�7O� FU\VWDOV�KDV� VKRZQ� WKDW� WKH�FU\V �WDO� FRORUDWLRQ� LV� FDXVHG�� DORQJ� ZLWK� WKHNQRZQ� FDUERQDWH� LPSXULW\� >���@�� E\� HYHQWUDFH� DPRXQWV� ��⋅���� �� E\� PDVV�� RI� ER�UDWHV�� 7KH� SUHVHQW� ZRUN� LV� QHFHVVLWDWHG� E\FRQWUDGLFWLRQV�LQ�GDWD�RQ�UDGLDWLRQ�FKHPLFDOWUDQVIRUPDWLRQV� RI� FDUERQDWH� LRQ� >���@� DQG

E\� WKH� DEVHQFH� RI� VLPLODU� LQIRUPDWLRQ� FRQ �FHUQLQJ�ERUDWH�LRQ�7KH� LQYHVWLJDWHG� FU\VWDOV� ZHUH� JURZQXVLQJ� ERWK� .LURSRXORV� WHFKQLTXH� LQ� D� SODWL �QXP�FUXFLEOH�XQGHU�DUJRQ�DWPRVSKHUH�DQG�E\6WRFNEDUJHU� RQH� LQ� HYDFXDWHG� TXDUW]� DP�SRXOHV�� 7KH� LQLWLDO� &V, �VSHFLDO� SXULW\� JUDGH�ZDV� GHK\GUDWHG� SUHOLPLQDULO\� DW� ���� DQG����&��7O,��&V�&2���&V2+ DQG�+�%2���DOO�VSH�FLDO�SXULW\�JUDGH��ZHUH�XVHG�DV�DFWLYDWLQJ�DG �PL[WXUHV�� ,Q� WKH� ODVW� FDVH�� VSHFLDO� PHDVXUHVZHUH� XVHG� IRU� WKURXJK� GHK\GUDWLRQ� RI� ERWKFHVXLP�LRGLGH�DQG�ERULF�DFLG��WDNLQJ�LQWR�DF �FRXQW� WKH� KLJK� K\JURVFRSLFLW\� RI� WKH� ODWWHU�7KDOOLXP�FRQFHQWUDWLRQ�RQ�JURZQ�FU\VWDOV�ZDVIURP����⋅���� WR��⋅���� ��E\�PDVV�7KH� SUHVHQFH� RI� R[\JHQ�EHDULQJ� LPSXUL �WLHV� ZDV� FRQWUROOHG� E\� ,5� VSHFWURVFRS\� �E\
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YLEUDWLRQ� VSHFWUD� FKDUDFWHULVWLF� IRU�PROHFX �ODU� DQLRQV� LQ� ��������� FP�� UDQJH�� XVLQJDQ� 85���� VSHFWURSKRWRPHWHU� DV� ZHOO� DV� E\FKHPLFDO�DQDO\VLV�PHWKRGV��7KH�VLQJOH�FU\V �WDOOLQH�VDPSOHV�ZHUH�LUUDGLDWHG�E\�D�JDPPDVRXUFH� ���&R��DW�D�GRVH�RI���� UDG��E\�QRQ�ILOWHUHG�UDGLDWLRQ�RI�D�PHUFXU\�ODPS�DQG�E\GD\OLJKW� ZKHUH� WKH� VKRUW�ZDYHOHQJWK� VSHF �WUXP� HGJH� ZDV� OLPLWHG� E\� WKH� JODVV� WUDQV �PLVVLRQ��Kν ������H9��7KH� YLEUDWLRQ� VSHFWUXP� RI� D� &V, FU\VWDODFWLYDWHG� E\� &V�&2� LV� VKRZQ� LQ� )LJ���FXUYH����7KH�FRQFHQWUDWLRQ�RI�&2��− LRQ�ZDVUDWKHU�KLJK���⋅���� ��E\�PDVV��DOORZLQJ�WRREVHUYH�DOO�FKDUDFWHULVWLF�EDQGV�LQ�WKH�VSHF �WUXP��$W�&2��− LRQ�FRQFHQWUDWLRQV�OHVV�WKDQ�⋅���� ��� RQO\� WKH�PRVW� LQWHQVH� ν� DQG� ν�EDQGV�DUH�REVHUYDEOH�7KH� ORFDO� V\PPHWU\� RI� &2��− LRQ� LV� ORZ�HUHG� LQ� WKH� &V, ODWWLFH� GRZQ� WR� &�ν GXH� WRHIIHFW� RI� WKH� DQLRQ� YDFDQF\� FRPSHQVDWLQJWKH�H[FHVV�FKDUJH�DQG�SRVLWLRQHG�LQ�WKH�DQ �LRQLF� VLWH� QHDUHVW� WR� WKH� &2��− LRQ�� ,Q� WKLVFDVH�� GHJHQHUDWH� ν� DQG� ν� YLEUDWLRQV� DUHVSOLWWHG�ZKLOH� WKH� WRWDOO\� V\PPHWULF� ν� RQHEHFRPHV�DFWLYH� LQ� WKH� ,5�VSHFWUDO�UDQJH� >����@�� 7KXV�� WKH� REVHUYHG� ,5� VSHFWUDO� EDQGVFDQ� EH� DWWULEXWHG� WR� IROORZLQJ� EDVLF� DQGFRPSOH[� IUHTXHQFLHV� �LQ� FP���� RI�&2��− LRQ������� �ν���� ������ �ν���� ���� �ν���� ����� �ν�������� �ν���� ����� �ν���� ����� �ν� ��ν���� �����ν� ��ν���� ����� �ν� ��ν���� ����� �ν� ��ν����������ν�����������ν���

,5� DEVRUSWLRQ� VSHFWUXP� RI� D� &V,�&2��FU\VWDO�JDPPD�LUUDGLDWHG�E\���� UDG�GRVH�LVSUHVHQWHG�DOVR�LQ�)LJ����FXUYH�����1R�PDQL �IHVWDWLRQV�RI�WKH�2+± LRQ�SUHVHQFH�ZHUH�RE�VHUYHG� LQ� YLEUDWLRQ� DQG� HOHFWURQ� VSHFWUD� RIWKH�FU\VWDO���$FFRUGLQJ�WR�FKHPLFDO�DQDO\VLVGDWD�� WKH�2+± FRQFHQWUDWLRQ�ZDV� � ⋅���� ��$V�D�UHVXOW�RI�WKH�LUUDGLDWLRQ��LQWHQVLWLHV�RIEDQGV� FKDUDFWHULVWLF� IRU� &2��− LRQ� GHFUHDVH�EXW�QHZ�EDQGV�DSSHDU�ZLWK�PD[LPD�DW���������� ����� ����� ����� ������ ������ ����������FP���� 7KRVH� DUH� WR� EH� DWWULEXWHG� WR+&2�− LRQV� >�@� WKDW� LV� LQ� DJUHHPHQW� ZLWKLQWHUSUHWDWLRQ�RI� >��@��%HVLGHV�� VHYHUDO�QHZEDQGV� DUH� REVHUYHG� LQ� WKH� UDQJH� RI� ����������FP�� ZKLFK� PD\� EH� FRQQHFWHG� ZLWKEHQGLQJ� ν� YLEUDWLRQV� LQ� +�2 PROHFXOH� >�@�1R�RWKHU�EDQGV�ZHUH� UHYHDOHG� LQ� WKH�YLEUD �WLRQ� VSHFWUXP� RI� WKH� LUUDGLDWHG� &V,�&2��FU\VWDO�$FFRUGLQJ� WR� >�@�� LQ� &V,�&2�� FU\VWDOVVXEMHFWHG� WR� LRQL]LQJ� LUUDGLDWLRQ�� &2��− LRQVDUH� WUDQVIRUPHG� SDUWO\� LQWR� VLQJOH�FKDUJHG&2�− RQHV�GXH�WR�KROH�FDSWXUH�DV�ZHOO�DV�DUHGHFRPSRVHG�LQWR�&2 PROHFXOHV�DQG�&2�− LRQV�WKLV� LV� ZK\� WKHVH� LPSXULWLHV� DUH� REVHUYHGVRPHWLPHV� LQ� XQLUUDGLDWHG� FU\VWDOV�� ,Q� RXURSLQLRQ��LW�LV�MXVW�+&2�− LRQV�DQG�+�2 PROH�FXOHV�WKDW�DUH�IRUPHG�LQ�LUUDGLDWHG�&V,�&2��FU\VWDOV�:H� KDYH� IRXQG� EHIRUH� >�@� WKDW� ERWK&2��− DQG�2+± LRQV�DUH�UHYHDOHG�LQ�&V, FU\V�WDOV�� QR� PDWWHU� ZKDW� HLWKHU� FDUERQDWH� RUK\GUR[\O� LRQ� LV� XVHG� DV� WKH� GRSDQW�� RQO\UHODWLYH� DPRXQWV� RI� UHYHDOHG� LRQV� DUH� YDU �LHG�� $FFRUGLQJ� WR� >��@�� 2+± LRQV� GLVVRFLDWHXQGHU�IRUPDWLRQ�+L� DQG�2D− LRQV�ZKHQ�EHLQJVXEMHFWHG� WR� WKH� LRQL]LQJ� LUUDGLDWLRQ�� 7KHIROORZLQJ�UDGLDWLRQ�FKHPLFDO�UHDFWLRQV�RFFXUDV� D� UHVXOW� RI� +L� DWRPV� GLIIXVLRQ� LQ� WKHFU\VWDO�ODWWLFH�
+L� + &2��− + 9D+ = +&2�− + ) ����>�@
+L� + 2+−D = +�2−D = +�2L + ) ����>��@,W� LV� WR� QRWH� WKDW� WKH� UHDFWLRQ� ���� LV� UH �YHUVLEOH� ZLWK� UHVSHFW� WR� &2��− LRQV� EXLOGHGLQWR�WKH�ODWWLFH�LQ�WKH�IRUP�RI�LPSXULW\�YD �FDQF\� GLSROHV�� ,I� &2��− LRQV� DUH� GLVVRFLDWHGRII� IURP� WKH� DQLRQ� YDFDQF\�� WKHQ� SURGXFWVRI� UHDFWLRQ� ���� DUH�YHU\�VWDEOH�� ,Q� WKLV�FDVH�WKH�UHYHUVLELOLW\�RI�WKH�UHDFWLRQ�XQGHU�FRQVLG �

)LJ����$EVRUSWLRQ�VSHFWUXP�RI�&V,�&2�� FU\V�WDO�SULRU�WR�JDPPD�LUUDGLDWLRQ�E\���&R VRXUFH����DQG�DIWHU�WKH�LUUDGLDWLRQ�GRVH���� UDG�����
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HUDWLRQ� LV� GHILQHG� QRW� E\� HOHFWURQLF� SURF �HVVHV� EXW� E\� LRQLF� RQHV� �GLIIXVLRQ� RI� )� FHQ �WHUV��7R�VHSDUDWH�FRQWULEXWLRQV�RI�VXUIDFH�DQGYROXPH� WR� WKH� UDGLDWLRQ�VWLPXODWHG� SURFHVVRI� ELFDUERQDWH� LRQ� IRUPDWLRQ�� WKH�PHDVXUH �PHQWV�ZHUH�PDGH�XVLQJ�VDPSOHV�RI�GLIIHUHQWWKLFNQHVVHV� ���DQG����PP��DV�ZHOO�DV�WKRVHZKHUH� WKH� VXUIDFH� OD\HU� ZDV� WDNHQ� RII� E\WKH�DGGLWLRQDO�SRVW�LUUDGLDWLRQ�SROLVKLQJ��,QDOO� FDVHV�� WKH� DEVRUSWLRQ� FRHIILFLHQW� PHDV �XUHG�LQ�WKH�PRVW�LQWHQVH�DEVRUSWLRQ�EDQG�RI+&2�− LRQV�������FP����KDV�WKH�VDPH�YDOXH�7KH� FRLQFLGHQFH� RI�PHDVXUHPHQW� UHVXOWV� DO �ORZV� WR� VWDWH� WKDW� WKH�HIIHFW�RI�ELFDUERQDWHLRQ� IRUPDWLRQ� KDV� WKH� YROXPH� FKDUDFWHU�7KH� UDGLDWLRQ�LQGXFHG� DEVRUSWLRQ� EDQG� LQWKH� UDQJH� ���������� FP�� GXH� WR� +�2PROHFXOHV�GRHV�QRW�PDQLIHVW�LWVHOI�ZKHQ�WKHVXUIDFH� OD\HU� LV� UHPRYHG�� 7KLV� HYLGHQFHVWKDW� WKH� LUUDGLDWLRQ�LQLWLDWHG� IRUPDWLRQ� RIPROHFXODU�ZDWHU�WDNHV�SODFH�ZLWKLQ�WKH�VXU �IDFH�OD\HU�ZKLOH�WKH�UHDFWLRQ�����LQ�WKH�FU\V �WDO�YROXPH�LV�RI�D�ORZ�HIILFLHQF\�DQG�FDQQRWEH� FRQILUPHG� XVLQJ� DEVRUSWLRQ� PHWKRGV�XQOLNH�����&KHPLFDO� UHDFWLRQV� LQYROYLQJ� FDUERQDWHDQG� K\GUR[\O� LRQV� DQG� FRORU� FHQWHU� IRUPD �WLRQ� WDNH� SODFH� LQ� &V,�&2�� FU\VWDOV� XQGHUJDPPD� DQG� 89� LUUVGLDWLRQ�� ,Q� WKDOOLXP�

GRSHG� &V,�&2���� UDGLDWLRQ� GHIHFWV� LQ� WKHIRUP� RI� FRORU� FHQWHUV�� +�2 PROHFXOHV� DQG+&2�− LRQV� DULVH� QRW� RQO\� GXH� WR� LRQL]LQJUDGLDWLRQ� EXW� DOVR� XQGHU� GD\OLJKW� DFWLRQ�Kν ������H9��,Q� ,5� DEVRUSWLRQ� VSHFWUD� RI� &V,�7O�� &2��FU\VWDOV�� ν��� ν� DQG� ν� EDQGV� RI� &2��− LRQUHPDLQ�XQFKDQJHG�ZKLOH�WKH� ν� RQH�EHFRPHVEURDGHQHG� DQG� DGGLWLRQDO� EDQGV� DSSHDU� LQ����� DQG� ����� FP�� UHJLRQV� �)LJ���� FXUYH���� � 7KHLU� LQWHQVLW\� LQFUHDVHV� LQ� SDUDOOHOZLWK�WKH�FRQWHQW�RI�WKDOOLXP�DV�ZHOO�DV�ZLWKWKDW� RI� FDUERQDWH�� 7KH� DSSHDUDQFH� RI� DGGL �WLRQDO�EDQGV�VHHPV�WR�EH�LQ�FRQQHFWLRQ�ZLWKWKH� GLVWXUELQJ� HIIHFW� RI� WKH� QHLJKERXULQJ7O� LRQ�� 7KH� YLEUDWLRQ� VSHFWUXP� RI� &V,�7O�&2�� FU\VWDOV�LUUDGLDWHG�E\�LRQL]LQJ�OLJKW�DVZHOO�DV�E\�GD\OLJKW�LV�PRUH�FRPSOH[�DV�FRP �SDUHG� WR� WKDW� RI� LUUDGLDWHG� &V,�&2�� RQHV�)LJ��� �FXUYH����SUHVHQWV�D� W\SLFDO� YLEUDWLRQVSHFWUXP�RI�&V,�7O��&2�� FU\VWDO� H[SRVHG� WRGD\OLJKW��$ORQJ�ZLWK�WKH�DSSHDUDQFH�RI�EDQGVFKDUDFWHULVWLF�IRU�+&2�− LRQV�DQG�ZDWHU�PROH�FXOHV� WKH�VWUXFWXUH�RI�ν���ν� EDQGV�EHFRPHVPRUH� FRPSOLFDWHG�� DGGLWLRQDO� PD[LPD� DW�����������������FP�� DULVH�LQ�WKH�ν� EDQGUHJLRQ�DV�ZHOO�DV�WKH�DEVRUSWLRQ�LQ������DQG�����FP�� UHJLRQV� LQFUHDVHV�� ,W� LV�QRWHZRU �WK\� WKDW� WKH� SURFHVV� RI� UDGLDWLRQ�LQGXFHGGHIHFW� IRUPDWLRQ� UHVXOWLQJ� LQ� FKDQJHV� RI&V,�7O�� &2�� YLEUDWLRQ� VSHFWUD� GHSHQGV� RQWKH�VRXUFH�SRZHU�DQG�LUUDGLDWLRQ�GRVH��7KLVLV� GXH� WR� GLIIXVLRQ� SURFHVVHV� RFFXUULQJ� LQWKH� FU\VWDO� ERWK� GXULQJ� LUUDGLDWLRQ� DQGZKHQ�LW�LV�RYHU�8QOLNH� FDUERQDWH� LRQ� KDYLQJ� QR� DEVRUS �WLRQ�EDQGV�LQ�WKH�UHJLRQ�RI�WKH�IXQGDPHQWDODEVRUSWLRQ� HGJH� RI� &V, FU\VWDO� DQG� LQ� WKHYLVLEOH� VSHFWUDO� UHJLRQ�� WKHUH� LV� D� EDQG� LQ���� QP� UHJLRQ� FRUUHVSRQGLQJ� WR� WKH� HOHF �WURQ� DEVRUSWLRQ� RI� K\GUR[\O� LRQ� >��@�� ,UUD �GLDWLRQ�RI�FU\VWDOV�FRQWDLQLQJ�WKH�DERYH�LP �SXULWLHV� E\� OLJKW� IURP� WKH� IXQGDPHQWDO� DE �VRUSWLRQ� GURS� UHJLRQ� RU� LQ� WKH� 2+± EDQGUHVXOWV� LQ� IRUPDWLRQ� RI� WKH�VDPH�UDGLDWLRQ�LQGXFHG� GHIHFWV� DV� XQGHU� WKH� LRQL]LQJ� LUUD �GLDWLRQ�GXH�WR�2+± LRQV�GLVVRFLDWLRQ�FDXVLQJ+L� DQG�2D− LRQV�IRUPDWLRQ�1R� UDGLDWLRQ�LQGXFHG� GHIHFWV� DUH� IRUPHGLQ� &V,�2+�&2�� FU\VWDOV� XQGHU� LUUDGLDWLRQE\�OLJKW�TXDQWD�RI�OHVV�WKDQ�����H9�HQHUJ\�,Q� WKH� FDVH� RI� &V,�7O� FU\VWDOV� EHDULQJ� FDU�ERQDWH� DQG� K\GUR[\O� LRQV�� WKH� SKRWRFKHPL �FDO� WUDQVIRUPDWLRQV� FRQVLGHUHG� DERYH� WDNHSODFH� XQGHU� WKH� DFWLRQ� RI� SKRWRQV� RI� OHVVWKDQ� ���� H9� HQHUJ\�� DQG� PRUHRYHU� DW� D

)LJ����$EVRUSWLRQ�VSHFWUXP�RI�&V,�7O�&2�� FU\V�WDO� SULRU� WR� ���� DQG� DIWHU� WKH� LUUDGLDWLRQ� ����&KDUDFWHULVWLF� EDQGV� RI� +&2�− LRQ� DUH� SRLQWHGE\�DUURZV�
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KLJKHU� HIILFLHQF\� WKDQ� XQGHU� LRQL]LQJ� LUUD �GLDWLRQ�� 7KHUHZLWK�� DORQJ� ZLWK� WKH� FRORUFHQWHU� IRUPDWLRQ�� FRQVLGHUDEOH� FKDQJHV� LQWKH�YLEUDWLRQ�VSHFWUD�RI�FRORUHG�FU\VWDOV�DUHREVHUYHG�:H� KDYH� UHYHDOHG� QR� SKRWRFKHPLFDOWUDQVIRUPDWLRQV� LQGXFHG� E\� SKRWRQV� RI������ H9� LQ�&V, FU\VWDOV� EHDULQJ� FDUERQDWHDQG� K\GUR[\O� LRQV� EXW� FRQWDLQLQJ� QR� WKDO �OLXP��7KHUHIRUH��ZH�VXSSRVH�WKDW�WKH�FKDUJHFDUULHU�GHORFDOL]DWLRQ�LV�SRVVLEOH�GXH�WR�WKDO �OLXP� SUHVHQFH�� ,Q� IDFW�� &V,�7O� FU\VWDOVJURZQ� XQGHU� FRQGLWLRQV� HOLPLQDWLQJ� WKHPHOW� LQWHUDFWLRQ� ZLWK� DLU� FRPSRQHQWVWKRXJK�DUH�QRW�FRORUHG�GXH�WR�GD\OLJKW�LUUD �GLDWLRQ� >��@� EXW� VKRZ� DQ� DSSUHFLDEOH� SKRV �SKRUHVFHQFH� DV� FRPSDUHG� WR� XQGRSHG� RQHV�7KLV�SRLQWV� WR� WKH�GHFLVLYH�UROH�RI� WKDOOLXPLQ� WKH� FKDUJH� FDUULHU� GHORFDOL]DWLRQ� SURF �HVVHV�� 7KH� GD\OLJKW� LUUDGLDWLRQ� RI� &V,�7O�FU\VWDOD� FDQ� EH� VXSSRVHG� WR� VWLPXODWH� WKHIRUPDWLRQ�RI�7O� FHQWHUV�DQG�KROH�RQHV�KDY�LQJ� GLIIHUHQW� WKHUPDO� VWDELOLWLHV�� 7KH� GH �FRPSRVLWLRQ�RI�WKRVH�FHQWHUV�PD\�EH�DFFRP �SDQLHG� HLWKHU� E\� SKRVSKRUHVFHQFH� RU� E\� DQHPLVVLRQOHVV� DQQLKLODWLRQV� WKDW� LQLWLDWHG�H�J���K\GUR[\O�LRQ�GHFRPSRVLWLRQ��7KLV�LV�LQ

DJUHHPHQW� ZLWK� WKH� PHFKDQLVP� RI� HOHFWURQH[FLWDWLRQ� GHORFDOL]DWLRQ� LQ� .&O�7O� FU\VWDOVSURSRVHG�LQ�>��@�7KH�VWXG\�RI�,5�DEVRUSWLRQ�VSHFWUD�RI� &V,FU\VWDOV�GRSHG�LQWHQWLRQDOO\�E\�ERULF�DFLG�KDVVKRZQ� WKDW� ERUDWHV� HQWHU� WKHVH� FU\VWDOV� XVX �DOO\� DV� PROHFXODU� DQLRQ� RI� PHWDERULF� DFLG�%2�−�� HYHQ� LI�RUWKRERULF� DFLG� +�%2� LV� LQWUR�GXFHG��7KLV� LV� GXH� WR� WKHUPDO� GHFRPSRVLWLRQRI�WKH�ODWWHU�DW�UDWKHU�ORZ�WHPSHUDWXUHV�)LJ��� VKRZV� WKH� DEVRUSWLRQ� VSHFWUXPW\SLFDO� IRU� LQFRPSOHWHO\� V\PPHWULF� VWUHWFK �LQJ�ν� YLEUDWLRQ�RI�%2�− DQLRQ�FRQVLVWLQJ�RIWZR� QDUURZ� OLQHV� ����� DQG� ����� FP�� DW�WULEXWHG� WR� WKH� QDWXUDO� UDWLRQ� RI� ��% DQG��%�� UHVSHFWLYHO\� >������@�� 3KRWRFKHPLFDOWUDQVIRUPDWLRQV� RI� %2�− LRQ� DUH� FRQVLGHUHGWDNLQJ�DV� DQ� H[DPSOH� YDULDWLRQV� LQ� ν� YLEUD�WLRQ� EDQG� GXH� WR� GD\OLJKW� LOOXPLQDWLRQ� RI� D&V,�7O�� %2�� FU\VWDO� IROORZHG� E\� DQ� H[SRVXUHLQ�GDUNQHVV��,W�IROORZV�IURP�WKH�SUHVHQWHG�,5VSHFWUD�WKDW�WKH�PDMRULW\�RI�%2�− LRQV�XQGHU�JRHV� SKRWRFKHPLFDO� GHFRPSRVLWLRQ� �)LJ���FXUYH� ��� ZLWK� VXEVHTXHQW� SDUWLDO� UHFRYHU\GXULQJ� WKH� SRVW�LUUDGLDWLRQ� GDUN� VWRUDJH�FXUYHV���DQG�����7KH�SKRWRFKHPLFDO�GHFRPSR �VLWLRQ� RI�%2�− LRQ� LV� DFFRPSDQLHG� DOVR� E\� DQLQWHQVLW\ UHGLVWULEXWLRQ� RI� FRORU� FHQWHU� DE �VRUSWLRQ� EDQGV� LQ� 89�� YLVLEOH� DQG� QHDU� ,5VSHFWUDO� UDQJHV�� � $V� LQ� WKH� FDVH� RI� &V,�7O�EHDULQJ� &2��− DQG� 2+± LRQV�� FRORU� FHQWHUVIRUPLQJ� GXH� WR� SKRWR�� DQG� JDPPD�LUUDGLD �WLRQ�DUH�LGHQWLFDO�$QLRQLF� YDFDQFLHV� FRPSHQVDWLQJ� WKH� H[ �FHVV�FKDUJH�LQ�WKH�FDVH�ZKHQ�ELYDOHQW�DQLRQVDUH� SUHVHQW� ZHUH� VXJJHVWHG� WR� SOD\� DQ� LP �SRUWDQW�SDUW� LQ�WKH�IRUPDWLRQ�DQG�DJJUHJD �WLRQ� SURFHVVHV� RI� FRORU� FHQWHUV� LQ� &V,�7O�FU\VWDOV� >���@�� 0RUHRYHU�� DFFRUGLQJ� WR� >�@�ELYDOHQW� R[\JHQ�EHDULQJ� LPSXULWLHV� IDYRXUDOVR�IRUPDWLRQ�RI�VWDEOH�KROH�W\SH�FRORU�FHQ �WHUV�� 7KHUHIRUH�� WKH� UROH� RI� WKH� LVRYDOHQW%2�− DQLRQ�LQ�WKH�SKRWR��DQG�UDGLDWLRQ�UHVLV �WDQFH� RI� &V,�7O� FU\VWDOV� LV� RI� D� SDUWLFXODULQWHUHVW��$FFRUGLQJ�WR�>��@��WKH�%2�− LRQ�LV�D����? ORQJ�OLQHDU�JURXS�ZKLFK�LV�SRVLWLRQHGZLWKLQ� WKH� &V, ODWWLFH� LQ� DQ� DQLRQLF� VLWHDORQJ� WKH� ������ GLUHFWLRQ� ZLWKRXW� WKH� FRP �SHQVDWLQJ�YDFDQF\�6WXGLHV� RI� SKRWRFKHPLFDO� WUDQVIRUPD �WLRQV� LQ� &V,�7O�� %2�� FU\VWDOV� HYLGHQFH� WKHGLVVRFLDWLRQ�RI�%2�− LRQV�LQ�OLJKW��)LJ����FXUYH����7KLV�UHVXOWV�REYLRXVO\�LQ�WKH�IRUPDWLRQ�RI%2� UDGLFDO�W\SLFDO�IRU�ERURQ�DQG�RI�2�± LRQ�

)LJ����$EVRUSWLRQ�EDQGV�RI�%2�− LRQ�ν� YLEUD�WLRQ� LQ� &V,�7O�%2�� FU\VWDO� SULRU� WR� GD\OLJKWLUUDGLDWLRQ������DIWHU�WKH�LUUDGLDWLRQ������DIWHUD�VXEVHTXHQW�GDUN�VWRUDJH�DW�����.�IRU�WKUHHGD\V�����DQG����GD\V�����
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>%2�−@D →Kν %2+ + 2�− ���
,I�WKH�UHDFWLRQ�HTXDWLRQ�����LV�YDOLG��WKHQDQ�DQLRQLF�YDFDQF\��9D+��VKRXOG�EH�SRVLWLRQHGLQ�WKH�QHDUHVW�DQLRQLF�VLWH�WR�QHXWUDOL]H�WKHELYDOHQW� R[\JHQ�� 2WKHUZLVH�� 2�± LRQ� ORVHVRQH� HOHFWURQ�DQG�VR� LV� WUDQVIRUPHG� LQWR� 2±RQH��VLQFH�WKH�H[LVWHQFH�RI�LVRODWHG�2�± LRQVLQ� DONDOL� KDOLGH� FU\VWDOV� DW� URRP� WHPSHUD �WXUH� LV� XQOLNHO\� >��@�� 7KXV�� IUHH� HOHFWURQVPD\�DULVH�LQ�WKH�FRXUVH�RI�%2�− LRQ�SKRWRGLV�VRFLDWLRQ�ZKLFK� DUH� FDSWXUHG� HIIHFWLYHO\� E\H[WULQVLF�DQG�VWUXFWXUH�GHIHFWV��9D+���$W�WHP�SHUDWXUHV�FORVH�WR�URRP�RQH��LW�LV�MXVW�ELYD �FDQFLHV� WKDW�DUH�WKH�PRVW�VWDEOH�GHIHFWV�EH �FDXVH� RI� WKH�KLJK�PRELOLW\�RI� VLQJOH�YDFDQ �FLHV�� WKHVH� ELYDFDQFLHV� PD\� EH� RI� WKH� SUH �GRPLQDQW� LPSRUWDQFH� LQ� WKH� FRORU� FHQWHUIRUPDWLRQ�DQG�HYROXWLRQ�SURFHVVHV��7KH�UROHRI�ELYDFDQFLHV�LV�RI�D�SDUWLFXODU�VLJQLILFDQFHLQ� SKRWR�� DQG� UDGLDWLRQ�LQGXFHG� FKHPLFDOWUDQVIRUPDWLRQV� WDNLQJ� SODFH� LQ� TXHQFKHGDQG� VWUDLQHG� FU\VWDOV� ZKHUH� WKH� ELYDFDQF\FRQFHQWUDWLRQ� PD\� EH� ���� GHFLPDO� RUGHUVKLJKHU� DV� FRPSDUHG� WR� WKH� HTXLOLEULXP� RQH>��@��:KHQ�WKH�FU\VWDO�LV�VWRUHG�LQ�GDUN��WKHELYDFDQFLHV� SUHVHQW� LQ� D� FRQFHQWUDWLRQ� H[ �FHHGLQJ�WKH�HTXLOLEULXP�RQH�DUH�WUDQVIRUPHGLQWR�FOXVWHUV��ZKLOH�XQGHU�DFWLRQ�RI�OLJKW�RULRQL]LQJ�UDGLDWLRQ��WKH�LQYROYLQJ�RI�ELYDFDQ �FLHV� LQWR� UDGLDWLRQ�FKHPLFDO� SURFHVVHV� UH �VXOWLQJ� LQ� WKH� FRORU� FHQWHU� IRUPDWLRQ� LVPRUH� OLNHO\�� ,W� FDQ� EH� VXSSRVHG� WKDW� LQ&V,�7O�� %2�� FU\VWDOV� WKH� QHJDWLYH� 2�± LRQUHPDLQV�LQ�WKH�DQLRQLF�VLWH�DIWHU�WKH�SKRWR �VWLPXODWHG�GHFRPSRVLWLRQ�RI� %2�−��ZKLOH�WKHSRVLWLYH�%2� LRQ� LV� GLVSODFHG� ILUVW� LQWR� WKHLQWHUVWLWLDO� SRVLWLRQ� DQG� WKHQ� LQWR� WKH� FDW �LRQLF�VLWH��7KHQ�WKH�UHDFWLRQ�����LQYROYLQJ�DELYDFDQF\�FDQ�EH�SUHVHQWHG�DV�>%2�−@D + >9F−9D+@ → >%2+@F + 2D�− + 9D+ ���

>%2�−@D + >9F−9D+@ → >%2+@F + 2D− + ) ���7KXV�� WKH� SKRWRFKHPLFDO� GHFRPSRVLWLRQRI�%2�− LRQ�ZKLFK�LV�HYLGHQFHG�E\�,5�VSHFWUDPD\� UHVXOW� LQ� IRUPDWLRQ� RI� %2� UDGLFDO� LQWKH� FDWLRQLF� VLWH�� R[\JHQ� LRQ� LQ� WKH�DQLRQLFRQH�DQG�D�)�FHQWHU��7KH�IDFW�RI�UHDFWLRQ����LV� FRQILUPHG�� DW� OHDVW� IRU� WKH� FDVH� RI&V,�7O�%2�� FU\VWDOV��E\�WKH�IRUPDWLRQ�RI�)�OLNH� FRORU� FHQWHUV� LQ� WKH� FRXUVH� RI� SKRWR�DQG� UDGLDWLRQ�LQGXFHG� FKHPLFDO� WUDQVIRUPD �WLRQV��$V�WR�&V,�%2�� FU\VWDOV�ZLWKRXW�WKDO�

OLXP�GRSDQW�� DQ\�GLVVRFLDWLRQ�RI�ERUDWH� LRQZDV�QRW�REVHUYHG�XQGHU�GD\OLJKW�RU�JDPPDLUUDGLDWLRQ� DW� %2�− FRQFHQWUDWLRQV� OHVV� WKDQ�⋅���� ��E\�PDVV��,I�IROORZV�IURP�WKLV�IDFWWKDW�UHDFWLRQV� ����DQG�����DUH�UHYHUVLEOH�IRU&V,�%2�� DQG� WKH� UHDFWLRQ� SURGXFWV� DUH�QRWVHSDUDWHG� LQ� VSDFH�� XQOLNH� WKH� FDVH� RI&V,�&2�� FU\VWDOV�7KH� IRUPDWLRQ� RI� )� FHQWHUV� UHVXOWLQJIURP�SKRWR��DQG�UDGLDWLRQ�VWLPXODWHG�FKHPL �FDO� WUDQVIRUPDWLRQV� DQG� SOD\LQJ� D� GHFLVLYHSDUW� LQ� WKH� ULVH�RI� VWDEOH� FRORU� FHQWHUV� LV� DW\SLFDO� SHFXOLDULW\� RI� PROHFXODU� DQLRQV&2��−��2+± VWXGLHG�EHIRUH� LQ�>�@�DV�ZHOO�DV%2�− >��@� 5HIHUHQFHV���/�9�.RYDOHYD��/�/�1DJRUQD\D��<D�$�=DNKDULQHW� DO��� LQ��*RZWK�&U\VWDOV� ��� ���� ,6&�3XEO��.KDUNRY���������>LQ�5XVVLDQ@����/�3�6PROVND\D��/�9�.RYDOHYD��%�1�6DORPDWRYHW�DO���LQ��6LQJOH�&U\VWDOV��WKHLU�3URSHUWLHV�DQG2EWDLQLQJ�� 1R���� ���� ,6&� 3XEO��� .KDUNRY�������>LQ�5XVVLDQ@����/�3�6PROVND\D�� ,]Y��$1� 6665�� 6HU��)L]��� �����������������1�9�6KLUDQ�� 7�$�&KDUNLQD�� 9�,�*RULOHWVN\� HWDO��� 1XFO��7UDFNV��5DGLDW��0HDV��� ���� �������������$�1�3DQRYD��.�9�6KDNKRYD��=K��3ULNO��6SHNWU��������������������/�3�6PROVND\D�� 9�9�'RURNKRYD�� =K��3ULNO�6SHNWU��������������������(�/�9LQRJUDG�� 9�,�*RULOHWVN\�� 6�3�.RUVXQRYDHW�DO���2SWLND�L�6SHNWU���������������������%�9�*ULQ\RY��/�1�6KSLOLQVND\D��$�0�.XGLQ�HWDO���)XQFWLRQDO�0DWHULDOV��������������������.�1DNRPRWR�� ,QIUDUHG� 6SHFWUD� RI� ,QRUJDQLFDQG� &RRUGLQDWLRQ� &RPSRXQGV�� 0LU�� 0RVFRZ�������>5XVVLDQ�HGLWLRQ�LV�FLWHG@�����.�%XOMV�� &�-�6FKXWWH�� 6SHFWURFKLPLFD� $FWD��������������������$�,�0LWLFKNLQ�� $�1�3DQRYD�� /�9�8GRYLFKHQNRHW�DO���=K��3ULNO��6SHNWU���������������������$�9�(JUDQRY�� (�$�5DG]KDERY�� 6SHFWURVFRS\RI� 2[\JHQ� DQG� +\GURJHQ� &HQWHUV� LQ� $ONDOL+DOLGH� &U\VWDOV�� 1DXND�� 1RYRVLELUVN� ������>LQ�5XVVLDQ@�����/�9�.RYDOHYD�� /�1�6KSLOLQVND\D�� $�0�.XGLQHW�DO���)XQFWLRQDO��0DWHULDOV��������������������$�*�%DGDO\DQ�� 3�*�%DUDQRY�� 5�$�=KLWQLNRY�)L]��7YHUG��7HOD����������������������,�&�+LVDWVXQH�� 1�+DGGRFN� 6XDUHV�� ,QRUJDQLF�&KHP���������������������'�)RVV� 6PLWK�� 6SHFWURFKLP��$FWD�� ���� ��������������$�9�*HNWLQ�� ,�0�.UDVRYLWVND\D� HW� DO��� )L]�7YHUG��7HOD������������������
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