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FU\VWDOV�FRQVLVW�RI�WZR�EDQGV��WKH��JUHHQ�RU �DQJH��VKRUW�ZDYHOHQJWK�DQG�WKH��UHG��ORQJ�ZDYHOHQJWK� RQHV�� 7KH� VKRUW�ZDYHOHQJWKEDQG� FRQVLVWV� QR� GRXEW� RI� VHYHUDO� SRRU�UH �VROYHG� VWUXFWXUDO� FRPSRQHQWV�� ,Q� IDFW�DV\PPHWULF� EDQG� VKDSH� DQG� VSHFWUDO� IHD �WXUHV� DUH� UHYHDOHG� LQ� LWV� VWUXFWXUH� λ a��������������������DQG�����QP�FRQILUP�WKH�GH�FUHDVLQJ� VKRUW�ZDYHOHQJWK� FRPSRQHQWV� LQ �WHQVLWLHV� RI� WKH� OXPLQHVFHQFH� EDQG� DV� WKHWHPSHUDWXUH� LQFUHDVHV�� 6R�� WKH� FRPSRQHQWSHDNHG� DW� ���� QP� LV� DEVHQW� DW� 7  �����.�)LJ������ 7HPSHUDWXUH� FKDQJHV� UHVXOW� LQUHODWLYH� LQWHQVLW\�FKDQJHV�RI� WKH��JUHHQ�RU �DQJH�� DQG� WKH� �UHG�� EDQGV�� OXPLQHVFHQFHLQWHQVLW\� RI� WKH� ODWWHU� RQH� HVVHQWLDOO\� LQ �FUHDVHV� ZLWK� WKH� WHPSHUDWXUH� LQFUHDVH�� ,Q �WHQVLWLHV�RI�WKH�ORQJ�ZDYHOHQJWK�FRPSRQHQWVLQ� WKH� �JUHHQ�RUDQJH�� EDQG� ULVH� HVVHQWLDOO\DV� WKH� FKURPLXP� LRQ� FRQFHQWUDWLRQ� LQ� WKHVDPSOH� LQFUHDVHV�� $V� D� UHVXOW�� WKLV� EDQGFRQWRXU� PD[LPXP� EHFRPHV� VKLIWHG� WR� WKHORQJ�ZDYHOHQJWK�UHJLRQ�1RZ�OHW�WKH�OXPLQHVFHQFH�VSHFWUD�SURSHU �WLHV�GHSHQGLQJ�RQ�WKH�H[FLWDWLRQ�ZDYHOHQJWKEH�FRQVLGHUHG�LQ�PRUH�GHWDLO��$V�LW�ZDV�PHQ �WLRQHG� DERYH�� WKH� �UHG�� OXPLQHVFHQFH� EDQGLV�LQGXFHG�E\�WKH�H[FLWDWLRQ�ZLWKLQ�OLPLWV�RIHDFK�H[FLWDWLRQ�EDQG��EDQGV�,��,,��,,,���2QO\WKLV� EDQG� LV� REVHUYHG� LQ� WKH� OXPLQHVFHQFHVSHFWUD�DW�WKH�PRVW�ORQJ�ZDYHOHQJWK�H[FLWD �WLRQ� �EDQG� ,��� 7KH� VKDSH� RI� WKLV� EDQG� GH �SHQGV�RQ�WKH�VDPSOH�WHPSHUDWXUH��7KH�EDQGLV� QDUURZHG� DQG� VRPH� VKRXOGHUV� DULVHDJDLQVW� WKH� EDFNJURXQG� RI� LWV� VKRUW�ZDYH �OHQJWK� ZLQJ� LQ� WKH� UHJLRQ� ���Ü���� QPZKHQ� WHPSHUDWXUH� GHFUHDVHV� IURP� ���� WR����.��7KHVH� VKRXOGHUV�FDQ�EH�D�PDQLIHVWD �WLRQ�RI�VRPH�ILQH�VWUXFWXUH�FRPSRQHQWV��7KH

ODWWHU�DUH�REVHUYHG�DW�λË²  �������QP�DV�RQHVKDUS�SHDN�DW� λP  �����QP�DQG�D�ORZ�LQWHQ�VLW\�VKRXOGHU�ORFDWHG�QHDU�����QP��)LJ�������7KH� ORQJ�ZDYHOHQJWK� FRPSRQHQWV� RI� WKHVKRUW�ZDYHOHQJWK� EDQG� DSSHDU� QHDU� WKH�UHG�� OXPLQHVFHQFH� EDQG� DW� WKH� H[FLWDWLRQZLWKLQ� OLPLWV� RI� WKH�PHGLXP�EDQG� ,,� ����Ü����QP�UHJLRQ���$QG�RQO\�H[FLWDWLRQ�ZLWKLQWKH� PRVW� VKRUW�ZDYHOHQJWK� EDQG� ,,,� RI� WKHH[FLWDWLRQ� VSHFWUD� ����Ü���� QP� UHJLRQ�� LQ �GXFHV� ERWK� WKH� �JUHHQ�RUDQJH�� DQG� WKH�UHG��OXPLQHVFHQFH�EDQGV��)LJ�������7KH� GHVFULEHG� UHVXOWV� VKRZ� WKDW� ERWKGRSHG� DQG� XQGRSHG� 1D$O3�2� FU\VWDOV� H[�KLELW� OXPLQHVFHQW�SURSHUWLHV��%HIRUH��ZH�LQ �YHVWLJDWHG� WKH� OXPLQHVFHQFH� SURSHUWLHV� RIVLPLODU� SXUH� DQG� FKURPLXP�GRSHG� GRXEOHSRWDVVLXP�DOXPLQXP� SKRVSKDWH� .$O3�2�FU\VWDOV� >��@�� /XPLQHVFHQFH� SURSHUWLHV� RIWKH� ERWK� FRPSRXQGV� DUH� VLPLODU� WR� RQH� DQ �
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)LJ�����/XPLQHVFHQFH�VSHFWUD�RI�1D$O3�2��&U�FU\VWDOV� �&�&U�� ��������PDVV�� DW� H[FLWDWLRQZDYHOHQJWK� λH[  ������� QP� DQG� �  ����� �����������DQG�����z������
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RWKHU��7KH�OXPLQHVFHQFH�VSHFWUD�RI� .$O3�2�FU\VWDOV� LQFOXGH� WZR� EDQGV�� �JUHHQ�RUDQJH�DQG� �UHG�� RQHV�� 7KHLU� SRVLWLRQV� DQG� VWUXF �WXUHV�DUH�VLPLODU�WR�WKH�FRUUHVSRQGLQJ�EDQGVRI� WKH�1D$O3�2� FU\VWDO� OXPLQHVFHQFH� VSHF�WUD�� 7KH� VLPLODU� VLWXDWLRQ� ZDV� REVHUYHG� LQWKH� H[FLWDWLRQ� VSHFWUD� RI� ERWK� VDPSOHV�7KHUHIRUH��WDNLQJ�LQWR�DFFRXQW�WKH�DERYH�RE �VHUYDWLRQV� DQG� REWDLQHG� H[SHULPHQWDO� GDWD�ZH�FDQ�DVVXPH�WKDW�WKH�OXPLQHVFHQFH�RI�WKHGRSHG� 1D$O3�2��&U� FU\VWDOV� LV� FDXVHG� E\PDWUL[� ZKLFK� JHQHUDWHV� LWV� LQWULQVLF� HPLV �VLRQ� DV�ZHOO� DV� E\� LPSXULW\� FKURPLXP� LRQVUHVSRQVLEOH� IRU� HPLVVLRQ� RI� H[WULQVLF� OXPL �QHVFHQFH� FHQWHUV� IRUPHG� WKHUHZLWK�� 7KH�EOXH�JUHHQ�� LQWULQVLF� PDWUL[� HPLVVLRQ� FDQEH�GXH�WR�YDULRXV�FDXVHV��6RPH�RI�WKRVH�DUHLQKHUHQW� LQ� WKH� PDWUL[� ZKLOH� RWKHU� RQHVFDXVHG�E\�XQFRQWUROOHG� IDFWRUV��$W�SUHVHQW�WKHUH� DUH� QRW� HQRXJK� H[SHULPHQWDO� GDWD� WRGLVFXVV�WKH�QDWXUH�RI�WKLV�HPLVVLRQ���$V�IRUFKURPLXP�OXPLQHVFHQFH�FHQWHUV��WKH�GDWD�RQSRVVLEOH� VFKHPHV�RI� LPSXULW\�FKURPLXP�LRQLQFRUSRUDWLRQ�LQWR�WKH�1D$O3�2� FU\VWDO�ODW�WLFH� DQG� VSHFWURVFRS\� RI� FKURPLXP� LRQV� LQR[LGH� FU\VWDOV� DUH� QHFHVVDU\� WR� GLVFXVV� WKHQDWXUH� RI� HPLVVLRQ� RI� WKH� LPSXULW\� FKUR �PLXP� OXPLQHVFHQFH� FHQWHUV� LQ� WKH� LQYHVWL �JDWHG�FRPSRXQGV�,W� LV� MXVW� WKH� WKUHH�GLPHQVLRQDO� QHWZRUNRI� $O2� RFWDKHGURQV� DQG� 3�2� GLSKRVSKDWHJURXSV� ERXQG� ZLWK� FRPPRQ� R[LGH� YHUWLFHVWKDW� IRUPV� WKH� VWUXFWXUH� EDVH� RI� WKH1D$O3�2� FU\VWDO� RI� PRQRFOLQLF� V\QJRQ\�(DFK�RFWDKHGURQ� LV�ERXQG�ZLWK�ILYH�GLSKRV �SKDWH� JURXSV�� RQH� RI� WKRVH� EHLQJ� DWWDFKHGZLWK� ELGHQWDWLF� ERQG� DQG� IRXU� RWKHUV��ZLWKEULGJH� RQHV� >�@�� 6RGLXP�� DOXPLQXP� DQGSKRVSKRU�LRQV�RI�WKHVH�FRPSRXQGV�DUH�SRVL �WLYHO\� FKDUJHG� DQG� KDYH� ���� ��� DQG� ��FKDUJH��UHVSHFWLYHO\��7DNLQJ�LQWR�FRQVLGHUD �WLRQ�WKH�HOHFWULF�QHXWUDOLW\�SULQFLSOH�DQG�WKHUDGLL� UDWLR� RI� PHQWLRQHG� LPSXULW\� DQG� ODW �WLFH� LRQV�� WKH� &U�� FKURPLXP� LRQV� DUUDQJH�PHQW� LQ� WKH� DOXPLQXP� VLWHVV� LQ� WKH� $O2�RFWDKHGURQV� FDQ�EH�DVVXPHG� WR�EH� WKH�RSWL �PXP� DUUDQJHPHQW� IRU� WKHVH� LRQV�� ,Q� IDFW�WKH� DOXPLQXP� DQG� FKURPLXP� LRQV� FKDUJHVDUH�WKH�VDPH������DQG�WKHLU�UDGLL�DUH������DQG�������c��UHVSHFWLYHO\��WKH�UDGLL�UDWLR�LV5�&U����5�$O��� ������ >�@��� WKDW� LV� IDYRUDEOHHQRXJK�IRU�&U�� LRQ�VXEVWLWXWLRQ�IRU�DOXPL�QXP� RQH� LQ� WKH� 1D$O3�2� FU\VWDO� ODWWLFH�7KH� &U�� LRQ� � UDGLXV� UDWLRV� WR� WKH� VRGLXPDQG�SKRVSKRUXV�3�� LRQLF�UDGLL�DUH�5�&U����5�1D��� ��� DQG� 5�&U����5�3���� ������� UH�VSHFWLYHO\�� 6XFK� YDOXHV� RI� WKH� UDGLL� UDWLRVDUH� XQIDYRUDEOH� IRU� WKH� FKURPLXP� &U�� LRQLQFRUSRUDWLRQ� LQ� WKH� VRGLXP� DQG� WKH� SKRV �

SKRUXV�SRVLWLRQV��%XW�WKHVH�SRVVLELOLWLHV�DUHQRW� WR� EH� HOLPLQDWHG� FRPSOHWHO\�� HVSHFLDOO\DW�KLJK�FRQFHQWUDWLRQV�RI�WKH�LPSXULW\�LRQV�3RVVLELOLW\� WR� GLVSODFH� WKH� SKRVSKRUXV� LRQVVHHPV�PRUH� SUREDEOH�� DV� WKLV� FDVH� LQTXLUHVRQO\� WR� FRPSHQVDWH� DQ� HIIHFWLYH� FKDUJH� Ü�WKDW� LV� IRUPHG�DIWHU� VXFK�VXEVWLWXWLRQ��7KHFRPSHQVDWLRQ� PD\� RFFXU� GXH� WR� IRUPDWLRQRI� DQ� R[LGH� YDFDQF\� LQ� WKH� GLSKRVSKDWHJURXS� LQ� WKH� FRXUVH� RI� WKH� GRSHG� FU\VWDOJURZWK�� 3RVVLELOLW\� IRU� WKH� FKURPLXP� LRQLQFRUSRUDWLRQ� LQ� WKH� VRGLXP� SRVLWLRQ� VHHPVWR� EH� OHVV� SUREDEOH�� DV� WKHVH� LRQV� UDGLL� DUHYHU\�GLIIHUHQW��%HVLGHV��LQ�WKLV�FDVH��D�FRP �SOH[�FRPSHQVDWLRQ�RI�DQ�HIIHFWLYH�FKDUJH���QHHGV� WR� IRUP� YDFDQFLHV� RI� WZR� QHLJKERUVRGLXP�LRQV��:KHQ�FRQVLGHULQJ�WKH�H[SHULPHQWDO�GDWD�LW� LV� WR� EH� WDNHQ� LQWR� DFFRXQW� WKDW� VRPHQDWXUDO� DQG� V\QWKHWLF� FRPSRXQGV� FRQWDLQFKURPLXP� LRQV� ZLWK� ��� FKDUJH� LQ� WHWUDKH �GUDO� R[LGH� VXUURXQGLQJ� >�@�� 5HDO� JHRPHWU\RI� WKH� WHWUDKHGUDO� JURXSV� GRHV�QRW� H[LVW� LQD� SHUIHFW� 1D$O3�2� FU\VWDO�� EXW� WKH� c�|�GLSKRVSKDWH� JURXSV� RI� WKH� FU\VWDOV� FDQ� EHFRQVLGHUHG�DV�WKRVH�IRUPHG�E\�WZR� 32� WHW�UDKHGUDO� JURXSV� FRQWDLQLQJ� RQH� FRPPRQR[\JHQ� LRQ�� 7KH� SKRVSKRUXV� LRQ� LQ� WKHVHJURXSV�KDV� IRXU�R[\JHQ� LRQV� LQ�WKH�QHDUHVWQHLJKERUKRRG�� 7KDW� LV� ZK\�� WKH� 2�±3±2SDUW� RI� WKH�GLSKRVSKDWH�JURXSV�FDQ�EH� FRQ �VLGHUHG� DV� D� 32� WHWUDKHGURQ� GHIRUPHG� LQJHRPHWU\� DQG� LQ� FKDUJH�� 5HODWLRQ� EHWZHHQWKH� LPSXULW\� &U�� DQG� WKH� 3�� LRQ� UDGLL� LVHTXDO� 5�&U����5�3���� ������ WKDW� LV� UDWKHUVXLWDEOH� IRU� UHDOL]DWLRQ� RI� WKH� SKRVSKRUXVLRQ�GLVSODFHPHQW� E\� WKH� LPSXULW\� &U�� RQH�&RPSHQVDWLRQ�RI� WKH����H[WUD�FKDUJH�FRXOGRFFXU� LQ� D�YHU\�VLPSOH�ZD\��E\�RQH�VRGLXPDWRP�YDFDQF\��6R�� FRQVLGHUDWLRQ� RI� WKH� SRVVLEOH� FKUR �PLXP� LRQ� LQFRUSRUDWLRQ� YDULDQWV� LQWR� WKH1D$O3�2� FU\VWDO� ODWWLFH�PXVW� WDNH� LQWR� DF �FRXQW� WKH�&U�� LRQ� LQFRUSRUDWLRQ�DV� &U�� LQWKH� DOXPLQXP� LRQ� VLWH� DQG� DV� &U�� LQ� WKHSKRVSKRUXV� LRQ�VLWH� LQ�GLSKRVSKDWH�ZLWK� IRU �PDWLRQ RI�WKH�2�±3±�2±&U±2�� JURXS��6XUHO\WKH� HOHFWURQLF� VWUXFWXUH� RI� WKH� �2±&U±2��IUDJPHQW� LQ� WKH� PHQWLRQHG� JURXS� LV� IDUIURP� WKH� LGHDO� IUHH� WHWUDKHGURQ� &U2��± RQHEXW�� RQ� WKH� RWKHU� KDQG�� DV� LW� ZDV� VKRZQUHFHQWO\�� MXVW� WKH� GHIRUPHG� &U2� WHWUDKH�GURQV� FRQWDLQLQJ� WKH� &U2��± JURXSV� DUH� UH�VSRQVLEOH�IRU�SKRWR��DQG�;�UD\�OXPLQHVFHQFHRI�WKH�R[LGH�FU\VWDOV�>����@��,QGHHG�� ZKHQ� FRPSDULQJ� WKH� OXPLQHV �FHQFH� DQG� WKH� H[FLWDWLRQ� FKDUDFWHULVWLFV� RE �WDLQHG� E\� XV� IRU� WKH� 1D$O3�2��&U� FU\VWDOVZLWK� FKDUDFWHULVWLFV� RI� &U2��± PROHFXODU

2�9�*RPHQ\XN�HW�DO����/XPLQHVFHQFH�SURSHUWLHV�RI����

��� )XQFWLRQDO�PDWHULDOV�������������



JURXSV�SUHVHQW�DV�LPSXULWLHV�LQ�YDULRXV�PD �WULFHV� �DONDOL� KDOLGH� FU\VWDOV�� FU\VWDOV� DQGJODVVHV�RI�DONDOL�DQG�DONDOL�HDUWK�KDOLGHV�>�����@�RU�DV�FRPSRQHQWV�RI�WKH�FRPSOH[�R[LGH�FU\V �WDOV� �DONDOL� DQG� DONDOL� HDUWK� FKURPDWH� FU\V �WDOV��HWF��>������@��� LW� LV�VHHQ�WKDW�WKH�ORQJ�ZDYHOHQJWK� FRPSRQHQWV� RI� WKH� �JUHHQ�RU �DQJH�� OXPLQHVFHQFH� FRXOG�EH� UHODWHG� WK� WKH&U2��± JURXS� HPLVVLRQ�� $FFRUGLQJO\� WR� WKHVDPH� GDWD�� WKH� &U2��± FKURPDWH� JURXSVFRXOG� EH� WKH� EDVH� RI� WKH� FRPSOH[� OXPLQHV �FHQFH� FHQWHUV�� HPLVVLRQ� RI�ZKLFK� LV� FKDUDF �WHUL]HG� E\� VSHFWUDO� EDQGV� LQ� WKH� ���Ü���� QP� ZDYHOHQJWK� UHJLRQ�� 7KH� PHQWLRQHGFRPSOH[� OXPLQHVFHQFH� FHQWHUV� DUH� IRUPHGSUHIHUDEO\� LQ� WKH� FU\VWDOV� ZKLFK� FRQWDLQVRPH� GHIHFWV�� H�J��� R[\JHQ� YDFDQFLHV�� SRVL �WLYHO\� FKDUJHG� LPSXULWLHV�� DQG� )�FHQWHUV� DVZHOO�$V� WR� VSHFWURVFRSLF� FKDUDFWHULVWLFV� RI&U�� LRQV�� WKHLU� OXPLQHVFHQFH� LQ� D� VROLGVWDWH�FDQ�EH�UHYHDOHG�DV�D�ZLGH�HOHFWURQ�YL �EUDWLRQ� EDQG� ���� → �k� WUDQVLWLRQ�� DQG�RUWZR� QDUURZ�� VR�FDOOHG� 5�OLQHV� FDXVHG� E\�p → �k� WUDQVLWLRQV�� 7KH� ODWWHU�� LI� DUH�KDYH� WR� OLH� DW� WKH� VKRUW�ZDYHOHQJWK� VLGH� RIWKH� �UHG�� OXPLQHVFHQFH� EDQG�� 7KH� PD[LPDRI� DERYH�PHQWLRQHG� EDQGV� DQG� OLQHV� OLH� LQWKH� UHJLRQ� IURP� ���� WR� ���� QP�� 7KH� SRVL �WLRQV�RI� OLQHV�DQG�EDQGV�DUH�GHILQHG�E\� WKHFU\VWDO� ILHOG� IRUFH� �E\� WKH� FU\VWDO� PDWUL[W\SH��ZKHUH�WKH�&U�� LRQ�LV�LQFRUSRUDWHG�>�Ü�@�7KH� H[SHULPHQWDO� UHVXOWV� FRQFHUQLQJ� WKHFKURPLXP� GRSHG� 1D$O3�2��&U� FU\VWDOVFRXOG� EH� H[SODLQHG� DV� IROORZV�� WDNLQJ� LQWRFRQVLGHUDWLRQ�WKH�DERYH�FRQFHSWV�RI�WKH�SRV �VLEOH� IRUPV� RI� FKURPLXP� LRQ� LQFRUSRUDWLRQLQ� WKH� 1D$O3�2� ODWWLFH� DQG� SRVVLEOH� PDQL�IHVWDWLRQV�RI�WKHLU�OXPLQHVFHQW�SURSHUWLHV�LQVRPH�VROLG�PDWULFHV�7KH� �JUHHQ�RUDQJH�� HPLVVLRQ� RI� WKH� GH �IRUPHG� &U2��± PROHFXODU� JURXSV� LQ� WKHFKURPLXP� GRSHG� 1D$O3�2��&U� FU\VWDOV� LVDFFRPSDQLHG� E\� WKH� LQWULQVLF� �EOXH�JUHHQ�PDWUL[� HPLVVLRQ��/XPLQHVFHQFH� RI� WKH�FRP�SOH[�FHQWHUV�IRUPHG�RQ�WKH�EDVH�RI�WKH�VDPHPROHFXODU� JURXSV� PD\� FDXVH� LQ� SDUW� WKH�UHG��OXPLQHVFHQFH�RI�WKH�GRSHG�FU\VWDOV��,WVKRXOG� EH� QRWHG� WKDW� WKH� VKDSH� RI� �UHG�OXPLQHVFHQFH� EDQG� GLIIHUV� IURP� WKDW� RI&U2��± FRPSOH[�OXPLQHVFHQFH�FHQWHUV��0RUH �RYHU��WKH�ORZ�IRUPDWLRQ�SUREDELOLW\�RI�WKHVHFHQWHUV�PXVW�EH�WDNHQ�LQWR�DFFRXQW��7KDW�LVZK\� ZH� WUHQG� WR� RSLQLRQ� WKDW� WKH1D$O3�2��&U� FU\VWDO� �UHG�� OXPLQHVFHQFH� LVFDXVHG�E\�HPLVVLYH�WUDQVLWLRQ�LQ�&U�� LRQV�7KH� FRQFHSWV� RI� FRPSOH[� VXSHUSRVLWLRQVWUXFWXUH� RI� WKH� OXPLQHVFHQFH� VSHFWUD� �LQ �WULQVLF�PDWUL[�OXPLQHVFHQFH���&U�� LPSXULW\

HPLVVLRQ� ���HPLVVLRQ� RI� WKH� FHQWHUV� IRUPHGRQ�WKH�EDVH�RI�WKH�&U2��± PROHFXODU�JURXSV�PDNH� LW� SRVVLEOH� WR� H[SODLQ� WKH� FKDQJHV� LQWKH� OXPLQHVFHQFH� VSHFWUD� GHSHQGHQW� RQ� WKHWHPSHUDWXUH�DQG�WKH�H[FLWDWLRQ�ZDYHOHQJWK�$FFRUGLQJ� WR� OLWHUDWXUH� GDWD�� WKH� VKRUW�ZDYHOHQJWK� H[FLWDWLRQ� LQ� WKH� UDQJH� RI� WKHH[FLWDWLRQ� EDQG� ,� �SDUWLFXODUO\�� DW� λË²  ������ QP�� LQGXFHV� WKH� PDWUL[� HPLVVLRQ� DVZHOO�DV�WKDW�RI�WKH�GHIRUPHG�&U2��± PROHFXODUJURXSV�� 7KRVH� FRPSRVH� WRJHWKHU� WKH� �EOXH�JUHHQ�RUDQJH��OXPLQHVFHQFH�EDQG�>�Ü��@� 7KDWLV� ZK\� WKH� ODWWHU� FRQWDLQV� D� VHW� RI� FRPSR �QHQWV��)LJ���������7KH�OLJKW�IURP�WKH�H[FLWD �WLRQ�EDQG� ,,� UHJLRQ� LV�XQDYDLODEOH� WR�H[FLWHWKH� LQWULQVLF�PDWUL[�HPLVVLRQ�� VR� WKH� LPSX �ULW\� OXPLQHVFHQFH� EDQGV� RQO\� DUH� REVHUYHG�7KRVH� DUH� FDXVHG� E\� WKH� HPLVVLRQ� RI� WKH&U2��± GHIRUPHG� PROHFXODU� JURXSV�� RI� WKHFRPSOH[� FHQWHUV� IRUPHG� RQ� WKHLU� EDVH�� DQGE\� WKH� &U�� HPLVVLRQ�� &KDQJHV� LQ� WKHVKDSHV��UHODWLYH�LQWHQVLWLHV��DQG�WKH�PD[LPDSRVLWLRQV� �)LJ�����DUH�UHODWHG�ZLWK�FKDQJLQJFRQWULEXWLRQV�RI�VSHFLILF�FHQWHUV�WR�WKH�WRWDOVSHFWUD�� GHSHQGLQJ� RQ� WKH� H[FLWDWLRQ�ZDYH �OHQJWK��7HPSHUDWXUH� FKDQJHV� WDNLQJ�SODFH�XQGHUWKH� VKRUW� �)LJ����� DQG� WKH� ORQJ� �)LJ����ZDYHOHQJWK�H[FLWDWLRQ�GLIIHU�LQ�QDWXUH��,W�LVWR�EHOLHYH�WKDW�WHPSHUDWXUH�HOHYDWLRQ�DW�WKHVKRUW�ZDYHOHQJWK�H[FLWDWLRQ� �SDUWLFXODUO\�DW
λË²  �������QP�� LQLWLDWHV� WKH�H[FLWDWLRQ� HQ �HUJ\�WUDQVIHU�IURP�WKH�PDWUL[�WR� &U���LRQV�WKXV�FDXVLQJ�LQWHQVLW\�LQFUHDVH�RI�WKH�ORQJ�ZDYHOHQJWK� FRPSRQHQWV� RI� WKH� �JUHHQ�� RU �DQJH�� OXPLQHVFHQFH� EDQG� DQG� ULVLQJ� WKH�UHG�� OXPLQHVFHQFH� EDQG� LQWHQVLW\� DV� ZHOO�)LJ������ 7HPSHUDWXUH� FKDQJHV� RI� WKH� �UHG�OXPLQHVFHQFH�EDQG�RFFXUULQJ�DW�WKH�ORQJHVW�ZDYHOHQJWK�H[FLWDWLRQ�LQ�WKH�UHJLRQ�RI�EDQG,� �SDUWLFXODUO\� DW� λË²  ������� QP��� ZKHQRQO\� WKH� LPSXULW\� &U�� LRQV� FDQ� EH� H[FLWHG�)LJ������ DUH� H[SODLQHG� E\� WHPSHUDWXUH� GH �SHQGHQFH� RI� WKH� HOHFWURQ�YLEUDWLRQ� LQWHUDF �WLRQ�UDWH�DW�WKH���� → �k� HOHFWURQLF�WUDQVL�WLRQ��7KH��UHG��EDQG�QDUURZV�DV�WKH�WHPSHUD �WXUH� GHFUHDVHV� GXH� WR� ZHDNHQLQJHOHFWURQ�YLEUDWLRQ� LQWHUDFWLRQ�� $V� D� UHVXOW�WKH� GHWDLOV� RI� VSHFWUD� PDVNHG� EHIRUH� EHFDPHYLVLEOH�� HVSHFLDOO\� QDUURZ� OLQHV� RI� WKH�p → �k� WUDQVLWLRQV�EHFRPH�REVHUYDEOH�>�Ü�@�7R� FRQFOXGH�� WKH� OXPLQHVFHQFH� RI� FKUR �PLXP�GRSHG�1D$O3�2� FU\VWDOV�LV�D�VXSHUSR�VLWLRQ� RI� WKH� LQWULQVLF�PDWUL[� HPLVVLRQ� DQGHPLVVLRQ�RI�OXPLQHVFHQFH�FHQWHUV�IRUPHG�E\WKH�LPSXULW\�FKURPLXP�LRQV��7KH��JUHHQ�RU �DQJH�� OXPLQHVFHQFH� EDQG� ����Ü���� QP� UH �JLRQ��LV�D�VXSHUSRVLWLRQ�RI�WKH�PDWUL[�OXPL �

2�9�*RPHQ\XN�HW�DO����/XPLQHVFHQFH�SURSHUWLHV�RI����

)XQFWLRQDO�PDWHULDOV������������� ���



QHVFHQFH� �VKRUW�ZDYHOHQJWK� FRPSRQHQWV� DW���� DQG� ���� QP�� DQG� HPLVVLRQ� RI� WKH� GLV �WRUWHG�&U2��± PROHFXODU�JURXSV��WKRVH�FDXVHWKH� OXPLQHVFHQFH� VSHFWUD� FRPSRQHQWVSHDNHG� QHDU� ����� ����� DQG� ���� QP�� 7KH�UHG�� OXPLQHVFHQFH� EDQG� SHDNHG� QHDU����QP�DV�ZHOO� DV� WKH� QDUURZ� OLQHV� DW� ���DQG� ���� QP� DW� LWV� VKRUW�ZDYHOHQJWK� ZLQJDUH�JHQHUDWHG�E\�&U�� LRQV�VXEVWLWXWLQJ�$O��RQHV�LQ�WKH�FU\VWDO�ODWWLFH�5HIHUHQFHV���$�$�.DPLQVN\�� /DVHU� &U\VWDOV�� 1DXND�� 0RV�FRZ��������>LQ�5XVVLDQ@����$�2�0DWNRYVN\��0DWHULDOV�IRU�4XDQWXP�(OHF�WURQLFV�� /LJD�3UHVV�� /YLY� ������� >LQ� 8NUDLQ�LDQ@����$�3�(O\VHHY�� $�0�<XUNLQ�� (�0�)HGRURYD�(�*�6DPR\ORYD��-��$SSO��6SHFWURVFRS\�������������������0�5�6LUWODQRY�� -��/XPLQHVFHQFH�� ���� �����������

���8�+LPPHULFK�� +�(LOHUV�� :�0�<HQ� HW� DO��� -��/XPLQHVFHQFH����	�������������������,�9HUJDUD�� -�6ROH� *DUVLD�� 0�$�+R\RV�� 7�&DO�GHURQ��6ROLG�6WDWH�&RPPXQV���������������������(�$�*HQNLQD�� -��6WUXFWXUDO� &KHP��� ��� ������������,QRUJDQLF� &KURPLXP� &RPSRXQGV�� $� +DQG�ERRN�� FRPSLOHG�E\�9�$�5\DELQ��0�9�.LUHHYD�1�9�%HUJ�HW�DO���.KLPLD��/HQLQJUDG��������>LQ5XVVLDQ@����0�8�%HO\L�� <X�'�*O\QND�� ,�<D�.XVKQLUHQNR�'RSRY��$1�8NUDLQH��6HU��k���������������������0�8�%HO\L��7�9�.UDN��6�*�1HGHONR��<X�0�7LWRY�LQ�� 3URF��RI� WKH� �WK� (XURSHDQ� &RQI��2Q� $G�YDQFHG�0DWHULDOV�����0DDVWULFKW���������S���������0�8�%HO\L��6�*�1HGLONR��2�9�&KXNRYD��-��$SSO�6SHFWURVFRS\���������������������*�$�0�'DOKRHYHQ��*�%ODVVH��&KHP��3K\V��/HWW��������������������'�7�6YLULGRY�� 5�.�6YLULGRYD�� <X�)�6P\UQRY�2SWLFDO�6SHFWUD�RI�7UDQVLWLRQ�,RQV�LQ�&U\VWDOV�1DXND��0RVFRZ��������>,Q�5XVVLDQ@�����2�9�*RPHQ\XN��6�*�1HGLONR��1�9�6WXV��6HP�3K\V�DQG�4XDQWXP�(OHFWURQLFV��� �������
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