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����� QP�� LQWR� YLVLEOH� SKRWRQV� DW� D� KLJKTXDQWXP�HIILFLHQF\��%ULJKW� EOXH� HPLVVLRQ� �����QP�� UHVXOWLQJIURP��GÜ�I WUDQVLWLRQV�RI�(X�� LRQ�LV�LQKHUHQWLQ�&D)��(X FU\VWDOV�XVHG�WR�GHWHFW�β�UD\V�DQGORZ�HQHUJ\� γ�TXDQWD� >�@�� 2EYLRXVO\�� GXULQJFU\VWDO� JURZWK� DQG� DIWHU� WKH� VSHFLDO� WUHDW�PHQW��D�IUDFWLRQ�RI�(X LRQV�HQWHUV�WKH�KRVWLQ� WULYDOHQW� VWDWH� �(X����� ,Q� WKDW� FDVH�� WKHOXPLQHVFHQFH� VSHFWUXP� FRQVLVWV� RI� WKH� QDU�URZ� OLQHV� ORFDWHG� LQ� WKH� UHG�RUDQJH� ZDYH�OHQJWK�UHJLRQ�UHVXOWLQJ�IURP�WKH�WUDQVLWLRQVRI�(X�� LRQ�>�������@��7KH�H[FLWDWLRQ�HQHUJ\YDOXHV� W\SLFDO� RI� WKH��I�Ü�I��G WUDQVLWLRQVLQ�WULYDOHQW�HXURSLXP�LRQ�LQ�IOXRULGHV�OLH�LQ989� ����Ü����� H9��� 89� �a�� H9�� DQG� 9,6UDQJHV� >�@�� 7KHLU� SRVLWLRQV� DJUHH� FORVHO\ZLWK�(X�� DEVRUSWLRQ�$FWLYH�RSWLFDO�PHGLD�VXLWDEOH�LQ�GHYHORS�PHQW� RI� RSWLFDO� DPSOLILHUV� LQ� WKH� UHG� VSHF�WUDO�UHJLRQ�RI�WKH�KLJK�VHQVLWLYLW\�RI�SKRWR�GLRGHV� DUH� QRZ� D� VXEMHFW� RI� LQWHUHVW�� 7KLVPRWLYDWHV� WKH� LQYHVWLJDWLRQ� RI� (X�� LRQVGRSHG� LQWR�&D)� FU\VWDOV�� SURYLGLQJ� VWURQJVSLQ�DOORZHG�IÜG DEVRUSWLRQ�LQ�989�89�DQGIÜI HPLVVLRQ�LQ�WKH�UHG�RUDQJH�UDQJH��$V�IDUDV�ZH� NQRZ�� XS� WR� GDWH�� WKHUH� LV� QR� SXEOL�VKHG� LQIRUPDWLRQ� GHYRWHG� WR� OXPLQHV�FHQFH� RI� KLJKO\� FRQFHQWUDWHG� VROLG� VROX�WLRQ &D�Ü[(X[)��[ ZLWK� ��� ≤ [ ≤ ������ ,QWKLV� DUWLFOH�� ZH� UHSUHVHQW� WKH� UHVXOWV� RI&D����(X����)���� VLQJOH�FU\VWDO�VWXG\�GHPRQ�VWUDWLQJ�WKH�EULJKW�UHG�HPLVVLRQ�XQGHU�89�;��DQG�γ�UD\V�H[FLWDWLRQV��7KH�FU\VWDOV�ZHUH�JURZQ�LQ�D�&]RFKUDOVNLV\VWHP�ZLWK�D����N:�5�)��JHQHUDWRU��+LJKSXULW\�SRZGHUV��!���������RI�FRPPHUFLDOO\DYDLODEOH�&D)� DQG�(X)� SRZGHUV�ZHUH�XVHG�&D)� DQG�(X)� ZHUH�ZHLJKWHG�DQG�PL[HG�LQFRPSRVLWLRQ�UDWLR�&D�(X  ������������DW����7KH�UDZ�PDWHULDOV�ZHUH�SXULILHG�LQ�D�JODVV\FDUERQ� FUXFLEOH� E\� KHDWLQJ� DW� ����&� IRU��� K� XQGHU� YDFXXP� �a��Ü� 3D��� 7KLV� YDF�XXP�OHYHO��REWDLQHG�E\�D�URWDU\�SXPS�DQG�DGLIIXVLRQ� RQH�� ZDV� QHFHVVDU\� WR� HOLPLQDWHHIIHFWLYHO\�WKH�ZDWHU�DQG�R[\JHQ�SUHVHQW�LQWKH� FKDPEHU� DQG� UDZ�PDWHULDOV�� VLQFH� HYHQWUDFHV� RI� WKRVH� DUH� ZHOO�NQRZQ� WR� EH� YHU\
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OHQJWK� OLQHV� LQ� WKH� YLVLEOH� UDQJH�� 7KH� OLQHSRVLWLRQV�DJUHH�ZHOO�ZLWK�WKH�NQRZQ�WUDQVL�WLRQV� LQ� (X�� LRQ� LQ� GLIIHUHQW� HXURSLXPGRSHG� PDWULFHV� >�������@�� 7KH� OXPLQHVFHQFHDQG� H[FLWDWLRQ� VSHFWUD� DUH�GHPRQVWUDWHG�E\)LJ����� 7KH� EULJKWHVW� GXSOLFDWHG� HPLVVLRQOLQHV� WDNH�XS� WKH�SRVLWLRQV�DW����Ü����DQG���Ü����QP�ZKHUHDV�OHVV�LQWHQVLYH�RQHV�DUHVLWXDWHG� DW� ���Ü���� DQG� ���Ü���� QP�� 7KHH[FLWDWLRQ� LV� SHUIRUPHG� E\� OLQHV� ORFDWHG� LQ���Ü����QP�UDQJH�DQG�E\�OLJKW�FRUUHVSRQG�LQJ�WR�WKH�PDLQ�89�DEVRUSWLRQ�EDQG�DV�ZHOO�$V�IROORZV�IURP�WKH�VSHFWUD�UHSUHVHQWHG��'� → �)M �M  ��Ü��� RSWLFDO� WUDQVLWLRQV� RI(X�� LRQ� DUH� UHYHDOHG� LQ� LQYHVWLJDWHG� VDP�SOHV�� 8QOLNH� &D)��(X FU\VWDO�� WKH� �EOXH�HPLVVLRQ�UHVXOWLQJ�IURP�WUDQVLWLRQV�RI�ELYD�OHQW� HXURSLXP�ZDV� QRW� IRXQG� LQ� WKH�PXOWL�FRPSRQHQW�FRPSRXQG�VWXGLHG�7KH� UDGLROXPLQHVFHQFH� VSHFWUD� RI� WKH&D����(X����)���� FU\VWDO�XQGHU�[��DQG�γ�H[FL�WDWLRQ� H[KLELW� WKH� W\SLFDO� (X�� UHG�RUDQJHOXPLQHVFHQFH��)LJ������$W�WKH�VDPH�WLPH��WKHORQJ�ZDYHOHQJWK� ����Ü����QP��FRQWULEXWLRQLV� QRWLFHDEO\� KLJKHU� LQ�γ�OXPLQHVFHQFH�� 7KHVSHFWUXP�VWUXFWXUH�RI�[�UD\�HPLVVLRQ�LV�HYL�GHQWO\� VLPLODU� WR� WKDW� DW�γ�LUUDGLDWLRQ�� 7KHOLQH�SRVLWLRQV�ILW�ZLWK�WKRVH�REVHUYHG�XQGHUGLUHFW� SKRWR�H[FLWDWLRQ�� 7KLV�PHDQV� WKDW� LQWKHVH�FU\VWDOV�WKH�UHFRPELQDWLRQ�PHFKDQLVPRI�WKH�HQHUJ\�WUDQVIHU�IURP�WKH�KRVW�WR�WKHLPSXULW\�5(�LRQV�FDQ�H[FLWH�WKH�(X�� WR�LWV�G OHYHOV� UHVXOWLQJ� LQ� WKH� DSSHDUDQFH� RI�'� → �)M OXPLQHVFHQFH� RI� WKH� UHVSHFWLYHLRQ�� 7KH� OXPLQHVFHQFH� GHFD\� NLQHWLF� IHD�WXUHV� XQGHU� SKRWR�� DQG� [�UD\� SXOVH� H[FLWD�WLRQ� DUH� VKRZQ� LQ�)LJ�����8QGHU� WKH�SKRWR�H[FLWDWLRQ� ����� QP�� RI� (X�� LRQ� HPLVVLRQ�WKH� OHDGLQJ� GHFD\� WLPH� �τ�� LV� HTXDO� WR

a�����µV�� ZKLOH� [�UD\� H[FLWDWLRQ� JLYHV� ULVHWR� SXOVH�ZLWK� a�����µV�� 7KHVH� YDOXHV� DJUHHDSSUR[LPDWHO\�ZLWK� WKH� RUGLQDU\� WUDQVLWLRQWLPHV� RI� WULYDOHQW� HXURSLXP� LRQV� LQ� GLIIHU�HQW�PDWULFHV�>����@���7KH�UDGLDWLRQ�GDPDJH�LQ�&D����(X����)����FU\VWDOV� ZDV� VWXGLHG� WR� SURYLGH� GDWD� RQOLJKW� \LHOG� ORVVHV� DQG� FRORU� FHQWHU� IRUPD�WLRQ��$V�ZDV�IRXQG��WKH�RSWLFDO�WUDQVPLVVLRQDQG�OXPLQHVFHQFH�VSHFWUD�RI�VDPSOHV�UHPDLQXQFKDQJHG�DW�LUUDGLDWLRQ�GRVH�LQFUHDVLQJ�XSWR���� *\��7KXV��WKH�FRPSRXQG�VWXGLHG�VKRZV�D�VXI�ILFLHQWO\� KLJK� UDGLDWLRQ� GDPDJH� WKUHVKROGDQG� WKHUHIRUH� LV� DSSOLFDEOH� LQ� UDGLDWLRQ� HQ�YLURQPHQW�� )URP� WKH� UHVXOWV� REWDLQHG�� LWFDQ�EH�GHGXFHG�WKDW�GXH�WR�EULJKW�(X�� LRQOXPLQHVFHQFH� XQGHU� 89� DQG� LRQL]LQJ� LUUD�GLDWLRQV��WKH�&D����(X����)���� VLQJOH�FU\VWDOLV� RI�JRRG�SURVSHFWV�DV�D� UHG�SKRVSKRU�DQGGLVSOD\�PDWHULDO��,W�LV�WR�QRWH�WKDW�WKH�FU\V�
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WDO� HPLVVLRQ� UHJLRQ� LV� LQ� JRRG� DJUHHPHQWZLWK� WKH� SKRWRGLRGH� GHWHFWRU� VHQVLWLYLW\�� ,WLV�NQRZQ�WKDW� WKH�PRVW�HIIHFWLYH�H[FLWDWLRQRI� WKH� �I�Ü�I��G WUDQVLWLRQV� LQ� (X�� LRQWDNH�SODFH� LQ�989�UDQJH�>�@�� LW�FDQ�EH�SUH�VXPHG�WKDW� WKLV�PXOWLFRPSRQHQW�VROLG�VROX�WLRQ�PD\� EH� XVHG� QRW� RQO\� LQ� YLVXDOL]DWLRQDQG� GHWHFWLRQ� RI� [�UD\V�� γ�TXDQWD�� DQG� 89UDGLDWLRQ�� EXW� IRU� YDFXXP� XOWUDYLROHW� OLJKWDV�ZHOO��7KH�&D�Ü[(X[)��[ FU\VWDO� OXPLQHV�FHQFH�VWXG\�RI�DW�989�H[FLWDWLRQ�LV�LQ�SUR�JUHVV��$FNQRZOHGJHPHQWV�� 7KH� DVVLVWDQFH� SUR�YLGHG� E\� <X�%RURGHQNR�� 9�.RUQLHQNR�1�6WDU]KLQVNL\� DQG� $�6KHO\DNLQ� LV� JUDWH�IXOO\�DFNQRZOHGJHG�
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