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WKHRUHWLFDO� DSSURDFK� EDVHG� RQ� K\VWHUHWLF� VWUHVV�VWUDLQ�GHSHQGHQFH�� 7KH�PRGHO� LV� EDVHG� RQ� LQFOXGLQJ� VPDOO�K\VWHUHWLF�ORRSV�LQ�WKH�VWUDLQ�VWUHVV�GHSHQGHQFH�IRU�WKH�VLJQDO�ZDYH��3DUDPHWHUV�RI�K\VWHUHWLF�ORRSV�GHSHQG�RQ�WKHLU�SRVLWLRQ�RQ� WKH�VWUDLQ�VWUHVV�FXUYH�IRU� WKH�SXPS�ZDYH�
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7KH� EDVLF� SULQFLSOH� RI� WKH� 1586� H[SHULPHQW� LV�PHDVXULQJ� WKH� DPSOLWXGH�IUHTXHQF\� UHVSRQVH�SURGXFHG�E\�D�ZHDN�ZDYH�LQ�WKH�SUHVHQFH�RI�D�VWURQJ�SXPS� ZDYH�� ([SHULPHQWV� ZHUH� FDUULHG� RXW� ZLWK�VDQGVWRQH� DQG� FUDFNHG� FRQFUHWH�� 7KHVH� PDWHULDOV�SRVVHVV�VWURQJO\�QRQOLQHDU�SURSHUWLHV��7KH�SULQFLSOH�RI�WKH� H[SHULPHQW� LV� VKRZQ� LQ� )LJ�� ��� 7KH� VHYHUDO�FRQFUHWH� VDPSOHV�KDYLQJ�GLDPHWHU����PP�DQG� OHQJWK�����PP�ZHUH� WHVWHG��2QH�RI� WKH�VDPSOHV�ZDV� ORDGHG�E\� XVLQJ� ORDGLQJ�PDFKLQH� XQWLO� VHYHUDO� VPDOO� FUDFNV�DSSHDUHG�� � 7KH� H[DPLQHG� VDPSOH� ZDV� H[FLWHG�LQGHSHQGHQWO\� DW� WZR� IUHTXHQFLHV� E\� WZR� RI�SLH]RFHUDPLF�HPLWWHUV��WKH�ODUJHU�RI�ZKLFK�ZDV�ORDGHG�E\� DGGLWLRQDO� PDVV� IRU� LQFUHDVLQJ� VWUHVV� DPSOLWXGH��7KH�VPDOOHU�HPLWWHU�ZDV�XVHG�WR�H[FLWH�LQ�WKH�UHVRQDWRU�DFRXVWLF� ILHOG� RI� D ZHDN� ZDYH�� $FRXVWLF� ZDYH�DPSOLWXGH� LQ� WKH� UHVRQDWRU� ZDV� PHDVXUHG� E\�DFFHOHURPHWHU�
7KH� ORZ� IUHTXHQF\� SXPS� VLJQDO� ZDV� DSSOLHG� QHDU�IUHTXHQF\� ������ +]� � DQG� LW� ZDV� WXQHG� WR� WKH�UHVRQDQFH� ZLWK� DPSOLWXGH� LQFUHDVLQJ�� 7KH� DPSOLWXGH�IUHTXHQF\�UHVSRQVHV�IRU�VLJQDO�SURGXFHG�E\�WKH�SURYH�ZDYH�ZDV� PHDVXUHG� LQ� WKH�ZLGH� IUHTXHQF\� EDQG� IRU�GLIIHUHQW� OHYHOV� RI� WKH� ORZ� IUHTXHQF\� SXPS� ZDYH��)LJ���VKRZV�WKH�DPSOLWXGH�IUHTXHQF\�UHVSRQVHV�LQ�WKH�IUHTXHQF\�EDQG���������N+]� IRU�GLIIHUHQW�DPSOLWXGHV�RI�WKH�SXPS�VLJQDO�IRU�WKH�GDPDJHG�FRQFUHWH�VDPSOH��7KH�VKLIW�RI�WKH�UHVRQDQW�IUHTXHQF\�RI�WKH�ZHDN�VLJQDO�DW� WKH� WZR�SUREH� IUHTXHQFLHV�YHUVXV�DPSOLWXGH�RI� WKH�SXPS� H[FLWHG� DW� WKH� IUHTXHQF\� LV� SORWWHG� LQ� )LJ�� ���6LPLODU� PHDVXUHPHQWV� LQ� WKH� LQWDFW� FRQFUHWH� VDPSOH�GLG�QR�VKRZ�DQ\�LQIOXHQFH�RI�WKH�SXPS�VLJQDO�RQ�WKH�SUREH�ZDYH�UHVRQDQFH���$�QHDUO\�OLQHDU�GHSHQGHQFH�RI�WKH� ZHDN� VLJQDO� UHVRQDQW� IUHTXHQF\� VKLIW� RQ� SXPS�DPSOLWXGH� ZDV� UHYHDOHG� LQ� WKHVH� PDWHULDOV�� 7KH�YDULDWLRQ�RI�WKH�4�IDFWRU�RI�WKH�ZHDN�VLJQDO��4KI��ZDV�
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LQYHUVHO\�SURSRUWLRQDO WR�WKH�DPSOLWXGH�RI�VWURQJ�ORZ�IUHTXHQF\�SXPS
7KHRUHWLFDO�0RGHO&RQVLGHU� LQWHUDFWLRQ� RI� D� ZHDN� KLJK�IUHTXHQF\� DQG�VWURQJ� ORZ�IUHTXHQF\� ORQJLWXGLQDO� ZDYH� LQ� D� URG�UHVRQDWRU��$VVXPH�WKDW�WKH�VWUDLQ�*�DQG�VWUHVV�H RI�WKH�PDWHULDO�DUH�UHODWHG�E\� � � �� �� �� �� ���
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ZKHUH�HKI��HOI DUH�VWUHVVHV�DW�KLJK�DQG�ORZ�IUHTXHQFLHV��(�HKI ± HOI ��LV�WKH�HIIHFWLYH�<RXQJ�PR�GXOXV��DQG�J�HKI± HOI�� LV�WKH�SDUDPHWHU�RI�QRQOLQHDUHW\��7KH��SURSRVHG�PRGHO�����WDNHV�LQWR�DFFRXQW�VPDOO�K\VWHUHWLF�ORRSV�RQ�WKH�*�H��FXUYH�IRU�D�ZHDN�KLJK�IUHTXHQF\�ZDYH��ZLWK�SDUDPHWHUV�RI�WKH�ORRSV�GHSHQGLQJ�RQ�WKHLU�SRVLWLRQ�RQ�WKH�*�H��FXUYH�IRU�D�SXPS�ZDYH��)LJ������)RU�WKH�FDVH�XQGHU� FRQVLGHUDWLRQ�� LQWHUDFWLRQ� RI� SXPS�DQG� � VLJQDO�FDQ�EH�VSHFLILHG�WKURXJK�?�H��DQG�J�H��VR�WKDW�IRU�WKH�ZHDN�VLJQDO�HKI LQ�����ZH�ZLOO�KDYH� � � �� �^ ��
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ZKHUH� D�� J��� J��� 6 DUH� SDUDPHWHUV� WKDW� FDQ� EH�GHWHUPLQHG� LQ� H[SHULPHQW�� _� HOI� �[�� _�� _� HKI� �[�� _� DUH�GLVWULEXWLRQV� RI� SXPS� DQG� VLJQDO� DPSOLWXGHV� LQ� WKH�UHVRQDWRU��7KLV�HTXDWLRQ�RI�VWDWH�H[SODLQV�TXDOLWDWLYHO\�WKH� GHSHQGHQFHV� REVHUYHG� LQ� H[SHULPHQW�� WKH� OLQHDU�GHSHQGHQFH� GHIHFWV� RI� PRGXOXV� RQ� WKH� DPSOLWXGH� RI�

ORZ� IUHTXHQF\� �OI�� SXPS� � �OIKI
* HHww DQG� WKH�

GHSHQGHQFH� �DYHUDJH� RYHU WKH� SHULRG� RI� KI�ZDYH�� RI�WKH� K\VWHUHWLF� ORRS� DUHD� �ORVV� RI� ZHDN� ZDYH�� RQ� WKH�DPSOLWXGH� RI� OI� SXPS�� )RU� TXDOLWDWLYH� H[SODQDWLRQ� RI�UHVXOWV�RI�WKH�H[SHULPHQW�ZH�REWDLQ�DQ�H[SUHVVLRQ�IRU�D�UHVRQDQW� � FXUYH� RI� KI� VLJQDO�� :H� SURFHHG� IURP� WKH�HTXDWLRQ�IRU�ORQJLWXGLQDO�ZDYHV��� �[*WXKI ww ww HHU ���
� � ���

ZKHUH� XKI LV� ORQJLWXGLQDO� SDUWLFOH� GLVSODFHPHQW�� H  �wX�w[� � LV� WKH�GHIRUPDWLRQ��*� HH �� �� LV�GHWHUPLQHG�E\�WKH� UHODWLRQ� ����� (TXDWLRQ� ���� PXVW� EH� VROYHG� XQGHU�ERXQGDU\� FRQGLWLRQV� FRUUHVSRQGLQJ� WR� WKH�PHDVXUHPHQW�VFKHPH��7KXV�� IRU�D�UHVRQDWRU�ZLWK�RQH�IUHH�[� � O DQG�RQH� ULJLG�[� ���ZDOO�� WKHVH�FRQGLWLRQV�KDYH�WKH�IRUP� � � XWXWX KZFRV�� � � � ��  ww WO[X � ��D�7KH�UHVRQDWRU�HLJHQPRGHV�[.X PP VLQa ��ZKHUH� ¹̧·©̈§ �3 ��P/.Q �)RU�WKH�UHVRQDWRU�FORVH�WR�WKH�RQH�ZLWK�WZR�IUHH�ZDOOV��WKH�ERXQGDU\�FRQGLWLRQV�DUH�� �� � �� FRV�� �  WO WWH ZHH �� ��E�
7KH�UHVRQDWRU�HLJHQPRGHV�H a�VLQ�.P�[��]^_�.P  �3P��/� :H� QRZ� SDVV� RYHU� IURP� HTXDWLRQV� ����� ��D�����E�� WR� HTXDWLRQV� ZLWK� ]HUR� ERXQGDU\� FRQGLWLRQV�WKURXJK�WKH�IROORZLQJ�VXEVWLWXWLRQ�� � � � � �[.WXW[XW[Y PKI VLQ�FRV�� � �� Z± IRU�ERXQGDU\�FRQGLWLRQV�RI�WKH�ILUVW�W\SH�� � � � ¹̧·©̈§ �� /[WW[W[ KIY �FRV�� � ZHHH± IRU�ERXQGDU\�FRQGLWLRQV�RI�WKH�VHFRQG�W\SH�:H�VHHN�D�VROXWLRQ�WR�(TV�����������IRU�QHZ�YDULDEOHV�LQ�WKH� IRUP� FORVH� WR� WKH� HLJHQPRGH�RI� D� UHVRQDWRU�ZLWK�XQNQRZQ� DPSOLWXGH� DQG� SKDVH>�@�8VLQJ� WKH�SHUWXUEDWLRQ� PHWKRG� ZH� FDQ� UHDGLO\� REWDLQ� D� VHW� RI�HTXDWLRQV�IRU�DPSOLWXGHV�DQG�SKDVHV�RI�RVFLOODWLRQV�RI�D� ZHDN� VLJQDO� LQ� WKH VWHDG\�VWDWH� UHJLPH�� )RU��H[DPSOH��IRU�ERXQGDU\�FRQGLWLRQV�RI�WKH�ILUVW�W\SH�ZH�KDYH� � ��� FRV��� �� � PX PPQ S \ZQGQG ���

� ��� VLQ����� �� � PX PPPQ S \ZQPZQZP
,W�VKRXOG�EH�PHQWLRQHG�WKDW�WKH�VWUXFWXUH�RI�VWDWLRQDU\�HTXDWLRQV�GRHVQ¶W�GHSHQG�RQ�WKH�ERXQGDU\�FRQGLWLRQV��RQO\�QRQOLQHDU�FRHIILFLHQWV�DUH�FKDQJLQJ���$FFRUGLQJ�WR�WKHRUHWLFDO�HVWLPDWHV�WKH�QRQOLQHDU�K\VWHUHVLV�LWHP�LV�QRQ�]HUR� RQO\� IRU� RGG� QXPEHUV� RI�PRGHV�� 7KHUHIRUH�ZH�ZLOO�ZULWH� KHUH� RQO\� H[SUHVVLRQ� IRU� WKH� ILUVW� W\SH�ERXQGDU\�FRQGLWLRQV��

OIPSQPKIP HDEGZZG � � � ±OLQHDU PG DQG�QRQOLQHDU QG UHVRQDQW�IUHTXHQF\�VKLIW��P± WKH� QXPEHU� RI� HLJHQPRGHV� IRU� WKH� VLJQDO�� S ± WKH�QXPEHU�RI�HLJHQPRGHV�IRU�WKH�SXPS�
� � � � � � ¸̧¹·¨̈©§ ��� ����� ������ ��� ��� PPSPPS PZSE
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V
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OLQHDU P DQG�QRQOLQHDU PSP ORVVHV��7KHQ� IURP� (T�� ���� ZH� REWDLQ� DQ� H[SUHVVLRQ� IRU�UHVRQDQW� FXUYH� RI� ZHDNH� VLJQDO� DW� WKH� IXQGDPHQWDO�IUHTXHQF\�
� � � � ���

��� �
PQQP

/F$ ZPPGGQ ��� ���
&OHDUO\��SDUDPHWHU�D ZLOO�HQWHU� WKH�WHUP�SURSRUWLRQDO�WR QRQOLQHDU� UHVRQDQW� IUHTXHQF\� VKLIW� DQG�GHWHUPLQHV�OLQHDU�GHSHQGHQFH�RI�WKH�VKLIW�RQ�SXPS�DPSOLWXGH OIH ��3DUDPHWHU� 6� WKDW� GHWHUPLQHV� GHSHQGHQFH� RI� WKH�QRQOLQHDU�ORVV�RQ�WKH�DPSOLWXGH�RI�VWURQJ�SXPS�VKRXOG�EH�DVVXPHG�WR�EH�HTXDO�WR����7KHQ��'4�4� a�PQ±��|���� ZLOO� EH� LQYHUVHO\� SURSRUWLRQDO� WR� SXPS�DPSOLWXGH OIH �� %\� FRPSDULQJ� UHVXOWV� RI� WKHRUHWLFDO�HVWLPDWHV� DQG� GDWD� RI� WKH� H[SHULPHQW� RQH� FDQ� HDVLO\�HVWLPDWH�SDUDPHWHUV�D��J� DQG J�� )RU�H[DPSOH��IRU�JC�ZH�ZLOO�KDYH����� ZLWK�WKH�GHIRUPDWLRQ�LQ�WKH�UDQJH�RI�����������D�|����J� |���6R�RXU�VXSSRVLWLRQ�RI�WKH�VPDOO�ORRS¶V�SRVLWLRQ�RQ�WKH�ODUJHU� ORRS� OHW� XV� H[SODLQ� WKH� DPSOLWXGH� GHSHQGLQJ�ORVVHV�

7KLV�ZRUN�ZDV�VXSSRUWHG�E\� WKH�5XVVLDQ�)RXQGDWLRQ�IRU�%DVLF�5HVHDUFK��JUDQW�������������
5()(5(1&(6

>�@�1DXJROQ\NK�.��DQG�2VWURYVN\�/��1RQOLQHDU�ZDYH�SURFHVVHV� LQ� DFRXVWLFV�� &DPEULGJH� 7H[WV� LQ� $SSOLHG�0DWKHPDWLFV��&DPEULGJH�8QLYHUVLW\�3UHVV�������>�@1D]DURY�9�(���2VWURYVN\�/�$���6RXVWRYD ,�$���6XWLQ�$�0�� 1RQOLQHDU� DFRXVWLFV� RI� PLFUR�LQKRPRJHQHRXV�PHGLD�� 3K\VLFV� RI� WKH� (DUWK� DQG� 3ODQHWDU\� ,QWHULRUV������������������>�@�9DQ�'HQ�$EHOH��.�2�$���-RKQVRQ��DQG�6XWLQ�$�0��1RQOLQHDU� (ODVWLF� ZDYH� VSHFWURVFRS\� �1(:6��WHFKQLTXHV�WR�GLVFHUQ�PDWHULDO�GDPDJH��3DUW�,,��6LQJOH�0RGH�1RQOLQHDU�5HVRQDQFH�$FRXVWLF�6SHFWURVFRS\�>�@� 1D]DURY� Y�(��� 5DGRVWLQ� $�9�� DQG� 6RXVWRYD� ,�$��(IIHFW� RI� RQ� ,QWHQVH� VRXQG� ZDYH� RQ� WKH� $FRXVWLF�3URSHUWLHV�RI�D�6DQGVWRQH�%DU�5HVRQDWRU��([SHULPHQW�6RYLHW�3K\V��$FRXVW��������������� ������>�@� 1D]DURY� Y�(��� 2VWURYVN\� /�$��� 6RXVWRYD� ,�$���6XWLQ� $�0��� $QRPDORXV� DFRXVWLF� QRQOLQHDULW\� LQ�PHWDOV��6RYLHW�3K\V��$FRXVW���������������������
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