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7KH�1XFOHDU�0DJQHWLF�5HVRQDQFH� �105�LV�D�SRZHUIXO�PHWKRG�WR�VWXG\�PDJQHWLF�PD �WHULDOV� GXH� WR� LWV� PLFURVFRSLF� QDWXUH�� $V� DUXOH�� LW� LV� MXVW� WKH�105�VSHFWUD��ZKLFK�UH �IOHFW� WKH� K\SHUILQH� ILHOG� GLVWULEXWLRQ�� WKDWDUH�WKH�VXEMHFW�RI�105�LQYHVWLJDWLRQV��7KHRSSRVLWH� FDVH� WDNHV� SODFH� LQ� WKH� DQDO\VLV� RIQXFOHDU� PDJQHWLF� UHOD[DWLRQ� GDWD�� 7KHVWURQJ� VHQVLWLYLW\� RI� UHOD[DWLRQ� SDUDPHWHUVWR� LPSXULWLHV�� HYHQ� WR� WKH� XQLQWHQWLRQDOWHFKQRORJLFDO� RQHV�� LV� DPRQJ� SRVVLEOH� GLIIL �FXOWLHV�LQ�WKDW�ZD\�

7KH�QXFOHDU�PDJQHWLF�UHOD[DWLRQ�LV�VXEGL �YLGHG�LQWR�WUDQVYHUVH�DQG�ORQJLWXGLQDO�FRP �SRQHQWV�� ,W� LV� ZHOO� NQRZQ� >�@� WKDW� WKH� QX �FOHDU� LQWHUDFWLRQ� LQIOXHQFHV� WKH� WUDQVYHUVHUHOD[DWLRQ�RQO\��LI�WKH�ULJLG�ODWWLFH�PRGHO�LVFRQVLGHUHG�� 2Q� WKH� RWKHU� KDQG�� WKH� LQIOX �HQFH� RI� DEXQGDQW� PDJQHWLF� QXFOHL� RQ� WKHORQJLWXGLQDO� UHOD[DWLRQ� KDV� EHHQ� REVHUYHGH[SHULPHQWDOO\�LQ�\WWULXP�LURQ�JDUQHW��<,*�ILOPV� DW� ��� .�� 'LVFXVVLRQ� RI� WKH� PHFKD �QLVPV� UHVSRQVLEOH� IRU� WKLV� SKHQRPHQRQ� LVWKH�PDWWHU�RI�WKLV�ZRUN�
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:H�KDYH�GHYHORSHG�D�FRQFHSW�SURSRVHG�LQ>�Ü�@�� 7KH�PDLQ� LGHD� LV� WKH� DVVXPSWLRQ� RQWKH�LQIOXHQFH�RI�XQLQWHQWLRQDO�WHFKQRORJLFDOQRQ�PDJQHWLF� LPSXULWLHV� ZKLFK� FDXVH� D� UH �GLVWULEXWLRQ�RI�LRQ�FKDUJHV��$V�D�UHVXOW��WKHLRQV� RI� DOWHUQDWLYH� FKDUJH� DSSHDU� LQ� PDJ �QHWLF�ODWWLFH�RI�WKH�VDPSOH��7KH�PRVW�GLIILFXOWSRLQW� RI� WKH� DSSURDFK� SUHVHQWHG� LQ� >�Ü�@ LVWKH� DVVXPSWLRQ� RQ� HQHUJ\� OHYHOV� RI� VXFKPDJQHWLF� LRQV�� LW� LV� VXSSRVHG�� WKH� LRQ� KDVPDJQHWLF� OHYHOV� DW� D� GLVWDQFH� FRQVLVWHQWZLWK� WKH� 105� IUHTXHQF\� �RI� RUGHU� RI� WHQV0+]�IRU��G LRQV��� ,Q�FRQWUDVW��ZH�KDYH�GH�YHORSHG�WKH�FRQFHSW�RI�IOXFWXDWLRQV�LQ�PDJ �QHWL]DWLRQ� RULHQWDWLRQ�� SURSRVHG� EHIRUH� IRUWKH�DQDO\VLV�RI�UHOD[DWLRQ�GDWD�>�@��:H�KDYHVKRZQ�KHUH�� WKDW� WKH�UHDVRQ�IRU� WKHVH� IOXF �WXDWLRQV� LV� WKH� WKHUPDOO\� DFWLYDWHG� PLJUD �WLRQ� RI� H[FHVV� �RU� PLVVLQJ�� FKDUJH� LQWUR �GXFHG� E\� WKH� LPSXULW\� LRQ�� 7KH� LPSXULW\UHJLRQV�IRU�WKH�LPSXULW\�LRQV�DUH�UHJLRQV�RIVKRUW�ORQJLWXGLQDO�UHOD[DWLRQ�UDWH��VR�WKDW�WKHDVVXPSWLRQ� RQ� XQLQWHQWLRQDO� WHFKQRORJLFDOLPSXULWLHV�DQG�VSLQ�GLIIXVLRQ�LV�VXIILFLHQW�WRH[SODLQ�WKH�H[SHULPHQWV�GHVFULEHG�LQ�>�@�7KH�<,*�IUHH�RI�LPSXULWLHV�FRQWDLQV�PDJ �QHWLF�LRQV�RI�RQH�W\SH�RQO\��WKHVH�DUH� )H��LRQV��7KH� LPSXULW\� LRQV��ZKLFK� FRQWULEXWHDQ� H[FHVV� HOHFWURQ� �RU� D� KROH�� VWLPXODWHWKH� DSSHDUDQFH� RI� )H�� RU� )H�� LRQV�� 7KHGLIIHUHQWO\� FKDUJHG� PDJQHWLF� LRQV� GLIIHUDOVR� LQ�PDJQHWLF�PRPHQW�� H[FKDQJH� LQWHU �DFWLRQV�DQG�PRUH�VWURQJ�VSLQ�RUELWDO�LQWHU �DFWLRQ��7R�DQDO\]H�WKH�LQIOXHQFH�RI�GLIIHU �HQWO\�FKDUJHG� LRQV�RQ�PDJQHWLF�SURSHUWLHVRI� <,*�� ZH� KDYH� EXLOW� D� VLPSOH� FRPSXWHUVLPXODWLRQ� PRGHO�� 7KH� PRGHO� GHDOV� ZLWKPDJQHWLF�LRQV�RQO\��7KH�FODVVLFDO�PDJQHWLFPRPHQWV� µµ KDYH� EHHQ� SODFHG� LQWR� RFWDKH �GUDO� DQG� WHWUDKHGUDO� SRVLWLRQV� RI� WKH� JDU �QHW�ODWWLFH��7KH�QHJDWLYH�H[FKDQJH�LQWHUDF �WLRQV� RI� +HLVHQEHUJ� W\SH� EHWZHHQ� QHDUHVWLRQV� KDYH� EHHQ� WDNHQ� LQWR� DFFRXQW�� 7KH]HUR� SRLQW� KDV� EHHQ� FKRVHQ� DW� DQ� RFWDKH �GUDO�SRVLWLRQ�DQG�PDJQHWLF�PRPHQW�DW�WKLVSRLQW� KDV� EHHQ� VHW� WR� EH� ���Ü�����µµ�� 7KHLRQ� DW� ]HUR� SRLQW� VLPXODWHV� RSSRVLWHO\FKDUJHG� PDJQHWLF� LRQ�� 7R� VLPXODWH� WKH� LQ �LWLDO� VWDWH�� ZH� KDYH� GLUHFWHG�PDJQHWLF� PR �PHQWV� RI� DOO� LRQV� FROOLQHDUO\� WR� WKH� <���>ODWWLFH� GLUHFWLRQ� �HDV\�PDJQHWL]DWLRQ� GLUHF �WLRQ� LQ� <,*��� 7KH� PRGHO� GHDOV� ZLWK� LRQVEHLQJ� DW� GLVWDQFHV� IURP� WKH� FHQWHU� QRW� H[ �FHHGLQJ��D �D Û�<,*�ODWWLFH�FRQVWDQW��WRWDO������LRQV��7KH�HIIHFWLYH�PDJQHWLF�ILHOG�RI�H[FKDQJHLQWHUDFWLRQV�DSSOLHG�WR�WKH�LRQ�KDV�EHHQ�FDO �FXODWHG� DV� %H[  �-∑ µµM�� +HUH�� - LV� WKH� H[�

FKDQJH�LQWHUDFWLRQ�FRQVWDQW��WKH�VXPPDWLRQLV�DVVXPHG�RYHU�WKH�QHDUHVW�QHLJKERUV�RQO\�)RU� WKH� ERXQGDU\� LRQV�� WKH� H[LVWHQFH� RI�LPDJLQH�� LRQV� ZDV� VXSSRVHG� DQG� GLUHFWLRQRI� PDJQHWLF� PRPHQWV� IRU� WKHVH� LRQV� ZDVVWURQJO\�DVVRFLDWHG�ZLWK�<���> GLUHFWLRQ��7RVLPXODWH� WKH� VSLQ�RUELW� LQWHUDFWLRQV�� ZHKDYH� LQWURGXFHG� DQ� DGGLWLRQDO� HIIHFWLYHPDJQHWLF�ILHOG�%6/ GLUHFWHG�DORQJ�<�__��> GL�UHFWLRQ� DQG� DSSOLHG� WR� WKH� RSSRVLWHO\FKDUJHG� LRQ� RQO\�� 7R� EXLOG� WKH� HTXLOLEULXPVWDWH��ZH�VHTXHQWLDOO\�VHOHFW�LRQV�DQG�GLUHFWWKH� PDJQHWLF� PRPHQW� RI� LRQ� VWULFWO\� DORQJWKH� HIIHFWLYH�PDJQHWLF� ILHOG��7KH� HQHUJ\�RILQWHUDFWLRQ� EHWZHHQ� PDJQHWLF� PRPHQW� DQGHIIHFWLYH� ILHOG� KDV� EHHQ� XVHG� DV� D� FULWHULRQIRU�WKH�LWHUDWLRQV��7KH�FDOFXODWHG�GHYLDWLRQVLQ�GLUHFWLRQV�RI�PDJQHWLF�PRPHQWV�IURP�WKHLQLWLDO� <���> RQH� DV� D� IXQFWLRQ� RI� LRQ� GLV�WDQFH� LV�JLYHQ� LQ�)LJ���� IRU� WKH� FDVH� %/6  ��Ü�-µ��:H�KDYH�DVVXPHG�WKH�VSLQ�RUELW�LQ �WHUDFWLRQV� WR� UHVXOW� LQ� GHYLDWLRQV� RI� PDJ �QHWLF� PRPHQW� RULHQWDWLRQ� RI� RSSRVLWHO\FKDUJHG� LRQ� IURP� HTXLOLEULXP� GLUHFWLRQ� IRUWKH� FU\VWDO�� 'XH� WR� WKH� H[FKDQJH� LQWHUDF �WLRQV��WKLV�GHYLDWLRQ�LV�WUDQVIHUUHG�WR�RWKHUPDJQHWLF� LRQV�� VR� WKDW� WKH� ZHDN� VSLQ�RUELWLQWHUDFWLRQ� �WKUHH� GHFLPDO� RUGHUV� ZHDNHUWKDQ� WKH� H[FKDQJH� LQWHUDFWLRQ�� FDQ� SURYLGHGHYLDWLRQ� DERXW� �� LQ� WKH� VL]H� UDQJH� RIDERXW�VHYHUDO�XQLW� FHOOV��'HYLDWLRQV�RI�VXFKRUGHU�KDYH�EHHQ�XVHG�WR�H[SODLQ�WKH�H[SHUL �PHQWV�LQ�>�@�6SHFLDO� H[SHULPHQWV� SHUIRUPHG� RQ� <,*ILOPV� GRSHG� ZLWK� 6L KDYH� VKRZQ� WKDW� WKHH[FHVV� HOHFWURQ� �RU� D� KROH�� PLJUDWHV� IURPRQH� LURQ� LRQ� WR� DQRWKHU� >�@�� 7KH� IUHTXHQF\RI� WKRVH� PLJUDWLRQV� H[FHHGV� WKH� 105� IUH �TXHQF\� >�@�� 7DNLQJ� LQWR� DFFRXQW� GLIIHUHQW

)LJ�����&DOFXODWHG�GHSHQGHQFH�RI�GHYLDWLRQ�LQPDJQHWL]DWLRQ�GLUHFWLRQ�RQ�WKH�GLVWDQFH�IURPLPSXULW\�LRQ�
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ORFDO�D[HV�IRU�GLIIHUHQW�ODWWLFH�SRVLWLRQV��ZHFRQFOXGH� WKDW� WKH�PLJUDWLRQ� RI� H[FHVV� HOHF �WURQ� �RU� D� KROH�� JHQHUDWHV� IOXFWXDWLRQV� LQWKH�PDJQHWL]DWLRQ�GLUHFWLRQ��:KHQ�DQDO\]LQJ�QXFOHDU�PDJQHWLF�UHOD[D �WLRQ�� OHW� XV� IROORZ� WKH� DSSURDFK� RI� >�Ü�@�:H�VXSSRVH�WKH�IROORZLQJ�UHOD[DWLRQ�PHFKD �QLVPV�� �L�� 'LUHFW� IOXFWXDWLRQV� RI� ORFDO�PDJ �QHWLF� ILHOGV� FDXVHG� E\� IOXFWXDWLRQV� LQ�PDJ �QHWL]DWLRQ� GLUHFWLRQ� DQG� K\SHUILQH� ILHOGIOXFWXDWLRQV� FDXVHG� E\� FKDQJH� LQ� LRQFKDUJHV�� �LL�� ,QWHUDFWLRQ� LQYROYLQJ� YLUWXDOPDJQRQV� EHWZHHQ� PDJQHWLF� QXFOHL� �6XKO�1DNDPXUD� LQWHUDFWLRQV� >�@�� DQG� EHWZHHQPDJQHWLF� QXFOHL� DQG� IOXFWXDWHG� PDJQHWL]D �WLRQ��7KH�ODVW�PHFKDQLVP�LV�LPSRUWDQW�LI�WKHPDJQHWL]DWLRQ� IOXFWXDWLRQV� KDYH� QRQ�]HURVSHFWUDO�GHQVLW\�DW�105�IUHTXHQF\�$V�D�UHVXOW��ZH�FDQ�VXEGLYLGH�DOO�WKH�QX �FOHL� LQWR� WZR� W\SHV�� ZKLFK� DUH� GLIIHUHQW� LQUHOD[DWLRQ� UDWH�� 7KH� XFOHL� RI� IDVW�PDJQHWLFUHOD[DWLRQ� DUH� ORFDOL]HG� ZLWKLQ� WKH� VL]HUDQJH�RI�561 QHDU�LPSXUH�LRQ��+HUH��561 LVWKH�GLVWDQFH�RI�6XKO�1DNDPXUD�LQWHUDFWLRQV�7KH� IDVW� PDJQHWLF� UHOD[DWLRQ� IRU� WKH� ILUVW�W\SH�QXFOHL�LV�FDXVHG�E\�PDJQHWL]DWLRQ�IOXF �WXDWLRQV��ZKLFK� WDNH�SODFH�IRU�WKH�PDJQHWL �]DWLRQ� YDOXH� DV� ZHOO� DV� IRU� PDJQHWL]DWLRQGLUHFWLRQ� DQG� DUH� FDXVHG� E\� WKHUPDOO\VWLPXODWHG� PLJUDWLRQV� RI� H[FHVV� FKDUJH� LQ �WURGXFHG� E\� LPSXULWLHV��$OO� RWKHU� QXFOHL� LQWKH� VDPSOH� DUH� QXFOHL� RI� VORZ�PDJQHWLF� UH �OD[DWLRQ�,I�WKH�PDJQHWLF�UHOD[DWLRQ�LQ�D�VDPSOH�LVLQKRPRJHQHRXV�� WKH� VSLQ� GLIIXVLRQ� WDNHVSODFH�� )ROORZLQJ� WR� >�@�� ZH� FDQ� ZULWH� WKHQXFOHDU�GLIIXVLRQ�HTXDWLRQ�DV�
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P] − P�7�I �
+HUH�P LV�QXFOHDU�PDJQHWL]DWLRQ�GHSHQG �HQW� ERWK� RQ� WLPH� DQG� SRVLWLRQ�� � 7�I�� WKHORQJLWXGLQDO�UHOD[DWLRQ�WLPH�IRU�WKH�IDVW�UH �OD[LQJ� QXFOHL�� �'  �561� ��7��� WKH� GLIIXVLRQSDUDPHWHU�� DQG� 7��� WKH� WUDQVYHUVH� UHOD[D�WLRQ�WLPH�FDXVHG�E\�LQWHUDFWLRQ�EHWZHHQ�QX �FOHL�� $VVXPLQJ� DYHUDJH� GLVWDQFH� 5 EHWZHHQWKH� IDVW� PDJQHWLF� UHOD[DWLRQ� FHQWHUV� �GLV �

WDQFH� EHWZHHQ� LPSXULWLHV�� LV� ODUJH� DV� FRP �SDUHG� WR� 561�� ZH� REWDLQ� IRU� ORQJLWXGLQDOUHOD[DWLRQ�WLPH�RXWVLGH�WKH�LPSXULW\�FHQWHUV
7�−� = 7�−�561�5� �

7KH�UHODWLRQVKLS�EHWZHHQ�WUDQVYHUVH�DQGORQJLWXGLQDO� UHOD[DWLRQ� LV� NQRZQ� IURP� H[ �SHULPHQW� IRU� WKH� VDPSOH� HQULFKHG� LQ� PDJ �QHWLF� QXFOHL��7�Ü�  �7�Ü�≈����� >�@��7KH� GLV�WDQFH�RI�6XKO�1DNDPXUD�LQWHUDFWLRQV�FDQ�EHHVWLPDWHG�DV�561 a����� Ü�����D��ZKHUH�D LVWKH�ODWWLFH�FRQVWDQW�>�@��$V�D�UHVXOW��ZH�FDQHVWLPDWH�WKH�DYHUDJH�GLVWDQFH�EHWZHHQ�LPSX �ULW\�FHQWHUV�DV�5≈������� ÷ ����D �7KXV�� WKH� DYHUDJH� GLVWDQFH� EHWZHHQ� LP �SXULW\� FHQWHUV�� DV� GHULYHG� IURP� H[SHULPHQ �WDO�YDOXHV� IRU� UHOD[DWLRQ� WLPHV�� HYLGHQFHV�DYHU\� ORZ� LPSXULW\� FRQFHQWUDWLRQ�� 7KH� GH �SHQGHQFH�RI�ORQJLWXGLQDO�UHOD[DWLRQ�WLPH�RQQXFOHDU� DEXQGDQFH� LV� FDXVHG� E\� VSLQ� GLIIX �VLRQ�DQG�IDVW�QXFOHDU�UHOD[DWLRQ�QHDU�LPSX �ULWLHV�� ,Q�FRQWUDVW� WR� >�Ü�@��ZH�GR�QRW�QHHGWR� KDYH� IRU� HQHUJ\� OHYHOV� RI� LPSXULW\� LRQVWKH� GLVWDQFHV� RI� WKH�105�IUHTXHQF\�RUGHU�7KH�PDJQHWL]DWLRQ�IOXFWXDWLRQV�DW�105�IUH �TXHQF\�DSSHDU�DV�D�UHVXOW�RI�WKHUPDO�PLJUD �WLRQV�RI�H[FHVV�HOHFWURQ��RU�KROH���ZKLFK�DS �SHDUV�LQ�ODWWLFH�GXH�WR�WKH�LPSXULW\�LRQ��5HIHUHQFHV���9�1�%HU]KDQVNLM�� 6�1�3ROXO\DNK�� 6RY��3K\V�6ROLG�6WDWH���������������������0�,�.XUNLQ��(�$�7XURY��105�LQ�0DJQHWLFDOO\2UGHUHG� 0DWHULDOV� DQG� LWV� $SSOLFDWLRQV�1DXND��0RVNRZ��������>LQ�5XVVLDQ@����$�9�=DOHVVN\��9�*�.ULYHQNR��9�6�/XWRYLQRY�HWDO���=K��(NVS��7HRU��)L]����������������������6�9�,YDQRY��0�,�.XUNLQ��-000����Ü�����������������/�/�%XLVKYLOL�� 6�9�,YDQRY�� $�9�.XQHYLWFK�0�,�.XUNLQ�� )L]��0HWDO��L�0HWDOORYHG��� ���� �������������*�1�$EHO\DVKHY�� 6�1�3ROXO\DNK�� 9�1�%HU�]KDQVNLM�� 1�$�6HUJHHY�� -��0DJQ��0DJQ�0DWHU����������������������9�1�%HU]KDQVN\�� $�,�*RUERYDQRY�� 6�1�3ROX�O\DNK�� 1�$�3URQLQD�� 3K\V��6RO��6WDWH��� ���������������
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