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$QLRQ�UDGLFDO�VDOWV� �$56��RI�PHWK\O���������WHWUDF\DQRTXLQRGLPHWKDQH� �0H7&14��ZLWKVLPSOH� DQG� FRPSOH[�1�DONLOS\UD]LQXP� FDWLRQV� KDYH� EHHQ� ILUVW� V\QWKHVL]HG�� ,W� ZDV� VKRZQWKDW�E\�WKH�,5�VSHFWUD�DQG�WKH�UHVXOWV�RI�UHVLVWLYH�PHDVXUHPHQWV�LQ��������.�WHPSHUDWXUHUDQJH�WKH�$56�V\QWKHVL]HG�DUH�FKDUDFWHUL]HG�E\�WZR�RUGHUV�RI�PDJQLWXGH�JUHDWHU�HOHFWULFDOFRQGXFWLYLW\� WKDQ� DSSURSULDWH� 7&14�EDVHG� $56�� $OO� WKH� $56� LQYHVWLJDWHG� DUH� HLWKHUQDUURZ� EDQG� VHPLFRQGXFWRUV� �ZLWK� WKH� IRUELGGHQ� EDQGZLGWK� ������ H9�� RU� PHWDOV�� $56ZLWK� VPDOO� OHQJWK�RI�DOLSKDWLF� UDGLFDOV� LQ�WKH�FDWLRQ�FRPSRVLWLRQ�FDQ�EH�UHOHWHG�WR�TXDVL�WZR�GLPHQVLRQDO� FRQGXFWRUV�� 6XFK� WKH� VDOWV� XQOLNH� WKH� DQDORJRXV�$56� 7&14 H[KLELW� WKHSURSHUW\�WR�PHOW�ZLWKRXW�GHVWUXFWLRQ��
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$QLRQ�UDGLFDO� VDOWV� �$56�� RI� 7&14� DW�WUDFWHG� LQWHUHVW� RI� UHVHDUFKHUV� LQ� ODWH� �� WKVLQFH�ILUVW�RUJDQLF�PHWDOV�KDYH�EHHQ�REWDLQHGLQ�WKLV�FODVV�RI�RUJDQLF�FRPSRXQGV�>���@��7KHLQWHUHVW� LQ�$56�ZDQGHUHG�IRU� ODWH�DIWHU�IXU �WKHU� GLVFRYHU\� RI� RUJDQLF� PHWDOV� DQG� WKHQVXSHUFRQGXFWRUV�EDVHG�RQ�FDWLRQ�UDGLFDO� VDOWV�&56���7KH�UHYLYDO�RI�DWWHQWLRQ�WR�$56�LQ�ODWH��WK FDXVHG� ILUVW� RI� DOO� E\� WKH� GLVFRYHU\� RIFRQGXFWLYH� $56� ZLWK� XQLTXH� DELOLW\� WR�PHOWZLWKRXW� GHVWUXFWLRQ� >����@�� 7KH� ODWWHU� RSHQVZLGH�SURVSHFWV�RI�WKHLU�SUDFWLFDO�XVH�DV�PD �WHULDOV�IRU�HOHFWURQLFV�>�@��5HFHQWO\�WKH�SRV �

VLELOLW\�RI� FUHDWLRQ�RI�RUJDQLF�IHUURPDJQHWVEDVHG� RQ� $56� 7&14 ZLWK� &XULH� WHPSHUD�WXUHV� IURP� ��� .� XS� WR� URRP� WHPSHUDWXUHZDV� GHPRQVWUDWHG� >���@�� 7KLV� IDFW� HVVHQ�WLDOO\�LQFUHDVHV�WKH�SUDFWLFDO�DSSOLFDELOLW\�RIVXFK�RUJDQLF�PDWHULDOV�(DUOLHU� ZH� LQYHVWLJDWHG� WKH� S\UD]LQH�EDVHG� $56� 7&14 RI� VLPSOH� DQG� FRPSOH[FRPSRVLWRQ� >��@�� ,W� ZDV� VKRZQ� WKDW� WKHJLYHQ� VDOWV� XQOLNH� WKH� DQDORJRXV� VDOWV�ZLWKLVRTXLQROLQH� FDWLRQV� ZHUH� XQDEOH� WR� PHOWZLWKRXW�GHVWUXFWLRQ��1HYHUWKHOHVV� WKH�SUHV �HQFH� RI� VHFRQG� �YDFDQW�� QLWURJHQ� DWRP� LQ
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WKH� FDWLRQ� FRPSRVLWLRQ� HQDEOHV� WR� XVH� WKHJLYHQ�VDOWV�IRU� WKH�IRUPDWLRQ�RI�FRQGXFWLYHFRYHULQJV�DW�WKH�VXUIDFH�RI�PHWDOV�ZKLFK�DUHDEOH� WR� FUHDWH�GRQRU�DFFHSWRU� OLQNV�ZLWK�QL �WURJHQ� DWRPV�� ,Q� DFFRUGDQFH�ZLWK� RXU� GDWD>��@�WKH�$56�EDVHG�RQ�PHWK\O�GHULYDWLYHV�RI7&14 �0H7&14��SRVVHVV�ORZHU�PHOWLQJ�WHP�SHUDWXUHV� DQG� RQH� RUGHU� RI� PDJQLWXGH� OHVVYDOXHV� RI� FRQGXFWLYLW\� WKDQ� WKH� VLPLODU7&14 VDOWV�� 7KDW� LV� ZK\� WKH� DLP� RI� WKLVZRUN� LV� LQ� LQYHVWLJDWLRQ� RI� SRVVLELOLW\� WRFUHDWH�PHOWLQJ� FRQGXFWLYH�$56�RI� 0H7&14ZLWK�S\UD]LQH�EDVHG�FDWLRQV�$56 (1 − +�Q+�&Q − 3])(0H7&14)P�ZKHUH � ≤ Q ≤ �� P = �� �ZHUH� V\QWKHVL]HG�� 3\UD]LQH� SURYLGHG� E\$OGULFK�ZDV�XVHG��0H7&14 ZHUH�SXULILHG�E\UH�FU\VWDOOL]DWLRQ� IURP� DFHWRQ� ZLWK� IXUWKHUPXOWL�VWDJH�]RQH�VXEOLPDWLRQ��1�DON\OS\UD]L�QHV�ZHUH� V\QWKHVL]HG�DV� LW�ZDV�GHVFULEHG� LQ>��@�� 2[LGDWLRQDO�UHGXFWLRQDO� UHDFWLRQ� ZDVXVHG�IRU�$56�V\QWKHVLV������(1 − $ON − 3]), + P0H7&14 →
→ (1 − $ON − 3])(0H7&14)P +

+ ���(1 − $ON − 3])(,�)�ZKHUH�P  ��� RU� ���$FHWRQLWU\O�ZDV�XVHG� DVWKH�VROYHQW��6HGLPHQWV�RI�WKH�REWDLQHG�$56ZHUH� ILOWHUHG�� ZDVKHG� E\� KH[DQH� DQG� HWKHUDQG�GULHG� LQ�YDFXXP��)RU�IXUWKHU�UHILQLQJ�GRXEOH� UH�FU\VWDOOL]DWLRQ� IURP� DFHWRQH� RUPHWKDQRO�ZDV�SHUIRUPHG�7KH� V\QWKHVL]HG� $56� FRPSRVLWLRQ� ZDVGHILQHG� E\� PHDQV� RI� VSHFWURSKRWRPHWHU� LQVLPLODU�ZD\�DV�LW�ZDV�GHVFULEHG�LQ�>��@��7KHQH[W�HTXDWLRQ�ZDV�LQ�XVH�>0H7&14@>0H7&14−@ = ����'���'��� − ������
'��� LV� WKH� YDOXH� RI� WKH� RSWLFDO� GHQVLW\DW� ���� QP�� ZKHUH� ERWK� 0H7&14 DQG� LWVDQLRQ�UDGLFDO�H[KLELW�DEVRUSWLRQ��'��� FRUUH�VSRQGV� WR� ���� QP�� ZKHUH� DQLRQ�UDGLFDO0H7&14± DEVRUSV�RQO\�,Q�WKH�VWXGLHV�RI�,5�DEVRUSWLRQ�VSHFWUD�DWHFKQLTXH� RI� SHOOHWWLQJ� ZLWK� .%U ZDV� DS�SOLHG�� ,5� VSHFWUD� ZHUH� UHJLVWUDWHG� DW� URRPWHPSHUDWXUHV�RQ�WKH�6SHFRUG����,5�VSHFWUR �SKRWRPHWHU� ZLWK� ZDYH� QXPEHUV� UDQJLQJIURP����� WR������FP����(OHFWULFDO� UHVLVWLY�LW\�RI�SUHVVHG�DW���N%DU�SRZGHU�VDPSOHV�RIWKH� V\QWKHVL]HG� VDOWV� ZDV� PHDVXUHG� LQ� WKHWHPSHUDWXUH�LQWHUYDO���������.�XVLQJ�IRXU�SRLQW� FRQWDFW� VFKHPH� IRU� ERWK�$&� DQG�'&�7KH� '&� FRQGXFWLYLW\� WXUQHG� WR� EH� HTXLYD �

OHQW�WR� WKH�$&�RQH�DW�DXGLR�UDQJH�IUHTXHQ �FLHV��7KH�7DEOH�SUHVHQWV�WKH�REWDLQHG�YDOXHVRI� VSHFLILF� HOHFWULFDO� UHVLVWLYLW\� DW� URRPWHPSHUDWXUH� ρ57 DQG� UHVLVWLYLW\� DFWLYDWLRQHQHUJ\�∆ FDOFXODWHG�ZLWK�UHVSHFW�WR�WKH�HGJHRI�FRQWLQXRXV�DEVRUSWLRQ� LQ� WKH� ,5�VSHFWUD�7KH� 7DEOH� FRQWDLQHV� WKH� YDOXHV� RI� PHOWLQJSRLQW� WHPSHUDWXUHV� PS DOVR�� &RQGXFWLYLW\PRGHOV� DSSOLHG� IRU� FDOFXODWLRQ� RI� ∆ YDOXHIRU� HYHU\� SDUWLFXODU� FRPSRXQG� DUH� SUH �VHQWHG�DQG�GLVFXVVHG�EHORZ�7KH�VSHFLILF�SHFXOLDULWLHV�FDXVHG�E\�HOHF �WURQ�SKRQRQ� LQWHUDFWLRQ� DUH� REVHUYHG� LQ� ,5VSHFWUD� RI� DOO� $65� V\QWKHVL]HG�� )LJ���VKRZV� WKH� OLQHV� RI� YLEUDWLRQDO� VWUXFWXUH� DWWKH� EDFNJURXQG� RI� FRQWLQXRXV� DEVRUSWLRQ�VHOI��DQG�LQWHU�EDQG�FRQGXFWLYH�HOHFWURQ�H[ �FLWDWLRQV�� DQG� DOVR� DQRPDORXV� EURDGHQHGOLQHV� LQ� LQWHUYDO� ���������� FP�� �ν�&≡1��YLEUDWLRQV���,5�VSHFWUXP�RI��1 � +�&� � 3]��0H7&14�� DOVR� GHPRQVWUDWHV� FRQWLQXRXVDEVRUSWLRQ� KRZHYHU� WKH� OLQH� EURDGHQLQJ� LVVXEVWDQWLDOO\� OHVV�� ZKLFK� FDQ� EH� H[SODLQHGE\� WKH� ORZHU� HOHFWULFDO� FRQGXFWLYLW\� RI� WKHODWWHU�$56��:LWK�UHVSHFW� WR� WKH� ,5�VSHFWUDDOO� V\QWKHVL]HG� $56� FDQ� EH� FRQVLGHUHG� DVPHWDOV�RU�QDUURZ�EDQG�VHPLFRQGXFWRUV�ZLWKWKH� IRUELGGHQ� EDQGZLGWK� OHVV� WKDQ� ����� H9�VHH�7DEO����%\� WKH�JLYHQ� FULWHULRQ� WKH� VLP �SOH� $56� �1 � +�Q��&Q � 3]�� �0H7&14�� GLI�IHUV�DEUXSWO\�IURP�ERWK�$56�RI� 7&14 DQG0H7&14 ZLWK�S\ULGLQH���TXLQROLQH���DQG�LVR �TXLQROLQH�EDVHG� FDWLRQV� >�����@�� ZKLFK� DUHGLHOHFWULFV�� ,Q� SDUWLFXODU� WKH� HOHFWULFDO� FRQ �GXFWLYLW\�RI� WKH� VLPSOH�$56�ZLWK�VXFK�FDW �LRQV� LV� ���� RUGHUV� RI� PDJQLWXGH� OHVV� WKDQFRQGXFWLYLW\�RI�FRUUHVSRQGLQJ�FRPSOH[�$56>��@�� 7KH� KLJK� HOHFWULFDO� FRQGXFWLYLW\� RI�1 � +�Q��&Q � 3]�� �0H7&14�� $56� FDQ� EHH[SODLQHG�E\� LQWHUDFWLRQ�ZLWK�FKDUJH� WUDQV �IHU� EHWZHHQ� S\UD]LQH�EDVHG� FDWLRQV� DQGDQLRQ�UDGLFDOV�RI�0H7&14��DV�LW�LV�REVHUYHGLQ�$56�103±7&14 >��@�7KH� UHVXOWV� RI� UHVLVWLYH� PHDVXUHPHQWV�ZKLFK� ZHUH� FDUULHG� RXW� LQ� WHPSHUDWXUH� LQ �WHUYDO� ������� .� FRQILUPV� WKH� FRQFOXVLRQVEDVHG� RQ�RSWLFDO�PHDVXUHPHQWV� �7DEO����7KHH[DPSOHV� RI� WKH� UHVLVWDQFH� WHPSHUDWXUH� GH �SHQGHQFLHV� DUH� JLYHQ� DW�)LJ����� ,Q� SUHYLRXVZRUNV� >�����@� IRU� WKH� $56� ZLWK� S\UD]LQH�EDVHG�FDWLRQV�WKH�HOHFWULFDO�FRQGXFWLYLW\�UH �GXFWLRQ�ZDV�IRXQG�ZKHQ�WKH�UHSODFHPHQW�RI7&14 WR� 0H7&14 WRRN� SODFH�� 7KLV� HIIHFWZDV� H[SODLQHG� E\� WKH� FUXPEOLQJ� DFWLRQ� RIPHWK\O�JURXS�RI�0H7&14 WR�WKH�KHDS�VWUXF�WXUH� RI� $56� >��@�� $V� RQH� FDQ� VHH� LQ� WKH7DEOH�� WKH�RSSRVLWH� W\SH�SKHQRPHQRQ� LV�RE �VHUYHG�LQ�RXU�FDVH��7KH�HOHFWULFDO�FRQGXFWLY �

'�9�=LRONRYVNL\�HW�DO����$QLRQ�UDGLFDO�FRQGXFWLQJ����

)XQFWLRQDO�PDWHULDOV������������� ���



LW\� RI� WKH� $56� 0H7&14 LV� ���� RUGHUV� RIPDJQLWXGH�KLJKHU�WKDQ�IRU�DSSURSULDWH�$56RI�7&14�� 7KH� DEUXSW� FRQGXFWLYLW\� LQFUHDVHFRXOG� EH� DVVRFLDWHG� ZLWK� WKH� VXSSRVHG� VWH �UHR�UHJXODU�RULHQWDWLRQ�RI�PHWK\O�JURXSV�RI0H7&14 LQ�S\UD]LQH�EDVHG�FDWLRQ�$56��DQGDOVR�ZLWK�WKH�VSHFLILF�LQIOXHQFH�RI�WKH�ODWWHUFDWLRQV��,W�VKRXOG�EH�H[SHFWHG�WKDW�VXFK�RUL �HQWDWLRQ� FRXOG� IRUP� PRUH� RUGHUHG� KHDSVWUXFWXUH� RI� 0H7&14 DQLRQ�UDGLFDOV�� 7KHVHFRQG� DWRP� LQ� S\UD]LQH� FDWLRQ� FDQ� WDNHSDUW� LQ� WKH� LQWHUDFWLRQ� EHWZHHQ� DQLRQ�UDGL �FDO�KHDSV�DQG�FDWLRQV��6XFK�W\SH�LQWHUDFWLRQFDQ� JLYH� GHILQLWH� TXDVL�WZR�GLPHQVLQDOLW\� WRWKH� V\VWHP� XQOLNH� WKH� TXDVL�RQH�GLPHQVLRQDO �LW\�� ZKLFK� LV� W\SLFDO� IRU� $56� RI� 7&14�� 7KHUHVXOWV�RI�UHVLVWLYH�PHDVXUHPHQWV�DUH�LQ�TXDOL �WDWLYH�DJUHHPHQW�ZLWK�WKH�DERYH�FRQFOXVLRQV�)RU�WKH�VLPSOH�$56�RI�0H7&14 WKH�WHP�SHUDWXUH�GHSHQGHQFH�RI�HOHFWULFDO� UHVLVWDQFH�)LJ����� LV� EHVW� GHVFULEHG� LQ� IUDPHV� RI� DPRGHO��ZKLFK�WDNHV� LQWR�DFFRXQW�FRQGXFWLYHHOHFWURQ� VFDWWHULQJ��7KH� ODWWHU�RQH� LV�SRVVL �EO\�FDXVHG�E\�WKH�QDUURZQHVV�RI�WKH�IRUELG �GHQ�HOHFWURQ�EDQG�>��@��5(7) = $7QH[S(∆ ⁄ �7)�$SSOLFDWLRQ�RI�WKH�OHDVW�VTXDUH�ILW�WR�WKHH[SHULPHQWDO� GDWD� LQ� IUDPHV� RI� WKH� PHQ �WLRQHG� PRGHO� \LHOGV� WKH� IROORZLQJ� H[SUHV �VLRQV�IRU�WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�WKHUHGXFHG� UHVLVWDQFH� 5�557 RI� WKH� LQYHVWL�JDWHG� VDOWV� �557 LV� WKH� UHVLVWLYLW\� DW� URRPWHPSHUDWXUH���OQ(5 ⁄ 557) = ����� − ���� OQ7 + ����� ⁄ 7�IRU� >1±&+�±3]@�0H7&14��DQGOQ(5 ⁄ 557) = ����� − ���� OQ7 + ����� ⁄ 7�IRU� >1±&�+�±3]@�0H7&14���+HUH� DQG� EHORZDOO�WKH�FRHIILFLHQWV�DUH�RI�WKH�FRUUHVSRQGLQJGLPHQVLRQ��

8VLQJ�WKH�REWDLQHG�H[SUHVVLRQV��LW�LV�SRV �VLEOH� WR� GHWHUPLQH� D� IRUELGGHQ� EDQGZLGWK�,Q� WKH� FDVH� RI� >1±&+�±3]@�0H7&14�� LWHTXDOV� WR� � ������ H9� ZKLFK� FRUUHVSRQGV� WRWKH�HGJH�RI�FRQWLQXRXV�RSWLFDO�DEVRUSWLRQ�DW����FP���� )RU� >1±&�+�±3]@�0H7&14�� WKHFDOFXODWLRQV� JLYH� ������ H9� DQG� ���� FP ���7KH� DERYH� HVWLPDWLRQV� DJUHH� ZHOO� ZLWK� WKHUHVXOWV�RI�,5�DEVRUSWLRQ�VSHFWUD�DQDO\VLV�IRUWKH�LQYHVWLJDWHG�FRPSRXQGV��)RU�DGHTXDWH�GHVFULSWLRQ�RI�WKH�WHPSHUD �WXUH� EHKDYLRU� RI� HOHFWULFDO� UHVLVWLYLW\� RIFRPSOH[� VDOWV� >1±&+�±3]@�0H7&14���>1±&�+�±3]@�07&14�� DQG� >1±&�+�±3]@�0H7&14����DV�ZHOO�DV�RI�WKH�VLPSOH�VDOW>1±&�+�±3]@�0H7&14��� ZH� KDYH� LQYRNHGWKH�PRGHO�EDVHG�RQ�WKH�KRSSLQJ�PHFKDQLVPRI� FRQGXFWLYLW\� ZKLFK� LV� SRVVLEO\� FRQGL �WLRQHG�E\�WKH�VWUXFWXUDO�SHFXOLDULWLHV�RI�WKHOLVWHG�$56�>�����@�
5(7) = $H[S 
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+HUH�α LV� WKH� GLPHQVLRQDOLW\� RI� WKH� V\V �WHP�� �� DQG� k DUH� WKH� SDUDPHWHUV� RI� WKHPRGHO��)RU� WKH� >1�&+��3]@�0H7&14�� FRP�SRXQG� WKH� EHVW� ILW� RI� WKH� H[SHULPHQWDO� DQGWKHRUHWLFDO�5�7��GHSHQGHQFLHV�RFFXUV�IRU�α  ���ZKLFK� FRUUHVSRQGV� WR� WKH� RQH�GLPHQVLRQDOFDVH��/RJDULWKP�RI�WKH�UHGXFHG�HOHFWULFDO�UH �VLVWLYLW\�5�557 LV�H[SUHVVHG�DV��
OQ(5 ⁄ 557) = −���� + ������

√7 ��
0HDQZKLOH�� ILWWLQJ� RI� WKH� H[SHULPHQWDO5�7��GHSHQGHQFH�IRU�>1�&�+��3]@�0H7&14��VDOW� E\� WKH� WKHRUHWLFDO� FXUYH�ZLWK� WKH�YDUL �DEOH�YDOXH�RI�α SDUDPHWHU�DOORZV�WR�HVWLPDWHLW� DV� α  ���� ZKLFK� JLYHV� HYLGHQFH� IRU� WKHHDUOLHU� DVVXPSWLRQ� RI� WZR�GLPHQVLRQDO� FRQ �

7DEOH��&KDUDFWHULVWLFV�RI�$56�7&14 >��@�DQG�0H7&14 �SUHVHQW�ZRUN�
&DWLRQ��FRPSRVLWLRQ 7&14 0H7&14

ρ57��Ω⋅FP ∆��H9 PS��Ç ρ57��Ω⋅FP ∆��H91±+�&3]����� ��� ������ ��� ���� ������1±+�&3]����� ���� ���� ��� ���� ������1±+�&�3]����� ���� ��� ��� ���� ������1±+�&�3]����� ���� ��� ��� ���� ������1�LVR�+�&�3]����� ����⋅��� ��� ��� ����⋅��� ������1�LVR�+�&�3]����� ����⋅��� � GHFRPS� ����⋅��� ������1±LVR±+�&�3]����� ����⋅��� � GHFRPS� ����⋅��� ������
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GXFWLYLW\� RI� WKH� VWXGLHG� FRPSRXQG�� ,Q� WKLVFDVH�IRU�OQ�5�557��ZH�KDYH��OQ(5 ⁄ 557) = − ����� + ������7� ⁄ � ��
)RU� WKH� VLPSOH� DQG� FRPSOH[� $56�>1�&�+��3]@�0H7&14�� DQG� >1�&�+��3]@�0H7&14����ZH�FDQ�JHW�UHVSHFWLYHO\�OQ(5 ⁄ 557) = − ����� + ������7� ⁄ �

DQG
OQ(5 ⁄ 557) = − ����� + ������7� ⁄ � ��

'LUHFW� YHULILFDWLRQ� RI� WKH� DVVXPSWLRQ� RITXDVL�WZR�GLPHQVLRQDO� FKDUDFWHU� RI� HOHFWULFDOFRQGXFWLYLW\� ZKLFK� LV� UDWKHU� XQXVXDO� IRU7&14�EDVHG�$56�PD\�EH�SHUIRUPHG�WKURXJKWKH� VWXGLHV� RI� WKH� DQLVRWURS\� RI� HOHFWULFDOUHVLVWDQFH�RI�>1�&�+��3]@�0H7&14�� VLQJOHFU\VWDOV��7KH� WHPSHUDWXUH� GHSHQGHQFH� RI� $56>1±&�+�±3]@�0H7&14�� HOHFWULFDO�UHVLVWLYLW\FDQ�EH�GHVFULEHG� LQ� WHUPV� RI� VLPSOH�DFWLYD �WLRQ�PRGHO�
OQ(5 ⁄ 557) = −���� + ����7 ��

+HQFH� IRU� WKH� JLYHQ� VDOW� WKH� YDOXH� RIDFWLYDWLRQ� HQHUJ\� LV� HTXDO� WR� ����� H9�� � ,Q �FRQVLVWHQF\� LQ� UHVXOWV� RI� UHVLVWLYLW\� PHDV �XUHPHQWV� DQG� ,5� VSHFWUDO� GDWD� FDQ� EH� H[ �SODLQHG� LQ� WKH� IROORZLQJ� ZD\�� )RU� DOO� $56V\QWKHVL]HG� E\�XV� WKH�0H7&14 KHDS� VWUXF�WXUH� LV�RI�WKH�VDPH�W\SH��DV�LW� LV�VHHQ�IURPWKHLU�,5�VSHFWUD��ZKLFK�DUH�FKDUDFWHUL]HG�E\WKH� FRQWLQXRXV� DEVRUSWLRQ� LQ� WKH� ZKROH

ZDYH� QXPEHU� LQWHUYDO�� $56� ZLWK� VPDOOHUVL]H� FDWLRQV� �XS� WR� WKH� 1±&�+�±3]�� SRVVHVVQRWLFHDEOH� TXDVL�WZR�GLPHQVLRQDO� HOHFWURQLFVWUXFWXUH��7KDW� LV�ZK\�WKH�UHVXOWV�RI� UHVLV �WLYLW\�PHDVXUHPHQWV�SHUIRUPHG�RQ�SHOOHWWHGVDPSOHV�DJUHH�TXDOLWDWLYHO\�ZLWK�WKH�RSWLFDOGDWD��/DUJHU�1�EXW\OS\UD]LQH�FDWLRQV��ZKLFKDUH� VLWXDWHG� EHWZHHQ� DQLRQ�UDGLFDO� KHDSV�SUHYHQW� WKH� LQWHU�KHDS� OLQNV� IRUPDWLRQ�7KHUHIRUH� $56� 0H7&14 ZLWK� ELJ�VL]H� FDW�LRQV�H[KLELW�TXDVL�RQH�GLPHQVLRQDO�FKDUDFWHURI� FRQGXFWLYLW\�� 7KH� ODWWHU� ZDV� WKH� FRQGL �WLRQ� RI� KLJK� DFWLYDWLRQ� HQHUJ\� YDOXHV� RE �WDLQHG� LQ� UHVLVWLYLW\� PHDVXUHPHQWV� RQSHOOHWWHG� VDPSOHV� �KLJK� FRQGXFWLYLW\� DORQJWKH�VWDFNV�DQG�GLHOHFWULFDO�EHKDYLRU�LQ�RWKHUWZR�GLUHFWLRQV��2QH� PRUH� FKDUDFWHULVWLF� SHFXOLDULW\� RIWKH� �1 � +�Q��&Q � 3]�� �0H7&14�P $56�ZKLFK�GLIIHUV�LW�IURP�DQDORJRXV�7&14 VDOWV�LV� LQ�LWV�DELOLW\�WR�PHOW�ZLWKRXW�GHVWUXFWLRQ�7DEOH����,W�JLYHV�XV�D�UHDVRQ�WR�FRQILUP�WKHWHQGHQF\�� ZKLFK� ZDV� GHWHFWHG� HDUOLHU� >��@�,Q�DFFRUGDQFH�ZLWK�LW�$56�0H7&14 PHOWLQJWHPSHUDWXUHV� DUH� ������ .� ORZHU� WKDQ� DS�SURSULDWH�RQHV�IRU�$56�7&14��$V�LW�FDQ�EHVHHQ� IURP� 7DEOH�� WKH�PHOWLQJ� WHPSHUDWXUHVRI� WKH� JLYHQ�$56�DUH� UDWKHU� ORZ��7KLV� FLU �FXPVWDQFH�PDNHV� LW� SRVVLEOH� WR� FUHDWH� GHIL �QLWH� PLFURHOHFWURQLF� FRQVWUXFWLYH� HOHPHQWVGLUHFWO\�IURP�WKH�OLTXLG�SKDVH��%HVLGHV�WKH\KDYH� DQ� DGYDQWDJH� RYHU� WKH�NQRZQ�$56�RI7&14 DQG� 0H7&14�� ZKLFK� LV� LQ� WKHLUJUHDWHU� DGJHVLRQ� WR� PHWDO� VXUIDFHV� GXH� WRDELOLW\�WR�FRRUGLQDWLRQ��L�H��IRUPDWLRQ�RI�FR �RUGLQDWHG�OLQNV�0H±1���7KDW�LV�ZK\�WKH�$56DUH�SURPLVLQJ�IRU�XVH�LQ�HOHFWURQLFV�DQG�PL �FURHOHFWURQLFV�

)LJ�����,5�DEVRUSWLRQ�VSHFWUD�RI�$56��� ²��1±&+�3]��0H7&14���� ²��1±�&+�3]��0H7&14��� ²��1�LVR�&�+�3]��0H7&14���
)LJ����� 7HPSHUDWXUH� GHSHQGHQFH� RI� HOHFWULFDOUHVLVWLYLW\�IRU�$56��� ²��1±&+�3]��0H7&14���� ²��1±&�+�3]��0H7&14��� ²��1±&�+�3]��0H7&14���� ²��1�LVR�&�+�3]��0H7&14���
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7KLV�ZRUN�ZDV�VXSSRUWHG�E\�67&8��JUDQW1R������� DQG� 0LQLVWU\� RI� (GXFDWLRQ� DQG6FLHQFH�RI�8NUDLQH�5HIHUHQFHV���,�)�6FKHJROHY��3K\V��6WDW��6RO��D�������������������*�&�3DSDYDVVLOLRX�� $�7HU]LV�� 3�'HOKDHV�� LQ�+DQGERRN� RI� 2UJDQLF� &RQGXFWLYH� 0ROHFXOHVDQG� 3RO\PHUHV�� YRO���� (GLWHG� E\� +�6�1DOZD�-RKQ�:LOH\�DQG�6RQV�/WG���&KDSWHU�����������S���������0�7DQDND�� )�8UDQR��0�1DNDEDWD�� -DSDQ�3DW�HQW�1R����������������������9�$�6WDURGXE�� 9�9�%DUDEDVKRYD�� <H�0�*OX]�PDQ�HW�DO���8665�3DWHQW�1R���������������������9�$�6WDURGXE�� <H�0�*OX]PDQ�� .�9�.ULNXQRYHW�DO���8665�3DWHQW�1R����������������������.�0XNDL�� 6�-LQQR�� <�6KLPRGH� HW� DO��� 3RO\KH�GURQ������������������

���/�%DOOHVWHU��$�0�*LO��$�*XWWLHUH]�HW�DO���(XU�-��,QRUJ��&KHP�������������������.�,�3RNKRGQ\D��1�3HWHUVHQ��-�6�0LOOHU�� ,QRUJ�&KHP����������������������7�6XJLPRWR�� .�8HGD�� 6�(QGR� HW� DO��� &KHP�3K\V��/HWW�����������������������9�$�6WDURGXE�� $�9�.UDYFKHQNR�� $�5�.D]D�FKNRY� HW� DO��� )XQFWLRPDO�0DWHULDOV�� ���� ���������������9�$�6WDURGXE��(�0�*OX]PDQ��<X�$�.DIWDQRYDHW�DO���7HRU��(NVS��.KLP���������������������9�$�6WDURGXE�� (�0�*OX]PDQ�� .�,�3RNKRGQ\D�0�<D�9DODK�� 7HRU��(NVS��.KLP��� ���� ��������������9�(�.OLPHQNR�� 9�<D�.ULYQRY�� $�$�2YFKLQ�QLNRY�� ,�,�8NUDLQVNL\�� 7HRU��(NVS��.KLP��� ������������������-�0�=LPDQ�� 0RGHOV� RI� 'LVRUGHU�� &DPEULGJH8QLYHUVLW\� 3UHVV�� &DPEULGJH�� /RQGRQ�� 1HZ<RUN��0HOERXUQ��������
Íévkòltò�jtòvt�éjlqrjs�tò�xvsò�0H7&14 o�rjzòvtjuqtj�vxtvkò�wòéjoqty
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