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SKRWROXPLQHVFHQFH�LV�H[FLWHG�LQ�WKH�EDQGV�DW
λ  ������������������QP�FRUUHVSRQGLQJ�WRWKH� �6�����'M DQG� �6�����,M WUDQVLWLRQV� RI*G�� LRQ� DQG� DW� λ  ������ ���� QP� FRUUH�VSRQGLQJ� WR� WKH� �I��G WUDQVLWLRQV� RI� &H��LRQ��0RUHRYHU��D�SHDN�DW� λ  �����QP��)LJ����FXUYH� ��� DSSHDUV� LQ� WKH� /*%2�&H FU\VWDODEVRUSWLRQ�VSHFWUXP��7KLV�SHDN�LV�DVVRFLDWHGZLWK� WKH� FKDUJH� WUDQVIHU� &H�� �� 2�±
→ &H�� �� 2± �HOHFWURQ� WUDQVIHU� IURP� �SRUELWDO� RI� R[\JHQ� WR� HPSW\� �I VKHOO� RI� FH�ULXP�� >�@�� 7KH� LQWHQVLW\� RI� WKH� λ  �����QPSHDN�GHSHQGV�RQ�&H���&H�� UDWLR�LQ�WKH�KRVWFU\VWDO��$FFRUGLQJ� WR� WKH� FKHPLFDO� DQDO\VLVGDWD�� WKH� &H���&H�� UDWLR� LQ� WKH� FU\VWDO� LV���� DQG� FDQ� YDU\� GHSHQGLQJ� RQ� WKH�JURZWKFRQGLWLRQV�7KH� DEVRUSWLRQ� VSHFWUXP� RI� /*%2�(X��FU\VWDO� �)LJ����� FRPSULVHV� D� EURDG� EDQG� LQWKH� 89� UHJLRQ� DQG� OLQHV� FRUUHVSRQGLQJ� WRI�I WUDQVLWLRQV� RI� *G�� DQG�(X�� LRQV�� 7KHEDQG� SHDNHG� DW� λ  ����� QP� LV� D� FKDUJHWUDQVIHU�RQH�DQG�FRUUHVSRQGV�WR�WKH�HOHFWURQWUDQVIHU�IURP��S RUELWDO�RI�R[\JHQ�WR�HPSW\�I VKHOO� RI� HXURSLXP� LRQ�� (X�� ��2�±
→ (X�� ��2± >�@�� 8QGHU� H[FLWDWLRQ� LQ� WKH*G�� DEVRUSWLRQ� EDQG� �λ  ����±����� ���±����QP���/*%2��(X�� FU\VWDOV�H[KLELW�UHG�OX�PLQHVFHQFH�� 7KLV� HYLGHQFHV� WKH� WUDQVIHU� RIH[FLWDWLRQ� HQHUJ\� IURP� *G�� WR� (X���� 7KHHPLVVLRQ�VSHFWUXP�RI�/*%2�(X�� FRQVLVWV�RIWKH�SHDN�DW�λ  �����QP��*G�� HPLVVLRQ��DQGWKH�JURXS�RI�OLQHV�EHWZHHQ�����DQG�����QPFRUUHVSRQGLQJ� WR� WUDQVLWLRQV� IURP� WKH� ILUVWH[FLWHG�VWDWH� �'� WR�WKH� �)M �M  ������OHYHOVRI� (X�� LRQ� �)LJ������ $V� WKH� HXURSLXP� FRQ�FHQWUDWLRQ� LQFUHDVHV�� WKH� *G�� HPLVVLRQ� LQ�WHQVLW\�DW�λ  �����QP�GHFUHDVHV��,Q�WKH�SKR�WROXPLQHVFHQFH� VSHFWUXP� RI/L�*G����(X�����%2��� FU\VWDO��WKH�*G�� HPLV�
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GRPLQDQWO\�WKH�JDGROLQLXP�VLWHV��7KH�LQWUR �GXFWLRQ�RI� FHULXP�DV�&H�� QHHGV� WKH�H[FHVVSRVLWLYH� FKDUJH� FRPSHQVDWLRQ�� 7KH� FRPSHQ �VDWLRQ�PD\�EH� UHDOL]HG�GXH� WR� IRUPDWLRQ�RIOLWKLXP� RU� ERURQ� YDFDQFLHV� LQ� WKH� QHDUHVWFRRUGLQDWLRQ� VSKHUH� RI� &H�� DFWLYDWRU�� %XWWKH� OLWKLXP� YDFDQF\� FUHDWLRQ� VHHPV� WR� EHPRUH� SUREDEOH� >�@�� $� VLPLODU� HIIHFW� LV� RE �VHUYHG� LQ� /L�%�2��/Q VLQJOH� FU\VWDOV� >�@�7KH�DQDO\VLV�RI�DEVRUSWLRQ�DQG�OXPLQHVFHQFHVSHFWUD� RI� /*%2�&H DQG� /*%2�(X FU\VWDOVDQG� WKHLU� VWUXFWXUH� DOORZV� WR� FRQVLGHU� WKHH[LVWHQFH� RI� WZR� W\SHV� RI� DFWLYDWRU� FHQWHUVLQ�/*%2�&H FU\VWDOV�DQG�RQH�DFWLYDWRU�FHQ�WHU� LQ�/*%2�(X FU\VWDOV��7KRVH�DUH�&H*G���L�H���&H�� EHLQJ�LQ�WKH�*G�� VLWH�RI�WKH�FU\VWDOODWWLFH� �ILUVW� W\SH� DFWLYDWRU� FHQWHU�� )LJ����D��&H*G����9/L�� L�H���&H�� EHLQJ� LQ�WKH�*G�� VLWHRI� WKH� FU\VWDO� ODWWLFH�� WKH� H[FHVV� SRVLWLYHFKDUJH�EHLQJ�FRPSHQVDWHG�E\�OLWKLXP�YDFDQF\9/L �VHFRQG� W\SH� DFWLYDWRU� FHQWHU�� )LJ����� ���(X*G�� L�H���(X�� EHLQJ� LQ� WKH�*G�� VLWH� RIWKH� FU\VWDO� ODWWLFH�� 7KH� &H*G��� DQG (X*G��DFWLYDWRU�FHQWHUV�DUH�VHHQ�WR�EH�VLPLODU�WR�RQHDQRWKHU�DQG�GR�QRW�QHHG�DQ\�FKDUJH�FRPSHQ �VDWLRQ�� 7KH� SRVLWLYH� FKDUJH� FRPSHQVDWLRQ� LVQHFHVVDU\� LQ� &H*G��� 9/L DFWLYDWRU� FHQWHU�� ,QWKLV�FDVH��WKH�HOHFWULF�QHXWUDOLW\�HTXDWLRQ�FDQEH� ZULWWHQ� DV� >/L�±[�[@>*G�±[&H[��@ >%�@>2�@�ZKHUH� >@� LV� WKH� FU\VWDO� ODWWLFH� VLWH�� � LV� DYDFDQF\�� 7ZR� FRPSRQHQWV�� τ�  ��� QV� DQG
τ�  ����QV��FKDUDFWHUL]H�WKH�GHFD\�RI�&H*G��DFWLYDWRU� FHQWHU� SKRWROXPLQHVFHQFH� ZKLOHWKH� VLQJOH� FRPSRQHQW� τ�  ��� PV� FKDUDF�WHUL]HV�WKH�GHFD\�RI���RQH�,Q�WKH�IUDPH�RI�GLSROH�GLSROH�DSSUR[LPD �WLRQ�� WKH� HQHUJ\� WUDQVIHU� SUREDELOLW\� 3GGIURP�*G�� KRVW� LRQ� WR�DFWLYDWRUV� �&H�� DQG

(X���� DQG� FULWLFDO� WUDQVIHU� UDGLXV� 5F ZHUHHVWLPDWHG�DFFRUGLQJ�WR�>��@��3GG =

=
�K−�F�∫σ(()G(�πQ�τ�5� 




ε�
εHII√N 




�
∫
)G(())D(()G((� =

= .F5−���
���

5F = (.Fτ�)� ⁄ ��� ���
ZKHUH� K− LV� WKH� 3ODQN� FRQVWDQW�� F�� OLJKWVSHHG��Q��WKH�UHIOHFWLRQ�LQGH[�� τ���WKH�GHFD\WLPH��5��GLVWDQFH�EHWZHHQ�WKH�GRQRU�DQG�DF �FHSWRU�� (�� HQHUJ\�� ∫σ(()G(�� WKH� LQWHJUDWHGDEVRUSWLRQ� FURVV� VHFWLRQ� ZKLFK� ZH� FDQ� JHWIURP� WKH� DFFHSWRU� DEVRUSWLRQ� VSHFWUXP�)G�(�� DQG�)D�(��� VSHFWUD� RI� GRQRU� OXPLQHV�FHQFH�DQG�DFFHSWRU�DEVRUSWLRQ��UHVSHFWLYHO\�5F LV�WKH�FULWLFDO�WUDQVIHU�UDGLXV��7KH�PXOWL �SOLHU��ε��εHII√N �� LV�DVVXPHG�WR�EH�HTXDO�WR��>��@��)RU�*G�� → &H�� WUDQVIHU��ZH�JHW�3GGa���� V�� DQG� 5F a���Å �� &RPSDULVRQ� RI� 5FDQG�*G±*G GLVWDQFHV� LQ� WKH� FKDLQ� ������ Å �DQG�WKDW�EHWZHHQ�WKH�FKDLQV������� Å ��DOORZVXV�WR�FRQFOXGH�WKDW�WKH�*G�� → &H�� HQHUJ\WUDQVIHU� RFFXUV� PRVW� SUREDEO\� ZLWKLQ� WKH*G�FKDLQ��,Q�RWKHU�ZRUGV��WKH�HQHUJ\�WUDQV �IHU� IURP�*G�� WR�&H�� FDQ�RFFXU�RQO\�IURPWZR�QHDUHVW�*G�� LRQV��7KLV�PDNHV� LW�SRVVL�EOH�WR�LQWURGXFH�UDWKHU�KLJK�&H�� FRQFHQWUD�WLRQV�LQWR�/*%2 FU\VWDOV�ZLWKRXW�FRQFHQWUD�WLRQ�TXHQFKLQJ�RI�OXPLQHVFHQFH��,Q�WKH�FDVHRI� /*%2�(X�� FU\VWDOV�� ZH� REWDLQ� 3GG a�⋅��� V�� DQG�5F a���Å ��7KXV��WKH�H[FLWDWLRQ

)LJ�����$FWLYDWRU�FHQWHUV� LQ� /*%2�&H VLQJOH�FU\VWDOV��&H*G�� �����&H*G����9/L �����WKH�DUURZV�VKRZPRUH�SUREDEOH�SRVLWLRQ�RI�OLWKLXP�YDFDQFLHV�IRU�FKDUJH�FRPSHQVDWLRQ�
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HQHUJ\�FDQ�EH�WUDQVIHUUHG�IURP�*G�� LRQ�WRQHDUHVW� (X�� LRQV� ERWK� ZLWKLQ� D� FKDLQ� DQGEHWZHHQ� QHLJKERULQJ� FKDLQV�� ,W� LV� WR� QRWHWKDW� H[DFW� GHWHUPLQDWLRQ� RI� RQH�GLPHQVLRQRU� WKUHH�GLPHQVLRQ� *G�� → (X�� HQHUJ\WUDQVIHU� LV� KDPSHUHG� DW� URRP� WHPSHUDWXUHE\�D�QXPEHU�RI�SULQFLSDO�GLIILFXOWLHV�>��@��7KXV�� WKH� DFWLYDWRU� FHQWHU� PRGHOV� KDYHEHHQ� SURSRVHG� IRU� /*%2 VLQJOH� FU\VWDOVGRSHG� E\� FHULXP� DQG� HXURSLXP�� 7ZR� W\SHVRI�DFWLYDWRU�FHQWHUV�LQ�/*%2�&H VLQJOH�FU\V�WDOV� DQG� RQH� DFWLYDWRU� FHQWHUV� LQ� /*%2�(XVLQJOH�FU\VWDOV�KDYH�EHHQ�HVWDEOLVKHG��,Q�WKHIUDPH� RI� GLSROH�GLSROH� DSSUR[LPDWLRQ�� WKHHQHUJ\� WUDQVIHU�SDUDPHWHUV� IURP� *G�� KRVWLRQ� WR� DFWLYDWRUV� �&H*G�� DQG� (X*G���� DQGFULWLFDO� WUDQVIHU� UDGLXV� 5F KDYH� EHHQ� HVWL�PDWHG� 5HIHUHQFHV���&�:�(�YDQ� (LMN�� 6&,17¶���� 6KDQJKDL�� &KLQD��������S������%�9�*ULQ\RY�� 0�)�'XERYLN�� $�9�7ROPDFKHY�2SWLFDO� 6LQJOH� &U\VWDOV� RI� &RPSOH[� %RUDWH

&RPSRXQG�� ,QVWLWXWH� IRU� 6LQJOH� &U\VWDOV�.KDUNLY��������>LQ�5XVVLDQ@����%�9�*ULQ\RY�� (�)�'RO]KHQNRYD�� 0�)�'XERYLNHW� DO��� LQ�%RRN��)XQFWLRQDO�0DWHULDOV� IRU� 6FL�HQFH� DQG� (QJLQHHULQJ�� HG�� E\� 9�3�6HPL�QR]KHQNR�� ,QVWLWXWH� IRU� 6LQJOH� &U\VWDOV�.KDUNLY��������>LQ�5XVVLDQ@����0�)�'XERYLN��¬�,�3URPRVNDO¶��%�6�6NRURERJD�WRY��|SWLND�L�6SHNWURVNRSLD��������������������5�$�/LGLQ�� /�/�$QGUHHYD�� 9�$�0RORFKNR�+DQGERRN� RI� ,QRUJDQLF� &KHPLVWU\�� .KLPLD�0RVFRZ��������>LQ�5XVVLDQ@����9�.K�%DJGDVDURY��LQ��$GYDQFHV�LQ�6FLHQFH�DQG(QJLQHHULQJ�� &U\VWDO� &KHPLVWU\�� 9,1,7,�ÎvVFRZ��������>LQ�5XVVLDQ@����+�(EHQGRUII�+HLGHSULHP��'�(KUW��2SWLFDO�0D�WHULDOV������������������9�-XEHUD��-�3�&KDPLQDGH��$�*DUFLD�HW�DO��� -�/XPLQHVFHQFH�������������������c�)�'RO]KHQNRYD�� 9�1�%DXPHU�� 6�,�*RUGHHY�.ULVWDORJUDILD���������������������'�/�'H[WHU��-��&KHP��3K\V����������������������&�7�*DUDSRQ��%�-�-DFTXLHU��-�3�&KDPLQDGH�HWDO���-��/XPLQHVFHQFH�����������������
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