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)LJ�����$FWLRQ�VSHFWUD�RI�YLVLEOH�PRQRFKURPDWLF�OLJKW�XSRQ�WKH��D��'1$�DQG��E��51$�V\QWKHVLVUDWH�LQ�VWDWLRQDU\�SKDVH�+H/D�FHOOV�IRU�WKH�LUUDGLDWLRQ�GRVH�RI�����-�P���PHDVXUHG�E\����PLQSXOVH�ODEHOLQJ�ZLWK�+��WK\PLGLQH��'1$��RU�&���XULGLQH��51$������K�DIWHU�WKH�LUUDGLDWLRQ��DVGHVFULEHG�LQ�>��@��DQG�H[SUHVVHG�DV�UDWLR�RI�UDGLDFWLYLW\�YDOXHV�RI�LUUDGLDWHG�DQG�QRQLUUDGLDWHGFHOOV�
HDFK�FXOWXUH��)RU�H[DPSOH��WKH�SKRWRVHQVLWLYLW\�WR�UHG� OLJKW���O  �����QP�GLIIHUV�QRW�RQO\�EHWZHHQ�+H/D�FHOOV��'PD[  �����-�P���DQG�(��FROL �'PD[  ��[���� -�P����EXW� YDULHV� HYHQ�ZLWK� HDFK� FXOWXUH�RI� WKH� VDPH�FODVV��7KLV� LVDWWHVWHG�WR�E\�WKH�UHODWLRQVKLSV�EHWZHHQ�WKH�GRVH�DQG�ELRPDVV�DFFXPXODWLRQVWLPXODWLRQ�IRU�GLIIHUHQW�\HDVW�FXOWXUHV��VHH�)LJ������)LJ����VKRZV�WKDW�HDFKFXOWXUH�KDV�LWV�RZQ�'PD[��WKH�GRVH�IRU�ZKLFK�WKH�DFFXPXODWLRQ�RI�ELRPDVV�LVD�PD[LPXP��7KH� DFWLYDWLRQ�SHUFHQWDJH�ZLWK� WKH� FHOOV� H[SRVHG� WR�' PD[ LVDOVR�FXOWXUH�GHSHQGHQW��)URP� WKHVH�GDWD�� WKH� IROORZLQJ�FRUUHODWLRQ�FDQ�EHLQIHUUHG� �WKH� XSSHU� VHFWLRQ� RI� )LJ�� ���� WKH� PRUH� SKRWRVHQVLWLYH� FXOWXUHV�ORZHU� 'PD[�� DUH� DFWLYDWHG� WR� D� JUHDWHU� GHJUHH� �KLJKHU� SHU FHQWDJH� RIELRPDVV�DFFXPXODWLRQ�DFWLYLW\��,Q� DOO� GRVH�UHVSRQVH� FXUYHV� �)LJV�� ��� ���� WKHUH� H[LVWV� D� WKUHVKROG�� DPD[LPXP��DQG�D�SKDVH�GHFOLQH�



)LJ�����$FWLRQ�VSHFWUD�RI�YLVLEOH�PRQRFKURPDWLF�OLJKW�XSRQ��D��(��FROL DQG��E��6DFFKDURP\�FRGHVOXGZLJLL JURZWK�H[SUHVVHG�DV� WKH�UDWLR�RI� WKH�QXPEHU� RI�FHOOV����PLQ�DIWHU� LUUDGLDWLRQ� �D���RUDPRXQW� RI� V\QWKHVL]HG� ELRPDVV� ��� K� DIWHU� LUUDGLDWLRQ� �E��� LQ� LUUDGLDWHG� DQG� QRQLUUDGLDWHGFXOWXUHV��DV�GHVFULEHG�LQ�>��@�>��@�7KH� UHVXOWV� RI� PHDVXUHPHQWV� RI� WKH� LQIOXHQFH� RI� OLJKWLQWHQVLW\�RQ�WKH�VWLPXODWLRQ�RI�'1$�V\QWKHVLV�LQ�+H/D�FHOOVDQG�RQ�WKH�JURZWK�RI (��FROL DUH�SUHVHQWHG�LQ�)LJ�����,Q�WKHVHH[SHULPHQWV�� WKH� UDGLDWLRQ� GRVH� ZDV� FRQVWDQW�� ZKLOH� WKHLQWHQVLW\�RI�OLJKW�DQG�LUUDGLDWLRQ�WLPH�ZHUH�YDULHG�7KH�H[SHULPHQWDO�GDWD�VKRZ�WKDW�FRPSDUDWLYHO\� ORZ�GRVHV�������� -�P��� DQG� VKRUW� SHULRGV� �������� V�� RI� LUUDGLDWLRQFDXVH� D�PDFURHIOHFW� WKDW� UHPDLQV� IRU� D� ORQJ� WLPH��:KHQ� D+H/D� FHOO� FXOWXUH� LQ� WKH� VWDWLRQDU\� JURZWK� SKDVH� ZDVLUUDGLDWHG�ZLWK�D�+H�1H�ODVHU�DQG�WKH�FHOOV�WKHQ�VXEFXOWXUHGDW�YDULRXV�LQWHUYDOV�DIWHU�LUUDGLDWLRQ��IURP���WR�����PLQ���WKHJURZWK� VWLPXODWLRQ� LQ� WKH� H[SRQHQWLDO� JURZWK� SKDVH� ZDVREVHUYHG�WR�ODVW�IRU�����GD\V��)LJ����
����

)LJ�� ��� 7KH� HIIHFW� RI� LUUDGLDWLRQ� GRVH� RQ� VWLPXODWLRQ� RI� �D�� '1$� V\QWKHVLV� UDWH� LQH[SRQHQWLDOO\�JURZLQJ�+H/D�FHOOV���²O  �����QP���²O �����QP���²O  �����QP���²O ����QP��DQG��E��(��FROL FXOWXUH�JURZWK��O²O  �����QP���²O �����QP���²O �����QP���²O ������ QP�� �²O  � ���� QP�� >��@�� >��@�� >��@�� 7KH� FRQGLWLRQV� RI� LUUDGLDWLRQ� DQGPHDVXUHPHQW�DUH�WKH�VDPH�DV�GHQRWHG�RQ�)LJV����DQG���
>��@�� 6WLPXODWLRQ� ZDV� QRWHG� ZKHQ� WKH� LQWHUYDO� EHWZHHQLUUDGLDWLRQ�DQG�VXEFXOWXULQJ�ZDV����PLQ�RU�PRUH�� ,UUDGLD�WLRQ�RI�KXPDQ�ILEUREODVWV�ZLWK�D�+H�1H�ODVHU�VLJQLILFDQWO\LQFUHDVHG� WKH� QXPEHU� RI� FHOOV� LQ� FRPSDULVRQ� ZLWK� WKHLUUHVSHFWLYH�QRQLUUDGLDWHG�FRQWUROV� >��@��6LQJOH� RU�PXOWLSOHVKRUW�WLPH�H[SRVXUHV�RI�D�KXPDQ�GLSORLG�ILEUREODVW�FXOWXUHZLWK� IOXRUHVFHQW� OLJKW� UHSURGXFLEO\� HQKDQFHG� WKH� SUROLI�HUDWLRQ�UDWH��ZKHUHDV�ORQJHU�H[SRVXUHV�DSSHDUHG�WR�EH�F\�WRWR[LF�>��@��7KH�LUUDGLDWLRQ�RI�FHOOV�ZLWK�IOXRUHVFHQW�OLJKWIRU� �� K� GDLO\� RYHU� D� SHULRG� RI� ���� GD\V� LQFUHDVHG� WKHLUSUROLIHUDWLRQ� �LUUDGLDWHG� FHOOV� ZHQW� WKURXJK� ��� GLYLVLRQV�ZKLOH� QRQLUUDGLDWHG� FHOOV�ZHQW� WKURXJK� RQO\� ��� GLYLVLRQV>��@��� ,UUDGLDWLRQ� RI� 3VHXGRPRQDV� IOXRUHVFHQV ZLWK� UHGOLJKW� ���:�P��� RU� EOXH� OLJKW� ���:�P��� HQKDQFHG� WKH� GL�YLVLRQ�UDWH�E\������SHUFHQW�>��@�,Q� D� VHULHV� RI� H[SHULPHQWV�� WKH� DFWLYLW\� RI� VRPHHQ]\PHV� ZDV� PHDVXUHG� LQ� D� VWLPXODWHG� FXOWXUH�� 7KHFXOWXUH��7�UXORSVLV�VSKDHULFD�ZDV�LUUDGLDWHG�ZLWK�D�+H�1HODVHU� DQG� LQFXEDWHG� IRU� ��� K� �DW� OHDVW� �� GLYLVLRQV��� DIWHUZKLFK�WKH�HQ]\PH�DFWLYLW\�ZDV�GHWHUPLQHG��)LJ�����>��@�,UUDGLDWLRQ� FDXVHG� D� FRQVLGHUDEOH� DFWLYDWLRQ� RI� WKHUHVSLUDWRU\�FKDLQ�FRPSRQHQWV�1$'+�GHK\GURJHQDVH�DQGF\WRFKURPH�F�R[LGDVH��7KH�DFWLYLW\� RI�F\WRVROLF� VXSHUR[�LGH� GLVPXWDVH� UHPDLQHG� SUDFWLFDOO\� DW� WKH� FRQWURO� OHYHO�DQG� WKH� DFWLYLW\� RI� DFLG� SKRVSKDWDVH� GHFOLQHG�� 7KH� GDWDREWDLQHG�VKRZ�WKDW�JURZWK�VWLPXODWLRQ�LV�DFFRPSDQLHG�E\DQ� LQFUHDVH� LQ� UHVSLUDWRU\� DFWLYLW\� �ZLWK� QR� DFFXPXODWLRQRI�WR[LF�LQWHUPHGLDWHV�RI�R[\JHQ�PHWDEROLVP��DQG�E\�V\Q�WKHWLF�SURFHVVHV�LQ�FHOOV�GRPLQDWLQJ�FDWDEROLF�RQHV��7KH,(((�-2851$/�2)�48$1780�(/(&7521,&6��9$/��4(�����12������2&72%(5����





)LJ�� ��� 7KH� HIIHFW� RI� LUUDGLDWLRQ� GRVH� �+H�1H� ODVHU�� O  � ������� RQ� WKH� ELRPDVVDFFXPXODWLRQ� IRU� GLIIHUHQW� \HDVW� FXOWXUHV�� ��²6DFFKDURP\FRGHV� OXGZLJLL�� �²7RUXORSVLV� VSKDHULFD�� �²&DQGLGD� ELRGLQLL�� �²&DQGLGD� PDOORVD�� �²6DFFKDURP\FHV�FHUHYLVLDH� ����DOO�JURZQ�LQ�ZRUW����²&DQGLGD�ERLGLQLL �JURZQLQ�PHWKDQRO���PHDVXUHG����K�DIWHU� WKH� LUUDGLDWLRQ�DQG�H[SUHVVHG�DV� WKH� UDWLR�RIWKH�DPRXQW�RI�V\QWKHVL]HG�SURWHLQ�LQ�LUUDGLDWHG�DQG�QRQLUUDGLDWHG�FHOOV�>��@�

)LJ�����7KH�LQIOXHQFH�RI�WKH�OLJKW�LQWHQVLW\�DW�O  �����RU�����QP��+H�1H�DQG�G\H�RU$U� ODVHUV�� UHVSHFWLYHO\�� RQ� WKH� UDWH� RI� �D�� '1$� V\QWKHVLV� LQ� H[SRQHQWLDOO\JURZLQJ�+H/D�FHOOV��RU��E��WKH�(��FROL JURZWK�>��@��>��@�
XQFKDQJHG� VXSHUR[LGH� GLVPXWDVH� DFWLYLW\� DIWHU� LUUDGLDWLRQZLWK�WKH�+H�1H�ODVHU�ZDV�DOVR�REVHUYHG�LQ�>��@�,UUDGLDWLRQ� ZLWK� EOXH� RU� UHG� OLJKW� FDXVHG� DQ� LQFUHDVH� LQWKH�PLWRWLF�LQGH[�LQ�FHOOXODU�FXOWXUHV�>��@��>��@��>��@��7DEOH,,��� 7KHVH� GDWD� LQGLFDWH� WKDW� LUUDGLDWLRQ� FDXVHV� D� UHDU�UDQJHPHQW�LQ�FHOO�PHWDEROLVP�ZLWK�OLJKW�SOD\LQJ�WKH�UROH�RID�WULJJHU�FRQWUROOHU�>��@��7KH�ILQDO�UHVSRQVH�WR�LUUDGLD

WLRQ�LV�WKH�DFFHOHUDWLRQ�RI�SUROLIHUDWLRQ�&KDQJHV� LQ� WKH� F$03� OHYHO� RI�&KLQHVH�KDPVWHU� FHOOV� DIWHULUUDGLDWLRQ� >��@� VXJJHVWV� WKDW� OLJKW� TXDQWD� FDQ� DFW� DV� DSUROLIHUDWLYH� VWLPXOXV�� EHFDXVH� F$03� LV� SURJUDPPHG� WRVWLPXODWH�DQ�XQNRZQ�HYHQW�RU�HYHQWV�OHDGLQJ�WR�'1$�V\QWKHVLVLQ�D�ZLGH�YDULHW\�RI�FHOOV�DQG�SRVVLEO\� WR�ODWHU�HYHQW�V��JLYLQJULVH�WR�PLWRVLV�DQG�GLYLVLRQ�>��@�

)LJ�� ��� 7KH� VXEFXOWLYDWLRQ� JURZWK� FXUYHV� RI� +H/D� FXOWXUH� DIWHULUUDGLDWLQJ�SODWHDX�SKDVH�FHOOV�ZLWK�+H�1H� ODVHU� �'  ����� -�P��� DQGLQRFXODWLQJ�RI�WKHP�LQWR�IUHVK�QXWULHQW�PHGLXP�����������������RU����PLQ�DIWHU�LUUDGLDWLRQ��7KH�DEVFLVVD JLYHV�WKH�UDWLR�RI�FHOOV�LQ�GD\�Q�1Q�DQG�DW�WKH�HQG�RI�WKH�ILUVW�GD\��1����WKH�RUGLQDWH�JLYHV�WKH�GD\V��'D\Q�DIWHU�WKH�SODWLQJ�>��@�
)LJ�����&KDQJHV�LQ�DFWLYLW\�RI�YDULRXV�HQ]\PHV����K�DIWHU�WKH�LUUDGLDWLRQ�RI7RUXORSVLV�VSKDHULFD ZLWK�+H�1H�ODVHU��'� ��[���� -�P����7KH�PHWKRGVRI�PHDVXUHPHQW�DQG�GHWDLOHG�UHVXOWV�DUH�JLYHQ�LQ�>��@�
,Q�DOO�H[SHULPHQWV�PHQWLRQHG�DERYH��WKH�SRVLWLYH��VWLP�XODWLQJ�� HIIHFWV� RI� LUUDGLDWLRQ� ZHUH� GHVFULEHG�� %XW� WKHUH



H[LVWV�D�WUHPHQGRXV�DPRXQW�RI�GDWD�GHVFULELQJ�LQKLELWRU\�DQG�HYHQ� OHWKDO�� HIIHFWV� RI� OLJKW� �HVSHFLDOO\� EOXH�DQG� IOX�RUHVFHQW�OLJKW��RQ�YDULRXV�W\SHV�RI�FHOOV�>��@��7DEOHV�,�DQG,,�VXPPDUL]H�WKH�GDWD�RQ�OLJKW�JURZWK�UHVSRQVHV�RI�(��FROLDQG� PDPPDOLDQ� FHOO� FXOWXUHV�� 7KH� UHVSHFWLYH� GDWD� IRU\HDVW�FXOWXUHV� FDQ�EH� IRXQG� LQ� >��@�� >��@��$Q� DQDO\VLV� RIWKHVH�GDWD�PDNHV� LW�SRVVLEOH� WR�VXJJHVW� WKDW� WKH�GRVH�DQGLQWHQVLW\� RI� OLJKW� XVHG� GHWHUPLQH� WKH� VHQVH� RI� WKH� HQGPDFURHIIHFW��&HOOV�VHHP�WR�EH�PRUH�VHQVLWLYH�WR�EOXH�OLJKW�SRVLWLYH� HIIHFWV� DUH� DFKLHYHG� ZLWK� UDWKHU� ORZ� GRVHV�QHJDWLYH� RQHV� DUH� DWWDLQHG� YHU\� HDVLO\� E\� LQFUHDVLQJ� WKHIOXHQFH�� %\� ZD\� RI� H[DPSOH�� WKH� VWLPXODWLYH� >)LJ�� ��D�@DQG�OHWKDO�>��@�DFWLRQ�VSHFWUD�RI�EOXH�OLJKW�RK�(��FROL ERWKKDYH� PD[LPD� DW� �������� DQG� �������� QP�� 6WLPXODWLQJGRVHV�RI�EOXH
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5HGO  ���������QP ������� )LJ�����WKLVSDSHU�>��@
a��� >��@

OLJKW�IDOO�ZLWKLQ�WKH�UDQJH�EHWZHHQ����DQG���� -�P� �)LJ�����ZKLOH�OHWKDO�HIIHFWV�DUH�FDXVHG�E\�GRVHV�RI���������-�P� >��@�7DEOH� ,��� ,Q� ERWK� FDVHV�� WKH� IODYLQ� FRPSRQHQWV� RI� WKHUHVSLUDWRU\�FKDLQ�DUH� GLVFXVVHG� DV� SKRWRDFFHSWRUV� >����SDUW�@�� 7R� JHW� D� QHJDWLYH� HIIHFW� ZLWK� UHG� OLJKW� LV� PXFK� PRUHGLIILFXOW�� )RU� H[DPSOH�� LQ� RXU� H[SHULPHQWV� ZLWK� \HDVWFXOWXUHV�� WKH� JURZWK� UHVSRQVH�ZDV� QHYHU� OHVV� WKDQ� ��� SHU�FHQW�RI� WKH�GDUN� FRQWURO� �)LJ������ QR�PDWWHU� KRZ�PXFK� WKHLUUDGLDWLRQ�GRVH�ZDV�LQFUHDVHG�7KXV�� LW� PD\� EH� VWDWHG� WKDW� ORZ�LQWHQVLW\� YLVLEOH� OLJKWFDXVHV� UHDGLO\� REVHUYDEOH� FKDQJHV� LQ� FHOOXODU� ELRFKHPLFDOSURFHVVHV�LQYROYLQJ�ELRPROHFXOHV��VXFK�DV�'1$�DQG�51$�ZKLFK�GR�QRW�GLUHFWO\�DEVRUE�WKLV�UDGLDWLRQ�,9��6+257�7(50�5(63216(6�72�,55$',$7,212QH�ZHOO�GRFXPHQWHG� VKRUW�WHUP� UHVSRQVH� WR� LUUDGLDWLRQLV� WKH� SKRWRVWLPXODWLRQ� RI� WKH� UHVSLUDWLRQ� UDWH� DQG� $73V\QWKHVLV�� 7KH� VWLPXODWLRQ� RI� $73� V\QWKHVLV� E\� UHG� OLJKWZDV� GHVFULEHG� IRU� LVRODWHG�PLWRFKRQGULD� >��@�>��@� DQG� IRU3LHULV� EUDVVLFDH ODUYDH� >��@�� ,Q� WKH� ODWWHU� FDVH�� SKRWRVWL�PXODWLRQ� RI� $73� V\QWKHVLV� ZDV� DFFRPSDQLHG� E\� DFFHOHU�DWLRQ�RI�WKH�ODUYDH�GHYHORSPHQW�5HG� OLJKW� DW�����QP� >��@�� ������QP� >��@�� >��@�� DQG� ���QP� >��@� LQFUHDVHG� $73� V\QWKHVLV� LQ� LVRODWHG� UDW� OLYHU� PL�WRFKRQGULD��$Q�LQFUHDVH�LQ�$73�V\QWKHVLV�ZDV�DOVR�UHFRUGHGLQ� WKH� FDVH� RI� LUUDGLDWLRQ� ZLWK� EOXH� OLJKW� DW� ���� QP�LUUDGLDWLRQ� DW� ����� ����� DQG� ���� QP� SURYHG� WR� EHQRQHIIHFWLYH�>��@�,UUDGLDWLRQ�ZLWK� IDU� UHG� OLJKW� QHDU� ����QP�GHFUHDVHG� WKHV\QWKHVLV�RI�$73�>��@�3KRWRDFRXVWLF� VSHFWURVFRS\� PHDVXUHPHQWV� UHYHDOHG� WKDW+H�1H� ODVHU� LUUDGLDWLRQ� FDXVHV� FKDQJHV� LQ� PLWRFKRQGULDORSWLFDO� SURSHUWLHV� DQG�PRGLILHV� VRPH�1$'+�PHGLDWHG� UH�DFWLRQV�RI�WKH�PLWRFKRQGULD�>��@�,UUDGLDWLRQ� RI� 6DFFKDURP\FHV� FDUOVEHUJLHQVLV ZLWK� DGLRGH�ODVHU��O  �����QP��>��@�RU�RI�7RUXOD�XWLOLV ZLWK�ZLGH�EDQG� EOXH� OLJKW� >��@� LQFUHDVHG� WKH� SURGXFWLRQ� RI� $73� DQGWKH� FRQVXPSWLRQ� RI� JOXFRVH� LQ� D� GRVH�GHSHQGHQW� PDQQHU�,QFUHDVLQJ� WKH�GRVH� FDXVHG� JOXFRVH� FRQVXPSWLRQ� DQG�$73SURGXFWLRQ� WR� IDOO� IDU� EHORZ� WKH� FRQWURO� OHYHO�� ,Q� >��@�� DVKDUS� FKDQJH�RYHU� RI� WKH� VHQVH� RI� WKH� SKRWRUHVSRQVH� ZDVGHPRQVWUDWHG� WR� RFFXU� LQ� D� QDUURZ� GRVH� UDQJH�� 7KH� GRVH�UHVSRQVH�FXUYHV�LQ�WKLV�FDVH�UHVHPEOH�LQ�VKDSH�WKH�ORQJ�WHUPGRVH�UHVSRQVH� FXUYHV� �)LJV�� ��� ���� ,Q� WKH� ZRUN� RI�:DUQNHDQG�:HEHU�>��@��FRPSOH[�,��IIDYRSURWHLQ�)H6�V\VWHP��RI�WKHPLWRFKRQGULDO�UHVSLUDWRU\�FKDLQ�ZDV�LGHQWLILHG�DV�D�SULPDU\OLJKW�DEVRUEHU�
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!��� +8���� ��� /2��O2� >��@:,�������� +XPDQ�HPEU\RQLF /2��O2� /2��O2� >��@����� VNLQ�ILEUREODVWV��������&RRO�ZKLWH +XPDQ�HPEU\RQLF 'RVH�QRW�VKRZQ� 'RVH�QRW�VKRZQ� >��@IOXRUHVFHQWODPSV GLSORLG�OXQJ ([SRVXUH�HYHU\�GD\ 7KH�FHOOV��H[SRVHG�FRQVWDQWO\

ILEUREODVWV GXULQJ�����GD\V�IRU GLHG�ZLWKLQ��K��FHOOV�FDPH ����GD\VWKURXJK����GLYLVLRQV��K�������GLY��K�������GLY�GDUN�FRQWURO����GLY���� +XPDQ�O\PSKREODVWRLG ² ��� >��@FHOOV������� &KLQHVH�KDPVWHU ��� ��� >��@ILEUREODVWV����� / ��� ² >��@����� +XPDQ�HPEU\RQLF ��� ² >��@IRUHVNLQ�ILEUREODVWV����� +H/D ��� ² )LJ�����WKLVSDSHU��>��@������� +H/D 'RVH�QRW�VKRZQ� 'RVH�QRW�VKRZQ� >��@'RVH�UDWH�������: 'RVH�UDWH���������:�FP��FP�
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)LJ�� ��� 7KH� FRUUHODWLRQV�� ���� EHWZHHQ� WKH� UHVSLUDWLRQ� LQWHQVLW\� RI� LQWDFW� \HDVWFXOWXUHV� DQG� SRVVLEOH� PD[LPXP� ELRPDVV� DFFXPXODWLRQ� VWLPXODWLRQ� DIWHULUUDGLDWLRQ�ZLWK�+H�1H�ODVHU�LQ�RSWLPDO�GRVHV��VHH�'PD[ RQ�)LJ����������EHWZHHQWKH�DFWLYLW\�RI�1$'+�GHK\GURJHQDVH�DFWLYLW\�DQG�ELRPDVV�DF FXPXODWLRQ�DIWHUWKH� LUUDGLDWLRQ� RI� 7RUXORSVLV� VSKDHULFD ZLWK� +H�1H� ODVHU� LQ� GLIIHUHQW� GRVHVIURP� �� [� ��� WR� ���� [� ��� -�P��� 'HWHUPLQDWLRQ� RI� UHVSLUDWLRQ� LQWHQVLW\� DQGELRPDVV�DFFXPXODWLRQ�DUH�GHVFULEHG�LQ�>��@��WKH�GHWHUPLQDWLRQ�RU�WKH�1$'+�GHK\GURJHQDVH�DFWLYLW\�LQ�>��@�FRPSRXQG�����WKH�XVH�RI�VXEVWDQFHV�ZKLFK�DUH�NQRZQ�WR�DFW�DVTXHQFKHUV�RI�WKH�H[FLWHG�VWDWHV�RI�WKH�SUHVXPHG�SKRWRDFFHSWRUPROHFXOHV�� DQG� ��� D� GHPRQVWUDWLRQ� WKDW� WKH� FRPSRQHQWV� RUSURFHGXUHV�NQRZQ�WR�LQIOXHQFH�WKH�SUREDEOH�PRGH�RI�DFWLRQ�RID�SRWHQWLDO�SKRWRDFFHSWRU�GR�� LQ� IDFW�� LQIOXHQFH� WKH�PDJQLWXGHRI�WKH�SKRWRUHVSRQVH�$��$FWLRQ�6SHFWUD�RI�3KRWRUHVSRQVH�DQG�$EVRUSWLRQ6SHFWUD�RI�5HVSLUDWRU\�&KDLQV$� JUHDW� YDULHW\� RI� SURFDU\RWLF� DQG� HXFDU\RWLF� FHOOV� KDYHVLPLODU�ORQJ��DQG�VKRUW�WHUP�SKRWRUHVSRQVHV�WR�LUUDGLDWLRQ�ZLWKYLVLEOH� OLJKW� RI� WKH� VDPH� VSHFWUDO� EDQG� �RU� HYHQ�ZDYHOHQJWK��7KLV�VXJJHVWV�WKDW�WKH�SKRWRDFFHSWRU�LQYROYHG�PD\�EH�FRPPRQWR�DOO�WKH�FHOOV��7KHUH�H[LVWV�DQ�LQWLPDWH�FRUUHODWLRQ�EHWZHHQ�WKHR[\JHQ� FRQVXPSWLRQ� DFWLYLW\� DQG� FXOWXUH� JURZWK�� ZKLFK�� DVLQGLFDWHG� DERYH�� LV� HVSHFLDOO\�PDQLIHVW� LQ�PLFURRUJDQLVPV��,QRXU� H[SHULPHQWV� ZLWK� \HDVW� FXOWXUHV� >��@�� FRUUHODWLRQV� ZHUHIRXQG� WR� H[LVW� EHWZHHQ� WKH� UHVSLUDWRU\� DFWLYLW\� LQ� DQRQLUUDGLDWHG�FXOWXUH�DQG� LWV� DELOLW\� WR� EHFRPH� DFWLYDWHG� DIWHULUUDGLDWLRQ�ZLWK�D�+H�1H�ODVHU��FXUYH���LQ�)LJ������DQG�EHWZHHQWKH� 1$'+�GHK\GURJHQDVH� DFWLYLW\� DQG� WKH� DFFXPXODWLRQ� RIELRPDVV�LQ�LUUDGLDWHG�FXOWXUHV��FXUYH���LQ�)LJ�����,W� VKRXOG� EH� QRWHG� WKDW�� GHVSLWH� WKH� XQLYHUVDOLW\� RI� WKHUHVSLUDWLRQ�SURFHVV�DQG�WKH�SULQFLSOH�RI�RSHUDWLRQ�RI�UHVSLUDWRU\FKDLQV��WKRVH�LQ�SURFDU\RWHV��(��FROL LQFOXGHG�>��@��GLIIHU�IURPWKH� PLWRFKRQGULDO� FKDLQV� RI� HXFDU\RWLF� FHOOV�� &RPSDUHG� ZLWKPLWRFKRQGULD�� UHVSLUDWRU\� FKDLQV� RI� EDFWHULD� SUHVHQW� WKUHHDGGLWLRQDO� GHJUHHV� RI� FRPSOH[LW\�� )LUVW�� EDFWHULD� SRVVHVV� DYDULHW\�RI�HOHFWURQ� WUDQVIHU�FKDLQV��6HFRQG��D�JLYHQ�EDFWHULXPPD\�FKDQJH�WKH�QDWXUH�RI�LWV

UHVSLUDWRU\�FKDLQ�LQ�UHVSRQVH�WR�FKDQJHV�LQ�JURZWK�FRQGLWLRQV�7KLUG�� PDQ\� EDFWHULDO� UHVSLUDWRU\� FKDLQV� EUDQFK� ZLWKDOWHUQDWLYH� HOHFWURQ� WUDQVIHU� SDWKZD\V� WR� PXOWLSOH� WHUPLQDODFFHSWRUV��)RU� H[DPSOH��(�� FROL SRVVHVVHV� D� OLQHDU� UHVSLUDWRU\FKDLQ�ZKHQ�JURZQ�XQGHU�KLJKO\�DHURELF�FRQGLWLRQV�ZLWK�F\W��RDV�WKH�WHUPLQDO�R[LGDVH��8QGHU�FRQGLWLRQV�RI�R[\JHQ�OLPLWDWLRQ�D�VHFRQG�R[LGDVH��F\W�G��LV�V\QWKHVL]HG�DQG�WKH�HOHFWURQ�IORZ�LVGLYLGHG��7KH�UHGR[�FDUULHUV�RI�EDFWHULDO�FKDLQV�DUH�VLPLODU��EXWQRW�LGHQWLFDO��WR�WKRVH�XVHG�E\�PLWRFKRQGULD��DQG�LQFOXGH�)H�6SURWHLQV��IODYRSURWHLQV��TXLQRQHV��DQG�F\WRFKURPHV�7KHUH�DUH� VRPH�PLQRU� GLIIHUHQFHV� LQ� WKH� UHVSLUDWRU\� FKDLQVRI�\HDVWV�LQ�FRPSDULVRQ�ZLWK�WKH�FODVVLFDO�PLWRFKRQGULDO�FKDLQ�,Q� DGGLWLRQ� WR� WKH� FODVVLFDO� VHW� RI� F\WRFKURPHV�� \HDVWPLWRFKRQGULD� KDYH� D� VSHFLILF� FDUULHU�� F\W�� E��� DQG� D� VSHFLDO1$'+�GHK\GURJHQDVH�� VR� WKH� ILUVW� HQHUJ\� FRXSOLQJ� SRLQWIXQFWLRQV�ZLWK�H[WUHPH�ODELOLW\�>��@�5HIHUULQJ�WR�WKH�DFWLRQ�VSHFWUD�RI�)LJV�������WKHUH�LV�KDUGO\�DVLQJOH� PROHFXOH� LQ� WKH� UHVSLUDWRU\� FKDLQ� WKDW� KDV� D� VLPLODUDEVRUSWLRQ� VSHFWUXP�� 7KH� FRPSOLFDWHG� VKDSH� RI� WKH� DFWLRQVSHFWUD�VXJJHVWV�WKDW�KHUH� WKH�SKRWRDFFHSWRU�PLJKW�EH�D�VHW�RILQWHUUHODWHG� PROHFXOHV�� 7KH� UHVXOWV� RI� WKH� GLFKURPDWLFLUUDGLDWLRQ� H[SHULPHQWV�� WKDW� LV� LUUDGLDWLRQ� LQYROYLQJVLPXOWDQHRXV� RU� VKRUW�LQWHUYDO� H[SRVXUHV� WR� WZR� ZDYHOHQJWKV�VRPH�UHVXOWV�RI� WKHVH�H[SHULPHQWV�DUH�GLVFXVVHG�HOVHZKHUH�LQWKH� WH[W��� VSHDN� LQ� IDYRU� RI� WKLV� VXJJHVWLRQ�� ,Q� WKH�UHG� UHJLRQ��DERXW�����QP���WKH�DEVRUELQJ�FRPSRXQGV�DUH�WKH�VHPLTXLQRQHIRUP� RI� IODYRSURWHLQV�� DV� ZHOO� DV� WKH� WHUPLQDO� F\WRFKURPHR[LGDVHV� �F\W�G�� ZKLFK� LV� WKH� UHVSLUDWRU\� FKDLQ� EUDQFK� WKDWSUHYDLOV�ZKHQ�(��FROL DUH�JURZQ�LQ�RXU�H[SHULPHQWDO�FRQGLWLRQVLQ�WKH�DEVHQFH�RI



DHUDWLRQ�>��@�DQG�F\WRFKURPH�F�R[LGDVH�FRPSOH[�>��@��ZKLFK�LVWKH� WHUPLQDO� R[LGDVH� RI� PLWRFKRQGULDO� FKDLQV��� 7KH� ODWWHUFRPSOH[� DEVRUEV� QRW� RQO\� DW� ���� QP�� EXW� DOVR� DW� DERXW� ��������������DQG�����QP�>��@��DQG�F\W�G�DEVRUEV�DW�����QP�>��@�,Q� WKH� EOXH� SDUW� RI� WKH� VSHFWUXP� ��������� QP��� OLJKW� LVDEVRUEHG�E\�IODYRSURWHLQV�ZKLFK��LQ�WKH�FDVH�RI�WKH�UHVSLUDWRU\FKDLQ��DUH�UHSUHVHQWHG�E\�GHK\GURJHQDVHV�%�� 0RGLILFDWLRQ� RI� /LJKW�*URZWK� 5HVSRQVH� ZLWK� 6RGLXP'LWKLRQLWH�DQG�$X[LQ+HUH��ZH�ZLOO� GLVFXVV� WZR�VHULHV� RI� H[SHULPHQWV� SHUIRUPHGZLWK�(��FROL >��@��,Q�WKH�ILUVW�VHULHV��WKH�LQIOXHQFH�RI�D�UHGXFLQJDJHQW�� VRGLXP� GLWKLRQLWH� �1D�6�2���� RQ� WKH� OLJKW�JURZWKUHVSRQVHV�RI�(��FROL ZDV�VWXGLHG��$V�FDQ�EH�VHHQ�IURP�WKH�GDWDSUHVHQWHG� LQ� )LJ�� ���� DGGLWLRQ� RI� 1D�6�2� WR� WKH� EDFWHULDOVXVSHQVLRQ� MXVW� SULRU� WR� LUUDGLDWLRQ� UHGXFHV� WKH� VWLPXODWLRQOHYHO� DQG� VXSSUHVVHV� GLYLVLRQ�� 7KH� HIIHFW� GHSHQGV� RQ� WKHVRGLXP� GLWKLRQLWH� FRQFHQWUDWLRQ�� QR� PDWWHU� ZKLFK� VSHFWUDOEDQG��UHG�RU�EOXH��LV�XVHG�IRU� LUUDGLDWLRQ��,Q�ERWK�FDVHV����P0RI�VRGLXP�GLWKLRQLWH�GHFUHDVHV�WKH�VWLPXODWLYH�HIIHFW�RI�OLJKW�E\��� SHUFHQW�� DQG� �� P0� RI� 1D�6�2� E\� ��� SHUFHQW�� ,Q� RXUH[SHULPHQWDO� FRQGLWLRQV�� EOXH� OLJKW� VWLPXODWHV� JURZWK� E\� ��SHUFHQW��DQG�VR�DGGLWLRQV�RI�1D�6�2� LQ�FRQFHQWUDWLRQV�RI���DQG��P0�FDXVH�LQKLELWLRQV�E\���DQG����SHUFHQW��UHVSHFWLYHO\��-XVWDV�UHG�OLJKW�XQGHU�WKH�VDPH�FRQGLWLRQV�VWLPXODWHV�JURZWK�E\���SHUFHQW��VR�1D�6�2� GHFUHDVHV�WKH�VWLPXODWLYH�HIIHFW�RI�OLJKW�E\���SHUFHQW����P0��RU�FDXVHV�LQKLELWLRQ�E\���SHUFHQW����P0��$V� WKH� QH[W� VWHS�� WKH� LUUDGLDWLRQ� GRVH�ZDV� YDULHG�ZKLOH� WKHFRQFHQWUDWLRQ� RI� 1D�6�2� ZDV� NHSW� LQYDULDEOH� DW� �� P0�� $VVHHQ� IURP� )LJ�� ���� WKH� LQIOXHQFH� RI� 1D�6�2� RQ� WKH� OLJKW�JURZWK�UHVSRQVH�IHDWXUHV�D�FKDUDFWHULVWLF�GHSHQGHQFH�XSRQ�WKHLUUDGLDWLRQ� GRVH�� 7KH� DJHQW� LWVHOI� KDV� QR� LQIOXHQFH� RQ� WKHGLYLVLRQ� RI� QRQLUUDGLDWHG� EDFWHULD� RU� RQ� EDFWHULD� LUUDGLDWHG� DWORZ� GRVHV�� ,I� 1D�6�2� ZDV� DGGHG� WR� FHOOV� WKDW� ZHUHVXEVHTXHQWO\� LUUDGLDWHG� ZLWK� GRVHV� WKDW� FDXVHG� WKH� PD[LPXPHIIHFW�LQ�WKH�DEVHQFH�RI�1D�6�2���FHOO�GLYLVLRQ�ZDV�REVHUYHG�WREH�LQKLELWHG��$V�WKH�LUUDGLDWLRQ�GRVH�ZDV�IXUWKHU�LQFUHDVHG��WKHLQKLELWLRQ� RI� FHOO� GLYLVLRQ� GHFUHDVHG�� 7KHVH� UHVXOWV� JLYH� XVUHDVRQ� WR� EHOLHYH� WKDW� EOXH�� UHG�� DQG� IDU� UHG� OLJKW� FDXVHR[LGDWLRQ� RI� VRPH� PROHFXOH�V��� ZLWK� WKH� SURFHVV� EHLQJ� WKHVWDUWLQJ� PHFKDQLVP� IRU� EDFWHULDO� FHOO� GLYLVLRQ�� 7KH� UHGXFHG�PLQXV�R[LGL]HG� GLIIHUHQW� VSHFWPP� RI� (�� FROL �WKDW� LV� WKHGLIIHUHQFH� EHWZHHQ� WKH� DEVRUSWLRQ� VSHFWUD� RI� UHGXFHG� DQGR[LGL]HG� EDFWHULD�� LQGLFDWHV� WKDW� RQH� VXFK� PROHFXOH� LV� F\W�G>��@�,Q� WKH� VHFRQG� VHULHV� RI� H[SHULPHQWV�� WKH� LQIOXHQFH� RI� D�QDSKW\OHQHDFHWLF�DFLG� �DX[LQ��RQ� WKH� OLJKW�JURZWK� UHVSRQVH�(�FROL ZDV� VWXGLHG�� $X[LQ� LV� EHOLHYHG� WR� EH� WKH� TXHQFKHU� RIH[FLWHG� IODYLQ� PROHFXOHV� >��@�� $GGLWLRQ� RI� DX[LQ� WR� WKH� FHOOVXVSHQVLRQ� SULRU� WR� LUUDGLDWLRQ� ZLWK� UHG� OLJKW� PRGLILHV� WKHHIIHFW�RI� OLJKW� LQ�D�FRQFHQWUDWLRQ�GHSHQGHQW�PDQQHU� �)LJ������$X[LQ�� LQ�FRQFHQWUDWLRQV� H[FHHGLQJ� ��P0�� GHFUHDVHV� WKH� VWLPXODWLYHHIIHFW�RI�UHG�OLJKW�� LI� LWV�FRQFHQWUDWLRQ� LV�KLJKHU�WKDQ����P0�� LW�HYHQLQKLELWV�WKH�JURZWK�RI�WKH�LUUDGLDWHG�FXOWXUH� $X[LQ�ZDV�IRXQG�WR
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XQH� JUHQRXLOOH�� D� ODFWLRQ� VXU� VRQ� FRUSV� GHVUD\RQV�OXPLQHX[�G
XQH�GLIIHUHQWH�ORQJXHUG
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LQIOXHQFH�GH� OD� OXPLHUH�FRORUHH� GDQV� OH� WUDLWPHQW�GH� ODIROLH���$QQDOHV�0HGLFR�3K\FKRORJLTXHV� YRO������VHU����������
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