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([SHULPHQW�5HDIILUPV�4XDQWXP�:HLUGQHVV
3K\VLFLVWV�DUH�FORVLQJ�WKH�GRRU�RQ�DQ�LQWULJXLQJ�ORRSKROH�DURXQG�WKH�TXDQWXP�SKHQRPHQRQ�(LQVWHLQ
FDOOHG�gVSRRN\�DFWLRQ�DW�D�GLVWDQFH�h

2OHQD�6KPDKDOR�4XDQWD�0DJD]LQH

%\�1DWDOLH�:ROFKRYHU

7KHUH�PLJKW�EH�QR�JHWWLQJ�DURXQG�ZKDW�$OEHUW�(LQVWHLQ�FDOOHG�gVSRRN\�DFWLRQ�DW�D�GLVWDQFH�h�:LWK�DQ
H[SHULPHQW�GHVFULEHG�WRGD\�LQ�3K\VLFDO�5HYLHZ�/HWWHUV�d�D�IHDW�WKDW�LQYROYHG�KDUQHVVLQJ�VWDUOLJKW�WR
FRQWURO�PHDVXUHPHQWV�RI�SDUWLFOHV�VKRW�EHWZHHQ�EXLOGLQJV�LQ�9LHQQD�d�VRPH�RI�WKH�ZRUOGfV�OHDGLQJ
FRVPRORJLVWV�DQG�TXDQWXP�SK\VLFLVWV�DUH�FORVLQJ�WKH�GRRU�RQ�DQ�LQWULJXLQJ�DOWHUQDWLYH�WR�gTXDQWXP
HQWDQJOHPHQW�h

g7HFKQLFDOO\��WKLV�H[SHULPHQW�LV�WUXO\�LPSUHVVLYH�h�VDLG�1LFRODV�*LVLQ��D�TXDQWXP�SK\VLFLVW�DW�WKH
8QLYHUVLW\�RI�*HQHYD�ZKR�KDV�VWXGLHG�WKLV�ORRSKROH�DURXQG�HQWDQJOHPHQW�

$FFRUGLQJ�WR�VWDQGDUG�TXDQWXP�WKHRU\��SDUWLFOHV�KDYH�QR�GHILQLWH�VWDWHV��RQO\�UHODWLYH�SUREDELOLWLHV�RI
EHLQJ�RQH�WKLQJ�RU�DQRWKHU�d�DW�OHDVW��XQWLO�WKH\�DUH�PHDVXUHG��ZKHQ�WKH\�VHHP�WR�VXGGHQO\�UROO�WKH
GLFH�DQG�MXPS�LQWR�IRUPDWLRQ��6WUDQJHU�VWLOO��ZKHQ�WZR�SDUWLFOHV�LQWHUDFW��WKH\�FDQ�EHFRPH
gHQWDQJOHG�h�VKHGGLQJ�WKHLU�LQGLYLGXDO�SUREDELOLWLHV�DQG�EHFRPLQJ�FRPSRQHQWV�RI�D�PRUH
FRPSOLFDWHG�SUREDELOLW\�IXQFWLRQ�WKDW�GHVFULEHV�ERWK�SDUWLFOHV�WRJHWKHU��7KLV�IXQFWLRQ�PLJKW�VSHFLI\
WKDW�WZR�HQWDQJOHG�SKRWRQV�DUH�SRODUL]HG�LQ�SHUSHQGLFXODU�GLUHFWLRQV��ZLWK�VRPH�SUREDELOLW\�WKDW
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SKRWRQ�$�LV�YHUWLFDOO\�SRODUL]HG�DQG�SKRWRQ�%�LV�KRUL]RQWDOO\�SRODUL]HG��DQG�VRPH�FKDQFH�RI�WKH
RSSRVLWH��7KH�WZR�SKRWRQV�FDQ�WUDYHO�OLJKW�\HDUV�DSDUW��EXW�WKH\�UHPDLQ�OLQNHG��0HDVXUH�SKRWRQ�$�WR
EH�YHUWLFDOO\�SRODUL]HG��DQG�SKRWRQ�%�LQVWDQWDQHRXVO\�EHFRPHV�KRUL]RQWDOO\�SRODUL]HG��HYHQ�WKRXJK
%fV�VWDWH�ZDV�XQVSHFLILHG�D�PRPHQW�HDUOLHU�DQG�QR�VLJQDO�KDV�KDG�WLPH�WR�WUDYHO�EHWZHHQ�WKHP��7KLV
LV�WKH�gVSRRN\�DFWLRQh�WKDW�(LQVWHLQ�ZDV�IDPRXVO\�VNHSWLFDO�DERXW�LQ�KLV�DUJXPHQWV�DJDLQVW�WKH
FRPSOHWHQHVV�RI�TXDQWXP�PHFKDQLFV�LQ�WKH�����V�DQG�f��V�

,Q�������WKH�1RUWKHUQ�,ULVK�SK\VLFLVW�-RKQ�%HOO�IRXQG�D�ZD\�WR�SXW�WKLV�SDUDGR[LFDO�QRWLRQ�WR�WKH�WHVW�
+H�VKRZHG�WKDW�LI�SDUWLFOHV�KDYH�GHILQLWH�VWDWHV�HYHQ�ZKHQ�QR�RQH�LV�ORRNLQJ��D�FRQFHSW�NQRZQ�DV
gUHDOLVPh��DQG�LI�LQGHHG�QR�VLJQDO�WUDYHOV�IDVWHU�WKDQ�OLJKW��gORFDOLW\h���WKHQ�WKHUH�LV�DQ�XSSHU�OLPLW�WR
WKH�DPRXQW�RI�FRUUHODWLRQ�WKDW�FDQ�EH�REVHUYHG�EHWZHHQ�WKH�PHDVXUHG�VWDWHV�RI�WZR�SDUWLFOHV��%XW
H[SHULPHQWV�KDYH�VKRZQ�WLPH�DQG�DJDLQ�WKDW�HQWDQJOHG�SDUWLFOHV�DUH�PRUH�FRUUHODWHG�WKDQ�%HOOfV
XSSHU�OLPLW��IDYRULQJ�WKH�UDGLFDO�TXDQWXP�ZRUOGYLHZ�RYHU�ORFDO�UHDOLVP�

2QO\�WKHUHfV�D�KLWFK��,Q�DGGLWLRQ�WR�ORFDOLW\�DQG�UHDOLVP��%HOO�PDGH�DQRWKHU��VXEWOH�DVVXPSWLRQ�WR
GHULYH�KLV�IRUPXOD�d�RQH�WKDW�ZHQW�ODUJHO\�LJQRUHG�IRU�GHFDGHV��g7KH�WKUHH�DVVXPSWLRQV�WKDW�JR�LQWR
%HOOfV�WKHRUHP�WKDW�DUH�UHOHYDQW�DUH�ORFDOLW\��UHDOLVP�DQG�IUHHGRP�h�VDLG�$QGUHZ�)ULHGPDQ�RI�WKH
0DVVDFKXVHWWV�,QVWLWXWH�RI�7HFKQRORJ\��D�FR�DXWKRU�RI�WKH�QHZ�SDSHU��g5HFHQWO\�LWfV�EHHQ�GLVFRYHUHG
WKDW�\RX�FDQ�NHHS�ORFDOLW\�DQG�UHDOLVP�E\�JLYLQJ�XS�MXVW�D�OLWWOH�ELW�RI�IUHHGRP�h�7KLV�LV�NQRZQ�DV�WKH
gIUHHGRP�RI�FKRLFHh�ORRSKROH�

,Q�D�%HOO�WHVW��HQWDQJOHG�SKRWRQV�$�DQG�%�DUH�VHSDUDWHG�DQG�VHQW�WR�IDU�DSDUW�RSWLFDO�PRGXODWRUV�d
GHYLFHV�WKDW�HLWKHU�EORFN�SKRWRQV�RU�OHW�WKHP�WKURXJK�WR�GHWHFWRUV��GHSHQGLQJ�RQ�ZKHWKHU�WKH
PRGXODWRUV�DUH�DOLJQHG�ZLWK�RU�DJDLQVW�WKH�SKRWRQVf�SRODUL]DWLRQ�GLUHFWLRQV��%HOOfV�LQHTXDOLW\�SXWV�DQ
XSSHU�OLPLW�RQ�KRZ�RIWHQ��LQ�D�ORFDO�UHDOLVWLF�XQLYHUVH��SKRWRQV�$�DQG�%�ZLOO�ERWK�SDVV�WKURXJK�WKHLU
PRGXODWRUV�DQG�EH�GHWHFWHG���5HVHDUFKHUV�ILQG�WKDW�HQWDQJOHG�SKRWRQV�DUH�FRUUHODWHG�PRUH�RIWHQ
WKDQ�WKLV��YLRODWLQJ�WKH�OLPLW���&UXFLDOO\��%HOOfV�IRUPXOD�DVVXPHV�WKDW�WKH�WZR�PRGXODWRUVf�VHWWLQJV�DUH
LQGHSHQGHQW�RI�WKH�VWDWHV�RI�WKH�SDUWLFOHV�EHLQJ�WHVWHG��,Q�H[SHULPHQWV��UHVHDUFKHUV�W\SLFDOO\�XVH
UDQGRP�QXPEHU�JHQHUDWRUV�WR�VHW�WKH�GHYLFHVf�DQJOHV�RI�RULHQWDWLRQ��+RZHYHU��LI�WKH�PRGXODWRUV�DUH
QRW�DFWXDOO\�LQGHSHQGHQW�d�LI�QDWXUH�VRPHKRZ�UHVWULFWV�WKH�SRVVLEOH�VHWWLQJV�WKDW�FDQ�EH�FKRVHQ�
FRUUHODWLQJ�WKHVH�VHWWLQJV�ZLWK�WKH�VWDWHV�RI�WKH�SDUWLFOHV�LQ�WKH�PRPHQWV�EHIRUH�DQ�H[SHULPHQW
RFFXUV�d�WKLV�UHGXFHG�IUHHGRP�FRXOG�H[SODLQ�WKH�RXWFRPHV�WKDW�DUH�QRUPDOO\�DWWULEXWHG�WR�TXDQWXP
HQWDQJOHPHQW�

7KH�XQLYHUVH�PLJKW�EH�OLNH�D�UHVWDXUDQW�ZLWK����PHQX�LWHPV��)ULHGPDQ�VDLG��g<RX�WKLQN�\RX�FDQ
RUGHU�DQ\�RI�WKH�����EXW�WKHQ�WKH\�WHOO�\RX��e:HfUH�RXW�RI�FKLFNHQ�f�DQG�LW�WXUQV�RXW�RQO\�ILYH�RI�WKH
WKLQJV�DUH�UHDOO\�RQ�WKH�PHQX��<RX�VWLOO�KDYH�WKH�IUHHGRP�WR�FKRRVH�IURP�WKH�UHPDLQLQJ�ILYH��EXW�\RX
ZHUH�RYHUFRXQWLQJ�\RXU�GHJUHHV�RI�IUHHGRP�h�6LPLODUO\��KH�VDLG��gWKHUH�PLJKW�EH�XQNQRZQV�
FRQVWUDLQWV��ERXQGDU\�FRQGLWLRQV��FRQVHUYDWLRQ�ODZV�WKDW�FRXOG�HQG�XS�OLPLWLQJ�\RXU�FKRLFHV�LQ�D�YHU\
VXEWOH�ZD\h�ZKHQ�VHWWLQJ�XS�DQ�H[SHULPHQW��OHDGLQJ�WR�VHHPLQJ�YLRODWLRQV�RI�ORFDO�UHDOLVP�

7KLV�SRVVLEOH�ORRSKROH�JDLQHG�WUDFWLRQ�LQ�������ZKHQ�0LFKDHO�+DOO��QRZ�RI�*ULIILWK�8QLYHUVLW\�LQ
$XVWUDOLD��GHYHORSHG�D�TXDQWLWDWLYH�ZD\�RI�UHGXFLQJ�IUHHGRP�RI�FKRLFH��,Q�%HOO�WHVWV��PHDVXULQJ
GHYLFHV�KDYH�WZR�SRVVLEOH�VHWWLQJV��FRUUHVSRQGLQJ�WR�RQH�ELW�RI�LQIRUPDWLRQ��HLWKHU���RU�����DQG�VR�LW
WDNHV�WZR�ELWV�RI�LQIRUPDWLRQ�WR�VSHFLI\�WKHLU�VHWWLQJV�ZKHQ�WKH\�DUH�WUXO\�LQGHSHQGHQW��%XW�+DOO
VKRZHG�WKDW�LI�WKH�VHWWLQJV�DUH�QRW�TXLWH�LQGHSHQGHQW�d�LI�RQO\�RQH�ELW�VSHFLILHV�WKHP�RQFH�LQ�HYHU\
���UXQV�d�WKLV�KDOYHV�WKH�QXPEHU�RI�SRVVLEOH�PHDVXUHPHQW�VHWWLQJV�DYDLODEOH�LQ�WKRVH����UXQV��7KLV
UHGXFHG�IUHHGRP�RI�FKRLFH�FRUUHODWHV�PHDVXUHPHQW�RXWFRPHV�HQRXJK�WR�H[FHHG�%HOOfV�OLPLW��FUHDWLQJ
WKH�LOOXVLRQ�RI�TXDQWXP�HQWDQJOHPHQW�

7KH�LGHD�WKDW�QDWXUH�PLJKW�UHVWULFW�IUHHGRP�ZKLOH�PDLQWDLQLQJ�ORFDO�UHDOLVP�KDV�EHFRPH�PRUH
DWWUDFWLYH�LQ�OLJKW�RI�HPHUJLQJ�FRQQHFWLRQV�EHWZHHQ�LQIRUPDWLRQ�DQG�WKH�JHRPHWU\�RI�VSDFH�WLPH�
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5HVHDUFK�RQ�EODFN�KROHV��IRU�LQVWDQFH��VXJJHVWV�WKDW�WKH�VWURQJHU�WKH�JUDYLW\�LQ�D�YROXPH�RI�VSDFH�
WLPH��WKH�IHZHU�ELWV�FDQ�EH�VWRUHG�LQ�WKDW�UHJLRQ��&RXOG�JUDYLW\�EH�UHGXFLQJ�WKH�QXPEHU�RI�SRVVLEOH
PHDVXUHPHQW�VHWWLQJV�LQ�%HOO�WHVWV��VHFUHWO\�VWULNLQJ�LWHPV�IURP�WKH�XQLYHUVHfV�PHQX"

-DVRQ�*DOOLFFKLR

0HPEHUV�RI�WKH�FRVPLF�%HOO�WHVW�WHDP�FDOLEUDWLQJ�WKH�WHOHVFRSH�XVHG�WR�FKRRVH�WKH�VHWWLQJV
RI�RQH�RI�WKHLU�WZR�GHWHFWRUV�ORFDWHG�LQ�IDU�DSDUW�EXLOGLQJV�LQ�9LHQQD�

)ULHGPDQ��$ODQ�*XWK�DQG�FROOHDJXHV�DW�0,7�ZHUH�HQWHUWDLQLQJ�VXFK�VSHFXODWLRQV�D�IHZ�\HDUV�DJR

http://web.mit.edu/physics/people/faculty/guth_alan.html
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ZKHQ�$QWRQ�=HLOLQJHU��D�IDPRXV�%HOO�WHVW�H[SHULPHQWHU�DW�WKH�8QLYHUVLW\�RI�9LHQQD��FDPH�IRU�D�YLVLW�
=HLOLQJHU�DOVR�KDG�KLV�VLJKWV�RQ�WKH�IUHHGRP�RI�FKRLFH�ORRSKROH��7RJHWKHU��WKH\�DQG�WKHLU
FROODERUDWRUV�GHYHORSHG�DQ�LGHD�IRU�KRZ�WR�GLVWLQJXLVK�EHWZHHQ�D�XQLYHUVH�WKDW�ODFNV�ORFDO�UHDOLVP
DQG�RQH�WKDW�FXUEV�IUHHGRP�

,Q�WKH�ILUVW�RI�D�SODQQHG�VHULHV�RI�gFRVPLF�%HOO�WHVWh�H[SHULPHQWV��WKH�WHDP�VHQW�SDLUV�RI�SKRWRQV�IURP
WKH�URRI�RI�=HLOLQJHUfV�ODE�LQ�9LHQQD�WKURXJK�WKH�RSHQ�ZLQGRZV�RI�WZR�RWKHU�EXLOGLQJV�DQG�LQWR
RSWLFDO�PRGXODWRUV��WDOO\LQJ�FRLQFLGHQW�GHWHFWLRQV�DV�XVXDO��%XW�WKLV�WLPH��WKH\�DWWHPSWHG�WR�ORZHU
WKH�FKDQFH�WKDW�WKH�PRGXODWRU�VHWWLQJV�PLJKW�VRPHKRZ�EHFRPH�FRUUHODWHG�ZLWK�WKH�VWDWHV�RI�WKH
SKRWRQV�LQ�WKH�PRPHQWV�EHIRUH�HDFK�PHDVXUHPHQW��7KH\�SRLQWHG�D�WHOHVFRSH�RXW�RI�HDFK�ZLQGRZ�
WUDLQHG�HDFK�WHOHVFRSH�RQ�D�EULJKW�DQG�FRQYHQLHQWO\�ORFDWHG��EXW�RWKHUZLVH�UDQGRP��VWDU��DQG��EHIRUH
HDFK�PHDVXUHPHQW��XVHG�WKH�FRORU�RI�DQ�LQFRPLQJ�SKRWRQ�IURP�HDFK�VWDU�WR�VHW�WKH�DQJOH�RI�WKH
DVVRFLDWHG�PRGXODWRU��7KH�FRORUV�RI�WKHVH�SKRWRQV�ZHUH�GHFLGHG�KXQGUHGV�RI�\HDUV�DJR��ZKHQ�WKH\
OHIW�WKHLU�VWDUV��LQFUHDVLQJ�WKH�FKDQFH�WKDW�WKH\��DQG�WKHUHIRUH�WKH�PHDVXUHPHQW�VHWWLQJV��ZHUH
LQGHSHQGHQW�RI�WKH�VWDWHV�RI�WKH�SKRWRQV�EHLQJ�PHDVXUHG�

$QG�\HW��WKH�VFLHQWLVWV�IRXQG�WKDW�WKH�PHDVXUHPHQW�RXWFRPHV�VWLOO�YLRODWHG�%HOOfV�XSSHU�OLPLW�
ERRVWLQJ�WKHLU�FRQILGHQFH�WKDW�WKH�SRODUL]HG�SKRWRQV�LQ�WKH�H[SHULPHQW�H[KLELW�VSRRN\�DFWLRQ�DW�D
GLVWDQFH�DIWHU�DOO�

1DWXUH�FRXOG�VWLOO�H[SORLW�WKH�IUHHGRP�RI�FKRLFH�ORRSKROH��EXW�WKH�XQLYHUVH�ZRXOG�KDYH�KDG�WR�GHOHWH
LWHPV�IURP�WKH�PHQX�RI�SRVVLEOH�PHDVXUHPHQW�VHWWLQJV�DW�OHDVW�����\HDUV�EHIRUH�WKH�PHDVXUHPHQWV
RFFXUUHG��ZKHQ�WKH�FORVHU�RI�WKH�WZR�VWDUV�VHQW�LWV�OLJKW�WRZDUG�(DUWK���g1RZ�RQH�QHHGV�WKH
FRUUHODWLRQV�WR�KDYH�EHHQ�HVWDEOLVKHG�HYHQ�EHIRUH�6KDNHVSHDUH�ZURWH��e8QWLO�,�NQRZ�WKLV�VXUH
XQFHUWDLQW\��,fOO�HQWHUWDLQ�WKH�RIIHUHG�IDOODF\�fh�+DOO�VDLG�

1H[W��WKH�WHDP�SODQV�WR�XVH�OLJKW�IURP�LQFUHDVLQJO\�GLVWDQW�TXDVDUV�WR�FRQWURO�WKHLU�PHDVXUHPHQW
VHWWLQJV��SURELQJ�IXUWKHU�EDFN�LQ�WLPH�DQG�JLYLQJ�WKH�XQLYHUVH�DQ�HYHQ�VPDOOHU�ZLQGRZ�WR�FRRN�XS
FRUUHODWLRQV�EHWZHHQ�IXWXUH�GHYLFH�VHWWLQJV�DQG�UHVWULFW�IUHHGRPV��,WfV�DOVR�SRVVLEOH��WKRXJK
H[WUHPHO\�XQOLNHO\��WKDW�WKH�WHDP�ZLOO�ILQG�D�WUDQVLWLRQ�SRLQW�ZKHUH�PHDVXUHPHQW�VHWWLQJV�EHFRPH
XQFRUUHODWHG�DQG�YLRODWLRQV�RI�%HOOfV�OLPLW�GLVDSSHDU�d�ZKLFK�ZRXOG�SURYH�WKDW�(LQVWHLQ�ZDV�ULJKW�WR
GRXEW�VSRRN\�DFWLRQ�

g)RU�XV�LW�VHHPV�OLNH�NLQG�RI�D�ZLQ�ZLQ�h�)ULHGPDQ�VDLG��g(LWKHU�ZH�FORVH�WKH�ORRSKROH�PRUH�DQG
PRUH��DQG�ZHfUH�PRUH�FRQILGHQW�LQ�TXDQWXP�WKHRU\��RU�ZH�VHH�VRPHWKLQJ�WKDW�FRXOG�SRLQW�WRZDUG
QHZ�SK\VLFV�h

7KHUHfV�D�ILQDO�SRVVLELOLW\�WKDW�PDQ\�SK\VLFLVWV�DEKRU��,W�FRXOG�EH�WKDW�WKH�XQLYHUVH�UHVWULFWHG
IUHHGRP�RI�FKRLFH�IURP�WKH�YHU\�EHJLQQLQJ�d�WKDW�HYHU\�PHDVXUHPHQW�ZDV�SUHGHWHUPLQHG�E\
FRUUHODWLRQV�HVWDEOLVKHG�DW�WKH�%LJ�%DQJ��g6XSHUGHWHUPLQLVP�h�DV�WKLV�LV�FDOOHG��LV�gXQNQRZDEOH�h
VDLG�-DQ�bNH�/DUVVRQ��D�SK\VLFLVW�DW�/LQNcSLQJ�8QLYHUVLW\�LQ�6ZHGHQ��WKH�FRVPLF�%HOO�WHVW�FUHZ�ZLOO
QHYHU�EH�DEOH�WR�UXOH�RXW�FRUUHODWLRQV�WKDW�H[LVWHG�EHIRUH�WKHUH�ZHUH�VWDUV��TXDVDUV�RU�DQ\�RWKHU�OLJKW
LQ�WKH�VN\��7KDW�PHDQV�WKH�IUHHGRP�RI�FKRLFH�ORRSKROH�FDQ�QHYHU�EH�FRPSOHWHO\�VKXW�

%XW�JLYHQ�WKH�FKRLFH�EHWZHHQ�TXDQWXP�HQWDQJOHPHQW�DQG�VXSHUGHWHUPLQLVP��PRVW�VFLHQWLVWV�IDYRU
HQWDQJOHPHQW�d�DQG�ZLWK�LW��IUHHGRP��g,I�WKH�FRUUHODWLRQV�DUH�LQGHHG�VHW�>DW�WKH�%LJ�%DQJ@�
HYHU\WKLQJ�LV�SUHRUGDLQHG�h�/DUVVRQ�VDLG��g,�ILQG�LW�D�ERULQJ�ZRUOGYLHZ��,�FDQQRW�EHOLHYH�WKLV�ZRXOG�EH
WUXH�h
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