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Introduction:
The Universal Substrate
& The Atom

Welcome to the 36th Special Issue of the SHAPE Journal and 
WKH�¿UVW�LQ�D�ODQGPDUN�VHULHV�RXWOLQLQJ�DQ�HQWLUHO\�QHZ�DSSURDFK�
WR� 6XE�$WRPLF� 3K\VLFV�� 7KLV� ZLOO� FRQVLVW� RI� WZR� VXEVWDQWLDO�
LVVXHV�FRQWDLQLQJ�ZRUN�RI�WUXO\�JUHDW�VLJQL¿FDQFH�

6XFK� IDQIDUHV� DUH� QRW� K\SHUEROH�� ,Q� WKH� VHFRQG� RI� WKHVH�
LQVWDOOPHQWV� WKHUH� ZLOO� EH� D� IXOO� UHIXWDWLRQ� RI� WKH� WRR� ORQJ�
LQFXPEHQW�&RSHQKDJHQ�,QWHUSUHWDWLRQ�RI�4XDQWXP�7KHRU\��ERWK�
LQ�JHQHUDO��DQG�DV�D�VWXG\�RI� WKH�$WRP��)LQDOO\� WKLV� UHJUHVVLYH�
LQWHUOXGH�LQ�3K\VLFV�FDQ�EH�VWRSSHG�DQG�WKH�VFLHQFH�UH�RULHQWDWHG�
XSRQ� D�ZKROO\� QHZ� SDWK�� )RU� QRW� RQO\� LV� WKLV� D� GHEXQNLQJ� RI�
4XDQWXP� 7KHRU\�� EXW� RI� WKH� ÀDZHG� SOXUDOLVW� SRVLWLRQ� WKDW�
SUHFHGHG�LW�

7KHVH� WZR� QHZ� LVVXHV� ZLOO� EH� SXEOLVKHG� RQOLQH� LQ� TXLFN�
VXFFHVVLRQ�� VWDUWLQJ� KHUH� ZLWK� The Substrate� DQG� IROORZHG�
E\�The Atom��7KH� LVVXHV� WDFNOHG�ZLWKLQ� DUH� IXQGDPHQWDO� ERWK�
SKLORVRSKLFDOO\�DQG�SK\VLFDOO\��DQG�SUHVHQW�IRU�WKH�¿UVW�WLPH��D�
SXUHO\�SK\VLFDO�H[SODQDWLRQ�IRU�TXDQWLVDWLRQ�
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)ROORZLQJ�D�ORQJ�LQYHVWLJDWLRQ�LQWR�YDULRXV�SKHQRPHQD�UHYHDOHG�
VLQFH� WKH� GLVFRYHU\� RI� WKH� 4XDQWXP�� RYHU� D� FHQWXU\� DJR�� LW�
EHFRPHV� LQFUHDVLQJO\� FOHDU� WKDW� WKH� DQRPDOLHV� WKDW� FDPH� XS�
FRXOG�RQO\�EH�DGGUHVVHG�LQ�D�VFLHQWL¿F��H[SODQDWRU\�ZD\��E\�WKH�
DVVXPSWLRQ�RI�D�SK\VLFDO�VXEVWUDWH�¿OOLQJ�DOO�RI�VR�FDOOHG�³(PSW\�
6SDFH´��2I�FRXUVH��VXFK�D�VXEVWUDWH�ZDV�QRW�DQ�RULJLQDO�LGHD��IRU�
LW� VHHPV� DQ� LQHYLWDEOH� FRQFHSWLRQ�ZKHQ� DWWHPSWLQJ� WR� H[SODLQ�
ZKDW�DFWXDOO\�DQG�SHUVLVWHQWO\�KDSSHQV�WKHUH��VR�LW�KDV�FRPH�XS�
EHIRUH�

$W� RQH� WLPH� DOO� VFLHQWLVWV� EHOLHYHG� LQ� VXFK� D� VXEVWUDWH��ZKLFK�
WKH\�FDOOHG�The Ether��DQG�WKRXJK�LW�ZDV�HQWLUHO\�D� WKHRUHWLFDO�
FRQVWUXFW��LW�GLG�VHHP�WR�DQVZHU�PDQ\�RI�WKH�TXHVWLRQV�SRVHG�E\�
SKHQRPHQD�RI�³(PSW\�6SDFH´�

,QGHHG��LW�ZDV�RQ�WKH�EDVLV�RI�D�FRQFHLYHG�RI�(WKHU�WKDW�-DPHV�
&OHUN� 0D[ZHOO� GHULYHG� KLV� HTXDWLRQV� RI� (OHFWURPDJQHWLVP��
ZKLFK�DUH�VWLOO�XVHG�WR�WKLV�GD\�
 
%XW�� WKDW� WKHRUHWLFDO� PHGLXP� ZDV� QHYHU� IRXQG�� 7U\� DV� WKH\�
PLJKW�� WKH� VFLHQWLVWV� LQYROYHG� FRXOG� ¿QG� QRWKLQJ� WKDW� DFWXDOO\�
¿WWHG� WKH�ELOO�� DQG� WKH�ZKROH�FRQFHSW�ZDV�HYHQWXDOO\�GURSSHG�
<HW�� VLPLODU� XQGHWHFWDEOHV� KDYH� DOZD\V� EHHQ� FRQVLGHUHG�� DQG�
QHZ�RQHV�DUH�DGGHG� WR� WKH� OLVW�RI�QHFHVVDU\� VXEVWDQFHV�DOO� WKH�
WLPH��WR�³WKHRUHWLFDOO\´�H[SODLQ�DQRPDOLHV�±�IURP�'DUN�0DWWHU�WR�
'DUN�(QHUJ\��DQG�LQYLVLEOH�'LPHQVLRQV�JDORUH�

)UDQNO\�� WKHUH� KDV� WR� EH� VRPHWKLQJ� RXW� WKHUH�� ZKLFK� LV� ERWK�
VXVFHSWLEOH� WR� GLVWXUEDQFH� DQG� SRVLWLYHO\� UHDFWLYH�� EXW� ZKLFK�
FDQQRW��E\�WKH�XVXDO�PHDQV��EH�SRVLWLYHO\�DQG�GLUHFWO\�GHWHFWHG�

$V�D�WKHRUHWLFDO�H[HUFLVH��WKHUHIRUH��WKLV�UHVHDUFKHU�DWWHPSWHG�WR�
GHYLVH�D�SDUWLFOH��ZKLFK�ZDV�RI�QR�QHW�FKDUJH��QR�PDJQHWLF�HIIHFWV�
DQG�UHPDUNDEO\�QR�DSSDUHQW�PDWWHU�FRQWHQW�HLWKHU��&OHDUO\�� WKH�
RQO\�ZD\��VXFK�DQ�HQWLW\�FRXOG�SRVVLEO\�H[LVW��ZDV�E\� LW�EHLQJ�
FRPSRVHG�RI�RWKHU�VXE�SDUWLFOHV�ZLWK�RSSRVLWH�SURSHUWLHV��ZKLFK�
HIIHFWLYHO\�FDQFHOOHG�HDFK�RWKHU�RXW��ZLWKLQ�D�VWDEOH�XQLRQ��1RZ��
WKHUH�LV�D�ZHOO�HVWDEOLVKHG�PRGHO�WKDW�FRXOG�EH�XVHG�DV�D�VWDUWLQJ�
SRLQW��,W�LV��RI�FRXUVH��7KH�$WRP�

,W�PD\�QRW��LQLWLDOO\��VHHP�DSSURSULDWH��XQWLO�ZH�FRQVLGHU�LWV�)RUP�
DQG�LWV�ZLGHVSUHDG�RFFXUUHQFH�WKURXJKRXW�WKH�ZKROH�RI�NQRZQ�
5HDOLW\��

,Q�WKH�VLPSOHVW�FDVH��WKH�+\GURJHQ�$WRP��LW�FRQVLVWV�RI�D�SRVLWLYHO\�
FKDUJHG�SURWRQ��RUELWHG�E\�D�QHJDWLYHO\�FKDUJHG�HOHFWURQ��$QG�
WKLV�GHOLYHUHG�D�QHXWUDO�HQWLW\��EXW�ZLWK�DQ�HYLGHQW�QHW�0DVV�DQG�
D�PDJQHWLF� GLSROH� HIIHFW�� %XW�� LW� LV� UHPDUNDEO\� VWDEOH�� DQG� LWV�
WZR�HOHPHQWV�DUH�NHSW�DSDUW��LQ�VSLWH�RI�WKHLU�RSSRVLWH�FKDUJHV��
E\� WKH� UHODWLYH�VSHHGV� WKH\�KDG��RQ�¿UVW�HQFRXQWHU��ZKLFK�ZDV�
WUDQVIRUPHG�LQWR�WKH�VSHHG�RI�RUELWLQJ��DQG�WKXV�NHSW�WKHP�DSDUW�
,W�LV�QRW�DQ�XQXVXDO�SDWWHUQ��IRU��DV�ZH�NQRZ�LQ�&RVPRORJ\��6WDUV��
3ODQHWV��0RRQV� DQG� HYHQ� *DOD[LHV� IROORZ� YHU\� VLPLODU� VWDEOH�
SDWWHUQV�LQGHHG�

7KH� TXHVWLRQ� EHFRPHV�� ³&RXOG� ZH� FRQVWUXFW� DQRWKHU� MRLQW�
SDUWLFOH�� RQ� WKH� PRGHO� RI� WKH� DWRP�� ZKLFK� FRXOG� FDQFHO� RXW�
DOO� WKH� SURSHUWLHV� RI� LWV� FRPSRQHQW� SDUWV�� DQG� WKXV� EHFRPH�
XQGHWHFWDEOH"´�)RU��LI�WKH�WZR�FRPSRQHQWV�ZHUH�RI�H[DFWO\�HTXDO�
VL]H�DQG�RSSRVLWH�FKDUJH��ERWK�WKH�QHW�FKDUJH�DQG�WKH�PDJQHWLF�
HIIHFWV�LQ�WKH�FRPELQHG�SDUWLFOH�ZRXOG�EH�]HUR�

$OO�WKDW�UHPDLQHG�DQG�VSRLOHG�RXU�LQWHQWLRQV�ZDV�WKH�XQDYRLGDEOH�
DQG�HPLQHQWO\�GHWHFWDEOH�0DVV�

&OHDUO\��WKH�TXHVWLRQ�SUHVHQWV�LWVHOI��³&RXOG�ZH�KDYH�VXE�SDUWLFOHV�
RI�GLUHFWO\�RSSRVLWH�PDWWHU�W\SHV"´�)RU�H[DPSOH��LI�ZH�XVHG�RQH�
HOHFWURQ�DQG�RQH�SRVLWURQ��ZLWK�RQH�RI�RUGLQDU\�PDWWHU�DQG�WKH�
RWKHU�RI�DQWLPDWWHU��SHUKDSV�WKH�UHVXOW�PLJKW�EH�DQ�XQGHWHFWDEOH�
MRLQW�SDUWLFOH"�%XW��QRW�RQO\�WKDW��$V�ZLWK�WKH�DWRP��LW�FRXOG�DOVR�
FRQWDLQ�H[WUD�HOHFWURPDJQHWLF�HQHUJ\�LQ�WKH�YHU\�VDPH�ZD\��E\�
WKH�SURPRWLRQ�RI�WKH�RUELWV�WR�D�KLJKHU�HQHUJ\�OHYHO��$QG��LQ�WKH�
VDPH�ZD\� FRXOG� UHOHDVH� WKDW� HQHUJ\�YLD� WKH�GHPRWLRQ�RI� VXFK�
RUELWV�

'RHVQ¶W�WKLV�ULQJ�D�EHOO"�+DYH�ZH�QRW�GH¿QHG�D�SK\VLFDO�3KRWRQ"
,W�ZRXOG�EH�XQGHWHFWDEOH� DV� D�SDUWLFOH��EXW� FRXOG�FDUU\�HQHUJ\�
ZLWKLQ�LW�

%XW��DV�ZHOO�DV�H[LVWLQJ�DV�D�³GLVHPERGLHG´�TXDQWXP�RI�HQHUJ\��
LW� FRXOG� DOVR� H[LVW� HYHU\ZKHUH� ZLWKRXW� DQ\� H[WUD� HQHUJ\�� DQG�
EH�WRWDOO\�XQGHWHFWDEOH��LW�FRXOG�EH�WKH�EDVLV�RI�DQ�XQGHWHFWDEOH�
VXEVWUDWH�±�DV�DQ�³(PSW\�3KRWRQ´"

1RZ�� WKLV�HQWLW\��RU� VRPHWKLQJ�YHU\� OLNH� LW��PLJKW�ZHOO�DQVZHU�
TXLWH�D�IHZ�TXHVWLRQV�FXUUHQWO\�XQH[SODLQHG�LQ�0RGHUQ�3K\VLFV�
$QG��RQH�IDPRXV�H[SHULPHQW�OLWHUDOO\�FULHG�RXW�IRU�VXFK�DQ�HQWLW\�
,W�ZDV��RI�FRXUVH��7KH�'RXEOH�6OLW�([SHULPHQW��

%XW�� WR� SOD\� D� UROH� LQ� WKDW� H[SHULPHQW�� WKLV� SDUWLFOH� ZRXOG��
VRPHKRZ��KDYH� WR�EH� OLWHUDOO\�HYHU\ZKHUH�� IRUPLQJ�VRPH�NLQG�
RI� VXEVWUDWH�� 6R�� LW� ZDV�� WKHUHIRUH�� FRQFHLYHG� RI� DV� IRUPLQJ� D�
³8QLYHUVDO�3DYLQJ´�FRPSRVHG�RI� WKHVH�SDUWLFOHV�±�QRW�D� OLTXLG�
RU�D�VROLG��SXW�D�3DYLQJ�RI�GHVFUHWH�SDUWLFOHV�LQ�D�FORVH�SDFNHG�
IRUPDWLRQ��DFWXDOO\�¿OOLQJ�DOO�RI�6SDFH�

127(��$QG� WKLV�ZRXOG�EH�D�QHZ�SKDVH�RI�PDWWHU��EHFDXVH� LWV�
LQWHU�SDUWLFOH�HIIHFWV�ZRXOG�EH�DOPRVW�QRQ�H[LVWHQW��6R��ZLWKRXW�
WKH�XVXDO�HOHFWURPDJQHWLF�OLQNDJHV��LW�FHUWDLQO\�ZRXOG�EH�QRWKLQJ�
OLNH�D�VROLG�RU�D�OLTXLG��$QG��RI�FRXUVH��12�DFWLRQ�DW�D�GLVWDQFH�
ZRXOG� EH� LQYROYHG�� 7KH� VXEVWUDWH�� LWVHOI�� ZRXOG� GHOLYHU� DOO�
FRPPXQLFDWLRQV�LQ�D�EXFNHW�EULJDGH��XQLW�WR�XQLW�ZD\�

7KH� SUREOHPV� DQG� DQRPDOLHV� RI� WKH� ZKROH� UDQJH� RI� 'RXEOH�
6OLW�([SHULPHQWV�ZHUH� WDFNOHG�ZLWK� WKLV� SDYLQJ� DV� D� XQLYHUVDO�
LQWHUPHGLDU\��EHWZHHQ�WKH�PLVVLOHV�¿UHG�DW�WKH�6OLWV��DQG�¿QDOO\�
UHFRUGHG�XSRQ�DQ�XOWLPDWH�GHWHFWLRQ�VFUHHQ��DQG�HYHU\WKLQJ�ZDV�
FDXVDOO\�H[SODLQHG�

<HV��DEVROXWHO\�HYHU\WKLQJ��LQFOXGLQJ�WKH�YDQLVKLQJ�RI�SKHQRPHQD�
ZKHQ�WKLQJV�ZHUH�DWWHPSWHG�WR�EH�GHWHFWHG�LQ�YDULRXV�UHJLRQV�RI�
WKH�H[SHULPHQW�

The Invisible (yet Active)
Contents of Empty Space

Photogram: “[Wave Interference Pattern]” 
by Berenice Abbott - 1950s



&RPSDUHG� WR� WKH� XVXDO� &RSHQKDJHQ�EDVHG� VWDQGSRLQW�� ZLWK�
LWV� :DYH�3DUWLFOH� 'XDOLW\� DQG� 3UREDELOLW\� 0DWKHPDWLFV�� WKLV�
DOWHUQDWLYH� ZDV� LQ¿QLWHO\� SUHIHUDEOH�� DQG� GLGQ¶W� LQYROYH� WKH�
PDMRU� LGHDOLVWLF� UHWUHDW� RI� WKH� &RSHQKDJHQHUV�� ,W� ZDV�� LQGHHG��
ZRUWK� LQYHVWLJDWLQJ�� DQG� GHOLYHUHG� D� WKHRU\� FRQWDLQLQJ� PRUH�
2EMHFWLYH�&RQWHQW�WKDQ�WKDW�ZKLFK�LW�UHSODFHG�

$V� DOZD\V�� RI� FRXUVH�� VXFK� D� WKHRU\� FDQQRW� FODLP� WR� EH� WKH�
$EVROXWH� 7UXWK�� EXW� XVLQJ� WKH� FULWHULRQ� RI� FRQWDLQLQJ� PRUH�
2EMHFWLYH�&RQWHQW��LW�KDG�WR�UHSODFH�WKH�XVXDO�WKHRU\�

$QG�� WKH� PRVW� LPSRUWDQW� XQH[SODLQHG� SKHQRPHQRQ� LQ� 1DWXUH�
LV� VXUHO\� WKH� 3URSDJDWLRQ� RI� (OHFWURPDJQHWLF� (QHUJ\� �VXFK� DV�
/LJKW��WKURXJK�WRWDOO\�(PSW\�6SDFH��&RXOG�RXU�VXJJHVWHG�SDYLQJ�
RI�WKHVH�XQGHWHFWDEOH�SDUWLFOHV�¿W�WKH�ELOO"�7KH�DQVZHU�ZDV��RQFH�
DJDLQ��D�UHVRXQGLQJ��³<HV�´

)RU�� WKH�TXDQWD�RI� HOHFWURPDJQHWLF� HQHUJ\�FRXOG�EH�SDVVHG�RQ�
IURP�XQLW�WR�XQLW��LQ�D�EXFNHW�EULJDGH�IDVKLRQ��DQG�WKH�UHQRZQHG��
EXW�XQH[SODLQHG�FRQVWDQW�6SHHG�RI�/LJKW�ZRXOG�QRZ�EH�PHUHO\�
WKH�VSHHG�RI�WUDQVIHU�IURP�RQH�SDUWLFOH�RI�WKH�SDYLQJ�WR�WKH�QH[W�

$QG��WR�FDS�LW�DOO��WKLV�DFWXDO�SDUWLFOH�KDV�EHHQ�REVHUYHG�LQ�WKH�
7HYDWURQ� DW� )HUPLODE�� DQG� WKHUH� WHUPHG� WKH�Positronium And 
WKRXJK��LQ�WKRVH�FLUFXPVWDQFHV��LW�ZDV�VKRZQ�WR�KDYH�DQ�LQFUHGLEO\�
VKRUW�OLIHVSDQ�EHIRUH�LW�GLVVRFLDWHG�EDFN�LQWR�LWV�FRPSRQHQWV��WKDW�
LV�ZKDW�\RX�ZRXOG�H[SHFW�WR�KDSSHQ�LQ�WKDW�VWUDQJH�HQYLURQPHQW��
,W�ZDV�DQ�DVVXPHG�VWDEOH�YHUVLRQ�WKDW�ZRXOG�SOD\�WKH�UROH�ZLWKLQ�
VXFK�D�XQLYHUVDO�VWUXFWXUH�DV�D�JHQHUDO�SDYLQJ�RI�³(PSW\�6SDFH´�

1RZ��EHIRUH� HYHU\RQH�KDV� D�¿W�� OHW�XV�EH� FOHDU�ZKDW�KDV�EHHQ�
DFKLHYHG�KHUH��,W�ZDV�IURP�WKH�RXWVHW�D�SXUHO\�WKHRUHWLFDO�FRQVWUXFW�
WR�VHH�LI�VRPHWKLQJ�OLNH�WKLV�ZDV�SRVVLEOH��7KH�3RVLWURQLXP��RU�
1HXWULWURQ��DV�LWV�GHYLVRU�KDV�FDOOHG�LW��PD\�QRW�EH�³WKH�7UXWK´�
%XW��VRPHWKLQJ�OLNH�LW�PD\�DFWXDOO\�EH�LQYROYHG�

$QG��DV�LW�KDV�WXUQHG�RXW�LQ�WKLV�FRQWLQXLQJ�OLQH�RI�LQYHVWLJDWLRQV��
WKLV�SDUWLFOH�DORQH�FDQQRW�EH�WKH�VROH�LQJUHGLHQW�WKDW�SHUPHDWHV�
WKH�HQWLUH�XQLYHUVH��IRU��LQ�VSLWH�RI�LWV�VXFFHVVHV��LW�KDV�DOVR�IDLOHG�
WR�H[SODLQ��ZLWK�LWV�FXUUHQW�FRPSRVLWLRQ�DW�DQ\�UDWH��VHYHUDO�RWKHU�
PDMRU�TXHVWLRQV�WKDW�DOVR�KDYH�WR�EH�DQVZHUHG�IRU�VXFK�D�VSDFH�
¿OOLQJ� VXEVWUDWH�� )RU� H[DPSOH�� LW� FDQQRW� H[SODLQ� )LHOGV�� ERWK�
HOHFWULFDO� DQG�PDJQHWLF�� DQG� HYHQ�PRUH� LPSRUWDQWO\�� LW� FDQQRW�
H[SODLQ�*UDYLW\�

<HW��ZK\�VKRXOG�VXFK�D�VXEVWUDWH�EH�VLPSOH"�:H�OLNH�WKLQJV�WR�
EH�VLPSOH�DQG�HOHJDQW�EXW�WKLV�GRHVQ¶W�PHDQ�WKDW�WKH\�DUH��:K\�
VKRXOG�LW�FRQWDLQ�RQO\�RQH�NLQG�RI�HOHPHQWDU\�XQLW"

:H� KDYH� D� JRRG�� JHQHUDO� DQDORJLVWLF� PRGHO�� LQYROYLQJ� WKH�
FDQFHOOLQJ�RXW�RI�SURSHUWLHV�YLD�PXWXDOO\�RUELWLQJ�VXE�SDUWLFOHV�
&RXOG� QRW� VSDFH� EH� ¿OOHG� ZLWK� D� YDULHW\� RI� VXFK� VLPLODUO\�
XQGHWHFWDEOH� XQLWV�� EXW� ZLWK� GLIIHUHQW� FRQWHQWV� DQG� PRGHV� RI�
H[LVWHQFH"�8VLQJ�WKH�VDPH�EDVLF�SUHPLVHV��LW�LV�VXUHO\�SRVVLEOH�
WR� GHYLVH� RWKHU� MRLQW� SDUWLFOHV� ZLWK� GLIIHUHQW� SURSHUWLHV� WR� WKH�
1HXWULWURQ��ZKLFK�EHFDXVH�RI�WKHLU�GLIIHUHQFHV�PD\�ZHOO�EH�DEOH�
WR�GHOLYHU�DOO�WKH�DV�\HW�XQH[SODLQHG�IHDWXUHV"

7KH�QHFHVVDU\�WKHRUHWLFDO�OLQH�ZDV�REYLRXV��

&RXOG� ZH�� WKHRUHWLFDOO\�� GHYLVH� RWKHU� XQGHWHFWDEOH� SDUWLFOHV��
ZKLFK�FRXOG�GHOLYHU�WKH�RWKHU�SKHQRPHQD"�

$QG��LQ�WKH�LQLWLDO�DWWDFN�XSRQ�HOHFWURVWDWLF�¿HOGV��LW�ZDV�DWWHPSWHG�
XVLQJ�WKLV� WLPH�� WKH�SDLU�RI�PLUURU�LPDJH�MRLQW�SDUWLFOHV��ZKLFK�
LQ� HTXDO� QXPEHUV�� DQG�PRYLQJ� DERXW� UDQGRPO\� FRXOG� DOVR� EH�
HIIHFWLYH�HQ�PDVV�±�IRU�WKH\�ZRXOG�FDQFHO�RXW�RYHU�WKH�SRSXODWLRQ�
LQVWHDG�RI�ZLWKLQ�HDFK�DQG�HYHU\�MRLQW�SDUWLFOH��$QG��E\�PDNLQJ�
WKH� MRLQW� SDLUV� WKRVH� RI� XQHTXDOO\�VL]HG� SDUWLFOHV�� WKHVH� FRXOG�
GHOLYHU�HIIHFWV�WKDW�WKH�1HXWULWURQV�FRXOG�QRW�

1RZ��WKLV�UHVHDUFK�LV�VWLOO�LQ�WKH�HDUO\�VWDJHV��EXW�DOUHDG\�VHYHUDO�
FRQFHSWV� KDYH� EHHQ� FRQVLGHUHG� ±� WKH� VWDWLF� SDYLQJ�$1'� WKH�
UDQGRPO\�PRYLQJ��JDV�OLNH�HQWLWLHV�

%XW��DV�ZLWK�WKH�PDWWHU�VWDWHV�RI�6ROLG��/LTXLG�DQG�*DV��ZH�FDQ�
FRQFHLYH�RI�GLIIHUHQW�VWDWHV�RU�SKDVHV��ZKLFK�FRXOG�DFW�WRJHWKHU�
WR�XOWLPDWHO\�GHOLYHU�DOO� WKH�SKHQRPHQD�RFFXUULQJ� LQ� VR�FDOOHG�
³(PSW\�6SDFH´��D�VSDFH�WKDW�LV�LQ�IDFW�DQ\WKLQJ�EXW�HPSW\��

7KH�UHVHDUFK�SURFHHGV�

Invisible Atoms
/HW�XV�FRQVLGHU�WKH�XVXDO�PRGHO�RI�WKH�DWRP��DQG�LWV�DELOLW\�
WR� KROG� HQHUJ\� LQWHUQDOO\� YLD� WKH� RUELW� RI� LWV� RXWHUPRVW�
HOHFWURQ��1RZ��ZH�KDYH�D�ZRUNDEOH�WKHRU\�WKDW�OLPLWV�WKH�
SRVVLEOH�RUELWV�WR�D�VHW�RI�GHVFUHWH�UDGLL��VR�WKDW�LQFRPLQJ�
HQHUJ\�FDQ�SURPRWH�VXFK�DQ�RUELW��ZKLOH�RXWJRLQJ�HQHUJ\�
GHPRWHV� VXFK� DQ� RUELW� WR� D� ORZHU� DOORZHG� OHYHO�� ,I� WUXH��
ZH�KDYH�D�GLUHFW�UHODWLRQ�EHWZHHQ�HQHUJ\�DQG�WKHVH�RUELWV��

,I�LW�KDG�RQO\�RQH�SRVVLEOH�SURPRWHG�RUELW�DERYH�LWV�LQWULQVLF�
EDVH�OHYHO��WKHQ�WKLQJV�ZRXOG�EH�GLIIHUHQW��EXW�WKHUH�DUH�LQ�
IDFW�PDQ\�RI�WKHVH�OHJLWLPDWH�RUELWV��DQG�D�GHPRWLRQ�LV�QRW�
DOZD\V� GRZQ� WR� WKH� ERWWRPPRVW�� EDVH� OHYHO�� EXW� FDQ� EH�
EHWZHHQ� SURPRWHG� OHYHOV��7KXV�� WKH� DFWXDO� IUHTXHQF\� RI�
WKH�RUELWLQJ�HOHFWURQ�LV�127�WKH�IUHTXHQF\�RI�WKH�RXWJRLQJ�
TXDQWXP�RI�HOHFWURPDJQHWLF�HQHUJ\��,W�UHODWHV�WR�WKH�HQHUJ\�
GLIIHUHQFH�EHWZHHQ�WKH�WZR�OHYHOV�LQYROYHG�

+HQFH��RXU�FRQFOXVLRQ�LV�FRQ¿UPHG��LW�LVQ¶W�D�SK\VLFDOO\�FRPPXQLFDWHG�IUHTXHQF\�WKDW�LV�GHOLYHUHG��EXW�D�IUHTXHQF\�GLUHFWO\�GHWHUPLQHG�E\�
WKH�HQHUJ\�GLIIHUHQFH�EHWZHHQ�OHYHOV��6R��RUELWV�DQG�RVFLOODWLRQV�DUH�PHUHO\�WKH�PRGHV�RI�H[LVWHQFH�RI�HQHUJ\��DQG�DV�SK\VLFDO�PRYHPHQWV�
FDQ�EH�FRPPXQLFDWHG�IURP�D�VRXUFH�DWRP�WR�VRPHWKLQJ�HOVH��ZLWK�VLPLODU�FDSDELOLWLHV�

7KH�LGHD�RI�WKH�WRWDOO\�GLVHPERGLHG�TXDQWXP�RI�HQHUJ\��LQ�WKHVH�WHUPV��VHHPV�PHDQLQJOHVV�

1RZ��WKH�DVVXPSWLRQ�RI�DQ�LQYLVLEOH�PHGLXP��FRPSRVHG�RI�SK\VLFDO��\HW�XQGHWHFWDEOH�SDUWLFOHV��LV�WKH�EHWWHU�FRQFHSWLRQ�IRU�KRZ�VXFK�TXDQWD�
FRXOG�EH�SURSDJDWHG�DFURVV�ZKDW�DSSHDUV�WR�EH�WRWDOO\�(PSW\�6SDFH��%XW��LQ�VSLWH�RI�WKH�DWWUDFWLRQ�RI�WKLV�LGHD��WKH�IDLOXUH�WR�GHWHFW�VXFK�
D�PHGLXP�ZDV�D�PDMRU�SUREOHP��6FLHQFH�VKHOYHG�WKH�LVVXH��\HW�FRQWLQXHG�WR�XVH�-DPHV�&OHUN�0D[ZHOO¶V�HTXDWLRQV�RI�(OHFWURPDJQHWLVP��
ZKLFK�ZHUH�GHULYHG�RQ�WKH�DVVXPSWLRQ�RI�D�SK\VLFDO��LI�XQGHWHFWDEOH��PHGLXP�

,W�ZDV��DV�LV�FRPPRQ�ZKHQ�VXFK�DQ�LPSDVVH�LV�HQFRXQWHUHG��D�SUDJPDWLF�¿[��%XW��DIWHU�WKH�GLVFRYHU\�RI�WKH�TXDQWXP��DQG�PDQ\�HYLGHQW�
DQRPDOLHV��WKLV�KROH�LQ�WKHRU\��MXVW�KDG�WR�EH�DGGUHVVHG��&RXOG�WKHUH�EH�D�PHGLXP�FRPSRVHG�RI�UHDO��\HW�XQGHWHFWDEOH��SDUWLFOHV��ZKLFK��RQ�
WKH�PRGHO�RI�WKH�NQRZQ�DWRP��FRXOG�KDQGOH�WKHVH�TXDQWD�RI�HQHUJ\��LQ�VXFK�D�ZD\�DV�WR�SURSDJDWH�LW�RYHU�ZKDW�RWKHUZLVH�ZRXOG�EH�VHHQ�DV�
WRWDOO\�(PSW\�6SDFH"�$QG��LI�WKLV�VXEVWUDWH�FRQVLVWHG�RI�PXWXDOO\�RUELWLQJ�SDLUV��RQ�WKH�PRGHO�RI�WKH�DWRP���EXW�DW�WKH�VDPH�WLPH�QHXWUDO�
LQ�HYHU\�DVSHFW��WKHQ�WKH�SUREOHPV�FRXOG�EH�VROYHG�

,W�ZDV�WKHVH�FRQVLGHUDWLRQV�WKDW�OHG�WR�WKH�WKHRUHWLFDO�GH¿QLWLRQ�RI�WKH�(PSW\�3KRWRQ�RU�Neutritron�

Defining the Neutritron
7KLV�LV�D�MRLQW�SDUWLFOH�FRQVLVWLQJ�RI�WZR�PXWXDOO\�RUELWLQJ�VXE�SDUWLFOHV��

2QH�LV�DQ�HOHFWURQ���QHJDWLYHO\�FKDUJHG�DQG�FRPSRVHG�RI�RUGLQDU\�PDWWHU�

7KH�RWKHU�LV�D�SRVLWURQ���SRVLWLYHO\�FKDUJHG�DQG�FRPSRVHG�RI�DQWLPDWWHU��

7KXV��WR�RXU�XVXDO�PHWKRGV�RI�GHWHFWLRQ�WKLV�HQWLW\�LV�invisble��$QG�\HW�LWV�MRLQW�RUELW�FRXOG�EH�SURPRWHG�E\�DEVRUELQJ�HQHUJ\��DQG�GHPRWHG�
E\�LWV�UHOHDVH���MXVW�OLNH�LQ�DQ�DWRP��6XFK�D�SDUWLFOH�FRXOG�IHDVLEO\�SURSRJDWH�HOHFWURPDJQHWLF�HQHUJ\�YLD�D�EXFNHW�EULJDGH�WUDQIHU�RI�HQHUJ\�
IURP�XQLW�WR�XQLW�RI�D�VXEVWUDWH��SDYLQJ�RI�VSDFH��FRQVLVWLQJ�RI�VXFK�1HXWULWURQV�LQ�FORVH�SUR[LPLW\�WR�RQH�DQRWKHU�

$OVR��LI�E\�VRPH�WUDQVLWLRQ�WRR�PXFK�HQHUJ\�ZHUH�HQGRZHG�WR�VXFK�D�XQLW��LW�ZRXOG�GLVVRFLDWH�LQWR�LWV�FRPSRQHQWV���DQ�HOHFWURQ�DQG
D�SRVLWURQ���JLYLQJ�XV�D�SK\VLFDO�H[SODQDWLRQ�IRU�WKH�ZHOO�NQRZQ�SKHQRPHQRQ�FDOOHG�Pair Production!

:KLOH�LQ�WKH�RSSRVLWH�GLUHFWLRQ�D�VHSDUDWHG�SDLU�RI�WKHVH�VDPH�FRPSRQHQWV
ZLWK�WKH�DSSURSULDWH�RULHQWDWLRQV�DQG�VSHHGV��FRXOG�VHHPLQJO\�YDQLVK
E\�IRUPLQJ�D�QHZ�PXWXDOO\�RUELWLQJ�SDLU���JLYLQJ�XV�D�SK\VLFDO�
H[SODQDWLRQ�IRU�3DLU�$QQLKLODWLRQ�

$�)LQDO�3RLQW��$OO�WKH�DQRPDOLHV�RI�WKH�IDPHG�'RXEOH�6OLW�H[SHULPHQWV�
FDQ�DOVR�EH�SK\VLFDOO\�H[SODLQHG�E\�WKH�SUHVHQFH�RI�D�XQLYHUDO�VXEVWUDWH
RI�WKHVH�MRLQW�HQWLWLHV��ZLWKRXW�DQ\�UHFRXUVH�ZKDWVRHYHU�WR�WKH�FRQVHQXV
&RSHQKDJHQLVW�VWDQFH�



,Q�FRQVLGHULQJ�ERWK�WKH�RULJLQDWLRQ�DQG�WKH�SURSDJDWLRQ�RI�TXDQWD�
RI�HOHFWURPDJQHWLF�HQHUJ\��ZH�PXVW�JR�D�OLWWOH�GHHSHU�LQ�FRPSDULQJ�
WKH�DWRP�DQG�WKH�QHXWULWURQ��)RU�WKRXJK�DWRPV�KDYH�WKHLU�RZQ�VHW�
RI�TXDQWL]HG�HQHUJ\�OHYHOV�IRU�WKHLU�RUELWLQJ�HOHFWURQV��ZKLFK�DUH�
GHWHUPLQHG�E\�WKH�QDWXUH�RI�WKH�VXEVWDQFH�RI�ZKLFK�WKH�DWRP�LV�
WKH�VPDOOHVW�XQLW��WKDW�FDQQRW�EH�VDLG�RI�WKH�QHXWULWURQ��IRU�LW�LV�
VXSSRVHG�WR�SURSDJDWH�$//�SRVVLEOH�TXDQWD�IURP�$//�SRVVLEOH�
DWRPV��6R��LW�FDQQRW�KDYH�VXFK�D�SUHGHWHUPLQHG�VHW�RI�DOORZDEOH�
OHYHOV��LW�PXVW�DFFRPPRGDWH�DEVROXWHO\�DOO�SRVVLEOH�TXDQWD�IURP�
DOO�SRVVLEOH�VRXUFHV��ZLWKLQ�TXLWH�ZLGH�OLPLWV��

1RZ� WKRXJK� WKH� QHXWULWURQ� KDQGOHV� DOO� SRVVLEOH� TXDQWD� IURP�
DWRPV�� LW� ZLOO� QRW� EH� DEOH� WR� KDQGOH� DQ\� EH\RQG� D� FHUWDLQ�
PD[LPXP�WKUHVKROG�YDOXH��)RU��DERYH�WKDW��WKH�QHXWULWURQ�LWVHOI�
ZRXOG� GLVVRFLDWH� LQWR� LWV� FRPSRQHQWV� ±� RQH� HOHFWURQ� DQG� RQH�
SRVLWURQ��3DLU�3URGXFWLRQ��

7KH�DWRP�LV�YHU\�GLIIHUHQW��)RU��LQVWHDG�RI�D�FRPSOHWHO\�ÀH[LEOH�
FDSDFLW\�� LW� FDQ� RQO\� GHDO� LQ� D� ¿[HG� UDQJH� RI� GHVFUHWH� HQHUJ\�
OHYHOV�� DQG�FRQVHTXHQWO\�GHVFUHWH�YDOXHV� IRU� WKH�TXDQWD� WKDW� LW�
FDQ�DEVRUE�DQG�HPLW��,W�LV�WKLV�YHU\�IHDWXUH�WKDW�DOORZV�WKH�W\SH�RI�
DWRP�IURP�ZKLFK�HQHUJ\�KDG�RULJLQDWHG�WR�EH�SUHFLVHO\�GH¿QHG�
DQG� UHFRJQLVHG�� :KLOH�� WKH� QHFHVVDU\� LQWHUPHGLDU\�� DOORZLQJ�
WKH�SURSDJDWLRQ�RI�VXFK�HQHUJ\�� WKRXJK�VLPLODU� LQ�PDQ\�ZD\V��
0867�EH�FDSDEOH�RI� WUDQVIHUULQJ�DOPRVW�DQ\�VL]H�TXDQWD�� ,W� LV�
HYHQ�SRVVLEOH� WR� VWDWH� FDWHJRULFDOO\� WKDW� LW� LV� WKH� W\SH�RI� DWRP�
LQYROYHG��ZKLFK�GHWHUPLQHV�WKH�SUHFLVH�QDWXUH��ERWK�LQ�IUHTXHQF\�
DQG�HQHUJ\�DPRXQW�WKDW�DUH�SURSDJDWHG�WKURXJKRXW�WKH�8QLYHUVH��
7KH�RULJLQDO� VRXUFH�DOZD\V�EHLQJ�ZKDW�GHWHUPLQHG� WKDW��ZKLOH�
WKH�QHXWULWURQV�RI�WKH�VXEVWUDWH��KDYH�QR�VXFK�OLPLWDWLRQV��DQG�FDQ�
KDQGOHV�DOO�VL]HV�RI�TXDQWXP��XS�WR�LWV�XSSHU�GLVVRFLDWLRQ�OLPLW��

/HW�XV�SUREH�D�OLWWOH�IXUWKHU��7KH�RQO\�VWDEOH�VWDWH�RI�DQ�HOHFWURQ�
RUELWLQJ�ZLWKLQ� D� SDUWLFXODU� W\SH� RI� DWRP�KDV� WR� EH� LQ�ZKDW� LV�
WHUPHG� LWV� %DVH� 6WDWH�� 7KLV� VWDWH� LV� GHWHUPLQHG� E\� WKH� DFWXDO�
FRQVWUXFWLRQ�RI� WKH�DWRP�� LW� LV� LQWULQVLF� WR� WKH�DWRP�FRQWLQXLQJ�
WR�H[LVW��$OO�SRVVLEOH�OHYHOV��DERYH�WKLV�EDVH�OHYHO��DUH�WUDQVLWRU\��
XQOHVV�WKH�FRQWH[W��LQ�ZKLFK�WKH�DWRP�H[LVWV��LV�VXFK�DV�WR�SUHYHQW�
LW� XQORDGLQJ� WKDW� HOHYDWHG�TXDQWXP�RI� HQHUJ\��$QG�� WKLV� FRXOG�
RQO\�EH�WKH�FDVH�LI�WKHUH�ZDV�QRZKHUH�FORVH�IRU�WKH�TXDQWXP�WR�
EH�UHOHDVHG�WR��

1RZ��VXFK�D�FRQGLWLRQ�LV�D�SURIRXQG�FRQVHTXHQFH��ZKLFK�LV�RQO\�
OLNHO\�� LI� DOO� RWKHU� QHDUE\� DWRPV� DUH� DOUHDG\� SURPRWHG� LQ� WKH�
YHU\�VDPH�ZD\��7KH�JHQHUDO�VWDWH�RI�WKH�VXEVWDQFH�LQYROYHG�FDQ�
SUHYHQW�GHPRWLRQ�DQG�UHOHDVH��RWKHUZLVH��WKH�SURPRWHG�VLWXDWLRQ�
ZLOO� LPPHGLDWHO\� GHPRWH� WR� UHOHDVH� LWV� TXDQWXP�� 7KH� RQO\�
FRQGLWLRQ�LV�WKDW�WKHUH�LV�DQ�XQ�SURPRWHG�DWRP�QHDUE\�WR�UHFHLYH�
WKDW� TXDQWXP�� %XW�� LI� DOO� WKH� LQWHUVWLFHV� RI� 6SDFH� ZLWKLQ� WKDW�
DWRP¶V� YLFLQLW\� ZHUH� RFFXSLHG� ZLWK� DOUHDG\� ¿OOHG� QHXWULWURQV��
ZLWK�QR�EXLOW�LQ�TXDQWL]HG�OHYHOV��WKHQ��WKH�RQO\�RSWLRQ�WKDW�WKH�
TXDQWXP�ZRXOG�KDYH��ZRXOG�EH�WR�VWD\�ZKHUH�LW�ZDV��ZLWKLQ�LWV�
FXUUHQW� DWRP��6XFK� VLWXDWLRQV� LQ� VXFK�FLUFXPVWDQFHV�ZRXOG�EH�
QRUPDO��DV�ZLWK�VXFK�HDVH�RI�SURSDJDWLRQ��HQHUJ\�ZRXOG�PRYH�
LQWR�D� ORFDOLW\�XQWLO�DOO�XQLWV�RI� WKH�VXEVWUDWH�ZHUH�DW� WKH�VDPH�
OHYHO��DQG��IURP�WKHUH��DQ\�DWRPV�ZRXOG�EH�SURPRWHG�JHQHUDOO\�
WR�HTXDO�OHYHOV�WRR�

<RX�FDQ¶W�QDWXUDOO\�PRYH�XSKLOO��VR�WKH�TXDQWXP�ZLOO�VWD\�ZKHUH�
LW�ZDV��&OHDUO\��ZH�FDQQRW�GHDO�ZLWK�WKH�LVVXHV�DGGUHVVHG�KHUH��
E\� WUHDWLQJ�DQ�DWRP�DQG� LWV�HOHYDWHG� LQWHUQDO�VWDWH� LQ� LVRODWLRQ��
,W�ZLOO�EHKDYH�GLIIHUHQWO\�GHSHQGLQJ�XSRQ� LWV�&RQWH[W�� ,QGHHG��
ZLWKLQ� D� JLYHQ� FRQWH[W�� ZKLFK� LV� HYHU\ZKHUH� HOHYDWHG� WR� WKH�
VDPH� OHYHO�� WKH�TXDQWD�ZLWKLQ� DWRPV�ZLOO� VWD\�ZKHUH� WKH\�DUH��
%XW�� DQ� DWRP� HOHYDWHG� ZLWKLQ� D� FRQWH[W� WKDW� KDV� QRW� EHHQ� VR�
HOHYDWHG�� ZLOO� LPPHGLDWHO\� XQORDG� LWV� TXDQWXP� WR� WKH� QHDUHVW�
DYDLODEOH� UHFLSLHQW�� ,W� FRXOG� EH� DQRWKHU� DWRP�� EXW� LQ� WKH�PRVW�
JHQHUDO�FRQWH[W��LW�ZLOO�EH�WR�D�XQLW�RI�WKH�VXEVWUDWH���D�QHXWULWURQ��
ZKLFK��LWVHOI��EHLQJ�WKHQ�HOHYDWHG��ZLOO�LPPHGLDWHO\�GHFDQW�WR�WKH�
QH[W�DYDLODEOH�XQLW���XVXDOO\�DQRWKHU�QHXWULWURQ�

1RZ��EHFDXVH�ZH�DUH�DVVXPLQJ�D�FRPPRQ�PHDQV�RI�SURSDJDWLRQ��
YLD� D� XQLYHUVDO� VXEVWUDWH� RI� VXFK� QHXWULWURQV�� ZKDWHYHU� WKH�
RULJLQDO� WUDQVPLWWLQJ� DWRP�� DQG� ZKDWHYHU� WKH� VL]H� DQG� QDWXUH�
RI�WKH�TXDQWXP�LQYROYHG��ZH�DUH�FOHDUO\�GHDOLQJ�ZLWK�GLIIHUHQW�
HQWLWLHV�ZKHQ�WDONLQJ�DERXW�DWRPV�DQG�QHXWULWURQV�

127(�� ,Q� &RXGHU¶V� :DONHU� H[SHULPHQWV�� KH� ZDV� DEOH� WR�
SURGXFH�KLV�:DONHUV�PHUHO\�E\� WKH� LQWHUDFWLRQV��ERWK�UHVRQDQW�
DQG� UHFXUVLYH�� RI� YLEUDWLRQV�ZLWKLQ� D� VLQJOH� VXEVWUDWH��$1'� D�
UHPDUNDEOH� DQG� FRQWULEXWLQJ� VXE� PRGH� RI� WKH� VDPH� VXEVWUDWH�
DV�D�ERXQFLQJ�GURS��%XW��ZKHQ�KH�DGGHG�DQ�RYHUDOO�URWDWLRQ�WR�
WKH�ZKROH�VHW�XS��KH�ZDV�DEOH�WR�SURGXFH�TXDQWL]HG�RUELWV�WR�KLV�
:DONHUV�

1RZ��WKH�DQDORJ\�LV�REYLRXV��DQG�PD\�WXUQ�RXW�WR�EH�FUXFLDOO\�
LPSRUWDQW��7KH�DWRP�ZLWK�TXDQWL]DWLRQ�LV� OLNH�WKH�:DONHU�ZLWK�
DQ�RYHUDOO�URWDWLRQ��ZKLOH�WKH�QHXWULWURQ�LV�PRUH�OLNH�WKH�:DONHU�
EHIRUH�WKH�TXDQWL]DWLRQV�ZHUH�SURGXFHG�E\�WKH�DGGHG�URWDWLRQ�

2I� FRXUVH�� VXFK� DQDORJLHV� DUH� DOZD\V� ERWK� VLPSOL¿HG� DQG�
LGHDOLVHG� PRGHOV�� EXW� WKH\� FDQ�� QHYHUWKHOHVV�� KDYH� PRUH�
2EMHFWLYH� &RQWHQW� ±� PRUH� DVSHFWV� RU� SDUWV� RI� WKH� WUXWK�� DQG�
WKHUHIRUH� GHOLYHU� OHJLWLPDWH� VWHSV� IRUZDUG�� WKH\� FDQ� FHUWDLQO\�
UHSODFH�ZKDW�VR�HYLGHQWO\�GHOLYHUV�OHVV�

2QH�PDMRU�LPSOLHG�UXOH�VHHPV�QHFHVVDU\�WR�EH�RYHUWO\�H[SUHVVHG�
KHUH��2QFH� IRUPHG�� D�TXDQWXP�RI� HOHFWURPDJQHWLF�HQHUJ\�ZLOO�
UHVLGH�LQ�DQ�DSSURSULDWH�YHKLFOH�±�EH�LW�DQ�DWRP�RU�D�QHXWULWURQ��
DQG�ZLOO�QRW�EH�DEOH�WR�EH�HURGHG�RU�GLYLGHG�LQ�DQ\�ZD\��,W�ZLOO�
UHWDLQ�LWV�FKDUDFWHULVWLFV�LQ�DOO�VXEVHTXHQW�WUDQVIHUV�EHWZHHQ�VXFK�
YHKLFOHV�

7KH� SUREOHP� RI� WKH� DWRP� VHHPV� WR� EH� WKDW� LWV� VWUXFWXUH� ZLOO�
RQO\� DOORZ� FHUWDLQ� ¿[HG� �TXDQWL]HG�� LQWHUQDO� OHYHOV�� ZKHUHDV�
WKH� QHXWULWURQ� KDV� QR� VXFK� OLPLWDWLRQV� �DSDUW�� WKDW� LV�� IURP� LWV�
GLVVRFLDWLRQ�� GXH� WR� D� WRR� ODUJH� D� JREEHW� RI� HQHUJ\� WUDQVIHU���
LW� ZLOO� WDNH�� UHWDLQ� DQG�PDLQWDLQ�ZKDW� LV� JLYHQ� WR� LW�� XQWLO� WKH�
FRQGLWLRQV� IRU� DQ� XQORDGLQJ� RFFXU�� ZKHQ� LW� ZLOO� LPPHGLDWHO\�
GHOLYHU�WKDW�TXDQWXP�

Apples & Oranges
Handling Quanta



:KDW�LV�UDSLGO\�EHFRPLQJ�FOHDU��IROORZLQJ�WKH�DVVXPSWLRQ�RI�D�
8QLYHUVDO��\HW�LQYLVLEOH��6XEVWUDWH��HPEUDFLQJ�WKH�HQWLUH�&RVPRV��
LV� WKDW� VHYHUDO�KLHUDUFKLFDO� OHYHOV�PXVW�H[LVW�EHORZ� WKDW�RI�RXU�
OLWHUDOO\�EHORYHG�)XQGDPHQWDO�3DUWLFOHV�

,QGHHG�� RQFH� WKH� NQRZQ� SKHQRPHQD� RI� WKHVH� SUHYLRXVO\�
FRQVLGHUHG�ERWWRP�PRVW� HQWLWLHV� RI�5HDOLW\� DUH� VLWXDWHG�ZLWKLQ�
VXFK�D�VXEVWUDWH��UDWKHU�WKDQ�WKH�FXUUHQW�LGHD�RI�D�WRWDOO\�(PSW\�
6SDFH��LW�SURGXFHV��LPPHGLDWHO\��DW�OHDVW�WZR�H[WUD�OHYHOV�

,QLWLDOO\��D�VXEVWUDWH�ZDV�GHYLVHG�DV�FRPSRVHG�HQWLUHO\�RI�XQLWV�
�QHXWULWURQV���ZKLFK�ZHUH�� WKHPVHOYHV�� D� XQLRQ�RI� WZR� DOUHDG\�
NQRZQ�VXE�SDUWLFOHV�PXWXDOO\�RUELWLQJ�RQH�DQRWKHU��LQ�D�FORVHO\�
VLPLODU�ZD\�WR�WKH�XVXDO�PRGHO�RI�WKH�DWRP��7KLV�ZDV�VXJJHVWHG��
LQLWLDOO\�WKHRUHWLFDOO\��DV�D�PHDQV�RI�FDXVLQJ�WKH�MRLQW�SDUWLFOH¶V�
LQYLVLELOLW\�GHOLYHUHG�E\�TXLWH�QRUPDO�DQG�ZHOO�NQRZQ�SURSHUWLHV��
ZKLFK�� QHYHUWKHOHVV�� PDGH� WKHP� XQGHWHFWDEOH� GLUHFWO\� E\� WKH�
XVXDO�PHWKRGV��7KH� VXE�SDUWLFOHV�ZHUH�RI�RSSRVLWH�FKDUJH�DQG�
PDWWHU�W\SH��\HW�ZHUH�H[DFWO\�HTXDO�LQ�VL]H�WR�RQH�DQRWKHU�

7KH�UHVXOWLQJ�XQLW��WKH�QHXWULWURQ���DOUHDG\�REVHUYHG�DW�)HUPLODE�
DQG�WKHUH�QDPHG�WKH�SRVLWURQLXP���ZDV��EHFDXVH�RI�WKH�FDQFHOOLQJ�
SURSHUWLHV�RI�LW¶V�FRPSRQHQWV��PDGH�LQYLVLEOH��XQGHWHFWDEOH���\HW�
FRXOG�ERWK�KROG�DQG�GHOLYHU�JREEHWV�RI�HOHFWURPDJQHWLF�HQHUJ\��
DQG�KHQFH�¿QDOO\�UHPRYH�WKH�DQRPDO\�RI�VR�FDOOHG�GLVHPERGLHG�
UDGLDWLRQ� EHLQJ� DQ� RVFLOODWLRQ� RI� QRWKLQJ� LQ� D� WRWDOO\� (PSW\�
6SDFH��,W�DOVR�UHPRYHG�DOO�WKH�RWKHU�DQRPDOLHV�WKURZQ�XS�E\�WKH�
LQIDPRXV�'RXEOH�6OLW�([SHULPHQWV�

<HW��DV�<YHV�&RXGHU¶V�H[SHULPHQWV�KDYH�VKRZQ��VXFK�D�VXEVWUDWH�
�LQ�KLV�FDVH�VLOLFRQH�RLO��FRXOG��HQWLUHO\�DORQH��GHOLYHU�SKHQRPHQD�
VXFK�DV�KLV�IDPRXV�:DONHUV��ZLWKRXW�WKH�LQYROYHPHQW�RI�DQ\�RWKHU�
HQWLWLHV�ZKDWVRHYHU��&RXGHU¶V�:DONHUV�ZHUH�PHUHO\�SKHQRPHQD�
RI�KLV�VXEVWUDWH�DORQH��DIIHFWHG�E\�D�VHW�RI�RVFLOODWLRQV�LQWHUDFWLQJ�
ZLWK� RQH� DQRWKHU� LQ� D� UHPDUNDEOH� ZD\�� 6R�� $Q\� 8QLYHUVDO�
VXEVWUDWH�VKRXOG�GHOLYHU�VLPLODU�SKHQRPHQD�DOVR��1RZ��HYHQ�WKH�
VXJJHVWHG�H[WUD�OHYHOV�DUH�XQOLNHO\�WR�FRYHU�DOO�SRVVLELOLWLHV�

7KH� QHXWULWURQ�� IRU� H[DPSOH�� FRXOGQ¶W� H[SODLQ� HOHFWURPDJQHWLF�
¿HOGV� VXEWHQGHG� LQWR� ZKDW� ZDV� XVXDOO\� FRQVLGHUHG� WR� EH�
(PSW\� 6SDFH��$QG�� HYHQ� ZKHQ� RWKHU� LQYLVLEOH� SDUWLFOHV� ZHUH�
DOVR� LQFOXGHG�� ZKLFK� FRXOG�� LQGHHG�� GHOLYHU� VXFK� SKHQRPHQD��
WKHUH� VWLOO� UHPDLQHG� WKH� RXWVWDQGLQJ� SUREOHP� RI�*UDYLW\� WR� EH�
H[SODLQHG�

&OHDUO\��WKLV�QHZ�DSSURDFK�LV�LQVLVWHQWO\��DQG�SULPDULO\��SK\VLFDO�
±�DQG�QRW�DW�DOO�IRUPDO�

6R��(LQVWHLQ¶V�SXUHO\�IRUPDO�6SDFH�7LPH�&RQWLQXXP�ZLOO�KDYH�
WR�EH�H[SODLQHG�physically��LQ�WHUPV�RI�D�UHDO�SK\VLFDO�OHYHO�WRR�
,QGHHG�� LW� LV� HYHQ� PRUH� LQYROYHG� WKDQ� WKDW�� 7KHRUHWLFDO�
LQYHVWLJDWLRQV� KDYH� SODFHG� WKH� QHZ� 8QLYHUVDO� 6XEVWUDWH� QRW�
RQO\� VXUURXQGLQJ� DOO� RI� 5HDOLW\¶V� PDWHULDO� REMHFWV�� EXW� DOVR�
HYHQ�ZLWKLQ� WKH� DWRPV� WKHPVHOYHV� ±� ¿OOLQJ� WKHLU� LQQHU� VSDFHV�
WRR�� DQG� FUHDWLQJ� D� YHU\� GLIIHUHQW� HQYLURQPHQW� IURP� VR�FDOOHG�
(PSW\�6SDFH��,QGHHG��ZLWKLQ�DWRPV��ZKROO\�QHZ�SKHQRPHQD�DUH�
DOUHDG\�NQRZQ�±� VXFK� DV� WKH�XQH[SODLQHG� VWDELOLW\�RI� HOHFWURQ�
RUELWV��DQG�WKHLU� ODFN�RI�HQHUJ\�ORVVHV��ZKLFK�LQ�XQFRQVWUDLQHG�
FLUFXPVWDQFHV�ZRXOG�QRUPDOO\�EH�WKH�FDVH�LQ�VLPLODU�FLUFDVHV�DW�

RWKHU� OHYHOV��6RPHKRZ�� WKH�VWDELOLW\�RI�VXFK�RUELWV� LV�DFKLHYHG�
SK\VLFDOO\��DQG�WKDW�ZLOO�FHUWDLQO\�UHTXLUH�D�IXOO�H[SODQDWLRQ�

1RWH�� 3K\VLFLVWV� IDPLOLDU�ZLWK� WKH�+LVWRU\� RI� WKH� 6XE�$WRPLF�
5HDOP� ZLOO� EH� DZDUH� RI� WKH� YDULRXV� DWWHPSWV� WR� RSSRVH� WKH�
&RSHQKDJHQ�UHWUHDW��E\�DOVR�FRQVLGHULQJ�+LGGHQ�/HYHOV��'DYLG�
%RKP¶V�LGHDV�ZHUH�RI�WKLV�QDWXUH��WKRXJK�KH�ZDV�QHYHU�DEOH�WR�
UHYHDO�ZKDW�DQ\�RI�WKHVH�KLGGHQ�OHYHOV�FRXOG�EH�

%XW��LW�PXVW�EH�HPSKDVLVHG�WKDW�$//�WKH�DOWHUQDWLYHV��LQFOXGLQJ�
(LQVWHLQ¶V� VWDQFH���ZHUH�FRPSURPLVHG�DW� D�PXFK�GHHSHU� OHYHO�
,QGHHG�� DOO� WKUHH� DOWHUQDWLYHV� UHVWHG� XQDYRLGDEO\� XSRQ� DQ�
DPDOJDP� RI� FRQWUDGLFWRU\� SUHPLVHV�� ZKLFK� KDG� EHHQ� MXJJOHG�
EHWZHHQ�IRU�PLOOHQQLD��$QG��WKH�PRVW�IXQGDPHQWDO�RI�DOO�ZDV�WKH�
EHOLHI�LQ�HWHUQDO�1DWXUDO�/DZV��ZKLFK�FRXOG�EH�HQFDSVXODWHG�LQ�
SXUHO\�)RUPDO�5HODWLRQV��7KH\�DOO�EHOLHYHG� WKLV��\HW�DUULYHG�DW�
FRQWUDGLFWRU\�SRVLWLRQV�LQ�DWWHPSWLQJ�WR�DQVZHU�WKH�PRUH�EDVLF�
TXHVWLRQ�±�³:K\"´

:LWK�WKH�UHVHDUFK�LQWLPDWHG�KHUH��ZH�DUH�SXUVXLQJ�D�VLPLODU�SDWK�
WR�%RKP��EXW�ZLWK�YHU\�GLIIHUHQW�LPSHUDWLYHV��)LUVW��ZH�EHOLHYH�
WKDW�PDQ\� LPSRUWDQW� SKHQRPHQD� FDQQRW� EH� H[SODLQHG�ZLWKRXW�
VRPH� IRUP� RI� LQYLVLEOH� VXEVWUDWH�� %87� VWLOO� FRQVWUXFWHG� IURP�
DOUHDG\�NQRZQ�SDUWLFOHV�LQ�YDULRXV�FRPELQDWLRQV�WKDW�PDNH�WKHP�
LPSRVVLEOH�WR�GHWHFW�E\�WKH�XVXDO�PHWKRGV��$OUHDG\��WKUHH�TXLWH�
VHSDUDWH�SURSRVDOV�KDYH�EHHQ�DGGUHVVHG

���3URSDJDWLRQ�	�WKH�'RXEOH�6OLW�DQRPDOLHV��6FKR¿HOG�>8�.@��
���(OHFWURPDJQHWLF�)LHOGV�YLD�0DJQHWLF�3DUWLFOHV��7DPEH�>,QGLD@�
���*UDYLW\�YLD�0XOWLSOH�/HYHOV�RI�³(WKHUHDO�3DUWLFOHV´��%RUFKDUGW�
>8�6�$@�

%XW��ZKDW�VHHPV�WR�EH�PDNLQJ�WKHVH�QHZ�URXWHV�SRVVLEOH�LV�WKH�
DEDQGRQPHQW�RI�WKH�XQLYHUVDOO\�DGRSWHG�3OXUDOLW\��IRU�WKH�PXFK�
PRUH� UHDO�+ROLVP��DQG�D� VWHDGIDVW�DEDQGRQPHQW�RI�)RUPDOLVP�
�0DWKHPDWLFV�� DV� WKH� HVVHQFH� RI� 5HDOLW\�� ,W� LV� HVVHQWLDOO\� D�
SKLORVRSKLFDO�UHYROXWLRQ��EXW�VWLOO�DW�LW¶V�EHJLQQLQJV�

Hidden Levels of Reality

“The Corpuscle” by Michael Coldwell (2015)
Artist’s impression of a 3D pilot wave in a substrate, 
LQÀXHQFHG�E\�<YHV�&RXGHU¶V�µ�'¶�H[SHULPHQW�ZLWK�VLOLFRQH�



7KLV�ZRUN�UHSUHVHQWV�P\�¿UVW�DWWHPSW�WR�FRQVWUXFW�DQ�DQDORJLVWLF�
PRGHO�RI�D�8QLYHUVDO�6XEVWUDWH���D�VHD�RI�SDUWLFOHV�SHUPHDWLQJ�
DOO�VSDFH���LQ�WKH�PDQQHU�RI�-DPHV�&OHUN�0D[ZHOO¶V�PRGHO�RI�WKH�
(WKHU��7KLV� QHZ�PRGHO�ZLOO� DWWHPSW� WR� H[SODLQ� SURSDJDWLRQ�RI�
OLJKW��HOHFWULF�DQG�PDJQHWLF�¿HOGV��DQG�HYHQ�JUDYLW\��LQ�WHUPV�RI�
D�KHWHURJHQHRXV�³SDYLQJ´�RI�WKH�8QLYHUVH�

7KH�SURSRVHG�FRPSRQHQWV�RI�WKLV�VXEVWUDWH�DUH�GHSLFWHG�RSSRVLWH�
�� WKH\� DUH� WKH�Neutritron�� WKH�Magnetons� DQG� D� VHULHV� RI� LQHUW�
³(WKHUHDO�3DUWLFOHV´��,�KDYH�ZULWWHQ�PXFK�RQ�WKH�QHXWULWURQ��HPSW\�
SKRWRQ��EHIRUH��EXW�WKHVH�RWKHU�SDUWLFOHV�DUH�QHZ�FRQVLGHUDWLRQV��

7+(�0$*1(7216���7KHVH�WZR�GLIIHU�IURP�WKH�QHXWULWURQ�LQ�
EHLQJ� FRPSRVHG�RI� D� SDLU� RI� SDUWLFOHV�RI� GLIIHUHQW� VL]H��ZKLFK�
GUDPDWLFDOO\� FKDQJHV� WKH� IRUP� RI� WKH� SDLU� RI� FRPSRQHQWV� LQ�
HDFK��DQG�JLYHV�HDFK�D�PDJQHWLF�PRPHQW��7KH\�FRQIRUP�WR�WKH�
VDPH�SULQFLSOHV�RI� ³LQYLVLELOLW\´� DV� WKH�QHXWULWURQ� LQ� WKHLU�PL[�
RI� RSSRVLWH� FKDUJHV� DQG�PDWWHU� W\SHV��7KH� WZR�PDJQHWRQV� DUH�
HIIHFWLYHO\�PLUURU�LPDJHV�RI�RQH�DQRWKHU��VR�WKDW�LQ�D�UDQGRP�PL[�
RI�HTXDO�QXPEHUV�RI�HDFK�NLQG��WKH�RYHUDOO�UHVXOW�ZLOO�EH�QHXWUDO�
LQ�HYHU\�UHVSHFW��LQFOXGLQJ�D�FDQFHOOLQJ�RI�WKHLU�PDJQHWLVP��

7+(� (7+(5($/� 3$57,&/(6� �� 1RZ� WKHVH� HOHPHQWV� RI� WKH�
VXEVWUDWH� ZHUH� GHYLVHG� SXUHO\� DV� D� SK\VLFDO� H[SODQDWLRQ� RI�
JUDYLW\��E\�PHDQV�RI�WKH�³SXVK´�HIIHFW�RI�WKHLU�FROOLVLRQV��7KH\�
DUH�QHXWUDO�LQ�HYHU\�UHVSHFW��EXW�DUH�RI�GLIIHUHQW�VL]HV��OLWHUDOO\�
LQ¿QLWH�LQ�H[WHQW�JRLQJ�GRZQZDUGV�WR�HYHU�VPDOOHU�VL]HV���

7KH�NH\�IXQFWLRQ�LV�WHUPHG�³6KDGRZLQJ´���ELJJHU�HQWLWLHV�VKLHOG�
DGMDFHQW�SDUWLFOHV� IURP� VRPH�FROOLVLRQV� LQ� WKH�GLUHFWLRQ�RI� WKH�
VKLHOGLQJ�ERG\�� DQG�KHQFH� UHVXOWLQJ� LQ�D�QHW�SUHSRQGHUDQFH�RI�
KLWV� WRZDUGV� WKDW� ERG\��:LWK� D� KRVW� RI� VXFK� VL]HV�� WKH� RYHUDOO�
UHVXOWV�HYHU\ZKHUH�LV�IRU�PRYHPHQW�WRZDUGV�ODUJHU�ERGLHV�

7KH�LGHD�LV�LOOXVWUDWHG�EHORZ��

The Heterogeneous Universal Substrate



7KHVH�DUH�QRW�DOO�WKH�SURGXFWV�RI�WKLV�WKHRULVW¶V�ZRUN�DORQH��7KH�
1HXWULWURQV�DQG�WKH�0DJQHWRQV�DUH�P\�LQYHQWLRQV��KRZHYHU�WKDW�
FRQFHSWLRQ�RI�PDJQHWLF�¿HOGV�LQ�VSDFH�ZDV�RULJLQDOO\�LQWURGXFHG�
WR�PH�E\�0RKDQ�7DPEH��ZKLOH�WKH�LGHD�RI�³$HWKHULDO�3DUWLFOHV´�
FDXVLQJ�JUDYLW\�ZDV�GHYHORSHG�E\�*OHQQ�%RUFKDUGW��

7KH� RULJLQDO� LQVSLUDWLRQ� IRU� WKH� KHWHURJHQHRXV� VXEVWUDWH� FDPH�
IURP�-DPHV�&OHUN�0D[ZHOO¶V�FRQFHSWLRQ�RI�WKH�(WKHU��D�GLDJUDP�
RI�ZKLFK�LV�LQFOXGHG�EHORZ��

1RWLFH�WKDW�KLV�VXEVWUDWH�LV�DOVR�KHWHURJHQHRXV��,W� LV�FRPSRVHG�
RI� VWDWLF� ³YRUWLFHV´� DQG� PRYLQJ� ³HOHFWULFDO� SDUWLFOHV´�� 6R� LI�
ZH�DGPLW�D�FHUWDLQ�DPRXQW�RI�2EMHFWLYH�&RQWHQW� WR�0D[ZHOO¶V�
GLVFDUGHG�PRGHO� �UHPHPEHU�ZH�VWLOO�XVH�KLV�GHULYHG�HTXDWLRQV�
IRU�HOHFWURPDJQHWLVP���ZH�VKRXOG�DW�OHDVW�DWWHPSW�WR�XSGDWH�LW���
LQFOXGLQJ�RXU�FXUUHQW�VXJJHVWLRQV�DV�WR�KRZ�D�XQLYHUVDO�VXEVWUDWH�
FRXOG�UHPDLQ�XQGHWHFWDEOH��

$QG� FUXFLDOO\� ZH� PXVW� QRW� ORVH� VLJKW� RI� VHYHUDO� LPSRUWDQW�
SURSHUWLHV�RI�RXU�SURSRVHG�FRPSRQHQWV��DERYH��

)LUVW��WKH\�DUH�DOO��HLWKHU�LQGLYLGXDOO\��RU�LQ�FROOHFWLRQ��QHXWUDO�LQ�
DOO�WKH�XVXDO�PHDVXUDEOH�ZD\V��%XW��WKH\�DFW�WRJHWKHU�GLIIHUHQWO\�

7KH�QHXWULWURQV�IRUP�D�UHODWLYHO\�VWDWLF�SDYLQJ��VHH�6FKR¿HOG���
:KLOH�WKH�PDJQHWRQV�QRUPDOO\�IRUP�D�UDQGRP��JDV�OLNH�FORXG��
ZKHUHLQ�LW�PDJQHWLF�SURSHUWLHV�FDQFHO�RXW��VHH�7DPEH���EXW�ZKHQ�
FRQFHQWUDWHG�E\�WKH�SUHVHQFH�RI�D�FKDUJHG�SDUWLFOH��ZLOO�JDWKHU�
DURXQG�LW��LQ�FRQFHQWULF�VKHOOV��WR�GHOLYHU�D�)LHOG�

$OVR�� LQ� WKH� SUHVHQFH� RI� DQ� H[WHUQDOO\� DSSOLHG�PDJQHWLF� ¿HOG��
WKHVH�PDJQHWRQV�ZLOO�OLQH�XS�DORQJ�VR�FDOOHG�PDJQHWLF�OLQHV�RI�
IRUFH�� ,Q� IDFW�� WKH\�DUH� WKH�DFWXDO�FDXVH�RI�VXFK� OLQHV�RI� IRUFH��
EXLOGLQJ� FKDLQV� RXWZDUGV� IURP� VRPH� VRXUFH� WR� OLQN� RSSRVLWH�
³PDJQHWLF�SROHV´�WRJHWKHU��DQG�LQ�GRLQJ�VR�FUHDWH�WKH�)LHOG�

)LQDOO\�� WKH� ³$HWKHUHDO� 3DUWLFOHV´� DUH� FRQVLGHUHG� WR� EH� LQ� YDVW�
TXDQWLWLHV��EXW�H[WUHPHO\�VPDOO��WKRXJK�RI�D�YDVW�UDQJH�RI�VL]HV�
�VHH�%RUFKDUGW���7KHLU�HIIHFW�LQ�VSDFH�ZLOO�EH�RI�FDQFHOOLQJ�RXW�
FROOLVLRQV��EXW�LQ�WKH�YLFLQLW\�RI�PXFK�ODUJHU�PDVVHV��D�VKLHOGLQJ�
HIIHFW�FDXVHG�E\�QHW�GLUHFWLRQDO�SXVK�IRUFHV��ZKLFK�DUH�VDLG� WR�
FRQVWLWXWH�*UDYLW\�

1RZ��FOHDUO\��MXVW�WUHDWLQJ�HDFK�VHW�RI�WKHVH�GLIIHUHQW�FRPSRQHQWV�
VHSDUDWHO\�LV�D�SOXUDOLVW�PHWKRG��$QG��WR�DQ�H[WHQW�VXFK�PD\�ZHOO�
EH�D�UHDVRQDEOH�SOR\�LQ�6SDFH��%XW��DV�VRRQ�DV�WKH\�DUH�PL[HG�
ZLWK�PDWWHU�SDUWLFOHV�RI�PXFK�ODUJHU�VL]HV��DQG�HYHQ�ZLWK�GULYHQ�
ÀRZV�RI�WKHVH��WKH�VLWXDWLRQV�ZLOO�FHUWDLQO\�GLIIHU�PDUNHGO\�

7KH�SUREOHP�WR�GHWHUPLQH�LV�³+RZ"´

7KH�RQO\�WKLQJ�,�FDQ�WKLQN�RI�LV�WR�IROORZ�<YHV�&RXGHU¶V�OHDG��
DQG�FRQVWUXFW�DW�WKH�PDFUR�OHYHO��H[SHULPHQWV�WKDW�HQDEOH�XV�WR�
LQYHVWLJDWH�ZKDW�PLJKW�EH�KDSSHQLQJ�DW�WKH�PLFUR�OHYHO�

2I�FRXUVH��VXFK�D�FRQVWUXFWLRQ�ZLOO�QRW�EH�HDV\��&RXGHU��LQ�KLV�
H[SHULPHQWV��UHGXFHG�KLV�FRQWHQWV�WR�D�VLQJOH�VXEVWDQFH���VLOLFRQH�
RLO��FRQVLVWLQJ�RI�D�IDOOLQJ�GURS�DQG�D�YLEUDWLQJ�WUD\�RI�WKH�YHU\�
VDPH�RLO��+LV�DFWLYH�IRUFHV�DUH�PHUH�RVFLOODWLRQV��DQG�ZLWK�VXFK�D�
PLQLPDOLVW�VHW�XS��\RX�ZRXOG�WKLQN�WKDW�ZKDW�KH�DFWXDOO\�PDQDJHG�
WR�DFKLHYH�ZRXOG�EH�LPSRVVLEOH��%XW��WKH�RSSRVLWH�ZDV�WKH�FDVH��
+H� HIIHFWLYHO\� UHPRYHG� DQ\� DFFLGHQWDO� FDXVDWLYH� LQFOXVLRQV��
DQG�KLV�DGMXVWPHQWV�WKHQ�ERLOHG�GRZQ�WR�PHUHO\�DGMXVWLQJ�D�IHZ�
SDUDPHWHUV�RI�WKH�YDULRXV�YLEUDWLRQV�LQYROYHG�

,W� ZDV� D� UHPDUNDEOH� HIIRUW�� DQG� DPRXQWHG� WR� D� VLJQL¿FDQW�
EUHDNWKURXJK� LQ� H[SHULPHQWDO� PHWKRGV�� 7R� VXFFHHG� ZLWK� RXU�
REMHFWLYH��ZLOO�EH�HYHQ�KDUGHU��IRU��VRPHKRZ��ZH�KDYH�WR�LQFOXGH�
WKUHH�GLIIHUHQW� FRPSRQHQWV�DW�GLIIHUHQW� OHYHOV��%XW�� DV�ZLWK�DOO�
PDFUR� DQDORJXHV� RI�PLFUR� HQWLWLHV�� LW� LV� XQOLNHO\� WKDW� D� VLQJOH�
FRQWULYHG�VHW�XS�ZLOO�VXI¿FH��:H�DUH�OLNHO\�WR�KDYH�WR�WDNH�SDUWLDO�
PRGHOV��DQG�WKHQ�PDNH�WKH�LQWHJUDWLRQ�WKHRUHWLFDOO\�



:LWK� QR� DFWLRQ�DW�D�GLVWDQFH� FRQVLGHUHG� SRVVLEOH� LQ� D� WRWDOO\�
HPSW\�FRQFHSWLRQ�RI�VSDFH��WKLV�DXWKRU�SURSRVHV�WKDW�DOO�HIIHFWV�
DFURVV�VXFK�GLVWDQFHV�PXVW�EH�FRPPXQLFDWHG�E\�VRPH�IRUP�RI�
VXEVWUDWH�

(YHQ� DQ� HOHFWURQ� RUELW� ZLWKLQ� D� +\GURJHQ� DWRP� FDQQRW� EH�
GLUHFWO\�H[SODLQHG�E\�D�WRWDOO\�GLVHPERGLHG�³IRUFH�RI�DWWUDFWLRQ´�
EHWZHHQ�RSSRVLWH�FKDUJHV�±�D�SRVLWLYH�RQH� LQ� WKH�QXFOHXV��DQG�
D�QHJDWLYH�RQH�LQ�WKH�HOHFWURQ��,QVWHDG��WKH�RUELW�RI�WKH�HOHFWURQ�
PXVW�LQYROYH�D�FRQVWDQWO\�DSSOLHG�GHYLDWLRQ�RI�WKH�DOUHDG\�EXLOW�
LQ�PRYHPHQW�RI�WKDW�HQWLW\�WR�PDNH�LW�EHFRPH�DQ�RUELW�

6R��LI�WKHUH�FDQ�EH�12�GLVHPERGLHG�IRUFHV�DFWLQJ�DFURVV�HPSW\�
VSDFH��WKH�TXHVWLRQ�PXVW�EH��³+RZ�FRXOG�WKH�RULJLQDO�PRYHPHQW�
RI� WKH�HOHFWURQ� �EHIRUH�FDSWXUH�DQG�DW� WKDW� WLPH�SUHVXPDEO\� LQ�
D� VWUDLJKW� OLQH�� EH� GLYHUWHG� LQ� WKLV� ZD\"´� &OHDUO\�� LW� FRXOGQ¶W�
SRVVLEO\� KDSSHQ� ZLWKRXW� WKH� VLPXOWDQHRXV� SUHVHQFH� RI� WKH�
SRVLWLYH�FKDUJH�LQ�WKH�QXFOHXV�DQG�LWV�RZQ�QHJDWLYH�FKDUJH�

6R�� WKH�¿UVW� WKLQJ�PXVW�EH��DV� WKH�IUHH�HOHFWURQ�DSSURDFKHV�WKH�
QXFOHXV�� WKHLU� DOLJQHG� ¿HOGV� LQ� D� UHDO� VXEVWUDWH� DQG� FRPSRVHG�
RI�PDJQHWLF� VXEVWUDWH� HQWLWLHV��ZKLFK�ZH�ZLOO� FDOO�magnetons��
PXVW� LQWHUDFW��7KH\�PXVW�KDYH�EHHQ�RULJLQDOO\� DIIHFWHG�E\� WKH�
SRVLWLYH�QXFOHXV�LQ�RQH�SODFH��DQG�WKH�PRYLQJ�QHJDWLYH�HOHFWURQ�
LQ� DQRWKHU�� WR� EXLOG� UHDO�PDWHULDO�¿HOGV� RI� FRQFHQWULF� VKHOOV� WR�
¿QDOO\�IRUP�XQL¿HG�¿HOGV��

,W� LV� WKHQ� WKLV� GLVWRUWLRQ� RI� WKH� VXEVWUDWH�� ZKLFK�� WKHUHDIWHU��
GHWHUPLQHV�WKH�SDWK�RI�WKH�HOHFWURQ��7KH�ODWWHU�ZLOO�VXIIHU�FRQVWDQW�
GHYLDWLRQ�WR�LWV�FRXUVH��ZKLFK��RQO\�LQ�LGHDO�FRQGLWLRQV��UHVXOWV�LQ�
DQ�RUELW�

:KDW�LV�VSHFLDO�DERXW�WKLV�VXE�ZRUOG�LV�WKDW�LW�LV�VWDEOH�

,W�GRHVQ¶W�FRQVWDQWO\�OHDN�HQHUJ\��GXH�WR�WKH�ZRUN�EHLQJ�GRQH�RQ�
WKH�HOHFWURQ�WR�GLYHUW�LW�

>5HPHPEHU��LQ�WKH�'RXEOH�6OLW�([SHULPHQWV��WKH�QHZ�H[SODQDWLRQ�
ZDV�GXH�WR�D�NLQG�RI�LQWHUIHUHQFH�OLNH�DOLJQPHQW�RI�WKH�VXEVWUDWH�
EH\RQG�WKH�6OLWV��ZKLFK�GLYHUWHG��RU�QRW��WKH�HOHFWURQ�GHSHQGLQJ�
XSRQ� LWV� SDWK� �LQGHHG� FDXVHG� E\� WKH� YHU\� HOHFWURQ�ZKLFK� KDG�
PDGH�WKDW�SDWWHUQ�WR�EH�HVWDEOLVKHG�LQ�WKH�VXEVWUDWH�@

1RZ��WKHUH�LV�QR�VXFK�WKLQJ�DV�SHUSHWXDO�PRWLRQ��DQG�SDUWLFXODUO\�
LQ�VXFK�D�WKLQJ�DV�DQ�RUELW��5HPHPEHU��LI�WKH�FKDQJHV�DUH�QHYHU�
UHGXFHG��DQG�UHPDLQ�FRQVWDQW�WKURXJKRXW��6R�WKH�VLWXDWLRQ�ZLOO�
UHTXLUH� HQHUJ\�� IURP� VRPHZKHUH� HOVH�� WR� DOORZ� VXFK� D� VWDEOH�
HQWLW\�WR�FRQWLQXH�WR�H[LVW��$QG�DV�WKDW�FHUWDLQO\�GRHV�QRW�FRPH�
IURP�WKH�FKDUJHV��ZKLFK�UHPDLQ�H[DFWO\�WKH�VDPH�WKURXJKRXW��LW�
FDQ�RQO\�FRPH�IURP�D�OLWHUDOO\� LQ¿QLWH�VXEVWUDWH��ZKLFK�LQ�RQH�
VHQVH�LV�WKH�FDWFK�DOO�HQHUJ\�UHWULHYDO�V\VWHP�LQYROYHG�

7KH� VXEVWUDWH�� WKHUHIRUH�� WDNHV� RQ� DQRWKHU� UROH� DSDUW� IURP� LWV�
YDULRXV�LQWHUDFWLRQV�ZLWK�PDWHULDO�REMHFWV�DQG�FKDUJHV�

,W�PXVW�� DV� WKLV� WKHRULVW� KDV�PDLQWDLQHG� IURP� WKH�EHJLQQLQJ�RI�
WKHVH� LQYHVWLJDWLRQV�� EH� FDSDEOH� RI� KROGLQJ� DQG� SURSDJDWLQJ�
HQHUJ\�� 7KLV� GHPDQGHG� DQ� DWRP�OLNH� VWUXFWXUH� LQYROYLQJ� WZR�
PXWXDOO\�RUELWLQJ�VXE�SDUWLFOHV��ZKLFK�FRXOG�DEVRUE�HQHUJ\�E\�
WKH�SURPRWLRQ��DQG�UHOHDVH�LW�E\�WKH�GHPRWLRQ��RI�VXFK�LQWHUQDO�

RUELWV��7KH�UHVW�PRGH�RI�VXFK�VXEVWUDWH�SDUWLFOHV�ZDV�RULJLQDOO\�
WDNHQ�DV�EHLQJ�HPSW\�RI�VXFK�H[WUD�HQHUJ\�ORDGV��DQG�ZDV�WHUPHG�
DV�DQ�³(PSW\�3KRWRQ´��6R��RI�FRXUVH��ZKHQ�³FDUU\LQJ´��LW�ZRXOG�
EH�HTXLYDOHQW�WR�±�D�3KRWRQ�

%XW�� WKHUH� LV� VR� PXFK� HQHUJ\� FULVV�FURVVLQJ� WKH� 8QLYHUVH� DOO�
WKH� WLPH�� WKDW� VXFK�(PSW\�3KRWRQV�ZHUH�SUREDEO\�D�QHFHVVDU\�
VLPSOL¿FDWLRQ��DQG�D�PRUH�OLNHO\�VFHQDULR��HVSHFLDOO\�LQ�HTXDOO\�
DIIHFWHG�ORFDOLWLHV��PLJKW�ZHOO�EH�IRU�WKH�HOHPHQWV�RI�WKH�VXEVWUDWH�
WR�FRQWDLQ�D�VPDOO�DPRXQW�DERYH�WKHLU�EDVH�RUELWDO�VWDWH�

7KLV�ZRXOG�EH�LQHYLWDEOH�LQ�ORFDOLWLHV��ZKHUH�DOO�HOHPHQWV�ZHUH�
KROGLQJ�WKH�YHU\�VDPH�JREEHWV�RI�HQHUJ\��IRU�WKHQ�WKHUH�ZRXOG�EH�
QRZKHUH�IRU�WKH�HQHUJ\�WR�EH�GHFDQWHG�WR�

&OHDUO\��VXFK�D�VXEVWUDWH�ZRXOG�QRW�RQO\�EH�D�FDWFK�DOO�IRU�ORVW�
HQHUJ\�� EXW�� LQ� DGGLWLRQ�� FRXOG�PDNH� LW� DYDLODEOH� ORFDOO\�ZKHQ�
UHTXLUHG��DQG�ZKLFK�WKHUHDIWHU�FRXOG�EH�UHSOHQLVKHG�IURP�IXUWKHU�
D¿HOG�LQ�WKLV�XQLYHUVDOO\�FRQQHFWHG�VXEVWUDWH�

7KH�VXEVWUDWH�FRXOG�WKHQ�EH�ERWK�6XPS�DQG�6RXUFH�±�DWWHQGLQJ�
DW� WKH� SKHQRPHQD� ZLWKLQ� LW�� DQG� FDWFKLQJ� ORVVHV�� DV� ZHOO� DV�
SURYLGLQJ�HQHUJ\�ZKHQ�QHFHVVDU\�

Substrate as Sump and Source FIELDS BY MAGNETONS - 1

Of course not all electrons encountering protons are captured to produce Hydrogen atoms. 
So, the most general case must be the one in which the encounter results in no continuing relationship. 
The two charged entities carry on after their encounter.

In such cases the aligned magneton will link, connecting the two, and thus deviating the relative paths, 
but, they will then break apart until there are no connections remaining

What happens when the electron is captured?
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,Q� DGGUHVVLQJ� &RXGHU¶V�:DONHU� H[SHULPHQWV� WKHRUHWLFDOO\�� ZH�
KDYH� WKH�FUXFLDO�SUREOHP�RI�KLV�DGGHG��RYHUDOO� URWDWLRQ��ZKLFK�
WXUQHG�RXW� WR�EH�HVVHQWLDO� LQ�SURGXFLQJ� WKH�TXDQWL]HG�RUELWV�RI�
KLV�:DONHUV��IRU�LW�LV�DOVR�FUXFLDO��ZKHQ�:(�WKHQ�DWWHPSW�WR�FDUU\�
RYHU�WKH�DQDORJ\�LQWR�WKH�DWRP��)RU��WKHUH�GRHV�QRW�DSSHDU�WR�EH�
DQ\�RYHUDOO�URWDWLRQ�LQ�WKH�DWRP��DV�D�ZKROH��WKDW�FDQ�EH�FOHDUO\�
DQG�DSSURSULDWHO\�PDSSHG�IURP�&RXGHU¶V�:DONHU�

1RZ��DV�GLVWLQFW�IURP�RVFLOODWLRQV��URWDWLRQV�DOVR�GHOLYHU�$QJXODU�
0RPHQWXP��DQG�SUHVXPDEO\�WKDW�FRXOG�DOVR�EH�GHOLYHUHG�E\�D�
FODVVLFDO�VSLQ�RI�DQ�H[WHQGHG�HQWLW\�WRR�

,W�VHHPV�LPSRUWDQW�WR�TXLWH�EDVLFDOO\�FRQVLGHU�WKH�UHODWLRQVKLSV�
EHWZHHQ� RVFLOODWLRQV�� URWDWLRQV� DQG� VSLQV� WR� KDYH� DQ\� FKDQFH�
RI�XQGHUVWDQGLQJ�MXVW�KRZ�WKHVH�EDVLF�IRUPV�RI�PRYHPHQW�FDQ�
SURGXFH�HYHQ�PRUH�LQYROYHG�V\VWHPV��QRW�RQO\�DV�GHPRQVWUDWHG�
E\�&RXGHU¶V�:DONHUV��EXW�DOVR�SRVVLEO\�ZLWKLQ�WKH�DWRP�

7KH�SXUHO\�IRUPDO�UHODWLRQVKLSV�DUH�ZHOO�NQRZQ��EXW�PD\�ZHOO�
EH�D�UHG�KHUULQJ��DV�WKH\�DUH�RQO\�IRUPDO��ZKHUHDV�ZKDW�ZH�DUH�
LQWHUHVWHG� LQ�KHUH�DUH�PRVW�GH¿QLWHO\�SK\VLFDO��7KH\�ZLOO�RQO\�
EH�H[SOLFDEOH�LQ�SK\VLFDO�WHUPV�FRQFHUQLQJ�WKH�SURSHUWLHV�RI�WKH�
VXEVWDQFHV�LQYROYHG��DV�ZHOO�DV�WKHLU�IUHTXHQFLHV��DQG�SK\VLFDO�
UHODWLRQVKLSV�VXFK�DV�UHVRQDQFH�DQG�UHFXUVLRQ��ZLOO�XQGRXEWHGO\�
EH�FUXFLDO�

7KH�XVXDO�NLQG�RI��FDUHIXOO\�GHYLVHG�DQG�RUJDQLVHG��H[SHULPHQW�
LV� WR�DGG�WZR�VDPH�IUHTXHQF\�DQG�VDPH�DPSOLWXGH�RVFLOODWLRQV�
WRJHWKHU�� %87� RULHQWDWHG� DW� ULJKW� DQJOHV� WR� RQH� DQRWKHU�� 7KLV�
DOZD\V� SURGXFHV� D� FLUFXODU� UHVXOW� LQ� WKHLU� FRPPRQ� SODQH�� ,W�
FHUWDLQO\�LVQ¶W�DQ�RUELW��EXW�PHUHO\�D�IRUPDO�GHVFULSWLRQ�RI�ZKDW�
WZR�VXFK�RVFLOODWLRQV�FDQ�SURGXFH��12�FDXVHV�IRU�WKH�RVFLOODWLRQV�
DUH� LQFOXGHG��RU� UHDVRQV�ZK\� WKH\�VKRXOG�EH�VR�ZHOO�PDWFKHG��
RU� HYHQ� ZK\� WKH\� DUH� VR� RULHQWDWHG�� &OHDUO\�� DQ\� DEVROXWHO\�
HVVHQWLDO� SK\VLFDO� QDUUDWLYH� DQG� H[SODQDWLRQ�ZRXOG� EH� YLWDO� LQ�
UHDOO\�LQYHVWLJDWLQJ�UHDO�ZRUOG�LQVWDQFHV�LQYROYLQJ�VXFK�WKLQJV�

$V� SRVHG�PDWKHPDWLFDOO\�� LW� KDV�12� DFWLYH� SK\VLFDO� HOHPHQWV�
DW� LWV� FHQWUH� LQ� WKH� UHVXOWLQJ� FLUFXODU�PRWLRQ��%XW�� WKDW� FDQ� EH�
EHFDXVH�� DV� XVXDO�� ZH� DUH� DEVWUDFWLQJ� IURP� FRQFUHWH� 5HDOLW\��
RQO\�ZKDW�ZH�FDQ�GHDO�ZLWK�HDVLO\��DQG��WKHUHDIWHU��XVLQJ�SXUHO\�
IRUPDO�PHDQV�WR�³H[SODLQ´�WKH�UHDO�VLWXDWLRQ�

%XW�� IRUPDOLVHG�� GLVHPERGLHG� FLUFOHV� GRQ¶W� RFFXU� LQ� FRQFUHWH�
5HDOLW\�� HYHU\WKLQJ� WKDW� GRHV� RFFXU� KDV� FRQFUHWH� UHDVRQV� IRU�
GRLQJ� VR�� 1(9(5� MXVW� DEVWUDFW� GH¿QLWLRQV�� 3K\VLFDOO\�� WKHUH�
DUH�DOZD\V�FDXVHV��DQG�WKHVH�DUH�HPERGLHG�LQ�WKH�SURSHUWLHV�RI�
UHDO�� SK\VLFDO� VXEVWDQFHV��<RX� FDQQRW� KDYH� GLVHPERGLHG� SXUH�
IRUPDOLVPV��7KRVH�DUH�ZKDW�ZH�H[WUDFW�WR�HQDEOH�RXU�VWUHQJWK�LQ�
UHDVRQLQJ�±�QDPHO\�)RUPDO�/RJLF��WR�EH�DSSOLHG�LQ�YDULRXV�ZD\V�

1RZ��LQ�WKHVH�FLUFXPVWDQFHV��\RX�FDQ�VHH�KRZ�YLWDOO\�LPSRUWDQW�
WKH�FRQFHSW�RI�D�VXEVWUDWH�PXVW�EH��)RU��LQVWHDG�RI�GLVHPERGLHG�
IRUFHV�� VRPHKRZ�� UHDFKLQJ� DFURVV� (PSW\� 6SDFH�� ZH� KDYH�
GLUHFW� HIIHFWV� XSRQ� D� SK\VLFDO�� XQLYHUVDO� VXEVWUDWH� E\� RWKHU�

SK\VLFDO� HQWLWLHV��7KH�SXUHO\� IRUPDO� HTXDWLRQV� WKDW�ZH�FKHULVK�
DUH� VLPSOL¿FDWLRQV� DQG� LGHDOLVDWLRQV� RI� UHDO�� FRQFUHWH� 5HDOLW\��
EXW� VWULSSHG� GRZQ� GUDVWLFDOO\� LQ� RUGHU� WR� RQO\� FRQVLGHU� LGHDO�
)RUPV� �DV� REWDLQHG� IURP� 0DWKHPDWLFV��� &OHDUO\�� LQ� FKRRVLQJ�
WKLV�PHWKRGRORJ\��ZH�SXUSRVHO\� LVRODWH�DQG� VLPSOLI\�'RPDLQV�
ZLWKLQ�5HDOLW\�DW�ODUJH��DQG�WKHLU�LQFOXGHG�UHODWLRQV��WR�XVH�ZKDW�
ZH�¿QG�WKHUH�WR�RXU�DGYDQWDJH��%XW�FOHDUO\��ZH�'2�127�KDYH�WR�
XQGHUVWDQG�ZK\�WKHVH�WKLQJV�RFFXUUHG�WKHUH�

<HW��WKH�PRVW�LPSRUWDQW�SDUW�RI�VXFK�LQYHVWLJDWLRQV�,6�127�WKH�
LGHDOLVHG� )RUPV�� EXW� WKH� UHDO� SK\VLFDO� FDXVHV� ZKLFK� DFWXDOO\�
PDNH�VXFK�WKLQJV�KDSSHQ��/LPLWLQJ�RXUVHOYHV�WR�H[SORUDWLRQ��RI�
)RUP�DORQH��HIIHFWLYHO\�DEDQGRQV�WKH�SRVVLELOLW\�RI�H[SODQDWLRQ��
7KH�3XULW\�RI�,GHDO�)RUPV�VHGXFHV�UHVHDUFKHUV�LQWR�WKLQNLQJ�WKDW�
WKH\� KDYH� DOLJKWHG� XSRQ� WKH� SULPDU\� GULYHUV� RI� 5HDOLW\�� 7KH\�
KDYHQ¶W��7KH\�KDYH�RQO\�PDQDJHG�WR�GHVFULEH�WKH�SHUIHFW�IRUPV��
ZKLFK��LQ�FDUHIXOO\�DUUDQJHG�DQG�PDLQWDLQHG�FLUFXPVWDQFHV��GR�
WDOO\�ZLWK�5HDOLW\�

%XW�� WKDW� LV� MXVW� 0DWKHPDWLFV�� HVVHQWLDOO\�� DQG� 7HFKQRORJ\�
SUDJPDWLFDOO\��6FLHQFH��RQ�WKH�RWKHU�KDQG��LV�VXSSRVHG�WR�UHYHDO�
³:K\"´�WKLQJV�KDSSHQ�WKH�ZD\�WKDW�WKH\�GR�

:KDW�DUH�UHTXLUHG�DUH�LQYHVWLJDWLRQV�RI�SK\VLFDO�LQVWDQFHV�RI�DOO�
WKRVH� IRUPDOO\� GHVFULEHG� DQG� FOHDUO\� UHODWHG� PRYHPHQWV�� DQG�
DWWHPSW�WR�H[SODLQ�WKHP�FDXVDOO\��:LWKRXW�VXFK�DQ�REMHFWLYH�ZH�
DUH�OLPLWLQJ�RXUVHOYHV�WR�GRLQJ�0DWKHPDWLFV�DORQH��$QG��XVHIXO�
WKRXJK�WKDW�FDQ�EH��LW�FDQQRW�DFWXDOO\�H[SODLQ�DQ\WKLQJ��LW�PHUHO\�
GHVFULEHV�LWV�)RUP�

&RXGHU¶V�:DONHU� H[SHULPHQWV�� XVLQJ� RQO\� D� VXEVWUDWH�� YDULRXV�
RVFLOODWLRQV�DQG�D�URWDWLRQ�GLG�VRPHWKLQJ�YHU\�GLIIHUHQW�IURP�WKH�
XVXDO�W\SH�RI�H[SHULPHQW��+LV�UHVXOWV�ZHUH�QRW�VXFK�WKDW�KH�FRXOG�
WKHQ� ³GR�WKH�PDWK´� DV� VFLHQWLVWV� XVXDOO\� GR�� ,QVWHDG�� KH� KDG�
PDQLSXODWHG�UHDO�SK\VLFDO�FDXVHV�XQWLO�WKH�RVFLOODWLRQV�LQYROYHG�
SURGXFHG� D� VWDEOH� HQWLW\� FRPSRVHG� HQWLUHO\� RI� KLV� VXEVWUDWH� ±�
KLV�³:DONHU´��$QG��WKHQ��E\�DGGLQJ�MXVW�D�IRUFHG�URWDWLRQ�WR�WKH�
ZKROH�VHW�XS��KH�SURGXFHG�TXDQWL]HG�RUELWV�RI�KLV�:DONHUV��

:H�PLVV�VXFK�UHDO�6FLHQFH��E\�DQ�RYHU�HPSKDVLV�XSRQ�)RUP�

&OHDUO\��WR�DQVZHU�WKH�UHDOO\�LPSRUWDQW�TXHVWLRQV�LQ�6FLHQFH��ZH�
KDYH�WR�³GR�D�&RXGHU´��DQG�LQVLVW�WKDW�ZH�OHDYH�RXU�EODFNERDUGV�
DORQH�� ZKLOH� ZH� FRQFHLYH� RI�� FRQVWUXFW�� DQG� WKHQ� LQYHVWLJDWH�
VHW�XSV�OLNH�&RXGHU¶V�WR�SK\VLFDOO\�JHW�WR�WKH�ERWWRP�RI�ZKDW�LV�
LQYROYHG�DQG�ZK\�

1RZ��ZKDW� H[DFWO\� DUH� RVFLOODWLRQV�� URWDWLRQV�� VSLQV� DQG� RUELWV�
SK\VLFDOO\"� &HUWDLQO\� DSSURSULDWH� IRUPDO� HTXDWLRQV� FDQQRW�
DQVZHU� WKLV� TXHVWLRQ��:KDW� DUH� LQYROYHG�� LQ� DOO� RI� WKHP�� DUH�
SK\VLFDO� FDXVHV� ±� SURGXFLQJ� WKHVH� PRYHPHQWV� DV� SDUWLFXODU�
HIIHFWV�� )RU� H[DPSOH�� LI� \RX� NLFN� D� IUHH�O\LQJ� VWRQH�� LW� ZRQ¶W�
RVFLOODWH� LQ� WKH� ZD\� ZH� DUH� FRQVLGHULQJ� KHUH�� LW� ZLOO� MXVW� EH�
PRYHG�WR�DQRWKHU�SRVLWLRQ�

Physical Oscillations, Spins & Rotations
How they inter-relate via Resonances and 
Recursions

Previous page: Berenice Abbott - Magnetism & Electricity I, Cambridge, Massachusetts, 1958–61
7KLV�SDJH��%HUHQLFH�$EERWW���%RXQFLQJ�%DOO�7LPH�([SRVXUH��&DPEULGJH��0DVVDFKXVHWWV������±��
Overleaf: David L Smith - Vesica Piscis (Resonance) 2014



%XW�� VWULNH� D� WXQLQJ� IRUN�� DQG� DQ� RVFLOODWLRQ� LV� SUHFLVHO\�ZKDW�
KDSSHQV��7KH�HQHUJ\�SXW�LQWR�WKH�IRUN�¿UVW�PRYHV�LWV�SURQJV�RQH�
ZD\��EXW� LQWHUQDO�IRUFHV��ZLWKLQ� WKH�VXEVWDQFH�RI� WKRVH�SURQJV��
WKHQ�EULQJ� WKHP�EDFN�� DQG�� LQGHHG��RYHUVKRRW��7KH�HQHUJ\�SXW�
LQWR�VXFK�D�IRUN�FDXVHV�LW�WR�RVFLOODWH��ZKHQ�RSSRVHG�E\�³UHWXUQLQJ�
LQWHUQDO�IRUFHV´�$QG�YHU\�VLPLODU�H[SODQDWLRQV�FDQ�EH�FRQQHFWHG�
WR�DOO�RVFLOODWLRQV�

-XVW�GHVFULELQJ�VXFK�PRYHPHQW�VD\V�QRWKLQJ�DERXW�ZK\�LW�DFWV�
DV�LW�GRHV��,QGHHG��DV�D�VFLHQWLVW��P\VHOI��,�DP�ZHOO�DZDUH�RI�KRZ�
ZH� WDLORU� HTXDWLRQV� WR� ¿W� FROOHFWHG� GDWD��:(� VHHN� DSSURSULDWH�
LGHDO�)RUPV� IURP�0DWKHPDWLFV�� DQG�SLHFH� WKHP� WRJHWKHU��ZLWK�
DGMXVWHG�FRQVWDQWV�XQWLO�WKH\�¿W��

%XW�� SK\VLFDOO\�� DOO� WKLQJV� WKDW� RVFLOODWH� PXVW� EH� SDUW� RI� D�
VXEVWDQFH�� LQ� ZKLFK� WKH� EDVLF� XQLWV� DUH� ORFNHG� LQWR� D� VWDEOH�
DUUDQJHPHQW�±�VWDEOH��EHFDXVH�DQ\�GLVWRUWLRQ�RI�WKH�DUUDQJHPHQW�
LV�FRXQWHUHG�E\�WKH�YHU\�WKLQJV�WKDW�PDGH�LW�VWDEOH��6R��WKH�LQSXW�
RI� HQHUJ\� LV� WKHQ� WUDQVIRUPHG� LQWR� DOORZHG�PRYHPHQWV� DERXW�
WKDW�VWDEOH�FRQ¿JXUDWLRQ�

6R��RVFLOODWLRQV�LQIHU�VXFK�D�VXEVWUXFWXUH��ZLWKRXW�LW�� WKH�HQWLW\�
KLW� ZLOO� QRW� RVFLOODWH�� ,W� ZLOO� PHUHO\� PRYH�� DV� D� ZKROH�� ZLWK�
WKH�DSSOLHG�HQHUJ\�±�WXUQHG�LQWR�.LQHWLF�(QHUJ\��WKH�HQHUJ\�RI�
WUDQVODWLRQDO�PRYHPHQW�

1RZ��RI�FRXUVH��WKHVH�DUH�LGHDOLVHG�H[SODQDWLRQV��DQG�SDUWLFXODUO\�
LQ� WKH� ODWWHU� FDVH�� LQIHU� WKH� LQYROYHPHQW� RI� D� GHVFUHWH� HQWLW\��
:KHQ�ZH�FRQVLGHU�HOHPHQWDU\�SDUWLFOHV�ZH�DVVXPH�WKDW�WKH\�DUH�
VXFK�WRR�

,I�ZH� DOORZ� RXUVHOYHV� WR� H[SODLQ� WKLQJV� SK\VLFDOO\��ZH� DUULYH��
DV�DOZD\V��DW�WKH�GLFKRWRP\�RI�WKH�GHVFUHWH�DQG�WKH�FRQWLQXRXV��
DQG�LQ�VSLWH�RI�WKH�*UHHN��=HQR��WKHQ�+HJHO�DQG�¿QDOO\�0DU[��ZH�
VWLOO� VOLS� LQWR� WKH�EHOLHI� WKDW� WKHVH�FRQFHSWV�DUH�PHUHO\�DVSHFWV�
RU� YLHZV� RI� VRPHWKLQJ� EHQHDWK� WKHP� ERWK�� WKH� GLIIHUHQFH� LV�
PHUHO\�RUJDQLVDWLRQDO��>,QGHHG��ZKHQ�DWWHPSWLQJ�WR�RSSRVH�WKH�
&RSHQKDJHQ�GLVWRUWLRQ�RI�WKHRULHV�DW�WKH�VXE�DWRPLF�OHYHO��'DYLG�
%RKP�� ORRNHG� IRU� KLGGHQ� OHYHOV� EHORZ� WKDW� EHLQJ�REVHUYHG� WR�
H[SODLQ�ZKDW�ZDV�JRLQJ�RQ@��%XW��QHLWKHU�DSSURDFK�UHDOO\�GHOLYHUV�
ZKDW�LV�KDSSHQLQJ�

2XU�VLPSOL¿FDWLRQV�DQG� LGHDOLVDWLRQV�� CSXW�RQWR� WKHVH� IRUPV�RI�
PRYHPHQW��DUH��LQGHHG��KHOSIXO��EXW�DV�ORQJ�DV�ZH�RQO\�WUHDW�WKHP�
IRUPDOO\��ZH�ZLOO�PLVV�RXW�RQ�WKH�WUXH�SK\VLFDO�LQWHU�UHODWLRQVKLSV�
LQYROYHG��,Q�HIIHFW��³WKH�WDLO�ZDJV�WKH�GRJ´�±�ZH�OHW�WKH�IRUPDO�
GHVFULSWLRQ�WXUQ�LQWR�D�1DWXUDO�/DZ��DQG�³H[SODLQ´�ZKDW�LV�JRLQJ�
RQ�VROHO\�RQ�WKH�EDVLV�RI�D�WDLORUHG��LGHDO�GHVFULSWLRQ��7KH�IRUPXOD�
GHYHORSHG�EHFRPHV� WKH�GULYLQJ� IRUFH�RI� WKH�SKHQRPHQRQ��DQG�
WKDW�LV�VLPSO\�127�WUXH�

1RZ��,�DP�ZHOO�DZDUH�WKDW�WKLV�ZLOO�EH�FKDOOHQJHG��VR�,�ZLOO�KDYH�
WR�SURYH�LW�E\�DVNLQJ�D�TXHVWLRQ�

&DQ� \RX� H[SODLQ�ZK\�&RXGHU¶V� H[SHULPHQWV� LQYROYLQJ� RQO\� D�
VLQJOH�VXEVWDQFH��KLV�VXEVWUDWH���E\�PHDQV�RI�YDULRXV�RVFLOODWLRQV�
GHOLYHUHG� VWDEOH� HQWLWLHV�� ZKLFK� KH� FDOOV� KLV� ³:DONHUV´�� ,W�
FHUWDLQO\�LVQ¶W�WULYLDO��1HLWKHU�FDQ�LW�EH�DFKLHYHG�SXUHO\�IRUPDOO\�
,W�LV��LQ�IDFW��PRPHQWRXV��IRU�E\�VLPSO\�DGGLQJ�DQ�RYHUDOO�URWDWLRQ�
WR�KLV�VHW�XS��KH�SURGXFHG�TXDQWL]HG�RUELWV�RI�KLV�:DONHUV��

<RX�KDYH�WR�H[SODLQ�ZK\�WKLV�ZDV�WKH�FDVH�

1RZ��LPPHGLDWHO\��WKH�DQVZHUV�WR�WKHVH�TXHVWLRQV�EHFRPH�YLWDO��
)RU�DOPRVW�D�FHQWXU\��SK\VLFLVWV�KDYH�³H[SODLQHG´�TXDQWL]DWLRQ�
LQ�WHUPV�RI�XQXVXDO�W\SHV�RI�HTXDWLRQV��ZKLFK�IRU�WKH�¿UVW�WLPH�
DUH� LQWHUSUHWHG� SUREDELOLVWLFDOO\�� ,Q� RWKHU� ZRUGV�� WKH\� FDQQRW�
GHOLYHU�SUHGLFWLRQV��H[FHSW�RI�ZKROH�FROOHFWLRQV�RI�FDVHV�

$QG�� DV� ZHOO� DV� 1DWXUDO� /DZV�� ZH� KDYH� EHHQ� VDGGOHG� ZLWK�
1DWXUDO�&RQVWDQWV�±�OLNH�K±�3ODQFN¶V�&RQVWDQW��$QG��WKH�SXUHO\�
SUDJPDWLF�XVHV�RI�DOO�WKLV�DUH�FHUWDLQO\�QRW�UHDO�6FLHQFH��7KH\�DUH�
MXVW�7HFKQRORJ\��DW�LWV�ZRUVW���

&OHDUO\�� WKHUH� DUH� UHDO� SK\VLFDO� UHODWLRQVKLSV� LQYROYHG�� ZKLFK�
ZH� URXWLQHO\� LJQRUH�� DQG� FRQFHQWUDWH� VROHO\� XSRQ� )RUPV�� DQG�
WKHLU� SUDJPDWLF� XVHV�� ,QGHHG�� RXU�PDLQ� DVVXPSWLRQ� LV� WKDW� WKH�
JURXQG�IRU�DOO�RXU�LQYHVWLJDWLRQV�LV�D�WRWDOO\�HPSW\�6SDFH��DQG�WKH�
FRQVHTXHQFH�RI�VXFK�D�VWDQFH��SUHFLSLWDWH�$FWLRQ�DW�D�'LVWDQFH��
DQG�DOO�VRUWV�RI�GHVSHUDWH�VSHFXODWLRQV�

7KLV�UHVHDUFKHU�KDV�GHFLGHG�XSRQ�D�EDVLV��ZKLFK�LV�PRUH�OLNHO\�
WR� DSSURDFK� KRZ� WKH� UHDO�ZRUOG� DFWXDOO\� LV�� )RU�� KH� KDV� WDNHQ�
D�KROLVW�SRVLWLRQ� �DV�GLVWLQFW� IURP�WKH�XVXDO�SOXUDOLVW�RQH���DQG�
KH� DVVXPHG� D� 8QLYHUVDO� 6XEVWUDWH�� ZKLFK� UHVSRQGV� WR� HYHQWV�
KDSSHQLQJ� ZLWKLQ� LW�� DQG� UHVSRQGV�� DFWLQJ� EDFN� RQWR� WKRVH�
SKHQRPHQD�UHFXUVLYHO\�

127(��7R�VHH�ZKDW� WKLV�PHDQV�� MXVW� FRQVLGHU� WKH�DWRP�� ,I�KLV�
DVVXPSWLRQV�DUH�FRUUHFW��QRW�RQO\�ZLOO� WKH�DWRP�EH�VXUURXQGHG�
E\�D� UHDFWLYH� VXEVWUDWH�� EXW�ZLOO� XQDYRLGDEO\� DOVR� LQFOXGH� WKDW�
VDPH� VXEVWUDWH�within itself��1RZ�� FRQVLGHU� WKH� HOHFWURQ�RUELWV�
ZLWKLQ�DQ�DWRP��DIIHFWLQJ��DQG�LQ�WXUQ��EHLQJ�DIIHFWHG�E\�VXFK�D�
VXEVWUDWH�



,I� ZH� DUH� WR� VHULRXVO\� FRQVLGHU� D� 8QLYHUVH�ZLGH� VXEVWUDWH� RI�
VSDFH�FRQVLVWLQJ�RI�XQGHWHFWDEOH��EXW�UHDO��SDUWLFOHV�LQ�WKH�IRUP�
RI�D� WKUHH�GLPHQVLRQDO�3DYLQJ��ZH�FDQQRW�SUHVXPH� WKDW� LW�ZLOO�
EH�XQLIRUP�RU�EDVLFDOO\� WKH� VDPH� LQ� DOO� ORFDWLRQV��$QG�� WKLV� LV�
EHFDXVH�WKHUH�ZLOO�EH��TXLWH�HYLGHQWO\��FHUWDLQ�ORFDO�GLIIHUHQFHV�
GXH� WR� ZKDW� HOVH� LV� SUHVHQW� LQ� SDUWLFXODU� SRVLWLRQV��$QG�� ZLWK�
WKH�XQLYHUVDO�FRQQHFWLYLW\�RI�WKLV�VXJJHVWHG�VXEVWUDWH��ZKDWHYHU�
GLIIHUHQFHV�WKHUH�DUH�ZLOO�EH�XQLYHUVDOO\�FRPPXQLFDWHG�ZLWKRXW�
DQ\�PDMRU�KLQGUDQFHV��

7KHVH�GLIIHUHQFHV��SOXV�WKH�DELOLW\�WR�SURSDJDWH��ZLOO�XQDYRLGDEO\�
FDXVH�GLIIHUHQW�VLWXDWLRQV�DQG�WKHLU�ZLGHVSUHDG�SURSDJDWLRQ�YLD�
ÀRZV�RI�YDULRXV�NLQGV�

1RZ�0DQNLQG�DOUHDG\�KDV�DQ�DEXQGDQFH�RI�UHDVRQDEOH�0RGHOV��
WR� XVH� DV� D� VWDUWLQJ�SRLQW� IRU� IXUWKHU� LQYHVWLJDWLRQV� DV� WR�ZKDW�
ZLOO�KDSSHQV�LQ�YDULRXV�FLUFXPVWDQFHV¶�DQG�DW�GLIIHUHQW�WLPHV�±�
HVSHFLDOO\�LI�\RX�FRPPLW�WR�VXFK�D�FRQFHSW�DV�WKH�%LJ�%DQJ��DV�
WKH�FRPPHQFHPHQW�SRLQW�RI�RXU�FXUUHQW�8QLYHUVH�

7KH�SRVVLEOH�PRGHOV�DUH�VXJJHVWHG�E\�ZKDW�KDSSHQV�LQ�WKH�VHDV�
DQG� DWPRVSKHUH� RI� RXU� SODQHW�� WKH� (DUWK��$QG�� LI�ZH� IHHO� WKDW�
ZH�QHHG�WR�JR�IXUWKHU�ZH�FRXOG�FHUWDLQO\�FRQVLGHU�ZKDW�KDSSHQV�
LQ�WKH�FDXOGURQ�WKDW�LV�WKH�SURGLJLRXV�DWPRVSKHUH�RI�WKH�SODQHW�
-XSLWHU�

$QG��HYHQ�WKLV�VHW�GH¿QLWHO\�GHOLYHUV�VRPH�DPD]LQJ�SKHQRPHQD��
MXVW�GXH�WR�HQHUJ\��HLWKHU�IURP�WKH�6XQ��RU�LQWHUQDOO\�JHQHUDWHG�
IURP�HLWKHU�WKH�UHPQDQW�KHDW�RI�FUHDWLRQ��RU�FXUUHQW�UDGLRDFWLYH�
SURFHVVHV�

6R��DV�ZH�XVXDOO\�GR��ZH�FDQ��DV�DQ�DSSUR[LPDWLRQ��FRQVLGHU�VRPH�
YHUVLRQV� RI� WKRVH� SKHQRPHQD� DOVR� RFFXUULQJ� LQ� WKH� 8QLYHUVDO�
6XEVWUDWH��HVSHFLDOO\��RI�FRXUVH�� LQ�UHJLRQV�ZKHUH� WKH� LQWUXVLRQ�
RI�RWKHU�VRPHWLPHV�PLJKW\�ERGLHV��ZKLFK�ZLOO�GH¿QLWHO\�DIIHFW�
WKLQJV�LQ�WKHLU�YLFLQLW\�

:H� DOUHDG\� NQRZ� WKDW� ³VWRUPV´� RQ� RXU� ORFDO� 6XQ�� FDQ� FUHDWH�
YDVW�RXWSRXULQJV�RI�SDUWLFOHV�ZLWK�SURGLJLRXV�HQHUJ\��ZKLFK�FDQ�
DFWXDOO\�UHDFK��DQG�DIIHFW��RXU�(DUWK�

6R��ZLWK�DQ�LQWHUYHQLQJ�VXEVWUDWH��ZH�ZLOO�LPPHGLDWHO\�JHW�YHU\�
GLIIHUHQW� ORFDO� ]RQHV� DFURVV� WKH� VXSSRVHG�&RVPLF�3DYLQJ��)RU�
H[DPSOH��WKH\�FRXOG�EH�WKRVH�FORVHO\�DGMDFHQW�WR�D�ERG\�OLNH�WKH�
6XQ��WKRVH�LQ�WKH�UHJLRQV�EHWZHHQ�WKH�WZR��DQG�HYHQ�LQ�WKRVH�LQ�
WKH�³VKDGRZHG´�DUHDV�EHKLQG�SODQHWV�

$QG��ZH� FDQ� SUHVXPH� VWUHDPV� RI� FRQFHQWUDWHG� ÀRZV� WRR�� DQG�
WKHLU� HIIHFWV� XSRQ� WKH� VXEVWUDWH� ZLWK� FRQVHTXHQW� IROORZLQJ�
HIIHFWV�RQ�RWKHU�WKLQJV�FDXVHG�E\�WKH�VXEVWUDWH�

,PPHGLDWHO\��DJDLQ�WDNLQJ�HYLGHQFH�IURP�WKH�PRGHOV�PHQWLRQHG�
HDUOLHU��ZH�ZRXOG�H[SHFW�VRPHWKLQJ�DNLQ�WR�YRUWLFHV�WR�RFFXU��

&RXOG� 0D[ZHOO� KDYH� WKRXJKW� WKLV� ZKHQ� KH� FRQVWUXFWHG� KLV�
EULOOLDQW�PRGHO�RI�WKH�(WKHU"

%XW��DQG�LW�LV�D�YHU\�ELJ�EXW��PRVW�RI�WKH�NQRZQ�SKHQRPHQD�LQ�
WKHVH� PHGLD�� RFFXU� LQ� ¿QLWH�� OLPLWHG� FLUFXPVWDQFHV�� ZKHUHDV�
WKH�8QLYHUVDO�6XEVWUDWH�ZLOO�EH�DEVROXWHO\�LQ¿QLWH�LQ�H[WHQW��RU�
HIIHFWLYHO\�VR��

$QG�� WKLV� ZLOO� KDYH� PDQ\� FRQVHTXHQFHV�� )RU� H[DPSOH��
DQ\� GLVWXUEDQFH�� RU� ORFDO� DQRPDOLHV�� ZLOO� WDNH� WLPH� WR� EH�
FRPPXQLFDWHG�DFURVV�WKH�&RVPRV��$QG��ZLWK�VXFK�DQ�HQRUPRXV�
SRWHQWLDO� DUHD�� WKLV�ZLOO� LQHYLWDEO\�PHDQ� WKDW� E\� WKH� WLPH� RQH�
VLWXDWLRQ�KDV�KDG�LWV�HIIHFW�RQ�VRPH�GLVWDQW�SRVLWLRQ��WKH�RULJLQDO�
SRLQW�ZLOO�EH�OLNHO\�WR�KDYH�FKDQJHG�FRQVLGHUDEO\��$QG��RI�FRXUVH��
LW�PHDQV�WKDW�HIIHFWV�IURP�PDQ\�GLIIHUHQW�FDXVHV�ZLOO�EH�DUULYLQJ�
LQ�YDULRXV�DUHDV�DW�GLIIHUHQW�WLPHV�DQG�LQ�GLIIHUHQW�VHTXHQFHV��VR�
WKLV�WRR�ZLOO�UHVXOW�LQ�GLIIHULQJ�FRQGLWLRQV�DOO�RYHU�WKH�SODFH�

$OVR�� DOO� SURSDJDWHG� HIIHFWV� ZLOO�� LQ� WKHLU� WUDYHOV�� DOVR� EH�
XQGRXEWHGO\� DIIHFWHG� E\� WKH� GLIIHUHQW� UHJLRQV� WKURXJK� ZKLFK�
WKH\�ZLOO�SDVV�

6R��WKH�LPSRUWDQW�PHFKDQLVPV�IRU�IHHGEDFN��HQWLUHO\�LQ�WHUPV�RI�
IUHTXHQFLHV�RI�RVFLOODWLRQ�YLD�PHGLD��WKDW�<YHV�&RXGHU�VHW�XS�LQ�
KLV�EULOOLDQW�³:DONHU´�([SHULPHQWV��DQG�WKRVH�QDWXUDOO\�HYLGHQW�
LQ� ODNHV�DQG�VHDV�RQ�(DUWK��DV�ZHOO�DV� LQ�-XSLWHU¶V�DWPRVSKHUH��
ZRXOG�VHHP�WR�DOORZ�UHFXUVLYH�HIIHFWV�WR�DOVR�RFFXU�

/HW�PH� HPSKDVL]H� WKLV� VWURQJO\� �� &RXGHU¶V� GLVFRYHULHV� LQ� KLV�
VSHFLDOO\� GHVLJQHG� H[SHULPHQWV� FDQ� GHPDQG� D� FRPSOHWH� UH�
GH¿QLWLRQ�RI�WKH�FRUQHUVWRQHV�RI�0RGHUQ�3K\VLFV��DQG�WKDW�DOVR�
PHDQV�FRVPRORJ\�WRR��,QGHHG��ZLWKLQ�WKH�LQQHU�VSDFHV�RI�DWRPV��
DQG�DOO�RWKHU�PLFUR�OHYHO�HQWLWLHV�� VXFK�DQDORJXHV� VHHP�KLJKO\�
DSSURSULDWH��EXW�127�LQ�WKH�H[SDQVHV�RI�VR�FDOOHG�(PSW\�6SDFH��
7KH\�ZRXOG�WKHUH�WHQG�WR�EH�ERWK�ORFDO�DQG�WHPSRUDU\�WUDQVLHQW�
IHDWXUHV�

Turbulence in Space
The Effect upon Cosmic Events of a Universal 
Substrate



<HW�� ,�PD\� EH�ZURQJ�� RQH� RI� WKH�PRVW� EHDXWLIXO� DQLPDWLRQV� ,�
KDYH�VHHQ�PDNHV�WKH�PDJQHWLF�¿HOG�RI�WKH�(DUWK�YLVLEOH��DQG�ZLWK�
GLIIHUHQW�FRORXUV��DOVR�VKRZV�WKH�VRODU�ZLQG��ERWK�DIIHFWLQJ��DQG�
EHLQJ� DIIHFWHG�� WR� HLWKHU� VZRRS� LQ� DW� WKH�SROHV�� RU� EH�GLYHUWHG�
FRPSOHWHO\�DURXQG�WKH�HGJH�RI�WKH�ZKROH�¿HOG�

$V�VRRQ�DV�WKHVH�SRVVLELOLWLHV�DUH�FRQVLGHUHG��0D[ZHOO¶V�PRGHO�
RI�WKH�(WKHU��ZLWK�ERWK�VWDWLRQDU\�YRUWLFHV�DQG�PRYLQJ�ÀRZV�RI�
³HOHFWULFDO� SDUWLFOHV´�� VHHPV� WR� EH� D� YHU\�ZLVH� LGHD� WR� SXUVXH��
$QG��RI�FRXUVH��LW�GLG�LQGHHG�SURGXFH�KLV�IDPRXV�(OHFWURPDJQHWLF�
(TXDWLRQV�

<HW�� WKRXJK� ZH� FRQVLGHU� ORFDO� VWDEOH� DUHDV�� ZKHUH� VRPHWKLQJ�
VLPLODU�FRXOG�DSSHDU�LQ�WKH�8QLYHUVDO�VXEVWUDWH��WKHVH�SKHQRPHQD�
FRXOG�QHYHU�EH�SHUPDQHQW��XQOHVV��DV�LQ�&RXGHU¶V�EULOOLDQW�VHULHV�
RI�H[SHULPHQWV��D�FRQVWDQW��PDLQWDLQLQJ�VRXUFH�RI�HQHUJ\�ZHUH�
LQYROYHG�� )RU�� WKHUH�� &RXGHU� PDQDJHG� WR� SURGXFH� UHVRQDQW�
HIIHFWV��FRXSOHG�ZLWK�UHFXUVLRQ��ZKLFK�DFWXDOO\�UHVXOWHG�LQ�VWDEOH�
DQG�SHUVLVWLQJ�HQWLWLHV�±�KLV�VR�FDOOHG�³:DONHUV´��%XW��IRU�DOO�WKLV��
ZH� VWLOO� FDQQRW� LJQRUH�ZKDW� HIIHFW�PLJKW� KDYH�EHHQ�SURGXFHG��
ZLWKLQ� WKH� LPSRUWDQW� SURFHVVHV� RI� DJJUHJDWLRQ�� 'R� \RX� GRXEW�
WKDW� VRPHWKLQJ� OLNH� VWUHDPV� DQG� YRUWLFHV� FRXOG� RFFXU"� 7KH�
VLPSOH�³*UDYLW\�GRHV�LW´�PRGHO�LV�DOPRVW�FHUWDLQ�WR�EH�DQ�RYHU�
VLPSOL¿FDWLRQ�� DQG� (LQVWHLQ¶V� SXUHO\�PDWKHPDWLFDO� GHVFULSWLRQ�
GRHV�QRWKLQJ�WR�UHDOO\�DGGUHVV�WKH�FDXVHV�LQYROYHG�

127(��%XW��FRQVLGHULQJ�&RXGHU¶V�FRQVWDQW�VRXUFH�RI�YLEUDWLRQ�LQ�
KLV�VXEVWUDWH��DQG�KHQFH�GHOLYHULQJ�WKH�HVVHQWLDO�UHTXLUHG�HQHUJ\��
LW�ZDV�VWULFWO\�ORFDO��DQG�RXW�LQ�WKH�YDVWQHVV�RI�6SDFH��WKLQJ�ZRXOG�
EH�YHU\�GLIIHUHQW��)RU�H[DPSOH��DQ\�FRQWLQXLQJ�VRXUFH�RI�HQHUJ\�
±�OLNH�D�VWDU��ZRXOG�QRW�SURGXFH�DQ�HYHQ�KRPRJHQHRXV�HIIHFW��DV�
ZDV�SURGXFHG�LQ�&RXGHU¶V�VHW�XSV��EXW��LQ�FRQWUDVW��D�GHFOLQLQJ�
HIIHFW�ZLWK�GLVWDQFH�� DV� HYHU� JUHDWHU� YROXPHV�ZRXOG� VKDUH� WKH�
GHOLYHUHG�HQHUJ\�

7KXV� ZKHQ� FDUU\LQJ� RYHU� &RXGHU¶V� ¿QGLQJV�� ZH� PXVW� WDNH�
WKLV� LQWR�DFFRXQW�� >,QGHHG�WKDW�PLJKW�PDNH�VXFK�IHDWXUHV�PRUH�
OLNHO\�DV�HYHU\�SRLQW�ZRXOG�EH�GLIIHUHQW�IURP�HYHU\�RWKHU��DQG�
FROOLVLRQV� FRXOG� EH� VLJQL¿FDQW@�� 2Q� WKH� RWKHU� KDQG�� LQ� ORFDO��
OLPLWHG��¿QLWH�VLWXDWLRQV��DV�LQ�WKH�DWRP��VRPHWKLQJ�PXFK�FORVHU�
PLJKW�EH�SRVVLEOH��DQG�D�YHUVLRQ�RI�&RXGHU¶V�¿QGLQJ�GHOLYHU�D�
UHODWLYHO\�FORVH�PDWFK�

,Q�IDFW��-LP�6FKR¿HOG¶V� WKHRU\�RI� WKH�'RXEOH�6OLW�([SHULPHQWV�
FRXOG� DOVR� EH� FRQVLGHUHG� DV� UHOHYDQW� KHUH� WRR�� )RU�� LQ� WKDW�
WKHRU\�� WKH�PRYHPHQW� RI� FKDUJHG� SDUWLFOHV� FDXVHG� SURSDJDWHG�
GLVWXUEDQFHV�LQ�D�VXSSRVHG�VXEVWUDWH��ZKLFK�DUULYHG�DW�WKH�6OLWV��
ORQJ�EHIRUH�WKHLU�FDXVH��DQG�WKHQ�³LQWHUIHUHG´�RQ�WKH�RWKHU�VLGH��
WR�LQ�WXUQ��DIIHFW�WKH�FDXVLQJ�SDUWLFOHV�ZKHQ�WKH\�¿QDOO\�SDVVHG�
WKURXJK�

:H�FDQ�FRQVLGHU�WKDW�VRPH�SDUWV��RI�D�FHQWUH�RI�DJJUHJDWLQJ�PDWWHU��
PD\� DOVR� KDYH� VLPLODU� HIIHFWV� XSRQ� WKH� XQGHUO\LQJ� VXEVWUDWH��
ZKLFK���FRXOG�WKHQ�UHFXUVLYHO\�KDYH�LWV�RZQ�HIIHFWV�LQ�WXUQ��$OO�
WKDW�ZRXOG�EH�QHFHVVDU\�ZRXOG�EH� IRU� WKH�GLVWXUEDQFHV�FDXVHG�
WR�WKHQ�PHHW�WKHLU�RZQ�FDXVH�DJDLQ�DQG�UH�LQWHUDFW��7HPSRUDU\�
RUELWV��RU�HYHQ�QHDU�RUELWV�DURXQG�D�FHQWUH�RI�DJJUHJDWLRQ��PD\�
ZHOO�SURYLGH�VXFK�FLUFXPVWDQFHV�

Jonathan Zrake 
Mara running Kelvin-Helmholtz simulation



+HUH� ZH� KDYH� WKH� FODVVLF� ³9´� IRUPDWLRQ� WKDW� JHHVH� DGRSW� LQ�
À\LQJ�ORQJ�GLVWDQFHV��7KH�TXHVWLRQ�PXVW�EH��³:K\"´

,W�LV�VDLG�WKDW�WKH�OHDGLQJ�ELUG�KDV�D�VLJQL¿FDQWO\�KDUGHU�MRE��EXW�
WKH�UHVW�KDYH�LW�PXFK�HDVLHU�HQWLUHO\�GXH�WR�WKLV�IRUPDWLRQ�

$QG��VLPLODU�WKLQJV�KDSSHQ�LQ�F\FOH�UDFHV��ZKHQ��RQFH�PRUH��WKH�
WHPSRUDU\� OHDGHU�ZRUNV� WKH�KDUGHVW��DQG� WKDW�SRVLWLRQ�PXVW�EH�
UHJXODUO\�VKDUHG�DURXQG�D�UHODWLYHO\�VPDOO�OHDGLQJ�JURXS��(YHQ�LQ�
PRWRU�UDFLQJ��D�IROORZLQJ�FDU�FDQ�JHW�D�NLQG�RI�WRZ�IURP�WKH�FDU�
LQ�IURQW�RI�LW��DV�ORQJ�DV�WKH�JDS�LV�VPDOO�HQRXJK�

1RZ��WKRXJK�WKHUH�PD\�ZHOO�EH�RWKHU�UHDVRQV��LW�LV�FOHDU�WKDW�WKHUH�
LV�RQH�WKLQJ�FRPPRQ�WR�DOO�RI�WKHVH�H[DPSOHV��DQG�PDQ\�RWKHUV��
%XW��ZKDW� LV� LW� WKDW� WKH�OHDGHU�GRHV�WR� WKH�DLU��ZKLFK�EHQH¿WV�D�
FORVH�IROORZHU"

,I�LW�LV�OLNH�DQ\�RWKHU�WKLQJ�SORXJKLQJ�WKURXJK�D�PHGLXP��LW�ZLOO�
FHUWDLQO\�FDXVH�WKH�IRUPDWLRQ�RI�YRUWLFHV�DQG�RWKHU�FRQVHTXHQW�
GLVWXUEDQFHV� RI� WKDW� DLU��7KH� TXHVWLRQ� WKHQ� LV�� ³+RZ� GR� WKHVH�
YRUWLFHV�DVVLVW�IROORZLQJ�HQWLWLHV�LQ�WKHVH�UDFH�OLNH�DUUDQJHPHQWV"´

$QG��HYHQ�PRUH�DPD]LQJO\��FRXOG�DOO�RI� WKLV�DSSO\�HYHQ�DW� WKH�
VXE�DWRPLF�OHYHO�LI�WKHUH�ZHUH�D�8QLYHUVDO�6XEVWUDWH"

)RU��ZLWKLQ�WKH�DWRP��WDNLQJ�+\GURJHQ�DV�WKH�VLPSOHVW�H[DPSOH���
ZH� KDYH� SUREOHPV� WR� VROYH� LI� WKDW� VXEVWUDWH� H[LVWV� QRW� RQO\�
RXWVLGH�WKH�DWRP��EXW�DOVR�ZLWKLQ�WKH�UHODWLYHO\�YDVW�VSDFHV�WKDW�
DUH�HYLGHQW�WKHUH�WRR�

:H�� WKHUHIRUH�� KDYH� WR� FRQVLGHU� GLVWXUEDQFHV� LQ� WKDW� LQWHUQDO�
VXEVWUDWH�� FDXVHG� VLJQL¿FDQWO\� E\� WKH� RUELWLQJ� HOHFWURQ� �LQ� LWV�
ODUJHU�RUELW���DQG�PXFK�OHVV�VR��E\�WKH�E\�WKH�FHQWUDO�SURWRQ��LQ�
LWV�PXFK�WLQLHU�RUELW��

7KH�SUHVHQFH�RI�VXFK�D�VXEVWUDWH�LPPHGLDWHO\�SRVLWV�WKH�TXHVWLRQ��
³:K\�GRHV�WKDW�RUELWLQJ�HOHFWURQ�127�FRQWLQXDOO\�ORVH�HQHUJ\�
WR� WKDW� VXEVWUDWH�� DQG�� WKHUHDIWHU�� EHFDXVH� RI� WKH� FRQWLQXLW\� RI�
WKDW� VXEVWUDWH��ZLWK� WKH� UHVW� RI� WKDW� XQLYHUVDO� VXEVWUDWH� RXWVLGH�
WKH�DWRP��LV�QRW�WKDW�ORVW�HQHUJ\�FDUULHG�WR�EH�D�FRPSOHWH�ORVV�WR�
WKH�DWRP"�$QG�KHQFH��ZK\�GR�VXFK�LQWHUQDO�RUELWV�QRW�FRQVWDQWO\�
GHFOLQH�±�ORVLQJ�HQHUJ\�FRQWLQXDOO\�WR�WKH�VXEVWUDWH�DW�ODUJH"

<RX�FDQ�VHH�ZK\�WKH�LQLWLDO�SRLQWV�PDGH�LQ�WKLV�SDSHU�PLJKW�ZHOO�
EH�UHOHYDQW�

$OVR�� LW� WXUQV� RXW� WKDW� -DPHV� &OHUN� 0D[ZHOO�� LQ� GHULYLQJ�
KLV� EULOOLDQW� (OHFWURPDJQHWLF� (TXDWLRQV�� DVVXPHG� WKDW� WKH�
�XQLYHUVDOO\�EHOLHYHG�WR�H[LVW��(WKHU��LQYROYHG�YRUWLFHV�DV�ZHOO�DV�
ZKDW�KH�FDOOHG�³HOHFWULFDO�SDUWLFOHV´�

1RZ��LI�ZH�LQVLVW�XSRQ�FRQVLGHULQJ�WKH�VDPH�KDSSHQLQJV�ZLWKLQ�
WKH�DWRP��LQ�WKH�VDPH�ZD\�DV�RFFXUV�ZLWK�OLQHDU�SDVVDJHV�WKURXJK�
VXFK�D�PHGLXP�LQ�WKH�RSHQ��ZH�ZLOO�¿QG�12�HDV\�DQVZHUV�

%XW��RI�FRXUVH��ZKDW�ZH�KDYH�LQVLGH�WKH�DWRP�PXVW�EH�GLIIHUHQW�
7KH�HOHFWURQ�DSSHDUV� WR�EH�RUELWLQJ� WKH�QXFOHXV�DW�D�YHU\�KLJK�
VSHHG�� ZKLOH� FRQWLQXDOO\� UH�WUDYHUVLQJ� WKH� YHU\� VDPH� SDWK��
,QGHHG�� WKLV� FHUWDLQO\� PHDQV� WKDW� LW� ZLOO� EH� FRQVWDQWO\� UH�
HQFRXQWHULQJ�WKH�GLVWXUEDQFHV�LW�FUHDWHG�RQ�SULRU�RUELWV�DQG�ZLOO�
XQDYRLGDEO\� LQWHUDFW�ZLWK� WKHP��+HQFH�ZH� FRXOG� FOHDUO\� KDYH�
UHFXUVLYH�HIIHFWV�EDFN�RQWR�WKH�HOHFWURQ�

127(�� 7KLV� WKHRULVW� ZDV� DEOH� WR� VKRZ� VXFK� UHFXUVLRQ� LQ� KLV�
DOWHUQDWLYH� 7KHRU\� RI� WKH� 'RXEOH� 6OLW� ([SHULPHQWV�� LQ� GLUHFW�
FRQWUDGLFWLRQ�WR�WKH�&RSHQKDJHQ�YHUVLRQ�RI�ZKDW�ZDV�KDSSHQLQJ�
WKHUH��7KLV�UHVHDUFKHU�KDG�WR�VHHN�VRPH�IRUP�RI�IHHGEDFN��WR�WKH�
FDXVLQJ�HOHFWURQ��IURP�LWV�RZQ�HDUOLHU�FUHDWHG�GLVWXUEDQFHV��$QG�
LW�ZDV�WKLV�HIIHFW�DIWHU�SDVVLQJ�WKURXJK�%27+�RI�WKH�6OLWV��WKDW�
VHW�XS�D�SDWWHUQ�LQ�WKH�VXEVWUDWH��WR�WKHQ�DIIHFW�WKH�ODWHU�DUULYLQJ�
HOHFWURQ�� DQG� GHOLYHU� WKH� HIIHFWV� REVHUYHG� XSRQ� D� UHFHLYLQJ�
VFUHHQ�

Positive Turbulence



6R��WKH�WDVN�ZDV�FOHDU��WKHUH�KDG�WR�EH�VRPH�IRUP�RI�UHFXUVLRQ�
KDSSHQLQJ�WR�WKH�HOHFWURQ�LQ�RUELW�IURP�LWV�RZQ�SULRU�HIIHFWV��,W�
ZDV�DOVR�FOHDU�WKDW�WKDW�WKH�VPDOOHU�HQFORVHG�RUELW�RI�WKH�FHQWUDO�
SURWRQ��ZRXOG�DOVR�HQFRXQWHU�VLPLODU�SKHQRPHQD��EXW�IRU�QRZ��
ZH�ZLOO�FRQFHQWUDWH�XSRQ�WKH�PDLQ�HOHFWURQ�RUELW�

&OHDUO\�� EHFDXVH� WKH� TXDQWL]HG� HQHUJ\� OHYHOV� RI� WKH� HOHFWURQ�
RUELWV�� LQ� WKH� DWRPV� RI� GLIIHUHQW� HOHPHQWV�� WKH� GLIIHULQJ� QXFOHL�
PXVW� SOD\� D� UROH� LQ� GHWHUPLQLQJ� WKH� TXDQWL]HG� HQHUJ\� OHYHOV�
LQYROYHG�

&DQ�WKH�GLVWXUEDQFHV�FDXVHG�E\�DQ�RUELWLQJ�HOHFWURQ��VRPHKRZ�
EH� OLPLWHG� WR� VWD\LQJ�ZLWKLQ� WKH� DWRP�� DQG� KHQFH� EH� LQYROYHG�
LQ� UHFXUVLRQ�� ZKLFK� PDLQWDLQV� WKH� RUELW� ZLWK� 12� OHDNDJH�
ZKDWVRHYHU"

%XW��KRZ�ZRXOG�WKLV�ZRUN"

:H�KDYH�WR�DVVXPH�WKDW�HYHQ�LQVLGH�WKH�DWRP��WKH�XVXDO�YRUWLFHV�
ZLOO�EH�IRUPHG�E\�WKH�SDVVDJH�RI�WKH�RUELWLQJ�HOHFWURQ��VR�OHW�XV�
FRQVLGHU�WKHVH�HQWLWLHV�D�OLWWOH�IXUWKHU�

A Flow with Vortices
7R�WKH�ULJKW�LV�D�ODUJH�GLDJUDP�RI�WKH�HIIHFW�RI�D�VWUHDP�SDVVLQJ�
WKURXJK�D�VWLOO�VWUHWFK�RI�ZDWHU�

$GMDFHQW�WR�WKH�VWUHDP�D�VHULHV�RI�YRUWLFHV�DUH�JHQHUDWHG��WDNLQJ�
VRPH�HQHUJ\�IURP�WKH�GULYLQJ�VWUHDP��DQG�EHFDXVH�RI�WKH�³VKHDU�
HIIHFW´� RI� WKH�PRYLQJ� VWUHDP� DJDLQVW� WKH� VWLOO�ZDWHU�� LW� FDXVHV�
WKHVH�VSLUDOOLQJ�YRUWLFHV�

0D\EH��LI�LQVWHDG�RI�D�FRQWLQXRXV�VWUHDP��ZH�KDYH�D�¿QLWH�HQWLW\�
FDXVLQJ� WKHVH� HIIHFWV�� WKHQ�� IROORZLQJ� LWV� SDVVDJH�� WKH� VWLOO�
UHPDLQLQJ�YRUWLFHV�ZLOO�HIIHFWLYHO\�re-create VRPHWKLQJ�OLNH�WKH�
RULJLQDO�VWUHDP�LQ�WKH�PHGLXP��ZKLFK�FDQ�SXOO�IROORZLQJ�WKLQJV�
IRUZDUGV�WRR�

:H� WKHUHIRUH� KDYH� WKH� JHUP� RI� DQ� H[SODQDWLRQ� IRU� ZKDW� FDQ�
KDSSHQ� GLIIHUHQWO\� ZLWKLQ� DQ� DWRP�� 7KLV� PXVW� REYLRXVO\� EH�
SXUVXHG�
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)URP� HDUO\� LQ� P\� HGXFDWLRQ�� ,� ZDV� SX]]OHG� E\� WKH� LGHD� RI�
UHFXUVLRQ�� )RU�� LW� VHHPHG� WR� PHDQ�� ZKHQ� VRPHWKLQJ� FDXVHG�
D�FKDQJH� LQ� VRPHWKLQJ�HOVH� WKDW�FRXOG� WKHQ�� LQ� WXUQ�� DIIHFW� WKH�
RULJLQDO�FDXVH��

,�ZDVQ¶W�DW�DOO�KDSS\��)RU��LW�GLGQ¶W�¿W�LQWR�WKH�XVXDO�FDXVH�HIIHFW�
SDUDGLJP��IRU�\RX�ZRXOG�WKLQN�RI�VXFK�D�KDSSHQLQJ�DV�WKHQ�EHLQJ�
FRPSOHWH�±�¿QLVKHG��%XW�� LI� WKLV� UHFXUVLRQ�FRXOG�KDSSHQ�RQFH��
ZK\�FRXOG�LW�QRW�KDSSHQ�DJDLQ"�&RXOG�WKH�QRZ�FKDQJHG�VRXUFH�
DJDLQ� UH�DIIHFW� LWV� SUHYLRXV� WDUJHW�� EXW� WKLV� WLPH� LQ� D� GLIIHUHQW�
ZD\�� LQGHHG�� KRZ�PDQ\� LWHUDWLRQV� RI� WKLV� NLQG� FRXOG� DFWXDOO\�
KDSSHQ��DQG�ZKHUH�ZRXOG�WKH\�XOWLPDWHO\�OHDG"

,W�ZDV��RI�FRXUVH��RUGLQDU\��HYHU\GD\�WKLQNLQJ��EDVHG�XSRQ�KXPDQ�
DFWLRQV� LQ� WKDW�RUGLQDU\�ZRUOG��%XW�� OHW¶V� IDFH� LW��JLYHQ�HQRXJK�
WLPH��WKHUH�ZRXOG�EH�QRWKLQJ�WR�VWRS�UHFXUVLRQ�KDSSHQLQJ�DOPRVW�
DQ\ZKHUH��$1'�PRUH�WKDQ�RQFH�

127(�� 2I� FRXUVH�� ORRNLQJ� DW� VXFK� SRVVLELOLWLHV�� ZH� KDYH� WR�
FRQVLGHU�6WDELOLW\��,I�RXU�LQLWLDO�HIIHFW�FKDQJHG�D�VWDEOH�VLWXDWLRQ�
LQWR�D�OHVV�VWDEOH�RQH��PXOWLSOH�UHFXUVLRQV�FRXOG�HVFDODWH�LQWR�DQ�
DYDODQFKH�RI�FKDQJHV��WDNLQJ�WKLQJV�D�YHU\�ORQJ�ZD\�IURP�WKHLU�
VWDUWLQJ�SRLQW��%XW��DOWHUQDWLYHO\�WKH�FKDQJHV�PDGH�FRXOG�PDNH�
YHU\� OLWWOH� GLIIHUHQFH� RYHUDOO� RU� HYHQ�PDNH� WKH� VLWXDWLRQ� HYHQ�
PRUH� VWDEOH�� VR� WKDW� D� FRQWLQXLQJ� VHTXHQFH� RI� VXFK� UHFXUVLYH�
DIIHFWV� ZRXOG� EH� FRQGXFLYH� WR� D� VWUHQJWKHQLQJ� 6WDELOLW\�� 7KH��
VXUSULVLQJ�� \HW� PRVW� LQWHUHVWLQJ� FDVH�� ZRXOG� EH� ZKHQ� VXFK�
PXOWLSOH�UHFXUVLRQV�SXOO�D�VLWXDWLRQ�IURP�D�QRQ�VWDEOH�VLWXDWLRQ�
LQWR� D� VWURQJO\� VWDEOH� RQH�� 7KRXJK� VHHPLQJO\� XQOLNHO\�� WKLV�
LV� SUHFLVHO\� ZKDW� <YHV� &RXGHU� KDV� DFKLHYHG� LQ� KLV� EULOOLDQW�
³:DONHU´�H[SHULPHQWV�

7KHUH�LV��WKRXJK�D�VLJQL¿FDQW�SUREOHP��

$UH�DOO�FDXVHG�HIIHFWV�QHFHVVDULO\�OLPLWHG�HYHQWV"�$UH�WKH\�PHUH�
LQFLGHQWV��RU�DUH�WKH\�FRQWLQXLQJ"�

)RU�� LI� VXFK� WKLQJV� FDUU\�RQ�� DQG� LQYROYH�PRUH� UHFXUVLRQV��ZH�
ZLOO�KDYH�D�SURFHVV�WKDW�LV�XQDYRLGDEO\�FKDQJLQJ�ZLWK�WLPH��)RU��
VXFK�DQ�H[WHQVLRQ�LQYROYHV�D�F\FOH�RI�HIIHFWV��ZKLFK�PXVW�DIIHFW�
DOO�WKH�WKLQJV�LQYROYHG�±�WKH�RULJLQDO�FDXVH�DV�ZHOO�DV�WKH�LQLWLDOO\�
DIIHFWHG�HQWLW\��%RWK�RI�WKHVH�FRXOG�FKDQJH�ZLWK�HDFK�LWHUDWLRQ�

,PPHGLDWHO\��ZH�KDYH� WR� WDNH�RXU� VXSSRVHG� UHFXUVLRQ�DQG�JR�
URXQG�WKH�ORRS�DJDLQ��DQG�DVN�WKH�FUXFLDO�TXHVWLRQ��³&RXOG�QRW�
WKH�FKDQJHG�FDXVH�DJDLQ�DIIHFW�WKH�SUHYLRXVO\�DIIHFWHG�UHFLSLHQW"´

127(�� 1RZ�� RI� FRXUVH�� WKHUH� LV� D� WULYLDO� FDVH�� ZKHQ� WKHUH�
DUH� ORWV� RI� FDXVLQJ� HQWLWLHV� DQG� HIIHFWLEOH� WDUJHWV�� 7KHQ�� RQH�
FRQWLQXDWLRQ�ZRXOG� EH� IRU�PXOWLSOH� HIIHFWV� FDXVHG� WR� GLIIHUHQW�
WKLQJV��1HYHUWKHOHVV��HYHQ�WKLV�OLPLWHG�YHUVLRQ�FRXOG�JHQHUDWH�D�
VLWXDWLRQ�ZKHUH�DOO�WKH�UHVRXUFHV�DYDLODEOH�IRU�FKDQJH�ZRXOG�EH�
XVHG�XS��VR�WKH�SURFHVV�ZRXOG�¿QDOO\�WHUPLQDWH�

2U�� DOWHUQDWLYHO\�� WKH� SUHSRQGHUDQFH� RI� FKDQJHG� WDUJHWV� FRXOG�
GRPLQDWH�DQG�WULJJHU�RII�D�GLIIHUHQW�FRQVHTXHQW�VHW�RI�SURFHVVHV�

7KH�TXHVWLRQ��RI�LQ¿QLWH�UHJUHVV��LV�QRW�WRR�IDU�IHWFKHG��DV�ZKHQ�D�
VLQJOH�WXPEOLQJ�URFN�FDQ�SUHFLSLWDWH�DQ�DYDODQFKH��IRU�H[DPSOH��
%XW��SHUKDSV�WKH�PRUH�LQWHUHVWLQJ�FDVH�LV�ZKHQ�WKHUH�DUH�GLIIHUHQW�
FKDQJHV��ZLWK�HDFK�DQG�HYHU\�LWHUDWLRQ��:HOO��FHUWDLQO\��WKH�PRVW�
FRPPRQ�DQVZHU�ZLOO�EH��³1R�´

)RU��ZKDW�ZH� WKHQ�JHW� LV�D�NLQG�RI�6WDELOLW\�±�D�VHOI�HQIRUFLQJ�
VWDEOH� VWDWH�� ZKHUH� WKH� FDXVH� DQG� HIIHFW� ORFN� LQWR� D� WKHQ� XQ�
HIIHFWLEOH�UHVXOW�

%XW�� ZKHQ� WKLV� LV� VR�� ZH� KDYH� WR� DVN�� ³:K\"´�:KDW� DFWXDOO\�
PDGH�WKH�¿QDO�VLWXDWLRQ�VHOI�VXVWDLQLQJ"

<HW��LI�ZH�EULQJ�UHVRQDQFH�LQWR�RXU�FRQVLGHUDWLRQV��ZH�PD\�EH�
JHWWLQJ�WRZDUGV�WKDW�UHTXLUHG�H[SODQDWLRQ��$QG��WKDW�LV�EHFDXVH�
FHUWDLQ� WKLQJV� KDYH� QDWXUDOO\� UHVRQDQW� IUHTXHQFLHV� �DV� LQ� WKH�
LQIDPRXV��VHOI�GHPROLVKLQJ�EULGJHV���VR�WKHVH�PLJKW�GHOLYHU�WKH�
DPSOL¿FDWLRQ� RI� SDUWLFXODU� IUHTXHQFLHV�� WR� FDXVH� D� ORFNLQJ�LQ�
HQHUJ\�LQWR�D�GLIIHUHQW�V\VWHP�

0D\EH�� ZKHQ� RQH� RVFLOODWLRQ� FDXVHV� DQRWKHU� WR� LQFUHDVH� LWV�
DPSOLWXGH� �DQG� JDWKHU� LQ� H[WUD� HQHUJ\��� WKHQ� ZK\� VKRXOG� QRW�
WKH�UHYHUVH�DOVR�KDSSHQ"�&RXOG�QRW�WKH�WZR�DEVRUE�HQHUJ\�IURP�
HOVHZKHUH��DQG�FRQFHQWUDWH�LW�LQWR�WKHLU�QDWXUDO�IUHTXHQF\��&RXOG�
VXFK�D�SDLU�NHHS�HDFK�RWKHU�IURP�G\LQJ�DZD\"

1RZ��VXFK�³VWDELOLWLHV´�PD\�VHHP�SHUPDQHQW��EXW�LW�LV�XQOLNHO\�
WKDW�VXFK�ZLOO�EH�WKH�FDVH��,W�LV�PRUH�OLNHO\�WKDW��RQ�HDFK�LWHUDWLRQ��
WKRXJK�PDLQWDLQLQJ�WKH�V\VWHP��FHUWDLQ�FKDQJHV�KDSSHQ��DQG�LQ�
WLPH�� WKH� ORFNLQJ�LQ�PD\� EH� ORVW��$QG� WKHQ�� VHHPLQJO\� RXW� RI�
QRZKHUH�� LW�ZRXOG� DSSHDU� WKDW� D� SHUPDQHQW� VWDELOLW\� EHJLQV� WR�
GLVVRFLDWH�

Sustaining Substrates
&RQVLGHU� WZR� WKLQJV� ZKLFK� YLEUDWH� QDWXUDOO\� DW� WKH� VDPH�
IUHTXHQF\��(QWLW\�2QH�LV�VHW�LQWR�RVFLOODWLRQ��DQG�YLD�D�VXEVWUDWH��
FRQWDLQLQJ� ERWK�� FRPPXQLFDWHV� HQHUJ\� WR� (QWLW\� 7ZR�� ZKLFK�
DOVR�EHJLQV��E\�UHVRQDQFH��WR�RVFLOODWH�DOVR�

1RZ��LI�IRU�VRPH�UHDVRQ�(QWLW\�2QH�VXEVLGHV��ZKLOH�(QWLW\�7ZR�
GRHV� QRW�� FRXOG� QRW� (QWLW\� 7ZR� FRPPXQLFDWH� HQHUJ\� EDFN� WR�
(QWLW\�2QH�DQG�FDXVH�LW�WR�UHVRQDWH"

1RZ��FOHDUO\��WKLV�FRXOG�RQO\�RFFXU�DQG�SHUVLVW�LI�HQHUJ\�LV�EHLQJ�
VXSSOLHG�IURP�HOVHZKHUH�

127(�� ,Q� KLV�:DONHU� ([SHULPHQWV��<YHV� &RXGHU� SURYHG� WKLV�
E\�VXSSO\LQJ�D�FRQVWDQWO\�YLEUDWLQJ�VXEVWUDWH�ZLWKLQ�ZKLFK�KLV�
H[SHULPHQWV�ZHUH�SHUIRUPHG��,Q�DQ�HYHU\GD\�VLWXDWLRQ��LW�ZRXOG�
EH�OLNH�D�'DG��JLYLQJ�KLV�GDXJKWHU�RQ�D�VZLQJ��DQRWKHU�SXVK�WR�
NHHS�KHU�VZLQJLQJ��%XW��LQ�D�PRUH�QDWXUDO�VLWXDWLRQ��ZKDW�FRXOG�
WKH�VXSSOLHU�RI�HQHUJ\�EH"�,Q�WKH�IDPRXV�FROODSVLQJ�EULGJH�LW�ZDV�
WKH�ZLQG��DQG�ZH�KDYH�PHQWLRQHG�DQRWKHU�WKLQJ�±�WKH�VXEVWUDWH�
LQ�ZKLFK�RXU�VHW�XS�RFFXUV�

What is Recursion?



1RZ�� LI� VXFK�DQ�RYHUDOO� V\VWHP� �LQFOXGLQJ� WKH� VXEVWUDWH��ZHUH�
¿QLWH�DQG�ORFDO��WKHUH�ZRXOG�EH�QR�FKDQFH�RI�WKDW�VXEVWUDWH�EHLQJ�
WKH�UHTXLUHG�SHUVLVWLQJ�VRXUFH�RI�H[WUD�HQHUJ\�

%XW��LI�LW�ZDV�HIIHFWLYHO\�LQ¿QLWH��DQG�FRXOG�WKHUHIRUH�EH�DIIHFWHG�
E\� DOO� VRUWV� RI� HYHQWV� DOO� RYHU� WKH� SODFH��7+(1�� LI� WKLV�ZDV� D�
SURSDJDWLQJ�NLQG�RI�VXEVWUDWH��LW�FRXOG�EH�FRQVWDQWO\�VSUHDGLQJ�
DQ\�HQHUJHWLF�LQVHUWLRQV�WR�DOO�SDUWV�

,W�FRXOG�EH�WKH�VRXUFH�RI�D�VXVWDLQLQJ�LQVHUWLRQ�RI�HQHUJ\�IRU�RXU�
VXSSRVHG�GXDO�V\VWHP�

$V�DOUHDG\�PHQWLRQHG�&RXGHU�DFKLHYHG�KLV�UHPDUNDEOH�³:DONHU´�
H[SHULPHQWV�E\�SURYLGLQJ�D�FRQVWDQWO\�YLEUDWLQJ�WUD\�RI�VXEVWUDWH�
DV� WKH� JURXQG� IRU� DOO� KLV� H[SHULPHQWV��$QG�� LQ� DGGLWLRQ� WR� KLV�
SHUVLVWLQJ��VWDEOH�³:DONHUV´��KH�DOVR�E\�DOVR�DGGLQJ�DQ�RYHUDOO�
SHUVLVWLQJ�URWDWLRQ�PDQDJHG�WR�HQGRZ�KLV�ZDONHUV�ZLWK�TXDQWL]HG�
RUELWV�WRR�

&OHDUO\��DIWHU�YHU\�FDUHIXO�DGMXVWPHQWV��&RXGHU�WRRN�ZKDW�ZRXOG�
QRUPDOO\�EH�D�PHUHO\�WUDQVLHQW�SKHQRPHQRQ��DQG�WXUQHG�LW�LQWR�
D�VXVWDLQHG�VWDELOLW\�GRZQ�XOWLPDWHO\�WR�KLV�VXSSOLHG�RVFLOODWLQJ�
JURXQG�

Postscript: Slow, Creative 
Oscillations

7KH� DERYH�PXVHV� XSRQ� UHFXUVLRQ� DQG� FDXVH� FDQ� EHFRPH� YHU\�
LQWHUHVWLQJ�LQGHHG��LI�WKH�WLPH�VFDOH�LV�JUHDWO\�H[WHQGHG�

/HW�PH�WU\�WR�JLYH�DQ�H[DPSOH�

:KHQ� 3KRWRV\QWKHVLV� ¿UVW� RFFXUUHG� RQ� (DUWK�� LW� DOORZHG� WKH�
IROORZLQJ� EXUVW� RI� OLYLQJ� HQWLWLHV�� ZH� FDOO� SODQWV�� WR� VSUHDG�
DFURVV�WKH�SODQHW��EXW�D�ZDVWH�SURGXFW�RI�WKLV�OLYLQJ�SURFHVV�ZDV�
2[\JHQ��1RZ�� WKHQ� LW� KDG� QR� UROH� LQ� H[WHQGLQJ� OLIH�� DQG�ZDV��
DQ\ZD\�� DOVR� DOPRVW� H[FOXVLYHO\� FKHPLFDOO\� FRPELQHG� LQWR�
DYDLODEOH�VXEVWDQFHV�WR�EH�SUHFLSLWDWHG�RQWR�WKH�ÀRRUV�RI�RFHDQV��
7KH�DPRXQW�OHIW�LQ�WKH�DWPRVSKHUH�ZDV�WLQ\�

%XW��¿QDOO\�WKH�SODQWV�ZHUH�VR�QXPHURXV�WKDW�YDVW�TXDQWLWLHV�RI�
2[\JHQ�ZHUH�SURGXFHG�ERWK�LQ�WKH�DWPRVSKHUH�DQG�GLVVROYHG�LQ�
WKH�VHDV��$QG��WKLV�DOORZHG�WKH�HPHUJHQFH�DQG�GHYHORSPHQW�RI�
DQLPDOV��ZKLFK�FRXOGQ¶W�PDNH�WKHLU�RZQ�IRRG��DV�SODQWV�GLG��

6R� WKHVH� QHZ� OLYLQJ� RUJDQLVPV� DWH� SODQWV� DV� WKHLU� RQO\� LQLWLDO�
IRRG�VXSSO\��DQG�LW�GRLQJ�VR�VWURQJO\�DIIHFWHG�WKH�HYROXWLRQ�RI�
WKRVH�SODQWV� WR�PDNH�IRUPV�OLNH�*UDVV�GRPLQDQW� LQ� ODUJH�DUHDV�
RI�WKH�SODQHW�

$QG� WDNLQJ� VXFK� D� WUDMHFWRU\� HYHQ�ZLGHU� DQG� VORZHU�� ZH�ZLOO�
GRXEWOHVV�EH�¿QGLQJ�VXFK�HIIHFWV�EHFRPLQJ�FDXVHV��DQG�DUULYLQJ�
DW�QHZ��ORQJ�WHUP�VWDELOLWLHV����EXW�QHYHU�IRUHYHU�

All the illustrations for this paper were created using different 
forms of video / optical feedback (recursion)



7KH� UXVK� WR� VLPSOLI\LQJ� LQ¿QLWLHV� DQG� VLQJXODULWLHV� RI� PRVW�
VXJJHVWHG�DFFRXQWV�RI� WKLV�DOPLJKW\�FDWDFO\VP��XVXDOO\�WHUPHG�
7KH�%LJ�%DQJ��LV�127�IROORZHG�KHUH�

7KH� XVXDO� FRQFOXVLRQ� RI� WKDW� SRVLWLRQ� RQ� WKH� RXWFRPH� RI� WKH�
HYHQW�� LQYROYLQJ�QRWKLQJ�EXW�SXUH��GLVHPERGLHG�(QHUJ\�LV�DOVR�
UHMHFWHG��DV�LV�WKH�EHOLHI�WKDW�DEVROXWHO\�12�PDWHULDO�IUDJPHQWV�
RI� DQ\� NLQG� EHLQJ� LQYROYHG�� )RU� VXFK� DVVXPSWLRQV� DUH� FOHDUO\�
PDGH�WR�DOORZ�IRUPDO�FRQVLGHUDWLRQV�WR�EH�HDVLO\�PDQLSXODWHG��
ZLWKRXW�WKH�PHVVLQHVV�RI�5HDOLW\�FRQIXVLQJ�WKH��SHUFHLYHG�WR�EH�
HVVHQWLDO�FRQVLGHUDWLRQV�

$QG��LW�DOVR�LV�FRQFHLYHG�WR�³YDOLGDWH´�WKH�VWDQGSRLQW�RI�WKH�XVXDO�
LQYHVWLJDWRUV��ZKR�FOHDUO\�EHOLHYH� LQ�DEVWUDFW��)RUPDO�/DZV�DV�
WKH�DFWXDO�SURGXFHUV�RI� DEVROXWHO\�HYHU\WKLQJ� LQ� WKH�8QLYHUVH�
7KHLU�SHUFHLYHG��WDVN�WKHQ�EHFRPHV��DV�WKH�$PHULFDQV�OLNH�WR�SXW�
LW����'RLQJ�WKH�0DWK�

%XW�� WKLV� DOWHUQDWLYH� DQDO\VLV� DYRLGV� ERWK� WKHLU� VWDQFH� DQG�
FRQVHTXHQW� PHWKRGV� OLNH� WKH� SODJXH�� DQG� FRQVLGHUV� WKDW� WKHUH�
PLJKW�ZHOO�KDYH�EHHHQ�VRPH�VRUW�RI�JLJDQWLF�EUHDN�XS�RI�PRVW�
PDWWHU��UHVXOWLQJ�LQ�WKH�SUHGRPLQDQFH�RI�WKH�PRVW�IXQGDPHQWDO�
IUDJPHQWV��EXW� WKH�DVVXPHG�6LQJXODULW\� LV�RPLWWHG�DV�PHUHO\�D�
IRUPDO�RYHU�VLPSOL¿FDWLRQ��DQG�DQ\�UHDO�FROODSVH�ZRXOG�EH�ERWK�
PXFK�PHVVLHU�� DQG� QHFHVVDULO\� VR�� WR� EH� PRUH� UHDO� WKDQ� VXFK�
SODFHKROGHUV�FDQ�HYHU�GHOLYHU��GLVDEOHG�DV�LW�LV��WR�SURGXFH�WKHLU�
IRU�WKHLU�5HTXLUHG�%HJLQQLQJ�

6R�� ORRNLQJ�¿UVW� WR�D�FDXVH� IRU� WKH�%LJ�%DQJ��DQG�FRQVLGHULQJ�
VRPH� NLQG� RI� HQRUPRXV� FROODSVH�� ZLWK� D� FRQVHTXHQW� FRVPLF�
H[SORVLRQ�� LW�ZLOO� EH� WUHDWHG� LQ� WHUPV� RI� NQRZQ� FROODSVHV� DQG�
H[SORVLRQV�WKRXJK�RQ�D�PXFK�VPDOOHU�VFDOH��VXFK�DV�1RYDH�DQG�
6XSHUQRYDH���

7KH� %LJ� %DQJ� ZLOO� 127� EH� LGHQWLFDO� WR� WKHVH� PXFK� VPDOOHU�
H[DPSOHV��EXW�VWDUWLQJ�ZLWK�WKHP�LV�DOZD\V�LQ¿QLWHO\�SUHIHUDEOH�
WR�WKH�XVXDO�RSHQ�HQGHG�VSHFXODWLRQV�RI�WKH�IRUPDOLVWV��

:H�GR��KRZHYHU��DVVXPH�DQ�H[SOLFDEOH�FDXVH� IRU� WKH�FROODSVH��
LQ�WHUPV�RI�WKRVH�NQRZQ�H[DPSOHV�RQ�WKH�OHVVHU�VFDOH��:KHQ�D�
VWDU�FROODSVHV��LW�RQO\�RFFXUV�ZKHQ�LW�LV�UXQQLQJ�RXW�RI�UHVRXUFHV�
IRU�LWV�FXUUHQW�IRUP�RI�QXFOHDU�IXVLRQ��DQG�WKH�IRUFHV�RI�*UDYLW\�
¿QDOO\� SUHGRPLQDWH� DQG� D�ZKROHVDOH� FROODSVH� LV� WKH� LQHYLWDEOH�
RXWFRPH��6R��XSRQ�D�&RVPLF�VFDOH��ZKDWHYHU�ZDV�NHHSLQJ� WKH�
8QLYHUVH� DSDUW� FRXOG� DOVR� EH� UXQQLQJ� RXW�� DQG� *UDYLW\� DJDLQ�
FRXOG�FDXVH�WKH�UHVXOWLQJ�FROODSVH�

$OVR�� UDWKHU� WKDQ� VRPH� LQH[SOLFDEOH� ,QÀDWLRQDU\� FDXVH� IRU�
H[SDQVLRQ��ZH�DUH�PXFK�PRUH�LQFOLQHG�WR�LPDJLQH�D�UHVXOW�RI�WKH�
FROODSVH�JHQHUDWLQJ�WKH�SURGXFWLRQ�RI�YDVW�DTPRXQWV�RI�HQHUJ\�
�WKLV�WLPH�E\�ZKROHVDOH�1XFOHDU�)LVVLRQ"��

%XW��WKHUH�LV�DQRWKHU�DVVXPSWLRQ�LQYROYHG�KHUH��WKDW�KDV�EHHQ�WKH�
UHVXOW�RI�PDQ\�GHFDGHV�RI�VWXG\�LQWR�WKH�PDQ\�DQRPDOLHV�RI�WKH�
&RSHQKDJHQ� ,QWHUSUHWDWLRQ� RI� 4XDQWXP�7KHRU\�� ZKLFK� WXUQHG�
RXW� WR�RQO\�EH�SRVVLEOH� WR�SK\VLFDOO\� H[SODLQ�� E\� WKH�SUHVHQFH�
RI�D�8QLYHUVH�ZLGH��XQGHWHFWDEOH�6XEVWUDWH� �DQG�FUXFLDOO\��RQH�

FRPSRVHG� RQO\� RI� DOUHDG\� NQRZQ� FRPSRQHQWV��� 6R�� LQ� WKLV�
DOWHUQDWLYH�WKHRU\��LW�ZLOO�QRW�RQO\�KDYH�WR�GHDO�ZLWK�WKH�FRPLQJ�
WRJHWKHU��XQGHU�*UDYLW\��RI�PDWHULDO�HQWLWLHV�RI�DOO�VL]HV��EXW�DOVR�
WKH�HIIHFWV�RI�WKLV�XSRQ�WKH�XQLYHUVH�ZLGH�VXEVWUDWH�±�GH¿QHG�DV�
XQGHWHFWDEOH�DQG�DQ�DOO�ZD\V�QHXWUDO�PHGLXP�
 
$QG�� D� 6XEVWUDWH�� ZKLFK� PD\� ZHOO� KDYH� EHHQ� VLPLODU� LQ�
FRPSRVLWLRQ�ERWK�EHIRUH�DQG�HYHQ�DIWHU��WKH�FROODSVH��DQG�KHQFH�
127�D�FDXVDO�SDUW�RI�WKH��FDWDFO\VP��DW�DOO��WKRXJK�LW�ZLOO��LQGHHG��
KDYH�EHHQ�DIIHFWHG�E\�LW��7KRXJK�LW�ZRXOG�JHQHUDOO\�VWD\�ZKHUH�
LW�ZDV��H[WUHPH�ORFDO�HIIHFWV�ZRXOG�FHUWDLQO\�PRYH�DERXW�VRPH�
RI� LWV� FRPSRVLQJ� XQLWV�� DQG� VRPHWLPHV� GUDPDWLFDOO\�� ZLWK� D�
FRQVHTXHQW�UHFXUVLYH�FRQWULEXWLRQ�EHLQJ�WKH�UHVXOW�

%XW��QHXWUDO�RU�QRW��WKRXJK�LW�PD\�QRW�KDYH�EHHQ��RI�LWVHOI��SXOOHG�
LQWR�WKH�JHQHUDO�FROODSVH��LW�ZLOO��XQDYRLGDEO\��KDYH�EHHQ�SXVKHG��
E\� FROOLVLRQV�� LI� RQO\� EHFDXVH� WKH� SURFHVV� RI� VXFK� DQ� DEVROXWH�
DYDODQFKH� RI� PDWWHU� UXVKLQJ� WRZDUGV� D� VLQJOH� FHQWUH�� ZRXOG�
LQYROYH�LW�PRUH�DQG�PRUH�DV�WKH�SURFHVV�SURFHHGHG���EDQJLQJ�LQWR�
ERWK�RWKHU�PDWWHU�IUDJPHQWV�$1'�WKRVH�RI�WKH�QHXWUDO�VXEVWUDWH�
WRR��DQG��RI�FRXUVH�LPSDUWLQJ�HQHUJ\�YLD�WKHVH�FROOLVLRQV�

&OHDUO\�� LI� WKH� VXEVWUDWH� PRVWO\� UHPDLQHG� DV� ZH� FRQVLGHU� LW�
EHIRUH�WKH�(YHQW���LW�ZRXOG�WKHQ�SURSDJDWH�WKH�HQHUJ\�LW�UHFHLYHG�
IURP� WKH� LQZDUGV� DYDODQFKH�� EXW� GHOLYHU� LW� LQ� DOO� GLUHFWLRQV� LQ�
LWV�XVXDO�EXFNHW�EULJDGH�IDVKLRQ��$QG�VXFK�SURSDJDWLRQV�ZRXOG�
EH�SHUIRUPHG�LQWHUQDOO\��ZLWKLQ�WKH�XQLWV�RI�WKH�VXEVWUDWH��VHH�D�
IXOOHU�GHVFULSWLRQ�LQ�WKH�6SHFLDO�,VVXH�HQWLWOHG The Theory of the 
'RXEOH�6OLW�([SHULPHQWV�RI�WKH�6+$3(�-RXUQDO��

2I� FRXUVH�� DIIHFWHG� XQLWV� RI� WKDW� VXEVWUDWH� ZRXOG� DOVR�� DQG�
XQDYRLGDEO\��EH�VHW�LQ�PRWLRQ��LQ�WKH�YHU\�VDPH�GLUHFWLRQ�DV�WKH�
FROODSVH��ZKLOH�JODQFLQJ�EORZV�ZRXOG�FHUWDLQO\�VHW�RII�DEXQGDQW�
ORFDO�LQ�WKH�VXEVWUDWH�WRR��%XW��D�IXOO�DSSUHFLDWLRQ�RI�WKLV�FRPSOH[�
RI� HIIHFWV� ZLOO� DOO� GHSHQG� XSRQ� WKH� YDULRXV� VSHHGV� LQYROYHG�
3UHVXPDEO\�� WKH�SURSDJDWLRQ�RI�HQHUJ\�LQ� WKH�VXEVWUDWH� ��EHLQJ�
DW� WKH� 6SHHG� RI� /LJKW�� � ZLOO� EH� GLVSHUVLQJ� WKDW� HQHUJ\� PXFK�
IDVWHU� WKHQ�WKH�FDXVLQJ�SK\VLFDO�FROODSVH��7KH�FDODPLW\�ZRXOG��
WKHUHIRUH��DOUHDG\�EH�JHQHUDWLQJ�DQ�RXWZDUGV�ÀRZ�RI�HQHUJ\�YLD�
WKH�VXEVWUDWH��DV�ZHOO�DV�FRQGXFWLQJ�D�IUDFWLRQ�RI�WKDW�VXEVWUDWH�
LQWR�WKH�PHOHH�

&HUWDLQO\��IROORZLQJ�WKH�JHQHUDO�FROODSVH��WKHUH�FRXOG�RQO\�EH�DQ�
DOPLJKW\�H[SORVLRQ�DQG�D�FRQVHTXHQW�JLJDQWLF�H[SDQVLRQ��ZLWK�
HQRUPRXV�GULYLQJ�HQHUJ\�LQ�7KH�%LJ�%DQJ��WKRXJK�VLJQL¿FDQWO\�
DGGHG� WR� E\� QXFOHDU� HQHUJ\�� DV� SURYHG� E\� VXFK� FROODSVHV� LQ�
PHUHO\�LQGLYLGXDO�VWDUV��WKH�UDQJH�RI� WKHVH�ZLOO�EH�SUHVXPDEO\�
YDVWO\�H[WHQGHG�IURP�ZKDW�ZH�NQRZ�RI�6XSHUQRYDH��

$QG�� WKDW� WRR� ZRXOG�� RQFH� DJDLQ�� 127� OHDYH� WKH� OHIW�EHKLQG�
VXEVWUDWH�XQDIIHFWHG��,I�RXU�RWKHU�FRQVLGHUDWLRQV�DUH�FRUUHFW��WKH�
OLNHOLKRRG� LV� WKDW� WKH� FRORVVDO�RXWZDUGV�ÀRZ�ZRXOG�DJDLQ��YLD�
FROOLVLRQV���FDXVH�HIIHFWV�LQ�WKDW�VXEVWUDWH��DQG�WKDW�D�JUHDW�GHDO�RI�
WXUEXOHQFH�LQ�WKH�VXEVWUDWH�ZRXOG�LQHYLWDEO\�UHVXOW�

The Big Bang
(with a pre-existing substrate)



$QG��DV�XVXDO��LQ�VXFK�ÀRZV��YRUWLFHV�RI�WKH�VXEVWUDWH�ZRXOG�EH�
OLNHO\��DQG�WKHVH�FRXOG�WKHQ�DIIHFW�WKH�RXWZDUGV�ÀRZ�LWVHOI�LQ�D�
UHFXUVLYH�ZD\��7KH�RXWZDUG�ZRXOG�KDYH�EHHQ�WKH�FDXVH��RI�WKHVH�
HIIHFWV� LQ� WKH� VXEVWUDWH�� EXW� DOVR� WKH� UHFLSLHQW� RI� WKRVH� HIIHFWV�
WR��LQ�WXUQ��FDXVH�FKDQJHV�LQ�WKH�ÀRZ��>$OO��RI�FRXUVH��FDXVHG�E\�
FROOLVLRQV�RQO\�@

:H�FDQ�RQO\�DVVXPH�WKDW�WKH�XVXDO�TXLHVFHQW�DQG�VWDEOH�VWUXFWXUH��
RI�WKH�VXEVWUDWH��ZDV�WKURZQ�LQWR�WXUPRLO�E\�PXOWLSOH�FROOLVLRQV��
WKHQ�YLD�GHVFUHWH�YRUWLFHV�ZLWK�FRQWDLQHG�HQHUJ\�WKHUHDIWHU�DIIHFW�
WKH�RUJLQDO�FDXVLQJ�ÀRZ�LWVHOI�

1RZ��VXFK�D�UDQJH�RI�FRQMHFWXUHV�FOHDUO\�UHTXLUHV�FRQ¿UPDWLRQ�
YLD� H[SHULPHQW�� %XW�� DV� XVXDO�� ZH� FDQQRW� UHSOLFDWH� WKH� DFWXDO�
FRQGLWLRQV�WKHPVHOYHV��

6R�� DV� &RXGHU� GLG� ZLWK� KLV� :DONHU� ([SHULPHQWV�� ZH� KDYH�
VRPHKRZ�WR�FRQVWUXFW�D�UHDVRQDEO\�DGHTXDWH�$QDORJLVWLF�0RGHO�
RXW�RI� UHVRXUFHV�DYDLODEOH� WR�XV�DW� WKH�PDFUR� OHYHO�� DQG�KHQFH�
FDSDEOH�RI�EHLQJ�VHW�XS�LQ�WKH�ODERUDWRU\�

:KDW�ZH�ZLOO�KDYH�WR�UHVHDUFK�LV�DQ�DQDORJRXV�W\SH�RI�H[SORVLRQ�
LQ�D�VWDWLF��TXLHVFHQW�PHGLXP��$QG��WR�JHW�DQ\ZKHUH�XVHIXO��ZH�
ZRXOG�KDYH��LI�SRVVLEOH��WR�GR�ZKDW�:LQIUHH��DQG�*RPDWDP�HW�
DO��LQGHSHQGDQWO\��GLG�LQ�WKHLU�UHVHDUFK�LQWR�FKHPLFDO�UHDFWLRQV�
EHWZHHQ� OLTXLGV�� ZKHUH� KH� XVHG� RVFLOODWLQJ� UHDFWLRQV�� ZLWK�
GLIIHUHQWO\�FRORXUHG�RXWFRPHV�WR�VKRZ�FOHDUO\�ZKDW�ZDV�JRLQJ�
RQ��7R� GR� VRPHWKLQJ� VLPLODU�� LQ� RXU� SURSRVHG� H[SHULPHQW��ZH�
ZRXOG�KDYH�WR�XVH�D�PHGLXP�WKDW�ZRXOG�FKDQJH�LQ�VRPH�HYLGHQW�
ZD\� DW� GLIIHUHQW� GHQVLWLHV� RU� VSHHGV�� WR� UHYHDO� ZKDW� FRXOG� EH�
KDSSHQLQJ� LQ� WKH� &RVPLF� 3URFHVV� WKDW� ZH� DUH� DWWHPSWLQJ� WR�
PRGHO�

6XFK� DQ� H[SHULPHQW� ZRXOG� QHYHU� EH� DQ� DWWHPSW� WR� SURGXFH� D�
SHUIHFW�PRGHO��QRU�DQ\�NLQG�RI�SXUHO\�IRUPDO�PRGHO����EXW�UDWKHU�
WR�JHW�LGHDV�RI�ZKDW��SK\VLFDOO\��PLJKW�KDYH�EHHQ�KDSSHQLQJ�LQ�
DQ�REYLRXVO\�XQREVHUYDEOH�%LJ�%DQJ�

,QGHHG��ZKHQHYHU�DQ\�NLQG�RI�D�PHGLXP�LV�LQYROYHG�LQ�DQ\�NLQG�
RI� D� GUDPDWLF� RFFXUUHQFH� WKHUH� DUH� DOZD\V� ³VKRFN� ZDYHV´� RI�
TXDOLWDWLYH�HIIHFWV�±�GLIIHUHQW�WR�WKH�XVXDO�NLQGV�RI�SURSDJDWLRQ�
6R�� LW� ZRXOG� EH� WR� UHFRJQLVH� FDXVHG� VWUXFWXUHV� DQG� WKHLU�
VXEVHTXHQW� GHYHORSPHQWV� DQG� GLVVRFLDWLRQV� WKDW�ZRXOG� EH� WKH�
SULPDU\�SXUSRVH�

1RZ��LI�ZH�ZHUH�WR�DOORZ�WKH�H[SORVLRQ�WR�LQFOXGH�YDULRXV�VL]HV�
RI�SLHFHV�RI�PDWWHU��GULYLQJ�WKURXJK�D�UHODWLYHO\�VWDWLF�VXEVWUDWH��
WKHUH�ZLOO�FHUWDLQO\�EH�D�WHQGHQF\�IRU�LW�WR�EH�VHW��LQWR�URWDWLRQDO�
YRUWLFHV��$QG�� ,� UHFNRQ� WKDW� WKH�PRWLRQ� ZLWKLQ� WKHVH� GHVFUHWH�
HQWLWLHV�ZLOO�EH�LQLWLDOO\�DW�ULJKW�DQJOHV�WR�WKH�GLUHFWLRQ�RI�FDXVLQJ�
PRWLRQ�

1RZ��WKDW�DORQH�PHDQV�WKDW�WKH�GLUHFWLRQV�ZLOO�EH�SHUSHQGLFXODU�
WR� WKH� GLUHFWLRQ� RI� ÀRZ�� VR� LW� FRXOG� LQVHUW� D� NLQG� RI� ORFDO�
³SRODUL]DWLRQ´�� WKRXJK� URWDWLRQV�� RWKHU� WKDQ� LQ� D� VLQJOH� SODQH��
ZLOO�GH¿QLWHO\�EH�SRVVLEOH�

127(�� LQ� ERWK�:LQIUHH� DQG� *RPDWDP¶V� VWXGLHV� RI� UHDFWLRQV�
EZWHHHQ� OLTXLGV� WKH� �'� IRUPV� VXUSULVLQJO\� WXUQHG� RXW� WR� EH�
³7RURLGDO� VFUROOV´�� VR� FOHDUO\� ZKDW� PLJKW� EH� KDSSHQLQJ� LQ�
WKH� VLWXDWLRQ�ZH� DUH� FRQVLGHULQJ� LV� DOVR� OLNHO\� WR� EH� VLPLODUO\�
FRPSOH[�

1RZ�� DV� WKH�ZKROH� UDQJH� RI� FDXVLQJ� ÀRZV�ZLOO� 127� EH� LQ� D�
VLQJOH�GLUHFWLRQ�EXW�DOO�JRLQJ�RXW�UDGLDOO\�IURP�D�VLQJOH�FHQWUH��
DEVROXWHO\�HYHU\�SRVVLEOH�GLUHFWLRQ�ZLOO�EH�LQYROYHG��RYHUDOO��6R��
WKRXJK�� LI� XQDOWHUHG�� DOO� WKHVH� ÀRZV�ZLOO� VSUHDG� UDGLDOO\� IURP�
WKDW�FHQWUH��WKH�SUHVHQFH�RI�D�VXEVWUDWH�DQG�LWV�YRUWLFHV��ZLWK�WKHLU�
VLGHZD\V�GLVSODFHPHQWV��ZLOO��DW�OHDVW�HDUO\�RQ��SURGXFH�HIIHFWV�
ZKLFK�ZLOO�FKDQJH�WKDW�LGHDO�SDWWHUQ�

)URP� WKH� RXWVHW�7:2�HIIHFWV� VHHP� OLNHO\�� )LUVW�� WKHUH�ZLOO� EH�
WKH� WXUEXOHQW� HIIHFWV� XSRQ� WKH� VXEVWUDWH��$QG� VHFRQG�� ZLOO� EH�
WKH� ³SRODUL]LQJ´� VLGHZD\V� HIIHFWV� EDFN� RQWR� WKH� ÀRZ� E\� WKH�
WXUEXOHQFH�LQ�WKH�VXEVWUDWH�

&OHDUO\��VRPH�UHYHODWLRQ�RI�H[DFWO\�ZKDW�ZRXOG�KDSSHQ��ZRXOG�
EH� D� PDMRU� SXUSRVH� RI� WKH� VXJJHVWHG� PDFUR� H[SHULPHQW�� 7KH�
ODWHUDO� GLYHUVLRQV� RI� IUDJPHQWV� RI� PDWWHU� ZRXOG� EH� WKH� PRVW�
LPSRUWDQW��WKRXJK��DV�WKH�SURFHVV�PRYHG�IXUWKHU�RXW��LW�LV�OLNHO\�
WKDW�DV�JUHDWHU�YROXPH�RI�WKH�VXEVWUDWH�ZHUH�LQYROYHG�WKH�HIIHFWV�
ZRXOG�EH�PRUH�DQG�PRUH�GLOXWHG��DQG�D�VLPSOHU��DQG�HDVLHU� WR�
PRGHO�VLWXDWLRQ�LV�OLNHO\�WR�GHYHORS�

7KH�WDVN�RI�WKH�H[SHULPHQW�ZRXOG�EH�WR�UHYHDO�WKH�GHYHORSPHQWV�
LQYROYHG�RYHU�WLPH�

&OHDUO\�� LQ� WKH� DUHDV� YHU\� FORVH� WR� WKH� SUHVXPHG� RULJLQ� RI� WKH�
%LJ�%DQJ���WKH�HIIHFWV�XSRQ�WKH�UHPDLQLQJ�VXEVWUDWH�ZLOO�EH�ERWK�
GUDPDWLF�DQG�LQGHHG�FKDRWLF��EXW�DV�WKH�H[ORVLRQ�SURFHHGV��WKLQJV�
ZLOO�EHFRPH�PRUH�DQDO\VDEOH�

,QGHHG��DW�PXFK�IXUWKHU�RXW�VLWXDWLRQV��PRVW�RI�WKH�VXEVWUDWH�ZLOO�
EH� LQ� LWV�PRUH�XVXDO�TXLHVFHQW�DQG�VWDEOH�VWDWH��ZLWK� MXVW� ORFDO�
DUHDV�RI�GLVWXUEDQFHV��$QG��¿QDOO\�DQ� LGHDOLVHG�VWDWLF�VXEVWUDWH�
ZLOO�EH�WKH�XQLYHUVDO�VWDWH��ZKHQ�EH\RQG�WKH�UHDFK�RI�WKH�FXUUHQW�
H[SORVLRQ�

2QH�SRVVLEOH�UHVXOW�RI�FRQVLGHULQJ�WKLQJV�EH\RQG�WKDW�OLPLW��FRXOG�
ZHOO�EH� WKDW� WKH�QDWXUH�RI� WKH�XQDIIHFWHG�VXEVWUDWH� WKHUH�PLJKW�
ZHOO�EH�GLIIHUHQW��DQG�WKH�UHFHQWO\�UHYHDOHG�5HG�6KLIW�DQRPDOLHV�
DW�VXFK�GLVWDQFHV�PD\�EH�EH�H[SODLQHG�E\�WKHVH�VWXGLHV�LI�WDNHQ�
WR�WKHLU�FRQFOXVLRQ�



+HUH�LV�D�EULHI�OLVW�RI�VRPH�LQWHUHVWLQJ�ERRNV�DQG�SDSHUV�WKDW�JRW�
PH�WKLQNLQJ�ZKHQ�ZRUNLQJ�RQ�P\�6XEVWUDWH�WKHRU\��%\�QR�PHDQV�
GR�,�DJUHH�ZLWK�DOO�RI�WKH�LGHDV�WKHUHLQ��EXW�HDFK�KDV�VRPHWKLQJ�
XQLTXH�WR�FRQWULEXWH�WR�WKLV�GHEDWH�

%RKP��'���������³$�6XJJHVWHG� ,QWHUSUHWDWLRQ�RI� WKH�4XDQWXP�
7KHRU\�LQ�7HUPV�RI�µ+LGGHQ�9DULDEOHV¶�,´�

%RUFKDUGW��*����������³1HRPHFKDQLFDO�*UDYLWDWLRQ�7KHRU\´
KWWS���ZRUOGQSD�RUJ�QHRPHFKDQLFDO�JUDYLWDWLRQ�WKHRU\���

%RUFKDUGW��*����������³7KH�7HQ�$VVXPSWLRQV�RI�6FLHQFH��7RZDUG�
D�1HZ�6FLHQWL¿F�:RUOGYLHZ´
$YDLODEOH�RQ�$PD]RQ�

&RXGHU��<����������³6LQJOH�3DUWLFOH�'LIIUDFWLRQ�DQG�,QWHUIHUHQFH�
DW�D�0DFURVFRSLF�6FDOH´
KWWS���MRXUQDOV�DSV�RUJ�

*RPDWDP��-���������³3DWWHUQ�V\QWKHVLV�IURP�VLQJXODU�VROXWLRQV�
LQ� WKH� 'HE\H� OLPLW�� KHOLFDO� ZDYHV� DQG� WZLVWHG� WRURLGDO� VFUROO�
VWUXFWXUHV�´��KWWS���LRSVFLHQFH�LRS�RUJ��������������������

/HQLQ��9��³0DWHULDOLVP�DQG�(PSLULR�&ULWLFLVP´

6FKR¿HOG��-����������³7KH�7KHRU\�RI�7KH�'RXEOH�6OLW´
KWWS���ZZZ�H�MRXUQDO�RUJ�XN�VKDSH�SDSHUV�V��KRPH�KWPO

:LQIUHH��$� �������� ³2UJDQL]LQJ� FHQWUHV� IRU� WKUHH�GLPHQVLRQDO�
FKHPLFDO�ZDYHV´
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