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$EVWUDFW

:H VWXG\ WKH RULJLQ RI WKH LQWHUVWHOODU REMHFW �,�����
8� ¶2XPXDPXDE\ MX[WDSRVLQJ HVWLPDWHV EDVHG RQ
WKH REVHUYDWLRQV ZLWK VLPXODWLRQV� :H VSHFXODWH
WKDW REMHFWV OLNH ¶2XPXDPXD DUH IRUPHG LQ WKH GH�
EULV GLVF DV OHIW RYHU IURP WKH VWDU DQG SODQHW IRU�
PDWLRQ SURFHVV� DQG VXEVHTXHQWO\ OLEHUDWHG� 7KH
OLEHUDWLRQ SURFHVV LV PHGLDWHG HLWKHU E\ LQWHUDFWLRQ
ZLWK RWKHU VWDUV LQ WKH SDUHQWDO VWDU�FOXVWHU� E\ UHVR�
QDQW LQWHUDFWLRQV ZLWKLQ WKH SODQHWHVLPDO GLVF RU E\
WKH UHODWLYHO\ VXGGHQ PDVV ORVV ZKHQ WKH KRVW VWDU
EHFRPHV D FRPSDFW REMHFW� ,QWHJUDWLQJ ¶2XPXD�
PXDEDFNZDUG LQ WLPH LQ WKH *DODFWLF SRWHQWLDO WR�
JHWKHU ZLWK VWDUV IURP WKH *DLD�7*$6 FDWDORJXH ZH
ILQG WKDW DERXW ���0\U DJR ¶2XPXDPXDSDVVHG WKH
QHDUE\ VWDU +,3 ����� ZLWKLQ D PHDQ GLVWDQFH RI
1.3SF� %\ FRPSDULQJ QHDUE\ REVHUYHG /�GZDUIV
ZLWK VLPXODWLRQV RI WKH *DOD[\ ZH FRQFOXGH WKDW WKH
NLQHPDWLFV RI ¶2XPXDPXD LV FRQVLVWHQW ZLWK UHOD�
WLYHO\ \RXQJ REMHFWV RI 1.1±1.7*\U� :H MXVW PHW
¶2XPXDPXDE\ FKDQFH� DQG ZLWK D GHULYHG PHDQ
*DODFWLF GHQVLW\ RI ∼ 3 × 105 VLPLODUO\ VL]HG REMHFWV
ZLWKLQ ��� DX IURP WKH 6XQ RU ∼ 1014 SHU FXELF SDU�
VHF ZH H[SHFW DERXW � WR �� VXFK YLVLWRUV SHU \HDU
ZLWKLQ � DX IURP WKH 6XQ�



��� ,QWURGXFWLRQ

6HFWLRQ ���

,QWURGXFWLRQ

�,����� 8� ¶2XPXDPXD �KHUHDIWHU ¶2XPXDPXD �� D JHQXLQH LQWHUVWHOODU
REMHFW WKDW ZDV GLVFRYHUHG RQ �� 2FWREHU ���� LQ WKH 3DQ�67$556 VXU�
YH\ �%DFFL HW DO� ����� 0HHFK HW DO� ����D�E�� ZDV LQLWLDOO\ LGHQWLILHG DV D
FRPHW EXW TXLFNO\ UHFODVVLILHG DV DQ XQXVXDO PLQRU SODQHW� 0RVW QRWDEOH
RUELWDO SDUDPHWHUV DUH WKH GLVWDQFH DW SHULFHQWUH� q = 0.25534±0.00007 DX�
WKH HFFHQWULFLW\� e = 1.1995 ± 0.0002 DQG WKH UHODWLYH YHORFLW\ DW LQILQLW\
v # 26.32±0.01 NP�VZLWK UHVSHFW WR WKH 6XQ �%DFFL HW DO� �����0HHFK HW DO�
����D� 0DPDMHN ������ 7KLV PDNHV WKH REMHFW XQDPELJXRXVO\ XQERXQG RQ
DQ HQ�SDVVDQW RUELW WKURXJK WKH 6RODU V\VWHP �GH OD )XHQWH 0DUFRV 	 GH
OD )XHQWH 0DUFRV ����� %DQQLVWHU HW DO� ������ QRW XQOLNH WKH SUHGLFWLRQ E\
0RUR�0DUWtQ� 7XUQHU� 	 /RHE ������� 7KH DEVHQFH RI D WDLO LQGLFDWHV WKDW
WKH REMHFW LV SUREDEO\ URFN�OLNH �0HHFK ������ ZKLFK� WRJHWKHU ZLWK LWV XQ�
XVXDO HORQJDWHG VKDSH �∼ 35 E\ ���P UHSRUWHG E\ 0HHFK HW DO� ����� DQG
H[SODLQHG E\ )LW]VLPPRQV HW DO� ������ DQG 'RPRNRV HW DO� ������� DQG
UDSLG VSLQ �ZLWK DQ 8.10 ± 0.02 KRXU SHULRG� VHH -HZLWW HW DO� ����� %ROLQ
HW DO� ������ KDV EHHQ KRVWHG E\ D VWDU IRU DQ H[WHQVLYH SHULRG RI WLPH �.DW]
�����+RDQJ HW DO� ������ ,Q WKLV SHULRG LWPD\ KDYH ORVWPRVW RI LWV YRODWLOHV
DQG LFH E\ VSXWWHULQJ �0HHFK ����� )LW]VLPPRQV HW DO� ������ %\ WKH ODFN
RI RWKHU WHUPLQRORJ\ IRU WKLV FODVV RI REMHFWV DQG IRU FRQYHQLHQFH� ZH UHIHU
LQ WKLV ZRUN WR VŮOXV ODSLV� ZKLFK LV /DWLQ IRU ³ORQHO\ VWRQH´�

6SHFWUD WDNHQ E\ VHYHUDO LQVWUXPHQWV LQGLFDWH WKDW LWV FRORXU �g − r =
0.2 ± 0.4 DQG r − i = 0.3 ± 0.3 �0DVLHUR ������ g − r = 0.41 ± 0.24 DQG
r − i = 0.23 ± 0.25 �%ROLQ HW DO� ������ DQG g′ − r′ = 0.60 ± 0.23 �<H HW DO�
������ PDWFKHV WKDW RI REMHFWV LQ WKH .XLSHU EHOW �.XLSHU ����� EXW WKDW LW
LV VRPHZKDW UHG FRPSDUHG WR WKH PDLQ EHOW DVWHURLGV DQG WURMDQV �VHH DOVR
%DQQLVWHU HW DO� ����� -HZLWW ������ +RZHYHU� LW FDQQRW EH H[FOXGHG WKDW
¶2XPXDPXD LV WKH OHIW RYHU QXFOHXV RI D FRPHW IURP DQRWKHU VWDU �)HUULQ 	
=XOXDJD ����� 0HHFK ����� 5D\PRQG HW DO� ����E��

%DVHG RQ LWV YHORFLW\� ¶2XPXDPXD LV XQOLNHO\ WR KDYH RULJLQDWHG IURP D
QHDUE\ VWDU �0DPDMHN ����� GH OD )XHQWH 0DUFRV 	 GH OD )XHQWH 0DUFRV
������ DOWKRXJK *DLGRV� :LOOLDPV� 	 .UDXV ������ DUJXH WKDW LW FRXOG KDYH
EHHQ HMHFWHGZLWK D ORZ YHORFLW\ �RI 1±2 NP�V� IURP WKH QHDUE\ \RXQJ VWHOODU
DVVRFLDWLRQV &DULQD RU &ROXPED RU IURP WKH 3OHLDGHVPRYLQJ JURXS �)HQJ	
-RQHV ������ 7UDFLQJ EDFN WKH WUDMHFWRU\ RI ¶2XPXDPXD WKURXJK WKH ORFDO
QHLJKERXUKRRG LV KLQGHUHG E\ WKH PDJQLILFDWLRQ RI VPDOO XQFHUWDLQWLHV LQ
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� 5HQGH]YRXV ZLWK µ2XPXDPXD

LWV RUELW DQG LQ WKH SRVLWLRQV DQG YHORFLWLHV RI QHDUE\ VWDUV �=KDQJ ������
(YHQ ZLWK WKH KLJK DFFXUDF\ DFKLHYHG E\ *DLD DQG 7*$6� EDFNWUDFLQJ LWV
RUELW FDQ RQO\ EH GRQH UHOLDEO\ IRU VRPH ��0\U RU RYHU D GLVWDQFH RI DERXW
��SF �0DPDMHN ������

6LQFH ZH GRXEW WKDW ¶2XPXDPXD IRUPHG DV DQ LVRODWHG REMHFW� LW VHHPV
PRVW SODXVLEOH WKDW LW IRUPHG DURXQG DQRWKHU VWDU� IURP ZKLFK LW ZDV OLEHU�
DWHG� 7KLV FRXOG EH WKH UHVXOW RI FRSLRXV PDVV ORVV UHVXOWLQJ IURP WKH HQG
SKDVH RI WKH QXFOHDU EXUQLQJ RI D VWDU �9HUDV HW DO� ����� +DQVHQ 	 =XFN�
HUPDQ ����� 5DILNRY ������ E\ D FORVH HQFRXQWHU LQ D \RXQJ VWDU FOXVWHU
�-tONRYi HW DO� ������ RU E\ LQWHUQDO VFDWWHULQJ RI SODQHWDU\ V\VWHPV �%UDVVHU
	0RUELGHOOL ����� 5D\PRQG� $UPLWDJH� 	 9HUDV ����D� RU LQ D ELQDU\ VWDU
�-DFNVRQ HW DO� ����� ûXN������ ,W LV HYHQSRVVLEOH WKDW RQH RI WKH 6XQ¶V RZQ
2RUW FORXG REMHFWV ZDV VFDWWHUHG E\ D \HW XQNQRZQ SODQHW �:ULJKW ����� GH
OD )XHQWH 0DUFRV� GH OD )XHQWH 0DUFRV� 	 $DUVHWK ������

+HUH ZH GLVFXVV WKH SRVVLEOH RULJLQ RI ¶2XPXDPXD �VHH � ����� :H DQDO�
\VH LWV RUELWDO SURSHUWLHV DQG FRPSDUH WKRVH ZLWK RXU H[SHFWDWLRQV IRU D
UDQGRP SRSXODWLRQ RI IUHH�IORDWLQJ GHEULV LQ WKH VRODU QHLJKERXUKRRG �VHH
� ����� 2XU HVWLPDWHV RI WKH RFFXUUHQFH RI REMHFWV VLPLODU WR ¶2XPXDPXD
LV MX[WDSRVHG ZLWK VHYHUDO DOWHUQDWLYH VFHQDULRV� ,Q WKH QHDU IXWXUH ZKHQ
WKH /DUJH 6\QRSWLF 7HOHVFRSH FRPHV RQOLQH PDQ\ PRUH VŮOŝ ODSLGŋV DUH H[�
SHFWHG WR EH IRXQG DW D UDWH RI � WR �� SHU \HDU�

6HFWLRQ ���

¶2XPXDPXD DV D UDUH REMHFW

����� 2EVHUYDWLRQDO FRQVWUDLQWV

$ VLPSOH HVWLPDWH RI WKH QXPEHU GHQVLW\ RI VŮOŝ ODSLGŋV LPSOLHG E\ WKH GH�
WHFWLRQ RI ¶2XPXDPXD FDQ EH GHULYHG E\ FDOFXODWLQJ WKH HIIHFWLYH YROXPH
VXUYH\HG E\ WKH 3DQ�67$556 WHOHVFRSH �$ PXFK PRUH HODERUDWH DQDO\VLV
ZDV UHFHQWO\ SUHVHQWHG LQ'R HW DO� ������ 7KLV WHOHVFRSHKDV D OLPLWLQJPDJ�
QLWXGH RI m ∼ 22 �%DFFL HW DO� ����� 0HHFK HW DO� ����D�� ¶2XPXDPXDZDV
REVHUYHG ZLWK D PDJQLWXGH H = 20.19 DQG ZDV ZLWKLQ D GLVWDQFH RI DERXW
0.16 DX IURP (DUWK EHIRUH EHLQJ GHWHFWHG��

�7KH TXRWHG YDOXH IRUH LV WKH DEVROXWH PDJQLWXGH ZKLFK LV GHILQHG DV WKH PDJQLWXGH DW
� DX IURP ERWK WKH (DUWK DQG WKH 6XQ�

��



��� ¶2XPXDPXD DV D UDUH REMHFW

7KH YROXPH VXUYH\HG E\ WKH 3DQ�67$556 WHOHVFRSH LV DSSUR[LPDWHO\�

V # Av∆t3$1. �����

+HUHA LV WKH HIIHFWLYH FURVV VHFWLRQ IRU WKH REMHFW SDVVLQJ WKH 6RODU V\VWHP�

A = πr2GHWHFW

(
1 +

(vHVF
v

)2
)
. �����

,QZKLFK πr2GHWHFW LV WKH JHRPHWULF FURVV VHFWLRQ DQG WKH VHFRQG WHUP FRUUHFWV
IRU WKH JUDYLWDWLRQDO IRFXVLQJ� +HUH v LV WKH UHODWLYH YHORFLW\ RI ¶2XPXD�
PXD DW LQILQLW\ ZLWK UHVSHFW WR WKH 6RODU V\VWHP¶V EDU\FHQWUH DQG vHVF #
42 NP�V LV WKH HVFDSH YHORFLW\ RI WKH 6XQ DW D GLVWDQFH RI � DX� 7KH SHULRG
RYHU ZKLFK 3DQ�67$556 KDV REVHUYHG ∆t3$1 # 5 \U �WKH ILUVW GDWD UHOHDVH
LQ ���� FRYHUV � \HDUV� VHH (QJHOKDUGW HW DO� ������ :KHQ ZH QDLYHO\ DV�
VXPH WKDW WKH WHOHVFRSH KDV D ���� GHWHFWLRQ HIILFLHQF\ RYHU WKHVH � \HDUV
ZH DUULYH DW D GHQVLW\ RI ∼ 0.08 DX−3 RU ∼ 7.0 × 1014 SF−3� 7KH VWDWLVWLFDO
XQFHUWDLQW\ LPSOLHG E\ D VLQJOH GHWHFWLRQ PHDQV WKDW D ZLGH UDQJH RI YDO�
XHV �0.004±0.24 DX−3 RU 3.5 × 1013±2.1 × 1015 SF−3� LV FRQVLVWHQW ZLWK WKH
REVHUYDWLRQV DW WKH 95� OHYHO�

7KLV VLPSOH HVWLPDWH LJQRUHV WKH PRGHOLQJ RI WKH GHWHFWLRQ HIILFLHQF\�
,Q VSLWH RI WKLV� ZH REWDLQ D YDOXH KLJKHU WKDQ WKH XSSHU OLPLWV IRU ILQGLQJ
VŮOŝ ODSLGŋV GHULYHG IURP WKH DEVHQFH RI GHWHFWLRQV XVLQJ WKH 3DQ�67$566�
VXUYH\ XS WR WKDW WLPH E\ (QJHOKDUGW HW DO� ������� 7KHLU HVWLPDWHV OHDG WR
D ORZHU GHQVLW\ EHFDXVH WKH\ FRQVLGHUHG ODUJHU REMHFWV ZLWK D FRPHWDU\ WDLO
WKDW FRXOG KDYH EHHQ GHWHFWHG WR D PXFK ODUJHU GLVWDQFH IURP WKH (DUWK�
:H ZLOO QRZ GLVFXVV WKH SRVVLEOH RULJLQ RI VŮOŝ ODSLGŋV DQG WKHLU UHODWLRQ WR
¶2XPXDPXD �

����� '\QDPLFDO HMHFWLRQ IURP WKH 6XQ
V 2RUW FORXG
&RQVLGHULQJ WKH RUELWDO SDUDPHWHUV RI ¶2XPXDPXD � LW VHHPV XQOLNHO\ WR
KDYH EHHQ ODXQFKHG IURP WKH .XLSHU EHOW RU 2RUW FORXG �2RUW ������ $VWHU�
RLGV DQG FRPHWV DUH IUHTXHQWO\ ODXQFKHG IURP WKH .XLSHU EHOW DQG WKH 2RUW
FORXG EXW WKH\ UDUHO\ SHQHWUDWH WKH LQQHU 6RODU V\VWHP �GH OD )XHQWH 0DU�
FRV HW DO� ������ 2EMHFWV LQ WKH 2RUW FORXG� KRZHYHU� FRXOG SRVVLEO\ ODXQFK
LQWR WKH LQQHU 6RODU V\VWHP DIWHU D VWURQJ LQWHUDFWLRQ ZLWK D SDVVLQJ VWDU
�5LFNPDQ HW DO� ����� RU D SODQHW �)RXFKDUG HW DO� ������

7KH KLJKHVW YHORFLW\� LQ WKLV FDVH� LV REWDLQHG ZKHQ WKH REMHFW ZRXOG
KDYH EHHQ WKH PHPEHU RI D FORVH ELQDU\ ZLWK DQRWKHU� PRUH PDVVLYH� URFN\

��



� 5HQGH]YRXV ZLWK µ2XPXDPXD

REMHFW� PXFK LQ WKH VDPH ZD\ LQ ZKLFK K\SHUYHORFLW\ VWDUV DUH HMHFWHG IURP
WKH VXSHUPDVVLYH EODFN KROH LQ WKH *DODFWLF FHQWUH �+LOOV ������ %LQDULHV
DUH NQRZQ WR EH FRPPRQ LQ WKH RXWHU UHJLRQV LQ WKH 6RODU V\VWHP� DQG
SRVVLEO\ WKH PDMRULW\ RI SODQHWHVLPDOV LQ WKH .XLSHU EHOW IRUPHG DV SDLUV
�)UDVHU HW DO� ������ 7KH PHDQ RUELWDO VHSDUDWLRQ RI �� WUDQV�1HSWXQLDQ
REMHFWV LV 13900± 14000 NP �1ROO HW DO� ����� ZLWK D PLQLPXP RI 1830 NP
IRU WKH SDLU &HWR�3KRUF\V �REMHFW �������� EXW WKHUH LV QR SDUWLFXODU UHDVRQ
ZK\2RUW FORXG RU .XLSHU�EHOW ELQDULHV FRXOG QRW KDYH WLJKWHU RUELWV �)UDVHU
HW DO� ������ VXFK DV LV VXVSHFWHG RI ���� 4*��� �6KHSSDUG 	 -HZLWW ������
$Q LQWHUDFWLRQ RI DQ REMHFW PXFK OLNH WKH ELQDU\ �������� ���� (/��
�%URZQ ����� ZLWK D SODQHW ZLWK WHQ WLPHV WKH PDVV RI -XSLWHU FRXOG UHVXOW
LQ D UXQDZD\ YHORFLW\ RI WKH OHDVWPDVVLYHPHPEHU RI∼ 1 NP�V� EXW ZLWK WKH
SDUDPHWHUV IRU &HWR�3KRUF\V WKH PHDQ NLFN YHORFLW\ RI ∼ 0.13 NP�V� 7KLV
ZRXOG EH VXIILFLHQW WR FKDQJH D FLUFXODU RUELW DW D GLVWDQFH RI 1000±104 DX
DURXQG WKH 6XQ LQWR DQ XQERXQG RUELW ZLWK WKH HFFHQWULFLW\ REVHUYHG IRU
¶2XPXDPXD �

:H SHUIRUP 0RQWH &DUOR H[SHULPHQWV LQ ZKLFK ZH GLVWULEXWH 2RUW
FORXG REMHFWV DURXQG WKH 6XQ XVLQJ WKH SDUDPHWHUV DGRSWHG LQ +DQVH HW DO�
������� :H LQWURGXFH D YHORFLW\ NLFN vNLFN� WDNHQ UDQGRPO\ IURP D *DXV�
VLDQ GLVWULEXWLRQ ZLWK GLVSHUVLRQ RI ���� NP�V LQ HDFK RI WKH &DUWHVLDQ GL�
UHFWLRQV� ZKLFK UHVXOWV LQ D ZLGH GLVWULEXWLRQ LQ VHPL�PDMRU D[LV DQG HFFHQ�
WULFLW\� 0RUH WKDQ ��� RI WKH REMHFWV UHPDLQ ERXQG DQG WKH UHPDLQLQJ ���
XQERXQG REMHFWV WHQG WR KDYH KLJK HFFHQWULFLWLHV ZLWK D PHGLDQ RI ∼ 1.2�
EXW RQO\ D YHU\ VPDOO IUDFWLRQ RI <∼ 10−3 REMHFWV SDVV WKH 6XQ ZLWKLQ ��� DX
RQ WKHLU XQERXQG RUELW �VHH DOVR GH OD )XHQWH 0DUFRV HW DO� ������ :H VXE�
VHTXHQWO\ SHUIRUPHG VHYHUDO GLUHFW N�ERG\ VLPXODWLRQV WR YHULI\ WKLV UH�
VXOW� )RU WKHVH ZH DGRSWHG WKH FRQQHFWHG�FRPSRQHQW V\PSOHFWLF LQWHJUD�
WRU>m�vMQ �-lQHV� 3HOXSHVV\� 	 3RUWHJLHV =ZDUW ����� ZLWKLQ WKH�Jla1
�3RUWHJLHV =ZDUW 	 0F0LOODQ ����� IUDPHZRUN� 7KH PLOG NLFNV H[SHFWHG
GXH WR DQ LQWHUDFWLRQZLWK DQ2RUW FORXG ELQDU\ DQG DPDVVLYH SODQHW� HLWKHU
SDVVLQJ WKURXJK RU ERXQG WR WKH 2RUW FORXG� DUH LQVXIILFLHQW WR H[SODLQ WKH
REVHUYHG YHORFLW\ RI ¶2XPXDPXD � :H� WKHUHIRUH� FRQFOXGH WKDW ¶2XPXD�
PXD LV XQOLNHO\ WR KDYH RULJLQDWHG IURP HLWKHU WKH .XLSHU EHOW RU WKH 2RUW
FORXG �VHH DOVR GH OD )XHQWH 0DUFRV HW DO� ������

����� 2ULJLQ IURP WKH 2RUW FORXG RI DQRWKHU VWDU

1DLYH HVWLPDWHV RI WKH GHQVLW\ RI LQWHUVWHOODU FRPHWV FDQ EH GHULYHG IURP
WKH VWHOODU GHQVLW\ DQG DVVXPLQJ WKDW HDFK VWDU KDV D ULFK 2RUW FORXG ZLWK

��



��� ¶2XPXDPXD DV D UDUH REMHFW

NFRPHWV ∼ 1011 FRPHWV SHU VWDU �.DLE 	 4XLQQ �����

nFRPHWV = ηnVWDUVNFRPHWV. �����

:LWK D PHDQ PDVV GHQVLW\ LQ WKH VRODU QHLJKERXUKRRG RI ρ0 =
0.119+0.015

−0.0120!�SF3 �:LGPDUN 	 0RQDUL ����� �RU 0.09 ± 0.020!�SF3 DF�
FRUGLQJ WR .LSSHU� 7HPSHO� 	 7HQMHV ����� DQG D PHDQ VWHOODU PDVV ∼
0.370! �&KDEULHU ������ ZH DUULYH DW D ORFDO VWHOODU QXPEHU GHQVLW\ LQ
WKH *DODFWLF GLVF RI nVWDUV # 0.32SF−3� 7KH HIILFLHQF\ DW ZKLFK FRPHWV DUH
HMHFWHG IURP D VWDU ZKHQ LW RUELWV WKH *DOD[\ ZDV UHFHQWO\ HVWLPDWHG WR EH
η ∼ 0.1�*\U �+DQVH HW DO� ������ :LWK DPHDQ VWHOODU DJH RI �*\U� ZH DUULYH
DW D ORFDO FRPHW GHQVLW\ RI nFRPHWV ∼ 2.5 × 10−6 DX−3 �RU 2.2 × 1010 SF−3��
ZKLFK LV FRQVLVWHQWZLWK WKH XSSHU OLPLW RQ WKH GHQVLW\ RI LQWHUVWHOODU FRPHWV
RI <∼ 0.0007 DX−3 E\ 6WHUQ ������ DQG < 0.001 DX−3 E\ 0F*O\QQ 	 &KDS�
PDQ ������ DQG )UDQFLV ������� +HUH ZH GLG QRW FRUUHFW IRU WKH LQWULQVLF
VL]H DQGPDVV GLVWULEXWLRQ RI 2RUW FORXG REMHFWV� 7KH GHQVLW\ RI VŮOŝ ODSLGŋV
WKDW RULJLQDWH IURP HMHFWHG 2RUW�FORXG REMHFWV DUH FRQVLGHUDEO\ ORZHU WKDQ
RXU H[SHFWHG GHQVLW\ EDVHG RQ WKH REVHUYDWLRQV GHULYHG LQ � ������ DQG ZH
FRQFOXGH WKDW ¶2XPXDPXD FDQQRW KDYH RULJLQDWHG IURP WKH K\SRWKHWLFDO
H[R�2RUW FORXG RI RWKHU VWDUV�

&RSLRXV ORVV RI FLUFXPVWHOODU PDWHULDO� KRZHYHU� FDQ EH LQLWLDWHG ZKHQ
D VWDU WXUQV LQWR D FRPSDFW UHPQDQW HLWKHU RQ WKH SRVW�DV\PSWRWLF JLDQW
EUDQFK �9HUDV HW DO� ����� RU LQ D VXSHUQRYD �%RHUVPD ������ ,I HDFK RI
WKH 2.0× 109 ZKLWH GZDUIV LQ WKH *DODFWLF GLVF �1DSLZRW]NL ����� KDV SUR�
GXFHG O(1011) IUHH�IORDWLQJ REMHFWV� WKH QXPEHU RI VŮOŝ ODSLGŋV ZRXOG EH
RYHU�SURGXFHG E\ ∼ 5 RUGHUV RI PDJQLWXGH�

����� 2ULJLQ IURP WKH GHEULV GLVF RI DQRWKHU VWDU
$ \RXQJ SODQHWDU\ V\VWHP ZLWK D FLUFXPVWHOODU GLVF PD\ EH UDWKHU ULFK LQ
UHODWLYHO\ ODUJH >∼ 100PREMHFWV� EHFDXVH LW LV WKH H[SHFWHG HTXLOLEULXP VL]H
IRU FROOLVLRQDO FDVFDGH RI PDWHULDO�VWUHQJWK GRPLQDWHG ERGLHV �6FKOLFKWLQJ�
)XHQWHV� 	 7ULOOLQJ ������ 'LVUXSWLRQ RI VXFK D GLVFPD\ LQMHFW D ODUJH QXP�
EHU RI WKHVH REMHFWV LQWR LQWHUVWHOODU VSDFH� 7KLV ZRXOG KDSSHQ LQ WKH HDUO\
HYROXWLRQ RI WKH VWDU ZKHQ LW VWLOO ZDV D PHPEHU RI LWV SDUHQWDO FOXVWHU�
$ VLPLODU HVWLPDWH DV LQ � ����� WKHQ UHYHDOV D WRWDO PDVV RI HMHFWHG GLVF�
PDWHULDO WR EH

mGHEULV ∼ fGHEULVZρ0 �����

:KHQ ZH DGRSW D GLVF PDVVMGLVF = 0.01M!� DQG D PHWDOOLFLW\ RI WKH GLVF�
Z = 0.02� WKH IUDFWLRQ RI H[SHOOHG PDWHULDO LV KDUGHU WR HVWLPDWH EXW LW PD\

��
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EH LQ WKH UDQJH RI fGHEULV ∼ 0.1� 7KLV IUDFWLRQ FRXOG HYHQ EH KLJKHU LI ZH
DUJXH WKDW WKH 6RODU V\VWHP PD\ KDYH ORVW D IUDFWLRQ >∼ 10� RI LWV GLVF LQ D
UHVRQDQFH LQWHUDFWLRQ EHWZHHQ WKH RXWHU PRVW SODQHWV �*RPHV HW DO� ������
7KH WRWDO PDVV RI HMHFWHGPHWDOV LV WKHQ RI WKH RUGHU∼ 2.4×10−60!�SF−3�
7KH GHQVLW\ RI ¶2XPXDPXD LV HVWLPDWHG WR EH∼ 2.0 J�FP3 �VHH H�J� 7ULOOLQJ
HW DO� ������ ZKLFK LV LQ WKH UDQJH RI GHQVLWLHV REVHUYHG IRU WKH UHODWLYHO\ RU�
GLQDU\ .XLSHU�EHOW REMHFW 2UFXV �ρ.%2 = 1.65+0.34

−0.24 J�FP3� VHH H�J� %URZQ
	 %XWOHU ����� DQG WKH GHQVH PHWDO�ULFK �� 3V\FKH �4.5 ± 1.4J�FP3� VHH
H�J� 6KHSDUG HW DO� ������ :LWK WKH REVHUYHG GLPHQVLRQV RI D F\OLQGHU RI
25× 230P �.QLJKW HW DO� ������ ZH DUULYH DW D PDVV RIm # 1.2× 109 NJ� $
K\SRWKHWLFDO \RXQJ 6RODU V\VWHP FRXOG WKHQ KDYH HMHFWHG 3.3× 1016 REMHFWV
GXULQJ LWV HDUO\ HYROXWLRQ� OHDGLQJ WR D PHDQ GHQVLW\ RI ∼ 3.9 × 1015 SF−3�
H[FHHGLQJ RXU REVHUYDWLRQDO HVWLPDWH E\ D IDFWRU RI∼ 6� 7KHVH REMHFWV PD\
EH FRPHWDU\ RU QRQ�FRPHWDU\ LQ QDWXUH GHSHQGLQJ RQ ZKHWKHU WKHVH DUH
HMHFWHG IURP LQVLGH RU RXWVLGH WKH VQRZ OLQH� 7KH ODUJH XQFHUWDLQWLHV LQ WKLV
HVWLPDWH� DQG WKRVH LQ � ����� PDNH LW SODXVLEOH WKDW DQ HQRUPRXV SRSXOD�
WLRQ RI H[SHOOHG REMHFWV H[LVWV LQ WKH *DOD[\ ZLWK D GHQVLW\ FRQVLVWHQW ZLWK�
RU HYHQ H[FHHGLQJ RXU QXPEHU�GHQVLW\ HVWLPDWH LQ � ������

6HFWLRQ ���

:KHUH GLG ¶2XPXDPXD FRPH IURP

+DYLQJ FRPSDUHG WKH QXPEHU RI LQWHUVWHOODU REMHFWV SURGXFHG E\ DVWHU�
RLGDO RU FRPHWDU\ HMHFWLRQ LQ � ��� LW VHHPV SODXVLEOH WKDW ¶2XPXDPXDZDV
IRUPHG DURXQG DQRWKHU VWDU� DQG ZDV OLEHUDWHG XSRQ HLWKHU FORVH SODQHWDU\
HQFRXQWHUV ZLWKLQ WKH \RXQJ SODQHWDU\ V\VWHP� RU GXH WR WKH FRSLRXV PDVV
ORVV ZKHQ WKH VWDU EHFDPH D FRPSDFW UHPQDQW� :H QRZ GLVFXVV WKH SRVVL�
EOH RULJLQ RI ¶2XPXDPXD �

����� $Q RULJLQ IURP WKH VRODU QHLJKERXUKRRG

5HVXOWV E\ WKH *DLD &ROODERUDWLRQ� %URZQ HW DO� ������ SURYLGH WKH PRVW
FRPSOHWH DQG DFFXUDWH FHQVXV RI WKH GLVWULEXWLRQ RI VWDUV LQ WKH VRODU QHLJK�
ERXUKRRG �IRU ZKLFK ZH DGRSW D YROXPH FHQWUHG DURXQG WKH 6XQ ZLWK D UD�
GLXV RI �� SF�� 7KH UDGLDO YHORFLW\ FRPSRQHQWV DUH QRW �\HW� SDUW RI WKLV
GDWDEDVH� EXW WKH\ FDQ EH FRPSOHWHG XVLQJ RWKHU FDWDORJXHV� %\ PDWFKLQJ
WKH 7*$6 FDWDORJXH ZLWK WKH UDGLDO YHORFLWLHV IURP .XQGHU HW DO� �������
3XONRYR �*RQWFKDURY ������ DQG *HQHYD�&RSHQKDJHQ �+ROPEHUJ� 1RUG�
VWU|P� 	$QGHUVHQ ������ ZH FRQVWUXFWHG D FDWDORJXH RI ������� VWDUV ZLWK

��



���:KHUH GLG ¶2XPXDPXD FRPH IURP

SRVLWLRQ DQG YHORFLW\ LQIRUPDWLRQ �7RUUHV� 3RUWHJLHV =ZDUW� 	%URZQ������
ZH VHOHFWHG WKRVH VWDUV ZLWK UHODWLYH SURSHU PRWLRQV DQG SDUDOOD[ HUURUV
< 1�� ZLWK UDGLDO YHORFLW\ < 100 NP�V� ZLWK HUURUV < 10 NP�V �VHH DOVR
)HQJ 	 -RQHV ������

7KH RUELWV RI WKH VHOHFWHG VWDUV DV ZHOO DV ¶2XPXDPXD DUH LQWHJUDWHG
EDFNZDUGV LQ WLPH IRU ��0\U LQ WKH *DODFWLF SRWHQWLDO� 7KH XQFHUWDLQW\
LQ WKH *DLD GDWDEDVH DQG LQ WKH RUELWDO SDUDPHWHUV RI ¶2XPXDPXD DUH WRR
ODUJH WR LQWHJUDWH UHOLDEO\ EDFNZDUGV LQ WLPH DQ\ IXUWKHU �VHH DOVR 0DPD�
MHN ����� ZKR DGRSWHG VLPLODU FULWHULD�� 7KH LQWHJUDWLRQ ZDV SHUIRUPHG XV�
LQJ:�H�tB� �$QWRMD� +HOPL� 'HKQHQ� %LHQD\Pp� %ODQG�+DZWKRUQ� )DPDH\�
)UHHPDQ� *LEVRQ� *LOPRUH� *UHEHO� .RUGRSDWLV� .XQGHU� 0LQFKHY� 0X�
QDUL� 1DYDUUR� 3DUNHU� 5HLG� 6HDEURNH� 6LHEHUW� 6WHLQPHW]� :DWVRQ� :\VH�
	 =ZLWWHU ������ 7KLV VHPL�DQDO\WLF 0LON\ :D\ *DOD[\ PRGHO LV LQFRUSR�
UDWHG LQ WKH �Jla1 VRIWZDUH IUDPHZRUN �3RUWHJLHV =ZDUW� 0F0LOODQ� YDQ
(OWHUHQ� 3HOXSHVV\� 	 GH 9ULHV ����D� 3RUWHJLHV =ZDUW 	 0F0LOODQ �����
XVLQJ WKH SDUDPHWHUV GHULYHG E\ 0DUWtQH]�%DUERVD� %URZQ� 	 3RUWHJLHV
=ZDUW ������� $V SRVLWLRQ IRU WKH 6XQ� ZH DGRSWHG x = 8300SF� ZLWK D z
FRPSRQHQW RI �� SF� DQG D YHORFLW\ YHFWRU RI ������ ������� ����� NP�V�

:H QRZ JHQHUDWH RQH PLOOLRQ REMHFWV ZLWKLQ WKH HUURU HOOLSVRLG �LQ DV�
WURPHWULF DQG UDGLDO YHORFLW\� RI HDFK RI WKH VHOHFWHG VWDUV� 7KLV UHVXOWV�
IRU HDFK VWDU� LQ D SUREDELOLW\ GHQVLW\�GLVWULEXWLRQ LQ WLPH� UHODWLYH GLVWDQFH
DQG UHODWLYH YHORFLW\ RI WKH FORVHVW DSSURDFK EHWZHHQ WKDW SDUWLFXODU VWDU
DQG ¶2XPXDPXD � ,Q )LJ� ��� DQG )LJ� ��� ZH VKRZ WKH YDULRXV SUREDELO�
LW\ GLVWULEXWLRQV IRU WLPH RI FORVHVW DSSURDFK� UHODWLYH GLVWDQFH� DQG UHOD�
WLYH YHORFLW\ IRU WKH � VWDUV ZLWKLQ � SF WKDW KDYH D FORVHVW DSSURDFK� :H
LGHQWLI\ WKHVH VWDUV LQ 7DEOH ���� $ERXW ���0\U DJR� ¶2XPXDPXDSDVVHG WKH
VWDU +,3 ����� ZLWKLQ D GLVWDQFH RI ∼ 1.3SF DQG ZLWK D UHODWLYH YHORFLW\ RI
∼ 15 NP�V ZKLFK LV FRQVLVWHQW ZLWK WKH UHVXOW RI )HQJ 	 -RQHV ������ DQG
'\EF]\ĔVNL 	 .UyOLNRZVND ������� :H ILQG VHYHUDO RWKHU UHODWLYHO\ FORVH
HQFRXQWHUV ZKLFK� GHVSLWH WKHLU FORVH SUR[LPLW\ ZLWK ¶2XPXDPXD � ZH KDYH
QRW LQFOXGHG KHUH EHFDXVH RI WKH ODUJH XQFHUWDLQW\ LQ WKH UDGLDO YHORFLW\�
%DVHG RQ WKLV GDWD� ZH GR QRW H[SHFW WKDW ¶2XPXDPXDZDV ODXQFKHG IURP
DQ\ RI WKH QHDUE\ VWDUV LQ WKH *DLD FDWDORJXH� :H VSHFXODWH WKDW ¶2XPXD�
PXD RULJLQDWHV IURP ZHOO EH\RQG WKH VRODU QHLJKERXUKRRG�

����� $Q RULJLQ IURP EH\RQG WKH VRODU QHLJKERXUKRRG

,I ¶2XPXDPXD LV SDUW RI WKH *DODFWLF EDFNJURXQG GLVWULEXWLRQ RI VŮOŝ
ODSLGŋV� LWV YHORFLW\ LV H[SHFWHG WR EH FRQVLVWHQW ZLWK WKH GLVWULEXWLRQ RI ORZ�

��
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���:KHUH GLG ¶2XPXDPXD FRPH IURP

6B;m`2 kXR, S`Q#�#BHBiv /2MbBiv@/Bbi`B#miBQM BM `2H�iBp2 /Bbi�M+2 UdUHOV �M/ `2H�iBp2 p2HQ+Biv
UvUHOV #2ir22M ǶPmKm�Km� �M/ i?2 7Qm` +HQb2bi bi�`b a- b- c �M/ d Ub22 h�#H2 kXRVX h?2
+QHQm` #�` iQ i?2 `B;?i ;Bp2b � r2B;i?BM; UwV rBi? `2bT2+i iQ i?2 A �M/ v 7`QK 1[X kXR
�M/ 1[X kXk rBi? `2bT2+i iQ i?2 b�K2 p�Hm2b Q7 ǶPmKm�Km� X

PDVV REMHFWV LQ WKH *DOD[\� 7R DQDO\VH TXDQWLWDWLYHO\ WKLV K\SRWKHVLV� ZH
FRPSDUH WKH YHORFLW\ RI ¶2XPXDPXDZLWK WKH GLVWULEXWLRQ RI WKH VWDUV LQ
*DLD�7*$6� 7KLV GLVWULEXWLRQ LV SUHVHQWHG LQ )LJ� ����

,GHDOO\� ZHZRXOG OLNH WR FRPSDUH ¶2XPXDPXD WR D SRSXODWLRQ RI REMHFWV
ZLWK VLPLODU FKDUDFWHULVWLFV� :H GHFLGH WR WDNH WKH SRSXODWLRQ RI /�GZDUIV�
ZKLFK LQPDVV DUH VXIILFLHQWO\ VPDOO WKDW WKH\ FRXOG EH FRQVLGHUHGPDVV�OHVV
LQ WKH *DODFWLF SRWHQWLDO� ,Q DGGLWLRQ� WKHUH LV D UHDVRQDEOH FRQVLVWHQW FHQ�
VXV RI WKH SRSXODWLRQ RI /�GZDUIV ZLWKLQ ��SF RI WKH VRODU QHLJKERXUKRRG
�.LUNSDWULFN HW DO� ������ )RU WKHVH GZDUIV� WKH YHORFLW\ KDV EHHQ PHDVXUHG
DV D IXQFWLRQ RI DJH �%XUJDVVHU HW DO� ������ DQG WKLV GLVWULEXWLRQ IROORZV�

v # t

[*\U] × 6 NP/V+ 20 NP/V. �����

��
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6B;m`2 kXk, S`Q#�#BHBiv /2MbBiv@/Bbi`B#miBQM BM iBK2 Q7 +HQb2bi �TT`Q�+? UtV �M/ `2H�iBp2
/Bbi�M+2 UdUHOV #2ir22M ǶPmKm�Km� �M/ i?2 7Qm` +HQb2bi bi�`b Ub22 h�#H2 kXRVX

,QYHUWLQJ WKLV UHODWLRQ OHDGV WR DQ DJH HVWLPDWH IRU ¶2XPXDPXDRI ∼ 1*\U�
ZKLFK LV FRQVLVWHQW ZLWK WKH VDPSOH RI \RXQJHVW �1.1±1.7*\U� /�GZDUIV
�%XUJDVVHU HW DO� ������ &RQVLGHULQJ WKH YHORFLW\ GLVWULEXWLRQ RI WKH HQ�
WLUH SRSXODWLRQ RI EURZQ GZDUIV UHVXOWV LQ DQ DYHUDJH DJH RI DERXW �*\U
�VHH )LJ� ����� ZKLFK LV FRQVLVWHQW ZLWK WKH HVWLPDWH RI 5.2± 0.2*\U E\ %XU�
JDVVHU HW DO� ������� ZKHUHDV IRU WKH *DLD�7*$6 GDWD� ZH ILQG 3 ± 0.5*\U�
7KH GLIIHUHQFH EHWZHHQ WKH EURZQ�GZDUI DJH�HVWLPDWHV DQG WKRVH LQ WKH
*DLD�7*$6 FDWDORJXH LV SRVVLEO\ GXH WR D VHOHFWLRQ HIIHFW FDXVHG E\ WKH
PDJQLWXGH�OLPLWHG VDPSOH LQ WKH ODWWHU �VHH DOVR %DLOHU�-RQHV ������

7R IXUWKHU YDOLGDWH WKH XVH RI WKH EURZQ�GZDUI YHORFLW\�GLVWULEXWLRQ WR
FRQVWUDLQ WKH DJH RI ¶2XPXDPXD � ZH FRPSDUH LW WR WKH YHORFLW\ GLVWULEX�
WLRQ RI REMHFWV LQ UHFHQW VLPXODWLRQV RI WKH 0LON\ :D\ *DOD[\ E\ )XMLL HW DO�
������� 7KLV FDOFXODWLRQ� SHUIRUPHG ZLWK WKH "QMb�B �%pGRUI HW DO� �����
����� JUDYLWDWLRQDO WUHH�FRGH XVLQJ D VKDUHG WLPH�VWHS RI∼ 0.60\U� D JUDY�
LWDWLRQDO VRIWHQLQJ OHQJWK RI 10SF DQG ZLWK RSHQLQJ DQJOH θ = 0.4 DUH FDU�

��



���:KHUH GLG ¶2XPXDPXD FRPH IURP

6B;m`2 kXj, *mKmH�iBp2 `2H�iBp2 p2HQ+Biv /Bbi`B#miBQMb Q7 bBM;H2 Q#D2+ib BM i?2 bQH�` M2B;?@
#Qm`?QQ/X ǶPmKm�Km� Bb T`2b2Mi2/ �b i?2 p2`iB+�H HBM2 M2�` ke FKfbX h?2 bQHB/ `2/ +m`p2
;Bp2b i?2 p2HQ+Biv /Bbi`B#miBQM Q7 bi�`b rBi?BM jy T+ Q7 i?2 amM 7`QK i?2 :�B�@h:�a +�i@
�HQ;m2bX h?2 ;`22M /�b?2/ +m`p2 ;Bp2b i?2 /Bbi`B#miBQM Q7 Ryy G@/r�`7b rBi?BM ∼ 20T+
Q7 i?2 amM Ua+?KB/i 2i �HX kyRyVX h?2 `2/ /�b?2/ +m`p2 ;Bp2b i?2 K2�M `2H�iBp2 p2HQ+Biv@
/Bbi`B#miBQM Q7 �HH bi�`b rBi?BM dX8@3X8 FT+ 7`QK i?2 :�H�+iB+ +2Mi`2- r?2`2�b i?2 #H�+F
/Qii2/ +m`p2 ;Bp2b i?2 /Bbi`B#miBQM #2ir22M QM2 amM@HBF2 bi�` U�i � /Bbi�M+2 Q7 ∼ 7.2 FT+
7`QK i?2 +2Mi`2 rBi? � p2HQ+Biv Q7 ∼ 223.1 FKfb �M/ �i �M �M;H2 Q7 ∼ 20◦ 7`QK i?2 iBT Q7
i?2 #�`- >QHK#2`; 2i �HX kyyNV �M/ Bib M2B;?#Qm`bX h?2 H�ii2` /Bbi`B#miBQM Bb bi�iBbiB+�HHv
+QMbBbi2Mi rBi? i?�i Q7 i?2 #`QrM /r�`7b rBi? Ea@T`Q#�#BHBiv Q7 ∼ 0.3X

ULHG RXW ZLWK 8×109 SDUWLFOHV LQ D VWHOODU GLVF DQG LQFOXGH D OLYH KDOR� EXOJH�
DQG EDU� ,Q WKLV VQDSVKRW DW DQ DJH RI ��*\U� ZH VHOHFWHG REMHFWV ZLWKLQ
��SF DURXQG D K\SRWKHWLFDO VWDU WKDW PDWFKHV WKH FXUUHQW UHODWLYH ORFDWLRQ
RI WKH 6XQ LQ WKH 0LON\:D\� $W WKLV GLVWDQFH� WKH VWUXFWXUH RI WKH GLVF LV QR
ORQJHU YLVLEOH DQG WKH LQFOLQDWLRQ GLVWULEXWLRQ LV IODW� 7KH UHVXOWLQJ UHODWLYH
YHORFLW\ GLVWULEXWLRQ RI WKH IXOO VDPSOH LV SUHVHQWHG DV WKH UHG�GDVKHG FXUYH

��
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DQG D VDPSOH VWDU WKDWPDWFKHV FORVHVW WR WKH /�GZDUIV LV UHSUHVHQWHG E\ WKH
EODFN�GRWWHG FXUYH LQ )LJ� ����

7KH DJH GLVWULEXWLRQ RI DOO WKH REMHFWV LQ WKH VLPXODWLRQV LV FRQVLVWHQW
ZLWK DQ DJH RI ∼ 8.3*\U� EXW IRU WKH VWDU UHSUHVHQWLQJ WKH 6XQ LW LV FRP�
SDUDEOH WR WKH DJH�YHORFLW\ GLVWULEXWLRQ RI ��� /�GZDUIV LQ WKH DJH�UDQJH RI
���±���*\U RI <X 	 /LX ������� ,QVWHDG RI FRPSDULQJ WKH UHODWLYH YHORFLW\�
GLVWULEXWLRQV GLUHFWO\� WKH\ VKRXOG EH ZHLJKWHG E\ WKH HQFRXQWHU UDWH DQG
FRUUHFWHG IRU JUDYLWDWLRQDO IRFXVLQJ �VHH (T� ����� )RU WKH UHOHYDQW YHORFLW\
UDQJH �vUHO <∼ 100 NP�V� KRZHYHU� WKLV FRUUHFWLRQ LV VPDOO �< 25���

6HFWLRQ ���

'LVFXVVLRQ DQG FRQFOXVLRQV

%DVHG RQ WKH H[LVWHQFH RI ¶2XPXDPXD � ZH GHULYH D ORFDO GHQVLW\ RI 3.5 ×
1013±2.1×1015 SF−3 �������±���� DX−3�� 7KLV LV D KLJK GHQVLW\� EXW LQ OLQH
ZLWK RWKHU HVWLPDWHV �'R HW DO� ������ ,W LV FRQVLVWHQWZLWK WKH DPRXQW RI GH�
EULV HMHFWHG GXULQJ WKH VWDU DQG SODQHW IRUPDWLRQ SURFHVV� EXW LQFRQVLVWHQW
ZLWK H[SXOVLRQ RI H[R 2RUW�FORXG RU DVWHURLGDO REMHFWV �VHH � �����

,I HDFK VWDU FRQWULEXWHV WR WKH IRUPDWLRQ RI VŮOŝ ODSLGŋV WKHQ WKH HQWLUH
*DOD[\ PD\ EH VZDUPLQJ ZLWK VXFK REMHFWV� ZLWK 2�1023� VŮOŝ ODSLGŋV LQ
WKH 0LON\ :D\� 2QFH OLEHUDWHG IURP WKHLU SDUHQW VWDUV� LW LV TXLWH SRVVLEOH
WKDW VXFK DQ REMHFW JUD]HV DQ\ RWKHU VWDU� PXFK LQ WKH VDPH ZD\ ¶2XPXD�
PXDSDVVHG FORVH WR WKH 6XQ� 7KH YHORFLW\ RI ¶2XPXDPXD LV ORZ FRPSDUHG
WR WKH VWDUV LQ WKH *DLD�7*$6 FDWDORJXH� DQG ORZ FRPSDUHG WR WKHPHDQ YH�
ORFLW\ GLVWULEXWLRQ RI /�GZDUIV� <RXQJ /�GZDUIV KDYH D FRQVLGHUDEO\ ORZHU
YHORFLW\ WKDQ WKHLU ROGHU VLEOLQJV� DQG WKH YHORFLW\ RI ¶2XPXDPXD LV FRQVLV�
WHQW ZLWK WKH \RXQJHVW SRSXODWLRQ RI EURZQ GZDUIV ����±���*\U�� %DVHG RQ
LWV YHORFLW\� ZH DUJXH WKDW ¶2XPXDPXDKDV D VLPLODU DJH �VHH DOVR )HQJ 	
-RQHV ������

(DUOLHU HVWLPDWHV RI WKH LQWHUVWHOODU DVWHURLG GHQVLW\ ZHUH FDUULHG RXW WR
H[SODLQ WKH GDLO\ ;�UD\ IODUHV RQ WKH VXSHU�PDVVLYH EODFN�KROH LQ WKH *DODF�
WLF FHQWUH 6JU $& �+DPHUV 	 3RUWHJLHV =ZDUW ������ 7KH\ DUJXH WKDW WKH
GDLO\ ;�UD\ IODUHV LQ WKH GLUHFWLRQ RI 6JU $& FDQ EH H[SODLQHG ZLWK D ORFDO
GHQVLW\ RI ∼ 1014 DVWHURLGV SF−3� ZKLFK LV FRQVLVWHQW ZLWK WKH GHQVLW\ RI
VŮOŝ ODSLGŋV GHULYHG KHUH�

:H FRQFOXGH WKDW ¶2XPXDPXD LV SDUW RI WKH OHIW�RYHU GHEULV RI WKH VWDU
DQG SODQHW IRUPDWLRQ SURFHVV LQ WKH *DOD[\� :H H[SHFW WKDW WKH *DOD[\ LV

��



��� 'LVFXVVLRQ DQG FRQFOXVLRQV

ULFK LQ VXFK REMHFWV� ZLWK D GHQVLW\ RI∼ 1014 RU 1015 REMHFWV SHU FXELF SDUVHF�
:H HVWLPDWH WKH SUREDELOLW\ WKDW D VŮOXV ODSLV SDVVHV WKH 6XQ ZLWKLQ � DX�
WDNLQJ WKH JUDYLWDWLRQDO IRFXVLQJ FRUUHFWHG FURVV�VHFWLRQ LQWR DFFRXQW� DW DQ
HYHQW UDWH RI DERXW �±�� SHU \HDU�

$FNQRZOHGJHPHQWV:H WKDQN )DER )HQJ IRU GLVFXVVLRQV RQ D SRVVL�
EOH RULJLQ RI ¶2XPXDPXD LQ WKH 2RUW FORXG� 67 H[SUHVVHV KLV JUDWLWXGH WR
WKH 0H[LFDQ 1DWLRQDO &RXQFLO IRU 6FLHQFH DQG 7HFKQRORJ\ �&21$&<7� IRU
WKH JUDQW ��������������� :H WKDQN %HQ 3ROH� <RKDL 0HLURQ DQG 0DXUD
3RUWHJLHV =ZDUW IRU WKH WUDQVODWLRQ RI WKH WHUP ³ORQHO\ URFN´ LQWR /DWLQ� :H
WKDQN WKH UHIHUHHV IRU WKHLU WKRURXJK FKHFNLQJ RI IDFWV� WKH FRUUHFWLRQV WR
RXU LQWHUSUHWDWLRQ RI WKH 015$6 VW\OH GRFXPHQWV� DQG OHVVRQV LQ WKH VXE�
WOH GLIIHUHQFHV EHWZHHQ %ULWLVK DQG $PHULFDQ (QJOLVK� 7KLV ZRUN ZDV VXS�
SRUWHG E\ WKH 1HWKHUODQGV 5HVHDUFK 6FKRRO IRU $VWURQRP\ �129$� DQG
1:2 �JUDQW ������������ >/*0�,,@�� 7KLV ZRUN ZDV VXSSRUWHG E\ D JUDQW
IURP WKH 6ZLVV 1DWLRQDO 6XSHUFRPSXWLQJ &HQWUH �&6&6� XQGHU SURMHFW ,'
V���� 7KLV ZRUN XVHG WKH SXEOLF JLW YHUVLRQ RI WKH �Jla1 VRIWZDUH HQYL�
URQPHQW ZKLFK FDQ EH IRXQG DW ?iiTb,ff;Bi?m#X+QKf�Kmb2+Q/2� 7KLV ZRUN
KDV PDGH XVH RI GDWD IURP WKH (XURSHDQ 6SDFH $JHQF\ �(6$� PLVVLRQ *DLD
�?iiTb,ffrrrX+QbKQbX2b�XBMif;�B��� SURFHVVHG E\ WKH *DLD 'DWD 3URFHVVLQJ
DQG $QDO\VLV &RQVRUWLXP �'3$&� ?iiTb,ffrrrX+QbKQbX2b�XBMifr2#f;�B�f
/T�+f+QMbQ`iBmK�� )XQGLQJ IRU WKH '3$& KDV EHHQ SURYLGHG E\ QDWLRQDO
LQVWLWXWLRQV� LQ SDUWLFXODU WKH LQVWLWXWLRQV SDUWLFLSDWLQJ LQ WKH *DLD 0XOWL�
ODWHUDO $JUHHPHQW�
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https://github.com/amusecode
https://www.cosmos.%20esa.int/gaia
https://www.cosmos.esa.%20int/web/gaia/dpac/consortium
https://www.cosmos.esa.%20int/web/gaia/dpac/consortium

