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LY

7KH GLUHFW LPDJLQJ WHFKQLTXH LV WKH RQO\ YLDEOH PHWKRG WR FRPSOHWH RXU YLHZ RI WKH SODQH�
WDU\ V\VWHP DUFKLWHFWXUHV DQG WR VHW FRQVWUDLQWV RQ JLDQW SODQHW IRUPDWLRQ VFHQDULRV DW ODUJH
�!� DX� VHSDUDWLRQV� 'LUHFW LPDJLQJ FDQ FXUUHQWO\ GHWHFW WKH QHDU� DQGPLG�LQIUDUHG HPLVVLRQ
RI \RXQJ VHOI�OXPLQRXV JLDQW SODQHWV DQG UHVROYH WKH PDWHULDO OHIW RYHU IURP SODQHW IRUPD�
WLRQ SURFHVVHV� L�H�� WKH GHEULV GLVNV� 7KRVH GLVNV FRQVLVW RI VPDOO SDUWLFOHV UHVXOWLQJ IURP
FROOLVLRQDO FDVFDGHV DPRQJ SODQHWHVLPDOV�

'XULQJ P\ 3K�'�� , IRFXVHG P\ UHVHDUFK RQ WKH DUFKLWHFWXUHV RI SODQHWDU\ V\VWHPV IURP
DQ REVHUYDWLRQDO SHUVSHFWLYH� , XVHG PDLQO\ WKH JURXQG�EDVHG LQVWUXPHQW 63+(5(� ZKLFK
KDV QRZ EHHQ LQ RSHUDWLRQ DW WKH 9/7 IRU PRUH WKDQ �� \HDUV� GHPRQVWUDWLQJ D KLJK OHYHO RI
SHUIRUPDQFH DQG VWDELOLW\� 63+(5( KDV SURGXFHG RXWVWDQGLQJ UHVXOWV LQ D YDULHW\ RI VFLHQ�
WLÀF DUHDV� EXW SULPDULO\ LQ WKH ÀHOG RI GLUHFW LPDJLQJ RI H[RSODQHWDU\ V\VWHPV� LQFOXGLQJ WKH
GLVFRYHU\ RI QHZ H[RSODQHWV DQG SODQHW�IRUPLQJ RU GHEULV GLVNV�

,Q SDUWLFXODU� , ZRUNHG RQ D GHWDLOHG VWXG\ RI WZR VSHFLÀF� \RXQJ V\VWHPV� DQG DOVR RQ
D VXUYH\ RI D ODUJHU� ROGHU VDPSOH WR JHW D VWDWLVWLFDO YLHZ RI SODQHWDU\ V\VWHP DUFKLWHFWXUHV�
7KHVH UHVXOWV JLYH FRQVWUDLQWV RQ WKHRUHWLFDO PRGHOV RI SODQHW IRUPDWLRQ DQG HYROXWLRQ� IURP
JUDLQ�VL]H WR SODQHW�VL]H VFDOHV�

7KH WZR LQGLYLGXDO VWXGLHV IRFXVHG RQ GHEULV GLVN V\VWHPV� +'������ DQG +'������
7KH ÀUVW RQH KDV DQ HQLJPDWLF� FRPSOH[ GHEULV GLVN� ZLWK ERWK LQWHUPHGLDWH ����� DX� DQG
ODUJH ��� ��� DX� VWUXFWXUHV� DQG QR GHWHFWHG SODQHW \HW� 7KH VHFRQG RQH FDQ EH FRQVLGHUHG
DV D PDVVLYH VRODU V\VWHP DQDORJ� ZLWK D �²� -XSLWHU�PDVV SODQHW O\LQJ LQ WKH FDYLW\ EHWZHHQ
WZR EHOWV� ,Q ERWK V\VWHPV� \HW XQVHHQ SODQHWV DUH H[SHFWHG WR VFXOSW WKH GLVN VWUXFWXUHV�
DQG DUH SULPH WDUJHWV IRU WKH (/7� ZKLFK FRXOG GHWHFW WKHP� ,Q +'������� , IRFXVHG RQ FRQ�
VWUDLQLQJ WKH JOREDO PRUSKRORJ\ RI WKH GLVN� E\ FRXSOLQJ 63+(5(� +67 DQG $/0$ GDWD�
DQG RQ WKH GXVW SURSHUWLHV� VXFK DV WKHLU VFDWWHULQJ SKDVH IXQFWLRQ� UHÁHFWDQFH DQG GHJUHH
RI OLQHDU SRODULVDWLRQ� ,Q +'������ , OHG DQ LQ�GHSWK 63+(5( GLUHFW�LPDJLQJ DQG VSHFWUR�
VFRSLF FKDUDFWHUL]DWLRQ RI WKH JDV JLDQW SODQHW E� 7KLV SODQHW LV XQGHU�OXPLQRXV DQG KDV D
UHG FRORU� DQG , VKRZHG ZLWK P\ FROODERUDWRUV WKDW WKH SUHVHQFH RI GXVW DURXQG LW FRXOG EH
HLWKHU ORFDWHG LQ WKH XSSHU OD\HUV RI WKH DWPRVSKHUH� RU LQ D FLUFXPSODQHWDU\ GLVN DURXQG LW�

)LQDOO\� , ZRUNHG RQ D 63+(5( VXUYH\ RI YHU\ QHDUE\ �� �� SF� VXSHU�(DUWK DQG PLQL�
1HSWXQH KRVWV� 7KH JRDO ZDV WR FRQVWUDLQ WKH SUHVHQFH RI JLDQW SODQHWV LQ WKRVH V\VWHPV� WR
EHWWHU XQGHUVWDQG WKH IRUPDWLRQ RI FORVH�LQ ORZ�PDVV SODQHWV� 7KLV SURMHFW KHOSHG WR XQGHU�
VWDQG WKH FXUUHQW GHWHFWLRQ OLPLWV RI H[WUHPH DGDSWLYH RSWLFV V\VWHPV LQ WHUPV RI SODQHWDU\
PDVV DQG VHSDUDWLRQ IRUPDWXUH V\VWHPV �! ���0\U�� ,W DOVR KHOSHG WR LQYHVWLJDWH WKH EHQHÀWV
RI FRXSOLQJ GLUHFW LPDJLQJ ZLWK UDGLDO YHORFLW\ DQG DVWURPHWULF PHDVXUHPHQWV ZLWK *DLD�

$V IRU SHUVSHFWLYHV� DQ LPSRUWDQW XSJUDGH RI WKH 63+(5( LQVWUXPHQW� QDPHG 63+(5(��
LV FXUUHQWO\ XQGHU GHYHORSPHQW� ,W FRUUHVSRQGV WR WKH XSJUDGH RI WKH H[WUHPH DGDSWLYH RSWLFV
�$2� V\VWHP� E\ DGGLQJ D VHFRQG $2 VWDJH� 7KLV ZLOO EH D WHFKQRORJ\ GHPRQVWUDWLRQ IRU WKH
VHFRQG�JHQHUDWLRQ VSHFWUR�LPDJHU RQ WKH (/7� QDPHG 3&6� WKDW DLPV WR LPDJH H[R�(DUWKV� ,
FRQWULEXWHG UHJDUGLQJ WKH GHÀQLWLRQ RI IXWXUH VFLHQWLÀF FDVHV RI 63+(5(�� E\ ZRUNLQJ RQ
WKH IXWXUH SHUIRUPDQFHV RI D QHZ� SXWDWLYH PHGLXP�UHVROXWLRQ VSHFWURJUDSK� ZKLFK ZRXOG
WDNH DGYDQWDJH RI WKH LPSURYHG SHUIRUPDQFHV RI WKH XSJUDGHG DGDSWLYH RSWLFV V\VWHP�



/D WHFKQLTXH G·LPDJHULH GLUHFWH HVW OD VHXOH PpWKRGH GH GpWHFWLRQ YLDEOH SRXU VRQGHU OHV
SDUWLHV H[WHUQHV GHV V\VWqPHV SODQpWDLUHV HW DLQVL� FRQWUDLQGUH OHV VFpQDULRV GH IRUPDWLRQ GHV
SODQqWHV JpDQWHV VLWXpHV ORLQ GH OHXU pWRLOH �! � XD��  O·KHXUH DFWXHOOH� O·LPDJHULH GLUHFWH
SHUPHW GH GpWHFWHU O·pPLVVLRQ GDQV O·LQIUDURXJH SURFKH HW PR\HQ GH MHXQHV SODQqWHV JpDQWHV�
HW GH UpVRXGUH OHV UHVWHV GHV SURFHVVXV GH IRUPDWLRQ SODQpWDLUH� F·HVW�j�GLUH� OHV GLVTXHV GH
GpEULV� 'H FHV GLVTXHV� OD SRXVVLqUH SHXW rWUH GpWHFWpH� (OOH UpVXOWH GH FDVFDGHV FROOLVLRQQHOOHV
HQWUH OHV SODQpWpVLPDX[�

0D WKqVH D SRUWp VXU OHV DUFKLWHFWXUHV GHV V\VWqPHV SODQpWDLUHV G·XQ SRLQW GH YXH RE�
VHUYDWLRQQHO� -·DL SULQFLSDOHPHQW XWLOLVp O·LQVWUXPHQW 63+(5(� TXL HVW VLWXp DX 9/7 GHSXLV
SOXV GH �� DQV HW TXL D IDLW SUHXYH G·XQ KDXW QLYHDX GH SHUIRUPDQFH HW GH VWDELOLWp� 63+(5(
D SURGXLW GHV UpVXOWDWV UHPDUTXDEOHV GDQV XQH YDULpWp GH GRPDLQHV VFLHQWLÀTXHV� HW SULQFL�
SDOHPHQW GDQV OH GRPDLQH GH O·LPDJHULH GLUHFWH GHV V\VWqPHV H[RSODQpWDLUHV� \ FRPSULV OD
GpFRXYHUWH GH QRXYHOOHV H[RSODQqWHV HW GH GLVTXHV SURWRSODQpWDLUHV RX GH GpEULV�

(Q SDUWLFXOLHU� M·DL PHQp GHV pWXGHV GpWDLOOpHV VXU GHX[ V\VWqPHV� HW XQH pWXGH VXU XQ
pFKDQWLOORQ SOXV ODUJH� DÀQ G·REWHQLU XQH YLVLRQ VWDWLVWLTXH GHV DUFKLWHFWXUHV GHV V\VWqPHV
SODQpWDLUHV� &HV UpVXOWDWV DSSRUWHQW GHV FRQWUDLQWHV DX[ PRGqOHV WKpRULTXHV GH IRUPDWLRQ HW
G·pYROXWLRQ SODQpWDLUHV� GH O·pFKHOOH GX JUDLQ GH SRXVVLqUH j FHOOH G·XQH SODQqWH�

/HV GHX[ pWXGHV LQGLYLGXHOOHV RQW SRUWp VXU GHV GLVTXHV GH GpEULV� +'������ HW+'������
/H SUHPLHU SRVVqGH XQ GLVTXH GH GpEULV FRPSOH[H HW pQLJPDWLTXH� DYHF GHV VWUXFWXUHV GH
WDLOOH LQWHUPpGLDLUH ����� XD� HW JUDQGH ��� ��� XD�� HW GDQV OHTXHO DXFXQH H[RSODQqWH Q·D HQ�
FRUH pWp GpWHFWpH� /H VHFRQG V\VWqPH SHXW rWUH FRQVLGpUp FRPPH XQ DQDORJXH GX 6\VWqPH
6RODLUH� HQ SOXV PDVVLI� DYHF XQH H[RSODQqWH GH � j � IRLV OD PDVVH GH -XSLWHU� &HWWH H[R�
SODQqWH HVW VLWXpH GDQV OD FDYLWp HQWUH OHV GHX[ FHLQWXUHV GH SRXVVLqUHV� 'DQV OHV GHX[ V\V�
WqPHV� GHV H[RSODQqWHV HQFRUH QRQ�GpWHFWpHV VRQW DWWHQGXHV� FH VRQW GRQF GHV FLEOHV GH FKRL[
SRXU O·(/7� TXL SRXUUDLW OHV GpWHFWHU� &RQFHUQDQW +'������� M·DL FRQWUDLQW OD PRUSKRORJLH
JOREDOH GX GLVTXH� HQ FRXSODQW GHV GRQQpHV 63+(5(� +67 HW $/0$� HW OHV SURSULpWpV GHV
SRXVVLqUHV� WHOOHV TXH OHXU IRQFWLRQ GH SKDVH GH GLIIXVLRQ� OHXU UpÁHFWDQFH HW OHXU GHJUp GH
SRODULVDWLRQ OLQpDLUH� 3RXU +'������ M·DL FDUDFWpULVp O·RUELWH HW O·DWPRVSKqUH GH O·H[RSODQqWH
JpDQWH JD]HXVH +'����� E DYHF GHV GRQQpHV 63+(5(� &HWWH SODQqWH HVW SHX OXPLQHXVH HW D
XQH FRXOHXU URXJH� GXH j OD SUpVHQFH GH SRXVVLqUHV DXWRXU GH OD SODQqWH� -·DL PRQWUp� DYHF
PHV FROODERUDWHXUV� TXH FHV SRXVVLqUHV SRXUUDLHQW rWUH VLWXpHV GDQV XQ GLVTXH FLUFXPSODQp�
WDLUH�

(QÀQ� M·DL WUDYDLOOp VXU XQ UHOHYp 63+(5( G·pWRLOHV D\DQW GHV VXSHU�7HUUHV HW GHV PLQL�
1HSWXQHV VLWXpHV SURFKHV GH OHXU pWRLOH� -·DL FRQWUDLQW OD SUpVHQFH GH SODQqWHV JpDQWHV GDQV
FHV V\VWqPHV� DÀQ GHPLHX[ FRPSUHQGUH OD IRUPDWLRQ GH SODQqWHV GH IDLEOHPDVVH j SUR[LPLWp�
&H SURMHW D SHUPLV GH FRPSUHQGUH OHV OLPLWHV GH GpWHFWLRQ DFWXHOOHV GH 63+(5( SRXU GHV
V\VWqPHV kJpV �!���0D�� ,O D pJDOHPHQW SHUPLV G·pWXGLHU OHV DYDQWDJHV GH FRXSOHU O·LPDJHULH
GLUHFWH DYHF OHV PHVXUHV GH YLWHVVH UDGLDOH HW G·DVWURPpWULH�

&RQFHUQDQW OHV SHUVSHFWLYHV� XQH DPpOLRUDWLRQ LPSRUWDQWH GH O·LQVWUXPHQW 63+(5(� DS�
SHOpH 63+(5(�� HVW HQ FRXUV� /D PLVH j QLYHDX 63+(5(� FRUUHVSRQG j O·DPpOLRUDWLRQ GH
VRQ V\VWqPH G·RSWLTXH DGDSWDWLYH H[WUrPH� HQ \ DMRXWDQW XQ VHFRQG pWDJH� ,O V·DJLUD G·XQH
GpPRQVWUDWLRQ WHFKQRORJLTXH SRXU OH VSHFWUR�LPDJHXU GH GHX[LqPH JpQpUDWLRQ GH O·(/7� DS�
SHOp 3&6� TXL D SRXU EXW GH SKRWRJUDSKLHU GHV H[R�7HUUHV� 'XUDQW PD WKqVH� M·DL FRQWULEXp
j OD GpÀQLWLRQ GHV IXWXUV FDV VFLHQWLÀTXHV GH 63+(5(�� HQ pWXGLDQW OHV SHUIRUPDQFHV G·XQ
QRXYHDX� SRWHQWLHO VSHFWURJUDSKH jPR\HQQH UpVROXWLRQ� TXL WLUHUDLW SDUWL GHVPHLOOHXUHV SHU�
IRUPDQFHV DWWHLQWHV SDU O·DPpOLRUDWLRQ GX V\VWqPH G·RSWLTXH DGDSWDWLYH�
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0HUFL j ,VDEHOOH %RLVVH HW 0DPDGRX 1·'LD\H� G·DYRLU pWp PHPEUHV GH PRQ FRPLWp GH
VXLYL LQGLYLGXHO GH WKqVH HW GH P·DYRLU VRXWHQXH�

0HUFL DX[ PHPEUHV GX *$'�

0HUFL DX[PHPEUHV GHV FRQVRUWLD 63+(5(� 63+(5(�� 6+$5.�1,5 HW OH 6FR�&HQ JURXSH�
, ZRXOG OLNH WR WKDQN LQ SDUWLFXODU 9DOHQWLQD '·2UD]L� 'LQR 0HVD� -DFRSR )DULQDWR� -XVWLQ
+RP HW pJDOHPHQW 9LUJLQLH )DUDPD]� -RKDQ 2ORIVVRQ� 9DOHQWLQ &KULVWLDHQV� 2OLYLHU $EVLO HW
0DPDGRX 1·'LD\H j QRXYHDX�

7KDQN \RX WR WKH PHPEHUV RI P\ 3K�'� MXU\� ZKR DFFHSWHG WR HYDOXDWH PH�

0HUFL DX[ DPLV HW DPLHV HQ WKqVH� &HX[ GH PRQ DQQpH HQ SDUWLFXOLHU� 1LFRODV� 'RULDQ�
$QWRLQH� 0D[LPH� 7LWXDQ� /XFLH� 0DUF� -RQDK� 3DXOLQD� 0HUFL DXVVL DX[ DQFLHQV GRFWRUDQWV
TXL QRXV RQW DFFXHLOOL j EUDV RXYHUWV� -XOLHQ� 7KLEDXOW� 7KRPDV HW DX[ QRXYHDX[ SHWLWV MHXQHV�

(W j FHOXL GHYHQX SHUPDQHQW GHSXLV��� PHUFL %HQMDPLQ &�� QRXV VRPPHV MDPDLV ELHQ
ORQJWHPSV DX PrPH HQGURLW HQ PrPH WHPSV��� HW MH QH VXLV SDV V�UH TXH FHOD V·DPpOLRUHUD �

7KDQN \RX WR 6RXP\D� ZLWK ZKRP , OLYHG P\ ÀUVW DGYHQWXUHV DW WKH .|QLJVWXKO� EDFN WR
WKH GD\ ZH ZHUH QRW \HW 3K�'� VWXGHQWV�

0HUFL pYLGHPPHQW j 0DULRQ HW 9DOHQWLQ� 0HUFL SRXU WRXWHV FHV DYHQWXUHV� 6XU XQ FRQ�
WLQHQW RX XQ DXWUH� 3RXU OHV EXV GH QXLWV� SRXU +XDVFR� SRXU OH PLVWUDO JDJQDQW� SRXU OD
&DOLIRUQLH� SRXU FURTXHU OD YLH� 0HUFL GH P·DYRLU PRQWUp FRPPHQW rWUH FHOOH TXH MH YRXODLV
rWUH� -H YRXV GRLV EHDXFRXS�

0HUFL DX[ DPLV GH O·XOWLPDWH�IULVEHH� &HX[ G·(16SLQ �RX GHYUDLV�MH GLUH G·(PHUJHQF\
+DPPHU "�� -XOLHQ� /pD� 5RELQ HW OHV DXWUHV� &HX[ GHV 3KRHQL[�

0HUFL j -XVWLQH� $XGUH\ HW &ODLUH� PHV DPLHV GH �WUqV� ORQJXH GDWH� 5HJDUGRQV�QRXV R�
QRXV HQ VRPPHV DXMRXUG·KXL�

0HUFL j OD 6$)*$� OD 6RFLpWp $VWURQRPLTXH GH )UDQFH *URXSH $OVDFH� (Q SDUWLFXOLHU�
PHUFL j )UpGpULF '�� %HQRvW� %RULV� -XOLHQ� 'RPLQLTXH� -HDQ�1RsO� =\HG� &KULVWLQH PDLV DXVVL
j WRXV OHV DXWUHV� -·DL VDQV GRXWH JUDQGL GHSXLV OD WHUPLQDOH� HIIHFWXp XQ SHWLW ERXW GH FKHPLQ�
PDLV VR\H]�HQ V�U� MH QH YRXV RXEOLH SDV� -HPH UDSSHOOH GH OD ERQQH KXPHXU TXLP·HQYDKLVVDLW
TXDQG M·DUULYDLV j O·REVHUYDWRLUH GH 6WUDVERXUJ SRXU OHV VRLUpHV 6$)*$� (W TXLP·HQYDKLW WRX�
MRXUV TXDQG MH UHYLHQV� 8QH SHQVpH SRXU *LOEHUW .OHLQ HW 5REHUW 0DUFKH�

0HUFL j 0DULQH� -H FURLV ELHQ TXH F·HVW WRL OD SUHPLqUH TXL P·D SRLQWp OH FLHO pWRLOp� DO�
ORQJpHV VXU HW VRXV XQ SODLG GDQV OH YHUJHU j $YHQH\� $UFWXUXV� &DVVLRSpH� 'HV VRLUpHV GRQW
OD SHQVpH DXMRXUG·KXL HQFRUH PH UDSSHOOH j OD SOpQLWXGH�

0HUFL j WRXV FHX[ TXH M·DL SX RXEOLHU�

-·DUULYH DX ERXW�

0HUFL j O·(62 TXL PH SHUPHW GH SDVVHU G·XQ UrYH j XQ DXWUH�

0HUFL j PD IDPLOOH� &HOOH SURFKH FRPPH pORLJQpH� 8Q JUDQG PHUFL j PHV SDUHQWV� PRQ
IUqUH HW j -XOHV� (W XQ DXWUH JUDQG PHUFL j PD PDPDQ�



L[

��� 3ODQHWV DQG H[RSODQHWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� 6RODU 6\VWHP � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� )LUVW GLVFRYHULHV RI H[WUD�VRODU SODQHWV � � � � � � � � � � � � � � � � � � � �
����� =RR RI H[RSODQHWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 'HWHFWLRQ PHWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� 'LUHFW GHWHFWLRQ PHWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � �

'LUHFW LPDJLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
,QWHUIHURPHWU\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� ,QGLUHFW GHWHFWLRQ PHWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � �
7UDQVLW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
5DGLDO YHORFLW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$VWURPHWU\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
0LFUROHQVLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� &RXSOLQJ GHWHFWLRQ PHWKRGV � � � � � � � � � � � � � � � � � � � � � � � � ��
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��� 3HUIRUPDQFH RI WKH VWUHKO DV D IXQFWLRQ RI WKH VHHLQJ RU FRKHUHQFH WLPH � � � � ��
��� 6NHWFK RI WKH DSRGL]HG /\RW FRURQDJUDSK RQ 63+(5( � � � � � � � � � � � � � � ��
��� ,OOXVWUDWLRQ RI WKH SULQFLSOH RI F$',� 7/2&, DQG 3&$ SRVW�SURFHVVLQJ � � � � � ��
��� 6NHWFK RI WKH 63+(5( LQVWUXPHQW � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 7KH 63+(5( SHUIRUPDQFHV DQG OLPLWDWLRQV � � � � � � � � � � � � � � � � � � � � ��

��� 3XEOLVKHG +67�67,6 LPDJHV RQ +' ������ � � � � � � � � � � � � � � � � � � � � ��
��� 6L]H RI D VFDWWHUHG�OLJKW LPDJHG EHOW DV D IXQFWLRQ RI LWV UHIHUHQFH UDGLXV � � � � ��
��� ([RSODQHW LQIHUUHG YLD SODQHW�GLVN LQWHUDFWLRQV � � � � � � � � � � � � � � � � � � ��

��� $UFKLWHFWXUH RI WKH SODQHWDU\ PXOWL�EHOW V\VWHP +'����� � � � � � � � � � � � � ���
��� 3RVWHU RI +'����� SUHVHQWHG DW WKH FRQIHUHQFH ,Q WKH 6SLULW RI /\RW� ���� � � � ���

��� 6NHWFKHV RQ WKH IRUPDWLRQ RI FORVH�LQ ORZ�PDVV SODQHWV � � � � � � � � � � � � � ���

&�� 6FKpPD GX 6\VWqPH 6RODLUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
&�� ,PDJH GHV V\VWqPHV �SURWR�SODQpWDLUHV 3'6 �� HW +5 ���� � � � � � � � � � � � � ���
&�� =RRORJLH GHV H[RSODQqWHV FRQÀUPpHV � � � � � � � � � � � � � � � � � � � � � � � � ���
&�� 9XH G·HQVHPEOH GHV PpWKRGHV GH GpWHFWLRQ HW FDUDFWpULVDWLRQ GHV H[RSODQqWHV ���
&�� 6FKpPD GH OD IRUPDWLRQ G·XQ V\VWqPH SODQpWDLUH � � � � � � � � � � � � � � � � � ���
&�� 3ULQFLSH G·XQ LQVWUXPHQW j KDXW FRQWUDVWH HW j KDXWH UpVROXWLRQ DQJXODLUH � � � ���
&�� 6FKpPD LOOXVWUDQW OH SULQFLSH G·XQ V\VWqPH G·RSWLTXH DGDSWDWLYH � � � � � � � � ���
&�� 6FKpPD PRQWUDQW OH FRURQRJUDSKH DSRGLVp GH /\RW SRXU O·LQVWUXPHQW 63+(5( ���
&�� 6FKpPD GH O·LQVWUXPHQW 63+(5( � � � � � � � � � � � � � � � � � � � � � � � � � � ���
&��� 'LVTXHV GH GpEULV REVHUYpV DYHF $/0$ DXWRXU G·pWRLOHV MHXQHV HW kJpHV � � � ���
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&��� &RPSDUDLVRQ GHV VWUXFWXUHV LQWHUQHV GH SRXVVLqUHV GH +'������ � � � � � � � ���
&��� 9XH G·HQVHPEOH GH O·DUFKLWHFWXUH GX V\VWqPH +'������ � � � � � � � � � � � � ���
&��� ([RSODQqWHV GpGXLWHV j SDUWLU G·LQWHUDFWLRQV GLVTXH�SODQqWH � � � � � � � � � � � ���
&��� ,PDJH FRPSRVLWH GX V\VWqPH SODQpWDLUH +'����� � � � � � � � � � � � � � � � � ���
&��� 6FKpPDVPRQWUDQW GLIIpUHQWVPpFDQLVPHV GH IRUPDWLRQ HW G·pYROXWLRQGH SODQqWHV

GH IDLEOH PDVVH VLWXpHV SURFKHV GH OHXU pWRLOH � � � � � � � � � � � � � � � � � � � ���
&��� ([RSODQHW LQIHUUHG YLD SODQHW�GLVN LQWHUDFWLRQV � � � � � � � � � � � � � � � � � � ���
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��� /LVW RI FXUUHQW JURXQG�EDVHG KLJK�FRQWUDVW LPDJHUV � � � � � � � � � � � � � � � ��

��� 3UHYLRXV REVHUYDWLRQDO DQG QXPHULFDO VWXGLHV RQ WKH FRQGLWLRQDO SUREDELOLWLHV
RI WKH SUHVHQFH RI FORVH�LQ VXSHU�(DUWKV DQG GLVWDQW JLDQW SODQHWV � � � � � � � ���
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$VWURQRP\ 	 $VWURSK\VLFV
$QJXODU 'LIIHUHQWLDO ,PDJLQJ
$QDORJ�WR�'LJLW 8QLW
$WDFDPD /DUJH 0LOOLPHWHU�VXEPLOOLPHWHU $UUD\
$SHUWXUH 0DVNLQJ ,QWHUIHURPHWU\
$1JXODU 'LIIHUHQWLDO 2SWL0DO ([RSODQHW 'HWHFWLRQ $OJRULWKP
$GDSWLYH 2SWLFV
$SRGL]HG 3XSLO /\RW &RURQDJUDSK
$X[LOLDU\ 7HOHVFRSH
%ODFN%RG\
%URZQ 'ZDUI
FODVVLF $QJXODU 'LIIHUHQWLDO ,PDJLQJ
&URVV &RUUHODWLRQ )XQFWLRQ
&RURQDJUDSKLF +LJK $QJXODU 5HVROXWLRQ ,PDJLQJ 6SHFWURJUDSK
&+DUDFWHULVLQJ ([23ODQHW 6DWHOOLWH
&RURQD*UDSK ,QVWUXPHQW
&ROG -XSLWHU
&LUFXP3ODQHWDU\ 'LVN
&RPPRQ 3DWK DQG ,QIUDVWUXFWXUH
&R�,QYHVWLJDWRU
'XDO�%DQG ,PDJLQJ
+LJK &RQWUDVW 'DWD &HQWHU
'HEULV 'LVN
'LUHFW ,PDJLQJ
'HWHFWRU ,QWHJUDWLRQ 7LPH
'HIRUPDEOH 0LUURU
'XDO�3RODUL]DWLRQ ,PDJLQJ
'DWD 5HOHDVH
(DUO\ 'DWD 5HOHDVH
([WUHPHO\ /DUJH 7HOHVFRSH
(QKDQFHG 5HVROXWLRQ ,PDJLQJ 6SHFWURJUDSK
(XURSHDQ 6RXWK 2EVHUYDWRU\
([SRVXUH 7LPH &DOFXODWRU
)LUVW /LJKW $GDSWLYH 2SWLFV
)RXU 4XDGUDQW 3KDVH 0DVN
)XOO :LGWK DW +DOI 0D[LPXP
*LDQW 0DJHOODQ 7HOHVFRSH
*XDUDQWHHG 7LPH 2EVHUYDWLRQV
*HQHUDO 2EVHUYHU
*HPLQL 3ODQHW ,PDJHU
*UHHG\ 'LVF 6XEWUDFWLR
+LJK $QJXODU 5HVROXWLRQ 0RQROLWKLF 2SWLFDO DQG 1HDU�LQIUDUHG ,QWHJUDO
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ÀHOG VSHFWURJUDSK
+LJK�&RQWUDVW &RURQDJUDSKLF ,PDJHU IRU $GDSWLYH 2SWLFV
+RW -XSLWHU
+XEEOH 6SDFH 7HOHVFRSH
+DELWDEOH :RUOGV 2EVHUYDWRU\
,'HQWLÀFDWLRQ QXPEHU
,5',6 'DWD UHGXFWLRQ IRU $FFXUDWH 3RODULPHWU\
,QWHJUDO )LHOG 6SHFWURJUDSK
,QVWLWXW GH 3ODQpWRORJLH HW G·$VWURQRPLH GH *UHQREOH
,WHUDWLYH 3ULQFLSDO &RPSRQHQW $QDO\VLV
,QIUD�5HG 'XDO�EDQG ,PDJHU DQG 6SHFWURJUDSK
,QQHU :RUNLQJ $QJOH
-DPHV :HEE 6SDFH 7HOHVFRSH
.RUHD 0LFUROHQVLQJ 7HOHVFRSH 1HWZRUN
/DUJH %LQRFXODU 7HOHVFRSH
/%7 0LG�,QIUD5HG LQWHUIHURPHWULF &DPHUD
/RQJ�6OLW 6SHFWURVFRS\
/RZ�:LQG (IIHFWV
0RUSKRORJLFDO $QDO\VLV <LHOGLQJ VHSDUDWHG 2EMHFWV L1 1HDU LQIU$UHG XV,QJ
6RXUFHV (VWLPDWLRQ
0LG�LQIUDUHG (/7 ,PDJHU DQG 6SHFWURJUDSK
0XOWL�$2 ,PDJLQJ &DPHUD IRU 'HHS 2EVHUYDWLRQV
0LG�,QIUD5HG ,QVWUXPHQW
0HDQ 0RWLRQ 5HVRQDQFH
0LQL�1HSWXQH
0D[�3ODQFN ,QVWLWXWH I�U $VWURQRP\
1DRV�&RQLFD
QRQ�$QJXODU 'LIIHUHQWLDO ,PDJLQJ
1RQ�&RPPRQ 3DWK $EEHUDWLRQV
1HDU ,QIUDUHG &RURQDJUDSKLF ,PDJHU
1HDU ,QIUDUHG &DPHUD DQG 0XOWL�2EMHFW 6SHFWURPHWHU
1HDU�,QIUDUHG &DPHUD
1HDU�,QIUD5HG &DPHUD
1HDU�,QIUD5HG ,PDJHU
1HDU�,QIUD5HG 6SHFWURJUDSK
1RQ�5HGXQGDQW 0DVNLQJ
2SWLFDO *UDYLWDWLRQDO /HQVLQJ ([SHULPHQW
3RVLWLRQ $QJOH
3$WFK &2YDULDQFHV
3ULQFLSDO &RPSRQHQW $QDO\VLV
3ODQHWDU\ &DPHUD DQG 6SHFWURJUDSK
3RODUL]DWLRQ 'LIIHUHQWLDO ,PDJLQJ
3KLORVRSKLDH 'RFWRUDWH
3ULQFLSDO ,QYHVWLJDWRU
3URSHU 0RWLRQ DQRPDO\
3URWR3ODQHWDU\ 'LVN
3RLQW�6SUHDG )XQFWLRQ
5HIHUHQFH 'LIIHUHQWLDO ,PDJLQJ
5HFRQVWUXFWLRQ RI (;WHQGHG IHDWXUHV E\ 3$WFK &2YDULDQFHV
5RPDQ 6SDFH 7HOHVFRSH
5HDO�7LPH &RPSXWHU
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5DGLDO 9HORFLW\
6SDUVH $SHUWXUH 0DVNLQJ
6SKHUH $GDSWLYH�RSWLFV IRU H;RSODQHW 2EVHUYDWLRQ
6XEDUX &RURQDJUDSKLF ([WUHPH $GDSWLYH 2SWLFV
6SHFWUDO 'LIIHUHQWLDO ,PDJLQJ
6XSHU�(DUWK
6SHFWUDO (QHUJ\ 'HQVLW\
6\VWHP IRU +LJK FRQWUDVW $QG FRURQDJUDSK\ IURP 5 WR . DW 1HDU�,QIUD5HG EDQGV
6\VWHP IRU +LJK FRQWUDVW $QG FRURQDJUDSK\ IURP 5 WR . DW 9,6LVEOH EDQGV
63+(5( LQIUDUHG VXUYH\ IRU H[RSODQHWV
6SHFWURJUDSK IRU ,1WHJUDO )LHOG 2EVHUYDWLRQV LQ WKH 1HDU ,QIUDUHG
6HPL�0DMRU $[LV
6LJQDO�WR�1RLVH UDWLR
6SHFNOH &DOLEUDWLRQ >WRRO@
6LQJOH FRQMXJDWHG DGDSWLYH 2SWLFV 8SJUDGH IRU /%7
6FDWWHULQJ 3KDVH )XQFWLRQ
6SHFWUR�3RODULPHWULF +LJK FRQWUDVW ([RSODQHW 5(VHDUFK
6SDFH 7HOHVFRSH ,PDJLQJ 6SHFWURJUDSK
7HOHVFRSH $OORFDWLRQ &RPPLWWHH
7UDQVLWLQJ ([RSODQHW 6XUYH\ 6DWHOOLWH
7HPSODWH /RFDOO\ 2SWLPL]HG &RPELQDWLRQ RI ,PDJHV
8QLW 7HOHVFRSH
9HU\ /DUJH 7HOHVFRSH
9HU\ /DUJH 7HOHVFRSH ,QWHUIHURPHWHU
9RUWH[ ,PDJH 3URFHVVLQJ SDFNDJH IRU +LJK�&RQWUDVW GLUHFW ,PDJLQJ
:DUP -XSLWHU
:LQG�'ULYHQ +DOR
:DYHIURQW 6HQVRU
=HUQLNH VHQVRU IRU ([WUHPHO\ /RZ�OHYHO 'LIIHUHQWLDO $EHUUDWLRQ
=XULFK ,0DJLQJ 3RODULPHWHU





�

��� 3ODQHWV DQG H[RSODQHWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� 6RODU 6\VWHP � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� )LUVW GLVFRYHULHV RI H[WUD�VRODU SODQHWV � � � � � � � � � � � � � � � � � � � �
����� =RR RI H[RSODQHWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 'HWHFWLRQ PHWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� 'LUHFW GHWHFWLRQ PHWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � �

'LUHFW LPDJLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
,QWHUIHURPHWU\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� ,QGLUHFW GHWHFWLRQ PHWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � �
7UDQVLW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
5DGLDO YHORFLW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$VWURPHWU\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
0LFUROHQVLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� &RXSOLQJ GHWHFWLRQ PHWKRGV � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 3ODQHW IRUPDWLRQ DQG HYROXWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 7KH GLIIHUHQW VWHSV OHDGLQJ WR SODQHW IRUPDWLRQ � � � � � � � � � � � � � � ��
)URP PROHFXODU FORXG WR VWDU DQG GLVN IRUPDWLRQ � � � � � � � � � � � � ��
)URP GXVW JUDLQV WR SODQHWHVLPDOV � � � � � � � � � � � � � � � � � � � � � ��
)URP SODQHWHVLPDOV WR SODQHWV � � � � � � � � � � � � � � � � � � � � � � � ��
2XWFRPH� 3ODQHWV DQG GHEULV GLVNV � � � � � � � � � � � � � � � � � � � � � ��
6LGH QRWH� %LQDULHV RU KLJKHU�RUGHU PXOWLSOH V\VWHP � � � � � � � � � � � ��

����� 2EVHUYDWLRQDO FRQVWUDLQWV � � � � � � � � � � � � � � � � � � � � � � � � � � ��
&LUFXPVWHOODU GLVNV� DQG WKHLU VWUXFWXUHV � � � � � � � � � � � � � � � � � � ��
2UELWDO DQG SK\VLFDO SURSHUWLHV RI H[RSODQHWV � � � � � � � � � � � � � � � ��
$WPRVSKHUHV RI H[RSODQHWV � � � � � � � � � � � � � � � � � � � � � � � � � ��
,PSDFW RI VWHOODU SDUDPHWHUV � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RQWULEXWLRQ RI P\ GRFWRUDO WKHVLV � � � � � � � � � � � � � � � � � � � � � � � � � ��



� &KDSWHU �� ,QWURGXFWLRQ

Asteroid belt Kuiper belt

Oort Cloud

Distance from the 

 Sun: 30-50 au

Distance from the 

Sun: 2-3.3 au

Distance from the Sun: 2 000-200 000 au

)LJXUH ���� 6NHWFK RI WKH 6RODU 6\VWHP LOOXVWUDWLQJ WKH DUFKLWHFWXUH RI WKH 6RODU 6\VWHP� 7KHUH DUH
HLJKW SODQHWV� WZR DVWHURLG EHOWV DQG RQH DVWHURLG FORXG PRUH GLIIXVHG� $GDSWHG ÀJXUH IURP WKH
(XURSHDQ 6SDFH $JHQF\ �(6$��

3HRSOH VWDUWHG WR ORRN DW VWDUV FHQWXULHV DJR� $W WKDW WLPH� VWDUV� RU SODQHWV VXFK DV 9HQXV�
VHUYHG DV JXLGHV WR ÀQG WKH ULJKW ZD\ WR JR� 1RZDGD\V� DVWURQRPHUV ORRN DW VWDUV DQG RWKHU
REMHFWV LQ WKH VN\ WR JR EDFN LQWR WKH SDVW DQG WU\ WR XQGHUVWDQG WKH RULJLQ RI WKH XQLYHUVH�
$VWURQRPHUV ZLVK WR XQGHUVWDQG WKH IRUPDWLRQ DQG HYROXWLRQ RI FHOHVWLDO ERGLHV� LQFOXGLQJ
JDOD[LHV� VWDUV DQG SODQHWV� WR QDPH D IHZ�

,Q P\ GRFWRUDO WKHVLV� , IRFXV P\ UHVHDUFK RQ SODQHWDU\ V\VWHP DUFKLWHFWXUHV� ,Q SDUWLF�
XODU� , VKRZ KRZ SODQHWDU\ V\VWHP DUFKLWHFWXUHV FDQ KHOS WR FRQVWUDLQ SODQHW IRUPDWLRQ DQG
HYROXWLRQ� ,Q WKLV ÀUVW FKDSWHU� , LQWURGXFH P\ UHVHDUFK ÀHOG� WKH H[RSODQHWV� WKDW LV WR VD\
SODQHWV RUELWLQJ VWDUV RWKHU WKDQ WKH 6XQ� ,Q 6HFWLRQ ���� , JLYH DQ RYHUYLHZ RQ WKH 6RODU 6\V�
WHP� WKH ÀUVW GLVFRYHULHV RI H[RSODQHWV DQG PRUH JHQHUDOO\ RI WKH NQRZQ H[RSODQHWV VR IDU�
,Q 6HFWLRQ ���� , UHSRUW RQ WKH PDLQ GLIIHUHQW WHFKQLTXHV WKDW HQDEOH WKH GHWHFWLRQ RI H[RSODQ�
HWV� ,Q 6HFWLRQ ���� , GHVFULEH WKH FXUUHQW XQGHUVWDQGLQJ RQ KRZ SODQHWV IRUP DQG HYROYH�
/DVW EXW QRW OHDVW� LQ 6HFWLRQ ���� , KLJKOLJKW WKH FRQWULEXWLRQ RI P\ UHVHDUFK ZRUN GXULQJ P\
GRFWRUDO WKHVLV�

:LWKRXW D GRXEW� WKH PRVW IDPRXV SODQHWV DUH WKH HLJKW SODQHWV RUELWLQJ WKH 6XQ� )RXU RI
WKHP DUH URFN\ SODQHWV� 0HUFXU\� 9HQXV� WKH (DUWK� 0DUV� DQG WKH IRXU IXUWKHU RXW DUH WKH
JDVHRXV SODQHWV -XSLWHU� 6DWXUQ� 8UDQXV DQG 1HSWXQH� 7KH WZR ODVW RQHV DUH DOVR FDOOHG LF\
JLDQW SODQHWV� EHFDXVH WKH\ DUH PDGH RI D ODUJH IUDFWLRQ RI LFH�

2Q WRS RI SODQHWV� WKH 6XQ KRVWV PDQ\ VPDOO ERGLHV� VDWHOOLWH�V� RUELWLQJ DURXQG SODQHWV�
VXFK DV WKH GXR WKH0RRQ DQG WKH (DUWK� GZDUI SODQHWV� VXFK DV 3OXWR DQG (ULV� RU PLQRU ERG�
LHV� FRQVLVWLQJ LQ FRPHWV� DVWHURLGV� SHEEOHV RU GXVW JUDLQV� 7KHVH VPDOO REMHFWV DUH PDLQO\
JDWKHUHG LQ WKH $VWHURLG %HOW ORFDWHG EHWZHHQ 0DUV DQG -XSLWHU� WKH .XLSHU %HOW ORFDWHG EH�
\RQG 1HSWXQH� DQG LQ WKH 2RUW FORXG� ORFDWHG IXUWKHU RXW� VHH )LJ� ���� 7KH RXWHU ERUGHU RI
WKH 2RUW FORXG FDQ EH FRQVLGHUHG DV WKH RXWHU OLPLW RI WKH 6RODU 6\VWHP� EHFDXVH LW UHSUHVHQWV



���� 3ODQHWV DQG H[RSODQHWV �

WKH HQG RI WKH JUDYLWDWLRQDO LQÁXHQFH RI WKH 6XQ� 7KLV IURQWLHU LV ORFDWHG DW DERXW RQH OLJKW
\HDU� WKDW LV WR VD\� URXJKO\ 10 000 ELOOLRQV RI NLORPHWHUV� ,Q RWKHU XQLWV� DW DERXW 60 000 WLPHV
WKH GLVWDQFH EHWZHHQ WKH 6XQ DQG WKH (DUWK� ZKLFK LV GHÀQHG DV WKH DVWURQRPLFDO XQLW �DX��

7KH IRUPDWLRQ RI WKH 6XQGDWHV EDFN WR ����� ELOOLRQV \HDUV DJR �%RXYLHU	:DGKZD� ������
7KH IRXU JLDQW SODQHWV IRUPHG HDUO\� LQ WKH ÀUVW PLOOLRQ \HDUV RI WKH OLIHWLPH RI WKH 6XQ� 2Q
WKH FRQWUDU\� WKH WLPHVFDOHV IRU WKH IRUPDWLRQ RI URFN\ SODQHWV VSDQ D ODUJH UDQJH� 0DUV EHLQJ
HVVHQWLDOO\ IRUPHG ZLWKLQ 5²100\U �'DXSKDV 	 3RXUPDQG� ������ ZKLOH WKH (DUWK �DQG WKH
0RRQ� OLNHO\ IRUPHG ZLWKLQ D WLPHVFDOH RI 50²1500\U �.OHLQH HW DO�� ������

7KH PRVW DFFHSWHG PRGHO DFFRXQWLQJ DW EHVW IRU WKH IRUPDWLRQ DQG HYROXWLRQ RI WKH 6RODU
6\VWHP LV WKH 1LFH PRGHO �*RPHV HW DO�� ����� 7VLJDQLV HW DO�� ����� 0RUELGHOOL HW DO�� ������
DQG LWV XSGDWHG YHUVLRQV� 7KH 1LFH PRGHO DFFRXQWV IRU� WKH FXUUHQW RUELWV RI WKH JLDQW SODQ�
HWV� LQFOXGLQJ WKHLU RUELWDO UDGLL� HFFHQWULFLWLHV DQG LQFOLQDWLRQV �7VLJDQLV HW DO�� ������ WKH WUR�
MDQ VDWHOOLWHV RI -XSLWHU �0RUELGHOOL HW DO�� ������ WKH LUUHJXODU VDWHOOLWHV RI WKH JLDQW SODQHWV
�1HVYRUQì HW DO�� ����� %RWWNH HW DO�� ������ DQG WKH RUELWDO VWUXFWXUH RI WKH .XLSHU %HOW LQFOXG�
LQJ WKH VFDWWHUHG GLVN �*RPHV HW DO�� ������ 7KH 1LFH PRGHO DVVXPHV WKDW WKH JLDQW SODQHWV
ZRXOG KDYH IRUPHG LQ D FRPSDFW FRQÀJXUDWLRQ EHWZHHQ � DQG �� DX LQ WKH GXVW\ DQG JDVHRXV
SURWRSODQHWDU\ GLVN DURXQG WKH 6XQ� 'XH WR D PDMRU G\QDPLFDO LQVWDELOLW\� WKH JLDQW SODQ�
HWV PLJUDWHG WRZDUGV WKHLU FXUUHQW SRVLWLRQV� ,Q SDUWLFXODU� 8UDQXV DQG 1HSWXQH PD\ KDYH
VZDSSHG WKHLU RUGHU� UHVXOWLQJ LQ VHPL�PDMRU D[HV RI 19 DQG 30 DX� UHVSHFWLYHO\ �7VLJDQLV
HW DO�� ������

7KLV G\QDPLFDO LQVWDELOLW\ ZDV VXJJHVWHG RULJLQDOO\ WR EH WKH FURVVLQJ RI WKH -XSLWHU DQG
6DWXUQ PHDQ PRWLRQ UHVRQDQFH �005� ���� L�H�� -XSLWHU GRHV WZR UHYROXWLRQV DURXQG WKH 6XQ
ZKLOH 6DWXUQ GRHV RQH� 7KH 005 FURVVLQJ FRXOG KDYH KDSSHQHG EHWZHHQ DERXW 200 DQG
9000\U DIWHU WKHLU IRUPDWLRQ� 7KLV LV FRQVLVWHQW ZLWK WKH VSLNH RI WKH 0RRQ·V ERPEDUGPHQW
DW DURXQG 700 0\U �+DUWPDQQ HW DO�� ������ DQG WKDW KDV EHHQ FDOOHG WKH /DWH +HDY\ %RP�
EDUGPHQW �/+%� *RPHV HW DO�� ������ +RZHYHU� QHZ UHVXOWV UHSRUWLQJ ELDVHV LQ VDPSOLQJ DQG
DQDO\VLV RI WKH OXQDU URFNV LQGLFDWH WKDW WKH /+% PD\ QRW KDYH H[LVWHG� RU QRW EHLQJ WKDW ODWH
RU KHDY\ �&KDSPDQ HW DO�� ����� %RHKQNH 	 +DUULVRQ� ������

7KHUHIRUH� WKH VLJQLÀFDQW G\QDPLFDO LQVWDELOLW\ UHTXLUHG WR H[SODLQ VRPH DVSHFWV RI WKH
DUFKLWHFWXUH RI WKH 6RODU 6\VWHP� LQFOXGLQJ WKH RUELWV RI WKH JLDQW SODQHWV� FRXOG EH GLIIHU�
HQW DQG KDYH KDSSHQHG HDUOLHU� )RU LQVWDQFH� WKH LQVWDELOLW\ FRXOG KDYH EHHQ WULJJHUHG E\
SODQHW�GLVN LQWHUDFWLRQV �4XDUOHV 	 .DLE� ����� GH 6RXVD HW DO�� ������ JLDQW SODQHW LQWHUDF�
WLRQV �GH 6RXVD HW DO�� ������ RU WKH LQVLGH�RXW SKRWR�HYDSRUDWLRQ RI WKH JDVHRXV GLVN DURXQG
WKH 6XQ �/LX HW DO�� ������

'HVSLWH WKH IDFW WKDW VFLHQWLVWV QRZ KDYH VRPH JHQHUDO LGHDV DERXW WKH IRUPDWLRQ DQG
HYROXWLRQ RI WKH 6RODU 6\VWHP� VRPH TXHVWLRQV UHPDLQ RSHQ� 2QH RI WKHVH TXHVWLRQV UHODWH
WR WKH VPDOO VL]H RI 0DUV� WKDW FRXOG EH H[SODLQHG E\ WKH *UDQG 7DFN PRGHO �:DOVK HW DO��
������ D ORZ�PDVV $VWHURLG %HOW �+DQVHQ� ����� ,]LGRUR HW DO�� ����� :DOVK 	 /HYLVRQ� �����
'UćŧNRZVND HW DO�� ����� 5D\PRQG 	 ,]LGRUR� ����� RU WKH HDUO\ LQVWDELOLW\ PRGHO �&OHPHQW
HW DO�� ����� ������ $QRWKHU TXHVWLRQ LV WKH RULJLQ RI ZDWHU RQ (DUWK�

7KDQNV WR HYHU PRUH VHQVLWLYH WHOHVFRSHV DQG LQVWUXPHQWV� DVWURQRPHUV KDYH EHHQ DEOH
WR REVHUYH RWKHU SODQHWDU\ V\VWHPV� 6RPH DW YHU\ HDUO\ VWDJHV RI SODQHW IRUPDWLRQ �∼10\U�
FRPSDUHG WR WKH DJH RI WKH 6XQ �4.6 *\U�� /RRNLQJ DW RWKHU SODQHWDU\ V\VWHPV FRQVWUDLQ
KRZ GLYHUVH WKH\ PD\ EH� DQG FRQVWUDLQ WKHRUHWLFDO PRGHOV RI SODQHW IRUPDWLRQ DQG HYROX�
WLRQ IURP D JHQHUDO SHUVSHFWLYH� 7KLV KHOSV WR GHWHUPLQH KRZ WKH 6RODU 6\VWHP IRUPHG DQG
HYROYHG� EXW DOVR ZKHWKHU WKH 6RODU 6\VWHP LV D IUHTXHQW RXWSXW RI SODQHW IRUPDWLRQ DQG
HYROXWLRQ SURFHVVHV�



� &KDSWHU �� ,QWURGXFWLRQ

3ODQHWV RUELWLQJ VWDUV RWKHU WKDQ WKH 6XQ KDYH EHHQ WKHRUL]HG FHQWXULHV EHIRUH WKH ÀUVW H[WUD�
VRODU SODQHW ZDV GLVFRYHUHG� ,Q SDUWLFXODU� WKH H[LVWHQFH RI H[RSODQHWV ZDV DVVRFLDWHG WR WKH
TXHVWLRQ RI OLIH RXWVLGH WKH (DUWK� WKDW FRXOG KDYH HPHUJHG DQG GHYHORS RQ RWKHU SODQHWV�
QRW SDUW RI RXU 6RODU 6\VWHP�

:ROV]F]DQ	)UDLO ������ GLVFRYHUHG WKH ÀUVW WZR H[RSODQHWV� RI DERXW D IHZ(DUWK�PDVVHV�
7KH\ RUELW D SXOVDU� 365�������� $IWHUZDUGV� 0D\RU 	 4XHOR] ������ GLVFRYHUHG WKH ÀUVW
H[RSODQHW RUELWLQJ D PDLQ�VHTXHQFH VWDU� QDPHG 51 3HJDVL� 7KLV H[RSODQHW LV D JDV JLDQW
SODQHW� %RWK GLVFRYHULHV FKDOOHQJHG WKH SHUFHSWLRQ RI DVWURQRPHUV RI ZKDW FRXOG EH H[WUD�
VRODU SODQHWDU\ V\VWHPV� 2Q WKH RQH KDQG� D SXOVDU LV D PDVVLYH VWDU ZKLFK UDQ RXW RI IXHO
DQG H[SORGHG LQ D VXSHUQRYD WR UHVXOW LQ D QHXWURQ VWDU� HPLWWLQJ D EHDP RI HOHFWURPDJQHWLF
UDGLDWLRQ DQG URWDWLQJ IDVW� 2Q WKH RWKHU KDQG� WKH -XSLWHU�PDVV �0-XS� JLDQW SODQHW �� 3H�
JDVL E� RUELWV ZLWKLQ IRXU GD\V DURXQG LWV KRVW 6XQ�OLNH VWDU� )RU FRPSDULVRQ� -XSLWHU RUELWV
DURXQG WKH 6XQ LQ DERXW HOHYHQ \HDUV� WKXV RQ D PXFK ORQJHU WLPHVFDOH� 0HUFXU\� WKH FORVHVW
SODQHW WR WKH 6XQ� RUELWV ZLWKLQ 88 GD\V� 7KHUHIRUH� ÀUVW GLVFRYHULHV RI H[RSODQHWV FKDOOHQJHG
WKHRULHV RQ KRZ SODQHWV PD\ IRUP DQG HYROYH�

'LIIHUHQW WHFKQLTXHV H[LVW WR GHWHFW SODQHWV� DQG , GHVFULEH WKHP LQ 6HFWLRQ ���� 7KH ÀUVW
H[RSODQHWV� DQG WR GDWH PRVW RI WKHP� ZHUH GLVFRYHUHG LQGLUHFWO\� 7KH ÀUVW GLUHFW GHWHFWLRQ RI
DQ H[RSODQHW ZDV PDGH WZHQW\ \HDUV DJR� DURXQG D EURZQ GZDUI� RI DERXW 240-XS� $URXQG
LW� &KDXYLQ HW DO� ������ GLUHFWO\ LPDJHG D PDVVLYH JLDQW H[RSODQHW RI 3²15 0-XS� ORFDWHG DW
55 DX� KHQFH DERXW WZLFH WKH GLVWDQFH IURP 1HSWXQH WR WKH 6XQ� 7KH ÀUVW GLUHFWO\ LPDJHG
PXOWL�SODQHWDU\ V\VWHP LV +5 ����� KRVWLQJ IRXU PDVVLYH JLDQW SODQHWV �0DURLV HW DO�� �����
������ VHH )LJ� ��� �ULJKW�� 7KH JLDQW SODQHWV DUH ORFDWHG EHWZHHQ WZR GXVW\ EHOWV� VKRZLQJ
VWURQJ VLPLODULW\ ZLWK WKH DUFKLWHFWXUH RI WKH 6RODU 6\VWHP� EXW DURXQG D PRUH PDVVLYH VWDU
�1.5 VRODU PDVV� L�H�� 1.50!��

8QWLO ����� PRVW RI WKH H[RSODQHWV GLVFRYHUHG ZKHUH PDLQO\ ROG� VHYHUDO JLJD\HDUV� DQG
D IHZ \RXQJHU� GRZQ WR DERXW 15 0\U� 7KH GLVFRYHULHV RI WKH YHU\ \RXQJ �∼5 0\U�� JLDQW
SURWR�SODQHWV 3'6 �� E �.HSSOHU HW DO�� ����� 0�OOHU HW DO�� ����� DQG 3'6 �� F �+DIIHUW HW DO��
����� ZHUH EUHDNWKURXJK GLVFRYHULHV� )RU WKH ÀUVW WLPH� DVWURQRPHUV FDXJKW SODQHWV VWLOO DW
ELUWK� LQ WKH JDVHRXV DQG GXVW\ GLVN VXUURXQGLQJ WKHLU KRVW VWDU� FDOOHG D SURWRSODQHWDU\ GLVN�

1RZDGD\V� PRUH WKDQ ÀYH WKRXVDQGV H[RSODQHWV KDYH EHHQ GLVFRYHUHG �VHH )LJ� ����� 0RVW
RI WKH H[RSODQHWV NQRZQ VR IDU RUELW FORVH WR WKHLU KRVW VWDU� 7KLV LV D ELDV RI WKH FXUUHQW
PRVW HIÀFLHQW WHFKQLTXHV WR GHWHFW SODQHWV� EDVHG RQ WUDQVLWV DQG UDGLDO YHORFLWLHV �59�� 7KHVH
PHWKRGV DUHPRVWO\ VHQVLWLYH WR SODQHWV RUELWLQJZLWKLQ D IUDFWLRQ RU D IHZ DVWURQRPLFDO XQLWV�

%RWK RI WKHVH PHWKRGV UHSRUW DQ DEXQGDQFH RI ORZ�PDVV SODQHWV� FDOOHG VXSHU�(DUWKV RU
PLQL�1HSWXQHV� DQG RUELWLQJ LQ OHVV WKDQ D KXQGUHG GD\V DURXQG WKHLU KRVW VWDU� $ WRWDO RI 20
WR 50� VLQJOH 6XQ�OLNH VWDUV PD\ KRVW VXFK VXSHU�(DUWKV DQG PLQL�1HSWXQHV �0D\RU HW DO��
������ ZKLOH LW LQFUHDVHV WR DOPRVW DOO �90²100�� ORZ�PDVV VWDUV �6ZLIW HW DO�� ����� 'UHVVLQJ
	 &KDUERQQHDX� ������ 7KH IURQWLHU EHWZHHQ VXSHU�(DUWK DQG PLQL�1HSWXQH LV EHOLHYHG WR
EH WKH SKRWR�HYDSRUDWLRQ YDOOH\� DOVR FDOOHG WKH )XOWRQ JDS DURXQG 1.5²1.9 (DUWK�UDGLXV �5⊕�
)XOWRQ HW DO�� ������ 7KH GHQVLW\ YDOXH RI WKH SODQHW LV D EHWWHU HVWLPDWH WR GLVWLQJXLVK EHWZHHQ
D JDV�SRRU RU D JDV�ULFK SODQHW� +RZHYHU� RQO\ WKH UDGLXV RU WKH �PLQLPDO� PDVV RI D JLYHQ
SODQHW LV RIWHQ LQIHUUHG� 5RXJKO\� VXSHU�(DUWKV DQG PLQL�1HSWXQHV KDYH D PDVV EHWZHHQ 1
DQG 200⊕ DQG D UDGLXV EHWZHHQ 1 DQG 4 5⊕�

$PRQJ H[RSODQHWV RUELWLQJ YHU\ FORVH WR WKHLU KRVW VWDUV� WKHUH DUH WKH XOWUD�VKRUW�SHULRG
�863� SODQHWV ZLWK RUELWDO SHULRGV RI OHVV WKDQ RQH GD\� 7KH\ H[SHULHQFH YHU\ KLJK OHYHOV

�7KLV EURZQ GZDUI LV NQRZQ DV �0$66: -���������������
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)LJXUH ���� /HIW� ,PDJH RI WKH SURWRSODQHWDU\ GLVN 3'6 ��� KRVWLQJ WZR JLDQW SURWRSODQHWV �.HSSOHU
HW DO�� �����0�OOHU HW DO�� ����� +DIIHUW HW DO�� ������ 3'6 �� E LQ WKH FDYLW\ DQG F HPEHGGHG LQ WKH EHOW�
$GDSWHG ÀJXUH IURP 3DLUHW HW DO� ������� EDVHG RQ WKH QHDU�LQIUDUHG �. EDQG� 2.1 µP� 9/7�63+(5(
GDWD DFTXLUHG RQ )HEUXDU\� ����� 5LJKW� ,PDJH RI WKH SODQHWDU\ V\VWHP +5 ���� KRVWLQJ IRXU JLDQW
SODQHWV� $GDSWHG ÀJXUH IURP0DURLV HW DO� ������� EDVHG RQ WKH QHDU�LQIUDUHG �/· EDQG� 3.8 µP�.HFN
,, DFTXLUHG RQ 1RYHPEHU �� ����� ,Q ERWK LPDJHV� WKH JUH\ FLUFXODU PDVN LQGLFDWHV WKH UHJLRQ EHORZ
WKH LQQHU ZRUNLQJ DQJOH RI WKH FRURQDJUDSK�

RI LUUDGLDWLRQ DQG W\SLFDOO\ OLH ZLWKLQ UHJLRQV ZKHUH GXVW VXEOLPDWHV� RSHQLQJ TXHVWLRQV RQ
KRZ WKH\ IRUP �:LQQ HW DO�� ������ 7KH\ DUH WLGDOO\ ORFNHG� WKDW LV WR VD\ DOZD\V VKRZLQJ WKH
VDPH IDFH WR WKHLU KRVW VWDU GXULQJ WKHLU UHYROXWLRQ� $V D UHVXOW� WKH\ KDYH VWDEOH GD\ DQG
QLJKW VLGHV� UHVXOWLQJ LQ ODUJH YDULDWLRQV LQ WHPSHUDWXUH DFURVV WKH SODQHWDU\ VXUIDFH�

,Q DGGLWLRQ� PDVVLYH JDV JLDQW SODQHWV RUELWV KDYH EHHQ IRXQG RQ VKRUW RUELWV WRR� 7KH\
DUH RIWHQ FDOOHG KRW RU ZDUP -XSLWHUV� ZKHQ WKH\ KDYH RUELWDO SHULRGV ZLWKLQ 10 RU 400 GD\V�
UHVSHFWLYHO\� *LDQW JDV SODQHWV DUH UDUHU WKDQ VPDOOHU SODQHWV� ZLWK OHVV WKDQ 1� �UHVSHFWLYHO\
10�� RI )*. VWDUV KRVWLQJ D KRW �ZDUP� -XSLWHU �0DUF\ HW DO�� ����D� *RXOG HW DO�� ����� 0D\RU
HW DO�� ����� 'DL HW DO�� ����� 0L\D]DNL 	 0DVXGD� ������

2Q WKH RWKHU KDQG� RQO\ D IHZ H[RSODQHWV KDYH EHHQ GLVFRYHUHG RUELWLQJ DW YHU\ ODUJH
GLVWDQFHV RI WKHLU VWDUV� DERYH 10 DX� GXH WR REVHUYDWLRQDO ELDVHV� 7KRVH H[RSODQHWV GHWHFWHG
XVLQJ GLUHFW LPDJLQJ DUH VR IDU RI DW OHDVW D IHZ -XSLWHUPDVVHV� DQG QLFNQDPHG VXSHU�-XSLWHUV�
7KHUH DUH QRW IUHTXHQW DURXQG 6XQ�OLNH VWDUV HLWKHU �2.9²8.5�� 9LJDQ HW DO�� ������ /RZHUPDVV
SODQHWV GRZQ WR 6DWXUQ�PDVV� DQG RUELWLQJ DW WHQV RI DX� DUH QRZ ZLWKLQ UHDFK WKDQNV WR WKH
EHWWHU VHQVLWLYLW\ RI WKH -DPHV :HEE VSDFH WHOHVFRSH �-:67�� 7KH -:67 ZLOO FHUWDLQO\ VRRQ
GLVFRYHU VXFK H[RSODQHWV ZLWKRXW DQ\ FXUUHQW FRXQWHUSDUWV�

0RVW RI WKH H[RSODQHWV NQRZQ VR IDU RUELW D VWDU� DQG LQ VRPH FDVHV HYHQ WZR VWDUV �'R\OH
HW DO�� ����� :HOVK HW DO�� ����� 5RGHW HW DO�� ������ +RZHYHU� VRPH H[RSODQHWV ZHUH IRXQG
IUHH�ÁRDWLQJ �H�J�� WKH UHYLHZ IURP 0LUHW�5RLJ� ������ 7KHVH IUHH�ÁRDWLQJ SODQHWV PD\ EH
TXLWH FRPPRQ HYHQ WKRXJK WKHUH DUH GLIÀFXOW WR GHWHFW �0Uy] HW DO�� ����� ����� 0LUHW�5RLJ
HW DO�� ������ ([RSODQHWV DUH GHWHFWHG DURXQG YHU\PDVVLYH VWDUV �H�J��∼30!� 6DWR HW DO�� �����
GRZQ WR ORZ�PDVV VWDUV� DQG HYHQ DURXQG WKH ´PLVVHG VWDUVµ QDPHG EURZQ GZDUIV �&KDXYLQ
HW DO�� ������ EHFDXVH WKH\ FDQ RQO\ IXVH GHXWHULXP� QRW K\GURJHQ��

2Q $SULO ����� WKH ���� FRQÀUPHG H[RSODQHWV DUH SDUW RI ���� H[WUD�VRODU SODQHWDU\ V\V�
WHPV� LQFOXGLQJ ��� V\VWHPV NQRZQ WR KRVW VHYHUDO SODQHWV�� $PRQJ DOO WKHVH SODQHWV� SODQHWV

�7KH OLPLW EHWZHHQ D PDVVLYH JDV JLDQW SODQHW DQG D EURZQ GZDUI LV QRW FULVWDO FOHDU� DQG LV DVWURQRPHU�
GHSHQGHQW� ,W FDQ EH EDVHG RQ LWV DELOLW\ WR IXVH RQO\ GHXWHULXP� ZKLFK LPSOLHV D OLPLW RI 13 0-XS�PDVV IRU D
VRODU�PHWDOOLFLW\ REMHFW� RU RQ LWV IRUPDWLRQ PHFKDQLVP� 7KH GHÀQLWLRQ RI WKH ,QWHUQDWLRQDO $VWURQRPLFDO 8QLRQ
GRHV QRW WDNH LQWR DFFRXQW WKH IRUPDWLRQ PHFKDQLVP LQ LWV GHÀQLWLRQ �/HFDYHOLHU GHV (WDQJV 	 /LVVDXHU� ������

�IURP WKH (XURSHDQ FDWDORJ https://exoplanet.eu/catalog/� ,Q WKLV FKDSWHU� DOO WKH QXPEHUV RU SHUFHQW�
DJHV UHODWLYH WR H[RSODQHW GHPRJUDSKLFV DUH IURP $SULO �����

https://exoplanet.eu/catalog/
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)LJXUH ���� 6HPL�PDMRU D[LV RI FRQÀUPHG H[RSODQHWV ZLWK UHVSHFW WR WKHLU �PLQLPDO� PDVV IURP
https://exoplanet.eu/catalog/ �$SULO� � ������ %OXH UHFWDQJOHV LQGLFDWH URXJKO\ VRPH H[RSODQ�
HWDU\ JURXSV� VXFK DV VXSHU�(DUWKV �6(�� PLQL�1HSWXQHV �01�� +RW -XSLWHUV �+-�� :DUP -XSLWHUV
�:-� DQG &ROG VXSHU�-XSLWHUV �&6-�� $ERYH WKH GHXWHULXP IXVLRQ OLPLW VWDUW WKH EURZQ�GZDUI �%'�
UHJLPH� DQG DERYH WKH K\GURJHQ IXVLRQ OLPLW DUH VWDUV� 7RS� 7KH FRORU LQGLFDWHV WKH DJH RI WKH KRVW
VWDU� 0RVW RI WKH GLVFRYHUHG H[RSODQHWV DUH SDUW RI ROG V\VWHPV� ,Q ELJJHU FLUFOHV� SODQHWV RI WKH
6RODU 6\VWHP DUH VKRZQ IRU FRPSDULVRQ� %RWWRP� 7KH FRORU DQG PDUNHU LQGLFDWHV WKH WHFKQLTXH XVH
WR GHWHFW WKH SODQHW� ,Q P\ ZRUN� , IRFXV RQ GLUHFWO\ LPDJH &ROG VXSHU�-XSLWHUV� ,Q RQH RI P\ VWXG\�
, VHDUFK IRU WKHP LQ V\VWHPV KRVWLQJ ORZ�PDVV SODQHWV VXFK DV VXSHU�(DUWKV DQG PLQL�1HSWXQHV�

https://exoplanet.eu/catalog/


���� 'HWHFWLRQ PHWKRGV �

O\LQJ LQ WKH VR�FDOOHG KDELWDEOH ]RQH UDLVH D SDUWLFXODU LQWHUHVW LQ WKH FRPPXQLW\ DV OLIH DV ZH
NQRZ PLJKW GHYHORS WKHUH� 7KH KDELWDEOH ]RQH LV GHÀQHG DV WKH UHJLRQ ZKHUH ZDWHU PD\ EH
OLTXLG RQ WKH VXUIDFH RI D SODQHW WKDW KDV D GHQVH HQRXJK DWPRVSKHUH �.DVWLQJ HW DO�� ������
7KH H[DFW ORFDWLRQ GHSHQGV RQ WKH VWHOODU KRVW SURSHUWLHV �8QGHUZRRG HW DO�� ������

'LIIHUHQW WHFKQLTXHV H[LVW WR GHWHFW SODQHWV� 2Q WKH RQH KDQG� GLUHFW PHWKRGV VXFK DV GLUHFW
LPDJLQJ RU LQWHUIHURPHWU\ WDNH RU UHFRQVWUXFW DQ LPDJH RI D VWDU DQG LWV YLFLQLW\� UHVSHFWLYHO\�
2Q WKH RWKHU KDQG� LQGLUHFW PHWKRGV VXFK DV WUDQVLWV� UDGLDO YHORFLWLHV RU DEVROXWH DVWURPH�
WU\ UHYHDO WKH SUHVHQFH RI D SODQHW RUELWLQJ DURXQG D VWDU E\ REVHUYLQJ UHJXODU FKDQJHV LQ
WKH VWHOODU OXPLQRVLW\� RU DQ DQRPDO\ LQ WKH VWHOODU SURSHU PRWLRQ� ([RSODQHWV FDQ DOVR EH GH�
WHFWHG LQGLUHFWO\ DV WKH\ SDVV LQ IURQW RI D WKLUG EDFNJURXQG REMHFW� EDVHG RQ WKH JUDYLWDWLRQDO
PLFUROHQVLQJ WHFKQLTXH�

, EULHÁ\ SUHVHQW EHORZ HDFK RI WKHVH GHWHFWLRQ PHWKRGV� LOOXVWUDWHG LQ )LJ� ���� , VWDUW
ZLWK WKH GLUHFW GHWHFWLRQ WHFKQLTXHV� WKHQ LQGLUHFW� DQG HYHQWXDOO\ KRZ WKH\ FDQ EH XVHG LQ
V\QHUJLHV�

'LUHFW LPDJLQJ PD\ EH WKH PRVW LQWXLWLYH PHWKRG WR GHWHFW SODQHWV� +RZHYHU� LPDJLQJ SODQ�
HWV DURXQG VWDUV IDFH WZR PDLQ LVVXHV� )LUVW� D SODQHW LV PXFK IDLQWHU WKDQ D VWDU� ZKLFK LV DV
D GD]]OLQJ OLJKW� 6HFRQG� SODQHWV DUH ORFDWHG UHODWLYHO\ FORVH WR WKHLU KRVW VWDU� 7KXV� GLUHFW
LPDJLQJ UHTXLUHV KLJK�FRQWUDVW LPDJLQJ DQG KLJK DQJXODU UHVROXWLRQ WR GHWHFW SODQHWV� %\
WKLV ZD\� GLUHFW LPDJLQJ LV VHQVLWLYH WR EULJKW SODQHWV WKDW RUELW UHODWLYHO\ IDU WR WKHLU KRVW
VWDU�

&XUUHQW GLUHFW�LPDJLQJ REVHUYDWLRQV DUH VHQVLWLYH WR WKH WKHUPDO HPLVVLRQ RI H[RSODQHWV�
DQG QRW WKH VWHOODU OLJKW WKDW LV UHÁHFWHG XSRQ WKHP �´UHÁHFWHG OLJKWµ�� &RQVHTXHQWO\� LW LV
HDVLHU WR GHWHFW \RXQJ H[RSODQHWV� EHFDXVH WKH\ DUH KRWWHU DQG EULJKWHU WKDQ ROGHU H[RSODQHWV�
)RU LQVWDQFH� HYROXWLRQDU\ PRGHOV �/LQGHU HW DO�� ����� FRXSOHG WR WKH DWPRVSKHULF PRGHOV
petitCODE �0ROOLqUH HW DO�� ����� ����� RU HELIOS �0DOLN HW DO�� ����� SUHGLFW WKDW D SODQHW RI
� 0-XS KDV DQ HIIHFWLYH WHPSHUDWXUH VSDQQLQJ EHWZHHQ 1 300 DQG 1 700 . �GHSHQGLQJ RQ WKH
PHWDOOLFLW\� SUHVHQFH RI FORXGV� DW 20 0\U� $W 2 *\U� WKH HIIHFWLYH WHPSHUDWXUH GHFUHDVHV DW
170²250 .�

2EVHUYDWLRQDO IDFLOLWLHV LPDJH SODQHWV PDLQO\ LQ QHDU� RU PLG�LQIUDUHG ZDYHOHQJWKV� ,Q�
GHHG� H[RSODQHWV HPLW PDLQO\ LQ WKH QHDU� RU PLG�LQIUDUHG� ZKLOH KRW HQRXJK �≥ 1400.� VWDUV
KDYH WKHLU SHDN RI OXPLQRVLW\ LQ WKH RSWLFDO� 7KHUHIRUH� LW LV HDVLHU WR GHWHFW SODQHWV LQ WKH LQ�
IUDUHG� WKDQ LQ WKH RSWLFDO� ,Q RWKHU ZRUGV� WKH FRQWUDVW UDWLR GHÀQHG E\ WKH ÁX[ RI WKH SODQHW
GLYLGHG E\ WKH ÁX[ RI D VWDU LV PRUH IDYRUDEOH LQ WKH QHDU� RU PLG�LQIUDUHG WKDQ LQ WKH RSWLFDO�

&XUUHQWO\� WKH 9/7�63+(5( DQG *HPLQL�*3, LQVWUXPHQWV DUH WZR HPEOHPDWLF H[WUHPH
DGDSWLYH RSWLFV V\VWHPV LQ WKH ÀHOG� DQG ZKLFK SUREHG WKH GHPRJUDSKLFV RI PDVVLYH JL�
DQW SODQHWV EH\RQG D IHZ DVWURQRPLFDO XQLWV YLD WKH 6+,1( �9LJDQ HW DO�� ����� DQG *3,(6
�1LHOVHQ HW DO�� ����� VXUYH\� UHVSHFWLYHO\� )URP D FKDUDFWHUL]DWLRQ SHUVSHFWLYH� YLD PXOWL�
ZDYHOHQJWK LPDJLQJ RI H[RSODQHWV� RQH FDQ VWXG\ WKH HPLVVLRQ VSHFWURVFRS\ RI \RXQJ H[�
RSODQHWV� WR FRQVWUDLQ LWV DWPRVSKHULF SURSHUWLHV VXFK DV LWV SUHVVXUH�WHPSHUDWXUH SURÀOH�
PROHFXODU FRPSRVLWLRQ DQG WKH FORXG SURSHUWLHV� LI DQ\ �0DGKXVXGKDQ� ������ ,QYHVWLJDWLQJ
LW DW WKH HDUO\ VWDJHV RI SODQHW IRUPDWLRQ DQG HYROXWLRQ FDQ ÀUVW FRQVWUDLQ WKHLU SODQHWDU\ DF�
FUHWLRQ IURP WKHLU VXUURXQGLQJ FLUFXPSODQHWDU\ GLVN �&3'� 0LNL� ������ ZKLFK FRQIHU WKHP
SDUW RI WKHLU PDVV� DQG VHFRQG� DOVR WKHLU FRROLQJ WUDFNV �H�J�� %DUDIIH HW DO�� ����� /LQGHU HW DO��
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)LJXUH ���� 2YHUYLHZ RI WKH GLIIHUHQW GHWHFWLRQ DQG FKDUDFWHUL]DWLRQ PHWKRGV� 7KLV )LJXUH LV
DGDSWHG IURP0DURLV HW DO� ������ IRU WKH GLUHFWO\ LPDJHG V\VWHP+5 ����� IURP+LQNOH\ HW DO� ������
IRU WKH LQWHUIHURPHWULF GHWHFWLRQ RI WKH H[RSODQHW +' ������ F� IURP 3HUU\PDQ ������ VKRZLQJ KRZ
SODQHW�V� LPSDFW WKH DEVROXWH DVWURPHWU\ RI LWV KRVW VWDU� IURP (62�/� &DOoDGD IRU LOOXVWUDWLQJ D PL�
FUROHQVLQJ HYHQW� IURP (62 H[SODLQLQJ WKH SULQFLSOH RI UDGLDO YHORFLW\ XVLQJ WKH 'RSSOHU HIIHFW� DQG
IURP 5RXDQ 	 /DJUDQJH ������ VKRZLQJ WKH OLJKWFXUYH RI D VWDU ZKLFK LV XQGHUJRLQJ D SODQHWDU\
WUDQVLW�
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������ ,Q DGGLWLRQ� E\ PHDVXULQJ WKH DVWURPHWU\ RI DQ H[RSODQHW DW GLIIHUHQW WLPHV� RQH FDQ
GHULYH LWV RUELWDO SDUDPHWHUV �H�J�� VHPL�PDMRU D[LV� HFFHQWULFLW\� LQFOLQDWLRQ� SRVLWLRQ DQJOH��

'XULQJ P\ 3K�'�� , PDLQO\ XVHG WKH GLUHFW LPDJLQJ WHFKQLTXH WR GHWHFW DQG FKDUDFWHUL]H
H[RSODQHWV� EXW DOVR FLUFXPVWHOODU GLVNV� GRZQ WR D VHSDUDWLRQ RI 0.1 DUFVHFRQG �µ�� 2QH DUF�
VHFRQG FRUUHVSRQGV WR WKH DQJXODU GLDPHWHU RI WKH GLVWDQFH EHWZHHQ WKH (DUWK DQG WKH 6XQ
�L�H�� 1 DX� VHHQ DW 1 SDUVHF �SF�� 1 SF EHLQJ HTXDO WR 3.26 OLJKW \HDUV� ,Q XQLWV PD\EH PRUH
KXPDQ IULHQGO\� 1µ FRUUHVSRQGV WKH DQJXODU GLDPHWHU RI D RQH�HXUR FRLQ VHHQ DW 5 NP� ,Q
&KDSWHU �� , GHVFULEH WKH PHWKRGRORJ\ , XVHG WR GLUHFWO\ LPDJH FLUFXPVWHOODU VLJQDOV LQ PRUH
GHWDLOV�

,QWHUIHURPHWU\ FDQ GHWHFW SODQHWV DW VHSDUDWLRQV VPDOOHU WKDQ GLUHFW LPDJLQJ� DQG ZLWK D
KLJKHU DQJXODU UHVROXWLRQ��

&ODVVLFDO LQWHUIHURPHWU\ FRPELQHV WKH VLJQDO RI VHYHUDO WHOHVFRSHV� )RU LQVWDQFH� WKH 9HU\
/DUJH 7HOHVFRSH ,QWHUIHURPHWHU �9/7,� FRPELQHG WR WKH *5$9,7< LQVWUXPHQW FDQ GHWHFW
SODQHWV GRZQ WR VHSDUDWLRQV RI 0.040µ �H�J�� )LJ� �� IURP 3RXUUp HW DO�� ����� DQG ZLWK D UHO�
DWLYH DVWURPHWU\ DFFXUDF\ RI 50 µDV �/DFRXU HW DO�� ����� 3RXUUp HW DO�� ����� ZKLFK LV PRUH
WKDQ RQH RUGHU RI PDJQLWXGH EHWWHU WKDQ GLUHFW LPDJLQJ� 7KLV LV D JDPH�FKDQJHU WR GHULYH
SUHFLVH RUELWDO SDUDPHWHUV RI H[RSODQHWV �H�J�� :DQJ HW DO�� ������ 8VLQJ *5$9,7<� RQH FDQ
DOVR VWXG\ VSHFWURVFRS\ HPLVVLRQ RI \RXQJ H[RSODQHWV ZLWK LQWHUIHURPHWU\� WR FRQVWUDLQ H[R�
SODQHWDU\ DWPRVSKHUHV DQG�RU WKHLU VXUURXQGLQJ HQYLURQPHQW �1DVHGNLQ HW DO�� ����� :DQJ
HW DO�� ������

$OWHUQDWLYHO\� VSDUVH DSHUWXUH PDVNLQJ �6$0�� DOVR NQRZQ DV DSHUWXUH PDVNLQJ LQWHU�
IHURPHWU\ �$0,� RU QRQ�UHGXQGDQW PDVNLQJ �150�� XVHV RQO\ RQH WHOHVFRSH GLVK ZLWK D
VHYHUDO�KROH PDVN� 7KLV WHFKQLTXH ORRVH D VLJQLÀFDQW IUDFWLRQ RI WKH LQFRPLQJ OLJKW� EXW LV
PRUH UREXVW WR WKH VWDUOLJKW ZDYHIURQW DEHUUDWLRQV ZKLFK LPSDFWV WKH ÀQDO VHQVLWLYLW\ RI WKH
REVHUYDWLRQV �/DFRXU HW DO�� ������ ,QGHHG� LW LV HDVLHU WR KDYH D ÁDWWHQHG VWDUOLJKW ZDYHIURQW
ZLWKLQ WKH VL]H RI D KROH �H�J�� ��� PHWHU IRU WKH 1D&R 6$0PRGH�� WKDQ DFURVV WKH ZKROH SUL�
PDU\ GLDPHWHU RI WKH WHOHVFRSH �H�J�� � PHWHU IRU WKH 9/7�� ,Q DGGLWLRQ� WKH DQJXODU UHVROXWLRQ
XVLQJ 6$0 LV WZLFH EHWWHU WKDQ IRU FODVVLFDO LPDJLQJ� $OWKRXJK VWLOO D QLFKHPHWKRG� WKH 6$0
�RU $0,� WHFKQLTXH SUREHV D QHZ SDUDPHWHU VSDFH ZLWK VHQVLWLYLW\ WR PDVVLYH SODQHWV GRZQ
WR 50PDV �H�J�� VRPH UHVXOWV IURP WKH JURXQG IURP *DXFKHW HW DO�� ����� DQG LV FXUUHQWO\ WKH
RQO\ ZD\ WR GR LQWHUIHURPHWU\ IURP VSDFH �5D\ HW DO�� ������

$Q H[RSODQHW FDQ EH GHWHFWHG ZKHQ LW WUDQVLWV LQ IURQW RI LWV KRVW VWDU ZLWK UHVSHFW WR WKH
REVHUYHU� 'XULQJ WKH WUDQVLW WKDW ODVWV W\SLFDOO\ EHWZHHQ RQH KRXU DQG WKLUW\ KRXUV� WKH OLJKW
RI WKH VWDU GHFUHDVHV E\ 1� RU OHVV� EHFDXVH WKH WUDQVLWLQJ SODQHW PDVNV VRPH SDUW RI WKH
SKRWRVSKHUH �VHH )LJ� ���� ERWWRP�ULJKW��

$OWKRXJK WZR WKLUGV RI WKH FRQÀUPHG H[RSODQHWV KDYH ÀUVW EHHQ GHWHFWHG YLD WKH WUDQ�
VLW PHWKRG� WKLV PHWKRG ZDV QRW IRUHVHHQ DV HIÀFLHQW WR GLVFRYHU SODQHWV� PLWLJDWHG WR WKH
QXPEHU RI V\VWHPV REVHUYHG� )LUVW� WKH SUREDELOLW\ WR KDYH WKH SHUIHFW DOLJQPHQW WHOHVFRSH�
H[RSODQHW�VWDU LV PRVW RI WKH WLPH ORZ� IROORZLQJ

SUREDELOLW\ =
R⋆ +RS

a
, �����

�7KH DQJXODU UHVROXWLRQ LV λ/D IRU GLUHFW�LPDJLQJ� DQG λ/B IRU LQWHUIHURPHWU\� ZKHUH λ LV WKH ZDYHOHQJWK�D
WKH GLDPHWHU RI WKH WHOHVFRSH� DQG B WKH ORQJHVW EDVHOLQH EHWZHHQ WZR WHOHVFRSHV�
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ZKHUHR⋆ DQGRS DUH WKH UDGLXV RI WKH VWDU DQG WKH SODQHW� UHVSHFWLYHO\� DQG a WKH VHPL�PDMRU
D[LV� 6HFRQG� WKH UDGLXV RI WKH SODQHW PXVW EH ODUJH HQRXJK UHODWLYH WR WKH UDGLXV RI LWV KRVW
VWDU WR UHVXOW LQ D VLJQLÀFDQW YDULDWLRQ RI WKH VWHOODU ÁX[ PHDVXUHPHQW� HTXDO WR WKH UDWLR RI
WKH DUHDV�

YDULDWLRQ =

(

RS
R⋆

)2

. �����

7R JLYH D IHZ QXPEHUV� IRU DQ H[WHUQDO REVHUYHU� WKH WUDQVLW RI -XSLWHU� ZKLFK KDV D UDGLXV
DOPRVW WHQ WLPHV VPDOOHU WKDQ WKH 6XQ·V� ZLOO GHFUHDVH RI DERXW 1� WKH UHFHLYHG VRODU ÁX[�
7KH SUREDELOLW\ RI GHWHFWLRQ RI WKLV WUDQVLW LV YHU\ ORZ �0.1��� EHFDXVH -XSLWHU LV IDU DZD\
IURP WKH 6XQ �5 DX� 11 \HDUV�� +RZHYHU� LI -XSLWHU ZDV FRQVLGHUDEO\ FORVHU WR WKH 6XQ� H�J��
RUELWLQJ ZLWKLQ WKUHH GD\V� WKH SUREDELOLW\ RI WUDQVLW ZRXOG EH UHODWLYHO\ KLJK �10���

7R FRQÀUP DQ REMHFW ÀUVW GHWHFWHG YLD WUDQVLW� DGGLWLRQDO WUDQVLW PHDVXUHPHQWV DUH RIWHQ
UHTXLUHG WR FRQÀUP WKH SHULRGLFLW\ RI WKH REMHFW� DQG ÀQG LWV RUELWDO SHULRG YDOXH� )XUWKHU�
PRUH� WKH QDWXUH RI WKH REMHFW FDQ EH LGHQWLÀHG YLD WKH XVH RI UDGLDO YHORFLWLHV� WKDW JLYHV WKHQ
WKH PDVV RI WKH REMHFW� H�J�� D SODQHWDU\� EURZQ�GZDUI RU VWHOODU PDVV FRPSDQLRQ� 7KH VSDFH
WHOHVFRSHV .HSOHU DQG 7(66 GLVFRYHUHG WKRXVDQGV RI FRQÀUPHG SODQHWV� DQG D WKRXVDQG RWK�
HUV DUH VWLOO WR EH FRQÀUPHG RU UHMHFWHG DV IDOVH SRVLWLYH VLJQDO�� 7KH JURXQG�EDVHG LQVWUX�
PHQW 75$33,67 DOVR SOD\HG D PDMRU UROH� E\ GLVFRYHULQJ WKH 75$33,67�� V\VWHP ZKLFK LV
DQ LFRQLF V\VWHP KRVWLQJ VHYHQ URFN\ SODQHWV ZLWK VLPLODU UDGLXV DQG PDVV WR WKH (DUWK� LQ D
FRPSDFW FRQÀJXUDWLRQ DURXQG D YHU\ ORZ�PDVV VWDU �0.080!� ORFDWHG DW 12 SF DZD\ �*LOORQ
HW DO�� ����� ����� /XJHU HW DO�� ������

%\ REVHUYLQJ WKH IXOO RUELW RI D WUDQVLW H[RSODQHW� RQH FDQ GHWHFW ERWK WKH WUDQVLW DQG
WKH VHFRQGDU\ HFOLSVH RI WKH H[RSODQHW �ZKHQ WKH H[RSODQHW JRHV EHKLQG LWV KRVW VWDU��� DQG
FRQVWUDLQ LWV SKDVH FXUYH YLD SKRWRPHWU\ RU VSHFWURVFRS\� )URP WKLV� RQH FDQ GHULYH SUHFLRXV
FRQVWUDLQWV RQ WKH DWPRVSKHUHV RI WKH H[RSODQHWV� DQG DOVR WKH IRUPDWLRQ RI FORXGV �H�J��
'HPLQJ HW DO�� ������

$V D PDWWHU RI IDFW� DQRWKHU GHWHFWLRQ WHFKQLTXH HPHUJHG ZLWK WKH DGYHQW RI WKH WUDQVLW
PHWKRG� DQG LV QDPHG WUDQVLW�WLPLQJ YDULDWLRQ� 7UDQVLW�WLPLQJ YDULDWLRQ �779� FRQVLVWV LQ
VPDOO YDULDWLRQV LQ WKH WLPLQJ RI WKH WUDQVLWV RI D NQRZQ SODQHW WKDW FDQ WKHQ SRLQW RXW WR WKH
SUHVHQFH RI DQ DGGLWLRQDO SODQHW LQ WKH VDPH V\VWHP�

0HDVXULQJ WKH UDGLDO YHORFLW\ �59� RI VWDUV PD\ LQGLFDWH WKH SUHVHQFH RI SODQHWV RUELWLQJ
DURXQG WKHP� ,QGHHG� D VWDU KRVWLQJ DW OHDVW RQH SODQHW ZLOO RUELW DURXQG WKH EDU\FHQWHU
RI WKH V\VWHP� ZKLFK LV GLIIHUHQW IURP WKH FHQWHU RI WKH VWDU� :KHQ WKH VWDU PRYHV WRZDUG
WKH REVHUYHU� WKH 'RSSOHU HIIHFW FDXVHV D EOXH VKLIW RI WKH VWHOODU VSHFWUXP� 5HFLSURFDOO\�
ZKHQ WKHQ VWDU PRYHV IXUWKHU RXW� LWV VSHFWUXP LV UHG VKLIWHG �VHH )LJ� ���� ERWWRP�ULJKW�� 7KLV
SHULRGLF VLJQDO LV GHWHFWDEOH IRU V\VWHPV WKDW DUH QRW IDFH�RQ� WKDW LV WR VD\� IRU ZKLFK WKH
RUELWDO SODQH RI WKH VWDU LV QRW RUWKRJRQDO WR WKH OLQH RI VLJKW REVHUYHU�VWDU� 7KH EOXH DQG UHG
VKLIWV LQ WKH VWHOODU VSHFWUXP LV VWURQJHU IRU PDVVLYH H[RSODQHWV� WKDW DUH VHHQ HGJH�RQ DQG
WKDW RUELW FORVH WR WKHLU KRVW VWDU�

7KH UDGLDO YHORFLW\ WHFKQLTXH HQDEOHV WKH GHULYDWLRQ RI WKH RUELWDO SDUDPHWHUV RI WKH SODQHW�
VXFK KDV LWV SHULRG �DQG WKXV VHPL�PDMRU D[LV� DQG LWV HFFHQWULFLW\� DV ZHOO DV LWV PLQLPDOPDVV
GHÀQHG E\ LWV PDVV PXOWLSOLHG E\ WKH VLQH RI LWV LQFOLQDWLRQ� 7R GDWH� PRUH WKDQ RQH WKRXVDQG
RI H[RSODQHWV KDYH EHHQ GLVFRYHUHG XVLQJ WKLV PHWKRG�

�([RSODQHW DQG FDQGLGDWH VWDWLVWLFV IURP .HSOHU DQG 7(66 VSDFH WHOHVFRSHV DUH DYDLODEOH KHUH� https://
exoplanetarchive.ipac.caltech.edu/docs/counts_detail.html

�)RU H[RSODQHWV ZLWK FLUFXODU RUELWV� LI WKH\ WUDQVLW LQ IURQW RI WKH VWDU� WKH\ DOVR KDYH VHFRQGDU\ HFOLSVH� 2Q
WKH RWKHU KDQG� HFFHQWULF H[RSODQHWV PD\ RQO\ WUDQVLW RU KDYH D VHFRQGDU\ HFOLSVH EXW QRW QHFHVVDULO\ ERWK �VHH
WKH SHGDJRJLFDO SXEOLFDWLRQ IURP 'HPLQJ HW DO�� ������

https://exoplanetarchive.ipac.caltech.edu/docs/counts_detail.html
https://exoplanetarchive.ipac.caltech.edu/docs/counts_detail.html
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6RPH RI WKH KLJK�UHVROXWLRQ VSHFWURPHWHUV XVHG WR GHWHFW H[RSODQHW YLD 59 PHDVXUH�
PHQWV� LQ DOSKDEHWLF RUGHU� &$50(1(6� (/2',( �XVHG WR GLVFRYHU �� 3HJ E�� (635(662
�3HSH HW DO�� ������ +$536 �3HSH HW DO�� ������ +$536�1 �&RVHQWLQR HW DO�� ������ +,5(6 �9RJW
HW DO�� ������ 1,536 �:LOGL HW DO�� ������ 63,5RX �'RQDWL HW DO�� ������ 8&/(6 �'LHJR HW DO�� ������
89(6 �'HNNHU HW DO�� ������

0HDVXULQJ WKH DEVROXWH DVWURPHWU\ RI WKH VWDU FDQ KHOS WR GLVFRYHU D PDVVLYH SODQHW DURXQG
LW� %\ FRPSDULQJ WKH ORQJ�WHUP SURSHU PRWLRQ RI WKH VWDU E\ XVLQJ LWV SRVLWLRQ PHDVXUHG
E\ +LSSDUFRV �UHIHUHQFH HSRFK LQ ����� DQG *DLD �UHIHUHQFH HSRFK LQ ����� WR WKH VKRUW WHUP
*DLD SURSHU PRWLRQ �EDVHOLQH RI DERXW WZR RU WKUHH \HDUV� IRU *DLD 'DWD 5HOHDVH �'5� � DQG
�� UHVSHFWLYHO\�� WKH SUHVHQFH RI D VXE�VWHOODU RU VWHOODU FRPSDQLRQ FDQ EH UHYHDOHG �%UDQGW�
����� .HUYHOOD HW DO�� ������ 7KLV HIIHFW LV NQRZQ DV DVWURPHWULF DFFHOHUDWLRQ RU 3URSHU 0RWLRQ
DQRPDO\ �30D��

,I WKH VWDU GRHV QRW KRVW D FRPSDQLRQ� LWV SURSHUPRWLRQ YHFWRUZRXOG EH FROLQHDU EHWZHHQ
HDFK RWKHU DW WKH GLIIHUHQW HSRFKV� ,QVWHDG� LI WKHUH LV D FRPSDQLRQ� WKH SURSHU PRWLRQ RI WKH
VWDU ZRXOG LQFOXGH LWV PRWLRQ DURXQG WKH FHQWHU RI JUDYLW\ RI WKH V\VWHP� 7KLV ZRXOG UHVXOW
LQ WKH VKRUW�WHUP +LSSDUFRV �9DQ /HHXZHQ� ����� DQG *DLD �*DLD &ROODERUDWLRQ HW DO�� �����
����� SURSHU PRWLRQ YHFWRUV QRW FROLQHDU ZLWK WKH ORQJ�WHUP +LSSDUFRV�*DLD SURSHU PRWLRQ
�H�J�� )LJ� � IURP .HUYHOOD HW DO�� ����� DQG )LJ� ��� WRS�ULJKW��

6R IDU� WKH GLVFRYHU\ RI DQ H[RSODQHW FDQQRW EH FODLPHG E\ XVLQJ RQO\ WKH DVWURPHWU\
PHWKRG� &RPELQHG WR WKH+LSSDUFRVGDWD� WKH*DLD'5� DQG'5� JLYH KLQWV IRU WKH SUHVHQFH RI
D ELQDU\ FRPSDQLRQ RU DPDVVLYH SODQHW� ZKRVHPDVV LV GHJHQHUDWHGZLWK WKHLU GLVWDQFH WR WKH
VWDU� 6WDUVZLWK DQ DVWURPHWULF DFFHOHUDWLRQ DUH SULPH WDUJHWV IRU IROORZ�XS REVHUYDWLRQV XVLQJ
UDGLDO YHORFLW\� LQWHUHIHURPHWU\ RU GLUHFW LPDJLQJ� 7KHUHIRUH� E\ DYRLGLQJ EOLQG VXUYH\V� WKLV
VDYHV WHOHVFRSH WLPH DQG LQFUHDVHV WKH \LHOG RI H[RSODQHWV GHWHFWHG� ,Q WKH SDVW IHZ \HDUV�
VRPH PDVVLYH JLDQW SODQHWV DQG EURZQ GZDUIV ZHUH VXFFHVVIXOO\ GLVFRYHUHG E\ WKLV ZD\
�+LQNOH\ HW DO�� ����� 0HVD HW DO�� ����� 'H 5RVD HW DO�� ����� )UDQVRQ HW DO�� ����� 7RELQ HW DO��
������

7KH IXWXUH *DLD '5� ZLOO JLYH WKH ÀUVW *DLD H[RSODQHW OLVW� EDVHG RQ ÀYH \HDUV DQG D KDOI
RI WKH *DLD PLVVLRQ� 7KH '5� VKRXOG EH UHOHDVHG DW EHVW DW WKH HQG RI ������ 7KH ODVW *DLD
'5�ZLOO LQGLFDWH WKH SUHVHQFH RI JLDQW H[RSODQHWV ZLWK RUELWDO SHULRGV XS WR DERXW WHQ \HDUV�
FRUUHVSRQGLQJ WR WKH GXUDWLRQ RI WKH *DLDPLVVLRQ� 7KH '5� VKRXOG EH UHOHDVHG DW EHVW DW WKH
HQG RI �����

([RSODQHWV FDQ DOVR EH GHWHFWHG E\ XVLQJ WKH JUDYLWDWLRQDO PLFUROHQVLQJ HIIHFW EDVHG RQ *HQ�
HUDO 5HODWLYLW\ �0DR 	 3DF]\QVNL� ����� *RXOG 	 /RHE� ������ $ ´OHQV´ FRQVLVWLQJ LQ� H�J��
D VWDU KRVWLQJ D SODQHW� DQG SDVVLQJ LQ IURQW RI D GLVWDQW EDFNJURXQG EULJKW REMHFW� VXFK DV
D VWDU� ZRXOG LQFUHDVH WKH DSSDUHQW EULJKWQHVV RI WKH EDFNJURXQG VWDU� 7KLV PDJQLÀFDWLRQ
HYHQW ZLOO JLYH VSHFLÀF OLJKWFXUYH IHDWXUHV �3DF]\QVNL� ����� VHH )LJ� ����� D VWURQJ EXPS
ZKHQ WKH WZR VWDUV DUH SHUIHFWO\ DOLJQHG� DQG FORVHO\ IROORZHG �RU SUHFHGHG� E\ D VPDOOHU
DQG VKRUWHU EXPS FRUUHVSRQGLQJ WR WKH SHUIHFW DOLJQHPHQW RI WKH SODQHW DQG EDFNJURXQG
VWDU�� 7KH SODQHWDU\ V\VWHP WKDW PDJQLÀHV WKH OLJKW RI WKH EDFNJURXQG REMHFW FDQ DOVR EH D
PXOWL�SODQHWDU\ V\VWHP� RU RQ WKH FRQWUDU\ D IUHH�ÁRDWLQJ SODQHW� UHVXOWLQJ LQ GLIIHUHQW PXO�
WLSOH RU VLQJOH IHDWXUHV LQ WKH OLJKWFXUYH RI WKH EDFNJURXQG REMHFW�

�https://www.cosmos.esa.int/web/gaia/release
�6HH WKH YLGHR� https://supernova.eso.org/exhibition/videos/eso50microlensingexo/ IURP (62�/�

&DOoDGD

https://www.cosmos.esa.int/web/gaia/release
https://supernova.eso.org/exhibition/videos/eso50microlensingexo/
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$ERXW ��� SODQHWV KDYH EHHQ GHWHFWHG YLD WKH JUDYLWDWLRQDO PLFUROHQVLQJPHWKRG� LQFOXG�
LQJ D IHZ PXOWL�SODQHWDU\ V\VWHPV �H�J�� *DXGL HW DO�� ������ 8QOLNH WR WKH RWKHU WHFKQLTXHV
SUHYLRXVO\ GHVFULEHG� WKH JUDYLWDWLRQDO PLFUROHQVLQJ GRHV QRW UHO\ RQ GHWHFWLRQ RI SKRWRQV
IURP HLWKHU WKH KRVW RI VWDU RU WKH SODQHW� $V VXFK� JUDYLWDWLRQDO PLFUROHQVLQJ FRXOG GHWHFW
PRUH HDVLO\ SODQHWV ORFDWHG IDU IURP WKH QHLJKERUKRRG RI RXU 6RODU 6\VWHP� DW VHYHUDO NLORSDU�
VHFV� 7KH JUDYLWDWLRQDO PLFUROHQVLQJ WHFKQLTXH DOORZV WR FRQVWUDLQ WKH PDVV DQG VHPL�PDMRU
D[LV RI WKH H[RSODQHWV� 7R GDWH� LW LV WKH WHFKQLTXH ZKLFK GLVFRYHUHG PRVW RI WKH ORZ�PDVV
SODQHWV VXFK DV 6XSHU�(DUWKV EHWZHHQ 1 DQG 5 DX �H�J�� *DXGL� ����� 0UR] 	 3ROHVNL� �����
DQG VHH )LJ� �����

+RZHYHU� PLFUROHQVLQJ HYHQWV DUH UDUH� PLWLJDWHG E\ WKH QXPEHU RI REVHUYHG ÀHOGV� EH�
FDXVH WKHVH HYHQWV UHTXLUH VXIÀFLHQWO\ SUHFLVH DOLJQPHQW EHWZHHQ WKH IRUHJURXQG SODQHWDU\
V\VWHP DQG D EDFNJURXQG EULJKW REMHFW �H�J�� *DXGL� ������ ,Q DOO OLNHOLKRRG� D JLYHQ SODQHWDU\
V\VWHP VKRXOG EH GHWHFWHG YLD WKH JUDYLWDWLRQDO PLFUROHQVLQJ WHFKQLTXH RQO\ RQFH�

7ZR RQJRLQJPLFUROHQVLQJ FDPSDLJQV ZLWK ZLGH�ÀHOG RI YLHZ DUH QDPHG 2*/( �2SWLFDO
*UDYLWDWLRQDO /HQVLQJ ([SHULPHQW� 8GDOVNL HW DO�� ����� DQG .071(7 �.RUHD 0LFUROHQVLQJ
7HOHVFRSH 1HWZRUN� .LP HW DO�� ������ 7KH IRUWKFRPLQJ 1DQF\ *UDFH 5RPDQ 6SDFH 7HOHVFRSH
�ODXQFK SODQQHG LQ ����� VKRXOG GHWHFW DQDORJXHV RI WKH 6RODU 6\VWHP SODQHWV �H[FHSW 0HU�
FXU\� DURXQG RWKHU VWDUV YLD WKH PLFUROHQVLQJ WHFKQLTXH �VHH )LJ� �� 3HQQ\ HW DO�� ������

2YHUDOO� RI WKH PRUH WKDQ 5 000 H[RSODQHWV �RU EURZQ GZDUIV� UHSRUWHG RQ WKH (XURSHDQ
FDWDORJ RI H[RSODQHWV� DURXQG 69� KDYH EHHQ GHWHFWHG E\ WUDQVLW� 20� E\ UDGLDO YHORFLW\� 5�
E\ PLFUROHQVLQJ DQG 4� E\ GLUHFW LPDJLQJ�

6LQFH QR GHWHFWLRQ WHFKQLTXH SUREHV WKH IXOO SDUDPHWHU VSDFH RI H[RSODQHWV� FRPELQLQJ GLI�
IHUHQW WHFKQLTXHV DOORZ WR KDYH D JOREDO YLHZ RI SODQHWDU\ V\VWHPV� ERWK DW VPDOO DQG ODUJH
GLVWDQFHV� IURP HGJH�RQ WR IDFH�RQ FRQÀJXUDWLRQV� )RU D JLYHQ H[RSODQHW� GHWHFWLQJ LW E\
VHYHUDO PHWKRGV DOORZ WR EHWWHU FRQVWUDLQ LWV SK\VLFDO� RUELWDO DQG FKHPLFDO SDUDPHWHUV�

$V ZULWWHQ SUHYLRXVO\� FRPELQLQJ GHWHFWLRQV ZLWK WKH UDGLDO YHORFLW\ DQG WKH WUDQVLW WHFK�
QLTXHV FRQVWUDLQ WKHPDVV RI WKH GHWHFWHG SODQHW� ,QGHHG� WKH UDGLDO YHORFLW\PHWKRG SURYLGHV
WKHPLQLPDOPDVV RI D SODQHW FRUUHVSRQGLQJ WRPDVV× VLQ(LQFOLQDWLRQ)� ZKLOH WKH WUDQVLW WHFK�
QLTXH LPPHGLDWHO\ FRQVWUDLQV WKH LQFOLQDWLRQ WR 90GHJ� EHFDXVH WKH SODQHW PXVW EH HGJH�RQ�
,Q DGGLWLRQ� FRPELQLQJ ERWK WHFKQLTXHV JLYHV WKH GHQVLW\ RI WKH SODQHW� EHFDXVH WKH WUDQVLW
WHFKQLTXH JLYHV WKH UDGLXV RI D SODQHW QRUPDOL]HG E\ WKH UDGLXV RI LWV KRVW VWDU� WKDW FDQ EH GH�
WHUPLQHG YLD RWKHU PHWKRGV VXFK DV LQWHUIHURPHWULF REVHUYDWLRQV RI WKH VWDU �H�J�� 9RQ %UDXQ
HW DO�� ������ 7KHQ� WKH GHQVLW\ RI WKH SODQHW SURYLGHV FRQVWUDLQWV RQ LWV EXON FRPSRVLWLRQ�
H�J�� URFN\ �GHQVLW\ RI 5.5 J�FP3 IRU WKH (DUWK IRU H[DPSOH� RU JDVHRXV �1²2 J�FP3� ULFK�

0RUHRYHU� XVLQJ LQ V\QHUJ\ WKH RUELWDO FRQVWUDLQWV IURP GLUHFW LPDJLQJ RU LQWHUIHURPHWULF
GDWD ZLWK UDGLDO YHORFLW\ PHDVXUHPHQWV RU DEVROXWH DVWURPHWU\ IURP *DLD DQG +LSSDUFRV� HQ�
DEOHV WKH GHWHUPLQDWLRQ RI WKH G\QDPLFDO PDVV RI WKH SODQHW� 7KLV G\QDPLFDO PDVV FDQ WKHQ
EH FRPSDUHG WR WKH PDVV LQIHUUHG IURP WKH HYROXWLRQDU\ DQG DWPRVSKHULF PRGHOV XVLQJ DV
LQSXW WKH WKHUPDO ÁX[ RI WKH SODQHW� WKDW LV SURYLGHG E\ WKH GLUHFW�LPDJLQJ RU LQWHUIHURPHW�
ULF GHWHFWLRQ� &RPSDULQJ ERWK PDVVHV JLYH LPSRUWDQW FRQVWUDLQWV RQ WKH PDVV�OXPLQRVLW\
UHODWLRQVKLS� DQG LQ SDUWLFXODU RQ WKH HYROXWLRQDU\ DQG DWPRVSKHULF PRGHOV�

,Q DGGLWLRQ� D ORQJ�WHUP WUHQG LQ WKH UDGLDO YHORFLW\ VHULHV PD\ LQGLFDWH WKH SUHVHQFH RI
D FRPSDQLRQ ORFDWHG DW D ZLGH VHSDUDWLRQ DQG ZLWK DQ RUELWDO SHULRG ORQJHU WKDQ WKH SHULRG
GXULQJ ZKLFK WKH V\VWHP ZDV PRQLWRUHG �H�J�� WKH OLQHDU VORSHV LQ )LJ� � IURP 7HQJ HW DO��
������ $V IRU VWDUV VKRZLQJ DQ DVWURPHWULF DFFHOHUDWLRQ EDVHG RQ *DLD DQG +LSSDUFRV� D ORQJ�
WHUP WUHQG LQ UDGLDO YHORFLW\ PD\ KLQW IRU WKH SUHVHQFH RI DQ DGGLWLRQDO SODQHW LQ WKH V\VWHP�
7KLV JXLGHV VXUYH\V VHDUFKLQJ IRU SODQHWV� DQG VR DYRLG EOLQG VXUYH\V ZLWK OLPLWHG VXFFHVV
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GXH WR WKH VPDOO RFFXUHQFH RI ZLGH�GLVWDQW JLDQW SODQHWV� 6XFK REVHUYDWLRQDO VWUDWHJ\ VDYHV
WHOHVFRSH WLPH� DQG ZDV VXFFHVVIXOO\ DQG LQGHSHQGHQWO\ GRQH RQ $) /HS E E\ WKUHH GLIIHUHQW
WHDPV �0HVD HW DO�� ����� 'H 5RVD HW DO�� ����� )UDQVRQ HW DO�� ������

%HORZ� , ÀUVW GHVFULEH WKH FXUUHQW YLVLRQ RI WKH FRPPXQLW\ RQ KRZ SODQHWV PD\ IRUP DURXQG
VWDUV� DQG HYROYH� $IWHUZDUGV� , VKHG OLJKW RQ REVHUYDWLRQDO FRQVWUDLQWV WKDW DOORZ WR FRQ�
VWUDLQ SODQHW IRUPDWLRQ� ZLWK D VSHFLÀF HPSKDVLV RQ SODQHWDU\ V\VWHP DUFKLWHFWXUHV�

7KH GLIIHUHQW VWDJHV RI D SODQHWDU\ V\VWHP IRUPDWLRQ LV UHSUHVHQWHG RQ )LJ� ���� ,Q WKH IRO�
ORZLQJ SDUDJUDSKV� , EULHÁ\ GHVFULEH KRZ VWDUV IRUP� EHIRUH IRFXVVLQJ RQ WKH GXVW JURZWK
ZLWKLQ D GLVN� WKDW PD\ IRUP SODQHWHVLPDOV DQG SODQHWV�

)LJXUH ���� 6NHWFK RI WKH IRUPDWLRQ RI D VWDU� DQG RI D SRVVLEOH SODQHWDU\ V\VWHP RXWFRPH�

3URWR�VWDUV DUH IRUPHG IROORZLQJ JUDYLWDWLRQDO FROODSVHV RI PROHFXODU FORXGV� FRPSRVHG RI
JDV DQG GXVW� H�J�� WKH UHYLHZ IURP .HQQLFXWW 	 (YDQV ������ DQG WKH GHWDLOHG LQWURGXFWLRQ
RI WKH GRFWRUDO WKHVLV /H *RXHOOHF ������� 7KH SUHVVXUH� GHQVLW\ DQG WHPSHUDWXUH RI WKH SUH�
VWHOODU FRUHV LQFUHDVH� XQWLO UHDFKLQJ WKH SRLQW WKDW WULJJHUV WKH WKHUPR�QXFOHDU UHDFWLRQV�

7KH SURWR�VWDU VWDUWV WR VKLQH� ([FHSW� WKDW WKH SKRWRQV DUH SURPSWO\ DEVRUEHG E\ WKH
VXUURXQGLQJ PDWHULDO� WKXV WKH SURWR�VWDU ÀUVW UHPDLQV LQYLVLEOH� 3DUW RI WKH JDV DQG WKH GXVW
DFFUHWHV RQWR WKH SURWR�VWDU� ZKLOH DQRWKHU SDUW LV HMHFWHG YLD ELSRODU RXWÁRZV� VHH )LJ� ����
'XH WR WKH FRQVHUYDWLRQ RI WKH DQJXODU PRPHQWXP� DQG D EDODQFH EHWZHHQ WKH JUDYLWDWLRQ�
WKH JDV SUHVVXUH DQG WKH FHQWULIXJDO IRUFH� WKH HQYHORSH DURXQG WKH SURWR�VWDU ÁDWWHQV LQWR
D SURWRSODQHWDU\ GLVN LQ ZKLFK SODQHWV PD\ ODWHU IRUP� ,Q DGGLWLRQ� PDJQHWLF ÀHOGV SOD\ DQ
LPSRUWDQW� FRPSOH[ UROH WR UHJXODWH VWDU IRUPDWLRQ� IURP FORXG WR GLVN VFDOHV �H�J�� &UXWFKHU�
����� +XOO 	 =KDQJ� ������

*HQHUDOO\� WKH GXVW�WR�JDV UDWLR LV EHOLHYHG WR EH DERXW 1� LQ SURWRSODQHWDU\ GLVNV� 7KH JDV
LV VXEMHFW WR JUDYLWDWLRQDO DQG FHQWULIXJDO IRUFHV DQG WR WKH JDV SUHVVXUH� WKDW RI JUDGLHQW
GHFUHDVHV DW ÀUVW RUGHU DFURVV WKH GLVN GXH WR GHFUHDVLQJ RI WHPSHUDWXUH DQG GHQVLW\� 7KLV
SUHVVXUH JUDGLHQW LV WKH FDXVH RI WKH VXE�.HSOHULDQ YHORFLW\ RI WKH JDV� /DUJH HQRXJK GXVW
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SDUWLFOHV DUH PRVWO\ VHQVLWLYH RQO\ WR JUDYLWDWLRQDO DQG FHQWULIXJDO IRUFHV� DQG VR RUELW DW .H�
SOHULDQ YHORFLWLHV� 7KH GXVW KHQFH IHHOV D KHDGZLQGZKLFK UHVXOWV LQ JDV GUDJ WKDW GHFHOHUDWHV
WKH GXVW SDUWLFOHV DQG FDXVH WKHP WR VSLUDO LQZDUG� FDXVLQJ D UDGLDO GULIW �:HLGHQVFKLOOLQJ�
������ ,Q DGGLWLRQ� LQWHUDFWLRQV EHWZHHQ WKH GXVW DQG WKH JDV UHVXOW LQ WKH YHUWLFDO VHWWOLQJ RI
WKH GXVW� 2Q WKH RWKHU KDQG� VPDOO GXVW SDUWLFOHV DUH FRXSOHG WR WKH JDV� DQG VR WKH\ RUELW DW
VXE�.HSOHULDQ YHORFLWLHV�

before collision

Sticking Bouncing Erosion Fragmentation


with mass transfer

Fragmentation

)LJXUH ���� 6LPSOLÀHG FODVVLÀFDWLRQ RI FROOLVLRQDO RXWFRPHV EHWZHHQ GXVW SDUWLFOHV� 0DVV JDLQ LV
UHSUHVHQWHG LQ JUHHQ� PDVV ORVV LQ UHG� )LJXUH IURP %LUQVWLHO �������

,QLWLDOO\� LQ SURWRSODQHWDU\ GLVNV� GXVW SDUWLFOHV DUH WKRXJKW WR KDYH VL]HV RI OHVV WKDQ 1 µP
�2UPHO HW DO�� ����� %DWH� ������ 'XVW JUDLQV WKHQ JURZ ELJJHU DQG ELJJHU WR IRUP GXVW JUDLQ
DJJUHJDWHV YLD FRQVWUXFWLYH FROOLVLRQV� VXFK DV VWLFNLQJ RU PDVV�WUDQVIHU FROOLVLRQV� +RZHYHU�
WKHVH FRQVWUXFWLYH FROOLVLRQV FRPSHWH ZLWK GHVWUXFWLYH FROOLVLRQV UHVXOWLQJ LQ IUDJPHQWDWLRQ
DQG HURVLRQ RI VXFK GXVW DJJUHJDWHV �VHH )LJ� ���� *�WWOHU HW DO�� ������ 7KH JURZWK RI GXVW
DJJUHJDWHV IDFHV WKUHH PDLQ EDUULHUV� QDPHG WKH ERXQFLQJ� IUDJPHQWDWLRQ DQG GULIW EDUULHUV�
,Q VKRUW� WKH ERXQFLQJ EDUULHU SUHYHQWV WKH SDUWLFOHV WR JURZ� WKH IUDJPHQWDWLRQ EDUULHUPDNHV
WKHP VPDOOHU E\ GHVWUXFWLYH FROOLVLRQV� DQG HYHQWXDOO\ WKH GULIW EDUULHU UHPRYH WKH ERGLHV E\
PDNLQJ WKHP VSLUDO GRZQ RQWR WKH VWDU�

,Q PRUH GHWDLOV� WKH ÀUVW ERXQFLQJ EDUULHU FRQFHUQV JUDLQ VL]H EHWZHHQ DERXW 100 µP DQG
1 FP� GHSHQGLQJ RQ WKH GXVW SDUWLFOH SURSHUWLHV� VXFK DV WKHLU FRPSRVLWLRQ� VKDSH� SRURVLW\�
PDVV DQG YHORFLW\ �H�J�� =VRP HW DO�� ����� 'UćŧNRZVND HW DO�� ������ $W WKLV VWDJH� WKH GXVW
JUDLQ DJJUHJDWHV UHPDLQ LQ D VWDWXV TXR VWDWH GXH WR PDLQO\ ERXQFLQJ FROOLVLRQV �=VRP HW DO��
������ ,I HYHQWXDOO\ ELJJHU VROLG ERGLHV DUH IRUPHG� WKH\ IUDJPHQW RU HURGH GXH WR WKHLU
KLJKHU YHORFLWLHV �%UDXHU HW DO�� ������ ,Q DGGLWLRQ� WKH PRUH PDVVLYH WKH JUDLQ SDUWLFOH� WKH
IDVWHU LW GULIWV RQWR WKH VWDU� IRU LQVWDQFH LQ DERXW RQH KXQGUHG \HDUV DW 1 DX �:HLGHQVFKLOOLQJ�
����� 1DNDJDZD HW DO�� ������ 7KLV GULIW EDUULHU LV DOVR NQRZQ DV WKH PHWHU�VL]H EDUULHU�

,Q SULQFLSOH� WKRVH EDUULHUV SUHYHQW WKH IRUPDWLRQ RI SODQHWHVLPDOV DQG WKHQ SODQHWV� <HW�
SODQHWV H[LVW� 'LIIHUHQW GXVW JURZWK VFHQDULRV KDYH EHHQ ZLGHO\ LQYHVWLJDWHG� )RU LQVWDQFH�
WKH ERXQFLQJ EDUULHU FRXOG EH RYHUFRPH E\ FROOLVLRQV RI FKDUJHG RU RUJDQLF JUDLQV �+RPPD
HW DO�� ����� 6WHLQSLO] HW DO�� ������ $OWHUQDWLYHO\� E\ WDNLQJ LQWR DFFRXQW WKH YHORFLW\ GLVSHU�
VLRQ RI GXVW SDUWLFOHV� :LQGPDUN HW DO� �����E� DQG*DUDXG HW DO� ������ UHSRUW WKDW WKH JURZWK
EDUULHUV FRXOG EH FLUFXPYHQWHG IRU VRPH OXFN\ SDUWLFOHV� WKDW H[SHULHQFH ORZ�YHORFLW\ FRQ�
VWUXFWLYH FROOLVLRQV VHYHUDO WLPHV LQ D URZ� 7KHQ� WKRVH SDUWLFOHV PD\ JURZ E\ VZHHSLQJ XS
WKH RWKHU VPDOOHU GXVW JUDLQV WUDSSHG DW WKH ERXQFLQJ DQG IUDJPHQWDWLRQ EDUULHUV� WR ÀQDOO\
UHVXOW LQ SODQHWHVLPDO VL]H REMHFWV �:LQGPDUN HW DO�� ����D�� +RZHYHU� WKH GULIW EDUULHU PD\
WKHQ SUHYHQW WKH JURZWK WR DUELWUDULO\ ODUJH VL]HV �(VWUDGD HW DO�� ����� %RRWK HW DO�� ������

$QRWKHU VFHQDULR WKDW FRXOG RYHUFRPH WKH ERXQFLQJ DQG IUDJPHQWDWLRQ EDUULHUV LV GH�
VFULEHG E\ 2NX]XPL HW DO� ������ DQG .DWDRND� 7DQDND� 2NX]XPL� 	:DGD ������� 7KH\ IDYRU
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WKH JURZWK RI SRURXV DJJUHJDWHV� WKDW DUH VWLFNLHU DQG KDYH ODUJHU FURVV�VHFWLRQV� 7KHVH UHVXOW
LQ KLJKHU FRQVWUXFWLYH FROOLVLRQ UDWHV� DQG HYHQWXDOO\ SODQHWHVLPDO�VL]HG REMHFWV� 1RQHWKH�
OHVV� VXFK RXWFRPH LV OLPLWHG RU SUHYHQWHG EDVHG RQ HURVLRQ �.ULMW HW DO�� ����� 6FKUlSOHU HW DO��
������ URWDWLRQDO GLVUXSWLRQ �7DWVXXPD	.DWDRND� ������ RU UDGLDO GULIW� HYHQ WKRXJK LW LV OHVV
LQÁXHQWLDO IRU IUDFWDO DJJUHJDWHV WKDQ IRU FRPSDFW SDUWLFOHV �(VWUDGD 	 &X]]L� ������

$OO LQ DOO� WKH PRVW SRSXODU VFHQDULR WR IRUP SODQHWHVLPDOV PD\ EH WKH FROODSVH RI JUDYL�
WDWLRQDOO\ ERXQG SHEEOH FOXPSV� 7KLV UHOLHV RQ DFFXPXODWLRQ RI GXVW LQ RYHUGHQVLWLHV� ZLWK
KLJK GXVW�WR�JDV UDWLR� WKDW PD\ EH LQFUHDVHG YLD SKRWR�HYDSRUDWLRQ �&DUUHUD HW DO�� ������
GXVW VHWWOLQJ� RU FROG�ÀQJHU HIIHFWV �&X]]L 	 =DKQOH� ������ 7KLV FDQ WKHQ WULJJHU WKH VWUHDP�
LQJ LQVWDELOLW\ �<RXGLQ 	 *RRGPDQ� ����� UHVXOWLQJ LQ DQ HYHQ KLJKHU HQKDQFHPHQW RI GXVW�
EHFRPLQJ D UXQ�DZD\ HIIHFW �H�J�� WKH UHYLHZ IURP 6LPRQ HW DO�� ������ 'LIIHUHQW W\SHV RI
PHFKDQLVPV FDQ FRQFHQWUDWH WKH VROLGV� VXFK DV SUHVVXUH EXPSV �H�J�� 5LFH HW DO�� ����� %DL 	
6WRQH� ����� -RKDQVHQ HW DO�� ������ YRUWLFHV �%DUJH	 6RPPHULD� �����0HKHXW HW DO�� ����� /\UD
	 /LQ� ����� 5DHWWLJ HW DO�� ������ WUDIÀF�MDP DW VLOLFDWH DQG VQRZ OLQHV �%LUQVWLHO HW DO�� �����
6FKRRQHQEHUJ HW DO�� ����� 0RUELGHOOL HW DO�� ������ UDGLDO GULIW �H�J�� <RXGLQ 	 6KX� ������ RU
GHDG�]RQH ERXQGDULHV �.UHWNH 	 /LQ� ������ 7KH JUDYLWDWLRQDO FROODSVH RI WKH GXVW\ FOXPSV
FDQ OHDG WR WKH IRUPDWLRQ RI SODQHWHVLPDOV� W\SLFDOO\ RI D IHZ 100 NP�VL]H �H�J�� 6LPRQ HW DO��
������

t ~ 0 1-3 Myr0.1 Myr10-100 kyr 3-10 Myr 10-100 Myr >Gyr

C H N O P S

meter-size barrier

chemical 
processing

c
o
ag

u
la

ti
o
n

fra
g

m
e
n
ta

tio
n

c
o

n
d

e
n
s
a
ti
o

n

s
u
b

lim
a
tio

n

s
tr

e
a
m

in
g

 
in

s
ta

b
ili

ty

ru
na

w
ay

 &
 

ol
ig

ar
ch

ic
 

gr
ow

th

p
e
b

b
le

 a
c
c
re

ti
o

n thermal 

processing

pl
an

et
es

im
al
 

ac
cr

et
io

n

giant 
impact(s)

la
te

 v
e
n
e
e
r

co
llisio

nal 

cascad
e

o
u
tg

a
s
s
in

g

(runaway) 
gas 

accretion

planetesimal 
isolation mass

solids


molecules 

o
u
tg

a
s
s
in

g

gas 
accretion

>20 M!

2-10 M!

0.8-2 M!

~M

~10-100 km

0.1mm - 10cm

1-100 μm

<1 μm

~1-5 atoms

>5 atoms

pebble isolation mass

n
o
n
-th

e
rm

a
l 

d
e
so

rp
tio

n

LEGEND 

Flow of solids 

Flow of gas 

Nebular gas


Key thresholds

meteorites 
& IDPs

)LJXUH ���� 6NHWFK RI SODQHWDU\ IRUPDWLRQ VWHSV DQG SURFHVVHV� 5RXJK VL]HV RI ERGLHV DUH LQGLFDWHG
RQ WKH ULJKW� DQG HYROXWLRQ WLPH LV VKRZQ DW WKH ERWWRP� $GDSWHG ÀJXUH IURP WKH 339,, UHYLHZ .ULMW
HW DO� �������

7R VXPPDUL]H� )LJXUH ��� LOOXVWUDWHV WKH JURZWK IURP GXVW JUDLQV WR SODQHWHVLPDOV GH�
VFULEHG KHUH� DQG IURP SODQHWHVLPDOV WR SODQHWV� WKDW , GHVFULEH LQ WKH QH[W VHFWLRQ�
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,Q WKH FRUH�DFFUHWLRQ SDUDGLJP �3ROODFN HW DO�� ������ WZR PRGHOV FRPSHWH ZLWK HDFK RWKHU WR
GHVFULEH KRZ SODQHWV IRUP� WKH SHEEOH DFFUHWLRQ �H�J�� -RKDQVHQ 	 /DFHUGD� ����� 2UPHO 	
.ODKU� ����� /DPEUHFKWV 	 -RKDQVHQ� ����� DQG WKH SODQHWHVLPDO DFFUHWLRQ �H�J�� 3ROODFN HW DO��
����� $OLEHUW HW DO�� ����� (PVHQKXEHU HW DO�� ����� RQWR D SODQHWDU\ FRUH �VHH� H�J�� 'UćŧNRZVND
HW DO�� ����� IRU D UHYLHZ�� &XUUHQW SHEEOH DQG SODQHWHVLPDO DFFUHWLRQ PRGHOV RIWHQ LQLWLDOL]H
WKHLU VLPXODWLRQV ZLWK 0RRQ�PDVV �0.01 0⊕� SODQHWDU\ FRUHV WKDW ZLOO WKHQ DFFUHWH PDWHUL�
DOV� 6XFK FRUHV FRXOG IRUP YLD VWUHDPLQJ LQVWDELOLWLHV IROORZHG E\ SODQHWHVLPDO FRQVWUXFWLYH
FROOLVLRQV �/LX HW DO�� ������

:KHQ WKH SODQHWDU\ HPEU\R DFFUHWHV SHEEOHV RU SODQHWHVLPDOV IDVW HQRXJK� LW FDQ DOVR
DFFUHWH WKH JDV VWLOO UHPDLQLQJ LQ WKH GLVN� DQG WKXV EHFRPH D JDV RU DQ LF\ JLDQW SODQHW� VXFK
DV -XSLWHU RU 1HSWXQH� UHVSHFWLYHO\� 2WKHUZLVH� WKH SODQHW FDQ EHFRPH D URFN\ SODQHW� VXFK DV
WKH (DUWK� RU DQ LF\ (DUWK�PDVV SODQHW� IRU ZKLFK WKHUH LV QR FRXQWHUSDUW LQ WKH 6RODU 6\VWHP�
WR QDPH D IHZ H[DPSOHV� :KLOH JURZLQJ� D IRUPLQJ SODQHW ODXQFKHV GHQVLW\ VSLUDO ZDYHV�
�H�J�� UHYLHZV IURP .OH\ 	 1HOVRQ� ����� 3DDUGHNRRSHU HW DO�� ������ 'XH WR JUDYLWDWLRQDO
LQWHUDFWLRQV EHWZHHQ WKH SODQHW DQG WKH JDVHRXV GLVN� WKH JURZLQJ SODQHW XVXDOO\ PLJUDWH
LQZDUGV IROORZLQJ W\SH , PLJUDWLRQ �*ROGUHLFK 	 7UHPDLQH� ����� 7DQDND HW DO�� ������ RU
W\SH ,, PLJUDWLRQ LI WKH SODQHW LV PDVVLYH HQRXJK WR FDUYH D JDS LQ WKH GLVN �/LQ 	 3DSDORL]RX�
������

3ODQHWV XS WR D IHZ -XSLWHU PDVV SODQHWV DUH PDLQO\ SURGXFHG ZLWKLQ WKH FRUH�DFFUHWLRQ
VFHQDULR� ZKHUHDV ODUJHU SODQHWV �≥ 4²5 0-XS� DQG EURZQ GZDUIV �≥ 13 0-XS� FRXOG IRUP
YLD RWKHU SDWKZD\V� VXFK DV JUDYLWDWLRQDO GLVN LQVWDELOLW\ �%RVV� ����� RU JUDYR�WXUEXOHQW
IUDJPHQWDWLRQ �3DGRDQ 	 1RUGOXQG� ������ *UDYLWDWLRQDO GLVN LQVWDELOLW\ FRQVLVWV LQ GLVN
IUDJPHQWDWLRQ LQ WKH HDUO\ VWDJHV RI VWHOODU DQG GLVN IRUPDWLRQ� %H\RQG DERXW 50 DX IURP WKH
KRVW VWDU� JUDYLWDWLRQDOO\ XQVWDEOH FROG JDVHRXV FOXPSV FDQ FROODSVH WR KLJK GHQVLWLHV �%RVV�
����� *DPPLH� ����� $UPLWDJH� ������ ZKHUH SODQHW IRUPDWLRQ FDQ WKHQ WDNH SODFH� 2Q WKH
RWKHU KDQG� JUDYR�WXUEXOHQW IUDJPHQWDWLRQ RI PROHFXODU FORXGVPD\ UHVXOW LQ JUDYLWDWLRQDOO\
XQVWDEOH SURWRVWHOODU FRUHV RI EURZQ GZDUI PDVV� WKDW ZLOO WKHQ FROODSVH DQG IRUP PDVVLYH
JLDQW SODQHWV� RU EURZQ GZDUIV �3DGRDQ 	 1RUGOXQG� ������

3ODQHW IRUPDWLRQ RFFXUV GXULQJ WKH OLIHWLPH RI WKH SURWRSODQHWDU\ GLVN �3²60\U�+DLVFK HW DO��
����� IRU JDV JLDQW SODQHWV� ZKLOH VPDOOHU� URFN\ SODQHWV FDQ WDNH ORQJHU DV IRU WKH (DUWK LQ
RXU 6RODU 6\VWHP �50�1500\U� .OHLQH HW DO�� ������ 7KH GLVSHUVDO SKDVH RI WKH SURWRSODQHWDU\
GLVN KDV EHHQ FDOOHG ´WUDQVLWLRQ GLVNµ RU ´K\EULG GLVNµ� $IWHU WKLV VWDJH� PRVW RI WKH JDV LV
JRQH� ,W KDV HLWKHU EHHQ DFFUHWHG RQWR WKH VWDU RU RQWR WKH �JLDQW� SODQHWV RU EHHQ EORZQ DZD\�

2QH RSHQ TXHVWLRQ LQ WKH ÀHOG LV KRZ GHEULV GLVNV DUH UHODWHG WR SURWRSODQHWDU\ GLVNV� 'R
ODUJH� EULJKW SURWRSODQHWDU\ GLVNV UHVXOWV LQ EULJKW GHEULV GLVNV� ZKLOH FRPSDFW SURWRSODQH�
WDU\ GLVNV UHVXOW LQ QR GHEULV GLVN" 1DMLWD HW DO� ������ LQYHVWLJDWHG WKLV LVVXH� $FFRUGLQJ WR
WKHP� VLQFH DERXW 25� RI \RXQJ �10\U� VLQJOH 6XQ�OLNH VWDUV KRVW ODUJH� EULJKW SURWRSODQH�
WDU\ GLVNV� DQG WKH VDPH IUDFWLRQ RI ROG �1 *\U� VLQJOH 6XQ�OLNH VWDUV KRVW EULJKW GHEULV GLVNV�
WKLV ZRXOG EH DQ RSWLRQ� +RZHYHU� WKH\ XQGHUOLQH WKDW D FRPELQDWLRQ RI GLIIHUHQW HYROX�
WLRQ SDWKV ZLWK GLVNV EHKDYLQJ DV ´HDUO\ ÁDUHµ� ´VWHDG\ JORZµ RU ´ODWH EORRPHUµ PD\ DOVR
GHVFULEH WKH SURWRSODQHWDU\�GHEULV GLVN FRQQHFWLRQ� VHH WKHLU )LJ� ���

$URXQG WKH VWDU UHPDLQ SODQHW�V� DQG UHPQDQWV ERGLHV WKDW DUH OHIWRYHUV IURP SODQHW IRU�
PDWLRQ� VXFK DV GZDUI SODQHWV� SODQHWHVLPDOV� SHEEOHV DQG GXVW� 7KH\ FDQ EH FRQVLGHUHG DV
´GHEULVµ� $ GHEULV GLVN FDQ UHSUHVHQW DOO WKH GHEULV LQ D V\VWHP� RU LQGLYLGXDO GHEULV SRS�
XODWLRQV �H�J�� WKH SHGDJRJLFDO UHYLHZ IURP 3HDUFH� ������ 3ODQHWHVLPDOV FDQ EH FRPHWV RU
DVWHURLGV DQG EH ORFDWHG LQ FLUFXPVWHOODU EHOWV RU RQ SODQHWDU\ RUELWV DW VSHFLÀF ORFDWLRQV RQ
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)LJXUH ���� 6NHWFK RI VRPH SRVVLEOH QDWXUHV DQG ORFDWLRQV RI GHEULV DURXQG D VWDU� )LJXUH IURP WKH
SHGDJRJLFDO UHYLHZ RQ GHEULV GLVNV IURP 3HDUFH �������

WKH VDPH RUELW RI D SODQHW �OHDGLQJ RU WUDLOLQJ� VR�FDOOHG 7URMDQ DVWHURLGV�� 6PDOOHU ERGLHV�
VXFK DV SHEEOHV DQG GXVW� FDQ EH ORFDWHG LQ WKRVH SODFHV� LQ FLUFXPSODQHWDU\ GLVNV DQG DW
ORZHU GHQVLW\ EHWZHHQ EHOWV RU LQ WKH H[WHQGHG KDOR� LQ SDUWLFXODU IRU WKH VPDOOHU JUDLQV� VHH
)LJ� ����

$IWHU SODQHWV KDYH IRUPHG� V\VWHPV GR QRW UHPDLQ VWDWLF DQGPDMRU HYHQWV FDQ WDNH SODFH�
VXFK DV SODQHW�SODQHW FROOLVLRQV RU VFDWWHULQJ �5DVLR 	 )RUG� ������ KLJK�HFFHQWULFLW\ PLJUD�
WLRQ YLD IRU LQVWDQFH .R]DL�/LGRY LQWHUDFWLRQV �.R]DL� ����� 1DR] HW DO�� ������ ODWH LQ�IDOO RI
SODQHWHVLPDOV RQWR SODQHWV �*RPHV HW DO�� ������ RU H[WHUQDO SHUWXUEDWLRQ VXFK DV VWHOODU Á\E\
�/DXJKOLQ	$GDPV� �����+XUOH\	 6KDUD� ����� =DNDPVND	7UHPDLQH� ������ 7KLVPRGLÀHV
WKH SODQHWDU\ V\VWHP DUFKLWHFWXUH� E\ HMHFWLQJ SODQHW�V� RU FKDQJLQJ WKHLU RUELWDO SURSHUWLHV�
7KLV PD\ LQGXFH D VLJQLÀFDQW YDULDWLRQ RI WKH WHPSHUDWXUH RQ WKH SODQHW� ZKLFK PD\ UHVXOW
LQ D ODWH DWPRVSKHULF HVFDSH �%RXUULHU HW DO�� ����� RU FKDQJH WKH SK\VLFDO VWDWH RI VRPH RI
LWV FRQWHQW �H�J�� WXUQLQJ RFHDQV LQWR VWHDP�� /DWH LQ�IDOO RI SODQHWHVLPDOV PD\ XSGDWH WKH
FRPSRVLWLRQ RI WKH SODQHW� DV WKHLU SRVVLEOH LQSXW RI ZDWHU RQ WKH (DUWK �3HSLQ� ������

$V ZHOO DV SODQHWV� GHEULV GLVNV HYROYH WRR� &ROOLVLRQV EHWZHHQ SODQHWHVLPDOV JHQHUDWH
VPDOOHU ERGLHV� WKDW ZLOO XQGHUJR VHULHV RI FROOLVLRQV DQG UHVXOW LQ VPDOOHU DQG VPDOOHU SDUWL�
FOHV �H�J�� WKH UHYLHZ IURP :\DWW� ������ 7KLV FROOLVLRQDO FDVFDGH JHQHUDWHV QHZ SRSXODWLRQV
RI GXVW� :KHQ WKH GXVW SDUWLFOHV DUH VPDOO HQRXJK� WKH GXVW JUDLQV EHFRPH VHQVLWLYH WR DGGL�
WLRQDO IRUFHV WKDQ JUDYLWDWLRQ� 7KH 3R\QWLQJ�5REHUWVRQ GUDJ PDNH GXVW JUDLQV VSLUDO WRZDUG
WKH VWDU �H�J�� .ODĀND HW DO�� ������� 2Q WKH RWKHU KDQG� VWHOODU ZLQGV DQG VWHOODU UDGLDWLRQ SUHV�
VXUH DUH RXWZDUG IRUFH RSSRVLQJ WKH VWHOODU JUDYLW\� 7KH\ SXVK DZD\ GXVW JUDLQV � %XUQV
HW DO�� ������ LQ SDUWLFXODU WKRVH EHORZ WKH VR�FDOOHG EORZ�RXW VL]H �DERXW 1�10 µP IRU * WR
$�VWDUV� VHH WKH UHYLHZ IURP 3HDUFH� ������ DQG PRGLÀHG WKHLU RUELWDO SURSHUWLHV WKDW EHFRPH
HFFHQWULF�
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3UHYLRXVO\� , KDYH GHVFULEHG SODQHW IRUPDWLRQ DQG HYROXWLRQ DURXQG VLQJOH VWDUV� +RZHYHU�
PXOWLSOH�VWDU V\VWHPV DUH FRPPRQ� ZLWK 50� RI 6XQ�OLNH VWDUV SDUW RI ELQDULHV RU KLJKHU�
RUGHU PXOWLSOH V\VWHPV �+HLQW]� ����� $EW 	 /HY\� ����� 'XTXHQQR\ 	0D\RU� ����� 5DJKD�
YDQ HW DO�� ������ 0RUH WKDQ 200 PXOWLSOH V\VWHPV KRVW DW OHDVW RQH SODQHW �)RQWDQLYH 	
%DUGDOH] *DJOLXIÀ� ������� ,Q ELQDU\ SODQHWDU\ V\VWHPV� FLUFXPVWHOODU �RUELWLQJ DURXQG RQH
VWDU� H�J�� 3DWLHQFH HW DO�� ����� 0DUF\ HW DO�� ����E� DQG FLUFXPELQDU\ �DURXQG WKH ELQDU\ SDLU�
H�J�� 'R\OH HW DO�� ����� :HOVK HW DO�� ����� 5RGHW HW DO�� ����� SODQHWV KDYH EHHQ GHWHFWHG�
+LJKHU�RUGHU VWDEOH V\VWHPV DUH KLHUDUFKLFDO� )RU LQVWDQFH� WULSOH V\VWHPV FRQVLVW LQ D VWDU
LQ RUELW ZLWK D ELQDU\ SDLU� 3ODQHWV FDQ EH SDUW RI VXFK V\VWHPV� VXFK DV IRU α &HQ� WKDW
KRVWV WKH FORVHVW VWDU DQG H[RSODQHW IURP WKH 6XQ� 3UR[LPD &HQWDXUL �α &HQ &� DQG 3UR[LPD
&HQWDXUL E� UHVSHFWLYHO\�

7KHUHIRUH� D FRPSOHWH SLFWXUH RI KRZ SODQHWV IRUP DQG HYROYH FDQQRW QHJOHFW PXOWLSOH
V\VWHPV� 7KH NH\ IDFWRU LV WKH VHSDUDWLRQ EHWZHHQ WKH VWDUV� WKDW VHWV LI WKHPXOWLSOLFLW\ QDWXUH
RI WKH V\VWHP WHQG WR LQKLELW WKH SODQHW IRUPDWLRQ WR VRPH H[WHQW �VHSDUDWLRQ ≤ 50²100 DX�
%RQDYLWD 	 'HVLGHUD� ����� ����� .UDXV HW DO�� ����� ����� :DQJ HW DO�� ������ LQÁXHQFH WKH
SODQHW HYROXWLRQ �VHSDUDWLRQ RI DERXW 100²1 000 DX� )DEU\FN\ 	 7UHPDLQH� ����� 1DR] HW DO��
����� 'RQJ HW DO�� ����� 1JR HW DO�� ����� RU KDYH QR VLJQLÀFDQW FRQVHTXHQFHV �VHSDUDWLRQ
≥ 1 000 DX� %RQDYLWD 	 'HVLGHUD� ����� ����� )RQWDQLYH 	 %DUGDOH] *DJOLXIÀ� ������

, SUHVHQW EHORZ REVHUYDWLRQDO UHVXOWV WKDW KDYH KHOSHG WR FRQVWUDLQ WKHRUHWLFDO PRGHOV RI
SODQHW IRUPDWLRQ DQG HYROXWLRQ� )LUVW� , KLJKOLJKW WKH LPDJLQJ RI QXPHURXV FLUFXPVWHOODU
GLVNV� 7KHQ� , IRFXV RQ WKH RUELWDO DQG SK\VLFDO SURSHUWLHV RI H[RSODQHWV� EHIRUH FRQWLQXLQJ
ZLWK WKH VWXG\ RI WKHLU DWPRVSKHUH� (YHQWXDOO\� , GHVFULEH KRZ VWHOODU SDUDPHWHUV LPSDFW
SODQHW IRUPDWLRQ�
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)LJXUH ���� ,OOXVWUDWLRQ RI SURWRSODQHWDU\ GLVNV VWUXFWXUHV DQG SURSHUWLHV� /HIW� 'XVW WHPSHUDWXUH
DQG JDV GHQVLW\ VWUXFWXUH� 5LJKW� 6LPSOLÀHG UHSUHVHQWDWLRQ RI PROHFXODU HPLVVLRQV� WKHUPDO HPLV�
VLRQ RI WKH GXVW� VFDWWHUHG OLJKW RI WKH GXVW� )LJXUH IURP WKH 339,, UHYLHZ 0LRWHOOR HW DO� �������

�VHH DOVR WKH IROORZLQJ FDWDORJXH� https://exoplanet.eu/planets_binary/
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7R GDWH� PRUH WKDQ 300 FLUFXPVWHOODU GLVNV KDYH EHHQ LPDJHG LQ WKH RSWLFDO� DW LQIUDUHG RU
PLOOLPHWHU ZDYHOHQJWKV��� 7KH\ FRYHU D ZLGH UDQJH RI DJHV� IURP RSWLFDOO\ WKLFN WR RSWLFDOO\
WKLQ GLVNV� 7R JLYH DQ RYHUYLHZ� RSWLFDOO\ WKLFN GLVNV DUH \RXQJHU WKDQ DERXW 60\U �+DLVFK
HW DO�� ����� DQG FRQVLVW LQ JDVHRXV DQG GXVW\ GLVNV LQ ZKLFK SODQHWV PD\ IRUP� VXFK DV WKH
GLVNV LQ WKH 7DXUXV�$XULJD VWDU�IRUPLQJ UHJLRQ �1²20\U� H�J�� *DUXÀ HW DO�� ������ RU WKH LFRQLF
GLVN 3'6 �� �DERXW 50\U� KRVWLQJ WZR FRQÀUPHG LPDJHG SURWRSODQHWV �.HSSOHU HW DO�� �����
0�OOHU HW DO�� ����� +DIIHUW HW DO�� ������ 7KHQ� PRVW RI WKH JDV ZDV HLWKHU DFFUHWHG RQWR WKH
VWDU RU JLDQW SODQHWV� RU GLVVLSDWHG� UHVXOWLQJ LQ OLWWOH JDV FRQWHQW LQ WKH UHPDLQLQJ GLVN� 'XH
WR D GHFUHDVLQJ RI WKH GXVW GHQVLW\� GHEULV GLVNV DUH RSWLFDOO\ WKLQ� DV IRU LQVWDQFH WKH \RXQJ
�20²300\U� GHEULV GLVNV β 3LFWRULV �6PLWK HW DO�� ����� DQG +5 ���� �6X HW DO�� ����� V\VWHPV�
DQG ROG �5²10 *\U� GHEULV GLVNV *- ��� �/HVWUDGH HW DO�� ����� DQG +' ����� �.HQQHG\ HW DO��
������ 7KHVH IRXU GHEULV GLVNV DUH DOVR NQRZQ WR KRVW H[RSODQHWV�

2ULJLQDOO\� WKH SUHVHQFH RI D FLUFXPVWHOODU GLVN DURXQG D VWDU ZDV LQIHUUHG E\ PHDVXULQJ
WKH LQIUDUHG H[FHVV RI WKH V\VWHP� 7KLV FRQVLVWV LQ ÀUVW PHDVXULQJ WKH ÁX[ RI WKH V\VWHP DW GLI�
IHUHQW ZDYHOHQJWKV� WKDW LV WR VD\ WKH VSHFWUDO HQHUJ\ GLVWULEXWLRQ �6('�� 6HFRQG� LQ FKHFNLQJ
ZKHWKHU LW GHYLDWHV IURP D VLQJOH EODFN ERG\ FRPSRQHQW� WKDW LV URXJKO\ WKH H[SHFWHG 6('
IRU D VLQJOH VWDU� ,Q SUDFWLFH� UHJDUGLQJ GHEULV GLVNV� WKH SUHVHQFH RI GXVW EHOWV DURXQG D VWDU
ZLOO DGG EODFNERG\ FRPSRQHQWV� 7KH WHPSHUDWXUH �T � FRUUHVSRQGLQJ WR D GXVW EHOW LV UHODWHG
WR WKH GLVWDQFH RI WKH GXVW EHOW �r� WR WKH VWDU� DQG WR WKH VWHOODU OXPLQRVLW\ �L⋆�� &ROGHU EHOWV
DUH ORFDWHG IXUWKHU RXW� +HUH� LW LV LPSRUWDQW WR SRLQW RXW WKDW WKH UDGLXV RI D GXVW EHOW LQIHUUHG
E\ WKH 6(' PRGHOLQJ YLD WKH IROORZLQJ FODVVLFDO HTXDWLRQ
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LV RIWHQ DQ XQGHUHVWLPDWLRQ RI WKH REVHUYHG UDGLXV RI D GXVW EHOW� EHFDXVH GXVW EHOWV DUH QRW
SHUIHFW EODFNERG\ �%%�� LQ SDUWLFXODU WKH VPDOO JUDLQV� 0XOWLSO\LQJ WKH EODFNERG\ UDGLXV
E\ D FRUUHFWLRQ IDFWRU Γ%% GHSHQGLQJ RQ WKH VWHOODU OXPLQRVLW\ DQG HPSLULFDOO\ FDOLEUDWHG
�3DZHOOHN HW DO�� ����� 3DZHOOHN 	 .ULYRY� ����� RIIHUV D EHWWHU HVWLPDWH RI WKH GLVN UDGLL�
HYHQ WKRXJK VWLOO GHJHQHUDWH�

&RQWUDU\ WR WKHVH HVWLPDWLRQV� LQWHUIHURPHWU\ DQG GLUHFW LPDJLQJ RI FLUFXPVWHOODU GLVNV
SURYLGH WKHLU WUXH UDGLXV� 5HJDUGLQJ RSWLFDO DQG QHDU�LQIUDUHG REVHUYDWLRQV� WKHVH PHWKRGV
DUH VHQVLWLYH WR WKH VFDWWHULQJ RI WKH VWHOODU OLJKW RQ WKH �KRW� GXVW SDUWLFOHV UHJDUGLQJ� ,Q PLG�
LQIUDUHG WRPLOOLPHWHU REVHUYDWLRQV� WKH\ DUH VHQVLWLYH WR WKH WKHUPDO HPLVVLRQ RI WKH �ZDUP WR
FROG� GXVW� ,Q DGGLWLRQ� LQWHUIHURPHWULF RU GLUHFW LPDJLQJ REVHUYDWLRQV DW D JLYHQZDYHOHQJWK
ZLOO EH VHQVLWLYH WR JUDLQ VL]HV VLPLODU WR WKLVZDYHOHQJWK� 5HJDUGLQJ REVHUYDWLRQV VHQVLWLYH WR
WKHUPDO HPLVVLRQ RI GXVW JUDLQV� WKH\ ZRXOG DOVR EH VHQVLWLYH WR GXVW WKDW KDV D WHPSHUDWXUH
FORVH WR WKH WHPSHUDWXUH RI D EODFNERG\ WKDW SHDNV DW WKLV ZDYHOHQJWK� DQG VR SUREH D JLYHQ
UDGLDO UHJLRQ IURP WKH VWDU �:\DWW� ������ 7KLV FDQ EH VHHQ DV DGGLWLRQDO FRQVWUDLQWV RQ WKH
GXVW JUDLQ SURSHUWLHV� EXW DOVR DV REVHUYDWLRQDO ELDVHV�

7KH ORFDWLRQV RI GXVW EHOWV LQGLFDWHZKHUHPDWHULDOV DUH DYDLODEOH� ,Q SDUWLFXODU� PLOOLPHWHU�
VL]HG JUDLQV DUH OHVV VHQVLWLYH WR WKH UDGLDWLRQ SUHVVXUH DQG WKHUHIRUH WUDFH WKH ORFDWLRQ RI WKH
SDUHQW EHOW RI SODQHWHVLPDOV� ZKLOH VPDOOHU GXVW FDQ EH VSDWLDOO\ PRUH H[WHQGHG� 0RVW RI WKH
GLVN PDVV LV UHSUHVHQWHG E\ WKH ODUJHVW ERGLHV� HYHQ WKRXJK OHVV QXPHURXV� 7KH VL]H GLVWUL�
EXWLRQ RI SDUWLFOHV LV VHW E\ WKH FROOLVLRQ FDVFDGH� DQG ZKHQ LW UHDFKHV D VWHDG\ VWDWH FDQ EH
H[SUHVVHG DV

n(s) ds ∝ s−3.5 ds , �����
��VHH WKH FDWDORJXHV RI LPDJHG FLUFXPVWHOODU GLVNV� https://www.circumstellardisks.org DQG https://

www.astro.uni-jena.de/index.php/theory/catalog-of-resolved-debris-disks.html�

https://www.circumstellardisks.org
https://www.astro.uni-jena.de/index.php/theory/catalog-of-resolved-debris-disks.html
https://www.astro.uni-jena.de/index.php/theory/catalog-of-resolved-debris-disks.html
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ZKHUH n(s) ds UHSUHVHQWV WKH QXPEHU RI ERGLHV ZLWK UDGLL EHWZHHQ s DQG s + ds �'RKQDQ\L�
������ 7KLV VWHHS SURÀOHV PHDQV WKDW� LQ VFDWWHUHG OLJKW WKH WRWDO VXUIDFH DUHD LV GRPLQDWHG E\
WKH VPDOOHVW JUDLQV� DQG VR WKH EULJKWQHVV RI WKH GLVN�

,Q DGGLWLRQ� GHWHUPLQLQJ JUDLQ SURSHUWLHV� VXFK DV VL]H� SRURVLW\ DQG FRPSRVLWLRQ� JLYH
FOXHV RQ KRZ SODQHWV IRUP E\ FRQVWUDLQLQJ GXVW JURZWK� )RU H[DPSOH� E\ DVVXPLQJ GXVW
SURSHUWLHV DUH VXIÀFLHQWO\ SUHVHUYHG ZKLOH WKH\ DJJORPHUDWH WR IRUP SODQHWHVLPDOV DQG WKHQ
ZKHQ WKH\ DUH UHOHDVHG WKURXJK FROOLVLRQV �ZKLFK LV D VWURQJ DVVXPSWLRQ� VHH %OXP HW DO��
������ RQH FRXOG VWXG\ WKH GXVW SURSHUWLHV WR DVVHVV ZKHWKHU WKH VFHQDULR RI SRURXV DJJUH�
JDWHV �ZKLFK KDYH KLJKHU FRQVWUXFWLYH FROOLVLRQ UDWHV� VHH 6HFWLRQ ������� LV LQ SUDFWLFH UHDOLVWLF
IRU GXVW JURZWK�

7KH SURSHUWLHV RI GXVW SDUWLFOHV FDQ EH LQIHUUHG YLD GDWD DQDO\VLV� )RU LQVWDQFH� WKH VFDW�
WHULQJ SKDVH IXQFWLRQ RI D GXVW EHOW FDQ EH FRPSDUHG WR ODERUDWRU\ H[SHULPHQWV IRU GLIIHUHQW
W\SHV RI JUDLQV WR ÀQG RXW WKH FRPSRVLWLRQ� VL]H� VKDSH RI GXVW JUDLQV �H�J�� VHH )LJ� � IURP
(QJOHU HW DO�� ������ 7KH VDPH NLQG RI DQDO\VLV FDQ EH FRQGXFWHG RQ WKH SRODUL]HG VFDWWHULQJ
SKDVH IXQFWLRQ �H�J�� VHH )LJ� �� IURP0LOOL HW DO�� ������ 7KLV FRQVWUDLQV WKH WKHRUHWLFDO PRGHOV
RQ WKH GXVW JURZWK�

0RUHRYHU� NQRZLQJ WKH JOREDO DUFKLWHFWXUH RI FLUFXPVWHOODU GLVNV KHOS WR FRQVWUDLQ ZKHUH
SODQHW IRUPDWLRQ LV VXFFHVVIXO E\ VWXG\LQJ GLVN�SODQHW LQWHUDFWLRQV� ,Q SURWRSODQHWDU\ GLVNV�
GLVN VWUXFWXUHV VXFK DV JDSV RU FDYLWLHV �.HSSOHU HW DO�� ����� FDQ EH GXH WR SODQHWV VWLOO IRUP�
LQJ� ZLWK JDSV LQ GXVW DQG JDV D SRVVLEOH KLQW IRU JDV JLDQW IRUPDWLRQ� 2WKHU VWUXFWXUHV VXFK
DV VSLUDOV RU YHORFLW\ NLQNV �3LQWH HW DO�� ����� FRXOG EH WULJJHUHG E\ SODQHWV� DQG EH XVHG
WR LQIHU LWV SRVLWLRQ DQG PDVV� )LJXUH ���� VKRZV GLIIHUHQW W\SHV RI VWUXFWXUHV GHWHFWHG LQ
SURWRSODQHWDU\ GLVNV IRU %$)*.0 VWHOODU W\SHV� VR KLJK WR ORZ�PDVV VWDUV�

7KH VDPH JRHV IRU GHEULV GLVNV� 6\VWHPV ZLWK VLQJOH RU GRXEOH�EHOW DUFKLWHFWXUHV DUH
SULPH WDUJHWV WR VHDUFK IRU SODQHWDU\ FRPSDQLRQ�V� LQ JDSV RU ODUJH FDYLWLHV WKDW WKH\ PD\
FOHDU RXW� DV IRU WKH EHQFKPDUNV V\VWHPV +5 ����� +' ������ β 3LFWRULV� 7KH VLPXOWDQHRXV
SUHVHQFH RI SODQHWV DQG GXVW EHOWV SURYLGH VKDUS FRQVWUDLQWV RQ ZKHUH WKRVH SODQHWV IRUP
DQG WKHLU PLJUDWLRQ KLVWRU\� ,Q DGGLWLRQ� SODQHWV VKDSH WKH PRUSKRORJ\ RI GXVW EHOWV� *L�
DQW SODQHWV FDQ VPRRWK WKH RXWHU HGJH E\ H[FLWLQJ WKH HFFHQWULFLWLHV RI WKH VPDOO ERGLHV LQ
WKH EHOW� ,Q WKH FDVH LQ ZKLFK WKH VPDOO ERGLHV ZHUH VWLUUHG E\ GZDUI SODQHWV� WKH\ ZRXOG
KDYH ORZ HFFHQWULFLWLHV� WKDW ZRXOG UHVXOW LQ D VKDUS RXWHU HGJH �0DULQR� ������ *LDQW SODQHW
FDQ DOVR JHQHUDWH VPDOO JDSV RU SLOH�XS RI VROLGV LQ WKH EHOW DW WKHLU PHDQ�PRWLRQ UHVRQDQFHV
�0DULQR HW DO�� ����� ����� ������ 7KLV ZDV DOVR REVHUYHG DURXQG WKH 6XQ LQ WKH PDLQ $VWHU�
RLG %HOW DQG LQ WKH .XLSHU %HOW RZLQJ WR WKH LQÁXHQFH RI -XSLWHU �'HOJUDQGH 	 6RDQHV� �����
RU 1HSWXQH� UHVSHFWLYHO\� %HVLGHV WKLV� UHVROYLQJ VSDWLDOO\ GHEULV GLVNV FDQ DOVR VKHG OLJKW
RQ QRQ�D[LV\PPHWULF VKDSHV LQ GHEULV GLVNV VXFK DV IRUNV� QHHGOHV RU ZLQJV WKDW FRXOG EH
FDXVHG E\ JLDQW LPSDFWV DQG IRU ZKLFK WKH VKDSH GHSHQGV VWURQJO\ RI WKH YLHZLQJ JHRPHWU\
�/HH 	 &KLDQJ� ����� -RQHV HW DO�� ������ )LJXUH ���� LOOXVWUDWHV VRPH PRUSKRORJLHV RI GHEULV
GLVNV�

7KHUHIRUH� VWXG\LQJ FLUFXPVWHOODU GLVNV� IURP JUDLQ�VL]H WR WKHLU RYHUDOO DUFKLWHFWXUH� KHOS
WR EHWWHU XQGHUVWDQG SODQHW IRUPDWLRQ SURFHVVHV DW GLIIHUHQW VFDOHV DQG WKHLU OHIWRYHUV� 7KLV
FDQ DOVR FRQVWUDLQ WKH GLVN�SODQHW LQWHUDFWLRQV�

<HW� ZH QRWH WKDW REVHUYDWLRQV RI FLUFXPVWHOODU GLVNV DUH QRW H[FHSWLRQ WR WKH UXOH� DQG
DOVR VXIIHU IURP PXOWLSOH ELDVHV�

,Q JHQHUDO� PRVW VWXGLHV KDYH EHHQ IRFXVHG RQ ODUJH� EULJKW FLUFXPVWHOODU GLVNV� JLYHQ WKH
UHVROXWLRQ DQG LPDJLQJ FRQVWUDLQWV RI REVHUYDWLRQDO IDFLOLWLHV� )RU H[DPSOH� FXUUHQW VSDWLDOO\
UHVROYHG GHEULV GLVNV KDYH D IUDFWLRQDO OXPLQRVLW\ EHWZHHQ 10−2 DQG 10−5� PXFK EULJKWHU
WKDQ WKRVH RI WKH $VWHURLG %HOW DQG .XLSHU %HOW �10−7�� VHH )LJ� ����� 7KH ODUJH� EULJKW SURWR�
SODQHWDU\ �≤ D IHZ0\U� DQG GHEULV GLVNV �500\U²10*\U� KDYH ERWK D GHWHFWLRQ UDWH RI DERXW
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)LJXUH ����� 2YHUYLHZ RI GLIIHUHQW UHVROYHG VWUXFWXUHV �YHUWLFDO D[LV� LQ SURWRSODQHWDU\ GLVNV IRU
GLIIHUHQW VWHOODU W\SHV �KRUL]RQWDO D[LV�� 7KH ZKLWH VFDOHEDU LQ WKH ORZHU OHIW FRUQHU RI HDFK LPDJH
FRUUHVSRQGV WR 50 DX� 7KH JUH\ FHQWUDO FLUFOHV DUH UHJLRQV PDVNHG E\ D FRURQDJUDSK� )LJXUH IURP
WKH 339,, UHYLHZ %HQLVW\ HW DO� �������

)URP XSSHU OHIW WR ORZHU ULJKW� 5LQJV� 7: +\D �%RHNHO HW DO�� ������ 5;-���������
�$YHQKDXV HW DO�� ������ +' ������ �0RPRVH HW DO�� ������ 2SK ,56 �� �)ROOHWWH HW DO�� ������ 6SLUDOV�
*4 /XS �9DQ +ROVWHLQ HW DO�� ������ (0 65 �� �0XUR�$UHQD HW DO�� ������ +' ����� �0RQQLHU HW DO��
������ +' ������% �6WRONHU HW DO�� ������ %URDG VKDGRZV� (; /XS �5LJOLDFR HW DO�� ������ :5$<
������ �%RKQ HW DO�� ������ +' ������ �%HQLVW\ HW DO�� ������ +' ������ �/DZV HW DO�� ������ 1DUURZ
VKDGRZV� ** 7DX �.HSSOHU HW DO�� ������ 5;- ������ �3LQLOOD HW DO�� ������ +' ������ �+XQ]LNHU HW DO��
������ +' ������ �%HQLVW\ HW DO�� ������ 9LVLEOH EDFNVLGH� ,0 /XS �$YHQKDXV HW DO�� ������ 0< /XS
�$YHQKDXV HW DO�� ������ 3'6 ��� �%HQLVW\ HW DO�� ������ +' ����� �'H %RHU HW DO�� ������ ,QWHUDFWLRQV
ZLWK DPELHQW PDWHULDO� '2 7DX �+XDQJ HW DO�� VXEP��� �0$66 -��������� �*DUXÀ HW DO�� ������ *:
2UL �.UDXV HW DO�� ������ 0:& ��� �/DZV HW DO�� ������
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)LJXUH ����� 9DULRXV PRUSKRORJLHV RI GHEULV GLVNV EDVHG RQ YLVLEOH �9LV�� QHDU�LQIUDUHG �1,5� DQG
PLOOLPHWHU �PP� REVHUYDWLRQV� SURELQJ VFDWWHUHG VWDUOLJKW �9LV� 1,5� RQ WKH GXVW JUDLQV RU WKHLU
WKHUPDO HPLVVLRQ �PP�� )LJXUH IURP +XJKHV HW DO� �������

D� 0LOOL HW DO� �����E�� E� 6FKQHLGHU HW DO� ������� F� 0DULQR HW DO� ������� G� DQG K� 6FKQHL�
GHU HW DO� ������� H� $SDL HW DO� ������� I� .DODV HW DO� ������� J� 'HQW HW DO� ������� DQG L� .RQLVKL HW DO�
�������

20²25� �H�J�� 1DMLWD HW DO�� ����� DQG UHIHUHQFHV WKHUHLQ���� <HW� WKLV GRHV QRW PHDQ WKDW WKH 75²
80� UHPDLQLQJ VWDUV DUH GLVN�IUHH� EHFDXVH FRPSDFW SURWRSODQHWDU\ GLVNV KDYH EHHQ IRXQG
WRR� EXW REVHUYHG DW D VPDOO VSDWLDO UHVROXWLRQ FRPSDUHG WR WKHLU VL]H �/RQJ HW DO�� ������ 7KXV�
RXU YLHZ RI WKH FRPSOHWH SRSXODWLRQ RI FLUFXPVWHOODU GLVNV LV ELDVHG� ,Q DGGLWLRQ� RWKHU IDF�
WRUV FRPH LQWR SOD\ DQG PDNH WKH LQWHUSUHWDWLRQ RI FLUFXPVWHOODU GLVN REVHUYDWLRQV FRPSOH[�
EHFDXVH WKHVH REVHUYDWLRQV SURYLGH RQO\ SDUWLDO LQIRUPDWLRQ�

)RU LQVWDQFH� UHJDUGLQJ SURWRSODQHWDU\ GLVNV� GLIIHUHQW OD\HUV RI WKH GLVNV DUH SUREHG VXFK
DV WKH VXUIDFH RU PLG�SODQH �VHH )LJ� ���� ULJKW�SDUW� GHSHQGLQJ RQ WKH ZDYHOHQJWK RI REVHU�
YDWLRQ� &RQFHUQLQJ GHEULV GLVNV� REVHUYDWLRQV DW D JLYHQ ZDYHOHQJWK ZLOO EH VHQVLWLYH WR D
JLYHQ W\SH RI JUDLQ LQ WHUPV RI VL]H �VHH )LJ� �� EXW DOVR LQ WHPSHUDWXUH� WKDW UHVXOW WR D JUDLQ
DW DW JLYHQ GLVWDQFH WR WKH VWDU �VHH )LJ� � IURP:\DWW� ������ +RZHYHU� WKH GLVWDQFH RI WKH UH�
JLRQ SUREHG DURXQG WKH VWDU GHSHQG RQ WKH WHPSHUDWXUH RI WKH VWDU �DQG VR LWV VSHFWUDO W\SH��
EHFDXVH DW D JLYHQ GLVWDQFH WR WKH VWDU� WKH WHPSHUDWXUH LV KRWWHU DURXQG D KRWWHU VWDU� )RU
LQVWDQFH� REVHUYDWLRQV DW 24 µP FDQ GHWHFW LQ WKHUPDO HPLVVLRQ D GLVN RI D IUDFWLRQDO OXPLQRV�
LW\ HTXDO WR 10−3 DW D GLVWDQFH XS WR 6 DX DURXQG D 0�VWDU� DQG XS WR 300 DX DURXQG D $�VWDU�
�VHH )LJ� � IURP :\DWW� ������ $OO LQ DOO� WKH GHWHFWDELOLW\ RI D GHEULV GLVN GHSHQGV VWURQJO\
RI LWV EULJKWQHVV� LWV UDGLXV� WKH VSHFWUDO W\SH RI LWV KRVW VWDU �LQ WKHUPDO HPLVVLRQ�� DQG WKH
ZDYHOHQJWK RI REVHUYDWLRQ�

��<RXQJHU �20²250\U� GHEULV GHEULV IURP WKH %HWD 3LFWRULV PRYLQJ JURXS KDYH D KLJKHU GHWHFWLRQ UDWH �∼75��
3DZHOOHN HW DO�� ������
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)LJXUH ����� %ULJKW DQG ODUJH GHEULV GLVNV DUH LPDJHG DQG UHVROYHG� 7KH OXPLQRVLW\ RI GHEULV GLVNV
VHHPV WR GHFUHDVH ZLWK WLPH� 7KH OXPLQRVLW\ RI WKH ZDUP GXVW �$VWHURLG %HOW� DQG WKH FROG GXVW
�.XLSHU %HOW� GXVW DURXQG WKH 6XQ LV VLJQLÀFDQWO\ IDLQWHU WKDQ WKDW RI WKH GHWHFWHG H[WUDVRODU GLVNV�
)LJXUH IURP WKH UHYLHZ 3HDUFH �������

7KH GLVFRYHU\ RI YHU\ FORVH�LQ� PDVVLYH KRW -XSLWHUV VWURQJO\ FKDOOHQJHG WKHRULHV RI SODQHW
IRUPDWLRQ DQG HYROXWLRQ� WKDW KDG WR EH UHÀQHG WR H[SODLQ WKH H[LVWHQFH RI VXFK SODQHWV�
0RUHRYHU� WKH DEXQGDQFH RI VXSHU�(DUWKV DQGPLQL�1HSWXQHV RQ VKRUW RUELWV� TXHVWLRQHG DV�
WURQRPHUV� EHFDXVH RXU 6RODU 6\VWHP GRHV QRW KDYH VXFK W\SHV RI SODQHWV �VHH 6HFWLRQ �������

,Q PXOWL�SODQHWDU\ V\VWHPV� .HSOHU GLVFRYHUHG D VLJQLÀFDQW SRSXODWLRQ RI FRPSDFW SODQ�
HWDU\ V\VWHPV� WKDW LV WR VD\� SODQHWV ZLWK FORVH�LQ� WLJKWO\�SDFNHG RUELWV� )XUWKHUPRUH� SODQ�
HWV PD\ WHQG WR KDYH VLPLODU VL]HV DQG UHJXODU SODQHW VSDFLQJ LQ D JLYHQ V\VWHP� IROORZLQJ
WKH SHDV�LQ�D�SRG SDWWHUQ �:HLVV HW DO�� ������ 7KLV VWDWHPHQW ZDV DUJXHG E\ =KX �������
0XUFKLNRYD 	 7UHPDLQH ������ DV D SRVVLEOH FRQVHTXHQFH RI REVHUYDWLRQDO ELDVHV� WKDW ZDV
WKHQ UHMHFWHG �:HLVV 	 3HWLJXUD� ����� :HLVV HW DO�� ������

8QOLNH WKH LFRQLF VHYHQ�SODQHW V\VWHP 75$33,67�� �*LOORQ HW DO�� ����� /XJHU HW DO�� ������
PRVW RI WKH SODQHWV GHWHFWHG ZLWK .HSOHU DUH QRW LQ PHDQ�PRWLRQ UHVRQDQFHV �/LVVDXHU HW DO��
����� )DEU\FN\ HW DO�� ������ 'XULQJ WKH VWDJH RI SURWRSODQHWDU\ GLVN� SURWRSODQHWV PD\ PL�
JUDWH LQZDUGV GXH WR GLVN�SODQHW LQWHUDFWLRQV� 7KH LQQHU SURWR�SODQHW VWRSV DW WKH GLVN LQQHU
HGJH� DQG WKH RWKHUV DW VSHFLÀF ORFDWLRQV LQ UHVRQDQFHV� UHVXOWLQJ LQ D SODQHWDU\ UHVRQDQW
FKDLQ� :KHQ WKH JDV GLVVLSDWHV� WKH UHVRQDQW FKDLQ PD\ HYHQWXDOO\ EHFRPH XQVWDEOH DQG
EUHDN� VHH )LJ� ���� �OHIW�� 3ODQHWV PD\ WKHQ VSUHDG E\ PXWXDO +LOO UDGLL LQVWHDG RI RUELWDO
SHULRG UDWLR �,]LGRUR HW DO�� ����� 3LFKLHUUL HW DO�� ������

:KLOH ORZ HFFHQWULFLWLHV DQG PXWXDO LQFOLQDWLRQV RI WKH RUELWV LQGLFDWH FRPSDFW V\VWHPV
FRQÀJXUDWLRQV �H�J�� :HLVV HW DO�� ������ SODQHWV ZLWK PRGHUDWH RU KLJK HFFHQWULFLWLHV KLQW
IRU G\QDPLFDO LQVWDELOLWLHV VXFK DV SODQHW�SODQHW VFDWWHULQJ �&KDWWHUMHH HW DO�� ����� -XULþ 	
7UHPDLQH� ����� 5D\PRQG HW DO�� ����� DQG WKH SUHVHQFH RI JLDQW SODQHWV �5D\PRQG HW DO��
����� %LWVFK HW DO�� ����� %LWVFK 	 ,]LGRUR� ������ VHH )LJ� ���� �ULJKW��

,Q DGGLWLRQ� PHDVXULQJ WKH LQFOLQDWLRQ RI WKH VSLQ D[LV RI D SODQHW FRPSDUHG WR LWV RUELWDO
SODQH� L�H�� LWV REOLTXLW\� PD\ KHOS WR FRQVWUDLQ WKH G\QDPLFDO KLVWRU\ RI WKH SODQHWDU\ V\VWHP
�+DUULV 	 :DUG� ����� 7UHPDLQH� ����� 'RQHV 	 7UHPDLQH� ������ +RZHYHU� WKLV DVVXPHV
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)LJXUH ����� 3DQFKURPDWLF REVHUYDWLRQV RI WKH )RPDOKDXW GHEULV GLVN� 7KH +67 REVHUYDWLRQ LQ WKH
RSWLFDO SUREHV WKH VFDWWHUHG VWDUOLJKW RQ VPDOO GXVW SDUWLFOHV� ZKLOH WKH PLG�LQIUDUHG WR PLOOLPHWHU
REVHUYDWLRQV IURP -:67� 62),$� +HUVFKHO DQG $/0$ SUREH WKH WKHUPDO HPLVVLRQ RI ODUJHU JUDLQV�
7KH LQQHU EHOW LV GHWHFWHG DW 15.5 µP� 25.5 µP DQG VRPHKRZ DW 35 µP �VHH $GDPV HW DO�� ������ WKH
LQWHUPHGLDWH EHOW RQO\ DW 25.5 µP� DQG WKH RXWHU EHOW DW 0.6 µP� 35 µP �ZLWK GDWD VPRRWKLQJ� $GDPV
HW DO�� ������ 70 µP DQG 1.3 PP� ,PDJHV DW 0.6 µP DQG 15.5 µP VXIIHU LQ SDUWLFXODU RI VLJQLÀFDQW
DUWLIDFWV� ZKHUHDV WKH LPDJH DW 35 µP LV YHU\ QRLV\� )LJXUH IURP *DVSDU HW DO� �������

WKDW REOLTXLWLHV DUH SULPRUGLDO��� ZKLFK DUH QRW H[SHFWHG IRU LQVWDQFH IRU WKH IRXU WHUUHVWULDO
SODQHWV LQ WKH 6RODU 6\VWHP �/DVNDU 	 5REXWHO� ������ $V D PDWWHU RI IDFW� WKH SUHVHQFH RI WKH
0RRQ HVVHQWLDOO\ VWDELOL]HV WKH REOLTXLW\ RI WKH (DUWK� DQG VR LWV LQVXODWLRQ YDULDWLRQV RQ LWV
VXUIDFH� WKDW UHVXOWV LQ D UHODWLYHO\ VWDEOH FOLPDWH �/DVNDU HW DO�� ������

6WXG\LQJ WKH DWPRVSKHUHV RI �H[R�SODQHWV PD\ KLJKOLJKW KRZ SODQHWV IRUP DQG HYROYH �H�J��
*DXWLHU 	 2ZHQ� ����� 2ZHQ 	 (QFUHQD]� ������ &RPSDULQJ WKH PHWDOOLFLW\ RI D SODQHW WR
WKH PHWDOOLFLW\ RI LWV KRVW VWDU FDQ SLQSRLQW WR D IRUPDWLRQ EDVHG RQ FRUH�DFFUHWLRQ LI WKH\ DUH
GLIIHUHQW� RU RQ WKH FRQWUDU\ EDVHG RQ JUDYLWDWLRQDO LQVWDELOLW\ LI WKH\ DUH VLPLODU� ,Q DGGLWLRQ�

��+HUH� SULPRUGLDO PHDQV ZKHQ WKH 6RODU 6\VWHP ZDV IRUPHG� DW OHDVW IRU WKH IRXU JLDQW SODQHWV �/DVNDU 	
5REXWHO� ������
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)LJXUH ����� %RWK ÀJXUHV VKRZ VRPH RI WKH RUELWDO SURSHUWLHV RI H[RSODQHWV UHWULHYHG E\ WKH .HSOHU
PLVVLRQ� /HIW� 3HULRG UDWLR RI DGMDFHQW SODQHWV IURP WKH REVHUYDWLRQV �.HSOHU� JUD\� RU IURP WKHRUHW�
LFDO SUHGLFWLRQV LQ WZR FDVHV� HLWKHU IRU VWDEOH VLPXODWLRQV �FRUUHVSRQGLQJ WR DGMDFHQW SODQHWV WKDW
UHPDLQ LQ UHVRQDQW FKDLQ� UHG� RU IRU WKH XQVWDEOH VLPXODWLRQV �WKH FRQWUDU\� EOXH�� $GDSWHG ÀJXUH
IURP ,]LGRUR HW DO� ������� 5LJKW� 6LPXODWLRQVZLWK SODQHW�SODQHW VFDWWHULQJ HYHQWV FDQ UHSURGXFH WKH
REVHUYHG �.HSOHU� FXPXODWLYH HFFHQWULFLW\ GLVWULEXWLRQ RI SODQHWV� $GDSWHG ÀJXUH IURP 5D\PRQG
HW DO� �������

)LJXUH ����� &DUERQ�WR�R[\JHQ UDWLR HYROXWLRQ WKRXJKW WKH JDVHRXV GLVN� &RPSDULVRQ EHWZHHQ D
GLVN FRPSRVLWLRQ VWDWLF �gEHUJ HW DO�� ����� RQ WKH OHIW� RU HYROYLQJ ZLWK WLPH �0ROOLqUH HW DO�� �����
RQ WKH ULJKW� %RWK ÀJXUHV DUH IURP 0ROOLqUH HW DO� ������� ZLWK WKH ÀUVW RQH DGDSWDWLRQ IURP gEHUJ
HW DO� �������

WKH ORFDWLRQ RI WKH IRUPDWLRQ RI D SODQHW FRXOG EH GHWHUPLQHG E\ FRPSDULQJ WKH FDUERQ�WR�
R[\JHQ UDWLR �&�2� ZLWK WKH RQHV H[SHFWHG DW GLIIHUHQW UHJLRQV LQ D SURWRSODQHWDU\ GLVN� WKDW
LV WKH VWDJH LQ ZKLFKPRVW RI WKH JDV FDQ EH DFFUHWHG �VHH )LJ� ����� gEHUJ HW DO�� ������ RU RWKHU
UDWLRV�

%DVHG RQ HVWLPDWLRQV RI FDUERQ DQG R[\JHQ DEXQGDQFHV DQG &�2 UDWLR IURP WKH DWPR�
VSKHUH RI D SODQHW� 0ROOLqUH HW DO� ������ LQYHVWLJDWHG KRZ SODQHW IRUPDWLRQ PRGHOV FRXOG
EH LQYHUWHG� WR SURYLGH FRQVWUDLQWV RQ WKH IRUPDWLRQ SDWKZD\ RI D SODQHW� VXFK DV ZKHUH LW
DFFUHWHG PRVW RI LWV JDV DQG VROLGV� 7KH\ XQGHUOLQH WKDW WKH FODVVLFDO )LJ� ���� �OHIW� GHVFULELQJ
WKH &�2 UDWLR IRU D VWDWLF GLVN PXVW EH UHÀQHG� WR EHPRUH UHDOLVWLF� IRU LQVWDQFH E\ WDNLQJ LQWR
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DFFRXQW WKH HYROXWLRQ RI WKH GLVN FRPSRVLWLRQ �VHH )LJ� ����� ULJKW� SHEEOH GULIW DQG HYDSRUD�
WLRQ� +RZHYHU� PDQ\ SURFHVVHV PRGLI\ WKH FKHPLFDO FRPSRVLWLRQ RI WKH GLVN� VXFK DV GLVN
VWUXFWXUHV �H�J�� GLVN VHOI�VKDGRZLQJ WKDW LQGXFHV ORZHU WHPSHUDWXUHV FORVHU WR WKH VWDU� 2KQR
	 8HGD� ������ VXUIDFH UHDFWLRQV RQ JUDLQV �VXFK DV SURFHVVLQJ RI WKH YRODWLOH JDVHRXV &2 LQ
OHVV YRODWLOH &2�� H�J�� (LVWUXS HW DO�� ������ VWHOODU HYROXWLRQ �0LOH\ HW DO�� ����� RU FRVPLF�UD\
LRQL]DWLRQ �(LVWUXS HW DO�� ����� 6FKZDU] HW DO�� ������ 7KHUHIRUH� REWDLQLQJ IXOO FRPSUHKHQ�
VLYH LQYHUVH PRGHOV DFFRXQWLQJ IRU DOO SURFHVVHV LPSDFWLQJ GLVN FRPSRVLWLRQ� ZLWK WKH FRU�
UHVSRQGLQJ QXPHULFDO UHVRXUFHV WR FRPSXWH WKHP LQ D UHODWLYHO\ UHDVRQDEOH DPRXQW RI WLPH
LV OLNHO\ RSWLPLVWLF� /DVW� LQIHUULQJ WKH FRPSRVLWLRQ RI WKH LQWHUQDO VWUXFWXUH RI D SODQHW EDVHG
RQ LWV DWPRVSKHUH LV QHYHUWKHOHVV FKDOOHQJLQJ� EHFDXVH FRQQHFWLQJ ERWK LV FRPSOH[ � H�J�� WKH
FDVH RI -XSLWHU� +HOOHG HW DO�� ������

5HJDUGLQJ SODQHW HYROXWLRQ� REVHUYLQJ DWPRVSKHULF HVFDSHV LQ ROG �D IHZ JLJD\HDU� H[�
RSODQHWV� FRXOG EH WKH VLJQ RI WKHLU UHFHQW LQZDUG PLJUDWLRQ� WR H[SODLQ ZK\ DWPRVSKHULF
HVFDSH LV VWLOO XQGHUJRLQJ� 7KHUHIRUH� ODWH DWPRVSKHULF HVFDSH FRXOG LQGLFDWH ODWH G\QDPLFDO
LQWHUDFWLRQV� VXFK DV KLJK�HFFHQWULFLW\PLJUDWLRQ �.R]DL� ����� 1DR] HW DO�� ����� RU VFDWWHULQJ�
VFDWWHULQJ �5DVLR 	 )RUG� ����� HYHQWV� DQG VR WKH SUHVHQFH RI DGGLWLRQDO FRPSDQLRQV LQ WKH
V\VWHP�

2QH RWKHU NH\ JRDO RI WKH FRPPXQLW\ RI H[RSODQHWDU\ DWPRVSKHULF FKDUDFWHUL]DWLRQ� LV
VHDUFKLQJ IRU ELR�VLJQDWXUHV� WKDW ZRXOG KLQW IRU WKH SUHVHQFH RI OLIH� $QVZHULQJ WKH TXHV�
WLRQ ´$UH ZH DORQH LQ WKH XQLYHUVH"µ ZLOO REYLRXVO\ UDLVH KXJH LQWHUHVW WKDW ZLOO JR EH\RQG
WKH DVWURQRPHU FRPPXQLW\� 1HYHUWKHOHVV� ÀQGLQJ H[WUD�WHUUHVWULDO OLIH LV QRW WKDW VWUDLJKW�
IRUZDUG� DQG UDLVHV SKLORVRSKLFDO TXHVWLRQV VXFK DV� ZKDW OLIH LV� DQG ZKDW ZRXOG EH D SURRI
RI OLIH�

6HYHUDO VWHOODU SDUDPHWHUV KDYH D PDMRU LQÁXHQFH RQ WKH W\SHV RI SODQHWV WKDW FDQ IRUP� ,Q
SDUWLFXODU� JLDQW SODQHWV DUH PRUH OLNHO\ WR IRUP DURXQG UHODWLYHO\ PDVVLYH VWDUV� WKDW KDYH
VXSHU�VRODU PHWDOOLFLW\� 6XFK VWDUV KDYH PRUH PDVVLYH GLVNV� VR PRUH VROLGV DYDLODEOH IRU
SODQHW IRUPDWLRQ �.HQQHG\ 	 .HQ\RQ� ����� /LX HW DO�� ����� 6FKOHFNHU HW DO�� ������

7KH WUHQG UHJDUGLQJ VWHOODU PHWDOOLFLW\ ZDV KLJKOLJKWHG E\ WKHRUHWLFDO �,GD 	 /LQ� �����
DQG REVHUYDWLRQDO �9DOHQWL 	 )LVFKHU� ����� ZRUN� 5HFHQW SRSXODWLRQ V\QWKHVLV PRGHOV FRQ�
ÀUP WKLV� E\ UHSRUWLQJ WKDW WKH SUHVHQFH RI VXE�JLDQW �30²100 0⊕� DQG JLDQW SODQHWV �>
1000⊕� LV IDYRXUHG IRU VWDUV ZLWK VXSHU�VRODU �>)H�+@ > 0.1� VWHOODU PHWDOOLFLW\ �%XUQ HW DO��
������

&RQFHUQLQJ VWHOODU PDVV� WKH JLDQW SODQHW RFFXUUHQFH UDWH LQFUHDVHV DSSUR[LPDWHO\ OLQ�
HDUO\ ZLWK LW IRU VWDUV XS WR 2.0 0!� EDVHG RQ UDGLDO YHORFLW\ DQG WUDQVLW VXUYH\V �-RKQVRQ
HW DO�� ����� *KH]]L HW DO�� ������ 6WLOO� D IHZ 6DWXUQ�PDVV JLDQW SODQHWV KDYH EHHQ IRXQG DQG
FRQÀUPHG DURXQG YHU\ ORZ�PDVV VWDUV �H�J�� 0.120-XS� 0.150-XS 0RUDOHV HW DO�� ����� /RSH]�
6DQWLDJR HW DO�� ����� 4XLUUHQEDFK HW DO�� ������ 6XFK SODQHWV DURXQG ORZ�PDVV VWDUV FDQQRW
EH IRUPHG YLD FXUUHQW SRSXODWLRQ V\QWKHVLV PRGHOV �%XUQ HW DO�� ������ EXW WKHVH PRGHOV GR
LQGLFDWH WKDW WKH QXPEHU RI JLDQW SODQHWV LQFUHDVHG ZLWK WKH VWHOODU PDVVHV FRQVLGHUHG �0.3�
0.5� 0.7 DQG 1.0 0!�� 3ODQHW IRUPDWLRQ DURXQG WKH PDVVLYH �≥ 2 0!� VWDUV LV FKDOOHQJLQJ
ZLWKLQ WKH FRUH�DFFUHWLRQ SDUDGLJP� GXH WR WKH VKRUWHU OLIHWLPH RI JDVHRXV GLVNV� +RZHYHU�
LW FRXOG KDSSHQ YLD JUDYLWDWLRQDO LQVWDELOLW\ WKDW IRUPV SODQHWV IDVWHU �H�J�� LQ DERXW 104 \HDUV
IRU WKH ZLGH GLVWDQW SODQHW E &HQ �$%�E� LQVWHDG RI 106 \HDUV YLD D FRUH�DFFUHWLRQ IRUPDWLRQ�
-DQVRQ HW DO�� ������



���� &RQWULEXWLRQ RI P\ GRFWRUDO WKHVLV ��

,Q WKH SUHYLRXV VHFWLRQV� , KDYH VKRZQ KRZ SODQHWDU\ V\VWHP DUFKLWHFWXUHV FDQ EH GLYHUVH�
DQG WR ZKDW H[WHQW WKH\ FDQ VKHG OLJKW RQ KRZ SODQHWV IRUP DQG HYROYH� ,Q WKLV FRQWH[W�
P\ UHVHDUFK IRFXVHV RQ WKH GHWDLOHG VWXG\ RI WZR VSHFLÀF V\VWHPV DQG DOVR RQ D VXUYH\ RI D
ODUJHU VDPSOH WR JHW D VWDWLVWLFDO YLHZ RI SODQHWDU\ V\VWHPV DUFKLWHFWXUHV WR EHWWHU XQGHUVWDQG
SODQHW IRUPDWLRQ DQG HYROXWLRQ IURP JUDLQ�VL]H WR SODQHW�VL]H VFDOHV�

,Q &KDSWHU �� , SUHVHQW P\ SDQFKURPDWLF VWXG\ RQ WKH HQLJPDWLF� FRPSOH[ \RXQJ GH�
EULV GLVN +' ������ ZLWK ERWK VPDOO �30²150 DX� DQG ODUJH �≤ 1 000 DX� VWUXFWXUHV� $
ODUJH UDQJH RI GDWD LV DYDLODEOH RQ WKLV V\VWHP� LQFOXGLQJ RSWLFDO �+67�67,6�� QHDU�LQIUDUHG
�9/7�63+(5(� LQ SRODUL]HG DQG WRWDO LQWHQVLW\� DQGPLOOLPHWHU REVHUYDWLRQV LQ WKH GXVW FRQ�
WLQXXP �$/0$�� ZKLFK , FRPELQHG WR RIIHU D FRPSUHKHQVLYH YLHZ RQ WKLV V\VWHP � �� ,Q
SDUWLFXODU� E\ XVLQJ WKH 9/7�63+(5( GDWD� , PRGHOHG WKH GHEULV GLVN WR FRQVWUDLQ WKH GXVW
SURSHUWLHV RI WKH LQQHU EHOW�

'HEULV GLVNV DUH OHIW�RYHUV IURP SODQHW IRUPDWLRQ� 8QOLNH WKH SUHYLRXV V\VWHP� ZKHUH
QR SODQHW KDV EHHQ GLVFRYHUHG \HW� EXW DUH OLNHO\ WR EH WKHUH WR H[SODLQ WKH GLVN VWUXFWXUHV�
, LQWURGXFH LQ &KDSWHU � DQ HPEOHPDWLF V\VWHP NQRZQ WR KRVW DW OHDVW RQH SODQHW DQG WZR
GXVW EHOWV� 2Q WKLV \RXQJ GRXEOH�EHOW V\VWHP� +'������ , OHG DQ LQ�GHSWK GLUHFW�LPDJLQJ
DQG VSHFWURVFRSLF FKDUDFWHUL]DWLRQ RI WKH \RXQJ JDV JLDQW SODQHW� +' ����� E� O\LQJ FORVH WR
WKH LQQHU HGJH RI WKH RXWHU EHOW �'HVJUDQJH HW DO�� ����D�� $GGLWLRQDO SODQHWV DUH H[SHFWHG WR
H[SODLQ WKH ZLGWK RI WKH FDYLW\� 7KLV V\VWHP LV WR VRPH H[WHQW D \RXQJ� PDVVLYH DQDORJXH WR
RXU 6RODU 6\VWHP� GXH WR LWV GRXEOH�EHOW DUFKLWHFWXUH ZLWK JLDQW SODQHW�V� LQ WKH ODUJH FDYLW\�
$V PDVVLYH \RXQJ FRPSDQLRQV GHWHFWHG VR IDU� WKH H[RSODQHW +' ����� E LV XQGHU�OXPLQRXV
DQG UHG� LQGLFDWLQJ WKH SUHVHQFH RI GXVW DURXQG LW�

7KHQ� LQ &KDSWHU �� , IRFXV RQ V\VWHPV KRVWLQJ ORZ�PDVV SODQHWV RUELWLQJ FORVH WR WKHLU
KRVW VWDU DQG DOUHDG\ GLVFRYHUHG YLD UDGLDO YHORFLW\ PHDVXUHPHQWV� 6XFK V\VWHPV DUH QXPHU�
RXV IURP WKH .HSOHU PLVVLRQ RU WKH UDGLDO YHORFLW\ GDWD� 7KH PRWLYDWLRQ RI WKLV SURMHFW ZDV
WR GHWHUPLQH KRZ VXFK ORZ�PDVV SODQHWV� H�J�� VXSHU�(DUWKV RU PLQL�1HSWXQHV� FRXOG KDYH
EHHQ IRUPHG� 'LG WKH\ IRUP FORVH WR WKHLU KRVW VWDU� GHVSLWH D SRVVLEOH ODFN RI VROLGV" 2U
GLG WKH\ IRUP IXUWKHU RXW� DQG WKHQ PLJUDWHG LQZDUGV GXH WR G\QDPLFDO LQWHUDFWLRQV ZLWK
JLDQW SODQHWV" 7R LQYHVWLJDWH WKHVH TXHVWLRQV� , OHG WKH SXEOLFDWLRQ RI D SLORW VXUYH\ LQ GLUHFW
LPDJLQJ XVLQJ 9/7�63+(5( DQG WDUJHWWLQJ ROG VWDUV KRVWLQJ ORZ�PDVV SODQHWV WR VHDUFK IRU
PDVVLYH FRPSDQLRQV RQ ZLGH RUELWV �'HVJUDQJH HW DO�� ������ 7KH JRDO ZDV WR H[DPLQH WKH
FRUUHODWLRQ EHWZHHQ WKH SUHVHQFH RI ORZ�PDVV SODQHWV RUELWLQJ FORVH WR WKHLU KRVW VWDU DQG
RXWHU PDVVLYH FRPSDQLRQV� $ SRVLWLYH� QHJDWLYH RU DQ DEVHQFH RI FRUUHODWLRQ EHWZHHQ ERWK
W\SHV RI SODQHWV FRXOG LQGLFDWH KRZ WKH ORZ�PDVV SODQHWV KDYH IRUPHG�

,Q SDUDOOHO RI WKHVH WKUHH UHVHDUFK SURMHFWV XVLQJ PRVWO\ WKH 9/7�63+(5( LQVWUXPHQW�
, FRQWULEXWHG WR LQYHVWLJDWH KRZ WKH 63+(5( SHUIRUPDQFHV WR GHWHFW DQG FKDUDFWHUL]H H[�
RSODQHWV FRXOG EH ERRVWHG ZLWK D PHGLXP�VSHFWUDO UHVROXWLRQ LQWHJUDO�ÀHOG VSHFWURJUDSK�
7KLV ZRUN ZDV FDUULHG RXW LQ WKH FRQWH[W RI WKH 63+(5( XSJUDGH� QDPHG 63+(5(�� DQG
WKH 63+(5(� FRQVRUWLXP� 7KHUH DUH VWURQJ FRQQHFWLRQV EHWZHHQ 63+(5(���� DQG WKH (/7
LQVWUXPHQWV� ERWK RQ DVWURSK\VLFDO DQG LQVWUXPHQWDO SHUVSHFWLYHV� , GHVFULEH WKHP ODWHU LQ
WKH PDQXVFULSW�

/HW·V QRZGLYH LQ WKH FRQFHSWV DQGPHWKRGV WR GLUHFWO\ LPDJH H[RSODQHWV DQGGLVNV� ZKLFK
LV WKH VXEMHFW RI WKH &KDSWHU ��



��

,Q WKLV FKDSWHU� , GHVFULEH WKH PHWKRGRORJ\ , XVHG WR LPDJH FLUFXPVWHOODU VLJQDOV� VXFK DV
H[RSODQHWV DQG GLVNV� )LUVW� LQ 6HFWLRQ ���� , JLYH D EULHI RYHUYLHZ RI KLJK FRQWUDVW IDFLOLWLHV�
ERWK JURXQG� RU VSDFH�EDVHG� 7KHQ� LQ 6HFWLRQ ���� , H[SODLQ WKH QHFHVVDU\ VWHSV WR UHDFK
WKH VHQVLWLYLW\ WR LPDJH H[RSODQHWV DQG GLVNV� 7KLV UHTXLUHV KLJK�DQJXODU UHVROXWLRQ �6HF�
WLRQ ������� KLJK�FRQWUDVW LPDJLQJ �6HFWLRQ ������ DQG VSHFLÀF GDWD SURFHVVLQJ WHFKQLTXHV XV�
LQJ GHGLFDWHG VWUDWHJLHV RI REVHUYDWLRQ �6HFWLRQ ������� )LQDOO\� LQ 6HFWLRQ ���� , VKHG OLJKW RQ
WKH KLJK�FRQWUDVW LPDJLQJ 63+(5( LQVWUXPHQW DW WKH 9/7� ZKLFK , KDYH PRVWO\ XVHG GXULQJ
P\ 3K�'� IRU P\ UHVHDUFK�

��� +LJK�FRQWUDVW JURXQG� DQG VSDFH�EDVHG IDFLOLWLHV � � � � � � � � � � � � � � � � ��
��� 5HDFKLQJ WKH VHQVLWLYLW\ WR LPDJH H[RSODQHWV DQG GLVNV � � � � � � � � � � � � � ��

����� +LJK�DQJXODU UHVROXWLRQ XVLQJ DGDSWLYH RSWLFV � � � � � � � � � � � � � � ��
����� +LJK�FRQWUDVW LPDJLQJ XVLQJ D FRURQDJUDSK � � � � � � � � � � � � � � � ��
����� 6WUDWHJLHV RI REVHUYDWLRQ DQG GDWD SURFHVVLQJ � � � � � � � � � � � � � � ��

$QJXODU 'LIIHUHQWLDO ,PDJLQJ � � � � � � � � � � � � � � � � � � � � � � � � ��
6SHFWUDO 'LIIHUHQWLDO ,PDJLQJ � � � � � � � � � � � � � � � � � � � � � � � � ��
5HIHUHQFH 'LIIHUHQWLDO ,PDJLQJ � � � � � � � � � � � � � � � � � � � � � � � ��
3RODUL]DWLRQ 'LIIHUHQWLDO ,PDJLQJ � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH 63+(5( KLJK�FRQWUDVW LQVWUXPHQW DW WKH 9HU\ /DUJH 7HOHVFRSH � � � � � � ��
����� 2YHUYLHZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� /LPLWDWLRQV DQG JRLQJ EH\RQG � � � � � � � � � � � � � � � � � � � � � � � ��
����� 6\QHUJLHV ZLWK RWKHU IDFLOLWLHV � � � � � � � � � � � � � � � � � � � � � � � ��



���� +LJK�FRQWUDVW JURXQG� DQG VSDFH�EDVHG IDFLOLWLHV ��

,Q WKLV 6HFWLRQ� , JLYH VRPH FRQWH[W DERXW H[LVWLQJ KLJK�FRQWUDVW LPDJHUV DEOH WR GLUHFWO\ LP�
DJH H[RSODQHWV DQG FLUFXPVWHOODU GLVNV�

+LJK�FRQWUDVW LPDJHUV LQ VSDFH GR QRW VXIIHU IURP WKH HIIHFWV RI WKH (DUWK·V DWPRVSKHUH�
ZKLFK GHIRUPV WKH ZDYHIURQW RI WKH OLJKW DQG GHJUDGHV WKH DQJXODU UHVROXWLRQ �VHH 6HF�
WLRQ ������� ,Q DGGLWLRQ� WKH\ GR QRW VXIIHU IURP WKH DEVRUSWLRQ RI WKH (DUWK·V DWPRVSKHUH�
7KXV� WKH\ FDQ REVHUYH FHOHVWLDO REMHFWV LQ VSHFWUDO UDQJHV XQDFFHVVLEOH IURP WKH JURXQG� WKDW
LV WR VD\� LQ γ UD\V� ; UD\V� XOWUDYLROHW DQG LQ WKHPLG� RU IDU�LQIUDUHG� ,Q DGGLWLRQ� WKH RULJLQ RI
VSHFWUDO IHDWXUHV LQ VSHFWUD DFTXLUHG LQ VSDFH FDQQRW EH FRQIXVHG EHWZHHQ WUXH DVWURSK\VLFDO
VLJQDO �HLWKHU WKH H[RSODQHW LWVHOI RU LWV KRVW VWDU�� DQG WHUUHVWULDO DEVRUSWLRQ IURP WKH (DUWK·V
DWPRVSKHUH� )XUWKHUPRUH� VSDFH REVHUYDWLRQV DUH PRUH VWDEOH WKDQ JURXQG�EDVHG REVHUYD�
WLRQV� )RU LQVWDQFH� XQFHUWDLQWLHV RQ REVHUYDEOHV� VXFK DV WKH ÁX[ RI DQ REMHFW� DUH VPDOOHU
GXH WR WKH DEVHQFH RI WKH FRQVWDQWO\ HYROYLQJ DWPRVSKHUH RI WKH (DUWK�

+RZHYHU� VSDFH WHOHVFRSHV DUH ORQJ�WHUP� H[SHQVLYH SURMHFWV� )RU LQVWDQFH� LQLWLDO GH�
VLJQV IRU WKH -DPHV :HEE 6SDFH 7HOHVFRSH �-:67� *DUGQHU HW DO�� ����� VWDUWHG LQ ����� ZKHUHDV
-:67 ZDV ODXQFKHG RQ 'HFHPEHU ��� ����� IRU D WRWDO FRVW RI 10 ELOOLRQ RI 8QLWHG 6WDWHV 'RO�
ODUV �86'�� ,Q DGGLWLRQ� PRVW RI WKH WLPH� QR UHSDLUV DUH SRVVLEOH RQFH WKH VSDFH WHOHVFRSH LV
ODXQFKHG� 7KH H[FHSWLRQ LV WKH ÀYH UHSDLU �RU LQVWUXPHQWDWLRQ XSGDWH� PLVVLRQV FDUULHG RXW
RQ WKH+XEEOH 6SDFH 7HOHVFRSH �+67�� 7KHVH PLVVLRQV ZHUH SRVVLEOH GXH WR WKH UHODWLYH SUR[LP�
LW\ RI +67� ZKLFK LV ORFDWHG RQ D 590�NP DOWLWXGH RUELW� DQG EHFDXVH PDLQWHQDQFH PLVVLRQV
RQ WKH +67 XVLQJ VSDFH VKXWWOHV ZHUH SODQQHG IURP WKH EHJLQQLQJ� +RZHYHU� VXFK H[SHQ�
VLYH UHSDLU PLVVLRQV ZRXOG QRW EH FRQFHLYDEOH EHIRUH D ORQJ WLPH IRU WHOHVFRSHV ORFDWHG DW
WKH /DJUDQJH � SRLQW �/�� 1.5 PLOOLRQ RI NLORPHWHUV� VXFK DV WKH -:67� 7KHUHIRUH� RQ�ERDUG
LQVWUXPHQWDWLRQ PXVW EH KLJKO\ UHOLDEOH� &RQVHTXHQWO\� ZKHQ ÀQDOO\ RSHUDWHG� VSDFH LQVWUX�
PHQWDWLRQ FDQ EH RXWGDWHG FRPSDUHG WR ZKDW LV LQ SDUDOOHO GHYHORSHG� WHVWHG� DQG XVHG RQ
WKH JURXQG�EDVHG IDFLOLWLHV� /DVW� LW LV GLIÀFXOW DQG H[SHQVLYH WR VHQG LQ VSDFH D WHOHVFRSH
ZLWK D ODUJH SULPDU\ PLUURU� 7R GDWH� -:67 KDV WKH ODUJHVW �6.2P� SULPDU\ PLUURU HYHU VHQW
WR VSDFH� ,W UHTXLUHG D ÀQH�WXQHG GHVLJQ DQG VWUDWHJ\� -:67 ZDV ODXQFKHG ZLWK WKH SULPDU\
PLUURU IROGHG� EHIRUH WKH PLUURU ZDV GHSOR\HG RQFH -:67 KDG UHDFKHG LWV ÀQDO /� ORFDWLRQ�

,Q P\ ÀHOG RI UHVHDUFK� GLUHFW�LPDJLQJ RI H[RSODQHWV DQG FLUFXPVWHOODU REMHFWV� WKH VSDFH
IDFLOLWLHV RI SDUWLFXODUO\ LQWHUHVW DUH ,5$6 �,QIUD5HG $VWURQRPLFDO 6DWHOOLWH� 1HXJHEDXHU HW DO��
������ 6SLW]HU �:HUQHU HW DO�� ������ +HUVFKHO �3LOEUDWW HW DO�� ������ :,6( �:ULJKW HW DO�� ������
+67� -:67� DQG WKH IRUWKFRPLQJ1DQF\ *UDFH 5RPDQ 6SDFH 7HOHVFRSH �6SHUJHO HW DO�� ����� WKDW
ZLOO EH ODXQFKHG LQ �����

,Q EULHI� ,5$6 PDSSHG WKH VN\ DQG LGHQWLÀHG VWDUV ZLWK LQIUDUHG H[FHVV LQWHUSUHWHG DV
FRRO GXVW VXUURXQGLQJ VWDUV� ,Q SDUWLFXODU� IDPRXV GLVFRYHULHV RI ,5$6 DUH WKH )DEXORXV )RXU
GHEULV GLVNV� 9HJD �$XPDQQ HW DO�� ������ )RPDOKDXW� %HWD 3LFWRULV DQG (SVLORQ (ULGDQL �H�J��
*LOOHWW� ����� %DFNPDQ 	 3DUHVFH� ������ $IWHU OHDUQLQJ ,5$6 UHVXOWV� 6PLWK 	 7HUULOH ������
REVHUYHG DQG UHVROYHG WKH %HWD 3LFWRULV GHEULV GLVN� PDNLQJ WKLV V\VWHP WKH ÀUVW VSDWLDOO\
UHVROYHG GHEULV GLVN HYHU� /DWHU� 6SLW]HU� +HUVFKHO DQG:,6(PLVVLRQV KHOSHG WR LGHQWLI\ VWDUV
KRVWLQJ GHEULV GLVNV� WR UHPRYH VSXULRXV RQHV� DQG WR GHULYH PLQLPXP RFFXUUHQFH UDWHV IRU
GHEULV GLVNV�

5HJDUGLQJ �VWLOO� ZRUNLQJ VSDFH IDFLOLWLHV�+67� ODXQFKHG LQ ����� KDV LPDJHG D ODUJH QXP�
EHU RI GHEULV GLVNV� UHYHDOLQJ LQ SDUWLFXODU KDORV RI VPDOO SDUWLFOHV WKDW DUH SXVKHG DZD\ GXH
WR VWHOODU SUHVVXUH DQG ZLQGV� 5HJDUGLQJ -:67� VFLHQFH UHVXOWV KDYH MXVW UHFHQWO\ VWDUWHG WR
EH UHOHDVHG� 7R QDPH D IHZ� -:67 DOUHDG\ LPDJHG DQG UHVROYHG IRU WKH ÀUVW WLPH VHYHUDO GLVN
VWUXFWXUHV� VXFK DV WKH LQQHU GLVN LQ WKH LFRQLF )RPDOKDXW V\VWHP� UHYHDOLQJ D QHZ LQWHUPH�
GLDWH EHOW �*DVSDU HW DO�� ������ WKH LQQHU EHOW RI WKH EHQFKPDUN +5 ���� V\VWHP �%RFFDOHWWL
HW DO�� ������ RU WKH VR�FDOOHG FDW·V WDLO LQ WKH HPEOHPDWLF %HWD 3LFWRULV V\VWHP �5HEROOLGR HW DO��



�� &KDSWHU �� 'LUHFW LPDJLQJ RI H[RSODQHWV DQG GLVNV� FRQFHSW DQG PHWKRGV

������ ,Q WKH QHDU IXWXUH� WKH 1DQF\ *UDFH 5RPDQ 6SDFH 7HOHVFRSH ZLOO DFKLHYH XQSUHFHGHQWHG
GHWHFWLRQ OLPLWV ZLWK LWV FRURQDJUDSKLF LQVWUXPHQW �&*,�� E\ EHLQJ VHQVLWLYH LQ WKH RSWLFDO WR
H[RSODQHWV RQH ELOOLRQ WLPHV IDLQWHU WKDQ WKHLU KRVW VWDU� 7KH &*, LQVWUXPHQW LV D WHFKQRO�
RJ\ GHPRQVWUDWRU IRU WKH +DELWDEOH :RUOGV 2EVHUYDWRU\ �+:2�� WKDW VKRXOG EH ODXQFKHG
LQ ����V�� 7KH +DELWDEOH :RUOGV 2EVHUYDWRU\ ZLOO EH ÀQH�WXQHG WR VHDUFK IRU DQG LPDJH
H[R�(DUWKV ORFDWHG LQ WKH KDELWDEOH ]RQHV RI WKHLU VWDUV� WKXV ZKHUH OLTXLG ZDWHU FRXOG H[LVW�

*URXQG�EDVHG IDFLOLWLHV DUH FRPSOHPHQWDU\ WR VSDFH�EDVHG IDFLOLWLHV LQ PDQ\ ZD\V� )LUVW�
IDFLOLWLHV RQ WKH JURXQG RIIHU PRUH ÁH[LELOLW\ WR WHVW QHZ LQVWUXPHQWDWLRQ� WHFKQRORJLHV DQG
QHZ VWUDWHJLHV RI REVHUYDWLRQ WKDW PD\ HYHQ UHTXLUH ÀQH�WXQLQJ GXULQJ WKH REVHUYDWLRQ �H�J��
3RWLHU HW DO�� ����� ������ 6HFRQG� LW LV OHVV H[SHQVLYH WR EXLOG D JURXQG�EDVHG WHOHVFRSH WKDQ
D VSDFH�EDVHG RQH� ,Q DGGLWLRQ� VSDFH WHOHVFRSHV KDYH D OLPLWHG OLIHWLPH� GHSHQGLQJ RQ WKHLU
IXHO� )LQDOO\� HYHQ LI WKHUH ZHUH QRW ÀQDQFLDO FRQVWUDLQWV� VRPH DVWURQRPLFDO IDFLOLWLHV ZRXOG
VLPSO\ QRW EH IHDVLEOH LQ VSDFH JLYHQ WKH FXUUHQW VWDWH RI NQRZ�KRZ� +RZHYHU� WKH\ FRXOG
EH EXLOW RQ WKH JURXQG� DV IRU H[DPSOH� WKH H[WUHPHO\ ODUJH WHOHVFRSHV�

7DEOH ���� /LVW RI FXUUHQW JURXQG�EDVHG KLJK�FRQWUDVW LPDJHUV RQ 8²10�P FODVV WHOHVFRSHV� )RU HDFK
KLJK�FRQWUDVW LQVWUXPHQW� , LQGLFDWH LWV ÀUVW OLJKW� VSHFWUDO UDQJH �λ� DQG WKH QDPH RI WKH DGDSWLYH
RSWLFV �$2� V\VWHP LI LW LV D VHSDUDWH LQVWUXPHQW� 6RPH LQVWUXPHQWV GR QRW KDYH D SDUWLFXODU UHI�
HUHQFH SDSHU� �� 7KH *3, LQVWUXPHQW FXUUHQWO\ XQGHUJRQHV LWV XSJUDGH *3,���� DQG ZLOO EH WKHQ
LQVWDOOHG RQ *HPLQL 1RUWK�

$FURQ\PV RI WKH GLIIHUHQW LQVWUXPHQWV DUH� 1,&,� 1HDU ,QIUDUHG &RURQDJUDSKLF ,PDJHU�
1,563(&� 1HDU�,QIUD5HG 6SHFWURJUDSK� 1,5&�� 1HDU�,QIUD5HG &DPHUD� $/7$,5 �&KULVWRX HW DO��
������ 1,5,� 1HDU�,QIUD5HG ,PDJHU� *3,� *HPLQL 3ODQHW ,PDJHU� 6&([$2� 6XEDUX &RURQDJUDSKLF
([WUHPH $GDSWLYH 2SWLFV �-RYDQRYLF HW DO�� ������ +L&,$2� +LJK�&RQWUDVW &RURQDJUDSKLF ,PDJHU
IRU $GDSWLYH 2SWLFV� &+$5,6� &RURQDJUDSKLF +LJK $QJXODU 5HVROXWLRQ ,PDJLQJ 6SHFWURJUDSK�
)/$2� )LUVW OLJKW DGDSWLYH RSWLFV �(VSRVLWR HW DO�� ������ 628/� 6LQJOH FRQMXJDWHG DGDSWLYH 2S�
WLFV 8SJUDGH IRU /%7 �3LQQD HW DO�� ������ /0,5&DP� /%7 0LG�,QIUD5HG LQWHUIHURPHWULF &DPHUD�
6+$5.�1,5�9,6� 6\VWHP IRU +LJK FRQWUDVW $QG FRURQDJUDSK\ IURP 5 WR . DW 1,5�9,6 EDQGV�
63+(5(� 6SHFWUR�3RODULPHWULF +LJK�FRQWUDVW ([RSODQHW 5(VHDUFK�

7HOHVFRSH $2 ,QVWUXPHQW )LUVW OLJKW λ �µP� 5HIHUHQFH SDSHU

1RUWKHUQ KHPLVSKHUH

.HFN
1,563(& ������� 1.0²5.5 0F/HDQ HW DO� ������
1,5&� ������� 1.0²4.8
26,5,6 ������� 1.0²2.4 /DUNLQ HW DO� ������

*HPLQL 1� $/7$,5 1,5, ���� 1.1²2.5 +RGDSS HW DO� ������

6XEDUX $2����6&([$2 +L&,$2 ������� 0.8²2.5 +RGDSS HW DO� ������
6&([$2 &+$5,6 ������� 1.2²2.4 *URII HW DO� ������

/%7
)/$2�628/ /0,5&DP ������� 1.0²5.0 6NUXWVNLH HW DO� ������
628/ 6+$5.�1,5 ������� 1.0²1.7 )DULQDWR HW DO� ������
628/ 6+$5.�9,6 ������� 0.4²0.9 3HGLFKLQL HW DO� ������

6RXWKHUQ KHPLVSKHUH

*HPLQL 6� 1,&, ������� 1.1²5.0
*3,�� ������� 1.1²2.3 0DFLQWRVK HW DO� ������

9/7 63+(5( ������� 0.5²2.3 %HX]LW HW DO� ������
(5,6 ������� 1.1²5.0 'DYLHV HW DO� ������

&XUUHQW KLJK�FRQVWUDVW LPDJHUV RQ ODUJH �8²10�PHWHU FODVV� WHOHVFRSHV DUH OLVWHG LQ 7D�
EOH ���� $ UHYLHZ RI SRVW����� KLJK�FRQWUDVW LQVWUXPHQWV LV DYDLODEOH LQ &KDXYLQ �������



���� 5HDFKLQJ WKH VHQVLWLYLW\ WR LPDJH H[RSODQHWV DQG GLVNV ��

DQG LQ SDUWLFXODU DGGUHVVHV WKHLU FRQVWUDLQWV RQ SODQHW IRUPDWLRQ DQG HYROXWLRQ PRGHOV� H[�
RSODQHW GHPRJUDSKLFV DQG SODQHWDU\ DUFKLWHFWXUHV�

'XULQJ P\ 3K�'�� , KDYH PRVWO\ XVHG WKH 9/7�63+(5( KLJK�FRQVWUDVW LQVWUXPHQW �VHH
&KDSWHUV �� �� DQG �� ZKLFK LQFOXGH WKH DUWLFOHV 'HVJUDQJH HW DO�� ����D� ����� �� , DOVR JRW
GHHSO\ LQWHUHVWHG LQ WKH JURXQG�EDVHG /%7�6+$5.�1,5 DQG /%7�/0,5&DP DQG VSDFH�
EDVHG +67�67,6� -:67�1,5&DP� DQG -:67�0,5, IDFLOLWLHV� ,Q SDUWLFXODU� , VXEPLWWHG SUR�
SRVDOV ZLWK DOO WKHVH IDFLOLWLHV WR REWDLQ WHOHVFRSH WLPH DQG LQLWLDWH IXWXUH UHVHDUFK SURMHFWV RQ
ZKLFK , LQWHQG WR ZRUN RQ GXULQJ P\ SRVW�GRFWRUDO SRVLWLRQ� , ZDV JUDQWHG WHOHVFRSH WLPH
DV FR�3, RQ -:67 �3,� (OLVDEHWK 0DWWKHZV� ,'� *2 ������ DQG DV 3, RQ (62 �,'� ������)��
������(�� �������'� DQG /%7 �,'� 03,$�����$����� 03,$�����$����� 03,$�����%����� ID�
FLOLWLHV� VHH $SSHQGL[ %�

+HUH� , GHVFULEH WKH WKUHH PDLQ VWHSV WR UHDFK WKH VHQVLWLYLW\ WR LPDJH FLUFXPVWHOODU VLJQDOV
VXFK DV H[RSODQHWV DQG GLVNV� 7KHVH VWHSV DUH LOOXVWUDWHG LQ )LJ� ��� IRU D JURXQG�EDVHG LQ�
VWUXPHQW� ,Q 6HFWLRQ ������ , SUHVHQW WKH ÀUVW VWHS� ZKLFK LV UHDFKLQJ D KLJK�DQJXODU UHVROXWLRQ
OLPLWHG E\ GLIIUDFWLRQ �DQG QRW E\ WKH WXUEXOHQFH RI WKH DWPRVSKHUH� XVLQJ DQ DGDSWLYH RS�
WLFV V\VWHP� 7KH QH[W VWHS LV WR UHPRYH PRVW RI WKH VWHOODU OLJKW E\ XVLQJ D FRURQDJUDSK� VHH
6HFWLRQ ������ (YHQWXDOO\� , HQG XS LQ 6HFWLRQ ����� ZLWK WKH ODVW VWHS� GDWD SURFHVVLQJ� ZKLFK
LV FUXFLDO WR UHPRYH HYHQ PRUH VWHOODU OLJKW DQG GHWHFW H[RSODQHWV DQG GLVN�

+ Coronograph
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C ∼ 10
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)LJXUH ���� 3ULQFLSOH RI KLJK�FRQVWUDVW LPDJLQJ DQG KLJK�DQJXODU UHVROXWLRQ LQVWUXPHQW� )URP OHIW
WR ULJKW� W\SLFDO LPDJH RI D VWDU IURP D JURXQG�EDVHG LQVWUXPHQW ZLWKRXW DQ DGDSWLYH RSWLFV V\VWHP�
DGGLWLRQ RI DQ DGDSWLYH RSWLFV V\VWHP WRZRUN DW KLJK DQJXODU UHVROXWLRQ� DGGLWLRQ RI D FRURQDJUDSK
WR UHPRYH WKH VWHOODU KDOR RI WKH VWDU� DQG ÀQDOO\ SRVW�SURFHVVHG+5 ���� GDWD� &UHGLWV� WKH 63+(5(
FRPPLVVLRQLQJ WHDP DQG )DXVWLQH &DQWDOORXEH�

6LQFH H[RSODQHWV DQG FLUFXPVWHOODU GLVNV DUH ORFDWHG YHU\ FORVH WR WKHLU KRVW VWDU� KLJK DQJXODU
UHVROXWLRQ LV UHTXLUHG WR GLVWLQJXLVK WKHP IURP WKHLU VWDU� DV EULHÁ\ ZULWWHQ LQ 6HFWLRQ ������

,Q WKH GLIIUDFWLRQ UHJLPH� WKH DQJXODU UHVROXWLRQ LV GHWHUPLQHG E\ λ/D� ZKHUH λ LV WKH
ZDYHOHQJWK DQG D WKH GLDPHWHU RI WKH WHOHVFRSH� )RU LQVWDQFH� WKH GLDPHWHU RI WKH SULPDU\
PLUURU RI D XQLW WHOHVFRSH LV 8.2 P DW 3DUDQDO� ZKHUH WKH 9/7 LV ORFDWHG� 7KXV� WKH DQJXODU
UHVROXWLRQ LV 0.015´ DW 600 QP �YLVLEOH�� +RZHYHU� WKH GLIIUDFWLRQ UHJLPH LV QRW DFKLHYDEOH
QRPLQDOO\ IURP WKH JURXQG� EHFDXVH WKH WXUEXOHQFH LQ WKH DWPRVSKHUH SHUWXUEV WKH LQFRPLQJ
VWHOODU ZDYHIURQW� &RQVHTXHQWO\� JURXQG�EDVHG REVHUYDWLRQV DUH OLPLWHG E\ WKH WXUEXOHQFH
DQG DUH QRW GLIIUDFWLRQ�OLPLWHG� ZH VD\ WKH\ DUH VHHQJ OLPLWHG� 7KH\ KDYH D UHVROXWLRQ RI
λ/r0� VFDOLQJ DV λ6/5� ZKHUH r0 LV WKH )ULHG SDUDPHWHU� ZKLFK VFDOHV ZLWK λ6/5� DQG WKDW FDQ
EH LQWHUSUHWHG DV WKH FRKHUHQFH OHQJWK RI WKH DWPRVSKHUH� )RU LQVWDQFH� WKH FRKHUHQFH OHQJWK



�� &KDSWHU �� 'LUHFW LPDJLQJ RI H[RSODQHWV DQG GLVNV� FRQFHSW DQG PHWKRGV

LV W\SLFDOO\ 15 FP DW 600 QP DW 3DUDQDO LQ &KLOH� ZKHUH LV ORFDWHG WKH 9/7� UHVXOWLQJ LQ DQ
DQJXODU UHVROXWLRQ RI 2.2´� KHQFH 55 WLPHV SRRUHU� 7R VXPPDUL]H� WKH ODUJHU WKH SULPDU\
PLUURU RI D WHOHVFRSH� WKH PRUH LW UHFHLYHV SKRWRQV IURP WKH FHOHVWLDO REMHFW� 1RQHWKHOHVV� LQ
WKH VHHLQJ�OLPLWHG UHJLPH� EH\RQG D JLYHQ GLDPHWHU RI WKH SULPDU\ PLUURU WKDW FRUUHVSRQGV
WR r0� D ODUJHU SULPDU\ PLUURU GRHV QRW LQFUHDVH DQ\PRUH WKH DQJXODU UHVROXWLRQ�

7KLV LV ZK\ KLJK�FRQWUDVW LPDJHUV DUH HTXLSSHG ZLWK DQ DGDSWLYH RSWLFV �$2� V\VWHP�
WKDW DLPV WR UHVWRUH WKH DQJXODU UHVROXWLRQ DOORZHG LQ WKH GLIIUDFWLRQ UHJLPH� ,Q SUDFWLFH�
DQ $2 V\VWHP LV FRPSRVHG RI D ZDYHIURQW VHQVRU �:)6�� D FRQWURO V\VWHP EHLQJ D UHDO�WLPH
FRPSXWHU �57&� DQG D GHIRUPDEOH PLUURU �'0�� VHH )LJ� ���� )LUVW� WKH DEHUUDWLRQV RI WKH
LQFRPLQJ ZDYHIURQW DUH PHDVXUHG E\ WKH ZDYHIURQW VHQVRU� $ ZLGHO\ XVHG ZDYHIURQW VHQ�
VRU LV WKH 6KDUN�+DUWPDQQ� WKDW LV DQ DUUD\ RI OHQVOHWV� 7KH LGHDO VDPSOLQJ RI WKH DUUD\ RI
OHQVOHWV LV VHW E\ WKH YDOXH RI WKH )ULHG SDUDPHWHU r0� DQG FRUUHVSRQG WR

(

D

r0

)2 OHQVOHWV� (DFK
OHQVOHW PDNHV DQ LPDJH RI D VWDU� ZKRVH FHQWURLG ZLOO EH VKLIWHG GXH WR WKH GLVWRUWHG ZDYH�
IURQW� 7KH GLVSODFHPHQWV RI HDFK VWHOODU FHQWURLG DUH GHULYHG E\ D UHDO�WLPH FRPSXWHU� 7KH\
DUH FRUUHFWHG LQ D FORVHG ORRS ZLWK D GHIRUPDEOH PLUURU� ,QVWHDG RI EHLQJ D ÁDW VXUIDFH� WKH
GHIRUPDEOH PLUURU FDQ ORFDOO\ FKDQJH RI VKDSH WKDQNV WR DQ DUUD\ RI DFWXDWRUV WKDW SXVK DQG
SXOO WKH GHIRUPDEOH PLUURU�
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)LJXUH ���� 6NHWFK LOOXVWUDWLQJ WKH SULQFLSOH RI DQ DGDSWLYH RSWLFV V\VWHP� ,Q WKLV VHW�XS� WKHUH LV
QR FRURQDJUDSK� +RZHYHU� D FRURQDJUDSK V\VWHP VXFK DV WKH $3/& �VHH )LJ� ���� FRXOG EH DGGHG
EHWZHHQ WKH EHDPVSOLWWHU DQG WKH OHQVH WKDW IRFXVHV WKH EHDPRQ WKH GHWHFWRU� &UHGLWV� 6PDOO VTXDUH�
LPDJHV FRPH IURP WKH 63+(5( FRPPLVVLRQLQJ�



���� 5HDFKLQJ WKH VHQVLWLYLW\ WR LPDJH H[RSODQHWV DQG GLVNV ��

$QRWKHU FUXFLDO LQJUHGLHQW RI DQ HIIHFWLYH $2 V\VWHP LV WKH FRKHUHQFH WLPH RI WKH DWPR�
VSKHUH� QRWHG τ0� DQG WKDW LV OLQNHG WR r0 YLD WKH UHODWLRQVKLS

τ0 = 0.314 ×
r0

vZLQG
, �����

ZKHUH vZLQG LV WKH PHDQ ZLQG VSHHG ZHLJKWHG E\ WKH WXUEXOHQFH SURÀOH DORQJ WKH OLQH RI
VLJKW �5RGGLHU� ������ 7KH $2 V\VWHP PXVW FRUUHFW WKH DEHUUDWHG ZDYHIURQW IDVWHU WKDQ DFWV
WKH WXUEXOHQFH RI WKH DWPRVSKHUH� WR UHVXOW LQ D FRUUHFWLRQ VWLOO YDOLG� 7\SLFDOO\� DW 3DUDQDO�
WKH FRKHUHQFH WLPH RI WKH DWPRVSKHUH LV 2PV �)LJ� ����� UHTXLULQJ WKH VDPSOLQJ IUHTXHQF\ RI
WKH $2 V\VWHP WR EH IDVWHU WKDQ 1 N+] WR DYRLG WKH VHUYRODJ HUURU�

$Q HIIHFWLYH FRUUHFWLRQ RI DQ DEHUUDWHG ZDYHIURQW RI DEVROXWH VWDU UHVXOWV LQ D TXDVL�ÁDW
VWHOODU ZDYHIURQW� ,Q WHUPV RI LPDJHV� LQVWHDG RI EHLQJ D IX]]\ ODUJH VSRW� WKH LPDJH RI D VWDU
E\ WKH RSWLFDO V\VWHP �WHOHVFRSH�LQVWUXPHQW� KDV D UDWKHU VWDEOH $LU\ GLIIUDFWLRQ SDWWHUQ� VHH
)LJ� ��� �VHFRQG LPDJH�� 7KLV SRLQW�VRXUFH LPDJH WKURXJK DQ RSWLFDO LPDJH LV FRPPRQO\
FDOOHG WKH SRLQW VSUHDG IXQFWLRQ �36)�� 7KH VL]H RI WKH 36) LV UHIHUUHG DV WKH IXOO�ZLGWK DW
KDOI PD[LPXP �):+0� DQG LV HTXDO WR WKH DQJXODU UHVROXWLRQ� L�H�� λ/D LQ WKH GLIIUDFWLRQ
UHJLPH� $ NH\ SDUDPHWHU WR DVVHVV WKH $2 FRUUHFWLRQ LV WKH VWUHKO UDWLR� QRWHG 6U� 7KLV LV WKH
UDWLR RI WKH SHDN RQ�D[LV LQWHQVLW\ RI WKH 36) RI DQ DEHUUDWHG ZDYHIURQW� WR WKDW RI D UHIHUHQFH
XQDEHUUDWHG ZDYHIURQW�

/RJLFDOO\� WKH VWUHKO UDWLR GHSHQGV RQ WKH TXDOLW\ RI WKH $2 FRUUHFWLRQ� ZKLFK LV UHODWHG
WR WKH LQVWUXPHQW DQG WKH REVHUYDWLRQDO FRQGLWLRQV� VXFK DV WKH VHHLQJ DQG WKH FRKHUHQFH
WLPH RI WKH DWPRVSKHUH� DQG WKH EULJKWQHVV RI WKH WDUJHW VWDU� VHH )LJ� ���� 7KH VWUHKO UDWLR LV
KLJKHU IRU VPDOOHU VHHLQJ� KLJKHU FRKHUHQFH WLPH� DQG EULJKWHU VWDUV� )RU LQVWDQFH� LI WKH VWDU
LV IDLQWHU� WKH :)6 QHHGV PRUH WLPH WR DFTXLUH HQRXJK SKRWRQV WR HVWLPDWH ZHOO WKH FHQWURLG
RI WKH VWDU� DQG VR DSSO\ DQ DSSURSULDWH $2 FRUUHFWLRQ� )RU ORQJ �≥ 6 PV� FRKHUHQFH WLPH
DQG YHU\ EULJKW �9 < 5PDJ� VWDUV� WKH VWUHKO RI 63+(5( FDQ EH KLJKHU WKDQ 90� �)LJ� �����

+LVWRULFDOO\� WKH ÀUVW$2�HTXLSSHG LQVWUXPHQW WHVWHG RQ VN\ZDV&20(�21� DW WKH 1.52P
DW WKH 2EVHUYDWRLUH GH +DXWH�3URYHQFH LQ ���� �5RXVVHW HW DO�� ����� DQG DIWHUZDUGV RQ WKH
3.6P DW /D 6LOOD LQ &KLOH� 7KH $2 SURWRW\SH &20(�21 ����������� KDG 19 DFWXDWRUV ZLWK D
FRUUHFWLRQ IUHTXHQF\ RI 100 +]� ZKLOH LWV XSJUDGHG YHUVLRQV &20(�21� ����������� 5RXV�
VHW HW DO�� ����� DQG $'21,6 ����������� +XELQ HW DO�� ����� KDG 52 DFWXDWRUV ZLWK D FRUUHF�
WLRQ IUHTXHQF\ RI 200 +]� *RLQJ WR ODUJHU WHOHVFRSHV� IURP WKH (62 ����PHWHU WHOHVFRSH WR
WKH 9/7 �����PHWHU�� WKH ÀUVW� DQG VHFRQG�JHQHUDWLRQ LQVWUXPHQWV 1D&R ����������� 5RXVVHW
HW DO�� ����� /HQ]HQ HW DO�� ����� DQG 63+(5( ������� %HX]LW HW DO�� ����� KDYH UHVSHFWLYHO\ 185
DQG 1 377 DFWXDWRUV DQG FRUUHFWLRQ IUHTXHQF\ RI 444+] DQG 1.3 N+]� LQFUHDVLQJ VLJQLÀFDQWO\
KLJK�FRQWUDVW LPDJLQJ SHUIRUPDQFH� <HW� )LJ� ��� VKRZV WKDW 63+(5( LV VWLOO VXE�RSWLPDO IRU
WKH PHDQ RI WKH REVHUYDWLRQDO FRQGLWLRQV DW 3DUDQDO �τ0 ∼ 2 PV�� 7KHUHIRUH� WKH $2 V\VWHP
RI 63+(5( �QDPHG 6$;2� KDV WR JR IDVWHU WR ZRUN RSWLPDOO\ LQ W\SLFDO REVHUYDWLRQDO FRQ�
GLWLRQV� +HQFH� LWV IRUWKFRPLQJ XSJUDGH� 6$;2�� ZKLFK ZLOO UHDFK D FRUUHFWLRQ IUHTXHQF\ RI
3 N+] �%RFFDOHWWL HW DO�� ������ 6$;2�ZLOO DGG D VHFRQG $2 VWDJH LQ 63+(5(� FRQVLVWLQJ LQ D
S\UDPLG ZDYHIURQW VHQVRU DQG D PRUH VHQVLWLYH GHWHFWRU� ,Q DGGLWLRQ� 6$;2� ZLOO EH VHQVL�
WLYH DW WKH EHJLQQLQJ RI WKH QHDU�LQIUDUHG VSHFWUDO UDQJH� WR EHPRUH RSWLPDO RQ IDLQWHU� UHGGHU
VWDUV� 7KH 6$;2� XSJUDGH �RQ�VN\ LQ ���������� LV FRQVLGHUHG DV D WHFKQRORJ\ GHPRQVWUDWRU
RI WKH 3&6 VHFRQG�JHQHUDWLRQ LQVWUXPHQW RQ WKH (/7�

%HVLGHV� QRW RQO\ LQVWUXPHQWV FDQ EH HTXLSSHG RI DGDSWLYH RSWLFV� EXW DOVR WHOHVFRSHV�
7KH 0� PLUURU RI WKH (/7� LV D GHIRUPDEOH PLUURU ZLWK 5 352 DFWXDWRUV� ,Q DQ\ FDVH� ODUJH
WHOHVFRSHV PXVW EH HTXLSSHG ZLWK DFWLYH RSWLFV WHFKQRORJ\ WR WDFNOH GLVWRUWLRQ IRUFHV VXFK DV
WKH ZLQG� VDJ� WKHUPDO H[SDQVLRQ� WHOHVFRSH D[LV GHIRUPDWLRQ� WKLV ODWWHU GHSHQGLQJ RQ WKH
SRLQWLQJ GLUHFWLRQ� 7KH IUHTXHQF\ RI WKH DFWLYH RSWLFV FRUUHFWLRQ LV PXFK VORZHU� RI WKH RUGHU
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)LJXUH ���� 3HUIRUPDQFH RI WKH VWUHKO HVWLPDWHG E\ 63$57$ �UHDO�WLPH FRPSXWHU RI WKH DGDSWLYH
RSWLFV V\VWHP RI 63+(5(� DV D IXQFWLRQ RI WKH VHHLQJ �OHIW� RU FRKHUHQFH WLPH RI WKH DWPRVSKHUH �τO�
ULJKW� PHDVXUHG E\ WKH 0$66�',00 DW 3DUDQDO LQ &KLOH� ZKHUH LV ORFDWHG WKH 9/7� (DFK FXUYH FRU�
UHVSRQGV WR D JLYHQ PDJQLWXGH UDQJH RI WKH VWDUV �5< 5PDJ� YHU\ EULJKW�5 <5< 10PDJ� PHGLXP�
5> 10 PDJ� IDLQW�� )RU D JLYHQ EULJKWQHVV RI VWDU� WKH VWUHKO UDWLR LQFUHDVHV ZKHQ WKH VHHLQJ GH�
FUHDVHV� RU ZKHQ τ0 LQFUHDVHV� 7KH VWUHKO UDWLR LV KLJKHU IRU EULJKW VWDUV WKDQ IDLQW RQHV� 7KH W\SLFDO
VWUHKO� VHHLQJ DQG τ0 DUH EHWZHHQ DERXW ��� DQG ���� ���µ DQG ���µ� DQG 2 DQG 5 PV� UHVSHFWLYHO\�
)LJXUH IURP 0RXLOOHW HW DO� �������

RI WKH KHUW]� $FWLYH RSWLFV FRUUHFWLRQ HQVXUHV WKDW ODUJH� QRQ�VHOI�ULJLG PLUURUV NHHS DQ RSWL�
PDO VKDSH WKURXJK WKH REVHUYDWLRQ� DQG LV D SUH�UHTXLVLWH IRU WKH VXFFHVV RI WKH REVHUYDWLRQV�

7R VXPPDUL]H� DGDSWLYH RSWLFV UHVWRUH WKH DQJXODU UHVROXWLRQ RI ODUJH JURXQG�EDVHG LQ�
VWUXPHQWV WR ZKDW ZRXOG EH DFKLHYDEOH IURP VSDFH� EH\RQG WKH DWPRVSKHUH RI WKH (DUWK�
)LJXUH ��� VKRZV WKDW XVLQJ DGDSWLYH RSWLFV HQDEOHV WKH GHWHFWLRQ RI REMHFWV D WKRXVDQG WLPHV
IDLQWHU WKDQ WKH VWDU� ,Q RWKHU ZRUGV� REMHFWV WKDW KDYH D FRQWUDVW RI 10−3� <HW� \RXQJ� PDV�
VLYH JLDQW SODQHWV DUH IDLQWHU� W\SLFDOO\ ZLWK FRQWUDVW RI 10−5²10−6� $GGLWLRQDO LQJUHGLHQWV
DUH QHFHVVDU\ WR DFKLHYH WKHLU GLUHFW GHWHFWLRQ�

+LJK�FRQWUDVW LPDJHUV DUH HTXLSSHG ZLWK FRURQDJUDSKLF PDVNV� WKDW UHPRYH DERXW WHQ SHU�
FHQW RI WKH UHPDLQLQJ OLJKW� UHVXOWLQJ LQ DQ DFKLHYDEOH FRQWUDVW RI DERXW 10−4�

+LVWRULFDOO\� WKH ÀUVW FRURQDJUDSK ZDV LQYHQWHG DQG XVHG E\ WKH )UHQFK DVWURQRPHU
%HUQDUG /\RW LQ ����� 7KLV FRURQDJUDSK� DOVR NQRZQ DV WKH ´/\RW FRURQDJUDSKµ LV UHODWLYHO\
LQWXLWLYH� ,W ZDV XVHG WR REVHUYH WKH VRODU FRURQD E\ PDVNLQJ WKH VRODU SKRWRVSKHUH� DV GRHV
WKH 0RRQ GXULQJ D WRWDO HFOLSVH� 6LQFH WKHQ� GLIIHUHQW W\SHV RI FRURQDJUDSKV KDYH EHHQ GH�
YHORSHG� ZLWK GLIIHUHQW JRDOV�

&RURQDJUDSKV FDQ EH EDVHG RQ SXSLO DSRGL]DWLRQ DQG�RU IRFDO SODQH PDVNV� RU LQWHUIHU�
RPHWHUV� 3XSLO DSRGL]DWLRQ PD\ EH IURP DPSOLWXGH� SKDVH� RU SKDVH�LQGXFHG DPSOLWXGH�
ZKHUHDV IRFDO SODQH PDVNV DSSO\ WR DPSOLWXGH DQG�RU SKDVH �H�J�� 7DEOH � IURP 5XDQH HW DO��
������ 6HYHUDO DVSHFWV PD\ EH FRQVLGHUHG WR HYDOXDWH WKH SHUIRUPDQFH RI D FRURQDJUDSK�
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LWV VSDWLDO FRYHUDJH� ZKLFK LV GHÀQHG E\ LWV LQQHU DQG ZRUNLQJ DQJOHV �,:$ DQG 2:$� UH�
VSHFWLYHO\��� WKH VSHFWUDO EDQGZLWK RYHU ZKLFK LW ZLOO ZRUN� DQG LWV UHVLOLHQFH WR ORZ�RUGHU
DEHUUDWLRQV RI WKH ZDYHIURQW �0DZHW HW DO�� ������

)RU LQVWDQFH� WKH IRXU�TXDGUDQW SKDVH PDVN �)430�ZDV GHVLJQHG WR LPSURYH WKH EURDG�
EDQG SHUIRUPDQFH DQG UREXVWQHVV WR WLS�WLOW HUURUV� DQG LW KDV D VPDOO ,:$ RI λ/D� 1RQHWKH�
OHVV� LW ZDV RQO\ PDUJLQDOO\ XVHG RQ WKH 9/7�63+(5( �EXW LV VXFFHVVIXO RQ -:67� H�J�� %RF�
FDOHWWL HW DO�� ������ EHFDXVH LW LV YHU\ VHQVLWLYH WR QRQ�FRPPRQ SDWK DEHUUDWLRQV �1&3$V��
WKDW DUH QRW FRUUHFWHG RQ 63+(5(� 7KH 1&3$V FRQVLVW LQ DEHUUDWLRQV WKDW DUH QRW VHHQ E\ WKH
$2 V\VWHP� DQG WKXV� ZKLFK FDQQRW FRUUHFW WKHP�

2Q WKH RWKHU KDQG� WKH DSRGL]HG SXSLO /\RW FRURQDJUDSK �$3/&� $LPH HW DO�� ����� 6RXP�
PHU HW DO�� ������ WKH FRURQDJUDSK PRVW XVHG RQ 63+(5(� KDV D KLJKHU ,:$ �3²4λ/D�� EXW
RYHUDOO SHUIRUPV EHWWHU� 7KH $3/& LV FRPSRVHG RI DQ DSRGL]HU� D IRFDO SODQH PDVN DQG D
/\RW VWRS� VHH )LJ� ���� $IWHU SDVVLQJ E\ WKH DGDSWLYH RSWLFV V\VWHP� WKH FRUUHFWHG FROOLPDWHG
EHDP JRHV WKURXJK DQ DSRGL]HU� ZKLFK UHPRYHV WKH GLIIUDFWLRQ ULQJV DQG VPRRWKHV WKH VKDUS
HGJHV RI WKH WHOHVFRSH SXSLO� 7KHQ� LW JRHV WKURXJK D OHQV WKDW IRFXVHV WKH EHDP RQ WKH IR�
FDO SODQH PDVN� 7KH RQ�D[LV VWHOODU OLJKW� LV EORFNHG RU GLIIUDFWHG EH\RQG WKH QRPLQDO SXSLO�
WKDW LV IXUWKHU EORFNHG E\ D /\RW VWRS ORFDWHG LQ D SXSLO SODQH� VHH )LJ� ���� 7KH /\RW VWRS
KDV D ZLGHU FHQWUDO REVWUXFWLRQ� ZLGHU VSLGHUV DQG D VPDOOHU RXWHU GLDPHWHU� (YHQWXDOO\� D
KLJK�FRQWUDVW LPDJH LV IRUPHG DQG FDSWXUHG RQ WKH GHWHFWRU �VHH WKH WKLUG LPDJH LQ )LJ� �����
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)LJXUH ���� 6NHWFK VKRZLQJ WKH VHW�XS RI WKH DSRGL]HG /\RW FRURQDJUDSK �$3/&� RQ WKH
9/7�63+(5( LQVWUXPHQW� ,Q WKH SXSLO SODQHV �LQ EOXH� DUH VKRZQ WKH UHVLGXDO DWPRVSKHULF WXU�
EXOHQFH �LQ SKDVH DQG DPSOLWXGH�� WKH 9/7 SXSLO� WKH FRURQDJUDSK DSRGL]HU DQG /\RW VWRS� ,Q WKH
IRFDO SODQHV �LQ UHG� DUH ORFDWHG WKH FRURQDJUDSK IRFDO SODQH PDVN DQG WKH 63+(5(�,5',6 GHWHF�
WRU� RQ ZKLFK LV VKRZQ D ÀQDO FRURQDJUDSKLF LPDJH� )LJXUH IURP &DQWDOORXEH HW DO� �������

+HUH� LW LV LPSRUWDQW WR XQGHUOLQH WKDW WKH FRURQDJUDSK V\VWHP LV HIÀFLHQW WR UHPRYHPRVW
RI WKH VWHOODU OLJKW� EHFDXVH RI WKH KLJK�DQJXODU UHVROXWLRQ DFKLHYHG E\ WKH $2 V\VWHP� ,Q�
GHHG� LQ WKH GLIIUDFWLRQ UHJLPH� 80� RI WKH FROOHFWHG VWHOODU HQHUJ\ LV LQVLGH D VPDOO DQG VKDUS
FLUFXODU UHJLRQ RI WKH 36) �UDGLXV RI λ/D�� ZKLOH WKH UHPDLQLQJ 20� LV VSUHDG RYHU WKH GH�
WHFWRU �*DOLFKHU 	 0D]R\HU� ������

�7KH ,:$ LV JHQHUDOO\ PRUH FUXFLDO WKDQ WKH 2:$ WR LPDJH H[RSODQHWV� HYHQ WKRXJK VRPH FRURQDJUDSKLF
PDVNV FDQ UHDFK GHHSHU VHQVLWLYLW\ DW FORVH VHSDUDWLRQV �H�J�� WKH DV\PPHWULF VKDSH SXSLO FRURQDJUDSKV RQ
/%7�6+$5.�1,5� WKDQ RWKHUV �H�J�� WKH V\PPHWULF *DXVVLDQ /\RW FRURQDJUDSK RQ WKH VDPH LQVWUXPHQW�� EXW
WKH\ PD\ KDYH D VPDOOHU 2:$ �H�J�� 300 PDV LQVWHDG RI EHLQJ OLPLWHG E\ WKH HGJH RI WKH ÀHOG RI YLHZ� ZKLFK LV
18× 18µ IRU 6+$5.�1,5�� 7KLV PXVW EH WDNHQ LQWR DFFRXQW ZKHQ GHÀQLQJ WKH REVHUYLQJ VWUDWHJ\ RI D WDUJHW�
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,Q VSLWH RI DFKLHYLQJ EHWWHU GHWHFWLRQ VHQVLWLYLW\ WKDQNV WR WKH $2 DQG FRURQDJUDSK V\VWHPV�
FLUFXPVWHOODU VLJQDO DUH VWLOO WRR IDLQW RU DIIHFWHG E\ WRR PDQ\ VWHOODU DUWLIDFWV �´VSHFNOHVµ� WR
HQDEOH WKHLU GHWHFWLRQ DQG�RU FKDUDFWHUL]DWLRQ�

7R UHPRYH HYHQ PRUH VWHOODU UHVLGXDOV� GDWD SURFHVVLQJ SOD\V D FULWLFDO UROH� 'DWD SUR�
FHVVLQJ RI KLJK�FRQWUDVW LPDJHV LV GLYLGHG LQ WZR VWHSV� FDOOHG SUH�SURFHVVLQJ DQG SRVW�
SURFHVVLQJ� ,Q JHQHUDO� PRVW RI WKH GDWD RI D VHTXHQFH RI REVHUYDWLRQ FRQVLVWV LQ VHYHUDO
FRURQDJUDSKLF LPDJHV RI WKH VFLHQFH REMHFW RI LQWHUHVW� ZKLFK DUH DFTXLUHG DW GLIIHUHQW WLPHV�
DQG SRWHQWLDOO\ VLPXOWDQHRXVO\ DW GLIIHUHQW ZDYHOHQJWKV ZLWK D GXDO�EDQG LPDJHU RU DQ LQWH�
JUDO ÀHOG VSHFWURPHWHU� 2Q WKLV GDWDVHW� SUH�SURFHVVLQJ GRHV UHODWLYHO\ VWDQGDUG RSHUDWLRQV
VXFK DV EDFNJURXQG VXEWUDFWLRQ� ÁDW�ÀHOG FRUUHFWLRQ� EDG�SL[HO FRUUHFWLRQ� D UH�FHQWHULQJ RI
WKH IUDPHV� FRUUHFWLRQ RI WKH FURVV�WDON �LI UHOHYDQW *UHFR 	 %UDQGW� ������ ,W UHVXOWV LQ D IRXU
GLPHQVLRQ GDWDVHW� ZLWK VSDWLDO� VSHFWUDO DQG WHPSRUDO GLPHQVLRQV �x� y� λ� t��

$IWHUZDUGV� WKH SRVW�SURFHVVLQJ VWHS DLPV WR VHSDUDWH WKH VLJQDO RI WKH FLUFXPVWHOODU PD�
WHULDOV �H�J�� H[RSODQHW� GLVN� IURP WKH VWHOODU UHVLGXDOV� DQG UHVXOWV LQ D GDWD FXEH �x� y� λ��
$OWKRXJK GLIIHUHQW SRVW�SURFHVVLQJ PHWKRGV H[LVW WR UHPRYH WKH VWHOODU OLJKW UHVLGXDOV� DOO
DUH EDVHG RQ WKH VDPH FRQFHSW WKDW WDNHV DGYDQWDJH RI WKH GLYHUVLW\ EHWZHHQ WKH SURSHUWLHV
RI WKH VWDU DQG WKH FLUFXPVWHOODU VLJQDOV� $SSO\LQJ D JLYHQ SRVW�SURFHVVLQJ WHFKQLTXH RIWHQ
UHTXLUHV D GHGLFDWHG VWUDWHJ\ RI REVHUYDWLRQ�

%HORZ� , GHVFULEH WKH PDLQ WHFKQLTXHV RQ ZKLFK SRVW�SURFHVVLQJ DOJRULWKPV DUH EDVHG�
VXFK DV $QJXODU 'LIIHUHQWLDO ,PDJLQJ �$',�0DURLV HW DO�� ������ 6SHFWUDO 'LIIHUHQWLDO ,PDJLQJ
�6',� 5DFLQH HW DO�� ����� 6SDUNV 	 )RUG� ������ 3RODUL]DWLRQ 'LIIHUHQWLDO ,PDJLQJ �3',� DQG
5HIHUHQFH 'LIIHUHQWLDO ,PDJLQJ �5',�� ,Q SDUWLFXODU� UHJDUGLQJ WKH $', WHFKQLTXH� , JLYHPRUH
GHWDLOV RQ WKH GLIIHUHQW W\SHV RI $',�EDVHG DOJRULWKPV� DV WKH\ DUH PDQ\ RI WKHP� , GR QRW
GHVFULEH WKH &RKHUHQW 'LIIHUHQWLDO ,PDJLQJ �%DXGR] HW DO�� ������ DOWKRXJK DQ LQWHQVLYH ÀHOG
RI UHVHDUFK �H�J�� 3RWLHU HW DO�� ������

'XULQJ P\ 3K�'�� , KDYH EHHQ LQWHUHVWHG LQ WKH IRXU ÀUVW WHFKQLTXHV� , XVHG WKH WHFK�
QLTXHV $', DQG 6', LQ 'HVJUDQJH HW DO� �����D� ������ $', DQG 3', LQ 'HVJUDQJH HW DO� ������
VXEP��� , DGRSWHG D VWUDWHJ\ RI REVHUYDWLRQ XVLQJ D UHIHUHQFH VWDU WR GR 5', IRU IXWXUH UH�
VHDUFK SURMHFWV WKDW ZHUH JUDQWHG WHOHVFRSH WLPH� RQ P\ 3, (62�63+(5( DFFHSWHG SURJUDP
������( DQG /%7�6+$5.�1,5 DQG /0,5&DP SURJUDP 03,$���������� IRU ZKLFK VRPH RI
WKH GDWD KDYH DOUHDG\ EHHQ DFTXLUHG� DQG RQ P\ FR�3, -:67�0,5, DFFHSWHG SURJUDP *2
���� �REVHUYDWLRQV VFKHGXOHG EHWZHHQ -DQXDU\ DQG 0DUFK ������

7KH $', WHFKQLTXH WDNHV DGYDQWDJH RI WKH DQJXODU GLYHUVLW\ RI D ORQJ HQRXJK VHTXHQFH RI
REVHUYDWLRQ ZKHQ DFTXLUHG LQ WKH SXSLO�WUDFNLQJ PRGH� ,Q PRUH GHWDLOV� DQ REVHUYDWLRQ FDQ
EH DFTXLUHG HLWKHU LQ D SXSLO�VWDELOL]HG PRGH RU LQ D ÀHOG�VWDELOL]HG PRGH� ,Q WKH SXSLO�
VWDELOL]HG PRGH� WKH ÀHOG RI YLHZ URWDWHV DURXQG WKH VWDU ZLWK WKH SDUDOODFWLF DQJOHV WKURXJK
WKH IXOO VHTXHQFH RI REVHUYDWLRQ� $V IRU WKH VWHOODU OLJKW UHVLGXDOV� WKH\ DUH �TXDVL��VWDWLF
GXULQJ WKH REVHUYDWLRQ� EHFDXVH PRVW RI WKH ZDYHIURQW HUURUV DUH À[HG ZLWK UHVSHFW WR WKH
SXSLO FRQÀJXUDWLRQ� 2Q WKH FRQWUDU\� LQ WKH ÀHOG�VWDELOL]HG PRGH� D JLYHQ ORFDWLRQ RQ WKH
GHWHFWRU ZLOO UHFHLYH WKH OLJKW FRPLQJ IURP D VDPH ORFDWLRQ LQ WKH ÀHOG RI YLHZ WKURXJK WKH
IXOO VHTXHQFH RI REVHUYDWLRQ� EXW IRU GLIIHUHQW SXSLO FRQÀJXUDWLRQV� )RU LQVWDQFH� IRU D JLYHQ
ÀHOG�VWDELOL]HG REVHUYDWLRQ� WKH SKRWRQV WKHUPDOO\ HPLWWHG E\ DQ H[RSODQHW ZLOO DOZD\V IDOO
RQ WKH VDPH SL[HOV RI WKH GHWHFWRU�

&RQVHTXHQWO\� RQH VLPSOH ZD\ WR LPSOHPHQW DQ $',�EDVHG DOJRULWKP LV WR VXEWUDFW WKH
PHGLDQ IUDPH RI WKH REVHUYDWLRQ VHTXHQFH WR HDFK IUDPH �´FODVVLFDO $',µ�� VHH )LJ� ��� �WRS�
OHIW�� 7KH PHGLDQ IUDPH FDQ EH FRQVLGHUHG DV WKH PRGHO RI WKH VWHOODU KDOR� 2WKHU VWDQGDUG



���� 5HDFKLQJ WKH VHQVLWLYLW\ WR LPDJH H[RSODQHWV DQG GLVNV ��

DOJRULWKPV H[LVW� VXFK DV 7/2&, RU 3&$� %RWK DOJRULWKPV DUH EDVHG RQ D PDWKHPDWLFDO DS�
SURDFK LQYROYLQJ VLQJXODU YDOXH GHFRPSRVLWLRQ �69'� RI WKH FRYDULDQFH PDWUL[� 5HJDUGLQJ
7/2&, �7HPSODWH /RFDOO\ 2SWLPL]HG &RPELQDWLRQ RI ,PDJHV� /DIUHQLHUH HW DO�� ����� 0DURLV
HW DO�� ������ WKH PRGHOLQJ RI WKH VSHFNOH SDWWHUQ LV RSWLPL]HG LQ D ODUJHU UHJLRQ WKDQ WKH UH�
JLRQ RI LQWHUHVW� WR PLQLPL]H WKH UHVLGXDOV� %HWZHHQ ERWK UHJLRQV� WKHUH LV D VPDOO JDS RI
0.5 ):+0 WR DYRLG SXWDWLYH VHOI�VXEWUDFWLRQ HIIHFWV� VHH )LJ� ��� �WRS�ULJKW�� $V IRU 3&$�
�3ULQFLSDO &RPSRQHQW $QDO\VLV� $PDUD 	 4XDQ]� ����� 6RXPPHU HW DO�� ������ WKH 69' LV
WUXQFDWHG� ZLWK RQO\ WKH PRVW VLJQLÀFDQW PRGHV �DOVR FDOOHG FRPSRQHQWV� NHSW� $Q H[DPSOH
RI VXFK FRPSRQHQWV DUH VKRZQ LQ )LJ� ��� �ERWWRP�� 2QHPD\ RIWHQ LQWHUSUHW WKH ÀUVW SULQFLSDO
FRPSRQHQWV� )RU LQVWDQFH� IRU D IXOO IUDPH 3&$� WKH ÀUVW FRPSRQHQW UHSUHVHQWV WKH RYHUDO
EULJKWQHVV YDULDWLRQ RI WKH SRVW�FRURQDJUDSKLF 36)V� ZKHUHDV WKH VHFRQG DQG WKLUG FRPSR�
QHQWV FRUUHVSRQG WR KRUL]RQWDO DQG YHUWLFDO YDULDWLRQV FDXVHG E\ VPDOO HUURUV LQ WKH FHQWHULQJ
RI WKH VWDU EHKLQG WKH FRURQDJUDSK �%RQVH HW DO�� ������ ,Q DGGLWLRQ� GLIIHUHQW YHUVLRQV RI 3&$
H[LVW� 7KH 3&$ DOJRULWKP FDQ EH FRPSXWHG HLWKHU RQ WKH IXOO IUDPH RU PRUH ORFDOO\ LQ DQQXOL�
3&$ FDQ EH LWHUDWLYH� WR OLPLW VHOI�VXEWUDFWLRQ HIIHFWV� E\ HVWLPDWLQJ DQG UHPRYLQJ WKH DVWUR�
SK\VLFDO VLJQDO IURP WKH VSHFNOH�ÀHOG HVWLPDWLRQ� 7KLV ÀQDOO\ UHVXOWV LQ D EHWWHU UHFRYHU\ RI
H[WHQGHG IHDWXUHV �H�J�� UHVXOWV IURP WKH DOJRULWKP *UHH'6 VWDQGLQJ IRU *UHHG\ 'LVF 6XE�
WUDFWLRQ IURP 3DLUHW HW DO� ������ RU WKH LWHUDWLYH 3&$ ´,�3&$µ DOJRULWKP IURP -XLOODUG HW DO�
��������

)XUWKHUPRUH� FXWWLQJ�HGJH DOJRULWKPV EDVHG LQ SDUWLFXODU RQ LQYHUVH�SUREOHP PHWKRGV
ZHUH GHYHORSHG� 6RPH DUH WXQHG WR UHWULHYH SRLQW�OLNH VRXUFHV E\ WUDFNLQJ WKHP LQ WKH
LPDJH FXEH� VXFK DV $1'520('$ �$1JXODU 'LIIHUHQWLDO 2SWL0DO ([RSODQHW 'HWHFWLRQ
$OJRULWKP� &DQWDOORXEH HW DO�� ����� DQG 3$&2 �3$WFK &2YDULDQFHV� )ODVVHXU HW DO�� �����
������ 2WKHUV ZHUH GHVLJQHG WR UHWULHYH H[WHQGHG IHDWXUHV� VXFK DV 0$<211$,6( �0RU�
SKRORJLFDO $QDO\VLV <LHOGLQJ VHSDUDWHG 2EMHFWV L1 1HDU LQIU$UHG XV,QJ 6RXUFHV (VWLPDWLRQ�
3DLUHW HW DO�� ������ 5(;3$&2 �5HFRQVWUXFWLRQ RI (;WHQGHG IHDWXUHV E\ 3$WFK &2YDULDQFHV�
)ODVVHXU HW DO�� ����� RU 0867$5' �-XLOODUG HW DO�� ������

7R FRQFOXGH� D ODUJH YDULHW\ RI $',�EDVHG SRVW�SURFHVVLQJ DOJRULWKPV H[LVW� ZLWK D FRP�
SDULVRQ RI VRPH RI WKHP FDUULHG RXW LQ WKH ([RSODQHW ,PDJLQJ 'DWD &KDOOHQJH� ZLWK UHVXOWV
RI WKH SKDVH , �GHWHFWLRQ� LQ &DQWDOORXEH HW DO� ������� ZKLOH WKH SKDVH ,, �FKDUDFWHUL]DWLRQ�
LV RQJRLQJ� 6WDQGDUG SRVW�SURFHVVLQJ XVLQJ WKH $', WHFKQLTXH WHQGV WR EH SDUWLFXODUO\ UHO�
HYDQW WR UHWULHYH SRLQW�VRXUFH VLJQDOV� VXFK DV H[RSODQHWV� ,QGHHG� H[WHQGHG IHDWXUHV VXFK
DV GLVNV VXIIHU PRUH GHHSO\ RI VHOI�VXEWUDFWLRQ HIIHFWV �0LOOL HW DO�� ������ +HQFH� ÀQH�WXQHG
DOJRULWKPV PXVW EH XVHG LQ RUGHU WR UHWULHYH WKHLU WUXH PRUSKRORJ\ �H�J�� 0$<211$,6(�
5(;3$&2� 0867$5'� *UHH'6� ,�3&$�� RU GLIIHUHQW WHFKQLTXHV� VXFK DV 3', RU 5',� WKDW ,
GHVFULEH EHORZ�

'XULQJ P\ 3K�'�� , PDLQO\ SURFHVVHG KLJK�FRQWUDVW GDWD ZLWK VWDQGDUG DOJRULWKPV �3&$�
7/2&,� RU F$',� VHH &KDSWHUV �� � DQG �� DQG DQ LQYHUVH�SUREOHP DOJRULWKP$1'520('$�

�VHH &KDSWHUV � DQG ��� )RU VRPH VSHFLÀF VWXGLHV� , FROODERUDWHG ZLWK UHVHDUFKHUV WR FRPSDUH
P\ UHVXOWV ZLWK GDWD UHGXFHG ZLWK RWKHU SURFHVVLQJ DOJRULWKPV VXFK DV ,�3&$ RU0867$5'
�FROODERUDWLRQ ZLWK 6DQGULQH -XLOODUG DQG 9DOHQWLQ &KULVWLDHQV�� 3$&2 �FROODERUDWLRQ ZLWK
$QWRLQH &KRPH] DQG 2OLYLHU )ODVVHXU�� 5(;3$&2 �FROODERUDWLRQ ZLWK 0DXG /DQJORLV DQG
2OLYLHU )ODVVHXU��

�https://exoplanet-imaging-challenge.github.io/
�,QLWLDOO\� , FROODERUDWHGZLWK )DXVWLQH &DQWDOORXEH WR SRVW�SURFHVV GDWD ZLWK $1'520('$ �H�J�� PRVW RI WKH

GDWD RQ +'������ VHH &KDSWHU ��� /DWHU� , REWDLQHG DFFHVV WR WKH $1'520('$ SLSHOLQH DQG , SRVW�SURFHVVHG
GDWD ZLWK $1'520('$ RQ P\ RZQ� H�J�� IRU WKH ZKROH VXUYH\ SUHVHQWHG LQ &KDSWHU ��

https://exoplanet-imaging-challenge.github.io/
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)LJXUH ���� ,OOXVWUDWLRQ RI WKH SULQFLSOH RI F$', �WRS�OHIW�� 7/2&, �WRS�ULJKW� DQG 3&$ �ERWWRP� SRVW�
SURFHVVLQJ� 7KHVH WKUHH DOJRULWKPV DVVXPH WKDW GXULQJ WKH VHTXHQFH RI REVHUYDWLRQV WKH VWHOODU
KDOR LV �TXDVL��VWDWLF ZKLOH WKH FLUFXPVWHOODU VLJQDOV URWDWH �LQ EOXH LQ F$', DQG 3&$ VNHWFKHV�� 7KH
UHPDLQLQJ VWHOODU VSHFNOHV QRLVH DUH UHSUHVHQW LQ JUD\ �UHG VSODVK� UHVSHFWLYHO\� IRU WKH F$', �3&$�
VNHWFK� &UHGLWV� *DsO &KDXYLQ IRU WKH WRS�OHIW LPDJH� *DOLFKHU HW DO� ������ IRU WKH WRS�ULJKW LPDJH
DQG %RQVH HW DO� ������ IRU WKH ERWWRP LPDJH�

3RVW�SURFHVVLQJ EDVHG RQ WKH 6', WHFKQLTXH FRQFHUQV REVHUYDWLRQV DFTXLUHG VLPXOWDQHRXVO\
DW OHDVW DW WZR GLIIHUHQW ZDYHOHQJWKV� 6WHOODU UHVLGXDOV DQG FLUFXPVWHOODU VLJQDOV EHKDYH GLI�
IHUHQWO\ ZLWK UHVSHFW WR WKH ZDYHOHQJWK� $W ÀUVW RUGHU� WKH VWHOODU UHVLGXDOV VSUHDG UDGLDOO\
LQ WKH LPDJH ZKHQ WKH ZDYHOHQJWK LQFUHDVHV� ZKLOH FLUFXPVWHOODU VLJQDOV UHPDLQ DW WKH VDPH
ORFDWLRQ� ,Q DGGLWLRQ� ERWK WKH VL]HV RI WKH VWHOODU UHVLGXDOV DQG FLUFXPVWHOODU VLJQDOV LQFUHDVH
ZLWK WKH ZDYHOHQJWK� EHFDXVH WKH DQJXODU UHVROXWLRQ LQFUHDVHV ZLWK WKH ZDYHOHQJWK LQ λ/D
LQ WKH GLIIUDFWLRQ�OLPLWHG UHJLPH� DQG VR WKH W\SLFDO VL]H RI WKH 36) �VHH 6HFWLRQ �������

7KH 6', WHFKQLTXH LV SDUWLFXODUO\ XVHIXO WR UHYHDO SRLQW�OLNH IHDWXUHV� VXFK DV H[RSODQ�
HWV� ,W FDQ EH XVHG LQ V\QHUJ\ ZLWK WKH $', WHFKQLTXH� ZKHQ SDQFKURPDWLF REVHUYDWLRQV
DUH VLPXOWDQHRXVO\ DFTXLUHG LQ D SXSLO�VWDELOL]HG VHTXHQFH RI REVHUYDWLRQ� 7KH FRPELQDWLRQ
RI $',�6', LV ZLGHO\ XVHG� IRU LQVWDQFH DW WKH 9/7 ZLWK WKH 63+(5( LQVWUXPHQW RU DW WKH
*HPLQL REVHUYDWRU\ ZLWK WKH *3, LQVWUXPHQW� 7KH DIRUHPHQWLRQHG SRVW�SURFHVVLQJ VXFK DV
3&$� 7/2&,� $1'520('$ DQG 3$&2 FDQ DOVR WDNH DGYDQWDJH RI WKH VSHFWUDO GLPHQVLRQ
WR EHWWHU UHYHDO SRLQW�OLNH IHDWXUHV�

+RZ H[SORLWLQJ WKH VSHFWUDO LQIRUPDWLRQ WR EHWWHU GHWHFW DQG FKDUDFWHUL]H H[RSODQHWV LV D



���� 5HDFKLQJ WKH VHQVLWLYLW\ WR LPDJH H[RSODQHWV DQG GLVNV ��

RQJRLQJ� DFWLYH DUHD� $ SRVVLELOLW\ LV WR GR PROHFXODU PDSSLQJ� DV ÀUVW VXFFHVVIXOO\ GRQH RQ
+5���� E DQG F XVLQJ .HFN�26,5,6 GDWD E\ �.RQRSDFN\ HW DO�� ����� %DUPDQ HW DO�� ����� DQG
%HWD 3LFWRULV E XVLQJ 9/7�6,1)21, GDWD E\ �+RHLMPDNHUV HW DO�� ������ 7KLV WHFKQLTXH FRQ�
FHUQV LQWHJUDO ÀHOG VSHFWURJUDSKV�XQLWV ZLWK KLJK HQRXJK VSHFWUDO UHVROXWLRQ� WKDW SURYLGH
GDWDFXEHV IRU ZKLFK HDFK VSDWLDO SL[HO �´VSD[HOµ� LV D VSHFWUXP� %\ FURVV�FRUUHODWLQJ HDFK
VSD[HO ZLWK WHPSODWH VSHFWUD� WKDW DUH HLWKHU V\QWKHWLF SODQHWDU\ VSHFWUD RU PROHFXOH VSHFWUD�
RQH FDQ UHWULHYH DQ H[RSODQHW� DQG FRQVWUDLQ VRPH RI LWV SK\VLFDO DQG�RU FKHPLFDO SURSHUWLHV
�LI QR GHJHQHUDF\��

3HUIRUPDQFH RI WKH PROHFXODU PDSSLQJ WHFKQLTXH ZDV LQYHVWLJDWHG IRU ERWK JURXQG� DQG
VSDFH�EDVHG LQVWUXPHQWDWLRQ� H�J�� ZLWK (/7�+$5021, �+RXOOp HW DO�� ����� %LGRW HW DO��
����� RU -:67�0,5, �3DWDSLV HW DO�� ����� 0kOLQ HW DO�� ������ 6RPH NH\ TXHVWLRQV DUH WKH
SHUIRUPDQFH RI WKH PROHFXODU PDSSLQJ WHFKQLTXH GHSHQGLQJ RQ WKH SURSHUWLHV RI WKH FRP�
SDQLRQ �H�J�� DQ HPEHGGHG SURWR�SODQHW� 7� RU /�W\SH FRPSDQLRQV�� DQG RQ WKH LQVWUXPHQWDO
GHVLJQ �LWV VSHFWUDO UHVROXWLRQ� LWV VSHFWUDO UDQJH�� /DQGPDQ HW DO� ������ VKRZHG WKDW WKH
PROHFXODU PDSSLQJ WHFKQLTXH PD\ DOUHDG\ EH SRZHUIXO DW D VSHFWUDO UHVROXWLRQ RI ≥ 300�
ZKLOH EHIRUH LI LW ZDV FRPPRQO\ WKRXJKW WKDW D UHVROXWLRQ ≥ 1 000 ZDV UHTXLUHG� 7KH\ DOVR
VKRZ WKDW WKH + EDQG FDQ EH D JRRG WUDGH�RII WR GHWHFW ERWK 7� DQG /�W\SH FRPSDQLRQV� EH�
FDXVH IURP WKHLU VWXG\ 7�W\SH FRPSDQLRQV DUH PRVW HDVLO\ GHWHFWHG LQ WKH - DQG + EDQGV
WKURXJK PHWKDQH DQG ZDWHU IHDWXUHV� ZKHUHDV /�W\SH FRPSDQLRQV DUH EHVW REVHUYHG LQ WKH
+ DQG . EDQGV WKURXJK ZDWHU DQG FDUERQ PRQR[\GH IHDWXUHV�

7KH 5', WHFKQLTXH UHTXLUHV D UHIHUHQFH FXEH� FRQVLVWLQJ W\SLFDOO\ IURP D GR]HQ WR KXQGUHGV
LPDJHV RI RQH �RU PXOWLSOH� VRPHWLPHV QRWHG DV ´05',µ� UHIHUHQFH VWDU�V�� 7KH EDVLF LGHD
LV WR REWDLQ VLPLODU VWHOODU UHVLGXDOV LQ WKH FRURQDJUDSKLF LPDJH RI D UHIHUHQFH VWDU DQG WKH
FRURQDJUDSKLF LPDJH RI D VFLHQFH VWDU �L�H�� WKH VWDU RI LQWHUHVW�� WR VXEWUDFW WKH IRUPHU IURP WKH
ODWWHU �H�J�� FODVVLFDO 5',� *DOLFKHU HW DO�� ������ 7KLV UHVXOWV LQ D VSHFNOH�IUHH VFLHQFH LPDJH
LQ ZKLFK FLUFXPVWHOODU VLJQDOV DUH UHYHDOHG� ,Q SUDFWLFH� WKH UHIHUHQFH VWDU VKRXOG QRW EH D
ELQDU\ VWDU DQG VKRXOG VKDUH VLPLODU SURSHUWLHV ZLWK WKH VFLHQFH VWDU �H�J�� LWV PDJQLWXGH
DQG VSHFWUDO W\SH�� EHHQ DFTXLUHG LQ WKH VDPH WHOHVFRSH�LQVWUXPHQW FRQÀJXUDWLRQ DQG ZLWK
VLPLODU REVHUYDWLRQDO FRQGLWLRQV �VHHLQJ� WXUEXOHQFH� VWUHKO� ZLQG�� 7KLV LV UHTXLUHG WR REWDLQ
D VLPLODU FRUUHFWLRQ RI WKH $2 V\VWHP RQ ERWK WKH VFLHQFH DQG UHIHUHQFH VWDUV� DQG VR VLPLODU
VWHOODU UHVLGXDOV�

'LIIHUHQW VWUDWHJLHV RI REVHUYDWLRQ H[LVW WR REVHUYH D VWDU RI LQWHUHVW DQG DSSO\ 5', DI�
WHUZDUGV� )RU LQVWDQFH� D UHIHUHQFH VWDU FDQ EH REVHUYHG EHIRUH RU DIWHU WKH REVHUYDWLRQ RI
WKH VFLHQFH VWDU �H�J�� RQH KRXU IRU HDFK VHTXHQFH�� RU ERWK VHTXHQFHV RI REVHUYDWLRQV FDQ EH
LQWHUWZLQHG LQ D VWDU�KRSSLQJ VHTXHQFH �H�J�� 10 PLQXWHV RQ WKH VFLHQFH VWDU� 5 PLQXWHV RQ
WKH UHIHUHQFH VWDU� WKLV UHSHDWHG VHYHUDO WLPHV�� LQ RUGHU WR PLWLJDWH WKH LPSDFW RI WKH HYR�
OXWLRQ RI WKH REVHUYDWLRQDO FRQGLWLRQV� $ VWDU�KRSSLQJ VHTXHQFH LV SDUWLFXODUO\ RSWLPL]HG�
EXW UHTXLUHV D VSHFLÀF VHW�XS WR EH HIÀFLHQW LQ WKH EDFN DQG IRUWK EHWZHHQ WKH VFLHQFH VWDU
DQG WKH UHIHUHQFH VWDU� DQG QRW EH WRR WLPH�FRQVXPLQJ� 5HJDUGLQJ KLJK�FRQWUDVW VSHFWUR�
LPDJHUV� WKH VWDU�KRSSLQJ PRGH LV FXUUHQWO\ LPSOHPHQWHG RQO\ RQ WKH 9/7�63+(5( LQVWUX�
PHQW� $OWHUQDWLYHO\� UHIHUHQFH VWDUV FDQ DOVR EH WDNHQ IURP D OLEUDU\ RI DUFKLYDO GDWD� ZKLFK
VDYHV WHOHVFRSH WLPH� 7KLV WHFKQLTXH PD\ EH HIIHFWLYH ZKHQ WKH OLEUDU\ RI DUFKLYDO GDWD LV
ODUJH HQRXJK� LQ RWKHU ZRUGV IRU LQVWUXPHQWV WKDW KDYH EHHQ RQ VN\ DQG DFTXLUH GDWD LQ D
VLPLODU VHW�XS �H�J�� VDPH ÀOWHU� VDPH QHXWUDO GHQVLW\� VDPH FRURQDJUDSK� IRU D ORQJ SHULRG�
DQG WKDW DUH DW OHDVW UHODWLYHO\ VWDEOH� DV IRU +67�1,&026 �&KRTXHW HW DO�� ������ EXW DOVR
9/7�63+(5( �;LH HW DO�� ����� 5RPHUR HW DO�� ����� 6WDVHYLF HW DO�� ������



�� &KDSWHU �� 'LUHFW LPDJLQJ RI H[RSODQHWV DQG GLVNV� FRQFHSW DQG PHWKRGV

,Q JHQHUDO� 5', UHWULHYHV EHWWHU H[WHQGHG VLJQDOV WKDQ $', DQG 6',� DV LW GRHV QRW VXIIHU
RI VHOI�VXEWUDFWLRQ� +RZHYHU� 5', LV VXEMHFW WR RYHUVXEWUDFWLRQ HIIHFWV� FRQVLVWLQJ LQ DQ RYHU�
HVWLPDWH RI WKH IUDFWLRQ RI VWHOODU KDOR WR UHPRYH� ,Q D VWDU�KRSSLQJ VHTXHQFH� WKH 5',�EDVHG
SRVW�SURFHVVLQJ FDQ LPSURYH WKH FRQWUDVW DW YHU\ FORVH VHSDUDWLRQV FRPSDUHG WR $6',�EDVHG
SRVW�SURFHVVLQJ� H�J�� EH VHQVLWLYH WR REMHFWV RI WZRPDJQLWXGHV IDLQWHU DW ���´ �VHH )LJ� � IURP
:DKKDM HW DO�� ������

/DVW EXW QRW OHDVW� WKH 3', WHFKQLTXH LV EDVHG RQ WKH IDFW WKDW WKH VWHOODU OLJKW LV PRVWO\ XQ�
SRODUL]HG� ZKLOH WKH OLJKW VFDWWHUHG RQ FLUFXPVWHOODU GLVNV LV OLQHDUO\ SRODUL]HG� ,Q SUDFWLFH�
VLPXOWDQHRXV REVHUYDWLRQV ZLWK RUWKRJRQDO SRODUL]HUV DUH DFTXLUHG WR LPDJH RUWKRJRQDO SR�
ODUL]DWLRQ VWDWHV RQ WKH GHWHFWRU DQG WKHQ DSSO\ 3', SRVW�SURFHVVLQJ WR UHPRYH WKH VWHOODU
OLJKW� 7R GDWH� OLQHDU SRODUL]HUV DUH XVHG LQ KLJK�FRQWUDVW LQVWUXPHQWV� VXFK DV 9/7�63+(5(
DQG *HPLQL�*3,� DQG VRRQ LQ VSDFH ZLWK 5RPDQ 6SDFH 7HOHVFRSH�&*,� ,Q WKH ODVW GHFDGH�
3', KDYH SURYHG WR EH HIÀFLHQW WR LPDJH FLUFXPVWHOODU GLVNV� VXFK DV SURWRSODQHWDU\ �H�J��
)LJ� ����� *DUXÀ HW DO�� ����� RU GHEULV GLVNV �H�J�� 2ORIVVRQ HW DO�� ����E��

7R VXP XS� DOO WHFKQLTXHV KDYH SURV DQG FRQV� ZLWK $', DQG 6', VXLWHG WR UHYHDO SRLQW�
OLNH VRXUFHV VXFK DV H[RSODQHWV �RU EDFNJURXQG VWDUV�� ZKLOH 3', LV SDUWLFXODUO\ HIÀFLHQW WR
UHWULHYH FLUFXPVWHOODU GLVNV� 7KH 5', WHFKQLTXH LV HIIHFWLYH WR LPDJH ERWK GLVN DQG H[RSODQ�
HWV� KRZHYHU� LW FDQ FRPH ZLWK DGGLWLRQDO WLPH FRVW LI WKH UHIHUHQFH LPDJHV FRUUHVSRQG WR DQ
DGGLWLRQDO UHIHUHQFH VWDU WR REVHUYH� DQG QRW IURP D OLEUDU\ RI UHIHUHQFH VWDU LPDJHV� 7KH GH�
YHORSPHQW RI QHZ DOJRULWKPV WR SURFHVV KLJK�FRQWUDVW LPDJLQJ REVHUYDWLRQV LV D YHU\ DFWLYH
UHVHDUFK ÀHOG� ,Q SDUWLFXODU� UHFHQWO\� VFLHQWLVWV KDYH EHHQ ZRUNLQJ WR LPSURYH �RU GHYHORS�
WKH $',� DQG 5',� EDVHG SRVW�SURFHVVLQJ DOJRULWKPV� QRWDEO\ WR LPDJH PRUH HIIHFWLYHO\ FLU�
FXPVWHOODU VLJQDOV LQ WRWDO LQWHQVLW\ OLJKW� 7KLV HQDEOHV WKH FKDUDFWHUL]DWLRQ RI WKH GLVNV ERWK
LQ WRWDO LQWHQVLW\ DQG SRODULPHWU\ OLJKW� UHVXOWLQJ LQ PRUH FRQVWUDLQWV RQ WKH SURSHUWLHV RI
WKHLU GXVW SDUWLFOHV�

'XULQJ P\ 3K�'�� , PRVWO\ XVHG WKH KLJK�FRQWUDVW LQVWUXPHQW 63+(5(� ,W LV DQ (XURSHDQ
LQVWUXPHQW� WKDW LV RSHUDWHG E\ (62 DW WKH 9/7� DQGZKLFK KDG LWV ÀUVW�OLJKW LQ ����� 63+(5(
LV D VHFRQG�JHQHUDWLRQ LQVWUXPHQW DW WKH 9/7� ZKLFK ZDV EXLOW XSRQ WKH H[SHULHQFH DFTXLUHG
ZLWK WKH ÀUVW�JHQHUDWLRQ1D&R LQVWUXPHQW� WKDW RSHUDWHG EHWZHHQ ���� DQG ����� , ÀUVW JLYH D
JHQHUDO RYHUYLHZ RI WKH 63+(5( LQVWUXPHQW LQ 6HFWLRQ ������ EHIRUH GLVFXVVLQJ LWV OLPLWDWLRQV
LQ 6HFWLRQ ������

63+(5( FDQ LPDJH H[RSODQHWV DQG FLUFXPVWHOODU GLVNV LQ WKH RSWLFDO DQG LQ WKH QHDU�LQIUDUHG�
IURP 0.51 µP WR 2.35 µP ZLWK EURDG DQG QDUURZ ÀOWHUV� 63+(5( LV GLYLGHG LQ IRXU VXE�
LQVWUXPHQWV� FRUUHVSRQGLQJ WR D &RPPRQ 3DWK DQG ,QIUDVWUXFWXUH �&3,� WKDW LQFOXGHV WKH
DGDSWLYH RSWLFV V\VWHP �6$;2�� DQG WKH WKUHH VXE�LQVWUXPHQWV QDPHG ,QIUD�5HG 'LIIHUHQWLDO
,PDJLQJ 6SHFWURPHWHU �,5',6� 'RKOHQ HW DO�� ������ ,QWHJUDO )LHOG 6SHFWURPHWHU �,)6� &ODXGL
HW DO�� ����� DQG WKH =XULFK ,0DJLQJ 3RODULPHWHU �=,032/� 6FKPLG HW DO�� ������ VHH )LJ� ����
'XULQJ P\ 3K�'�� , XVHG WKH VXE�LQVWUXPHQWV ,5',6 DQG ,)6� QRW =,032/�



���� 7KH 63+(5( KLJK�FRQWUDVW LQVWUXPHQW DW WKH 9HU\ /DUJH 7HOHVFRSH ��

)LJXUH ���� 7KH 63+(5( LQVWUXPHQW DQG LWV WKUHH VXE�LQVWUXPHQWV� ,)6� ,5',6 DQG =,032/� 7KH
OLJKW HQWHUV WKH LQVWUXPHQW DW WKH WRS� &UHGLWV� (62�63+(5( 0DQXDO�

7KH ,5',6 VXE�LQVWUXPHQW LV D GXDO�EDQG LPDJHU LQ WKH QHDU�LQIUDUHG FRYHULQJ WKH VSHF�
WUDO UDQJH IURP 0.95 µP WR 2.35 µP� L�H�� WKH <-+.V EDQGV� ,5',6 KDV PDQ\ GLIIHUHQW PRGHV�
RIIHULQJ FODVVLFDO LPDJLQJ �&,�� GXDO�EDQG LPDJLQJ �'%,�� GXDO OLQHDU SRODUL]DWLRQ LPDJLQJ
�'3,� 'H %RHU HW DO�� ������ DQG ORQJ VOLW VSHFWURVFRS\ �/66�� ,5',6 KDV D ÀHOG RI YLHZ RI
11´×11´� ZKLFK LV ODUJHU WKDQ WKDW RI WKH ,)6 DQG =,032/� ,W KDV DOVR D ODUJHU SL[HO VL]H
�12.25PDV [ 12.25PDV��

$V IRU WKH ,)6� LW LV D ORZ�UHVROXWLRQ VSHFWURJUDSK RSHUDWLQJ HLWKHU IURP 0.95µPWR 1.35µP
�<- EDQGV� UHVROXWLRQ RI DERXW ��� RU 0.95 µP WR 1.65 µP �<-+ EDQGV� UHVROXWLRQ RI DERXW
���� 7KLV LV D OHQVOHW�EDVHG VSHFWURJUDSK �IROORZLQJ WKH %,*5( FRQFHSW� $QWLFKL HW DO�� ������
(DFK SRUWLRQ RI WKH ÀHOG RI YLHZ LV FDSWXUHG E\ D OHQVOHW WKDW GLVSHUVHV WKH VSHFWUXP RYHU D
UHFWDQJXODU DUHD RI 5.1 SL[HOV×41 SL[HOV RQ WKH GHWHFWRU� 7KLV LPDJH RQ WKH GHWHFWRU LV WKHQ
UHVDPSOHG WR REWDLQ �' GDWD FXEH� ZLWK WZR VSDWLDO GLPHQVLRQV� RQH VSHFWUDO FRUUHVSRQGLQJ
WR WKH �� VSHFWUDO FKDQQHOV DQG RQH WHPSRUDO� 7KH ÀHOG RI YLHZ LV 1.7´×1.7´ DQG WKH ÀQDO
SL[HO VL]H LV 7.46PDV × 7.46PDV�

2Q WKH RWKHU KDQG� =,032/ LV D KLJK FRQWUDVW LPDJLQJ SRODULPHWHU REVHUYLQJ LQ WKH
RSWLFDO �510²900 QP�� =,032/ FDQ GR FODVVLF LPDJLQJ DQG SRODULPHWULF GLIIHUHQWLDO LPDJLQJ
�3',� LQ VORZ RU IDVW PRGXODWLRQ PRGH� ,WV ÀHOG RI YLHZ LV 3.5´×3.5´� ZLWK D SL[HO VL]H RI
7PDV [ 7PDV�

%RWK SXSLO� DQG ÀHOG�VWDELOL]HG PRGHV DUH RIWHQ RIIHUHG IRU LQVWUXPHQWDO VHW�XS ZLWK
,5',6� ,)6 DQG =,032/� HQDEOLQJ SRVW�SURFHVVLQJ EDVHG RQ WKH $', WHFKQLTXH� 0XOWL�
ZDYHOHQJWK GDWD FXEHV FDQ EH SRVW�SURFHVVHG XVLQJ 6',� ZKHUHDV SRODULPHWULF GDWD �IURP
,5',6 RU =,032/� YLD 3',�

3UH� DQG SRVW�SURFHVVLQJ SLSHOLQHV KDYH EHHQ GHYHORSHG IRU WKH 63+(5( LQVWUXPHQW�
QDPHG 6SH&DO �*DOLFKHU HW DO�� ����� DQG ,5'$3 �9DQ +ROVWHLQ HW DO�� ������ 7KH 6SH&DO
SLSHOLQH LV DVVRFLDWHG WR WKH +LJK &RQWUDVW 'DWD &HQWHU �+&�'&��� WKDW RIIHUV D VHUYLFH WR UH�
GXFH KLJK�FRQWUDVW LPDJLQJ REVHUYDWLRQV� VXFK DV 63+(5( GDWD� $V IRU WKH ,5'$3 SLSHOLQH�

�DYDLODEOH DW https://hc-dc.cnrs.fr/� ,W ZDV SUHYLRXVO\ QDPHG WKH 63+(5( 'DWD &HQWHU�

https://hc-dc.cnrs.fr/


�� &KDSWHU �� 'LUHFW LPDJLQJ RI H[RSODQHWV DQG GLVNV� FRQFHSW DQG PHWKRGV

LW ZDV GHYHORSHG E\ 9DQ +ROVWHLQ HW DO� ������ WR UHGXFH 63+(5(�,5',6 SRODULPHWULF REVHU�
YDWLRQV� E\ DOVR DFFRXQWLQJ RI SRODUL]DWLRQ HIIHFWV LQWURGXFHG E\ WKH WHOHVFRSH DQG LQVWUX�
PHQW� DQG LV FXUUHQWO\ EHHLQJ LQJHVWHG LQ WKH +&�'&�

)RU P\ UHVHDUFK SURMHFWV� , V\VWHPDWLFDOO\ XVHG WKH VHUYLFH RI WKH +&�'& WR REWDLQ SUH�
SURFHVVHG WRWDO LQWHQVLW\ 63+(5( GDWD� DQG RIWHQ WR REWDLQ SRVW�SURFHVVHG YLD 3&$ $', RU
$6',� 7/2&, $', RU $6',� F$', RU Q$', DOJRULWKPV� , KDYH DOVR SRVW�SURFHVVHG GDWD RQ
P\ RZQ ZLWK WKH 3&$ DOJRULWKP XVLQJ WKH 9,3�+&, OLEUDU\ �*RPH] *RQ]DOH] HW DO�� �����
&KULVWLDHQV HW DO�� ������ VHH &KDSWHU � DQG WKH $1'520('$ SLSHOLQH� VHH &KDSWHUV � DQG
�� $V IRU SRODULPHWULF GDWD� , SUH� DQG SRVW�SURFHVVHG WKH GDWD ZLWK WKH ,5'$3 SLSHOLQH� VHH
&KDSWHU ��

$IWHU D GHFDGH RI RSHUDWLRQV� WKH 63+(5( LPDJHG GR]HQV RI SURWRSODQHWDU\ DQG GHEULV GLVNV�
\HW RQO\ D IHZ H[RSODQHWV�

'HPRJUDSKLF VWXGLHV VKRZHG WKDW RQO\ D IHZ SHUFHQW RI VWDUV KRVW PDVVLYH JLDQW SODQHWV
RU EURZQGZDUIV RI VHPL�PDMRU D[HV JUHDWHU WKDQ 10 DX �9LJDQ HW DO�� ����� 1LHOVHQ HW DO�� ������
+RZHYHU� PRVW RI WKH PDVVLYH JLDQW SODQHWV DUH ORFDWHG EHWZHHQ 1 DQG 10 DX �)XOWRQ HW DO��
������ ZKLFK FRUUHVSRQG WR VHSDUDWLRQV RI 10 PDV DQG 100 PDV IRU DW VWDU ORFDWHG DW 100 SF�
DV URXJKO\ WKRVH LQ WKH VWDU�IRUPLQJ UHJLRQ 6FR�&HQ �100²150 SF�� RQH RI WKH FORVHVW� ODUJH
UHVHUYRLU RI \RXQJ �5²40 0\U� VWDUV� $V WKH 63+(5( PRVWO\ XVHG FRURQDJUDSK� WKH $3/&�
KDV D LQQHU ZRUNLQJ DQJOH RI DERXW 100 PDV� WKH H[SHFWHG EXON RI JLDQW SODQHWV LQ 6FR�&HQ
DUH ORFDWHG DW WRR VPDOO VHSDUDWLRQV WR EH UHDFKDEOH E\ 63+(5(� ([RSODQHW GHPRJUDSK\ LV
RQH RI WKH IDFWRUV WKDW PDNHV WKH SUREDELOLW\ RI H[RSODQHW GHWHFWLRQ KLJKHU IRU QHDUE\ VWDUV�
WKH RWKHU EHLQJ WKDW QHDUE\ H[RSODQHWV DUH EULJWKHU WKDQ GLVWDQW RQHV� LQ WKHUPDO HPLVVLRQ
RI UHÁHFWHG OLJKW� 7KHUHIRUH� LGHDO WDUJHWV IRU 63+(5( ZRXOG EH \RXQJ VWDUV ORFDWHG FORVHU
WKDQ 100 SF� VXFK DV WKH RQHV LQ \RXQJ PRYLQJ JURXSV DV %HWD 3LFWRULV �LQ ZKLFK EHORQJ� H�J��
WKH SODQHWDU\ V\VWHPV %HWD 3LFWRULV DQG $) /HSRULV� GLVFRYHUHG E\ GLUHFW LPDJLQJ� DQG $%
'RUDGXV �H�J�� +5 ������ EXW XQIRUWXQDWHO\� WKHLU QXPEHU RI VWDUV LV TXLWH OLPLWHG�

&RQVHTXHQWO\� LQFUHDVLQJ WKH GHWHFWLRQ OLPLWV DW VPDOO VHSDUDWLRQV �LQ WKH ÀUVW IHZ KXQ�
GUHGV PLOOLDUFVHFRQGV� LV D FUXFLDO VWHS� DV ZHOO DV WKH QXPEHU RI VWDUV WKDW FDQ EH REVHUYHG
ZLWK 63+(5(� L�H�� IRU ZKLFK WKH $2�ORRS FDQ EH FORVHG� 7KHVH DUH WKH WZRPDLQ REMHFWLYHV RI
WKH SURSRVHG XSJUDGH RI 63+(5(� QDPHG 63+(5(�� �L� WR LPDJH -XSLWHU�PDVV H[RSODQHWV
ORFDWHG GRZQ WR 5 DX �QRZ ∼ 10 DX� VHH )LJ� ���� OHIW�� DQG �LL� GLVFRYHU QHZ SURWR�SODQHWV
�DQDORJV WR 3'6 ��� LQ VWDU�IRUPLQJ UHJLRQV� VR DURXQG IDLQW� UHG VWDUV �VHH )LJ� ���� ULJKW�� ,Q
ERWK FDVHV� FKDUDFWHUL]H WKHP ZRXOG EULQJ VWURQJ FRQVWUDLQWV RQ SODQHW IRUPDWLRQ DQG HYR�
OXWLRQ PRGHOV�

2ULJLQDOO\� WKH 63+(5(� XSJUDGH ZDV GHFRPSRVHG LQ WZR PDLQ LQVWUXPHQWDO GHYHORS�
PHQWV� 6$;2�� L�H�� WKH XSJUDGH RI WKH DGDSWLYH RSWLFV V\VWHP QDPHG 6$;2� DQG DPHGLXP�
UHVROXWLRQ LQWHJUDO ÀHOG VSHFWURJUDSK� FDOOHG 0HG5HV� 6$;2� ZRXOG EH DFWLQJ DV DQ $2
LQVWUXPHQWDO GHPRQVWUDWRU IRU WKH (/7 LQVWUXPHQWV� LQ SDUWLFXODU 3&6� DV XVLQJ DV QHZ� VHF�
RQG $2 VWDJH D S\UDPLG ZDYHIURQW VHQVRU� ZKLFK LV WKH VDPH W\SH RI ZDYHIURQW VHQVRU WKDW
ZLOO XVH WKH (/7 LQVWUXPHQWV� 7KLV QHZ� IDVWHU DQG PRUH VHQVLWLYH $2 VWDJH ZLOO UHGXFH WKH
VHUYRODJ HUURU� PHQWLRQHG LQ 6HFWLRQ ������ WKDW FRQVLVWV LQ QRW IDVW HQRXJK FRUUHFWLRQV RI WKH
DWPRVSKHULF WXUEXOHQFH� 7KH KLJKHU FRUUHFWLRQ IUHTXHQF\ �3 N+] LQVWHDG RI 1.3 N+]� ZLOO
DOORZ 63+(5( WR ZRUN RSWLPDOO\ LQ PHGLDQ REVHUYDWLRQDO FRQGLWLRQV� 7R WDNH DGYDQWDJH
RI WKLV LPSURYHG $2 FRUUHFWLRQ� WKH PHGLXP�UHVROXWLRQ ,)6 0HG5HV ZRXOG EH GHVLJQHG WR
EHWWHU GHWHFW DQG FKDUDFWHUL]H WKH DWPRVSKHUH RI H[RSODQHWV ORFDWHG DW FORVH VHSDUDWLRQV WKDQ
WKH FXUUHQW ORZ�UHVROXWLRQ ,)6 RI 63+(5(� :LWK D UHVROXWLRQ RI D IHZ KXQGUHGV WR RQH WKRX�
VDQG� 0HG5HV ZRXOG XVH PRUH H[WHQVLYH VSHFWUDO LQIRUPDWLRQ ZLWK WKH PROHFXODU PDSSLQJ
WHFKQLTXH �VHH 6HFWLRQ ������� ,Q DGGLWLRQ� LQ WKH 63+(5(� ZKLWH SDSHU �%RFFDOHWWL HW DO��



���� 7KH 63+(5( KLJK�FRQWUDVW LQVWUXPHQW DW WKH 9HU\ /DUJH 7HOHVFRSH ��

)LJXUH ���� 7KH 63+(5( SHUIRUPDQFHV DQG OLPLWDWLRQV� /HIW� &RPSOHWHQHVV RI WKH ÀUVW VDPSOH RI
150 VWDUV RI WKH 63+(5(�*72 6+,1( VXUYH\ �EODFN VROLG FRQWRXUV�� FRPSDUHG WR WKH SHUIRUPDQFH
RI WKH ROGHU 1D&R LQVWUXPHQW LQ WKH /S EDQG �UHG GDVKHG FRQWRXUV� IRU FRPSOHWHQHVV DW 30� 50 DQG
90�� $W 10 DX� 6+,1(ZDV VHQVLWLYH WR FRPSDQLRQV GRZQ WR DW OHDVW 100-XS IRU 50�RI WKH VWDUV� 7KH
FRQWUDVW�WR�PDVV FRQYHUVLRQ LV EDVHG RQ WKH %(;�&21'�KRW PRGHOV �0DUOHDX HW DO�� ������ 5LJKW�
7KH 63+(5( LQVWUXPHQW FDQ GHWHFW VWDUV GRZQ WR D PDJQLWXGH RI �� PDJ LQ WKH 5 EDQG� PLVVLQJ
PRVW RI WKH VWDUV RI WKH QHDUE\� \RXQJ DVVRFLDWLRQV ZKLOH LWV XSJUDGH 63+(5(� ZLOO JLYH DFFHVV WR
WKH EXON RI LW �5< 16PDJ�� %RWK ÀJXUHV DUH IURP WKH 63+(5(� ZKLWH SDSHU %RFFDOHWWL HW DO� �������

������ QHZ FRURQDJUDSKV DUH DOVR FRQVLGHUHG� VXFK DV D PRGLÀHG $3/& �1·'LD\H HW DO�� �����
1·'LD\H HW DO�� ����D� DQG D SKDVH DSRGL]HG SXSLO /\RW FRURQDJUDSK �3RU� ������ 7KHVH FRUR�
QDJUDSKV ZRXOG LQFUHDVH WKH FRQWUDVW RI D IDFWRU �� EHWZHHQ 100 DQG 200 PDV� DQG IRU WKH
ODWWHU RQH� KDV D VPDOOHU ,:$ RI 1.4λ/D� 8QIRUWXQDWHO\� WKH RQO\ XSJUDGH ZKLFK LV LQ D JRRG
SRVLWLRQ WR EH YDOLGDWHG E\ (62 LV 6$;2�� QRW 0HG5HV� RU WKH QHZ FRURQDJUDSKV�

,QLWLDOO\� KDOI RI P\ 3K�'� ZRUN ZDV VXSSRVHG WR KHOS RQ WKH GHYHORSPHQW RI WKH QHZ ,)6
0HG5HV� 'XULQJ P\ ÀUVW \HDU RI 3K�'�� , GLG VWDUW WR UXQ PROHFXODU PDSSLQJ VLPXODWLRQV
IRU GLIIHUHQW LQVWUXPHQWDO VHW�XSV DQG DVWURSK\VLFDO VFHQHV� WR GHWHUPLQH ZKDW ZRXOG EH WKH
RSWLPL]HG GHVLJQ IRU 0HG5HV� LQ WHUPV RI VSHFWUDO FRYHUDJH DQG UHVROXWLRQ� IRU H[RSODQHW
GHWHFWLRQ DQG FKDUDFWHUL]DWLRQ� $V WKH 0HG5HV SURMHFW EHFDPH PRUH DQG PRUH XQFHUWDLQ�
P\ 3K�'� VXEMHFW VKLIWHG DQG , KDYH WKHQ IXOO\ GHGLFDWHG P\ ZRUN WRZDUGV DVWURSK\VLFDO
H[SORLWDWLRQ VWXGLHV RQ H[RSODQHWV DQG GHEULV GLVNV�

2WKHU HIIHFWV OLPLW WKH SHUIRUPDQFH RI WKH 9/7�63+(5( REVHUYDWLRQV DQG DUH QLFHO\ UH�
SRUWHG DQG LOOXVWUDWHG LQ &DQWDOORXEH HW DO� ������� 7KHUH DUH WKH HUURUV UHODWHG WR WKH $2
VXFK DV WKH ÀWWLQJ HUURU �GXH WR D OLPLWHG QXPEHU RI DFWXDWRUV RI WKH GHIRUPDEOH PLUURU��
WKH DOLDVLQJ HUURU �OLPLWHG VSDWLDO VDPSOLQJ RI WKH ZDYHIURQW VHQVRU� DQG WKH 1&3$V� 7KH
1&3$V DUH WKH PDLQ VRXUFH RI VSHFNOHV LQ WKH $2�FRUUHFWHG ]RQH LQ JRRG REVHUYLQJ FRQGL�
WLRQV� DQG GLIIHUHQW WHFKQLTXHV ZHUH LQYHVWLJDWHG WR FRUUHFW WKHP� )LUVW� D =HUQLNH ZDYHIURQW
VHQVRU �1·'LD\H HW DO�� ����� FDOOHG =HOGD ZDV GHYHORSHG DQG VXFFHVVIXOO\ WHVWHG RQ LQWHUQDO
VRXUFH �1·'LD\H HW DO�� ����E� DQG RQ�VN\ �9LJDQ HW DO�� ������ $OWHUQDWLYHO\� 3RWLHU HW DO� ������
����� GHPRQVWUDWHG RQ LQWHUQDO VRXUFH DQG RQ�VN\ WKDW WKH 1&3$V FRXOG EH FRUUHFWHG ZLWK
WKH GDUN KROH WHFKQLTXH� 7KLV WHFKQLTXH XVHV D SDLU�ZLVH SURELQJ HVWLPDWRU DQG D FRQWUROOHU
EDVHG RQ HOHFWULF ÀHOG FRQMXJDWLRQ� ZKLFK ZDV RULJLQDOO\ GHYHORSHG IRU VSDFH�EDVHG LQVWUX�
PHQWDWLRQ� +RZHYHU� VXFK FDOLEUDWLRQV DQG FRUUHFWLRQV RI WKH 1&3$V DUH VWLOO DW D UHVHDUFK
DQG GHYHORSPHQW VWDJH� 7KH\ KDYH WR EH PRUH UREXVW WR EH LPSOHPHQWHG LQ WKH GD\�WR�GD\
RSHUDWLRQDO SKDVH RI 63+(5(�

2Q WRS RI WKDW� WKHUH DUH WKH MLWWHU HUURU� WKH ORZ�ZLQG HIIHFW� DQG WKH ZLQG�GULYHQ KDOR
WKDW GHJUDGH WKH XOWLPDWH 63+(5(SHUIRUPDQFHV� 7KHZLQG�GULYHQ KDOR �:'+�&DQWDOORXEH



�� &KDSWHU �� 'LUHFW LPDJLQJ RI H[RSODQHWV DQG GLVNV� FRQFHSW DQG PHWKRGV

HW DO�� ����� ORRNV OLNH D EULJKW EXWWHUÁ\ SDWWHUQ DQG LV SUHVHQW RQ DERXW 30� RI WKH 63+(5(
REVHUYDWLRQV� 7KLV SDWWHUQ� RIWHQ DV\PPHWULF DQG WKDW URWDWHV DV D IXQFWLRQ RI WKH SDUDOODFWLF
DQJOHV� GHJUDGHV WKH GHWHFWLRQ OLPLWV DW VPDOO VHSDUDWLRQV �≤ 0.5µ�� 7KH:'+ LV FDXVHG E\ WKH
GLVSODFHPHQWV RI WKH XSSHU OHYHO DWPRVSKHULF WXUEXOHQFH GXH WR KLJK ZLQG VSHHG RI WKH MHW
VWUHDP �0DGXURZLF] HW DO�� ������ DQG ZKLFK LV QRW FRUUHFWHG IDVW HQRXJK E\ WKH $2 V\VWHP�
$V IRU WKH MLWWHU HUURU� LW LV FDXVHG E\ YLEUDWLRQV RU WLS�WLOW HUURUV WKDW PLVFHQWHU WKH VWDU EHKLQG
WKH FRURQDJUDSKLF PDVN DQG WKDW DUH QRW FRUUHFWHG E\ WKH GLIIHUHQWLDO WLS�WLOW VHQVRU �'776�
%DXGR] HW DO�� ������ 7KH ORZ�ZLQG HIIHFW �/:(� 3RXUUp HW DO�� ������ LV GXH WR WKH FRROHU
WHPSHUDWXUH RI WKH 0��PLUURU VSLGHUV WKDW WKHQ FRRO GRZQ WKH DLU OD\HU QH[W WR LW RI DERXW
2²3GHJ FRPSDUHG WR WKH DPELDQW DLU� 'XULQJ QLJKWV ZLWK DOPRVW QR ZLQG �≤ 5PV−��� WKH DLU
GRHV QRW PL[ SURSHUO\� UHVXOWLQJ LQ D KLJKHU UHIUDFWLYH LQGH[ IRU WKH FROG DLU OD\HU� WKDW DIIHFWV
XQKRPRJHQHRXVO\ WKH VWHOODU ZDYHIURQW� DQG JHQHUDWHV VSHFNOHV�

$GGUHVVLQJ WKHVH HIIHFWV LV HVVHQWLDO WR OLPLW WKH QXPEHU DQG EULJKWQHVV RI VSHFNOHV� DQG
HYHQWXDOO\ UHDFK GHHSHU VHQVLWLYLWLHV� 7KH /:( LV QRZ FLUFXPYHQWHG WKDQNV WR WKH WDSH WKDW
ZDV DGGHG RQ WKH VSLGHU KROGLQJ WKH 0�� WR WKHUPDOL]H WKH 0� VSLGHU DQG WKH DPELHQW DLU�
$V IRU WKH:'+� D QHZ GDWD SURFHVVLQJ VWUDWHJ\ FRXOG EH GHYHORSHG WRPRGHO LW DQG VXEWUDFW
LW IURP WKH FRURQDJUDSKLF GDWD �&DQWDOORXEH HW DO�� ������

8QGHUVWDQGLQJ OLPLWV RI FXUUHQW H[WUHPH�DGDSWLYH RSWLFV V\VWHPV VXFK DUH 63+(5( DUH HV�
VHQWLDO WR JR EH\RQG WKHP� IRU WKHVH VDPH LQVWUXPHQWV� EXW QRW RQO\� 7KH H[WUHPH DGDSWLYH�
RSWLFV� KLJK�FRQWUDVW� DQG VHFRQG�JHQHUDWLRQ LQVWUXPHQW 3&6 DW WKH (/7 DLPV WR UHDFK GHHS
FRQWUDVW RI 10−8 DW 20PDV �DQG 10−9 DW 100PDV�� DQG LPDJH H[R�(DUWKV �.DVSHU HW DO�� ������
7R DFKLHYH WKLV� XQGHUVWDQGLQJ DQG FRUUHFWLQJ IRU WKH1&3$V HUURUV RQ 3&6ZRXOG EH SULPRU�
GLDO� 7KH 63+(5(� XSJUDGH� 6$;2�� LV RQ WKH (62 URDGPDS RI WKH GHYHORSPHQW RI 3&6�
DQG DOVR VKDUH VRPH VLPLODULWLHV ZLWK RWKHU (/7 LQVWUXPHQWV �D S\UDPLG ZDYHIURQW VHQVRU��

$SDUW IURP LQVWUXPHQWDO SHUVSHFWLYHV DQG W\SLFDO HIIHFWV WKDW ZLOO GHJUDGH WKH XOWLPDWH
LPDJLQJ SHUIRUPDQFHV� 63+(5( ZRXOG DOVR EH FRPSOHPHQWDU\ LQ WHUPV RI VWUDWHJLHV RI RE�
VHUYDWLRQ� ,QGHHG� 63+(5( LV D VXUYH\ PDFKLQH WKDW FDQ GLVFRYHU H[RSODQHWV DQG GLVNV� WR
QDUURZ GRZQ WKH VDPSOH RI SURPLVLQJ VWDUV WR REVHUYH ZLWK WKH (/7� 'XH WR WKH H[SHFWHG
YHU\ KLJK SUHVVXUH IDFWRU WR KDYH WLPH RQ WKH (/7� ODUJH WLPH�FRQVXPLQJ VXUYH\V ZLWK WKH
(/7 ZRXOG EH KDUGO\ FRQFHLYDEOH�

$V IRU V\QHUJLHV ZLWK VSDFH IDFLOLWLHV� 63+(5( FDQ LPDJH H[RSODQHWV DW VPDOOHU VHSDUD�
WLRQV �GRZQ WR 100PDV� FRPSDUHG WR -:67�1,5&DP RU -:67�0,5, FRURQDJUDSKLF PRGHV
�GRZQ WR 300²400 PDV� H�J�� WKH GHWHFWLRQV RI $)/HS E DQG +5���� H� )UDQVRQ HW DO�� �����
%RFFDOHWWL HW DO�� ������ +RZHYHU� 63+(5( LV OHVV VWDEOH WKDQ VSDFH LQVWUXPHQWV� VR IRU LQ�
VWDQFH H[RSODQHW GHWHFWLRQV EHORZ WKH ,:$ �GHÀQHG DV ZKHUH WKH FRURQDJUDSKLF WKURXJKSXW
LV RI 50�� DUH QRW IHDVLEOH IRU 63+(5(� FRQWUDU\ IRU -:67� ZKLFK KDV IRU WKH WZR SUHYLRXV
FDVHV FRURQDJUDSKLF WKURXJKSXWV RI 7� DQG 52�� UHVSHFWLYHO\� 7KHQ� WKH VWXG\ RI WKH YDUL�
DEOLW\ RI WKH DWPRVSKHUHV RI H[RSODQHWV DUH PRUH FKDOOHQJLQJ IURP WKH JURXQG� GXH WR WKH
XQFHUWDLQWLHV RI WKH VRXUFH RI WKH YDULDELOLW\� EHWZHHQ WKH H[RSODQHW �RU KRVW VWDU� DQG WKH
YDULDELOLW\ RI WKH (DUWK·V DWPRVSKHUH WUDQVPLVVLRQ� 7KH VDPH JRHV IRU LQWHUSUHWLQJ WKH UH�
ÁHFWDQFH RI FLUFXPVWHOODU GLVNV �WKDW LV WR VD\� LWV EULJWKQHVV DW GLIIHUHQW ZDYHOHQJWKV�� IRU
ZKLFK PHDVXUHPHQWV PD\ QRW EH VLPXOWDQHRXV DQG KHQFH� GHSHQG RQ IDFWRUV �H�J�� (DUWK·V
DWPRVSKHUH WUDQVPLVVLRQ� KDUG WR HYDOXDWH D SRVWHULRUL� ZKLFK FKDOOHQJHV WKH GDWD DQDO\VLV�
0RUHRYHU� WKH LQ�GHSWK VWXGLHV RI WKH SRODULPHWULF PRGH RQ 63+(5(�,5',6 �'H %RHU HW DO��
����� 9DQ +ROVWHLQ HW DO�� ����� ZLOO JLYH FOXHV RQ SRVVLEOH SRODUL]DWLRQ HIIHFWV RQ WKH 1DQF\
*UDFH 5RPDQ 6SDFH 7HOHVFRSH DQG WDUJHWV WR REVHUYH �H�J�� +5 ����� $QFKH HW DO�� ������ 0RUH�
RYHU� WR LPDJH HYHU IDLQWHU� FORVHU H[RSODQHWV� WKH FRUUHFWLRQ RI WKH 1&3$V DOVR SOD\V D PDMRU
UROH IRU VSDFH LQVWUXPHQWV�



���� 7KH 63+(5( KLJK�FRQWUDVW LQVWUXPHQW DW WKH 9HU\ /DUJH 7HOHVFRSH ��

$V IRU RWKHU H[RSODQHW GHWHFWLRQ WHFKQLTXHV� DV PHQWLRQHG LQ 6HFWLRQ ������ 63+(5( LV
FRPSOHPHQWDU\� EHFDXVH LW SUREHV WKH RXWHU SDUW RI H[RSODQHWDU\ V\VWHPV� LQDFFHVVLEOH E\
WUDQVLW� UDGLDO� DQG� WR VRPH H[WHQW� DVWURPHWULF VWXGLHV� )XUWKHUPRUH� 63+(5( SURYLGHV
FRPSOHPHQWDU\ RU XQLTXH FRQVWUDLQWV RQ WKH DWPRVSKHULF DQG SK\VLFDO SURSHUWLHV RI D JLYHQ
H[RSODQHW�

7R FRQFOXGH� LQ WKLV &KDSWHU� , KDYH LQWURGXFHG WKH PDLQ LQVWUXPHQW , KDYH XVHG IRU
P\ UHVHDUFK GXULQJ P\ 3K�'�� WKH KLJK�DQJXODU UHVROXWLRQ� KLJK�FRQWUDVW LPDJHU 63+(5(
DW WKH 9/7 LQ &KLOH� , KDYH GHVFULEHG LWV PDLQ OLPLWDWLRQV DQG LWV FXUUHQW VWDWXV LQ WKH FRQWH[W
RI WKH 63+(5(� XSJUDGH� 0RUH JHQHUDOO\� , KDYH H[SODLQHG LQ ZKDW FRQVLVW VXFK LQVWUX�
PHQWV� WKDW DUH DEOH WR LPDJH H[RSODQHWV DQG FLUFXPVWHOODU GLVNV� , KDYH DOVR JLYHQ VRPH
FRQWH[W� DERXW WKH 63+(5( SUHGHFHVVRUV EXLOW DQG GHYHORSHG IRU (62 IDFLOLWLHV �&20(�
21� &20(�21��$'21,6� 1D&R�� DQG PRUH EURDGO\� RWKHU FXUUHQW JURXQG� DQG VSDFH�
EDVHG KLJK�FRQWUDVW IDFLOLWLHV WKDW DUH SDUWLFXODUO\ UHOHYDQW IRU P\ UHVHDUFK� )RU VRPH RI
WKHVH IDFLOLWLHV� LQFOXGLQJ /%7�6+$5.�1,5� /%7�/0,5&DP� +67�67,6� -:67�1,5&DP�
DQG -:67�0,5,� , VXEPLWWHG SURSRVDOV WR REWDLQ WHOHVFRSH WLPH WR LQLWLDWH QHZ UHVHDUFK
SURMHFWV� DQG , ZDV JUDQWHG VRPH RI WKHP�



��

��� &RQWH[W � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 0RWLYDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 3UHYLRXV VWXGLHV RQ +' ������ � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0\ ZRUN � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 6XEPLWWHG LQ $	$� 'HVJUDQJH HW DO� ���� VXEP� � � � � � � � � � � � � ��
����� 0DLQ UHVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 3HUVSHFWLYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��



���� &RQWH[W ��

7R GDWH� PRUH WKDQ RQH KXQGUHG GHEULV GLVNV KDYH EHHQ VSDWLDOO\ UHVROYHG� HLWKHU LQ WKH RS�
WLFDO� LQIUD�UHG RU PLOOLPHWHU� 'HEULV GLVNV DUH FRPPRQ DQG DUH PRUH IUHTXHQWO\ GHWHFWHG
DURXQG \RXQJ �≤ 25 0\U� WKDQ DURXQG ROGHU �50 0\U²10 *\U� VRODU�OLNH VWDUV� ,QGHHG�
3DZHOOHN HW DO� ������ GHWHUPLQHG D GHWHFWLRQ UDWH RI 75� GHEULV GLVNV IRU WKH ) VWDUV RI WKH
%HWD 3LFWRULV 0RYLQJ *URXS� ZKHUHDV VHYHUDO VWXGLHV UHSRUWHG D GHWHFWLRQ UDWH RI DURXQG
25� IRU RWKHU ROGHU VWDUV �H�J�� 1DMLWD HW DO�� ����� DQG UHIHUHQFHV WKHUHLQ�� +RZHYHU� WKHVH
GHWHFWLRQ UDWHV FRXOG EH VLJQLÀFDQWO\ GLIIHUHQW WR WKH RFFXUHQFH UDWHV� GXH WR GHWHFWLRQ ELDV�
)RU LQVWDQFH� FXUUHQW IDFLOLWLHV DUH QRW DEOH WR GHWHFW GXVW EHOWV ZLWK D VLPLODU IUDFWLRQDO OXPL�
QRVLW\ �∼10−7� WKDQ WKDW RI WKH $VWHURLG %HOW RU WKH .XLSHU %HOW �%DFNPDQ HW DO�� ����� DURXQG
RWKHU VWDUV �)LJ� ������

6WXG\LQJ GHEULV GLVNV VHW FRQVWUDLQWV RQ WKH DUFKLWHFWXUHV RI SODQHWDU\ V\VWHPV� GXVW DQG
JDV SURSHUWLHV� DQG SXWDWLYH SODQHW�GLVN LQWHUDFWLRQV� 7KH\ FDQ EH SUHFLRXV UHVHUYRLUV RI
FRPHWV� DQG VR GHOLYHU YRODWLOHV� VXFK DV ZDWHU RU RUJDQLFV� RQ SODQHWV ZKHQ IDOOLQJ RQ WKHP�
7KH PRUSKRORJ\ RI D GHEULV GLVN FDQ DOVR KHOS WR WUDFH EDFN WKH IRUPDWLRQ RU HYROXWLRQ RI D
V\VWHP� LQ SDUWLFXODU WR VSHFLÀF IHDWXUHV WKDW FRXOG EH UHODWHG WR JLDQW LPSDFWV �-RQHV HW DO��
������ RU UHYHDO LQWHUDFWLRQV ZLWK WKHLU FORVH QHLJKERUKRRG� HLWKHU ZLWK VWHOODU HQFRXQWHUV
�%HUWLQL HW DO�� ������ RU LQWHUDFWLRQV ZLWK WKH LQWHUVWHOODU PHGLXP �0DQHVV HW DO�� ������

$PRQJ QHDUE\ \RXQJ DQG ODUJH DVVRFLDWLRQ� 6FR�&HQ GLVWLQJXLVK LWVHOI E\ KRVWLQJ PDQ\
GHEULV GLVNV VSDWLDOO\ UHVROYHG DQG PDVVLYH JLDQW SODQHWV� ([SORULQJ VXFK DVVRFLDWLRQ WKHUH�
IRUH HQDEOHV WKH VWXG\ RI WKH GLYHUVLW\ RI SODQHWDU\ V\VWHP DUFKLWHFWXUHV DW D \RXQJ DJH� 'XU�
LQJ P\ 3K�'�� , ZRUN RQ D FRPSOH[ GHEULV GLVN� +'������� KDYLQJ VHYHUDO GLVN VWUXFWXUHV�

7KH ÀUVW LPDJH RI WKH GHEULV GLVN RI +'������ ZDV SUHVHQWHG DW WKH ,QWHUQDWLRQDO $VWUR�
QRPLFDO 8QLRQ �,$8� E\ 3DGJHWW 	 6WDSHOIHOGW ������� DPRQJ RWKHU GHEULV GLVNV LPDJHG E\
+67�67,6 LQ D IROORZ�XS VXUYH\ RI GHEULV GLVNV LPDJHG SUHYLRXVO\ ZLWK :,6(� VHH )LJ� ���
�OHIW�� 7KH +67�67,6 LPDJHG WKH VFDWWHUHG�OLJKW RI VPDOO GXVW JUDLQV LQ WKH RSWLFDO� H[WHQGHG
XS WR D SURMHFWHG VHSDUDWLRQ RI 900 DX�

)LJXUH ���� /HIW� +67�67,6 LPDJH SXEOLVKHG LQ 3DGJHWW 	 6WDSHOIHOGW ������� 5LJKW� 9/7�63+(5(
DQG +67�67,6 SXEOLVKHG LQ %RQQHIR\ HW DO� ������

$IWHUZDUGV� %RQQHIR\ HW DO� ������ SXEOLVKHG QHDU�LQIUDUHG VFDWWHUHG�OLJKW 63+(5( RE�
VHUYDWLRQ LQ WRWDO LQWHQVLW\ �)LJ� ���� �ULJKW�� IROORZHG E\ 2ORIVVRQ HW DO� �����E�� ZKR VWXG�
LHG WKH 63+(5( FRXQWHUSDUW SRODULPHWULF GDWD� %RWK VWXGLHV FKDUDFWHUL]HG LQGHSHQGHQWO\



�� &KDSWHU �� 7KH \RXQJ� PXOWL�VWUXFWXUHG GHEULV GLVN +' ������

WKH PRUSKRORJLFDO SDUDPHWHUV RI WKH LQQHU GLVN� ORFDWHG DW D UHIHUHQFH VHPL�PDMRU D[LV RI
35 ± 4 DX RU 62 ± 3 DX� ZLWK DQ HVWLPDWHG LQFOLQDWLRQ RI 76.7 ± 0.6 ◦ RU 80 ± 1 ◦ DQG DQ LQQHU
DQG RXWHU VORSHV IRU WKH EHOW RI αLQ = 12 DQG αRXW = −2� RU αLQ = 10 DQG αRXW = −5� IRU 2ORIV�
VRQ HW DO� �����E� DQG %RQQHIR\ HW DO� ������� UHVSHFWLYHO\� ,Q DGGLWLRQ� %RQQHIR\ HW DO� ������
DOVR SRLQWHG RXW WKH H[LVWHQFH RI D VHFRQG� IDLQW RXWHU VWUXFWXUH LPDJHG LQ WRWDO LQWHQVLW\� EXW
ZKLFK LV QRW GHWHFWHG LQ SRODULPHWU\ �2ORIVVRQ HW DO�� ����E��

3UHYLRXVO\� EDVHG QRWDEO\ RQ WKH 6SLW]HU GDWD� WZR VWXGLHV PRGHOHG WKH 6(' ZLWK HLWKHU D
WZR� RU RQH�FRPSRQHQW EODFNERG\ �&KHQ HW DO�� ����� -DQJ�&RQGHOO HW DO�� ����� UHVSHFWLYHO\��
&KHQ HW DO� ������ GHWHUPLQHG D EULJKW �L,5/L⋆ = 1.1 × 10−3�� FROG �127 ± 5 .� EHOW ORFDWHG
DW 14 DX DQG D IDLQW �L,5/L⋆ = 1.4 × 10−4�� FROGHU �63 ± 5 .� SRSXODWLRQ DW 117 DX� $V
IRU -DQJ�&RQGHOO HW DO� ������� WKH\ RQO\ UHFRYHUHG WKH LQQHU RQH� DW D GLVWDQFH RI 9 ± 1 DX
�L,5/L⋆ = 1.5×10−3� 124±5.�� DQG E\ DVVXPLQJ D VLQJOH SRSXODWLRQ RI GXVW JUDLQV� SURYLGHG
DGGLWLRQDO FRQVWUDLQWV RQ WKH GXVW SURSHUWLHV� 7KH\ HVWLPDWHG D JUDLQ VL]H RI 15.5 µP� ZLWK
D SXUH ROLYLQH FRPSRVLWLRQ� UDWKHU WKDQ D PL[WXUH EHWZHHQ ROLYLQH DQG S\UR[HQH� ,Q DQ\ RI
WKH 6(' PRGHOLQJ� WKH GHULYHG ORFDWLRQ RI WKH GXVW EHOW LV VLJQLÀFDQWO\ ORZHU WKDQ WKH RQH
GHWHUPLQHG IURP WKH VFDWWHUHG�OLJKW LPDJHV LQ WKH QHDU�LQIUDUHG� 7KLV LV FRPPRQ� EHFDXVH
VPDOO GXVW JUDLQV DUH SRRU HPLWWHUV� 7KH IDFWRU RI GLIIHUHQFH LV FDOLEUDWHG E\ 3DZHOOHN 	
.ULYRY ������� DQG GHSHQGV RQ WKH VWHOODU W\SH�

$V SDUW RI P\ 3K�'�� , KDYH SHHUHG LQWR WKH \RXQJ GHEULV GLVN +'������� 7R FKDUDFWHUL]H WKH
PRUSKRORJ\ DQG GXVW SURSHUWLHV RQ WKLV V\VWHP� , IRFXVHG RQ WKH 9/7�63+(5( GDWD LQ WRWDO
DQG SRODUL]HG LQWHQVLW\� ,Q WRWDO� WKHUH ZHUH WKUHH 63+(5( REVHUYDWLRQV LQ WRWDO LQWHQVLW\
DW 1.6 µP� HLWKHU LQ QDUURZ GXDO�EDQGV �+� DQG +��� RU LQ WKH EURDG EDQG +� DQG RQH LQ
SRODULPHWU\ DW 1.6 µP� 8VLQJ WKH ,5'$3 SLSHOLQH �'H %RHU HW DO�� ����� 9DQ +ROVWHLQ HW DO��
������ , SURFHVVHG WKH SRODULPHWULF GDWD �6HFWLRQ �������

, VSHQW D VLJQLÀFDQW WLPHZKLOH SURFHVVLQJ WKH WKUHH WRWDO�LQWHQVLW\ HSRFKV RI REVHUYDWLRQV
RI 63+(5(�,5',6 DQG 63+(5(�,)6� EHFDXVH , WHVWHG VHYHUDO ZD\V WR SURFHVV WKHP� %\
XVLQJ WKH 3&$ DOJRULWKP LPSOHPHQWHG LQ WKH RSHQ�DFFHVV OLEUDU\ VIP_HCI �*RPH] *RQ]DOH]
HW DO�� ����� &KULVWLDHQV HW DO�� ������ , SOD\HG RYHU WKH QXPEHU RI FRPSRQHQWV �IURP 1 WR
20� WR EHWWHU UHYHDO WKH IDLQW GLVN VWUXFWXUHV� DQG , DOVR SURFHVVHG LQGLYLGXDOO\ WKH VSHFWUDO
FKDQQHOV� VXPPLQJ WKHQ WKH SURFHVVHG LPDJHV �RU QRW�� RU VXPPLQJ WKH VSHFWUDO FKDQQHOV
EHIRUH SURFHVVLQJ WKH GDWD� DQG VHH ZKDW SURFHVVLQJ VHW�XS JDYH WKH EHVW UHVXOWV �6HFWLRQ
������� &RQFHUQLQJ WKH ,5',6 GDWD� WKHUH DUH WZR VSHFWUDO FKDQQHOV �HLWKHU +� DQG +� RU WZR
FKDQQHOV FRUUHSRQGLQJ WR WKH %%+ EDQG�� ZKLOH IRU ,)6� WKHUH DUH WKLUW\ QLQH RI WKHP� :KHQ
, FRPELQHG WKH ,)6 VSHFWUDO FKDQQHOV� , DSSOLHG GLIIHUHQW VSHFWUDO ELQQLQJ� WR ÀQDOO\ FRQYHUJH
RQ ÀYH ,)6 LPDJHV PDGH RI HDFK VL[ VSHFWUDO FKDQQHOV� , UHPRYHG WKH ÀUVW DQG ODVW FKDQQHOV�
DQG D IHZ RWKHUV WKDW ZHUH PRUH LPSDFWHG E\ DUWLIDFWV� VHH )LJ� � �ORZHU�SDQHO� RU )LJ� $���
7KLV FKRLFH ZDV PRWLYDWHG E\ KRZ ZHOO WKH GLVN VLJQDO ZDV UHFRYHUHG� DQG LWV S/N �

$IWHUZDUGV� EDVHG RQ WKH 63+(5(�,5',6 GDWD� , FRQVWUDLQHG WKH PRUSKRORJ\ DQG SKR�
WRPHWU\ RI WKH LQQHU EHOW� E\ UXQQLQJ ÀUVW VLPXODWLRQV XVLQJ DQ H[SORUDWLRQ DOJRULWKP EDVHG
RQ D Nelder-Mead PLQLPL]DWLRQ �1HOGHU 	 0HDG� ������ DQG WKHQ XVLQJ WKH PHWKRG MCMC
�0DUNRY &KDLQ 0RQWH &DUOR� ZLWK WKH SDFNDJH emcee �)RUHPDQ�0DFNH\ HW DO�� ������ , KDG
VL[ IUHH SDUDPHWHUV� WKH UHIHUHQFH VHPL�PDMRU D[LV RI WKH GLVN �r0�� LWV LQFOLQDWLRQ �i�� LWV SR�
VLWLRQ DQJOH �PA�� LWV VORSH RI WKH RXWHU HGJH RI WKH EHOW �αRXW�� LWV ÁX[ �LQIHUUHG EDVHG RQ

�$OO WKH UHIHUHQFHV WR 6HFWLRQV� )LJXUHV� 7DEOHV DQG (TXDWLRQV LQ WKLV 6HFWLRQ DUH IURP VXEPLWWHG SDSHU 'HV�
JUDQJH HW DO� ������ VXEP��� ZKLFK LV DGGHG LQ WKH QH[W 6HFWLRQ ������



���� 0\ ZRUN ��

D ÁX[ VFDOLQJ IDFWRU�� DQG WKH VFDWWHULQJ DQLVRWURS\ SDUDPHWHU �g� DOVR FDOOHG WKH +HQ\H\�
*UHHQVWHLQ SDUDPHWHU +HQ\H\ 	 *UHHQVWHLQ� ����� GHVFULELQJ LWV VFDWWHULQJ SKDVH IXQFWLRQ��
7KH VLPXODWLRQV DLPHG WRPLQLPL]H WKH QRUPDOL]HG UHVLGXDOV� GHÀQHG DV WKH GLVNPRGHO VXE�
WUDFWHG IURP WKH REVHUYDWLRQV� QRUPDOL]HG E\ WKH QRLVHPDS �VHH (T� ����� , JHQHUDWHG WKH GLVN
PRGHO ZLWK WKH GraTeR FRGH DYDLODEOH LQ VIP-HCI�

7KH Nelder-Mead�EDVHG VLPXODWLRQV DOORZHG PH WR FRQYHUJH IDVW �DERXW D IHZ PLQXWHV
RQP\ ODSWRS� WR D VDWLVI\LQJ GLVNPRGHOPDWFKLQJZHOO WKH REVHUYDWLRQV� ZKHUHDV ZLWK MCMC�
EDVHG VLPXODWLRQV �DERXW D GD\ RQ WKH ,3$* FRPSXWLQJ IDFLOLWLHV� , FRXOG EHWWHU VDPSOH WKH
SDUDPHWHU VSDFH �r0� i � PA� αRXW� ÁX[ VFDOLQJ IDFWRU� g�� VWXG\ WKH FRUUHODWLRQ EHWZHHQ WKH
SDUDPHWHUV DQG HVWLPDWH WKH XQFHUWDLQWLHV� , UDQ Nelder-Mead VLPXODWLRQV LQ GLIIHUHQW FRQ�
ÀJXUDWLRQV� WKH PRGHO KDG WR PDWFK WKH REVHUYDWLRQV WKDW ZHUH HLWKHU VHW WR RQH HSRFK RU
D FRPELQDWLRQ RI VRPH RI WKHP� 7KLV FRPELQDWLRQ FRXOG EH WKH WKUHH WRWDO�LQWHQVLW\ REVHU�
YDWLRQV �RQH LQ %%+� WZR LQ +���� WKH WZR HSRFKV DFTXLUHG LQ WKH EURDG EDQG + �RQH LQ
WRWDO LQWHQVLW\ DQG RQH LQ SRODULPHWU\� RU WKH IRXU HSRFKV DOWRJHWKHU �WZR LQ %%+� WZR LQ
+���� , FRQVLGHUHG IRU WKH REVHUYDWLRQV HLWKHU WKH ÀUVW� VHFRQG� RU ERWK FKDQQHOV FRPELQHG�
DSSO\LQJ D 3&$ SURFHVVLQJ XVLQJ 5 RU 10 FRPSRQHQWV� ZKLOH FDUU\LQJ RXW WKH Nelder-Mead
VLPXODWLRQV� , HQGHG XS ZLWK D ODUJH WDEOH UHSRUWLQJ WKH EHVW�ÀWWLQJ SDUDPHWHUV IRU GLIIHUHQW
FRQÀJXUDWLRQV RI WKH VLPXODWLRQV� 7KLV JDYH PH DQ LQVLJKW RI KRZPXFK WKH GLVN SDUDPHWHUV
FRXOG YDU\ GHSHQGLQJ RQ WKH SURFHVVLQJ DQG REVHUYDWLRQ XVHG� DQG JDYH PH FRQÀGHQFH LQ
P\ UHVXOWV�

$V IRU WKH ÀQDO EHVW�ÀWWLQJ SDUDPHWHUV RI WKH LQQHU EHOW� , GHFLGHG WR GHULYH WKHP
YLD MCMC VLPXODWLRQV� PRGHOLQJ MRLQWO\ WKH SRODUL]HG� DQG WRWDO�LQWHQVLW\ REVHUYDWLRQV RI
63+(5(�,5',6 LQ WKH EURDG EDQG +� 7KH VLPXODWLRQV KDG WR PLQLPL]H WKH UHVLGXDOV RI ERWK
REVHUYDWLRQV �6HFWLRQ �����

7KH GDWD SURFHVVLQJ DQG WKH VLPXODWLRQV SDUW UHSUHVHQWHG GHÀQLWHO\ D VLJQLÀFDQW WLPH RI
P\ZRUN RQ WKLV SURMHFW� $IWHU WKHVH WZRPDLQ VWHSV� LW KDV EHHQ UHODWLYHO\ VWUDLJKWIRUZDUG WR
REWDLQ DGGLWLRQDO UHVXOWV UHJDUGLQJ WKH GXVW SURSHUWLHV� %DVHG RQ WKH EHVW�ÀWWLQJ SDUDPHWHUV
�VHH 7DEOH ��� , REWDLQHG WKH VFDWWHULQJ SKDVH IXQFWLRQ LQ WRWDO DQG SRODUL]HG LQWHQVLW\ �)LJ� ���
DQG H[WUDFWHG WKH PD[LPXP SRODUL]DWLRQ IUDFWLRQ �6HFWLRQ �����

%\ À[LQJ WKH SDUDPHWHUV RI WKH LQQHU EHOW WR WKH RQHV GHULYHG RQ WKH ,5',6 WRWDO DQG
SRODUL]HG LQWHQVLW\ GDWD� H[FHSW WKH VFDOLQJ IDFWRU UHSUHVHQWLQJ WKH ÁX[ RI WKH GLVN� , UDQ
VHYHQ QHZ MCMC VLPXODWLRQV WR GHWHUPLQH WKH SKRWRPHWU\ RI WKH LQQHU EHOW DW VHYHQ RWKHU
ZDYHOHQJWKV� FRUUHVSRQGLQJ WR WKH GLVN VHHQ LQ WKH ÀYH ,)6 LPDJHV �IURP 1.0 WR 1.3 µP LQ WKH
<- EDQGV� DQG LQ WKH WZR ,5',6 LPDJHV �WKH QDUURZ EDQGV +� DQG +��� )URP WKHVH UHVXOWV� ,
GHULYHG WKH UHÁHFWDQFH VSHFWUXP RI WKH LQQHU EHOW IURP 1.0 WR 1.8 µP �)LJ� ��� 7KH UHÁHFWDQFH
RI WKH LQQHU EHOW FRUUHVSRQGV WR WKH VXUIDFH EULJWKQHVV RI WKH LQQHU EHOW GLYLGHG E\ WKH ÁX[
RI WKH KRVW VWDU�

,Q DGGLWLRQ� UHJDUGLQJ WKH 63+(5( GDWD� , LQYHVWLJDWHG WKH QDWXUH RI WKH VHFRQG GLVN
VWUXFWXUH VHHQ LQ WKH 63+(5( WRWDO LQWHQVLW\ REVHUYDWLRQV �6HFWLRQ ����� %\ DVVXPLQJ LW LV
D VHFRQG EHOW� , GHWHUPLQHG WKH H[SHFWHG ÁX[ LW ZRXOG KDYH LQ SRODULPHWU\ EDVHG RQ WKH
GRXEOH�EHOW PRGHO IURP %RQQHIR\ HW DO� ������� $OWHUQDWLYHO\� , DOVR FRQVLGHUHG WKH KDOR K\�
SRWKHVLV� FRQVLVWLQJ LQ VPDOO� HFFHQWULF SDUWLFOHV WKDW FRXOG RULJLQDWH IURP WKH FROOLVLRQV RI
ODUJHU ERGLHV ZLWKLQ WKH LQQHU EHOW �DSRFHQWHU SLOH�XS WKHRU\� 2ORIVVRQ HW DO�� ������ , PRG�
HOHG WKH LQQHU EHOW DQG WKH KDOR XVLQJ WKH betadisk FRGH� �2ORIVVRQ HW DO�� ����D��

�7KH VFDWWHULQJ DQJOH LV GHÀQHG DV WKH DQJOH EHWZHHQ WKH LQFLGHQW SKRWRQ·V SDWK DQG WKH VFDWWHUHG SKRWRQ·V
SDWK� )RU D JLYHQ GXVW EHOW� WKH VFDWWHULQJ DQJOH YDULHV ZLWK WKH D]LPXWK� H�J�� )LJ� �� IURP 3HUULQ HW DO� �������
'HSHQGLQJ RQ WKH LQFOLQDWLRQ �i� RI WKH GLVN� RQO\ D JLYHQ UDQJH RI VFDWWHULQJ DQJOHV DUH DFFHVVLEOH IRU WKH REVHUYHU�
7KH PLQLPXP DFFHVVLEOH VFDWWHULQJ DQJOH LV GHÀQHG DV 90◦− i� RI WKH GLVN �DQG LW FRUUHVSRQGV WR WKH UHJLRQ RI WKH
EHOW FORVHVW WR WKH REVHUYHU�� DQG WKH PD[LPXP DV 90◦ + i �WKH UHJLRQ RI WKH EHOW IXUWKHVW DZD\ WR WKH REVHUYHU�

�$FFHVVLEOH KHUH� https://github.com/joolof/betadisk

https://github.com/joolof/betadisk
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$W WKH RULJLQ� P\ ZRUN RQ +'������ ZDV VXSSRVHG WR IRFXV RQO\ RQ WKH 63+(5( GDWD�
1RQHWKHOHVV� WKDQNV WR P\ FROODERUDWRUV� , ZDV DEOH WR DGG $/0$ DQG +67�67,6 GDWD RQ
WKLV V\VWHP LQ 'HVJUDQJH HW DO� ������ VXEP���

5HJDUGLQJ WKH $/0$ GDWD� , FRQWDFWHG -DPHV 0LOH\ �#86$&+� &KLOH�� ZKR LV WKH 3, RI
WKH $/0$ ODUJH SURJUDP ZKLFK LQFOXGHV GDWD RQ +'������� +H NLQGO\ JDYH PH DFFHVV WR
WKH SURFHVVHG $/0$ GDWD DW 1.3 PP RI +'������� \HW XQSXEOLVKHG� DQG LQ ZKLFK WKHUH LV
D GLVN GHWHFWLRQ �)LJ� ��� , DOVR FRQWDFWHG *UDQW .HQQHG\ �#:DUZLFN 8QLYHUVLW\� 8.�� ZKR
GHULYHG WKH PRUSKRORJ\ RI WKH GLVN VHHQ ZLWK $/0$� DQG PRGHOHG WKH 6(' LQFOXGLQJ WKH
QHZ $/0$ PHDVXUHPHQW� &OHDUO\� P\ FROODERUDWLRQ ZLWK -DPHV 0LOH\ DQG *UDQW .HQQHG\
ZDV YHU\ IUXLWIXO� DQG WKH 6HFWLRQV ��� DQG � RZH PXFK WR WKHP�

$V IRU WKH+67�67,6 REVHUYDWLRQV� WKH\ ZHUH DOUHDG\ SXEOLVKHG LQ 3DGJHWW 	 6WDSHOIHOGW
������ DQG LQ %RQQHIR\ HW DO� ������� $OWKRXJK VRPH H[WHQGHG FLUFXPVWHOODU VLJQDO LV YLVLEOH LQ
WKHLU LPDJHV �)LJ� ����� WKH 67,6 REVHUYDWLRQV DUH GHHSO\ LPSDFWHG E\ WKHZHGJHV� 'LVFXVVLRQV
ZLWK -XOLHQ� *DsO� 0LFNDsO %RQQHIR\ DQG (ORGLH &KRTXHW PDGH PH YHU\ HQWKXVLDWLF WR KDYH
DOVR D ORRN DW WKH 67,6 GDWD� , GRZQORDGHG SUH�SURFHVVHG LPDJHV IURP WKH 0$67 DUFKLYH��
SRVW�SURFHVVHG WKHP YLD D KRPH�PDGH URXWLQH �6HFWLRQ ����� FRQYHUWHG WKHP LQ -\�DUFVHF2
�)LJ� �� DQG FRPSXWHG WKH S/N PDS �)LJ� ���

, DGGHG WKH VXEPLWWHG SDSHU LQ WKH IROORZLQJ SDJHV� , VXEPLWWHG WKH SDSHU LQ $VWURQRP\ 	
$VWURSK\VLFV LQ 2FWREHU� UHFHLYHG WKH SRVLWLYH UHSRUW IURP WKH UHIHUHH EHJLQQLQJ RI 'HFHP�
EHU� DQGZLOO VXEPLW WKH SDSHU DJDLQ LQ -DQXDU\� %HORZ WKH SDSHU ZLWKPRVW RI WKH FRPPHQWV
LPSOHPHQWHG�

�$YDLODEOH KHUH� https://archive.stsci.edu/
�1RWH� LQ WKH ÀUVW YHUVLRQ RI P\ 3K�'� PDQXVFULSW VXEPLWWHG LQ -XO\ ����� WKH YHUVLRQ RI WKH SDSHU ZDV WKH

RQH EHIRUH LWV VXEPLVVLRQ� DQG EHIRUH UHFHLYLQJ WKH FRPPHQWV IURP PRVW RI WKH FR�DXWKRUV� , XSGDWHG WKH SDSHU
WR LWV YHUVLRQ RI PLG�'HFHPEHU LQ WKLV VHFRQG �DQG ODVW� YHUVLRQ RI P\ 3K�'� PDQXVFULSW� 3OHDVH� FRQVLGHU DV WKH
RIÀFLDO YHUVLRQ RI WKH SDSHU WKH RQH ZKLFK ZRXOG EH SXEOLVKHG LQ $	$ LQ �����

https://archive.stsci.edu/
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Dust populations from 30 to 1 000 au in HD 120326’s debris disk:

A panchromatic view with VLT/SPHERE, ALMA, and HST /STIS ?
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ABSTRACT

Context. To date, more than one hundred debris disks have been spatially resolved. Among them, the young system HD 120326 stands
out, by displaying different disk substructures at both intermediate (30–150 au) and large (150–1 000 au) scales.
Aims. We present new VLT/SPHERE (1.0–1.8 µm) and ALMA (1.3 mm) data of the debris disk around HD 120326. By combining
them with archival HST/STIS (0.2–1.0 µm) and archival SPHERE data, we examine the morphology of the debris disk, and its dust
properties.
Methods. Our best-fitting model of the inner belt in near-infrared data is based on a joint-modeling of the SPHERE polarized and
total intensity observations. Separately, we model the ALMA data and the spectral energy distribution. We combine the results of both
these analyses with the STIS data in order to establish the global architecture of HD 120326.
Results. For the inner belt, identified as a planetesimal belt, we derive a semi-major axis of 43 au, a fractional luminosity of 1.8⇥ 10�3,
and a maximum degree of polarization of 51 %±6 % at 1.6 µm. We find that the spectral slope of its reflectance spectrum is red between
1.0 and 1.3 µm, and then gray between 1.3 and 1.8 µm. Additionally, SPHERE data show that there could be a halo of small particles
or a second belt at these distances (150 au). Using ALMA, we derived in the continuum (1.3 mm) an integrated flux of 561± 20 µJy
. We do not detect any 12CO emission. At larger separations (>150 au), we highlight in STIS data a spiral-like feature spanning
hundreds of au.
Conclusions. Further data are needed to confirm and better constrain the dust properties and global morphology of HD 120326.

Key words. Instrumentation: adaptive optics, high angular resolution – Methods: observational – Debris disk

1. Introduction

The direct imaging technique constrains planetary system archi-
tectures by probing regions at large (> 5 au) separations from the
star. It can detect the near- and mid-infrared emission of young

? Based on observations collected at the European Southern Ob-
servatory at Paranal with SPHERE under ESO programmes 095.C-
0607(A), 095.C-0487(A), 097.C-0060(A), 097.C-0949(A), 097.C-
0865(F), 0101.C-0128(D), 0101.C-0016(A), and also observations col-
lected with ALMA (project ID: 2022.1.00968.S) and with HST/STIS
(program: 12998).

self-luminous giant planets and resolve circumstellar disks, such
as debris disks. Debris disks are leftover material from planet
formation processes. They consist in volume mainly of small,
dust particles resulting from the collisional cascade of larger
(i.e., ⇠ kilometer-sized) planetesimals (e.g., reviews from Wyatt
2008; Krivov 2010; Hughes et al. 2018; Pearce 2024).

To date, space telescopes and ground-based facilities
equipped with extreme adaptive optics instruments have spa-
tially resolved the starlight scattered off dust grains in de-
bris disks down to separations of 0.100and up to about 1000—

Article number, page 1 of 25



A&A proofs: manuscript no. output

e.g., with HST (Schneider et al. 1999, 2014; Augereau et al.
1999a; Choquet et al. 2014, 2018; Ren et al. 2017, 2023b),
JWST/NIRCam (Rebollido et al. 2024; Lawson et al. 2024),
VLT/SPHERE (Wahhaj et al. 2016; Boccaletti et al. 2018; Xie
et al. 2022; Olofsson et al. 2022b), or Gemini/GPI (Esposito
et al. 2020; Crotts et al. 2024). Such images require specific
strategies of observation (e.g., adaptive optics and coronagraphy)
and processing, to block the stellar light and reveal the faint disk
signal. Scattered-light images enable a better understanding of
very small (. a few µm) dust particles by determining the degree
of forward scattering and linear polarization of the dust grains,
and their color. This provides constraints on the properties of the
dust grains, such as their size, shape and composition.

On the other hand, images of debris disks from mid-infrared
to millimeter provide a complementary view, because they are
sensitive mainly to the cold thermal emission of larger (sub-
mm/mm) dust particles — e.g., with JWST/MIRI (Gaspar et al.
2023; Rebollido et al. 2024), Spitzer (Su et al. 2009), Herschel
(Löhne et al. 2012; Wyatt et al. 2012; Kennedy et al. 2013, 2015,
2018), and ALMA (MacGregor et al. 2013, 2017; Su et al. 2017;
Marino et al. 2017, 2019; Faramaz et al. 2019, 2021). For (sub-
)mm observations, the location of the large grains seen is thought
to track more reliably the parent belt of large, colliding plan-
etesimals, as small grains are subject to stellar radiation effects
that make them drift from the parent belt where they are pro-
duced, hence smearing any asymmetry gravitationally induced
by massive perturbers (Thébault & Augereau 2007). The prop-
erties of debris disks, including their morphology and the prop-
erties (size, shape, composition) of the constituent dust grains
can therefore be studied more comprehensively by combining
multi-wavelength observations.

In total, more than one hundred debris disks have been spa-
tially resolved1 so far. Among them, there exists a wide diver-
sity of morphologies: narrow or broad rings, circular, eccentric
or misaligned rings, arcs, warps, clumps, swept-back wings, nee-
dles, forks or spiral arms (Hughes et al. 2018). A natural question
is what causes this diversity (Wyatt et al. 1999; Lee & Chiang
2016), whether this is related mostly to the influence of planetary
companions, or to other physical mechanisms such as disk self-
gravity (which may or may not require the presence of planets,
e.g., Ward & Hahn 1998; Hahn 2003; Jalali & Tremaine 2012;
Sefilian et al. 2021, 2023), giant impacts (Jones et al. 2023), col-
lisional dust avalanches (Grigorieva et al. 2007), stellar flybys
(e.g., Kenyon & Bromley 2002; Reche et al. 2009; Lagrange
et al. 2016), interstellar medium wind (Maness et al. 2009), or
processes occurring during planet formation in protoplanetary
disks (e.g., Najita et al. 2022).

In this context, the system HD 120326 (HIP 67497), located
at 113.3 ± 0.4 pc (Gaia Collaboration et al. 2021) belongs to the
Upper Centaurus Lupus sub-group in the Sco-Cen association,
and hosts a debris disk around the F0V-type young (16 Myr, Ma-
majek et al. 2002) star of mass of 1.6 M� (Chen et al. 2014). Us-
ing VLT/SPHERE near-infrared imaging in scattered light, Bon-
nefoy et al. (2017) reported the existence at intermediate scales
(. 150 au) of a dust belt and a putative second dust structure,
which could be another belt or a halo of dust grains. In addition,
optical data seems to show scattered-light of an extended halo,
up to a projected separation of 700 au (Padgett & Stapelfeldt
2016; Bonnefoy et al. 2017, using HST/STIS).

1 see the catalogs: https://www.astro.uni-jena.de/index.
php/theory/catalog-of-resolved-debris-disks.html and
https://circumstellardisks.org/

Previously, the spectral energy distribution (SED) of
HD 120326 has been modeled with either a single- (Jang-
Condell et al. 2015), or a double-belt (Chen et al. 2014) architec-
ture, by using in particular measurements of the Infrared Spec-
trograph (IRS) data of Spitzer. From their SED modeling, Chen
et al. (2014) found a bright (LIR/L? = 1.1⇥10�3), relatively cold
(127± 5 K) belt at 13.9 au, and a dimmer (LIR/L? = 1.4⇥ 10�4),
colder (63 ± 5 K) belt at 116.5 au, by assuming two blackbody
models. Alternatively, Jang-Condell et al. (2015) modeled the
data with a single belt made of a single grain population of a
given size, temperature and composition (a mixture of olivine
and pyroxene). Their best fit was that of a belt with fractional
luminosity of LIR/L? = 1.5 ⇥ 10�3 located at 8.8 ± 1.0 au, dust
particles of temperature of 124 ± 5 K, size of 15.5 µm, and with
a composition converging to pure olivine (instead of a mixture
of olivine and pyroxene).

However, both locations of the dust belt are underestimated.
This is common for representative radii of dust belts inferred via
SED modeling (e.g., Pawellek & Krivov 2015), because small
dust particles are inefficient emitters, resulting in higher temper-
atures than expected based on their separation from their host
star. By using SPHERE total intensity observations, Bonnefoy
et al. (2017) imaged for the first time the dust belt, and derived
via forward-modelling a larger reference radius r0 of 59 ± 3 au.
They also reported the possible existence of a second, outer disk
component, that could be another belt (r0 ⇠ 130 ± 8 au) or
a halo. However, Bonnefoy et al. (2017) were cautious about
this second component, as it is faint, and could also be related
to self-subtraction effects (Milli et al. 2012) caused by their
data processing based on the angular differential imaging (ADI,
Marois et al. 2006) technique. This purported second structure
was not detected in polarized intensity light using the same in-
strument, SPHERE, at the same wavelength (1.6 µm, Olofsson
et al. 2022b). This further complicates the interpretation of the
dust distribution around HD 120326.

In this paper, we carry out a comprehensive, multi-
wavelength study of the morphological and dust properties of
the HD 120326 debris disk. We use a combination of optical,
near infrared and millimeter data, including new observations us-
ing VLT/SPHERE and ALMA and archival data (HST/STIS and
SPHERE). In Section 2, we present the data used and our reduc-
tion: SPHERE observations (Section 2.1; with SPHERE/IRDIS
and SPHERE/ZIMPOL polarized intensity data in Section 2.1.1
and SPHERE/IRDIS and SPHERE/IFS total intensity data in
Section 2.1.2), ALMA observations (Section 2.2), and STIS ob-
servations (Section 2.3). In Section 3, we present our joint mod-
eling (Section 3.1) and analysis of the SPHERE total and po-
larized intensity observations. We derive new constraints on the
properties of the inner dust belt, including at 1.6 µm its scattering
phase function (Section 3.2) and maximum fraction of polariza-
tion (Section 3.3), and between 1.0 µm and 1.8 µm its reflectance
spectrum (Section 3.4). We also investigate the nature of the sec-
ond, faint component at larger distances (Section 3.5) first men-
tioned by Bonnefoy et al. (2017), which we firmly detect in our
new SPHERE total intensity observations. In Section 4, we re-
port our study of the ALMA data, including the morphological
analysis of the disk (Section 4.1), the modeling of the SED (Sec-
tion 4.2) and its dust mass (Section 4.3). In Section 5, we dis-
cuss the dust properties contextualized with other debris disks,
and the global morphology of the debris disk around HD 120326,
based on the STIS, SPHERE and ALMA images. We finally con-
clude in Section 6.
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2. Observations and processing of the SPHERE,

ALMA and STIS data

We here present the data used and our processing: VLT/SPHERE
(Section 2.1), ALMA (Section 2.2) and HST/STIS (Section 2.3).

2.1. SPHERE near-infrared observations

The system HD 120326 (HIP 67497) was observed both in po-
larimetry and total intensity with the Spectro-Polarimetric High-
contrast Exoplanet REsearch instrument (SPHERE, Beuzit et al.
2019) using its imager IRDIS (Dohlen et al. 2008) and its inte-
gral field spectrograph (Claudi et al. 2008, IFS) at the Very Large
Telescope (VLT). The field of view of IRDIS is 11”⇥11” and the
plate scale of its detector is 12.25 mas (Maire et al. 2016), while
for the IFS, these are 1.73”⇥1.73” and 7.46 mas, respectively.
The astrometric calibration of both IRDIS and IFS is based on
past regular observations of the star crowded field 47 Tuc, and
includes measurements on the true north, distortion, and plate
scale (Maire et al. 2021).

We summarize the log of the observations in Table 1. The
seeing and atmospheric coherence time (⌧0) are estimated by
the DIMM (Differential Image Motion Monitor, Sarazin & Rod-
dier 1990) and MASS (Multi-Aperture Scintillation Sensor, Ko-
rnilov et al. 2007) turbulence monitor at the Paranal Observatory.
The Strehl ratio is computed by the real-time computer SPARTA
(Standard Platform for Adaptive optics Real Time Applications,
Fedrigo et al. 2006) of SAXO (SPHERE eXtreme Adaptive Op-
tics system, Petit et al. 2014). In Section 2.1.1, we present the po-
larized intensity observations and our data processing, whereas
in Section 2.1.2 we report the total intensity observations and our
data processing, before comparing them in Section 2.1.3.

2.1.1. Polarimetric observations

As dust grains scatter light, they will polarize it, and this process
will depend on their intrinsic properties. Thus, observing cir-
cumstellar disks with polarimetry enables the study of dust grain
properties. Despite the stellar light being very bright, this tech-
nique is ideally suited to reveal the much dimmer signal from the
disk. Indeed, since stellar light is mostly unpolarized, polarimet-
ric observations facilitate the subtraction of the stellar light via
polarization differential imaging (PDI).

Two polarimetric datasets are available on HD 120326: near-
infrared data using SPHERE/IRDIS and optical data using
SPHERE/ZIMPOL. Below, we first describe the IRDIS data, in
which the disk signal is clear detected, and then, the ZIMPOL
data, in which no disk signal is detected.

By using the near-infrared instrument SPHERE/IRDIS in
its dual-beam polarimetric imaging (DPI, De Boer et al. 2020)
mode, the host star of HD 120326 was observed on the night of
the June 1, 2018 (PI: Boccaletti) under well-suited observation
conditions, with a seeing of 0.45” and a coherence time of the
atmosphere of 4.2 ms. The observation was carried out in the
field-stabilized mode in the broad band filter H (� = 1.625 µm,
∆� = 0.29 µm).

The IRDIS-DPI mode allows us to image simultaneously the
linearly polarized light in two orthogonal directions, by using
polarizers with orthogonal transmission axes. A polarimetric ob-
servation with SPHERE/IRDIS is made of polarimetric cycles
consisting of images acquired at four half-wave plate (HWP)
angles to measure the Stokes parameters Q+, Q�, U+, and U�.
These HWP angles are 0�, 45�, 22.5�, 67.5�, respectively, with

the Q+ vector aligned with a preferred orientation, usually the
meridian on-sky (see Fig. 1 from De Boer et al. 2020). This al-
lows us to retrieve the two linear polarization contributions, Q
and U expressed as

Q =
1

2
(Q+ � Q�) , (1)

U =
1

2
(U+ � U�) . (2)

Expressing Q and U as such enables the removal of the instru-
mental polarization effects caused by the reflections in the instru-
ment downstream of the HWP. From them, one can reconstruct

the linearly polarized intensity via the equation pI =
p

Q2 + U2,
and also the degree of linear polarization following DoLP =
pI/I, where I is the total intensity (De Boer et al. 2020). Tack-
ling the instrumental polarization generated by the reflections
upstream of the HWP require additional corrections, which are
described in Canovas et al. (2011). To process the polarimetric
observations, we used the public pipeline IRDAP2 (van Holstein
et al. 2020), which corrects for instrumental polarization both
upstream and downstream the HWP.

Finally in practice, we work with the azimuthal Stokes pa-
rameters Q� and U� (Schmid et al. 2006), expressed as

Q� = �Q cos(2�) � U sin(2�) , (3)

U� = +Q sin(2�) � U cos(2�) (4)

where � is the angle between the North and the point of interest
(from the North over East direction). A positive Q� signal corre-
sponds to polarization oriented in azimuthal direction (with re-
spect to the position of the star), while a negative Q� corresponds
to radial polarization. The U� signal corresponds to polarization
angles oriented at ±45� with respect to the radial (or azimuthal)
direction.

In Figure 1, we show the final Stokes vector components
pI, Q� and U� resulting from the polarimetric observation ac-

quired with 10 HWP cycles, expressed in µJy/arcsec2. Stellar
light has been subtracted in this image, which was evaluated
to 0.06 ± 0.07 % at 1� by the IRDAP pipeline. All the signal
of the disk is seen positively in Q�, i.e., this corresponds to az-
imuthal polarization of the light scattered by the debris disk, but
is not seen in U�, and so we used this polarization to estimate the
noise in the polarimetric data. To convert from detector units into
flux unit, we normalized the coronagraphic images with the total
flux of the star computed in a circular region of radius 25 pix-
els summed over the two channels, and corrected from respec-
tive frame time exposure and transmission of the neutral density
of the coronagraphic and non-coronagraphic observations. We
multiplied this then by a stellar flux density of 0.977 ± 0.044 Jy
(from Johnson H filter, Bourgés et al. 2014) and divided by the
plate scale area.

To derive the signal-to-noise (S/N) map of the disk seen in
polarimetry, we divide the Q� component containing the signal
of the disk by the azimuthal mean of the U� representing the
noise, see Fig. 1. The disk is easily detected in the IRDIS polari-
metric data, with a S/N of an average value of 4.6/pixel2 for the
East-part, and 3.5/pixel2 for the West-part of the disk.

In addition, we also processed the ZIMPOL polarimetric ob-
servations acquired on the night of August 1, 2015. The ZIM-
POL data were reduced by the High-Contrast Data Centre3 (HC-
DC, Delorme et al. 2017) which implements the pipeline devel-
oped at ETH Zürich and described in Hunziker et al. (2021).

2 https://github.com/robvanholstein/IRDAP
3 https://hc-dc.cnrs.fr/
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Table 1. Log of all the VLT/SPHERE observations on the system HD 120326.

Epoch Instr. Filt. Nexp DIT ∆⇡ seeing ⌧0 airmass strehl PI ESO program
(s) (deg) (”) (ms) (RTC)

2015-04-09 IRDIS H23 13 16 1.7
� �

3.3 � Bonnefoy 095.C-0607(A)
2015-04-09 IFS YJ 3 16 0.3 3.3 � Bonnefoy 095.C-0607(A)

2015-08-01 Zimpol IPRIM 48a 28 ⇥ 5 � 0.65 ± 0.10 3.2 ± 0.5 1.1 � Booth 095.C-0487(A)

2016-04-05 IRDIS H23 (†) 128 32
37 1.06 ± 0.13 3.4 ± 0.6 1.12

0.63 Bonnefoy 097.C-0060(A)
2016-04-05 IFS YJ 64 64 0.63 Bonnefoy 097.C-0060(A)

2016-06-03 IRDIS H23 (†) 80 32
22 0.72 ± 0.14 3.1 ± 0.5 1.11

� Hinkley 097.C-0949(A)
2016-06-03 IFS YJ 40 64 � Hinkley 097.C-0949(A)

2016-06-13 IRDIS J23 80 64 44.7 1.18 ± 0.17 2.1 ± 0.4 1.11 0.54 GTO 097.C-0865(F)

2018-06-01 IRDIS Pol. BBH (‡) 80 64 � 0.51 ± 0.06 4.4 ± 0.8 1.11 0.69 Boccaletti 0101.C-0128(D)

2019-06-26 IRDIS BBH 56 32
36 1.76 ± 0.26 2.1 ± 0.3 1.13

0.53 Bonnefoy 0101.C-0016(A)
2019-06-26 IFS YJ 28 64 0.53 Bonnefoy 0101.C-0016(A)

2019-07-09 IRDIS BBH (‡) 224 32
58 0.63 ± 0.07 3.1 ± 0.4 1.13

0.60 Bonnefoy 0101.C-0016(A)
2019-07-09 IFS YJ (‡) 112 64 0.60 Bonnefoy 0101.C-0016(A)

Notes. The results from this work are mainly based on the high-quality observations acquired on 2018-06-01 (polarized intensity) and on 2019-
07-09 (total intensity), highlighted via (‡). We also successfully detect the disk in the SPHERE/IRDIS total intensity observations of 2016-04-05
and 2016-06-03 (†; see Fig. 2). The other datasets are of poorer quality with for some no (2015-08-01) or almost no (2016-06-13, 2019-06-26)
recovery of disk signal. The observation acquired in 2015-04-09 is not exploitable because the focal plane mask was missing during the observation
sequence. (a) The 48 exposures correspond to twelve HWP cycles, resulting in a total time on source of Nexp ⇥ DIT. GTO stands for Guaranteed
Time Observations (PI: Beuzit).
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Fig. 1. Polarimetric images of the system HD 120326 using VLT/SPHERE at 1.6 µm (broad band H; scattered light; epoch 2018-06-01). We
processed the data by using the pipeline IRDAP. From left to right, we show the Stokes vector components pI (intensity), Q� (azimuthal or radial
polarization), and U� (polarization oriented at ±45� with respect to the azimuth) calibrated in µJy/arcsec2, and the signal-to-noise (S/N) map,
which is derived based on the Q� and U� images. For these images, as all the ones in this paper: North is up and East is left, while the gray circular
mask corresponds to the region within the inner working angle of the coronagraph.

In particular, we measured and corrected the relative beam shift
of the two orthogonal polarization states, subtracted the frame
transfer smearing, and corrected for the residual telescope polar-
ization and the intrinsic polarization of the star. The Stokes Q
and U images were then transformed into the Q� and U� images
following Eq. 4. Unfortunately no circumstellar structure is vis-
ible in the reduced Q� image and we therefore do not discuss
further these data.

2.1.2. Total intensity observations

In total intensity, the star HD 120326 was observed in sev-
eral modes with VLT/SPHERE: IRDIFS H23+YJ (2015-04-09,
2016-04-05, 2016-06-03), IRDIS J23 (2016-06-13), and IRDIFS
BBH+YJ (2019-06-26, 2019-07-09), see Table 1. The IRDIFS
mode enables simultaneous observations of the dual-band im-
ager IRDIS in the filter doublet H2H3 (�H2 = 1.593± 0.055 µm,
�H3 = 1.667 ± 0.056 µm) and of the low-resolution integral

field spectrograph IFS in the band YJ (0.95–1.35 µm). The fil-
ter doublet J2J3 corresponds to �J2 = 1.190 ± 0.042 µm, �J3 =

1.273 ± 0.046 µm. The broad band H (BBH) filter is the same
filter as that used in polarimetric mode (Section 2.1.1). All ob-
servations were carried out in the pupil-tracking mode to en-
able the processing of the data with the ADI technique and
achieve higher contrast at sub-arcsecond separations. In pupil-
tracking observations, circumstellar signal (e.g., disks or exo-
planets) rotates through the sequence of observation, while the
stellar halo remains quasi-static as a function of the parallac-
tic angles. The ADI technique therefore enables the removal of
most of the stellar halo and the retrieval of faint circumstellar
signal. For one epoch of observation, a data set consists of the
non-coronagraphic image of the star (to derive the stellar flux
and have the point-spread function -PSF- of the instrument), the
coronagraphic cube acquired at two (IRDIS) or thirty-nine (IFS)
channels (x, y, t, �), and the list of the parallactic angles corre-
sponding to each temporal frame.
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Fig. 2. Total intensity ("I") images at about 1.6 µm reduced using the processing PCA ADI on the system HD 120326, calibrated in contrast unit
(top) or in S/N (bottom). Two structures can be seen, the inner belt and second, outer structure (see the labels in the top-right image). All images
have the same orientation, with North up and East on the left.

Among the total intensity data, we mainly focus on the un-
published high-quality epoch of observation 2019-07-09, which
has a total time exposure of 119 min, with an average seeing of
0.54”, and a variation of parallactic angles of 58�, as displayed
in Table 1. In Figure 2, we also present results on the epochs of
2016-04-05 (published in Bonnefoy et al. 2017) and 2016-06-
03 (unpublished), but in which the circumstellar signal is fainter.
Regarding the other datasets (see Table 1), we do not consider
the observation of 2015-04-09 as the focal plane mask was miss-
ing during the observation sequence. We processed the observa-
tion 2019-06-26, but we do not present results in this paper as
the data are of significantly lower quality than the one of 2019-
07-09 acquired in the same band, and in which the disk is hardly
detectable. We processed the epoch 2016-06-03 acquired in the
J23 band, but almost no disk signal is recovered.

The data are pre-processed by the High-Contrast Data Center
(Delorme et al. 2017), using the SPHERE Data Reduction and
Handling pipeline (Pavlov et al. 2008). This pre-processing cor-
rects from both IRDIS and IFS data the bad pixels, dark current,
flat non-uniformity, sky background. In addition for the calibra-
tion of the IFS, the pre-processing corrects for the wavelength
and cross-talk between the spectral channels. Coronagraphic im-
ages are centered via four satellite spots used to determine the
accurate position of the star hidden behind the coronagraphic
mask.

We homogeneously post-processed the observations in total
intensity with the Principal Component Analysis (PCA, Amara
& Quanz 2012; Soummer et al. 2012) algorithm as implemented
in the open library VIP4 (Gomez Gonzalez et al. 2017; Christi-
aens et al. 2023). For the SPHERE/IRDIS data, we tested several
methods to process the data: first, we considered either one of the
two channels (combined before or after the PCA processing),
and we applied one to twenty components to model the stellar
halo before its subtraction with the PCA algorithm. The ultimate
goal was to have the cleanest image to retrieve the circumstel-

4 https://github.com/vortex-exoplanet/VIP/

lar signal. Although the circumstellar signal is drowned in the
stellar light, the number of PCA components used to model the
stellar halo has to be limited, because the model will capture
circumstellar signal too and remove it. This effect is named self-
subtraction, and is well known (Milli et al. 2012). By evaluating
the S/N of the disk and examining the residuals, we concluded
that applying PCA with 10 components on each of the two chan-
nels before averaging them into a final image is a relatively satis-
fying compromise, though some other options give comparable
results.

We show the reduced SPHERE/IRDIS observations for the
epochs 2016-04-05, 2016-06-03 and 2019-07-09 in Fig. 2, cali-
brated in contrast or in S/N. To convert to contrast, we normal-
ized the coronagraphic observation by the stellar flux estimated
in a circular aperture of 25-pixel radius, as for the polarimetric
observations. To obtain the S/N map, we built the noise map by
processing with PCA the coronagraphic cube for the opposite
parallactic angles, to keep a similar temporal dependence of the
stellar residuals and average any circumstellar signals, as done in
Pairet et al. (2019). We can see that the disk has a higher S/N in
the last observation (2019-07-09, H band), reaching on average
about 3.9/pixel2 for the East-part of the disk and 2.5/pixel2 for
the West-part.

From Figure 2, we can see two disk structures from the scat-
tered total intensity light observations. These two structures will
be refereed in this work as (i) “the inner belt”, which was already
reported by Bonnefoy et al. (2017) based on their epoch 2016-
04-05, and (ii) “the second, outer structure” (see Fig. 2), which
is also reported by Bonnefoy et al. (2017), but which appeared
particularly faint in their observation.

For the second, outer component, we confirmed the its West-
part based on the new epoch 2019-07-09, with a higher S/N of
median average 3.4±0.6 per pixel, compared to a S/N of 1.5±1.0
per pixel in the previous epoch 2016-04-05.

In addition, we processed the epochs 2019-07-09 and 2016-
04-05 with an iterative version of PCA (Pairet et al. 2021; Juil-
lard et al. 2023), using ADI only (I-PCA ADI), reference differ-
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Fig. 3. Comparison of the disk structures in HD 120326 detected in scattered-light (SPHERE, 1.6 µm) and in thermal emission (ALMA, 1.3 mm).
On the left, we show the polarized intensity SPHERE image with in overlay the contours of the inner belt determined for a signal level of
2 mJ/arcsec2 on this image convolved with a gaussian to obtain smooth contours. The contours are added on the total intensity SPHERE image
(middle) and on the zoom-out ALMA reconstructed image (right). In the middle image, we added a white arrow to point out the South-West part
of the second structure seen in total intensity, which does not overlap with the signal seen in polarized intensity.

ential imaging (RDI, Lafrenière et al. 2009) only (I-PCA RDI)
or combined (I-PCA ARDI, Juillard et al. 2024). Reference dif-
ferential imaging has proved to be efficient to remove the stel-
lar halo and retrieve extended circumstellar signal of dozen of
ground-based observations (Xie et al. 2022; Ren et al. 2023a).
Using an iterative approach for PCA helps to limit the effects of
self-subtraction, over-subtraction and deformations of the disk.
To apply I-PCA ARDI, we used a library of reference frames
obtained from observations of other stars with SPHERE/IRDIS
in the same filter. On HD 120326, contrary to I-PCA RDI, the
processing I-PCA ADI and I-PCA ARDI retrieve the second,
outer structure on the epochs 2016-04-05 and 2019-07-09, see
Fig. A.1. In particular, the East and West parts of the second,
outer structure are more visible than in the simple PCA ADI re-
ductions shown in Fig. 2.

Concerning IFS observations covering Y and J bands, we
processed them using PCA ADI and ten modes. Since the disk
is faint, we consider only the best epoch, 2019-07-09, and we
binned the spectral channels per six, to increase the signal-to-
noise ratio. Over the 39 spectral channels of the IFS, we kept 30
channels, removing the first and last ones, and a few that were
more impacted by artifacts. In these images (Fig. A.2, from top-
left to bottom-middle), the first belt is visible, but not the second,
outer disk structure. We recovered the West part of the second
structure only by taking the average of the 30 spectral channels
and applying a spatial binning (Fig. A.2, bottom-right).

In the rest of this work, we will mainly use for the SPHERE
total intensity observation, the epoch 2019-07-09 because its
signal-to-noise ratio is higher than the other exploitable ob-
servations (2016-04-05, 2016-06-03), and it is acquired in the
exact same filter than the SPHERE polarized intensity data
(see Table 1). We will use the PCA ADI processing to have
a fast-computing processing algorithm (compared to I-PCA
ADI/ARDI) when modeling the data to derive the best-fitting
disk parameters (see Sections 3.1 and 3.4).

2.1.3. Comparison of polarized versus total intensity data

The striking result from the previous Sections 2.1.1 and 2.1.2 is
the differences between the disk structures imaged in polarized
and total intensity. Only one disk belt is seen in polarized in-
tensity, while two components are detected in total intensity. In
Fig. 3, we compare the location of both structures, and we show
that the first structure in total intensity matches the location of

the ring imaged in polarized intensity. The second structure is
located further away.

2.2. ALMA millimeter observations

ALMA observations of HD 120326 were acquired as part of
project 2022.1.00968.S (PI J. Miley). In total five separate execu-
tions were made on October 19th and 21st, and December 17th,
18th, and 27th, 2022. The observations use a spectral set-up us-
ing Band 6 receivers that include two relatively coarse resolution
spectral windows with 128 channels of width 15.6 MHz placed
at central frequencies of 218.0 GHz (1.375 mm) and 233.0 GHz
(1.287 mm). Two further spectral windows were placed to cover
any potential bright molecular lines. The first was positioned
with central frequency 230.5 GHz (1.301 mm) containing 3 840
channels of width 244 kHz (1.4 µm). The final spectral window
was positioned at central frequency 220.0 GHz (1.363 mm) with
1 920 channels of width 976 kHz (6.0 µm). We reduced the raw
data by using the pipeline script provided by ALMA observatory
using CASA version 6.4 (McMullin et al. 2007).

Although emission from molecular lines is not detected, we
flag channels corresponding to ±15 km/s of the rest frequency of
the bright molecular line transitions covered by channels within
the spectral windows, specifically 12CO at 230.538 GHz, 13CO
at 220.4 GHz and 18CO at 219.6 GHz. This ensures that any
potential contamination of the continuum image by line flux is
avoided. The observed data was then averaged in frequency to
produce consistent channel widths of 15.625 MHz before imag-
ing and the five executions were then concatenated into a single
data set for imaging. Images were reconstructed using tclean
task in CASA using the Hogbom deconvolver (Högbom 1974)
and natural weighting. This produced a continuum image with a
synthesized beam of size of 1.32100 ⇥ 0.95000 (PA = �86.729�),
and achieved a noise level of 17 µJy/beam. The clear detection
of circumstellar material, which is unresolved, is shown in Fig-
ure 3 (right panel). There is no evidence of any offset from the
expected stellar position.

Our measurement of the flux of the debris disk is achieved by
fitting a Gaussian in the uv-plane, giving an integrated flux value
of 561 ± 20 µJy in the continuum at 1.3 mm. In addition, we
derived an upper limit of the 12CO value of 4.8 Jy · km/s. This
corresponds to three times the rms noise level measured over an
area equal to the size of the synthesized beam.
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2.3. HST/STIS optical observations

The archival HST/STIS observation of HD 120326 were al-
ready published in Padgett & Stapelfeldt (2016) and Bonnefoy
et al. (2017). These coronagraphic observations were acquired
on 2013-06-20 with the star centered behind the WedgeA1.0 at
two different rolling angles of separation 30� and in the broad
band filter centered at 0.59 µm (d� = 0.44 µm). Both papers pub-
lished reduced images with an extended halo around HD 120326,
and strong stellar artifacts at close separations.

We post-processed again the dataset with a home-made rou-
tine to remove most of the stellar light. We used as inputs the two
calibrated images acquired at ORIENT1 (28�) and ORIENT2
(58�), performed a roll-subtraction (IM1-IM2) and de-rotated the
image, resulting in North up and East on the left. The corre-
sponding results are shown in Fig. 4. As can be seen, we recover
the disk, which is impacted by self-subtraction (see black nega-
tives feature at the bottom right of the wedge in Fig. 4). We de-
rived the flux map (Fig. 4) by converting the ADU in Jy/arcsec2,
following the procedure described on the STScI website5. At
large separations (> 2.500), the disk has a flux density of a few
µJy/arcsec2.

To better distinguish the disk features from the stellar resid-
uals, we also computed the S/N map. We defined the signal map
as the reduced STIS image. Regarding the noise map, we com-
puted radially the noise as the standard deviation in annuli. We
did not consider the full image, but only the top-right quadrant,
in which we masked the (small) regions defined by the location
of the WedgeB1.0, one of the stellar spikes, a few background
sources or suspicious, bright pixels. We applied a spatial binning
of a factor four (two in height and two in width) to increase the
S/N. We show the S/N map in Fig. 5. A large asymmetric disk
structure extends up to a projected separation of about 700 au.
Its S/N per pixel is between 5 and 8. This spiral-like feature is
discussed in Section 5.2. Some signal is still visible relatively
close to the star, at the East edge of the WedgeA1.0 which has a
width of 1”. For scale comparison, in Fig. 5, we added the image
of the inner structures detected with SPHERE in total intensity
(top) and in polarized intensity (middle), and with ALMA (bot-
tom). In Section 5.2, we examine the global architecture of the
debris disk around HD 120326.

In the next two Sections, we present our constraints on the
properties of the inner disk structures of HD 120326, which are
detected in the near-infrared with VLT/SPHERE (Section 3) and
in the millimeter with ALMA (Section 4).

3. Morphology, photometry and polarization of the

disk structures from SPHERE near-infrared data

In Sections 3.1–3.4, we constrain the morphology, polarization,
and reflectance spectrum of the inner dust belt of HD 120326.
To this aim, we modeled the VLT/SPHERE near-infrared polari-
metric and total intensity data. Then, in Section 3.5, we examine
the leftover circumstellar signal in the residuals (indicated by the
white arrow in Fig. 6, bottom-right) and investigate its origin.

3.1. Disk modeling with one belt

To derive the disk morphology, we modeled jointly and indepen-
dently the SPHERE/IRDIS total and polarized intensity obser-
vations (2019-07-09 and 2018-06-01, respectively). We first de-

5 https://www.stsci.edu/documents/dhb/web/c03_stsdas.

fm3.html

scribe our methodology and results for our joint modeling, and
will then briefly also mention the results obtained for the inde-
pendent modeling following a similar methodology.

In our simulations, we constrained the six following param-
eters related to the belt: its reference radius r0, its position an-
gle PA, its inclination i, its scattering anisotropy parameter g,
its outer slope ↵out and a scaling factor related to its flux. To
limit the number of free parameters, we fixed the eccentricity,
ascending node and argument of periastron of the ring to zero,
and a steep inner slope to ↵in = 10. We used a gaussian ver-
tical profile (� = 2), a linearly flared ring (� = 1) and set the
scale height ⇠0 to 1.5 au at the reference radius r0 (aspect ratio
of ⇠3.75%), see Eqs. B.1- B.3 and Augereau et al. (1999b) for
a thorough description of the model for the dust density distri-
bution. To model the scattering phase function (SPF) of the disk
in total intensity, we used the Henyey-Greenstein (HG) function
(Henyey & Greenstein 1941, see Eq. (B.5)) parametrized by the
scattering anisotropy parameter g. The same goes for the polar-
ized intensity, which is modeled by this HG function multiplied
by the Rayleigh scattering function, see Eq. (B.6).

Our simulations aimed to minimize the reduced �2
r,I+pI

de-

fined as

�2
r,I+pI = �2

r,I + �2
r,pI (5)

=
�2

I

Nresol,I � Nparam � 1
+

�2
pI

Nresol,pI � Nparam � 1
(6)

where Nresol,I and Nresol,pI are the number of pixels considered
within the regions used to model the inner belt in the total and
polarized intensity images (see Fig. B.1), and Nparam is the num-

ber of free parameters. The �2
I

and �2
pI

are expressed as follows

�2
I =

X

pixel

"

PCA( obsI � MI (r0, PA, i, ↵out, scalingI) )

�I

#2

(7)

�2
pI =

X

pixel

"

Q� � MpI (r0, PA, i, ↵out, scalingpI)

�pI

#2

(8)

where obsI is the pre-processed total intensity science coron-
agraphic cube before applying PCA ADI, Q� is the IRDAP-
processed polarized intensity image, MI and MQ�

are the con-
volved disk models in total (I) and polarized (pI) intensity, and
�I and �pI are the noise maps of the observation in total and
polarized intensity, respectively. Both the total and polarized in-
tensity (I and pI, respectively) terms have similar values, they
therefore give an equal contribution in this merit function.

To explore the parameter space, we first ran simulations us-
ing a Nelder-Mead minimization (Nelder & Mead 1965), to
converge quickly to a minimum, before running a Markov Chain
Monte Carlo (MCMC) algorithm with emcee (Foreman-Mackey
et al. 2013) to explore the space parameter more extensively. The
walkers were initialized by drawing random values in the inter-
val set by the best parameters found with Nelder-Mead plus or
minus 10%. The random draw was linearly uniform for the refer-
ence radius, the position angle, the scattering anisotropy param-
eter, the outer slope, the cosine of the inclination and the loga-
rithm in base ten of the scaling flux factor. In total, we used 100
walkers, with 3 000 iterations for each parameter. For each itera-
tion, we generated a disk model with the radiative transfer code
GraTeR (Augereau et al. 1999b), available in the open-access li-
brary VIP (Gomez Gonzalez et al. 2017; Christiaens et al. 2023).

In the case of the total intensity data, we convolved directly
the disk model MI with the SPHERE/IRDIS non-coronagraphic
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Fig. 4. Optical coronagraphic HST/STIS observations of HD 120326 centered behind the WedgeA1.0”. We applied a spatial binning 2⇥2 pixels2
!

1⇥ 1 pixel2. The flux unit is µJy/arcsec2. The areas hidden by the wedges (WedgeA and WedgeB) and the diffraction spikes (the cross-pattern) are
masked in gray.

observation of the star, corresponding to the PSF of the instru-
ment. Then, we rotated the convolved synthetic disk model for
each parallactic angle of the sequence of observation, and sub-
tracted it from the science coronagraphic cube. We processed
this new cube by applying PCA using ten modes. We divided the
cube by the noise map�I (computed in Section 2.1.2), producing
a normalized residual map. If the disk model matches the obser-
vations, no circumstellar signal should remain in this normalized
residuals map, that should only represent noise.

On the other hand, in the case of polarimetric observations,
we matched the disk model with the Q� image obtained by pro-
cessing with the IRDAP pipeline (see Section 2.1.1). To con-
volve robustly the disk model, we constructed the synthetic
Stokes Q and U images from the disk model generated with VIP.
We convolved those Q and U images with the PSF of the star
and re-constructed the Q� image. Applying robustly the convo-
lution on the reconstructed Stokes Q and U images is important
for disks located at small separations, to account for positive
and negative polarization signals that cancel each other when
observed with a limited angular resolution (e.g., Engler et al.
2018; Heikamp & Keller 2019). We obtained the residual map
by subtracting the synthetic image MpI from the processed im-
age Q�, and normalized it by the noise map �pI (computed in
Section 2.1.1).

By considering only pixels within the region of interest
(where the disk signal may be located), we summed the square
value of these pixels for the total and polarized intensity, to ob-
tain �2

I
and �2

pI
, respectively, and then �2

r,I+pI
following Eq. (6).

By minimizing �2
r,I + pI

, the MCMC exploration maximizes the like-

lihood directly related to it.

We list the best parameters derived for the dust belt in Ta-
ble 2. The reference radius r0 of 39.9+0.4

�0.8
au corresponds to a

semi-major axis at maximum dust volume density in the mid
plane of about ⇠ 42.5 au with a full-width at half maximum
of 24.3 au, with a shallow outer edge, thus decreasing slowly
in density for higher radii. Our reference radius is consistent at
1� with the reference radius (35.1± 3.4 au) derived by Olofsson
et al. (2022b), and smaller than the one (61.9±3.2 au) derived by
Bonnefoy et al. (2017)6, respectively for inner and outer slopes

6 To be consistent, we updated their original value 58.6±3 au to 61.9±
3.2 au to take into account the different values used for the distance

Table 2. Morphology of the inner dust belt based on our MCMC explo-
ration jointly fitting the SPHERE total and polarized intensity data.

Parameter Range Best fit �2
r,min Median ± 1�

r0 (au) [10, 130] 39.9 39.7 ± 0.6
PA (�) [�120,�60] �94.1 �94.1 ± 0.1
i (�) [0, 90] 78.0 77.9 ± 0.4
g [0.05, 0.999] 0.78 0.77 ± 0.01

scaling (I) [100, 108] 6.8 ⇥ 103 (6.8 ± 0.3) ⇥ 103

scaling (pI) [100, 108] 9.6 ⇥ 104 (9.3 ± 0.6) ⇥ 104

↵out [�20,�1.1] �2.17 �2.18 ± 0.9

SBdisk, I/F?, I 2.0 ⇥ 10�3 (2.0 ± 0.2) ⇥ 10�3

SBdisk, pI/F?, pI 1.2 ⇥ 10�4 (1.2 ± 0.2) ⇥ 10�4

Notes. The two last lines correspond to the total surface brightness of
the disk in total and polarized intensity, respectively, expressed in terms
of contrast, i.e., divided by the total stellar flux. The ranges correspond
to the authorized values. The disk models and residuals are shown in
Fig. 6, and the corner plot of the posteriors in Fig. B.2. One may wish
to compare these results with those from the MCMC exploration inde-
pendently fitting either the total or polarized intensity, see Tables B.1
and B.2, respectively.

of ↵in = 12 and ↵out = �2 (Olofsson et al. 2022b) and ↵in = 10
and ↵out = �5 (Bonnefoy et al. 2017). From our disk modeling,
the total surface brightness of the disk is (1.2 ± 0.2) ⇥ 10�4 in
polarized intensity and (2.0±0.2)⇥10�3 in total intensity, corre-
sponding to 0.12 ± 0.2 µJy and 2.0 ± 0.2 µJy, respectively, using
a stellar flux of 0.975 mJy at 1.6 µm (Ofek 2008).

Figure 6 shows the synthetic disk models and residuals for
the observations in polarized and total intensity at 1.6 µm. The
posteriors are reported in Fig. B.2, for which we removed the
first 2 000 iterations for each walker, considered as the burn-in
phase. We can see that the reference radius is correlated with
the inclination of the disk and the outer slopes. Regarding our
best-fitting value of the inclination (78.0+0.3

�0.5
�), it is between the

values derived by Bonnefoy et al. (2017) and Olofsson et al.

of HD 120326, which is 113.4 pc in this work (and in Olofsson et al.
2022b), and 107.4 pc in Bonnefoy et al. (2017).
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Fig. 5. Overview of the young debris disk around HD 120326. The black-to-white images are the S/N map of the optical HST/STIS coronagraphic
data, with a spatial binning 2 ⇥ 2 pixels2

! 1 ⇥ 1 pixel2. For reference, in the center of the images we display the inner structures detected with
SPHERE in total intensity (top), in polarimetry (middle) and with ALMA (bottom). The areas hidden by the coronagraphs and the HST diffraction
spikes are masked in dark gray.
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(2022b), 80� ± 1� and 76.7� ± 0.6�, derived either only based
on the total or polarized intensity, respectively.
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Fig. 6. Results of our MCMC simulations, using the Pythonized version of
the GraTeR tool to generate the belt model. We show the best models in
linear or logarithmic scales (top and middle), and the associated residu-
als normalized by the noise (“�”, bottom). Scattered light images for the
polarized intensity images are on the left and those for total intensity im-
ages on the right. Some signal is still visible in the total intensity resid-
uals, and is indicated by the white arrow. Unlike the disk model in total
intensity, the disk model in polarized intensity accounts for Rayleigh
scattering, hence visual brightness differences between these disk mod-
els depending on the scattering angle. The best-fitting parameters are
given in Table 2. As a reminder, since the disk inclination found is 78�,
the scattering angle is 12� at the closest location of the belt, 90� in the
anses, and 168� at its furthest location (see also Fig. 5 from Perrin et al.
2015, to have an insight of the scattering angles around a dust belt).

For completeness, we also ran additional simulations
to model independently the debris disk seen either in the
SPHERE/IRDIS total intensity or polarized intensity. We dis-
play the best-fitting parameters obtained in each case in Ta-
bles B.1 and B.2, respectively. The results based on total inten-
sity give higher values for the inclination, the reference radius
and the anisotropic parameter compared to the results based on
polarized intensity only: iI = 79.4� ± 0.3� and ipI = 77.1+0.6

�0.5
�,

r0,I = 43.2+1.0
�0.9

au and r0,pI = 38.5+1.1
�0.7

au, gI = 0.81 ± 0.01 and

gpI = 0.74+0.03
�0.02

. They are consistent with each other at 3�. Pro-
vided uncertainties from our simulations in this paper are sta-
tistical uncertainties derived from the MCMC fitting process (see
Fig. B.2) and are likely underestimated, as it is common in mor-

phological simulations of disks with MCMC exploration (see Ma-
zoyer et al. 2020). We can see that the best parameters derived
by jointly fitting the total and polarized intensity are roughly an
average of the best parameters derived by independently fitting
these observations (Tables 2, B.1 and B.2).

To summarize, our best model fitting jointly the observations
acquired in total and polarized intensity seem to reproduce well
the observed disk signals, excepting the signal in the residuals
indicated by the white arrow (Fig. 6, bottom-right). This signal
corresponds to the second, outer structure already mentioned in
Section 2.1.2 (see also Fig. 2), and we will investigate its nature
in Section 3.5. Since most of the signal is reproduced by mod-
eling with one dust belt jointly the polarized and total intensity
observations, the difference between both images can be mostly
assigned to processing effects (Section 2.1) and the scattering
phase function (Section 3.2).

3.2. Scattering phase function and degree of polarization

In Fig. 7, we compare the scattering phase function of the joint
and independent modeling of the polarized and total intensity ob-
servations derived from the disk modeling described above. Us-
ing the ad-hoc formalism of Henyey-Greenstein (see Eqs. (B.5)
and (B.6)), the scattering phase function is parameterized by one
scattering anisotropy parameter g, which is the same for the po-
larized and total intensity data in the case of the joint modeling.
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Fig. 7. Scattering phase function for our best model of the polarized and
total intensity observation, fit independently or jointly. For comparison,
we added the model retrieved by Olofsson et al. (2022b) for the polar-
ized intensity data. We hide the part below 12� and above 130�, because
we do not detect the disk for such scattering angles, neither in polarized
or total intensity light (see text).

Both polarized SPF mostly agree with each other, with some
differences at low scattering angles (10–30�) that correspond to
a region of the disk close to or below the inner working angle of
the coronagraph. In Fig. 7, we also compare our polarized SPF
with the one derived by Olofsson et al. (2022b). They are consis-
tent with each other at 2�, and mostly at 1�, with differences for
scattering angles between 105� and 125�, corresponding to back-
ward scattering from the disk. We hide in the Fig. 7 (and Fig. 8)
the parts of the SPFs for which we do not have access to the
scattering angles, that is to say, below 12� (i.e., 90�� inclination)
and above 178� (i.e., 90�+ inclination) due to geometrical ef-
fects, and also above 130�, because no disk signal is detected
in either polarized or total intensity data.
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As for total intensity, the scattering anisotropy parameter g
increases when modeling independently the total intensity data,
compared to modeling it jointly with polarimetric observations
(see Tables 2 and B.1). This results in a disk which seems
even more strongly forward scattering, i.e., a SPF steeper at
low scattering angles (Fig. 7). Nonetheless, the height of the
peak must be taken with caution, first because it cannot be con-
strained below 12� (geometrical effects). Second, the inner belt
of HD 120326 at low scattering angles (10–30�) corresponds to
a projected separation below or at the edge of the inner work-
ing angle of the coronagraph. Moreover, at small separations,
the self-subtraction effects caused by ADI removes most of the
light (Milli et al. 2012). Estimating the SPF of the inner belt of
HD 120326 is therefore particularly challenging at low scattering
angles.

Figure 8 shows the comparison of the SPF of HD 120326
in total intensity at 1.6 µm with that of other extrasolar debris
disks and dust populations in the Solar System. The dust pop-
ulations in the Solar System include the zodiacal dust (Leinert
et al. 1976), the ring D68 of Saturn (Hedman & Stark 2015), the
comet 67/Churyumov-Gerasimenko (using the dataset MTP020
acquired on 2015-08-28, Bertini et al. 2017), and microasteroids
of diameter 10 µm, 30 µm, and 100 µm (Min et al. 2010). The
SPFs of these microasteroids, corresponding to dust grains cov-
ered by small regolith particles, were derived theoretically us-
ing Fraunhofer diffraction model and Hapke reflectance theory
(Hapke 1981) by Min et al. (2010). All SPFs are normalized at
60� for easier comparison.

Based on Fig. 8, one can see that the SPF of HD 120326
is somehow similar to the SPFs of HD 35841 (Esposito et al.
2018), HD 61005 (Olofsson et al. 2016) and HD 114082 (En-
gler et al. 2023), with a significant forward scattering peak and
a continuous decline as the scattering angle increases. Nonethe-
less, we note that the derived SPF of HD 120326 is limited by
the one-component HG function we used in our modeling, which
prevents us from obtaining both forward and backward scatter-
ing contributions for the inner belt of HD 120326, as observed
e.g. for HR 4796 (Milli et al. 2017) and HD 11721 (Engler et al.
2020). Even though we do not observe any backward scatter-
ing for HD 120326 in the images, there may be some to a lower
level, for which our observations are not sensitive to. Regarding
the dust populations in the Solar System, the SPF of HD 120326
is very similar to that of the zodiacal dust, as already reported
for other debris disks in Hughes et al. (2018).

3.3. Maximum degree of linear polarization

We here derived the maximum polarization fraction of the inner
belt, defined as the maximum of the linear degree of polarization
over the scattering angles. We divided the scattering phase func-
tion of the polarized intensity data by that of the total intensity
data for our best synthetic models, using the scaling flux found
in our modeling to express them in the same unit. This led us to
obtain the linear degree of polarization for our best disk model.

The maximum polarization fraction occurs at a scattering an-
gle of 90�, because of the Rayleigh scattering assumed in our
formalism to model the polarized SPF (Eq. B.6), and the fixed
scattering anisotropy parameter g for both total and polarized in-
tensity models. This sets the bell shape of the linear degree of
polarization of the inner belt.

We found that the inner belt of HD 120326 has a maximum
polarization fraction of 51 ± 6 %. The 1� uncertainty accounts
for the error of the flux in total and polarized intensity (Table 2).
This maximum polarization fraction is similar to HR 4796 A

(50 % ± 3 % at 1.9–2.19 µm, Perrin et al. 2015), and higher than
other debris disks (10–20 % in the near-infrared, e.g., Beta Pic-
toris, HD 15115, HD 32297, HD 114082, see Tamura et al. 2006;
Asensio-Torres et al. 2016; Bhowmik et al. 2019; Engler et al.
2023). A high maximum polarization fraction can for instance
be associated to a low albedo of dust particles (Umov 1905), or
also to small monomers in dust grain aggregates (Tobon Valencia
et al. 2022).

3.4. Reflectance of the inner belt

We derived the reflectance of the inner ring based on
the spectroscopic SPHERE/IFS (YJ bands) and photometric
SPHERE/IRDIS (broad band H) data acquired simultaneous dur-
ing the best epoch of observation (2019-07-09) in total intensity,
and the additional photometric points acquired in 2016-04-05 in
the narrow bands H2 and H3. The reflectance represents the sur-
face brightness of the disk (SBdisk) divided by the total stellar
flux (F?).

In practice, we ran new MCMC simulations for the five IFS
images (Fig. A.2) to estimate the surface brightness of the inner
belt. In the MCMC simulations, one free parameter (the flux scal-
ing factor) was used, and the five others (r0, PA, i, g, ↵out) were
fixed to the best fitting values (Table 2) found previously (Sec-
tion 3.1) based on our modeling of the joint total and polarized
intensity observations in the broad band H. We determined the
surface brightness of the inner belt as the total flux of the best
synthetic belt model. Then, we divided the surface brightness of
the belt by the stellar flux estimated within a large circular region
of diameter 12 FWHM, representing between 20 and 27 pixels
depending on the wavelength and plate scale of the instrument
(IFS or IRDIS).

We show the reflectance spectrum of the inner ring between
1.0 and 1.8 µm in Fig. 9. Based on the SPHERE data, we con-
clude that the inner belt seems to have a red color at 1� between
1.0 and 1.3 µm, and a gray color between 1.3 and 1.8 µm. Al-
though there are large uncertainties on the 1.6 µm measurement,
there might be a tentative evidence of a break in the reflectance
spectrum between 1.3 and 1.5 µm. Such a break could be caused
by an absorption band around 1.5 µm, possibly due to H2O in
water ice (Ciarniello et al. 2021) or in minerals (e.g., phyllosil-
icates, Hu et al. 2012; Lane et al. 2024). The red spectral slope
from 1.3 to 1.5 µm would be due to additional compound(s)
mixed with H2O ice or H2O-bearing minerals, possibly opaque
minerals or organic matter (e.g., mixture of water ice and kerite
in Ciarniello et al. 2021)

Regarding the uncertainties on SBdisk/F?, we derived them
by including the errors on the estimations of the surface bright-
ness of the disk and the stellar flux. Concerning the surface
brightness, we estimated the error via the posteriors of the MCMC
simulations. The lower and upper errors are defined to cover an
interval of 68% of the posteriors, centered on their median value
(e.g., Fig. B.2). As for the stellar flux, we considered a conserva-
tive 5% variation during the sequence of observation, based on
empirical experience.

3.5. Nature of the second component of the disk (seen in the
SPHERE total intensity data)

By examining the residual image in Fig. 6 (bottom-right), one
can see that there is still some signal in the South-West region
of the disk, indicated by the white arrow. Such signal is located
beyond the inner belt seen in polarimetry (Fig. 1), and is unlikely
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to be caused by an effect of the ADI post-processing on the in-
ner belt. Indeed, the residual image is obtained by processing a
inner-belt-free cube, since we subtracted the disk model to the
cube of observation, before processing it with PCA ADI (Sec-
tion 3.1). In addition, this second structure is imaged at different
epochs and with different algorithms (Figs. 2 and A.1).

Therefore, we firmly confirmed this second disk structure,
whose exact nature remains to be determined. Previously, Bon-
nefoy et al. (2017) considered whether it could be a halo of dust
grains, or, a second belt. We revisit both options below, by using
in particular the fact that the second structure is not detected in
the polarimetric data (Olofsson et al. 2022b, and this work).

3.5.1. Hypothesis: second belt

By assuming that the second structure is an additional belt, Bon-
nefoy et al. (2017) found out that its reference radius would be

137 ± 9 au7 and its flux ratio relative to the inner one would be
0.08 ± 0.03 at the scattering angle for which the flux is maxi-
mum in total intensity. By using their disk models, we checked
that this value of flux ratio is the same at scattering angles of
⇠30�, i.e., the maximum of the polarization intensity peak based
on Fig. 7, and ⇠ 70�, which still has a high level of polarization
intensity and at which we do not detect the second structure in
Fig. 1.

Thus, by assuming that the dust particles of the second belt
have the same polarimetric properties as those of the inner disk,
we expect the flux of the second belt to be 8 ± 3% of the flux of
the inner belt, i.e., 12.5 times smaller. However, such flux is too
faint to be recovered in our polarimetric data, because we only
detect the inner belt with a S/N of 3–7 per pixel (see Fig. 1), so
a flux 12.5 times smaller results in a S/N below one per pixel.
Therefore, the second structure seen in total intensity could be a
second ring, that remains undetected in our SPHERE polarimet-
ric (2018-06-01) observations due to a lack of sensitivity.

3.5.2. Hypothesis: Apocenter pile-up of small particles
originating from the inner belt

Alternatively, the second structure could be a halo of small parti-
cles related to the inner belt. Indeed, these small particles could
originate from the collisions of larger bodies within the inner
belt (“birth ring”, Strubbe & Chiang 2006, see also Lecavelier
Des Etangs et al. (1996); Augereau et al. (2001)) similarly to
the debris disk around HD 129590 (Olofsson et al. 2023). This
halo would correspond to the eccentric orbits of small particles,
whose size sets their eccentricity. Instead of a smooth continu-
ous halo, it could have a visual gap between the birth belt and the
second disk structure. This could be explained by the apocenter
pile-up model (Olofsson et al. 2023), that uses the fact that the
small, eccentric particles spend most of the time at their apoc-
enter. By considering many small particles in a narrow range
of sizes, their eccentricities would be similar, and so too their
apocenter distances (but with arguments of pericenter uniformly
distributed between [0, 2⇡]). This results in a visual arc structure
located at their apocenter distance for scattering angles giving
a bright enough SPF. This arc structure could be enhanced by

7 To be consistent, we updated their original value 130± 8 au to 137±
9 au using the most recent distance estimation of 113.4 pc (and not
107.4 pc as in Bonnefoy et al. (2017)).
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Fig. 10. Scattered light images of one dust belt generated using the code
betadisk, with the associated residual map normalized by the noise
(“�”), in polarized and total intensity (left and right, respectively). The
second structure seen with SPHERE (indicated by the white arrow) is
somehow more removed, compared to the GraTeR modeling (Fig. 6,
bottom-right).

scattering efficiencies that depend on the size (and composition,
porosity) of dust particles (Olofsson et al. 2023) and the wave-
length of observation. We stress that the apocenter pile-up model
introduces a visual pile-up (not a dynamical one), and that it is
different to the apocenter glow, which requires an asymmetric
disk (Pan et al. 2016, see also Wyatt et al. (1999)).

To investigate this, we used the open-access betadisk tool8

(Olofsson et al. 2022a). This code can compute scattered light
images for different grain sizes, parametrized by the parameter
�. This parameter is the ratio between the stellar radiation pres-
sure and gravitational forces. It is inversely proportional to the
particle size s in the case of stars bright enough, � < 0.5 and
s & 0.5 µm (e.g., Burns et al. (1979), Figs. 1 and 2 from Arty-
mowicz (1988), and Fig. 7 from Löhne et al. (2012)).

By assuming the disk parameters determined in Section 3.1
(disk inclination, position angle, reference radius, and the scat-
tering anisotropy parameter), we modeled the inner belt with
betadisk. This synthetic disk is a linear combination of 14
scattered light images computed for different grain sizes, cor-
responding to � from 0.01 to 0.4. We found out that a com-
bination of large particles, mainly in the parent bodies corre-
sponding to the inner belt, and eccentric, small particles could

8 Accessible here https://github.com/joolof/betadisk

better model the disk structures than the previous model gener-
ated with the radiative transfer GraTeR code, for which we used
its fast-computing version. This version does not assume any
size distribution, but an overall scattering efficiency for the dust
without any underlying assumption on the grains. We can indeed
see that the residual map corresponding to the betadisk model
(Fig. 10) is to some extent cleaner than the one corresponding
to the GraTeR model (Fig. 6). The apocenter pile-up model may
therefore explain some signal of the second structure.

Yet, this second structure is asymmetric, with a higher flux
and larger extension in the West than in the East. In addition,
this asymmetry is reversed for the inner belt, which is brighter
and more extended in the East than in the West, see Fig. 2 and
the Fig. 2 from Bonnefoy et al. (2017). This still remains to be
explained.

4. Morphology and photometry of the dust belt

seen with ALMA millimeter observations

In Section 4.1, we constrain the morphology of the disk detected
with ALMA (Fig. 3). Then, in Section 4.2, we model the SED
by taking into account the new ALMA measurement. Last, in
Section 4.3, we derive the dust mass of HD 120326.

4.1. Morphology of the disk

The ALMA observation does not resolve the disk (or only very
marginally, see Fig. 3), so we used parametric modeling of the
visibilities to obtain constraints on the disk parameters. We used
an optically thin 3D model that takes line of sight effects into
account, which was previously used to model debris disks (e.g.,
Kennedy 2020). To obtain constraints on parameters, we mod-
eled the data using galario (Tazzari et al. 2018) to Fourier
transform the model images and compare them to the observed
visibilities, and emcee to perform Markov-Chain Monte-Carlo
sampling and extract posterior distributions for parameters. We
assumed a Gaussian torus model, for which the model parame-
ters are x/y offsets from the observation phase center, the disk
inclination and position angle, the disk flux, the ring radius and
width. The scale height (H/r) was restricted to be small (< 0.05).
We did not include the stellar flux as it is ⇠100 times fainter than
the disk at 1 mm. We ran the MCMC until all parameters con-
verged, and then continued sampling to build up the posterior
distributions.

Posterior distributions from the modeling are shown in
Fig. C.1. The inclination (70 ± 5�) and position angle (�91.7 ±
4.5�) are consistent at 2� with the scattered light results. While
the resolution clearly limits the conclusions that can be drawn,
the disk detected with ALMA peaks at radii of 35 ± 25 au at
1� based on our modeling. At 1�, the outer edge of the disk in
the millimeter is 75 au at most, thus closer to the star than the
second structure seen with SPHERE, which peaks at radii larger
than 100 au (Section 3.5).

In particular, the mm-wave emission peaks at a location
consistent with that of the inner belt seen in the near-infrared,
for which scattered light models give disk radii between 30 and
65 au at 1�, depending on the modeling and the SPHERE data
used (see Section 3.1). By assuming millimeter dust traces the
presence of planetesimals, we would expect that the inner belt
resolved with SPHERE is a planetesimal belt. To be more confi-
dent would require higher resolution ALMA observations.
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4.2. Modelling of the spectral energy distribution

To construct a spectral energy distribution, we collected pho-
tometry from various sources, e.g. UBV , Stromgren, Hipparcos,
Gaia, 2MASS, WISE, Spitzer, and Herschel. We also used the
new ALMA photometric point derived in this work, and a Spitzer
IRS spectrum. These data were fit with stellar and blackbody
disk models as described previously by Yelverton et al. (2019).
The best fitting model is shown in Fig. 11. The disk model used
is a single component modified blackbody, as we found that this
was sufficient to explain the data. We determined that the star
has an effective temperature of 6 940 ± 100 K, and a luminosity
of 4.5±0.1 L�. We derived for the disk a temperature of 110±1 K
and a fractional luminosity of 1.8⇥10�3. The ALMA photometry
is somewhat lower than expected for a pure blackbody, but this
is expected for debris disks where much of the emission comes
from bodies that are significantly smaller than 1 mm.
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Fig. 11. Spectral energy distribution of HD 120326 based on archival
data (see main text) and the new ALMA measurement at 1.3 mm.

Assuming blackbody absorption and emission, the dust tem-
perature implies a dust population at 13 au from the star, which
is clearly closer than it is observed. However, the small dust sizes
also mean that their temperatures are higher than a blackbody at
the same stellocentric distance, meaning that the 13 au distance
is a lower limit. Empirically, Pawellek & Krivov (2015) found
that the difference in disk radii at 4.5 L� is about a factor of four,
which would make the SED estimate consistent with the semi-
major axis derived for the SPHERE or ALMA data.

4.3. Dust mass

Based on the results from our SED modeling, we derived the
dust mass, which consists of the mass of dust particles of size
below a few millimeters. This is a significant underestimation
of the total mass budget of the debris disk, as most of the mass
is represented by the largest bodies (e.g., planetary embryos or
kilometer-size planetesimals). The dust mass is regularly derived
in the literature, expressed as

Mdust =
F⌫ d2

 B⌫(Tdust)
, (9)

where F⌫ is the flux density of the dust belt in W.m�2.Hz�1, d
is the distance of the star hosting the dust belt, ⌫ is the dust
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Fig. 12. Dust mass and fractional luminosity of the debris disk around
HD 120326 (diamond marker) compared to those of the sample used in
Krivov & Wyatt (2020) (circle markers). The dust mass and fractional
luminosity of HD 120326 is in particular very similar to �Pic. The color
represents the location of the dust belt relative to its host star.

opacity assumed to be 1.7 cm2g�1 (850 µm/�obs) from Beckwith
et al. (1990) (also assumed in Krivov & Wyatt (2020)), B⌫(Tdust)
is the Planck function, and Tdust is the temperature of the dust
grains chosen to be consistent with the observed SED (110 K,
see Section 4.2).

We obtained a dust mass for HD 120326 of 0.067 M�. In
Figure 12, we compare this dust mass to the sample from Krivov
& Wyatt (2020), which is restricted to the best-quality ALMA
data from Matrà et al. (2018), observed either in band 6 (� ⇠
1.3 mm) or 7 (� ⇠ 850 µm). From Figure 12, HD 120326 has
a fractional luminosity and dust mass very similar to �Pictoris
(2.1 ⇥ 10�3 and 0.079 M�; A6V-type star), and for the two next
closest matches, to HD 61005 (2.3 ⇥ 10�3 and 0.13 M�; G8Vk
star) and HD 146181 (2.2 ⇥ 10�3 and 0.17 M�; F6V star), based
on the values derived in Krivov & Wyatt (2020) (dust mass) and
Matrà et al. (2018) (fractional luminosity).

5. Discussion

We discuss below our results on the inner belt (Section 5.1) and
on the global morphology of the debris disk around HD 120326
(Section 5.2).

5.1. Inner belt

In Sections 3.1-3.4, we constrained different properties of the
inner belt based on the VLT/SPHERE data, which we then iden-
tified as a planetesimal belt based on the ALMA data (Sec-
tion 4.1). To summarize the results from SPHERE, the inner belt
has a semi-major axis of 42.5 au, with a FWHM of 24.3 au (frac-
tional width of 0.57). Its dust grains are strongly forward scat-
tering in total intensity. Assuming a Rayleigh scattering for the
SPF in polarized intensity data does match well the polarized
intensity data. Their relatively high maximum degree of polar-
ization (51% ± 6%) can be related to various physical properties
(e.g., low albedo or small monomers if particles are structured
in dust aggregates; Section 3.3). The red (1.0–1.3 µm) and then
gray (1.5–1.8 µm) slopes of the dust particles can be interpreted
as either related to the size or the composition of the dust grains.
In the former case, dust particles would rather have a size (s)
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equal or larger than the one defined by the size parameter size
(2⇡s/�⇠ 1) at the turnover wavelength 1.3 µm (see Fig. 9). On
the other hand, in the latter case, the slope and tentative break in
the reflectance spectrum could be caused by absorption related to
the presence of H2O (see Section 3.4). Increasing the wavelength
coverage and/or the spectral resolution could help to leverage the
degeneracies between different dust grain properties.
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Fig. 13. Dust color at scattering angles between 80 and 100� for the de-
bris disk around HD 120326 compared to other debris disks (Ren et al.
2023b). The trend and shaded areas corresponding to the uncertainties
of the trend at 1�, 2�, and 3� are from Ren et al. (2023b) based on their
analysis (see their Section 3.2).

We compare the color 1.1�1.6 µm of the inner belt of
HD 120326 with other debris disks (Ren et al. 2023b) in Fig. 13.
The inner belt of HD 120326 has a color redder than 0.36 mag
compared to what is predicted from Ren et al. (2023b) for a star
of 4.5 L�, lying at 3� of their confidence region. Nonetheless,
as highlighted by Ren et al. (2023b), the trend is based on a rela-
tively small sample (ten disks), and some systematics could oc-
cur, as their data are from a different instrument, HST/NICMOS
(but with a similar spectral coverage, with the filters F110W and
F160W).

We point out that it would be particularly interesting to image
the inner belt of HD 120326 with HST/STIS, which has a wave-
length range centered at 0.59 µm (d� = 0.44 µm), using a mask
with a smaller inner working angle (e.g., the Cbar5). Indeed, Ren
et al. (2023b) derived the color 0.59 � 1.1 µm for twenty debris
disks, and reported that debris disks with stellar luminosity of
4.5 L� have a bluer color of 0.7 mag at these spectral ranges. If
HD 120326 would also have a blue color 0.59 � 1.1 µm and as-
suming the color is mainly related to the size of dust grains rather
than their composition, this could hint at two different dust pop-
ulations (e.g., Fig. 2 from Thébault & Kral 2019). Very small
grains would be responsible for a blue color between 0.59 and
1.1 µm, and larger ones would be responsible for a red color be-
tween 1.1 and 1.6 µm.

5.2. Overall picture of the debris disk around HD 120326

The complex, global morphology of the debris disk around
HD 120326 is illustrated in Fig. 5. Two key questions are, first,
what is the nature of the extended asymmetric structure seen with
HST/STIS at 100s of au and the second one seen with SPHERE

in total intensity at smaller distances, and second, to what extent
the inner structures detected with SPHERE and ALMA connect
with the outer one seen with STIS.

Regarding the first question, the extended, asymmetric struc-
ture could be an eccentric or misaligned ring, or a spiral. The
onset of an eccentric or misaligned disk is preceded by the ap-
pearance of spirals (Wyatt 2005b, assuming massless disks), and
requires timescales an order of magnitude greater than the ap-
pearance of spirals, typically several 10–100 Myr at the reaches
(& 100 au) of planetary systems (e.g., Pearce & Wyatt 2014).
Thus, dynamical timescales are shorter to create a spiral than an
eccentric or misaligned disk. Therefore, considering the young
age (16 Myr) of the HD 120326 system, the asymmetric struc-
ture could be more likely to be a spiral than an eccentric or mis-
aligned disk.

While spirals are regularly observed in gas rich protoplan-
etary disks, their detection is much rarer in debris disks. The
reason for this is still unclear. The argument usually advanced is
that they are only transient (Wyatt 2005b; Farhat et al. 2023),
however, theoretical studies of planet debris disk interactions
indicate that these features can be more persistent depending
on the importance of disk self-gravity (Hahn 2003; Ward &
Hahn 1998; Jalali & Tremaine 2012; Sefilian 2022). Notably,
HD 120326 is one of the very rare debris disks with an imaged
spiral-like feature. The other ones are the debris disks around
TWA 7 (Olofsson et al. 2018), and possibly HD 106906 (Rodet
et al. 2017; Farhat et al. 2023), and the gas-rich debris disk
around HD 141569 (Konishi et al. 2016, but this one could be
considered as a transition disk as with an age of 5 Myr). Among
all of them, HD 120326 is the only one with a spiral-like feature
spanning over hundreds of au, up to 1 000 au if co-planar with
the inner belt. By assuming it is indeed a spiral, different mech-
anisms of dynamical interactions could be outlined to shape it.
Stellar flybys can generate spirals (e.g., HD 141569, Reche et al.
2009), but this scenario remains very unlikely for HD 120326
based on the extensive search for such a dynamical perturber by
Bertini et al. (2023).

As a result, the likely remaining possible mechanisms are,
first, secular dynamical interactions with a planet (Wyatt 2005b;
Farhat et al. 2023) possibly combined to disk self-gravity (Hahn
2003; Ward & Hahn 1998; Sefilian 2022; Sefilian et al. 2021,
2023), or considering disk self-gravity alone (Jalali & Tremaine
2012). It could also be collisional dust avalanches following the
breakup of a large planetesimal-like object (Artymowicz 1997;
Grigorieva et al. 2007), giant impacts (Jones et al. 2023), inter-
stellar medium wind (as for HD 61005, Maness et al. 2009), or it
could be potentially inherited from the protoplanetary disk phase
(e.g., Najita et al. 2022).

Alternatively, we point out that the location of a bright point-
like source overlays with the South-East end of the spiral-like
feature (see Figs. 4 and 5). This bright source was determined
to be a background star (see Appendix D and in particular
Fig. D.1). We investigated whether the asymmetry of this ex-
tended disk structure could be caused by a fortuitous alignment
of the background star with dust grains from the halo of dust
grains around HD 120326. In such case, the strongly forward-
scattering dust grains could scatter some of the light from the
background star. This could result in more scattered-light on the
South-East grains than on the South-West ones, because there is
no bright background star there. This would mean that the spiral-
like feature seen might actually be a fraction of an outer belt.
However, from our modeling in Appendix D, this seems very
unlikely that the asymmetry could be explained by the fortuitous
alignment with the background star. In short, the scattering an-
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gles of dust grains located in the South-East (at a close projected
distance of the background star) and the South-West (at a far
projected distance of the background star) are too close to each
other to explain the asymmetry.

To determine what is the true morphology of the extended
debris disk around HD 120326, and ultimately identify the mech-
anism causing it, new HST/STIS data are required. Indeed,
large areas where disk signal is expected are masked by the
WedgeA1.0 or the cross-pattern of the spiders, or are affected
by self-subtraction effects from the data processing (see Sec-
tion 2.3 and Fig 5). The new STIS data should be acquired with
an optimized strategy of observation, using a color-matched ref-
erence star, more angular diversity (e.g., with three rolling an-
gles instead of two), and an appropriate position of the wedges
relatively to the disk, to probe a larger spatial coverage (e.g.,
Schneider et al. 2009).

Concerning the second, enigmatic structure seen with
SPHERE in total intensity at smaller radii (e.g., Section 2.1.2),
we investigated its nature in Section 3.5. Analysing this faint
structure requires pushing SPHERE to its limits in terms of sen-
sitivity, so we could not draw decisive conclusions about its true
nature. We confirmed that the second structure could be a sec-
ond ring, which was previously hypothesized by Bonnefoy et al.
(2017), and we showed that due to its faintness, it is not ex-
pected to be detected in the SPHERE polarimetric observations
(see Section 3.5.1). Alternatively, instead of a second ring, it
could also be a halo of small particles that originate from the
birth ring (see Section 3.5.2), identified as a planetesimal belt
(see Section 4.1). This is supported by the apocenter pile-up
model (Olofsson et al. 2023). Furthermore, this second struc-
ture is asymmetric, with a higher flux and larger extension in the
South-West region. This could be explained by a giant impact at
the opposite direction in the birth ring, generating small, eccen-
tric dust particles pushed away by the stellar radiation pressure
(Jones et al. 2023).

As for the second question, regarding whether both the outer
(imaged with STIS) and inner (detected with SPHERE and
ALMA) structures connect with each other, tackling it also suf-
fers from the lack of spatial coverage of STIS, and in particular
at small separations, hidden by the too large mask WedgeA1.0.
In addition, some parts of the spiders coincide with the spiral-
like feature, in particular in the region where it seems it could
connect with the inner ring, see Fig. 5.

Concerning the SPHERE and ALMA images, in both images
we do not detect a disk structure above a projected separation of
1.0–1.500, where it could overlay with the disk signal detected
with STIS data. Nonetheless, the second structure detected with
SPHERE in total intensity is intriguing, and is in the direction
where starts the spiral-like feature. Current observations cannot
distinguish whether they are connected or not. However, new
STIS data using masks with a smaller inner working angle such
as the Cbar5 or WedgeA0.6, may provide crucial constraints.

6. Conclusion

In this paper, we presented a panchromatic study of the young
(16 Myr) debris disk around HD 120326 surrounding a F5V-type
star and located in the Sco-Cen OB association. We used optical
(HST/STIS), near-infrared (VLT/SPHERE, both in total and po-
larized intensity) and millimeter (ALMA) data, some published
for the first time in this work. These observations were sensitive
either to the scattered starlight on dust grains (STIS, SPHERE)
or their thermal emission (ALMA).

The debris disk around HD 120326 shows substructures both
at intermediate and large distances, imaged with SPHERE and
ALMA (30–150 au) and STIS ( 1 000 au). From our analysis,
we showed that modeling the ALMA data with one belt results
in a belt morphology and location consistent with that of the
inner belt imaged with SPHERE. By assuming millimeter dust
particles trace the location of planetesimals, we identified the in-
ner belt as a planetesimal belt. This belt has a semi-major axis
at maximum dust volume density of ⇠ 42.5 au and an inclina-
tion of ⇠ 78� from SPHERE near-infrared data. Constraints on
the belt morphology using millimeter data are looser, and thus
higher resolution ALMA observations are needed to be more ac-
curate. Moreover, we derived from the ALMA data an integrated
flux value of 561 ± 20 µJy in the continuum at 1.3 mm and an
upper limit of 12CO emission of 4.8 Jy · km/s. Using the new
photometric ALMA measurement, we modeled the SED and de-
termined a fractional luminosity of 1.8 ⇥ 10�3 and a dust mass
of 0.067 M�, both values being very similar to the debris disk
around � Pictoris.

Based on the SPHERE data, still regarding the inner belt, we
derived its scattering phase function both in total and polarized
intensity and its maximum degree of polarization (51 % ± 6 %)
at 1.6 µm. We derived its reflectance spectrum, which seems
to show a red color between 1.0 and 1.3 µm and a gray color
between 1.5 and 1.8 µm. There might also be a tentative evi-
dence of break in the reflectance between about 1.3 and 1.5 µm.
Such a break could be caused by various absorption features,
for instance water in hydrated minerals (e.g., phyllosilicates) or
opaque mixtures of water ice and kerite.

Furthermore, we also explored the nature of the second faint
structure ( 150 au), seen in several SPHERE epochs in total
intensity, with various processing algorithms. We confirmed it
could be a second dust belt or a halo of small particles. In the
context of the halo hypothesis, the asymmetry structure, which is
brighter and more extended in the South-East than in the South-
West part, may be explained by a giant impact that could have
happened in the opposite direction in the inner ring (North-East),
and that would generate small, eccentric dust particles pushed
away by the stellar radiation pressure (Jones et al. 2023). We
showed that the non-detection in the polarized intensity data of
the second structure is not contradictory with the halo or sec-
ond belt hypotheses. As for the extended asymmetric-like fea-
ture ( 1 000 au), we investigated what its morphology could be
based on a new processing of the STIS archival data, and the-
oretical considerations. New, optimized STIS observations are
required to precisely constrain its morphology, and the physical
mechanisms that could generate and shape it. If the spiral fea-
ture is confirmed, HD 120326 would be one of the very rare de-
bris disks with an imaged spiral feature so far, and the only one
with a spiral spanning over hundreds of au, up to 1 000 au. Yet, it
is interesting to note that spiral features are a common outcome
of planet-debris disk interactions, both in massless (e.g., Wyatt
2005a; Pearce & Wyatt 2014; Farhat et al. 2023) and massive
disks (with or without planets; e.g., Ward & Hahn 1998; Hahn
2003; Jalali & Tremaine 2012; Sefilian 2022).

To date, no planet has been discovered in HD 120326. Bon-
nefoy et al. (2017) ruled out the presence of > 2 MJup compan-
ions beyond projected separations of 50 au (and below 750 au).
Future observations with the upgrade of SPHERE (SPHERE+,
Boccaletti et al. 2020), high-contrast imaging instruments on the
extremely large telescopes (ELT, GMT) or on the JWST and
Nancy Grace Roman Space Telescope would be sensitive to less
massive exoplanets in HD 120326, and/or located closer to the
host star. Such observations will provide major constraints on
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the global architecture of HD 120326, including on any poten-
tial disk-planet interactions that could sculpt the observed disk
structures. Ultimately, this would help to determine how unique
is the architecture of the young system HD 120326.
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Appendix A: Near-infrared total intensity SPHERE

observations

In the main text, we showed our PCA ADI processing of the
SPHERE/IRDIS data of the epochs acquired in total intensity in
Fig. 2. For the best epoch in the dual band H23 (2016-04-05) and
the epoch in the broad band H (2019-07-09), we also processed
the data with an iterative PCA, using ADI, RDI or ADI+RDI
(ARDI) techniques. We only show the I-PCA ADI and ARDI
reductions in Fig. A.1, because our I-PCA RDI processing is not
able to retrieve the disk.

Concerning SPHERE/IFS observations, we show our
PCA ADI processing of the best epoch 2019-07-09 in Fig. A.2.
There are five IFS images with sub-coverages corresponding to
binning of six spectral channels in the Y or J bands. The sixth
IFS image is a mean of these thirty channels, thus covering YJ.
We did not consider the first and last channels of the IFS, nor a
few that are more impacted by artifacts.

Appendix B: Morphological parameters of the belt

based on SPHERE data

We add in this appendix materials regarding our morphological
analysis of the inner dust belt carried out in Section 3.1.

First, Figure B.1 show the areas considered to model the in-
ner dust belt. Second, we describe below the equations setting
the geometry of the disk, show the posteriors of our simulations
jointly modeling the total and polarized intensity observations in
Fig. B.2. Third, in Tables B.1 and B.2, we display the best-fitting
parameters obtained when we independently modeled either the
total or polarized intensity observations, respectively.

Following Augereau et al. (1999b), the dust density distribu-
tion may be expressed in cylindrical coordinates as,

⇢(r, ✓, z) = ⇢0 ⇥ R(r, ✓) ⇥ Z(r, z) , (B.1)

where R(r, ✓) and Z(r, z) describe the radial and vertical distribu-
tion profile, respectively, and ⇢0 is the normalized grain density.
This can be expressed as

⇢(r, ✓, z) = ⇢0 ⇥
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where � accounts for the shape of the vertical profile, either gaus-
sian (� = 2), spread out (� >> 2) or stepped (� << 2), ⇠(r) is the
scale height of the ring. It is parameterized with � the flaring of
the disk a the semi-major axis, and e the eccentricity as

⇠(r) = ⇠0

 

r

a (1 � e2)

!�

. (B.3)

If the disk is circular, r̃(✓) is equal to the constant reference
radius r0, and otherwise parameterized following Milli et al.
(2017) via

r̃(✓) =
a (1 � e2)

1 + e cos(✓)
, (B.4)

where ✓ is the polar angle.
In near-infrared observations, disk structures are seen via the

scattering of the stellar light on the dust particles of the disk. The
scattering phase function of a debris disk in total intensity light

may be modeled for the sake of convenience with the Henyey-
Greenstein (HG) function (Henyey & Greenstein 1941) as fol-
lows

HG(g, �) =
1

4⇡
⇥

1 � g2

�

1 � 2 g cos (�) + g2
�3/2
, (B.5)

which is parameterized by the HG scattering anisotropy param-
eter g. If there is only backward scattering, g is equal to �1, if
only forward scattering, g is equal to 1, and if the scattering is
isotropic, g is equal to 0. For debris disks, g is typically greater
than 0 because small dust grains are known to be forward scat-
tering.

For polarimetric observations, we multiply the SPF by the
Rayleigh scattering function as follows

HG(g, �) ! HG(g, �) ⇥
1 � ( cos(�) )2

1 + ( cos(�) )2
. (B.6)

Table B.1. Morphology of the belt based on the MCMC exploration fitting
the SPHERE near-infrared observation in total intensity (2019-07-09)
only.

Parameter Range Best fit �2
r,min Median ± 1�

r0 (au) [10, 130] 42.8 43.2+1.0
�0.9

PA (�) [�120,�60] �94.5 �94.5+0.1
�0.2

i (�) [0, 90] 79.4 79.4 ± 0.3

g [0.05, 0.999] 0.81 0.81 ± 0.01

scaling (I) [100, 108] 6.2 ⇥ 103 (6.0+0.4
�0.3

) ⇥ 103

↵out [�20,�1.1] �2.27 �2.34+0.10
�0.13

Table B.2. Morphology of the belt based on the MCMC exploration fitting
the SPHERE near-infrared observation in polarized intensity (2018-06-
01) only.

Parameter Range Best fit �2
r,min Median ± 1�

r0 (au) [10, 130] 38.3 38.5+1.1
�0.7

PA (�) [�120,�60] �93.5 �93.6+0.2
�0.3

i (�) [0, 90] 77.0 77.1+0.6
�0.5

g [0.05, 0.999] 0.73 0.74+0.03
�0.02

scaling (pI) [100, 108] 7.8 ⇥ 104 (7.9+0.4
�0.6

) ⇥ 104

↵out [�20,�1.1] �2.01 �2.00 ± 0.12

Appendix C: Morphological parameters of the belt

based on ALMA data

Figure C.1 shows some of the posteriors of the simulations con-
straining the morphology of the debris disk based on the ALMA
data (Section 4.1).
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Fig. A.1. Total intensity images in the broad band H and reduced using an iterative PCA ADI or ADI+RDI algorithm.
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Fig. A.2. From top-left to bottom-middle images: total intensity (“I”) images in different sub-coverages of the bands Y and J, reduced using
PCA ADI. The bottom-right image corresponds to the average of the PCA ADI processed images over the full YJ bands, and that we spatially
binned (3 ⇥ 3 pixels2

! 1 ⇥ 1 pixel2) to reveal the West-part of the second, outer structure. North is up, East is left for all the images.
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Fig. B.1. Region of the SPHERE polarized (left) and total (right) in-
tensity images considered to model the inner belt in Section 3.1.

Appendix D: The background contaminant

We show here that the bright point-like source on the extended
spiral-like feature (see Fig. 4) is a background star and inves-
tigate whether it could explain the asymmetry of the extended
feature seen with HST/STIS. This bright point-like source was
detected in the five epochs HST/STIS and SPHERE/IRDIS from
2013 to 2019. By comparing the relative motion of this bright

point source for different epochs, we show in Fig. D.1 that this
bright source follows the track of a background object. This track
is determined by using the parallactic and proper motions of the
primary star. HD 120326 has a proper motion of (�29.0 mas/yr
in right-ascension, and �21.0 mas/yr in declination (Gaia Col-
laboration et al. 2021).

We investigate below whether the alignment of the back-
ground star with the South-East part of the dust seen with
HST/STIS could explain why the disk is brighter in the South-
East part than in the South-West part, which would results in a
visual (and not dynamical) asymmetry. We stress that such inves-
tigation is limited because the South-West part of the disk lacks
of spatial coverage in the HST/STIS image.

We consider two regions of interest where there are dust
grains, one located at a close projected separation of the back-
ground star and another one located further away (see Fig. D.2).
By deriving the mean average flux within each of this circular
aperture (of radius five pixels, i.e., 210 mas), we obtained a flux
of 4.8± 0.5 mJy and 3.0± 0.3 mJy, respectively. These locations
correspond to scattering angles of 0.0085� and 0.062�, respec-
tively, using geometrical relationships given below.

The goal is to express the scattering angle (�) as a function
of the distance between the system HD 120326 and the observer
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(dHD 120326), the distance between the background object and the
observer (dbackground), the angular separation between the back-
ground star and the dust grain of interest (✓, which also repre-
sents the angle between the line of sight observer-background
object and the scattered wave on the dust grain of interest), see
Fig. D.3.

By considering the triangle whose corners are the back-
ground star, the dust grain of interest and the observer, and the
fact that the sum of angles in a triangle is equal to 180�, one can
express

✓ +  + (180 � �) = 180 , (D.1)

 = � � ✓ , (D.2)

where  is the angle between the line of sight observer-
background star and the incident wave from the background star
on the dust grain of interest. As  is very small, tan( ) ⇠  ,
hence one can express

 ⇠
dHD 120326 ⇥ ✓

dbackground � dHD 120326

, (D.3)

and so by injecting Eq. D.2 in Eq. D.3, one gets

� ⇠ ✓ +
✓

dbackground � dHD 120326

, (D.4)

This results in the following expression for the scattering angle
�,

� ⇠
✓

1 � dHD 120326 / dbackground

. (D.5)

Our numerical applications use ✓ = 26 pixels = 1.3"
= 0.0085� (the STIS plate scale is 0.05078 pixels/arcsec2) and
✓ = 186 pixels = 222" = 0.062� for the dust grains at close
and far projected separations, respectively, dHD 120326 = 113.3 pc
and dbackground = 118.3 pc, so assuming a background star at 5pc
further away than the system HD 120326. The distance of the
background star is very likely underestimated, but this is done
on purpose to maximize the difference of the scattering angles
and so to maximize the difference of the scattering phase func-
tion values, to be able to explain the difference observed.

By assuming Mie’s theory, astrosilicate grains distributed
from 0.1 to 100 µm with a power law in �3.5, we computed
the scattering phase function using the open-access tool optool9

(Dominik et al. 2021) at the central wavelength of the STIS filter,
0.59 µm. The tool optool provides scattering phase functions
sampled between 0.5� and 179.5� with step of 1�. In particular,
we used its input file for RADMC-3d, for which optool extrapo-
lates and reinterpolates the previous grid between 0� and 180�,
with step of 1�10 .

For scattering angles of 0� and 1�, the SPF values are
1.13 · 105 and 6.79 · 104, which correspond to a ratio of 1.67. By
considering the scattering angles of interest, 0.0085� and 0.062�,
the ratio is therefore 1.67 ⇥ (0.062 � 0.0085) = 0.089. Conse-
quently, we expect that the dust grains having a scattering angle
of 0.062� scatter 8.9% less than those with a scattering angle of
0.0085�. This results in a flux of 4.8 � 4.8 ⇥ 0.089 = 3.9 mJy at
0.062�. This is higher than the flux (3.0 ± 0.3 mJy) measured in
the STIS image at such location.

9 avalaible here https://github.com/cdominik/optool/
10 see the Appendix B.3 of the User Guide of optool, located on the
github repository

We also tested different distributions of dust grains (0.1–
1 µm, 0.1–50 µm, 1–10 µm, 1–50 µm, 1–100 µm). At 0� and 1�,
their SPF results in ratio values smaller or similar to that of 1.67,
obtained for the grain distribution 0.1–100 µm. Hence the ratio
1.67 is a conservative value, which maximizes the slope of the
SPF between 0� and 1�, and thus the variation of flux observed
at the scattering angles of interest, 0.0085� and 0.062�.

In addition, we stress that if the background star is located
further away than 118.3 pc, the expected asymmetry in flux that
it would cause would be much less. For example, for a back-
ground star located at 123.3 pc (i.e., 10 pc further away than
HD 120326) the scattering angles are 0.0045� and 0.032�, result-
ing in a flux ratio of 4.6% instead of 8.9%; if the background star
is located at 163.3 pc (i.e., 50 pc further away than HD 120326),
scattering angles are 0.0012� and 0.0085� and the flux ratio is
1.2%. Considering the Figure D.1, we do not expect the back-
ground star to be located particularly close (. 5 pc) to the star
HD 120326, because the background star follows well the back-
ground track without showing additional proper motion.
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Fig. D.2. Location of the two regions of interest of dust grains in the extended dust emission seen in the HST/STIS reduced image. The dotted
blue circle corresponds to the region located at a projected distance close to the background star, while the solid pink circle corresponds to the
region located a projected distance far to the background star. Unlike to Fig. 4, no spatial binning was applied on this image.
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�� &KDSWHU �� 7KH \RXQJ� PXOWL�VWUXFWXUHG GHEULV GLVN +' ������

,Q 'HVJUDQJH HW DO� ������ VXEP��� , LQYHVWLJDWHG WKH GXVW SURSHUWLHV DQG PRUSKRORJ\ RI WKH
GLVN VWUXFWXUHV RI +'�������

, FRQÀUPHG WKDW +'������ KDV WZR LQWHUPHGLDWH VFDOH �30²150 DX� GLVN VWUXFWXUHV� ,
IRXQG WKH LQQHU GXVW EHOW D VHPL�PDMRU D[LV DW PD[LPXP GXVW GHQVLW\ LQ WKH PLG�SODQH RI
∼42.5 DX DQG DQ LQFOLQDWLRQ RI ∼78◦ DX E\ MRLQWO\�PRGHOLQJ WKH SRODUL]HG DQG WRWDO LQWHQVLW\
REVHUYDWLRQV� $V IRU WKH VHFRQG� IDLQW VWUXFWXUH ORFDWHG IXUWKHU DZD\� , VKRZHG WKDW LWV QRQ�
GHWHFWLRQ LQ SRODUL]HG LQWHQVLW\ LV QRW FRQWUDGLFWRU\ZLWK LWV GHWHFWLRQ LQ WRWDO LQWHQVLW\� HLWKHU
LI LW LV D VHFRQG EHOW RU KDOR RI VPDOO� HFFHQWULF GXVW JUDLQV RULJLQDWLQJ IURP FROOLVLRQV ZLWKLQ
WKH LQQHU EHOW� 7KH VHFRQG VWUXFWXUH LV DV\PPHWULF� LW LV EULJKWHU DQG PRUH H[WHQGHG LQ WKH
6RXWK�:HVW WKDQ LQ WKH 6RXWK�(DVW SDUW� 7KLV PD\ EH H[SODLQHG E\ D JLDQW LPSDFW RI SODQHWHV�
LPDOV WKDW FRXOG KDYH KDSSHQHG LQ WKH 1RUWK�(DVW SDUW RI WKH LQQHU ULQJ� L�H�� WKH GLUHFWLRQ
RSSRVLWH WR ZKHUH WKH GXVW SDUWLFOH GHQVLW\ LV KLJKHVW �VHH WKH JLDQW LPSDFW VLPXODWLRQV IURP
-RQHV HW DO�� ������

$V IRU WKH ODUJH�VFDOH �XS WR 1 000 DX� DV\PPHWULF VWUXFWXUH� , SURFHVVHG DQG FDOLEUDWHG WKH
+67�67,6 ÁX[PDS LQ µ-\�DUFVHF2 �)LJ� ��� DQG GHULYHG LWV S/N PDS �)LJ� ��� ZKLFK UHYHDOHG
DQ H[WHQGHG VSLUDO�OLNH IHDWXUH� 7KH QDWXUH DQG RULJLQ RI WKLV VWUXFWXUH LV RI XWPRVW LQWHUHVW� ,V
LW LQGHHG D VSLUDO" 6SLUDOV DUH SUHGLFWHG WR EH FRPPRQ LQ GHEULV GLVNV� HLWKHU LI WKH\ DUH VHHQ
DV WUDQVLHQW �:\DWW� ����� RU SHUVLVWHQW �:DUG 	 +DKQ� ����� 6HÀOLDQ� ����� IHDWXUHV EDVHG
RQ QXPHULFDO VLPXODWLRQV RI GHEULV GLVNV LQYROYLQJ JLDQW SODQHWV RQ ZLGH RUELWV� <HW� WKH\
DUH UDUHO\ REVHUYHG VR IDU LQ GHEULV GLVNV� DQG +'������ LV WKH RQO\ GHWHFWHG RQH ZLWK D
VSLUDO�OLNH IHDWXUH VSDQQLQJ RYHU KXQGUHGV RI DVWURQRPLFDO XQLWV �6HFWLRQ �����

$OWHUQDWLYHO\� SHUKDSV WKH VHHQ DV\PPHWU\ RI WKH H[WHQGHG IHDWXUHPLJKW EH MXVW DQ DOLJQ�
PHQW FRLQFLGHQFH� ,Q WKH 6RXWK�(DVW SDUW RI WKH GLVN� WKHUH LV D EDFNJURXQG VWDU RYHUOD\LQJ
ZLWK WKH VSLUDO�OLNH IHDWXUH� 'XH WR VWURQJ IRUZDUG VFDWWHULQJ RI VPDOO GXVW JUDLQV� WKH EDFN�
JURXQG VWDU PLJKW VLJQLÀFDQWO\ LQFUHDVH WKH EULJKWQHVV RI VPDOO SDUWLFOHV FORVHG WR EH DOLJQHG
ZLWK WKH EDFNJURXQG VWDU� 7KLV FRXOG H[SODLQHG ZK\ LQ WKH RSSRVLWH 6RXWK�:HVW SDUW� WKHUH
LV QR VLPLODUO\ EULJKW GLVN VLJQDO�

5HJDUGLQJ WKH GXVW SURSHUWLHV RI WKH LQQHU EHOW� , FRQVWUDLQHG WKHLU SRODUL]DWLRQ DQG FRORU
SURSHUWLHV� , GHWHUPLQHG D PD[LPXP SRODUL]DWLRQ IUDFWLRQ RI 51� ± 6�� ,Q DGGLWLRQ� , GH�
ULYHG D UHG FRORU EHWZHHQ 1.0 DQG 1.3 µP DQG D JUH\ FRORU EHWZHHQ 1.3 DQG 1.8 µP �)LJ� ���
7KH PD[LPXP SRODUL]DWLRQ IUDFWLRQ LV VLPLODU WR +5 ���� $ �50�± 3� DW 1.9�²2.19 µP 3HU�
ULQ HW DO�� ������ EXW LV KLJKHU WKDQ RWKHU GLVNV �10²20� LQ WKH QHDU�LQIUDUHG� IRU %HWD 3LFWRULV�
+'������ +'������ +'������� 7DPXUD HW DO�� ����� $VHQVLR�7RUUHV HW DO�� ����� %KRZPLN
HW DO�� ����� (QJOHU HW DO�� ������ ,QWHUSUHWLQJ WKH FRORU RI GXVW SDUWLFOHV LV D GHJHQHUDWHG SURE�
OHP� LQ SDUWLFXODU ZLWK ORZ�UHVROXWLRQ VSHFWUD� EHWZHHQ GXVW VL]H� FRPSRVLWLRQ DQG VKDSH�
%HWZHHQ 1.3 DQG 1.5 µP� WKHUH PLJKW EH D WHQWDWLYH HYLGHQFH RI D EUHDN LQ WKH UHÁHFWDQFH
VSHFWUXP� 7KLV FRXOG EH FDXVHG E\ DQ DEVRUSWLRQ IHDWXUH� VXFK DV RSDTXH PL[WXUHV RI ZDWHU
LFH DQG NHULWH �&LDUQLHOOR HW DO�� ����� RU ZDWHU LQ K\GUDWHGPLQHUDOV �H�J�� +X HW DO�� ����� /DQH
HW DO�� ������

/DVW� )LJXUH ��� VKRZV WKDW WKH LQQHU EHOW RI +'������ VHHPV ODUJH FRPSDUHG WR RWKHU
VSDWLDOO\ UHVROYHG GLVNV LQ VFDWWHUHG OLJKW WKDW KDYH D GXVW EHOW EHWZHHQ 20 DQG 60 DX�

2EWDLQLQJ QHZ REVHUYDWLRQV RQ WKLV GLVN ZRXOG EH NH\ WR FRQVWUDLQ PRUH SUHFLVHO\ WKH PRU�
SKRORJ\ RI WKH GLVN� ,Q SDUWLFXODU� RSWLPL]HG +67�67,6 REVHUYDWLRQV DFTXLUHG ZLWK D FRORU�
PDWFKHG UHIHUHQFH VWDU� WKUHH UROOLQJ DQJOHV� DQG WKH VWDU FHQWHUHG EHKLQG WKH :HGJH$���



���� 3HUVSHFWLYHV ��

0 20 40 60 80 100 120 140 160 180 200

reference radius r0 (au)

0

20

40

60

80

100

F
W

H
M

d
is
k
(a
u
)

HD 120326

F
W
H
M

=
r
0

4000

5000

6000

7000

8000

9000

10000

T
eff

(K
)

)LJXUH ���� 5HIHUHQFH UDGLXV �r0� DQG IXOO ZLGWK DW KDOI PD[LPXP �):+0� RI WKH LQQHU EHOW RI
+'������ �GLDPRQG� FRPSDUHG WR RWKHU GHEULV GLVNV VSDWLDOO\ UHVROYHG LQ VFDWWHUHG OLJKW �FRORUHG
FLUFOHV�� 7KH FRORU LQGLFDWHV WKH HIIHFWLYH WHPSHUDWXUH RI WKH KRVW VWDU� 'DWD IURP WKH 5�'� FDWDORJXH
IURP -XOLHQ0LOOL� DQG ZKLFK DUH OLVWHG DQG UHIHUHQFHG LQ WKH 7DEOH (�� IURP$GDP HW DO� ������� 7ZR
LPSRUWDQW FDYHDWV RI WKLV FRPSDULVRQ DUH WKH ODFN RI HUURU EDUV RQ WKH YDOXHV RI WKH ):+0 DQG r0�
DQG WKH KHWHURJHQHRXV GLVN PRGHOLQJ EDVHG RQ GLIIHUHQW VWXGLHV�

�,:$∼ 1µ� ZLOO SURYLGH LPSRUWDQW FRQVWUDLQWV RQ WKH VSLUDO�OLNH IHDWXUH� E\ DYRLGLQJ VHOI�
VXEWUDFWLRQ HIIHFWV� KDYLQJ D ODUJHU VSDWLDO FRYHUDJH DQG EHLQJ PRUH VHQVLWLYH� 8VLQJ D VLP�
LODU VWUDWHJ\ EXW ZLWK WKH VWDU FHQWHUHG EHKLQG WKH &EDU�� ZKLFK KDV DQ ,:$ RI 0.2µ� ZLOO
KHOS WR GLVFULPLQDWH ZKHWKHU WKH 6RXWK�:HVW SDUW RI WKH VHFRQG VPDOO VWUXFWXUH �VHHQ ZLWK
63+(5( LQ WRWDO LQWHQVLW\� FRQQHFWV ZLWK WKH VSLUDO�OLNH IHDWXUH �VHHQ ZLWK +67�67,6��

0RUHRYHU� FRQVWUDLQLQJ WKH SKRWRPHWU\ RI WKH LQQHU EHOW DQG VHFRQG GLVN VWUXFWXUH LQ WKH
67,6 EURDG EDQG ÀOWHU DW 0.59 µP �dλ = 0.44 µP� ZRXOG KHOS WR GHWHUPLQH WKH VL]H RI GXVW
SDUWLFOHV E\ VWXG\LQJ WKH FRORU 0.59²1.1 µP DQG�RU 0.59²1.6 µP� ,W FRXOG EH FRPSDUHG WR
GR]HQV RI RWKHU NQRZQ GHEULV GLVNV �H�J�� 5HQ HW DO�� ������

,Q WKLV SHUVSHFWLYH� LQ 0DUFK ����� , VXEPLWWHG D +67 SURSRVDO GXULQJ &\FOH �� WR REWDLQ
VXFK QHZ RSWLPL]HG +67�67,6 GDWD� ZKLFK ZDV XQIRUWXQDWHO\ QRW JUDQWHG� 3UHYLRXVO\� LQ
-:67&\FOH �� , VXEPLWWHG D MRLQW -:67�+67 SURSRVDO� WR FKDUDFWHUL]H ERWK WKH GLVNPRUSKRO�
RJ\ DQG GXVW SURSHUWLHV ZLWK +67 DQG VHDUFK IRU JLDQW �≤ 20-XS�� SODQHWV WKDW FRXOG VKDSH
WKH GLVN VWUXFWXUHV� LQ SDUWLFXODU WKH H[WHQGHG VSLUDO�OLNH RQH� ZLWK -:67� 7KLV SURSRVDO ZDV
QRW DFFHSWHG� %HWWHU FRQVWUDLQLQJ WKH PDVV DQG VHPL�PDMRU D[LV RI WKH SUHGLFWHG FRPSDQ�
LRQ�V� EDVHG RQ D EHWWHU FKDUDFWHUL]DWLRQ RI WKH PRUSKRORJ\ DQG WKH QDWXUH RI WKH VSLUDO�OLNH
ZRXOG FHUWDLQO\ EH PRUH FRQYLQFLQJ IRU WKH 7HOHVFRSH $OORFDWLRQ &RPPLWWHH �7$&�� $FTXLU�
LQJ WKHUHIRUH ÀUVW QHZ +67 GDWD EDVHG RQ DQ RSWLPL]HG REVHUYDWLRQ VWUDWHJ\ LV SULPRUGLDO
WR P\ PLQG�

,Q DGGLWLRQ� QHZ� KLJKHU�UHVROXWLRQ $/0$ GDWD ZRXOG DEOH WR EHWWHU FRQVWUDLQ WKH ORFD�
WLRQ RI WKH GXVW EHOW ZKLOH WUDFLQJ WKH WKHUPDO HPLVVLRQ RI PLOOLPHWHU�VL]H JUDLQV� 7KLV FRXOG
WKHQ EH FRPSDUHG WR WKH UHVXOWV IURP WKH VFDWWHUHG OLJKW RI VPDOOHU JUDLQV VHHQ LQ WKH QHDU�
LQIUDUHG�

2QH FRPPRQ DUJXPHQW WR H[SODLQ WKH GLVN VWUXFWXUHV LQ GHEULV GLVNV DUH WKH SUHVHQFH RI
�3UHYLRXVO\� %RQQHIR\ HW DO� ������ H[FOXGHG WKH SUHVHQFH RI≥ 20-XS FRPSDQLRQV EHWZHHQ SURMHFWHG VHSDUD�

WLRQV RI 50 DQG 750 DX EDVHG RQ WKH COND HYROXWLRQDU\ PRGHOV WR FRQYHUW WKH FRQWUDVW WR PDVV GHWHFWLRQ OLPLWV�



�� &KDSWHU �� 7KH \RXQJ� PXOWL�VWUXFWXUHG GHEULV GLVN +' ������

SODQHWV WKDW FRXOG VFXOSW RU VWLU WKH GXVW EHOWV� 5HJDUGLQJ +'������� QR H[RSODQHW ZDV \HW
GLVFRYHUHG� EXW D VLJQLÀFDQW SDUW RI WKH SDUDPHWHU VSDFH UHPDLQV WR EH H[SORUHG�

%\ LQIHUULQJ WKH SUHVHQFH RI H[RSODQHWV RZLQJ WR SODQHW�GLVN LQWHUDFWLRQV� 3HDUFH HW DO�
������ SUHGLFWHG WKDW PDQ\ LQIHUUHG H[RSODQHWV FRXOG OLH EHWZHHQ 10 DQG 100 DX� VHH )LJ� ����
7R VKDSH D JLYHQ GXVW EHOW� WKH PDVV DQG VHPL�PDMRU D[LV RI DQ LQIHUUHG H[RSODQHW FDQ GLIIHU
GHSHQGLQJ RQ WKH LQWHUDFWLRQ �H�J�� VWLUULQJ RU VFXOSWLQJ E\ RQH SODQHW� RU PXOWLSOH SODQHWV LQ�
YROYHG�� %HIRUH WKH -:67� PRVW RI WKHVH SODQHWDU\ FDQGLGDWHV IHOO EHORZ WKH GHWHFWLRQ OLPLWV
DFKLHYDEOH ZLWK REVHUYDWLRQDO IDFLOLWLHV� 6LQFH WKH -:67� VHYHUDO SURJUDPV KDYH EHHQ DF�
FHSWHG WR GHWHFW WKHVH LQIHUUHG H[RSODQHWV LQ GHEULV GLVNV� GRZQ WR 1HSWXQH�PDVV SODQHWV
�H�J�� )LJ� � IURP .DPPHUHU HW DO�� ������ (YHQ QRQ�GHWHFWLRQV ZLOO EULQJ YDOXDEOH LQIRUPD�
WLRQ� DV LW ZLOO UXOH RXW K\SRWKHVHV UHJDUGLQJ WKH SURSHUWLHV RI WKH SXWDWLYH SODQHW �RU FKDLQ
RI SODQHWV�� ZKLFK FRXOG VKDSH WKH GXVW EHOW� DQG VR FRQVWUDLQ SODQHW�GLVN LQWHUDFWLRQV�
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)LJXUH ���� ([RSODQHWV LQIHUUHG YLD SODQHW�GLVN LQWHUDFWLRQV IURP WKH FDWDORJXH RI 3HDUFH HW DO� �������
7KH FRORU LQGLFDWHV WKH PHFKDQLVP DVVXPHG IRU WKH SODQHW�GLVN LQWHUDFWLRQ� HLWKHU YLD VWLUULQJ E\
RQH SODQHW� VFXOSWLQJ E\ RQH SODQHW RU VFXOSWLQJ E\ PXOWLSOH SODQHWV�

,Q WKH QH[W FKDSWHU� , IRFXV RQ D \RXQJ� PDVVLYH JLDQW SODQHW� +'����� E� ZKLFK FRXOG
FDUYH WKH LQQHU HGJH RI WKH RXWHU EHOW LQ WKH V\VWHP +'������



��

��� &RQWH[W � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 0RWLYDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 3UHYLRXV VWXGLHV RQ +' ����� � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0\ ZRUN � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 3XEOLFDWLRQ LQ $	$� 'HVJUDQJH� &KDXYLQ� &KULVWLDHQV HW DO� ���� � � � ��
����� 0DLQ UHVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 3HUVSHFWLYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���



�� &KDSWHU �� 7KH \RXQJ 6RODU 6\VWHP DQDORJ +' �����

<RXQJ 6RODU 6\VWHP DQDORJV RIIHU WKH ZD\ WR JR EDFN LQ WLPH WR WU\ WR XQGHUVWDQG KRZ VXFK
V\VWHPV IRUP DQG HYROYH DW HDUO\ VWDJHV �1²5000\U�� 7KLV SURYLGHV D XQLTXH SHUVSHFWLYH WR
FRPSOHWH DQG UH�ÀQH RXU XQGHUVWDQGLQJ RI WKH IRUPDWLRQ RI RXU 6RODU 6\VWHP� WKH (DUWK� DQG
WKH RULJLQV RI OLIH�

7R GDWH� IRU GLYHUVH \RXQJ V\VWHPV� KDYLQJ FLUFXPVWHOODU GLVNV DQG�RU SODQHWV� DVWURQRPHUV
KDYH EHHQ DEOH WR FRQVWUDLQ�

�� 7KH RUELWDO SURSHUWLHV RI WKH \RXQJ JLDQWV SODQHWV� LQ SDUWLFXODU ZKHWKHU WKH\ DUH LQ
PHDQ�PRWLRQ UHVRQDQFHV� ZKLFK FRXOG SURYLGH D VWDEOH G\QDPLFDO FRQÀJXUDWLRQ �:DQJ
HW DO�� ����� 1RZDN HW DO�� ����� %HXVW HW DO�� ������ RU WKHLU HFFHQWULFLW\ �'H 5RVD HW DO��
����E�� ZKLFK FRXOG WUDFH EDFN G\QDPLFDO LQWHUDFWLRQV VXFK DV VFDWWHULQJ HYHQWV �H�J��
5D\PRQG HW DO�� ����� RU .R]DL�/LGRY LQWHUDFWLRQV �H�J�� %HXVW HW DO�� ����� 'H 5RVD HW DO��
����D��

�� 7KH SUHVHQFH RI FLUFXPSODQHWDU\ GLVNV� LQ ZKLFK H[R�0RRQV FRXOG IRUP �%HQLVW\ HW DO��
������

�� 7KH DWPRVSKHUHV RI \RXQJ H[RSODQHWV DQG WKH SUHVHQFH RI FORXGV �H�J�� &URVVÀHOG HW DO��
����� 3HWUXV HW DO�� ����� +XDQJ HW DO�� ����� 3DOPD�%LIDQL HW DO�� ����� 1DVHGNLQ HW DO��
����� IRU PRVWO\ UHFHQW FKDUDFWHUL]DWLRQV��

�� 7KH KRW RU ZDUP GXVW ORFDWHG DW D IUDFWLRQ RU D IHZ DVWURQRPLFDO XQLWV� UHVSHFWLYHO\�
6XFK GXVW DV D IUDFWLRQ RI D IHZ 1� RI WKH VWHOODU ÁX[ LQ WKH QHDU LQIUDUHG EDVHG RQ
LQWHUIHURPHWULF GDWD �$EVLO HW DO�� ����� ����� (UWHO HW DO�� ����� ������ ,WV IUHTXHQW GH�
WHFWLRQ UDLVHV TXHVWLRQV� EHFDXVH WKLV GXVW VKRXOG GLVVLSDWH IDVW� DQG VR UHSOHQLVKPHQW
PHFKDQLVPV DUH UHTXLUHG �H�J�� VHH 6HFWLRQ ��� IURP 3HDUFH� ������

�� 7KH FROG UHVHUYRLUV RI DVWHURLGV� E\ VWXG\LQJ WKH GXVW JHQHUDWHG E\ FROOLVLRQV �&KHQ
HW DO�� ����� 0LOOL HW DO�� ����� ����D� ����� ����� (QJOHU HW DO�� ����� :X HW DO�� ������ ,Q�
YHVWLJDWLQJ GXVW SURSHUWLHV KHOS WR FRQVWUDLQ KRZ SRURXV GXVW SDUWLFOHV FRXOG EH� DQG
KHOS WR XQGHUVWDQG EHWWHU GXVW JURZWK� E\ DVVXPLQJ WKDW WKHLU VWUXFWXUH LV VRPHKRZ
SUHVHUYHG VLQFH WKH SURWRSODQHWDU\ GLVN SKDVH� )XUWKHUPRUH� FRQVWUDLQLQJ GXVW SURS�
HUWLHV KHOS WR GHWHUPLQH ZKHWKHU WKH\ FRXOG FRQWDLQ K\GUDWHG PLQHUDOV� ZKLFK PD\
DOVR UHSUHVHQW D VRXUFH RI ZDWHU IRU URFN\ SODQHWV� ZKHQ DVWHURLGV IDOO RQWR WKHP �H�J��
WKH /DWH +HDY\ %RPEDUGPHQW��

�� 7KH UHVHUYRLUV RI FRPHWV� E\ VWXG\LQJ WKH JDV UHOHDVHG E\ FROOLVLRQV RU ZKHQ IDOOLQJ
RQWR WKHLU KRVW VWDU �0DWUj HW DO�� ����� ����� 5HEROOLGR HW DO�� ����� %HXVW HW DO�� ������
6HFRQG�JHQHUDWLRQ JDV FDQ DOVR FRQWULEXWH WR PRGLI\ WKH DWPRVSKHULF FRPSRVLWLRQ RI
URFN\ SODQHWV ZKLFKPD\ SDUWLDOO\ DFFUHWH WKLV JDV �.UDO HW DO�� ������ &RPHWV DUH SDUWLF�
XODUO\ LQWHUHVWLQJ DV WKH\ FRXOG GHOLYHU YRODWLOHV VXFK DV ZDWHU RQ LQQHU� URFN\ SODQHWV�
ZKHQ IDOOLQJ RQWR WKHP�

6XFK VWXGLHV RQ \RXQJ 6RODU 6\VWHP DQDORJV DUH RI SULPH LQWHUHVW� 8QIRUWXQDWHO\� RQO\ D
KDQGIXO RI SODQHWDU\ V\VWHPV VKRZLQJ WR VRPH H[WHQW VLPLODU SURSHUWLHV WR RXU 6RODU 6\VWHP
KDYH EHHQ GLVFRYHUHG� 7KH PRVW LFRQLF RQH LV +5 ���� �0DURLV HW DO�� ����� ������ ZLWK IRXU
PDVVLYH JLDQW SODQHWV O\LQJ LQ EHWZHHQ WZR GXVW EHOWV� $QRWKHU GRXEOH�EHOW SODQHWDU\ V\VWHP

�, PDNH KHUH WKH GLVWLQFWLRQ EHWZHHQ D FRPHW DQG DQ DVWHURLG� HYHQ WKRXJK , DP DZDUH WKDW WKH GLIIHUHQFH
PD\ QRW EH WKDW FOHDU DQ\PRUH� , LQWHQG E\ FRPHWV� ERGLHV ULFK LQ YRODWLOHV� FRQWUDU\ WR DVWHURLGV�



���� 0\ ZRUN ��

LV +'������ KRVWLQJ VR IDU RQH NQRZQ JLDQW H[RSODQHW �5DPHDX HW DO�� ������ DQG ZKLFK DOVR
OLHV LQ WKH FDYLW\� %RWK+5���� DQG+'����� RUELW$�VWDUV� DQG VR DUH FRQVLGHUHG DUHPDVVLYH
DQDORJV RI WKH 6RODU 6\VWHP�

5HJDUGLQJ WKH JOREDO V\VWHP SURSHUWLHV� %RRWK HW DO� ������ UHSRUWHG WKDW WKLV \RXQJ V\VWHP�
LV PRUH OLNHO\ WR EH ORFDWHG LQ WKH &DULQD DVVRFLDWLRQ WKDQ LQ /RZHU &HQWDXUXV &UX[ LQ WKH
6FR�&HQ DVVRFLDWLRQ DV SUHYLRXVO\ WKRXJKW �'H =HHXZ HW DO�� ����� 0DGVHQ HW DO�� ������ 7KLV
FRUUHVSRQGV WR VPDOO GLIIHUHQFHV LQ GLVWDQFH DQG DJH� ZLWK DQ XSGDWHG GLVWDQFH RI 86.2±0.3SF
�%DLOHU�-RQHV HW DO�� ����� DQG DQ DJH RI 13.3+1.1

−0.6 0\U �%RRWK HW DO�� ������ ZKLOH EHIRUH LW ZDV
83.8± 2.9 SF �&KDXYLQ HW DO�� ����� DQG 17± 20\U �3HFDXW HW DO�� ������

6LQFH WKH GLVFRYHU\ RI WKH 4²50-XS JDV JLDQW SODQHW ZLWK WKH LPDJHU 9/7�1D&R �5DPHDX
HW DO�� ������ VHYHUDO REVHUYDWLRQDO RU WKHRUHWLFDO VWXGLHV KDYH EHHQ IRFXVHG RQ +'������
7KH\ DLPHG WR� FKDUDFWHUL]H WKH RUELWDO SURSHUWLHV �5DPHDX HW DO�� ����� &KDXYLQ HW DO�� �����
DQG WKH DWPRVSKHUH �*DOLFKHU HW DO�� ����� 'H 5RVD HW DO�� ����� &KDXYLQ HW DO�� ����� RI WKH
JLDQW H[RSODQHW E� VWXG\ WKH GHEULV GLVN �6X HW DO�� ����� ����� =DSDWD HW DO�� ����� %RRWK HW DO��
����� &KHQ HW DO�� ����� -DQJ�&RQGHOO HW DO�� ������ LQYHVWLJDWH ZKHWKHU DGGLWLRQDO H[RSODQHWV
DUH H[SHFWHG WR H[SODLQ WKH ZLGWK RI WKH FDYLW\ EDVHG RQ G\QDPLFDO DUJXPHQWV �6X HW DO��
������ DQG VHDUFK IRU WKHP REVHUYDWLRQDOO\ �5DPHDX HW DO�� ����� &KDXYLQ HW DO�� ������

6SHFWUDO SURSHUWLHV RI WKH JLDQW SODQHW E VKRZ WKDW WKLV FRPSDQLRQ LV EHWZHHQ WKH ODWH / WR
/�7 WUDQVLWLRQ DQG LV D UHG� XQGHUOXPLQRXV REMHFW FRPSDUHG WR RWKHU ÀHOG GZDUIV �*DOLFKHU
HW DO�� ����� 'H 5RVD HW DO�� ����� &KDXYLQ HW DO�� ������ ,W RUELWV DW D VHPL�PDMRU D[LV RI 52+13

−24 DX�
ZLWK DQ HFFHQWULFLW\ SHDNLQJ DW ]HUR �EXW� FRQVWUDLQHG WR < 0.5 DW 1σ� DQG DQ LQFOLQDWLRQ RI
140.7+14.8

−13.3
◦� 7KHUHIRUH� WKH H[RSODQHW E OLHV EHWZHHQ WKH LQQHU DQG RXWHU EHOWV� ZKLFK DUH

ORFDWHG DW 7²10 DX DQG 106²320 DX� UHVSHFWLYHO\� DQG FRXOG FDUYH WKH LQQHU HGJH RI WKH RXWHU
EHOW �6X HW DO�� ����� ������ 1R &2 JDV ZDV GHWHFWHG ZLWK $/0$ �- ���� - ���� DQG�RU - ���
6X HW DO�� ����� =DSDWD HW DO�� ����� %RRWK HW DO�� ������ RU RQO\ WHQWDWLYHO\ �- ��� %RRWK HW DO��
������ ZKLFK H[FOXGH WKH SUHVHQFH RI SULPRUGLDO JDV LQ +'����� �=DSDWD HW DO�� ����� %RRWK
HW DO�� ������

,Q WKH FDYLW\� WKH SUHVHQFH RI RQH RU WZR DGGLWLRQDO JLDQW SODQHWV LV H[SHFWHG �6X HW DO��
������ DQG JLYHQ GLUHFW LPDJLQJ GHWHFWLRQ OLPLWV� FRXOG EH SRVVLEOH EHWZHHQ �� DQG �� DX
�&KDXYLQ HW DO�� ����� 5DPHDX HW DO�� ������ 6XFK DGGLWLRQDO H[RSODQHWV ZRXOG KDYH WR EH
G\QDPLFDOO\ VWDEOH ZLWK WKH RXWHU H[RSODQHW E� DQG SRVVLEO\ FRQWULEXWH LQ WKH UHSOHQLVKPHQW
RI WKH LQQHU EHOW�

0\ ZRUN RQ +'����� DLPHG WR FDUU\�RXW DQ LQ�GHSWK VSHFWURFRS\ DQG RUELWDO FKDUDFWHUL]D�
WLRQ RI WKH H[RSODQHW E� DQG WR VHDUFK IRU WKH SUHVHQFH RI WKH H[SHFWHG DGGLWLRQDO H[RSODQHWV�
7R DFFRPSOLVK WKHVH JRDOV� , XVHG 10 REVHUYDWLRQV RI 9/7�63+(5(� DFTXLUHG EHWZHHQ ����
DQG ���� DV SDUW RI WKH *XDUDQWHHG 7LPH 2EVHUYDWLRQV �*72� RI WKH FRQVRUWLXP 63+(5(�
7KH\ ZHUH VLPXOWDQHRXVO\ DFTXLUHG ZLWK WKH GXDO�EDQG LPDJHU 63+(5(�,5',6 �LQ WKH .�
DQG .� EDQGV� DQG WKH LQWHJUDO ÀHOG VSHFWURJUDSK 63+(5(�,)6 �FRYHULQJ WKH <-+ EDQGV��
7KH ODVW ÀYH HSRFKV �-DQXDU\ ����� )HEUXDU\ ����� 0DUFK ����� $SULO ���� DQG 0D\ �����
ZHUH XQSXEOLVKHG GDWD�

, VWDUWHG WR ZRUN RQ +'����� EHIRUH P\ 3K�'�� LQ WKH FRQWH[W RI P\ ÀUVW�\HDU 0DVWHU
SURMHFW EHWZHHQ 0DUFK DQG -XO\ ���� DW WKH 8QLYHUVLGDG GH &KLOH ZLWK *DsO &KDXYLQ DQG
3DWULFLR 5RMR� , FRQWLQXHG WR ZRUN RQ LW DIWHUZDUGV� VXEPLWWLQJ DQG SXEOLVKLQJ WKH SDSHU LQ



�� &KDSWHU �� 7KH \RXQJ 6RODU 6\VWHP DQDORJ +' �����

$VWURQRP\ 	 $VWURSK\VLFV GXULQJ P\ ÀUVW \HDU RI 3K�'�� DV D SDSHU RI WKH 63+(5( FRQVRU�
WLXP�

,Q SUDFWLFH IRU WKLV ZRUN� , FROODERUDWHG ZLWK WKH +&�'& WR REWDLQ WKH SUH�SURFHVVLQJ
DQG SRVW�SURFHVVLQJ RI WKH GDWD YLD WKH 6SH&DO WRRO� ZLWK )DXVWLQH &DQWDOORXEH �#03,$��
IRU WKH SRVW�SURFHVVLQJ ZLWK WKH $1'520('$ SLSHOLQH� , DQDO\]HG WKH 63+(5(�,5',6
DQG 63+(5(�,)6 GDWD� HYDOXDWLQJ WKHLU TXDOLW\ EDVHG RQ WKH GHWHFWLRQ OLPLWV DQG REVHUYD�
WLRQDO FRQGLWLRQV� , H[WUDFWHG WKH DVWURPHWULF DQG VSHFWUDO LQIRUPDWLRQ RI WKH H[RSODQHW E�
DQG FROODERUDWHG ZLWK +HUYp %HXVW �#,3$*�� /DsWLWLD 5RGHW �#&RUQZHOO 8QLYHUVLW\� 86$�
DQG 9DOHQWLQ &KULVWLDHQV �#0RQDVK 8QLYHUVLW\� LQ $XVWUDOLD� WR FRQVWUDLQ WKH RUELWDO SDUDP�
HWHUV DQG WKH SURSHUWLHV RI WKH DWPRVSKHUH EDVHG RQ P\ UHVXOWV� , FRPSDUHG WKH UHVXOWV IURP
WKH DWPRVSKHULFV PRGHOV ZLWK SUHGLFWHG SK\VLFDO SURSHUWLHV IURP HYROXWLRQDU\ PRGHOV� WR
VWXG\ WKHLU FRQVLVWHQF\� 7R VHDUFK IRU WKH SUHVHQFH RI DGGLWLRQDO FRPSDQLRQV� , FROODERUDWHG
ZLWK +HUYp /H &RUROOHU �/DERUDWRLUH G·$VWURQRPLH GH 0DUVHLOOH� )UDQFH� WR FRPELQH VHYHUDO
HSRFKV RI REVHUYDWLRQV DQG VHDUFK WKH SUHVHQFH RI DQ\ DGGLWLRQDO FRPSDQLRQV ZLWK KLV .�
6WDFNHU WRRO� /DVW� , FRPSXWHG WKH GHWHFWLRQ OLPLWV LQ WHUPV RI PDVV DQG VHPL�PDMRU D[LV�
EDVHG RQ GLUHFW LPDJLQJ DQG UDGLDO YHORFLW\ GDWD� XVLQJ WKH SULYDWH 0(66� WRRO WKDW $QQH�
0DULH /DJUDQJH �#,3$*� DQG 3DVFDO 5XELQL VKDUHG WR PH�

7KH IXOO DUWLFOH LV DYDLODEOH LQ WKH QH[W VHFWLRQ� , VXPPDUL]H WKH PDLQ UHVXOWV LQ 6HF�
WLRQ ����� DQG GLVFXVV WKH SHUVSHFWLYHV LQ 6HFWLRQ ����

�7KH DIÀOLDWLRQV VWDWHG LQ WKLV FKDSWHU FRUUHVSRQG WR WKH RQHV DW WKH WLPH RI WKH FROODERUDWLRQ�



Astronomy
&

Astrophysics

A&A 664, A139 (2022)
https://doi.org/10.1051/0004-6361/202243097
© C. Desgrange et al. 2022

In-depth direct imaging and spectroscopic characterization of the

young Solar System analog HD 95086

C. Desgrange1,2,3, G. Chauvin1,3, V. Christiaens4, F. Cantalloube5, L.-X. Lefranc6, H. Le Coroller5, P. Rubini7,
G. P. P. L. Otten5,8, H. Beust1, M. Bonavita9, P. Delorme1, M. Devinat7, R. Gratton10, A.-M. Lagrange1,11,

M. Langlois12, D. Mesa10, J. Milli1, J. Szulágyi13, M. Nowak14, L. Rodet15, P. Rojo3, S. Petrus1, M. Janson16,
T. Henning2, Q. Kral11, R. G. van Holstein17, F. Ménard1, J.-L. Beuzit6, B. Biller2,18,19, A. Boccaletti11, M. Bonnefoy1,

S. Brown2, A. Costille5, A. Delboulbe1, S. Desidera10, V. D’Orazi10, M. Feldt3, T. Fusco20, R. Galicher11,
J. Hagelberg21, C. Lazzoni22, R. Ligi23, A.-L. Maire1, S. Messina24, M. Meyer25, A. Potier26,

J. Ramos2, D. Rouan11, T. Schmidt11, A. Vigan5, and A. Zurlo5,27,28

(Affiliations can be found after the references)

Received 12 January 2022 / Accepted 25 April 2022

ABSTRACT

Context. HD 95086 is a young nearby Solar System analog hosting a giant exoplanet orbiting at 57 au from the star between an inner
and outer debris belt. The existence of additional planets has been suggested as the mechanism that maintains the broad cavity between
the two belts.
Aims. We present a dedicated monitoring of HD 95086 with the VLT/SPHERE instrument to refine the orbital and atmospheric prop-
erties of HD 95086 b, and to search for additional planets in this system.
Methods. SPHERE observations, spread over ten epochs from 2015 to 2019 and including five new datasets, were used. Combined
with archival observations, from VLT/NaCo (2012–2013) and Gemini/GPI (2013–2016), the extended set of astrometric measurements
allowed us to refine the orbital properties of HD 95086 b. We also investigated the spectral properties and the presence of a circumplan-
etary disk around HD 95086 b by using the special fitting tool exploring the diversity of several atmospheric models. In addition, we
improved our detection limits in order to search for a putative planet c via the K-Stacker algorithm.
Results. We extracted for the first time the JH low-resolution spectrum of HD 95086 b by stacking the six best epochs, and confirm
its very red spectral energy distribution. Combined with additional datasets from GPI and NaCo, our analysis indicates that this very
red color can be explained by the presence of a circumplanetary disk around planet b, with a range of high-temperature solutions
(1400–1600 K) and significant extinction (AV & 10 mag), or by a super-solar metallicity atmosphere with lower temperatures (800–
1300 K), and small to medium amount of extinction (AV . 10 mag). We do not find any robust candidates for planet c, but give updated
constraints on its potential mass and location.

Key words. instrumentation: adaptive optics – instrumentation: high angular resolution – methods: observational –
stars: individual: HD95086 – planetary systems

1. Introduction

Direct imaging has proven to be successful at imaging and
characterizing the properties of young planetary system archi-
tectures, and young (100 Myr) gaseous giant planets orbiting at
large distances from their host stars (a & 10 au). Large-scale sur-
veys of several hundreds of young nearby stars (<150 pc), such
as SHINE (Chauvin et al. 2017; Desidera et al. 2021; Langlois
et al. 2021; Vigan et al. 2021) and GPIES (Nielsen et al. 2019),
have now extended our vision of the giant planet demograph-
ics down to 10 au. The goal is to access the bulk of the giant
planet population close to the snowline and to bridge the gap
with complementary indirect detection methods such as radial
velocity, transit, micro-lensing, and soon astrometry (with the
Gaia Data Release 4) that are sensitive to planets closer to their
stars (.10 au). Over the last two decades discoveries of emblem-
atic planetary systems such as HR 8799 (Marois et al. 2008,
2010), � Pictoris (Lagrange et al. 2010), HD 95086 (Rameau
et al. 2013a), 51 Eri (Macintosh et al. 2015), and PDS 70 (Keppler
et al. 2018; Müller et al. 2018) have offered rich opportunities to

explore the diversity of young Solar System analogs, contain-
ing giant planets and circumstellar disks shaped with cavities
and belts. HR 8799 hosts four exoplanets (Marois et al. 2008,
2010), whereas 51 Eridani hosts one exoplanet (Macintosh et al.
2015). A second planet has been recently detected by the radial
velocity technique in the � Pictoris system (Lagrange et al. 2019)
and confirmed with interferometric observations (Nowak et al.
2020), while a second forming planet has been detected with
MUSE in the PDS 70 system (Haffert et al. 2019). The mass
of these protoplanets is highly uncertain, with estimates rang-
ing from 1 to 17 MJup (Müller et al. 2018; Christiaens et al.
2019; Mesa et al. 2019; Isella et al. 2019; Stolker et al. 2020b;
Wang et al. 2021). These young, planetary systems are bench-
mark laboratories for exploring the formation and evolution of
young giant planets with the current large telescopes and instru-
ments. They are prime targets for upcoming telescopes, such as
the James Webb Space Telescope (JWST, first light 2022) and
the Extremely Large Telescope (ELT, first light 2027). From that
perspective, the hunt for additional planets in the young system
HD 95086 is very interesting.
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Table 1. Physical properties of the HD 95086 system from Chauvin
et al. (2018); Su et al. (2017, 2015); Rameau et al. (2013a); De Rosa
et al. (2016); Bailer-Jones et al. (2018); Booth et al. (2021); Swatik et al.
(2021).

The HD 95086 exoplanetary system

Star

Spectral type A
Teff (K) 7883+43

�65

log(g) (dex) 4.58+0.02
�0.06

Distance (pc) 86.2 ± 0.3

Age (Myr) 13.3+1.1
�0.6

Mass (M�) 1.6 ± 0.1
Luminosity (L� ) 5.7 ± 1.7

Metallicity ([Fe/H]) 0.14+0.05
�0.04

Debris disk
– Innermost belt (?)

Location (au) 2
Temperature (K) 300

– Warm belt

Location (au) 7�10
Temperature (K) 187 ± 26

– Cold belt

Location (au) 106�320
Temperature (K) 57 ± 2
Inclination (�) 30 ± 3
Position Angle (�) 97 ± 3

– Stellar halo (?)

Location (au) 300�800

HD 95086 b

Spectral type L6 ± 1
Teff (K) 800�1300 K
log(g) (dex) .4.5

Semimajor axis (au) 52+13
�24

Eccentricity 0.2+0.3
�0.2

Inclination (�) 141+15
�13

Period (years) 289+12
�177

Mass (MJup) 4�5

Notes. Teff corresponds to the effective temperature when assuming the
blackbody hypothesis; log(g) corresponds to the logarithm of the sur-
face or photosphere gravity. To avoid confusion, it should be noted that
the inclination i could as well be 180� � i owing to projection on the
sky.

Since 2013, and since the discovery of a 4–5 MJup exoplanet
HD 95086 b in thermal imaging using the NaCo instrument
(Rousset et al. 2003; Lenzen et al. 2003) at the Very Large
Telescope (VLT), the HD 95086 planetary system has become
a reference to investigate the processes of planetary formation
and evolution, and to characterize young planetary architectures.
The star is an A-type star with an approximate effective tem-
perature of 7750 K and a mass of 1.6 M�. Until very recently,
the star was identified as a young star located at the border
of the Lower Centaurus Crux (LCC) association and thus with
an age of 17 ± 2 Myr (Pecaut et al. 2012). However, based
on the Gaia Data Release 2, Booth et al. (2021) showed that
the star could instead belong to the Carina association, which

HD 95086 ALMA 1.3 mm

SPHERE 2.1 µm

86 au

cold belt

1 as

b

Fig. 1. Composite ALMA-continuum (at 1.3 mm) and SPHERE/IRDIS
(at 2.1µm) observations of HD 95086 (see Su et al. 2017; Chauvin et al.
2018). The exoplanet b is detected at the K1 band (red dot). The white
dashed ring at 180 au represents the peak location of the outer cold
belt located from 106 ± 6 au to 320 ± 20 au. The inner warm belt is not
resolved with ALMA. The pink ellipse represents the ALMA synthetic
beam.

according to their age estimation would make it a few million
years younger, 13.3+1.1

�0.6
Myr. By using a self-consistent Bayesian

analysis, Swatik et al. (2021) derived a new estimation of the stel-
lar parameters consistent with the literature but more accurate,
and in particular a stellar metallicity of 0.14+0.05

�0.04
. The physical

parameters of the star are summarized in Table 1.
HD 95086 hosts a double-belt debris disk architecture, very

similar to that of our Solar System, with an outer belt resolved
by the Atacama Large Millimeter Array (ALMA) in the con-
tinuum at 1.3 mm (Su et al. 2017; see Fig. 1). The inner warm
belt is located at 8 ± 2 au (187 ± 26 K), and the large outer,
colder belt between 106 ± 6 au and 320 ± 20 au (57 ± 2 K).
Their existence was originally identified from the analysis of
Herschel observations, in combination with the characterization
of the spectral energy distribution (SED) of HD 95086 (Moór
et al. 2013). Based on SED modeling from Herschel, Spitzer,
WISE, and APEX observations, the existence of a third belt at
2 au (300 K), has been also proposed by Su et al. (2015), together
with a disk halo component that could extend up to 800 au (Su
et al. 2017), but this innermost belt has not been confirmed to
date. Recently, Zapata et al. (2018) added new constraints on
the structure of the outer belt at submillimeter and millimeter
wavelengths with ALMA observations at 0.9 and 1.3 mm, and
derived a dust-to-gas ratio �50. Moreover, Zapata et al. (2018)
and Booth et al. (2019) did not detect CO (J = 2–1) and (J = 3–
2) emissions, excluding the possibility of HD 95086 being an
evolved gaseous primordial disk. By using spectro-spatial filter
on ALMA observations, Booth et al. (2019) found tentative evi-
dence of CO (J = 2–1) emission with an integrated line flux
of 9.5 ± 3.6 mJy km s�1. It corresponds to a CO mass of (1.4–
13)⇥ 10�6 M�, which they determined to be consistent with
second-generation production of gas through collisional cascade
(Kral et al. 2017). According to Su et al. (2015), the collisions
in the HD 95086 disk might also explain their detection of a
69 µm crystalline olivine feature from the outer disk with the
Spitzer telescope as the crystallization of olivine requires a high
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temperature, as is the case for instance in the core of plane-
tary bodies after their disruption. Finally, the outer belt has also
been marginally detected in polarized scattered light in the near-
infrared (J band) by SPHERE differential polarimetric imaging
(DPI) observations (Chauvin et al. 2018) colocated with the ther-
mal emission seen by ALMA. The physical parameters of the
debris disk architecture are given in Table 1.

At infrared wavelengths, following the discovery of
HD 95086 b with VLT/NaCo (Rameau et al. 2013a) in the L0

band (3.8 µm), the planet was re-imaged using Gemini/GPI
in the H band (1.5–1.8 µm) and in the K1 band (1.9–
2.2 µm) (Rameau et al. 2016; De Rosa et al. 2016), and using
VLT/SPHERE with IRDIS in H2H3 filters (�H2 = 1.593 µm,
�H3 = 1.667 µm) and in K1K2 filters (�K1 = 2.103 µm, �K2 =

2.255 µm), and with the integral field spectrograph (IFS) in the
YJ (0.95–1.35µm), and YJH (0.97–1.66µm) settings (Chauvin
et al. 2018). The combination of different photometric mea-
surements in the infrared enabled De Rosa et al. (2016) and
Chauvin et al. (2018) to confirm the late L spectral type of
HD 95086 b, which is consistent with a dusty atmosphere of
about 800–1300 K.

The first orbital fitting of HD 95086 b was performed by
Rameau et al. (2016) from previous NaCo astrometric data
(epochs 2012 to 2013 from Rameau et al. 2013a) and GPI astro-
metric monitoring between 2013 and 2016 (published partially
in Galicher et al. 2014). They found a semimajor axis of 62+21

�8
au,

an eccentricity less than 0.21, and an inclination of 153+10
�14
�

at the 68% confidence interval by using Monte Carlo meth-
ods. Chauvin et al. (2018) updated the orbital solution using a
larger orbital coverage, this time combining NaCo and SPHERE
astrometric measurements. This recent MCMC analysis gave
consistent results and showed that the planet is orbiting with a
period of about 289+12

�177
years, a semimajor axis of 52+13

�24
au,

a relatively low eccentricity (0.2+0.3
�0.2

), and with an inclination
of 141+15

�13
� at the 68% confidence interval, compatible with a

coplanar orbit with the debris disk plane. The physical param-
eters of the exoplanet are summarized in Table 1. In addition,
Chauvin et al. (2018) used the High Accuracy Radial velocity
Planet Searcher (HARPS) high-resolution optical spectrograph
to search for additional exoplanets with the radial velocity (RV)
technique, and could exclude the presence of a very massive
(>10 MJup), coplanar inner giant planets at less than 1 au.

Given the large cavity seen in ALMA images inside the cold
outer belt (see Fig. 1), the system HD 95086 very likely hosts at
least one or perhaps two additional planets closer to the star than
HD 95086 b, which would explain the architecture of the two
debris belts. Su et al. (2015), Rameau et al. (2016), and Chauvin
et al. (2018) investigated this possibility by considering various
locations, eccentricities, and masses for the inner planets, the
physical properties of b, and the characteristics of the inner and
outer belts together with the detection performance of current
planet imagers. A configuration with one or two additional inner
planets between 10 and 30 au, dynamically stable with b carving
the outer belt, and participating in the replenishment of the inner
belt is possible and worth investigating.

In this paper we extend the study of Chauvin et al. (2018)
to revisit the orbital and atmospheric properties of HD 95086 b,
and the presence of additional inner giant planets, considering
a total of ten epochs acquired with the VLT/SPHERE instru-
ment (Beuzit et al. 2019) between February 2015 and May 2019.
These datasets include five new unpublished epochs covering
January 2018 to May 2019. In Sect. 2 we present the data
acquired, together with the archival data used for this analy-
sis. In Sect. 3 we describe the image processing methods used,

along with our data selection and the decision to combine the
different datasets considering the individual epoch contrast per-
formance and adaptive optics (AO) correction quality. In Sect. 4
we present the updated astrometry for the exoplanet HD 95086 b
based on VLT/NaCo and VLT/SPHERE data, covering a total
of seven years of monitoring between 2012 and 2019, and deter-
mine the best orbital solution. In Sect. 5 we present for the first
time the SPHERE-JH (1.2–1.6 µm) spectroscopic observations
of HD 95086 b. Using the MCMC special code (Christiaens
et al. 2021) applied to the combined spectrum, we re-analyze the
physical parameters of the planet and investigate the presence of
a circumplanetary disk around it. In Sect. 6 we finally look for
the hypothetical exoplanets c and d in the system by updating
the HARPS and SPHERE combined observations, and also by
applying the K-Stacker algorithm (Le Coroller et al. 2015) to the
SPHERE multi-epoch datasets.

2. Observations

2.1. VLT/SPHERE data

The HD 95086 system was monitored during the SHINE sur-
vey at 13 different epochs between February 2015 and May 2019
(see Table 2) using the VLT/SPHERE high-contrast instrument
(Beuzit et al. 2019). The observations were obtained with the
modes IRDIFS (3 epochs) and IRDIFS-EXT (11 epochs) that
combine simultaneously the IRDIS (Dohlen et al. 2008) and
IFS instruments (Claudi et al. 2008). The IRDIFS-EXT mode
combines IRDIS in dual-band imaging (DBI; Vigan et al. 2010)
mode with the K1K2 filter doublet �K1 = 2.103 ± 0.102 µm,
�K2 = 2.255 ± 0.109 µm, and IFS in the YJH (0.97–1.66µm)
setting. The IRDIFS mode combines IRDIS in DBI with H2H3
filters (�H2 = 1.593 ± 0.055 µm, �H3 = 1.667 ± 0.056 µm), and
IFS in the YJ (0.95–1.35µm) setting. Each observing sequence
was performed with the pupil-tracking mode. This combination
enables the use of angular (Marois et al. 2006) and/or spectral
differential imaging techniques (Racine et al. 1999; Sparks et al.
2002) to reach higher contrast at subarcsecond separations. The
details of the observations are reported in Table 2.

In this work we focused our analysis on data acquired with
the IRDIFS-EXT mode as HD 95086 b, and any expected inner
planet in the system, are L-type planets, expected to be partic-
ularly red and therefore easier to detect at longer wavelengths.
A total of ten epochs are considered as the data acquired on
May 3, 2017, are not exploitable owing to very poor observa-
tional conditions. The observing conditions are summarized in
Table 2 and Fig. A.1. The Strehl ratio (SR) and the wind param-
eters are measured by the SPHERE eXtreme AO (SAXO, Petit
et al. 2014) real-time computer named Standard Platform for
Adaptive optics Real Time Applications (SPARTA, Fedrigo et al.
2006), while the seeing (✏) and the atmospheric coherence time
parameters (⌧0) were obtained by the Differential Image Motion
Monitor (DIMM) and the Multi-Aperture Scintillation Sensor
(MASS, Kornilov et al. 2007) turbulence monitor at the Paranal
Observatory.

2.2. Archival data: VLT/NaCo and Gemini-South/GPI

To revisit the orbital and spectral properties of HD 95086 b, we
analyzed archival data from the VLT/NaCo imager obtained in
2012 and 2013 (Rameau et al. 2013a,b), together with Gemini-
S/GPI observations obtained between 2013 and 2016 (Rameau
et al. 2016; De Rosa et al. 2016). A summary of these observa-
tions and the astrometric and spectro-photometric results used
for this work are reported in Table 3.

A139, page 3 of 28



A&A 664, A139 (2022)

Table 2. Summary of all SPHERE observations of HD 95086 in the K1K2 (IRDIS) and YJH bands (IFS), as well as the mean observational
conditions when available.

Epoch Instr. Filter Coronagraph Satellite NDIT ⇥ DIT Nexp ∆⇡ ✏ ⌧0 Sr Airmass
spots number ⇥ s (�) (00) (ms) (%)

2015-02-03 IFS YJH N_ALC_YJH_S No 1 ⇥ 64 26 22.4 – – – 1.41
2015-02-03 IRDIS DB K12 N_ALC_YJH_S No 1 ⇥ 16 26 22.4 – – – 1.41

2015-05-05 IFS YJH N_ALC_YJH_S No 4 ⇥ 64 13 18.2 0.79 2.1 75 1.40
2015-05-05 IRDIS DB K12 N_ALC_YJH_S No 4 ⇥ 64 13 18.2 0.45 2.1 75 1.40

2015-05-12 IFS YJH N_ALC_YJH_S No 4 ⇥ 64 No 22.5 1.07 3.0 – 1.41
2015-05-12 IRDIS DB H23 N_ALC_YJH_S No 4 ⇥ 64 No 22.5 1.07 3.0 – 1.41

2016-01-18 IFS YJH N_ALC_YJH_S No 5 ⇥ 64 19 28.1 0.33 1.8 81 1.41
2016-01-18 IRDIS DB K12 N_ALC_YJH_S No 5 ⇥ 64 19 28.1 0.33 1.8 81 1.41

2016-05-31 IFS YJH N_ALC_Ks Yes 10 ⇥ 64 7 25.2 0.64 3.4 61 1.43
2016-05-31 IRDIS DB K12 N_ALC_Ks Yes 10 ⇥ 64 7 25.2 0.64 3.4 61 1.43

2017-05-03 IFS YJH N_ALC_Ks No 7 ⇥ 12 No 2.1 2.15 1.6 47 1.40
2017-05-03 IRDIS DB K12 N_ALC_Ks No 7 ⇥ 12 No 2.1 2.15 1.6 47 1.40

2017-05-10 IFS YJH N_ALC_Ks Yes 10 ⇥ 64 7 36.6 0.89 3.3 73 1.40
2017-05-10 IRDIS DB K12 N_ALC_Ks Yes 10 ⇥ 64 7 36.6 0.89 3.3 73 1.40

2018-01-06 IFS YJH N_ALC_Ks Yes 10 ⇥ 96 7 41.0 0.30 10.1 83 1.40
2018-01-06 IRDIS DB K12 N_ALC_Ks Yes 10 ⇥ 96 7 41.0 0.30 10.1 83 1.40

2018-02-24 IFS YJH N_ALC_Ks No 4 ⇥ 96 16 33.4 0.38 9.0 – 1.41
2018-02-24 IRDIS DB K12 N_ALC_Ks No 4 ⇥ 96 16 33.4 0.38 9.0 – 1.41

2018-03-28 IFS YJH N_ALC_YJH_S No 4 ⇥ 96 16 33.3 0.51 9.3 82 1.41
2018-03-28 IRDIS DB K12 N_ALC_YJH_S No 4 ⇥ 96 16 33.3 0.51 9.3 82 1.41

2019-04-13 IFS YJH N_ALC_YJH_S Yes 9 ⇥ 96 16 33.8 0.76 3.0 70 1.42
2019-04-13 IRDIS DB K12 N_ALC_YJH_S Yes 9 ⇥ 96 16 33.8 0.76 3.0 70 1.42

2019-05-18 IFS YJH N_ALC_YJH_S No 4 ⇥ 96 16. 33.8 0.63 3.2 72 1.42
2019-05-18 IRDIS DB K12 N_ALC_YJH_S No 4 ⇥ 96 16 33.8 0.63 3.2 72 1.42

Notes. NDIT represents the number of frames in the data cube, DIT the exposure time for one frame, Nexp the number of cubes, ∆⇡ the variation
of the parallactic angle, ✏ the seeing (at � = 550 nm), ⌧0 the atmospheric coherence time, and SR the Strehl ratio after the AO correction.

3. Data reduction and analysis

3.1. Pre-processing

All SPHERE observations of HD 95086 were reduced by the
SPHERE Data Center (Delorme et al. 2017a), using the SPHERE
Data Reduction and Handling pipeline (Pavlov et al. 2008),
following the same approach as described by Chauvin et al.
(2018). To summarize, the pre-processing corrects the non-
coronagraphic point spread function (PSF) and the corona-
graphic image cube for bad pixels, dark current, flat non-
uniformity; the sky background for both IRDIS and IFS; and the
wavelength and cross-talk between spectral channel calibration
for IFS. A normalization is applied to calibrate the coronagraphic
images in intensity relative to the star (i.e., in terms of contrast).
The coronagraphic images are centered by using the four satellite
spots to accurately determine the position of the star behind the
coronagraphic mask, as also described in Chauvin et al. (2018).
To calibrate the astrometry of both IRDIS and IFS on the sky,
a star-crowded field (47 Tuc) is regularly observed as part of
the long-term analysis of the SPHERE guaranteed time obser-
vation (GTO) astrometric calibration described in Maire et al.
(2016, 2021a) to measure the detector plate scale, true north, and
distortion. The plate scale and true north solutions at each epoch
are reported in Table 3.

3.2. Image processing

To detect and characterize potential planetary signals in
the images, we used two dedicated pipelines, namely
ANDROMEDA (Cantalloube et al. 2015) and SpeCal (Galicher
et al. 2018). Both are based on the angular differential imaging
(ADI) technique, which removes the starlight residuals in the
coronagraphic images. ANDROMEDA is a forward-modeling
approach based on a maximum likelihood estimator (Mugnier
et al. 2009). It first performs a simple pair-wise subtraction.
Then, it searches for the specific signature that would appear
in the presence of an unresolved point-source in the resid-
ual image, and estimates its probability, jointly for all pairs
of subtracted images. The SpeCal pipeline combines a set of
different algorithms like classical ADI (cADI, Marois et al.
2006), locally optimized combination of images (LOCI/TLOCI,
Lafrenière et al. 2007), and principal component analysis (PCA,
Amara & Quanz 2012; Soummer et al. 2012). To exploit the
spectral diversity given by the IFS and the IRDIS-DBI modes,
in addition to the temporal dimension as done in ADI, SpeCal
has been developed to apply LOCI/TLOCI and PCA in angu-
lar and spectral differential imaging (ASDI; Mesa et al. 2015).
For the analysis of the SHINE survey, the reference algorithms
benchmarked with various blind tests are the TLOCI-ADI and
the PCA-ASDI algorithms (Langlois et al. 2021). For IRDIS,
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Table 3. Relative astrometry and photometry of the star and planet b for NaCo, GPI, and SPHERE at 68% confidence level.

UT Date Ins.-Filter Algo.(a)
∆↵ ∆� Sep. PA Contrast True North Plate scale Ref.

(mas) (mas) (mas) (�) (mag) (deg) (mas)

12-01-2012 NaCo-L0 sADI 294 ± 8 �550 ± 8 624 ± 8 151.9 ± 0.8 9.8 ± 0.4 �0.57 ± 0.10 27.11 ± 0.06 1
12-01-2012 NaCo-L0 sADI – – – – 9.5 ± 0.2 – – 3
14-03-2013 NaCo-L0 sADI 305 ± 13 �546 ± 13 626 ± 13 150.8 ± 1.3 9.7 ± 0.6 �0.58 ± 0.10 27.10 ± 0.03 1
27-06-2013 NaCo-L0 sADI 291 ± 8 �525 ± 8 600 ± 11 151.0 ± 1.2 9.2 ± 0.8 �0.65 ± 0.10 27.10 ± 0.04 1

10-12-2013 GPI-K1 LOCI 301 ± 5 �541 ± 5 619 ± 5 150.9 ± 0.5 12.1 ± 0.5 �0.10 ± 0.13 14.17 ± 0.01 2, 3, 7
11-12-2013 GPI-H LOCI 306 ± 11 �537 ± 11 618 ± 11 150.3 ± 1.1 13.1 ± 0.9 �0.10 ± 0.13 14.17 ± 0.01 2, 3, 7
13-05-2014 GPI-K1 LOCI 307 ± 8 �536 ± 8 618 ± 8 150.2 ± 0.7 – �0.10 ± 0.13 14.17 ± 0.01 3, 7
06-04-2015 GPI-K1 LOCI 322 ± 7 �532 ± 7 622 ± 7 148.8 ± 0.6 – �0.10 ± 0.13 14.17 ± 0.01 3, 7
08-04-2015 GPI-K1 LOCI 320 ± 4 �533 ± 4 622 ± 4 149.0 ± 0.4 12.2 ± 0.2 �0.10 ± 0.13 14.17 ± 0.01 3, 4, 7
29-02-2016 GPI-H LOCI 330 ± 5 �525 ± 5 621 ± 5 147.8 ± 0.5 13.7 ± 0.2 �0.10 ± 0.13 14.17 ± 0.01 3, 4, 7
06-03-2016 GPI-H LOCI 336 ± 3 �521 ± 3 620 ± 5 147.2 ± 0.5 – �0.10 ± 0.13 12.17 ± 0.01 3, 7

03-02-2015 IRDIS-K1 TLOCI 322 ± 4 �532 ± 4 621 ± 4 148.7 ± 0.3 12.2 ± 0.1 �1.72 ± 0.06 12.25 ± 0.03 5
03-02-2015 IRDIS-K1 ANDR – – 620 ± 4 148.9 ± 0.4 12.6 ± 0.5 �1.72 ± 0.06 12.25 ± 0.03 6
05-05-2015 IRDIS-K1 TLOCI 324 ± 4 �530 ± 6 621 ± 5 148.5 ± 0.4 12.4 ± 0.2 �1.71 ± 0.06 12.25 ± 0.06 5
05-05-2015 IRDIS-K1 ANDR – – 619 ± 7 148.6 ± 0.5 12.0 ± 0.5 �1.71 ± 0.06 12.25 ± 0.06 6
18-01-2016 IRDIS-K1 TLOCI 326 ± 4 �532 ± 4 625 ± 4 148.4 ± 0.3 12.3 ± 0.2 �1.74 ± 0.07 12.27 ± 0.03 5, 7
18-01-2016 IRDIS-K1 ANDR – – 623 ± 4 148.7 ± 0.4 11.6 ± 0.9 �1.74 ± 0.07 12.27 ± 0.03 6
31-05-2016 IRDIS-K1 TLOCI 333 ± 2 �519 ± 2 618 ± 2 147.3 ± 0.2 12.2 ± 0.2 �1.81 ± 0.05 12.26 ± 0.01 5
31-05-2016 IRDIS-K1 ANDR – – 621 ± 3 147.4 ± 0.3 12.2 ± 0.3 �1.81 ± 0.05 12.26 ± 0.01 6
10-05-2017 IRDIS-K1 TLOCI 341 ± 2 �517 ± 3 620 ± 3 146.6 ± 0.2 12.3 ± 0.2 �1.78 ± 0.06 12.25 ± 0.02 5
10-05-2017 IRDIS-K1 ANDR – – 624 ± 3 146.7 ± 0.3 12.2 ± 0.2 �1.78 ± 0.06 12.25 ± 0.02 6
06-01-2018 IRDIS-K1 TLOCI 351 ± 2 �514 ± 2 622 ± 2 145.6 ± 0.2 12.3 ± 0.1 �1.83 ± 0.05 12.26 ± 0.01 5
06-01-2018 IRDIS-K1 ANDR – – 625 ± 4 145.6 ± 0.3 12.2 ± 0.1 �1.83 ± 0.05 12.26 ± 0.01 6
24-02-2018 IRDIS-K1 TLOCI 353 ± 3 �517 ± 3 627 ± 3 145.6 ± 0.3 12.2 ± 0.1 �1.75 ± 0.06 12.25 ± 0.01 5, 7
24-02-2018 IRDIS-K1 ANDR – – 625 ± 4 145.7 ± 0.4 12.1 ± 0.1 �1.75 ± 0.06 12.25 ± 0.01 6, 7
28-03-2018 IRDIS-K1 TLOCI 357 ± 4 �521 ± 4 632 ± 4 145.5 ± 0.3 12.3 ± 0.1 �1.73 ± 0.07 12.26 ± 0.02 5, 7
28-03-2018 IRDIS-K1 ANDR – – 631 ± 4 145.6 ± 0.4 12.3 ± 0.1 �1.73 ± 0.07 12.26 ± 0.02 6, 7
13-04-2019 IRDIS-K1 TLOCI 368 ± 3 �508 ± 3 623 ± 3 144.1 ± 0.2 12.3 ± 0.2 �1.78 ± 0.07 12.25 ± 0.02 5
13-04-2019 IRDIS-K1 ANDR – – 627 ± 3 144.1 ± 0.3 12.2 ± 0.2 �1.78 ± 0.07 12.25 ± 0.02 6
18-05-2019 IRDIS-K1 TLOCI 368 ± 4 �509 ± 4 630 ± 4 144.1 ± 0.3 12.2 ± 0.1 �1.78 ± 0.07 12.26 ± 0.01 5, 7
18-05-2019 IRDIS-K1 ANDR – – 628 ± 4 144.3 ± 0.4 12.1 ± 0.1 �1.77 ± 0.07 12.26 ± 0.01 6

Notes. (a)Algo. refers to the algorithms used for the reduction: smart ADI (sADI; Rameau et al. 2013b), TLOCI (Lafrenière et al. 2007), and
ANDROMEDA (ANDR; Mugnier et al. 2009).
References. (1) Astrometric and photometric results from Rameau et al. (2013a); (2, 3) Astrometric results processed by Rameau et al. (2016)
and photometric results from Galicher et al. (2014); (4) Photometric results reported by De Rosa et al. (2016); (5,6) This work: astrometric and
photometric results done automatically with pipeline (5) SpeCal-TLOCI or (6) ANDROMEDA. The 2018 and 2019 data have not been reported
and exploited yet. The 2015, 2016, and 2017 data are reported by Chauvin et al. (2018), but they reduced the data with the IPAG-ADI pipeline; (7)
These epochs are not used for the orbital fit of the HD 95086 b exoplanet (see Sect. 3.3).

the contrast performance showed that ANDROMEDA-ADI per-
forms better than TLOCI-ADI (see Figs. 2 and 3), and in addition
provides a more robust estimate of the statistical threshold for the
candidate detection. The signal-to-noise ratio maps (S/N maps)
obtained with TLOCI-ADI for IRDIS and PCA-ASDI for IFS
using SpeCal are shown in Fig. B.1. The S/N maps obtained
for ANDROMEDA in ADI for IRDIS and IFS (consisting of a
combination of the IFS channels after processing individual each
channel) are shown in Fig. 2.

3.3. Multi-epoch selection and combination

Given the very red spectrum of HD 95086 b, the planet is clearly
detected for each individual epoch (with S/N > 10) in the K1
and K2 bands with SPHERE, and in the K band with GPI. This
band (K1, where the background noise is lower than in K2) is
therefore used to extract the planet’s relative astrometry at each

epoch, and derive its updated orbital properties (see below). The
detection becomes more challenging at the H band (S/N ⇠ 3–
7) for both SPHERE and GPI, but remains possible for good-
quality observation (January 2018, February 2018, March 2018,
April 2019 and May 2019). At the J band the planet is currently
detected only by stacking reduced SPHERE-IFS images taken at
various epochs to optimize the speckle cancelation, as done by
Chauvin et al. (2018). Following a similar multi-epoch strategy,
we first selected the best observing epochs obtained by SPHERE
between 2015 and 2019, then re-aligned each final IFS datacubes
correcting for the planet’s orbital motion, and stacking them to
extract the JH spectrum of the planet.

To investigate the contrast performance at each epoch,
we considered as the first criterion the contrast curves deter-
mined with TLOCI-ADI and ANDROMEDA-ADI for IRDIS,
and PCA-ASDI and ANDROMEDA-ADI for IFS (Fig. 3). The
observing conditions (atmospheric turbulence conditions and
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Fig. 2. Signal-to-noise ratio maps for all the SPHERE epochs. At the top, SPHERE-IRDIS in the K1 band and at the bottom, SPHERE-IFS in the
YJH bands, both reduced by the pipeline ANDROMEDA. The color bar corresponds to the signal-to-noise ratio, 0–15 for IRDIS and 0–5 for the
IFS. Planet b is located in the white square. The region below the inner working angle of the coronagraph is masked. In the top right corner of
the IFS data, the one (or two) point-like feature(s) correspond to the remanent of the star on the IFS detector.

AO telemetry, summarized in Table 2 and in Fig. A.1) were used
as a consistency check. From a total of ten epochs, a subsample
clearly emerges of six very good epochs. The best epoch is Jan-
uary 2018, followed by February 2018, March 2018, April 2019,
May 2019, and May 2017. The worst epochs are January 2016
and February 2015. Despite the very good Strehl ratio (81%)
and seeing (0.33 as) for the January 2016 epoch, the atmospheric
coherence time is very fast (1.8 ms), producing a wind-driven
halo, which degrades the contrast performance by about one
order of magnitude at the planet location (Cantalloube et al.
2020).

The 5� detection limits are 1 ⇥ 10�6 and 2 ⇥ 10�6 at 0.600

respectively with the IFS and IRDIS for the best epoch (Jan-
uary 2018). IFS performs better in contrast at close separations
as PCA-ASDI exploits the spectral diversity of 39 spectral chan-
nels to remove the speckles, while TLOCI-ADI does not for
the IRDIS dual-band K12. We note that the IFS and IRDIS
contrast curves are coherent with each other: the best contrast
curves with IFS are the same as with IRDIS (see Fig. 3). In
summary, the best epochs for extracting the spectrum of the exo-
planet HD 95086 b are the last six: May 2017, January 2018,
February 2018, March 2018, April 2019, and May 2019. To
extract the astrometry, we preferred the epochs acquired with the

satellite spots for the whole sequence of observation (and not
only at the beginning and/or the end of the observation) to
ensure a correct astrometric calibration for the whole sequence
of observation (May 2016, May 2017, January 2018, and April
2019), as well as the two epochs in 2015 (February 2015 and
May 2015), as in 2015 no observation with satellite spots for the
whole sequence was acquired. We note that the position of the
star on the detector can marginally evolve during the sequence
of observation due to optomechanical and thermal variations
that slightly move the optics. The Differential Tip Tilt Sensor
(DTTS, Baudoz et al. 2010) aims to ensure its centering, but a
centroid variation can be expected. We adopted the conserva-
tive error on the centroid position of 0.2 pixel corresponding to
2.5 mas for the epochs acquired without the continuous satel-
lite spots mode, as done in Chauvin et al. (2018). This value is
taken into account in the astrometric calibration error budget,
as well as the errors on the true north, plate scale, and pupil
offset, following Maire et al. (2021b). In addition, it should be
noted that the epoch of March 2018 suffers from a higher cen-
troid variation, which is a rare problem, but even so occurred
in a few observations over the whole seven years of exploita-
tion of the SPHERE instrument. This higher centroid variation
is about 5 mas both in declination and right ascension based on
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Fig. 3. Detection limits at 5� for IRDIS
in the K1 band on the left and IFS in the
YJH bands on the right. Data are reduced at
the top by the pipeline SpeCal-TLOCI (for
IRDIS) or SpeCal-PCAPad (for IFS) and at
the bottom by the pipeline ANDROMEDA.
The gray area corresponds to the area hid-
den by the larger coronagraph used for all
the epochs (i.e., N_ALC_Ks) which has an
inner working angle of 0.10700 and 0.11600

for IFS and IRDIS, respectively. The blue
vertical line corresponds to the position of
the planet HD 95086 b at the best epoch
January 2018 (cyan, 0.62500).

the expected position of HD 95086 b in March 2018 considering
the epochs better calibrated in astrometry, as of January 2018 and
April 2019.

The relative astrometry and photometry of the exoplanet
HD 95086 b to its host star are gathered in Table 3 for all the
epochs obtained with SPHERE-IRDIS in the K1 band, using
ANDROMEDA and SpeCal-TLOCI image processing, along
with the measurements from archival NaCo and GPI observa-
tions. The ANDROMEDA and SpeCal-TLOCI astrometric and
photometric measurements from 2015 to 2019 are consistent with
each other (see Table 3).

3.4. The 1.2–3.8 µm spectrum of HD 95086 b

For the first time, we have extracted the spectrum of the planet
HD 95086 b in the J and H bands. This was achieved on the
SpeCal-PCA ADI reduced images by measuring the contrast of
the planet in an aperture of 1 FWHM of the six-epoch aver-
aged image in which we corrected for the exoplanet’s orbital
motion by using its precise astrometry through time before stack-
ing. The exoplanet is still not detectable in the Y band, hardly
in the J band, and with a signal-to-noise ratio of about 5 per
spectral channel in the H band. By using the BT-NEXTGEN
synthetic spectrum of the star HD 95086 A, we converted the
contrast values to flux values. We completed the SPHERE-IFS
YJH (0.96–1.64 µm, resolution 30) and SPHERE-IRDIS K12
photometric points (2.10 and 2.26 µm) with archival data from
GPI, which provides the spectrum of the exoplanet HD 95086 b
in the K1 band at low resolution (1.95–2.20 µm, resolution 66),
and from NaCo, which provides a photometric measurement in

the L0 band (3.80 µm, bandwidth 0.62 µm). The complete spec-
trum of HD 95086 b is shown in Fig. 4; a zoomed-in image of
the J and H bands is shown in Fig. 5. The increasing slope in the
spectroscopic K1 and photometric K12 and L0 points acknowl-
edges the redness of exoplanet b (De Rosa et al. 2016) and seems
to be verified in our H-band spectrum as well, even though the
uncertainties are significant. We empirically estimated the spec-
tral correlation matrix as in Greco & Brandt (2016) and De Rosa
et al. (2016) for the measurements obtained with the IFS of
SPHERE and GPI (see Appendix C), and used it to compute the
covariance matrix used for spectral fitting of HD 95086 b (see
Sect. 5).

4. Orbital analysis

We ran the Markov chain Monte Carlo (MCMC) orbital fit (Ford
2005, 2006), as done in Chauvin et al. (2012). We used previous
NaCo astrometric data (epochs 2012 to 2013 from Rameau et al.
2013a) and SPHERE measurements (epochs February 2015, May
2015, May 2016, and May 2017 from Chauvin et al. 2018) includ-
ing two new astrometric points from the SPHERE-IRDIS images
obtained in the K1 band (January 2018 and April 2019) with the
updated distance value of 86.2 pc from Bailer-Jones et al. (2018).
In this run the stellar mass was fixed to its mean value 1.6 M�
and to the stellar distance (86.2 pc). It would have been techni-
cally possible to leave the stellar mass free and to let the code
redetermine it, but this turned out to be inaccurate. The reason is

1 The transmission curves are available at https://www.eso.
org/sci/facilities/paranal/instruments/sphere/inst/

filters.html
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Fig. 4. Spectroscopic and photometric values of the exoplanet
HD 95086 b expressed in contrast relative to the host star from 1.2µm
to 3.8µm with SPHERE-IFS (blue triangles), SPHERE-IRDIS (yellow
squares), GPI (pink diamonds), and NaCo (red circle) in the bands JH,
K, K12, and L0 at the top. At the bottom, the transmission curves of the
filters K1, K2, and L0 are shown1. Results are extracted from an aver-
aged stacking of the six best epochs for the SPHERE data, and for one
single epoch for the GPI and NaCo data.
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Fig. 5. Spectrum of the exoplanet HD 95086 b expressed in contrast
relative to the host star from SPHERE-IFS data in the J band (1.21–
1.32 µm) and in the H band (1.46–1.62 µm) at a 68% confidence level.
The contrast is given in units of 10�6. The data are reduced by the
pipeline SpeCal-PCA ADI where a six-epoch averaged stack was made
before extracting the spectrum to boost the S/N.

that only a tiny part of the orbital period is covered by the obser-
vations, leading to a degeneracy between the central mass and
the inclination.

The priors assumed for this run were logarithmic between 1
and 4000 yr; linear for the eccentricity e between 0 and 1; / sin i
for the inclination i between 0 and 180�; and linear between
�180� and 180� for the longitude of ascending node Ω, the argu-
ment of periastron !, and for the mean anomaly at the time of

Table 4. Comparison of the MCMC and K-Stacker solutions within the
68% confidence interval for the orbital parameters of HD 95086 b.

Orbital MCMC solutions K-Stacker solutions
parameter (2012–2019) (2016–2019)

a (au) 72+1
�21

51± 2

e 0.18 0.12± 0.03

i (�) 144+18
�4

180± 15

Ω (�) 72+53
�27

(+180) �137± 62 (+180)

! (�) �89+110
�2

(+180) �43± 62 (+180)

Tp (yr AD) 2004+105
�45

2100± 28

star mass (M�) – 1.56

Notes. The astrometric data used regarding MCMC solutions (middle
column) are NaCo (Rameau et al. 2013b) and SPHERE (Chauvin et al.
2018, and this work) spanning from 2012 to 2019. As for K-Stacker
solutions (right column), only the SPHERE data acquired with satel-
lite spots (2016–2019) were considered. The orbital parameters are: the
semimajor axis (a), the eccentricity (e), the inclination (i), the longi-
tude of ascending node (Ω), the argument of periastron (!), the time of
periastron passage (Tp). If (Ω, !) is a solution, due to their degeneracy,
(Ω + 180�, ! + 180�) will be a solution as well (see text for additional
details).

the first observation epoch (related to the time of periastron pas-
sage Tp). We note that the MCMC run is represented by taking
the orbital period P as variable instead of the semimajor axis a.
Both approaches are equivalent as P and a are linked via Kepler’s
third law.

In addition, when dealing with pure relative astrometric data
as we do here, it is well known that there is a ±180� degener-
acy between solutions in the longitude of ascending node Ω and
the argument of periastron !. Each solution with (Ω,!) yields
exactly the same projected orbit as the same solution, but with
(Ω + 180�,! + 180�). To overcome this difficulty, as explained
in Chauvin et al. (2012), the code actually fits Ω + ! and ! � Ω
rather thanΩ and! directly. The former angles are indeed unam-
biguously determined contrary to ! and Ω. Then, each root
solution with fitted values for Ω + ! and ! � Ω is declined as
two final separate solutions, one with (Ω,!) and the other with
(Ω + 180�,! + 180�).

The updated orbital parameters and confident regions from
the MCMC orbital fit with the two new astrometric measure-
ments in 2018 and 2019 are shown in Table 4. A sample of the
orbit solutions is displayed in Fig. 6, as is the orbit given in
Table 4, which corresponds to the maximum a priori probabil-
ity (MAP). By using both the prior and the reduced chi-squared
(�2

r ) information, the MAP maximizes the probability given in
Eq. (1) used in the MCMC:

probability =
sin(i)

P
⇥ exp

⇣

��2
r /2
⌘

. (1)

As the MAP gives the peak of probability in the 6D orbital
parameter space, the MAP may not correspond to the peak of
each 1D distribution (see black vertical lines in diagonal pan-
els in Fig. 7), due to the correlation between the orbital fitted
elements. Nevertheless, the 2D distributions in Fig. 7 indicate
that the MAP solution (black star) corresponds better to the 2D
peaks, which is closer to the 6D reality.

A139, page 8 of 28



C. Desgrange et al.: HD 95086

410 390 370 350 330 310 290 270 250

∆α (mas)

−580

−560

−540

−520

−500

−480

−460

−440

−420

∆
δ
(m

as
)

03-02-2015

05-05-2015

18-01-2016

31-05-2016 w

10-05-2017 w

06-01-2018 w

24-02-2018

13-04-2019 w

18-05-2019

10-12-2013

11-12-2013

13-05-2014

06-04-2015

08-04-2015

29-02-2016

06-03-2016

12-01-2012

14-03-2013

27-06-2013

−4−2024

∆α (as)

−4

−2

0

2

4

∆
δ
(a
s)

Fig. 6. Astrometric positions of the planet HD 95086 b between 2012
and 2020 with three different instruments: SPHERE (yellow squares),
GPI (pink diamonds), and NaCo (red circles) with 1� error bars. The
astrometric positions from SPHERE were computed with the SpeCal-
TLOCI pipeline. The letter “w” in the legend indicates the observations
imaged with satellite spots that enable finding the exact position of the
star during the whole sequence and later recenter the frames if nec-
essary. The green and orange solid lines correspond to a sample of the
orbital solutions found by the MCMC orbital fit and the K-Stacker tools,
respectively. The black dashed and dotted lines respectively represent
the MCMC and K-Stacker orbits for which the corresponding orbital
parameters are given in Table 4. For the MCMC tool, the orbit cor-
responds to the MAP (see text), whereas for K-Stacker it is the orbit
closest to the mean of the orbital solutions. Both of these orbits are
by construction true orbital solutions. Notes: The Feb2015 point from
SPHERE is hidden by the two 2015 points from GPI; the two 2019 points
are very close to each other. The insert (in the top right corner) shows
the location of the planet relative to the cold outer belt and warm inner
belt from Su et al. (2017).

The results are consistent with the previous analysis led by
Chauvin et al. (2018). This is expected, first because the fit cor-
responds to a linear part of the orbit, and second because it only
covers a small percent of its whole orbit. In Fig. 7 we can see
that a subsample of very eccentric solutions are found (e � 0.4),
but they are correlated with lower inclinations (i  140�) than
the inclination of the outer belt (147–153�). Hence, these orbital
solutions could still be consistent with the double-belt architec-
ture of the system, even though they represent a small subsample
of the MCMC orbital fit solutions.

All in all, these solutions confirm that the exoplanet
HD 95086 b, located at a semimajor axis 51–73 au and with a
low eccentricity (e  0.18), is likely sculpting the inner edge of
the outer ring, and cannot alone sustain the large cavity observed
between 10 and 106 au (Su et al. 2015; Rameau et al. 2016).

By using only the four epochs imaged with SPHERE-IRDIS
in the K1 band and acquired with the satellite spots enabling
a better astrometric calibration (see Table 2), we also obtained
the orbital parameters of HD 95086 b as a by-product of the
K-Stacker algorithm (Le Coroller et al. 2015), which is used
below in the search for one or two additional inner planets in
the system (see Sect. 5). K-Stacker is an optimization algorithm

that takes advantage of the Keplerian motion of exoplanets on
several epochs to then recenter the images according to their
Keplerian motion. Thus, it differs from other classical orbital
fitting methods, such as MCMC, as it takes as input images
from several epochs instead of derived astrometric positions,
and consequently can detect objects otherwise unreachable in
each observation considered individually. Hence, the coherence
of the orbits found by K-Stacker (within 2�) illustrates its ability
to constrain objects with small orbital motion between epochs
(50 mas, i.e., ⇠ 1 FWHM in the K1 band) and very faint objects
as well; about the same orbit has been found in the H band, where
HD 95086 b is hardly detectable (i.e., S/N  5 for each epoch
taken individually, see Fig. 2). Within the error bars from orbital
parameters similar results to the MCMC solutions are found,
although the MCMC fit uses the NaCo and SPHERE data, which
covers a longer timescale 2012–2019 (instead of 2016–2019 for
K-Stacker). In addition, K-Stacker allows us to constrain the star
mass between 1.56 and 1.59 M� (as described in Le Coroller
et al. 2020, Sect. 3.4).

5. Spectral characterization

The first studies of the infrared colors of HD 95086 b rapidly
showed that the spectral properties of the planet fall at the late
L to L/T transition and that the planet is underluminous com-
pared to the field dwarfs of similar spectral types (Galicher et al.
2014; De Rosa et al. 2016; Chauvin et al. 2018). The red col-
ors and underluminosity, as shown in Fig. 8, are characteristic
of young L/T objects, and are often associated with the inhib-
ited settling of dust in the upper parts of low surface gravity
atmospheres. Based on photometric H (1.5–1.8 µm) and spectro-
scopic K1 (1.9–2.2 µm) observations of HD 95086 b with GPI,
De Rosa et al. (2016) confirmed the L-type dusty atmosphere,
as evidenced by a featureless low-resolution spectrum and a
monotonically increasing pseudo-continuum in the K1 band con-
sistent with a cloudy atmosphere. Considering the 1.2–1.6 µm
spectrum extracted in this work, we propose below to reinves-
tigate the spectral properties of HD 95086 b. We will consider
the best atmosphere models fitting current observations from 1.2
to 3.8 µm, as well as the possibility of having a circumplane-
tary disk around the planet b, as seen for instance in the younger
Solar System analog PDS 70, also a member of Sco-Cen for the
planet c (Keppler et al. 2018; Isella et al. 2019).

5.1. Comparison to models

To constrain the physical properties of the exoplanet HD 95086 b
with atmospheric and circumplanetary disk models, we used
the special package (Christiaens et al. 2021), first known as
specfit, a module of the open-source python package VIP2

(Gomez Gonzalez et al. 2017) and now available as a distinct
package3. The special package is compatible with any atmo-
spheric grid if a snippet function which reads the input grid
files is provided. It can also fit for blackbody components (either
alone or as additional component(s) to the atmosphere), the opti-
cal extinction AV, the optical-to-selective extinction ratio RV, or
the intensity of emission lines that are provided in a dictionary.
special utilizes the MCMC sampler emcee (Foreman-Mackey
et al. 2013) to retrieve in a Bayesian framework the most likely
physical parameters of any stellar or substellar object based on
its spectral energy distribution. Models are linearly interpolated

2 Available at https://github.com/vortex-exoplanet/VIP
3 Available at https://github.com/VChristiaens/special
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Fig. 7. Results of the MCMC orbital fitting of HD 95086 based on the NaCo archive data (epochs 2012–2013) and our SPHERE-IRDIS astrometric
results obtained in the K1 band with the SpeCal-TLOCI pipeline (epochs 2015–2019). The orbital parameters are: the orbital period (P (yr)), the
eccentricity (e), the inclination (i (�)), the longitude of ascending node (Ω (�)), the argument of periastron (! (�)), the time of periastron passage
(Tp (yr AD)). The best orbital fit solution is given by the MAP as black stars in the non-diagonal panels, and as the solid black vertical lines in the
diagonal panels. The 1� confidence region defined as the shortest interval comprising 68% of the probability around the MAP solution is shown
with the vertical dashed red lines in the diagonal panels. As Ω and ! are degenerated; confidence regions of 34% are given for both. If (Ω, !) is a
solution, then (Ω + 180�, ! + 180�) is a solution as well. The color bar (on the right) indicates the number of solutions corresponding to a given
color for each subplot.

between grid points. The log-likelihood expression provided to
the sampler is

logL(D|M) = �
1

2

⇥

W(Fobs � Fmod)T ⇤
C
�1
⇥

W
T (Fobs � Fmod)

⇤

, (2)

where Fobs and Fmod are the observed and model fluxes; C is the
spectral covariance matrix (see Appendix C); and W is a vector
of normalized weights that are proportional to the relative width

��/� of each spectral channel or photometric filter. The last pre-
vents the fit from putting too much emphasis on the IFS points
(higher density of measurements) at the expense of the photo-
metric points, which cover a wider spectral range (e.g., Ballering
et al. 2013; Olofsson et al. 2016). Nevertheless, to test their effect
on the fits to the HD 95086 b spectrum, we show in Appendix D
a comparison of the best-fit models obtained with and without
these additional weighting coefficients.
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Fig. 8. Color-magnitude diagram considering the SPHERE-IRDIS K1
photometry, and the JIFS photometry from 1.2 to 1.32 µm as extracted
from the SPHERE-IFS datacubes.

For each fit the MCMC was run with 100 walkers until the
number of steps met a criterion based on autocorrelation time
for convergence. The adopted criterion is that the number of
steps is 50 times larger than the autocorrelation time for all
free parameters (see, e.g., documentation of emcee; Foreman-
Mackey et al. 2013). This resulted in 5000–20 000 steps for
atmospheric models and 100 000–250 000 steps for the atmo-
spheric+circumplanetary disk models. We then used a “burn-in”
factor of 0.5.

5.1.1. Atmospheric models

We provided the following public grids of atmospheric models as
input to special: BT-SETTL (Allard et al. 2012; Allard 2014),
DRIFT-PHOENIX (Woitke & Helling 2003, 2004; Helling &
Woitke 2006; Helling et al. 2008), and the grids of A and AE
forsterite cloud models with 60 µm modal grain size distribution
from Madhusudhan et al. (2011, hereafter M11).

These grids have different prescriptions for clouds, opacity,
and dust. The BT-SETTL and DRIFT-PHOENIX models both
rely on the PHOENIX atmosphere model (Hauschildt 1992),
while the M11 models use a modified version of the TLUSTY
atmosphere model (Hubeny 1988; Hubeny & Lanz 1995). The
BT-SETTL models consider dust formation using cloud micro-
physics (condensation and sedimentation mixing timescales) to
compute dust grain sizes in a self-consistent way. The DRIFT-
PHOENIX models rely on the non-equilibrium cloud model
DRIFT and account for the formation of dust grains through a
kinetic approach (grain formation, growth, settling, advection,
and evaporation). Seven different solids are considered for dust
and cloud formation: MgSiO3[s], Mg2SiO4[s], MgO[s], SiO2[s],
SiO[s], Al2O3[s], and TiO2[s]. In the M11 grids, different distri-
butions of the grain sizes and vertical extent are considered. The
A and AE cloud models correspond to clouds extending to the
top of the atmosphere and half the pressure scale height, respec-
tively. In this work we only consider the M11 grids calculated

Table 5. Parameter ranges probed with the different grids of atmo-
spheric models.

Model Teff (K) log(g) log(Z/Z�)

D-P (a) 1000...2000 [100] (b) 3.0...5.5 [0.5] �0.3...0.3 [0.3]
BT-SETTL 1200...4000 [100] 2.5...5.0 [0.5] (0) (c)

M11 c-A 600...1700 [100] (4.0) (c) 0.0...1.0 [0.5]
M11 c-AE 700...1700 [100] 3.5...5.0 [100] (0) (c)

Notes. (a)D-P stands for DRIFT-PHOENIX. (b)Step of the grid provided
in square brackets. (c)Grid only available with the value provided in
parentheses.

using forsterite (Mg2SiO4[s]) clouds owing to the complete-
ness of the grids. Given the very red slope of the spectrum of
HD 95086 b and the better fits obtained with the cloud-A grid
(see below), we did not consider the grids with thinner and/or
lower cloud distributions presented in M11.

All grids consider effective temperature (Teff) and surface
gravity (log(g)) as free parameters, except for the M11 forsterite
cloud-A models (log(g) fixed to 4.0). The DRIFT-PHOENIX and
M11 forsterite cloud-A grids also include metallicity (log(Z/Z�))
as a free parameter. The photometric radius Rphot was allowed to
take values between 0.1 RJup and 5 RJup, the lower bound allow-
ing for the possibility of a fraction of the emission not reaching
the observer (e.g., in the presence of a large amount of dust
around the planet). Table 5 summarizes the sampling of the free
parameters for each grid. For each model grid, we carried out
two types of fits; the optical extinction AV was either fixed to 0
(the value estimated for the star; Chen et al. 2012) or left as a free
parameter to account for the possible presence of dust around the
planet. We considered the Cardelli et al. (1989) extinction law
and allowed the value of AV to span from 0 to 20 mag.

The best-fit models retrieved by special for each grid of
atmospheric models are presented in the top four panels of Fig. 9.
The solid and dashed green lines correspond to the maximum-
likelihood samples among all posterior samples, when AV is
included as a free parameter and set to 0 mag, respectively.
In order to visualize the uncertainties on the retrieved physical
parameters, we also plotted 200 random samples from the pos-
terior distribution inferred by the MCMC in the free AV case
(cyan curves in Fig. 9). Table 6 reports the most likely parameters
for each type of model based on their marginalized distribution
(some of which are shown in Figs. D.1–D.4).

For each type of model we computed the Akaike informa-
tion criterion (AIC; Akaike 1974) to evaluate which models
reproduced the observed spectrum better. The definition of the
AIC takes into account the number of free parameters in order
to avoid overfitting. Low values of AIC correspond to a good
fit with a relatively small number of free parameters. For each
type of model we report ∆AIC = AICmodel – AICBB in Table 6,
where AICBB is the AIC obtained for a fit to a single blackbody
component (no atmospheric model).

We show in Figs. D.1–D.4. the corner plots retrieved by
special for some of the models with minimum AIC values, to
show the degeneracy between some parameters. When log(g) is
a free parameter, an additional panel is shown for the mass pos-
terior distribution estimated from the log(g) and Rphot posterior
distributions (i.e., not a free parameter of the fit).

Inspection of Figs. 9 and D.2 and Table 6 reveal two types
of models with high support. Depending on the assumed atmo-
spheric grid, either the planet is found to have a relatively low
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Fig. 9. Measured spectrum of HD 95086 b (see Fig. 4 for legend information) compared to the best-fit models retrieved by special for each
atmospheric model grid considered in this work (top four panels: DRIFT-PHOENIX, BT-SETTL, M11 cloud-A, M11 cloud-AE), and for different
circumplanetary disk models (bottom two panels). All solid lines correspond to extinction AV considered as a free parameter, while the dashed lines
correspond to a fixed extinction of AV = 0 mag. The circumplanetary disk models consist of either mixed atmosphere (BT-SETTL or M11 c-A) +
extra blackbody models (solid lines) or CPD-only models (dotted lines). The latter correspond to either a debris CPD model (bottom left panel) or
a viscous CPD model (bottom right panel; Zhu et al. 2015), where the parameter log(ṀM/M2

J) corresponds to the mass accretion rate. All types of
models have a similar level of support, except for the BT-SETTL and M11 c-AE models without extinction, and the viscous CPD model (Table 6).
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Table 6. Physical parameters of HD 95086 b retrieved by special for different atmospheric and CPD models.

Model Teff log(g) Rp log(Z/Z�) AV Tbb Rbb Mb ∆AIC (a)

(K) (RJup) (mag) (K) (RJup) (MJup)

Blackbody – – – – (0) 1032+45
�45

1.1 ± 0.2 – 0

D-P (AV = 0) (b) 1247+56
�89

4.71+0.46
�0.51

0.61+0.09
�0.06

0.3+0.0
�0.6

(0) – – 2.9+7.8
�2.8

0.4

BT-SETTL (AV = 0) 1600+3
�20

3.50+0.0
�0.1

0.38 ± 0.01 (0) (0) – – 0.2+0.0
�0.0

52.5

M11-cA (AV = 0) (b) 808+43
�35

(4.0) 1.59+0.07
�0.32

1.0+0.0
�0.1

(0) – – 7.8+3.0
�1.7

1.9

M11-cAE (AV = 0) (b) 1101+7
�29

3.5 ± 0.0 0.59 ± 0.02 (0) (0) – – 0.5+0.0
�0.0

98.9

D-P (b) 1549+150
�353

5.0+0.5
�0.6

0.66+0.05
�0.08

0.3+0.0
�0.4

1.2+13.1
�1.2

– – 0.6+17.7
�0.4

2.4

BT-SETTL 1456+99
�91

3.4+1.6
�0.9

0.79+0.11
�0.12

(0) 11.5+1.7
�2.1

– – 0.3+1.7
�0.2

–0.8

M11-cA 977+241
�113

(4.0) 1.32+0.16
�0.31

0.5+0.4
�0.3

8.7+4.5
�3.5

– – 6.9+1.5
�3.5

–0.6

M11-cAE (b) 1383+223
�110

3.5+1.4
�0.0

0.91 ± 0.12 (0) 16.0+1.7
�1.8

– – 1.5+9.5
�0.9

2.2

D-P + BB 1600+143
�271

5.0+0.5
�0.6

0.66+0.05
�0.07

0.0+0.3
�0.2

1.9+13.1
�1.9

110+327
�9

0.3+2.4
�0.3

0.6+17.5
�0.4

6.3

BT-SETTL + BB 1451+101
�86

3.3+1.7
�0.8

0.80+0.09
�0.14

(0) 10.8+2.4
�1.3

108+324
�8

0.2+2.6
�0.2

0.3+1.8
�0.2

2.9

M11-cA + BB 979+276
�111

(4.0) 1.28+0.19
�0.32

0.5+0.4
�0.3

8.9+5.1
�3.1

187+229
�87

0.4+2.4
�0.4

6.6+1.4
�3.5

3.2

M11-cAE + BB 1421+187
�128

3.6+1.3
�0.1

0.87+0.16
�0.10

(0) 16.1+1.8
�1.7

156+357
�56

0.4+2.3
�0.4

1.5+9.3
�1.0

5.5

Notes. (a)
∆AIC = AIC�AICbb. Bold font is used to highlight models with ∆AIC–∆AICmin < 10 (i.e., models with the most support). (b)The MCMC

converged at the edge of the allowed range for at least one parameter; uncertainties are likely underestimated for all parameters of this model.

effective temperature (800–1200 K), small to medium amount of
extinction (AV . 10 mag), and super-solar metallicity (DRIFT-
PHOENIX and M11 forsterite cloud-A models; e.g., Figs. D.2
and D.3) or it has a higher effective temperature (1200–1600 K)
and a high level of extinction by surrounding dust (AV & 10 mag)
for a solar metallicity (BT-SETTL and M11 forsterite cloud-
AE models; e.g., Fig. D.1). In particular, we find that only
the DRIFT-PHOENIX and M11 forsterite cloud-A models can
reproduce the red slope of the spectrum when the extinction
is set to AV = 0 mag (dashed lines in Fig. 9), while the BT-
SETTL and M11 cloud-AE models are unable to account for the
observed spectrum without extinction (∆AIC > 10; Burnham &
Anderson 2002). These two solutions can also be seen in the
DRIFT-PHOENIX posterior samples (top left panel of Fig. 9)
and corner plot (Fig. D.2) obtained when AV is set as a free
parameter: two clusters of solutions can be seen corresponding
to low Teff , high log(g), high log(Z/Z�), and low AV on the one
hand, and high Teff , unconstrained log(Z/Z�), and high AV on the
other hand.

Our results suggest that a large amount of dust is present,
either in the upper part of the atmosphere (super-solar metallic-
ity; see details in Sect. 5.2) and/or around the planet (to account
for the extinction). Whether circumplanetary dust could emit
an additional thermal component detectable in our spectrum is
further investigated in the next section.

5.1.2. Circumplanetary disk models

HD 95086 b is located between two debris disk belts. As it
is one of the reddest substellar object known (De Rosa et al.
2016), and a large amount of dust appears to be necessary to
account for the observed spectrum (see previous section), we
also investigated the possible presence of a circumplanetary disk
(CPD) signature in our spectrum. We considered two types of
CPDs: a circumplanetary primary viscous disk, in which the

exoplanet b still accretes material, and a circumplanetary debris
disk consisting of heated grains and modeled by a blackbody
component.

We used the SED predictions from the grid of accreting
CPD models presented in Zhu (2015), which are characterized
by two free parameters: the inner truncation radius of the CPD
and the mass accretion rate, spanning 1 to 4 RJup and 10�4

to 10�7 M2
Jup

yr�1, respectively. For debris CPDs we consid-
ered either a single blackbody component (without atmospheric
model), as performed recently for PDS 70 b (Wang et al. 2020;
Stolker et al. 2020a), or an additional blackbody component
besides the emission from the atmosphere. We allowed the val-
ues of the blackbody temperature Tbb to range between 100 K
and 2000 K and a blackbody radius between 0.1 and 10 RJup,
with the condition that Tbb is lower than or equal to Teq, where
Teq is the equilibrium temperature corresponding to a distance of
Rbb (i.e., the extreme case of a spherical shell of optically thick
hot dust). If the condition is not met for a particular sample, its
log-likelihood is set to minus infinity.

For viscous CPD models the MCMC converged at the edge
of the parameter space in terms of inner truncation radius
(1.0 RJup) for a mass accretion rate of ⇠10�6.5 MJup

2 yr�1. How-
ever, the slope of the viscous CPD models is too red to reproduce
the observed spectrum on its own (dotted line in bottom right
panel of Fig. 9), leading to a poor fit (∆AIC ⇠ 636). This does
not prevent the possibility of a combination of atmospheric and
viscous CPD emission. Future measurements in the H↵ filter are
required to constrain the accretion rate and definitely rule out this
hypothesis.

The single-blackbody model leads to a satisfactory fit for
a temperature of 1032 ± 45 K and a photometric radius of
1.1 ± 0.2 RJup (bottom left panel of Fig. 9 and Fig. D.1). It is one
of the models that minimizes the ∆AIC. For atmospheric+debris
CPD models, we find that the addition of a blackbody component
can also reproduce the observed spectrum without significantly
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increasing the ∆AIC value. The minor improvement for the
maximum-likelihood atmospheric+debris CPD models is such
that ∆AIC is still lower than 10, hence implying a similar level of
support as models with fewer free parameters (see bold values of
∆AIC in Table 6), including super-solar metallicity atmosphere
models. The corner plots associated with atmosphere+debris
CPD models (e.g., Fig. D.4 for M11 c-A+debris CPD) show
that a number of solutions correspond to negligible contribution
from the additional blackbody. However, some high-likelihood
solutions involve values of Tbb ⇠ 800–1300 K and Rbb ⇠ 0.3–
0.7 RJup that are comparable to Teff and Rphot, respectively.
This is the case in particular for the maximum-likelihood BT-
SETTL+CPD and M11c-A+CPD models, shown as a green
curve in the bottom two panels of Fig. 9. Considering the black-
body temperature to be the equilibrium temperature of the dust,
Tbb ⇡ 1319 K (resp. 871 K) for Teff ⇡ 1438 K (resp. 933 K)
would imply that the heated dust is located near the top of the
atmosphere in either case.

5.1.3. Evolutionary models

Atmosphere modeling of exoplanets and brown dwarfs consists
in describing the physical and chemical processes at play in
substellar atmospheres using radiative-convective equilibrium
models, which can include non-equilibrium chemistry processes,
the effect of stellar irradiation, cloud formation, dust settling,
and/or mixing to simulate spectra. Even so, their results must
be compared to predictions of evolutionary models, which
give the evolution of the internal structure of exoplanets and
brown dwarfs in time, to exclude non-physical solutions. To
do so, based on the apparent photometry, age, and distance
of HD 95086 b, we used the Bern EXoplanet cooling tracks
(BEX, Marleau et al. 2019) with the AMES-COND atmospheres
(Baraffe et al. 2003), corresponding to hot or warm start ini-
tial conditions, to derive the predicted bulk properties of the
planet (luminosity, mass, effective temperature, surface grav-
ity, and radius). Following a similar approach to Delorme et al.
(2017b), we compared the regime of solutions between the two
atmosphere and evolutionary models for the predicted surface
gravity and radius, as shown in Fig. 10. At the age of HD 95086,
BEX models predict for effective temperatures between 800 and
1600 K, typical values of 1.2–1.5 RJup and log(g) between 3.6
and 4.2, with a predicted mass of 3–12 MJup for HD 95086 b.

From the best-fit solutions of the atmosphere models shown
in Fig. 10 and reported in Table 6, the only model consistent
with the BEX predictions is M11 with forsterite cloud-A models.
The spectrum of HD 95086 b is well reproduced by a super-
solar metallicity 800–1200 K atmosphere, with only a small to
medium amount of additional extinction required. The atmo-
spheric fits lead to values of radii (1.32+0.16

�0.31
RJup) comparable to

the physical radius predicted by the BEX models. For all other
grids of models, the favored values of photometric radius (0.6–
1.0 RJup) appear smaller than expected, which may either suggest
that the M11 forsterite cloud-A models are the most appropriate
for the case of HD 95086 b or that a fraction of the atmospheric
flux is obscured by circumplanetary dust, as we discuss below.

5.2. Origin of the red spectral slope of b

5.2.1. Super-solar metallicity atmosphere

The good fit to high-metallicity atmospheric models suggests
that HD 95086 b could be somewhat similar to the unusually
red L dwarfs (e.g., Gizis et al. 2012; Marocco et al. 2014, and

references therein). Looper et al. (2008) and Stephens et al.
(2009) suggested that a high metallicity was indeed responsible
for the unusually red slope of the field L dwarfs in their samples
(for which a low gravity appeared unlikely). A high metallicity
facilitates the production of dust grains in the atmosphere, hence
clouds. To reproduce the spectrum of unusually red L dwarfs,
Marocco et al. (2014) tested different extinction laws correspond-
ing to different dust compositions, namely corundum (Al2O3),
enstatite (MgSiO3), iron, and ISM-like (RV = 3.1). They found
that dereddening with any of these extinction laws (including
ISM) makes the spectra consistent with that of standard field
L dwarfs. Their findings also corroborate our two categories of
best-fit models. It appears observationally difficult from the near-
infrared spectrum alone to constrain where the dust is located,
either in the upper atmosphere (super-solar metallicity enhanc-
ing cloud formation) or around the planet (high circumplanetary
extinction).

5.2.2. Circumplanetary disk

The first evidence for the presence of a viscous circumplanetary
disk was presented in Christiaens et al. (2019) and Isella et al.
(2019) for the case of protoplanet PDS 70 b. This is consistent
with the estimated young age of the system (⇠5 Myr) and the
presence of a large amount of gas in the protoplanetary disk.
Since the HD 95086 system is older (⇠13.3 Myr), and a low
amount of CO has been observed (Booth et al. 2019), the viscous
disk is not favored. Our best-fit viscous CPD model also appears
too red on its own to account for the observed near-infrared spec-
trum. Nonetheless, considering that Chinchilla et al. (2021) and
Eriksson et al. (2020) find evidence for ongoing accretion onto
a planetary-mass object with a main estimated age of 25 Myr
and 30–40 Myr, respectively, future measurements in the H↵ fil-
ter are required to constrain the accretion rate of HD 95086 b,
and definitively rule out the possibility of a combined atmo-
sphere+viscous CPD model. We note that the comparison with
the studied system by Eriksson et al. (2020) could be nuanced
as they studied a binary system of two M stars that could keep
the gas-rich disk longer (e.g., known as the Peter Pan disks,
Silverberg et al. 2020), and whose age is poorly constrained and
debated. It could be younger, with a recent averaged age esti-
mated at about 20 Myr (and an age range of 3–65 Myr, Ujjwal
et al. 2020). Finally, if H-alpha measurements are necessary to
measure the accretion rate, they could also be a sign of chromo-
spheric activity as it is a common feature in late M and early L
objects (Chinchilla et al. 2021).

An alternative explanation for the red slope of HD 95086 b
is the presence of circumplanetary dust causing high extinction.
In this scenario we can expect the dust located the closest to
the planet to be heated to high enough temperatures to show
a signature corresponding to an IR excess comparable to the
atmospheric emission alone. We find in Sect. 5 that the addition
of a second blackbody component to model a circumplanetary
debris disk around HD 95086 b can also reproduce the observed
spectrum with a similar level of support to models with fewer
free parameters (i.e., without an extra blackbody component).
In particular, the solution from the model of atmosphere M11
with cloud-A and an extra blackbody component and optical
extinction AV is consistent with predictions from evolutionary
models. This model favors a super-solar metallicity (0.5+0.4

�0.3
) with

a medium level of extinction (AV = 8.9+5.1
�3.1

mag). Hence, both a
circumplanetary disk and a super-solar metallicity could account
for the red spectral slope of b, and both could be present together;
if there is a debris CPD, some of this debris might have been
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Fig. 10. Comparison of the solutions for the different models of atmosphere (left: BT-SETTL, middle left: DRIFT-PHOENIX, middle right: M11
cloud-A, and right: M11 cloud-AE) and models of evolution (top panel: BEX-Hot and bottom panel: BEX-Warm). As for the atmospheric models,
the best-fit solutions are shown in pink, with a pentagon if the optical extinction AV = 0, a square if the extinction is a free parameter, and a triangle
if there is an additional blackbody fitted; the samples of solutions are in red if the extinction AV = 0 and in blue if the extinction is a free parameter.
For the evolutionary models, the solid curves represent the surface gravity as a function of the planetary radius given different effective temperature
(blue for the coolest to red for the hottest). The colored circles represent the expected log g and R at a given age (10 or 20 Myr): hence lower and
upper values expected for HD 95086 aged 13.3 Myr.

accreted onto the planet’s atmosphere, which naturally increases
the metallicity.

A small subset of the debris disk CPD solutions from mod-
els of atmosphere is expected to have a non-negligible signature
at near-IR wavelengths (solutions with large Tbb and Rbb sim-
ilar to Rphot, as shown in the bottom panels of Fig. 9). In
these cases, considering the blackbody temperature to corre-
spond to the equilibrium temperature at the separation of the
dust implies that the heated dust would be located near the top of
the atmosphere (within ⇠1 RJup distance above the atmosphere).
However, since a significant fraction of posterior samples cor-
responds to no significant excess at near-IR wavelengths, it is
also possible that only cold circumplanetary dust is present.
We note that Pérez et al. (2019) used ALMA 1.3 mm obser-
vations from Su et al. (2017) to search for the presence of
a circumplanetary disk around HD 95086 b, and derived an
upper limit of 30µJy at the planet location. All the models
retrieved by special are consistent with this non-detection,
being over three orders of magnitude fainter than their upper
limit.

To test whether longer infrared wavelength observations may
allow us to distinguish between high-metallicity cold circum-
planetary dust and hot+cold circumplanetary dust, we show in
Fig. 11 the predictions at longer wavelengths for the highest-
likelihood models of each type. The predicted spectra for six of
the most likely models are reported up to 11 µm: two models
with high metallicity only and no extinction (in cyan), two mod-
els with mid to high extinction (i.e., cold circumplanetary dust),
and two models with both extinction and an extra blackbody
component (i.e., both hot and cold circumplanetary dust). We

see that multiple accurate measurements at longer wavelengths,
possibly including a spectrum, would be required to distinguish
between the different scenarios since the predicted fluxes are still
relatively similar for the different scenarios.

On the other hand, observations at short wavelengths in the
visible and the near-infrared may also reveal the presence of a
CPD. If there is a similar disk around HD 95086 b, it should
be polarized, and also detectable at short wavelengths based on
Mie’s theory, for example by ZIMPOL and SPHERE-IRDIS in
dual-polarization imaging mode (van Holstein et al. 2021). In
particular, we note the excess of flux at the shorter wavelengths
(below 1.4 µm), with respect to the best-fit models (within 1–
2�) in Fig. 11, which would be consistent with a debris disk.
However, this CPD should be modeled with a more tuned model
than the additional blackbody component used in this work to
account for the observed spectrum.

Future ground-based observations with ERIS at the VLT,
METIS at the ELT, and JWST in space, should soon enable us
to unambiguously confirm the origin of the very red spectrum
of HD 95086 b. This is indeed highlighted by synthetic observa-
tions of CPD from Szulágyi et al. (2019, for the ERIS instrument)
and Chen & Szulágyi (2021, for the JWST and ELT telescopes).

6. Searching for planet c

The architecture of the young planetary system HD 95086 offers
an interesting comparison case with two emblematic systems
HR 8799 (Götberg et al. 2016; Su et al. 2015) and PDS 70
(Keppler et al. 2018), and more generally with the interpretation
that these multiple-belt debris disks are young analogs to our
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Fig. 11. Spectrum of HD 95086 b compared to
the most likely models retrieved by special
with the highest-likelihood atmospheric and
CPD models, extended up to 11 µm. Cyan
curves show models with high metallicity but no
extinction: DRIFT-PHOENIX (solid line) and
M11 cloud-A (dashed line). Green curves show
models with mid to high extinction: BT-SETTL
(solid line) and M11 cloud-AE (dashed line).
Black curves show models with both extinction
and an extra blackbody component: BT-SETTL
(solid line) and M11 cloud-A (dashed line).
There is no atmospheric model+viscous CPD
reported here as their best model does not rep-
resent a good enough fit to the data with respect
to the other models.

Solar System. The imaged giant planets would be responsible
for the dynamical clearing of the debris disks and the formation
of observed multiple-belt architecture, as suggested by Kennedy
& Wyatt (2014) and Shannon et al. (2016). For HD 95086 the
observed planet–belt architecture composed of a warm and rel-
atively narrow inner belt at ⇠8 au, a broad cavity from typically
10–100 au inside which the massive (4–5 MJup, a ⇠ 53 ± 16 au
and e  0.17, see Table 4) planet HD 95086 b orbits, and finally,
a cold outer belt lying between 106 and 320 au, suggests that
probably more than one giant planet is orbiting in this system
(Su et al. 2017; Rameau et al. 2016; Chauvin et al. 2018).

Applying Eqs. (4) and (5) of Shannon et al. (2016) to the case
of HD 95086 (1.6 M�, 14.3 ± 2 Myr, cavity from 10 to 100 au),
Chauvin et al. (2018) derived a minimum mass of the planets in
the cavity of 0.35 MJup and a typical number of required planets
of 2.4 (i.e., 2–3 giant planets depending on their respective sep-
aration). Comparing these results to the outcome of HARPS and
SPHERE combined detection limits (up to 2017) in the context of
a planet–disk coplanar configuration, they found that there might
still be room for two additional stable planets c and d in the cavity
in addition to b with typical masses between 0.35 MJup (dynami-
cal clearing constraint) and 6 MJup for a semimajor axis between
10 and 30 au or 0.35 MJup and 5 MJup beyond 30 au.

Considering the most recent SPHERE multi-epoch observa-
tions (up to May 2019) and including the deepest high-contrast
images obtained so far with SPHERE (in early 2018), we revisit
here the search for planet c (and d) beyond the inner warm nar-
row belt at ⇠8 au, that is beyond ⇠100 mas for the HD 95086
system. We first push the current exploration of the close envi-
ronment to search for c using the K-Stacker algorithm. With no
clear detection, we then set new upper limits on the potential
masses of inner giant planets in the system.

6.1. K-Stacker exploration

The existence of HD 95086 c has been investigated by
Le Coroller et al. (2020) using the K-Stacker algorithm (Nowak
et al. 2018). The code was applied to a combination of six IFS
observations (median over Y-H wavelengths) obtained at dif-
ferent epochs (from February 2015 to May 2017). Following a
similar strategy, the complete set of observations reported in
Table 2 is now considered for both IFS and IRDIS. They repre-
sent a total of ten epochs between February 2015 and May 2019.
Based on the detection limits achieved with SpeCal-PCAPad and
SpeCal-TLOCI in the H and K1 bands with IFS and IRDIS,
respectively (see Fig. 3), we selected the eight best ones, reject-
ing February 2015 and January 2016. For IFS, the choice of

Table 7. Orbital parameter ranges for the research of exoplanet c.

Orbital Interval in K Interval in H Distribution
parameter range range type

a (au) [10.5, 14] [9.5, 14] Uniform
e [0, 0.6] [0, 0.6] Uniform
inc. (rad) [0, ⇡] [0, ⇡] Uniform
Ω (rad) [�⇡, ⇡] [�⇡, ⇡] Uniform
! (rad) [�⇡, ⇡] [�⇡, ⇡] Uniform
t0 (yr) [0, 42] [0, 42] Uniform
Stellar mass (M�) 1.54 1.54 Fixed value
Star distance (pc) 86.2 86.2 Fixed value

Notes. The origin of times is set at May 5, 2015.

H band (median over the channels between 1.47 and 1.59 µm)
over Y and J bands was motivated by deeper sensitivities down to
masses of 2 MJup given the very red colors (mid-L to L/T types)
expected for the detectable planets according to the SPHERE
detection limits. As fixed parameters for K-Stacker, the recent
Gaia-DR2 distance and the primary stellar mass derived in this
work (see Sect. 4) were used, together with an exploration range
of orbital parameters for HD 95086 c compatible with stable
dynamical orbits considering the system architecture and the
presence of HD 95086 b (see Table 7).

For both K-Stacker runs, IRDIS at the K1 band and IFS at
the H band, we do not detect any clear point-source signal with
a signal-to-noise ratio higher than 5, which could indicate the
probable presence of a closer-in planet. Further characterization
to improve the detection limits in the 100–300 mas regime using
either reference differential imaging with star-hopping (Wahhaj
et al. 2021) or molecular mapping techniques (Petrus et al. 2021)
will be needed.

6.2. Detection probabilities

Without any clear detection of additional planets orbiting
HD 95086 on individual epochs or using K-Stacker and all the
best epochs available, we now explore the completeness of previ-
ous HARPS and new SPHERE observations using the pyMESS2
code (A.-M. Lagrange, priv. comm.), a Pythonized version of
the MESS2 code (Lannier et al. 2017), together with the Exo-
planet Detection Map Calculator (Exo-DMC Bonavita 2020)4.
Both codes are the latest versions of the Multi-purpose Exoplanet

4 https://github.com/mbonav/Exo_DMC
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Fig. 12. Probability of companion detection as a function of the distance to the star from pyMESS2. On the left, overview of the detection limit
results based on radial velocity ( 5 au) and direct imaging (all SPHERE+NaCo observations, �5 au) data for the whole HD 95086 system. In the
middle and right, direct imaging results are zoomed between 5 and 35 au. In the left and middle, coplanarity is assumed between the researched
exoplanets and the outer belt (i.e., with i = �30 ± 3� and Ω = 97 ± 3�), but not on the right. The results without the last five epochs imaged with
SPHERE (in 2018 and 2019) are shown in gray to black contours for a given probability of 10%, 50%, 68%, 90%, and if coplanarity is assumed
99%. The color bars show the levels of probability detection.

Simulation System (MESS; Bonavita et al. 2012), a Monte Carlo
tool for the statistical analysis of direct imaging survey results.
In a similar fashion to its predecessors, both codes combine the
information on the target stars with the instrument detection lim-
its to estimate the probability of detection of a given synthetic
planet population, ultimately generating detection probability
maps.

For each star in the sample, they generate a grid of masses
and physical separations of synthetic companions, then estimate
the probability of detection given the provided detection limits at
each epoch. The default setup uses a flat distribution in log space
for both the mass and semimajor axis, but in a similar fashion
to their predecessors, they allow for a high level of flexibility in
terms of possible assumptions on the synthetic planet popula-
tion to be used for the determination of the detection probability.
For each point in the mass–semimajor axis grid, pyMESS2 and
DMC generate a fixed number of sets of orbital parameters. By
default all the orbital parameters are uniformly distributed except
for the eccentricity, which is generated using a Gaussian eccen-
tricity distribution with µ = 0 and � = 0.3 (constraint: e � 0),
following the approach by Hogg et al. (2010) (see Bonavita et al.
2013, for details). This allows us to properly take into account the
effects of projection when estimating the detection probability
using the contrast limits in Fig. 3. They calculate the projected
separations corresponding to each orbital set for all the values
of the semimajor axis in the grid (see Bonavita et al. 2012, for a
detailed description of the method used for the projection). This
allows us to estimate the probability that each synthetic compan-
ion is truly in the instrument field of view and therefore that it
will be detected if the value of the mass is higher than the limit.
In this specific case, we chose to restrict the inclination and the
longitude of the node of each orbital set to make sure that all
companions in the population would lie in the same orbital plane
as the disk (i.e., with i = �30 ± 3� and Ω = 97 ± 3�) for one run,
and consider no a priori information on the system’s orientation
for a second run. We also assumed a uniform distribution for the
eccentricity, with a maximum value of 0.6.

While MESS was limited in its use to direct imaging, both
DMC and pyMESS2 can also be used to draw similar con-
straints using other kinds of datasets, including radial velocity
(RV) data. Given the provided RV time series, both codes use
the local power analysis (LPA) approach described by Meunier
et al. (2012) to estimate, for each mass and separation in the grid,
for what fraction of the generated orbital sets the signal gener-
ated by the companion would be compatible with the data. DMC

at this stage is limited to an independent determination of the
detection probability for each technique that is later combined.
The two sets of maps are merged by considering, for each point
in the grid, the best value of the probability. With pyMESS2
(and MESS2), the detection probability directly combines the
detectability of each generated planet by checking if each planet
can be detectable at least in one DI epoch or in the RV epochs.
The probability is then derived by counting, for each [mass,a],
how many of the generated planets are detected with either tech-
nique. In the end, combining the two methods allows a more
accurate determination of the detection probability.

Figure 12 (left) illustrates the advantages of combining
HARPS radial velocity observations with direct imaging, as
shown by Chauvin et al. (2018), but here updating their results
with the latest SPHERE measurements. The detection prob-
ability gain with the new SPHERE epochs is shown in the
middle (coplanar case) and right (no orbital constraints) panels
for the specific region of interest between 5 and 35 au, where
the presence of inner giant planets is suspected. The contrast
gain of about 1.0 mag at typically 100–200 mas with both IFS
and IRDIS presented in Fig. 3, with the multi-epoch combi-
nation, enables us to nail down the detection probability map
by a fraction of Jupiter mass and au. A further relevant gain
would likely imply using alternative observing strategies, such
as star-hopping (Wahhaj et al. 2021) or molecular mapping
(Hoeijmakers et al. 2018; Petrus et al. 2021), before the arrival
of the extremely large telescopes (Chauvin 2018).

7. Conclusion

In this work we presented and analyzed five new observations
from SPHERE (2018–2019) on the young Solar System analog
HD 95086, as well as a re-analysis of the five previous SPHERE
observations (2015–2017), and the results from archival data
from the GPI and NaCo instruments. We reported an in-depth
characterization of the system HD 95086:
1. Regarding the exoplanet HD 95086 b, we extracted for the

first time its spectrum in the J and H bands by combining six
epochs imaged with SPHERE-IFS to maximize the signal-
to-noise ratio of the planet as it is hardly detectable in these
bands.

2. We constrained the physical properties of HD 95086 b pro-
viding spectroscopic and photometric measurements in J,
H, K1, K2, and L0 bands from the SPHERE-IFS, GPI,
SPHERE-IRDIS, and NaCo instruments. We obtained two
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types of solutions: for a surface gravity log(g) between 3.3–
5.0, either the exoplanet seems to have a high effective
temperature between 1400–1600 K and a significant extinc-
tion (&10), or lower temperatures between 800–1200 K with
a small to medium level of extinction (.10) and a super-
solar metallicity. Both of these solutions reveal the presence
of significant dust, which can explain the redness of the
exoplanet b. The dust could be present either in the upper lay-
ers of the atmosphere, explaining the super-solar metallicity
atmosphere found for some atmospheric model best solu-
tions, or around the exoplanet HD 95086 b with the presence
of a circumplanetary disk, explaining the high extinction
found for the other atmospheric models.

3. Additional modeling combining at the same time models of
atmospheres and circumplanetary disks confirm the possibil-
ity of the presence of a debris circumplanetary disk around
the exoplanet HD 95086 b since the solution is as likely as
the other solutions found without it based on the Akaike
information criterion. Considering the age of the system, the
nature of this possible circumplanetary disk suggested by our
modeling is more likely to be a debris disk than a viscous
disk. Nevertheless, future measurements sufficiently precise
in the H↵ filter are required to constrain the accretion rate
of HD 95086 b and rule out definitively the possibility of a
viscous circumplanetary disk combined with specific atmo-
spheric models. Other future measurements, particularly in
M and N bands, are necessary to discriminate between our
remaining best-fit atmospheric models.

4. We updated the orbital parameters for the exoplanet b,
adding two additional monitoring years from SPHERE. Our
best orbital solutions are consistent with previous published
orbital parameters.

5. As for additional exoplanets in the system, we pushed the
detection performance by combining the best epochs using
the K-Stacker algorithm, which combines the best obser-
vations through different Keplerian motions to correct for
the orbit of any additional exoplanet. We also applied sev-
eral post-processing algorithms, but we did not find any
robust candidates. Nonetheless, we put new constraints on
the masses and locations of putative additional exoplanets in
the system, and we ruled out any other 5 MJup inner planet in
the system located at a distance greater than 17 au at a 50%
confidence level (or 9 MJup inner planet at a distance greater
than 10 au at a 50% confidence level).

Future observations with the JWST (GTO target), at the VLT/I
with GRAVITY, ERIS, SPHERE and its potential upgrade, and
with the first light instruments of the ELT, should enable us to
understand the global architecture and origin of HD 95086, and
its commonality with our own Solar System.
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Appendix A: Observational conditions

Figure A.1 shows the observation conditions for all the available SPHERE epochs used.
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Fig. A.1. Distribution of the observational conditions (when available) for all the epochs: Strehl ratio, atmospheric coherence length r0, wind,
seeing, and atmospheric coherence time ⌧0. The Strehl ratio, atmospheric coherence length, and wind were all measured by SPARTA, the computer
of the adaptive system of SPHERE, while both the seeing and atmospheric coherence time were measured by the DIMM telescope at Paranal. A
wind  3 m · s�1 indicates the presence of low wind effect (Milli et al. 2017), while a coherence time  3 ms indicates the presence of wind-driven
halo (Cantalloube et al. 2020).
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Appendix B: Reduced images with SpeCal

Figure B.1 shows the images reduced with the pipelines SpeCal-TLOCI and SpeCal-PCAPad for the IRDIS and IFS data,
respectively.
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Fig. B.1. Signal-to-noise ratio maps for all the SPHERE epochs (top: IRDIS in the K1 band reduced by the pipeline SpeCal-TLOCI, and bottom:
IFS in the YJH bands) reduced by the pipeline SpeCal-PCAPad (PCA ADI+SDI). The color bar corresponds to the signal-to-noise ratio. The
region below the inner working angle of the coronagraph is masked.
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Appendix C: Spectral correlation matrix

Figure C.1 shows the spectral correlation matrix (�) empirically
estimated from our IFS datasets, as in Greco & Brandt (2016)
and De Rosa et al. (2016). The spectral covariance matrix C used
for spectral fits is obtained as Ci j = �i j�i� j, where �i and � j

correspond to the reported uncertainties in flux measurements
for points i and j.

Fig. C.1. Spectral correlation matrix computed from our SPHERE/IFS
(first 15 points) and GPI/IFS (points 15–43) data. For IRDIS and
NACO, Ci j = �i j, where �i j is the Kroenecker symbol.
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Appendix D: Corner plots of the posteriors of the

atmospheric models

In this appendix we show the posteriors of the atmospheric mod-
els retrieved by special for some of the best models at repro-
ducing the observed spectrum: the single-blackbody model and
the BT-SETTL model with free extinction (both in Fig. D.1); the
DRIFT-PHOENIX model with free extinction (Fig. D.2); and the
M11 cloud-A model with free extinction, without and with an
extra blackbody component (Figs. D.3 and D.4, respectively). In
each case the mass is not a free parameter of the fit, but is calcu-
lated from the log(g) and Rp posterior distributions.

We note that in Eq. (2), which represents the log-likelihood
expression provided to the sampler, in addition to the spectral
covariance matrix, additional weighting coefficients are used.
These coefficients can account for the fact that absolute flux cal-
ibration is performed instrument per instrument (i.e., it is not
specific to each spectroscopic point), whose individual uncer-
tainties and covariances are not properly accounted for in the fit.
In the hypothetical case where the uncertainty on absolute flux
calibration is the same for the spectrograph and the photome-
ters involved in acquiring the combined spectrum, but dominates
over individual statistical uncertainties, the absence of additional
weights would typically pin the absolute flux calibration to that
of the spectrograph, given the significantly larger number of data
points.

This absolute flux calibration uncertainty can be difficult
to assess. It was noted when comparing Spitzer/IRS versus
Spitzer/MIPS measurements, a case for which the use of addi-
tional weights was suggested (e.g., Ballering et al. 2013; Chen
et al. 2014). However, it is known to still be an issue when com-
paring measurements obtained by the latest generation of high-
contrast imagers. The amplitude of the systematic bias between
the overlapping SPHERE and GPI spectra of HD 206893 B is
on the same order as the total estimated (statistical+systematic)
uncertainties (Kammerer et al. 2021). This kind of bias has also
been noted when comparing the spectrum of PDS 70 b obtained
by SINFONI and SPHERE (Christiaens et al. 2019).

Assigning weights such that their sum is 1 for all measure-
ments obtained by a given instrument (i.e., 1 per photometric
measurement and 1/N_spec for each spectrograph measurement,
where N_spec is the number of channels) would correspond to
assigning the same level of confidence for the absolute flux cal-
ibration of each instrument. However, this would too severely
undermine the significance of the spectroscopic data in the fit.
It would indeed make all measurements of a given spectrograph
as significant as a single photometric measurement, while spec-
trographs provide more than just an absolute flux measurement;
they also provide information about the shape of the spectrum.

Therefore, as a compromise we opted for weights that are
proportional to the spectral bandwidth, as in Ballering et al.
(2013) and Olofsson et al. (2016). Some estimated model param-
eters are dependent on the absolute flux calibration (e.g., pho-
tometric radius), on the features, and/or shape of the spectrum
(e.g., surface gravity), or on both together (effective temperature
and extinction). Therefore, a certain choice of weights may in
principle change the estimated best-fit parameters.

To test in practice the effect of the additional weighting co-
efficients on the fits to the HD 95086 b spectrum, we show in
Figs. D.4 and D.5 the best-fit solutions obtained with and with-
out the additional weighting coefficients, respectively. The best-
fit parameters show only minor differences, which may have
been expected given the good match between most near-IR spec-
troscopic and photometric points of HD 95086 b (Fig. 4). The

largest relative differences correspond to the estimated radius
and mass of the planet, although all parameters still remain
within the 1� error bars of the estimates obtained with and with-
out weights.
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Fig. D.1. Corner plots retrieved by special for the single-blackbody model at the top right, BT-SETTL with free extinction AV model at the
bottom left.
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Fig. D.2. Corner plot retrieved by special for the DRIFT-PHOENIX model with free extinction AV .
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Fig. D.3. Corner plot retrieved by special for the M11 cloud-A model with free extinction AV .
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Fig. D.4. Corner plot retrieved by special for the M11 cloud-A model with free extinction AV and with an extra blackbody component.
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Fig. D.5. Corner plot retrieved by special for the M11 cloud-A model with free extinction AV and with an extra blackbody component without
additional weighting coefficients.
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���� 3HUVSHFWLYHV ���

,Q 'HVJUDQJH HW DO� �����D�� P\ FROODERUDWRUV DQG , VKRZHG WKDW WKH XQGHU�OXPLQRVLW\ DQG
UHGQHVV RI WKH \RXQJ JLDQW H[RSODQHW +'����� E �VHH )LJ� � IURP 'HVJUDQJH HW DO�� ����D�
FRXOG EH HLWKHU FDXVHG E\ WKH SUHVHQFH RI D VHFRQG�JHQHUDWLRQ FLUFXPSODQHWDU\ GLVN DURXQG
WKH SODQHW� RU GXVW LQ WKH XSSHU OD\HUV RI WKH DWPRVSKHUH� %RWK VROXWLRQV DUH LQGLVWLQJXLVKDEOH
�7DEOH �� )LJ� �� IURP WKH SDSHU�� IURP RXU PRGHOLQJ RI WKH VSHFWRVFRSLF DQG SKRWRPHWULF
GDWD�

7KHVH GDWD FRUUHVSRQG WR P\ H[WUDFWLRQ RI WKH VSHFWRVFRSLF DQG SKRWRPHWULF PHDVXUH�
PHQWV RI 63+(5(� LQFOXGLQJ WKH ÀUVW�WLPH H[WUDFWHG -+ VSHFWUXP RI E �)LJ� ��� DQG FRXSOHG
WR *3, DQG 1D&R DUFKLYH GDWD �)LJ� ��� 7KLV ZDV FKDOOHQJLQJ WR H[WUDFW WKH -+ VSHFWUXP RI
WKH SODQHW E� EHFDXVH LW LV YHU\ IDLQW� , KDG WR FRXSOH WKH EHVW HSRFKV RI REVHUYDWLRQ WR GR VR�
E\ FRUUHFWLQJ IURP WKH RUELWDO PRWLRQ� , DOVR WULHG LQ WKH < EDQG WR H[WUDFW WKH ORZ�UHVROXWLRQ
VSHFWUXP� EXW GLG QRW FRQVLGHU WKLV UHJLRQ RI WKH 63+(5(�,)6 VSHFWXP HYHQWXDOO\� EHFDXVH
WKH FRPELQHG�HSRFK GDWD DUH QRW VHQVLWLYH HQRXJK LQ WKLV EDQG�

7KH GDWD PRGHOLQJ FRQVLVWV LQ ÀWWLQJ DWPRVSKHULF PRGHOV ZLWK GLIIHUHQW FRQÀJXUDWLRQV�
DOO ZHUH ÀW HLWKHU ZLWK DQ H[WLQFWLRQ A9 VHW WR ]HUR RU IUHH� VRPH RI WKH DWPRVSKHULF PRGHOV
SURYLGLQJ DOVR D FRQVWUDLQW RQ WKH PHWDOOLFLW\� ZLWK RU ZLWKRXW D EODFNERG\ FRPSRQHQW WR
PLPLF D VHFRQG�JHQHUDWLRQ &3'� 0\ FROODERUDWRUV DQG , LGHQWLÀHG WZR SRVVLEOH VFHQDULRV WR
H[SODLQ WKH DWPRVSKHUH RI +'����� E� HLWKHU DQ DWPRVSKHUH ZLWK D KLJK HIIHFWLYH WHPSHU�
DWXUH �> 1400 .� DQG D KLJK�H[WLQFWLRQ �A9 > 10�� RU D FROGHU HIIHFWLYH WHPSHUDWXUH �800²
1 300 .� ZLWK DQ H[WUD�VRODU PHWDOOLFLW\� VHH 7DEOH �� :H SRLQW RXW WKDW IXWXUH REVHUYDWLRQV
ZLWK WKH -:67 DQG WKH (/7 VKRXOG XQDPELJXRXVO\ GLVFULPLQDWH EHWZHHQ ERWK VFHQDULRV�

2QH FODVVLFDO LVVXH ZKLOH PRGHOLQJ DWPRVSKHUHV RI H[RSODQHWV� LV REWDLQLQJ LQFRQVLVWHQW
SK\VLFDO SDUDPHWHUV �H�J�� WKH VXUIDFH RI JUDYLW\ DQG WKH UDGLXV RI H[RSODQHW� ZLWK ZKDW LV
SUHGLFWHG EDVHG RQ HYROXWLRQDU\ PRGHOV� , VKRZHG WKDW DPRQJ WKH GLIIHUHQW DWPRVSKHULF
JULGV ÀWWLQJ ZHOO RXU GDWD� WKH RQO\ RQHV WKDW DUH FRQVLVWHQW ZLWK HYROXWLRQDU\PRGHOV DUH WKH
JULGV IURP0DGKXVXGKDQ HW DO� ������� ZLWK IRVWHULWH FORXG�$PRGHOV �)LJ� ���� 7KHVH PRGHOV
IDYRU WKH DWPRVSKHUH ZLWK WKH ORZHU HIIHFWLYH WHPSHUDWXUH VROXWLRQ �800²1 200 . DW 1σ��

$V IRU RUELWDO SURSHUWLHV� ZH VSDQQHG WKH RUELWDO FRYHUDJH IURP 2012²2017 WR 2012²2019�
DQG LQ SDUWLFXODU E\ DGGLQJ PRUH DFFXUDWH DVWURPHWULF PHDVXUHPHQWV� :H FRQÀUPHG WKDW
+'����� E� KDV D ORZ�HFFHQWLFLW\ ZLWK D KLJKHU FRQÀGHQFH �DW 1σ� ≤ 0.18 LQVWHDG RI ≤ 0.5
IURP &KDXYLQ HW DO�� ������ DQG D VHPL�PDMRU D[LV RI 51²73 DX �7DEOH � DQG )LJ� ��� +HQFH� WKH
SODQHW E LV OLNHO\ FDUYLQJ WKH LQQHU HGJH RI WKH RXWHU EHOW� EXW FRXOG QRW PDLQWDLQ WKH ZLGH
FDYLW\ E\ LWVHOI�

/DVW EXW QRW OHDVW� , SURYLGHG FRQVWUDLQWV RQ WKH SUHVHQFH RI DGGLWLRQDO FRPSDQLRQV LQ WKH
V\VWHP� ,Q FRSODQDU FRQÀJXUDWLRQ� , UXOHG RXW DW D 90� FRQÀGHQFH OHYHO H[RSODQHWV DERYH
90-XS DW VHPL�PDMRU D[LV EHWZHHQ 13 DQG 20 DX� DQG DERYH 50-XS EH\RQG 20 DX�

,Q WKH FRXUVH RI WKLV ZRUN� ZH KDG D SURPLVLQJ 5σ GHWHFWLRQ RI D SRLQW�OLNH VRXUFH DW D SUR�
MHFWHG VHSDUDWLRQ RI 168± 6PDV �∼ 14 DX�� E\ FROODERUDWLQJ ZLWK 2OLYLHU )ODVVHXU �#&5$/��
:H RQO\ GHWHFWHG WKLV FDQGLGDWH LQ WKH EHVW HSRFK RI REVHUYDWLRQ �-DQXDU\ ����� ZLWK WKH
FXWWLQJ�HGJH SRVW�SURFHVVLQJ 3$&2 �VHH )LJ� ���� DQG DW D ORZHU 6�1 ZLWK $1'520('$
�VHH )LJ� � IURP 'HVJUDQJH HW DO�� ����D�� 6WLOO� WKLV GHWHFWLRQ PRWLYDWHG WKH ZULWLQJ RI D (62
''7 �3,� *DsO &KDXYLQ� F\FOH 3����� WR FRQÀUP WKLV H[RSODQHW FDQGLGDWH F LQ +'������ 7R

�$OO WKH UHIHUHQFHV WR )LJXUHV DQG 7DEOHV LQ WKLV 6HFWLRQ LV IURP WKH SDSHU 'HVJUDQJH HW DO� �����D�� ZKLFK LV
DGGHG LQ WKH SUHYLRXV 6HFWLRQ ������



��� &KDSWHU �� 7KH \RXQJ 6RODU 6\VWHP DQDORJ +' �����

PD[LPL]H RXU FKDQFHV RI VXFFHVV WR FRQÀUP LW� ZH DVNHG IRU H[TXLVLWH FRQGLWLRQV RI REVHU�
YDWLRQ �L�H�� WXUEXOHQFH FDWHJRU\ RI 10�� ZLWK D VHHLQJ LQIHULRU WR 0.5µ DQG D FRKHUHQFH WLPH
RI WKH $2 V\VWHP VXSHULRU WR 5.2 PV� DQG WKH VWDU�KRSSLQJ VWUDWHJ\ RI REVHUYDWLRQ� DW WKDW
WLPH RQO\ UHFHQWO\ RIIHUHG RQ 63+(5(� &RXSOLQJ WKH 5', WR $', DQG 6', WHFKQLTXHV ZRXOG
ERRVW WKH 63+(5( SHUIRUPDQFHV DW 100²300PDV�

7KH ''7 ZDV DFFHSWHG� DQG WKH REVHUYDWLRQV ZHUH DFTXLUHG LQ ���������� DQG ��������
��� :H KDG WZR HSRFKV� EHFDXVH WKH UHTXLUHPHQWV UHJDUGLQJ WKH FRQGLWLRQV RI REVHUYDWLRQ
ZHUH QRW PHW WKH ÀUVW WLPH� $ IDVW SURFHVVLQJ RI WKH GDWD GLG QRW UHFRYHU WKH SURPLVLQJ GH�
WHFWLRQ RI WKH H[RSODQHW FDQGLGDWH F� &XUUHQWO\� EHWZHHQ $SULO DQG 6HSWHPEHU ����� ZLWK
*DsO &KDXYLQ DQG 9DOHQWLQD '·2UD]L �#5RPH 8QLYHUVLW\�� , DP FR�VXSHUYLVLQJ D0DVWHU VWX�
GHQW� 0DFDUHQD 9HJD� ZKR ZRUNV RQ D PRUH ÀQH�WXQHG SURFHVVLQJ DQG DQDO\VLV RI WKHVH
VWDU�KRSSLQJ REVHUYDWLRQV�

)LJXUH ��� VKRZV WKH DUFKLWHFWXUH RI WKH PXOWL�EHOW SODQHWDU\ V\VWHP +'������ DV ZH XQ�
GHUVWDQG LW ZKHQ ZH SXEOLVKHG 'HVJUDQJH HW DO� �����D�� DQG ZKDW , VHH DV IXWXUH GLUHFWLRQV
WR FRQVWUDLQ PRUH WKH V\VWHP� 5HJDUGLQJ WKH DGGLWLRQDO SODQHWV� RQH KRW TXHVWLRQ ZLOO EH
ZKLFK IDFLOLW\ZLOO GLVFRYHU WKH H[RSODQHW F� WKH FXUUHQW9/7�63+(5(REVHUYDWLRQV� RU LWV XS�
JUDGH 9/7�63+(5(�� WKH XSJUDGH 9/7,�*5$9,7<�� LQVWUXPHQWV RQ WKH (/7 �+$5021,�
0(7,6� 0,&$'2�� RU VSDFH�EDVHG IDFLOLWLHV� VXFK DV -:67�1,5,66�$0, RU WKH 567�&*,�
%HWV DUH RSHQHG� 0RUHRYHU� DGGLWLRQDO SODQHWV FRXOG EH GLVFRYHUHG LQ WKH V\VWHP� DV IRU LQ�
VWDQFH URFN\ SODQHWV EHWZHHQ WKH VWDU DQG WKH LQQHU EHOW� FRQÀUPLQJ +'����� DV D PDVVLYH
6RODU 6\VWHP DQDORJ� RU SRWHQWLDOO\ LF\ H[RSODQHWV ORFDWHG EH\RQG WKH RXWHU EHOW �H�J�� ZLWK
WKH -:67��

$V IRU WKH NQRZQ +'����� E� RWKHU RUELWDO DQG VSHFWURVFRSLF VWXGLHV DUH RQJRLQJ RU
SODQQHG� )RU LQVWDQFH� , FROODERUDWHG ZLWK *LOOHV 2WWHQ �#7DwZDQ�� ZKR KDYH EHHQ ZRUN�
LQJ RQ *5$9,7< GDWD RQ WKLV H[RSODQHW� +H H[WUDFWHG DQG DQDO\VHG WKH PHGLXP�UHVROXWLRQ
*5$9,7< VSHFWUXP LQ WKH . EDQG� DQG GHULYHG ZLWK KLJK DFFXUDF\ WKH DVWURPHWU\ RI WKH
SODQHW� ,Q -XO\ ����� GXULQJ WKH ,Q 6SLULW RI /\RW FRQIHUHQFH� LQ /HLGHQ LQ WKH 1HYHUWKHODQGV�
, SUHVHQWHG D SRVWHU VKRZLQJP\ RUELWDO DQG VSHFWURVFRSLF UHVXOWV EDVHG RQ 63+(5(� DORQJ WR
WKH ZRUN LQ SURJUHVV RI *LOOHV� VHH )LJ� ���� 7KH *5$9,7< DVWURPHWU\ IDOOV RQ WKH EHVW RUELWDO
VROXWLRQV REWDLQHG LQ 'HVJUDQJH HW DO� �����D�� DQG QHZ RUELWDO DQDO\VLV LQFOXGH WKH *5$9�
,7< GDWD� RIIHU FRQVLVWHQW RUELWDO SDUDPHWHUV� LQ SDUWLFXODU ZLWK VPDOOHU XQFHUWDLQWLHV RQ WKH
HFFHQWULFLW\ �≤ 0.13 LQVWHDG RI < 0.18�� 6LQFH WKHQ� QHZ *5$9,7< REVHUYDWLRQV RFFXUHG RQ
+'����� E� WKDW ZRXOG FHUWDLQO\ UHVXOW LQ D SXEOLFDWLRQ DW VRPH SRLQW�

5HJDUGLQJ WKH GRXEOH�EHOW DUFKLWHFWXUH� XS WR ����� RQO\ WKH RXWHU EHOW KDV EHHQ GHWHFWHG
DQG SXEOLVKHG� EDVHG RQ $/0$ GDWD� 9HU\ UHFHQWO\� ZRUN IURP 0DWKLOGH 0kOLQ �#676F,�
VKRZV WKDW WKH LQQHU EHOW� SUHYLRXVO\ LQIHUUHG IURP WKH 6(' PRGHOLQJ� LV QRZ DOVR LPDJHG
ZLWK -:67�0,5, �0kOLQ HW DO�� ������ VLPLODUO\ WR WKH LQQHU EHOW RI +5���� �%RFFDOHWWL HW DO��
������ $QRWKHU YHU\ H[FLWLQJ UHVXOW LV WKDW WKH QHZPRGHOLQJ RI WKH DWPRVSKHUH RI+'����� E
ZLWK WKH -:67�0,5, SKRWRPHWULF SRLQWV� VHHPV WR FRQÀUP WKDW WKH H[RSODQHW E KDV D ORZ
HIIHFWLYH WHPSHUDWXUH ZLWK D VXSHU�VRODU PHWDOOLFLW\�



���� 3HUVSHFWLYHV ���

)LJXUH ���� $UFKLWHFWXUH RI WKH SODQHWDU\ PXOWL�EHOW V\VWHP +'����� DV ZH NQRZ LW �WRS�� DQG H[�
DPSOH RI ZKDW LW FRXOG EH� ZLWK LQ KLJKOLJKW WHOHVFRSHV DQG LQVWUXPHQWV ZKLFK FRXOG PDNH PDMRU
GLVFRYHULHV �ERWWRP�� 7KH LQVHUWHG LPDJH VKRZV WKH SODQHWDU\ FDQGLGDWH F� ORFDWHG DW D SURMHFWHG
VHSDUDWLRQ RI 168pm6 PDV �∼ 14 DX� WR LWV KRVW VWDU� DQG WKDW ZH GHWHFWHG E\ SRVW�SURFHVVLQJ WKH
EHVW HSRFK RI REVHUYDWLRQ ZLWK 3$&2�
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The system HD 95086

In this poster, we present our results on HD 95086

obtained with SPHERE and published in A&A

(Desgrange+2022). We confront them with on-

going work on GRAVITY (Otten+, in prep).

HD 95086 ALMA 1.3 mm

SPHERE 2.1 µm

86 au

cold belt

1 as

b

[Credits: Su+2015, Desgrange+2022]

The HD 95086 exoplanetary system

Star

Spectral type A

Teff (K) 7750 ± 250

log(g) (dex) 4.0 ± 0.5

Distance (pc) 86.2 ± 0.3

Age (Myr) 13.3+1.1
�0.6

Mass (M�) 1.6 ± 0.1

Luminosity (L� ) 5.7 ± 1.7

Metallicity [Fe/H] 0.25 ± 0.5

Debris disk

– Warm belt

Location (au) 7 � 10

Temperature (K) 187 ± 26

– Cold belt

Location (au) 106 � 320

Temperature (K) 57 ± 2

Inclination (�) 30 ± 3

Position Angle (�) 97 ± 3

– Stellar halo (?)

Location (au) 300 � 800

HD 95086 b

Spectral type L6 ± 1

Teff (K) 800 � 1300 K

log(g) (dex) . 4.5

Mass (MJup) 4 � 5

(from Rameau+2013a; Su+2015,2017; De Rosa+2016; Chau-

vin+2018; Bailer-Jones+2018; Booth+2021; Swastik+2021)

Observations & data processing

We used 10 observations from SPHERE-IRDIS

(K12 band) and SPHERE-IFS (YJH). Data pro-

cessing was performed by the SPHERE Data

Center (Delorme+2017) and post-processing with

ANDROMEDA (Cantalloube+2015) and SpeCal

(Galicher+2018) pipelines. As the exoplanet b is

hardly detectable in YJH (S/N = 4.3), we corrected

the epochs from the orbital movement of the planet

and stacked them to extract for the first time the

spectrum of b in JH.

ANDROMEDA K1

17 au

0.2 as
0

5

10

15
PCAPad YJH

17 au

0.2 as
0

1

2

3

4

5

Atmospheric properties

From Galicher+2014, De Rosa+2016, and Chau-

vin+2018, the exoplanet HD 95086 b:

• falls at the late-L to L/T transition

• is under-luminous compared to the field

dwarfs of similar spectral types

• is red

We investigated the origin of the red spectral slope

in the spectrum of the HD 95086 b. by using at-

mospheric grids and circumplanetary disk models.

We considered two types of CPDs: a “primordial”

CPD, in which the exoplanet b still accretes mate-

rial (models from Zhu+2015), and “debris” consist-

ing of heated grains and modeled by a blackbody

component. We found the redness of the exoplanet

HD 95086 b could be explained by a super-solar

metallicity atmosphere or a circumplanetary disk.
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Astrometry and orbital fitting

Orbital fitting from measurements of SPHERE and

NACO alone or couple to GRAVITY give consistent

orbital parameters.

MCMC solutions OFTI solutions

Orbital SPH.+NA. GRA.+SPH.+NA.

Parameter (2012–2019) (2012–2022)

a (au) 72+1
�21

57+14
�5

e  0.18  0.13

i (�) 144+18
�4

156+9
�10

Ω (�) 72+53
�27

87+52
�42

ω (�) �89+110
�2

�66+49
�81

Tp (yr AD) 2004+105
�45

1972+78
�64

Note: if (ω, Ω) is solution, (ω + 180, Ω + 180) is solution as well.
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Exploration & sensitivities

The system HD 95086 very likely hosts at least one

additional planet closer to the star than HD 95086 b

to explain the architecture of the two debris belts

(Su+2015). We searched it unsuccessfully but we

put new constraints on the masses and locations of

its/their putative presence. We ruled out any other 5

MJup (9 MJup) inner planet in the system located at

a distance greater than 17 au (10 au, respectively)

at a 50% confidence level.
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)LJXUH ���� 3RVWHU RQ +'������ FRXSOLQJ 63+(5( �'HVJUDQJH HW DO�� ����D� DQG *5$9,7< �2W�
WHQ HW DO� LQ SUHS��� , SUHVHQWHG WKLV SRVWHU GXULQJ WKH FRQIHUHQFH ,Q WKH 6SLULW RI /\RW� LQ /HLGHQ�
1HYHUWKHODQGV� LQ �����



���

��� &RQWH[W � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
����� 0RWLYDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
����� 3UHYLRXV VWXGLHV RQ WKH FRUUHODWLRQ RI LQQHU VXSHU�(DUWKV DQG RXWHU

-XSLWHUV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� 0\ ZRUN � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 2YHUYLHZ RI WKH SURMHFW DQG WKH VDPSOH RI VWDUV � � � � � � � � � � � � � ���
����� ,GHQWLÀFDWLRQ RI WKH FRPSDQLRQ FDQGLGDWHV � � � � � � � � � � � � � � � � ���
����� &ODVVLÀFDWLRQ RI WKH FRPSDQLRQ FDQGLGDWHV � � � � � � � � � � � � � � � � ���
����� $QDO\VLV RI WKH UHVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
����� 3XEOLFDWLRQ LQ $	$� 'HVJUDQJH� 0LOOL� &KDXYLQ HW DO� ���� � � � � � � � ���
����� 0DLQ UHVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 3HUVSHFWLYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���



��� &KDSWHU �� $UFKLWHFWXUHV RI SODQHWDU\ V\VWHPV KRVWLQJ FORVH�LQ ORZ�PDVV SODQHWV

$ VWULNLQJ UHVXOW RI WKH.HSOHUPLVVLRQZDV WKH DEXQGDQFH RI ORZ�PDVV SODQHWV IRXQG RUELWLQJ
WKHLU KRVW VWDU LQ OHVV WKDQ 100 GD\V� 7KHVH ORZ�PDVV SODQHWV� WKDW FDQ EH FDOOHG VXSHU�(DUWKV�
PLQL�1HSWXQHV RU 1HSWXQHV E\ UHIHUULQJ WR WKHLU PDVV DQG�RU UDGLXV� FRXOG RUELW DURXQG
DERXW 50� RI VLQJOH 6XQ�OLNH VWDUV EDVHG RQ UDGLDO YHORFLW\ GHWHFWLRQ PHWKRGV �0D\RU HW DO��
������ 7KLV PD\ KROG WUXH IRU 0 VWDUV WRR� WKRXJK EDVHG RQ VPDOO VDPSOH VWDWLVWLFV �%RQÀOV
HW DO�� ������ 2Q WKH FRQWUDU\� WKH WUDQVLW GHWHFWLRQ PHWKRG LQGLFDWHV D KLJKHU RFFXUHQFH RI
FORVH�LQ VXSHU�(DUWKV DQGPLQL�1HSWXQHV IRU0 VWDUV WKDQ IRU VRODU�OLNH VWDUVZKHQ FRPSDUHG
DW VLPLODU RUELWDO SHULRGV �0XOGHUV HW DO�� ������ +RZHYHU� IRU VLPLODU LQVRODWLRQ YDOXHV� WKH
RFFXUHQFH RI FORVH�LQ VXSHU�(DUWKV DQGPLQL�1HSWXQHV RUELWLQJ0 VWDUV RU VRODU�OLNH VWDUV DUH
QHDUO\ HTXDO ZLWKLQ XQFHUWDLQWLHV �+VX HW DO�� ����� ������

7KH VKRUW RUELWDO SHULRGV RI PDQ\ VXSHU�(DUWKV DQGPLQL�1HSWXQHV LQ H[WUDVRODU V\VWHPV
LV D VXUSULVH ZKHQ FRPSDUHG WR WKH ORFDWLRQ RI WKH (DUWK DQG 1HSWXQH LQ RXU 6RODU 6\VWHP�
7KH IRUPDWLRQ RI VXFK FORVH�LQ VXSHU�(DUWKV DQG PLQL�1HSWXQHV LV VWLOO DQ RSHQ TXHVWLRQ�
DQG WKXV D YHU\ DFWLYH WRSLF RI UHVHDUFK �H�J�� +DJKLJKLSRXU� ����� =KX	:X� ����� 6FKOHFNHU
HW DO�� ������ 2Q WKH RQH KDQG� FORVH�LQ VXSHU�(DUWK DQG 1HSWXQH�PDVV SODQHWV FRXOG IRUP
DW DERXW WKH UDGLDO ORFDWLRQ ZKHUH WKHUH KDYH EHHQ GHWHFWHG� WKDW LV WR VD\ ZLWKLQ 100 GD\�
RUELWDO SHULRGV� $OWHUQDWLYHO\� WKH\ FRXOG KDYH IRUPHG LQ WKH RXWHU SDUW RI WKH V\VWHP� DQG
WKHQ PLJUDWHG LQZDUGV� 7KLV PLJUDWLRQ FRXOG EH DVVLVWHG RU SUHYHQWHG E\ WKH SUHVHQFH RI DQ
GLVWDQW JLDQW SODQHW�

7KHVH GLIIHUHQW VFHQDULRV FDQ EH LQYHVWLJDWHG E\ VWXG\LQJ WKH FRUUHODWLRQ EHWZHHQ WKH
SUHVHQFH RI FORVH�LQ ORZ�PDVV SODQHWV� DQG RXWHU JLDQW SODQHWV� , JLYH VRPH H[DPSOHV EHORZ�
DQG LOOXVWUDWH WKHP LQ )LJ� ����

$ SRVLWLYH FRUUHODWLRQ ZRXOG LPSO\ WKDW FRQGLWLRQV WKDW PDNH WKH JURZWK RI D JLDQW SODQHW
SRVVLEOH DUH DOVR IDYRUDEOH IRU WKH JURZWK RI ORZ�PDVV SODQHWV LQ WKH LQQHU GLVN �&KLDQJ 	
/DXJKOLQ� ����� 6FKOHFNHU HW DO�� ������ RU WKDW DQ RXWHU JLDQW SODQHW FRXOG IDYRU WKH SUHVHQFH
RI DQ LQQHU ORZ�PDVV SODQHW�

)RU LQVWDQFH� ZKLOH IRUPLQJ� WKH ORZ�PDVV SODQHW FRXOG EH ORFDWHG LQ WKH RXWHU SDUW RI
WKH V\VWHP� EXW FORVHU WR LWV KRVW VWDU WKDQ WKH JLDQW SODQHW� ,WV IRUPDWLRQ ZRXOG EH IDYRUHG
YLD WKH LQZDUG VZHHSLQJ RI VHFXODU UHVRQDQFHV �1DJDVDZD HW DO�� ����� %HVW HW DO�� ������ 7KH
VZHHSLQJ RI WKH VHFXODU UHVRQDQFHV LV UHODWHG WR WKH UHODWLYH DSVLGDO SUHFHVVLRQ UDWHV EHWZHHQ
WKH RXWHU JLDQW SODQHW� DQG WKH HPEU\RV DQG SODQHWHVLPDOV �:DUG HW DO�� ����� :DUG� �����
+HSSHQKHLPHU� ������ :KHQ WKHVH UDWHV FRLQFLGH� WKH HFFHQWULFLW\ RI HPEU\RV DQG SODQHWHV�
LPDOV LV JUHDWO\ H[FLWHG� LQFUHDVLQJ WKHLU HQFRXQWHU IUHTXHQF\� 7KH JDV GUDJ IURP WKH GLVN
GDPS WKH HFFHQWULFLWLHV RI HPEU\RV DQG SODQHWHVLPDOV� FDXVLQJ WKHLU RUELWDO GHFD\� $V WKH
JDV GHSOHWHV� WKH ORFDWLRQ RI WKH VHFXODU UHVRQDQFHV SURSDJDWHV WRZDUG WKH VWDU� (YHQWXDOO\�
WKLV SURFHVV PD\ UHVXOW LQ WKH SUHVHQFH RI VXSHU�(DUWK�PDVV SODQHWV RUELWLQJ FORVH WR WKHLU
KRVW VWDU �VHH )LJ� ���� ÀUVW URZ��

,Q DQRWKHU VFHQDULR� WKH ORZ�PDVV SODQHW FRXOG EH IRUPHG IXUWKHU DZD\ WKDQ WKH JLDQW
SODQHW� EHIRUH EHLQJ VFDWWHUHG WR WKH LQQHU SDUW RI WKH V\VWHP� 7KHUH� LW FRXOG XQGHUJR RUELWDO
FLUFXODUL]DWLRQ IURP WKH VWDU YLD WLGDO LQWHUDFWLRQV �7HUTXHP 	 3DSDORL]RX� ����� .HQQHG\ 	
.HQ\RQ� ����� RU IURP WKH GLVN YLD JDV GDPSLQJ �,]LGRUR HW DO�� ������ VHH )LJ� ��� �VHFRQG URZ��



���� &RQWH[W ���

)LJXUH ���� ([DPSOHV RI GLIIHUHQW PHFKDQLVPV RI SODQHW IRUPDWLRQ DQG HYROXWLRQ WKDW FRXOG WUDFH D
SRVLWLYH FRUUHODWLRQ �WRS�� DQWL�FRUUHODWLRQ �PLGGOH� RU QR FRUUHODWLRQ �ERWWRP� EHWZHHQ WKH SUHVHQFH
RI D FORVH�LQ ORZ�PDVV SODQHW �< 950⊕� DQG D GLVWDQW� PDVVLYH JLDQW SODQHW�



��� &KDSWHU �� $UFKLWHFWXUHV RI SODQHWDU\ V\VWHPV KRVWLQJ FORVH�LQ ORZ�PDVV SODQHWV

,I ERWK SODQHWV DUH IRUPHG LQ WKH RXWHU SDUW RI WKH V\VWHP� ZLWK WKH ORZ�PDVV SODQHW IDUWKHU
DZD\� LWV SXWDWLYH PLJUDWLRQ WRZDUGV WKH KRVW VWDU FRXOG EH KDOWHG E\ WKH SUHVHQFH RI D JLDQW
SODQHW� 7KLV JLDQW SODQHW ZRXOG EH VHHQ DV D EDUULHU �,]LGRUR HW DO�� ������ VHH )LJ� ��� �WKLUG
URZ��

$QRWKHU SRVVLELOLW\ ZRXOG EH WKDW WKH FORVH�LQ ORZ�PDVV SODQHW PD\ QHYHU IRUP� EHFDXVH
DQ RXWHU IRUPLQJ JLDQW SODQHW ZRXOG FXW RII WKH ÁRZ RI VROLGV WRZDUG WKH LQQHU SDUW RI WKH
V\VWHP� DFWLQJ DJDLQ DV D EDUULHU �0RUELGHOOL HW DO�� ����� ,]LGRUR HW DO�� ������ DQG VWLU WKH
YHORFLW\ GLVWULEXWLRQ RI VROLGV �0XVWLOO 	 :\DWW� ������ VHH )LJ� ��� �IRXUWK URZ��

%RWK WKH SUHVHQFH RI D FORVH�LQ ORZ�PDVV SODQHW DQG D GLVWDQW JLDQW SODQHW FRXOG EH LQGHSHQ�
GHQW LI LQLWLDO FRQGLWLRQV IRU WKH IRUPDWLRQ RI ERWK W\SHV RI SODQHWV DUH XQFRUUHODWHG �6FKODXI�
PDQ� ������ 7KH ORZ�PDVV SODQHW FRXOG IRUP LQ WKH LQQHU SDUW RI WKH V\VWHP� ZKLOH WKH JLDQW
SODQHW ZRXOG IRUP LQ WKH RXWHU SDUW �5D\PRQG HW DO�� ����� /HH HW DO�� ������ VHH )LJ� ��� �ODVW
URZ�� 7KLV ZRXOG UHTXLUH YHU\ KLJK LQLWLDO SURWRSODQHWDU\ GLVN PDVVHV RU DQ HQKDQFHPHQW
LQ WKH GHQVLW\ RI VROLGV LQ LWV LQQHU UHJLRQV� ZLWK WKH ODWWHU VXSSRUWHG E\ WKH LQZDUG GULIW RI
SHEEOH VL]HG REMHFWV �&KLDQJ 	 /DXJKOLQ� ����� /HH HW DO�� ����� 6FKOLFKWLQJ� ����� +DQVHQ 	
0XUUD\� ������

$OWHUQDWLYHO\� D PL[WXUH RI SUHYLRXV SODQHW IRUPDWLRQ PHFKDQLVPV �ZLWK SRVLWLYH RU QHJ�
DWLYH LPSDFW RI D JLDQW SODQHW� FRXOG UHVXOW VWDWLVWLFDOO\ WR DQ DEVHQFH RI FRUUHODWLRQ EHWZHHQ
WKH SUHVHQFH RI ERWK W\SHV RI SODQHWV�

7KHUHIRUH� VWXG\LQJ ZKHWKHU WKH SUHVHQFH RI D VKRUW�SHULRG ORZ�PDVV SODQHW LV FRUUHODWHG
ZLWK WKH SUHVHQFH RI DQ RXWHU JLDQW SODQHW FRXOG KHOS WR XQGHUVWDQG KRZ FORVH�LQ ORZ�PDVV
SODQHWV IRUP� 7KLV LV RI SDUWLFXODU LQWHUHVW� EHFDXVH VXFK SODQHWV DUH YHU\ QXPHURXV EDVHG
RQ FXUUHQW WUDQVLW DQG UDGLDO YHORFLW\ VWXGLHV�

6HYHUDO VWXGLHV LQYHVWLJDWHG WKH VLPXOWDQHRXV SUHVHQFH RI DW OHDVW RQH VXSHU�(DUWK ORFDWHG
FORVH WR WKHLU KRVW VWDUV� DQG DQ RXWHU GLVWDQW JLDQW SODQHW� ZKLFK DUH VRPHWLPHV UHIHUUHG WR
DV FROG -XSLWHUV �&-�� 7KH\ DLPHG WR ÀQG ZKHWKHU WKH SUHVHQFH RI ERWK W\SHV RI SODQHWV ZHUH
FRUUHODWHG� 7DEOH ��� VXPPDUL]HV WKH ÀQGLQJV RI WKHVH VWXGLHV� ZKLFK DUH PRVWO\ EDVHG RQ
UDGLDO YHORFLW\ DQG�RU WUDQVLW REVHUYDWLRQV� DQG RQH RQ SODQHW SRSXODWLRQ PRGHOV�

, ZRXOG OLNH WR VWUHVV WKDW WKH GHÀQLWLRQ RI ZKDW LV FDOOHG D VXSHU�(DUWK RU D GLVWDQW JLDQW
SODQHW GHSHQGV RQ WKH VWXG\� LQFUHDVLQJ WKH FRPSOH[LW\ WR FRPSDUH IDLUO\ WKHLU UHVXOWV� $F�
WXDOO\� D SODQHW ZKLFK LV FDOOHG D VXSHU�(DUWK PD\ LQ VRPH FDVHV UHIHU WR D VPDOO JLDQW SODQHW�
VXFK DV 1HSWXQH� EHFDXVH WKH XSSHU OLPLW RQ WKH PLQLPDOPDVV PD\ EH DV KLJK DV 300⊕� L�H��
1.701HSWXQH� GHSHQGLQJ RQ WKH VWXG\�

2Q WKH RQH KDQG� =KX	:X ������� %U\DQ HW DO� ������� DQG 5RVHQWKDO HW DO� ������ GHULYHG
D SRVLWLYH FRUUHODWLRQ EHWZHHQ WKH SUHVHQFH RI ERWK SODQHWV DURXQG VRODU�W\SH VWDUV� ZLWK D
SUREDELOLW\ UDQJLQJ IURP 21 WR 32� IRU VXSHU�(DUWK KRVWV WR DOVR KDYH D JLDQW SODQHW �QRWHG
3�&-_6(��� KLJKHU WKDQ WKH SUREDELOLW\ RI KDYLQJ DQ RXWHU JDV JLDQW SODQHW LUUHVSHFWLYH RI WKH
ORZ�PDVV SODQHW SUHVHQFH� ZKLFK UDQJHV IURP 6 WR 10� �QRWHG 3�&-��� 6XFK UHVXOWV LQGLFDWH
WKDW WKH SUHVHQFH RI D JDV JLDQW SODQHW HQKDQFHV WKH SUHVHQFH RI DW OHDVW RQH LQQHU VXSHU�(DUWK�
HLWKHU E\ D GLUHFW SRVLWLYH LPSDFW� RU EHFDXVH WKH FRQGLWLRQV UHVXOWLQJ LQ WKH SUHVHQFH RI DQ
LQQHU VXSHU�(DUWK DUH DOVR IDYRUDEOH IRU WKH SUHVHQFH RI D GLVWDQW JLDQW SODQHW�

2Q WKH RWKHU KDQG� %RQRPR HW DO� ������ UHSRUWHG DW ÀUVW VLJKW FRQWUDGLFWRU\ UHVXOWV ZLWK
WKRVH MXVW PHQWLRQHG� 7KH\ IRXQG WKDW WKHUH LV QR H[FHVV RI JLDQW SODQHWV LQ V\VWHPV KDYLQJ



���� &RQWH[W ���

7DEOH ���� 3UHYLRXV REVHUYDWLRQDO VWXGLHV RQ WKH FRQGLWLRQDO DQG DEVROXWH SUREDELOLWLHV RI WKH SUHV�
HQFH RI LQQHU VXSHU�(DUWKV �6(� DQG RXWHU JLDQW �&-� SODQHWV�

6WXG\ DQG 0HWKRG 6DPSOH 3DUDPHWHU VSDFH 3�&-_6(� 3�&-� 3�6(_&-� 3�6(�
��� ��� ��� ���

=KX 	 :X ������ �� 6(� 1²200⊕� < 400 GD\V
32± 8 10 (D) 90± 20 (∗) 30± 3 (E)

59 DQG 7UDQVLW )*. &-� 0.3²150-XS� 1²7 DX
%DUEDWR HW DO� ������ �� 6(� 10²300⊕� < 150 GD\V

< 1059 )*. &-� 0.2²100-XS� 1²6 DX

%U\DQ HW DO� ������ �� 6(� 1²100⊕� 1²4 5⊕ 34± 7 (†)

6+3
−2

(F) 164+83
−57

(∗,†)

30± 3 (E)
59 DQG 7UDQVLW )*.0 &-� 0.3²130-XS� 3²7 DX 21± 4 (‡) 102+51

−34
(∗,‡)

5RVHQWKDO HW DO� ������ ��� 6(� 2²300⊕� 0.02²1 DX
13+10

−7 7+2
−2 32+24

−16 28+6
−559 )*.0 &-� 0.3²130-XS� 3²7 DX

5RVHQWKDO HW DO� ������ ��� 6(� 2²300⊕� 0.02²1 DX
41+15

−13 18+3
−2 42+17

−13 28+6
−559 )*.0 &-� 300⊕²190-XS� 0.23²10 DX

%RQRPR HW DO� ������ �� 6(� 1²200⊕� 1²4 5⊕� < 100 G 9+8
−3 20+7

−3
(G)

59 )*. &-� 0.3²130-XS� 1²10 DX 12+8
−4

(†)

=KX ������ �� 6(� 1²100⊕� 1²4 5⊕� < 100 G
39+12

−11 ≤ 2059 )*. &-� 0.3²130-XS� 1²10 DX

6FKOHFNHU HW DO� ������ � ��� 6(� 2²200⊕� < 400 GD\V
16± 3 29± 2 34± 6 14± 1%HUQ PRGHOV * &-� 0.3²310-XS� > 400 GD\V

7KH REVHUYDWLRQDO VWXGLHV DUH EDVHG RQ 59 DQG�RU 7UDQVLW GDWD WR VHDUFK IRU WKH RXWHU JLDQW
SODQHWV� 5RVHQWKDO HW DO� ������ LV WKH RQO\ REVHUYDWLRQDO VWXG\� ZKLFK GLUHFWO\ GHULYHG ERWK WKH
FRQGLWLRQDO �3�&-_6(�� 3�6(_&-�� DQG DEVROXWH �3�&-�� 3�6(�� SUREDELOLWLHV� ZLWKRXW XVLQJ WKH %D\HV
WKHRUHP �� RU DEVROXWH SUREDELOLWLHV GHULYHG LQ RWKHU VWXGLHV �D�E�F�G�� 7KH VL]H RI WKH VDPSOH LQGL�
FDWHV WKH QXPEHU RI VWDUV ZLWK FORVH�LQ ORZ�PDVV SODQHWV IRU WKH VWXGLHV RI =KX HW DO� ������� %U\DQ
HW DO� ������� %RQRPR HW DO� ������ DQG =KX ������ EDVHG RQ WKHLU GHÀQLWLRQ� DQG ZLGH�RUELW JLDQW
SODQHWV IRU %DUEDWR HW DO� ������� $V IRU 5RVHQWKDO HW DO� ������� WKH VDPSOH RI 719 VWDUV LV WKH VDPSOH
IRU WKHLU ZKROH 59 EOLQG VXUYH\ �LQ ZKLFK WKH\ IRXQG 43 ORZ�PDVV SODQHWV�� 5HJDUGLQJ 6FKOHFNHU
HW DO� ������� WKLV FRUUHVSRQGV WR WKH QXPEHU RI V\VWHPV WKH\ VLPXODWHG�
�� 7KHVH FRQGLWLRQDO SURSHUWLHV DUH LQIHUUHG E\ XVLQJ WKH %D\HV WKHRUHP� 7KLV FDQ OHDG WR SURED�
ELOLWLHV KLJKHU WKDQ 100��
&RQGLWLRQDO SUREDELOLWLHV ZLWKRXW WKH V\PEROV �†� RU �‡� GR QRW LQFOXGH 59 WUHQGV� �†� RU �‡�� %U\DQ
HW DO� ������ FRPSXWHG FRQGLWLRQDO SUREDELOLWLHV HLWKHU E\ LQFOXGLQJ �†� DOO JLDQW SODQHWV WKDW WKH\ LQ�
IHUUHG IURP WKH 59 WUHQGV �EXW WKDW FRXOG OLH RXWVLGH 3²7 DX�� RU �‡� RQO\ D IUDFWLRQ RI WKHP� %RQRPR
HW DO� ������ GHULYHG LQ RQH FDVH �†� D FRQGLWLRQDO SUREDELOLW\ ZLWK RQH 59 WUHQG WKDW LV FRPSDWLEOH
ZLWK LWV SDUDPHWHU RI VSDFH� EXW WKDW FRXOG DOVR OLH EH\RQG�

�D� &XPPLQJ HW DO� ������� �E� =KX HW DO� ������� �F� :LWWHQP\HU HW DO� �������
�G� :LWWHQP\HU HW DO� �������

VXSHU�(DUWKV� DV WKH\ GHWHUPLQHG WKDW 3�&-_6(� LV HTXDO WR 9+8
−3 �� ZKLFK WKH\ FRPSDUHG WR

3�&-� HTXDO WR 20+7
−3 � EDVHG RQ WKH RFFXUUHQFHV IURP :LWWHQP\HU HW DO� ������� 1RQHWKHOHVV�

ODWHU UHVXOWV IURP =KX ������ LQGLFDWHG WKDW WKRVH IURP %RQRPR HW DO� ������ DUH ELDVHG E\
WKHLU VDPSOH GHVLJQ� +H VKRZHG WKDW %RQRPR HW DO� ������ FRQVLGHUHG PDQ\ VWDUV ZLWK VXE�
VRODU PHWDOOLFLW\ �22/37 = 59��� ZKLFK DUH DQWL�FRUUHODWHG ZLWK WKH SUHVHQFH RI JLDQW SODQHWV
�)LVFKHU HW DO�� ����� 6DQWRV HW DO�� ������ %\ FRQVLGHULQJ RQO\ WKH VWDUV ZLWK VRODU RU VXSHU�
VRODU PHWDOOLFLW\ RI WKHLU VDPSOH �>)H�+@> 0� 17 VWDUV�� =KX ������ IRXQG WKDW WKHUH LV LQGHHG
D SRVLWLYH FRUUHODWLRQ� 3�&-_6(�  39+12

−11�� ZKLOH 3�&-� ≤ 20��
1HYHUWKHOHVV� , WKLQN WKHVH UHVXOWV VKRXOG EH WDNHQ ZLWK VRPH FDXWLRQ� DQG E\ KDYLQJ LQ



��� &KDSWHU �� $UFKLWHFWXUHV RI SODQHWDU\ V\VWHPV KRVWLQJ FORVH�LQ ORZ�PDVV SODQHWV

PLQG VHYHUDO IDFWRUV� )LUVW� =KX ������ DOVR UHPRYHG WKUHH PXOWLSOH V\VWHPV FRUUHVSRQGLQJ
WR VRODU�ULFK VWDUV ZLWK IRXU FORVH�LQ ORZ�PDVV SODQHWV DQG QR JLDQW SODQHWV IURP WKH VDPSOH
RI %RQRPR HW DO� ������� =KX ������ MXVWLÀHG LW WR UHPRYH VRPH ELDVHV IURP WKH +$536�1
FDPSDLJQV WKDW WDUJHWWHG WRR RIWHQPXOWLSOH V\VWHPV� EXW WKLV DOVR JRHV WR WKH SRLQW KHZDQWHG
WR SURYH� WKDW LQQHU ORZ�PDVV SODQHWV DQG RXWHU JLDQW RQHV DUH FRUUHODWHG� 7KLV UHVXOWV LQ D
YHU\ VPDOO VDPSOH RI 17 VWDUV� ,Q DGGLWLRQ� LQ D SUHYLRXV VWXG\� =KX 	 :X ������ IRXQG D
SRVLWLYH FRUUHODWLRQ �3�&-_6(�  32± 8� YHUVXV 3�&-�∼ 10�� ZLWK D VDPSOH LQFOXGLQJ ERWK
PHWDO�SRRU �12/31 = 39�� DQG PHWDO�ULFK �19/31 = 61�� VWDUV� :KHQ =KX 	 :X ������
UHVWULFWHG WKH VDPSOH RQO\ WRZDUGV WKH PRUH PHWDO�ULFK VWDUV �>)H�+@> 0.1�� DQG LQFUHDVHG
WKH XSSHU OLPLW LQ PLQLPDO PDVV RI D VXSHU�(DUWK IURP 20 0⊕ WR 47 0⊕� ZKLFK UHVXOWHG LQ
D VDPSOH RI 29 VWDUV� =KX 	 :X ������ IRXQG D �YHU\� KLJK FRQGLWLRQDO SUREDELOLW\ 3�&-_6(�
RI DERXW 60�� ZKLOH 3�&-� ZDV HVWLPDWHG WR DERXW 20�� 7KLV VHHPV VLJQLÀFDQWO\ KLJKHU
WKDQ WKH FRQGLWLRQDO SUREDELOLW\ 3�&-_6(� WKDW =KX ������ GHULYHG IRU WKH VDPSOH RI %RQRPR
HW DO� ������� WKRXJK QR XQFHUWDLQWLHV ZHUH JLYHQ� 3HUKDSV WKLV PLJKW EH H[SODLQHG E\ VPDOO
VDPSOH VWDWLVWLFV DQG VPDOO FKDQJHV LQ WKH SUREHG SDUDPHWHU RI VSDFH �LQ SODQHW PDVV DQG
VWHOODU PHWDOOLFLW\��

/DVW EXW QRW OHDVW� LW LV LQWHUHVWLQJ WR UHSRUW WKDW UHVXOWV EDVHG RQ SODQHW SRSXODWLRQPRGHOV
GR QRW UHSRUW D FRUUHODWLRQ EHWZHHQ WKH SUHVHQFH RI FORVH�LQ ORZ�PDVV SODQHWV� DQG RXWHU JLDQW
RQHV DW 1σ �6FKOHFNHU HW DO�� ������ %\ FRQVLGHULQJ RQO\ PHWDO�ULFK VWDUV �>)H�+@> 0.2�� WKH\
HYHQ IRXQG DQ DQWL�FRUUHODWLRQ� ZLWK 3�&-_6(�  24±7� DQG 3�&-�  42±5�� FRQWUDGLFWRU\
ZLWK UHVXOWV IURP =KX 	 :X ������ DQG =KX ������� $V D PDWWHU RI IDFW� 6FKOHFNHU HW DO�
������ UDWKHU HPSKDVL]HG D FRUUHODWLRQ UHJDUGLQJ WKH FRPSRVLWLRQ RI DQ LQQHU VXSHU�(DUWK
SODQHW ZLWK UHVSHFW WR WKH SUHVHQFH RI DQ RXWHU JLDQW SODQHW� 7KH\ IRXQG WKDW VKRUW�SHULRG
VXSHU�(DUWKV DUH GULHU ZKHQ WKHUH LV DQ RXWHU JLDQW SODQHW� DQG LFLHU ZKHQ WKHUH LV QRW�

&RQYHUVHO\� WKHVH VWXGLHV DOVR LQYHVWLJDWHG WKH SUHVHQFH RI D FORVH�LQ VXSHU�(DUWK GHSHQG�
LQJ RQ WKH SUHVHQFH RI D GLVWDQW JLDQW SODQHW� $W WKH EHJLQQLQJ� WKLV FRQGLWLRQDO SUREDELOLW\�
QRWHG 3�6(_&-�� ZDV LQIHUUHG E\ XVLQJ WKH %D\HVLDQ WKHRUHP� =KX 	 :X ������ DQG %U\DQ
HW DO� ������ UHSRUWHG WKDW DOPRVW DOO V\VWHPV KRVWLQJ FROG -XSLWHUV VKRXOG DOVR KRVW VXSHU�
(DUWKV�

7KLV ZDV ODWHU GHQLHG E\ UHVXOWV IURP 5RVHQWKDO HW DO� ������� ZKR GLUHFWO\ GHULYHG IRU WKH
ÀUVW WLPH WKH SUHVHQFH RI VXSHU�(DUWKZKHQ WKHUH DUH FROG -XSLWHUV� ÀQGLQJ3�6(_&-�  32+24

−16�
RU 3�6(_&-�  42+17

−13�� GHSHQGLQJ RQ WKHLU GHÀQLWLRQ RI D FROG -XSLWHU� 7R VRPH H[WHQW� WKLV
LV DOVR FRQWUDGLFWRU\ ZLWK WKH UHVXOWV IURP %DUEDWR HW DO� ������� ZKR IRXQG 3�6(_&-�≤ 10��
HYHQ WKRXJK WKH\ ODWHU SRLQWHG RXW LQ %DUEDWR HW DO� ������ WKLV FRXOG KDYH EHHQ WRR XQGHUHV�
WLPDWHG�

$OO LQ DOO� , KRSH WKLV VHFWLRQ KDV VKRZQ WKDW LW LV QRW VWUDLJWKIRUZDUG WR GHULYH WKH FRU�
UHODWLRQ EHWZHHQ WKH SUHVHQFH RI VKRUW�SHULRG� ORZ�PDVV SODQHWV DQG GLVWDQW� JLDQW SODQHWV�
:KHQ ZH FRQVLGHUHG ERWK REVHUYDWLRQDO DQG QXPHULFDO VWXGLHV� WKHUH LV QRW \HW D FOHDU FRQ�
VHQVXV LQ WKH OLWHUDWXUH� 2QH VWURQJ IDFWRU OLPLWLQJ WKH REVHUYDWLRQDO VWXGLHV DUH WKH VPDOO�VL]H
VDPSOH RI V\VWHPV KRVWLQJ FORVH�LQ� ORZ�PDVV SODQHWV DQG�RU GLVWDQW JLDQW SODQHWV� 7KLV DOVR
PDNHV LW GLIÀFXOW WR FRPSDUH FRQVLVWHQWO\ WKHLU UHVXOWV E\ XVLQJ WKH VDPH SDUDPHWHU VSDFH
�LQ WHUPV RI PDVV� SHULRGV� PHWDOOLFLW\ RI WKH KRVW VWDU� VWHOODU PDVV����� 6WURQJ OLPLWDWLRQV
DOVR FRQFHUQ WKH GHWHUPLQDWLRQ RI ZLGH�RUELW FRPSDQLRQV EDVHG RQ UDGLDO YHORFLW\ PHDVXUH�
PHQWV� 7KH VHPL�PDMRU D[LV GHULYHG IRU ORQJ�SHULRG FRPSDQLRQV EDVHG RQ UDGLDO�YHORFLW\
PHWKRG RQO\ FRXOG EH VLJQLÀFDQWO\ GLIIHUHQW �HYHQ RI 2σ� WR WKH RQHV HVWLPDWHG ZLWK DGGL�
WLRQDO FRQVWUDLQWV VXFK DV DEVROXWH DVWURPHWU\ �VHH )LJ� � IURP 3KLOLSRW HW DO�� ������ %H\RQG
5²8 DX� GHULYLQJ GHPRJUDSKLFV EDVHG RQ 59 PHDVXUHPHQWV RQO\ LV QRW VHFXUHG DFFRUGLQJ WR
/DJUDQJH HW DO� �������

7KH XVH RI WKH QDPHV RI VXSHU�(DUWKV DQG FROG -XSLWHUV FDQ EH VRPHZKDW PLVOHDGLQJ�
EHFDXVH WKH SODQHWV GHVLJQDWHG E\ WKHVH QDPHV FDQ EH YHU\ GLIIHUHQW IURP ZKDW RQH PLJKW



���� 0\ ZRUN ���

WKLQN DW ÀUVW JODQFH� 5HODWHG WR WKLV� DQG WR FRQFOXGH ZLWK D ODVW H[DPSOH� =KX 	 :X ������
KLJKOLJKWHG WKDW 6RODU 6\VWHP DQDORJV VKRXOG EH YHU\ UDUH� DERXW 1�ZKHQ FRQVLGHULQJ VLQ�
JOH 6XQ�OLNH VWDUV� 7KLV LV EHFDXVH WKHUH LV D FROG -XSLWHU EXW QR VKRUW�SHULRG VXSHU�(DUWK LQ
RXU 6RODU 6\VWHP� +RZHYHU� EDVHG RQ WKHLU GHÀQLWLRQ RI D VXSHU�(DUWK �D PDVV EHWZHHQ 1
DQG 20 0⊕ DQG DQ RUELWDO SHULRG RI OHVV WKDQ 400 GD\V�� WKH (DUWK FRXOG EH FRQVLGHUHG DV D
VXSHU�(DUWK� DQG VR RXU 6RODU 6\VWHP ZRXOG KRVW RQH�

7R P\ PLQG� RQH RI WKH PDLQ FDYHDWV ZKHQ VSHDNLQJ DERXW VXSHU�(DUWKV� LV WKHLU GHÀ�
QLWLRQ� 7KH XSSHU OLPLW RI D VXSHU�(DUWK FRXOG EH VHW E\ D WKUHVKROG LQ GHQVLW\� VHSDUDWLQJ
URFN\�ULFK WR JDV�ULFK SODQHWV� RU WKH )XOWRQ UDGLXV �URXJKO\ 1.7 5⊕�� WKDW FRUUHVSRQGV WR WKH
SKRWR�HYDSRUDWLRQ YDOOH\ ZKLFK GLYLGHV VXSHU�(DUWKV DQG PLQL�1HSWXQHV� +RZHYHU� WKH
ORZHU OLPLW RI D VXSHU�(DUWK� HLWKHU LQ PDVV RU UDGLXV� LV IDU OHVV FOHDU� $ VXSHU�(DUWK VKRXOG
EH ODUJHU �RU PRUH PDVVLYH� WKDQ WKH (DUWK� EXW VXFK GHÀQLWLRQ PLJKW EH WRR VLPSOH� DQG QRW
VDWLVI\LQJ HQRXJK ZKHQ WKLQNLQJ WR LWV SK\VLFDO PRWLYDWLRQ�

'XULQJP\3K�'�� , EURXJKW DQRWKHU SHUVSHFWLYH UHJDUGLQJ WKLV TXHVWLRQ DERXW WKH FRUUHODWLRQ
RI WKH SUHVHQFH RI ERWK VKRUW�SHULRG� ORZ�PDVV SODQHWV �≤ 950⊕�≤ 1 DX�� DQG WKH SUHVHQFH RI
RXWHU� PDVVLYH FRPSDQLRQV �≥ 1 DX�≥ 100-XS�� , VHDUFKHG IRU WKH RXWHU� PDVVLYH FRPSDQLRQV
E\ XVLQJ 9/7�63+(5( GLUHFW LPDJLQJ REVHUYDWLRQV� LQVWHDG RI WKH 59 RU WUDQVLW PHWKRGV� LQ
D VDPSOH RI FORVH�LQ ORZ�PDVV SODQHWV DOUHDG\ GLVFRYHUHG YLD 59 FDPSDLJQV �VHH )LJ� � IURP
WKH SDSHU DGGHG LQ 6HFWLRQ �������� &RQWUDU\ WR WUDQVLW RU 59 PHWKRGV� GLUHFW LPDJLQJ FDQ
GHWHFW SODQHWV XS WR WKH ÀHOG RI YLHZ RI WKH LQVWUXPHQW �H�J�� ≤ 5µ� FRUUHVSRQGLQJ WR ≤ 50 DX
DW 10 SF�� 7KLV LV PXFK IXUWKHU DZD\ WKDQ 59 RU WUDQVLW PHWKRGV �≤ 10 DX DQG ≤ 1 DX�
UHVSHFWLYHO\��

, ZRUN RQ D VDPSOH RI 27 VWDUV� ZLWK VSHFWUDO W\SH VSDQQLQJ IURP *. VWDUV �12/27� WR 0
VWDUV �15/27�� ZLWK D VWHOODU PDVV IURP 0.94 WR 0.31 0! �VHH )LJ� ��� $OO VWDUV DUH VXVSHFWHG
WR KRVW ORZ�PDVV SODQHWV DW WKH WLPH RI WKH VDPSOH GHÀQLWLRQ� ,Q WRWDO� WKLV VDPSOH KRVWV
44 FRQÀUPHG DQG 72 XQFRQÀUPHG ORZ�PDVV H[RSODQHWV� ZKLFK FRXOG EH LGHQWLÀHG DV VXSHU�
(DUWKV RU VXE�6DWXUQV EDVHG RQ WKHLU PDVV �VHH 7DEOH � DQG 7DEOH �� )LJ� ��� $ IHZ RI WKH VWDUV
DOVR KDYH D GHEULV GLVN� RU FRXOG EH FRQVLGHUHG DV ZLGH ELQDULHV �H[FHSW *- ����� HLWKHU ZLWK
DQRWKHU VWDU RU ZLWK D PDVVLYH �20²750-XS� EURZQ GZDUI �VHH 7DEOH � DQG )LJ� ���

7KLV SURMHFW� EDVHG RQ 47 VLPXOWDQHRXV REVHUYDWLRQV RI 9/7�63+(5(�,5',6 DQG
9/7�63+(5(�,)6� ZDV D ORQJ�UXQ SURMHFW� ZKLFK VWDUWHG LQ ���� DQG ÀQLVKHG LQ ���� ZLWK
WKH SXEOLFDWLRQ RI P\ SDSHU� 'HVJUDQJH HW DO� ������� 7KH LGHD DW WKH RULJLQ RI WKLV SURMHFW
JUHZ RXW RI LQWHUDFWLRQV EHWZHHQ REVHUYHUV LQ &KLOH IDPLOLDU ZLWK 63+(5( �/XFD 0DWUj DQG
-XOLHQ 0LOOL� DQG WKHRULVWV LQ WKH 8QLWHG .LQJGRP� ZKR ZLVKHG WR WHVW SODQHW IRUPDWLRQ DQG
PLJUDWLRQ PRGHOV �0DUN :\DWW HW *UDQW .HQQHG\��

,Q ����� WKH VDPSOH ZDV GHVLJQHG DQG WKH ÀUVW (62 9/7�63+(5( SURSRVDO VXEPLWWHG�
7KH ÀUVW REVHUYDWLRQV ZHUH DFTXLUHG LQ $SULO ����� ZKLOH WKH ODVW RQHV LQ -XO\ ����� 2Q P\
VLGH� , VWDUWHG WR ZRUN RQ WKLV SURMHFW LQ 0DUFK ����� GXULQJ P\ LQWHUQVKLS ZLWK -XOLHQ DQG
*DsO EHIRUH VWDUWLQJ RIÀFLDOO\ P\ 3K�'� ZLWK WKHP DQG 7KRPDV LQ 2FWREHU ����� , MXPSHG
LQ WKH SURMHFW DW D VWDJH ZKHUH PRVW RI WKH GDWD ZHUH DOUHDG\ DFTXLUHG� EXW , GLG ZULWH WKH
ODVW SURSRVDO RQ *- ���� IRU ZKLFK , IRXQG D YHU\ SURPLVLQJ LPDJHG H[RSODQHW FDQGLGDWH �VHH
)LJ� ��� 7KH SURSRVDO ZDV JUDQWHG �3URJUDP ,' ������)�� 3,� 'HVJUDQJH�� DQG WKH REVHUYD�
WLRQV ZHUH DFTXLUHG LQ -XQH DQG -XO\ �����

�$OO WKH UHIHUHQFHV WR )LJXUHV DQG 7DEOHV LQ WKH 6HFWLRQV ����������� DQG ����� FRQFHUQ )LJXUHV DQG 7DEOHV IURP
WKH SDSHU 'HVJUDQJH HW DO� ������� ZKLFK LV DGGHG LQ 6HFWLRQ ������



��� &KDSWHU �� $UFKLWHFWXUHV RI SODQHWDU\ V\VWHPV KRVWLQJ FORVH�LQ ORZ�PDVV SODQHWV

7R IDPLOLDUL]H P\VHOI ZLWK HDFK SODQHWDU\ V\VWHP RI WKH VDPSOH� , FDUULHG RXW D VLJQLÀFDQW
LQYHVWLJDWLRQ RI ZKDW KDV EHHQ GRQH LQ WKH OLWHUDWXUH IRU HDFK V\VWHP� , VXPPDUL]HG LW LQ
WKH $SSHQGL[ $ RI WKH SDSHU� :KLOH VRPH V\VWHPV KDYH RQO\ D KDQGIXO RI SHHU�UHYLHZHG
SXEOLFDWLRQV� RWKHUV �H�J�� *- ���� *- ���� +' ������ DQG +' ������ KDG PRUH WKDQ 30 SHHU�
UHYLHZHG SXEOLFDWLRQV�� $OWKRXJK LW ZDV WR VRPH H[WHQW UHSHWLWLYH� FDUHIXOO\ FKHFNLQJ WKH
OLWHUDWXUH IRU HDFK V\VWHPZDV DPDQGDWRU\ VWHS WRP\PLQG� ,Q SDUWLFXODU� WR DVVHVVZKDWZDV
WKH VWDWXV RI WKH H[RSODQHWV UHSRUWHG VR IDU �FRQÀUPHG RU XQFRQÀUPHG�� EXW DOVR WR VDYH LQ D
WDEOH WKH LQIRUPDWLRQ UHJDUGLQJ WKH SURSHUWLHV RI HDFK SODQHW �H�J�� PDVV� RUELWDO SURSHUWLHV�
GLVFRYHU\ SDSHU� WKH PRVW UHOHYDQW FKDUDFWHUL]DWLRQ SDSHU IRU ZKLFK , WRRN IURP WKH YDOXHV
RI WKH SK\VLFDO SURSHUWLHV�� 7KLV UHVHDUFK DOVR WULJJHUHG GLVFXVVLRQV ZLWK RWKHU UHVHDUFKHUV
DW ,3$*� H[SHUWV LQ WKH UDGLDO YHORFLW\ PHWKRG DQG�RU VWHOODU DFWLYLW\ �;DYLHU %RQÀOV� ;DYLHU
'HOIRVVH DQG /XFLOH 0LJQRQ� 1DGqJH 0HXQLHU�� %DVHG RQ WKLV ZRUN� , UHDOL]HG WKDW VRPH
RI WKH V\VWHPV ZKLFK ZHUH UHSRUWHG WR KRVW VKRUW�SHULRG� ORZ�PDVV SODQHWV LQ ����� PD\
DFWXDOO\ QRW� RZLQJ WR PRUH UHFHQW UHVXOWV� )RU LQVWDQFH� *- ��� F� *- ��� E DQG F ZHUH UHIXWHG
E\ *RUULQL HW DO� ������ DQG )HQJ HW DO� ������ DQG DWWULEXWHG WR VWHOODU DFWLYLW\�

2QH RI WKH PDLQ WLPH�FRQVXPLQJ WDVN ZDV WR SURFHVV DOO WKH GDWD DQG LGHQWLI\ RI WKH SRLQW�
VRXUFHV WKDW FRXOG EH ERXQG FRPSDQLRQ FDQGLGDWHV� , SURFHVVHG P\VHOI WKH ,5',6 DQG ,)6
REVHUYDWLRQV �LQ WRWDO� 2 × 47 GDWDVHWV� ZLWK WKH SLSHOLQH $1'520('$ �)LJ� (�� DQG (��� �
DQG WKH +&�'& SURFHVVHG WKHP ZLWK WKH 6SH&DO SLSHOLQH� LQFOXGLQJ F$', �)LJ� (���� 7/2&,
�)LJ� (���� 3&$ $6', �)LJ� (���� DQG Q$', DOJRULWKPV� )LJXUH � VKRZV WKH SHUIRUPDQFH LQ
FRQWUDVW RI WKH GLIIHUHQW SURFHVVLQJ IRU DOO WKH ,5',6 DQG ,)6 REVHUYDWLRQV RI WKH VXUYH\�

7KHQ� WKH FRPSDQLRQ FDQGLGDWHV ZHUH LGHQWLÀHG E\ WZR PHWKRGV� EDVHG RQ HLWKHU $1�
'520('$ RU 6SH&DO� 5HJDUGLQJ $1'520('$� , LGHQWLÀHG DOO WKH FRPSDQLRQ FDQGL�
GDWHV� ZKLOH IRU 6SH&DO RQO\ IRU VRPH REVHUYDWLRQV� DV -XOLHQ DQG KLV SUHYLRXV 0DVWHU LQWHUQ�
$QQD /XDVKYLOL� DOUHDG\ GLG WKLV IRU PRVW RI WKH REVHUYDWLRQV� 5HJDUGLQJ 6SH&DO� DOO WKH FDQ�
GLGDWHV PXVW EH LGHQWLÀHG E\ KDQG� ,Q WRWDO� WKLV DPRXQWV WR 366 FDQGLGDWHV LQ WKH ,5',6
REVHUYDWLRQV� DQG D KDQGIXO LQ WKH ,)6 GDWD�

$V IRU $1'520('$� HYHQ WKRXJK WKH SLSHOLQH LGHQWLÀHV E\ LWVHOI SRLQW�VRXUFHV ZLWK
KLJK HQRXJK 6�1� WKLV DOVR FRQVLGHUV DV SRWHQWLDO FRPSDQLRQ FDQGLGDWHV RWKHU EULJKW IHD�
WXUHV WKDW DUH FORVH WR WKH LQQHU ZRUNLQJ DQJOH RI WKH FRURQDJUDSK� VHFRQGDU\ OREHV RI WKH
PDLQ FDQGLGDWH� RU FDXVHG E\ SURFHVVLQJ HIIHFWV� $1'520('$ KDV YDULRXV ÁDJV WR SLQ�
SRLQW WKH UHOHYDQW FDQGLGDWHV� EXW LQ VSLWH RI WKLV� LW GRHV VWLOO FRQVLGHU VRPH WKDW VKRXOG QRW
EH FRPSDQLRQ FDQGLGDWHV� 7KHUHE\� , YLVXDOO\ FKHFNHG DOO WKH $1'520('$ FDQGLGDWHV WR
NHHS RQO\ UHOHYDQW RQHV� 7KLV UHVXOWV LQ D ÀQDO QXPEHU RI 232 UHOHYDQW FRPSDQLRQ FDQGLGDWHV
LQ WKH ,5',6 GDWD DQG D KDQGIXO LQ WKH ,)6 GDWD�

,Q $SSHQGL[ )� , FRPSDUHG WKH UHVXOWV RI WKH LGHQWLÀFDWLRQ RI FRPSDQLRQ FDQGLGDWHV EH�
WZHHQ $1'520('$ DQG 6SH&DO� DV D IXQFWLRQ RI WKH VHSDUDWLRQ� $1'520('$ GHWHFWV
PRUH FDQGLGDWHV EHORZ 2µ WKDQ 6SH&DO F$',� ZKLFK LV H[SHFWHG �H�J�� &DQWDOORXEH HW DO��
������ , QRWLFHG WKDW WKHUH ZDV D ELDV EHWZHHQ WKH SKRWRPHWU\ GHULYHG E\ $1'520('$
FRPSDUHG WR 6SH&DO FDQGLGDWHV IRU EULJKW FDQGLGDWHV �FRQWUDVW > 10−5 ZLWK UHVSHFW WR WKHLU
KRVW VWDU� LPDJHG LQ WKH +� DQG +� EDQGV� 7KH SKRWRPHWU\ GHULYHG E\ $1'520('$ LV
IDLQWHU XS WR 1.3PDJ WKDQ WKH 6SH&DO RQH �H�J�� )LJ� )���� , LQYHVWLJDWHG WKLV� ZKLFK FRXOG EH
UHODWHG WR VRPH H[WHQW WR WKH KLJK�SDVV ÀOWHULQJ DSSOLHG LQ $1'520('$ EXW QRW LQ 6SH&DO�
QRQHWKHOHVV� IXUWKHU DQDO\VLV LV QHHGHG WR LGHQWLI\ WKH VRXUFH RI WKLV GLVFUHSDQF\�

�, ORRNHG IRU WKHP LQ $'6 E\ D PDNLQJ D VHOHFWLRQ RI SHHU�UHYLHZHG SDSHUV KDYLQJ WKH QDPH RI WKH V\VWHP LQ
WKH DEVWUDFW� VXFK DV� abs:"HD 40307" RU (abs:"GJ 581" OR abs:"Gl 581")� DQG VRPH WLPH LQ WKH IXOO WH[W� LQ
SDUWLFXODU ZKHQ WKHUH ZHUH RQO\ D IHZ SDSHUV�



���� 0\ ZRUN ���

7KLV KDG DQ LPSDFW RQ P\ PHWKRG WR OLVW DOO WKH FDQGLGDWHV RI WKH VXUYH\ DQG WKHLU SURS�
HUWLHV� , GHFLGHG WR XVH WKH $1'520('$ RXWSXWV IRU IDLQW FRPSDQLRQ FDQGLGDWHV �FRQWUDVW
≤ 10−5�� ORFDWHG DW UHODWLYHO\ VPDOO VHSDUDWLRQV �≤ 2µ�� DQG 6SH&DO�F$', LQIRUPDWLRQ RWKHU�
ZLVH �6HFWLRQ �����

, WKHQ FODVVLÀHG WKH VWDWXV RI HDFK FDQGLGDWH� DV HLWKHU D ERXQG FRPSDQLRQ� D EDFNJURXQG VWDU�
DQ LQVWUXPHQWDO DUWLIDFW� RU DPELJXRXV �)LJ� ��� , XVHG WZR FULWHULD� EDVHG RQ WKH SKRWRPHWULF
SURSHUWLHV RI WKH FDQGLGDWHV XVLQJ D FRORU PDJQLWXGH GLDJUDP �&0'�� RU LWV UHODWLYH PRWLRQ
EHWZHHQ WZR HSRFKV �VHH 6HFWLRQ ���� )LJV� �� $��²$����

%\ XVLQJ WKH &0' LQ WKH+� DQG+� EDQGV �RU LQ .� DQG .��� , FRPSDUHG WKH SKRWRPHWULF
SURSHUWLHV RI WKH FRPSDQLRQ FDQGLGDWHV WR WKH HPSLULFDO VHTXHQFH RI NQRZQ EURZQ GZDUIV�
RU WR WKH WKHRUHWLFDO SUHGLFWLRQV EDVHG RQ WKH LVRFKURQHV IURP WKH HYROXWLRQDU\ PRGHOV COND
�%DUDIIH HW DO�� ������ 7KH &0' FULWHULRQ FDQ EH XVHG IRU FDQGLGDWHV GHWHFWHG LQ WZR EDQGV�
+RZHYHU� WKLV LV DQ LQGLFDWLYH DQG QRW DEVROXWH FULWHULRQ� )RU LQVWDQFH� D EULJKW EDFNJURXQG
VWDU �11²14PDJ LQ WKH+� RU .� EDQGV� FRXOGPLPLF D /�W\SH GZDUI� RU D IDLQW RQH �11²14PDJ
LQ .�� FRXOG EH FRQIXVHG ZLWK D 7< GZDUI �)LJ� ���

7KH UHODWLYH PRWLRQ FULWHULRQ LV WKH PRVW FRQFOXVLYH FULWHULRQ� +RZHYHU� LW UHTXLUHV WR
KDYH GHWHFWHG WKH FRPSDQLRQ FDQGLGDWH LQ WZR HSRFKV� ZKLFK ZDV QRW DOZD\V WKH FDVH LQ
RXU REVHUYDWLRQV� 7KLV LPSOLHG WR REWDLQ D VHFRQG HSRFK RI REVHUYDWLRQ� DQG VR VXEPLW D
QHZ SURSRVDO� UHVXOWLQJ DW WKH HQG LQ D UHODWLYHO\ ORQJ SURFHVV� %\ XVLQJ WKH SURSHU DQG SDU�
DOODFWLFPRWLRQ RI WKH KRVW VWDU� , GHWHUPLQHGZKHWKHU WKH FRPSDQLRQ FDQGLGDWHV IROORZHG WKH
H[SHFWHG WUDFN RI D EDFNJURXQG VWDU� RU ZKHWKHU WKH\ ZHUH ORFDWHG DW DERXW WKH VDPH VHSDUD�
WLRQ WKDQ EHIRUH� ZKLFK ZRXOG KDYH VXJJHVWHG WKHUH ZHUH ERXQG WR WKH KRVW VWDU �)LJV� $��²
$���� $V DOO WKH VWDUV IURP RXU VDPSOH DUH YHU\ QHDUE\ �≤ 20 SF�� WKH\ KDYH D KLJK SURSHU
PRWLRQ� IURP D IHZ KXQGUHG WR RQH WKRXVDQG PLOOLDUFVHFRQGV SHU \HDU LQ ULJKW DVFHQVLRQ RU
LQ GHFOLQDWLRQ�

$V HYHQWXDOO\ , GLG QRW GHWHFW QHZ UREXVW FRPSDQLRQV� , ZDV RQO\ DEOH WR VHW FRQVWUDLQWV RQ
WKH DUFKLWHFWXUHV RI WKH SODQHWDU\ V\VWHPV� , ÀUVW XVHG WKH MESS2 WRRO �6HFWLRQ ����� DV IRU
+'����� �VHH &KDSWHU ��� E\ FRPELQLQJ WKH GLUHFW LPDJLQJ REVHUYDWLRQV DQG UDGLDO YHORF�
LWLHV PHDVXUHPHQWV� )RU WKH GLUHFW�LPDJLQJ GDWD� , FRQYHUWHG DOO WKH GHWHFWLRQ OLPLW PDSV
H[SUHVVHG LQ FRQWUDVW WR PDVV� E\ XVLQJ WKH HYROXWLRQDU\ PRGHOV COND� $V IRU 59� , GRZQ�
ORDGHG DOO WKH +$536 GDWD IURP WKH (62 DUFKLYH� DQG SURFHVVHG WKHP� WR UHVXOW IRU HDFK
V\VWHP LQ D WLPH VHULHV �6HFWLRQV ��� DQG ����� )RU HDFK V\VWHP� , XVHG DOWRJHWKHU WKH 63+(5(
GHWHFWLRQ OLPLW PDSV DQG +$536 WLPH VHULHV DV LQSXWV LQ MESS2� , REWDLQ GHWHFWLRQ SUREDELO�
LW\ PDSV� WKDW LOOXVWUDWH ZKDW SODQHW �LQ WHUPV RI VHPL�PDMRU D[LV DQG PDVV� WKH 63+(5( RU
+$536 REVHUYDWLRQV DUH DEOH WR GHWHFW� DQG ZLWK ZKDW SUREDELOLW\�

7KLV ZRUNZDV WKHQ XSGDWHG� DVP\ FROODERUDWRUV DQG , GHFLGHG WR LQFOXGH WKH FRQVWUDLQWV
IURP WKH *DLD DQG+LSSDUFRV GDWD� GHULYHG E\ WKH GaiaPMEX WRRO �.LHIHU HW DO� VXEP��� )ODYLHQ
.LHIHU �#/(6,$� GHULYHG IRU HDFK VWDU WKH*DLD DQG+LSSDUFRV FRQVWUDLQWV EDVHG RQ WKH 3URSHU
0RWLRQ DQRPDO\ DQG H[FHVV QRLVH� +LV ZRUN KLQWHG IRU WKH SUHVHQFH RI FRPSDQLRQV DURXQG
*- ��� DQG *- ���� ERWK FRQVLVWHQW ZLWK WKH SUHVHQFH RI WKH NQRZQ FRPSDQLRQV *- ��� % DQG
*- ��� E� 8QIRUWXQDWHO\� KH GLG QRW ÀQG KLQWV RI QHZ FRPSDQLRQV DURXQG RWKHU VWDUV LQ RXU
VDPSOH�

7KH GHYHORSPHQW RI GaiaPMEX OHG WR WKH GHYHORSPHQW RI D QHZ YHUVLRQ RI WKH MESS WRRO�
FDOOHG MESS3� WKDW WDNHV LQWR DFFRXQW WKH GLUHFW LPDJLQJ� UDGLDO YHORFLW\ DQG DVWURPHWU\ GDWD�

�DYDLODEOH KHUH https://cass.ucsd.edu/~ajb/browndwarfs/spexprism/index.html

https://cass.ucsd.edu/~ajb/browndwarfs/spexprism/index.html
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7KLV WRRO� VWLOO SULYDWH� ZDV XVHG E\ $QQH�0DULH /DJUDQJH �#/(6,$� DQG 3DVFDO 5XELQL WR
GHULYH GHWHFWLRQ SUREDELOLW\ PDSV� EDVHG RQ WKH 63+(5(� +$536� *DLD DQG +LSSDUFRV GDWD�
7KHUH DUH VKRZQ LQ )LJ� �� IRU HDFK V\VWHP� , DOVR VKRZHG WKH FRQVWUDLQWV IURP 63+(5( RE�
VHUYDWLRQV RQO\ IRU HDFK V\VWHP LQ )LJ� +��� ,Q DGGLWLRQ� , FRPSDUHG WKH GHWHFWLRQ SUREDELOLW\
SHUIRUPDQFH RI HDFK GHWHFWLRQ PHWKRG LQ )LJ� +��� IRU 0 DQG *. VWDUV UHVSHFWLYHO\�

)XUWKHUPRUH� , FRPSDUHG P\ UHVXOWV ZLWK REVHUYDWLRQDO DQG WKHRUHWLFDO VWXGLHV �6HFWLRQ
����� ,Q SDUWLFXODU� , FRPSDUHG WKH GHWHFWLRQ SUREDELOLWLHV IURP RXU GLUHFW LPDJLQJ REVHU�
YDWLRQV ZLWK SODQHWDU\ SRSXODWLRQ PRGHOV IURP %XUQ HW DO� ������� *LYHQ WKH 63+(5( VHQ�
VLWLYLW\� , VKRZHG WKDW WKH QRQ�GHWHFWLRQ RI D GLVWDQW PDVVLYH JLDQW SODQHW LQ RXU 63+(5(
REVHUYDWLRQV DUH FRQVLVWHQW ZLWK WKHRUHWLFDO SUHGLFWLRQV� /DVW� , OHG D GLVFXVVLRQ RQ ZKLFK
V\VWHPV IURP RXU VDPSOH ZRXOG EH WKH PRUH OLNHO\ WR KRVW JDV JLDQW SODQHWV EDVHG RQ WKH
FRQVWUDLQWV RI WKH GHEULV GLVN DQG WKH LPSDFW RI WKH VWHOODU GXSOLFLW\ RU PXOWLSOLFLW\ �ZKHQ
UHOHYDQW�� WKH VWHOODU PHWDOOLFLW\ DQG PDVV� DQG WKH LQÁXHQFH RI WKH SODQHW PXOWLSOLFLW\ DQG
HFFHQWULFLW\ �6HFWLRQ �����

7KH SXEOLFDWLRQ UHVXOWLQJ IURP WKLV ZRUN LV D VLJQLÀFDQW SDSHU RI 46 SDJHV� +RZHYHU� WKH
PDLQ WH[W FRUUHVSRQGV RQO\ WR 19 SDJHV� ,Q WKH $SSHQGLFHV� WKHUH DUH�

� WKH $SSHQGL[ $ �8 SDJHV�� ZKLFK UHSRUWV WKH OLWHUDWXUH RQ HDFK V\VWHP DQG VKRZLQJ
ÀJXUHV ZLWK WKH UHODWLYH PRWLRQ RI FRPSDQLRQ FDQGLGDWHV�

� WKH $SSHQGLFHV % �4 SDJHV� DQG & �2 SDJHV�� LQ ZKLFK 6HUJLR 0HVVLQD �#,1$) &DWDQLD�
GHULYHG KRPRJHQHRXVO\ WKH DJH RI HDFK VWDU DQG 9DOHQWLQD '·2UD]L �#,1$) 5RPD DQG
3DGRYD� WKH PHWDOOLFLW\ RI HDFK *. VWDU�

� WKH $SSHQGLFHV ' �2 SDJHV� DQG ( �5 SDJHV�� LQ ZKLFK WKHUH DUH WKH ORJ RI WKH 2 × 47
GLUHFW LPDJLQJ REVHUYDWLRQV DQG WKH PRVDLFV RI WKH UHGXFHG GDWD�

� WKH $SSHQGL[ ) �1 SDJH�� LQ ZKLFK , FRPSDUHG WKH FRPSDQLRQ FDQGLGDWHV UHWULHYHG E\
WKH WZR SLSHOLQHV $1'520('$ DQG 6SH&DO�

� WKH $SSHQGL[ * �1 SDJH�� SDUDPHWHUV XVHG ZLWK WKH WRRO GaiaPMEX�

� DQG WKH $SSHQGL[ +� ZKLFK FRQWDLQV VRPH DGGLWLRQDO )LJXUHV LOOXVWUDWLQJ WKH SHUIRU�
PDQFH RI GLIIHUHQW GHWHFWLRQPHWKRGV� DQG WKDW FRPSOHWHV WKH )LJ� �� VKRZQ LQ WKHPDLQ
WH[W�
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ABSTRACT

Context. The discovery of planets orbiting at less than 1 au from their host star and less massive than Saturn in various exoplanetary
systems revolutionized our theories of planetary formation. The fundamental question is whether these close-in low-mass planets
could have formed in the inner disk interior to 1 au, or whether they formed further out in the planet-forming disk and migrated inward.
Exploring the role of additional giant planet(s) in these systems may help us to pinpoint their global formation and evolution.
Aims. We searched for additional substellar companions by using direct imaging in systems known to host close-in small planets.
The use of direct imaging complemented by radial velocity and astrometric detection limits enabled us to explore the giant planet and
brown dwarf demographics around these hosts to investigate the potential connection between both populations.
Methods. We carried out a direct imaging survey with SPHERE at VLT to look for outer giant planets and brown dwarf companions in
27 systems hosting close-in low-mass planets discovered by radial velocity. Our sample is composed of very nearby (<20 pc) planetary
systems, orbiting G-, K-, and M-type mature (0.5–10 Gyr) stellar hosts. We performed homogeneous direct imaging data reduction and
analysis to search for and characterize point sources, and derived robust statistical detection limits. The final direct imaging detection
performances were globally considered together with radial velocity and astrometric sensitivity.
Results. Of 337 point-source detections, we do not find any new bound companions. We recovered the emblematic very cool T-type
brown dwarf GJ 229 B. Our typical sensitivities in direct imaging range from 5 to 30 MJup beyond 2 au. The non-detection of massive
companions is consistent with predictions based on models of planet formation by core accretion. Our pilot study opens the way to a
multi-technique approach for the exploration of very nearby exoplanetary systems with future ground-based and space observatories.

Key words. planetary systems – instrumentation: adaptive optics – instrumentation: high angular resolution –
methods: observational

1. Introduction

A striking result of the Kepler mission is the detection of numer-
ous small planets, mini-Neptunes and super-Earths, separated by
the so-called photo-evaporation valley (R ⇠ 1.8 R�, referred

? Based on observations collected at the European Southern Obser-
vatory under ESO programmes 099.C-0255(A) 102.C-0489(A), 103.C-
0484 (A and B), and 109.23F2.

to as the Fulton gap), and orbiting very close to their host
star with a period less than 100 days (Fulton et al. 2017). One
fundamental question of particular interest is related to the cor-
relation between the presence of inner super-Earths and outer
giant planets from observational and theoretical perspectives.

A positive correlation would imply that outer giant planet(s)
could enhance the occurrence of inner low-mass planets, or
that conditions that make the growth of giants possible are also
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favorable for the growth of planets to the inner disk (Chiang &
Laughlin 2013; Schlecker et al. 2021). Close-in planets could
still have formed in the outer parts of the system, inside or
outside the giant planet orbit(s). Secular resonances or Kozai
interactions with outer giants can promote excitation and growth
of inner, low-mass planets to the observable regime (Nagasawa
et al. 2005; Muñoz et al. 2016; Best et al. 2023). If formed farther
out, the lower-mass planets could have been scattered to the inner
part of the system, and then undergone orbital circularization
(Terquem & Papaloizou 2007; Kennedy & Kenyon 2008a).

Conversely, giant planets can be detrimental to the existence
of close-in small planets, since they could halt their migration
from the outer to inner regions (Izidoro et al. 2015; Schlecker
et al. 2021). They could cut off the flow of solids toward the
inner regions (Morbidelli et al. 2016), and/or stir the velocity
distribution of the solids (Mustill & Wyatt 2009). These nega-
tive impacts take place only if the giant planet forms before or at
the same time as the small planet. Finally, formation in the inner
disk of low-mass close-in planets would be independent of the
presence of a distant giant planet if initial conditions between
those regions are uncorrelated (Schlaufman 2014).

Zhu & Wu (2018) and Bryan et al. (2019) looked for giant
planets via the radial velocity (RV) method in samples of 31 and
65 systems, respectively, known to host at least one super-Earth
by radial velocity and/or transit techniques. Both of these stud-
ies found a positive correlation between the presence of inner
super-Earths (SE) and outer massive giant planets called cold
Jupiters (CJ). They derived conditional probabilities of hosting
at least one outer giant planet in systems known to harbor super-
Earth(s), which is mathematically represented by the probability
P(CJ|SE) and compared it to the absolute probability of a system
to host at least one giant planet, noted as P(CJ). These studies
have consistent results because Zhu & Wu (2018) found a con-
ditional probability P(CJ|SE) of 29 ± 18% around Sun-like stars
which is greater than the absolute probability of finding at least
one giant planet, that is, P(CJ) = 10% (Cumming et al. 2008),
whereas Bryan et al. (2019) found P(CJ|SE) = 34 ± 7%. They
compared it to P(CJ) = 7 ± 3% from Wittenmyer et al. (2016)
to be consistent with their definition of cold Jupiter and the
spectral type of the sample of host stars considered, FGKM. In
addition, they both derived, indirectly, the probability of having
super-Earth planets in systems known to host outer giant plan-
ets and found that systems possessing outer giant planets are
very likely to be accompanied by inner super-Earth(s) as well
(P(SE|CJ) = 90±20% from Zhu & Wu 2018). On the other hand,
Barbato et al. (2018) looked for inner super-Earth planets in a
sample of 20 systems known to host distant giant planets and did
not find any. They concluded that the probability of detecting
a super-Earth planet in a system known to host a distant giant
planet is small (P(SE|CJ) < 9.84%). However, this is statistically
not at odds with previous observational studies due to observa-
tional biases, the limited size of the sample (Zhu & Wu 2018;
Barbato et al. 2020), the eccentricity distribution of the giant
planets in those surveys (Bitsch et al. 2020; Bitsch & Izidoro
2023), and the definition of planet categories (i.e., lower and
upper bound in planet mass and semi-major axis to define, e.g.,
a “super-Earth”).

As Zhu & Wu (2018) and Bryan et al. (2019), Rosenthal et al.
(2022) recently concluded based on their large California Legacy
Survey (719 systems) that systems with inner low-mass planets
are more likely to host outer giant ones. In addition, Rosenthal
et al. (2022) derived the conditional probability P(SE|CJ) both
directly via measurement, and indirectly from Bayesian infer-
ence. They found a mismatch of 20–30% between the maximum

of the conditional probability density measured via direct or
indirect measurements. The difference depends on the definition
of an outer giant planet, in particular the range of semi-major
axis and masses (3–7 au and 95–4130 M�, i.e., 0.3–13 MJup, or
0.23–10 au and 30–6000 M�, i.e., 0.09–18.9 MJup).

On the other hand, Bonomo et al. (2023) argued for the
absence of an excess of cold Jupiters in small-planet systems
based on their RV survey on planet-transiting systems. How-
ever, Bitsch & Izidoro (2023) highlighted that the survey from
Bonomo et al. (2023) might have been biased in the first place, as
the eccentricities of their transiting low-mass planets are mainly
low, hinting to the presence of only a few giant planets (see
Sect. 6.2.4). In other ways, Zhu (2023) indicated that the metal-
licity dimension could resolve the discrepancy between Bonomo
et al. (2023) and previous works, stating that the positive correla-
tion of close-in super-Earths and distant cold Jupiters is verified
around metal-rich hosts.

Despite those investigations to name a few, the origin of the
architectures of exoplanetary systems is still an open question.
The link between close-in small mass planets and distant giant
planets, hence the conclusions on their formation and evolution,
depend on the definition of the planet categories (e.g., Rosenthal
et al. 2022; Schlecker et al. 2021), and on observational biases
(e.g., Barbato et al. 2018; Zhu & Wu 2018; Bryan et al. 2019). To
date, observational studies on this correlation mainly used RV
and transit detection methods, which are limited somehow to the
inner regions of exoplanetary systems.

In this paper, we look for outer giant planets or brown dwarfs
with direct imaging in 27 nearby exoplanetary systems known
to harbour close-in (.1 au) low-mass (.95 M�) planet(s) by the
RV detection method. We complement our direct imaging obser-
vations (VLT/SPHERE) with archival data from RVs (HARPS)
and proper motion coupled to the excess noise (Gaia and
HIPPARCOS) to illustrate the global parameter space explored
in these exoplanetary systems. In Sect. 2, we introduce our direct
imaging survey, and the properties of the targeted systems. In
Sect. 3, we present the high-contrast imaging observations and
archival data, while in Sect. 4, we describe the data reduction. In
Sect. 5, we report our observational results, including the directly
imaged point-source detections, and the status of these planetary
or substellar companion candidates based on two criteria: the
color magnitude diagram (CMD), and the proper motion dia-
gram (PMD). We indicate the detection limits for each system
by combining the direct imaging, radial velocity and astrometry
detection methods. In Sect. 6, we discuss our results. We com-
pare our direct-imaging results with previous studies, including
theoretical predictions in Sect. 6.1. In Sect. 6.2, we consider
constraints from intrinsic parameters of the planetary systems
in the presence of additional planets. In Sect. 7, we conclude
on how this survey and in-depth study is particularly relevant to
demonstrate to what extent current observational facilities used
in synergy can challenge the current global vision of planetary
formation.

2. Sample and target properties

We describe here how we selected the systems of our sample,
and their known architectures and properties.

2.1. Sample selection

Our direct imaging survey aims to explore the link between
close-in low-mass planets and outer giant planets, as it could
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Fig. 1. Masses and semi-major axes of the planets in our sample. Min-
imal masses of both confirmed (“conf.”) and unconfirmed (“unconf.”)
planets are shown in orange and gray diamonds, respectively, and abso-
lute masses of the confirmed companions GJ 229 B and in HD 136352
are represented in blue pentagons, in the context of all the exoplanets
known so far from the catalog (http://exoplanet.eu/catalog/).
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Fig. 2. Target properties of our sample: star (circle) markers correspond
to systems without (with) a debris disk discovered. The four small mark-
ers corresponds to the four systems for which only suggested or debatted
low-mass planets exist based on the literature (see Appendix A).

inform us on how the close-in low-mass planets formed. There-
fore, we built a sample of 27 exoplanetary systems suspected
to harbour at least one close-in (.1 au) low-mass (.95 M�,
i.e., sub-Saturn mass, see Fig. 1) planet revealed by various RV
spectrographs (see Table 1), and observable from the southern
hemisphere at the Very Large Telescope (VLT). To maximize the
sensitivity of high-contrast imaging observations, we restricted
the sample to stars within 20 pc. The sample includes stars cov-
ering a relatively broad range of stellar masses, from 0.3 M� to
1 M� corresponding to spectral types from M, K and G types
(see Fig. 2).

The challenge of this survey is to directly image planets
around relatively mature and quiet stars where high-precision
RV monitoring detected low-mass planets. Indeed old systems
(>100 Myr) are rarely observed in direct imaging to search for
planets. With time, giant exoplanets cool down and their emitted
light decreases, making their detection more difficult given cur-
rent XAO planet imager performance. In addition, we note that
RV-based low-mass planets come with a bias, because the pres-
ence of a signal from a giant planet may often lead to a stop of
the observations on this system (see the discussion in Sect. 6.1).

We derived homogeneously the masses for each star in the
sample by following the method from Gaia Collaboration (2023),
see their Appendix E. This uses the magnitude in the G band
from the Gaia Data Release 3, as well as the age and the metal-
licity of the stars homogeneously re-analyzed in the following
sections. This is the first time that the mass of GJ 649 is esti-
mated. As for the other stars of the sample, the masses derived
are consistent with the previous ones published at 1� or 2�when
considering only the Gaia uncertainty, as the uncertainty value
from the literature is not always available.

The detailed target properties (distance, spectral type, stel-
lar host mass and radius, duplicity or multiplicity, number of
planets and presence of a debris disk) are reported in Table 1.
We derived homogeneously the age for each star of our sam-
ple and the metallicity for each GK star. Both methods are
described in Appendices B and C, respectively, and associated
results in Tables B.1 and C.1, and in Figs. B.1 and C.1. We
note that three out of the twelve GK stars from our sample have
super-solar metallicity (HD 102365, HD 154088 and HD 3651),
two consistent with solar-like metallicity (HD 69830, 61 Vir)
and for the fifteen M-stars, no reliable metallicity constraints
(see Appendix C). This could impact our results concerning the
GK-stars, because the presence of giant planets if formed via
core-accretion (Pollack et al. 1996) is correlated with super-solar
metallicity (see e.g., Fischer & Valenti 2003, and our discussion
in Sect. 6.2.2). Stellar metallicity was not a criterion back to
the time of the sample design, already restricted to 27 systems
owing to required visibility from the VLT, presence of suggested
close-in low-mass planets and the very nearby location of the
systems (within 20 pc) to maximize high-contrast imaging sen-
sitivity. Below, we describe the architectures of the systems from
our sample.

2.2. Prior knowledge of the planetary system architectures

We point out that the systems in our sample show a diversity
of architectures, see Fig. 3. Some systems are known to host
a debris disk (61 Vir, GJ 433, GJ 581, GJ 649, HD 20794,
HD 38858 and HD 69830), others to be part of binary (GJ 229,
HD 3651, HD 99492, and HD 102365) or even multiple-star
(GJ 667 C) system. Table 1 gives details on the architecture of
each system in our sample, whereas Table 2 summarizes the
number of systems with a specific architecture. We provide a
review on the state of the art of each system in the Appendix A.

Regarding the planets known in our sample, we note that
some are debated in the literature, and thus we label them as
unconfirmed. In the 27 systems of the survey, four systems have
only unconfirmed low-mass planets, while the 23 other systems
are known to host such confirmed planets (see Fig. 4). We define
in this work low (minimal) mass planets as being less massive
than 95 M� (i.e., sub-Saturn-mass planets). Some of the known
planets in our sample correspond to the so called super-Earth
(rocky) or sub-Neptune planets (with a gaseous envelope). We
consider (e.g., in Tables 1 and 2) as super-Earth a planet with a
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Table 1. Target properties, including both stellar and system properties.

System Distance Spectral type Stellar mass Stellar radius Super-Earth Sub-Saturn Ref. Debris Binary
(pc) (M�) (R�) conf. unconf. conf. unconf. disk system

GJ 163 15.14 M3.5 0.46 ± 0.05 – 2 2 3 2 1, a – –
GJ 176 9.49 M2.5 0.52 ± 0.05 – 1 0 1 1 2, b – –
GJ 180 11.95 M2 0.44 ± 0.05 – 2 1 2 1 3, ac – –
BD-061339 20.31 M0V 0.65 ± 0.05 – 0 1 1 2 4, ad, 5, ad – –
GJ 229 5.76 M2 0.57 ± 0.05 – 2 0 2 0 3, ac – Yes
GJ 422 12.68 M3.5 0.42 ± 0.05 – 1 0 1 0 6, ac – –
GJ 433 9.08 M1.5 0.50 ± 0.05 – 2 0 2 1 7, a Yes –
GJ 581 6.30 M3 0.35 ± 0.05 0.30 ± 0.01 3 3 3 3 8, a Yes –
Wolf 1061 4.31 M3V-M4.5V 0.35 ± 0.05 0.33 ± 0.01 2 1 2 1 9, a – –
GJ 649 10.39 M1.5 0.54 ± 0.05 0.54 ± 0.02 0 1 0 1 10, e Yes –
GJ 667C 7.24 M1.5 0.35 ± 0.05 0.30 ± 0.02 2 5 2 5 11, ade – Yes
GJ 674 4.55 M2.5V 0.40 ± 0.05 – 1 0 1 0 12, a – –
GJ 682 5.01 M3.5 0.31 ± 0.05 – 0 2 0 2 3, ac – –
GJ 832 4.97 M1.5 0.48 ± 0.05 0.50 ± 0.02 0 1 0 1 13, ad f – –
GJ 3998 18.18 M1.5 0.55 ± 0.05 – 2 0 2 0 14, g – –
HD 20794 6.04 G8V 0.79 ± 0.05 – 3 3 3 3 15, a Yes –
HD 3651 11.11 K0V 0.86 ± 0.06 – 0 0 1 0 16, h – Yes
HD 38858 15.21 G2V 0.91 ± 0.06 – 1 0 1 1 17, a Yes –
HD 40307 12.93 K2.5V 0.71 ± 0.05 – 4 2 4 2 18, a – –
HD 69830 12.58 G8 0.88 ± 0.06 0.91 ± 0.02 3 0 3 0 19, a Yes –
HD 85512 11.28 K6V 0.70 ± 0.05 – 1 0 1 0 15, a – –
HD 99492 18.16 K2V 0.84 ± 0.05 – 0 0 1 0 20, e – Yes
HD 102365 9.32 G3V-G5V 0.81 ± 0.05 – 0 1 0 1 21, f – Yes
61 Vir 8.53 G7V 0.92 ± 0.05 – 2 0 2 1 22, f Yes –
HD 136352 14.74 G2V 0.83 ± 0.05 – 3 0 3 0 23, a – –
HD 154088 18.27 K0IV-V 0.94 ± 0.05 – 1 0 1 0 24, a – –
HD 189567 17.93 G2V 0.85 ± 0.05 – 2 0 2 0 24, a – –

Notes. For each system, we indicate the presence of confirmed (“conf.”) or debated (“unconf.”) super-Earth and sub-Saturn mass planets, and if
it is known to host a debris disk (see the references in Appendix A). The system is marked as binary if it is bound to a star or brown dwarf with
a mass &20 MJup (references in Appendix A). We give the references for the first planet discovered (even if the planet was debated afterwards) for
each system in the column “Ref.” and the RV instrument(s) enabling the discovery. We review the literature on the presence of additional planet(s)
and their (un)confirmed status in Appendix A, with corresponding references therein. The stellar masses come from this work. The distances are
taken from the Gaia Early Data Release 3, with distance uncertainties given in Appendix A.
References. Discovery papers: 1 = Bonfils et al. (2013b), 2 = Endl et al. (2008), 3 = Tuomi et al. (2014), 4 = Lo Curto et al. (2013), 5 = Arriagada
et al. (2013), 6 = Feng et al. (2020), 7 = Delfosse et al. (2013), 8 = Bonfils et al. (2005), 9 = Wright et al. (2016), 10 = Johnson et al. (2010b), 11 =
Anglada-Escudé et al. (2012), 12 = Bonfils et al. (2007), 13 = Wittenmyer et al. (2014), 14 = Affer et al. (2016), 15 = Pepe et al. (2011), 16 = Fischer
et al. (2003), 17 = Mayor et al. (2011), 18 = Mayor et al. (2009b), 19 = Lovis et al. (2006), 20 = Marcy et al. (2005), 21 = Tinney et al. (2011), 22 =
Vogt et al. (2010b), 23 = Udry et al. (2019), 24 = Unger et al. (2021). Instruments used for the discovery paper: a = ESO/HARPS, b = Hobby-Eberly
Telescope (HET, Ramsey et al. 1998) with the High-Resolution Spectrograph (HRS, Tull 1998), c = Ultraviolet and Visual Echelle Spectrograph
(UVES, Dekker et al. 2000), d = Magellan Clay telescope Planet Finder Spectrograph (Crane et al. 2006, 2008, 2010), e = Keck Observatory
High-Resolution Echelle spectrometer (HIRES, Vogt et al. 1994), f = Anglo-Australian Telescope (AAT) with the University College London
Echelle Spectrograph (UCLES, Diego et al. 1990), g = Telescopi Nazionale Galileo (TNG) HARPS-N (Cosentino et al. 2012), h = Lick Hamilton
spectrometer (Vogt 1987).

(minimal) mass less than 20 M�, and stress that this definition
differs in studies (e.g., Izidoro et al. 2015; Schlecker et al. 2021;
Mayor et al. 2011; Bryan et al. 2019; Burn et al. 2021).

For a handful of companions in our sample, the absolute
masses are known via transit or astrometry. The transiting plan-
ets are the three known planets in the system HD 136352 (transits
seen with TESS and CHEOPS; Kane et al. 2020; Lovos et al.
2022; Delrez et al. 2021). In particular, the planet HD 136352 b
has a radius of 1.66 ± 0.05 R� (see Appendix A), i.e., close
to the photo-evaporation valley observed at about 1.8 R� for
close-in planets. The photo-evaporation valley is believed to rep-
resent the separation between super-Earth and sub-Neptune-like
planets (Fulton et al. 2017). In addition, by combining RV mea-
surements with the astrometry from Gaia and HIPPARCOS, the

absolute mass of the brown dwarf GJ 229 B was constrained to
71.4 ± 0.6 MJup (Brandt et al. 2021).

3. Observations

We first present the 47 VLT/SPHERE observations from
our survey, then the archival data used (HARPS, Gaia and
HIPPARCOS).

3.1. VLT/SPHERE

Our survey was conducted between 2017 and 2022. The obser-
vations were acquired with the VLT/SPHERE high-contrast
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Fig. 3. Overview of the 27 systems in our sample. The planets are represented in orange if the minimal mass is used to scale the circle radius, in
blue (HD 136352) if the absolute mass is used instead. On the right image, we added the unconfirmed planets in gray. We indicate the expected
locations of the known debris disk(s) with red horizontal rectangles, with two possible structures for 61 Vir and HD 38858, either a single-belt or a
two-belt (darker region only) architecture. For the host star, the color code is the same than in Fig. 2, and the bigger the star marker is, the higher
the stellar mass. The references for each system (star, planet, debris disk and/or binary companion) are indicated in Appendix A.

Table 2. Summary of the characteristics of the systems in our sample.

Planetary systems considered Total Debris Binary
disk system

All the systems 27 7 5
Systems with confirmed sub-Saturn 23 6 4
Systems with confirmed super-Earth 19 6 1

instrument (Beuzit et al. 2019). All first-epoch observations
were obtained with the IRDIFS mode, while additional obser-
vations to confirm the status of the point-source detections were
acquired either with the IRDIFS or IRDIFS-EXT modes. Both
of the modes combine simultaneously the IRDIS (Dohlen et al.
2008) and IFS instruments (Claudi et al. 2008). The IRDIFS

mode uses IRDIS in dual-band imaging (DBI, Vigan et al. 2010)
with the H2H3 filter doublet (�H2 = 1.593 ± 0.055 µm, �H3 =

1.667 ± 0.056 µm), and IFS in the YJ (0.95–1.35µm) spectral
bands, while the IRDIFS-EXT mode operates for IRDIS with the
K1K2 filter (�K1 = 2.103 ± 0.102 µm, �K2 = 2.255 ± 0.109 µm)
and for IFS with the YJH (0.97–1.66µm) bands. We used the
pupil-tracking mode for each observational sequence. This strat-
egy of observation enables to process the data with the angular
(ADI, Marois et al. 2006) and/or spectral differential imaging
techniques (SDI, Racine et al. 1999; Sparks et al. 2002), with
the combination of ADI and SDI noted ASDI, to achieve higher
contrast at sub-arcsecond separations.

Table D.1 reports the individual setup of the 47 observations,
as well as the observational conditions; those distributions are
shown in Fig. D.1. The seeing (✏) and the atmospheric coher-
ence time parameters (⌧0) were obtained from the Atmospheric
Site Monitor on the platform of the Paranal observatory, whereas
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tem in our sample. In orange is indicated the multiplicity based on the
confirmed planets, while in gray, it is based on both confirmed and
unconfirmed planets. Bins are centered on their corresponding multi-
plicity value, i.e., four systems do not have confirmed low-mass planets
(GJ 649, GJ 682, GJ 832, HD 102365), even though at least one has been
suggested in the literature (see details in Appendix A).

the Strehl ratio (Sr) is measured by the SPHERE eXtreme AO
(SAXO, Petit et al. 2014) real-time computer (SPARTA, Fedrigo
et al. 2006).

Most of the systems were observed once, while a few up to
three or even five times, due to companion candidates or because
the observations were repeated as the observational conditions
degraded, and hence the requirements were not matched.

3.2. Archival data (HARPS, Gaia, and HIPPARCOS)

In synergy with direct imaging observations, we use radial
velocity and astrometric measurements to better constrain the
presence of giant companions.

All the systems of the survey have low-mass planets discov-
ered by radial velocity, and except HD 3651, all the systems of
the survey were observed at least with HARPS. In this work,
we use the RV data to set constraints on the detection limits
in terms of planet mass and location in each system of the sur-
vey. We only use RV data from HARPS to avoid potential biases
between instruments, though we note a possible bias between
before and after the change of fiber in May 2015 (Lo Curto et al.
2013). A more complete analysis using all available RV mea-
surements would be optimal, but this is beyond the scope of this
paper focused on the direct imaging exploration of these mature
systems. We note that in-depth studies exploiting various RV
spectrographs have already been published in the literature on
the systems from our sample, see Appendix A.

In addition, Gaia and HIPPARCOS data measurements exist
for all the targets except GJ 667C. We use both the proper motion
anomaly, (Kervella et al. 2019, 2022) and excess noise (Kiefer
et al., in prep.) to look for the evidence of the presence of a
binary companion, and to set constraints on the presence of
planets for each system. The proper motion anomaly is com-
puted by using long-term proper motion, i.e., the difference
between HIPPARCOS and Gaia measurements (over a baseline
of 2015.5 � 1991.25 = 24.25 yr) and near-instantaneous proper
motions. Regarding the excess noise, this represents the differ-
ence between the dispersion of the estimated Gaia measurements
at the estimated times of observations and the instrumental and
intrinsic Gaia noise (Kiefer et al., in prep). We note that from

the Gaia Data Release 3, none of our targets is classified as a
non-single star, either via astrometry or spectroscopy.

4. Data reduction

In the following sections, we describe the data reduction regard-
ing the high-contrast imaging observations, more briefly the one
for the radial velocity measurements.

4.1. Direct imaging

The SPHERE observations were first pre-processed by the
SPHERE Data Center (Delorme et al. 2017), using the SPHERE
Data Reduction and Handling pipeline (Pavlov et al. 2008). The
pre-processing includes correction for bad pixels, dark current,
flat non-uniformity, the sky background for both IRDIS and IFS,
and for the wavelength and cross-talk between spectral channels
in the calibration for IFS. The centering of the coronagraphic
images is carried out by means of the four satellite spots which
determine the precise position of the star behind the corona-
graphic mask. The astrometry of both IRDIS and IFS on sky
is calibrated with past regular observations of a star crowded
field (47 Tuc) as described in Maire et al. (2016, 2021). It
includes measurements of the detector plate scale, true north and
distortion.

Second, we independently applied on all the observa-
tions two post-processing pipelines named ANDROMEDA
(Cantalloube et al. 2015) and SpeCal (Galicher et al. 2018) to
remove the starlight residuals in the coronagraphic images via
the ADI or ASDI techniques, and to reveal putative planetary
companions. ANDROMEDA is a forward-modelling approach
using the maximum likelihood estimator (Mugnier et al. 2009).
It performs a simple pair-wise subtraction before tracking for the
specific planetary signature that appears after the subtraction.
Jointly for all pair of subtracted images, it fits the flux and posi-
tion of each planetary signature. The SpeCal pipeline includes a
set of different baseline algorithms such as classical ADI (cADI,
Marois et al. 2006), locally optimized combination of images
(LOCI/TLOCI, Lafrenière et al. 2007) and principal component
analysis (PCA, Amara & Quanz 2012; Soummer et al. 2012).

The detection limits of the different post-processing tech-
niques are shown in Fig. 5. Regarding IRDIS observations,
ANDROMEDA-ASDI and ADI perform better than SpeCal-
cADI and SpeCal-TLOCI-ADI at close separations, while for
IFS data, SpeCal-PCA-ASDI (Mesa et al. 2015) performs better
than ANDROMEDA-ASDI or ADI. For the sake of complete-
ness, we show the IRDIS and IFS reduced images in terms
of contrast relative to the host star in Figs. E.1, E.2 and E.4,
for the mentioned SpeCal algorithms, and in Figs. E.3 and E.5
the signal-to-noise ratio (S/N) maps for ANDROMEDA-ADI,
respectively.

Companion candidates are identified based on the follow-
ing methodology: detection of close (.200) and faint (.10�5)
point-like sources are estimated from the more sophisticated
processing ANDROMEDA (both ADI and ASDI versions),
whereas easier point-source detections (farther out or brighter)
are considered from the baseline processing cADI. A compar-
ison between ANDROMEDA and cADI detections is shown
in Fig. F.1, with a few additional point-source detections in
ANDROMEDA reduced images.

4.2. Radial velocities

The HARPS RV data were processed following the ESO pipeline
to obtain time series of the RV signals and uncertainties. The
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Fig. 5. Sensitivity of our observations in terms of contrast with respect to the host star for the whole survey. Top panels: detection limits from
SPHERE-IRDIS in the H23 (on the left) and K12 (on the right) bands for ANDROMEDA-ADI, ANDROMEDA-ASDI, SpeCal-TLOCI ADI and
SpeCal-cADI post-processing. Bottom panels: detection limits from SPHERE-IFS in YJ (on the left) and in YJH (on the right) for ANDROMEDA-
ASDI and SpeCal-PCA-ASDI reductions. The detection limits are given as a function of the separation to the star, also expressed as semi-major
axis for systems located at 5 pc, following semi-major axis (au) = separation (00) ⇥ distance (pc).

RV measurements were mainly used to estimate the RV detec-
tion limits described in Sect. 5.4. By using the DACE tool
(Buchschacher et al. 2015), we removed from the time series the
Keplerian signal associated with the planets already discovered
and confirmed by RV based on the literature values, except for
GJ 649 and GJ 3998 as only a limited number of HARPS mea-
surements are available. This step enables to remove the impact
of known confirmed planets on determination of the detection
limits.

The change of fiber in HARPS in May 2015 may cause some
differences in the RV signal measured between before and after
the operation (Lo Curto et al. 2015). This can result in an off-
set between both measurements of about 20–50 m s�1. We added

the offset as a free parameter when relevant. If only a negligi-
ble number of measurements have been acquired after the fiber
operation, we did not consider them in our RV time series.

5. Results

We describe the classification of our detections of giant planet
or brown dwarf candidates in Sect. 5.1. In Sect. 5.2, we report
the bound and ambiguous point-source detections, and the ones
likely caused by instrumental artifacts. In Sect. 5.3, we derive
constraints on the potential companions consistent with mea-
surements from Gaia and HIPPARCOS for each system of our
sample. Last in Sect. 5.4, we derive the probability of detection
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Table 3. Overview of the SPHERE-IRDIS and SPHERE-IFS point-source detections per observation, as well as the status of these detections.

Observation information Detections Status of the detections

(CMD) (PM) (CMD and/or PM)

Target Date Instru. Filter Total Bkg. Promising Bkg. Not re-det. Bkg. Inst. Art. Bound Ambi.

GJ 176 2018-10-08 IRDIS H23 1 1 0 0 0 1 0 0 0
BD-061339 2018-11-24 IRDIS H23 2 2 0 0 0 2 0 0 0
GJ 229 2018-11-27 IRDIS H23 2 1 1 0 0 1 0 1 0
GJ 422 2018-01-28 IRDIS H23 13 12 1 2 11 13 0 0 0
GJ 422 2019-11-25 IRDIS K12 2 1 0 2 0 2 0 0 0
GJ 422 2020-01-18 IRDIS K12 3 2 0 3 0 3 0 0 0
GJ 433 2018-02-02 IRDIS H23 1 1 0 1 0 1 0 0 0
GJ 433 2019-06-08 IRDIS K12 1 0 0 1 0 1 0 0 0
GJ 433 2020-01-20 IRDIS K12 1 0 0 1 0 1 0 0 0
Wolf 1061 2017-07-28 IRDIS H23 1 1 0 0 0 1 0 0 0
GJ 667 2017-06-27 IRDIS H23 142 138 0 0 0 138 0 0 4
GJ 667 2017-06-27 IFS YJ 1 0 0 0 0 0 0 0 1
GJ 674 2017-07-14 IRDIS H23 18 18 0 5 13 18 0 0 0
GJ 674 2021-07-04 IRDIS K12 11 4 0 4 7 6 0 0 5
GJ 674 2021-07-04 IFS YJH 1 0 0 1 0 1 0 0 0
GJ 682 2017-06-23 IRDIS H23 20 19 1 20 0 20 0 0 0
GJ 682 2017-07-20 IRDIS H23 26 24 1 19 7 25 0 0 1
GJ 682 2019-07-05 IRDIS K12 10 6 1 10 0 10 0 0 0
GJ 832 2017-05-27 IFS YJ 1 0 0 0 1 0 1 0 0
GJ 832 2022-07-29 IRDIS H23 1 1 0 0 1 1 0 0 0
GJ 3998 2017-05-14 IRDIS H23 1 1 0 0 0 1 0 0 0
HD 38858 2018-11-23 IRDIS H23 1 1 0 0 0 1 0 0 0
HD 85512 2017-04-01 IRDIS H23 3 3 0 1 2 3 0 0 0
HD 85512 2017-12-30 IRDIS H23 3 3 0 1 2 3 0 0 0
HD 85512 2019-11-25 IRDIS K12 2 1 0 1 1 1 1 0 0
HD 85512 2020-01-03 IRDIS K12 1 1 0 1 0 1 0 0 0
HD 99492 2018-02-03 IRDIS H23 1 1 0 0 0 1 0 0 0
HD 136352 2017-07-14 IRDIS H23 17 17 0 7 10 17 0 0 0
HD 136352 2020-03-16 IRDIS K12 5 1 0 5 0 5 0 0 0
HD 154088 2017-06-21 IRDIS H23 29 27 2 9 20 29 0 0 0
HD 154088 2019-07-22 IRDIS K12 5 1 0 5 0 5 0 0 0
HD 154088 2021-07-04 IRDIS K12 11 1 3 10 1 10 0 0 1

Notes. The observations with non-detections are not listed. More details on the classification of the companion candidates are given in Sects. 5.1
and 5.2. “Bkg.” stands for a background star; “Not re-det.” for not re-detected; “Inst. Art.” for instrumental artifact, “Ambi.” for ambiguous, “CMD”
for Color Magnitude Diagram; “PM” for Proper Motion.

in terms of mass and semi-major axis for each system provid-
ing the detection sensitivities of our VLT/SPHERE high-contrast
imaging observations, the Gaia and HIPPARCOS data, and the
HARPS radial velocity measurements.

5.1. Overview of the direct imaging results

Over 47 SPHERE observations, 337 point sources have been
detected by SpeCal (bright or large-separation companion candi-
dates) and ANDROMEDA (faint and close candidates). Table 3
lists the number of companion candidates for each observation
both for the IRDIS and IFS instruments, as well as their detec-
tion status (background contaminant, companion, instrumental
artifact or ambiguous), also shown in Fig. 6.

We used two independent criteria to find out about the
nature of the companion candidates. The first criterion consists
in extracting the photometry in two bands, H2H3 (or K1K2),
and comparing it with empirical and theoretical predictions on
a CMD, see Fig. 7. The empirical expectation is based on a

sequence of old known brown dwarfs and substellar objects for
different spectral types (symbols). The theoretical predictions
are from the COND evolutionary model (lines, Baraffe et al. 2003).
This model describes the evolution of the internal structure of a
planet with time, and gives constraints on the physical properties
of the planet, such as its luminosity, mass, effective temper-
ature, surface gravity, and radius. The promising point-source
detections are defined as having similar photometric magnitudes
than the empirical sequence of known substellar objects, while
the other detections are likely to be background contaminants.
In particular, one can define the area of background contami-
nants as the one corresponding to faint objects (MH2 & 15 mag)
and without color (H2-H3 . �1 mag). Reciprocally, the brighter
point-source detections or with a significant color are considered
as promising. For promising detections, we asked for additional
epochs in the K12 dualband, such as for the systems GJ 422,
GJ 682, and HD 154088.

The same principle applies for K12 observations, except
some difficulties arise to define a background contaminant zone.
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Fig. 7. Color Magnitude Diagram in the band H23 (left) and K12 (right) for all the point sources detected in the H2 and/or K1 band over the
whole survey. Top panel: the sequence of known giant planets and brown dwarfs of different spectral types is shown (the photometry from MLTY
brown dwarfs is taken from https://cass.ucsd.edu/~ajb/browndwarfs/spexprism/index.html). Bottom panel: isochrones from the
evolutionary models COND (Baraffe et al. 2003) are plotted for different object masses.

Indeed, our direct imaging observations are sensitive to com-
panions with an effective temperature down to 400 K (see Fig. 8)
corresponding to giant planets of TY spectral type. Those objects
are very faint in the K1 band, and some of them with a color K1–
K2 close to zero, hence they could be confused with background
stars (see Fig. 7). In addition, another issue arose, as a dozen
point-source detections are only detected in the K1 band (and not
in the K2 band). On the one hand, this could be interpreted pos-
itively as the K2 band corresponds to methane absorption. Thus,
it may advocate for the presence of an exoplanet with methane in
its atmosphere. On the other hand, if the point-source detection
is faint in the K1 band, the absence of detection in the K2 band
could suggest that the detection is rather an instrumental artifact
than a real object. We note that both the GJ 682 and HD 154088
systems possess promising point-source detections based on the
CMD in the K12 bands, coinciding with the promising detections
in the H23 bands. In summary, we could flag 289 companion
candidates as background contaminants, 10 as promising, and

38 remain as unknown as only detected with the IFS, or in one
of the IRDIS dual band, H2 or K1 (see Fig. 6, top panel).

The second criterion is the relative motion of the point-
source detections with respect to their host stars when comparing
at least two epochs. If a detection is a background star, its
expected location in the second epoch can be derived by know-
ing the proper and parallactic motion of its host star. Conversely,
if a companion candidate is detected at about the same location
relative to the star between two epochs, it suggests it is bound
to the star, by assuming its orbital motion is small. Of the 27
systems of our sample, 11 have been observed at least twice,
either as having promising companion candidates or because the
observational conditions did not satisfy the requirements asked
for. We have 108 point-source detections flagged as background
contaminants based on this absolute criterion, summarized in
Fig. 6. Proper motion diagrams are shown in Figs. A.1–A.7.
For 77 companion candidates, new observations were acquired
at a second epoch, but the companion candidates were not
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Table 4. Relative astrometry and photometry with respect to their host star of the point-source detections in our SPHERE survey labeled as
promising, ambiguous or instrumental artifacts.

Target Epoch Instr.-Filt. ∆↵ ∆� Separation PA Contrast S/N Status ID
(mas) (mas) (mas) (�)

GJ 229 2018-11-27 IRDIS-H2 228 ± 12 �5204 ± 3 5209 ± 12 177.5 ± 0.8 (2.0 ± 0.1) ⇥ 10�4 88 bound –

GJ 667 2017-06-27 IFS-YJ �535 ± 3 �159 ± 3 558 ± 3 253.5 ± 0.3 (3.1 ± 0.4) ⇥ 10�5 7 ambi. 1
GJ 667 2017-06-27 IRDIS-H2 �2526 ± 15 �1437 ± 10 2906 ± 15 240.4 ± 0.2 (8.0 ± 0.1) ⇥ 10�7 13 ambi. 2
GJ 667 2017-06-27 IRDIS-H2 �3462 ± 8 587 ± 8 3511 ± 8 279.6 ± 0.1 (4.3 ± 0.8) ⇥ 10�7 6 ambi. 3
GJ 667 2017-06-27 IRDIS-H2 3760 ± 40 3004 ± 12 4813 ± 40 51.4 ± 0.2 (6.8 ± 1.0) ⇥ 10�7 8 ambi. 4
GJ 667 2017-06-27 IRDIS-H2 5885 ± 8 �424 ± 8 5901 ± 8 94.1 ± 0.1 (1.2 ± 0.2) ⇥ 10�6 7 ambi. 5

GJ 674 2021-07-04 IRDIS-K1 �1550 ± 27 �2677 ± 6 3093 ± 27 210.1 ± 0.2 (9.4 ± 1.7) ⇥ 10�7 6 ambi. 6
GJ 674 2021-07-04 IRDIS-K1 986 ± 10 �5092 ± 10 5187 ± 10 169.0 ± 0.6 (2.4 ± 0.2) ⇥ 10�6 12 ambi. 7
GJ 674 2021-07-04 IRDIS-K1 �2382 ± 9 �2825 ± 9 3695 ± 9 220.1 ± 0.2 (2.6 ± 0.3) ⇥ 10�6 12 ambi. 8
GJ 674 2021-07-04 IRDIS-K1 �3206 ± 11 �4354 ± 11 5407 ± 11 216.4 ± 0.2 (2.6 ± 0.3) ⇥ 10�6 12 ambi. 9
GJ 674 2021-07-04 IRDIS-K1 226 ± 7 �2601 ± 7 2611 ± 7 175 ± 2 (1.6 ± 0.2) ⇥ 10�6 9 ambi. 10

GJ 682 2017-07-20 IRDIS-H2 3571 ± 5 1667 ± 6 3941 ± 5 65.0 ± 0.1 (3.6 ± 0.5) ⇥ 10�7 8 ambi. 11

GJ 832 2017-05-27 IFS-YJ 487 ± 3 194 ± 3 524 ± 3 68.3 ± 0.3 (2.7 ± 0.9) ⇥ 10�6 4 inst. art. –

HD 85512 2019-11-25 IRDIS-K1 911 ± 7 11 ± 4 912 ± 6 89.3 ± 0.2 (4.5 ± 2.2) ⇥ 10�6 6 inst. art. –

HD 154088 2021-07-04 IRDIS-K1 3525 ± 8 �4408 ± 7 5644 ± 8 141.3 ± 0.1 (1.0 ± 0.2) ⇥ 10�6 6 ambi. 12

Notes. More information on the “Status” column is given in Sects. 5.1 and 5.2.
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re-detected at the expected location for a bound object and/or
a stationary background contaminant. For some cases, the pre-
dicted location for a background contaminant was out of the field
of view given the high proper motion of the star (see next sec-
tion). The 152 “unknown” point-source detections correspond to
companion candidates in system observed only once.

In total, we were able to flag 322/337 point-source detections
as background contaminants, with 289 being from the CMD only
and 108 from proper motion. We discuss the other 15 remaining
companion candidates in the following section.

5.2. Substellar companion candidates

Of the 337 point-source detections with SPHERE-IRDIS and
SPHERE-IFS, one is already known as the companion GJ 229 B
(Nakajima et al. 1995), two are identified as instrumental arti-
facts (GJ 832, HD 85512), and the twelve others remain with
an ambiguous nature, as we lack sufficient information to con-
clude definitively. Table 4 lists these 15 point-source detec-
tions, labeled as “bound”, “instrumental artifact” “ambiguous”,
respectively, along with their relative astrometry and contrast
with respect to their host star.

We list below the reasons why ambiguous companion candi-
dates are labeled as such. We note that the ambiguous companion
candidates are all detected in systems with a crowded field of
view (see Table 3).

Candidate 1 (GJ 667): detected only with the IFS in the
combined YJ bands in 2017-06-27, so we could not use the CMD
criterion. There is no additional epoch of observation on the
system GJ 667.

Candidate 2 (GJ 667): detected only in the band H2 (and
not in the band H3) in 2017-06-27, hence we cannot conclude to
its color H2-H3. There is no second epoch on the system GJ 667.

Candidates 3–5 (GJ 667): detected only in the band H2 in
2017-06-27 (and not in the band H3), hence we cannot use their
color H2–H3 to conclude. There is no additional epoch of obser-
vation on the system GJ 667. We note these candidates are at
separations &300, and what should look like point sources are in
practice elongated azimuthally for separations &300 for the obser-
vation on GJ 667. This is caused by a too fast rotation of the field
of view with respect to the frame exposure time. The greater the
separation, the stronger the effect is. This could bias our flux
estimation of the companion candidates 3, 4 and 5.

Candidates 6–10 (GJ 674): candidates detected only in
the K1 band in 2021-07-04. If the companion candidates are
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expected location if bound (yellow dashed circle) or if a background contaminant (“bkg”, in the pink dashed circle visible only in the IRDIS field
of view) in spite of better conditions of observation and higher detection sensitivity (see text for more information).

background stars, there are not expected to be in the field of
view (1100⇥1100 for IRDIS) of our other epoch of observation,
2017-07-14, acquired in H23, considering their location and the
fact that the star GJ 674 A moves of 0.5700 yr�1 in right-ascension,
and �0.8800 yr�1 in declination (Gaia Collaboration 2020).

Candidate 11 (GJ 682): faint companion candidate
detected only in the H2 band in 2017-07-20. The companion
candidate is in the field of view of the previous epoch of obser-
vation 2017-06-23, but the epoch was acquired under poorer
observation conditions which lead to poorer detection sensitiv-
ity. The companion candidate is out of the field of view of the
third epoch of observation, 2019-07-05, as the proper motion
of the star GJ 682 A is high (0.7100 yr�1 in right-ascension,
�0.9400 yr�1 in declination, Gaia Collaboration 2020)

Candidate 12 (HD 154088): companion candidate detected
both in K1 and K2 bands in 2021-07-04 with a promising CMD,
but not detected in the epoch of observation 2019-07-22 in K12
dual band (acquired with poorer condition of observations) or
in the other dual band H23 in 2017-06-21. Due to the proper
motion of the star HD 154088 A (0.8300 yr�1 in right-ascension,
�0.2700 yr�1 in declination, Gaia Collaboration 2020), if the
companion candidate is a background star, it is expected to be
out of the field of view.

Regarding the point-source detection in GJ 832 that we clas-
sified as an instrumental artifact, this was detected in the IFS
data (epoch 2017-05-27) at a separation of 524 mas (i.e., 2.7 au),
which could have been consistent with the giant planet already
known from RV measurements (m ⇥ sin(i) = 0.74 ± 0.06 MJup).
However, if the imaged companion candidate was indeed the
RV planet, the system GJ 832 should have been much younger
(about 100 Myr), than the age estimation of 2.4 ± 0.3 Gyr (see
Table B.1). Indeed, at 100 Myr, the imaged companion candidate
could correspond to a planet of 1 MJup based on the evolution-
ary models COND, and be consistent with a RV-planet seen with
an inclination of about 50 deg. Unfortunately, we did not detect
the companion candidate again in the latter observation which
was acquired under better observing conditions (2022-07-29),
and reached better detection sensitivity. There was no detec-
tion either at the expected location of a background object, or
at its expected location if bound and coinciding with GJ 832 b
(see Fig. 9). This location was expected in the epoch 2022-07-
29 on the opposite side of the star to its location in the epoch
2017-05-27, as the period of GJ 832 b is about ten years from RV

measurements, and the observations were taken five years apart.
Therefore, this point-source detection at low S/N (S/N ⇠ 4) is
likely to be an instrumental artifact. The same conclusion applies
to the point-source detection in HD 85512 (epoch 2019-11-25).
This companion candidate was not re-detected in the later epoch
acquired with better observational conditions and in the same fil-
ter, either as a bound or background object, thereby we conclude
this to be an artifact.

5.3. Results from proper motion anomaly and excess noise
(Gaia-HIPPARCOS)

The Gaia and HIPPARCOS data were analyzed with the
GaiaPMEX tool (Kiefer et al., in prep) to determine the possible
mass and semi-major axis (sma, hereafter) of candidate com-
panions within the selected systems using the proper motion
anomaly (PMa, hereafter) from the Kervella et al. (2022) cata-
log and the astrometric_excess_noise (AEN, hereafter; for
a definition see Lindegren et al. 2018 and Kiefer 2019) from the
Gaia DR3 (Gaia Collaboration 2021).

In a nutshell, the GaiaPMEX tool models the AEN and PMa
on a grid of possible mass and semi-major axis of a hypothet-
ical companion orbiting the targeted star. It will be described
in depth in Kiefer et al. (in prep.). For each (mass, sma)-node
of the grid, all parameters, including e the eccentricity, ! the
periastron longitude, Ω the longitude of ascending node, � the
phase, I the orbital inclination, M? the stellar mass, and $ the
parallax, are drawn randomly from prior-distributions shown in
Table 5. Astrometric and spacecraft attitude noises (Lindegren
et al. 2021), and other non-astrophysical jitters that partici-
pate to the generation of an AEN and a PMa, are estimated
for the targeted stars given their G-mag, Gbp � Grp color, RA
and DEC (Kiefer et al., in prep.). Table G.1 summarizes the
parameters used for running GaiaPMEX for GJ 832 and GJ 229
the only two that led to a positive detection (see Sect. 5.3).
Based on those parameters, the Gaia DR3 observations and the
HIPPARCOS position at epoch J1991.25 of the targeted stars are
simulated 1000 times per node, leading to theoretical distribu-
tions of AEN and PMa at all nodes. From those distributions,
the likelihoods of the observed AEN and PMa are obtained
and then further transformed into a posterior probability of the
given companion mass and semi-major axis, through a Bayesian
framework that will be thoroughly explained in Kiefer et al. (in
prep.). Resulting posterior maps for the GJ 832 and GJ 229 com-
panions are shown in Fig. 10, with the presence of a companion
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Fig. 10. Constraints derived on the presence of a substellar companion in the systems GJ 229 (left) and GJ 832 (right), by using the tool GaiaPMEX
based on the proper motion anomaly and excess noise from Gaia and HIPPARCOS. The known massive companions are represented with the yellow
diamond for GJ 229 B and the orange circle for GJ 832 b, consistent with the GaiaPMEX constraints.

Table 5. Distribution of parameters sampled at each tested bin of the
mass – semi major axis (“sma”) grid with the GaiaPMEX tool.

Parameter Type Bounds or law

log Mc Uniform log Mc ± ∆ log Mc

log sma Uniform log sma ± ∆ log sma
e Uniform [0, 0.9]
! Uniform [0, ⇡]
Ω Uniform [0, 2⇡]
� Uniform [0, 1]
Ic Uniform or sin i [0, ⇡/2]
$ Normal N(PLX,�2

PLX
)

M? Normal N(M?,�2
M?

)

Notes. “Mc” stands for the mass of the companion, other parameters
are defined in Sect. 5.3.

at a significance of 8.8� and 51�, respectively, both consistent
with objects already known: the radial velocity discovered Jovian
planet GJ 832 b (Bailey et al. 2009) and the imaged brown dwarf
GJ 229 B (Nakajima et al. 1995). The other systems from our sur-
vey do not show strong proper motion anomaly and/or excess
noise (<2�).

5.4. Detection limits from direct imaging, radial velocity
and proper motion anomaly and excess noise

Although we did not detect a new companion bound to its host
star, we can set constraints on the presence of outer companions
in the different systems.

Regarding our direct imaging observations, we used the evo-
lutionary models COND (Baraffe et al. 2003), to convert our
ANDROMEDA detection limit maps given in contrast rela-
tive to the host star into masses, both for SPHERE-IRDIS and
SPHERE-IFS observations. This conversion depends in partic-
ular on the age of the system, as the older the system is, the
fainter the companion in the near infrared, and thus the poorer
is the mass sensitivity of direct imaging observations. However,
mature systems are generally required for RV observations to be
sensitive to low-mass planets, as the host stars must be stable
enough.

We used our MESS3 tool that can combine the available RV
data with the high contrast imaging data and with the Gaia-
HIPPARCOS data to derive the detection limits associated to each
target (see Fig. 11). The MESS3 tool is an extension of MESS2,
described in Lannier et al. (2017) based on RV and high con-
trast imaging data. MESS3, as previous MESS versions, generates
synthetic planets on a grid of semi-major axes and masses, with
orbital parameters drawn from prior distributions, and it tests
their detectability based on observations given as inputs. Direct
imaging inputs are the detection limit maps expressed in terms
of mass via evolutionary models. RV inputs are the RV time
series that will be combined in MESS3 with the local power anal-
ysis (LPA) approach described in Meunier et al. (2012) to assess
planet detectability. Long-term trends do not count as detections,
because only planets with periods lower than two times the time
baseline are considered (Lannier et al. 2017). As for Gaia and
HIPPARCOS inputs, these are detection limit maps based on the
proper motion anomaly and Gaia astrometric excess noise.

From Figs. 11 and H.1, we have the following results: RV
measurements are sensitive between 0.01 and 1 au to planets
down to a few Earth-masses, between 1 and 5 au to giant planets
down to about 30 Earth-masses (RV). Gaia and HIPPARCOS set
constraints mainly between 0.1 and 30 au, down to about one
Jupiter mass. Eventually, direct imaging observations provide
constraints beyond 1 au down to mostly companions of 20 MJup

(see Fig. 12), and in the most favorable systems, of a few Jupiter
masses beyond a few astronomical units (GJ 433) or dozen of
astronomical units (e.g., GJ 229, GJ 649, GJ 674, GJ 832), see
Fig. H.2.

6. Discussion

We discuss our results using a generic approach in Sect. 6.1
by considering studies on other surveys and planet population
models. In Sect. 6.2, we use an individual approach by looking
into the intrinsic parameters of the planetary systems from our
sample.

6.1. Comparison to theories and surveys

Our results do not contradict previous observational studies as
we are sensitive to a different companion category, typically
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Fig. 11. Detection limits from RV (HARPS) + DI (SPHERE-IRDIS and SPHERE-IFS) + astrometric (Gaia and HIPPARCOS) data for the whole
survey. Already known planets are overplotted in a filled orange (gray) circle if confirmed (unconfirmed). Although some planets seem beyond the
reach of RV data, they were all detected with RV data (except the brown dwarf GJ 229 B) by using different RV instruments, whereas the limits
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Fig. 12. Detection sensitivity of companions for our direct imaging SPHERE observations of 15 M-stars (left) and 12 GK-stars (right). The
isocontours give the number of stars from our survey that have the sensitivity to detect companions at a probability of 50%. The theoretical
population of companions formed via the Bern core-accretion models considering 1000 systems are indicated in circles of colors associated to
stellar masses (Burn et al. 2021). These symbols have a black outline if the systems also host close-in (1 au) low-mass (95 M�) planets.

beyond 1 au and only massive objects (at least a few Jupiter-
masses and mostly above 20 MJup, see Fig. 12). This survey is
complementary, as RV measurements to date can only detect
planets up to about a dozen of astronomical units, and only
suggest trends for any planets further out.

Twelve of our systems are part of the survey from Bryan et al.
(2019), and five from Zhu & Wu (2018), who both did not find
additional distant giant planets in their analysis of RV measure-
ments for these systems. We note that past RV studies have often
been biased positively or negatively for systems hosting Jupiter-
mass planets. In some RV surveys, the primary goal was to find
Earth-like objects in the so-called habitable zone of their host
star. Thus, if a massive giant planet was identified in the mea-
surements, the RV-monitoring of the system would be stopped,
because it would have been much more difficult to find an Earth-
like planet. On the contrary, some other RV surveys would have
kept the system and observed it more extensively. In the former
case, the systems with small planets discovered so far with RV
may be biased toward systems without giant planets easily acces-
sible to RV measurements, and the contrary would happen in
the latter case. Taking into account these biases in RV-monitored
systems is challenging.

From a theoretical perspective, models of planetary popula-
tion synthesis give predictions for the architectures of planetary
systems based on current knowledge and in the limits of com-
putational capacities. The New Generation Planetary Population
Synthesis (NGPPS, Emsenhuber et al. 2021a), latest version
of the Bern models, aim to be a comprehensive global end-
to-end model of planetary system formation and evolution in
the core-accretion framework. By coupling N-body interactions,
internal structure calculations, and long-term thermodynamical
evolution model, with the initial system parameters (e.g., stel-
lar mass and metallicity, disk mass), the Bern models predict
the architecture of planetary systems, and in particular physi-
cal and observable quantities for the planets at different ages.
Based on these models, Schlecker et al. (2021) suggested a weak
positive correlation between the presence of super-Earths and
cold-Jupiters around Sun-like stars, but this correlation depends
of the range of masses and periods defining each planet cate-
gory, as also highlighted in Rosenthal et al. (2022) from their

large RV survey. A more robust prediction of their study is the
link between the composition of close-in super-Earths and the
presence of an outer Jupiter-mass planet. If a distant giant planet
is present, the inner super-Earth is denser, volatile-depleted. The
formation of each category is driven by the disk mass, with
both super-Earths and cold Jupiters forming preferentially in an
intermediate mass disk.

Additional parameters influence the presence of a given type
of planet, such as the stellar metallicity and stellar mass, or can
give constraints on the presence of planets, as the multiplic-
ity of planets investigated in Burn et al. (2021), the existence
of debris disks (e.g., Marino et al. 2017; Pearce et al. 2022) or
the stellar duplicity or multiplicity (e.g., Zucker & Mazeh 2002;
Eggenberger et al. 2004; Fontanive et al. 2019). By using New
Generation Planetary Population Synthesis (NGPPS) simula-
tions, Burn et al. (2021) found that super-solar stellar metallicity
([Fe/H] > 0.1) favors the presence of sub giant (30–100 M�)
and giant planets (>100 M�), in agreement with previous the-
oretical (Ida & Lin 2004) and observational (Valenti & Fischer
2005) studies. In addition, the more massive the star, the greater
the fraction of systems with planets more massive than 2 M�.
A striking result is the absence of formation of (sub) giant
planet around 0.1 and 0.3 M�-stars in the NGPPS simulations.
Yet, Morales et al. (2019) discovered via RV with CARMENES
observations two giant planets of minimal mass 0.46± 0.02 MJup

and 0.20 ± 0.02 MJup around a 0.12 M� star in the system
GJ 3512, and those exoplanets are confirmed by Lopez-Santiago
et al. (2020). Another giant exoplanet of minimal mass 0.21 ±
0.02 MJup orbiting a 0.15 MJup star was recently discovered
(Quirrenbach et al. 2022). This highlights the discrepancies still
to be solved between theoretical predictions and observations,
or the existence of alternative formation mechanisms (Schlecker
et al. 2022).

By comparing the detection probabilities from our direct
imaging observations obtained with MESS3 (Fig. 12) to massive
companions obtained in systems hosting close-in low-mass plan-
ets from Bern population models, we see that only a few of those
companions are reachable by our observations. In more detail,
we use the grids from Burn et al. (2021) synthesized for a pop-
ulation of 1000 planetary systems around a host star of 1.0 M�,
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0.7 M�, 0.5 M�, and 0.3 M�, to match our sample. The Bern
grids directly give the mass and semi-major axis of the planets
of the 1000 systems at different ages. We consider the surviving
planets at the age of 5 Gyr that are displayed in circles of differ-
ent colors in Fig. 12, and we highlight the ones in systems hosting
as well close-in (1 au) low-mass (95 M�) planets by circles
with black outline. The more massive the star is, the greater the
number of massive companions orbiting within a few astronom-
ical units, as underlined in Burn et al. (2021). We can see that
the best sensitivities in our survey are reached for M stars, i.e.,
low-mass stars (see Fig. H.2, e.g., GJ 433, GJ 674).

We computed the number of planets that these model predict
should have been detected given our detection performance from
the direct imaging SPHERE observations. For each system, we
used the grid with the closest stellar mass, and at the correspond-
ing age. This gives a probability of detecting at least one planet
at a confidence level of 504 of 0.8% for the most favorable sys-
tem (the solar-mass star HD 154088) from our sample, while the
detection probability is 0% for the least favorable systems, cor-
responding mainly to low-mass stars, because Bern models do
not form giant planets for such stars (Burn et al. 2021). Overall,
this results in a probability of 3.7% to detect at least one mas-
sive distant planet in one of our systems at a confidence level
of 50%. A more faithful comparison to our sample would be
to look at theoretical predictions only for the planetary systems
with close-in low-mass planets (.1 au, .95 M�). In this case,
the detection performance for each system increases at best to
0.9% at a confidence level of 50%. On the whole, this results in
a probability of 4.5% to detect at least one massive distant planet
in one of our systems at a confidence level of 50%. The probabil-
ities slightly increase with respect to planetary systems for which
we do not assume that already close-in low-mass planet(s) exist.
This is due to the weak positive correlation of inner low-mass
planets and outer giant planets in the Bern models (Schlecker
et al. 2021). Overall, the non-detection of a distant massive giant
planet in our high-contrast imaging observations is compatible
with predictions based on core-accretion models of planet for-
mation. Nonetheless, we note that the formation of large planets
and brown dwarfs could be enhanced by other formation path-
ways, such as gravitational disk instability (e.g., Boss 1997) or
gravo-turbulent fragmentation (e.g., Padoan & Nordlund 2004),
not discussed in this work.

Based on the sensitivity of our SPHERE observations to
mostly brown dwarfs in the mature systems of our sample, and
the biases of RV surveys disregarding systems with massive
companions when looking for Earth-like planets, looking into
the correlation between the presence of close-in small planets
and outer massive companions is highly challenging. A detailed
statistical study taking into account the observational biases, as
well as the formation and evolution of planets and brown dwarfs
from different pathways applied to different stellar types (Solar-
like to M stars), from population or parametric models (e.g.,
Vigan et al. 2021) is beyond the scope of this paper, and could
be addressed in a future work.

6.2. Constraints from intrinsic parameters of the planetary
systems

In this section, we peer into the architecture of the planetary sys-
tems of our sample to get an insight on where we could expect
additional companions. We first focus on the stellar parameters
such as the stellar multiplicity, metallicity and mass, then on
the presence of a debris disk, eventually on the multiplicity and
eccentricity of the known planet(s).

From a larger point of view, we note that the stellar neighbor-
hood can play a role to shape planetary systems, for instance with
flyby events (Kalas 1996) consisting in an encounter between a
given system and a perturber such as a star. In our sample, Bertini
et al. (2023) reported that the systems HD 20794, HD 38858,
and HD 69830 have experienced (or will) one to six flybys. The
consequence of flyby events can be similar to the presence of a
binary star and is described below.

6.2.1. Influence of the stellar duplicity or multiplicity

Since about 50% of Sun-like stars are part of binaries or higher-
order multiple system, binaries cannot be neglected to have a
complete picture of planet formation and evolution (e.g., Heintz
1969; Abt & Levy 1976; Duquennoy & Mayor 1991; Raghavan
et al. 2010; Tokovinin 2014).

One of the key parameters is the separation of the two
binary-components. Close binaries (.50–100 au) inhibit planet
formation (e.g., Kraus et al. 2012, 2016; Wang et al. 2014;
Bonavita & Desidera 2007, 2020). In the Milky Way, Kraus et al.
(2016) reported that 20% of all the solar-type stars cannot host
planetary systems owing to the influence of a binary companion.
A relatively wide binary (about 100–1000 au) may impact the
evolution of the planet via the high-eccentricity migration, as it
may facilitate the planet’s migration via dynamical interactions,
by increasing its eccentricity until it undergoes circularization
from the primary star (as could do flybys). This migration may
be caused by Kozai-Lidov process (e.g., Fabrycky & Tremaine
2007; Naoz et al. 2012; Dong et al. 2014), but not only (Ngo
et al. 2016). On the contrary, very wide binaries (&1000 au) may
not have consequences on planetary formation and evolution,
as exoplanets in these systems have the same properties as the
ones around single stars (Fontanive & Bardalez Gagliuffi 2021;
Bonavita & Desidera 2007, 2020).

In this context, the outer wide (200–1000 au) binary dwarf
or stellar companion in the systems HD 3651, HD 99492, and
HD 102365 from our sample should not prevent the formation of
planets, nor have a significant impact on the formation of giant
exoplanets beyond &0.5 au (Fontanive & Bardalez Gagliuffi
2021), but could influence their evolution. In particular, the
binary dwarf HD 3651 B could explain the high eccentricity
(0.63 ± 0.04, Fischer et al. 2003) of the close-in giant planet
HD 3651 A b if induced via the high-eccentricity migration pro-
cess mentioned previously. On the other hand, in spite of the
proximity of the binary companion GJ 229 B to its host star
(33.3+0.4

�0.3
au), the small mass ratio (0.1, see dedicated paragraph

in Appendix A) relative to GJ 229 A could explain the forma-
tion of small inner planets in the system, especially if the brown
dwarf forming during the disk phase was on a circular orbit and
inclined with respect to the disk (Cadman et al. 2022).

Regarding GJ 667 AB+C, the hierarchical triple stellar sys-
tem in our sample, this has one central binary AB (semi-major
axis of 13 au, total mass of 1.27 M�), and a third star C of
0.35 M�, located at a projected distance of 235 au (Delfosse
et al. 2013; Söderhjelm 1999). The close binary GJ 667 AB can
be treated dynamically as a single object and thus previous con-
clusions for binary systems hold for this system as well. Planet
formation is not inhibited in triple systems, nor in GJ 667 or in
others (e.g., Mugrauer et al. 2007a,b).

6.2.2. Influence of the stellar metallicity and mass

It is now well established observationally that the occurrence rate
of a giant planet is strongly dependent on the stellar metallicity
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(e.g., Fischer & Valenti 2003; Santos et al. 2004). The host
star metallicity also increases with increasing planet mass or
radius (e.g., Narang et al. 2018). These trends are often inter-
preted as a direct signature of the core accretion (Pollack et al.
1996) formation paradigm explained by a more massive and
frequent core assembly at higher metallicities (e.g., Ida & Lin
2004; Bitsch et al. 2015; Ndugu et al. 2018; Emsenhuber et al.
2021b; Schlecker et al. 2021). This correlation however reverses
for planet masses greater than 4–5 MJup, as the averaged host
star metallicity decreases with increasing planetary mass (Santos
et al. 2017; Narang et al. 2018; Schlaufman 2018; Swastik et al.
2021). They suggest that this turn-over traces different formation
pathways for super-Jupiter and brown dwarf companions. These
companions with masses larger than 4–5 MJup would be formed
by gravitational instability or even gravo-turbulent fragmenta-
tion. In our context, detection limits are mainly limited to these
massive companions (see Fig. 12) and the metallicity of the stel-
lar host probably has little impact on our chances of maximizing
the discovery rate.

From radial velocity and transit surveys, it is also known that
the giant planet occurrence rate increases approximately linearly
with stellar mass from low-mass stars up to intermediate-mass
stars (Johnson et al. 2010a; Ghezzi et al. 2018). The trend is also
predicted by core accretion theory due to a more massive ini-
tial reservoir of solids available to their formation (Kennedy &
Kenyon 2008b; Liu et al. 2019; Schlecker et al. 2022). For the
low-mass stars in our sample, however, we expect a very low
occurrence, almost null, of giant planets formed by core accre-
tion (see Fig. 12). For solar-type stars, despite an increasing
rate of giant planets formed by core accretion, our sensitivities
degrade significantly and remain mainly sensitive to the popu-
lation of super-Jupiters or brown dwarfs, here again preferably
formed by gravitational instability or gravo-turbulent fragmen-
tation and for which a universal distribution of the companion
mass ratio, which is roughly flat (e.g., Reggiani & Meyer 2013),
is expected.

6.2.3. Constraints from a debris disk

The presence of a debris belt is helpful to constrain the loca-
tion and mass of putative planets in the system. Those planets
may sculpt the belts, and/or stir them via secular interactions, in
particular their edges.

In our sample, seven systems are known to harbour a debris
disk: GJ 433, GJ 581, GJ 649, HD 20794, HD 38858, HD 69830,
61 Vir. The system HD 69830 is a specific case because there is
no significant level of cool dust detected (e.g., Marshall et al.
2014), unlike the others. The existence of the hot belt in the
mature HD 69830 system raised particular interests in the litera-
ture (see Appendix A), since it cannot be replenished, and may
be explained by recent collisions between planetesimals (Wyatt
et al. 2007, 2010; Heng & Tremaine 2010). A comparison of the
four debris disks around GK stars (HD 69830, 61 Vir, HD 20794,
and HD 38858) from our sample can be found in Kennedy et al.
(2015), while the observations of the three debris disks around
M stars (GJ 433, GJ 581, and GJ 649) are presented in Kennedy
et al. (2018).

Pearce et al. (2022) provided constraints on the location
and mass required for planets in four of our studied systems
(GJ 581, GJ 649, HD 69830, and 61 Vir), by assuming the belts
are sculpted or stirred by one or several planets. The outermost
planet HD 69830 c (a = 0.63 au, m sin i = 18 M�) could have
stirred and sculpted its disk, while GJ 649 b a = 1.1 au, m sin i =
0.33 MJup) could have stirred its disk, and maybe sculpted
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Fig. 13. Distribution of the eccentricity of the close-in (.1 au) low-mass
(.95 M�) planets known in our sample. We indicate the median error in
the upper right corner.

it. Although, the outermost planets 61 Vir c (yet unconfirmed:
a = 0.49 au, m sin i = 23 M�), and GJ 581 d (a = 0.074 au,
m sin i = 5.7 M�) have in principle a minimal mass sufficient
to sculpt their debris disk, they are located too far and inside of
the belts for this sculpting to have been effective over the sys-
tem ages. As a matter of fact, Marino et al. (2017) showed that
a >10 M� stirring planet in 61 Vir should be located between 10
and 20 au. In short, no giant planets are required to explain the
single/multi-belt architecture in those four systems, even though
such planets are not ruled out.

6.2.4. Influence of the planet multiplicity or eccentricity

From theoretical predictions, the multiplicity of small inner plan-
ets may be reduced by the presence of outer giant planet(s) in
a given system (Schlecker et al. 2021; Bitsch & Izidoro 2023),
also reported in a combined theoretical and observational analy-
sis of the Kepler results from Hansen (2017), or tentatively from
observations by Zhu & Wu (2018).

Figure 4 represents the distribution of the multiplicity of the
known low-mass planets in our sample. All the systems have less
than 3 low-mass planets confirmed, and a few up to 6 planets
but with some controversy in the literature (see our review in
Appendix A). In particular, the systems GJ 176, GJ 422, GJ 674,
HD 154088 only host one close-in small mass planet so far, while
in BD-061339 or HD 99492 a second companion is suggested
but debated. Hence, this low-multiplicity may hint toward the
presence of a yet to be discovered distant giant planet.

Furthermore, the eccentricity of known planets can help to
constrain the presence of additional planets, as an eccentric orbit
may result from scattering with another planet (e.g., Raymond
et al. 2009). Thus, an eccentric close-in small planet may hint at
the presence of an outer more massive companion (Bitsch et al.
2020; Bitsch & Izidoro 2023). In our sample, most planets have
low to moderate eccentricities (see Fig. 13). The more eccen-
tric confirmed low-mass planets are GJ 163 d (e = 0.41 ± 0.07,
m sin i = 25 M�) and GJ 667 C c (e = 0.34 ± 0.10, m sin i =
4.25 M�). Even though both planets are part of multi-planetary
systems, since GJ 163 hosts between 3 and 5 planets (of min-
imal masses 25 M�), while GJ 667 C between 2 and 7 (of
minimal masses 7 M�), see Appendix A and Fig. 3, scattering
events only between these small planets cannot explain the large
observed eccentricity of GJ 163 d and GJ 667 C c. This would
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require the presence of an outer giant planet (Bitsch & Izidoro
2023).

Conversely, if eccentric giant planets are not sufficiently
dynamically separated from inner systems of low-mass plan-
ets, they may disrupt the latter. Both planetesimal and pebble
accretion based formation models robustly predict this disrup-
tion, which becomes more likely the more eccentric, massive,
and closer in the giant planet is Schlecker et al. (2021); Bitsch
et al. (2020). Thus, we do not expect inner low-mass planets in
the system HD 3651 (e = 0.64 ± 0.04, m sin i = 0.20 MJup, a =
0.28 au) even though the star has a slightly super-solar metallic-
ity (0.08 ± 0.06) and is relatively massive (0.86 ± 0.06 M�). In
addition, this should also be unlikely in GJ 649 (e = 0.30 ± 0.08,
m sin i = 0.33 MJup, a = 1.14 au) or BD-061339 (e = 0.31±0.11,
m sin i = 0.17 MJup, a = 0.44 au).

However, we note that there are observational biases in
the estimation of planet eccentricities from RV measurements.
Zakamska et al. (2011) reported that the eccentricity of single-
planets may be overestimated, and that the conclusions of their
analysis may be applied to multi-planet systems too. In addition,
the RV signal of two circular planets can be confused with the
RV signal of one eccentric planet (e.g., Wittenmyer et al. 2007,
2013; Anglada-Escudé et al. 2010). These biases depend on the
quality of the RV measurements, their number and sampling.
In any case, measuring the eccentricity at a given time period
only gives partial information as the eccentricities of planets in
multi-planet systems can oscillate through time owing to secular
perturbations (e.g., Zakamska et al. 2011; Read & Wyatt 2016).

Regarding the systems in our sample, an in-depth study of
secular perturbations can help to provide constraints on the pres-
ence of additional planets. For instance, Read & Wyatt (2016)
showed that for the single planetary system HD 38858, the
presence of an outer eccentric planet c is unlikely as secular
perturbations would have excited the planet b which is known
to have a circular orbit. If such an additional planet exists, it
could point out to the presence of a third inner planet d, close
to the HD 38858 b, that would stabilize it. Regarding two-planet
systems, Read & Wyatt (2016) highlighted that it is complex
to constrain deeply the presence of an outer eccentric planet
based on secular interactions only, such as for the system 61 Vir,
and that instead, the structure of an outer debris disk is more
restrictive.

7. Conclusion and perspectives

We carried out a survey on 27 very nearby systems. Although
all these systems are suspected to host at least one low (mini-
mal) mass (.95 M�) planet orbiting on a small orbit (<1 au),
they depict diverse planetary architectures: seven harbor a debris
disk, five are part of a binary or triple hierarchical stellar system,
and two host a brown dwarf companion beyond 10 au. In this
work, we homogeneously derived target properties (age, stellar
mass, stellar metallicity), processed data reduction and analyzed
them. We also provide a complete review of the literature on each
system in Appendix A.

Our main findings are as follows:
1. In the 47 epochs of observation in the near infrared with

VLT/SPHERE-IRDIS and IFS published for the first time
in this paper, we detected 337 point sources. We did not
discover new bound companions even though 12 remain
pending, as information is missing to conclude. We detected
the already known brown dwarf GJ 229 B. We classified two
companion candidates as instrumental artifacts, whereas the

328 others are classed as background stars based on analy-
sis of their proper motion or location in a Color Magnitude
Diagram.

2. By combining direct imaging (SPHERE), radial velocity
(HARPS), and proper motion coupled to excess noise (Gaia
and HIPPARCOS) observations, the existence of planets in
each system is constrained down to a few Earth-masses
between 0.01 and 1 au, down to about 30 M� between 1
and 10 au, and down to about a dozen of Jupiter-masses
beyond 10 au. Regarding the high-contrast imaging obser-
vations alone, we are sensitive down to 3 to 30 MJup beyond
0.5 or 2 au depending on the system.

3. Given these detection limits, our non-detection of new giant
planets is consistent with state-of-the-art planet formation
models following the core accretion paradigm (Burn et al.
2021).

4. If additional planets yet undiscovered exist in some systems
of our sample, by examining the properties and architecture
of each system, and previous work from the literature, we
identified several particularly promising targets for follow-
up. First, we could preferentially expect additional planets in
GJ 163 and GJ 667C. Both systems have eccentric low-mass
planets (0.41± 0.07 and 0.34± 0.10, respectively). The mul-
tiplicity of GJ 667 C should not have prevented the formation
of massive planets as the two components GJ 667 AB and
GJ 667 C are distant enough from each other (&235 au). Sec-
ond, we could expect additional planets in 61 Vir and GJ 581.
By assuming the inner edge of the debris disk is sculpted by
a planet, this would require a planet of &19 M� if located
at 30 ± 10 au (61 Vir) or &3.4 M� if located at 14 ± 6 au
(GJ 581). It would need to be more massive if the planet is
closer-in (Pearce et al. 2022).

Very nearby planetary systems offer unique possibilities to cou-
ple direct imaging, radial velocity and astrometry from Gaia
and HIPPARCOS. This is true not only across a system, but
also for the coupled characterization of a single exoplanet. In
the coming years, Gaia would hint for giant exoplanets with
orbital periods up to about 10 yr, and direct imaging and inter-
ferometric instruments, such as for instance the future upgrades
VLT/SPHERE+ (Boccaletti et al. 2020) and VLTI/GRAVITY+
(Eisenhauer 2019). They will be able to explore the population
of massive giant planets down to the snowline expanding the
current overlap between these techniques (but again mainly for
the youngest systems). This is of utmost importance as differ-
ent detection techniques provide diverse physical information on
the exoplanet, and particularly a measurement of the dynamical
mass, the luminosity and the atmospheric properties, which can
help to constrain theoretical models of formation and evolution.

With this work, we have not answered our initial ques-
tion set in the introduction concerning the correlation between
close-in low-mass planets and giant outer planets. We however
showed that, with the current state-of-the-art instrumentation,
the high-contrast imaging detection limits are mainly sensitive
to companions down to 20 MJup around mature stars. The ques-
tion remains open from a direct imaging perspective, though
radial velocity and transit studies seem to suggest a tentative pos-
itive correlation, that would require larger samples to be fully
established. For the decades to come, the James Webb Space
Telescope with the MIRI instrument or the forthcoming high-
contrast imagers such as METIS (2030+) or PCS (2035+) on the
ELT will pave the way for the imaging in thermal and/or reflected
light, and the demographics characterization of more mature and
smaller planets around very nearby stars.
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Appendix A: State of the art of each system

In this appendix, we briefly describe each system of the survey,
and state-of-the-art studies on it.

GJ 163. The system GJ 163 is located at 15.135 ± 0.004 pc
(Gaia Collaboration 2021). The host star is a M3.5 dwarf (Haw-
ley et al. 1996). We estimated the mass of the star to 0.46 ±
0.05 M� and its age via gyrochronology to 3 ± 7 Gyr. Both
are consistent with the previous estimates from Bonfils et al.
(2013b) and Tuomi & Anglada-Escudé (2013). The question of
GJ 163’s membership of the old disk or halo populations has
been discussed in the literature (e.g., Leggett 1992; Bonfils et al.
2013b; Tuomi & Anglada-Escudé 2013) based on its relatively
high UVW galactic velocities, and is still debated. GJ 163 could
be either a rather young star accelerated to the typical velocity of
an old dynamical population, or belong to the metal-rich tail of
an old population of stars.
Bonfils et al. (2013b) discovered three planets, GJ 163 b, GJ 163 c
and GJ 163 d with minimum masses of 11 M�, 7.7 M� and 25 M�
and semi-major axes of 0.061 au, 0.13 au, and 1.0 au, respec-
tively. Two additional planets may be present, GJ 163 e (11 M�,
0.10 au) and GJ 163 f (7.2 M�, 1.0 au). Tuomi & Anglada-Escudé
(2013) confirmed the presence of three planets b, c and d, and
have tentative evidence for the planet f. Thus, in our work, we
consider the planets b, c and d as confirmed and the planets e
and f as unconfirmed.

GJ 176. The system GJ 176 is located at 9.485 ± 0.002 pc
(Gaia Collaboration 2021). Its host star is a M2.5 dwarf (Joy &
Abt 1974). We estimated the stellar mass to 0.52± 0.05 M�, con-
sistent with the previous estimate from Astudillo-Defru et al.
(2017a). However, our age estimate based on gyrochronology
gives a younger age of 2.3 ± 0.6 Gyr compared with 8.8+2.5

�2.8
Gyr

from Veyette & Muirhead (2018). von Braun et al. (2014) derived
a stellar radius of 0.45 ± 0.02 R�. Peacock et al. (2019) investi-
gated the extreme ultraviolet (EUV) emission of the star, that
plays a key role in the stability and photochemistry of exoplanet
atmospheres.
Endl et al. (2008) discovered one Neptune-like planet with a
minimum mass of 24.1 ± 3.1 M� at a period of 10.2 days. How-
ever, this planet has been called into question by Butler et al.
(2009) and Forveille et al. (2009). Forveille et al. (2009) found
the planet b to be rather a super-Earth-like planet (8.4 M�,
8.8 days) by using HARPS RV measurements. Robertson et al.
(2015) and Trifonov et al. (2018) confirmed the existence of the
planet b by studying the stellar activity for the former or by
adding CARMENES measurements for the latter. They reported
a minimal mass of 9.06+1.54

�0.70
M� at a semi-major axis of 0.066 ±

0.001 au (period of 8.8 days).

GJ 180. The system GJ 180 is located at 11.949 ± 0.002 pc
(Gaia Collaboration 2021). The host star is a M2 dwarf (Gai-
dos et al. 2014), and has a stellar mass estimated in our work of
0.44 ± 0.05 M� which is consistent with the previous estimate
from Zechmeister et al. (2009).
The system hosts two or three known planets discovered by
radial velocity measurements. The planets b and c were found
by Tuomi et al. (2014), while Feng et al. (2020) confirmed the
existence of b (m sin i = 6.75+1.37

�1.78
M�, a = 0.092 ± 0.008 au,

P = 17.132 ± 0.008 days), found no evidence significant enough
for c (8.3+3.5

�5.3
M�, 0.129 ± 0.017 au, 24.33 ± 0.07 days from

Tuomi et al. (2014)), and discovered an additional planet d
(7.49+2.66

�2.33
M�, 0.31 ± 0.03 au, 106.34 ± 0.03 days).

BD-06 1339 (GJ 221). The system BD-06 1339 (also
known as GJ 221) is the furthest from the Sun in our sample,
at 20.305 ± 0.008 pc (Gaia Collaboration 2021). We estimated
an age of 2.9 ± 1.2 Gyr by using chromospheric activity, a stel-
lar mass of 0.65 ± 0.05 M�, and a sub-solar stellar metallicity
[Fe/H] of �0.20 ± 0.10, all in agreement with Lo Curto et al.
(2013) and/or Arriagada et al. (2013). The star is a K7 dwarf
(Stephenson 1986).
It hosts one confirmed planet named c (minimal mass of 53 M�
at a semi-major axis of 0.44 au, period of 126 days), and puta-
tively two additional planets, b (8.5 M�, 0.04 au, 3.9 days) and d
(30 M�, 1.1 au, 1496 days). The planets b and c were found
simultaneously by Arriagada et al. (2013); Lo Curto et al. (2013).
Tuomi (2014) indicated the presence of the third planet d. How-
ever, this planet d is ignored in the later paper from Simpson
et al. (2022), who recently reported that the planet b is likely to
be a false alarm caused by stellar activity. The only confirmed
planet in this system is the one known as BD-06 1339 c which
has a mass between Neptune and Saturn.

GJ 229. The system GJ 229 is located at 5.7612± 0.0004 pc
(Gaia Collaboration 2021). Its host star GJ 229 A is a M1
dwarf (Henry et al. 2002), with a mass estimated in this work
of 0.57 ± 0.05 M� consistent with the previous estimate from
Zechmeister et al. (2009). By using gyrochronology, we found an
age of 1.6 ± 0.4 Gyr, at 2� consistent with Brandt et al. (2020)
who suggested an age of 2.6 ± 0.5 Gyr from stellar activity mea-
surements.
Nakajima et al. (1995) imaged GJ 229 B at a distance of 44.3 au
from the star GJ 229 A. From their mass estimation of 20–
50 MJup via cooling models of brown dwarfs, GJ 229 B is the first
T-type brown dwarf with clear signs of methane (T6 according
to Geballe et al. 2002).

By combining imaging, RV, and Gaia and HIPPARCOS data,
different dynamical masses are found for GJ 229 B. On one
hand, Brandt et al. (2020) measured a dynamical mass of 70.4 ±
4.8 MJup, updated to 71.4 ± 0.6 MJup by Brandt et al. (2021).
This value is significantly higher than the previous estimate and
the minimal mass found by Feng et al. (2020) of 1.62 MJup, but
consistent with the inclination of 7.7+7.6

�4.4
� found by orbital fitting

(Brandt et al. 2021). Nonetheless, their value is inconsistent with
the value determined by using cooling models (64.8 ± 0.1 MJup,
Brandt et al. 2021). On the other hand, Feng et al. (2022) recently
derived a dynamical mass of 60.4 ± 2.4 MJup, consistent only at
4� with the value derived from Brandt et al. (2021). The brown
dwarf is a bit closer than originally thought, as at 33 au (e.g.,
Brandt et al. 2020, 2021).

The system hosts as well two additional planets, GJ 229 A b
first discovered by Tuomi et al. (2014) and confirmed later by
Feng et al. (2020), who found as well the planet GJ 229 A c.
Respectively, their minimal masses are 10.0+3.4

�6.1
M� and

7.9+2.4
�3.4

M�, while their semi-major axes are 0.90 ± 0.07 au
and 0.34 ± 0.03 au. If their orbits are coplanar with the orbit
of GJ 229 B, hence face-on (inclination of 7.7+7.6

�4.4
�, Brandt

et al. 2021), their masses would be of 73+67
�16

M� and 57+17
�13

M�,
respectively.
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GJ 422. The system GJ 422 is located at 12.676 ± 0.005 pc
(Gaia Collaboration 2021). By using stellar activity, we esti-
mated for the first time the age of the system to 5.5 ± 0.8 Gyr.
The host star GJ 422 corresponds to a M3.5 dwarf (Hawley et al.
1996), with a mass estimated in this work of 0.42 ± 0.05 M�
slightly higher but consistent with the previous estimate from
Zechmeister et al. (2009).
To date, one planet b has been discovered but its location is
debated: either at a 26-day period (Tuomi et al. 2014) or at a
20-day period (Feng et al. 2020). In both cases, the minimal
mass is about 10 M�. We consider in this study the planet from
Feng et al. (2020) (10.4+3.3

�1.9
M�, 0.11 ± 0.01 au) as they used

more observations (76 measurements by combining UVES
and HARPS instruments) than Tuomi et al. (2014) (49, same
instruments but on a shorter timeline).
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Fig. A.1. SPHERE/IRDIS relative astrometry differences of the offset
positions of all the point-like sources detected around GJ 422 in both
the second and third epochs (2018-01-28 and 2020-01-18).The expected
variation of offset positions, if the companion candidates are stationary
background objects are shown in blue solid line. The variation is esti-
mated based on the parallactic and proper motions of the primary star.
The five companion candidates are clearly identified as background con-
taminants. At the bottom-right corner, the insert shows a zoom on the
location of the candidates.

GJ 433. The system GJ 433 is located at 9.077 ± 0.002 pc
(Gaia Collaboration 2021). By using gyrochronology, we esti-
mated for the first time the age of the system to 500 ± 150 Myr.
The host star GJ 433 corresponds to a M1.5 dwarf (Hawley et al.
1996), with a mass estimated in this work of 0.50± 0.05 M� con-
sistent with the previous estimate from Zechmeister et al. (2009).
GJ 433 was reported to host a low-mass planet GJ 433 b with a
minimal mass of 5.8 M� at a semi-major axis of 0.058 au (period
of 20.1 days, Delfosse et al. 2013). They detected an additional
significant signal with a much longer period of 10 years. Yet,
based on the variation of activity indices on a similar timescale
reported by Gomes da Silva et al. (2011), they concluded that
a magnetic cycle of the star was a more likely origin. Tuomi
et al. (2014) recovered the same signals and considered the
longer period signal to be a planet candidate, and called it

GJ 433 c. If the planet GJ 443 c is real and the system close
to edge-on, the planet c would be a cold super-Neptune (minimal
mass of 28.8+19.2

�10.5
M�) belonging to an unexplored population

of Neptune-like planets. Regarding its separation of 0.5" from
its host star (corresponding to a semi-major axis of 4.7+1.2

�0.8
au),

the putative planet c is probably the first realistic candidate for
the direct imaging of cold Neptunes (Feng et al. 2020). In addi-
tion, Feng et al. (2020) may have discovered a third planet in the
system, GJ 433 d, likely a super-earth with a minimal mass of
4.9+2.5
�1.8

M� at a semi-major axis of 0.18+0.01
�0.02

au (36-day period).
Furthermore, Kennedy et al. (2018) discovered an unresolved
debris disk with a radius between 1 and 30 au by using Herschel.
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Fig. A.2. SPHERE/IRDIS relative astrometry differences of the offset
positions of the point-like source detected around GJ 433 between the
first epoch considered as reference 2018-02-02 and the second epoch
2020-01-20. (See caption from Fig. A.1)

GJ 581. The system GJ 581 is located at 6.301 ± 0.001 pc
(Gaia Collaboration 2021). We estimated the stellar age at 10 ±
1 Gyr by using chromospheric activity which is consistent at
1�with Veyette & Muirhead (2018) based on chemo-kinematics
(6.9+2.5

�2.3
Gyr) but not with the estimation based on isochrones

(4.1 ± 0.3 Gyr) from Yee et al. (2017). Our new determination of
the stellar mass (0.35 ± 0.05 M�) is consistent with Astudillo-
Defru et al. (2017a). The star is a M3 star (Trifonov et al.
2018), and its radius is 0.30 ± 0.01 R� (von Braun et al. 2011).
By looking into the atmospheric structures on the star based
on observations in the visible, ultraviolet (UV), and X-ray, and
especially by synthesizing integrated extreme-ultraviolet (EUV)
fluxes, Tilipman et al. (2021) found the star GJ 581 to be rela-
tively inactive compared to other M dwarfs of similar spectral
types (e.g., GJ 644 B, GJ 588, GJ 887, or GJ 205), with H2 fluo-
rescent emission (France et al. 2013).
Over potentially six low-mass planets discovered, three are
confirmed in the system. The GJ 581 b (15.7-M� minimal
mass, 5.4-day period) was discovered by Bonfils et al. (2005),
while GJ 581 c (5.0-M� minimal mass, 13-day period) and
GJ 581 d (7.7-M� minimal mass, 84-day period) by Udry et al.
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(2007), and GJ 581 e (1.7 M�-minimal mass, 3.2-day period)
by Mayor et al. (2009a). Vogt et al. (2010a) proposed the exis-
tence of two additional planets, GJ 581 f and GJ 581 g with
orbital periods of 433 days and 37 days, respectively, but their
existence is not supported by Forveille et al. (2011), nor by
Tuomi (2011). In addition, later studies reconsidered the exis-
tence of the planet d (e.g., Baluev 2012; Robertson et al. 2014;
Hatzes 2016). As did Trifonov et al. (2018), we only consider the
planets GJ 581 b, GJ 581 c and GJ 581 e as confirmed and we
use their derivation of the orbital values, i.e., minimal masses of
15.2 ± 0.3 M�, 5.7 ± 0.3 M�, and 1.7 ± 0.2 M�, and semi-major
axes of 0.041± 0.001 au, 0.074± 0.001 au, and 0.029± 0.001 au,
respectively. The planet GJ 581 c has been more in-depth stud-
ied in the literature: its spin-orbit resonance is likely to be 3:2,
and the presence of liquid water has been investigated, including
through 3D global climate models (Leconte et al. 2013).

Furthermore, Lestrade et al. (2012) discovered and resolved
a debris disk extending from 25 au to more than 60 au by using
Herschel. Its inclination is estimated to be between 30 and 70�.

Wolf 1061 (GJ 628). The system Wolf 1061 (GJ 628) is the
closest system to the Sun from our sample, located at 4.3078 ±
0.0005 pc (Gaia Collaboration 2021). By using gyrochronol-
ogy, we estimated an age of 7.1 ± 2.0 Gyr, consistent with the
previous estimate from Veyette & Muirhead (2018) based on
chemo-kinematics. We derive the stellar mass to a value of
0.35 ± 0.05 M�, which is higher but in agreement with the value
from Maldonado et al. (2020) of 0.25 ± 0.12 M�. The stellar
spectral type is between M3V and M4.5V spectral types (e.g.,
Joy & Abt 1974; Henry et al. 2002), while the stellar radius is
0.325 ± 0.012 R� (Kane et al. 2017).
Wright et al. (2016) discovered three planets Wolf 1061 b
(m sin(i) = 1.4 ± 0.3 M�, a ⇠ 0.04 au, P ⇠ 4.9 days),
Wolf 1061 c (4.3 ± 0.4 M�, 0.08 au, 18 days) and Wolf 1061 d
(5.21 ± 0.68 M�, 0.20 au, 67 days). However, Astudillo-Defru
et al. (2017b) called into issue the existence of the planet d, which
could be caused by aliases. Hence, we consider in this paper only
the planets b and c as confirmed.

GJ 649. The system GJ 649 is located at 10.391 ± 0.003 pc
(Gaia Collaboration 2021). We derived an age of 1.40± 0.35 Gyr
based on gyrochronology, which is in agreement with its mem-
bership to the “old disk” following kinematics (Leggett 1992)
but younger than the age of 4.5+3.0

�2.0
Gyr determined by Veyette

& Muirhead (2018) following a combined chemo-kinematic
approach (consistent at 2�). Our stellar mass measurement
of 0.54 ± 0.05 M� is consistent with previous estimate from
Johnson et al. (2010b) and von Braun et al. (2014). Its spectral
type is M1.5 (Johnson et al. 2010b), while von Braun et al. (2014)
found a stellar radius equal to 0.54 ± 0.02 R�.
The system hosts one giant planet with a minimal mass of
0.328 MJup at a semi-major axis equal to 1.135 au and eccen-
tricity of 0.30 ± 0.08 (Johnson et al. 2010b). As the RV signal
of two circular planets can mimic the signal of one eccentric
planet, Wittenmyer et al. (2013) proposed the existence of an
inner smaller planet, with a minimal mass of about 9.5 M�
at a semi-major axis of about 0.043 au based on a statistical
approach. However, this planet has not been confirmed yet.
By using Herschel, Kennedy et al. (2018) discovered and
marginally resolved a debris disk with a radius between 6 and
30 au, likely to be edge-on.

GJ 667 C. The system GJ 667 is a multi-stellar and plane-
tary system located at 7.2429 ± 0.0015 pc (Gaia Collaboration
2021). The stars GJ 667 A and GJ 667 B form a binary pair
with a total dynamically derived mass of 1.27 M� (Söderhjelm
1999) and a semi-major axis of 13.1 au (period of 42.15 years,
Delfosse et al. 2013), around which a third star, GJ 667 C, orbits
at a projected angular separation of about 32.4", i.e., at a minimal
distance of 235 au.

In this work, we focused on GJ 667 C, which is a M1.5 star
(Hawley et al. 1996). We estimated its mass to 0.346± 0.050 M�,
consistent with previous estimates (Anglada-Escudé et al. 2012;
Delfosse et al. 2013). Our age determination (6.3 ± 4.0 Gyr)
via gyronochronology is in agreement with Anglada-Escudé
et al. (2012). We derived a sub-solar stellar metallicity [Fe/H]
of �0.48 ± 0.10. The stellar radius is equal to 0.30 ± 0.02 R�
(von Braun et al. 2013). In addition, France et al. (2013) noticed
moderate level of UV emission from the chromospheric and tran-
sition regions of GJ 667 C.
The star GJ 667 C is known to host two confirmed planets
(b and c), while five other ones (d, e, f, g and h) have been
proposed. The planets b and c have been discovered by Anglada-
Escudé et al. (2012) with minimal masses of 5.46 M� and
4.25 M�, and at periods of about 7.2 days and 28.1 days (semi-
major axes of about 0.05 au and 0.13 au), respectively. They
were confirmed by Delfosse et al. (2013), Bonfils et al. (2013a),
and Robertson et al. (2014). Anglada-Escudé et al. (2013) sug-
gested the existence of the planet d (5.1+1.8

�1.7
M�, at 0.28 au,

92-day period), planet e (2.7+1.6
�1.4

M�, 0.21 au, 62 days), planet f
(2.7+1.4

�1.2
M�, 0.16 au, 39 days), planet g (5.1+1.8

�1.5
M�, 0.55 au,

256 days), and planet h (tentative evidence of a 1.1+1.0
�0.9

M�,
0.09 au, 17 days). However, Delfosse et al. (2013) and Robertson
et al. (2014) reported the RV signal associated to the planet d as
to be in reality an artifact caused by stellar rotation, harmonics,
or aliases. After correcting from stellar activity, Robertson et al.
(2014) were not able to confirm the other planetary candidates
(e, f, g and h), thereby we consider them as unconfirmed.

GJ 674. The system GJ 674 is the second closest sys-
tem in our sample, as at 4.5528 ± 0.0005 pc from the Sun
(Gaia Collaboration 2021). The stellar spectral type is M2.5
(Hawley et al. 1996). Our stellar mass measurement of 0.40 ±
0.05 M� is consistent with the previous estimate from Bon-
fils et al. (2007). We estimated an age of 2.0 ± 0.5 Gyr based
on gyrochronology, moderately higher than its previous value
spanning between 0.1 and 1.0 Gyr (Bonfils et al. 2007), who
considered the UVW galactic velocities corresponding to the
transition between young and old disk populations (Leggett
1992). Although the star is not supposed to be in its most active
period, Froning et al. (2019) reported a large flare and several
small ones in far-ultraviolet (FUV) monitoring observations with
the Hubble Space Telescope, highlighting the importance of con-
sidering the FUV emission for exoplanet atmospheric heating
and chemistry.

The system GJ 674 hosts at least one planet b of minimal
mass 11.1 M� at a semi-major axis of about 0.039 au (4.69-day
period, Bonfils et al. 2007). Vidotto et al. (2019) pointed out that
GJ 674 b would be a relevant planet to try to detect aurora in
radio, provided that the wind of the host star is not too strong.

GJ 682. The system GJ 682 (HIP 86214) located at
5.008 ± 0.001 pc (Gaia Collaboration 2021) has a M3.5 star
(Hawley et al. 1996). In our work, we estimated the stellar
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Fig. A.3. SPHERE/IRDIS relative astrometry differences of the offset
positions of the point-like source detected around GJ 674 between the
first epoch considered as reference 2017-07-14 and the second epoch
2021-07-04. (See caption from Fig. A.1)

mass to 0.30 ± 0.05 M�, consistent with the previous estimate
from Zechmeister et al. (2009), but higher than Ward-Duong
et al. (2015), estimated at 0.23 M�. By using either activity or
gyrochronology-based methods, we were not able to estimate a
robust age for this system. Thus, in this study we consider the
default age of 5 ± 4 Gyr, as no estimate is given in the literature.
Ward-Duong et al. (2015) proposed a 0.14 M� binary companion
orbiting at a projected distance of 0.85 au (0.17”). Since we did
not re-detect it in any of our three epochs, and the field of view
of GJ 682 is crowded (10–26 detections, see Table 3, Figs. E.1
and E.3), and RV measurements did not reveal the presence of
such binary companion, we consider it was a background con-
taminant in their 2005-05-01 epoch of observation.
Tuomi et al. (2014) discovered two low-mass planets in this
system, GJ 682 b and GJ 682 c with minimal masses of
4.4+3.7
�2.4

M� and 8.7+5.8
�4.6

M�, at semi-major axes of 0.080+0.014
�0.004

au

and 0.176+0.030
�0.003

au (17.5-day and 57-day periods), respectively.
However, the planets b and c have not been confirmed in a
ulterior study. Feng et al. (2020) in their updated UCLES mea-
surements and additional HARPS data did not identify them as
planetary signal, but rather as caused by stellar activity. Thus, we
considered the planets GJ 682 b and GJ 682 c as unconfirmed,
that means the system GJ 682 might not be planetary.

GJ 832. The system GJ 832 is located at 4.9671± 0.0006 pc
(Gaia Collaboration 2021). We estimated the stellar age at 2.4 ±
0.3 Gyr by using gyrochronology. We found a stellar mass of
0.48 ± 0.05 M� consistent with the previous estimate from Bon-
fils et al. (2013a). The stellar type is M2.5 (Hawley et al. 1996),
while the stellar radius is 0.50 ± 0.02 R� (von Braun et al.
2011). Peacock et al. (2019) investigated the extreme ultravio-
let radiation environment around, whereas afterwards Tilipman
et al. (2021) focused on the stellar atmospheric structures as for
GJ 581. Tilipman et al. (2021) found the star GJ 832 to be rela-
tively inactive, but still more than GJ 581, and have as well a H2

fluorescent emission (France et al. 2013).
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Fig. A.4. SPHERE/IRDIS relative astrometry differences of the offset
positions of the point-like source detected around GJ 682 in the three
epochs (at the top) and only in the first and third epochs (at the bottom).
The first epoch is considered as reference, i.e., 2017-06-22; the second
epoch is 2017-06-23, and the third epoch 2019-07-05. (See caption from
Fig. A.1)

The system GJ 832 hosts a long-period planet named GJ 832 b.
This planet b was discovered by Bailey et al. (2009) using
radial velocity measurements: it has a minimal mass of 0.74 ±
0.06 MJup orbiting at a period of 3 838 ± 49 days (a semi-major
axis of 3.79 ± 0.03 au) with a low eccentricity (0.02–0.06) from
the most recent study Gorrini et al. (2022). Bonfils et al. (2013a)
confirmed the signal, and indicated a possible second signal at
a 35-day period, but which could yet be linked to stellar activ-
ity. This signal was considered by Wittenmyer et al. (2014) as
the planet c, an inner super-Earth (5.4± 1.0 M�, 0.16± 0.01 au).
Recently, this planet c have be debated by Gorrini et al. (2022)
arguing for stellar activity. Hence, we only consider the planet b
as confirmed, and we removed the system GJ 832 in our statisti-
cal study of systems hosting known sub-Saturn(s). Nonetheless,
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we stress the fact that the system GJ 832 is one of the four sys-
tems in our full sample with a significant proper motion anomaly
signature (signal-to-noise ratio equal to 14.1, Kervella et al.
2022). This is consistent with the radial velocity measurements
of the planet b, assuming a circular orbit and an inclination of
about 60� (Kervella et al. 2019). The planet GJ 832 b has not yet
been imaged - even though we had a detection plausible in our
first epoch with SPHERE, we were not able to recover it in the
best observation (see Section 5.2).

GJ 3998. The system GJ 3998 located at 18.18 ± 0.01 pc
(Gaia Collaboration 2021) has a M1.5 star (Gaidos et al. 2014).
In our work, we estimated the stellar mass to 0.55 ± 0.05 M�,
consistent with the previous estimate from Affer et al. (2016).
By using gyrochronology, we estimated for the first time an age
of 2.0 ± 0.5 Gyr for this system.
Affer et al. (2016) discovered two low-mass planets in this sys-
tem, GJ 3998 b and GJ 3998 c with minimal masses of 2.5 ±
0.3 M� and 6.3± 0.8 M�, at semi-major axes of 0.029± 0.001 au
and 0.089 ± 0.003 au (i.e., about 2.6-day and 13.7-day periods),
respectively.

HD 3651. The system HD 3651 located at 11.108± 0.006 pc
(Gaia Collaboration 2021) has a K0V star (Gray et al. 2003).
By using gyrochronology and chromospheric activity, we esti-
mated an age of 7.5 ± 2.2 Gyr for the system, consistent with
values from the literature (e.g., Valenti & Fischer 2005; Liu et al.
2007; Vidotto et al. 2014; Bonfanti et al. 2016). We determined
a stellar mass 0.86 ± 0.06 M�, higher than the previous esti-
mate (0.79 ± 0.06 M�) from Fischer et al. (2003) and a stellar
metallicity [Fe/H] close to the solar one (0.08 ± 0.06).

The system HD 3651 hosts one eccentric (0.63 ± 0.04)
Saturn-mass planet b (0.20 MJup) at 0.28 au (period of 62-day)
discovered by Fischer et al. (2003) using radial velocity mea-
surements from the Lick and Keck observatories. In addition,
Mugrauer et al. (2006) and Luhman et al. (2007) independently
discovered by direct imaging a wide-orbit brown dwarf (20–
60 MJup, projected separation of 43” corresponding to 480 au).
Its spectral type is T7.5 ± 0.5 (Liu et al. 2007; Burgasser 2007).
Line et al. (2015) retrieved ammonia in low-resolution near
infrared spectrum for this brown dwarf, and found a good agree-
ment between the values of the carbon-to-oxygen ratio of the
brown dwarf and the host star. Wittenmyer et al. (2013) proposed
the existence of an inner planet (minimal mass of 0.09 MJup)
at a period of 31 days (0.19 au) based on the same statistical
approach than for GJ 649. Yet, they retracted in Wittenmyer
et al. (2007), stating that radial velocity signal from a planet
with an eccentricity higher than 0.5 cannot be explained by an
architecture of two circular planets from updated simulations.
It is consistent with results from Brewer et al. (2020), who
did no expect an inner planet to HD 3651 b from their radial-
velocities measurements coupled to their N-body simulations,
since it would be dynamically unstable.

HD 20794. The system HD 20794 located at 6.041 ±
0.003 pc (Gaia Collaboration 2021) has a G8V star (Pepe et al.
2011). In our work, we estimated the stellar mass to 0.79 ±
0.05 M�, lower but consistent at 1� with the previous estimate
(0.85 ± 0.02 M�) from Takeda et al. (2007), and a metallicity
[Fe/H] of �0.36±0.05. By using chromospheric activity, we esti-
mated an age of 6.0 ± 0.3 Gyr for the system, younger than the
previous age (11.6 ± 1.5 Gyr) from Bonfanti et al. (2016). As
HD 20794 is particularly stable over long time baselines (Butler

et al. 2001), the system has been selected as a special star refer-
ence for radial velocity measurements, which explains the high
number of observations with HARPS (> 7500).

The system hosts several super-Earths. Pepe et al. (2011)
reported the discovery of three planets, HD 20794 b, HD 20794 c
and HD 20794 d at 0.12 au (18-day period), 0.20 au (18-day
period) and 0.35 au (90-day period), and with minimal masses
of 2.7 M�, 2.4 M� and 4.7 M�, respectively. They are cautious
regarding their planet c, due to faint amplitude signal and as it
could be linked to the stellar rotation. Feng et al. (2017) is suspi-
cious as well regarding the existence of the planet c, but points
out the existence of at least one additional planet HD 20794 e
at 0.51 au (147-day period), and possibly two, HD 20794 f and
HD 20794 g, at 0.88 au (331-day period) and 0.09 au (12-day
period), having minimal masses of 4.8 M�, 10.3 M�, and 1.0 M�,
respectively. In this work, we consider the planets b, d, and e as
confirmed detections, the others as unconfirmed.

In addition, the star hosts a cold (about 80 K) debris
disk spanning between roughly 15 and 40 au (Wyatt et al.
2012; Kennedy et al. 2015). Hot dust was detected with
VLTI/PIONIER with an excess of 1.64 ± 0.37% (Ertel et al.
2014) and a variability over two years (Ertel et al. 2016). This hot
dust could be located between 0.01 and 0.1 au (Kennedy et al.
2015), with the sublimation radius estimate at 0.03 au (Absil
et al. 2021).

HD 38858. The system HD 38858 is located at 15.210 ±
0.007 pc (Gaia Collaboration 2021) and has a G2V star (Gray
et al. 2003). We derived an age of 4.3 ± 1.0 Gyr based on
gyrochronology and chromospheric activity, in agreement with
previous estimates from Takeda et al. (2007) and Lovis et al.
(2011), but significantly older than the estimate from Casagrande
et al. (2011) of 200 Myr based on isochrones. In addition, we esti-
mated a stellar mass of 0.91 ± 0.06 M�, consistent with Takeda
et al. (2007), and a metallicity [Fe/H] of �0.21 ± 0.05.

The system hosts at least a low-mass planet named
HD 38858 b discovered by Kennedy et al. (2015) at 0.64 au
(198-day period) and with a minimum mass of 12 ± 2 M�. Pre-
viously, Mayor et al. (2011) announced the discovery of a planet
with a semi-major axis of 1.04 au (407-day period) and a min-
imal mass of 30.6 ± 4.1 M�. However, by using additional data
(96 instead of 52 measurements) Kennedy et al. (2015) revealed
this signal to be caused by stellar activity. Read & Wyatt (2016)
put constraints on the presence of additional low-mass planets in
the system from a theoretical perspective. They reported that an
eccentric (0.2–0.8) planet located between 1 and 10 au and with
a minimal mass of 3–10 M� would be unlikely, as secular inter-
actions with the planet HD 38858 b would cause a significant
eccentricity for the planet b that is not observed. Nonetheless, if
such planet did exist, it would point for the existence of a third
planet, in the vicinity of the planet HD 38858 b, and stabilizing
it.

Furthermore, Beichman et al. (2006) discovered with Spitzer
a cool debris disk around the star, marginally resolved (Krist
et al. 2012), and better resolved at the same wavelength (70 µm)
with Herschel Kennedy et al. (2015). These latter observations
constrained the disk geometry and radial structure.

HD 40307. The system HD 40307 is located at 12.932 ±
0.003 pc (Gaia Collaboration 2021), and hosts a K2.5V star
(Gray et al. 2006). We derived an age of 4.4 ± 2.0 Gyr based
on chromospheric activity and gyrochronology which is con-
sistent with e.g., Lovis et al. (2011) and Bonfanti et al. (2016).
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We estimated the stellar mass to 0.71 ± 0.05 M�, in agreement
with Takeda et al. (2007), and determined a stellar sub-solar
metallicity [Fe/H] of �0.30 ± 0.05.

By using HARPS RV measurements, four to six super-Earths
and/or mini-Neptunes may have been discovered in the system.
In short, the three inner ones b, c, and d are discovered by Mayor
et al. (2009b) and the three outer ones e, f and g by Tuomi et al.
(2013) who used a new analysis method. However, the existence
of the planets HD 40307 e, and HD 40307 g is debated (Díaz
et al. 2016; Unger et al. 2020). Regarding the confirmed plan-
ets HD 40307 b, HD 40307 c, HD 40307 d, and HD 40307 f,
Unger et al. (2020) reported minimal masses of about 3.81 M�,
6.43 M�, 8.74 M�, and 3.63 M�, semi-major axes of about
0.05 au, 0.08 au, 0.13 au, and 0.25 au (periods of 4.3 days,
9.6 days, 20.4 days, and 51.6 days), respectively. As for the
unconfirmed planets HD 40307 e and HD 40307 g, they would
have a minimal mass of 3.5M�, and 7.1M�, and semi-major
axis of 0.19 au and 0.60 au (period of 34.6 day, and 198 day)
following Tuomi et al. (2013).

Concerning their formation history, Barnes et al. (2009)
found that the planets b, c, and d likely formed at larger radii
and migrated inward into their current orbits owing to disk inter-
actions. The dynamics of this multiple system with at that time
three planets discovered has been also investigated by Papaloizou
& Terquem (2010), Zhou (2010), and Yuan-Yuan et al. (2014). On
the other hand, Brasser et al. (2014) investigated the stability of
the system based on a 6-planet configuration.

Furthermore, the system HD 40307 was imaged by
VLT/NaCo (Dietrich & Ginski 2018). Nonetheless, the reported
companion candidate found at a separation of 13.35" and posi-
tion angle of 146� was classified as a background object.

HD 69830. The system HD 69830 is located at 12.579 ±
0.006 pc (Gaia Collaboration 2021). We derived an age of
6.6 ± 1.5 Gyr based on gyrochronology and chromospheric
activity, which is younger than the age estimated from Takeda
et al. (2007) of 10.4 ± 2.5 Gyr but consistent with the one
from e.g., Tanner et al. (2015). Our stellar mass estimation of
0.88 ± 0.06 M� is consistent with the value from e.g., Tanner
et al. (2015). We determined a stellar metallicity [Fe/H] consis-
tent with the solar one (�0.03±0.05). The star has a spectral type
of is G8V (Gray et al. 2006) or K0V Tanner et al. (2015). From
interferometric measurements with the CHARA array, Tanner
et al. (2015) estimated a physical radius of 0.906 ± 0.019 R�. In
addition, the system HD 69830 underwent an encounter 0.31 ±
0.01 Myr ago at a minimal distance of 0.43+0.06

�0.02
pc with the star

HD 57901 (Bertini et al. 2023).
Lovis et al. (2006) discovered three planets b, c and d with

minimum masses of 10.2 M�, 11.8 M� and 18.1 M� and semi-
major axis of about 0.08 au, 0.19 au and 0.63 au i.e., periods
of 8.7, 31.6 and 197 days, respectively. Lovis et al. (2006),
Alibert et al. (2006) and Lecavelier Des Etangs (2007) concluded
that HD 69830 b must have a mainly rocky composition such
as a super-Earth, while the two outermost planets HD 69830 c
and HD 69830 d should more look like super-Neptunes. Those
planets have been confirmed in later studies, e.g., Hara et al.
(2022) who led an in-depth study of stellar activity. By using
254 HARPS RV measurements (acquired before the change of
fiber in 2015) spanning over 11.5 years, they demonstrated that
the RV periodic signals associated to the three planets have a
stable amplitude, phase and period, which strengthens their plan-
etary origin over a stellar one. Moreover, this configuration of
three planets is dynamically stable even if planetary masses are

shifted to Jupiter masses in case of a face-on system (Ji et al.
2007). Payne et al. (2009) reported that the three planets may
have migrated through the disk.

Furthermore, the system hosts a warm belt, external to the
three low-mass planets known, and first constrained by Beich-
man et al. (2005) via SED modelling of Spitzer observations.
They show the star to harbour within 1 au warm dust grains
from an exozodiacal disk (exozodi), which would represent a
total mass of about 4.6 ⇥ 10�9 M� by assuming only 0.25 µm-
sized dust grains. The exozodi could be explained by a recent
collision between planetesimals (Wyatt et al. 2007, 2010; Heng
& Tremaine 2010). Beichman et al. (2006) pointed out that over
41 stars hosting planets, and later on Bryden et al. (2009) for
an additional 105 stars hosting planets, that HD 69830 is the
only one among 14 systems with a debris disk to have this IR
excess exclusively at 24 µm. This means the system has a hot
belt and insignificant amounts of cool dust. The absence of a
large and cold reservoir of cometary bodies is also reported by
Marshall et al. (2014) based on Herschel data. This makes replen-
ishing the exozodi challenging. Hence, the discovery from Lisse
et al. (2007) with Spitzer of icy dusty grains may indicate that a
recent disruptive event happened within the year of the observa-
tion. Yet, follow-up observations at higher signal-to-noise ratio
still with Spitzer were not able to detect water ice again or any
change in the emission spectrum (Beichman et al. 2011). These
latter indicate that the disruption of C-type asteroid(s) formed in
dry and inner regions could explain the exozodi.

The status of a short-lived exozodi (e.g., Beichman et al.
2005) is debated by Heng (2011) which argued that the age of
the system is poorly constrained and thus could be up to about
1 Gyr. Such an age might point the hypothesis of a non-transient
exozodi. In this case, the exozodi would have a mass of 3–
4 ⇥ 10�3 M� i.e., from 7 to 10 times the one from the asteroid
belt in our Solar system (Krasinsky et al. 2002).

Complementary observations in the mid infrared with
VLTI/MIDI have enabled to resolve the dust emission of the exo-
zodi at 8-13 µm, but not with VISIR at 18.7 µm, consistent with
the radius of 1 au derived by SED modelling (Smith et al. 2009).
In addition, Beichman et al. (2011) reported no variability of the
amount of dust or its composition over 4 year period with Spitzer
(upper limit of 3.3% at 1�-level).

HD 85512. The system HD 85512 is located at 11.277 ±
0.003 pc (Gaia Collaboration 2021). We derived an age of
5.1±1.0 Gyr based on gyrochronology and chromospheric activ-
ity, and a stellar mass of 0.70 ± 0.05 M�, both consistent with
e.g., Pepe et al. (2011). We found a sub-solar metallicity [Fe/H]
of �0.28 ± 0.12. The star has a K5V spectral type, and is even
more stable than HD 20794 (Pepe et al. 2011).

The system is known to harbour one planet HD 85512 b of
minimal mass 3.6 ± 0.5 M� at 0.26 ± 0.01 au (⇠ 58-day period)
on a possible circular orbit (e = 0.11±0.1) and rocky (Pepe et al.
2011). The spin-orbit resonance of the planet b is likely to be 3:2
(Luna et al. 2016). In addition, Leconte et al. (2013) investigated
the habitability of the planet using 3D global climate models,
arguing it cannot be ruled out even if the planet b is closer than
the inner edge of the classically defined habitable zone, which
corresponds to a predicted runaway greenhouse transition that
remains to be empirically tested (Ingersoll 1969; Kasting 1988;
Turbet et al. 2019, 2020; Schlecker et al. 2023).

HD 99492. The system HD 99492 is located at a distance of
18.16± 0.01 pc (Gaia Collaboration 2021). We derived an age of
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Fig. A.5. SPHERE/IRDIS relative astrometry differences of the off-
set positions of all the point-like sources detected around HD 85512
between the first epoch considered as reference 2017-04-01 and the
three epochs after, 2017-12-30, 2019-11-25, and 2020-01-03. (See cap-
tion from Fig. A.1)

5.7 ± 1.0 Gyr from gyrochronology and chromospheric activity,
which is consistent with Marcy et al. (2005) and Bonfanti et al.
(2016). Its star has a mass of 0.84 ± 0.05 M� in agreement with
Takeda et al. (2007) and a spectral type K2V (Marcy et al. 2005).
We found a super-solar metallicity [Fe/H] of 0.27±0.09. The star
is in a binary orbit with HD 99491, both also known as 83 Leonis
B and A, respectively, separated by about 40.76" corresponding
to an average projected separation of ⇠ 740 au.

The system hosts one planet HD 99492 b of minimal mass
35.6 M� at 0.12 au (17-day period) discovered by Marcy et al.
(2005). The hypothetical outer planet HD 99492 c suggested via
RV trend (Marcy et al. 2005), is claimed by Meschiari et al.
(2011) as a giant planet of 0.36 MJup minimal mass orbiting
at 5.4 ± 0.5 au (about 5000-day period). However, Kane et al.
(2016) reported the radial velocity signal associated previously
to HD 99492 c to be caused by a stellar activity cycle of about
13 years.

HD 102365. The system HD 102365 (also known as
HR 4523) is located at a distance of 9.320 ± 0.008 pc (Gaia
Collaboration 2021). We derived an age of 4.3 ± 0.8 Gyr based
on chromospheric activity and gyrochronology, younger than the
age estimated from Takeda et al. (2007) of 9.5±3.0 Gyr. We esti-
mated a stellar mass of 0.81 ± 0.05 M�, consistent with Takeda
et al. (2007), and a sub-solar metallicity [Fe/H] of �0.35 ± 0.03.
The star is classified as a G3V and G5V star (Keenan & McNeil
1989; Evans et al. 1957). In addition, the star is part of a binary
system with a M4V companion located at projected separation
of 322 au (van Biesbroeck 1961; Hawley et al. 1996).

Based on 149 UCLES radial velocities measurements span-
ning over 12 years, Tinney et al. (2011) reported the existence
of HD 102365 b of minimal mass 16.0 ± 2.6 M� orbiting at
0.46 ± 0.04 au (122.1 ± 0.3-day period) with an eccentricity of
0.34 ± 0.14. However, Zechmeister et al. (2013) did not find evi-
dence for the signal with their 62 HARPS RV measurements

spanning over 4.4 years, hence the system HD 102365 may not
be planetary.

61 Vir (HD 115617). The system 61 Vir (HD 115617) is
located at 8.53 ± 0.01 pc (Gaia Collaboration 2021). In this
work we estimated the stellar age (5.1 ± 1.3 Gyr) based on
gyrochonology and stellar activity, as well as the stellar mass
(0.915 ± 0.053 M�) and the metallicity [Fe/H] (�0.03 ± 0.04).
Our results are consistent with previous estimates from Wright
et al. (2011), Vican (2012), Vogt et al. (2010b), Valenti & Fischer
(2005), and Sousa et al. (2008).
The star has a spectral type between G5V and G7V (e.g., Gray
et al. 2006) and its stellar radius is estimated to 0.987± 0.005 R�
(von Braun et al. 2014). By using radial velocity measurements,
Vogt et al. (2010b) discovered three planets b, c, and d at min-
imal masses of 5, 18 and 23 M� and semi-major axes of 0.05,
0.22 and 0.49 au, respectively. Wyatt et al. (2012) confirmed the
planets b and c but not the planet d, therefore we consider in this
work 61 Vir d as unconfirmed.

In addition, Bryden et al. (2006) discovered with Spitzer
a debris disk surrounding the star with a fractional luminosity
Ldust/Lstar of 2.7 · 10�5. By using Herschel, Wyatt et al. (2012)
reported that the disk density peaks between 30 and 100 au (and
even up to 150 au from ALMA observations according to Marino
et al. (2017)). Wyatt et al. (2012) found that the disk is inclined
by 77� with respect to the plane of the sky which gives a slight
underestimation of 3% for the planet masses by assuming the
disk and the orbits of these planets to be coplanar.

HD 136352. The system HD 136352 is located at 14.74 ±
0.02 pc (Gaia Collaboration 2021) and hosts a G2V star (Gray
et al. 2006). We derived an age of 0.57 ± 0.17 Gyr based on
chromospheric activity, which is significantly younger than the
age estimated from Lovis et al. (2011) or Kane et al. (2020),
respectively 4.37 ± 0.5 Gyr and 8.3 ± 3.2 Gyr. Our stellar mass
estimation of 0.83 ± 0.05 M� is consistent with Delrez et al.
(2021). We found a sub-solar metallicity [Fe/H] of �0.37 ± 0.03.

The system hosts three planets b, c, and d discovered by
Mayor et al. (2011) via RV measurements. Udry et al. (2019)
reported minimal masses of 4.8 ± 0.6 M�, 10.8 ± 1.0 M�, and
8.6 ± 1.2 M�, orbiting at about 0.09 au, 0.17 au, and 0.41 au
(period of about 11.6 days, 27.6 days, and 107.6 days), respec-
tively. In addition, the three planets transit. The two inner
ones were first detected via TESS photometry (Kane et al.
2020; Lovos et al. 2022), while the outer one via CHEOPS
(Delrez et al. 2021). The updated parameters derived by com-
bining CHEOPS and TESS photometric and HARPS RV mea-
surements do not change significantly from Udry et al. (2019) but
indicate as well an absolute mass of 4.7± 0.4 M�, 11.2± 0.7 M�,
and 8.8 ± 0.9 M�, with radii of 1.66 ± 0.05 R�, 2.92 ± 0.08 R�,
and 2.56 ± 0.09 R�, and mean density of 1.02 ± 0.13 ⇢�, 0.45 ±
0.05 ⇢�, and 0.52 ± 0.08 ⇢�, respectively (Delrez et al. 2021).
More precisely, Delrez et al. (2021) indicated that the planet b
is a rocky mostly dry planet unlike the planets c and d that are
likely to have small hydrogen-helium envelopes, and a possible
water content. They reported no major eccentricity for the three
planets (up to 0.25 at 2�).

HD 154088. The system HD 154088 is located at 18.273 ±
0.008 pc (Gaia Collaboration 2021). We derive an age of 7.1 ±
0.5 Gyr based on chromospheric activity and a stellar mass of
0.94 ± 0.05M�, both consistent with previous estimates from
e.g., Unger et al. (2021), who indicated as well the stellar spectral
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Fig. A.6. SPHERE/IRDIS relative astrometry differences of the off-
set positions of all the point-like sources detected around HD 136352
between the first epoch 2017-07-14 considered as reference and the sec-
ond epoch 2020-03-16. (See caption from Fig. A.1)

type to be K0IV-V. We estimate a super solar metallicity [Fe/H]
of 0.25 ± 0.06. Fossati et al. (2013) reported the detection of the
stellar magnetic field.

The system hosts one planet HD 154088 b with a minimal
mass of 6.6 M� at 0.134 au (18.6-day period) discovered by
Mayor et al. (2011) and confirmed by Unger et al. (2021). The lat-
ter constrain the eccentricity below 0.19 (0.34) at the 68% (95%)
level.
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Fig. A.7. SPHERE/IRDIS relative astrometry differences of the offset
positions of all the point-like sources detected around HD 154088 in
the first and third epochs (2017-06-21, 2021-07-04). (See caption from
Fig. A.1)

HD 189567. The system HD 189567 is located at 17.93 ±
0.01 pc (Gaia Collaboration 2021). Based on chromospheric
activity, we derive an age of 4.5 ± 0.5 Gyr, younger than Takeda
et al. (9.8 ± 2.1 Gyr 2007). We estimate a stellar mass of 0.85 ±
0.05 M� consistent with literature, and a metallicity [Fe/H] of
�0.27 ± 0.05. The stellar type is a G2V (Gray et al. 2006).

The system hosts two planets, HD 189567 b and HD 189567 c
discovered by Mayor et al. (2011) and Unger et al. (2021), respec-
tively. Unger et al. (2021) derived for the planets b and c a
minimal mass of 8.5 ± 0.6 M� and 7.0 ± 0.9 M� at a semi-
major axis of about 0.11 au and 0.20 au (period of 14.2 days
and 33.7 days), respectively.

Appendix B: Age estimation

The stellar age is an important parameter in high-contrast imag-
ing observations to convert observed fluxes into masses of
putative companion candidates, as well as the sensitivity in terms
of mass of given observation. For our sample, ages from the
literature were heterogeneously derived, and sometimes poorly
constrained or disagreeing with each other. For these reasons,
we have revisited in this work the ages of all the stars based on
two different methods: gyrochronology and stellar activity.

B.1. Gyrochronology

Gyrochronology uses the empirical rotation period-color relation
to estimate the age. This technique is calibrated by using a few
age-benchmark open clusters, such as the Pleiades, the Hyades
or Praesepe, can be also used to estimate the age of individual
stars, possibly complementary to other independent techniques.
In the present study, considering the wide color range spanned
by our targets (0.64 < B�V < 1.65 mag), we had to use three
different gyrochronologic relations to infer the age.

In the color range 0.5 < B�V < 1.40 mag, corresponding to
the F5–K9 spectral types, we have used the relation:

Age(Gyr) =
1/n

s

P(d)

a(B � V � c)b
, (B.1)

using the coefficients a = 0.407, b = 0.325, c = 0.495, and
n = 0.566 (Mamajek & Hillenbrand 2008) and a = 0.40,
b = 0.31, c = 0.45, and n = 0.55 (Angus et al. 2015).

For the M0–M1-type stars in our sample, we used the relation
of Engle & Guinan (2011):

Age(Gyr) =
1/c

r

P(d) � a

b
, (B.2)

with a = �4.14, b = 15.57 and c = 0.688,

As for the M2.5–M5.5-type stars, we used the linear relation
of Engle & Guinan (2011):

Age(Gyr) =
P(d) � a

b
, (B.3)

with a = 0.88 and b = 16.542.
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As the input rotation period for each target, we used the
average value if more periods were available from the liter-
ature (see Table B.1). By exploring the existing literature on
our stellar sample to gather the values of their stellar rotation
periods, we found rotation periods (P) measured by using peri-
odogram analysis of three different types of data time series:
photometric (Pph), activity index (Pac), and radial velocity (PRV).
In Table B.2, we list the B�V color and the photometric rotation
period Pph, together with its uncertainty �P, when known, and
the corresponding references for each target.

On a total of 27 targets, we retrieved information on the pho-
tometric rotation period Pph for ten targets. The main reason for
this low detection rate is that our targeted stars are relatively
old and are expected to have very low-level photometric vari-
ability, below the current sensitivity of ground or space-based
telescopes.

We retrieved information on the rotation period Pac from
the activity index time series for 13 targets, six of which with
Pph known, which are listed in Table B.2 together with their
respective references. The activity index mostly measured for the
selected targets is R0

HK
. The main reason is again linked to the

old age of our targeted stars, which translates into long rotation
periods, combined with the scarcity of spectroscopic time series
long enough to allow a meaningful measurement of rotation.

Finally, for seven targets we found rotation period measure-
ments PRV from RV time series (see Table B.2). In fact, the
periodic modulation of visibility of surface magnetic inhomo-
geneities gives rise to quasi-periodic jitters in the RV measure-
ments, which allow the stellar rotation period to be measured.
Out of seven targets with PRV known, four also have Pph and Pac

both known, and two have only Pac known.
To summarize, we have the rotation period required for an

estimation of the age via gyrochronology for a total of 17 targets.
We found that rotation periods measured by different methods
(when available) are generally in good agreement with each
other.

B.2. Stellar activity

The second approach to measure the age of our targets is the
use of calibrated age-activity relations. In this work, we used the
relation by Mamajek & Hillenbrand (2008) which is calibrated
in the color range 0.5 < B � V < 1.40 mag:

log Age(Gyr) = �38.053 � 17.912 log R0HK � 1.6675 log (R0HK)2 ,

(B.4)

where R0
HK

is the chromospheric activity index.
We have explored the existing literature on the selected tar-

gets to gather measurements of magnetic activity indices. As
mentioned, the most widely measured index is the chromo-
spheric activity index R0

HK
, which is the width of the activity

sensitive Ca II H&K lines normalized by the bolometric flux and
corrected for a photospheric contribution. Except the single mea-
surement for GJ 3998 and GJ 667C, all the other targets have
numerous values of R0

HK
. In Table B.2, we list for each target the

R0
HK

values and the corresponding references, and in Table B.1
the average value.

The age based on stellar activity was derived for 15 targets,
whose color is within the validity of the Mamajek & Hillen-
brand (2008) relation. We stress that the age of HD 136352 is
likely to be underestimated by our method as our age estimation
gives a rather young star of 0.57 ± 0.17 Gyr, which is discrepent
by 3� with the age from the literature (8.2+3.2

�3.1
Gyr), and may

not be consistent with its subsolar metallicity (see Table C.1 and
Appendix C).

Both chromospheric and gyrochronologic ages were inferred
for a subsample of 7 targets (without considering GJ 581).
The gyrochronologic ages inferred by Mamajek & Hillenbrand
(2008) and Angus et al. (2015) are generally in agreement within
20%, while chromospheric and gyrochronologic ages are also in
agreement within 30%.

As final age for each system, we adopt either the gyrochrono-
logic age, the chromospheric age, or the average value in the
cases with independent realistic measurements (see Table B.1
and Fig. B.1). By using our methods, we are not able to esti-
mate robust ages for GJ 180, GJ 682 or HD 136352. Regarding
HD 136352, we use the age of 8.3 ± 3.2 Gyr from Kane et al.
(2020), while considering GJ 180 and GJ 682 we use a default
age of 5 ± 4 Gyr. Except GJ 433 (0.50 ± 0.15 Gyr), all of our
systems have ages between 1 Gyr and 10 Gyr, with uncertainties
up to a few gigayears.
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Fig. B.1. Distribution of the age of the stars in our sample re-determined
homogeneously in this work (see values in Table B.1). We indicate the
median error on the age in the upper right corner.
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Table B.1. Average rotation period and activity and corresponding activity and gyrochronologic ages (according to M: Mamajek & Hillenbrand
(2008); A: Angus et al. (2015); S: Engle & Guinan (2011).

System B � V < Prot > < R0
HK
> AgeChromo AgeGyr0 < Age >

(mag) (d) (Gyr) (Gyr)
M A S this work

GJ 163 1.49 50 �5.540 ± 0.084 3.0 3.0 ± 0.7
GJ 176 1.54 39.5 ± 1.3 �4.955 ± 0.063 2.3 2.3 ± 0.6
GJ 180 1.55 �5.341 ± 0.082
BD-061339 1.35 �4.778 ± 0.096 2.9 ± 1.2 2.9 ± 1.2
GJ 229 1.48 27.2 ± 1.6 �4.861 ± 0.131 1.6 1.6 ± 0.4
GJ 422 1.33 �5.800 ± 0.044 5.5 ± 0.8 5.5 ± 0.8
GJ 433 1.51 7.94 �5.284 ± 0.192 0.50 0.50 ± 0.15
GJ 581 1.20 130 ± 2 �5.459 ± 0.219 10 ± 1 7.8 8.9 ± 1.1
Wolf 1061 1.57 119.1 ± 1 �5.219 ± 0.209 7.1 7.1 ± 2
GJ 649 1.48 23.8 ± 0.1 �4.944 ± 0.101 1.40 1.40 ± 0.35
GJ 667C 1.57 105 �5.33 6.3 6.3 ± 2
GJ 674 1.57 34.1 ± 1.3 �5.013 ± 0.086 2.0 2.0 ± 0.5
GJ 682 1.65 �5.363 ± 0.342
GJ 832 1.50 41 ± 4 �5.215 ± 0.085 2.4 2.4 ± 0.3
GJ 3998 1.51 32.99 �4.82 2 2 ± 0.5
HD 3651 0.83 43 ± 2 �4.979 ± 0.09 6.2 ± 1.7 7 ± 1 8.5 7.5 ± 2.2
HD 20794 0.71 �4.971 ± 0.017 6 ± 0.3 6 ± 0.3
HD 38858 0.64 24 �4.921 ± 0.043 5.1 ± 0.8 4.1 ± 0.5 4.3 4.3 ± 1
HD 40307 0.95 34.4 ± 2.4 �4.980 ± 0.144 6 ± 2 4 ± 0.4 4.8 4.4 ± 2
HD 69830 0.79 42 �4.963 ± 0.029 5.9 ± 0.5 7.3 ± 1 8.7 6.6 ± 1.5
HD 85512 1.18 42 ± 6 �4.953 ± 0.060 5.7 ± 1 4.5 ± 0.3 5.6 5 ± 1
HD 99492 1.02 �4.953 ± 0.055 5.7 ± 1.0 5.7 ± 1.0
HD 102365 0.67 24 �4.931 ± 0.026 5.3 ± 0.5 3.6 ± 0.5 4.0 4.3 ± 0.8
61 Vir 0.70 29 �4.973 ± 0.056 6 ± 1 4.7 ± 0.6 5.3 5.1 ± 1.3
HD 136352 0.65 �4.941 ± 0.044 0.57 ± 0.17 0.57 ± 0.17
HD 154088 0.83 �5.026 ± 0.027 7.1 ± 0.5 7.1 ± 0.5
HD 189567 0.64 �4.885 ± 0.028 4.5 ± 0.5 4.5 ± 0.5

Table B.2. Information from the literature on the stellar rotation period and activity as measured by means of R0HK

Name B�V Pph � ref Pac � ref PRV � ref R0
HK

ref

GJ 163 1.49 50 — P8 — — — — — — -5.480 P5
— — — — — — — — — — -5.600 A7

GJ 176 1.54 38.92 — P3 37 — P5 39.2 0.2 P2 -4.911 P5
— 40.7 0.4 P6 40.6 — P7 — — — -5.00 P2
— 40.8 0.1 P4 39.3 0.1 P1 — — — — —

GJ180 1.55 — — — — — — — — — -5.283 P5
— — — — — — — — — — -5.40 A6

GJ229 1.48 27.7 0.2 P6 25 — P5 29.4 0.1 P2 -4.90 A6
— 27.3 0.1 P4 26.7 2.4 P2 — — — -4.669 P5
— — — — — — — — — — -4.965 A7
— — — — — — — — — — -4.91 P2

BD-061339 1.35 — — — — — — — — — -4.846 A7
— — — — — — — — — — -4.710 A17

GJ422 1.33 — — — — — — — — — -5.769 P5
— — — — — — — — — — -5.832 A7

GJ433 1.51 7.94 — P8 — — — — — — -5.148 P5
— — — — — — — — — — -5.420 A7

GJ581 1.20 — — — 130 2 P5 — — — -5.776 P5
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Table B.2. continued.

Name B�V Pph � ref Pac � ref PRV � ref R0
HK

ref

— — — — 132.5 6.3 P1 — — — -5.436 A17
— — — — — — — — — — -5.321 A17
— — — — — — — — — — -5.304 A17

Wolf1061 1.57 119 1 P6 119 — P5 — — — -5.523 P5
— 119.3 — P4 — — — — — — -5.088 A17
— — — — — — — — — — -5.075 A17
— — — — — — — — — — -5.190 A17

GJ649 1.48 23.8 0.1 P6 — — — — — — -4.872 A8
— 23.9 — P8 — — — — — — -5.016 A7

GJ667C 1.57 — — — — — — 105 — P9 -5.334 A17

GJ674 1.57 33.29 — P3 35 — P5 36.2 0.1 P2 -5.05 A6
— 35 1 P4 32.9 0.1 P1 — — — -4.885 P5
— — — — 33.0 0.7 P2 — — — -5.077 A7
— — — — — — — — — — -5.04 P2

GJ682 1.65 — — — — — — — — — -4.99 A6
— — — — — — — — — — -5.438 P5
— — — — — — — — — — -5.662 A7

GJ832 1.50 — — — 55 — P5 39.1 0.1 P2 -5.23 A6
— — — — 45.7 9.3 P1 — — — -5.10 A4
— — — — 39.2 9.4 P2 — — — -5.182 P5
— — — — — — — — — — -5.336 A7
— — — — — — — — — — -5.23 P2

GJ3998 1.51 32.99 — P15 — — — — — — -4.82 P5

HD3651 0.83 41 — P8 43.4 — P11 — — — -4.991* A8
— — — — 44 0.4 P10 — — — -5.020 A9
— — — — 44 — P12 — — — -4.85 A10
— — — — — — — — — — -5.02 A3
— — — — — — — — — -4.823 A13
— — — — — — — — — — -5.087 A12
— — — — — — — — — — -5.00 P10
— — — — — — — — — — -5.04 A11

HD20794 0.71 — — — — — — — — — -4.98 A10
— — — — — — — — — — -4.981* A1
— — — — — — — — — — -4.946* A2
— — — — — — — — — — -4.98 A3

HD38858 0.64 — — — 24 — P13 — — — -4.95 A9
— — — — — — — — — — -4.918* A1
— — — — — — — — — — -4.855* A2
— — — — — — — — — — -4.968 A12
— — — — — — — — — — -4.89 A14
— — — — — — — — — — -4.950 A11

HD40307 0.95 31.8 3.7 P1 36.5 2.3 P2 35.0 0.1 P2 -4.949* A1
— — — — — — — — — — -4.934* A2
— — — — — — — — — — -4.99 A3
— — — — — — — — — — -4.83 A4
— — — — — — — — — — -4.85 A4
— — — — — — — — — — -5.259 A5
— — — — — — — — — — -5.05 P2

HD69830 0.79 — — — 42 — P13 — — — -4.95 A9
— — — — — — — — — — -4.991 A12
— — — — — — — — — — -4.971 A12
— — — — — — — — — — -4.94 A6
— — — — — — — — — — -4.92 A3
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Table B.2. continued.

Name B�V Pph � ref Pac � ref PRV � ref R0
HK

ref

— — — — — — — — — — -5.005* A15
— — — — — — — — — — -4.945 A5
— — — — — — — — — — -4.98 A11

HD85512 1.18 — — — 45.9 0.4 P1 34.8 0.1 P2 -4.905* A1
— — — — 45.8 5.2 P2 — — — -4.90 A3
— — — — — — — — — — -4.96 A4
— — — — — — — — — — -4.95 P2

HD99492 1.02 — — — — — — — — -4.93 — A3
— — — — — — — — — — -4.889 A17
— — — — — — — — — — -5.015 A17
— — — — — — — — — — -4.978 A17

HD102365 0.67 — — — 24 — P14 — — — -4.957 A12
— — — — — — — — — — -4.95 A16
— — — — — — — — — — -4.944* A1
— — — — — — — — — — -4.916 A2
— — — — — — — — — — -4.88 A6
— — — — — — — — — — -4.93 A3
— — — — — — — — — — -4.942 A15

61Vir 0.70 — — — 29 — P12 — — — -5.001* A8
— — — — — — — — — — -5.011 A12
— — — — — — — — — — -5.04 A9
— — — — — — — — — — -5.00 A10
— — — — — — — — — — -4.87 A16
— — — — — — — — — — -4.99* A1
— — — — — — — — — — -4.967* A2
— — — — — — — — — — -4.91 A6

HD136352 0.65 — — — — — — — — — -4.91 A16
— — — — — — — — — — -5.013 A12
— — — — — — — — — — -4.949* A1
— — — — — — — — — — -4.932* A2
— — — — — — — — — — –4.90 A4

HD154088 0.83 — — — — — — — — — -5.02 A9
— — — — — — — — — — -5.00 A10
— — — — — — — — — — -5.064* A1
— — — — — — — — — — -5.02 A6

HD189567 0.64 — — — — — — — — — -4.86 A10
— — — — — — — — — — -4.916* A1
— — — — — — — — — — -4.878* A2

* average value
References. References given in the columns “ref” are the following: P1 = Suárez Mascareño et al. (2015), P2 = Suárez Mascareño et al. (2017), P3
= Kiraga & Stepien (2007), P4 = Suárez Mascareño et al. (2016), P5 = Astudillo-Defru et al. (2017a), P6 = Díez Alonso et al. (2019), P7 = Trifonov
et al. (2018), P8 = Oelkers et al. (2018), P9 = Anglada-Escudé et al. (2013), P10 = Marsden et al. (2014), P11 = Vidotto et al. (2014), P12 = Baliunas
et al. (1996), P13 = Isaacson & Fischer (2010), P14 = Saar & Osten (1997), P15 = Giacobbe et al. (2020), A1 = Gomes da Silva et al. (2014), A2 =
Meunier et al. (2017), A3 = Miller et al. (2015), A4 = Jenkins et al. (2006), A5 = Gondoin (2020), A6 = Hojjatpanah et al. (2019), A7 = Houdebine
et al. (2017), A8 = Duncan et al. (1991), A9 = Wright et al. (2004), A10 = Rocha-Pinto et al. (2004), A11 = Katsova & Livshits (2011), A12 = Gray
et al. (2003), A13 = Herrero et al. (2012), A14 = Radick et al. (2018), A15 = Zechmeister et al. (2013), A16 = Henry et al. (1996), and A17 = Boro
Saikia et al. (2018).

Appendix C: Stellar metallicity derivation

A correlation between the presence of giant planet and the metal-
licity of the host star is well known (Fischer & Valenti 2003).
That is why we determine homogeneously the metallicity of
all the GK stars in our sample, along with their atmospheric
properties.

We exploited archival high-resolution, high signal-to-noise
ratio (S/N) spectra for our GK stars to derive atmospheric param-
eters and metallicity ([Fe/H]). Given the dominance of molecular
bands, M-type dwarfs require a dedicated approach and cannot
be analyzed in the same way (see Maldonado et al. 2020, and
references therein). Our M dwarf targets have been extensively
investigated through the literature in terms of their atmospheric
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parameters and chemical composition. However, due to the
intrinsic issues related to their analysis, different studies have
provided very different results (see e.g., the exemplary case of
GJ 176 with differences of 600 K in Teff , 0.6 dex in log(g) and
0.6 dex in metallicity [Fe/H]; Santos et al. 2013; Passegger et al.
2019). Thus, we do not discuss their composition because large
systematic uncertainties plague the comparison with GK stars.

For stars warmer than Teff & 5 000 K we obtained spectro-
scopic parameters by performing a differential analysis using
the MOOG (Sneden 1973; 2019 version) python wrapper q2

(Ramírez et al. 2014) and the marcs grid of model atmospheres
(Gustafsson et al. 2008). The Fe I/Fe II line list comes from a
compilation published in our recent works (sources for atomic
parameters of the 90 iron transitions can be found in D’Orazi
et al. 2020; Baratella et al. 2020). The equivalent widths (EWs)
have been measured with ares (Sousa et al. 2015) and care-
fully checked trough the IRAF1 task splot. We derived stellar
parameters Teff , and log(g) by imposing excitation and ionization
equilibrium, respectively; microturbulence velocities (Vt) were
gathered by removing spurious trends between the reduced EWs
of Fe I lines and the corresponding abundances. We adopted
log(n(Fe))� = 7.50 dex as a reference solar abundance (Asplund
et al. 2009). For this sample, we also determined abundances
for Na I (non-LTE corrections have been applied following Lind
et al. 2011), Mg I, Si I, Ca I, Ti I, Ti II, Cr I, Cr II, and Ni I,
adopting the same model atmosphere and code that is described
above. As for Fe, we assumed solar reference abundances from
Asplund et al. (2009). Results are reported in Table C.2.

Errors on the stellar parameters, metallicity [Fe/H], and ele-
mental abundances have been calculated in the standard way:
they include internal errors due to the EW measurements and
the propagation of uncertainties related to the atmospheric
parameters. We refer the reader to our previous investigations,
e.g., D’Orazi et al. (2020) and Baratella et al. (2020). Regard-
ing the four cooler stars of this GK-type sub-sample (namely
GJ 667C, HD 40307, HD 85512, and BD-061339), we instead
fixed atmospheric parameters from photometry: Teff are from
Gaia (DR2 or eDR3 depending on availability for each target)
and 2MASS JHK colors using the relationship by Casagrande
et al. (2021). We exploited the colte python program developed
and maintained by L. Casagrande2 in order to obtain aver-
age Teff with weighted errors calculated through Monte Carlo
method. Surface gravities have been calculated starting from
those Teff , masses as given in Table 1, Gaia parallaxes and
bolometric correction for K band photometry (Casagrande &
VandenBerg 2014, 2018). We then measured EWs of neutral iron
lines and found the [Fe/H] values as reported in Table C.1.

Overall, we note that in our sample only three GK host
stars have a super-solar metallicity: HD 99492, HD 154088,
and HD 3651, the latter one only at a 2� level (see Table C.1
and Fig. C.1). We also notice that two of them (HD 99492 and
HD 3651) are in a wide binary system. On the contrary, 9 GK
host stars have a significant (> 4�) sub-solar metallicity.

1 IRAF is distributed by NOAO, which is operated by AURA under a
cooperative agreement with the NSF.
2 https://github.com/casaluca/colte

−0.5 −0.4 −0.3 −0.2 −0.1 0.0 0.1 0.2 0.3

Metallicity [Fe/H]

0

1

2

3

4

N
u
m
b
er

o
f
sy
st
em

s

median error:

Fig. C.1. Distribution of the metallicity of the GK host stars in our
sample that we estimated in this work (see values in Table C.1). We
indicate the median error on the metallicity in the upper right corner.
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Table C.1. Atmospheric parameters and metallicity [Fe/H] for the GK star sample.

Star Teff log g Vt [Fe/H] Spectrum S/N

(K) (dex) ( km s�1) (dex) (per pixel)

HD 3651 5274 ± 107 4.42 ± 0.20 0.87 ± 0.25 +0.08 ± 0.06 HARPN 280
HD 20794 5501 ± 66 4.49 ± 0.15 0.88 ± 0.11 �0.36 ± 0.05 HARPS 350
HD 38858 5788 ± 75 4.56 ± 0.11 0.95 ± 0.11 �0.21 ± 0.05 HARPS 400
HD 69830 5458 ± 72 4.55 ± 0.12 0.76 ± 0.15 �0.03 ± 0.05 HARPS 380
HD 99492 5562 ± 120 4.58 ± 0.19 1.06 ± 20 +0.27 ± 0.09 HARPS 250
HD 102365 5608 ± 50 4.27 ± 0.12 0.91 ± 0.07 �0.35 ± 0.03 HARPS 350
61 Vir 5557 ± 48 4.40 ± 0.12 0.82 ± 0.10 �0.03 ± 0.04 HARPS 300
HD 136352 5655 ± 48 4.24 ± 0.12 0.88 ± 0.06 �0.37 ± 0.03 HARPS 345
HD 154088 5416 ± 70 4.46 ± 0.20 0.96 ± 0.20 +0.25 ± 0.06 HARPS 312
HD 189567 5715 ± 45 4.36 ± 0.13 0.92 ± 0.07 �0.27 ± 0.03 HARPS 330

BD-061339 4061 ± 52 4.68 ± 0.05 0.79 ± 0.12 �0.20 ± 0.10 HARPS 60
GJ 667 C 4939 ± 41 4.50 ± 0.10 0.90 ± 0.10 �0.48 ± 0.10 HARPS 290
HD 40307 4871 ± 65 4.61 ± 0.05 0.89 ± 0.10 �0.30 ± 0.05 ESPRESSO 1000
HD 85512 4389 ± 115 4.48 ± 0.10 0.75 ± 0.10 �0.28 ± 0.12 HARPS 195

Table C.2. Elemental abundances with corresponding errors for the G-type stars in our sample.

Star [Na/Fe]NLTE [Mg/Fe] [Si/Fe] [Ca/Fe] [Ti/Fe] [Cr/Fe] [Ni/Fe]

HD 3651 0.11 ± 0.05 0.10 ± 0.07 0.00 ± 0.05 0.04 ± 0.06 0.04 ± 0.05 0.11 ± 0.08 0.10 ± 0.08
HD 20794 0.06 ± 0.05 0.25 ± 0.04 0.14 ± 0.05 0.18 ± 0.07 0.28 ± 0.05 0.04 ± 0.05 0.08 ± 0.04
HD 69830 0.03 ± 0.05 �0.01 ± 0.04 �0.01 ± 0.04 0.00 ± 0.05 0.05 ± 0.06 0.05 ± 0.06 0.04 ± 0.05
HD 38858 �0.01 ± 0.05 �0.03 ± 0.06 �0.03 ± 0.07 0.03 ± 0.08 0.04 ± 0.04 0.04 ± 0.08 �0.01 ± 0.08
HD 99492 0.12 ± 0.04 �0.03 ± 0.06 0.06 ± 0.06 �0.04 ± 0.07 0.05 ± 0.06 0.08 ± 0.06 0.10 ± 0.06
HD 102365 0.08 ± 0.05 0.18 ± 0.04 0.11 ± 0.05 0.12 ± 0.16 0.13 ± 0.05 0.01 ± 0.03 0.06 ± 0.07
61 Vir 0.06 ± 0.05 �0.01 ± 0.06 �0.01 ± 0.05 0.03 ± 0.05 0.06 ± 0.05 0.00 ± 0.05 0.03 ± 0.06
HD 136352 0.13 ± 0.06 0.24 ± 0.05 0.13 ± 0.06 0.14 ± 0.10 0.17 ± 0.06 0.05 ± 0.04 0.05 ± 0.06
HD 154088 0.15 ± 0.06 0.07 ± 0.06 0.12 ± 0.04 0.04 ± 0.05 0.07 ± 0.08 0.16 ± 0.07 0.10 ± 0.10
HD 189567 0.08 ± 0.09 0.05 ± 0.04 0.05 ± 0.04 0.06 ± 0.10 0.08 ± 0.10 0.01 ± 0.05 0.01 ± 0.07

Appendix D: Log of the VLT/SPHERE observations

Table D.1 lists the 94 observations with VLT/SPHERE, including the observational conditions, represented in Fig. D.1 too.
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Fig. D.1. Distribution of the observing conditions: seeing, coherence time of the adaptive optic system, strehl, and parallactic angle variation.
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Table D.1. Log of the 94 observations with the instrument VLT/SPHERE.

System Date Instru. Filter Nexp DIT Grade ∆⇡ ✏ ⌧0 Sr airmass
(s) (�) (") (ms) (%)

GJ 163 2018-10-12 IRDIS H23 32 96 B 23.7 0.68 2.4 30 1.14
GJ 163 2018-10-12 IFS YJ 32 96 B 23.8 0.70 2.4 – 1.14
GJ 176 2018-10-08 IRDIS H23 64 48 A 16.9 0.90 3.7 77 1.38
GJ 176 2018-10-08 IFS YJ 32 96 A 16.6 0.88 3.8 – 1.39
GJ 180 2018-10-09 IRDIS H23 32 96 A 78.3 0.77 3.2 73 1.01
GJ 180 2018-10-09 IFS YJ 32 96 A 78.4 0.84 2.5 – 1.01

BD-061339 2018-11-24 IRDIS H23 32 96 A 31.3 0.59 12.0 84 1.06
BD-061339 2018-11-24 IFS YJ 32 96 A 31.7 0.53 14.2 – 1.07

GJ 229 2018-11-27 IRDIS H23 48 64 A 9.0 0.59 4.4 87 1.03
GJ 229 2018-11-27 IFS YJ 32 96 A 9.2 0.63 4.0 – 1.03
GJ 422 2018-01-28 IRDIS H23 30 96 A 19.4 0.38 10.2 75 1.20
GJ 422 2018-01-28 IFS YJ 30 96 A 19.6 0.38 10.2 – 1.20
GJ 422 2019-11-25 IRDIS K12 24 96 C 8.4 0.57 5.8 84 1.79
GJ 422 2019-11-25 IFS YJH 24 96 C 8.4 0.65 3.9 – 1.79
GJ 422 2020-01-18 IRDIS K12 24 96 A 15.4 0.47 10.7 87 1.20
GJ 422 2020-01-18 IFS YJH 24 96 A 15.4 0.44 8.7 – 1.20
GJ 433 2018-02-02 IRDIS H23 30 96 A 68.0 1.01 6.7 84 1.01
GJ 433 2018-02-02 IFS YJ 30 96 A 68.4 1.01 6.7 – 1.01
GJ 433 2019-06-08 IRDIS K12 15 64 C 23.9 0.86 3.7 82 1.01
GJ 433 2019-06-08 IFS YJH 10 96 C 23.3 0.86 3.7 – 1.01
GJ 433 2020-01-20 IRDIS K12 15 64 C 21.6 0.36 12.3 91 1.01
GJ 433 2020-01-20 IFS YJH 10 96 C 20.6 0.36 12.3 – 1.01
GJ 581 2017-07-21 IRDIS H23 30 96 A 35.3 0.55 6.9 81 1.05
GJ 581 2017-07-21 IFS YJ 30 96 A 35.6 0.56 6.4 – 1.05

Wolf 1061 2017-07-28 IRDIS H23 120 24 A 34.9 0.82 4.0 79 1.04
Wolf 1061 2017-07-28 IFS YJ 30 96 A 34.1 0.78 4.5 – 1.04

GJ 649 2017-08-20 IRDIS H23 60 48 B 14.1 0.84 5.6 81 1.57
GJ 649 2017-08-20 IFS YJ 30 96 B 13.9 0.84 5.6 – 1.57
GJ 667 2017-06-27 IRDIS H23 30 96 A 53.6 1.36 2.6 66 1.02
GJ 667 2017-06-27 IFS YJ 30 96 A 54.2 1.36 2.6 – 1.02
GJ 674 2017-07-14 IRDIS H23 30 96 A 27.2 0.67 3.2 73 1.08
GJ 674 2017-07-14 IFS YJ 30 96 A 27.4 0.67 3.2 – 1.08
GJ 674 2021-07-04 IRDIS K12 68 32 A 21.2 0.54 5.8 85 1.08
GJ 674 2021-07-04 IFS YJH 23 96 A 21.2 0.54 5.8 – 1.08
GJ 682 2017-06-23 IRDIS H23 60 48 C 31.5 1.95 1.4 58 1.07
GJ 682 2017-06-23 IFS YJ 30 96 C 31.0 1.95 1.4 – 1.07
GJ 682 2017-07-20 IRDIS H23 30 96 B 30.7 0.55 6.5 72 1.07
GJ 682 2017-07-20 IFS YJ 30 96 B 31.0 0.55 6.5 – 1.07
GJ 682 2019-07-05 IRDIS K12 24 96 B 25.0 0.54 6.5 88 1.06
GJ 682 2019-07-05 IFS YJH 24 96 B 25.1 0.52 6.5 – 1.06
GJ 832 2017-05-27 IRDIS H23 46 64 A 26.7 1.06 2.5 78 1.10
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Table D.1. continued.

System Date Instru. Filter Nexp DIT Grade ∆⇡ ✏ ⌧0 Sr airmass
(s) (�) (") (ms) (%)

GJ 832 2017-05-27 IFS YJ 30 96 A 25.9 0.97 2.9 – 1.10
GJ 832 2017-06-21 IRDIS H23 184 16 C 27.7 2.30 1.1 61 1.10
GJ 832 2017-06-21 IFS YJ 90 32 C 26.9 2.30 1.4 – 1.10
GJ 832 2017-06-27 IRDIS H23 46 64 C 26.7 1.50 1.9 71 1.10
GJ 832 2017-06-27 IFS YJ 30 96 C 25.9 1.50 1.9 – 1.10
GJ 832 2017-07-03 IRDIS H23 46 64 B 25.9 1.42 1.8 75 1.10
GJ 832 2017-07-03 IFS YJ 30 96 B 25.0 1.30 1.9 – 1.10
GJ 832 2022-07-29 IRDIS H23 95 64 A 55.4 0.53 7.6 83 1.10
GJ 832 2022-07-29 IFS YJ 56 96 A 47.3 0.56 7.2 – 1.10
GJ 3998 2017-05-14 IRDIS H23 30 96 B 18.2 1.29 2.5 67 1.23
GJ 3998 2017-05-14 IFS YJ 30 96 B 18.3 1.37 1.9 – 1.23
GJ 3998 2019-07-27 IRDIS K12 24 96 B 14.4 0.59 4.8 85 1.23
GJ 3998 2019-07-27 IFS YJH 24 96 B 14.4 0.68 3.6 – 1.24
HD 3651 2017-07-11 IRDIS H23 332 10 A 18.8 1.22 2.0 78 1.45
HD 3651 2017-07-11 IFS YJ 66 48 A 16.8 1.08 2.4 – 1.45

HD 20794 2017-09-03 IRDIS H23 736 3 C 34.4 0.45 7.2 89 1.06
HD 20794 2017-09-03 IFS YJ 406 6 C 37.5 0.47 6.8 – 1.06
HD 20794 2017-09-04 IRDIS H23 552 6 B 44.9 0.88 2.2 87 1.06
HD 20794 2017-09-04 IFS YJ 261 12 B 42.3 0.90 2.1 – 1.06
HD 38858 2018-11-23 IRDIS H23 48 64 A 26.2 0.31 6.6 89 1.09
HD 38858 2018-11-23 IFS YJ 32 96 A 26.1 0.32 7.7 – 1.09
HD 40307 2018-12-22 IRDIS H23 48 64 A 18.2 0.48 8.7 89 1.27
HD 40307 2018-12-22 IFS YJ 32 96 A 18.1 0.52 8.1 – 1.27
HD 69830 2018-12-18 IRDIS H23 96 32 A 37.2 0.64 5.8 84 1.04
HD 69830 2018-12-18 IFS YJ 32 96 A 36.7 0.70 5.5 – 1.04
HD 85512 2017-04-01 IRDIS H23 60 48 C 32.8 1.04 2.4 80 1.06
HD 85512 2017-04-01 IFS YJ 30 96 C 32.3 1.04 2.4 – 1.06
HD 85512 2017-12-30 IRDIS H23 60 48 B 32.8 0.46 6.5 86 1.06
HD 85512 2017-12-30 IFS YJ 30 96 B 32.2 0.46 6.5 – 1.06
HD 85512 2019-11-25 IRDIS K12 136 16 C 7.0 0.39 7.9 91 1.55
HD 85512 2019-11-25 IFS YJH 34 64 C 6.5 0.38 7.7 – 1.56
HD 85512 2020-01-03 IRDIS K12 102 32 B 78.4 0.74 12.6 93 1.13
HD 85512 2020-01-03 IFS YJH 34 64 B 24.6 0.82 10.3 – 1.06
HD 99492 2018-02-03 IRDIS H23 30 96 A 22.7 0.94 5.8 85 1.13
HD 99492 2018-02-03 IFS YJ 30 96 A 22.9 0.92 6.3 – 1.13
HD 99492 2020-03-16 IRDIS K12 24 96 B 17.5 0.80 4.8 87 1.13
HD 99492 2020-03-16 IFS YJH 24 96 B 17.6 1.06 3.4 – 1.14
HD 102365 2018-04-07 IRDIS H23 136 24 A 40.1 0.44 7.7 91 1.05
HD 102365 2018-04-07 IFS YJ 135 24 A 40.9 0.46 7.1 – 1.05

61 Vir 2017-06-28 IRDIS H23 208 16 A 76.1 0.83 2.6 87 1.01
61 Vir 2017-06-28 IFS YJ 203 16 A 15.8 0.78 2.9 – 1.01

HD 136352 2017-07-14 IRDIS H23 70 48 A 31.2 0.82 2.9 80 1.10
HD 136352 2017-07-14 IFS YJ 68 48 A 30.8 0.88 2.8 – 1.10
HD 136352 2020-03-16 IRDIS K12 84 24 A 19.3 0.65 6.1 91 1.09
HD 136352 2020-03-16 IFS YJH 64 32 A 19.7 0.64 6.1 – 1.10
HD 154088 2017-06-21 IRDIS H23 90 32 A 21.6 1.20 2.6 73 1.03
HD 154088 2017-06-21 IFS YJ 90 32 A 22.1 1.20 2.4 – 1.03
HD 154088 2019-07-22 IRDIS K12 56 32 C 86.6 0.50 3.4 80 1.00
HD 154088 2019-07-22 IFS YJH 28 64 C 84.1 0.51 3.5 – 1.00
HD 154088 2021-07-04 IRDIS K12 28 32 A 34.6 0.55 6.6 91 1.00
HD 154088 2021-07-04 IFS YJH 14 64 A 34.6 0.55 6.6 – 1.00
HD 189567 2017-05-29 IRDIS H23 368 8 A 18.2 0.90 2.5 83 1.37
HD 189567 2017-05-29 IFS YJ 60 12 A 18.1 0.93 2.5 – 1.37
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Appendix E: Reduced observations

Figures E.1–E.3 show the reduced images via SpeCal-cADI, SpeCal-TLOCI, ANDROMEDA ADI algorithms for all the IRDIS
observations. In addition, Figs. E.4 and E.5 show the reduced images via SpeCal-PCA ASDI and ANDROMEDA ASDI algorithms
for all the IFS observations.

GJ163 2018-10-12 H2

×5 15.0 au

GJ176 2018-10-08 H2

×0.5 9.5 au

GJ180 2018-10-09 H2

×3 12.0 au

BD061339 2018-11-24 H2

×1 20.0 au

GJ229 2018-11-27 H2

×0.5 5.8 au

GJ422 2018-01-28 H2

×3 13.0 au

GJ422 2019-11-25 K1

×5 13.0 au

GJ422 2020-01-18 K1

×10 13.0 au

GJ433 2018-02-02 H2

×0.5 9.1 au

GJ433 2019-06-08 K1

×5 9.1 au

GJ433 2020-01-20 K1

×5 9.1 au

GJ581 2017-07-21 H2

×1 6.3 au

Wolf1061 2017-07-28 H2

×1 4.3 au

GJ649 2017-08-20 H2

×0.5 10.0 au

GJ667C 2017-06-27 H2

×3 7.2 au

GJ674 2017-07-14 H2

×0.5 4.6 au

GJ674 2021-07-04 K1

×3 4.6 au

GJ682 2017-06-23 H2

×1 5.0 au

GJ682 2017-07-20 H2

×3 5.0 au

GJ682 2019-07-05 K1

×3 5.0 au

GJ832 2017-05-27 H2

×0.5 5.0 au

GJ832 2017-06-21 H2

×1 5.0 au

GJ832 2017-06-27 H2

×0.5 5.0 au

GJ832 2017-07-03 H2

×3 5.0 au

GJ832 2022-07-29 H2

×0.5 5.0 au

GJ3998 2017-05-14 H2

×3 18.0 au

GJ3998 2019-07-27 K1

×5 18.0 au

HD3651 2017-07-11 H2

×0.5 11.0 au

HD20794 2017-09-03 H2

×0.5 6.0 au

HD20794 2017-09-04 H2

×0.5 6.0 au

HD38858 2018-11-23 H2

×0.5 15.0 au

HD40307 2018-12-22 H2

×0.5 13.0 au

HD69830 2018-12-18 H2

×0.5 13.0 au

HD85512 2017-04-01 H2

×0.5 11.0 au

HD85512 2017-12-30 H2

×0.5 11.0 au

HD85512 2019-11-25 K1

×3 11.0 au

HD85512 2020-01-03 K1

×3 11.0 au

HD99492 2018-02-03 H2

×0.5 18.0 au

HD99492 2020-03-16 K1

×3 18.0 au

HD102365 2018-04-07 H2

×0.1 9.3 au

61Vir 2017-06-28 H2

×0.5 8.5 au
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×0.5 15.0 au

HD136352 2020-03-16 K1

×1 15.0 au

HD154088 2017-06-21 H2

×0.5 18.0 au

HD154088 2019-07-22 K1

×10 18.0 au

HD154088 2021-07-04 K1

×3 18.0 au

HD189567 2017-05-29 H2

×0.5 18.0 au
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Fig. E.1. Reduced images from SPHERE-IRDIS for the whole survey for SpeCal-cADI reductions. The factor in the bottom left hand corner of
each figure indicates the number by which to multiply the color bar to have the corresponding contrast values.
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GJ163 2018-10-12 H2

×5 15.0 au

GJ176 2018-10-08 H2

×1 9.5 au

GJ180 2018-10-09 H2

×3 12.0 au

BD061339 2018-11-24 H2

×1 20.0 au

GJ229 2018-11-27 H2

×0.5 5.8 au

GJ422 2018-01-28 H2

×3 13.0 au

GJ422 2019-11-25 K1

×10 13.0 au

GJ422 2020-01-18 K1

×10 13.0 au

GJ433 2018-02-02 H2

×0.5 9.1 au

GJ433 2019-06-08 K1

×5 9.1 au

GJ433 2020-01-20 K1

×5 9.1 au

GJ581 2017-07-21 H2

×0.5 6.3 au

Wolf1061 2017-07-28 H2

×0.5 4.3 au

GJ649 2017-08-20 H2

×1 10.0 au

GJ667C 2017-06-27 H2

×3 7.2 au

GJ674 2017-07-14 H2

×0.5 4.6 au

GJ674 2021-07-04 K1

×3 4.6 au

GJ682 2017-06-23 H2

×3 5.0 au

GJ682 2017-07-20 H2

×3 5.0 au

GJ682 2019-07-05 K1

×3 5.0 au

GJ832 2017-05-27 H2

×0.5 5.0 au

GJ832 2017-06-21 H2

×3 5.0 au

GJ832 2017-06-27 H2

×0.5 5.0 au

GJ832 2017-07-03 H2

×3 5.0 au

GJ832 2022-07-29 H2

×0.5 5.0 au

GJ3998 2017-05-14 H2

×3 18.0 au

GJ3998 2019-07-27 K1

×5 18.0 au

HD3651 2017-07-11 H2

×0.5 11.0 au

HD20794 2017-09-03 H2

×0.5 6.0 au

HD20794 2017-09-04 H2

×0.1 6.0 au

HD38858 2018-11-23 H2

×0.5 15.0 au

HD40307 2018-12-22 H2

×0.5 13.0 au

HD69830 2018-12-18 H2

×0.5 13.0 au

HD85512 2017-04-01 H2

×0.5 11.0 au

HD85512 2017-12-30 H2

×0.5 11.0 au

HD85512 2019-11-25 K1

×3 11.0 au

HD85512 2020-01-03 K1

×1 11.0 au

HD99492 2018-02-03 H2

×0.5 18.0 au

HD99492 2020-03-16 K1

×3 18.0 au

HD102365 2018-04-07 H2

×0.1 9.3 au

61Vir 2017-06-28 H2

×0.5 8.5 au

HD136352 2017-07-14 H2

×0.5 15.0 au

HD136352 2020-03-16 K1

×1 15.0 au

HD154088 2017-06-21 H2

×0.5 18.0 au

HD154088 2019-07-22 K1

×10 18.0 au

HD154088 2021-07-04 K1

×3 18.0 au

HD189567 2017-05-29 H2

×0.5 18.0 au
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−7

4 · 10
−7

6 · 10
−7

8 · 10
−7

10
−6

Fig. E.2. Reduced images from SPHERE-IRDIS for the whole survey for SpeCal-TLOCI ADI reductions.
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GJ163 2018-10-12 H2

15.0 au

GJ176 2018-10-08 H2

9.5 au

GJ180 2018-10-09 H2

12.0 au

BD061339 2018-11-24 H2

20.0 au

GJ229 2018-11-27 H2

5.8 au

GJ422 2018-01-28 H2

13.0 au

GJ422 2019-11-25 K1

13.0 au

GJ422 2020-01-18 K1

13.0 au

GJ433 2018-02-02 H2

9.1 au

GJ433 2019-06-08 K1

9.1 au

GJ433 2020-01-20 K1

9.1 au

GJ581 2017-07-21 H2

6.3 au

Wolf1061 2017-07-28 H2

4.3 au

GJ649 2017-08-20 H2

10.0 au

GJ667C 2017-06-27 H2

7.2 au

GJ674 2017-07-14 H2

4.6 au

GJ674 2021-07-04 K1

4.6 au

GJ682 2017-06-23 H2

5.0 au

GJ682 2017-07-20 H2

5.0 au

GJ682 2019-07-05 K1

5.0 au

GJ832 2017-05-27 H2

5.0 au

GJ832 2017-06-21 H2

5.0 au

GJ832 2017-06-27 H2

5.0 au

GJ832 2017-07-03 H2

5.0 au

GJ832 2022-07-29 H2

5.0 au

GJ3998 2017-05-14 H2

18.0 au

GJ3998 2019-07-27 K1

18.0 au

HD3651 2017-07-11 H2

11.0 au

HD20794 2017-09-03 H2

6.0 au

HD20794 2017-09-04 H2

6.0 au

HD38858 2018-11-23 H2

15.0 au

HD40307 2018-12-22 H2

13.0 au

HD69830 2018-12-18 H2

13.0 au

HD85512 2017-04-01 H2

11.0 au

HD85512 2017-12-30 H2

11.0 au

HD85512 2019-11-25 K1

11.0 au

HD85512 2020-01-03 K1

11.0 au

HD99492 2018-02-03 H2

18.0 au

HD99492 2020-03-16 K1

18.0 au

HD102365 2018-04-07 H2

9.3 au

61Vir 2017-06-28 H2

8.5 au

HD136352 2017-07-14 H2

15.0 au

HD136352 2020-03-16 K1

15.0 au

HD154088 2017-06-21 H2

18.0 au

HD154088 2019-07-22 K1

18.0 au

HD154088 2021-07-04 K1

18.0 au

HD189567 2017-05-29 H2

18.0 au

0.0 1.0 2.0 3.0 4.0 5.0

Fig. E.3. Reduced images from SPHERE-IRDIS for the whole survey for ANDROMEDA reductions.
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GJ163 2018-10-12 YJ

×300 1.5 au

GJ176 2018-10-08 YJ

×10 0.95 au

GJ180 2018-10-09 YJ

×30 1.2 au

BD061339 2018-11-24 YJ

×5 2.0 au

GJ229 2018-11-27 YJ

×5 0.58 au

GJ422 2018-01-28 YJ

×30 1.3 au

GJ422 2019-11-25 YJH

×300 1.3 au

GJ422 2020-01-18 YJH

×50 1.3 au

GJ433 2018-02-02 YJ

×3 0.91 au

GJ433 2019-06-08 YJH

×30 0.91 au

GJ433 2020-01-20 YJH

×10 0.91 au

GJ581 2017-07-21 YJ

×10 0.63 au

Wolf1061 2017-07-28 YJ

×10 0.43 au

GJ649 2017-08-20 YJ

×30 1.0 au

GJ667C 2017-06-27 YJ

×30 0.72 au

GJ674 2017-07-14 YJ

×10 0.46 au

GJ674 2021-07-04 YJH

×5 0.46 au

GJ682 2017-06-23 YJ

×30 0.5 au

GJ682 2017-07-20 YJ

×300 0.5 au

GJ682 2019-07-05 YJH

×10 0.5 au

GJ832 2017-05-27 YJ

×5 0.5 au

GJ832 2017-06-21 YJ

×30 0.5 au

GJ832 2017-06-27 YJ

×10 0.5 au

GJ832 2017-07-03 YJ

×50 0.5 au

GJ832 2022-07-29 YJ

×5 0.5 au

GJ3998 2017-05-14 YJ

×50 1.8 au

GJ3998 2019-07-27 YJH

×30 1.8 au

HD3651 2017-07-11 YJ

×5 1.1 au

HD20794 2017-09-03 YJ

×5 0.6 au

HD20794 2017-09-04 YJ

×5 0.6 au

HD38858 2018-11-23 YJ

×5 1.5 au

HD40307 2018-12-22 YJ

×5 1.3 au

HD69830 2018-12-18 YJ

×3 1.3 au

HD85512 2017-04-01 YJ

×5 1.1 au

HD85512 2017-12-30 YJ

×5 1.1 au

HD85512 2019-11-25 YJH

×5 1.1 au

HD85512 2020-01-03 YJH

×5 1.1 au

HD99492 2018-02-03 YJ

×3 1.8 au

HD99492 2020-03-16 YJH

×5 1.8 au

HD102365 2018-04-07 YJ

×3 0.93 au

61Vir 2017-06-28 YJ

×5 0.85 au

HD136352 2017-07-14 YJ

×5 1.5 au

HD136352 2020-03-16 YJH

×3 1.5 au

HD154088 2017-06-21 YJ

×5 1.8 au

HD154088 2019-07-22 YJH

×30 1.8 au

HD154088 2021-07-04 YJH

×5 1.8 au

HD189567 2017-05-29 YJ

×5 1.8 au
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Fig. E.4. Reduced images from SPHERE-IFS for the whole survey for SpeCal-PCA-ADSI reductions.
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GJ163 2018-10-12 YJ

1.5 au

GJ176 2018-10-08 YJ

0.95 au

GJ180 2018-10-09 YJ

1.2 au

BD061339 2018-11-24 YJ

2.0 au

GJ229 2018-11-27 YJ

0.58 au

GJ422 2018-01-28 YJ

1.3 au

GJ422 2019-11-25 YJH

1.3 au

GJ422 2020-01-18 YJH

1.3 au

GJ433 2018-02-02 YJ

0.91 au

GJ433 2019-06-08 YJH

0.91 au

GJ433 2020-01-20 YJH

0.91 au

GJ581 2017-07-21 YJ

0.63 au

Wolf1061 2017-07-28 YJ

0.43 au

GJ649 2017-08-20 YJ

1.0 au

GJ667C 2017-06-27 YJ

0.72 au

GJ674 2017-07-14 YJ

0.46 au

GJ674 2021-07-04 YJH

0.46 au

GJ682 2017-06-23 YJ

0.5 au

GJ682 2017-07-20 YJ

0.5 au

GJ682 2019-07-05 YJH

0.5 au

GJ832 2017-05-27 YJ

0.5 au

GJ832 2017-06-21 YJ

0.5 au

GJ832 2017-06-27 YJ

0.5 au

GJ832 2017-07-03 YJ

0.5 au

GJ832 2022-07-29 YJ

0.5 au

GJ3998 2017-05-14 YJ

1.8 au

GJ3998 2019-07-27 YJH

1.8 au

HD3651 2017-07-11 YJ

1.1 au

HD20794 2017-09-03 YJ

0.6 au

HD20794 2017-09-04 YJ

0.6 au

HD38858 2018-11-23 YJ

1.5 au

HD40307 2018-12-22 YJ

1.3 au

HD69830 2018-12-18 YJ

1.3 au

HD85512 2017-04-01 YJ

1.1 au

HD85512 2017-12-30 YJ

1.1 au

HD85512 2019-11-25 YJH

1.1 au

HD85512 2020-01-03 YJH

1.1 au

HD99492 2018-02-03 YJ

1.8 au

HD99492 2020-03-16 YJH

1.8 au

HD102365 2018-04-07 YJ

0.93 au

61Vir 2017-06-28 YJ

0.85 au

HD136352 2017-07-14 YJ

1.5 au

HD136352 2020-03-16 YJH

1.5 au

HD154088 2017-06-21 YJ

1.8 au

HD154088 2019-07-22 YJH

1.8 au

HD154088 2021-07-04 YJH

1.8 au

HD189567 2017-05-29 YJ

1.8 au

0.0 1.0 2.0 3.0 4.0 5.0

Fig. E.5. Reduced images from SPHERE-IFS for the whole survey for ANDROMEDA-ASDI reductions.
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Appendix F: Companion candidates from ANDROMEDA and SpeCal processing

Figure F.1 reports the distribution of the detections for SPHERE-IRDIS observations with the ANDROMEDA-ADI or SpeCal-cADI
processing, as well as the separations and contrasts of the detections. We can see that below 2”, ANDROMEDA processing results
in additional detections compared to SpeCal-cADI, which is expected (e.g., Cantalloube et al. 2015).

In addition, we note that concerning bright (> 10�4 or 10�5) candidates, there is a bias between ANDROMEDA and SpeCal pho-
tometry: the same candidate can have a difference up to 0.3 mag depending on which processing is used to retrieve the photometry.
This photometric bias correlates with the apparent magnitude of the candidate. The brighter is the detection, the larger is the bias.
There is no visible correlation with the separation. In our observations, this effect is only visible in the H2 band, corresponding to
observations with bright candidates. By investigating this effect on the known brown dwarf GJ 229 B for which the photometry is
reported in the literature, we found that SpeCal-cADI (and Specal-non-ADI) was consistent with the values from Nakajima et al.
(1995) and Faherty et al. (2012), contrary to ANDROMEDA.
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Fig. F.1. At the top, distribution of the separations of all the point-source detections from SPHERE-IRDIS in the H2-band (on the left) and the
K1-band (on the right). At the bottom, contrasts and separations of all the point-source detections from SPHERE-IRDIS in the H2-band (on the
left) and the K1-band (on the right). The post-processing algorithms used are SpeCal-cADI and ANDROMEDA-ADI.

Appendix G: Input parameters for Gaia and Hipparcos results via the GaiaPMEX tool

Table G.1 summarizes the parameters used for running the tool GaiaPMEX (Kiefer et al. (in prep.) for the systems GJ 832 and GJ 229,
the only two that led to a positive detection from Gaia and HIPPARCOS data (see 5.3)
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Table G.1. Parameters used with the GaiaPMEX tool for the systems GJ 229 and GJ 832.

Parameter Unit GJ 229 GJ 832

Aliases
HIP 29295 106440
Gaia DR3 2940856402123426176 6562924609150908416

Main parameters
M? M� 0.570 0.480
�M? M� 0.049975713178077 0.0498015394994533
V 8.12 8.67
RA 06:10:34.4589 21:33:33.9004
DEC -21:52:04.163 -49:00:45.468

Gaia parameters
ra deg 92.644 323.391
ra_error deg 0.008 0.018
dec deg -21.868 -49.013
dec_error deg 0.014 0.014
pmra mas yr�1 -135.692 -45.917
pmra_error mas yr�1 0.011 0.023
pmdec mas yr�1 -719.178 -816.875
pmdec_error mas yr�1 0.017 0.018
parallax mas 173.57 201.33
parallax_error mas 0.02 0.02
phot_g_mean_mag 7.31 7.74
bp_rp 2.074 2.240
astrometric_matched_transits 82 47
astrometric_n_good_obs_al 723 414
astrometric_params_solved 31 31
astrometric_excess_noise or AENobs mas 0.123 0.160
ruwe or RUWEobs 1.013 1.097

Hipparcos parameters
eRA cos DEC mas 0.381 0.420
eDEC mas 0.670 0.600
�pos mas 0.771 0.732

Kervella et al. (2022) parameters

pmRAH2EG3b mas yr�1 -136.406 -46.046
e_pmRAH2EG3b mas yr�1 0.015 0.018
pmDEH2EG3b mas yr�1 -714.974 -816.289
e_pmDEH2EG3b mas yr�1 0.019 0.020
PMaRAH2EG3b mas yr�1 0.712 0.140
e_PMaRAH2EG3b mas yr�1 0.018 0.029
PMaDEH2EG3b mas yr�1 -4.224 -0.547
e_PMaDEH2EG3b mas yr�1 0.025 0.027
kPMak (or PMaobs) mas yr�1 4.284 0.565
�PMa,obs mas yr�1 0.025 0.027

Noise parameters and simulations of single systems
�AL mas 0.083 0.086
�attitude mas 0.064 0.082
�jitter mas 0.129 0.135
AENsimu as single mas 0.123 0.124
�AEN,simu,single mas 0.015 0.021
PMasimu as single mas yr�1 0.060 0.059
�PMa,simu,single mas yr�1 0.034 0.033
AENobs significance 0.007 1.696
PMaobs significance >3.82 >3.82
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Appendix H: Comparison of detection method sensitivity on our survey

Detection methods of exoplanet suffer from observational biases. Combining different detection techniques enable to have a more
global view on planetary systems (see Fig. H.1), even though observers are still blind to low-mass exoplanets at wide orbits (e.g., an
exoplanet of 1 M� planet orbiting at 20 au).
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Fig. H.1. Comparison of the sensitivity of the direct imaging (DI, red), proper motion anomaly and Gaia astrometric excess noise (PMa+AEN,
blue) and radial velocity (RV, purple) detections methods on our survey. We took the median of the detection probabilities at 10%, 50%, and 90%
the M-stars (left) and the GK-stars (right).

Figure H.2 shows sensitivity from high-contrast imaging SPHERE-IRDIS and SPHERE-IFS observations for each system of our
sample (see Section 5.4). For a few mature systems, high-contrast imaging observations are sensitive to companions of . 10 MJup

beyond a few astronomical units (e.g., GJ 433) or dozen of astronomical units (e.g., GJ 229, GJ 649, GJ 674, GJ 832).
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Fig. H.2. Detection limits from direct imaging observations (SPHERE-IRDIS and SPHERE-IFS) for each system of the survey obtained with the
MESS3 tool.
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���� 0\ ZRUN ���

7KH PDLQ UHVXOWV RI WKLV ZRUN FDQ EH VHHQ ZLWK GLIIHUHQW SRLQW RI YLHZV� 2Q D JHQHUDO
SRLQW RI YLHZ� , SXEOLVKHG� ZLWK P\ FROODERUDWRUV� WKH YHU\ GHHS KLJK�FRQWUDVW LPDJLQJ RE�
VHUYDWLRQV RQ YHU\ QHDUE\ �< 20 SF�� PDWXUH �500 0\U²10 *\U� SODQHWDU\ V\VWHPV KRVWLQJ
VXSHU�(DUWK RU VXE�6DWXUQ�PDVV SODQHWV� 7KLV UHSUHVHQWV D WRWDO RI 94 63+(5( REVHUYDWLRQV
�47 63+(5(�,5',6 DQG 47 63+(5(�,)6�� WKDW LV WR VD\� DERXW 70 KRXUV RI WHOHVFRSH WLPH�
SXEOLVKHG IRU WKH ÀUVW WLPH�

, OHG D KRPRJHQHRXV UHGXFWLRQ DQG DQDO\VLV RI WKHVH 63+(5( REVHUYDWLRQV� , LGHQ�
WLÀHG 337 FRPSDQLRQ FDQGLGDWHV� GLVWLQJXLVKLQJ WKHP EHWZHHQ EDFNJURXQG FRQWDPLQDQWV
�322/337�� LQVWUXPHQWDO DUWLIDFWV �2/337�� ERXQG FRPSDQLRQV �1/337�� DQG DPELJXRXV GHWHF�
WLRQV �12/337�� VHH )LJ� �� ,Q SDUWLFXODU� , GHWHFWHG DJDLQ WKH NQRZQ EURZQ GZDUI *- ��� %� ,
DOVR KDG DSURPLVLQJGHWHFWLRQ DURXQG*- ���� WKDWPLJKW KDYH EHHQ FRPSDWLEOHZLWK*- ��� E�
+RZHYHU� , ÀQDOO\ FODVVLÀHG LW DV DQ LQVWUXPHQWDO DUWLIDFW� EHFDXVH , GLG QRW GHWHFW LW DJDLQ
LQ WKH QHZ HSRFK RI REVHUYDWLRQ DFTXLUHG ZLWK EHWWHU FRQGLWLRQV RI REVHUYDWLRQV �VHH )LJ� ��
6HFWLRQ �����

,Q DGGLWLRQ� , FRQVWUDLQHG WKH DUFKLWHFWXUH RI WKHVH V\VWHPV� GRZQ WR VHPL�PDMRU D[LV RI
0.3 DX DQG PDVVHV RI 30-XS �IRU RQH V\VWHP�� )RU WKH 150 VWDUV RI WKH VDPSOH� WKH REVHUYD�
WLRQV DUH VHQVLWLYH GRZQ WR 3 RU 150-XS DW 30 DX � ZKLOH IRU WKH 12*. VWDUV� WKH SHUIRUPDQFHV
GHJUDGH� ZLWK VHQVLWLYLW\ GRZQ WR 10 RU 300-XS DW 30 DX� 7KH SHUIRUPDQFHV LQ WHUPV RI PDVV
LV VWURQJO\ LPSDFWHG E\ WKH DJH RI WKH VWDU� LWV VWHOODU W\SH� DQG LWV GLVWDQFH�

5HJDUGLQJ WKH DJH� WKH VDPSOH FRQVLVWHG LQ ROG VWDUV� ZKLFK LV XVXDOO\ DYRLGHG LQ GLUHFW
LPDJLQJ� EHFDXVH SODQHWV HPLW OHVV WKHUPDOO\ ZKHQ WKH\ JHW ROGHU� 7KXV� WKH VHQVLWLYLW\ LQ
WHUPV RI PDVV GHFUHDVHV DV D IXQFWLRQ RI WKH DJH RI WKH SODQHW �DQG VR WKH KRVW VWDU� ZKHQ WKH
SODQHW LV GLUHFWO\ LPDJHG LQ WKHUPDO HPLVVLRQ� 1RQHWKHOHVV� VLQFH DOO WKH VWDUVZHUH VHOHFWHG DV
VXVSHFWHG WR KDYH ORZ�PDVV SODQHWV EDVHG RQ WKH UDGLDO YHORFLW\PHWKRG� WKLV LPSOLHG WKDW WKH
VWDUV ZHUH PRVWO\ ROG� WR EH VWDEOH HQRXJK IRU WKLV PHWKRG WR EH DEOH WR GHWHFW WKHP� 'HVSLWH
WKLV GUDZEDFN LQKHUHQW WR RXU VDPSOH RI VXSHU�(DUWKV KRVW� ZH PD[LPL]HG RXU VHQVLWLYLW\ LQ
WHUPV RI SODQHW PDVV E\ VHOHFWLQJ RQO\ YHU\ QHDUE\ V\VWHP�

:LWK WKLV ZRUN� P\ FROODERUDWRUV DQG , ZHUH QRW DEOH WR DQVZHU WKH LQLWLDO TXHVWLRQ ZKLFK
PRWLYDWHG WKH SURMHFW� WKH FRUUHODWLRQ EHWZHHQ WKH SUHVHQFH RI D VKRUW�SHULRG� ORZ�PDVV
SODQHW DQG DQ RXWHU JLDQW SODQHW� 7KH UHDVRQ LV WKDW FXUUHQW JURXQG�EDVHG GLUHFW LPDJLQJ
WHFKQLTXHV DUH PDLQO\ VHQVLWLYH GRZQ WR 200-XS DURXQG PDWXUH VWDUV� 1RQHWKHOHVV� WKLV LV D
VWLOO SLRQHHULQJ ZRUN UHJDUGLQJ WKH GLUHFW LPDJLQJ RI SODQHWDU\ V\VWHPV DURXQG YHU\ QHDUE\�
PRVWO\ ROG VWDUV� 7KLV SLORW VWXG\ ZLOO SDYH WKH ZD\ WR IXWXUH REVHUYDWLRQV� IRU LQVWDQFH ZLWK
-:67�0,5,� 567� DQG WKH (/7 LQVWUXPHQWV� RQ VLPLODU VFLHQWLÀF FDVHV� 2EVHUYLQJ LQ WKH
PLG�LQIUDUHG UHG �H�J�� ZLWK WKH -:67�0,5, DQG (/7�0(7,6 IDFLOLWLHV� FDQ WR VRPH H[WHQW
PLWLJDWH WKH DJH LPSDFW RI WKH ÀQDO VHQVLWLYLW\� 2Q WKH RWKHU KDQG� REVHUYLQJ H[RSODQHWV LQ
UHÁHFWHG OLJKW �567� (/7�0(7,6� (/7�3&6� ZLOO EH D JDPH FKDQJHU� EHFDXVH WKH VHQVLWLYLW\
LV QRW GHSHQGHQW RI WKH VWHOODU DJH DQ\PRUH �EXW WR WKH DPRXQW RI LUUDGLDWLRQ UHFHLYHG E\ WKH
H[RSODQHWV� DQG VR WKHLU GLVWDQFH WR WKHLU KRVW VWDU�� ,Q DQ\ FDVH� WKH NH\ LV WR REVHUYH YHU\
QHDUE\ V\VWHPV� WR PD[LPL]H WKH VHQVLWLYLW\ RI WKH REVHUYDWLRQV� DQG SUREH UHODWLYHO\ VPDOO
VHPL�PDMRU D[HV�

, GLG QRW WU\ WR GHULYH DQ XSSHU OLPLW RI WKH FRUUHODWLRQ EHWZHHQ WKH SUHVHQFH RI ERWK
W\SHV RI SODQHWV� GXH WR WKH ORZ VHQVLWLYLW\ RI WKH GLUHFW LPDJLQJ REVHUYDWLRQV� WKH VDPSOH
VL]H DQG VDPSOH GHVLJQ� ,QGHHG� WKH VWDUV ZHUH VHOHFWHG EDVHG RQ ORZ�PDVV SODQHWV IRXQG
E\ WKH 59 PHWKRG� +RZHYHU� GHSHQGLQJ RQ WKH 59 FDPSDLJQV� GLIIHUHQW VWUDWHJLHV DUH IRO�
ORZHG ZKLFK ZRXOG LPSDFW SRVLWLYHO\ RU QHJDWLYHO\ WKH VLPXOWDQHRXV SUHVHQFH RI ORZ�PDVV
DQG JLDQW SODQHWV� 7KHVH VWUDWHJLHV FRXOG ELDV WKH UHVXOWV� EXW DUH FKDOOHQJLQJ WR DFFRXQW IRU�
DQG PD\ EH UHLQIRUFHG E\ RXU VPDOO VDPSOH VL]H �VHH 6HFWLRQ ����� 2WKHU IDFWRUV FDQ ELDV WKH
UHVXOWV� DV WKH VWHOODU KRVW PHWDOOLFLW\ �H�J�� WKH FRQWUDGLFWRU\ UHVXOWV IURP %RQRPR HW DO� ������



��� &KDSWHU �� $UFKLWHFWXUHV RI SODQHWDU\ V\VWHPV KRVWLQJ FORVH�LQ ORZ�PDVV SODQHWV

FRPSDUHG WR SUHYLRXV ZRUN �=KX 	 :X� ����� %U\DQ HW DO�� ������ EXW SRVVLEO\ UHVROYHG E\
=KX� ������ ZKLFK LQÁXHQFHV DURXQG PHWDO�ULFK VWDUV WKH SUHVHQFH RI -XSLWHU�PDVV SODQHWV
�H�J�� )LVFKHU HW DO�� ����� 6DQWRV HW DO�� ����� EXW QRW VXSHU�-XSLWHU� VHH 6DQWRV HW DO� �������
1DUDQJ HW DO� ������� 6FKODXIPDQ ������� 6ZDVWLN HW DO� �������� 7KH GLVWULEXWLRQ RI WKH HFFHQ�
WULFLW\ RI WKH NQRZQ ORZ�PDVV SODQHWV RUELWLQJ DURXQG KRVW VWDUV RI WKH VDPSOH FRXOG DOVR
ELDV WKH UHVXOWV� ZKLFK ZDV DOVR LQYRNHG E\ �%LWVFK 	 ,]LGRUR� ����� WR H[SODLQ WKH DEVHQFH RI
FRUUHODWLRQ UHSRUWHG E\ %RQRPR HW DO� ������� ,Q RXU VDPSOH� RQO\ WKUHH VWDUV KDYH D VXSHU�
VRODU PHWDOOLFLW\� DQG PRVW RI WKH SODQHWV KDYH ORZ WR PRGHUDWH HFFHQWULFLWLHV �e < 0.3�� ZLWK
D IHZ WKDW PD\ EH KLJK �e ≥ 0.3��

2Q WKH ZKROH� , WKLQN WKH PDLQ OLPLWDWLRQ RI WKLV ZRUN WR VWXG\ WKH FRUUHODWLRQ EHWZHHQ
WKH SUHVHQFH RI FORVH�LQ ORZ�PDVV SODQHWV DQG RXWHU JLDQW RQHV� LV WKH VHQVLWLYLW\ RI WKH RE�
VHUYDWLRQV LQ WHUPV RI SODQHW PDVV� DQG DV D UHVXOW� WKH DJH RI WKH VWDUV� ZKLFK LV DOVR SRRUO\
FRQVWUDLQHG� ZLWK XQFHUWDLQWLHV RI D IHZ JLJD\HDUV RQ WKH QRPLQDO YDOXH� 7KHQ� WKHUH DUH DOVR
WKH VDPSOH VL]H DQG WKH VDPSOH GHVLJQ�

,Q P\ RSLQLRQ� LW LV SDUWLFXODUO\ GLIÀFXOW WR LQYHVWLJDWH WKH FRUUHODWLRQ EHWZHHQ WKH SUHVHQFH
RI VKRUW�SHULRG� ORZ�PDVV SODQHWV DQG RXWHU JLDQW RQHV IURP DQ REVHUYDWLRQDO SHUVSHFWLYH�
7KLV LV FRPSOH[ EHFDXVH LW LV D PXOWL�GLPHQVLRQDO SUREOHP� RQH PXVW EH DEOH WR JDWKHU RE�
VHUYDWLRQV WKDW DUH VHQVLWLYH WR ERWK W\SHV RI SODQHWV IRU D VDPH VDPSOH RI VWDUV� 7KLV VDPSOH
PXVW EH ODUJH HQRXJK� DQG QRW ELDVHG�

,Q WKLV VHQVH� WKH VWXG\ IURP 5RVHQWKDO HW DO� ������ EDVHG RQ WKH 59 &DOLIRUQLD OHJDF\
EOLQG VXUYH\ RI 719 VWDUV ZLWK D PHGLDQ PHWDOOLFLW\ >)H�+@ RI �� D PHGLDQ VWHOODU PDVV RI
1.00! DQG FRQGXFWHG RYHU WKUHH GHFDGHV VHHPV YHU\ SURPLVLQJ� 7KHLU )LJXUH � VKRZV WKH
FRPSOHWHQHVV RI WKH VXUYH\� ZKLFK LV 90� FRPSOHWH ZLWKLQ 2 DX �RU DW OHDVW 20� FRPSOHWH
ZLWKLQ 10 DX� IRU PLQLPDO PDVV KLJKHU WKDQ WKDW RI 6DWXUQ� 6XFK FRPSOHWHQHVV OHG WKHP WR
GHWHFW LQ V\VWHPV ZLWK VKRUW�SHULRG ORZ�PDVV SODQHWV� 13 RXWHU PDVVLYH JLDQW SODQHWV EDVHG
RQ WKHLU ZLGH GHÀQLWLRQ �30²6 0000⊕� 0.1²10 DX� RU 3 RXWHU RQHV EDVHG RQ WKHLU QDUURZ GHI�
LQLWLRQ �0.3²13 0-XS� 3²7 DX�� 7KHVH UHVXOWV FHUWDLQO\ FRUUHVSRQG WR ORZ QXPEHUV RI JLDQW
SODQHW GHWHFWLRQV�

, WKLQN WKDW KDYLQJ D VDPSOH VLJQLÀFDQWO\ ODUJHU� ZLWK D KLJKHU FRPSOHWHQHVV� DQG XS WR
20 DX �LQ SDUWLFXODU IRU WKH PRUH PDVVLYH VWDUV�� ZRXOG GHÀQLWHO\ KHOS D ORW WR EHWWHU H[SORUH
DQG FRQVWUDLQ WKH FRUUHODWLRQ EHWZHHQ WKH SUHVHQFH RI ERWK W\SHV RI SODQHWV� DQG KRZ WKLV
GHSHQGV RQ RWKHU IDFWRUV VXFK DV WKH VWHOODU PHWDOOLFLW\� VWHOODU PDVV RU WKH HFFHQWULFLWLHV RI
WKH VKRUW�SHULRG SODQHWV� 2EYLRXVO\� VXFK FDPSDLJQZLOO EH YHU\ H[SHQVLYH LQ WHOHVFRSH WLPH�

$ VROXWLRQ WKDW PD\ EH SHUKDSV OHVV H[SHQVLYH LQ WRWDO WHOHVFRSH WLPH ZRXOG EH WR FRXSOH
59 DQG GLUHFW LPDJLQJ PHWKRGV� 7KH VDPSOH ZRXOG EH GHVLJQHG EDVHG RQ D ODUJH 59 EOLQG
VXUYH\ RI YHU\ QHDUE\ VWDUV� DQG RQO\ WKRVH KRVWLQJ ORZ�PDVV SODQHWV ZRXOG EH REVHUYHG
ZLWK GLUHFW LPDJLQJ� ,I SRVVLEOH� KLJK�FRQWUDVW LPDJLQJ LQVWUXPHQWV VKRXOG VHDUFK IRU WKH
RXWHU PDVVLYH JLDQW SODQHWV LQ UHÁHFWHG OLJKW� WR E\�SDVV WKH DJH OLPLWDWLRQ ZKHQ FRQYHUWHG
WKH FRQWUDVW WR PDVV GHWHFWLRQ YLD HYROXWLRQDU\ PRGHOV� RWKHUZLVH� LQ WKHUPDO OLJKW� EXW ZLWK
YHU\ GHHS FRQWUDVWV� 6XFK SHUIRUPDQFHV ZRXOG RQO\ EH SRVVLEOH RQ IXWXUH� FXWWLQJ�HGJH
IDFLOLWLHV �H�J�� 567� (/7� *07� +:2�� IRU ZKLFK WKH WHOHVFRSH WLPH ZRXOG EH HYHQ PRUH
FRPSHWLWLYH�

2Q DPRUH VLQJOH V\VWHPSHUVSHFWLYH� , DP SDUWLFXODUO\ LQWHUHVWHG LQ REVHUYLQJZLWK GLUHFW
LPDJLQJ WKH IHZ \RXQJ SODQHWDU\ V\VWHPV DOUHDG\ NQRZQ WR KDUERU VRPH VKRUW�SHULRG� ORZ�
PDVV SODQHWV� , REWDLQHG /%7�6+$5.�1,5�/0,5&DP WLPH WR REVHUYH WZR RI WKHP GXULQJ
VHPHVWHU� ����%� $OWKRXJK , DP YHU\ KRSHIXO WR GHWHFW JLDQW PDVVLYH FRPSDQLRQV LQ WKHVH
\RXQJ �23 0\U DQG 414 0\U� PXOWL�SODQHWDU\ V\VWHPV� , EHOLHYH WKDW HYHQ GHWHFWLRQ OLPLWV



���� 3HUVSHFWLYHV ���

ZLOO DOUHDG\ EH KHOSIXO WR FRQVWUDLQ WKH DUFKLWHFWXUHV RI WKHVH \RXQJ V\VWHPV� WKDW FRXOG EH
UHODWHG WR WKH IRUPDWLRQ RI WKH ORZ�PDVV SODQHWV DQG WKH RYHUDOO V\VWHP G\QDPLFV�



���

,Q WKH FRXUVH RI P\ 3K�'�� , SHHUHG LQWR WKH DUFKLWHFWXUHV RI SODQHWDU\ V\VWHPV YLD KLJK�
FRQWUDVW LPDJLQJ� , IRFXVHG RQ GLUHFW LPDJLQJ RI H[RSODQHWV DQG FLUFXPVWHOODU GHEULV GLVNV�
ZKLFK DUH ERWK SURGXFWV RI SODQHW IRUPDWLRQ SURFHVVHV� ,Q SDUWLFXODU� , KDYH EHHQ GHHSO\
LQWHUHVWHG LQ WKH GLYHUVLW\ RI SODQHWDU\ V\VWHP DUFKLWHFWXUHV� DQG ZKDW LQVLJKWV WKH\ JLYH
DERXW WKH IRUPDWLRQ DQG HYROXWLRQ RI SODQHWDU\ V\VWHPV�

3URMHFW�ZLVH� , OHG VSHFLÀF VWXGLHV RQ \RXQJ V\VWHPV NQRZQ WR KRVW GHEULV GLVNV RU DW OHDVW
RQH H[RSODQHW� WR FKDUDFWHUL]H WKHP� , DOVR ZRUNHG RQ D VXUYH\ RI SODQHWDU\ V\VWHPV� WR KDYH
D ODUJHU VDPSOH WR REWDLQ VWDWLVWLFDO UHVXOWV� 7KHVH UHVHDUFK SURMHFWV DOORZHGPH WR XQGHUVWDQG
WKH H[WHQW WR ZKLFK EUHDNWKURXJKV LQ DVWURSK\VLFV GHSHQG RQ DGYDQFHV LQ LQVWUXPHQWDWLRQ
DQG GDWD SRVW�SURFHVVLQJ� 'XULQJ WKH ÀUVW KDOI RI P\ 3K�'�� , FRQWULEXWHG WR LQYHVWLJDWH KRZ
WKH 63+(5(� SHUIRUPDQFHV WR GHWHFW DQG FKDUDFWHUL]H H[RSODQHWV FRXOG EH ERRVWHG E\ XVLQJ
PHGLXP�VSHFWUDO UHVROXWLRQ�

,Q PRUH GHWDLOV� , OHG DQ LQ�GHSWK DQDO\VLV RQ RQH V\VWHP �+'������ ZLWK D JLDQW SODQHW
GLUHFWO\ LPDJHG EXW D GLVN \HW XQVHHQ LQ VFDWWHUHG OLJKW� DQG RQH RWKHU V\VWHP �+'�������
ZLWK D GLVN FOHDUO\ GHWHFWHG LQ VFDWWHUHG OLJKW DQG OLNHO\ VFXOSWHG E\ RQH RU VHYHUDO SODQHWV
\HW WR EH GLVFRYHUHG� 5HJDUGLQJ +'������� LQ 'HVJUDQJH HW DO� ������ VXEP��� , FRPELQHG
SDQFKURPDWLF �+67�67,6� 9/7�63+(5( DQG $/0$� GDWD WR EHWWHU FRQVWUDLQ WKH GXVW SRS�
XODWLRQV IURP 30 WR 1 000 DX� , GHULYHG WKH VFDWWHULQJ SKDVH IXQFWLRQ RI WKH LQQHU EHOW� LWV
PD[LPXP IUDFWLRQ RI SRODUL]DWLRQ DQG DOEHGR DW 1.6 µP� DQG DOVR LWV UHÁHFWDQFH EHWZHHQ 1.0
DQG 1.8 µP� %\ UH�SURFHVVLQJ WKH GDWD� , DOVR EHWWHU UHYHDOHG WKH VSLUDO�OLNH IHDWXUH VHHQ LQ
WKH RSWLFDO GDWD� $OWKRXJK VSLUDOV DUH IUHTXHQWO\ REVHUYHG LQ QXPHULFDO VLPXODWLRQV LQYROY�
LQJ ZLGH�RUELW �≥ 10 DX� JLDQW SODQHWV� WKHUH DUH UDUHO\ REVHUYHG VR IDU LQ GHEULV GLVNV� ,Q
SDUWLFXODU� +'������ LV WKH RQO\ RQH ZLWK D VSLUDO�OLNH IHDWXUH VSDQQLQJ RYHU KXQGUHGV RI
DVWURQRPLFDO XQLWV� XS WR 1 000 DX LI FR�SODQDU ZLWK WKH LQQHU EHOW�

2Q WKH RWKHU KDQG� +'����� FRXOG EH FRQVLGHUHG DV DPDVVLYH 6RODU 6\VWHP DQDORJ� ZLWK
D 4²50-XS JLDQW SODQHW �5DPHDX HW DO�� ����� ORFDWHG LQ WKH FDYLW\ EHWZHHQ WKH WZR EHOWV� ,Q
'HVJUDQJH HW DO� �����D�� , XVHG WHQ HSRFKV RI REVHUYDWLRQ DFTXLUHG LQ WKH FRQWH[W RI WKH
*XDUDQWHHG 7LPH 2EVHUYDWLRQ IURP WKH 63+(5( FRQVRUWLXP� , H[WUDFWHG WKH VSHFWUXP RI
WKH JLDQW H[RSODQHW +'����� E IRU WKH ÀUVW WLPH EHWZHHQ 1.0 DQG 1.6 µP� DQG DOVR LWV UHODWLYH
DVWURPHWU\� :LWK P\ FROODERUDWRUV� , VWXGLHG WKH DWPRVSKHUH RI WKH H[RSODQHW +'����� E�
GHWHUPLQHG WKDW GXVW PXVW EH SUHVHQW HLWKHU LQ WKH XSSHU OD\HUV RI WKH DWPRVSKHUH� ZKLFK
UHVXOWV LQ D WHPSHUDWXUH RI 800² 300 .� RU DURXQG LQ D FLUFXPSODQHWDU\ GLVN� ZKLFK LV DF�
FRPSDQLHG E\ D KLJKHU �≥ 1 400 .� HIIHFWLYH WHPSHUDWXUH� 1HZ GDWD SURELQJ PLG�LQIUDUHG
ZDYHOHQJWKV ZLWK -:67�0,5, GLVFULPLQDWHG EHWZHHQ WKHVH WZR RSWLRQV �0kOLQ HW DO�� ������
0RUHRYHU� ZH FRQÀUPHG WKDW WKH RUELW RI WKH +'����� E KDV D ORZ�HFFHQWULFLW\� DQG EHLQJ
SRVVLEO\ FLUFXODU� %DVHG RQ G\QDPLFDO DUJXPHQWV� WKLV LPSOLHV WKDW DW OHDVW DQRWKHU SODQHW
ZRXOG EH UHTXLUHG WR PDLQWDLQ WKH ZLGWK RI WKH FDYLW\�



&KDSWHU �� &RQFOXVLRQ DQG SHUVSHFWLYHV ���

,Q DGGLWLRQ� , LQYHVWLJDWHG KRZ ORZ�PDVV SODQHWV RUELWLQJ FORVH WR WKHLU KRVW VWDU FRXOG
IRUP� DQG LQ SDUWLFXODU ZKHWKHU WKLV LV FRUUHODWHG ZLWK WKH SUHVHQFH RI RXWHU� PDVVLYH FRP�
SDQLRQV� , ZRUNHG RQ D GLUHFW LPDJLQJ VXUYH\ VHDUFKLQJ IRU VXFK RXWHU� PDVVLYH FRPSDQLRQ
DURXQG WZHQW\�VHYHQ YHU\ QHDUE\ �≤ 20 SF� *.0 VWDUV NQRZQ WR KRVW FORVH�LQ ORZ�PDVV
SODQHWV� , VKRZHG WKDW VXFK VWXG\ RQ PDWXUH �5000\U²10 *\U� VWDUV LV FKDOOHQJLQJ� EHFDXVH
HYHQ ZKHQ GHWHFWLRQ OLPLWV DFKLHYH ODUJH FRQWUDVWV� WKH VHQVLWLYLW\ H[SUHVVHG LQ SODQHWDU\
PDVV GHJUDGHV UDSLGO\ DV VRRQ WKH V\VWHP DJH H[FHHGV 500 0\U� ,Q WKLV SHUVSHFWLYH� GH�
WHFWLQJ SODQHWV LQ UHÁHFWHG OLJKW �VHH WHQWDWLYHV ZLWK 63+(5(�=,032/� H�J�� 7VFKXGL HW DO��
����� ZRXOG EH D JDPH FKDQJHU DV WKH VWHOODU DJH ZLOO QRW EH D FRQVWUDLQW DQ\PRUH WR LPDJH
H[RSODQHWV� $OWHUQDWLYHO\� REVHUYLQJ LQ PLG�LQIUDUHG� ZRXOG VWLOO PLWLJDWH WKH LPSDFW RI WKH
VWHOODU DJH �H�J�� -:67�0,5, REVHUYDWLRQV RI HSVLORQ ,QGL IURP 0DWWKHZV HW DO�� ������

/DVW� , FRQWULEXWHG WR WKH GHYHORSPHQW RI WKH IXWXUH VFLHQWLÀF FDVHV RI WKH 63+(5(� XS�
JUDGH �ÀUVW OLJKW SODQQHG LQ ������ , ZRUNHG RQ WKH SHUIRUPDQFHV RI D QHZSRWHQWLDOPHGLXP�
UHVROXWLRQ LQWUHJUDO�ÀHOG VSHFWURJUDSK� FDOOHG 0HG5HV� 0HG5HV KDV HYHQWXDOO\ QRW EHHQ DS�
SURYHG E\ (62� 0HG5HV ZDV VXSSRVHG WR OHYHUDJH WKH LPSURYHG SHUIRUPDQFHV RI WKH XS�
JUDGHG$2 V\VWHP� FDOOHG 6$;2�� WR GHWHFW DQG FKDUDFWHUL]H -XSLWHU�PDVV H[RSODQHWV ORFDWHG
FORVHU WR WKHLU KRVW VWDU� DQG KRSHIXOO\� QHZ SURWRSODQHWV DQDORJ WR WKH LFRQLF 3'6 �� E DQG F
SURWRSODQHWV� ,Q SUDFWLFH� , VWXGLHG KRZ WKH VSHFWUDO GLPHQVLRQ FDQ EH XVHG WR UHYHDO D SODQHW
YLD FURVV�FRUUHODWLRQ EHWZHHQ SODQHWDU\ WHPSODWH VSHFWUD DQG WKH REVHUYDWLRQV� D WHFKQLTXH
UHIHUUHG WR DV PROHFXODU PDSSLQJ� , UDQ PROHFXODU PDSSLQJ VLPXODWLRQV� DQG LQ SDUWLFXODU
GHYHORSHG D IUDPHZRUN WR UXQ WKHP PRUH HIÀFLHQWO\ WR WHVW GLIIHUHQW DVWURSK\VLFDO VFHQHV�
DQG YDULRXV LQVWUXPHQWDO VHW�XSV�� WKDW ZRXOG KDYH KHOSHG WR GHVLJQ 0HG5HV� 0ROHFXODU
PDSSLQJ LV D SURPLVLQJ WHFKQLTXH WR GHWHFW DQG FKDUDFWHUL]H H[RSODQHWV� ZLWK PDQ\ H[SHF�
WDWLRQV IRU ERWK VSDFH� �-:67�0,5,� 3DWDSLV HW DO�� ����� 0kOLQ HW DO�� ����� DQG IRUWKFRPLQJ
JURXQG�EDVHG IDFLOLWLHV �H�J�� (/7�+$5021,� +RXOOp HW DO�� ����� %LGRW HW DO�� ����� EXW DOVR
ZLWK (/7�0(7,6 DQG (/7�3&6��

7KHUH LV D VWURQJ FRQQHFWLRQ EHWZHHQ WKH 63+(5(� XSJUDGH DQG WKH (/7 LQVWUXPHQWV�
ERWK LQVWUXPHQWDO� DQG DVWURSK\VLFDO�ZLVH� )LUVW� WKH 6$;2�XSJUDGH LV D WHFKQRORJ\GHPRQ�
VWUDWLRQ IRU WKH VHFRQG�JHQHUDWLRQ� KLJK�FRQWUDVW VSHFWUR�LPDJHU 3&6 ������� RQ WKH (/7�
3&6 DLPV WR LPDJH LQ UHÁHFWHG OLJKW URFN\ SODQHWV WKDWPLJKW EH KDELWDEOH DURXQG YHU\ QHDUE\
ORZ�PDVV VWDUV� 6HFRQG� 63+(5( FDQ EH XVHG DV D VXUYH\PDFKLQH� WR VHOHFW WKHPRVW SURPLV�
LQJ VWDUV WKDW ZLOO EH LPDJHG ZLWK WKH (/7 LQVWUXPHQWV� ZKLFK ZLOO KDYH KXJH WLPH SUHVVXUH
IDFWRUV� ,Q WKLV SHUVSHFWLYH� FRQVWUDLQLQJ WKH DUFKLWHFWXUHV RI SODQHWDU\ V\VWHPV ORFDWHG LQ WKH
QHLJKERUKRRG RI 6RODU 6\VWHP� DV GRQH LQ 'HVJUDQJH HW DO� ������� LV D SUHOLPLQDU\ VWHS� )XU�
WKHUPRUH� WKH 63+(5(� XSJUDGH ZLOO DOORZ 63+(5( WR REVHUYH IDLQWHU DQG UHGGHU VWDUV DQG
VR WR DFFHVV WR WKH EXON RI VWDUV LQ VWDU�IRUPLQJ UHJLRQV� VXFK DV 7DXUXV� &KDPDOHRQ� /XSXV
DQG 8SSHU 6FR �6HFWLRQ ������� 3ODQHW IRUPDWLRQ FRXOG WKHUHIRUH EH LQYHVWLJDWHG PRUH H[�
WHQVLYHO\ ZLWK OHVV REVHUYDWLRQDO ELDVHV DQG LQ GLIIHUHQW VWHOODU DVVRFLDWLRQV� 2Q WRS RI WKDW�
WKH 63+(5(� LQVWUXPHQW ZRXOG ZRUN ZLWK DQ RSWLPDO $2 FRUUHFWLRQ HYHQ LQ WKH PHGLDQ
REVHUYDWLRQDO FRQGLWLRQ� ZKLFK LV FXUUHQWO\ QRW WKH FDVH �)LJ� �����

7KDQNV WR WKHVH UHVHDUFK SURMHFWV� , KDYH GHYHORSHG P\ VNLOOV DV DQ REVHUYHU� FDSDEOH RI
SURFHVVLQJ GDWD IURP VSHFWUR�LPDJHU LQVWUXPHQWV� DQG DQDO\]LQJ WKHP LQ WKH FRQWH[W RI WKH
SODQHW IRUPDWLRQ DQG HYROXWLRQ� , XVHG DUFKLYDO GDWD� EXW DOVR QHZ REVHUYDWLRQV� 7KLV ORJL�
FDOO\ OHG PH WR VXEPLW SURSRVDOV WR DVN WHOHVFRSH WLPH XVLQJ YDULRXV REVHUYDWLRQDO IDFLOLWLHV
WR WHVW WKHRULHV RI SODQHW IRUPDWLRQ DQG HYROXWLRQ� EXW DOVR WR H[SORUH LQWULJXLQJ SODQHWDU\
V\VWHPV�

�)RU LQVWDQFH� D /�W\SH RU 7�W\SH H[RSODQHW� ZLWK GLIIHUHQW YDOXHV RI FRQWUDVW DQG ORFDWLRQ LQ WKH ÀHOG RI YLHZ�
�)RU H[DPSOH� YDULRXV VSHFWUDO FRYHUDJH� ZLWK GLIIHUHQW SRVVLEOH VSHFWUDO UHVROXWLRQV



��� &KDSWHU �� &RQFOXVLRQ DQG SHUVSHFWLYHV

$W 03,$� , KDG WKH RSSRUWXQLW\ WR EH LQYROYHG LQ WKH 6+$5.�1,5 FRQVRUWLXP� FRP�
SRVHG PDLQO\ RI WKUHH LQVWLWXWHV� ,1$) 3DGRYD �3, LQVWLWXWH� ,WDO\�� 03,$ �+HLGHOEHUJ� *HU�
PDQ\� DQG WKH 6WHZDUG 2EVHUYDWRU\ �$UL]RQD� 86$�� 7KH 6+$5.�1,5 LQVWUXPHQW LV D QHZ
QHDU�LQIUDUHG KLJK�FRQWUDVW LPDJHU DW /%7� LQ $UL]RQD� DQG LV D 3, LQVWUXPHQW� ,W ÀQLVKHG LWV
FRPPLVVLRQLQJ SKDVH LQ 6SULQJ ����� LWV VFLHQFH YHULÀFDWLRQ SKDVH DW WKH EHJLQQLQJ RI �����
DQG LV FXUUHQWO\ LQ LWV HDUO\ VFLHQFH SKDVH� $W 03,$� , ZDV UHVSRQVLEOH RI GHÀQLQJ WKH WDUJHW
OLVW IRU WKH VFLHQFH YHULÀFDWLRQ SKDVH� ZKLFK FRUUHVSRQGV WR WZR UXQV LQ 2FWREHU ���� DQG
'HFHPEHU �����-DQXDU\ ����� , ZDV WKHQ LQ FKDUJH RI ZULWLQJ DQG VXEPLWWLQJ WKH 6+$5.�
1,5 SURSRVDOV WR WKH LQWUD�03,$ FDOO WR REWDLQ WLPH WR H[SORLW WKH LQVWUXPHQW� ZKLOH SHRSOH DW
WKH ,1$) 3DGRYD DQG 6WHZDUG 2EVHUYDWRU\ ZHUH GRLQJ WKH VDPH IRU WKHLU VSHFLÀF /%7 FDOOV�
)RU LQIRUPDWLRQ� WKH03,$ LV HQWLWOHG WR DERXW WHQ QLJKWV DW /%7 GXULQJ HDFK VHPHVWHU� 7KHVH
QLJKWV DUH VSUHDG EHWZHHQ WKH WKUHH GHSDUWPHQWV RI WKH LQVWLWXWH �3ODQHW DQG 6WDU )RUPDWLRQ�
$WPRVSKHUHV RI ([RSODQHWV� DQG *DOD[\ DQG &RVPRORJ\��

,Q WKLV FRQWH[W� , REWDLQHG DV 3, 6+$5.�1,5 DQG /0,5&DP GDWD RQ V\VWHPV NQRZQ WR
KRVW SURWRSODQHWDU\ RU GHEULV GLVNV� DQG , DP ZDLWLQJ IRU ÀYH RWKHU VWDUV WR EH REVHUYHG
EHWZHHQ 2FWREHU ���� DQG -DQXDU\ ����� 7KDW EHLQJ VDLG� XQIRUWXQDWHO\� ZHDWKHU FRQGLWLRQV
DW /%7 DUH QRW DV JRRG DV DW WKH 3DUDQDO 2EVHUYDWRU\ZKHUH LV WKH 9/7� UHVXOWLQJ LQ VLJQLÀFDQW
WLPH ORVVHV GXH WR EDG ZHDWKHU� DQG VRPHWLPHV DOVR WR WHFKQLFDO SUREOHPV� 2QO\ D IUDFWLRQ
RI DERXW 30� RI P\ REVHUYDWLRQV LQ ����% FRXOG EH FDUULHG RXW�

, DOVR VXEPLWWHG SURSRVDOV IRU RWKHU IDFLOLWLHV� VXFK DV ZLWK 9/7�63+(5(� +67�67,6�
-:67�0,5, �FRURQDJUDSKLF PRGH�� -:67�1,5&DP �FRURQDJUDSKLF PRGH�� DQG
-:67�1,5,66 �DSHUWXUH PDVNLQJ LQWHUIHURPHWU\�� 0\ JUDQWHG SURSRVDOV DUH OLVWHG LQ
$SSHQGL[ %� ,Q WKHVH SURSRVDOV� , PDLQO\ DVNHG WLPH WR IRFXV RQ \RXQJ �≤ 100 0\U� VWDUV�
WR VWXG\ SODQHW IRUPDWLRQ DQG HYROXWLRQ LQ WKH HDUO\ VWDJHV� EXW QRW RQO\�

7UDFLQJ EDFN WKH KLVWRU\ RI DQ ROG SODQHWDU\ V\VWHP E\ FRQVWUDLQLQJ LWV DUFKLWHFWXUH
DPD]HVPH� $V D FRQVHTXHQFH� , DPYHU\ KDSS\ WKDWP\ 63+(5(SURSRVDO� RQ DPDWXUH� YHU\
QHDUE\ DQG EHQFKPDUN SODQHWDU\ V\VWHP ZDV DFFHSWHG� 7KLV V\VWHP KRVWV D 1HSWXQH�PDVV
SODQHW RQ DQ HFFHQWULF� PLVDOLJQHG RUELW ZLWKLQ D SHULRG RI WKUHH GD\V� 7KH SODQHW XQGHUJRHV
VWURQJ HYDSRUDWLRQ REVHUYHG LQ /\α GXH WR LWV SUR[LPLW\ WR LWV KRVW VWDU� 7KHVH FKDUDFWHULV�
WLFV DUH VXUSULVLQJ� EHFDXVH WKH V\VWHP LV 6± 2 *\U ROG� DQG VR WKH DWPRVSKHUH RI WKH SODQHW
VKRXOG KDYH HVFDSHG E\ QRZ� DQG LWV RUELW EHLQJ FLUFXODUL]HG� 7KH SDUDGR[ FDQ EH VROYHG
LI WKH SODQHW PLJUDWHG LQZDUGV UHFHQWO\ GXH WR D .R]DL�/LGRY UHVRQDQFH ZLWK DQ RXWHU FRP�
SDQLRQ� WKDW FRXOG EH HLWKHU D PDVVLYH H[RSODQHW RU D EURZQ GZDUI� 6XFK KLJK HFFHQWULFLW\
PLJUDWLRQ VFHQDULR FDQ QDWXUDOO\ H[SODLQ WKH SRSXODWLRQ RI HFFHQWULF� PLVDOLJQHG� VWURQJO\ LU�
UDGLDWHG� DQG QRQ�HYDSRUDWHG PLQL�1HSWXQHV �1DJDVDZD 	 ,GD� ������ 'XH WR LWV SUR[LPLW\
WR WKH 6XQ� WKH 0�W\SH RI WKH KRVW VWDU DQG SUHGLFWLRQV UHJDUGLQJ WKH RXWHU FRPSDQLRQ� WKLV
V\VWHP LV WKH PRVW LGHDO WR REWDLQ REVHUYDWLRQDO HYLGHQFH RI WKLV KLJK�HFFHQWULFLW\ PLJUDWLRQ
PHFKDQLVP� ZKLFK FRXOG EH DSSOLHG WR RWKHU HFFHQWULF� PLVDOLJQHG� VWURQJO\ LUUDGLDWHG� EXW
QRQ�HYDSRUDWHG 1HSWXQH�PDVV SODQHWV�

7KH JURXQG�EDVHG REVHUYDWLRQV WKDW , REWDLQHG DV 3, DQG ZLWK P\ FROODERUDWRUV ZRXOG
KDYH WKH VHQVLWLYLW\ WR LPDJH WKH FRPSDQLRQ LQ WKH FDVH LW LV D EURZQ GZDUI� ,I LW LV D JLDQW
SODQHW� -:67�0,5, VSDFH�EDVHG REVHUYDWLRQV ZRXOG EH UHTXLUHG WR GHWHFW LW� , SUHYLRXVO\
VXEPLWWHG -:67�0,5, SURSRVDOV LQ -:67 &\FOH � DQG � RQ WKLV V\VWHP� DQG LQ VSLWH RI KLJK�
UDQNLQJ �VHFRQG DQG ÀUVW TXLQWLOH� UHVSHFWLYHO\�� WKHUH ZHUH QRW JUDQWHG WLPH� GXH WR KLJK
SUHVVXUH IDFWRUV�

)XUWKHUPRUH� , DP DOVR H[FLWHG E\ WKH -:67�0,5, REVHUYDWLRQV WKDW (OLVDEHWK 0DWWKHZV
�3,�� P\VHOI �FR�3,� DQG RWKHU FROODERUDWRUV DW 03,$ ZLOO REWDLQ LQ WKH EHJLQQLQJ RI ����
RQ WKH SUHGLFWHG PDVVLYH �2²200-XS� FRPSDQLRQ *- ��� F EDVHG RQ WKH UDGLDO YHORFLW\ WUHQG

�, ZRUNHG RQ WKLV SURSRVDO PDLQO\ ZLWK SHRSOH DW �RU DW VRPH SRLQW DW� WKH *HQHYD REVHUYDWRU\� LQFOXGLQJ
(OLVDEHWK 0DWWKHZV� D FORVH FROODERUDWRU DW 03,$�
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DQG *DLD DQG +LSSDUFRV GDWD� 7KLV GHWHFWLRQ ZLOO SDYH WKH ZD\ IRU D GHWDLOHG DWPRVSKHULF
FKDUDFWHUL]DWLRQ RI D FROG �<450.� DWPRVSKHUH� EULGJLQJ WKH JDS EHWZHHQ H[RSODQHWV NQRZQ
VR IDU DQG JLDQW SODQHWV LQ RXU 6RODU 6\VWHP�

$OO LQ DOO� , WKLQN DVWURQRPHUV LQ WKH ÀHOG RI H[RSODQHWV DQG GLVNV DUH OLYLQJ D SDUWLF�
XODU H[FLWLQJ WLPH� ZLWK JUHDW IDFLOLWLHV RQ WKH JURXQG DQG LQ VSDFH� 0RUHRYHU� WKH IXWXUH
LV HYHQ EULJKWHU� ZLWK LQVWUXPHQWDO XSJUDGHV DQG QHZ IDFLOLWLHV WR FRPH �9/7�63+(5(��
9/7,�*5$9,7<�� 567� (/7�+:2� ����� 7KH V\QHUJ\ RI GLIIHUHQW REVHUYDWLRQDO IDFLOLWLHV� DQG
H[RSODQHW GHWHFWLRQPHWKRGV NHHSV LQFUHDVLQJ� WR FRQVWUDLQ QRW RQO\ RQH JLYHQ SODQHWDU\ V\V�
WHP� EXW DOVR D JLYHQ H[RSODQHW� 7KH QH[W WZR �DQG ÀQDO� GDWD UHOHDVHV IURP WKH *DLDPLVVLRQ
ZLOO FRQWULEXWH WR WKDW� ZLWK WKH H[SHFWHG GLVFRYHU\ RI QXPHURXV JLDQW H[RSODQHWV ZLWKLQ D
IHZ DVWURQRPLFDO XQLWV RI WKHLU VWDU�

7KH XVH RI SDQFKURPDWLF GDWD JLYHV SUHFLRXV LQIRUPDWLRQ RQ WKH DWPRVSKHULF SURSHUWLHV
RI WKH H[RSODQHWV� EXW DOVR RQ SURWRSODQHWDU\ DQG GHEULV GLVNV� E\ SURELQJ GLIIHUHQW W\SHV RI
JUDLQV DW GLIIHUHQW ORFDWLRQV LQ WKH GLVN� 7KLV UHÀQHV RXU WKHRULHV RQ SODQHW IRUPDWLRQ DQG
HYROXWLRQ� DQG JLYHV FOXHV RQ KRZ LW PLJKW ORRN OLNH RXW WKHUH RQ RWKHU ZRUOGV�

6WDUWLQJ1RYHPEHU ��� ����� , ZLOO FRQWLQXHP\ UHVHDUFK DV D )HOORZ DW (62 IRU IRXU \HDUV�
7KH ÀUVW WKUHH \HDUV ZLOO EH EDVHG LQ &KLOH DQG DVVRFLDWHG WR REVHUYDWLRQDO GXWLHV� ZKLOH WKH
ODVW RQH ZLOO EH IXOO\ GHGLFDWHG WR P\ UHVHDUFK� LQ DQ LQVWLWXWH RI P\ FKRLFH� $V SDUW RI P\
REVHUYDWLRQDO GXWLHV� , ZLOO REVHUYH 80 QLJKWV SHU \HDU IRU WKUHH \HDUV IRU WKH DVWURQRPLFDO
FRPPXQLW\ XVLQJ WKH 9/7�87� WHOHVFRSH DW WKH 3DUDQDO REVHUYDWRU\ ORFDWHG LQ WKH $WDFDPD
GHVHUW� 2Q WKH 87� �8QLW 7HOHVFRSH �� DUH RSHUDWHG WKH FXWWLQJ�HGJH LQVWUXPHQWV 63+(5(�
ZKLFK , NQRZ ZHOO� &5,5(6� DQG ;�6+227(5�

, ZLOO EH DW DQ LGHDO SODFH WR XVH DOVR (62 LQVWUXPHQWV WKDW , KDYH QRW PXFK XVHG IRU QRZ�
EXW WKDW , ZRXOG EH NHHQ WR� VXFK DV 9/7�(5,6� 9/7,�*5$9,7< DQG 9/7,�0$7,66(� 7KLV
YHU\ H[FLWLQJ H[SHULHQFH ZLOO KDSSHQ GXULQJ WKH JROGHQ HUD ZKHUH 9/7,�*5$9,7<� DQG
9/7�63+(5(� XSJUDGHV ZLOO RFFXU� DQG DOVR ZKHQ WKH FRQVWUXFWLRQ RI WKH ELJJHVW H\H RQ
WKH VN\� WKH (/7� ZLOO EH FRPSOHWHG�



���

$EVLO� 2�� 'HIUqUH� '�� )RUHVWR� 9� &� G�� HW DO� ������� $ QHDU�LQIUDUHG LQWHUIHURPHWULF VXUYH\ RI
GHEULV GLVF VWDUV� ,,,� )LUVW VWDWLVWLFV EDVHG RQ �� VWDUV REVHUYHG ZLWK &+$5$�)/825� $VWURQRP\
	 $VWURSK\VLFV� ����

$EVLO� 2�� 0DULRQ� /�� (UWHO� 6�� HW DO� ������� $ QHDU�LQIUDUHG LQWHUIHURPHWULF VXUYH\ RI GHEULV�GLVN
VWDUV� 9,,� 7KH KRW�WR�ZDUP GXVW FRQQHFWLRQ� $VWURQRP\ 	 $VWURSK\VLFV� ����

$EW� +� $� 	 /HY\� 6� *� ������� 0XOWLSOLFLW\ DPRQJ VRODU�W\SH VWDUV� $VWURSK\VLFDO -RXUQDO�
6XSSO� 6HULHV� ���

$GDP� &�� 2ORIVVRQ� -�� 9DQ +ROVWHLQ� 5� *�� HW DO� ������� &KDUDFWHUL]LQJ WKH PRUSKRORJ\ RI WKH
GHEULV GLVN DURXQG WKH ORZ�PDVV VWDU *6& ������������ $VWURQRP\ 	 $VWURSK\VLFV� ����

$GDPV� -� '�� +HUWHU� 7� /�� /DX� 5� 0�� 7ULQK� &�� 	 +DQNLQV� 0� ������� 'XVW SURGXFWLRQ UDWHV
LQ WKH )RPDOKDXW GHEULV GLVN IURP 62),$�)25&$67 PLG�LQIUDUHG LPDJLQJ� 7KH $VWURSK\VLFDO
-RXUQDO� ���� ��

$LPH� &�� 6RXPPHU� 5�� 	 )HUUDUL� $� ������� 7RWDO FRURQDJUDSKLF H[WLQFWLRQ RI UHFWDQJXODU DSHU�
WXUHV XVLQJ OLQHDU SURODWH DSRGL]DWLRQV� $VWURQRP\ 	 $VWURSK\VLFV� ���� ��

$OLEHUW� <�� 0RUGDVLQL� &�� %HQ]� :�� 	:LQLVGRHUIIHU� &� �������0RGHOV RI JLDQW SODQHW IRUPDWLRQ
ZLWK PLJUDWLRQ DQG GLVF HYROXWLRQ� $VWURQRP\ 	 $VWURSK\VLFV� ���� ��

$PDUD� $� 	 4XDQ]� 6� 3� ������� S\QSRLQW� DQ LPDJH SURFHVVLQJ SDFNDJH IRU ÀQGLQJ H[RSODQHWV�
0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��

$QFKH� 5� 0�� 'RXJODV� (�� 0LODQL� .�� HW DO� ������� 6LPXODWLRQ RI KLJK�FRQWUDVW SRODULPHWULF
REVHUYDWLRQV RI GHEULV GLVNV ZLWK WKH 5RPDQ &RURQDJUDSK ,QVWUXPHQW� 3XEOLFDWLRQV RI WKH $VWUR�
QRPLFDO 6RFLHW\ RI WKH 3DFLÀF� ���� �����

$QWLFKL� -�� 'RKOHQ� .�� *UDWWRQ� 5� *�� HW DO� ������� %,*5(� $ ORZ FURVV�WDON LQWHJUDO ÀHOG XQLW
WDLORUHG IRU H[WUDVRODU SODQHWV LPDJLQJ VSHFWURVFRS\� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

$SDL� '�� 6FKQHLGHU� *�� *UDG\� &� $�� HW DO� ������� 7KH LQQHU GLVN VWUXFWXUH� GLVN�SODQHW LQWHUDF�
WLRQV� DQG WHPSRUDO HYROXWLRQ LQ WKH %HWD 3LFWRULV V\VWHP� $ WZR�HSRFK +67�67,6 FRURQDJUDSKLF
VWXG\� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

$UPLWDJH� 3� -� ������� /HFWXUH QRWHV RQ WKH IRUPDWLRQ DQG HDUO\ HYROXWLRQ RI SODQHWDU\ V\VWHPV�
DU;LY�DVWUR�SK���������

$VHQVLR�7RUUHV� 5�� +HQQLQJ� 7�� &DQWDOORXEH� )�� HW DO� ������� 3HUWXUEHUV� 63+(5( GHWHFWLRQ
OLPLWV WR SODQHWDU\�PDVV FRPSDQLRQV LQ SURWRSODQHWDU\ GLVNV� $VWURQRP\ 	 $VWURSK\VLFV� ����

$VHQVLR�7RUUHV� 5�� -DQVRQ� 0�� +DVKLPRWR� -�� HW DO� ������� 3RODULPHWU\ DQG ÁX[ GLVWULEXWLRQ LQ
WKH GHEULV GLVN DURXQG +' ������ $VWURQRP\ 	 $VWURSK\VLFV� ����

$XPDQQ� +� +�� %HLFKPDQ� &� $�� *LOOHWW� )� &�� HW DO� ������� 'LVFRYHU\ RI D VKHOO DURXQG $OSKD
/\UDH� 7KH $VWURSK\VLFDO -RXUQDO� ����
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$YHQKDXV� +�� 4XDQ]� 6� 3�� *DUXÀ� $�� HW DO� ������� 'LVNV DURXQG 7 7DXUL 6WDUV ZLWK 63+(5(
�'$5776�6�� ,� 63+(5(�,5',6 SRODULPHWULF LPDJLQJ RI HLJKW SURPLQHQW 7 7DXUL GLVNV� 7KH $V�
WURSK\VLFDO -RXUQDO� ���� ��

%DFNPDQ� '� (�� 'DVJXSWD� $�� 	 6WHQFHO� 5� (� �������0RGHO RI D .XLSHU %HOW VPDOO JUDLQ SRSX�
ODWLRQ DQG UHVXOWLQJ IDU�LQIUDUHG HPLVVLRQ� $VWURSK\VLFDO -RXUQDO /HWWHUV� ����

%DFNPDQ� '� (� 	 3DUHVFH� )� ������� 0DLQ�VHTXHQFH VWDUV ZLWK FLUFXPVWHOODU VROLG PDWHULDO � WKH
9(*$ SKHQRPHQRQ� 3URWRVWDUV DQG 3ODQHWV ,,,�

%DL� ;��1� 	 6WRQH� -� 0� ������� '\QDPLFV RI VROLGV LQ WKH PLGSODQH RI SURWRSODQHWDU\ GLVNV� ,PSOL�
FDWLRQV IRU SODQHWHVLPDO IRUPDWLRQ� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

%DLOHU�-RQHV� &� $� /�� 5\EL]NL� -�� )RXHVQHDX� 0�� 0DQWHOHW� *�� 	 $QGUDH� 5� ������� (VWL�
PDWLQJ GLVWDQFH IURP SDUDOOD[HV� ,9� 'LVWDQFHV WR ���� ELOOLRQ VWDUV LQ *DLD 'DWD 5HOHDVH �� 7KH
$VWURQRPLFDO -RXUQDO� ���� ��

%DUDIIH� ,�� &KDEULHU� *�� %DUPDQ� 7� 6�� $OODUG� )�� 	 +DXVFKLOGW� 3� +� ������� (YROXWLRQDU\
PRGHOV IRU FRRO EURZQ GZDUIV DQG H[WUDVRODU JLDQW SODQHWV� 7KH FDVH RI +' ������� $VWURQRP\ 	
$VWURSK\VLFV� ���� ��

%DUEDWR� '�� 3LQDPRQWL� 0�� 6R]]HWWL� $�� HW DO� ������� 7KH *$36 SURJUDPPH DW 71*� ;;,9� $Q
HFFHQWULF 1HSWXQH�PDVV SODQHW QHDU WKH LQQHU HGJH RI WKH %'��� ���� KDELWDEOH ]RQH� $VWURQRP\
	 $VWURSK\VLFV� ����

%DUEDWR� '�� 6R]]HWWL� $�� 'HVLGHUD� 6�� HW DO� ������� ([SORULQJ WKH UHDOP RI VFDOHG 6RODU 6\VWHP
DQDORJXHV ZLWK +$536� $VWURQRP\ 	 $VWURSK\VLFV� ����

%DUJH� 3� 	 6RPPHULD� -� ������� 'LG SODQHW IRUPDWLRQ EHJLQ LQVLGH SHUVLVWHQW JDVHRXV YRUWLFHV"�
$VWURQRP\ 	 $VWURSK\VLFV� ����

%DUPDQ� 7� 6�� .RQRSDFN\� 4� 0�� 0DFLQWRVK� %�� 	 0DURLV� &� ������� 6LPXOWDQHRXV GHWHFWLRQ
RI ZDWHU� PHWKDQH� DQG FDUERQ PRQR[LGH LQ WKH DWPRVSKHUH RI H[RSODQHW +5 ���� E� 7KH $VWUR�
SK\VLFDO -RXUQDO� ���� ��

%DWH� 0� 5� ������� 'XVW FRDJXODWLRQ GXULQJ WKH HDUO\ VWDJHV RI VWDU IRUPDWLRQ� 0ROHFXODU FORXG FRO�
ODSVH DQG ÀUVW K\GURVWDWLF FRUH HYROXWLRQ� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\�
���� ��

%DXGR]� 3�� 'HVJUDQJH� &�� *DOLFKHU� 5�� 	 /DJLQMD� ,� ������� 3RODUL]DWLRQ HIIHFWV RQ KLJK FRQWUDVW
LPDJLQJ� PHDVXUHPHQWV RQ 7+'� %HQFK� 3URFHHGLQJV RI WKH 63,(�

%DXGR]� 3�� 'RUQ� 5� -�� /L]RQ� -��/�� HW DO� ������� 7KH GLIIHUHQWLDO WLS�WLOW VHQVRU RI 63+(5(�
*URXQG�EDVHG DQG $LUERUQH ,QVWUXPHQWDWLRQ IRU $VWURQRP\ ,,,� �����

%DXGR]� 3�� 0D]R\HU� -�� 0DV� 0�� *DOLFKHU� 5�� 	 5RXVVHW� *� ������� 'DUN KROH DQG SODQHW
GHWHFWLRQ� ODERUDWRU\ UHVXOWV XVLQJ WKH VHOI�FRKHUHQW FDPHUD� 3URFHHGLQJV RI WKH 63,(�

%HQLVW\� 0�� %DH� -�� )DFFKLQL� 6�� HW DO� ������� $ FLUFXPSODQHWDU\ GLVN DURXQG 3'6 �� F� 7KH
$VWURSK\VLFDO -RXUQDO /HWWHUV� ���� ��

%HQLVW\� 0�� 'RPLQLN� &�� )ROOHWWH� .� %�� HW DO� ������� 2SWLFDO DQG QHDU�LQIUDUHG YLHZ RI SODQHW�
IRUPLQJ GLVNV DQG SURWRSODQHWV� 3URWRVWDUV DQG 3ODQHWV 9,,� ����

%HQLVW\� 0�� -XKiV]� $�� )DFFKLQL� 6�� HW DO� ������� 6KDGRZV DQG DV\PPHWULHV LQ WKH 7 7DXUL GLVN
+' ������� HYLGHQFH IRU D PLVDOLJQHG LQQHU GLVN� $VWURQRP\ 	 $VWURSK\VLFV� ����
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%HQLVW\� 0�� 6WRONHU� 7�� 3RKO� $�� HW DO� ������� 6KDGRZV DQG VSLUDOV LQ WKH SURWRSODQHWDU\ GLVN +'
������� $VWURQRP\ 	 $VWURSK\VLFV� ����

%HUWLQL� /�� 5RFFDWDJOLDWD� 9�� 	 .LP� 0� ������� )O\E\V LQ GHEULV GLVN V\VWHPV ZLWK *DLD H'5��
$VWURQRP\ 	 $VWURSK\VLFV� ����

%HVW� 0�� 6HÀOLDQ� $� $�� 	 3HWURYLFK� &� ������� 7KH LQÁXHQFH RI FROG -XSLWHUV LQ WKH IRUPDWLRQ RI
FORVH�LQ SODQHWV� ,� SODQHWHVLPDO WUDQVSRUW� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

%HXVW� +�� %RQÀOV� ;�� 0RQWDJQLHU� *�� 'HOIRVVH� ;�� 	 )RUYHLOOH� 7� ������� '\QDPLFDO HYROX�
WLRQ RI WKH *OLHVH ��� SODQHWDU\ V\VWHP� .R]DL PLJUDWLRQ DV D SRWHQWLDO VRXUFH IRU *OLHVH ���E·V
HFFHQWULFLW\� $VWURQRP\ 	 $VWURSK\VLFV� ����

%HXVW� +�� 0LOOL� -�� 0RUELGHOOL� $�� HW DO� ������� '\QDPLFV RI WKH %HWD 3LFWRULV SODQHWDU\ V\VWHP
DQG LWV IDOOLQJ HYDSRUDWLQJ ERGLHV� $VWURQRP\ 	 $VWURSK\VLFV� ����

%HX]LW� -��/�� 9LJDQ� $�� 0RXLOOHW� '�� HW DO� ������� 63+(5(� 7KH H[RSODQHW LPDJHU IRU WKH 9HU\
/DUJH 7HOHVFRSH� $VWURQRP\ 	 $VWURSK\VLFV� ����

%KRZPLN� 7�� %RFFDOHWWL� $�� 7KpEDXOW� 3�� HW DO� ������� 6SDWLDOO\ UHVROYHG VSHFWURVFRS\ RI WKH GHEULV
GLVN +' ������ )XUWKHU HYLGHQFH RI VPDOO GXVW JUDLQV� $VWURQRP\ 	 $VWURSK\VLFV� ����

%LGRW� $�� 0RXLOOHW� '�� 	 &DUORWWL� $� ������� ([RSODQHW GHWHFWLRQ OLPLWV XVLQJ VSHFWUDO FURVV�
FRUUHODWLRQ ZLWK VSHFWUR�LPDJLQJ� $QDO\WLFDO PRGHO DSSOLHG WR WKH FDVH RI (/7�+$5021,� $V�
WURQRP\ 	 $VWURSK\VLFV� ����

%LUQVWLHO� 7� ������� 'XVW JURZWK DQG HYROXWLRQ LQ SURWRSODQHWDU\ GLVNV� DU;LY����������� >DVWUR�
SK@�

%LUQVWLHO� 7�� 'XOOHPRQG� &� 3�� 	 %UDXHU� )� ������� *DV� DQG GXVW HYROXWLRQ LQ SURWRSODQHWDU\
GLVNV� $VWURQRP\ DQG $VWURSK\VLFV� ����

%LWVFK� %� 	 ,]LGRUR� $� ������� *LDQWV DUH EXOOLHV� +RZ WKHLU JURZWK LQÁXHQFHV V\VWHPV RI LQQHU
VXE�1HSWXQHV DQG VXSHU�(DUWKV� $VWURQRP\ 	 $VWURSK\VLFV� ����

%LWVFK� %�� 7ULIRQRY� 7�� 	 ,]LGRUR� $� ������� 7KH HFFHQWULFLW\ GLVWULEXWLRQ RI JLDQW SODQHWV DQG WKHLU
UHODWLRQ WR VXSHU�(DUWKV LQ WKH SHEEOH DFFUHWLRQ VFHQDULR� $VWURQRP\ 	 $VWURSK\VLFV� ����

%OXP� -�� %LVFKRII� '�� 	 *XQGODFK� %� ������� )RUPDWLRQ RI FRPHWV� 8QLYHUVH� �� ��
%RFFDOHWWL� $�� &KDXYLQ� *�� 0RXLOOHW� '�� HW DO� ������� 63+(5(�� ,PDJLQJ \RXQJ -XSLWHUV GRZQ
WR WKH VQRZOLQH� DU;LY����������� >DVWUR�SK@�

%RFFDOHWWL� $�� &KDXYLQ� *�� :LOGL� )�� HW DO� ������� 8SJUDGLQJ WKH KLJK FRQWUDVW LPDJLQJ IDFLOLW\
63+(5(� 6FLHQFH GULYHUV DQG LQVWUXPHQW FKRLFHV� 3URFHHGLQJV RI WKH 63,(�

%RFFDOHWWL� $�� 0kOLQ� 0�� %DXGR]� 3�� HW DO� ������� ,PDJLQJ GHWHFWLRQ RI WKH LQQHU GXVW EHOW DQG
WKH IRXU H[RSODQHWV LQ WKH +5 ���� V\VWHP ZLWK -:67·V 0,5, FRURQDJUDSK� $VWURQRP\ 	 $V�
WURSK\VLFV� ����

%RHKQNH� 3� 	 +DUULVRQ� 7� 0� ������� ,OOXVRU\ ODWH KHDY\ ERPEDUGPHQWV� 3URFHHGLQJV RI WKH
1DWLRQDO $FDGHP\ RI 6FLHQFHV� ���� ���

%RHNHO� 5� 9�� +HQQLQJ� 7�� 0HQX� -�� HW DO� ������� 7KUHH UDGLDO JDSV LQ WKH GLVN RI 7: +\GUDH
LPDJHG ZLWK 63+(5(� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

%RKQ� $� -�� .HQZRUWK\� 0� $�� *LQVNL� &�� HW DO� ������� 'LVFRYHU\ RI D GLUHFWO\ LPDJHG GLVN LQ
VFDWWHUHG OLJKW DURXQG WKH 6FR�&HQ PHPEHU :UD\ ������� $VWURQRP\ 	 $VWURSK\VLFV� ����
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%RQDYLWD� 0� 	 'HVLGHUD� 6� ������� 7KH IUHTXHQF\ RI SODQHWV LQ PXOWLSOH V\VWHPV� $VWURQRP\ 	
$VWURSK\VLFV� ���� ��

%RQDYLWD� 0� 	 'HVLGHUD� 6� ������� )UHTXHQF\ RI SODQHWV LQ ELQDULHV� *DOD[LHV� �� ��
%RQDYLWD� 0�� *UDWWRQ� 5�� 'HVLGHUD� 6�� HW DO� ������� 1HZ ELQDULHV IURP WKH 6+,1( VXUYH\� $V�
WURQRP\ 	 $VWURSK\VLFV� ����

%RQÀOV� ;�� 'HOIRVVH� ;�� 8GU\� 6�� HW DO� ������� 7KH +$536 VHDUFK IRU VRXWKHUQ H[WUD�VRODU SODQHWV�
;;;,� 7KH 0�GZDUI VDPSOH� $VWURQRP\ 	 $VWURSK\VLFV� ����

%RQQHIR\� 0�� 0LOOL� -�� 0pQDUG� )�� HW DO� ������� %HOW�V� RI GHEULV UHVROYHG DURXQG WKH 6FR�&HQ VWDU
+,3 ������ $VWURQRP\ 	 $VWURSK\VLFV� ����

%RQRPR� $� 6�� 'XPXVTXH� ;�� 0DVVD� $�� HW DO� ������� &ROG -XSLWHUV DQG LPSURYHG PDVVHV LQ
�� .HSOHU DQG .� VPDOO SODQHW V\VWHPV IURP ���� +$536�1 UDGLDO YHORFLWLHV� 1R H[FHVV RI FROG
-XSLWHUV LQ VPDOO SODQHW V\VWHPV� $VWURQRP\ 	 $VWURSK\VLFV� ����

%RQVH� 0� -�� *HEKDUG� 7� '�� 'DQQHUW� )� $�� HW DO� �������8VH WKH �6 �6LJQDO�6DIH 6SHFNOH 6XEWUDF�
WLRQ�� ([SODLQDEOH PDFKLQH OHDUQLQJ UHYHDOV WKH JLDQW H[RSODQHW $) /HS E LQ KLJK�FRQWUDVW LPDJLQJ
GDWD IURP ����� DU;LY����������� >DVWUR�SK@�

%RRWK� 0�� GHO¬%XUJR� &�� 	 +DPEDU\DQ� 9� 9� ������� 7KH DJH RI WKH &DULQD \RXQJ DVVRFLDWLRQ
DQG SRWHQWLDO PHPEHUVKLS RI +' ������ 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\�
���� ��

%RRWK� 0�� 0DWUj� /�� 6X� .� <� /�� HW DO� ������� 'HHS $/0$ VHDUFK IRU &2 JDV LQ WKH +' �����
GHEULV GLVF� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��

%RRWK� 5� $�� 0HUX� )�� /HH� 0� +�� 	 &ODUNH� &� -� ������� %UHDNWKURXJK UHYLVLWHG� ,QYHVWLJDWLQJ
WKH UHTXLUHPHQWV IRU JURZWK RI GXVW EH\RQG WKH ERXQFLQJ EDUULHU� 0RQWKO\ 1RWLFHV RI WKH 5R\DO
$VWURQRPLFDO 6RFLHW\� ���� ��

%RVV� $� ������� *LDQW SODQHW IRUPDWLRQ E\ JUDYLWDWLRQDO LQVWDELOLW\� 6FLHQFH� ����
%RWWNH� :� )�� 1HVYRUQì� '�� 9RNURXKOLFNì� '�� 	 0RUELGHOOL� $� ������� 7KH LUUHJXODU VDWHOOLWHV�
7KH PRVW FROOLVLRQDOO\ HYROYHG SRSXODWLRQV LQ WKH 6RODU 6\VWHP� 7KH $VWURQRPLFDO -RXUQDO� ����
��

%RXUULHU� 9�� /RYLV� &�� %HXVW� +�� HW DO� �������2UELWDO PLVDOLJQPHQW RI WKH1HSWXQH�PDVV H[RSODQHW
*- ���E ZLWK WKH VSLQ RI LWV FRRO VWDU� 1DWXUH� ���� �����

%RXYLHU� $� 	 :DGKZD� 0� ������� 7KH DJH RI WKH 6RODU 6\VWHP UHGHÀQHG E\ WKH ROGHVW 3E²3E DJH
RI D PHWHRULWLF LQFOXVLRQ� 1DWXUH *HRVFLHQFH� �� ��

%UDQGW� 7� '� ������� 7KH +LSSDUFRV²*DLD FDWDORJ RI DFFHOHUDWLRQV� 7KH $VWURSK\VLFDO -RXUQDO
6XSSOHPHQW 6HULHV� ���� ��

%UDXHU� )�� 'XOOHPRQG� &� 3�� 	+HQQLQJ� 7� ������� &RDJXODWLRQ� IUDJPHQWDWLRQ DQG UDGLDO PRWLRQ
RI VROLG SDUWLFOHV LQ SURWRSODQHWDU\ GLVNV� $VWURQRP\ 	 $VWURSK\VLFV� ���� ��

%U\DQ� 0� /�� .QXWVRQ� +� $�� /HH� (� -�� HW DO� ������� $Q H[FHVV RI -XSLWHU DQDORJV LQ VXSHU�(DUWK
V\VWHPV� 7KH $VWURQRPLFDO -RXUQDO� ���� ��

%XUQ� 5�� 6FKOHFNHU� 0�� 0RUGDVLQL� &�� HW DO� ������� 7KH 1HZ *HQHUDWLRQ 3ODQHWDU\ 3RSXODWLRQ
6\QWKHVLV �1*336�� ,9� 3ODQHWDU\ V\VWHPV DURXQG ORZ�PDVV VWDUV� $VWURQRP\ 	 $VWURSK\VLFV�
����
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%XUQV� -� $�� /DP\� 3� /�� 	 6RWHU� 6� ������� 5DGLDWLRQ IRUFHV RQ VPDOO SDUWLFOHV LQ WKH 6RODU 6\VWHP�
$ UH�FRQVLGHUDWLRQ� ,FDUXV� ����

&DQWDOORXEH� )�� 'RKOHQ� .�� 0LOOL� -�� %UDQGQHU� :�� 	 9LJDQ� $� ������� 3HHULQJ WKURXJK
63+(5( ,PDJHV� $ *ODQFH DW &RQWUDVW /LPLWDWLRQV� 3XEOLVKHG LQ 7KH 0HVVHQJHU YRO� ����
SS� ������

&DQWDOORXEH� )�� *RPH]�*RQ]DOH]� &�� $EVLO� 2�� HW DO� ������� ([RSODQHW LPDJLQJ GDWD FKDOOHQJH�
%HQFKPDUNLQJ WKH YDULRXV LPDJH SURFHVVLQJ PHWKRGV IRU H[RSODQHW GHWHFWLRQ� 3URFHHGLQJV RI WKH
63,(�

&DQWDOORXEH� )�� 0RXLOOHW� '�� 0XJQLHU� /� 0�� HW DO� ������� 'LUHFW H[RSODQHW GHWHFWLRQ DQG FKDU�
DFWHUL]DWLRQ XVLQJ WKH $1'520('$ PHWKRG� 3HUIRUPDQFH RQ 9/7�1D&R GDWD� $VWURQRP\ 	
$VWURSK\VLFV� ����

&DUUHUD� '�� *RUWL� 8�� -RKDQVHQ� $�� 	 'DYLHV� 0� %� ������� 3ODQHWHVLPDO IRUPDWLRQ E\ WKH
VWUHDPLQJ LQVWDELOLW\ LQ D SKRWRHYDSRUDWLQJ GLVN� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

&KDSPDQ� &� 5�� &RKHQ� %� $�� 	 *ULQVSRRQ� '� +� �������:KDW DUH WKH UHDO FRQVWUDLQWV RQ WKH
H[LVWHQFH DQG PDJQLWXGH RI WKH ODWH KHDY\ ERPEDUGPHQW"� ,FDUXV� ���� ��

&KDWWHUMHH� 6�� )RUG� (� %�� 0DWVXPXUD� 6�� 	 5DVLR� )� $� ������� '\QDPLFDO RXWFRPHV RI
SODQHW�SODQHW VFDWWHULQJ� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

&KDXYLQ� *� ������� 7ZR GHFDGHV RI H[RSODQHWDU\ VFLHQFH ZLWK DGDSWLYH RSWLFV� DU;LY�����������
>DVWUR�SK@�

&KDXYLQ� *�� *UDWWRQ� 5�� %RQQHIR\�0�� HW DO� ������� ,QYHVWLJDWLQJ WKH \RXQJ 6RODU 6\VWHP DQDORJ
+' ������ $ FRPELQHG +$536 DQG 63+(5( H[SORUDWLRQ� $VWURQRP\ 	 $VWURSK\VLFV� ����

&KDXYLQ� *�� /DJUDQJH� $��0�� 'XPDV� &�� HW DO� ������� $ JLDQW SODQHW FDQGLGDWH QHDU D \RXQJ
EURZQ GZDUI� 'LUHFW 9/7�1$&2 REVHUYDWLRQV XVLQJ ,5 ZDYHIURQW VHQVLQJ� $VWURQRP\ 	 $V�
WURSK\VLFV� ���� ��

&KHQ� &�� 0D]R\HU� -�� 3RWHHW� &� $�� HW DO� �������0XOWLEDQG *3, LPDJLQJ RI WKH +5 ����$ GHEULV
GLVN� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

&KHQ� &� +�� 0LWWDO� 7�� .XFKQHU� 0�� HW DO� ������� 7KH 6SLW]HU LQIUDUHG VSHFWURJUDSK GHEULV GLVN
FDWDORJ� ,� &RQWLQXXP DQDO\VLV RI XQUHVROYHG WDUJHWV� 7KH $VWURSK\VLFDO -RXUQDO 6XSSOHPHQW
6HULHV� ���� ��

&KHQ� &� +�� 3HFDXW� 0�� 0DPDMHN� (� (�� 6X� .� <� /�� 	 %LWQHU� 0� ������� $ 6SLW]HU 0,36 VWXG\
RI ������� 0VXQ VWDUV LQ 6FRUSLXV�&HQWDXUXV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

&KLDQJ� (� 	 /DXJKOLQ� *� ������� 7KH PLQLPXP�PDVV H[WUDVRODU QHEXOD� ,Q VLWX IRUPDWLRQ RI FORVH�
LQ VXSHU�(DUWKV� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��

&KRTXHW� (�� 3XH\R� /�� +DJDQ� -� %�� HW DO� ������� $UFKLYDO OHJDF\ LQYHVWLJDWLRQV RI FLUFXPVWHOODU
HQYLURQPHQWV� 2YHUYLHZ DQG ÀUVW UHVXOWV� 3URFHHGLQJV RI WKH 63,(�

&KULVWLDHQV� 9�� *RQ]DOH]� &� $� *�� )DUNDV� 5�� HW DO� ������� 9,3� $ 3\WKRQ SDFNDJH IRU KLJK�
FRQWUDVW LPDJLQJ� -RXUQDO RI 2SHQ 6RXUFH 6RIWZDUH� �� ���

&KULVWRX� -� &�� 1HLFKHO� %�� 5LJDXW� )�� HW DO� ������� $/7$,5 SHUIRUPDQFH DQG XSGDWHV DW *HPLQL
1RUWK� 3URFHHGLQJV RI WKH 63,(�
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&LDUQLHOOR� 0�� 0RUR]� /� 9�� 3RFK� 2�� HW DO� ������� 9,6�,5 VSHFWURVFRS\ RI PL[WXUHV RI ZDWHU
LFH� RUJDQLF PDWWHU� DQG RSDTXH PLQHUDO LQ VXSSRUW RI VPDOO ERG\ UHPRWH VHQVLQJ REVHUYDWLRQV�
0LQHUDOV� ��� ���

&ODXGL� 5� 8�� 7XUDWWR� 0�� *UDWWRQ� 5� *�� HW DO� ������� 63+(5( ,)6� 7KH VSHFWUR GLIIHUHQWLDO
LPDJHU RI WKH 9/7 IRU H[RSODQHWV VHDUFK� 3URFHHGLQJV RI WKH 63,(� ����� �����(�

&OHPHQW� 0� 6�� .DLE� 1� $�� 5D\PRQG� 6� 1�� 	 &KDPEHUV� -� (� ������� 7KH HDUO\ LQVWDELOLW\
VFHQDULR� 0DUV· PDVV H[SODLQHG E\ -XSLWHU·V RUELW� ,FDUXV� ����

&OHPHQW� 0� 6�� .DLE� 1� $�� 5D\PRQG� 6� 1�� 	:DOVK� .� -� �������0DUV· JURZWK VWXQWHG E\ DQ
HDUO\ JLDQW SODQHW LQVWDELOLW\� ,FDUXV� ����

&RVHQWLQR� 5�� /RYLV� &�� 3HSH� )�� HW DO� ������� +DUSV�1� WKH QHZ SODQHW KXQWHU DW 71*� 3UR�
FHHGLQJV RI WKH 63,(� �����

&URVVÀHOG� ,� -� 0�� %LOOHU� %�� 6FKOLHGHU� -� (�� HW DO� ������� $ JOREDO FORXG PDS RI WKH QHDUHVW NQRZQ
EURZQ GZDUI� 1DWXUH� ���� �����

&UXWFKHU� 5� 0� �������0DJQHWLF ÀHOGV LQ PROHFXODU FORXGV� $QQXDO 5HYLHZ RI $VWURQRP\ DQG
$VWURSK\VLFV� ��� ��

&XPPLQJ� $�� %XWOHU� 5� 3�� 0DUF\� *� :�� HW DO� ������� 7KH .HFN SODQHW VHDUFK� GHWHFWDELOLW\
DQG WKH PLQLPXP PDVV DQG RUELWDO SHULRG GLVWULEXWLRQ RI H[WUDVRODU SODQHWV� 3XEOLFDWLRQV RI WKH
$VWURQRPLFDO 6RFLHW\ RI WKH 3DFLÀF� ���� ����

&X]]L� -� 1� 	 =DKQOH� .� -� ������� 0DWHULDO HQKDQFHPHQW LQ SURWRSODQHWDU\ QHEXODH E\ SDUWLFOH
GULIW WKURXJK HYDSRUDWLRQ IURQWV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

'DL� <��=�� /LX� +��*�� $Q� '��6�� 	 =KRX� -��/� ������� 3ODQHW RFFXUUHQFH UDWH FRUUHODWHG WR VWHOODU
G\QDPLFDO KLVWRU\� (YLGHQFH IURP .HSOHU DQG *DLD� 7KH $VWURQRPLFDO -RXUQDO� ���� ��

'DXSKDV� 1� 	 3RXUPDQG� $� ������� +I²:²7K HYLGHQFH IRU UDSLG JURZWK RI 0DUV DQG LWV VWDWXV
DV D SODQHWDU\ HPEU\R� 1DWXUH� ���� �����

'DYLHV� 5�� $EVLO� 2�� $JDSLWR� *�� HW DO� ������� 7KH (QKDQFHG 5HVROXWLRQ ,PDJHU DQG 6SHFWURJUDSK
IRU WKH 9/7� $VWURQRP\ 	 $VWURSK\VLFV� ����

'H %RHU� -�� *LQVNL� &�� &KDXYLQ� *�� HW DO� ������� 3RVVLEOH VLQJOH�DUPHG VSLUDO LQ WKH SURWRSODQHWDU\
GLVN DURXQG +' ������ $VWURQRP\ 	 $VWURSK\VLFV� ����

'H %RHU� -�� /DQJORLV� 0�� 9DQ +ROVWHLQ� 5� *�� HW DO� ������� 3RODULPHWULF LPDJLQJ PRGH RI
9/7�63+(5(�,5',6� ,� 'HVFULSWLRQ� GDWD UHGXFWLRQ� DQG REVHUYLQJ VWUDWHJ\� $VWURQRP\ 	 $V�
WURSK\VLFV� ����

'H 5RVD� 5� -�� 'DZVRQ� 5�� 	 1LHOVHQ� (� /� �����D�� $ VLJQLÀFDQW PXWXDO LQFOLQDWLRQ EHWZHHQ WKH
SODQHWV ZLWKLQ WKH ܠ 0HQVDH V\VWHP� $VWURQRP\ 	 $VWURSK\VLFV� ����

'H 5RVD� 5� -�� 1LHOVHQ� (� /�� :DKKDM� =�� HW DO� �������'LUHFW LPDJLQJ GLVFRYHU\ RI D VXSHU�-RYLDQ
DURXQG WKH \RXQJ 6XQ�OLNH VWDU $) /HSRULV� $VWURQRP\ 	 $VWURSK\VLFV� ����

'H 5RVD� 5� -�� 5DPHDX� -�� 3DWLHQFH� -�� HW DO� ������� 6SHFWURVFRSLF FKDUDFWHUL]DWLRQ RI +' �����
E ZLWK WKH *HPLQL 3ODQHU ,PDJHU� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

'H 5RVD� 5� -� '�� 1LHOVHQ� (� /�� :DQJ� -� -�� HW DO� �����E�� $Q XSGDWHG YLVXDO RUELW RI WKH GLUHFWO\
LPDJHG H[RSODQHW �� (ULGDQL E DQG SURVSHFWV IRU D G\QDPLFDO PDVV PHDVXUHPHQW ZLWK *DLD� 7KH
$VWURQRPLFDO -RXUQDO� ���� ��
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GH 6RXVD� 5� 5�� 0RUELGHOOL� $�� 5D\PRQG� 6� 1�� HW DO� ������� '\QDPLFDO HYLGHQFH IRU DQ HDUO\
JLDQW SODQHW LQVWDELOLW\� ,FDUXV� ����

GH =HHXZ� 3� 7�� +RRJHUZHUI� 5�� GH %UXLMQH� -� +� -�� %URZQ� $� *� $�� 	 %ODDXZ� $� ������� $
+,33$5&26 &HQVXV RI WKH 1HDUE\ 2% $VVRFLDWLRQV� ?DM� ���� ��

'HNNHU� +�� '·2GRULFR� 6�� .DXIHU� $�� 'HODEUH� %�� 	 .RW]ORZVNL� +� ������� 'HVLJQ� FRQVWUXF�
WLRQ� DQG SHUIRUPDQFH RI 89(6� WKH HFKHOOH VSHFWURJUDSK IRU WKH 87� .XH\HQ 7HOHVFRSH DW WKH (62
3DUDQDO 2EVHUYDWRU\� 3URFHHGLQJV RI WKH 63,(� �����

'HOJUDQGH� -� -� 	 6RDQHV� 6� 9� ������� .LUNZRRG·V JDS LQ WKH DVWHURLG RUELWV� -RXUQDO RI WKH 5R\DO
$VWURQRPLFDO 6RFLHW\ RI &DQDGD� ���

'HPLQJ� '�� /RXLH� '�� 	 6KHHWV� +� ������� +RZ WR FKDUDFWHUL]H WKH DWPRVSKHUH RI D WUDQVLWLQJ
H[RSODQHW� 3XEOLFDWLRQV RI WKH $VWURQRPLFDO 6RFLHW\ RI WKH 3DFLÀF� ���� ����

'HQW� :� 5� )�� :\DWW� 0� &�� 5REHUJH� $�� HW DO� �������0ROHFXODU JDV FOXPSV IURP WKH GHVWUXFWLRQ
RI LF\ ERGLHV LQ WKH %HWD 3LFWRULV GHEULV GLVN� 6FLHQFH� ���� �����

'HVJUDQJH� &�� &KDXYLQ� *�� &KULVWLDHQV� 9�� HW DO� �����D�� ,Q�GHSWK GLUHFW LPDJLQJ DQG VSHFWUR�
VFRSLF FKDUDFWHUL]DWLRQ RI WKH \RXQJ 6RODU 6\VWHP DQDORJ+'������ $VWURQRP\	$VWURSK\VLFV�
����

'HVJUDQJH� &�� &KDXYLQ� *�� 0DOLQ� 0�� HW DO� �����E�� 6SHFWUDO FKDUDFWHUL]DWLRQ DQG VLPXODWHG RE�
VHUYDWLRQV ZLWK WKH -DPHV :HEE 6SDFH 7HOHVFRSH RI WKH \RXQJ H[RSODQHW +' ����� E� 3URFHHGLQJV
RI WKH $QQXDO PHHWLQJ RI WKH )UHQFK 6RFLHW\ RI $VWURQRP\ DQG $VWURSK\VLFV�

'HVJUDQJH� &�� 0LOOL� -�� &KDXYLQ� *�� HW DO� ����� VXEP��� 'XVW SRSXODWLRQV IURP �� WR ���� DX
LQ WKH GHEULV GLVN +' ������� $VWURQRP\ 	 $VWURSK\VLFV�

'HVJUDQJH� &�� 0LOOL� -�� &KDXYLQ� *�� HW DO� ������� 3ODQHWDU\ V\VWHP DUFKLWHFWXUHV ZLWK ORZ�PDVV
LQQHU SODQHWV� 'LUHFW LPDJLQJ H[SORUDWLRQ RI PDWXUH V\VWHPV EH\RQG � DX� $VWURQRP\ 	 $VWUR�
SK\VLFV� ����

'LHJR� )�� &KDUDODPERXV� $�� )LVK� $� &�� 	 :DONHU� '� '� ������� )LQDO WHVWV DQG FRPPLVVLRQLQJ
RI WKH 8&/ HFKHOOH VSHFWURJUDSK� 3URFHHGLQJV RI WKH 63,(� �����

'RKOHQ� .�� /DQJORLV� 0�� 6DLVVH� 0�� HW DO� ������� 7KH LQIUD�UHG GXDO LPDJLQJ DQG VSHFWURJUDSK
IRU 63+(5(� 'HVLJQ DQG SHUIRUPDQFH� 3URFHHGLQJV RI WKH 63,(� ����� �����/�

'RKQDQ\L� -� 6� ������� &ROOLVLRQDO PRGHO RI DVWHURLGV DQG WKHLU GHEULV� -RXUQDO RI *HRSK\VLFDO
5HVHDUFK� ���

'RQDWL� -� )�� .RXDFK� '�� 0RXWRX� &�� HW DO� ������� 63,5RX� 1,5 YHORFLPHWU\ DQG VSHFWURSR�
ODULPHWU\ DW WKH &)+7� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��

'RQHV� /� 	 7UHPDLQH� 6� �������:K\ GRHV WKH (DUWK VSLQ IRUZDUG"� 6FLHQFH� ���� �����
'RQJ� 6�� .DW]� %�� 	 6RFUDWHV� $� �������:DUP -XSLWHUV QHHG FORVH ´IULHQGVµ IRU KLJK�HFFHQWULFLW\
PLJUDWLRQ� $ VWULQJHQW XSSHU OLPLW RQ WKH SHUWXUEHU·V VHSDUDWLRQ� 7KH $VWURSK\VLFDO -RXUQDO�
���� ��

'R\OH� /� 5�� &DUWHU� -� $�� )DEU\FN\� '� &�� HW DO� ������� .HSOHU���� $ WUDQVLWLQJ FLUFXPELQDU\
SODQHW� 6FLHQFH� ���� �����

'UHVVLQJ� &� '� 	 &KDUERQQHDX� '� ������� 7KH RFFXUUHQFH RI SRWHQWLDOO\ KDELWDEOH SODQHWV RUELWLQJ
0 GZDUIV HVWLPDWHG IURP WKH IXOO .HSOHU GDWDVHW DQG DQ HPSLULFDO PHDVXUHPHQW RI WKH GHWHFWLRQ
VHQVLWLYLW\� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��
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'UćŧNRZVND� -�� $OLEHUW� <�� 	 0RRUH� %� ������� &ORVH�LQ SODQHWHVLPDO IRUPDWLRQ E\ SLOH�XS RI
GULIWLQJ SHEEOHV� $VWURQRP\ 	 $VWURSK\VLFV� ����

'UćŧNRZVND� -�� %LWVFK� %�� /DPEUHFKWV� 0�� HW DO� ������� 3ODQHW IRUPDWLRQ WKHRU\ LQ WKH HUD RI
$/0$ DQG .HSOHU� )URP SHEEOHV WR H[RSODQHWV� 3URWRVWDUV DQG 3ODQHWV 9,,� ����

'XTXHQQR\� $� 	 0D\RU� 0� ������� 0XOWLSOLFLW\ DPRQJ VRODU W\SH VWDUV LQ WKH VRODU QHLJKERXU�
KRRG� ,,� 'LVWULEXWLRQ RI WKH RUELWDO HOHPHQWV LQ DQ XQELDVHG VDPSOH� $VWURQRP\	$VWURSK\VLFV�
����

(LVWUXS� &�� :DOVK� &�� 	 9DQ 'LVKRHFN� (� )� ������� 6HWWLQJ WKH YRODWLOH FRPSRVLWLRQ RI
�H[R�SODQHW�EXLOGLQJ PDWHULDO� 'RHV FKHPLFDO HYROXWLRQ LQ GLVN PLGSODQHV PDWWHU"� $VWURQRP\
	 $VWURSK\VLFV� ����

(PVHQKXEHU� $�� 0RUGDVLQL� &�� %XUQ� 5�� HW DO� ������� 7KH 1HZ *HQHUDWLRQ 3ODQHWDU\ 3RSXOD�
WLRQ 6\QWKHVLV �1*336�� ,� %HUQ JOREDO PRGHO RI SODQHW IRUPDWLRQ DQG HYROXWLRQ� PRGHO WHVWV� DQG
HPHUJLQJ SODQHWDU\ V\VWHPV� $VWURQRP\ 	 $VWURSK\VLFV� ����

(QJOHU� 1�� 0LOOL� -�� *UDWWRQ� 5�� HW DO� ������� 7KH KLJK�DOEHGR� ORZ SRODUL]DWLRQ GLVN DURXQG +'
������ KDUERXULQJ D -XSLWHU�VL]HG WUDQVLWLQJ SODQHW� $VWURQRP\ 	 $VWURSK\VLFV� ����

(QJOHU� 1�� 6FKPLG� +� 0�� 4XDQ]� 6� 3�� $YHQKDXV� +�� 	 %D]]RQ� $� ������� 'HWHFWLRQ RI
VFDWWHUHG OLJKW IURP WKH KRW GXVW LQ +' ������� $VWURQRP\ 	 $VWURSK\VLFV� ����

(UWHO� 6�� $EVLO� 2�� 'HIUqUH� '�� HW DO� ������� $ QHDU�LQIUDUHG LQWHUIHURPHWULF VXUYH\ RI GHEULV�
GLVN VWDUV� ,9� $Q XQELDVHG VDPSOH RI �� VRXWKHUQ VWDUV REVHUYHG LQ + EDQG ZLWK 9/7,�3,21,(5�
$VWURQRP\ 	 $VWURSK\VLFV� ����

(UWHO� 6�� 'HIUqUH� '�� $EVLO� 2�� HW DO� ������� $ QHDU�LQIUDUHG LQWHUIHURPHWULF VXUYH\ RI GHEULV�GLVF
VWDUV� 9� 3,21,(5 VHDUFK IRU YDULDELOLW\� $VWURQRP\ 	 $VWURSK\VLFV� ����

(VSRVLWR� 6�� 5LFFDUGL� $�� 3LQQD� (�� HW DO� ������� 1DWXUDO JXLGH VWDU DGDSWLYH RSWLFV V\VWHPV DW
/%7� )/$2 FRPPLVVLRQLQJ DQG VFLHQFH RSHUDWLRQV VWDWXV� 3URFHHGLQJV RI WKH 63,(� �����

(VWUDGD� 3� 5� 	 &X]]L� -� 1� ������� *OREDO PRGHOLQJ RI QHEXODH ZLWK SDUWLFOH JURZWK� GULIW� DQG
HYDSRUDWLRQ IURQWV� ,,,� 5HGLVWULEXWLRQ RI UHIUDFWRULHV DQG YRODWLOHV� 7KH $VWURSK\VLFDO -RXUQDO�
���� ��

(VWUDGD� 3� 5�� &X]]L� -� 1�� 	 0RUJDQ� '� $� ������� *OREDO PRGHOLQJ RI QHEXODH ZLWK SDUWLFOH
JURZWK� GULIW� DQG HYDSRUDWLRQ IURQWV� ,� 0HWKRGRORJ\ DQG W\SLFDO UHVXOWV� 7KH $VWURSK\VLFDO
-RXUQDO� ���� ��

)DEU\FN\� '� 	 7UHPDLQH� 6� ������� 6KULQNLQJ ELQDU\ DQG SODQHWDU\ RUELWV E\ .R]DL F\FOHV ZLWK
WLGDO IULFWLRQ� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

)DEU\FN\� '� &�� /LVVDXHU� -� -�� 5DJR]]LQH� '�� HW DO� ������� $UFKLWHFWXUH RI .HSOHU·V PXOWL�
WUDQVLWLQJ V\VWHPV� ,,� 1HZ LQYHVWLJDWLRQV ZLWK WZLFH DV PDQ\ FDQGLGDWHV� 7KH $VWURSK\VLFDO
-RXUQDO� ���� ��

)DULQDWR� -�� %DIID� &�� %DUXIIROR� $�� HW DO� ������� 7KH 1,5 DUP RI 6+$5.� 6\VWHP IRU FRURQDJUD�
SK\ ZLWK +LJK�RUGHU $GDSWLYH RSWLFV IURP 5 WR . EDQGV� ,QWHUQDWLRQDO -RXUQDO RI $VWURELRORJ\�
��� ��

)HQJ� )�� %XWOHU� 5� 3�� 6KHFWPDQ� 6� $�� HW DO� ������� 6HDUFK IRU QHDUE\ HDUWK DQDORJV� ,,� 'HWHFWLRQ
RI ÀYH QHZ SODQHWV� HLJKW SODQHW FDQGLGDWHV� DQG FRQÀUPDWLRQ RI WKUHH SODQHWV DURXQG QLQH QHDUE\
0 GZDUIV� 7KH $VWURSK\VLFDO -RXUQDO 6XSSOHPHQW 6HULHV� ���� ��
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)LVFKHU� '� $�� %XWOHU� 5� 3�� 0DUF\� *� :�� 9RJW� 6� 6�� 	 +HQU\� *� :� ������� $ VXE�6DWXUQ PDVV
SODQHW RUELWLQJ +' ����� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

)ODVVHXU� 2�� 'HQLV� /�� 7KLpEDXW� (�� 	 /DQJORLV� 0� ������� ([RSODQHW GHWHFWLRQ LQ DQJXODU GLIIHU�
HQWLDO LPDJLQJ E\ VWDWLVWLFDO OHDUQLQJ RI WKH QRQVWDWLRQDU\ SDWFK FRYDULDQFHV� 7KH 3$&2 DOJRULWKP�
$VWURQRP\ 	 $VWURSK\VLFV� ����

)ODVVHXU� 2�� 'HQLV� /�� 7KLpEDXW� (�� 	 /DQJORLV� 0� ������� 5REXVWQHVV WR EDG IUDPHV LQ DQJXODU
GLIIHUHQWLDO LPDJLQJ� D ORFDO ZHLJKWLQJ DSSURDFK� $VWURQRP\ 	 $VWURSK\VLFV� ����

)ODVVHXU� 2�� 7Kp� 6�� 'HQLV� /�� 7KLpEDXW� (�� 	 /DQJORLV� 0� ������� 5(;3$&2� $Q DOJRULWKP
IRU KLJK FRQWUDVW UHFRQVWUXFWLRQ RI WKH FLUFXPVWHOODU HQYLURQPHQW E\ DQJXODU GLIIHUHQWLDO LPDJLQJ�
$VWURQRP\ 	 $VWURSK\VLFV� ����

)ROOHWWH� .� %�� *UDG\� &� $�� 6ZHDULQJHQ� -� 5�� HW DO� ������� 6(('6 DGDSWLYH RSWLFV LPDJLQJ RI
WKH DV\PPHWULF WUDQVLWLRQ GLVN 2SK ,56 �� LQ VFDWWHUHG OLJKW� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

)RQWDQLYH� &� 	 %DUGDOH] *DJOLXIÀ� '� ������� 7KH FHQVXV RI H[RSODQHWV LQ YLVXDO ELQDULHV� 3RS�
XODWLRQ WUHQGV IURP D YROXPH�OLPLWHG *DLD '5� DQG OLWHUDWXUH GHDUFK� )URQWLHUV LQ $VWURQRP\
DQG 6SDFH 6FLHQFHV� ��

)RUHPDQ�0DFNH\� '�� +RJJ� '� :�� /DQJ� '�� 	 *RRGPDQ� -� ������� HPFHH� 7KH 0&0& KDP�
PHU� 3XEOLFDWLRQV RI WKH $VWURQRPLFDO 6RFLHW\ RI WKH 3DFLÀF� ���� ����

)UDQVRQ� .�� %DOPHU� :� 2�� %RZOHU� %� 3�� HW DO� ������� -:67�1,5&DP ��� �P LPDJLQJ RI WKH
JLDQW SODQHW $) /HS E� DU;LY����������� >DVWUR�SK@�

)UDQVRQ� .�� %RZOHU� %� 3�� %RQDYLWD� 0�� HW DO� ������� $VWURPHWULF DFFHOHUDWLRQV DV G\QDPLFDO EHD�
FRQV� 'LVFRYHU\ DQG FKDUDFWHUL]DWLRQ RI +,3 ����� %� WKH ÀUVW 7�GZDUI FRPSDQLRQ LQ WKH +\DGHV�
7KH $VWURQRPLFDO -RXUQDO� ���� ��

)XOWRQ� %� -�� 3HWLJXUD� (� $�� +RZDUG� $� :�� HW DO� ������� 7KH &DOLIRUQLD�.HSOHU 6XUYH\� ,,,� $
JDS LQ WKH UDGLXV GLVWULEXWLRQ RI VPDOO SODQHWV� 7KH $VWURQRPLFDO -RXUQDO� ���� ��

)XOWRQ� %� -�� 5RVHQWKDO� /� -�� +LUVFK� /� $�� HW DO� ������� &DOLIRUQLD /HJDF\ 6XUYH\� ,,� 2FFXUUHQFH
RI JLDQW SODQHWV EH\RQG WKH LFH OLQH� 7KH $VWURSK\VLFDO -RXUQDO 6XSSOHPHQW 6HULHV� ���� ��

*DLD � %URZQ� $� *� $�� 9DOOHQDUL� $�� HW DO� ������� *DLD 'DWD 5HOHDVH �� 6XPPDU\ RI WKH FRQWHQWV
DQG VXUYH\ SURSHUWLHV� $VWURQRP\ 	 $VWURSK\VLFV� ����

*DLD � %URZQ� $� *� $�� 9DOOHQDUL� $�� HW DO� ������� *DLD (DUO\ 'DWD 5HOHDVH �� 6XPPDU\ RI WKH
FRQWHQWV DQG VXUYH\ SURSHUWLHV� $VWURQRP\ 	 $VWURSK\VLFV� ����

*DOLFKHU� 5�� %RFFDOHWWL� $�� 0HVD� '�� HW DO� �������$VWURPHWULF DQG SKRWRPHWULF DFFXUDFLHV LQ KLJK
FRQWUDVW LPDJLQJ� 7KH 63+(5( VSHFNOH FDOLEUDWLRQ WRRO �6SH&DO�� $VWURQRP\ 	 $VWURSK\VLFV�
����

*DOLFKHU� 5� 	 0D]R\HU� -� ������� ,PDJLQJ H[RSODQHWV ZLWK FRURQDJUDSKLF LQVWUXPHQWV� &RPSWHV
5HQGXV� 3K\VLTXH� ��� 6��

*DOLFKHU� 5�� 5DPHDX� -�� %RQQHIR\� 0�� HW DO� �������1HDU�LQIUDUHG GHWHFWLRQ DQG FKDUDFWHUL]DWLRQ
RI WKH H[RSODQHW +' ����� E ZLWK WKH *HPLQL 3ODQHW ,PDJHU� $VWURQRP\ 	 $VWURSK\VLFV� ����

*DOOHQQH� $�� 'HVJUDQJH� &�� 0LOOL� -�� HW DO� ������� 3URELQJ WKH LQQHUPRVW UHJLRQ RI WKH $8 0L�
FURVFRSLL GHEULV GLVF� $VWURQRP\ 	 $VWURSK\VLFV� ����
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*DPPLH� &� )� ������� 1RQOLQHDU RXWFRPH RI JUDYLWDWLRQDO LQVWDELOLW\ LQ FRROLQJ� JDVHRXV GLVNV� 7KH
$VWURSK\VLFDO -RXUQDO� ���� ��

*DUDXG� 3�� 0HUX� )�� *DOYDJQL� 0�� 	2OF]DN� &� ������� )URP GXVW WR SODQHWHVLPDOV� $Q LPSURYHG
PRGHO IRU FROOLVLRQDO JURZWK LQ SURWRSODQHWDU\ GLVNV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

*DUGQHU� -� 3�� 0DWKHU� -� &�� &ODPSLQ� 0�� HW DO� ������� 7KH -DPHV :HEE 6SDFH 7HOHVFRSH� 6SDFH
6FLHQFH 5HYLHZV� ���� ��

*DUXÀ� $�� $YHQKDXV� +�� 3pUH]� 6�� HW DO� ������� 'LVNV $URXQG 7 7DXUL 6WDUV ZLWK 63+(5(
�'$5776�6�� ,,� 7ZHQW\�RQH QHZ SRODULPHWULF LPDJHV RI \RXQJ VWHOODU GLVNV� $VWURQRP\ 	 $V�
WURSK\VLFV� ����

*DUXÀ� $�� %HQLVW\� 0�� 6WRONHU� 7�� HW DO� ������� 7KUHH <HDUV RI 63+(5(� 7KH ODWHVW YLHZ RI WKH
PRUSKRORJ\ DQG HYROXWLRQ RI SURWRSODQHWDU\ GLVFV� 3XEOLVKHG LQ 7KH 0HVVHQJHU YRO� ���� SS�
������

*DUXÀ� $�� *LQVNL� &�� 9DQ +ROVWHLQ� 5� *�� HW DO� ������� 7KH 63+(5( YLHZ RI WKH 7DXUXV VWDU�
IRUPLQJ UHJLRQ� 7KH IXOO FHQVXV RI SODQHW�IRUPLQJ GLVNV ZLWK *72 DQG '(67,1<6 SURJUDPV�
$VWURQRP\ 	 $VWURSK\VLFV� ����

*DVSDU� $�� :ROII� 6� *�� 5LHNH� *� +�� HW DO� ������� 6SDWLDOO\ UHVROYHG LPDJLQJ RI WKH LQQHU )RPD�
OKDXW GLVN XVLQJ -:67�0,5,� 1DWXUH $VWURQRP\�

*DXFKHW� /�� /DFRXU� 6�� /DJUDQJH� $��0�� HW DO� ������� 6SDUVH DSHUWXUH PDVNLQJ DW WKH 9/7� ,,�
'HWHFWLRQ OLPLWV IRU WKH HLJKW GHEULV GLVNV VWDUV %HWD 3LF� $8 0LF� �� &HW� HWD 7HO� )RPDOKDXW� J
/XS� +' ������ DQG +5 ����� $VWURQRP\ 	 $VWURSK\VLFV� ����

*DXGL� %� 6� ������� 0LFUROHQVLQJ VXUYH\V IRU H[RSODQHWV� $QQXDO 5HYLHZ RI $VWURQRP\ DQG
$VWURSK\VLFV� ��� ��

*DXGL� %� 6�� %HQQHWW� '� 3�� 8GDOVNL� $�� HW DO� ������� 'LVFRYHU\ RI D -XSLWHU�6DWXUQ DQDORJ ZLWK
JUDYLWDWLRQDO PLFUROHQVLQJ� 6FLHQFH� ���� �����

*DXWLHU� '� 	 2ZHQ� 7� ������� &RVPRJRQLFDO LPSOLFDWLRQV RI HOHPHQWDO DQG LVRWRSLF DEXQGDQFHV LQ
DWPRVSKHUHV RI WKH JLDQW SODQHWV� 1DWXUH� ���� �����

*KH]]L� /�� 0RQWHW� %� 7�� 	 -RKQVRQ� -� $� ������� 5HWLUHG D VWDUV UHYLVLWHG� $Q XSGDWHG JLDQW
SODQHW RFFXUUHQFH UDWH DV D IXQFWLRQ RI VWHOODU PHWDOOLFLW\ DQG PDVV� 7KH $VWURSK\VLFDO -RXUQDO�
���� ��

*LOOHWW� )� &� ������� LQ /LJKW RQ 'DUN 0DWWHU� HG�� )� 3� ,VUDHO� 9RO� ���� 6SULQJHU 1HWKHUODQGV�
��²��� VHULHV 7LWOH� $VWURSK\VLFV DQG 6SDFH 6FLHQFH /LEUDU\�

*LOORQ�0�� -HKLQ� (�� /HGHUHU� 6�0�� HW DO� ������� 7HPSHUDWH (DUWK�VL]HG SODQHWV WUDQVLWLQJ D QHDUE\
XOWUDFRRO GZDUI VWDU� ?QDW� ���� �����

*LOORQ� 0�� 7ULDXG� $� +� 0� -�� 'HPRU\� %��2�� HW DO� ������� 6HYHQ WHPSHUDWH WHUUHVWULDO SODQHWV
DURXQG WKH QHDUE\ XOWUDFRRO GZDUI VWDU 75$33,67��� 1DWXUH� ���� �����

*ROGUHLFK� 3� 	 7UHPDLQH� 6� ������� 'LVN�VDWHOOLWH LQWHUDFWLRQV� 7KH $VWURSK\VLFDO -RXUQDO� ����
*RPHV� 5�� /HYLVRQ� +� )�� 7VLJDQLV� .�� 	 0RUELGHOOL� $� ������� 2ULJLQ RI WKH FDWDFO\VPLF ODWH
KHDY\ QRPEDUGPHQW SHULRG RI WKH WHUUHVWULDO SODQHWV� 1DWXUH� ���� �����

*RPH] *RQ]DOH]� &� $�� :HUW]� 2�� $EVLO� 2�� HW DO� ������� 9,3� 9RUWH[ ,PDJH 3URFHVVLQJ SDFNDJH
IRU KLJK�FRQWUDVW GLUHFW ,PDJLQJ� 7KH $VWURQRPLFDO -RXUQDO� ���� ��
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*RUULQL� 3�� $VWXGLOOR�'HIUX� 1�� 'UHL]OHU� 6�� HW DO� ������� 'HWDLOHG VWHOODU DFWLYLW\ DQDO\VLV DQG
PRGHOOLQJ RI *- ���� 5HDVVHVVPHQW RI WKH SXWDWLYH KDELWDEOH ]RQH SODQHW *- ���F� $VWURQRP\ 	
$VWURSK\VLFV� ����

*RXOG� $�� 'RUVKHU� 6�� *DXGL� %� 6�� 	 8GDOVNL� $� ������� )UHTXHQF\ RI KRW -XSLWHUV DQG YHU\ KRW
-XSLWHUV IURP WKH 2*/(� ,,,� 7UDQVLW VXUYH\V WRZDUG WKH JDODFWLF EXOJH DQG &DULQD� DU;LY�DVWUR�
SK���������

*RXOG� $� 	 /RHE� $� ������� 'LVFRYHULQJ SODQHWDU\ V\VWHPV WKURXJK JUDYLWDWLRQDO PLFUROHQVHV�
$VWURSK\VLFDO -RXUQDO� ����

*UDWWRQ� 5�� '·2UD]L� 9�� 3DFKHFR� 7� $�� HW DO� ������� ,QYHVWLJDWLQJ WKUHH 6LULXV�OLNH V\VWHPV ZLWK
63+(5(� $VWURQRP\ 	 $VWURSK\VLFV� ����

*UDWWRQ� 5�� .HOOHU� &�� 'LRODLWL� (�� HW DO� ������� 0HG5HV� D QHZ 0('LXP 5(6ROXWLRQ LQWHJUDO
ÀHOG VSHFWURJUDSK IRU 63+(5(� 3URFHHGLQJV RI WKH 63,(�

*UHFR� -� 3� 	 %UDQGW� 7� '� ������� 7KH PHDVXUHPHQW� WUHDWPHQW� DQG LPSDFW RI VSHFWUDO FRYDULDQFH
DQG ED\HVLDQ SULRUV LQ LQWHJUDO�ÀHOG VSHFWURVFRS\ RI H[RSODQHWV� 7KH $VWURSK\VLFDO -RXUQDO� ����
��

*URII� 7�'�� &KLOFRWH� -�� .DVGLQ� 1� -�� HW DO� ������� /DERUDWRU\ WHVWLQJ DQG SHUIRUPDQFH YHULÀFDWLRQ
RI WKH &+$5,6 LQWHJUDO ÀHOG VSHFWURJUDSK� 3URFHHGLQJV RI WKH 63,(� �����

*�WWOHU� &�� %OXP� -�� =VRP� $�� 2UPHO� &� :�� 	 'XOOHPRQG� &� 3� ������� 7KH RXWFRPH RI SUR�
WRSODQHWDU\ GXVW JURZWK� SHEEOHV� ERXOGHUV� RU SODQHWHVLPDOV"� ,� 0DSSLQJ WKH ]RR RI ODERUDWRU\
FROOLVLRQ H[SHULPHQWV� $VWURQRP\ DQG $VWURSK\VLFV� ����

+DIIHUW� 6� <�� %RKQ� $� -�� 'H %RHU� -�� HW DO� ������� 7ZR DFFUHWLQJ SURWRSODQHWV DURXQG WKH \RXQJ
VWDU 3'6 ��� 1DWXUH $VWURQRP\� �� ��

+DJKLJKLSRXU� 1� ������� 7KH IRUPDWLRQ DQG G\QDPLFV RI VXSHU�(DUWK SODQHWV� $QQXDO 5HYLHZ RI
(DUWK DQG 3ODQHWDU\ 6FLHQFHV� ��� ��

+DLVFK -U�� .DUO (�� /DGD� (OL]DEHWK $� 	 /DGD� &KDUOHV -� ������� 'LVN IUHTXHQFLHV DQG OLIHWLPHV
LQ \RXQJ FOXVWHUV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

+DQVHQ� %� 0� 6� ������� )RUPDWLRQ RQ WKH WHUUHVWULDO SODQHWV IURP D QDUURZ DQQXOXV� 7KH $VWUR�
SK\VLFDO -RXUQDO� ���� ��

+DQVHQ� %� 0� 6� 	 0XUUD\� 1� ������� 7HVWLQJ LQ VLWX DVVHPEO\ ZLWK WKH .HSOHU SODQHW FDQGLGDWH
VDPSOH� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

+DUULV� $� :� 	 :DUG� :� 5� ������� '\QDPLFDO FRQVWUDLQWV RQ WKH IRUPDWLRQ DQG HYROXWLRQ RI
SODQHWDU\ ERGLHV� $QQXDO 5HYLHZ RI (DUWK DQG 3ODQHWDU\ 6FLHQFHV� ��� ��

+DUWPDQQ� :�� 5\GHU� *�� 'RQHV� /�� 	 *ULQVSRRQ� '� ������� � ���²����

+HLQW]� :� '� ������� $ VWDWLVWLFDO VWXG\ RI ELQDU\ VWDUV� -RXUQDO RI WKH 5R\DO $VWURQRPLFDO 6R�
FLHW\ RI &DQDGD� ���

+HOOHG� 5�� 6WHYHQVRQ� '� -�� /XQLQH� -� ,�� HW DO� ������� 5HYHODWLRQV RQ -XSLWHU·V IRUPDWLRQ� HYROX�
WLRQ DQG LQWHULRU� &KDOOHQJHV IURP -XQR UHVXOWV� ,FDUXV� ����

+HQ\H\� /� *� 	 *UHHQVWHLQ� -� /� ������� 'LIIXVH UDGLDWLRQ LQ WKH JDOD[\� $VWURSK\VLFDO -RXUQDO�
���
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+HSSHQKHLPHU� 7� $� ������� 6HFXODU UHVRQDQFHV DQG WKH RULJLQ RI HFFHQWULFLWLHV RI 0DUV DQG WKH
DVWHURLGV� ,&DUXV� ��� ��

+LQNOH\� 6�� /DFRXU� 6�� 0DUOHDX� *��'�� HW DO� �������'LUHFW GLVFRYHU\ RI WKH LQQHU H[RSODQHW LQ WKH
+' ������ V\VWHP� (YLGHQFH IRU GHXWHULXP EXUQLQJ LQ D SODQHWDU\�PDVV FRPSDQLRQ� $VWURQRP\
	 $VWURSK\VLFV� ����

+RGDSS� .�� -HQVHQ� -�� ,UZLQ� (�� HW DO� ������� 7KH *HPLQL 1HDU�,QIUDUHG ,PDJHU �1,5,�� 3XEOL�
FDWLRQV RI WKH $VWURQRPLFDO 6RFLHW\ RI WKH 3DFLÀF� ���� ����

+RGDSS� .� :�� 6X]XNL� 5�� 7DPXUD� 0�� HW DO� ������� +L&,$2� WKH 6XEDUX WHOHVFRSH·V QHZ KLJK�
FRQWUDVW FRURQRJUDSKLF LPDJHU IRU DGDSWLYH RSWLFV� 3URFHHGLQJV RI WKH 63,(� �����

+RHLMPDNHUV� +� -�� 6FKZDU]� +�� 6QHOOHQ� ,� $� *�� HW DO� �������0HGLXP�UHVROXWLRQ LQWHJUDO�ÀHOG
VSHFWURVFRS\ IRU KLJK�FRQWUDVW H[RSODQHW LPDJLQJ� 0ROHFXOH PDSV RI WKH %HWD 3LFWRULV V\VWHP ZLWK
6,1)21,� $VWURQRP\ 	 $VWURSK\VLFV� ����

+RPPD� .� $�� 2NX]XPL� 6�� 1DNDPRWR� 7�� 	 8HGD� <� ������� 5RFN\ SODQHWHVLPDO IRUPDWLRQ
DLGHG E\ RUJDQLFV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

+RXOOp� 0�� 9LJDQ� $�� &DUORWWL� $�� HW DO� ������� 'LUHFW LPDJLQJ DQG VSHFWURVFRS\ RI H[RSODQHWV
ZLWK WKH (/7�+$5021, KLJK�FRQWUDVW PRGXOH� $VWURQRP\ 	 $VWURSK\VLFV� ����

+VX� '� &�� )RUG� (� %�� 5DJR]]LQH� '�� 	 $VKE\� .� ������� 2FFXUUHQFH UDWHV RI SODQHWV RUELW�
LQJ )*. VWDUV� &RPELQLQJ .HSOHU '5��� *DLD '5�� DQG %D\HVLDQ LQIHUHQFH� 7KH $VWURQRPLFDO
-RXUQDO� ���� ��

+VX� '� &�� )RUG� (� %�� 	 7HUULHQ� 5� ������� 2FFXUUHQFH UDWHV RI SODQHWV RUELWLQJ 0 6WDUV� $SSO\�
LQJ $%& WR .HSOHU '5��� *DLD '5�� DQG �0$66 GDWD� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWUR�
QRPLFDO 6RFLHW\� ���� ��

+X� 5�� (KOPDQQ� %� /�� 	 6HDJHU� 6� ������� 7KHRUHWLFDO VSHFWUD RI WHUUHVWULDO H[RSODQHW VXUIDFHV�
7KH $VWURSK\VLFDO -RXUQDO� ���� ��

+XDQJ� ;�� -L� -�� /LX� 6�� 'RQJ� 5�� 	 :DQJ� 6� ������� (YROXWLRQ RI SODQHWDU\ REOLTXLW\� 7KH
HFFHQWULF .R]DL²/LGRY PHFKDQLVP FRXSOHG ZLWK WLGH� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

+XELQ� 1�� %HX]LW� -� /�� *HQGURQ� (�� 	 'HPDLOO\� /� ������� $'21,6� $ XVHU IULHQGO\ DGDSWLYH
RSWLFV V\VWHP IRU WKH (62 ���P WHOHVFRSH� (XURSHDQ 6RXWKHUQ 2EVHUYDWRU\ &RQIHUHQFH DQG
:RUNVKRS 3URFHHGLQJV� ���

+XJKHV� $� 0�� 'XFKHQH� *�� 	 0DWWKHZV� %� ������� 'HEULV 'LVNV� 6WUXFWXUH� FRPSRVLWLRQ� DQG
YDULDELOLW\� $QQXDO 5HYLHZ RI $VWURQRP\ DQG $VWURSK\VLFV� ��� ��

+XOO� &� /� +� 	 =KDQJ� 4� ������� ,QWHUIHURPHWULF REVHUYDWLRQV RI PDJQHWLF ÀHOGV LQ IRUPLQJ VWDUV�
)URQWLHUV LQ $VWURQRP\ DQG 6SDFH 6FLHQFHV� ��

+XQ]LNHU� 6�� 6FKPLG� +� 0�� 0D� -�� HW DO� �������+' ������� 4XDQWLWDWLYH GLVN SRODULPHWU\ ZLWK
63+(5(� $VWURQRP\ 	 $VWURSK\VLFV� ����

+XUOH\� -� 5� 	 6KDUD� 0� 0� ������� 7KH SURPLVFXRXV QDWXUH RI VWDUV LQ FOXVWHUV� 7KH $VWURSK\V�
LFDO -RXUQDO� ���� ��

,GD� 6� 	/LQ� '�1� &� ������� 7RZDUG D GHWHUPLQLVWLF PRGHO RI SODQHWDU\ IRUPDWLRQ� ,,� 7KH IRUPDWLRQ
DQG UHWHQWLRQ RI JDV JLDQW SODQHWV DURXQG VWDUV ZLWK D UDQJH RI PHWDOOLFLWLHV� 7KH $VWURSK\VLFDO
-RXUQDO� ���� ��
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,]LGRUR� $�� %LWVFK� %�� 	 'DVJXSWD� 5� ������� 7KH HIIHFW RI D VWURQJ SUHVVXUH EXPS LQ WKH 6XQ·V
QDWDO GLVN� 7HUUHVWULDO SODQHW IRUPDWLRQ YLD SODQHWHVLPDO DFFUHWLRQ UDWKHU WKDQ SHEEOH DFFUHWLRQ� 7KH
$VWURSK\VLFDO -RXUQDO� ���� ��

,]LGRUR� $�� 0RUELGHOOL� $�� 5D\PRQG� 6� 1�� +HUVDQW� )�� 	 3LHUHQV� $� ������� $FFUHWLRQ RI
8UDQXV DQG 1HSWXQH IURP LQZDUG�PLJUDWLQJ SODQHWDU\ HPEU\RV EORFNHG E\ -XSLWHU DQG 6DWXUQ�
$VWURQRP\ 	 $VWURSK\VLFV� ����

,]LGRUR� $�� 2JLKDUD� 0�� 5D\PRQG� 6� 1�� HW DO� ������� %UHDNLQJ WKH FKDLQV� +RW VXSHU�(DUWK V\V�
WHPV IURP PLJUDWLRQ DQG GLVUXSWLRQ RI FRPSDFW UHVRQDQW FKDLQV� 0RQWKO\ 1RWLFHV RI WKH 5R\DO
$VWURQRPLFDO 6RFLHW\� ���� ��

-DQJ�&RQGHOO� +�� &KHQ� &� +�� 0LWWDO� 7�� HW DO� ������� 6SLW]HU ,56 VSHFWUD RI GHEULV GLVNV LQ WKH
6FRUSLXV�&HQWDXUXV 2% DVVRFLDWLRQ� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

-DQVRQ� 0�� *UDWWRQ� 5�� 5RGHW� /�� HW DO� ������� $ ZLGH�RUELW JLDQW SODQHW LQ WKH KLJK�PDVV E
&HQWDXUL ELQDU\ V\VWHP� 1DWXUH� ���� �����

-RKDQVHQ� $� 	 /DFHUGD� 3� ������� 3URJUDGH URWDWLRQ RI SURWRSODQHWV E\ DFFUHWLRQ RI SHEEOHV LQ D
JDVHRXV HQYLURQPHQW� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\�

-RKDQVHQ� $�� <RXGLQ� $� 1�� 	 /LWKZLFN� <� ������� $GGLQJ SDUWLFOH FROOLVLRQV WR WKH IRUPDWLRQ RI
DVWHURLGV DQG .XLSHU EHOW REMHFWV YLD VWUHDPLQJ LQVWDELOLWLHV� $VWURQRP\ 	 $VWURSK\VLFV� ����

-RKQVRQ� -� $�� +RZDUG� $� :�� 0DUF\� *� :�� HW DO� ������� 7KH &DOLIRUQLD SODQHW VXUYH\� ,,� $
6DWXUQ�PDVV SODQHW RUELWLQJ WKH 0 GZDUI *O ����� 3XEOLFDWLRQV RI WKH $VWURQRPLFDO 6RFLHW\ RI
WKH 3DFLÀF�

-RQHV� -� :�� &KLDQJ� (�� 'XFKrQH� *�� .DODV� 3�� 	 (VSRVLWR� 7� 0� ������� *LDQW LPSDFWV DQG
GHEULV GLVN PRUSKRORJ\� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

-RYDQRYLF� 1�� 0DUWLQDFKH� )�� *X\RQ� 2�� HW DO� ������� 7KH 6XEDUX &RURQDJUDSKLF ([WUHPH $GDS�
WLYH 2SWLFV 6\VWHP� (QDEOLQJ KLJK�FRQWUDVW LPDJLQJ RQ VRODU�V\VWHP VFDOHV� 3XEOLFDWLRQV RI WKH
$VWURQRPLFDO 6RFLHW\ RI WKH 3DFLÀF� ���� ����

-XLOODUG� 6�� &KULVWLDHQV� 9�� 	 $EVLO� 2� ������� ,QYHUVH�SUREOHP YHUVXV SULQFLSDO FRPSRQHQW DQDO�
\VLV PHWKRGV IRU DQJXODU GLIIHUHQWLDO LPDJLQJ RI FLUFXPVWHOODU GLVNV� 7KH PXVWDUG DOJRULWKP� $V�
WURQRP\ 	 $VWURSK\VLFV� ����

-XLOODUG� 6�� 6WDVHYLF� 6�� &KULVWLDHQV� 9�� $EVLO� 2�� 	 0LOOL� -� ������� &RPELQLQJ UHIHUHQFH�VWDU
DQG DQJXODU GLIIHUHQWLDO LPDJLQJ IRU KLJK�FRQWUDVW LPDJLQJ RI H[WHQGHG VRXUFHV� DU;LY�����������
>DVWUR�SK@�

-XULþ� 0� 	 7UHPDLQH� 6� ������� '\QDPLFDO RULJLQ RI H[WUDVRODU SODQHW HFFHQWULFLW\ GLVWULEXWLRQ�
7KH $VWURSK\VLFDO -RXUQDO� ���� ��

.DODV� 3� *�� 5DMDQ� $�� :DQJ� -� -�� HW DO� �������'LUHFW LPDJLQJ RI DQ DV\PPHWULF GHEULV GLVN LQ WKH
+' ������ SODQHWDU\ V\VWHP� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

.DPPHUHU� -�� /DZVRQ� .�� 3HUULQ� 0� '�� HW DO� ������� -:67�767 KLJK FRQWUDVW� -:67�1,5&DP
REVHUYDWLRQV RI WKH \RXQJ JLDQW SODQHW %HWD 3LF E� DU;LY����������� >DVWUR�SK@�

.DVSHU� 0�� &HUSD 8UUD� 1�� 3DWKDN� 3�� HW DO� ������� 3&6� $ URDGPDS IRU ([R�(DUWK LPDJLQJ ZLWK
WKH (/7� 3XEOLVKHG LQ 7KH 0HVVHQJHU YRO� ���� SS� ������

.DVWLQJ� -� )�� :KLWPLUH� '� 3�� 	 5H\QROGV� 5� 7� ������� +DELWDEOH ]RQHV DURXQG PDLQ VHTXHQFH
VWDUV� ,FDUXV� ���� ��
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.DWDRND� $�� 7DQDND� +�� 2NX]XPL� 6�� 	:DGD� .� ������� )OXII\ GXVW IRUPV LF\ SODQHWHVLPDOV E\
VWDWLF FRPSUHVVLRQ� $VWURQRP\ 	 $VWURSK\VLFV� ����

.HQQHG\� *� 0� 	 .HQ\RQ� 6� -� ������� 3ODQHW IRUPDWLRQ DURXQG VWDUV RI YDULRXV PDVVHV� 7KH VQRZ
OLQH DQG WKH IUHTXHQF\ RI JLDQW SODQHWV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

.HQQHG\� *� 0�� 0DWUj� /�� 0DUPLHU� 0�� HW DO� ������� .XLSHU EHOW VWUXFWXUH DURXQG QHDUE\ VXSHU�
(DUWK KRVW VWDUV� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��

.HQQLFXWW� 5� &� 	 (YDQV� 1� -� ������� 6WDU IRUPDWLRQ LQ WKH 0LON\ :D\ DQG QHDUE\ JDOD[LHV�
$QQXDO 5HYLHZ RI $VWURQRP\ DQG $VWURSK\VLFV� ��� ��

.HSSOHU�0�� %HQLVW\�0��0�OOHU� $�� HW DO� �������'LVFRYHU\ RI D SODQHWDU\�PDVV FRPSDQLRQZLWKLQ
WKH JDS RI WKH WUDQVLWLRQ GLVN DURXQG 3'6 ��� $VWURQRP\ 	 $VWURSK\VLFV� ����

.HSSOHU�0�� 3HQ]OLQ� $�� %HQLVW\�0�� HW DO� �������*DS� VKDGRZV� VSLUDOV� DQG VWUHDPHUV� 63+(5(
REVHUYDWLRQV RI ELQDU\�GLVN LQWHUDFWLRQV LQ ** 7DXUL $� $VWURQRP\ 	 $VWURSK\VLFV� ����

.HUYHOOD� 3�� $UHQRX� )�� 0LJQDUG� )�� 	 7KpYHQLQ� )� ������� 6WHOODU DQG VXEVWHOODU FRPSDQLRQV RI
QHDUE\ VWDUV IURP*DLD '5�� %LQDULW\ IURP SURSHU PRWLRQ DQRPDO\� $VWURQRP\	$VWURSK\VLFV�
����

.LP� 6��/�� /HH� &��8�� 3DUN� %��*�� HW DO� ������� .071(7� $ QHWZRUN RI ��� 0 ZLGH�ÀHOG RS�
WLFDO WHOHVFRSHV LQVWDOOHG DW WKUHH VRXWKHUQ REVHUYDWRULHV� -RXUQDO RI 7KH .RUHDQ $VWURQRPLFDO
6RFLHW\� ��� ��

.ODĀND� -�� 3HWUçDOD� -�� 3iVWRU� 3�� 	 .yPDU� /� ������� 7KH 3R\QWLQJ²5REHUWVRQ HIIHFW� $ FULWLFDO
SHUVSHFWLYH� ,FDUXV� ����

.OHLQH� 7�� 7RXERXO� 0�� %RXUGRQ� %�� HW DO� ������� +I²: FKURQRORJ\ RI WKH DFFUHWLRQ DQG HDUO\
HYROXWLRQ RI DVWHURLGV DQG WHUUHVWULDO SODQHWV� *HRFKLPLFD HW &RVPRFKLPLFD $FWD� ��� ���

.OH\� :� 	 1HOVRQ� 5� 3� ������� 3ODQHW�GLVN LQWHUDFWLRQ DQG RUELWDO HYROXWLRQ� $QQXDO 5HYLHZ RI
$VWURQRP\ DQG $VWURSK\VLFV� ��� ��

.RQLVKL� 0�� *UDG\� &� $�� 6FKQHLGHU� *�� HW DO� ������� 'LVFRYHU\ RI DQ LQQHU GLVN FRPSRQHQW
DURXQG +' ������ $� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

.RQRSDFN\� 4� 0�� %DUPDQ� 7� 6�� 0DFLQWRVK� %� $�� 	 0DURLV� &� ������� 'HWHFWLRQ RI FDUERQ
PRQR[LGH DQG ZDWHU DEVRUSWLRQ OLQHV LQ DQ H[RSODQHW DWPRVSKHUH� 6FLHQFH� ���� �����

.R]DL� <� ������� 6HFXODU SHUWXUEDWLRQV RI DVWHURLGV ZLWK KLJK LQFOLQDWLRQ DQG HFFHQWULFLW\� $VWUR�
QRPLFDO -RXUQDO� ���

.UDO� 4�� 'DYRXOW� -�� 	 &KDUQD\� %� ������� )RUPDWLRQ RI VHFRQGDU\ DWPRVSKHUHV RQ WHUUHVWULDO
SODQHWV E\ ODWH GLVN DFFUHWLRQ� 1DWXUH $VWURQRP\� �� ��

.UDXV� $� /�� ,UHODQG� 0� -�� +LOOHQEUDQG� /� $�� 	 0DUWLQDFKH� )� ������� 7KH UROH RI PXOWLSOLFLW\
LQ GLVN HYROXWLRQ DQG SODQHW IRUPDWLRQ� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

.UDXV� $� /�� ,UHODQG� 0� -�� +XEHU� '�� 0DQQ� $� :�� 	 'XSX\� 7� -� ������� 7KH LPSDFW RI
VWHOODU PXOWLSOLFLW\ RQ SODQHWDU\ V\VWHPV� ,� 7KH UXLQRXV LQÁXHQFH RI FORVH ELQDU\ FRPSDQLRQV� 7KH
$VWURQRPLFDO -RXUQDO� ���� ��

.UDXV� 6�� .UHSOLQ� $�� <RXQJ� $� .�� HW DO� ������� $ WULSOH�VWDU V\VWHP ZLWK D PLVDOLJQHG DQG
ZDUSHG FLUFXPVWHOODU GLVN VKDSHG E\ GLVN WHDULQJ� 6FLHQFH� ���� �����
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.UHWNH� .� $� 	 /LQ� '� 1� &� ������� *UDLQ UHWHQWLRQ DQG IRUPDWLRQ RI SODQHWHVLPDOV QHDU WKH VQRZ
OLQH LQ 05,�GULYHQ WXUEXOHQW SURWRSODQHWDU\ GLVNV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

.ULMW� 6�� .DPD� 0�� 0F&OXUH� 0�� HW DO� ������� &KHPLFDO KDELWDELOLW\� VXSSO\ DQG UHWHQWLRQ RI OLIH·V
HVVHQWLDO HOHPHQWV GXULQJ SODQHW IRUPDWLRQ� 3URWRVWDUV DQG 3ODQHWV 9,,� ����

.ULMW� 6�� 2UPHO� &� :�� 'RPLQLN� &�� 	 7LHOHQV� $� *� *� 0� ������� (URVLRQ DQG WKH OLPLWV WR
SODQHWHVLPDO JURZWK� $VWURQRP\ 	 $VWURSK\VLFV� ����

/DFRXU� 6�� 7XWKLOO� 3�� ,UHODQG� 0�� $PLFR� 3�� 	 *LUDUG� -� ������� 6SDUVH $SHUWXUH 0DVNLQJ RQ
3DUDQDO� 0HVVHQJHU� ����

/DFRXU� 6�� :DQJ� -� -�� 1RZDN� 0�� HW DO� ������� 7KH ([R*5$9,7< SURMHFW� 8VLQJ VLQJOH PRGH
LQWHUIHURPHWU\ WR FKDUDFWHUL]H H[RSODQHWV� 3URFHHGLQJV RI WKH 63,(�

/DIUHQLHUH� '�� 0DURLV� &�� 'R\RQ� 5�� 1DGHDX� '�� 	 $UWLJDX� (� ������� $ QHZ DOJRULWKP IRU
SRLQW�VSUHDG IXQFWLRQ VXEWUDFWLRQ LQ KLJK�FRQWUDVW LPDJLQJ� $ GHPRQVWUDWLRQ ZLWK DQJXODU GLIIHU�
HQWLDO LPDJLQJ� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

/DJUDQJH� $��0�� 3KLOLSRW� )�� 5XELQL� 3�� HW DO� ������� 5DGLDO GLVWULEXWLRQ RI JLDQW H[RSODQHWV DW
6RODU 6\VWHP VFDOHV� $VWURQRP\ 	 $VWURSK\VLFV� ����

/DPEUHFKWV� 0� 	 -RKDQVHQ� $� ������� 5DSLG JURZWK RI JDV�JLDQW FRUHV E\ SHEEOH DFFUHWLRQ� $V�
WURQRP\ 	 $VWURSK\VLFV� ����

/DQGPDQ� 5�� 6QHOOHQ� ,� $� *�� .HOOHU� &� 8�� HW DO� ������� 7UDGH�RIIV LQ KLJK�FRQWUDVW LQWHJUDO
ÀHOG VSHFWURVFRS\ IRU H[RSODQHW GHWHFWLRQ DQG FKDUDFWHULVDWLRQ� <RXQJ JDV JLDQWV LQ HPLVVLRQ� $V�
WURQRP\ 	 $VWURSK\VLFV� ����

/DQH� 0� '�� &ORXWLV� (� $�� 5� 1�� &�� HW DO� ������� 5HÁHFWDQFH VSHFWURVFRS\ RI �� ÀQH�SDUWLFXODWH
PLQHUDO VDPSOHV IURP IDU�XOWUDYLROHW WKURXJK PLG�LQIUDUHG �������� ��Pܟ 3ODQHWDU\ 6FLHQFH -RXU�
QDO� DFFHSWHG�

/DUNLQ� -�� %DUF]\V� 0�� .UDEEH� $�� HW DO� ������� 26,5,6� $ GLIIUDFWLRQ OLPLWHG LQWHJUDO ÀHOG VSHF�
WURJUDSK IRU .HFN� 1HZ $VWURQRP\ 5HYLHZV� ��� ����

/DVNDU� -�� -RXWHO� )�� 	 5REXWHO� 3� ������� 6WDELOL]DWLRQ RI WKH (DUWK·V REOLTXLW\ E\ WKH 0RRQ� 1D�
WXUH� ���� �����

/DVNDU� -� 	 5REXWHO� 3� ������� 7KH FKDRWLF REOLTXLW\ RI WKH SODQHWV� 1DWXUH� ���� �����

/DXJKOLQ� *� 	 $GDPV� )� &� ������� 7KH PRGLÀFDWLRQ RI SODQHWDU\ RUELWV LQ GHQVH RSHQ FOXVWHUV�
7KH $VWURSK\VLFDO -RXUQDO� ���� ��

/DZV� $� 6� (�� +DUULHV� 7� -�� 6HWWHUKROP� %� 5�� HW DO� ������� ,UUHJXODU GXVW IHDWXUHV DURXQG
LQWHUPHGLDWH�PDVV \RXQJ VWDUV ZLWK *3,� VLJQV RI \RXWK RU PLVDOLJQHG GLVNV"� 7KH $VWURSK\VLFDO
-RXUQDO� ���� ��

/H &RUROOHU� +�� 1RZDN� 0�� 'HORUPH� 3�� HW DO� ������� .�6WDFNHU� DQ DOJRULWKP WR KDFN WKH RUELWDO
SDUDPHWHUV RI SODQHWV KLGGHQ LQ KLJK�FRQWUDVW LPDJLQJ� )LUVW DSSOLFDWLRQV WR 9/7�63+(5( PXOWL�
HSRFK REVHUYDWLRQV� $VWURQRP\ 	 $VWURSK\VLFV� ����

/H &RUROOHU� +�� 1RZDN� 0�� :DJQHU� .�� HW DO� ������� (IÀFLHQWO\ FRPELQLQJ $OSKD &HQ $ PXOWL�
HSRFK KLJK�FRQWUDVW LPDJLQJ GDWD� $SSOLFDWLRQ RI .�6WDFNHU WR WKH �� KRXUV 1($5 FDPSDLJQ�
$VWURQRP\ 	 $VWURSK\VLFV� ����
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/H *RXHOOHF� 9� -� 0� ������� &RQVWUDLQLQJ WKH GXVW JUDLQ DOLJQPHQW PHFKDQLVPV UHVSRQVLEOH IRU WKH
�VXE�� PLOOLPHWHU GXVW SRODUL]DWLRQ REVHUYHG LQ &ODVV � SURWRVWHOODU FRUHV� 7KHVLV 8QLYHUVLWp GH
3DULV�

/HFDYHOLHU GHV (WDQJV� $� 	 /LVVDXHU� -� -� ������� 7KH ,$8 ZRUNLQJ GHÀQLWLRQ RI DQ H[RSODQHW�
1HZ $VWURQRP\ 5HYLHZV� ���

/HH� (� -� 	 &KLDQJ� (� ������� $ SULPHU RQ XQLI\LQJ GHEULV GLVN PRUSKRORJLHV� 7KH $VWURSK\VLFDO
-RXUQDO� ���� ��

/HH� (� -�� &KLDQJ� (�� 	 2UPHO� &� :� �������0DNH VXSHU�(DUWKV� QRW -XSLWHUV� $FFUHWLQJ QHEXODU
JDV RQWR VROLG FRUHV DW ��� DX DQG EH\RQG� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

/HQ]HQ� 5�� +DUWXQJ� 0�� %UDQGQHU� :�� HW DO� ������� 1$26�&21,&$ ÀUVW RQ VN\ UHVXOWV LQ D
YDULHW\ RI REVHUYLQJ PRGHV� 3URFHHGLQJV RI WKH 63,(� �����

/HVWUDGH� -��)�� 0DWWKHZV� %� &�� 6LEWKRUSH� %�� HW DO� �������$GHEULV GLVN DURXQG WKH SODQHW KRVWLQJ
0�VWDU *- ��� VSDWLDOO\ UHVROYHG ZLWK +HUVFKHO� $VWURQRP\ 	 $VWURSK\VLFV� ����

/LQ� '� 1� &� 	 3DSDORL]RX� -� ������� 2Q WKH WLGDO LQWHUDFWLRQ EHWZHHQ SURWRSODQHWV DQG WKH SUL�
PRUGLDO VRODU QHEXOD� ,,,� 2UELWDO PLJUDWLRQ RI SURWRSODQHWV� 7KH $VWURSK\VLFDO -RXUQDO� ����

/LQGHU� (� )�� 0RUGDVLQL� &�� 0ROOLqUH� 3�� HW DO� ������� (YROXWLRQDU\ PRGHOV RI FROG DQG ORZ�PDVV
SODQHWV� &RROLQJ FXUYHV� PDJQLWXGHV� DQG GHWHFWDELOLW\� $VWURQRP\ 	 $VWURSK\VLFV� ����

/LVVDXHU� -� -�� 5DJR]]LQH� '�� )DEU\FN\� '� &�� HW DO� ������� $UFKLWHFWXUH DQG G\QDPLFV RI .HSOHU·V
FDQGLGDWH PXOWLSOH WUDQVLWLQJ SODQHW V\VWHPV� 7KH $VWURSK\VLFDO -RXUQDO 6XSSOHPHQW 6HULHV�
���� ��

/LX� %�� 2UPHO� &� :�� 	 -RKDQVHQ� $� ������� *URZWK DIWHU WKH VWUHDPLQJ LQVWDELOLW\� )URP SODQ�
HWHVLPDO DFFUHWLRQ WR SHEEOH DFFUHWLRQ� $VWURQRP\ 	 $VWURSK\VLFV� ����

/LX� %�� 5D\PRQG� 6� 1�� 	 -DFREVRQ� 6� $� ������� (DUO\ 6RODU 6\VWHP LQVWDELOLW\ WULJJHUHG E\
GLVSHUVDO RI WKH JDVHRXV GLVN� 1DWXUH� ���� �����

/RQJ� )�� +HUF]HJ  � *� -�  �� +DUVRQR� '�� HW DO� ������� &RPSDFW GLVNV LQ D KLJK�UHVROXWLRQ
$/0$ VXUYH\ RI GXVW VWUXFWXUHV LQ WKH 7DXUXV PROHFXODU FORXG� 7KH $VWURSK\VLFDO -RXUQDO�
���� ��

/RSH]�6DQWLDJR� -�� 0DUWLQR� /�� 0LJXH]� -�� 	 9D]TXH]� 0� $� ������� $ OLNHO\ PDJQHWLF DFWLYLW\
F\FOH IRU WKH H[RSODQHW KRVW 0 GZDUI *- ����� 7KH $VWURQRPLFDO -RXUQDO� ���� ��

/XJHU� 5�� 6HVWRYLF� 0�� .UXVH� (�� HW DO� ������� $ VHYHQ�SODQHW UHVRQDQW FKDLQ LQ 75$33,67���
1DWXUH $VWURQRP\� �� ��

/\UD� :� 	 /LQ� 0��.� ������� 6WHDG\ VWDWH GXVW GLVWULEXWLRQV LQ GLVN YRUWLFHV� 2EVHUYDWLRQDO SUH�
GLFWLRQV DQG DSSOLFDWLRQV WR WUDQVLWLRQDO GLVNV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

0DFLQWRVK� %�� *UDKDP� -� 5�� %DUPDQ� 7�� HW DO� ������� 'LVFRYHU\ DQG VSHFWURVFRS\ RI WKH \RXQJ
MRYLDQ SODQHW �� (UL E ZLWK WKH *HPLQL 3ODQHW ,PDJHU� 6FLHQFH� ���� �����

0DGKXVXGKDQ� 1� ������� ([RSODQHWDU\ DWPRVSKHUHV� .H\ LQVLJKWV� FKDOOHQJHV� DQG SURVSHFWV� $Q�
QXDO 5HYLHZ RI $VWURQRP\ DQG $VWURSK\VLFV� ��� ��

0DGKXVXGKDQ� 1�� %XUURZV� $�� 	 &XUULH� 7� ������� 0RGHO DWPRVSKHUH IRU PDVVLYH JDV JLDQWV
ZLWK WKLFN FORXGV� $SSOLFDWLRQ WR WKH +5 ���� SODQHWV DQG SUHGLFWLRQV IRU IXWXUH GHWHFWLRQV� 7KH
$VWURSK\VLFDO -RXUQDO� ���� ��
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0DGVHQ� 6�� 'UDYLQV� '�� 	 /LQGHJUHQ� /� ������� $VWURPHWULF UDGLDO YHORFLWLHV� ,,,� +LSSDUFRV
PHDVXUHPHQWV RI QHDUE\ VWDU FOXVWHUV DQG DVVRFLDWLRQV� $VWURQRP\ 	 $VWURSK\VLFV� ����

0DGXURZLF]� $�� 0DFLQWRVK� %� $�� 5XIÀR� -��%�� HW DO� ������� &KDUDFWHUL]DWLRQ RI OHPQLVFDWH
DWPRVSKHULF DEHUUDWLRQV LQ *HPLQL 3ODQHW ,PDJHU GDWD� ������

0DOLN� 0�� *URVKHLQW]� /�� 0HQGRQoD� -� 0�� HW DO� ������� +(/,26� $Q RSHQ�VRXUFH� *38�
DFFHOHUDWHG UDGLDWLYH WUDQVIHU FRGH IRU VHOI�FRQVLVWHQW H[RSODQHWDU\ DWPRVSKHUHV� 7KH$VWURQRPLFDO
-RXUQDO� ���� ��

0DQHVV� +� /�� .DODV� 3�� 3HHN� .� 0� *�� HW DO� ������� +XEEOH 6SDFH 7HOHVFRSH RSWLFDO LPDJLQJ RI
WKH HURGLQJ GHEULV GLVN +' ������ 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

0DR� 6� 	 3DF]\QVNL� %� ������� *UDYLWDWLRQDO PLFUROHQVLQJ E\ GRXEOH VWDUV DQG SODQHWDU\ V\VWHPV�
7KH $VWURSK\VLFDO -RXUQDO� ����

0DUF\� *�� %XWOHU� 5� 3�� )LVFKHU� '� $�� HW DO� �����D�� 2EVHUYHG SURSHUWLHV RI H[RSODQHWV� PDVVHV�
RUELWV� DQG PHWDOOLFLWLHV� 3URJUHVV RI 7KHRUHWLFDO 3K\VLFV 6XSSOHPHQW� ����

0DUF\� *� :�� %XWOHU� 5� 3�� 9RJW� 6� 6�� HW DO� �����E�� )LYH QHZ H[WUDVRODU SODQHWV� 7KH $VWUR�
SK\VLFDO -RXUQDO� ���� ��

0DULQR� 6� ������� &RQVWUDLQLQJ SODQHWHVLPDO VWLUULQJ� +RZ VKDUS DUH GHEULV GLVF HGJHV"� 0RQWKO\
1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��

0DULQR� 6�� &DUSHQWHU� -�� :\DWW� 0� &�� HW DO� ������� $ JDS LQ WKH SODQHWHVLPDO GLVF DURXQG +'
������ DQG DV\PPHWULF ZDUP GXVW HPLVVLRQ UHYHDOHG E\ $/0$� 0RQWKO\ 1RWLFHV RI WKH 5R\DO
$VWURQRPLFDO 6RFLHW\� ���� ��

0DULQR� 6�� <HOYHUWRQ� %�� %RRWK� 0�� HW DO� ������� $ JDS LQ +' �����·V EURDG SODQHWHVLPDO GLVF
UHYHDOHG E\ $/0$� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��

0DULQR� 6�� =XUOR� $�� )DUDPD]� 9�� HW DO� ������� ,QVLJKWV LQWR WKH SODQHWDU\ G\QDPLFV RI +'
������ ZLWK $/0$� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��

0DUOHDX� *��'�� &ROHPDQ� *� $� /�� /HOHX� $�� 	 0RUGDVLQL� &� ������� ([SORULQJ WKH IRUPDWLRQ
E\ FRUH DFFUHWLRQ DQG WKH OXPLQRVLW\ HYROXWLRQ RI GLUHFWO\ LPDJHG SODQHWV� 7KH FDVH RI +,3 �����
E� $VWURQRP\ 	 $VWURSK\VLFV� ����

0DURLV� &�� &RUUHLD� &�� 9pUDQ� -��3�� 	 &XUULH� 7� ������� 7/2&,� $ IXOO\ ORDGHG VSHFNOH NLOOLQJ
PDFKLQH� 3URFHHGLQJV RI WKH ,QWHUQDWLRQDO $VWURQRPLFDO 8QLRQ� �� 6����

0DURLV� &�� /DIUHQLHUH� '�� 'R\RQ� 5�� 0DFLQWRVK� %�� 	1DGHDX� '� �������$QJXODU 'LIIHUHQWLDO
,PDJLQJ� $ SRZHUIXO KLJK�FRQWUDVW LPDJLQJ WHFKQLTXH� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

0DURLV� &�� 0DFLQWRVK� %�� %DUPDQ� 7�� HW DO� ������� 'LUHFW LPDJLQJ RI PXOWLSOH SODQHWV RUELWLQJ
WKH VWDU +5 ����� 6FLHQFH� ���� �����

0DURLV� &�� =XFNHUPDQ� %�� .RQRSDFN\� 4� 0�� 0DFLQWRVK� %�� 	 %DUPDQ� 7� ������� ,PDJHV RI
D IRXUWK SODQHW RUELWLQJ +5 ����� 1DWXUH� ���� �����

0DWUj� /�� 0DF*UHJRU� 0� $�� .DODV� 3�� HW DO� ������� 'HWHFWLRQ RI H[RFRPHWDU\ &2 ZLWKLQ WKH
��� 0\U ROG )RPDOKDXW EHOW� $ VLPLODU &2�&2� LFH DEXQGDQFH LQ H[RFRPHWV DQG 6RODU 6\VWHP
FRPHWV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

0DWUj� /�� gEHUJ� .� ,�� :LOQHU� '� -�� 2ORIVVRQ� -�� 	 %D\R� $� ������� 2Q WKH XELTXLW\ DQG VWHOODU
OXPLQRVLW\ GHSHQGHQFH RI H[RFRPHWDU\ &2 JDV� 'HWHFWLRQ DURXQG 0 GZDUI 7:$ �� 7KH $VWUR�
QRPLFDO -RXUQDO� ���� ��
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0DWWKHZV� (� &�� %RQQHIR\�0�� ;LH� &�� HW DO� ������� 7KH ÀUVW VFDWWHUHG OLJKW LPDJHV RI +' �������
D IDLQW GHEULV GLVN LQ WKH 6FR�&HQ DVVRFLDWLRQ� $VWURQRP\ 	 $VWURSK\VLFV� ����

0DWWKHZV� (� &�� &DUWHU� $� /�� 3DWKDN� 3�� HW DO� ������� $ WHPSHUDWH VXSHU�-XSLWHU LPDJHG ZLWK
-:67 LQ WKH PLG�LQIUDUHG� 1DWXUH� �����

0DZHW� '�� 3XH\R� /�� /DZVRQ� 3�� HW DO� ������� 5HYLHZ RI VPDOO�DQJOH FRURQDJUDSKLF WHFKQLTXHV
LQ WKH ZDNH RI JURXQG�EDVHG VHFRQG�JHQHUDWLRQ DGDSWLYH RSWLFV V\VWHPV� 3URFHHGLQJV RI WKH 63,(�

0D\RU� 0�� 0DUPLHU� 0�� /RYLV� &�� HW DO� ������� 7KH +$536 VHDUFK IRU VRXWKHUQ H[WUD�VRODU SODQ�
HWV� ;;;,9� 2FFXUUHQFH� PDVV GLVWULEXWLRQ DQG RUELWDO SURSHUWLHV RI VXSHU�(DUWKV DQG 1HSWXQH�
PDVV SODQHWV� DU;LY���������� >DVWUR�SK@�

0D\RU� 0� 	 4XHOR]� '� ������� $ -XSLWHU�PDVV FRPSDQLRQ WR D VRODU�W\SH VWDU� 1DWXUH� ���� �����
0F/HDQ� ,� 6�� %HFNOLQ� (� (�� %HQGLNVHQ� 2�� HW DO� ������� 'HVLJQ DQG GHYHORSPHQW RI 1,563(&�
$ QHDU�LQIUDUHG HFKHOOH VSHFWURJUDSK IRU WKH .HFN ,, WHOHVFRSH� 3URFHHGLQJV RI WKH 63,(� �����

0HKHXW� +�� 0HOLDQL� =�� 9DUQLHUH� 3�� 	 %HQ]� :� ������� 'XVW�WUDSSLQJ 5RVVE\ YRUWLFHV LQ SUR�
WRSODQHWDU\ GLVNV� $VWURQRP\ 	 $VWURSK\VLFV� ����

0HVD� '�� *UDWWRQ� 5�� .HUYHOOD� 3�� HW DO� ������� $) /HS E� 7KH ORZHVW�PDVV SODQHW GHWHFWHG E\
FRXSOLQJ DVWURPHWULF DQG GLUHFW LPDJLQJ GDWD� $VWURQRP\ 	 $VWURSK\VLFV� ����

0LNL� 6� ������� 7KH JDVHRXV ÁRZ DURXQG D SURWRSODQHW LQ WKH SULPRUGLDO VRODU QHEXOD� 3URJUHVV RI
7KHRUHWLFDO 3K\VLFV� ��� ��

0LOH\� -� 0�� 3DQLþ� 2�� %RRWK� 5� $�� HW DO� ������� 7KH LPSDFW RI SUH�PDLQ VHTXHQFH VWHOODU HYROXWLRQ
RQ PLG�SODQH VQRZOLQH ORFDWLRQV DQG &�2 LQ SODQHW IRUPLQJ GLVFV� 0RQWKO\ 1RWLFHV RI WKH 5R\DO
$VWURQRPLFDO 6RFLHW\� ���� ��

0LOOL� -�� &KRTXHW� (�� 7D]DNL� 5�� HW DO� ������� 7KH SRODULVDWLRQ SURSHUWLHV RI WKH +' ������ GHEULV
ULQJ� (YLGHQFH IRU VXE�PLFURQ SDUWLFOHV IURP VFDWWHUHG OLJKW REVHUYDWLRQV� $VWURQRP\ 	 $VWUR�
SK\VLFV� ����

0LOOL� -�� (QJOHU� 1�� 6FKPLG� +� 0�� HW DO� ������� 2SWLFDO SRODULVHG SKDVH IXQFWLRQ RI WKH +5 ����
$ GXVW ULQJ� $VWURQRP\ 	 $VWURSK\VLFV� ����

0LOOL� -�� +LERQ� 3�� &KULVWLDHQV� 9�� HW DO� �����D�� 'LVFRYHU\ RI D ORZ�PDVV FRPSDQLRQ LQVLGH WKH
GHEULV ULQJ VXUURXQGLQJ WKH )�9 VWDU +' ������� $VWURQRP\ 	 $VWURSK\VLFV� ����

0LOOL� -�� 0DZHW� '�� 3LQWH� &�� HW DO� ������� 1HZ FRQVWUDLQWV RQ WKH GXVW VXUURXQGLQJ +5 ���� $�
$VWURQRP\ 	 $VWURSK\VLFV� ����

0LOOL� -�� 0RXLOOHW� '�� /DJUDQJH� $��0�� HW DO� ������� ,PSDFW RI DQJXODU GLIIHUHQWLDO LPDJLQJ RQ
FLUFXPVWHOODU GLVN LPDJHV� $VWURQRP\ 	 $VWURSK\VLFV� ����

0LOOL� -�� 9LJDQ� $�� 0RXLOOHW� '�� HW DO� �����E�� 1HDU�LQIUDUHG VFDWWHUHG OLJKW SURSHUWLHV RI WKH +5
���� $ GXVW ULQJ� $ PHDVXUHG VFDWWHULQJ SKDVH IXQFWLRQ IURP ����� WR ������� $VWURQRP\ 	
$VWURSK\VLFV� ����

0LRWHOOR� $�� .DPS� ,�� %LUQVWLHO� 7�� &OHHYHV� /� ,�� 	 .DWDRND� $� ������� 6HWWLQJ WKH VWDJH IRU
SODQHW IRUPDWLRQ� 0HDVXUHPHQWV DQG LPSOLFDWLRQV RI WKH IXQGDPHQWDO GLVN SURSHUWLHV� 3URWRVWDUV
DQG 3ODQHWV 9,,� ����

0LUHW�5RLJ� 1� ������� 7KH RULJLQ RI IUHH�ÁRDWLQJ SODQHWV� $VWURSK\VLFV DQG 6SDFH 6FLHQFH�� ����
��
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0LUHW�5RLJ� 1�� %RX\� +�� 5D\PRQG� 6� 1�� HW DO� ������� $ ULFK SRSXODWLRQ RI IUHH�ÁRDWLQJ SODQHWV
LQ WKH 8SSHU 6FRUSLXV \RXQJ VWHOODU DVVRFLDWLRQ� 1DWXUH $VWURQRP\� �� ��

0L\D]DNL� 6� 	0DVXGD� .� ������� (YLGHQFH WKDW WKH RFFXUUHQFH UDWH RI KRW -XSLWHUV DURXQG 6XQ�OLNH
VWDUV GHFUHDVHV ZLWK VWHOODU DJH� 7KH $VWURQRPLFDO -RXUQDO� ���� ��

0ROOLqUH� 3�� %RHNHO� 5� 9�� 'XOOHPRQG� &�� +HQQLQJ� 7�� 	 0RUGDVLQL� &� ������� 0RGHO DWPR�
VSKHUHV RI LUUDGLDWHG H[RSODQHWV� 7KH LQÁXHQFH RI VWHOODU SDUDPHWHUV� PHWDOOLFLW\� DQG WKH &�2 UDWLR�
7KH $VWURSK\VLFDO -RXUQDO� ���� ��

0ROOLqUH� 3�� 0RO\DURYD� 7�� %LWVFK� %�� HW DO� ������� ,QWHUSUHWLQJ WKH DWPRVSKHULF FRPSRVLWLRQ RI
H[RSODQHWV� VHQVLWLYLW\ WR SODQHW IRUPDWLRQ DVVXPSWLRQV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

0ROOLqUH� 3�� 9DQ %RHNHO� 5�� %RXZPDQ� -�� HW DO� ������� 2EVHUYLQJ WUDQVLWLQJ SODQHWV ZLWK -:67�
3ULPH WDUJHWV DQG WKHLU V\QWKHWLF VSHFWUDO REVHUYDWLRQV� $VWURQRP\ 	 $VWURSK\VLFV� ����

0RPRVH� 0�� 0RULWD� $�� )XNDJDZD� 0�� HW DO� ������� 'HWDLOHG VWUXFWXUH RI WKH RXWHU GLVN DURXQG
+' ������ ZLWK SRODUL]HG OLJKW LQ +�EDQG� 3XEOLFDWLRQV RI WKH $VWURQRPLFDO 6RFLHW\ RI -DSDQ�
��� ��

0RQQLHU� -� '�� +DUULHV� 7� -�� $DUQLR� $�� HW DO� ������� 3RODUL]HG GLVN HPLVVLRQ IURP +HUELJ
$H�%H VWDUV REVHUYHG XVLQJ *HPLQL 3ODQHW ,PDJHU� +' ������� +' ������� +' ������� DQG
+' ������� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

0RUDOHV� -� &�� 0XVWLOO� $� -�� 5LEDV� ,�� HW DO� ������� $ JLDQW H[RSODQHW RUELWLQJ D YHU\�ORZ�PDVV
VWDU FKDOOHQJHV SODQHW� 6FLHQFH� ����

0RUELGHOOL� $�� %DLOOLp� .�� %DW\JLQ� .�� HW DO� �������&RQWHPSRUDU\ IRUPDWLRQ RI HDUO\ 6RODU 6\VWHP
SODQHWHVLPDOV DW WZR GLVWLQFW UDGLDO ORFDWLRQV� 1DWXUH $VWURQRP\� �� ��

0RUELGHOOL� $�� %LWVFK� %�� &ULGD� $�� HW DO� ������� )RVVLOL]HG FRQGHQVDWLRQ OLQHV LQ WKH 6RODU 6\VWHP
SURWRSODQHWDU\ GLVN� ,FDUXV� ����

0RUELGHOOL� $�� /HYLVRQ� +� )�� 7VLJDQLV� .�� 	 *RPHV� 5� ������� &KDRWLF FDSWXUH RI -XSLWHU·V
7URMDQ DVWHURLGV LQ WKH HDUO\ 6RODU 6\VWHP� 1DWXUH� ���� �����

0RXLOOHW� '�� 0LOOL� -�� 6DXYDJH� -��)�� HW DO� ������� 6WDWLVWLFDO DQDO\VLV DQG OHVVRQV OHDUQHG RI
63+(5( DGDSWLYH RSWLFV SHUIRUPDQFH� 3URFHHGLQJV RI WKH 63,(� ������

0UR]� 3� 	 3ROHVNL� 5� ������� ([RSODQHW RFFXUUHQFH UDWHV IURP PLFUROHQVLQJ VXUYH\V�
DU;LY����������� >DVWUR�SK@�

0Uy]� 3�� 8GDOVNL� $�� %HQQHWW� '� 3�� HW DO� ������� 7ZR QHZ IUHH�ÁRDWLQJ RU ZLGH�RUELW SODQHWV IURP
PLFUROHQVLQJ� $VWURQRP\ 	 $VWURSK\VLFV� ����

0Uy]� 3�� 8GDOVNL� $�� 6NRZURQ� -�� HW DO� ������� 1R ODUJH SRSXODWLRQ RI XQERXQG RU ZLGH�RUELW
-XSLWHU�PDVV SODQHWV� 1DWXUH� ���� �����

0XOGHUV� *� '�� 3DVFXFFL� ,�� 	 $SDL� '� �������$ VWHOODU�PDVV�GHSHQGHQW GURS LQ SODQHW RFFXUHQFH
UDWHV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

0XUFKLNRYD� /� 	 7UHPDLQH� 6� ������� 3HDV LQ D SRG" 5DGLXV FRUUHODWLRQV LQ .HSOHU PXOWLSODQHW
V\VWHPV� 7KH $VWURQRPLFDO -RXUQDO� ���� ��

0XUR�$UHQD� *� $�� %HQLVW\� 0�� *LQVNL� &�� HW DO� ������� 6KDGRZLQJ DQG PXOWLSOH ULQJV LQ WKH
SURWRSODQHWDU\ GLVN RI +' ������� $VWURQRP\ 	 $VWURSK\VLFV� ����
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0XVWLOO� $� -� 	 :\DWW� 0� &� ������� 'HEULV GLVF VWLUULQJ E\ VHFXODU SHUWXUEDWLRQV IURP JLDQW SODQ�
HWV� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��

0kOLQ� 0�� %RFFDOHWWL� $�� &KDUQD\� %�� .LHIHU� )�� 	 %p]DUG� %� ������� 6LPXODWHG SHUIRUPDQFH RI
WKH PROHFXODU PDSSLQJ IRU \RXQJ JLDQW H[RSODQHWV ZLWK WKH 0HGLXP�5HVROXWLRQ 6SHFWURPHWHU RI
-:67�0,5,� $VWURQRP\ 	 $VWURSK\VLFV� ����

0kOLQ� 0�� %RFFDOHWWL� $�� 3HUURW� &�� %DXGR]� 3�� 5RXDQ� '� HW DO� �������8QYHLOLQJ WKH +' �����
V\VWHP DW PLG�LQIUDUHG ZDYHOHQJWKV ZLWK -:67�0,5,� $VWURQRP\ 	 $VWURSK\VLFV� ����

0�OOHU� $�� .HSSOHU� 0�� +HQQLQJ� 7�� HW DO� ������� 2UELWDO DQG DWPRVSKHULF FKDUDFWHUL]DWLRQ RI
WKH SODQHW ZLWKLQ WKH JDS RI WKH 3'6 �� WUDQVLWLRQ GLVN� $VWURQRP\ 	 $VWURSK\VLFV� ����

1DJDVDZD� 0� 	 ,GD� 6� ������� 2UELWDO GLVWULEXWLRQV RI FORVH�LQ SODQHWV DQG GLVWDQW SODQHWV IRUPHG
E\ VFDWWHULQJ DQG G\QDPLFDO WLGHV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

1DJDVDZD� 0�� /LQ� '� 1� &�� 	 7KRPPHV� (� ������� '\QDPLFDO VKDNH�XS RI SODQHWDU\ V\VWHPV�
,� (PEU\R WUDSSLQJ DQG LQGXFHG FROOLVLRQV E\ WKH VZHHSLQJ VHFXODU UHVRQDQFH DQG HPEU\R�GLVN WLGDO
LQWHUDFWLRQ� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

1DMLWD� -� 5�� .HQ\RQ� 6� -�� 	 %URPOH\� %� &� ������� )URP SHEEOHV DQG SODQHWHVLPDOV WR SODQHWV DQG
GXVW� 7KH SURWRSODQHWDU\ GLVN²GHEULV GLVN FRQQHFWLRQ� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

1DNDJDZD� <�� 6HNL\D� 0�� 	+D\DVKL� &� ������� 6HWWOLQJ DQG JURZWK RI GXVW SDUWLFOHV LQ D ODPLQDU
SKDVH RI D ORZ�PDVV VRODU QHEXOD� ,FDUXV� ��� ��

1DR]� 6�� )DUU� :� 0�� 	 5DVLR� )� $� ������� 2Q WKH IRUPDWLRQ RI KRW -XSLWHUV LQ VWHOODU ELQDULHV�
7KH $VWURSK\VLFDO -RXUQDO� ���� ��

1DUDQJ� 0�� 0DQRM� 3�� )XUODQ� (�� HW DO� ������� 3URSHUWLHV DQG 2FFXUUHQFH 5DWHV IRU .HSOHU ([R�
SODQHW &DQGLGDWHV DV D )XQFWLRQ RI +RVW 6WDU 0HWDOOLFLW\ IURP WKH '5�� &DWDORJ� 7KH $VWURQRP�
LFDO -RXUQDO� ���� ��

1DVHGNLQ� (�� 0ROOLqUH� 3�� /DFRXU� 6�� HW DO� ������� )RXU�RI�D�NLQG" &RPSUHKHQVLYH DWPRVSKHULF
FKDUDFWHULVDWLRQ RI WKH +5 ���� SODQHWV ZLWK 9/7,�*5$9,7<� DU;LY����������� >DVWUR�SK@�

1·'LD\H� 0�� 3XH\R� /�� 	 6RXPPHU� 5� ������� $SRGL]HG SXSLO /\RW FRURQDJUDSKV IRU DUELWUDU\
DSHUWXUHV� ,9� 5HGXFHG LQQHU ZRUNLQJ DQJOHV DQG LQFUHDVHG UREXVWQHVV WR ORZ�RUGHU DEHUUDWLRQV�
7KH $VWURSK\VLFDO -RXUQDO� ���� ��

1HOGHU� -� $� 	0HDG� 5� ������� $ VLPSOH[ PHWKRG IRU IXQFWLRQ PLQLPL]DWLRQ� &RPSXWHU -RXUQDO�
�� ��

1HVYRUQì� '�� 9RNURXKOLFNì� '�� 	 0RUELGHOOL� $� ������� &DSWXUH RI LUUHJXODU VDWHOOLWHV GXULQJ
SODQHWDU\ HQFRXQWHUV� 7KH $VWURQRPLFDO -RXUQDO� ���� ��

1HXJHEDXHU� *�� +DELQJ� +� -�� YDQ 'XLQHQ� 5�� HW DO� ������� 7KH LQIUDUHG DVWURQRPLFDO VDWHOOLWH
,5$6 PLVVLRQ� $VWURSK\VLFDO -RXUQDO� ����

1JR� +�� .QXWVRQ� +� $�� +LQNOH\� 6�� HW DO� ������� )ULHQGV RI KRW -XSLWHUV� ,9� 6WHOODU FRPSDQLRQV
EH\RQG �� DX PLJKW IDFLOLWDWH JLDQW SODQHW IRUPDWLRQ� EXW PRVW DUH XQOLNHO\ WR FDXVH .R]DL�/LGRY
PLJUDWLRQ� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

1LHOVHQ� (� /�� 'H 5RVD� 5� -�� 0DFLQWRVK� %�� HW DO� ������� 7KH *HPLQL 3ODQHW ,PDJHU H[RSODQHW
VXUYH\� *LDQW SODQHW DQG EURZQ GZDUI GHPRJUDSKLFV IURP �� WR ��� DX� 7KH $VWURQRPLFDO -RXU�
QDO� ���� ��
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1RZDN� 0�� /DFRXU� 6�� /DJUDQJH� $��0�� HW DO� ������� 'LUHFW FRQÀUPDWLRQ RI WKH UDGLDO�YHORFLW\
SODQHW %HWD 3LFWRULV F� $VWURQRP\ 	 $VWURSK\VLFV� ����

1·'LD\H� 0�� 'RKOHQ� .�� )XVFR� 7�� 	 3DXO� %� ������� &DOLEUDWLRQ RI TXDVL�VWDWLF DEHUUDWLRQV LQ
H[RSODQHW GLUHFW�LPDJLQJ LQVWUXPHQWV ZLWK D =HUQLNH SKDVH�PDVN VHQVRU� $VWURQRP\ 	 $VWUR�
SK\VLFV� ����

1·'LD\H� 0�� 6RXPPHU� 5�� 3XH\R� /�� HW DO� �����D�� $SRGL]HG SXSLO /\RW FRURQDJUDSKV IRU DUEL�
WUDU\ DSHUWXUHV� 9� +\EULG VKDSHG SXSLO GHVLJQV IRU LPDJLQJ (DUWK�OLNH SODQHWV ZLWK IXWXUH VSDFH
REVHUYDWRULHV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

1·'LD\H� 0�� 9LJDQ� $�� 'RKOHQ� .�� HW DO� �����E�� &DOLEUDWLRQ RI TXDVL�VWDWLF DEHUUDWLRQV LQ H[R�
SODQHW GLUHFW�LPDJLQJ LQVWUXPHQWV ZLWK D =HUQLNH SKDVH�PDVN VHQVRU� ,,� &RQFHSW YDOLGDWLRQ ZLWK
=(/'$ RQ 9/7�63+(5(� $VWURQRP\ 	 $VWURSK\VLFV� ����

2KQR� .� 	 8HGD� 7� ������� -XSLWHU·V ´FROGµ IRUPDWLRQ LQ WKH SURWRVRODU GLVN VKDGRZ� $Q H[SODQD�
WLRQ IRU WKH SODQHW·V XQLIRUPO\ HQULFKHG DWPRVSKHUH� $VWURQRP\ 	 $VWURSK\VLFV� ����

2NX]XPL� 6�� 7DQDND� +�� .RED\DVKL� +�� 	 :DGD� .� ������� 5DSLG FRDJXODWLRQ RI SRURXV GXVW
DJJUHJDWHV RXWVLGH WKH VQRZ OLQH� $ SDWKZD\ WR VXFFHVVIXO LF\ SODQHWHVLPDO IRUPDWLRQ� 7KH $VWUR�
SK\VLFDO -RXUQDO� ���� ��

2ORIVVRQ� -�� 7KpEDXOW� 3�� %D\R� $�� HW DO� ������� $SRFHQWHU SLOH�XS DQG DUFV� $ QDUURZ GXVW ULQJ
DURXQG +' ������� $VWURQRP\ 	 $VWURSK\VLFV� ����

2ORIVVRQ� -�� 7KpEDXOW� 3�� .HQQHG\� *� 0�� 	 %D\R� $� �����D�� 7KH KDOR DURXQG +' ������
P�VL]HGܟ FRPHWDU\ GXVW� $VWURQRP\ 	 $VWURSK\VLFV� ����

2ORIVVRQ� -�� 7KpEDXOW� 3�� .UDO� 4�� HW DO� �����E�� 7KH YHUWLFDO VWUXFWXUH RI GHEULV GLVNV DQG WKH
LPSDFW RI JDV� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��

2UPHO� &�:� 	 .ODKU� +� +� ������� 7KH HIIHFW RI JDV GUDJ RQ WKH JURZWK RI SURWRSODQHWV� $QDO\WLFDO
H[SUHVVLRQV IRU WKH DFFUHWLRQ RI VPDOO ERGLHV LQ ODPLQDU GLVNV� $VWURQRP\ DQG$VWURSK\VLFV� ����

2UPHO� &� :�� 3DV]XQ� '�� 'RPLQLN� &�� 	 7LHOHQV� $� *� *� 0� ������� 'XVW FRDJXODWLRQ DQG
IUDJPHQWDWLRQ LQ PROHFXODU FORXGV� ,� +RZ FROOLVLRQV EHWZHHQ GXVW DJJUHJDWHV DOWHU WKH GXVW VL]H
GLVWULEXWLRQ� $VWURQRP\ 	 $VWURSK\VLFV� ���� ��

2ZHQ� 7� 	 (QFUHQD]� 7� ������� (OHPHQW DEXQGDQFHV DQG LVRWRSH UDWLRV LQ WKH JLDQW SODQHWV DQG
7LWDQ� 6SDFH 6FLHQFH 5HYLHZV�� ���� ��

3DDUGHNRRSHU� 6��-�� 'RQJ� 5�� 'XIIHOO� 3� &�� HW DO� ������� 3ODQHW�GLVN LQWHUDFWLRQV DQG RUELWDO
HYROXWLRQ� 3URWRVWDUV DQG 3ODQHWV 9,,� ����

3DF]\QVNL� %� ������� *UDYLWDWLRQDO PLFUROHQVLQJ E\ WKH JDODFWLF KDOR� 7KH $VWURSK\VLFDO -RXUQDO�
����

3DGJHWW� '� 	 6WDSHOIHOGW� .� �������:DUP GHEULV GLVNV ZLWK :,6( DQG +67� 3URFHHGLQJV RI WKH
,QWHUQDWLRQDO $VWURQRPLFDO 8QLRQ� ��� 6����

3DGRDQ� 3� 	 1RUGOXQG� $� ������� 7KH ´P\VWHULRXVµ RULJLQ RI EURZQ GZDUIV� 7KH $VWURSK\VLFDO
-RXUQDO� ���� ��

3DLUHW� %�� &DQWDOORXEH� )�� 	 -DFTXHV� /� ������� 0$<211$,6(� D PRUSKRORJLFDO FRPSRQHQWV
DQDO\VLV SLSHOLQH IRU FLUFXPVWHOODU GLVFV DQG H[RSODQHWV LPDJLQJ LQ WKH QHDU�LQIUDUHG� 0RQWKO\
1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��
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3DOPD�%LIDQL� 3�� %RUMD� '�� &KDXYLQ� *�� HW DO� ������� 7KH DWPRVSKHUH RI $) /HS E WKURXJK )RU�
0R6$� $VWURQRP\ 	 $VWURSK\VLFV� ���� $����

3DOPD�%LIDQL� 3�� &KDXYLQ� *�� %RQQHIR\� 0�� HW DO� ������� 3HHULQJ LQWR WKH \RXQJ SODQHWDU\
V\VWHP $% 3LF� $WPRVSKHUH� RUELW� REOLTXLW\� DQG VHFRQG SODQHWDU\ FDQGLGDWH� $VWURQRP\ 	 $V�
WURSK\VLFV� ����

3DWDSLV� 3�� 1DVHGNLQ� (�� &XJQR� *�� HW DO� �������'LUHFW HPLVVLRQ VSHFWURVFRS\ RI H[RSODQHWV ZLWK
WKH PHGLXP UHVROXWLRQ LPDJLQJ VSHFWURPHWHU RQ ERDUG -:67 0,5,� ,� 0ROHFXODU PDSSLQJ DQG
VHQVLWLYLW\ WR LQVWUXPHQWDO HIIHFWV� $VWURQRP\ 	 $VWURSK\VLFV� ����

3DWLHQFH� -�� :KLWH� 5� -�� *KH]� $� 0�� HW DO� ������� 6WHOODU FRPSDQLRQV WR VWDUV ZLWK SODQHWV� 7KH
$VWURSK\VLFDO -RXUQDO� ���� ��

3DZHOOHN� 1� 	 .ULYRY� $� 9� ������� 7KH GXVW JUDLQ VL]H²VWHOODU OXPLQRVLW\ WUHQG LQ GHEULV GLVFV�
0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��

3DZHOOHN� 1�� .ULYRY� $� 9�� 0DUVKDOO� -� 3�� 	 0RQWHVLQRV� %� ������� 'LVN UDGLL DQG JUDLQ VL]HV
LQ +HUVFKHO�UHVROYHG GHEULV GLVNV� 7KH $VWURSK\VLFDO -RXUQDO�

3DZHOOHN� 1�� :\DWW� 0�� 0DWUj� /�� .HQQHG\� *�� 	 <HOYHUWRQ� %� ������� $  �� SHU FHQW RF�
FXUUHQFH UDWH RI GHEULV GLVFV DURXQG ) VWDUV LQ WKH %HWD 3LF PRYLQJ JURXS� 0RQWKO\ 1RWLFHV RI
WKH 5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��

3HDUFH� 7� '� ������� LQ (QF\FORSHGLD RI $VWURSK\VLFV� DU;LY� DU;LY����������� >DVWUR�SK@�
3HDUFH� 7� '�� /DXQKDUGW� 5�� 2VWHUPDQQ� 5�� HW DO� ������� 3ODQHW SRSXODWLRQV LQIHUUHG IURP GHEULV
GLVFV� ,QVLJKWV IURP ��� GHEULV V\VWHPV LQ WKH ,63<� /((&+ DQG /,6W(1 SODQHW�KXQWLQJ VXUYH\V�
$VWURQRP\ 	 $VWURSK\VLFV� ����

3HFDXW� 0� -�� 0DPDMHN� (� (�� 	 %XEDU� (� -� ������� $ UHYLVHG DJH IRU 8SSHU 6FRUSLXV DQG WKH
VWDU IRUPDWLRQ KLVWRU\ DPRQJ WKH )�W\SH PHPEHUV RI WKH 6FRUSLXV�&HQWDXUXV 2% $VVRFLDWLRQ� 7KH
$VWURSK\VLFDO -RXUQDO� ���� ��

3HGLFKLQL� )�� 6WDQJDOLQL� 0�� $PEURVLQR� )�� HW DO� ������� +LJK FRQWUDVW LPDJLQJ LQ WKH YLVLEOH�
)LUVW H[SHULPHQWDO UHVXOWV DW WKH /DUJH %LQRFXODU 7HOHVFRSH� 7KH $VWURQRPLFDO -RXUQDO� ���� ��

3HQQ\� 0� 7�� 6FRWW *DXGL� %�� .HULQV� (�� HW DO� ������� 3UHGLFWLRQV RI WKH :),567 PLFUROHQVLQJ
VXUYH\� ,� %RXQG 3ODQHW GHWHFWLRQ UDWHV� 7KH $VWURSK\VLFDO -RXUQDO 6XSSOHPHQW 6HULHV� ���� ��

3HSH� )�� &ULVWLDQL� 6�� 5HEROR� 5�� HW DO� ������� (635(662 DW 9/7� 2Q�VN\ SHUIRUPDQFH DQG ÀUVW
UHVXOWV� $VWURQRP\ 	 $VWURSK\VLFV� ����

3HSH� )�� 0D\RU� 0�� 5XSSUHFKW� *�� HW DO� �������+$536� (62·V FRPLQJ SODQHW VHDUFKHU� &KDVLQJ
H[RSODQHWV ZLWK WKH /D 6LOOD ����P WHOHVFRSH� 7KH 0HVVHQJHU� ����

3HSLQ� 5� 2� �������2Q WKH RULJLQ DQG HDUO\ HYROXWLRQ RI WHUUHVWULDO SODQHW DWPRVSKHUHV DQGPHWHRULWLF
YRODWLOHV� ,FDUXV� ��� ��

3HUULQ� 0� '�� 'XFKHQH� *�� 0LOODU�%ODQFKDHU� 0�� HW DO� ������� 3RODULPHWU\ ZLWK WKH *HPLQL
3ODQHW ,PDJHU� 0HWKRGV� SHUIRUPDQFH DW ÀUVW OLJKW� DQG WKH FLUFXPVWHOODU ULQJ DURXQG +5 ����$�
7KH $VWURSK\VLFDO -RXUQDO� ���� ��

3HUU\PDQ� 0� ������� 7KH KLVWRU\ RI DVWURPHWU\� 7KH (XURSHDQ 3K\VLFDO -RXUQDO +� ��� ��
3HWUXV� 6�� %RQQHIR\� 0�� &KDXYLQ� *�� HW DO� �������0HGLXP�UHVROXWLRQ VSHFWUXP RI WKH H[RSODQHW
+,3 ����� E� $VWURQRP\ 	 $VWURSK\VLFV� ����
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3KLOLSRW� )�� /DJUDQJH� $��0�� 5XELQL� 3�� .LHIHU� )�� 	 &KRPH]� $� ������� 8SGDWHG FKDUDF�
WHUL]DWLRQ RI ORQJ�SHULRG VLQJOH FRPSDQLRQ E\ FRPELQLQJ UDGLDO YHORFLW\� UHODWLYH DVWURPHWU\� DQG
DEVROXWH DVWURPHWU\� $VWURQRP\ 	 $VWURSK\VLFV� ����

3LFKLHUUL� *�� %DW\JLQ� .�� 	0RUELGHOOL� $� ������� 7KH UROH RI GLVVLSDWLYH HYROXWLRQ IRU WKUHH�SODQHW�
QHDU�UHVRQDQW H[WUDVRODU V\VWHPV� $VWURQRP\ 	 $VWURSK\VLFV� ����

3LOEUDWW� *� /�� 5LHGLQJHU� -� 5�� 3DVVYRJHO� 7�� HW DO� ������� +HUVFKHO 6SDFH 2EVHUYDWRU\� $Q (6$
IDFLOLW\ IRU IDU�LQIUDUHG DQG VXEPLOOLPHWUH DVWURQRP\� $VWURQRP\ DQG $VWURSK\VLFV� ����

3LQLOOD� 3�� %HQLVW\� 0�� %RHU� -� '�� HW DO� ������� 9DULDEOH RXWHU GLVN VKDGRZLQJ DURXQG WKH GLSSHU
VWDU 5;-������²����� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

3LQQD� (�� (VSRVLWR� 6�� +LQ]� 3�� HW DO� ������� 628/� WKH 6LQJOH FRQMXJDWHG DGDSWLYH 2SWLFV 8S�
JUDGH IRU /%7� 3URFHHGLQJV RI WKH 63,(�

3LQWH� &�� 3ULFH� '� -�� 0pQDUG� )�� HW DO� ������� .LQHPDWLF HYLGHQFH IRU DQ HPEHGGHG SURWRSODQHW LQ
D FLUFXPVWHOODU GLVN� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

3ROODFN� .� %�� +XELFN\M� 2�� %RGHQKHLPHU� 3�� HW DO� ������� )RUPDWLRQ RI WKH JLDQW SODQHWV E\
FRQFXUUHQW DFFUHWLRQ RI VROLGV DQG JDV� ,FDUXV� ����

3RU� (� +� ������� 3KDVH�DSRGL]HG�SXSLO /\RW &RURQDJUDSKV IRU $UELWUDU\ 7HOHVFRSH 3XSLOV� 7KH $V�
WURSK\VLFDO -RXUQDO� ���� ��

3RWLHU� $�� *DOLFKHU� 5�� %DXGR]� 3�� HW DO� ������� ,QFUHDVLQJ WKH UDZ FRQWUDVW RI 9/7�63+(5(
ZLWK WKH GDUN KROH WHFKQLTXH� ,� 6LPXODWLRQV DQG YDOLGDWLRQ RQ WKH LQWHUQDO VRXUFH� $VWURQRP\ 	
$VWURSK\VLFV� ����

3RWLHU� $�� 0D]R\HU� -�� :DKKDM� =�� HW DO� ������� ,QFUHDVLQJ WKH UDZ FRQWUDVW RI 9/7�63+(5(
ZLWK WKH GDUN KROH WHFKQLTXH� ,,� 2Q�VN\ ZDYHIURQW FRUUHFWLRQ DQG FRKHUHQW GLIIHUHQWLDO LPDJLQJ�
$VWURQRP\ 	 $VWURSK\VLFV� ����

3RXUUp� 1�� /H %RXTXLQ� -��%�� 0LOOL� -�� HW DO� ������� /RZ�ZLQG�HIIHFW LPSDFW RQ 6KDFN�+DUWPDQQ�
EDVHG DGDSWLYH RSWLFV� 3DUWLDO FRQWURO VROXWLRQ LQ WKH FRQWH[W RI 63+(5( DQG *5$9,7<�� $V�
WURQRP\ 	 $VWURSK\VLFV� ����

3RXUUp� 1�� :LQWHUKDOGHU� 7� 2�� %RXTXLQ� -��%� /�� HW DO� ������� +LJK FRQWUDVW DW VKRUW VHSDUDWLRQ
ZLWK 9/7,�*5$9,7<� %ULQJLQJ *DLD FRPSDQLRQV WR OLJKW� DU;LY����������� >DVWUR�SK@�

4XDUOHV� %� 	 .DLE� 1� ������� ,QVWDELOLWLHV LQ WKH HDUO\ 6RODU 6\VWHP GXH WR D VHOI�JUDYLWDWLQJ GLVN�
7KH $VWURQRPLFDO -RXUQDO� ���� ��

4XLUUHQEDFK� $�� 3DVVHJJHU� 9� 0�� 7ULIRQRY� 7�� HW DO� ������� 7KH &$50(1(6 VHDUFK IRU H[R�
SODQHWV DURXQG 0 GZDUIV� 7ZR 6DWXUQ�PDVV SODQHWV RUELWLQJ DFWLYH VWDUV� $VWURQRP\ 	 $VWUR�
SK\VLFV� ����

5DFLQH� 5�� :DONHU� *�� 1DGHDX� '�� 'R\RQ� 5�� 	 0DURLV� &� ������� 6SHFNOH QRLVH DQG WKH GHWHF�
WLRQ RI IDLQW FRPSDQLRQV� 3XEOLFDWLRQV RI WKH $VWURQRPLFDO 6RFLHW\ RI WKH 3DFLÀF� ���� ����

5DHWWLJ� 1�� .ODKU� +�� 	 /\UD� :� ������� 3DUWLFOH WUDSSLQJ DQG VWUHDPLQJ LQVWDELOLW\ LQ YRUWLFHV LQ
SURWRSODQHWDU\ GLVNV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

5DJKDYDQ� '�� 0F$OLVWHU� +� $�� +HQU\� 7� -�� HW DO� �������$ VXUYH\ RI VWHOODU IDPLOLHV� PXOWLSOLFLW\
RI VRODU�W\SH VWDUV� 7KH $VWURSK\VLFDO -RXUQDO 6XSSOHPHQW 6HULHV� ���� ��
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5DPHDX� -�� &KDXYLQ� *�� /DJUDQJH� $��0�� HW DO� �������'LVFRYHU\ RI D SUREDEOH ��� -XSLWHU�PDVV
H[RSODQHW WR +' ����� E\ GLUHFW�LPDJLQJ� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

5DPHDX� -�� 1LHOVHQ� (� /�� 5RVD� 5� -� '�� HW DO� ������� &RQVWUDLQWV RQ WKH DUFKLWHFWXUH RI WKH +'
����� SODQHWDU\ V\VWHPZLWK WKH *HPLQL 3ODQHW ,PDJHU� 7KH $VWURSK\VLFDO -RXUQDO /HWWHUV� ����
��

5DVLR� )� $� 	 )RUG� (� %� ������� '\QDPLFDO LQVWDELOLWLHV DQG WKH IRUPDWLRQ RI H[WUDVRODU SODQHWDU\
V\VWHPV� 6FLHQFH� ���� �����

5D\� 6�� 6DOOXP� 6�� +LQNOH\� 6�� HW DO� ������� 7KH -:67 HDUO\ UHOHDVH VFLHQFH SURJUDP IRU GLUHFW
REVHUYDWLRQV RI H[RSODQHWDU\ V\VWHPV� ,,,� $SHUWXUH 0DVNLQJ ,QWHUIHURPHWULF REVHUYDWLRQV RI WKH
VWDU +,3 ����� DW ��� �P� DU;LY����������� >DVWUR�SK@�

5D\PRQG� 6� 1�� $UPLWDJH� 3� -�� 	 *RUHOLFN� 1� ������� 3ODQHW�SODQHW VFDWWHULQJ LQ SODQHWHVLPDO
GLVNV�� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

5D\PRQG� 6� 1�� %DUQHV� 5�� 	 0DQGHOO� $� 0� ������� 2EVHUYDEOH FRQVHTXHQFHV RI SODQHW IRUPD�
WLRQ PRGHOV LQ V\VWHPV ZLWK FORVH�LQ WHUUHVWULDO SODQHWV� 2EVHUYDEOH FRQVHTXHQFHV RI SODQHW IRUPD�
WLRQ� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��

5D\PRQG� 6� 1� 	 ,]LGRUR� $� ������� 7KH HPSW\ SULPRUGLDO DVWHURLG EHOW� 6FLHQFH $GYDQFHV� ��
��

5HEROOLGR� ,�� (LURD� &�� 0RQWHVLQRV� %�� HW DO� ������� ([RFRPHWV� $ VSHFWURVFRSLF VXUYH\� $VWURQ�
RP\ 	 $VWURSK\VLFV� ����

5HEROOLGR� ,�� 6WDUN� &� &�� .DPPHUHU� -�� HW DO� ������� -:67�767 KLJK FRQWUDVW� $V\PPHWULHV�
GXVW SRSXODWLRQV DQG KLQWV RI D FROOLVLRQ LQ WKH %HWD 3LFWRULV GLVN ZLWK 1,5&DP DQG 0,5,� 7KH
$VWURQRPLFDO -RXUQDO� ���� ��

5HQ� %� %�� 5HEROOLGR� ,�� &KRTXHW�  �� HW DO� ������� 'HEULV GLVN FRORU ZLWK WKH +XEEOH 6SDFH
7HOHVFRSH� $VWURQRP\ 	 $VWURSK\VLFV� ����

5LFH� :� .� 0�� $UPLWDJH� 3� -�� :RRG� .�� 	 /RGDWR� *� ������� 'XVW ÀOWUDWLRQ DW JDS HGJHV�
LPSOLFDWLRQV IRU WKH VSHFWUDO HQHUJ\ GLVWULEXWLRQV RI GLVFV ZLWK HPEHGGHG SODQHWV� 0RQWKO\1RWLFHV
RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��

5LJOLDFR� (�� *UDWWRQ� 5�� .yVSiO� $�� HW DO� ������� 7KH FLUFXPVWHOODU HQYLURQPHQW RI (; /XSL�
63+(5( DQG 6,1)21, YLHZV� $VWURQRP\ 	 $VWURSK\VLFV� ����

5RGGLHU� )� ������� 7KH HIIHFWV RI DWPRVSKHULF WXUEXOHQFH LQ RSWLFDO DVWURQRP\� 3URJHVV LQ 2SWLFV�
���

5RGHW� /�� %HXVW� +�� %RQQHIR\�0�� HW DO� �������2ULJLQ RI WKH ZLGH�RUELW FLUFXPELQDU\ JLDQW SODQHW
+' ������� $ G\QDPLFDO VFHQDULR DQG LWV LPSDFW RQ WKH GLVN� $VWURQRP\ 	 $VWURSK\VLFV� ����

5RPHUR� &�� 0LOOL� -�� /DJUDQJH� $��0�� HW DO� ������� 7KH +' ������ SODQHWDU\ V\VWHP VHHQ ZLWK
9/7�63+(5(� 8SSHU OLPLW RQ WKH GXVW DOEHGR DQG FRQVWUDLQWV RQ DGGLWLRQDO FRPSDQLRQV� $VWURQ�
RP\ 	 $VWURSK\VLFV� ����

5RVHQWKDO� /� -�� .QXWVRQ� +� $�� &KDFKDQ� <�� HW DO� ������� 7KH &DOLIRUQLD OHJDF\ VXUYH\� ,,,�
2Q WKH VKRXOGHUV RI �VRPH� JLDQWV� 7KH UHODWLRQVKLS EHWZHHQ LQQHU VPDOO SODQHWV DQG RXWHU PDVVLYH
SODQHWV� 7KH $VWURSK\VLFDO -RXUQDO 6XSSOHPHQW 6HULHV� ���� ��

5RXDQ� '� 	 /DJUDQJH� $��0� ������� 'HWHFWLRQ RI H[RSODQHWV� H[SORLWLQJ HDFK SURSHUW\ RI OLJKW�
&RPSWHV 5HQGXV� 3K\VLTXH� ��� 6��
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5RXVVHW� *�� %HX]LW� -��/�� +XELQ� 1�� HW DO� ������� 3HUIRUPDQFH DQG UHVXOWV RI WKH &20(�21�
DGDSWLYH RSWLFV V\VWHP DW WKH (62 ����P WHOHVFRSH� 3URFHHGLQJV RI WKH 63,(� �����

5RXVVHW� *�� )RQWDQHOOD� -� &�� .HUQ� 3�� *LJDQ� 3�� 	 5LJDXW� )� ������� )LUVW GLIIUDFWLRQ�OLPLWHG
DVWURQRPLFDO LPDJHV ZLWK DGDSWLYH RSWLFV� $VWURQRP\ DQG $VWURSK\VLFV� ���� ��

5RXVVHW� *�� /DFRPEH� )�� 3XJHW� 3�� HW DO� ������� 1$26� WKH ÀUVW $2 V\VWHP RI WKH 9/7� 2Q�VN\
SHUIRUPDQFH� 3URFHHGLQJV RI WKH 63,(� �����

5XDQH� *�� 5LJJV� $�� 0D]R\HU� -�� HW DO� ������� 5HYLHZ RI KLJK�FRQWUDVW LPDJLQJ V\VWHPV IRU
FXUUHQW DQG IXWXUH JURXQG� DQG VSDFH�EDVHG WHOHVFRSHV ,� &RURQDJUDSK GHVLJQ PHWKRGV DQG RSWL�
FDO SHUIRUPDQFH PHWULFV� 6SDFH 7HOHVFRSHV DQG ,QVWUXPHQWDWLRQ ����� 2SWLFDO� ,QIUDUHG� DQG
0LOOLPHWHU :DYH�

6DQWRV� 1� &�� $GLEHN\DQ� 9�� 'RUQ� &�� HW DO� ������� &RQVWUDLQLQJ SODQHW VWUXFWXUH DQG FRPSRVL�
WLRQ IURP VWHOODU FKHPLVWU\� WUHQGV LQ GLIIHUHQW VWHOODU SRSXODWLRQV� $VWURQRP\ 	 $VWURSK\VLFV�
����

6DQWRV� 1� &�� ,VUDHOLDQ� *�� 	 0D\RU� 0� ������� 6SHFWURVFRSLF >)H�+@ IRU �� H[WUD�VRODU SODQHW�
KRVW VWDUV� ([SORULQJ WKH SUREDELOLW\ RI SODQHW IRUPDWLRQ� $VWURQRP\ 	 $VWURSK\VLFV� ���� ��

6DWR� %�� 2PL\D� 0�� +DUDNDZD� +�� HW DO� ������� 6XEVWHOODU FRPSDQLRQV WR VHYHQ HYROYHG
LQWHUPHGLDWH�PDVV VWDUV� 3XEOLFDWLRQV RI WKH $VWURQRPLFDO 6RFLHW\ RI -DSDQ� ��� ��

6FKODXIPDQ� .� &� ������� 7HVWV RI LQ VLWX IRUPDWLRQ VFHQDULRV IRU FRPSDFW PXOWLSODQHW V\VWHPV� 7KH
$VWURSK\VLFDO -RXUQDO� ���� ��

6FKODXIPDQ� .� &� ������� (YLGHQFH RI DQ XSSHU ERXQG RQ WKH PDVVHV RI SODQHWV DQG LWV LPSOLFDWLRQV
IRU JLDQW SODQHW IRUPDWLRQ� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

6FKOHFNHU�0�� %XUQ� 5�� 6DERWWD� 6�� HW DO� �������59�GHWHFWHG SODQHWV DURXQG0GZDUIV� &KDOOHQJHV
IRU FRUH DFFUHWLRQ PRGHOV� $VWURQRP\ 	 $VWURSK\VLFV� ����

6FKOHFNHU� 0�� 0RUGDVLQL� &�� (PVHQKXEHU� $�� HW DO� ������� 7KH 1HZ *HQHUDWLRQ 3ODQHWDU\
3RSXODWLRQ 6\QWKHVLV �1*336�� ,,,� :DUP VXSHU�(DUWKV DQG FROG -XSLWHUV� D ZHDN RFFXUUHQFH FRU�
UHODWLRQ� EXW ZLWK D VWURQJ DUFKLWHFWXUH�FRPSRVLWLRQ OLQN� $VWURQRP\ 	 $VWURSK\VLFV� ����

6FKOLFKWLQJ� +� (� ������� )RUPDWLRQ RI FORVH LQ VXSHU�(DUWKV DQG PLQL�1HSWXQHV� 5HTXLUHG GLVN
PDVVHV DQG WKHLU LPSOLFDWLRQV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

6FKPLG� +� 0�� %D]]RQ� $�� 5RHOIVHPD� 5�� HW DO� ������� 63+(5(�=,032/ KLJK UHVROXWLRQ SR�
ODULPHWULF LPDJHU� ,� 6\VWHP RYHUYLHZ� 36) SDUDPHWHUV� FRURQDJUDSK\� DQG SRODULPHWU\� $VWURQ�
RP\ 	 $VWURSK\VLFV� ����

6FKQHLGHU� *�� *UDG\� &� $�� +LQHV� '� &�� HW DO� ������� 3URELQJ IRU H[RSODQHWV KLGLQJ LQ GXVW\
GHEULV GLVNV� 'LVN LPDJLQJ� FKDUDFWHUL]DWLRQ� DQG H[SORUDWLRQ ZLWK +67�67,6 PXOWL�UROO FRURQDJ�
UDSK\� 7KH $VWURQRPLFDO -RXUQDO� ���� ��

6FKQHLGHU� *�� *UDG\� &� $�� 6WDUN� &� &�� HW DO� ������� 'HHS +67�67,6 YLVLEOH�OLJKW LPDJLQJ RI
GHEULV V\VWHPV DURXQG VRODU DQDORJ KRVWV� 7KH $VWURQRPLFDO -RXUQDO� ���� ��

6FKRRQHQEHUJ� '�� 2UPHO� &� :�� 	 .ULMW� 6� ������� $ /DJUDQJLDQ PRGHO IRU GXVW HYROXWLRQ LQ SUR�
WRSODQHWDU\ GLVNV� IRUPDWLRQ RI ZHW DQG GU\ SODQHWHVLPDOV DW GLIIHUHQW VWHOODU PDVVHV� $VWURQRP\
	 $VWURSK\VLFV� ����
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6FKUlSOHU� 5�� %OXP� -�� .ULMW� 6�� 	 5DDEH� -��+� ������� 7KH SK\VLFV RI SURWRSODQHWDU\ GXVW DJJORP�
HUDWHV� ;� +LJK�YHORFLW\ FROOLVLRQV EHWZHHQ VPDOO DQG ODUJH GXVW DJJORPHUDWHV DV D JURZWK EDUULHU�
7KH $VWURSK\VLFDO -RXUQDO� ���� ��

6FKZDU]� .� 5�� %HUJLQ� (� $�� &OHHYHV� /� ,�� HW DO� ������� 8QORFNLQJ &2 GHSOHWLRQ LQ SURWRSODQ�
HWDU\ GLVNV� ,,� 3ULPRUGLDO &�+ SUHGLFWLRQV LQVLGH WKH &2 VQRZOLQH� 7KH $VWURSK\VLFDO -RXUQDO�
���� ��

6HÀOLDQ� $� $� ������� 6HFXODU G\QDPLFV RI VHOI�JUDYLWDWLQJ GHEULV GLVFV� 8QLYHUVLW\ RI &DPEULGJH�
8.�

6LPRQ� -� %�� $UPLWDJH� 3� -�� /L� 5�� 	 <RXGLQ� $� 1� ������� 7KH PDVV DQG VL]H GLVWULEXWLRQ RI
SODQHWHVLPDOV IRUPHG E\ WKH VWUHDPLQJ LQVWDELOLW\� ,� 7KH UROH RI VHOI�JUDYLW\� 7KH $VWURSK\VLFDO
-RXUQDO� ���� ��

6LPRQ� -� %�� %OXP� -�� %LUQVWLHO� 7�� 	 1HVYRUQì� '� ������� &RPHWV DQG SODQHWHVLPDO IRUPDWLRQ�
DU;LY����������� >DVWUR�SK@�

6NUXWVNLH� 0� )�� -RQHV� 7�� +LQ]� 3�� HW DO� ������� 7KH /DUJH %LQRFXODU 7HOHVFRSH PLG�LQIUDUHG
FDPHUD �/0,5FDP�� ÀQDO GHVLJQ DQG VWDWXV� 3URFHHGLQJV RI WKH 63,(� �����

6PLWK� %� $� 	 7HUULOH� 5� -� ������� $ FLUFXPVWHOODU GLVN DURXQG %HWD 3LFWRULV� 6FLHQFH� ���� �����
6PLWK� 5�� :\DWW� 0� &�� 	 +DQLII� &� $� ������� 5HVROYLQJ WKH KRW GXVW DURXQG +' ����� DQG HWD
&RUYL ZLWK 0,', DQG 9,6,5� $VWURQRP\ 	 $VWURSK\VLFV� ���� ��

6RXPPHU� 5�� $LPH� &�� 	 )DOORRQ� 3� (� ������� 6WHOODU FRURQDJUDSK\ZLWK SURODWH DSRGL]HG FLUFXODU
DSHUWXUHV� $VWURQRP\ 	 $VWURSK\VLFV� ���� ��

6RXPPHU� 5�� 3XH\R� /�� 	 /DUNLQ� -� �������'HWHFWLRQ DQG FKDUDFWHUL]DWLRQ RI H[RSODQHWV DQG GLVNV
XVLQJ SURMHFWLRQV RQ .DUKXQHQ�/RqYH HLJHQLPDJHV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

6SDUNV� :� %� 	 )RUG� +� &� ������� ,PDJLQJ VSHFWURVFRS\ IRU H[WUDVRODU SODQHW GHWHFWLRQ� 7KH
$VWURSK\VLFDO -RXUQDO� ���� ��

6SHUJHO� '�� *HKUHOV� 1�� %UHFNLQULGJH� -�� HW DO� ������� :),567����� :KDW HYHU\ DVWURQRPHU
VKRXOG NQRZ� DU;LY H�SULQWV�

6WDVHYLF� 6�� 0LOOL� -�� 0D]R\HU� -�� HW DO� ������� $Q LQQHU ZDUS GLVFRYHUHG LQ WKH GLVN DURXQG +'
������ XVLQJ 9/7�63+(5( DQG +67�67,6� $VWURQRP\ 	 $VWURSK\VLFV� ����

6WHLQSLO]� 7�� 7HLVHU� -�� 	:XUP� *� ������� 6WLFNLQJ SURSHUWLHV RI VLOLFDWHV LQ SODQHWHVLPDO IRUPDWLRQ
UHYLVLWHG� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

6WRONHU� 7�� 6LWNR� 0�� /D]DUHII� %�� HW DO� �������9DULDEOH G\QDPLFV LQ WKH LQQHU GLVN RI +' ������%
UHYHDOHG ZLWK PXOWL�HSRFK VFDWWHUHG OLJKW LPDJLQJ� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

6X� .� <� /�� 0DF*UHJRU� 0� $�� %RRWK� 0�� HW DO� ������� $/0$ ��� PP PDS RI WKH +' �����
V\VWHP� 7KH $VWURQRPLFDO -RXUQDO� ���� ��

6X� .� <� /�� 0RUULVRQ� 6�� 0DOKRWUD� 5�� HW DO� ������� 'HEULV GLVWULEXWLRQ LQ +' ������ $ \RXQJ
DQDORJ RI +5 ����� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

6X� .� <� /�� 5LHNH� *� +�� 6WDSHOIHOGW� .� 5�� HW DO� ������� 7KH GHEULV GLVN DURXQG +5 ����� 7KH
$VWURSK\VLFDO -RXUQDO� ���� ��

6ZDVWLN� &�� %DQ\DO� 5� .�� 1DUDQJ� 0�� HW DO� ������� +RVW VWDU PHWDOOLFLW\ RI GLUHFWO\ LPDJHG
ZLGH�RUELW SODQHWV� ,PSOLFDWLRQV IRU SODQHW IRUPDWLRQ� 7KH $VWURQRPLFDO -RXUQDO� ���� ��
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6ZLIW� -� -�� -RKQVRQ� -� $�� 0RUWRQ� 7� '�� HW DO� ������� &KDUDFWHUL]LQJ WKH FRRO .2,V� ,9� .HSOHU���
DV D SURWRW\SH IRU WKH IRUPDWLRQ RI FRPSDFW SODQHWDU\ V\VWHPV WKURXJKRXW WKH JDOD[\� 7KH $VWUR�
SK\VLFDO -RXUQDO� ���� ��

7DPXUD� 0�� )XNDJDZD� 0�� .LPXUD� +�� HW DO� ������� )LUVW WZR�PLFURQ LPDJLQJ SRODULPHWU\ RI
%HWD 3LFWRULV� $VWURQRP\ DQG $VWURSK\VLFV� ���� ��

7DQDND� +�� 7DNHXFKL� 7�� 	 :DUG� :� 5� ������� 7KUHH�GLPHQVLRQDO LQWHUDFWLRQ EHWZHHQ D SODQHW
DQG DQ LVRWKHUPDO JDVHRXV GLVN� ,� &RURWDWLRQ DQG /LQGEODG WRUTXHV DQG SODQHW PLJUDWLRQ� 7KH
$VWURSK\VLFDO -RXUQDO� ���� ��

7DWVXXPD� 0� 	 .DWDRND� $� ������� 5RWDWLRQDO GLVUXSWLRQ RI SRURXV GXVW DJJUHJDWHV GXH WR JDV
ÁRZ LQ SURWRSODQHWDU\ GLVNV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

7HQJ� +��<�� 6DWR� %�� .X]XKDUD� 0�� HW DO� ������� 5HYLVLWLQJ SODQHWDU\ V\VWHPV LQ 2ND\DPD
SODQHW VHDUFK SURJUDP� $ QHZ ORQJ�SHULRG SODQHW� 59 DVWURPHWU\ MRLQW DQDO\VLV� DQG PXOWLSOLFLW\�
PHWDOOLFLW\ WUHQG DURXQG HYROYHG VWDUV� ��� ��

7HUTXHP� &� 	 3DSDORL]RX� -� &� %� ������� 0LJUDWLRQ DQG WKH IRUPDWLRQ RI V\VWHPV RI KRW VX�
SHU�(DUWKV DQG 1HSWXQHV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

7RELQ� 7� /�� &XUULH� 7�� /L� <�� HW DO� ������� 'LUHFW LPDJLQJ GLVFRYHU\ RI D VXEVWHOODU FRPSDQLRQ
RUELWLQJ WKH DFFHOHUDWLQJ YDULDEOH VWDU� +,3 ������ DU;LY����������� >DVWUR�SK@�

7UHPDLQH� 6� ������� 2Q WKH RULJLQ RI WKH REOLTXLWLHV RI WKH RXWHU SODQHWV� ,FDUXV� ��� ��
7VFKXGL� &�� 6FKPLG� +� 0�� 1RZDN� 0� HW DO� ������� 63+(5( 5HI3ODQHWV� 6HDUFK IRU պ (ULGDQL
E DQG ZDUP GXVW� $VWURQRP\ 	 $VWURSK\VLFV� ���� $���

7VLJDQLV� .�� *RPHV� 5�� 0RUELGHOOL� $�� 	 /HYLVRQ� +� )� �������2ULJLQ RI WKH RUELWDO DUFKLWHFWXUH
RI WKH JLDQW SODQHWV RI WKH 6RODU 6\VWHP� 1DWXUH� ���� �����

8GDOVNL� $�� 6]\PDĸVNL� 0� .�� 	 6]\PDĸVNL� *� ������� 2*/(�,9� )RXUWK 3KDVH RI WKH 2SWLFDO
*UDYLWDWLRQDO /HQVLQJ ([SHULPHQW� $FWD $VWURQRPLFD� ��� ��

8QGHUZRRG� '�� -RQHV� %�� 	 6OHHS� 3� ������� 7KH HYROXWLRQ RI KDELWDEOH ]RQHV GXULQJ VWHOODU
OLIHWLPHV DQG LWV LPSOLFDWLRQV RQ WKH VHDUFK IRU H[WUDWHUUHVWULDO OLIH� ,QWHUQDWLRQDO -RXUQDO RI $V�
WURELRORJ\� �� ��

9DOHQWL� -� $� 	 )LVFKHU� '� $� ������� 6SHFWURVFRSLF 3URSHUWLHV RI &RRO 6WDUV �632&6�� ,� ���� )�
*� DQG . 'ZDUIV IURP .HFN� /LFN� DQG $$7 3ODQHW 6HDUFK 3URJUDPV� 7KH $VWURSK\VLFDO -RXUQDO
6XSSOHPHQW 6HULHV� ���� ��

YDQ +ROVWHLQ� 5�� 6WRONHU� 7�� -HQVHQ�&OHP� 5�� HW DO� ������� $ VXUYH\ RI WKH OLQHDU SRODUL]DWLRQ RI
GLUHFWO\ LPDJHG H[RSODQHWV DQG EURZQ GZDUI FRPSDQLRQV ZLWK 63+(5(�,5',6� )LUVW SRODULPHWULF
GHWHFWLRQV UHYHDOLQJ GLVNV DURXQG '+ 7DX % DQG *6& �������� %� $VWURQRP\ 	 $VWURSK\VLFV�
����

9DQ +ROVWHLQ� 5� *�� *LUDUG� -� +�� 'H %RHU� -�� HW DO� ������� 3RODULPHWULF LPDJLQJ PRGH RI
9/7�63+(5(�,5',6� ,,� &KDUDFWHUL]DWLRQ DQG FRUUHFWLRQ RI LQVWUXPHQWDO SRODUL]DWLRQ HIIHFWV� $V�
WURQRP\ 	 $VWURSK\VLFV� ����

YDQ /HHXZHQ� )� ������� � ��������������������������
9LJDQ� $�� )RQWDQLYH� &�� 0H\HU� 0�� HW DO� ������� 7KH 63+(5( LQIUDUHG VXUYH\ IRU H[RSODQHWV
�6+,1(�� ,,,� 7KH GHPRJUDSKLFV RI \RXQJ JLDQW H[RSODQHWV EHORZ ��� DX ZLWK 63+(5(� $VWURQ�
RP\ 	 $VWURSK\VLFV� ����
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9LJDQ� $�� 1·'LD\H� 0�� 'RKOHQ� .�� HW DO� ������� &DOLEUDWLRQ RI TXDVL�VWDWLF DEHUUDWLRQV LQ H[�
RSODQHW GLUHFW�LPDJLQJ LQVWUXPHQWV ZLWK D =HUQLNH SKDVH�PDVN VHQVRU� ,,,� 2Q�VN\ YDOLGDWLRQ LQ
9/7�63+(5(� $VWURQRP\ 	 $VWURSK\VLFV� ����

9RJW� 6� 6�� $OOHQ� 6� /�� %LJHORZ� %� &�� HW DO� �������+,5(6� 7KH KLJK�UHVROXWLRQ HFKHOOH VSHFWURP�
HWHU RQ WKH .HFN ���P WHOHVFRSH� 3URFHHGLQJV RI WKH 63,(� �����

YRQ %UDXQ� .�� %R\DMLDQ� 7� 6�� .DQH� 6� 5�� HW DO� ������� $VWURSK\VLFDO SDUDPHWHUV DQG KDELWDEOH
]RQH RI WKH H[RSODQHW KRVWLQJ VWDU *- ���� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

:DKKDM� =�� 0LOOL� -�� 5RPHUR� &�� HW DO� ������� $ VHDUFK IRU D ÀIWK SODQHW DURXQG +5 ���� XVLQJ
WKH VWDU�KRSSLQJ 5', WHFKQLTXH DW 9/7�63+(5(� $VWURQRP\ 	 $VWURSK\VLFV� ����

:DOVK� .� -� 	 /HYLVRQ� +� )� ������� 7HUUHVWULDO SODQHW IRUPDWLRQ IURP DQ DQQXOXV� 7KH $VWUR�
QRPLFDO -RXUQDO� ���� ��

:DOVK� .� -�� 0RUELGHOOL� $�� 5D\PRQG� 6� 1�� 2·%ULHQ� '� 3�� 	 0DQGHOO� $� 0� ������� $ ORZ
PDVV IRU 0DUV IURP -XSLWHU·V HDUO\ JDV�GULYHQ PLJUDWLRQ� 1DWXUH� ���� �����

:DQJ� -�� ;LH� -��:�� %DUFOD\� 7�� 	 )LVFKHU� '� $� ������� ,QÁXHQFH RI VWHOODU PXOWLSOLFLW\ RQ SODQHW
IRUPDWLRQ� ,� (YLGHQFH RI VXSSUHVVHG SODQHW IRUPDWLRQ GXH WR FRPSDQLRQV ZLWKLQ �� DX DQG YDOLGD�
WLRQ RI IRXU SODQHWV IURP WKH .HSOHU PXOWLSOH SODQHW FDQGLGDWHV� 7KH $VWURSK\VLFDO -RXUQDO� ����
��

:DQJ� -� -�� 9LJDQ� $�� /DFRXU� 6�� HW DO� ������� &RQVWUDLQLQJ WKH QDWXUH RI WKH 3'6 �� SURWRSODQHWV
ZLWK 9/7,�*5$9,7<� 7KH $VWURQRPLFDO -RXUQDO� ���� ��

:DUG� :� 5� ������� 6RODU QHEXOD GLVSHUVDO DQG WKH VWDELOLW\ RI WKH SODQHWDU\ V\VWHP� ,� 6FDQQLQJ
VHFXODU UHVRQDQFH WKHRU\� ,FDUXV� ��� ��

:DUG� :� 5�� &RORPER� *�� 	 )UDQNOLQ� )� $� ������� 6HFXODU UHVRQDQFH� VRODU VSLQ GRZQ� DQG WKH
RUELW RI 0HUFXU\� ,FDUXV� ��� ��

:DUG� :� 5� 	 +DKQ� -� 0� ������� '\QDPLFV RI WKH WUDQV�1HSWXQH UHJLRQ� $SVLGDO ZDYHV LQ WKH
.XLSHU EHOW� 7KH $VWURQRPLFDO -RXUQDO� ���� ��

:HLGHQVFKLOOLQJ� 6� -� ������� $HURG\QDPLFV RI VROLG ERGLHV LQ WKH VRODU QHEXOD� 0RQWKO\ 1RWLFHV
RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��

:HLVV� /� 0�� 0DUF\� *� :�� 3HWLJXUD� (� $�� HW DO� ������� 7KH &DOLIRUQLD�.HSOHU 6XUYH\� 9� 3HDV
LQ D SRG� 3ODQHWV LQ D .HSOHU PXOWL�SODQHW V\VWHP DUH VLPLODU LQ VL]H DQG UHJXODUO\ VSDFHG� 7KH
$VWURQRPLFDO -RXUQDO� ���� ��

:HLVV� /� 0�� 0LOOKROODQG� 6� &�� 3HWLJXUD� (� $�� HW DO� ������� $UFKLWHFWXUHV RI FRPSDFW PXOWL�
SODQHW V\VWHPV� GLYHUVLW\ DQG XQLIRUPLW\� 3URWRVWDUV DQG 3ODQHWV 9,,� ���

:HLVV� /� 0� 	 3HWLJXUD� (� $� ������� 7KH .HSOHU SHDV LQ D SRG SDWWHUQ LV DVWURSK\VLFDO� 7KH
$VWURSK\VLFDO -RXUQDO� ���� ��

:HOVK� :� )�� 2URV]� -� $�� &DUWHU� -� $�� HW DO� ������� 7UDQVLWLQJ FLUFXPELQDU\ SODQHWV .HSOHU��� E
DQG .HSOHU��� E� 1DWXUH� ���� �����

:HUQHU� 0� :�� 5RHOOLJ� 7� /�� /RZ� )� -�� HW DO� ������� 7KH 6SLW]HU VSDFH WHOHVFRSH PLVVLRQ� $VWUR�
SK\VLFDO -RXUQDO 6XSSOHPHQW 6HULHV� ���� ��

:LOGL� )�� %OLQG� 1�� 5HVKHWRY� 9�� HW DO� ������� 1,536� DQ DGDSWLYH�RSWLFV DVVLVWHG UDGLDO YHORFLW\
VSHFWURJUDSK WR FKDVH H[RSODQHWV DURXQG 0�VWDUV� 3URFHHGLQJV RI WKH 63,(� ������
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:LQGPDUN� )�� %LUQVWLHO� 7�� *�WWOHU� &�� HW DO� �����D�� 3ODQHWHVLPDO IRUPDWLRQ E\ VZHHS�XS� +RZ
WKH ERXQFLQJ EDUULHU FDQ EH EHQHÀFLDO WR JURZWK� $VWURQRP\ 	 $VWURSK\VLFV� ����

:LQGPDUN� )�� %LUQVWLHO� 7�� 2UPHO� &� :�� 	 'XOOHPRQG� &� 3� �����E�� %UHDNLQJ WKURXJK� 7KH
HIIHFWV RI D YHORFLW\ GLVWULEXWLRQ RQ EDUULHUV WR GXVW JURZWK� $VWURQRP\ 	 $VWURSK\VLFV� ����

:LQQ� -� 1�� 6DQFKLV�2MHGD� 5�� 	 5DSSDSRUW� 6� ������� .HSOHU��� DQG WKH XOWUD�VKRUW�SHULRG
SODQHWV� 1HZ $VWURQRP\ 5HYLHZV� ���

:LWWHQP\HU� 5� $�� %XWOHU� 5� 3�� 7LQQH\� &� *�� HW DO� ������� 7KH $QJOR�$XVWUDOLDQ SODQHW VHDUFK�
;;,9� 7KH IUHTXHQF\ RI -XSLWHU DQDORJV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��

:LWWHQP\HU� 5� $�� :DQJ� 6�� +RUQHU� -�� HW DO� ������� &RRO -XSLWHUV JUHDWO\ RXWQXPEHU WKHLU WRDVW\
VLEOLQJV� RFFXUUHQFH UDWHV IURP WKH $QJOR�$XVWUDOLDQ 3ODQHW 6HDUFK� 0RQWKO\ 1RWLFHV RI WKH
5R\DO $VWURQRPLFDO 6RFLHW\� ���� ��

:ROV]F]DQ� $� 	 )UDLO� '� $� ������� $ SODQHWDU\ V\VWHP DURXQG WKH PLOOLVHFRQG SXOVDU
365�������� 1DWXUH� ���� �����

:ULJKW� (� /�� (LVHQKDUGW� 3� 5� 0�� 0DLQ]HU� $� .�� HW DO� ������� 7KH :LGH�ÀHOG ,QIUDUHG 6XU�
YH\ ([SORUHU �:,6(�� 0LVVLRQ GHVFULSWLRQ DQG LQLWLDO RQ�RUELW SHUIRUPDQFH� 7KH $VWURQRPLFDO
-RXUQDO� ���� ��

:X� <�� :RUWKHQ� .�� %UDQGHNHU� $�� 	 &KHQ� &� ������� $UJRQ LQ %HWD 3LFWRULV� (QWUDSPHQW DQG
UHOHDVH RI YRODWLOH LQ GLVNV� DU;LY����������� >DVWUR�SK@�

:\DWW� 0� &� ������� 7KH LQVLJQLÀFDQFH RI 3�5 GUDJ LQ GHWHFWDEOH H[WUDVRODU SODQHWHVLPDO EHOWV� $V�
WURQRP\ 	 $VWURSK\VLFV� ���� ��

:\DWW� 0� &� ������� (YROXWLRQ RI GHEULV GLVNV� $QQXDO 5HYLHZ RI $VWURQRP\ DQG$VWURSK\VLFV�
��� ��

;LH� &�� &KRTXHW� (�� 9LJDQ� $�� HW DO� ������� 5HIHUHQFH�VWDU GLIIHUHQWLDO LPDJLQJ RQ
63+(5(�,5',6� $VWURQRP\ 	 $VWURSK\VLFV� ����

<RXGLQ� $� 1� 	 *RRGPDQ� -� ������� 6WUHDPLQJ LQVWDELOLWLHV LQ SURWRSODQHWDU\ GLVNV� 7KH $VWUR�
SK\VLFDO -RXUQDO� ���� ��

<RXGLQ� $� 1� 	 6KX� )� +� ������� 3ODQHWHVLPDO IRUPDWLRQ E\ JUDYLWDWLRQDO LQVWDELOLW\� 7KH $VWUR�
SK\VLFDO -RXUQDO� ���� ��

=DNDPVND� 1� /� 	 7UHPDLQH� 6� ������� ([FLWDWLRQ DQG SURSDJDWLRQ RI HFFHQWULFLW\ GLVWXUEDQFHV LQ
SODQHWDU\ V\VWHPV� 7KH $VWURQRPLFDO -RXUQDO� ���� ��

=DSDWD� /� $�� +R� 3� 7� 3�� 	 5RGUtJXH]� /� )� �������$ VXEPLOOLPHWHU EDFNJURXQG JDOD[\ SURMHFWHG
RQ WKH GHEULV GLVN RI +'����� UHYHDOHG E\ $/0$� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO
6RFLHW\� ���� ��

=KX� :� ������� 2Q WKH SDWWHUQV REVHUYHG LQ .HSOHU PXOWL�SODQHW V\VWHPV� 7KH $VWURQRPLFDO -RXU�
QDO� ���� ��

=KX� :� ������� 7KH PHWDOOLFLW\ GLPHQVLRQ RI WKH VXSHU (DUWK�FROG -XSLWHU FRUUHODWLRQ� 5HVHDUFK LQ
$VWURQRP\ DQG $VWURSK\VLFV� 9ROXPH ��� ,VVXH �� LG�������� � SS�� ��� ��

=KX�:�� 3HWURYLFK� &��:X� <�� 'RQJ� 6�� 	;LH� -� �������$ERXW ��� RI 6XQ�OLNH VWDUV KDYH .HSOHU�
OLNH SODQHWDU\ V\VWHPV� $ VWXG\ RI WKHLU LQWULQVLF DUFKLWHFWXUH� 7KH $VWURSK\VLFDO -RXUQDO� ����
��
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=KX� :� 	:X� <� ������� 7KH VXSHU (DUWK²FROG -XSLWHU UHODWLRQV� 7KH $VWURQRPLFDO -RXUQDO� ����
��

=VRP� $�� 2UPHO� &� :�� 'XOOHPRQG� &� 3�� 	 +HQQLQJ� 7� ������� 7KH RXWFRPH RI SURWRSODQHWDU\
GXVW JURZWK� SHEEOHV� ERXOGHUV� RU SODQHWHVLPDOV"� ,,,� 6HGLPHQWDWLRQ GULYHQ FRDJXODWLRQ LQVLGH WKH
VQRZOLQH� $VWURQRP\ 	 $VWURSK\VLFV� ����

=VRP� $�� 2UPHO� &� :�� *�WWOHU� &�� %OXP� -�� 	 'XOOHPRQG� &� 3� ������� 7KH RXWFRPH RI SURWR�
SODQHWDU\ GXVW JURZWK� SHEEOHV� ERXOGHUV� RU SODQHWHVLPDOV"� ,,� ,QWURGXFLQJ WKH ERXQFLQJ EDUULHU�
$VWURQRP\ 	 $VWURSK\VLFV� ����

gEHUJ� .� ,�� 0XUUD\�&OD\� 5�� 	 %HUJLQ� (� $� ������� 7KH HIIHFWV RI VQRZOLQHV RQ &�2 LQ SODQHWDU\
DWPRVSKHUHV� 7KH $VWURSK\VLFDO -RXUQDO� ���� ��
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, OLVW EHORZ P\ ÀUVW DQG FR�DXWKRU SXEOLFDWLRQV� DQG WKH SURFHHGLQJV� UHODWHG WR WKH ÀHOG
RI KLJK�FRQWUDVW LPDJLQJ RI H[RSODQHWV DQG GLVNV� , KDYH WZR ÀUVW�DXWKRU� SHHU�UHYLHZHG
SXEOLFDWLRQV� , ÀUVW VXEPLWWHG WKH SDSHU RQ WKH GHEULV GLVN +'������ LQ 2FWREHU ���� LQ
$VWURQRP\ 	 $VWURSK\VLFV� , UHFHLYHG WKH SRVLWLYH UHSRUW IURP WKH UHIHUHH LQ 'HFHPEHU� ,
ZLOO VXEPLW WKH SDSHU DJDLQ LQ -DQXDU\� DIWHU KDYLQJ LPSOHPHQWHG WKH FRPPHQWV�

� 'HVJUDQJH� &�� 0LOOL� -�� &KDXYLQ� *�� HW DO� ����� VXEP���'XVW SRSXODWLRQV IURP �� WR ����
DX LQ WKH GHEULV GLVN +' ������� $VWURQRP\ 	 $VWURSK\VLFV

� 'HVJUDQJH� &�� 0LOOL� -�� &KDXYLQ� *�� HW DO� ������� 3ODQHWDU\ V\VWHP DUFKLWHFWXUHV ZLWK ORZ�
PDVV LQQHU SODQHWV� 'LUHFW LPDJLQJ H[SORUDWLRQ RI PDWXUH V\VWHPV EH\RQG � DX� $VWURQRP\ 	
$VWURSK\VLFV� ���

� 'HVJUDQJH� &�� &KDXYLQ� *�� &KULVWLDHQV� 9�� HW DO� �����D�� ,Q�GHSWK GLUHFW LPDJLQJ DQG
VSHFWURVFRSLF FKDUDFWHUL]DWLRQ RI WKH \RXQJ 6RODU 6\VWHP DQDORJ +' ������ $VWURQRP\ 	
$VWURSK\VLFV� ���

� 3DOPD�%LIDQL� 3�� %RUMD� '�� &KDXYLQ� *�� HW DO� ������� 7KH DWPRVSKHUH RI $) /HS E WKURXJK
)RU0R6$� $VWURQRP\ 	 $VWURSK\VLFV� ���� $���

� 0LOOL� -�� &KRTXHW� (�� 7D]DNL� 5�� HW DO� ������� 7KH SRODULVDWLRQ SURSHUWLHV RI WKH +' ������
GHEULV ULQJ� (YLGHQFH IRU VXE�PLFURQ SDUWLFOHV IURP VFDWWHUHG OLJKW REVHUYDWLRQV� $VWURQRP\
	 $VWURSK\VLFV� ���

� 0DWWKHZV� (� &�� %RQQHIR\� 0�� ;LH� &�� HW DO� ������� 7KH ÀUVW VFDWWHUHG OLJKW LPDJHV RI +'
������� D IDLQW GHEULV GLVN LQ WKH 6FR�&HQ DVVRFLDWLRQ� $VWURQRP\ 	 $VWURSK\VLFV� ���

� 6WDVHYLF� 6�� 0LOOL� -�� 0D]R\HU� -�� HW DO� ������� $Q LQQHU ZDUS GLVFRYHUHG LQ WKH GLVN DURXQG
+' ������ XVLQJ 9/7�63+(5( DQG +67�67,6� $VWURQRP\ 	 $VWURSK\VLFV� ���

� /DQGPDQ� 5�� 6QHOOHQ� ,� $�*�� .HOOHU� &�8�� HW DO� �������7UDGH�RIIV LQ KLJK�FRQWUDVW LQWHJUDO
ÀHOG VSHFWURVFRS\ IRU H[RSODQHW GHWHFWLRQ DQG FKDUDFWHULVDWLRQ� <RXQJ JDV JLDQWV LQ HPLVVLRQ�
$VWURQRP\ 	 $VWURSK\VLFV� ���

� 3DOPD�%LIDQL� 3�� &KDXYLQ� *�� %RQQHIR\�0�� HW DO� ������� 3HHULQJ LQWR WKH \RXQJ SODQHWDU\
V\VWHP $% 3LF� $WPRVSKHUH� RUELW� REOLTXLW\� DQG VHFRQG SODQHWDU\ FDQGLGDWH� $VWURQRP\ 	
$VWURSK\VLFV� ���
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$SSHQGL[ $� 3XEOLFDWLRQV ���

� /H &RUROOHU� +�� 1RZDN� 0�� :DJQHU� .�� HW DO� ������� (IÀFLHQWO\ FRPELQLQJ $OSKD &HQ
$ PXOWL�HSRFK KLJK�FRQWUDVW LPDJLQJ GDWD� $SSOLFDWLRQ RI .�6WDFNHU WR WKH �� KRXUV 1($5
FDPSDLJQ� $VWURQRP\ 	 $VWURSK\VLFV� ���

� ;LH� &�� &KRTXHW� (�� 9LJDQ� $�� HW DO� ������� 5HIHUHQFH�VWDU GLIIHUHQWLDO LPDJLQJ RQ
63+(5(�,5',6� $VWURQRP\ 	 $VWURSK\VLFV� ���

� *DOOHQQH� $�� 'HVJUDQJH� &�� 0LOOL� -�� HW DO� ������� 3URELQJ WKH LQQHUPRVW UHJLRQ RI WKH $8
0LFURVFRSLL GHEULV GLVF� $VWURQRP\ 	 $VWURSK\VLFV� ���

� %RQDYLWD� 0�� *UDWWRQ� 5�� 'HVLGHUD� 6�� HW DO� �������1HZ ELQDULHV IURP WKH 6+,1( VXUYH\�
$VWURQRP\ 	 $VWURSK\VLFV� ���

� $VHQVLR�7RUUHV� 5�� +HQQLQJ� 7�� &DQWDOORXEH� )�� HW DO� ������� 3HUWXUEHUV� 63+(5( GH�
WHFWLRQ OLPLWV WR SODQHWDU\�PDVV FRPSDQLRQV LQ SURWRSODQHWDU\ GLVNV� $VWURQRP\ 	 $VWUR�
SK\VLFV� ���

� *UDWWRQ� 5�� '·2UD]L� 9�� 3DFKHFR� 7� $�� HW DO� ������� ,QYHVWLJDWLQJ WKUHH 6LULXV�OLNH V\VWHPV
ZLWK 63+(5(� $VWURQRP\ 	 $VWURSK\VLFV� ���

� /H &RUROOHU� +�� 1RZDN� 0�� 'HORUPH� 3�� HW DO� ������� .�6WDFNHU� DQ DOJRULWKP WR
KDFN WKH RUELWDO SDUDPHWHUV RI SODQHWV KLGGHQ LQ KLJK�FRQWUDVW LPDJLQJ� )LUVW DSSOLFDWLRQV WR
9/7�63+(5( PXOWL�HSRFK REVHUYDWLRQV� $VWURQRP\ 	 $VWURSK\VLFV� ���

� %DXGR]� 3�� 'HVJUDQJH� &�� *DOLFKHU� 5�� 	 /DJLQMD� ,� ������� 3RODUL]DWLRQ HIIHFWV RQ KLJK
FRQWUDVW LPDJLQJ� PHDVXUHPHQWV RQ 7+'� %HQFK� 3URFHHGLQJV RI WKH 63,(

� 'HVJUDQJH� &�� &KDXYLQ� *�� 0DOLQ� 0�� HW DO� �����E�� 6SHFWUDO FKDUDFWHUL]DWLRQ DQG VLP�
XODWHG REVHUYDWLRQV ZLWK WKH -DPHV :HEE 6SDFH 7HOHVFRSH RI WKH \RXQJ H[RSODQHW +' �����
E� 3URFHHGLQJV RI WKH $QQXDO PHHWLQJ RI WKH )UHQFK 6RFLHW\ RI $VWURQRP\ DQG $VWUR�
SK\VLFV

� %RQDYLWD� 0�� *UDWWRQ� 5�� 'HVLGHUD� 6�� HW DO� �������1HZ ELQDULHV IURP WKH 6+,1( VXUYH\�
$VWURQRP\ 	 $VWURSK\VLFV� ���

� *UDWWRQ� 5�� .HOOHU� &�� 'LRODLWL� (�� HW DO� ������� 0HG5HV� D QHZ 0('LXP 5(6ROXWLRQ LQ�
WHJUDO ÀHOG VSHFWURJUDSK IRU 63+(5(� 3URFHHGLQJV RI WKH 63,(

� %RFFDOHWWL� $�� &KDXYLQ� *�� :LOGL� )�� HW DO� ������� 8SJUDGLQJ WKH KLJK FRQWUDVW LPDJLQJ
IDFLOLW\ 63+(5(� 6FLHQFH GULYHUV DQG LQVWUXPHQW FKRLFHV� 3URFHHGLQJV RI WKH 63,(

� &DQWDOORXEH� )�� *RPH]�*RQ]DOH]� &�� $EVLO� 2�� HW DO� ������� ([RSODQHW LPDJLQJ GDWD FKDO�
OHQJH� %HQFKPDUNLQJ WKH YDULRXV LPDJH SURFHVVLQJ PHWKRGV IRU H[RSODQHW GHWHFWLRQ� 3URFHHG�
LQJV RI WKH 63,(
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, OLVW EHORZ P\ 3, RU FR�3, SURSRVDOV WKDW ZHUH DFFHSWHG RQ JURXQG� RU VSDFH�EDVHG REVHUYD�
WLRQDO IDFLOLWLHV�

7KH\ DLP WR VHDUFK IRU \RXQJ RU ROG H[RSODQHWV LQ YDULRXV V\VWHPV DQG LPDJH SURWRSODQ�
HWDU\ RU GHEULV GLVNV� VRPHWLPHV IRU WKH ÀUVW WLPH�

� 3,� (62 3URJUDP ,' �������'� 9/7�87�� 63+(5( �K� ´'LUHFW GHWHFWLRQ RI WKH KLGGHQ
FRPSDQLRQ UHVSRQVLEOH IRU WKH PLJUDWLRQ RI WKH LFRQLF SODQHW *- ��� Eµ� *UDGH$� 2EVHUYDWLRQ
SODQQHG EHWZHHQ -DQXDU\ DQG 0DUFK �����

� 3,� /%7 3URJUDP ,'03,$�����%����� 6+$5.�1,5 DQG /0,5&DP� ����K� ´'LUHFW LPDJ�
LQJ RI H[RSODQHWV DQG GLVNV ZLWK /%7�6+$5.�1,5µ� 2EVHUYDWLRQV SODQQHG EHWZHHQ 2FWR�
EHU ���� DQG -DQXDU\ �����

� FR�3,� -:67 &\FOH � 3URJUDP ,' ����� 0,5, ����K� ´6XSHU�-XSLWHUV LQ RXU EDFN\DUG� 0,5,
FRURQDJUDSKLF LPDJLQJ RI D PDVVLYH SODQHW�EURZQ GZDUI RUELWLQJ DQ 0 GZDUI DW ��SFµ� 2E�
VHUYDWLRQ SODQQHG EHWZHHQ -DQXDU\ DQG 0DUFK �����

� 3,� (62 3URJUDP ,' ������(�� 9/7�87�� 63+(5( ��K��� ´&DWFKLQJ ([RSODQHWV ERUQ
DURXQG \RXQJ 6XQVµ� *UDGH %� 29� H[HFXWHG�

� 3,� /%7 3URJUDP ,' 03,$�����$����� 6+$5.�1,5 DQG /0,5&DP� ��K� ´6HDUFK IRU
SURWRSODQHWV DQG GLVN VXEVWUXFWXUHV LQ 7DXUXV�$XULJDµ� 25� H[HFXWHG�

� 3,� /%7 3URJUDP ,'03,$�����$����� 6+$5.�1,5 DQG /0,5&DP� ��K� ´6HDUFKLQJ IRU
\RXQJ H[RSODQHWV DQG GHEULV GLVNV DURXQG $ VWDUVµ� 33� H[HFXWHG�

� 3,� (62 3URJUDP ,' ������)�� 9/7�87�� 63+(5(� �K��� ´'LUHFW LPDJLQJ FRQÀUPDWLRQ
RI DQ XOWUDFRRO -XSLWHU�OLNH SODQHW RUELWLQJ D QHDUE\ 0�GZDUIµ� *UDGH $� 100� H[HFXWHG�
3XEOLVKHG LQ 'HVJUDQJH HW DO� �������



���

'DQV FHWWH DQQH[H� XQH YHUVLRQ FRXUWH �40 SDJHV� VH WURXYH UpGLJpH HQ IUDQoDLV GH PD WKqVH
GH GRFWRUDW� GRQW OD YHUVLRQ FRPSOqWH HVW UpGLJpH HQ DQJODLV GDQV OHV &KDSLWUHV GH � j �� -·DL
FKRLVL GDQV FHWWH YHUVLRQ FRXUWH GH SDUOHU GH FKDFXQ GH PHV FKDSLWUHV GH PD WKqVH� PDLV M·DL
RPLV FHUWDLQHV VHFWLRQV HW UDFFRXUFL VLJQLÀFDWLYHPHQW G·DXWUHV�

&�� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
&���� 3ODQqWHV HW H[RSODQqWHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

/H 6\VWqPH 6RODLUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
/HV SUHPLqUHV GpFRXYHUWHV G·H[RSODQqWHV � � � � � � � � � � � � � � � � � ���
=RRORJLH GHV H[RSODQqWHV FRQQXHV DFWXHOOHPHQW � � � � � � � � � � � � � ���

&���� 0pWKRGHV GH GpWHFWLRQ G·H[RSODQqWHV � � � � � � � � � � � � � � � � � � � ���
,PDJHULH GLUHFWH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
,QWHUIpURPpWULH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
7UDQVLWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
9LWHVVHV UDGLDOHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
$VWURPpWULH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
0LFUROHQWLOOH JUDYLWDWLRQQHOOH � � � � � � � � � � � � � � � � � � � � � � � � ���
&RXSOHU OHV PpWKRGHV GH GpWHFWLRQ G·H[RSODQqWHV � � � � � � � � � � � � ���

&���� )RUPDWLRQ HW pYROXWLRQ SODQpWDLUH � � � � � � � � � � � � � � � � � � � � � ���
'X QXDJH PROpFXODLUH j OD IRUPDWLRQ GH O·pWRLOH HW GH VRQ GLVTXH � � � � ���
'HV JUDLQV GH SRXVVLqUHV DX[ SODQpWpVLPDX[ � � � � � � � � � � � � � � � ���
'HV SODQpWpVLPDX[ DX[ SODQqWHV � � � � � � � � � � � � � � � � � � � � � � ���
3URGXLWV � SODQqWHV HW GLVTXHV GH GpEULV � � � � � � � � � � � � � � � � � � ���
5HPDUTXH � V\VWqPHV VWHOODLUHV ELQDLUHV RX PXOWLSOH � � � � � � � � � � � ���

&���� &RQWULEXWLRQ GH PD WKqVH GH GRFWRUDW � � � � � � � � � � � � � � � � � � � ���
&�� ,PDJHULH GLUHFWH G·H[RSODQqWHV HW GH GLVTXHV GH GpEULV � FRQFHSWV HW PpWKRGHV ���

&���� 2EVHUYDWRLUHV DX VRO HW GDQV O·HVSDFH � � � � � � � � � � � � � � � � � � � ���
&���� $WWHLQGUH OD VHQVLELOLWp UHTXLVH � � � � � � � � � � � � � � � � � � � � � � � ���

2SWLTXH DGDSWDWLYH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
&RURQDJUDSKH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
7UDLWHPHQW GH GRQQpHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

&���� /·LQVWUXPHQW 63+(5( DX 9HU\ /DUJH 7HOHVFRSH � � � � � � � � � � � � � ���
&�� 3RXVVLqUHV HW PRUSKRORJLH GX GLVTXH GH GpEULV +'������ � � � � � � � � � � � ���

&���� &RQWH[WH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
&���� 0HV UpVXOWDWV SULQFLSDX[ � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
&���� 3HUVSHFWLYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���



��� $SSHQGL[ &� 9HUVLRQ FRXUWH GH OD WKqVH HQ IUDQoDLV

&�� /H V\VWqPH SODQpWDLUH +' ������ MHXQH� PDVVLI DQDORJXH GX 6\VWqPH 6RODLUH � ���
&���� &RQWH[WH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
&���� 0HV UpVXOWDWV SULQFLSDX[ � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
&���� 3HUVSHFWLYH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

&�� $UFKLWHFWXUH GHV V\VWqPHV D\DQW GHV SODQqWHV GH IDLEOH PDVVH j FRXUWH SpULRGH
RUELWDOH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
&���� &RQWH[WH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

&RUUpODWLRQ SRVLWLYH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
&RUUpODWLRQ QpJDWLYH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
$EVHQFH GH FRUUpODWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

&���� 0HV UpVXOWDWV SULQFLSDX[ � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
&���� 3HUVSHFWLYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

&�� &RQFOXVLRQ HW SHUVSHFWLYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���



&��� ,QWURGXFWLRQ ���

/HV rWUHV KXPDLQV RQW FRPPHQFp j UHJDUGHU OHV pWRLOHV LO \ D GHV VLqFOHV� /HV pWRLOHV HW SODQqWHV
VHUYDLHQW GH JXLGH SRXU V·RULHQWHU HW WURXYHU VRQ FKHPLQ� 'H QRV MRXUV� OHV DVWURQRPHV pWXGL�
HQW OHV pWRLOHV HW DXWUHV REMHWV FpOHVWHV SRXU QRWDPPHQW UHWRXUQHU GDQV OH SDVVp HW HVVD\HU GH
FRPSUHQGUH O·RULJLQH GH O·XQLYHUV� /HV DVWURQRPHV VRXKDLWHQW FRPSUHQGUH OD IRUPDWLRQ HW
O·pYROXWLRQ GHV REMHWV FpOHVWHV� FH TXL LQFOXW QRWDPPHQW OHV JDOD[LHV� OHV pWRLOHV HW OHV SODQqWHV�

'DQV PD WKqVH GH GRFWRUDW� PRQ WUDYDLO SRUWH VXU O·DUFKLWHFWXUH GHV V\VWqPHV SODQpWDLUHV�
(Q SDUWLFXOLHU� MH PRQWUH FRPPHQW OHXU DUFKLWHFWXUH SHXW DLGHU j FRQWUDLQGUH OD IRUPDWLRQ HW
O·pYROXWLRQ SODQpWDLUH� 'DQV OH SUHPLHU FKDSLWUH� M·LQWURGXLV PRQ FKDPS GH UHFKHUFKH� OHV
H[RSODQqWHV� F·HVW�j�GLUH OHV SODQqWHV H[WUDVRODLUHV� TXL VH VLWXHQW j O·H[WpULHXU GX 6\VWqPH
6RODLUH�

6DQV DXFXQ GRXWH� OHV SODQqWHV �RX H[RSODQqWHV� OHV SOXV FpOqEUHV VRQW OHV KXLW SODQqWHV RU�
ELWDQW DXWRXU GH QRWUH 6ROHLO� 4XDWUH G·HQWUH HOOHV VRQW GLWHV WHOOXULTXHV �RX URFKHXVHV��
0HUFXUH� 9pQXV� OD 7HUUH� 0DUV HW OHV TXDWUH DXWUHV VRQW GHV SODQqWHV JpDQWHV� -XSLWHU� 6DW�
XUQH� 8UDQXV HW 1HSWXQH� -XSLWHU HW 6DWXUQH VRQW pJDOHPHQW TXDOLÀpHV GH SODQqWHV JpDQWHV
JDVHXVHV� FDU HOOHV FRQWLHQQHQW SULQFLSDOHPHQW GX JD]� WDQGLV TX·8UDQXV HW 1HSWXQH VRQW
DXVVL TXDOLÀpHV GH SODQqWHV JpDQWHV JODFpHV� FDU HOOHV VRQW FRQVWLWXpHV G·XQH IUDFWLRQ LPSRU�
WDQWH GH JODFH�

(Q SOXV GHV SODQqWHV� OH 6\VWqPH 6RODLUH HVW FRQVWLWXp GH QRPEUHX[ SHWLWV FRUSV � GH
VDWHOOLWHV TXL RUELWHQW DXWRXU GH SODQqWHV� WHOV TXH OD /XQH DXWRXU GH OD 7HUUH� GHV SODQqWHV
QDLQHV WHOOHV TXH 3OXWRQ HW eULV� GHV FRPqWHV� WHOOHV TXH OD IDPHXVH FRPqWH 7FKRXULRXPRY�
*XpUDVVLPHQNR pWXGLpH SDU OD VRQGH HXURSpHQQH 5RVHWWD HW YLVLWpH SDU OH URYHU 3KLODH HQWUH
���� HW ����� GHV DVWpURwGHV� GHV ´FDLOORX[µ SOXV SHWLWV HW GHV �WUqV QRPEUHX[� JUDLQV GH SRXV�
VLqUHV� /HV SHWLWV FRUSV VRQW SULQFLSDOHPHQW UDVVHPEOpV GDQV OD FHLQWXUH G·DVWpURwGH SULQFL�
SDOH� HQWUH 0DUV HW -XSLWHU� GDQV OD FHLQWXUH GH .XLSHU VLWXpH DSUqV 1HSWXQH HW GDQV OH QXDJH
G·2RUW� VLWXp HQFRUH SOXV ORLQ �YRLU )LJ� &���� 'H QRPEUHX[ JUDLQV GH SRXVVLqUHV VRQW VLWXpV
GDQV OH QXDJH ]RGLDFDO� VLWXp SURFKH GX SODQ GH O·pFOLSWLTXH �OH SODQ R� RUELWH OHV SODQqWHV��

/H 6ROHLO V·HVW IRUPp LO \ D 4.568 PLOOLDUGV G·DQQpHV �*D� %RXYLHU 	 :DGKZD� ������ /HV
TXDWUH SODQqWHV JpDQWHV VH VRQW IRUPpHV UDSLGHPHQW� GDQV OHV SUHPLHUV PLOOLRQV G·DQQpHV GH
YLH GX 6ROHLO� /HV SODQqWHV WHOOXULTXHV VH VRQW IRUPpHV SOXV RX PRLQV UDSLGHPHQW� 0DUV HQ
5²100D �0D� 'DXSKDV 	 3RXUPDQG� ������ WDQGLV TXH OD 7HUUH �HW OD /XQH� VH VRQW IRUPpHV
VXU XQH pFKHOOH GH WHPSV SOXV LQFHUWDLQH� HQWUH 50²1500D �.OHLQH HW DO�� ������

/H PRGqOH OH SOXV DFFHSWp H[SOLTXDQW OD IRUPDWLRQ GX 6\VWqPH 6RODLUH HVW OH PRGqOH
GH 1LFH �*RPHV HW DO�� ����� 7VLJDQLV HW DO�� ����� 0RUELGHOOL HW DO�� ����� HW VHV YHUVLRQV
XOWpULHXUHV� /H PRGqOH GH 1LFH H[SOLTXH OHV RUELWHV DFWXHOOHV GHV SODQqWHV JpDQWHV� FH TXL
LQFOXV OHXU UD\RQ RUELWDO� OHXU H[FHQWULFLWp HW LQFOLQDLVRQ �7VLJDQLV HW DO�� ������ OHV VDWHOOLWHV
WUR\HQV GH -XSLWHU �0RUELGHOOL HW DO�� ������ OHV VDWHOOLWHV LUUpJXOLHUV GHV SODQqWHV JpDQWHV
�1HVYRUQì HW DO�� ����� %RWWNH HW DO�� ����� HW OD VWUXFWXUH RUELWDOH GH OD FHLQWXUH GH .XLSHU
HW GHV REMHWV pSDUV TXL HQ VRQW LVVXV� 'DQV OH PRGqOH GH 1LFH� OHV SODQqWHV JpDQWHV VRQW VXS�
SRVpHV V·rWUH IRUPpHV GDQV XQH FRQÀJXUDWLRQ FRPSDFWH HQWUH 5 HW 18 XD GDQV OH GLVTXH GH
SRXVVLqUHV HW GH JD] �QRPPp GLVTXH SURWRSODQpWDLUH��  FDXVH G·XQ pYpQHPHQW G·LQVWDELOLWp
G\QDPLTXH PDMHXU� OHV SODQqWHV JpDQWHV RQW PLJUp YHUV OHXU SRVLWLRQ DFWXHOOH� (Q SDUWLFXOLHU�
8UDQXV HW 1HSWXQH DXUDLHQW SX LQYHUVHU OHXU RUGUH� DYHF GpVRUPDLV 1HSWXQH VLWXpH j 30 XD
HW 8UDQXV j 19 XD �7VLJDQLV HW DO�� ������



��� $SSHQGL[ &� 9HUVLRQ FRXUWH GH OD WKqVH HQ IUDQoDLV

Ceinture d’astéroïdes Ceinture de Kuiper

Nuage d’Oort

Distance au Soleil:  

30-50 ua

Distance au Soleil: 

2-3.3 au

Distance au Soleil: 2 000-200 000 ua

)LJXUH &��� 6FKpPD GX 6\VWqPH 6RODLUH LOOXVWUDQW VRQ DUFKLWHFWXUH� ,O \ D KXLW SODQqWHV� GHX[ FHLQ�
WXUHV GH GpEULV HW XQ QXDJH GH GpEULV� SOXV pWHQGX� )LJXUH DGDSWpH GH O·$JHQFH 6SDWLDOH (XURSpHQQH
�(6$��

/·LQVWDELOLWp G\QDPLTXH PDMHXUH HQ TXHVWLRQ D LQLWLDOHPHQW pWp SURSRVpH rWUH OH FURLVH�
PHQW GH OD UpVRQDQFH GHPR\HQPRXYHPHQW �005� 2�1 GH -XSLWHU HW 6DWXUQH�� &H FURLVHPHQW
GH005DXUDLW SX DYRLU OLHX TXDQG -XSLWHUPLJUDLW YHUV OH 6ROHLO HW 6DWXUQHPLJUDLW j O·RSSRVp
GX 6ROHLO� HQWUH 200 HW 9000D DSUqV OHXU IRUPDWLRQ �7VLJDQLV HW DO�� ������ &HWWH K\SRWKqVH HVW
FRPSDWLEOH DYHF OH SLF GH ERPEDUGHPHQW G·DVWpURwGHV VXU OD /XQH� YHUV 7000D �+DUWPDQQ
HW DO�� ������ DXVVL FRQQX VRXV OH QRP GX JUDQG ERPEDUGHPHQW WDUGLI �/+%� *RPHV HW DO��
������ 7RXWHIRLV� GHV UpVXOWDWV SOXV UpFHQWV VRXOLJQHQW OD SUpVHQFH GH ELDLV G·pFKDQWLOORQQDJH
HW G·DQDO\VHV GHV URFKHV OXQDLUHV� LQGLTXDQW TXH ÀQDOHPHQW FH JUDQG ERPEDUGHPHQW WDUGLI
Q·DXUDLW SHXW�rWUH SDV H[LVWp� RX DORUV GH QH SDV DYRLU pWp VL FRQVpTXHQW RX VL WDUGLI �&KDSPDQ
HW DO�� ����� %RHKQNH 	 +DUULVRQ� ������

'·DXWUHV pYpQHPHQWV VRQW HQYLVDJpV SRXU LQFDUQHU O·LQVWDELOLWp G\QDPLTXH PDMHXUH� 3DU
H[HPSOH� FHWWH LQVWDELOLWp G\QDPLTXH D SX rWUH GpFOHQFKpH SDU GHV LQWHUDFWLRQV SODQqWH�GLVTXH
�4XDUOHV 	.DLE� ����� GH 6RXVD HW DO�� ������ GHV LQWHUDFWLRQV HQWUH SODQqWHV JpDQWHV �GH 6RXVD
HW DO�� ����� RX OD SKRWR�pYDSRUDWLRQ GH O·LQWpULHXU YHUV O·H[WpULHXU GX JD] SUpVHQW DXWRXU GX
6ROHLO GXUDQW VD MHXQHVVH �/LX HW DO�� ������

%LHQ TXH OHV VFLHQWLÀTXHV FRQQDLVVHQW GpVRUPDLV OHV JUDQGHV OLJQHV GH OD IRUPDWLRQ HW GH
O·pYROXWLRQ GX 6\VWqPH 6RODLUH� GHV TXHVWLRQV GHPHXUHQW HQ VXVSHQV� 3DU H[HPSOH� FRQFHU�
QDQW OD SHWLWH WDLOOH GH 0DUV� TXL SRXUUDLW rWUH H[SOLTXpH SDU GLIIpUHQW VFpQDULRV WHOV TXH OH
PRGqOH GX *UDQG 5HYLUHPHQW �:DOVK HW DO�� ������ XQH FHLQWXUH G·DVWpURwGHV SULQFLSDOH GH
IDLEOH PDVVH �+DQVHQ� ����� ,]LGRUR HW DO�� ����� :DOVK 	 /HYLVRQ� ����� 'UćŧNRZVND HW DO��
����� 5D\PRQG 	 ,]LGRUR� ����� RX OH PRGqOH G·LQVWDELOLWp SUpFRFH �&OHPHQW HW DO�� �����
������ 8QH DXWUH TXHVWLRQ HVW O·RULJLQH GH O·HDX VXU 7HUUH�

(Q XWLOLVDQW GHV WpOHVFRSHV HW LQVWUXPHQWV WRXMRXUV SOXV VHQVLEOHV� OHV DVWURQRPHV RQW
UpXVVL j REVHUYHU GHV V\VWqPHV SODQpWDLUHV DXWRXU G·DXWUHV pWRLOHV� &HUWDLQV WUqV W{W ORUV GH
OD SKDVH GH IRUPDWLRQ SODQpWDLUH �∼1 0D�� G·DXWUHV j GHV SKDVHV SOXV pYROXpHV� j GHV kJHV
VLPLODLUHV RX SOXV pOHYpV TXH FHOXL GX 6\VWqPH 6RODLUH �∼4.6 *D�� 2EVHUYHU G·DXWUHV V\V�
WqPHV SODQpWDLUHV SHUPHW G·HVWLPHU OHXU GLYHUVLWp HW GH FRQWUDLQGUH G·XQ SRLQW GH YXH JOREDO

�&HWWH UpVRQDQFH VLJQLÀH TXH -XSLWHU UpDOLVH GHX[ UpYROXWLRQV DXWRXU GX 6ROHLO ORUVTXH 6DWXUQH Q·HQ UpDOLVH
TX·XQH VHXOH�



&��� ,QWURGXFWLRQ ���

OHV PRGqOHV WKpRULTXHV GH IRUPDWLRQ HW G·pYROXWLRQ SODQpWDLUH� &HOD DLGH pJDOHPHQW j GpWHU�
PLQHU FRPPHQW OH 6\VWqPH 6RODLUH D SX VH IRUPHU HW pYROXHU j VRQ pWDW DFWXHO HW GH GpWHUPLQHU
V·LO V·DJLW G·XQ V\VWqPH SODQpWDLUH FRPPXQ�

/·H[LVWHQFH GH SODQqWHV RUELWDQW DXWRXU G·DXWUHV pWRLOHV TXH OH 6ROHLO D pWp SHQVp ELHQ DYDQW
TXH OHV SUHPLqUHV SODQqWHV H[WUDVRODLUHV IXUHQW GpFRXYHUWHV� (Q SDUWLFXOLHU� FHWWH TXHVWLRQ
HVW UHOLpH j OD TXHVWLRQ GH OD YLH TXL SRXUUDLW DYRLU pPHUJp HW VH GpYHORSSp DLOOHXUV TXH VXU
OD 7HUUH� &HWWH TXHVWLRQ SKLORVRSKLTXH HW VFLHQWLÀTXH HVW WRXMRXUV IRUWHPHQW G·DFWXDOLWp� (OOH
HVW DX FRHXU GHV REMHFWLIV VFLHQWLÀTXHV GH IXWXUHV LQIUDVWUXFWXUHV DVWURQRPLTXHV� WHOOHV TXH
O·([WUHPHO\ /DUJH 7HOHVFRSH �(/7�� HQ FRXUV GH FRQVWUXFWLRQ SDU O·(XURSHDQ 6RXWKHUQ 2E�
VHUYDWRU\ �(62�� HW GX +DELWDEOH :RUOGV 2EVHUYDWRU\ �+:2�� WpOHVFRSH VSDWLDO HQ FRXUV
G·pWXGHV GH OD 1DWLRQDO $HURQDXWLFV DQG 6SDFH $GPLQLVWUDWLRQ �1$6$��

/HV GHX[ SUHPLqUHV H[RSODQqWHV IXUHQW GpFRXYHUWHV VLPXOWDQpPHQW� HQ ����� SDU :RO�
V]F]DQ 	 )UDLO ������� &HV H[RSODQqWHV� GH TXHOTXHV PDVVHV WHUUHVWUHV� RUELWHQW XQ SXOVDU�
QRPPp 365�������� 7RXWHIRLV� O·DQQpH UHWHQXH GH OD SUHPLqUH GpFRXYHUWH G·XQH H[RSODQqWH
HVW JpQpUDOHPHQW ����� FRUUHVSRQGDQW j OD GpFRXYHUWH GH0D\RU	4XHOR] ������ GH OD SODQqWH
JpDQWH �� 3HJDVL E� RUELWDQW DXWRXU GH O·pWRLOH �� 3HJDVL� &·HVW FHWWH GpFRXYHUWH TXL HVW UHWHQXH�
FDU �� 3HJDVL HVW XQH pWRLOH GH OD VpTXHQFH SULQFLSDOH� VRLW SRXU UpVXPHU� XQH pWRLOH ´FODV�
VLTXHµ� &HV GHX[ GpFRXYHUWHV RQW UpYROXWLRQQp OD SHUFHSWLRQ GHV DVWURQRPHV GH FHX[ j TXRL
SRXYDLHQW UHVVHPEOHU OHV V\VWqPHV H[RSODQpWDLUHV� 3UHPLqUHPHQW� FDU XQ SXOVDU HVW XQH pWRLOH
j QHXWURQV� LVVXH GH O·H[SORVLRQ HQ VXSHUQRYD G·XQH pWRLOH PDVVLYH HQ ÀQ GH YLH TXL V·HVW
UHWURXYpH j FRXUV GH FDUEXUDQW� 8Q SXOVDU RUELWH WUqV UDSLGHPHQW VXU OXL�PrPH� GH O·RUGUH GH
OD VHFRQGH RX PLOOLVHFRQGH GDQV OH FDV GH 365�������� 'HX[LqPHPHQW� SDUFH TXH OD SODQqWH
�� 3HJDVL E HVW XQH SODQqWH GH OD PDVVH GH -XSLWHU �0-XS� RUELWDQW VHXOHPHQW HQ TXDWUH MRXUV
DXWRXU GH VRQ pWRLOH K{WH� TXL HVW XQH pWRLOH GH W\SH VRODLUH� (Q JXLVH GH FRPSDUDLVRQ� -XSLWHU
RUELWH HQ RQ]H DQQpHV DXWRXU GX 6ROHLO� GRQF VXU XQH pFKHOOH GH WHPSV ELHQ SOXV ORQJXH�
HW 0HUFXUH� OD SODQqWH OD SOXV SURFKH GX 6ROHLO� RUELWH HQ 88 MRXUV� 3DU FRQVpTXHQW� FHV SUH�
PLqUHV GpFRXYHUWHV G·H[RSODQqWHV RQW ERXOHYHUVp OHV WKpRULHV GH O·pSRTXH VXU OHVPpFDQLVPHV
GH IRUPDWLRQ HW G·pYROXWLRQ SODQpWDLUH�

3OXVLHXUV WHFKQLTXHV GH GpWHFWLRQ �HW FDUDFWpULVDWLRQ� G·H[RSODQqWHV H[LVWHQW� -H OHV GpFULV
GDQV OD 6HFWLRQ &����� /HV SUHPLqUHV H[RSODQqWHV� HW j O·KHXUH DFWXHOOH OD SOXSDUW G·HQWUH HOOHV�
RQW pWp GpFRXYHUWHV LQGLUHFWHPHQW� /D SUHPLqUH GpWHFWLRQ G·H[RSODQqWH GLUHFWH D pWp HIIHFWXpH
LO \ D YLQJW DQV� HQ ����� DXWRXU G·XQH QDLQH EUXQH G·HQYLURQ 24 0-XS SDU &KDXYLQ HW DO�
������� /·H[RSODQqWH GpFRXYHUWH D XQH PDVVH FRPSULVH HQWUH 3²150-XS HW HVW VLWXpH j 55 XD�
VRLW HQYLURQ GHX[ IRLV OD GLVWDQFH HQWUH OH 6ROHLO HW 1HSWXQH� TXL HVW OD SODQqWH VLWXpH OD SOXV
ORLQ GDQV QRWUH 6\VWqPH 6RODLUH� (QVXLWH� OH SUHPLHU V\VWqPH PXOWL�SODQpWDLUH SKRWRJUDSKLp
JUkFH j O·LPDJHULH GLUHFWH HVW +5 ����� &H V\VWqPH D TXDWUH SODQqWHV JpDQWHV� GH TXHOTXHV IRLV
OD PDVVH GH -XSLWHU HW TXL RUELWHQW ORLQ GH OHXU pWRLOH �0DURLV HW DO�� ����� ������ YRLU )LJ� &�� �j
GURLWH�� &HV SODQqWHV JpDQWHV VRQW ORFDOLVpHV HQWUH GHX[ FHLQWXUHV GH SRXVVLqUHV� UHVVHPEODQW
FRPPH GHX[ JRXWWHV G·HDX j O·DUFKLWHFWXUH GX 6\VWqPH 6RODLUH� PDLV DXWRXU G·XQH pWRLOH SOXV
PDVVLYH �1.5 IRLV OD PDVVH VRODLUH� QRWp 1.50!��

-XVTX·j ����� OD SOXSDUW GHV H[RSODQqWHV GpFRXYHUWHV pWDLHQW kJpHV� SOXVLHXUV PLOOLDUGV
G·DQQpHV� HW TXHOTXHV XQHV ELHQ SOXV MHXQHV� MXVTX·j 150D� /HV GpFRXYHUWHV GHV WUqV MHXQHV
SURWR�SODQqWHV JpDQWHV 3'6 �� E �.HSSOHU HW DO�� ����� 0�OOHU HW DO�� ����� HW 3'6 �� F �+DIIHUW
HW DO�� ����� RUELWDQW DXWRXU GH O·pWRLOH 3'6 �� IXUHQW GHV GpFRXYHUWHV PDMHXUHV� 3RXU OD SUH�
PLqUH IRLV� OHV DVWURQRPHV UpXVVLUHQW j REVHUYHU GHV SODQqWHV HQFRUH HQ FRXUV GH IRUPDWLRQ
GDQV OH GLVTXH SURWRSODQpWDLUH�
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e

20 ua

0.5’’

66 ua

0.5’’

)LJXUH &���  JDXFKH � ,PDJH GX GLVTXH SURWRSODQpWDLUH 3'6 ��� D\DQW GHX[ SURWR�SODQqWHV JpDQWHV
GH GpWHFWpHV �.HSSOHU HW DO�� ����� 0�OOHU HW DO�� ����� +DIIHUW HW DO�� ������ 3'6 �� E GDQV OD FDYLWp
HW 3'6 �� F VLWXpH DX QLYHDX GH OD FHLQWXUH GH SRXVVLqUHV� )LJXUH DGDSWpH GH 3DLUHW HW DO� �������
XWLOLVDQW GHV GRQQpHV HQ LQIUDURXJH �EDQGH .� 2.1 µP� GX 9/7�63+(5( GDWD DFTXLVH HQ )pYULHU
�����  GURLWH � ,PDJH GX V\VWqPH SODQpWDLUH +5 ���� D\DQW TXDWUH SODQqWHV JpDQWHV �E� F� G HW H��
)LJXUH DGDSWpH GH 0DURLV HW DO� ������� XWLOLVDQW GHV GRQQpHV GDQV O·LQIUDURXJH �EDQGH /·� 3.8 µP�
.HFN ,, DFTXLVHV HQ 1RYHPEUH ����� 6XU OHV GHX[ LPDJHV� OH PDVTXH JULV FLUFXODLUH FRUUHVSRQG j OD
UpJLRQ FDFKpH SDU OH FRURQDJUDSKH�

'H QRV MRXUV� SOXV GH FLQT PLOOHV H[RSODQqWHV RQW pWp GpFRXYHUWHV �YRLU )LJ� &���� /D SOXSDUW
GHV H[RSODQqWHV FRQQXHV RUELWHQW SURFKHV GH OHXU pWRLOH� &·HVW G� DX IDLW TXH OHV PpWKRGHV
GH GpWHFWLRQ G·H[RSODQqWHV OHV SOXV HIÀFDFHV j O·KHXUH DFWXHOOH� VRLW OD PpWKRGH GHV WUDQVLWV
HW OD PpWKRGH GHV YLWHVVHV UDGLDOHV� VRQW ELDLVpHV� (OOHV VRQW VHQVLEOHV SULQFLSDOHPHQW j GHV
H[RSODQqWHV RUELWDQW j XQH IUDFWLRQ RX TXHOTXHV XQLWpV DVWURQRPLTXHV GH OHXU pWRLOH�

/HV H[RSODQqWHV FRQQXHV DFWXHOOHPHQW RQW pWp FODVVLÀpHV HQ GLIIpUHQWHV FDWpJRULHV HQ IRQF�
WLRQ GH OHXU PDVVH RX GLVWDQFH GH OHXU pWRLOH K{WH� ,O \ D OHV VXSHU�7HUUHV HW PLQL�1HSWXQHV�
SRXU OHV SODQqWHV GH UHODWLYHPHQW IDLEOH PDVVH HW OHV -XSLWHUV WUqV FKDXGHV� -XSLWHUV FKDXGHV�
-XSLWHUV IURLGHV RX VXSHU�-XSLWHU IURLGHV SRXU OHV SODQqWHV JpDQWHV WUqV PDVVLYHV �)LJ� &����

&RQFHUQDQW OHV VXSHU�7HUUHV HW PLQL�1HSWXQHV� OHV JUDQGV UHOHYpV GHV PpWKRGHV GHV WUDQ�
VLWV HW GHV YLWHVVHV UDGLDOHV UDSSRUWHQW XQH DERQGDQFH GH FH W\SH GH SODQqWHV� TXL RUELWHQW HQ
PRLQV GH FHQW MRXUV GH OHXU pWRLOH K{WH� 8Q WRWDO GH 20 j 50� GHV pWRLOHV GH W\SH VRODLUH
SRXUUDLHQW DYRLU GHV VXSHU�7HUUHV RX PLQL�1HSWXQHV �0D\RU HW DO�� ������ WDQGLV TXH SUHVTXH
WRXWHV �90�100�� OHV pWRLOHV GH IDLEOH PDVVH DXUDLHQW FH W\SH GH SODQqWHV �6ZLIW HW DO�� �����
'UHVVLQJ 	 &KDUERQQHDX� ������ /D IURQWLqUH HQWUH XQH VXSHU�7HUUH HW XQH PLQL�1HSWXQH
HVW DXVVL UHSUpVHQWpH FRPPH pWDQW OD YDOOpH GH OD SKRWR�pYDSRUDWLRQ� DXVVL FRQQXH VRXV OH
QRP GH IRVVp GH )XOWRQ HW VLWXp SRXU XQ UD\RQ SODQpWDLUH G·HQYLURQ 1.5²1.9 5⊕� /D YDOHXU
GH OD GHQVLWp HVW OH PHLOOHXU HVWLPDWHXU SRXU GpWHUPLQHU VL XQH SODQqWH HVW SDXYUH HQ JD]
�WHOOH TX·XQH SODQqWH WHOOXULTXH� RX ULFKH HQ JD] �WHOOH TX·XQH SODQqJH JpDQWH�� &HSHQGDQW�
VRXYHQW VHXOHPHQW OH UD\RQ RX OD PDVVH �PLQLPDOH� GH OD SODQqWH HVW FRQQXH� HPSrFKDQW OD
GpWHUPLQDWLRQ GH VD GHQVLWp� $SSUR[LPDWLYHPHQW� OHV VXSHU�7HUUHV HW OHV PLQL�1HSWXQHV RQW
XQH PDVVH HQWUH 1 HW 20 IRLV OD PDVVH GH OD 7HUUH �0⊕� HW XQ UD\RQ HQWUH 1 HW 4 IRLV OH UD\RQ GH
OD 7HUUH �5⊕��

3DUPL OHV H[RSODQqWHV RUELWDQW WUqV SURFKHV GH OHXU pWRLOH� LO \ D OHV SODQqWHV j SpULRGH
GH UpYROXWLRQ XOWUD FRXUWHV� &HV SODQqWHV RUELWHQW DXWRXU GH OHXU pWRLOH HQ PRLQV G·XQ MRXU�
(OOHV SRVVqGHQW GHV QLYHDX[ G·LUUDGLDWLRQ WUqV pOHYpV� (OOHV VH VLWXHQW W\SLTXHPHQW GDQV XQH
UHJLRQ R� OD SRXVVLqUH VH VXEOLPH� JpQpUDQW GHV TXHVWLRQV VXU FRPPHQW HOOHV RQW SX VH IRUPHU
�:LQQ HW DO�� ������ &HV SODQqWHV VRQW GLWHV YHUURXLOOpHV SDU OHV HIIHWV GHPDUpH DYHF OHXU pWRLOH
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)LJXUH &��� 'HPL�JUDQG D[H GHV H[RSODQqWHV FRQÀUPpHV HQ IRQFWLRQ GH ODPDVVH �PLQLPDOH� G·DSUqV
OH FDWDORJXH HXURSpHQ �https://exoplanet.eu/catalog/ WpOpFKDUJp OH �$YULO ������ /HV UHFWDQJOHV
EOHXV LQGLTXHQW GHV FDWpJRULHV G·H[RSODQqWHV GRQQpHV� GRQW OHV OLPLWHV QH VRQW SDV VWULFWHV� WHOOHV TXH
OHV VXSHU�7HUUHV�6(�� PLQL�1HSWXQHV �01�� -XSLWHUV WUqV FKDXGHV �+-�� -XSLWHUV FKDXGHV �:-� HW OHV
VXSHU�-XSLWHUV IURLGHV �&6-�� $X�GHOj GH OD OLPLWH GH IXVLRQ GX GHXWpULXP FRPPHQFH OH UpJLPH GHV
QDLQHV EUXQHV �%'� HW DX�GHOj GH OD OLPLWH GH IXVLRQ GH O·K\GURJqQH� FRPPHQFH OH UpJLPH GHV pWRLOHV�
(Q KDXW � /D FRXOHXU LQGLTXH O·kJH GH O·pWRLOH K{WH� /D SOXSDUW GHV H[RSODQqWHV FRQÀUPpHV IRQW SDUWLH
GH V\VWqPHV kJpV� /HV SODQqWHV GX 6\VWqPH 6RODLUH RQW pWp UDMRXWpHV� SRXU FRPSDUDLVRQ� (Q EDV � /D
FRXOHXU HW OH V\PEROH LQGLTXH OD WHFKQLTXH XWLOLVpH SRXU GpWHFWHU XQH SODQqWH� 'XUDQWPRQ GRFWRUDW�
M· DL SULQFLSDOHPHQW pWXGLp OHV VXSHU�-XSLWHUV IURLGHV� 'DQV XQH GH PHV pWXGHV �VHFWLRQ &���� MH OHV
UHFKHUFKH GDQV GHV V\VWqPHV D\DQW GHV SODQqWHV GH IDLEOH PDVVH WHOOHV TXH GHV VXSHU�7HUUHV RX GHV
PLQL�1HSWXQHV�

https://exoplanet.eu/catalog/
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K{WH� FH TXL D SRXU FRQVpTXHQFH TX·HOOH PRQWUH WRXMRXUV OD PrPH IDFH j OHXU pWRLOH� FRPPH
OD /XQH PRQWUH WRXMRXUV OD PrPH IDFH j OD 7HUUH �DX[ HIIHWV GH OLEUDWLRQ SUqV�� $LQVL� HOOHV RQW
GHV F{WpV MRXU HW QXLW VWDEOHV� FH TXL LQGXLW j OD VXUIDFH GH OD SODQqWH GH ODUJHV YDULDWLRQV HQ
WHPSpUDWXUH HQWUH OHV IDFHV MRXU HW QXLW�

4XDQW DX[ -XSLWHUV WUqV FKDXGHV HW OHV -XSLWHUV FKDXGHV� HOOHV RQW UHVSHFWLYHPHQW GHV SpUL�
RGHV RUELWDOHV LQIpULHXUHV j 10 HW 400 MRXUV� /HV SODQqWHV JpDQWHV PDVVLYHV VRQW SOXV UDUHV TXH
OHV SHWLWHV SODQqWHV� DYHF PRLQV G·1� �UHVSHFWLYHPHQW 10�� G·pWRLOHV )*. K{WHV GH -XSLWHUV
WUqV FKDXGHV �-XSLWHUV FKDXGHV�� G·DSUqV OHV WUDYDX[ GH 0DUF\ HW DO� �����D�� *RXOG HW DO�
������� 0D\RU HW DO� ������� 'DL HW DO� ������� 0L\D]DNL 	 0DVXGD �������

'·DXWUH SDUW� VHXOHPHQW TXHOTXHV SODQqWHV RQW pWp GpFRXYHUWHV RUELWDQW ORLQ GH OHXU pWRLOH�
DX�GHOj GH 10 XD� G� DX[ ELDLV REVHUYDWLRQQHOV� &HV H[RSODQqWHV DFWXHOOHV GpWHFWpHV JUkFH j
O·LPDJHULH GLUHFWH RQW MXVTX·j SUpVHQW DX PRLQV TXHOTXHV IRLV OD PDVVH GH -XSLWHU� HW VRQW
DLQVL VXUQRPPpHV VXSHU�-XSLWHUV RX VXSHU�-XSLWHUV IURLGHV� &H W\SH GH SODQqWHV Q·HVW SDV
WUqV IUpTXHQW DXWRXU GHV pWRLOHV VRODLUHV �2.9²8.5�� 9LJDQ HW DO�� ������ 'HV SODQqWHV GH PDVVH
SOXV IDLEOH� MXVTX·j OD PDVVH GH 6DWXUQH� HW RUELWDQW j GHV GL]DLQHV G·XQLWpV DVWURQRPLTXHV�
VRQW HQÀQ GpWHFWDEOHV DXWRXU GH FHUWDLQHV pWRLOHV JUkFH j O·H[FHOOHQWH VHQVLELOLWp GX WpOHVFRSH
VSDWLDO -DPHV :HEE �-:67� *DUGQHU HW DO�� ������ RSpUDWLRQQHO GHSXLV ����� /H -:67 GpWHFWHUD
FHUWDLQHPHQW ELHQW{W GH WHOOHV H[RSODQqWHV�

/D SOXSDUW GHV H[RSODQqWHV FRQQXHV j FH MRXU RUELWHQW DXWRXU G·XQH pWRLOH� HW FHUWDLQHV
PrPH DXWRXU GH GHX[ pWRLOHV �'R\OH HW DO�� ����� :HOVK HW DO�� ����� 5RGHW HW DO�� ������ &RQ�
FHUQDQW OHV SODQqWHV RUELWDQW DXWRXU G·XQH pWRLOH� FHWWH pWRLOH SHXW rWUH WUqV PDVVLYH �∼30!�
6DWR HW DO�� ����� RX GH WUqV IDLEOH PDVVH HW PrPH rWUH XQH QDLQH EUXQH� �&KDXYLQ HW DO��
������ '·DXWUHV H[RSODQqWHV RQW DXVVL pWp GpFRXYHUWHV VROLWDLUHV� F·HVW�j�GLUH VDQV RUELWHU DX�
WRXU G·XQH pWRLOH �YRLU SDU H[HPSOH OD UHYXH GH 0LUHW�5RLJ� ������ &HV H[RSODQqWHV HUUDQWHV
VRQW FRPPXQHV� PDLV GLIÀFLOHV j GpWHFWHU �0Uy] HW DO�� ����� ����� 0LUHW�5RLJ HW DO�� ������

(Q$YULO ����� OHV 5 659 H[RSODQqWHV FRQÀUPpHV IRQW SDUWLH GH 4 166 V\VWqPHV H[WUD�VRODLUHV�
GRQW 896 V\VWqPHV VRQW FRQQXV SRXU DYRLU SOXVLHXUV SODQqWHV��

3OXVLHXUV WHFKQLTXHV H[LVWHQW SRXU GpWHFWHU GHV H[RSODQqWHV� /HV PpWKRGHV GLUHFWHV VRQW
O·LPDJHULH GLUHFWH HW O·LQWHUIpURPpWULH� WDQGLV TXH OHV PpWKRGHV LQGLUHFWHV VRQW j SDUWLU GHV
WUDQVLWV� GHV YLWHVVHV UDGLDOHV� GH O·DVWURPpWULH RX GHV PLFUROHQWLOOHV JUDYLWDWLRQQHOOHV� -H
GpFULV EULqYHPHQW FKDFXQH GH FHV PpWKRGHV FL�GHVVRXV� (OOHV VRQW LOOXVWUpHV GDQV OD )LJ� &���

/·LPDJHULH GLUHFWH HVW SHXW�rWUH OD PpWKRGH OD SOXV LQWXLWLYH SRXU GpWHFWHU GHV H[RSODQqWHV�
'H IDoRQ WUqV VLPSOLVWH� HOOH FRQVLVWH j SUHQGUH HQ SKRWR XQH pWRLOH HW GH FRPELQHU OD VpTXHQFH
G·LPDJHV SRXU UpYpOHU OD SUpVHQFH G·H[RSODQqWHV RUELWDQW DXWRXU GH O·pWRLOH� &RPPH OHV
SODQqWHV VRQW VLWXpHV YLVXHOOHPHQW WUqV SURFKHV GH OHXU pWRLOH K{WH HW VRQW WUqV SHX OXPLQHXVHV
FRPSDUpHV j HOOH� OHV GpWHFWHU HVW SDUWLFXOLqUHPHQW GLIÀFLOH� /·LPDJHULH GLUHFWH GRLW UpVRXGUH

�'LIIpUHQWHV GpÀQLWLRQV H[LVWHQW FRQFHUQDQW XQH QDLQH EUXQH� 8QH GpÀQLWLRQ HVW EDVpH VXU VD FDSDFLWp j EU�OHU
GX GHXWpULXP� FRQWUDLUHPHQW DX[ SODQqWHV� HW j VD QRQ�FDSDFLWp j EU�OHU GH O·K\GURJqQH� FRQWUDLUHPHQW DX[
pWRLOHV� &HWWH GpÀQLWLRQ LPSOLTXH GHV PDVVHV OLPLWHV LQIpULHXUHV HW VXSpULHXUHV G·HQYLURQ 13 0-XS HW 75 0-XS�
8Q REMHW GH PDVVH SOXV IDLEOH VHUDLW XQH SODQqWH� XQ REMHW GH PDVVH SOXV pOHYp VHUDLW XQH pWRLOH� 8QH DXWUH GpÀ�
QLWLRQ FRQVLGqUH OH PpFDQLVPH GH IRUPDWLRQ GH O·REMHW� /D GpÀQLWLRQ GH O·8QLRQ ,QWHUQDWLRQDOH $VWURQRPLTXH QH
SUHQG SDV HQ FRPSWH OH PpFDQLVPH GH IRUPDWLRQ HW UDMRXWH FRPPH FRQWUDLQWH TXH OD SODQqWH� SRXU rWUH FRQVLG�
pUpH FRPPH WHOOH� GRLW RUELWHU DXWRXU G·XQH pWRLOH� G·XQH QDLQH EUXQH RX G·XQ YHVWLJH G·pWRLOH G·DX PRLQV 25 IRLV
VD PDVVH �/HFDYHOLHU GHV (WDQJV 	 /LVVDXHU� ������

�'·DSUqV OH FDWDORJXH HXURSpHQ https://exoplanet.eu/catalog/� 'DQV FH FKDSLWUH� WRXV OHV QRPEUHV HW
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objet d’arrière-plan mouvement du 

système planétaire

étoile hôte

: mouvement d’une étoile

Astrométrie

Microlentille gravitationelle

Vitesses radiales

Transits

Imagerie directe

Interférométrie

exoplanète
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         : mouvement 

apparent d’une étoile 

vu depuis la Terre

          : mouvement 

apparent d’une étoile 

ayant une planète 

orbitant autour d’elle 

vu depuis la Terre

)LJXUH &��� 9XH G·HQVHPEOH GHV PpWKRGHV GH GpWHFWLRQ HW FDUDFWpULVDWLRQ GHV H[RSODQqWHV� &HWWH
)LJXUH HVW FRPSRVpH GH SOXVLHXUV ÀJXUHV DGDSWpHV � 0DURLV HW DO� ������ SRXU O·LPDJHULH GLUHFWH
GX V\VWqPH +5����� GH +LQNOH\ HW DO� ������ SRXU OD GpWHFWLRQ LQWHUIpURPpWULTXH GH O·H[RSODQqWH
+'������ F� GH 3HUU\PDQ ������ PRQWUDQW O·LPSDFW G·XQ FRPSDJQRQ VXU O·DVWURPpWULH DEVROXH GH
VRQ pWRLOH K{WH� GH O·(62�/� &DOoDGD SRXU O·LOOXVWUDWLRQ G·XQ pYpQHPHQW GH PLFUROHQWLOOH JUDYLWD�
WLRQQHOOH� GH O·(62 H[SOLTXDQW OH SULQFLSH GH OD PpWKRGH GHV YLWHVVHV UDGLDOHV HQ XWLOLVDQW O·HIIHW
'RSSOHU HW GH 5RXDQ 	 /DJUDQJH ������ PRQWUDQW OD FRXUEH GH OXPLqUH DX FRXUV GX WHPSV G·XQH
pWRLOH VH IDLVDQW RFFXOWHU SDU XQH H[RSODQqWH�
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FHV GHX[ SUREOqPHV PDMHXUV HW GRQF WUDYDLOOHU j KDXW�FRQWUDVWH HW j KDXWH UpVROXWLRQ DQJX�
ODLUH�

/HV REVHUYDWLRQV G·LPDJHULH GLUHFWH DFWXHOOHV VRQW VHQVLEOHV j O·pPLVVLRQ WKHUPLTXH GHV
SODQqWHV HW QRQ OD OXPLqUH GH OHXU pWRLOH TXL VH UpÁpFKLW VXU HOOHV� 3DU FRQVpTXHQW� LO HVW SOXV
VLPSOH GH GpWHFWHU GHV SODQqWHV TXL VRQW MHXQHV� FDU HOOHV VRQW SOXV FKDXGHV HW GRQF SOXV EULO�
ODQWHV HQ pPLVVLRQ WKHUPLTXH GDQV O·LQIUDURXJH� 3DU H[HPSOH� GHV PRGqOHV pYROXWLIV �/LQGHU
HW DO�� ����� FRXSOpV j GHV PRGqOHV G·DWPRVSKqUH �petitCODE� 0ROOLqUH HW DO�� ����� ����� RX
�HELIOS� 0DOLN HW DO�� ����� SUpGLVHQW TX·XQH SODQqWH GH 2 0-XS D XQH WHPSpUDWXUH HIIHFWLYH
HQWUH 1 300²1 700 .� �HQ IRQFWLRQ GH OD PpWDOOLFLWp RX OD SUpVHQFH GH QXDJHV� j 200D�  2*D�
OD WHPSpUDWXUH HIIHFWLYH GH OD SODQqWH GpFURvW j 170²250 .�

/·LPDJHULH GLUHFWH HVW GRQF SOXV HIÀFDFH SRXU GpWHFWHU GHV SODQqWHV MHXQHV �W\SLTXH�
PHQW MXVTX·j TXHOTXHV GL]DLQHV GH PLOOLRQV G·DQQpHV� TX·kJpHV� PDVVLYHV �W\SLTXHPHQW GH
TXHOTXHV PDVVHV GH -XSLWHU� TXH GH IDLEOH PDVVH� VLWXpHV ORLQ GH OHXU pWRLOH �W\SLTXHPHQW
DX�GHOj G·XQH VpSDUDWLRQ GH 0.1µ FRUUHVSRQGDQW j 10 XD SRXU XQH pWRLOH VLWXpH j 100 SF��
TXH SURFKHV� 'LIIpUHQWV LQVWUXPHQWV H[LVWHQW SRXU SKRWRJUDSKLHU GHV H[RSODQqWHV� YRLU OD
6HFWLRQ &���

/·LQWHUIpURPpWULH SHXW GpWHFWHU GHV SODQqWHV j GHV VpSDUDWLRQV SOXV SHWLWHV TXH O·LPDJHULH
GLUHFWH HW DYHF XQH PHLOOHXUH UpVROXWLRQ DQJXODLUH��

/·LQWHUIpURPpWULH FODVVLTXH FRPELQH OH VLJQDO GH SOXVLHXUV WpOHVFRSHV� 3DU H[HPSOH� OH
9HU\ /DUJH 7HOHVFRSH ,QWHUIHURPHWHU �9/7,� FRPELQp j O·LQVWUXPHQW *5$9,7< SHUPHW GH Gp�
WHFWHU GHV SODQqWHV j 0.040µ GH OHXU pWRLOH �YRLU )LJ� �� GH 3RXUUp HW DO�� ����� HW DYHF XQH
SUpFLVLRQ DVWURPpWULTXH GH 50 µDV �/DFRXU HW DO�� ����� 3RXUUp HW DO�� ������ FH TXL HVW SOXV
G·XQ RUGUH GH JUDQGHXU PHLOOHXU TXH O·LPDJHULH GLUHFWH� &HOD SHUPHW QRWDPPHQW GH GpWHU�
PLQHU GHV SDUDPqWUHV RUELWDX[ ELHQ SOXV SUpFLV �H�J�� :DQJ HW DO�� ������ (Q XWLOLVDQW *5$9�
,7<� LO HVW DXVVL SRVVLEOH G·pWXGLHU OD VSHFWURVFRSLH HQ pPLVVLRQ GHV MHXQHV H[RSODQqWHV DYHF
O·LQWHUIpURPpWULH� SRXU PLHX[ FRQWUDLQGUH OHXU DWPRVSKqUH RX HQYLURQQHPHQW SURFKH� $OWHU�
QDWLYHPHQW� O·LQWHUIpURPpWULH SHXW pJDOHPHQW XWLOLVp XQ VHXO WpOHVFRSH� FRPELQp j XQPDVTXH
FRPSRUWDQW SOXVLHXUV WURXV SRXU FUpHU DUWLÀFLHOOHPHQW SOXVLHXUV WpOHVFRSHV TXL SHXYHQW HQ�
VXLWH IDLUH LQWHUIpUHU OD OXPLqUH HQWUH HX[� YRLU QRWDPPHQW OHV WUDYDX[ GH /DFRXU HW DO� �������
*DXFKHW HW DO� ������� 5D\ HW DO� �������

/D PpWKRGH GHV WUDQVLWV FRQVLVWH j GpWHFWHU XQH SODQqWH TXDQG HOOH RFFXOWH VRQ pWRLOH K{WH�
&HOD UHTXLHUW XQ DOLJQHPHQW SDUIDLW GH O·REVHUYHXU� OD SODQqWH HW O·pWRLOH� $LQVL� OHV LQVWUX�
PHQWV SHUIRUPDQWV SRXU GpWHFWHU GHV WUDQVLWV RQW EHVRLQ G·REVHUYHU XQ JUDQGQRPEUH G·pWRLOHV

�T �.� = T �◦&� + 273.15 �◦�� DXWUHPHQW GLW LO IDXW VRXVWUDLUH 273.15 j OD WHPSpUDWXUH HQ NHOYLQ SRXU REWHQLU
OD WHPSpUDWXUH HQ GHJUp FHOVLXV�

�4XHOTXHV UHPDUTXHV VXU OHV XQLWpV � 1µ HVW OD QRWDWLRQ SRXU XQH DUFVHFRQGH� TXL FRUUHVSRQG j XQ GLDPqWUH
DQJXODLUH� 8QH DUFVHFRQGH HVW 3 600 SOXV SHWLW TX·XQ GHJUp� 3RXU GRQQHU XQ RUGUH GH JUDQGHXU� XQ GHJUp FRUUH�
VSRQG j GHX[ IRLV OH GLDPqWUH DQJXODLUH GH OD /XQH YXH GHSXLV OD 7HUUH� (Q XQLWpV HQ�GHVVRXV GH O·DUFVHFRQGH HW
VRQWPHQWLRQQpHV GDQVPRQPDQXVFULW GH WKqVH� LO \ D ODPLOOLDUFVHFRQGH �QRWpHPDV� HW ODPLFURDUFVHFRQGH �QRWpH
µDV�� &RQFHUQDQW O·XQLWp QRWpH SF� LO V·DJLW GX SDUVHF� 8Q SDUVHF HVW pJDO j 3.26 DQQpH�OXPLqUH� O·DQQpH�OXPLqUH
pWDQW OD GLVWDQFH TXH SDUFRXUW OD OXPLqUH HQ XQ DQ� VRLW HQYLURQ 9 500 PLOOLDUGV GH NLORPqWUHV� /D GpÀQLWLRQ GX
SDUVHF D pWp FKRLVLH SRXU TX·j FHWWH GLVWDQFH GX 6\VWqPH 6RODLUH� XQH DUFVHFRQGH UHSUpVHQWH OH GLDPqWUH DQJX�
ODLUH GH OD GLVWDQFH 7HUUH�6ROHLO� TXL HVW GpÀQLH FRPPH pWDQW pJDOH j XQH XQLWp DVWURQRPLTXH� &HV WURLV TXDQWLWpV
SHXYHQW GRQF rWUH H[SULPpHV OHV XQHV HQ IRQFWLRQ GHV DXWUHV � 1 XD = 1µ × 1 SF�

�/D UpVROXWLRQ DQJXODLUH HVW GH λ/D HQ LPDJHULH GLUHFWH HW GH λ/B HQ LQWHUIpURPpWULH� R� λ HVW OD ORQJXHXU
G·RQGH�D OH GLDPqWUH GX WpOHVFRSH HW B OD SOXV JUDQGH OLJQH GH EDVH HQWUH GHX[ WpOpVFRSHV�
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VLPXOWDQpPHQW� SRXU DXJPHQWHU OH QRPEUH GH GpWHFWLRQV SRWHQWLHOOHV GH WUDQVLWV� SXLVTXH OD
SUREDELOLWp GH O·DOLJQHPHQW REVHUYDWHXU�SODQqWH�pWRLOH HVW GH

SUREDELOLWp =
R⋆ + RS

a
, �&���

SRXU XQH GLVWDQFH SODQqWH�pWRLOH �a� GRQQpH� R� R⋆ HW RS VRQW UHVSHFWLYHPHQW OH UD\RQ GH
O·pWRLOH HW OD SODQqWH� 'H SOXV� OH UD\RQ GH OD SODQqWH GRLW rWUH VXIÀVDPHQW ODUJH FRPSDUp DX
UD\RQ GH VRQ pWRLOH K{WH� SRXU TXH OD YDULDWLRQ GH OXPLQRVLWp VRLW VXIÀVDPHQW VLJQLÀFDWLYH�
&HWWH YDULDWLRQ GH OXPLQRVLWp V·H[SULPH VXLYDQW

YDULDWLRQ =
RS
R⋆

. �&���

3DU H[HPSOH� OH WUDQVLW GH -XSLWHU GHYDQW OH 6ROHLO FRUUHVSRQGUDLW j XQH YDULDWLRQ GH OXPL�
QRVLWp G·HQYLURQ 1�� SXLVTXH -XSLWHU D XQ UD\RQ HQYLURQ GL[ IRLV SOXV SHWLW TXH FHOXL GX 6ROHLO�
/D SUREDELOLWp GH GpWHFWHU FH WUDQVLW� SRXU XQ REVHUYDWHXU H[WHUQH� HVW WUqV IDLEOH �0.1��� FDU
-XSLWHU RUELWH ORLQ GX VROHLO �j 5 XD � 11 DQQpHV�� &HSHQGDQW� VL -XSLWHU VH VLWXDLW ELHQ SOXV
SURFKH GX 6ROHLO� SDU H[HPSOH DYHF XQH SpULRGH RUELWDOH GH WURLV MRXUV� OD SUREDELOLWp GH Gp�
WHFWHU VRQ WUDQVLW VHUDLW ELHQ SOXV pOHYp �10���

3RXU GpWHUPLQHU OD SpULRGH RUELWDOH G·XQH SODQqWH GRQQpH� LO HVW QpFHVVDLUH G·REVHUYHU
SOXVLHXUV WUDQVLWV RX DORUV G·XWLOLVHU XQH DXWUHPpWKRGH GH GpWHFWLRQ FRPPH FHOOH GHV YLWHVVHV
UDGLDOHV� 8WLOLVHU FHV PpWKRGHV SHUPHWWHQW GH PHVXUHU OD PDVVH GH O·REMHW� SRXU GpWHUPLQHU
QRWDPPHQW VL F·HVW XQ FRPSDJQRQ SODQpWDLUH� XQH QDLQH EUXQH RX XQH pWRLOH� 2EVHUYHU XQH
RUELWH FRPSOqWH G·XQH H[RSODQqWH TXL WUDQVLWH SHXW SHUPHWWUH GH GpWHFWHU pJDOHPHQW O·pFOLSVH
VHFRQGDLUH GH FHWWH H[RSODQqWH� F·HVW�j�GLUH TXDQG FHOOH�FL HVW RFFXOWpH SDU VRQ pWRLOH K{WH�
&HOD SHUPHW GH FRQWUDLQGUH VD FRXUEH GH SKDVH HQ SKRWRPpWULH RX HQ VSHFWURPpWULH�� FH TXL
SHUPHW HQVXLWH GH FRQWUDLQGUH OHV SURSULpWpV GH O·DWPRVSKqUH GH O·H[RSODQqWH HW QRWDPPHQW
OD IRUPDWLRQ GH QXDJHV �YRLU SDU H[HPSOH 'HPLQJ HW DO�� ������

/HV WpOHVFRSHV VSDWLDX[ .HSOHU HW 7(66 RQW GpFRXYHUW GHV PLOOLHUV G·H[RSODQqWHV FRQÀU�
PpHV SDU OD VXLWH� DYHF XQ DXWUH PLOOLHU G·H[RSODQqWHV WRXMRXUV j FRQÀUPHU RX LQÀUPHU� /H
WpOHVFRSH DX VRO 75$33,67 D DXVVL MRXp XQ U{OH PDMHXU� HQ GpFRXYUDQW OH FpOqEUH V\VWqPH
75$33,67��� TXL HVW XQ V\VWqPH PXOWL�SODQpWDLUH LFRQLTXH �*LOORQ HW DO�� ����� ����� /XJHU
HW DO�� ������ &H V\VWqPH D VHSW SODQqWHV WHOOXULTXHV� DX[ UD\RQV HW PDVVHV VLPLODLUHV j FHOXL
GH OD 7HUUH� (OOHV VRQW VLWXpHV GDQV XQH FRQÀJXUDWLRQ FRPSDFWH DXWRXU G·XQH pWRLOH GH WUqV
IDLEOH PDVVH �0.080!� VLWXpH j 12 SF GX 6\VWqPH 6RODLUH�

0HVXUHU OD YLWHVVH UDGLDOH GHV pWRLOHV SHXW SHUPHWWUH GH GpWHUPLQHU OD SUpVHQFH G·H[RSODQqWHV
RUELWDQW DXWRXU GH FHV pWRLOHV� (Q HIIHW� GDQV XQ V\VWqPH SODQpWDLUH DYHF XQH pWRLOH VLPSOH�
O·pWRLOH HW OD �RX OHV H[RSODQqWHV� YRQW RUELWHU DXWRXU GX EDU\FHQWUH GX V\VWqPH� TXL HVW GLV�
WLQFW GX FHQWUH GH O·pWRLOH� /RUVTXH O·pWRLOH VH GpSODFH HQ GLUHFWLRQ GH O·REVHUYDWHXU� O·HIIHW
'RSSOHU YD LQGXLUH XQ GpFDODJH YHUV OH EOHX GDQV OH VSHFWUH pOHFWRPDJQpWLTXH GH O·pWRLOH
PHVXUp SDU O·REVHUYDWHXU� 'H PDQLqUH UpFLSURTXH� TXDQG O·pWRLOH V·pORLJQH GH O·REVHUYDWHXU�
O·HIIHW 'RSSOHU LQGXLW XQ GpFDODJH YHUV OH URXJH GDQV OH VSHFWURPDJQpWLTXH �YRLU )LJ� &��� HQ
EDV j GURLWH�� &H VLJQDO SpULRGLTXH GH GpFDODJH YHUV OH EOHX� SXLV YHUV OH URXJH� SXLV YHUV
OH EOHX� HW DLQVL GH VXLWH� HVW YLVLEOH SRXU GHV V\VWqPHV SODQpWDLUHV TXL QH VRQW SDV YXV GH
IDFH� F·HVW�j�GLUH GRQW OH SODQ RUELWDO Q·HVW SDV RUWKRJRQDO j OD OLJQH GH YLVpH REVHUYDWHXU�
pWRLOH� /H GpFDODJH YHUV OH EOHX HW YHUV OH URXJH GDQV OH VSHFWUH pOHFWURPDJQpWLTXH HVW SOXV

�F·HVW�j�GLUH j XQH �SKRWRPpWULH� RX SOXVLHXUV �VSHFWURPpWULH� ORQJXHXUV G·RQGHV
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LPSRUWDQW GDQV OH FDV G·XQH H[RSODQqWH PDVVLYH� YXH DOLJQpH REVHUYDWHXU�H[RSODQqWH�pWRLOH
�RX REVHUYDWHXU�pWRLOH�H[RSODQqWH� HW TXL RUELWH SURFKH GH VRQ pWRLOH K{WH�

/D WHFKQLTXH GHV YLWHVVHV UDGLDOHV SHUPHW GH GpULYHU OHV SDUDPqWUHV RUELWDX[ GH
O·H[RSODQqWH� WHOV TXH VD SpULRGH RUELWDOH �HW GRQF VRQ GHPL�JUDQG D[H� HW VRQ H[FHQWULFLWp�
DLQVL TXH OD PDVVH PLQLPDOH GH O·H[RSODQqWH� TXL GpSHQG GH O·LQFOLQDLVRQ VRXV ODTXHOOH HVW YX
OH V\VWqPH SODQpWDLUH�

&L�GHVVRXV MH OLVWH FHUWDLQV VSHFWURPqWUHV KDXWH UpVROXWLRQ TXL RQW SHUPLV OD GpWHFWLRQ
G·H[RSODQqWHV JUkFH DX[ PHVXUHV GHV YLWHVVHV UDGLDOHV GH OHXU pWRLOH K{WH� GDQV O·RUGUH
DOSKDEpWLTXH � &$50(1(6� (/2',( �XWLOLVp SRXU GpFRXYULU O·H[RSODQqWH �� 3HJDVL E��
(635(662 �3HSH HW DO�� ������ +$536 �3HSH HW DO�� ������ +$536�1 �&RVHQWLQR HW DO�� ������
+,5(6 �9RJW HW DO�� ������ 1,536 �:LOGL HW DO�� ������ 63,5RX �'RQDWL HW DO�� ������ 8&/(6
�'LHJR HW DO�� ������ 89(6 �'HNNHU HW DO�� ������

0HVXUHU O·DVWURPpWULH� DEVROXH G·XQH pWRLOH DX FRXUV GX WHPSV SHUPHW GH GpWHUPLQHU OD
SUpVHQFH G·XQ FRPSDJQRQ PDVVLI RUELWDQW DXWRXU GH O·pWRLOH �SOXV SUpFLVpPHQW DXWRXU GH
OHXU EDU\FHQWUH�� WHO TX·XQH H[RSODQqWH JpDQWH RX XQH QDLQH EUXQH� &RQFUqWHPHQW� GDQV OH
FDV R� O·pWRLOH j XQ �RX SOXVLHXUV FRPSDJQRQV� OD GLUHFWLRQ ORQJ�WHUPH GX GpSODFHPHQW GH
O·pWRLOH GLIIqUH GH VD GLUHFWLRQ FRXUW�WHUPH� 9LVXHOOHPHQW� FHOD LQGXLW XQ PRXYHPHQW SOXV
FRPSOH[H �YRLU )LJ� &��� HQ KDXW j GURLWH�� DSSHOp DQRPDOLH GH PRXYHPHQW SURSUH RX DF�
FpOpUDWLRQ DVWURPpWULTXH �.HUYHOOD HW DO�� ����� %UDQGW� ����� UHVSHFWLYHPHQW��

3RXU OH PRPHQW� O·DQRPDOLH GH PRXYHPHQW SURSUH GH O·pWRLOH �RX O·DFFpUpODWLRQ DV�
WURPpWULTXH� GRQQH VHXOHPHQW GHV LQGLFHV VXU OD SUpVHQFH G·XQ FRPSDJQRQ DXWRXU GH
O·pWRLOH� PDLV QH SHUPHW SDV GH OH GpWHFWHU RIÀFLHOOHPHQW� G� j OD GpJpQpUHVFHQFH HQWUH OD
PDVVH GX FRPSDJQRQ HW VD GLVWDQFH RUELWDOH� '·DXWUHV REVHUYDWLRQV DYHF O·LPDJHULH GLUHFWH
RX OHV YLWHVVHV UDGLDOHV VRQW QpFHVVDLUHV SRXU OHV GpWHFWHU �YRLU OHV GpFRXYHUWHV SUpVHQWpHV
GDQV +LQNOH\ HW DO�� ����� 0HVD HW DO�� ����� 'H 5RVD HW DO�� ����� )UDQVRQ HW DO�� ����� 7RELQ
HW DO�� ������

'HX[ WpOHVFRSHV VSDWLDX[ RQW SHUPLV GHPHVXUHU WUqV SUpFLVpPHQW OHV SRVLWLRQV GHV pWRLOHV�
+LSSDUFRV �YDQ /HHXZHQ� ����� pSRTXH UpIpUHQFH ����� HW*DLD �*DLD &ROODERUDWLRQ HW DO�� �����
����� pSRTXH UpIpUHQFH DFWXHOOH ������ /H WpOHVFRSH *DLD HVW HQFRUH HQ DFWLYLWp MXVTX·j GpEXW
����� 'DQV OHV DQQpHV TXL YLHQQHQW� OHV SURFKDLQHV �HW GHUQLqUHV� GHX[ JUDQGHV GLIIXVLRQV
GHV GRQQpHV GH*DLD DQDO\VpHV SDU OD FROODERUDWLRQ pSRQ\PH� VHURQW DFFRPSDJQpHV GHV OLVWHV
G·H[RSODQqWHV HW QDLQHV EUXQHV TXH *DLD DXUD GpFRXYHUWHV� JUkFH j VHV FLQT SXLV GL[ DQQpHV
GH PLVVLRQ�

/HV H[RSODQqWHV SHXYHQW pJDOHPHQW rWUH GpWHFWpHV HQ XWLOLVDQW O·HIIHW GH PLFUROHQWLOOH JUDY�
LWDWLRQQHOOH �0DR 	 3DF]\QVNL� ����� *RXOG 	 /RHE� ������ OLp j OD UHODWLYLWp JpQpUDOH� 8QH
´OHQWLOOHµ FRQVLVWH SDU H[HPSOH HQ XQ V\VWqPH SODQpWDLUH �XQH pWRLOH HW XQH SODQqWH� SDVVDQW
GHYDQW XQ REMHW G·DUULqUH�SODQ WUqV EULOODQW� WHO TX·XQH pWRLOH� &HWWH ´OHQWLOOHµ� G� j OD JUDYLWp�
YD DFFURvWUH OD OXPLQRVLWp DSSDUHQWH GH O·pWRLOH G·DUULqUH�SODQ� /D FRXUEH GH OXPLQRVLWp GH
O·pWRLOH G·DUULqUH�SODQ YD DORUV YDULHU � DX OLHX G·rWUH FRQVWDQWH� HOOH YD DXJPHQWHU UHODWLYH�
PHQW ORQJXHPHQW ORUVTXH TXH O·pWRLOH V·DOLJQH DYHF O·pWRLOH G·DUULqUH�SODQ HW O·REVHUYDWHXU�
GLPLQXHU SURJUHVVLYHPHQW ORUVTXH O·pWRLOH V·pORLJQH� SXLV j QRXYHDX DXJPHQWHU EULqYHPHQW

�/·DVWURPpWULH FRUUHVSRQG j OD SRVLWLRQ G·XQ DVWUH� 7\SLTXHPHQW� OHV DVWURQRPHV V·LQWpUHVVHQW j OD SRVLWLRQ
GHV DVWUHV DX FRXUV GX WHPSV� SRXU pWXGLHU OHXU GLUHFWLRQ RX YLWHVVH GH GpSODFHPHQW� /HV DVWUHV VH GpSODFHQW�
W\SLTXHPHQW OHV pWRLOHV VH GpSODFHQW DXWRXU GX FHQWUH GH OHXU JDOD[LH K{WH�
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ORUVTXH OD SODQqWH VH UHWURXYH DOLJQpH DYHF O·pWRLOH G·DUULqUH�SODQ HW O·REVHUYDWHXU �YRLU )LJ� &���
j GURLWH��

(QYLURQ 280 SODQqWHV RQW pWp GpWHFWpHV YLD O·HIIHW GH PLFUROHQWLOOH JUDYLWDWLRQQHOOH� GRQW
TXHOTXHV V\VWqPHVPXOWLSODQpWDLUHV �YRLU SDU H[HPSOH *DXGL HW DO�� ������ &RQWUDLUHPHQW DX[
DXWUHV PpWKRGHV GH GpWHFWLRQ� FHWWH PpWKRGH Q·XWLOLVH SDV OD GpWHFWLRQ GH SKRWRQV GH O·pWRLOH
K{WH HW�RX GH OD SODQqWH HQ TXHVWLRQ� 'H SOXV� FHWWH WHFKQLTXH SHUPHW GH GpWHUPLQHU ODPDVVH
HW OH GHPL�JUDQG D[H GHV H[RSODQqWHV GpWHFWpHV� &·HVW OD WHFKQLTXH TXL D GpFRXYHUW OD SOXSDUW
GHV SODQqWHV GH IDLEOH PDVVH W\SH VXSHU�7HUUHV HQWUH 1 HW 5 XD �YRLU QRWDPPHQW � *DXGL� �����
0UR] 	 3ROHVNL� ������

$X WRWDO� VXU OHV SOXV GH 5 000 H[RSODQqWHV GpFRXYHUWHV HW FRQÀUPpHV �RX QDLQHV EUXQHV�
UHSRUWpHV GDQV OH FDWDORJXH HXURSpHQ GHV H[RSODQqWHV� HQYLURQ 69� RQW pWp GpWHFWpHV YLD OD
PpWKRGH GHV WUDQVLWV� 20� YLD OD PpWKRGH GHV YLWHVVHV UDGLDOHV� 5� YLD PLFUROHQWLOOH JUDYLWD�
WLRQQHOOH HW 4� YLD LPDJHULH GLUHFWH�

&RPPH DXFXQH WHFKQLTXH GH GpWHFWLRQ Q·HVW FDSDEOH GH GpWHFWHU WRXW O·HVSDFH GHV SDUDPqWUHV
GHV H[RSODQqWHV� FRPELQHU OHV GLIIpUHQWHV WHFKQLTXHV SHUPHW G·DYRLU XQH YLVLRQ SOXV JOREDOH
GHV H[RSODQqWHV TXL H[LVWHQW � FHOOHV VLWXpHV SURFKHV RX ORLQ GH OHXU pWRLOHV� FHOOHV MHXQHV RX
kJpHV� FHOOHV RUELWDQW GDQV GHV SODQV RUELWDX[ RUWKRJRQDX[ RX QRQ j OD OLJQH GH YLVpH� HWF�

&RPELQHU OHV PpWKRGHV GH GpWHFWLRQ SHUPHW pJDOHPHQW G·DYRLU SOXV G·LQIRUPDWLRQV VXU
OHV SDUDPqWUHV SK\VLTXHV� RUELWDX[ RX DWPRVSKpULTXHV GH OD SODQqWH� FRPPH pFULW SOXV KDXW�
SDU H[HPSOH GDQV OH FDV GH OD PpWKRGH GHV WUDQVLWV HW GH OD PpWKRGH GHV YLWHVVHV UDGLDOHV�
&HWWH V\QHUJLH SHUPHW GH GpWHUPLQHU OD PDVVH HW OD GHQVLWp GH OD SODQqWH�

8QH DXWUH V\QHUJLH SDUWLFXOLqUHPHQW LQWpUHVVDQWH HVW OH FRXSODJH GH O·LPDJHULH GLUHFWH
DYHF O·DVWURPpWULH HW�RX OHV YLWHVVHV UDGLDOHV� SRXU GpWHUPLQHU OD PDVVH G\QDPLTXH GH OD
SODQqWH� &HWWH PDVVH G\QDPLTXH SHUPHW HQVXLWH GH FRQWUDLQGUH OD UHODWLRQPDVVH�OXPLQRVLWp
GHV PRGqOHV pYROXWLIV HW DWPRVSKpULTXHV SRXU XQ kJH GRQQp GH OD SODQqWH�

'H SOXV� OHV PpWKRGHV GHV YLWHVVHV UDGLDOHV HW G·DVWURPpWULH SHUPHWWHQW DXVVL G·LQGLTXHU
OD SUpVHQFH VXVFHSWLEOH G·XQH H[RSODQqWH VLWXpH ORLQ GH VRQ pWRLOH SDU H[HPSOH SDU O·HIIHW GH
SHQWH GDQV OHV YLWHVVHV UDGLDOHV �YRLU )LJ� � GH 7HQJ HW DO�� ����� RX O·DQRPDOLH GH PRXYHPHQW
SURSUH� &HV LQGLFHV SHUPHWWHQW GH JXLGHU OHV UHOHYpV REVHUYDWLRQQHOV HQ LPDJHULH GLUHFWH� TXL
YRQW FLEOHU HQ SULRULWp FHV V\VWqPHV R� OHV DVWURQRPHV V·DWWHQGHQW j GpFRXYULU XQH H[RSODQqWH�
&HWWH VWUDWpJLH G·REVHUYDWLRQ SHUPHW G·pFRQRPLVHU GX WHPSV GH WpOHVFRSH� HW D pWp UpDOLVpH
DYHF VXFFqV HW LQGpSHQGDPPHQW SRXU O·H[RSODQqWH $) /HS E SDU WURLV pTXLSHV GH UHFKHUFKH
GLIIpUHQWHV �0HVD HW DO�� ����� 'H 5RVD HW DO�� ����� )UDQVRQ HW DO�� ������

/HV SULQFLSDOHV pWDSHV GH OD IRUPDWLRQ G·XQ V\VWqPH SODQpWDLUH VRQW UpVXPpHV GDQV OH VFKpPD
HQ )LJ� &���

/D SUHPLqUH pWDSH HVW OD IRUPDWLRQ G·XQH pWRLOH YLD OD FRQWUDFWLRQ G·XQ QXDJH PROpFXODLUH�
TXL HVW FRPSRVp GH JD] HW GH SRXVVLqUHV� OLUH QRWDPPHQW OD UHYXH GH .HQQLFXWW 	 (YDQV
������ HW O·LQWURGXFWLRQ GpWDLOOpH GH OD WKqVH GH GRFWRUDW GH /H *RXHOOHF ������� /D SUHVVLRQ�
GHQVLWp HW WHPSpUDWXUH GH FRHXUV SUp�VWHOODLUHV DXJPHQWHQW� MXVTX·j GpFOHQFKHU OHV UpDFWLRQ
GH IXVLRQ WKHUPR�QXFOpDLUH� /D SURWR�pWRLOH V·DOOXPH DORUV� 6D OXPLqUH Q·HVW QpDQPRLQV SDV
YLVLEOH SRXU XQ REVHUYDWHXU� FDU OHV SKRWRQV VRQW WUqV UDSLGHPHQW DEVRUEpV SDU OH PDWpULHO



��� $SSHQGL[ &� 9HUVLRQ FRXUWH GH OD WKqVH HQ IUDQoDLV

)LJXUH &��� 6FKpPD PRQWUDQW OHV JUDQGHV OLJQHV GH OD IRUPDWLRQ G·XQ V\VWqPH SODQpWDLUH�

RSDTXH TXL HQWRXUH O·pWRLOH� 8QH SDUWLH GX JD] HW GH OD SRXVVLqUH DFFUqWH VXU OD SURWR�pWRLOH�
WDQGLV TX·XQH DXWUH SDUWLH HVW pMHFWpH SDU GHV MHWV ELSRODLUHV� YRLU )LJ� &���

/D FRQVHUYDWLRQ GX PRPHQW DQJXODLUH� HW OHV HIIHWV JUDYLWDWLRQQHOV� SUHVVLRQ GX JD] HW
IRUFH FHQWULIXJH� IRQW TXH O·HQYHORSSH DXWRXU GH O·pWRLOH V·DSODWLW GDQV XQ GLVTXH TXDOLÀp GH
SURWRSODQpWDLUH� FDU GHV SODQqWHV SHXYHQW V·\ IRUPHU SDU OD VXLWH� 'H SOXV� OHV FKDPSV PDJ�
QpWLTXHV MRXHQW XQ U{OH LPSRUWDQW HW FRPSOH[H GDQV OD UpJXODWLRQ GH OD IRUPDWLRQ VWHOODLUH�
j O·pFKHOOH GX QXDJH PROpFXODLUH HW FHOOH GX GLVTXH SURWRSODQpWDLUH �&UXWFKHU� ����� +XOO 	
=KDQJ� ������

'DQV XQ GLVTXH SURWRSODQpWDLUH� OH UDWLR SRXVVLqUHV�JD] HVW VXSSRVp rWUH G·HQYLURQ 1�� /H
JD] HVW VXMHW DX[ IRUFHV JUDYLWDWLRQQHOOHV HW FHQWULIXJH HW j OD SUHVVLRQ GX JD]� GRQW OH JUDGLHQW
GLPLQXH DX SUHPLHU RUGUH DYHF OD GLVWDQFH j O·pWRLOH� FDU OD WHPSpUDWXUH HW OD GHQVLWp GLPLQXH�
&H JUDGLHQW GH SUHVVLRQ LPSOLTXH TXH OH JD] VH GpSODFH j GHV YLWHVVHV VXE�NpSOpULHQQHV� /HV
SDUWLFXOHV GH SRXVVLqUHV VXIÀVDPPHQW ODUJHV� TXDQW j HOOHV� VRQW SULQFLSDOHPHQW VHQVLEOHV
DX[ IRUFHV JUDYLWDWLRQQHOOHV HW FHQWULIXJH HW RUELWHQW GRQF j GHV YLWHVVHV NpSOpULHQQHV� 3DU
FRQVpTXHQW� OHV SRXVVLqUHV IRQW IDFH j XQ YHQW GH WrWH G� DX JD] VXE�NpSOpULHQ� TXL YD DORUV OHV
IUHLQHU HW OHV IDLUH VSLUDOHU YHUV O·pWRLOH� &HW HIIHW HVW DSSHOp OD GpULYH UDGLDOH �:HLGHQVFKLOOLQJ�
������ 'H SOXV� OHV LQWHUDFWLRQV HQWUH OHV SRXVVLqUHV HW OH JD] FDXVHQW OD VpGLPHQWDWLRQ YHUWL�
FDOH � OHV SRXVVLqUHV VH UHWURXYHQW GH PDQLqUH SUpIpUHQWLHOOH GDQV OH SODQ PpGLDQ GX GLVTXH�
&RQFHUQDQW OHV SHWLWHV SDUWLFXOHV GH SRXVVLqUHV� FHOOHV�FL VRQW VXIÀVDPPHQW SHWLWHV SRXU rWUH
FRXSOpHV DX JD]� (OOHV RUELWHQW GRQF j GHV YLWHVVHV VXE�NpSOpULHQQHV�

,QLWLDOHPHQW� GDQV OH GLVTXH SURWRSODQpWDLUH� OHV SDUWLFXOHV GH SRXVVLqUHV VRQW VXSSRVpHV
DYRLU XQH WDLOOH LQIpULHXUH j 1 µP �2UPHO HW DO�� ����� %DWH� ������ /HV JUDLQV GH SRXVVLqUHV
GHYLHQQHQW HQVXLWH GH SOXV HQ SOXV JURV� LOV IRUPHQW GHV DJUpJDWV GH SRXVVLqUHV JUkFH j GHV
FROOLVLRQV FRQVWUXFWLYHV� &HSHQGDQW� LO \ D pJDOHPHQW GHV FROOLVLRQV GHVWUXFWLYHV TXL FDXVHQW
OHXU IUDJPHQWDWLRQ RX pURVLRQ �*�WWOHU HW DO�� ������ /D FURLVVDQFH GHV DJJUpJDWV GH SRXV�
VLqUHV HQ SODQpWpVLPDX[ GRLW IUDQFKLU WURLV EDUULqUHV � OD EDUULqUH UHERQGLVVDQWH� OD EDUULqUH GH
IUDJPHQWDWLRQ HW OD EDUULqUH GH GpULYH� (Q YHUVLRQ FRXUWH� OD EDUULqUH UHERQGLVVDQWH HPSrFKH
OHV DJJUpJDWV GH SRXVVLqUHV GH FURvWUH FDU OHV FROOLVLRQV PDLQWLHQQHQW OH VWDWXW TXR� OD EDUULqUH
GH IUDJPHQWDWLRQ OHXU IDLW GLPLQXHU VLJQLÀFDWLYHPHQW GH WDLOOH HW OD EDUULqUH GH GpULYH OHV IDLW
PLJUHU YHUV O·pWRLOH� /D YHUVLRQ SOXV GpWDLOOpH HVW GpFULWH GDQV OD YHUVLRQ ORQJXH GXPDQXVFULW
GH WKqVH� HQ 6HFWLRQ ������



&��� ,QWURGXFWLRQ ���

'DQV OH PRGqOH G·DFFUpWLRQ VXU FRHXU �3ROODFN HW DO�� ������ GHX[ PRGqOHV ULYDOLVHQW SRXU
H[SOLTXHU FRPPHQW OHV SODQqWHV VH IRUPHQW � O·DFFUpWLRQ GH FDLOORX[ �-RKDQVHQ 	 /DFHUGD�
����� 2UPHO 	 .ODKU� ����� /DPEUHFKWV 	 -RKDQVHQ� ����� RX O·DFFUpWLRQ GH SODQpWpVLPDX[
�3ROODFN HW DO�� ����� $OLEHUW HW DO�� ����� (PVHQKXEHU HW DO�� ����� VXU XQ FRHXU SURWRSODQpWDLUH
�YRLU SDU H[HPSOH OD UHYXH GH 'UćŧNRZVND HW DO�� ������ /HV PRGqOHV DFWXHOV G·DFFUpWLRQ GH
FDLOORX[ RX SODQpWpVLPDX[ LQLWLDOLVHQW VRXYHQW OHXUV VLPXODWLRQV DYHF XQ FRHXU SODQpWDLUH GH
OD PDVVH GH 0.01 0⊕� VRLW HQYLURQ OD PDVVH GH OD /XQH� 8Q WHO FRHXU SODQpWDLUH SRXUUDLW VH
IRUPHU YLD ´O·LQVWDELOLWp GH ÁX[µ� VXLYL SDU GHV FROOLVLRQV SRVLWLYHV �/LX HW DO�� ������

/RUVTXH O·HPEU\RQ SODQpWDLUH DFFUqWH VXIÀVDPHQW UDSLGHPHQW GH FDLOORX[ RX SODQpWpVL�
PDX[� LO SHXW pJDOHPHQW DFFUpWHU OH JD] WRXMRXUV SUpVHQW GDQV OH GLVTXH SURWRSODQpWDLUH�
HW DLQVL GHYHQLU XQH SODQqWH JpDQWH� 'DQV O·DXWUH FDV� OD SODQqWH SHXW GHYHQLU XQH SODQqWH
WHOOXULTXH� WHOOH TXH OD 7HUUH SDU H[HPSOH� /RUVTXH OD SODQqWH FURvW� GXH DX[ LQWHUDFWLRQV
JUDYLWDWLRQQHOOHV HQWUH OH GLVTXH HW OD SODQqWH� OD SODQqWH VH PHW JpQpUDOHPHQW j PLJUHU YHUV
O·LQWpULHXU RX O·H[WpULHXU GX V\VWqPH �*ROGUHLFK 	 7UHPDLQH� ����� /LQ 	 3DSDORL]RX� ������

/HV SODQqWHV MXVTX·j TXHOTXHV PDVVHV GH -XSLWHU VRQW SULQFLSDOHPHQW IRUPpHV YLD OH VFp�
QDULR G·DFFUpWLRQ VXU FRHXU� WDQGLV TXH OHV SODQqWHV SOXV PDVVLYHV �≥ 4²5 0-XS� HW QDLQHV
EUXQHV SRXUUDLHQW VH IRUPHU YLD G·DXWUHV PpFDQLVPHV� WHOV TXH O·LQVWDELOLWp JUDYLWDWLRQQHOOH
GH GLVTXH �%RVV� ����� RX OD IUDJPHQWDWLRQ JUDYR�WXUEXOHQWH �3DGRDQ 	 1RUGOXQG� ������
/·LQVWDELOLWp JUDYLWDWLRQQHOOH GX GLVTXH FRQVLVWH HQ XQH IUDJPHQWDWLRQ GX GLVTXH GDQV OHV MH�
XQHV SKDVHV GH OD IRUPDWLRQ GH O·pWRLOH HW GX GLVTXH� $X�GHOj G·HQYLURQ 50 XD GH O·pWRLOH K{WH�
GHV DPDV GH JD] IURLGV HW LQVWDEOHV JUDYLWDWLRQQHOOHPHQW SHXYHQW V·HIIRQGUHU HQ GH KDXWHV
GHQVLWpV �%RVV� ����� *DPPLH� ����� $UPLWDJH� ����� R� OD IRUPDWLRQ SODQpWDLUH SHXW DYRLU
OLHX� (QÀQ� OD IUDJPHQWDWLRQ JUDYR�WXUEXOHQWH GH QXDJHV PROpFXODLUHV SHXW UpVXOWHU HQ GHV
FRHXUV JUDYLWDWLRQQHOV LQVWDEOHV GH OD PDVVH G·XQH QDLQH EUXQH� TXL YRQW V·HIIRQGUHU HQVXLWH
HW IRUPHU GHV SODQqWHV JpDQWHV WUqV PDVVLYHV RX GHV QDLQHV EUXQHV �3DGRDQ 	 1RUGOXQG�
������

/D IRUPDWLRQ SODQpWDLUH D OLHX SRXU OHV SODQqWHV JpDQWHV GXUDQW OD SKDVH GH GLVTXH SURWR�
SODQpWDLUH TXL GXUH HQYLURQ 3 j 60D �+DLVFK HW DO�� ������ WDQGLV TXH OHV SODQqWHV SOXV SHWLWHV
SHXYHQW VH IRUPHU VXU GHV pFKHOOHV GH WHPSV SOXV ORQJXHV� /D SKDVH GH GLVSHUVLRQ GX GLVTXH
SURWRSODQpWDLUH D pWp DSSHOpH ´GLVTXH GH WUDQVLWLRQµ RX ´GLVTXH K\EULGHµ� $SUqV FHWWH pWDSH�
OD SOXV JUDQGH SDUWLH GX JD] D GLVSDUX� ,O D VRLW pWp DFFUpWp VXU O·pWRLOH RX VXU OHV SODQqWHV
�JpDQWHV� RX GLIIXVp j O·H[WpULHXU GX V\VWqPH�

8QH TXHVWLRQ LPSRUWDQWH GDQV OH GRPDLQH HVW FRPPHQW OHV GLVTXHV GH GpEULV VRQW UHOLpV
DX[ GLVTXHV SURWRSODQpWDLUHV� 3DU H[HPSOH� HVW�FH TXH OHV GLVTXHV SURWRSODQpWDLUHV ODUJHV HW
EULOODQWV UpVXOWHQW HQ GHV GLVTXHV GH GpEULV ODUJHV HW EULOODQWV " 1DMLWD HW DO� ������ D pWXGLp
FHWWH TXHVWLRQ� '·DSUqV OHXU pWXGH� FRPPH 25� GHV MHXQHV �10D� pWRLOHV GH W\SH VRODLUH RQW
GH ODUJHV HW EULOODQWV GLVTXHV SURWRSODQpWDLUHV� HW TXH OD PrPH IUDFWLRQ G·pWRLOHV kJpHV RQW GH
ODUJHV HW EULOODQWV GLVTXHV GH SRXVVLqUHV� FHOD VHUDLW XQH RSWLRQ SRVVLEOH� 7RXWHIRLV� LOV VRXOLJ�
QHQW TX·XQH FRPELQDLVRQ GH GLIIpUHQWV FKHPLQV G·pYROXWLRQ VHUDLW pJDOHPHQW SRVVLEOH� DYHF
GHV GLVTXHV VXLYDQW GLIIpUHQWV VFpQDULRV WHOV TXH FHX[ QRPPpV ´pUXSWLRQ SUpFRFH´� ´OXHXU
FRQVWDQWHµ RX ´ÁRUDLVRQ WDUGLYHµ �YRLU OHXU )LJ� ����

/RUVTXH OH GLVTXH GH JD] V·HVW GLVVLSp� DXWRXU GH O·pWRLOH GHPHXUHQW OHV SURGXLWV GH OD IRU�
PDWLRQ SODQpWDLUH� &HOD LQFOXW OD SUpVHQFH GH SODQqWH�V� HW GHV FRUSV SOXV SHWLWV� WHOV TXH GHV
SODQqWHV QDLQHV� SODQpWpVLPDX[� FDLOORX[ HW SRXVVLqUHV� TXL SHXYHQW rWUH FRQVLGpUpV FRPPH
GHV ´GpEULV´� 8Q GLVTXH GH GpEULV SHXW UHSUpVHQWHU WRXV OHV GpEULV GDQV XQ V\VWqPH� RX GHV
SRSXODWLRQV LQGLYLGXHOOHV GH GpEULV �YRLU OD UHYXH SpGDJRJLTXH GH 3HDUFH� ������



��� $SSHQGL[ &� 9HUVLRQ FRXUWH GH OD WKqVH HQ IUDQoDLV

$SUqV TXH OHV SODQqWHV VH VRLHQW IHUPpHV� OHV V\VWqPHV SODQpWDLUHV QH GHPHXUHQW SDV
VWDWLTXHV HW GHV pYpQHPHQWV PDMHXUV SHXYHQW DYRLU OLHX� WHOV TXH GHV FROOLVLRQV SODQqWH�
SODQqWH� pYpQHPHQWV GH GLVSHUVLRQ SODQqWH�SODQqWH �5DVLR 	 )RUG� ������ PLJUDWLRQ j KDXWH�
H[FHQWULFLWp YLD OHV LQWHUDFWLRQV GH .R]DL�/LGRY �.R]DL� ����� 1DR] HW DO�� ����� SDU H[HPSOH�
GHV WRPEpHV WDUGLYHV GH SODQpWpVLPDX[ VXU OHV SODQqWHV �*RPHV HW DO�� ����� RX GHV SHUWXU�
EDWLRQV H[WHUQHV FRPPH XQ SDVVDJH UDSSURFKp DYHF XQH DXWUH pWRLOH �/DXJKOLQ 	 $GDPV�
����� +XUOH\ 	 6KDUD� ����� =DNDPVND 	 7UHPDLQH� ������ &HV pYpQHPHQWV SHXYHQW PRGL�
ÀHU O·DUFKLWHFWXUH GX V\VWqPH SODQpWDLUH� HQ pMHFWDQW GHV SODQqWHV RX HQ FKDQJHDQW OHXUV SUR�
SULpWpV RUELWDOHV� RX OHXUV SURSULpWpV DWPRVSKpULTXHV HW OHXU FRPSRVLWLRQ� 3DU H[HPSOH� OD
WHPSpUDWXUH GH OD SODQqWH SHXW YDULHU VLJQLÀFDWLYHPHQW� UpVXOWDQW HQ XQH pFKDSSpH WDUGLYH
GH VRQ DWPRVSKqUH �%RXUULHU HW DO�� ����� RX HQ FKDQJHDQW O·pWDW SK\VLTXH GH FHUWDLQV GH VHV
FRQVWLWXDQWV �SDU H[HPSOH HQ WUDQVIRUPDQW GHV RFpDQV HQ YDSHXU�� /HV WRPEpHV WDUGLYHV GH
SODQpWpVLPDX[ SRXUUDLHQW rWUH XQH VRXUFH G·HDX� FRPPH FHOD O·D SHXW�rWUH pWp SRXU OD 7HUUH
�3HSLQ� ������

&RPPH SRXU OHV SODQqWHV� OHV GLVTXHV GH GpEULV pYROXHQW pJDOHPHQW� /HV FROOLVLRQV HQWUH
OHV SODQpWpVLPDX[ JpQqUHQW GHV FRUSV SOXV SHWLWV� TXL YRQW rWUH VXMHW j GHV VpULHV GH FROOLVLRQV�
UpVXOWDQW HQ GHV SDUWLFXOHV GH SOXV HQ SOXV SHWLWHV �:\DWW� ������ &HWWH FDVFDGH FROOLVLRQQHOOH
JpQqUH GH QRXYHOOHV SRSXODWLRQV GH SRXVVLqUHV� /RUVTXH OHV SRXVVLqUHV VRQW VXIÀVDPHQW SH�
WLWHV� OHV JUDLQV GH SRXVVLqUHV GHYLHQQHQW VHQVLEOHV j G·DXWUHV IRUFHV TXH OD JUDYLWp� /·HIIHW GH
3R\QWLQJ�5REHUWVRQ LPSOLTXH TXH OHV JUDLQV GH SRXVVLqUHV VSLUDOHQW YHUV O·pWRLOH �YRLU QRWDP�
PHQW .ODĀND HW DO�� ������ '·DXWUH SDUW� OHV YHQWV VWHOODLUHV HW OD SUHVVLRQ GH UDGLDWLRQ VWHOODLUH
DJLVVHQW FRPPH XQH IRUFH V·RSSRVDQW j OD JUDYLWp GH O·pWRLOH� HQ UHSRXVVDQW OHV SHWLWV JUDLQV
GH SRXVVLqUHV� DXJPHQWDQW OHXU H[FHQWULFLWp HW pMHFWDQW GX V\VWqPH OHV SOXV SHWLWV G·HQWUH HX[�
FHX[ HQ�GHVVRXV G·XQH WDLOOH FDUDFWpULVWLTXH �HQYLURQ 1²10 µP SRXU GHV pWRLOHV GH W\SH * j
$� G·DSUqV �3HDUFH� �������

3UpFpGHPPHQW� M·DL GpFULW OD IRUPDWLRQ HW pYROXWLRQ GHV SODQqWHV DXWRXU G·XQH pWRLOH VHXOH�
&HSHQGDQW� OHV V\VWqPHV FRPSRVpV GH SOXVLHXUV pWRLOHV VRQW FRPPXQV� 3DU H[HPSOH� 50 �
GHV pWRLOHV GH W\SH VRODLUH IRQW SDUWLH GH V\VWqPH ELQDLUHV RX GH SOXV KDXW RUGUH GH PXOWLSOLF�
LWp �+HLQW]� ����� $EW 	 /HY\� ����� 'XTXHQQR\ 	0D\RU� ����� 5DJKDYDQ HW DO�� ������ 3OXV
GH 200 V\VWqPHVPXOWLSOHV VRQW OHV K{WHV G·DXPRLQV XQH SODQqWH �)RQWDQLYH	%DUGDOH]*DJOL�
XIÀ� ������� 'DQV OHV V\VWqPHV SODQpWDLUHV DYHF XQH pWRLOH ELQDLUH� GHV SODQqWHV FLUFXPVWHO�
ODLUHV �RUELWDQW DXWRXU G·XQH GHV GHX[ pWRLOHV� YRLU 3DWLHQFH HW DO�� ����� 0DUF\ HW DO�� ����E�
HW FLUFXPELQDLUHV �RUELWDQW DXWRXU GHV GHX[ pWRLOHV� YRLU 'R\OH HW DO�� ����� :HOVK HW DO�� �����
5RGHW HW DO�� ����� RQW pWp GpWHFWpHV� /HV V\VWqPHV PXOWLSOHV j SOXV KDXW RUGUH HW VWDEOHV�
VRQW GHV V\VWqPHV KLpUDUFKLTXHV� 3DU H[HPSOH� OHV V\VWqPHV WULSOHV FRQVLVWHQW HQ XQH pWRLOH
RUELWDQW DXWRXU G·XQH pWRLOH ELQDLUH� 'HV SODQqWHV SHXYHQW IDLUH pJDOHPHQW SDUWLH GH WHOV V\V�
WqPHV� SDU H[HPSOH� α &HQ HVW XQ V\VWqPH WULSOH� FRPSRVp GH OD ELQDLUH α &HQ $ HW α &HQ %�
DXWRXU GH ODTXHOOH RUELWH α &HQ & DXVVL FRQQXH VRXU OH QRP GH 3UR[LPD GX &HQWDXUH �O·pWRLOH
OD SOXV SURFKH GX 6ROHLO� HW DXWRXU GH ODTXHOOH RUELWH 3UR[LPD GX &HQWDXUH E�

3DU FRQVpTXHQW� XQH YLVLRQ FRPSOqWH GH OD IRUPDWLRQ HW pYROXWLRQ SODQpWDLUH QH SHXW H[�
FOXUH OHV V\VWqPHV PXOWLSOHV� /H IDFWHXU FOp HVW OD GLVWDQFH HQWUH OHV pWRLOHV� TXL LPSOLTXH VL OD
PXOWLSOLFLWp YD DYRLU WHQGDQFH j HPSrFKHU OD IRUPDWLRQ SODQpWDLUH �GLVWDQFH ≤ 50²100 XD�
%RQDYLWD 	 'HVLGHUD� ����� ����� .UDXV HW DO�� ����� ����� :DQJ HW DO�� ������ LQÁXHQFHU
O·pYROXWLRQ SODQpWDLUH �100²1 000 XD� )DEU\FN\ 	 7UHPDLQH� ����� 1DR] HW DO�� ����� 'RQJ
HW DO�� ����� 1JR HW DO�� ����� RX QH YD SDV DYRLU G·LPSDFW VLJQLÀFDWLI �≥ 1 000 XD� %RQDYLWD 	
'HVLGHUD� ����� ����� )RQWDQLYH 	 %DUGDOH] *DJOLXIÀ� ������

�YRLU DXVVL OH FDWDORJXH VXLYDQW � https://exoplanet.eu/planets_binary/
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&��� ,QWURGXFWLRQ ���

/D FRPSUpKHQVLRQ DFWXHOOH GH OD IRUPDWLRQ HW pYROXWLRQ SODQpWDLUH VH EDVH QRWDPPHQW VXU
GH QRPEUHXVHV FRQWUDLQWHV REVHUYDWLRQQHOOHV� -H OHV GpFULV HW LOOXVWUH GDQV OD YHUVLRQ DQJODLVH
GX PDQXVFULW GH WKqVH �6HFWLRQ ������ )LJV� �����������

'DQV OHV VHFWLRQV SUpFpGHQWHV� M·DL PRQWUp j TXHO SRLQW OHV DUFKLWHFWXUHV GHV V\VWqPHV SODQp�
WDLUHV SHXYHQW rWUH GLYHUVHV� HW GDQV TXHOOH PHVXUH HOOHV SHXYHQW DLGHU j FRPSUHQGUH FRP�
PHQW OHV SODQqWHV VH IRUPHQW HW pYROXHQW� 'DQV FH FRQWH[WH� PD UHFKHUFKH VH FRQFHQWUH VXU
XQH pWXGH GpWDLOOpH GH GHX[ V\VWqPHV VSpFLÀTXHV� DLQVL TXH VXU XQ UHOHYp VXU XQ pFKDQWLOORQ
SOXV ODUJH SRXU DYRLU XQH YLVLRQ VWDWLVWLTXH GHV DUFKLWHFWXUHV GHV V\VWqPHV SODQpWDLUHV� SRXU
PLHX[ FRPSUHQGUH FRPPHQW OHV SODQqWHV VH IRUPHQW HW pYROXHQW VXU GHV pFKHOOHV GX JUDLQ GH
SRXVVLqUH j XQH SODQqWH�

'DQV OD 6HFWLRQ &��� MH SUpVHQWH OHV UpVXOWDWV FOpV VXU O·pWXGH PXOWL�ORQJXHXU G·RQGHV GX
FRPSOH[H MHXQH GLVTXH GH GpEULV +'������� &H GLVTXH D GHV VWUXFWXUHV UpVROXHV j OD IRLV j
GHV pFKHOOHV LQWHUPpGLDLUHV �30²150 XD� HW WUqV JUDQGHV �≤ 1 000 XD�� 8Q ODUJH pYHQWDLO GH GRQ�
QpHV HVW GLVSRQLEOH VXU FH V\VWqPH� LQFOX\DQW GHV GRQQpHV GDQV OH VSHFWUH YLVLEOH �+67�67,6��
SURFKH LQIUDURXJH �9/7�63+(5(� HQ LQWHQVLWp SRODULVpH HW WRWDOH� HW PLOOLPpWULTXH �$/0$��
-·DL FRPELQp WRXWHV FHV GRQQpHV SRXU REWHQLU OD YLVLRQ OD SOXV FRPSOqWH VXU FH V\VWqPH �'HV�
JUDQJH HW DO�� ����� VXEP��� (Q SDUWLFXOHU� DYHF OHV GRQQpHV 63+(5( M·DL FRQWUDLQW OHV SUR�
SULpWpV GHV JUDLQV GH SRXVVLqUHV GH OD FHLQWXUH SULQFLSDOH� LGHQWLÀpH FRPPH XQH FHLQWXUH GH
SODQpWpVLPDX[�

/HV GLVTXHV GH GpEULV VRQW XQ SURGXLW GH OD IRUPDWLRQ SODQpWDLUH� &RQWUDLUHPHQW DX V\V�
WqPH SUpFpGHQW� R� SDV GH SODQqWHV Q·RQW HQFRUH pWp GpFRXYHUWHV� PDLV TXL SRXUUDLHQW ELHQ
rWUH SUpVHQWHV SRXU H[SOLTXHU OHV VWUXFWXUHV REVHUYpHV GDQV OH GLVTXH GH GpEULV� OH V\VWqPH
SUpVHQWp HQ 6HFWLRQ &��� +'������ HVW XQ V\VWqPH HPEOpPDWLTXH DYHF XQH SODQqWH LPDJpH
VLWXpH HQWUH GHX[ FHLQWXUHV GH SRXVVLqUHV� -·DL FDUDFWpULVp OHV SURSULpWpV RUELWDOHV HW DWPR�
VSKpULTXHV GH OD SODQqWH +'����� E GDQV PRQ DUWLFOH HQ SUHPLqUH DXWULFH 'HVJUDQJH HW DO�
�����D�� '·DXWUHV SODQqWHV� TXH M·DL UHFKHUFKpHV� VRQW DWWHQGXHV HQWUH OHV GHX[ FHLQWXUHV GH
SRXVVLqUHV SRXU H[SOLTXHU OD ODUJHXU GH OD FDYLWp� /H V\VWqPH +'����� HVW GDQV XQH FHU�
WDLQH PHVXUH� XQ MHXQH� PDVVLI DQDORJXH DX 6\VWqPH 6RODLUH� G� j VRQ DUFKLWHFWXUH GH GRXEOH
FHLQWXUH GH SRXVVLqUHV DYHF XQH SODQqWH JpDQWH VLWXpH HQWUH�

(QVXLWH� GDQV OD 6HFWLRQ &��� MH SUpVHQWH PRQ WUDYDLO VXU GHV V\VWqPHV SODQpWDLUHV D\DQW
GHV SODQqWHV GH IDLEOH PDVVH HW RUELWDQW SURFKH GH OHXU pWRLOH� 'H WHOV W\SHV GH V\VWqPHV VRQW
QRPEUHX[ G·DSUqV OD PLVVLRQ VSDWLDOH .HSOHU HW OHV GRQQpHV GH YLWHVVHV UDGLDOHV� /D PRWLYD�
WLRQ GH FH SURMHW pWDLW GH GpWHUPLQHU FRPPHQW FHV SODQqWHV RQW SX VH IRUPHU� (VW�FH TX·HOOHV
VH VRQW IRUPpHV SURFKHV GH OHXU pWRLOH K{WH� PDOJUp XQ PDQTXH SRWHQWLHO GH VROLGHV " 2X VH
VRQW�HOOHV IRUPpHV EHDXFRXS SOXV ORLQ� HW RQW PLJUp HQVXLWH YHUV O·LQWpULHXU GX V\VWqPH G�
j GHV LQWHUDFWLRQV G\QDPLTXHV DYHF GHV SODQqWHV JpDQWHV " 3RXU pWXGLHU FHV TXHVWLRQV� M·DL
GLULJp XQH SXEOLFDWLRQ G·XQH pWXGH SLORWH HQ LPDJHULH GLUHFWH DYHF O·LQVWUXPHQW 63+(5( DX
9/7 SRXU GpWHUPLQHU OD SUpVHQFH GH SODQqWHV JpDQWHV VLWXpHV VXU GHV RUELWHV GLVWDQWHV �DX�
GHOj GH TXHOTXHV XQLWpV DVWURQRPLTXHV� GDQV GHV V\VWqPHV SODQpWDLUHV R� GH SODQqWHV GH
IDLEOH PDVVH RUELWDQW SURFKHV GH OHXU pWRLOHV �≤ 1 XD� RQW GpMj pWp GpFRXYHUWHV� 0RQ REMHFWLI
pWDLW GH GpWHUPLQHU OD FRUUpODWLRQ �RX QRQ� HQWUH OD SUpVHQFH GHV FHV GHX[ W\SHV GH SODQqWHV�
8QH FRUUpODWLRQ SRVLWLYH� QpJDWLYH RX XQH DEVHQFH GH FRUUpODWLRQ SRXUUDLW LQGLTXHU FRPPHQW
OHV SODQqWHV GH IDLEOH PDVVH HW j FRXUWH SpULRGH RUELWDOH VH VRQW IRUPpHV�

(Q SDUDOOqOH GH FHV WURLV SURMHWV GH UHFKHUFKH XWLOLVDQW SULQFLSDOHPHQW O·LQVWUXPHQW
63+(5( DX 9/7� M·DL FRQWULEXp j pWXGLHU FRPPHQW OHV SHUIRUPDQFHV GH GpWHFWLRQ HW FDUDFWpUL�
VDWLRQ GH O·LQVWUXPHQW 63+(5( SRXUUDLHQW rWUH DPpOLRUpHV DYHF XQ VSHFWURJUDSKH j FKDPS
LQWpJUDO j PR\HQQH UpVROXWLRQ� &H WUDYDLO D pWp HIIHFWXp GDQV OH FRQWH[WH GH O·DPpOLRUDWLRQ GH



��� $SSHQGL[ &� 9HUVLRQ FRXUWH GH OD WKqVH HQ IUDQoDLV

O·LQVWUXPHQW 63+(5(� QRPPp 63+(5(�� HW OH FRQVRUWLXP 63+(5(�� ,O \ D GH IRUWHV FRQQHF�
WLRQV HQWUH 63+(5(��� HW OHV LQVWUXPHQWV GH O·(/7� j OD IRLV VXU GHV DVSHFWV DVWURSK\VLTXHV HW
LQVWUXPHQWDX[� -H OHV GpFULUDLV SOXV ORLQ GDQV OH PDQXVFULW�

3DVVRQV PDLQWHQDQW DX[ FRQFHSWV HW PpWKRGHV GH O·LPDJHULH GLUHFWH G·H[RSODQqWHV HW GH
GLVTXHV FLUFXPVWHOODLUHV� TXL HVW OH VXMHW GH OD 6HFWLRQ &���

-H GpFULV GDQV FHWWH VHFWLRQ FRPPHQW LO HVW SRVVLEOH GH SKRWRJUDSKLHU GHV H[RSODQqWHV HW GLV�
TXHV GH SRXVVLqUHV DXWRXU G·pWRLOHV� (Q 6HFWLRQ &����� MH FRPSDUH OHV REVHUYDWRLUHV VLWXpV DX
VRO HW GDQV O·HVSDFH� HQ QRPPDQW OHXUV DYDQWDJHV HW LQFRQYpQLHQWV� (QVXLWH� HQ 6HFWLRQ &�����
M·H[SOLTXH OH SULQFLSH G·XQ LQVWUXPHQW j KDXW�FRQWUDVWH HW KDXWH UpVROXWLRQ DQJXODLUH� (QÀQ�
HQ 6HFWLRQ &����� MH SUpVHQWH O·LQVWUXPHQW 63+(5( VLWXp DX9/7� TXL HVW O·LQVWUXPHQW SULQFLSDO
TXH M·DL XWLOLVp ORUV GH PRQ GRFWRUDW SRXU FDUDFWpULVHU OHV V\VWqPHV SODQpWDLUHV�

/HV LQVWUXPHQWV j KDXW�FRQWUDVWH VLWXpV GDQV O·HVSDFH QH VRXIIUHQW SDV GHV HIIHWV GH
O·DWPRVSKqUH WHUUHVWUH� TXL GpIRUPH OH IURQW G·RQGH� GpJUDGH OD UpVROXWLRQ DQJXODLUH HW DE�
VRUEH FHUWDLQHV SRUWLRQV GX VSHFWUH pOHFWURPDJQpWLTXH �UD\RQV γ� UD\RQV ;� XOWUDYLROHWV� LQ�
IUDURXJH PR\HQ HW ORLQWDLQ�� 'H SOXV� OHV VLJQDX[ VSHFWUDX[ QH SHXYHQW rWUH FRQIRQGXV HQWUH
GX VLJQDO DVWURSK\VLTXH UpHO �VRLW GH O·H[RSODQqWH RX GH VRQ pWRLOH K{WH� HW O·DEVRUSWLRQ SDU
O·DWPRVSKqUH GH OD 7HUUH� (QÀQ� OHV REVHUYDWLRQV GHSXLV O·HVSDFH VRQW SOXV VWDEOHV TXH OHXU
pTXLYDOHQW GHSXLV OD 7HUUH� 3DU H[HPSOH� OHV LQFHUWLWXGHV VXU OH ÁX[PHVXUp G·XQH H[RSODQqWH
SDU XQ REVHUYDWRLUH VSDWLDO Q·RQW SDV j SUHQGUH HQ FRPSWH OHV YDULDWLRQV GH O·DWPRVSKqUH GH
OD 7HUUH TXL HVW FRQVWDPPHQW HQ pYROXWLRQ�

1pDQPRLQV� OHV WpOHVFRSHV VSDWLDX[ VRQW GHV SURMHWV ORQJ�WHUPHV� SDUWLFXOLqUHPHQW FR��
WHX[� 3DU H[HPSOH� OHV SUHPLHUV GHVLJQV GX -:67 RQW FRPPHQFp HQ ����� WDQGLV TXH OH -:67
D pWp ODQFp OH �� GpFHPEUH ����� SRXU XQ FR�W WRWDO GH 10 PLOOLDUGV GH GROODUV DPpULFDLQV�
3DU DLOOHXUV� OD SOXSDUW GX WHPSV LO Q·HVW SDV SRVVLEOH GH UpSDUHU XQ WpOHVFRSH VSDWLDO XQH
IRLV TX·LO D pWp ODQFp� /·H[FHSWLRQ HVW OH WpOHVFRSH VSDWLDO +XEEOH �+67�� TXL D pWp UpSDUp �RX
DORUV VHV LQVWUXPHQWV PLV j MRXU� FLQT IRLV� &HV PLVVLRQV pWDLHQW SRVVLEOHV FDU OH +67 pWDLW
UHODWLYHPHQW SURFKH� j XQH DOWLWXGH GH 590 NP� HW TXH GHV PLVVLRQV GH PDLQWHQDQFH XWLOLVDQW
GHV QDYHWWHV VSDWLDOHV pWDLHQW SUpYXHV GqV OH GpSDUW� 'H WHOOHV PLVVLRQV GH PDLQWHQDQFH QH
VRQW SDV UpDOLVWHV DYDQW ORQJWHPSV SRXU GHV WpOHVFRSHV VLWXpV DX SRLQW /DJUDQJH � �/��� VRLW
j 1.5 PLOOLRQ GH NLORPqWUHV GH OD 7HUUH� FRPPH OH -:67� 3DU FRQVpTXHQW� OH WpOHVFRSH HW OHV
LQVWUXPHQWV HPEDUTXpV GRLYHQW rWUH DEVROXPHQW ÀDEOHV� $LQVL� O·LQVWUXPHQWDWLRQ VSDWLDOH
SHXW rWUH VXU FHUWDLQV DVSHFWV GpSDVVpH FRPSDUHU j FH TXL HVW HQ SDUDOOqOH GpYHORSSpH� WHVWpH�
XWLOLVpH SRXU O·LQVWUXPHQWDWLRQ DX VRO� 'HUQLHU SRLQW� LO HVW GLIÀFLOH HW SDUWLFXOLqUHPHQW FKHU
G·HQYR\HU GDQV O·HVSDFH XQ WpOHVFRSH DYHF XQ ODUJH PLUURLU SULPDLUH�  FH MRXU� -:67 D OH
SOXV ODUJH �6.2P� PLURLU SULPDLUH MDPDLV HQYR\p GDQV O·HVSDFH� &HOD D QpFHVVLWp XQ GHVLJQ HW
XQH VWUDWpJLH VXU�PHVXUH � ORUVTXH OH -:67 D pWp ODQFp� VRQ PLURLU SULPDLUH IXW SOLp GDQV XQ
SUHPLHU WHPSV HW LO QH VH GpSOLD TXH ORUVTXH OH -:67 DWWHLJQLW VD ORFDOLVDWLRQ ÀQDOH� DX SRLQW
/��

'DQVPRQ FKDPS GH UHFKHUFKH� O·LPDJHULH GLUHFWH G·H[RSODQqWHV HW GH GLVTXHV FLUFXPVWHO�
ODLUHV� OHV WpOHVFRSHV VSDWLDX[ SULQFLSDX[ VRQW ,5$6 �,QIUD5HG $VWURQRPLFDO 6DWHOOLWH� 1HXJH�
EDXHU HW DO�� ������ 6SLW]HU �:HUQHU HW DO�� ������ +HUVFKHO �3LOEUDWW HW DO�� ������ :,6( �:ULJKW



&��� ,PDJHULH GLUHFWH G·H[RSODQqWHV HW GH GLVTXHV GH GpEULV � FRQFHSWV HW PpWKRGHV ���

HW DO�� ������ +67� -:67� HW 1DQF\ *UDFH 5RPDQ 6SDFH 7HOHVFRSH �567 6SHUJHO HW DO�� ����� TXL
VHUD ODQFp HQ �����

%ULqYHPHQW� ,5$6 D FDUWRJUDSKLp OH FLHO HW LGHQWLÀp GHV pWRLOHV DYHF XQ H[FqV LQIUDURXJH�
&HW H[FqV LQIUDURXJH IXW LQWHUSUpWp FRPPH OD SUpVHQFH GH SRXVVLqUHV IURLGHV DXWRXU GH VHV
pWRLOHV� VRXV OD IRUPH GH GLVTXHV GH SRXVVLqUHV� 8QH GHV FpOqEUHV GpFRXYHUWHV GH ,5$6 IXW OHV
´IDEXOHX[ TXDWUH GLVTXHV GH GpEULVµ 9HJD �$XPDQQ HW DO�� ������ )RPDOKDXW� %HWD 3LFWRULV HW
(SVLORQ (ULGDQL �*LOOHWW� ����� %DFNPDQ	3DUHVFH� ������ $SUqV DYRLU YX OHV UpVXOWDWV G·,5$6�
�6PLWK 	 7HUULOH� ����� RQW REVHUYp HW UpVROX OH GLVTXH GH GpEULV GH %HWD 3LFWRULV� IDLVDQW FH
V\VWqPH OH SUHPLHU GLVTXH GH GpEULV VSDWLDOOHPHQW UpVROX� 3DU OD VXLWH� OHV PLVVLRQV VSDWLDOHV
6SLW]HU�+HUVFKHO HW:,6( DLGqUHQW j LGHQWLÀHU OHV pWRLOHV D\DQW GHV GLVTXHV GH GpEULV� j HQOHYHU
OHV FDV GRXWHX[ HW j GpWHUPLQHU OH WDX[ G·RFFXUHQFH PLQLPDO GH GLVTXHV GpEULV�

&RQFHUQDQW OHV WpOHVFRSHV �WRXMRXUV� HQ IRQFWLRQQHPHQW� LO \ D +67� ODQFp HQ ���� HW TXL
D SKRWRJUDSKLp GH QRPEUHX[ GLVTXHV GH SRXVVLqUHV� ,O D UpYpOp HQ SDUWLFXOLHU OHV KDORV GH
WUqV SHWLWHV SDUWLFXOHV GH SRXVVLqUH TXL VRQW UHSRXVVpHV DX ORLQ GH O·pWRLOH SDU OD SUHVVLRQ
GH UDGLDWLRQ VWHOODLUH HW OHV YHQWV VWHOODLUHV� (Q WpOHVFRSH SOXV UpFHQW� LO \ D GRQF OH -:67�
GRQW OHV UpVXOWDWV VFLHQWLÀTXHV RQW UpFHPPHQW FRPPHQFp j rWUH SXEOLpV� 3RXU HQ QRPPHU
TXHOTXHV XQV� -:67 D SKRWRJUDSKLp GDQV GHV GLVTXHV GH GpEULV GHV FHLQWXUHV RX VWUXFWXUHV
SRXU OD SUHPLqUH IRLV REVHUYpHV RX VSDWLDOHPHQW UpVROXHV GDQV FHV GLVTXHV�Oj � XQH FHLQWXUH
LQWHUPpGLDLUH GH SRXVVLqUHV GDQV O·HPEOpPDWLTXH V\VWqPH )RPDOKDXW �*DVSDU HW DO�� ������ OD
FHLQWXUH LQWHUQH GX V\VWqPH LFRQLTXH +5 ���� �%RFFDOHWWL HW DO�� ������ RX HQFRUH OD VXUQRP�
PpH ´TXHXH GH FKDWµ GDQV OH V\VWqPH FpOqEUH %HWD 3LFWRULV �5HEROOLGR HW DO�� ������

'DQV OH IXWXU SURFKH� OH 567 DWWHLQGUD GHV OLPLWHV GH GpWHFWLRQV LQpGLWHV DYHF VRQ LQVWUX�
PHQW FRURQRJUDSKLTXH �&*,�� HQ pWDQW VHQVLEOH GDQV OH GRPDLQH GX YLVLEOH j GHV H[RSODQqWHV
XQ PLOOLDUG GH IRLV SOXV IDLEOHV TXH OHXU pWRLOH K{WH� /·LQVWUXPHQW &*, HVW XQ GpPRQVWUDWHXU
SRXU O·2EVHUYDWRLUH GHV 0RQGHV +DELWDEOHV �+:2�� TXL GHYUDLW rWUH ODQFp GDQV OHV DQQpHV
����V�� /HV REMHFWLIV GH +:2 HVW GH FKHUFKHU HW SKRWRJUDSKLHU GHV SODQqWHV VLPLODLUHV j OD
7HUUH GDQV OHV ]RQHV KDELWDEOHV DXWRXU G·DXWUHV pWRLOHV� HW RX HQ SULQFLSH GH O·HDX VRXV OD
IRUPH OLTXLGH SRXUUDLW H[LVWHU�

/HV REVHUYDWRLUHV DX VRO VRQW FRPSOpPHQWDLUHV j FHX[ GDQV O·HVSDFH VXU ELHQ GHV DVSHFWV�
&RPPH pFULW SUpFpGHPPHQW� FDU LOV RIIUHQW SOXV GH ÁH[LELOLWp SRXU WHVWHU HW GpYHORSSHU GH
QRXYHDX[ LQVWUXPHQWV� WHFKQRORJLHV HW VWUDWpJLHV G·REVHUYDWLRQ� &HV GHUQLqUHV SHXYHQW GH�
PDQGHU GHV DMXVWHPHQWV HQ WHPSV UpHO �YRLU QRWDPPHQW 3RWLHU HW DO�� ����� ������ 'HX[�
LqPHPHQW� F·HVW PRLQV FR�WHX[ GH FRQVWUXLUH XQ WpOHVFRSH DX VRO TXH VRQ pTXLYDOHQW VSDWLDO�
7URLVLqPHPHQW� OHV WpOHVFRSHV VSDWLDX[ RQW XQ WHPSV GH YLH OLPLWp GpSHQGDQW GH OHXU FDU�
EXUDQW� VRXFL TXH Q·D SDV OH WpOHVFRSH DX VRO� (QÀQ� PrPH V·LO Q·\ DYDLW SDV GH FRQWUDLQWHV
EXGJpWDLUHV� FHUWDLQV WpOHVFRSHV QH VHUDLHQW WRXW VLPSOHPHQW SDV IDLVDEOHV GDQV O·HVSDFH GDQV
O·pWDW DFWXHO GHV FRQQDLVVDQFHV HW GX VDYRLU�IDLUH�

8QH UHYXH GHV LQVWUXPHQWV KDXW�FRQWUDVWH HVW UpDOLVpH GDQV &KDXYLQ HW DO� ������� (OOH
UHODWH pJDOHPHQW OHV FRQWUDLQWHV GH FHV LQVWUXPHQWV VXU OHV PRGqOHV GH IRUPDWLRQ HW pYROXWLRQ
SODQpWDLUH� OD GpPRJUDSKLH GHV H[RSODQqWHV HW OHV DUFKLWHFWXUHV SODQpWDLUHV�

'XUDQW PRQ GRFWRUDW� M·DL SULQFLSDOHPHQW XWLOLVp O·LQVWUXPHQW 63+(5( VLWXp DX 9/7 DX
&KLOL �YRLU OHV 6HFWLRQV &��� &�� HW &���� -·DL pJDOHPHQW pWp SDUWLFXOLqUHPHQW LQWpUHVVpH SDU OHV
LQVWUXPHQWV DX VRO 6+$5.�1,5 HW /0,5&DP DX /DUJH %LQRFXODU 7HOHVFRSH �/%7� HQ $UL�
]RQD DX[ eWDWV�8QLV� HW OHV WpOHVFRSHV HW LQVWUXPHQWV VSDWLDX[ +67�67,6� -:67�1,5&DP HW
-:67�0,5,� (Q SDUWLFXOLHU� M·DL VRXPLV GHV GHPDQGHV GH WHPSV DYHF WRXWHV FHV LQIUDVWUXF�
WXUHV SRXU LQLWLHU GH IXWXUV SURMHWV GH UHFKHUFKH VXU OHVTXHOV MH FRPSWH P·LQYHVWLU GDQV PRQ
IXWXU SRVWH� 'DQV OHV GHPDQGHV GH WHPSV DFFHSWpHV� GpWDLOOpHV XQ SHX SOXV HQ $SSHQGL[ %�
M·DL REWHQXGX WHPSV FRPPH ,QYHVWLJDWULFH 3ULQFLSDOH �3,� VXU 63+(5( �,'� ������)�� ������(�
HW �������'� HW 6+$5.�1,5 HW /0,5&DP �,'� 03,$�����$����� 03,$�����$���� HW 03,$�
����%����� HW HQ FR�,QYHVWLJDWULFH 3ULQFLSDOH �FR�3,� VXU -:67�0,5, �3,� (OLVDEHWK0DWWKHZV�



��� $SSHQGL[ &� 9HUVLRQ FRXUWH GH OD WKqVH HQ IUDQoDLV

,' *2 ������ -H VXLV DXVVL LPSOLTXpH VXU G·DXWUHV GHPDQGHV GH WHPSV HQ WDQW TXH FROODERUD�
WULFH �FR�,��

3RXU SKRWRJUDSKLHU GX PDWpULHO FLUFXPVWHOODLUH �SODQqWH� GLVTXH GH SRXVVLqUHV�� LO IDXW XQH
LQVWUXPHQWDWLRQ FDSDEOH GH GpWHFWHU GHV REMHWV WUqV IDLEOHV HW VLWXpV WUqV SURFKHV GH O·pWRLOH�
7\SLTXHPHQW� OHV MHXQHV SODQqWHV JpDQWHV GH TXHOTXHV PDVVHV GH -XSLWHU RQW XQ FRQWUDVWH
GH 10−5²10−6� 'DQV OH FDV GX 6\VWqPH 6RODLUH� -XSLWHU HVW VLWXp j 5 XD� VRLW 0.5µ SRXU XQ
REVHUYDWHXU VLWXp j 10 SF RX 0.1µ SRXU XQ REVHUYDWHXU j 50 SF�

&HOD QpFHVVLWH GHX[ pWDSHV FOpV � DWWHLQGUH XQH KDXWH UpVROXWLRQ DQJXODLUH HW XQ KDXW FRQ�
WUDVWH� (Q SUDWLTXH� SRXU OHV REVHUYDWLRQV DX VRO� OD KDXWH UpVROXWLRQ DQJXODLUH SHXW rWUH
REWHQXH JUkFH j XQ WpOHVFRSH DYHF XQ ODUJH PLURLU HW XQ LQVWUXPHQW pTXLSp G·XQH RSWLTXH
DGDSWDWLYH SRXU FRUULJHU GHV HIIHWV GH OD WXUEXOHQFH DWPRVSKpULTXH TXL EURXLOOH OHV LPDJHV�
$FWXHOOHPHQW� OHV LQVWUXPHQWV G·LPDJHULH GLUHFWH SDUYLHQQHQW j GpWHFWHU GHV REMHWV VLWXpV DX
PLHX[ j HQYLURQ 0.1µ GH OHXU pWRLOH� 3RXU REWHQLU XQ KDXW FRQWUDVWH� LO IDXW SRXYRLU HQOHYHU
DX PD[LPXP OD OXPLqUH VWHOODLUH� SRXU UpYpOHU GHV SODQqWHV RX GLVTXHV GH SRXVVLqUHV DXWRXU
GH O·pWRLOH� (Q SUDWLTXH� XQ FRURQRJUDSKH SHXW rWUH XWLOLVp SRXU FDFKHU �HQ SDUWLH� OD OXPLqUH
GH O·pWRLOH HW HQVXLWH GHV WHFKQLTXHV GH WUDLWHPHQW GH GRQQpHV SRXU PRGpOLVHU HW HQOHYHU OH
ÁX[ VWHOODLUH UpVLGXHO�

&HV WURLV pWDSHV VRQW UHSUpVHQWpHV GDQV OD )LJ� &�� SRXU O·LQVWUXPHQW 63+(5( DX 9/7�
8WLOLVHU XQH RSWLTXH DGDSWDWLYH SHUPHW GH GpWHFWHU GX VLJQDO UHODWLYHPHQW SURFKH GH O·pWRLOH
HW HQYLURQ PLOOH IRLV SOXV IDLEOH TXH O·pWRLOH� VRLW XQ FRQWUDVWH GH 10−3� j 1.6 µP� $MRXWHU
XQ FRURQRJUDSKH SHUPHW GH JDJQHU XQ IDFWHXU GL[� GRQF REVHUYHU GHV REMHWV j XQ FRQWUDVWH
GH 10−4� $SSOLTXHU GHV WHFKQLTXHV SOXV RX PRLQV VRSKLVWLTXpHV GH WUDLWHPHQW GH GRQQpHV
SHUPHW GH JDJQHU XQ IDFWHXU HQWUH GL[ HW FHQW� GRQF REVHUYHU GHV REMHWV DYHF XQ FRQWUDVWH
HQWUH 10−5 HW 10−6� GRQF GH MHXQHV� PDVVLYHV H[RSODQqWHV�

+ Coronographe

C ∼ 10
−4 1’’

+ Traitement de données

C ∼ 10
−5 -10

−6 1’’C ∼ 10
−3

+ Optique adaptative

1’’1’’

)LJXUH &��� 3ULQFLSH G·XQ LQVWUXPHQW j KDXW FRQWUDVWH HW j KDXWH UpVROXWLRQ DQJXODLUH� 'H JDXFKH
j GURLWH � LPDJH W\SLTXH G·XQH pWRLOH REVHUYpH SDU XQ WpOHVFRSH HW LQVWUXPHQW DX VRO VDQV V\VWqPH
G·RSWLTXH DGDSWDWLYH � DMRXW G·XQ V\VWqPH G·RSWLTXH DGDSWDWLYH SHUPHWWDQW GH UHVWDXUHU XQH KDXWH
UpVROXWLRQ DQJXODLUH� TXL HVW OLPLWpH SDU OD GLIIUDFWLRQ HW QRQ SDU OD WXUEXOHQFH GH O·DWPRVSKqUH �
DMRXW G·XQ FRURQRJUDSKH SRXU HQOHYHU OD OXPLqUH VWHOODLUH � LPDJH REWHQXH DSUqV WUDLWHPHQW GH
GRQQpHV GX V\VWqPH +5���� GDWD� &UpGLWV � O·pTXLSH GH PLVH HQ VHUYLFH �´FRPPLVVLRQLQJµ� GH
63+(5( HW )DXVWLQH &DQWDOORXEH�

&L�GHVVRXV� M·DSSRUWH EULqYHPHQW TXHOTXHV LQIRUPDWLRQV FRPSOpPHQWDLUHV VXU XQ V\V�
WqPH G·RSWLTXH DGDSWDWLYH� VXU XQ FRURQDJUDSKH HW VXU OH WUDLWHPHQW GH GRQQpHV� 3OXV
G·LQIRUPDWLRQV VRQW GLVSRQLEOHV GDQV OD YHUVLRQ DQJODLVH GX PDQXVFULW� GDQV OD 6HFWLRQ ����

/D )LJXUH &��� PRQWUH XQ VFKpPD G·XQ LQVWUXPHQW PXQL G·XQ V\VWqPH G·RSWLTXH DGDSWD�
WLYH� /RUVTXH OD OXPLqUH G·XQH pWRLOH SDUYLHQW VXU 7HUUH� VRQ IURQW G·RQGH SUpFpGHPPHQW



&��� ,PDJHULH GLUHFWH G·H[RSODQqWHV HW GH GLVTXHV GH GpEULV � FRQFHSWV HW PpWKRGHV ���

SODW GHYLHQW GpIRUPp G� j OD WXUEXOHQFH GH O·DWPRVSKqUH� /D OXPLqUH YD rWUH FROOHFWpH SDU OH
WpOHVFRSH HW HQYR\pH GDQV O·LQVWUXPHQW� /H V\VWqPH G·RSWLTXH DGDSWDWLYH GH O·LQVWUXPHQW YD
PHVXUHU OHV pFDUWV GX IURQW G·RQGH GpIRUPp G·XQ IURQW G·RQGH SODW� JUkFH DX VHQVHXU GH IURQW
G·RQGH HW GX V\VWqPH GH FRQWU{OH� ,O YD HQVXLWH OHV FRUULJHU� JUkFH DX PLURLU GpIRUPDEOH� TXL
YD SUHQGUH OD IRUPH GX IURQW G·RQGH�

3RXU TX·XQH RSWLTXH DGDSWDWLYH VRLW HIÀFDFH� HOOH GRLW UpXVVLU j PHVXUHU HW FRUULJHU OH
IURQW G·RQGH VXIÀVDPPHQW UDSLGHPHQW� 3OXV SUpFLVpPHQW� VD IUpTXHQFH GH FRUUHFWLRQ GRLW
rWUH SOXV pOHYpH TXH O·pYROXWLRQ GH OD WXUEXOHQFH GH O·DWPRVSKqUH� TXL HVW W\SLTXHPHQW GH
O·RUGUH GH TXHOTXHV PLOOLVHFRQGHV j 3DUDQDO� R� HVW VLWXp OH 9/7�
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)LJXUH &��� 6FKpPD LOOXVWUDQW OH SULQFLSH G·XQ V\VWqPH G·RSWLTXH DGDSWDWLYH� 3RXU VLPSOLÀFDWLRQ�
GDQV FH VFKpPD LO Q·\ D SDV GH FRURQRJUDSKH� PDLV OD )LJXUH &�� HQ PRQWUH XQ �OH FRURQRJUDSKH
$3/&� TXL SHXW rWUH DMRXWp HQWUH OH VpSDUDWHXU GH IDLVFHDX HW OD OHQWLOOH TXL IRFDOLVH OD OXPLqUH VXU
OH GpWHFWHXU� &UpGLWV � /HV SHWLWHV LPDJHV FDUUpHV VRQW GH OD PLVH HQ VHUYLFH �´FRPPLVVLRQLQJµ� GH
63+(5(�

&RQFHUQDQW OH FRURQRJUDSKH� FHOXL SDUWLFXOLqUHPHQW XWLOLVp GDQV O·LQVWUXPHQW 63+(5( HVW OH
FRURQRJUDSKH GH /\RW DSRGLVp �$3/&�� ,O HVW UHSUpVHQWp HQ )LJ� &��� ,O HVW FRQVWLWXp G·XQ
DSRGLVHXU� G·XQ PDVTXH HQ SODQ IRFDO HW G·XQ VWRS GH /\RW� $SUqV rWUH SDVVp SDU OH V\VWqPH
G·RSWLTXH DGDSWDWLYH� OH IURQW G·RQGH FROOLPDWp �HW SODQ� SDVVH j WUDYHUV O·DSRGLVHXU� TXL YD
HQOHYHU OHV DQQHDX[ GH GLIIUDFWLRQ HW DGRXFLU OHV ERUGV DEUXSWV GH OD SXSLOOH GX WpOHVFRSH�
(QVXLWH� OH IURQW G·RQGH SDVVH j WUDYHUV XQH OHQWLOOH �RX PLURLU FRXUEH� TXL YD FRQFHQWUHU OH
IDLVFHDX VXU OH PDVTXH HQ SODQ IRFDO� /D OXPLqUH VWHOODLUH VXU O·D[H RSWLTXH HVW EORTXpH RX



��� $SSHQGL[ &� 9HUVLRQ FRXUWH GH OD WKqVH HQ IUDQoDLV

GLIIUDFWpH DX�GHOj GH OD SXSLOOH� TXL VHUD EORTXpH HQVXLWH SDU OH VWRS GH /\RW� /H VWRS GH
/\RW D GHV REVWUXFWLRQV SOXV ODUJHV TXH OD SXSLOOH GX WpOHVFRSH� /H UHVWH GX IDLVFHDX FRQWLQXH
HQVXLWH MXVTX·DX GpWHFWHXU TXL HQUHJLVWUH O·LPDJH �YRLU OD WURLVLqPH LPDJH GH OD )LJ� &����

IRDIS detector

(H2 band)

Coronograph

focal plane mask

Coronagraph

Lyot stop

Residual

atmospheric

turbulence

Coronagraph

apodizer

VLT pupil
 

Résidus de la 
turbulence 

atmosphériques 
 

Pupille du 
VLT

 

Coronographe: 
Apodiseur 

 

Coronographe: 
Lyot stop 

 

Coronographe: 
Masque en plan focal 

 

Détecteur IRDIS 
(bande H2) 

)LJXUH &��� 6FKpPDPRQWUDQW OH FRURQRJUDSKH DSRGLVp GH /\RW �$3/&� SRXU O·LQVWUXPHQW 63+(5(�
'DQV OHV SODQV SXSLOOHV �HQ EOHX� VRQW PRQWUpV OHV UpVLGXV �HQ SKDVH HW HQ DPSOLWXGH� DWPR�
VSKpULTXHV GH OD WXUEXOHQFH� OD SXSLOOH GX 9/7� O·DSRGLVHXU HW OH VWRS GH /\RW� 'DQV OHV SODQV IRFDX[
�HQ URXJH� VRQW VLWXpV OHPDVTXH HQ SODQ IRFDO HW OH GpWHFWHXU GH 63+(5(�,5',6� VXU OHTXHO HVWPRQ�
WUp O·LPDJH ÀQDOH FRURQRJUDSKLTXH� )LJXUH GH &DQWDOORXEH HW DO� �������

/·pWDSH GH WUDLWHPHQW GH GRQQpHV HVW HVVHQWLHOOH SRXU GpWHFWHU HW FDUDFWpULVHU GX VLJQDO FLU�
FXPVWHOODLUH� 'H QRPEUHX[ DOJRULWKPHV H[LVWHQW� ,OV VH EDVHQW VXU OHV GLIIpUHQFHV HQWUH OHV
SURSULpWpV GH O·pWRLOH HW GX VLJQDO FLUFXPVWHOODLUH �SODQqWHV� GLVTXHV�� HQ XWLOLVDQW O·LQIRUPDWLRQ
SRODULPpWULTXH� VSHFWUDOH RX WHPSRUHOOH� RX HQFRUH YLD FDOLEUDWLRQ DYHF XQH pWRLOH GH UpIpUHQFH�
'LIIpUHQWV DFURQ\PHV H[LVWHQW SRXU IDLUH UpIpUHQFH j FHV WHFKQLTXHV � 3', �3RODUL]DWLRQ 'LI�
IHUHQWLDO ,PDJLQJ�� 6', �6SHFWUDO 'LIIHUHQWLDO ,PDJLQJ� 5DFLQH HW DO�� ����� 6SDUNV 	 )RUG�
������ $', �$QJXODU 'LIIHUHQWLDO ,PDJLQJ 0DURLV HW DO�� ����� HW 5', �5HIHUHQFH 'LIIHUHQWLDO
,PDJLQJ�� &HV WHFKQLTXHV RQW FKDFXQHV OHXUV DYDQWDJHV HW LQFRQYpQLHQWV� &HUWDLQHV SHXYHQW
rWUH XWLOLVpHV VLPXOWDQpPHQW�

'XUDQW PRQ GRFWRUDW� M·DL XWLOLVp FHV TXDWUH WHFKQLTXHV GH WUDLWHPHQW GH GRQQpHV� OD WHFK�
QLTXH $', D\DQW pWp OD SOXV LQFRQWRXUQDEOH�

/·LQVWUXPHQW 63+(5( SHXW SKRWRJUDSKLHU GHV H[RSODQqWHV HW GLVTXHV GH SRXVVLqUHV GDQV
O·RSWLTXH HW O·LQIUDURXJH� GH 0.51 j 2.35 µP DYHF GHV ÀOWUHV ODUJHV RX pWURLWV� RX HQ VSHFWUR�
VFRSLH� 63+(5( HVW FRPSRVp GH SOXVLHXUV VRXV�LQVWUXPHQWV � OH FKHPLQ RSWLTXH HW LQIUDV�
WUXFWXUH FRPPXQV �&3,�� TXL LQFOXW OH V\VWqPH G·RSWLTXH DGDSWDWLYH �6$;2� HW OHV WURLV VRXV�
LQVWUXPHQWV� XQ LPDJHXU j GRXEOH EDQGH �,5',6� 'RKOHQ HW DO�� ����� GDQV O·LQIUDURXJH� XQ
VSHFWURJUDSKH j FKDPS LQWpJUDO �,)6� &ODXGL HW DO�� ����� GDQV O·LQIUDURXJH HW XQ SRODULPqWUH
GDQV OH YLVLEOH �=,032/� 6FKPLG HW DO�� ������ YRLU )LJ� &��� 'XUDQW PD WKqVH� M·DL WUDLWp HW
DQDO\Vp GHV GRQQpHV G·,5',6 HW G·,)6� HW QRQ GH =,032/�

3OXV SUpFLVpPHQW� O·LPDJHXU j GRXEOH EDQGH ,5',6 SHXW REVHUYHU GDQV O·LQIUDURXJH HQWUH
0.95 j 2.35 µP� F·HVW�j�GLUH GDQV OHV EDQGHV <-+.V� ,5',6 D SOXVLHXUV PRGHV� LO SHUPHW GH



&��� ,PDJHULH GLUHFWH G·H[RSODQqWHV HW GH GLVTXHV GH GpEULV � FRQFHSWV HW PpWKRGHV ���

)LJXUH &��� /·LQVWUXPHQW 63+(5( HW VHV VRXV�LQVWUXPHQWV � ,5',6� ,)6 HW =,032/� /D OXPLqUH HQWUH
GDQV O·LQVWUXPHQW SDU OH KDXW� &UpGLWV � 0DQXHO (62�63+(5(�

IDLUH GH O·LPDJHULH FODVVLTXH �&,�� GH O·LPDJHULH j GRXEOH EDQGH �'%,�� W\SLTXHPHQW UpDOLVpH
SRXU GHX[ ÀOWUHV pWURLWV �<� HW <�� -� HW -�� +� HW +�� RX .� HW .��� GH O·LPDJHULH j GRXEOH
SRODULVDWLRQ OLQpDLUH �'3,� 'H %RHU HW DO�� ����� HW GH OD VSHFWURVFRSLH j ORQJXH IHQWH �/66��
,5',6 D XQ FKDPS GH YXH GH 11µ× 11µ� FH TXL HVW SOXV ODUJH TXH OH FKDPSV GH YXH GH O·,)6 HW
GH =,032/� 6D WDLOOH GH SL[HO HVW GH 0.01225µ× 0.01225µ� VRLW 12.25PDV× 12.25PDV�

4XDQG j O·,)6� LO V·DJLW G·XQ VSHFWRJUDSKH j FKDPS LQWpJUDO GH IDLEOH UpVROXWLRQ� RSpUDQW
HQWUH 0.95 HW 1.35 µP �VRLW OHV EDQGHV <-� UpVROXWLRQ VSHFWUDOH G·HQYLURQ ��� RX 0.95 HW 1.65 µP
�VRLW OHV EDQGHV <-+� UpVROXWLRQ G·HQYLURQ ���� &·HVW XQ VSHFWURJUDSKH XWLOLVDQW XQ UpVHDX GH
OHQWLOOHV �VXLYDQW OH FRQFHSW %,*5(� $QWLFKL HW DO�� ����� SRXU GLIIUDFWHU OD OXPLqUH UHoXH GDQV
OHV GLIIpUHQWHV UpJLRQV GX FKDPS GH YXH� /·,)6 j 39 FDQDX[ VSHFWUDX[ HQ WRXW� /H FKDPS GH
YXH GH O·,)6 HVW 1.7µ× 1.7µ HW OD WDLOOH GH SL[HO ÀQDOH HVW GH 7.46PDV× 7.46PDV�

(QÀQ� =,032/ HVW XQ SRODULVHXU j KDXW FRQWUDVWH REVHUYDQW GDQV O·RSWLTXH �510²900 QP��
=,032/ SHXW IDLUH GH O·LPDJHULH FODVVLTXH HW GH O·LPDJHULH GLIIpUHQWLHOOH SRODULVpH �3',� HQ
PRGXODWLRQ FRXUWH RX UDSLGH� 6RQ FKDPS GH YXH HVW GH 3.5µ× 3.5µ� DYHF XQH WDLOOH GH SL[HO
GH 7PDV×7PDV�

/·LQVWUXPHQW 63+(5( SHXW REVHUYHU DYHF XQ FKDPS GH YXH VWDELOLVp RX DYHF OH SODQ
SXSLOOH VWDELOLVp� 'DQV OH FKDPS GH YXH VWDELOLVp� XQH SRUWLRQ GRQQpH GX GpWHFWHXU UH�
FHYUD WRXMRXUV GH OD OXPLqUH GH OD PrPH ORFDOLVDWLRQ GX FKDPS GH YXH GXUDQW OD VpTXHQFH
G·REVHUYDWLRQ� 4XDQW DX FKDPS SXSLOOH VWDELOLVp� OD FRQÀJXUDWLRQ SXSLOOH GX WpOHVFRSH HVW
VWDELOLVpH� FH TXL LPSOLTXH TXH OHV UpVLGXV VWHOODLUHV VRQW TXDVL�VWDWLTXHV GXUDQW O·REVHUYDWLRQ�
WDQGLV TXH OH VLJQDO FLUFXPVWHOODLUH WRXUQH DX FRXUV GH O·REVHUYDWLRQ� G� j OD URWDWLRQ GH OD
7HUUH�

/RUVTXH O·REVHUYDWLRQ HVW HIIHFWXpH HQ FKDPS SXSLOOH VWDELOLVp� GH OD GLYHUVLWp WHPSRUHOOH
HVW LQWURGXLWH GDQV OD VpTXHQFH G·REVHUYDWLRQ� HQWUH OH VLJQDO VWHOODLUH �TXDVL�VWDWLTXH� HW OH
VLJQDO FLUFXPVWHOODLUH �TXL WRXUQH DX FRXUV GH O·REVHUYDWLRQ�� &HOD SHUPHW HQVXLWH GDQV OH
WUDLWHPHQW GH GRQQpHV G·XWLOLVHU OHV DOJRULWKPHV EDVpV VXU O·$',� 3RXU GHV GRQQpHV DFTXLVHV
HQ SOXVLHXU ORQJXHXUV G·RQGHV� OH WUDLWHPHQW GH GRQQpHV SRXUUD VH VHUYLU GH OD 6',� HW SRXU
GHV GRQQpHV DFTXLVHV HQ SRODULPpWULH� GH OD 3',�



��� $SSHQGL[ &� 9HUVLRQ FRXUWH GH OD WKqVH HQ IUDQoDLV

'HV URXWLQHV RQW pWp GpYHORSSpHV SRXU SUp� HW SRVW�UpGXLUH OHV GRQQpHV GH O·LQVWUXPHQW
63+(5(� QRWDPPHQW 6SH&DO �*DOLFKHU HW DO�� ����� HW ,5'$3 �9DQ +ROVWHLQ HW DO�� ������ /D
URXWLQH 6SH&DO HVW DVVRFLpH DX +LJK &RQWUDVW 'DWD &HQWHU �+&�'&���� TXL RIIUH XQ VHUYLFH GH
UpGXFWLRQ G·REVHUYDWLRQV j LPDJHULH j KDXW FRQWUDVWH� WHO TXH SRXU OHV GRQQpHV GH 63+(5(�
4XDQW j OD URXWLQH ,5'$3� HOOH D pWp GpYHORSSpH SDU 9DQ+ROVWHLQ HW DO� ������ SRXU UpGXLUH OHV
GRQQpHV SRODULPpWULTXHV GH 63+(5(�,5',6� HQ SUHQDQW HQ FRPSWH OHV HIIHWV GH SRODULVDWLRQ
LQGXLWV SDU OH WpOHVFRSH HW O·LQVWUXPHQW� (OOH HVW DFWXHOOHPHQW HQ FRXUV G·LPSOpPHQWDWLRQ
GDQV OH +&�'&�

3RXU PHV SURMHWV GH UHFKHUFKH� M·DL V\VWpPDWLTXHPHQW XWLOLVp OH VHUYLFH GH +&�'& SRXU
REWHQLU OHV GRQQpHV SUp�WUDLWpHV HQ LQWHQVLWp WRWDOH GH 63+(5( HW VRXYHQW SRXU REWHQLU OHV
GRQQpHV SRVW�WUDLWpHV YLD SOXVLHXUV DOJRULWKPHV� -·DL DXVVL SRVW�WUDLWp OHV GRQQpHV PRL�PrPH
HQ XWLOLVDQW GHV DOJRULWKPHV HQ OLEUH DFFqV RX TXLP·RQW pWp SDUWDJpV �VHFWLRQV &��� &��� HW &����
&RQFHUQDQW OHV GRQQpHV SRODULPpWULTXHV� M·DL SUp� HW SRVW�WUDLWp OHV GRQQpHV DYHF OD URXWLQH
,5'$3 �VHFWLRQ &����

-H P·DUUrWH LFL FRQFHUQDQW OD GHVFULSWLRQ GHV FRQFHSWV HW PpWKRGHV SRXU GpWHFWHU GHV H[�
RSODQqWHV HW GLVTXHV GDQV FHWWH YHUVLRQ FRXUWH HQ IUDQoDLV� /HV LQIRUPDWLRQV FRQFHUQDQW OHV
OLPLWDWLRQV GH 63+(5( HW FRPPHQW DOOHU DX�GHOj VRQW GpFULWHV GDQV OD YHUVLRQ LQWpJUDOH GH
PRQ PDQXVFULW GH WKqVH� GDQV OD 6HFWLRQ ������ HW FRQFHUQDQW OHV V\QHUJLHV DYHF G·DXWUHV LQ�
VWUXPHQWV� GDQV OD 6HFWLRQ ������

3DVVRQVPDLQWHQDQW jPHV WUDYDX[ VXU OHV DUFKLWHFWXUHV GHV V\VWqPHV SODQpWDLUHV� HQ FRP�
PHQoDQW SDU XQH pWXGHPXOWL�ORQJXHXU G·RQGH GHV SRSXODWLRQV GH SRXVVLqUHV j GHV GLVWDQFHV
LQWHUPpGLDLUHV HW WUqV ODUJHV G·XQ MHXQH GLVTXH GH GpEULV� +'�������

3OXV G·XQH FHQWDLQH GH GLVTXHV GH GpEULV RQW pWp UpVROXV VSDWLDOHPHQW� VRLW GDQV OH GRPDLQH
YLVLEOH� O·LQIUDURXJH RX OHPLOOLPpWULTXH� /HV GLVTXHV GH GpEULV VRQW FRPPXQV HW SOXV IUpTXHP�
PHQW GpWHFWpV DXWRXU G·pWRLOHV VRODLUHV MHXQHV �≤ 25 0D� TXH G·pWRLOHV VRODLUHV SOXV kJpHV
�500D²10 *D�� (Q HIIHW� 3DZHOOHN HW DO� ������ GpWHUPLQD XQ WDX[ GH GpWHFWLRQ GH GLVTXHV GH
GpEULV GH 75� DXWRXU GHV pWRLOHV GX JURXSH PRXYDQW GH %HWD 3LFWRULV��� WDQGLV TXH SOXVLHXUV
pWXGHV UDSSRUWHQW GHV WDX[ GH GpWHFWLRQ GH 25�SRXU GHV pWRLOHV SOXV kJpHV �YRLU 1DMLWD HW DO��
����� HW OHV UpIpUHQFHV TXL \ ÀJXUHQW�� 1pDQPRLQV� OHV WDX[ GH GpWHFWLRQ SHXYHQW rWUH VLJQL�
ÀFDWLYHPHQW GLIIpUHQWV GHV WDX[ G·RFFXUHQFH� j FDXVH GX ELDLV REVHUYDWLRQQHO� 3DU H[HPSOH�
OHV LQIUDVWUXFWXUHV DFWXHOOHV QH VRQW SDV FDSDEOHV GH GpWHFWHU GHV FHLQWXUHV GH SRXVVLqUHV DYHF
XQH OXPLQRVLWp IUDFWLRQQHOOH VLPLODLUH j FHOOH �∼10−7� GH OD FHLQWXUH G·DVWpURwGHV SULQFLSDOH
HW GH OD FHLQWXUH GH .XLSHU �%DFNPDQ HW DO�� ����� DXWRXU G·DXWUH pWRLOHV TXH OH 6ROHLO �YRLU
)LJ� &�����

eWXGLHU OHV GLVTXHV GH SRXVVLqUHV SHUPHWWHQW GH FRQWUDLQGUH OHV DUFKLWHFWXUHV GHV V\V�
WqPHV SODQpWDLUHV� OHV SURSULpWpV GHV SRXVVLqUHV HW GX JD] HW GHV SRWHQWLHOOHV LQWHUDFWLRQV
GLVTXH�SODQqWH� /HV GLVTXHV GH SRXVVLqUHV VRQW GH SUpFLHX[ UpVHUYRLUV GH FRPqWHV� TXL
SHXYHQW IRXUQLU GHV VXEVWDQFHV YRODWLOHV� WHOOHV TXH GH O·HDX HW GHV PDWLqUHV RUJDQLTXHV�
ORUVTX·HOOHV WRPEHQW VXU GHV SODQqWHV� /D PRUSKRORJLH G·XQ GLVTXH GH SRXVVLqUHV SHXW DXVVL
DLGHU j UHWUDFHU OD IRUPDWLRQ RX O·pYROXWLRQ G·XQ V\VWqPH JUkFH HQ SDUWLFXOLHU j GHV WUDLWV
FDUDFWpULVWLTXHV TXL SHXYHQW rWUH UHOLpHV j GHV LPSDFWV JpDQWV �-RQHV HW DO�� ������ RX UpYpOHU
GHV LQWHUDFWLRQV DYHF OHXU YRLVLQDJH SURFKH� FRPPH GHV SDVVDJHV UDSSURFKpV DYHF G·DXWUHV

��GLVSRQLEOH j https://hc-dc.cnrs.fr/� /H +&�'& pWDLW SUpFpGHPPHQW QRPPp OH 63+(5( 'DWD &HQWHU�
��/H JURXSHPRXYDQW GH %HWD 3LFWRULV HVW XQH DVVRFLDWLRQ VWHOODLUH MHXQH GRQW OH V\VWqPH %HWD 3LFWRULV IDLW SDUWLH�

https://hc-dc.cnrs.fr/
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)LJXUH &���� 'LVTXHV GH GpEULV REVHUYpV DYHF $/0$ DXWRXU G·pWRLOHV MHXQHV HW kJpHV� &HX[ ODUJHV
HW OXPLQHX[ VRQW UpVROXV SDU $/0$� /D OXPLQRVLWp GHV GLVTXHV GH GpEULV VHPEOH GpFURvWUH DYHF OH
WHPSV� /D OXPLQRVLWp GH OD SRXVVLqUH FKDXGH �GDQV OD FHLQWXUH G·DVWpURwGH SULQFLSDOH� HW FHOOH IURLGH
�GDQV OD FHLQWXUH GH.XLSHU� DXWRXU GX 6ROHLO HVW VLJQLÀFDWLYHPHQW SOXV IDLEOH TXH FHOOH GpWHFWpH GDQV
OHV GLVTXHV GH GpEULV H[WUDVRODLUHV� )LJXUH DGDSWpH GH OD UHYXH 3HDUFH �������

pWRLOHV VWHOODLUHV �%HUWLQL HW DO�� ������ RX GHV LQWHUDFWLRQV DYHF OH PLOLHX LQWHUVWHOODLUH �0DQHVV
HW DO�� ������

3DUPL OHV DVVRFLDWLRQV SURFKHV� MHXQHV HW ODUJHV� O·DVVRFLDWLRQ 6FR�&HQ �6FRUSLXV�
&HQWDXUXV� VH GLVWLQJXH QRWDPPHQW SDU VRQ WUqV JUDQG QRPEUH G·pWRLOHV� 'H QRPEUHX[ GLV�
TXHV VSDWLDOHPHQW UpVROXV HW GHV H[RSODQqWHV \ RQW pWp REVHUYpV HQ LPDJHULH GLUHFWH� eWXGLHU
XQH WHOOH DVVRFLDWLRQ SHUPHW DLQVL G·pWXGLHU OD GLYHUVLWp GHV DUFKLWHFWXUHV GHV V\VWqPHV SODQp�
WDLUHV j XQ MHXQH kJH� TXDQG OHV SODQqWHV VH IRUPHQW HQFRUH RX YLHQQHQW GH VH IRUPHU� (Q
SDUWLFXOLHU GXUDQW PRQ GRFWRUDW� M·DL pWXGLp OH GLVTXH GH GpEULV FRPSOH[H +'������� TXL D
SOXVLHXUV VWUXFWXUHV GH SRXVVLqUHV GpWHFWpHV j GLIIpUHQWHV pFKHOOHV�

-·DL pWXGLp OD PRUSKRORJLH HW OHV JUDLQV GH SRXVVLqUHV GX V\VWqPH +'������ HQ XWLOLVDQW GHV
GRQQpHVPXOWL�ORQJXHXU G·RQGH� GXGRPDLQH GX YLVLEOH �GRQQpHV+67�67,6�� GH O·LQIUDURXJH
SURFKH �9/7�63+(5(� HW GX PLOOLPpWULTXH �$/0$�� YRLU )LJV� &��� HW &���� /D )LJXUH &���
UHSUpVHQWH OHV GHX[ VWUXFWXUHV j pFKHOOH LQWHUPpGLDLUH �30²150 XD� YXHV DYHF 63+(5( HQ LQ�
WHQVLWp SRODULVpH� LQWHQVLWp WRWDOH HW�RX DYHF $/0$� /D )LJXUH &��� PRQWUH OD VWUXFWXUH pWHQ�
GXH �≤ 1 000 XD� HW DV\PpWULTXH YXH DYHF+67�67,6� R� DX FHQWUH M·DL PLV j O·pFKHOOH OH VLJQDO
YX DYHF 63+(5( RX $/0$�

0HV SULQFLSDX[ UpVXOWDWV FRQFHUQHQW OD FDUDFWpULVDWLRQ GHV GLIIpUHQWHV VWUXFWXUHV GH GLVTXH
HW GHV SURSULpWpV GHV SRXVVLqUHV� -·DL GpWHUPLQp OHV SDUDPqWUHV GH PRUSKRORJLH GH OD FHLQ�
WXUH GH GpEULV LQWHUQH �VLWXpH j ∼43 XD� HQ PRGpOLVDQW VLPXOWDQpPHQW OHV GRQQpHV 63+(5(
HQ LQWHQVLWp WRWDOH HW LQWHQVLWp SRODULVpH� &HWWH FHLQWXUH HVW LGHQWLÀpH FRPPH XQH FHLQWXUH
GH SODQpWpVLPDX[ HQ XWLOLVDQW OHV GRQQpHV $/0$� -·DL FRQWUDLQW OH WDX[ GH SRODULVDWLRQ GHV
JUDLQV GH SRXVVLqUHV j 1.6 µP� OHXU VSHFWUH GH UpÁHFWDQFH HQWUH 1.0 HW 1.8 µP HW OD PDVVH TXH
UHSUpVHQWHUDLW OHV SRXVVLqUHV GH WDLOOH PLOOLPpWULTXH�

-·DL FRQÀUPp O·H[LVWHQFH GH OD VHFRQGH VWUXFWXUH GH SRXVVLqUHV YXH VHXOHPHQW GDQV OHV
GRQQpHV 63+(5( HQ LQWHQVLWp WRWDOH� HQ XWLOLVDQW GH QRXYHOOHV REVHUYDWLRQV HW GLIIpUHQWV DOJR�
ULWKPHV GH WUDLWHPHQW GH GRQQpHV� &HWWH VWUXFWXUH GH SRXVVLqUHV WUqV IDLEOH HVW SUpFpGHPPHQW
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11 au

SPHERE 1.6 µm (pI)

0.1”

SPHERE 1.6µm (I: 2019-07-09)

11 au

overlay: SPHERE 1.6µm (pI)

0.1”

ALMA 1.3 mm

overlay: SPHERE 1.6µm (polar)

113 au

1”

)LJXUH &���� &RPSDUDLVRQ GHV VWUXFWXUHV GH SRXVVLqUHV GH +'������ GpWHFWpHV HQ OXPLqUH GLIIXVpH
DYHF 63+(5( �1.6 µP� HW HQ pPLVVLRQ WKHUPLTXH DYHF $/0$ �1.3 PP��  JDXFKH� O·LPDJH HQ LQ�
WHQVLWp SRODULVpH GH 63+(5( DYHF HQ VXSHUSRVp OHV FRQWRXUV GH OD FHLQWXUH LQWHUQH GH SRXVVLqUHV
GpWHUPLQpV j XQH YDOHXU GH ÁX[ GH 2 P-�DUFVHF2 VXU FHWWH LPDJH FRQYROXpH DYHF XQH JDXVVLHQQH
SRXU DYRLU GHV FRQWRXUV OLVVHV� /HV FRQWRXUV VRQW DMRXWpV VXU O·LPDJH 63+(5( HQ LQWHQVLWp WRWDOH
�DX PLOLHX� HW VXU O·LPDJH $/0$ UHFRQVWUXLWH �j GURLWH�� 'DQV O·LPDJH GX PLOLHX� OD ÁqFKH EODQFKH
LQGLTXH OD SDUWLH VXG�RXHVW GH OD VHFRQGH VWUXFWXUH YXH VHXOHPHQW GDQV OHV GRQQpHV 63+(5( HQ
LQWHQVLWp WRWDOH� HW TXL QH VH VXSHUSRVH SDV DX VLJQDO YX HQ LQWHQVLWp SRODULVp�

PHQWLRQQpH SDU %RQQHIR\ HW DO� ������� PDLV VRQ H[LVWHQFH UpHOOH Q·pWDLW SDV FODLUH G� DX IDLEOH
VLJQDO VXU EUXLW� HW SDU DLOOHXUV HOOH Q·D SDV pWp GpWHFWpH XOWpULHXUHPHQW GDQV O·REVHUYDWLRQ
63+(5( HQ LQWHQVLWp SRODULVpH REWHQXH j OD PrPH ORQJXHXU G·RQGH �2ORIVVRQ HW DO�� ����E��
/D QDWXUH GH FHWWH VHFRQGH VWUXFWXUH Q·HVW WRXMRXUV SDV LGHQWLÀpH � XQ KDOR GH SHWLWV JUDLQV GH
SRXVVLqUHV� XQH VHFRQGH FHLQWXUH��� -·DL PRQWUp TXH VD GpWHFWLRQ XQLTXHPHQW GDQV OHV GRQ�
QpHV HQ LQWHQVLWp WRWDOH HW QRQ GDQV OHV GRQQpHV HQ LQWHQVLWp SRODULVpH Q·HVW SDV LQFRKpUHQW� -H
FRQÀUPH TXH OD VWUXFWXUH HVW DV\PpWULTXH � HOOH UpÁpFKLW SOXV GH OXPLqUH HW HVW SOXV pWHQGXH
F{Wp VXG�RXHVW TXH VXG�HVW�

-·DL WUDLWp j QRXYHDX OHV GRQQpHV +67�67,6 SRXU PLHX[ PHWWUH HQ OXPLqUH OD VWUXFWXUH
pWHQGXH HW DV\PpWULTXH SUpFpGHPPHQW SXEOLpH SDU 3DGJHWW 	 6WDSHOIHOGW ������ HW %RQQHIR\
HW DO� ������� -·DL FDOLEUp OHV GRQQpHV +67�67,6 HQ XQH XQLWp HQ ÁX[ HW M·DL GpULYp OD FDUWH
VLJQDO�VXU�EUXLW�

0RQ WUDYDLO GH UHFKHUFKH D DERXWL j XQ DUWLFOH HQ SUHPLHU DXWULFH �'HVJUDQJH HW DO�� �����
VXEP�� HQ FRXUV GH SXEOLFDWLRQ GDQV OD UHYXH $VWURQRPLH 	 $VWURSK\VLTXH j FRPLWp GH
OHFWXUH� /HXU UDSSRUW HVW SRVLWLI� -H VXLV HQ FRXUV G·LPSOpPHQWDWLRQ GHV UpYLVLRQV VXLWH DX[
FRPPHQWDLUHV GX UHOHFWHXU� HW MH UH�VRXPHWWUDL SURFKDLQHPHQW O·DUWLFOH� TXL HVW DMRXWp GDQV OD
6HFWLRQ ������

'H QRXYHOOHV GRQQpHV VRQW QpFHVVDLUHV SRXU PLHX[ FRQWUDLQGUH OD PRUSKRORJLH GHV VWUXF�
WXUHV GX GLVTXH HW OHV SURSULpWpV GHV JUDLQV GH SRXVVLqUHV� 'HV QRXYHOOHV GRQQpHV+67�67,6
DFTXLVHV DYHF XQH VWUDWpJLH G·REVHUYDWLRQ RSWLPLVpH �DYHF XQH pWRLOH GH UpIpUHQFH HW j WURLV
DQJOHV GH URXOLV GLIIpUHQWV� VRQW QpFHVVDLUHV SRXU DYRLU XQH PHLOOHXUH FRXYHUWXUH VSDWLDOH GX
GLVTXH HQ pYLWDQW OHV ]RQHV DYHXJOHV G� DX[ PDVTXHV FRURQRJUDSKLTXHV HW DLJUHWWHV �FRU�
UHVSRQGDQW j OD ]RQH XQLH JULVH HQ )LJ� &����� 8WLOLVHU FRPPH PDVTXH FRURQDJUDSKLTXH OD
&EDU� SHUPHWWUDLW pJDOHPHQW GH FDUDFWpULVHU DYHF 67,6 �HW GRQF j XQH DXWUH ORQJXHXU G·RQGH
TX·DYHF 63+(5(� GH OD SRXVVLqUH VLWXpH SOXV SURFKH GH O·pWRLOH� MXVTX·j GHV VpSDUDWLRQV GH
���µ� FRwQFLGDQW DYHF OD VHFRQGH VWUXFWXUH YXH DYHF 63+(5( HQ LQWHQVLWp WRWDOH�

'HV QRXYHOOHV GRQQpHV$/0$DFTXLVHV j SOXV KDXWH UpVROXWLRQ SHUPHWWUDLHQW GH UpVRXGUH
O·pPLVVLRQ WKHUPLTXH GHV SRXVVLqUHV GDQV OH PLOOLPpWULTXH HW FRQWUDLQGUH SOXV SUpFLVpPHQW
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)LJXUH &���� 9XH G·HQVHPEOH GH O·DUFKLWHFWXUH GX V\VWqPH +'������� /·LPDJH HQ QRLU HW EODQF HVW
OD FDUWH VLJQDO�VXU�EUXLW �S/N � GHV GRQQpHV FRURQRJUDSKLTXHV +67�67,6 GDQV OH YLVLEOH� ELQQpHV
VSDWLDOHPHQW 2×2SL[HOV2 → 1×1SL[HO2� $X FHQWUH GH FKDTXH LPDJH� HVW DMRXWpH O·LPDJH GHV VWUXF�
WXUHV LQWHUQHV YXHV DYHF 63+(5( HQ LQWHQVLWp WRWDOH �HQ�KDXW�� DYHF 63+(5( HQ LQWHQVLWp SRODULVpH
�DX PLOLHX� HW DYHF $/0$ �HQ�EDV�� /HV UpJLRQV FDFKpHV SDU OH PDVTXH FRURQRJUDSKLTXH HW OHV DL�
JUHWWHV GH GLIIUDFWLRQV VRQW PDVTXpV HQ JULV IRQFp�



��� $SSHQGL[ &� 9HUVLRQ FRXUWH GH OD WKqVH HQ IUDQoDLV

VD ORFDOLVDWLRQ� (QÀQ� GHV GRQQpHV -:67 SHUPHWWUDLHQW GH GpWHUPLQHU OD SUpVHQFH GH SRXV�
VLqUHV DXWRXU GH+'������ j GLIIpUHQWHV ORQJXHXUV G·RQGH� GH O·LQIUDURXJH SURFKH DXPR\HQ�
DSSRUWDQW GH IRUWHV FRQWUDLQWHV VXU OHV SRSXODWLRQV GH JUDLQV GH SRXVVLqUHV GDQV FH V\VWqPH�
HW OD PRUSKRORJLH GHV VWUXFWXUHV� 'H SOXV� GDQV FH V\VWqPH -:67 SRXUUDLW WURXYHU GHV H[�
RSODQqWHV JpDQWHV GH OD PDVVH GH 6DWXUQH �RX VXSpULHXUHV� j TXHOTXHV GL]DLQHV G·XQLWpV DV�
WURQRPLTXHV� FH TXL SHUPHWWUDLW G·pWXGLHU OHV LQWHUDFWLRQV SODQqWH�GLVTXH HW G·H[SOLTXHU OD
PRUSKRORJLH GH FHUWDLQHV VWUXFWXUHV REVHUYpHV GDQV FH V\VWqPH� eYLGHPPHQW� FHOD RIIULUDLW
pJDOHPHQW XQH �RX GHV� QRXYHOOH H[RSODQqWH j pWXGLHU� HW TXL FRPPHQFHUDLW j FRPEOHU QRWUH
YLVLRQ SDUWLHOOH GHV H[RSODQqWHV FRQQXHV j FH MRXU �)LJ� &����

&·HVW SRXUTXRL M·DL VRXPLV HQ 2FWREUH ���� HW 0DUV ���� GHV GHPDQGHV GH WHPSV -:67
HW +67� TXL PDOKHXUHXVHPHQW Q·RQW SDV pWp DFFHSWpHV�

&RPPH GpMj pFULW� XQ DUJXPHQW FODVVLTXH SRXU H[SOLTXHU OHV VWUXFWXUHV GDQV OHV GLV�
TXHV GH GpEULV HVW OD SUpVHQFH G·H[RSODQqWHV TXL SRXUUDLHQW OHV VFXOSWHU� 'DQV OH V\VWqPH
+'������� SDV G·H[RSODQqWH HQFRUH Q·D pWp GpFRXYHUWH� PDLV XQH SDUW VLJQLÀFDWLYH GH O·HVSDFH
GHV SDUDPqWUHV UHVWH HQFRUH j H[SORUHU�

$LQVL� OD SUpVHQFH G·H[RSODQqWHV GDQV GHV V\VWqPHV D\DQW GHV GLVTXHV GH SRXVVLqUHV SHXW
rWUH GpGXLWH HQ VXSSRVDQW GHV K\SRWKqVHV VXU OHV LQWHUDFWLRQV SODQqWH�GLVTXH� 3HDUFH HW DO�
������ D HIIHFWXp FH WUDYDLO HW SUpGLW OD SUpVHQFH GH QRPEUHXVHV H[RSODQqWHV� TXL VH VLWXHUDLHQW
HQWUH 10 HW 100 XD� YRLU )LJ� &���� 3RXU IDoRQQHU XQH FHLQWXUH GH SRXVVLqUHV� OD PDVVH HW OH
GHPL�JUDQG D[H QpFHVVDLUHV GH O·H[RSODQqWH GpSHQG GX W\SH GHV LQWHUDFWLRQV SODQqWH�GLVTXH�
HW VL SOXVLHXUV H[RSODQqWHV VRQW HQ MHX RX QRQ�
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)LJXUH &���� ([RSODQqWHV GpGXLWHV j SDUWLU G·LQWHUDFWLRQV GLVTXH�SODQqWH� LVVXHV GX FDWDORJXH GH
3HDUFH HW DO� ������� VXSHUSRVpHV DX[ H[RSODQqWHV FRQQXHV j FH MRXU �FHUFOHV JULV� YRLU )LJ� &����
/D FRXOHXU LQGLTXH OH PpFDQLVPH VXSSRVp SRXU O·LQWHUDFWLRQ SODQqWH�GLVTXH � VRLW HQ pWDQW H[FLWp
�FHUFOH URXJH� SDU XQH SODQqWH� VRLW YLD HQ pWDQW VFXOSWp SDU XQH RX GHV SODQqWHV �UHVSHFWLYHPHQW
FDUUp YLROHW RX ORVDQJH RUDQJH��

$YDQW OH -:67� OD SOXSDUW GH FHV FDQGLGDWV H[RSODQpWDLUHV VH WURXYDLHQW HQ GHVVRXV GHV
OLPLWHV GH GpWHFWLRQ GHV LQIUDVWUXFWXUHV DVWURQRPLTXHV� 'HSXLV OH -:67� SOXVLHXUV ODUJHV



&��� /H V\VWqPH SODQpWDLUH +' ������ MHXQH� PDVVLI DQDORJXH GX 6\VWqPH 6RODLUH ���

SURJUDPPHV REVHUYDWLRQQHOV RQW pWp DFFHSWpV SRXU GpWHFWHU FHV H[RSODQqWHV SUpGLWHV� 'DQV
OHV FDV OHV SOXV IDYRUDEOHV� OH -:67 D OD VHQVLELOLWp SRXU GpWHFWHU GHV H[RSODQqWHV GH OD PDVVH
GH 1HSWXQH �.DPPHUHU HW DO�� ������ 0rPH GHV QRQ�GpWHFWLRQV DSSRUWHUDLHQW GHV LQIRUPD�
WLRQV SUpFLHXVHV� FDU FHOD H[FOXHUDLW GHV VFpQDULRV FRQFHUQDQW OHV SURSULpWpV GH O·H[RSODQqWH
�RX GH OD FKDLQH G·H[RSODQqWHV�� TXL SRXUUDLW VFXOSWHU OD FHLQWXUH GH SRXVVLqUHV� HW GRQF FHOD
FRQWUDLQGUDLW OHV LQWHUDFWLRQV SODQqWH�GLVTXH�

'DQV OD SURFKDLQH VHFWLRQ� MH SUpVHQWH PRQ WUDYDLO VXU XQH MHXQH SODQqWH JpDQWH PDVVLYH�
+'����� E� TXL VFXOSWHUDLW OH ERUG LQWHUQH GH OD FHLQWXUH H[WHUQH GH SRXVVLqUHV GX V\VWqPH
+'������

/HV V\VWqPHV VLPLODLUHV DX 6\VWqPH 6RODLUH HW MHXQHV SHUPHWWHQW GH UHPRQWHU OH WHPSV SRXU
HVVD\HU GH FRPSUHQGUH FRPPH GH WHOV V\VWqPHV VH IRUPHQW HW pYROXHQW DX FRXUV GX WHPSV
�1²500 0D�� &HOD SHUPHW G·pWXGLHU OD IRUPDWLRQ GH QRWUH 6\VWqPH 6RODLUH HW OD 7HUUH� DLQVL
TXH OHV RULJLQHV GH OD YLH� DYHF XQH DXWUH SHUVSHFWLYH�

-XVTX·j SUpVHQW� FRQFHUQDQW OHV MHXQHV V\VWqPHV D\DQW GHV GLVTXHV FLUFXPVWHOODLUHV HW�RX
GHV SODQqWHV� OHV DVWURQRPHV RQW SX FRQWUDLQGUH �

�� /HV SURSULpWpV RUELWDOHV GHV SODQqWHV JpDQWHV� HQ SDUWLFXOLHU VL HOOHV VRQW HQ UpVRQDQFH
GH PR\HQ PRXYHPHQW� FH TXL SRXUUDLW DERXWLU j XQH FRQÀJXUDWLRQ G\QDPLTXH VWDEOH
�:DQJ HW DO�� ����� 1RZDN HW DO�� ����� %HXVW HW DO�� ������ RX OHXU H[FHQWULFLWp �'H 5RVD
HW DO�� ����E�� TXL SHXW rWUH UHOLpH j GHV LQWHUDFWLRQV G\QDPLTXHV WHOOHV TXH GHV pYpQH�
PHQWV GH GLVSHUVLRQ �5D\PRQG HW DO�� ����� RX GHV LQWHUDFWLRQV GH .R]DL�/LGRY �%HXVW
HW DO�� ����� 'H 5RVD HW DO�� ����D��

�� /D SUpVHQFH GH GLVTXH FLUFXPSODQpWDLUH� GDQV OHTXHO GHV H[R�/XQHV SRXUUDLHQW VH IRU�
PHU �%HQLVW\ HW DO�� ������

�� /HV DWPRVSKqUHV GH MHXQHV H[RSODQqWHV HW OD SUpVHQFH GH QXDJHV �YRLU &URVVÀHOG HW DO��
����� 3HWUXV HW DO�� ����� +XDQJ HW DO�� ����� 3DOPD�%LIDQL HW DO�� ����� 1DVHGNLQ HW DO��
����� SRXU GHV FDUDFWpULVDWLRQV SULQFLSDOHPHQW UpFHQWHV��

�� /D SRXVVLqUH WUqV FKDXGH RX FKDXGH ORFDOLVpH j XQH IUDFWLRQ RX TXHOTXHV XQLWpV DV�
WURQRPLTXHV� UHVSHFWLYHPHQW� &HWWH SRXVVLqUH FRUUHVSRQG j XQH IUDFWLRQ GH TXHOTXHV
SRXUFHQWV GH OD OXPLqUH VWHOODLUH GDQV O·LQIUDURXJH �$EVLO HW DO�� ����� ����� (UWHO HW DO��
����� ������ 6D GpWHFWLRQ IUpTXHQWH VRXOqYH GHV TXHVWLRQV� FDU FHWWH SRXVVLqUH GHYUDLW
VH GLVVLSHU UDSLGHPHQW� HW GRQF GHV PpFDQLVPHV GH UpDSSURYLVLRQQHPHQW VRQW UHTXLV
�YRLU SDU H[HPSOH 3HDUFH� ������

�� /HV UpVHUYRLUV IURLGV G·DVWpURwGHV� HQ pWXGLDQW OD SRXVVLqUH JpQpUpH SDU OHV FROOLVLRQV
�&KHQ HW DO�� ����� 0LOOL HW DO�� ����� ����D� ����� ����� (QJOHU HW DO�� �����:X HW DO�� ������
eWXGLHU OHV SURSULpWpV GHV SRXVVLqUHV SHUPHW GH FRQWUDLQGUH OHXU SRURVLWp� FH TXL DLGH j
PLHX[ FRPSUHQGUH OD FURLVVDQFH GHV JUDLQV GH SRXVVLqUHV GDQV OH FDV R� OHXU VWUXFWXUH
HVW VXIÀVDPHQW SUpVHUYpH SDU UDSSRUW j OD SKDVH GX GLVTXH SURWRSODQpWDLUH� 'H SOXV�
FRQWUDLQGUH OHV SURSULpWpV GHV SRXVVLqUHV SHUPHWWHQW pJDOHPHQW GH GpWHUPLQHU VL HOOHV
FRQWLHQQHQW GHV PLQpUDX[ K\GUDWpV� FH TXL SRXUUDLW UHSUpVHQWHU XQH VRXUFH G·HDX SRXU
OHV SODQqWHV URFKHXVHV� TXDQG OHV DVWpURLGHV WRPEHQW VXU OHV SODQqWHV �SDU H[HPSOH�
GXUDQW XQ pYpQHPHQW WHO TXH OH JUDQG ERPEDUGHPHQW WDUGLI��



��� $SSHQGL[ &� 9HUVLRQ FRXUWH GH OD WKqVH HQ IUDQoDLV

�� /HV UpVHUYRLUV GH FRPqWHV �� HQ pWXGLDQW OH JD] OLEpUp ORUV GHV FROOLVLRQV RX ORUVTX·HOOHV
VH UDSSURFKHQW GH OHXU pWRLOH K{WH �0DWUj HW DO�� ����� ����� 5HEROOLGR HW DO�� ����� %HXVW
HW DO�� ������ /H JD] GH VHFRQGH JpQpUDWLRQ SHXW DXVVL FRQWULEXHU j PRGLÀHU OD FRPSR�
VLWLRQ DWPRVSKpULTXH GHV SODQqWHV URFKHXVHV TXL SHXYHQW DFFUpWHU SDUWLHOOHPHQW FH JD]
�.UDO HW DO�� ������ /HV FRPqWHV VRQW QRWDPPHQW LQWpUHVVDQWHV FDU HOOHV SRXUUDLHQW rWUH
XQH VRXUFH G·HDX SRXU GHV SODQqWHV ORUVTX·HOOHV V·pFUDVHQW GHVVXV� HQ SDUWLFXOLHU SRXU
GHV SODQqWHV URFKHXVHV VLWXpHV j XQH GLVWDQFH SURSLFH GH O·pWRLOH SRXU TXH GH O·HDX j VD
VXUIDFH VRLW VRXV OD IRUPH OLTXLGH�

'H WHOOHV pWXGHV VXU GHV V\VWqPHV DQDORJXHV DX 6\VWqPH 6RODLUH VRQW G·LQWpUrW PDMHXU�
0DOKHXUHXVHPHQW� VHXOHPHQW TXHOTXHV XQV GHV V\VWqPHV SODQpWDLUHV GpFRXYHUWV RQW GHV
SURSULpWpV VLPLODLUHV j FHOOHV GX 6\VWqPH 6RODLUH� /H V\VWqPH OH SOXV LFRQLTXH HVW +5����
�)LJ� &��� 0DURLV HW DO�� ����� ������ DYHF TXDWUH SODQqWHV JpDQWHV PDVVLYHV VLWXpHV HQWUH GHX[
FHLQWXUHV GH SRXVVLqUHV� 8Q DXWUH V\VWqPH SODQpWDLUH j GRXEOH FHLQWXUH GH SRXVVLqUHV HVW
+'������ FRQQX SRXU DYRLU DX PRLQV XQH H[RSODQqWH JpDQWH �5DPHDX HW DO�� ����� VLWXpH
GDQV OD FDYLWp HQWUH OHV GHX[ FHLQWXUHV GH SRXVVLqUHV �YRLU )LJ� &�����  OD IRLV +5���� HW
+'����� RUELWHQW DXWRXU G·pWRLOH GH W\SH $� GRQF GHV pWRLOHV SOXV PDVVLYHV TXH OH 6ROHLO�

HD 95086 ALMA 1.3 mm

SPHERE 2.1 µm

86 au

cold belt

1 as

b

)LJXUH &���� ,PDJH FRPSRVLWH GX V\VWqPH SODQpWDLUH +'������ XWLOLVDQW OHV GRQQpHV 63+(5( SRXU
OD GpWHFWLRQ GH O·H[RSODQqWH JpDQWH +'����� E �&KDXYLQ HW DO�� ����� HW GHV GRQQpHV $/0$ SRXU OD
GpWHFWLRQ GH OD FHLQWXUH GH SRXVVLqUH H[WHUQH �6X HW DO�� ������ /D FHLQWXUH LQWHUQH �HQWUH 7 HW 10 XD�
Q·HVW SDV UpVROXH DYHF $/0$� ,PDJH LVVXH GH 'HVJUDQJH HW DO� �����D��

-·DL FDUDFWpULVp OHV SURSULpWpV VSHFWURVFRSLTXHV HW RUELWDOHV GH O·H[RSODQqWH JpDQWH+'����� E�
TXL D XQH PDVVH GH 4²5 0-XS HW D XQ GHPL�JUDQG D[H HQWUH 50 HW 70 XD� -·DL XWLOLVp GL[ pSR�
TXHV G·REVHUYDWLRQ GH O·LQVWUXPHQW 63+(5(� DFTXLVHV HQWUH ���� HW ���� GDQV OH FRQWH[WH GX
WHPSV JDUDQWL GX FRQVRUWLXP 63+(5(� &HV REVHUYDWLRQV� RQW pWp DFTXLVHV VLPXOWDQpPHQW
DYHF 63+(5(�,5',6 HW 63+(5(�,)6� HQWUH 1.0 HW 2.3 µP� HW MH OHV DL FRXSOpHV DYHF GHV GRQ�
QpHV G·DUFKLYH GH *HPLQL 6XG�*3, �1.9²2.3 µP� HW 9/7�1D&R �3.8 µP��

'DQV PRQ DUWLFOH HQ SUHPLqUH DXWULFH SXEOLp GDQV $VWURQRPLH 	 $VWURSK\VLTXH �'HV�
JUDQJH HW DO�� ����D�� DMRXWp HQ 6HFWLRQ ������ PHV FROODERUDWHXUV HW PRL DYRQV PRQWUp TXH OD
VRXV�OXPLQRVLWp GH O·H[RSODQqWH JpDQWH +'����� E HW VRQ VSHFWUH URXJH SHXW�rWUH H[SOLTXp

��-H IDLV LFL OD GLVWLQFWLRQ HQWUH XQH FRPqWH HW XQ DVWpURwGH� ELHQ TXH OD GLIIpUHQFH Q·HVW SDV VL FODLUH j O·KHXUH
DFWXHOOH� 3DU FRPqWHV� M·HQWHQGV GHV FRUSV ULFKHV HQ YRODWLOHV� FRQWUDLUHPHQW DX[ DVWpURwGHV�



&��� /H V\VWqPH SODQpWDLUH +' ������ MHXQH� PDVVLI DQDORJXH GX 6\VWqPH 6RODLUH ���

SDU GHX[ VFpQDULRV� UHOLpV j OD SUpVHQFH GH SRXVVLqUHV DXWRXU GH O·H[RSODQqWH� 'DQV OH SUH�
PLHU VFpQDULR� OD SRXVVLqUH VHUDLW VLWXpH GDQV XQ GLVTXH FLUFXPSODQpWDLUH HW O·H[RSODQqWH DX�
UDLW XQH WHPSpUDWXUH HIIHFWLYH GH≥1400.� 'DQV OH VHFRQG VFpQDULR� OD SRXVVLqUH VHUDLW VLWXpH
VRXV OD IRUPH GH QXDJHV GDQV OHV KDXWHV FRXFKHV GH VRQ DWPRVSKqUH� FRUUHVSRQGDQW j XQH
DWPRVSKqUH DYHF XQHPpWDOOLFLWp VXSHU�VRODLUH� FH TXL VHUDLW HQ IDYHXU G·XQPpFDQLVPH GH IRU�
PDWLRQ G·DFFUpWLRQ VXU FRHXU HW QRQ G·LQVWDELOLWp JUDYLWDWLRQQHOOH� /D WHPSpUDWXUH HIIHFWLYH
GH O·H[RSODQqWH VHUDLW PRLQV pOHYpH �800²1300.�� &HV GHX[ VROXWLRQV VRQW WRXW DXVVL YUDLVHP�
EODEOHV O·XQH TXH O·DXWUH G·DSUqV QRWUH PRGpOLVDWLRQ� (OOHV VH EDVHQW VXU OHV PHVXUHV VSHFWUR�
VFRSLTXHV HW SKRWRPpWULTXHV GH 63+(5(�,)6� *3,� 63+(5(�,5',6 HW 1D&R GH +'����� E�
GRQF HQWUH 1.2 HW 4.0 µP� &RQFHUQDQW FHV PHVXUHV� M·DL HQ SDUWLFXOLHU H[WUDLW OH VSHFWUH GH
+'����� E HQWUH 1.2 HW 1.6 µP �GRQQpH 63+(5(�,)6� SRXU OD SUHPLqUH IRLV� FH TXL pWDLW SDU�
WLFXOLqUHPHQW GLIÀFLOH FDU O·H[RSODQqWH +'����� E HVW SDUWLFXOLqUHPHQW IDLEOH j FHV ORQJXHXUV
G·RQGH� -·DL G� FRPELQHU OHV PHLOOHXUHV pSRTXHV GH 63+(5(� DSUqV DYRLU FRUULJp GX PRXYH�
PHQW RUELWDO� SRXU DXJPHQWHU OH UDWLR VLJQDO�VXU�EUXLW�

&RQFHUQDQW OHV SURSULpWpV RUELWDOHV GH O·H[RSODQqWH +'����� E� PHV FROODERUDWHXU HW PRL
DYRQV GpWHUPLQp TXH VRQ H[FHQWULFLWp HVW IDLEOH� LQIpULHXUH j ���� j 1σ� DORUV TXH SUpFpGHP�
PHQW HOOH pWDLW PRLQV ELHQ FRQWUDLQWH �≤ 0.5� &KDXYLQ HW DO�� ������ 'H FH IDLW� O·H[RSODQqWH
+'����� E� VFXOSWH FHUWDLQHPHQW OH ERUG LQWHUQH GH VD FHLQWXUH H[WHUQH� PDLV QH SHXW H[SOL�
TXHU OD ODUJHXU GH OD FDYLWp SDU HOOH�PrPH� $LQVL� DXPRLQV XQH DXWUH H[RSODQqWH HVW DWWHQGXH
SRXU H[SOLTXHU OD ODUJHXU GH OD FDYLWp G·DSUqV GHV DUJXPHQWV G\QDPLTXHV �6X HW DO�� ������

(QÀQ� M·DL UHFKHUFKp OD SUpVHQFH G·DXWUHV FRPSDJQRQV SODQpWDLUHV� HW DPpOLRUp OHV FRQ�
WUDLQWHV SUpFpGHQWHV� (Q XWLOLVDQW OHV PRGqOHV G·pYROXWLRQ �COND� %DUDIIH HW DO�� ����� SRXU
FRQYHUWLU OD OLPLWH GH GpWHFWLRQ GRQQpH GH OXPLQRVLWp HQ PDVVH SODQpWDLUH� M·H[FOXV j XQ
QLYHDX GH FRQÀDQFH GH 90� OD SUpVHQFH G·H[RSODQqWHV D\DQW XQH PDVVH VXSpULHXUH j 90-XS
j XQ GHPL�JUDQG D[H HQWUH 13 HW 20 XD� HW DX�GHVVXV GH 50-XS DX�GHOj GH 20 XD�

/H V\VWqPH +'����� HVW XQ V\VWqPH HPEOpPDWLTXH� FLEOp SDU GH QRPEUHX[ WpOHVFRSHV HW LQ�
VWUXPHQWV� -·DL SX FROODERUHU DYHF *LOOHV 2WWHQ TXL WUDYDLOOH VXU OHV GRQQpHV 9/7,�*5$9,7<�
/·DVWURPpWULH WUqV SUpFLVH GH +'����� E PHVXUpH j SDUWLU GHV GRQQpHV *5$9,7< SRXU GHV
pSRTXHV HQWUH ���� HW ���� HVW FRKpUHQWH DYHF O·DVWURPpWULH LVVXH GH 63+(5(� HW HVW FRPSDW�
LEOH DYHF OHV DMXVWHPHQWV RUELWDX[ UpDOLVpV j SDUWLU GHV GRQQpHV 63+(5( HW 1D&R �pSRTXHV
G·REVHUYDWLRQ HQWUH ���� HW ������ &HWWH FRPSDUDLVRQ HVW PRQWUpH VXU OH SRVWHU UpDOLVp HQ
FROODERUDWLRQ DYHF *LOOHV 2WWHQ HW TXH M·DL SUpVHQWp ORUV GH OD FRQIpUHQFH ,Q 6SLULW RI /\RW HQ
���� j /H\GH DX[ 3D\V�%DV �)LJ� �����

7UqV UpFHPPHQW� j SDUWLU GHV GRQQpHV -:67�0,5, GDQV O·LQIUDURXJH PR\HQ� 0kOLQ
HW DO� ������ D SXEOLp OD SUHPLqUH LPDJH GH OD FHLQWXUH GH GpEULV LQWHUQH� GRQW O·H[LVWHQFH
pWDLW SUpFpGHPPHQW GpGXLWH VHXOHPHQW JUkFH j O·pWXGH GH OD GHQVLWp VSHFWUDOH G·pQHUJLH GX
V\VWqPH� 8Q DXWUH UpVXOWDW WUqV HQWKRXVLDVPDQW GH OHXU WUDYDLO HVW OHXU FDUDFWpULVDWLRQ GH
O·DWPRVSKqUH GH +'����� E HQ LQFOXDQW GHX[ QRXYHDX[ SRLQWV SKRWRPpWULTXHV HQWUH 10 HW
12 µP� TXL FRQÀUPHUDLW TXH O·H[RSODQqWH E D XQH WHPSpUDWXUH HIIHFWLYH HQWUH 850 HW 1 020 .
HW TXH VRQ DWPRVSKqUH DXUDLW XQH PpWDOOLFLWp VXSHU�VRODLUH�

3RXU OHV WpOHVFRSHV HW LQVWUXPHQWV j YHQLU� SDU H[HPSOH FHX[ VXU O·(/7� OH V\VWqPH
+'����� HVW XQ V\VWqPH GH KDXWH SULRULWp j REVHUYHU� FDU LO HVW MHXQH� VLWXp UHODWLYHPHQW
SURFKH GX 6ROHLO� GDQV OHTXHO O·H[LVWHQFH G·DX PRLQV XQH DXWUH H[RSODQqWH JpDQWH HVW DWWHQ�
GXH HW SDUFH TXH VRQ DUFKLWHFWXUH UDSSHOOH FHOOH GH QRWUH 6\VWqPH 6RODLUH�



��� $SSHQGL[ &� 9HUVLRQ FRXUWH GH OD WKqVH HQ IUDQoDLV

8Q UpVXOWDW IUDSSDQW GH OD PLVVLRQ .HSOHU D pWp OD GpFRXYHUWH GH QRPEUHXVHV H[RSODQqWHV GH
IDLEOH PDVVH HW RUELWDQW DXWRXU GH OHXU pWRLOH K{WH HQ PRLQV GH 100 MRXUV� &HV H[RSODQqWHV
GH IDLEOH PDVVH� VRXYHQW DSSHOpHV VXSHU�7HUUHV HW PLQL�1HSWXQHV G� j OHXU PDVVH HW�RX OHXU
UD\RQ� SRXUUDLHQW RUELWHU DXWRXU G·HQYLURQ ��� GHV pWRLOHV VRODLUHV�� G·DSUqV OD PpWKRGH GH
GpWHFWLRQ GHV YLWHVVHV UDGLDOHV �0D\RU HW DO�� ������ &HOD SRXUUDLW pJDOHPHQW rWUH YUDL SRXU OHV
pWRLOHV GH W\SH0� ELHQ TXH FHOD VRLW EDVp VXU GHV VWDWLVWLTXHV VXU GH SHWLWV pFKDQWLOORQV �%RQÀOV
HW DO�� ������ $X FRQWUDLUH� OD PpWKRGH GH GpWHFWLRQ GHV WUDQVLWV LQGLTXH XQH IUpTXHQFH SOXV
pOHYpH GH VXSHU�7HUUHV HW GH PLQL�1HSWXQHV j FRXUWH SpULRGH RUELWDOH SRXU OHV pWRLOHV 0 TXH
SRXU OHV pWRLOHV GH W\SH VRODLUH� ORUVTX·HOOHV VRQW FRPSDUpHV j GHV SpULRGHV RUELWDOHV VLPLODLUHV
�0XOGHUV HW DO�� ������ &HSHQGDQW� SRXU GHV YDOHXUV G·LQVRODWLRQ VLPLODLUHV� O·RFFXUUHQFH GHV
VXSHU�7HUUHV HW GHV PLQL�1HSWXQHV HQ RUELWH DXWRXU G·pWRLOHV 0 RX G·pWRLOHV GH W\SH VRODLUH
HVW SUHVTXH pJDOH� GDQV OHV OLPLWHV GHV LQFHUWLWXGHV �+VX HW DO�� ����� ������

/D FRXUWH SpULRGH RUELWDOH GH QRPEUHXVHV VXSHU�7HUUHV HW PLQL�1HSWXQHV GDQV OHV V\V�
WqPHV H[WUDVRODLUHV HVW XQH VXUSULVH ORUVTX·HOOH HVW FRPSDUpH j OD SRVLWLRQ GH OD 7HUUH HW GH
1HSWXQH GDQV QRWUH 6\VWqPH 6RODLUH� /D IRUPDWLRQ GH FHV VXSHU�7HUUHV HW PLQL�1HSWXQHV
SURFKHV GH OHXU pWRLOH K{Wp UHVWH XQH TXHVWLRQ RXYHUWH HW GRQF XQ VXMHW GH UHFKHUFKH WUqV DFWLI
�+DJKLJKLSRXU� ����� =KX 	 :X� ����� %U\DQ HW DO�� ����� 6FKOHFNHU HW DO�� ����� 5RVHQWKDO
HW DO�� ����� %RQRPR HW DO�� ����� =KX� ������

'·XQH SDUW� GHV SODQqWHV GH IDLEOH PDVVH �VXSHU�7HUUHV� PLQL�1HSWXQHV� DYHF GHV FRXUWHV
SpULRGHV RUELWDOHV �≤ 100 MRXUV�� SRXUUDLHQW VH IRUPHU j SHX SUqV j O·HPSODFHPHQW UDGLDO R�
HOOHV RQW pWp GpWHFWpHV� '·DXWUH SDUW� HOOHV SRXUUDLHQW V·rWUH IRUPpHV SOXV ORLQ� GDQV OD SDUWLH
H[WHUQH GX V\VWqPH� SXLV DYRLU PLJUp YHUV O·LQWpULHXU� &HWWH PLJUDWLRQ SRXUUDLW rWUH IDFLOLWpH
RX HPSrFKpH SDU OD SUpVHQFH G·XQH SODQqWH JpDQWH ORLQWDLQH�

&HV GLIIpUHQWV VFpQDULRV SHXYHQW rWUH pWXGLpV HQ pWXGLDQW OD FRUUpODWLRQ �RX QRQ� HQWUH
OD SUpVHQFH GH H[RSODQqWHV GH IDLEOH PDVVH VLWXpHV j FRXUWH SpULRGH RUELWDOH HW FHOOH GH H[R�
SODQqWHV JpDQWHV VLWXpHV SOXV ORLQ GDQV OH V\VWqPH SODQpWDLUH� -H GRQQH TXHOTXHV H[HPSOHV
FL�GHVVRXV� TXH M·LOOXVWUH HQ )LJ� &����

8QH FRUUpODWLRQ SRVLWLYH LPSOLTXHUDLW TXH OHV FRQGLWLRQV TXL UHQGHQW SRVVLEOH OD FURLVVDQFH
G·XQH SODQqWH JpDQWH VRQW pJDOHPHQW IDYRUDEOHV j OD FURLVVDQFH GH SODQqWHV GH IDLEOH PDVVH
j FRXUWH SpULRGH RUELWDOH �&KLDQJ 	 /DXJKOLQ� ����� 6FKOHFNHU HW DO�� ������ RX DORUV TX·XQH
SODQqWH JpDQWH H[WpULHXUH SRXUUDLW IDYRULVHU OD SUpVHQFH G·XQH SODQqWH LQWpULHXUH GH IDLEOH
PDVVH�

3DU H[HPSOH� ORUV GH VD IRUPDWLRQ� OD SODQqWH GH IDLEOH PDVVH SRXUUDLW rWUH VLWXpH GDQV
OD SDUWLH H[WHUQH GX V\VWqPH� PDLV SOXV SURFKH GH VRQ pWRLOH K{WH TXH OD SODQqWH JpDQWH� 6D
IRUPDWLRQ VHUDLW IDYRULVpH SDU OHPpFDQLVPH GLW GH ´EDOD\DJH GHV UpVRQDQFHV VpFXODLUHVµ �YRLU
1DJDVDZD HW DO�� ����� %HVW HW DO�� ������

/H EDOD\DJH GHV UpVRQDQFHV VpFXODLUHV HVW OLp DX[ WDX[ GH SUpFHVVLRQ DSVLGDO UHODWLI HQ�
WUH OD SODQqWH JpDQWH H[WHUQH� OHV HPEU\RQV HW OHV SODQpWpVLPDX[ �:DUG HW DO�� ����� :DUG�
����� +HSSHQKHLPHU� ������ /RUVTXH FHV WDX[ FRwQFLGHQW� O·H[FHQWULFLWp GHV HPEU\RQV HW
GHV SODQpWpVLPDX[ HVW IRUWHPHQW H[FLWpH� FH TXL DXJPHQWH OHXU IUpTXHQFH GH UHQFRQWUH� /H
JD] SUpVHQW GDQV OH GLVTXH SURWRSODQpWDLUH GLPLQXH OHV H[FHQWULFLWpV GHV HPEU\RQV HW GHV
SODQpWpVLPDX[� SURYRTXDQW OHXU UDSSURFKHPHQW YHUV O·pWRLOH K{WH� $X IXU HW j PHVXUH TXH

��6RQW LFL FRQVLGpUpV GHV V\VWqPHV DYHF XQH VHXOH pWRLOH� GRQF VRQW H[FOXV OHV V\VWqPHV ELQDLUHV RX PXOWLSOHV�



&��� $UFKLWHFWXUH GHV V\VWqPHV D\DQW GHV SODQqWHV GH IDLEOH PDVVH j FRXUWH SpULRGH RUELWDOH ���

)LJXUH &���� ([HPSOHV GH PpFDQLVPHV GH IRUPDWLRQ HW G·pYROXWLRQ GH SODQqWHV GH IDLEOH PDVVH
VLWXpHV SURFKHV GH OHXU pWRLOH TXL SRXUUDLHQW LQGLTXHU XQH FRUUpODWLRQ SRVLWLYH �HQ KDXW�� QpJDWLYH
�DXPLOLHX� RX DEVHQFH GH FRUUpODWLRQ �HQ EDV� HQWUH OD SUpVHQFH G·XQH SODQqWH j FRXUWH SpULRGH RUELWDOH
HW GH IDLEOH PDVVH �< 950⊕� HW XQH SODQqWH JpDQWH PDVVLYH H[WpULHXUH�



��� $SSHQGL[ &� 9HUVLRQ FRXUWH GH OD WKqVH HQ IUDQoDLV

OH JD] V·pSXLVH� O·HPSODFHPHQW GHV UpVRQDQFHV VpFXODLUHV VH GpFDOH YHUV O·pWRLOH� ,Q ÀQH� FH
SURFHVVXV SHXW DERXWLU j OD SUpVHQFH GH SODQqWHV GH IDLEOH PDVVH RUELWDQW SURFKHV GH OHXU
pWRLOH K{WH �YRLU )LJ� &���� SUHPLqUH OLJQH��

'DQV XQ DXWUH VFpQDULR� OD SODQqWH GH IDLEOH PDVVH SRXUUDLW VH IRUPHU SOXV ORLQ TXH OD
SODQqWH JpDQWH� DYDQW G·rWUH HQYR\pH YLD GHV LQWHUDFWLRQV G\QDPLTXHV GDQV OD SDUWLH LQWHUQH
GX V\VWqPH� /j� VRQ RUELWH SRXUUDLW VH FLUFXODULVHU VXLWH DX[ HIIHWV GH PDUpH FDXVpV SDU VD
SUR[LPLWp DYHF VRQ pWRLOH K{WH �7HUTXHP 	 3DSDORL]RX� ����� .HQQHG\ 	 .HQ\RQ� ����� RX
j FDXVH GX JD] GDQV OH GLVTXH TXL OD IUHLQHUDLW �,]LGRUR HW DO�� ������ YRLU OD )LJ� ��� �GHX[LqPH
OLJQH��

6L OHV GHX[ SODQqWHV VH IRUPHQW GDQV OD SDUWLH H[WHUQH GX V\VWqPH� OD SODQqWH GH IDLEOH PDVVH
pWDQW SOXV pORLJQpH� VD PLJUDWLRQ SRWHQWLHOOH YHUV O·pWRLOH K{WH SRXUUDLW rWUH VWRSSpH SDU OD
SUpVHQFH G·XQH SODQqWH JpDQWH� &HWWH SODQqWH JpDQWH DJLUDLW DORUV FRPPHXQH EDUULqUH �,]LGRUR
HW DO�� ������ YRLU )LJ� ��� �WURLVLqPH OLJQH��

8QH DXWUH SRVVLELOLWp VHUDLW TXH OD SODQqWH GH IDLEOH PDVVH QH VH IRUPH MDPDLV� FDU XQH
SODQqWH JpDQWH VH IRUPDQW j O·H[WpULHXU HPSrFKHUDLW OH ÁX[ GH VROLGHV G·DOOHU YHUV O·LQWpULHXU
GX V\VWqPH� DJLVVDQW j QRXYHDX FRPPH XQH EDUULqUH �0RUELGHOOL HW DO�� ����� ,]LGRUR HW DO��
������ /D SODQqWH JpDQWH SRXUUDLW pJDOHPHQW LPSDFWHU OD GLVWULEXWLRQ HQ YLWHVVH GHV VROLGHV�
OHV IDLVDQW V·pSDUSLOOHU �0XVWLOO 	 :\DWW� ������ YRLU OD )LJ� ��� �TXDWULqPH OLJQH��

/D SUpVHQFH G·XQH SODQqWH GH IDLEOH PDVVH j FRXUWH SpULRGH RUELWDOH HW G·XQH SODQqWH JpDQWH
ORLQWDLQH SRXUUDLW rWUH LQGpSHQGDQWH VL OHV FRQGLWLRQV LQLWLDOHV GH IRUPDWLRQ GHV GHX[ W\SHV
GH SODQqWHV QH VRQW SDV FRUUpOpHV �6FKODXIPDQ� ������ /D SODQqWH GH IDLEOH PDVVH SRXUUDLW
VH IRUPHU GDQV OD SDUWLH LQWHUQH GX V\VWqPH� WDQGLV TXH OD SODQqWH JpDQWH VH IRUPHUDLW GDQV
OD SDUWLH H[WHUQH �5D\PRQG HW DO�� ����� /HH HW DO�� ������ YRLU )LJ� ��� �GHUQLqUH OLJQH�� &HOD
QpFHVVLWHUDLW TXH OH GLVTXH SURWRSODQpWDLUH VRLW LQLWLDOHPHQW WUqV PDVVLI� RX ELHQ XQH DXJ�
PHQWDWLRQ GH OD GHQVLWp GHV VROLGHV GDQV VHV UpJLRQV LQWHUQHV� &H GHUQLHU FDV HVW VRXWHQX
SDU OD GpULYH GHV REMHWV YHUV O·LQWpULHXU GX V\VWqPH ORUVTX·LO \ D HQFRUH VXIÀVDPPHQW GH JD]
�&KLDQJ 	 /DXJKOLQ� ����� /HH HW DO�� ����� 6FKOLFKWLQJ� ����� +DQVHQ 	 0XUUD\� ������

$OWHUQDWLYHPHQW� XQ PL[WH GHV PpFDQLVPHV SUpFpGHQWV GH IRUPDWLRQ GH SODQqWHV �DYHF
XQ LPSDFW SRVLWLI RX QpJDWLI G·XQH SODQqWH JpDQWH� SRXUUDLW UpVXOWHU VWDWLVWLTXHPHQW HQ XQH
DEVHQFH GH FRUUpODWLRQ HQWUH OD SUpVHQFH GHV GHX[ W\SHV GH SODQqWHV�

3DU FRQVpTXHQW� pWXGLHU VL OD SUpVHQFH G·XQH SODQqWH GH IDLEOH PDVVH j FRXUWH SpULRGH HVW
FRUUpOpH j OD SUpVHQFH G·XQH SODQqWH JpDQWH H[WpULHXUH SRXUUDLW DLGHU j FRPSUHQGUH FRPPHQW
OHV SUHPLqUHV VH IRUPHQW� &RPPH pFULW SOXV W{W� FHFL HVW SDUWLFXOLqUHPHQW LQWpUHVVDQW� FDU OHV
SODQqWHV GH IDLEOHPDVVH VLWXpHV SURFKHV GH OHXU pWRLOH VRQW WUqV QRPEUHXVHV G·DSUqV OHV pWXGHV
REVHUYDWLRQQHOOHV VH EDVDQW VXU OHV PpWKRGHV GHV WUDQVLWV HW GHV YLWHVVHV UDGLDOHV�

'XUDQW PRQ GRFWRUDW� M·DL pWXGLp OD FRUUpODWLRQ HQWUH OD SUpVHQFH GH SODQqWHV GH IDLEOH PDVVH
VLWXpHV SURFKHV GH OHXU pWRLOH HW GH SODQqWHV JpDQWHV VLWXpHV SOXV ORLQ� -·DL pWXGLp FHWWH TXHV�
WLRQ DYHF XQ QRXYHDX DQJOH� FRPSDUp j FH TX·LO \ DYDLW GpMj pWp HIIHFWXp G·XQ SRLQW GH YXH
REVHUYDWLRQQHO GDQV OD OLWWpUDWXUH �=KX HW DO�� ����� %U\DQ HW DO�� ����� 5RVHQWKDO HW DO�� ������
HQ VRQGDQW OHV SDUWLHV H[WHUQHV G·XQ HQVHPEOH GH V\VWqPHV SODQpWDLUHV DYHF O·LPDJHULH GL�
UHFWH� SRXU GpWHUPLQHU OD SUpVHQFH GH SODQqWHV JpDQWHV RX QDLQHV EUXQHV�



&��� $UFKLWHFWXUH GHV V\VWqPHV D\DQW GHV SODQqWHV GH IDLEOH PDVVH j FRXUWH SpULRGH RUELWDOH ���

'DQV O·pFKDQWLOORQ TXH M·DL pWXGLp� OHV SODQqWHV GH IDLEOH PDVVH HW j FRXUWH SpULRGH RQW pWp
GpFRXYHUWHV JUkFH j OD PpWKRGH GHV YLWHVVHV UDGLDOHV� /·pFKDQWLOORQ HVW FRPSRVp GH 27 V\V�
WqPHV� DYHF GHV pWRLOHV K{WHV GH W\SH VSHFWUDO *� . RX0HW VLWXpV GDQV OH YRLVLQDJH WUqV SURFKH
GX 6\VWqPH 6RODLUH� j PRLQV GH 20 SF� YRLU )LJ� &����
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)LJXUH &���� 0DVVH� GLVWDQFH HW kJH �HQ PLOOLDUG G·DQQpHV� GHV 27 pWRLOHV GX UHOHYp VXU OHTXHO M·DL
WUDYDLOOp�

'·XQ SRLQW GH YXH PpWKRGRORJLTXH� M·DL XWLOLVp 94 REVHUYDWLRQV GH 63+(5( �47
63+(5(�,5',6 HW 47 63+(5(�,)6�� VRLW HQYLURQ 70 KHXUHV GH WHPSV GH WpOHVFRSH� -·DL UpDO�
LVp XQ WUDYDLO FRQVpTXHQW GH WUDLWHPHQW HW DQDO\VH GH GRQQpHV� HQ DXWRPDWLVDQW DXPD[LPXP
HW HQ UpDOLVDQW XQH pWXGH OD SOXV KRPRJqQH SRVVLEOH� HW DYHF O·DLGH GH PHV FROODERUDWHXUV� &H
WUDYDLO D IDLW O·REMHW G·XQH SXEOLFDWLRQ R� MH VXLV SUHPLqUH DXWULFH GDQV OD UHYXH $VWURQRPLH
	 $VWURSK\VLTXH �'HVJUDQJH HW DO�� ������ DMRXWp HQ 6HFWLRQ ������

-·DL LGHQWLÀp 337 FDQGLGDWV GH FRPSDJQRQV OLpV DX V\VWqPH� -·DL GpWHUPLQp OHXU VWDWXW �
REMHW G·DUULqUH�SODQ �322/337�� DUWHIDFWV LQVWUXPHQWDX[ �2/337�� FRPSDJQRQV OLpV �1/337�� HW
TXHOTXHV GpWHFWLRQV DX VWDWXW DPELJX �12/337��

(Q SDUWLFXOLHU� M·DL GpWHFWp OD QDLQH EUXQH FRQQXH *- ��� %� -·DL pJDOHPHQW REWHQX XQH Gp�
WHFWLRQ SURPHWWHXVH DXWRXU GH*- ���� TXL DXUDLW SX rWUH FRPSDWLEOH DYHF O·H[RSODQqWH FRQQXH
*- ��� E� &HSHQGDQW� MH O·DL ÀQDOHPHQW FODVVp FRPPH XQ DUWHIDFW LQVWUXPHQWDO� FDU MH QH O·DL
SDV UHGpWHFWp GDQV OD QRXYHOOH pSRTXH G·REVHUYDWLRQ DFTXLVH GDQV GH PHLOOHXUHV FRQGLWLRQV
G·REVHUYDWLRQ HW D\DQW GHV PHLOOHXUHV OLPLWHV GH GpWHFWLRQ�

'H SOXV� M·DL FRQWUDLQW O·DUFKLWHFWXUH GH FHV V\VWqPHV SODQpWDLUHV� 3RXU OHV 15 pWRLOHV 0 GH
O·pFKDQWLOORQ� OHV REVHUYDWLRQV VRQW VHQVLEOHV MXVTX·j 3 RX 150-XS j 30 XD� 3RXU OHV 12 pWRLOHV
*.� OHV SHUIRUPDQFHV VH GpJUDGHQW� DYHF XQH VHQVLELOLWp MXVTX·j 10 RX 300-XS j 30 XD� 1RV
PHLOOHXUHV OLPLWHV GH GpWHFWLRQ� YDOLGHQW SRXU XQ VHXO V\VWqPH �*- ����� SHUPHWWHQW G·rWUH
VHQVLEOH MXVTX·j XQ GHPL�JUDQG D[H GH 0.3 XD HW MXVTX·j GHV PDVVHV GH 3 0-XS� /HV SHUIRU�
PDQFHV HQ WHUPHV GH PDVVH VRQW IRUWHPHQW LQÁXHQFpHV SDU O·kJH GH O·pWRLOH� VRQ W\SH VWHOODLUH
HW VD GLVWDQFH�

(Q FH TXL FRQFHUQH O·kJH� O·pFKDQWLOORQ pWDLW FRPSRVp G·pWRLOHV D SULRUL kJpHV PDLV QpDQ�
PRLQV DYHF XQH JURVVH LQFHUWLWXGH VXU OHXU kJH �GH O·RUGUH GH SOXVLHXUV PLOOLDUGV G·DQQpHV��
8Q GH PHV FROODERUDWHXU D UH�GpWHUPLQp OHV kJHV GH PDQLqUH KRPRJqQH SRXU QRWUH pFKDQ�
WLOORQ G·pWRLOHV� HW DERXWL j GHV kJHV VWHOODLUHV HQWUH 500 0D HW 10 *D� (Q LPDJHULH GLUHFWH�
REVHUYHU GHV pWRLOHV kJpHV HVW JpQpUDOHPHQW j pYLWHU� FDU OHV SODQqWHV pPHWWHQW PRLQV WKHU�
PLTXHPHQW ORUVTX·HOOHV YLHLOOLVVHQW� $LQVL� OD VHQVLELOLWp HQ WHUPH GH PDVVH GLPLQXH HQ IRQF�
WLRQ GH O·kJH GH OD SODQqWH �HW GRQF GH O·pWRLOH K{WH� ORUVTXH OD SODQqWH HVW REVHUYpH HQ pPLVVLRQ
WKHUPLTXH� 1pDQPRLQV� FRPPH XQ GHV FULWqUHV GH VpOHFWLRQ GHV pWRLOHV pWDLHQW TX·HOOHV DLHQW



��� $SSHQGL[ &� 9HUVLRQ FRXUWH GH OD WKqVH HQ IUDQoDLV

DX PRLQV XQH SODQqWH GH IDLEOH PDVVH RUELWDQW SURFKH GH OHXU pWRLOH� FHOD LPSOLTXDLW TXH OHV
pWRLOHV VRLHQW VXIÀVDPHQW VWDEOHV �SHX G·DFWLYLWp VWHOODLUH� SRXU SRXYRLU GpWHFWHU FHV SODQqWHV�
HW GRQF� TXH OHV pWRLOHV VRLW kJpHV� 0DOJUp FHW LQFRQYpQLHQW LQKpUHQW j QRWUH pFKDQWLOORQ GH
V\VWqPHV SODQpWDLUHV� OHV FROODERUDWHXUV TXL RQW GpÀQL O·pFKDQWLOORQ HQ ���� ORUVTXH OD SUH�
PLqUH GHPDQGH GH WHPSV SRXU FH SURMHW D pWp VRXPLVH� DYDLHQW VpOHFWLRQQp OHV V\VWqPHV OHV
SOXV SURFKHV �≤ 20 SF� GX 6\VWqPH 6RODLUH SRXU HVVD\HU GH FRQWUH�EDODQFHU SDUWLHOOHPHQW
O·kJH pOHYp�

$YHF FH WUDYDLO� PHV FROODERUDWHXUV HW PRL�PrPH Q·DYRQV SDV SX UpSRQGUH j OD TXHVWLRQ
LQLWLDOH TXL D PRWLYp OH SURMHW � OD SUpVHQFH G·XQH SODQqWH GH FRXUWH SpULRGH HW GH IDLEOH PDVVH
HVW�HOOH FRUUpOpH j FHOOH G·XQH SODQqWH JpDQWH H[WpULHXUH " /D UDLVRQ HVW TXH OHV WHFKQLTXHV
DFWXHOOHV G·LPDJHULH GLUHFWH DX VRO VRQW SULQFLSDOHPHQW VHQVLEOHV MXVTX·j GHV FRPSDJQRQV
VXEVWHOODLUHV G·HQYLURQ 20 0-XS �VRLW GHV QDLQHV EUXQHV� DXWRXU G·pWRLOHV kJpHV� FH TXH QRXV
DYRQV SX YpULÀHU� 1pDQPRLQV� LO V·DJLW G·XQ WUDYDLO GH SLRQQLHU FRQFHUQDQW O·LPDJHULH GLUHFWH
GH V\VWqPHV SODQpWDLUHV DXWRXU G·pWRLOHV WUqV SURFKHV �≤ 20 SF�� SRXU OD SOXSDUW YLHLOOHV�

&HWWH pWXGH SLORWH RXYULUD OD YRLH j GH IXWXUHV REVHUYDWLRQV� SDU H[HPSOH DYHF -:67�0,5,�
567 HW OHV LQVWUXPHQWV (/7� VXU GHV FDV VFLHQWLÀTXHV VLPLODLUHV� /·REVHUYDWLRQ GDQV OH URXJH
LQIUDURXJHPR\HQ �SDU H[HPSOH DYHF OHV LQVWUXPHQWV -:67�0,5, HW (/7�0(7,6� SHXW� GDQV
XQH FHUWDLQHPHVXUH� DWWpQXHU O·LPSDFW GH O·kJH GH O·pWRLOH VXU OHV OLPLWHV GH GpWHFWLRQ HQ WHUPH
GH PDVVH SODQpWDLUH �0DWWKHZV HW DO�� ������ '·DXWUH SDUW� O·REVHUYDWLRQ GHV H[RSODQqWHV
HQ OXPLqUH UpÁpFKLH �567� (/7�0(7,6� (/7�3&6� VHUD XQH UpYROXWLRQ GDQV OH GRPDLQH GH
O·LPDJHULH GLUHFWH� (Q HIIHW� OD VHQVLELOLWp QH GpSHQGUD SOXV GH O·kJH VWHOODLUH� PDLV GH OD TXDQ�
WLWp G·LUUDGLDWLRQ UHoXH SDU OHV H[RSODQqWHV HW GRQF GH OHXU GLVWDQFH SDU UDSSRUW j OHXU pWRLOH
K{WH� 'DQV OHV GHX[ FDV� pPLVVLRQ WKHUPLTXH RX OXPLqUH UpÁpFKLH� OD FOp HVW G·REVHUYHU GHV
V\VWqPHV WUqV SURFKHV GX 6\VWqPH 6RODLUH� SRXU PD[LPLVHU OD VHQVLELOLWp GHV REVHUYDWLRQV HW
SRXU VRQGHU GHV GHPL�JUDQG D[HV UHODWLYHPHQW SHWLWV�

$X FRXUV GH PRQ GRFWRUDW� M·DL pWXGLp OHV DUFKLWHFWXUHV GHV V\VWqPHV SODQpWDLUHV JUkFH j
O·LPDJHULH j KDXW FRQWUDVWH� (Q SDUWLFXOLHU� M·DL XWLOLVp O·LPDJHULH GLUHFWH SRXU pWXGLHU OD
SUpVHQFH G·H[RSODQqWHV HW GH GLVTXHV GH GpEULV FLUFXPVWHOODLUHV HW OHV FDUDFWpULVHU� &H VRQW
WRXV OHV GHX[ GHV SURGXLWV GH OD IRUPDWLRQ SODQpWDLUH� /HV GLVTXHV GH GpEULV FLUFXPVWHO�
ODLUHV VRQW GHV GLVTXHV GH VHFRQGH JpQpUDWLRQ� JpQpUpV SDU OD FDVFDGH FROOLVLRQQHOOH HQWUH
OHV SODQpWpVLPDX[� -H PH VXLV SDUWLFXOLqUHPHQW LQWpUHVVpH j OD GLYHUVLWp GHV DUFKLWHFWXUHV GHV
V\VWqPHV SODQpWDLUHV HW j FH TX·HOOH SHXW QRXV DSSUHQGUH VXU OD IRUPDWLRQ HW O·pYROXWLRQ GHV
V\VWqPHV SODQpWDLUHV�

(Q SUDWLTXH� M·DL PHQp GHV pWXGHV VSpFLÀTXHV VXU GH MHXQHV V\VWqPHV FRQQXV SRXU DEULWHU
GHV GLVTXHV GH GpEULV RX DXPRLQV XQH H[RSODQqWH� DÀQ GH OHV FDUDFWpULVHU� -·DL pJDOHPHQW WUD�
YDLOOp VXU XQ UHOHYp GH V\VWqPHV SODQpWDLUHV� DÀQ GH GLVSRVHU G·XQ pFKDQWLOORQ SOXV ODUJH SRXU
REWHQLU GHV UpVXOWDWV VWDWLVWLTXHV� &HV SURMHWV GH UHFKHUFKH P·RQW SHUPLV GH FRPSUHQGUH j
TXHO SRLQW OHV SHUFpHV HQ DVWURSK\VLTXH GpSHQGHQW GHV SURJUqV HQPDWLqUH G·LQVWUXPHQWDWLRQ
HW GX WUDLWHPHQW GH GRQQpHV� 3HQGDQW OD SUHPLqUHPRLWLp GHPRQGRFWRUDW� M·DL pJDOHPHQW FRQ�
WULEXp j pWXGLHU FRPPHQW OHV SHUIRUPDQFHV GH 63+(5( SRXYDLHQW rWUH DPpOLRUpHV SRXU DF�
FURvWUH VD VHQVLELOLWp HW VHV FDSDFLWpV GH FDUDFWpULVDWLRQ� HQ DMRXWDQW XQ VSHFWURJUDSKH j FKDPS
LQWpJUDO GH PR\HQQH UpVROXWLRQ�



&��� &RQFOXVLRQ HW SHUVSHFWLYHV ���

(Q SOXV GH GpWDLOV� M·DL PHQp XQH DQDO\VH DSSURIRQGLH VXU XQ MHXQH V\VWqPH �+'������
DYHF XQH SODQqWH JpDQWH GpFRXYHUWH HQ LPDJHULH GLUHFWH� PDLV GRQW VRQ GLVTXH GH GpEULV
HVW DFWXHOOHPHQW LQGpWHFWDEOH HQ OXPLqUH GLIIXVpH� -·DL DXVVL FDUDFWpULVp XQ DXWUH V\VWqPH
�+'�������� TXL D XQ GLVTXH GH GpEULV FODLUHPHQW GpWHFWp HQ OXPLqUH GLIIXVH HW SRWHQWLHOOH�
PHQW VFXOSWp SDU XQH RX SOXVLHXUV SODQqWHV TXL UHVWHQW j GpFRXYULU� (Q FH TXL FRQFHUQH
+'������� GDQV 'HVJUDQJH HW DO� ������ VXEP��� M·DL FRPELQp GHV GRQQpHV SDQFKURPDWLTXHV
�+67�67,6� 9/7�63+(5( HW $/0$ VRLW GX YLVLEOH DX PLOOLPpWULTXH� SRXU FRQWUDLQGUH OHV
SRSXODWLRQV GH SRXVVLqUHV GH 30 j 1 000 XD� (Q PRGpOLVDQW GH PDQLqUH FRKpUHQWH OHV GRQ�
QpHV 63+(5( HQ LQWHQVLWp WRWDOH HW SRODULVpH� M·DL GpWHUPLQp OD IRQFWLRQ GH SKDVH GH GLIIXVLRQ
GH OD FHLQWXUH LQWHUQH �LGHQWLÀpH FRPPH XQH FHLQWXUH GH SODQpWpVLPDX[ JUkFH DX[ GRQQpHV
$/0$� HW VD IUDFWLRQ PD[LPDOH GH SRODULVDWLRQ j 1.6 µP� DLQVL TXH VD UpÁHFWDQFH HQWUH 1.0
HW 1.8 µP� (Q WUDLWDQW j QRXYHDX OHV GRQQpHV 67,6 �0.2²1.0 µP�� M·DL pJDOHPHQW PLHX[ PLV
HQ pYLGHQFH OD PRUSKRORJLH DV\PpWULTXH HW WUqV pWHQGXH GH OD VWUXFWXUH GH SRXVVLqUHV� TXL
UHVVHPEOH j XQH VSLUDOH� %LHQ TXH OHV VSLUDOHV VRLHQW IUpTXHPPHQW REVHUYpHV GDQV OHV VLP�
XODWLRQV QXPpULTXHV LPSOLTXDQW GHV SODQqWHV JpDQWHV VLWXpHV j ODUJH GLVWDQFH GH OHXU pWRLOH
�≥ 10 XD�� HOOHV VRQW MXVTX·j SUpVHQW UDUHPHQW REVHUYpHV GDQV OHV GLVTXHV GH GpEULV� (Q SDU�
WLFXOLHU� +'������ HVW OH VHXO V\VWqPH j SUpVHQWHU FHWWH VWUXFWXUH GH SRXVVLqUHV HQ IRUPH GH
VSLUDOH V·pWHQGDQW VXU XQH DXVVL JUDQGH GLVWDQFH� GHV FHQWDLQHV G·XQLWpV DVWURQRPLTXHV HW
MXVTX·j 1 000 XD VL HOOH HVW FRSODQDLUH DYHF OD FHLQWXUH LQWHUQH�

'·DXWUH SDUW� OH V\VWqPH +'����� SHXW rWUH FRQVLGpUp FRPPH XQ V\VWqPH DQDORJXH DX
6\VWqPH 6RODLUH� HQ YHUVLRQ MHXQH HW SOXV PDVVLI� +'����� D XQH SODQqWH JpDQWH GH 4²50-XS
�5DPHDX HW DO�� ����� VLWXpH GDQV OD FDYLWp HQWUH OHV GHX[ FHLQWXUHV GH GpEULV� 'DQV 'HVJUDQJH
HW DO� �����D�� M·DL DQDO\Vp GL[ pSRTXHV G·REVHUYDWLRQ DFTXLVHV GDQV OH FDGUH GX WHPSV JDUDQWL
GX FRQVRUWLXP 63+(5(� -·DL H[WUDLW OH VSHFWUH GH O·H[RSODQqWH JpDQWH +'����� E SRXU OD
SUHPLqUH IRLV HQWUH 1.0 HW 1.6 µP� DLQVL TXH VRQ DVWURPpWULH UHODWLYH j GH QRXYHOOHV pSRTXHV�
$YHF PHV FROODERUDWHXUV� M·DL pWXGLp O·DWPRVSKqUH GH O·H[RSODQqWH +'����� E� GpWHUPLQp TXH
OD SRXVVLqUH GRLW rWUH SUpVHQWH VRLW GDQV OHV FRXFKHV VXSpULHXUHV GH O·DWPRVSKqUH� FH TXL GRQ�
QHUDLW XQH WHPSpUDWXUH HIIHFWLYH GH O·H[RSODQqWH +'����� E GH 800²1300 .� VRLW DXWRXU GDQV
XQ GLVTXH FLUFXPSODQpWDLUH� FH TXL V·DFFRPSDJQHUDLW G·XQH WHPSpUDWXUH HIIHFWLYH SOXV pOHYpH
�≥ 1 400.�� 'H QRXYHOOHV GRQQpHV VRQGDQW OHV ORQJXHXUV G·RQGH GH O·LQIUDURXJHPR\HQ DYHF
-:67�0,5, RQW SHUPLV GH GLVFULPLQHU FHV GHX[ RSWLRQV �0kOLQ HW DO�� ������ 'H SOXV� PHV FRO�
ODERUDWHXUV HW PRL DYRQV FRQÀUPp TXH O·RUELWH GH+'����� E D XQH IDLEOH H[FHQWULFLWp �< 0.18
j 1σ�� HWPrPH TX·HOOH HVW SUREDEOHPHQW FLUFXODLUH� 6XU OD EDVH G·DUJXPHQWV G\QDPLTXHV� FHOD
LPSOLTXHUDLW TX·DX PRLQV XQH DXWUH H[RSODQqWH VHUDLW QpFHVVDLUH SRXU PDLQWHQLU OD ODUJHXU
GH OD FDYLWp�

(Q RXWUH� M·DL pWXGLp FRPPHQW OHV SODQqWHV GH IDLEOH PDVVH RUELWDQW j SUR[LPLWp GH OHXU
pWRLOH K{WH SRXYDLHQW VH IRUPHU HW HQ SDUWLFXOLHU VL FHOD pWDLW FRUUpOp j OD SUpVHQFH GH FRP�
SDJQRQV H[WpULHXUV PDVVLIV� 3RXU FKHUFKHU GH WHOV FRPSDJQRQVPDVVLIV H[WHUQHV� M·DL WUDYDLOOp
VXU XQ UHOHYp HQ LPDJHULH GLUHFWH DYHF 63+(5( FRQVWLWXp GH YLQJW�VHSW pWRLOHV *.0 WUqV
SURFKHV GX 6ROHLO�≤ 20 SF� FRQQXHV SRXU DEULWHU GHV SODQqWHV GH IDLEOH PDVVH �≤ 95 0⊕� j
FRXUWH GLVWDQFH GH OHXU pWRLOH �≤ 1 XD�� -·DL PRQWUp TX·XQH WHOOH pWXGH VXU GHV pWRLOHV PDWXUHV
�5000D²10*D� HVW XQ GpÀ� FDU PrPH VL OD VHQVLELOLWp HQ FRQWUDVWH HVW WUqV ERQQH �10−5²10−6��
OD FRQYHUVLRQ HQ PDVVH SODQpWDLUH VH GpJUDGH UDSLGHPHQW GqV TXH O·kJH GX V\VWqPH GpSDVVH
5000D�

6XU FH SRLQW�Oj� O·LPDJHULH GLUHFWH G·H[RSODQqWHV HQ OXPLqUH UpÁpFKLH �YRLU OHV HVVDLV DYHF
63+(5(�=,032/ SDU 7VFKXGL HW DO�� ����� FKDQJHUDLW OD GRQQH FRPSDUpH j OHXU LPDJHULH
HQ pPLVVLRQ WKHUPLTXH� FDU O·kJH VWHOODLUH QH VHUDLW SOXV XQH FRQWUDLQWH� $OWHUQDWLYHPHQW� OHV
REVHUYDWLRQV GDQV O·LQIUDURXJHPR\HQ DWWpQXHQW O·LPSDFW GH O·kJH VWHOODLUH �YRLU OD GpFRXYHUWH
UpFHQWH HQ LPDJHULH GLUHFWH G·XQH VXSHU�-XSLWHU kJpH JUkFH j GHV GRQQpHV -:67�0,5, GH
0DWWKHZV HW DO�� ������



��� $SSHQGL[ &� 9HUVLRQ FRXUWH GH OD WKqVH HQ IUDQoDLV

(QÀQ� M·DL FRQWULEXp DX GpYHORSSHPHQW GHV IXWXUV FDV VFLHQWLÀTXHV GH O·DPpOLRUDWLRQ
GH O·LQVWUXPHQW 63+(5( HQ 63+(5(�� GRQW OD SUHPLqUH OXPLqUH HVW SUpYXH HQ ����� -·DL
WUDYDLOOp VXU OHV SHUIRUPDQFHV G·XQ QRXYHDX SRWHQWLHO VSHFWURJUDSKH j FKDPS LQWUpJUDO GH
PR\HQQH UpVROXWLRQ� DSSHOp 0HG5HV� 0HG5HV Q·D ÀQDOHPHQW SDV pWp DSSURXYp SDU O·(62�
0HG5HV pWDLW FHQVp H[SORLWHU OHV PHLOOHXUHV SHUIRUPDQFHV GX V\VWqPH G·RSWLTXH DGDSWDWLYH
6$;2 ELHQW{W PLV j MRXU HQ 6$;2�� SRXU GpWHFWHU HW FDUDFWpULVHU GHV H[RSODQqWHV GH OD PDVVH
GH -XSLWHU VLWXpHV SOXV SURFKHV GH OHXU pWRLOH K{WH� HW DYHF XQ SHX GH FKDQFH� GH QRXYHOOHV
SURWRSODQqWHV DQDORJXHV DX[ SURWRSODQqWHV HPEOpPDWLTXHV 3'6 �� E HW F�

&RQFUqWHPHQW� M·DL SDUWLFLSp DX SURMHW 63+(5(� HQ pWXGLDQW FRPPHQW GDQV OH GLPHQVLRQ�
QHPHQW GH 0HG5HV� OD UpVROXWLRQ VSHFWUDOH HW EDQGH VSHFWUDOH XWLOLVpHV SRXYDLHQW rWUH RSWL�
PLVpHV SRXU GpWHFWHU HW FDUDFWpULVHU GHV H[RSODQqWHV� /D WHFKQLTXH GH WUDLWHPHQW GH GRQQpHV
HQ MHX HVW OD FDUWRJUDSKLH PROpFXODLUH� HQ XWLOLVDQW OD FRUUpODWLRQ FURLVpH HQWUH GHV VSHFWUHV GH
PRGqOHV G·DWPRVSKqUHV SODQpWDLUHV HW OHV VSHFWUHV REVHUYpV� -·DL HIIHFWXp GHV VLPXODWLRQV GH
FDUWRJUDSKLH PROpFXODLUH HW M·DL PLV DX SRLQW XQ FDGUH SHUPHWWDQW GH OHV H[pFXWHU SOXV HIÀ�
FDFHPHQW DÀQ GH WHVWHU GLIIpUHQWHV VFqQHV DVWURSK\VLTXHV �SDU H[HPSOH� XQH H[RSODQqWH GH
W\SH / RX GH W\SH 7� DYHF GLIIpUHQWHV YDOHXUV GH FRQWUDVWH HW GLIIpUHQWV HPSODFHPHQWV SRV�
VLEOHV GDQV OH FKDPS GH YLVLRQ� HW GLIIpUHQWHV FRQÀJXUDWLRQV LQVWUXPHQWDOHV �SDU H[HPSOH�
GLIIpUHQWHV FRXYHUWXUHV VSHFWUDOHV� DYHF GLIIpUHQWHV UpVROXWLRQV VSHFWUDOHV SRVVLEOHV�� TXL DX�
UDLHQW FRQWULEXp j OD FRQFHSWLRQ GH O·LQVWUXPHQW 0HG5HV� /D FDUWRJUDSKLH PROpFXODLUH HVW
XQH WHFKQLTXH SURPHWWHXVH SRXU GpWHFWHU HW FDUDFWpULVHU OHV H[RSODQqWHV� HW LO \ D GH KDXWHV
DWWHQWHV FRQFHUQDQW VHV UpVXOWDWV SRXU GHV REVHUYDWLRQV DYHF O·LQVWUXPHQW VSDWLDO -:67�0,5,
�3DWDSLV HW DO�� ����� 0kOLQ HW DO�� ����� HW OHV LQVWUXPHQWV WHUUHVWUHV j YHQLU �(/7�+$5021,�
+RXOOp HW DO�� ����� %LGRW HW DO�� ����� PDLV DXVVL DYHF (/7�0(7,6 HW (/7�3&6��

,O H[LVWH XQ OLHQ pWURLW HQWUH O·DPpOLRUDWLRQ GH 63+(5( HQ 63+(5(� HW OHV LQVWUXPHQWV
GH O·(/7� WDQW VXU OH SODQ LQVWUXPHQWDO TX·DVWURSK\VLTXH� 7RXW G·DERUG� O·DPpOLRUDWLRQ GH
6$;2 HQ 6$;2� �TXL FRQVLVWH j DMRXWHU XQ VHFRQG pWDJH G·RSWLTXH DGDSWDWLYH� HVW XQH Gp�
PRQVWUDWLRQ WHFKQRORJLTXH SRXU OH VSHFWUR�LPDJHXU j KDXW FRQWUDVWH GH GHX[LqPH JpQpUDWLRQ
3&6 ������� VXU O·(/7� 3&6 D SRXU EXW GH SKRWRJUDSKLHU HQ OXPLqUH UpÁpFKLH GHV SODQqWHV
URFKHXVHV TXL SRXUUDLHQW rWUH KDELWDEOHV DXWRXU G·pWRLOHV GH IDLEOH PDVVH WUqV SURFKHV GX
6ROHLO� 'HX[LqPHPHQW� 63+(5( SRXUUDLW rWUH XWLOLVp FRPPH XQH PDFKLQH GH UHOHYp� SRXU
VpOHFWLRQQHU OHV pWRLOHV OHV SOXV SURPHWWHXVHV TXL VHURQW HQVXLWH REVHUYpHV DYHF OHV LQVWUX�
PHQWV GH O·(/7� TXL VHURQW H[WUrPHPHQW FRPSpWLWLIV�

'DQV FHWWH SHUVSHFWLYH� OHV pWXGHV VXU O·DUFKLWHFWXUH GHV V\VWqPHV SODQpWDLUHV VLWXpV GDQV
OH YRLVLQDJH WUqV SURFKH GX 6\VWqPH 6RODLUH� FRPPHPRQ pWXGH SLORWH 'HVJUDQJH HW DO� �������
VRQW XQH pWDSH SUpOLPLQDLUH HVVHQWLHOOH� 7URLVLqPHPHQW� 63+(5(� SHUPHWWUD G·REVHUYHU GHV
pWRLOHV PRLQV OXPLQHXVHV HW SOXV URXJHV� HW GRQF G·DFFpGHU DLQVL j O·HVVHQWLHO GHV pWRLOHV GDQV
OHV UpJLRQV GH IRUPDWLRQ VWHOODLUH� WHOOHV TXH OH 7DXUHDX� OH &DPDOpRQ� OH /RXS HW OH +DXW�
6FRUSLRQ� /D IRUPDWLRQ GHV SODQqWHV SRXUUDLW GRQF rWUH pWXGLpH GHPDQLqUH SOXV DSSURIRQGLH
DYHFPRLQV GH ELDLV G·REVHUYDWLRQ HW GDQV GLIIpUHQWHV DVVRFLDWLRQV VWHOODLUHV� 4XDWULqPHPHQW�
GDQV OHV FRQGLWLRQV G·REVHUYDWLRQ PpGLDQHV DX 9/7� 63+(5(� IRQFWLRQQHUDLW DYHF XQH FRU�
UHFWLRQ RSWLPDOH GH VRQ V\VWqPH G·RSWLTXH DGDSWDWLYH� FH TXL Q·HVW SDV OH FDV DFWXHOOHPHQW
R� OHV FRQGLWLRQV GRLYHQW rWUH PHLOOHXUHV TXH PpGLDQHV SRXU TXH 63+(5( IRQFWLRQQH RSWL�
PDOHPHQW�

*UkFH j FHV SURMHWV GH UHFKHUFKH� M·DL GpYHORSSp PHV FRPSpWHQFHV G·REVHUYDWULFH� GDQV OH
WUDLWHPHQW GH GRQQpHV GH VSHFWUR�LPDJHXUV HW GH OHXU DQDO\VH GDQV OH FRQWH[WH GH OD IRUPD�
WLRQ HW GH O·pYROXWLRQ SODQpWDLUH� -·DL XWLOLVp GHV GRQQpHV G·DUFKLYHV� PDLV DXVVL GH QRXYHOOHV
REVHUYDWLRQV� &HOD P·D ORJLTXHPHQW FRQGXLW j VRXPHWWUH GHV SURSRVLWLRQV SRXU GHPDQGHU
GX WHPSV G·REVHUYDWLRQ HQ XWLOLVDQW GLYHUVHV LQIUDVWUXFWXUHV DVWURQRPLTXHV SRXU WHVWHU OHV
PRGqOHV WKpRULTXHV VXU OD IRUPDWLRQ HW O·pYROXWLRQ SODQpWDLUH� PDLV DXVVL SRXU H[SORUHU GHV
V\VWqPHV SODQpWDLUHV LQWULJDQWV�



&��� &RQFOXVLRQ HW SHUVSHFWLYHV ���

$X 03,$� MH VXLV pJDOHPHQW GHYHQXH PHPEUH GX FRQVRUWLXP 6+$5.�1,5� FRPSRVp
SULQFLSDOHPHQW GH WURLV LQVWLWXWV � ,1$) 3DGRYD �O·LQVWLWXW 3,� ,WDOLH�� 03,$ �+HLGHOEHUJ� $OOH�
PDJQH� HW O·2EVHUYDWRLUH 6WHZDUG �$UL]RQD� eWDWV�8QLV�� /·LQVWUXPHQW 6+$5.�1,5 HVW XQ
QRXYHO LPDJHXU j KDXW FRQWUDVWH GDQV OH SURFKH LQIUDURXJH VLWXp DX /%7� HQ $UL]RQD� ,O D WHU�
PLQp VD SKDVH GH PLVH HQ VHUYLFH DX SULQWHPSV ����� VD SKDVH GH YpULÀFDWLRQ VFLHQWLÀTXH DX
GpEXW GH ���� HW VH WURXYH DFWXHOOHPHQW GDQV VD SKDVH VFLHQWLÀTXH LQLWLDOH� $X03,$� M·DL pWp
FKDUJp GH GpÀQLU OD OLVWH GHV pWRLOHV j REVHUYHU SRXU OD SKDVH GH YpULÀFDWLRQ VFLHQWLÀTXH� TXL
FRUUHVSRQG j GHX[ SpULRGHV G·REVHUYDWLRQ HQ RFWREUH ���� HW GpFHPEUH �����MDQYLHU �����
-·DL HQVXLWH pWp FKDUJpH GH UpGLJHU HW GH VRXPHWWUH OHV GHPDQGHV GH WHPSV 6+$5.�1,5 LQWUD�
03,$ DÀQ G·REWHQLU GX WHPSV SRXU H[SORLWHU O·LQVWUXPHQW� WDQGLV TXH OHV FROOqJXHV j O·,1$)
3DGRYD HW j O·2EVHUYDWRLUH 6WHZDUG IDLVDLHQW GH PrPH SRXU OHXUV DSSHOV /%7 VSpFLÀTXHV�
3RXU LQIRUPDWLRQ FRPSOpPHQWDLUH� OH 03,$ D GURLW j XQH GL]DLQH GH QXLWV DX /%7 GXUDQW
FKDTXH VHPHVWUH� &HV QXLWV VRQW UpSDUWLHV HQWUH OHV WURLV GpSDUWHPHQWV GH O·LQVWLWXW�

'DQV FH FRQWH[WH� M·DL REWHQX HQ WDQW TXH 3, GHV GRQQpHV 6+$5.�1,5 HW /0,5&DP VXU
GHV V\VWqPHV FRQQXV SRXU KpEHUJHU GHV GLVTXHV SURWRSODQpWDLUHV RX GH GpEULV� -·DWWHQGV
OHV REVHUYDWLRQV GH FLQT DXWUHV pWRLOHV HQWUH RFWREUH ���� HW MDQYLHU ����� 1pDQPRLQV� OHV
FRQGLWLRQV PpWpRURORJLTXHV DX /%7 QH VRQW PDOKHXUHXVHPHQW SDV DXVVL ERQQHV TXH FHOOHV j
O·2EVHUYDWRLUH GH 3DUDQDO R� VH WURXYH OH 9/7� FH TXL HQWUDvQH GHV SHUWHV GH WHPSV LPSRU�
WDQWHV GXHV DX PDXYDLV WHPSV HW SDUIRLV DXVVL j FDXVH GH SUREOqPHV WHFKQLTXHV� 6HXOH XQH
IUDFWLRQ G·HQYLURQ 30� GH PHV REVHUYDWLRQV HQ ����% D SX rWUH UpDOLVpH�

-·DL pJDOHPHQW VRXPLV GHV GHPDQGHV GH WHPSV SRXU G·DXWUHV LQIUDVWUXFWXUHV� WHOOHV TXH OH
9/7�63+(5(�+67�67,6� -:67�0,5,� -:67�1,5&DP� HW -:67�1,5,66� &HOOHV TXL RQW pWp
DFFHSWpHV VRQW OLVWpHV GDQV O·DQQH[H %� &HV GHPDQGHV GH WHPSV FRQFHUQHQW SULQFLSDOHPHQW
GHV V\VWqPHV MHXQHV �≤ 1000D�� PDLV SDV VHXOHPHQW� DYHF SRXU EXW G·pWXGLHU OHXU DUFKLWHF�
WXUH HW FRPPHQW OHXU DUFKLWHFWXUH DLGH j FRQWUDLQGUH OD IRUPDWLRQ HW O·pYROXWLRQ GHV V\VWqPHV
SODQpWDLUHV�

'·DXWUH SDUW� UHWUDFHU O·KLVWRLUH G·XQ V\VWqPH SODQpWDLUH kJp HQ FRQWUDLJQDQW VRQ DUFKL�
WHFWXUH P·HQWKRXVLDVPH SDUWLFXOLqUHPHQW� 3DU FRQVpTXHQW� MH VXLV WUqV KHXUHXVH TXH PD GH�
PDQGH GH WHPSV 63+(5( VXU XQ V\VWqPH SODQpWDLUH HPEOpPDWLTXH HW kJp� VLWXp WUqV SURFKH
GX 6ROHLO� DLW pWp DFFHSWpH� &H V\VWqPH KpEHUJH XQH H[RSODQqWH GH OD PDVVH GH 1HSWXQH VXU
XQH RUELWH H[FHQWULTXH HW GpVDOLJQpH GH SpULRGH GH WURLV MRXUV� /·H[RSODQqWH VXELW XQH IRUWH
pYDSRUDWLRQ /\α HQ UDLVRQ GH VD SUR[LPLWp DYHF VRQ pWRLOH K{WH� &HFL HVW VXUSUHQDQW� FDU OH
V\VWqPH HVW kJp GH 6± 2 *D� GRQF O·DWPRVSKqUH GH O·H[RSODQqWH DXUDLW GpMj G� V·pFKDSSHU HW
VRQ RUELWH rWUH FLUFXODULVpH� /H SDUDGR[H SHXW rWUH UpVROX VL O·H[RSODQqWH D PLJUp UpFHPPHQW
YHUV VRQ pWRLOH HQ UDLVRQ G·XQH UpVRQDQFH GH .R]DL�/LGRY DYHF XQ FRPSDJQRQ H[WpULHXU� TXL
SRXUUDLW rWUH VRLW XQH H[RSODQqWH PDVVLYH� VRLW XQH QDLQH EUXQH� 8Q WHO VFpQDULR GHPLJUDWLRQ
j KDXWH H[FHQWULFLWp SHXW QDWXUHOOHPHQW H[SOLTXHU OD SRSXODWLRQ GH PLQL�1HSWXQHV H[FHQ�
WULTXHV� GpVDOLJQpHV� IRUWHPHQW LUUDGLpHV HW GRQW O·DWPRVSKqUH QH V·HVW SDV HQFRUH pYDSRUpH
�1DJDVDZD 	 ,GD� ������

/H V\VWqPH SRXU OHTXHO M·DL REWHQX GX WHPSV G·REVHUYDWLRQ DYHF 63+(5( HVW OH SOXV LGpDO
SRXU REWHQLU GHV SUHXYHV REVHUYDWLRQQHOOHV GH FH PpFDQLVPH GH PLJUDWLRQ j KDXWH H[FHQ�
WULFLWp� SDUFH TXH OH V\VWqPH HVW WUqV SURFKH GH QRWUH 6\VWqPH 6RODLUH� TXH O·pWRLOH K{WH HVW GH
IDLEOH PDVVH �W\SH VSHFWDO 0� HW TXH OHV SUpGLFWLRQV WKpRULTXHV FRQFHUQDQW OHV SURSULpWpV GX
FRPSDJQRQ H[WpULHXU LQGLTXHUDLHQW XQ FRPSDJQRQ TXH O·RQ SRXUUDLW GpWHFWHU DYHF 63+(5(�
&RQÀUPHU REVHUYDWLRQQHOOHPHQW OHPpFDQLVPH GHPLJUDWLRQ j KDXWH H[FHQWULFLWp GDQV FH V\V�
WqPH LGpDOPRWLYHUDLW XQH pWXGH VXU XQ UHOHYp GH V\VWqPHV SODQpWDLUHV SOXV ODUJH� D\DQW pJDOH�
PHQW GHV H[RSODQqWHV GH OD PDVVH GH 1HSWXQH pWDQW H[FHQWULTXHV� GpVDOLJQpHV� IRUWHPHQW
LUUDGLpHV� DYHF XQH DWPRVSKqUH QRQ pYDSRUpH�

/HV REVHUYDWLRQV DX VRO TXH M·DL REWHQXHV HQ WDQW TXH 3, HW DYHF PHV FROODERUDWHXUV DX�
URQW OD VHQVLELOLWp QpFHVVDLUH SRXU REWHQLU XQH LPDJH GX FRPSDJQRQ V·LO V·DJLW G·XQH QDLQH



��� $SSHQGL[ &� 9HUVLRQ FRXUWH GH OD WKqVH HQ IUDQoDLV

EUXQH� 6·LO V·DJLW G·XQH H[RSODQqWH JpDQWH� GHV REVHUYDWLRQV VSDWLDOHV -:67�0,5, VHUDLHQW
QpFHVVDLUHV SRXU OD GpWHFWHU� -·DL GpMj VRXPLV GHX[ GHPDQGHV GH WHPSV -:67�0,5, SRXU
REVHUYHU FH V\VWqPH� HW PDOJUp XQ FODVVHPHQW pOHYp �VHFRQG SXLV SUHPLHU TXLQWLOH DX -:67
&\FOH � HW ��� HOOHV Q·RQW SDV pWp DFFHSWpHV HQ UDLVRQ G·XQ IDFWHXU GH SUHVVLRQ pOHYp� PDLV MH
YDLV FRQWLQXHU j SHUVpYHUHU�

&RQFHUQDQW XQ DXWUH V\VWqPH kJp� D\DQW pJDOHPHQW XQH pWRLOH GH W\SH 0� M·DL KkWH
G·REWHQLU OHV REVHUYDWLRQV -:67�0,5, TX·(OLVDEHWK 0DWWKHZV �3,�� PRL�PrPH �FR�3,� HW
G·DXWUHV FROODERUDWHXUV �FR,� UHOLpV DX 03,$ REWLHQGURQW GpEXW ����� &HV REVHUYDWLRQV RQW
SRXU EXW GH GpWHFWHU OH FRPSDJQRQ PDVVLI �2²20 0-XS� *- ��� F� TXL HVW SUpGLW G·DSUqV XQ
VLJQDO ORQJ�WHUPH GDQV OHV YLWHVVHV UDGLDOHV HW XQH DQRPDOLH GH PRXYHPHQW SURSUH G·DSUqV
OHV GRQQpHV *DLD HW +LSSDUFRV� &HWWH GpWHFWLRQ RXYULUD OD YRLH j XQH FDUDFWpULVDWLRQ GpWDLO�
OpH G·XQH DWPRVSKqUH IURLGH �≤ 450 .�� FRPEODQW DLQVL OH IRVVp HQWUH OHV H[RSODQqWHV JpDQWHV
FRQQXHV j FH MRXU HW OHV SODQqWHV JpDQWHV GH QRWUH 6\VWqPH 6RODLUH�

'DQV O·HQVHPEOH� MH SHQVH TXH OHV DVWURQRPHV WUDYDLOODQW GDQV OH GRPDLQH GHV H[RSODQqWHV
HW GHV GLVTXHV YLYHQW XQH SpULRGH SDUWLFXOLqUHPHQW SDVVLRQQDQWH� DYHF G·H[FHOOHQWV WpOH�
VFRSHV HW LQVWUXPHQWV DX VRO HW GDQV O·HVSDFH� /·DYHQLU HVW PrPH HQFRUH SOXV UDGLHX[� DYHF
OHV DPpOLRUDWLRQV LQVWUXPHQWDOHV �9/7�63+(5(�� 9/7,�*5$9,7<�� HW IXWXUV WpOHVFRSHV j
YHQLU �567� (/7� +:2� ����� WRXMRXUV SOXV SHUIRUPDQWV� /D V\QHUJLH HQWUH OHV GLIIpUHQWHV LQ�
IUDVWUXFWXUHV REVHUYDWLRQHOOHV HW OHV PpWKRGHV GH GpWHFWLRQ HW FDUDFWpULVDWLRQ GHV H[RSODQqWHV
QH FHVVH GH FURvWUH� SRXU FDUDFWpULVHU XQ V\VWqPH SODQpWDLUH GRQQp� PDLV DXVVL XQH H[RSODQqWH
GRQQpH� /HV GHX[ SURFKDLQHV �HW GHUQLqUHV� GLIIXVLRQV PDVVLYHV GHV GRQQpHV DQDO\VpHV GH
OD PLVVLRQ *DLD LURQW GDQV FH VHQV� DYHF OD GpFRXYHUWH DWWHQGXH GH QRPEUHXVHV H[RSODQqWHV
JpDQWHV VLWXpHV j TXHOTXHV XQLWpV DVWURQRPLTXHV GH OHXU pWRLOH�

'H SOXV� O·XWLOLVDWLRQ GH GRQQpHV SDQFKURPDWLTXHV IRXUQLW GHV LQIRUPDWLRQV SUpFLHXVHV
VXU OHV SURSULpWpV DWPRVSKpULTXHV GHV H[RSODQqWHV� PDLV DXVVL VXU OHV GLVTXHV SURWRSODQp�
WDLUHV HW GH GpEULV� HQ VRQGDQW GLIIpUHQWV WDLOOHV GH JUDLQV VLWXpV GDQV GLIIpUHQWHV UpJLRQV GX
GLVTXH� &HOD SHUPHW G·DIÀQHU QRV WKpRULHV VXU OD IRUPDWLRQ HW O·pYROXWLRQ SODQpWDLUH� HW QRXV
GRQQH GHV LQGLFHV VXU O·DVSHFW TXH SRXUUDLHQW DYRLU G·DXWUHV PRQGHV�

 SDUWLU GX �� QRYHPEUH ����� MH SRXUVXLYUDL PD UHFKHUFKH HQ SRVW�GRFWRUDW HQ WDQW TXH
)HOORZ j O·2EVHUYDWRLUH $XVWUDO (XURSpHQ �(XURSHDQ 6RXWKHUQ 2EVHUYDWRU\ � (62� SHQGDQW
TXDWUH DQV� /HV WURLV SUHPLqUHV DQQpHV VHURQW EDVpHV DX &KLOL HW OD PRLWLp GH PRQ WHPSV VHUD
FRQVDFUpH j GHV WkFKHV G·REVHUYDWLRQ� O·DXWUH PRLWLp j PD UHFKHUFKH� /D GHUQLqUH DQQpH VHUD
HQWLqUHPHQW GpGLpH j PD UHFKHUFKH� GDQV XQ LQVWLWXW GH PRQ FKRL[�

'DQV OH FDGUH GH PHV WkFKHV G·REVHUYDWLRQ� M·REVHUYHUDL 80 QXLWV SDU DQ SHQGDQW WURLV DQV
SRXU OD FRPPXQDXWp DVWURQRPLTXH HQ XWLOLVDQW OH WpOHVFRSH 87� �8QLW 7HOHVFRSH �� GX 9/7
j O·REVHUYDWRLUH 3DUDQDO VLWXp GDQV OH GpVHUW G·$WDFDPD� /H WpOHVFRSH 87� HVW pTXLSp GHV
LQVWUXPHQWV GH SRLQWH 63+(5(� TXH MH FRQQDLV ELHQ� &5,5(6 HW ;�6+227(5�

-H VHUDL GDQV XQH SRVLWLRQ LGpDOH SRXUP·LQYHVWLU pJDOHPHQW GDQV OHV LQVWUXPHQWV GH O·(62
TXH MH Q·DL SDV HQFRUH H[SORLWpV� PDLV TXH M·DLPHUDLV XWLOLVHU� FRPPH (5,6 VXU OH 9/7� *5$9�
,7< HW0$7,66( VXU OH 9/7,� &HWWH H[SpULHQFH SDVVLRQQDQWH VH GpURXOHUD SHQGDQW OHV DPpOLR�
UDWLRQV GH *5$9,7<� DX 9/7, HW GH 63+(5(� DX 9/7� DLQVL TXH ORUVTXH OD FRQVWUXFWLRQ GH
O·([WUHPHO\ /DUJH 7HOHVFRSH� OH SOXV JUDQG RHLO VXU OH FLHO� VHUD DFKHYpH�
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