
����������� �	 
 ��
	
 ������� ���
 � ����
���
������
�����	 �������	 �����

����������  !"#�$"�� % �
�"&#& �$"%' �( )*+� #,� -"#� ,�%' �( . � ��' / *����

 �( "#$�0+"1�  �2�2 )�) �� "$)�' �%�0"

3�4 ����5 6�	 �����

��
�
 ��������
 7�� ���������	
7��8 
 �� 
 5
� 
 � 9���
���
 :�5�
�������;
<=�����;�

����
> ?@@A



B

CDEFGHI F J KI LJH MNKJKOKNKP E Q MNKR S T ULGVWXYNKP E Z[\PWNDLX]LN^KP E_`DLNXLJH
DW P VDL[\VONKXXa MKJK[ MNDb ]WYWXEH HG cWYdP DWeJ ELXEKPb[\ S fNKRLVKNKJ
CEJ EOWN gKULh KNWD iKJ W iKJKh DW MKJK[ P K]VLNPW[I W[\ VM LGONKVGKMKPb[\ E E[\
NLYHG[I E KNWD Z S jH[EkVGELJH E g S fWXKh DW HYKVOFMXELXEL [DWVH XW OLULVGKMW[\ S
CKGOKNKP E i S gP EWOGKP VGELJH DW MKJK[ E [LXXL VH^LVOEL KNWD l S mKNDbGKP E DW
MKJK[ MNDb GKNLG[EL XEXELI VDL^K OLGVOH S CKGOKNWXOKJ fS nE^FDEL Q T S oWN[EX EWG KNWD
g S gWJ EkVGELJH DW P VMd cMNW[L MNDb K]VLNPW[I W[\ E NLYHG[I E S lVDbVOGEJ MNW[KPXEGKJ
p]VLNPWOKNEHJ TVONKXKJ E[DXL^K qTo P fKDXWXEH DW XELK[LXEKXa MKJK[ E P VMWN[EL
P [DWVEL MNW[b XWY NKDMNWPa S
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lLY cH^ MKP VDL[\X EL MWXHI a[L^K MK^UaYH MKXWY MK cKPW K]VLNPKPWXb[\ ^P EWDY OK HG cWYb
MKYPdI XL UH] P ELUKGNKOXL S pVOWOXEL ]WYWXEW DJ ELXEWI a OLX K]NWD ºnWYW B���» S `DLNPKXL
GWN cb ObMH P EYJKPL^K o Q GOdNL ]b cb YKOb[\[DWV MKJ EI WXL VOWXKP Ea W¼ ��½ MKMHUW[I E
^P EWDY S ¾LVMd c j�`p¬Z ºjLVLWN[\ `KXVKNOEHJ pX ¬LWN]b ZOWNV» K]VLNPKPWc [DLNPKXL
GWN cb P MNKJ ELXEH �� M[ S p]VLNPKPWXK ��� ^P EWDY D MK�NdY GOdNb[\ ObUGK �� KGWDWcb VEF
MKYPdI XL Q [K VOWXKP E DWULYP EL B�½ [W cLI MNd]GE S

f cWVD[DbDXW KN]EOb XELGOdNb[\ HG cWYdP MKYPdI Xb[\ I LVO OWG DKNELXOKPWXW P MNDL_
VONDLXE ¼L D ¾ELJ E K]VLNPHI LJb KGNLVKPL DWeJ ELXEW S p]VLNPW[I L ^P EWDY MKYPdI Xb[\
DWeJ ELXEKPb[\ MKDPWUWI a XWJ YKG cWYXEL KGNL�UEe MWNWJLONb �Db[DXL K]H VG cWYXEGdP
HG cWYH S l XELGOdNb[\ MNDbMWYGW[\ JK¼UEPL I LVO PbDXW[DLXEL E[\ MWNWJLONdP W]VKUHO_
Xb[\ D YKG cWYXK�[Ea ULMVDa XE¼ I LYXL^K MNK[LXOW S fKDPWUW OK XW YKG cWYXL D]WYWXEL VOW_
OHVH LPKUH[bI XL^K HG cWYH KNWD XW PLNb�GW[I L JKYLUE LPKUH[bI Xb[\ S CKG cWYXW DXWI KJK�e
MWNWJ LONdP W]VKUHOXb[\ MKDPWUW XWJ NdPXEL¼ PbDXW[Dbe KYUL^ cK�e YK HG cWYH J LOKYa
MWNWUWGVb RKOKJ LONb[DXLI S

fNK]ULJ PbDXW[DWXEW KYUL^ cK�[E P WVONKXKJ EE I LVO RHXYWJLXOWUXbS lVMd c[DLVXL K]_
VLNPW[I L RKOKJ LONb[DXL KNWD VM LGONKVGKMKPL MKDPWUWI a XWJ ]WYWe ^P EWDYb P ^FVOb[\
MKUW[\ ^NKJ WY GHUEVOb[\ UH] VaVELYXE[\ ^WUWGObG S CKG cWYXL JKYLUL HG cWYdP MKYPdI Xb[\
MKDPWUWI a XWJ PbDXW[Dbe KYUL^ cK�e YK Ob[\ K]ELGOdP S p]L[XEL J WJb YK YbVMKDb[I E
[KNWD P EF[LI EXVONHJLXOdP DWHOKJWObDKPWXb[\ Q GOdNL YKVOWN[DWI a YH¼K EXRKNJ W[I E S fNDb_
G cWYLJ MNK^NWJH PbGKNDbVOHI a[L^K OWGEL EXVONHJ LXOb I LVO TZTZ ºT UU ZGb THOKJ WOLY
ZHNhLbQ fKIJ WkVGE �©©�» Q GOdNb KYGNb c YH¼K HG cWYdP DWeJ ELXEKPb[\ S l MNDb^KOKPWXEH
I LVO J EVI W VWOLUEOb ªT�T ¿ Q GOdNW YKVOWN[Db K]VLNPW[I L RKOKJ LONb[DXL YUW ^P EWDY YK B�
J W^ º

1 × 109 ^P EWDY» KNWD VM LGONKVGKMKPL YK �� JW^ ºoHXWNE B���» S
CK MKJ EWNdP KYUL^ cK�[E VD[DL^dUXEL XWYWI a VEF HG cWYb NKDYDELUKXL S l XEXELI VDLI MNW[b

DKVOW cW KJdP EKXW MNd]W DXWULDELXEW E WXWUEDb GEUGH HG cWYdP NKDYDELUKXb[\ P KMWN[EH K
P cWVXL K]VLNPW[I L VM LGONKVGKMKPL JLOKYa l EUVKXW_CLhEXLb º�©��» S ¬W MKYVOWP EL WXW_
UEDb GNDbPb[\ ]UWVGH E MNFYGK�[E NWYEWUXb[\ HDbVGWXK MWNWJ LONb W]VKUHOXL Q MWNWUWGVF
RKOKJ LONb[DXa KNWD VOWOHV LPKUH[bI XbS lbDXW[DKXK JKYLUL YUW MEF[EH HG cWYdP S `DOLNb D
XE[\ XEL ]b cb YKOb[\[DWV ]WYWXL W E[\ MWNWJLONb W]VKUHOXL ]b cb XELDXWXL S
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`LULJ XEXELI VDLI MNW[b I LVO MNDL^UaY GEUGH HG cWYdP DWeJ ELXEKPb[\ MKY GaOLJ DXWULDELXEW
E[\ MWNWJLONdP Q VOP ELNYDLXEW [Db Va NKDYDELUKXL E I WGE I LVO E[\ VOWOHV LPKUH[bI Xb KNWD
MWNWUWGVW RKOKJ LONb[DXW S fNW^XELJb HDbVGWe MWNWUWGVb RKOKJ LONb[DXL XWYWI a[L VEF YK
MKNdPXWXEW D ONb^KXKJLONb[DXbJ E � EMMWN[KVW KNWD ºP MNDbVD cK�[E» D ªT�T S fNW[W OW
]b cW MKJb�UWXW I WGK MNDb^KOKPWXEL VDLNVDL^K MNK^NWJH ]WYWk DW MKJK[a ]HYKPWXL^K P
fKDXWXEH OLULVGKMH VM LGONKVGKMKPL^K S ¾ OL^K PD^UFYH Q KNWD D MKPKYH OL^K Q ¼L P ELGVDK�e
PWNVDOWOH YK MNW[b JHVEW cLJ YKMELNK PYNK¼be P XWVDbJ p]VLNPWOKNEHJ Q MKXWY MK cKPF
NKDMNWPb MK�P EF[WJ K]VDLNXLI [DF�[E YKOb[Da[LI J LOKYKUK^EE S ¬ EL DWP ELNW KXW ¼WYXb[\
XKPb[\ PbXEGdP XWHGKPb[\ Q UL[D VOWXKP E MNd] F HMKNDaYGKPWXEW DYK]bOLI P ELYDbS

éêú û îüì ò ù ýøþ ÿøõîóöù üòóð
fNW[W XEXELI VDW I LVO KMWNOW ^ cdPXEL XW JKE[\ P cWVXb[\ K]VLNPW[I W[\ VM LGONKVGKMKPb[\
º�p T�N KNWD mC_�� ���� Q P ObJ YPW PbI WDYb GKJMULOXEL YLVD[DKPL _ B��B E B��� Q KNWD XW
K]VLNPW[I W[\ DL]NWXb[\ P CCp MNDLD fSn E^FDF º[W cW ��B� `WV E GEUGW MHXGOdP P EXXb[\»
KNWD MNDLD i SiKJKhW E P VMd cMNW[KPXEGdP ºC� mKK KNWD ªi qoW»S jLYHG[I F E WXWUEDF
PbGKXW cLJ P MNDLPWNDWI a[LI P EFGVDK�[E VWJ S l EFGVDK�e RKOKJ LONEE P DEFOK D UEOLNWOHNb
º^ cdPXEL TZTZ E � EMMWN[KV» Q WUL YKYWOGKPL K]VLNPW[I L DKVOW cb PbGKXWXL MNDLDL JXEL E
EXXb[\ K]VLNPWOKNdP D fKDXWXEW Q DP cWVD[DW YH¼b PG cWY J EW cW T S oWN[EXEWG ºYKOb[Db OK
DWNdPXK VWJb[\ K]VLNPW[I E ``C I WG E E[\ NLYHG[I E» S l ONWG[EL MNW[b YH¼K VGKNDbVOW cLJ
PVMd cMNW[HI a[ XW Nd¼Xb[\ LOWMW[\ D C S gKULhLJ Q i S iKJKhLJ Q � S �UELhLJ Q j S jWOWI [DW_
GELJ Q i S gP EWOGKP VGEJ Q fS nE^FDa Q T S oWN[EX EWG KNWD g S gWJ EkVGEJ S

éê� �ïõ�ñï�õî õö÷øõîù ð
fNW[W VG cWYW VEF D � [DF�[E � XEXELI VDL^K P VOFMH Q K]VDLNXLI [DF�[E MNDbOW[DWI a[LI P EWYKJK_
�[E MKYNF[DXEGKPL E J LOKYKUK^E[DXL DW[DLNMXEFOL D UEOLNWOHNbQ D [DF�[E MNDbXKVDa[LI ^ cdPXL
PbXEGE XWHGKPL KNWD D [DF�[E MKYVHJKPHI a[LI E DWP ELNWI a[LI DW ca[DXEGE S pN^WXEDW[I W [DF_
�[E � Q MNDLYVOWP EWI a[LI PbXEGE XWHGKPL I LVO XWVOFMHI a[W � l VLXVEL XWHGKPbJ WXWUEDW C�
mKK XEL PXKVE X E[ XKPL^K MKXWY PbXEGE ^NHMb VDPWI [WNVGELI º`WN�HEUUWO LO WU S B���» S
fKV cH¼b cW KXW YK PLNb�GW[I E XWVDb[\ XELDWUL¼Xb[\ K]VLNPW[I E KNWD J LOKY WXWUEDbS `DF�[E
YKOb[Da[L mC_�� ���� KNWD �p T�N Q ^P EWDY GOdNL XEL ]b cb YKOaY ]WYWXL VD[DL^d cKPK Q
MNDbXKVDa Q JKEJ DYWXELJ XWIPW¼XELI VDL PbXEGE HDbVGWXL P XEXELI VDLI NKDMNWP EL S ¾KVOW cb
KXL KMH]UEGKPWXL ºC EJ EONKh LO WU SQ B���» KNWD ºC EJ EONKh LO WU SQ B���» S jKDYDEW c YKOb[Da[b
��B� `WV DWP ELNW WXWUEDL [ELGWPL^K HG cWYH LUEMOb[DXL^K D PbNW�Xa NKOW[I a UEX EE WMVbY S
CKVOFMXL K]VLNPW[I L XEL Va GKJMULOXL E ^P EWDYW DWVcH^HI L XW YWUVDa HPW^F S jKDYDEW c
YKOb[Da[b ªi qoW P EVOK[EL XEL YWI L PbXEGdP Q GOdNL JK¼XW HDXWe DW [W cGKP E[EL P EWNb_
^KYXL S Z cH¼b KX I WGK EUHVONW[I W GKJMUEGW[I E M KI WP EWI a[b[\ VEF P WXWUEDEL Q ^Yb Ob UGK YWXL
Va XEL[K ^KNVDL Q UH] �DbGW HG cWYH ]WNYDELI D cK¼KXW Q UH] ^Yb K]W OL MNDbMWYGE DW[\KYDa
NdPXK[DL�XEL S
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l KVOWOXE[\ UWOW[\ [KNWD [DF�[ELI M KI WP EWI a VEF MNW[L YKOb[Da[L J KYLUKPWXEW HG cWYdP
MKYPdI Xb[\ DWeJ ELXEKPb[\ Q P GOdNb[\ KVEa^W VEF XELM LPXK�e PbDXW[DLXEW MNKJ ELXE E
J WV VG cWYXEGdP MKXE¼LI I LYXL^K MNK[LXOW S

fNDbG cWYLJ OWGELI MNW[b I LVO MH]UEGW[I W nW[b LO WU S B��B Q P GOdNLI MNDLYVOWP EKXK
JKYLU HG cWYH ll `WJLUKMWNYWUEV S oKYLU I LVO KMWNOb K MNWP EL ���� MKJ EWNdP I WVXK�[E
P �UONDL

V
K KY[\b ULXEH VOWXYWNYKPbJ � S���JW^ Q KNWD �� MKJ EWNdP MNFYGK�[E NWYEWUXb[\

σ = 2km/s
S l MNW[b nW[b LO WU S B��� YKOb[Da[LI jl nW[LNOWL KVEa^XEFOK XELM LPXK�e

� S�½ YUW J WV KNWD � S�½ YUW MNKJ ELXE S gKULI XbJ MNDbG cWYLJ I LVO MNW[W ª SiKNNLV LO WU S D
NKGH B��B YKOb[Da[W �� ªLJ EXKNHJ º`WVOKN `» S

l NKGH B��� HGWDWcW VEF MNW[W � S CLhKN YKOb[Da[W J WVKPL^K E DWHOKJWObDKPWXL^K
PbDXW[DWXEW JKYLUE HG cWYdP MKYPdI Xb[\ XW MKYVOWP EL GNDbPb[\ ]UWVGH S fNDLWXWUEDK_
PWXK B�© ObVEF[b GNDbPb[\ K]ELGOdP D pªn� �� E PbDXW[DKXK ����B JKYLUE HG cWYdP
DWeJ ELXEKPb[\ S

iL MNW[L KNWD EXXL OWJ [bOKPWXL YWI a MK^UaY K VD[DbOKPb[\ KVEa^XEF[EW[\ P YDELYDEXEL
GOdNa VEF OH DWIJHI F S ¬ EXELI VDW NKDMNWPW MNDbOW[DW PbXEGE Q GOdNL JK¼XW KVEa^Xae P
KMWN[EH K K]VLNPW[I L HDbVGWXL P VGNKJXELI VDb[\ PWNHXGW[\ S

é ê� � ôîýð�ñîó� î �ù òî÷� øö�ùþ�üðó� ÷î�í òìüòöù ðó�
ªPEWDYb MKYPdI XL YDELUEJb XW P EDHWUXL Q VM LGONKVGKMKPL E DWeJ ELXEKPL S l HG cWYW[\
P EDHWUXEL MKYPdI Xb[\ I LVOL�Jb P VOWXEL DWK]VLNPKPWe GW¼Yb VG cWYXEG D KVK]XW S oK_
¼LJb DWK]VLNPKPWe ] LDMK�NLYXEK E[\ NH[\ KN]EOWUXbS pGNLVb Ob[\ HG cWYdP Va DWDPb[DWI
]WNYDK Y cH^EL Q KY GEUGH YK GEUGH ObVEF[b UWO Q [K DP EaDWXL I LVO D YH¼a VLMWNW[I a VG cWYXE_
GdP Q GOdNW I LVO PWNHXGELJ HJK¼UEP EWI a[bJ E[\ NKDYDELULXEL S p]VLNPW[I L Ob[\ HG cWYdP
MKDPWUWI a XWJ PbDXW[Dbe GVDOW cO E P D^UFYXL NKDJ EWNb KN]EO VG cWYXEGdP KNWD XW[\b ULXEL
M cWVD[DbDXb KN]EObS ¾ NdPXWXEW �NKYGW J WVb JWJb DWUL¼XK�e

M1a2 = M2a1

^YDEL
M1

E
M2

OK J WVb W
a1

E
a2

OK Md cKVEL KN]EO VG cWYXEGdP GNa¼a[b[\ PKGd c P VMdUXL^K �NKYGW JWV S
�L¼LUE HG cWY DXWI YHI L VEF VOKVHXGKPK ]UEVGK JK¼LJb DWK]VLNPKPWe I L^K MWNWUWGVF NK[DXa
KNWD PbDXW[Dbe I L^K KYUL^ cK�e S m caY PbDXW[DKXLI P OLX VMKVd] KYUL^ cK�[E NK�XEL P NWD D
VWJ a KYUL^ cK�[Ea K]ELGOdP S ¾XWI a[ GaOKPL NKDJ EWNb KN]EOb E KYUL^ cK�e I LVOL�Jb P VOWXEL
PbDXW[Dbe NdPXEL¼ J WVb VG cWYXEGdP HG cWYH S

jH[\ KN]EOWUXb MKPKYHI L KGNLVKPL D]UE¼WXEL VEF E KYYWUWXEL VG cWYXEGdP PD^UFYLJ K]_
VLNPWOKNW S fKPKYHI L OK MNDLVHPWXEL VEF UEX EE P EYJKPb[\ MK[\KYDa[b[\ KY K]H VG cWYXEGdP
XW VGHOLG LRLGOH CKMMULNW S ªP EWDYb MKYPdI XL P GOdNb[\ K]VLNPHI LJb OLX LRLGO XWDb_
PWJb MKYPdI XbJ E VM LGONKVGKM KPbJ E S qG cWYb OL KGNL�UWJb VGNdOLJ Zm ºVM L[ONKV[KME[
]EXWNb » Q P VD[DL^dUXK�[E Zm � E ZmB KDXW[DWI a KYMKP ELYXEK HG cWYb P GOdNb[\ P EYK[DXL Va
UEXEL KY I LYXL^K UH] YPd[\ VG cWYXEGdP S `Ea^ K]VLNPW[I E VM LGONKVGKMKPb[\ MKDPWUW XWJ
PbDXW[Dbe GNDbPa MNFYGK�[E NWYEWUXb[\ S �LI WXWUEDW MKDPWUW XWJ PbDXW[Dbe LULJ LXOb
KN]EOb � KGNLV KN]EOWUXb

P
Q J KJ LXO MNDLI �[EW MNDLD M LNEWVONKX

T0

Q Y cH^K�e M LNEWVONKX
ω
Q

VM cWVD[DLXEL KN]EOb
e
S ¬ EL I LVOL�Jb P VOWXEL PbDXW[Dbe Md cKVE P ELUGELI Q I LYXWG KONDbJH_

I LJb PWNOK�e EUK [DbXH
a sin(i)

S f ELNP VDb DWK]VLNPKPWXb HG cWY MKYPdI Xb VM LGONKVGKMKPb
OK o EDWN º

ξ
qoW» KYGNbOb P ���© NKGH º�K^LU �©��» S
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jbVHXLG �S� � gUWVb�GW[I W RLXKJLXKUK^E[DXW

T]b D]HYKPWe GKJMULOXb JKYLU HG cWYH KMNd[D GNDbPb[\ MNFYGK�[E NWYEWUXb[\ JH_
VEJb NdPXEL¼ DWK]VLNPKPWe DWeJ ELXEW S iK [Db PbVOaMEa P HG cWYDEL DWeJ ELXEW DWUL¼b KY
OL^K [Db K]VLNPWOKN DXWI YHI L VEF P MK]UE¼H M cWVD[DbDXb KN]EOWUXLI HG cWYH MKYPdI XL^K Q
KNWD KY NKDJ EWNdP E VLMWNW[I E VG cWYXEGdP S qG cWYb H GOdNb[\ K]VLNPHI LJb DWeJ ELXEW
XWDbPWJb ^P EWDYWJ E MKYPdI XbJ E DWeJ ELXEKPbJ E �m º�[UEMVEX^ m EXWNELV» S fKXWY ©�½
^P EWDY DWeJ ELXEKPb[\ MKVEWYW KGNLVb KN]EOWUXL GNdOVDL XE¼ �� YXE Q I LYXWG DYWNDWI a VEF
OL¼ MNDbMWYGE KGNLVdP ]WNYDK Y cH^E[\ Q XW MNDbG cWY

ε
THN K KGNLVEL B� UWO S ªP EWDYb

GNdOGKKGNLVKPL J WI a JXELI VDa VLMWNW[I L W [K DW ObJ EYDEL P EFGVDL I LVO P E[\ MNDbMWYGH
MNWPYKMKYK]ELkVOPK PbVOaMELXEW DWeJ ELk S

fELNP VDL PbDXW[DKXL GNDbPL ]UWVGH HG cWYdP DWeJ ELXEKPb[\ DKVOW cb VGUWVb�GKPWXL
DL PD^UFYH XW E[\ GVDOW cO º�WUU �©©�» S iW RLXKJ LXKUK^E[DXW GUWVb�GW[I W YDELUE HG cWYb
DWeJ ELXEKPL XW ONDb ^NHMbS fELNP VDW D XE[\ KONDbJ WcW XWDPF T U^KUL KY HG cWYH

β
fLNVLE

[DbUE T U^KUW S pDXW[DW VEF I L VGNdOLJ �T º�[UEMVEX^ ]EXWNb KR T U^KU ObM L» S ¾J EWXb ]UWVGH
β

fLN JK¼XW DWK]VLNPKPWe XWPLO XELHD]NKI KXbJ KGELJ S �WVXK�e DJ ELXEW VEF P ^NWXE[W[\
2.2m − 3.5m S g NDbPL ]UWVGH OLI ^NHMb [\WNWGOLNbDHI a VEF YPKJ W J EXEJ WJ EQ ^ cF]KGEJ E
M cbOGEJ S fK[DaOGE E GKk[L DWeJ ELk Va KVONK DWNbVKPWXL W JWGVEJ W ºRWDb � SB� Q � S��» Va
VOKVHXGKPK M cWVGEL S

qG cWYb ObMH
β

nbN PbGWDHI a [Ea^ cL DJ EWXb I WVXK�[E E E[\ GNDbPL MKVEWYWI a YPW J EXEJ W
Nd¼XLI ^ cF]KGK�[E S ` Ea^ cL DJ EWXb ]UWVGH Va VMKPKYKPWXL LUEMVKEYWUXbJ GVDOW cOLJ VG cWY_
XEGdP ºLUEMVKEYWUXL DJ EWXb ]UWVGH» S pGNL�ULXEL �LUEMVKEYWUXL� I LVO \EVOKNb[DXL E PbPKYDE
VEF D JKYLUH jHVVLUW_o LNEUUW º�©�B» S lVMd c[DL�XEL GVDOW cO VG cWYXEGdP HG cWYH KMEVHI LJb
XEL LUEMVKEYW ONdI KVEKPa W JKYLULJ jK[\L �W S qG cWYb OL Va DWDPb[DWI VOKVHXGKPK ^KNa[L
K ObMW[\ P EYJKPb[\ D DWGNLVH m_T S

�L¼LUE XW[\bULXEL KN]EOb I LVO XELPbVOWN[DWI a[L W]b DW[\KYDEcb DWeJ ELXEW OK YUW ^P EWDY
NKD[Ea^XEFOb[\ M cbPWJ E K]VLNPHI LJb [Ea^ cL DJ EWXb ]UWVGH K JWcLI WJMUEOHYDEL �� S�J W^ S
¬WDbPWJb OL ^P EWDYb DJ ELXXL LUEMOb[DXL º�nn» S
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jbVHXLG �SB � gUWVb�GW[I W J KNRKUK^E[DXW � HG cWY NKDYDELUKXbQ Md cNKDYDELUKXb E MKXWY GKX_
OWGOKPb K JWGVbJWUXb[\ JK¼UEPb[\ NKDJ EWNW[\ S

ªP EWDYb ObMH l qoW º�l » J WI a [\ cKYXELI VDL VG cWYXEGE E M KVEWYWI a GNDbPL ]UWVGH
K [Ea^ cb[\ DJ EWXW[\ ]UWVGH Q MKNdPXbPWUXb[\ ^ cF]KGK�[EW[\ J EXEJdP E GNdOGE[\ KGNLVW[\
KY � SB� YK � YK]bS oK[XK DWGNDbP EKXL J WGVEJ W �P EWY[Da K ObJ ¼L VG cWYXEGE Va JK[XK
DXELGVDOW c[KXL M cbPWJ E S ibMb P EYJKPL Va XWI [DF�[ELI D DWGNLVH ¨ E ª ºgH]EWG Q �©©�» S

¨LXKJ LXKUK^E[DXW GUWVb�GW[I W XEL KYDP ELN[ELYUW YKG cWYXEL P cW�[EPK�[E �Db[DXb[\ HG cW_
YdP MKYPdI Xb[\ S lNWD D DWVOKVKPWXELJ JKYLUH jK[\L �W YK KGNL�ULXEW NKDJ EWNdP E
GVDOW cOdP VG cWYXEGdP HG cWYH MKP VOW cW XKPW GUWVb�GW[I W J KNRKUK^E[DXW S l JKYLUH jK_
[\L �W ^P EWDYb PbML cXEWI a M LPXL MKP ELND[\XEL LGP EMKOLX[I WUXL S fKOLX[I W c OLX ca[Db
PM cbP ^NWP EOW[I E E VE c KY�NKYGKPb[\ MKP VOWI a[b[\ P HG cWYDEL NKOHI a[bJ S gNbOb[DXW
MKP ELND[\XEW jK[\L �W KGNL�UW J WGVbJWUXb NKDJ EWN MKI LYbX[DLI ^P EWDYbS qG cWYb P GOd_
Nb[\ VG cWYXEGE XEL PbML cXEWI a GNbOb[DXLI MKP ELND[\XE jK[\L �W XWDbPWJb HG cWYWJ E NKD_
YDELUKXbJ E º�C Q YLOW[\LY L[UEMVEX^ ]EXWNELV # H¼bPW VEF NdPXEL¼ VGNdOdP C�m KNWD Cm» S
�L¼LUE P ONWG[EL LPKUH[I E GOdNb� DL VG cWYXEGdP PbML cXE VPKI W MKP ELND[\XEL GNbOb[DXa OK
J WOLNEW PbM cbPW MNDLD MHXGO

L1
E KMWYW XW YNH^E VG cWYXEG S gNbOb[DXL MKP ELND[\XEL

KOW[DWI a[L K]W VG cWYXEGE MNDL[EXWI a VEF P MHXG[EL
L1

S ZG cWYXEG Q GOdNb PbMLcXEW VPKI a
MKP ELND[\XEL jK[\L �W JW GVDOW cO GNKMUE S iWGE HG cWY XWDbPWJb HG cWYLJ Md cNKDYDELUKXbJ
ºZC UH] �ZC Q VLJ E YLOW[\LY» S qG cWYb P GOdNb[\ K]W VG cWYXEGE YKG cWYXEL PbML cXEWI a
VPKI L GNbOb[DXL MKP ELND[\XEL E VObGWI a VEF P MHXG[EL

L1

XWDbPWJb HG cWYWJ E GKXOWGOK_
PbJ E W HG cWYbQ GOdNL PbML cXEWI a MKP ELND[\XEL K MKOLX[I WUL

ΩL1
> Ω > ΩL2

XWDbPWJb
MKXWYGKXOWGOKPbJ E ºKhLN [KXOW[O» S g ELYb ^P EWDYb P ONWG[EL LPKUH[I E DP EFGVDWI a[ VPKI L
NKDJ EWNb PbML cXEWI a VPKI L MKP ELND[\XEL GNbOb[DXL Q J WOLNEW DW[DbXW �MNDLULPWe� VEF MNDLD
XEL E PbML cXEWe GKULI XL MKP ELND[\XEL LGP EMKOLX[I WUXL K XE¼VDb[\ PWNOK�[EW[\ MKOLX[I W cdP S
oWGVbJWUXb NKDJ EWN HG cWYH MKXWY GKXOWGOKPL^K KGNL�UW MKP ELND[\XEW LGP EMKOLX[I WUXW
MNDL[EXWI a[W MHXGO nW^NWX^L �W

L2

Q MNDLD GOdNb HG cWY JK¼L ONW[Ee J WOLNEF S
pGNL�ULXEL �HG cWY GKXOWGOKPb� I LVO PbGKNDbVObPWXL YPKI WGK S C UW HG cWYdP VbX[\NK_
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jbVHXLG �S� � qGcWY K VG cWYXEGW[\ NKOHI a[b[\ WVbX[\NKXE[DXEL j¾Z[O S p]EL ^P EWDYb
PbMLcXEWI a VPKI L GNbOb[DXL MKP ELND[\XEL jK[\L �W

XE[DXb[\ Q P GOdNb[\ K]W VG cWYXEGE YKG cWYXEL PbML cXEWI a VPKI L GNbOb[DXL MKP ELND[\XEL
jK[\L �W V cKPK GKXOWGO KDXW[DW Q ¼L ^P EWDYb VObGWI a VEF P MHXG[EL

L1

S g ELYb JWJb I LYXWG
YK [DbXELXEW D NKOW[I a WVbX[\NKXE[DXa JK¼UEPL Va VbOHW[I L Q P GOdNb[\ K]W VG cWYXEGE PbML c_
XEWI a VPKI L GNbOb[DXL MKP ELND[\XEL LGP EMKOLX[I WUXL WUL XEL VObGWI a VEF ºE[\ MKP ELND[\XEL
XEL VEF^WI a MHXGOH nW^NWX^L �W

L1

» S fNDbG cWYLJ OWGEL^K HG cWYH OK j¾Z[O ºjbV S �S�» S
ZEcb KY�NKYGKPL MNDb NKOW[I E WVbX[\NKXE[DXLI MKPKYHI a DJXELI VDLXEL VEF K]I FOK�[E VONLR
jK[\L �W Q GOdNL KGNL�UWI a J WGVbJWUXL NKDJ EWNb MKI LYbX[Db[\ VG cWYXEGdP Q VONLRb OL XEL
VObGWI a VEF P

L1

OWG I WG P HG cWYW[\ K NKOW[I E VbX[\NKXE[DXLI S pGNL�ULXEL �HG cWY GKXOWG_
OKPb� VOKVKPWXL I LVO P OLYb P VLXVEL GKXOWGOH GW¼YL^K DL VG cWYXEGdP DL VPKI a GNbOb[DXa
MKP ELND[\XEa jK[\L �W S l OLI VbOHW[I E H¼bPW VEF KGNL�ULXEW MKYPdI Xb GKXOWGO ºYKH]UL
[KXOW[O» S

qG cWY MKXWYGKXOWGOKPb JK¼L ONW[Ee J WOLNEF MNDLD MHXGO nW^NWX^L �W
L2

S l Md�Xb[\
VOWYEW[\ LPKUH[I E P OWGEJ HG cWYDEL J K¼L PbOPKNDbe VEF KOK[DGW S ¬WDbPWJb I L HG cWYWJ E
PL P VMdUXLI KOK[D[L º`� Q [KJJKX LXhLUKM L» S
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�XRKNJ W[I L K HG cWYDEL DWeJ ELXEKPbJ JK¼LJb HDbVGWe D XWVOFMHI a[b[\ �NdYL c�

• ]WYWk DJ EWX I WVXK�[E

• YKMMULNKPVGEL MNDLVHXEF[EW UEX EE P EYJKPb[\

• JLOKYWJ E K]NWDKPWXEW EXOLNRLNKJ LONb[DXL^K

• WXWUEDW MNK� UE UEX EE P EYJKPb[\

• DWGNb[EW MNDLD gVEF¼b[

• MKUWNbJLONEW

• K]VLNPW[I L PM cbPH ONDL[EL^K [EW cW XW JKJ LXOb DWeJ ELk P HG cWYW[\ MKONdI Xb[\

• K]VLNPW[I L JKJLXOdP MHUVdP P HG cWYW[\ NLXO^LXKP VGE[\
CP EL MKYVOWPKPL JLOKYbQ GOdNL P DWI LJXEL HDHML cXEWI a VEF E M KDPWUWI a XWJ HDb_

VGWe GKJMULOXb JKYLU Va KMWNOL XW K]VLNPW[I W[\ RKOKJ LONb[DXb[\ E VM LGONKVGKMKPb[\ S
l K]VLNPW[I W[\ RKOKJ LONb[DXb[\ P EYDEJb DJ EWXb I WVXK�[E VG cWYXEGdP P ONWG[EL NH[\H
KN]EOWUXL^K KNWD LRLGOb DWeJ ELk S ¾J EWXb I WVXK�[E MKVD[DL^dUXb[\ VG cWYXEGdP Va VMKPK_
YKPWXL XEL VRLNb[DXbJ GVDOW cOLJ ^P EWDY KNWD XELI LYXKNKYXbJ NKDG cWYLJ I WVXK�[E XW E[\
MKP ELND[\XE S p]VLNPW[I L VM LGONKVGKMKPL MKDPWUWI a XWJ DWK]VLNPKPWe LRLGO CKMMULNW
YUW UEX EE P EYJKPb[\ K]H VG cWYXEGdP KNWD DJ ELNDbe E[\ MNFYGK�[E NWYEWUXL S fNFYGK�[E NW_
YEWUXL VG cWYXEGdP DJ ELXEWI a VEF XW VGHOLG NH[\H KN]EOWUXL^K HG cWYH S pONDbJ WXL [Ea^E
K]VLNPW[I E XWDbPWJb GNDbPbJ E ]UWVGH E MNFYGK�[E NWYEWUXb[\ S qDbVGWXEL J KYLUH HG cWYH
XW MKYVOWP EL Ob[\ GNDbPb[\ DKVOW cK KJdP EKXL P XWVOFMXbJ NKDYDEWUL ºB» S

gKULI Xb VMKVd] XW HDbVGWXEL EXRKNJ W[I E K VG cWYXEGW[\ HG cWYH OK K]VLNPW[I L MNK� UE UEX EE
P EYJKPb[\ S ¬W E[\ MKYVOWP EL JK¼LJb PXEKVGKPWe K PWNHXGW[\ MWXHI a[b[\ P K]VDWNDL
P GOdNbJ MKP VOWI a S l XELGOdNb[\ RWDW[\ NH[\H KN]EOWUXL^K XW VGHOLG LRLGOH CKMMULNW
I LVOL�Jb P VOWXEL DWK]VLNPKPWe KVK]XK UEX EL P EYJKPL K]H VG cWYXEGdP S l DWUL¼XK�[E KY
I WGK�[E K]VLNPW[I E E VLMWNW[I E UEX EE [DWVWJ E I LVOL�Jb P VOWXEL YKG cWYXEL I L DEYLXOb�GKPWe
E MKJ ELNDbe S ¬W MKYVOWP EL MKJ EWNH ^ cF]KGK�[E X ELGOdNb[\ [\WNWGOLNbVOb[DXb[\ UEX EE J K_
¼LJb PbDXW[Dbe ObMb P EYJKPL VG cWYXEGdP S C UW ^P EWDY VDb]GK NKOHI a[b[\ PKGd c P cWVXLI
KVE JK¼LJb DWK]VLNPKPWe MKVDLNDLXEL UEX EE XW VGHOLG NKOW[I E S

¬ EL I LVOL�Jb P VOWXEL DWK]VLNPKPWe MKI LYbX[Db[\ VG cWYXEGdP ^P EWDYb MKYPdI XLI
DWeJ ELXEKPLI J LOKYWJ E WVONKJ LONb[DXbJ E DL P D^UFYH XW E[\ J Wca VLMWNW[I L S `DWVWJ E
I LYXWG P HG cWYW[\ MKONdI Xb[\ NKDYDELULXEL ONDL[EL^K VG cWYXEGW KY MWNb DWeJ ELXEKPLI I LVO
J K¼UEPL S iWGEL K]VLNPW[I L JK^a YKVOWN[Dbe YKYWOGKPb[\ EXRKNJ W[I E K HG cWYDEL S l HG cW_
YW[\ MKONdI Xb[\ ^Yb PM cbP ONDL[EL^K VG cWYXEGW I LVO DXW[Da[b JK¼XW OL¼ DWK]VLNPKPWe
KGNLVKPL MNDLVHXEF[EW JKJLXOdP DWeJ ELk XW VGHOLG K]EL^H MWNb DWeJ ELXEKPLI E ONDL[EL^K
VG cWYXEGW PKGd c P VMdUXL^K �NKYGW JWV S l OLYb MWNW DWeJ ELXEKPW KGNLVKPK KYYWUW VEF E
D]UE¼W YK K]VLNPWOKNW S
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fNDb MKJK[b WXWUEDWOKNW MKUWNbDW[bI XL^K JK¼LJb D]WYWe MKUWNbDW[I F �P EWO cW KY

^P EWDY S fKUWNbDW[I L MNKJ ELXEKPWXEW KY HG cWYdP MKYPdI Xb[\ MNDLP EYDEW c `\WXYNWVL_
G\WN º�©��» S fKYVOWPKPbJ �NdY cLJ MKUWNbDW[I E I LVO NKDMNWVDWXEL �P EWO cW XW MKP ELND[\XE
VaVEWYW UH] XW LULGONKXW[\ P WOJ KVRLNW[\ PbVKGKOLJMLNWOHNKPb[\ S

oLOKYb EXOLNRLNKJ LONb[DXL Q GOdNL MKONW�a DNLGKXVONHKPWe K]NWD HG cWYH P XELGOdNb[\
MNDbMWYGW[\ MKDPWUWI a XWJ DJ ELNDbe KYUL^ cK�e GaOKPa VG cWYXEGdP MWNb DWeJ ELXEKPLI S
lbXEG OLX MKDPWUW Q Y UW K]ELGOdP K DXWXLI KYUL^ cK�[E Q PbDXW[Dbe VLMWNW[I L VG cWYXEGdP P
I LYXKVOGW[\ W]VKUHOXb[\ S

l ONWG[EL NH[\H KN]EOWUXL^K gVEF¼b[ DWGNbPW ^P EWDYb D MWVW PDY cH¼ LGUEMObGE K VDL_
NKGK�[E

16◦
S p]VLNPW[I L Ob[\ DWeJ ELk VDb]GEJ E YLOLGOKNWJ E J K^a MKDPKUEe XW DWNLI LVONK_

PWXEL MKYPdI XK�[E YWXLI ^P EWDYb _ KV cW]ELXEL XWVOFMHI L P YPHVOKMXEKPK S oK¼XW NdPXEL¼
PXEKVGKPWe K VLMWNW[I E VG cWYXEGdP S

¾YWNDW VEF ¼L P HG cWYW[\ MKYPdI Xb[\ I LYLX DL VG cWYXEGdP I LVO MHUVWNLJ S l ONWG[EL
NH[\H KN]EOWUXL^K JK¼LJb DWK]VLNPKPWe DJ EWXb [DFVOKOUEPK�[E MHUVdP MHUVWNW XW VGHOLG
D]UE¼WXEW VEF E KYYWUWXEW KY K]VLNPWOKNW S �RLGO OLX I LVO WXWUK^E[DXb YK LRLGOH CKMMULNW E
MKDPWUW XWJ PbDXW[Dbe GNDbPa MNFYGK�[E NWYEWUXb[\ YUW MHUVWNW S
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fELNP VDL JKYLUL HG cWYdP MKYPdI Xb[\ DKVOW cb VOPKNDKXL MNDLD �LXNbL^K ¬KNNEVW jHV_
VLUUW S �L^K J LOKYW MKUL^W cW XW HVHPWXEH ºNLGOb�GW[I E» PM cbPH LUEMOb[DXK�[E VG cWYXEGdP
KNWD PM cbPH LRLGOH KY]E[EW ¿ XW GVDOW cO GNDbPLI ]UWVGH S l OLX VMKVd] JKYLU LUEMVKEY
ONdI KVEKPb[\ DKVOWPW c DNLYHGKPWXb YK VRLNb[DXb[\ VG cWYXEGKP YUW GOdNb[\ JK¼XW ]bUK
cWOPK DXWUL�e NKDP EaDWXEL ºjHVVLUU �©�� # jHVVLUU E o LNNEUU �©�B» S gKULI Xb GNKG P JKYL_
UKPWXEH HG cWYdP DWeJ ELXEKPb[\ PbGKXWc gKMWU º�©�©» S mWYWc KX PM cbP VM cWVD[DLXEW
^P EWDY VMKPKYKPWXL^K NKOW[I a KNWD M cbPWJ E XW I WVXK�e HG cWYH S qPD^UFYXEW c MK[ELJXEL_
XEL ]NDL^KPL Q MKI W�XELXEL ^NWP EOW[bI XL KNWD LRLGO KY]E[EW S �LYXWG JKYLUL NLGOb�GKPWXL
YK]NDL KMEVbPW cb Ob UGK HG cWYb P GOdNb[\ LRLGOb ]UEVGK�[E Va VOKVHXGKPK XELP ELUG EL ºV cW]K
DXELGVDOW c[KXL VG cWYXEGE» S C UW HG cWYdP Md cNKDYDELUKXb[\ UH] GKXOWGOKPb[\ KONDbJbPWXK
[DFVOK ] cFYXL PbXEGE S f ELNP VDL ] LDM K�NLYXEL PbDXW[DLXEL GNDbPLI ]UWVGH PbGKXWc nH[b
º�©��» S q¼b c KX MNK^NWJH MNDLDXW[DKXL^K ObUGK YUW HG cWYdP GKXOWGOKPb[\ S fKP ELND[\_
XEW ^P EWDYb ]b cW KMEVWXW MKI LYbX[DbJ MKOLX[I W cLJ S ¬W MK[DaOGH UWO ��_Ob[\ XW VGHOLG
NKDPKI H OL[\XEGE GKJMHOLNKPLI MKP VOW cb J LOKYb ]LDMK�NLYXEL^K PbDXW[DWXEW GNDbPb[\
]UWVGH KNWD MNFYGK�[E NWYEWUXb[\ S oLOKYb OL JK¼LJb MKYDELUEe XW ONDb ^NHMb P DWUL¼XK�[E
KY VMKVK]H PbDXW[DWXEW GVDOW cOH MKP ELND[\XE VG cWYXEGdP ºgWUNWO\ Q o EUKXL �©©©» S

• ^LKJ LONEW VRLNb[DXW
I �mpf º�[UEMVEX^ mEXWNb pN]EO fNK^NWJ Q ¬LUVKX E CWh EV �©�B»
• ^LKJ LONEW LUEMOb[DXW
I �mpfQ l �¬g ºlKKY �©��»
• ^LKJ LONEW KMWNOW XW JKYLUH jK[\L �W
I nH[b �©��
ÀJKLMN ÈÎ ÌÅÉ OÅ ÎPQ ÊËÏ ÌÍÇ ÌËÎÅÇÍRË QÊKÍK Ä ÍSÍÇ KÍ ÈT OÅSÇÌTUÎ KËÈÉÅÄ Í VËSW ÌÉÍX QÊKÍK ÈT OÅSÇÌT SÊYR Ì ÌSË ÃÌÍÊÅ SË ËW ÈÍÊÎÅÉËÊÅ Z

��
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I �EUU Q �HO[\EX^V �©��
I l EUVKX Q CLhEXXLb �©��
I oK[\XW[GE Q CKH^\OUb �©�B
I �EUU Q jH[EkVGE �©©�
l XEXELI VDLI MNW[b GKNDbVOWXK ^ cdPXEL D PLNVI E MNK^NWJH lC \ WYWMOKPWXLI MNDLD i S

fULPL ºfULPW �©�� Q �©©B» S fNK^NWJ OLX I LVO NKD]HYKPWXb K MWGELO GEUGH JLOKY J EXE_
J WUEDHI a[b[\ S pNb^EXWUXb MNK^NWJ lC GKNDbVOW ObUGK D J LOKYb GKNLG[I E Nd¼XE[KPb[\
ºYE]LNLXOEWU [KNNL[OEKXV Q C`»S

l KVOWOXE[\ UWOW[\ MKP VOW cb MNK^NWJbQ ]WDHI a[b[\ XW JLOKYDEL lC Q K NKD]HYKPW_
XbJ EXOLNRLI VEL ^NW�[DXbJ Q MKDPWUWI a[bJ XW MNDbVMELVDLXEL MNK[LVH JKYLUKPWXEW S qJK¼_
UEP EWI a KXL XWOb[\J EWVOKPL MKNdPXWXEL GNDbPb[\ VbXOLOb[DXb[\ E K]VLNPKPWXb[\ Q KONDb_
JHI LJb NdPXEL¼ PWNOK�[E W]VKUHOXL KNWD ONdIPbJ EWNKPb K]NWD HG cWYH S

fNDbG cWYb OWGE[\ MNK^NWJdP OK �
• f�p�m�
I ^__` abbccc de fg dhi fjkl dmfb`^ nopob
• m�¬Tj� oTg�j � S�
I ^__` abbccc dp fiqrstquor dvnt b

0 1210 w;<9 x87G<5@ :7;<=7>9?49
T]b PbDXW[Dbe MWNWJLONb HG cWYH MKYPdI XL^K DWeJ ELXEKPL^K D K]VLNPW[I E M KONDL]HI LJb
JKYLUH GOdNb KMEVHI L PM cbP Ob[\ MWNWJ LONdP XW GVDOW cO GNDbPb[\ ]UWVGH E MNFYGK�[E
NWYEWUXb[\ S fKVEWYWI a[ OWGE JKYLU I LVOL�Jb P VOWXEL DJ ELXEWI a[ PWNOK�[E MWNWJLONdP
HG cWYH P ENOHWUXL^K HDbVGWe D^KYXK�e GNDbPb[\ Q Ob[\ P ENOHWUXb[\ E DWK]VLNPKPWXb[\ S
T]b HDbVGWe D]EdN MWNWJLONdP ]FYa[b[\ P D^KYDEL D K]VLNPW[I WJ E GKNDbVOWJb D MNK[LYHN
J EXEJ WUEDHI a[b[\ GOdNL VDHGWI a XWIJXELI VDb[\ KY[\bULk M KJ EFYDb GNDbPbJ E VbXOLOb[D_
XbJ E KNWD K]VLNPKPWXbJ ES o EXEJ WUEDKPWXW I LVO RHXG[I W

χ2 =
∑

(Obs − Cal)2 S `DFVOK
MWNWJLONb HG cWYH Va JK[XK VGKNLUKPWXL S �XXbJ E V cKPb [DWVWJ E I LVOL�Jb P VOWXEL HDbVGWe
P EFGVDa UE[D] F DLVOWPdP MWNWJLONdP GOdNL YWI a YK]Na D^KYXK�e D K]VLNPW[I WJ E S ¨HXG[I W
χ2 JK¼L MKVEWYWe GEUGW J EXEJdP UKGWUXb[\ E I LYXK ^UK]WUXL GOdNL^K MKVDHGHI LJbS oKYLU
HG cWYH JHVE HMKNWe VEF D ONDLJ W MNK]ULJ WJ E �

• PbDXW[DLXELJ GVDOW cOH E NKDJ EWNH VG cWYXEGdP
I JKYLU jK[\L �W E MK[\KYXL
• KGNL�ULXELJ NKDG cWYH I WVXK�[E XW MKP ELND[\XE ^P EWDY
• KGNL�ULXELJ I WG GVDOW cO VG cWYXEGdP Q NKDG cWY I WVXK�[E E XW[\bULXEL KN]EOb MNDLG cWYWI a

VEF XW GNDOW cO GNDbPb[\ ]UWVGH E MNFYGK�[E NWYEWUXb[\
l GKULI Xb[\ MKYNKDYDEW cW[\ KMEVWXK I WG J LOKYW lC NWYDE VK]EL D ObJ E DWYWXEWJ E S
y zTÊUÉÍÏ {| WLSK ÌÍÏP ËTÊÍMÆÅN ÏÍÉËSL}QÊËRÊÅÏ { ÌÆÈËÇÅ~| Í� ÌÇÇÍPZ
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l JLOKYDEL l C GKNDbVOW VEF D J KYLUH jK[\L �W S oKYLU OLX DKVOW c NKD]HYKPWXb W]b
HPD^UFYXEe YKYWOGKPK LRLGOb NKOW[I E WVbX[\NKXE[DXLI VG cWYXEGdP Q LUEMOb[DXL KN]EObQ [E�X EL_
X EL MNKJ ELXEKPWXEW S f ELNPKOXEL P J LOKYDEL l C PMNKPWYDKXK JKYLU KMEVHI a[b HG cWY K
GK cKPb[\ KN]EOW[\ E NKOW[I E VbX[\NKXE[DXLI S oKYLU jK[\L �W GKNDbVOW D M LPXL^K HMNKVD_
[DLXEW ºgWUNWO\ Q o EUKXL �©©©» � MKUL ^NWP EOW[bI XL P HG cWYDEL I LVO PbOPWNDWXL MNDLD YP EL
MHXGOKPL JWVb KMEVHI a[L MKUL K]H VG cWYXEGdP Q [DbUE MNDbIJHI LJb ¼L J WVbPXW [DF�e
KOK[DGE I LVO VRLNb[DXEL VbJ LONb[DXW S

¾WVOKVKPWXK NKOHI a[b HG cWY KYXELVELXEW Q MK[DaOLG GOdNL^K I LVO HJ ELI V[KP EKXb P �NKYGH
VG cWYXEGW K P EFGVDLI J WVEL W K� � I LVO VGELNKPWXW YK VG cWYXEGW YNH^EL^K S qG cWY OLX I LVO
XELEXLN[I WUXbQ PbVOFMHI a P XEJ VEcb ] LDP cWYXK�[E S fNFYGK�e GaOKPW NKOW[I E OWGEL^K HG cWYH
PbXEGW D ONDL[EL^K MNWPW gLMULNW S

ω = (2π)/P =

√

G(M1 + M2)

d3

ºB S�»
ZEcb GOdNL YL[bYHI a K GVDOW c[EL VG cWYXEGdP OK VEcb ^NWP EOW[bI XL MK[\KYDa[L KY K]H

VG cWYXEGdP KNWD VEcb KY�NKYGKPL DP EaDWXL D �NKYGELJ JWV HG cWYH PKGd c GOdNL^K KX NKOHI L
D MNFYGK�[Ea GaOKPa

ω
S fKP VOW cL MKUL I LVO DW[\KPWP[DL W I L^K MKOLX[I W c KGNL�UKXb I LVO

P DKNLJ ºgKMWU Q �©�©» �

−Ψ(x, y, z) = G
M1

R1

+ G
M2

R2

+
ω2

2
roω

2 ºB SB»
l MK]UE¼H VG cWYXEGdP º�QB» E[\ MKUL ^NWP EOW[bI XL J W YL[bYHI a[b PM cbP XW MKOLX[I W cS

l P EFGVDLI KYUL^ cK�[E KY VG cWYXEGdP YL[bYHI a[a NKUL MNDLIJHI L VEcW KY�NKYGKPW S �L¼LUE
P MK]UE¼H HG cWYH DXWI YHI L VEF [DaVOGW MNd]XW OK I LI NH[\ I LVO KGNL�UKXb MNDLD OL ONDb VEcb
ºjbV S B S�» S

ªP EWDYb K^NWXE[DKXL Va MKP ELND[\XEWJ E K MLPXb[\ MKOLX[I W cW[\ GOdNL XWDbPWXb MK_
OLX[I W cWJ E MKP ELND[\XEKPbJ E S p]W VG cWYXEGE KOK[DKXL Va YPKJW KPWUXbJ E VONLRWJ E GOdNL
VObGWI a VEF P MHXG[EL nW^NWX^L �W

L1

S ¬ WDbPWJb I L VONLRWJ E jK[\L �W ºjK[\L UK] LV» W E[\
MKP ELND[\XEL K^NWXE[DWI a[a _ GNbOb[DXa MKP ELND[\XEa jK[\L �W S pGNL�UW KXW JWGVbJ WUXb
NKDJ EWN MKI LYbX[Db[\ VG cWYXEGdP S lLPXaOND Ob[\ VONLR YL[bYHI a[a NKUL KY^NbPW ^NWP E_
OW[I W YWXL^K VG cWYXEGW S iNDL[EW VONLRW KOW[DW MELNP VDL YP EL E MKP ELND[\XEW K^NWXE[DWI a[W
I a MNDL[\KYDE MNDLD MHXGO nW^NWX^L �W

L2

S pGNL�UW KXW J WGVbJWUXb JK¼UEPb NKDJ EWN
HG cWYH MKXWYGKXOWGOKPL^K ºKhLN [KXOW[O» S ZONLRW [DPWNOW OK [W cW MNDLVONDLk MKDKVOW cW S
lLPXaOND XELI VEcb KY�NKYGKPL Va DXW[DXL E J WOLNEW ^P EWDYb GOdNW JK^ cW]b VEF YK XELI
MNDLYKVOWe MNDLD

L2

VOKMXEKPK KYYWUW VEF KY HG cWYH S
l JLOKYDEL l C H¼bPW VEF DJ KYb�GKPWXb UH] DXKNJ WUEDKPWXb MKOLX[I W c jK[\L �W

Ω
S

Ω = − Ψd

GM1

− 1

2

q2

q + 1

ºB S�»
�L¼LUE M KOLX[I W c DWMEVDLJb PL P VMd cNDFYXb[\ VRLNb[DXb[\ E MNDbIJ ELJb KYUL^ cK�e J EF_

YDb VG cWYXEGWJ E NdPXa I LYXK�[E Q OK MKOLX[I W c
Ω

MNDbIJHI L M KVOWe S
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jbVHXLG B S� � qGcWY KYXELVELXEW

iW]UE[W B S� � gaOb KGNL�UWI a[L [DOLNb MNKJ ELXEL VG cWYXEGW

φ θ
Rpoint 0 90
Rside 90 90
Rback 90 180
Rpole 0 0

Ω(r, q) =
1

r
+ q

[

1√
1 − 2λr + r2

− λr
]

+
1

2
(q + 1)r2(1 − ν2)

ºB S�»
^YDEL �

λ = cos(φ)sin(θ)

ν = cos(θ)
ºB S�»

jdPXWXEL OK H¼bPWJb YK DXWULDELXEW NKDJ EWNdP E GVDOW cOH VG cWYXEGdP HG cWYH K NKOW[I E
VbX[\NKXE[DXLI E KN]EOW[\ GK cKPb[\ S gaOb

φ
E

θ
YL�XEHI a GELNHXLG P XWVDbJ HG cWYDEL

VRLNb[DXbJ S p]W VG cWYXEGE KGNL�UKXL Va [DOLNLJ W MNKJ ELXEWJ E VGELNKPWXbJ E KYMKP ELYXEK
YK

L1

Q ]EL^HXW ]KGH E Ob cH ^P EWDYb ºiW] S B S�» S

¬W MKYVOWP EL NdPXWXEW B S� JK¼LJb PbDXW[Dbe NKDJ EWNb MELNP VDL^K VG cWYXEGW S T]b
PbDXW[Dbe MNKJ ELXEL YNH^EL^K JHVEJb �DWJ ELXEe� JELI V[WJ E K]W VG cWYXEGE OWG W]b VG cWY_
XEG YNH^E DXWUWD c VEF P �NKYGH HG cWYH KYXELVELXEW S l MNWGOb[L PbVOWN[Db PbDXW[Dbe

Ω2
′KNWD

q′
ºNdPXWXEL B S�» E P VOWP Ee YK NdPXWXEW B S� S
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Ω2
′ = Ω2 · q−1 +

1

2
(1 − q−1)

q′ =
1

q

ºB S�»

� �~�°� � �}��°�����°±��
l MNDbMWYGH NKOW[I E VbX[\NKXE[DXLI J WOLNEW ^P EWDYb I LVO P VMK[DbXGH PD^UFYLJ K^NWXE_
[DWI a[LI I a MKP ELND[\XE LGP EMKOLX[I WUXLI S �L¼LUE J WJb I LYXWG NKOW[I F WVbX[\NKXE[DXa Q XW
MNDbG cWY GELYb KGNLV I LYXL^K DL VG cWYXEGdP I LVO GNdOVDb XE¼ KN]EOWUXb MKP VOWI a YKYWOGKPK
VEcb KY�NKYGKPL DP EaDWXL D KVEa NKOW[I E VWJ L^K VG cWYXEGW S ªP EWDYW NKOHI L P D^UFYLJ VPK_
I LI K^NWXE[DWI a[LI MKP ELND[\XE LGP EMKOLX[I WUXLI S �L¼LUE ^P EWDYW I LVO NKD[Ea^XEFOW M cbPWJ E
MHXGO XW I LI MKP ELND[\XE ] FYDEL PbGKXbPWc NH[\b NWYEWUXL P ^dNL E P Yd cS iK MKPKYHI L
¼L YUW ^P EWDY JK[XK DXELGVDOW c[KXb[\ XWVOFMHI L VDb]GW VbX[\NKXEDW[I W NKOW[I E VG cWYXEGW
D NH[\LJ KN]EOWUXbJ º¾W\X �©�� Q �©��» S CKYWOGKPL VEcb KY�NKYGKPL MKPKYHI a VM cWVD[DL_
XEL VG cWYXEGW MNDb ]EL^HXW[\ S jKOW[I F WVbX[\NKXE[DXa KMEVHI LJb PVMd c[DbXXEGWJ E

F12
Q

PWNOK�e � KDXW[DW NKOW[I F VbX[\NKXE[DXa S

Ω(r, q) =
1

r
+ q

[

1√
1 − 2λr + r2

− λr
]

+
1

2
F 2(q + 1)r2(1 − ν2)

ºB S�»

��� �~� � ���~�°±��
l MNDbMWYGH KN]EO GK cKPb[\ GVDOW cO MKP ELND[\XE LGP EMKOLX[I WUXb[\ I LVO XELDJ ELXXbS `DF_
VOK I LYXWG KN]EObQ DP cWVD[DW YUW VG cWYXEGdP K P EFGVDLI VLMWNW[I E Q Va LUEMOb[DXL S ªP EWDYb K
J WcLI VLMWNW[I E J WI a DWDPb[DWI KN]EOb GK cKPL DL PD^UFYH XW M cbPbQ GOdNL MKPKYHI a YbV_
VbMW[I F LXLN^EE X ELVbX[\NKXE[DXLI NKOW[I E P VGWUE [DWVH MKNdPXbPWUXLI D OLNJ E[DXa º¾W\X
�©�� Q �©��» S pYUL^ cK�e

d
JEFYDb VG cWYXEGWJ E YUW KN]EO LUEMOb[DXb[\ I LVO RHXG[I a RWDb NH[\H

KN]EOWUXL^K E KGNLVKPK VEF DJ ELXEW S fKPKYHI L OK NdPXEL¼ KGNLVKPL DJ EWXb GVDOW cOH E NKD_
J EWNdP MKP ELND[\XE LGP EMKOLX[I WUXb[\ Q GNbOb[DXLI MKP ELND[\XE jK[\L �W E VWJb[\ ^P EWDY S
� UEMOb[DXK�e KN]EOb KMEVHI LJb VM cWVD[DLXELJ

e
S

Ω(r, q, d) =
1

r
+ q

[

1√
d2 − 2λdr + r2

− λr

d2

]

+
1

2
F 2(q + 1)r2(1 − ν2)

ºB S�»

0 121� �7DA B9; � 95?7�G4 ?9 x7> 4<8DGH?4 �> 49D;F
`DbXXEGE Q GOdNL JHVEJb HPD^UFYXEe W]b KMEVWe NKDG cWY I WVXK�[E XW MKP ELND[\XE ^P EWDYb
KNWD PM cbPWI a[L XW MNKJ ELXEKPWXEL P Nd¼Xb[\ DWGNLVW[\ [DFVOKOUEPK�[E �

• JKYLU NKDG cWYH P EYJKPL^K MNKJ ELXEKPWXEW
• MK[ELJXELXEL ]NDL^KPL
• MKI W�XELXEL ^NWP EOW[bI XL
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jbVHXLG B SB � l EYJK VbXOLOb[DXL ^P EWDYb T �� XW MKYVOWP EL JKYLUE gHNH[DW º�©�©» S
l EYWe PbNW�Xa Nd¼XE[F D NKDG cWYLJ MNKJ ELXEKPWXEW YUW [EW cW YKVGKXWUL [DWNXL^K S

• LRLGO KY]E[EW ºNL�LGVH »

• MUWJb XW MKP ELND[\XE VG cWYXEGdP

• NKD[Ea^ cW WOJ KVRLNW
ºDWeJ ELXEW WOJKVRLNb[DXL»

pVOWOXEL YPW MHXGOb Va KM[I KXWUXL E YKOb[Da ^P EWDY K NKD[Ea^ cb[\ WOJ KVRLNW[\ UH]
MUWJ W[\ XW MKP ELND[\XE S T]b KGNL�UEe I WG ^P EWDYW MNKJ ELXEHI L P Nd¼Xb[\ DWGNLVW[\
[DFVOKOUEPK�[E JHVEJb MNDbI ae M LP ELX JKYLU S l MELNP VDbJ MNDb]UE¼LXEH J K¼L OK ]be [EW cK
YKVGKXWUL [DWNXL MNKJ ELXEHI a[L I WG [EW cK P NdPXKPWYDL OLNJKYbXWJ E[DXLI S ¾XW[DXEL
YKG cWYXELI VDb I LVO JKYLU HPD^UFYXEWI a[b �DbGF WOJKVRLN E ULMELI KYDP ELN[ELYUWI a[b P EYJ W
^P EWDY NDL[DbP EVOb[\ S

CKG cWYXb JKYLU WOJKVRLNb I LVO XWJ MKONDL]Xb POLYbQ G ELYb JWJb K]VLNPW[I L P Nd¼_
Xb[\ � UONW[\ DP cWVD[DW PaVGKMWVJ KPb[\ Q [DbUE GELYb JWJb MKNdPXWXEL EUK�[E �P EWO cW P
Nd¼Xb[\ MNDLYDEW cW[\ [DFVOKOUEPK�[E S l XELGOdNb[\ MNDbMWYGW[\ ^ cF]KGEL UEX EL P EYJKPL
UH] [W cL E[\ MWVJ W MKPKYHI a ¼L P EYJW NDL[DbP EVOL Nd¼XEa VEF DXW[DXEL KY MNKJ ELXEKPWXEW
[EW cW YKVGKXWUL [DWNXL^K ºjbV S B SB» S

lVMd c[DLVXL J KYLUL WOJ KVRLN HPD^UFYXEWI a [KNWD P EF[LI [DbXXEGdP �
I MNFYGK�e NKOW[I E
I XWOF¼LXEL MKUW ^NWP EOW[bI XL^K
I JLOWUE[DXK�e
I DWPWNOK�e

α
_LULJ LXOdP �

α�¨L�
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I JEGNKOHN]HULX[I W
T]b PbDXW[Dbe I WGE I LVO NKDG cWY MNKJ ELXEKPWXEW JHVEJb DXWe OLJMLNWOHNF ^P EWDYbS

C UW ^P EWDYb VRLNb[DXLI OLJMLNWOHNW XW [WcLI MKP ELND[\XE I LVO OWGW VWJ W S ªP EWDYW KY_
GVDOW c[KXW VEcWJ E KY�NKYGKPbJ E UH] VEcWJ E M cbPKPbJ E KY VaVEWYW MKVEWYW Pb¼VDa OLJ_
MLNWOHNF P K]VDWNW[\ K Pb¼VDbJ UKGWUXbJ MNDbVMELVDLXEH ^NWP EOW[bI XbJ

g ∼ T
S �RLGO

OLX XWDbPWJb MKI W�XELXELJ ^NWP EOW[bI XbJ S

Tlocal = Tpole

(

glocal

gpole

)g/4 ºB S©»
l PbG cWYXEGH JWJb VOW ca

g
Q GOdNW D^KYXEL D MNWPLJ hKX ¾LEM LUW YUW ^P EWDY K MNK_

J ELXEVOb[\ WOJKVRLNW[\ JW PWNOK�e �S C UW WOJKVRLN GKXPLGObPXb[\ PWNOK�e
g

PbXKVE
� S�B D^KYXEL D MNWPLJ nH[bL^K S ¬WIPb¼VDa OLJMLNWOHNF ^P EWDYW J W XW ]EL^HXEL S C UW
^P EWDYb VRLNb[DXLI J WJb

Tlocal = Tpole = Teff
S

¾XWI a[ NKDG cWY OLJMLNWOHN XW MKP ELND[\XE ^P EWDYb JK¼LJb KGNL�UEe JKXK[\NKJW_
Ob[DXa I WVXK�e MKP ELND[\XEKPa HPD^UFYXEWI a[ MK[ELJXELXEL ]NDL^KPL S p]VLNPWOKN P EYDE
^ cF]VDL PWNVOPb P �NKYGH OWN[Db XE¼ XW I LI ]NDL^W[\ S lWNVOPb ^ cF]VDL J WI a Pb¼VDa OLJ_
MLNWOHNF [K KDXW[DW Q ¼L �NKYLG OWN[Db ^P EWDYb I LVO I W�XELI VDb XE¼ ]NDL^E S ¬WDbPWJb OK
LRLGOLJ MK[ELJXELXEW ]NDL^KPL^K S fNKVOL NdPXWXEL KMEVHI a[L OLX LRLGO OK UEXEKPL MNWPK
JKXK[\NKJWOb[DXL^K MK[ELJXELXEW ]NDL^KPL^K ºjdPXWXEL B S��» S

I = (1 − x + x cos γ)I0
ºB S��»

I0

OK XWOF¼LXEL MNKJ ELXEKPWXEW MNDb �NKYGH OWN[Db W GaO
γ

OK GaO MKJ EFYDb GELNHXGWJ E
YK K]VLNPWOKNW E YK MHXGOH XW MKP ELND[\XE DL �NKYGW ^P EWDYbS lVMd c[DbXXEG

x
XWDbPWJb

UEXEKPbJ PVMd c[DbXXEGELJ MK[ELJXELXEW ]NDL^KPL^K S lWNOK�[E I L^K DWUL¼a KY Y cH^K�[E
RWUE Q OLJMLNWOHNb E MNDbVMELVDLXEW ^NWP EOW[bI XL^K XW MKP ELND[\XE ^P EWDYbS lVMd c[DbXXEG
OLX PbDXW[DWJb D OLKNEE WOJ KVRLN ºNKDYDEW c B S�S�» S nEXEKPL MNWPK MK[ELJXELXEW ]NDL^K_
PL^K GKNDbVOW D I LYXL^K P VMd c[DbXXEGW Q YUW HDbVGWXEW P EFGVDLI YKG cWYXK�[E VOKVHI L VEF
XELUEX EKPL MNWPW K YPd[\ P VMd c[DbXXEGW[\ S

fWNb DWeJ ELXEKPL DWDPb[DWI Va VOKVHXGKPK [EWVXbJ E HG cWYWJ ES ZG cWYXEGE K�P ELOUWI a
VEF XWPDWI LJ S fKPKYHI L OK M LPXL PDWI LJXL MKY^NDLPWXEL VG cWYXEGdP S fKY^NDLPWXW I LVO
Ob UGK Md cVRLNW K�P ELOUKXW MNDLD YNH^E VG cWYXEG S ¬WYJ EWN [ELM cW I LVO PbMNKJ ELXEKPbPWXb E
YWI L PG cWY YK GNDbPLI ]UWVGH Q GOdNb JK¼XW DWK]VLNPKPWe S ¾I WP EVGK OK XWDbPWJb LRLGOLJ
KY]E[EW ºNL�LGVH » S ¬ EL I LVO KXK PbPK cWXL KY]E[ELJ MNKJ ELXEKPWXEW UL[D I LVO VGHOGELJ
MKY^NDWXEW S ibUGK P MNDbMWYGH ^P EWDY ]WNYDK ^KNa[b[\ XWDPW OW I LVO ]WNYDELI ONWRXW Q YUW
XE[\ JK¼UEPL I LVO NKDMNWVDWXEL XW LULGONKXW[\ P DLPXFONDXb[\ [DF�[EW[\ WOJKVRLNbS �RLGO
KY]E[EW I LVO J KYLUKPWXb MNDb MKJK[b MWNWJLONH WU] LYK Q GOdNb KGNL�UW I WGW [DF�e LXLN^EE
MNKJ ELXEKPWXEW MWYWI a[L^K DKVOWI L D MKP NKOLJ PbMNKJ ELXEKPWXW S gKULI XbJ LRLGOLJ
GOdNb JK¼L VEF MKI WP Ee OK MNDLM cbP [ELM cW D K]VDWNdP MKY^NDWXb[\ YK [\ cKYXELI VDb[\ S
l MELNPKOXLI PLNVI E J LOKYb lC DWVOKVKPWXK HMNKVD[DLXEL Q ^P EWDYW K�P ELOUWI a[W ]b cW
MNDb]UE¼KXW MHXGOLJ S l PLNVI E D NKGH �©�B DWVOKVKPWXK I H¼ YK OL^K [LUH LUEMVF S l
XKPK[DLVXb[\ MNK^NWJ W[\ HPD^UFYXEW VEF NdPXEL¼ KY]E[EW P ELUKGNKOXL S

¬ ELGOdNL MWNb DWeJ ELXEKPL MKVEWYWI a DXELGVDOW c[KXL GNDbPL ]UWVGH Q XW MNDbG cWY P E_
YK[DXW I LVO Nd¼XE[W P MKDEKJ EL J WGVEJdP S oK¼L OK ]be VMKPKYKPWXL YH¼bJ E MUWJ WJ E
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jbVHXLG B S� � iWN[DW ZcKk[W XW GOdNLI P EYWe MK[ELJXELXEL ]NDL^KPL E NKDUL^ cL MUWJb
º¾YI F[EL ¬TZT » S

XW MKP ELND[\XE S �L¼LUE DXELGVDOW c[LXEL GNDbPLI MKI WP EW VEF DWP VDL P ObJ VWJbJ J ELI V[H
GNDbPLI KDXW[DW OK E¼ J WJb YK[DbXELXEL D NH[\LJ VbX[\NKXE[DXbJ VG cWYXEGW D MUWJ a S
l MNDL[EPXbJ MNDbMWYGH DXELGVDOW c[LXEL ] FYDEL �PFYNKPWe� [DbUE M KI WP EWe VEF P Nd¼Xb[\
RWDW[\ NH[\H KN]EOWUXL^K S f UWJ F KMEVHI LJb I LI P VMd cNDFYXbJ E ºVDLNKGK�e E Y cH^K�e» Q NKD_
J EWNWJ E ºMNKJ ELk» E I LI OLJMLNWOHNa P VOKVHXGH YK KOK[DLXEW S f UWJb JK^a J ELe XE¼VDa
UH] Pb¼VDa OLJMLNWOHNF KY MKP ELND[\XE KOW[DWI a[LI S pGNL�ULXEL OL^K XW GOdNbJ VG cWYXEGH
JWJb HJ ELI V[KP Ee MUWJ F PbPK cHI a[a YWXL DXELGVDOW c[LXEL JK¼L VMNWP Ee G cKMKO S ¾PbGUL
MNDbIJHI LJb ¼L I LVO OK VG cWYXEG K XE¼VDLI OLJMLNWOHNDL E WOJKVRLNDL GKXPLGObPXLI S

0 121� �8DF>< �=95A@ 4 x8�;A7�G4 89;49=?FGH
¾XWI a[ NdPXWXEW KMEVHI a[L GVDOW cO Q NKDJ EWNbQ NKDG cWY I WVXK�[E XW MKP ELND[\XE VG cWYXEGdP
E XW[\bULXEL KN]EOb I LVOL�Jb P VOWXEL KYOPKNDbe GNDbPa ]UWVGH HG cWYH S l NKOHI a[bJ
HG cWYDEL P EYDEJb VG cWYXEGE D Nd¼Xb[\ GELNHXGdP S fKPKYHI L OK DJ EWXF VONHJ ELXEW YK_
[ELNWI a[L^K YK XWV DL VG cWYXEGdP XW VGHOLG DJ EWX MNDLGNKI H K]VLNPKPWXL^K ^P EWDYb E
XELI LYXKNKYXL^K NKDG cWYH I WVXK�[E XW MKP ELND[\XE S CKYWOGKPK XW VGHOLG DWeJ ELk XWVOF_
MHI L KGNLVKPL KV cW]ELXEL VONHJ ELXE Q P RWDEL � YUW VG cWYXEGW MELNP VDL^K E P RWDEL � S� YUW
YNH^EL^K S o LOKYW lC MKDPWUW NdPXEL¼ XW JKYLUKPWXEL HG cWYH MKONdI XL^K P GOdNbJ
ONDL[E VG cWYXEG XEL H[DLVOXE[Db P DWeJ ELXEW[\ E DWDPb[DWI DXWI YHI L VEF P P EFGVDLI KYUL_
^ cK�[E KY MWNb DWeJ ELXEKPLI S fNDbIJHI L VEF ¼L �ONDL[EL �P EWO cK�

l3
I LVO VOW cL S `W cGKP EOb

VONHJ ELk K]VLNPKPWXb OK
l(φ) = l1(φ)+ l2(φ)+ l3

ºjbV B S�» Q [DbUE I LVO VHJ a �P EWO cW MK[\K_
YDa[L^K KY YPd[\ UH] ONDL[\ VG cWYXEGdP Q HPD^UFYXEWI a[a KV cW]ELXEW VONHJ ELXEW XW VGHOLG
DWeJ ELk S

ZHJKPWXEL �P EWO cW YK[ELNWI a[L^K YK K]VLNPWOKNW D MKP ELND[\XE VG cWYXEGdP YKGKXb_
PWXL I LVO XHJ LNb[DXEL Q M KP ELND[\XEW ^P EWDYb YDELUKXW I LVO XW J WcL LULJ LXOb E YUW GW¼YL^K
D XE[\ I LVO PbDXW[DWXW I WVXK�e E MNDbMEVbPWXb VOWOHV KGNL�UWI a[b [Db OLX LULJ LXO I LVO DW_
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jbVHXLG B S� � ZONHJ ELk K]VLNPKPWXb YUW VG cWYXEGdP � E B KNWD VHJ WNb[DXb YUW [W cL^K
HG cWYH �� B S

eJ EKXbS fWNWJLONb
n1

E
n2

KMEVHI a UE[D] F PWNVOP �VEWOG E� LULJ LXOdP MKP ELND[\XE YUW K]H
VG cWYXEGdP S

gNDbPW ]UWVGH GOdNa KONDbJHI LJb D K]VLNPW[I E I LVO PbVGWUKPWXW P JW^XEOHYW[\ S fNK_
^NWJb ^LXLNHI a DWDPb[DWI VbXOLOb[DXL GNDbPL P I LYXKVOGW[\ VONHJ ELXEW HXKNJKPWXL^K
YK I LYbXGE S T]b MNDLUE[Dbe GNDbPa ]UWVGH YK VONHJ ELXEW GKNDbVOWJb DL PDKNH �

Ii = 10(li−l0) ºB S��»
^YDEL

l0
OK J WGVbJ WUXW I WVXK�e HG cWYH ]LD HPD^UFYXELXEW LRLGOH KY]E[EW S l P EFGVDK�[E

MNW[ RWDW � I LVO MNDbIJ KPWXW I WGK JKJLXO DWeJ ELXEW ^ cdPXL^K º^ cF]VDL^K» Q YUW GK cKPLI
KN]EOb RWDW � S� MNDbMWYW XW DWeJ ELXEL POdNXL S

jbVHXLG B S� � iNdIPbJ EWNKPb K]NWD VEWOGE YUW X� B� E X� ��
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T]b Pb^LXLNKPWe GNDbPa MNFYGK�[E NWYEWUXb[\ XW MKYVOWP EL DXWXb[\ MNFYGK�[E KN]E_

OWUXb[\ E XW[\b ULXEW KN]EOb JK¼LJb DWVOKVKPWe MNKVOb JKYLU P GOdNbJ ^P EWDYF DWVOaMEJb
MHXGOKPbJ �NdY cLJ �P EWO cW ºMKEXO VKHN[L JKYLU» S

C UW GK cKPb[\ KN]EO K XW[\bULXEH
90◦

K]VLNPKPWXW MNFYGK�e NWYEWUXW
Vobs = Vorbsin(φ)^YDEL

φ
OK RWDW NH[\H KN]EOWUXL^K S �L¼LUE J WJb I LYXWG JXELI VDL XW[\bULXEL Q OK JHVEJb

HPD^UFYXEe I LVD[DL I LYLX NDHO PLGOKNW MNFYGK�[E
Vobs = Vorbsin(φ)sin(i)

S
lbGNL�UWI a[ Oa RHXG[I L YUW K]H VG cWYXEGdP KONDbJHI LJb YP EL VEXHVKEYb MNDLVHXEFOL

P RWDEL K
π
S l RWDW[\ DWeJ ELk � E � S� J WJb J EXEJ WUXL MNFYGK�[E NWYEWUXL W P RWDW[\

� SB� E � S�� J WGVbJWUXL S ¨WDb KGNL�UWJb D^KYXEL D DW cK¼LXELJ Q ¼L RWDW DLNK MNDbMWYW
XW DWeJ ELXEL ^ cdPXL� S C UW ^P EWDYb [Ea^H ^ cdPXL^K P ELJb ¼L OLJMLNWOHNW NK�XEL P NWD D
P DNKVOLJ JWVbS C UW HG cWYdP P GOdNb[\ VG cWYXEGE UL¼a XW [Ea^H ^ cdPXbJ KDXW[DW OK ¼L
VG cWYXEG MELNP VDb K Pb¼VDLI OLJMLNWOHNDL J W P EFGVDa J WVF S l OWGELI VbOHW[I E VG cWYXEG
MELNP VDb J W GNDbPa j� K JXELI VDLI WJMUEOHYDEL

K1

S ZG cWYXEG U¼LI VDb ºB» J W WJMUEOHYF
P EFGVDa S ZOKVHXLG JWV PbXKVE

q = K1/K2 < 1
S

l ONWG[EL LPKUH[I E VG cWYXEG J WVbPXELI VDbQ GOdNb LPKUHHI L VDb] [ELI Q J K¼L DJXELI VDbe
VPKI a OLJMLNWOHNF MKXE¼LI OLJMLNWOHNb VG cWYXEGW YNH^EL^K S ZbOHW[I W OWGW I LVO J K¼UEPW
YUW HG cWYdP K VOKVHXGH J WV ]UEVG EJ �S l OLYb D^KYXEL D MNDbI FOa YL�XE[I a RWDb DLNK
VG cWYXEG MELNP VDb ]FYDEL J EW c JXELI VDa J WVF S pONDbJ WJb POLYb VOKVHXLG J WV

q > 1MKXELPW¼ VG cWYXEG MELNP VDb J W P EFGVDa WJMUEOHYF DJ EWX MNFYGK�[E NWYEWUXb[\ S
¬W MKYVOWP EL J KYLUH �NdY cW MHXGOKPL^K JK¼LJb MKGWDWe EYLL PbDXW[DLXEW MKYVOW_

PKPb[\ MWNWJ LONdP D GNDbPLI j� S �L¼LUE M KVEWYWJb K]VLNPW[I L VM LGONKVGKMKPL HG cWYH
P GOdNb[\ Va P EYK[DXL UEX EL K]H VG cWYXEGdP JK¼LJb HDbVGWe GNDbPL E[\ MNFYGK�[E NW_
YEWUXb[\ S gKNDbVOWI a[ D J LOKYb XWIJXELI VDb[\ GPWYNWOdP JK¼LJb YKMWVKPWe YK XE[\
YP EL VEXHVKEYb PbDXW[DWI a[ P OLX VMKVd] K]EL WJMUEOHYb

K1

E
K2

KNWD MNFYGK�e NWYEWUXa
HG cWYH DWeJ ELXEKPL^K º�NKYGW J WV» P D^UFYLJ ZcKk[W S fNFYGK�e NWYEWUXa HG cWYH

Vγ

I LVO
P EYK[DXW XW PbGNLVEL I WGK MNDLVHXEF[EL K]H GNDbPb[\ XW KVE MNFYGK�[E ºjbV S B S�» S ZOKVH_
XLG JWV PbDXW[DWJb D PDKNH

q = K1/K2

S gKNDbVOWI a[ DL P DKNH B S�B JK¼LJb PbDXW[Dbe
PWNOK�e

a sin i
S

a sin i = (K1 + K2) · P · 0.01976
ºB S�B»

^YDEL KGNLV
P

I LVO P YK]W[\ Q
K1,2

P GEUKJ LONW[\ XW VLGHXYF W HDbVGWXb PbXEG P
I LYXKVOGW[\ MNKJ ELXE Z cKk[W S

�L¼LUE DXWJb PWNOK�e XW[\b ULXEW KN]EOb D RKOKJ LONEE OK YDELUa[ HDbVGWXb PbXEG MNDLD
VEXHV GaOW XW[\bULXEW KONDbJHI LJb Md cK� P ELUGa

a[R¯]
S o WVb VG cWYXEGdP P I LYXKVOGW[\

JWVb ZcKk[W JK¼LJb HDbVGWe GKNDbVOWI a[ DL P DKNH B S�� S

m1,2 =
1.038 10−7(K1 + K2)

2 · K1,2 · P
sin3i

ºB S��»
lDKNb OL J K¼XW PbMNKPWYDEe D MNWPW MKP VDL[\XL^K [Ea¼LXEW KNWD MNWP gLMULN �W S

ZOW cL UE[D]KPL DWUL¼XL Va KY MNDbI FOL^K HG cWYH I LYXKVOLG S
oKYLU �NdY cW MHXGOKPL^K OK YK]NL MELNP VDL MNDb]UE¼LXEL I LYXWG ^P EWDYb XEL Va MHXG_

OKPbJ E �NdY cWJ E MNKJ ELXEKPWXEW UL[D K]ELGOWJ E XELVRLNb[DXbJ E K XELI LYXKNKYXbJ NKD_
G cWYDEL I WVXK�[E XW MKP ELND[\XE S jd¼XE[L P PbDXW[DKXb[\ WJMUEOHYW[\ JK^a Nd¼XEe VEF K
�{ ÇÌÍTÉUÊPÃ� QYW ÆÌTÅÃÄ Å ÈÉËÈYÄ Í ÈÌL ÉÍ� ÌÇÇÍ SÍÂÇÌÃÄ Í �ÅKP KÍÊË Z



[ æåæ � àâ¥� ç¢� à�ã �â¥ �¢��¥ 
 B�

0 0,2 0,4 0,6 0,8 1
faza

-150

-100

-50

0

50

100

150

km
/s

jbVHXLG B S� � gNDbPW MNFYGK�[E NWYEWUXb[\ YUW JKYLUH �NdY cW MHXGOKPL^K ºUEXEW MNDLNb_
PWXW» KNWD YUW YKG cWYXL^K JKYLUH ºUEX EW [Ea^ cW» S

G EUGW MNK[LXO S T]b PbDXW[Dbe YKG cWYXEL GNDbPL MNFYGK�[E JHVEJb DXWUL�e �NLYXEa MNFY_
GK�e MK[\KYDa[a KY P VDbVOGE[\ P EYK[DXb[\ ºXEL DWeJ EKXb[\» LULJ LXOdP MKP ELND[\XE Q PW_
¼KXa E[\ I WVXK�[Ea S pDXW[DW OK Q DL GKXEL[DXL I LVO VGKNDbVOWXEL D YKG cWYXb[\ PDKNdP XW
GVDOW cO Q NKDJ EWNb E NKDG cWY I WVXK�[E K]H VG cWYXEGdP S gNDbPW PbDXW[DKXW P OLX VMKVd]
ULMELI KYMKP EWYW YWXbJ K]VLNPW[bI XbJ E Nd¼XE VEF KY VEXHVKEY J KYLUH MHXGOKPL^K WJ_
MUEOHYWJ E KNWD DXELGVDOW c[LXEWJ E GNDbPLI P KGKUE[b DWeJ ELk XW VGHOLG LRLGOH jKVVEOLNW S
�RLGO OLX MKI WP EW VEF P ONWG[EL ONWXDbOH I LYXL^K DL VG cWYXEGdP MNDLD OWN[DF YNH^EL^K S
ªP EWDYb NKOHI a PKGd c P cWVXb[\ KVE E P ONWG[EL DWeJ ELXEW P EYDEJb Nd¼XL [DF�[E OWN[Db
^P EWDYb DWGNbPWXLI S �L¼LUE P EYDEJb [DF�e OWN[DbQ GOdNW XW VGHOLG NKOW[I E D]UE¼W VEF YK XWV
K]VLNPHI LJb K]XE¼KXa MNFYGK�e NWYEWUXa E XW KYP NdO S

0 121  ¡xBF> x989:<68C> :7;<=@ ?9 A8DF>< ¢£ 4 �¤
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l OW]LUE B SB DLVOWP EKXK MKYVOWPKPL MWNWJLONb KMEVHI a[L HG cWY DWeJ ELXEKPb P JLOKYDEL
l C S fKYWXK P XELI ObMKPL PWNOK�[E X ELGOdNb[\ MWNWJLONdP UH] VOKVKPWXL I LYXKVOGE S

g VDOW cO GNDbPLI ]UWVGH n` ¥ DWUL¼b MNDLYL P VDbVOGEJ KY VLMWNW[I E J EFYDb VG cWYXEGWJ E Q
NKDJ EWNWJ E ^P EWDY E XW[\bULXEW KN]EObS �L¼LUE ^P EWDYb PbML cXEWI a P DXW[DXbJ VOKMXEH
VPKI L GNbOb[DXL MKP ELND[\XEL jK[\L �W POLYb DWeJ ELXEW Va JK¼UEPL YUW VDLNVDL^K DWGNLVH
XW[\bULk S l MNDL[EPXbJ PbMWYGH Q [Db UE P OLYb GELYb NKDJ EWNb ^P EWDY Va J WcL P VOK_
VHXGH YK VLMWNW[I E Q W]b DW[\KYDEcb DWeJ ELXEW XW[\bULXEL JHVE ]be ]UEVGEL

90◦
S ¬ W[\b ULXEL

YL�XEHI LJb I WGK GaO MKJ EFYDb XKNJ WUXa YK KN]EOb KNWD GELNHXGELJ YK K]VLNPWOKNW S gaO
90◦

KYMKP EWYW JWGVbJWUXLI J K¼UEPLI WJMUEOHYDEL DJ EWX ]UWVGH S �L¼LUE Y UW YWXL^K HG cWYH
¦| ÆÅ TÊKPÎPÃ� W ÆÅÈTY Ì QÊLSTË MÃÌ ÊÅS ÌÅÆÇPÃ� WLSK ÌÍÏP Y�PÎÅN ÈTÊUÉUÎ §J ¨ÆÌR�É ÃY Ê�Í © ËÊÅK ª«¨ÊÅS ÌÅÆ �ÍÆË ÃÌÉÌÍÈ© Z
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iW]UE[W B SB � fWNWJ LONb KMEVHI a[L HG cWY MKYPdI Xb P JLOKYDEL l EUUVKXW_CLhEXXLbS
KDXW[DLXEL MWNWJ LON DWGNLV�I LYXKVOGW¬­®­¯ °±®² ³´ µ¶³ ­· ° ³ ¸®³²´¶ ¹º­»¸¼
i

XW[\bULXEL �I©�◦
Ω12

MKOLX[I W c MKP ELND[\XEKPb �I �
l12

I WVXK�e
l1 + l2 = 1

T12
OLJMLNWOHNW ����I �� ���g

x12

PVM S MK[ELJXELXEW ]NDL^KPL^K �I �
A12

WU] LYK � S���
g12

PVM S MKI W�XELXEW ^NWP EOW[bI XL^K � S�B��
¬­®­¯ °±®² ½®¹µ±­º· °
q

VOKVHXLG JWV �I∞
a

Md cK� P ELUGW
R¯

Vγ

MNFYGK�e NWYEWUXW VbVOLJH
km · s−1

½®¹µ±² °ºµ¬ ±² ¾³· °
e

J EJK�NdY KN]EOb �I �
ω

Y cH^K�e PFD cW �I���◦
µ·· ° ¬­®­¯ °±®²
F12

PVM S NKOW[I E WVbX[\NKXE[DXLI
F
� � YUW NKO S VbX[\N S

l3
I WVXK�e ONDL[EL^K VG cWYXEGW

l1 + l2 + l3 = 1

¬­®­¯ °±®² »±°®¼¿ ¶¾° À³ µ­Á­·µ°¯ ¬ ®½Â®­¯¼
n12

UE[D]W PWNVOP VEWOGE XW MKP ELND[\XE B�I��
IPB

P ca[DLXEL DWUL¼XK�[E
T2 − L2

���
if(atm)

P ca[DLXEL LRLGOdP XEL fUWX[GKP VGE[\ ���
mode

Nd¼XL ONb]b ºJ KYb» MNW[b _ ������B��������

]FYDELJb DJ ELXEWe GaO
i
MKY GOdNbJ P EYDEJb HG cWY GVDOW cO GNDbPLI ]UWVGH HUL^XEL DJ EW_

XEL S fNDb
90◦

JWJb DWeJ ELXEL [W cGKP EOL [LXONWUXL S �L¼LUE VG cWYXEGE J WI a Nd¼XL NKDJ EWNb
DWeJ ELXEL ] FYDEL MKVEWYWcK M cWVGEL YXK Q YUW VG cWYXEGdP K I LYXWGKPb[\ NKDJ EWNW[\ RWDW
J WGVbJWUXW ONPW ObUGK [\P EUF S C UW XW[\bULk JXELI VDb[\ KY

90◦
JWJb DWeJ ELXEW XEL_

[LXONWUXL E MNDb M LPXbJ XW[\bULXEH ^NWXE[DXbJ JWJb DWeJ ELXEL VOb[DXL S fKXE¼LI OLI
PWNOK�[E

i
DW[\KYDa DWeJ ELXEW [DF�[EKPL S C UW JXELI VDb[\ XW[\bULk JWJb JXELI VDL WJ_

MUEOHYb DJ EWX ]UWVGH S �L¼LUE XW[\bULXEL I LVO D]bO J WcL ]b DW[\KYDEcb DWeJ ELXEW JK¼LJb
DWK]VLNPKPWe ODP S DJ EWXb LUEMVKEYWUXL DP EaDWXL D XELVRLNb[DXbJ GVDOW cOLJ E XELI LYXK_
NKYXa I WVXK�[Ea MKP ELND[\XE E J WI a DWDPb[DWI WJMUEOHYb MKXE¼LI � S� J W^ S

gKULI XL [L[\bQ GOdNL PM cbPWI a XW GVDOW cO GNDbPLI ]UWVGH OK NKDJ EWNb E GVDOW cO VG cWYXE_
GdP HG cWYH S pMEVHI L I L MKOLX[I W c MKP ELND[\XEKPb

Ω12

GOdNb KGNL�UW M LPXL MKP ELND[\XEL
LGP EMKOLX[I WUXL K^NWXE[DWI a[L K]EL ^P EWDYbS lWNOK�[E MKOLX[I W cH Va XWI [DF�[ELI D DW_
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jbVHXLG B S� � lMcbP XW[\bULXEW KN]EOb XW GVDOW cO GNDbPLI ]UWVGH S

GNLVH �I� S lbVKGEL MKOLX[I W cb KYMKP EWYWI a J WcbJ NKDJ EWNKJ E VRLNb[DXLI VbJ LONEE W
XEVG EL MKOLX[I W cbQ YH¼bJ NKDJ EWNKJ E GVDOW cOKP E GNKMUE S ªP EWDYb K XEVGEJ MKOLX[I WUL
J K[XK PbML cXEWI a GNbOb[DXa MKP ELND[\XEL jK[\L �W S o EXEJ WUXW PWNOK�e MKOLX[I W cH YUW
YWXL^K VG cWYXEGW XEL ] FYa[L^K P GKXOWG[EL D YNH^EJ VG cWYXEGELJ OK P cW�XEL PWNOK�e MK_
OLX[I W cH OLI MKP ELND[\XE GNbOb[DXLI UH] MHXGOH nW^NWX^L �W

L1

S fNDb OLI PWNOK�[E M KOLX_
[I W cH ^P EWDYW I LVO JK[XK DXELGVDOW c[KXW E MNDLD MHXGO

L1

JK¼L XWVOaMEe PbM cbP JWOLNEE
YK VG cWYXEGW B S ZONH^W JWOLNEE KMWYW XW YNH^E VG cWYXEG MK cHGH D MKPKYH XWYJ EWNH
JKJLXOH MFYH S ZOKMELk DXELGVDOW c[LXEW MNDbXWIJXELI I LYXL^K VG cWYXEGW JK¼LJb DWK]_
VLNPKPWe P JWGVEJ W[\ GNDbPLI ]UWVGH S C UW DXELGVDOW c[KXb[\ ºLUEMOb[DXb[\» VG cWYXEGdP
J WJb [\WNWGOLNbVOb[DXb ^WN] P RWDW[\ � SB� E � S�� S

C UW KN]EO GK cKPb[\ MNDb MELNPKOXbJ E POdNXbJ DWeJ ELXEH J WJb MNDLV cWXEWXa OWGa
VWJ a MKP ELND[\XEL S l OWGEJ MNDbMWYGH VMWYLG I WVXK�[E HG cWYH DWUL¼b KY OLJMLNWOHNb
RNW^JLXOH DWeJ ELPWXL^K E P ELUGK�[E LRLGOH MK[ELJXELXEW ]NDL^KPL^K E MKI W�XELXEW ^NWP E_
OW[bI XL^K P ObJ K]VDWNDL S ª cF]VDL J EXEJHJ KYMKP EWYW VbOHW[I E P GOdNLI DWeJ ELPWXW
I LVO ^P EWDYW K Pb¼VDLI OLJMLNWOHNDL S �WVXK�e YWXL^K VG cWYXEGW DWUL¼b MNDLYL P VDbVOGEJ
KY OLJMLNWOHNb E MNKJ ELXEW S l JLOKYDEL l C MNDbI FOK XWVOFMHI a[L KDXW[DLXEW S �XLN_
^EL PbMNKJ ELXEKPWXa MNDLD ^P EWDYF PL P VDbVOGE[\ GELNHXGW[\ KDXW[DWJb MNDLD

L1

E
L2ºnHJ EXKVEOb » S l GKYDEL l C KNWD P MNK^NWJ EL f�p�m� KDXW[DWJb OL P ELUGK�[E MNDLD

�nT Ã E `nT S fNK^NWJ f�p�m� MKDPWUW XWJ K]LI NDLe YKMWVKPWXa YK K]VLNPW[I E VbXOL_
Ob[DXa GNDbPa P I LYXKVOGW[\ VONHJ ELXEW E J W^XEOHYK S �WVXK�e VG cWYXEGdP P I LYXKVOGW[\
VONHJ ELXEW Va PbDXW[DWXL I WGK

HLA/4π
E
CLA/4π

S fKDEKJb �nT E `nT DWUL¼a KY MW_
ÄÅÅKÎP ÈTÊUÉËÎÍ Æ§Ñ Ç J§Ñ ÃKP ÈÑ«J QË Ã�ËSKÉ K �ËÊÉÊÅÇËÎ ÈT ÌÍRË TËSY {| Z Å ÅKÎP KËÈÉÅ OP KÍÈÉÅ~ÎÌËÇÍ Î SËSÅÉTY Ê ZË ZÌ Z
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jbVHXLG B S� � lMcbP MKOLX[I W cH MKP ELND[\XEKPL^K
Ω1

XW GVDOW cO GNDbPLI ]UWVGH º
i < 90◦

» S

NWJ LONH
l0

_ M KDEKJ DLNKPb YK XKNJ WUEDW[I E VONHJ ELXEW S lWNOK�e
l0

KYMKP EWYW I WVXK�[E
HG cWYH P JW^XEOHYW[\ P RWDEL � SB� UH] � S�� ºP GPWYNWOHNW[\» ] LD HPD^UFYXELXEW LRLGOH
NL�LGVH S �L¼LUE YK]ELNDLJb

l0
P OLX VMKVd] VHJW �nT E `nT PbXKVE �B S�� W P I LYXKVO_

GW[\
4π

I LVO NdPXL �S l MNK^NWJ EL o �¬ªT H¼bPWJb HXKNJKPWXL YK I LYbXGE I WVXK�[E
l1 + l2 = 1

S �L¼LUE J WJb P EF[LI GNDbPb[\ ]UWVGH P Nd¼Xb[\ �UONW[\ ]FYDELJb J ELUE Y UW
GW¼YLI GNDbPLI DLVOWP MWNWJ LONdP

l12
ºUH] �nT Q `nT »S lWNOK�[E P Nd¼Xb[\ �UONW[\ ]FYa

K[DbP E�[EL VEF Nd¼XEe Q KYDP ELN[ELYUW OK NK¼Xb GKUKN ºOLJMLNWOHNF» VG cWYXEGdP S ÍNLYXEa
LRLGObPXa OLJMLNWOHNF KDXW[DWJb MNDLD

T1

E
T2

ºUH] iT�� Q iT�`»S
lM cbP I WVXK�[E

l12
E OLJMLNWOHN

T12

XW GNDbPa ]UWVGH DWUL¼b KY VOKVKPWXL^K JKYH S
¬W MNDbG cWY P JKYDEL DLNK

L2
XEL I LVO PbDXW[DWXb XW MKYVOWP EL OLJMLNWOHNbS oKY YNH^E

I LVO EYLXOb[DXb DW PbI aOGELJ OL^K ¼L DWUL¼XK�e
L2 − T2

I LVO P ca[DKXW S �WVXK�e
L2

I LVO
PbDXW[DWXW D OLJMLNWOHN D DWVOKVKPWXELJ JKYLUH [EW cW YKVGKXWUL [DWNXL^K UH] JKYLUE
WOJKVRLN S ¾WUL¼XK�e

L2−T2

I LVO YKJb�UXW YUW J KYdP ≥ 1
S oK¼LJb Pb ca[Dbe Oa DWUL¼XK�e

HVOWP EWI a[ PWNOK�e MWNWJ LONH �fm� � ºXKNJ WUXW PWNOK�e PbXKVE DLNK» S
l MK]UE¼H RWD � E � S� VG cWYXEGE HG cWYH HVOWP EWI a VEF I LYLX DW YNH^EJ PD^UFYLJ K]_

VLNPWOKNW S l Ob[\ RWDW[\ LRLGO KY]E[EW I LVO XWIP EFGVDbS ªP EWDYW DXWI YHI a[W VEF D Ob cH
YDEW cW I WG NL�LGOKN S ¬W NbVHXGH B S© P EYDEJb PM cbP DJ EWX WU] LYK VG cWYXEGW YNH^EL^K
XW GNDbPa ]UWVGH S C UW ^P EWDY ]WNYDK ]UEVGE[\ JK¼L ]be MKONDL]XL HPD^UFYXELXEL P ELUK_
GNKOXL^K KY]E[EW S l MNK^NWJ EL f�p�m� JWJb JK¼UEPK�e Pb]NWXEW EUL KY]Ee [\[LJb
HPD^UFYXEe S l XELGOdNb[\ MNDbMWYGW[\ LRLGO NL�LGVH JK¼L J ELe DXW[DXb PM cbP Q XW MNDb_
G cWY YUW �¾ �LN J WJb WJMUEOHYF KY]E[EW �S� J W^ S T]b HDbVGWe YK]Nb PbXEG JHVEJb
POLYb DWVOKVKPWe VD[DL^d cKPb JKYLU LRLGOH KY]E[EW S

fKI W�XELXEL ^NWP EOW[bI XL I LVO J WGVbJWUXL POLYb GELYb ^P EWDYW I LVO J WGVbJ WUXEL DXEL_
GVDOW c[KXW [Db UE GELYb PbMLcXEW VPKI a MKP ELND[\XEL jK[\L �W S ¬W NbVHXGH B S�� P EYWe
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jbVHXLG B S�� � �UEMVKEYWUXL DJ EWXb ]UWVGH VG cWYXEGW YNH^EL^K Q GOdNb PbML cXEW MKP ELND[\_
XEL jK[\L �W YUW ONDL[\ PWNOK�[E P VMd c[DbXXEGW MKI W�XELXEW ^NWP EOW[bI XL^K S ÍP EWO cK VG cWY_
XEGW � DKVOW cK Pb ca[DKXL S
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jbVHXLG B S�� � CL�XE[I W Y cH^K�[E M LNEWVONHJ
ω

ºUH]
λper

» KNWD RWDb NH[\H KN]EOWUXL^K
θ
S n EX EW PFD cdP I LVO MNDL[EF[ELJ M cWVD[DbDXb KN]EOb KNWD M cWVD[DbDXb VOb[DXLI YK VRLNb

XEL]ELVGELI S

GNDbPa DJ EWX ]UWVGH ObUGK I LYXL^K DL VG cWYXEGdP º]LD DWeJ ELk» S C UW PWNOK�[E ^�� DJ EWXb
]UWVGH Va VMKPKYKPWXL DJ ELXXbJ MNDLGNKI LJ DXELGVDOW c[KXLI ^P EWDYb P EYDEWXbJ MNDLD
K]VLNPWOKNW S C UW PVMd c[DbXXEGdP MKI W�XELXEW P EFGVDb[\ KY � P EYWe LRLGO MKI W�XELXEW
^NWP EOW[bI XL^K S ¾J EWXb VMKPKYKPWXL ObJ LRLGOLJ Va D^KYXL P RWDEL DL DJ EWXWJ E LUEM_
VKEYWUXbJ E Q YKYWXEL MKI W�XELXEW ^NWP EOW[bI XL^K MKPKYHI L DP EFGVDLXEL WJMUEOHYb Ob[\
DJ EWX S fKI W�XELXEL ^NWP EOW[bI XL MKPKYHI L Q DL XWIPb¼VDW OLJMLNWOHNW I LVO XW ]EL^HXW[\
W XWI XE¼VDW MNDb MHXG[EL nW^NWX^L �W

L1
S

�XRKNJ W[I L K Md cKVE P ELUGELI KONDbJHI LJb D K]VLNPW[I E VM LGONKVGKMKPb[\ S �LVO KXW
[DbXXEGELJ VGWUHI a[bJ S ¾XWI KJK�e I LI P ELUGK�[E MKDPWUW XWJ PbDXW[Dbe W]VKUHOXL PWN_
OK�[E J WV E MNKJ ELXE S C UW DWYWXL^K KGNLVH JXELI VDL PWNOK�[E Md cKVE P ELUG ELI KYMKP EWYWI a
JXELI VDbJ WJMUEOHYKJ GNDbPb[\ j� S ZOKVHXLG JWV YL[bYHI L K VOKVHXGH WJMUEOHY GNDb_
Pb[\ MNFYGK�[E NWYEWUXb[\

q = K1/K2

S lM cbPW KX NdPXEL¼ DXW[DXEL XW GVDOW cO GNDbPb[\
]UWVGH S ZOKVHXLG J WV YL[bYHI L K GVDOW c[EL E NKDJ EWNW[\ MKP ELND[\XE LGP EMKOLX[I WUXb[\ S
lNWD D MKOLX[I W cWJ E MKP ELND[\XEKPbJ E VG cWYXEGdP KMEVHI L GVDOW cO E NKDJ EWNb ^P EWDY ºP
VOKVHXGH YK Md cKVE P ELUG ELI » S

gK cKPL KN]EOb MKVEWYWI a HG cWYb ]UEVGEL Q P GOdNb[\ PbVOFMHI a YH¼L VEcb M cbPKPL E GOdNL
J EW cb PbVOWN[DWI a[K YH¼K [DWVH XW HGK cKP ELXEL KN]EObS CH¼W [DF�e HG cWYdP MKYPdI Xb[\
MKVEWYW I LYXWG KN]EOb LUEMOb[DXL S ¾WDPb[DWI HG cWYb LUEMOb[DXL NKDMKDXWI LJb MK MNDL_
VHXEFObJ J EXEJHJ POdNXbJ ºjbV S B S�B» S fNDLVHXEF[EL RWDKPL MKJ EFYDb J EXEJ WJ E XEL
PbXKVE � S� I WG P MNDbMWYGH KN]EO GK cKPb[\ ºD PbI aOGELJ YPd[\ Y cH^K�[E M LNEWVONHJ

90◦E
270◦

» S pMNd[D MNDLVHXEF[EW J EXEJHJ K]VLNPHI LJb NdPXEL¼ DXELGVDOW c[LXEL J WGVEJ dP S
¬W VGHOLG XELI LYXKVOWI XL^K NH[\H MK KN]E[EL J WGVEJ W JK^a ]be WVbJ LONb[DXL S

l ONWG[EL NH[\H KN]EOWUXL^K DJ ELXEW VEF KYUL^ cK�e VG cWYXEGdP E GVDOW cO MKP ELND[\XE
LGP EMKOLX[I WUXb[\ GOdNL K^NWXE[DWI a ^P EWDYbS l MNDbMWYGH JWcLI KYUL^ cK�[E VG cWYXEGE
Va ]WNYDELI DXELGVDOW c[KXL [K MKPKYHI L ¼L I LYXK D J WGVEJdP I LVO ]WNYDELI DWGNDbP EKXL S
f cWVGEL J WGVEJHJ KYMKP EWYW YH¼LI KYUL^ cK�[E VG cWYXEGdP S ¬W jbV S B S�� MNDLYVOWP EKXb
I LVO HG cWY K KN]E[EL LUEMOb[DXLI YUW Nd¼Xb[\ GaOdP Y cH^K�[E M LNEWVONHJ S �LVO OK NdPXKPW¼XL
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jbVHXLG B S�B � fKNdPXWXEL GNDbPb[\ ]UWVGH E MNFYGK�[E Y UW OLI VWJ LI MWNb ^P EWDY YUW
KN]EOb GK cKPLI E KN]EOb LUEMOb[DXLI L�� S� S

D K]VLNPKPWXELJ HG cWYH D Nd¼Xb[\ GELNHXGdP ]LD DJ EWXb XW[\bULXEW KN]EObS ª cF]KGK�e
DWeJ ELk I LVO Nd¼XW MNDLYL P VDbVOGEJ XW VGHOLG Nd¼XLI KYUL^ cK�[E J EFYDb VG cWYXEGWJ E P
ONWG[EL DWeJ ELk S l NKDYDEWUL � S� KJ dP EKXK K]VLNPW[I L E J KYLU HG cWYH K KN]E[EL LUEMOb[DXLI
� �B� `WV S l ObJ HG cWYDEL DWK]VLNPKPWXK NH[\ UEX EE WMVbY _ DJ EWXF Y cH^K�[E M LNEWVONHJ S
fKPKYHI L OK DJ EWXF GVDOW cOH GNDbPb[\ n` E j� P [DWVEL S

qG cWYb DWeJ ELXEKPL KYGNbPWXL Va P PbXEGH K]VLNPW[I E RKOKJ LONb[DXb[\ S l XELGOd_
Nb[\ MNDbMWYGW[\ MNKJ ELXEKPWXEL YK[ELNWI a[L YK XWV MK[\KYDE KY ONDL[\ ^P EWDY S iNDL[E
VG cWYXEG J K¼L ]be [DF�[Ea HG cWYH DWeJ ELXEKPL^K UH] ^P EWDYa O cW GOdNW J W ]WNYDK D]UE_
¼KXL P VMd cNDFYXL XW VRLNDL XEL]ELVGELI S iNDL[EL �P EWO cK º

l3
» YKYWXL YK MNKJ ELXEKPWXEW

HG cWYH MKPKYHI L ¼L ^ cF]KGK�e DWeJ ELk P VOKVHXGH YK [W cGKP EOL^K VONHJ ELXEW DJXELI VDW
VEF S ¾JXELI VDLXEL ^ cF]KGK�[E J EXEJdP JK¼XW HDbVGWe NdPXEL¼ YUW JXELI VDL^K XW[\bULXEW
KN]EObS ¬W[\bULXEL E ONDL[EL �P EWO cK Va JK[XK VGKNLUKPWXL [K JK¼L VMKPKYKPWe ] cFYXL
KVDW[KPWXEL Ob[\ P ELUGK�[E P ONWG[EL J KYLUKPWXEW S �YLXOb�GW[I W ONDL[EL^K VG cWYXEGW I LVO
J K¼UEPW P P EYJW[\ ^P EWDYb UH] P MNDLVHXEF[EW[\ JKJLXOdP DWeJ ELk XW VGHOLG PM cbPH
ONDL[ELI J WVbS l NKDYDEWUL � S� DKVOW c KMEVWXb HG cWY MKONdI Xb ªi qoW S l P EYJ EL HG cWYH
PbNW�XEL P EYWe UEXEL ONDL[\ VG cWYXEGdP S l JLOKYDEL l C ONDL[EL �P EWO cK I LVO ONWGOKPWXL
I WGK VOW cL S ibMKPbJ MNDbMWYGELJ I LVO VbOHW[I W P GOdNLI ONDL[E J W cK J WVbPXb VG cWYXEG
GNa¼b PKGd c MWNb DWeJ ELXEKPLI E X EL H[DLVOXE[Db P DWeJ ELXEW[\ S

CKG cWYXK�[E GNDbPb[\ Q GOdNL KONDbJHI LJb DWUL¼a KY UE[D]b PWNVOP VEWOGE GOdNa VOKVH_
I LJbS C UW D]bO J Wcb[\ PWNOK�[E

n
P EYK[DXL Va LRLGOb YbVGNLObDW[I E M KP ELND[\XE ^P EWDYb _
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jbVHXLG B S�� � gNDbPL ]UWVGH E MNFYGK�[E NWYEWUXb[\ YUW [DOLNL[\ PWNOK�[E
ω

º� Q �S�� Q � S�� Q
� S�� NWYEWXdP » S ZM cWVD[DLXEL KN]EOb PbXKVE L�� S� S



[ æåæ � àâ¥� ç¢� à�ã �â¥ �¢��¥ 
 � �

0,18 0,2 0,22 0,24 0,26 0,28 0,3 0,32

faza

0,986

0,988

0,99

0,992

0,994

0,996

n=20
n=40

jbVHXLG B S�� � fKP EFGVDLXEL RNW^JLXOH GNDbPLI ]UWVGH ºJ WGVEJHJ »Q P EYWe Nd¼XE[L YUW
YPd[\ PWNOK�[E

n
S g NDbPL KONDbJ WXK MNK^NWJLJ o�¬ªT S

P cWVXK�[E MKP ELND[\XE ^P EWDYb VbXOLOb[DXLI DJ ELXEWI a VEF VGKGKPK W XEL P VMKVd] [Ea^ cbS
l JLOKYDEL l C VEWOGE VG cWYXEGdP KMEVbPWXL Va MNDLD MWNWJ LONb

n1
E
n2

KYMKP ELYXEK
YUW GW¼YL^K DL VG cWYXEGdP S CK P VOFMXb[\ YKMWVKPWk JK¼LJb VOKVKPWe

n
NDFYH B� W

YUW YKG cWYXb[\ JKYLUE NDFYH �� S p[DbP E�[EL YUW ^P EWDYb PbML cXEWI a[LI MKP ELND[\XEL jK_
[\L �W JHVEJb DWVOKVKPWe P EF[LI PWNVOP XE¼ YUW ^P EWDYb K ]WNYDK J Wcb[\ NKDJ EWNW[\ W]b
HDbVGWe KYMKP ELYXEa YKG cWYXK�e S

0 121Î Ï 7;F
oLOKYW lC I LVO YKVOKVKPWXW YK Nd¼Xb[\ GKX�^HNW[I E HG cWYdP DWeJ ELXEKPb[\ YDEFGE
K�J EH JKYKJ D GOdNb[\ JK¼LJb GKNDbVOWe S fKXE¼LI DKVOW cb KMEVWXL J KYb MNW[b MNK^NWJH
lC YUW PLNVI E D NKGH B��� S

oKY _ � I LVO MNDLDXW[DKXb YUW HG cWYdP NLXO^LXKP VGE[\ Q P GOdNb[\ VG cWYXEG MELNP VDb
OK ^P EWDYW XLHONKXKPW W VG cWYXEG YNH^E I LVO DPb[DWI Xa ^P EWDYa S `DWV ONPWXEW DWeJ EL_
XEW ^P EWDYb XLHONKXKPLI DXWJb D K]VLNPW[I E NLXO^LXKP VGE[\ S fKOLX[I W c MKP ELND[\XEKPb
^P EWDYb OKPWNDbVDa[LI YKMWVKPHI LJb OWG W]b [DWV ONPWXEW DWeJ ELk NLXO^LXKP VGE[\ D^W_
YDW c VEF D K]VLNPW[I WJ E S oKY OLX DLDPWUW XW NKOW[I L WVbX[\NKXE[DXa VG cWYXEGW YNH^EL^K
KNWD XW KN]EOF LUEMOb[DXa S

¬WI ]UE¼VDb JKYLUH jHVVLUW I LVO JKY � GOdNb I LVO MNDLDXW[DKXb YK JKYLUKPWXEW HG cW_
YdP NKDYDELUKXb[\ S l ObJ JKYDEL XEL J WJb K^NWXE[DLk � VOKVHXLG I WVXK�[E VG cWYXEGdP



�B ¤àáâá¢ãä [ æ �¥ £àâ

XEL JHVE ]be P D^KYDEL D OLJMLNWOHNWJ E S �WVXK�e

L2

XEL I LVO PbDXW[DWXW XW MKYVOWP EL
OLJMLNWOHN S pDXW[DW OK ¼L P ObJ JKYDEL XEL J K¼LJb YKMWVKPbPWe OLJMLNWOHNb

T2
S

C UW ^P EWDY K P VMdUXLI KOK[D[L OWGE[\ I WG ^P EWDYb l qoW I LVO MNDLDXW[DKXb JKY �S
l ObJ JKYDEL MNDbIJHI L VEF E¼ ^P EWDYb Va P GKXOWG[EL OLNJ E[DXbJ [Db UE E[\ OLJMLNWOHNb
MKP ELND[\XEKPL Va NdPXL [K MK[Ea^W DW VK]a I LYXWGKPL UH] D]UE¼KXL MWNWJ LONb

g12

Q
A12

Q
x12

Q
y12

S fKOLX[I W cb K]H VG cWYXEGdP Va NdPXEL¼ NdPXL MKXELPW¼ HG cWY PbMLcXEW P VMdUXa
MKP ELND[\XEL LGP EMKOLX[I WUXa S

oKY YNH^E I LVO EYLXOb[DXb D DLNKPbJ MKDW VMKVK] LJ PbDXW[DWXEW I WVXK�[E
L2

S l
ObJ JKYDEL PbDXW[DWJb I WVXK�e YNH^EL^K VG cWYXEGW XW MKYVOWP EL OLJMLNWOHNbS oK¼LJb
PbDXW[Dbe OLJMLNWOHNF

T2

MNDb DW cK¼KXLI
T1

ºXW MNDbG cWY XW MKYVOWP EL GUWVb�GW[I E P EY_
JKPLI » UH] XW KYP NdO S

oKY ONDL[E KMEVHI L ^P EWDYF PL P VMdUXLI KOK[D[L ] LD GKXOWGOH OLNJ E[DXL^K S lVMdUXb
I LVO Ob UGK MKOLX[I W c MKP ELND[\XEKPb

Ω1 = Ω2

S fWNWJ LONb KMEVHI a[L NKDG cWY I WVXK�[E XW
MKP ELND[\XE Va Nd¼XL YUW K]H VG cWYXEGdP S

C UW ^P EWDY Md cNKDYDELUKXb[\ YKMWVKPHI LJb Ob UGK MKOLX[I W c ºNKDJ EWN Q GVDOW cO» VG cWY_
XEGW GOdNb XEL PbML cXEW VPKI LI MKP ELND[\XE GNbOb[DXLI Q XWOKJ EWVO MKOLX[I W c VG cWYXEGW
GOdNb KVEa^Xa c VPdI J WGVbJ WUXb NKDJ EWN I LVO NdPXb MKOLX[I W cKP E I L^K MKP ELND[\XE GNb_
Ob[DXLI S C UW HG cWYdP Md cNKDYDELUKXb[\ Va MNDLDXW[DKXL JKYb � E � P GOdNb[\ KYMKP ELYXEK
VG cWYXEGE MELNP VDb UH] YNH^E Va ^P EWDYWJ E PbML cXEWI a[bJ E VPKI L MKP ELND[\XEL GNbOb[DXL
jK[\L �W S l Ob[\ JKYW[\

L2

I LVO YKP EaDWXL YK OLJMLNWOHN S

0 121Ð Ñ87G<5 :7;<=7>9?49 > x89A6FG<
l ObJ NKDYDEWUL KJ dP EJb MNK[LV JKYLUKPWXEW KY VONKXb MNWGOb[DXLI Q DP NW[WI a[ HPW^F
MNDLYL P VDbVOGEJ XW HG cWYb NKDYDELUKXL E Md cNKDYDELUKXL S pJdP EJb MNW[F D MNK^NWJ WJ E
]WDHI a[bJ E XW JLOKYDEL l C OWGEJ E I WG o �¬ªT E f�p�m� S

fNK[LV J KYLUKPWXEW HG cWYH DWeJ ELXEKPL^K I LVO MNK[LVLJ EOLNW[bI XbJ P GOdNbJ MW_
NWJ LONb HG cWYH DKVOWI a YKMWVKPbPWXL JLOKYa GKULI Xb[\ MNDb]UE¼Lk S T]b MNK[LV OLX ]b c
VDb]GK D]EL¼Xb JHVEJb KGNL�UEe JK¼UEP EL YKG cWYXEL VOWNOKPL PWNOK�[E MNK[LVH J EXEJ WUE_
DW[I E S

f ELNP VDL EXRKNJ W[I L K HG cWYDEL DWDPb[DWI KONDbJHI LJb D K]VLNPW[I E RKOKJ LONb[DXb[\ S
l OW]LUE B S� MNDLYVOWP EKXK XELGOdNL VbVOLJb RKOKJ LONb[DXL S `DFVOK EXRKNJ W[I L P GWOW_
UK^W[\ K V cW]VDb[\ K]ELGOW[\ ºÒ©_ �� JW^» Va ]WNYDK XELM LPXL S fKYVOWPKPa EXRKNJ W[I a
YUW XWV I LVO P VGW�XEG ]WNPbS CK]NbJ �NdY cLJ EXRKNJ W[I E K GKUKNDL E I WVXK�[E OK GWOWUK^
ib[\K º� E B» S lDKNb ONWXVRKNJ W[I E YK VbVOLJH �K\XVKXW Va XWVOFMHI a[L �

(B − V ) = 0.850(BT − VT )

V = VT − 0.090(BT − VT )
ºB S��»

ibMH P EYJKPL P GWOWUK^H ffo Va ]WNYDK XELM LPXL E [DFVOK DXW[DXEL Nd¼XEa VEF KY
P VGW�XEGdP ]WNPbS lb^KYXbJ XWNDFYDELJ YK GKNDbVOWXEW D YWXb[\ DWPWNOb[\ P GWOWUK_
^W[\ OK ]WDW YWXb[\ Z�omTC º ^__` abbmftpqÓ dh jm_rqmpÔ derbmft je fÓ d̀ k » S
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iW]UE[W B S� � ZbVOLJb RKOKJ LONb[DXL
VbVOLJ MWVJK

λeff

¨l�o
XJ XJ

qm�j�
U

��� ��
�K\XVKX

B
��� ©�

V
��� ��

R
��� ���

I
��� ��©

� EMMWN[KV �M ��� BB�
TZTZ_B VDLNKGE �
T ZTZ_� �K\XVKX �
ib[\K

BT
�B� ��

VT
��� ���

Õ ��Ö� ����× �~�Ö� }~��~���°�
fELNP VDb[\ EXRKNJ W[I E K HG cWYDEL DWeJ ELXEKPbJ YKVOWN[DWI a XWJ MKJ EWNb RKOKJ LONb[DXL S
lVGW�XEG ]WNPb EXRKNJHI L XWV K GKUKNDL HG cWYH Q GOdNb I LVO PbXEGELJ J ELVDWXEW VEF �P EW_
O cW MK[\KYDa[L^K KY K]H VG cWYXEGdP S ¾ XEL^K XEL KONDbJHI LJb ]LDMK�NLYXELI EXRKNJ W[I E
K OLJMLNWOHNW[\ VG cWYXEGdP S lVOFMXL DWMKDXWXEL VEF D GNDbPa ]UWVGH MKDPWUW XWJ P
MNDb]UE¼LXEH HVOWUEe P I WGEJ VOKMXEH DXELGVDOW c[KXL Va VG cWYXEGE UH] MNDbXWIJXELI I LYLX
D XE[\ S �L¼LUE J WGVEJ W GNDbPLI ]UWVGH Va DWGNDbP EKXL KDXW[DW OK DL MNDbXWIJXELI I LYLX
¼L VG cWYXEGdP PbML cXEW ]WNYDELI VPKI a GNbOb[DXa MKP ELND[\XEL jK[\L �W [DbUE I LVO ]WNYDELI
DXELGVDOW c[KXbS f cWVGEL J WGVEJ W EXRKNJHI a XWV Q E¼ K]W VG cWYXEGE Va P MNDb]UE¼LXEH VRL_
Nb[DXL S jd¼XE[W P ^ cF]KGK�[EW[\ DWeJ ELk XELVEL EXRKNJ W[I F K VOKVHXGH OLJMLNWOHN K]H
^P EWDY S l ONWG[EL DWeJ ELk ^ cdPXL^K E P OdNXL^K MKP ELND[\XEW DWeJ ELPWXW MNDLD ^P EWDYb
I LVO I LYXWGKPWØ S �L¼LUE DWXELY]WJb PM cbP MK[ELJXELXEW ]NDL^KPL^K E ^NWP EOW[bI XL^K
JK¼LJb DWMEVWe MNKVOa DWUL¼XK�e PbXEGWI a[a D MNWPW ZOLRWXW _ mKUODJ WXW Q GOdNW P Ea¼L
VOKVHXLG ^ cF]KGK�[E K]H J EXEJdP DL VOKVHXGELJ OLJMLNWOHN K]H VG cWYXEGdP S

(

T1

T2

)4

=
∆l1
∆l2

ºB S��»
l MELNP VDbJ MNDb]UE¼LXEH J K¼LJb DW cK¼be E¼ OLJMLNWOHNW MELNP VDL^K VG cWYXEGW KY_

MKP EWYW P VGW�XEGKP E ]WNPb [W cL^K HG cWYH S oK¼LJb POLYb KGNL�UEe OLJMLNWOHNF YNH^EL^K
VG cWYXEGW MNDb M KJK[b NdPXWXEW ºB S��» S iWGEL MNDb]UE¼LXEL YWI L YK]NL PbXEGE P OLYb GELYb
VG cWYXEG MELNP VDb I LVO DXW[DXEL I W�XELI VDb KY YNH^EL^K Q P MNDL[EPXbJ PbMWYGH HDbVGWXL
OLJMLNWOHNb ]FYa XE¼VDL KY NDL[DbP EVOb[\ S
Ù|ËÉPÃKP ÉË ÉP ÆTË YT OÅSUÎ Ë ËÊW ÌÃÌÍ TË OËÎÍÄ Å S ÆÅ ËÊW ÌÉP ÍÆÌQÉPÃKÇÍÄ Ä ÍÈÉ ÈQ Í OÇÌËÇÍ ÉP ÆTË S ÆÅ SÎU Ã�ÎÅÊÉËMÃÌ SOYRËMÃÌ Q ÍÊÌÅÈÉÊYÏ Z
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T]b HDbVGWe ULMVDL MNDb]UE¼LXEL JHVEJb HPD^UFYXEe OK E¼ GKUKN HG cWYH I LVO ��NLYXEa�

GKUKNdP K]H VG cWYXEGdP PW¼KXa E[\ I WVXK�[Ea S gKNDbVOWI a[ D OWGELI �NLYXELI PW¼KXLI
JK¼LJb DWMEVWe MNDb]UE¼KXL PDKNb YUW OLJMLNWOHN Q GOdNb[\ YKG cWYXK�e I LVO P ^NWXE[W[\
��_�� g S

T1 =
T1+2(L1 + L2) + ∆T · L2

L1 + L2

T2 = T1 − ∆T
ºB S��»

lDKNb OL JK¼LJb DWVOKVKPWe YKMELNK MK HDbVGWXEH P VOFMXL^K JKYLUH D GOdNL^K Pb_
DXW[DWJb I WVXK�[E VG cWYXEGdP

L1,2

KNWD Nd¼XE[L OLJMLNWOHN
∆T

S iLJMLNWOHNW
T1+2

KY_
MKP EWYWI a[W P VGW�XEGKP E ]WNPb [W cL^K HG cWYH GOdNa DXWJb D RKOKJ LONEE S lDdN OLX YWI L
YK]NL MNDb]UE¼LXEL MdGE

∆T
I LVO XW Ob UL J WcL W]b GKUKN DWUL¼W c UEX EKPK KY OLJMLNWOHNbS

CK P VOFMXb[\ VDW[HXGdP JK¼LJb VOKVKPWe NdPXEL¼ P DdN ¾P EOOLNW ºB���»

R2
1T

4
1 + R2

2T
4
2 = (R2

1 + R2
2)T

4
1+2

ºB S��»
^YDEL

R1,2

OK MNKJ ELXEL VG cWYXEGdP DL P VOFMXL^K YKMWVKPWXEW S lDdN B S�� J K¼XW
VOKVKPWe P MNDbMWYGH J Wcb[\ Nd¼XE[ OLJMLNWOHNb VG cWYXEGdP S nLMVDa JLOKYa KGNL�ULXEW
OLJMLNWOHNb VG cWYXEGdP I LVO KDXW[DLXEL ObMdP P EYJKPb[\ XW MKYVOWP EL PbVKGELI I WGK�[E
P EYJ PbGKXWXb[\ P RWDW[\ � SB��� S�� GELYb K]VLNPHI LJb UEX EL K]H VG cWYXEGdP S

¬W VGHOLG MK[DLNP ELXELXEW K]VLNPKPWXb GKUKN HG cWYH XEL KYMKP EWYW NDL[DbP EVOK�[E Q
[K MKPKYHI L DWXE¼LXEL VDW[HXGdP OLJMLNWOHN K]H VG cWYXEGdP S �L¼LUE DXWJb KYUL^ cK�e YK
HG cWYH E XWYPb¼GF ]WNPb

E(B − V )
ºVON S �B _ lbDXW[DLXEL MWNWJLONdP W]VKUHOXb[\»

JK¼LJb PMNKPWYDEe MKMNWPGF XW MK[DLNP ELXELXEL S T UOLNXWObPXEL JK¼LJb VGKNDbVOWe D
P VGW�XEGdP

c1

E
(b− y)

D VbVOLJH P ELUK]WNPXL^K
uvby

S Za KXL XELDWUL¼XL KY LGVObXG[I E Q D
PbI aOGELJ MNDbMWYGdP Q P GOdNb[\ JWJb KYVOFMVOPW KY MNWPW MK[DLNP ELXELXEW S gKNDb_
VOWI a[ D YEW^NWJH YPHPVGW�XEGKPL^K

c1 − (b − y)
ºgH]EWG �©©� Q VON S ���» DWP ELNWI a[L^K

VEWOGF GNDbPb[\ OLJMLNWOHNb E UK^ º^» JK¼LJb KGNL�UEe OLJMLNWOHNF HG cWYH
T1+2

S
�LYXW D XKPK�[E P MNK^NWJ EL f�p�m� OK JK¼UEPK�e HVHPWXEW LRLGOH MK[DLNP ELXELXEW

D GNDbPb[\ ]UWVGH ºfNÚW B���]» S
lbDXW[DLXEL PWNOK�[E P VOFMXb[\ YUW

Ω12

I LVO ONHYXL DL P D^UFYH XW YH¼a EUK�e JK¼UE_
Pb[\ GKX�^HNW[I E DWUL¼Xb[\ KY

q
E
i
S �LYXWG JK¼LJb MKYWe KNELXOW[bI XL ^NWXE[L DWGNLVdP

PWNOK�[E YUW Nd¼Xb[\ GNDbPb[\ ]UWVGH S
• HG cWY NKDYDELUKXb _ M cWVGEL J WGVEJ W

p]W MKOLX[I W cb Va NDFYH �_� UH] P EFGVDL
• HG cWY NKDYDELUKXb _ DWGNDbP EKXL J WGVEJ W

fNDbXWIJXELI I LYLX VG cWYXEG J W XE¼VDb MKOLX[I W c NDFYH �_�
• HG cWY Md cNKDYDELUKXb _ DWGNDbP EKXL J WGVEJ W UH] [Ea^UL DJ EWXb ]UWVGH

ZG cWYXEG PbML cXEWI a[b MKP ELND[\XEL jK[\L �W MKVEWYW MKOLX[I W c MKP ELND[\XEKPb NDFYH
B_�



[ æåæ � àâ¥� ç¢� à�ã �â¥ �¢��¥ 
 ��

• HG cWY GKXOWGOKPb _ [Ea^UL DJ EWXb ]UWVGH
qG cWY I LVO KMEVWXb MKI LYbX[DbJ MKOLX[I W cLJ D DWGNLVH

ΩL1
> Ω > ΩL2

gKULI XL MWNWJLONbQ GOdNL JHVEJb KGNL�UEe YUW XWVDL^K MHXGOH VOWNOKPL^K OK P VMd c_
[DbXXEGE MKI W�XELXEW ^NWP EOW[bI XL^K Q MK[ELJXELXEW ]NDL^KPL^K KNWD WU] LYK S lWNOK�[E
P VMd c[DbXXEGdP MK[ELJXELXEW ]NDL^KPL^K MK]ELNWJb D OW]UE[ lWYL �W E jH[EXVGEL^K º�©��»
UH] �WX �WJJL �W º�©©�» ºiW] S B S�» S

lWNOK�[E WU] LYK
A

E P VMd c[DbXXEGW MKI W�XELXEW ^NWP EOW[bI XL^K
g

MNDbIJHI a YP EL PWN_
OK�[E P DWUL¼XK�[E KY ObMH WOJ KVRLNb �

I WOJ KVRLNW GKXPLGObPXW _
A = 0.5

E
g = 0.32

I WOJ KVRLNW MNKJ ELXEVOW _
A = 1.0

E
g = 1.0

CUW ^P EWDY K OLJMLNWOHNDL MKP ELND[\XE MKPb¼LI ����g MNDbIJHI LJb WOJ KVRLNF MNK_
J ELXEVOa S
Û�� °�} × ��� �������
fWNWJLONbQ GOdNL XWI [DF�[ELI Va YKMWVKPbPWXL JLOKYa lC YUW K]VLNPW[I E RKOKJ LONb[D_
Xb[\ YUW HG cWYdP NKDYDELUKXb[\ OK XW[\bULXEL

i
Q M KOLX[I W cb MKP ELND[\XEKPL

Ω12

KNWD I W_
VXK�[E VG cWYXEGdP

l12
UH] OLJMLNWOHNW

T2

S ¾ GNDbPb[\ j� JWJb EXRKNJ W[I F K
a sin i

Q
q
Q
Vγ

S p]VLNPW[I L RKOKJ LONb[DXL MKDPWUWI a XWJ KGNL�UEe NKDJ EWNb VG cWYXEGdP P I LYXKVO_
GW[\ PD^UFYXb[\ ^YDEL KYUL^ cK�e VG cWYXEGdP NdPXW I LVO �S p]VLNPW[I L VM LGONKVGKMKPL
MKDPWUWI a XWJ PbDXW[Dbe

a sin i
[K P MK ca[DLXEH D PbDXW[DKXbJ D RKOKJ LONEE XW[\bUL_

XEH YWI L XWJ NKDJ EWN Md cKVE P ELUGELI
a[R¯]

S ¾WOLJ K]VLNPW[I L VM LGONKVGKMKPL Va YUW XWV
[DbXXEGELJ VGWUHI a[bJ HG cWY S �XXbJ E VcKPb XW MKYVOWP EL VM LGONKVGKMEE P ELJb [Db HG cWY

iW]UE[W B S� � lWNOK�[E MKOLX[I W cH MKP ELND[\XEKPL^K YUW MHXGOdP nW^NWX^L �W �Q B MNDb
Nd¼Xb[\ VOKVHXGW[\ JWV S

� � S� � S�� �
L1 2.88 3.33 3.75
L2 2.58 2.90 3.21

iW]UE[W B S� � nEXEKPL P VMd c[DbXXEGE MK[ELJXELXEW ]NDL^KPL^K
x

º�WX �WJJL» YUW
log(g) = 4

P ONDL[\ � UONW[\ YUW [DOLNL[\ PWNOK�[E OLJMLNWOHN LRLGObPXb[\ S

T [K] U V I����
1.027 0.824 0.550����
0.764 0.573 0.384����
0.548 0.517 0.321�����
0.459 0.412 0.253
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JW JWcL NKDJ EWNb E DXWI YHI L VEF ]UEVGK [Db OL¼ J W YH¼L NKDJ EWNb E DXWI YHI L VEF P YH¼LI
KYUL^ cK�[E KY XWV S CWXL j� E n` �DWDF]EWI a� VEF MKXELPW¼ GNDbPW j� XEL PbVOWN[Db YK
PbDXW[DLXEW M d cKVE P ELUGELI W GNDbPW n` XEL KGNL�UW I LYXKDXW[DXEL VOKVHXGH JWV S

fWNWJ LONb KMEVHI a[L HG cWY JK¼LJb MKYDELUEe XW ONDb ^NHMb � YKMWVKPWXL Q VOW cL E OW_
]UE[KPL S T]b MNK[LV J EXEJWUEDW[I E ]b c KMObJWUXb XEL JK¼LJb YKMWVKPbPWe YKPKUXLI
UE[D]b MWNWJLONdP S C UWOL^K PWNOK DW cK¼be VOW cK�e XELGOdNb[\ VMK�NdY XE[\ S ¬WI [DF�[ELI
MWNWJ LONb VOW cL OK KGNLV

P
Q LUEMOb[DXK�e KN]EOb

e
Q P VMd c[DbXXEG VbX[\NKXEDW[I E

F1,2

UH]
OLJMLNWOHNb

T1,2

S �LYXWG GW¼Yb D Ob[\ MWNWJLONdP P NWDEL MKONDL]b JK¼L ]be YKMWVK_
PWXbS fWNWJ LONb OW]UE[KPL OK P VMd c[DbXXEGE MK[ELJXELXEW ]NDL^KPL^K

x1,2

Q WU] LYK
A1,2

Q
P VMd c[DbXXEG MKI W�XELXEW ^NWP EOW[bI XL^K

g1,2

S fWNWJLONb OW]UE[KPL JK¼XW NdPXEL¼ YK_
MWVKPWe I LYXWG E[\ PM cbP XW GVDOW cO GNDbPLI ]UWVGH I LVO VOKVHGKPK VcW]b [K KDXW[DW Q ¼L
Va KXL ^KNDLI KGNL�UKXL E OWGEL YKMWVKPWXEL J K¼L YWe ] cFYXL PbXEGE DP cWVD[DW YUW ^KNVDLI
I WGK�[E YWXb[\ UH] I L¼LUE HPKUXEJb I L I H¼ XW LOWMEL P VOFMXbJ Q GELYb I LVOL�Jb YWULGK KY
J EXEJHJ RHXG[I E

χ2 [DbUE YWULGK KY NKDP EaDWXEW S fWNWJ LONb GOdNL JK[XK PM cbPWI a XW
GVDOW cO GNDbPb[\ OK

I YUW GNDbPLI j� �
a
Q
i
Q
q
Q
Vγ

I YUW GNDbPLI n` �
i
Q
q
Q
Ω12

Q
l12

UH]
T2

l OW]LUE B S� J WJb PbVD[DL^dUXEKXL MWNWJLONb YKMWVKPbPWXL P DWUL¼XK�[E KY MKVEW_
YWXb[\ YWXb[\ S fWNWJLONb KDXW[DKXL DXWGELJ º� » P XWP EWVW[\ JWI a XELM LPXL PWNOK�[E S
¬W MNDbG cWY VOKVHXLG JWV PbDXW[DKXb D K]VLNPW[I E RKOKJ LONb[DXb[\

qph

I LVO XELM LPXb D
PbI aOGELJ MNDbMWYGH HG cWYH Md cNKDYDELUKXL^K UH] GKXOWGOKPL^K S l HG cWYW[\ NKDYDEL_
UKXb[\

qph

I LVO XELM LPXL DL PD^UFYH XW VEUXa GKNLUW[I F D MKOLX[I W cWJ E MKP ELND[\XEKPbJ E
E XW[\bULXELJ KN]EObS ¾XWGE º«» KDXW[DWI a J K¼UEPK�e KGNL�ULXEW OLJMLNWOHNb D P EYJ S
�WGK�e YKMWVKPWXEW KGNL�UW DNLYHGKPWXL

χ2 �

χ2
n =

1

n

Nk
∑

i=1

N i
obs

∑

j=1

(Oij − Cij)
2wij

ºB S��»
^YDEL �
I Nk

UE[D]W WXWUEDKPWXb[\ GNDbPb[\
I N i

obs

UE[D]W MHXGOdP P E_OLI GNDbPLI
I w

PW^E MKVD[DL^dUXb[\ K]VLNPW[I E
I n

EUK�e VOKMXE VPK]KYb
n = Nobs − Npar

I Npar

UE[D]W DJ ELXXb[\ MWNWJLONdP HG cWYH
fNK^NWJ lC I LVO D cK¼KXb D YPd[\ ]UKGdP S fELNP VDb OK n` GOdNb ^LXLNHI L GNDbPL

]UWVGH E MNFYGK�[E NWYEWUXb[\ KNWD MNK� UL UEX EE P EYJKPb[\ S CNH^E ]UKG C` ºCE]LNLXOEWU
`KNNL[OEKXV» DWM LPXEW YKMWVKPWXEL MWNWJLONdP JKYLUH S fNK[LV J EXEJ WUEDW[I E M KUL^W XW
DXWULDELXEH DLVOWPH MWNWJ LONdP KMEVHI a[b[\ HG cWY K XWIJXELI VDLI PWNOK�[E RHXG[I E

χ2 [DbUE
J EXEJ WUXbJ E Nd¼XE[WJ E MKJ EFYDb K]VLNPW[I WJ E W HG cWYLJ VbXOLOb[DXbJ S l MNWGOb[L
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iW]UE[W B S� � oK¼UEPK�[E PbDXW[DLXEW MWNWJ LONdP HG cWYH MKYPdI XL^K P DWUL¼XK�[E KY
MKVEWYWXb[\ K]VLNPW[I E ºgWUNWO\ E o EUKXL �©©©»

�S MNDbXWIJXELI I LYXW GNDbPW ]UWVGH
B S Ob UGK I LYXW GNDbPW j�
� S K]EL GNDbPL j� E ¼WYXW n`
� S MNDbXWIJXELI I LYXW GNDbPW n` E I LYXW j�
� S MNDbXWIJXELI I LYXW GNDbPW n` E K]EL GNDbPL j�

� B � � �
a1sin i

UH]
a2sin i

� � � �
a sin i

Q
a1,2sin i

Q
M1,2sin

3i
� �

a
Q
a1,2

Q
M1,2

Q
R1,2

Q
L1,2

Q
d

º� » �
e
Q
ω
Q
P

� � � � �
Vγ

� � �
qsp

� �
qph

º� » º� » º� »
i
Q
R1,2/a

Q
l2/l1

Q
g1,2

Q
A1,2

Q
F1,2

Q
x1,2

Q
l3

� � �
T2

� º«» º«» � �
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JKYLUKPWXEL MKUL^W XW EOLNW[bI XbJ HNH[\WJ EWXEH K]H ]UKGdP S l MNK[LVEL J EXEJ WUEDW[I E
ºC`» JK^a VEF MKI WP Ee MNK]ULJb DL D]EL¼XK�[Ea UH] EYLXOb�GW[I a ^UK]WUXL^K J EXEJHJ S

fELNP VDbJ JK¼UEPbJ HONHYXELXELJ I LVO D]bO VDLNKGEL UH] M cbOGEL J EXEJHJ P MNDL_
VONDLXE MWNWJ LONdP S gVDOW cO J EXEJHJ DWUL¼b KY DLVOWPH YKMWVKPbPWXb[\ MWNWJLONdP S
C UW P EFGVDLI UE[D]b MWNWJLONdP YKMWVKPbPWXb[\ J EXEJHJ VOWI L VEF ]WNYDELI NKDJbOL S
ZbOHW[I L J K¼XW MKMNWP Ee K^NWXE[DWI a[ E[\ UE[D] F S

gKULI Xa MNDb[DbXa MNK]ULJ dP DL D]EL¼XK�[Ea MNK[LVH YKMWVKPWXEW I LVO XELPbVOWN[DW_
I a[W MNL[bDI W PbDXW[DWXb[\ XHJ LNb[DXEL NLVEYHdP E MK[\KYXb[\ P C` S ZbOHW[I F MKMNWP EW
VOKVKPWXEL MK[\KYXb[\ VbJ LONb[DXb[\ I LYXWG KXL VMKPWUXEWI a MNK[LV K]UE[DLXEKPbS

gKJ]EXW[I W YPd[\ PWNHXGdP Q XELUEX EKPK�[E NdPXWXEW VOWXH E GKNLUW[I E M KJ EFYDb MWNW_
J LONWJ E J K¼L NdPXEL¼ DWG cd[Ee MNK[LV MKVDHGEPWXEW J EXEJHJ S T]b MKD]be VEF XELGOdNb[\
GKNLUW[I E J EFYDb MWNWJ LONWJ E J K¼LJb MKYDELUEe I L XW ^NHMb OWG W]b GW¼YW DWP ELNW cW [K
XWIPb¼LI YP EL MWNb JK[XK VGKNLUKPWXL S CKMWVKPWXEL PbGKXHI LJb PbDPWUWI a[ GKULI XK
GW¼Yb D DLVOWPdP MWNWJLONdP S oLOKYW OW I LVO DXWXW I WGK ooZ ºoLO\KY KR oHUOEM UL ZH]_
VLOV» S ¾WDPb[DWI JXELI VDW ^NHMW MWNWJ LONdP YKMWVKPbPWXb[\ MKPKYHI L E¼ VDW[KPWXL
] cFYb Va JXELI VDL Q J EXEJHJ I LVO ^ cF]VDL S ¾ OL^K M KPKYH P KVOWOL[DXbJ YKMWVKPWXEH
JHVEJb PbDPKUEe P VDbVOGEL MWNWJLONb YKMWVKPbPWXL W]b HDbVGWe MKMNWPXa EXRKNJ W[I L
K ] cFYW[\ YKMWVKPWXb[\ MWNWJ LONdP S

l ONWG[EL J EXEJ WUEDW[I E MNK[LV JK¼L ONW�e P �ULMa HUE[DGF _ J EXEJHJ UKGWUXL S p ObJ
[Db KONDbJ WXL J EXEJHJ I LVO XWI ^ cF]VDL ºJ EXEJWUXL

χ2» JK¼LJb PXEKVGKPWe XW YPW VMK_
VK]bS f ELNP VDb VMKVd] OK PbGKXWXEL YH¼LI UE[D]b MNd]Xb[\ YKMWVKPWk D Nd¼Xb[\ MHXGOdP
VOWNOKPb[\ S �L¼LUE DXWI YDELJb P EF[LI X E¼ I LYXK J EXEJHJ JK¼LJb Pb]NWe OK XWI ^ cF]VDL S
T UOLNXWObPXEL JK¼LJb DWVOKVKPWe J LOKYF VEWOGE NKDP EaDWk ºªj�C» S oLOKYW MKUL^W XW
VOPKNDLXEH BC VEWOGE MWNWJLONdP S ¾WDPb[DWI H¼bPW VEF MWNF JK[XK VGKNLUKPWXa Q XW MNDb_
G cWY XW[\bULXEL

i
KNWD VOKVHXLG J WV

q
ºjbV S B S��» S C UW GW¼YLI MWNb

i
_
q

PbGKXbPWXL I LVO
YKMWVKPWXEL P GOdNbJ OL MWNWJLONb Va VOW cL S pONDbJHI LJb JWMF

χ2 YUW GW¼YLI MWNb
PWNOK�[E

i
_
q
S

fNK^NWJ f�p�m� ºfNÚW B���W» H¼bPW YK J EXEJWUEDW[I E J LOKYF GKNLG[I E Nd¼XE[KPb[\
C` S �LYXWG XELGOdNL MWNWJ LONb YKMWVKPHI L VEF J LOKYF nLhLX]LN^W_oWN�HWNYOW W]b HDb_
VGWe ULMVDa D]EL¼XK�e S iWGEL MWNWJLONb OK Md cK� P ELUGW Q KGNLV E JKJLXO ^ cdPXL^K ONWXDbOH
º
HJD0

UH]
T0

» S l ONWG[EL GKNDbVOWXEW D f�p�m� VOP ELNYDKXK MNK]ULJb D D]EL¼XK�[Ea S
gKULI XL EOLNW[I L MKMNWP EWI a

χ2 I LYXWG MK KVEa^XEF[EH KGKUE[ J EXEJHJ KONDbJHI LJb PW_
\WXEW P OLI KGKUE[b ] LD KVOWOL[DXL^K HVOW]EUEDKPWXEW VEF S iWGa VbOHW[I L K]VLNPKPWXK
MNDb YKMWVKPWXEW[\ XW[\bULXEW Q MKOLX[I W cdP E I WVXK�[E S C UW Md cKVE P ELUGELI Q VOKVHXGH JWV
E MNFYGK�[E HG cWYH J EXEJ WUEDW[I W D]EL^W VEF S CK]Na D]EL¼XK�e HDbVGHI LJb NdPXEL¼ YUW
Y cH^K�[E M LNEWVONHJ Q MNDLVHXEF[EW RWDKPL^K E J EJK�NKYH KN]EObS ZOKVKPWXEL ooZ MKMNW_
P EW VbOHW[I L D PbI aOGELJ ]WNYDK ]UEVGEL^K KOK[DLXEW J EXEJHJ S CKYWOGKPa JK¼UEPK�[Ea
MKMNWP ELXEW LRLGObPXK�[E I LVO J LOKYW oWN�HWNYOW º�©��» S o LOKYW OW DKVOW cW YK ca[DKXW
YK C` P NKGH �©©� S CK]ELNWI a[ KYMKP ELYXEK PWNOK�e MWNWJLONH

λ
JK¼LJb MKMNWP Ee

D]EL¼XK�e S
l MNK^NWJ EL o �¬ªT ]UKG C` I LVO DWVOaMEKXb MNDLD MWGELO MNK[LYHN J EXEJ WUEDHI a[b[\

KNWD YK WXWUEDb YKMWVKPWk S fNK^NWJ o�¬ªT MKPVOW c XW MKYVOWP EL ONDL[\ MNK^NWJdP S
fELNP VDb D XE[\ OK MWGELO o �¬q�i YK J EXEJ WUEDW[I E RHXG[I E P ELUH DJ ELXXb[\ S pNb^EXWUXL
�NdY cW MK[\KYDa D ]E]UEKOLGE `�j¬n�m S CNH^E VG cWYXEG OK GKY l EUVKXW ^LXLNHI a[b GNDbPL
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jbVHXLG B S�� � iNdIPbJ EWNKPW JWMW
χ2 XW[\bULXEW E VOKVHXGH JWV S YUW mC_�� ���� S

¬WIJXELI VDW PWNOK�e
χ2 I LVO P KGKUE[W[\ KONDbJ WXL^K NKDP EaDWXEW ��� S�� KNWD E� ��

◦ºNKDYDEW c � SB» S

] UWVGH E MNFYGK�[E NWYEWUXb[\ S iNDL[EJ VG cWYXEGELJ I LVO MNK^NWJ fj�`� YK J EXEJ WUEDW[I E
^UK]WUXLI ºf ULPW �©©�» S

THOKN MNK^NWJH i S f ULPW º�©��» MNKMKXHI L XWVOFMHI a[b MNDLMEV XW HDbVGWXEL NKDP Ea_
DWXEW ^UK]WUXL^K �

• WXWUEDW P VOFMXW _ J WMKPWXEL RHXG[I E
χ2 Q ªj�C

• MNK[LYHNW J EXEJ WUEDW[I E Z�ofn� _ LRLGObPXW YWULGK KY J EXEJHJ

• VOKVHI LJb MNK[LYHNF o �ªjTC YK GKk[KPL^K J EXEJHJ S

• WXWUEDW KONDbJ WXL^K NKDP EaDWXEW ��ZZ�
¬W MK[DaOGH OPKNDbJb VEWOGF ªj�C P GOdNLI X ELGOdNL MWNWJ LONb Va VOW cL S fKDPWUW

OK XWJ DKNELXOKPWe VEF P ^UK]WUXb[\ P cWVXK�[EW[\ RHXG[I E
χ2 S oK¼LJb PbDXW[Dbe � UH]

P EF[LI MKOLX[I WUXb[\ K]VDWNdP P GOdNb[\ JK¼L DXWI YKPWe VEF ^UK]WUXL J EXEJHJ S mWYWXEL
K]VDWNdP K XEVGE[\ PWNOK�[EW[\

χ2 PbGKXHI LJb GKULI XK MNK[LYHNWJ E Z�ofn� E o �ªjTC S

|�Ü���� ��}����°� � Ý � Þ��� × ��� ��
fNK^NWJb VcH¼a[L YK JKYLUKPWXEW HG cWYdP DWeJ ELXEKPb[\ JHVDa HPD^UFYXEWe Nd¼Xa I W_
GK�e DLVOWPdP K]VLNPW[I E I WG NdPXEL¼ Nd¼XE[L P I WGK�[E MKVD[DL^dUXb[\ MHXGOdP S ¾ cL KVDW_
[KPWXEL I WGK�[E K]VLNPW[I E J K¼L VMKPKYKPWe ¼L KONDbJ WXb JKYLU ] FYDEL XELMKMNWPXb W
] cFYb MWNWJLONdP JKYLUH � UL KGNL�UKXL S
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m cFYb�PW^E MKVD[DL^dUXb[\ K]VLNPW[I E KONDbJHI LJb P ONWG[EL NLYHG[I E MNDb MKJ EWNDL

I WVXK�[E UH] MNFYGK�[E NWYEWUXLI S ¾P EaDLG MKJ EFYDb PW^a
w

W ] cFYLJ
σ

P K^dUXK�[E I LVO
XWVOFMHI a[b �

w =
1

σ2

ºB S�©»
ZDW[KPWXL ] cFYb PbXEGdP P MNK^NWJ W[\ o �¬ªT KNWD f�p�m� DWUL¼a MNDLYL P VDbVO_

GEJ KY NKDNDHOH K]VLNPW[I E Q GKNLUW[I E J ELYDb MWNWJLONWJ E Q UL[D NdPXEL¼ XELGOdNb[\ MNDb_
I FOb[\ PWNOK�[E I WG �

• EXYbP EYHWUXb[\ ] cFYdP �PW^ MHXGOdP K]VLNPW[bI Xb[\
• PW^ MKVD[DL^dUXb[\ DLVOWPdP K]VLNPW[I E
• KY YK]KNH MWNWJLONH

l0
KYMKP EWYWI a[L^K DW XKNJ WUEDW[I L VONHJ ELXEW

l MNK^NWJ EL f�p�m� PW¼LXEL DLVOWPdP K]VLNPW[I E NLWUEDHI L VEF MNDLD MKYWXEL PWN_
OK�[E

σ
YUW GW¼YL^K DLVOWPH S �XYbP EYHWUXL ] cFYb�PW^E DXWI YHI a VEF P MUEGH D K]VLNPW_

[I WJ E S fNK^NWJ HJK¼UEP EW [DOLNb VMKVK]b KGNL�ULXEW EXYbP EYHWUXb[\ ] cFYdP MKVD[DL^dU_
Xb[\ MHXGOdP S

• ] cFYb DLPXFONDXL ºW]VKUHOL LNNKN» _ DXWXL D MNK[LYHNb MKJ EWNH UH] D P[DL�XELI VDb[\
K]VLNPW[I E

• PW^E NDL[DbP EVOL ºNLWU PLE^\O» _ PbUE[DWXL D ] cFYdP DLPXFONDXb[\
• PW^E P D^UFYXL ºEXONEXVE[ PLE^\O» _ XEL DXWJb NDL[DbP EVOb[\ PW^ ObUGK VOKVHXLG PW^

MKVD[DL^dUXb[\ K]VLNPW[I E
• ]NWG EXR S K I WGK�[E MHXGOdP ºP VDbVOGEL MHXGOb ONWGOHI LJb I LYXWGKPK»
lW¼LXEL I LVO G UH[DKPL DP cWVD[DW I L¼LUE YKMWVKPHI LJb I LYXK[DL�XEL GNDbPL n` KNWD j� S

¬W MNDbG cWY I L¼LUE XWYWJb MNDLVDW[KPWXL PWNOK�[E PW^ j� W YKMWVKPHI LJb XW[\bULXEL Q
M KOLX[I W cb E I WVXK�[E KONDbJ WJb ] cFYXL PbXEGE MKXELPW¼ GNDbPW j� VcW]K KGNL�UW OL
MWNWJLONbS

lW¼LXEL DLVOWPdP JK¼LJb VOKVKPWe YK [\P EUKPL^K Pb ca[DLXEW PM cbPH [DF�[E K]VLN_
PW[I E YK [LUdP OLVOKPb[\ S ¬W MNDbG cWY XWYWI a[ XEVGa PW^F ºPbVKGW

σ
» J K¼LJb Pb ca[Dbe

PM cbP n` Q MK OK W]b KONDbJ We MWNWJLONb
a
Q
q
Q
Vγ

Ob UGK XW MKYVOWP EL GNDbPLI j� S iL^K
ObMH OLVOb MKDPWUWI a XWJ KGNL�UEe VM dI XK�e YKMWVKPWk n`�j� S

fNK^NWJ o�¬ªT NdPXEL¼ HJK¼UEP EW PW¼LXEL DLVOWPdP K]VLNPW[bI Xb[\ I WG OKOL¼ KGNL_
�ULXEL I WGK�[E MKVD[DL^dUXb[\ K]VLNPW[I E M KMNDLD PW^E�] cFYbS

CKYWOGKPL EXRKNJ W[I L XW OLJ WO ] cFYdP VDW[KPWXb[\ Nd¼XbJ E MNK^NWJ WJ E Va DWPWNOL
P NKDYDEWUL � S�S

l XELGOdNb[\ MNDbMWYGW[\ P VGWDWXL I LVO OPKNDLXEL MHXGOdP XKNJ WUXb[\ D K]VLNPW[I E S
ZOKVKPWXL Va P K]VLNPW[I W[\ RKOKJ LONb[DXb[\ DL PD^UFYH XW YH¼W UE[D] F MHXGOdP K]VLN_
PW[bI Xb[\ S ¾JXELI VDWJb P OLX VMKVd] UE[D] F YWXb[\ PLI �[EKPb[\ YUW MNK^NWJH lC [K
MKPKYHI L MNDbVMELVDLXEL I L^K YDEW cWXEW S fHXGOb XKNJ WUXL MKDPWUWI a XWJ NdPXEL¼ YH¼K
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iW]UE[W B S� � fKYVOWPKPL MWNWJ LONb ^P EWDY [Ea^H ^ cdPXL^K S lVDbVOGEL YWXL KMNd[D
L/L¯XW MKYVOWP EL T S `Kß º�©©©» S �WVXK�e ^P EWDY XW MKYVOWP EL o S gH]EWG º�©©�» S

ZM m_� i
eff M/M¯ R/R¯ L/L¯

m`
o�� � �S�� ���� � S� � � S�� � S��� _ �S��
g�� �� S� � ���� � S�© � S�� � S�B _� S� �
ª�� �� S�� �©�� �S�� �S� �S� _� S��
¨�� �� S�� ���� �S� �S� � S� _� S�©
T�� _� S�B ©�©� B S© B S� �� _� S��
m�� _� S�� ����� �� S� � S�

5.2 · 104 _� S��
p�� _� S�� �B��� �� �B

7.9 · 105 _� S��

ULMELI K [LXEe P EDHWUXEL I WGK�e YKMWVKPWXEW Q DP cWVD[DW YUW GNDbPb[\ K DXW[DXbJ DWVDH_
J ELXEH S q �NLYXEWXEL K]VLNPW[I E J K¼LJb PbGKXWe XW MKYVOWP EL P DKNH XW �NLYXEa PW¼KXa S

lnorm =

∑

liwi
∑

wi

ºB SB�»
�L¼LUE J WJb NdPXL PW^E P DdN OLX HMNWVD[DW VEF YK DPbG cLI �NLYXELI WNbOJ LOb[DXLI S

fHXGOb XKNJ WUXL DJXELI VDWI a NKDNDHO GNDbPLI D^KYXEL DL P DKNLJ

σnorm =
σobs√

n

ºB SB�»
^YDEL

n
OK UE[D]W MHXGOdP H�NLYXEKXb[\ YK MHXGOH XKNJ WUXL^K S oHVEJb ]be I LYXWG

KVONK¼XE MNDb VOKVKPWXEH MHXGOdP XKNJ WUXb[\ MKXELPW¼ MNDLVWYXL Pb^ cWYDWXEL GNDbPLI
J K¼L YKMNKPWYDEe YK HONWOb EXRKNJ W[I E K I LI GVDOW c[EL P K]VDWNW[\ YH¼LI DJ EWXb I WVXK�[E
_ J EXEJ W Q MK[DaOGE E GKk[L DWeJ ELk S
|�±��°±���� ����× �~�Ö� �� }� ��~��°�
l EFGVDK�e ^P EWDY GOdNL K]VLNPHI LJb OK ^P EWDYb [Ea^H ^ cdPXL^K S �L¼LUE VG cWYXEGE XWVDL^K
HG cWYH Va P RWDEL MWULXEW PKYKNH JK¼LJb K XE[\ YKP ELYDELe VEF P EF[LI D OW] LUE B S� S

T]b PbDXW[Dbe MNKJ ELXEL VG cWYXEGdP P I LYXKVOGW[\ W]VKUHOXb[\ JHVEJb VGKNDbVOWe D
NdPXWk B S� Q B S� Q B S� E OW]UE[b B S�S ¬W MKYVOWP EL Ob[\ NdPXWk YKVOWI LJb [DOLNb MNKJ ELXEL
YUW GW¼YL^K VG cWYXEGW P I LYXKVOGW[\ VLMWNW[I E VG cWYXEGdP S T]b MNDLI �e YK I LYXKVOLG
W]VKUHOXb[\ JHVEJb OL PbXEGE MNDLJXK¼be MNDLD PWNOK�e Md cKVE P ELUGELI

a[R¯]
S o WVF

HG cWYH JK¼LJb PbDXW[Dbe D NdPXWXEW �

M =
4π2a3

P 2G

ºB SBB»
DXWI a[ VOKVHXLG JWV PbDXW[DWJb J WVF MKVD[DL^dUXb[\ VG cWYXEGdP

m1 = M/(1 + q)

m2 = M/(q−1 + 1)
ºB SB�»
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�L¼LUE PWNOK�[E MWNWJLONdP PbNW¼KXL Va P I LYXKVOGW[\ Z� KONDbJHI LJb PbXEG P GEUK_
^NWJ W[\ S T]b MNDLUE[Dbe J WVb XW I LYXKVOGE J WVb Z cKk[W YDELUEJb I L MNDLD J WVF ZcKk[W
NdPXa

1.9891 · 1030kg

à²³·­¾³ °·µ° ½À º°ÂÁ½á ¾µ â °¸»±²·¸ ¾¿ ­
CK PbDXW[DLXEW KYUL^ cK�[E GKNDbVOWJb D PDKNH XW MWNWUWGVF RKOKJ LONb[DXa

π = 10
MV −5−mV +AV

5

ºB SB�»
oHVEJb DWOLJ DXWe I WVXK�e W]VKUHOXa

MV

Q I WVXK�e K]VLNPKPWXa
mv

KNWD LGVObXG[I F
J EFYDb^P EWDYKPa

Av

S �WVXK�e K]VLNPKPWXa HG cWYH DXWJb D K]VLNPW[I E RKOKJ LONb[DXb[\
W I WVXK�e W]VKUHOXa YUW MKVD[DL^dUXb[\ VG cWYXEGdP PbDXW[DWJb XW MKYVOWP EL JKYLUH E
DL P DKNH

MV1,2
= 42.37 + 5log(R1,2) − 10log(T1,2) − BC1,2

ºB SB�»
^YDEL MNKJ ELXEL VG cWYXEGdP

R1,2

MKYVOWP EWJb P I LYXKVOGW[\ MNKJ ELXE Z cKk[W W OLJ_
MLNWOHNb P GLUP EXW[\ S mKUKJ LONb[DXL MKMNWPGE

BC1,2

MK]ELNWJb D OW]UE[ S
�WVXK�[E

MV1

E
MV2

VHJHI LJb D^KYXEL DL P DKNLJ

MV = −2.5log
(

10−0.4MV1 + 10−0.4MV2

) ºB SB�»
HDbVGHI a[ I WVXK�e W]VKUHOXa HG cWYH P �UONDL � S �L¼LUE DWXELY]WJb LGVObXG[I L

AV = 0
E

M KYVOWP EJb YK NdPXWXEW B SB� KONDbJHI LJb MWNWUWGVF RKOKJ LONb[DXa
π
�WN[V� S T]b HDbVGWe

PbXEG P MWNVLGW[\ GKNDbVOWJb DL PDKNH B SB� MKYVOWP EWI a[
π

P VLGHXYW[\ cHGH S

d[pc] =
(

tg(π) · 206265
)−1 ºB SB�»

�L¼LUE VbOHW[I W PbJ W^W HPD^UFYXELXEW LGVObXG[I E J EFYDb^P EWDYKPLI YK NKDP EaDWXEW
JHVEJb YKI �e J LOKYa EOLNW[I E M KXELPW¼ KYUL^ cK�e DWUL¼b KY LGVObXG[I E W LGVObXG[I W DWUL¼b
KY KYUL^ cK�[E �» S l MELNP VDbJ MNDb]UE¼LXEH JK¼LJb DWVOKVKPWe

AV = 0
S lbXEG HDbVGWXLI

OWG KYUL^ cK�[E H¼bPWJb YK PbDXW[DLXEW MELNP VDL^K MNDb]UE¼LXEW LGVObXG[I E

AV = 3.1 · E(B − V ) · d[Kpc]
ºB SB�»

^YDEL
E(B − V )

OK XWYPb¼GW ]WNPbQ GOdNa DXWJb D JWM LGVObXG[I E mHNXVOLEX �W E �L_
EULV �W º�©�B» W

d
I LVO KYUL^ cK�[Ea P GEUKMWNVLGW[\ S fK GEUGH EOLNW[I W[\ PWNOK�[E

AV

E
dVOW]EUEDHI a VEF S �LYXWG P ObJ MNDbMWYGH MWNWUWGVW I LVO K]WN[DKXW ] cFYLJ VbVOLJ WOb[D_

XbJ D MKPKYH XELI LYXKNKYXL^K NKDG cWYH J WVGHI a[LI J WOLNEE S
T UOLNXWObPXEL XWYPb¼GF ]WNPb JK¼LJb PbDXW[Dbe XW MKYVOWP EL P VGW�XEGdP

C1
KNWD

(b − y)
ºVONKXW ��» S ¬W E[\ MKYVOWP EL DXWJb �NDL[DbP EVOa� ]WNPF HG cWYH Q GOdNa JK¼LJb

MKNdPXWe D K]VLNPKPWXa S
C UW K]ELGOdP ]UEVGE[\ JK¼LJb MKNdPXWe KONDbJ WXL PbXEGE D MWNWUWGVa ONb^KXKJL_

ONb[DXa S iWGEL MWNWUWGVb YK]NDL VEF HDHML cXEWI a � ONb^KXKJLONb[DXW JW JWcb ] caY VbVOL_
J WOb[DXb W YH¼b UKVKPb XWOKJ EWVO RKOKJ LONb[DXW KYP NKOXEL S fWNWJLONb W]VKUHOXL Q J WVb
E NKDJ EWNbQ JK¼LJb VGKXRNKXOKPWe D OLKNEa LPKUH[I E ºjKDYDEW c B SB» S
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gKNDbVOWI a[ D J LOKYb l EUVKXW_CLhEXXLb I LVOL�Jb P VOWXEL PbDXW[Dbe J WVbQ MNKJ ELXEL
KNWD OLJMLNWOHNb VG cWYXEGdP HG cWYH MKYPdI XL^K S lbXEGE OL KMWNOL Va XW K]VLNPW[I W[\
RKOKJ LONb[DXb[\ E VM LGONKVGKMKPb[\ S fK[DaOGKPW JWVW E VG cWY [\LJ E[DXb ^P EWDYb KGNL_
�UW I LI MNDbVD ca LPKUH[I F S oKYLUL LPKUH[bI XL MKDPWUWI a XWJ MNDL�ULYDEe DJ EWXb MNKJ ELXEW
E OLJMLNWOHNb P [DWVEL S fKNdPXHI a[ HDbVGWXb JKYLU ºl C» HG cWYH D OLKNEa LPKUH[I E J K_
¼LJb DPLNb�GKPWe VMdI XK�e XWVDL^K NKDP EaDWXEW S l MNWGOb[L MKUL^W OK XW PbGNL�ULXEH
[Ea^dP LPKUH[bI Xb[\ YUW K]H VG cWYXEGdP XW PbGNLVEL UK^ º^»I UK^ ºi » E VMNWPYDLXEH D^KY_
XK�[E D KONDbJ WXbJ JKYLULJ S CKG cWYXL JKYLUL l C KGNL�UWI a[L J WVb E MNKJ ELXEL D
YKG cWYXK�[Ea MKXE¼LI �½ JK^a MKV cH¼be YK PLNb�GW[I E OLKNLOb[DXb[\ JKYLUE LPKUH[bI _
Xb[\ S

lVMd c[DL�XEL MNDbIJHI L VEF ¼L ^P EWDYb MKYPdI XL MKP VOWI a I LYXK[DL�XEL D P VMdUXL^K
K] cKGH MNKOK^P EWDYKPL^K S l ONWG[EL GHN[DLXEW VEF OL^K K] cKGH XW VGHOLG XWYJ EWNH JK_
J LXOH MFYH JK¼L XWVOaMEe I L^K NKDLNPWXEL XW YP EL [DF�[E KN]EOHI a[L PKGd c VEL]EL S fK
YWUVDLI GKXONWG[I E VG cWYXEGdP P[\KYDa KXL XW [Ea^ ^ cdPXbS lNWD D P ELGELJ E[\ NKDJ EWNb
VOKMXEKPK ]FYa NKV cbS l DWUL¼XK�[E KY VLMWNW[I E HG cWYH JK¼LJb MKYWe YPW V[LXWNEH_
VDL LPKUH[I E HG cWYH S l MNDbMWYGH YH¼LI KYUL^ cK�[E VG cWYXEGdP Q YUW GOdNb[\ XEL XWVOaME
PbMLcXELXEL GNbOb[DXLI MKP ELND[\XE jK[\L �W Q LPKUH[I W MNDL]EL^W P MNDb]UE¼LXEH OWG Q I WG
YUW ^P EWDY MKI LYbX[Db[\ E DWUL¼b MNDLYL P VDbVOGEJ KY MK[DaOGKPLI J WVb E VG cWYH [\L_
J E[DXL^K YWXL^K VG cWYXEGW S C UW HG cWYdP ]UEVG E[\ YK[\KYDE YK PbJ EWXb JWOLNEE Q GOdNW DK_
VOWI L DWMK[DaOGKPWXW P [\P EUE GELYb VG cWYXEG J WVbPXELI VDbQ LPKUHHI a[b VDb][ELI Q PbMLcXE
VPKI a GNbOb[DXa MKP ELND[\XEF jK[\L �W E I L^K J WOLNEW DW[DbXW MNDLULPWe VEL XW VaVEWYW S

0 10 12 ã>7=@G� 9 x 7� <;F?GD<� �> 49D;F
äb[EL ^P EWDYb I LVO DYLOLNJ EXKPWXL MKMNDLD I LI MK[DaOGKPa J WVF KNWD VG cWY [\LJ E[DXbS
ªP EWDYb J WcK JWVbPXL VMWUWI a MKPKUE VPKI L MWUEPK E ¼bI a P ELUL J EUEWNYdP UWO S iWGa
^P EWDYa I LVO XWVDL Z cKk[L S ªP EWDYb JWVbPXL DW� ¼bI a GNdOGK Q XELGOdNL DWULYP EL GEUGW_
YDELVEaO J EUEKXdP UWO S gKk[Da VPKI L ¼b[EL KU]NDbJ Ea LGVMUKDI W ^P EWDYb VHMLNXKPLI S

ªP EWDYb MKP VOWI a D K^NKJXb[\ K] cKGdP JKULGHUWNXb[\ GOdNL DWMWYWI a VEF MKY PM cb_
PLJ VWJK ^NWP EOW[I E P YbXWJ E[DXLI VGWUE [DWVH S ZOKMXEKPK DW[DbXW PDNWVOWe XELMNDLDNK_
[DbVOK�e [K MKPKYHI L P DNKVO OLJMLNWOHNbS p] cKG VMKPWUXEW GKXONWG[I L Q OLNWD DWMWYW VEF
P OLNJ E[DXLI VGWUE [DWVH S lNWD DL P DNKVOLJ OLJMLNWOHNb XWVOFMHI L YbVK[I W[I W J KULGH c
PKYKNH W Md�XELI I KXEDW[I W WOKJdP S fK RWDEL GKXONWG[I E M ELNPKOXL^K K] cKGH XWVOFMHI L
J KJLXO P GOdNbJ OLJMLNWOHNW E [E�X ELXEL P I aYNDL MNKOK^P EWDYb MKPKYHI a DWM cKX NLWG_
[I E VbXOLDb I aYNKPLI S f ELNP VDL NLWG[I L I WGEL J WI a J ELI V[L OK VMWUWXEL ULGGE[\ EDKOKM dP Q
OWGE[\ I WG YLHOLN E UEO S ¬WI U¼LI VDL ^P EWDYb K J WVW[\ JXELI VDb[\ KY

0.08M¯

XEL Va P VOWXEL
HDbVGWe P I aYNDL PWNHXGdP YK YWUVDb[\ NLWG[I E S fK PbMWULXEH ULGGE[\ EDKOKMdP MKPKUE
VOb^Xa S ¬WDbPWJb I L ]NaDKPbJ E GWNcWJ E S ªP EWDYb J WVbPXELI VDL DP EFGVDWI a P[Ea¼ VPKI a
OLJMLNWOHNF E P[\KYDa XW [Ea^ ^ cdPXb º[ S^ SQ o Z _ J WEX VL�HLX[L» Q ^YDEL NKDMK[DbXWI a VEF
NLWG[I L MNDLJ EWXb PKYKNH P \LU S ¨WDW MKMNDLYDWI a[W PLI �[EL ^P EWDYb XW [ S^ S ºMNL_o Z»
I LVO VOKVHXGKPK GNdOGW Q YUW ^P EWDY ObMH Z cKk[W ONPW KGK cK �� J EUEKXdP UWO S fK[DaOLG RWDb
[Ea^H ^ cdPXL^K XWDbPWJb ¾ToZ ºDLNK W^L J WEX VL�HLX[L» [DbUE [Ea^ ^ cdPXb P ELGH DLNK_
PL^K S iW RWDW ¼b[EW ^P EWDY I LVO XWI Y cH¼VDW YUWOL^K P EFGVDK�e ^P EWDY GOdNL K]VLNPHI LJb
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jbVHXLG B S�� � ª cdPXL K]VDWNb GKX[LXONW[I E ^P EWDY XW PbGNLVEL �j S p]NWDLG XW MKYVOW_
P EL mEXXLb E o WNNE�LUY º�©©�» S

OK ^P EWDYb [ S^ S
l ^P EWDYW[\ K JWVEL JXELI VDLI X E¼ �S�

M¯

MNDLPW¼WI a NLWG[I L ObMH M_M S l ^P EWDYW[\
JWVbPXELI VDb[\ MNDLPW¼W MNK[LV `¬p Q GOdNb PbJW^W Pb¼VDLI OLJMLNWOHNbS ªP EWDYb
MKYK]XL YK Z cKk[W MK KGK cK � J UY S UWO XW [ S^ S MNDL[\KYDa P RWDF MKYKU]NDbJdP Zªm
ºZH] ªEWXO mNWX[\» P GOdNLI NLWG[I L I aYNKPL GOdNL YKOaY DW[\KYDEcb P I aYNDL ^P EWDYb
MNDLXKVDa VEF YK KOW[DWI a[LI I L PWNVOPb MWULXEW S C UW J WV P EFGVDb[\ XE¼ �

M¯

MK PbMWULXEH
PKYKNH P [LXONHJ XWVOFMHI L GKXONWG[I W I aYNW E MNDL]HYKPW S ªP EWDYW MNDLVHPW VEF XW
MNWPK XW PbGNLVEL I WVXK�e_OLJMLNWOHNW S ¾P EFGVDLXEL OLJMLNWOHNb HJK¼UEP EW VMWUWXEL
PKYKNH P KOK[D[L \LUKPL^K I aYNW S iW RWDW P ¼b[EH ^P EWDY K JWVEL NDFYH

1M¯

XWDbPWJb
RWDa [DLNPKXb[\ KU]NDbJdP jªm ºjLY ªEWXOV mNWX[\» S l RWDEL jªm \LU I LVO VbXOLDKPWXb
P PWNVOP EL KOW[DWI a[LI \LUKPL I aYNK ^P EWDYbS

C UW ^P EWDY K J WVEL JXELI VDLI X E¼ KGK cK
2M¯

RWDW jªm GKk[Db VEF ] cbVGELJ \LUKPbJ
_ DWM cKXLJ NLWG[I E P \LUKPbJ I aYNDL S l GKULI Xb[\ RWDW[\ XWVOFMHI L MWULXEL \LUH Q MK[DaO_
GKPK P I aYNDL W MKOLJ P PWNVOPW[\ PKGd c I aYNW S l [LXONHJ DW[DbXW OPKNDbe VEF I aYNK
PF^UKPL S ªP EWDYb JWVbPXELI VDL ºÒ

1.5M¯

» MK PbMWULXEH PKYKNH P I aYNDL MNDL[\KYDa
MNDLD MWV XELVOW]EUXK�[E S ªP EWDYb P OLI RWDEL K]VLNPHI LJb I WGK `LRLEYbQ jj nbNWL UH] l
�EN^EXEV S ªP EWDYb K JWVEL JXELI VDLI X E¼

8M¯

GKk[Da VPKI a LPKUH[I L XW WVbJMOKOb[DXLI
^W cFDE KU]NDbJdP ºTªm _ TVbJMOKOE[ ª EWXO mNWX[\» S

jbVHXLG B S�� MNDLYVOWP EW PbGNLV �j YUW Nd¼Xb[\ J WV Q DWDXW[DKXK XW XEJ MKYVOWPKPL
LOWMb LPKUH[I E �
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jbVHXLG B S�� � lbGNLV �j YUW ^P EWDY K J WVW[\ KY � S� YK ��
M¯

S p]NWDLG XW MKYVOWP EL
o S gH]EWG º�©©�» S

• � _ [Ea^ ^ cdPXb P ELGH DLNKPL^K º¾ToZ»
• �_B _ LPKUH[I W XW [ S^ SQ VMWUWXEL PKYKNH P I aYNDL
• B _ GKk[Db VEF PKYdN P I aYNDL ºiToZ»
• B_� _ MNDL]HYKPW
• � _ OPKNDb VEF ^KNa[W PWNVOPW PKYKNH PKGd c \LUKPL^K I aYNW
• �_� _ MWULXEL PKYKNH P PWNVOP EL PKGd c \LUKPL^K I aYNW
• �_� _ P DNKVO MNKJ ELXEW E K]XE¼LXEL OLJMLNWOHNb
• �_� _ LPKUH[I W XW ^W cFDE [DLNPKXb[\ KU]NDbJdP jªm
• � _ ] cbVG \LUKPbQ MK[DaOLG NLWG[I E �

α

• �_� _ GKXONWG[I W Q P PWNVOPW[\ DLPXFONDXb[\ DWXEGW GKXPLG[I W
• �_ �� _ EXOLXVbPXL MWULXEL \LUH E P DNKVO MNKJ ELXEW
l OW]LUE B S� DLVOWP EKXK [DWV ¼b[EW ^P EWDY K Nd¼Xb[\ JWVW[\ S ªP EWDYb JWcK J WVbPXL

¼bI a XWPLO ObVEa[L NWDb Y cH¼LI XE¼ ^P EWDYb JWVbPXL S lL PVOFMXbJ JKYLUKPWXEH HG cWYdP
DXWI KJK�e [DWVH ¼b[EW VG cWYXEGdP MKJ W^W XWJ DKNELXOKPWe VEF P K^dUXb[\ P cWVXK�[EW[\
HG cWYH E JK¼UEPb[\ NKDP EaDWXEW[\ S
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iW]UE[W B S� � fKNdPXWXEL [DWVH ¼b[EW ^P EWDY K Nd¼XLI J WVEL S
o WVW

M¯

`DWV ¼b[EW ibM P EYJKPb XW [ S^ S
� S� ���� J UY S UWO o B
� �� J UY S UWO ªB

�S� � J UY S UWO ¨�
� ��� J EU S UWO T �
�� �B J EU S UWO m�

���� �� ��� ��°�� ��
¾ PbXEGdP JKYLUKPWXEW J LOKYa lC KONDbJHI LJb J WVbQ MNKJ ELXEL KNWD OLJMLNWOHNb
K]H VG cWYXEGdP S fKNdPXWXEL Ob[\ PbXEGdP D JKYLUWJ E LPKUH[bI XbJ E I LVO MKYVOWPKPbJ
OLVOLJ MKMNWPXK�[E KONDbJ WXb[\ NKDP EaDWk S fKXE¼LI KJdP EJb JKYLUL LPKUH[bI XL g EJ
LO WU S B��B S oKYLUL OL YKVOFMXL Va P MKVOW[E MNK^NWJH EXOLNMKUW[bI XL^K S C UW DWYWXb[\
JWV Q J LOWUE[DXK�[E

Z
KNWD MWNWJLONH

α/Fe
MNK^NWJ EXOLNMKUHI L YWXL DWPWNOL P MUEGW[\

]EXWNXb[\ S pONDbJHI LJb EXRKNJ W[I L K MNKJ ELXEW[\ Q I WVXK�[E E OLJMLNWOHNW[\ P RHXG[I E
[DWVH S

• oLOWUE[DXK�e
Z

I pGNL�UW DWPWNOK�e J LOWUE Q ����¾� �Q ^YDEL � KDXW[DW DWPWNOK�e PKYKNH W � \LUH S
C UW ZcKk[W PWNOK�e ¾�� S�B S

• [Fe/H]

I pGNL�UW DWPWNOK�e ¼LUWDW P VOKVHXGH YK Z cKk[W º
[Fe/H]¯ = 0

» S
[Fe/H] = log(Fe/H)∗ − log(Fe/H)¯

• [α/Fe]

I pGNL�UW VOKVHXLG UE[D]b MELNP EWVOGdP
α

YK WOKJdP ¼LUWDW P VOKVHXGH YK Z cKk[W S
f ELNP EWVOGWJ E

α
XWDbPWJb P ELUKGNKOXK�[E �L � º` Q p » Q ¬L Q o^ Q ZE Q Z Q T N S C UW

Z cKk[W PWNOK�e
[α/Fe]¯

�� S
l MNWGOb[L YK MKNdPXWXEW MWNWJLONdP ^P EWDY D JKYLUWJ E LPKUH[bI XbJ E Pb^KYXELI

I LVO H¼bPWe PbGNLVH UK^ º^»_UK^ ºi » DWJ EWVO UK^ ºn »_UK^ ºi »S fKDPWUW OK XW NKDVLMWNKPWXEL
PM cbPH OLJMLNWOHNb E MNKJ ELXEW ^P EWDYb XW K]H KVEW[\ S CDEFGE OLJH JWJb P EF[LI
EXRKNJ W[I E K MNDb[DbXW[\ LPLXOHWUXLI XELD^KYXK�[E JKYLUH D [Ea^WJ E LPKUH[bI XbJ E S

¬W GVDOW cO E M K cK¼LXEL [Ea^H LPKUH[bI XL^K XW PbGNLVEL �j JK[XK PM cbPW J LOWUE[D_
XK�e S ¾P EFGVDLXEL J LOWUE[DXK�[E XW PbGNLVEL UK^ ºn»_UK^ ºi » MNDLVHPW [Ea^ P MNWPK YK
XE¼VDb[\ OLJMLNWOHN S ¬W PbGNLVEL UK^ º^»_UK^ ºi » DP EFGVDKXW J LOWUE[DXK�e MNDLVHPW Pb_
GNLV P MNWPK E P Yd cS ¾XW[DXEL JXELI VDb PM cbP JW PWNOK�e MWNWJLONH

α/Fe
ºjbV S

B S�©» S
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2 4 6 8 10 12
Wiek - mld. lat

0
0,5

1
1,5

2
2,5

3

lo
g(

R
)

3,5

3,6

3,7

3,8

lo
g(

T
)

0

1

2

3

4

lo
g(

L
)

jbVHXLG B S�� � ¾J EWXW I WVXK�[E Q OLJMLNWOHNb KNWD MNKJ ELXEW YUW ^P EWDYb K J WVEL �
M¯

E
J LOWUE[DXK�[E ¾�� S�B S �WVXK�e E MNKJ ELk Va MKYWXL P I LYXKVOGW[\ V cKXL[DXb[\ S

3,663,683,73,723,743,76
log(T)

3

3,5

4

4,5

lo
g(

g)

Z=0.02     [alpha/Fe]=0
Z=0.02     [alpha/Fe]=0.15
Z=0.03     [alpha/Fe]=0
Z=0.03     [alpha/Fe]=0.15

jbVHXLG B S�© � fKNdPXWXEL [Ea^dP LPKUH[bI Xb[\ YUW ^P EWDYb K JWVEL
1M¯

YUW Nd¼XLI
J LOWUE[DXK�[E E UE[D]b MELNP EWVOGdP

α
S
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iW]UE[W B S© � ¾J EWXW MKYVOWPKPb[\ MWNWJLONdP P ONWG[EL LPKUH[I E ^P EWDYb K JWVEL
1M¯E J LOWUE[DXK�[E ¾�� S�B S

l ELG J UY S UWO fNKJ ELk
R¯

iLJMLNWOHNW g �WVXK�e
L¯� S�B� �S�B� �B� � � S�B�

�S�B� � S©� � ��B� � S�B�
B S��� � S©B© ���� � S�©�
� SB� � � S©�B ��� � � S���
� S�B� � S©�� ��� � � S©��
� SB�� �S� �� ���© � S©©�
� S��� �S��� ��B� �S��©
� S��� �S�©� ��B© �S���
� S��� �S��� ���� �SB��
� S��� �S�� � ���� �S�B�
© S��B �SBB� ��©� �S� ��
© S��© �SB�� ���� �S� ��
�� S��� �S��� ���� �S��B
�� S� �� �S��� �� �� �S���
��S��� �S�BB ���� �S©B�
��S��� �S��� �B�� B S�B�
�B S��B B S�� � ��BB B S�©�
�B S� �� � S�B� ��©� � S�B�
�B S��� ��S�© ���� � �S�©
�B S��� � �S�B ���© ��© S©
�B S��� �B S�� ���© ��� S�
�B S��� ©� SB � ��©� ©�� S©
�B S��� ��� S© �� �� ��©B S
�B S��© �B� S� �B�� ��� �S
�B S��� ��� S© ���� B�B� S

iW]UE[W B S�� � lWNOK�[E �
α�¨L� KNWD �¨L�� � KMWNOL XW K]VLNPW[I W[\ S iW]LUW DWP ELNW YWXL

D MNW[b m S mWN]Hb ºB���» S
�
α�¨L� �¨L�� �� S� ≥ _� S�
� S� Ò _� S� � _� S�
� SB Ò _� S� � _� S�
� S� Ò _ �S� � _� S�
� S� � _ �S�

0 10 10 ã>7=@G� 9 @A B9;@ å 689?5æ<8 :95F
oKYLUL XELGOdNb[\ HG cWYdP MKYPdI Xb[\ Va XW MELNP VDb NDHO KGW XELD^KYXL D OLKNEa LPK_
UH[I E S oK¼UEPW I LVO VbOHW[I W P GOdNLI VG cWYXEG U¼LI VDb PbML cXEW GNbOb[DXa MKP ELND[\_
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XEF jK[\L �W W VG cWYXEG J WVbPXELI VDb I LVO YWULGK MKXE¼LI MKP ELND[\XE GNbOb[DXLI S �RLGO
OLX DXWXb I LVO I WGK MWNWYKGV T U^KUW S iWGa VbOHW[I L JK¼XW PbO cHJW[Dbe PbJ EWXa JWV
J ELYDb VG cWYXEGWJ E P MNDLVD cK�[E Q GOdNLI VGHOGELJ I LVO KYP Nd[LXEL VOKVHXGH J WV S ¾L
PD^UFYH XW MNDb[DbXb GOdNL MKPKYHI a PbJ EWXF J WVbQ JK¼LJb MKYDELUEe HG cWYb XW YP EL
^NHMbS l MELNP VDLI PbML cXELXEL MKP ELND[\XE jK[\L �W I LVO VMKPKYKPWXL PDNKVOLJ MNK_
J ELXEW VG cWYXEGW JWVbPXELI VDL^K P ONWG[EL LPKUH[I E Q P YNH^ELI PbMLcXELXEL MKP ELND[\XE
I LVO VMKPKYKPWXL DJ EWXa KYUL^ cK�[E J EFYDb VG cWYXEGWJ E Q [K MKPKYHI L DJXELI VDLXEL GNb_
Ob[DXLI MKP ELND[\XE jK[\L �W S fNDb[DbXa DJXELI VDWXEW VEF KYUL^ cK�[E J K¼L ]be P VMdUXW
KOK[DGW Q MKUW J W^XLOb[DXL UH] LJ EVI W RWU ^NWP EOW[bI Xb[\ P HG cWYW[\ VDb]GK NKOHI a[b[\ S
¾L PD^UFYH XW VMKVd] P I WGE XWVOFMHI L PbJ EWXW JWVb HG cWYb JK¼LJb MKYDELUEe NdPXEL¼
XW YP EL ^NHMb � D PbJ EWXa GKXVLNPWObPXa _ P GOdNLI HG cWY XEL ONW[E J WVb E D HONWOa
J WVb W [K DW ObJ EYDEL OWG¼L J KJ LXOH MFYH S CH¼W Nd¼XKNKYXK�e HG cWYdP MKYPdI Xb[\ E
VGKJMUEGKPWXW LPKUH[I W MKVD[DL^dUXb[\ VG cWYXEGdP MKPKYHI F ¼L KONDbJHI LJb YH¼K V[L_
XWNEHVDb LPKUH[I E HG cWYH S fK[DaOLG I LYXWG I LVO P VMdUXb _ PbJ EWXW JWVb NKDMK[DbXW VEF
P OLYb GELYb VG cWYXEG K P EFGVDLI J WVEL PbML cXE MKP ELND[\XEL jK[\L �W S l DWUL¼XK�[E KY
OL^K GELYb OK XWVOaME PbNd¼XEWJb ONDb MNDbMWYGE �

I T
ZG cWYXEG J WVbPXELI VDb PbML cXEW MKP ELND[\XEL jK[\L �W P ONWG[EL LPKUH[I E XW [Ea^H
^ cdPXbJ GELYb VMWUWXb I LVO PKYdN P I aYNDL S T]b ]b cK OK J K¼UEPL VLMWNW[I W VG cWY_
XEGdP JHVE ]be J WcW W KGNLV NDFYH GEUGH YXE S

I m
ZG cWYXEG J WVbPXELI VDb PbML cXEW MKP ELND[\XEL jK[\L �W P ONWG[EL LGVMWXVI E YK RWDb
[DLNPKXL^K KU]NDbJW S pGNLV HG cWYH JHVE ]be GNdOVDb XE¼ KGK cK ��� YXE S

I `
CUW KGNLVdP KN]EOWUXb[\ MKPb¼LI ��� YXE ^ cdPXb VG cWYXEG JHVE MNDLI �e P RWDF [DLN_
PKXL^K XWYKU]NDbJW W]b PbML cXEe MKP ELND[\XEL jK[\L �W S

jbVHXLG B SB� MNDLYVOWP EW OL ONDb MNDbMWYGE XWcK¼KXL XW PbGNLV DJ EWX MNKJ ELXEW
VG cWYXEGW ^ cdPXL^K S

g ELYb VG cWYXEG ^ cdPXb PbMLcXE MKP ELND[\XEF jK[\L �W J WOLNEW DW[DbXW MNDLULPWe VEF
MNDLD MHXGO nW^NWX^L �W

L1
S o WOLNEW XEL KMWYW ]LDMK�NLYXEK XW VG cWYXEG YNH^E Q VONHJ ELk

I LVO Pb^EXWXb P GELNHXGH NH[\H KN]EOWUXL^K D MKPKYH XWYJ EWNH JKJ LXOH MFYH S ¾W_
DPb[DWI J WOLNEW OW OPKNDb YbVG WGNL[bI XbS o ELI V[L Q P GOdNbJ VONHJ ELk ONW�W P YbVG
XWDbPWJb ^KNa[a MUWJ a S jd¼XKNKYXK�e HG cWYdP MKYPdI Xb[\ MK[Ea^W DW VK]a YH¼L DNd¼_
XE[KPWXEL HG cWYdP PbJ ELXEWI a[b[\ JWVF S lbJ EWXW J WOLNEE J K¼L YKMNKPWYDEe YK Pb]H_
[\H ^P EWDYb VHMLNXKPLI S lbXEGELJ LPKUH[I E HG cWYdP PbJ ELXEWI a[b[\ JWOLNEF JK^a ]be
VOb^Xa[L ]EW cL GWNcbQ MKI LYbX[DL UH] MKYPdI XL MHUVWNb W XWPLO [DWNXL YDEHNbS
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jbVHXLG B SB� � lbGNLV DJ EWX MNKJ ELXEW VG cWYXEGW ^ cdPXL^K K J WVEL
5M¯

S ¾WDXW[DKXK
ONDb JK¼UEPL JKJLXOb PbML cXELXEW MKP ELND[\XE jK[\L �W S jbVHXLG OLX HGWDW c VEF P MNW[b
fW[DbkVGEL^K º�©��» S
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jbVHXLG B SB � � ZMLGONK^NWR `KHYè

ú ê� �)ýìõùîó� ì ýø ìñïõöýñöø öùì
gNDbPL ]UWVGH H¼bOL P XEXELI VDLI NKDMNWP EL P MNDLPW¼WI a[LI P EFGVDK�[E M K[\KYDa D UEOLNW_
OHNbQ X SM S D T ZTZ Q � EMMWN[KV E YK KMEVH J LOKYbGE K]VLNPW[I E KYVb cWJb [DbOLUX EGW YK MNW[
KNb^EXWUXb[\ ºfKIJ WkVGE �©©� # fLNNbJ WX �©©�» S ¬WOKJ EWVO P EFGVDK�e K]VLNPW[I E VM LG_
ONKVGKMKPb[\ WHOKN PbGKXW c VWJ S gKULI Xb NKDYDEW c MK�P EF[KXb I LVO KMEVKP E VOKVKPWXb[\
J LOKY K]VLNPW[I E E NLYHG[I E S

0 1� 12 ��5<8>9G� < 5x <A6875A7x7>< �> 49D; x7;>C� ?FGH
D9E: 4<?47>FGH w� éê8 4 ëìåíí���Î

p]VLNPWOKNEHJ WVONKXKJ E[DXL P J ELI V[KPK�[E jKD\LX DXWI YHI L VEF XW PbVKGK�[E ����J
X SM SJ S ¬WIP EFGVDbJ EXVONHJLXOLJ I LVO OLULVGKM BJ S iLULVGKM YDEW cW P YPd[\ JKYW[\
j EO[\Lb_`\NLOELX KNWD `KHYè S l K^XEVGH `KHYè I LVO DWEXVOWUKPWXb VM LGONK^NWR S p^XEVGK
OK DXWI YHI L VEL XW MEFONDL MKXE¼LI MKDEKJH OLULVGKMH S p^XEVGKPW OLULVGKMH P ObJ JK_
YDEL PbXKVE �BJ W �P EWO cKVEcW � ��� S fNDb OWG Y cH^ELI K^XEVGKPLI MNKPWYDLXEL JHVE ]be
]WNYDK YKG cWYXL S l ONWG[EL K]VLNPW[I E K]ELGO DJ ELXEW VPKI a PbVKGK�e XWY \KNbDKXOLJ Q
DJ ELXEW VEF NdPXEL¼ NLRNWG[I W S gKNLGOb MK cK¼LXEW NK]E VEF NF[DXEL S ZM LGONK^NWR DWIJHI L
YPW MKJ ELVD[DLXEW Q P MELNP VDbJ DXWI YHI a VEF GKJMHOLNb K]V cH^HI a[L GWJLNF ``C E [DF�e
VD[DLUEXKPa VM LGONK^NWRH W P YNH^EJ [DF�e KMOb[DXW D VEWOGa YbRNWG[bI Xa E GWJLNa ``C S
l MELNP VDbJ MKJ ELVD[DLXEH DXWI YHI a VEF NdPXEL¼ MKY^UaY MKUW K NKDJ EWNDL � � E M KY^UaY
VD[DLUEXb D K]ELGOLJ S CK GWUE]NW[I E P EYJ VOKVHI L VEF UWJMF OKNKPK_WN^KXKPa W YK KONDb_
J WXEW K]NWDdP M cWVGEL^K MKUW H¼bPW VEF NKDMNKVDKXL �P EWO cK D UWJMb I WNDLXEKPLI S `DF�e
KMOb[DXW DXWI YHI a[W VEF DW VEWOGa YbRNWG[bI Xa E OPKNDa[W K]NWD XW JWONb[b ``C MNDbMK_
J EXW GKXVONHG[bI XEL GWJLNF Z\J EYOW S ÍNLYXE[W UHVONW VRLNb[DXL^K PbXKVE � J LON ºjbV S
B SB�» S

fK[DaOGKPK KONDbJbPWXK P EYJW XW GUEVDb RKOK^NW�[DXLI Q K] L[XEL VOKVHI L VEF GWJ LNF
``C S ¬WI V cW]VDL K]ELGOb YKVOFMXL YK K]VLNPW[I E VM LGONKVGKMKPb[\ J WI a I WVXK�e �Bm S
l EYJW DWDPb[DWI KONDbJHI L VEF MWNWJ E S o WJb POLYb GKXONKUL HDbVGWXb[\ PbXEGdP S
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lbGKXHI L VEF NdPXEL¼ NWJGE DLNKPL^K [DWVH XW�P ELOUWXEW ºm�TZ» Q NWJGE M cWVGEL^K MKUW
KNWD P EYJW MKNdPXWXEW S

p]VLNPW[I L Nd¼Xb[\ K]VDWNdP P EYJ W NLWUEDHI L VEF MKMNDLD K]NW[WXEL VEWOGE YbRNWG[bI _
XLI S �L¼LUE P EYJW YPd[\ NDFYdP XW[\KYDa XW VEL]EL Q VOKVHI L VEF � UONb W]b KYYDELUEe P EYJK
K]VLNPKPWXL S o WONb[W ``C JW NKDJ EWN KGK cK B[J [K KYMKP EWYW RNW^J LXOKP E P EYJ W
KGK cK B�� î YUW H¼bOLI VEWOGE YbRNWG[bI XLI S
0 1� 10 �<;@AG� 9 7�5<8>9G� 4 5x <A6875A7x7>FGH
l UWOW[\ ��_Ob[\ YLOLGOKNb ``C DYKJ EXKPWcb K]VLNPW[I L WVONKXKJ E[DXL S ¾WVOaMEcb KXL
GUEVDL RKOK^NW�[DXL E RKOKJ LONbS gWJLNb ``C MKVEWYWI a PbVKGa LRLGObPXK�e GPWXOKPa
ºXWPLO MKXWY ��½ » KNWD UEX EKPK�e P YH¼bJ DWGNLVEL S fKONW�a NdPXEL¼ K]VLNPKPWe P ELUL
K]ELGOdP I LYXK[DL�XEL P KYNd¼XELXEH KY RKOKJ LONdP S ibMKPb DWGNLV [DH cK�[E YLOLGOKNdP
``C OK ���_ ����XJ Q W XWIP EFGVDW [DH cK�e P DWGNLVEL ���_���XJ S fKPKYHI L OK ¼L Va
KXL KYMKP ELYXEJ E YLOLGOKNWJ E YK K]VLNPW[I E RKOKJ LONb[DXb[\ E VM LGONKVGKMKPb[\ S lW_
YWJ E E[\ Va J WcL NKDJ EWNbQ V cW]W [DH cK�e P DWGNLVEL q� Q XELI LYXWGKPW [DH cK�e MEGVLUE Q
VDHJb OLNJ E[DXL Q KNWD VDHJb KY[DbOH LULGONKXEG E S �LVOL�Jb P VOWXEL HVHXae [DF�e Ob[\
XELYKVGKXW cK�[E YLOLGOKNW PbGKXHI a[ YKYWOGKPL K]NWDb GWUE]NW[bI XL S

I jWJGW K DLNKPbJ [DWVEL XW�P ELOUWXEW º¾�jp ï Q m �T Z»
¬WPLO MNDb DLNKPbJ [DWVLJ XW�P ELOUWXEW MEGVLUL MKVEWYWI a J EXEJWUXb cWYHXLG S
jWJGE OL^K ObMH MKGWDHI a J WMF XELI LYXKNKYXK�[E MHXGOH DLNKPL^K YUW MEGVLUE J W_
ONb[bS

I jWJGW MNaYH [ELJXL^K ºYWNG [HNNLXO»
fNaY [ELJXb I LVO VMKPKYKPWXb XELDLNKPa OLJMLNWOHNa J WONb[b ``C S C UW NWJLG
MNaYH [ELJXL^K ]FYDELJb H¼bPWe XWDPb VGNdOKPLI CTjg S l GW¼YbJ D MEGVLUE
P ONWG[EL LGVMKDb[I E D]ELNW VEF YKYWOGKPb cWYHXLG S oK¼LJb ^K K[LXEe MKMNDLD
PbGKXWXEL LGVMKDb[I E MNDb DWJGXEFOLI J E^WP[L K [DWVEL NdPXbJ LGVMKDb[I E K]ELGOH S
iWGa NWJGF JK¼LJb Md�XELI KYI ae KY K]NWDH XWHGKPL^K S `DWVWJ E VOKVHI L VEF OL¼
VGWUKPWXEL CTjgH K EXXb[\ [DWVW[\ XW�P ELOUWXEW Q I LYXWG XEL J WJb MLPXK�[E ¼L
MNaY [ELJXb MNDbNWVOW UEX EKPK S oHVEJb ]NWe MKY HPW^F ¼L MNaY [ELJXb DWUL¼b P
YH¼bJ VOKMXEH KY OLJMLNWOHNb J WONb[bS C UW PbVKGELI I WGK�[E GWJLN MNd¼XEKPb[\
[\ cKYDKXb[\ [ELG cbJ WDKOLJ MNaY [ELJXb I LVO DWXELY]bPWUXEL J Wcb E JK¼XW ^K
MKJ EXae XWPLO MNDb B�_�� J EXHOKPb[\ LGVMKDb[I W[\ S

I f cWVGEL MKUL º¨ UWO �LUY »
CK GW¼YL^K MEGVLUW J WONb[b ``C ONW�W �P EWO cK K EXXLI YNKYDL KMOb[DXLI S lVDLUGEL
DWG cd[LXEW XW OLI YNKYDL ºXM S Mb c XW J WONb[b » I WG NdPXEL¼ XELI LYXWGKPL PDJK[XEL_
XEL MKVD[DL^dUXb[\ MEGVLUE M KPKYHI a ¼L MKONDL]HI LJb JWMF [DH cK�[E XWVDL^K HNDa_
YDLXEW MKJ EWNKPL^K S iWGa J WMF JK¼LJb KONDbJ We MNDb MKJK[b M cWVGEL^K MKUW S
f cWVGEL MKUL HDbVGHI LJb GELNHI a[ OLULVGKM OH¼ MK DW[\KYDEL V cKk[W XW XEL]K º

90◦
KY

Z cKk[W» S T UOLNXWObPXEL J K¼XW DWVOKVKPWe I LYXKNKYXEL K�P ELOUKXb LGNWX PLPXaOND
GKMH cbS

ð{ QÅT ÌÍÃÌÍ ÒªÑñ Y�PÎÅ ÈÌL ÇÅKÎ ÈTÊUÉËÎPÃ� òóªÁ Ç |Ñªô Ç ñ§ÑÈ Ç JÁõöÇ Á÷ø Z { ÇÌÇÌÍÄ ÈKÍÄQÊÅÃP TËÊKP ÈÉÅÏP K ÉPÃ� ËKÇÅÃKÍù Z
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jbVHXLG B SBB � jLYHG[I W K]NWDdP ``C S
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jbVHXLG B SB� � ibMKPL NWJGE PbGKXbPWXL XW VM LGONK^NW�L `KHYè P ¬Tp jKD\LX S
fELNP VDW KY ^dNb MNLDLXOHI L NWJGF DLNKPL^K [DWVH XW�P ELOUWXEW Q PWNOK�[E M EGVLUE Va P
^NWXE[W[\ ���_��� TCq S gKULI XW NWJGW MNLDLXOHI L M cWVGEL MKUL Q PWNOK�[E M EGVLUE B����_
B���� TCq S l EYK[DXb I LVO LRLGO MELN�[ELXE EXOLNRLNLX[bI Xb[\ S iNDL[EW NWJGW MNDLYVOWP EW
P EYJK MKNdPXWXEW D UWJMb OKNKPK_WN^KXKPLI S ÍNKYGKPW [DF�e P EYJW I LVO MNDLV cKXEFOW
W]b XEL MNDL�P ELOUWe OLI [DF�[E J WONb[b ``C XW GOdNLI ] FYDEL XW�P ELOUKXL P EYJK ^P EWDYbS
pVOWOXEW NWJGW MNDLYVOWP EW P EYJK K]ELGOH S `ELJXL UEX EL MNKVOKMWY cL YK GELNHXGH YbV_
M LNVI E OK UEX EL ^P EWDYKPL W ]EW cL MHXGOb OK [DaVOGE GKVJ E[DXL GOdNL ONW� cb P JWONb[F P
ONWG[EL B� J EXHOKPLI LGVMKDb[I E S
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jbVHXLG B SB� � p]NWDb KONDbJ WXL VM LGONK^NWRLJ L[\LUUL P mKNKP[H Q P EYJK K]ELGOH ºMK
ULPLI » KNWD P EYJK MKNdPXWXEW S ¬W K]H NWJGW[\ P EYWe PbNW�XEL NDFYb P EYJ W S

� ����°� � ����±Ö� �����× ������°�
l MWGEL[EL �jT¨ JWJb DLVOWP MNK^NWJdP YK NLYHG[I E P EYJ DL VM LGONK^NWRH `KHYè S
fWGELO XWDbPW VEF gf¬p`pqC� S jWJGE ``C D VMLGONK^NWRH `KHYè DWDPb[DWI XEL Va
KMObJWUXEL PbGKNDbVOWXL S l EYJK DWIJHI L ObUGK �NKYGKPb MWVLG K]NWDH S T]b MNDbVMEL_
VDbe NLYHG[I F E DJXELI VDbe J ELI V[L DWIJKPWXL MNDLD NWJGE P MELNP VDLI GKULI XK�[E JK¼LJb
K][Eae XELMKONDL]XL K]VDWNbS lVDbVOGEL NWJGE JHVEJb K][Eae P VMKVd] EYLXOb[DXbS fELNP_
VDa NLYHG[I L GOdNa MNDLMNKPWYDEJb OK KYI F[EL MKDEKJH DLNKPL^K º¾�jp Q m�TZ» S jWJGE
OL^K ObMH PbGKXHI L VEF P P EFGVDLI EUK�[E S q�NLYXEWJb I L MNK^NWJLJ ¾�jp`pom�¬�
P GOdNbJ HVOWP EWJb MWNWJLON

combine
XW

average
S q�NLYXEKXb K]NWD GOdNb KONDbJH_

I LJb KYLIJHI LJb KY NLVDOb K]NWDdP Q K[DbP E�[EL WHOKJ WOb[DXEL MKJ EI WXL Va K]NWDb ObMH
¾�jp S

gKULI XW NLYHG[I W YKOb[Db Ob UGK GWJLN GOdNL J WI a PbVKGE MNaY [ELJXbS gWJ LNW VOKVK_
PWXW XW jKD\LX MKVEWYW [\ cKYDLXEL [ELG cbJ WDKOLJ E MNW[HI L MNDb OLJMLNWOHNDL −100◦

` S
fNDb OLI OLJMLNWOHNDL MNaY [ELJXb GWJ LNb I LVO DWXELY]bPWUXbS l VbOHW[I W[\ Q P GOdNb[\
XEL JK¼LJb DWXELY]We MNaYH [ELJXL^K JHVEJb PbGKXbPWe NWJGE ObMH CTjg S jWJGE
OL XW�P ELOUW VEF MNDb DWJGXEFOLI J E^WP[L S pMObJWUXb [DWV XW�P ELOUWXEW Ob[\ NWJLG MK_
P EXELX ]be NdPXb [DWVKP E XW�P ELOUWXEW ]WYWXL^K K]ELGOH S l MNDL[EPXbJ NWDEL JHVEJb
VGWUKPWe NWJGF CTjg W XEL J WJb MLPXK�[E [K YK UEX EKPK�[E MNDbNKVOH MNaYH [ELJXL^K S
p]NWDb YWNG DWUL¼a JK[XK KY OLJMLNWOHNb GWJLNbS �L¼LUE OLJMLNWOHNW P ONWG[EL K]VLN_
PW[I E DJ ELXEW VEF JHVEJb [DF�[ELI PbGKXbPWe NWJGE CTjg S jLYHG[I W CTjg MKUL^W XW
KYI F[EH OLI NWJGE KY K]NWDdP XWHGKPb[\ ºObMH pm�» S

jWJGE M cWVGEL^K MKUW º¨nTi » VHJHI LJb MNDb H¼b[EH MNK^NWJH ¨nTi`pom�¬� S
pONDbJHI LJb OWG DPWXb

masterflat
S f cWVGEL MKUL J K¼L J ELe M LPXa MK[\b cK�e GOdNa

HVHPWJb XKNJ WUEDHI a[ ¨nTi MNK^NWJLJ Tf¬pjoTn�¾� S ÍNLYXEW PWNOK�e NWJGE ¨nTi
PbXKVE I LYLX S jLYHG[I W MKUL^W XW MKYDELULXEH NWJ LG pm� MNDLD ¨nTi S
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jbVHXLG B SB� � fKMNDL[DXb YK YbVM LNVI E MNDLGNdI P EYJW S pGXK MNK^NWJH TfTnn P GOd_
NbJ YK]ELNWJb VDLNKGK�e VHJKPWXL^K MWVW S f EG MK ULPLI OK ONW�LXEL [DaVOGE GKVJ E[DXLI S

ú�× ������ � ��× � �� � ����û� ��× ���� ü

fK NLYHG[I E K]NWDdP YPHPbJ EWNKPb[\ JHVEJb KONDbJ We P EYJK I LYXKPbJ EWNKPL S g EL_
NHXLG YbVM LNVI E X EL MKGNbPW VEF YKG cWYXEL D GELNHXGELJ P ELNVDb�GKUHJX JWONb[b ``C S
qPD^UFYXEW OK MNK^NWJ VHJHI a[b TfTnn S f ELNP VDb GNKG OK YKMWVKPWXEL GELNHXGH YbV_
M LNVI E ºONW[L Q jbV S B SB�» E KGNL�ULXEL VDLNKGK�[E P EYJW YKMWVKPbPWXL^K ºjbV S B SB�» S
¬ EL YKMWVKPHI LJb UEX EE MNKVOLI UL[D P ELUKJ EWX XEVGEL^K NDFYH S qPD^UFYXEWI a[ OLX P EL_
UKJ EWX Q Vb^XW c D GKUHJX MNKVOKMWY cb[\ YK GELNHXGH YbVM LNVI E DKVOWI L MKVHJKPWXbS l
MUEGH GKX�^HNW[bI XbJ MNK^NWJH TfTnn HVOWP EWJb MWNWJLONb

weight = variance
KNWD

clean = yes
S fKPKYHI L OK KYNDH[LXEL KYVGWGHI a[b[\ MEGVLUE P YWXLI GKUHJXEL S l OLX

VMKVd] HVHPWJb NdPXEL¼ �UWYb [DaVOLG GKVJ E[DXb[\ S pONDbJHI LJb P EYJK I LYXKPbJ EW_
NKPL Q XW KVE M EKXKPLI J WJb Vb^XW c TCq W XW KVE MKDEKJ LI XHJLNb MEGVLUE S ¬W NbVHXGH
B SB� P EYWe MKNdPXWXEL MKVHJKPWXL^K P EYJ W Q �UL E M KMNWPXEL DNLYHGKPWXL^K S

ZHJKPWXEL P EYJ MKNdPXWXEW PbGKXHI LJb WXWUK^E[DXEL S �LYXWG XEL PbGKXHI LJb YK_
MWVKPWXEW GELNHXGH YbVM LNVI E ºONW[L» W GKNDbVOWJb D I H¼ YKMWVKPWXL^K D P EYJ W K]ELGOH S
gKNDbVOWJb D KM [I E

reference spectrum
KNWD

trace = no
S g W¼YL P EYJK K]ELGOH MKP EXXK

MKVEWYWe VPKI L MKVHJKPWXL P EYJK MKNdPXWXEW S ¾^KYXb P ELUKJ EWX GELNHXGH YbVM LNVI E
P EYJ pm� E `pof MKDPWUW XWJ MK EYLXOb�GW[I E UEX EE P P EYJ EL MKNdPXWXEW MNDLXEL�e
P ELUKJ EWX Y cH^K�[E RWUE ºGNDbPW YbVM LNVI E» XW P EYJW K]VLNPKPWXb[\ K]ELGOdP S ¾^KY_
XK�e Ob[\ P ELUKJ EWXdP Q I LVO ]WNYDK PW¼XW VD[DL^dUXEL I L¼LUE [LULJ K]Nd]GE I LVO MKJ EWN
MNFYGK�[E NWYEWUXb[\ Q DWM LPXEW MKMNWPXa GWUE]NW[I L P Y cH^K�[E RWUE S
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jbVHXLG B SB� � pGXK MNK^NWJH TfTnn P GOdNbJ YKMWVKPHI LJb GELNHXLG YbVM LNVI E S

jbVHXLG B SB� � fKNdPXWXEL P EYJW ] LD NLYHG[I E ¨nTi E ]LD HVHXEF[EW [DaVOLG GKVJ E[DXb[\
ºH ^dNb » E P EYJW MNWP EY cKPK DNLYHGKPWXL^K S oK¼XW DWHPW¼be ¼L �WOKPWXEL MKDPWUW XWJ
HVHXae LRLGO RNEX^L GOdNb JK[XK DXELGVDOW c[W MKVHJKPWXL P EYJK S
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jbVHXLG B SB� � pGXK MNK^NWJH �C�¬i�¨� MK EYLXOb�GW[I E UEXEE UWJMb OKN_WN^KXKPLI S

ý���~�þ��°� � ��� �� � ��× � ���Ö������ ü
l EYJW MKNdPXWXEW PbGKXHI LJb MK OK W]b HDbVGWe EXRKNJ W[I L K Y cH^K�[E RWUE I WGW KYMK_
P EWYW GW¼YLJH MEGVLUKP E J WONb[b ``C S q¼bPWXW I LVO YK OL^K [LUH UWJMW Q GOdNW YWI L P
P EYJ EL YH¼a UE[D] F UEX EE LJ EVbI Xb[\ XW MNDbG cWY UWJMW OKNKPK WN^KXKPW S ¬W MKYVOWP EL
GWOWUK^dP Q [\WNWGOLNbVOb[DXL^K MK cK¼LXEW E XWOF¼LXEW ^NHM UEX EE J K¼LJb DEYLXOb�GKPWe
OL UEXEL S �[\ UW]KNWOKNbI XL Y cH^K�[E RWUE Va YK]NDL DXWXL S gKNDbVOWI a[ D MNK^NWJH �C�¬_
i�¨� DWDXW[DWJb ^ cdPXL UEX EL E PMEVHI LJb E[\ UW]KNWOKNbI XL Y cH^K�[E RWUE ºjbV S B SB�» S
¬WVOFMXEL PbGKXHI LJb YKMWVKPWXEL S CKMWVKPHI LJb P ELUKJ EWX XEVGEL^K NDFYH _ GNDbPa
YbVM LNVI E S iLX P ELUKJ EWX YWI L XWJ JWMF YbVM LNVI E XWVDL^K P EYJW MKNdPXWXEW S l ONWG[EL
YKMWVKPWXEW J K¼LJb HVHXae MHXGOb KYVOWI a[L S fK MELNP VDbJ YKMWVKPWXEH JK¼LJb DW_
VOKVKPWe EYLXOb�GW[I L WHOKJ WOb[DXa GKNDbVOWI a[ D KYMKP ELYXEL^K GWOWUK^H UEX EE S Ca¼bJb
YK OL^K W]b J ELe J WGVbJWUXa UE[D] F UEX EE UL[D XEL GKVDOLJ joZH S

fK KVOWOL[DXbJ YKMWVKPWXEH GNDbPLI YbVM LNVI E MNDLXKVEJb I a XW P EYJK K]ELGOH MNDb
MKJK[b MNK^NWJH C�Zf`pj S l PbXEGH OL^K KONDbJHI LJb P EYJK K]ELGOH P I LYXKVOGW[\
TCq E Y cH^K�[E RWUE S

ÿ� �����°� � }~��× ����� ü
�L¼LUE [\[LJb P ELYDELe I WGE I LVO GVDOW cO GKXOEXHHJ P EYJ W K]ELGOH UH] I WGEL I LVO XWOF¼L_
XEL MKVD[DL^dUXb[\ UEX EE Q JHVEJb PbGKXWe GWUE]NW[I F VONHJ ELXEW S CK MKJ EWNdP MNFYGK�[E
NWYEWUXb[\ OWGW GWUE]NW[I W XEL I LVO MKONDL]XW S gWUE]NW[I W VONHJ ELXEW XEL DJ ELXEW Y cH^K�[E
RWUE UEXEE P EYJKPb[\ S ÍP EWO cK M K[\KYDa[L KY K]ELGOH MNDL[\KYDE MNDLD WOJKVRLNF DELJ VGa Q
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jbVHXLG B SB© � ¨HXG[I W [DH cK�[E XWVDL^K YLOLGOKNW ºOLULVGKM Q WOJKVRLNW» YUW Nd¼Xb[\ Y cH_
^K�[E RWUE S

OLULVGKM Q VM LGONK^NWR E ONW�W XW JWONb[L ``C S fK[\ cWXEWXEL XW YNKYDL MNKJ ELXEKPWXEW
I LVO Nd¼XL YUW Nd¼Xb[\ [DFVOKOUEPK�[E W J WONb[W ``C JW XWIP EFGVDa [DH cK�e P DWGNLVEL
���_���XJ S T]b KGNL�UEe VONWOb P Nd¼Xb[\ DWGNLVW[\ JHVEJb K]VLNPKPWe KMNd[D K]ELGOH
MNK^NWJKPL^K NdPXEL¼ ^P EWDYF Q GOdNW I LVO VOWXYWNYLJ VMLGONKRKOKJ LONb[DXbJ S l MW_
GEL[EL gf¬p`pqC� MNK[LV GWUE]NW[I E I LVO PbGKXbPWXb P ONDL[\ GNKGW[\ MNK^NWJ WJ E
ZiT¬CTji Q Z�¬Z¨q¬` ºjbV S B SB©» E `Tn�mjTi� S

� }������ �� Þ��� �~× �}���� ®��× �
n EXEL WOJKVRLNb DELJ VGELI DWG cd[WI a MKJ EWN MNFYGK�[E NWYEWUXb[\ S ¬WI MNKVOVDbJ VMKVK_
] LJ XW MKNWYDLXEL VK]EL D ObJ MNK]ULJ LJ I LVO Pb]ELNWXEL DWGNLVdP VMLGONKVGKMKPb[\
^YDEL ]NWGHI L VEUXb[\ UEXEE OLUUHNb[DXb[\ S ¾ ]WYWXb[\ DWGNLVdP P XEXELI VDLI MNW[b PWNH_
XLG OLX VM L cXEWI a KGKUE[L o^iNE º��B� î » KNWD `W �� º���� î » S �L�UE H¼bPWJb YK MKJ EWNH
MNFYGK�[E J LOKYb GKNLUW[I E VGNK�XLI ºjKDYDEW c B S� S�» JK¼LJb MKNWYDEe VK]EL D UEX EWJ E
OLUUHNb[DXbJ E YPKJW VMKVK]WJ E S �L¼LUE DXWJb MK cK¼LXEL Ob[\ UEX EE J K¼LJb DWDXW[Dbe
K]VDWNb YK GKNLUW[I E KJ EI WI a[ UEX EL OLUUHNb[DXL S gKULI Xb VMKVd] OK YKMWVKPWXEL ONDL[EL^K
MNK�UH YK MEGH DP EaDWXL^K D WOJKVRLNa Q M ELNP VDL YPW DP EaDWXL Va DL VG cWYXEGWJ E HG cWYH S
f EG WOJKVRLNb[DXb EYLXOb�GHI LJb MK ObJ ¼L I L^K MNFYGK�e K]VLNPKPWXW PbXKVE DLNK Q MEG
XEL MNDLVHPW VEF P NK¼Xb[\ RWDW[\ NH[\H KN]EOWUXL^K HG cWYH ºJ WcL DJ EWXb Va JK¼UEPL XW
VGHOLG LRLGOH ]ULXYEX^H» S �L¼LUE NLVDOW VMKVK]dP DWPKYDE J K¼LJb VOPKNDbe J WMF UEX EE OLU_
UHNb[DXb[\ P DWGNLVEL Q GOdNb K]VLNPHI LJbS oK¼LJb OK PbGKXWe K]VLNPHI a[ ^KNa[L VDb]GK
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jbVHXLG B S�� � fKJ EWNb MNFYGK�[E NWYEWUXb[\ YUW
θ

CNW[KXEV Q HG cWY ObMH Zm �S p]VLNPW[I L
PbGKXWXK XW ��[J OLULVGKMEL ¬LPOKXW P mKNKP[H S gNDbPW MNFYGK�[E PbGNL�UKXW XW
MKYVOWP EL MWNWJLONdP HG cWYH D UEOLNWOHNb oWDL\ LO WU S B��B S TXWUEDF P EYJ PbGKXWc j S
jWOWI [DWG P VMdUXEL D WHOKNLJ XEXELI VDLI MNW[bS

NKOHI a[L ^P EWDYb ObMH p_m S iWGEL ^P EWDYb MNWGOb[DXEL XEL MKVEWYWI a P cWVXb[\ PaVGE[\
UEXEE S lVDbVOGEL PaVGEL UEX EL P OWGEJ P EYJ EL MK[\KYDa KY WOJKVRLNb ¾ELJ E S ªP EWDYF
p_m JHVEJb DWK]VLNPKPWe P ]UEVGE[\ YK P EYJ W K]ELGOH PWNHXGW[\ º[DWV Q LGVMKDb[I W Q
GELNHXLG XW VRLNDL XEL]ELVG ELI » S l MWGEL[EL �jT¨ YK HVHPWXEW UEX EE WOJKVRLNb VcH¼b MNK_
^NWJ i�nnqj�` S CDELUE KX P EYJK K]ELGOH MNDLD MKMNDLYXEK MNDb^KOKPWXa J WM F UEX EE
WOJKVRLNb[DXb[\ S
�±�× �ÖÜ�� }�� �����°� � � ��× �°�� ��� ü
l EYJW DL VM LGONK^NWRH ObMH �[\LUUL DWP ELNWI a P ELUL NDFYdP P EYJ W ºjbV S B SB�» S jLYHG[I W
XW MKDEKJ EL m�TZH I LVO EYLXOb[DXW D P EYJWJ E `KHYè S ¾WDPb[DWI VM LGONK^NWRb �[\LUUL Va
PbMKVW¼KXL P GWJLNb [\ cKYDKXL [ELG cbJ WDKOLJ E NLYHG[I W MNaYH [ELJXL^K I LVO D] FYXW S
jd¼XE[L MKI WP EWI a VEF XW LOWMEL MNDb^KOKPWXEW NWJGE

masterflat
S

gKULI XL GNKGE Q VHJ KPWXEL P EYJW E EYLXOb�GW[I W Nd¼XEa VEF MNDLYL P VDbVOGEJ ObJ ¼L
PbGKXbPWXL Va P ELUKGNKOXEL YUW GW¼YL^K NDFYH D KVK]XW S gKNDbVOWJb D MWGELOH �[\LUUL
º�jT¨» S fNK^NWJ LJ TfTnn VHJHI LJb GKULI XK GW¼Yb D NDFYdP S l EYJW I LYXKPbJ EW_
NKPL Va P ELUKPWNVOPKPL Q GW¼YW PWNVOPW DWP ELNW I LYLX NDaY P EYJ W S �YLXOb�GW[I L UEX EE P
P VDbVOGE[\ NDFYW[\ P EYJW KYXELVELXEW PbGKXHI LJb MNK^NWJLJ �`�C�¬i�¨� S

fK EYLXOb�GW[I E P EYJ W MKNdPXWXEW E MNDLXELVELXEW P ELUKJ EWXH YbVM LNVI E XW P EYJK
K]ELGOH JK¼LJb D cK¼be P VDbVOGEL NDFYb P EYJ W YK I LYXL^K [Ea^H S l MNDbMWYGH P EYJ W
D mKNKP[W KONDbJHI LJb DWGNLV KY ����î YK ����î S l ONWG[EL MNW[ XWY OLVOKPWXELJ
VMLGONK^NWRH VMKNDaYDEcLJ WOUWV �� NDFYdP P EYJW OKNKPK WN^KXKPLI UWJMb MKNdPXWXEW S
lbGKXWcLJ NdPXEL¼ VLNEL OLVOdP YK K[LXb VOW]EUXK�[E KONDbJbPWXb[\ PbXEGdP KNWD K[LXb
I WGK�[E MKJ EWNdP MNFYGK�[E NWYEWUXb[\ ºiW] S B S��Q B S�B Q B S��» S
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iW]UE[W B S�� � gKNLUW[I W VGNK�XW MKVD[DL^dUXb[\ NDFYdP YUW YPd[\ P EYJ MKNdPXWXEW S `DWV
MKJ EFYDb LGVMKDb[I WJ E �\ S l EYJ W PbGKXWXK �� S� � SB��� Q � MEGVLU�� SBî º� S�

km s−1» S
NDaY MNDLVHXEF[EL ] caY NDaY MNDLVHXEF[EL ] caY

P EYJW MEGVLUL P EYJ W MEGVLUL MEGVLUL
� � S��� �S�� B� � S� �� � S� �
� � S�B� �S�� �� � S��� B S�©
�B � S�B© �S�� �� _� S� �� B SB�
�� � S��� �S�� �� _� S� �� �S��
B� � S� �� �S��

iW]UE[W B S�B � fKJ EWNb YUW I LYXL^K D P EYJ
θ

CNW[KXEV YPKJ W JLOKYWJ E YUW XELGOdNb[\
NDFYdP S jDFYb �� E � � KYVGWGHI a MKXELPW¼ OWJ MNDLPW¼WI a UEX EL WOJKVRLNb DELJ VGELI S

NDaY P EYJW
Vh

GJ �V ] caY GJ �VMKJ EWN j��Cn�¬�Z
ONbMULO o^ � S�� �S©
YH]ULO ¬W � S�© B S��

MKJ EWN ¨�`pj
� � S�� B S�B
� � S�© B S��
�� � S�� �S�B
B� � SBB � S��
�� � S�� � S��
� � � SB� � S��

iW]UE[W B S�� � gKNLUW[I W VGNK�XW YPd[\ P EYJ
α

mKKOEV PbGKXWXb[\ I LYXK MK YNH^EJ S
NDaY

∆V
] caY

P EYJW GJ �V GJ �V� � S�B� � S���
� _� S��� � S���
�� _� S��B � S��©
�� � S��© � S���
B� _� S��� � S���
B� _� S�BB � S���
�� � S��� � S�B�
�� � S��� � SB� �
�� � SB�� � SB��
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nEXEL P EYJKPL Q GOdNL MKP VOWI a P ^P EWDYW[\ OPKNDa [\WNWGOLNbVOb[DXL ^NHMb UH] J WI a
NKDMKDXWPWUXb MNK� U S CDEFGE OLJH I LVOL�Jb P VOWXEL DEYLXOb�GKPWe OL UEX EL XWPLO I L¼LUE XW
VGHOLG LRLGOH CKMMULNW Va MNDLVHXEFOL P Y cH^K�[E RWUE S l cW�XEL OK MNDLVHXEF[EL EXRKNJHI L
XWV K MNFYGK�[E NWYEWUXLI K]ELGOH PD^UFYLJ K]VLNPWOKNW S ¬WI ]WNYDELI EXOHE[bI XbJ VMKVK_
] LJ J ELNDLXEW OL^K MNDLVHXEF[EW I LVO MKJ EWN Y cH^K�[E RWUE YWXLI DEYLXOb�GKPWXLI UEX EE P
P EYJ EL K]ELGOH Q XW MNDbG cWY MNDLD YKMWVKPWXEL MNK�UH ªWHVVW Q DXWULDELXEL �NKYGW UEX EE E
M KNdPXWXEL PbXEGH D UW]KNWOKNbI Xa Y cH^K�[Ea RWUE S pONDbJHI LJb Nd¼XE[L Y cH^K�[E RWU

∆λ
S

¾P EaDLG D MNFYGK�[Ea NWYEWUXa I LVO XWVOFMHI a[b
∆λ/λ = V r/c

S �J P EF[LI UEX EE I LVOL�Jb P
VOWXEL DEYLXOb�GKPWe P P EYJ EL K]ELGOH ObJ YKG cWYXELI VDb VOWI L VEF XWVD MKJ EWN S fNK^NWJ
j� �Cn�¬�Z D MWGELOH �jT¨ GKNDbVOW D OLI J LOKYb MKJ EWNH MNDLVHXEF[EW UEXEE P EYJKPb[\ S
fNW[W D MNK^NWJ LJ Pb^UaYW XWVOFMHI a[K S fK Pb]NWXEH P EYJW Q GOdNL [\[LJb MKJ ELNDbe
DKVOWI L KXK Pb�P ELOUKXL S ¾WDXW[DWJb DXWXL XWJ UEXEL E PMNKPWYDWJb E[\ UW]KNWOKNbI XL
Y cH^K�[E RWUE S gKULI XbJ GNKGELJ I LVO YKMWVKPWXEL MNK� UE ªWHVVW E PbDXW[DLXEL MNFYGK�[E
NWYEWUXLI S T]b MNK^NWJ YDEW cW c MKMNWPXEL JHVEJb PMNKPWYDEe XELGOdNL EXRKNJ W[I L YKOb_
[Da[L UEX EE P EYJKPb[\ � ObM UEXEE ºLJ EVbI XW Q W]VKNM [bI XW» E ObMKPa VDLNKGK�e MK cdPGKPa
UEXEE S o WJb YK YbVMKDb[I E YP EL J K¼UEPK�[E KGNL�ULXEW �NKYGdP UEX EE � YKMWVKPWXEL MNK�UH
ªWHVVW UH] WU^KNbOJ

centr1d
S T U^KNbOJ YKMWVKPHI a[b MNK�U ªWHVVW KGNL�UW GKXOEXHHJ

E YKMWVKPHI L MWNWJLONb MNK� UH XEL UEX EKPbJ WU^KNbOJ LJ nLhLX]LN^_oWN�HWNYO S pONDb_
JHI LJb Y cH^K�e RWUE �NKYGW UEX EE Q ^ cF]KGK�e UEX EE E XELM LPXK�e MKJ EWNH S T U^KNbOJ

centr1dGKNDbVOW D ]EVLG[I E VONHJ ELXEW W]b PbDXW[Dbe �NKYLG UEX EE S fK DEYLXOb�GKPWXEH GEUGH UEX EE
MNK^NWJ HJK¼UEP EW WHOKJ WOb[DXa EYLXOb�GW[I L XW MKYVOWP EL GWOWUK^H S

C UW ^P EWDY MKYPdI Xb[\ ObMH ZmB UEX EL Va NKDVD[DLMEKXL E [DFVOK XWG cWYWI a º]ULXYHI a»
VEF DP cWVD[DW P RWDW[\ K J Wcb[\ MNFYGK�[EW[\ NWYEWUXb[\ S fNK^NWJ j��Cn�¬�Z MKDPWUW
XW �KYDbVGWXEL� EXRKNJ W[I E K MNDLVHXEF[EW[\ UEX EE Y UW K]H VG cWYXEGdP S fNK[LV YL]ULXYEX^H
I LVO PbGKXbPWXb MKMNDLD YKMWVKPWXEL YPd[\ MNK� UE ªWHVVW YK K]H VG cWYKPb[\ UEXEE S
pONDbJHI LJb YPW �NKYGE UEX EE [Db UE MNFYGK�[E Y UW K]H VG cWYXEGdP S

CK JKYLUKPWXEW HG cWYdP MKYPdI Xb[\ MKONDL]HI LJb EXRKNJ W[I E K [DWVEL K]VLNPW[I E
E MNFYGK�[E P \LUEK [LXONb[DXbJ HG cWYDEL KYXELVELXEW S jH[\ K]VLNPWOKNW P NWD D ¾ELJ Ea
MK KN]E[EL JK¼L DWG cd[Ee MKJ EWN [DWVH K � J EX W MKJ EWN MNFYGK�[E W¼ K �� GJ �V S ¬W
VGHOLG NH[\H KN]EOWUXL^K K]VLNPWOKN XW ¾ELJ E D]UE¼W VEF E KYYWUW KY K]ELGOH [K MKPKYHI L
¼L HG cWY OKMK[LXONb[DXb JHVEJb DWVOaMEe \LUEK [LXONb[DXbJ S fNFYGK�e \LUEK [LXONb[DXW
PbXKVE

Vh = Vobs + H
Q ^YDEL

H
OK MKMNWPGW \LUEK [LXONb[DXW Q GOdNW NdPXW I LVO MNFYGK�[E

K]VLNPWOKNW PD^UFYLJ ZcKk[W S T]b MNK^NWJ j��Cn�¬�Z Jd^ c MNDLUE[Dbe PbDXW[DKXa
MNFYGK�e NWYEWUXa YK HG cWYH \LUEK [LXONb[DXL^K JHVE YbVMKXKPWe EXRKNJ W[I a K P VMd cNDFY_
Xb[\ K]ELGOH Q P VMd cNDFYXb[\ K]VLNPWOKNEHJ Q LMK[L E JKJLX[EL K]VLNPW[I E S iL EXRKNJ W[I L
MKP EXXb ]be DWPWNOL P XW^ cdPGH MUEGH DWP ELNWI a[L^K P EYJK º� S�O Q � SEJ\» S oHVDa ]be
KXL KMEVWXL KYMKP ELYXEJ E VcKPWJ E GUH[DKPbJ EQ GOdNL Va D^KYXL D VOWXYWNYLJ MWGELOH
�jT¨ S

oLOKYW MKJ EWNH MNFYGK�[E NWYEWUXb[\ XW MKYVOWP EL PbDXW[DLXEW MNDLVHXEFe MKVD[DL_
^dUXb[\ UEXEE J W GEUGW PWY S ¬ EL DWP VDL I LVOL�Jb P VOWXEL DEYLXOb�GKPWe YWXa UEXEL S oK¼L
OK ]be VMKPKYKPWXL DWVDHJ ELXELJ P EYJ W UH] XWG cWYWXELJ VEF UEX EE DP cWVD[DW MNDb ^P EWD_
YW[\ MKYPdI Xb[\ S gKULI Xa PWYa I LVO OK ¼L XEL GKNDbVOWJb D [W cL^K P EYJW W ObUGK DL
DXWXb[\ XWJ UEXEE S
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jbVHXLG B S� � � pGXK MNK^NWJH j� �Cn�¬�Z MK YKMWVKPWXEH YPd[\ MNK� UE ªWHVVW YK
NKDVD[DLMEKXLI UEXEE PWMXEW HG cWYH DWeJ ELXEKPL^K C� mKK S

gKULI Xa J LOKYa MKDPWUWI a[a XWJ PbDXW[DWe MNFYGK�[E NWYEWUXL OK J LOKYW GKNLUW[I E
VGNK�XLI S fKUL^W KXW XW MNDLVHPWXEH P EYJW K]ELGOH PD^UFYLJ P EYJW KYXELVELXEW ºOLJ_
MUWOL» E ]WYWXEH MNDL]EL^H GKNLUW[I E S gKNLUW[I W I LVO J WGVbJWUXW POLYb GELYb UEX EL P K]H
P EYJW[\ MKGNbPWI a VEF S CDEFGE OLJH P ELJb I WGEL I LVO MNDLVHXEF[EL UEX EE K]ELGOH PD^UF_
YLJ P EYJ W KYXELVELXEW S fNDbG cWYLJ MNK^NWJH GKNDbVOWI a[L^K D OLI J LOKYb OK ¨�`pj
º�jT¨»S C UW ^P EWDYb MKI LYbX[DLI YKVOWI LJb MNDL]EL^ GKNLUW[I E K I LYXbJ PbNW�XbJ MEGH
KYMKP EWYWI a[bJ MNFYGK�[E ^P EWDYbS C UW HG cWYH MKYPdI XL^K KONDbJHI LJb MNDL]EL^ D
YPKJW J WGVEJ WJ E KYMKP EWYWI a[bJ E YPKJ VG cWYXEGKJ S l EYJLJ KYXELVELXEW J K¼L ]be
P EYJK ^P EWDYb VOWXYWNYH K DXWXLI MNFYGK�[E UH] P EYJK VbXOLOb[DXL S C UW K]ELGOdP DJ ELX_
Xb[\ JK¼XW H¼be I WGK OLJMUWOL P EYJW K]ELGOH P EXXLI RWDEL S ¬W MNDbG cWY YUW HG cWYdP
MKYPdI Xb[\ JK¼LJb H¼be P EYJ W P RWDEL � UH] � S� GELYb MNFYGK�[E NWYEWUXL Va J EXEJ WUXL S
ibM P EYJKPb ]WYWXL^K K]ELGOH E P EYJ W KYXELVELXEW JHVDa ]be D^KYXL S T]b PbDXW[Dbe
MK cK¼LXEL J WGVEJHJ GKNLUW[I E J K¼LJb YKMWVKPWe MNK� U ªWHVVW Q nKNLXODW UH] VGKNDbVOWe
D WU^KNbOJdP

centr1d
E
sinc

S l MNDbMWYGH ^P EWDYb MKYPdI XLI JHVEJb YKMWVKPWe YPW
MNK�UL S fNK^NWJ MKDPWUW XW YKMWVKPWXEL J WGVbJWUXEL [DOLNL[\ MNK� UE S fKY[DWV YKMW_
VKPWXEW P EF[LI X E¼ I LYXL^K MEGH MKI WP EW VEF MNK]ULJ XWG cWYWXEW VEF ^WN]dP MKYK]XEL
I WG P MNK^NWJ EL j� �Cn�¬�Z S fNDb PbGKXbPWXEH MKJ EWNH Q YUW P EFGVDLI X E¼ I LYLX UE[D]b
J WGVEJdP Q MNK^NWJ WHOKJWOb[DXEL PbGKXHI L YL]ULXYEX^ S

fNDb MKJ EWNW[\ MNFYGK�[E YUW ^P EWDY MKYPdI Xb[\ ^ cdPXb MNK]ULJ I WGE JK¼L VEF MKI W_
P Ee OK XELPbVOWN[DWI a[L NKDYDELULXEL J WGVEJdP RHXG[I E GKNLUW[I E S fNDb[DbXa OL^K JK¼L ]be
D]bO J WcW VLMWNW[I W UEXEE P EYJKPb[\ K]H VG cWYXEGdP UH] DWVDHJ ELXEL P EYJ S l MELNP_
VDbJ MNDbMWYGH JK¼LJb PbGKXWe P EYJ W P EXXbJ DWGNLVEL Y cH^K�[E RWU UH] VGKNDbVOWe DL
VM LGONK^NWRH K ULMVDLI NKDYDELU[DK�[E S l MNDbMWYGH DWVDHJ ELXEW JK¼LJb PbY cH¼be LGV_
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jbVHXLG B S�B � pGXK MNK^NWJH j��Cn�¬�Z MK YKMWVKPWXEH YPd[\ MNK�UE ªWHVVW YK
NKDVD[DLMEKXLI UEX EE PWMXEW HG cWYH DWeJ ELXEKPL^K C� mKK S

MKDb[I L PbGKXbPWXb[\ P EYJ UH] DWVOKVKPWe � UONW[I L RKHNELNKP VGa Q GOdNW I LVO YKVOFMXW P
MNK^NWJ EL ¨�`pj S l KGXEL KM [I E � UONW[I E P EYDEJb P EYJK JK[b YUW GKNLUKPWXb[\ P EYJ
E JK¼LJb Pb]NWe [DFVOKOUEPK�e KY[EF[EW S `DFVOKOUEPK�[E Pb¼VDL ] FYa HVHPWXL S fKDPWUW
OK XWJ P MLPXbJ VOKMXEH HVHXae VDHJ ºPbVKGEL [DFVOKOUEPK�[E» S ¾WVOKVKPWXEL �UONW[I E
Pb^ cWYDW P EYJW S gKULI Xb G cKMKO I WGE JK¼LJb XWMKOGWe OK UEX EL WOJ KVRLNb DELJ VGELI ºUEXEL
OLUUHNb[DXL» S �L¼LUE PbGKXWJb P EYJK K]ELGOH E MKNdPXWXEW P DWGNLVEL P GOdNbJ Va K]L[XL
UEXEL OLUUHNb[DXL MK GKNLUW[I E VGNK�XLI KONDbJ WJb YKYWOGKPb MEG KYMKP EWYWI a[b DELJ VGELI
WOJKVRLNDL S �L¼LUE PbGKXHI LJb GKNLUW[I L VGNK�Xa D ^P EWDYa MKNdPXWXEW MEG MK[\KYDa[b
KY WOJ KVRLNb DELJ VGELI ] FYDEL J EW c MNFYGK�e K]VLNPKPWXa

Vobs = 0
Q M KXELPW¼ MNFYGK�e

K]VLNPKPWXW UEX EE OLUUHNb[DXb[\ PbXKVE DWP VDL DLNK PD^UFYLJ K]VLNPWOKNW �» S lbVKGK�e
OL^K MEGH DWUL¼b KY UE[D]b UEXEE E KY E[\ XWOF¼LXEW S �L¼LUE XW MNDbG cWY JWJb ObUGK I LYXa
OWGa UEX EL UH] K]VDWN UEXEE P P EYJ EL J K¼LJb VGKNDbVOWe D JK¼UEPK�[E Pb]KNH K]VDWNdP
P EYJW YK GKNLUW[I E YKVOFMXLI P MNK^NWJ EL ¨�`pj S CDEFGE OLJH P GKNLUW[I E X EL ]EKNa
HYDEW c K]VDWNb XELMK¼aYWXL S C UW P EYJ K YH¼b[\ DWGNLVW[\ Y cH^K�[E RWU XW MNDbG cWY ObMH
L[\LUUL JK¼LJb VOPKNDbe MUEG Q DWP ELNWI a[b P VDbVOGEL K]VDWNb Y cH^K�[E RWU GOdNL [\[LJb
GKNLUKPWe Q D GOdNL^K VGKNDbVOW ¨�`pj S �L¼LUE UEX EE OLUUHNb[DXb[\ I LVO P EF[LI E Va NKDVEWXL
XW [WcLI Y cH^K�[E P EYJW JHVEJb DWVOKVKPWe EXXa JLOKYF S T UOLNXWObPa I LVO j� �Cn�¬�Z
GOdNbJ JK¼XW MKJ ELNDbe Ob UGK OL UEX EL Q GOdNL XWV EXOLNLVHI a S oK¼LJb NdPXEL¼ Pb[Db�[Ee
XWVDL P EYJK D UEX EE WOJKVRLNb DELJ VGELI OPKNDa[ J WMF E[\ MK cK¼LXEW E XWOF¼LXEW S T]b HDb_
VGWe OWGa JWMF JHVEJb PbGKXWe YKYWOGKPL P EYJW GWUE]NW[bI XL ^P EWDY GOdNL MNWGOb[DXEL
XEL DWP ELNWI a PaVGE[\ UEXEE S iWGEJ E ^P EWDYWJ E Va VDb]GK NKOHI a[L XEL]ELVG EL KU]NDbJb ObMH
p_m S l PEYJ EL OWGELI ^P EWDYb P EYWe MNWGOb[DXEL Ob UGK UEX EL WOJ KVRLNb DELJ VGELI MKXELPW¼
UEXEL ^P EWDYb Va D]bO VcW] L E MKVDLNDKXL S l EYJK JHVE ]be PbGKXWXL ]LDMK�NLYXEK MK UH]
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jbVHXLG B S�� � pGXK MNK^NWJH ¨�`pj MKGWDHI a[L P EYJ W MNDb^KOKPWXL YK GKNLUW[I E
VGNK�XLI S

MNDLY LGVMKDb[I a ]WYWXL^K K]ELGOH E XWI ULMELI P GELNHXGH ]UEVG EJ YK K]ELGOH XW VRLNDL
XEL]ELVGELI S l MWGEL[EL �jT¨ YK OL^K [LUH H¼bPW VEF MNK^NWJH i�nnqj�` S

gVDOW cO J WGVEJdP ``¨ º`NKVV `KNNLUWOEKX ¨HX[OEKX _ RHXG[I W GKNLUW[I E VGNK�XLI » KY_
DP ELN[ELYUW �NLYXE MNK�U UEXEE P EYJKPb[\ Q YUWOL^K UEX EL VDLNKGEL K YH¼b[\ VGNDbY cW[\ YWI a
VDLNKGEL J WGVEJ W P ``¨ S ZMNWP EW OK MNK]ULJ YUW P EYJ HG cWYdP MKYPdI Xb[\ MKXELPW¼
VDLNKGEL MEG E ``¨ ]ULXYHI a VEF S T]b YKVOWe P EWNb^KYXL PbXEGE MEGE ``¨ JHVDa ]be
PbNW�XEL NKDYDELUKXL S

¬WI ULMVDL PbXEGE KONDbJHI LJb YUW PaVGE[\ E ^ cF]KGE[\ UEX EE P EYJKPb[\ S ¾WXEJ Pb_
GKXWXW DKVOWXEL GKNLUW[I W VGNK�XW Q P EYJ W JHVDa DKVOWe YK OL^K MNDb^KOKPWXL S fNK^NWJ
¨�`pj PbGKXHI L OK WHOKJWOb[DXEL S fK[\bULXEL UH] DWGNDbP ELXEL P EYJW I LVO HVHPWXL
MKMNDLD YKMWVKPWXEL P ELUKJ EWXH S gKULI XbJ GNKGELJ I LVO HXKNJ KPWXEL GKXOEXHHJ YK
DLNW E PbVGWUKPWXEL P EYJ OWG W]b ]b cW XWI ULMVDW D^KYXK�e ^ cF]KGK�[E UEX EE S mNDL^E P EYJ
Va VOKMXEKPK Pb^ cWYDWXL YK DLNW ºjbV S B S��» S l OLX VMKVd] MKD]bPWJb VEF LRLGOdP
]NDL^KPb[\ P ONWG[EL GKNLUW[I E VGNK�XLI S iW KVOWOXEW MNK[LYHNW JK¼L VMKPKYKPWe MNK_
]ULJbQ [DWVWJ E PW¼XL UEX EL DXWI YHI a VEF XW ]NDL^W[\ P EYJW S ¬W NbVHXGH B S�� P EYWe ¼L
UEXEL XW ]NDL^H Va MNDLVGWUKPWXL ºVa D]bO M cbOGEL» S ¾ MNK]ULJ LJ ObJ JK¼XW [DF�[EKPK
VK]EL M KNWYDEe H¼bPWI a[ P EYJ W MKNdPXWXEW K OLI VWJ LI Y cH^K�[E º]NDL^E ] FYa VGWUKPWXL
P OLX VWJ VMKVd]» Q UH] ºULMELI » YK]NWe DWGNLV P EYJ OWG W]bQ PW¼XL UEX EL ]b cb P �NKYGKPLI
[DF�[E P EYJ W S

l XEXELI VDLI MNW[b H¼bOK MNK^NWJdP j� �Cn�¬�Z E ¨�`pj S pVOWOXEK H¼bPW VEF NdP_
XEL¼ EXXb[\ MNK^NWJ dP Q GOdNL I LYXWG XEL Va DWEJMULJ LXOKPWXL P MWGEL[EL �jT¨ S

oLOKYW m¨ º]NKWYLXEX^ RHX[OEKX» WHOKNVOPW MNKR S Z S jH[EkVGEL^K I LVO I LYXa D WUOLN_
XWObP ºjH[EXVGE B���» S o LOKYW m¨ I LVO UEX EKPa YLGKXPKUH[I a S l VOKVHXGH YK ``¨ YWI L
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jbVHXLG B S�� � fKNdPXWXEL m¨ KNWD ``¨ S

ULMVDL NKDVLMWNKPWXEL J WGVEJdP S fNK^NWJ I LVO YKVOFMXb I WGK MNK[LYHNb �Cn WHOKNVOPW
Z S jH[EkVGEL^K KNWD I WGK MNK^NWJ YUW VbVOLJH KMLNW[bI XL^K l EXYKP V WHOKNVOPW m S ¬LU_
VKXW S ¬W NbVHXGH B S�� DKVOW cb MKNdPXWXL RHXG[I L m¨ E ``¨ YUW HG cWYH MKYPdI XL^K � �B�
`WV KNWD ^P EWDYb MKNdPXWXEW �C���� S lbGNLV m¨ HDbVGWXK MNK^NWJLJ m S ¬LUVKXW W
``¨ MNK^NWJ LJ ¨�`pj S

fNK^NWJ ipC`pj I LVO GKULI Xa WUOLNXWObPa S ¬WDPW MK[\KYDE D WX^ELUVGEL^K �´� � µâ
¯ °·»µ½·­º ¾®½»» ��� °º º­±µ½· _ YPH PbJ EWNKPW GKNLUW[I W VGNK�XW º¾H[GLN B���» S fNK^NWJ
I LVO MNDLDXW[DKXb YK MKJ EWNdP MNFYGK�[E NWYEWUXb[\ HG cWYdP MKYPdI Xb[\ S l DPb[DWI _
XLI GKNLUW[I E VGNK�XLI MKNdPXHI LJb P EYJK K]ELGOH D P EYJLJ ^P EWDYb VOWXYWNYH S l
MNK^NWJ EL ipC`pj GKNLUHI LJb P EYJK K]ELGOH D P EYJ LJ GOdNL I LVO VHJ a YPd[\ P EYJ
KYXELVELXEW ºOLJMUWOL» S ZbJHUHI L VEF P OLX VM KVd] P EYJK HG cWYH P Nd¼Xb[\ RWDW[\ I L^K NH_
[\H KN]EOWUXL^K S lbGKXbPWXW I LVO VLNEW GKNLUW[I E VGNK�Xb[\ YUW Nd¼Xb[\ MNDLVHXEFe P EYJ
VG cWYKPb[\ XWVDL^K P EYJ W KYXELVELXEW S ¬WI ULMVDW D VLNEE GKNLUW[I W VGNK�XW ºXWIPb¼VDb
MEG» �P EWY[Db K ObJ ¼L JWJb XWI ULMVDb OLJMUWOL Q GOdNLJH KYMKP EWYW GKXGNLOXL MNDLVH_
XEF[EL J EFYDb VG cWYXEGELJ � E B S CK WXWUEDb ipC`pj PbJW^W ONDL[\ P EYJ S fELNP VDL OK
P EYJK K]ELGOH W GKULI XL YPW OK VG cWYKPL XWVDL^K P EYJW MKNdPXWXEW S l EYJ W OL MKP EXXb
KYMKP EWYWe ObMKJ P EYJKPbJ K]H VG cWYXEGdP HG cWYH S
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TXWUEDW HG cWYH C� mKKOEV V cH¼b VMNWPYDLXEH H¼bOb[\ JLOKY MKJ EWNH MNFYGK�[E NWYEWU_
Xb[\ KNWD JKYLUKPWXEW HG cWYdP DWeJ ELXEKPb[\ S pONDbJ WXL PbXEGE YKMWVKPWk MKNdP_
XWXK D PbXEGWJ E D UEOLNWOHNbS

qG cWY C� mKK ]b c K]VLNPKPWXb MNDLD VWOLUEOF � EMMWN[KV S fWNWUWGVW ONb^KXKJL_
ONb[DXW º� EMMWN[KV» HG cWYH PbXKVE

7.38 ± 0.92
JWV S pDXW[DW OK ¼L HG cWY DXWI YHI L VEF P

J WcLI KYUL^ cK�[E Q NdPXLI
136± 17

MWNVLGdP S �WVXK�e P EYKJ W HG cWYH OK
7m.54

W P VGW�XEG
]WNPb m_��� S�� S f ELNP VDL K]VLNPW[I L VM LGONKVGKMKPL HDbVGWUE `WN�HEUWO LO WU S ºB���» S
p]VLNPW[I L PbGKXWXK P K]VLNPWOKNEHJ P �WHOL_fNKhWX[L ºp�f» XW �J OLULVGKMEL KNWD
P `WJ]NEY^L p]VLNhWOKNb XW OLULVGKMEL K �NLYXE[b © �[J S T]b DWNLI LVONKPWe YNH^E VG cWY_
XEG PbGKXWXK NdPXEL¼ K]VLNPW[I L XW �S©�J OLULVGKMEL ºp�f» S lbXEGE Q GOdNL HDbVGW c OLX
DLVMd c Va PbVKGELI I WGK�[E Q �NLYXE ] caY GPWYNWOKPb YUW K]H VG cWYXEGdP PbXKVE JXELI X E¼
� GJ �V S ¬W MKYVOWP EL Ob[\ PbXEGdP KNWD RKOKJ LONEE D � EMMWN[KVW WHOKNDb PbDXW[DbUE
J KYLU HG cWYH GKNDbVOWI a[ D YPd[\ MNK^NWJdP lC KNWD �mpfS l XEXELI VDLI MNW[b Pb_
GKNDbVOWXK E[\ PbXEGE D UEOLNWOHNb W]b VMNWPYDEe P cWVXL MKJ EWNb MNFYGK�[E NWYEWUXb[\
KNWD PbXEGE [W cL^K MNK[LVH JKYLUKPWXEW S l MELNP VDLI [DF�[E DWYWXEL KGWDWcK VEF ONHYXL
DL P D^UFYH XW DXW[DXEL V cW]VDL UEX EL YNH^EL^K VG cWYXEGW S l EYWe D MKNdPXWXEW ¼L VM LG_
ONK^NWR ObMH `pjT��n YWI L DXW[DXEL ULMVDL PbXEGE XE¼ MKJ EWN VM LGONK^NWRLJ `KHYè S
fKNdPXWXEL JKYLUH D UEOLNWOHNb KNWD J KYLUE KONDbJ WXb[\ MNDLD WHOKNW XEXELI VDLI MNW[b
MNK^NWJ WJ E ��n¨�i Q f�p�m� KNWD o �¬ªT MKGWDW cK YK]Na D^KYXK�e S

� 1212 ��5<8>9G� < 5x <A6875A7x7><
¬KPL K]VLNPW[I L VM LGONKVGKMKPL DKVOW cb PbGKXWXL MNDLD DLVMd c � S �UELh KNWD i S iKJKh XW
BJ OLULVGKMEL ¬Tp jKD\LX S THOKN XEXELI VDLI MNW[b PbGKXW c [DF�e NLYHG[I E KNWD MKJ EWN
MNFYGK�[E NWYEWUXb[\ YPKJ W JLOKYWJ ES CK MKJ EWNH MNFYGK�[E NWYEWUXb[\ H¼bOK MNK^NW_
J dP ¨�`pj KNWD j� �Cn�¬�Z D MWGELOH �jT¨ S l K]H VbOHW[I W[\ XWMKOGWXK MNK]ULJb
VMKPKYKPWXL V cW]bJ E UEXEWJ E YNH^EL^K VG cWYXEGW S �WGK P EYJK KYXELVELXEW YK GKNLUW[I E
VGNK�XLI H¼bOK P EYJK VbXOLOb[DXL ºjbV S � S�» S iLVOKPWXK VbXOLOb[DXL P EYJ W YUW OLJ_
MLNWOHN ����g KNWD �B��g ºUK^ º^»�� S�» S nLMVDL PbXEGE GKNLUW[I E HDbVGWXK YUW �B��g S
¨HXG[I W GKNLUW[I E VGNK�XLI PbGWDHI L YPW JWGVEJ W Q MELNP VDL PbVKGEL DP EaDWXL D MELNP_

��



�� ¤àáâá¢ãä ç æ ç
� ¢	 ¢ �ã 
	àç¥

jbVHXLG � S� � l EYJK C� mKK P RWDEL DLNK MKNdPXWXL D P EYJ LJ VbXOLOb[DXbJ

VDbJ VG cWYXEGELJ KNWD YNH^EL V cW]K NKDYDELUKXL KY MEGH ^ cdPXL^K ºjbV S � SB» S qONHYXEcK
OK MKJ EWN YUW VG cWYXEGW YNH^EL^K S

iW]UE[W � S� � fKNdPXWXEL P cWVXb[\ PbXEGdP MKJ EWNdP P EYJ D jKD\LX J LOKYa GKNLUW_
[I E VGNK�XLI Q M KJ EWNH MKVD[DL^dUXb[\ UEXEE ºj� �Cn�¬�Z Q � UEX EL PWMXEW» KNWD NLDHUOWOdP
`WN�HEUWO Q B��� S

¨�`pj j��Cn�¬�Z `WN�HEUWO
A[R¯]

�� S�� �� S�© �� S��
q

� S��� � S��� � S���
Vγ [km s−1]

_B� S� _�� S� _B� S�

l OW]LUE � S� MKNdPXWXK PbXEGE GKNLUW[I E Q M KJ EWNH UEX EE KNWD PbXEGdP D UEOLNWOHNbS
¬WIP EFGVDa Nd¼XE[F J WJb YUW Md cKVE P ELUGELI S lWNOK�e KONDbJ WXW XW MKYVOWP EL P EYJ D
jKD\LX I LVO XE¼VDW S fNDb[DbXW OLI Nd¼XE[b OK Pb¼LI KJdP EKXL MNK]ULJb D MKJ EWNLJ UEX EE
VG cWYXEGW YNH^EL^K S iL MNK]ULJb MKVGHOGKPWcb D]bO J Wca PWNOK�[Ea DJ ELNDKXLI WJMUEOHYb
DJ EWX MNFYGK�[E NWYEWUXb[\ YUW VG cWYXEGW YNH^EL^K Q [K VMKPKYKPWcK JXELI VDa PWNOK�e
PbDXW[DKXLI Md cKVE P ELUG ELI S CKYWOGKPK JWJb XELGKJMULOXa GNDbPa Q ]NWGHI L K]VLNPW[I E
P RWDEL � SB� S
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jbVHXLG � SB � lbXEG GKNLUW[I E VGNK�XLI P EYJ W C� mKK E P EYJW VbXOLOb[DXL^K S l EYWe
^ cdPXL JWGVEJHJ KNWD V cW]K NKDYDELUKXb ^WN] VG cWYXEGW YNH^EL^K S
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jbVHXLG � S� � lbXEGE MKJ EWNdP MNFYGK�[E NWYEWUXb[\ YUW C� mKK Q UEX EW [Ea^ cW MNLDLXOHI L
YKMWVKPWXEL YK PbXEGdP MKJ EWNH JLOKYa GKNLUW[I E VGNK�XLI S
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T]b VMNWPYDEe MKMNWPXK�e MNK[LVH JKYLUKPWXEW MKPOdNDKXK K]UE[DLXEW `WN�HEUUWOW ºB���»
GKNDbVOWI a[ D Ob[\ VWJb[\ YWXb[\ PLI �[EKPb[\ S CK JKYLUKPWXEW H¼bOK K]VLNPW[I E RKOK_
J LONb[DXb[\ D � EMMWN[KVW KNWD P EYJ PbGKXWXb[\ VM LGONK^NWRLJ `pjT��n XW �J OLUL_
VGKMEL P K]VLNPWOKNEHJ �WHOL_fNKhWX[L Q `WN�HEUWO ºB���» S fKJ EWNb MNFYGK�[E NWYEWUXb[\
Va PbVKGELI I WGK�[E Q �NLYXE ] caY GPWYNWOKPb YUW K]H GNDbPb[\ PbXKVE

σ1 = 0.92km s−1KNWD
σ2 = 0.49km s−1 S fNDb H¼b[EH MNK^NWJH o�¬ªT E f�p�m� DXWULDEKXK J EXE_

JHJ P ]UEVG EJ KOK[DLXEH PbXEGdP `WN�HEUUWOW S l OW]LUE � SB DLVOWP EKXK PbXEGE [DOLNL[\
YKMWVKPWk S lL PVDbVOGE[\ YKMWVKPWXEW[\ MNDbI FOK OLJMLNWOHNF MELNP VDL^K VG cWYXEGW
KYMKP EWYWI a[W P VGW�XEGKP E ]WNPb HG cWYH

B−V = 0.34
S oKYLU HDbVGWXb MNDLD `WN�HEU_

UWOW PbDXW[DKXK MNDb MKJK[b MNK^NWJ dP l EUVKXW KNWD �mpfQ PbXEGE D K]H MNK^NWJ dP
H�NLYXEKXK S ¬ ELVOLOb WHOKNDb XEL M KYWUE P I WGE VMKVd] VDW[KPWUE ] cFYb VPKI L^K NKDP EaDW_
XEW _ MNWPYKMKYK]XEL Va OK MK MNKVOH Nd¼XE[L K]H JKYLUE S

iW]UE[W � SB � fKNdPXWXEL PbXEGdP ONDL[\ MNK^NWJ dP KNWD MNW[b `WN�HEUWOW S lVDbVOGEL
PbXEGE ]WDHI a XW Ob[\ VWJb[\ YWXb[\ � RKOKJ LONEW D � EMMWN[KVW KNWD MNFYGK�[E NWYEWUXL _
`WN�HEUWO LO WU S B��� S oKYLU `WN�HEUWOW HDbVGWXK YPKJW MNK^NWJ WJ E �mpf KNWD lC Q
PbXEGE H�NLYXEKXK S

fWNWJ LON ��n¨�i f�p�m� o�¬ªT `WN�HEUWO
YKMWVKPWXEL VEXHVKEY �mpfQ lC

i 82.75 ± 0.16 82.64 ± 0.65 82.7 ± 0.3
q 0.748 ± 0.002 0.748 ± 0.002 0.748 ± 0.015 0.75 ± 0.02

a(
j

¯) 14.49 ± 0.02 14.50 ± 0.01 14.51 ± 0.14 14.49 ± 0.01
Vγ −28.6 ± 0.2 −28.5 ± 0.1 −28.5 ± 0.7

_B� S�±0.1

T1 7370K 7370K 7370K
T2 6560 ± 40K 6315 ± 60K 6410 ± 150K
M1

�S��±0.005 1.64 ± 0.006 1.64 ± 0.06 1.64 ± 0.02
M2

�SB�±0.005 1.23 ± 0.005 1.23 ± 0.05 1.23 ± 0.02
R1 1.93 ± 0.03 1.96 ± 0.22 1.94 ± 0.03
R2 1.37 ± 0.02 1.39 ± 0.14 1.39 ± 0.04

Ω1

� SB© ± � S�� � S�© ± � S��
Ω2

© S�� ± � S�� � S©� ± � S©�
l1

� S��� ± � S��� � S��� ± � S��©
l2

� SBB� ± � S��� � SBB� ± � S��©
x12

� S�� Q � S�� � S�� Q � S��
g12

� S�B Q � S�B � S�B Q � S�B
A12

� S� Q � S� � S� Q � S�

lbXEGE ONDL[\ MNK^NWJdP ºo�¬ªT Q f�p�m� KNWD ��n¨�i » Va P ]WNYDK YK]NLI
D^KYDEL D MNW[a `WN�HEUWOW S �LYXWG VDW[HXGE ] cFYdP YUW XELGOdNb[\ MWNWJLONdP Nd¼XEa



ç æåæ â � %àà£¢  ��

iW]UE[W � S� � ¬ELDWUL¼XL VDW[HXGE ] cFYdP JLOKYa oKXOL `WNUK KNWD J LOKYa KMWNOa XW
χ2

fWNWJ LON oKXOL `WNUK oLOKYW
χ2

i
� SB� � S��

Ω1
� SB� � S��

Ω2
� S�� � SB �

l1
� S���� � S���

l2
� S���� � S���

VEF DXW[DXEL S T]b MKNdPXWe OL VDW[HXGE D XELDWUL¼XbJ E J LOKYWJ E PbGKXWXK YPW OLVOb
ºiW] S � S�» S ¾WVOKVKPWXK JLOKYF oKXOL `WNUK S fNK^NWJ LJ f�p�m� Pb^LXLNKPWXK
�� VbXOLOb[DXb[\ GNDbPb[\ K NKDNDH[EL EYLXOb[DXbJ D KNb^EXWUXbJ E YWXbJ E D �EMMWN_
[KVW S fNK^NWJLJ o�¬ªT PbGKXWXK �� YKMWVKPWk W ] caY PbDXW[DKXK I WGK KY[\b ULXEL
VOWXYWNYKPL YUW �� PWNOK�[E Q GW¼YL^K D YKMWVKPbPWXb[\ � MWNWJ LONdP S

gKULI XW J LOKYW I LVO KMWNOW XW
χ2 S fKUL^W KXW XW HVOWULXEH PWNOK�[E YWXL^K MWNW_

J LONH E YKMWVKPWXEH MKDKVOW cb[\ S ¬WVOFMXEL VDHGWJb OWGEL^K MNDLYDEW cH PbI �[EKPL^K
MWNWJ LONH Q GOdNb YWI L P DNKVO

χ2 MK YKMWVKPWXEH K �S �XXbJ E V cKPb MNDLYDEW cb ] cFYdP
OK VDLNKGK�[E NDHOH LUEMVKEYb ] cFYH

χ2 < χ2
min + 1

XW K� YWXL^K MWNWJLONH S
fNK^NWJ DP NW[W

χ2 DNLYHGKPWXL Q
χ2/(n − m)

Q ^YDEL
n

I LVO UE[D]a K]VLNPW[I E W
mOK UE[D]W MWNWJLONdP YKMWVKPbPWXb[\ S ¬W OLI MKYVOWP EL PbDXW[DWJb NDL[DbP EVOL Q X EL

DNLYHGKPWXL
χ2 MKONDL]XL YK MKPb¼VDLI MNK[LYHNbS

p]W OLVOb PbGWDHI a YK]Na D^KYXK�e YUW XW[\bULXEW
i
KNWD MKOLX[I W cdP

Ω1,2

Q UL[D Nd¼XEa
VEF DXW[DXEL YUW I WVXK�[E

l1,2
S lbO cHJ W[DLXEL OLI Nd¼XE[b JK¼L ]be XWVOFMHI a[L � JLOKYW

χ2MKGWDHI L PM cbP GKNLUW[I E J EFYDb MWNWJLONWJ E Q O SI S PbY cH¼LXEL LUEMV ] cFYdP Q XWOKJ EWVO
o` I L E^XKNHI L Q YWI a[ I LYbXEL MNDL[EF[EL KVE MNDLD LUEMVKEYF ] cFYdP S
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gKULI Xb K]ELGO Pb]NWXb YK ]WYWk OK HG cWY DWeJ ELXEKPb KDXW[DKXb P GWOWUK^H TZTZ XH_
J LNLJ �����©_�� �� S� S gNDbPW ]UWVGH P VGWDHI L XW OK Q E¼ HG cWY OLX JK¼L ]be NKDYDELUKXbJ
HG cWYLJ MKYPdI XbJ S p]ELGO DKVOW c DEYLXOb�GKPWXb MK P VMd cNDFYXb[\ I WGK mC_������
KNWD ib[\K i�`_���B_ ����_ �S l YKOb[\[DWVKPLI UEOLNWOHNDL XEL J W EXRKNJ W[I E K MKYPdI _
XK�[E OLI ^P EWDYbS l ]WDEL YWXb[\ ZEJ]WY K]ELGO I LVO VGUWVb�GKPWXb I WGK ^P EWDYW ObMH
T B S lVMd cNDFYXL ^P EWDYb D GWOWUK^H ¨g� º� B��� S�» OK NLGOWV[LX[I W

α = 17h46m19s.42
E

YLGUEXW[I W
δ = −00◦

�� � �� �S�S
¾ K]VLNPW[I E TZTZ YbVMKXHI LJb GNDbPbJ E ]UWVGH P �UONW[\

I
KNWD

V
S p]ELGO I LVO

VOKVHXGKPK V cW]bQ KGK cK �� P ELUGK�[E ^P EWDYKPLI E [K DW ObJ EYDEL Q YWXL D UEOLNWOHNb Va
XELM L cXL E [DFVOK XELVMdI XL S gNDbPW ]UWVGH KONDbJ WXW MNDLD TZTZ �P EWY[Db K [DF�[EKPb[\
DWeJ ELXEW[\ S ª cF]KGK�[E DWeJ ELk MELNPKOXL^K E P OdNXL^K Nd¼XEa VEF PbNW�XEL S TJMUEOHYW
DJ EWX PbXKVE

0m.17
W KGNLV �S� YK]bS

gWOWUK^ ffo Q W DW XEJ ZEJ]WY Q MKYWI a ObM P EYJKPb HG cWYH T B I LYXWG OW PWNOK�e
I LVO XELD^KYXW DL PVGW�XEGELJ ]WNPb ^P EWDYbS gWOWUK^ ib[\K B MKYWI L P ELUGK�e ^P EWD_
YKPa P �UONDL � NdPXa

9m.99± 0.04
KNWD P VGW�XEG ]WNPb

B − V = 0.42± 0.06
Q GOdNLJH

KYMKP EWYW ObM P EYJKPb ¨� E OLJMLNWOHNW KGK cK ����g S CKOaY ]NWG ]b cK P UEOLNWOHNDL
MKJ EWNdP MNFYGK�[E NWYEWUXb[\ S

� 10 12 �x <A6875A7x49
l [LUH WXWUEDb HG cWYH MKYI FOK K]VLNPW[I L VM LGONKVGKMKPL P ¬Tp jKD\LX XW OLULVGKMEL
BJ E VM LGONK^NW�L `KHYè S f ELNP VDL K]VLNPW[I L DKVOW cb PbGKXWXL P DWGNLVW[\ P EYJKPb[\
Hα

E ¬WC S ¾L PD^UFYH XW JXELI VDa UE[D] F UEX EE DELJ VGELI WOJKVRLNb GOdNL DWG cd[WI a MK_
J EWN KNWD P EFGVDa UE[D] F UEXEE KY ^P EWDYbQ GKULI XL K]VLNPW[I L PbGKXWXK P o^iNE º����î »
l EFGVDK�e K]VLNPW[I E DKVOW cK PbGKXWXL P ¬Tp jKD\LX MNDLD WHOKNW XEXELI VDLI MNW[b E
C S gKULhW S `DF�e K]VLNPW[I E PbGKXWc P gWXWYDEL ºCCp» fS nE^FDW XW �S©J OLULVGK_
MEL�VM LGONK^NW�L `WVVL^NWEXW S

f ELNP VDL P EYJW P DWGNLVEL
Hα

MKGWDWcb UEX EL KY YPd[\ VG cWYXEGdP K Nd¼XLI ^ cF]KGK�[E
ºjbV � S�» S CPW P EYJW D OL^K DWGNLVH PbGKXWXL I LYXK MK YNH^EJ DWP ELNW cb NdPXEL¼ ONDL_
[Ea UEX EL Q I LYXWG LPLXOHWUXW K]L[XK�e ONDL[EL^K [EW cW XEL DKVOW cW MKOP ELNYDKXW P EXXb[\
K]VLNPW[I W[\ S `DWVb XW�P ELOUWXEW P EYJ PbXKVDa B� J EXHO S CbVM LNVI W YUW P EYJ D ¬Tp
]b cW NdPXW � SBî�MEß W YUW CCp _ � S��î�MEß SÍNLYXE ] caY GPWYNWOKPb K]VLNPW[I E D OW] LUE � S� PbXKVE � S� GJ �V YUW VG cWYXEGW MELNP_
VDL^K E � SB GJ �V YUW YNH^EL^K S C UW XELGOdNb[\ P EYJ D MELNP VDb[\ K]VLNPW[I E ] ULXYEX^ E
DWVDHJ ELXEL UEXEE X EL MKDPKUEc XW YKG cWYXb MKJ EWN MNFYGK�[E S fKJ EWNb OL PbGKXWXK MNK_
^NWJ LJ j��Cn�¬�Z º�jT¨» S ¬ EL ]b cK OWGE[\ MNK]ULJdP YUW P EYJ o^iNE Q GOdNL ]b cb
MKJ ELNDKXL J LOKYa GKNLUW[I E VGNK�XLI S

qDbVGWXL P EYJW DKVOW cb MKNdPXWXL D P EYJ WJ E VOWXYWNYdP Q XWI ULMVDW D^KYXK�e I LVO
P DWGNLVEL ¨B�¨� S ibM P EYJKPb KNWD NH[\ P cWVXb HG cWYH � S�BB VLGHXY cHGH XW NKG I LVO
D^KYXb D ObMKPbJ E ^P EWDYWJ E fKMHUW[I E � S
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jbVHXLG � S� � l EYJ W YUW K]VDWNH
Hα

P RWDW[\ � S�� E � S�� S
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jbVHXLG � S� � l EYJK HG cWYH KNWD RHXG[I W GKNLUW[I E VGNK�XLI YUW DWGNLVH o^iNE P RWDEL
� SB�B S fKJ ELNDKXL \LUEK [LXONb[DXL MNFYGK�[E NWYEWUXL YUW K]H VG cWYXEGdP OK

V1 = −106.7E
V2 = +155.8

GJ �V S

� 10 10 ��5<8>9G� < æ767:<68FGD?<
gNDbPW ]UWVGH TZTZ B P �UONDL

I
NKD[Ea^W VEF XW KGNLV MKXWY NKGH S p]VLNPW[I F NKDMK_

[DFOK P MW�YDELNXEGH �©©� NKGH S p]VLNPW[I L P �UONDL � ]b cb GKXObXHKPWXL MNDLD T ZTZ
� S g NDbPL OL MKVEWYWI a J EXEJW K Nd¼XLI ^ cF]KGK�[E E PbNW�XL DWGNDbP ELXEL J WGVEJdP S

TJMUEOHYW DJ EWX ]UWVGH P �UONDL
I

PbXKVE
0m.137 ± 0.027

S pGNLV MKYWXb MNDLD
T ZTZ PbXKVE

1d.399646
S g NDbPW DWP ELNW �B� MKJ EWNdP ºKGNLV K]V S � NKG» K NKDNDH[EL

σ = 0m.04
S CK JKYLUKPWXEW H¼bOK NdPXEL¼ ��� K]VLNPW[I E º� SB UWO» P �UONDL

V
S oXELI VDW

UE[D]W MHXGOdP MKPKYHI L ¼L GNDbPW P ObJ �UONDL I LVO ^KNDLI KGNL�UKXW S
CK [LUdP HYKG cWYXELXEW LRLJ LNbYb T S oWN[EXEWG PbGKXWcW K]VLNPW[I L HG cWYH P KGK_

UE[b J EXEJHJ S p]VLNPW[I L PbGKXWXK P K]VLNPWOKNEHJ P mKNKP[H P �UONDL
V

S m cFYb
MKI LYbX[Db[\ MKJ EWNdP ]b cb NDFYH

0m.01
S `DWV MKJ EFYDb ObJ E K]VLNPW[I WJ E W PbXE_

GWJ E D TZTZ P �UONDL
I

OK VDL�e UWO S p]W DLVOWPb YWXb[\ MKDPKUEcb HYKG cWYXEe KGNLV
P = 1d.399660 ± 5 · 10−7 S fKMNWP EKXW LRLJ LNbYW OK

Min I = HJD 2, 453, 253.3170 + 1d.399660 · E º� S�»
^YDEL XELM LPXK�e J KJ LXOH J EXEJHJ ^ cdPXL^K OK

0d.0005
S fNDLVHXEF[EL RWDKPL J EXE_

JHJ POdNXL^K ºiW] S � S�» PbXKVE JXELI X E¼
0d.0004

P EF[ DW cK¼KXK KN]EOF GK cKPa S ¨WDW
DLNK KYMKP EWYW J EXEJHJ ^ cdPXLJH Q P GOdNbJ ^P EWDYW JWVbPXELI VDW º�» I LVO DWeJ EL_
PWXW MNDLD U¼LI VDa ºB» S
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iW]UE[W � S� � p]VLNPW[I L VM LGONKVGKMKPL MK^NHMKPWXL D^KYXEL D DWGNLVLJ E J ELI V[LJ
K]VLNPW[I E S

� �C j� �
(O − C)1

j�B
(O − C)2

RWDW
DWGNLV VM S GJ V

−1 GJ V
−1 GJ V

−1 GJ V
−1

HαB��B���� ¬Tp
�� SB���

+91.9 −6.3 −105.3 +3.6
� S��B

�� S���B
+95.0 −7.9 −112.5 +2.4

� S��B
�� S� ���

+122.0 −1.5 −138.2 +3.3
� S���

�� S��BB
+123.6 −0.4 −133.8 +8.4

� S���
�� SB��� −98.0 −9.8 +130.7 +0.1

� S���
�� SB�© � −88.7 −5.0 − − � S��B

¬WC
B��B���� ¬Tp
B� S����

+71.3 −4.6 − − � S©� �
B� S����

+74.4 +5.0 − − � S© ��
o^ ONEM ULO º� ��� î »
B��B���� CCp
�� S���B −112.4 −3.7 155.7 −1.4

� SB�©
�� S���� −108.5 +0.4 162.2 +4.7

� SB��
�� S��B� −107.3 +1.2 154.6 −2.5

� SB� �
�� S���� −67.1 −7.4 88.5 −5.6

� S��B
�� S�©�� −52.0 −3.8 81.2 +1.9

� S�B�
B��� ���� ¬Tp
�� S�B�� −106.7 −3.1 155.8 +5.0

� SB�B
�� S��B� −102.4 +3.2 158.4 +7.0

� SB�B
�� S���� −107.0 +0.1 162.3 +5.8

� SBBB
©� S���B −113.6 −4.7 163.3 +6.7

� SB�©
©� S�©�� −108.6 +0.0 164.0 +0.1

� SB�©
B���B��� ¬Tp
B�S���B −77.4 +0.6 117.8 +0.1

� S�� �
B�S�BB� −68.4 +14.5 114.7 −9.3

� S�� �

� 10 1� Ï 7;<= ¡ 4=57?9åì<� 4??<F
CK KGNL�ULXEW MWNWJ LONdP HG cWYH PbGKNDbVOWXK JLOKYF l EUVKXW_CLhEXLb º�©��» S ZGKNDb_
VOWXK D MNK^NWJH o�¬ªT DWP ELNWI a[L^K NKD]HYKPWXb MWGELO MNK[LYHN J EXEJWUEDW[bI Xb[\
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iW]UE[W � S� � oKJLXOb J EXEJdP YUW mC_������ XW MKYVOWP EL K]VLNPW[I E RKOKJ LONb[DXb[\
CWOW ��C J EXEJHJ �NdY cK
�� ZELNMELk �©©© B Q���Q�� �S����� � TZTZ �
© nEMEL[ �©©© B Q���Q��� S����� �� TZTZ �
� lNDLVELk B��� B Q��� QB�� S� ��©© � mKNKP EL[ �

ºfULPW Q �©©B» S
fWNWJ LONb KN]EOWUXL HG cWYH DKVOW cb DLVOWP EKXL P OW]LUE � S� S pONDbJ WXK I L P PbXEGH

YKMWVKPWXEW GNDbPb[\ ]UWVGH E MNFYGK�[E NWYEWUXb[\ S ¬W MKYVOWP EL Nd¼Xb[\ WJMUEOHY
VM LGONKVGKMKPb[\ KONDbJ WcLJ PbNW�XEL Nd¼XEa[L VEF J WVbS ¬WOKJ EWVO KYUL^ cK�e VG cWYXE_
GdP PbXKVE KGK cK � S� MNKJ ELXE Z cKk[W S

l UEOLNWOHNDL J WJb XELVM dI XL EXRKNJ W[I L K ObMEL P EYJKPbJ E P VGW�XEGW[\ ]WNPbS
ibM P EYJKPb MKYWPWXb MNDLD ]WDF YWXb[\ ZEJ]WY KMWNOb XW MKJ EWNW[\ GWOWUK^H ffo
OK T B S �LVO OK XELD^KYXL D P VGW�XEGELJ ]WNPb D GWOWUK^H ib[\K B GOdNb KYMKP EWYW
ZM�¨� S fKNdPXWXEL KONDbJ WXb[\ P EYJ D DWGNLVH o^iNE º� �B�î » DL VOWXYWNYWJ E MK_
OP ELNYDW PWNOK�e KONDbJ WXa MNDLD ib[\K B S �XXW ]WDW Q ¬poTC MKYWI L

B − V = 0.42EYLXOb[DXL D ib[\K B Q E X ELVMdI Xb D Oa PWNOK�[Ea P VGW�XEG
V − R = 0.28

S

iW]UE[W � S� � fWNWJ LONb KN]EOWUXL YUW mC_������
fWNWJLON ZG cWYXEG � ZG cWYXEG B

YKMWVKPWXL �
K

ºGJ V
−1» ��� S� ± �S� ��� S� ± �S�

Vγ

ºGJ V
−1» � S� ± �S�

PbUE[DKXL �
a sin i

ºj
¯

» � S�� ± � S��
a1,2 sin i

º
106 GJ » B S�� ± � S�B B S�© ± � S��

M1,2 sin3 i
ºo

¯

» �S�� ± � S�� �SB� ± � S�B
EXXL P ELUGK�[E �

Nobs
B� ��

σ
ºGJ V

−1» � S� � SB

fK HDbVGWXEH P VOFMXL^K JKYLUH PbDXW[DKXK KYUL^ cK�e KNWD XWYPb¼GF ]WNPb � ºm_� »S
fKMNWP EKXb P VGW�XEG ]WNPb PbXKVE � S�� S jd¼XE[W OLJMLNWOHN VG cWYXEGdP I LVO YK]NDL
KGNL�UKXW MNDLD GNDbPL ]UWVGH E PbXKVE KGK cK ���g S ¾ MKMNWP EKXL^K P VGW�XEGW ]WNPbQ
]EKNa[ MKY HPW^F I WVXK�e VG cWYXEGdP KNWD Nd¼XE[L OLJMLNWOHN D JKYLUH P VOFMXL^K Q PbDXW_
[DKXK YUW MELNP VDL^K VG cWYXEGW

T1 = 7250K
S ªP EWDYb K OWGELI OLJMLNWOHNDL LRLGObPXLI

MKVEWYWI a KOK[DGE GKXPLGObPXL I LYXWG XEL HYW cK VEF Q J EJK UE[DXb[\ MNd] Q HDbVGWe YK]NLI
D^KYXK�[E D GNDbPbJ E ]UWVGH MNDb OWGEJ DW cK¼LXEH S CKMELNK MK MNDbI F[EH WU] LYK T� �S�
E P VMd c[DbXXEGW MKI W�XELXEW ^NWP EOW[bI XL^K ^� �S� KYMKP EWYWI a[b[\ KOK[D[L MNKJ ELXE_
VOLI Q HDbVGWXK YK]Na D^KYXK�e S mbe JK¼L OW NKD]EL¼XK�e I LVO DP EaDWXW D MNK]ULJ WJ E D
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jbVHXLG � S� � ZbXOLOb[DXL KNWD K]VLNPKPWXL GNDbPL ]UWVGH YUW mC_�� ���� S CK KDXW[DL_
XEW K]VLNPW[I E H¼bOK VbJ]KUE � × _ Y UW K]VLNPW[I E T ZTZ B P �UONDL

I
Q 4 YUW

V
ºT ZTZ �»

KNWD © YUW K]VLNPW[I E D mKNKP[W º
V

» S p]VLNPW[I L T ZTZ Va ca[DKXL YK MHXGOdP XKNJ WU_
Xb[\ Q YUW ULMVDL^K M KGNb[EW GNDbPLI H¼bOK ^F�[ELI NKDJ ELVD[DKXb[\ MHXGOdP P J EXEJW[\ S
gNDbPW P �UONDL

I
DKVOW cW MNDLVHXEFOW P ^dNF K � S�S l RWDEL DLNK VG cWYXEG MELNP VDb I LVO

DWeJ ELPWXb MNDLD YNH^E S
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jbVHXLG � S© � fKJ EWNb MNFYGK�[E NWYEWUXb[\ KNWD GNDbPL VbXOLOb[DXL YUW mC_�� ���� S
g NDbPL VbXOLOb[DXL PbGNL�UKXK JLOKYa l EUVKXW_CLhEXLbS ZbJ]KUWJ E © KDXW[DKXK K]_
VLNPW[I L D DWGNLVH ����î Q 5 _ �

α

Q KNWD VbJ]KU
2

YUW MKJ EWNdP D DWGNLVH ¬WC S gNDbPW
YUW VG cWYXEGW K P EFGVDLI J WVEL MKVEWYW JWGVEJHJ P RWDEL � S�� S

PbDXW[DLXELJ GKUKNH�OLJMLNWOHNb HG cWYH S CWXL D UEOLNWOHNb XW OLX OLJ WO Va XELVMdI XL S
C UW VG cWYXEGW YNH^EL^K PbDXW[DKXK OLJMLNWOHNF ��B�g [DbUE KOK[DGW ^P EWDYb I LVO GKX_

PLGObPXW Q MNDbI FOK DWOLJ T� � S� KNWD ^�� S�B S lVMd c[DbXXEGE MK[ELJXELXEW ]NDL^KPL^K
PDEFOK D MNW[b �WX �WJJL �W º�©©�» S

gKk[KPL YKMWVKPWXEL PbGKXWXK XW MKYVOWP EL MKJ EWNdP MNFYGK�[E NWYEWUXb[\ D OW] LUE
� S� Q K]VLNPW[I E TZTZ B Q � P �UONW[\

I
Q
V

KNWD K]VLNPW[I E D mKNKP[W P �UONDL
V

S l OW]LUE
� S� Va MNDLYVOWP EKXL MWNWJ LONb KONDbJ WXL^K JKYLUH HG cWYH W MWNWJ LONb W]VKUHOXL P
OW]LUE � S� S g NDbPL ]UWVGH E MNFYGK�[E NWYEWUXb[\ Va MNDLYVOWP EKXL XW NbVHXGW[\ � S� E � S© S

� �±� ��±���� ����~� ~� ��� �� ��±���� � ��}��
¾XELGVDOW c[LXEW LUEMVKEYWUXL XEKVa EXRKNJ W[I L K MNKJ ELXEW[\ VG cWYXEGdP W [K DW ObJ EYDEL
NdPXEL¼ K XW[\bULXEH KN]EObS T]b VMNWPYDEe VMdI XK�e PbXEGdP j� E n` PbGKXWXK YKMW_
VKPWXEW ]WDHI a[L Ob UGK XW GNDbPLI ]UWVGH S pONDbJ WXK YPW NKDP EaDWXEW K MKNdPXbPWUXLI
I WGK�[E S f ELNP VDL D XE[\ I LVO ]UEVG EL J KYLUH GOdNb KMEVWXK MKPb¼LI S ZOKVHXLG J WV GOdNb
HDbVGWXK PbXKVE

q = 0.77 ± 0.04
I LVO KX ]UEVG E YK VM LGONKVGKMKPL^K S gKULI XL J EXEJHJ Q

GOdNL DXWULDEKXK I LVO XELDXW[DXEL ^ cF]VDL ºULMVDL» I LYXWG VOKVHXLG JWV Nd¼XE VEF DXW[DXEL
KY VM LGONKVGKMKPL^K E PbXKVE

0.62 ± 0.02
S
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iW]UE[W � S� � oKYLU mC_�� ����
fWNWJLON ZG cWYXEG � ZG cWYXEG B

i
��

◦.75± �
◦.72

q
� S��� ± � S� ��

A(
j

¯)
� S��© ± � S��©

T
�B�� g ��B� ± �� g

Ω12

� S�� ± � S�© � S�� ± � S��
lI

� S��� ± � S� �B � SB�� ± � S� ��
lV

� S�©� ± � S�BB � SB�� ± � S�B�
x12(I)

� S��� � S��B
x12(V )

� S�� � � S���
g12

�S� � S�B
a12

�S� � S�

iW]UE[W � S� � fWNWJ LONb W]VKUHOXL HG cWYH PbDXW[DKXL D JKYLUH l EUVKXW_CLhEXXLbS o WVb
E MNKJ ELXEL MKYWXL Va P I LYXKVOGW[\ V cKXL[DXb[\ W UK^ º^» P I LYXKVOGW[\

CGS
S

ZG cWYXEG � ZG cWYXEG B
oWVW �S�� ± � S�� �S�� ± � S��

fNKJ ELk �S�� ± � SB� �S�B ± � S��

log(g)
� S�� ± � S�B � S�� ± � S��

Mbol
B S�B ± � S�� � S�© ± � S��

Rpoint
�S� � ± � SB© �S�� ± � S��

Rside
�S�� ± � SB� �S� � ± � S��

Rback
�S�� ± � SB� �S�� ± � S��

Rpole
�S�� ± � S�© �S� � ± � S��

� 10 1� ¡ 4<A 4 7;=<� B7�E @A B9;@
¬W MKYVOWP EL P DKNdP B SB�_B SB� KNWD PbXEGdP D OW]LUE � S� PbDXW[DKXK KYUL^ cK�e HG cWYH S
�WVXK�e P EYKJW HG cWYH PbXKVE

V = 9m.98
_ PbXEG D GWOWUK^H ib[\K B S fKMNWPGE ]K_

UKJ LONb[DXL KYMKP EWYWI a[L OLJMLNWOHNKJ �B��g E ��B�g PbXKVDa
BCV 1 = −0.09

KNWD
BCV 2 = −0.15

ºT VONKM\bVE[WU �HWXOEOELV Q `Kß �©©©» S �WVXK�[E W]VKUHOXL VG cWYXEGdP P �U_
ONDL

V
PbXKVDa

MV 1 = 2.61
KNWD

MV 2 = 3.84
S lbDXW[DKXK I L XW MKYVOWP EL NLUW[I E J EFYDb

OLJMLNWOHNa Q MNKJ ELXELJ ºD JKYLUH » E I WVXK�[Ea W]VKUHOXa ºNdPXWXEL B SBB» S ¬W MKYVOWP EL
J WM MK[DLNP ELXELXEW mHNXVOLEXW E �LEULVW º�©�B» PbDXW[DKXK LGVObXG[I F S lVMd cNDFYXL
^WUWGOb[DXL HG cWYH OK Y cH^K�e

l = 25◦.06
KNWD VDLNKGK�e

b = +14◦.30
S ¬ WYPb¼GW ]WNPb

PbXKVE � ºm_� »�� SB� XW GEUKMWNVLG S �OLNW[bI XEL PbDXW[DKXK PWNOK�[E
AV

KNWD MWNWUWGVbS
qDbVGWXK

π = 3.24± 0.74
JWV [K KYMKP EWYW KYUL^ cK�[E

310± 60
M[ S pDXW[DW OK E¼ HG cWY
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3.83.853.9
log(T)

3.6

3.8

4

4.2

4.4

lo
g(

g)

1

2
0.5 Gyr

1 Gyr

1.5 Gyr

1 Gyr

2 Gyr

3 Gyr

jbVHXLG � S�� � `Ea^E LPKUH[bI XL ºUEX EL [Ea^ cL» VG cWYXEGdP mC_�� ���� YUW J LOWUE[DXK�[E
Z = 0.02

# UEX EW MHXGOKPWXW KYMKP EWYW DLNKPLJH P ELGKP E XW [ S^ S º¾ToZ» # UEX EL MNDLNb_
PWXL KGNL�UWI a ^NWXE[L ] cFYdP P PbDXW[DLXEH J WVbS

UL¼b P KYUL^ cK�[E JXELI VDLI XE¼ ��� M[ KY M cWVD[DbDXb YbVGH ^WUWGOb[DXL^K S
T]b KGNL�UEe P ELG HG cWYH VGKNDbVOWXK D JKYLUE LPKUH[bI Xb[\ ºg EJ LO WU SQ B��B» S ¬W

PbGNLVEL
log(g) − log(T )

ºjbV S � S��» PbGNL�UKXK [Ea^E LPKUH[bI XL YUW J WV D OW] LUE � S� Q
DWG cWYWI a[ J LOWUE[DXK�e

Z = 0.02
ObMKPa YUW MKMHUW[I E M ELNP VDLI ^P EWDY S fHXGOb KGNL_

�UWI a[L K]VLNPKPWXL MWNWJ LONb K]H VG cWYXEGdP UL¼a XW MNWPK KY VPKE[\ [Ea^dP LPKUH_
[bI Xb[\ S fNDb[DbX OLI XELD^KYXK�[E JK¼L ]be GEUGW S fK MELNP VDL ] caY P VGW�XEGW ]WNPb
HG cWYH KYMKP EWYW ] cFYKP E P OLJMLNWOHNW[\ NDFYH ���g S gKULI XbJ PbO cHJ W[DLXELJ OL^K
RWGOH JK¼L ]be XELObMKPW JLOWUE[DXK�e NDFYH � S�� GOdNW I LVO JK¼UEPW YUW OWG J cKYL^K
HG cWYH S fNDb OWGELI J LOWUE[DXK�[E [Ea^E MNDLVHPWI a VEF XW MNWPK E D^KYXK�e ]b cW]b DXW[D_
XEL ULMVDW S iNDL]W OHOWI NdPXEL¼ DWDXW[Dbe E¼ I WGK�e MKJ EWNdP WJMUEOHY GNDbPb[\ MNFY_
GK�[E NWYEWUXb[\ I LVO HJ EWNGKPWXW S nE[D]W MHXGOdP I LVO D]bO J WcW DP cWVD[DW P KGKUE[b
RWDb � S�� S l OW]LUE � S� P EYWe NdPXEL¼ PbNW�XEL ºpI`» E¼ WJMUEOHYW KONDbJ WXW D GKNLUW[I E
VGNK�XLI ºDWGNLV ����î P MK]UE¼H RWDb � SB�» I LVO P EFGVDW XE¼ D K]VLNPW[I E P

Hα

P MK]UE¼H
RWDb � S�� S fNWPYKMKYK]Xa MNDb[DbXa OLI Nd¼XE[b I LVO VEUXL D]ULXYKPWXEL K]H VG cWYKPb[\
Hα

XW VGHOLG VDLNKGE[\ VGNDbYL c UEX EE Q M KJ EWN MNK^NWJLJ j� �Cn�¬�Z YKYWOGKPK ]b c
HONHYXEKXb DWVDHJ ELXELJ P EYJ S lbDXW[DKXL JWVb Va ]WNYDK P NW¼UEPL XW YKG cWYXK�e
WJMUEOHY j� [K OL¼ J K¼L PM cbXae XW D^KYXK�e XW PbGNLVEL

log(g) − log(T )
S m EKNa[ MKY

HPW^F DWGNLVb ] cFYdP JK¼LJb KGNL�UEe MNDb]UE¼KXb P ELG HG cWYH XW KGK cK I LYLX J EUEWNY
UWO S
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� !"# $%#&'( )* +, -./"011 2* ! %2340&%&")* $0545 3"647168 9 1$$"0:%3 ;9 +< =>?>@ =A B 5"C 7"3*D %&")% E% #% E0/$* E& 1"5# % )"(& 18 354( "F$716/#514 5F 1") 27"3 / G H% !"#)14( 354%2340&":( 4 I%6%F 460*:5)4 %605*F "! - J-J ;- 77 J * -/6%F"64# J/0K4* # L%(F "M3 1 =NNOA GP"3)%QR / !"#/ & F" 31F/F &*)%31

V = 8m.87
G S 05*&" 27"3 / $%31"#" #&" F 1)1F "% $0"& 14 ( 4#)" %&4( E !82% %Q:1 1 3 !"2*F 5" 05*& 14)1/ F " 31F'& G J/E40/( 4 6% 1T / !"#3 !"#" 318 5 #&':U 2"0#5% $ %#%2)*:U B 0%5#5147%)*:U 1 )14:% 5)14 356" !:%)*:U 3 !"#)1 '& GV" $%#36"& 14 %2340&":( 1 I%6%F 460*:5)*:U /5*3 ")*:U $0545 9 1$$"0:%3" &*5)":5%)% % 043

2d.36816
;L400*F ") 46 G "77 =NNOA G W3 "X)1 2"0&* /5*3 ")* 5 6*:U %2340&":( 1 &*)%31

B − V = 0.512 ± 0.025
G Y %2340&":( 1 & 3*364F 14 W 174M3 1F %605*F ")%

B − V = 0.53$% 60")3I%0F ":( 1 #% 3*364F/ P%U)3%)" G W"06%QR & 3 "X)1 " 2"0&* 5  "6"7%E/ Z*:U% ?6%
B − V = 0.45 ± 0.03

G � !"# 3 7"3*D %&")% &  "6"7%E/ 94)0* H0"$40" ( " % E& 1"5#86*$/ & 1#F%&4E% [> G W3 "X)1 2"0&* %#$%& 1"#"( \:* [> #7" E& 1"5# :1\E/ E !'&)4E% 1%7205*F'& 6% %#$%& 14#)1% > G]^ 1 > G_] B :% 0'T)1 318 %# $%F 1"0'& $%&*T354E% & 3 "X)1 "
B − V

GL"0"7" 3" 60*E%)%F460*:5)" $%F 1405%)" $0545 3"647168 9 1$$"0:%3 &*)%31
5.4 ± 1.3F"3 G ,#74E !%QR 1 ( "3)%QR & 1#%F " 3/E40/( \ T4 3 !"#)1 1 $%& 1))* F 14R & 18 354 0%5F 1"0*)1T E& 1"5#* :1\E/ E !'&)4E% % 64( 2"0& 14 G Y"RF 14)1" 3\ :58Q:1%&4 ( 4#)" 5" 05*& 14)14F " 31F'&  6'04 )14314 1)I%0F ":( 4 % 36%$)1/ &*$4!)14)1" $%& 1405:U)1 `%:U4 a" B $%5&"7"/)1 )\R )14$ 4&)%Q:1 5& 1\5")4( 5 $0%F 14)1"F 1 1 )":U*74)14F G ,214 6 )14 2* ! &:54Q)14(%2340&%&")* 3$ 4 60%3 %$%&% B 6%64T #% :47'& F%#47%&")1" & )1)14( 354( $0":* /5*3 ")%34018 & 1#F G

� 1� 12 ��5<b>9G� < 5x <A6bc5Acx c>< w� éê@9b 44 1
W 18 35%QR %2340&":( 1 3$ 4 60%3 %$%&*:U / !"#/ +, -./"011 5%36" !" &* %)")" & :1\E/314#F 1/ )%:* & 3140$)1/ 0% / ?>> = & %2340&"6%01/F `%5U4) )" ?F 64743 %$14 G ,2340&%C&")% %214 6 )" # !/E%Q:1":U I"71 & % %71:":U 71) 11

Hα

1 #/2746/ 3%#%&4E% V"H G d 3$%5*:( 460&" !* ?> F 1) :% #" !% Q04#)1 36%3/)4 3*E)" !/ #% 35/F/ J�V ^> G H*3$ 403( " &*)%31> G?î )" $1 347 G H%  "7120":( 1 & 1#F /T*6% 7"F$* 6%0%&% "0E%)%&4( G Z*$%&* 0%505/6#%$"3%&")1" & 147%F 1")/ #% 71) 11 6%0/ 1 "0E%)/ &*)%31
σ = 0.02

î :% &*36"0:5" $05* #%C !"#)%Q:1 $%F 1"0'& $08# %Q:1 0"#1"7)*:U 058#/
1km s−1 G W 18 35%QR %2340&":( 1 &* %)")%& 5" 04314 V"H " %2340&":( 4 71) 11

Hα
$%3 !/T* !* #%  %)60%71 &*)1 '& G W35*36 14 & 1#F"5%36" !* 504#/ %&")4 36")#"0#%&*F 1 $0%:4#/0"F 1 5 $" 146/ +`-e G H% $%F 1"0/ $08# %CQ:1 0"#1"7)*:U #7" & 1#F V"H 5"36%3%&")% F 46%#8  %047":( 1 3 0%Q)4( ;$0%E0"F e�<,` B+`-eA G P" % & 1#F% %#)14314)1" $%3 !/T* !% & 1#F% &* %)")4 2"0#5% 2713 % I"5* 540% 0/C:U/ %0216"7)4E% G 9471% :4)60*:5)" $08# %QR /5*3 ")" 5 64E% & 1#F" 5%36" !" &*5)":5%)")" $%#36"& 14 $%F 1"0/ # !/E%Q:1 I"71 #&':U 71) 11 #/2746/ 3%#%&4E% $05* /T*:1/ $0%E0"F/`f+Hg+VdJ ;+`-eAG W & 1#F":U V"H 1

Hα

& 1#"R &*0"X)14 71) 14 %2/ 3 !"#)1 '& G Í04#)12 !\#  &"#0"6%&* &*)1 '& 5 6"2471 h GN ;2 45 /&5E78#)14)1" $/) 6'& %#3 " /( \:*:UA &*C)%31 #7" 3 !"#)1 " $140& 354E%
2.2 km s−1 1 # 7" #0/E14E%

2.5 km s−1 GW & 1#F ":U V"H ;`*3 G h G=?A & 1#"R 71) 14 %2/ 3 !"#)1 '& ;71) 14 =B?A %0"5 71) 14 "23%0$C:*( )4 ;hA $0"&#%$%#%2)14 5& 1\5")\ 5 "23%0$ :( \ F 18#5*E& 1"5#%&\ B & & 1#F":U
Hα

)14 F "6054:14( 3 !"#%&4( G Z" 3 !"#%&"  %F$71 /( 4 $%F 1"0 $%)14&"T & $054214E/ <<e $%( "& 1"
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`*3/)4 h G=? w 3401" & 1#F V"H 5 0'T)*:U I"5 G W 1#"R 71) 14 %# %2/ 3 !"#)1 '& ;=B ?A %0"571)14 F 18#5*E& 1"5#%&\ ;hA G

318 6054:1 $ 1 G W 60" :14 #4274)#1)E/ ;`*3 G h G=@A &$ !*& 64( 3 !"#%&4( /3/&")% #%$"3%C&/( \: 605* $0%D 74 ["/33" G x04#)1" $08# %QR 0"#1"7)" #7" 6054:14( 71) 11 &*)%31 −17km s−1" ( 4( 3540% %QR $% !'& %&" ;eW9yA ( 436 & $05*271T4)1/ 0'&)" 3540% %Q:1 1)360/F4)6"7)4(;> G@ z A GL%F 1"0 $08# %Q:1 0"#1"7)*:U #7" %2340&":( 1 5 5" 043/
Hα

;`*3 h G=hA &* %)")% $0%CE0"F 4F `f +Hg+VdJ G W %2340&"6%01/F HH, ;S")"#"A /5*3 ")% 605* & 1#F " B  6'04$%3 !/T* !* #%  %)60%71 &*)1 '& G ,2340&":( 4 &* %)" ! L1%60 g 1E85" & 5" 04314 & 1#F%&*FyEZ01 ;] =O] z A G
{ |{ |} ~���b���� � �c�c���b����� |
+, -.0 2* !" %2340&%&")" $0545 3"647168 9 1$$"0:%3 & $05*271T4)1/ $0545 605* 7"6" B & 6*F:5"314 5420")% ^N $%F 1"0'& & D76054

Hp
G L% 0*:14 I"5 ( 436 ( 4#)" )14 %F$746)4 " 0%505/6#/T*GV"6%F 1"36  05*&" 27"3 / /5*3 ")" $0545 - J-J ( 436 #%204( ( " %Q:1 B 5"& 140" NN? $/) 6*& D76054

I
1 $ % 0*&" & 35*36 14 I"5*G ,2340&":( 4 60&"!* $%)"# 0% G -F$716/#" 5F 1") 27"C3 / &*)%31
0m.37

" % 043 5F 1") ? Gh_^ =h = #)1 G � !8#* $%35:54E'7)*:U %2340&":( 1 3\ #/T4 :%( 436 6*$%&4 #7" 6" F"!*:U 1)360/F 4)6'& ( 4#)" 71:52" $%F 1"0'& $%5&"7" )" #% !"#)4
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`*3/)4 h G=h w e0"EF 4)6 & 1#F" 5 0%535:54$1%)\ 71) 1\
Hα

#7" I"5* > G?h G L08# %Q:1 0"#1"7)4$%F 1405%)4 5 6*:U #&':U 71) 11 &*)%35\ #7" $140& 354E% 3 !"#)1 " C =>^ Gh 1 =>] G]
km s−1#7" #0/E14E% G W \3 14 71) 14 $% %2/ 360%)":U

Hα
$%:U%#5\ %# 514F 3 14( "6F%3I40*G

`*3/)4 h G=@ w e/) :( "  %047":( 1 3 0%Q)4( #7" 6054:U 0'T)*:U I"5 G Y4&)8605)4 $1 1 %#$%C& 1"#"( \ %2/ 3 !"#)1 %F " Q0%# %&* "23%0$ :( 1 F 18#5*E& 1"5#%&4( G
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Z"271:" h GN w L%F 1"0* $08# %Q:1 0"#1"7)*:U #7" %2/ 3 !"#)1 '& 5 5" 043/ #/2746/ 3%#%&4E%V"H G L/) 6* %#3 " /( \:4 B  6'0*:U )14 /T*6% & #%$"3%&")1":U %5)":5%)% ;

?
A G

9 PH `f =
(O − C)1

`f?
(O − C)2

I"5"?@]?=>>�  F 3
−1  F 3

−1  F 3
−1  F 3

−1?_ G?O?? −111.5 −1.0 +100.1 +0.6
> Gh =^?_ G?^_] −108.1 +0.5 +98.0 +0.4
> Gh?@?_ G@?>] −82.7 +0.7 +84.0? +10.0
> Gh^ =?_ G@h]_ −78.3 +1.2 +79.0? +8.7
> Gh^O?O G?NON

+120.2 +2.9 −118.4 −4.4
> GO]=?O Gh =?_

+120.7 +3.5 −117.7 −3.8
> GO]^?O G@ =O?

+111.6 +0.6 −108.0 +0.1
> G^>??O G@h =]

+111.4 +1.9 −107.8 −1.1
> G^>^?O G]@ =N

+94.3 +2.0 −86.8 +3.8
> G^]@?O G]]_=

+90.0 +0.5 −78.7? +9.3
> G^_>?^ Gh^_= −120.7 −2.8 +103.9 −2.6
> G?==?^ G@>@? −121.9 −2.6 +106.2 −1.5
> G?=^?^ G@_O? −121.0 +0.5 +108.3 −1.5
> G?@]?^ G@^?_ −123.6 −2.1 +108.9 −0.9
> G?]??^ G@N^? −118.6 +2.7 +107.9 −1.7
> G?]^?N GhON_

+86.4 +0.8 −80.0 +4.2
> G_h>?N GhNh^

+87.2 −1.3 −83.8 +3.2
> G_h_?N G] =]]

+105.9 −2.6 −109.5 −3.9
> G_^^?N G]h>?

+107.1 −2.9 −110.1 −3.0
> G_N@h> G@O>? −62.5 +4.3 +70.9? +12.4
> G>N =h> G@^]= −71.3 −0.1 +74.1? +11.5
> G>NOh> G]N =N −92.8 +2.8 +86.5 +1.0
> G=@?h> G_>__ −94.6 +3.6 +86.2 −1.9
> G=@N

% 04Q74)14  05*&4( 27"3 / ;L%(F "M3 1 =NNOA G V" $%#36"& 14 ,C< $/) 6'& )%0F "7)*:U%35":%&")% & 364:5 2 !8#* $%35:54E'7)*:U %2340&":( 1 B &*)1%3 !* %)4
0m.015

G -2* /#% !"#C)1R 4I4F 40*#8 $%#( 86% %2340&":( 4 I%6%F 460*:5)4 & ,2340&"6%01/F & �%0%&:/ )" > G@F64743 %$14 V4&6%)" G Z4743 %$ $%31"#"  "F 408 <<H ;S-e @>> B O]>�]=> $1 3471A B /T*6%D760'&
R

%0"5
V

G H% 04#/ :( 1 /T*6% $" 146/ J6"071) ;<<g` A #% I%6%F 46011 "$ 406/0%&4( G,2340&":( 4 &* %)" ! 543$' ! %2340&"6%0'& 5 �%0%&:" 1 "/6%0 )1)14( 354( $0":*G e%6%F460180'T)1:%&\ &* %)")%  %05*36"( \: 5 E& 1"5# $%0'&)")1" [J< >]==C>N_? ;
V = 10m.7

A %0"5[J< >]==C?>@ = ;
V = 11m.0

A G � !8#* $%35:54E'7)*:U %2340&":( 1 5 �%0%&:" 3\ 058#/
0m.01

GL% 0*:14 I"5%&4 6*:U %2340&":( 1 ( 436 )14 %F$746)4 B F 1F% 6% %2340&":( 4 5"RF 14M $%5&%71!*/#% !"#)1R 4I4F 40*#8 G



� p� p mj n�unimm ^O
Z"271:" h G=> w ,2340&":( 4 I%6%F 460*:5)4 +, -.0 & �%0%&:/
H"6"

Tp Tk

D760 :5"3 4 3$ G
nobs�Z �Z 3?= g1$14: ?>>? ?=w@> =wh> ` @] ?>??^ g1$14: ?>>? ?> wh> =w@] ` @] ?O_h = g1$14: ?>>? ?=w>> =wh> ` @> ?_ =h J140$14M ?>>? ?> w=^ =w?> ` @] ?O>=? W054314M ?>>? =N wh> ?h w>> f =>> NO
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G Z*$ & 1#F%&* $%#")* $0545  "6"7%E LLy 6% -> GH% :47'& F%#47%&")1" LGg1E85" &* %)" ! & HH, %2340&":( 4 3$ 4 60%3 %$%&4 " %2340&":( 4I%6%F 460*:5)4 &* %)"! 543$' ! Z G S& 1"6 %& 3 14E% )" @> :F 64743 %$14 V4&6%)" & �%C0%&:/ G L%F 1"0 $08# %Q:1 0"#1"7)*:U 5%36" ! &* %)")* $0545 "/6%0" )1)14( 354( $0":* $05*$%F%:* $0%E0"F/ eà<,` ;+`-e GAL% 3I"5%&")1/ %2340&":( 1 5 �%0%&:" 1 5 3"64716* 9 1$$"0:%3 % "5"!% 318 T4 ( 436 &*0"X)4$0543/)18:14 F 1)1F/F &6'0)4E% :% Q& 1"#:5* !%2* % 0/:U/ 71)11 "$3*# G y 1)1F/F &6'0)4 05*&4( 9 1$$"0:%3" F " & 18 35* 0%505/6 & I"514 )1T F 1)1F/F $140&%6)4 :% Q& 1"#:5* %6*F T4 ( /T & :5"314 %2340&":( 1 9 1$$"0:%3" ;h G?? 7"6A F%T)" 5"/&"T*R &$ !*& 5F 1")*# !/E%Q:1 $ 401"360/F G L%6& 140#54)14 0/:U/ 71) 11 "$3*# 5)"7451%)% 0'&)14T & 71640"6/054;,640% B ?>>]A G L/271 ":( " 6" 5"& 140" 3$13 / !"#'& &  6'0*:U &*368$/( 4 0/:U 71) 11 "$3*#36& 140#5%)* )" $%#36"& 14 $%0'&)")1" %2340&":( 1 9 1$$"0:%3" %0"5 - J-J G
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{ |� |} ���á��� �c��­ ±� ���± âã}ß ä��
Y4 &5E78#/ )" 0/:U 71) 11 "$3*# #% /5*3 ")1" $ 4 !)4E% F%#47/ / !"#/ )"( 74$354 3\ 0'&)%C:543)4 %2340&":( 4 I%6%F 460*:5)4 %0"5 3$ 4 60%3 %$%&4 G Z4) &"0/)4 3$ 4 !)1"( \ %2340&":( 45 �%0%&:" %0"5 HH, G <5"3 $%F 18#5* 6*F 1 #&%F" 5436"&"F 1 #")*:U 6% 6*7 % =>> #)1 GH% F%#47%&")1" &* %05*36")% $0%E0"F L9,d�d G W* %)")% #&" #%$"3%&")1" B # 7" %2C340&":( 1 5 �%0%&:" 1 HH, %0"5 %##5147) 14 #7" 9 1$$"0:%3" G W*)1 1 6*:U #%$"3%&"M 3\5436"& 1%)4 & 6"2471 h G=] G ,2340&":( 4 5 �%0%&:" 1 HH, $%5&%71!* %605*F "R & 368$)* %F$746)* F%#47 / !"#/ G W #%$"3%&")1/ #7" #")*:U 9 1$$"0:%3" 3 %05*36")% 5 &"06%Q:1
a
B
q
%0"5

Vγ

5 #%$"3%&")1" HH, %0"5 �%0%&:" G ,2" &*)1 1 3\ & #%204( 5E%#)%Q:1 G H !/CE%QR $ 401"360%)
ω
B 5F 14)1!" 318 & :1\E/ 6*:U $0"& 14 #514& 18:1/ 7"6 %

35◦
G Z4F$40"6/0"

T1%#$%& 1"#" & 3 "X)1 %& 1 2"0&* / !"#/ 1 2* !" /36"7%)" & 60" :14 #%$"3%&"M G H%$"3%&")%)"6%F 1"36 64F$40"6/08
T2

G V" 0*3/) / h G=N 5%36" !* $% "5")4 #%$"3%&")4  05*&4 G W 1#"R$0543/)18:14 F 1)1F/F &6'0)4E% %0"5 5F 1")8  356" !6/ F " 31F '& GH%$"3%&")14 3*)646*:5)4(  05*&4( 27"3 / #% %2340&":( 1 5 �%0%&:" ;D 760
I
A 2* !%  !%C$%671&4 54 & 5E78#/ )" )14 %F$746)%QR  05*&4( G Y 64E% &5E78#/ 2"0#514( & 1"0*E%#)4 3\&*)1 1 #%6*:5\:4 )":U*74)1" 1 0%5F 1"0'& 5 #%$"3%&")1" & D76054

Hp
G `%5F 1"0* 1 F "3*%2/ 3 !"#)1 '& Q& 1"#:5\ % 6*F 1T 3\ 6% F !%#4 E& 1"5#* :1\E/ E !'&)4E% G V" $%#36"& 14 F%C#47/ & 6"2471 h G=] &*5)":5%)% $"0"7" 38 G H 7" $0%F 14)1 /T*6% &"06%Q:1 5 #%$"3%&")1" &D76054

Hp
54 &5E78#/ )"  %F$746)\  05*&\ G ,214 6 5)"( #/( 4 318 & %#74E !%Q:1 6* 7 % ^ 36%$)1$%# $ !"35:5*5)\ E"7" 6* 1 G V" $%#36"& 14 $0":* �/0)3641)" 1 941743" ;=N^?A %35":%&")%d ;�Cf A�> Gh )"  17%$"034 G ,605*F")" $"0"7" 3" I%6%F 460*:5)" &*)%31

4.1 ± 0.3 mas;
245 ± 15pc

A G � !\# %35":%&")% )" $%#36"& 14 2 !8#'& $0%F 14)1 1 64F$40"6/0 3 !"#)1C '& 5 F%#47/ G � !8#* 64F$40"6/0 %#$%& 1"#"( \ 2 !8#%& 1 &*5)":54)1" �Cf / !"#/ :5*71> G>? ;±150K
A G L"0"7" 3" 60*E%)%F460*:5)" &*5)":5%)" $0545 3"647168 9 1$$"0:%3 &*)%31

5.38 ± 0.91 mas
GW %36"64:5)*F F%#47/ $ %& 1))* 2*R /&5E78#)1%)4 $%$0"& 1 64F$40"6/0 )" $%:540& 14C)14)14 G V"#&*T " 2"0&* & $05*$"# / f ^?= <"3 ( 436 2"0#5% &*3% " G L%$0"& " $%#&*TC35* 64F$40"6/0* )"&46 % ]>>S :% #" 74$35\ 5E%#)%QR 5 6*$ 4F & 1#F%&*F -> $%#")*F&  "6"7%E/ LLy G
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Z"271:" h G=] w W*)1 1 F%#47%&")1" #7" / !"#/ f^?= <"3 G W #0/E14(  %7/F)14 F "F*F%#47 %$"06* )" 3$ 4 60%3 %$11 5 HH, %0"5 I%6%F 46011 & D76054

I
G W 6054:14(  %7/F)145436"& 1%)% &*)1 1 5 #%$"3%&")1" #% %2340&":( 1 5 9 1$$"0:%3" G ,36"6)1"  %7/F)" 5"& 140"0'T)1:4 $%F 18#5* &*)1 "F 1 5  %7/F) ? 1 h G H 7" # !/E%Q:1 &85 !"

ω
1 $0543/)18:1" I"5%&4E%

phshift

;- AB 0'T)1:" 6" ( 436 5& 1\5")" 5 0/:U4F 71)11 "$3*# $%F 18#5* #& 14F " 4$% "F 1 G H 7"( "3)%Q:1 3 !"#)1 '&
l1

1
l2

0'T)1:4 $%#")% 54 5)" 14F G Y 6*:U #&':U &"06%Q:1 & 1#"R T43 !"#)1 $140& 35* F" & 18 35\ ( "3)%QR & D76054
Hp

" 3 !"#)1 #0/E1 & D76054
I

;� A G P4366% & 5E%#514 5 &*T35\ 64F$40"6/0\ 3 !"#)1 " $140& 354E% G H 7" $%5%36" !*:U $"0"F460'&%36"6)1"  %7/F)" % 04Q7" 0'T)1:4 & #&':U #%$"3%&")1":U 1 F%T4 2*R 60" 6%&")" ( " %)145"74T)" F 1"0" 2 !8#/ G
L"0"F460 �%0%& 14: 1 HH, 91$$"0:%3 0'T)1:"

e 0.1334 ± 0.0005 0.120 ± 0.008
> G> =h

ω 2.739 ± 0.008 2.126 ± 0.049 0.613A

phshift −0.0381 ± 0.0001 −0.0204 ± 0.0007 0.0177A

q 0.816 ± 0.001
a(

`
¯) 9.772 ± 0.127

Vγ 6.4 ± 1.5

T1 8510K 8510K
T2 7696 ± 40K 7685 ± 40K

==S
i 80.70 ± 0.03 79.39 ± 0.28

=Gh =
Ω1

] GOO ± > G> = ] G_h ± > G>N > G=@
Ω2

] G^O ± > G> = ] G@^ ± > G>O > GhN
l1 0.629 ± 0.002 0.650 ± 0.009 −0.021B

l2 0.371 ± 0.002 0.350 ± 0.009 +0.021B

x1,2
> G?N B > Gh = > G] =B > G]h

M1 2.21 ± 0.09
M2 1.80 ± 0.08
R1 2.03 ± 0.04 2.09 ± 0.07

> G>_
R2 1.73 ± 0.03 1.89 ± 0.05

> G=_
- A 0/:U 71) 11 "$3*#� A 0'T)4 D 760*

Ä Åå æç Çè Ê Ø éÈ ÉÊË ÒÌÓ�ê× ÖÔ ë
� !"# [Z �y" 2* ! %2340&%&")* $0545 3"647168 9 1$$"0:%3 B  6'0* &* 0* ! 5"RF 14)1" 5":U%C#5\:4 5 % 0434F

1d.16472
G S 05*&" 27"3 / / !"#/ $%31"#" #&" F 1)1F" % F "!4( 0'T)1:*E !82 % %Q:1 G L"0"7" 3" 60*E%)%F460*:5)" &*5)":5%)" $0545 3"647168 9 1$$"0:%3 &*)%31

8.18 ± 1.69
F"3 :% %#$%& 1"#" %#74E !%Q:1 =?? $: G S%74( )4 %2340&":( 4 / !"#/ &* %)"71
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%2340&"6%05* & J!%&4)11 ;y 1 /5 46 "7 G ?>>@A G �5*3 "71 %)1 #& 14  05*&4 27"3 / & D760":U
B

%0"5
V

B &*5)":5* 71 F %F4)6* F 1)1F'& 1 $%$0"& 171 % 043 G , 043 &*5)":5%)* $0545 64)543$' ! 6%
1d.164708±0.000002

" F%F4)6 F 1)1F/F E!'&)4E% 9PH�
245 2278.522±0.002

G, 04Q7%)% 0'&)14T Q04#)1\ &"06%QR & 3 "X)1 " 2"0&*
B−V = 0m.36

:% %#$%& 1"#" 6*$%& 1& 1#F%&4F/ e? G W 64( $0":* 5& 0':%)% 0'&)14T /&"E8 )" 6% 1T &  "6"7%E/ 9 1$$"0:%3"/ !"# ( 436 3 7"3*D %&")* ( " % & 15/"7)14 $ %#&'( )*G W %#74E !%Q:1 =O G_ ñ 1  \:14 $%5*C:*( )*F
266◦.4

5)"( #/( 4 318 %214 6 3 !"235* %
2m.6

;[Z �y" �A % 64( 3"F 4( $"0"7" 314:% $"0" 5"RF 14)1%&" G -/6%05* $0":* 0'&)14T 5"5)":5*71 1T 3"64716" `,J-Z %2340&%&"!X0'# !% $0%F 14)1%&")1" à 5E%#)4 & E0")1:":U 2 !8#/ 54 & 3$' !058#)*F 1 [Z �y" ;%#74CE !%QR
5” ± 16”

A G W 7"6":U ?>> =C?>>? 543$' ! Z%F" Z%F%K %0"5 +71") +714K &* %)" ! 34018& 1#F & %2340&"6%01/F V-, `%5U4) )" ?F 64743 %$14 G ,2340&%&")% 5" 043 & % %C71:* ^]O]z E#514 5)"( #/( \ 318 605* 71) 14 &"$)1" <" ++ G Y43$' ! 64) &* %)" ! 04#/ :( 4 6*:U%2340&":( 1 1 36& 140#51! T4 %$0':5 71) 11 & 1#F%&*:U %2/ 3 !"#)1 '& $"0* 5"RF 14)1%&4( %2C340&/( 4F* 64T F%:)\ 6054:1\ 71) 18  6'0" 3/E40/( 4 T4 / !"# F%T4 2*R $%60'( )* ;)14 71:5\:%#74E74( 354E% 3 !"#)1 " & 15/"7)4E%A G -/6%0 )1)14( 354( $0":*B )145"74T)14 %# %2340&"6%C0'& B $%F 1405* ! $08# %Q:1 0"#1"7)4 & & 1#F":U #7" 6054:U %214 6'& G L05*( 86% %5)":54)1"3 !"#)1 '& = 1 ? #7" $"0* 5"RF 14)1%&4( B h #7" %214 6/ )14 /:5436)1:5\:4E% & 5"RF 14)1":U5E%#)14 5 )%6":( \ /T*&")4( & F 46%#514 W H G L05* $%F%:* 64( F 46%#* &*5)":5%)% F%#47$"0* 5"RF 14)1%&4( E#514 $0%F 14)1%&")14 $%:U%#5\:4 %# 6054:14E% 3 !"#)1 " 2* !% F %#47%C&")4 ( " % ´6054:14 Q& 1"6 !%µ G ,$0':5  05*&*:U $08# %Q:1 0"#1"7)*:U #7" $"0* 5"RF 14)1%&4($%F 1405%)% 0'&)14T $08# %Q:1 # 7" 3 !"#)1 " 6054:14E% G YF 1")* 64 F "( " F "!\ "F$716/#81 3\ $0"&#%$%#%2)14 5& 1\5")4 5 274)#1)E14F 71) 11 3 !"#)1 '& ? 1 h G W 60" :14 2"#"C)1" / !"#/ $%& 36" !% F)'36&% $*6"M )"  6'04 )14 F%T)" ( 4#)%5)":5)14 %#$%& 14#514R )"$%#36"& 14 #%368$)*:U %2340&":( 1 G ,F'& 1%)% 0'T)4 F%T71&4 0%5& 1\5")1" G
{ |¬ |ß òc� ��b �bá��c¯�� b����­���ó
W35*36 14 %2340&":( 4 3$ 4 60%3 %$%&4 5%36" !* &* %)")4 & V-, `%5U4) & 5" 04314 & 1#CF %&*F % 3540% %Q:1 % % !% ?>>z 1 # !/E%Q:1 I"71 ^]O]z G <58QR & 1#F 5%36" !" 504#/ %&")"$0545 Z G Z%F%K" G L%F 1"0 $08# %Q:1 0"#1"7)*:U %0"5 04#/ :( " 04356* & 1#F 5%36" !* &*C %)")4 $0545 "/6%0" )1)14( 354( $0":*G <" !* $0% :43 04#/ :( 1 1 $ %F 1"0'& &* %)")% $05*/T*:1/ $" 146/ +`-e G W & 1#F":U 71) 14 3\ 0%535:54$1%)4 )" 605* 3 !"#%&4 G [ !'&)" 3 !"C#%&" % $08# %Q:1 0"#1"7)4( % % !% C@>  F ô3 ( 436 3 !"2% 5F 14))" G J !"#)1  6'0* %#$%& 1"#"5" )1\ %5)":5"F* ( " % 6054:1 G L% %2/ ( 4( 360%)":U 3\ $ !*6354 71) 14 B  6'04 5"F 14)1"( \ 318F 14( 3:"F 1 & 60" :14 0/:U/ %0216"7)4E% $"0* 5"RF 14)1%&4( ;3 !"#)1 1 = 1 ?A G L 140&%6)14#% $%F 1"0'& $08# %Q:1 0"#1"7)*:U 3 %05*36")% 5 F46%#*  %047":( 1 3 0%Q)4( & 1#F ( 4#)" #/T4 5"35/F 14)14 %0"5 F "!" %#74E !%QR 3 !"#%&*:U & & 1#F 14 $%&%#/( 4 F%:)4 274)#%&"C)14 $1 '& G e1760":( " I%/0140%& 3 " & 1#F & :47/ &*E !"#54)1" 35/F/ )14 $%$0"& 1" &*0"X)143*6/":( 1 G ,36"64:5)14 5#4:*#%&")% 318 )" $%F 1"0 $%35:54E'7)*:U 71) 11 $0%E0"F4F `f +CHg+VdJ G y 1405%)% 605* F %:)4 71) 14 <" ++ B  6'04 5)"( #/( \ 318 & 6*F %235"054 G W :47/5F)14( 354)1" &$ !*&/ 35/F/ $%F 1405%)% & 1#F" 3/F%&")4 $"0"F 1 E#* 2* !* &* %)*&")4( 4#)% $% #0/E1F G W*)1 1 $%F 1"0'& $08# %Q:1 $"0* 5"RF 14)1%&4( 3\ 5436"& 1%)4 & 6"2471h G=] G L%F 1"0* #7" )"(( "Q)14( 354E% 3 !"#)1 " ;hA 3\ 5E%#)4 #7" %2/ F 46%# 5 #% !"#)%Q:1\=C?  F ô3 G YF 1")* $08# %Q:1 0"#1"7)*:U F "( \ "F$716/#8 =O  F ô3 ;`*3 G h G?OA G S%05*36"( \:5 $0%E0"F/ #% ")"715* % 043%&%Q:1 &*5)":5%)% % 043 5F 1") ?h G@? # G P4#)" I"5%&")14
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`*3/)4 h G?? w Y)%0F "715%&")4 1 &*E !"#5%)4 & 1#F% [Z �y" ;4 3$%5*:( " h� =h F 1) GA GW 1#%:5)4 3\ 605* 3 !"#%&4 &  "T#4( 5 6054:U 71) 11 &"$)1" G
6*:U 5F 1") 5 % 0434F %0216"7)*F $"0* 5"RF 14)1%&4( &* "5/( 4 $ 4&)\ 5"74T)%QR G W I"5":U%# > #% > G] F "F* &*T354 &"06%Q:1 ) 1T & I"5":U %# > G] #% = ;`*3 G h G?]A G L05*:5*)\ 6" 14E%4I4 6/ F%T4 2*R 274)#%&")14 E !'&)4E% $1 / ;hA 5 #0/E1F 3 !"#)1 14F B  6'0* F " F)14( 35\"F$716/#8 5F 1") )1T 3 !"#)1 $140& 35*G J6%3/)4 %2/ % 043'& &*)%31 % % !% ?> w=G y%TC71&4 ( 436 0'&)14T ( 4#)%:543)4 &*368$%&")14 %2/ 4I4 6'& G YF 1")* 5 % 0434F ?h G@? F/31F*60" 6%&"R 2"0#5% %360%T)14 B % 043 64) ( 436 $0"&#%$%#%2)14 "71"34F #% % 043/ %0216"7)4E%$"0* 5"RF 14)1%&4( B 7/2 4I4 64F 274)#%&")1" G

Z"271:" h G=_ w L08# %Q:1 0"#1"7)4 $"0* 5"RF 14)1%&4( ;=B ?A G
9 PH `f =

(O − C)1

`f?
(O − C)2

I"5"?@]>>>>�  F 3
−1  F 3

−1  F 3
−1  F 3

−1=N =h G@N]_^= @@ GN C> G= CNN G? _ G_ > G]N]=N?> G]]^h@O OO G= C^ GO C =]> G> C =? G? > G_]N=_?_ Gh^]Oh? C =?N G] C =? Gh _] GN @> G^ > G>^O=NO? G@_O?h> C =N_ G@ C =@ G@ _@ Gh C =_ G? > G??O?>O> Gh>^@^O C =^=G] =G= O^ G_ C? G@ > G?h =??__ G]]>>_h ===G? @ GO C =h^ G^ =] GO > GO?=?hh@ G]^@ON? C =]=G= C@ G> _O G@ =] G> > G=h]?@ =h Gh@ =N>N ^N G^ C =N G> C =]> G= _ G? > GO]@
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`*3/)4 h G?h w , )% $0%E0"F/ `f+Hg+VdJ G L%& 18 35%)* Q0%# %&* I0"EF 4)6 & 1#F " 5`*3 h G?? B & 1#"R #%$"3%&")14 6054:U $0%D71 ["/33" G
{ |¬ |} õ c��­ ±� ���±
H% F%#47%&")1" / !"#/ [Z �y" 5"36%3%&")% $0%E0"F L9,d�d G W* %05*36")% %2340C&":( 4 3$ 4 60%3 %$%&4 5 V-, `%5U4) %0"5 I%6%F 46018 5 3"64716* 9 1$$"0:%3 & D76054 9$ GL%#36"&%&4 60/#)%Q:1 B  6'04 $%( "& 1!* 314 & 60" :14 F %#47%&")1" 6% 20" 245$%Q04#)14(1)I%0F ":( 1 % 64F$40"6/0":U 3 !"#)1 '& B 3$%&%#%&")* I" 64F B 1T Q& 1"6 !% %2340&%&")4$%:U%#51 5 6054:U X0'#4 !G V" $%#36"& 14 & 368$)4E% F%#47/ &*5)":5%)% F "3* 1 $0%F 14)14%2/ 3 !"#)1 '& G -2* ´%#6&%05*Rµ / !"# 3 %05*36")% 5 &*)1 '& 64%011 4&%7/:( 1 )" $%#C36"& 14  6'04( % 04Q7%)% 64F$40"6/0* 3 !"#)1 " $140& 354E% #7" 5"#")4( F "3* 1 $0%F 14)1" GZ4F$40"6/0" 3 !"#)1 " #0/E14E% 5%36" !" #%$"3%&")" )" $%#36"& 14 0'T)1:* E !82% %Q:1 5"CRF 14M 5 I%6%F 46011 GL% 5"36%3%&")1/ 4I4F 40*#* 5 $0":* y 1 /5 ;?>>@A % "5" !% 318 T4 %2340&":( 4 5 3"64716*9 1$$"0:%3 3\ X74 3I"5%&")4 1 $0543/)18:14 I"5%&4 &*)%31 % % !% > G>>_ G L05*:5*)* F%E\2*R #& 14 w 5 !* % 043 7/2 F%F4)6 5"RF 14)1" E !'&)4E%

T0

G Y $%#")*:U 2 !8#'& % 043/1
T0

&*)1 " T4 $0"&#%$%#%2)14 % 043 5%36" ! X74 &*5)":5%)*G � !\# % 043/ $%& 147%)*h]>> 0"5* ;71:52" :* 71 $ %F 18#5* %2340&":( "F 1A ( 436 & 18 35* )1T 2 !\#
T0

G L05*:5*)\ 64()145E%#)%Q:1 F%T4 2*R /T*:14 $0545 "/6%0'& 6* 7 % $%35:54E'7)*:U F 1)1F'& 5 I%6%F 460119 1$$"0:%3"  6'04 3\ X74 %23"#5%)4 $/) 6"F 1 G Z% $0543/)18:14 ( 436 ( 4#)" & 1#%:5)4  14#*5I"5/( 4F* &35*36 14 %2340&":( 4 G L05* $%F%:* $0%E0"F/ L9,d�d /#% !"#)1%)% % 043$05*(F/( \: F %F 4)6 F 1)1F/F E !'&)4E%
245 2278.522± 0.002

G L%$0"& 1%)" 4I4F 40*#" 6% w

Min I = HJD 2, 452, 278.522 + 1d.1647098 · E ;h GhA
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E#514 )14$ 4&)%QR % 043/ &*)%31

5 × 10−7d
GW / !"#":U 5"RF 14)1%&*:U &  6'0*:U F"F* %2 4:)%QR 6054:14E% %214 6/ 136)14( 4 317)" %047":( " $%F 18#5* )":U*74)14F %0216* 1 6054:1F Q& 1"6 !4F G y%T)" #%36"R 0%#51)8 0%5& 1\C5"M #7"  6'0*:U F "F* #%20\ 5E%#)%QR 5  05*&\ g< #7" 0'T)*:U $"0 $"0"F 460'&

i
%0"5

l3
GH/T4 &"06%Q:1

l3
$%&%#/( \ T4 17%QR Q& 1"6 !" 21%0\:4E% /#51" ! & 5"RF 14)1":U & 36%3/) / #%:" !%Q:1 F "74( 4 1 5"RF 14)1" 3\ $ !*6354 G dI4 6 64) F%T)" )"#0%21R 5& 18 35"( \: )":U*74)14 G-2* /$4&)1R 318 :5* /5*3 ")* &*)1 ( 436 $0"& 1# !%&* &* %)")%  17 " 6436'& G , 04Q7%)%F" 3*F"7)\ F%T71&\ &"06%QR

l3 = 0.58
B  6'0" %#$%& 1"#" )":U*74)1/ %0216*

90◦
G S%05*C36"F* 5 /)%0F%&")1" ( "3)%Q:1

l1 + l2 + l3 = 1
G W 18 354 &"06%Q:1

l3
3$%&%#%&"!* 2* 52*6$ !*6 14 5"RF 14)1" &  05*&4( 3*)646*:5)4( G L0%36* 35":/)4 )" $%#36"& 14 E !82% %Q:1 71) 11;2 45 /&5E78#)14)1" 6*$'& & 1#F%&*:UA 3/E40/( 4 T4 6054:1 3 !"#)1 4F 16/( 4 $0"& 14 ]>öQ& 1"6 !" & / !"#514 ;Z"2 G h G=OA G Z4) &*)1 $%3!/T* ! ( " %  %)60%7" $054$0%&"#5%)4E%F%#47%&")1" B #518 1 ) 14F/ & 14F* T4 )14 $%$4 !)1"F* E0/24E% 2 !8#/ $05* &*5)":54)1/

l3
B 6'04 ( 436 F %:)% 3 %047%&")4 5 )":U*74)14F %0216*G

Z"271:" h G=O w L%0'&)")14 E !82% %Q:1 71) 11 & 1#F%&*:U 5 ( "3)%Q:1"F 1 3 !"#)1 '& 5 F%#47/WH G W 1#F" #"( \ 3 !"2354 6054:14 Q& 1"6 !% G P4#)" E& 1"5#* % &*T354( 64F$40"6/054 F "( "$ !*6354 71) 14 :% F%T4 &*6 !/F":5*R 6\ 0'T)1:8 G W & 1#F ":U 0'T)1:" $%F 18#5* 3 !"#)1 "F 1= 1 ? ( 436 & 18 35" )1T & F%#47/ WH G y%T)" 6% &*6 !/F":5*R F %:)14( 35*F 274)#1)E14F71)11 #0/E14E% 3 !"#)1 " 5 E !'&)*F $1 14F :% 3 /6 /( 4 & 18 35\ E !82% %Q:1\ ;3 !"#)1 #0/E1F " & 18 35\ F "38 1 F)14( 35\ "F$716/#8A G
& 1#F% = & 1#F% ? L9,d�d

l1
> G=ON > G?> = > G? =>

l2
> Gh@h > Gh?^ > G?_N

l3
> G@O^ > G@O> > G] =_

�Cf�> Gh]A GW)1%3 /( 4F* 6% 5 I" 6/ F 1435")1" Q& 1"6 !" 64E% 3 !"#)1 " 5 $"0\ 5"RF 14)1%&\  6'0" ( 436:U !%#)14( 35" G [& 1"5#" % 6" 14( 64F$40"6/054 )" : GE G $ %31"#" F "38 058#/ =G]
M¯

G <5"3T*:1" 6" 14( E& 1"5#* )14 $054&*T35" h F 7# G 7"6 :% #%#"6 %&% 3 %F$71 %&" !% %20"5 ;$05*( CF/( \: T4 3 !"#)1 h ( 436 :58Q:1\ / !"#/A GH 7" 3 !"#)1 '& $"0* 5"RF 14)1%&4( 6" 1 & 14 %5)":5" !2* T4 3\ %)4 )" :1\E/ E !'&)*F7/2 3\ )145)":5)14 %#4&%/7%&")4 G +:U $0%F 14)14 )14 $%& 1))* $054 0":5"R
R1 = 1.1R¯%0"5

R2 = 1.6R¯

B %#$%& 1"#"( \:*F E& 1"5#%F % F "3":U =G>] 1 =G?^
M¯

& & 14 / h F 7# G7"6 G Z4F$40"6/0* 6" 1:U E& 1"5# )" : GE G &*)%35\ %#$%& 14#)1% ]N>> 1 _?>> S GZ" #/T*:U 0'T)1: & 14 / ;$0%F 14)1A )14 F%T)" &*6 !/F":5*R )14$ 4&)%Q:1\ &*)1 '&3$%&%#%&")\ 5"35/F 14)14F #")*:U G W*6 !/F ":54)14 6*:U 0'T)1: 5"$0%$%)%&"! P G Y1' !C
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`*3/)4 h G?@ w L%0'&)")14 3*)646*:5)4(  05*&4( #7" [Z �y" %0"5 %2340&":( 4 &* %)")4$0545 3"647168 9 1$$"0:%3 G
 %& 3 1 G d&%7/:( " F %E !" $054214E"R 35*2 :14( ( 4T471 3 !"#)1 1 $%:5\6 %&% F 1" !* & 18 35\F "38 G �60"6" F "3* F%E !" )"36\$1R )" 3 /64 1)64)3*&)4E% & 1"60/ E& 1"5#%&4E% :% ( 436F %T71&4 #7" 6"  0'6 1:U % 043'& %0216"7)*:U G J /6 14F 6" 14( 4&%7/:( 1 / !"#/ F 14712*CQF* #5131"( 3 !"#)1 1 % 52*6 #/T*:U $0%F 14)1":U B :5*71 3*6/":( 8 B  6'0\ %2340&/( 4F* &[Z �y" G�5*3 ")* & 368$)* F%#47 / !"#/ 5"& 140" F)'36&% 5E0/2)*:U 35":/) '& 1 5" !%T4M 6'0*:U $%$0"&)%QR )14 3$%3'2 5&40*D %&"R  %05*36"( \: 5 136)14( \:*:U %2340&":( 1 G y 18C#5* 1))*F 1 )14 F "F* $4&)%Q:1 :% #% 64E% T4 6054:1 3 !"#)1 )"74T* #% / !"#/ 1 )14 ( 436E& 1"5#\ 6 !" G V" $%#36"& 14 )1)14( 354E% F%#47/ &*5)":5%)% %#74E !%QR F 46%#\ $"0"7" 3*I%6%F 460*:5)4( G Y $%&%#/ F"!4( %#74E !%Q:1 / !"#/ 1 #/T4( 3540% %Q:1 E"7" 6*:5)4( ;

+47◦
A5")14#2")% 4 36*) :( 4 G L"0"7" 38 I%6%F 460*:5)\ &*5)":5%)% )" $%#36"& 14 64F$40"6/0 1$0%F 14)1 3 !"#)1 '& $"0* 5"RF 14)1%&4( 5 6"2 471 h G=^ %0"5 $05*(F/( \: T4 ( "3)%QR

MV

6054C:14E% 3 !"#)1 " %#$%& 1"#" & 3 "X)1 %& 1 �Cf / !"#/ G W %36"6)1F 5" !%T4)1/ $05*(F/( 4F*T4 3 !"#)1 6054:1 ( 436 E& 1"5#\ :1\E/ E !'&)4E% 1 )14 /&5E78#)1"F* F 1435")1" Q& 1"6 !" 6054:U3 !"#)1 '& G y 1F% #"74 % 1#\:*:U 5" !%T4M 1 35":/) '& &*)1 5E"#5" 318 #%2054 5 $"0"C7" 3\ &*5)":5%)\ $0545 3"647168 9 1$$"0:%3 G ,605*F ")% &"06%QR
π = 8.3 mas (120pc)

GW*)1 91$$"0:%3" &*)%31
π = 8.18 mas (122pc)

G ,:5*& 1Q:14 6" #%20" 5E%#)%QR ( 436$05*$"# %&" 21%0\: $%# /&"E8 $05*( 864 5" !%T4)1" 1 35":/) 1 GH%20\ 5E%#)%QR $"0"7" 3 F %T4F* ( 4#)" $%60" 6%&"R ( " % 3 !"2\ $0543 !") 8 % 6*F T4)"354 35":/) 1 1 5" !%T4)1" )14 %#214E"( \ 5)":5\:% %# 054:5*& 136%Q:1 %0"5 T4 6054:1 3 !"#)1 ( 436 D5*:5)14 5& 1\5")* 5 / !"#4F 5"RF 14)1%&*F 7/2 5)"( #/( 4 318 & F"!4( %#74E !%Q:1 %#)14E% G H%#"6 %&*F "0E/F4)64F T4 3 !"#)1 6054:1 )"74T* #% / !"#/ 6% I" 6 1T ( 4E% Q04#C)1" $08# %QR 0"#1"7)" ;−41±1 km/s
A ( 436 2"0#5% 5271T%)" #% $08# %Q:1 $"0* 5"RF 14)1%&4(;3\ 5E%#)4 & E0")1:":U 2 !8#/A G
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`*3/)4 h G?] w S05*&4 $08# %Q:1 0"#1"7)*:U #7" [Z �y" G g1)14 :1\E !4 $0454)6/( \ &*)1 #%$"3%&")1" " %2340&":( 4 3$ 4 60%3 %$%&4 $"0* 5"RF 14)1%&4( %5)":5%)% 3*F2%74F © Gg 1) 1" $0540*&")" %#$%& 1"#" Q04#)14( $08# %Q:1 6054:14E% 3 !"#)1 " " $%F 1"0* ( 4E% $08#C %Q:1 %5)":5%)% 3*F2%74F 5 G g 1:52" 6*:U $/) 6'& ( 436 & 18 35" $%)14&"T #7" 3 !"#)1 '&= 1 ? F 1405%)% & 1#F " 3/F%&")4 ( " 0'&)14T )14 6'04 $ %F 1"0* & % %71:":U I"5 540% 1 =ô?)14 2* !* F %T71&4 54 & 5E78#/ )" )" !"#")14 318 71) 11 G J*F2%74F × %5)":5%)% %2340&":( 43 !"#)1 " ?  6'0*:U )14 /T*6% & #%$"3%&")1/ G P4T471 ( 4#)" $05*35 !4 %2340&":( 4 $%6& 140C#5\ 6" &*3% 1 4I4 6 `%331640" F %T4 6% %5)":5"R T4 3 !"#)1 ? 0%6/( 4 "3*):U0%)1:5)14 GL%#%2)* 4I4 6 F%T)" /5*3 "R 0'&)14T #7" & 18 354E% )":U*74)1" G
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Z"271:" h G=^ w y%#47 [Z �y" /5*3 ")* )" $%#36"& 14 %2340&":( 1 3$ 4 60%3 %$%&*:U 5 6"2 Gh G=_ %0"5 %2340&":( 1 3"64716* 9 1$$"0:%3 & D76054

Hp
G

3 !"#)1 = 3 !"#)1 ?
i 84◦.7 ± 0◦.4
q 1.225 ± 0.021

a(
`

¯) 6.17 ± 0.20
Vγ −37.3 ± 3.7

 F ·s−1

V3 −41.0 ± 1.0
 F ·s−1

T1,2 5460K 5370 ± 10K
Ω1,2

@ GN = ± > G== @ GO_ ± > G>N
l1,2 0.215 ± 0.010 0.269 ± 0.012
l3

> G] =_±0.010

x1,2

> G__ > G_O
g1,2 0.32
A1,2 0.5

M1,2 1.05 ± 0.11 1.28 ± 0.13
R1,2 1.70 ± 0.12 1.99 ± 0.15

Mbol1,2
3.88 3.61

log(g1,2) 4.00 3.95

{ |¬ |{ ÷b���� �� ������ ±� ���±
V"35" & 14#5" % 6054:1F 3 !"#)1 / / !"#/ ( 436 #%3*R %E0")1:5%)" G W 14F* )" $%#36"& 14F%#47/ WH T4 3 !"#)1 #"( 4 ]?ö Q& 1"6 !" / !"#/ & D76054 9$ G Z4) &*)1 ( 436 & #%204(5E%#)%Q:1 5 E !82% %Q:1"F 1 71)11 & 1#F%&*:U 6054:U 3 !"#)1 '& G <U0%)%7%E1:5)14 $140&C354 &*)1 1 #%6*:5\:4 5F 1") $08# %Q:1 0"#1"7)*:U 6054:14E% 3 !"#)1 " /5*3 ")% $05* /T*C:1/ $0%E0"F/ #% 35/ ")1" % 043%&*:U 5F 1") G V"( 74$35* /5*3 ")* % 043 &*)1'3 ! ?h G@?# GW 1#F% F%:* Q& 1"#:5* % 6*F T4 &*)1 64) ( 436 2"0#5% )14$ 4&)*G L% 5I"5%&")1/ $08# %Q:16054:14E% 3 !"#)1 " 5 % 0434F %0216"7)*F $"0* 5"RF 14)1%&4( % "5" !% 318 54 ( 436 &*0"X)" %047":( " 6*:U $/) 6'& 5 $08# %Q:1"F 1 3 !"#)1 " #0/E14E% ;`*3 G h G?]A G L05*:5*)\ 64E%4I4 6/ ( 436 $0"&#%$%#%2)14 317)4 5274)#%&")14 71) 11 3 !"#)1 '& ? 1 h ;`*3 G h G?hA G W 1C#%:5)14 % 043 ?h G@?# ( 436 $% $0%36/ "71"34F #% 5F 1") 5& 1\5")*:U 5 274)#\ B  6'0" 5F 14)1"5F 1405%)4 $% !%T4)1" 71)11 6054:14E% 3 !"#)1 " 5 % 0434F %0216"7)*F $"0* 5"RF 14)1%&4( G

Y")1F 6% &*6 !/F":54)14 5%36" !% $05*( 864 &* %)")%  17 " 6436'& #%6*:5\:*:U % 043/?h G@?# 1 F%T71&*:U ( 4E% $05*:5*)":U G `%5&"T")1" 64 $05*6%:5%)% $%)1T4( G
-F$716/#" 5F 1") $08# %Q:1 0"#1"7)*:U 6054:14E% 3 !"#)1 " &*)%31 % % !% =O  F ô3 GL 140& 35" 0%5$"60*&")" $05*:5*)" 6*:U 5F 1") 6% &5"( 4F)* 0/:U %0216"7)* 6054:14E% 3 !"#C)1 " &% ' ! $"0* 5"RF 14)1%&4( G y%T71&%QR 6\ %#05/:%)% $%)14&"T 6" 14 "F$716/#* 1 % 043Q& 1"#:5* !*2* % F"3":U 058#/ 346)*:U :58Q:1 F "3* J !%M:" G -2* 3$0"&#51R :5* Q0%#4 
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F"3 $"0* 5"RF 14)1%&4( $%0/35" 318 &*5)":5%)% $08# %QR / !"#/ #7" %QF 1/ & 1#F &  6'C0*:U 0%5#5147%)% & 35*36 14 605* 3 !"#)1 1 ;3 %05*36")% 5 36%3/) / F"3 5 F %#47/ WHAGV 14 5)"7451%)% ( 4#)" &*0"X)*:U 5F 1") % 043%&*:U G P4T471 ( 4#)" 6" 14 5F 1")* 136)14( \$%& 1))* F 14R "F$716/#8 $%)1T4( =>  F ô3 ;6" 14E% 058#/ ( 436 0%505/6 $/) 6'& A G H/T*0%505/6 $/) 6'& &  05*&*:U `f = 1 ? F%T4 2*R 5& 1\5")* 5 274)#%&")14F 1 35/F4F "740'&)14T 5 $0543/&")14F 318 Q0%# " F"3 $%# &$ !*&4F 6054:14( F "3*GS%74( )\ F%T71&\ $05*:5*)\ 5F 1") $08# %Q:1 0"#1"7)4( 6054:14E% 3 !"#)1 " 36")%& 1 F%TC71&%QR T4 E& 1"5#" ( 436 :4I41#\ G P4#)" 6" 1 # !/E1 % 043 %5)":5" !2* 2"0#5% #/T\ F"38 1( "3)%QR :% ( 436 3$054:5)4 5 %2340&%&")*F 1 E !82% %Q:1"F 1 71) 11 & 1#F%&*:U %0"5 &*)1 14FF%#47/ WH G H%#"6 %&% %2340&":( 4 5 9 1$"0:%3" B $%F 1( "( \: 5"RF 14)1" B 5I"5%&")% 5 % 04C34F ?h G@? ;`*3 G h G?^A B #")4 )14 &* "5/( \ 5"/&"T"7)*:U 5F 1") ( "3)%Q:1 $%5" 5"RF 14)1"F 1 GJ5/ ")% 0'&)14T 2 453 /64:5)14 1))*:U 5F 1") % 043%&*:U GS%74( )*F $05*$/35:54)14F 6 !/F ":5\:*F 0/:U 6054:14E% 3 !"#)1 " 6% F%T71&%QR T4 ( 436%) 0'&)14T E& 1"5#\ $%#&'( )\ &  6'04( %2340&/( 4F* 6*7 % 3 !"#)1 E !'&)* ;J� =A G-2* 0%53605*E)\R & 35*36 14 $%& 36" !4 $*6")1" &% ' ! / !"#/ [Z �y" $%60542)4 3\#%#"6 %&4 %2340&":( 4 G V" $%#36"& 14 & 1#F % &*3% 14( 0%5#5147:5%Q:1 1 &*3% 1F 36%3/) /3*E)" !/ #% 35/F/ & % %71:* I"5 > G?] 1 > GO] F%T)" % 04Q71R 6*$* & 1#F%&4 6054:U 3 !"#)1C '& )" $%#36"& 14 E !82% %Q:1 :U"0" 640*36*:5)*:U 71) 11 G Z" 14 & 1#F" $%5&%71!*2* 0'&)14T% 04Q71R #% !"#)14( F "3* 3 !"#)1 '& $"0* 5"RF 14)1%&4( G W 147%2"0&)4 %2340&":( 4 I%6%CF 460*:5)4 % F)14( 35*F 0%505/:14 B $ %5&%71!*2* /#% !"#)1R F%#47 G y 14712*QF* 0'&)14T#%#"6 %&\ 1)I%0F ":( 4 % 64F$40"6/054 6054:14E% 3 !"#)1 " ;5 F %#47/ WH C

l3
& 0'T)*:UD760":UA G W E !82% %Q:1":U 5"RF 14M %2340&%&")*:U & 0'T)*:U D760":U ( 436 5"&"06" 1)I%0CF ":( " % 64F$40"6/0":U $"0* 5"RF 14)1%&4( G -2* 3$0"&#51R :5* 6054:1 3 !"#)1 &$ !*&")" 0/:U %0216"7)* $"0* 5"RF 14)1%&4( F%T)" 52"#"R %C: %2340&":( 1 I%6%F 460*:5)*:U #7"& 35*36 1:U %2340&%&")*:U :* 71 B %2340&":( 4 9 1$$"0:%3" 3\ 52*6 5"35/F 1%)4 #% 64E% :47/ G
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RW F"(/ ?>>_ 0% / S G S"F 1M3 1 /0/:U%F 1! & �%0%&:/ F"!* "/6%F "6*:5)* 64743 %$ V4&C6%)" ;yZe B y"!* Z4743 %$ e%6%F460*:5)*A G W 60" :14 6436'& 64743 %$/ 1 %$0%E0"F%C&")1" #% 04#/ :( 1 %2340&":( 1 B S G S"F 1M3 1 &* %)" ! :5640* 34014 %2340&":( 1 & D76054

R/ !"#/ [Z �y" G `*3/)4 h G?N $054#36"& 1" & 368$)\ 04#/ :( 4 6*:U %2340&":( 1 $ %0'&)")"5 /5*3 ")*F )" 2"514 I%6%F 46011 9 1$$"0:%3" F %#474F ;Z"2 G h G=^A G H%$"3%&")% 6*7 % $"C0"F 460* 5"74T)4 %# # !/E%Q:1 I"71 ;
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