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Processus stochastique à l’origine des données

Effectif N(t)

crash
flush

généalogie de gènes

processus
mutationnel

+sélection
+migration
+recombinaison...

Modèle  généalogique, démographique et mutationnel Données de comptages microsatellites

{1,0,3,18,8}

{28,0,0,2}

{19,2,0,1,8}

paramètres du modèle:

loi a priori

loi a posteriori
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(*),+.-0/0+2143536(87:9<;>=@?A)�(B+.35(DCFE * -0GHCI(BJ,KL+ME,(BNFOQPSRT1�JUC2KLVWVL-0J,NXEH(Y)Z-�KWJUC2NMEH(YV * (BN.)T1�PB(6[�E,(QNF)T1�+I1]\
35^DC2+I(QN_E *a` Jb35->E,^BVL(FE,OB36-0/0+I1�),R,KLc ` (d(QC_3 ` CS1]C2KW-�J,J,(BVfeg1�J,JH(Dhi(j)T14/0(8kik>lnm�op(BNX)�-0KLJqCIN�NI-0JUCXCIKW+.OBN�E,(
r 1�sB-0J:PB-0+.+IOBVLOB(5NI(BVL-0J:VW1�VL-0Kut5vTwyxDz|{D}n~�w]}n~fN ` +Y[�)Z- ` +�EH(BN�t5v�}n~�w]}n~������Z��(DC ` J��.( ` E,(�E,-0J,J,OQ(BN*��m
' * -0G>�.(QPQCIK r EH(_VW1d36OQCIR,->E,(�(BN.C�KWJ r OB+I(QJUC2KW(QV��0351�KLN�E,(BN�),+.O<1�VW1�G,VW(QN���PQ(�C��>)�(_E *a` CIKWVLKWN21]C2KW-�JYPB-0JHNIKWN�C2(QJqCFe�K�l
��(QJ5�0OQ+IK��T(B+�V * KW36),VWOQ35(QJUCS14CIKW-0J��ie�KWK�l@��(nhH)HVW-0+.(B+�V�1F+I(QV�14CIKW-0J*(QJUC2+I(��.( ` h6E,(_EH-0J,J,OQ(BNB�>VW-�K�tuv�}n~�w]}D~i(QC�VW-0K
tFvTwyxDz�{D}D~�w]}n~���e�KLKWK�l���E,OQCI(B+I36KWJH(B+pc ` (QVWVL(BN�C21�KWVLVW(QN�EH(��.( ` h�E,(_E,-0J,J,OQ(BN�PQ-0J,N.CIKLC ` (BJUC ` J�GZ-0J�PB-036),+I-�35KLN
(BJUC2+.(FKWJ r -0+.3�1]C2KW-�J*E,OB36-0/0+I1�),R,KLc ` (X- ` 3 ` CS14CIKW-0JHJ,(BVLVW(�E *�` J,(M),1�+.CB�i(DC�C2(Q35),N�E,(XPB1�VWP ` V�)Z- ` +p-0GHCI(BJ,KL+
PB(QC.C2( KLJ r -0+.3�14CIKW-0J¡E * 1 ` CI+I(5)T1�+.CB��e�KL�Hld�bOQ�41�V ` (B+�V�1�+I-0G ` N.CI(BNIN.(¢E,(�VW1�36OQCIR,-iEH(�1 ` h£�>KL-0V�14CIKW-0JHN�EH(BN
Rq�>)�-�C2RH^BNI(QNXN.- ` N�\��I1�PB(QJUC2(BNQm
' * -0G>�.(BPDC2K r e�K�l�)Z( ` Cb¤DC2+.(:1�PQPB-036),VLKM(BJ ` C2KLVWKWNI1�JUC ` J,(#35ODC2R,->E,(#1�V�C2(B+.JT14CIKL�0(¡)�- ` +�VW(¡PB1�VWP ` VFE,(

�i+I1�KWN.(B3YGHV�1�J,PQ(���V�1�35ODC2R,->E,(6E,(¢¥�-0JUC2(�o�1�+.VW-�E,KW+.(BPDC2(�m@'
(BN�-0G>�.(BPDC2K r N¢e�KLK�ln��e�KWKLK�ln��e�K��,lFJ,OQPB(BN.NIK�C2(BJUC*VL(
E,OQ��(BVW-�),)Z(Q35(QJUC5E * - ` C2KWVLNY)�- ` +YVW1¦NIKW3 ` V�14CIKW-0J#E,(j�.( ` hAE,(¢E,-�J,J,OB(QNBm�'�1¦35ODC2R,->E,(¢E,(�¥�-0JUC2(�o�1�+IVL-
E,KW+.(BPQCI(_+.(B)�-0N214JqCp(BVLVW(D\§35¤Q35(pN ` +�V�1dNIKL3 ` V�1]C2KW-�J8��+.OB)�OQC2K�C2KL-0J8E,(��.( ` h6E,(XEH-0J,J,OQ(BNB�>J,- ` N�),+.OBN.(BJUC2(Q+I-0J,N
V * 1�VW/0-�+IKLCIR,36(_E,(FN.KW3 ` V�14CIKW-0J5E,(FE,-0J,JHOB(BNQ�¨) ` KWNpV�1Y36OQC2RH-iE,(FEH(�¥�-0JUC2(�o�1�+.VW-*E,KL+I(BPDC2(4mT'
(BN�),+.O<1�VW1�G,VW(QN
+I(Bc ` KL^B+.(BJUC©(QJ�- ` C2+.(��yPB-�3536(�E * 1�KWVLVW( ` +IN�V * -�G>�.(BPDC2K r KLJ r OB+.(BJUC2KL(BV��QV *�` N214/0(fE,(�35ODC2R,->E,(QN�EH(�CI+21�K�C2(Q35(QJqC�EH(BN
OBPSRT1�JUCIKWVWVL-0J,N�PB-0+.+IOQVWOBN�c ` (MJ,- ` N�1�G�-0+IEH(B+I-�J,Np(QJ,N ` K�C2(4�i(QNINI(QJUC2KW(QVWVL(B36(BJUC�)�- ` +�VW(uE,K�1�/�J,-0N.CIKWP�E,(_PB-0JU�0(Q+�\
/0(BJ,PQ(d(QC�)�- ` +�V * (QN.CIKW3514C2KL-0J�E,(XE,(BJ,N.KLCIO�mT'
(BN�- ` C2KLVWNp)H+IOBN.(BJUC2OQN_N.(B+.-0JUC�(BJ¢�TJ�E,(MPSRT14),KLCI+I(d1�),)HVWKWc ` OQN��
V�1Y�0OQ+IKL�,P<14CIKW-0J�E,(dV * KW36),VLOB36(BJUCS14CIKW-0J6E,(Y7:9<;>=©?�m

ª6«Q¬ 6®B¯ °¢±Q²d³�®D´ ' µ¢¶¸·�¶�°�¹ µ¢¶ºµ¢´ '�'¢»�¶�¼
½X(QN¢E,-0J,JHOB(BN¢N.-0JUC�-0GHCI(BJ ` (BN¢(QJ¾NIKL3 ` V�14JqC ` J¾PQ-U1�VW(QNIPQ(BJUC�N.C21�J,ET1�+.E¿1<�0(BP¦�41�+.K�14CIKW-0JHN6E * (DÀ�(QPQC2K r �

1�E,E,K�C2KW-�J,J,O6E,(53 ` CS14CIKW-0JHN�J,( ` C2+.(BNQ�©NI(QVW-0J£V * 1�VW/�-0+IK�C2R,36(jE,(�Á�m@Â ` E,NI-0JÄÃaÅ�Æ4Ç�m@op(QCY1�VW/�-0+IK�C2R,36(81�ODC2O
1�ET1�)HCIOM)T1�+�¥£m,Èp(B1 ` 36-0JUC�)�- ` +pVW1jNIKL3 ` VW14C2KL-0J5EH(ME,-0J,JHOB(BN�36KWPQ+I-0NI14C2(QVWVWK�C2(QN�ÃaÅ4Çg�H) ` KWN�),1�+�36-0K�\§35¤Q35(
)Z- ` +f/0OBJ,OQ+21�VLKWN.(B+�VL(BNf36-iE,^QVW(QN�E,OB36-0/0+I1�),R,KLc ` (�(QC�3 ` CS14CIKW-0J,JH(BV��]P<14VWP ` VW(B+©E,(BN�N.C214C2KLN.CIKWc ` (BNfN.-0363�1�KL+I(QN
N ` +uVW(QN@�.( ` h�EH(�EH-0J,J,OQ(BNuNIKW3 ` VWOQN�(QCu)Z(Q+I36(QC.C2+I(FVW1*/0(BJ,^QNI(�E * OBPSRT1�JUCIKWVWVL-0J,N�PQ-0+I+.OBVLOBNBm
É JAN ` ),)Z-�NI( c ` (¢VW1�CS14KWVWVL(8E,( V�1�)Z-�) ` V�1]C2KW-�J£E,(�/0^BJ,(QNY(BN�C*)T1�N.NIOQ(¢KWV���1�Ê|Ë6/0OQJ,OB+I14C2KL-0J,NjEH(¢Ì�Í

/0^BJ,(QN���Ì*Î@/0^BJ,(QNB�q1<�41�JUC�E,(��41�+IKL(B+�EH( r 1�sB-0J8(nhH)�-0J,(QJUC2KW(QVWVL(�)Z- ` +�14CICI(BKLJ,E,+I(�Ì�Ï�/0^BJH(BN��FV�1X/0OQJ,OB+I14C2KL-0J
1�PQC ` (BVLVW(�m�op(BVW1 PB-0+.+I(QNI)�-0J,E¡� E,(QNX�41�VW( ` +INMEH(BNM)T14+21�36^QCI+I(BNXÐ6Ñ�Ì�ÏnÒQÌ8În��Ó¢Ñ�Ì�ÏDÒQÌ�ÍM(DCMÊ�Ô*ÑÕÊ|ËBÒBÌ�ÏQm
É J8N.- ` RT1�K�C2(�N.KW3 ` VW(B+ ` JX�.( ` EH(�E,-0J,J,OQ(BN�E,(pC21�KWVLVW(�Ö /0^QJ,(BN�NI- ` NfPB(�36-iEH^BVW(�E,OQ35-0/�+21�),RHKWc ` (��4)Z- ` + ` J
3�1�+.c ` ( ` +F36KWPQ+I-0NI14C2(QVWVLKLC2(F3 ` CS1�JUCFN.(BVL-0J×VW(�35->E,^BVL(jØ�Ù�¥£m�op(QV�1�N ` ),)�-0NI(8E,(Y/�OBJ,OQ+I(B+ ` J#PQ-U1�VL(BNIPQ(BJUC
�iKL(B+./0(_EH(_3 ` CS14CIKW-0J,Nf)�- ` +�Ö�/0^BJH(BNB�>E * 14ÀZ(BPQCI(B+ ` J5ODCS14Cp1�VLVWOBVLKWc ` (�1 ` ¥bÁ�opÚj�>(QC�E,(uCIKW+.(B+�VW(QN�JH-03YG,+.(BN
(QC�VW(BNfC��>)�(BNpEH(_3 ` CS14CIKW-0J,Nf)�- ` +�PSRT14P ` J,(_E,(BN�G,+I1�J,PSR,(QN�14�TJ6E,(uE,OQCI(B+.35KLJ,(B+�VW(QN�OQCS1]C2N�1�VWVLOBVWKLc ` (BN�E,1�J,N
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*
Á_1�)H)Z(QVW-0J,N�c ` (�V�1jC21�KWVLVW(_E,(d)Z-0) ` V�14CIKW-0J�+I(BVW14C2K��0(d�8V�1jC21�KWVLVW(M�YÊfÑ,+8(BN.CuE,-�J,J,OB(d)T14+

- ��Ê.��Ñ ./10 Ð�243365 N.K7+98ÄÊ"8ÄÊ�Ô;:<
Ó N.K�Ê>= Ê�Ô�?

'�(FC21 ` h�E,(dPQ-U1�VW(QNIPQ(BJ,PQ(�KLJ,N.C21�JUCS1�J,OdN * (nhH)H+IKW36(d1�VL-0+IN

@ ��Ê.��Ñ Ö$A|��Ö$ACB < �D - ��Ê.� Ñ
.E/ E0 Ö$A|��Ö$ACB < �D F ÐG33 5 N.K7+98ÄÊ"8ÄÊ�Ô�:
Ö$A|��Ö$ACB < �D F Ó N.K�Ê>= Ê�ÔH?

É JÄN.- ` RT1�K�C2(�NIKL3 ` VW(Q+8V�1¡ET14C2(�E,(BN5OQ��OBJ,(Q35(QJqCIN¢E,(bPQ-U1�VL(BNIPQ(BJ,PQ(bN ` PBPQ(BNIN.K r NQ��NI(QVW-0J VW(�CS1 ` h @ ��Ê.�nmÉ J:+IOBN.- ` C*)�- ` +�PB(QV�1�(QJ�ÊdV * OBc ` 14CIKW-0JJI���Ê.�jÑLK�-NMOK�(QN.C ` J:C2KL+21�/0(6NI(QVW-0J ` J,(�VL-0K ` J,K r -0+I36(5N ` +P +RQ <TS (QCUI5��Ê.��(BN�CMVW1 r -0JHPQC2KL-0J�E,(j+.OB)T1�+�C2K�C2KW-�J�PQ-0+I+.(BN.)Z-0JHET1�JUCF� @ ��Ê.�je�36OQCIR,->E,(FC2- ` CM� r 14KLCuPBVW1�NIN.KWc ` (E * KLJU�0(B+.NIKL-0J¢E,(FV�1 r -0J,PDC2KW-�J E,(M+.OB)T1�+�C2K�C2KW-�J�E,(MVW1�VL-0K���NIKW3 ` VW(Q+MÃWVYX0Å]Çg�HEH-0JUC�V * (BJ,PB1�+.Cp)T1�/0( Û Åj+214),)Z(QVWVL(
VW(F),+.KWJ,PQKW)�(ylDmZ (QVW-0J:VW(BN�)Z-�NIKLCIKW-0JHN�+.(BV�1]C2KL��(BN�E,( VW1�ET14CI(5Ê2Î�E,(�V�1�E,(B+.J,KW^Q+I( PQ-U1�VW(QNIPQ(BJ,PQ( (QC*EH(�V�1�ET14CI(5Ê|Í*E,( VW1
),+I->PSRT1�KLJ,(dPB-U1�VL(BN.PB(BJHPB(��¨)T14+�+21�),)�-0+�Cu�*Ê�ÔU�,-�J�-0GiC2KW(QJUC\[

Ê|ÍpÑ
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Ê�Ô]_^H` Ð F ]a^N`cb Ð#dfehgid 5 B D F ]_^H` �jKj�
Ö$A���Ö�A$B < �#k F ]_^H` ��Ð��Ê�Ô NIK7+48ÄÊ2Î"l Ê|Í�8ÄÊ�Ô�:

Ê�ÔmB D F ]a^N` �_K��Ö$A���Ö$A 2 Î.� F <Ó B Ê�Ô
Ó ]_^H` ��Ð��on ÐoBAÐpd e gid 5Yq NIK7+48ÄÊ2Î"8ÄÊ�Ôrl Ê|ÍY:

ÊsA�B D F ]_^H` �jKj�Ö$A���Ö�A$B < � F <Ó NIK�Ê�ÔGl Ê2Î�l Ê|ÍY?
ehtimjV l

½M14J,NXVW18)H+214CIKWc ` (��¨)�- ` +�+IOB1�VWKLNI(Q+uVL(FC2KW+I1�/0(FE,(�V�1*),+.-iPSRT14KWJ,(dET14CI(�EH(�PQ-U1�VW(QNIPQ(BJ,PQ(���-�J�CIKW+I( ` JHK r -0+|\
35OQ35(QJqCuN.(BVW-�JuK�(DC�-0J�P<1�VLP ` VL(FVW(MC2(Q+I36( B D ]a^H` �jKj�Ö�A���Ö�ACB < � : ehtimwv0l
PB-0J r -�+I36OB36(BJUC_1 ` JH-03YG,+.(�Ö�A©EH(�VLKW/0JHOB(BNu1�JHPB(BN�C2+I1�VW(QNuEH(�V * OQPSRT1�JUC2KLVWVW-�J�m,Ù�- ` +�Ê2Îxl Ê�ÔU�TV�1*+.O<1�VLKWN21]C2KW-�J
E,(dV�1*PB-0JHE,KLCIKW-0J Ê|Ím8ÄÊ�Ô�J,OQPB(QNINIK�C2(�c ` (B D ]a^H` �jKj�Ö�A���Ö�A$B < � 8 n ÐoBAÐ#d e gid 5Yq Ê�Ô]_^H` ��Ð�� : ehtim Ü l
PB(�c ` KiE,OBPQKWE,(�E ` P<1�VLP ` VqE,(�Ê|ÍfNI(BVL-0JjVW1_),+.(B36KW^Q+I(p- ` V�1uNI(QPB-0J,EH(�(Dhi),+I(QNIN.KW-0J*E ` N.�>N.CI^B36(�mUÙ�- ` +@Ê2Î>yÄÊ�Ô0�
Ê|ÍM(BN�CXPB1�VWP ` VWOdNI(QVW-0J�V�1YCI+I-0KLNIKW^Q35(F(nhi),+I(QNINIKL-0J�m É JbPSR,-0KLNIK�C ` J,K r -�+I36OB36(BJUC ` J,(�)T1�KW+.(dE,(�/�^BJ,(QN_)T14+I36K
VW(BNpÖ$A|��Ö$A�B < �IÒ D )T1�KW+.(BN�)Z- ` ��14JqC�PB-U1�VL(BN.PB(B+Q�H(DC�-0J¢VW(QN r�` N.KW-0JHJ,(F�YV�1�ET14CI(XÊ|Íym É J¢+.OB)�^QC2(FVL(X),+.-iPQ(BN.N ` N
� ` NIc `+* � 1<�0-0KL+ r 1�KLC�PQ-U1�VW(QNIPQ(B+uVW(BN�E,( ` h�E,(B+.J,KW^Q+I(QN_VLKW/0J,OQ(BNu� ` J,(�ET14C2(dÊ�zU{R|�}�m É J�E,KLNI)�-0NI(�E,-0JHP�E *�` J
Ö�\�PQ-U1�VL(BNIPQ(BJUC<�
�>KW(Q+I/0(*EH(53 ` CS14CIKW-0J,NQ��E,-�JqC�-0J£1�35OQ35-0+.KWN.OYV�1�CI-0)Z-�VW-0/0KL(¢e�PSRT1�c ` (�JH-i( ` E£PQ-U1�VL(BNIPQ(BJUC
PB-0J,J,1�KLC_NI-0JbJ,-i( ` E¦PQ-U1�VW(QNIPQ(BJUCd1�J,PQ¤QCI+I(j(DCMN.(BNME,( ` hbJ,-i( ` E,N_PB-U1�VL(BN.PB(BJUCINME,(BN.PB(QJ,ET1�JUC2N2lX(QCXVW(BN_ET14CI(BN
e�PSRT1�c ` (�J,->( ` E�PB-01�VW(QNIPB(QJUCM1 ` J,(dET1]C2(�1�G,N.-0V ` (F36(BN ` +IOQ(�(QJ ` J,KLCIOBN�E,(�Ì�Ïu/0OQJ,OB+I14C2KL-0J,NSlnm
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Ù�- ` +�VW(QN¢35->E,^BVL(BN¢PQ-0J,NIKLE,OB+.OBNQ��V�1�PBVW1�NIN.(#1�VWVLOBVWKLc ` (bJ * KWJ� ` (BJHPB(¡)T1�N�VW(b),+I->PB(QNIN ` N�3 ` CS14CIKW-0J,JH(BV�m

É J 14ÀZ(BPDC2(¡E,-0J,P£1�+.G,KLCI+21�KL+I(B36(BJUC�V�1�CS1�KLVWVL( + 1 ` ¥bÁ�opÚj��(DC�-0J (QJ EHOBE ` K�C�V�1:CS14KWVWVL(bE,(QN�JH-i( ` E,N
PB-U1�VL(BN.PB(BJUCIN6EH(BNIPQ(BJ,E,1�JUC2NB�Z� ` NIc `+* �¡V * OQPSRT1�JUC2KLVWVL-0J���(BJAJ,-�3YG,+I(�E,( +IOQ)ZODC2K�C2KW-�J,NjE,(�),V ` Nj- ` E,(¢36-0KWJHN
c ` (jVW(�¥�Á�opÚ e�35ODC2R,->E,(���14VWVW(QVW(_E,+I-0)H),KWJ,/���lDm��_Jb36-y�0(QJ�N.KW36),VW(FE,(dPQ-0J,NIKLE,OB+.(B+�C2- ` C2(BNuVW(QN�G,+21�JHPSR,(BN
(BN.C5E,(�)T1�+.PB- ` +IKW+*VW1×VWKWN�C2(¢E,(QN5JH-i( ` E,N8PB-U14VW(BN.PB(QJqCINB��E ` ),V ` N61�JHPBKW(QJ e�),+.-iPSR,(�E ` ¥bÁ�opÚMl61 ` ),V ` N
+IOBPQ(BJUC<m�'�1�C21�KWVLVW(�1�VWVLOBVWKLc ` (�E ` JH-i( ` E#1�J,PB¤DC2+.(*(BN.CFCI- ` �.- ` +INFPB-�J,J ` (���(DCdKWV@N `�� CdE,(YCIKW+I(Q+MVW(jJ,-03YG,+.(
(QC�VW(*C��>)Z(5E,(BN�3 ` C214C2KL-0J,NdN ` +�PSRT1�c ` (5G,+214J,PSR,(6)Z- ` +�E,ODC2(Q+I36KWJ,(Q+�VW1¢PBV�14NINI(51�VLVWOBVLKWc ` (YE ` J,->( ` E£(BJ
PB- ` +.N�E,(XCI+21�K�C2(B36(BJUCBmi'
(MJH-03YG,+.(ME,(M3 ` CS14CIKW-0J,N�N ` + ` J,(FG,+I1�J,PSR,(XE,(FVW-0JH/ ` ( ` +��yÊ�(BN.C�CIKW+.O_N.(BVW-�J ` J,(
VW-0KfE,(�Ù@-0KLNIN.-0J:E,(5)T1�+I1�35^DC2+.(��yÊ F�� Ò D m�'�(QN�C��>)�(BNjEH(�3 ` C214C2KL-0J,NdNI-�JqC�C2KL+IOQN�N.(BVW-�J:V�1¢E,KLN.CI+IKWG ` C2KL-0JE * 1435),VLKLC ` E,(��0- ` V ` (4mHÙ�- ` +pVL(_36->E,^BVL( Z ¥¦¥�N.�>36OQCI+IKWc ` (4�iKLVT��1�OBc ` KL),+I-0G,1�G,KWVLKLCIO�)Z- ` +�VL(BNp3 ` CS14CIKW-0JHN
/U1�KWJd(DC@)�(B+�C2(�E *�` J,( ` J,K�C2O�E,(�+IOQ)ZODC2K�C2KW-�J�m<Ù�- ` + ` J�Ø�Ù�¥#�]VW1�E,KWN�C2+IKLG ` CIKW-0JME * 1�36),VLKLC ` E,(�(BN�C©EHOQC2(Q+I36KWJ,OQ(
)T1�+�VW(QN�)T1�+21435^DC2+I(QN�E,(d),+I-0G,1�G,KWVLKLCIOXE,(dN21 ` C���(DCuE,(d35-y�0(QJ,J,(�E * 1�35)HVWKLC ` E,(_E,(BNuN21 ` C2N��Tm��������� �>�! ��&�% �����
 ��'#"��(
$�(%�&��%"���'(� �)� �R���(&��('(�
'
(pCI(B36),N�E,(�N.KW3 ` V�14CIKW-0JdJ,OQPB(BN.N21�KL+I(�)�- ` +@(BN.CIKW36(B+@),+IOQPBKWN.OB36(BJUCfVW1_VW-�K�t�vTwyxDz|{D}n~�w]}n~UE,(QNf)T1�+21435^DC2+I(QN

)T1�+uV�1*35ODC2R,->E,(dGT1<�0OQNIKL(BJ,J,(j(B36)Z¤QPSR,(�E * (nhH)HVW-0+.(B+uVW(d35->E,^QVW(FE,( r 1�sB-�J�N��iN�C2OQ3�14CIKWc ` (4m�Ù@1�+�(Dhi(B36),VW(4�
NIK�V * -0J¢N.- ` RT14KLC2(XN21<�0-0KL+�NIK�N ` ),)�-0N.(B+ ` J�35->E,^QVW( Z ¥¦¥ 1�VW-0+.N�c ` (FVW(QN�351�+Ic ` ( ` +IN�3 ` C2(BJUC�N.(BVW-�J¢Ø�Ù�¥
J ` KLC��YV * KLJ r OB+.(BJ,PQ(XN ` +�VW(BN�)T1�+I1�35^DC2+.(BN�E,OQ35-�/0+21�)HR,KWc ` (QNBm É J¢)�- ` +.+21�K�CpN.KW3 ` VL(B+ < +H+��.( ` h¢E,(XE,-0J,J,OQ(BN
NI- ` N Z ¥b¥£� < +H+��.( ` h¾E,(¡E,-0JHJ,OB(QN�N.- ` N�Ø�Ù�¥£��)Z- ` + ` J 35¤Q35(8�.( ` E,(×�41�VW( ` +IN¢E,(QN�)T1�+21435^DC2+I(QN
E,OB36-0/0+I1�),R,KLc ` (BNB�@(QCjPB-036)T1�+.(B+jV * (Q+I+.( ` +�35-y�0(QJ,J,( r 14KLC2(6N ` +YVW(QNjKWJ r OB+I(QJ,PB(QNYE,OQ35-0/�+21�),RHKWc ` (BNQ�@E,1�J,N
` J£PB1�N�(QC�ET1�J,NdV * 1 ` C2+I(4m�¥b1�VLR,( ` +I( ` NI(B36(BJUCB��N.K D'& R,( ` +I(BN�E,(8P<14VWP ` VfNI-0JUC�J,OBPQ(BN.N21�KL+I(BN�)Z- ` +FPSRT1�c ` (
�.( ` E,(5E,-0J,JHOB(BNQ�@KLV r 1 ` C�(BJ£CI- ` C D +H+Y�.- ` +IJHOB(BN�E,(�PB1�VWP ` V�m É J£J,(�)�( ` Cj1�VL-0+INd)T1�N�NI(5)Z(Q+I36(QCICI+I(6E,(
C)(4CI-0J,J,(Q+B�T(QCuE * (Dhi),VL-0+I(Q+�),V ` N.KW( ` +IN��41�VL( ` +.N�E,(BNu)T1�+I1�35^DC2+.(BNBm
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)Z( ` C_��- ` VL-0KW+p�ihH(Q+_VW1YC2-0)�-0VW-�/0KW(_E ` Ö¨\�PB-01�VW(QNIPB(QJUC_(DCXJH( r 14KW+I(M�41�+.KW(Q+�c ` (�VL(BN�ET14CI(BNuE,(BNuPB-U14VW(BN.PB(QJ,PB(QNB�
(QCYV * RHKWN.CI-0KW+.(*3 ` C214C2KL-0J,J,(QVWVW(4m É J:)�( ` C��0- ` VW-0KL+F�Hhi(B+jVW1�CI-0)�-0VW-0/�KW(YET1]C2OB(5(QC�35->E,K��T(B+dVW(8J,-�3YG,+I(4�@VW1
)Z-0N.KLCIKW-0J8(QC�VW(�C��>)�(XE,(QNp3 ` C214C2KL-0J,NQ�0- ` (QJ,PB-�+I(_�ihH(Q+�(QJ ),V ` N�VW(�J,-03YGH+I(u(QC�V�1F)Z-�NIKLCIKW-0J8E,(_3 ` C214C2KL-0J,NB�
�0-0KL+I(*VW( ` +FNI(QJ,N�(QCdV�1��41�VL( ` +FEH(*V�1 r -0J,PDC2KL-0J×E,(8+IOQ)T1�+.CIKLCIKW-0J¦EH(6V * 1435),VLKLC ` E,(��¨(DC�JH( r 1�KW+.(j�41�+IKL(B+Fc ` (
V�1�EHKWN.CI+IKLG ` C2KL-0J#E * 1435),VLKLC ` E,(�m�op(QNYE,K�À�OQ+I(BJUCI(BNY)�-0NIN.KWG,KLVWK�C2OBNFN.-0JUC*KW36),VLOB36(BJUC2OQ(BNB��(DCjVL( ` + ` N21�/�(�NI(Q+21
NIKW/�JT1�VWOd1 `�r�` +u(DCu�636(BN ` +I(dE,(dV * (nhH)HVW-0+I14C2KL-0J E ` 35->E,^QVW(�m
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��²���¶ µ¢¶� ´��*³�¶ ��²��©±D´ µ¢®��@¶���³Zi` ),)Z-�NI-0J,N��HhiOXVW(��0(QPQCI( ` +�E,(_)T1�+I1�35^DC2+.(BN�E,OB36-0/0+I1�),R,KLc ` (BN�(QC�3 ` CS14CIKW-0JHJ,(BVLN�� ` J,(X�41�VL( ` +���mH'�1
�i+I1�KWN.(B3YGHV�1�J,PQ(*E,(*PB(DCICI(8�41�VL( ` +X(BN.CdVW1 ),+I-�GT1�G,KLVWKLCIO�E * -0GHNI(B+��0(Q+ ` JH(*PB-0JH�,/ ` +21]C2KW-�J×KWE,(QJqCIKWc ` (8� PQ(BVWVL(
E ` �.( ` E,(�E,-�J,J,OB(QNB��)T1�+*N.KW3 ` VW14C2KL-0J�N.(BVW-�J VL(¢),+I->PB(QNIN ` N�N.CI-iPSR,1�N.CIKWc ` (�E,OQCI(B+I36KWJHO¢)T1�+5��m�op(�),+.-4\
PB(BN.N ` N_N.CI-iPSRT14N.C2KLc ` (dPB-0J,N.KWN�C2(d(BJ�VW(FPQ-U1�VW(QNIPQ(BJUC_1y��(BPd�41�+IKW14C2KL-0J,NpE * (DÀ�(QPQC2K r �¨1�E,E,K�C2KL-0J,J,OMEH(�3 ` CS14CIKW-0JHN
E,KWN�C2+IKLG ` OQ(BN ` J,K r -�+I36OB36(BJUC8N ` +5VW(�PB-01�VW(QNIPB(QJUC<��(QC5V�1¦�>+21�KLNI(Q3YG,V�14J,PB(�)Z( ` C5¤QC2+.(�(QN.CIKW36OB(�PB-03636(�VW1
),+I-0)�-0+�C2KW-�J�EH(jNIKL3 ` VW14C2KL-0J,N�E ` ),+I->PB(QNIN ` NXN�C2->PSRT1�N.CIKWc ` (�E,-0J,JT14JqC_V�1*PQ-0JH�T/ ` +214CIKW-0J�E,(�V * OBPSRT1�JUCIKWVWVL-0J��
PB-03635(FKLVWV ` N.CI+IOMPQK�\|14),+I^QN�N ` +�E,(QNu(nhi(B36),VW(QNuPQ-0J,PQ+I(QCINBm
op-0JHNIKWEHOB+I-�J,N ` J��.( ` E,(5E,-0J,J,OQ(BNYEH(5CS14KWVWVL(���/0^QJ,(BNj(QCYEH(�PB-�JH�T/ ` +I14C2KL-0J:JH-0+I351�VWKLNIOQ(
� < :��R: +R: <��

e�(BJHP<1�+�C�)T14/0(����UlDm��@K�hi-0J,N*C2- ` N8VW(BN8)T14+21�36^QCI+I(BN8E,OQ35-�/0+21�)HR,KWc ` (QN5(DC53 ` CS14CIKW-0JHJ,(BVLN8�#E,(QN6�41�VL( ` +.N
NIKW36),VL(BNB�
N.-0KLC�Ì�ÏYÑ Ì*ÎdÑ Ì�Í¢e�(QÀZ(BPDC2K r N.C21�G,VW(4��Ê�Ô�J * 1b1�VL-0+IN�1 ` P ` J,(6KWJ� ` (BJHPB(yln��(QCu�AÑ +£e�36->E,^BVL(
3 ` CS1]C2KW-�J,J,(BV Z ¥¦¥blDm�'
( )H+I->PB(BN.N ` N*N�C2->PSRT1�N�C2KWc ` (¢(QN.C*E,1�J,NYPQ( P<1�Nj+IOBE ` KLC81 `! wBt�"W{Sx  {�#TzuxDz�t�#%$Ut�}&$��
1y��(BP�E,(BNu3 ` C214C2KL-0J,N Z ¥¦¥£mZ ( ` VfVW(�CS1 ` h×E,(*3 ` C214C2KL-0J×+I(QJ,-0+I351�VLKWNIO � NI(Q+21¢ET1�J,NdJ,-4C2+I(*(nhi(B36),VW(81 ` C2-0+.KWNIOY�¢�41�+.KW(Q+B��351�KLNM-0J1 ` +214KLCF1 ` NIN.K�G,KW(QJ¦) ` ),+.-0)Z-�NI(B+ ` J×3�14KWVWVW1�/0(F3 ` VLC2KLE,KW36(BJHNIKW-�J,J,(BV
EH(8[Xm'�©K hH-�J,NX)�- ` +MPQ-03635(QJ,PB(Q+ ���V�18��14VW( ` + < +Hm Z KL3 ` VW-�J,NX1<��(BPYPQ(BNM�41�VW( ` +IN_E,(BNX)T1�+21435^DC2+I(QN ` J×/�+21�J,EbJ,-03YG,+.(jE,((� \�PQ-U1�VL(BNIPQ(BJUC2NX(QC
1 �.- ` CI-0J,N�\��¢E,(QN_3 ` CS14CIKW-0J,N ` J,K r -�+I36OB36(BJUC<�iPB-0J r -�+I36OB36(BJUCu�*V�1j�41�VW( ` +�E,( � m �uJ,(d),+I(Q35KL^B+.(FNIKW3 ` V�1]\C2KW-�J r - ` +IJ,K�C@),1�+@(nhi(B36),VW( ` JjOQPSRT1�JUC2KLVWVL-0JdNIKW3 ` VWO�E,(�PB-0Ji�T/ ` +I14C2KL-0J�� < : < :�� � m �_J,(�NI(BPQ-0J,E,(�NIKL3 ` V�1]C2KW-�J
E,-0J,J,(*VW1�PB-�JH�T/ ` +I14C2KL-0J)�*�R: D+� m-,�V�1.�/�]\�KL^B36(�N.KW3 ` VW14C2KL-0J��T-0J×-�GHC2KL(BJUCFV�15PB-0JH�,/ ` +21]C2KW-�J)� < :��R: +R: <�� �
KWE,(QJqCIKWc ` (��MPQ(BVWVL(pE,(�V * OQPSRT1�JUC2KLVWVL-0J�m Zi` +>V�36KWVLVWKL-0JdE,(�NIKL3 ` VW14C2KL-0J,NB� -0J81]CIC2(QKWJUC <H< +1032 r -0KLN©VW1XPB-0Ji�T/ ` +I1]\
C2KW-�J5PQKWG,VL(4� < :��R: +�: <�� m Z>` + ` J 1 ` CI+I(�36KWVWVLKW-0J�E,(uNIKW3 ` V�14CIKW-0JHNB��-�J5V * 14C.C2(QKWJUC <H< + &R< r -�KWNBm �uJ5(QN.CIKW3514C2( ` +
� < + 2+5 ),+.^BN�E,(MVW1��>+21�KLNI(Q3YG,V�14J,PB(_E,(MV�1���14VW( ` +pE,(F)T14+21�36^QCI+I(BN��¢Ñ6�]Ì�Ï�Ñ Ì*Î�Ñ Ì�Í Q�� Ñ,+RQ � Ñ < + �(BN.C_E,-0JHPG+�?w+ <N< +H�H)�- ` +�VW1YPB-0JH�,/ ` +21]C2KW-�J¢E * OQPSRT1�JUC2KLVWVL-0J7� < :��R: +�: <�� m
É J�)�( ` Cp(QN.C2KL35(Q+�E,(_VW1F35¤Q35( r 1�sQ-0J�VW1F�>+I1�KWN.(B3YG,VW1�J,PQ(uEH(BNpEH-0J,J,OQ(BNp)�- ` + ` JH(X/U1�3636(�E,(u�41�VL( ` +.N

E,( � m Zi` + ` J835KLVWVLKW-0J�E,(�NIKL3 ` VW14C2KL-0J,N�)Z- ` +�PSRT1�c ` (��41�VW( ` +�E,( � PSR,-�KWNIKL(��4-0J81d14CICI(BKWJUCfVW1XPB-�JH�T/ ` +I14C2KL-0JPBKWGHVW( ` J J,-03jG,+I(uE,( r -�KWN�+I(Q)Z-0+�C2O_ET1�J,N�VW(�CS1�GHVW(<1 ` timjV*e�V�1F��14+IK�14G,KWVLKLC2OpKWJUC2(Q+INIKL3 ` VW14C2KL-0J*J,(XPSR,1�J,/0(_)T1�N
V * -0+IE,+.(FE,(d/0+214J,E,( ` +uEH(�PQ(dJ,-03YG,+.(ylo[

� XHmjV XHmwt V Ü t � V X tNX V XHX VYXNXHX< +�8 F79 � � � Ü X V:�HX1� tHvNX1� V Ü v�Vpt VBÆ;v Ü � V Ü VyÅ1� VHVYX4Æ�V v�V:�HX �4Å0Å V X
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'�1j36OQCIR,-iEH(XE,(d¥�-0JUC2(do�1�+.VW-�E,KW+.(BPQCI(X)�(B+.35(DC�E,-0JHP��>)Z- ` +pE,(M)�(QCIKLCI(BN�C21�KWVLVW(QN�E * OQPSRT1�JUC2KLVWVW-�J��qE * -�Gi\

C2(BJHKW+XEH(BNM(QN.C2KL3�1]C2KW-�J,N_EH(YV�18��14VW( ` +_E,( 9 � � �e�¾-HM¦),V ` NX/�OBJ,OQ+21�VL(B36(BJUCME,( 9 �g����� �¨)Z- ` +ME,K�À�OQ+I(BJUCI(BN
��14VW( ` +IN�E,( � � ��m
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)Z- ` +pc ` (MNI1jE,KWN�C2+.KWG ` CIKW-0J6N.C214C2KL-0J,JT14KW+I(�N.-0KLC�V�1dVW-0K@tXvTwyxDz|{D}n~�w]}n~,+.(BPSR,(Q+IPSR,OQ(�m�¥b1�KLNpVL(BN�OQCS1]C2N�N ` PBPQ(BNIN.K r N
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log10(r): mode −2.10, HPD95=[−4.42,−1.01]
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