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p rt}0n0i�u8v3}0fj�di�c5vgn0�dhj}0il���|i c0egf � rtz|nWu8h�f8}0kmilnoh p rtv��0u8ilf-�ge h�z|vgn�ilkmc0�|v x3b M�~ �lv3kmc0fjidnMegnoh bl�3eg�|idk idnyh
� rtbdh�eg�|idk idnoh
p0i �|e ujv3}Wfj�li p�U eg}$� c ilf-h�}0f �Me�hjz|v3n0u
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z|nWu8h�f8}0kmilnoh eg��i����On c il}Whqbl�dfjz�fjiFp0i�k e�n0z|�dfjiO�3bdn0blfjeg�|i

d(~x) = t(~x) ∗ f(~x) + n(~x)

v��
f(~x)

i�h
d(~x)

u8v3noh ��ilump0z|u-h�fjz��0}Whjz|v3n0u^vgfjz|�gz|nMeg��i
idh v��0u8ilf-�3bli&p0i&��}0k z��lf8ig~
t(~x)

idu8h �Je �Q�.�
h�v�h eg��ig~Wi�h

n(~x)
��i �0fj}Wz�hqe�"5il��h egnohq�|idu p0v3n0n0bdilu L z��|�|}Wu8h�fje�h�z�v3n
� z|�3}0f8i 2�� � M��
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f
~
� p0f8v3z�hji�� r z�k e��3iFv��0u8ilf8�gbli�~

d
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egc0f8�lu�p0bl�3fjegpMe�hjz|v3n�cMegfV��iluqc5idf8h�}Wf)�Me�hjz|v3nWuDe�hjk vgujc0w0bdfjz�{?}Wilu L ujidilz�n0� M�~���i�c0f8v�+M� z|nWu8h�f8}0kmilnoh eg� i�h
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~Liln

uj}Wc0c5vgu�egnoh��lv3n0ny}0idu
d(~x)

idh
t(~x)
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/ ��i��.z|u-h�i=c0��}0ujz�il}0f8uqkmbdhjw0v?p0ilu c v3}0fVegcWc0fjv?� w0ilf�eg} kmz|il}R���Je,� vgn0�dhjz|v3n
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L � � ��� M idh��Me�cWh�z�ujbli�� N ��cMegfV�|e uj}0z�h�i��

� e�kmbdh�wWv.p0i � N � p0i pWbl�lvgny�gv3�|}.h�z|vgn
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∑
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(

hj +
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∑
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∑
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Imod(r) = I0 e
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r

r0
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N
∑

j=1

1

σ2
j

[

(s ∗ Isum)j sin i − aj
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{y}0iqc5v3}WfQ��i k v?p0�l��iVp0iq�?z�h�ilu8uji��W�Onmh�z|idnohQ�dv3kmcWh�iVz|�dzMp0iq� rtz|n0�d�|z|n0egz|u8v3n p0iq�JeF�oeg�|e��.z|i i�hQpWi�� r i�" i�h
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∫ Xfe

Xfi

s2 ∗ Imod

[

r(x)
]

dx
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x

f f1
2

φ

*,+.-0/ 2���2 � � � e���v3n0�3}0id}0f=p0im�JeV� ilnoh�imfjbdil���|i L
f1

~ h�fjegz�h=p0z�uj�dv3noh�z|ny} MOidu8hXeg�|��v3n0�3bdi^{?}0egn0p vgn
�|e
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(x, y)
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i
~ z|� �lv3f8fjilu8c5vgn0p � }Wn c v3z�nyhDp0i

�lv?v3f8p0v3n0n0bdilu
(x, y

cos i
)
u8}0fX�|e&�oeg�|e��.z|i^�?}0i
p0i � e��li��R�On c5id}Wh egcWc0�|z�{?}Wilf��lidh8h�i hjf�egnWu � v3f8k e�hjz|v3n
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(f cos φ, f sin φ) −→ (f cos φ, f
sin φ

cos i
)

N i {y}0zqn0v3}0u c5idfjkmidh
pWi&�Ie��|�l}W�|ilfm�|i�f�e�c0c5vgf8h2E)idnyhjfji ��ilu �|v3n0�g}0il}0f8u p0i'� ilnoh�i�u�egn0u idh�eI�gil�
z|nW�l�|z�nMegz�ujv3n

(f2/f1)



R =
f2

f1
=

√

f 2 cos2 φ + f2 sin2 φ
cos2 i

f

= cos φ

√

1 +
tan2 φ

cos2 i

N iFfjbduj}0��h e�h@n0v3}0u c ilf8k i�h p rtv��Wh�idn0z|f
ω2
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s2
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ω
~0�|egfj�3id}0f0� k z � wMe�}Wh�id}0f@p0i=�Je �L�W�

s
~0{y}0z�c il}Wh�(�h�fji=kmilu8}0fjbdi��

ω2 = R ω = ω cos φ

√

1 +
tan2 φ

cos2 i�Yr bd� wMegnoh�z��|��v3n0nMeg�gi p0i^�Je �L�W�
s2
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Imod(r)
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i
i�h

φ
~ f8ilu��

c il�dhjz��gilkmilnoh:z|n0�d�|z�nMegz|u8v3nXpWi �JeO�oeg�|e��.z|iQidh:v3f8z|ilnoh�e�h�z�v3n p0i �|e�� ilnoh�iVcMe�fRf�egcWc5v3f-h �Fujv3n �3fjegn0p e��.i��
�Yr e��|�3v3f8z�hjw0k i�p0i=p0bl�dv3no�3v3��}Wh�z�v3n�p r z�k e��3iFeI�3id��kmv.pW�l�|i=e�nMeg��xyhjz|{y}0iFn0v3}Wuqc ilf8k i�hVp rtilu8hjz|kmilfV�lidu
cMegfjegkm�dh�f8iluLp rtv3fjz�ilnoh e�hjz|v3n1� / ����e�p0iDu8v3z�{?}WiD�liqh�fje ��egz��Mn r e�p0i�ujilnWu {y}0iDu8z5�|e��3eg�Je��.z�i ilu8h ujc0z�f�eg��ig~
p0v3nW�@uj}0z�hR}0n^cWfjv�+M�?i��.c v3n0idnyhjz|id� ~gpWv3nohY�|idu cMegfjegkm�dh�f8ilu ujv3noh:e �8}Wu8h�bduYcMegf �JeDp0bd�lv3no�gv3�|}Whjz|v3n1�gaOe�n0u
�|iFf8ilc �lf8i�p r v��Wujilf-��e�h�z�v3n p0i��|e �oeg�|e��.z|i L

x′
i�h

y′
M L � z�� � 2��
2 ��M ~Wv3n�e^p0v3n0�

G′(x′, y′) = I0 e−(Ax′2+By′2+Cx′y′)1/2

WP�.c0fjz�k bdi k egz|noh�idnMegnoh�pMegn0u pWilu^e��.idu {y}0z u8}0z��gilnoh^�Je�u8x?kmbdh�f8z|i il�|��z|cWhjz|{y}0i^p0}�pWz|uj{y}0i z|n0�d�|z|nWbg~
� rtbl{y}Me h�z|vgn�p0id�?z|idnoh

G(x, y) = I0 e−( x2

a2
+ y2

b2
)1/2

� e k e h�fjz��li�p0iF� wMegn0�gilkmilnohqp0iFfjidc5�dfjiFn0v3}Wu c5idfjkmidh � eg�dz|��ilkmilnoh@p0iFf8il��z|ilfQ�|idu �lv?i��m�lz�ilnoh�u
A
~
Bidh

C
e�}$� cMegfjegkm�dh�f8iluV{y}0z�n0v3}Wuqz�noh�blf8ilu8ujilnohl~ � u�eI�gv3z|f

a
~
b
i�h

θ
�

a2 =
2 cos 2θ

(A + B) cos 2θ + A − B

b2 =
2 cos 2θ

(A + B) cos 2θ + B − A

θ =
1

2
arctan

C

B − A
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� rtz|nW�l�|z�nMegz�ujv3n

i
p0im�Je �oeg�Je �Wz�i 
 b

a
= cos i

� �Yr egn0�3��i
θ
~ � rtv3fjz�ilnoh e h�z|vgn pWi � r id�|�|z�c0uji^c0egf�fjegc0c v3f8h*�
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φ
�

y

x

x’
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θ
a

b
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-b
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idh�x3~6n0i �dv3fjf8ilujc v3n0pWilnoh^cMegu�eg}$� e��.idu fjbdil�|u
x′
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p0i
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b
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�Je �3eg�Je��.z�ig~Wi�h
θ
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IJCg[ZM�}�CSNaEYC<I Dx?BAJPDCSWD�iMiEHKZ?BNRCFV�hJ[b?PT �SCgh	?BGJW1[bCSP�PDhdCFQFEHWHCSP
( �W��# 3�Av¤J�U]�MOKbNJPHK /fGJC<[nM�zaMO[ZMyRUKZC �B?BKbPHKZNeC
CSN�_^MOGUEkpLIJWD?BKbEHClIJCR[ DxKZV�MOzBC	/wGeK1PHCSVyAJ[ZClWDCS[nMmEYKb�OCSV9CSNaE�h	CSG�hdCFWDEYGeWHA �SCRh^MOW�GJNJCRKbNfEHCSWHMOQFEHKZ?BN�t
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z = 0.144
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+ (*��	,�-� . / 021�3-1

−
054�6�6�7 ��� 
8&$&$�$�#�,�
�9�:&�� �)	;� < �=��� �

�#�$>��#&=� �$�)�#�$?9
5" @�ACB

DFE�G9HJILKNM�H 1 O�P ERQTSVU!WYX!Z\[ 1 O�] E�^_Ka`�KaZ\[ 1 O ^ EcbdZfehg;HiW 2 Oc] ERjkK'X!efSl[mgnK 3 Oo ERjkK'pm[mg;H 4 O G-E,q ZhrsSaIstig�Z 4,5

7Btvu�NJPXEYK�EYGeE�I Dx�kPDEHWH?Bhe_YwwPDK>/fGJC=CuE\IJC8x �F?BhJ_$wwPHKF/wGeCO] �vNeKb�BCFWHPDKbE �9IJC ��K#"SzBCi]|�v[Z[ �SCTIJG ����?zyeEs]
7 4w] *�MiESt *��B�k] �1K "FzBC17B] *�CF[ZzBKbGJV

�Utv¤wEHCSWDNY{�MOWXEYC�IJCSW �vNeKb�BCFWHPDKbE}|mE *�?BNJN�]^�vGe}|IJCSV (�~JzBCS[ 4�7B]�� ?�7�� 7�*�?BNJNc]LxRCFWHV�MON$w
?et,x=& ;lu`]E3�AJPDCSWX�OMmEY?BKbWHClIJC ;¢MiWHKZPF] ;g[nMOQFC�&OGJ[ZCFP &BMiNJPHPDCSN�]E#�� -a��-�7 ���3CSGJIe?BN{��CFIJC��d]E#^WYMONJQFC
$Jt��vPDEYWD?BhJ_$wwPHK��iMi[ZKZPDQ`_JCSPmu�NePDEYK�EYGeE ;|?OEHPHI^MiV3]��vN{IJCSW�¤fEYCSWDN${�MOWXEYC27.�U]'7 $ $ /a�U] ; ?OEYPDI^MOV�]�xlCSW\�
V�MON$w

�Utvu�NJPXEYK�EYGeE<}�~JW ;g_$wUPDK���] �vNJK��BCSWDPHK�E}|iE ;|?iEYPHIJMOV3]f�vV��vCSGeCSN ;|MO[nMiKZP 7��e] 7 $ $�� -=;|?OEHPHI^MiV3]�xlCSW\�
V�MON$w

�n�s������� $����2� ��������� ��� � ���8� �L��������� �}� $
� ���¢¡}�}£l¤¦¥$¥�§¦£l¨ª©«§�¤ §¦£N�$��§L¬$¬=­®§N¯�§L©

��° ! � ±³² 
 �C´ ( ��µ ?BN���Mª�UKZPT?BheEHKZQsMi[�PHh	CSQuEYWD?BPHQF?Bh$w7?i}kEY_eC
z = 0.144

WYMOIeKZ?¶�¡[Z?BGJI�/wGJMOPYMOW
(�& 7 $ ? $

−
7.�B�B�9KZPjhJWHCFPHCFNfEHCSI�t�µ�_JC\PHhJMiEYKZMO[Z[·w�WHCFPH?B[��BCSI{PDhdCFQFEHWYM�?O}¢EY_JC\_e?BPDEkzaMO[nM³��w�MiWHCyIeCSQS?ON��

�B?O[b�BCFI�MONJI�PHCFh^MOWYMmEYCSI{}�WD?BV2EH_J?BPHCL?i}�EH_JCLQSCFNaEYWYMi[ /fG^MOPYMiWlKZN{?BWDIJCSWkEH?:PDEYGeI¦w8EH_JCLI¦wwN^MOV9KZQFP�?O}
EY_eCLPDE`MiWHPRMONJI{zBMOPlMOP�{�CS[b[gMOPkEH_JCLhJ_$wwPHKZQSMO[�QF?BNJIJK�EYKZ?ONJPk?O}<EH_JC�uX¤s��tN¸�C�¹^NJI{EH_^MiE�EH_JCL_J?BPXEl?O}
(�& 7 $5? $

−
7.�B�O��KbP�MiN�CS[b[ZKbheEYKbQsMO[UzaMO[nM³��wyEY_^MiE�WHCFPHKbIJCSP�KZN�M�zBWD?BGJh�?i}1MiE�[ZCSMOPDE���V9CSVyAdCFW�zBMO[nMª�UKbCSPS]

MONJI=EH_^MiE�V9?BPDE�[ZK��OCS[·w�Cº�UhdCFWHKZCFNJQSCFI�M\WHCSQFCSNaEjQS?B[b[ZKbPHKZ?ON2{�K�EY_�KbEHP�NJCSMOWHCFPDEjQS?BV9h^MONeKZ?BN�t���?BV9h^MOWHCFI
{�KbEH_8?OEH_JCSW)/fG^MOPHMOWk_J?OPDEvzaMO[nM³�eKbCSPF] (	& 7 $5? $

−
7 �B�B�T_^MOP�M9_JKZzO_J[�w�Kb?BNJKF-SCSI�uX¤s��tLµ�_JC�KZ?BNJKF-sMiEHKZ?BN

PDEYMiEYC9QS?OWHWHCFPHh	?BNJIJP�EY?�EY_^MiE�?O}�E»wUheKZQsMi[�¤wC¼wf}�CSWXEYPS]¢AJGeE�EY_JC9KZ?BNeK>-SCFI�WDCSzBKb?BNJP�MOWDC�NJ?iE�IeKZPDEHWHKbAJGeEYCFI
KZN�MT_J?BV9?BzBCFNJCS?BGeP�{�M½w�MOWH?BGeNJI�EH_JC�¾�¤�3L]�MiNJI�MOWDCR[Z?wQsMiEHCSI:hJWHCu}�CSWDCSNaEYKZMO[Z[·w=PHCu�BCFWYMO[��fKZ[Z?Oh^MOWHPDCSQFP
M½{�M½w�}�WD?BV K�Esta¸ _JKb[ZCkEH_JCRPDEYCF[Z[ZMOW�MOAJPD?BWHhUEYKZ?ON�[bKZNJCFP�IJ?9NJ?OE�PD_J? {.MON$w�PHKbzBNJK·¹^QsMONaE��OCS[Z?wQSK�E»w8¹^CF[ZI�]
EY_eC�zaMOP�CSV9KZPHPDKZ?BN�[ZKbNJCSP�IJ?Jtaµ�_JCl?OAJPHCFWD�BCFI:zaMOP��OCS[b?UQFKbE»w9¹^CS[bI�KZP�_^MOWDI=EY?\WDCSQS?ONJQSKb[ZC,{�K�EY_=I�wUNJMOV9�
KZQSMO[¢V9?wIJCS[bP�KZNa�B?O[b�wKZNJz�WH?OEYMiEYKbNJz=IJKbP���]1V�?wIJK·¹^CSI (jGJAJAJ[bCL[nM½{�P�?BWlh	? {�CFW�[ZM½{�PS]cEH_^MiE�MO[b[¢WHC /fGJKZWDC
C��wEHWHCSV9C�QFCSNaEYWHMO[�V�MOPDPHCFP�o

M > 109 �
�

r�EY?3hJWH?��wKZIeC�?BNJ[·w�hd?w?BWm¹JE�EY?3EH_JC�IJMiE`Met ; ? {�CFW\[nM½{
V9?UIJCF[ZPF]L{�_JKbQ`_{AdCFPDE�¹eE�EY_JCyI^MiE`MU]dhJWD?��UKbIJCLM�EH?OE`Mi[|V�MOPHPk?O}

M(<
7s�8�fhdQ

) = 9.2 1010 �
�

t�¸�C
QS?ONJQS[bGJIJC�EY_^MmE�EH_JCjWHCSQFCSNaE�KZNaEYCFWYMOQuEYKZ?ON9A	CFE»{�CSCFN2(�& 7 $5? $

−
7.�O�B�RMONJI9KbEYP<QF[Z?BPDCSPDE�QF?BV�hJMONJKZ?ON9_JMOP

PDEHWH?BNezB[�w�M¶¿dCSQFEHCSI:EY_JClzBMOP��BCF[Z?wQSK�E»w�MONJI�Kb?BNJKF-sMiEHKZ?BN�PDE`MmEYCO]J}�WD?BV#EY_JClQFCSNaEYCFWj?i} EH_JClzaMO[ZMª�
w�EH?TKbEYP
V9?BPDE�Cº�UEHCSWDN^MO[�h^MOWXEYPSt
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� ��� � �L± �%! xRMO[nMª�UKbCSP��cI¦wwN^MOV9KZQSPF] KZNaEYCFWYMOQuEYKZ?ON�]sAJ[ZMOQ}�k_J?O[ZCSP �	/fG^MiPYMOWDP���KZNJIeKb�wKZIJGJMO[�� (�&�7 $5? $¶�
7.�B�O�e] /fG^MOPHMOW�_J?BPDEjzaMi[nMª�UKZCFP ��EYCFQ`_JNJK>/fGJCFP���KZV�MOzBC�heWH?wQSCSPDPHKbNJzJ]^IJCFQS?BNa�B?O[ZGeEHKZ?BN

*�MOPDCSI�?BN=?OAJPHCFWD�iMiEYKb?BNJP�V�MOIeC�{�K�EY_�EH_JC�&�¤ 3 (<CSW\w ��MOWDzBC�µ|CF[ZCSPDQS?Bh	C����,µ �
	 �,µ�7RMiE &�¤ 3,�
;¢MiWYMON^Mi[1?BAJPHCFWD�iMiEH?BWfwO]	��_JKZ[bCTo~hJWD?BzBWHMOV �a�wt ;'� � ? ��7fo��lrHr t

� ��� 
 ��� � � � � � ��
 ���

¤Uh	CSQuEYWH?OPHQS?OhYw:?i}'/fG^MOPHMOW�_J?BPXE�zaMO[nM³�eKbCSPF]JCSK�EY_JCFWk{�KbEY_�ML[Z?ONJzLPH[bKbE�?BW�EH_JWH?OGJzB_�EY_JCRGJPDCR?O}¢KbNaEYCSzOWYMO[
¹^CF[ZI�PHh	CSQuEYWD?BzBWYMihJ_JPTNJ? {�Ms�iMOKb[nMOAJ[bC�?ON"[ZMOWHzOC�EYCF[ZCSPDQS?Bh	CSPF]�KbPLMOAJ[bC�EY?{heWH?��wKZIJC�GJNeK>/fGJC�QS[bGJCSP\EH?
EY_eC{PDEYCF[Z[ZMOW�QF?BNaEYCSNaES]kEY_JC{he_YwwPDKZQSP:?O}REH_JC{KZNaEYCFWHPXEYCS[b[nMOW�V�CFIJKZGeV o�uX¤s��r=MONJI(EH_JC{I¦wwN^MOV9KZQFP=?O}
EY_eCSPHC�QF?BV9hJ[ZCº��?OA�9DCSQuEYPSt�¤UKbNJQSC9EY_JCFKZW�?OEY_JCFWf{�KbPHC=[bGJV�KbNJ?BGJP�MOQuEYKb�OC=zaMO[ZMOQFEHKZQTNfGJQS[bCSGJP�o���xR�kr�KbP
C��wEHKZNJzBGeKZPH_eCSILA$wyEH_JC�QSCFNfEHWYMO[eV�?B[bCSQFGJ[nMOW�EY?OWHGJPF]BEY_JC�WHMOIJKb?�zaMO[ZMª�UKZCSP|QsMONTA	C�WYMmEY_JCFW�CsMOPDKZ[·wyPXEYGJIJKbCSI�]
CF�OCSN{KbN3PDhdCFQFEYWD?BPHQF?Bh$w�o�COtxzJt�] (<CFWHNJCuE�CuE�MO[�t��O�O��7"* 7 7 � +�r tkµ�_JKZPjKZPvMO[bPH?TEYWHGeC�}�?BWv¤UC�wf}�CSWDEkzaMO[ZMª�UKZCSP
{�_JCFWHC\EY_eCLAJWHKbzB_aEYNJCFPHPl?O}<EY_eC\QSCFNfEHWYMO[¢��xR��KbP�V\GJQ`_�[b?³{�CSWvEY_^MON{KbN{zBCSNfGJKbNJC�/fG^MOPHMOWHPFt�3�N{EY_eC
QS?ONfEHWYMOW\wB]w?BAeEYMOKZNJKbNJzl_JKbzB_</wGJMO[ZK�E»wLPHh	CSQuEYWYMR?O}dEY_JCj_J?BPXE�?i}�AJWDKZzB_aE /fG^MOPYMiWHP�WHCSV�MOKbNJP<M�VyGJQ`_�V9?BWHC
Q`_^MO[b[ZCFNJzBKZNezREYMOP��TA	CSQSMOGJPHCv?O}cEH_JCk_eKZzB_9[ZGJV9KZNe?BPHK�E»w\QS?ONfEHWYMOPXE�A	CFE»{�CSCFN=EY_JCvQSCFNfEHWYMO[���x!��MiNJI�EY_eC
_J?BPXEst
¸�C{_JM��OC{QsMOWDWHKbCSI(?BGeE�M�PfwwPDEHCSV�MiEYKbQ�PHh	CSQuEYWD?BPHQF?BhJKZQ{QSMOV9h^MOKZzON�?O}lEY_eC{_J?BPDE=zaMO[nM³�eKbCSP�?O}�M

PYMiV�hJ[bCv?i}1AJWHKbzB_aE /fG^MiPYMOWDPS]JGJPDKZNJz�EY_JC�&gGJWH?Bh	CsMiN (<CSWfw ��MOWDzBC�µ CS[bCSPHQF?Bh	CLo ( ��µjr ]eMiE�EY_JC�;¢MOWHMON^MO[
?BAJPDCSWX�OMmEY?BW\wB] ��_JKb[ZCOt!µ�_JC1/fG^MiPYMOWlPHMOV�he[ZC\KbP�PHCF[ZCSQuEYCFI�}�WD?BV EY_JC<(vMOV\AJGJWDz¶� &�¤ 3 ¤UGJWX�BC�w"o@(	&�¤ &
¸ KZPD?OE -¼�fK�CFE�MO[�tg�O�B�O� * 7 7 - +nrut u¡ETKZNeQS[ZGeIJCSP9�O�{KbNfEHWHKbNJPHKbQsMO[b[�w�AJWDKZzB_aE1/fG^MOPHMOWHP�{�K�EY_

MB < −23MONJI
z < 0.33

tm�v?�heWHKZ?OWvV9?BWHhe_J?B[Z?OzBKZQSMO[1PHCF[ZCSQuEYKb?BN�QSWDKbEHCSWHKZM�_^Ms�OCLAdCFCSN�MOhJhe[ZKZCFI3EH?=EY_JC\PHMOV9hJ[ZCit
µ�_JC�}�GJ[b[vPHMOV9hJ[ZCi]�}�?OW8{�_JKZQ`_(?OheEYKbQsMO[vMONJI NJCSMOW\� u A KbV�MOzOKZNJz�KZP�Mi[ZPH? M��iMOKb[nMOAe[ZC�o &BMO_JN¦�OC��O�B�B�
*@�O� +�&�&BMO_JN¦�OC�CuE:MO[ t��O�O� ?�*@�B� +��O�B� $�*q��7 +nr9{�KZ[b[�AdC�}�GJ[Z[·w£IJCSPDQSWHKbAdCFI MONJI(MiN^MO[�w�-FCSI�KbN �1CFE`M½{�C
CFE�Mi[ t�]1KZN{hJWDCSh�t�]i{�_JKZ[bCyEY_JCTIJCFQS?BNa�O?B[ZGeEHKZ?BN{EHCSQ`_JNJKF/fGJCSPRGJPDCSI�EH?�IJCSQF?BV9hd?BPDCLEY_JCLI^MmE`M�KZNaEY?=E»{�?
KZNeIJCSh	CSNJIeCSNaEkPDhdCFQFEHWYMT?O}¢EH_JCRGJNJWHCFPH?B[��BCFI8QSCFNaEYWYMi[�/wGJMOPYMOWvMONJI�?O} EY_JCRCº�UEHCSNJIeCSI�_J?OPDEjzaMO[ZMª�
w�MOWDC
hJWDCSPHCFNaEYCSI�KbN��3MOzaMOKbN�CuE�MO[�t�o 7.- - /<*%4B� +nr�MONeI���?BGJWDAJKZN9CFE�MO[�t	o �O�B�O�0*@�B� +nrut¢�*¹^WDPDE�MOhJhJ[bKZQSMiEYKb?BNL?O}
EY_eCSPHC\EHCSQ`_JNeK>/fGJCSPlEH?=EY_JC1/fG^MOPHMOW=(�& 7 �O� ?"!l�a�B��/9KZP�hJWDCSPDCSNaEYCFI�KbN���?BGJWHAeKZN{CFElMO[ t9o��O�B�a� *@� $ +nrut
u¡ETPH_e?³{�PLEH_^MiELEY_eC�_J?BPDET?i}jEH_JKZP /wGJMOPYMOWLKbPTM�NJ?BWDV�MO[�PHhJKbWYMO[�zaMO[ZMª�
w){�K�EY_

M(r < 10
�fh	Q

) =
(1.9 ± 0.3) × 1011 �

�

MONeI�{�K�EY_:PDEHCS[Z[ZMOW�h	?BhJGJ[ZMiEYKb?BNJP�E»wwhJKbQsMO[1?i}�MLNJ?BWDV�Mi[�PHhJKbWYMO[czaMO[nM³��wOt
¤U?BV9C�?O}REY_eC{?BA�9DCSQuEYP:KZN0?BGJW�PYMiV�hJ[bC8IJKbPHhJ[ZM½w0h	CSQFGJ[ZKZMOW�}�CSMiEYGJWDCSPFt (�& 7 $5? $

−
7 �B�B�e]k{�K�EY_

z = 0.144
MONJI�MOAJPH?O[ZGeEHC

B
V�MOzONJKbEHGJIJCT?O}

−24.3
]¢KZP�M:WYMiEH_JCSW�PHh	CSQFKnMO[<QsMiPHCO] {�_JKZQ`_�MihJhdCSMOWHCFI

EY?yIJCSPDCSWD�OCl}�GJWDEH_JCSW�KZNa�BCFPDEYKbzaMiEHKZ?BNJPFtaµ�_JC�h	CSQFGJ[ZKZMOW<�BCS[b?UQFKbE»w9¹^CF[ZI�]UhJWH?BV9KZNeCSNaE�CFV�KbPHPDKZ?BN�[ZKZNeCSP�MiNJI
WHKbQ`_{CSNa�wKZWD?BNJV9CSNaEs]�[bCSI{GJP�EH?=?BAeEYMOKZN8V�?BWDC\I^MiEYM�}�?BWvEH_JKZPkWYMOIJKb?¶��[b?BGJI
/fG^MOPYMiW�EY_^MON�}�?OWkEY_JCyWHCSPXE
?O}jEY_JC:PHMOV�he[ZCOt�µ�_JC3heWHCSPDCSNaE�h^MOh	CSWLIJCFPHQSWDKZA	CSPTEY_JC�?OAJPHCFWD�iMiEYKb?BNJPT?O}�{�_^MiE�MOhJh	CsMiWHP\EY?�A	C�MON
CS[b[ZKbheEYKbQsMO[gzaMi[nMª�
w{EY_JMiELKZP�hJWH?OA^MOAJ[·w�Cº�UhdCFWHKZCFNJQSKbNJz{M8QF?B[Z[bKZPDKZ?BN�]|MONJI EH_^MiEyPH_J? {�PTM8h^MiWDEYKbQSGJ[ZMOWH[·w
PDEHWH?BNezB[�w�KZ?BNJKF-SCFI�u�NaEHCSWv¤wEYCF[Z[ZMOWv�3CFIJKZGJV�o�uX¤s��r t
u�N�EH_JKZP�h^MOh	CSWS]UEY_JCRQS?ONf�OCSWDPHKZ?ON3?O}|MONezBGJ[nMiW�PHQSMO[ZCFP�KZNaEY?L[bKZNJCSMOW�IJKbPDEYMONJQSCFP�KZP�IJ?ONJCRGJPHKbNJz

H0 =
65 km s−1 Mpc−1 ] Ωm = 0.3

MONJI
ΩΛ = 0.7

[ZCSMOIJKZNezTEH?�M9PHQSMO[ZCR?O}g�Ut�4 ?2�fh	Q�h	CSWvMOWHQFPHCFQS?BNJI8MiE
z = 0.144

t
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G1

G2

G4G3

#¢KbzBGJWHC ?etq� �1;|MOWDE�?O}�EY_eC # 3�Ak¤ 72¹^CS[bI�?O}��UKbC¼{ MOWD?BGJNJI (�& 7 $5? $
−
7 �B�B�et #¢K��BC9zaMO[ZMª�UKZCSPm{�K�EY_

V9CsMOPDGJWHCFI=WHCFIJPH_JK�}�EYP�MOWHCjKZNeIJKZQSMiEYCFI�A$w9_J?BWDK>-S?ONfEYMO[	MOWHWD? {�PStaµ�_JC�w=Mi[Z[^_^Ms�BCvWHCFIJPH_JK�}�EYP��BCSW\w9PHKZV9KZ[ZMOW
EY?�EY_^MiE�?O}�EH_JC /fG^MOPHMOWS]

z ∼ 0.144
o�PHCSCl¤UCSQuEYKZ?ON2?etq�Brut��j?BWDEH_=KZP�GJh�MONeI2&<MOPDE�KbP�[bCF}�Es]UMOP�MO[Z[�?OEH_JCSW

¹^zBGeWHCSP�KbN:EH_JKZP�hJMOhdCFWSt
� ��� 
�� �
	 
 ��	

� 	��
	�� � �%�$����
!�
−

	 ��
 �������
� heEYKbQsMO[�]<NJCsMOWh�»u A MONeI0WYMiIJKZ?�KZV�MOzBCFPL?O}��������5?��

−
� �B�B�%{�CFWHC8M��iMOKb[nMOAe[ZCO]gKbN0MiIJIJKbEHKZ?BN EH?�EH_JC

PHh	CSQuEYWD?BPHQF?BhJKZQTI^MmE`Metcµ�{�? ( ��µ
R
��A^MiNJI�KZV�MOzBCSP�{�CFWHCTE`M¶�OCSN�hJWDKZ?BWjEY?:CsMOQ`_�PHh	CSQuEYWD?BPHQF?BhJKZQT?BA
�

PHCFWD�iMiEHKZ?BN=KbN=?BWDIJCSW�EH?\QS?ONJPDEHWHGJQuE�EY_JC�PD[ZK�EY[ZCuE�V�MOPf��t�µ�_JCSPDClKZV�MOzBCSPV{�CFWHCl?BAUE`MOKbNJCSI=?ON�EY_JCkNJKZzB_aEHP
?O}¢�khJWDKZ[����B]d�O�O�B�8oC?B�TPHCSQ�C��Uh	?BPHGeWHCO]dPHCFCSKZNez=�! i]#"Br;{�KbEH_%$ ��& ¤'�yMiNJI8?BN:EY_eCyNJKbzB_aEv?i}l�8M½w(��)e]
�O�B�B��o*� �8PDCSQO]�PHCFCSKZNez+�, i]-��rR{�KbEH_.$ ��& ¤J�Ut/$|KZzJt0��PD_J? {�PTh^MOWDET?i}jEH_JC�$ �
& ¤'��¹^CF[ZI£?O}j�wKZC¼{Rt
��IJIJK�EYKb?BN^MO[dKZV�MOzBCSPn{�CFWHCR?BAeEYMOKZNJCFI:KZN=EY_eC

V
��A^MONeI3MmE�EY_JC1�Btq�2�BV )�MONJKbPH_�EYCF[ZCFPHQS?OhdC�MiE ��M9¤UKZ[b[nM

?BAJPDCSWX�OMmEY?BW\w"MONJI"KZN�EY_JC�KZNU}�WYMOWDCSI
J
�¡A^MONJI�{�KbEH_"EH_JC���¤ � )et �mV �vC�{�µ|CFQ`_JNJ?B[b?Bz=w µ CS[bCSPDQS?Bh	C

o ��µ�µjr<C43fGJKZhJh	CSI9{�KbEH_9EH_JC�KZNJPXEYWDGJV�CFNaE�¤ � $ u`t$µ�_JC
V
�|MONJI

J
�¡A^MONJI9I^MiEYM�MOWDC�EY_JC�PYMiV�CjMOP<GJPDCSI

A$w &BMO_JN¦�OC�o �O�B�2�65@�7�98�r tVµ�_eCREHCSQ`_JNeKZQsMi[1IJCFEYMOKZ[bP�?O}|EH_JCR?BAJPDCSWD�iMiEHKZ?BNeP�MOWHCRzBK��BCSN:KbN�µ|MOAJ[bC
)et:�Bt

µ|MOAJ[ZC;)et-� � )kCFEYMOKZ[bP�?O}<EY_eC9KbV�MizBKZNJz9?BAJPDCSWX�OMmEYKZ?ONJPStcµ�_JC�¹^WHPXE�QF?B[ZGeV�N�zOKb�BCFP�EY_JCLEHCS[ZCFPHQF?BhdCTMiNJI
KZNePDEYWDGJV9CSNaElGJPDCSI�]1QF?B[ZGJV9N<�=zOKb�BCFP�EY_JCyhJK·�UCS[|PHK-=SC\KbN{MOWHQFPHCFQS?BNJIePS]i{�_JKZ[bC�EH_JCL[nMOPXE�QF?B[ZGJV9N�zBK��BCFP
EY_eC�KbNaEYCSzOWYMiEHKZ?BN=EHKZV9C�KZN:PHCFQS?BNeIJPSt

u�NJPDEHWSt *�MiNJI )�MiEHC PHQSMO[ZC
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R
��)ª���a�³� �O�B�a� �etq�B�B� � �iP
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$¢KbzBGJWHC )et�) ���kCFQS?BNa�O?B[b�OCSI�KZV�MOzBCSPv?O}<EY_JCL_e?BPDElzBMO[nMª�
w8MO[Z?ONJCO]L{�KbEY_�EH_JC 3fG^MOPHMOWlWHCFV�?��BCFI�tRµ�_JC
h	?BPHK�EYKZ?ON�?O}�EY_eC 3fG^MOPYMiWLKZPyKbNJIJKbQsMiEHCSI A$w�EH_JC�QSWD?BPHPFt)µ�_eC�KZNaEYCFNJPHK�E»w�PDQsMO[bC=KZP\IeK�¿dCSWHCFNaELKZN CSMOQ`_
KZV�MOzBCi]�MOP,{�CS[b[ MOPvEH_JC\MONezBGJ[nMiWjWDCSPD?B[ZGeEHKZ?BNePStk¸ _JKb[ZClEY_JC

J
�¡A^MONJI3KZV�MOzBC�MOhJh	CsMOWDPvPDV�?w?OEH_�]�Ad?OEH_

R
KbV�MizBCSP�PD_J? {&PXEYWHGeQFEYGeWHC�MOAd?OGeEv�  lM½{�M½w�}�WH?OV EY_eC�QFCSNaEHCSWj?O}|EH_JCR_J?BPXEvzBMO[nMª�
wOt

�k[b[�KZV�MOzBCFPS]JCº�eQFCSheEvEY_JCR[b?³{&¤ 	=�
V
�¡A^MONJI:KbV�MOzOCO]¦{�CSWDC�IJCFQS?BNa�O?B[b�OCSI�GJPDKZNJzLEH_JCc����¤3MO[bzB?¶�

WHK�EY_JV o¢�3MOzaMOKbN�]a��?BGeWHAJKbN�� ¤U?O_Yw � ����! 5�"B��8�r ]BEY?lPHCFh^MOWHMiEYC�EH_JC 3fG^MOPHMOW�}�WH?BV�KbEHP�_J?BPXEgzaMO[ZMª�
w\MiNJI
EY?:WDCF�BCSMO[gh	?BPHPDKZAJ[bC\PHGJAePDEYWDGJQFEHGJWHCFP�EH_^MiElV�M½w�_JCF[Zh{EY?:C��UhJ[ZMOKZN�EH_JCLPHh	CSQuEYWD?BPHQF?BhJKZQT?BAePHCSWX�iMiEYKb?BNJPSt
µ�_JC=IeCSQS?ONf�O?B[b�OCSI£_J?BPXE\KbV�MOzOCSP�MO[Z[<PH_e?³{ Cº�UEHCSNJIeCSI"MONJI�WHMiEY_JCFWyGJNeKb}�?BWDV�CSV9KZPHPDKZ?BN�o $¢KbzJt )et�)aru]
{�KbEH_\MkPDKZzBNeK�¹^QSMONaE¢AJGe[ZzBC�QS?BNaEHWHKZAeGeEYKb?BN�t�µ�_JCSWDC�MOWDCO]O_e?³{�CF�OCSWF]wPD?BV9C�IJCu�UKZMiEYKb?BNJP1}�WH?OV.EH_JC�PDV�?w?OEH_
hJWD?=¹^[ZCi]	� �e�  �M½{�M½w�}�WH?OV EY_JC�NfGJQS[bCSGJPFtkµ�_JCFPHCyPDV�Mi[Z[·�¡PHQSMO[ZC�PDGJAJPXEYWHGeQFEYGeWHCSPkV�MiEHQ`_�{�CS[b[�EY_JC�?BNJCFP
PHCFCSN3KZN 5 � ufu�u 81KbN:EH_JCRPHh	CSQuEYWH?OPHQS?OhJKZQR?BAJPDCSWX�OMmEYKZ?ONJP�o~PHCFC�¤UCSQuEYKZ?ON%)et�)ar t

� QS[b?BPHC=QF?BV9h^MONJKb?BN�]g[nMiAdCF[ZCSI x1�=?ON.$|KZzJt )etq�U]gQsMON£A	C=PHCFCSN"NJC��wELEH?(� � � �,)��
−
��AB�O�e]g[Z?¶�

QsMmEYCSI(�  �}�WD?BV2EH_JCLQSCFNfEHCSWF]1?BW �����fhdQit�u¡EHPlWHCSIePH_JK�}�E9o~PDCSC�¤UCSQuEYKb?BN()etq�BrvKZPvEY_JCLPHMOV�C\MOP�EY_^MmEl?O}
� � ���,)2�

−
��AB�B�et3�

r−1/4 [nM½{ ¹JEYPc{�CF[Z[�K�EYP � � KZNaEHCSNJPDKbE»w�hJWH?=¹J[ZCO] {�_JKZ[bC=MON Cº�Uhd?BNeCSNaEYKZMO[�IJKbP��
IJ?wCSP�NJ?OEStV�3?BWDCS?��BCFWS]�KbEHP�PH_^MOh	C�KZP�EY_JMiE�?O}¢MON:CS[Z[bKZheEHKZQSMO[dzBMO[nMª�
wOt

"g_J?OEY?OV�CuEYWfw�?i}�EY_JC 3fG^MOPHMOWy_J?OPDE\_JMOP�A	CSCFN h	CSWD}�?OWHV9CSI�AYw &BMO_eNs�OC=CuE\Mi[ t�o �i�B��� 5q�7�48�rlKZN�M
V\GJ[�EYKbQS?B[b?BGJW�PXEYGJI¦w�?O}�¾R¤ � _J?BPXEYPSt��j}�EYCFWvV�MOP��fKbNJz�?i}�EY_JC�QS[b?BPHC�QS?OV�h^MiNJKZ?BN�EH_JC¼w {�CSWHCyMOAJ[bCREH?
V9?UIJCF[|EH_JCL_J?BPXER?O}0� � � �,)��

−
��AB�O� {�KbEH_�M=hJGJWHCLPDhJ_JCFWH?BKbI�[bKZzB_aEkIJKZPXEYWHKbAJGeEHKZ?BN�tmµ�_eC9V9CsMiPHGJWDCSI

V�MOzBNJK�EYGJIJCFP1?O}wEY_JC�_J?BPXE¢MiWHC
V = 17.0

]
R = 16.4

]
J = 15.1

]iMONJI
K = 13.7

t�µ�_JC�w�QS?BWDWHCSQuEYCFI�}�?BW
zaMO[ZMOQFEHKZQgCº�UEHKZNJQuEYKb?BN�GePHKZNezvEY_eC�V�MOhJP A$w�¤UQ`_J[ZCFzBCS[wCFE¢MO[�t�o � ����!
5 ���a� 8nr MiNJI\MOhehJ[ZKbCSI�M�#���QF?BWHWDCSQuEYKZ?ON
EYCFWHV5EY_JMiE;{�MOP�QF?BV�heGeEYCFI�}�WH?BV#M�V�CSMOPHGJWDCSI=AeWH?aMOI
��A^MONeI:¤��$�#o~PDhdCFQFEYWHMO[	CSNJCFWHz=w�IJKZPXEYWDKZAJGeEHKZ?BN^rut
$^?BW�EY_^MmEkhJGeWHh	?BPHCi]	EHCSV9hJ[nMiEHC�¤��$�kP,{�CSWDC�¹JEHEHCSI�EY?�PDK·��hJ_e?OEY?BV9CFEHWHKbQ�h	?BKbNfEHP�KZN:EY_JC�?BheEYKbQsMO[�MiNJI
�,u & MiNJI�EY_JC�EYCFV�he[nMiEHC�{�MOPTGJPDCSI"EY?�IJCSWDKb�BC�M%#���QF?BWHWDCSQFEHKZ?BN�EHCSWHV o~PHCFC &BMi_JNs�OC:CuE�Mi[ t"�O�B�2�
5@�7� 8�}�?OWLIJCFEYMOKZ[bP`rut u�NJQF[ZGJIJKbNJz8EH_JCSPDC�QF?BWHWDCSQuEYKZ?ONJP\EY_JC�QF?B[Z?OGJWHPL?O}�EH_JC�_J?BPXE9MOWHC

V − R = 0.43
]

V − J = 1.66
MONJI

V − K = 2.75
]gK�t@Cit�PHKbzBNJK·¹^QsMONaEH[�w�AJ[ZGJCFWLQS?B[b?BGJWDPyEY_^MiN"Cº�UhdCFQFEYCFI7}�?BW\MON

KZNJMOQFEHKb�BC�zaMO[ZMª�
w�?O}�EY_JKbPy[bGJV�KbNJ?BPDKbE»w"o $�G¦�wGezBKbEYM8CFE\MO[ t � ���a� 5�)�! 8 ]�$|KZ?wQ&� & ?UQFQsMª� (<?B[ZV9CSWHMONJzBC
� ���'� 5�)B� 8�r tV�3?wIJCS[bKZNJz�?O}�EY_JC�PXEYCF[Z[nMiW�h	?BhJGJ[ZMiEYKb?BNJP�hd?BKbNaEYP�EH?LCSKbEH_JCSW�MON�?��BCSWHMO[Z[LwB?BGeNJzLIJ?BV9KZN^MiNfE
PDEHCS[b[nMOW�hd?BheGJ[nMiEHKZ?BN�?O} � �e��xmwwWS]e?BW�V�M w�MO[bPH?LA	C�KZNeIJKZQSMiEYK��BCk?i}�QS?BNaEYKbNfGJ?BGJP�PXE`MOW�}�?OWHV�MiEYKb?BN�]fhJ[ZGeP
MLPHV�MO[Z[	}�WYMOQuEYKb?BN�o*� � KbN�V�MOPDP`r�?O}¢MLWHCSQFCSNaE\o~COtxzJt�]����B�2��wwW`r�PXE`MOW�AJGeWHPDEvh	?BhJGJ[ZMiEYKb?BN�t
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$¢KbzBGJWHC )et � ��� (R¤e¤8KZV�MOzBC�QSCSNaEHCSWHCFI�?ON8EY_JCyhd?BPDKbEHKZ?BN3?O} � � ���,)��
−
��AO�B�et�µ�_eC�¹^CS[bI�?O}g�wKZC�{�KbP

)B���
×
)B����]wMONJITEY_JC�A	CsMOV�PDK =FCjKbNLEY_JKbP �Ot��cx
��=�V�Mih9KbP��f�  it'µ�_JC�QSCSNaEHWYMO[�� _e?OE<PHh	?OE���QS?BWDWHCSPDhd?ONJIJP

EY? ��� ���,)��
−
��AB�B�etaµ�{�?�[Z?OAdCFP�MO[ZPD?LC��wEYCFNJI8?��BCFW�� �7A��eEH?TEH_JCRNJ?BWXEY_�MONJI�PH?BGUEY_�?O}|EH_JC
3fG^MOPYMiWSt

� �"!#�$! � 
�%�&(' � 
	�
��WYMOIJKb?�V�MOh�?O} ��� ���,)��

−
��AO�B�9_JMOPkMi[ZPH?�AdCFCSN3WHCFEHWHKbCF�BCFI8}�WH?OV�EY_JC�� & � � (�)1��¤
�Yw8¤UGeWD�BC�w

o ��?ONJIJ?BN�CuELMO[�t � �'��! 5@�B� 8nru]¢EH_JWH?OGJzB_�EH_JC�?BNe[ZKZNeC8�j�l¤U� �'�wEYWHMOzaMO[ZMOQFEHKZQ ��MiEYMOA^MOPDC�o ���$�lrut u¡E
PH_e?³{�P�[ZMOWHzOCv[b?BAdCFP�Cº�UEHCSNJIeKZNJz\Geh=EY? A��w?BW ��!B�c�fh	QO]��j?BWDEH_�MONJI�¤U?BGeEH_=?O}1EY_eC@3fG^MOPYMiWRo $¢KbzJt )et �frut
¸ KbEH_=MON�KZNaEYCFzBWYMiEHCSI=WHMOIJKb?+*^G���?O} "wt-���yV &¶w�MiE �Bt���x � =�MONeI�MyV�MOzBNJK�EYGJIJC

B = 15.62
o 3wGJMOPYMOW

hJ[bGJP�_e?BPDE`ru];{�C8CFPDEYKbV�MmEYC�M�WHMOIJKZ?�[Z?OGJIJNJCFPHP
R = F5 GHz

	
F4400 ∼ 10

]�M��iMO[bGJC5{�_JKZQ`_�he[nMOQFCSP
� � ���,)��

−
��AO�B�\MiE�EH_JCR[ZKZV9KbE�A	CFE»{�CSCFN8WYMiIJKZ?¶�¡[Z?BGeI�MONJI:WYMiIJKZ?¶� 3fGJKZCuE 3fG^MOPYMiWHP�o�#lCS[b[ZCFWHV�MONJN<� �'!��

5@��A28nrut ¤UGeQ`_(M�WHMOIJKb?�PXEYWHGeQFEYGeWHC8_JMOP�zOCSNJCFWYMO[b[�w A	CSCFN0}�?BGJNeI7EY?�A	C8MOPDPH?wQSKZMiEYCFId{�KbEH_7Cº�wEYCSNeIJCSI
?BheEHKZQSMO[eCFV�KbPHPHKb?BNL[ZKbNJCSP|}�?BW�C��eMOV9hJ[bC�KZNTWYMiIJKZ?�zBMO[nMª�UKbCSP�o�COtxzJtb] $^?BPDAJGJW\wLCFE�MO[�t�� �'!��J]!5 )," 8nru]U¤UC�wf}�CSWDEHP
o¢��?BWHzaMiNfEHK^CFE�MO[�t � ���'! 5 �a� 8nr�?BWgKZN & MOIJKZ?,)1?BGeI�¾�G^MOPHMOWHPko & )�¾Rr�o.-�?BWD?BPH?ON�CuE�Mi[ t � ��!�� 5 � 8 ] � ��!B�
5 ���28./\¤wEH?UQ}�aEH?BN�� �3MOQ #lCSNaE»w � �'!," 5:���'�28�r t ¸�C�KZNa�BCFPDEHKZzaMiEHC{KZN ¤UCSQuEYKb?BN )et��£EY_eC�h	?BPDPHKZAeKZ[ZK�E»w
EY_JMiE � � � �,)��

−
��AB�O�yKZP�MLWYMiIJKZ?L[b?BGJI�3fG^MOPHMOW�o�MO[�EY_J?BGezB_:MO[ZV9?BPXE�WYMiIJKZ? 3fGJKbCFE rn{�K�EY_10DCFE�KbNJIJGJQFCSI

KZ?ONJK =SMiEYKb?BN=?O} EY_JC!uX¤s��t

�32 � �54 	 � � �,���%� �+47698 �;: � 	 ��<�����
 ����� ����� ����� � � 	 � � � ��

���

� GJW�¹^WDPDE:PHh	CSQuEYWD?BPHQF?BhJKZQ�?BAePHCSWX�iMiEYKb?BNJP�{�CSWHC�?BAUE`MOKbNJCSI(IJGeWHKZNez EY_JC�NJKbzB_aE�?O}��khJWDKZ[ ���B]��i�B�B�e]
{�KbEH_ EY_JC�$ � QsMO[ & CFIJGJQFCSW 	m[Z? {�IJKbPHh	CSWDPHKZ?ON"¤UhdCFQFEHWH?BzBWHMOhJ_ ��o $ ��& ¤'� r�V9?BGJNaEYCFI£?BN�EY_JC !etq�iV
(�)
µ 	>=,µ��k���,µ =�]JMiE ��¤ � � "|MOWYMONJMO[ t<¤wKZNJQFCjEH_JC�MOKbV5?O}1EY_eCkhJWD??0DCSQuE�KZP<EY?yPHh^MiEHKnMO[b[�wyIJCSQF?BNa�B?B[��BC



"2� ���������
	���
���������������� � � �����

$¢KbzBGJWHC )etq� �\¤U[ZK�ER?BWHKbCSNaE`MiEHKZ?BNeP�WDCShJWDCSPDCSNaEYCFI"KbN�?��OCSWH[ZM½w�?ON�EY_eC�IJCFQS?BNa�O?B[b�OCSI
R
�¡A^MONJI�KZV�MOzBCL?O}

EY_eC�_J?BPDES]<Mi}�EYCFW\WHCFV�?��iMO[�?O}�EY_JC�3fG^MiPYMOWFt µ�_eC�QS?BV9h^MONJKb?BN zaMi[nMª�
w�x1��KbP\MO[bPH?��wKZPDKZAJ[bC�?ON EY_JKbP
KZV�MOzBCitT¤U[bKbE �TQS?OWHWHCFPHh	?BNJIJPREY?�EH_JCTI^MiE`M=EYM=�OCFN�KZN{�vhJWHKb[<�O�B�O�e]�MONJI�PH[bKbE��=QS?OWHWHCFPHh	?BNJIJPREY?:EY_eC
�8M½w��O�B�a��I^MiEYMet�u�N CSMOQ`_�QSMOPHC9EY_JC�PH[bKbEm{�KZIUEY_�KbP1�  it��y]�-�MONJI���MOWHCTEY_JC9EY_JWDCSC9WHCFzBKZ?BNePR{�C
GJPDCSI�EY?LCº�UEHWYMOQuE�EY_eClPHh	CSQFEHWYM:o�PHCSC�¤wCSQFEHKZ?BN )Ut#)ar t�µ�_JC�EY?iE`MO[	PHK-=SC�?O}�EH_JKZP�KZV�MOzBCjKZP�MOA	?BGeE�EY_JClPDK =FC
?O} EY_JCRQFCSNaEYWHMO[1_J?OE\��PHh	?OE�KbN:EH_JCRWYMOIeKZ?LV�MOh:?O} $|KZzJt�)et��et

EY_eC�PHh	CSQuEYWYMU]eEY_JCm�3GJ[bEHK·� � A 0DCSQFE\�X¤Uh	CSQuEYWD?BPHQF?Bh$w{o � � ¤Jr�V9?UIJC�{�MiP�Q`_J?BPHCFN:KZN=?BWDIJCSW�EY?LMO[b[Z? {(EY_eC
PHKbV\GJ[�E`MONJCF?BGJPR?BAJPDCSWX�OMmEYKZ?ON�?O}�EH_JC 3wGJMOPYMOWyMONJI�?O}�NJCFKZzB_fA	?BGJWHKbNJz�PDE`MiWHPyGePHCSI�EY?8IeCFEYCFWHV9KZNJCTEY_eC
"|?OKZNaER¤UheWHCsMiI($�GeNJQFEHKZ?BN£o "�¤�$grutLµ�_JC\PHMOV9C\MOhJheWH?aMOQ`_%{�MOP�GePHCSI�KbN{��?BGJWDAJKZN8CFERMO[�t|o �O�B�B�65@�2��8nr
EY?�PDEHGJI¦w:EY_JC�_J?BPXEk?O}�� � � �O��) !R�B�B�'!e]^MmE

z = 0.135
tj¤UKZNeQSC � ��PD[ZKbEH[ZCuEYP�MOWDCyMs�iMOKZ[ZMOAJ[bCO]¦{�C�{�CSWHC

MO[bPH?9MOAJ[bCkEY?9?BAJPDCSWD�OC�PDCF�OCSWYMi[ zBMO[nMª�UKbCSP�KbN:EH_JCl�wKZQSKbNJKbE»w�?O} EY_JC
3fG^MOPHMOWSt
µ�_JWHCFCkzBWDKZPDV�P�{�CSWHCvGJPHCFI{o x AB�O� -k]
x
AB�B� & ]Yx
AB�B�=uXr ]z{�KbEY_�MRWHCSPD?B[b�wKbNJz�h	? {�CFW

R ∼ 700
t'µ�_JC

C��Uh	?BPHGeWHC�EYKbV�C�}�?BW�CSMOQ`_TzBWHKbPHV {�MiP � �O�B�kPDCSQF?BNJIJP�MONJI\EH_JC�}�GJ[b[UPDhdCFQFEYWDGJV�QF?��BCSWDPgEY_JCk{�Ms�BCS[bCSNJziEY_
WYMiNJzBCRAdCuE»{�CFCSN )B�B�O��*�MONJI !B�B�B��*.KZN:EY_JCRWDCSPDEj}�WYMiV�Cit��v[Z[�AJMOPHKbQ�WDCSIJGeQFEYKb?BN�PDEYCFhJPv{�CFWHC�V�MOIeC
{�KbEH_�EH_JC9u & � $ hJMOQ}�mMOzBCO] [ZCSMOIJKbNJz�EY? *�MiEf¹^CS[bIJCSI�] *^G���QSMO[ZKbAJWYMmEYCSI�MONeI�WDCSAJKbNJNJCSI�PHh	CSQuEYWYM5{�KbEH_
�! i]q��hdCFW�hJK �UCS[<KZN�EY_JC9PHhJMiEYKZMO[gIJKZWDCSQuEYKZ?ON�MONeI � * h	CSW�hJK·�UCF[�KbN�EH_JC9PHh	CSQFEHWYMO[�IJKbWHCSQuEYKb?BN�t�¤wKZNJQFC
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}~MOWlM½{�M½w{}�WH?BV EY_JCTNfGJQF[ZCSGePS] MiERMOA	?BGeE����7A��fhdQ9MO[b?BNJz�EH_JCLIJKZWDCSQuEYKZ?ON{?O}������®� � t�µ�_JCTPHh	CSQFEHWHGJV?BAeEYMOKZNeCSI\EY_eWH?BGJzO_5�����®��¤jIJ?wCSPgNJ?OE<PD_J? {�PDGJQ`_�PXEYWD?BNJzRCSV9KZPDPHKZ?ON\[ZKbNJCSP¢}~MiWgM½{�M½w\}�WD?BV�EH_JC�NfGJQS[bCSGJPFt
�8M=�fKbNJzyEY_eC�MON^Mi[Z?Bz=w�{�K�EY_:¤wC¼wf}�CSWXE�zaMO[ZMª�UKZCSP<EY_JMiE�IJKbPHhJ[ZM½wTWYMOIJKb? 0DCuEYP�V�M½w�A	CkWDCS[bCF�iMONaEst�u�N=PD?BV9C
?O}�EH_JCSPDC�zaMO[ZMª�UKZCFPS]fKZ?BNeK =SCFI�zaMiP�KbP�IJCuEYCFQFEYCFI�MOP�}~MiW�MOP�PHCu�BCSWHMO[ �fKZ[b?Bh^MOWDPHCFQSP�M {�M½w�}�WD?BV�EY_eC�QSCFNfEHCSWFt
���iMONJPlCFElMO[ t¢o*� �'���<5 )a� 8nru]N¸ Kb[ZPH?ON8CFE�Mi[ t¢o*� ���2� 5:��� ! 8nru]�$^?BPDAJGJW\w�CFElMO[ t¢o*� �'!�� 5 )," 8nru] µ|MOIJ_fGJNaEHCSW
��µ|PX�BCuE`MONJ?�� o � ��!�� 5:����� 8nr�MOWDzBGJC�EH_^MiE\EH_JC�_eKZzB_ [bCF�OCS[�?i}�KZ?BNJK-=sMiEHKZ?BN�KZP�IJGJC=A	?OEH_�EY?8EH_JC = �
WYMiIJKnMiEHKZ?BN"}�WH?BV EY_eC{NwGeQS[ZCFGJP�MONJI(EY?�PD_J?wQ}�0KZNeIJGJQSCFI KZ?BNJK-=sMiEHKZ?BN7A$w�EY_JC8WYMOIJKb? 0DCFESt���V9?BWHC
WHCFQSCFNfE�C��eMOV9hJ[ZCj?O}1PD_J?wQ}�9KbNJIJGJQFCSI�KZ?BNJK-=sMiEHKZ?BNTKbP�heWHCSPDCSNaEYCFI�KZN��3?BWHzBMONaEYK�CFE�MO[ t	o��O�B��) 5 ��� 8nru]Y{�_J?
?BAJPDCSWX�BCSI{EH_JCL¤UC�wf}�CSWDEkzaMO[ZMª�
w uX�$�O��A�)etvµ�_^MiNs�fPkEY?9EY_JC�_JKZzB_3PHh^MmEYKnMi[ WDCSPD?B[ZGeEHKZ?BN�?O}�EH_JCSKbWvWHMOIJKb?
?BAJPDCSWX�OMmEYKZ?ON�]eEY_eCRMOGeEY_e?BWHP�KZIeCSNaEYK�}®w=MLWYMiIJKZ?�0DCuEs]JCº�JMiQFEY[·w=?��BCFWHKbV�h	?BPHCFI3?ON�Kb?BNJK-=sMiEHKZ?BN � _J?OE�PHh	?OE��
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$¢KbzBGJWHC )et � � �kKZMOzBNJ?BPXEYKbQ�IeKnMOzBWHMOV�}�WH?OV �<CFKZ[b[ZCSG
� � � PXEYCFWHAJWD?UQ}��o*� �'!,"65 ����� 8�r ]J{�_JCFWHCyEH_JCyV9CsMª�
PHGeWHCSV9CSNaEHPk}�?BW�IJK�¿dCSWDCSNaE�WDCSzBKb?BNJPj?O}¢EH_JCy_e?BPDEk?O}���� � �,)��

−
��AB�O�9_^Ms�OC\AdCFCSN3? �OCSWDhJ[Z?OEDEYCFI�t $^?BGeW

h	?BKZNaEYP�MOWDC�Ms�iMOKb[nMOAJ[bCO]�}�?BW�MOh	CSWXEYGJWDCSP��y]�-k]|��?O},�����®� � MONeI�}�?BW������®��¤at8µ�_JC¼w�MOWHC9WHCFhJWHCFPHCFNfEHCSIMOP�QFWH?BPDPHCFP�{�KbEY_�MiPHPH?wQSKZMiEYCFI/�
σ
CFWHWD?BW�A	? �dt � h	CSN{PfwwV\A	?B[bPS]d}�?O[Z[Z? {�KbNJz �<CFKZ[b[ZCSG
� � � PDEHCSWDAJWH?wQ}��]

WHCFhJWHCFPHCFNfE�E»wUheKZQsMi[ ��u�u\WDCSzBKb?BNJPSt -�[nMOQ}�£PfwwV\A	?B[bP�MOWDC8MiQFEYK��BC�zaMO[ZMª�UKZCSPFt(�k[b[�V�CSMOPHGJWDCSV9CSNaEYP�?O}
�<CSKb[Z[bCSG�� � � PDEHCSWDAJWH?wQ}��KZNJQF[ZGJIeC�EY_JCRNfGJQS[bCSGJPvMONJI�EH_JCR_J?BPDEj?O} EY_eC�?OA 0DCSQuEYPSt

PHCFCSN3KZN�EY_JCR?BhUEYKZQSMO[cPDhdCFQFEHWHGJV ?O} EY_eC�zBMO[nMª�
wO]JCOtxzJt�]^KZN 5 � ufu�u 8�t
u�N3?OGJW�QsMiPHCO]JEH_JCR[Z? { WHCFPH?B[bGeEYKb?BN�WYMOIeKZ?\V�MOh:?O} $¢KZzet )et �LPH_J? {�PjWYMOIeKZ?�0DCuEYP�?BWHKbCSNaEYCFI��v�X¤	]eK txCOt

NJCSMOWH[·wTC��eMOQFEH[�w9KZN9A	CFE»{�CSCSN%�����®� � MONJI������®�'¤atau¡}1EY_JCvCSV9KZPDPHKZ?ON�KbP�KbNJIJGJQFCSI=A$w�M�PD_J?UQ}��]eMONJI�K�}�EY_eCPH_e?UQ}��KbPlMO[b?BNJz�EH_JCLIJKZWDCSQuEYKZ?ON�?O}<EY_JCLWHMOIJKb?;0DCFES]1?BNJC�{�?BGJ[ZI�EH_fGJPRC��UhdCFQFERPDKZV9KZ[nMiWvQF?BNaEYWHKbAJGeEHKZ?BNJP
KZN A	?OEY_ PH[bKbEYPF]�KZN PH_JMOWHh�QS?BNaEYWHMOPDE {�KbEH_ EH_JC�?OAJPHCFWD�iMiEYKb?BNJPFt ��)1� ?BW
��) -;u=?BAePHCSWX�iMiEYKb?BNJP:?O}
� � ���,)��

−
��AB�B��{�?BGJ[ZI:_JCF[Zh=EH?9QF[nMOWDKb}®w9{�_JKbQ`_3KbN�*^GJCFNJQSCi]^Kb} MON$wB]JEH_JCRWYMOIeKZ?�0DCuE�_^MOP�?BN�EY_eKZP�_JKbzB_

KZ?ONJK =SMiEYKb?BN�t
�'�UEHCSNJIeCSI(�gV�KbPHPDKZ?BN )1KZNJC & CSzBKb?BNJP�o � ��) & rjMOWDC�MO[ZPD?9}�?BGeNJI3KbN & )�¾ o -�?BWH?OPH?BN3CFEvMO[ t � ��!B�

5 ���28nru]dEH_^MiEl_JM��OCLPDEHWH?BNJz<5 � u�ufu 8�o��O�B�,"��lrvMiNJI{?OEY_eCSW�_JKbzB_J[·w:KZ?BNJK-=SCFI�CSV9KZPDPHKZ?ONJPS]	NJ? $^C�ufujKbN8EY_eCSKZW
QSCFNaEYWYMi[jhJMOWDE8o~K�t@Citb]�EY_JC�3fG^MOPHMOW�PDhdCFQFEHWHGJV�ru]�C��wEYCFNJIJCSI0WYMOIJKb?�[Z?BA	CSPF]�MONJI7PDEHCSCSh7WYMOIeKZ?�PHh	CSQuEYWYMUt
� � ���,)��

−
��AB�B�\IJKbPHhJ[ZM wwP�EH_JCSPDC�Q`_JMOWYMOQuEYCFWHKZPXEYKbQSPS]^Cº�UQSCShUEj}�?OW�EY_JCl[ZMOPDE�}�CSMiEYGJWDC�}�?BW;{�_JKbQ`_�{�CR[nMOQ}�

KZNU}�?BWHV�MiEYKb?BN�t+� ��) & MOWDC3?i}�EYCSN"PHhJMiEYKZMO[Z[·w GJNJWDCS[ZMiEYCFI {�K�EY_0KbNaEYCSWDPDEHCS[Z[ZMOWLCSV9KZPDPHKb?BNJPS]�AJGeE�PHQSMO[ZCFP
KZNa�O?B[b�OCSIT}�?BW�EY_JC � ��) & MOWHC�P\wUPXEYCFV�MiEHKZQSMO[Z[·w�[ZMOWHzOCSWjo�MiWH?BGJNeI "i� � !B���fh	Q�r¢EY_^MiN9?OGJWHPvo

<
���m�wh	Q�r t

u�NTEY_JC�PDEHGJIJKbCSP<?O}�¤wEY?wQ}�aEY?BN9CFE�MO[�t�o��O�B�a� 5 ����� 8nr�MONJI9¸ KZ[bV�MiN\CFE�MO[�t�o��O�B�B�15 ��� " 8nru]wMOPDPHGJV9heEHKZ?BNLKbP
V�MOIJC�EY_JMiE�IJKZWDCSQuE1WYMOIeKnMiEHKZ?BNk}�WD?BV�EH_JC<QSCFNfEHWYMO[a��x!� KZPdEY_JC<PH?OGJWHQFC�?i}eKb?BNJK =SMiEYKb?BN�]�{�_JKZ[bC¢EY_JC<PD?BGJWHQFC
?O}1zBMOP�KbP�EH_J?BGJzB_aE�EY?yA	CkWDCSQFCSNaE�KZNaEHCSWYMiQFEYKb?BN�?OW�V9CSWDzBCSWFtaµ�_JKZP�PHQFCSN^MOWDKZ?\Cº�UhJ[nMOKbNJPl{�_Yw � ��) & MOWDC
NJ?OE�}�?BGJNeI KZN�MO[Z[ & ) ¾\t�µ�_JC�[ZKZN¦�{AdCuE»{�CFCSN�WYMiIJKZ? 0DCFEYPyMONJI � ��) & _e?³{�CF�OCSW\WDCSV�MOKZNeP�GJNeQS[ZCSMOWSt
� ��) & {�_JCSWDC:MiE\[bCsMOPXE\E»{�?{IJK�¿dCSWDCSNaELKZ?ONJK =SMiEYKb?BN�[bCF�OCS[ZP�QS?wC��UKZPXELQsMiN�AdC=Cº�UhJ[nMOKbNJCSI�AYw�IJCSNePHKbE»w
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$¢KbzBGJWHC%)et:��� ��u�NaEHCSzBWHMiEYCFI PDhdCFQFEHWHGJV ?O}�QS?BV9h^MONJKb?BN�zaMi[nMª�
w�x1�"o�PHCFC($¢KZzJt0)etq�Brut � NJC{PXEYWH?ONJz
MOAJPD?BWHhUEYKZ?ON"}�CSMiEYGJWDC3KbP�IeCFEYCFQFEHCSI ��EH_JC3PD?UIeKZGJV �vM=uuo �'!'��A �lr\[bKZNJCit0�k[b[�?OEY_eCSW�MOAJPH?OWHheEHKZ?BNJP�MOWDC
EYCF[Z[bGJWHKbQSPjo~[ZMOA	CS[ZCFI ������?ON�EY_eC�¹^zOGJWHCsrut�µ�_JCjCSV9KZPDPHKZ?ON�[bKZNJCFP<�wKbPHKZAe[ZC�_JCFWHC�MiWHCjC��wEYCFNJIJCSI�CFV�KbPHPDKZ?BNJP
?O} EY_JCR_J?OPDEj?O} � � ����)��

−
��AB�B�U]UEY_JMiEjMOWHCRQF?BNaE`MOV9KZN^MmEYKZNezyEY_JCRPDhdCFQFEYWDGJV ?O}ax1�Ot

�iMOWHKZMiEYKb?BNJP3o ¤fEY?wQ}�fEH?BN�CuE�MO[�t �i�B�a�.5 ����� 8�r t µ�_eKZP�PDCSCFV�P�EH?�A	C3EH_JC�QsMiPHC3}�?OW � � ���,)2�
−
��AB�B�et

¸ _JCuEY_JCFW�?BWTNJ?OE�M�PH_J?wQ}�£KZNJIeGJQSCFI0KZ?ONJK =SMiEYKb?BN C��UKbPDEYPF]�IJKbWHCSQuE9KZ?BNJK-=sMiEHKZ?BN�A$w�EH_JC3_eKZzB_"CSNJCFWHz=w
WYMiIJKnMiEHKZ?BN�}�WH?BV�EY_JC���x!��]BE»wwhJKZQSMO[JKbN � ��) & ]aCu�BCFN�KZNLWDCSzBKb?BNJP<MOPg}~MOW<MiP0Am�fh	Q�}�WD?BV�EH_JC�NfGJQS[bCSGJPF]
KZP�PDG � QSKbCSNaEvEH?TC��UhJ[nMiKZN�EY_JClPDhdCFQFEHWYMO[1}�CsMmEYGJWDCSP�?O} EY_JCRhJWDCSPHCFNaEk?BA 0DCSQFESt

�32�� � 	�� �$����� �
	��
� 	�� <���� ��� � 	�� �

� ���#��� ��� ��� ���
−
�������

�3CSMOPHGJWDKZNJz�EY_JC�WHCFIJPH_JK�}�Ey?i} � � ����)��
−
��AB�B��?BN�MO[Z[<Ms�iMOKb[nMOAJ[bCLCSV9KZPDPHKZ?ON�[bKZNJCFP�[bCsMOIeP�EH?8PH[bKZzB_aEH[�w

IJK·¿cCFWHCSNaE�CSPXEYKZV�MiEHCSP9{�_JCSN�GePHKZNez�EY_eC3QFCSNaEYWHMO[�3fG^MiPYMOW�?BWTKbEYP9_J?BPXE�zBMO[nMª�
wOt�¸�C3V�CSMOPHGeWHC
z =

0.1448 ± 0.0001
}�?OW\EY_JC�_J?OPDE9?BNJ[·wB]�MONJI

z = 0.1443 ± 0.0001
}�?BWyEY_eC�3fG^MiPYMOWL?BNe[�w o

∆v =
150 km s−1 r ]k?BW=M£V9CsMiN WDCSIJPD_JKb}�E:?i} z = 0.1445 ± 0.0003

t µ�_JC�V9CsMOPDGJWHCFV�CFNaE3Ie?BNJC{?BN
EY_eC�_J?OPDE �xP�PHh	CSQFEHWHGJV KbP�}�?BW�EY_JC�QSCFNfEHCSW�?O}yEH_JC�zaMO[nM³��wO]k_JCFNJQSC�NJ?OE3M¶¿dCSQuEYCSI�A$w WH?OEYMiEYKb?BN�]kK�}
MON$wBt �v? {�CF�OCSWS]�Kb}�EH_JC=�BCF[Z?wQSKbE»w ¹^CF[ZI�?BAJPDCSWX�BCSI£}�?BWyEH_JC=zaMiP�o~PHCFC�NJC��wETPDCSQFEHKZ?BN^r�KZP\IeGJC=EY?{zaMiP
KZN�*^? { 	i?BGeE�*^? {&IJGJClEH?9V9CSWDzBCSW�MiQFEYK��wKbE»wB]UEY_JKbP��OMi[ZGJClV9KZzB_aE�A	CRAJKnMiPHCSIct

� ���#�$! �! #"�&%$ '� '&)(� #*

& CSIJPD_JKb}�EHP�{�CSWDCyMO[bPH?9IJCFEHCSWDV�KbNJCSI:}�?BWv�T?iEY_JCFWj?OA 0DCSQuEYPkKbN�EH_JCR�UKbQSKbNJKbE»w�?O}���� ���,)��
−
��AO�B�e]JKbNJIJK·�

QsMmEYCSI�KZN $¢KZzet�)etq�Ut � NJC9?O}�EH_JCSV�KbP�zBMO[nMª�
w x �B]�[Z?wQsMmEYCSI �  "M {�M½w�}�WH?BV ��� ���,)��
−
��AO�B�:MONJI

hJWDCSPHCFNaEg?BNJ[·wlKZN9�����®� ¤at µ�_eC�WHCFIJPH_eKb}�E|V�CSMOPHGJWDCSV9CSNaE�KbP�A^MOPHCFI\?BN�EY_JC�KZIJCFNfEHK�¹^QSMiEYKb?BNR?O}JEH_JC�PD?UIeKZGJV
MOAJPD?BWHhUEYKZ?ON=[ZKbNJC��vM=uuo � !���A ��rut
µ�_JClMOhJhJMOWHCFNfE�CFV�KbPHPDKZ?BN�[ZKZNeCSP��wKbPHKZAe[ZCj?BN=EY_JKbP�PDhdCFQFEYWDGJV�MiWHCk?ONJ[�w
IJGJCjEY?�QS?BNaE`MiV�KbN^MiEYKb?BNTA$w9EH_JCkCº�wEYCSNeIJCSI�_J?OPDE�zBMO[nMª�
wL?i} � � ���,)2�

−
��AB�B�et µ�_JCkPDhdCFQFEHWHGJV ?O}�x �
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$¢KbzBGJWHC�)et:������$|[ZG���QsMi[ZKZAeWYMiEHCSI�PDhdCFQFEHWYM\?O} �\NeCSKZzO_wA	?BGJWDP�?O} ��� ����)��
−
��AB�B�Ut¢�k[b[dPD_J? { QS[ZCSMOW �

αMONJI 5 �,u�u 8�CFV�KbPHPDKZ?BNJPFtlx��TMiNJI%x
)\PH_e?³{ EY_JC 5 � ufu�u 8�MiNJI%�
β
CFV�KbPHPHKb?BN�[ZKbNJCSP�MiPv{�CS[b[ t

µ|MOAJ[ZC )et � � & CSIePH_JK�}�EYP�?O}LEH_JC AJWDKZzB_aEHCSPDE�zaMO[nM³�eKbCSP�KZN EH_JC�¹^CF[ZI$?O}L�wKbC¼{ ?O} � � ���,)2�
−
��AB�B�et

�<MOQ`_"zaMO[nM³��w�KZPLKbNJIJKbQsMiEHCSI�KZN $|KZzJt )et �wtTµ�_JC:QS?w?BWHIeKZN^MiEHCSPLMiNJI��BCS[b?UQFKbEHKZCSP\MOWHC:WHCF[nMiEHKb�OC�EY?{EY_eC
� � ���,)��

−
��AO�B�et

x�MO[ZMª�
w �1o  sr w�o  sr & CSIePH_JK�}�E �<CF[Z?wQSK�E»w
o
km s−1 r

� � ����)��
−
��AB�B�

+
�Utq�

+
�etq� �et:������) �

x1�fo�QS?BV9h^MONeKZ?BN�r
+
�wt#A

−
)Utq� �et:���f�'!

−
�a�O�

x��
−
�O�Utq�

−
)�!Ut�� �et:���f��A

−
�O��A

x )
−
� �Jtq�

−
A�)Ut�� �et:���,)�A

−
�����

x
�
−
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+
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KZPRhJWDCSPDCSNaEYCFI�KZN $¢KZzet�)et:���et5��CsMOPDGJWHKbNJz3EH_JC�WDCSIJPD_JKb}�E�IJKbWHCFQFEY[·w�}�WH?OV �kM=u�MONJI�?OEY_JCFWR{�CsM¶�OCSW $^C
[ZKbNJCSP�?BW�A$w�QFWH?BPDP\��QF?BWHWDCS[ZMiEYKbNJz�EH_JCkPDhdCFQFEHWHGJV�{�KbEH_�EY_JMiE�?i} M�EYCFV�he[nMiEHCjPDhdCFQFEHWHGJV ?O}�MON�CS[Z[bKZheEHKZQSMO[
zaMO[ZMª�
w8wwKZCF[ZIJP

z = 0.1428±
�et@�B�B��)et

µ�_JC�WHCSIePH_JK�}�EYP�?O}�}�?OGJW:?OEY_JCFW:zaMO[nM³�eKbCSPF]khJKbQ}�OCSI
��GJh�WYMONJIe?BV�[·w�A	CSQSMOGJPHC�EY_eC¼w#{�CSWHC�KZN EY_eC
GJNa�wKZzBNeCFEHEHCSI�MOWHCSM3?O}�EY_JC���� � Q`_JKbh�o $¢KZzJt )Ut-����ru]i{�CFWHC�MO[ZPD?3V9CsMOPDGJWHCFI�] V�MOKbNJ[�w8A^MOPDCSI�?ON�EY_eC
�

α
CFV�KbPHPHKb?BN:[ZKbNJCTo�µ|MOAJ[bC )et��arut;x�MO[ZMª�
w x��TCF�BCFN�PH_e?³{�PvWH?OEYMiEYKb?BN�]¦{�K�EY_�MThJWH?BPDhdCFQFEHCSI�WD?OE`MiEHKZ?BN

�BCF[Z?wQSK�E»wT?O}��
rot ∼ 80 km s−1 ]UV9CsMiPHGJWDCSI<�  m]�� }�WD?BV�EY_eCkQSCFNaEYCSW�?O}�EY_eCkzaMO[ZMª�
wB]fKZN9EY_JC�*�MiE�h^MOWXE

?O}1EH_JC�WH?iE`MiEHKZ?BN9QSGJWX�BCitkx �B]fEY_JC�QF[Z?BPDCSPXE�QS?BV9h^MONeKZ?BNTEY? ��� � �,)��
−
��AB�O�e]UKbP�EH_JC�?BNJ[·wTzaMO[ZMª�
w�?OGeE

?O} EY_JC����fNJ? {�N8QF?BV�hJMONJKZ?ONJP�EY_^MmE�IJ?UCFP�NJ?OE�PH_e?³{&CSV9KZPHPDKZ?BN�[bKZNJCFPSt
¸ KbEH_{MiEv[ZCsMiPDE�A9?BA 0DCFQFEYPRMmE�MO[bV�?OPDE�EY_JCyPYMOV9CyWDCSIJPD_JKb}�ES]���� � �,)��

−
��AB�O��KZPjh^MOWXE�?O}�M9PHV�MO[Z[

zBWD?BGJhR?O}UzaMO[nM³�eKbCSPL{�_J?BPHC<�BCF[Z?wQSK�E»w�IJKbPHh	CSWHPDKZ?BNlKbP
σv = 197 km s−1 ]ª{�K�EY_RM �a��h	CSWHQFCSNaE QS?BN�¹^IJCSNeQSCKZNaEHCSWD�iMO[v?O} � ��)

km s−1 ≤ σv ≤ 480 km s−1 t���?BNePHKZIeCSWHKbNJz EY_eC{zBWH?BGeh MOP:MON(KZPD?OEY_eCSWHV�MO[
PHhe_JCSWDC {�K�EY_ M�V�CSMON WYMOIJKbGJP�?O}

r = 100”
o -�KZNeNJC¼w MiNJI µ|WDCSV�MOKZNJC � ��!," 5�" 8�r ]kK�EYP�V�MOPHP�KbPS]

Mgroup ∼ 4 · 1012 �
�

tCµ�_JKZP9hJ[ZMOQSCFP�K�E�MiV�?BNez�EH_JC8[b?U?OPHCSPXE9zBWH?BGehJP�?i}�zaMO[ZMª�UKZCFPS]�Cit@zetb];{�_eCSN
QS?OV�h^MiWHCSI {�KbEH_�EH_JCRzBWH?OGJhJP�}�?BGJNJI�KZN:EY_JC;)�MOPv��MOV9h^MON^MiP & CSIePH_JK�}�E�¤wGJWD�OC¼w�o �jCSKZNs|OV8|¶�wK1CuEvMO[ t
�O�B��)�5 �,) 8�r ]s{�_J?2¹JNJI3zOWH?BGJh:V�MOPHPDCSP�KZN�EH_JCRWYMONJzOC

M = 1012 � 1015 �
�

t

�32�� � 6 �
	 � ��� � �������
	��
����� 	�	�� 	��36

-�CFQsMOGJPDC�?BGJW|?BAJPHCFWD�iMiEHKZ?BN^Mi[UPXEYWYMmEYCSz¶wyKbP|EY?vE`M=�iC�EY_JC�PHh	CSQFEHWYM���?BN�� M³�eKbP �<WHMiEY_eCSW¢EH_^MONLMv}�C�{7MOWHQFPHCSQº�
?BNJIePkM½{�M w:}�WD?BV EY_eC���x!��QFCSNaEYCFWS]�EY_JC�I¦wwN^MOV9KZQSMO[�KbNe}�?BWHV�MiEHKZ?BN:MOA	?BGeE�EH_JCR_J?BPDEvzaMO[ZMª�
w�KZP�NJ?iE
[Z?OPDEst�µ�_JC�PDKZzBN^Mi[·�¡EH?¶��Ne?BKZPDC�WHMiEYKb?k?O}^EH_JC�I^MiEYMkKZP|PHG � QFKZCSNaEgEH?lhdCFWD}�?BWDV 3fG^MiNfEHKbEYMiEYK��BC�V9CsMOPDGJWHCFV�CFNaE
?O} EY_JCRPXEYCS[b[nMOW�MONJI�zaMOP��BCF[Z?wQSK�E»w�¹^CS[bIJPSt
� � � ��� 	 * (�
�
*
 $ %�
  �
#& &����
µ�_JC���MO[ZQFKZGJV$��M=u�u1MiAJPH?BWDheEYKb?BNRIJ?BGJAe[ZCFE|KZP�IJCuEYCFQFEYCFI\KZNlEH_JC�PDhdCFQFEHWHGJV.?BAeEYMOKZNeCSI�KZN��khJWDKZ[f�O�O�B�et�u¡E
KZP�?BGeEHPHKZIeCvEY_eC�MOQFQSCSPDPHKbAJ[ZC�{�Ms�BCF[ZCSNezOEY_�WHMONJzBCvKZN�EH_JCk?BAePHCSWX�iMiEYKb?BNJP�EYM=�OCFN�KZN �3M w=�O�B�B�Ut -�CFQsMOGePHC
?O} EY_JCR[b?³{�PHKbzBN^MO[ �¡EH?¶��NJ?OKZPHCjKZN=EH_JCSPDC�[bKZNJCFPS]¦{�CRQsMON�NJ?OE�h	CSWX}�?BWHV M\}�GJ[Z[�Cº�wEYWYMiQFEYKb?BN:?O} EY_JClPXEYCS[b[nMOW
�BCF[Z?wQSK�E»w�¹JCS[ZIct,¸�CyQsMiN�_J? {�Cu�BCFW�zOCFE�PDKZzBNeK�¹^QSMONaEk_JKbNaEYP�MiAd?BGUEkEY_eC\PDEHCS[Z[ZMOW�WH?OEYMiEYKb?BN 	iV9?OEHKZ?BN�]eAYw
IJK��UKbIJKZNez�EY_JC<zaMi[nMª�
wvKZNaEY?�E»{�?vh^MiWDEYP�Mi[Z?BNJz�EH_JCgPHhJMiEYKZMO[BIJKbWHCSQuEYKb?BN�] MONJIRA$wlQFWH?BPDP\��QF?BWHWDCS[ZMiEYKbNJz�EY_JCFV3t
µ�{�?\PDh^MiEHKnMO[^Cº�UEHWYMOQuEYKb?BNJPl{�CFWHC�IJ?ONJCkMi[Z?BNJz������®� � taµ�_eCk[ZKbzB_aE<?O}�EH_JC�3fG^MiPYMOW�_J?BPDEV{�MOP�KbNfEHCSzBWHMiEYCFIKZN£E»{�? � A	?½�UCSP ��[�wwKZNJz�A	CFE»{�CSCFN �! i] !�MiNJI(�  m] !�M½{�M½w£}�WH?OV EY_JC�QSCFNaEYCSW9?O}vEY_JC�zaMO[ZMª�
wBt µ�_JCSKbW
QSWD?BPHPh��QF?BWHWDCS[nMmEYKZ?ON�]aIJKZPDhJ[nM½wOCSI�KbN $¢KZzJt�)et-���RPD_J? {�P�MRPH_^MOWDh�h	CsM=�LQFCSNaEYCFWHCFI�MiE

v = 2±10 km s−1 t¤UKbV�Kb[nMOW�WHCSPDGJ[bEHP�MOWDC�}�?OGJNJI8?ON3EY_eC2�����®�;¤yPHh	CSQFEHWHGJV�t�¸�C�QsMiN3EY_eCSWHCu}�?BWHC�QS?BNeQS[ZGeIJC�EH_^MiEjPDEYMOWHPvIJ?
NJ?OE�IeKZPHhe[nM½w�MTzB[Z?OA^MO[cWD?OE`MmEYKZ?ON�KZN�EY_JCl_e?BPDEj?O} � � � �,)��

−
��AB�O�et

� � � �$! � 
�� %�
  �
�& &����
��?BNaEYWHMOWfw�EY?�EY_JCLMiAJPH?BWDheEYKb?BN�[bKZNJCFPS]dMON�?BAa�wKZ?BGePk�BCF[Z?wQSKbE»w ¹^CF[ZI{KbPvPDCSCSN�KbN8EY_JCyCSV9KZPHPDKZ?BN3[ZKbNJCSPj?O}
EY_eC�_J?BPXE�zaMO[ZMª�
wBt �kNLCº�JMiV�hJ[bC�?O}JCSV9KZPHPDKZ?BN�[ZKbNJCSP|KZP PH_J? {�NTKZN $¢KZzJt )et:���J]ª{�_JCSWDC�EY_JC�QS?BNaEYKbNfGJGJV.?O}
EY_eC�_J?BPXE�zaMO[ZMª�
w�_JMOP�AdCFCSN�WDCSV9? �OCSI�tlµ�_JClzBMOP�PHCFCSN�EY_eWH?BGJzO_�EY_JC�E»{�?LPH[bKbE�?BWHKbCSNaE`MmEYKZ?ONJP�A	CS_^Ms�OCSP
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$¢KbzBGJWHC
)Ut-� � ����?OWHWHCF[nMiEHKZ?BN=}�GeNJQFEHKZ?BN:?O}|EY_JClE»{�?�C��wEHWYMOQuEYCSI3WHCFzBKZ?BNePj?i}|EH_JC�_e?BPDE �@PjPHh	CSQuEYWHGeV o~PHCFC
EYCº�wE r\MO[b?BNJz)�����®� � t � NJ[�w�EY_JC=PDhdCFQFEHWYMO[�WDCSzBKb?BNJP�{�K�EY_�NJ?{CFV�KbPHPHKb?BN [bKZNJCFPLMOWHC�QF?BNJPDKZIJCFWHCSIc]�K�t@Citb]}�WH?OV �B�2�,A �$EY?���"O��A �y]�KbN:EH_JC�WHCSPXEv}�WHMOV9COt;µ�_eC�QFCSNaEYWD?BKZI�?O}¢EH_JC�QS?BWDWHCS[ZMiEYKb?BN:hdCSM=��KZP�[b?UQSMiEYCFI
MiE��etq��)

±
�Ut-�\heK·�UCS[bPS]J{�_eKZQ`_�EYWHMONJPD[nMiEHCSPkKbNaEY?

v = 2 ± 10 km s−1 ]d_JCSNeQSCLQS?ON¦¹^WHV9KZNez�EY_JMiE�EY_eCPDEYMOWHP�KbN:EH_JCR_J?BPXEkMiWHClNJ?OEvM¶¿dCSQuEYCFI3A$w:MON$w:QFKZWHQFGJ[nMiW�V�?iEYKZ?ON�t

IJK·¿cCFWHCSNaEH[�wBta¸ _eKZ[ZCR�����®� � WHCu�BCsMi[ZP�EY_JCRzaMiPjV9?OEHKZ?BN�]fEY_eC�CFV�KbPHPDKZ?BN�[bKZNJCFP�PHCSCFN8Mi[Z?BNJz8�����®�V¤�WHCSV�MOKbNh	CSWD}�CFQFEH[�w�PXEYWYMiKZzB_aEst
µ�_JC=PDh^MiEYKZMO[<hJWH?¶¹^[ZCFP�KbN�EY_eC�[ZKbNJCSPRKbN/$¢KbzJt )et:���8PD_J? {R]<MOP�PHMOKZI�hJWHCu�wKZ?BGJPD[�wO]¢EY_^MmE�EH_JC�zaMiP�KbP

NJ?OE�IJKbPDEYWDKZAJGUEYCSI�GJNJK�}�?BWHV9[�wyKZNTEY_JCvzaMO[nM³��wOt'u�N=hJMOWDEHKZQSGe[nMOWF]BEY_JC 5 � ufu�u 8dCSV9KZPHPDKZ?BNT[bKZNJC�KZP�QS?OV�h	?BPHCFI
?O}�E»{�? AJWDKZzB_aE�PHh	?OEYP9[Z?wQsMmEYCSI��  i]q��MONeI(�  i] � M½{�M½w"}�WD?BV EY_eC8NfGJQS[bCSGJPF]jMONJI7EH_^MiE�QS?BWDWHCFPHh	?BNJI
h	CSWD}�CFQFEH[�w�EY?�EY_JC:E»{�? AJWHKbzB_aE9PHh	?OEYP�MO[ZWDCsMOI�w£PHCSCFN�KZN£EY_eC3PDh^MiEYKZMO[�hJWH?¶¹^[ZCFP9?i}
$¢KZzet�)et�Aet#µ�_JC¼w
MOWDCLNJ?OERIJCFQS?BNa�B?O[ZGeEHKZ?BN�MOWDEHKb}~MOQuEYPFt�u�N�}~MOQFES]�EY_JC�w�MOWHCTIJCuEYCFQFE`MiAJ[ZCLKbN�EH_JCT?BWHKbzBKZNJMO[|IJMiE`M8{�K�EY_J?BGUE
PHGeAeEYWHMOQFEHKZNJzLEY_eC 3fG^MiPYMOW�o $|KZzJt�)et-��)arut
µ�_JC\�BCF[Z?wQSK�E»w3QFGJWD�OCSPR_^Ms�BCLA	CSCFN{IJCFEHCSWDV�KbNJCSI�}�WD?BV PHCF�OCSWHMO[�CSV9KZPDPHKb?BN�[ZKbNJCSPF]dCº�wEYWYMiQFEYCFI{}�WH?BV

WHCFIJGJQFCSI�PHh	CSQuEYWHM8EY?�Ms�O?BKZI�MiWDEYK�}~MOQFEHP�IeCSQS?ONf�O?B[ZGUEYKZ?ON�QS?OGJ[ZI�AJWHKbNJzJ]¢PDhdCFQSKZMO[Z[·w�NJCsMOW�EY_JC�NfGJQS[bCSGJPFt
µ�_JC9C��wEYWHMOQFEHKZ?BN�V9CFEY_e?UI�KZPRIJCFPHQSWDKZA	CSI�KZN���?BGJWDAJKZN�CFE�MO[�t�o��O�B�a� 5@�2��8nrut2µ�_JCSPDC�QSGeWD�BCFP\MOWDC�IeKZP\�
hJ[ZM wOCSI�KZN $¢KbzJt )Ut-� �wt'¸ _JKZ[bCkEY_eCSWHCRKbP�NJ?L�BCF[Z?wQSKbE»w ¹^CS[bI�MO[Z?BNez8�����®�V¤a]UEY_JCRQSGeWD�BCl}�?BW������®� � KZP��OCSW\wPH_JMOWHh\KbNyEY_eC�QSCFNaEYWYMi[¦�fKZ[b?Bh^MOWDPHCSQi]BMONeILMO[ZV9?BPXE�*^MiE�KbN�EY_eC�?BGeEHCSW|h^MOWDEHP¢?O}^EH_JC�zBMO[nMª�
wOt µ�_JKbP¢KbP¢_^MOWDI
EY?9WHCFQS?BNeQSKZ[bCm{�KbEY_:V9?UIeCS[ZP�KbNf�O?B[b�wKbNJzLhJGJWDC�WD?OE`MiEHKZ?BNc]JAJGeE�{�C�NJCu�BCSWXEY_JCF[ZCFPHPlMiEDEYCFV�heEHCSI:EY?T}�?B[Z[b? {
EY_eC�PHMOV9CRMOhJhJWD?aMOQ`_3MOP�KZN3��?BGJWDAJKZN:CFEvMO[�t�o �i�B�a��5q� �28nru]J}�?BW�EH_JCRPHhJKbWYMO[�_e?BPDEj?O} � � ���O��)��l�a�B� !et

� V�MOPHP�V�?wIJCF[jKbP�MiPHPHGeV�CFI0}�?BWTEY_JC3zaMO[nM³��wO]�KZNeQS[ZGeIJKZNJz�M�WD?OE`MmEYKZNez�IJKbP���]�M�QFCSNaEYWHMO[kh	?BKbNfE
V�MOPHPTMONeI7M{I^MiW���V�MiEDEYCSWy_^MO[Z?et)µ�_JKbPTV�MOPDP\V9?UIJCF[�KZP�EY_JCFN7GJPDCSI£EY?{hJWDCSIJKbQFELEH_JC��BCS[b?UQFKbE»w�?O}
EY_eC�zaMi[nMª�
w:MiEkMTzBKb�OCSN8h	?BKbNfEj?O}|EY_JC�PH[bKbES]JE`M=�fKZNez�KbNfEH?�MiQSQS?OGJNaEvEH_JC�KbNJQS[bKZN^MmEYKZ?ON�?O}¢EH_JC�IeKZP��:MiNJI
QS?ONf�O?B[ZGUEYKZ?ON�A$w{EY_eC�PDCSCSKbNJz8heWH?=¹^[bCO] GJPHKbNJz:EY_JC2�fNJ? {�N PHh	CSQuEYWHGeV�?O}�EH_JC&"�¤�$�t'�3MON$w�IeK�¿dCSWHCFNaE
KZNeKbEYKZMO[ QS?BNJIeKbEYKb?BNJP�{�CSWDC�GJPDCSI {�_JCSN ¹JEHEHKZNJz�EY_eC9V9?wIJCS[�] {�KbEY_�NJ?�PHGeQSQSCFPHPX}�GJ[�PD?B[ZGUEYKZ?ON�t�u�N�}~MiQFEs]
{�C�}�?BGeNJI:NJ?2{�M½w�EY?TV9?UIJCF[�PHKbV\GJ[�E`MONJCF?BGJPD[�w9EY_JCRPH_JMOWHh�QSCFNfEHWYMO[��OCS[b?UQFKbE»w=EHWH?BGJzO_�]eEY_JMiE�WHC43wGeKZWHCFP
M��OCSWfw8[nMOWDzBC�QSCSNaEHWYMO[|V�MOPDPS]cMONJI�EY_eC1*�MiEkC��wEYCFWHN^MO[|h^MOWXEYPS]dEY_^MiEkWHC43wGeKZWHC�[nMOWDzBC\MiV�?BGeNfEHPk?O}<IJMOW��
V�MiEHEHCSWS]�{�_JKZ[bC��OCFCShJKbNJz�EH_JCl�OMiWHKZ?OGJP�h^MOWHMOV9CFEYCFWHPjMiE�WDCsMOPD?BN^MOAJ[bC��iMO[ZGJCFPSt
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$¢KbzBGJWHC )Ut-��) ��¤Uh^MiEHKnMO[�hJWH?=¹J[ZC:?O}jEY_JC 5 � ufu�u 8�CFV�KbPHPDKZ?BN£[ZKbNJC�}�?BW8�����®� � MONJI#�����®�R¤�hJWDKZ?BW\EH?�MiNYw_J?BPXE 	iNfGJQF[ZCFGJPkIJCFQS?BV9h	?BPHK�EYKZ?ON�tlµ�_JC�IeKZh�KZN�KZNaEYCFNJPHK�E»w�hJWH?¶¹^[ZClEY_eWH?BGJzO_ �����®� � ]')  �M½{�M w�}�WD?BV�EY_eC
3fG^MOPHMOWS]	MONJI:EY_eC�E»{�?7��_J?OE�PHh	?OEHP �R?O} $¢KZzet!)et:���9MOWHC�MO[bWHCsMiI¦w=�wKZPDKZAJ[bClKZN�EY_JKbP�WYM½{$GJNJIeCSQS?ONf�O?B[b�OCSI
KZNaEHCSNJPDKbE»w�hJWD?=¹^[bCOt
¸�CT_^Ms�OCTEH_fGJPlQS?BNePHKZIeCSWHCFI�?iEY_JCFWlV�MOPDPlIJKZPXEYWDKZAJGeEHKZ?BNePS]cPDGJQ`_�MOPRM�V�?wIJK�¹JCSI(�vGeAJAJ[ZCyhJWH?=¹J[ZCO]

h	?³{�CSWh��[ZM { IeCSNJPDKbE»w�hJWH?=¹J[ZCj?BW�KbPH?wQ`_JWH?ONJCkh	?OEYCFNaEYKnMi[¢o -�KZNeNJC¼w � µ|WDCSV�MOKZNeC � �'!," 5�" 8nru]eMO[Z[^CFNJQS?BGeN��
EYCFWHKbNJz�EH_JC9PYMOV9CTIJK � QSGe[bE»wBt8u�N�EY_eC�A	CSPXEc¹JEHPS]|QSCSNaEHWYMO[�V�MiPHPHCFP�?i}�EY_eC�?BWDIJCSW�?O}

M ∼ 1010 �
�MOWDC�MO[·{�M½wwPR}�?BGJNJI�t $^?BWRQS?BV9h^MOWDKZPH?ON�]1EY_JC9QSCFNfEHWYMO[<V�MOPHPl}�?BGeNJI�}�?BW ��� � �O��)��l�a�O�'!8{�MiP

M ∼
5 · 107 �

�

]�EY_eWHCSC9?BWDIJCSWDP�?O}�V�MizBNJKbEHGJIJCLPDV�MO[b[ZCFWSt � EY_JCFW�zBWD?BGJhJP�_^Ms�BC9CSPXEYKbV�MiEHCSI�EY_JC9QSCFNaEYWYMi[
V�MOPHPDCSP�KbNyzaMO[ZMª�UKZCFPS]mV�?BPXE�?O}eEY_JC�EHKZV9Cg}�?BW¢KbPH?B[ZMiEYCFI�CF[Z[ZKbheEYKbQsMO[bP1[ZK��OC�KZN�EH_JC�¤U� = & � �0PHGeWD�BC�w:o�COtxzJtb]
��x�� )�),"�"U]1��?BhJKZN{CuE�MO[ t��O�B��) 5@��) 8�r ]1V�?BWDC\V�MOPHPDKb�BCLCF[Z[bKZheEHKZQsMi[ZP�o¢� !�"U]��8MOQFQ`_JCFEDEY?�CFE�MO[�t � ����"
5�"2��8�]���CSN:�y]��8MOWHQF?BNJK�CuEjMO[ te�O�B�7�15 !B� 8�r ]J?BW�¤wC¼wf}�CSWXEvzBMO[nMª�UKbCSPlo���x�� �B��� �B]s�8MOWHQF?BNJK�CuE�MO[�t^�O�B��)
5�"'�28./a�3Wf�/�����U] #j?B[Z[ZMiEYPDQ`_JN$w��O�O��)(5�Aa��8�r t9µ�_JC�V�MOPDPHCSPlEH_JC¼w:¹^NeI�]�CSKbEH_JCSWRGJPDKZNJz�EH_JCTAJ[nMOQ}�8_J?B[ZC
QSCFNaEYWYMi[��BCS[b?UQFKbE»w{IeKZPHh	CSWDPHKb?BN�WHCS[ZMiEYKb?BN�]�?OWlIJKZWDCSQFERI�wUNJMOV�KbQsMO[¢V�?wIJCS[bKZNJze]cKZPRMi[�{�M wwPRKZN{EH_JCTWYMONJzOC
M = 107 � 108 �

�

]¦{�K�EY_�PD?BV�ClPDGJh	CSWHV�MOPDPHKb�OCRAJ[nMOQ}��_J?B[bCSP�WHCSMOQ`_JKbNJzLGJh�EY? ��� 9 �
�

]JCOtxzJt�]JKZN�EY_eC
¤UC�ww}�CFWDER��x��$�B�O�B��o¢�3MOQSQ`_JCuEHEH?8�i�B��)<5�"�)28nrutmµ�_JCyQSCSNaEHWYMO[�V�MOPDPkKZN<� � � �,)��

−
��AB�O�e]cMiPHPHGeV�KbNJz

zaMOPRWD?OE`MiEHKZ?BNc]1KZPRPDEHKZ[Z[�MON�?OWHIJCFW�?O}�V�MizBNJKbEHGJIJCTMOA	?��BCTEY_JC9V9?BPDERV�MOPHPDKb�OC�AJ[ZMOQ}��_J?O[ZCSPl}�?BGeNJI�KbN
?OEH_JCSW�zaMO[ZMª�UKZCFPSt
µ�_JC�QFCSNaEYWHMO[dV�MOPDP�QSMON=A	CvCFPDEYKbV�MmEYCSI�KZNJIeCSh	CSNJIJCFNaEY[�w9GJPDKZNJz�EY_JC,�fNJ? {�N=QS?BWDWHCF[nMiEHKZ?BN9AdCuE»{�CFCSN

&
BLR

]mEH_JC�WHMOIJKbGJP�?O}eEH_JC -�WH?aMOI+)1KZNJC & CSzOKZ?BN�o.-#) & ru] MONeI�EH_JC�V9?BNJ?wQ`_JWD?BV�MmEYKZQ¢��xR��QS?ONfEHKZNfGJGJV
[ZGeV�KbNJ?BPHK�E»w{MiE\�7���O� � o #RMOPHhJK<CuE\MO[�t|�O�B�B� 5q� �28nrut µ�_JKZP�[ZGeV�KbNJ?BPHK�E»w$��A^MOPDCSI &

BLR

KZPRQS?BVyAJKZNJCFI
{�KbEH_=MyV9CsMiPHGJWDCSV9CSNaE�?O}cEY_JC�- ) & �OCS[Z?wQSK�E»w9C��wEYWHMOQFEHCSI=}�WH?OV�EY_JC $�Ge[Z[�¸ KZIeEH_=MiE �kMO[�}��8M³�eKbV\GJV
?O}�EH_JC;�

β
CSV9KZPDPHKZ?ON3[bKZNJCit��kPHPDGJV9KZNJz9EY_^MiEjEY_eCyV9?OEYKb?BN:KZN3EH_JC - ) & KbN8��x!��KbPj�wKZWDKnMO[bK =FCSI�]^?BNeC

QsMiN3GJPDClEY_JCRPHKbV�he[ZC #lCShe[ZCSWDKnMON�WDCS[ZMiEYKb?BN
MBH = RBLR v2

BLR G−1,
o )Ut-� r

EY?�CSPXEYKZV�MiEHC:EH_JC�V�MOPDP�?i}�EY_JC�QSCFNaEYWYMi[vAJ[ZMOQ}��_J?B[bCOtCu�N"EY_JC3QsMOPDC8?O}@� � ���,)2�
−
��AB�B� {�C�¹^NJI

MBH ∼
)et�A<��� 8 �

�

tl�vzaMOKbN�]	EH_JKZPkKZPvE»{�?�?BWDIJCSWDPl?O}<V�MizBNJKbEHGJIJC�[Z? {�CSWkEH_^MON{?BAeEYMOKZNeCSI-{�K�EY_�?BGeW
zaMO[ZMª�
w=V�MOPHP�V9?wIJCS[bPSt
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$¢KbzBGJWHC )et:��� ��� !}��� =S?w?BV$?BN�EY_JC�5 � ufu�u 8�o �O�B��" �lr�CSV9KZPDPHKb?BN�[bKZNJC<KbN2�����®� � o�[ZCF}�E`ru]mKZN������®�i¤Ro~V9KZIeIJ[ZCsrut
µ�_JC �

α
CFV�KbPHPDKZ?BN3[ZKZNeCSPjKZPjIJKZPDhJ[nM½wBCFI�?BN8EH_JCyWDKZzB_aEvh^MONJCF[ t�µ�_JC\PDh^MiEYKZMO[�IJKZWDCSQuEYKZ?ON3KbPk_J?BWDK =F?BNaE`MO[

MONJITEY_eCv{�Ms�BCF[ZCSNezOEY_9IJKZWDCSQuEYKZ?ONT�OCSWXEYKZQSMO[ t -�?OEH_TEH_JC 3fG^MOPYMiW�PDhdCFQFEHWHGJV#MONeITEH_JC�QS?BNaEHKZNfGJGJV5?O}	EY_eC
_J?BPXE�zaMi[nMª�
wT_^Ms�BCvAdCFCSN�PDGJAeEYWHMOQFEHCSI�t�µ�_eC�PH_^MiWHh=PXEYWHGeQFEYGeWHCSP�KZNTEY_JCj�BCSW\w�QFCSNaEYCFWRo~QFCSNaEYWHMO[L�wh	Q�r<?O}
EY_eC�zaMO[ZMª�
w�QF?BWHWDCSPHh	?BNJIeP�EY?L?��BCFWHPHGeAeEYWHMOQFEHKZ?BN:?O}1EH_JC�3fG^MOPYMiWSt�µ�_JClzaMiP�V�?iEYKZ?ON�KZP�PDEYWDK��fKZNez\KZN �����®�
� ]N{�_JKb[ZC�EY_JCLPXE`MOWDPlMOWHCyNJ?OElPD_J? {�KZNJz:MON$w8V�?OEHKZ?BN3KZN�EH_JKZPvPYMOV9C\PH[bKbEkhd?BPDKbEHKZ?BN�t��v?�zaMOPv�BCS[b?UQFKbE»w
¹^CF[ZI:KZP�IJCuEYCFQFEYCFI3}�?BW������®�V¤at�� !ª��� ! #�� ��?BWHWDCSPDhd?BNeIJKZNJz9KZNaEHCSNJPDKbE»w=heWH?=¹^[bCSPFt
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$¢KbzBGJWHC
)Ut-� � �������º� �<�OCS[b?UQFKbE»w=QFGJWD�OCSPv?BAeE`MiKZNJCFI:}�?OW�EY_JC 5 � ufu�u 8�IJ?OGJAJ[ZCuEjMONJI:}�?BW�EY_eC �
α
CSV9KZPDPHKZ?ON

[ZKbNJCOt��v� ���
� �gV9CsMiN��BCF[Z?wQSKbE»wTQFGJWD�OCOtlµ�_JC�IJMiE`M�hd?BKbNaEYP�MiWHC�EY_JCvV�CSMON=?O}�EH_JCvE»{�?�5 � u�u�u 8dV9CsMOPDGJWHCº�
V9CSNaE�MONJI�?O}�EY_JC �

α
V9CsMiPHGJWDCSV9CSNaEst�µ�_JCTCFWHWH?OW�AJMOWHPlQF?BWHWDCSPHh	?BNJI�EY?�EH_JCTIJKZPDhdCFWHPHKb?BN�AdCuE»{�CFCSN

EY_eC�EH_JWHCFCyQSGeWD�BCFP�?O}|EY_JC�[ZCF}�Ejh^MiNJCS[�t � GJW�AdCFPDE�¹eEkV9?UIeCS[1KZP�?��BCFWHhJ[b?OEHEHCSI�tk¸ K�EY_8M9QFCSNaEYWHMO[|V�MOPDP
¹¦�UCSI�EH?

3.6 108 �
�

]�EY_JC
χ2 ?O}�EH_JCc¹JEkKZPvMOQSQFCSheEYMOAJ[bCy?BNJ[·w�}�?BWkV9?wIJCS[i{�KbEH_8V�MOPHPvQS?BV9h	?BNJCSNaEHPGJNJWDCsMO[bKZPXEYKZQSMO[Z[·wTQS?BNeQSCSNaEHWYMiEHCSI8NeCsMOW�EY_eC�NfGJQF[ZCFGJP\o�PHCFCREHC��wE r t



������� ��� � ��� � � ��� ��� ����� � ��� � ����� � !,"

¸�Cy_^Ms�BC\EYWDKZCFI8EY?8¹eEkEY_eCy�BCF[Z?wQSKbE»w3QSGeWD�BCFP�{�KbEH_�V�?wIJCF[ZPjKZNJQF[ZGJIJKbNJz=M�QSCSNaEHWYMO[|V�MOPDP�¹¦�UCSI�MmE
EY_eC�MOA	?��BC9�OMi[ZGJCi] K�t@Cit

MBH = 3.6 108 �
�

t ¸�C9QsMON�?BAeEYMOKZN�WYMmEY_JCFW�WDCsMOPD?BN^MOAJ[bC2¹eEYP�o~PHCFC $|KZzJt
)et:� �Br ]�AJGeETMmEyEY_eC=C��Uh	CSNJPDC�?i}�QS?BV9hJ[ZCuEYCF[�w�GJNJWDCsMO[bKZPXEYKZQ9h^MOWHMOV9CFEYCFWHP:o�COtxzJt�]<M8IJKZPf� {�K�EY_�M3_wGezBC
V�MOPHP�IJCSNJPDKbE»w�QS?BN�¹^NJCSI EH?{M�}�C�{ h^MOWHPDCSQFP`rut-u�NJIJCSCFI�]gEY_JC�[Z? {�CSW

MBH

KbP\MO[·{�M½wwP\QS?OV�h	CSNJPHMiEYCFI
A$w�?OEH_JCSW�V�MOPHP�QF?BV9hd?BNeCSNaEYPk{�_JKbQ`_3A	CSQF?BV9C�QS?BNeQSCSNaEHWYMiEHCSI8NeCsMOW�EH_JClNfGJQS[bCSGJPFt;�jCF�BCFWDEH_JCS[bCSPHPF]	MO[Z[
V9?UIJCF[ZP�[bCsMOI�EH?�MLEY?iE`MO[�V�MOPDP�?O}

∼ 9.2 1010 �
�

]�{�KbEY_eKZN�MLWYMOIJKbGJP�?O}0�����fhdQit

�32�� � � � �
	 �$������� � � ��� � �
	 ������� �

u�N�EY_JC�}�WHMOV9C¼{�?BW��9?O}|M\QS?BV9hJWDCS_JCFNJPHK��BClPHh	CSQuEYWD?BPHQF?BhJKZQRPXEYGJI¦w�?O} 3fG^MOPYMiW�_J?BPDE�zBMO[nMª�UKbCSPS]Y{�C�_JM��OC
?BAeEYMOKZNeCSI �
)�µ.?BheEHKZQSMO[�?BAJPHCFWD�iMiEHKZ?BNJPj?O}gEH_JC

z = 0.144
3fG^MiPYMOW � � ���,)��

−
��AB�B�e]�EY_^MmEkWDCFE`MiKZNJCFI

?BGJWyMiEHEHCSNaEYKb?BN MiNJI�EYWDKZzBzOCSWHCFI�}�?B[b[Z? {k��Geh�?OAJPHCFWD�iMiEYKb?BNJPFt-µ�{�?�PD[ZK�E�?OWHKZCFNaE`MiEHKZ?BNJP!{�CSWHC�GJPHCFI o~PHCFC
$¢KbzJt�)et �OrvMONJI3EY_JC\IJMiE`M {�CSWDC\PHhJMiEYKZMO[Z[·w:IJCSQF?BNa�B?B[��BCSIc]1WHCSPDGJ[bEHKZNJz�KZN3PHh	CSQFEHWYM=?O}gEH_JC\_J?OPDElzaMi[nMª�
w
IJCFQS?BNaE`MiV�KbN^MiEYCFI�}�WH?BV EY_JCR[ZKbzB_aE�?O} EY_JCRQFCSNaEYWHMO[ 3wGJMOPYMOWFt
¸�C{}�?BGeNJI EH_^MiE:EY_eC�_e?BPDE�zaMO[ZMª�
w�?O} � � ���,)��

−
��AO�B� KZP:M£WYMiEH_JCSW:h	CSQFGJ[ZKZMOW=?BA 0DCFQFEStF¸�C

?BAJPDCSWX�BCSI�EY_^MmE �
�Bt � heEHKZQsMi[JMONJI9NJCSMOW\� u & KZV�MOzBKbNJzk?O}�� �.���,)��

−
��AO�B�kWHCu�BCSMO[ZP�MON9CS[b[ZKZhUEYKZQSMO[fV�?OWHhJ_J?O[Z?Bz=wO]¶{�K�EY_

QF?B[Z?BWDP�Ae[ZGJCFW9EH_^MON�KbN^MOQFEHKb�OC3CF[Z[ZKbheEYKbQsMO[�zaMO[nM³�eKbCSPF]�KZNeIJKZQSMiEYKbNJz�M�QS?BNaEHWHKZAeGeEYKb?BN0?O}lM wB?OGJNJz
PXEYCS[b[nMOW�hd?BheGJ[nMiEHKZ?BNct

�Utvµ�_JC�zBMO[nMª�
w�_^MOWDAd?BGeWHPTM{AJWHKbzB_aE 3fG^MOPHMOWS]�{�_J?BPDC:WYMOIJKb?�[Z?OGJIJNJCFPHPTKZNJIeC���he[nMOQFCSPLKbE\MiELEY_eC
[bKZV9KbEgA	CFE»{�CSCFN3WHMOIJKZ? 3fGJKZCuE�MONeI�WYMOIJKb?�[b?BGJI�t �a�wEHCSNJIJCFI:[Z?BA	CSP�MOWHCvPHCSCFN�KZN�EH_JCkWHMOIJKb?yGJh�EH?
����M½{�M½w�}�WH?BV EH_JC
3fG^MOPYMiWSt

)etvµ�_JC9uX¤s� ?O}<EH_JCT_J?BPDERKbP�_JCuEYCSWD?BzBCFNJCS?BGePyMONeI{_JKZzB_e[�w3KZ?BNJK-=SCFI{AYw8EY_JCLQFCSNaEYWHMO[���x!��t u�?BN
�
K-=sMiEHKZ?BN=EHWHKZzOzBCSWDCSI�A$w�EY_JCRWHMOIJKZ?�0DCuEjQsMONJNe?OE�AdCRCº�eQF[ZGJIeCSI�t

�Jt�¸ _JKb[ZC\EH_JCTzaMOPRCSV9KZPDPHKZ?ON{[ZKZNeCSPl?BAJPDCSWX�BCSI�EY_JWD?BGJzB_ �����®� � MO[Z[|PH_J? {#M:QS[bCsMOW��OCS[b?UQFKbE»w%¹^CF[ZI�]
EH_JC�PXEYCF[Z[nMiWlMOAJPD?BWHheEHKZ?BN�[ZKbNJCSPlIe?3NJ?iE�IeKZPHhe[nM½w�MON$w�PHKbzBN�?O}�WD?OE`MiEHKZ?BNc]1KZN�MOQSQF?BWHIJMONJQSC9{�KbEH_
EH_JCR?BAJPHCFWD�OCSI8CF[Z[bKZheEHKZQsMi[dV9?BWHhe_J?B[Z?Oz=wBt

�Ut��jCSKbEH_JCSWgEH_JCvPXE`MOWDP<NJ?BW<EY_JC�zaMOP�MOWDCkMª¿cCFQFEYCFI�A$w9Ml�BCS[b?UQFKbE»w�¹JCS[ZI9KZNLEH_JC!�����®� ¤k?BAePHCSWX�iMiEYKb?BNJPS]
MO[bV�?OPDE�h	CSWDhdCFNJIJKZQFGJ[nMiW�EY?5�����®� � t

Aet��j?�V�MOPHP�V9?UIeCS[�KbNf�O?B[b�wKbNJzTWH?OEYMiEYKb?BN�?O}gMLzaMiPjIeKZP�� ¹JEvEH_JCRzaMOP��BCF[Z?wQSK�E»w�?O}l�����®� � hJWH?Bh	CSWD[�wGJNe[ZCSPDP�KZNa�B?z�fKbNJzTC��wEYWDCSV9CS[�w�_JKZzO_�QFCSNaEYWHMO[1V�MOPHPDCSP�}�?BW�EY_eClzaMO[nM³��wO]^MON:?BWDIJCSW�?O}|V�MOzBNJK�EYGJIJC
MOA	?��BClEY_JMiEj?O}|EH_JCRV�?OPDE�V�MOPHPDKb�OC�Ae[nMOQ}�=_e?B[ZCFP��wNe?³{�N o

> 109 �
�

rut
"Ut ���+����)��

−
��AB�B��KZP|h^MOWXE�?O}	MkPDV�Mi[Z[fzBWH?OGJh�{�KbEH_

σv ∼ 197 km s−1 ?BW��
group ∼ 4·1012 �

�

t
!etvµ�_JC3QS[b?BPHCFPDE=QF?BV9h^MONJKb?BNCx �B]�?i}
� � ���,)2�

−
��AB�B��KZP9[Z?wQsMiEHCSI.�  3M½{�M w£}�WD?BV KbEs]V{�KbEH_�M

�OCS[Z?wQSK�E»w=IJK·¿cCFWHCFNJQSCR?O} �f�O�
km s−1 tl�v?TEYWHMOQSCR?O}|zaMOP�CFV�KbPHPDKZ?BN�KbP�IJCFEHCSQFEHCSI�t
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µ|?�C��UhJ[nMiKZN3EH_JCyV�MOKbN3Q`_^MiWYMOQuEYCSWDKZPXEYKZQFPk?O}¢EY_JC�_J?BPDEkzaMO[ZMª�
w:?O} � � ����)��
−
��AB�B�9MONJI8CSNa�wKZWH?ON��

V9CSNaEs]s{�CRhJWH?Bh	?BPDCREH_JCl}�?B[Z[b? {�KZNJz\KbNaEYCSWDhJWHCuE`MiEHKZ?BNct
µ�_JC�V9?OEHKZ?BN�?O}�EH_JC9zaMOPS]¢MOP�IJCSIJGeQSCSI }�WD?BV-EY_eC�CFV�KbPHPHKb?BN�[ZKZNeCSPS] QsMiNJNJ?OE�AdC9KZNaEHCSWHheWHCFEHCSI�MiP

#lCShJ[bCSWDKnMON�V�?iEYKZ?ON3KbN8MON$w3WHCSMOPH?BNJMOAJ[ZC�V�MOPHPjV�?wIJCF[ t�u¡E�VyGJPDEvAdCyM¶¿dCSQFEHCSI�A$w3PH?BV9C�KZNaEYCFWYMOQuEYKZ?ON
{�KbEH_ MON�KZNaEYCFWD�OCSNJKbNJz8?BA 0DCSQFESt:��E\[ZCSMOPDERE»{�?�h	?BPHPDKZAJKb[ZKbEHKZCFPlMOWHKbPHC �:o*� rkEH_JC�I¦wwN^MiV�KbQSP�?O}�EH_JC�zaMiP
KZPjV9?UIJK·¹^CSI:A$w�KZNaEYCFWYMOQuEYKb?BN�{�K�EY_3V�MiEDEYCFWvMiNJI 	i?BW�WHMOIJKnMmEYKZ?ON:}�WD?BV�EY_eC���x!��?OW\o��Br�K�Ej_^MOPjAdCFCSN
M¶¿dCSQuEYCSI£A$w�M�WDCSQFCSNaETQS?B[b[ZKbPHKZ?ON){�KbEH_�EY_eC�NJCSKbzB_fAd?BGeWHKZNez�zaMO[ZMª�
wTx �Bt��kP\EH_JC=QFCSNaEYWHMO[���x!� ?O}
� � ���,)��

−
��AB�B�8IJ?wCSPTNJ?iETMOhJh	CsMOW\�OCSW\w�IJK�¿dCSWDCSNaEL}�WH?OV ?OEH_JCSW 3fG^MiPYMOWDP9KbN EY_JC�PHMOV9hJ[ZCi]a{�_JKZQ`_

IJKbPHhJ[ZM w�WHCF[nMiEHKb�BCF[�w9V\GJNeI^MONJCR_J?BPXE�zaMO[ZMª�UKZCSP�KZN�{�_JKbQ`_�EH_JCmuX¤s��IJ?UCFP�NJ?OE�PD_J? {&?BAa�wKZ?BGeP�PHKZzONJP�?O}
IJKbPDEYGeWHA^MONeQSC�A$wREY_eC�QSCFNaEYWYMi[U��x!�&o�COtxzJtb]�� � � �O��) �R�B�B�'!e]O��?BGJWDAJKZN�CFEgMi[ tm�O�B�B� 5@�2�28nru]ª{�C�QF?BNJPDKZIJCFW
EY_eC�PDCSQF?BNJI8Cº�UhJ[nMONJMiEYKb?BN:MOP�V�?OPDE�[ZK��OCF[�wBt
¸�C�hJWD?Bhd?OPHClEY_^MmEjEH_JC!uX¤s� ?i}¢A	?OEY_�zaMO[ZMª�UKZCFP�o~_J?BPXEvMONJI-x1� r�_JMOPvA	CSCFN3P\{�CFheE�?OGeEjIJGJWHKbNJz9M

WHCFQSCFNfE<QF[Z?BPDC�KZNaEHCSWYMiQFEYKb?BNLMONeIL_^MOP�_^MiILKZNJPDG � QSKZCFNaE�EYKbV�C�EY?�WDCS[nM³�ct =vPDKZNJz�EH_JC��BCF[Z?wQSK�E»wyIJKbPHh	CSWDPHKZ?ON
KZN£EY_eC8zBWD?BGJh�MiP�MON7CSPXEYKZV�MiEHC3?O}vEY_JC3WHCF[nMiEHKb�BC��OCS[Z?wQSK�E»w£?O}�EH_JC�E»{�? KbNfEHCSWHMOQFEHKZNJz�zaMO[ZMª�UKZCSPF]n{�C
CSPXEYKbV�MiEHC�EH_^MiE�KbE2{�?BGe[ZI0_JM��OC�E`M=�iCSN

∼ 3 × 107 wOCsMOWDP�}�?BW�EH_JC3E»{�?�zaMO[ZMª�UKZCFPTEH? WHCSMOQ`_�EY_eCSKZWhJWDCSPHCFNaEyhJWD??0DCSQuEYCFI�PHCFh^MOWHMiEYKb?BN�t�µ�_JKbPRKZPlV\GJQ`_�PDV�MO[b[ZCFWkEY_^MiN�EH_JCLE»wwhJKZQSMO[gWHCF[nMª�eMiEHKZ?BN8EHKZV9C\?O}�M
V9CSWHzOCSW�o

∼ 109 wOCsMOWDPS]�¸�WHKZzO_fE@� ���B� 5 � �7�48�] -�MOWDNJCSP
� �'!�� 5q� 8nrut�v? {R]i{�CTNJCFCSI�EY?�Cº�ehe[nMOKbN%{�_YwO]¢Mi[bEY_e?BGJzB_<3fG^MiPYMOWDP�?i}�PDKZV9KZ[nMiWj[bGJV9KZNJ?BPDKbEHKZCSPyo~Cit@zetb] ����� �i��)
�l�a�B�'!BrTPDCSCSV GJN^MOAe[ZC8EH? KZ?BNeK =SC:EY_eC�KZNaEYCFWHPXEYCS[b[nMOW9zaMOP�?BGeEYPDKZIJC�EY_JC{QFCSNaEYWHMO[k��x!� WDCSzBKb?BN�]�EY_eC
QSCFNaEYWYMi[dCFNJzBKZNeCv?O} � � ����)��

−
��AB�B�RKZP�MOAe[ZC�EY?�PDEYWD?BNJzB[·wTC��UQSK�EYCvMONJI�KZ?BNJK-=SC�EY_eC,uX¤s�2MOP�}~MiW�MOP���EY?

Ac�fKb[Z?Bh^MiWHPHCFQOtau¡}1EH_JCkQF?B[Z[bKZPDKZ?BN�{�KbEH_�zaMi[nMª�
w x �k_^MOP�AdCFCSN=PXEYWD?BNJz\CFNJ?BGJzB_�EY?yWDCSV9?��BCvEH_JC�zaMiP�?BGUE
?O}�EH_JC�_J?BPDEvzaMO[ZMª�
wB]�CF�OCSN{KbN�EH_JC�V9?BPXEkQFCSNaEYWHMO[�WHCSzOKZ?BNJPF]�NJ?OEY_eKZNJz9KZPj[ZCu}�EjEH?=MOAePH?BWDA3EY_eC�Kb?BNJK =FKZNJz
WYMiIJKnMiEHKZ?BN8?O}�EH_JC13fG^MOPYMiW!{�_eKZQ`_�KZP�EH_JCSN�MOAJ[bC\EY?:hJWH?Oh^MOzaMiEHC\}�WHCFCS[�w3EY?:[nMiWHzBC\IeKZPDEYMONJQFCSPS] GJNaEYKb[�KbE
_JK�EYP�EY_eC�zBMOP�QS[Z?OGJIJP�V9? �wKbNJzL}~MOW�M½{�M½w=}�WD?BV EY_eC�QFCSNaEYCFWjMONJI�PDEYWD?BNJzB[·w=Kb?BNJK =FCSP�EH_JCSV�t
u�N3?OGJW�?BhJKbNJKZ?BNc]eMLWHCFQSCFNfEjQF?B[Z[bKZPHKb?BN {�K�EY_:zaMO[ZMª�
w5x �lKZP�EH_fGJP�EY_JCm�iC¼w�}~MOQuEY?BW�MO[b[Z? {�KZNezy?BNJC�EH?

C��UhJ[ZMOKZN9A	?OEY_TEY_JCjh	CSQSGe[ZKnMiW�V9?OEHKZ?BNL?O}cEY_JCjzaMOP�MONJI9KbEHP�_JKbzB_9IJCSzBWDCSCj?O}�Kb?BNJK-=sMiEHKZ?BNLA$wTEY_JCjQSCFNaEYWYMi[
3fG^MOPHMOWS]^Cu�BCSN��BCFWfw�}~MOW�M½{�M w�}�WD?BV EH_JCRPH?BGeWHQSC�?O}|WYMOIeKnMiEHKZ?BN�t

���������
	��
�
��������������� µ�_JClMOGeEH_J?BWDPn{�?BGJ[ZI�[ZK��OC�EY?yEH_^MONs� $^WYMONe�S?BKbPHCk��?BV\A	CSP�MiNJI & M¶¿�MiCS[nM
�3?BWDzaMONaEYKa}�?BW�GJPDCF}�GJ[fIJKbPHQFGJPHPDKZ?BNJP¢MONJI�PHGJzOzBCSPXEYKZ?ONJPSt µ�_JCk�j�l¤U�.�'�UEHWYMOzBMO[nMOQuEYKbQ$��MiE`MiA^MOPHCko ���$�lr
_^MOP�AdCFCSN�GJPDCSI=}�?BW�EY_JKbP�WHCFPHCSMOWHQ`_�t;x��SWYMi[ZIJKbNJC�)�CuE`M½{�ClKZP�M�EYCsMiQ`_JKZNJz\MOPHPDKZPDEYMONaE�PHGehJhd?OWDEYCFI�A$w�EY_eC
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>@C@:�25:LC@Wf.1C@6L:kbeNPIj25:9CG4;0RW@:9<]AD.187:9>@0H<SCbh9aU.D2?47A1:9<�Wf.DC@<]87:�YZNPCGW�CE>@O�hL0?47[h>G:1�uC@NP>@<SNPCU2�Q	NP>@<?< h
b 05.��RC@:L0S8;.¬�unG�":9ORQ@8;N��"h9:c:L2S8;:L<RQ@.105.1OqjL2?0?:L<RWG:-WohL69NPCUA1NP8;>G2?4;NPC ��.��fCgWG:-<L�/.1<H<?>@0H:90S[h>G:-8;.
C@NPCh~tWoh`25:96`2547NPCcW@:XaU.18l.¡�G47:zd7612?:X:9<H2F<H4;aPC@4B�f6^.�2547A1:M:L2yC@N1C-W@>G:Vb�>@C-.1032ihLY�.D6L2FW@:XWoh96LNPCUAPNP87>G2547NPC+q

=TC@:FQ@0H:9OR4nj90H:y.1Oqh98;47NP05.�254;N1C�:9<32�AP:9CE>@:TW@:F8�� hL25N14;8;:�W@:F�unG�¬:L8;87:`~tORª9OR:1q1©TNP>G<�.^A1NPC@<u69NPC@<32�.D2yh
[E>@:�87:9<�.D4;8;:L< W@:�8�� hL2?NP4;87:´W@:LAD.1CU2´<H:903Aj470�b=6LNPC@<3250?>G4;0?:�8l.F�unG� hL25.14;:LCU2�250HNPC@[E>ohL:9<´Qf.10s>@C@:�O].1>jA1.D4;<?:
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<?N1>@<H2?05.16`254;N1CSW@>S6947:98f8;N10?<�W@:y8l.X0yhLW@>@6L2?4;NPCRW@:L<�W@N1C@Coh9:L<9qj�&:TC@4BAP:9.1>SWG>SYZNPC@WRW@:F6947:98�hL25.1472u:L<H2547O�h
Qf.10T8l.ROS:L<?>@0H:JW@>¨<H4;aPCf.D8�.D>j�¨:§�h250yhLOS4B2ihL<=W@:J8;.RYZ:LCE2?:1q PM0L�KOS.187aP0yhX8l.R8;NPCGaP>@:9>G0=W@:V69:9878;:§~t694�m 7^�
<?:L69NPCGW@:9<xW+�i.10?6^p`�+C@N1>@<X.^APNPC@<XQ@> 6LNPC@<H25.D25:L0M[E>+�/.D>¬CG47AP:9.1> W@:�Q@0 h96947<?47NPCk0?:L[h>G4;<9� 8;:9<M:§�h250yhLOS4B2ihL<
W@:z8;.xYZ:LCE2?:z69N1CE2?:9Cf.D4;:9CU2�:LC@69N10?:z>@CG:z69NPCU2?0?4;IG>G2547NPC]W@>-D@>j��WG:z8l.V��nj�e[E>@4��hI@4;:LC�[E>@:z250 j9<�Y�.D4;I@87:1�
.<&K:96`2�.14B2�8;:M0 h9<?>G872�.�2yW@:M8l.JWohL69NPCUA1NP8;>G2?4;NPC q·��:96L4s:L<H2FW+�i.1>G25.1CU2yQ@8;>@<�Ah47<?4;IG8;:z[E>@:D�f8�� hL25N14;8;:TW@:x�unG�
C+� hL25.1CU2�Qf.1<JQ@.10HY�.14B25:LOS:LCE2V69:LCU250yhL:!<?>@0�8l.�YZ:LCU25:1��8l.-<HNP>@<32505.D6L2547NPCwW@>�6L4;:L8�0H:9C@Wf.D472J87:9<�.14;87:9<xW@:
8�� hL2?NP4;87:M.1<3�jOqhL2?0?47[h>G:9<9q	©FNP>@<T.�A1NPC@<F69NP0H0?47amhX69:L2T: &K:L2TQf.10y>@CG:VC@N1>GAP:L8;8;:X<HNP>@<H2?05.16`2547NPC-WG>$6947:98&:`2
>@C@:R<H�hOqhL2?0?4;<?.D2547NPC Qf.10X8��i.% HNP>j2XW+�i>GC@:S6LNPORQKNP<?.1CU25:v8;47Coh^.D4;0?:J.1>¬YZN1C@W WG:S6L4;:98´<HNP>@<x8�� hL2?NP4;87:1q =FC
ORª9OR:y2?05.14B25:LOS:LCE2u.HhL2yh=.1QGQ@8;47[h>bh�hLaU.187:9OR:9CU2�.1>j�R<?Q	:96`250H:9<�WG>][E>f.1<?.109�hQKN1>@0�8;:9[E>@:L8·8l.XW@4k�R69>G872ih
W@:�<HNP>@<32505.D6L2547NPCJW@>�6L4;:L8hAh4;:LCU2�W@:�8;.TQ@0 h9<H:9C@6L:FWG:�C@NPOJIG0?:9>G<?:9<´<HNP>@0H69:9<�8;:�87NPC@aTW@:�8l.yYZ:9CU25:Mm hL2?NP4;87:1�
[E>f.1<?.10y:L2FaU.18;.��j4;:=A1NP4;<H4;C@:^p`q
fX0?¢169:F.1>h��4;OS.1aP:L<´bMdf.1>G2?:y0yh9<HNP8;>j254;N1C�W@> �=njoM�UC@NP>G<�.^A1NPC@<�Q@>v�G�j:90�8;:L<´QKNP<H472?4;NPC@<�0?:98;.D254BAP:L<

W@:L<�<?NP>G0?69:L<´QKN1C@6L2?>@:9878;:9<�m�[E>f.1<?.10�:`29hL2?NP4;87:�p§�D.��fCJW+�i.1Oqh98;47NP0?:L0 8l.=< h9Qf.10?.D2547NPC�:LCU250?:�87:�[E>f.D<5.10�:`2´8;:
I@87NPI+qj©TNP>@<�.�A1NPC@<�NPIj25:9CE>c8;:L<�OR:94;878;:L>@0?:L<u< h9Qf.D05.D2?4;NPC@<�:9CU250H:M[h>@.1<5.10�:L2�I@87NPI�:LC!69NPCU250?.14;a1Cf.1CU2�8;:
69:LCU250?:=W@>][E>f.1<?.10�bxC@:TAD.10H4;:L0�[E>@:F250yjL<�8kh9amjL0?:9OR:9CU2�:L2�8;4;Cbh^.1470?:9OR:9CU2�:LC]YZNPC@6`254;N1CSW@:T8l.x8;NPC@a1>@:9>@0
W+�\NPC@W@:x.1>�C@4BAP:^.D>-W@:L<y�9NPC@:L<TW � hLOS47<?<?47NPC!4;CU2?:9C@<H:9<FW@>-IG8;NPI+q
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�&:9<!Q@0H:9OR4;:90H<]25:L<H2?<�Q	NP>@0S�G�j:90!>@C@: OS.1aPC@4B25>@WG:$8;47OS4B25:cW@:kWoh`25:L6L2547NPC_W@:kaU.D8l.��j4;:-NPCU2RhL2yh

0yh9.18;47<yhL<J<?>@0v87:9<J<HQK:L6L250H:9<Lq��&:!Q@0H4;C@6L4;Q	:
hL25.1472JW+�/.* HNP>G25:L0v.1>j�wW@NPC@CohL:9<v>@C@:caU.D8l.��j4;:].10H2?47�f6L4;:L8;8;:D�
<?>G47AD.1CU2M>@C Q@0HN1�f8�WG:��u.1>@69N1>@8;:L>@0?<zWG:�8l.10HaP:9>@0T:L2M6L:9CU250H:��G� h9<MQ@>@47<zW@:�W@47OS47CE>@:90T<?NPCk47CE2?:9C@<H472yh
Q	NP>@0=WbhL25:L0?OR4;C@:L0=bSQf.10H2?4;0yW@:J[E>@:L8�ORNPOR:9CU2T:98;87:VC �/.1QGQf.105.D4;<?<?.1472TQ@87>@<TW@.1C@<z87:xYZNPCGW¨CE>@O�hL0?47[h>G:
W@:¨8;. WohL69NPCUA1NP8;>G2?4;NPC�m�C@NP>G<�.^APNPCG<��G� h¨8l.¬8;4;OR472?:!W@:¨Woh`25:L6L2547NPC_b@7^{

σ
.1>�WG:9<?<H>@<!W@>_C@4BAP:9.1>

W@>eYZN1C@WeNPIj25:9CE>w<?.1C@<VaU.18l.¡�G47:R.% HNP>G2yh9:�p§q���:R25:L<H2�..hL2yh]0yh9.18;47<yhv<?>G0�W@:L<V250?.1C@6�d@:L<JW@:S8;NPC@a1>@:9>@0
W+�\NPC@W@:X[E>@4 C@:XORNPCU250?:LCU2TQ@.1<yW@:X05.147:MW+� hLOS47<?<H4;NPC+q@©TNP>@<F.^APN1C@<T:LC@<?>G4725:X6LNPCUAP:903254 :9C�OS.1aPC@4B25>@W@:
8;:L< D@>j�g8;4;OR472?:9<�NPIj25:9CE>@<]QKNP>G0S87:9<RW@4I&Ch90H:9CU25:L<SAD.18;:L>@0?<RW@:-69:9CU2?05.1aP:$:L2SW@:$8;.10?aP:L>@09�´N1IG25:LCf.1CU2
>@C@:yORN��P:9CGC@:TWG:

MV = −20.8
qh��:L2?2?:TOS.1aPCG4725>GW@:�C+�i.M69:9Q	:9CGWf.1CU2�Q@.1<LhL2ihy0H:9Q@0H4;<?:yWf.DC@<�8��i.10H2?4;6987:

hL25.1CU2´W@NPCGCoh9:�[E>+�\>@C@:�Q@.10H2?4;:u<?:9>G8;:9OR:9CU2´WG:�8l.FaU.18l.¡�G47:�dE�hQ	N125dbhL2547[E>@:�<?:L05.14B2�47C@6987>@<?:�Wf.1C@<�8;.FYZ:LCE2?:
W+�\NPI@<H:90HAD.D2?4;NPC �@8;: Df>h�-.14;C@<H4+NPIG2?:9CE>�C+� h`2�.1CU2FW@NPCG6x[E>+�\>@C@:XAD.18;:L>@0�OR4;C@47O].187:TQ	NP>@0�8;.JaU.18;.��j4;:1q
� .e8;47OS4B25:!W@:-O].1a1C@472?>@W@:-.1W@NPQG2yh9:-Wf.1C@<�8¤�/.D0H25476987:-.¬W@NPC@6 hL2ih-:9<3254;Oqh9:-<?>@0]8��\4;OS.1aP: �znhoMq

�T�@C W@:R<5.^A1NP4;0X<?4�8;.caP.18l.��j47:JC+� hL2�.D472XQf.1<xWoh`25:96`2ihL:S69.10x2?0?NPQ 6LNPOSQ@.16L2?:1�&C@NP>G<�.^APN1C@<V:L<H2?4;OqhR<?.
69N1OSQf.D69472yhT:LC�<?>GQ@QKN1<5.1CU2�>@CG:=OS.1aPC@4B25>@W@:�2t�hQ@47[h>G:zQKN1>@0�8;.VaU.D8l.��j4;:yd76D25:FW@:z69:T[E>f.1<5.D09�h:9C�C@N1>@<
If.1<?.1CU2J<H>@0�8;.-0?:L8l.D2?4;NPC OS.1<?<H:]W@> 250?N1>wC@NP470M~=OS.1<?<H:]W@>wIG>@8;I	:SN1I@<?:L0HAmhL:c.1>@<H<?4�IG4;:9C Wf.1C@<V8;:L<
aU.18;.��j4;:L<�.16`2547A1:9<Tm
4�6^�&>@0?: J50=>@C@87NPQR�1{P{P� "i�P«%$ p�[E>@:�CGNPCj~�.D6L254BAP:L<Fm
4$.10H69NPCG4�J �F>@CU2��1{P{ � "\�N7�$lp`q
=TCG:�aU.18;.��j4;:�W@:�69:L2H25:�OS.1aPCG4725>GW@:1��<H>@47AD.1CU2�>GCJQ@0?ND�f8jWG:�W@: �u.1>@69N1>@8;:L>@0?<L�1.�h`2ih�.% HNP>G2yh9:�bT8��\4;OS.1aP:
4;CG47254;.18;:D�G:`2=C@N1>@<z.^APN1C@<=Y�.14B2TWbh9690HN�;;2?0?:x<5.R8l.10HaP:9>@0  H>@<H[h> �/b]6L:�[E>+�\:9878;:xC@:V<HNP472TQ@87>@<TWbhL25:L6L2yh9:JQf.D0
C@N12?0?:�.187aPNP0?4B25d@OR:1q ��2R8l.kaU.18;.��j4;:�0H:9<H2?:�Ah47<?4;IG8;:!.1QG0yj9<RWohL69NPCUAPN18;>G2?4;NPC  H>@<H[h> �/b¬>@C@:�8l.10HaP:9>@0�W@:
7�{P{DQK6D�@69:X[E>@4 :9<32TWbh90?47<?NP470?:zQ	NP>@0y>@CG:xaP.18l.��j47:zC@NP0HO].187:1q

�´C@<?>@4B25:D�P:9C��G�G.1CU2u>@C@:�8;.10?aP:L>@0�2t�hQ@47[E>@:yW@:�aU.18;.��j4;:u69:9CU2?0yh9:y<H>@0´8;:�[E>f.D<5.10L�PWf.1C@<´>GC@:yaU.1OROS:
.1878l.1CU2uW@: 7�{<LhQ	6Mb��D{�LEQK6D�GC@NP>G<�.^APNPC@<�W@4;OR4;CE>ohF8l.�87>@OR4;C@NP<H472yh�W@:z8l.xaU.18;.��j4;:T.% HNP>G2yh9:  H>@<H[E>+�/bJ6L:
[E>+�\:98;87:MW@:LAh47:9C@C@:xC@NPCcWoh`25:L6L2�.DI@8;:x.1Q@0 j9<FWoh96LNPCUAPNP87>G2547NPC+q
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 (
��NP4;6L4f8;:yWoh`2�.1478@W@:9<�69NPCUA1:90?<H4;NPCG<�W@:L<�OS.1aPC@4B25>@WG:9<u.1Q@Qf.D0?:9CU2?:9<u:9C]OS.1aPCG4725>GW@:9<u.1I@<HNP8;>G:9<9�E.^A1:96

8;:MWbhL2�.D4;8+W@:L<ydE�hQ	N125dbj9<?:L<=:`2TORNhWoj987:9<�:9ORQ@87N¡�"h9<Lq
� / ����� �	� � � /�
 � 	�
��
� ���
��� / ��/74
� .ROS.1aPC@4B25>@WG:M.1Q@Qf.D0?:9CU2?:xWG>-[E>f.1<?.10y<?:L>@8��fWf.DC@<y8;:z�f8B250?:X��«P{P« ( W@:x8��\�F��n�:9<H2FW@:

mqso(f606w) = 15.63
q9��NP>G0&69NPCUAP:L0H2?4;0&:9CxOS.1aPC@4B25>@W@:�.1I@<HNP8;>@: ���^C@NP>G< .�A1NPC@< I	:9<?N14;C+�^:LCXQ@8;>@< W@:

8l.M6LNP0?0H:96L2?4;NPCRW@:yW@47<H2�.DC@69:
dl

:L2uW@:F8��\:`�h2?4;C@6`254;N1C
A
�Ebx8;.=YZNP4;<�W+�\>@C@:F69N10?0?:L6L2?4;NPCvQ	NP>@0�6�df.1C@a1:9OR:9CU2

W@:x�f872?0?:XW@:J��«P{P« ( b �J�·6LNP0?0H:96L2?4;NPC-NPIG2?:9CE>@:�WG4;0?:L6L2?:9OR:9CU2z:LC$69N1OSQf.D05.1CU2=bS8��i.147W@:MW@>¨<HQK:L6L250H:
8;:L< Df>h��47CE2yh9aP0 h9<�.1>]250?.^AP:90H<�W@:L<�If.1C@WG:9<�Qf.D<?<5.DCE2?:9<�6LNP0?0H:9<?Q	NPC@W@.1CU25:9<�Q@.10�6LNPOSQ@.105.147<?NPCSb ��h9aU.G�
:L2FW+�\>@C@:X6LNP0?0H:96L2?4;NPCc6LNP<?ORNP8;N1aP4;[E>@:zWG:x8;.10?a1:9>@0�W@:XIf.DC@W@:1q

Mqso(V ) = mqso(f606w)− 5 log dl + 5 − A + (V − f606w)− 2.5 log (1 + z)

= 15.63 − 41.00 − 0.05 − 0.0094 − 0.27

= −25.78

� .�W@4;<32�.1C@6L:X8;>@OR4;C@N1<?472yh=:L<H2FW@:
dl = 1583

4-Q	61�f:LC-QG0?:9C@.1CU2
z = 0.285

:L2
h = 0.65

q
� / ����� �	� � � /�
 � 	�
��
� 
�� ��� � ����� / 
 ��� ��� ��� 
 / �	��	�� �
�&:9<z<H4;OJ>@8;.D2547NPC@<�NPCU2=W@NPC@Coh�>@C¨05.DQ@QKN10H2TW@: Df>h�¨:LCE2?0?:J8;.RaP.18l.��j47:V.D0H254B�f6947:9878;:M8;47OS4B25:Rm

glim
p

Woh`25:96`2ihL:z.1Q@0 j9<�WohL69NPCUAPN18;>G2?4;NPCR:L2u8;:y[E>f.1<?.10�W@:
Fglim/Fqso = 8 ·10−3 qE� .MO].1a1C@472?>@W@:y.1Q@Q@.10?:LCE2?::9<32FW@NPC@CohL:VQ@.10

mglim(f606w) = mqso(f606w) − 2.5 log (Fglim/Fqso) = 20.87
� .�69N1CEA1:90H<?4;N1C!:9C�OS.1aPC@4B25>@WG:=.1IG<?NP87>@:=C@:=QK:L>G2�<H:=Y�.14;0H:=.D>@<?<H4 W@470?:96`25:LOS:LCE2�[E>@:zQ	NP>@0�87:T[E>f.D<5.10L�
hL25.1CU2�W@NPCGCoh�[E>@:�C@N1>@<�C@:�W@47<?Q	NP<?N1C@<�Qf.D<JW@:�<HQK:L6L250H:!QKN1>@0�8;.-aU.18;.��j4;:$m�Q@>G4;<?[E>+�\:9878;:SC+�i:L<H2vQf.D<
Woh`25:96`2ihL:�p!.D�fC_W@:$WohL2?:90?OR4;CG:90�8;.e69NP>G8;:9>G0�:9CU250H:k8;:L<S�f8B250?:L< ��.1>_0H:9Q	NP<!:L2!��«P{P« ( N1I@<?:L0HAmhDq
nj>@4BAD.1CU2V87:9<XdU�hQKN12?doj9<H:9<�Y�.D4725:L<M<?>@0x8l.!aU.D8l.��j4;:�d�6125:D�&69:L2H25:R69NP>G8;:9>G0xQ	:9>j2VAD.10H4;:90Lq&��.D0V:§�G:LOSQG8;:1�
Q	NP>@0X>@C¬I@>@8;I	:v69NPORQ@0H:9Cf.1CU2x>@C@:RQ	NPQ@>@8;.D2547NPC¨W+� hL2?NP4;87:9<MAh4;:9478;87:9<vm

∼ 10
fz�j05p`�+87:9<X<H�hCU25dbj9<?:L<JW@:

Q	NPQ@>@8;.D2547NPCV<325:L8;8l.D4;0?:�W@:�¸�0?>@�L>f.18j:L2���d@.10?87N12�m¤�1{P{ � "?7�}�$ p§�1.DQ@0yjL<�4;CU2ihLaP05.�254;N1CVW@:�8;:9>G0?<�ORNhWoj987:9<sW@:
Df>j�JWf.1C@<�8;:9<��f872?0?:9<�:9ORQ@8;N��mhL<9�DQ@0yhLW@4;<H:9CU2�>@C@:�6LNP>@8;:L>@0�m �T~�Y�«P{P«<)Tp

= −
{Gqi�zO].1aGqPnj4jQf.10�69NPCU250H:�NPC

NPQG2?:�Q	NP>@0F>@C@:VQKNPQG>@8l.D2?4;NPC  H:L>@C@:cm
∼ 150

4��h05pF69N1OSOR:V6L:9878;:M250HNP>GAmhL:JWf.1CG<=8l.RaU.18;.��j4;:zAPN14;<?47C@:
W@>J[E>f.D<5.10L�D6L:L2?2?:�69N1>@8;:L>@0�WG:LAh4;:LCE2ym �T~�Y�«P{P«<)Tp

= −
{Gq?7 � OS.1a@q¡� .=OS.1aPCG4725>GW@:u.1I@<?N18;>@:u:9<32´NPIG2?:9CE>@:

:9C�69N1OJI@4;C@.1CU2y69:9<F4;CjYZNP0?OS.D2547NPC@<�.^AP:96x8;:L<y69NP0H0?:96`2547NPC@<�df.1IG4725>G:98;87:9<�WG:xWG4;<H25.1C@6L:x:`2F69NP<HOSNP87NPaP47:1q
Mglim(V ) = mglim(f606w)− 5 log dl + 5 + (V − f606w)gal − 2.5 log (1 + z)

= 20.87 − 41.00 + (V − f606w)gal − 0.27

= −21.2 pour une population stellaire vieille

= −20.5 pour une population stellaire jeune
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� .XOS.1aPCG4725>GW@:�.1I@<HNP8;>G:FWG>R[E>f.D<5.10�Q	:9>G2uC@NP>G<u47CGYZNP0HOS:L0�<?>G0u8;.zO].D<?<?:F.D2H25:LC@W@>@:yW@>v250HNP>vC@NP4;0

µtn

� :9CeYZNPCG6L2547NPC¬W@:]8¤�idU�hQKND25dojL<?:SY�.D4725:v<H>@0�87:R25.1>j�¬W+�i.1696L0yh`254;N1CeW@:S69:987>@4B~ 694�q���NPOROS:v61�\:9<32J8;.
8;>GOS47C@NP<?4B2ih�I	NP8;NPOqhL2?0?47[h>G:�W@>�[E>f.D<5.10´[E>@4j:9<H2u.D<?<?Nh694kh9:�bz8;.=8;>GOS47C@NP<?4B2ih�W+���´W@W@4;CGa125NPC�mZ8;>@OR4;CGNP<?4B2ih
W+�\>@C�[E>f.1<5.D0�:9CEh9[E>@478;4;IG0?:]:LCU250?:!QG0?:9<H<?47NPC�W@:�05.DW@4l.D2?4;NPC :L2�YZNP0H69:�WG:!aP05.^Ah4725.D2547NPCe6L0yhvhL:cQf.10J8;.
OS.1<?<H:�W@>k250?N1>¬CGNP4;05p`� CGNP>@<X.^APNPCG<x:LOSQG8;N��mh�>@CG:R0 h9aP0H:9<H<?4;N1C¬:LCU250?:v8;.�O].1a1C@472?>@W@:�W �#�´W@W@47C@a12?NPC
Wf.1CG<]8l. If.1CGW@:

V
�
Medd(V )

�u:`2�8;.¬OS.1<?<H:$W@>£250HNP>�C@NP4709��2?4;0yhL:-WG:¨��87N¡�hWg:L2!.D8�qFm��D{P{1| " � «�$ p§�
W@NPCGCf.1CU2

Medd(V ) = −26.72
Q	NP>@0�>@C]250HNP>�C@N14;0�W@: 7�{ 9M�

.D69690 hL25.1CU2�b�8;.V8;47OS4B25:�W �#�´W@W@47C@a12?NPC
NP>

Medd(V ) = −25.97
<H4&8;:z2?0?NP>cC@NP470�C+�i.1696L0yjL2?:V[E>+�ibS}1{�
 WG:x8;.J8;47OS4B25:=W �#�´W@W@47C@a12?NPC+q

µtn = 109M� . 10−0.4(Mqso(V )+25.97) = 8 · 108M� (50% Edd.)

µtn = 109M� . 10−0.4(Mqso(V )+26.72) = 4 · 108M� (100% Edd.)
� .VOS.1<?<H:TW@>S250?N1>]C@NP470u.14;C@<H4@250HNP>GAmhL:z:9<32�0H:98;4kh9:FbV8;.x87>@OR4;C@NP<H472yh�W@>]IG>@8;I	:TWG:=8l.XaU.18;.��j4;:�Qf.D0

8l.J0H:98;.D2547NPC!NPI@<H:90HAD.D2?4;NPCGC@:9878;:zW@N1C@Coh9:xWf.1CG<�4�6^�&>@0?: J 0T>@C@8;N1Qem¤�1{P{U�-"\�P«<$lpz�

log (µtn/M�) = −0.5Mbulbe(RC) − 2.9

��NPOROS: Q	NP>@0c8��\:9<3254;OS.D2?4;NPC_W@:¬8l.�OS.1aPC@4B25>@W@:k874;OR472?:¨W@:¬WohL2?:96L2?4;NPC �F8;.�69NPCUAP:L0?<H4;NPC WG: 8;.
OS.1aPC@4B25>@W@:yW@>S�f872?0?:

RC

.1>S�f872?0?:
V
WohLQK:LC@W!W@:L<�dU�hQKN12?doj9<H:9<�Y�.14B25:L<�<H>@0�8;.VaU.D8l.��j4;:DqE��NPOROS:F69:L<

�f8B250?:L<�<HNPCU2�<H25.1C@Wf.D0?W@<L�j478	:§�j4;<H2?:=W@:L<�6LNP>@8;:L>@0?<u2t�hQ@4;[E>@:L<�W@:=aP.18l.��j47:9<�Wf.1C@<��f> LE>@aP4725.V:`2�.18¤q	m 7��P�P}
" � �<$lp`q+�sNP>@0z>GC@:JaU.18;.��j4;:�.�A1:96�>@CG:�QKNPQG>@8l.D2?4;NPC�<H2?:9878l.1470?:XAj47:9478;8;:D�

(V − RC) = 0.61
�K25.1C@W@47<=[E>@:

Q	NP>@0´>@C@:�aP.18l.��j47:1 H:9>GC@:
(V −RC) = 0.15

qE��:�[E>@4fC@NP>G<´W@NPC@C@:yW@N1C@61�PQ	NP>@0´>GCv25.1>j�JW+�/.D69690 hL2?4;NPC
b'7�{1{�
 W@:�8;.-8;47OS4B25:JW �#�´W@W@47C@a12?NPC+�

MV = −22.9
QKNP>G0�>@C@:SaU.18;.��j4;:  H:9>@C@:SNP>

MV = −22.4Q	NP>@0u>@C@:zaU.D8l.��j4;:�Ah4;:L4;878;:1qP��NP>@0�>@C]25.1>j�SW+�i.1696L0yhL2?4;NPC]b�}1{�
 WG:=8l.x8;47OS4B25:�W+���´W@W@47C@a125N1C+�jN1C�.1>@0?.
MV = −23.5

QKNP>G0�>@C@:XaU.18;.��j4;:  H:L>@C@:x:L2
MV = −23.0

Q	NP>@0y>@C@:XaU.18;.��j4;:=Ah47:94;878;:Dq
��NPOROS:´<HNP>@8;47aPCoh´W@:LQ@>@47<�8;.yQ@.10?>G2?4;NPCXW@:�8¤�/.1032547698;:�Qf.10H4-:90H0?4B2?2 :L2�.18¤qEm��D{P{P«�"i�1�<$ p§��8��\:9<3254;OS.D2?4;NPC

W@:S8l.-OS.1<H<?:]WG>e250HNP>wC@NP470xAh4;.-8l.c8;>GOS47C@NP<?4B2ihvW@>w[E>f.D<5.10V:9<H2J<?>@0H:9<H2?4;Oqh9:S<?4u8;:][E>f.D<5.10�.1696L0yjL2?:
.1>_W@:L<?<H>@<cW@:¨8l. 8;4;OR472?:!W+����WGW@4;C@aD25NPC+��69:¨[E>@4=:9<H2�8;:¨69.1<�Q	NP>@0�87:9<]��fX©*bw0?.14;:L<]W+� h9OR4;<H<?4;N1C
hL2?0?NP4B25:L<V6LNPOSOR:�<?:LOJI@87:S8¤�iª`250?: � �R{1|E}D{�~3�1�P}1�Gq nj4�NPC <?:RIf.1<H:]<?>G0V87:v2?doh9N10yj9OR:RW@> Ah4;0H4;:L8´QKNP>G0
8��\:9<32547O].D2?4;NPC W@:S8l.cO].D<?<?:]69:9CU2?05.187:¨m �x.D<?Q@4u:L2J.18�q��1{P{1{'"i}D|<$lp`�sNPCwNPIj254;:LCU2

µtn = 6.5 · 107M�

q
��:=[E>@4	C@NP>G<�W@NPCGC@:z.187NP0?<u69N1OSOR:yO].1a1C@472?>@W@:F.D2?2?:9C@WG>@:zQ	NP>@0u8l.XaU.18l.¡�G47:1�U:LC�<?>@4BAD.1CU2�87:9<uOSªLOS:L<
69N1CEA1:90H<?4;N1C@<�WG:F6LNP>@87:9>@0L�

MV = −20.8
Q	NP>@0´>@CG:FQ	NPQ@>G8l.D2?4;NPC�Ah47:94;878;:D�1NP>

MV = −21.3
Q	NP>@0´>@C@:

Q	NPQ@>@8;.D2547NPC  H:9>@CG:1q�0z.1C@<u69:F6^.D<9�EW@NPC@6D�U8l.MOS.1aPC@4B25>@W@:�874;OR472?:�:9<32�6LNPORQf.D2547I@8;:�.�A1:96F8l.MOS.1aPC@4B25>@W@:
.D2H25:9CGW@>@:1��:L2!8;. C@NPC_WbhL25:L6L2?4;NPC_W@:k8;. aU.D8l.��j4;:�Q	NP>@0?0?.1472]ªL2?0?:¨:§�GQG8;4;[E>ohL:¨>@C@47[E>@:9OR:9CU2!Qf.D0�8;:L<
8;47OS4B25:L<�NPI@<H:903A1.�254;N1C@C@:9878;:L<9q
��NPOROS:�WbhL2�.D4;8;8kh�.1>�6�d@.1Q@472?0?:F}j�D69:`2?25:yOqhL2?d@NjWG:�W+�\:9<H2?4;OS.D2547NPCJW@:�OS.1<H<?:�69:LCU2505.D8;:�Wf.1CG<´8;:�69.1<

W@:L<�[E>f.1<?.10?<�bT0?.14;:L<�h`250HNP472?:9< :9<32�<?>% H:L2?2?:�bF6^.1>j254;N1C+��8l.�<yhLQf.10?.D2547NPCV:LCU250?:�8;:L<s6LNPORQKNP<?.1CU25:L<�8;.10?aP:�:`2
hL2?0?NP4B25:�W@:�8l.F05.147: �

β
<?:903AD.1CU2�bz8�� hLAD.187>f.D2547NPCXW@:�8;.TOS.1<?<H:ZhL25.1CU2�.1OJI@47a��@:Dq1nh4��D.1>J8;47:9>VW@:�Q@0H:9C@W@0H:

8l.V8l.10HaP:9>@0�25ND2�.187:=W@:��
β
6LNPOROS:yY�.1472�694 ~tW@:L<?<?>G<9�@NPC]<yh9Q@.10?:M87:9<�W@:L>j�!6LNPORQKNP<?.1CU25:L<�:9C!47OSQ	NP<5.DCE2

8l.�OSªLOS:S8l.10HaP:9>G0VW@:]05.147:]b$8;.-6LNPOSQ	NP<?.1CU25:gh`250HNP472?:]W@: �
β
[E>+�/b¨8;.-0?.14;:�hL250HNP472?:SWG: " PzrHr?r $¤��8;.

OS.1<?<H:�69:LCU2505.D8;:�WG:LAh4;:LCE2
µtn = 1.8 · 108M�

:L2=8;:X2�.1>j�-W+�i.16L690yh`2547NPC$C+�\:9<32MQ@87>@<=[E>@:V8nh9a"j90?:LOS:LCU2



7�{P« ���������
	���
 �������5�<������� ��� ���

4;CjY h90?47:9>@0TbS8;.S874;OR4725:MW �#�´W@W@47C@a12?NPC+qK� :L<=OS.1aPC@4B25>@WG:9<T.D2?2?:9C@W@>G:9<M<?N1CE2z.18;N10?<
MV = −21.7

Q	NP>@0
>@C@:XQ	NPQ@>@8;.D2547NPC�Ah4;:L4;8;87:=:`2

MV = −22.15
Q	NP>@0�>GC@:VQ	NPQ@>G8l.D2?4;NPC  H:L>@C@:Dq

nj4+NPC!<H>@472 4-:90H0?472H2�:`2F.18�q m��1{1{P«-"\�P��$lp`�@478K<H:MQK:L>G2�W@N1C@6M[E>@:M8;:L<�O].DaPC@472?>@W@:L<�8;47OS4B25:L<�W@N1C@Coh9:L<
Wf.1CG<T8¤�/.1032547698;:=.14;:LCU2�h`2ihX>@C�QK:L>-2?0?NPQ�NPQG2?4;OR4;<H2?:9<�:LC�Y�.^A1:9>@0FW@:x8l.�C@NPCj~ WohL2?:96`254;N1C�WG:V8;.vaP.18l.��j47:1q
��:9Q	:9CGWf.1CU2^��Qf.10HOS4�8;:9<vW@4?&�hL0?:LCE2?<v[h>@.1<5.10H<SQG0yh9<H:9CU2�.DCE2]8;:L<R69.105.D6L2ihL0?47<H2547[E>@:9<vW@:]¥3©T.10?0HN*)��&4;CG:
9Xn Pz<3¦5� � �R{1|E}D{�~3�1�P}1�-:L<H2v8;:]<?:9>G8�QKN1>@0J8;:L[E>@:98�8l.$aU.D8l.��j4;:SC+�\:9<H2vQ@.1<JWoh`25:96`2ihL:1�´:L2J0?:9<325:cW@NPCG6
Wf.1CG<�69:¨69.1W@0H:¨>@C_6^.D<!beQf.1032^��[h>G4=0?:�D�jL2?:¨OS.18;aP0 h�2?NP>G2]>@C_NP>_Q@87>@<?47:9>@0H<]Q@dohLC@NPOqj9C@:L<!d@NP0H<
C@NP0HOS:Xb�hL8;>@6L4;W@:L09q
�������h|@qI7��Snh�hCU25dbj9<?:MWG:9<�OS.1aPCG4725>GW@:9<u.D2H25:9CGW@>@:9<�:9C]YZNPCG6L2547NPCRW@:=8;.xQ	NPQ@>@8;.D2547NPCv<H2?:98;8;.14;0H:1�P<H:987NPC
8l.xO�h`25d@NhW@:zW �i:L<H2547O].�254;N1CSW@:=O].1<H<?:zWG>�250?N1>!C@NP4;0L�EIf.1<yhL:Rm 7¡p�<?>@0�8l.�87>@OS47C@NP<H472ihyW@>![E>f.D<5.10�:`2�8;:
2�.D>j�cW+�i.1696L0yh`254;N1C�N1>wm¤�Pp�<?>@0y87:z25dohLNP0yjLOS:XW@>!Ah4;0H4;:98¤�G:`2TOS.1aPCG4725>GW@:9<yb�8l.J874;OR472?:TW@:xWoh`25:96`2547NPC+q

4.hL25dGNjW@: ��6L690 hL2547NPC ��NPQ+q< H:L>@C@: ��NPQ+q@Ah47:94;878;:
m 7¡p3�&>@OS47C@NP<H472ih }1{ 
 �´W@W+q ~�� � q/} ~3� � q/{

7�{P{ 
 �´W@W+q ~��P�jqi� ~3�P�hqi|
m��1p �z470?47:98 �P}1{ 
 �´W@W+q ~��C7Pq � ~3�1{jq/�

�P{ 
 �´W@W+q ~��P�jq/� ~3�C71q A
�&4;OR472?:=Woh`25:96`2547NPC ~��1{Gq/} ~3�C71q �
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��
©TNP>G<xCGNP>@<x<?NPOROS:L<M4;CU25:L0?0HNPamh9<M<H>@0x8l.�Cf.D2?>@0?:vW@>¬CE>f.1aP:vW@:vaU.D�R47NPC@47<yh1� .1Q@Q	:98khRIG8;NPIkWf.DC@<

8��i.103254;6L8;:DqPrt8·<9�i.1aP472�<?N1472uW+�\>@C�CE>f.1aP:FW@:TaU.1�F4;C]<H472?>S[E>@4	<?:F250?N1>GAP:T4;8;87>@OR4;Coh�Q@.10�87:y[h>@.1<5.10�Q@0?Nh6�d@:D�
<?N1472vW@:c8l.¨<H:9>@87:cQf.10H2?4;:!W@:c8;.¨aU.18l.¡�G47:�d7612?:�Ah4;<?47I@8;:c.D>�2?05.^AP:L0?<RW+�\>@CgdU�hQ	N125doh`2547[h>G:�CE>f.DaP:cW@:
Q	NP>@<?<H4njL0?:1�G<?NP4B2�8l.J©T� µ)W@>c[E>f.1<5.D0�[h>G4+<?:L05.14B2�0yhL<?NP87>@:M<?>@0�87:9<�47O].DaP:9<�WG> �znjo³:L2y:9CcQf.D0H2547:=<H>@0
8;:L<�<?Q	:96`250?:L<9q
�T�fC�W+�\��A1NP4;0RQ@8;>G<S6L8l.14709�´C@NP>G<�.^APNPCG<]:9<32547O�h�8;:�05.1QGQKNP032][E>f.D<5.10GFDI@8;N1I�<?>G0]8��\4;OS.1aP: �znjo

m
∼ 40

px:L2�6L:!OSªLOS:S05.1Q@Q	NP032J<?>G0�8;:9<�<?Q	:96L2?0?:L<�4;CU2ihLaP0yhL<�m
∼ 65

p`��.1Q@0 j9<�OJ>@8B2547Q@8;476^.D2?4;NPCkQf.D0J8l.
69N1>@0?I	:=W@:=0yh9Q	NPC@<H:zW@>]�@87250H:T:LOSQG8;N��mhTQKNP>G0�8��\NPI@<H:903A1.�254;N1C].^AP:L6M8��\�F��n¨m¤��«P{P« (³p§qj� .x<?4;OR4;87472?>@W@:
W@:L<�0?.1Q@Q	NP0H2?<�6LNPCG�f0HOS:y[E>@:F8;:yI@8;N1ISW@:F8��\4;OS.1aP:�:9<32�:L<?<?:LCU254;:L8;87:9OR:9CU2�6LNPORQKNP< hyW@:TaP.1�1�UOS.14;<´[E>+�\4;8
�V.T6L:90H25.14;CG:9OR:9CU2�>GC@:�Qf.D0H2547:�WG:�8l.y<?N1>@0?6L:�Q	NPC@6L2?>@:9878;:u[E>@4��¡<?>G0�8;:L<�<HQK:L6L2?0?:9<L�1<H:�Oqh98l.DC@aP:u.1>JI@87NPI+q
�´C!: &K:L29�@<?4KQKNP>G0�8l.x05.147: "BPMrHr?r $&}1{P{�Aj�h8l.xQ@8;>G<�4;CU25:LC@<?:MQ	NP>@0�8;:zIG8;NPI+�hNPC!.* HNP>G25:z.1>-Df>j��W@>!I@8;N1I
8;: Df>j� W@:v8;.]05.147:JW+� h9OR4;<H<?4;N1C hL250HNP472?:JW@>¬[E>f.1<5.D09�+C@N1>@<XNPIG25:LC@NPC@<M>GC 0?.1Q@Q	NP0H2M[E>f.D<5.10GFDI@8;N1IkW@:
|U{Gq/}j�@QG05.D2?4;[E>@:9OR:9CU2y47W@:9CU2547[E>@:xbv6L:987>@4&OS:L<?>@0 hX<?>@0y8��\4;OS.1aP: �znjoMq	�&:9<y0?.14;:L< hL250HNP472?:9<yW@>c[E>f.1<?.10
Q	NP>@0?0?.14;:LCU2zW@NPCG6JAP:9CG4;0MW@>kI@87NPI¨87>@4�ORª9OR:�[E>@4�CG:�<?:90?.1472M.1>G250H:J[E>@:�8l.]©=� µ�W@> [E>f.1<?.10z[E>+�\NPC
0yhL<?NP>GW@05.14B2^q	�´�/.D0H25476987:MW@: 4-:L0?0H472?2F:`2z.18¤q1"i�1�<$sW@NPC@C@:xW+�i.14;878;:L>@0?<�>@CG:�:9<32547O].D2?4;NPCc:LOSQ@470?47[h>G:xWG:V8;.
2�.D4;8;87:�W@:�8;.=©=� µ�<?:�I@.1<5.1CU2´<H>@0�8¤� h`2�.D2�W+�\4;NPC@47<5.D2?4;NPCxW@>�aU.D�1��:L2�6L:L2H25:�:L<H2547O].�254;N1C�m

∼ 1.5kpc
p&69NP878;:

I@47:9C�.^AP:L6�8l.y2�.1478;87:´NPI@<?:L0HA"h9:�W@>�I@87NPI�<H>@0�87:9<s4;OS.1aP:9<�m
∼ 1.2kpc

p`q<0��\>@Cv.1>G2?0?:�6�612yh1��8��\NPI@<?:L0HAD.D2?4;NPC
:9<32 hLaU.18;:LOS:LCU2V6LNPORQf.D2547I@8;:v.^A1:96�8¤�idU�hQKND25dojL<?:]WG>e[E>f.1<?.10�47<?NP8kh1�&[E>@4�C@:]6LNPORQ@0?:LC@W@05.D472x[E>@:]W@:L<
05.D4;:9<=8l.10HaP:9<L� :L2X[E>@4�4;NPC@47<?:L05.14B2=>@CG:RCE>f.DaP:�W@:�aU.1��4;Ck<?4B25>k0H:969N1>GAh05.1CU2xQf.103254;:L8;87:9OR:9CU2=87:J[E>f.1<?.10
<?>G0F87:MQ@8l.DC�WG>-6L4;:98¤q
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ṀE

'�AF3679+�3]-�36:
£ N *>*

ṀE
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