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Sν
¸
À\Á

erg.s−1 · cm−2 · rad−2 ·Hz−1
'
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x

x-dx

Vers l'observateur

Vers le centre de l'étoile

dx ds
θ

ÁÃÂ!ÄuÅ E
Few

Æ/é knsWrf¦+dfkni2m�oKmgcehjiê�/� �WiMku§�¦+hjaUknmgrgcekusW�xoKi�«Ìs�oKr�oK�_�e�n�ek�^
pq��!m3&�V#���/

µ = cos θ
¡
θ

� �X/0,�MO#��2%&,��e�+�L/
4
�U,�#j�23&4�cj#�,��Ugh,.#j��K24�Z�#�*+�-Q2�U,NMObB/V3&��,��'�+/0,�#j,���%&�2�eQ6�
()����b � ¤ 3��"3�d6/V��� ��/Y�

µ
dIν

dτν
= Iν − Sν

¡ � 5 3�3 ¤
|_K6* * �+�
����(&�+ch�+��/��
3��L/�* #�,�*+K2,�b+� ��!m3&K24;*
1$#�*+K2�2�'Q2�Y* � �;*+3&K2*
12�+�e�

� ��#�!24�3�Z\3&�2Q2�+K24Y3&!6/
��ILK2�
τν

g�!$#�4X/V��40Q2�E,.#�cj#��
�
�-(�3&,�K2ca��ILK2�
ρ

�+/'Q2K�* 3)�+×a*+��� ��/'QSMO#�d_^
��3&4
!_/V��3��

κν

Q2K"ca��,���� KJ�

dτν = −ρκν
dx

µ

¡ � 5 3.1 ¤
� ��#U/V�+ch!mb 4
#�/VK64
�

T (τ)
I)K6��� MTb * 4���/�� �"!24�� ca��R 4��Y#�!2!24�3k�6��cj#�/V��3���Q$#��2�;,��0*k#��;%&4����

T 4(τ) = T 4
eff

3

4
(τ + q(τ))

¡ � 543�° ¤
3-�

q(τ) = 0.6940− 0.1167e−1.9720τ + . . .
¡ � 543E2 ¤

�+��/�,.#eZ\3��2*+/
��3&�oQ2�'�f3�!6Z�5
����* #��x%&4
���{!]�+K6/x�
�+4�()��4xQ2��!64
� ca��R+4
���t/Vb 4
#�/V��3&�UQ2KE!24�3�ª$,2¬'¡

τ ¤ ch#����{*+� ,�K2�t^½* �6�+��/}4
�+*k#�,�* K2,�b
s�K6�
ILKSMOga*+�'ILK2�',�MTb ILK2��,���d24
�f4V#�Q2��#�/V�tZ½��§��
3&�t/;�V#�/
���XZ�#���/ 5

±\Í ÆL¸&Ö�µ�µ�¹�à ��¾·¸X³�ÈBÃ¦¸{³�Ç+¹¨Ã¢Ç
ÁNÃ¦ßB¸?¸�ÁG»X´B¾kßB¸
»�Á�ÃOß+¸�¾·¸{ß
Ç�³�Ã¦¸?¶�ÇBÀ�¹�à µ·¾·¸q¶·³�´�Ë¥´+¾�¹¨¸�µ·³4%=Ì�à Ç�µ¨Á�³N¸q¹¨¸{Ì�à Ç�ÁNÂ=´+ÀN¶·¼�ë�³N¸�'
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� ��#0Z\3��2*+/
��3&�U��3&K24�* �

Sν(tν)
ILK2�$� �X/k`&Q2#��2�x,��=* #��qQ2��,NMOb+I)K6��,���d24
�}/V12�+4
ca3_Q_�_�2#�ch��ILK2�=,�3)*k#�, �\Ó

¡Npq¬;� ¤ `$,�#-Z\3��2*+/
��3&��Q2�'vq,.#��2*
¯J�

Bν(tν) =
2hν3

c2

1

e
hν

kBT (tν) − 1

¡ � 543�5 ¤
y0�"!m� K6/�� �_ª$��Q6b Q2K2��4
�Y,�MT����/
� �2����/Vb0Q6K"4
#k�&3&�2�6� ca� ��/�g-,�#E��K24�Z�#�* �YQ2�Y,�MTb+/
3&��,��e�

Iν(τ = 0, µ) =

∫ ∞

0

Bν(tν)e
− tν
µ
dtν
µ

¡ � 543 C ¤
y0K"d2��� �o� �2*+3&4
�',��[Ò2K_�o4V#�Q2�.#�/
��Z�b+ch����!$#�4�,�MTb+/
3&��,���gE�V#-�
K64�Z�#�*+��¡

τ = 0 ¤ �

Fν(0, µ) = 2π

∫ 1

0

Iµ(0, µ)µdµ
¡ � 543�7 ¤

3&K

Fν(0) = 2

∫ ∞

0

S(tν)E2(tν)dtν
¡ � 543�8 ¤

#¨(�� *

En(x) =

∫ ∞

1

t−ne−xtdt = xn−1

∫ ∞

x

t−ne−tdt
¡ � 561&Ú ¤

�eMOK6�j!m3&����/xQ2��()K2�;�LK2chb+4
��I)K6��`�,�MT����/
b %&4
#�,���Q2KlÒ2K_�a� �X/�Q6���
*+4
bB/V����b �;!m3&K24q!m3&K6(&3���4{/V�+�2��4q*+3&ca!6/V�
Q2�Y,.#-* 3&��/
4
��d6K6/V��3&��Q2�0/V3&K_/V� �;,�� �;Q2�JH]b 4�� ��/V�+�;* 3&K2*
16� �WQ6�'!64
3�Z\3&�6Q2� K24;3&!_/V��ILK2�

τi
�

Iν(τ = 0, µ) =
∑

τi

e−τνiB(τνi)∆τν
¡ � 561 � ¤

#¨(�� *

∆τ = τνi+1
− τνi

¡ � 561>3 ¤
px��* 3&�2��b ILK2�+�2* ��`�!]3�K24o*
1$#�ILK2��*+3&K2*
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!216R 4
��Q2��b+/
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!6/
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3&K24�* �a¡\I)K6��� �X/;Q$#��2��,��W* #���Q2��,NM¦pq¬;��,.#[Z\3&�6*+/V��3&��Q2�
vx,�#��2*
¯ ¤ 5

�{®�ì í 8;F F4ß´Î�<?>A8;F��îágß¯ï ú[>�@BD+Ì
��#�Z\3&4
ca��`A,�MT����/V�+�2�
�t/VbJ�B/�,�#«!]3&����/
��3&�ÑQ6� �"4V#���� ���
3��L/"Q2K6� ��g�,NM¦#�d2�
3&4�!6/V��3&� Q2K�4V#k�&3��2�2�B^

ch�+�L/f!$#�4;,�� �;!$#�4X/V��*+K2,��+�;I)K6�G*+3&�2�X/V��/
K2� ��/f,�MO#�/Vca3&��!212R 4��YQ2�[,NMObB/V3&��,���52�W�+K_�"/��_!m� ��QSMO#�d2��3&4
!6/
��3&�
�B�_���X/V� ��/ `mK6�2�YQ$#��2�;,��0*+3&��/V���)K"�+/�,NM¦#�K_/V4
�0Q2#��2�;,��+��4V#���� �05

± Ü Æ_Ç�ÁN¸XÂ=¶-�X³½Ç
Á�µ·³N¸{¸
À\ÁG»X´B¾�À�Á�ÇB¾+Á�¸?¹�Ç�¾�À�»½¼�Ç+Å µ·¸q»�´Bµ�»½¼·¸�'
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¸¢ØSð�Ø�¸ �l³��<¨#�i° �<��¨;� ���;���¥����«�¨;�·�<���®�

���j*+3_�B×h*+���+�L/eQSMO#�d2�
3�4
!6/
��3&��/
3�/
#�,}Q2#��2�e,��h*+3&��/V���)K�4
b ��K2,�/
�jQ2�j,�MO#�d2�
3�4
!6/
��3&��Q2�j!6,�K2����� K64
�
!24�3_*+� ���
K2�q!21��)�
��ILK2� �q*+,.#����
b �?Q$#��2��Q2� K_�U*k#�/
b %&3�4
���+� 5���3&4
��I)K�MOK2�-b+,��+*+/V4�3&�U�+��/x#�4�4V#�*
16bAQ2�=��3&�U�2�¥^
(��k#�K�Q�MOb+�2� 4�%&����`),�#'!2#�4�/
��* K6,���Q2�B(_��� ��/=��3&�2���
b ��5L��#��2��* �f*k#��}3&�j!2#�4
,���Q�MOK2�6�f/V4
#��2����/V��3&��N Z ¿�ñ N Z0MO]_PB5
���'Q2� K_�_��R ca�e!212b+�23&caR �2�[�
�[Q2b 4�3&K2,��',�3�4
�
ILKSMTK2�2�[*
1$#�4�%&�e�+��/W#�* *+b ,��+4
b+�U,�3&4��;Q2�e��3&�P!$#��
�V#�%&�Ug
!24�3k�6��ch�t/Vb�Q�MOK2�6�[#�K6/V4��óò$*�MT� �X/W,�#e/V4V#��2�
�t/V��3��¦N Z0MO]UP ñ N Z0MO]_PB5
©�,}�«#�#�K2���
�=,�#JQ2�JH]K2����3&��!2#�4U,��+�Ub ,�� *B/V4
3��2�-,���d24
�+��¡�Q6�JH]K2�
��3&��¬�123&ca�
3�� ¤ �+/-!2#�4-,�MT1��_Q64
3&%&R+�2�
�2�+K6/V4��h¡�Q2�IH�K2����3&�ow�#k�),�� ��%&1 ¤ 5vG3&K24W,�� �fb+/V3���,��+�f� �+/�zA`],NM¦#�d2�
3&4�!6/V��3&�"Q2K2�Ugh,�MT1L�)Q24�3&%&R+�2�U�2�+K6/V4��e� �X/0Q23&ca���2#���/V�'Q$#��2�f,��eQ63�^
ch#����6��3&!6/
��ILK2�0�+/�,�� ��* 3)�+×a*+��� ��/
�fQSMO#�d2��3&4
!_/V��3��"*+3&4
4�� ��!]3&�6Q$#���/V��3&��/�,.#eZ\3&4�ch�0��K2��(�#���/V�E�
vG3&K24;,��+�=/V4V#��2�
�t/V��3��2�=Q2Ko/��)!]�',���bB^�,���d24��f�+��*+c 2 �B/f!2#�4�#�/V3&ca��QSMT1��)Q24
3&%�R �2�'�2� K_/V4
�a�

αbf(H) = α0gbf
λ3

n5

¡ � 541�1 ¤
#k(&�+*

α0 = 1.0449× 10−26 !]3&K64
λ

� ��ôe`L�+/
gbf

� ��/A,��;Z�#�*+/
� K24}Q2���'#�K6�L/�Q23&�6�2bW!$#�4�,�#YZ\3&4�cUK2,��
��K2��(�#���/V�-�

gbf = 1− 0.3456

(λR)
1
3

(λR

n2
− 1

2

) ¡ � 541�° ¤
#k(&�+*

R = 1.0968× 10−3 ô −1 ,�#[*+3&�2��/V#���/V��Q6�0w;�)Q2dm� 4�%U�+/
n

,����LK2cab 4
3eI)K2#���/V��ILK2�W!24
���2* ��!$#�,�5
���=*+3_�B×h*+���+�L/{QSM¦#�d2�
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3&ca�AQSMT1��_Q64
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�A!]3&K64{,��+�?/V4
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ca� �2Û #���/;!$#�4;,��0�6��(&� #�K

ni

� MTb *+4
��/�#�,�3&4��0�

κ(Hbf) = α0λ
3
[

ni+2
∑

ni

gbf

n3
· 10−θχ +

log e

2θI
(10−χ3θ − 10−Iθ)

] ¡ � 541E2 ¤
3��

log e = 0.43429
`
θ = 5040

T

#k(�� *
T

,�#[/V�+ch!mb 4
#�/VK24��0� �"Õ0� ,t(_���S`
I = hR

*0,NMOb+�2� 4�%&����Q�MO��3&�2���
#�^
/
��3&��Q2�Y,NMO1��)Q24
3�%&R �2�Y�B/

χ3

,��0!m3�/V�+��/V���+,SQSMT�B�_* �t/
#�/
��3&�oQ2�+�f�6��(&� #�K_�o��K2!mb 4
��� K24���g
ni + 2

�

χ3 = I
[

1− 1

(ni + 3)2
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vG3&K24A,�� �}/V4V#��2�
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�
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�����{� ��/
4
�

v
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v+dv

�
K6��(�#���/�K2�2�qQ2����/
4
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αff(H) =
2

33/2

h2e2R

πm3

1

v3

( 2m

πkT

)1/2 ¡ � 541 C ¤
lA�YILK2��Q23&�6�2�YK2��*+3_�B×a* ���+��/fQ�MO3&!2#�* �t/VbYQ2�Y,.#eZ\3&4�ch�-�

κ(Hff) = α0λ
3gff

log e

2θI
· 10−θI ¡ � 541�7 ¤

3��
gff

�+��/�,���Z�#�*B/V�+K24;Q2�[�'#�K6�L/;!m3&K24;,NM¦#�d6�
3&4�!6/V��3&��,���d24
��^�,���d24
�'�

gff = 1 +
0.3456

(λR)1/3

( log e

θχλ
+

1

2

) ¡ � 541�8 ¤
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χλ = hν = 1.2398 104/λ
5

�eM¦#�K6/V4�� �x�
3&K64
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κtotal = {[κ(Hbf) + κ(Hff) + κ(H−bf) + κ(H+
2 )](1− 10−χλθ) + κ(H−ff ) + · · ·}

× 1

1 + Φ(H)/Pe
+ κ(métaux) + κ(He−ff ) + κ(e) + · · · ¡ � 5T°�Ú ¤

���-Z�#�*B/V�+K24 1
1+Φ(H)/Pe
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�t/V��3&�EQSMOK6�
b ,��+*+/
4
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dE (t)

dt
= −8

3

e2π2

mcλ2
0

E(t) = −2

3

e2ω2
0

mc3
E(t) = −γnatE(t)
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^�V �+/pP'�
3��L/�,�#Ucj#����
�Y�+/�,�#U*
1$#�4
%��'Q6�',NMOb+,��+*+/V4�3&�
^
λ0
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·�¸ L�¹�Z Y']_PFE�¼HG+PUT ¿ Yg*kZ NQPUTJIÍP^YLK
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·�¸ L�¹�Z Y0]_PVE�¼HG+PUT ¿ Yf*kZ NQPUT=IÍP^YLK
W1XZY\[ ]$^\^`_�abadcfe9gbXZh i�ckj>e9gbl�Y\adckj9g e9m�[ nog e9_�[�[�_qpr_ stj9m�u1Y\_�h\l�_
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l�Ö�×WbQØ\ÙÉÚ�Û�ÖQ× `$Q2bQÜ�Ù&K$Ý	Ö�Þ1Ø\ÖQ×Vß�KJQ2b+d2K3Ø�Q6Kà×rÚ�R�Ü�Û9Ö�áoßÉÞ¨âÑßÉãoÞ,äå�çæLÚ�Üyè#Ö�ÞrÚ9éoêÐë � 7E8 C	ì`í ×rÙ	é<ØÇîoÚ9ØrÖ�×ÜyïoÚ9ðNÚ9ñ.ãoÖ�ðòÖ�é<ØÍáqßÉÞ1Ø\Ú9Ü�ãoÛ9Ú�ó�Þ,Ö�×ÍÖQØ=×,Ù	é<Ø¨áoÛ9ão×ÍáoÞrôQÜ�Ú�×,ô�ðòÖ�é<ØJÜ�ßÉÞrßÉÜQØrô�ÞrÚ9×rôQÖ�×ÇáoßÉÞÍîoÖ�×J×rãoÞrßÉõ�ÙÉéoîqßÉéoÜQÖ�×ö Û�ÖQãoÞ�×,ãoÞ,÷�ß#Ü�ÖòÖ�éøôQÛ�ô�ðòÖ�é<Ør×FØrÖ�Û�×Fñ.ãoÖùÛ9Ö�×rÚ�Û9Ú�ÜQÚ�ãoð í Û9Öò×1Ø\Þ,Ù	é<Ø\Ú�ã3ð í Û9Ö�×Fô�Û�ôQðNÖQé<Ø\×FîoãúáoÚ9ÜNî3ãû÷�Ö�Þ íðNßÉÚ�×Íß#ão×r×,Ú�ñ.ãoÖ�Û9ñ.ãoÖ�×=Ø\Ö�Þ,ÞrÖQ×ÇÞ\ß#ÞrÖ�×JÜ�Ù	ðòðòÖFÛÎütÖQãoÞrÙÉáoÚ�ãoð�ý�þ�Ö�×J×rãoÞrßÉõ�Ù	éoîqßÉé3Ü�Ö�×Ç×rÙ	é<ØJáoÛ�ão×=ô�Û9ÖQÝÉô�Ö�×ñ.ãoÖJîqßÉéo×�Û�ÖQ×ÿô�Ø\Ù	Ú9Û�Ö�×��JðÑý��"Ö�ã3Þr×ÿØrÖ�ðòá�ôQÞ\ß#ØrãoÞrÖQ×ÿÖ^H}ÖQÜQØrÚ9Ý	ÖQ×Å×rÙÉé.ØÿÜ�ÙÉðNáoÞ,Ú�×,Ö�×�Ö�é<Ø\Þ,ÖÂ7������FÖ�Ø � 2������
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FLK
î³ü�ß#õo×rÙ	Þ,á3Ø\Ú9Ù	é�áqßÉÞ,ØrÚ�ÜQãoÛ�Ú9ó�ÞrÖQðNÖQé<ØÅÚ�é<ØrÖ�éo×,Ö�×�ýE�Lü Ö���ÖQØJîoÖV×rÖ�Þ,ÞrÖVÜ�ÙÉé.ØrÞrÚ9õoãoÖ ö Þ,ô�Üyïqß#ãC�}ÖQÞJÛ9Ö�×¦ÜQÙ	ãoÜyïoÖQ×áoÞrÙÉ÷�ÙÉéoîoÖ�×NîoÖ�Ûfütß#Ø\ðòÙ	×rá3ïoó�Þ,Öøë�Û ö Ù�� ×,ÖÑ÷�Ù	Þ,ðNÖ Û9Ö�ÜQÙ	é<Ø\Ú9é6ã ì Ö�Ø ö ðNÙ6îoÚ��oÖ�Þ�Û�ÖQ×òÜQÙ	ãoÛ9Ö�ãoÞ,×ùîoÖ�ÛwßáoïoÙÉØrÙ	ðNô�Ø\Þ,Ú�ÖNÝ6Ú9×rÚ�õ3Û�Ö í Ü�Öµñ.ãoÚ�ÞrÖ�é3î î3Ú�QòÜ�Ú9Û�ÖùÛÎütÖQ×,ØrÚ�ðNß#Ø\Ú9Ù	éûî3ÖµÛwßÑØrÖ�ðòá�ôQÞ\ß#ØrãoÞrÖ�Ö
�}ÖQÜQØrÚ9Ý	Öµî3ÖµÜ�Ö�×ôQØ\ÙÉÚ�Û�ÖQ×�ý
�ªÖQ×¸ôQØrÙ	Ú�Û9Ö�×R�Já�S7�ÿá­×rÖµ×rÚ>Ø\ãoÖQé<Ø�×rãoÞ¶Û�ßUT$ôQñ6ã3Ö�éoÜQÖÑæLÞ,Ú�éoÜQÚ�áqßÉÛ9Ö í Û�ÖQãoÞAØZä6á�Öù×rá�Ö�ÜQØrÞ\ßÉÛÅßÉÛ�Û�ßÉé<ØAîoÖV�ß¡Ý#ßÉé3Ü�ô ö � ß�ÝÉß#éoÜ�ô#ýW�ªÖQ×¦ôQØrÙ	Ú�Û9Ö�×6�Já ØrÙ	ãoÞ,éoÖ�é<ØÍÖ�é�ðòÙ�äÉÖ�éoé3Ö²õ�Ö�ßÉãoÜ�ÙÉãoáÑá3Û�ão×ÅÛ9Ö�é<Ø\ÖQðNÖQé<ØÍñ6ã3ÖFÛ9Ö�×ôQØ\ÙÉÚ�Û�ÖQ×¨éoÙ	Þ,ðùß#Û�Ö�×JîoÖ¸ðYX�ðòÖ�Ø\ÖQðNá�ô�Þrß#Ø\ã3ÞrÖÉý5��ßùÝ6Ú>Ø\Ö�×,×rÖ¸îoÖ¸Þ,ÙÉØyß�Ø\Ú�ÙÉéàô�ñ.ãqß#ØrÙ	ÞrÚ�ßÉÛ�ÖAßÉáoáqß#ÞrÖ�é<ØrÖ¸Ö�×,ØÚ�é3÷�ôQÞrÚ�ÖQãoÞrÖ ö[Z @ �Vè.ð�ô#×Jë\�Çõ3ØÿÖQØ�ßÉÛfý Z9] A�@	ì ý.þ�Ù	é<Ø\ÞrßÉÚ�Þ,Ö�ðòÖ�é<ØÿßÉã�	òô�Ø\Ù	Ú9Û�Ö�×��Jð í Û9ÖÅØyßÉã�	òî}ü�ßÉá3áqßÉÞ,ØrÖ
SéqßÉéoÜQÖ¶îoÖ�×JôQØrÙ	Ú�Û9Ö�×^�Çá ö îoÖ�×J×,ä6×,Øró�ðòÖ�×¨õoÚ9éqßÉÚ9ÞrÖ�×=Ö�×1Ø¨Þ,Ö�Ûwß�Ø\Ú9ÝÉÖ�ðòÖ�é<Ø=÷�ßÉÚ�õoÛ9ÖÉý��JãàÜ�ÙÉãoÞr×Jîoãå°Ç° ème×rÚ�óQÜ�Û9Ö í Ûfü ôQØ\ã3îoÖNî3ÖùÜ�ÖQ×¶ôQØrÙ	Ú�Û9Ö�×FßÑÞ,ôQÝÉô�Û�ôNÛwß�áoÞrôQ×rÖ�é3Ü�Ö�îoÖNÜyïqßÉðòáo×AðNßÉê	é3ôQØ\Ú9ñ.ãoÖ�×FáqßÉÞ,ðNÚ�Û�ÖQ×�á3Û�ão×Ú�é<Ø\ÖQéo×rÖQ×JîoÖQ×ÍôQØ\ÙÉÚ�Û�ÖQ×¦îoÖ²ÛwßYT$ôQñ.ãoÖ�éoÜQÖAæLÞ,Ú�éoÜQÚ�áqßÉÛ9ÖÉýoþ�Ö�×=ÜyïqßÉðòáo×¦ðùß#ê	éoôQØrÚ�ñ.ãoÖQ× ö ×1Ø\Þrã3ÜQØ\ã3ÞrÖVÜ�Ù	ð_SáoÛ�Ö�	3Ö í ß#×r×rÖ�`�Ú9é<Ø\Ö�é3×rÖ�×¶ë�îoÖFÛfü Ù	Þ,îoÞrÖVîoÖ

103 ö 104 a ì�í ×rÙÉé.ØJîoô�Ø\Ö�Ü�Ø\ôQ×ÇáqßÉÞ=Ö���ÖQØ[3}Ö�ÖQðùß#éÑîqß#éo×JÛ9Ö�××rá�Ö�ÜQØrÞrÖQ×¨îoÖFÜ�Ö�×JôQØrÙ	Ú�Û9Ö�×�ýW��ßÉõ�ÜQÙ$Üyèûë Z9]�b A	ì ßòîoô�ÜQÙ	ã3ÝÉÖ�Þ,ØÇÛwß�×rÚ9ê	éqß#ØrãoÞrÖVî³ü ãoéàÜyïqß#ðNáÑðùßÉêÉéoôQØrÚ�ñ.ãoÖîqßÉéo×�Ûfü ôQØrÙ	Ú�Û9Ö6�Çá A�ced Ú�ÞQýf�LütÚ9é.ØrÖ�éo×,Ú9Ørô=î3ÖJÜQÖJÜyïqß#ðNá í îoÖÍá�Ù	Ûwß#ÞrÚ9Ørô¦éoô�ê	ß#Ø\Ú>Ý	Ö í ÖQ×,ØÿîoÖ=Ûfü Ù	ÞrîoÞ,ÖÍîoÖ Z ýhgè a ý��ÅßÉõ�Ü�Ù6Üyèàë Z9]�bf] ì áoÞ,Ù	á�ÙÉ×\ßAñ.ãoÖ¨ÛÎü�ß�	3Ö=îoÖ¨×1ä6ðNô�Ø\ÞrÚ9ÖÇîoãùÜyïqßÉðòá�ðùß#ê	éoôQØrÚ�ñ.ãoÖ=Ö�×1Ø¦Ú�éoÜQÛ�Ú9éoôÍî³ütã3éßÉéoê	Û9Ö
β
áqß#ÞÿÞrßÉáoá�Ù	Þ,Ø ö ÛÎü�ß$	$Ö=îoÖÇÞ,ÙÉØyß�Ø\Ú�ÙÉéNîoÖJÛfü ôQØrÙ	Ú�Û9Ö í Û9ãoÚiSkðjXQðNÖÅô�ØyßÉé<Ø�Ú�éoÜQÛ�Ú�é3ô=î}ütãoé�ßÉéoê	Û9Ö

i
áqßÉÞÞ\ßÉáoá�Ù	Þ1Ø ö ÛwßùÛ9Ú�ê	éoÖAîoÖ¶Ý6Ú�×rôQÖÉýªþ�Ö�ðòÙ$î3ó�Û�Ö�áoÞrÙÉá�Ù	×,ô¸áqßÉÞe�Åß#õ�ÜQÙ$ÜyèÑÖ�×,ØVÜQÖ�Û9ãoÚ¬îoãÐÞrÙ#Øyß#ØrÖ�ãoÞ²Þ,Ú�ê	Ú9îoÖÙ	ãåÙ	õ3Û�Ú�ñ.ãoÖ#ýET6Ø\Ú9õoõo×�ë Z)] g�� ì ß�ÞrÖ�á3ÞrÚ�×ÍÜQÖAðòÙ$îoóQÛ�Ö²Ö�ØÇ×,ãoáoá�Ù	×rÖ�ñ6ã3Ö�Û9ÖFÜyïoßÉðNáÑðùß#ê	éoôQØrÚ�ñ.ãoÖVîoÖ�ÝÉß#Ú9Ø

XQØ\Þ,Ö¨ê	ÖQÛ�ôÇîoßÉéo×ÅÛÎütô�Ø\Ù	Ú9Û�Ö=ÖQØÅñ.ã³ü Ú�Û�Ö�×1Ø¦îoÚ�á�Ù	Û�ßÉÚ�Þ,ÖÉý6þ�Ö¨Üyïqß#ðNá�ÖQ×,Ø¦î3Ù	éoÜ¨ÖQéµÜ�Ù	Þ,ÙÉØyß#ØrÚ�Ù	éùß�Ý	Ö�Ü²ÛÎütô�Ø\Ù	Ú9Û�Ö#ý
��ütßÉéoêÉÛ�ÖÇÖQé<Ø\ÞrÖ²ÛÎü�ß�	3ÖÇîoãµîoÚ�áEk	Û9ÖJÖ�Ø¦ÛwßFÛ�Ú�êÉéoÖÇîoÖJÝ$Ú9×rôQÖÇÝ#ßÉÞrÚ9Ö¨ß�Ý	ÖQÜFÛ9ÖJØrÖ�ðòáo×�ý3æÒÙ	ãoÞ�ãoéµÙ	õo×,Ö�Þ,Ý#ß#ØrÖ�ãoÞÛ�Ù	Ú9é.Ø\ßÉÚ�é í Û�Ö²ÜyïoßÉðNá�ðNßÉê	éoô�Ø\Ú�ñ.ãoÖV×,Ö�ð¶õoÛ9Ö²ÝÉß#ÞrÚ�ÖQÞÍß�Ý	Ö�ÜFÛwß¸Þ,ÙÉØyß#ØrÚ�Ù	é îoÖVÛÎütô�Ø\Ù	Ú9Û�ÖÉýC�ªßòê	ôQÙ	ðòôQØ\Þ,Ú�Ö²îoãÜyïqßÉðòá¸Ö�×,Ø�×,Ù	ã3ÝÉÖ�é<Ø�áoÛ�ã3×¬Ü�Ù	ðòáoÛ9Ö
	$Ö�ñ.ãoÖ¦Û9Ö�×rÚ9ðNá3Û�Ö�îoÚ�áEk	Û�Ö#ý�lLé¸Ö
�}Ö�Ø í ÛÎü�ß9m,Ù	ã3Ø¬î}ütãoé¸ñ.ãqß#îoÞrãoáEk	Û9ÖÅÖQØî³ütã3é�Ù6ÜQØrãoáEk	Û�ÖÇßÉãµîoÚ�áEk	Û9ÖÇîoÖ¨õoßÉ×rÖ²ÖQ×,ØÍáqßÉÞ1÷�Ù	Ú�×ÿÜ�Ù	é3×rÚ�î3ô�Þrôòë;�ªßÉéoîo×1Ø\ÞrÖQÖQØÍÖ�ØÍßÉÛfý Z9] c ] ì ý3þ�Ö²ðNÙ6îoóQÛ�Öë�ÞrÙ#Øyß#ØrÖ�ãoÞ�Ù	õoÛ9Ú�ñ.ãoÖ ì ×rãoáoá�Ù	×,ÖÑñ.ãoÖ�Û�ÖQ×�ßÉéoÙ	ðNßÉÛ�Ú9Ö�×¶î}ü�ßÉõ�Ù	éoîoßÉéoÜ�ÖQ×Né3Ö�×,Ù	é<ØùáoßÉ×�ãoéoÚ9÷�ÙÉÞrðòÖ�× ö Ûwß×rãoÞ1÷�ßÉÜ�Ö=îoÖÍÛfü ôQØrÙ	Ú�Û9ÖÅðùß#Ú�×¬×,Ù	é<Øÿ×,ãoÞ,ØrÙ	ã3ØÿÞrôQáqßÉÞ,ØrÚ�ÖQ×LÖ�éNØ\ßÉÜyïoÖQ×ÿÙ	ã�ÖQé�ßÉéoé3Ö�ßÉã�	¸×rÙ	ã3ÝÉÖ�é<ØÅÜQÖ�é<Ø\Þ,ô�×�×rãoÞÛ�Ö�×ÒánkÉÛ�Ö�×Òðùß#ê	éoôQØrÚ�ñ.ãoÖQ×�ýÉþ�ÖQØrØrÖÅîoÚ9×,Ø\Þ,Ú�õoã$Ø\Ú�ÙÉé�ÖQé¶ØyßÉÜyïoÖQ×¬îoÖQ×¬ô�Û9ô�ðòÖ�é<Ø\×¬Üyï3Ú�ðòÚ�ñ.ãoÖ�×ÒÖ�×1ØLÞrÖQ×rá�Ù	éo×\ß#õoÛ�ÖîoÖ�×=ÝÉß#ÞrÚwß�Ø\Ú�ÙÉéo×Å×rá�Ö�Ü�Ø\ÞrßÉÛ�ÖQ×JÙ	õ3×rÖ�Þ1Ý	ôQÖ�×¨ðNßÉÚ�×Íß#ão×r×,Ú�î3Ö�×ÍÝÉß#ÞrÚwß�Ø\Ú�ÙÉéo×¦îoÖVÛ�ãoðòÚ�óQÞrÖ²Û9Ú�ô�ÖQ× ö Û�ß�á�ô�Þ,Ú�Ù6îoÖîoÖµÛfü ôQØrÙ	Ú�Û9ÖÉýÒþ�Ö�ÜQÚ¦Ö
	$áoÛ�Ú9ñ.ãoÖ�ÛwßÑîoÚ�QòÜ�ã3Û9Ø\ôNîoÖµÛwßÑîoôQØrÖ�ÞrðòÚ�éoß#Ø\Ú9Ù	éúîoÖQ×�ßÉõ�Ù	éoîqßÉé3Ü�Ö�×�îoÖQ×¸ô�Û9ô�ðòÖ�é<Ø\×ÜyïoÚ�ðòÚ�ñ.ãoÖQ×ÅîqßÉéo×�Ü�Ö�×�ôQØ\ÙÉÚ�Û�ÖQ×�ýo� îoÖQã�	�Ú9éo×,Ø\ßÉé<Ø\×Åî3Ú���ô�ÞrÖQé<Ø\× í Ù	éµÙ	õo×,Ö�Þ1Ý	Ö²îoÖQã�	µÖQéoîoÞrÙÉÚ9Ø\×ÿîoÚ���ô�Þ,Ö�é<Ø\×îoÖ²Ûfü ôQØrÙ	Ú�Û9Ö=Ö�Ø¦îoÙ	é3Ü²Û�Ö�×�ßÉõ�Ù	éoîqßÉé3Ü�Ö�×¦é3Ö¨×rÖQÞrÙ	é<ØÍáoÞ,Ù	õqßÉõoÛ9Ö�ðòÖ�é<ØÅáoßÉ×¦Ú�îoÖQé<Ø\Ú�ñ.ãoÖQ×�ýCpÇÖ�ã3Ør×rÜyïúë Z9]�b A	ì÷�ã3ØAáoßÉÞrðòÚ¬Û�ÖQ×�á3ÞrÖ�ðòÚ�ÖQÞr× ö ßÉéqßÉÛ>ä$×,Ö�ÞVÛ�ÖQ×²ÝÉß#ÞrÚwß�Ø\Ú�ÙÉéo×²×rá�Ö�Ü�Ø\Þ\ß#Û�Ö�×FîqßÉé3×�ÜQÖNê	ÖQéoÞrÖòî³ü ôQØrÙ	Ú�Û9Ö�×�ý�qZÛLÞ,Ö
SðùßÉÞ,ñ.ãoÖ¨ñ.ãoÖ¨Û9Ö�×ÅÞrßÉÚ�ÖQ×�î³ü ãoéµðYX�ðòÖÇô�Û9ô�ðòÖ�é<Ø�Ý#ßÉÞ,Ú�ÖQé.Ø�Ö�éµáoïoßÉ×rÖ²ÜQÖ¨ñ.ãoÚ}é³ü Ö�×1ØÍáqßÉ×ÅÛ9ÖÇÜ�ßÉ×ÅîoÖQ×ÅÞ\ßÉÚ9Ö�×î³ütôQÛ�ôQðNÖQé.Ør×ÍîoÚ���ô�Þ,Ö�é<Ø\×Qý
r éå×rãoáoá�Ù	×,ÖAñ.ãoÖ¶Û9Ö�×=ôQØ\ÙÉÚ�Û�ÖQ×��ÇáåÙÉé.ØÇá�ÖQÞrîoãåîoãåðòÙ	ðòÖ�é<Ø¨ß#éoê	ãoÛ�ßÉÚ�Þ,Ö²áqßÉÞÍ÷�ÞrÖ�Ú9éqßÉê	ÖFðNßÉê	éoô�Ø\Ú�ñ.ãoÖ#ý
�ªÖQ×Aô�Ø\Ù	Ú9Û�Ö�×e�JáúðNßÉê	éoô�Ø\Ú�ñ.ãoÖQ×�á3Þrô�×,Ö�é<Ø\ÖQé<Ø¸îoÖ�×FÝ#ßÉÞrÚ�ß#Ø\Ú9Ù	éo×²á�ô�ÞrÚ9Ù$î3Ú�ñ.ãoÖ�×VîoÖNÛfü Ú�é<Ø\ÖQéo×rÚ>Ø\ô�îoÖòÛ�ÖQãoÞr×Þ\ßÉÚ9Ö�× í îoÖ¥Û�ÖQãoÞµÜyïqßÉðòá ðùßÉêÉéoôQØrÚ�ñ.ãoÖàÖ�Ø îoÖ¥Û�ÖQãoÞµÜ�Ù	ã3Û�Ö�ã3ÞÐëI�²ãoÞ1ØK` Z9] A�c<ì ý�æ�ßÉÞ1÷�Ù	Ú�×µÛ9Ö�×�ôQÜyïoÖ�Û9Û�Ö�×îoÖµØ\Ö�ðòáo×¸×,Ù	é<Ø�îoÖ Ûfü Ù	ÞrîoÞ,Ö�îoÖµñ.ãoÖQÛ�ñ.ãoÖ�×�ðòÚ�é.ã3ØrÖ�×�ý'�ªÖQ×�Ù	õo×rÖQÞ,Ý#ß#ØrÚ�Ù	éo×AîoÖ Ü�Ö�×�ô�Ø\Ù	Ú9Û�Ö�×¶ßÉáoá�Ö�Û�ôQÖ�×
s$tEuwv ë�á�Ù	ãoÞYH B ¹ED;xCNzy *9L�.
DGNGN B F;DÉ)o{µI¶¹|L
F B HKL ì ×,Ù	é<Ø¶Ú9é.ØrÖ�Þ,áoÞrô�Ø\ô�ÖQ×Aîqß#éo×AÛ9ÖNÜ�ßÉîoÞrÖNîoãøðòÙ$î3ó�Û�Ö�îoãáoãoÛ�×rß#Ø\ÖQãoÞAÙÉõoÛ�Ú9ñ6ã3Öåë;�²ãoÞ,Ø*` Z9] cf@	ì ý�þ�ÖQ×�Ý#ßÉÞ,Úwß#ØrÚ�Ù	éo×²î}ütÚ9é.ØrÖ�éo×,Ú9ØrôùÞrÖQéoîoÖQé.ØAÛwß îoôQØrÖ�Þ,ðNÚ9éqß#Ø\Ú9Ù	éÐîoÖ�×ßÉõ�ÙÉéoîqßÉéoÜQÖ�×ÍßÉ×,×rÖ�`²îoÚ�QòÜ�Ú9Û�Ö#ý��"ÖQ×ÅðNÙ6îoóQÛ�Ö�×�î³ütß#Ø\ðòÙ	×,áoïoó�Þ,Ö¨ã3ØrÚ�Û�Ú9×rôQ×ÿîqß#éo×ÅÜ�Ö�ØrØrÖ¨Ø\ïoóQ×rÖ²éoÖ=Ø\Ú�ÖQéoéoÖQé.ØáqßÉ×²Ö�éÐÜQÙ	ðNá$Ø\Ö¶Û9Ö�×¨Ú9éoïoÙ	ðòÙ	ê	ôQéoô�Ú>Ø\ô�×JîoãoÖQ×VßÉã�	àÝ#ßÉÞ,Úwß#ØrÚ�Ù	é3×J×,á�ÖQÜQØ\ÞrßÉÛ�ÖQ×²ÖQØFßÉão	àÜyïqß#ðNáo×²ðNßÉê	é3ô
SØ\Ú�ñ.ãoÖQ×�ý#æLÛ�ão×,Ú�Ö�ã3Þr×�ô�Ø\ãoî3Ö�×¬Ù	é<Ø�ôQØ\ô�÷�ßÉÚ9ØrÖ�×ª×rã3Þ¬Ü�Öÿê	Ö�éoÞ,Ö�î³ü ôQØrÙ	Ú�Û9Ö�×Qý��ÿÙ	éo×\ß#Üyèùë Z9] c Z ì îoÚ9×,ØrÚ�éoê	ãoß=îoÖQã�	ê	ÞrÙ	ã3á�ÖQ×�î}ütô�Ø\Ù	Ú9Û�Ö�×}�Çá í Û9Ö�×~�Já�S1þ�ÞKT$ÞKlLã�îoÙ	é<Ø�ÛwßÇØrÖ�ðòá�ôQÞ\ß#ØrãoÞrÖ¦Ö
�}ÖQÜQØrÚ9Ý	Ö¦ÖQ×,Ø�Ü�ÙÉðNáoÞ,Ú�×,ÖÅÖ�é<Ø\Þ,Ö c �����ÖQØ Z �������V� í ÖQØ�Û�ÖQ×��Já�S#T6Ú=ëI��á�S7T$Ú ì á�Ù	ãoÞVÛ�ÖQ×VáoÛ�ão×FÜyïqßÉã3îoÖ�×�ë Z �������V� ≤ Teff ≤

Z g�������� ì ý?�"ÖQ×
�Çá�SSþ�ÞMT$Þ*l�ã�×,Ù	é<ØLÜ�ßÉÞrßÉÜQØrô�Þ,Ú�×rôQÖ�×Láqß#Þ¬ãoéoÖÅ×,ãoÞ\ß#õ�Ù	é3îqßÉéoÜQÖ¦îoÖÅÜyïoÞ,Ù	ðNÖ í ×1Ø\ÞrÙÉé.ØrÚ�ãoð ÖQØ¬Ö�ãoÞ,Ù	áoÚ�ã3ð í Ûwß
@�c
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ÁÃÂ ÄuÅ w/F_�
Æ  ¡qÏhjiM�MoKiM�+k+dó�Wk+dÐ¦n�e¦naUkni2mfd¢�f�Wc_a�ce�2�Mk+dÐ�Wk+dÐ¦nmfhjc_�ek+dÐ psµ�9 Ð�Wkn�_a¯oKi ]Q¤��j����^<�b��o�©Wk¶�Wk+d&hjrf�Whji�«iM¦+k+d�rfknsWrf¦+dfkni0mfkó�Ì��oKq�hjiM�MoKiM�+kÐrfkn�xoKmgc_¨�k¢oK��dfhj�eknc_�Wknm��Ì��o�©�kÐ�Wk+d4oKqMdf�nced�dfk+d�rfknsWrf¦+dfkni0mfkó�ekói2�WaU¦nrfhtoKmfhja�ce�0�Mk

� �Wk+d¢¦n�e¦naUkni0mfd�^

×,ãoÞ\ßÉõ�Ù	éoîoßÉéoÜ�Ö²î3ã�×,Ú�Û9Ú�Ü�Ú9ãoðçôQØ\ßÉé<ØÍÚ�é3÷�ôQÞrÚ9Ö�ãoÞ,Ö ö ´ Z î3Ö
	�ý
�"Ö�×��ÇáoS#T$Ú�×rÙ	é<ØÍÜ�ß#Þ\ßÉÜ�Ø\ô�Þ,Ú�×,ô�Ö�×Íáqß#ÞÅãoéoÖ×,ãoÞ\ßÉõ�Ù	éoîoßÉéoÜ�Öòîoãû×rÚ�Û9Ú�ÜQÚ�ãoð ×rãoá�ô�Þ,Ú�ÖQãoÞrÖ ö ´ @ îoÖ
	�ý�þ�Ö�×FôQØ\ÙÉÚ�Û�ÖQ×VðNÙ	é<ØrÞrÖ�é<Ø�îoÖ�÷�Ù	Þ,ØrÖ�×F×rãoÞrßÉõ�ÙÉé�Sîqß#éoÜ�ÖQ×¸Ö�é­Ø\ÖQÞrÞrÖQ×¸Þ\ßÉÞ,Ö�× í ×rãoá�ô�Þ,Ú�ÖQãoÞrÖQ× ö Ü�Ö�Û9Û�ÖQ×¶Ù	õo×,Ö�Þ,ÝÉô�ÖQ×Nîqß#éo×¶Û�ÖQ×¸ôQØrÙ	Ú�Û9Ö�×R�JðÑý0�¦ä<ßÉõ�ÜyïoÚ�è#Ù¡ÝÉßë Z9]�]CZ ì ðòÙ	é<Ø\ÞrßFñ.ãoÖJÛfü ïoô�Û9Ú�ãoð½Ö�×1Ø�×,Ù	ão×#SZßÉõ�Ù	éoîqßÉé<ØÿîqßÉéo×�Ø\ÙÉã3Ø\ÖQ×ÿÛ9Ö�×�ôQØ\ÙÉÚ�Û�ÖQ×~�Çá³ý��¦îoÖQÛ�ðNßÉéåë Z9] A��<ìîoô�Ø\ÖQÞrðòÚ�éqßµÛ�ÖQ×FßÉõ�ÙÉéoîqßÉéoÜQÖ�×FîoÖ�×Fô�Û9ô�ðòÖ�é<Ø\×FÜyïoÚ9ðNÚ9ñ6ã3Ö�×Vá�ÙÉãoÞ @ Z ô�Ø\Ù	Ú9Û�ÖQ×<�Çáúî3Ù	é<Ø�Û�ß�Ý$Ú>Ø\ÖQ×r×rÖNîoÖÞ,ÙÉØyß#ØrÚ�Ù	é�ô�ñ.ãqß#ØrÙ	ÞrÚ�ßÉÛ�ÖÿßÉáoáoßÉÞrÖQé.ØrÖVë
ve sin i

ì é³ütÖ�	$Ü�ó�î3Ö=áoßÉ× Z �Çè.ð��#×�ý�qZÛ$ÜQÙ	éo×1Øyß#Ø\ß¨ñ6ã3Ö¦ÛfütßÉõ�ÙÉéoîqßÉéoÜQÖîoãF÷�Ö�ÞÒßÉãoê	ðòÖ�é<ØrÖ�ß�Ý	ÖQÜ�Û�ßÍØrÖ�ðòá�ôQÞ\ß#ØrãoÞrÖ�Ö���Ö�Ü�Ø\Ú>Ý	Ö²ë�îoÖ�ðYX�ðòÖ�á�ÙÉãoÞÒþ�Þ í âÑé í�� î í a î í ý9ý>ý ì ý��ÇãoÜQãoéoÖÜQÙ	ÞrÞ,ô�Ûwß�Ø\Ú�ÙÉéÑé³ü Ö
	$Ú9×,Ø\ÖAÖ�é<Ø\Þ,Ö¶Û�ÖQ×²ßÉõ�Ù	éoîqßÉé3Ü�Ö�×ÇÖQØ
ve sin i

Ù	ãåÖ�é<Ø\Þ,Ö¶Û�ÖQ×¨ßÉõ�Ù	éoîqß#éoÜ�ÖQ×²ÖQØ¨ÛÎütÚ9é<Ø\Ö�é3×rÚ9ØrôîoãûÜyïqßÉðòáûðNßÉê	é3ôQØ\Ú9ñ.ãoÖÉý?�ªß��qê	ãoÞ,Ö @ ý c ÞrÖ�á3Þrô�×,Ö�é<Ø\ÖùÛ�Ö�×�ßÉõ�Ù	éoîqß#éoÜ�ÖQ×�îoô�Ø\ÖQÞrðòÚ�éoôQÖ�×Fá�Ù	ã3ÞFÛ9Ö�× @ Zô�Ø\Ù	Ú9Û�Ö�×��Çá�Ü�Ù	éo×,Ú�îoôQÞrôQÖ�×=îqßÉéo×ÍÜ�Ö�ØrØrÖFô�Ø\ãoî3ÖÉýþ�ÖQ×Fô�Ø\Ù	Ú9Û�ÖQ×²éoÖ�×rÖ�Þ,Ù	é<ØFáqßÉ×VôQØrãoîoÚ�ôQÖ�×FîqßÉéo×VÛ9Ö¸Ü�ßÉîoÞ,Ö�îoÖ�Ü�Ö¸Ø\Þrß¡Ý#ßÉÚ9Û�Ü�ßÉÞVÛ�Ö�×²ÙÉã3Ø\Ú9Û�×¨îoÖ�ðòÙ$î3ô�Û�Ú9×\ß$SØrÚ�Ù	éo×"ã$Ø\Ú�Û9Ú�×,ô�×�ëI� d ���<�6l~�0� í ðNÙ6îoó�Û9Ö�×"î³ütß#ØrðNÙ	×,áoïoóQÞrÖ�ÖQØ�×rá�Ö�Ü�Ø\Þ,Ö�×�×1ä6é.ØrïoôQØrÚ�ñ.ãoÖQ× ì Ö�Ø�Û�Ö�×ªðòÙ$î3ó�Û�ÖQ×ô�Ý	Ù	Û9ã3Ø\Ú>÷�×Òñ.ãoÖÅé3Ù	ão×¬ÜyïoÖQÞrÜyïoÙÉéo×�ãoÛ9ØrÚ�ðòÖ�ðòÖ�é<Ø ö Ü�Ù	é<ØrÞ\ßÉÚ9éoîoÞrÖÿé³ü Ú�éoÜQÛ�ãoÖQé.Ø�áqßÉ×ÒÛfü Ö���ÖQØ¬î3ã¶ÜyïqßÉðòá¸ðùß�Sê	é3ôQØ\Ú9ñ.ãoÖÉý
@ ]
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�"Ö�×Íô�Ø\Ù	Ú9Û�Ö�×6�Hî3ÖFÛ�ß[T$ô�ñ.ãoÖQéoÜ�Ö�æLÞrÚ9éoÜ�Ú9áqßÉÛ�ÖÇÙ	é<ØÍîoÖ�×ÍØ\ÖQðNá�ô�Þrß#Ø\ãoÞ,Ö�×¦Ö
�}ÖQÜQØ\Ú>Ý	ÖQ×ÇßÉÛ9ÛwßÉé<Ø�îoÖ A �����
� ë;�'� ì ö g ] �����£ëI� ] ì ý0lLÛ�Û�ÖQ×�ÙÉé.ØAîoÖ�×AÞ\ß�ä	Ù	é3×¶Ü�Ù	ðòáoÞ,Ú�×FÖ�é<Ø\Þ,Ö Z ý2gÑÖQØ Z ý Z

R�
ÖQØAîoÖ�×¶ðNßÉ×,×rÖ�×Ü�Ù	ðòáoÞrÚ9×rÖQ×ÿÖQé.ØrÞrÖ Z ý2�VÖQØ Z ý Z

M�
ýo�ªß�Û9Ù	ÚqîoÖ�� Ú9Ö�éùßÉáoáoÛ9Ú�ñ.ãoô�Ö ö ÜQÖ�×ÿôQØ\ÙÉÚ�Û�ÖQ×�Ú�éoîoÚ9ñ.ãoÖJñ.ãoÖJÛ�Ö=ðùß�	3Ú�Sð¶ãoðDî³ü ô�ðòÚ�×,×rÚ9Ù	é ßòÛ9Ú�ÖQã�Ý	Ö�Þ,× �$ý b�Z

µ
ð'ë�ØZä6á�ÖAßÉã$Ø\Ù	ãoÞ¦î3Ö��}� ì ÖQØ��3ý b c

µ
ð£ë{ØZä6á�ÖQ×Çß�Ý#ßÉéoÜQô�× ì ý

�ªÖQ×ÇÞrßÉÚ�ÖQ×=î3Ö�×=ôQØ\ÙÉÚ�Û�ÖQ×^� ×,Ù	é<ØÇðòÙ	Ú�é3×=ôQÛwßÉÞ,ê	Ú�ÖQ×¦ñ.ãoÖAÜQÖ�Û�Û9Ö�×ÍîoÖQ×Jô�Ø\Ù	Ú9Û�Ö�×�� ö Ü�ßÉão×,ÖAîoÖFÛ�ÖQãoÞ¦Ý$Ú>Ø\ÖQ×r×rÖîoÖJÞ,ÙÉØyß�Ø\Ú�ÙÉé�ßÉáoáqßÉÞ,Ö�é<Ø\ÖÍñ.ãoÚ�Ö�×1Ø�ÞrÖ�Û�ß#Ø\Ú>Ý	ÖQðNÖQé.ØL÷�ß#Ú�õoÛ9ÖVë
ve sin i ≈ Z�Z �²è6ð��#×�á�Ù	ãoÞLãoéoÖÍô�Ø\Ù	Ú9Û�Ö��'�²ÖQØîoÖÍÛfü Ù	ÞrîoÞ,Ö¦îoÖ Z �²è.ðw�#×�á�Ù	ãoÞLãoé3ÖJô�Ø\Ù	Ú9Û�Ö¡� ] ì ý.þ�ÖQ×�ô�Ø\Ù	Ú9Û�ÖQ×Lá�Ù	×,×róQîoÖ�é<ØÿãoéoÖÍÝÉß#×,Ø\Ö�`QÙ	éoÖÍÜ�Ù	é<ÝÉÖ�ÜQØrÚ9ÝÉÖ×rÙ	ão×VÛ�ßù×rãoÞ1÷�ßÉÜ�Ö¸ñ.ãoÚ¬ßÉ×r×,ãoÞrÖ¸Û9Ö¶ðNôQÛwßÉé3ê	ÖAîoã¥ê	ß�`Éýªþ�Ö�ØrØrÖ_`�Ù	éoÖ¸ÖQ×,ØVî³ütßÉã3Ø\ßÉé<Ø²áoÛ9ão×²áoÞrÙ#÷�Ù	éoîoÖ¶ñ.ãoÖÛfü ôQØ\ÙÉÚ�Û�Ö��¥Ö�×,ØLØ\ßÉÞrî3Ú9Ý	Ö#ýf�"Ö�×�ôQØrÙ	Ú�Û9Ö�×¬î3ÖÅØZä$á�ÖÍ×rá�Ö�Ü�Ø\Þ\ß#ÛoÖ�é<Ø\Þ,Ö^�~gÇÖQØ¢� ] ×,Ù	é<Ø�ßÉÛ�Ù	Þ,×¬ã3ØrÚ�Û�Ú9×rôQÖ�×¬ÜQÙ	ðNðòÖ×,Øyß#éoîqßÉÞ,îåÜyïoÚ9ðNÚ9ñ6ã3Ö í Ö�Û9Û�ÖQ×=×,Ù	é<ØÇ×,ãoáoá�Ù	×rôQÖ�×¨Þ,Ö�áoÞ,ô�×,Ö�é<Ø\ÖQÞÇÛwß�Ü�ÙÉðNá�Ù	×rÚ>Ø\Ú9Ù	éµÜyïoÚ�ðòÚ�ñ.ãoÖ²Ú9éoéoÚ>Ø\Úwß#Û�Ö¨îoãðNÚ9Û�Ú�ÖQãàÙ�£ Ö�Û9Û�Ö�×²×,Ö�×rÙ	é<ØV÷�Ù	Þrðòô�ÖQ×�ýªæ�Ù	ãoÞVÛ�ÖQ×Fô�Ø\Ù	Ú9Û�ÖQ×<�¾îoÖòØrÖ�ðòá�ôQÞ\ß#ØrãoÞrÖQ×²Ö���Ö�Ü�Ø\Ú9ÝÉÖ�×�áoÞrÙ6ÜyïoÖ�×VîoÖÜ�Ö�Û9Û�ÖQ×ÅîoÖ�×¦ô�Ø\Ù	Ú9Û�ÖQ×�� í îoÖ�×ÍßÉé3Ù	ðùß#Û�Ú�ÖQ×�î³ü�ß#õ�Ù	é3îqßÉéoÜQÖ�×Íá�ÖQã3Ý	ÖQé<ØÍÖ
	$Ú�×1Ø\Ö�Þ�òoÜ�ÖQ×=ô�Ø\Ù	Ú9Û�ÖQ×�×rÙÉé.ØÅîoÚ9ØrÖ�×ÅîoÖØZä$á�Ö���ð�ý

ÞY¤*¥ ¦ ��§ �6¨}��©_�?���|��ªw« �
��¬6­ � �
® ©V�°¯���� ­ © ®�± ­��
� ���²¯´³ ­eµU® ©V¯ ­ © ¬ ���

æLÛ�ã3×rÚ�ÖQãoÞr×òØ\ïoôQÙ	ÞrÚ9Ö�×NÙ	é<Ø�ôQØrôàô�Û�ßÉõ�Ù	ÞrôQÖ�×ùá�Ù	ãoÞòÖ�×,×\ß�ä	ÖQÞ î³ütÖ�	$áoÛ�Ú9ñ6ã3Ö�ÞùÛ9Ö�×ùßÉéoÙ	ðNßÉÛ�Ú9Ö�×�î³ütßÉõ�Ù	é�SîqßÉéoÜQÖ�×=îqßÉéo×ÍÛ�ÖQ×ÍôQØ\ÙÉÚ�Û�ÖQ×ÍþÅæ í Û9Ö�×¦áoÛ9ão×¦Ú�ðòá�ÙÉÞ,Øyß#é.ØrÖ�×¦×,Ù	é<ØJÛ9Ö�×¦×,ãoÚ9Ý#ßÉé<Ø\ÖQ×�¶
• � ãoÜQÛ�ôQÙ	×,ä6é<Ø\ïoóQ×rÖ�×rÖµáoÞ,Ù$î3ãoÚ�×rßÉé<Ø¸îqßÉéo×¸Û9Ö�×¸ÜQÙ	ãoÜyïoÖQ×ò×,ãoá�Ö�Þ��oÜ�Ú�ÖQÛ�Û9Ö�×¶Ö�Ø�Û�Ö�Ü�·Fã3Þ ë-T$Ö�ßÉÞrÛ9Ö�¸T3ßÉÞ,ê	Ö�é<Ø Z9] � AÉì ý
• �¦Ü�ÜQÞrôQØrÚ�Ù	éHîoÖ ðNß#Ø\Ú9ó�Þ,ÖùáqßÉÞAãoéHÜ�Ù	ðòáqßÉê	é3Ù	éHßÉãH×,Ø\ßÉîoÖµôQÝÉÙ	Û�ã3ô ë�Ý#ßÉéHîoÖ�éº¹=Ö�ã3ÝÉÖ�Û Z9] � AÉì ýþ�ÖQØ,Ø\Ö�ï<ä$á�ÙÉØrïoó�×,Öòé3Ö¸×\ß#ØrÚ�×,÷�ß#Ú9Ø¨áoßÉ×²Û�Ö¶Ü�ßÉ×VîoÖ�×²õ3Ú�éqßÉÚ9ÞrÖQ×¨×rá�Ö�Ü�Ø\ÞrÙÉ×rÜ�ÙÉáoÚ�ñ.ãoÖQ×FÙ�£ Û�ßùÜ�ÙÉðNá�Ù�S×\ßÉé<ØrÖN×,Ö�Ü�ÙÉéoîqßÉÚ9ÞrÖòÖ�×,Ø�ãoéoÖòôQØrÙ	Ú�Û9Ö¸ÜyïoÚ�ðòÚ�ñ.ãoÖQðNÖQé<ØVéoÙ	ÞrðNßÉÛ9Ö í éoÚLÛ9Ö�Ü�ßÉ×FÙ�£ Ûfü ôQØ\ÙÉÚ�Û�ÖR�Çð'éoÖ÷�ßÉÚ9ØÅáqßÉ×ÍáqßÉÞ1Ø\Ú�Ö²î}ütãoé�×,ä6×1Ø\ó�ðòÖFîoÙ	ãoõoÛ9ÖÉý
• æÒÙ	Û9Û�ã3ØrÚ�Ù	éÑáqßÉÞ=÷�Ù	ÞrðNß#Ø\Ú9Ù	é�îoÖ¶áoÛ�ßÉéoóQØrÖ�×Qý³æÒÖQéoîqßÉé<ØVñ.ãoÖ¸Û9ÖAîoÚ9×rñ.ãoÖ¶áoÞ,ÙÉØ\ÙÉáoÛwßÉé3ôQØyß#Ú�ÞrÖFê	ôQéoó�Þ,ÖîoÖ�×ÿáoÛwß#éoóQØrÖ�×ÿßÉã3Ø\ÙÉãoÞÿî3ÖJÛÎütô�Ø\Ù	Ú9Û�Ö¦ÖQØÿ×rÖJ×,Ø\ßÉõoÚ�Û9Ú�×,Ö í ãoé3ÖÇáqßÉÞ1Ø\Ú9Ö=î3ÖJ×,Ù	é�ê<ß�` í ÞrÚ�Üyï3ÖJÖQéùðòôQØyß#ã�	á�ÖQã3Ø�XQØrÞrÖòßÉÜ�ÜQÞrô�Ø\ô�áqßÉÞ²ÛÎütô�Ø\Ù	Ú9Û�ÖÉý}þ�Ö�áoÞrÙ6Ü�ÖQ×r×,ão×�î}ü�ßÉÜQÜ�Þ,ôQØ\Ú9Ù	é á�ÖQã3ØVîoãoÞ,Ö�ÞVãoéÐØ\Ö�ðòáo×VßÉá3Þró�×ÛwßÑ÷�ÙÉÞrðNß#Ø\Ú9Ù	éûî3ãø×,ä6×,Øró�ðòÖµáoÛwß#éoôQØ\ßÉÚ�Þ,ÖÉý»�LütÖ
�}Ö�Ø¸îoÖ�ÜQÖQØrØrÖµá�ÙÉÛ�Û�ã$Ø\Ú�ÙÉéÐÝ#ßÉÞ,Ú�ÖNî³ütã3éoÖ�ôQØrÙ	Ú�Û9Ö öÛfütßÉã3ØrÞrÖVÖQØJîoô�á�Ö�é3îàÖ�×,×rÖ�é<ØrÚ�Ö�Û9Û�ÖQðNÖQé.Ø=îoÖFÛwß�ðNßÉ×r×,Ö�Ú9éoÚ9ØrÚwßÉÛ9ÖÇîoÖFÛfü ôQØrÙ	Ú�Û9Ö¨ÖQØJîoÖFÛwß¶÷�ß�¼�ÙÉéåîoÙ	é<ØÛ�Ö¦îoÚ9×rñ.ãoÖÍÖ�×1Ø�Ö�é�Ø\Þ\ß#Ú�é¸îoÖÍ×rÖ¦÷�Ù	Þ,ðNÖQÞ�ý�pÇÙÉØrØrÖ�Þ�¸ þ�ïoßÉõ�Ù¡äÉÖ�ÞJë @ ��� �<ì Ù	é<Ø�Ü�ÙÉðNáqß#Þrô¦Û�ÖQ×�ßÉõ�Ù	é�SîqßÉéoÜQÖ�×¦îoãN÷�Ö�ÞÅîoôQîoãoÚ>Ø\Ö�×�á�Ù	ã3Þ�Û�ÖQ×�ô�Ø\Ù	Ú9Û�Ö�×�� Ö�Ø¡�úîoÖQ×¡¹=ä	ßÉîoÖQ×Fë d ßÉÞ,Ö�éoéoÖ½¸½â�Ù	éoÚ�ÖQÞ Z9]�]�] ìß�Ý	Ö�Ü�îoÖ�×JðNÙ6îoóQÛ�Ö�×¦ô�Ý	Ù	Û9ã3Ø\Ú>÷�×�ëfþ�ïqßÉõ�Ù¡ä	ÖQÞÇÖQØÇßÉÛÎý @ ��� Z ì Ú�éoÜQÛ�ãqßÉé<Ø=Ûwß¸á�Ù	Û�Û9ã3Ø\Ú9Ù	éµ×,ØrÖ�Û9ÛwßÉÚ9ÞrÖÉý�qZÛ�×Ù	é<Ø�ðNÙ	é<ØrÞrô¦ñ.ã³ü ãoéoÖ=á�Ù	Û9Û�ã3ØrÚ�Ù	éAÚ�é3÷�ôQÞrÚ�ÖQãoÞrÖ¦ÙÉãòôQê<ßÉÛ9Ö ö ã3éoÖJðNßÉ×,×rÖÅØ\ÖQÞrÞ,Ö�×,ØrÞrÖAë ≤ 1M⊕

ì ôQØyß#Ú9ØÖ�é�õ�ÙÉéåßÉÜQÜ�Ù	Þ,îåß�ÝÉÖ�ÜFÛ�Ö�×¦î3Ù	éoéoôQÖ�×=Ù	õo×rÖQÞ,Ý#ß#ØrÚ�Ù	éoÖQÛ�Û9Ö�×�ý
• l'�}Ö�Ø\×òîoÖÑðNßÉÞ,ô�Ö�×�îqß#éo×�Û�Ö�×�õoÚ9éqßÉÚ9ÞrÖ�×¸×,Ö�Þ,Þrô�ÖQ×�¶�p¨ß#éo×NÛ9ÖµÜ�ßÉ×òîoÖQ×N×1ä$×1Ø\óQðNÖQ×NõoÚ9éqßÉÚ9ÞrÖ�× í Û�ÖÜ�Ù	ã3áoÛwßÉêÉÖFÖQé<Ø\ÞrÖ�Û�ÖQ×Jðòô�Û�ßÉéoê	ÖQ×=áoßÉÞJÖ
�}Ö�Ø\×=îoÖAðNßÉÞ,ô�Ö�×ÍÖ�ØÇðòô�Ü�ßÉéoÚ�×,ðNÖQ×Jî3Ö�×1ØyßÉõoÚ9Û�Ú9×\ß#ØrÚ�Ù	éµîoã×,ä6×,Øró�ðòÖ í áoÞ,Ù�ÝÉÙ$ñ.ãoÖQé<ØÇÛ�ß¶îoÚ�×,áqßÉÞrÚ>Ø\Ú9Ù	é�îoÖ²Û�ß¾`�Ù	éoÖVÜQÙ	é<Ý	Ö�Ü�Ø\Ú>Ý	ÖFîoÖVÛfü ïoô�Û9Ú�ãoð ë�Ú9ÖÉýqß#áoáqßÉÞ,Ú9Ø\Ú9Ù	é

� �
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î3ã�á3ïoô�éoÙÉðNóQéoÖ��Jð ì ë;��ãoîqß9m Z9]�] � ì ý
• â�Ú�ÜyïqßÉã3îHë Z9] A � ì Ö
	$áoÛ9Ú�ñ.ãqßNÛ9Ö�×ÇßÉéoÙ	ðNßÉÛ�Ú9Ö�×¦î³ütßÉõ�Ù	éoîqß#éoÜ�ÖQ×¨îqßÉéo×JÛ�ÖQ×ÇôQØrÙ	Ú�Û9Ö�×��Çð ÖQéàÚ�é<Ø\Þ,Ù�Sî3ãoÚ�×rßÉé<ØVÛ�Ö�áoïoôQéoÙ	ðòó�éoÖ�îoÖòîoÚ���ão×,Ú�Ù	é¥ðòÚ�ÜQÞrÙ	×,Ü�Ù	áoÚ9ñ.ãoÖ�ÞrÖ�×,á�ÙÉéo×\ßÉõ3Û�Ö�îoÖ�Ûwßµ×rôQáqßÉÞrß#Ø\Ú9Ù	éÐîoÖ�×ôQÛ�ôQðNÖQé.Ør×VîqßÉéo×FÛfütß#Ø\ðòÙ	×,áoïoó�Þ,Ö�îoÖNÜQÖ�×�ôQØ\ÙÉÚ�Û�ÖQ×�ýªþ�Ö�ØrØrÖNØ\ï3ô�Ù	Þ,Ú�Öòß�Þ,ô�×,Ú�×,Ørô ö ÛwßµáoÛ9ãoáqßÉÞ1ØFîoÖ�×ØrÖ�×1Ø\×ÇÙÉõo×rÖQÞ,Ý#ß#Ø\Ú9Ù	éoÖQÛ�×�ýE�=éåÞ\ß#áoá�ÖQÛÒ×,ãoÞ=ÛwßòØrïoô�ÙÉÞrÚ�ÖVîoÖ�Ûwß�îoÚ���ão×,Ú�Ù	é�ÖQØÇñ6ã3Ö�Û�ñ.ãoÖQ×¨Ü�ÙÉé3÷�ÞrÙ	é<Ø\ß$SØrÚ�Ù	é3×ÅÖ�é<Ø\Þ,ÖFØrïoô�ÙÉÞrÚ�Ö²Ö�Ø=Ù	õo×rÖQÞ,Ý#ß#ØrÚ�Ù	éo×¦×,Ù	é<Ø=áoÞrôQ×rÖ�é<Ørô�×ÇîoßÉéo×=Û�Ö�×¦×,Ö�Ü�Ø\Ú�ÙÉéo×Í×rãoÚ>ÝÉß#é.ØrÖ�×Qý
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ÑVÒ6Ó�Ô~Õ�Ö7×�ØPÙ ÚÜÛÏ×�Ý+Õ�ÞàßáÔ�Ø�Øãâ�×�Ó^äåÓ�Øçæ½Ó�Ö7Ù ÚÜè ×~ä�éÏê�Ò6Ó�Ö#Ý7Ö+ë äCÚìÚàÕÏí¡Ö&Õ�Ú�é�éoÚîÙ Ú
Ù�Ö7ï�Ó éoÖ7×�Ø

r éúé�ð�ñKòYóõôµ÷\ð	é�ö�ñ*÷Oð	éûî�òòî�÷Oø#ñKù*÷9õoãCñ*÷Oð	é
fi(
s , ú i, t)

î�ò�ø¾û�ô�ù�ñ*÷Oö�ãCóOò�ø
i
î�òNð�ô�ø�ø*ò

mi

î�òjø*ð�ù#ñKòñ.ã�ò
fi(
s , ú i, t)

î 3 s î 3 ú ø*ð�÷iñ�ó�òJé�ðÉð¶õ�ù*òJî�ò û�ô�ù�ñ*÷Oö�ãCóOò�ø i ø�÷�ñrãoô�ò�øÅî
ôÉé�ø¢óOò^ü�ð�ó9ãoðjò=î 3 s ôÉã�ñKð	ã�ùÿî�ò
s ò�ñ�ô�äfôÉéfñ=ãoé�ò<üo÷�ñ*ò�ø*ø�ò ú ö î 3 ú û�ùró�ø�ý�Lü ô�ü�ð�ó�ãCñ*÷Oð	éµîoã�ýqãC÷�î�ò²î
ô#é�ø�ófüþò�ø*û�ô�ö�ò²î�ò�ø�ûoï
ô�ø�ò�ø

( s , ú )
îoã�ò ö óõô¾ö�ð�óOó�÷Oø*÷�ð	é�òQéfñKù*òeó�ò�ø¡û
ô�ù#ñK÷�ö�ã�ó�ò�øî�ò¾üo÷iñKò�ø�ø*ò�ø ú i

ò
ñeö�ò�óOóOò�ø¨î�ò_üo÷�ñ*ò�ø*ø�ò�ø ú j

ò�ø�ñVî�ðÉéoéoô�ò[û
ô�ù<ófü ô�ñ.ã
ô�ñ*÷Oð	é¥î�ò[�¢ð�ó�ñ*`�ðjôÉéoé ë�ôQñ.ã
ô�ñK÷�ð	é
@ ý Z ì ýn�?ô_üo÷�ñKò�ø*ø�ò¾ù*ò�óõô�ñ*÷�ü�òeòQé�ñ*ù*ò¾ö�ò�ø�û
ô�ù�ñ*÷OöQã�óOò�ø^ò�ø�ñÇé�ð�ñ\ô�ò

gij

ýn��û�ùró�ø ö�ð�óOó�÷Oø*÷�ð	é í óOò�ø�üo÷�ñ*ò�ø*ø�ò�ø¨îCò
S
üo÷OòQéoé�òQé�ñ ú ′i ë ú i → ú ′i ì ò�ñ ú ′j ë ú j → ú ′j ì`í óõô_ø�ò�ö�ñ*÷Oð	éVò
Qjö�ô�ö�òFî�òeö�ð�óOóO÷�ø*÷�ð	éwò�ø#ñ=é�ð�ñ\ô�òeû
ô�ù σ ý�Lü ô�ñ.ã
ô�ñ*÷Oð	é î�ò
ü�÷�ò�éfñ�¶
∂fi

∂t
+ ú i · ∇rfi +

ÿ
i

mi

· ∇vifi =

(

∂fi

∂t

)

ö�ð�óOó
ë @ ý Z ì

↓
∂fi

∂t
+ ú i ·

∂fi

∂ s +

ÿ
i

mi
· ∂fi

∂ ú i
=

∑

j

∫

ú j

∫

Ωj

σ
î ú j

î
Ω gij[fi( ú ′i)fj( ú ′j)− fi( ú i)fj( ú j)]

ð�£|ÿ
i =

ÿ
i( � , t) ò�ø�ñ�ã3é�ò�÷\ð�ù*ö�ò�ò
	oñ\ô�ù*÷�ò�ã�ù�ò�÷�éoîoô�ûnòQéoî
ôÉéfñ*ò�îCò�óõô�üo÷�ñ*ò�ø�ø*òVò�ñ¸îCò�ø[÷�éfñKò�ùKô�ö
ñK÷�ð	é�øòQé�ñ*ù*òeóOò�ø�û
ô�ù�ñ*÷OöQã�óOò�ø�ý

��ò¨ðYò�ð¶õCù*òÇê�ôÉã�öyï�ò²î�ò<óÎütôQñ.ã
ô�ñK÷�ð	é @ ý Z ù�ò�û�ù,ô�ø*òQéfñKòeóOò�ø�ü�ô�ù*÷Oô�ñK÷�ð	é�ø�î�ò
fi

î3ã�ò�ø�ôÉão	�ðYð	ãCü�ò�ðYò�éfñKøðjô�ö�ù�ð�ø*ö�ð�û�÷9ñ6ãCò�øÇî3ã¥êfô�`Éýà��ò�ñKò�ùrðYò ö î�ù�ð�÷�ñ*ò�îCò¾ófü ô�êfô�óO÷�ñrôNë;÷�éfñrô�ê�ù*ô�óOòFî�ò¾ö�ð�óOó�÷Oø*÷�ð	é ì ö�ð�ù*ù�ò�ø*ûEð	éoîö óõô�ü�ô�ù�÷õô�ñ*÷Oð	éòî�ò
fi(
s , ú i, t)

îoã�ò½ôÉã�	�ö�ð�ó�óO÷Oø�÷Oð	éCøLô�óõô�ø�ñK÷9ñ.ã�ò�ø¢ò�éfñKù�ò�ø¡óOò�ø�û
ô�ù�ñK÷�ö�ã�ó�ò�øQýoq+ó�÷;ôÉãCñ�é�ð�ñ*ò�ùñ.ã�ò�óOòRûCù*ð6îoã�÷�ñJî�ò�î�ò�ã�	Ñ÷\ð	é�ö
ñK÷�ð	é�ø=î�ò¶î�÷�ø�ñKù�÷�õoã�ñK÷OðÉé ù�ò�û�ù,ô�ø�ò�éfñKò[óOòFé�ð	ðAõ�ù*ò�î�òRö�ð�óOó�÷Oø*÷�ð	é�ø¡òQé�ñ*ù*ò
ó�ò�ø�û
ô�ù�ñ*÷OöQã�óOò�ø���ö�ò�ö�÷àò�ø#ñ¦î���ô#ãù÷;ô�÷�ñ�ñ.ã�ò½ó�ò�ø¢ö�ð�ù�ùrô�óOô�ñK÷�ð	é�ø�ò�éfñ*ù*ò½û
ô�÷Où*ò�ø�î�ò�û
ô�ù#ñK÷OöQã�óOò�ø�ø�ð	éfñÅéoôQê�óO÷�Sê�ò�ôÉõ�ó�ò�ø�ý
�?ôRù,ô�ø*ð�ó�ãCñ*÷Oð	é�îCò<ófü ô�ñ.ã
ô�ñ*÷Oð	é�îCò<��ð�óiñK`�ðjôÉéoéùé�ð	ã�ø¦î�ðÉéoé�ò²î�ò�ø¡÷�é3÷\ð�ù,ð�ô$ñK÷OðÉé�ø�ørã�ù¡óOô�÷\ð	é�ö
ñK÷OðÉé�î�òî�÷�ø�ñ*ù*÷�õ3ãCñK÷�ð	éÑî3ã�ýqã�÷9î�òAï�ð�ù*øÇôQñ.ã�÷Oó�÷�õ�ù�ò�ò
ñ½ørãCù óõô[üo÷�ñKò�ø*ø�ò¶î�ò¶î�÷i�}ãCø*÷OðÉéåî�ò�ø û
ô�ù#ñK÷�ö�ã�ó�ò�øÇî}ütãoéåêfô�`
@ ù*ò�óõô�ñ*÷�ü�ò�ðYò�éfñ ö ö�ò�ó�óOò�ø¦î³ütã3éÑêfô�` Z î�ðÉéoéoô�òeû
ô�ù^óOô¾ù*ò�óõô�ñ*÷Oð	é�ø,ã�÷�ü�ôÉéfñKò[¶

v12 = −D12

(

∂c1

c1c2∂r
+

m2 −m1

c1m1 + c2m2

∂p

p∂r
− m1m2(F1 − F2)

kBT (c1m1 + c2m2)
+
α12∂T

T∂r

) ë @ ý @	ì
ð�£

� Z
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� m1
ò
ñ
m2

ø*ðÉé�ñ^ó�ò�ø¦ðjô�ø*ø�ò�øÍî�ò�ø^û
ô�ù#ñK÷�ö�ã�ó�ò�ø Z ò�ñ @ ù*ò�ø*ûEò�ö�ñ*÷�ü�ò�ðYò�éfñ
� D12

ò�ø#ñ^óOò<ö�ðoò�QYö�÷Oò�éfñ=î�òVî�÷i�}ã�ø�÷Oð	é
� c1 = n1/(n1 + n2)

ò
ñ
c2 = n2/(n1 + n2)

ó�ò�ø[ö�ðÉé�ö�òQé�ñ*ùKô�ñ*÷Oð	éCøùî�ò�øjû
ô�ù�ñK÷�ö�ã�ó�ò�ø Z ò
ñ @
ù*ò�ø*ûEò�ö�ñ*÷�ü�ò�ðYò�éfñ

� n1

ò�ñ
n2

óOò�øÍé�ð	ð¶õ�ù�ò�øÍî�ò�ø^û�ô�ù�ñ*÷Oö�ãCóOò�ø Z ò
ñ @ ù�ò�ø*ûEò�ö
ñK÷iü�ò�ðYò�éfñ
� α12

óOò<ö�ð�ò
Qjö�÷OòQé�ñ=î�òVî�÷i�}ãCø*÷OðÉéwñ\ï�ò�ùrðY÷�ñ.ã�ò
� F1

í
F2

óOò�øÍ÷\ð�ù�ö�ò�ø�ò
	oñKò�ùré�ò�ø½û
ô�ù=ãoé�÷iñ\ôFî�òAðjô�ø�ø*ò í ôÉê�÷�ø*ø*ôÉéfñ ø,ã�ù ó�ò�ø^û
ô�ù�ñ*÷OöQã�óOò�ø Z ò�ñ @ ù*ò�ø#S
ûnò�ö�ñ*÷�ü�òQðjòQéfñ

� p
ò�ñ
T
ø�ð	éfñ�óOô¾û�ù*ò�ø*ø�÷Oð	é ò�ñ^óõôRñ*ò�ðYû�ô�ùKô�ñrã�ù*òVîoã�ðY÷OóO÷�ò�ã

� óOó�ò�ù�¸çþ�ï�ô�ûoðjôÉéøë Z9] ��� ì ð	éfñ½ô�ûCû�óO÷9ñ6ã3ô<ófüþò
	�û�ù*ò�ø*ø�÷Oð	é @ ý @ ôÉã ø*ð�ó�ò�÷�ó5ò�é�ö�ð	é�ø�÷�îoô�ùKôÉéfñ=ãoéÑðj÷�óO÷OòQã
ö�ð	ðYûnð�ørôVî�ò�û�ù*ð�ñ*ð	é�ø�ë�ï<ä6î�ù�ð	ê	ó�éCòR÷OðÉé�÷Oø,ô ì ò�ñ=î³ü ô�ó�ò�ö
ñKù*ðÉé�ø�ò
ñ=î³ütã3éåêfô�`e÷"î�òFðjô�ø*ø�ò�ô$ñKð	ðY÷�ñ.ã�ò<�
ò�ñ=î�òeöyï
ô�ù,ê�ò���ýW�»ô¾üo÷�ñ*ò�ø�ø*òVî�òVî�÷���ã�ø�÷Oð	é î�òeófüþ÷OðÉé�÷5û
ô�ù�ùKô�û�ûnð�ù�ñ�ôÉão	Vû�ù*ð�ñKð	é�ø�û ø�ü ô�ö�ù*÷�ñe¶
vpi = Dpi

(

− 1

ci

∂ci
∂r

+
1

p
(2A− Z − 1)

∂p

∂r
+

1

T
{2.65Z2 + 0.805(A− Z)}∂T

∂r
+

A(Fp − Fi)

kBT (cp + ciA)

)

ë @ ý �<ì
ð�£

� Cp

ò�ø�ñ�óõôA÷\ù*ô�ö�ñ*÷Oð	éµî�òVðjô�ø*ø�òVî³ütï<ä6î�ù�ð	ê	ó�éCò�÷�ð	é�÷Oø,ô
� ciA

ò�ø�ñ^óOô¸÷\ù*ô�ö�ñ*÷Oð	éµîCòFðjô�ø�ø*òVîoã�êfô�`<÷
� T

óõôRñ*ò�ðYû�ô�ùKô�ñrã�ù*ò<òQé��<ò�ó�üo÷�é
� p

óõô¾û�ù�ò�ø*ø�÷Oð	é
� Fp

ò�ñ
Fi

óOò�øL÷\ð�ù*ö�ò�ø�ñ.ã�÷Wø�üþò
	�ò�ù�ö�ò�éfñ¡ø,ã�ù�ófü ï<ä$îCù*ð	ê	óQé�ò�÷Oð	éC÷Oørô¡ò
ñ�ørã�ù�óOò¦êfô�`^÷
ù�ò�ø�ûnò�ö�ñK÷iü�òQðjòQé�ñ
� Dpi

ó�ò½ö�ðoò�QYö�÷�ò�éfñJî�òVî�÷���ã�ø*÷�ð	éµî�ð	é3éoôeû
ô�ù�óõô¾ù�ò�óõô$ñK÷OðÉéwørã�÷iü�ôÉéfñKò[¶
Dpi = 1.947× 109T

5
2 [NZ2A1(2)]−1,

A1(2) = loge(1 + x2
0)

ë @ ý b ì
x2

0 = 2.73× 108 T 3

Z2N� N
óõô¸î�òQé�ø*÷iñ\ôVî�òeófü ï<ä$îCù*ð	ê	óQé�ò

�f@
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�áö�ôÉã�ø*òAî�ò_óõôYørô�û�ô�ùKô�ñ*÷Oð	éåî�ò�ø²ô�óOò�ö
ñKù�ð	é�ø í ãoéUöyï
ôÉðYûàô�óOò�ö
ñKù�÷�ñ.ã�ò¾ò�ø�ñ<ö�ùrô�ô ö ófüþ÷�éfñ\ô�ù*÷OòQã�ù=î�ò�øô
ñKð�÷�óOò�øQý���ò�ø�÷;ô�ö
ñKòQã�ù*ø
(2A−Z − 1)

ò�ñ
(A−Z)

û�ù*òQéoé�ò�éfñ¡òQéwö�ðÉðjûCñ*ò�ö�ò½öyï
ôÉðYû�ô�óOò�ö
ñKù�÷�ñ.ã�òÉý$þ�ò
öyï
ô#ðjû ðjô�÷�éfñK÷�ò�éfñ¡óOô¶é�ò�ãCñ*ùKô�ó�÷�ñrô¨ô�ó�ò�ö�ñ*ù*÷9ñ6ãCò<ò�éVñKð	ãCñ�ûEð�÷9é�ñÍî3ã�ðY÷Oó�÷OòQãÐëfâ�ðÉé�ñrðjò�ù*ó�òe¸ â�÷�öyï
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mV Teff log g ve sin i ξt
;�ò,ujô�ùP~ f�ò�øp Ã y Ù u�£�ø Ù u�£�ø

]�b�p F D�]�b�p �@b�g p z o�b p�b�]�` ` z5F�k b k FjzlkE� A	2 pIô"y
]�b�j F D�]�b k �@p�g j zGF D p�o�` � ` z5F D D Fjz b Fjz p �

δ
A�ösfCñK÷>p)r�y

k o�p F D�D�p�b ��o�g j z b�j p�D�o�b ` z5F�F j�j Fjz D �
]"D k�F F D kE� p �@p�g j zGF b j � b�b ` z D F ]"j z o D z ] �

δ
A�ö,fCñ*÷>pÓr�yFt��duàp)m�y

]"D�o�p F D k D	] � F g p z D � o k ]"D ` z D�` p z b Fjz ] � A	2dt��Xuàp;ö8y
]"j�p k F D�p k D �§]�g kjz o k j�o�o�o ` z ]"o ] �E� Fjz��E�
F `	]�b F D�o F ` �@p�g j z ] � j	]�`�` ` z5F o D�D z b Fjz p �
F `�j�j F D�o�`�j � � p z b�` o � j�D ` z D�b ]�]"j Fjz D �
b �h��k F�F�k ]�b �du kjz b � j�` � p D z j�D F o z b ` z��E�

/∈  ~ó�w�÷õô�m�ò�ø=p)m�y
b�D�] F D�D F b �du j z b�p p k D�j ` z5F D j � Fjz b �
]"D�p�b F D k�F o � � g kjzGF j o�o�` � ` z D F ] k�F ] z b�b A�2
]"D�j � F D k D F �§]�g p z ��F o k ] k ` z5F�F Fh�E� ] z b �
F ]�o�b F D�j k D �@p�g j z ]�b p�o	]�] ` z ] � ]�b�p Fjz b �
] ��F j F D�`�j�o � F g p z D�j o � p�j ` z5F b ] Fh� ] z o �
]"o�o�D F D�p�o	] ��j�g j z D�j p�p�o k ` z D F p�b D z5Fh�
p�]"p F D�D�j�p �§]�g p z ]"o o�b�j	] ` z5F�F F ] ��z b � A�2

kE� b F D�D�b�] c¦D�g o z � D k j k D ` z D�j ]�` z j ] z `Wb
]"D�b�p F D kE� o c¦j > g kjz o�o k `�o F ` z5F j o z j ] z p�b
D�D�j F D F `Wp c¦D�g o z ��k k o�`�j ` z `Wp `�D z b Fjz��E�
]�p k�k F D�p�D F c�`�g o zGF ] k j�D�p ` z b�` F b ] z p �
]�] F�F F D�b�]�] c�`�g o zGF j k p�D � ` zlk D D ��z b ] zlkE�

m
ôhk�ø^óõô¾ù}w,m�f�ö
ñK÷�ðEkVø*ðEkfñ�óOò�ø¡ø}f�÷�ü�ôhkfñ*ò�øe¶
�  ~ù*ðoö,w,m�f�ù*ò�ð�7nø*ò�ñ
�  ~ù*ðoö,w,m�f�ù*òeýWô�ñ�®
ò�ó�m
� � ô�óO÷�r�ùKô$ñK÷Oðhkwò,k óOðEk l f�ò,fCù�m��.ðhk�m�ò
� Ù ð�ù}u�ô�óO÷Oø*ô�ñK÷�ðEk

ðYñ�ò±ó�ôÚõ�ö�ñ�÷¨ò�øqù�÷�ú
� �þð�7àø�ò�ñ�ò�ø#ñ=m��Ïôhf rCùPf�÷iñ�m�ò[óõô ��� /çô9ü�ò�ö�f�k ñKò,uYû�ø�m�ò[ûEð�ø*òvk f�ó zÒ> ó~ø,�.ô l ÷iñ�m�ò��;ô�÷Où�ò�f�k�òujð1i�òsk�k�ò=m�ò�øU®
öonC÷Oò�ù�ø�ð�7àø�ò�ñ;m���f�k�ò�ðEr�ø�ò�ù#ü�ô$ñK÷Oðhk�ò,kVüEw�ù�÷�®Wô�k�ñ�üo÷Oø}f�ò�ó�óOòsujòsk�ñ6ò�ñ�ø�ñKô�ñK÷�ø�ñ*÷�~ f�ò,uYò,kfñ~BfCò öon
ôh~ f�òç®�öon�÷Oò�ù�k�ò ö�ðEkfñ*÷Oò,kfñ�û
ô�ø�m��2ôhrEò�ù�ùKô�ñ*÷OðEk z�� ô ñKò�öon�k�÷�~ f�ò�ö�ðEk�ø�÷Oø#ñKòØ�Ïø*ðEfCø�ñKù*ô�÷Où�òHm�f
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mV Teff log g ve sin i ξt

;�ò,ujô�ùP~ f�ò�øp Ã y Ù u�£�ø Ù u�£�ø
]�o ¹²/§] ��k ] � D c&b�g j z � o k p � p ` z `Wb ]"o z p ] z `

¹²/§] ��k�F o�D c&b�g j z � o k b�`Wb ` z D�` `Wp ] z `
D k ¹²/§] ��k�k o	] c&b > g j z � j k p�]"D ` z `�D D�p ] zlk
`�o ¹²/§] ��k o�` k c F g p z j�p k j�o F ` z D � k�F ] z o
j k ¹²/§] � p k ]�] c k g j z b � k `�o	] ` z b�p F�F ] z `

¹²/§] � o�b�D � c F g p z D � k `�o�p D z j�b k p Fjz ]
] � ] ¹²/§] � p�j�p�p c k j z D�b k b�o�j ` z b�` F o z b ] zGF b
]�]�` ¹²/§] � j	]"b�` c&b j z b k k `�o�p ` z b�` ]"o ] z ]"b
]�]"j ¹²/§] � j F�F�k c&b j z D�` k b�D � ` z `Wb ]"o ] z � b
] k�F ¹²/§] � j�o�p k c k g j z b�` k `C]"D ` z `�o Fh� ] z ]

¹²/§] � o ��k o c � g p z b�b k j k ` ` z���k j�o Fjz5F
] � p ¹²/§] � p�o k�k �°D�gh£��°D > g b z ]"j j�b�`C] D z j F b�] Fjz o
]�D � ¹²/§] � j�D�j F �²`�gh£��°D > g ` z o k j�D	]�p D z o F p�b z b D z5F
`�p ¹²/§] ��k j�j�p �°`hu b z p�] j F o	] ` z5Fh� j F D z j
j k ¹²/§] � p k b�b � � g kjz ]"j o k p�b ` z ] � `Wb Fjz��

/∈ � ðEujô`p;ô"y
k�F ¹²/§] � p�] k j �°jhu�£_ÙB��b�n���b�u�c � kjzGF ` j F j�D ` z5Fh� ]�` z D ` z��
]�j�D ¹²/§] � o�D � p �°`�g�u�£��°D > g²6)g kjzGF�k j�D�o k ` z ] � ]�` z b D z D
]�`�` ¹²/§] � j k ` F � F u�£_ÙB� F n���p�ux��p kjz b�` j � p�o ` z���k o z5F D z p
k j ¹²/§] � p F p k �du�£ Ã ô�b�u��@p kjz5k D j �E�E� ` z��E� ] ��F Fjz j
]�D�o ¹²/§] � j�`�j k �XuxÙ �°Dhn��@b_ux��p kjz5k p j	]�`�j ` z ]�] D�p D z��
b F ¹²/§] ��k o�o�o �Xu p z ` k j	]�`�j ` z�� o `�` D z��

/∈ � ðEujô`p;ô"y
j F ¹²/§] � p�bÚ]"D �Xu�£_ÙB��p�n�c � u�c � p z D�j p F p�o ` z���F k�F D z��

δ
A�ö,f�ñK÷>pÓr�y

ø�ûnò�ö�ñKù�ò/r�ùPfCñ^óOôvuYð1i�òsk�k�ò/m�ò�ø^ð�7nø*ò
ñKø z
ðMñ�ò±ó�ôÚõ¤ö?ñ�÷Bû¤ü	ú�ý¤÷�þaõ

� ò�ø0ùPw�ûEðEk�ø�ò�ø�m�ò�ø0û�÷�Å�ò�ó�ø�mCò¢óOô^ö�ôhuxw�ùKô ��� /ìk�ò�ø*ðEkfñ'û�ô�ø»ñ*ðEf�0�ðEfCù*ø¡f�k�÷��\ð�ùPuYò�ø?ø*û
ô$ñK÷õô�óOò,uYò,kfñ z� �þò�ø#ñ¾ûEðEf�ù�ö�ò�óOô�~ f��þ÷Oó{�;ôhf�ñ��;ô�÷�ù*òvf�k�ò�w�ñPf�m�òjø�ñMô$ñK÷Oø#ñK÷�~BfCòjòskåû�ù*òsk
ôhkfñ�f�k¤w�ñKô�óOðhk�ûEðEf�ù�öon
ôh~ f�òr
ô�k�m�ò�m�òVóOðEk l f�ò,f�ùvm��þðEk�mCò z /½ôhk�ø�k�ð�ñ*ù*ò ö)ô�øYðEkºöon�ð�÷�ø*÷�ñ[ó�ò�ñ!f�k l ø�ñ!�sk�ò z � n
ôh~ f�ò ø*ûEò�ö
ñKù�òHm�f
ñPf�k l ø#ñ!�,kCò ø�ò�ù*ô�kCðEuxu�w�ûCóõô l ò�f�k�÷��\ð�ùPuYò�p\ýWô$ñ�®
ò�ó�m�y z�> ó6øs�2ô l ÷�ñ_÷�ö�÷6ô�f�ø*ø�÷�m�òA�;ô�÷Où�ò�óOôØujð1i�òsk�k�òm�òYû�ó�f�ø*÷�ò,f�ù�ø�ûEð�ø�ò�øqmCòYýWô$ñ�®
ò�ó�m�ø/~ f�÷�ø*ðEkfñ=�;ô�÷�ñ*ò�ø�ô)ü�ô�k�ñ�öon
ôh~ f�òjûnð�ø*òYøPf�ù�ó
��w�ñ*ð�÷Oó�òhtàòsk�øPfC÷�ñKòYðEk
ø�ðEf�ø�ñ*ùKô�÷iñ�óõô�uYð1i�ò,k�k�ò�mCò�ø�ð�7nø*ò�ñ*ød�_ö�ò�óOó�ò<ðErCñ*ò,k f�ò/m�ò�ø�ýWô�ñ�®
ò�ó�m�ø z� ò<ø*ûEò�ö
ñKù�ò�r�ù}fCñ^ò�ø#ñXkCò�ñ*ñ*ð1iEw�ò,k�ô�û�û�ó�÷�~ f
ôhkfñ�óõôq�\ð�ùPu�f�ó�ò½øPfC÷�ü�ôhkfñKò[¶

Sp =
Sb − O
F −O

paD z ]Ny
Sp

iÿA�ûnò�ö�ñ*ù*òeû�ùPw�6&ñ*ùKô�÷iñ!w
`�D
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Sb

i A�ûEò�ö�ñ*ù*ò/r�ù}fCñ
4 iÞuYð1i�òsk�k�ò=m�ò�ø�ð�7nø*ò
ñKø
câi ujð1i�ò,k�k�ò/m�ò�ø^ý
ô�ñ�®
ò�ó�m�ø

� üCþ����¤ñ�ü	ú��aò��X÷	� þ ò���
tö?÷�ö?ñ�õ
� ò��¤õ?÷
� óõô¨®�k<m�f m�w�ûEðEf�÷�óOóOòsujòskfñ8t'ó�ò�ø*ûEò�ö�ñ*ù*ò�ø*ò û�ùPw�ø*ò,kfñ*ò�ò,kºý�fjÅ ô�ù}r�÷�ñ*ùKô�÷�ù*òwòsk<�\ðEkCö�ñK÷�ðEkÊm�ò�ø

û�÷�Å�ò�ó�ø z 9&k�òeö)ô�ó�÷�r�ù*ô�ñK÷�ðEk�òskVóOðEk l f�ò,f�ù�m��.ðEk�m�òeò�ø�ñ��;ô�÷�ñKò ò,k�fCñK÷�óO÷Oø*ôhkfñ6ö�ðEuxuYò�w
ñMô�ó�ðEk§f�k�òeóõô�ujûEòm�ò ñ!nCð�ù*÷�f�u�6+ô�ù l ðEkv~BfC÷àø*ò�ù�ñ£�¾ô�7nò�ö�ñ*ò�ù���öon
ôh~ f�ò<û�÷9Å�ò�óEø*ðEkAws~ f�÷�ü�ô�ó�ò,kfñ6òskwóOðEk l f�ò,fCù�m��þðEk�m�ò
λ
�

û
ô�ù�ñ*÷Où�m���f�k�ò��\ðEkCö�ñK÷�ðEkVóO÷�k�w)ô�÷�ù*ò
λ = a ∗ pixel + b

z

�Bò×ñ���ü�þ��
ù�ü�ú��aò��
� ò�ø}ø*ûEò�ö�ñ*ù*ò�ø�ðhr�ø*ò�ù�üEw�ø�ø*ò6û�ù}w�ø�ò,kfñKòsk�ñ¢ö�ðhuxuYò�mCò�ø'ý�fjÅ_ô�ùPrC÷�ñKù*ô�÷Où�ò�øst_mCðEk�ö£f�kCò�k�ð�ùPujô�ó�÷OøKô$ñK÷Oðhk

ôhf ö�ðEkfñK÷�kBf�f�u ò�ø#ñ`k�w�ö�ò�ø*ø*ô�÷Où�ò�ûEðEf�ù�ó�ò�øVö�ðEuYû
ô�ù�ò�ùVô)ü�ò�ö�ó�ò�øVø*ûEò�ö
ñKù�ò�ø�øRiBk�ñPn�w�ñ*÷�~ f�ò�ø ô�®�k m�ò
ûnðEf�ü�ð�÷�ù¡óOò�ø�ø}f�ûnò�ù*ûEð�ø*ò�ù z� ô�k�ð�ù}u�ô�ó�÷Oø*ô�ñK÷�ðEk|ô w
ñ!w`�;ô�÷�ñKòVòskñfCñK÷�óO÷�øKôhkfñ[óOò óOð l ÷Oö�÷Oò�ó�m�ò�ù}w,m�f�ö
ñK÷�ðEkìm�ò�ø�m�ðhk�k�w�ò�ø > / �{z 4�k
ø*ò�ó�ò�ö
ñK÷Oðhk�k�òvm�ò�ø��\òskC¥�ñ*ù*ò�ø=m�ò_ö�ðEkfñK÷�k f�f�u p;ù}w l ÷�ðEk�ø�m�w�ûnðEfCù�üBf�ò�ø=m�ò[ùKô�÷Oò�ø!y�ò�ñ�ðEk ÷�k�ñ*ò�ù�ûnð�ó�ò�f�k�ò
ø*û�ó�÷�k�ò�ösf�r�÷�~ f�ò ò,kfñ*ù*òVö�ò�øjù}w l ÷�ðEk�ø z�� òVö�ô�óOösf�ó£m�fºø*ûEò�ö
ñKù*ò ø}iBkfñ!n�w�ñK÷�~ f�ò�ûEò�ù}ujò
ñ�m��2ô�÷OóOó�ò,f�ù�øqm�ò
ù*ò�û�w�ù�ò�ù£�;ô�ö�÷Oó�ò,uYò,kfñ6ö�ò�ø£�\ò,k	¥�ñKù�ò�ø�m�ò<ö�ðEkfñK÷�kBf�f�u]m�òdu�ôhkC÷���ù�ò ÷�k�m�w�ûEò,k�m
ôhkfñKò z�� ò½ö�ðEkfñ*÷�k f�f�uçò�ø�ñr�÷Oòsk`uY÷OòsfjÅwüo÷Oø�÷�r�ó�ò½ûEðEf�ù¡óOò�ø�ù*ð�ñKô�ñKòsf�ù*ø¡ó�ò�ø�û�ó�fCø¡óOò,kfñ*ø z
9Xk òÂÅ�ò,uYû�óOò/m���f�k ø*ûEò�ö
ñKù*ò=�:9°;=< �±> <²ùPwsm�f�÷�ñ�ò
ñ&k�ð�ùPujô�ó�÷OøPw ò�ø�ñ^÷�óOó�fCø�ñKù}w�m
ôhkCø^óOô§® l f�ù�òMD z ] z
`�`
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Þ Z)ß�Z Þ ã²ê�Ù�ÓdbWÕCÖ7×�Ø Ù�Ú�é Ù ×�Ø Ø�ê�Ú�é Ñ_æ���� á�Ñ
< � 4h/ > < ª¬ª ò�ø#ñ�f�kÏø�ûnò�ö�ñ*ù*ð l ù*ô�û�n�ò��§w�öonCò�óOó�ò_÷�k�ø#ñMô�ó�ó�w�m�ò�ù�ù*÷���ù*ò_ó�ò¾ñ!w�ó�ò�ø�ö�ð�ûEò�m�ò_]"o�Dwösu�m�ò

ó��G4�r�ø�ò�ù�ü�ô�ñ*ð�÷Où�ò�m�ò�¹ ô�fCñKò�6$ ~ù*ð9ü�òsk�ö�ò�p)4<¹X �y z�> ó�ò�ø#ñ�÷�óOó�f�uj÷�k�w�û
ô�ù;f�k�òeû
ô�÷Où*òdm�ò@®�r�ù*ò�ø�ð�ûCñK÷�~BfCò�øm�ò�û�f�÷�ø¡óOò��\ð1i�ò�ù � ô�ø*ø*ò l ùKô�÷�k z 9&k�ò@®�r�ù�ò<ò�ø�ñ&w�ö�óõô�÷OùPw�ò½û
ô�ù¡ó���w
ñKð�÷�óOò�ò�ñ�ó
�.ôhfCñ*ù*ò<û
ô�ù6óOò<ö�÷Oò�ó{p;ð�ûCñ*÷OðEkÚ6k�ò�ó¥y zE� ò�ø�ø*ûEò�ö
ñKù�ò�ø�ö�ðEf�ü�ù�ò,kfñ>f�kvm�ðEujô�÷�kCò£m�ò:D �E�h��´ ò,kfüo÷Où�ðEk`p;ò,kfñ*ù*ò=D�j�b � ò
ñ k j �E��´ y�w�ñKô�ó�w¡ø}f�ù
k p ð�ùPm�ù�ò�ø�ô)ü�ò�ö&f�k�ò�ù}w�ø*ð�ó�fCñ*÷OðEk�m�ò:` F��E�E� ö�ò;~ f�÷�m�ðhk�k�ò�f�k�ò�óOô�ù l òsf�ù���uj÷ 6�n
ô�fCñKòsf�ù¹m�ò ��z ] � 6 ��z ]�b
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log g
� ¢f»�¨§�Â����������������¢©���[��7¥��¦3���G± �·����¨�� ��¨��j�(¬	���7���7¨/ª½��������¨���°

m1 = (v − b) − (b − y) ïÅ�;�����;��¹�¨]�´»f¨�ª«�]�n�������;�]���Â�����·���������[��������¨�¨]��¯n¢����j�b�����7¨��ì¹b�������
v

³�¹�¨§����ñ��3�����©¶ µ ²{���1��¢��ò�����©��¦u������¢©�¸���+¨]¢����]��� �;�]����� ¢ò�©�ë����������������¢��;�ë����¨�� �ò¨]�Á�(¬	����¼ª½��������¨���°
β = βétroit − βintermédiaire

ï��]������¦�������¢������[¨]¢����]��� �;�]���C� ¢f���[����������������¢��;�[��7¥��¦����]±���°�Ç&��������©��¦��[���;��¯n¢b���;�������Z�������;�����;��¹�¨]�7��¢���� ¢�¶������;�������Z�����Z�������1����¨]¨§���]����°
/j������¨]�k¦u���O�������3��� �]¨���� î �3�:c&²

(b− y) ���;��¢©���������]¦u������¢��"���k�������¥��������¢����j��7���¦����]± ��²
c1

���j¨��¶ ���u±	�]���·�3�
m1

���7¨§�Â�����x��¨�¨��]¦��G����°�A���C���������� ��������������;�����;��¹�¨]������¢���� ¢©¶ ���;���������Z������®b�����#�b���=A	���;¿ ��¶������Ä³n]"o k�k µ ��� �Z�·ï
[m1] = m1− E(m1)

E(b− y)(b− y) ≈ m1 + 0.34(b− y) ³ `�°�] µ
[c1] ≈ c1− 0.19(b− y) ³a`©° F µ

[u− b] = (u− b)− 1.84(b− y) = [c1] + 2[m1]
³a`�°lD µ

E(x)
�3�x���Z��¨/ª½�3£¤¦� ������7¦�� ¢�¨]��¢����������#¨���®b¨G���;�

x
°�A���C�]�����]¦������©������¢�¶ �����;� �Z�����������7ï

(b− y)0, m0, c0 et (u− b)0

°
Ì/ó : Êh¿1Ð Á"Â Ï5Ê Á Ê Á ¾G½a¸/ôöõ Ë ÊhÄ)Ê^¹�Ä/÷�½
Ê1õ�¸)Ê@Ïøô Á ¾½ù ÷^Ä)Ê1õ Ë ÊhÊ1õ�¸)Ä
Ê@Ïúô�¿�ô�Å�õ�¾ ¸ Â�Á Ê·ô�¹�¹�ô�Ä
Ê;õ�¸)Ê@¿ Ê^¸=Ïúô�¿�ô�Å3õ�¾ ¸ Â�Á Êô�À�½
Ð�Ï Â ÊÃû Ê^¸?¹�Ê�Ä
¿1Ê^¸ Á Ê Á ÷n¸)Ê^Ä)¿1¾«õ�Ê�Ä?Ïúô Á ¾5½a¸/ô3õ Ë Ê Á Ê&Ï�ü ÷n¸
Ð�¾lÏ5ÊÃý1¹�ô�Ä
¸
¾5Ä Á Ê&Ïúô Æ Ð�Ä)¿ Â Ï5Ê1º

m−M = 5 log(D)− 5
2

Ð�þ
D
Ê�½ ¸?Ïúô Á ¾5½a¸/ô3õ Ë Ê¦Ê;õ°¹ Ëöÿ

b F



Õ>Ö	r3×tsvuawyx#Ø�Ù�ÚÂÛ�u¬x�w���sv�tr�u
s)}�� � x��&×	r�w�r��¸Ü�uawyx��ÃÝ�}�� � r���x���u)r ��Þ
ÈeI�� � Z1R?NOÌ Ñ S�Ý É R?S Ð Ý ÍeN T É R?N Ñ Ê ZOÌ É R�ËìÌ¤N N�� N#Î'R?S Q N N1R ÍeN T É

L·Ì É=Q S�R?Z ÍeN OAËìÌ�� É Î,N
<Ã�´¦�� ���b�������Z�Ã¨����Ã�������]¦����ä��®������ �������;��¯n¢����Ã������¨�¢©������¢����Ã�3��� �]¨����>¡�� �����������Z�x��¨]��� ª�� �u± ��¦#������]������¦����{��®������ �������;��¯n¢����{��®���� �;��¯n¢�����²
	f�¤� ��� /�
&����������ñZ¬ ³n]"o�j�b µ ���n�&¦�� �©�;���;¢��]�&�����"¶ ���]¨�¨]���
���¦���¨��]¹���������� �+�©���������¥��������¢������­��7���¦����G± ���_���­¶ ����±	�G�����·������¢��1¡���¦��ë³

Teff

²
log g µ ���Ä¡�����¦������ ��������]������¦�������®©����� ���������]¯	¢©���=A	����¿ ��¶ ������� ¹������;±�����°�Å���������©��¦�������®���� �;��¯n¢����

(b − y)0, m0, et c0

��� �Z�����3���������������ì» �b���;���]�´�����ì���	�� �¨]���¸��ªø���^6��� ���©®� ��;���+³�»Ä¨�ª«��¯	¢©��¨��]¹����ì��®����;���	�©¬	�b������¯n¢���¨]�¤¦���¨:<&m#� �3�¸��¯n¢���¨]��¹��;�f�������������G¡�<�; µ ���ç;���6¨G¬ �u�����7¢©��¢�¦�Û ³^]�o�p�j µ ²
���������]��¯n¢��¾¨/ª½�������]¦�����®������ ����������¯n¢��
β

���1�ì���3�������������Á�b����¨���������6�� �¨����&����A¤¦x®������©�j³^]"o�p�o µ °Ú/k������0;¢��1���������n���O� �Z�O�3���C����¦������������;������®b�ì¯n¢��j¨]���&�]�����]¦����{� ¹��;���1± ���¦�� ��¦����������n�C�u± ��¦­¨]���#���©����¦����O��®©��� �;��¯n¢�����°X�Å��¢��;�C�;����¢©¨]�x�����������n���;����¢©�����C¦��86(�©�����;� ¢��7ï
6�Æ�� ¢��C¨���������� ��¨]������¨�¢©�C���;��¦��¤¦����j¯n¢���2,oë³

Teff & 11000
� µ ² β ���;�[¢©�ë¹¥���¾���©����¦�������¢��C�©�¶����u±	�]���j���������]��¯n¢��

c0
���1�C¢©�Á�]������¦�������¢������[����������������¢©���[��7¥��¦3���G± ��°

6�Æ�� ¢��>¨����>����� ��¨]������¨�¢��A�x�������G± ���ê¯	¢©� î D�³
Teff . 8500

� µ ¨]���>��� ¨]������� β ���
c0

��� �Z�ê���Z± ����������°
6�Æ�� ¢���¨]��������� ��¨]���O�©�7�(¬	�����#������¦3������¢¤£�¦�� ���©�����&���Z���;�Y2,o´�3� î D�³

8500 K . Teff . 11000� µ ²���¨¼���;������¦����;�����]���·�¼ª½���Z���;�¤��¢©�����k����¢¤£f�©� ¢©± ��¨�¨]����¶ ����������¢����
a0

�3�
r∗

����®������#�b���7ï
a0 = 1.36(b− y)0 + 0.36m0 + 0.18c0 − 0.2448

³a`©°l` µ
r∗ = 0.35c1− 0.07(b− y)− β + 2.565

³ `�°5b µ
a0

���1�´¢���¹¥��� �������]¦u������¢��­���ì����������������¢©���ì��7���¦����G± �Ä³
Teff µ ���

r∗
���ì����¨��ë¶ ���u±	�]���ì����;¢��;¡���¦���³

log g µ °
> ¨]��� �Z�#� ¹©�����n¢Á¢������� ��#¹�� �f��¦�¦�� ���f���Z�����7¨����O����������������¢��;���#���������;���]�������#»´�����;�����O���7¨��Â¶ ���]¨�¨���3�&¦���¨�¨]���{���n0�»·¦�� �©�	¢©���&��� ¢��{�����&����� ��¨]���
�����(¬¤�����"������¦3������¢¤£�¦�� �������]�
���Z���;��2 F ���1³·ß©°	�Ãª½��¦u���;����n�����C¨§�·��®��������������&¨/ª½� ¹��;���;±�������� �����1�O���C¨/ª½� ���©�������=6y]�ß ±260

� �¥��¢��
Teff

�3� −0.01 ± 0.1
���ö£��� ¢��

log g
°

Ù ������
"����Û�ñn���3����¨/°�³^]"o�o�D µ ���n�O¦�� ���b���;�j¨����&±���¨���¢����O�©�
Teff

���
log g

�¼ª«¢©�f��¦x®b���Z���]¨�¨]� �ì�¼ª½����� ��¨]���¡�� �©�b�������Z�x��¨]�����u±���¦ ¦���¨�¨����ì� ¹©�����n¢����Á» �b���;���]�¸���+�©��7¥�������Z������¦���¨��]¹���������� �©����®©����� ���������]¯	¢©���³�	Á�¤�����[/�
&� �;������ñZ¬|]"o�j�b����Å���1�����[���7��¨�°¤]�o�j k ��2O��¨]� �b�B]�o�j�` µ °ÒA¤��¨�� �+¨]��¢��;�j������¢�¨G�x������²¥¨§�¸¦���6¨]��¹��������]� ������	Á�¤����� /�
"� �;�����;ñZ¬�³^]�o�j�b µ �u± ��¦_¢����­¶ ���u±	�]���7���­�;¢��;¡���¦��_¦�� ���;��¶ ���7���;�k¨§�´���]��¢¤£�������©�����7�¥� ¢©��¨������3��� �]¨��������[�(¬¤������������¦3������¢¤£f¦��������;���O���Z�����Y2 F ���°³7ß©°�Å��¢©��¦�� ���;��¦3�������f�©�
log g

��� �]�:¥3���;�7¡����]���k�¥� ¢©�
Teff & 9000

��²�¨§���;��¨§���������ì�������Z�C¨�����¢��G±����n����ï
log g = log gMD − 2.9406 + 0.7224 logTeff

³ `�° k µ�u± ��¦
log gMD

¨��_¶ ���u±	�]���k���[�;¢��;¡���¦��j������¢��G���[»Â�b���;���]�&���k¨§�_¶ �;��¨]¨���	Á�	� ��� /�
&� �;������ñZ¬�³^]�o�j�b µ °/k�7��¨]¢�����¨]��� �Z�#������¹�¨���¨����#¦���¨��]¹���������� �©�&��¢©�]±����Z��������� ¢���¨]���#����� ��¨]��� î �Á�3�²2À�©� ������¨����[ï
6�Æ�� ¢��#¨���������� ��¨]��� î � ï

Θ = 0.2162 + 0.2301 [u− b] ³a`�°5p µ
Ì���� Ê�½¼÷n¸)Ð�¾5ÏlÊ�½Ò¹�Ð�½
½�� Á Ê1õ�¸ Á Ê�½±¹�ô�Ä-ô�¿��n¸)Ä
Ê�½ Æ Ð�õ Á ô�¿,Ê;õ�¸/ô Â�8

Teff

Ê^¸
log g

ô�½)½aÊ 6 À�¾lÊ;õ Ë Ð3õ�õ Â ½ ÿ
b�D



Õ>Ö	r3×tsvu
wyx�Ø�Ù�ÚÂÛ�u¬x�w���sv�tr�u
s)}�� � x���×	r�w�r��¸Ü�u
wyx��ÃÝ�}�� � r���x���u)r ��Þ
Θ = 0.2489 + 0.2698 c1

³ `�°5j µ
6¸Æ>� ¢©��¨]���#����� ��¨]���U2 ³

Teff & 10000
� µ ï

Θ = 0.1692 + 0.2828 [u− b]− 0.0195 [u− b]2 ³a`�°lo µ
��±���¦�ï

Θ =
5040

Teff

et [u− b] = (u− b)− 1.53 (b− y)
³a`�°8]�ß µ

Æ>� ¢��
Teff . 11000

��²�¨/ª½���;����¢©�k��¢©�k¨§�´����������������¢��;�_��7���¦����G± �Â���;�[�©�_¨/ª½� �;�����­��� F °5b © ���k�¥��¢��
Teff & 20000

��²�¨�ª«�����;��¢��#���1�����h` © °�
ª½���;����¢��k�;¢��k¨���¶ ����±	�G���7���_�;¢��;¡���¦��
log g

±������]�7���Âß¤°�]­���3£Á��� ¢���¨����C����� ��¨]����0;��¢��©���j���·�(¬	�¥� î
0;¢���¯n¢¼ª«»¸ß©° F bÂ���ö£��¥��¢��#¨������3��� �]¨����:2À¨]���#��¨]¢���¦x®b��¢��©����°�A�[�©��� ¶ ����������¢©���]¨��]�����b�����O¦����;���j��®© ����[��� ¢��&���������������©���&¨]���O���������� ��������&¡�� ���b�������n����¢¤£¸�������������¨����#���;�C��� �����Y9:g@2��@21<&m î °¼Ç&�·���;� ¶ ���������[���1�k��¦����G���b��� Ù ����� 
&���yÛ�ñn�A���k��¨�°A³^]"o�o�D µ �������¹b���;�Â��¢©�j¨����j¶ ���]¨�¨]���#���!	Á�	� �"� /�
"� ���3���;ñn¬�³^]"o�j�b µ �u± ��¦�¨����k¦���������¦������ ���k���Â¨§��¶ ���u±	�]���_�����¢��1¡���¦��f³��¥� ¢©�

Teff & 9000
� µ �3�[¨����j¦u��¨]��¹��������]� ���#�����j����� ��¨]����2 �3� î �+�3£¤��¨��]¯n¢������[¦��86-�����;��¢���°�A�¸����� ¶�����������¨��G�·��� ���Z��������¨]���­�������]¦����_� ¹��;���1± ���´�3��¨����(¬¤���ì�;�¥��¦�������¨&�©�ì¨/ª½����� ��¨]��°AÆÃ¢����_¦�����������]¦����[��� �Z�·�����;� ¢�¶ �]�[���Ä������¨]��¯n¢b���Z�[¢©���´¨�� �>���´��� ¢�¶������;�������Z�7���Z�������1����¨�¨§�������­����¬��������´��� ¢��¨§�7¶Z��¨§��£©�]� ª$# ²	������¢©�]���C¨§�7¦u��¨]��¹��������]� �����1�O������¨��]¯n¢��������"�b���{�]�����������������Ã��¢�¦�¦��������G± ����� �¸���3�������������¨§��¦�� ¢©��¹��·�]����6

Teff
�������;��6

log g
¨§����¨]¢��������	¦x®��7��¢f�¥�����Z�#���������������Z�������G¡ä���7¨�ª«�3��� �]¨���°�
ª½���;����¢��´����� �¤�����¸�b�����Â¦����;���¸��®� ��;��²ä���������Z������¨�¨]�������Â�©¢�����¢¤£ ���©����¦����_�©®����������3�����]¯n¢��¸���;�����

±250
�ð��� ¢���¨§�+����������������¢��;�¾��7¥��¦3���G± �¾�3�ì��� ±0.25

���ö£ ��� ¢���¨§��¶ ���u±	�]���Á���Á��¢��1¡���¦���°O�Å��x��¹�¨]�u��¢X`�° F ���������������Z���+¨����´����������������¢©���������¸¨�����¶ ����±	�G���������¾�;¢��;¡���¦��+���©� �©���������¥� ¢©�¸�����������¦x®b���Z����¨�¨]� ���¼ª½����� ��¨]���
)�%)ß�%�à � N'&(&�)ÅV+*-,/.kN10¤N{P2)30	U�T$4�5kV+*

�Å���[�]�����]¦����k��®������ ���3���;��¯n¢����@A	���;¿ ��¶������¾¢©±	¹n¬
β

�����7����� ��¨]���C����¢©���������[� �Z�[�3����� ¹©�����n¢��[���¶ �����©���k�b���;���]�k»·�b���1�����{��¢ì¦����x��¨�� ¶ ¢©���©�/6k��¢�¦xñ��7	Á��������¨]¨����	��³n]"o�o�j µ ²n� ¢¸¹��]���ì���ì¦�������¢�¨G�x���Z�¨����C¹b���;���j���_��� ���������°¡E<�21/ î �3�hA > 	ç2 î /_°�Æ>� ¢��C¦x®b��¯n¢����3��� �]¨���²b¨]���C������¢��;���j�¼ª½���©����¦����k¨]�����¨�¢��"����¦����Z������� �Z��¶ ����������¨��������Z�&�3���j�;�������n¢�����°b�A�_¨��]�;���������O�����©��¦����"�;�������n¢��#�����������98]�{�b�����O¨]����x��¹�¨]�u��¢	£P2k°8]·�3�²2k° F ���7¨�ªø���©���3£¤�M2k°î ¢�¦�¢�����¦�� �;����¦3���]� � ������� ¢©¶ ���;���������Z�·��¢©�[¨����[�]�����]¦����[��ªø������������¦������������;��������¦���¯	¢©��¨]���7���������� �Z������¢Ä��¨�����¶ �����­�3�Â������¦¸����¢ �;� ¢�¶ �]��³
<�³
2q6)g µ ≈ ß¤°øß�Df�¸��¶¾��� ¢��·¨����­ÆÃ¨����§�������_�3�Âß©°«ß	]��¸��¶�¥� ¢©�kÇ&���¸��2&����������¦���� µ °�A���U®b¶ ¢��;���U`�°8][���:`�° F ���������������n�����Z�C¨§�Â����¶ ���G��¢�����±	����¢©��¨�¨]�j���©�b�������Z���7����¡�� ��¦3���]� �����[¨§�·������6�¥��������¢����7��7¥��¦3���G± �·�����#����� ��¨]�������­Ç&� ����2&���;�����]¦������3�������CÆÃ¨������������������;�¥��¦����]± �������Z�u°
Ì;: : Ê�½¤Ä�÷ Æ ÷^Ä)Ê1õ Ë Ê�½ Á Ê�½¤ÏlÐ�¾5½ Á Ê Á ÷^Ä)Ð Â Å�¾5½)½
Ê^¿1Ê1õ�¸¤½
Ð3õ�¸qº � Ä-ôyÈ Æ Ð�Ä Á�<>= E@?BADC±¹�Ð Â Ä¤Ï5Ê�½>÷n¸)Ð�¾5ÏlÊ�½�Ê;õ�¸
Ä)Ê'ÔFEUÊn¸&ÖGE Á Ê

Ë Ïøô�½
½
Ê�½ @�@�@ ý'H!IKJ�·�ôöõ�Å <>= EDA3DDC�¹�Ð Â Ä�Ï5Ê�½¥÷n¸)Ð�¾5ÏlÊ�½×Ê;õ�¸)Ä
Ê�ÔFE�Ên¸ÒÖGE Á Ê Ë Ïøô�½
½
Ê�½ @ Ö
2 @ Ô�Ên¸ @�@ I@L�Ä)Ð�½
À�Ð�Ï <M= E@?BANC	¹�Ð Â Ä
Ï5Ê�½>÷n¸)Ð�¾5ÏlÊ�½?Ê;õ�¸)Ä
Ê'ÖGEUÊ^¸�Ö�D Á Ê Ë Ïøô�½
½
Ê�½ @�@�@ ýOHPI � Ä-ôyÈ Æ Ð�Ä ÁQ<>= E@?xEDC ¹�Ð Â Ä�Ï5Ê�½>÷n¸
Ð�¾lÏ5Ê�½�Ê1õ�¸
Ä)ÊqÖ>DUÊn¸1RSE Á Ê Ë Ïúô�½)½
Ê�½@�@�@ ý�HPI � Ä-ôyÈ Æ Ð�Ä ÁT<>= EN?VUVC×¹�Ð Â ÄÒÏlÊ�½¼÷n¸
Ð�¾lÏ5Ê�½ Ê;õ�¸)Ä
Ê1R = Ê^¸GLXW Á Ê Ë Ïøô�½
½
Ê�½ @�@�@ ýYH!I < Ï5½
Ê1õ <M= EVA B C�¹�Ð Â ÄÒÏ5Ê�½¼÷^¸
Ð�¾5Ï5Ê�½
Ê;õ�¸
Ä)ÊXLXW,Ê^¸�ûZW Á Ê Ë Ïúô�½)½
Ê�½ @ H¯Ên¸+H ÿ
b�`
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Aj�����7¦��3�����´��®� ��;��²CB�ª«���ä¢©����¨��]����²¥���Ä¶ ���������������;������²¥�����·���¤�� �¨����j�¼ª«������� ���©®� ��;���7����¨§�¸±����;��������¼ªED9F�GHDJI+�·¨��O��¨�¢��Å�;��¦����Z���k³/ÇO���1����¨�¨��¯�Ä�[¢��;¢�¦�@HK�ß ß�L µ ��� ¢��Å�����A�������¥��������¢������Å�,M¥��¦3���]±�����¦�� �N>�����]�����&���Z���;�!O ý ß ß·���QP�ß ß ß ßZ��²¤�©���O¶ ���u±¤�G�����&���C��¢��1¡���¦����O¦�� �����;�������&���n�����

3.5 ≤ log g ≤ 4.5
������RM¥���;���Z�����C��������¨�¨]��¦��G������°�A���C®Z¬	������®� ������C¡����G�����&�b�����SD9F	G�DJI������ �Z�C¨�������¢��G±����n�����7ï

P °#�Ãªø������������®� �����²j�¼ª½���b���]���;��¢��+�������]��� �b���ë��������� �;� ��¢ ���u¬ � � ��� ¨�ª«�3��� �]¨���²����;� �;¢������ �����¦�� �©�;���G��¢����´����¦�� ¢©¦x®����·��¨§�������[�3�7�b������¨�¨� �¨�����³�¦x®©� ���;���Â�b���[¨/ª½¢©���]¨�����������¢�� µ ⇔ Aj���©�·¨]�Â¦u�������������� ��¨]��� î �3�UT��©�·¨��WV¤��¯n¢�����¦��_ÆÃ�����©¦�������¨���²©¨��[���u¬ � �f���1�C¨�����¶��������Z����¨]¢��#¶ �����©�f¯n¢��¨/ª½���b�������;��¢��#���7¨�ªø������������®� �����°
K¤°�Ç&®b�������
�¸��¶ ��������¯n¢�����² ¦���¨�¨]¢�¨����ä¦����n±���¦3���]±����"���
¶ �����n¢�¨§������� �_��� �Z�{����¶�¨���¶���� ⇔ �Å���
����� ��¨]���î �f���7��� �Z���b�����������G�������#�b�����#¦��[�����u±�����¨�°
L©°#�Å���Â¦�� ¢�¦x®����Â��� �Z�_��¢������ �;������®©� ����¶  ������_®�������@�� �Z�x��¨]�������Z�­»¾¢�����������¡�� ������¢���:©£¤���ì���¨/ª«��¹�� ���b���©¦��[¦x®��]���]¯	¢©�[��������¨]�������Z�������;�C���Z±����������Z���j���f��� ¢©�#��� ���Z�#���7¨/ª«������� �;��®� �����°
X °#�Å���
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���k���G± ����¢¤£��¼ª½��������¶ �]�C�¼ª½� �;��¶ �]���#¦�� ¨]¨����;��� �©����¨]¨�� µ ⇔ �Å���"�����]���
¦x®�� �]���]�"�b�����&¨�ª«�3��¢����¦��¼�©�����;���Z����³������]���&¡�����¹�¨]���{����¶ ���������j�b���;���]� µ ����¨]���&�©�]± ����¢¤£ì�¼ª«�]� ���]��������� ���"�������©�����O��� ¢��¨§���]���;���Z�Â�;¢������ �����_¯n¢��ì¨]���_��¦u���1���_»Á¨/ª]Y[Z#�ò��� �Z�Â�©��¶ ¨]��¶ ����¹�¨����7�¥� ¢©�_¢�����¶ ���������¸�����;����������#���������;�]���]� ���O¢¤����¨]���;������°
^ °#�Å�`_b¢	£¾��ª«�������;¶ ���·�����©�§�����]± �7�3�k¦�� �Z± ��¦3���G± �Â���7±������]�7�b���k��ª«¢��©�_���;��¡�� ������¢��C»�¨�ªø��¢¤�����7���¨/ª«������� �;��®� ��;��²�¦�ª«���;�C¨/ª½®Z¬¤������®� ��;�­���7¨�ª«��¯	¢©��¨��]¹����C�����©�§�����]¡~°
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F = σT 4
eff = cste

³ ý °RP µ�=<
Teff

���;�C¨§�_�������¥��������¢����[��M���¦����G± �·���7¨/ª½����� ��¨]��²	���
σ
¨��Â¦�� �©�;�x���n���­�©��c"� ¨]�d@��������¼°Ç&�Á���;� ¶ ��������������¦����;���G���f��¨�¢��;����¢����´�b�������� ����;���´�¼ª½���Z���;���Á¦�� ������¨��ë����������������¢��;�f��M���¦����]± �³

Teff µ ²�¨§��¶ ���u±	�]���_�����;¢��;¡���¦���³
log g µ ²�¨����[��¹�� ���b���©¦����[�����j��¨��������n���´³

[ X
NH

] µ ²�¨§��±¤�G�����������©�Â���e>¦�������¢��;¹�¢�¨�����¦���³
ξ µ ² . . . YÃ�ì¦x®�� �]�����;�����Z�&¨��k�©� �Â¹��;�C���C¦�� ¢©¦x®�����²�¨���������¶ ���������SD9F�GHDJI+�¸��� ¢����� ������������� �1���]��¨]����� �Â¹©�������#¶ �����©����¢��;�"¦���¨�¦�¢�¨������
�b���©�"¦x®b��¯	¢©�k¦���¢�¦x®���²	���������������n�
¨��j�����N>�¥��������¢�����²	¨��·�©�����;���]� �¸��¢�¶Z��@�²Z¨§�7�������;�]���C��¨���¦3���;� ����¯n¢���²n¨/ª½� �b��¦��]���1f#� �;����¨������¼²n¨]�1_�¢¤£�¦�� �Z±���¦����]¡~²
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"���G��@����	P þ�þ�þ µ °

Aj���©�f¨]�������¤�© �¨����ì�¼ª«������� �;��®� ��;�����¼ª]D9F	G�DJIä²&¨§� ¦����n±���¦3������� ���;��¹b���;��� ��¢©�f¨�� ��®���� ���]�����¨��¾¨�����¶ ¢���¢��Â��������¨§����¶ �+³�	¾�\Z µ ³>�[¢���¢�¦,@yP þ�þ L µ �u± ��¦�����¢¤£i���©�����u£¤���������]� ����ïä¨/ª½� �b��¦��]���®�������@�� �Z�x��¨]�¾����¬ ���©��� ³�6 î i µ �]�n�����	��¢��G���¾�������Å���1�������3�f��¨/°j³;P þ=a K µ �3��¨/ª«�������;��£¤�]�¸������� � ���¨�ª«��± �����;®��¤�������©¶f³ î i µ °�Ãª½�������C���C¨§�[��®���� ���]�C�©�C¨��·¨]� ��¶ ¢���¢��{���k����¨�����¶ �#���1�O¯n¢��C¨/ª½��������¶ �]��¦�� �Z± ��¦����G± �[���;�&�������©����� �;�����±������
¨]�O®b��¢©�ä���
¨��&¹b���Ã�b���ê�����
¹�¢�¨]¨����ä¦x®b��¢��©���
���Ã¡��;� ��������° Ç&�������#��������¶ �]�&������±����;����¢�����¨�����¶ ¢���¢��¨�²¤¨��_¨�� �©¶ ¢���¢©�O���j����¨�����¶ ��²©�u±����Z�#���[���[�©�����;� ¢����;��°©���Â¦�� �Z± ��¦����]� �����1�#���u��¨����;���j¯n¢b������¨§�_�����\>�;�]���&�����
¹�¢�¨]¨����ä���������n¢��O��¢����������Ã��¢����;�b�������]���������Z�Ã¯n¢��#¨��k�����©���]���#��¢´���]¨�����¢¼°��A�j¨������]���"�©��¨§�
@�� ���&¦�� �Z± ��¦����G± ���b�����ê¨�ªø������������®� ����{���1�Ã��� ���©���O�b���>¨��C��¢©�;¡���¦��&���1V	¦x®d
&���z@���¦x®©��¨���° �A�k¨�����¶ ¢���¢�����¸����¨§����¶��ë³�¨ µ ���;�Â¢�� �b�������� 3���;�¸¨��]¹����´����¨&¯n¢���¨]����������� �;�_���Z���;��¨"�3��¨/ª½��¦x®���¨�¨]�¸���ì®���¢©����¢�����­���������;��� ��6

p

³���¢
α µ ²�¨|{¯6

p

²����;�[¦�� �������]�����Z�����Âß©° ý ���!K¤°øß¤°}Ak�����j¨]�­¦����k��¢¾��� ¨]����¨�²�¨§�´±���¨���¢�����7¨|{¯6
p

���1�S:©£¤���Â»3P °~K ý �������7¢©��¢�¦,@ì³�P þ�þ K�¹ µ ���Á¦�� ���b�������n��¨]�9_�¢¤£f¦u��¨]¦�¢�¨]�7»�¦���¨]¢��Å� ¹��;���;±���°ÇO���1����¨�¨��Å�3�[��¨�°�³;P þ¯þ ^ µ � �Z�k�©¢�¹�¨��]�­¢©�ë���1����¦�¨��7¦�����¦������b���Z�[¨���¦�� �Z± ��¦����]� �ë�b�����jD9F	G�DJI+�ë��±���¦��� ¢©�����­¨]���·���	���b:b¦u������� �©�j¡����]�����·������¢©���*P þ ^ ß©°������¸�©���_¦�� ��¦�¨�¢��;��� ���·����¦����_���1����¦�¨��´�������]�·¯n¢��¨�ª«¢©����¨]�������������­��¢�������¶ ���������5D9F	G�DJI����������S����± �����;®��¤�������©¶'�#�;�����;�¤�©¢��]�
������¢¤£´¨����Ã�����©��¦����
�����¦�� ¢�¨���¢����ê���
¨����ä���;��:b¨��ê�����
���������ê���5cO��¨]�����ê� ¹©�����1± ����°\�·�������]�����>���{��¨�°�³�P þ�þ�þ µ � �Z�Ã����¢������&¨/ª½�,M¥������[¨��Â¦�� �Z±���¦������ ���;¢��#¨����&������:�¨��������������]�������9cO��¨������[³>6
α

����6
β µ �������#¨����O����� ��¨]��� î ²�T ���S��°�A�P	¾�\Z �u± ��¦­�3�#������������±������;®��	�����]��¶'�j���1�C¦�� ���b�������7»�¨§�_��®©��� �;���[���[¨��Â¦�� �Z± ��¦������ �Á����� ��� �;����b����ÇO���n¢©�����À	¾�$@�@��G����¨�¨��j³;P þ¯þ P ²�P þ¯þ K µ ³�ÇO	 µ �������Z���;�¤�©¢��]���ì�b�����´¢��©�f±������;��� �i�¼ª]D9F	G�DJI�b���l�[¢���ñ���³�P þ�þ O µ °	�Å���&�����;���O� �Z�O��� �Z���;�k¯n¢��j¨]���{���	�� �¨�����	¾�\Zò�������9�3��±����;��®��	�����]��¶'�#���#ÇO	�;�����;�¤��¢©�������Z�&�����"�;���;¢�¨]�������{���]���]¨§���]�����ê��¢¤£´�©�]± ����¢¤£������"�]������¦����
����¦�� ¢©¨���¢©����°lA_ª½¢��¸��¢©���;�C¦,������²¨��C¦������b�������]��� �­���Z���;�O¨����ê����������������¢��;���>�,M¥��¦����]±����Ã�¼ª½����� ��¨]���ê�©�O���3¡���������¦����3�Ã¦���¨�¨]���ê�©���ä���¤�© �¨������� �Z���;�[¯	¢©�·¨]�[���	�� �¨��Z	¾�lZQ³��������#��± ������®©�¤��������¶ µ �����©���	��¢��]����¢Á������¢¤£ì¨]���#� ¹��;���1±�������������°

Aj���©�{¨]�O¦u���{��<�¨§�k�x����¨�¨]�"�©��¨�ª«��¨��������n�ê��¢��;¹�¢�¨����Z�
���;�
�������]��������±����Z�
¨���¨]��¹��;�&�b����¦���¢����
����¬���������"�©®�����������²n� ���b���;¨��#�������]¦�������¢��;¹�¢�¨�����¦���°nÇ&���;����±¤�G�����������������]¦��;����¢��;¹�¢�¨]����¦������;�&���Z���;�¤�©¢��]����b�����>¨]�{�������©�;¡����1�ê�������������G¡�»#�����u±������ê¨§��±¤�G���������{��®���������¯n¢��k³�±�� ���A¨/ª½��¯n¢b����������P ° ý P µ �$M¥��¦3�x���Z�Ã�������;�¨]��¦��	�,��¦��]���Z�_��ªø��¹©��� �;�©���]� �¼°�Aj���©�­¨]��¦u���·�����·���������[¡����]¹�¨�����²¼¢©���¸��¢�¶ �����Z�x������� �+�©��¨���±	�G�����;�����������¦�������¢���¹©¢�¨�����¦��ì��ªø� ��¢�¦�¢����,M¥���´�;¢��´¨§�¾¨�����¶ ��¢��Â��¯	¢©�]±���¨����Z��������¨��ë�����]��²ê¦�� �Z���������;�������Z���¢	£¾����������¡����;������°}Aj�����jD`F�GHDJIê²X¨§�´���]¦��;����¢��;¹�¢�¨]����¦��­���;�[�]�n�����	��¢��G���·»������u± �����j¢��©�Â���������;��� ���¢���¹�¢©¨����Z���O����¨§�#¡�� �����OÆ
t∝

³;P�{=K µ ρv2 �=<
ρ
���;�
¨§�C�������;�]���O��¢�¶Z��@&�b�����ä¨��k¦���¨�¨]¢�¨��"���

v
¨§��±¤�G�������������¬ ���©���7���[��¢��;¹�¢�¨�����¦���°

Aj�����C¨]�­¦������=<¾¨��´������¨]¨��j���­¨/ª½��¨]�������Z�#��¢��;¹�¢�¨����Z�k���;�C¶ �����©���­�©��±����Z�j¨]�­¨]��¹��;�[�b����¦�� ¢��;�k����¬������������®������ ����²©� ���b����¨��k���j����¦��;����¢��;¹�¢�¨]����¦���°�Ak��������� ������¢�����²���¢�¦�¢©���j±	�]�������;�[���[�¸��¦�������¢���>¹�¢©¨����©¦��[�¼ª«�������[�©��¦������������;�·��� ¢��O��B;¢��;�����#¨����O���;��:b¨����©����������������¹������;± �����_³
ξmacro � ß µ °�YÃ����¨�¢���²

���z���z� ô��$��õ?��ô3õ?� �d��� �,�øô��]� �z�}��� �E�E� � ÷ �d��� ��õ � � � �E� �d� � � L�� �;���d�������/� ô ��� ôm� <M= E3EDADC <w� ô����9U�� = C �
OCP
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���	Ü���������� ÿ��������(×bÖbÜ������������ ×��� ��������!��"$#�� ÖbÛ�����%�&'���
¡�¢�£äà F�¤|¥¤áF�Ye�¦¨§nænã�§nå�©�ª�æ«©�ª1¬�be¬�­9©�§$®�ªCå;¯«°w­!°e±?²�©�ªCænã�§�ªñbe©·ç�¦@be©�°^b�ª�©�be¦¨§�ì´³�©�]�©�ª�ª�©9µ ç ã�²�]�ãNbY}·¶_�h�hï ~d¸be©�ªG]uãNbe©�²«³�ª�¹«³�¬�ª�©�§?®�¬�©�ª�ª�¦¨§$®º©�§`¬xå;¯�©�b^be©�be¦ué�ã�³ °w® ¯«­!°e±$²�©�ª ¸?» ã�§�ª>å�©
åöã¨ª_¡hbMfpãNe�¦¨§nænã�§nå�©"æ«©'bMf ¯K� æ=³�¦ué�¼�§�©H©�ª ®æ«©

log(H)� ½ ¶m¾jæ«©d¿ ¸À Y[Á�Â,ÃuÄ,Å«Æ�Ç
log(X)�

À Y[Á�Â,ÃuÄ,Å«Æ�Ç
log(X)�O È a\É�ý K ± Ê É Ê O K�O T�Ä ^ É�ý Ê ± Ê É Ê ý

a i a\ÉEa L ± Ê É Ê O K ^ È´Ë X É þ K ± Ê É Ê XP=P ÌSÍ O É L=L ± Ê É Ê L K a ÌUÎ O É K ý ± Ê É Ê XP�K 	JÏ ^ É�ý�a ± Ê É Ê ý L a V\Ð K É þ ^ ± Ê É Ê ^P X VlÎ ^ É�ý�ý ± Ê É Ê ý L þ � K É K X ± Ê É Ê LK Ê È�Í O É L=O ± Ê É Ê K X Ê ÀrÐ K É O Ê ± Ê É Ê KK\P V\Ñ L É P ^ ± Ê É P Ê ý O c�Í K É P¨L ± Ê É Ê ý
K=K Z5Î ýlÉ Ê K ± Ê É Ê O ý ^ Ò Í P É P ^ ± Ê É Ê ^K�L Ó X É Ê=Ê ± Ê É Ê K ý�a È´Ä P É�ý$a ± Ê É Ê þ
K X È´Ð ýlÉ O ^ ± Ê É Ê L O Ê ÌUÔ P É�ý Ê ± Ê É Ê OK ý Õ Å ýlÉ L þ ± Ê É Ê L O=L Y[Ö Ê É�ý P ± Ê É Ê a

Á�Ä�ÇN×CÐdË=Ï=ÐdÍ�Ã*ÃuÄ,ÇgÖCÆ�ÎRÁ�ÎRÇdÂ�Ç�Å�Ä3×�ÐdÄ,Å�Å�Ä,Å�Æ*×�Í$ÇNÄ�ÅØÑ�Ë=Ã*×CÆ�ÄÙÁ�ÍÚÑ�Ë�Å�Û�Ë=Á�Ö\Æ�Î�Ë�ÅÜÔ�Ä3ÁoÝÞÎ�Å«Æ�Ä,Å�ÇdÎbÆ�Âß×�Í$ÐNÁ�Ä
×�ÐdË�:�Á�Ô�Ä9Ã�Í�Ñ,ÐdË�ÆdÖ�ÐdàCÖ�Á�Ä,Å�Ñ�Ä É

Ò Í�Û$Í�ÁRÄ�Ö�Ð�Ô�ÖÙÐ�Í$×�×}Ë�ÐzÆHÄ�Å«Æ�ÐzÄ!Á|Í�ÁRË=Å�Ï=ÖCÄ�Ö�Ð�Ô�ÄjÃ*Â�Á�Í�Å�Ï=ÄUÄ,Æ5Á�Ý]Â,Ñ�á�Ä�ÁRÁ�ÄUÔ�Äjá�Í$ÖCÆ�Ä,Ö�Ð�Ô�ÄS×�ÐdÄ,ÇdÇdÎRË=Åqâ
l
α

ârÄ,Æ9Á|Í�Û$Í�ÁRÄ�Ö�ÐQÔ�ÄNÁ|Í�ÛlÎRÆdÄ�ÇzÇdÄWÔ�ÄWÃuÎRÑ�ÐzË�Æ�Ö�Ðzà�Ö�ÁRÄ�Å�Ñ,ÄgÇdË=Å«Æ9Ô�Ä,Ç9Ô�Ë=Å�Å�Â,Ä�Ç9ÔqÝÞÄ�Å«Æ�ÐzÂ�Ä É Y[ÁRÁ�Ä�ÇQË=Å«Æ9Â,Æ�Â
Ñ�á�Ë=Î�ÇzÎ�Ä,ÇUÄ,ÅãÆdÄ�Å�Í$Å�ÆUÑ,Ë=Ãu×\Æ�Ä9Ô�Ä�Ç1ÐzÂ�ÇdÖCÁRÆ�Í?Æ�Ç1Ô�Ä��`Í$ÐdÔ�ÎRÅ�Ä�Ð�Ä�ÆSÍ�Á Éqä P þ�þ¯þ«å Ä,ÆUÔ�Ä�V\ÃuÍ�Á�ÁRÄ,æ ä K Ê=Ê X åQçèºË=ÖCÐ

10000K ≤ Teff

Á|ÍyÁRË=Å�Ï=Ö�Ä,Ö�ÐNÔ�Ä3Ã*Â�Á|Í$Å�Ï=ÄßÄ,ÇzÆuÅlÖCÁ�Á�Ä ä
l/α ' 0

å Ä,Æ*Á|ÍéÛlÎRÆdÄ�ÇdÇzÄ3Ô�Ä
ÃuÎRÑ�ÐzË�Æ�Ö�Ðzà�Ö�ÁRÄ�Å�Ñ,Ä

ξ
Â�Ï«Í�ÁRÄ�Ã*Ä�Å«Æ É

èºË=ÖCÐ
8500K ≤ Teff ≤ 10000K

Ë=ÅãÍ
l/α ' 0

Ä�Æ
ξ ' 2 ê Ãß{$Ç É

èºË=ÖCÐ
7000K ≤ Teff ≤ 8500K

Ë�ÅJÍ
l/α ' 0.5

Ä,Æ
ξ ' 2 ë X ê Ãß{$Ç É

èºË=ÖCÐ
6000K ≤ Teff ≤ 7000K

Ë�ÅJÍ
l/α ' 1.25

Ä�Æ
ξ ' 1 ë K ê Ãß{?Ç É

AjÍ�Å�ÇuÃuË=ÅØÆ�ÐdÍ�Û$Í�ÎRÁoâ�Á�Ý]Ë�×CÆ�ÎRË=Åì�,Ë�Û=Ä�ÐzÇdá�ËlË�ÆdÎ�Å�Ï'�ÙÅqÝÞÄ�Ç;Æß×�Í�Çu×�ÐdÎRÇdÄãÄ�ÅíÑ�Ë=Ã*×CÆ�ÄãÔ�Í�ÅCÇ�Á�Ä,ÇuÃ*ËlÔ�î�ÁRÄ�Ç
Ñ¨Í�ÁRÑ�Ö�ÁRÂ�Ç É

(*)dï ðòñò-7ðôóÙõö.�8÷ðøñù-7ðôóy+Qï
è�Ë=Ö�Ð9ú�Ö�Ä�ÁRúlÖCÄ�Ç`Â,Æ�Ë�Î�Á�Ä,Ç�âqÔCÄ�Ç`ÃuËlÔ�î�ÁRÄ�ÇjÔrÝEÍ$ÆdÃuË�Çd×�á�î,ÐdÄ,Ç�Ë=Å«Æ`Â,ÆdÂWÑ¨Í�ÁRÑ�Ö�ÁRÂ�Ç9Í¨Û=Ä,ÑßD9F	G�DJI�ûüÄ,Æ

D`F�GHDJI�ýlþß×}Ë=ÖCÐ´Ã*Ä,ÆdÆdÐdÄjÄ,ÅÙÂ,ÛlÎ�ÔCÄ�Å�Ñ,ÄjÁoÝÞÄ,M}Ä,Æ´Ô�ÄjÁoÝEi9VuÇdÖCÐ�Á�ÄSÑ¨Í�ÁRÑ�Ö�Á�Ô�Ä�Ç´Çd×�Ä�Ñ,ÆdÐdÄ,ÇUÇ;ælÅ�Ædá�Â,ÆdÎ�ú�Ö�Ä,Ç
Ä,ÆSÔ�Ë=Å�Ñ`ÇdÖ�ÐUÁ�Ä,ÇUÍ�à}Ë�Å�Ô�Í�Å�Ñ,Ä�ÇUÔ�Â�ÔCÖ�ÎRÆdÄ�Ç É �UÅ�Ä�×CÐdÄ�Ã*Î�î,ÐdÄ9Ô�Â�Æ�Ä�ÐzÃuÎRÅ�Í$ÆdÎ�Ë=Å3Ô�Ä,ÇQÍ�à�Ë=Å�Ô�Í�Å�Ñ�Ä,ÇSÇzÄ`ÿ�Í$ÎRÆ
Í�Û�Ä�Ñ!Ö�Å�ÃuËlÔ�î�ÁRÄSÔrÝEÍ$ÆdÃuË�Çd×�á�î,ÐdÄjÇzË=Á|Í$Î�ÐdÄ1Ñ�Í�Á�Ñ,Ö�Á�ÂQÍ�Û�Ä�Ñ!D9F�GHDJI�ûß×�Ö�Î�Ç´Í¨Û=Ä�ÑQÖ�ÅÙÃuËlÔ�î,Á�Ä1ÔqÝ]Í$Æ�Ã*Ë$>
Çd×�á�î,ÐdÄNÇzË=Á|Í�ÎRÐdÄ9Ñ¨Í$Á�Ñ�ÖCÁ�Â�Í�Û�Ä�ÑND9F�GHDJI�ýlþ É Ò Ä�ÇQÍ�à}Ë�Å�Ô�Í�Å�Ñ,Ä�ÇjÔCÂ�Ô�Ö�ÎbÆ�Ä,ÇQÄ�ÅyÖ\Æ�Î�ÁRÎ�ÇdÍ�Å«ÆQD9F�GHDJI�ýlþ
ÇdË=Å«ÆUÎ�Å«Æ�ÐzË\ÔCÖ�ÎRÆdÄ�Ç5Ñ�Ë�ÃuÃ*ÄjÔ�Ë=ÅCÅ�Â�Ä,ÇSÎRÅ�ÎRÆdÎ|Í�ÁRÄ�Ç�×}Ë=ÖCÐ5Ñ¨Í�ÁRÑ�Ö�ÁRÄ�Ð�Ö�ÅãÅ�Ë=Ö\Û=Ä¨Í$ÖÚÃ*Ë\Ô�î,Á�ÄjÔrÝEÍ$ÆdÃuË�Çd×�á�î,ÐdÄ
O«K
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Modèle initial : T(τ) ou T(r)

Résolution des niveaux de populations et des équations d’états

Equilibre hydrostatique: dP/dr = - ρg
→ P(r) et ρ(r)

Coefficients d’absorption: κν(r)   (ODF, OS, …)

Résolution de l’équation de transfert � I(ν,τ), J (ν,τ)
H (ν,τ), K (ν,τ),… 

Test sur la 
Conservation 
de l’énergie?

Ftotal= σT4
eff

Structure finale: T(τ), P(τ) 
Spectre: F(ν)

Oui

Non

Correction 
∆T

�������bF�¤|¥����H³	����§«°���³���­!­9©[­9¦¨§$® ³���§?®��e©�ª�¬�®���¹C©�ª��«©! "�#�$ �²��%�
& ²«§!­9¦'�«¼(�e©)�
&*��® ­9¦�ª�¹«¯�¼�³�©hª�©(�e¦¨§,+' �¯.-º©�°w®0/
1 ©�³32·¶"4545476 ¸
Í¨Û=Ä,ÑyD9F	G�DJI[ýlþ É È´Ä,ÆdÆdÄé×�ÐzË\Ñ,Â�Ô�Ö�ÐzÄéÄ�Ç;ÆÙÐdÂ,×}Â�Æ�Â,ÄuBzÖ�Çdú�ÖqÝ ë Ñ�Äéú�Ö�ÄÚÁ�Ä�Ç�Í�à�Ë=Å�Ô�Í�ÅCÑ�Ä�Ç�Ô�ÄéÇdË�ÐzÆ�ÎRÄÇzË=Î�Ä,Å�Æ	Î�Ô�Ä,Å«Æ�Î�ú�Ö�Ä,ÇgÍ�Ö�8 Í$à}Ë=ÅCÔ�Í�Å�Ñ,Ä�ÇgÔqÝÞÄ�Å«ÆdÐdÂ�Ä É Ò Íã:�Ï�Ö�ÐdÄ ýlÉ K3ÃuË=Å«ÆdÐdÄ�ÁRÄ�Ç`Ô�ÎRM}Â�ÐzÄ�Å�Ñ,Ä�ÇgÄ,Å«Æ�ÐdÄ�Á|Í
Ç;Æ�ÐdÖCÑ,Æ�ÖCÐdÄ*Í$Æ�Ã*Ë=Çz×�á�Â�ÐzÎ�ú�Ö�ÄWÔqÝÞÖ�Å�ÄWÂ,ÆdË=Î�ÁRÄ:9QÃ ä�; A�P Ê ^ P�O a«å s	< Ñ¨Í�ÁRÑ�Ö�ÁRÂ�ÄWÍ¨Û=Ä,ÑuÖCÅ/Ã*Ë\ÔCî�Á�Ä	ÇdË=Á�Í�Î�ÐzÄD9F	G�DJI�û ä ×�Ë=Î�Å«ÆdÎ�Á�ÁRÂ�Ç å â$Í�Û�Ä�ÑSÖ�Å�Ã*Ë\ÔCî�Á�Ä5ÇzË=Á|Í$Î�ÐdÄ1D9F�GHDJI�ýlþ ä ÆdÎ�ÐdÄ�Æ�Ç å Ä�Æ´Ñ,Ä�ÁRÁ�Ä1Ñ¨Í�ÁRÑ�Ö�ÁRÂ�ÄUÍ¨Û=Ä,ÑQÖ�Å
Ã*Ë\ÔCî�Á�Ä`Ã*Â,Æ�Í$Á�Á�ÎRú�Ö�Ä`D`F�GHDJI�ýlþ ä Æ�ÐdÍ�ÎRÆdÇSÄ�Æ!×�Ë=Î�Å«Æ�Ç å�É Ò Ä�Çj×�ÐzË�:�ÁRÇ ä Ä,ÅéÆ�Ä,Ãu×�Â�ÐdÍ$Æ�Ö�ÐzÄ

T (τ)
â}×�ÐdÄ,Ç;>

ÇzÎ�Ë=ÅÙÔ�Ö3Ï«Í$@
Pg(τ)

Ä,ÆUÔ�Ä,Å�ÇdÎbÆ�Â!Â,Á�Ä�Ñ�Æ�ÐzË=Å�Î�ú�Ö�Ä
Ne(τ)

å ÇdË=Å«ÆUÍ�ÇzÇdÄ,@�ÇzÎ�Ã*Î�Á|Í$Î�ÐdÄ,ÇhÅ�Ë�Æ�Í$ÃuÃ*Ä�Å«Æ5Ô�Í$Å�Ç5Á|Í
@,Ë=Å�Ä5Ô�Ä´ÿ Ë�ÐdÃuÍ$Æ�ÎRË=Å	Ô�Ä,Ç[Ð�Í�ÎRÄ�Ç ä >;K

. log τ .
P åmÉ Ò Ä�Ç[ÐzÂ�ÇzÖ�ÁRÆ�Í$Æ�Ç[Ã*Ë=Å«Æ�ÐzÄ�Å«Æ[ú�Ö�Ä5Á|ÍSÔ�ÎRM}Â�ÐzÄ�Å�Ñ,Ä5Ä�Å«Æ�ÐzÄ

ÁRÄ�Ç5Í�à�Ë=Å�Ô�Í�Å�Ñ�Ä,Ç5Ä�Ç;Æ5×�Á�ÖCÇ�×}Ä�Æ�ÎbÆ�Äjú�Ö�Ä!ÁRÄ�Ç�à�Í$ÐdÐdÄ,Ç�ÔqÝÞÄ�ÐzÐdÄ�ÖCÐ5Ô�Â�Ô�ÖCÎRÆ�Ä,Ç5ÔqÝ]D`F�GHDJI�û É ijÅÙÐdÄ,Ã�Í$Ðdú�Ö�Ä
ú�Ö�ÄUÁ|Í!ÇzÆdÐdÖ�Ñ�Æ�Ö�ÐzÄjÍ$ÆdÃuË�Çd×�á�Â,ÐdÎRúlÖCÄUÔCÄ�Ç�Â,Æ�Ë�Î�Á�Ä,Ç=9QÃ Ä,ÇzÆH×}Ä,ÖßÍ$M}Ä�Ñ�Æ�Â�ÄU×�Í�ÐhÁRÄU×�Í�ÇdÇdÍ�Ï=Ä ë Á�Ý~i9V É È´Ä,Ñ�ÎÄ,ÇzÆNÔ?> Í�Ö�8/ÿ�Í�ÎRÆ�ú�Ö�ÄßÁ�Ä,ÇNÍ�Å�Ë�Ã�Í�ÁRÎ�Ä,Ç`ÔrÝEÍ�à�Ë=Å�Ô�Í�Å�Ñ�Ä,ÇgÅ�ÄßÇzË=Å«ÆN×�Í�ÇgÍ�ÇdÇzÄ�@ßÂ,Á�Ä,Û�Â�Ä,ÇN×}Ë=ÖCÐ	Ñ�á�Í�ÅCÏ=Ä�Ð
ÇzÎ�Ï=Å�Îb:�Ñ¨Í?Æ�ÎRÛ�Ä�Ã*Ä�Å«ÆSÁ�Ä�ÇSË=×�Í�Ñ,ÎRÆdÂ�ÇQÔ�Í�Å�ÇjÑ�á�Í$úlÖCÄgÑ�Ë=ÖCÑ�á�ÄNÔ�ÄgÁ�ÝEÍ$ÆdÃuË�Çd×�á�î,ÐdÄ É È´Ä�Æ�Ä�Ç;Æ9Í�Â�Æ�Â	ÿ�Í�ÎbÆQÇzÖ�Ð
Ô�Ä,Ç�Â,ÆdË=Î�ÁRÄ�Ç�Å�Ë=ÐzÃ�Í�ÁRÄ�Ç�Ä,Æ´Ô�Ä�Ç�Â�Æ�Ë=ÎRÁ�Ä,ÇHÑ�á�ÎRÃuÎRú�Ö�Ä�Ã*Ä�Å«Æ�×�Í�ÐzÆdÎ�Ñ�ÖCÁ�Î�î,ÐdÄ,ÇHÍ¨æ=Í�Å«Æ ë Á|Í9ÿ Ë=Î�Ç�Ô�Ä,Ç5ÇdÖ�ÐdÍ�à}Ë�Å\>
��@BADCFEBG#H5EBIKJ=L � �o�NM � � � �z����� �0Om����P?��O"P?� �z�RQ Om�0S ��T;�z�RL � � � L � �?� � �;� � �UT � T�Q�� P �·� �

O=L
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& ²«§�©g¬�®�¦¨°��e©]\H­^2`_ » ¶"a7b�¶_íhï76c "�#�$ �²��e¬�©
�"d�©e 9²«§Ù­9¦'�«¼(�e©9ª�¦f�Z��°w³�©Tá�â�Ó á]gihj2�¹C¦¨°w§$® °����e¬�ªU§�¦¨°w³�©�ªB6lki�"d�©e 9²«§Ù­9¦'�«¼(�e©9ª�¦f�Z��°w³�©Tá�â�Ó á]gq¥�Wm2�® °w³�©�®�ª
n �e©�²�ªl6´©�®3�ed�©e !²«§ß­9¦'�«¼(�e©j­9¬�®��#���w°e±?²�©Zá�â�ÓGá[gr¥�Wo2�® ³���°w®�ª1©�®�¹�¦¨°w§?®�ª5³�¦¨²���©�ªl6 ¸'» ��§�ª� �©c��³���¹«¯�©!ª�¦¨§?®¹«³�¬�ª;©�§?®�¬�©�ªp�Z�!®�©�­!¹�¬�³���® ²«³�©c�«©3 ;¯��¨±?²�©q �¦¨²% �¯�©]2|©�§sr5©(��d�°w§�6lk��Z�!¹«³�©�ª�ª °e¦¨§t�=²u��� 1 2|©�§ dyn/cm2 6h©�®F�Z��«©�§�ª�°w®�¬1¬(�e©e �® ³�¦¨§«°e±?²�©v2|©�§u �­ −3 6�©�§:w�¦¨§% �® °e¦¨§u�«©��Z�Q¹«³�¦#w�¦¨§%�«©�²«³H¦¨¹«® °e±$²�© ¸

���V����F�¤©ã
��\ n ¦¨§%�%��§% �©�ª)�«¬e�=²«°w®�©�ª�¹C¦¨²«³��x& ¬�®�¦¨°��e©�ª�\�ï�­y_ » ¶"a7b�¶_íhïU©�®)\´¾�­z_ » ¶"ahïhí#{?¾U©�§`²«® °��w°eª���§$®�²«§
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Ô�Í$Å�Ñ�Ä,Ç`Ä,Å
ÿ Ä,Ð9Ä,Æ`Ä�Å
Â�ÁRÂ�Ã*Ä�Å«Æ�Ç!ÁRË=Ö�ÐdÔCÇ!Ä,Æ`Ô�Ä�Ç`ÇdË�Ö�Ç;> Í�à}Ë�Å�Ô�Í�Å�Ñ,Ä�Ç9Ä�Å
Â�ÁRÂ�Ã*Ä�Å«Æ�Ç9ÁRÂ�Ï=Ä,ÐdÇ!Ä,Æ`Ä,Å È�Í
Ä�Æm{$Ë=Ö3Ä,ÅéV\Ñ9×�Í$ÐUÐdÍ�×�×�Ë=ÐzÆUÍ$Ö�8ÙÛ$Í�Á�Ä,Ö�ÐdÇ5ÇzË=Á|Í$Î�ÐdÄ,Ç É Ò Ä,Ç1ÆdÄ�Ç;Æ�Ç1Ä,M}Ä�Ñ�Æ�Ö�Â,ÇQÇdÖCÐUÁRÄ�Ç5Â�Æ�Ë=ÎRÁ�Ä�Ç ; A	P Ê ^ P�O aÄ�Æ ; A	P Ê a O X K ä 9 a Ã÷Ä�Æ�9!K$Ã å ÇdË=Å«ÆU×�ÐzÂ�ÇdÄ,Å«Æ�Â�ÇSÔ�Í�Å�Ç1Á�ÍN:�Ï=Ö�ÐdÄ,Ç ý\É L É
f1Â�Ñ,Ä�Ã*ÃuÄ,Å�Æ�â��!á�Í�Åm�÷V\á�Ö�Ábæ«Í ê ä K Ê=Ê ^ å Ë�Å�Æ�Í�Å�Í�ÁRælÇdÂWÁ�Ý]Ä�MrÄ�Æ�ÔCÄ�Ç!Û$Í�ÐdÎ�Í$Æ�ÎRË=Å�ÇjÔqÝ]Í�à�Ë=Å�Ô�Í$Å�Ñ�Ä,Ç�ÎRÅ\>Ô�ÎbÛlÎ�Ô�Ö�Ä,Á�ÁRÄ�ÇjÔ�ÄNÑ�á�Í�ú�Ö�ÄuÂ,Á�Â,ÃuÄ,Å�Æ`ÇzÖ�Ð9Á|ÍßÇzÆdÐdÖ�Ñ�Æ�Ö�ÐzÄ*Í$Æ�Ã*Ë=Çd×Cá�Â�ÐzÎ�ú�Ö�ÄWÔ�Ä�Ç9Â�Æ�Ë=ÎRÁ�Ä�Çq9 Ä�Æ�c ä

Teff �a Ê�Ê=Ê â þ�ý Ê=Ê âHP=P Ê=Ê�Ê âHP¨L Ê=Ê=Ê â�P ý Ê�Ê=Ê â�K Ê=Ê=Ê=Ê � å Ñ�áCÎ�Ã*Î�ú�Ö�Ä�Ã*Ä�Å«Æ	×�Í�ÐzÆdÎ�Ñ,Ö�Á�ÎRî�ÐdÄ,Ç É Ò Ä�Ö�ÐzÇWÆdÄ�Ç;Æ�ÇNË=Å«ÆÂ�Æ�Â�ÿ�Í$ÎRÆ�ÇUÍ¨Û=Ä,ÑNÔ�Ä�ÇSÃuËlÔ�î,Á�Ä�ÇUÔqÝ]Í$Æ�Ã*Ë=Çz×�á�î�ÐzÄ�ÇSÑ¨Í�ÁRÑ�Ö�ÁRÂ�ÇjÍ¨Û�Ä�ÑgÁRÄ�Ñ,Ë\Ô�Ä Ò�Ò
MODELS

ä V\á�Ö�Ábæ«Í ê Ä�Æ!Í�Á ÉK Ê�Ê X å�É�� Á�ÇWË=Å«ÆWÃ*Ë=Å«Æ�ÐdÂ3ú�Ö�Ä3Á�Ä,ÇWÂ�Á�Â,ÃuÄ,Å«Æ�ÇWú�Ö�Î5Ñ�Ë=Å«ÆdÐdÎ�àCÖ�Ä�Å«Æ*Á�ÄÙ×�ÁRÖ�Ç*Í�Ö�8�Ã*ËlÔ�ÎR:�Ñ�Í$Æ�ÎRË=Å�Ç�Ô�Ä3Á|Í
Ç;Æ�ÐdÖCÑ,Æ�ÖCÐdÄ*Í$Æ�Ã*Ë=Çz×�á�Â�ÐzÎ�ú�Ö�Ä ä ∆T

T
& 3%

×�Í�Ð!Ð�Í�×C×}Ë=Ð;Æ9Í�ÖyÃ*Ë\ÔCî�Á�Ä	Ñ¨Í�ÁRÑ�Ö�ÁRÂNÍ¨Û=Ä�ÑWÔ�Ä,Ç9Í�à�Ë=Å�Ô�Í�ÅCÑ�Ä�Ç
ÇzË=Á|Í�ÎRÐdÄ,ÇQË=ÖyÔ�Ä,Ç`Í�à}Ë�Å�Ô�Í�Å�Ñ,Ä�Ç!ÃgÖCÁRÆ�ÎR×�Á�ÎRÂ�Ä,ÇS×�Í$ÐjÖ�ÅüÃut,ÃuÄ�ÿ�Í�Ñ,ÆdÄ�Ö�Ð å ÇdË=Å«Æ9ÁRÄgÇdÎRÁ�Î�Ñ,Î�Ö�Ããâ�Á�Ä	Ñ�á�ÐdË=Ã*Ä
Ä�Æ´ÁRÄUÿ Ä,Ð�â�Ä,Æ´Ñ�Ä�Ñ,Î}×�Ë=Ö�Ð�Ô�Ä,Ç�ÇdÖ�ÐdÍ�à�Ë=Å�Ô�Í�ÅCÑ�Ä�Ç´Ô�ÄSÁ�Ý]Ë�ÐdÔ�ÐzÄSÔ�Äc�gPQË=Öt�`K9Ô�Ä�8 É AjÍ�Å�ÇHÑ�ÄSÑ¨Í�Ç,â\Á�Ý]Ä,ÐdÐdÄ,Ö�Ð
Ñ,Ë=ÃuÃ*Î�ÇzÄWÇdÖ�Ð�Á|Í3Ô�Â,ÆdÄ�ÐdÃ*Î�Å�Í$Æ�ÎRË=Å/ÔCÄ�ÇgÍ$à}Ë=ÅCÔ�Í�Å�Ñ,Ä�Ç	×�Ä�Ö\ÆNÍ$ÆzÆ�Ä�ÎRÅ�Ô�ÐzÄ�� Ê É K ý ÔCÄ�8 É È´Ä,ÇgË=ÐdÔCÐdÄ�Ç�Ô�Ä
ÇzÖ�Ð�Í�à�Ë=Å�Ô�Í�Å�Ñ�Ä,ÇQÅ�Ä�ÇdË=Å«Æ[BdÍ�ÃuÍ�Î�ÇUÍ$ÆzÆ�Ä�ÎRÅ«Æ�Ç1Ô�Í�Å�ÇSÁ�Ä`Ñ¨Í�ÇUÔ�Ä,ÇQÂ,ÆdË=Î�ÁRÄ�Ç1Ñ�á�ÎRÃuÎRúlÖCÄ�Ã*Ä�Å«ÆQ×�Í�ÐzÆdÎ�Ñ�ÖCÁ�Î�î,ÐdÄ,Ç
Â�Æ�Ö�Ô�ÎRÂ�Ä,ÇjÔ�Í�Å�Ç!Ñ,Ä,ÆzÆ�Ä	Ædá�î�ÇzÄ É Y[ÅyÄ,M}Ä,Æ9ÁRÄ�ÇUÛ�Í$Á�Ä�ÖCÐdÇjÃuÍ�8\Î�ÃuÍ�Á�Ä,Ç5Û�Í$ÐdÎ�Ä,Å«ÆjÄ�Å«ÆdÐdÄu� Ê É ý Ä,Æ,� Ê É O�Ô�Ä"8×�Ë=Ö�Ð5Ñ,Ä�Ç1Æ�ÐdË�Î�Ç�Â,Á�Â�Ã*Ä�Å«ÆdÇ É

(W)B� �����t�)�y.��Ù.��F���,��0�0������´.

��������F�¤��i�
����³	��©�²«³H¬�±$²«°�d5�#�e©�§?®�©��
& ²«§�©U³���°e© ¸
èºË�Ö�Ð	Ô�Â�Æ�Ä,ÐdÃ*Î�Å�Ä,Ð	Á�Ä,Ç	Í$à}Ë=ÅCÔ�Í�Å�Ñ,Ä�ÇgÔ�Ä,ÇgÂ�ÁRÂ�Ã*Ä�Å«Æ�Ç�Ñ�á�Î�Ã*Î�ú�Ö�Ä,Ç�â�Ô�Ä�Ö�8 Ã*Â,Ædá�Ë\ÔCÄ�Ç	×CÐdÎ�ÅCÑ�Î�×�Í�Á�Ä,Ç

ÇzË=Å«Æ´ÖCÆdÎ�ÁRÎ�ÇdÂ,Ä�Ç,â=Á|Í9Ñ�Ë=ÖCÐdà�ÄSÔ�ÄUÑ�ÐzË=Î�ÇzÇ�Í�ÅCÑ�ÄUÄ,ÆHÁ�Ä�ÇhÇz×}Ä,Ñ,Æ�ÐzÄ�ÇHÇzælÅ«Æ�á�Â�Æ�Î�ú�Ö�Ä,Ç É AjÍ�Å�ÇHÁ�Ä1×�ÐdÄ,ÃuÎRÄ�Ð[Ñ�Í�Ç�â�Ë=Å
Ñ,Ë=Ãu×�Í�ÐdÄ!Á�ÍgÁ|Í�ÐzÏ=Ä�Ö�Ð5ÔrÝ]Ö�ÅCÄ9ÆdÐ�Í�ÅCÇdÎRÆdÎ�Ë=Å ä :�Ï=Ö�ÐzÄ ý\É X å ë ÖCÅ�Ä9Á|Í�ÐzÏ=Ä�Ö�Ð5Â,ú�Ö�ÎRÛ$Í�ÁRÄ�Å«Æ�ÄjÆdá�Â�Ë=ÐzÎ�ú�Ö�Ä É

O ý
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Ò ÍWÁ|Í$ÐdÏ=Ä,Ö�Ð�Â�ú�Ö�ÎbÛ$Í�Á�Ä,Å�ÆdÄ

Wλ
ÔqÝ]ÖCÅ�Ä9Ð�Í�ÎRÄ!Ä�ÇzÆUÔ�Â�:�Å�ÎRÄ`×�Í�Ð ç

Wλ =

∫

Ic − Iλ
Ic

dλ
ä;ý\É K å

Ë=<
Ic

ÐzÄ�×�ÐzÂ�ÇdÄ,Å«Æ�Ä	Á�Ý]ÎRÅ«Æ�Ä�ÅCÇdÎRÆdÂjÔ�ÖãÑ�Ë=Å«ÆdÎ�Å�ÖJÄ�Æ
Iλ
Á�Ý]ÎRÅ«Æ�Ä�ÅCÇdÎRÆdÂ ë Á|ÍNÁ�Ë�Å�Ï=Ö�Ä,Ö�Ð5ÔqÝÞË=Å�Ô�Ä λ ÉYhÅíÔqÝ]Í�ÖCÆ�ÐzÄãÆdÄ�ÐzÃuÄ,Ç�âhÑ�Ä�ÆdÆ�Ä3Û$Í�Á�Ä,Ö�ÐWÑ�Ë=ÐzÐdÄ,Çd×�Ë=Å�Ô ë Á|ÍüÁ|Í$ÐdÏ=Ä,Ö�ÐNÔqÝÞÖ�Å ÐzÄ�Ñ,Æ�Í�Å�Ï=ÁRÄãÍ�æ=Í�Å«Æ�Á�Í
Ã*t�Ã*Ä

ÇdÖ�Ð;ÿ�Í�Ñ�Ä`ú�Ö�Ä9Á|ÍNÐ�Í�ÎRÄjÄ,ÆSÍ¨æ«Í$Å�ÆSÖ�Å�Ä9ÁRË=Å�Ï=Ö�Ä,Ö�Ð
Ic
ä :�Ï�Ö�ÐdÄ ý\É X å�É

È´Ä�ÆdÆ�ÄuÆ�Ä�Ñ�áCÅ�Î�ú�Ö�ÄÙ×�Ä�ÐzÃuÄ�ÆNÔ�ÄßÃ*Ä�ÇzÖ�ÐdÄ,ÐgÔ�Î�ÐzÄ�Ñ�Æ�Ä�Ã*Ä�Å«ÆNÁ�ÍãÛlÎRÆdÄ�ÇzÇdÄÙÔ�ÄßÃ*Î�Ñ,ÐdË�ÆdÖ�ÐdàCÖ�Á�Ä,Å�Ñ�Ä
ξt
Ä,Å

Ñ�Ë=Å�ÇzÎ�Ô�Â,Ð�Í�Å«Æ�Á�Ägÿ�Í�ÎbÆ!ú�Ö�Ä*Á�Ä�Ç!ÐdÍ�Î�Ä,Ç9ÔqÝ]ÖCÅ/Ã*t�Ã*ÄNÎ�Ë=ÅüÔ�Ë�Å�Å�Ä�Å«Æ9Æ�Ë�ÖCÆ�Ä,Ç�Á�ÍßÃut,ÃuÄWÍ�à�Ë=Å�Ô�Í�Å�Ñ�Ä É Y[Å
Ñ¨Í�ÁRÑ�Ö�Á�Í�Å«ÆÙÖ�Å ÃuËlÔ�î�ÁRÄÚÔqÝ]Í$ÆdÃuË=Çz×�á�î,ÐdÄ
Í�Ô�Í�×\Æ�Â ë ÁoÝÞÂ,ÆdË=Î�ÁRÄJË=àCÇdÄ�Ð;Û=Â,Ä�âUË=Å Ô�Â,ÆdÄ�ÐdÃ*Î�ÅCÄéÁ|Í Á�Í�ÐdÏ=Ä,Ö�Ð
Â�ú�Ö�ÎRÛ$Í�ÁRÄ�Å«Æ�Ä ë ×�Í�Ð;Æ�ÎRÐ5Ô�Ä9Á|Í	ÿ Ë=ÐzÃgÖ�Á�ÄQÇdÖ�ÎbÛ�Í$Å�ÆdÄ`Í�×�×�ÁRÎ�ú�Ö�Â�Ä9Í$Ö�83Ð�Í$Î�Ä�Ç�ÿ�Í$Î�à�ÁRÄ�Ç ç

log(
W

λ
) = log

(

C
πe2

mc2
NH

)

+ logA+ log gfλ− 5040

T
χi − log κν,

ä;ý\É L å

Ë=<
>
W

Ä,ÇzÆSÁ|ÍgÁ|Í$ÐdÏ=Ä,Ö�Ð5Â�ú�Ö�ÎbÛ�Í$Á�Ä�Å«ÆdÄ
>
NH

Ä,ÇzÆSÍ�à�Ë=Å�Ô�Í�ÅCÑ�Ä9Ô�Ä9ÁoÝÞá«æ\ÔCÐdË=Ï=î,Å�Ä
>
A
Ä�ÇzÆUÁ�ÝEÍ�à�Ë=Å�Ô�Í�Å�Ñ�Ä!ÔCÄ`Á�Ý]Â,Á�Â,ÃuÄ,Å�Æ1Ñ,Ë=Å�ÇzÎ�Ô�Â,ÐdÂ9ÐdÄ,Á|Í$ÆdÎRÛ=Ä,ÃuÄ,Å«Æ ë Á�Ý]á«ælÔ�ÐzË=Ï=î�ÅCÄ>

χi

Ä,ÇzÆUÁ�Ä!×�Ë�ÆdÄ�Å«Æ�ÎRÄ�Á�ÔqÝÞÄ�8\Ñ�ÎbÆ�Í$ÆdÎ�Ë=Å
>
gfλ

Ä�ÇzÆ1ÁRÄQ×�ÐzË\ÔCÖ�ÎRÆ´Ô�Ä!Á|Í9ÿ Ë=ÐdÑ,ÄjÔqÝÞË=ÇdÑ,Î�Á�Á�Í$Æ�Ä,Ö�Ð
f
â\ÔCÖ3ÿ�Í$Ñ,Æ�Ä,Ö�Ð�Ô�ÄQÃgÖ�ÁRÆdÎ�×�ÁRÎ�Ñ,ÎRÆ�Â5ÔCÖÙÅ�ÎRÛ�Ä¨Í�Ö

gÄ,ÆUÔ�Ä9Á|ÍgÁRË=Å�Ï=ÖCÄ�Ö�Ð5ÔqÝÞË=Å�ÔCÄ
λ>

T
Ä�Ç;ÆUÁ|Í	Æ�Ä,Ãu×�Â�ÐdÍ$Æ�ÖCÐdÄ9Ä,M}Ä�Ñ�Æ�ÎRÛ�Ä9Ô�Ä9ÁoÝÞÂ,Æ�Ë�Î�Á�Ä

>
κν

Ä,ÇzÆUÁoÝÞË=×�Í$Ñ�ÎRÆdÂ ë Á|Í	ÿ ÐdÂ,ú�Ö�Ä�Å�Ñ,Ä ν>
C
Ä�Ç;ÆSÖCÅ�Ä9Ñ�Ë=Å�Ç;Æ�Í�Å«ÆdÄ

Ò Í
Ñ�Ë=ÖCÐdà�ÄJÔ�ÄJÑ�ÐzË=Î�ÇzÇ�Í�Å�Ñ,Ä ä :�Ï=Ö�ÐzÄ ýlÉ�ý=å Ä�Ç;Æ�ÔCÎRÛlÎ�ÇzÂ�ÄãÄ�Å Ô�Ä,Ö�8í×�Í�Ð;Æ�Î�Ä,Ç�â[Ö�ÅCÄÚ×�Í�Ð;Æ�ÎRÄãÁRÎ�Å�Â�Í�Î�ÐzÄÙÄ,Æ
Ö�Å/×CÁ|Í$ÆdÄ¨Í�Öy×�Ë=Ö�ÐjÁRÄ�Ç!ÐdÍ�Î�Ä,ÇjÎ�Å«Æ�Ä,Å�ÇdÄ,Ç É Ò ÍÙ×}Ë�ÇdÎRÆdÎ�Ë=ÅÚÔ�Öü×�Á|Í$ÆdÄ¨Í�Öy×�Ë=Ö�ÐQÁ�Ä�Ç!ÐdÍ�Î�Ä,ÇQÿ Ë=Ð;Æ�Ä�Ç!Ä,ÇzÆ�Í�ÇzÇdÄ�@
ÇdÄ�ÅCÇdÎ�àCÁ�Ä ë Á�Í`ÛlÎRÆdÄ�ÇzÇdÄjÔ�ÄSÃuÎRÑ�ÐzË�Æ�Ö�Ðzà�Ö�ÁRÄ�Å�Ñ,Ä ä ξt å�É AQî,Ç�ú�Ö�ÄjÁ|Í9ÛlÎRÆ�Ä,ÇdÇzÄ!Ô�ÄQÐzË�Æ�Í$ÆdÎ�Ë=ÅuÂ�ú�Ö�Í$ÆdË=ÐdÎ�Í�Á�Ä1Ô�ÄÁoÝÞÂ,Æ�Ë�Î�Á�Ä9Í$Ö�Ï=Ã*Ä�Å«Æ�Ä$â�Á|ÍW×}Ë=ÇzÎRÆdÎ�Ë=ÅÙÔ�ÖJÑ�Ë=Å«ÆdÎ�Å�Ö�Ö�Ã Ô�Ä�ÛlÎ�Ä�Å«ÆQÎ�Å�Ñ,Ä�ÐzÆ�Í�Î�ÅCÄ!Ä,ÆSÁ|ÍWÃuÄ,ÇdÖ�ÐzÄ�Ô�Ä`Á|ÍNÁ�Í�ÐdÏ=Ä,Ö�Ð
Â�ú�Ö�ÎRÛ$Í�ÁRÄ�Å«Æ�Ä!ÔrÝ]Ö�ÅCÄ!Ð�Í�ÎRÄQÎ�ÇzË=Á�Â,ÄjÄ�Ç;ÆUÍ�Á�Ë�ÐdÇ´ÎRÃu×CÐdÂ�Ñ,Î�ÇzÄ É AQÄ!Ãut,ÃuÄ$âCÁ�Í	Ô�Â,ÆdÄ�ÐzÃuÎRÅ�Í$Æ�ÎRË=Å�ÔCÄ!Á|Í	Á�Í�ÐdÏ=Ä,Ö�Ð
Â�ú�Ö�ÎRÛ$Í�ÁRÄ�Å«Æ�Ä9Ä,ÇzÆSÍ�ÇdÇzÄ�@9Ô�Â,Á�Î�Ñ�Í$Æ�Ä!Ô�Í�Å�Ç5Á�Ä!Ñ�Í�Ç1Ô�Ä�Ç1ÐdÍ�Î�Ä,Ç5ÃuÂ,Á|Í�Å�Ï�Â�Ä�Ç É AjÍ�ÅCÇUÑ,Ä9Ñ¨Í�Ç,â�Î�Á}ÿ�Í$ÖCÆUÍ�BzÖ�Ç;Æ�Ä�Ð
ÇdÎ�Ã	Ö�ÁRÆ�Í�Å�Â�Ã*Ä�Å«ÆN×CÁ�Ö�ÇzÎ�Ä�ÖCÐdÇNÐ�Í$Î�Ä�Ç,â�Ñ,Äãú�Ö�Î´ÅqÝ]Ä,ÇzÆ*×�Í�ÇgÆdË=Ö?BzË=ÖCÐdÇWÍ�ÎRÇdÂ É Ò Íé×CÁ�Ö�×�Í$ÐzÆNÔ�Ä,ÇNÆ�Ä�Ã*×�Ç,â�Á|Í
ÃuÄ,ÇdÖ�ÐzÄ`ÔCÄ�Á�ÍgÁ|Í�ÐzÏ=Ä�Ö�Ð´Ô�Ä9Á|ÍNÐ�Í�ÎRÄjÅqÝÞÄ�Ç;ÆSÿ�Í�ÎbÆ�Äjú�Ö�Ä`×�Ë=Ö�Ð5Á�Ä,Ç1ÐdË�Æ�Í$Æ�Ä,Ö�ÐdÇ5ÁRÄ�Å«Æ�Ç
AjÍ�Å�ÇSÁ�Ä!Ñ¨Í$Ô�ÐdÄ`Ô�Ä`Ñ�Ä,ÆzÆ�Ä9Æ�á�î,ÇdÄ$â�ÖCÅÚÅ�Ë=Ã	à�ÐdÄ9Å�Ë=ÅãÅ�Â,Ï=Á�ÎRÏ=Ä¨Í�àCÁ�ÄjÔqÝÞÂ,ÆdË=Î�ÁRÄ�Ç1Â,ÆdÖ�Ô�ÎRÂ�Ä�ÇU×�Ë=ÇdÇzî�Ô�Ä,Å�ÆQÔ�Ä�Ç
Û\ÎbÆ�Ä,ÇdÇdÄ,Ç1Ô�Ä!ÐdË�Æ�Í$Æ�ÎRË=ÅÙÍ�×C×�Í�ÐdÄ,Å«Æ�Ä`Í�ÇdÇzÄ�@!Â,Á�Ä,Û�Â�Ä,Ç ä

ve sin i � P�K Ê	ê Ã�{$Ç å Ä�Æ5Ô�Ë=ÅCÑ!ÁoÝ]Í�×�×�ÁRÎ�Ñ¨Í?Æ�Î�Ë�ÅuÔ�ÄÁ|Í�Ã*Â,Ædá�Ë\ÔCÄ	Ô�Ä,ÇjÁ|Í�ÐzÏ=Ä�ÖCÐdÇQÂ,ú�Ö�ÎRÛ$Í�ÁRÄ�Å«Æ�Ä,ÇjÄ�Ç;Æ!Ô�Â�Ñ,Ë=Å�ÇzÄ�Î�ÁRÁ�Â,Ä É AQÍ�Å�ÇjÑ,Ägú�Ö�Î�ÇzÖ�ÎRÆ�â}Ñ$Ý]Ä,ÇzÆ9Á|Í*ÃuÂ�Æ�á�ËlÔ�Ä
Ô�Ä�Ç�Çd×�Ä�Ñ�Æ�ÐdÄ,ÇHÇ;ælÅ�Ædá�Â,ÆdÎ�ú�Ö�Ä,Ç´ú�Ö�Î�ÇdÄ,Ð�Í9ÖCÆ�ÎRÁ�ÎRÇdÂ�Ä5Ä�ÆhÄ�ÁRÁ�Ä5ÇdÄ,Ð�Í9Ô�Â,Æ�Í�Î�ÁRÁ�Â,Ä´Ô�Í�ÅCÇHÁRÄ5×�Í�Ð�Í$Ï=Ð�Í�×Cá�Ä5ÇdÖ�ÎbÛ$Í�Å«Æ É

O=O
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� ÁrÇ,ÝEÍ$Ï=ÎRÆ5ÔCÄ!Ñ¨Í�ÁRÑ�Ö�ÁRÄ�Ð�âlÔ�Í�ÅCÇ5Ö�ÅÙÔ�Ë=ÃuÍ�Î�ÅCÄQÔ�Ä!ÁRË=Å�Ï=Ö�Ä,Ö�Ð´ÔrÝ]Ë=ÅCÔ�Ä!Ô�Â,ÆdÄ�ÐzÃuÎRÅ�Â�â\Á�ÄQ_�Ö�8ßÆ�áCÂ�Ë=ÐzÎ�ú�Ö�Ä
Â,ÃuÄ,ÐdÏ=Ä,Å�Æ ë Á|Í9ÇdÖ�Ð;ÿ�Í�Ñ�ÄUÔ�ÄQÁ�Ý]Â�Æ�Ë=ÎRÁ�Ä ä Ñ�Ë=Å«ÆdÎ�Å�Ö�Ö�Ã»�ìÐdÍ�Î�Ä,Ç å â ë Á|Í9ÐdÂ,ÇdË=ÁRÖCÆ�ÎRË=ÅWÄ,ÆH×}Ë=ÖCÐHÁRÄ�ÇhÁ�Ë=ÅCÏ=Ö�Ä�ÖCÐdÇÔqÝÞË=Å�ÔCÄÚÇdË�Ö�á�Í�ÎbÆ�Â�Ä,Ç�×�Í$ÐuÁ�Ý]ÖCÆdÎ�ÁRÎ�Ç�Í?Æ�Ä�ÖCÐ�â�×�ÖCÎ�Ç*ÔqÝEÍ�BzÖ�ÇzÆdÄ�ÐßÑ,ÄÚÇd×�Ä�Ñ�Æ�ÐzÄyÍ�Ö Çz×}Ä,Ñ,ÆdÐdÄéË=àCÇdÄ�Ð;Û=Â É È´Ä,ÆzÆ�Ä
Ã*Â,Ædá�Ë\ÔCÄ´Ä�8\ÎRÏ=Ä5Í¨Û$Í�Å«Æ�Æ�Ë=Ö\Æ[Ö�Å�Ä�à�Ë=Å�ÅCÄ�Ñ�Ë=ÅCÅ�Í�Î�ÇzÇ�Í�ÅCÑ�Ä5Ô�Ä�Á�ÍQÇzÆdÐdÖ�Ñ�Æ�Ö�ÐzÄ5Ô�Ä5ÁoÝ]Í$ÆdÃuË=Çz×�á�î,ÐdÄ´Â�Æ�Ö�ÔCÎ�Â�Ä$â
Ä,Á�Á�Ä5Ö\Æ�Î�ÁRÎ�ÇzÄ5Ö�ÅßÃ*Ë\Ô�î,Á�Ä5ÔqÝ]Í$ÆdÃuË=Çz×�á�î,ÐdÄ ä ×�ÐzÂ¨Í�Á�Í�à�Á�Ä,ÃuÄ,Å«ÆHÑ�Í�Á�Ñ,Ö�Á�ÂUÍ¨Û=Ä,ÑjD9F	G�DJI å ë ×�Í�Ð;Æ�Î�ÐhÔ�ÖCúlÖCÄ�ÁÄ,ÇzÆUÑ¨Í�ÁRÑ�Ö�ÁRÂ!Á�Äj_�Ö�83Â�Ã*Ä�ÐzÏ=Ä�Å«ÆUÔ�Ä9Á|ÍgÃuÍ�Å�ÎRî�ÐdÄ!ÇzÖ�ÎRÛ$Í�Å«ÆdÄ ç
Ò Ý]Í$Æ�Ã*Ë=Çd×Cá�î�ÐzÄ*Ä,ÇzÆ	Ô�Â�Ñ,Ë=Ö�×�Â�Ä�Ä,Å

N
Ñ�Ë�Ö�Ñ�á�Ä�Ç ë Ô�ÎbMrÂ,ÐdÄ,Å�ÆdÄ�Ç�×�ÐdË�ÿ Ë�Å�Ô�Ä�ÖCÐdÇ`Ï=Â�Ë=Ã*Â,ÆdÐdÎRúlÖCÄ�Ç ä Ñ�ÝÞÄ�Ç;Æz>

ë >·Ô�Î�ÐzÄ ë Ô�ÎRM}Â�ÐzÄ�Å«Æ�Ä,Ç9×�ÐdË�ÿ Ë�Å�Ô�Ä�ÖCÐdÇ`Ë=×CÆ�ÎRú�Ö�Ä�Ç å Ä,Æ`×}Ë�Ö�Ð!Ñ�á�Í�Ñ,Ö�Å�Ä*Ô�ÄWÑ�Ä�Ç`Ñ�Ë�Ö�Ñ�á�Ä�Ç`ÇdË�Å�Æ`Ñ�Í�Á�Ñ,Ö�Á�Â,Ä�ÇÇzÖ�Ñ�Ñ,Ä�ÇdÇzÎRÛ�Ä�Ã*Ä�Å«Æ¨â}Í�Î�ÅCÇdÎqú�ÖqÝÞÎ�Á�ÍNÂ,ÆdÂ9Ä�8\×�Á�ÎRú�Ö�Â9×�Á�Ö�Ç5á�Í�ÖCÆ ç
¼ Ò ÍN×�ÐzË�ÿ Ë=Å�Ô�Ä,Ö�Ð5Ë=×CÆdÎ�ú�Ö�Ä

τν

¼ Ò ÍNÆ�Ä,Ãu×�Â�ÐdÍ$Æ�Ö�ÐzÄ
T (τν)

ç ÁRÄ`Ñ�Í�ÇUÏ=ÐdÎRÇU×�Ä�Ö\ÆQÇzÄ�ÐzÛlÎRÐSÔ�Ä`×�ÐzÄ�Ã*Î�î�ÐzÄ9ÎRÆ�Â,Ð�Í$ÆdÎ�Ë=ÅÙÔCÖÚ×�ÐzË�:�Á
T (τν)ÃuÍ�ÎRÇ�Ñ�Ä,Á�Ö�Îe> Ñ�Î}Ä�Ç;ÆSÐzÄ�Ñ�Í�Á�Ñ,Ö�Á�ÂHBzÖ�Çzú�ÖqÝ ë Ñ�Ä9ú�Ö�Ä`ÁoÝÞÂ�ú�Ö�Î�ÁRÎ�à�ÐzÄQÐdÍ�Ô�Î|Í?Æ�ÎRÿ�ÇzË=ÎRÆ1ÇdÍ$Æ�ÎRÇzÿ�Í�ÎbÆ É

¼ Ò Ígÿ Ë=Å�Ñ�Æ�ÎRË=ÅÙÇdË=ÖCÐdÑ�Ä
Sν(tν)

ijÅ3Ä�ÅãÔ�Â�ÔCÖ�ÎRÆUÄ�ÅCÇdÖ�ÎbÆ�Ä9ÁoÝÞÎ�Å«Æ�Ä,Å�ÇdÎbÆ�ÂjÔCÖJÐdÍ�æ�Ë=Å�Å�Ä,ÃuÄ,Å«Æ ë Á|ÍNÇzÖ�Ðzÿ�Í�Ñ,Ä9Ô�Ä9ÁoÝÞÂ,Æ�Ë�Î�Á�Ä ç

Iν(τ = 0, µ) =

∫ ∞

0

Bν(tν)e
− tν
µ

dtν

µ

ä�ý\É X å
O ^
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Ë=ÖJàCÎ�Ä�Å3Ä,Å�Ñ�Ë=ÐzÄ�ÁRÄj_�Ö�83ÐdÍ�Ô�Î�Í$Æ�Îbÿ�Â�Ã*Î�Ç5×�Í�Ð5Á�Ý]Â�Æ�Ë=ÎRÁ�Ä ë ÇdÍWÇzÖ�Ðzÿ�Í$Ñ�Ä ç

Fν(0, µ) = 2π

∫ 1

0

Iµ(0, µ)µdµ
ä;ýlÉ�ý=å

èºË=Ö�ÐUÑ�á�Í�ú�Ö�Ä�Â,ÆdË=Î�ÁRÄ�â�Î�Á}ÿ�Í�Ö�Ô�ÐdÍ*Ñ�á�Ë�Î�ÇdÎRÐ1Ö�ÅÚÃ*Ë\ÔCî�Á�Ä!ÔrÝEÍ$ÆdÃuË�Çd×�á�î,ÐdÄ`Ô�Ä9Æ�Ä�Ã*×�Â�Ð�Í?Æ�Ö�ÐzÄ`Ä�MrÄ,Ñ,ÆdÎRÛ=Ä�Ä,Æ
Ô�Ä9Ï=Ð�Í¨ÛlÎRÆdÂ`ÇzÖ�×�Ä�Ðz:�Ñ�Î�Ä,Á�ÁRÄj×�ÐdÂ�Í�Á|Í$à�Á�Ä,ÃuÄ,Å�Æ1ÔCÂ,Æ�Ä,ÐdÃ*Î�Å�Â,Ä�Ç É
AjÍ�Å�ÇUÁ�Äj×CÐdÂ�ÇzÄ�Å«ÆUÆ�Ð�Í¨Û$Í�ÎRÁoâ�B,Ý]Í�ÎqÖ\Æ�Î�ÁRÎ�ÇzÂQÔ�Ä,Ö�8ã×�ÐdË�Ï=Ð�Í�Ã*Ã*Ä�Ç�Ô�Ä!Çz×}Ä,Ñ,ÆdÐdÄ�ÇUÇzælÅ«Æ�áCÂ,Æ�ÎRú�Ö�Ä�Ç,â}ÁRÄ!×�ÐdÄ,ÃuÎRÄ�Ð
Ä�ÇzÆ�V%½!ÌjVCèhY�È X aßäN; Ö�à�Ä�Å«æu� Ò Í�ÅC@`P þ�þ K�Í å Ä�Æ�Á�Ä5ÇdÄ,Ñ�Ë=ÅCÔßÄ�Ç;ÆHÖCÅu×�ÐzË=Ï=ÐdÍ�ÃuÃ*Ä5Â�Ñ,ÐdÎbÆh×�Í�ÐhZ�Í ê Ä�Ô�Íä ZºÍ ê Ä,Ô�ÍJP þ¯þ�ý=å à�Í$ÇdÂ`ÇdÖ�Ð�¾À¿#Á3F�ÂéûÙÔ�Ä,�9ÖCÐdÖ�Ñ,@ ä �!Ö�ÐdÖ�Ñ,@WP þ�þ K�Í å�É Ò Ä!à�ÖCÆUÂ�Æ�Í�ÎbÆ5Ô�Ä9Ñ�Ë=Ã*×�Í�ÐzÄ�Ð
Á�Ä�Ç	ÐdÂ�ÇzÖ�ÁRÆ�Í$Æ�Ç�Ô�Ë=Å�ÅCÂ�Çg×�Í$ÐgÑ�Ä,ÇgÔ�Ä�Ö�8Ü×�ÐzË=Ï=Ð�Í$ÃuÃ*Ä�Ç`×}Ë�Ö�Ð�Û�Â�ÐdÎb:�Ä�Ð	Á|Íã:�Í�à�Î�ÁRÎRÆdÂ*ÔCÄ�ÇNÍ�à�Ë=Å�Ô�Í�Å�Ñ�Ä,Ç É
9�Û�Ä�ÑgÁRÄ�Ç1Ãut,ÃuÄ,Ç1ÃuËlÔ�î�ÁRÄ�Ç5ÔqÝ]Í$ÆdÃuË=Çz×�á�î,ÐdÄ�ÇSÄ,ÆUÁ|ÍWÃ*t�Ã*Ä!Á�Î�Ç;Æ�Ä9Ô�Ä9Ð�Í$Î�Ä�Ç1ÖCÆdÎ�ÁRÎ�ÇdÂ,Ä�Ç1Ñ�Ë�ÃuÃ*Äj:�Ñ�á�ÎRÄ�ÐdÇ
ÔqÝ]Ä,Å«Æ�ÐdÂ,Ä�â�ÁRÄ�Ç�ÐzÂ�ÇdÖCÁRÆ�Í?Æ�Ç5ÇdË�Å�Æ5Í�ÇdÇzÄ�@9Ñ�Ë=áCÂ�ÐdÄ,Å«Æ�Ç�â�Ñ,Ë=Ã*ÃuÄSÁ�ÄjÃ*Ë=Å«Æ�ÐzÄjÁ|Í�:�Ï=Ö�ÐdÄ ý\É P�K	úlÖCÎqÐdÄ,×�ÐdÂ,ÇdÄ�Å«ÆdÄ
Á�Ä�Ç�Í�à}Ë�Å�Ô�Í�Å�Ñ,Ä�Ç5Ô�Â,Ô�Ö�ÎbÆ�Ä�Ç´×�Í�Ð�Ñ�á�Í$úlÖCÄ!×�ÐdË=Ï�Ð�Í�Ã*ÃuÄU×�Ë=Ö�Ð´ú�Ö�Ä,Á�ú�Ö�Ä,Ç5Â,Æ�Ë�Î�Á�Ä,Ç´Ô�ÄQÁoÝ]Í�Ã�Í$Ç´Ô�Ä9È´Ë�Ã�Í
c´Ä�ÐzÄ�Å�ÎRÑ�Ä�ÇuÄ,ÆuÔ�Ä�Ç�è[Á�Â�Î�Í�Ô�Ä,Ç É Y[Å�ÇdÖCÎRÆ�Ä$âHÁRÄ�Ç*Í�à�Ë=Å�Ô�Í$Å�Ñ�Ä,Ç�ÐdÄ�Æ�Ä,ÅlÖCÄ�ÇßÇzË=Å«Æ�Ñ,Ä�Á�ÁRÄ�Ç*Ô�Â�ÔCÖ�ÎRÆdÄ�Ç*×�Í�Ð*Á�Ä
×�ÐdË=Ï�Ð�Í�Ã*ÃuÄyÔCÄ
ZºÍ ê Ä�Ô�ÍØ×}Ë=ÖCÐÙÁ�Ä�Ç3ÐdÍ�Î�ÇzË=Å�Ç3ú�Ö�Î!ÇdÄ,ÐdË=Å«ÆJÄ�8\×�Á�ÎRú�Ö�Â�Ä,ÇJÔ�Í$Å�Ç3Á�Äü×�Í�ÐdÍ�Ï=Ð�Í$×�á�Ä ý\É O É
Ò ÝÞË=ÐzÏ«Í�Å�ÎRÏ=Ð�Í�Ã*Ã*ÄQÔ�ÖãÑ¨Í�ÁRÑ�Ö�ÁrÔqÝ]ÖCÅJÇz×}Ä,Ñ,Æ�ÐzÄ�Ç;ælÅ�Ædá�Â,ÆdÎ�ú�Ö�Ä`Ä�Ç;ÆQÎRÁ�Á�ÖCÇzÆ�ÐzÂQÔ�Í$Å�Ç1Á|Íg:�Ï=Ö�ÐzÄ ý\É O É
¢�£x¤3£0Ã Ä:´�°ÆÅq·?¹q­~´Uª?°±Ç:Èx´�©F®�ª?§�´

AQÄ,Ö�83:�Ñ�á�ÎRÄ�ÐzÇUÄ,ÇdÇzÄ�Å«Æ�ÎRÄ�Á�ÇUÇdË�Å�ÆUÎRÅ�ÆdÐdËlÔ�Ö�ÎbÆ�Ç�ÁRË=ÐdÇ5Ô�ÖãÑ¨Í$Á�Ñ�ÖCÁqÔ�ÖãÇd×�Ä�Ñ,ÆdÐdÄ`ÇzælÅ«Æ�á�Â�Æ�ÎRúlÖCÄ ç

¼ Ò Ä`Ã*ËlÔ�î�ÁRÄjÔqÝ]Í$Æ�Ã*Ë=Çd×Cá�î�ÐzÄ
¼ Ò Í*ÁRÎ�ÇzÆdÄjÔ�Ä,ÇUÐdÍ�Î�Ä,Ç

GÊÉ�ËuÌjÍ�Î�Ï�ÐxÉ�Ë[ÎÊÑ$Ò¯Ó7ÌmÍÔËKÕ)Ö�Ï%×�É�Ë�Ø
è�Ë=Ö�ÐgÑ�á�Í$úlÖCÄßÆ�Ä�Ã*×�Â�Ð�Í?Æ�Ö�ÐzÄßÄ,M}Ä�Ñ�Æ�ÎRÛ�ÄÙÄ,ÆNÏ�Ð�Í¨ÛlÎRÆ�ÂuÔ�ÄßÇzÖ�Ðzÿ�Í�Ñ,Ä�â�ÖCÅÜÃuËlÔ�î�ÁRÄuÔrÝEÍ$ÆdÃuË�Çd×�á�î,ÐdÄÙÍ

Â,Æ�ÂuÑ¨Í�ÁRÑ�Ö�ÁRÂ ë ×�Í�Ð;Æ�Î�Ð9Ô�Ö7×�ÐdË=Ï�Ð�Í�Ã*ÃuÄã�,D`F�GHDJI�û��*Ñ,Ë=ÃuÃ*ÄWÄ�8\×�ÁRÎ�ú�Ö�Â*×�ÐdÂ,Ñ�Â�ÔCÄ�Ã*ÃuÄ,Å�ÆgÔ�Í�Å�Ç�Á�Ä×�Í�Ð�Í$Ï=Ð�Í�×Cá�Ä ý\É P É

GÊÒjÐ�ÙNËKÓ5ÉÚÎ�É�Ë[×7Ò
ÙxÉ�Ë�Ø
È´Ä�ÆdÆ�ÄHÁ�ÎRÇzÆ�ÄhÄ,ÇzÆ�ÿ�Í�à�ÐdÎRú�Ö�Â�Ä ë ×�Í$ÐzÆ�ÎRÐ�Ô�Ö	:�Ñ�á�ÎRÄ�Ð�Ï�ÿ�Í�ÁRÁ É Ô�Í$Æ�Ã*Î�Ç ë ÔCÎ�Çd×�Ë=ÇzÎRÆ�ÎRË=Å9Ô�Ä´Á�Í5Ñ�Ë=Ã*ÃgÖ�Å�Í$ÖCÆ�ÂÇdÖ�ÐjÁRÄ�ÇzÎRÆdÄ�ÛHÄ�àyÔ�Ä	f É �!Ö�ÐdÖCÑ�@#Ü	Ý É èºË=ÖCÐQÑ�á�Í�Ñ,Ö�ÅyÔ�Ä,ÇjÔ�Ä�Ö�8é×�ÐzË=Ï=ÐdÍ�ÃuÃ*Ä�Ç1Ô�Ä�Ñ¨Í�ÁRÑ�Ö�Á�Ô�Ä�Çd×�Ä�Ñ,ÆdÐdÄ,Ç

ÇzælÅ«Æ�á�Â�Æ�Î�ú�Ö�Ä,Ç ä ÇzÄ�Ñ�Æ�Î�Ë�Å ý\É ý=å â�Á|ÍÙÁ�ÎRÇzÆ�ÄNÔCÄ*ÐdÍ�Î�Ä,Ç9×}Ë=ÇzÇdî,Ô�ÄuÁRÄ�Ç9Ã*t�Ã*Ä�Ç9×�Í�ÐdÍ�Ãuî�Æ�ÐzÄ�Ç9Ã�Í$Î�Ç!Ô�Í�ÅCÇ�Ö�Å
Ë=ÐdÔ�ÐzÄßÔ�ÎbMrÂ,ÐdÄ�Å«Æ É V\Ä,Ö�Á�Ä,ÇgÁ�Ä,Ç�ÆdÐ�Í�Å�ÇzÎRÆdÎ�Ë=Å�Ç`ÇdÎbÆ�Ö�Â,Ä�ÇgÔ�Í�Å�Ç	ÁRÄ�Ô�Ë�Ã�Í�ÎRÅ�Ä*Ô�Ä�ÁRË=Å�Ï=Ö�Ä,Ö�Ð	ÔrÝ]Ë=ÅCÔ�ÄßÞÞL a Ê=Êà â�O a Ê=Ê à3á Ë�Å�Æ	Â,ÆdÂßÐdÄ�Æ�Ä�Å�Ö�Ä,Ç É Ò ÍÚÁRÎ�Ç;Æ�Ä*Ô�Ä�ÇgÐdÍ�Î�Ä,Ç	Ñ,Ë=Å«Æ�Î�Ä,Å«Æ¨â�×CÐdÎ�ÅCÑ�Î�×�Í�Á�Ä,ÃuÄ,Å�Æ�â�Á�Ä,Ç	×�Í�ÐdÍ�Ã*î,Æ�ÐzÄ�ÇÇdÖ�ÎbÛ�Í$Å�ÆdÇ ç

¼ λ
ç Á�Ë�Å�Ï=Ö�Ä,Ö�Ð5ÔqÝÞË=Å�Ô�Ä`Ä�ÅãÅ�Ã

¼ Z
ç ÅlÖCÃuÂ,ÐdËuÍ$Æ�Ë=Ã*Î�ú�Ö�ÄQÔ�Ä9ÁoÝÞÂ�Á�Â,ÃuÄ,Å«Æ ä Ä�8 É�ç ×�Ë=Ö�Ð1T�Ä �B� â

Z � K�O É Ê P å

â�ã�ä�����L:åçæKæ(è¨� � � �~é,� ä Om� � O��o��� � � �
O a
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Lecture du modèle d’atmosphère
T(τ), Pe(τ), Pg(τ), …

Lecture de la liste de raies et des 
données atomiques  λ, Ζ, χ, γ, …

Lecture des abondances et calcul des quantités indépendantes du modèles →  
Equilibre statistique et d’ionisation (Saha-Boltzmann)

Vitesse de microturbulence  ξ et calcul des 
différents coefficients d’élargissement γ 
(naturel, doppler, Stark et Van der Waals)

Calcul des opacités  κν et  κc

Résolution des équations de transfert 
et détermination de Ic, Fc, Iν, F ν et W ν 

Convolution avec vesin i et FWHM 

SPECTRE SYNTHETIQUE 

��������F�¤$ê
���H³	����§«°���³���­!­9©U°����w²�ª�® ³���§?®Ê�e©�¹«³ °w§% �°w¹�©��
& ²«§u "�#�$ �²��Ô�=²*ª ¹�©e �® ³�©5ª	ë$§$® ¯�¬�® °e±?²�© ¸
¼ log gf

ç
f
Ä�ÇzÆQÁ|ÍWÿ Ë=ÐdÑ,Ä	ÔqÝÞË=ÇdÑ,Î�ÁRÁ|Í$ÆdÄ�Ö�Ð ä Ä,Á�ÁRÄ`Ä,ÇzÆ!ÁRÎ�Â,Ä ë Á|ÍW×�ÐdË=à�Í�à�Î�ÁRÎRÆdÂ!Ô�Ä	Á�Í*Æ�ÐdÍ�Å�ÇzÎRÆ�ÎRË=Å å Ä,Æ

g
Á�Ä!×�Ë=ÎRÔ�Ç5ÇzÆ�Í$Æ�ÎRÇzÆ�ÎRú�Ö�Ä!Ô�ÖãÅ�ÎRÛ�Ä¨Í�ÖãÎ�ÅCÿ Â,ÐdÎRÄ�Ö�Ð

¼ Ei
ç Â�ÅCÄ�ÐdÏ�Î�Ä9Ô�Ö3Å�ÎRÛ�Ä¨Í�ÖãÎ�ÅCÎRÆ�Î�Í�Á�Ë=Ö3×}Ë�ÆdÄ�Å«Æ�ÎRÄ�Á�ÔqÝÞÄ�8\Ñ,ÎRÆ�Í?Æ�Î�Ë�ÅÙÄ�ÅÚÑ,Ã −1

¼ Ji
ç ÃuË=Ã*Ä�Å«Æ1Í$Å�Ï=Ö�Á�Í�Î�ÐzÄQÆ�Ë�Æ�Í�ÁqÔ�ÖãÅ�ÎbÛ=Ä¨Í$Ö

i

¼ Ef
ç Â�Å�Ä,ÐdÏ=ÎRÄ`ÔCÖJÅ�ÎbÛ=Ä�Í�ÖÙ:�Å�Í�Á�Ä,ÅJÑ,Ã −1

¼ Jf
ç Ã*Ë=Ã*Ä�Å«Æ1Í�Å�Ï�Ö�Á|Í�ÎRÐdÄQÆdË�Æ�Í$ÁqÔ�ÖãÅ�ÎRÛ�Ä¨Í�Ö3ÿ

¼ Rad
ç Ñ,Ë=Å�ÇzÆ�Í�Å«Æ�ÄhÔqÝ]Í�Ã*Ë=ÐzÆdÎ�ÇdÇzÄ�Ã*Ä�Å«Æ�Ô�ÄhÐ�Í$Ô�Î|Í$ÆdÎ�Ë=ÅQÅ�Í$Æ�ÖCÐdÄ�ÁRÁ�Ä$â�Ä�ÁRÁ�Ä�Ä,ÇzÆ�Å�Ë�ÆdÂ�Ä

γR

Ä,Æ�Ç,Ý]Ä"8C×CÐdÎ�Ã*Ä
×�Í�Ð5Á|Í	ÿ Ë=ÐzÃgÖ�ÁRÄ ç

γR =
2e2ω2

3mc3
=

0.22

λ2

ä�ý\É O å
O þ
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Y[Á�Á�ÄgÆdÐ�Í�ÔCÖ�ÎRÆ!Á�Ý]Â,Á|Í�ÐzÏ=Î�ÇzÇdÄ,ÃuÄ,Å�ÆjÅ�Í$Æ�ÖCÐdÄ�Á[ÔCÄ�Ç9Ð�Í�ÎRÄ�Ç ä

e
Ä,Æ
m
ÇdË=Å«Æ`Á�Ä,Ç!Ñ�á�Í�ÐzÏ=ÄWÄ,Æ`Ã�Í$ÇdÇdÄWÐzÄ�Ç;>

×}Ä,Ñ,ÆdÎRÛ=Ä,ÃuÄ,Å«ÆHÔCÄUÁ�Ý]Â,Á�Ä,Ñ,Æ�ÐzË=Åqâ
λ
Ä�ÇzÆHÁ|ÍjÁRË=Å�Ï=ÖCÄ�Ö�Ð[ÔqÝÞË=Å�ÔCÄUÔCÄUÁ�ÍQÆ�ÐdÍ�Å�ÇdÎbÆ�ÎRË=ÅNÄ,Æ

ω
Ç�Í!ÿ ÐdÂ,úlÖCÄ�Å�Ñ,Ä

Í�ÇdÇzË\Ñ,Î�Â,Ä å�É

¼ VlÆ�Í$Ð ê Ä�Æ�Û$Í�ÅWÔ�Ä,Ð�ì Í=Í$Á�Ç ç Ñ,Ë=Å�ÇzÆ�Í�Å«Æ�Ä,Ç´ÔqÝ]Í�Ã*Ë=ÐzÆdÎ�ÇdÇzÄ�Ã*Ä�Å«Æ[Ñ,Ë=Á�ÁRÎ�ÇdÎRË=Å�Ä,Á γn

ú�Ö�Î�Ç,Ý]Ä"8C×CÐdÎ�Ã*Ä1×�Í�Ð
Á|Ígÿ Ë=ÐzÃgÖ�Á�Ä ç

γn = 2π







2πCn

v

π
2

∫

−π
2

(cos θ)n−2dθ







1
(1−n)2

vn
ä;ýlÉ ^ å

èºË=ÖCÐUÁ�Ý]Â,Á|Í�ÐzÏ=Î�ÇzÇdÄ,ÃuÄ,Å�Æ�Ô�Ä!Û�Í$ÅJÔ�Ä,Ð�ì Í=Í$Á�Ç ç
n � OèºË=ÖCÐUÁ�Ý]Â,Á|Í�ÐzÏ=Î�ÇzÇdÄ,ÃuÄ,Å�Æ�Ô�Ä�VlÆ�Í�Ð ê ç

>
n � K ç Ä�MrÄ�ÆjV�Æ�Í�Ð ê Á�ÎRÅ�Â¨Í�ÎRÐdÄS×}Ë=ÖCÐ5ÁoÝ]Í$Æ�Ë=Ã*ÄjÔqÝÞá«ælÔ�ÐdË=Ï�î�Å�Ä

>
n � X ç Ä�MrÄ�ÆjV�Æ�Í�Ð ê ú�Ö�Í�Ô�ÐdÍ$Æ�ÎRúlÖCÄ!×}Ë=ÖCÐUÁRÄ�Ç1Í�Ö\Æ�ÐdÄ,Ç1Ä�Çd×�î�Ñ,Ä�ÇSÑ�á�Î�Ã*Î�ú�Ö�Ä,Ç É

γn
ÆdÐ�Í�ÔCÖ�ÎRÆUÁ|ÍW×�Ä�ÐzÆdÖ�Ðdà�Í$Æ�ÎRË=ÅJÄ"8\Ä�ÐdÑ,Â�ÄN×�Í$ÐSÁ�Ý]Ä,Å�ÛlÎRÐdË=Å�ÅCÄ�Ã*Ä�Å«Æ ä × + â'Ä − ×}Ë=ÖCÐ n � Klâ�Ä − ×�Ë=Ö�Ð

n � X Ä�Æ�á«ælÔ�ÐdË=Ï�î�Å�Ä5Å�Ä,ÖCÆ�ÐzÄ´×�Ë=Ö�Ð n � O å ÇzÖ�Ð�ÁRÄ�ÇºÅ�ÎRÛ�Ä¨Í�Ö�8	ÔqÝÞÂ�Å�Ä,ÐdÏ=ÎRÄ´Ô�ÄHÁoÝ]Í$Æ�Ë�ÃuÄ�ÐdÄ,Çd×�Ë=Å�Ç�Í$à�Á�ÄÔ�Ä9Á|ÍgÆ�ÐdÍ�Å�ÇzÎRÆ�ÎRË=Å É
Ò Ä�ÇUÿ Ë=ÐdÑ,Ä�ÇjÔrÝ]Ë=ÇzÑ�ÎRÁ�Á|Í?Æ�Ä�ÖCÐdÇUÔ�Ä	Á�ÍuÁ�ÎRÇzÆdÄ�Ô�Äv�!Ö�ÐdÖ�Ñ,@gÇdË�Å�ÆQÁ�Ä,ÇQÐdÂ,ÇdÖ�ÁbÆ�Í$ÆdÇQÔ�Ä�Ñ¨Í�ÁRÑ�Ö�ÁRÇQú�Ö�Í�Å«ÆdÎ�ú�Ö�Ä�Ç

ÇdÄ�Ã*Îb>·Ä�Ã*×�Î�ÐzÎ�ú�Ö�Ä,Ç	Ä,ÆW×�Ä�Ö\Û=Ä�Å«Æut,ÆdÐdÄÙÄ�Å«Æ�Í�Ñ�á�Â�Ä,ÇuÔrÝ]Ä,ÐdÐdÄ,Ö�ÐdÇ É=� Á�Ñ�Ë=Å«ÛlÎ�Ä,Å«ÆWÔ�Ë=Å�Ñ3Ô�ÄÙÁRÄ�ÇNÑ�Ë�ÐdÐdÎRÏ=Ä�Ð�ÇdÎ
×}Ë=ÇzÇdÎRà�Á�Ä`×�Í�ÐUÔ�Ä�ÇUÛ$Í�Á�Ä,Ö�ÐdÇU×�Á�ÖCÇS×�ÐzÂ�Ñ,Î�ÇdÄ,Ç É èºË=Ö�ÐUÑ�Ä`ÿ�Í�Î�ÐzÄ�â$B,Ý]Í�Î�Ñ�Ë=Ã*×�Í�ÐzÂ�Á�Í*ÁRÎ�Ç;Æ�Ä9Ô�Ä	ÐdÍ�Î�Ä,ÇSÔCÄv�!Ö\>
ÐdÖ�Ñ,@�Í¨Û=Ä,ÑuÔrÝEÍ�Ö\Æ�ÐdÄWÁRÎ�ÇzÆdÄ�Ç ç Ö�ÅCÄuÁRÎ�ÇzÆdÄNË=àCÆdÄ�Å�Ö�Ä ë ×�Í�ÐzÆdÎ�Ð!Ô�ÄWÁ|Íßà�Í�ÇdÄ*Ô�ÄWÔ�Ë=Å�ÅCÂ�Ä�Ç�Í$ÆdË=ÃuÎRú�Ö�Ä�Ç!Ô�ÄÓjÎ�Ä,Å�Å�Ä�Ó�9 Ò AqÜlí ä ÓjÎ�Ä,Å�Å�Íî9�ÆdË=Ã*Î�ú�Ö�Ä Ò ÎRÅ�ÄßAQÍ$Æ�Í�à�Í�ÇdÄ$â�è[Î�Ç ê ÖCÅ�Ë�Û Ä,ÆNÍ�Á É P þ�þ�ý=å â�Ö�Å�Ä�Á�Î�Ç;Æ�ÄuË=à\>
Æ�Ä�Å�Ö�Ä ë ×�Í�Ð;Æ�Î�Ð`Ô�Ö ÇzÎRÆdÄßÌ � VlZ�Ü s ä ÌQÍ?Æ�Î�Ë�Å�Í�Á � Å�Ç;Æ�ÎRÆdÖ�Ä�Ë$ÿSVlÆ�Í�ÅCÔ�Í�ÐdÔCÇgÍ�Å�Ô7ZºÄ,Ñ�á�Å�Ë=ÁRË=Ï�æ å Ä�ÆNÍ¨Û=Ä,ÑÔ�Ä�ÇU×�Ö�à�ÁRÎ�Ñ�Í$Æ�ÎRË=Å�Ç´ÐzÂ�Ñ,Ä�Å«Æ�Ä,Ç ä È�Í$ÇzÆ�Ä,Á�ÁRÎU� ; Ö�à�ÐdÎRÏ*K Ê=Ê X¯ï ; ÎRÁ�ÁÔ� Ò Í�Å�Ô�Ç;Æ�ÐdÄ,Ä,Æ`P þ�þ L å�É AQÄ9Ãut,ÃuÄ$â�Á|Í
à�Í�ÇdÄ	Ô�ÄgÔ�Ë=ÅCÅ�Â�Ä,Ç!AjfUY=9 Õ Ü	Ü ä c´ÎRÂ�Ã*Ë=Å«ÆQÄ�Æ!Í�Á É P þ�þ�þ«å Í�Â�Æ�Â	Ñ,Ë=Å�ÇzÖ�ÁRÆdÂ�Äg×�Ë=Ö�ÐSÃuÄ�ÆdÆ�ÐzÄ ë BzË=Ö�ÐQÁRÄ�Ç×�Í�Ð�Í$Ãuî�Æ�ÐdÄ,ÇUÍ$Æ�Ë=Ã*Î�ú�Ö�Ä,Ç5Ô�Ä�Ç5ÆdÄ�ÐdÐzÄ�ÇUÐ�Í�ÐzÄ�Ç É
Ò Ä,Ç´Û$Í�Á�Ä,Ö�ÐdÇHÔ�Ä

log gf
ÔCÄQÁ|Í`Á�ÎRÇzÆ�Ä1Ô�ÄjÌ � V\Z ÇzË=Å«Æ5×�Á�ÖCÇ´×�ÐzÂ�Ñ�ÎRÇdÄ,Ç�ú�Ö�ÄjÑ�Ä,Á�ÁRÄ�Ç�Ô�Äc�!Ö�ÐzÖ�Ñ�@jÄ�Æ´Ó�9 Ò A

Ñ¨Í�Ð1Ä�ÁRÁ�Ä,Ç�ÇdÄ9à�Í�ÇzÄ�Å«ÆUÇdÖ�Ð1Ô�Ä,Ç5Û�Í$Á�Ä�ÖCÐdÇ5Ä�8\×�Â�ÐzÎ�Ã*Ä�Å«Æ�Í�ÁRÄ�Ç5Ã*Ä�ÇzÖ�ÐdÂ,Ä�ÇUÍ�Ö3Á|Í�à�Ë=ÐdÍ$Æ�Ë=ÎRÐdÄ ä Ä,Æ1×�Í�Ðzÿ Ë=ÎRÇ�Ñ¨Í$Áb>
Ñ�Ö�ÁRÂ�Ä�Ç ë ×�Í�Ð;Æ�Î�Ð´Ô�Ä9ÃuËlÔ�î�ÁRÄ�Ç�Ædá�Â�Ë=ÐzÎ�ú�Ö�Ä,Ç å Í¨Û=Ä�Ñ`Á�Ä,Ö�ÐdÇ1Ä,ÐdÐdÄ,Ö�ÐdÇ1×�ÐzÂ�Ñ,Î�ÇdÂ,Ä�Ç É9QÖüÿ Ö�Ð!Ä,Æ ë ÃuÄ,ÇdÖ�ÐzÄWÔ�ÄNÁoÝ]Í¨Û�Í$Å�Ñ�Ä,ÃuÄ,Å�Æ`Ô�ÄWÁ�Í�Æ�á�î,ÇdÄ�â�Á�ÍßÁ�ÎRÇzÆ�ÄNÔCÄNÐ�Í�ÎRÄ�Ç!Â,Æ�Í�ÎRÆ9ÁRÄg×�ÁRÖ�Ç9×}Ë=ÇzÇdÎRà�Á�Ä ëBzË=Ö�Ð1Ô�Í�Å�ÇUÁoÝÞÎ�Å«ÆdÄ�ÐzÛ$Í�ÁRÁ�ÄjÔCÄ	L a Ê=ÊWë O a Ê=Ê à É Ò Ä�Ç1Æ�Ð�Í$Å�ÇdÎbÆ�Î�Ë�Å�Ç5ú�Ö�ÎºÇzÄ�ÇzÎRÆdÖ�Ä�Å«ÆUÔ�Í�Å�ÇUÁ�Ä,ÇSÐzÂ�Ï=ÎRË=Å�Ç5Ô�ÄÐdÄ�Ñ,Ë=ÖCÛlÐdÄ,ÃuÄ,Å«ÆjÔ�Ä,ÇSË=ÐzÔ�ÐdÄ,Ç1ÇdÖ�Ñ,Ñ�Ä�ÇzÇdÎbÛ=Ä�ÇQÔ�Ä�ÇUÇd×�Ä�Ñ�Æ�ÐdÄ,ÇQË=àCÇdÄ�Ð;Û=Â,Ç�â�Ë=Å«ÆSÂ�Æ�Â`ÐdÄ�Æ�Î�ÐzÂ�Ä,ÇUÔCÄ�Á�ÍgÁ�Î�Ç;Æ�Ä É Y[Å
Ä,M}Ä,Æ¨â�Í$Ö�8Wà�Ë=ÖCÆ�Ç[ÔCÄ�ÇhË=ÐdÔCÐdÄ�Ç,â«Á�Ä5à�ÐzÖ�ÎRÆ�×}Ä,ÖCÆht,ÆdÐdÄUÍ�ÇdÇzÄ�@UÎ�Ã*×}Ë�ÐzÆ�Í$Å�Æ�Ä,ÆhÁ�ÍjúlÖ�Í�Á�ÎbÆ�Â�Ô�Ä1Á�ÍjÑ�Ë=Å�ÅCÄ�8\Î�Ë=Å
×}Ä,ÖCÆ9×�Í�Ð;ÿ Ë=Î�ÇSt,Æ�ÐzÄgÔ�Ë=Ö\Æ�Ä�ÖCÇdÄ É Ò Í�ÁRÎ�Ç;Æ�Ä	ÔCÄNÐ�Í�ÎRÄ�ÇS:�Å�Í�Á�ÄgÍ�Ô�Ë=×CÆdÂ�ÄgÑ,Ë=Å«Æ�ÎRÄ�Å«Æ9L Ê=Ê Æ�Ð�Í$Å�ÇdÎbÆ�Î�Ë�Å�ÇQ×�Ë=Ö�ÐK=K3Â,Á�Â,ÃuÄ,Å�ÆdÇ É Ò ÄNÆ�Í�àCÁ�Ä¨Í$Ö7È É P�ÔCÄ*Á�ÝEÍ$Å�Å�Ä�8\ÄuÈ ÐzÄ�×�ÐzÂ�ÇdÄ,Å«Æ�Ä�Ñ,Ä�Ç9Æ�ÐdÍ�Å�ÇdÎbÆ�ÎRË=Å�ÇjÐzÄ,Æ�Ä,Å�Ö�Ä�Ç É è�Ë=Ö�Ð`Ñ�Ä�Ç
Æ�Ð�Í$Å�ÇdÎbÆ�Î�Ë�Å�Ç	Â,Á�Ä�Ñ�Æ�ÐzË=Å�Î�ú�Ö�Ä,Ç�â�Á�Ä,ÇgÑ�Ë=ÅCÇzÆ�Í$Å�ÆdÄ�ÇgÔrÝEÍ�Ã*Ë=Ð;Æ�Î�ÇzÇdÄ,ÃuÄ,Å�ÆdÇ ä Â,Á|Í�ÐzÏ=Î�ÇzÇdÄ,ÃuÄ,Å�Æ�Å�Í$ÆdÖ�ÐdÄ,Á´Ä�ÆgÑ�Ë�Áb>
Á�Î�ÇzÎ�Ë=ÅCÅ�Ä�Á å Í�Ô�Ë�×CÆ�Â,Ä�Ç9ÇdË=Å«Æ`Ñ�Ä,Á�ÁRÄ�Ç!Ô�ÄNÁ�ÍßÁ�Î�Ç;Æ�ÄNÔ�Ä[�!Ö�ÐzÖ�Ñ�@ ä �9ÖCÐdÖ�Ñ,@s�ð9�ÛlÐzÄ,ÆdÆ*P þ�a P å�É �SÅ�ÄNà�Ðzî,Û�Ä
â	ñ ä�����L:åçæKæ O Q�� � O ��� �o�?� � P�� � � � � O���� O �	æ�� O��E�âo� ä�����L:åçæKæ(L7äfò�� �E� � � P�� � � � ó,� �âVâ~ä�����L:åçæKæ(ô�ô�ô � �7Qpä � O��m� � �(æ

∼

O � � ��� æ ��� � O Q � ��ä���Q �
^ Ê
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Ô�Ä,ÇdÑ,ÐdÎ�×\Æ�Î�Ë�ÅÚÑ�Ë�Å�Ñ�Ä,ÐdÅ�Í�Å«Æ!ÁRÄ�ÇSÔ�Ë=Å�Å�Â,Ä�Ç9Í$ÆdË=Ã*Î�ú�Ö�Ä�ÇUÔ�Ä�Ñ�á�Í�ú�Ö�ÄNÂ�ÁRÂ�Ã*Ä�Å«ÆjÄ�ÆjÔ�Ä,ÇjÐdÂ�ÿ Â�ÐzÄ�Å�Ñ,Ä�Ç9Í�Ô�Ë�×\>
ÆdÂ�Ä�Ç1Ä,ÇzÆSÔ�Â�Ñ,ÐdÎRÆdÄ!Ô�Í�Å�Ç1Ñ,Ä`ú�Ö�Î�ÇzÖ�ÎRÆ ç

• GÊÉßõ�Ò¯×�ö�Í�÷�Éjø^Ø�è�Ë=Ö�Ð1Á|ÍN×�ÁRÖ�×�Í�Ð;Æ1Ô�Ä�ÇUÂ,ÆdË=Î�ÁRÄ�Ç�â�ÇzÄ�×CÆUÐdÍ�Î�Ä,ÇUÔCÖJÑ�Í�Ðdà�Ë=Å�Ä`Å�Ä�Ö\Æ�ÐdÄ ä È �;å Ë=Å«Æ
Â�Æ�Â`Í�Å�Í�ÁbælÇdÂ�Ä,ÇQÔ�Í$Å�Ç1Ñ�Ä`×�ÐdÂ,ÇdÄ�Å«ÆSÆ�Ð�Í¨Û$Í�ÎRÁ É Ò Ä,ÇUÿ Ë=ÐzÑ�Ä,ÇSÔqÝÞË=ÇzÑ�Î�ÁRÁ|Í$ÆdÄ�Ö�ÐzÇ5ÇdË=Å«ÆSÔ�Ä`×�ÐdÂ,Ñ�Î�ÇzÎ�Ë=Åãc Ü0ù ÇdÄ,Á�Ë=Å
; Î�à�à�Ä�Ð;Æ1Ä,ÆUÍ�Á É�ä P þ¯þ L å�É È´Ä,ÆzÆ�Ä`Á�Î�Ç;Æ�ÄjÄ,ÇzÆSÄ�Å«Æ�ÎRî�ÐzÄ�Ã*Ä�Å«Æ1Æ�Î�ÐzÂ�Ä!Ô�Ä`Ì � V\Z É
• G�Ñ$Í�úUû�üiÏ�÷�Éoý^ØrV\Ä�ÎR@�ÄjÐdÍ�Î�Ä,Ç´ÔqÝÞËf8læ\Ï�î�Å�Ä!Å�Ä,ÖCÆ�ÐzÄ ä i �;å ÔCÄjú�Ö�Í�Á�ÎbÆ�ÂQc Ä,Æ1OgÔCÄjú�Ö�Í�Á�ÎbÆ�ÂQÈ�� Ü	þ

Ë=Å«Æ´Â,Æ�Â!Ç;ælÅ�Ædá�Â,ÆdÎ�ÇzÂ�Ä�Ç É Ò Ä�Ç�Ô�Ë�Å�Å�Â�Ä,Ç1Í$Æ�Ë�ÃuÎRúlÖCÄ�Ç´ÇzË=Å«Æ1Ñ�Ä,Á�Á�Ä,Ç´Ô�Äjc´Î�Ä,ÃuË=Å«Æ´Ä,Æ1Í�Á É}ä P þ�þ P å Ä�Æpì Î�Ä,ÇdÄ
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ÇdÄ�Å«ÆdÄ�Å«Æ1Á�Ä,ÇH×�ÐzÎ�Å�Ñ,Î�×�Í$Ö�8*Ô�Ä�Ï�ÐdÂ�ÇHÔqÝÞÎ�Ë=Å�ÎRÇ�Í$ÆdÎ�Ë=Årâ=Á�Ä,Ç´Í�Ö\Æ�ÐdÄ,Ç´Ô�Ä,Ï=ÐdÂ,Ç�ÔqÝÞÎ�Ë=ÅCÎ�Ç�Í?Æ�Î�Ë�Å*Â�Æ�Í�Å«ÆHÇdÖ?BzÄ�Æ�Ç ë Ô�Ä�ÇÂ�Ñ¨Í$ÐzÆ�Ç ë Á�ÝEY[Z Ò É AjÍ�ÅCÇHÁ�Í`×�Í$ÐzÆ�ÎRÄ �l� ÔCÖ�Ñ�á�Í�×CÎRÆ�ÐzÄUOCâ«Ô�Ä�Ç´Í�Å�Í�ÁbælÇdÄ�Ç�Ô�Â�Æ�Í�ÎRÁ�Á�Â,Ä�Ç[Ô�ÄUÑ�á�Í�ú�Ö�ÄSÂ�ÁRÂ�Ã*Ä�Å«Æ�ÇÍ�Û�Ä�Ñ`Á�Ä,Ö�ÐdÇUÍ�à�Ë=Å�Ô�Í$Å�Ñ�Ä,ÇUÐzÄ�Çz×}Ä,Ñ,Æ�ÎbÛ=Ä,ÇQÔ�Í�ÅCÇUÑ�á�Í�ú�Ö�Ä�Â�Æ�Ë=ÎRÁ�ÄjÇzÄ�ÐzË=Å«ÆS×CÐdÂ�ÇzÄ�Å«Æ�Â,Ä�Ç É

¢�£x¤3£(H I2J=©LK	J=¬~²3®�­�J=© Çq² °%¶v´�·i®�ª¯´ °%¸�©F®�¹q§R®�­~ºp²q´
Ò Ä´Çz×}Ä,Ñ,ÆdÐdÄ´Ë�à�ÇdÄ,ÐzÛ=Â´ÇdÄ�×�ÐzÂ�ÇzÄ�Å«Æ�Ä�Ñ,Ë=Ã*ÃuÄ�Ö�Å	:�Ñ�áCÎ�Ä�ÐD9!VCÈ �l�Hä

λ
â�_�Ö�8 å Ë=<	Á�Äh_�Ö�8�Ä�Ç;Æ�Å�Ë=ÐzÃ�Í$Á�Î�ÇzÂ

Í�ÖÚÑ,Ë=Å«Æ�Î�Å�Ö�ÖCÃ ä Ñ,Ë=ÃuÃ*Ä!Ä�8\×�ÁRÎ�ú�Ö�Â�Í�ÖãÑ�á�Í�×�ÎbÆ�ÐdÄ`L å Ä�ÆSÑ�Í�Á�ÎRà�ÐdÂ!Ä,ÅÚÁRË=Å�Ï=Ö�Ä,Ö�Ð5ÔqÝÞË=Å�Ô�Ä Éi� Á�ÎRÅ�Ñ�ÁRÖCÆ5Ä,Å
Ë=ÖCÆ�ÐzÄ9Á�Ä!×�ÐzË�:�Á�Î�ÅCÇzÆ�ÐzÖ�Ã*Ä�Å«Æ�Í�ÁrÔ�ÖJÇz×}Ä,Ñ,ÆdÐdË=Ã*î,ÆdÐdÄ É
A	ÝEÍ$ÖCÆ�ÐzÄQ×�Í�Ð;Æ¨â«Á�Ý]ÖCÆdÎ�ÁRÎ�Ç�Í?Æ�Î�Ë�Å	Ô�Ä,Ç´×�ÐzË=Ï=Ð�Í$ÃuÃ*Ä�Ç[Ô�ÄUÇd×�Ä�Ñ�Æ�ÐzÄ�Ç´Ç;ælÅ�Ædá�Â,ÆdÎ�ú�Ö�Ä,Ç5Í¨Û=Ä�ÑSÁ�Ä,ÇHÃ*Ë\ÔCî�Á�Ä,Ç[ÔqÝ]Í$Æz>
ÃuË=Çz×�á�î,ÐdÄ�Ç!ÔrÝ|��D9F�GHDJI[�`×�Ä�ÐzÃuÄ�ÆjÔ�ÄgÑ�Í�Á�Ñ,Ö�Á�Ä,ÐQÁRÄ�_�Ö�8ÚÂ�Ã*Î�Ç ë Á�Í�ÇdÖ�Ð;ÿ�Í�Ñ�Ä	Ô�ÄgÁoÝÞÂ,ÆdË=Î�ÁRÄ9Î�Ã*ÃuË=àCÎ�Á�Ää ×�Í�ÇUÔ�Ä`ÃuË�ÖCÛ=Ä,ÃuÄ,Å�ÆS×�ÐzË=×�ÐdÄ9Å�Î�Ô�Ä`ÐdË$Æ�Í$ÆdÎ�Ë=Å åmÉ?� Áqÿ�Í�ÖCÆUÔ�Ë�Å�Ñ�Ä,Å�ÇdÖCÎRÆ�Ä`Ñ�Ë�Å�Û�Ë=Á�ÖCÄ�ÐUÁ�Ä9Çd×�Ä�Ñ�Æ�ÐdÄ`ÇzælÅ\>
Æ�á�Â�Æ�Î�ú�Ö�Ä	×�Í�ÐUÁ�Ä`×�ÐdË�:�ÁºÎRÅ�ÇzÆdÐdÖ�Ã*Ä�Å«Æ�Í$ÁºÄ�Æj×�Í�ÐUÁ�Ä`×�ÐzË�:�Á�Ô�ÄgÐdË$Æ�Í$ÆdÎ�Ë=ÅãÔ�Ä	Á�Ý]Â�Æ�Ë=ÎRÁ�Ä ä Ä,ÆjÇzÎ�Å�Â,Ñ�Ä,ÇdÇ�Í$Î�ÐdÄ
×�Í�ÐjÁRÄ�×�ÐzË�:�ÁºÔ�ÄgÃuÍ�Ñ�ÐzË�Æ�Ö�Ðzà�Ö�ÁRÄ�Å�Ñ,Ä å�É Ò Ä�ÇjÔCÄ�Ö�8ÚÑ�Ë=Å«Û�Ë=Á�ÖCÆdÎ�Ë=ÅCÇQÑ�Ë�Å�ÆdÐdÎRà�Ö�Ä�Å«Æ!à�Ä¨Í$Ö�Ñ�Ë=ÖC× ë Â�Á�Í�ÐdÏ=ÎRÐÄ,ÆjÔCÂ�Ï=ÐdÍ�Ô�Ä�ÐUÁ�Ä9Çz×}Ä,Ñ,Æ�ÐzÄ	Ç;æ\Å«Ædá�Â,ÆdÎ�ú�Ö�ÄgÎRÅ�ÎRÆdÎ|Í�Á É Ò Ä`×�ÐdË�:�Á�ÎRÅ�ÇzÆdÐdÖ�Ã*Ä�Å«Æ�Í�Á�Ä�ÇzÆSÖ�Åé×CÐdË�:�Á�Ï«Í$Ö�ÇdÇzÎ�Ä�ÅJÄ,Æ
^ K
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��������F�¤%M�� ÷�X�©�® �«©v�Z�[d�°w®�©�ª�ª�©v�«©	³�¦¨®���® °e¦¨§üª ²«³q�e©�¹«³�¦Nî%���=²é® ³ °w¹��e©�® �=²é­,�#��§�¬�ª °w²«­ON[{5{Kï=¶QP ¸ ��©ª ¹�©e �® ³�© �N¬�®�¬9ª	ë�§?® ¯�¬�® °eª�¬��ed�©e 9²«§ã­9¦.�«¼(�e© �
&*��® ­9¦�ª�¹«¯�¼�³�©RN]45a5a5aur k
log g = 4

�«©d¿
k�²«§�© d�°w®�©�ª�ª�© �«©
­!°$ �³�¦¨® ²«³ n ²��e©�§% �©pî«¿«¬�©SNß¾UT$­WV�ª!©�®!²«§�©g³�¬�ª�¦f�w²«® °e¦¨§m�«©!í5a5a5a5aß2 �e©] "�#�$ �²��=�=²üª ¹C©e �® ³�©N©�ª�®|wx��°w®,�ed�©e 
+Kô�õ�+¯ö�÷���{Kï76 ¸ �'©	ª ¹�©e �® ³�©9§�¦¨°w³[2�® ³���°w®�ªS¹��e©�°w§�ªB6| �¦¨³ ³�©�ª ¹C¦¨§%��NN²«§�©�d�°w®�©�ª�ª�©,�«©�³�¦¨®���® °e¦¨§y¬�±?²���®�¦¨³ °Z�#�e©��¹«¹���³�©�§?®�©p�«©Fa0T$­WV�ª�k7�e©H³�¦¨²���©|2�¹�¦¨°w§?® °����e¬�ªB6XNZY5a0T$­WV�ª�k7�e© n �e©�²�2�® °w³�©�®�ªB6CN3�5a0T$­WV�ª�©�®D�e©Fd�©�³ ®�2 ��³���§%�«ª
® °w³�©�®�ªB6[NW¶"a5a\T$­WV�ª ¸ \�²uw�²«³�©�®LN`­9©�ª ²«³�©Q±?²�© ve sin i

��²���­9©�§?®�©5k?�e©�w�¦¨§%� �«©3�Z�9³���°e©S©�ª ®H³�©(�e©(d�¬j©�®Ê�e©�ª
��°��e©�ªhª"& ¦¨²�d�³�©�§?® ¸
ÁRÄ	×�ÐzË�:�Á�Ô�Ä	ÐdË�Æ�Í$Æ�ÎRË=ÅéÄ�Ç;Æ9×�Í�ÐdÍ�à}Ë�Á�Î�ú�Ö�Ä É Ò Ä,Ç!Î�ÅC_�ÖCÄ�Å�Ñ,Ä�Ç!Ô�ÄNÁ�ÍuÛlÎRÆ�Ä,ÇdÇzÄ*ÔCÄgÐdË�Æ�Í$Æ�ÎRË=ÅéÄ�Æ!Ô�Öü×�ÐdË$:�Á
ÎRÅ�ÇzÆdÐdÖ�Ã*Ä�Å«Æ�Í$Á�ÇzË=Å«ÆgÎRÁ�Á�ÖCÇzÆ�ÐzÂ�Ä,Ç�Ô�Í$Å�Ç	ÁRÄ�Ç�:�Ï=Ö�ÐdÄ,Ç ý\É ^ Ä�Æ ý\É]aCÉ �SÅ�Ä�Â,Æ�ÖCÔ�Ä�×�ÁRÖ�Ç	ÔCÂ,Æ�Í$Î�Á�ÁRÂ�ÄWÑ�Ë�Å�Ñ�Ä,Ð;>
Å�Í$Å�Æ9Á�Ý]ÎRÅC_�Ö�Ä,Å�Ñ�ÄNÔCÄ*Á�ÍuÛlÎRÆdÄ�ÇdÇzÄuÔCÄNÐdË�Æ�Í$Æ�ÎRË=ÅéÇdÖCÐ`ÁRÄ�Ç9Í�à�Ë=Å�Ô�Í�Å�Ñ�Ä,Ç9Ô�Â,ÆdÄ�ÐdÃ*Î�ÅCÂ�Ä�Ç!ÇzÄ�ÐdÍ3ÿ�Í�ÎbÆ�ÄgÔ�Í�Å�Ç
Á�ÍgÇdÄ�Ñ�Æ�ÎRË=Å ýlÉEa
(W)�( ] �)�\^,�)�\_ _ .10ð�Ù. ��� 4 �p� 4 �Ù.10 0��y.���8���.10 0U�t�N8D�� �8��#¡u�Ù.10 .�8

�� �8�.p� _ �K���98����v� �Ù.10 � �ß���Ú���,���´.10
AQÄ,Ö�8J×�ÐdË=Ï�Ð�Í�Ã*ÃuÄ,Ç1Ô�Ä�Ñ�Í�Á�Ñ,Ö�Á�Ô�Ä`Çd×�Ä�Ñ,ÆdÐdÄ,ÇjÇzælÅ«Æ�á�Â�Æ�ÎRúlÖCÄ�ÇjË=Å«ÆSÂ,ÆdÂ�ÖCÆdÎ�ÁRÎ�ÇdÂ,Ç1Ô�Í�Å�ÇUÑ�Ä�ÆdÆ�Ä`Æ�á�î,ÇdÄ

×�Ë=Ö�Ð5Ô�Â�Æ�Ä,ÐdÃ*Î�Å�Ä,Ð�Á�Ä,ÇSÍ$à}Ë=ÅCÔ�Í�Å�Ñ,Ä�Ç1Ô�Ä�ÈQâ'igâ'ÌQÍCâ Õ Ï�â'V\Î�â'È�ÍCâ'È�Í\â�V\Ñ�â�Z5Î�âCÓgâ'È´Ð,â Õ Åqâ'T�Ä�â�È´Ë�â
ÌUÎoâ[VlÐ�â)½Nâ�ÀrÐ,â[c�ÍCâ Ò Í\âhÈ´Ä�â�ÌSÔ�Ä�Æ�Y[ÖØÔ�Í�Å�ÇWÁRÄ�ÇNÂ,ÆdË=Î�ÁRÄ�Ç]9 Ä�Æ�TøÔ�Ä,Ç�Í$Ã�Í�Ç	Ô�Ä�Çuè[Á�Â�Î�Í�Ô�Ä,ÇNÄ,Æ
Ô�Ä	È´Ë=ÃuÍ�c´Ä,ÐdÄ,Å�Î�Ñ,Ä�Ç É Ò Ä�×CÐdË=Ï=ÐdÍ�Ã*ÃuÄ9Ô�Ä`Z�Í ê Ä�Ô�Í ä ZºÍ ê Ä,Ô�ÍÚP þ�þ�ý=å úlÖCÎºÇzÄ	à�Í�ÇzÄ	ÇzÖ�Ð3¾À¿KÁ3FvÂéû
Ô�Ä��!Ö�ÐdÖCÑ�@ ä �!Ö�ÐdÖ�Ñ,@�P þ¯þ K�Í å ÍWÂ,Æ�Â�ÖCÆ�ÎRÁ�ÎRÇdÂ!×�Ë=Ö�Ð1Æ�Ë=ÖCÆdÄ�ÇSÁ�Ä�Ç1Â�Æ�Ë=ÎRÁ�Ä�Ç,â'Ä,ÆSÄ�Å�ÇzÖ�ÎRÆdÄ�ÁRÄ�ÇSÍ�à}Ë�Å�Ô�Í�Å�Ñ,Ä�Ç
Ô�Ä,Ç9Â�Á�Â,ÃuÄ,Å«Æ�Ç!Ë=Å«Æ`Â,ÆdÂ*ÐzÄ�Ô�Â�Æ�Ä,ÐdÃ*Î�Å�Â,Ä�Ç9×}Ë�Ö�Ð!ú�Ö�Ä�ÁRúlÖCÄ�Ç9Â,ÆdË=Î�ÁRÄ�Ç9Í¨Û=Ä,Ñ*ÁRÄN×�ÐdË�Ï=Ð�Í�Ã*Ã*ÄNV%½!ÌjVCèhY�È
äN; Ö�à�Ä�Å«æ]� Ò Í�Å�@!P þ¯þ K�Í å ë Æ�ÎRÆdÐdÄHÔ�Ä�Û$Í�Á�ÎRÔ�Í$Æ�ÎRË=Å É È´Ä,Ç[Ô�Ä�Ö�8N×�ÐdË=Ï�Ð�Í�Ã*ÃuÄ,Ç�Ñ�Í�Á�Ñ,Ö�Á�Ä,Å�Æ�Ô�Ä�Ç[Çz×}Ä,Ñ,ÆdÐdÄ�ÇÇ;æ\Å«Ædá�Â,ÆdÎ�ú�Ö�Ä�Ç ë ÁoÝ]Y[Z Ò ë ×�Í�ÐzÆdÎ�Ð1Ô�Ä�ÇSÃuËlÔ�î,Á�Ä�Ç1Ç;Æ�Ä�ÁRÁ|Í�ÎRÐdÄ,Ç5úlÖCÎºÇzË=Å«ÆQÔ�Í$Å�ÇQÁRÄ`Ñ�Í�ÇUÔ�Ä	Ñ,Ä`ÆdÐ�Í¨Û$Í�Î�Á�ÁRÄ�ÇÃ*Ë\ÔCî�Á�Ä,Ç�ÔqÝ]D9F	G�DJI�û?>¨ý\þ É

^ L
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���V���
F�¤a`
�3÷UX�©�®��«©|�Z��³�¬�ª�¦f�w²«® °e¦¨§��=²�ª ¹�©e �® ³�¦f��³���¹«¯�©jª ²«³��e©U¹«³�¦Nî%���«©|�Z�9³���°e©c�=²�­,�#��§�¬�ª °w²«­bN {5{Kï=¶
P ¸ ��©Hª ¹�©e �® ³�©p�U¬�®�¬´ª	ë�§?® ¯�¬�® °eª�¬p�ed�©e ´²«§	­9¦.�«¼(�e©p�
&*��® ­9¦�ª ¹«¯�¼�³�©cNq45a5a5a|r k log g = 4

�«©d¿
k?²«§�©Fd$°w®�©�ª;ª�©
�«©H­!°$ �³�¦¨® ²«³ n ²��e©�§% �©lî«¿«¬�©LNQ¾cT�­WV�ª�©�®

ve sin i = 0
T�­WV�ª ¸ ��©Hª ¹�©e �® ³�©H§�¦¨°w³p2�® ³���°w®�ª�¹��e©�°w§�ªB6D �¦¨³ ³�©�ª ¹�¦¨§%�N!²«§�©5³�¬�ª�¦f�w²«® °e¦¨§u�«©!¶"a5a5a5a5a�k��e©�³�¦¨²���©,2�¹C¦¨°w§$® °����e¬�ªB6��«©|�5a5a5a5a!©�®��e© n �e©�²Ú2�® °w³�©�®�ªB6!�«©`¶"a5a5a5a ¸

¢�£V¢p£B¥ Ò[dfe7Ò�g�h Io¤ji
Ò Í!Û=Ä�ÐzÇdÎRË=Å�Ô�ÄQV%½!ÌjVCèhY�È ÖCÆ�ÎRÁ�ÎRÇdÂ�Ä5Ô�Í�Å�Ç�Ñ�Ä1Æ�Ð�Í¨Û$Í�ÎRÁ�Ä�Ç;Æ5V%½!ÌjVCèhY�È X aCÉ È´Ä,ÆzÆ�Ä1Û=Ä,ÐdÇdÎRË=Å�×CÐdÄ�ÅCÔ

Ä�ÅgÑ,Ë=Ãu×\Æ�Ä�ÁoÝÞÄ�Å�ÇzÄ�Ãgà�ÁRÄhÔ�Ä�ÇºÂ�Á�Â,ÃuÄ,Å«Æ�Ç�Ñ�á�Î�Ã*Î�ú�Ö�Ä,Ç�BzÖ�Çzú�ÖqÝ ë À � þ¯þCÉ È´Ë=Ã*ÃuÄhÄ�8\×�ÁRÎ�ú�Ö�Â�Ô�Í�Å�Ç�Á�Ä�×�Í�ÐdÍ?>
Ï=Ð�Í�×Cá�Ä ý\É X É Klâ=Ñ�Ä1×�ÐzË=Ï=Ð�Í$ÃuÃ*Ä´ÁRÎRÆ�ÖCÅ�Ä5Á�ÎRÇzÆ�Ä´Ô�Ä5Ð�Í�ÎRÄ�Ç É èºË=ÖCÐ[Ñ�Ä�Ð;Æ�Í�ÎRÅ�Ä�Ç[ÆdÐ�Í�Å�ÇzÎRÆdÎ�Ë=Å�Ç,â�ÁRÄ�Ç�Ñ,Ë=Å�ÇzÆ�Í�Å«Æ�Ä,Ç
ÔqÝEÍ$ÃuË=Ð;Æ�ÎRÇdÇdÄ,ÃuÄ,Å«ÆSÅCÄ`ÇzË=Å«ÆU×�Í�Ç5ÿ Ë=Ö�ÐzÅ�Î�Ä,Ç É 9QÁRË=ÐdÇ5ÁRÄ9×�ÐdË=Ï�Ð�Í�Ã*ÃuÄQÁ�Ä�Ç5Ñ�Í�Á�Ñ,Ö�Á�Ä!Ä,ÅJÖ\Æ�Î�ÁRÎ�ÇdÍ�Å«Æ5Á�Ä,Ç1ÿ Ë�Ð;>
ÃgÖ�Á�Ä,Ç1ÇdÖ�ÎbÛ�Í$Å�ÆdÄ�Ç ç
P É È´Ë=Å�Ç;Æ�Í�Å«Æ�Ä`ÔqÝ]Í�Ã*Ë=ÐzÆdÎ�ÇdÇzÄ�Ã*Ä�Å«Æ1Å�Í$ÆdÖ�ÐdÄ,Á

γnat =
8π2e2

3mc
(
c

λ
) = 2.4734× 10−22(

2.99725× 1017

λ
)

ä;ý\É]a«å
Ë=<

e
Ä,ÇzÆ5Á�Í�Ñ�á�Í�ÐzÏ=ÄQÔCÄQÁoÝÞÂ�ÁRÄ�Ñ�Æ�ÐdË�Åqâ

m
Á|Í9Ã�Í�ÇzÇdÄjÔCÄQÁoÝÞÂ�ÁRÄ�Ñ�Æ�ÐdË�Å�Ä,Æ

c
Á�Í`ÛlÎRÆdÄ�ÇzÇdÄjÔ�ÄSÁ|Í`Á�Ö�Ã*Î�î,ÐdÄ

Ô�Í�Å�Ç1ÁRÄjÛ\ÎRÔ�Ä É
K É È´Ë=Å�Ç;Æ�Í�Å«Æ�Ä`ÔqÝ]Í�Ã*Ë=ÐzÆdÎ�ÇdÇzÄ�Ã*Ä�Å«Æ1Ô�Ä�VlÆ�Í�Ð ê

γStark = 10−8n5
effNe

ä;ý\É þ«å
Ne

Ä,ÇzÆSÁ|ÍWÔ�Ä�Å�ÇzÎRÆdÂ�ÔqÝÞÂ�ÁRÄ�Ñ�Æ�ÐdË�Å�ÇQÄ�Æ
neff

Ä,ÇzÆSÁ�Ä9Å�Ë=Ã	à�ÐdÄ`ú�Ö�Í�Å«Æ�ÎRúlÖCÄ	Ä,M}Ä�Ñ�Æ�Îbÿ�Ô�ÖéÅCÎRÛ=Ä�Í�ÖJ:�Å�Í�Á
Ô�Ä9Á|ÍgÆ�ÐdÍ�Å�ÇzÎRÆ�ÎRË=Åqâ\Ô�Ë=Å�Å�Â9×�Í$Ð ç

neff =

√

(j + 1)2E0

EF

ä�ý\É P Ê å
^$X
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j
Ä,ÇzÆ´Á�ÄUÅ�Ë=Ãgà�ÐzÄSÔCÄQÑ�á�Í�ÐzÏ=Ä�ÇHÂ�ÁRÄ�Ñ,ÆdÐdÎRúlÖCÄ�Ç´ÔCÄQÁoÝÞÎ�Ë�Åqâ

E0
ÁoÝÞÂ�Å�Ä,ÐdÏ=ÎRÄSÔCÄSÁ�Ý]Â�Æ�Í$Æ�ÿ Ë=Å�Ô�Í$ÃuÄ,Å�Æ�Í�Á'Ô�Ä

Á�ÝEÍ?Æ�Ë=Ã*ÄQÔqÝÞá«ælÔ�ÐdË=Ï�î�Å�Ä�Ä,Æ
EF

ÁoÝÞÂ�ÅCÄ�ÐdÏ�Î�Ä!Ô�ÖãÅ�ÎRÛ�Ä¨Í�Ö3:�Å�Í$ÁqÔ�Ä9Á|ÍgÆ�ÐdÍ�Å�ÇzÎRÆ�ÎRË=ÅÙÂ,ÆdÖ�Ô�ÎRÂ�Ä É
L É È´Ë�Å�ÇzÆ�Í�Å«Æ�Ä9ÔqÝ]Í�ÃuË�ÐzÆ�ÎRÇdÇzÄ�Ã*Ä�Å«Æ1Ô�Ä!Û$Í�ÅJÔCÄ�Ð�ì Í�Í�Á�Ç

γvdW = 4.5× 10−9

[

(

n2
eff

j + 1

)2
]0.4 [

NH +

(

1

4

)0.3 (

0.50× 10−33

1.61× 10−33

)0.4

NHe

]

(

T

104

)0.3

ä�ý\É P�P å
j
Â�Æ�Í�Å«Æ	Á�Ä�ÅCË=Ãgà�ÐzÄuÔ�ÄuÑ�á�Í�ÐzÏ=Ä�ÇgÂ,Á�Ä,Ñ,Æ�ÐzÎ�ú�Ö�Ä,ÇgÔ�Ä�Á�Ý]ÎRË=Åqâ

NH
Á�ÍãÔ�Ä,Å�ÇdÎbÆ�ÂuÔ�Ä�ÇNÍ?Æ�Ë=Ã*Ä�Ç`ÔqÝÞá�æ«>

ÔCÐdË=Ï=î,Å�Ä�â
NHe

Á�ÍÚÔ�Ä,Å�ÇdÎbÆ�ÂßÔ�Ä,ÇNÍ$ÆdË=ÃuÄ,ÇgÔqÝÞá�Â�ÁRÎ�Ö�Ããâ
T
Á|ÍJÆdÄ�Ã*×}Â,Ð�Í$ÆdÖ�ÐdÄuÄ,Æ

neff
Á�ÄuÅ�Ë=ÃgàCÐdÄ

ú�Ö�Í$Å�ÆdÎ�ú�Ö�Ä9Ä,M}Ä�Ñ�Æ�Îbÿ�Ñ�Í�Á�Ñ,Ö�Á�Â!Ô�Ä9Á�Í	ÿ�Ílk�Ë=ÅãÇdÖCÎRÛ$Í�Å«Æ�Ä ç

neff = (2.5)
1
4

√

(j + 1)2E0

EF

pour m ≤ 20
ä;ý\É P�K å

neff = (45− Z)
1
4 (j + 1)

1
4 pour 21 ≤ m ≤ 44

ä;ýlÉ P�L å
neff = 0.5

1
4

√

j + 1 pour m ≥ 45
ä;ýlÉ P X å

Í¨Û�Ä�Ñ
Z
ÁRÄSÅ�Ö�Ã*Â�ÐzËWÍ$Æ�Ë=Ã*Î�ú�Ö�ÄUÔ�ÄjÁ�Ý]ÎRË=Å*Ñ�Ë=Å�ÇzÎ�Ô�Â,ÐdÂ$â

E0

ÁoÝÞÂ�Å�Ä,ÐdÏ=ÎRÄQÔ�ÄSÁoÝÞÂ,Æ�Í?Æ´ÿ Ë=Å�Ô�Í�ÃuÄ,Å«Æ�Í�Á�Ô�Ä
Á�ÝEÍ?Æ�Ë=Ã*ÄQÔqÝÞá«ælÔ�ÐdË=Ï�î�Å�Ä�Ä,Æ

EF

ÁoÝÞÂ�ÅCÄ�ÐdÏ�Î�Ä!Ô�ÖãÅ�ÎRÛ�Ä¨Í�Ö3:�Å�Í$ÁqÔ�Ä9Á|ÍgÆ�ÐdÍ�Å�ÇzÎRÆ�ÎRË=ÅÙÂ,ÆdÖ�Ô�ÎRÂ�Ä É
�UÅ�ÄQÿ Ë=ÎRÇ´Á�ÄSÇd×�Ä�Ñ�Æ�ÐdÄ!Ç;ælÅ�Ædá�Â,ÆdÎ�ú�Ö�Ä9Ñ¨Í$Á�Ñ�ÖCÁ�Â�âlÁ�Ä,Ç5Í�à�Ë=Å�Ô�Í$Å�Ñ�Ä,Ç�ÇdË=Å«Æ1Ã*Ë\ÔCÎR:�Â,Ä�Ç�Í?:�ÅÙú�Ö�Ä!Á�ÄSÃuÄ,Î�Á�ÁRÄ�Ö�Ð
Í�BzÖCÇzÆ�Ä,ÃuÄ,Å«Æ ä ÛlÎ�ÇdÖCÄ�Á å Ä,Å«Æ�ÐdÄ`Á�Ä!Çz×}Ä,Ñ,ÆdÐdÄ9Ë=à�ÇzÄ�ÐzÛ�Â	Ä�Æ1Á�Ä!Çd×�Ä�Ñ�Æ�ÐzÄ�Ç;æ\Å«Ædá�Â,ÆdÎ�ú�Ö�Ä	ÇzË=ÎRÆ�ÐdÂ¨Í$Á�Î�ÇzÂ É

¢p£V¢�£VÃ g ª3J	n�ª?«jopo ´yÇq´rq:«;s=´�Çq«
AjÍ�ÅCÇjÁ�Ä�Ñ¨Í�ÇSÔ�Ä�ÇjÐzË�Æ�Í?Æ�Ä�ÖCÐdÇjÐdÍ�×�Î�ÔCÄ�ÇQË�<éÁ�Ä,ÇQÐ�Í$Î�Ä�ÇSÇdË=Å«Æ!Ã*Â�Á�Í�Å�Ï=Â,Ä�Ç,â�ÎRÁºÄ,ÇzÆ!ÔCÎR�*Ñ�ÎRÁ�Ä9Ô�ÄgÔ�Â�Æ�Ä,Ð;>

Ã*Î�Å�Ä,Ð	Á�ÍãÛlÎRÆdÄ�ÇdÇzÄ3Ô�ÄßÐdË$Æ�Í$ÆdÎ�Ë=Å Â,ú�Ö�Í$Æ�Ë�ÐdÎ|Í$Á�Ä*Ô�ÄÙÁoÝÞÂ,ÆdË=Î�ÁRÄ�â�Á|ÍJÛlÎbÆ�Ä�ÇzÇdÄÙÔ�ÄÙÃ*Î�Ñ,ÐdË�ÆdÖ�ÐdàCÖ�Á�Ä,Å�Ñ�ÄuÄ,ÆNÁRÄ�Ç
Í�à�Ë=Å�Ô�Í�Å�Ñ�Ä,ÇHÔCÄ�Ç´Â,Á�Â,ÃuÄ,Å�ÆdÇ´ÇzÎ�ÃgÖ�ÁbÆ�Í�ÅCÂ�Ã*Ä�Å«Æ É Ò ÄUÑ�ÐzÎRÆ�î,ÐdÄUÔ�ÖßÃ*Ä�ÎRÁ�Á�Ä,Ö�Ð[Í�BzÖCÇzÆ�Ä,ÃuÄ,Å«Æ�Ä�Ç;Æ´Ä,ÅßÏ=Â,Å�Â�ÐdÍ�Á
à�Í$ÇdÂgÇzÖ�ÐQÁ�Ýut9Î�Á�á�Ö�ÃuÍ�Î�ÅJÄ,ÆQÇdÎ�ÁRÄ	Å�Ë�Ãgà�ÐdÄ�Ô�Äg×�Í$Ð�Í�Ã*î,ÆdÐdÄ�ÇQÍ�Ö�Ï=Ã*Ä�Å«ÆdÄ�â�Á|ÍuÔCÎR�*Ñ�Ö�ÁbÆ�Â�ÔqÝEÍ�BzÖ�ÇzÆdÄ�ÐjÁRÄ�Ç
Çz×}Ä,Ñ,Æ�ÐzÄ�ÇhÍ�ÖCÏ=ÃuÄ,Å«Æ�Ä5Í�ÖCÇdÇdÎ�â�Ä�Æ[ÁoÝÞÎ�Å�Ñ,Ä�Ð;Æ�ÎRÆdÖ�Ô�ÄHÇdÖ�Ð[ÁRÄ�Ç�Í$à}Ë=ÅCÔ�Í�Å�Ñ,Ä�Ç[Ñ�ÐzËlv�Æ É ZºÍ ê Ä�Ô�Í ä P þ�þ�ý=å ÍjÃuËlÔ�ÎR:�Â
ÁRÄQ×�ÐzË=Ï=Ð�Í$ÃuÃ*ÄSÔCÄq¾À¿#Á3FvÂÚû ä �!Ö�ÐzÖ�Ñ�@NP þ¯þ K�Í å Ä�Å3Í�BzË�ÖCÆ�Í�Å«Æ5ÖCÅ�Ä!×�ÐdËlÑ�Â,Ô�Ö�ÐzÄ!Í�ÖCÆdË=Ã�Í?Æ�Î�ú�Ö�ÄUú�Ö�Î
Ã*Î�Å�ÎRÃuÎRÇdÄ`ÁoÝÞÄ�ÐzÐdÄ�ÖCÐ`Ä,Å«Æ�ÐdÄWÁRÄNÇd×�Ä�Ñ,ÆdÐdÄ*ÇzælÅ«Æ�á�Â�Æ�ÎRúlÖCÄ�Ä,Æ`ÁRÄNÇd×�Ä�Ñ,ÆdÐdÄ*Ë=à�ÇzÄ�ÐzÛ�Âu×�Ë=Ö�Ð!×CÁ�Ö�ÇzÎ�Ä�ÖCÐdÇ9×�Í�ÐdÍ?>
Ã*î,ÆdÐdÄ�Ç5ÇzÎ�ÃgÖCÁRÆ�Í$Å�Â�Ã*Ä�Å«Æ ä

ve sin i, ξt, [
X
H

], vmacro et ∆λ
å�É

È´Ä1×�ÐzË=Ï=Ð�Í$ÃuÃ*Ä´ÿ Ë=Å�Ñ�Æ�ÎRË=Å�Å�Ä5Ä,Å�Ô�Ä,Ö�8WÂ,Æ�Í�×�Ä�Ç�â�Á�Í9×CÐdÄ�Ã*Î�î,ÐdÄ5Ñ,Ë=Å�ÇdÎRÇzÆdÄ ë Ñ�Í�Á�Ñ,Ö�Á�Ä,Ð[Á�Ä�ÇhË=×�Í�Ñ�ÎbÆ�Â�Ç[Ä�Æ�Á|ÍÔ�Ä,Ö�8\Î�î,ÃuÄ1Ñ�Ë�Å�ÇdÎRÇzÆ�Ä ë Í�BzÖ�Ç;Æ�Ä�Ð�Á�Ä,ÇhÇd×�Ä�Ñ,ÆdÐdÄ,ÇHÇ;æ\Å«Ædá�Â,ÆdÎ�ú�Ö�Ä�Ç�Í�Ö�8WÇz×}Ä,Ñ,Æ�ÐzÄ�ÇHË=à�ÇdÄ,ÐzÛ�Â�Ç´Ä,Å�Ã*Î�Å�ÎRÃuÎRÇ�Í�Å«ÆÁ�Ý]Â,Ñ¨Í�Ð;Æ1ÇdÖ�ÎbÛ�Í$Å�Æ ç
σ2 =

∑N
i=1[yi − ηi − C(λ)]2

N

ä�ý\É P ý=å
Ë=<
• N Ä,ÇzÆUÁ�Ä!Å�Ë�Ãgà�ÐdÄ!ÔCÄ`×�Ë=ÎRÅ�ÆdÇ
• yi = log fλi

âCË=<
fλi

Ä�Ç;ÆUÁ�Äj_�Ö�8ãË�à�ÇdÄ,ÐzÛ=Â
• ηi = logFλi

â�Ë�<
Fλi

Ä�Ç;ÆSÁRÄj_�Ö�83Ñ�Í�Á�Ñ,Ö�Á�Â
• C(λ)

Ä�Ç;ÆgÖ�Å/×�Í�ÐdÍ�Ãuî�Æ�ÐzÄWÛ$Í�ÐzÎ|Í�Å«Æ�Í¨Û=Ä,Ñ�Á|Í3Á�Ë�Å�Ï=Ö�Ä,Ö�Ð9ÔqÝ]Ë�Å�Ô�Ä�Ä�Æ	ú�Ö�Îh×�Ä�ÐzÃuÄ�Æ	ÔqÝÞË=×CÆdÎ�Ã*Î�ÇzÄ�Ð
Á�ÝEÍ$Ñ�Ñ�Ë�ÐdÔ3Ä�Å«Æ�ÐzÄ

fλi

Ä�Æ
Fλi

^ ý



���Sÿ����������	����

��������������� ÿ��������	�
�
������������������ ��������!��"$#����

�����%�&'���
A	Ý]ÖCÅÙ×}Ë=ÎRÅ«Æ´Ô�ÄSÛ\ÖCÄjÅ�Ö�ÃuÂ,ÐdÎRúlÖCÄ�âlÁ�ÄS_�Ö�8uÇzælÅ«Æ�á�Â�Æ�Î�ú�Ö�Ä

ηi
ä
i � P=â ÉRÉbÉ â]Ì ï Â,Æ�Í$Å�Æ�Á�ÄUÅ�Ë=Ãgà�ÐzÄQÔ�ÄS×}Ë�Î�Å«Æ�ÇÔ�ÄhÁ�Ë=Å�Ï�Ö�Ä�Ö�Ð�ÔrÝ]Ë=ÅCÔ�Ä å Ä�Ç;Æ�Ö�Å�Ä[ÿ Ë=Å�Ñ�Æ�Î�Ë�Å!Ô�Äh×�Á�Ö�ÇzÎ�Ä,Ö�ÐdÇqÛ$Í�ÐzÎ|Í�à�ÁRÄ�Ç ä

x1, . . . , xK
Ä,ÆºÈ å Ñ�Ë�ÐdÐdÄ,Çd×�Ë=Å�Ô�Í$Å�Æ

ë Þxw9{ ; á â ve sin i
â
ξt
â
f
â
γi

â · · · É Ò ÝÞÂ�Ñ�Í�ÐzÆ σ ä Â�ú�Ö�Í$ÆdÎ�Ë=Å ý\É P ý=å Ô�Â�×�Ä�Å�Ô Í�Á�Ë=ÐzÇ9Ô�Ät�,�gP*Û$Í�ÐzÎ|Í�àCÁ�Ä�Ç É
Ò Í`ÇdË=ÁRÖCÆ�ÎRË=ÅWÄ�Ç;Æ5Í$ÆzÆ�Ä�ÎRÅ«Æ�Ä1Á�Ë=ÐzÇdú�Ö�ÄUÁ�Ä,ÇHÔ�Â,ÐdÎbÛ=Â�Ä,Ç´×�Í$ÐzÆ�ÎRÄ�ÁRÁ�Ä�Ç ∂σ

∂xl

ä
l � P=â ÉbÉbÉ â � å Ç,ÝEÍ�ÅCÅlÖCÁ�Ä�Å«Æ É È´Ä,Ñ�Î�Å�Ë=Ö�ÇÃuî,Å�Ä ë ÖCÅ�Ä�ÇzÂ�ÐzÎ�Ä!Ô�Ä,�,�gP`Â,ú�Ö�Í$Æ�ÎRË=Å�Ç1Å�Ë=ÅãÁ�ÎRÅ�Â¨Í$Î�ÐdÄ,Ç�Í¨Û=Ä,Ñv�,�gP9Î�Å�Ñ,Ë=Å�Å�Ö�Ç ç

N
∑

i=1

[

(yi − ηi − C)
∂ηi

∂xl

]

= 0
ä;ý\É P�O å

N
∑

i=1

(yi − ηi − C) = 0
ä;ý\É P ^ å

AjÍ�Å�Ç*Á|Íé×�ÐzË\Ñ,Â�Ô�ÖCÐdÄãÔ�Ä3Z�Í ê Ä�Ô�Í\â�Á�ÍéÐdÂ,ÇdË=ÁRÖCÆ�ÎRË=Å�Ô�Ä3Ñ�Ä�Ç*Â�ú�Ö�Í?Æ�Î�Ë�Å�ÇNÄ�Ç;Æ�à�Í$ÇdÂ�ÄãÇdÖCÐ*Á�ÍéÃuÂ�Æ�á�ËlÔ�Ä
Ô�ÄüÌSÄ�Û5Æ�Ë=Å\> fSÍ$×�á�ÇdË�Å ä Á�ÎRÅ�Â¨Í$ÐdÎ�ÇdÍ$Æ�ÎRË=Å åmÉ Ò Ä�ÇÙÎRÆdÂ�ÐdÍ$Æ�ÎRË=Å�Ç*ÇdË=Å«ÆÙÐzÂ�×�Â,Æ�Â,Ä�Ç	BzÖ�ÇzúlÖrÝEÍ Ñ,ÄyúlÖCÄéÁoÝÞÂ�Ñ�Í�ÐzÆ
Ä�Å«Æ�ÐzÄßÔ�Ä�Ö�8/Û$Í�ÁRÄ�Ö�ÐzÇ	ÇzÖ�Ñ�Ñ,Â�ÇdÇzÎRÛ�Ä�Ç�â�×}Ë=ÖCÐ	Ö�Å�Ä*Û$Í�ÐdÎ�Í�à�Á�ÄNÔCË=Å�Å�Â,Ä�â�ÇzË=ÎRÆ�Î�Å\ÿ Â�ÐdÎRÄ�Ö�Ð ë P Ê −3 É È´Äß×�ÐzË$>Ï=Ð�Í�Ã*Ã*Äé×}Ä,ÖCÆ3Ô�Ë=ÅCÑ
ÔCÂ,Æ�Ä,ÐdÃ*Î�Å�Ä,ÐÙÇdÎRÃgÖ�ÁRÆ�Í�Å�Â,ÃuÄ,Å�ÆßÁoÝ]Í�à}Ë�Å�Ô�Í�Å�Ñ,ÄéÔ�Ä,ÇJÂ,Á�Ä�Ã*Ä�Å«ÆdÇ�â�Á�Í7Û\ÎbÆ�Ä,ÇdÇdÄüÔ�Ä
ÃuÎRÑ�ÐdË$Æ�Ö�Ðzà�Ö�Á�Ä,Å�Ñ�Ä ä

ξt
å âqÁ|Í*Û\ÎbÆ�Ä,ÇdÇdÄWÔ�ÄWÐzË�Æ�Í$ÆdÎ�Ë=ÅÚÂ�ú�Ö�Í$ÆdË=ÐdÎ�Í�Á�ÄNÍ$×�×�Í�ÐzÄ�Å«Æ�Ä ä

ve sin i
å â�Á|Í*Û\ÎbÆ�Ä,ÇdÇdÄWÔ�Ä

Ã�Í�Ñ,ÐdË�ÆdÖ�ÐdàCÖ�Á�Ä,Å�Ñ�Ä ä
vmacro

å Ä,Æ´Á�ÄUÔ�Â�Ñ�Í�Á|Í�Ï�ÄQAQË�×�×�Á�Ä,ÐHÔCÖßÇd×�Ä�Ñ�Æ�ÐdÄQË=à�ÇdÄ,ÐzÛ�Â É Ò Í`ÃuÂ�Æ�á�ËlÔ�ÄU×�Ð�Í$ÆdÎ�ú�Ö�Ä
×}Ë=ÖCÐUÁ�ÍgÔ�Â,ÆdÄ�ÐzÃuÎRÅ�Í$Æ�ÎRË=ÅÙÔ�Ä9Ñ�Ä,Ç1×�Í�Ð�Í$Ãuî�Æ�ÐdÄ,Ç1Ä�ÇzÆUÄ"8C×CÁ�Î�ú�Ö�Â,Ä9Ô�Í�Å�Ç1Á�Ä!×�Í�Ð�Í�Ï�Ð�Í�×�áCÄ!ÇdÖ�ÎbÛ�Í$Å�Æ É

(*)�y z  �8D���u�Ù. �Ù. �� �8�.p� _ �K���98������ �Ù.10»�,�ß�����Ú�,���´.10
Ò Ä�Ç1×�Í$Ð�Í�Ã*î,ÆdÐdÄ�Ç ë Ô�Ä�Æ�Ä�ÐzÃuÎRÅ�Ä�Ð5ÁRË=ÐdÇ5ÔCÖãÑ�Í�Á�Ñ,Ö�Á�Ô�ÖãÇd×�Ä�Ñ�Æ�ÐdÄ9Ç;æ\Å«Ædá�Â,ÆdÎ�ú�Ö�Ä	ÇzË=Å«ÆUÁ�Ä�Ç5ÇzÖ�ÎRÛ$Í�Å«ÆdÇ ç¼ Ò ÍWÛlÎRÆdÄ�ÇzÇdÄ9Ô�Ä9ÐdË�Æ�Í$Æ�ÎRË=ÅÙÂ�ú�Ö�Í?Æ�Ë=ÐzÎ|Í�ÁRÄ!Í�×�×�Í$ÐdÄ�Å«ÆdÄ

ve sin i¼ Ò ÍWÛlÎRÆdÄ�ÇzÇdÄ9Ô�Ä9ÃuÎRÑ�ÐzË�Æ�Ö�Ðzà�Ö�ÁRÄ�Å�Ñ,Ä
ξt¼ Ò ÍWÛlÎRÆdÄ�ÇzÇdÄ9Ô�Ä9Ã�Í$Ñ�ÐdË$Æ�Ö�Ðzà�Ö�Á�Ä,Å�Ñ�Ä
vmacro¼ Ò ÝEÍ�à�Ë=Å�Ô�Í�Å�Ñ�Ä9Ô�Ä9Á�Ý]Â,Á�Ä�Ã*Ä�Å«Æ1Â�Æ�Ö�Ô�ÎRÂ [

X
H

]

¼ Ò ÍuT�ì ;QÕ ä T�Ö�Á�ÁÔì Î�ÔCÆdáJÍ?Æ ; Í�Ábÿ Õ Í�8\Î�ÃgÖ�Ã å Ô�ÖãÇd×�Ä�Ñ�Æ�ÐzË=Ï=Ð�Í$×�á�Ä
¼ Ò ÍWÛlÎRÆdÄ�ÇzÇdÄ9Ð�Í�ÔCÎ|Í�ÁRÄjÔ�Ä9ÁoÝÞÂ,ÆdË=Î�ÁRÄ
Ò ÍSÛlÎRÆdÄ�ÇzÇdÄ5Ð�Í$Ô�Î|Í�ÁRÄHÄ,ÇzÆhÔ�Â�Æ�Ä,ÐdÃ*Î�Å�Â,Ä´Á�Ë�ÐdÇ�Ô�Ä´Á|ÍSÐzÂ�Ô�ÖCÑ,Æ�ÎRË=ÅNÔ�Ä,Ç[Çd×�Ä�Ñ,ÆdÐdÄ,Ç É Ò ÍSÛlÎRÆdÄ�ÇdÇzÄ5Ô�Ä�ÃuÍ�Ñ�ÐzË$>

Æ�Ö�Ðzà�Ö�Á�Ä,Å�Ñ�Ä9Ä,ÇzÆU×�ÐdÎRÇdÄ ëNÊNê Ãß{?Ç É Ò ÍWT�ì ;jÕ Ä,ÇzÆUÔ�Ë=Å�ÅCÂ�Ä9×�Í�Ð�Á�ÍgÐdÂ,ÇdË=ÁRÖCÆ�ÎRË=ÅÙÔ�Ö3Çd×�Ä�Ñ�Æ�ÐdË�Ï=Ð�Í�×Cá�Ä É
YhÅí×�ÐdÄ,ÃuÎRî�ÐzÄ3Í�×�×�ÐzË58\ÎRÃ�Í$ÆdÎ�Ë=ÅrâºÁ�ÍyÛlÎbÆ�Ä�ÇzÇdÄãÔ�Ä3ÃuÎRÑ�ÐzË�Æ�Ö�Ðzà�Ö�ÁRÄ�Å�Ñ,ÄÙÄ�ÇzÆW:¯8\Â,Ä ë Á|ÍéÛ$Í�ÁRÄ�Ö�ÐNÔ�Ë�Å�Å�Â�Ä×�Í�Ð1V\ÃuÍ�ÁRÁ�Ä,æ ä K Ê=Ê X å ×�Ë=Ö�Ð´Ô�Ä�Ç´ÆdÄ�Ã*×}Â,Ð�Í$ÆdÖ�ÐdÄ,Ç´Ä�MrÄ,Ñ,Æ�ÎbÛ=Ä,Ç5Ô�ÎRM}Â�ÐzÄ�Å«Æ�Ä,Ç É �UÅ�Ä!Í�ÖCÆdÐdÄSÃuÂ�Æ�á�ËlÔ�ÄjÍ�Â,Æ�ÂÖCÆ�ÎRÁ�Î�ÇzÂ�Ä3×�Ë=Ö�ÐuÍ�Û�Ë=Î�Ð*Ö�Å�ÄJ×�ÐdÄ,ÃuÎRî�ÐzÄÚÍ�×C×�ÐdËf8\Î�ÃuÍ$Æ�ÎRË=ÅÜÔ�ÄJÁ|ÍyÛ\ÎbÆ�Ä,ÇdÇdÄÚÔ�ÄJÃ*Î�Ñ,ÐdË�ÆdÖ�ÐdàCÖ�Á�Ä,Å�Ñ�Ä$â�Ñ,Ä�ÁRÁ�Ä
Ô�Ä7Á�ÍØÑ,Ë=Ö�Ðdà�Ä
Ô�Ä/Ñ,ÐdË=ÎRÇdÇdÍ�Å�Ñ�Ä É|� Á9Ç,ÝEÍ�Ï�ÎRÆãÔ�ÄüÆ�Ð�Í$Ñ�Ä�ÐãÇdÖCÐÚÖ�ÅìÏ=Ð�Í�×Cá�Ä�â1Á�Ä,ÇãÛ$Í�ÁRÄ�Ö�ÐzÇJÔCÄ�ÇÚÑ,Ë=Ö�×�ÁRÄ�Ç
ä
log(N)

â
log(W

λ
)
å ×�Í�Ð1Ð�Í�×C×}Ë=Ð;Æ ë ÖCÅJÂ,Á�Â�Ã*Ä�Å«ÆUÑ�á�ÎRÃuÎRúlÖCÄ ä Ô�Í�ÅCÇUÅCË�Æ�ÐzÄ`Ñ�Í�ÇUÁ�Ä�Ç1ÐdÍ�Î�Ä,Ç5Ô�Öãÿ Ä,Ð1Î�Ë=Å�Îe>ÇdÂ�Ä,Ç9T�Ä �l�;å Æ�Ë�ÖCÆjÄ,ÅÚÛ$Í�ÐdÎ�Í�Å«ÆQÁ�ÝEÍ�à�Ë=Å�Ô�Í�Å�Ñ�Ä`Ä,ÆQÁ|ÍWÛ\ÎbÆ�Ä,ÇdÇdÄ	Ô�Ä	Ã*Î�Ñ,ÐdË�ÆdÖ�Ðdà�ÖCÁ�Ä�ÅCÑ�Ä É 9SÎ�Å�ÇzÎºË=ÅJË=àCÆdÎ�Ä�Å«Æ

×�Á�Ö�ÇzÎ�Ä,Ö�ÐdÇgÑ,Ë=Ö�Ðzà}Ä,Ç ë Ô�ÎRM}Â�ÐzÄ�Å«Æ�Ä,ÇgÛlÎRÆ�Ä,ÇdÇzÄ�ÇNÔ�ÄÙÃ*Î�Ñ,ÐdË�ÆdÖ�Ðdà�ÖCÁ�Ä�ÅCÑ�Ä�ÔCÂ�Ñ¨Í$Á�Â�Ä,ÇgÄ�Å�Ï=Â,Å�Â�ÐdÍ�Á´Á�Ý]ÖCÅ�Ä�Ô�Ä
ÁoÝ]Í�ÖCÆ�ÐzÄ1ÇdÄ�ÁRË=Å�ÁRÄ5Ô�Ä�Ï�ÐdÂUÔ�ÄUÛ$Í�ÐzÎ|Í$ÆdÎ�Ë=ÅNÔCÄ

ξt
É YhÅuÇdÖ�×�Ä�Ðz×}Ë�Ç�Í�Å«Æ�ÇzÖ�Ð�Ñ�ÄUÏ=Ð�Í�×Cá�ÄSÁRÄ�Ç[Û$Í�Á�Ä,Ö�ÐdÇhÔ�Â,Ô�Ö�ÎbÆ�Ä�Ç

Ô�ÖÜÇd×�Ä�Ñ�Æ�ÐdÄ�Ë=à�ÇdÄ,ÐzÛ�Â�â�Ë=Å7Ë=àCÆ�ÎRÄ�Å«Æ�Ö�Å�ÄÙÍ�×C×�ÐdËf8\Î�ÃuÍ$Æ�ÎRË=ÅüÔ�ÄßÁ�ÍãÛlÎRÆdÄ�ÇdÇzÄßÔ�ÄuÃuÎRÑ�ÐdË$Æ�Ö�Ðzà�Ö�Á�Ä,Å�Ñ�Ä É Ò Í
Û\ÎbÆ�Ä,ÇdÇdÄ�Ô�Ä�ÐzË�Æ�Í$ÆdÎ�Ë=Å
Ä�Ç;Æ	:¯8\Â,Ä ë Á|ÍÙÛ$Í�Á�Ä,Ö�Ð9Æ�ÐdË�ÖCÛ=Â,ÄßÔ�Í�Å�Ç�Á|Í3Á�ÎbÆdÆ�Â,Ð�Í$ÆdÖ�ÐdÄWÄ�ÆgÄ�Å\:�Å ÁoÝ]Í�à�Ë=Å�Ô�Í$Å�Ñ�ÄÄ�ÇzÆN:�8CÂ,Ä ë Á|ÍãÛ�Í$Á�Ä�ÖCÐ	ÇdË�Á|Í�ÎRÐdÄ É Y[ÅÜÁ|Í$Î�ÇdÇdÍ�Å«Æ	Ñ,Ä�ÇWLé×�Í$Ð�Í�Ã*î,ÆdÐdÄ�Ç�Á�ÎRà�ÐdÄ,Ç ä

ve sin i, ξt, [
X
H

]
å âºÖ�ÅJBzÄ�Ö

ÔqÝ]ÎbÆ�Â,Ð�Í$ÆdÎ�Ë=Å�Ç`Ä�Ç;Ægÿ�Í�ÎbÆ	ÇzÖ�Ð	Ñ�á�Í$Ñ�Ö�Å�ÄÙÔCÄ�ÇgÐdÍ�Î�Ä,Ç	Ô�Ö7ÿ Ä,Ð ä T�Ä �l�;å Ä�Å«Æ�ÐzÄ X=X|{ Ê Ä,Æ X|} L Ê à É Ò Ä�Ç�Ð�Í�ÎRÄ�ÇÎ�Å«Æ�Ä,Å�ÇdÄ,ÇSÇzË=Å«Æ1ÇdÄ�ÅCÇdÎ�àCÁ�Ä�Ç ë ξt Ä�Æ ë ve sin i
â�Æ�Í�Å�Ô�ÎRÇ�ú�Ö�Ä9Á�Ä,Ç5Ð�Í�ÎRÄ�Ç�ÿ�Í�ÎRà�Á�Ä,Ç�ÇdË=Å«Æ1ÇzÄ�Å�ÇzÎ�à�ÁRÄ�Ç ë ve sin i

^ O
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_ » ¶"a7bf4D¢D¢]�"d�©e �e©j¹«³�¦f��³���­!­9© �«©7¨Ô�.T�©e�%� ¸ �'©!ª ¹�©e �® ³�©!ª	ë$§$® ¯�¬�® °e±?²�©!©�ª�®1©�§Ù¹C¦¨°w§$® °����e¬�ª1©�®��e©!ª ¹�©e �® ³�©¦ n ª�©�³	d�¬1©�§N® ³���°w®h¹��e©�°w§ ¸
ÇzÄ�Ö�ÁRÄ�Ã*Ä�Å«Æ É 9QÎRÅ�ÇdÎ�¯zÄjÔ�Â�Æ�Ä�ÐzÃuÎRÅ�ÄU×�Á�Ö�ÇzÎ�Ä,Ö�ÐdÇHÑ�Ë=ÃgàCÎ�Å�Í�ÎRÇdË=ÅCÇHÔ�Ä:Þ

ξt, [
X
H

], ve sin i
á ú�Ö�Î}ÇdË=Å«Æ�Ä,ÅÙÏ=Â�ÅCÂ-°

ÐdÍ�Á�Í$ÇdÇdÄ¡±N×�ÐdËlÑ�á�Ä,ÇjÁoÝÞÖ�Å�Ä�Ô�ÄgÁoÝ]Í�ÖCÆdÐdÄ É è[Ö�ÎRÇQÄ�Åéÿ�Í$Î�Ç�Í$Å�ÆQÁ�Ä�Ã³²,ÃuÄ9Æ�ÐdÍ�Û$Í�ÎRÁºÇzÖ�ÐQÆdË=ÖCÆ�Ä,ÇjÁ�Ä,ÇQÐdÍ�Î�Ä,ÇQÔ�Ö
ÿ Ä,ÐjÇdÎRÃgÖ�ÁRÆ�Í�Å�Â,ÃuÄ,Å�ÆjÄ,Æ9ÇdÖCÐ!ÔqÝEÍ$ÖCÆ�ÐzÄ�Ç9Ð�Í�ÎRÄ�ÇQÿ�Í$Î�à�ÁRÄ�ÇjÄ�Æ9Î�Å«Æ�Ä,Å�ÇdÄ,Ç�â�Á�Ä,Ç!ÃuË�æ�Ä�Å�Å�Ä,Ç9Ô�ÄNÁ|Í�ÛlÎRÆdÄ�ÇzÇdÄWÔ�Ä
Ã*Î�Ñ,ÐdË�ÆdÖ�Ðdà�ÖCÁ�Ä�ÅCÑ�Ä9Ä,ÆSÔ�Ä	Á�ÍWÛlÎbÆ�Ä�ÇzÇdÄ�Ô�Ä	ÐzË�Æ�Í$ÆdÎ�Ë=Å3ÇzË=Å«Æ!Í�ÁRË=ÐdÇ1ÐdÄ�Æ�Ä,ÅlÖCÄ�Ç Éµ´ Å�¶�Åé×�Ë=Ö�ÐUÖ�Å�Ä�Ô�Ä�ÐzÅ�Î�î,ÐdÄ
Û�Â�ÐdÎ·¶�Ñ¨Í?Æ�Î�Ë�Å7Ñ�Ä,ÇgÔ�Ä,Ö�8 Û$Í�ÁRÄ�Ö�ÐzÇ	Ô�Ä

ξt
Ä,Æ
ve sin i

ÇdË=Å«ÆgÆdÄ�ÇzÆdÂ�Ä,ÇgÇdÖ�Ð	Á�ÄuÆdÐdÎR×�Á�Ä�Æ�ÔCÖÜÃ�Í�Ï�Å�Â�ÇzÎ�Ö�Ã ë¸�¸�­�¹ à É
ºUÅ�Ä`ÿ Ë�Î�Ç5Æ�Ë=ÖCÇSÁRÄ�ÇU×�Í�Ð�Í$Ãuî�Æ�ÐdÄ,ÇS×Cá�ælÇzÎ�ú�Ö�Ä�Ç»¶¯8\Â�ÇQÄ�ÆQÁRÄ�ÇUÐ�Í�ÎRÄ�ÇUÑ�á�Ë=ÎRÇdÎ�Ä,Ç�â'Á�Ä,ÇQÍ$à}Ë=ÅCÔ�Í�Å�Ñ,Ä�ÇU×}Ä,ÖCÛ=Ä,Å�Æ
²�Æ�ÐdÄ�Ô�Â,ÆdÄ�ÐdÃ*Î�ÅCÂ�Ä�Ç ë ×�Í�Ð;Æ�Î�Ð�Ô�ÄßÑ�á�Í$úlÖCÄÙÐ�Í�ÎRÄ�Ô�ÄßÑ�á�Í�ú�Ö�ÄÙÂ�ÁRÂ�Ã*Ä�Å«ÆNÄ�Å Û$Í�ÐzÎ|Í�Å«Æ�ÁoÝ]Í�à�Ë=Å�Ô�Í�ÅCÑ�Ä�âºÔ�ÄÃuÍ�Å�ÎRî�ÐdÄ ë ÍD¯zÖ�ÇzÆdÄ�ÐßÁRÄJÇz×}Ä,Ñ,Æ�ÐzÄéÇzælÅ«Æ�áCÂ,Æ�ÎRú�Ö�ÄüÍ�Ö Çz×}Ä,Ñ,Æ�ÐzÄéË=à�ÇzÄ�Ð;Û=Â É�´ Å Ä¡¼}Ä,Æ¨â ~ ���-�½�¾�=� ÁRÄÀ¿�Ö�8
Ædá�Â�Ë=ÐzÎ�ú�Ö�Ä!Ô�Í$Å�ÇSÖCÅ�Ä!Æ�Ð�Í$Å�ÇdÎbÆ�Î�Ë�ÅÙÄ�ÇzÆUÖ�ÅCÄ9ÿ Ë�Å�Ñ,ÆdÎ�Ë=Å3Ñ�Ë�Ãu×�ÁRÄ�8\Ä!Ô�Ä9×�ÁRÖ�ÇdÎRÄ�Ö�ÐzÇ5×�Í�Ð�Í$Ãuî�Æ�ÐdÄ,Ç ç

Fν = Fν(T (τ), P (τ), ξ, log gf, γi, [
X

NH

])
ä } É ¹!­ å

Á ÅuÍ¤¶¯8\Â
T (τ)

Ä�Æ
P (τ)

Ä�ÅuÇdÄUÔ�Ë=Å�Å�Í�Å«ÆHÖCÅ�Ã*Ë\Ô�î,Á�Ä�ÔrÝEÍ$ÆdÃuË�Çd×�á�î,ÐdÄ É Á ÅuÍ¤¶�8CÂSÍ�Ö�ÇzÇdÎ
ξt
Ä�Æ�Ñ�á�Ë=Î�ÇzÎ

ÁRÄ�Ç
log gf

Ä,ÆUÁ�Ä,Ç
γ
Ë=×CÆdÎ�ÃuÍ�Ö�8 É

Fν

Ô�Ä�Û\ÎRÄ�Å«ÆUÔ�Ë=Å�Ñ9Ö�ÅCÄ`ÿ Ë=ÅCÑ,Æ�ÎRË=ÅÙÔ�ÖãÇdÄ,Ö�Á�×�Í�Ð�Í$Ãuî�Æ�ÐdÄ[Þ X
NH

á É
È´Ä�¯zÄ�Ö/ÔqÝ]ÎbÆ�Â,Ð�Í$ÆdÎ�Ë=Å�Ç!Ä,ÇzÆ`ÿ�Í�ÎRÆ`Í¨Û�Ä�Ñ�ÁRÄW×�ÐdË=Ï�Ð�Í�Ã*ÃuÄ	Ô�Ä³ÂºÍ ê Ä�Ô�ÍÚÑ�Í�Ð9Ñ�Ä*Ô�Ä�ÐzÅ�Î�Ä,Ð�Ã*Î�ÅCÎ�Ã*Î�ÇdÄ	Í�ÖCÆdË�°ÃuÍ$Æ�ÎRú�Ö�Ä�Ã*Ä�Å«Æ�Á�Ý]Â,Ñ¨Í�Ð;Æ5Ä�Å«ÆdÐdÄ!Á�Ä»¿�Ö�8ÙË�à�ÇdÄ,ÐzÛ=Â9Ä�Æ1Á�Ä�¿�Ö�8ÙÇzælÅ«Æ�áCÂ,Æ�ÎRú�Ö�Ä!Æ�Í�Å�ÔCÎ�Ç�ú�Ö�Ä\Ã%½!Ì�ÃCè ´ È Ä,ÇzÆ
à�Í$ÇdÂ9ÇdÖ�Ð1Ö�ÅJÍ�¯zÖ�Ç;Æ�Ä,ÃuÄ,Å�Æ1ÛlÎ�ÇzÖ�Ä�Á É
Ò Ä�Ç`Û$Í�Á�Ä,Ö�ÐdÇ`Ô�Ä*Á|ÍÙÛ\ÎbÆ�Ä,ÇdÇdÄ�Ô�Ä�Ã*Î�Ñ,ÐdË�ÆdÖ�Ðdà�ÖCÁ�Ä�ÅCÑ�ÄWÄ,Æ�Ô�Ä�Á�ÍãÐzË�Æ�Í?Æ�Î�Ë�Å7Í�×C×�Í�ÐdÄ,Å«Æ�Ä�ÔCÂ�Ô�Ö�ÎbÆ�Ä,Ç	Ô�Ä*Ñ�Ä
×�ÐzË=Ï=ÐdÍ�ÃuÃ*Ä!ÇdË�Å�ÆQÖCÆ�ÎRÁ�ÎRÇdÂ�Ä,Ç1Ô�Í�Å�Ç�Ã%½9Ì�ÃCè ´ È Í¾¶�ÅéÔ�Ä`×}Ë�ÖCÛ=Ë=ÎRÐSÑ,Ë=Ã*×�Í�ÐdÄ,ÐSÁRÄ�ÇUÐdÂ,ÇdÖ�ÁbÆ�Í$ÆdÇSÔ�Â,Ô�Ö�ÎbÆ�Ç
Ô�ÄÙÑ,Ä�ÇWÔ�Ä,Ö�8�×�ÐzË=Ï=Ð�Í$ÃuÃ*Ä�Ç É Ò ÄÙ×�ÐzË=Ï=Ð�Í$ÃuÃ*Ä�Ô�ÄÄÂºÍ ê Ä�Ô�ÍüÄ,Æ³Ã%½!Ì�ÃCè ´ È Ô�Ë�Å�Å�Ä�Å«Æ*Ô�Ä,ÇgÛ�Í$Á�Ä�ÖCÐdÇ
Í�ÇzÇdÄ¡±JÇzÎ�Ã*Î�Á|Í$Î�ÐdÄ,Ç É Ò Ä3ÆdÄ�Ç;ÆßÍüÂ,ÆdÂãÿ�Í�ÎbÆN×�Ë=Ö�ÐW×�Á�ÖCÇdÎ�Ä,Ö�ÐdÇWÂ�Æ�Ë=ÎRÁ�Ä�Ç]9 ä ÅCË=ÐdÃuÍ�Á�Ä,ÇNÄ,Æ*Ñ�á�ÎRÃuÎRúlÖCÄ�Ã*Ä�Å«Æ
×�Í$ÐzÆ�ÎRÑ�Ö�ÁRÎ�î,ÐdÄ�Ç å Ä,Æ»Å ä Û�Ë=Î�Ð�¶�Ï=Ö�ÐdÄ } É ¹�Æ åmÉ
Ò Ä�Ç»¶�Ï=Ö�ÐzÄ�Ç } É { Ä�Æ } É ¹ Ê ÐzÄ�×�ÐzÂ�ÇdÄ,Å«Æ�Ä�Å«Æ�Ô�Ä�ÇQÇd×�Ä�Ñ,ÆdÐdÄ,Ç!ÔqÝ]Â�Æ�Ë=ÎRÁ�Ä,Çq9 Ä�Æ¤Å Í¨Û=Ä,ÑNÔ�Ä�ÇSÛ\ÎbÆ�Ä,ÇdÇdÄ,Ç!Ô�ÄgÐzË�°

©l{
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ve sin i
ä ê ÃUÎ$Ç å ξt

ä ê Ã5Î?Ç å ;�Ë Æ�Ì�Ì|Æ�}
ve sin i

ä ê ÃUÎ$Ç å ξt
ä ê ÃUÎ$Ç åø�ÉîÓ5×7Ò|�?Ò?Ù�Ð Ï'þ4ÐÒÑ þ4Ð�Ó øvÉÚÓ5×7Ò|�?Ò
ÙNÐ ÔEÕ þ4ÐÒÑ
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ve sin i
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ve sin i
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ÙNÐ þ'ûØÐÒÑ Ù

Ö5È {|© ° } Ö�È {|© ° ≥ }; 9 {l­ Ì�Ì Æ É } ; 9 {�­ Ì Ê Æ É }
;»Ë ÆlÌ�Ìl­|©

ve sin i
ä ê ÃUÎ$Ç å ξt

ä ê Ã5Î?Ç åø�ÉîÓ5×7Ò|�?Ò?Ù�Ð þ�ý ÕØÐ%Ñ
; 9 {l­ Æ?¹ Ê É Ê

Æ�Í$ÆdÎ�Ë=Å3Â�ú�Ö�Í?Æ�Ë=ÐzÎ|Í�ÁRÄ ä
ve sin i

å Ô�ÎÒ¼}Â�ÐzÄ�Å«Æ�Ä,ÇSÔ�Í$Å�ÇSÁRÄ�Ç1Ô�Ä,Ö�8JÍ�ÃuÍ�Ç É Ò Ä9Ô�Ä�ÐzÅ�Î�Ä,Ð1Ï=Ð�Í�×Cá�Ä�ÔCÄ`Ñ�á�Í�Ñ�Ö�ÅCÄ
Ô�Ä�ÇUÔ�Ä�Ö�8Ú¶�Ï=Ö�ÐzÄ�Ç1ÃuË�Å�ÆdÐdÄ!Ö�ÅJÍ�¯zÖ�Ç;Æ�Ä,ÃuÄ,Å�ÆSÔqÝÞÖ�ÅãÇd×�Ä�Ñ,ÆdÐdÄ9ÇzælÅ«Æ�áCÂ,Æ�ÎRú�Ö�Ä	ÇzÖ�Ð1Ö�ÅJÇz×}Ä,Ñ,ÆdÐdÄ`Ë=à�ÇdÄ,ÐzÛ�Â É
Ò Ä9Ï=ÐdÍ�×�á�Ä³Û�Í å ÛjÔ�Ä9Á|ÍR¶�Ï�Ö�ÐdÄ } É ¹�¹ ÐdÄ,×�ÐdÂ,ÇdÄ�Å«ÆdÄ	Ö�Å�¯zÄ�Ö3ÔqÝÞÎRÆdÂ�Ð�Í?Æ�Î�Ë�Å�Ç5ÔqÝ]Í�¯zÖ�ÇzÆdÄ�Ã*Ä�Å«ÆUÔ�Ä9Á|ÍNÐ�Í$Î�ÄjÔ�Ä
Å'Ä �l� ë ¸§} Ê ­ É Æ�Æl­ à ×}Ë=ÖCÐ!ÁoÝÞÂ,Æ�Ë�Î�Á�Ä ;�Ë ¹ Ê ©l{�Í�Í É Ò ÄNÏ=Ð�Í$×�á�ÄÀÛ,à å ÛgÐdÄ�×CÐdÂ�ÇzÄ�Å«Æ�Ä*Ö�Å/Í�¯zÖ�Ç;Æ�Ä�Ã*Ä�Å«Æ9Ô�ÄÁ|ÍNÐ�Í�ÎRÄjÔ�Ö3ÿ Ä�Ð ä Å�Ä �l�;å ë ¸§}?¹�} É Ì�Ìl{ à ×�Ë=Ö�Ð5Á�Ý]Â�Æ�Ë=ÎRÁ�Ä ;»Ë ¹ Ê ©�{�Í�Í ä 9 Ì Ó åmÉ´ Å ÇzÄyà�Í�Ç�Í$Å�Æ3ÇzÖ�ÐÙÁ|Í/ÃuÂ�Æ�á�ËlÔ�ÄéÔ�Ä,ÇÙÃuË�Î�Å�Ô�ÐzÄ�ÇßÑ�Í�ÐdÐzÂ�Ç,â�Á�Äé×CÐdË=Ï=ÐdÍ�Ã*ÃuÄãÔ�Ä�ÂºÍ ê Ä,Ô�ÍÜÅ�Â�Ñ,Ä�ÇdÇzÎRÆdÄ
ÃuË=ÎRÅ�ÇQÔCÄ	Æ�Ä,Ãu×�ÇQÔ�ÄNÑ¨Í�ÁRÑ�Ö�ÁºÍ¨Û=Ä,Ñ*ÔCÄ�Ç!ÐdÂ,ÇdÖ�ÁbÆ�Í$ÆdÇQ×�ÁRÖ�Çj×�ÐzÂ�Ñ,Î�Ç É 9Q×�Ðzî�Ç9Í¨Û=Ë�Î�ÐQÛ�Â�ÐdÎ·¶�Âgú�Ö�ÄNÁRÄ�ÇjÔ�Ä,Ö�8
×�ÐdË=Ï�Ð�Í�Ã*ÃuÄ,ÇSÔCË=Å�Å�Ä,Å�ÆQÔ�Ä�ÇjÍ�à}Ë�Å�Ô�Í�Å�Ñ,Ä�ÇUÆ�Ðdî,ÇQ×�ÐzË\Ñ�áCÄ�Ç ä ¶�Ï=Ö�ÐzÄ } É ¹�Æ å â�ÁRÄ�ÇQÍ�à}Ë�Å�Ô�Í�Å�Ñ,Ä�ÇSÐdÄ,ÆdÄ�Å�Ö�Ä,Ç
ÇdÄ�ÐzË=Å«Æ¨â'Ô�Í�ÅCÇUÑ,Ä9úlÖCÎ�ÇzÖ�ÎRÆ�â�Ñ�Ä,Á�ÁRÄ�Ç5Ô�Â,Ô�Ö�ÎRÆdÄ�Ç1Ô�Öã×�ÐdË�Ï=Ð�Í�Ã*Ã*ÄjÔ�Ä¤Â�Í ê Ä�Ô�Í É

ÜÞÝ8ß à �-á�â0ã�ãØâ0ã �Äâ ���¤áD�¤á����v� â�á �Äâä_ �K�F���\áD�t���Ú�Úå-â����Lâ
È´Ë=Ã*Ã*ÄuÄ"8C×CÁ�Î�ú�Ö�ÂuÔ�Í�Å�Ç	Á�Ä*×�Í�Ð�Í$Ï=Ð�Í�×Cá�Ä�×�ÐzÂ�Ñ,Ä�Ô�Ä,Å�Æ } É Í â�Á�Ä,Ç`ÛlÎbÆ�Ä�ÇzÇdÄ,ÇNÔ�Ä�ÐzË�Æ�Í$ÆdÎ�Ë=Å ä

ve sin i
å

Ä,ÆWÔ�ÄÙÃ*Î�Ñ,ÐdË�ÆdÖ�Ðdà�ÖCÁ�Ä�ÅCÑ�Ä ä
ξt
å Ë�Å�ÆWÂ�Æ�ÂÙÔ�Â�Æ�Ä,ÃuÎRÅ�Â�Ä,ÇN×�Í�ÐNÍ�¯zÖCÇzÆ�Ä,ÃuÄ,Å«ÆWÔ�ÄÙÇd×�Ä�Ñ�Æ�ÐdÄ,ÇuÇ;ælÅ�Ædá�Â,ÆdÎ�ú�Ö�Ä,Ç

Í�Ö�8üÇz×}Ä,Ñ,Æ�ÐzÄ�Ç�Ë=à�ÇdÄ,ÐzÛ�Â�Ç É èºË�Ö�Ð!Û�Í$Á�Î�ÔCÄ�ÐjÁRÄ�ÇjÛ$Í�Á�Ä,Ö�ÐdÇ9Ô�Ä,Ç!Û\ÎbÆ�Ä,ÇdÇdÄ,Ç	Ô�ÄWÃ*Î�Ñ,ÐdË�ÆdÖ�Ðdà�ÖCÁ�Ä�ÅCÑ�ÄgÔ�Â�Æ�Ä,ÐdÃ*Î·°
Å�Â�Ä,Ç	×�Í�Ð9ÁRÄ*×CÐdË=Ï=ÐdÍ�Ã*ÃuÄgÔCÄ³ÂºÍ ê Ä,Ô�Í ä ×�Í�ÐdÍ�Ï=Ð�Í$×�á�Ä } É } É Æ å â�Á|ÍÙÃ*Â,Ædá�Ë\ÔCÄ*ÔCÄ�Ç`Ñ�Ë=Ö�Ðzà}Ä,Ç�ÔCÄuÑ,ÐdË=ÎRÇ�°Ç�Í�Å�Ñ,Ä�Ç ä ×�Í�ÐdÍ�Ï=ÐdÍ�×�á�Ä } É Ì å Í9Â,Æ�Â1ÖCÆdÎ�ÁRÎ�ÇdÂ,Ä É È´Ä�ÆdÆdÄUÃ*Â,Ædá�ËlÔ�Ä1Ñ�Ë=Å�ÇzÎ�Ç;Æ�Ä ë Ñ�Í�Á�Ñ,Ö�Á�Ä,Ð[×�Á�ÖCÇdÎ�Ä,Ö�ÐdÇhÑ,Ë=Ö�Ðdà�Ä�ÇÆ�á�Â,Ë=ÐdÎRúlÖCÄ�Ç ë Ô�Î·¼rÂ,ÐdÄ,Å�ÆdÄ�Ç	ÛlÎbÆ�Ä�ÇzÇdÄ,ÇNÔ�ÄßÃ*Î�Ñ�ÐzË�Æ�ÖCÐdà�Ö�ÁRÄ�Å�Ñ,Ä�Ä,ÅÜÇdÄßà�Í$Ç�Í�Å«ÆNÇzÖ�ÐgÔ�Ä,ÇgÁ|Í�ÐzÏ=Ä�ÖCÐdÇ	Â,ú�Ö�Î·°
Û�Í$Á�Ä�Å«ÆdÄ�Ç9Ñ¨Í�ÁRÑ�Ö�ÁRÂ�Ä,Ç!×�Í�Ð9Á�Äg×CÐdË=Ï=ÐdÍ�Ã*ÃuÄSÃ�½9Ì�Ã\è ´ È ä ×�Í�ÐdÍ�Ï=Ð�Í$×�á�Ä } É } É ¹ å�ÉØ´ Å�ÇzÖ�ÎRÆdÄ�â�Ñ,Ä�Ç!Û$Í�Á�Ä,Ö�ÐdÇ
ÇdË=Å«ÆgÑ,Ë=Ã*×�Í�ÐdÂ,Ä�Ç ë Ñ,Ä�Á�ÁRÄ�Ç`Ë=à�ÇzÄ�ÐzÛ�Â�Ä,Ç ä Ô�Â�Æ�Ä,ÐdÃ*Î�Å�Â,Ä�ÇgÍ¨Û�Ä�Ñ�ÁRÄuÁRË=Ï=ÎRÑ�Î�Ä,Á ��æ 9�Å åmÉ Ò Ýèç.éÒç�Ã*Ä�Å«Æ�ÖCÆ�ÎÒé�Î�Ç�ç×}Ë=ÖCÐjé�ÍQÛ$Ílé�ÎRÔ�Í$Æ�ÎRË=Å�ç�Æ�Í�ÎbÆ;é�Ä�ÿ Ä,Ð É Ò Ä�Çh×�Ë=Î�Å«Æ�Ç�Ædá3ç�Ë�ÐdÎ�ú�Ö�Ä,ÇhÇdË=Å«Æ�Æ�Ð�Í$Ñ.ç�ÇhÇzÖ�ÐhÖ�ÅuÏ�Ð�Í�×�áCÄUÔrÝ]Ë=ÐzÔ�Ë=Å�Å�ç�Ä�Ç
ä
log(gfλ)− θexχ

â
log(W/λ)

å�É È´Ä�ÇHÑ�Ë=Ö�Ðzà}Ä,Ç�ÇdË�Å�ÆH×�Í�Ð;ÿ Ë=Î�Ç�Ñ¨Í�é�Ñ�Ö�é%ç�Ä,Ç´Í¨Û�Ä�Ñj×3éRÖ�ÇdÎRÄ�Ö�ÐzÇ´Í$à}Ë=ÅCÔ�Í�Å�Ñ,Ä�Ç
Ô�ÎÒ¼Aç�ÐzÄ�Å«Æ�Ä,ÇÙÍ�¶�ÅíÔ�ÄÚÔ3ç�Æ�Ä,ÐdÃ*Î�Å�Ä,Ð*ÇzÎ�ÃgÖ�éRÆ�Í$Å3ç�Ã*Ä�Å«ÆÞéoÝ]Í�à�Ë=Å�Ô�Í�ÅCÑ�ÄãÔ�Äêé�Ýuç¡é%ç�Ã*Ä�Å«Æ*Ä,Æ³é|ÍyÛlÎRÆdÄ�ÇdÇzÄÚÔ�Ä
ÃuÎRÑ�ÐdË$Æ�Ö�Ðzà�Ö3é�Ä,Å�Ñ�Ä$â�Ë=Ö7àCÎ�Ä�Å/Í¨Û=Ä,Ñ�Ö�Å�ÄuÍ�à�Ë=Å�Ô�Í$Å�Ñ�ÄS¶¯8?ç�ÄuúlÖCÎ�Ä,ÇzÆ	Ñ�Ä.éÒé�ÄNÔ3ç�Æ�Ä,ÐdÃ*Î�Å3ç,Ä ë ×�Í�Ð;Æ�Î�Ð9Ô�Ö
­ Ê
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���V���L�Eë¥ìlü
�Ø®�d�¦f�öõ|ò�îe¦¨§î�«©c�Z�:dlîöò�©�ñ�ñ�©c�«©7ó7î$ �ð�¦!ò�õ|ð n õ��e©�§% �©	©�§tw|¦¨§% �ò�îe¦¨§Ú�«© �Z�Rò�©�ó7ô�ï�ð��.ò�õ|ð�©�©lX�©e �ò�î�d�©
�|ïe��õ|îöò�©ZôC¦!õ|ð��e©�ñjï�ò�¦!î��e©�ñÊ�«©|��¦!ó,�7É�©�ð�©�§|î$ �©�ñq2¥ñ	ë�ó n ¦f�e©�ñ	ô��e©�îw§§ñB6�©�ò=�«©�ñj¬��aï�îZ�f�«©�ñ|2¥ñ	ëló n ¦f�e©�ñ�dlî$�«©�ñB68û

A Normales (Coma)
Am (Coma)
F (Coma)

A Normales (Pleiades)
Am (Pleiades)
F (Pleiades)

���V���L�Eë¥ì�ýi�Ø®�d�¦f�öõ|ò�îe¦¨§î�«©c�Z�:dlîöò�©�ñ�ñ�©c�«©7ó7î$ �ð�¦!ò�õ|ð n õ��e©�§% �©	©�§tw|¦¨§% �ò�îe¦¨§Ú�«© �Z�Rò�©�ó7ô�ï�ð��.ò�õ|ð�©�©lX�©e �ò�î�d�©
�|ïe��õ|îöò�©WNRô��.ð�ò�îöð3�«©�ô��öõ§ñ�îe©�õ|ð�ñ0ï�ò�õ%�«©�ñcô|ð�ïe �ïe�«©�§�ò�©�ñ=û���©�ñ� �©�ð~ (�e©�ñcô��e©�îw§§ñ0ð�©�ô|ð�ï�ñ;©�§¾ò�©�§¾òq �©(���e©�ñ��|ïe��õ|îöò�©�ñ
�%��§§ñÊ �©[ò�ð��"df�.î��Eô�¦!õ|ð!�e©�ñ=�.ó,�!ñ��«©�ñ;¬��aï�îZ�f�«©�ñh©�ò��«©���¦!ó,��É�©�ð�©�§|î$ �©�ñ"k��e©�ñ! �ð�¦!îÿþ�w�©�ð�ó¤ï�©�ñ;ñ�¦¨§¾ò� �©(���e©�ñ=�«©
ø[îañ�ñ�©�§��F®���df�.ð~�|ñ�ñ�¦¨§t2��"454��76º©�ò!�«©F\H§%�«©�ð�ñ�ñ�¦¨§���®���d5�.ð~�|ñ�ñ�¦¨§�2��"454#{.6lk.�e©�ñXò�ð�îZ��§��5�e©�ñ�w�©�ð�ó¤ï�ñ) �©(���e©�ñ��«©� ð��eëÙ©�ò3�#�
û�2��5a5a���6lk
�e©�ñ� �©�ð~ (�e©�ñU¦!õ�d�©�ð�ò�ñ3 �©(���e©�ñ��«©,��¦!õ|ô|ð	ë	� ÉCõ|ð�T�
��.ð�ò,2��"454��76�©�ò��e©�ñ� "�.ð�ð�ï�ñ�w|©�ð�ó¤ï�ñ
ñ;¦¨§¾òÊ �©(���e©�ñF�«©�£D�.ð�©�§«§�©���
�¦¨§|îe©�ð|2��"45454768û

­|Æ
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�
�-�������-�	���E���-�#�������-���E���

-�(�#�.�E���

×�Ð��������������[Ô��[Â�� ê ��Ô������ �"!��$#%!&�SÔ'��(�(3çHÔ��$#)��ç$#zÖ3é*!+�,!+#-�$(.!��dî/#�à0��(1��2/2$���zÔ��¨Û��/2�é3��×��������+�������Ô��¤Â4� ê �,Ô��Câ ë é5�	ÿ6��7*#5×8��Ö��cé3�/#9��à8��(�Ô���(�2/�$#:�/!U×0�=Ö��cé3�/#�Û;7*!+�/#�#��$#UÔ��<��7*2$���,!�Ö��zà�Ö3é3�/(�2$�,�Ò �W¶���Ö���� } � ¹!Ì ×��8ç/#��/(=!��7é5�9Û��,��75�>!+73��(uÔ���é5�`Û;7?!+�$#�#��jÔ'�@��7*2$����!�Ö��zà�Ö3é*�$(�2/� ä
ξt
å �/(�ÿ6��(�2A!+7*��(ßÔ��»é5�!��$�*×Aç/�+�,!dÖ������¡¼8�$2/!�7RÛ�� ä

Teff
å ×8�=Ö'��é3�/#Lç/!���7%é*�$#HÔ��@(���!�����çA!�Ö�Ô'����B:��#C�8ç/#dÖ3é?!D�,!�#C#���(=!C�$(E!+�zî$#�à0��(��2/2$���zÔF��Û��$2\é3�/#G�8ç$#zÖ3é*!+�,!+#5Ô'�H� �=Ö�×��;æ�� Ö´Ö'� ê á����%! ä ¹D{�{|Æ å �/!1Ô��WÃ����léÒé3�,æ ä Æ�I�Il¸ å � ´ (F�¡¼8�/!9��(���$�����dú�Ö���ú�Ö��5×0�=Ö��Xé3�$#;çA!+��7Òé3�/#�×3éRÖ�#�×���ç$2$�;2$�/#húlÖ'��9 I Ó ä

Teff ≥ 10000
� å â�é5�SÛ;7*!��$#�#��1Ô��C��732/����°!dÖ��dà�Ö�é3�$('2$�:�$#�!"(�Ö3é%é*����è-�=Ö��jé3�$#	çA!+��7Òé3�$#=9 ×���ç$2$�;2$�/# ä �$(�!+���|9 I ÓJ�A!�9 } Ó å â
ξt
��Ö������$(�!+�X¯zÖ�#zú�ÖqÝ ëÆ ê �UÎ,#�âK�>!�!+�/73(�!!Ö�(
×�7*2gÔ��QéoÝL���zÔ����NÔ�� ¸ ê �UÎ,#M�$(�!����[9 } �/!\Å I ×8�=Ö'�M�$(�#zÖ�7*!��NÔ�73��73(�Ö��/�Q×0�=Ö��é*�$#cç/!���7%é*�$#5×3éRÖ�#G!D���zÔ�7RÛ��$#1ú�Ö��\Å I ÓN�/!�������7bÛ��$� ë Ö�('�`Û;7*!��$#�#��H2$���*×���7*#��M�/(=!���� ¹ �/! Æ ê �UÎ,#/��Ã\Ö��é3�¤¶���Ö���� } � ¹.¸ #���(=! ���,×��8ç/#��$(�!8ç$#cé3�/# ��ç$#dÖ�é*!D�>!+#´Ô'�Q×3éRÖ�#�7*��Ö���#[çA!�Ö�Ô��/# ä � ��Ö�×��zæ �rÖ´Ö�� ê á�����! ¹D{�{|Æ�ïB:73#�#��$(s� ´ ÔCÛ,���dÔ'#�#���( ¹D{�{�Æ�ï 9O(CÔ��$��#�#���(�� ´ ÔCÛ,���zÔ�#�#���( ¹D{l{l¸?ï ÓP�����$(�('�q� Õ ��(�73�/� ¹D{�{�{�ï=Q ���¨æ�A!C�léR� Æ�I�I�¹ å #zÖ��Lé�Ýuç�Û���éRÖ'!+7*��(WÔ���é3�9Û;7*!��$#�#��jÔ�����7*2$����!�Ö��zà�Ö3é*�$(�2/�:�/(�ÿ6��(�2A!+7*��(uÔ'��é5�M!+�/�u×�ç$���,!�Ö'����-¼S�/2/!+7bÛ��,��TU�1���+��(CÔ��!×����%!+73�SÔ��M2$�/#cç/!dÖ�Ô��$#92/��(�2$�/��(��¤é*�$#�çA!+��7Òé3�$#LÅV�/! Q ��TK�$#�Û,�lé*��Ö���#�Ô��

ξt
Ô��$#

Ô��,Ö�8J×���×�7*�$��#SÔ��.B�7*#�#��/(ß� ´ ÔCÛ,���dÔ'#�#���( ä ¹D{�{�Æ å �/!|9O(�Ô��/��#�#���(}� ´ ÔCÛ,���zÔ�#�#���( ä ¹D{l{l¸ å ��(�!�çA!�ç
Ô��A!+�/����73(3ç/�$#<�$(/Ö'!+7Òé373#���(�!7é5�ßÿ6�����gÖ3é*� { ÔCÖ7×���×'73�$�!Ô'� ´ ÔCÛ,���zÔ�#�#���(V�/!W�léR� ä ¹!{�{�Ì åNä ×���×�7*�$�!ú�Ö�7!��+��7?!+��é�Ýuç�Û���éRÖ'!+7*��(X2�á�73��7�ú�Ö��!Ô���(�#0é3�!Ô�7*#dú�Ö��<���lé3��2/!�7�ú�Ö�� åSç

ξt = 1.25 + 8× 10−4(Teff − 6000)− 1.3(log g − 4.5) km · s−1 ä } � ¹!{ å
� �A!�!+�Àç�ú�Ö��>!+73��(Y�/�u×'73��7Rú�Ö��X#��ãà���#��F#zÖ���2$�.éÒé3�ÙÔ��FB:73#�#��$( ä ¹D{�­?¹ å �/!��$#%!E�$×�×3é37*2Z��à�é3�ß×0�=Ö��Qé*�$#
çA!+��7Òé3�$#*Ô���(�!Äé*�$#�!+�$�*×�ç$�+�>!�Ö����$#E�-¼S�/2/!+7bÛ��/#E#���(�!X2/���*×���7*#��$#[�$(�!+��� }�}�}�I �/! Íl­�I�I �NâHÖ�(

log g2/���u×'��73# �$(�!+��� Ì � ­ �/! ¸ � } Ô���8	�A!UÖ�(��<�³çA!D�léÒé37*2$7*!8ç�#�7*!dÖ3ç$�<�$(�!�����° ¹ � ¹ �/! I � Ì Ô���88�B:73#�#��$( ä ¹D{�­?¹ å ��Û,��7?!¤ç/!+��à3é37[Ö'(��[���.é5�>!+73��(\�$(�!+���
ξt
â
Teff

�/!
log g

×8��Ö�� ¹!­�I çA!+��7Òé3�/#¤Å]�/! Q Ô��2�á��,�u×�# �/!�ÔrÝ^������#HÔ���(�#�é*�Qà�Ö�!5Ô��jÔ3çA!+�/����73(��/�Lé3�/#C�Þç/!D��é%é37*2$7?!�ç$#[Ô'�@2$�/#�ç/!���7%é*�$#C�¾¶�(ÙÔ��@2$�lé37Rà����/�
é*�$#G73(CÔ�732/�

δm1
Ô��WÃ;!+��_��������/(`��TU�����.é3�,!+7*��(X�$#%!Zé5�1#dÖ'7RÛ,��(�!+� ç
ξt = 3.2× 10−4(Teff − 6390)− 1.3(log g − 4.16) + 1.7 km · s−1 ä } � Æ,I å

´ (a��×�×3é*7�ú�Ö���(�!�é3�$#7ç,ú�Ö��,!+7*��(�# } � ¹D{ �A! } � Æ�I ��Ö�8�ç/!+��7%é3�/#�Å Ô�������(�çA!�Ö�Ô�� ä è;é%ç$73��Ô��/#@�/!W� �����
Ö �/���/(�732/�$# å â���(b��à'!+7*�$(�!gÔ��/#gÔ�7·¼µç/���$('2$�$#Nú�Ö�7"#���(�!WÔ��,(�#�é5�Àé37*��7?!+�NÔ��/# ± ¹D}�c �)TU� ¶��=Ö'��� } � ¹�}����(�!+���Wé�Ýuç/2Z���%!O�/(=!�����é*�$#1Û,�lé3�,Ö���#:!+����ÖCÛ�ç/�$#jÔ��,(�#O2/�/!�!��.!�áCî$#��.�/!�é3������æ��/(�(��1�/(=!����Wé3�.��ç$#zÖ3é*!+�,!
Ô��/#1Ô���Ö�8Àç,ú�Ö��,!+7*��(�#:��×�×�é37�ú�Ö3ç/�$#9��Ö�8X!+�/�u×�ç$���,!�Ö����$#9�¡¼8�$2A!+7bÛ��$#UÔ��<����(Úç$2�á���(�!�7%é%é*��(ÙÔqÝèç/!���7%é*�$#$�TK�W!+��à3é*�Z��Ö } � Æ 2$��éÒé3�/2/!+�Wé3�/#SÔ3çA!+�/����73(��,!�73��('#SÔ��/#SÛ;7*!��$#�#��$#!Ô'�.���,!D�,!�73��(d�/!jÔ'�.��732$����!�Ö'�dà�Ö3é*�$(�2/�
Ô���¯ ë ÿe��7*!��$#�×0�=Ö��;é*�$#;ç/!���7%é*�$#�Ô'�$#�è;é%ç$73��Ô��/#$� Á (f(���!��Zé*��à0��(���2$2/���dÔ*Ô�� ξt ä �/!�Ô�� ve sin i

å �¨Û��$20é*�$#��ç$#dÖ�é*!D�>!+#UÔ�� ; Ö�7·°�Ö ��(?° ; ���u� 9�é*�$2$73��( ä ¹D{�{l­ å â'ÔqÝL��gêé�Ý^�,2$2$���dÔh�/(�!+���Ré3�$#���à0��(�Ô��,(�2$�/#jÔ3ç/!��$����7a°(3ç/�$# ä Û���73��2�á���×�7?!+��� Í å �=è-�=Ö��;é*�$#;ç/!���7%é*�$#�Ô'�:� ���[�7Ö"�$���/(�732/�$# ä !+��à3é*�Z��Ö } � Ì å â�éoÝi��2/2$���zÔ��$#�!j����7*(�#
çA!D��à3é*7`�¨Û��/2Wé*�$#9�8ç/#dÖ3é?!D�,!�#5Ô�� ; Ö�7a°�Ö ��(?° ; ���]��9»é3�$2/75��( ä ¹D{�{�­ å â�Ô�� ; Ö�7·°�Ö ��(?° ; ���.�A!��lék� ä ¹D{�{�© å�A!uÔ'� Õ ��(�73�/�[� æ 732�á����zÔ ä Æ�I�I�¸ å �)� �$2$71×0�=Ö����+��7?!���8\×3é*7�ú�Ö��$�f�/(l������(�Ô��3×��,��!+7*�Äé5�yÔ�7·¼µç/���$('2$��/(=!����0é3�/#j��à0��(�Ô���('2$�$#hÔ3ç,Ô�Ö�7?!+�$#hÔ��,(�#	é3��×���ç$#��$(�!"!��+�¨Û,��7%é��/!P2$�¡é%é*�$#[Ô3ç,Ô�Ö�7*!��$#h×����[ÔrÝ^��Ö�!+���9�$Ö'!+�,Ö���#
ä Û���7*�G2�á���×�7?!+��� Í å �

� ��(�2/�$��(���(�!Sé3�/#	Û;7*!+�/#�#��$#WÔ��X���,!D�,!�73��(qâ�é*�$#1��ç$#dÖ�é*!D�>!+#�#���(=!1�$(b!+�zî$#Nà0��(m��2$2/���dÔm�¨Û��$2	2$�,Ö�8
ÔqÝi��Ö'!����/#X��Ö'!���Ö���#$�5è-�=Ö��Äé3�/#5ç/!���7%é*�$#uÔ��$#Ùè;éÒç$75�$Ô��$# ; Ö�7·°�Ö ��(?° ; ���m� 9»é3�/2$75�,( ä ¹D{l{�­ å ��Û,��7*�$(�!
Ô3çA!+�/����73(3ç»é3�$#�Û;7*!+�/#�#��$#5Ô��@����!D�>!+73��(�Ô�� © ç/!+��7%é3�/# �/(X2$�����gÖ�([��Û��$2M����(5çA!�Ö�Ô��,��TK�O������×�á��QÛ$�EÛ
Ô��Äé3��¶��=Ö���� } � ¹!Í ����×���ç$#��$(�!+� é5�éÔ�7·¼µç/���$('2$�	�$(�!+���	2$�$#NÛ;7*!��$#�#��$#/�	Â4�=Ö�!+�$#Þé3�/#Qç/!���7%é*�$#gÔ��d� �������(�!7çA!�ç���(���éRæ;#8ç/�$#!×���� Õ ��(�73�/� � æ 732�á����dÔ ä Æ�I�Il¸ å â}Ö'(��W×�����!�73�g×���� ; Ö'7·°�Ö"��(?° ; ���t� 9�é*�$2$73��(
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���V���[�Eë%ì|�?�4®� "�.ð�ò"kEô�¦!õ|ðp�e©�ñ0ï�ò�¦!î��e©�ñ0�!k�©�§¾ò�ð�© �e©�ñpd5�#�e©�õ|ð�ñ��«©
ξt
�|ï�ò�©�ð�ó7îw§§ï�©�ñ3�%��§§ñ� �©�ò�ò�©�òn
=o�ñ�©!©�ò��Z�

ó9¦�ë�©�§«§�©|�«©�ñÊ�«©�õ�þ�ï�ú�õ��.ò�îe¦¨§§ñÊ�«©0ø[îañ�ñ�©�§�2��"4DÊ���6h©�ò= �©(���e©��«©c®���d5�.ð~�|ñ�ñ�¦¨§*©�òF�#�
ûi2��"454DY768û
ä ¹D{�{l­ å â|ÖHÖ�� ê á����%!F�p� �=Ö�×��;æ ä Æ�I�I�I å �A!LÅ���73�.é?� Ö �;�$#��������dÔ ä ¹D{�{|Æ å ��B���Ö�#j�=à'!+�/(���(�#�Ö�(���2$2/���dÔ#+�,!�73#zÿe�,73#+�,(=!4�¨Û��/2"!��=Ö'!+�/#42/�$#�ç/!dÖ�Ô��$#/��TU�0¶��=Ö���� } � ¹DÍ àW����(�!+���[é�Ýuç/2Z���%!U�$(�!+���Lé3�/#�Û�7?!+�/#�#��/#�Ô3ç,Ô�Ö�7?!+�$#
Ô���(�#F2$�\!+���¨Û��,7%é@�A!d2/�.éÒé3�$#ÙÔ'� Õ ��(�73�/��� æ 7*2�á����zÔ ä Æ�I�Il¸ å �0Ã��,×'!Àç/!���7%é*�$#	��×�×�����!��$(���(�! ë 2$�$#Ô���Ö�8l�,�[��#���(=!SçA!�çd��(��lébæ;#8ç$�/#W×���� æ ��æ��$���/!��léR� ä Æ,I�I|Æ å Ô���(�#Sé3�X2$��Ô����3Ô��/#uÔ�ç/!+�/����73(��>!+73��(�#
Ô��$#`Û�7?!+�/#�#��/#gÔ�������!+�,!+7*��(a��×�×��,���$(�!��$#	×����H!��+��('#zÿ6�����³ç/�$#`Ô��UÅ��=Ö'��73�/�$�KTK�/#.�8ç/#dÖ3é?!D�,!�#�Ô'� æ ��æ��$��/!.�lék� ä Æ�I�I|Æ å #���(�!1����×���ç$#��/(�!�ç$#.#dÖ��\é5�5¶��=Ö'��� } � ¹!Í 2��-TU�Ú¶��=Ö���� } � ¹�© ����(�!����Sé5�ÙÛ,����73�,!+7*��(yÔ��$#
Û�7?!+�/#�#��/#5Ô��O����!D�>!+73��(E�¨Û��/2�é5�<!+�$�*×�ç$�+�>!�Ö������-¼S�/2/!+7bÛ��j×0�=Ö��[é3�/#Lç/!���7%é*�$#Ê9J(��������lé3�/#�â�9O�q�/!�Å/Ô������(êç$2�á���(�!�7%é%é*��(`� Á (\(���!+�.2.é5�,73���/���/(�!QÔ��,(�#M2$�1���+��×�á'��é5�[#�ç�×��,�+�,!�73��(éÔ'�$#7ç/!���7%é*�$#|9O� Ô��$# 9(��������lé*�$#jÔ��,(�#7éoÝL73(�!+�/�zÛ,�lé�Ô��1!+�/�u×�ç$���,!�Ö'����Þ ©�}�I�I �Nâ ­|}�I�I � á âµé3��Û�7?!+�/#�#��NÔ'������!+�,!+7*��(éÔ��/#,9���$#�!»é5�,�����/���/(=!C73(Cÿ
ç/��73�,Ö���� ë 2/�.é%é*�$#5Ô��/#|9p('�������lé3�/#$�
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�������µ�3ë¥ì'êi���76���¦!ó7ô��.ð��.îañ�¦¨§g©�§¾ò�ð�©F�e©�ñ�dlîöò�©�ñ�ñ�©�ñ��«©jð�¦!ò��.ò�îe¦¨§v�|ïe��õ|îöò�©�ñ)�%��§§ñD �©jò�ð��ed5�.î��×ô�¦!õ|ð��e©�ñCï�ò�¦!î��e©�ñ
�«©�ñ¤¬��aï�îZ�f�«©�ñ	©�ò, �©(���e©�ñ,�|ï�ò�©�ð�ó7îw§§ï�©�ñWô��.ð�_[õ|îY/#É�¦¨§�/N_H¦7�F� \Ê�e©e �îZ��§ 2��"454DÊ768û n 6 ��¦!ó7ô��.ð��.îañ�¦¨§ ©�§¾ò�ð�©
�e©�ñ,dlîöò�©�ñ�ñ�©�ñ��«©Þð�¦!ò��.ò�îe¦¨§ �|ïe��õ|îöò�©�ñ:�%��§§ñ: �©Sò�ð��ed5�.î��LôC¦!õ|ðv�e©�ñWï�ò�¦!î��e©�ñ:�«©t��¦!ó,�ÀÉ�©�ð�©�§|î$ �©�ñg©�òv �©(���e©�ñ
�|ï�ò�©�ð�ó7îw§§ï�©�ñ�ô��.ð-
�¦¨§|îe©�ð-�brjî$ s
��.ð~�u2��5a5a#{.68û7 �6���¦!ó7ô��.ð��.îañ;¦¨§�©�§¾ò�ð�©=�e©�ñ�d�îöò�©�ñ�ñ�©�ñ��«© ð�¦!ò��.ò�îe¦¨§,�|ïe��õ|îöò�©�ñ
�%��§§ñ� �©[ò�ð��ed5�.î���©�ò) �©(���e©�ñ!�|ï�ò�©�ð�ó7îw§§ï�©�ñ ô��.ð)r�¦�ë�©�ð�©�ò��#�
û¯2��5a5a��76�ô�¦!õ|ð��e©�ñXï�ò�¦!î��e©�ñ ú¾õ|î3ñ�¦¨§�ò�©�§: �¦!ó7óZõ«§ªû

���������Eë%ì×M��§£D�.ð�îZ�.ò�îe¦¨§[�«©��Z�|dlîöò�©�ñ�ñ�©��«©jð�¦!ò��.ò�îe¦¨§[�«©�ñ ï�ò�¦!î��e©�ñ�\�§�¦!ð�ó,�#�e©�ñ�2` �©�ð~ (�e©�ñ ô��e©�îw§§ñl6lk'�«©�ñ;ï�ò�¦!î��e©�ñ
\jóð2` "�.ð�ð�ï�ñjô��e©�îw§§ñh©�òÊ�«©�ñ	ï�ò�¦!î��e©�ñ[�Æ2 �e¦Dñ���§���©�ñ	ô��e©�îw§§ñB6�©�§[w|¦¨§% �ò�îe¦¨§u�«©��Z��ò�©�ó7ô�ï�ð��.ò�õ|ð�©�ñH©lX�©e �ò�î�d�©Dû
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ÇjÈ�t ���3ëaüi����¦!ó7ô��.ð��.îañ�¦¨§J©�§¾ò�ð�© �e©�ñ�dlîöò�©�ñ�ñ�©�ñ��«©�ð�¦!ò��.ò�îe¦¨§ ï�ú¾õ��.ò�¦!ð�îZ�#�e©,�.ô|ô��.ð�©�§�ò�©�ñU©�ò��e©�ñ�dlîöò�©�ñ�ñ�©�ñ��«©
ó7î$ �ð�¦!ò�õ|ð n õ��e©�§% �© �|ïe��õ|îöò�©�ñ��%��§§ñ� �©�ò�ò�©0òn
=o�ñ�©ZôC¦!õ|ðF�e©�ñjï�ò�¦!î��e©�ñp�«©|��¦!ó,�WÉ�©�ð�©�§|î$ �©�ñ´©�òF �©(���e©�ñ��|ïe��õ|îöò�©�ñ
ô��.ðQ�|ð�îe©(�9� É�¦$©�ñ	���5�.ð~� 2��"454��76 2¥�4É!4��76lk!_[õ|îY/#É�¦¨§�/N_H¦7�J©�ò[�#�
û�2��"4547b56 2`_LÉ)\p47b56lk)_jõ|îY/#É�¦¨§�/N_´¦7�h�
\F�e©e �îZ��§s2��"454DÊ76�2`_�\p4DÊ76lk�ÉXõ|ð�T,
��.ð�ò-�±��¦!õ|ô|ð	ë]2��5a5a5a76�2¥É=�!a5a76q©�ò-
�¦¨§|îe©�ð-�brjî$ s
��.ð~�u2��5a5a#{.6�25
[rFa#{.68ûu'v íNÝ�� < ��� ve sin i w�xUykz ξt w�x-ykz u'v íNÝ�
	Ü�
n{ ve sin i w%x-ykz ξt w�x-ykz u'v íNÝ���
�
�� ve sin i w%x-ykz ξt w%x-ykz|8}�~k�k�����A�^� �Z� �$��� |8}�~k�k�����A�^� ���$��� �Z��� |8}�~k�k�����A�^� �A� ��� �u;� < 
 þ	Ý ín� þ �&��Ý0ù 
n{ þ�� Ý �&��Ý0ù 
	Ý þ�� Ý�&��Ý0ù þ	Ü Ü��çíu'v íNÝ��Bí#��
 ve sin i w�xUykz ξt w�x-ykz u'v íNÝ < Ü	Ý�� ve sin i w%x-ykz ξt w�x-ykz u'v íNÝ����	þ	þ ve sin i w%x-ykz ξt w%x-ykz|8}�~k�k�����A�^� �%��� � ����� |8}�~k�k�����A�^� �%����� �Z� � |8}�~k�k�����A�^� �/� �Z� �u;� < 
 í#� Ü�� þ u�� < 
 í(� {�� Ý �&��Ý0ù ù�� Ü�� Ý�=� Ý	Ý � ín� � �=� Ý	Ý � ín� ��&��Ý0ù íxù þ�� Ý �&��Ý0ù íNþ þu'v íNÝ�
0ù�
�� ve sin i w�xUykz ξt w�x-ykz u'v íNÝ�� <	<	< ve sin i w%x-ykz ξt w�x-ykz u'v íNÝ�
��0ùs{ ve sin i w%x-ykz ξt w%x-ykz|8}�~k�k�����A�^� �/� �Z��� |8}�~k�k�����A�^� ��� �Z� � |8}�~k�k�����A�^� �Z��� �����u;� < 
 Ü�� {�� Ý �=� Ý	Ý � ≤ 3

�=� Ý	Ý � ín� ��=� Ý	Ý � ù+� þ �&��Ý0ù ù~þ ù+� Ü �&��Ý0ù < � { þ�� ��&��Ý0ù Ü�
 ín� �u'v íNÝ��0þlíNÜ ve sin i w�xUykz ξt w�x-ykz u'v íNÝ��líNÝ	Ü Teff w�x-ykz ξt w�x-ykz u'v íNÝ���{���� ve sin i w%x-ykz ξt w%x-ykz|8}�~k�k�����A�^� �/� �Z��� |8}�~k�k�����A�^� ���Z��� ��� � �&��Ý0ù í	íe{ þ�� Ýu���� < � þ	Ý Ü�� Ý � � < { ≤ 12 ��=� Ý	Ý � ù+� þ �&��Ý0ù {lí ín� ��&��Ý0ù �0ù þ�� Üu'v íNÝ����lí	í ve sin i w�xUykz ξt w�x-ykz u'v íNÝ�� < ù�� ve sin i �^��� ξt w�x-ykz u'v íNÝ��n{ < Ü ve sin i w%x-ykz ξt w%x-ykz|8}�~k�k�����A�^� �A� ��� � |8}�~k�k�����A�^� �A� ��� � |8}�~k�k�����A�^� �/� �A� �� � < { íNþ � �&��Ý0ù �	Ü {�� � �&��Ý0ù ù�� ín� ��&��Ý0ù {lí ín� ùu'v íNÝ���
���� ve sin i w�xUykz ξt w�x-ykz u'v íNÝ < þ	Ü	Ý ve sin i w%x-ykz ξt w�x-ykz u'v íNÝ���� < í ve sin i w%x-ykz ξt w%x-ykz|8}�~k�k�����A�^� �D����� �����A� |8}�~k�k�����A�^� �A� �$�i� |8}�~k�k�����A�^� �A� �A� �� � < { {	Ý � �&��Ý0ù �0Ý {�� � �&��Ý0ù Ü�� ín� 
�&��Ý0ù {�
 ín� þu'v íNÝ�
líNþ0ù ve sin i w�xUykz ξt w�x-ykz u'v íNÝ�
n{n{�� ve sin i w%x-ykz ξt w�x-ykz u'v íNÝ�
 < ��� ve sin i w%x-ykz ξt w%x-ykz|8}�~k�k�����A�^� ��� ���i�+� |8}�~k�k�����A�^� ��� �A� �A� |8}�~k�k�����A�^� �D� �A�i�� � < { ≤ 12 � � � < { ≤ 12 � � � < { íe{ ��&��Ý0ù í(� ín�çí �&��Ý0ù í(� Ý�� 
 �&��Ý0ù í < ín� Ýu'v íNÝ < Ý�� < ve sin i w�xUykz ξt w�x-ykz|8}�~k�k�����A�^� �A� �$����&��Ý0ù 
�
 Ü�� {
ÜÞÝ%�  ��Ú�[âp�Cá��=áD���Úâ0ã â�á � �ß�v�����,�Ú�[â0ã _ �|�Râ��Ú�Äâ0ã

T&¡L73(�2/�$��!�7*!�¢�£��M#�¢'�Zé*�$#9��¤0��(�£���(�2$�/#�¥'����¦;73�$(�!:¥���73(�2/73¥��lé*�$���$(�!C£'� } #���¢���2/�$# ç
¼ � (�2$�/��!�7*!+¢'£��<#�¢��Zé5�.¦;7*!��$#�#��H£��<����!+�,!+7*��(X��¥�¥������/(=!��W£'�\éR¡uçA!+��7Òé3�,§
¼ � (�2$�/��!�7*!+¢'£��<#�¢��Zé5�.¦;7*!��$#�#��H£��<��7*2$���,!+¢���¤�¢3é3�/(�2$�,§
¼ � (�2$�/��!�7*!+¢'£��<#�¢��Zé3�/#�ÿ6����2/�$#9£`¡L��#�2/7%é%é3�,!+�/¢���#/§
¼ � (�2$�/��!�7*!+¢'£��<#�¢��Zé5�.!��$��¥Aç/�+�,!�¢����M�-¼S�/2/!+7?¦��,§
¼ � (�2$�/��!�7*!+¢'£��<#�¢��Zé5�1�����Z¦�7?!�çM#�¢�¥8�/��¶�2/73�¡é%é3�,�
9¨2$�$#f#���¢���2/�$#/§P7ÒéHÿe��¢�!f�$(�2/�����F��¯���¢�!+�$� Ì �$�����/¢���#Wú=¢�7G#���(=!�2/��(�#�7*£3ç$��ç$�/#�2/�������E(3ç/��é37a°���Z�,¤3é3�/#:£���(�#92$�A!�!+�¤çA!+¢�£�� ç
• T&¡i7*(�¿�¢��/(�2$�C£'¢1¥�����¶Eé=73(�#%!+��¢'���/(=!+�lé ä ¦���73�-¥����+�,���+��¥'©�� } � ¸ � Ì å ���O¡L�$#%!;ék¡L�$�����/¢��4#�¢��Xé3�:¦,�lé*�$¢��£��¤é5�SÅ�ì ;Oª ú=¢�7K(`¡L�$#%!:¥���#92$��('#�!D�,(=!��.�Z¦��$2\é5��é3��(���¢��/¢��G£`¡L��(�£��,�
• T&¡i�-¼S�A!�£S¡i¢�('�X�[��¢�¦��,73#��[(��������lé*73#+�>!+73��(«£�¢m#�¥8�/2/!+������9U¦��/2ÀéR¡^�,73£��E£'�$#�#�¥0�$2A!+���$#�#zæ;(�!+©3ç=°!+7Rú;¢'�$#$§ªé3�Sé*��2$�lé37*#+�,!�73��([£�¢h2/��(�!+73(=¢F£���(�#Zé3�/#»çA!+��7Òé3�/#�9N�A!�Åm�$#%!@�,#�#��¡±.¤�7*�$(Àç/!+��¤3é37*�M£���(�#

­�Í



����~������#���W�����2�.���-�%���W��� ~l�(�U�D�	�
�
�-�������-�	���E���-�#�������-���E���

-�(�#�.�E���

é3�1�8ç/��73��(X�/(�!+��� Ì�­�I�I �A! Í�­�I�I à �
• T&¡L73(�2/�$�%!+7*!�¢�£��f£�¢�� ë éR¡i�/�����/¢��H£��UéR¡i�;�$7Òé)©=¢��[�,73(`§�ú=¢�7P(`¡i�"8�73#�!���ú=¢���£���(�#Wé3�f2Z��#W£�¢V¥�����°���+�������RÃ%½MB�ÃCè ´ �O� ´ é%é*�.�$#%!<£�¢�� ë éR¡^�D¯�¢�#�!��$���$(�!M£�¢\#�¥8�/2/!+����#zæ;(�!+©3çA!+7Rú;¢'���,¢\#�¥0�$2/!������¤�#��/��¦�ç,� Ë ��(�#;é*�C2Z�,#&£�¢�¥��������+������� £��cÂ4� ê �/£��'§���gÞéR¡^�D¯�¢�#�!��$���$(�!&#���ÿe�,7*!)¥����)��73(�7*��7*#+�¾°!�73��(<£��	éR¡uç/2Z���%!4�/(�!+���jé3�&#�¥8�/2/!���� #;æ;(=!�©3ç/!�7�ú=¢��P�/!Cé3�&#�¥8�/2/!+��� ��¤'#��$�%¦�ç,§>2/�/!�!+�P�$�����$¢��-�$#%!�(=¢3éÒé3�,�

´ (E#�¢�¥�¥0��#+��(�!5ú=¢���2$�/# } #���¢���2/�$#C£`¡L73('2$�$�%!+7?!+¢�£��:#���(=!C73(�£3ç/¥8�/(�£���(�!��$#�é*�$#P¢�(��$# £��$#G�,¢'!+���$#$§×ék¡L73(×°2/�$��!�7*!�¢�£���!+��!+�lé
σtot

#�¢��\é3�$#H��¤0��(�£���(�2$�/#W¥0�$¢�!R²A!+����2Z��é32$¢�é%ç$�]Õ�Í�ÿ�×oõ.Ö�Ò�¬Uÿ�ÉÆÓ5×7Ò
÷�Ë#ÙxÓ7ÙxÍ�÷p�lÙ��¥��,� ç
σtoti

=
√

σ2
ve sin i + σ2

ξ + σ2
log gf + σ2

Teff
+ σ2

log g

ä } � Æ×¹ å
è-��¢��<2D©���2/¢�(­£��/#<2$73(Cú®¥��������uîA!+���$#$§ØéR¡i7*(�2$�/��!�7*!+¢'£����Úç/!�çSçA¦���é3¢3ç/���/(«2$�lé32/¢3é5�,(=!<£'�$¢�8¯#�¥8�/2/!����$##;æ�(�!�©3ç/!�7�ú=¢��$#.2$�������$#�¥8��(�£���(�!1���$#�¥8�/2/!+7?¦��/���/(=!���¢�8a¦,�lé3�/¢���#H��7*(�73���lé*�.�/!W����8�73���lé3��£�¢«¥������¾°�*î/!����Úç/!�¢�£�7%ç,§"�A![�/(°2D©��/��2D©��,(=! ë 2D©���ú=¢��Jÿ6��73#Sé3�/#[�,¤8��('£���(�2/�$#�ú=¢�79��çZ�lé*73#��/(�! ë (���¢'¦��Z��¢ é*����$7Òé%é3�/¢��C�,2$2$����£F�Z¦��$2\é5������73�@��¤�#��/��¦�ç/���� �A!�!+�X¥'���;2.ç$£'¢����X(3ç/2$�/#�#�7?!+�	¢�(V!��$��¥�#f��#�#��.±X7*��¥0����!+��(�!Z§-�$(b¥��,��!+7*2$¢3é*73�/� ë 2$��¢�#��	£��/#�2Z�lé*2$¢3é*#£��/#W���;£�î.é*�$#H£`¡^�>!+����#�¥�©Cî$����¥0��¢��<£��$#W¥��������uîA!+���$#\é%ç$��î$���/���/(�!W¦,����7%ç$�/# ä

Teff ± 250K, logg ±
0.25cm/s2 å ��¢�!+��¢��G£'�\é*�$¢���#G¦���é3�$¢'��#G��¥'!�73���lé3�/#$�

¢p£#i3£�¥ ±�©|·R´Uª�®¯­0®�²qÇ|´�° °�²|ª³¬~« ª3J!®�«�®�­�J=© «�¶|¶c«�ª?´�©F®�´ Ç|´ ¬�ÈN§R®?J=­~¬~´³²
σve sin iTU�*ú=¢��,(=!�7*!8ç

σve sin i

�/#�!»ék¡L�$�����$¢'�:#�¢��
log( N

NH
)
£�¢�� ë éR¡i7*��¥'�8ç$2/73#�73��(E#�¢�� ve sin i

�ªº�(F���;£�î.é*�
ë ¢�('�<!��$��¥Aç/�+�,!�¢����M£'��(�(3ç/�H�A! log g

£���('(3ç<£���7*!�²/!����M���/¥���7*#9�Z¦��$2H£��/¢�8X¦,�lé3�/¢���#G£'7Ò¼Aç$���/(�!+�$#9£��
é3�1����!+�,!+7*��( ç

ve sin i ´ (ve sin i)0 ± ∆(ve sin i)
�TU�d¦,�lé*�$¢��1£'�

∆(ve sin i)
£3ç/¥8�/(�£m£��X2D©���ú=¢��ÚçA!+��7Òé3��§U�¡é%é3���$#%!f�$(m����æ��$(�(��X�/#�!�73�Þç$� ë }�c £��

(ve sin i)0

�8T&¡i�-¼S�A!@£��Wé5��¦,����75�,!�73��(	£��
ve sin i

#�¢��»é3�H¥�����¶Eé4£'�Ré5�f�+�,73�H£�¢Úÿ6�$��¢�(��`ÿ6��73#:73��('73#8ç ë¸§},I�­ � Æl­�­ à �/#�!9����(�!+��ç@£���(�#Lé5�R¶���¢'��� } � ¹D­ ��� �/!�!+��¶���¢'���M����(�!+��� Ì #�¥0�$2/!����/#��Z¦��$27é3�/#C�Þ²$���$#¥��,�+���*î/!����$#.�[��7*#.¥0��¢��
ve sin i ´ I § ¹�I �/! Æ�I ê �UÎ,#$�)� �	!��$#%!f�$#�!Nÿe�,7*!1¥0��¢���¢'(��Äç/!���7%é*�E�¨æ���(�!ä

Teff
§
log g

§
ve sin i

§
ξt
§ ÞèÅ��DÎ ; á å ´ ä {�I�I�I �f§ ¸ � I £��"8S§ I ê �5Î,#/§ Æ ê �UÎ,#/§ I � I £��"8 å �4º:(��f��¢������$(�!+�,!+7*��(£��Qé3�[¦,�lé3�/¢��@£��

ve sin i
¥�����¦��lú=¢��f¢�(2ç.é5�,����7*#�#��/���/(�!M£��$#H��7Òé3�/#O�/!H¢�('��£�73��73(=¢'!�73��(®£'�Qé5�E¥�����°

ÿ6��('£��$¢��9£�¢	2/���/¢��9£��¤é5���+��7*���
¢p£#i3£VÃ ±�©|·R´Uª�®¯­0®�²qÇ|´�° °�²|ª³¬~«�K�­0®¯´�°�°�´ Çq´ro ­~·�ª3J!®�²|ª'µq²q¬~´�©q·Ô´¶²

σξtTU�Nú;¢���(�!+7*!8ç
ξt
�$#%!Zé5�.¦;7*!��$#�#��<£��<��7*2$���,!+¢���¤�¢3é3�/(�2$�Qú;¢'7K¥����/(�£d�/(	2$����¥'!+�7é*�$#G����¢'¦��$���$(�!+#(���(�!�©��$����7Rú;¢'�$#j£`¡i����¥�é37*!�¢�£��/#&73(Cÿ
ç/��73�/¢����/# ë 2/�.é%é*�G£�¢Þé373¤'���G¥�����2$��¢'��#P����æ��/([£��/#"¥'©���!+��(�#$� ´ é%é*�#/¡^��¯���¢'!+� ë é5�1¦;7*!��$#�#��M!+©��/����7�ú=¢��M�/!:¥0��#�#zî$£��H£���('2H¢'(d¥����l¶EéK���,¢�#�#�73�$(S�

σξ
�/#�!Þék¡L�$�����$¢'��#�¢��

log( N
NH

)
£�¢�� ë ¢�(��	7*��¥���ç$2/73#�7*��(V#�¢��³é3�h¦;7*!+�/#�#��F£'�F��732/����!�¢���¤'¢3é3�/(�2$� ξt �TU��¶���¢���� } � ¹D{ ���/¥��8ç/#��$(�!���ék¡L�¡¼8�/!�£`¡L¢�(��	¦��,��75�>!+73��(Y£'�

ξt
£�� ± ¹ ê �5Î>#[��¢�!+��¢��f£��Àé5�\¦,�lé3�/¢��7*(�7*!�75�lé*��·

ξt0 ´ Æ ê �UÎ,# å #�¢���é3�.¥'���l¶Eé4£���é3�[�³²/���W�+��7*�.£�¢éÿ6�/� ë ¸§},I�­ � Æl­�­ à �/!M¥0��¢��»é5�[�Þ²$���
çA!+��7Òé3� ç ·

Teff

§
log g

§
ve sin i

§
ξt
§ ÞèÅ��!Î ; á å ´ · {�I�I�I ��§ ¸ � I £��"8S§ I ê �UÎ,#$§ Æ ê �5Î,#/§ I � I £���8 å �4TU�Äé5�,�����/¢��ç,ú;¢'7*¦,�lé3�/(�!+�G£��G2/�/!�!��9�+��7*�G��¢������$(�!��G£�� Ì�I�c �$(�¥����/(���(�!

ξt
ç$����é3� ë Ì ê �5Î>#j��¢Sé373�/¢�£�� Æ ê �5Î,#/�

­|©



����~������(���R�����2�.���-�%���W��� ~l�#�U�D�	�
�
�-�����W�-�j���E���-�#�����7�-���E���

-�#�#�.�ª���

���V���c�3ë¥ìl`i�µ£D�.ð�îZ�.ò�îe¦¨§ ��õÚô|ð�¦.�%�)�«© �Z��ð��.îe©,��õ�w|©�ð0õ«§�© w|¦!îañZîe¦¨§|îañ�ïu2¥��©�¦�¦lk
{��5aDÊ�û��DÊDÊÞPp6�©�§�w|¦¨§% �ò�îe¦¨§
�«©c�Z�vdlîöò�©�ñ�ñ�©c�«©�ð�¦!ò��.ò�îe¦¨§Àï�ú�õ��.ò�¦!ð�îZ�#�e©,�.ô|ô��.ð�©�§�ò�©Þ�

ve sin i ¸ aRTlóWV.ñ 2%ò�ð��.îöò0ô��e©�îw§�6lk ve sin i ¸ �"aRTlóWV.ñ2%ô�¦!îw§¾ò�î����aï�ñl6[©�ò
ve sin i ¸ �5a¤T�óWV.ñ|2%ò�îöð�©�ò�ñB68û

¢�£#i�£(H ±'©q·R´Uª�®�­	®�²|Çq´�° °�²|ª³¬~´�°m¹�J=ª¯·R´�°µÇ:È
J=°�·Ô­~¬�¬~«!®�´�²|ª¯°J²
σlog gfTU�	ú=¢���(�!�7*!�ç

σlog gf

���$¥���ç$#��$(�!+�\ék¡L�$�����$¢'� #�¢'�
log( N

NH
)
£�¢'� ë ék¡L73��¥��8ç/2$73#�73��(�#�¢'� log gf

� Ë �,(�#
é3�:2Z��#P£��Zé5�<�³çA!+©��;£��9£��$#"#�¥0�$2A!+���/# #;æ�(�!�©3ç/!�7�ú=¢��$#/§�¢�(��:£3çA!+�$����7*(��,!�73��(f¥���ç$2$7*#��:£��$# ��¤0��(�£���('2$�$#·e2�¡L�$#%!�° ë °n£�7*���<¢�(��W73(�2/�$�%!+7*!�¢�£��<73(\ÿ
ç$��7*�$¢���� ë ± I � ¹ £��"8 å (3ç/2$�/#�#�7?!+�W¢�(��.¤0��(�('�H2/��(�(��,73#�#���(�2/�.£��/#ÿ6����2/�$#:£`¡i��#�2$7Òé%é3�,!+�/¢���#/�TU�/#	�+��7*�$#X¢'!�7%é37*#8ç/�$#E��(�!F£��/#F7*��¥'�8ç$2/73#�73��(�#�#�¢��

gf
2/����¥'��73#��$(�!	�$(�!���� Ì�c �A! }�I�c �5è4��¢��Úé3�$#�+��7*�$#Nú=¢�7C¥0��#�#zî$£��/(�![£��/#f73(�2/�$��!�7*!�¢�£��$#�#�¢��

log gf ≥ }�I�c §)2�¡L�$#%!Þé5�®¥�����¤���¤�7Òé37?!�ç�£��X!+�+�,(�#�7?!+73��(ú;¢'7K2$��(�!+��73¤�¢'��é3�@¥�é3¢�# ë éR¡i7*��¥'�8ç$2/73#�73��(�#�¢��cé*�@�8ç/#�¢3é?!D�,!C£��7ék¡i��¤0��(�£���('2$���'TU�R¶���¢���� } � Æ,I ����(=!����ék¡L�¡¼8�/!W£��³é3�	¦,����75�,!�73��(\£'� ± I � Æ�} £'��8a£�� log gf
#�¢'�Wé*��¥'���l¶Eéj£��Þé5�	�+�,73��£�¢ùÅ�� �l� ë ¸§}�I�­ � Æl­l­à ¥0��¢��0é3�1�³²/���7çA!+��7Òé3���3º�(��M¦,����73�,!+7*��(E£��

log gf
£�� I � Æl} £'��8F¥�����¦��\ú=¢��H¢�(��<¦,����73�,!+7*��(E£��¤é3�

é5�������$¢��\ç�ú=¢�7?¦,�lé3�/(=!��[£�� ©�c �ºè-��¢���é*�$#W�+��7*�$#H£���(�!�é3�F¦,�lé3�/¢��H£�¢
log gf

(`¡L�$#%!1¥���#.£�73#�¥8��('73¤3é*��§¢�(��H¥��8ç/2$73#�73��(	£�� ´ ë çA!�çH��£���¥�!�ç$�,�Ë ��(�#Sé3�E!+��¤3é*�Z��¢Y�O� ¹ £��Äék¡i��(�(��"8��h��¶���¢'���$(�!Þé3�/#��+��7*�$#1#�ç.é*�$2/!�73��('(3ç$�/#��Z¦��$2Úé3�/¢���#�¥���ç$2/73#�7*��(�#���$#�¥8�/2/!�7*¦��/#f¥8��¢'��é3�/#.£3çA!+�$����7*(��,!�73��(�#W£`¡i��¤8��(�£���(�2/�$#/�&TK�$#1£3ç-¶�(�7?!+73��(�#.£��/#�¥��8ç/2$7*#�73��(�#12$�������/#�°¥8��('£���(�!+�/# ë gf #���(�!:(���!8ç$�/#:£���(�#Zé3�O!+��¤3é3�$��¢ } � ¸ �

¢�£#i�£N¤ ±'©q·R´Uª�®�­	®�²|Çq´�° °�²|ª³¬~« ®�´�o ¶v§Uª¯«�®�²3ª?´z´`º�´�·�®�­�K=´¶²
σTeffTU�gú=¢���(�!+7?!�ç

σTeff

�/#�!0éR¡i�/�����/¢��G#�¢'�
log( N

NH
)
£�¢�� ë ¢�('�M73��¥��8ç/2$73#�73��(�#�¢�� Teff

�'T&¡i7*��¥���ç$2/73#�7*��(#�¢��³é5�\!+�$��¥�ç$�+�>!+¢����F�-¼S�/2/!�7*¦�� ë ¥��,��!+7*��£�¢°¥'���������������X¢'¦;¤«æ β (S¡i�/#�!�¥���#[¥'�8ç$2/73#�ç$��� ´ é%é*�X�$#�!¥���7*(�2$7*¥��lé3�/���/(�!)£�¢��9�,¢�817*(�£�7*2$�$#�¥�©���!����³çA!+��7�ú=¢��$#/� Á (�¥0�$¢'!P��£'��¥'!+�/�)¢�(��G7*(�2$�/��!�7*!+¢'£��C£�� ± Æ�},I�f§,2$��ú=¢�7����/¥��8ç/#��$(�!��:¢'(�� ¦,�lé3�/¢�������8�73���lé*�&¥8��¢'��¢�(��Lç/!+��7%é3�Ê9��A!;Åb· ; ¢�7a°�Ö ��(×° ; �����/!)�lék� ¹D{�{�©�ï
; ¢�7a°�Ö ��(×° ; ���]��9�é*�$2/75��( ¹D{�{l­¯ï�» �����$(�('�v� ª ��(�7*�$� ¹D{�{l{ å �
´ («¥����/(���(�!�é*�gÿ6�$�H2$����������8��$��¥3é3�,§U��(«���$�����dú=¢��*ú=¢��Þé3�$#H�+�,73�$#M£'�$#Rç¡é%ç/���/(=!�#W('�$¢'!����$#H#���(=!
­�­



����~������#���W�����2�.���-�%���W��� ~l�(�U�D�	�
�
�-�������-�	���E���-�#�������-���E���

-�(�#�.�E���

���������3ë¥ì'hi�Ø£D�.ð�îZ�.ò�îe¦¨§ ��õÚô|ð�¦.�%�)�«© �Z��ð��.îe©���õ�w|©�ðZõ«§�© w�¦!îañcîe¦¨§|îañ�ïu2¥��©�¦�¦Bk
{��5aDÊ�û��DÊDÊÞPp65©�§�w|¦¨§% �ò�îe¦¨§
�«©��Z� d�îöò�©�ñ�ñ;©��«©0ó7î$ �ð�¦!ò�õ|ð n õ��e©�§% �©��

ξt ¸ �ZT�óWV.ñq2%ôC¦!îw§�ò�î����aï�ñB6lk ξt ¸ �7TlóWV.ñq2%ò�ð��.îöò[ô��e©�îw§�6h©�ò ξt ¸ Y¤T�óWV.ñ2%ò�îöð�©�ò�ñB68û

TK�/!�!���� � (�2$�/��!+7?!+¢�£'�H#�¢��
gf9c� 7*(Cÿ
ç$��73�$¢'��� ë Æ�c §9 7*(Cÿ
ç$��73�$¢'��� ë Ì�c §Ö�� 7*(Cÿ
ç$��73�$¢'��� ë ©�c §Ö 73(\ÿ
ç$��7*�$¢���� ë ¹�I�c §��� 73(\ÿ
ç$��7*�$¢���� ë ¹D­�c §� 73(\ÿ
ç$��7*�$¢���� ë Æ�}�c §Ë � 73(\ÿ
ç$��7*�$¢���� ë ¸�I�c §Ë 73(\ÿ
ç$��7*�$¢���� ë }�I�c §´ #�¢�¥�ç$��73�/¢���� ë }�I�c §

Ç	È�t �C�3ëöý��3í�ï8��§|îöò�îe¦¨§§ñF�«©�ñ;ô|ð�ïe �îañ�îe¦¨§§ñjñ�õ|ð
gf

ô|ð�ï�ñ�©�§¾ò�ï�©�ñF�%��§§ñ��e©cò�� n �e©"�.õ �Lû¼�3�«©��x&*��§«§�©8þ=©Dû

¥3é*¢�#G#��/(�#�7*¤3é3�/# ë ¢'(��M¦��,��75�>!+73��(E£��¤é5�1!+�/��¥�ç$���,!+¢'���M�¡¼8�$2A!+7?¦��9ú=¢��W2/�.éÒé3�$#G£'�$#0ç.éÒç$���$(�!+#9¢�(��!ÿ6��7*#7*��(�73#�ç$#/� Å�� �B� �/#�!Þék¡èç/!+�,!1¥'�8ç$£'����7*(���(�!�£��,(�#Qé3�/#Qç/!+��7%é3�/#v9 ç
σTeff
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2%ò�îöð�©�ò�ñB68û

¢�£#i�£0¢ ±'©q·R´Uª�®�­	®�²|Çq´�° °�²|ª³¬~«pn�ª?«�K�­0®¯§ °�²|¶�´Uª¯Åq·R­~´�¬~¬~´¶²
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Ê Õ Â ë ¹D´�µ�¹�´�¹ ·'ð��;Á ´S»D½S´ Ð Õ

ÿ-¸�· Ö Å ²J»�Ö ÿ ²�º8$ Ä � ´S½ · º<» Æ é vJv � Ð ²J» À]ÀaÁ ² ¸DÜJ�Ñ¸ »D´"¶�²J¼�¼ · Ô � ´:½;² Á�Á��S� º Àa· ²<»¥¶�² ¸�Á_��¸ ´ �F��¸ ´S¼ �S�F� Ö
³�´;» À ¼ Æ9"Ï× Ã)±_ºDÃ) �½ Ð ´S»o�e²J»�½ Àa· ²J»o¹�´ � º À ´S³�¶ �SÁ º Àa¸�Á ´W´ ð ´S½ À�·FÜ ´<Õ:3-»�´W¼�² ¸ ¼\Ö2º*Ô�²J»D¹�º<»�½;´�¹D´W½S´S¼
�S�/� ³�´;» À ¼�º<¶�¶�º Á º.1 À ¶�² ¸�Á

Teff ≤ 8000K
´ À�¸ »W¶ · ½ � ��Â ÊJÊÑË ÕJì4´]³�º<» ��¸ ´]¹XÒ �;À ² ·/� ´S¼�Ä�³ ¹�º<»�¼ � ´;¼

º<³9º*¼�å�´ ¸ »D´S¼Ñ½S²<³�³�´ � ´S¼:ä �F�S· º*¹�´S¼:´;¼ À º*»�º �FÝ ¼ � ¹�º<»�¼ � ´�½;²J» À ´�µ À ´�¹D´ � º9¹ ·Fð�¸ ¼ · ²J»Ø¹ � ¶�´;»�¹�º<» À ´
¹ ¸oÀ ´S³�¶�¼;Õ4ì3Ò �<× ´W¹�´S¼"ä �/�;· º<¹�´;¼:´S¼ À ½S²J³�¶�º Á º<Ô � ´ �¥� Ò � ½¿¾�´ �/� ´®¹�´ À ´;³�¶D¼ � ¶�º Á�À�·/Á ¹D´ � º ��¸ ´ �/� ´ � ´
¶�¾ � »D²J³ � »�´-Ä�³ Æ ¼�² ¸ ¼2Ö2º<Ô�²J»�¹�º*»�½S´;¼�´;»9½5º � ½ ·F¸ ³ ´ À�þ ² ¸ ´;»9¼�½Sº<»�¹ ·F¸ ³ Ð º<¶�¶�º Á º.1 À Õ�;�² À ²J»�¼ ��¸ ´ � ´
À ´S³�¶�¼Ñ¹XÒÓº<¶�¶�º Á�·'Àa· ²<»Ø¹ ¸ ¶�¾ � »�²J³ � »D´WÄ�³ ¹ � ¶�´S»�¹Z¹�´ � º À ´S³�¶ �;Á º À�¸�Á ´®´ À ´S¼ À ¶ �/¸ ¼:½S² ¸DÁ�À ¶�² ¸�Á
� ´S¼ ��À ² ·F� ´;¼BÄ ½¿¾�º ¸ ¹�´S¼;Õ�ì4´S¼]¶ Á�· »�½ · ¶�º � ´S¼ �;Àa¸ ¹�´S¼M¼ ¸DÁ_� º�½;²J³�¶�²J¼ ·FÀ�· ²J»�½¿¾ · ³ ·/��¸ ´:¹D´S¼ �;À ² ·/� ´S¼�Ä�Ã�Þ
´ À�à ¹�´ � ÒÓº<³�º<¼_¹�´;¼�ä �F�S· º*¹�´S¼]¼�²J» À ¶ Á�� ¼�´S» Àa� ´S¼�¹�º<»�¼ � ´ À º<Ô � ´5º ¸ �DÕ'éJÕ
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& � � �SÁ ´S»�½;´ ø Ý ¶�´S¼�¹XÒ ��À ² ·F� ´;¼ � �/� ³�´;» À ¼M½¿¾ · ³ ·/��¸ ´;¼

ä ·/� º<½¿¾�²�,M¼�ù · ´ À º � Õ Æ é v � ÈJÐ é��WÄ�ÃÓÞBÃ à ì ·
ÅB¸DÁ ù�¾�º Á\À $ ±B² ¸ ¶ Á\ÝúÆ é v<v ÈJÐ �WÄ-Ö Ä�³ ì · ÃVÄ � Ãæ  · Ã  �ÃÓÞ�´<Ã�; · Ã � ¸ÿ-¸�· Ö Å ²J»�Ö ÿ ²�º8$çÄ � ´S½ · º<» Æ é v<v � Ð v Ä-Ö Ä�³ "Ï× Ãæ±_ºDÃæ �½<Ãæ± Á ÃÓÞ�´<Ã�; ·
Å ²�´;¼ × º<º Á ¹�$ Þ Á�· ´ �ïÆ é vJv Ê�Ð é%Â�Þ Þ�´
Þ Á�· ´ � $ Å ²H´S¼ × ºJº Á ¹ Æ é vJv Ê�Ð é%Â�Þ ±

Þ�² Á ¹C´ À º � Õ Æ Â ÊJÊ Â Ð é<é à º<»�¹ Ë ì ·
Å ²H´S¼ × ºJº Á ¹�´ À º � Õ Æ Â ÊJÊJÎ Ô Ð é ê ÞÚº<»�¹ à Å ´
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� º<»D¼]½S´ ��¸�· ¼ ¸�·FÀ Ã%å�´ Ü º · ¼B¶ Á�� ¼�´S» À ´ ÁM� ´S¼ �;À ² ·/� ´;¼�Ä ´ À Þ Æ ³�´;³®Ô Á ´;¼B¹�´ � Òæº*³9º<¼�¹�´;¼Mä �F�S· º<¹�´S¼ Ð
º<»�º �FÝ ¼ � ´S¼:¹�º<»�¼:½;´ À�À ´ À ¾ � ¼�´®º · »�¼ ·���¸ ´ � ´S¼�º<Ô�²J»�¹�º<»D½S´S¼�¹ �;À ´ Á ³ · » � ´S¼;Õ � ´�³ � ³�´*ÃJå�´ Ü º · ¼-½S²J³WÖ
¶�º Á ´ Á ½S´S¼�º*Ô�²J»D¹�º<»�½;´S¼ � ½S´ �/� ´S¼:¹ � å � ¹ �;À ´ Á ³ · » � ´;¼Ñ¶�º Á ¹XÒÓº ¸DÀ�Á ´;¼�º ¸DÀ ´ ¸�Á ¼;Õ4ì4´S¼�º<Ô�²J»�¹�º<»�½S´;¼Ñ´S»
� ÃXì)ºDÃ)±B´*Ã:;�¹Z´ À � ¸ ¼�²<» À�· »�½S´ Á�À º · »�´;¼SÕ � »Z´ ð ´ À Ã � ´S¼ Á º · ´S¼�¼ �S� ´S½ Àa· ²<»�» � ´;¼Ñ¶�² ¸�Á ½S´;¼ �S�/� ³�´;» À ¼¼�²J» À�×J� » �;Á º � ´S³�´S» À �[º · Ô � ´;¼:´ À »�´�¶�²J¼�¼ � ¹�´S» À º ¸ ½ ¸ »�´�¶ Á�� ½ · ¼ · ²<»o½S²J»�½;´ Á »�º<» À�� ´ ¸�Á ¼:�e² Á ½S´;¼Ñ¹XÒÓ²<¼\Ö
½ ·/�/� º À ´ ¸�Á ¼;Õ4ì4´S¼ ÜH·FÀ ´;¼�¼�´S¼®¹�´ Á ² À º À�· ²J» �S� ´ Ü<� ´S¼�¹�´S¼ �;À ² ·/� ´;¼�¹�´�½;´ À º<³�º<¼�»XÒÓ²<» À ¶�º<¼Eº<³ �S�/· ² Á���� º
¼ ·FÀa¸ º Àa· ²J»XÕ�±B´;¼�º*Ô�²J»D¹�º<»�½;´S¼M¼�²J» À�� ¶ Á ´;»�¹ Á ´"º Ü ´;½�¶ Á�� ½Sº ¸DÀa· ²J»XÕ�ì4´�Ô�º Á\ÝH¸ ³ ´S¼ À�� º Á�× ´S³�´S» À ¼ ¸DÁ Ö
º<Ô�²J»�¹�º<» À ¹�º<»�¼�½S´S¼ ��À ² ·F� ´;¼ ÆÉ�á� ÒÓ´�µ�½S´S¶ Àa· ²<»è¹�´ ÿ�� Â ÎJÎ � È<Ð Õq;�² ¸ ¼ Ü ´ Á�Á ²J»�¼W¹�º<»�¼ � ºØ¼�´;½ Àa· ²J»p�r�
� ´S¼]º<»�º �FÝ ¼�´;¼_¹ ��À º ·F�/�/� ´S¼�¹�´S¼Mº<Ô�²J»�¹�º<»�½S´;¼]¹�´ À ² ¸DÀ]� ´;¼ �S�F� ³�´S» À ¼;Õ�ì4´S¼ À º<Ô � ´5º ¸ µs�DÕæÂ�´ À ��Õ Î®Á ´S¶ Á�� Ö
¼�´S» À ´;» À-� ´S¼]º<Ô�²J»�¹�º<»�½S´;¼]¹�´S¼ �;�/� ³�´;» À ¼]½¿¾ · ³ ·/��¸ ´;¼_¹�´;¼-ÂJÂ �S�F� ³�´S» À ¼]¶�² ¸�ÁB� ´S¼ �;À ² ·/� ´;¼BÄ ´ À Þè¹�´
� Òæº<³�º<¼_¹D´S¼-ä �/�S· º<¹�´;¼SÕ

õ#tvuxw�y�z|{5}5tvu®ó
~������:�v��� � � À ² ·/� ´C½;²J»�¼ · ¹ �SÁ�� ´á½;²J³�³�´CÔ · »�º ·/Á ´C¹�º<»�¼ � ´�½5º À º � ² ×<¸ ´C¹�´S¼ ��À ² ·F� ´;¼�¹D² ¸ Ô � ´S¼¹�´®±B² ¸DÀ ´5º ¸ $ àÑ·/�F·�Æ é v<v ê Ð Ã�³�º · ¼M¼�º<»�¼Ñº Ü ² ·/Á-¸ »�´ · »D�e² Á ³�º À�· ²J»�¼ ¸�Á ¼aº�½S²J³�¶�²<¼ ·FÀ�· ²J»C½¿¾ · ³ ·F��¸ ´

» · ¼ ¸�Á ¼�²J»Ù½;²J³�¶�º × »�²<»XÕ)ì4´S¼®º*Ô�²J»D¹�º<»�½;´S¼�¹ �;À ´ Á ³ · » � ´S¼"¹�º<»�¼"½S´ ÀaÁ º Ü º ·F� ¼�²<» À ¶ Á ´;¼ ��¸ ´ À ² ¸DÀ ´S¼
¼�² � º ·FÁ ´;¼SÕ)±B´ À�À ´ �;À ² ·/� ´<Ã ��¸�· »D´�¶�²J¼�¼ � ¹�´9º ¸ ½ ¸ »�´�¶�º Á�À�· ½ ¸�� º Á�·FÀ�� ¹�º<»D¼E¼�²J»Ù¶ Á ²<ã � ¹XÒÓº<Ô�²J»�¹�º*»�½S´;¼SÃ
´;¼ À-¸ »�´�Ä »�² Á ³9º � ´<Õ

~������:�v�|� � ±B²J»�¼ · ¹ �;Á�� ´M½;²J³�³�´ �;À ² ·/� ´ � ½S² ¸DÁ�À ´M¶ �SÁ�· ²H¹�´]¹�´M¶ ¸�� ¼aº À�· ²J»W¶�º Á�ÅBÁ ´ × ´ Á�Æ é v È Â Ð Ã
´ �/� ´�´S¼ À ½ � º<¼�¼ � ´�½;²J³�³�´®Ä È »D² Á ³�º � ´

δ
 �½ ¸DÀa· Õ ÅBÁ ´ × ´ Á�Æ é v È Â Ð ºC¹ �;À ´;½ À���¸ »�´ Ü º Á�· º Àa· ²<»á¹�´Cé Ê

³�³9º × º Ü ´;½ ¸ »�´:¶ �SÁ�· ²H¹�´-¹�´ Ê Õ Ê Â ê å�² ¸�Á ¼;Õ�±B²J»D½S´ Á »�º<» ÀM� º"½S²J³�¶�²J¼ ·'Àa· ²<»�½¿¾ · ³ ·F��¸ ´<Ã ÅB¸�Á ùH¾�º Á�À $
±B² ¸ ¶ Á�ÝÙÆ é vJv ÈJÐ ²J» À�À�Á ² ¸�ÜJ� ¹D´S¼Ñº<Ô�²J»�¹�º<»�½S´;¼�¼�² � º ·FÁ ´;¼�¶�² ¸�Á ½S´ À�À ´ �;À ² ·/� ´ À º<»�¹ · ¼ ��¸ ´ ÿ�¸�· Ö Å ²J»HÖ
ÿ ²�ºS$íÄ � ´S½ · º<» Æ é vJv � Ð ²J» À ¹ ��À ´S½ Àa� ¹�´;¼�º<Ô�²<»�¹�º<»�½;´S¼�º ÀNÝ ¶ ·F�H¸ ´S¼�º Ü ´S½ ¸ »D´]¼ ¸�Á º<Ô�²<»�¹�º<»�½;´S¼�¶�² ¸�Á
� º®¶ �/¸ ¶�º Á�À ¹�´;¼ �S�/� ³�´;» À ¼M´ À ´S»�¶�º Á\Àa· ½ ¸��F· ´ Á ¶�² ¸�Áf"Ï× ´ À ; · Õ
ì4´S¼ Á�� ¼ ¸D�FÀ º À ¼ ÀaÁ ² ¸DÜ<� ¼"¹�º<»�¼ � º¥¶ Á�� ¼�´S» À ´ �;À�¸ ¹�´�¼�²J» À ´S» ÀaÁ�� ¼�Ô�²J»kº<½S½;² Á ¹úº Ü ´S½�½S´ ¸ µk¹ � å � ¹ � Ö
¹ ¸D·FÀ ´;¼®¶�º Á�ÿ-¸�· Ö Å ²J»�Ö ÿ ²�º�$ Ä � ´;½ · º*» Æ é vJv � Ð ¹XÒV²76 ¸ »�´ �F�S×J�;Á ´¥¼ ¸�Á º*Ô�²J»D¹�º<»�½;´�´S»©Þ�´<Ãïø · Ã3  · Ã

é ÊJÎ



±_ºDÃX H½�´ À�� Ã ¸ »�´"�e² Á�À ´E¼ ¸�Á º*Ô�²J»D¹�º<»�½;´�´S» "Ï× ´ À�Å º À º<»�¹ · ¼ �H¸ ´W± Á Ã " »á´ À ; · ¼�²J» À ¶ Á ´S¼ �H¸ ´
¼�² � º ·/Á ´S¼ ÆeÜ ² ·/Á ã ×J¸�Á ´��DÕæÂ Ð Õ

~������������ � ± � º<¼�¼ � ´:½S²J³�³�´ �;À º<» À]¸ »�´ �;À ² ·/� ´�¹�´ ÀNÝ ¶�´:Ä�³q¶�º Á�" ´S»�¹�²<Û5º � Õ Æ é v ë � Ð ÃH½S´;½ ·
�á�;Àa� ½;²J»Dã Á ³ � ¶�º Á Ä�Ô À $ ì4´ Ü º À ² Æ é v È � Ð ÕPÄ�»�¹�´ Á ¼�²J»Ú´ À º � Õ Æ é v �7� Ð ²J» À º<¹D²J¶ Àa�9¸ »

ve sin i¹�´ È ë ùH³ þ ¼Ñ¶�² ¸�Á�ÿ�� Â ÎJÎ Â ë À�Á�� ¼"¶ Á ²H½¿¾�´�¹�´ � º Ü º � ´ ¸�Á ¹�´x� Ê ù�³ þ ¼ ÀaÁ ² ¸DÜJ� ´�¹�º<»�¼�½S´ À�Á º Ü º ·/� Õ
ÿ�¸�· Ö Å ²J»HÖ ÿ ²Jº
$ Ä � ´S½ · º<» Æ é vJv � Ð ²J» À�À�Á ² ¸�ÜJ� ¹�´;¼�¼�² ¸ ¼:º*Ô�²J»D¹�º<»�½;´S¼�´;» "Ï× Ã�±_ºDÃ� �½<Ã�± Á ´ À Þ�´
´ ÀÑ¸ »D´W¼ ¸�Á º<Ô�²<»�¹�º<»�½;´®´S»Z» · ½¿ù<´ � ¹�´ � ÒÓ² Á ¹ Á ´�¹�´x� Ê Õ È ¹�´�µá½;´ �H¸D·ñ� º�¶ � º<½;´�¹�º*»�¼ � ´ ×JÁ ² ¸ ¶�´ Æ Ô Ð
¹�´S¼ �;À ² ·/� ´S¼]Ä�³ ¹ � ã�» · ¶�º Á ±B²J» Àa·�Æ é v È<Ê�Ð Õ� �´ � ²J»C½;´ À�Á º Ü º ·/� Ã ÿ�� Â ÎJÎ Â ë ´;¼ À-¸ »�´�Ä�³ ¹ ¸�×JÁ ² ¸ ¶�´
Æ º Ðï� ½5º ¸ ¼�´M¹�´;¼�¼ ¸�Á º*Ô�²J»D¹�º<»�½;´S¼ ÀaÁ ² ¸DÜJ� ´S¼�¶�² ¸�Á3� ´MÞ�´ Æ � Ê Õ Î ê ¹�´�µ Ð Ã�ø ·)Æ � Ê Õ Â%�:¹D´�µ Ð ÃH± Á�Æ � Ê Õ'é ê
¹�´�µ Ð ´ À   ·PÆÉÊ Õ ê v ¹�´�µ Ð ´ À ¹D´S¼�¼�² ¸ ¼\Ö2º*Ô�²J»D¹�º<»�½;´S¼�´S»9±_º Æ Ö Ê ÕFé ê ¹D´�µ Ð ´ À  �½ Æ Ö Ê Õ Î v ¹�´�µ ÐMÆeÜ ² ·/Á ã ×<¸�Á ´
�DÕFé Ð Õ

~����������T� � ± � º<¼�¼ � ´oÄ v   Å ¶�º Á�" ´;»�¹�²JÛSº � Õ Æ é v ë � Ð Ã�½S´ À�À ´ ��À ² ·F� ´ �è�;Àa�ZÁ��S· ¹D´S» Àa· ã � ´
½S²J³�³�´�Þ Ê ¶�º Á"àÑÁ º Ý ´ À º � Õ Æ Â ÊJÊ é Ð ´S»o�[º · ¼aº<» À�¸ »�´�½Sº �/· Ô Á º À�· ²J»Ï¹�´S¼ ÀNÝ ¶�´S¼"¼�¶�´S½ À�Á º ¸ µZ¹�´ Î�È Â
�;À ² ·/� ´;¼ï´S»W�e²J»D½ Àa· ²J»W¹�´;¼ · »�¹ · ½S´;¼ï¶�¾�² À ²J³ �;ÀaÁ�·/��¸ ´;¼�  ÀaÁ�ò ³ ×<Á ´S»

(b−y)0

Õ � º<»�¼ � ´ ¸�Á ¼ �;À�¸ ¹�´S¼�¼ ¸�Á3� º
¹ �;À ´ Á ³ · »�º Àa· ²J»W¹�´S¼ ÜH·FÀ ´S¼�¼�´S¼�¹�´ Á ² À º Àa· ²J»W¹�´S¼ �;À ² ·/� ´S¼3³�´S³®Ô Á ´S¼�¹�´ � ÒÓº<³�º<¼ï¹�´;¼Bä �F�S· º*¹�´S¼;Ã�Ä�»�¹�´ Á Ö
¼�²J»�´ À º � Õ Æ é v �7� Ð ²J» À ¹ � ¹ ¸�·'À_¸ »

ve sin i
¹�´ È ë ù�³ þ ¼B¶�² ¸�ÁBÿ�� Â Î<Î�È ë Õ � º<»�¼B½S´:¶ Á�� ¼�´S» À]ÀaÁ º Ü º ·F�

� º Ü º � ´ ¸�Á ¹ �;À ´ Á ³ · » � ´�¹�´
ve sin i

´;¼ À ¹�´S�%�®ùH³ þ ¼;Õ�±B²J»�½;´ Á »�º<» ÀM� ´;¼]º<Ô�²J»�¹�º<»D½S´S¼;Ã�º ¸ ½ ¸ »�´ ��Àa¸ ¹�´
»XÒæº ��Àa� ¶ ¸ Ô �F·/� ´ � ½S´�å�² ¸�Á Õ� �²J»Ú¼�½¿¾ � ³�ºk¹XÒÓº<Ô�²J»�¹�º*»�½S´;¼�´;¼ À º ÀNÝ ¶ ·F��¸ ´<Ã�º ¸ ½ ¸ »©½5º Á º<½ À��SÁ ´�Ä�³
»XÒÓ´;¼ À ¹ �;À ´;½ À�� Õ � �F� ´M¶�²J¼�¼ � ¹�´:¹D´S¼B¼ ¸�Á º*Ô�²J»D¹�º<»�½;´S¼B´;»�Þ�´<Ã "Ï× Ã�  · ´ À ø · Ã�´ À ¹�´;¼B¼�² ¸ ¼\ÖNº<Ô�²J»�¹�º<»D½S´S¼´S»ØâWÃ�± Á Ã�; · ´ À   Á Õ

~������������ � � À ² ·F� ´-¹�´ ÀNÝ ¶�´:¼�¶�´S½ ÀaÁ º � Ä È-� ÃH´ �F� ´�º �;À��:· ¹�´;» Àa· � � ´�½;²J³�³�´-¶ ¸�� ¼�º<» À ´ � ½S² ¸DÁ�À ´
¶ �;Á�· ²H¹�´ Æ

δ
 �½ ¸DÀa· º Ü ´S½ ¸ »�´9¶ �SÁ�· ²H¹�´�¹�´ Ê Õ Ê ê v å�² ¸�Á ¼ Ð ¶�º ÁEÅBÁ ´ × ´ Á¥Æ é v È Â Ð Õ � �F� ´�º �;À��9��Àa¸ ¹ ·F� ´� »�² ¸�Ü ´5º ¸ ¶�º Á ì ·/¸ ´ À º � Õ Æ é v<vJv Ð���¸�· ²J» À ¹ � ½;² ¸DÜ ´ Á�À ½ · » � � Á��S��¸ ´;»�½S´;¼®¹�´�¶ ¸�� ¼aº À�· ²J»kº Ü ´;½�¹�´

�[º · Ô � ´S¼]º*³�¶ �F·FÀ�¸ ¹�´S¼B´ À ¹�´;¼-³�²H¹�´S¼]¹�´Ñ¶ ¸�� ¼�º Àa· ²J»�¼ Á º<¹ · º � ´S¼B´ À »�²J» Á º<¹ · º � ´S¼;Õ àÑÁ º Ý ´ À º � Õ Æ Â Ê<Ê é Ð
²J» À�Á ´S³�º Á���¸���¸ »�´ À ´S»D¹�º<»�½;´9Ä�³Í¹�º<»�¼"½S´ À�À ´ �;À ² ·/� ´W´;»Ù¼�´�Ô�º*¼aº<» À ¼ ¸�Á"� ´S¼ · »D¹ · ½;´S¼�¶�¾�² À ²J³ � Ö
ÀaÁ�·F��¸ ´S¼�  À�Á�ò ³ ×JÁ ´;»XÕ
ÅB¸�Á ù�¾�º Á�À $ ±B² ¸ ¶ Á�ÝkÆ é vJv ÈJÐ ²J» À ¹ � ¹ ¸�·'À ¹�´S¼�º<Ô�²J»�¹�º*»�½S´;¼-¹D´"Ä � Ã�  · Ã� ¥´ À ; · ¶ Á ´;¼ ��¸ ´"¼�² � º ·/Á ´S¼
¶�² ¸DÁ ½S´ À�À ´ �;À ² ·/� ´<Õ � º*»�¼ � Ò ��Àa¸ ¹�´�¹�´ ÿ-¸�· Ö Å ²J»�Ö ÿ ²�º�$ÇÄ � ´S½ · º<» Æ é v<v � Ð Ã4¹D´S¼Wº<Ô�²J»�¹�º<»�½S´;¼®º ÀNÝ Ö
¶ ·/��¸ ´;¼ Æ ¶�º ÁñÁ º*¶�¶�² Á�À º ¸ µ�º ¸DÀaÁ ´S¼ ��À ² ·F� ´;¼ñº<»�º �FÝ ¼ � ´S¼3¹�º*»�¼ � Òæº<³�º<¼ Ð ²J» Àñ�;Àa��ÀaÁ ² ¸DÜJ� ´S¼SÃ<»�² À º*³�³�´S» À
¹�´S¼-¼ ¸�Á º<Ô�²J»�¹�º<»D½S´S¼-´S» "Ï× Ã�±_º�Ã� �½<Ã�± Á ´ À Þ�´�Õ
ì�Ò �;À�¸ ¹�´�¹�´ ÿ-¸�· Ö Å ²J»�Ö ÿ ²�º�$qÄ � ´S½ · º<» Æ é vJv � Ð ´;¼ À ½S²<»Dã Á ³ � ´�¹�º<»�¼Ñ½;´ ÀaÁ º Ü º ·F� Ã ¸ »�´ �F�S×J�;Á ´®¼ ¸�Á Ö
º<Ô�²<»�¹�º<»�½;´�¶�² ¸�Á ¶ �F¸ ¼ · ´ ¸�Á ¼ �;�/� ³�´S» À ¼ Æ Þ�´*Ã "Ï× Ã�ø · Ã�± Á Ã�  · Ã�±_º�´ À  �½ Ð ´S¼ À ¹ ��À ´S½ Àa� ´<Õ�±�Ã " »á´ À
; · ¼�²J» À ¼�² � º ·/Á ´S¼ À º<»�¹ · ¼ ��¸ ´ � ÒÓ²5µ ÝH×J� »D´W´S¼ À ¼�² ¸ ¼2Ö2º<Ô�²J»�¹�º<» À�Æ Ö Ê Õ Â ë ¹�´�µ Ð Õ4ì4´S¼ �;�/� ³�´S» À ¼ � ² ¸DÁ ¹�¼
¼�²J» À ¼ ¸�Á º<Ô�²<»�¹�º<» À ¼M´;»Ï³�º	å�² Á�·FÀa�WÆeÜ ² ·/Á ã ×J¸DÁ ´��DÕæÂ Ð Õ

~����������:� � ± � º*¼�¼ � ´WÄÑÂ � ¶�º Á*" ´S»�¹�²<Û5º � Õ Æ é v ë � Ð ´ À Ä:Â*³ ¶�º ÁS"Ï¸DÁ ¶�¾ ÝÚÆ é v � v Ð ´ À ¶�º Á
Ä�Ô À $ ì4´ Ü º À ² Æ é v È � Ð ÃJ½;´ À�À ´ �;À ² ·/� ´]´;¼ À�¸ »�´�  Å é-¹�º<»D¼ � ´M½5º À º � ² ×<¸ ´_¹�´;¼�½;²J³�¶�²J¼�º<» À ´S¼�¹XÒ �;À ² ·/� ´S¼
¹�² ¸ Ô � ´S¼E´ À ³ ¸��FÀ�· ¶ � ´S¼ Æ ±]± �S" Ã � ²J³�³�º<» × ´ À $�; Ý ¼�é vJv ë Ð Õ� �²J»è½;²J³�¶�º × »�²<»Ù¼ � ¶�º Á�� ¹�´��DÕFé
º Á ½;¼�´S½*Ã<¶�²J¼�¼ � ¹�´ ¸ »�´B³�º × » ·'Àa¸ ¹D´�¹D´ v Õ'éB³�º × Õ ��¸®� º�¹ ·'ð��;Á ´S»D½S´B¹D´B³�º × » ·'Àa¸ ¹�´ Æ È Õ ÎJÊ ³9º × ½;²J» ÀaÁ ´
v ÕFé Ê ³�º ×�Ð ´S» ÀaÁ ´®½S´;¼�¹�´ ¸ µ ��À ² ·F� ´;¼�³�´S³®Ô Á ´S¼�¹ ¸ ¼ Ý ¼ Àa� ³�´®Ô · »�º ·FÁ ´*Ã ·/� ´S¼ À ¶�´ ¸ ¶ Á ²JÔ�º<Ô � ´ �H¸ ´ � º
�/¸ ³ ·/�;Á ´:¹ ¸ ½S²<³�¶�º*» · ²J»�ÃD¹�´ ÀNÝ ¶�´"¼�¶�´S½ ÀaÁ º �4· »�½;²J»�» ¸ Ã�½;²J» ÀaÁ�· Ô ¸ ´�¹�º<»D¼ � ´Ñ¼�¶�´S½ ÀaÁ ´�¹�´ ÿ�� Â Î � Î éJÕ
ÅB¸�Á ù�¾�º Á�À $�±B² ¸ ¶ Á\Ý�Æ é v<v ÈJÐ ²J» À ¹ �;À ´S½ À���¸ »�´�¼ ¸�Á º*Ô�²J»D¹�º<»�½;´�¹�´ � ÒV² Á ¹ Á ´�¹�´�� Ê Õ ê ¹�´�µ"¶�² ¸�Á)� ´3�e´ Á
é Ê ê
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J�KML��«©S�h>�©�G2>a�e©NH@R��e©�EUWiH��º©�K3>�©a���e©NH3��J¿�7L�EUK�©NH�RH _G#��L�E��5 �OQW7�5�FO	 ¢¡ ���e©¿>�E' _W��!£�T%T�¤¥�]�h>� _GMGIJNH�R��e©�EUWiH���©�K�RH _G
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´ À � Ê Õ'é ê ¹�´�µ�¶�² ¸�Á-� ´"±_º�Õ ÿ-¸�· Ö Å ²J»�Ö ÿ ²�º¦$ Ä � ´;½ · º*» Æ é vJv � Ð ²J» À�À�Á ² ¸DÜ<�E¸ »�´E¼�² ¸ ¼2Ö2º<Ô�²J»�¹�º*»�½S´
´;» "Ï× Ã�±_ºDÃ� �½�´ À ± Á]À º*»�¹ · ¼ ��¸ ´ � ´��e´ Á ´ À-� ´Ñ» · ½¿ù<´ � ¼�²J» À ¼ ¸�Á º<Ô�²J»�¹�º<» À ¼SÕ
 �´ � ²J»k³�²J»èº<»�º �FÝ ¼�´*Ã ÿ�� Â Î � Î é�´S¼ À�¸ »�´ �;À ² ·/� ´WÄ�³ ¹ ¸¬àÑÁ ² ¸ ¶�´ Æ º Ð ¼�´ � ²J»è±B²J» Àa·�Æ é v È<Ê�Ð Ã4´ �/� ´
´;¼ À ¹ � ã�½ · ´S» À ´�´S»o±_º�´ À  �½ Æ Ö Ê ÕFé v ¹�´�µØ´ À Ö Ê Õ v Â�¹�´�µ Á ´S¼�¶�´;½ À�·FÜ ´;³�´;» À�Ð ´ À ¼ ¸�Á º<Ô�²J»�¹�º<» À ´�´;»áÞ�´
Æ � Ê Õ Â%�M¹�´�µ Ð Ã<ø ·�Æ � Ê Õ'é���¹D´�µ Ð Ã<  ·�Æ � Ê Õ Î Â-¹�´�µ Ð Ã<± Á]Æ � Ê Õ ë ÂM¹�´�µ Ð Ã%; · Æ � Ê ÕæÂ v ¹D´�µ Ð ´ À ´S» �S�/� ³�´;» À ¼
� ² ¸�Á ¹D¼ Æ   Á Ã � Ã|§ Á ´ À-Å º Ð Õ�ì4´�½5º Á Ô�²J»D´Ñ´ ÀM� ÒV²5µ Ý�×<� »�´�¼�²<» À ¼�² ¸ ¼2Ö2º<Ô�²J»�¹�º*» À ¼ Æ Ö Ê Õ ë Ê ¹D´�µC´ À Ö Ê Õ Î é
¹�´�µ Á ´S¼�¶�´S½ Àa·'Ü ´S³�´S» À¿Ð�Æ Ü ² ·FÁ ã ×J¸�Á ´¦�DÕæÂ Ð Õ'� � �[º ¸DÀ »�² À ´ ÁÑ��¸ ´�½;´ À�À ´ �;À ² ·/� ´®¶�²<¼�¼ � ¹�´ � º ÜH·FÀ ´S¼�¼�´�¹�´
Á ² À º À�· ²J» �S��¸ º À ² Á�· º � ´ � º"¶ �/¸ ¼��[º · Ô � ´�¹D´ � Ò � ½¿¾�º<» À�·/�/� ²J»XÕv3�»

ve sin i
¹�´ È Õ ë ù�³ þ ¼_¶�² ¸�Á_¸ »�´ �;À ² ·/� ´

Ä ´;¼ À�� Ò ¸ »D´�¹�´;¼Ñ½5º Á º<½ À��SÁ�· ¼ À�·/��¸ ´S¼Ñ¹ ¸ ¶�¾ � »D²J³ � »�´WÄ�³�Õ � º<»�¼Ñ½S´ �H¸D· ¼ ¸�·'À ´ ÀÑ�¥� ÒV´�µ�½S´;¶ Àa· ²J»o¹�´
� º�ã ×J¸�Á ´+��Õ��DÃ ÿ�� Â Î � Î é�´S¼ À�Á ´S¶ Á�� ¼�´S» Àa� ´�½S²<³�³�´ �;À º<» À�¸ »�´ �;À ² ·/� ´;¼]Ä�³�Õ

~��������T�|� � ± � º<¼�¼ � ´ÏÄEé � ¶�º Á
" ´S»D¹�²JÛ5º � Õ Æ é v ë � Ð Ã � ´S¼ �;À�¸ ¹�´S¼��[º ·'À ´S¼W¼ ¸�Á ½S´ À�À ´ �;À ² ·/� ´
¼�²J» À�Á º Á ´;¼�´ À º ¸ ½ ¸ »�´-¹ �;À ´ Á ³ · »�º Àa· ²J»®¹XÒÓº<Ô�²J»�¹�º*»�½S´;¼�»XÒÓº �;À�� ¶ ¸ Ô �/·F� ´ � ½S´ñå�² ¸�Á Õ�3�»D´-¹D´S¼�½5º ¸ ¼�´S¼
¶�² ¸�Á�Á º.1 À®�;À�Á ´ � º ÜH·'À ´S¼�¼�´C¹�´ Á ² À º À�· ²J» �;�H¸ º À ² Á�· º � ´�º<¶�¶�º Á ´;» À ´ �S� ´ ÜJ� ´�¹D´�½;´ À�À ´ �;À ² ·/� ´<Õ

ve sin i´;¼ À ¹�´ � ÒV² Á ¹ Á ´¥¹D´oé ÊJÊ ù�³ þ ¼SÃï½;´ À�À ´ Ü º � ´ ¸DÁ ´S¼ À ´;»ÚÔ�²J»©º<½;½S² Á ¹©º Ü ´S½ké Ê ë ù�³ þ ¼SÃ Ü º � ´ ¸�Á ¹ � å �
¹ ��À ´ Á ³ · » � ´Ñ¶�º Á Ä�»�¹D´ Á ¼�²J»�´ À º � Õ Æ é v �7� Ð Õ
ì4´S¼®º<Ô�²<»�¹�º<»�½;´S¼W¹�´;¼ �S�F� ³�´S» À ¼®½¿¾ · ³ ·/��¸ ´S¼�²J» ÀW�;À�� ¹ �;À ´ Á ³ · » � ´S¼�´S»Ú½S²J»D¼ · ¹ �SÁ º*» À®¸ »¬»�²J³®Ô Á ´
Á ´S¼ À�Á ´ · » À ¹�´ Á º · ´S¼;ÕDì)ºE¶ �/¸ ¶�º Á�À ¹�´S¼ Á º · ´;¼�¼�²J» À ³ �S� º<» ×J� ´S¼B¶�º Á�� ´�¶ Á ²<ã ��Á ² À º Àa· ²J»�»�´ � Õ � ´ �/�;×J�SÁ ´S¼
¼�² ¸ ¼\ÖNº<Ô�²J»�¹�º<»D½S´S¼�²J» À��;À���À�Á ² ¸�ÜJ� ´;¼�¶�² ¸�ÁW� ºo³9º	å�² Á�·FÀ�� ¹�´;¼ �;�/� ³�´;» À ¼�½¿¾ · ³ ·/��¸ ´;¼SÕ�ì4´C¼�½¿¾ � ³9º
¹XÒÓº<Ô�²J»�¹�º*»�½S´;¼-¹D´ ÿ�� Â Î�È � Î ´S¼ À ½S´ �/¸�· ¹XÒ ¸ »�´ ��À ² ·F� ´:Ä º ÀNÝ ¶ ·/��¸ ´<Õ

~������ ÷ ��¨ � ± � º*¼�¼ � ´]Ä È-� ¶�º Á�" ´S»D¹�²JÛ5º � Õ Æ é v ë � Ð ´ À ¶�º Á�à�Á º Ý ´ À º � Õ Æ Â ÊJÊ é Ð Ã<½;´ À�À ´ �;À ² ·/� ´
º ��Àa�:��Àa¸ ¹ ·F� ´Ñ¶�º Á]ÅB¸�Á ùH¾�º Á�À $ß±B² ¸ ¶ Á\ÝZÆ é vJv ÈJÐ���¸�· ²J» À ¹ � ¹ ¸�·'À ¹�´S¼]¼ ¸�Á º*Ô�²J»D¹�º<»�½;´S¼M´S»�ì · ÃHÄ � Ã
  · Ã� �Ã#; · Ã � ¸ ´ À Þ�´*Õ ÿ�¸�· Ö Å ²J»HÖ ÿ ²Jº2$ Ä � ´S½ · º<» Æ é v<v � Ð ²J» À ½ � º<¼�¼ � ½;´ À�À ´ �;À ² ·/� ´�½;²J³�³�´�Ä�³
¹ ¸Ù×JÁ ² ¸ ¶�´ Æ ½ ÐE� ½Sº ¸ ¼�´¥¹�´S¼E¼ ¸�Á º<Ô�²J»�¹�º<»D½S´S¼�´S»è�e´ Á9Æ ∼ � Ê Õ Î ¹�´�µ Ð ´ À ´S»è» · ½¿ù<´ �ÑÆ ∼ � Ê Õ��Ï¹�´�µ Ð
¹XÒÓº ¸DÀ º<» ÀB��¸ ´ � ´-½5º � ½ ·/¸ ³ ´ ÀB� ´-¼�½5º*»�¹ ·/¸ ³q¼�²J» À º ¸ ¼�¼ · ¼ ¸DÁ º<Ô�²J»�¹�º*» À ¼_¹�´�� Ê Õ ÂÑ¹�´�µ9´ À � Ê ÕFé ë ¹�´�µ
Á ´S¼�¶�´S½ Àa·'Ü ´S³�´S» À Õ � º<»D¼ � ´ ¸�ÁB� ½¿¾�º<» Àa·F�/� ²<»9¹XÒ �;À ² ·/� ´S¼SÃ�½*ÒÓ´;¼ À ½S´ �/� ´ ��¸�· ¶�²J¼�¼ � ¹�´ � ÒÓº<Ô�²J»�¹�º<»D½S´-´S» "Ï×
� º®¶ �/¸ ¼ �;� ´ ÜJ� ´ Æ ∼ � Ê Õ���¹D´�µ Ð Õ
;-² ÀaÁ ´ ��Àa¸ ¹�´�½S²J»Dã Á ³�´ � ´;¼ Á�� ¼ ¸��FÀ º À ¼�¶ Á�� ½ � ¹D´S» À ¼;Ã � ´-¼�½¿¾ � ³9º®¹�Òæº<Ô�²J»�¹�º<»�½S´;¼_¹�´ ÿ�� Â Î v Â ê ¶�² ¸�Á Ö
Á º ·FÀ��;À�Á ´®½;´ �/¸D· ¹XÒ ¸ »�´�Ä�³ ¹ ¸o×JÁ ² ¸ ¶�´ Æ ½ Ð ½5º Á ´ �F� ´"¶�²J¼�¼ � ¹�´W¹�´S¼�¼ ¸�Á º<Ô�²<»�¹�º<»�½;´S¼Ñ´;»ZÞ�´ Æ � Ê Õ Î é

é Ê ë
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�h>�©�G2>a�e©NH�R��e©�EUWiH��h©�K�>�©a���e©NHB��J¿�7L�EUK�©NH�RH _G���L�E��5 �OQW7�5��O	 ©¡����e©¿>�E' _W��!£�T%T�¤¥���h>� _GMGIJNH�R��e©�EUWiH��h©�K�RH _G� �L�G!�
`%XH _GMK�¡ =�OQL�R�GNQ��!£�T%T	U����/�VO�H� _W�R�©NH@R��e©�EUWiH��ra

¹�´�µ Ð Ã "Ï×ØÆ � Ê ÕæÂ�é�¹�´�µ Ð Ã�ø ·�Æ � Ê ÕæÂ Î ¹�´�µ Ð Ã�± ÁEÆ � Ê Õ Î ë ¹�´�µ Ð Ã " » Æ � Ê Õ Î Â®¹�´�µ Ð Ã�  ·�Æ � Ê Õ ë Î ¹D´�µ Ð Ã
±_º Æ � Ê ÕæÂ�é�¹�´�µ Ð Ã4 H½ Æ � Ê Õ Î ë ¹D´�µ Ð Ã�; ·NÆ � Ê ÕFé v ¹�´�µ Ð ´ À ´;» �S�F� ³�´S» À ¼ � ² ¸�Á ¹�¼ Æ   Á Ã � Ã�§ Á ´ ÀÑÅ º Ð Õ
 �´ ¸��4� ÒÓ²5µ ÝH×J� »D´"´;¼ À ¼�² ¸ ¼\ÖNº<Ô�²J»�¹�º<» À�Æ Ö Ê ÕæÂ�é:¹�´�µ Ð ´ ÀM� ´Ñ½5º Á Ô�²J»�´Ñ´S¼ À ¶ Á ´;¼ ��¸ ´"¼�² � º ·/Á ´ Æ Ö Ê Õ Ê ë ¹�´�µ Ð
ÆeÜ ² ·/Á ã ×J¸DÁ ´��DÕæÂ Ð Õ

~������ ÷ ¨�ª � ± � º<¼�¼ � ´�Ä�é � ¶�º ÁPà�Á º Ý $ à º Á�Á�· ¼�²J» Æ é v � v Ð�� ¶�º Á�À�·/Á ¹�´;¼)½5º �F· Ô Á º Àa· ²J»�¼�¹�Ò · »�¹ · ½;´S¼
é Ê �



¶�¾D² À ²J³ �;À�Á�·F�H¸ ´S¼W  ÀaÁ�ò ³ ×JÁ ´S»XÃPº ¸ ½ ¸ »�´9¹ �;À ´ Á ³ · »�º Àa· ²J»ú¹�Òæº<Ô�²J»�¹�º<»�½S´;¼W»XÒÓº �;À�� ¶ ¸ Ô �F·/� ´Ñå ¸ ¼ ��¸ Ò �
¶ Á�� ¼�´S» À ÕDìPº Ü º � ´ ¸DÁ ¹�´ � º Ü�·'À ´;¼�¼�´�¹�´ Á ² À º À�· ²J» �S��¸ º À ² Á�· º � ´ À�Á ² ¸�ÜJ� ´�´S¼ À ¹�´ � ÒÓ² Á ¹ Á ´-¹�´EéJé��Eù�³ þ ¼
À�Á�� ¼M¶ Á ²�½¿¾D´"¹D´"½;´ �F� ´�º<¹�²<¶ Àa� ´"¶�º Á Ä�»�¹D´ Á ¼�²J»Ø´ À º � Õ Æ é v �%� Ð ¹�´�é	Â Ê ù�³ þ ¼SÕ
 �²<»á¼�½¿¾ � ³9º¥¹�Òæº<Ô�²J»�¹�º<»�½S´;¼Ñ´S¼ À ½S´ �/¸�· ¹XÒ ¸ »�´®Ä »D² Á ³�º � ´*Ã�º ¸ ½ ¸ »�´W½5º Á º<½ Àa�SÁ�· ¼ Àa·/��¸ ´E¶�º Á\Àa· ½ ¸��/·F�SÁ ´
»XÒÓº ��Àa��À�Á ² ¸DÜ<� ´*Õ�ì4´S¼]º<Ô�²J»�¹�º<»�½S´;¼_¼�²<» À ¶ Á ´;¼ ��¸ ´Ñ¼�² � º ·FÁ ´S¼�¶�² ¸�ÁB� ´S¼ �;�/� ³�´;» À ¼ �;À�¸ ¹ ·F� ¼B³�º �F×JÁ�� ¼aº
ÜH·FÀ ´S¼�¼�´®¹�´ Á ² À º Àa· ²J»

ve sin i
�S� ´ Ü<� ´ Æ é<é���ù�³ þ ¼ Ð ½;´ ��¸�· »�Òæº¥¶�º*¼��[º<½ ·F�/·'Àa��� ´E½¿¾�² · µÏ¹�´;¼ Á º · ´S¼;Õ�ì4´

½Sº Á Ô�²J»�´*Ã � ´�½¿¾ Á ²J³�´]´ À�� ´_¼ À�Á ²J» À�·/¸ ³ç¼�²J» À�� ´;¼ï¼�´ ¸�� ¼ �;�/� ³�´;» À ¼3¼�² ¸ ¼\Ö2º*Ô�²J»D¹�º<» À ¼ Æ Ö Ê ÕæÂ v ¹�´�µ�Ã�Ö Ê Õ Î v
¹�´�µZ´ À Ö Ê Õ v �¥¹�´�µ Á ´S¼�¶�´;½ Àa·'Ü ´;³�´;» À¿Ð Õ)ì3ÒÓº<Ô�²<»�¹�º<»�½;´�¹ ¸ ½5º Á Ô�²J»D´�º ��Àa� ¹ �;À ´ Á ³ · » � ´ � ¶�º Á\Àa·FÁ ¹�´
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� ´ ¸DÁ ½Sº À º � ² ×J¸ ´-½;²J»�½;´ Á »�º<» ÀB� ´S¼�½¿¾�º<³�¶�¼�³9º × » �;À�·/��¸ ´S¼�¹�´;¼ ��À ² ·F� ´S¼3Ä ´ À�Å ½¿¾ · ³ ·/��¸ ´;³�´;» À ¶�º Á�Àa· Ö
½ ¸��F·/�SÁ ´S¼;Õ�±B´ À�À ´ ��À ² ·F� ´<Ã�½;²J³�¶�²J¼�º<» À ´:¶ Á�· ³�º ·/Á ´M¹XÒ ¸ »�¼ Ý ¼ Àa� ³�´Ñ¹D² ¸ Ô � ´ Æ ¹�Òæº<¶ Á�� ¼ � ´�½Sº À º � ² ×J¸ ´�¹�´S¼
½S²J³�¶�²<¼aº<» À ´;¼�¹�² ¸ Ô � ´S¼3´ À ³ ¸DÀ�· ¶ � ´S¼SÃ � ²J³�³9º*» × ´ À $«; Ý ¼Mé v<v ë Ð Ã*¶�²<¼�¼ � ¹�´ ¸ »�½S²J³�¶�º × »�²J» �:¸ »�´
¹ · ¼ À º<»�½;´:º<» ×J¸�� º ·/Á ´M¹�´ Ê Õ Î º Á ½S¼�´;½�¹�´ ÀNÝ ¶�´:¼�¶�´;½ À�Á º ��· »�½;²J»�» ¸ ³�º · ¼�¹�´�³9º × » ·FÀ�¸ ¹�´ ÜH· ¼ ¸ ´ �F� ´M¹�´ v
³9º × ½S²J» ÀaÁ ´ È ÕæÂ�¶�² ¸DÁ3ÿ�� Â ÎJÎ � È Õ.� � ´;¼ À ¹ · /�½ ·/� ´B¹�´_¶ Á�� ¹ ·/Á ´B¼ ·�� ´_¼�¶�´S½ ÀaÁ ´]¹ ¸ ³�´S³�Ô Á ´_¼�´S½;²J»�¹�º ·FÁ ´
¶�´ ¸DÀ ½S²J» À�Á�· Ô ¸ ´ Á�� ½;´ �/¸D· ¹�´ ÿ�� Â ÎJÎ � È ³�º · ¼ � ´;¼:¼�² ¸ ¼\ÖNº<Ô�²<»�¹�º<»�½;´S¼�¹�´ À ² ¸ ¼ � ´;¼ �S�F� ³�´S» À ¼�º*»�º�Ö
�FÝ ¼ � ¼SÃ � ¶�º Á\À�� ´E¼ ·/�/· ½ ·F¸ ³ ��¸�· ´S¼ À ¼�² � º ·/Á ´ Æ � Ê Õ Ê Â�¹D´�µ Ð Ã�¶�´ ¸DÜ ´;» À:�;ÀaÁ ´�´�µD¶ �/·/��¸�� ´S¼:¶�º Á ½;´ × ´;» Á ´
¹�´Ñ½S²J» À º<³ · »�º À�· ²J»XÕ�ì4´:¶ Á ²<ã � ¹XÒÓº<Ô�²<»�¹�º<»�½;´S¼]¹�´ ÿ�� Â Î<Î � È ´S¼ À ½S´ �/¸�· ¹XÒ ¸ »�´ÑÄ�³q¹ ¸�×JÁ ² ¸ ¶�´ Æ Ô Ð Õ
±�ÒÓ´;¼ À"� º�¼�´ ¸D� ´ �;À ² ·/� ´ ��¸�· ¶�²J¼�¼ � ¹�´ ¸ »�´W¼�² ¸ ¼\ÖNº<Ô�²J»�¹�º<»D½S´W´S»oÔ�º Á�ÝH¸ ³ Æ Ö Ê Õ ê Ê ¹�´�µ Ð ÕXì)´�½5º � ½ ·/¸ ³
´ À"� ´W¼�½5º<»�¹ ·/¸ ³ ¶�²J¼�¼ � ¹D´S» À�¸ »�´�º<Ô�²<»�¹�º<»�½;´�¹�´®Ö Ê ÕæÂ%�¥¹�´�µZ´ À Ö Ê Õ ëJë ¹D´�µ Á ´;¼�¶�´S½ Àa·FÜ ´S³�´S» À9ÆeÜ ² ·/Á
ã ×J¸�Á ´+��Õ Â Ð Õ

é Ê �



õ#tvuxw�y�z|{5}5tvu8¬
~����������­� � ± � º<¼�¼ � ´"Þ Î.�   Å ¶�º Á�" ´;»�¹�²JÛSº � Õ Æ é v ë � Ð Ã � ´;¼ �;À�¸ ¹�´S¼]�[º ·'À ´;¼_¼ ¸�Á ½;´ À�À ´ �;À ² ·/� ´

¼�²J» À º<¼�¼�´SÛ Á º Á ´;¼�´ À º ¸ ½ ¸ »�´¥¹ ��À ´ Á ³ · »�º À�· ²J»k¹XÒÓº<Ô�²J»�¹�º<»D½S´S¼�»XÒæº �;Àa� ¶ ¸ Ô �F·/� ´:å ¸ ¼ �H¸ Ò � ¶ Á�� ¼�´S» À Õ
Ä�»�¹�´ Á ¼�²J»C´ À º � Õ Æ é v �7� Ð ²<» À ¹ �;À ´ Á ³ · » �:¸ »�´ ÜH·FÀ ´S¼�¼�´Ñ¹�´ Á ² À º À�· ²J» �S��¸ º À ² Á�· º � ´�º<¶�¶�º Á ´S» À ´Ñ¹�´*� Ê
ù�³ þ ¼�¶�² ¸�Á ½S´ À�À ´ �;À ² ·/� ´<Õ�±B´ À�À ´ Ü º � ´ ¸�Á ´S¼ À º<¼�¼�´SÛ�¹ ·Fð��SÁ ´S» À ´�¹�´ � º Ü º � ´ ¸�Á ¹�´

ve sin i � é ê Õ��Eù�³ þ ¼²JÔ À ´S» ¸ ´�¹�º<»�¼]½;´ ÀaÁ º Ü º ·F� Õ�ì4´:¶ Á ²<ã � ¹XÒæº*Ô�²J»D¹�º<»�½;´S¼]¹�´:½;´ À�À ´ ��À ² ·F� ´-´S¼ À ¶ Á ´S¼ ��¸ ´Ñ¼�² � º ·/Á ´<ÃHº ¸ ½ ¸ »�´
¶�º Á�Àa· ½ ¸�� º Á�·'Àa� »XÒæº ��Àa� ¹ �;À ´S½ Àa� ´*Õ

~���������� ÷ � ±B´ À�À ´ ��À ² ·F� ´3´S¼ À ½ � º<¼�¼ � ´�Þ��%� � ¶�º Áñ� º ÜH· ¼ Æ é v ÈJÈJÐ ´;»�¼�´�Ô�º<¼�º<» À ¼ ¸�Á�� º]¶�¾�² À ²J³ � Ö
À�Á�· ´�3"Ã Å Ã � ´ À

β
Õ�ì3ÒÓ²5µ ÝH×J� »D´�´;¼ À�� ´]¼�´ ¸����S�F� ³�´S» À ¼�² ¸ ¼\Ö2º*Ô�²J»D¹�º<» À�Æ Ö Ê Õ Â%�Ñ¹�´�µ Ð Ã � ´;¼�º<Ô�²<»�¹�º<»�½;´S¼

¹�´;¼-º ¸DÀaÁ ´S¼ �S�F� ³�´S» À ¼ ��À º<» À ¼�² � º ·/Á ´S¼;Õ

~��������T¨:� � ±B´ À�À ´ �;À ² ·/� ´�´S¼ À ½ � º<¼�¼ � ´�Þ Î-� ¶�º Á Ä�Ô À $qì4´ Ü º À ² Æ é v È � Ð ´ À Þ3Â � ¶�º Á*" ´;»�Ö
¹�²<Û5º � Õ Æ é v ë � Ð ´ À ¶�º Á�ÅBÁ ´ × ´ ÁoÆ é v � ê Ð Õ � » �;À�¸ ¹ · º<» À¥� ´;¼ ��À ² ·F� ´S¼�Ô · »�º ·FÁ ´S¼�¹�º<»D¼ � ÒÓº<³�º<¼�¹�´S¼
ä �/�;· º<¹D´S¼SÃ " ´ Á ³ ·F�/�/· ²�¹�´ À º � Õ Æ é vJv Â Ð ²<» À ½;²J»�¼ · ¹ �;Á��"ÿ�� Â Î Â ê È ½S²<³�³�´ÑÔ · »�º ·/Á ´:¶�¾�² À ²J³ �;ÀaÁ�·/��¸ ´*Õ
Ä�»�¹�´ Á ¼�²J»Ø´ À º � Õ Æ é v �7� Ð ²J» À º<¹�²J¶ Àa�"¸ »�´ ÜH·'À ´S¼�¼�´E¹�´ Á ² À º Àa· ²<»

ve sin i
Ì ê Ê ù�³ þ ¼ À º*»�¹ · ¼ ��¸ ´ � º

Ü º � ´ ¸�Á]ÀaÁ ² ¸DÜ<� ´®¹�º*»�¼�½;´E¶ Á�� ¼�´S» À:ÀaÁ º Ü º ·/� ´S¼ À
ve sin i � ê Î Õ ë ù�³ þ ¼SÕ|; · ¼�¼�´S» Æ é v �Dé Ð º�¹ � ¹ ¸�·FÀ�¸ »�´

³ �;À º �/�F· ½ ·'Àa� ¹D´EÖ Ê Õ Ê ë ¹D´�µØ¶�² ¸DÁ ½S´ À�À ´ �;À ² ·/� ´"´S»Zº*¹�²J¶ À º<» À:¸ »�´ À ´S³�¶ �SÁ º Àa¸�Á ´®´ ð ´S½ Àa·FÜ ´®¹�´�� v � Ê
Ë ´ ÀM¸ »D´ ×<Á º ÜH·FÀa� ¹�´�¼ ¸�Á �[º<½S´

log g = 4.41
¹�´�µ�Õ�ä ·F� º<½¿¾�²�,M¼�ù · ´ À º � Õ Æ é v � ÈJÐ ²<» À ¹ �;À ´ Á ³ · » ��¸ »�´

º<Ô�²J»�¹�º<»�½S´�¹ ¸è�F·FÀ ¾ ·/¸ ³ ¹�´
log ε(Li) = 3.2 ± 0.2

¹�´�µ�Õïä �F¸ ¼ Á�� ½S´;³�³�´S» À Ãï±_º ÝHÁ ´ � ¹�´¥  ÀaÁ ²JÔ�´ �
´ À º � Õ Æ é vJv ÈJÐ ²J» À ¹ �;À ´ Á ³ · » �:¸ »�½Sº À º � ² ×J¸ ´�¹�´ û Þ�´ þ<ÿ�� ¶�² ¸�Á]Î Â ê ÈE�;À ² ·/� ´S¼B¹�º<»�¼]¶ �F¸ ¼ · ´ ¸�Á ¼]º<³�º<¼
´ ÀM× º � º	µ · ´S¼;Ã � ÒÓº<Ô�²J»�¹�º<»D½S´Ñ¹ ¸ �e´ Á ¹ ��À ´ Á ³ · » � ´"¶�² ¸�ÁMÿ�� Â Î Â ê È ´S¼ ÀEû Þ�´ þ<ÿ�� � � Ê Õ Ê ê ¹�´�µ�Õ
ì4´M³9º × » � ¼ ·/¸ ³ß´ À�� ´]¼ ·/�/· ½ ·F¸ ³ß¼�²J» À ¼ ¸�Á º*Ô�²J»D¹�º<» À ¼�¹�º<»�¼�³�²J» �;Àa¸ ¹�´<Ã � ´;¼�º ¸DÀaÁ ´S¼ �S�F� ³�´S» À ¼�º Ý º<» À
¹�´;¼-º<Ô�²<»�¹�º<»�½;´S¼-¼�² � º ·/Á ´S¼;Õ�ì3Òæº*Ô�²J»D¹�º<»�½;´"¹ ¸ �e´ Á ´S¼ À ¹�´+� Ê Õ Ê �W¹�´�µ�Õ

~��������T�|� � � À ² ·/� ´�½ � º<¼�¼ � ´9Þ ê � ¶�º Á©" ´S»D¹�²JÛ5º � Õ Æ é v ë � Ð Ã)¼�´ ¸�� ´ � ´;¼®º<Ô�²J»�¹�º<»�½S´;¼�¹ ¸ú�/· Ö
À ¾ ·/¸ ³ ´ À ¹ ¸ �e´ Á ²<» À"��Àa� ¹ �;À ´ Á ³ · » � ´S¼_å ¸ ¼ �H¸ Ò � ¶ Á�� ¼�´S» À Õ�ì)º Ü º � ´ ¸�ÁÑÀ�Á ² ¸DÜ<� ´�¶�º Á ä ·/� º*½¿¾�²�,M¼�ù ·
´ À º � Õ Æ é v � ÈJÐ ¶�² ¸�ÁÑ� ´ �/·FÀ ¾ ·/¸ ³ ´;¼ À

log ε(Li) = 3.1 ± 0.1
¹�´�µ�Õ)ä �/¸ ¼ À º Á ¹�Ã Å ²H´S¼ × ºJº Á ¹®$ Þ Á�· ´ �

Æ é vJv Ê�Ð ²J» À ¹ � ¹ ¸�·FÀ®¸ »�´Cº<Ô�²J»�¹�º*»�½S´¥¹ ¸ �e´ Á ¹�´9Ö Ê Õ Ê ÂÏ¹�´�µè¶�² ¸�Á ½S´ À�À ´ �;À ² ·/� ´*Õ�3-»�´ ÜH·FÀ ´S¼�¼�´C¹�´
Á ² À º À�· ²J»Ï¹�´�Â Î ùH³ þ ¼Ñº ��Àa� º À�ÀaÁ�· Ô ¸D� ´ � ½;´ À�À ´ �;À ² ·/� ´E¶�º Á*¯:¸ ´ � ²JÛ®´ À º � Õ Æ é vJv � Ð]À º<»D¹ · ¼ ��¸ ´ � º
ÜH·FÀ ´S¼�¼�´:¹ � ¹ ¸�·'À ´�¹�º<»�¼_½;´ ÀaÁ º Ü º ·/� ´S¼ À ¹�´ÑÂ ë ù�³ þ ¼;Õ�±B²<»�½S´ Á »�º<» À]� ´�¶ Á ²<ã � ¹XÒÓº<Ô�²<»�¹�º<»�½;´S¼;Ã�º ¸ ½ ¸ »�´
¶�º Á�Àa· ½ ¸��F· º Á�·FÀ�� »XÒÓº �;À�� ¹ �;À ´;½ À�� ´<Ã � º®¶ �/¸ ¶�º Á�À ¹�´;¼ �;�/� ³�´;» À ¼M¶�²J¼�¼ � ¹�´S» À:¸ »�´"º<Ô�²<»�¹�º<»�½;´�¼�² � º ·/Á ´<Õ

~��������:�|� � � À ² ·/� ´�½ � º<¼�¼ � ´�Þ ë � ¶�º ÁMà�Á º Ý ´ À º � Õ Æ Â ÊJÊ é Ð Õ ¯:¸ ´ � ²JÛ�´ À º � Õ Æ é vJv � Ð ²J» À ¹ ��À ´ Á Ö
³ · » ��¸ »

ve sin i
¹�´MÂ%�DÕ�� ± éJÕæÂ-ù�³ þ ¼�¶�² ¸�Áñÿ�� Â Î ë éJéJÃ Ü º � ´ ¸�Á ¶ Á ²H½¿¾�´_¹D´ ÎJÊ Õ ë ù�³ þ ¼ À�Á ² ¸�ÜJ� ´B¹�º<»�¼½;´ À�À ´ À ¾ � ¼�´<Õ � »C¼�´�Ô�º*¼aº<» À ¼ ¸�Á]¸ »�´ �;Àa¸ ¹�´�¼�¶�´S½ À�Á ²J¼�½S²J¶ ·/��¸ ´ � ¾�º ¸DÀ ´ Á�� ¼�² �/¸DÀ�· ²J»�Ã Å ²H´S¼ × ºJº Á ¹�$

Þ Á�· ´ ��Æ é vJv Ê�Ð ²J» À ¹ �;À ´ Á ³ · » �E¸ »�´®º<Ô�²J»�¹�º<»�½S´E¹ ¸ �e´ Á ¹D´
[Fe

H
] ∼ +0.08

¹�´�µ�Õ�ä ·/� º<½¿¾�²�,M¼�ù · ´ À º � Õ
Æ é v � ÈJÐ ²J» À ¹ � ¹ ¸�·'ÀM¸ »�´"º<Ô�²J»�¹�º*»�½S´�¶�² ¸�ÁM� ´ �F·FÀ ¾ ·/¸ ³�¹�´

log ε(Li) = 3.1± 0.1 dex
Õ

ì3ÒÓº<Ô�²<»�¹�º<»�½;´�¹ ¸ �e´ Á�À�Á ² ¸�ÜJ� ´�¹�º<»�¼ � º�¶ Á�� ¼�´S» À ´ �;Àa¸ ¹�´®´S¼ À ¹�´8� Ê Õ Ê ��¹�´�µá´;»áÔ�²<»oº<½S½;² Á ¹áº Ü ´S½
� ´ Á�� ¼ ¸��FÀ º À ¹�´ Å ²H´S¼ × ºJº Á ¹°$�Þ Á�· ´ �]Æ é vJv Ê�Ð Õ "Ï× ÃP  · ´ À ±_ºC¼�²J» À ¼ ¸�Á º*Ô�²J»D¹�º<» À ¼�¹�´
� Ê Õ ÎJÎ ¹�´�µ�Ã
� Ê Õ Î ê ¹�´�µú´ À � Ê Õ Î<Î ¹�´�µ Á ´S¼�¶�´;½ À�·FÜ ´;³�´;» À Õïì4´;¼®º ¸DÀ�Á ´;¼ �S�F� ³�´S» À ¼"¶�²J¼�¼ � ¹�´;» À ¹�´S¼�º<Ô�²<»�¹�º<»�½;´S¼
¼�² � º ·FÁ ´;¼SÕ

��¸©� ºo¼ À º Àa· ¼ Àa·F��¸ ´�Ô · º · ¼ � ´C¶�º ÁW� ´C»�²<³®Ô Á ´ Á ´S¼ À�Á ´ · » À ¹XÒ ��À ² ·F� ´;¼�Þç²JÔD¼�´ Á\ÜJ� ´S¼ Æ ¶�² ¸�Á�� ÒÓº<³9º*¼

é Ê v



¹�´S¼Eä �/�S· º<¹�´;¼ Ð ¹�º<»D¼E½;´ À�À ´ À ¾ � ¼�´<Ã)²J»k»�´�¶�´ ¸DÀ ¶�º<¼"½S²<»�½ �F¸�Á ´�¹�´;¼Eº*Ô�²J»D¹�º<»�½;´S¼"³�² Ý ´;»�»�´;¼E¶�² ¸�Á
� ´S¼ �;�/� ³�´;» À ¼SÕP±B²J³�³�´ � ´®³�²J» ÀaÁ ´ � ´ À º<Ô � ´5º ¸ �DÕ Î Ã � ´S¼ ë �;À ² ·/� ´S¼ÑÞs¶�²J¼�¼ � ¹D´S» À ¹D´S¼"º<Ô�²J»�¹�º<»D½S´S¼
¼�² � º ·/Á ´S¼]¶�² ¸�Á]� ºW¶ �F¸ ¶�º Á\À ¹�´;¼ �;�/� ³�´S» À ¼SÕ

éJé Ê
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A &�iï���TOQW��� _W�>�©NHSP*O�Q�©�W�W�©NHs�±RH _GSG\ _R�RTOQGMKE19�' 9#5 S�e©�L�G*HmO5�' _EUG�©%d

[X
H ]

����J�K�©�GMPSEUWiJ�©NH�R�OQL�GÑ�e©NH
J�KIOQE��e©NHÑ� �«©NH¢R��VJ�E' 5�«©NHbaXL'©NHSJ�KIOQE��e©NH!©�W²EUK\ S�UEVY-L�©NH:>NOQGMG�©NHMRTOQW��«©�W-K�1�>�©a���e©NHÑ��OQW.K��e©NH� S�TOQW��� _W�>�©NHSOQW-K
J�KIJ�>� S�?>�L��VJ�©NH#RH _GqL�W�©FP*O�Q�©�W�W�©]RTOQW���J�GIJ�©M ¿#�©¿>_�«©NH�EUW�>�©�GMKMEUKML��«©NH@R�GIO�#�©�WH _W-K��«©NH3OfHIOQL�G2>�©NH�³rEUW���J�RC©�W7�
�� _W-K�©NH�³+�

Teff
d
log g

d
ξt
d
ve sin i

©�K
log gf

�rav`�OQL�G��e©�G�©NHMK�©-�«©NH�J�KIOQE��e©NH�d��e©NH_ S�TOQW��� _W�>�©NH�HIOQW.KB��J�K�©�GMPSE��
WiJ�©NHñ1�RH _GMKMEUGñ��� L�W�©�P*O�Q�©�W�W�©_ _GMEUKMX�P*J�KMEVY-L�©�©�K��e©NH)�H _GMG�©NHï��� ©�GMG�©�L�GqG�©�R�GIJNH;©�W-K�©�W-K3�«©NH�J¿>� _GMKIH´KÉQ.R�©NH]�|©�W
>NOQWiHME?��J�G\ _W-K�L�W�©]GIJ�RH _GMKMEUKMEVOQW�R� _LiHmHMEe©�W�W�©��ra

�FD µ.Ri¶ =�·
σC ¸ ·

σO ¹  Q· σNa º R¥·I·
σMg

µ.EV·I·
σSi»�¼�½-¾%¿�À�Á �_O_Â �É$7aU£b¤ $7a!$%O �É$7a!$SK $7aU£aK $7a!6%6 $7a!$%@ $7a!6SK $7a!6�Ã $7aÄÃ%$ $7a!$%T

�FD�Ã%67£�O%@ �]U0Â �É$7a!$%6 $7a!$	U �É$7aÄÃ%6 $7aÄÃ%$ $7a!$%$ $7aU£�£ $7a!6%O $7a!6�Ã $7aÄÃ�¤ $7aU£�T
»�¼�½-¾-¾�½.À ��P $7a!$�¤ $7a!$SK $7a!$7£ $7a!$%T $7aU£�$ $7aU£�@ $7a!6%6 $7aU£�@ $7a K�T $7aU£�£
�FD�Ã%6%6	U5O �_T_Â �É$7aU£b¤ $7a K�$ �É$7a!6%6 $7aU£aK $7a!$%@ $7aÄÃ	U $7a!6%$ $7a!6�Ã $7aÄÃ%6 $7a!6%6
�FD�Ã%6%@%$	U �]U0Â �É$7a!$	U $7aU£�$ �É$7aÄÃ%O $7a!$7£ �É$7aU£�U $7aÄÃ7£ $7aÄÃ%$ $7a!6�Ã $7aU£�6 $7a!$	U
�FD�Ã%6%@%67£ �]Ã_Â �É$7a!O%$ $7a!$SK �É$7a!67£ $7a!$%O $7a!$�¤ $7aU£bÃ $7aU£�6 $7aU£b¤ $7a!6�Ã $7aU£�$
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	�Ï Ðß{Ey } Ñ �_|��M~��S���M�
±B²J³�º Å ´ Á ´;» · ½;´S¼�´S¼ À�¸ »oº*³9º<¼M¼ ·FÀa¸D�E��¸ »�´"¹ · ¼ À º<»D½S´"¹�´

d = 90± 2 pc
Æ ³�´;¼ ¸�Á�� ´ � ¶�º Á\Àa·FÁ

¹�´ � º�³ · ¼�¼ · ²J» ÿ�· ¶D¶�º Á ½;²J¼SÃ Ü º<»oì4´S´ ¸ ,B´;» é v<vJv Ð ¹XÒÓ²%6 � º�¶�²J¼�¼ · Ô ·/�F·FÀa� ¹�Òæº<½ ��¸��SÁ�·/Á ¹�´;¼:¼�¶�´S½ ÀaÁ ´S¼ �
¾�º ¸DÀ ´ Á�� ¼�² �F¸DÀa· ²J»�º Ü ´S½ ¸ » Á º<¶�¶�² Á�À ¼ ·/× »�º � ¼ ¸�Á Ô Á�¸�·FÀ��S� ´ Ü<� ÕHì3ÒÓ´�µ À�· »�½ Àa· ²J» � Æ[Å Ö �ÑÐ ´;¼ À ¹�´ � ÒV² Á ¹ Á ´¹�´

0.006 ± 0.013
Æ ; · ½S² � ´ À é v �Dé Ð ½S´ ��¸�· ´;¼ À�Á ´ � º Àa·FÜ ´S³�´S» À �[º · Ô � ´*Õ�ì�Ò �<× ´W´;¼ À�· ³ � ¹�´W½S´ À º<³�º<¼

´;¼ À ½;²J³�¶ Á�· ¼�´;» À�Á ´ ê ÊJÊ ´ À ë ÊJÊ©"Ï·/�F�/· ²J»�¼3¹XÒÓº<»�» � ´S¼ Æ[Å ² ¸ »�º Àa·FÁ ²8$ Ä Á�· ³�² À ²�é vJv Î�Ð ÕD±B´;½ ·�· »�¹ ·F��¸ ´
��¸ ´ � ´S¼ �;À ² ·/� ´S¼_Ä ¼�²J» À º<¼�¼�´SÛ �;Ü ² �/¸D� ´S¼M¼ ¸�Á]� º�  �;��¸ ´S»�½;´�ä Á�· »�½ · ¶�º � ´�½;²J» ÀaÁ º ·/Á ´;³�´;» À º ¸ µ �;À ² ·/� ´;¼
Ä »�º · »�´;¼-¹D´ � Òæº*³9º<¼B¹�´S¼-ä �/�;· º<¹�´;¼SÕ

ä�´ ¸ ¹XÒ �;À�¸ ¹�´;¼�²J» À���Àa� �[º ·FÀ ´S¼3¼ ¸�Á�� º:½S²<³�¶�²J¼ ·'Àa· ²J»®½¿¾ · ³ ·F�H¸ ´]¹�´S¼ �;À ² ·/� ´S¼ïÄ Æ »D² Á ³�º � ´;¼ï´ À ±_ä Ð
´ À Þ ¹�´�½S´ À º<³�º<¼SÕñì)ºá¶ �/¸ ¶�º Á�À ¹�´S¼�º<»�º �FÝ ¼�´;¼W¹XÒÓº<Ô�²<»�¹�º<»�½;´S¼W¼�´�¼�²J» À��/· ³ ·'Àa� ´S¼Eº ¸ µ �;À ² ·/� ´;¼WÞ
´ À"à���¸�· ¶�²<¼�¼ � ¹�´S» À ¹�´��[º · Ô � ´S¼ ÜH·'À ´S¼�¼�´;¼Ñ¹�´ Á ² À º Àa· ²J»áº*¶�¶�º Á ´S» À ´;¼SÕ4ì4´ À º<Ô � ´Sº ¸ �DÕ ê ½;² �/� ´S½ À ´ � ´S¼
¹ ·'ð��;Á ´;» À ´S¼ �;À�¸ ¹�´;¼�½;²J»�½S´ Á »�º*» À-� º�½;²J³�¶�²J¼ ·FÀ�· ²J»¥½¿¾ · ³ ·/��¸ ´:¹�´;¼ ��À ² ·F� ´;¼_Ä�Ã�Þ¬´ À:à ¹�´ � ÒÓº<³9º*¼_¹�´
±B²J³�º Å ´ Á ´;» · ½;´S¼SÕ � º<»�¼3½;´ À º<Ô � ´5º ¸ ¼�²J» À ¶ Á�� ¼�´;» Àa� ¼ � ´S¼ Á�� � �SÁ ´S»�½;´S¼�Ô · Ô �/· ² ×JÁ º*¶�¾ ·/��¸ ´;¼SÃ � ´�»�²J³®Ô Á ´
´ À]ÀNÝ ¶�´"¹XÒ ��À ² ·F� ´;¼]´ ÀM� ´;¼ �S�/� ³�´;» À ¼M½¿¾ · ³ ·/��¸ ´;¼]½S²J»D½S´ Á » � ¼;Õ

Å ²H´S¼ × ºJº Á ¹ Æ é v � È<Ð º�¹ �;À ´ Á ³ · » �®� ÒÓº<Ô�²J»�¹�º*»�½S´W¹ ¸Z�F·FÀ ¾ ·/¸ ³ ¹�º<»D¼ � ´S¼ ��À ² ·F� ´;¼:Ä ´ À Þs¹�´�½;´ À
º<³�º<¼;Ã<´ �F� ´Bº À�Á ² ¸�ÜJ�]¸ »�´]�e² Á\À ´_¹ � ã�½ · ´S»D½S´M¹�º<»�¼ � Ò · » À ´ Á\Ü º �/� ´�¹�´ À ´S³�¶ �;Á º À�¸�Á ´]´;» ÀaÁ ´�� ê ÊJÊ ´ À � È<ÊJÊ
Ë · ¹�´;» Àa·/��¸ ´ � ½;´ �F� ´ À�Á ² ¸�ÜJ� ´M¹�º*»�¼ � ÒÓº<³�º<¼ñ¹�´;¼ ÿ-Ý º<¹�´S¼;Õ � »D¼ ¸�·'À ´]¹XÒÓº ¸DÀ�Á ´S¼ ��Àa¸ ¹D´S¼�¼�´]¼�²J» À ½S²J»�¼�º�Ö½ Á�� ´;¼ �Ï� º�¹ �;À ´ Á ³ · »�º Àa· ²<»ú¹�´ � ÒÓº<Ô�²J»�¹�º<»D½S´�¹ ¸è�/·'À ¾ ·F¸ ³ ¹�º*»�¼ � ´S¼ �;À ² ·/� ´;¼�Þ ´ ÀWà »D² À º<³�³�´S» À
½;´ �/� ´S¼]¹�´+Ò<´ ð�Á�· ´S¼ Æ é vJvJv Ð ´ À  �²H¹�´ Á Ô � ²J³ ´ À º � Õ Æ é vJv Ê�Ð Õ

Þ Á�· ´ � $ Å ²�´;¼ × º<º Á ¹ Æ é vJv Â Ð ²<» À ¹ �;À ´ Á ³ · » �ú� Òæº<Ô�²J»�¹�º<»�½S´ú¹ ¸ �e´ Á ´ À ¹ ¸ ½5º Á Ô�²J»�´Ù¹D´sé ê
��À ² ·F� ´S¼-ÞÚ´ À:à ´S»Ø¼;Òæº*¶�¶ ¸DÝ º<» À ¼ ¸�Á�¸ »�´ �;À�¸ ¹�´�¼�¶�´;½ À�Á ²J¼�½S²J¶ ·F��¸ ´ � ¾�º ¸DÀ ´ Á�� ¼�² �F¸DÀa· ²J»XÕ � �/� ´S¼M²J» ÀÀ�Á ² ¸DÜ<��¸ »�´�³ �;À º �/�F· ½ ·'Àa� ¹�´ � Òæº*³9º<¼ Æ ³�² Ý ´S»D»�´�¹�´ û Þ�´ þ<ÿ�� ¹ � ¹ ¸�·FÀ ´�¹�´S¼�é ê ��À ² ·F� ´;¼ Ð ¹D´ � ÒV² Á ¹ Á ´
¹�´

< [Fe
H

] >= −0.052 ± 0.026
¹�´�µí´ ÀØ¸ »D´ �/�;×J�SÁ ´ú¹ � ã�½ · ´S»D½S´è´;» ½5º Á Ô�²J»�´Ù¹D´ � ÒÓ² Á ¹ Á ´k¹�´

< [C
H
] >= −0.11± 0.04

¹�´�µZÕ

 Dº Ü º<»�² ÜÏÆ é vJv � Ð º�¹ �;À ´ Á ³ · » �M� ÒÓº<Ô�²<»�¹�º<»�½;´M¹�´�±�ÃDâ®ÃH  · ÃH±_ºDÃ�Þ�´M´ ÀBÅ º"¹D´Eé ÎÑ��À ² ·F� ´S¼�Ä ´ À Þ
¹�º*»�¼_½S´ À º<³�º<¼SÕ�ä�² ¸�Á_¸ » �;�/� ³�´;» À ¹�²J»�» � Ã ·F� º À�Á ² ¸�ÜJ�:¸ »D´ ×JÁ º*»�¹�´:¹ · ¼�¶�´ Á ¼ · ²<»¥¹�´S¼_º<Ô�²<»�¹�º<»�½;´S¼
¹XÒ ¸ »�´ ��À ² ·F� ´:Ä�³ �W� ÒÓº ¸DÀaÁ ´<Õ

ÿ�¸D· Ö Å ²J»�Ö ÿ ²�º�´ À º � Õ Æ é vJv ÈJÐ ²J» À ¹ ��À ´ Á ³ · » �]� Òæº<Ô�²J»�¹�º<»�½S´B¹�´ "Ï× Ã�±_º�Ã� �½<ÃH± Á Ã�Þ�´_´ À ; · ¶�² ¸�Á
¹�´ ¸ µ �;À ² ·/� ´S¼"Ä�¹�º<»D¼W±B²J³�º Å ´ Á ´;» · ½;´S¼®¶ ¸D· ¼ ÿ�¸�· Ö Å ²J»HÖ ÿ ²Jº�$ Ä � ´S½ · º<» Æ é v<v � Ð ²J» À ½;²J³�¶ �/�;À��
� º �/· ¼ À ´9¶�º Á��H¸ º ÀaÁ ´Cº ¸DÀaÁ ´S¼ ��À ² ·F� ´;¼�Ä�Õïì)´ ¸�Á ¼ �;Àa¸ ¹�´S¼�¼�²<» À º<»�º �'Ý ¼ � ´;¼W¹�º<»�¼ � ´9½S²<» À ´�µ À ´C¹�´ � º
¹ ·'ð�¸ ¼ · ²<»�¹ � ¶�´S»�¹�º<» À ´"¹ ¸�À ´S³�¶�¼M¹�º<»�¼ � ´S¼ �;À ² ·/� ´S¼]Ä�³ÏÕ

ÅB¸�Á ù�¾�º Á�À $ ±B² ¸ ¶ Á\ÝkÆ Â Ê<ÊJÊ�Ð ²J» À ¹ ��À ´ Á ³ · » �Ñ� Òæº<Ô�²J»�¹�º<»�½S´Ñ¹D´Eì · ÃDÄ � Ã�  · Ã� �Ã�; · ´ À � ¸ ¹�º<»�¼È9��À ² ·F� ´S¼�Ä ¹�´W½;´ À º<³�º<¼;Õ � �/� ´S¼�²<» ÀÑÀ�Á ² ¸�ÜJ�W¸ »�´�º*Ô�²J»D¹�º<»�½;´ ¸ » · �e² Á ³�´�¹�´®ì · Ã�Ä � Ã�  · ÃX Ø´ À Þ�´¹�º*»�¼ � ´;¼ �;À ² ·/� ´S¼�Ä�³�Õ�ì4´ �/·'À ¾ ·F¸ ³ ´S¼ À ¹ � ã�½ · ´;» À ¹�º<»�¼ � ´S¼_Ä�³�¶�º Á_Á º<¶D¶�² Á\À º ¸ µ ��À ² ·F� ´S¼�Ä Æ ¹XÒ ¸ »
�[º<½ À ´ ¸�Á ¹D´ Î�Ð Õ�ì3Òæº<Ô�²J»�¹�º<»�½S´-¹ ¸ �e´ Á ¹�º<»�¼ � ´S¼ ��À ² ·F� ´S¼�Ä »�² Á ³9º � ´S¼3´ À Ä�³ ´S¼ À ¶ Á ´;¼ ��¸ ´ � ´M¹�² ¸ Ô � ´
¹�´ � º Ü º � ´ ¸DÁ_ÀaÁ ² ¸DÜJ� ´E¹�º*»�¼ � ´S¼ ��À ² ·F� ´;¼MÞÚ´ À�à ¹�´ � º�  �;��¸ ´S»�½;´®ä Á�· »�½ · ¶�º � ´<Õ

� »Dã�» " ²<» · ´ Á $Ó& · ½¿¾�º Á ¹ Æ Â ÊJÊ ê Ð ²<» À ¹ �;À ´ Á ³ · » �Ø� ´;¼�º<Ô�²J»�¹�º*»�½S´;¼¥¹�´èéJé �S�/� ³�´;» À ¼¥½¿¾ · Ö

éJé ë



& � � �SÁ ´S»�½;´ ø Ý ¶�´S¼�¹�Ò ��À ² ·F� ´S¼ � �F� ³�´S» À ¼M½¿¾ · ³ ·F�H¸ ´S¼

 Dº Ü º<»�² ÜúÆ é vJv � Ð é Î Ä-ÖNÄ�³�´ À Þ)Ö2Þ�³ ±�Ãæâ®Ã   · Ã ±_º�ÃæÞ�´<Ã Å º
ÿ-¸�· Ö Å ²J»�Ö ÿ ²�º®´ À º � Õ Æ é vJv ÈJÐ Â®Ä-ÖNÄ�³ "Ï× Ã ±_ºDÃæ �½*Ã ± Á ÃæÞ�´<Ã�; ·

ÿ-¸�· Ö Å ²J»�Ö ÿ ²�º8$ßÄ � ´;½ · º<» Æ é v<v � Ð ê Ä-ÖNÄ�³ "Ï× Ã ±_ºDÃæ �½*Ã ± Á ÃæÞ�´<Ã�; ·
ÅB¸DÁ ù�¾�º Á\À $ ±B² ¸ ¶ Á\ÝúÆ Â Ê<ÊJÊ�Ð È Ä-ÖNÄ�³ ì · ÃVÄ � Ã   · Ã  �ÃæÞ�´<Ã�; · Ã � ¸" ²J» · ´ Á $Ô& · ½¿¾�º Á ¹ Æ Â ÊJÊ ê Ð é Î Ä-Ö Ä�³ ´ À é<éEÞ ±�Ã â®Ã�;�ºDÃ "Ï× Ãæ  · Ã ±_ºDÃæ �½*ÃæÞ�´<Ã�; · Ã � Ã Å º

Å ²�´;¼ × ºJº Á ¹ Æ é v � ÈJÐ ÂJÂ®Ä ´ À Þ ì ·
Þ Á�· ´ � $ Å ²H´S¼ × ºJº Á ¹ Æ é vJv Â Ð é ê Þ Þ�´<Ãæ±

Ò<´ ð�Á�· ´S¼ Æ é vJvJv Ð é ë ÞBÃ à Ã Ë ì ·
Å ²H´S¼ × ºJº Á ¹Ï´ À º � Õ Æ Â ÊJÊ<Î º Ð é%Â�Þ¬´ À:à Å ´
±_º Ý�Á ´ � ´ À º � Õ Æ é v �7� Ð ê à Þ�´

 H²�¹�´ Á Ô � ²J³�´ À º � Õ Æ é vJv Ê�Ð Â.� à ì ·

<�=�>�?
ú
AUÕ i�DFE�#�©�GIH�J�KML��«©NHFHML�G��' �>NOQPSRTO�HMEUKMEVOQW9>mX�EUPSEVY-L�©��«©NHFJ�KIOQE��e©NHB��diZü©�K�\ÖP9©�P���G�©NH_�«©M�e�! _P" QH

�«©�=�OQP" S �©�G�©�W�E?>�©NHba
³ ·F�H¸ ´S¼�¹�º<»�¼�Â ê ��À ² ·F� ´S¼3Ä�´ À ÞZ¹D´�½;´ À º<³�º<¼3¹�º<»�¼ � ´]Ô ¸DÀ ¹�´M½S²J» À�Á º · »�¹ Á ´ � ´S¼�³�²�¹ �;� ´;¼ �;Ü ² �/¸DÀ�· �e¼
· »�½ �/¸ º<» À�� ´;¼�¶ Á ²�½;´S¼�¼ ¸ ¼:¹D´ À�Á º<»�¼�¶�² Á�À Õ�ì4´S¼ �;À ² ·/� ´S¼-º<»�º �'Ý ¼ � ´;¼�¹�º*»�¼ � ´ ¸�Á]ÀaÁ º Ü º ·/� ½S² Á�Á ´;¼�¶�²J»�¹�´;» À
º ¸ µZ³ � ³�´ �;À ² ·/� ´S¼ ��Àa¸ ¹ ·/� ´;¼�¹�º<»�¼ � ´W¶ Á�� ¼�´S» À�ÀaÁ º Ü º ·F� Õ�� � ¼:²J» À º ¸ ¼�¼ ·ïÀ�Á ² ¸DÜ<� Ã4¶�² ¸�ÁÑ¸ » �;�/� ³�´S» À
¹�²J»�» � Ã�¹�´S¼M¹ · ¼�¶�´ Á ¼ · ²J»D¼-¹�º<»�¼ � ´;¼Mº<Ô�²<»�¹�º<»�½;´S¼-¹XÒ ¸ »�´ �;À ² ·/� ´:Ä Æ »�² Á ³9º � ´�´ À ±_ä Ð]��� ÒÓº ¸DÀ�Á ´<Õ

c-¡5×M¡�¢ £¥¤ ¯�«�ù4§©«fe7gihkj:¯�l:¦s÷IeKù4§©§H¯�ø ¦sù4§Øe ¤ ôj÷2¦sù4§Ú«OùÔÙaôPõòöÛÚaù`ø�ù:ÜO÷IÝ8ù4§
Ä · »�¼ ·ñ��¸ ´�å�´ � ÒÓº · �[º ·FÀ ¶�² ¸�Á�� ÒÓº<³9º*¼�¹�´;¼Eä �F�S· º*¹�´S¼;Ã�å�´ Ü º · ¼ � ¶ Á�� ¼�´S» À"· » ÀaÁ ²�¹ ¸�·/Á ´ � ´;¼ �;À ² ·/� ´S¼

Ä ´ À Þ ¹�´ � Òæº*³9º<¼-¹�´�±B²<³9º Å ´ Á ´S» · ½S´S¼:º · »�¼ ·���¸ ´ � ´S¼�º<Ô�²J»�¹�º<»D½S´S¼�¹ �;À ´ Á ³ · » � ´S¼;Õ � Ò ¸ »�´E�[º%ÞS²J»
· ¹�´;» À�·/��¸ ´*Ã�å�´ Ü º · ¼ñ½;²J³�¶�º Á ´ Á ³�´S¼ïº*Ô�²J»D¹�º<»�½;´S¼ � ½;´ �F� ´S¼�¹ � å � ¹ �;À ´ Á ³ · » � ´S¼ñ¶�º Á ¹�Òæº ¸�ÀaÁ ´;¼3º ¸DÀ ´ ¸�Á ¼SÕ
±B²J³�³�´-´�µ�¶ �/·F��¸�� ¶ Á�� ½ � ¹�´;³�´;» À ¹�º<»�¼ � ºE¼�´S½ À�· ²J»s�DÕFé<Ã � ´S¼_º*Ô�²J»D¹�º<»�½;´S¼B¹D´ � Ã�ì)ºDÃ�±B´<ÃT;-¹¥´ À � ¸¼�²J» À�· »�½;´ Á�À º · »D´S¼]´ À ¼�²J» À�� ¶ Á ´S»�¹ Á ´Eº Ü ´S½"¶ Á�� ½5º ¸�Àa· ²<»XÕ

õ�tvu¦wiyQz�{5}ßt[uWó
~��®�i��� ÷ �|� � ± � º<¼�¼ � ´�Ä Î � � ¶�º ÁEàÑÁ º Ý $ à º Á�Á�· ¼�²<» Æ é v � v Ð ´ À Ä�³Í¶�º Á &M´S»�¼�²J» Æ é vJv Ê�Ð Ã

½S´ À�À ´ ��À ² ·F� ´�º �;À��_�;À�¸ ¹ ·/� ´_¶�º Áñÿ�¸�· Ö Å ²<»�Ö ÿ ²�º¢$�Ä � ´S½ · º<» Æ é vJv � Ð)��¸�· ²J» ÀïÀaÁ ² ¸DÜJ�B¸ »�´Mº<Ô�²J»�¹�º*»�½S´
¶ Á ´;¼ ��¸ ´M¼�² � º ·/Á ´B¶�² ¸�Á ¶ �/¸ ¼ · ´ ¸�Á ¼ �;�/� ³�´;» À ¼ � ¶�º Á\À�"Ï× ´ À ; ·��H¸D· ¼�²J» À ¼ ¸�Á º<Ô�²J»�¹�º<» À ¼SÕJì)´ ¸�Áï��Àa¸ ¹�´
»�´�½S²J»Dã Á ³�´"¶�º<¼ � ´Ñ½5º Á º<½ Àa�SÁ ´�Ä�³ ¹�´ � Ò ��À ² ·F� ´<Õ
" ²J» · ´ Á $Û& · ½¿¾�º Á ¹ Æ Â Ê<Ê ê Ð ²J» À�À�Á ² ¸�ÜJ� ¹D´S¼Ñº<Ô�²J»�¹�º<»�½S´;¼�¶ Á ´S¼ �H¸ ´®¼�² � º ·/Á ´S¼M¶�² ¸�Á ¶ �/¸ ¼ · ´ ¸�Á ¼ �S�F� Ö
³�´;» À ¼�½¿¾ · ³ ·F��¸ ´S¼;ÃP»D² À º<³�³�´S» À ¶�² ¸DÁE� ´9±�Ãñâ®Ã "Ï× Ã�  · Ã�±_ºDÃ� �½*ÃñÞ�´*Ãq; · Ã � ´ À®Å ºDÕ � ´9³ � ³�´
� ´ ¸DÁ ¼ Á�� ¼ ¸��'À º À ¼-»D´"½;²J»Dã Á ³�´Ñ¶�º<¼ � ´Ñ½5º Á º<½ Àa�SÁ ´�Ä�³ ¹�´�½;´ À�À ´ ��À ² ·F� ´*Õ
� º<»�¼®½;´ À�À ´ ��Àa¸ ¹�´ � ´�½5º Á º<½ À��SÁ ´9Ä�³ ¹�´ ÿ�� é Ê�È v �7�Ï»�ÒÓ´;¼ À ¶�º*¼�¹ ¸ÙÀ ² ¸DÀ ½S²J»Dã Á ³ � Õ � ´ �/�;×J�SÁ ´S¼
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õ#tvuxw�y�z|{5}5tvu8¬
±B²J»�½;´ Á »�º<» À�� ´S¼ ��À ² ·F� ´;¼WÞ ¹�´�½S´ À º<³9º*¼SÃñ¹D´S¼ �;À�¸ ¹�´;¼�²J» ÀW��Àa� ¹ � å � �[º ·FÀ ´;¼®¶�º Á®Å ²�´;¼ × º<º Á ¹

Æ é v � v Ð Ã�Þ Á�· ´ � $ Å ²�´;¼ × ºJº Á ¹ Æ é vJv Â Ð ´ À ¶�º Á Ò<´ ð�Á�· ´;¼ Æ é vJvJv Ð ¶�² ¸�Á�� ÒÓº<Ô�²<»�¹�º<»�½;´®¹�´Wì · ÃXÞ�´®´ À ±
Á ´S¼�¶�´S½ Àa·'Ü ´S³�´S» À Õ4Ä ¶�º Á�À�·/Á ¹D´�é ê �;À ² ·/� ´S¼ÑÞ�´ ÀEà ÃXÞ Á�· ´ � $ Å ²H´S¼ × ºJº Á ¹ Æ é v<v Â Ð ²J» ÀÑÀ�Á ² ¸DÜ<�W¸ »�´
º<Ô�²J»�¹�º<»�½S´9¹ ¸ �e´ Á ³�² Ý ´;»�» � ´�¼ ¸�Á®À ² ¸DÀ ´;¼ � ´;¼ ��À ² ·F� ´S¼E¹�´

< [Fe
H

] >= −0.052 ± 0.026
¹�´�µè´ À

½;´ �/� ´�¹ ¸ ±_º Á Ô�²J»�´
< [C

H
] >= −0.11± 0.04

¹D´�µ�Õ " ²J» · ´ Á $î& · ½¿¾�º Á ¹ Æ Â ÊJÊ ê Ð ²J» À ¹ �;À ´ Á ³ · » ��� ´S¼
º<Ô�²J»�¹�º<»�½S´;¼�¹D´�éJé �;�/� ³�´S» À ¼�½¿¾ · ³ ·F��¸ ´S¼)¶�² ¸�Á éJé �;À ² ·/� ´;¼�ï�ð�ÞC»�º · »D´S¼SÃ � ´ ¸�Á ¼ Á�� ¼ ¸��FÀ º À ¼)»�´�¹ ·Fð��SÁ ´S» À
��¸ ´ �F�S×J�;Á ´;³�´;» À ¹�´:½;´ ¸ µ¥¹�´ÑÞ Á�· ´ � $ Å ²�´;¼ × º<º Á ¹ Æ é vJv Â Ð ¶ ¸D· ¼ ��¸ Ò ·/� ¼B²J» À�ÀaÁ ² ¸DÜJ�Ñ¸ »D´Ñº<Ô�²J»�¹�º<»D½S´
³�² Ý ´S»D»�´E¹ ¸ �e´ Á ¹D´

< [Fe
H

] >= −0.25± 0.11
¹�´�µ�´ À ¹ ¸ ½5º Á Ô�²J»�´�¹�´

< [C
H
] >= −0.15± 0.04¹�´�µ�ÕJä�² ¸�Áï� ´;¼3º ¸DÀ�Á ´;¼ �S�F� ³�´S» À ¼ Æ â®Ã7;�º�Ã "Ï× Ã�  · ÃJ±_ºDÃJ �½<Ã%; · ´ À���Ð Ã � º�³�² Ý ´S»D»�´]¹�´S¼ïº<Ô�²<»�¹�º<»�½;´S¼

´;¼ À-�/�;×J�SÁ ´S³�´S» À ¼�² ¸ ¼\ÖN¼�² � º ·/Á ´*Õ
� À º*» À ¹�²J»D» �E��¸ ´ � ´;¼ ��À ² ·F� ´;¼MÞ º<»�º �FÝ ¼ � ´S¼-¹�º<»�¼-½S´ À�À ´ À ¾ � ¼�´"»�´�¼�²J» À ¶�º<¼�¶ �/¸ ¼ À º Á ¹ ·'Ü ´S¼ ��¸ ´ � ´
ÀNÝ ¶�´_¼�¶�´S½ ÀaÁ º � Þ��DÃ � º-¹ ·Fð�¸ ¼ · ²J»E³ · ½ Á ²<¼�½S²<¶ ·/��¸ ´�¶�´ ¸DÀïÀ ² ¸ å�² ¸�Á ¼ñ¼�´B³9º<» · �e´S¼ À ´ Á ¹�º<»D¼ � ÒÓº À ³�²J¼�¶�¾ �SÁ ´
¹�´M½;´S¼ ��À ² ·F� ´;¼ Æ ø ¸�Á ½;² À�À ´�´ À º � Õ�é v<v �Jº Ð Õ � ²J»�½ � ´;¼ Á�� ¼ ¸��FÀ º À ¼�¹�´;¼Bº<Ô�²J»�¹�º<»�½S´;¼�¹�º<»�¼�½S´S¼ �;À ² ·/� ´S¼�Þ
¶�´ ¸DÜ ´S» À »�´B¶�º<¼ Á ´0ñ ��À ´ Á ´�µDº<½ À ´S³�´S» À3� º-½;²J³�¶�²J¼ ·FÀ�· ²J»"½¿¾ · ³ ·/��¸ ´ · » ·FÀa· º � ´ñ¹�´ � ÒÓº<³�º<¼SÕ	ì)º-¹ ·Fð�¸ ¼ · ²J»
¹�º*»�¼C½S´S¼ �;À ² ·/� ´S¼�»XÒV´S¼ À ¼�ã Á ´;³�´;» À ¶�º*¼Ïº ¸ ¼�¼ · º*½S½S´;» Àa¸�� ´ ��¸ ´k¹�º<»�¼ � ´;¼ �;À ² ·/� ´;¼�Ä�Õ]Ä · »�¼ · Ã � ´S¼
º<Ô�²J»�¹�º<»�½S´;¼M¹ �;À ´ Á ³ · » � ´S¼M¶�´ ¸DÜ ´S» À-Ü º Á�· ´ Á]�/�;×J�SÁ ´S³�´S» À ¹�´ � ÒÓº<Ô�²J»�¹�º<»D½S´ · » ·'Àa· º � ´-¹�´ � ÒÓº<³�º<¼SÕ
ì4´S¼ïº<Ô�²<»�¹�º<»�½;´S¼ À�Á ² ¸DÜ<� ´;¼�¶�² ¸�Á ½S´S¼ ��À ² ·F� ´;¼ïÞá¼�²<» À ¶ Á ´S¼ ��¸ ´ À ² ¸DÀ ´S¼3¼�² � º ·FÁ ´;¼SÃ � º Ü º � ´ ¸�Á ³�² Ý ´;»�»�´
¹ ¸ �e´ Á ¹ � ¹ ¸D·FÀ ´Ï¶�² ¸�Á ½;´S¼ ��À ² ·F� ´;¼�´;¼ À

< [Fe
H

] >= 0.07 ± 0.09
¹�´�µ ´ À ½S´ �/� ´�¹ ¸ ½Sº Á Ô�²J»�´Ï¹�´

< [C
H
] >= −0.10± 0.06

¹D´�µ�Õ�ì4´ À º<Ô � ´5º ¸ �DÕ�� Á ´;¶ Á�� ¼�´S» À ´ � ´;¼Mº<Ô�²J»�¹�º<»D½S´S¼M¹�´;¼�éJé �;À ² ·/� ´;¼]Þ¬¹�´
½;´ À º<³�º<¼�º · »D¼ ·ï��¸ ´ � ´;¼ Ü º � ´ ¸�Á ¼�³�² Ý ´S»�»D´S¼"¹�´S¼"º<Ô�²J»�¹�º*»�½S´;¼E¹�´�½¿¾�º �H¸ ´ �;�/� ³�´S» À Õ4ì4´S¼Ñã ×J¸�Á ´S¼
�DÕ��:´ À �DÕ È ³�²<» À�Á ´;» À�� ´S¼3¹ ·'ð��;Á ´;»�½S´;¼�´;» ÀaÁ ´;¼ � ´S¼�º<Ô�²J»�¹�º<»�½S´;¼�¹ � ¹ ¸D·FÀ ´;¼�¹�º<»�¼�½S´ À�À ´ À ¾ � ¼�´M´ À ½S´ �/� ´;¼
¹ ��À ´ Á ³ · » � ´S¼3¶�º Á3� ´S¼ ��Àa¸ ¹�´;¼�¶ Á�� ½ � ¹D´S» À ´;¼ Æ Þ Á�· ´ � $ Å ²H´S¼ × ºJº Á ¹Cé vJv Â�î " ²J» · ´ Á $«& · ½¿¾�º Á ¹�Â ÊJÊ ê Ð Õ
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ξt
d
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©�K
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�ra­`�OQL�GE�e©¦G�©NHMK�©��«©NH�J�KIOQE��e©NH�d4�e©NHE S�TOQW��� _W�>�©NH�HIOQW.K
��J�K�©�GMPSEUWiJ�©NH-1+RH _GMKMEUGM��� L�W�©�P*O�Q�©�W�W�©" _GMEUKMX�P*J�KMEVY-L�©!©�K]�e©NHB�H _GMG�©NHM��� ©�GMG�©�L�G�G�©�R�GIJNH;©�W-K�©�W-K��«©NH�J¿>� _GMKIH
KÉQ.R�©NH��|©�W�>NOQWiHME?��J�G\ _W.K�L�W�©]GIJ�RH _GMKMEUKMEVOQW�R� _LiHIHMEe©�W�W�©��ra

')( *�+-, .0/
σC 1 / σO 243 / σNa 576 /8/ σMg

*�9:/8/
σSi;)<>=�?�@�ACBDB EGF"HJI"E)F�/KH LNMCO MDP MCO M ï MCO MQM MCO MQR MCO RQS MCO ð F MCO ð F MCO MQT MCO ðßï MCO MQT

')( ð MQUQFQUQS E ï HJI"E)F�/KH LNMCO P ð MCO ð R LVMCO MQS MCO MQW MCO S ï MCO ð U MCO ð F MCO ð S MCO ð U MCO ð T
')( ð MQWQUQUDP E ïQX LNMCO RQW MCO ð R LVMCO ï F MCO MQW MCO R ï MCO MQU MCO ð P MCO ð F MCO SQF MCO SQM
;)<>=�?�@DBQYDY E)M"H LNMCO P�R MCO ð T LVMCO RQU MCO MQW MCO RQR MCO S ð LVMCO ð S MCO ð U MCO MQW MCO MDP
;)<>=�?�@�=CB�Z EGU X I"[�EGR�\-E)R X^] M LNMCO WQR MCO MQU LVMCO ï M MCO M ï ð O MQW MCO MQF MCO ï T MCO ð U MCO PQP MCO ð S
')( ð MQTQFQMDP E ï H X I"EGF�/KH)L	H LNMCO FQW MCO M ð LVMCO F ð MCO ð S MCO WQR MCO ï R LVMCO MDP MCO SQT MCO SQF MCO ð U
')( ð MQUQW ï S EGS X I"[�EGS�\-EGP X E_P LNMCO P�R MCO ð W LVMCO UQR MCO ð S MCO ð F MCO ðßï MCO SQR MCO ð T MCO MQT MCO MQT
')( ð MDP�SDP�W E X I�` 3 R X E_P LNMCO ð F MCO SDP LVMCO MQU MCO M ï MCO R ð MCO MQU MCO SQR MCO ð U MCO S ð MCO ð U
')( ð MQU ï UQW E X [�E)F�\-EGR X EGP LNMCO WQT MCO SQM LVMCO UQW MCO M ï MCO WQM MCO F ï LVMCO MQS MCO ð U MCO MQS MCO S ð
')( ð MQWQTQTQT E X LNMCO ð R MCO ð M LVMCO MQS MCO M ï ð O M ï MCO ðMð MCO ï M MCO ð U MCO SQW MCO MQT
;)<>=�?�@�Y�=Da E X I"[�E_P"\ ] M X^] M LNMCO FQW MCO ð M LVMCO ð R MCO ð S MCO ð M MCO ð M MCO SQS MCO ð W MCO ð S MCO ð S

')( *�+-, . 3 /b/ σCa
*�cd/8/

σSc
,e9:/b/

σTi
HG/b/

σV
.gfb/b/

σCr;)<>=�?�@�ACBDB EGF"HJI"E)F�/KH LNMCO MQU MCO MQU LVMCO ð F MCO MQU LNMCO ð M MCO MQR L L MCO MQU MCO MQT
')( ð MQUQFQUQS E ï HJI"E)F�/KH LNMCO ð T MCO M ï MCO ð S MCO SQW LNMCO MQT MCO ð P L L MCO S ï MCO SQR
')( ð MQWQUQUDP E ïQX LNMCO ðMð MCO S ð MCO MQF MCO F ï MCO ð S MCO ð R L L MCO ð F MCO ð S
;)<>=�?�@DBQYDY E)M"H L L LVMCO SQM MCO ðMð MCO MQS MCO MQU L L MCO RQW MCO MQT
;)<>=�?�@�=CB�Z EGU X I"[�EGR�\-E)R X^] M MCO SQF MCO ð W LVMCO ð U MCO ð M MCO ï U MCO MQU L L MCO ï U MCO SQM
')( ð MQTQFQMDP E ï H X I"EGF�/KH)L	H MCO ðßï MCO MQW MCO ð M MCO ðMð LNMCO MDP MCO ð M L L MCO MQF MCO MQR
')( ð MQUQW ï S EGS X I"[�EGS�\-EGP X E_P LNMCO FQF MCO ð U L ð O ð P MCO SQM LNMCO ð U MCO MDP MCO UQW MCO ð F MCO ð U MCO MQR
')( ð MDP�SDP�W E X I�` 3 R X E_P LNMCO S ï MCO ð W LVMCO MQW MCO SQF MCO M ï MCO SQS MCO TQM MCO ð M LVMCO MQU MCO ðMð
')( ð MQU ï UQW E X [�E)F�\-EGR X EGP LNMCO SQS MCO ð R LVMCO RQM MCO F ð LNMCO SQM MCO ð F MCO P�M MCO SQT MCO MQU MCO ð R
')( ð MQWQTQTQT E X MCO ð M MCO ð W MCO ï�ð MCO SDP MCO ðßï MCO S ð MCO WQT MCO SQT MCO MQF MCO SQM
;)<>=�?�@�Y�=Da E X I"[�E_P"\ ] M X^] M L L LVMCO SQR MCO ð M MCO M ð MCO MDP MCO WQR MCO FQS MCO MQT MCO MQT
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'4( *�+-, 57h / σMn
]ji /8/ σFe

.0k
σCo 2 9:/ σNi

*�fb/b/
σSr;4<>=�?�@�A�BDB E)F"HJI"E)F�/KH LNMCO FQR MCO ð U LNMCO ð F MCO MQR MCO WQR MCO FQU LNMCO ð U MCO MDP LNMCO SQU MCO FQF

')( ð MQUQFQUQS E ï HJI"E)F�/KH LNMCO RQR MCO ð S LNMCO ðßï MCO ð M L L LNMCO ðßï MCO ð W LNMCO SQW MCO MQS
')( ð MQWQUQUDP E ïQX MCO MQS MCO S ð MCO S ð MCO ð R L L MCO FDP MCO ðMð MCO RQT MCO MQU
;4<>=�?�@DB�YDY E)M"H L L MCO MQU MCO MQR L L MCO PQP MCO SQF LNMCO SQF MCO SQM
;4<>=�?�@�=�B�Z EGU X I"[�EGR�\-E)R X^] M MCO ð T MCO ð S MCO FQT MCO ð M L L MCO WQM MCO ð M MCO P�T MCO F ð
')( ð MQTQFQMDP E ï H X I"E)F�/KH)LKH LNMCO M ï MCO ð P MCO MQR MCO MQT LVMCO MQW MCO FQR MCO ð S MCO MQU MCO ï W MCO ð M
')( ð MQUQW ï S E)S X I"[�E)S�\-E_P X EGP LNMCO M ï MCO ð M MCO ð W MCO ðMð MCO SQT MCO FQR MCO ï�ð MCO MQU MCO RQM MCO ð F
')( ð MDP�SDP�W E X I�` 3 R X EGP L L MCO MQF MCO SQF L L LNMCO ðßï MCO ð M LNMCO SQS MCO ð T
')( ð MQU ï UQW E X [�E)F�\-EGR X EGP L L MCO SQM MCO MQT L L MCO S ð MCO S ð MCO P�W MCO MQS
')( ð MQWQTQTQT E X L L MCO MQU MCO ð F L L MCO SQF MCO SQM MCO ï P MCO MDP
;4<>=�?�@�YD=Da E X I"[�EGP"\ ] M X^] M L L LNMCO MQS MCO MDP L L LNMCO SQF MCO ð M LNMCO MQW MCO ð T

'4( *�+-, lG/b/
σY m fb/8/ σZr ng3 /b/ σBa op3 /8/ σLa;4<>=�?�@�A�BDB E)F"HJI"E)F�/KH MCO MQM MCO ð F MCO FQU MCO ð S MCO M ï MCO SQW L L

')( ð MQUQFQUQS E ï HJI"E)F�/KH MCO SQR MCO S ð MCO ð W MCO ð P LVMCO S ï MCO MQF L L
')( ð MQWQUQUDP E ïQX MCO P�U MCO ð W MCO W ð MCO ð R ð O ï M MCO SQW L L
;4<>=�?�@DB�YDY E)M"H MCO UQM MCO ð R MCO P�U MCO ð S MCO P�S MCO FQS L L
;4<>=�?�@�=�B�Z EGU X I"[�EGR�\-E)R X^] M MCO TDP MCO ð S MCO TQF MCO ð F L L
')( ð MQTQFQMDP E ï H X I"E)F�/KH)LKH MCO RQW MCO MDP MCO WQM MCO ðMð ð O ð P MCO SQF L L
')( ð MQUQW ï S E)S X I"[�E)S�\-E_P X EGP MCO UQU MCO ð S MCO P�R MCO ð S ð O P�T MCO S ï ð O MQS MCO M ï
')( ð MDP�SDP�W E X I�` 3 R X EGP MCO ð S MCO ð M LNMCO ð R MCO SQM MCO ïMï MCO S ð MCO WQS MCO ð W
')( ð MQU ï UQW E X [�E)F�\-EGR X EGP MCO RQW MCO ð S MCO WDP MCO ð F ð O RDP MCO S ð MCO WQF MCO ð W
')( ð MQWQTQTQT E X MCO SDP MCO ðMð MCO ï T MCO MQU MCO P�U MCO MDP L L
;4<>=�?�@�YD=Da E X I"[�EGP"\ ] M X^] M MCO MQU MCO ðMð MCO ð F MCO SQM MCO RQF MCO ð R MCO P ð MCO ð P
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')( *�+-, .0/
σC 1 / σO 2)3 / σNa 576 /b/rq 576 /bs σMg

*�9:/8/
σSi;)<>=�?�B�=�?Da ] R"H LVMCO M ï MCO MQU LNMCO FQS MCO ð R LNMCO M ï MCO M ï MCO FQMCqKMCO MQSDs MCO S ð q	MCO MQTDs MCO ð M MCO ð M

')( ð MQWQSQTQF ] R"H LVMCO MDP MCO SDP L L MCO M ð MCO ð U MCO ï RCqKMCO ð MDs MCO ð UCq	MCO MQWDs MCO SQW MCO ðMð
')( ð MQWQWQT ð ] R�/KH LVMCO MDP MCO ð W LNMCO SQW MCO ð R LNMCO MQW MCO SQM MCO FQMCqKMCO ð MDs MCO ð UCq	MCO MDPQs MCO ð S MCO MQU
')( ð MQWQT ï W ] S"H LVMCO MQS MCO SQM MCO MQS MCO ð R MCO MQT MCO ðßï MCO ï RCqKMCO ð FDs MCO ð UCq	MCO M ï s MCO SQW MCO MDP
;)<>=�?�@DB�=�= ] W"H MCO MQR MCO ð M L L LNMCO ð M MCO M ï MCO SQFCqKMCO ð MDs MCO ð UCq	MCO ð RDs MCO SQS MCO ð S
;)<>=�?QADYDa�? ] S"H MCO MQU MCO MQT MCO ð M MCO ðßï MCO ð W MCO ð S MCO FQTCqtLVMCO M ð s MCO ðMð q	MCO ð FDs MCO ð F MCO SQU
')( ð MDP�UDPQP ] W L L L L LNMCO ð F MCO MQF MCO ï M MCO ð U L L
')( ð MQU ð R ï ] R L L L L LNMCO ð F MCO S ð MCO ð R MCO ð U L L
')( ð MQUQSQSQW ] R L L L L MCO M ï MCO SQF MCO SQS MCO ð U L L
')( ð MQUQTDP�W ] W>H L L L L MCO MQS MCO SQM MCO ð F MCO ð U L L
')( ð MQTQMQWQT ] M>H L L L L L L MCO ï�ð MCO ð U L L
u h

X
H

i v LVMCO M ð LNMCO ðMð LNMCO M ð MCO F ð qKMCO MQUDs MCO ð U
σ ± MCO MQW ± MCO ð U ± MCO MQT ± MCO ðMð q ± MCO MQRDs ± MCO MDP')( *�+-, . 3 /b/ σCa

*�cw/b/
σSc

,e9:/8/
σTi

HG/b/
σV

.gfb/b/
σCr;)<>=�?�B�=�?Da ] R"H LVMCO ð P MCO S ð MCO MQM MCO MQU MCO MQM MCO ð M MCO ïMï MCO ð R MCO MQR MCO ð M

')( ð MQWQSQTQF ] R"H L L LNMCO MDP MCO ð R MCO M ð MCO ð W MCO WQS MCO ð T MCO ðMð MCO MQT
')( ð MQWQWQT ð ] R�/KH LVMCO SQF MCO ð T LNMCO M ð MCO ð W MCO MQM MCO ð R MCO ï S MCO FQF MCO M ï MCO ð S
')( ð MQWQT ï W ] S"H L L LNMCO M ï MCO ð P MCO S ð MCO ð P MCO WQM MCO ïMï MCO ðMð MCO ð U
;)<>=�?�@DB�=�= ] W"H L L LNMCO MQR MCO MQU MCO ðßï MCO MQW MCO WQU MCO ð M MCO ð M MCO MQU
;)<>=�?QADYDa�? ] S"H L L MCO MQW MCO ðßï MCO SQR MCO ð M MCO ï R MCO FQF MCO MQS MCO MQU
')( ð MDP�UDPQP ] W L L L L MCO ð U MCO SQF MCO W ï MCO SQW MCO FQF MCO MQU
')( ð MQU ð R ï ] R L L L L MCO ð U MCO ð F MCO ð S MCO FQW MCO FQU MCO MQU
')( ð MQUQSQSQW ] R L L L L MCO S ï MCO ðßï MCO RDP MCO SQR MCO FQU MCO MQU
')( ð MQUQTDP�W ] W>H L L L L MCO MQT MCO ð R MCO RQW MCO ð S MCO SQS MCO MQU
')( ð MQTQMQWQT ] M>H L L L L LNMCO M ð MCO S ð MCO ï M MCO MQS L L
u h

X
H

i v LVMCO SQM LNMCO MQS MCO ð S MCO RQM MCO ð P
σ ± MCO MQF ± MCO M ï ± MCO ð M ± MCO ð R ± MCO ð F
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')( *�+-, 57h / σMn
]ji /b/ σFe

.0k
σCo 2 9:/ σNi

*�fb/8/
σSr;)<>=�?�B�=�?Qa ] R"H LNMCO MQW MCO MDP MCO MQT MCO MQR LVMCO M ð MCO SQW MCO ð F MCO MDP MCO SQM MCO ð R

')( ð MQWQSQTQF ] R"H MCO M ï MCO MQT MCO ð T MCO ð P MCO ïMï MCO SQW MCO S ð MCO SQS LNMCO M ð MCO MQM
')( ð MQWQWQT ð ] R�/KH MCO MQU MCO ð M LNMCO MQU MCO ð W MCO W ï MCO ðßï LNMCO M ï MCO MQU MCO ð R MCO MQS
')( ð MQWQT ï W ] S"H MCO MQU MCO MDP MCO ð U MCO MQU MCO SQT MCO SQR LNMCO MQS MCO ð U MCO ð S MCO ð M
;)<>=�?�@DBQ=D= ] W"H MCO M ð MCO MQW MCO MQT MCO MQR LVMCO ð M MCO FQF LNMCO MQW MCO MQR MCO ðßï MCO ð P
;)<>=�?QADY�a�? ] S"H LNMCO SQM MCO F ð MCO ð R MCO MQT LVMCO MQS MCO S ï MCO S ð MCO ðMð MCO SDP MCO SQM
')( ð MDP�UDPQP ] W MCO ð R MCO ð S MCO ð R MCO ð F LVMCO FQM MCO SQU MCO ð S MCO MQU L L
')( ð MQU ð R ï ] R MCO ð F MCO ð F MCO M ð MCO ðMð LVMCO FQR MCO FQM MCO MQT MCO MQU L L
')( ð MQUQSQSQW ] R MCO ðMð MCO MDP MCO MQR MCO ðMð LVMCO FQM MCO F ï MCO MQU MCO MQU L L
')( ð MQUQTDP�W ] WxH LNMCO ï W MCO ð S LNMCO M ð MCO ðßï LVMCO SQT MCO ð W MCO MQF MCO ð F L L
')( ð MQTQMQWQT ] MxH L L LNMCO MQF MCO ð P MCO ï R MCO FDP MCO SQT MCO ðßï L L
u h

X
H

i v LNMCO M ð MCO MDP MCO M ï MCO MQT MCO ð R
σ ± MCO ð U ± MCO MQT ± MCO F ï ± MCO ðMð ± MCO MQU')( *�+-, lG/b/

σY m f8/b/ σZrII ng3 /b/ σBa oy3 /b/ σLa
. i /b/ σCe;)<>=�?�B�=�?Qa ] R"H MCO MQM MCO MQU MCO M ï MCO ðMð MCO UQW MCO ð M MCO ï W MCO ð T MCO RQM MCO ð P

')( ð MQWQSQTQF ] R"H MCO M ð MCO MQW LNMCO M ï MCO MQT MCO W ï MCO SQF MCO F ð MCO SQR MCO WQM MCO ð U
')( ð MQWQWQT ð ] R�/KH MCO M ï MCO MQU MCO RQM MCO ð R MCO WQR MCO S ð MCO FQW MCO FQS MCO WQR MCO ð U
')( ð MQWQT ï W ] S"H MCO S ï MCO ð T MCO FQU MCO MQT MCO RQT MCO ð W MCO WQW MCO SQS MCO RQU MCO SQR
;)<>=�?�@DBQ=D= ] W"H MCO ð M MCO ð S MCO ð F MCO ð P MCO U ï MCO ð M MCO P�F MCO ð U MCO SQR MCO MQT
;)<>=�?QADY�a�? ] S"H MCO MQW MCO SQM LNMCO ð F MCO ðßï MCO ï F MCO ðßï MCO ï�ð MCO S ð L L
')( ð MDP�UDPQP ] W L L MCO ðßï MCO ð P MCO RQW MCO ð M MCO SQF MCO SQT MCO RQM MCO ð F
')( ð MQU ð R ï ] R L L MCO MQF MCO ð P MCO R ï MCO ð M LNMCO ð F MCO ð P MCO F ð MCO ð M
')( ð MQUQSQSQW ] R L L LNMCO MQW MCO ð P MCO RQT MCO ð M MCO FQM MCO M ï MCO RQT MCO S ï
')( ð MQUQTDP�W ] WxH L L LNMCO RQM MCO ð P MCO SQT MCO ð M MCO R ð MCO ð P MCO FQU MCO ð U
')( ð MQTQMQWQT ] MxH L L LNMCO M ï MCO ð P MCO FDP MCO ð M LNMCO M ð MCO ð P MCO U ð MCO MQT
u h

X
H

i v MCO MDP MCO M ï MCO RQU MCO FQR MCO RQS
σ ± MCO MQU ± MCO S ï ± MCO ð P ± MCO SQR ± MCO ð W
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')( *�+-, 24z /8/ σNd {}| /8/ σEu;)<>=�?�B�=�?Da ] R"H MCO F ï MCO FQF MCO ð F MCO MDP
')( ð MQWQSQTQF ] R"H L L L L
')( ð MQWQWQT ð ] R�/KH MCO W ï MCO FQR L L
')( ð MQWQT ï W ] S"H MCO UQT MCO ï P L L
;)<>=�?�@DB�=�= ] W"H MCO RQF MCO ð U MCO S ï MCO ð P
;)<>=�?QADYDa�? ] S"H MCO R ð MCO SQM MCO ð P MCO FDP
')( ð MDP�UDPQP ] W MCO FQU MCO MQR L L
')( ð MQU ð R ï ] R MCO RQM MCO MQR L L
')( ð MQUQSQSQW ] R MCO ð W MCO RQW L L
')( ð MQUQTDP�W ] W>H MCO WQF MCO MQT L L
')( ð MQTQMQWQT ] M>H MCO P�S MCO MQT L L
u h

X
H

i v MCO RQF MCO ð U
σ ± MCO SQM ± MCO MQR

é	Â%�
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 �´;¶ ÀEÁ º · ´S¼"¹ ¸ ½Sº Á Ô�²J»�´�»�´ ¸�ÀaÁ ´¥±F�:¹�´ ��¸ º �/·'Àa��Å ²<» ÀE�;À�� ¼ Ý » À ¾ �;À�· ¼ � ´S¼W¹�º<»�¼"½S´ À�À ´ �;Àa¸ ¹�´<Õ

ì�ÒÓº<Ô�²J»�¹�º*»�½S´"¹ ¸ ½5º Á Ô�²J»D´"´;¼ À ¶ �F¸ ¼M¹ · ¼�¶�´ Á ¼ � ´E¹�º<»�¼ � ´;¼ ��À ² ·F� ´;¼]Ä Æ »�² Á ³9º � ´S¼_´ À ±_ä Ð]��¸ ´�¹�º<»�¼
� ´S¼ �;À ² ·/� ´;¼�Þ�Õñì)ºÏã ×<¸�Á ´���ÕFé Ê ³�²<» À�Á ´�Ô · ´;»è½S´¥½;²J³�¶�² Á\À ´;³�´;» À ¶�² ¸�Á�� ´S¼ ��À ² ·F� ´;¼®º<¶�¶�º Á�À ´S»�º<» À
º ¸ µ�¹�´ ¸ µ¥º*³9º<¼;Õ � »¥´ ð ´ À Ã � º�¹ · ¼�¶�´ Á ¼ · ²J»9¹�´ û ± þ<ÿ�� º ¸DÀ ² ¸�Á ¹�´ � º"³�² Ý ´;»�»�´�¹D´S¼ ��À ² ·F� ´;¼�Þk´S¼ À ¹�´
Ê Õ Ê<Î ¹�´�µØ¶�² ¸�Á-� ´;¼ ë �;À ² ·/� ´;¼M¹�´S¼�ä �F�S· º<¹�´S¼-´ À:Ê Õ Ê ��¹D´�µØ¶�² ¸DÁ�� ´S¼"éJé ��À ² ·F� ´S¼M¹�´®±B²J³�ºDÕ � º<»�¼ � ´
½5º<¼_¹D´S¼ �;À ² ·/� ´S¼�Ä�Ã � ºE¹ · ¼�¶�´ Á ¼ · ²J»¥´S¼ À ¹�´ Ê ÕFé v ¹�´�µ¥¶�² ¸�ÁB� ´S¼�éQ� �;À ² ·/� ´S¼�¹�´S¼Mä �/�;· º<¹D´S¼B´ À]Ê ÕæÂ ë ¹D´�µ
¶�² ¸DÁ�� ´;¼�� ��À ² ·F� ´;¼�¹�´W±B²J³9º ÆeÀ º*Ô � ´Sº ¸ �DÕ ÈJÐ Õ�ì)º9¹ · ¼�¶�´ Á ¼ · ²<»Ø¹�´ � Òæº*Ô�²J»D¹�º<»�½;´E¹ ¸ ½Sº Á Ô�²J»�´E¹�º<»�¼
� ´S¼ ��À ² ·F� ´;¼�ÄÇ´S¼ À�� º Á�× ´S³�´S» À ¼ ¸ ¶ �SÁ�· ´ ¸�Á ´ �á� ºØÔ�º Á�Á ´�¹XÒÓ´ Á�Á ´ ¸�Á º À�ÀaÁ�· Ô ¸�� ´ �Úû ± þ*ÿ��"Æ ¹�´ � ÒV² Á ¹ Á ´
¹�´ Ê Õ'é ë ¹�´�µ Ð ÕX±B´;¼ Ü º Á�· º Àa· ²J»�¼]¹XÒÓº<Ô�²J»�¹�º<»D½S´"¹XÒ ¸ »�´ ��À ² ·F� ´ ��� Òæº ¸�ÀaÁ ´�¼�²J» À ¹�²J»D½ Á�� ´ �F� ´;¼SÕ|;�² À ²J»�¼
º ¸ ¼�¼ ·��H¸ ´ � Ò � ½5º Á\À ´;» ÀaÁ ´ � ´;¼ Ü º � ´ ¸DÁ ¼Ñ¹�´ � ÒÓº<Ô�²J»�¹�º<»D½S´W³�º�µ · ³�º � ´E´ À ³ · » · ³�º � ´"¹ ¸ ½5º Á Ô�²<»�´�´S¼ À
¹�´ Ê Õ��7�9¹�´�µá¶�² ¸�Á�� ´;¼ �;À ² ·/� ´S¼�Ä ³�´S³®Ô Á ´S¼�¹�´S¼:¹D´ ¸ µoº<³9º*¼SÕ�Ä ¸ ½ ¸ »�´ Á ´ � º Àa· ²<»Ï¶�º Á�Àa· ½ ¸��F·/�;Á ´"»XÒæº
�;Àa�WÀ�Á ² ¸DÜ<� ´W¶�² ¸�Á�û ± þ<ÿ�� ´S»o�e²J»�½ Àa· ²<»á¹�´
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Æ ã ×<¸�Á ´¦�DÕ'é Ê ´ À �DÕFé ÈJÐ Õ�ø�² ¸�À ´S¼ � ´S¼
�;À ² ·/� ´;¼�Ä Æ »�² Á ³�º � ´;¼-´ À ±_ä Ð ¹D´ � ÒÓº<³�º<¼M¹�´W±B²<³9º�´ À�� º�³�º	å�² Á�·FÀ�� ¹�´®½S´ �/� ´S¼-¹�´S¼�ä �F�S· º<¹�´S¼-¼�²<» À
¹ � ã�½ · ´;» À ´S¼�´S»�½5º Á Ô�²J»D´<Õ�ì)º Ü º � ´ ¸�Á ³�² Ý ´S»�»�´-½5º � ½ ¸D�/� ´ � ¶�º Á�Àa·FÁ ¹�´;¼ ��À ² ·F� ´S¼ïÞZ´;¼ À ¹�´_Ö Ê Õ Ê ë ± Ê Õ ÊJÎ¹�´�µè¶�² ¸DÁE� Òæº<³�º<¼"¹�´S¼®ä �F�S· º<¹�´S¼E´ À Ö Ê Õ Ê é ± Ê Õ Ê �Ï¹D´�µÙ¶�² ¸DÁ ½S´ �/¸�· ¹�´C±B²<³9º Å ´ Á ´S» · ½S´S¼;Õ@;�² À ²J»�¼
�H¸ ´EÞ Á�· ´ � $ Å ²H´S¼ × ºJº Á ¹ Æ é vJv Ê�Ð ´ À Þ Á�· ´ � $ Å ²H´S¼ × ºJº Á ¹ Æ é vJv Â Ð º Ü º · ´;» À]À�Á ² ¸�ÜJ��¸ »�´"º<Ô�²J»�¹�º*»�½S´
³�² Ý ´;»�»�´W¹�´�Ö Ê Õ Ê � ± Ê Õ Ê�È ¹�´�µo¶�² ¸�Á�� ´®½Sº Á Ô�²J»�´®¹�º<»�¼ � Òæº<³�º<¼-¹�´S¼�ä �F�S· º*¹�´S¼�´ À Ö Ê ÕFé<é ± Ê Õ Ê ê ¹�´�µ¹�º<»�¼-½S´ �/¸�· ¹D´�±B²<³9ºDÕ

Ä ¸ ½ ¸ »�½;²J³�¶�² Á\À ´S³�´S» À ¶�º Á�À�· ½ ¸��/· ´ Á »XÒÓº �;Àa� ¹ �;À ´S½ À�� ¶�² ¸DÁñ� ´�½5º Á Ô�²<»�´_´S»W�e²J»D½ Àa· ²J»�¹D´ � ÒÓº<Ô�²<»�Ö
¹�º<»�½;´W¹ ¸ �e´ Á Ã�³9º · ¼ ·/� ´;¼ À ½ � º ·FÁ���¸ ´W¶�² ¸�Á�� º9¶ �F¸ ¶�º Á\À ¹�´;¼ �;À ² ·/� ´;¼ ��¸�· ¼�²J» À ¼ ¸DÁ º<Ô�²J»�¹�º*» À ´S¼Ñ´;»
�e´ Á_� ´�½Sº Á Ô�²J»�´�´S¼ À ¼�² ¸ ¼2Ö2º<Ô�²J»�¹�º<» À Õ � » À�Á º%ÞSº<» À_� ´ Á º<¶�¶�² Á�À:û ± þ Þ�´ � ´;»¥�e²J»�½ À�· ²J»�¹�´ û Þ�´ þ<ÿ�� Ã ¸ »�´
º<» Àa· Ö ½S² Á�Á��;� º À�· ²J»�º<¶�¶�º Á º.1 À ¶�² ¸�Á�� ´S¼ �;À ² ·/� ´;¼�ÄEÃ · ¹�´S» Àa·F��¸ ´ � ½;´ �/� ´ À�Á ² ¸DÜ<� ´Ñ¶�º Á_ÿ�·F�/��Æ é vJv ë Ð ¹�º<»�¼
¼�²J» ��Àa¸ ¹D´®½S²J»D½S´ Á »�º<» À é ë �;À ² ·/� ´S¼-Äß¹ ¸ ½¿¾�º<³�¶XÕ�±B´S¼ Á��S×JÁ ´S¼�¼ · ²<»�¼�¼�²J» À ¹�´ � º��e² Á ³�´"¼ ¸�·FÜ º<» À ´ �
û ± þ Þ�´ � � Ö¿é<Õ È ê û Þ�´ þ*ÿ�� Ö Ê Õ ê é�¶�² ¸DÁ�� ÒÓº<³�º<¼�¹�´C±B²J³�º Å ´ Á ´;» · ½;´S¼Wº Ü ´S½ ¸ »Ù½S²H´0/�½ · ´S» À ¹�´�½S² Á�Á��S� º�Ö
Àa· ²<»
& � Ö Ê Õ�� Ê ´ À-û ± þ Þ�´ � � Ö Ê Õ ÈDû Þ�´ þ<ÿ�� Ö Ê ÕæÂ�é]¶�² ¸�Á3� ÒÓº<³�º<¼ï¹�´-ä �/�;· º<¹�´;¼�º Ü ´S½f& � Ö Ê Õ ë*ê ÆeÜ ² ·/Á ã ×<¸�Á ´�DÕ Â ê Ð Õ � º*»�¼ � ºW¼�´S½ Àa· ²J»���Õ È Ã�»D² ¸ ¼ Ü ´ Á�Á ²<»�¼ ��¸ Ò ¸ »Ø½;²J³�¶�² Á\À ´;³�´;» À ¼ · ³ ·/� º ·/Á ´�º �;À��"À�Á ² ¸DÜ<� ´;» ÀaÁ ´
� ´�½Sº Á Ô�²J»�´"´ À�� ´"¼ ·F�/· ½ ·/¸ ³�¹�º<»�¼ � ´S¼ �;À ² ·/� ´S¼-Ä »�² Á ³�º � ´;¼SÕ�±B´S½ · ¼�´ Á º�´�µ�¶ �/·F��¸�� ¹�º*»�¼ � ´E½;²J» À ´�µ À ´
¹�´ � ºW¼ � ¶�º Á º Àa· ²<» × º<Û�Ö ¶�² ¸ ¼�¼ ·F�SÁ ´<Õ

� ´;¼¥½S² Á�Á ´;½ À�· ²J»�¼�¾�² Á ¼\Ö � øMì ¶�² ¸�Á ¶ �/¸ ¼ · ´ ¸DÁ ¼ Á º · ´;¼�¹ ¸ ½5º Á Ô�²J»D´Ø»�´ ¸DÀaÁ ´Ø²J» À¥��Àa� ½Sº � ½ ¸��/� ´S¼
¶�º Á &-´;» À ÛS¼�½¿¾�Ö ÿ ² � ³ Æ é vJv � Ð ¶�² ¸�Á ¹�´;¼ ��À ² ·F� ´S¼-º<¶D¶�º Á�À ´S»�º*» À���� º�  �S��¸ ´;»�½S´®ä Á�· ½ · ¶�º � ´�º Ü ´S½E¹�´S¼
À ´S³�¶ �SÁ º Àa¸�Á ´S¼:´ ð ´;½ Àa·'Ü ´;¼Ñ½S²J³�¶ Á�· ¼�´;¼�´S» À�Á ´ È<Ê<ÊJÊ9Ë ´ À é	Â ÊJÊ<Ê9Ë Ã�¹D´S¼ ×JÁ º Ü�·'Àa� ¼�¹�´®¼ ¸�Á �[º*½S´

log g´S» ÀaÁ ´ Î Õ ë ¹�´�µC´ À ê Õ ë ¹�´�µC´ À ¹�´S¼M³ �;À º �/�/· ½ ·'Àa� ¼ û�"áþ<ÿ�� ´S» ÀaÁ ´:Ö Ê Õ ë ¹�´�µ¥´ À �®éÑ¹�´�µ�Õ�ì)º®½;² Á�Á ´S½ À�· ²J»
∆ log ε

ï F ¹ � ¶�´S»�¹¬´;¼�¼�´S» Àa· ´ �/� ´S³�´S» À ¹�´ � º � º Á�× ´ ¸�ÁE�;��¸�·FÜ º � ´S» À ´�´ À ´;¼ ÀEÀ ² ¸ å�² ¸�Á ¼E» �S× º Àa·FÜ ´9¶�² ¸�Á
Teff
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¹�´�½S´S¼ Á º · ´S¼]¹�º<»�¼M»�² À�Á ´ � ½¿¾�º*» À�·/�F� ²J»�¹�´EÂ È®��À ² ·F� ´S¼BÄç¼�²J» ÀMÀaÁ�� ¼ Ü º Á�·/� ´S¼;ÕT� � ´S¼ À ¹ · /�½ ·F� ´:¹�´�¶ Á�� Ö
¹ ·/Á ´"¹D´S¼-½S² Á�Á ´S½ Àa· ²J»�¼M´�µDº<½ À ´S¼�¶�² ¸�ÁM� ÒÓº<Ô�²<»�¹�º<»�½;´�¹ ¸ ½Sº Á Ô�²J»�´ ��À º<» À ¹�²J»�» �"��¸ ´"½S´ À�À ´"¹�´ Á » ·/�;Á ´
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∆ log ε = log εhors−ETL − log εETL
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º ��Àa� ½5º � ½ ¸D�/� ´ � ¶�º Á�Àa·FÁ ¹XÒ ¸ »�´"³�² Ý ´S»�»�´�¹�´�¶ �F¸ ¼ · ´ ¸�Á ¼ Á º · ´S¼]´ À���¸ ´ � ´S¼ À ´;³�¶ �SÁ º Àa¸DÁ ´S¼;Ã ×JÁ º ÜH·FÀ�� ¼
´ À ³ ��À º �F�/· ½ ·FÀ�� ¼ñ¹D´S¼ �;À ² ·/� ´;¼�»�´M¼�²J» À ¶�º<¼ À ² ¸DÀ ´S¼ · ¹�´;» Àa·/��¸ ´;¼Bº ¸ µ�½5º*¼ À�Á º ·'Àa� ¼�¶�º Á &M´S» À ÛS¼�½¿¾HÖ ÿ ² � ³
Æ é vJv � Ð Õ � »�¹ �;À ´ Á ³ · »�º<» À�� ´;¼�º<Ô�²<»�¹�º<»�½;´S¼�¹ ¸ ½5º Á Ô�²J»D´]¹�º<»�¼ � ´;¼ �;À ² ·/� ´;¼3Ä�´ À ´S»�¼SÒÓº<¶�¶ ¸DÝ º<» À ¼ ¸�Á
� ´�¶ Á ² ×JÁ º<³�³�´-¹�´�½Sº � ½ ¸�� ¹�´:¼�¶�´S½ ÀaÁ ´S¼]¼ Ý » À ¾ �;Àa·F��¸ ´S¼�  � ;: Dä � ± Æ[ÿ�¸ Ô�´S» Ý $ ìPº*»�Û®é vJv Â*Ô Ð ÃSå;ÒÓº ·
ÀaÁ ² ¸DÜJ�®��¸ ´E¶�² ¸�Á�� ´S¼ �;À ² ·/� ´;¼M¹�²J» À:� º À ´S³�¶ �;Á º À�¸�Á ´E´ ð ´S½ À�·FÜ ´

Teff ≥
� ë ÊJÊ�Ë Ã�²<»oº�¹�´;¼ � º Á�× ´ ¸�Á ¼

· »D� �;Á�· ´ ¸�Á ´;¼ � ë Ê ³ å ïMï ´ ÀÑ� ´S¼�½S² Á�Á ´S½ Àa· ²J»�¼
∆ log ε

»D´®¹�² ·'Ü ´S» À ¶�º<¼:¹�´;¶�º<¼�¼�´ ÁÑ� ´S¼�Ö Ê Õ Ê ë ¹�´�µ ��¸�·
¼�²J» À »�´ À�À ´;³�´;» ÀW· »D� �;Á�· ´ ¸�Á ´S¼Wº ¸ µèÔ�º Á�Á ´;¼®¹XÒV´ Á�Á ´ ¸DÁ Õ3äP² ¸�Á

Teff ≤
� ë ÊJÊØË Ã � ´;¼ � º Á�× ´ ¸�Á ¼ �;��¸�·FÜ º�Ö

� ´S» À ´S¼�¼�²J» À ¶ �/¸ ¼ Ü º Á�·/� ´S¼ ÆÉÎJÊ ³ å�Ì
Wλ

Ì é<é Ê ³ å:Ð ´ À�� ´;¼�½;² Á�Á ´S½ Àa· ²<»�¼�¾�² Á ¼2Ö � øMìá¼�²<» À ½;²J³�¶ Á�· ¼�´S¼´S» ÀaÁ ´ Ê ´ À Ö Ê ÕæÂ ë ¹�´�µ�Õ � »áº<¶D¶ �/·F�H¸ º<» À�� ´S¼M½S² Á�Á ´;½ À�· ²J»�¼;Ã�Ô�º<¼ � ´S¼�¼ ¸�Á-� ´;¼ Ü º � ´ ¸DÁ ¼�º<¶�¶ Á ²%µ · ³9º À�·FÜ ´S¼¹�´
∆ log ε

ÃH¶�² ¸�Á�� ´S¼ Á º · ´S¼�¹�´�±F�ï¹�º<»�¼ � ´;¼ �;À ² ·/� ´;¼�Ä�Ã�²J» Á ´S³�º Á��H¸ ´ ��¸ ´ � ÒÓº<» Àa· ÖN½S² Á�Á��;� º À�· ²J»�´S» ÀaÁ ´
û ± þ Þ�´ � ´ À®û Þ�´ þ<ÿ�� ´S¼ À ¹ � ½5º �F� ´ Ü ´ Á ¼ � ´"Ô�º<¼ Æ\û ± þ*ÿ�� ¹ · ³ · » ¸ ´�º · »�¼ ·4�H¸ ´ û ± þ Þ�´ �hÐ ´ À ½¿¾�º<» × ´ �/�S×<� Ö
Á ´S³�´S» À ¹�´Ñ¶�´S» À ´�¹�º*»�¼ � ´Ñ½Sº<¼]¹�´"±B²J³�º Å ´ Á ´S» · ½S´S¼;Õ�ì4´S¼ Ü º � ´ ¸�Á ¼]½;² Á�Á�·/×J� ´S¼]¹�´ û ± þ<ÿ�� ´ À"û ± þ Þ�´ �
¼�²J» ÀEÁ ´S¶ Á�� ¼�´S» Àa� ´S¼®¼ ¸�Á�� ´;¼ ê ×JÁ º<¶�¾�´;¼"¹D´ � º¥ã ×J¸�Á ´
��Õ Â ê ¶�º Á ¹D´S¼"¼ Ý ³®Ô�² � ´;¼ À�Á�· º<» ×J¸�� º ·/Á ´S¼;Õ�ì4´S¼
½S²H´0/�½ · ´S» À ¼_¹D´�½S² Á�Á��;� º À�· ²J»�¹�´;¼_¹ Á ² ·FÀ ´S¼ û ± þ Þ�´ � Ö û Þ�´ þ*ÿ�� ¹�´ ÜH· ´S»�»�´;» À Ö Ê Õ��Dé-¶�² ¸�Á�� ´S¼ �;À ² ·/� ´;¼�Äí¹�´
±B²J³9º Å ´ Á ´S» · ½S´S¼�´ À Ö Ê Õ��%�Ï¶�² ¸�Á�� ´S¼ �;À ² ·/� ´;¼�Ä ¹�´S¼Wä �F�S· º*¹�´S¼;Õ � »Úº<¶�¶ �/·/��¸ º*» À ½S´;¼W½S² Á�Á ´;½ Àa· ²J»�¼º ¸ µ Ü º � ´ ¸�Á ¼�¹�´ û ± þ<ÿ�� Ã � º�¹ · ¼�¶�´ Á ¼ · ²J»k¹�´ � ÒÓº<Ô�²<»�¹�º<»�½;´�¹ ¸ ½Sº Á Ô�²J»�´ Æ ´;»ú�e²J»D½ Àa· ²J»Z¹�´

Teff
Ð ´S¼ À

À ² ¸ å�² ¸�Á ¼M¶ Á�� ¼�´;» À ´<Õ
ä Á Û Ý Ô ·F�/� º�´ À º � Õ Æ Â ÊJÊ éSÔ Ð ²J» À ´ ð ´S½ Àa¸�� ¹�´S¼�½S² Á�Á ´;½ Àa· ²J»�¼�¾�² Á ¼2Ö � øMìo¶�² ¸�Á ¶ �/¸ ¼ · ´ ¸DÁ ¼ Á º · ´S¼�¹ ¸ ½Sº Á ÖÔ�²J»D´�»D´ ¸DÀ�Á ´ Æ ¹�²<» À ë º<»�º �FÝ ¼ � ´S¼)¹�º<»�¼)½;´ À�À ´ À ¾ � ¼�´ Ð ¶�² ¸�Á4� Ò ��À ² ·F� ´ ���S× º Æ

Teff � v ëJë Ê]Ë Ã log g � Î Õ v ë¹�´�µÚ´ ÀCû ± þ<ÿ�� � Ö Ê Õ Î ¹�´�µ Ð Õ3ä�² ¸DÁ ½S´S¼ ë Á º · ´;¼®´S»Ú½S²<³�³ ¸ »XÃ � ´S¼®½;² Á�Á ´S½ Àa· ²<»�¼W¼�²J» À » �;× º À�·FÜ ´;¼W´ À¶ Á ´;¼ ��¸ ´�» �S×J�F·/× ´Sº<Ô � ´;¼ Æj�
∆ log ε

�æÌ-Ê Õ Ê Â�¹D´�µ Ð Õ
ì4´S¼�´ ð ´ À ¼Ñ¾D² Á ¼2Ö � øMì ¼�²J» À ¹ ·Fð��SÁ ´S» À ¼Ñ¶�² ¸�Á ½¿¾�º ��¸ ´ Á º · ´�´ À ¹ � ¶�´S»D¹�´S» À ¹�´W¶ �F¸ ¼ · ´ ¸�Á ¼:¶�º Á º�Ö³ ��ÀaÁ ´;¼Ñº À ²J³ ·F��¸ ´S¼ Æ ¼�´S½ À�· ²J»D¼:´0/�½5º*½S´S¼Ñ½;² �/�F· ¼ · ²J»�»D´ �/� ´S¼;Ã�¶�¾�² À ² · ²<» · ¼�º Àa· ²J»XÃD�e² Á ½S´;¼:¹XÒV²J¼�½ ·/�/� º À ´ ¸�Á ¼;Ã

ÕFÕ'Õ Ð ´ À º À ³�²J¼�¶D¾ �SÁ�·/��¸ ´S¼ Æ
Teff

Ã
log g

´ À�û�"áþ<ÿ�� Ð Õq� � ´S¼ À º � ² Á ¼"» � ½S´S¼�¼aº ·FÁ ´¥¹�ÒÓ´ ð ´;½ À�¸ ´ Á®¸ »è½5º � ½ ¸��
¹ �;À º ·/�F�/� ¶�² ¸DÁ ½¿¾�º ��¸ ´ Á º · ´Ï¹ ¸ ½5º Á Ô�²<»�´oº<»�º �FÝ ¼ � ´á´ À ¶�² ¸�Á ½¿¾�º ��¸ ´ �;À ² ·/� ´<Õ�ì4´S¼ Á�� ¼ ¸��'À º À ¼9¹�´
&-´;» À ÛS¼�½¿¾�Ö ÿ ² � ³ Æ é v<v � Ð ´ À ¹�´9ä Á Û Ý Ô ·F�/� º�´ À º � Õ Æ Â ÊJÊ é5Ô Ð »�² ¸ ¼ Á ´S»�¼�´ ·/× »�´S» À ¼ ¸�Á®� ´;¼�² Á ¹ Á ´;¼�¹�´
×JÁ º<»D¹�´ ¸�Á ¹�´S¼ñ½S² Á�Á ´S½ Àa· ²J»�¼P´ À ¼ ¸�Áñ� ´S¼ Ü º Á�· º Àa· ²<»�¼4¶�²<¼�¼ · Ô � ´;¼�¹ ¸ ¶ Á ²*ã � ¹D´ � ÒÓº<Ô�²J»�¹�º*»�½S´�¹ ¸ ½Sº Á Ô�²J»�´
´S»C�e²J»�½ À�· ²J»C¹�´

Teff

Ã � Òæº*Ô�²J»D¹�º<»�½;´Ñ¹ ¸ �e´ Á ´ À ½S´ �/� ´S¼]¹�´;¼�º ¸�ÀaÁ ´;¼ �S�/� ³�´;» À ¼SÕ

c-¡d�-¡!d � ­6ô^�������:ÜOù
ì4´S¼�º*Ô�²J»D¹�º<»�½;´S¼W¹�´ � ÒÓ²5µ ÝH×J� »�´C¼�²J» À ¹ � ¹ ¸D·FÀ ´;¼ � ¶�º Á\Àa·/Á ¹�´�ÂJÂ Á º · ´;¼®¹�´�â��E¹D²J» À é��á¼�²<» À

¹�´ ��¸ º �F·FÀa��Å ´ À �Ø¹�´ ��¸ º �/·FÀ�� ±��®Õñì)´�½S²J³�¶�² Á�À ´S³�´S» À ¹�´9½S´ À��S�F� ³�´S» À ´S¼ À ¼ · ³ ·F� º ·FÁ ´ � ½S´ �F¸�·
¹ ¸ ½5º Á Ô�²J»D´W³9º · ¼:º Ü ´;½�¹�´S¼�¹ · ¼�¶�´ Á ¼ · ²J»D¼:¹XÒÓº<Ô�²<»�¹�º<»�½;´S¼�¶ �F¸ ¼ �S� ´ Ü<� ´S¼;Õ � º<»�¼ ¸ » ×JÁ º<¶�¾�´ Á ´S¶ Á�� Ö
¼�´S» À º<» ÀZû â þ<ÿ�� ´S»©�e²J»�½ À�· ²J»©¹�´

Teff

Ã � ´;¼9º<Ô�²J»�¹�º<»�½S´;¼9¹�´ � ÒV²5µ Ý�×<� »�´�¹�º<»�¼ � ´;¼ ��À ² ·F� ´;¼�Þ ¼�²<» À
�/�S×<�SÁ ´;³�´;» À ³�² · »D¼�¹ · ¼�¶�´ Á ¼ � ´S¼]º ¸�À ² ¸�Á ¹�´ � º Ü º � ´ ¸�Á ³�² Ý ´;»�»�´ ��¸ ´�½S´ �/� ´;¼�¹�´S¼ �;À ² ·/� ´;¼�Ä�Õ � º<»�¼ � ´
½5º<¼]¹�´ � ÒÓº<³9º*¼�¹�´;¼]ä �/�;· º<¹�´;¼SÃ � ´ Á º<¶�¶�² Á\À ¹�´;¼]¹ · ¼�¶�´ Á ¼ · ²J»�¼�¹�´ û â þ*ÿ�� ¹D´S¼ ��À ² ·F� ´S¼�Ä ¼ ¸�Á ½S´ �/¸�· ¹�´S¼
�;À ² ·/� ´;¼:ÞBÃ Æ

σA/σF
Ð ´;¼ À ¶ Á ´S¼ �H¸ ´ �;× º ���¥� Ò ¸ » ·'Àa��À º<»�¹ · ¼ ��¸ ´®¹�º<»�¼ � ÒÓº<³�º<¼-¹�´�±B²J³�º Å ´ Á ´S» · ½S´;¼SÃ

½S´ Á º<¶D¶�² Á\À ´;¼ À"�S× º �ï� Â ÆeÀ º<Ô � ´Sº ¸ �DÕ ÈJÐ ÕXì3Ò � ½5º Á\À ´S» ÀaÁ ´ � ´S¼ Ü º � ´ ¸DÁ ¼Ñ³�º�µ · ³�º � ´�´ À ³ · » · ³�º � ´Ñ¹�´
û â þ<ÿ�� ¶�² ¸�Á�� ´;¼ �;À ² ·/� ´;¼�Ä ´;¼ À ¹�´ Ê Õ ê �Z¹�´�µ ¶�² ¸�Á�� ÒÓº<³�º<¼W¹�´;¼¥ä �/�;· º<¹�´;¼�´ À º À�À ´ · » À�Ê Õ�� È ¹D´�µ
¹�º<»�¼"±B²J³�º Å ´ Á ´;» · ½;´S¼;Õ)±B´S¼Ñ¹ · ¼�¶�´ Á ¼ · ²<»�¼:´ À�� ½Sº Á�À ¼Ñ´S» û â þ*ÿ�� ¼�²J» À�� º Á�× ´;³�´;» À ¼ ¸ ¶ �;Á�· ´ ¸�Á ¼�º ¸ µ
Ô�º Á�Á ´S¼-¹XÒV´ Á�Á ´ ¸�Á º<¼�¼�²H½ ·/� ´S¼�º ¸ µÏº<Ô�²J»�¹�º<»�½S´;¼SÃ ��¸�· ¼�²J» À ´S»�³�² Ý ´S»�»�´ · »�� �SÁ�· ´ ¸�Á ´S¼ ��Ê ÕFé"¹�´�µ�Õ�ì4´S¼
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Ü º Á�· º À�· ²J»�¼�¹�´ � ÒÓº<Ô�²J»�¹�º<»D½S´Ñ¹�´ � ÒV²5µ Ý�×<� »�´"¹XÒ ¸ »�´ �;À ² ·/� ´:Ä ��� Òæº ¸DÀaÁ ´Ñ¼�²J» À ¹�²J»�½ Á�� ´ �F� ´;¼SÕ

±B²J³�³�´]¶�² ¸�Á�� ´]½5º Á Ô�²J»D´<Ã�º ¸ ½ ¸ »�´-½S² Á�Á��;� º À�· ²J»W»XÒÓº �;Àa� ¹ ��À ´;½ Àa� ´�´;» À�Á ´ û â þ<ÿ�� ´ À
Teff

Æ ã ×J¸DÁ ´
�DÕ'é Ê�Ð ÃX» · ´;» À�Á ´ û â þ<ÿ�� ´ À

ve sin i
Æ ã ×J¸�Á ´x�DÕFé ÈJÐ Õ)ì4´S¼ ��À ² ·F� ´S¼ � ´S¼�¶ �F¸ ¼"º<Ô�²<»�¹�º<» À ´;¼�´S»ú�e´ Á ¶�²J¼2Ö

¼ � ¹�´;» ÀE� ´;¼ Ü º � ´ ¸DÁ ¹�´ û â þ<ÿ��3� ´;¼"³�² · »�¼ �S� ´ Ü<� ´S¼;Õ � ´�³ � ³�´<Ã � ´S¼ ×JÁ º<¶�¾�´;¼ Á ´S¶ Á�� ¼�´S» À º*» À¥û â þ Þ�´ �
´;»9�e²J»�½ Àa· ²<»�¹�´ û Þ�´ þ<ÿ�� ³�²J» ÀaÁ ´;» À_��¸ ´<ÃH¶�² ¸�ÁB� ´S¼ �;À ² ·/� ´S¼�Ä�Ã ·/� ´�µ · ¼ À ´ ¸ »�´�º<» Àa· Ö ½S² Á�Á��;� º À�· ²J»W´;» À�Á ´
½;´S¼�¹�´ ¸ µ Ü º � ´ ¸�Á ¼SÕ�äP² ¸�Á�� ÒÓº<³�º<¼®¹�´;¼9ä �/�;· º<¹D´S¼SÃ�å;ÒÓº ·BÀ�Á ² ¸�ÜJ��¸ »�´ Á��S×<Á ´S¼�¼ · ²J» ¹D´ � ºá�e² Á ³�´�¼ ¸�· Ö
Ü º<» À ´ ��û â þ Þ�´ � � Ö¿é<Õ Â%� û Þ�´ þ*ÿ�� Ö Ê Õ Ê �Ñº Ü ´;½ ¸ »�½S²H´0/�½ · ´S» À ¹D´�½;² Á�Á��S� º Àa· ²<»
& � Ö Ê Õ���Â:´ À ¶�² ¸�Á�� ÒÓº<³9º*¼¹�´®±B²J³�º Å ´ Á ´;» · ½;´S¼ ��û â þ Þ�´ � � Ö\ÂHÕ Î�û Þ�´ þ<ÿ�� Ö Ê ÕæÂ Î º Ü ´S½�& � Ö Ê Õ�� ë Æ ã ×<¸�Á ´+�DÕæÂ ë Ð Õ � º*»�¼ � º�¼�´;½ À�· ²J»
�DÕ È Ã4½;²J³�³�´W¶�² ¸�Á�� ´�½5º Á Ô�²J»�´<Ã�å�´ Ü º · ¼�º*»�º �FÝ ¼�´ Á"� ´W½S²<³�¶�² Á�À ´S³�´S» À ¹�´ � ÒÓº<Ô�²<»�¹�º<»�½;´�¹�´ � ÒV²%µ Ý Ö
×J� »�´�´S»��e²J»D½ Àa· ²J»�¹�´B½;´ �F� ´�¹ ¸ ¼ ·/�F· ½ ·F¸ ³ º�ã�»�¹�´�³�´ À�À�Á ´�´S» �;ÜH· ¹�´;»�½S´ � ºM¼ � ¶�º Á º Àa· ²<» × º*Û�ÖN¶�² ¸ ¼�¼ ·F�SÁ ´*Õ

é ë Î



ä Á Û Ý Ô ·/�F� º�´ À º � Õ Æ Â ÊJÊ<Ê�Ð ²<» À ´ ð ´S½ Àa¸�� ¹�´;¼_½5º � ½ ¸D� ¼�¹�´ � º Á�× ´ ¸�Á ¼ �S��¸�·FÜ º � ´S» À ´;¼B¾�² Á ¼\Ö � øMìk¶�² ¸�Á� º�¶ �/¸ ¶�º Á�À ¹�´;¼ Á º · ´;¼�¹�´ � ÒÓ²5µ ÝH×J� »D´�»�´ ¸DÀaÁ ´ À�Á º ·'Àa� ´;¼�¹�º<»�¼�³�²<»�º*»�º �FÝ ¼�´<Ã�´ À ½S´;½ · ¶�² ¸�Á ¹�´S¼ �;À ² ·/� ´S¼
Äç´ À�Å À º Á ¹ ·'Ü ´;¼�¹�²<» À-� º À ´S³�¶ �;Á º À�¸�Á ´Ñ´ ð ´;½ À�·FÜ ´"´S¼ À ½;²J³�¶ Á�· ¼�´Ñ´S» À�Á ´ È ë ÊJÊ�Ë ´ À é ë ÊJÊJÊ�Ë Õ�±B´S¼
½5º � ½ ¸�� ¼ñ²J» À3��Àa� �[º ·'À ¼ïº Ü ´S½ � ´;¼ñ½;²�¹�´;¼ � � ø�Äf�2ìÏ´ À  �3¢&-Þ�Ä-± � Æ àÑ· ¹�¹ · » × ¼�é v ��é Ð Õ*ä�² ¸DÁï� ´;¼ �;À ² ·/� ´S¼
¹�²J» À�� º À ´;³�¶ �SÁ º Àa¸�Á ´�´ ð ´S½ À�·FÜ ´�´;¼ ÀE· »D� �;Á�· ´ ¸�Á ´ � é Ê<ÊJÊJÊCË ´ À"��¸�· ²J» À"¸ »�´ ×JÁ º ÜH·'Àa� ¹�´�¼ ¸�Á �[º<½S´
log g ∼ 4

¹�´�µ�Ã � ´S¼Ñ½;² Á�Á ´S½ À�· ²J»D¼ Æ
∆ log ε

Ð ¼�²<» ÀE· »�� �SÁ�· ´ ¸�Á ´S¼ � Ö Ê Õ ÊJÎ ¹�´�µ�Õñ±B´;¼E½;² Á�Á ´S½ Àa· ²<»�¼Ñ¼�²J» À
� º Á�× ´S³�´S» À ´;»¬¹�´S¼�¼�² ¸ ¼�¹�´ � ºáÔ�º Á�Á ´¥¹XÒV´ Á�Á ´ ¸�Á º<¼�¼�²�½ ·/� ´Cº ¸ µÚº*Ô�²J»D¹�º<»�½;´S¼W¹�´ � ÒÓ²5µ ÝH×J� »�´�¹ �;À ´ Á Ö
³ · » � ´C¹�º<»D¼ � ´Ï¶ Á�� ¼�´S» À9À�Á º Ü º ·/� Õ3â:» ¶�´ ¸DÀ º � ² Á ¼�¼ ¸ ¶�¶�²<¼�´ Á���¸ ´ � ´S¼�¹ · ¼�¶�´ Á ¼ · ²J»�¼�´;» û â þ*ÿ�� ´ À
� ÒÓº<» Àa· Ö ½S² Á�Á��;� º À�· ²J»Ï´S» ÀaÁ ´ û â þ Þ�´ � ´ À�û Þ�´ þ*ÿ�� »�´�¼�´ Á ²J» À ¶�º<¼"º ð ´S½ Àa� ´S¼"¶�º ÁÑ� ´;¼�½S² Á�Á ´S½ Àa· ²J»�¼Ñ¾�² Á ¼\Ö
� øMì3Õ

©«ª)¬}­ z>®­t0¯�z�°�±^²J³�®´t
ì4´S¼®º<»�º �'Ý ¼�´S¼E¹ ¸ ½5º Á Ô�²J»�´¥´ À ¹�´ � ÒÓ²5µ ÝH×J� »D´9³�²J» ÀaÁ ´;» À®��¸ ´¥½;´S¼W¹�´ ¸ µ �;�/� ³�´;» À ¼�¶�²J¼�¼ � ¹�´;» À

¹�´S¼�½S²J³�¶�² Á�À ´;³�´;» À ¼�º<¼�¼�´SÛ�¼ · ³ ·/� º ·/Á ´S¼;ÕJì4´ ×<Á º<¶�¾D´f��Õ Â%� Á ´;¶ Á�� ¼�´;» À ´ � ÒÓº<Ô�²J»�¹�º*»�½S´-¹ ¸ ½Sº Á Ô�²J»�´M´;»
�e²J»�½ À�· ²J»o¹D´W½S´ �F� ´®¹D´ � ÒV²5µ ÝH×J� »�´�¶�² ¸�Á:� ´;¼ �;À ² ·/� ´S¼:Ä ´ À Þs³�´S³®Ô Á ´S¼Ñ¹�´;¼�ä �/�S· º<¹�´;¼:´ À ¹�´�±B²<³9º
Å ´ Á ´S» · ½S´S¼;Õ � º*»�¼ � ´ ×<Á º<¶�¾D´�½;²J»�¼aº*½ Á�� º ¸ µ ��À ² ·F� ´S¼�¹�´9±B²J³�º Å ´ Á ´;» · ½;´S¼ Æ ½S´ �/¸�· ¹�´�¹ Á ² ·FÀ ´ Ð Ã4²J»
Á ´S³�º Á��H¸ ´�»D´ À�À ´S³�´S» À�� ºá¶�²J¼ ·FÀa· ²J»è¹�´;¼ �;À ² ·/� ´;¼®Ä�³�Õ�±B´;¼ ��À ² ·F� ´;¼®½¿¾ · ³ ·/��¸ ´;³�´;» À ¶�º Á\Àa· ½ ¸��/·F�SÁ ´S¼
¼�²J» À-À ² ¸DÀ ´S¼-¹ � ã�½ · ´;» À ´S¼�´S»á± ´ À â Æ ½5º<¹ Á º<»�Ô�º<¼\Ö × º ¸ ½¿¾D´ Ð Õ � º Á ´S»�»D´©$ " ²J» · ´ ÁEÆ é vJv<v Ð º Ü º · ´S» À
ÀaÁ ² ¸DÜJ��¸ » Á�� ¼ ¸��FÀ º À ¼ · ³ ·/� º ·/Á ´W´;»Ú¹ �;À ´ Á ³ · »�º<» À®� ´;¼®º<Ô�²J»�¹�º<»�½S´;¼W¹ ¸ ½5º Á Ô�²J»�´¥´ À ¹�´ � ÒÓ²5µ ÝH×J� »�´
¹�º<»�¼_¹D´S¼ ��À ² ·F� ´S¼�Äí´ À Þú¹�´ � Òæº<³�º<¼�¹�´;¼ ÿ-Ý º<¹�´S¼;Ã � º�³�º	å�² Á�·'Àa� ¹�´;¼ �;À ² ·/� ´S¼�Ä�³ �;À º<» À ¹ � ã�½ · ´S» À ´;¼
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³�´;» À�· ²J»Ø½S²J» ÀaÁ º ·/Á ´<Ã�´S¼ À ½S´ �F� ´E¹�´ "Ï× ���¿ÕXì)º9³�² Ý ´S»D»�´W¹�´S¼�º*Ô�²J»D¹�º<»�½;´S¼:¹�´ "Ï× �r�M¹ � ¹ ¸�·'À ´®¶�² ¸�Á
� ´S¼ ��À ² ·F� ´S¼MÞ¬´;¼ À-� º Á�× ´S³�´S» À ¼ ¸ ¶ �;Á�· ´ ¸�Á ´ �W� º Ü º � ´ ¸�Á ¼�² � º ·/Á ´�¹�º<»�¼ � ´;¼�Â�º*³9º<¼ Æ ã ×J¸�Á ´��DÕFé<é Ð Õ�ì4´
³9º × » � ¼ ·/¸ ³ ´S¼ À ¶�º Á ³ ·B� ´S¼ Á º Á ´;¼ �S�F� ³�´S» À ¼ ��¸�· »�´�¶ Á�� ¼�´;» À ´S» À ¶�º<¼W¹�´ � º Á�× ´S¼�¹ · ¼�¶�´ Á ¼ · ²J»�¼®´;»
û!üÑþ<ÿ�� ¹�º*»�¼ � ´S¼ ��À ² ·F� ´;¼_Ä ¶�º Á]Á º*¶�¶�² Á�À º ¸ µ �;À ² ·/� ´S¼MÞ Æ ã ×<¸�Á ´*�DÕ'éJé Ð Õ � º<»D¼-»D²J¼M¹�´ ¸ µCº<³9º*¼SÃ�²J»
½S²J»�¼ À º À ´ ¸ » Á º<¶�¶�² Á�À

σA/σF

À�Á�� ¼_¶ Á ²H½¿¾�´:¹D´ � Ò ¸ » ·'Àa��ÆeÀ º*Ô � ´Sº ¸ �DÕ ÈJÐ ÕDì3Ò � ½5º Á�À ³�º�µ · ³�º � ´;» À�Á ´ � ´S¼
º<Ô�²<»�¹�º<»�½;´S¼]¹�´ "Ï× ¹�´S¼ ��À ² ·F� ´;¼BÄ ¹D´S¼]¹�´ ¸ µCº<³�º<¼�¹�´S¼Mä �/�;· º<¹D´S¼B´ À ¹�´�±B²<³9º Å ´ Á ´;» · ½;´S¼]´;¼ À ¹�´
� ÒV² Á ¹ Á ´]¹�´ Ê Õ ë éM¹�´�µW´ À�Ê Õ��Dé]¹�´�µ Á ´;¼�¶�´S½ À�·FÜ ´S³�´S» À ÕHì4´S¼ · »�½S´ Á�Àa·'Àa¸ ¹D´S¼�º<¼�¼�²H½ ·/� ´S¼ �Ñ� ÒÓº<Ô�²J»�¹�º<»D½S´_¹�´
½S´ À��;�/� ³�´S» À ¼�²J» À�Á ´ � º Àa·'Ü ´S³�´S» À�×JÁ º<»�¹�´;¼ � ´ �F� ´S¼ñ¶�´ ¸DÜ ´;» À º À�À ´ · »�¹ Á ´ ± Ê Õ Î ë ¹�´�µ�ÕHâ:»�»�´M¶�´ ¸DÀ ¶�º<¼½S²J»�½ �/¸�Á ´ ��¸ Ò ·/� ´�µ · ¼ À ´¥¹�´;¼ Ü º Á�· º Àa· ²J»�¼"¹XÒæº*Ô�²J»D¹�º<»�½;´S¼W¹XÒ ¸ »�´ ��À ² ·F� ´ �á� ÒÓº ¸DÀ�Á ´<Õ�äñº Á ½S²<»�¼ �;�H¸ ´S» À
º ¸ ½ ¸ »�´]½S² Á�Á��;� º À�· ²J» �;ÜH· ¹D´S» À ´_»�ÒÓ´�µ · ¼ À ´_´S» ÀaÁ ´ û�"Ï×�þ<ÿ�� ´ À

Teff

» · ´S» ÀaÁ ´ û�"�×�þ<ÿ�� ´ À
ve sin i

Æ ã ×J¸DÁ ´S¼
�DÕFé<é®´ À �DÕFéQ� Ð Õ�ì4´S¼ � º Á�× ´S¼�Ô�º Á�Á ´S¼�¹�ÒÓ´ Á�Á ´ ¸�Á ¼�²J» À ¹ ¸ ´;¼Ñº ¸ �[º ·'À���¸ ´ � ´ ÀaÁ�· ¶ � ´ À ¹�´ "Ï× ��� �

λ
êJê �Dé

å Á��;ÜJ�;� ´ À ² ¸ å�² ¸�Á ¼ ¸ »�´�º<Ô�²J»�¹�º<»D½S´�¼ ¸ ¶ �SÁ�· ´ ¸DÁ ´ � ½S´ �/� ´�¹ � ¹ ¸�·'À ´ � ¶�º Á�Àa·FÁ ¹�´S¼�º ¸DÀ�Á ´S¼ Á º · ´S¼�¹�´
"Ï× �r�¿Õ�±B´ À�À ´E¹ ·'ð��;Á ´;»�½S´�¶�´ ¸DÀ º À�À ´ · »�¹ Á ´ Ê Õ ê ¹�´�µ�Õ

ì4´S¼Mº*Ô�²J»D¹�º<»�½;´S¼M¹�´ "Ï× »�´Ñ¼�²J» À ¶�º<¼]½S² Á�Á��;�/� ´S¼Mº Ü ´;½"½;´ �F� ´S¼B¹ ¸ �e´ Á Õ � º<»�¼ ¸ » ×JÁ º<¶�¾�´ Á ´S¶ Á�� Ö
¼�´S» À º<» À:û�"Ï×�þ<ÿ�� ´S»��e²J»�½ Àa· ²<»W¹�´ û Þ�´ þ*ÿ��PÆ ã ×J¸�Á ´f��Õ Â%� Ð Ã � ´S¼ �;À ² ·/� ´S¼ï¼�²J» À Ã�´S»�³�º	å�² Á�·FÀa� Ã<¼ ·FÀa¸D� ´S¼�´;»
¹�´S¼�¼ ¸ ¼�¹�´ � º�¹ Á ² ·'À ´ Á ´S¶ Á�� ¼�´S» À º<» À�� ´ Á º<¶�¶�² Á\À ¼�² � º ·/Á ´<Õ ÿ�·F�/� $íì)º<»D¹�¼ À�Á ´S´ À�Æ é vJv Î�Ð º Ü º · ´;» ÀïÀaÁ ² ¸DÜJ�
¸ »�´"½S² Á�Á��S� º Àa· ²J»�´S» À�Á ´ û�"Ï×�þ<ÿ�� ´ ÀEû Þ�´ þ*ÿ�� ´ À-� º�¹ Á ² ·'À ´ Á ´ �/· º<» À ½S´;¼�¶�² · » À ¼ �;À º ·FÀ ¶�º Á º �/�F�S� ´�´ À ´;»
¹�´S¼�¼ ¸ ¼]¹�´�½S´ �F� ´ Á ´;¶ Á�� ¼�´S» À º<» ÀM� ´ Á º<¶�¶�² Á\À ¼�² � º ·FÁ ´<Õ�� � ¼B²J» À ´�µ�¶ �/·F��¸�� ½;´S½ · ¶�º Á�� ´M�[º ·FÀ���¸ ´ � º"¼�´ ¸�� ´
Á º · ´ ¸DÀa·F�/· ¼ � ´�¹�º<»D¼ � ´ ¸DÁ®�;À�¸ ¹�´ Æ ½;´ �F� ´9¹ ¸èÀaÁ�· ¶ � ´ ÀW�

λ
êJê �Dé åÑÐ º<Ô�² ¸DÀ�· ¼�¼aº ·'À ¼ Ý ¼ Àa� ³9º À�·/��¸ ´;³�´;» À

� ¹�´S¼�º<Ô�²J»�¹�º<»�½S´;¼W¼ ¸ ¶ �SÁ�· ´ ¸�Á ´;¼ � ½S´ �/� ´;¼®¹ � ¹ ¸�·FÀ ´S¼®¹D´S¼�º ¸DÀ�Á ´;¼ Á º · ´S¼SÕ � »¬¼�´�Ô�º*¼aº<» À ¼ ¸DÁ®� ´ ¸�Á ¼Á�� ¼ ¸��FÀ º À ¼;Ã�å;Òæº ·]Á ´S¶ Á�· ¼ � ´S¼�º<Ô�²J»�¹�º*»�½S´;¼�¹ � ¹ ¸�·'À ´S¼�¶�² ¸�ÁWÀ ² ¸DÀ ´;¼ � ´S¼ �;À ² ·/� ´S¼W´ À å;ÒÓº ·_Á ´S¹ ��À ´ Á ³ · » �
¸ »�´¥»�² ¸DÜ ´ �/� ´�³�² Ý ´S»�»D´ û�"�×�þ<ÿ�� ¶�² ¸�Á ½¿¾�º ��¸ ´ ��À ² ·F� ´�¼aº<»D¼ À ´;» ·/Á ½S²<³�¶ À ´9¹ ¸úÀaÁ�· ¶ � ´ ÀE�

λ
êJê �Dé

é ë �



 Pleiades

-0.4 -0.2 0 0.2 0.4 0.6
-0.5

0

0.5

1
 Coma Ber

-0.4 -0.2 0 0.2 0.4 0.6
-0.5

0

0.5

1

 Pleiades

-0.4 -0.2 0 0.2 0.4 0.6
-0.5

0

0.5

1
 Coma Ber

-0.4 -0.2 0 0.2 0.4 0.6
-0.5

0

0.5

1

�F��� ?
ú
A &�n�i��B _L�K¶�P����OQW��� _W�>�©¥�7L°P" SR�WiJNHMEUL�Pô©�Wk^ OQW�>�KMEVOQW¬�«©�>�©a���e©¥�7Lk^�©�G�RTOQL�G��e©NH+J�KIOQE��e©NH®�

�±WiOQGMP" S�e©NH`©�K�=�`��!©�K*Z P9©�P-��G�©NH��«©W�e�! _P" QHE�«©NH*`4�VJ�E' 5�«©NHs� 1¥R� _L�>IX�©��9©�K"�«©�=�OQP" � �©�G�©�W�E?>�©NHs� 1
�7GIOQEUK�©��ra| 3 QH·� º¹¸ P9©SG�©�R�GIJNH�©�W.K\ _KMEVOQW²P" _EVH-�� _WiHM�e©">� S�?>�L��P�«©NH� S�TOQW��� _W�>�©NH�P*O�µ�©�W�W�©NH�º¿�! _E­G�©�KMEUGIJ"�' 
#5 S�e©�L�G�>NOQGMG�©NHIR�OQW��� _W.K�©� _L�KMGMEUR��e©�K�1

λ
K%K-¤7£�»¢a

å Õ�ì4´S¼:Â ×JÁ º<¶�¾�´;¼:¹ ¸ Ô�º<¼�¹�´ � º�ã ×J¸�Á ´8�DÕæÂ%��³�²J» ÀaÁ ´S» À:� ´S¼-»�² ¸DÜ ´ �F� ´S¼ Ü º � ´ ¸�Á ¼�¹�´S¼�º<Ô�²<»�¹�º<»�½;´S¼
¹ ¸ ³�º × » � ¼ ·F¸ ³ ´S»á�e²J»D½ Àa· ²J»á¹�´�½S´ �F� ´;¼�¹ ¸ �e´ Á ¹�º<»�¼ � ´S¼:Â¥º<³9º*¼SÕ�âÑ» Á ´S³�º Á���¸ ´ ��¸ ´ � º9¹ · ¼�¶�´ Á Ö
¼ · ²J»á¹D´S¼�º<Ô�²J»�¹�º*»�½S´;¼Ñº À ´;»�¹�º<»�½;´ � ¹ · ³ · » ¸ ´ Á ´ ÀÑ��¸ ´ � ´;¼ ��À ² ·F� ´S¼�¼�´ Á º<¶�¶ Á ²�½¿¾�´;» À ¹ ¸oÁ º<¶D¶�² Á\À
¼�² � º ·FÁ ´*Õ � º<»�¼ � ´�½Sº<¼®¹�´ � Òæº*³9º<¼"¹�´;¼Wä �/�S· º<¹�´;¼SÃ � ºÏ¼�´ ¸�� ´ Á º · ´�¹ ¸ ³9º × » � ¼ ·/¸ ³ · ²J» · ¼ � º*»�º �FÝ ¼ � ´
¹�º*»�¼ � ´;¼ ��À ² ·F� ´S¼�Þ �;À º ·FÀ ½S´ �/� ´ �

λ
êJê �Dé å Õ4±�ÒV´S¼ À ¶�² ¸DÁ���¸ ² · ¹�º<»�¼:½;´ ×JÁ º<¶�¾�´-å;ÒÓº · ¹Tão¶ Á�� ¼�´;» À ´ Á

� ´S¼Mº<Ô�²J»�¹�º*»�½S´;¼-¹D´S¼ �;À ² ·/� ´;¼MÞ¬¹ �;À ´ Á ³ · » � ´S¼ � ¶�º Á\Àa·FÁ ¹�´S¼ Á º · ´S¼]¹ ¸ ³�º × » � ¼ ·F¸ ³�»�´ ¸DÀaÁ ´ Æ9"Ï× � Ð Õ
ä Á Û Ý Ô ·/�/� º®´ À º � Õ Æ Â Ê<Ê é%º Ð ²J» À ¶ Á�� ¼�´;» Àa��¸ »Ø³�²�¹ �;� ´:¹�Òæº À ²J³�´"¹D´"³�º × » � ¼ ·F¸ ³�»D´ ¸DÀ�Á ´"´ À-¸ »�´

�e² · ¼ · ²J» · ¼ � º*ã�»ú¹XÒ �;Ü º �/¸ ´ Á�� ´;¼E½;² Á�Á ´S½ À�· ²J»D¼E¾�² Á ¼\Ö � øMì ¹D´S¼®º*Ô�²J»D¹�º<»�½;´S¼"¹�´ "Ï× ¹ � ¹ ¸�·FÀ ´S¼�¹�º<»�¼
é ë È



 Pleiades

-0.4 -0.2 0 0.2 0.4 0.6

-1

-0.5

0

0.5

1

 Coma Ber

-0.4 -0.2 0 0.2 0.4 0.6

-1

-0.5

0

0.5

1

 Pleiades

-0.4 -0.2 0 0.2 0.4 0.6
-1

-0.5

0

0.5

1

 Coma Ber

-0.4 -0.2 0 0.2 0.4 0.6
-1

-0.5

0

0.5

1

�F�9� ?
ú
A &Hu�i�· �«©�W-KMEVY.L�©-1��' ¢ì�R�L�G�©-@7aÄÃSK*RTOQL�G3�e©�HME��UE?>�EUL�P¦a

ÎÏ�;À ² ·/� ´S¼�Ä�Õñ±B´S¼E½S² Á�Á ´;½ Àa· ²J»�¼"¼�´�¼�²J» À®Á��;Ü<�S�/� ´S¼E¶�´ Àa·FÀ ´S¼E¶�² ¸DÁ©"�× �r� ��� ÒV´�µ�½S´;¶ Àa· ²J»ú¹D´S¼ Á º · ´;¼ �
λ
êJê �Dé å Ã

λ
È � ÈJÈ Õ Ê ë å ´ À

λ
È � v � å Õ � º<»D¼ � ´E½5º<¼:¹D´ � Ò �;À ² ·/� ´ �:�S× º Æ

α
ì ÝHÁ¿Ð Ã�¹D´ ÀNÝ ¶�´®¼�¶�´;½ À�Á º �

Ä Ê.� Ã � ºW½S² Á�Á ´S½ Àa· ²J» Æ
∆ log ε

Ð Ã�º<¶D¶ �/·F�H¸D� ´ ��� Òæº*Ô�²J»D¹�º<»�½;´"¹ � ¹ ¸�·'À ´ � ¶�º Á�Àa·FÁ ¹ ¸ÏÀ�Á�· ¶ � ´ À-�
λ
êJê �Dé

å ÃJ´;¼ À ¹�´BÖ Ê Õ ÂHé_¹�´�µ�ÕH±B´;½ · ½;²J»Dã Á ³�´ ��¸ ´]½;´ ÀaÁ�· ¶ � ´ À ¶ Á ²�¹ ¸�·FÀ ¼ Ý ¼ À�� ³�º Àa·F�H¸ ´S³�´S» À�¸ »�´-º<Ô�²J»�¹�º*»�½S´
¼ ¸ ¶ �SÁ�· ´ ¸DÁ ´ � ½;´ �F� ´Ñ¹ � ¹ ¸�·FÀ ´Ñ¹�´S¼�º ¸DÀ�Á ´;¼ Á º · ´;¼SÕ

c-¡d�-¡�¼ � ù §�÷2¦s÷IÝS÷2¯@õ
� º*»�¼ � ´E½Sº<¼:¹ ¸ ¼ ·/�F· ½ ·F¸ ³�Ã�é v Á º · ´S¼-¹�´�  · �r�_¹�´ ��¸ º �/·'Àa� ± � � ²J» À:��Àa�"ÀaÁ º ·FÀa� ´S¼;Õ�ì4´S¼ �;À ² ·/� ´S¼

Þ©¶ Á�� ¼�´S» À ´;» À ¹�´S¼�º<Ô�²J»�¹�º<»D½S´S¼�¶�´ ¸ ¹ · ¼�¶�´ Á ¼ � ´S¼:º ¸DÀ ² ¸DÁ ¹D´ � º Ü º � ´ ¸�Á ³�² Ý ´S»D»�´ ��¸�· ´S¼ À ¹D´ Ê ÕæÂ Î
¹�´�µ Æ ä �F�S· º<¹�´S¼ Ð ´ ÀBÊ Õ'é��Ñ¹�´�µ Æ ±B²J³�º Å ´ Á ´;» · ½;´S¼ Ð ÕHì4´S¼ �;À ² ·/� ´;¼3Ä�Ã�´ �/� ´;¼�º ¸ ¼�¼ · Ã�¹ �;ÜH· ´;» À��F�S×J�;Á ´S³�´S» À
é ë �



¹�´ � ´ ¸�Á ¼ Ü º � ´ ¸�Á ¼�³�² Ý ´S»D»�´S¼ ��¸�· ¼�²J» À�ÀaÁ�� ¼"¶ Á ²H½¿¾�´;¼�¹�´�½S´ �F� ´;¼"¹D´S¼ ��À ² ·F� ´;¼EÞ Æ\Ì"û   · þ*ÿ��#´ ∼ Ê ÕæÂ ë¹�´�µÏ¶�² ¸DÁ�� ´;¼ ��À ² ·F� ´S¼MÄß¹�´ � ÒÓº<³�º<¼M¹�´S¼:ä �F�S· º<¹�´S¼-´ À:Ê ÕæÂ�é�¹�´�µá¶�² ¸�Á ½S´ �/� ´;¼�¹D´ � ÒÓº<³�º<¼-¹�´W±B²J³�º
Å ´ Á ´;» · ½;´S¼ Ð Õ�Ä · »D¼ · Ã � ´S¼ Ü º Á�· º À�· ²J»D¼®¹XÒÓº<Ô�²<»�¹�º<»�½;´Ï¹�Ò ��À ² ·F� ´ �Z�;À ² ·/� ´�»�´C¼�²J» À ¶�º<¼�¼ ·F× » · ã�½5º À�·FÜ ´;¼
¹�º*»�¼ � ´E½5º<¼�¹ ¸ ¼ ·F�/· ½ ·/¸ ³�Ã�´ À º ¸ ½ ¸ »�´ Á ´ � º À�· ²J»�»XÒV´�µ · ¼ À ´W´;» À�Á ´ û   ·hþ<ÿ�� ´ À

Teff

» · ´;» À�Á ´ û   · þ*ÿ�� ´ À
ve sin i

Æ ã ×J¸�Á ´;¼#�DÕ'éJé]´ À �DÕ'é�� Ð Õ � º<»�¼ � º�ã ×J¸�Á ´���Õ Â v Ã¿å;ÒÓº ·DÁ ´S¶ Á�� ¼�´S» Àa�-� ÒÓº<Ô�²J»�¹�º<»D½S´_¹ ¸ ¼ ·/�/· ½ ·F¸ ³ ´S»
�e²J»D½ Àa· ²J»�¹�´-½S´ �F� ´]¹ ¸ �e´ Á Õ � º<»�¼ � ´]½Sº<¼�¹D´ � Òæº<³�º<¼3¹�´�±B²J³�º Å ´ Á ´S» · ½S´S¼;Ã�²J»�»D´ Á ´S³�º Á���¸ ´-º ¸ ½ ¸ »�´
½;² Á�Á��S� º Àa· ²<»Ù´S» À�Á ´ û   · þ<ÿ�� ´ ÀCû Þ�´ þ<ÿ���À º<»�¹ · ¼ ��¸ ´�¹�º*»�¼ � ÒÓº<³�º<¼E¹D´S¼�ä �/�;· º<¹�´;¼SÃ � ÒÓº<Ô�²<»�¹�º<»�½;´¥¹ ¸
¼ ·/�/· ½ ·F¸ ³ ¹�º<»�¼ � ´S¼ ��À ² ·F� ´;¼BÄ ¼�´;³®Ô � ´ �;À�Á ´Ñ½S² Á�Á��;�/� ´�º Ü ´S½�½S´ �/� ´�¹ ¸ �e´ ÁÑÆ & � Ê Õ È � Ð Õ � º<»�¼]½S´ À º<³�º<¼� ´ Á º<¶�¶�² Á�À�û   · þ Þ�´ � ´S¼ À�À ² ¸ å�² ¸�Á ¼�¼ ¸ ¶ �;Á�· ´ ¸�Á º ¸9Á º*¶�¶�² Á�À ¼�² � º ·/Á ´<Õi;-² À ²J»D¼ ��¸ ´ ÿ-·/�F� $ ì)º<»�¹�¼ ÀaÁ ´;´ À
Æ é vJv Î�Ð Ã�¹�º<»�¼ � ´ ¸�Á º<»�º �FÝ ¼�´-¹�´S� �;À ² ·/� ´S¼�Ä�Ã�²J» ÀBÀ�Á ² ¸DÜ<�:¸ »�´�½S² Á�Á��;� º À�· ²J» Æ & � Ê Õ v ÈJÐ ´S» ÀaÁ ´ û   · þ<ÿ��
´ À"û Þ�´ þ*ÿ�� º Ü ´;½ ¸ » Á º<¶�¶�² Á\À�û   · þ Þ�´ � ¼�² � º ·/Á ´<Õ � ´Ñ³ � ³�´:ì)´;³�ù*´ Æ é vJv Ê�Ð ´S»�º<»�º �FÝ ¼aº*» À éQ� �;À ² ·/� ´;¼
ÄEÃïº ÀaÁ ² ¸DÜ<��¸ »�´�½S² Á�Á��;� º À�· ²J»Ùº Ü ´S½C¹�´;¼ Á º<¶�¶�² Á�À ¼ û   · þ Þ�´ �B�F�S×J�;Á ´S³�´S» À ´;»©¹D´S¼�¼ ¸ ¼�¹ ¸ÚÁ º<¶D¶�² Á\À
¼�² � º ·FÁ ´*Õ � » ÀaÁ º.Þ5º<» À�û   · þ Þ�´ � ´S»o�e²J»D½ Àa· ²J»o¹�´ û Þ�´ þ<ÿ�� ¶�² ¸�ÁÑ� ´;¼ �;À ² ·/� ´;¼:Ä�Ã ¸ »�´�º<» Àa· ÖN½;² Á�Á��S� º Àa· ²<»
¼�´S³®Ô � ´�´�µ · ¼ À ´ Á Õ � º<»D¼ � ´-½5º<¼�¹�´ � Òæº<³�º<¼�¹�´;¼]ä �/�S· º<¹�´;¼SÃ � ´-½S²H´0/�½ · ´S» À ¹�´�½S² Á�Á��;� º À�· ²J»�´S¼ À ¹�´�& � ÖÊ Õ ë Ê ´ À ¹�º<»D¼ � ´®½Sº<¼:¹�´ � Òæº<³�º<¼�¹�´�±B²J³�º Å ´ Á ´S» · ½S´;¼ ·/�)Ü º ¸DÀ & � Ö Ê Õ��DéJÕ�±B´S½ · ¼SÒV´�µ�¶ �/·F��¸ ´W¶�º Á:� ´�[º ·'À���¸ ´ � Òæº<Ô�²J»�¹�º<»�½S´�¹ ¸ ¼ ·/�F· ½ ·/¸ ³�Ã�¹�º*»�¼ � ´�½5º<¼E¹�´S¼ �;À ² ·/� ´;¼�Ä�Ã)´S¼ À ¶�´ ¸ ¹ · ¼�¶�´ Á ¼ � ´¥º ¸DÀ ² ¸�Á ¹�´
� º Ü º � ´ ¸�Á ³�² Ý ´S»�»�´*Õ � ²<»�½�¼ ·ñ� ÒÓº<Ô�²J»�¹�º*»�½S´"¹ ¸ �e´ Á º ¸D× ³�´;» À ´<Ã � ´ Á º*¶�¶�² Á�À�û   ·hþ Þ�´ � »�´E¶�´ ¸DÀ:��¸ ´
¹ · ³ · » ¸ ´ Á ÃD½ Á�� º<» À º · »D¼ ·4� ÒÓº<» Àa· ÖN½;² Á�Á��S� º Àa· ²<»XÕ � º<»�¼ � ºW¼�´;½ À�· ²J»��DÕ È »�² ¸ ¼ Ü ´ Á�Á ²J»D¼ ��¸ ´ � ´Ñ¼ ·F�/· ½ ·/¸ ³ÏÃ
º Ý º*» À®¸ »�´¥¾�º ¸DÀ ´ À ´S³�¶ �;Á º À�¸�Á ´�¹�´¥½;²J»�¹�´;»�¼aº À�· ²J»�Ãñ´S¼ ÀW¸ »¬¹�´;¼ �S�F� ³�´S» À ¼�½5º<»�¹ · ¹�º À ¼®¶�² ¸�Á º*¶�Ö
¶ ¸�Ý ´ Á-� ´Ñ¼�½ � »�º Á�· ²�¹�´�¼ � ¶�º Á º À�· ²J» × º*Û�ÖN¶�² ¸ ¼�¼ ·F�SÁ ´*Õ

4 ´S¹�´;³�´ Ý ´ ÁoÆ Â ÊJÊ é Ð ºú¹ �;À ´ Á ³ · » �Ø� ÒÓº<Ô�²J»�¹�º*»�½S´�¾�² Á ¼\Ö � øMì ¹ ¸ ¼ ·/�/· ½ ·F¸ ³ ¹�º*»�¼ � ´�¼�² � ´ ·F� ´ À
¹�º*»�¼ �:�;× ºDÕ4ä �F¸ ¼ · ´ ¸�Á ¼ Á º · ´S¼Ñº*»�º �FÝ ¼ � ´S¼Ñ¹�º<»�¼ � ´®¶ Á�� ¼�´;» À�À�Á º Ü º ·/�BÆ

λ
ê é	Â%��Õ Ê ë�ê å Ã

λ
ê é ÎJÊ Õ�� È Â å Ã

λ
ê é ÎJÊ Õ�� v ê å Ã

λ
ë Ê ê éJÕ Ê Â ê å Ã

λ
ë Ê ëJë Õ v � ê å ´ À

λ
ë Ê ë �DÕ Î é È+åÑÐ ²J» ÀM�;Àa��ÀaÁ º ·FÀa� ´S¼_¶�º Á]4 ´;¹�´S³�´ Ý ´ Á

Æ Â ÊJÊ é Ð ¶�² ¸�ÁÑ� ´®½Sº<¼Ñ¹�´ ���S× ºDÕXìPº¥½;² Á�Á ´S½ Àa· ²<»o³9º�µ · ³9º � ´ Æ
∆ log ε

Ð ´S¼ À ¹�´ � ÒV² Á ¹ Á ´®¹D´�Ö Ê Õ'éW¹�´�µ�Õ
� � ´;¼ ÀE· ³�¶�²J¼�¼ · Ô � ´®¹D´�¶ Á�� ¹ ·FÁ ´ � ÒV´ ð ´ À ¹�´ � º�½;² Á�Á ´S½ À�· ²J»k¾�² Á ¼\Ö � øMìs¼ ¸�Á"� ´S¼"º<Ô�²J»�¹�º<»�½S´;¼E¹D´¥  · �r�
¹ ��À ´ Á ³ · » � ´S¼]¶�² ¸�Á]� ´;¼ �;À ² ·/� ´S¼_Ä ³�´S³®Ô Á ´S¼]¹D´S¼-ä �/�S· º<¹�´;¼_´ À ¹�´E±B²J³�º Å ´ Á ´S» · ½S´;¼SÕ � À º*» À ¹�²<»�» ���¸ ´ � ´S¼�º<Ô�²<»�¹�º<»�½;´S¼:¹ � ¹ ¸�·'À ´;¼:¶ Á ² ÜH· ´;»�»�´;» À ¹�Ò ¸ »D´®³�² Ý ´S»�»�´�¹�´¥é v Á º · ´;¼SÃ ·/� ´S¼ À ¶�´ ¸ ¶ Á ²JÔ�º<Ô � ´
��¸ ´ � ´S¼�½S² Á�Á ´;½ À�· ²J»�¼�¾�² Á ¼\Ö � øMì º ð ´S½ À ´S» À ¼ �;Ü<�SÁ ´S³�´S» ÀC� ´�½S²J³�¶�² Á�À ´S³�´S» À ¹�´Ø½;´ À¥�;�/� ³�´;» À ´S»
�e²J»D½ Àa· ²J»�¹�´;¼�¶�º Á º<³ �;À�Á ´S¼_�e²<»�¹�º<³�´S» À º ¸ µC´ À ¹�´;¼-º ¸DÀaÁ ´S¼ �S�F� ³�´S» À ¼;Õ

cM¡d��¡5c � ùêÝ8ö�¦mÝ8÷2¯@õ
� ² ¸ ÛS´ Á º · ´S¼]¹�´E±_º%���_¹�´ ��¸ º �/·'Àa� ± ´ À�� ²<» À-��Àa� ¼ Ý » À ¾ ��Àa· ¼ � ´;¼:º*ã�»Ï¹�´"¹ ��À ´ Á ³ · »�´ Á]� Òæº*Ô�²J»HÖ

¹�º*»�½S´�¹ ¸ ½Sº � ½ ·/¸ ³ ¹�º<»�¼ � ´;¼ ��À ² ·F� ´S¼ÑÄEÃ)Ä�³Í´ À ÞBÕ � º*»�¼ � ´S¼"ä �/�S· º<¹�´;¼SÃ � º À ² À º �F·FÀa� ¹D´S¼ �;À ² ·/� ´;¼
Þ º �;Àa� º<»�º �FÝ ¼ � ´�´ À"� ÒÓº<Ô�²<»�¹�º<»�½;´W³�² Ý ´S»�»�´ ÀaÁ ² ¸DÜJ� ´�´;¼ À�Ì"û ±_º þ<ÿ��#´ ∼ Ê Õ Â Ê ¹�´�µ�Õ � º*»�¼®±B²<³9ºÅ ´ Á ´;» · ½;´S¼SÃ � Òæº<Ô�²J»�¹�º<»�½S´]¹ ¸ ½5º � ½ ·F¸ ³ »�Òæº �;À�� ¹ ��À ´ Á ³ · » � ´ ��¸ ´-¹�º<»D¼�¹D´ ¸ µ ��À ² ·F� ´S¼�Þ ÆÉÿ�� é Ê ��é ÊJÎ
´ À3ÿ�� é Ê �7� v é Ð ´ Àï� ´S¼P¼�² ¸ ¼2Ö2º<Ô�²J»�¹�º<»�½S´;¼ ÀaÁ ² ¸DÜJ� ´S¼ï¼�²J» ÀïÀaÁ�� ¼�¶ Á ²H½¿¾�´S¼ Æ�û ±_º þ<ÿ�� ∼ Ö Ê ÕæÂ Ê ¹�´�µ Ð Õ � º<»�¼� Òæº<³�º<¼_¹D´S¼-ä �/�S· º<¹�´;¼SÃ�¶�² ¸�Á

Teff
´ � È<Ê<ÊWË Ã � ´S¼ ��À ² ·F� ´S¼BÄç»D² Á ³�º � ´;¼_¼�²<» À ¹ � ã�½ · ´S» À ´;¼�´;»Ï½Sº � ½ ·/¸ ³

´ À ¶�² ¸DÁ
Teff

Ì � È<ÊJÊ�Ë Ã � ´B½S²J³�¶�² Á�À ´;³�´;» À ¹�´S¼ �;À ² ·/� ´S¼ïÄ ´;¼ À ¼ · ³ ·F� º ·FÁ ´ � ½S´ �F¸�· ¹�´;¼ ��À ² ·F� ´;¼3Þ �J¸ »�´
¹ · ¼�¶�´ Á ¼ · ²<»�º ¸DÀ ² ¸DÁ ¹D´ � º Ü º � ´ ¸DÁ ³�² Ý ´;»�»�´-¹�´ Ê Õ Â Ê ¹D´�µ�Ã �"� ÒÓ´�µD½;´S¶ À�· ²J»�¹�´ � Ò �;À ² ·/� ´BÄ�³ ÿ�� Â Î<Î Â ë
��¸�· ´S¼ À ¹ � ã�½ · ´S» À ´Ï´S»s½Sº � ½ ·/¸ ³ Æ Ö Ê Õ'é ê ¹�´�µ ÐÏÆeÜ ² ·/Á ã ×J¸�Á ´²�DÕ'éJé Ð Õ � º<»�¼ � ÒÓº<³9º*¼�¹D´o±B²J³�º Å ´�Ö
Á ´S» · ½S´S¼;Ã � ´;¼ �;À ² ·/� ´S¼®Ä�»�² Á ³�º � ´S¼�´ À Ä�³j¼�²J» À º<¼�¼�´SÛC¹ · ¼�¶�´ Á ¼ � ´;¼�º ¸DÀ ² ¸�Á ¹�´ � º Ü º � ´ ¸�Á ¼�² � º ·FÁ ´<Õ
ä ¸�· ¼ ��¸ ´ � Òæº<Ô�²J»�¹�º<»�½S´�¹ ¸ ½Sº � ½ ·/¸ ³Í´;¼ À º ð ´S½ Àa� ´¥¹XÒ ¸ »�´ ×JÁ º<»�¹�´�Ô�º Á�Á ´9¹�ÒÓ´ Á�Á ´ ¸�ÁCÆ ¹�´ � ÒÓ² Á ¹ Á ´�¹�´

é ë v



 Pleiades

-0.4 -0.2 0 0.2 0.4 0.6

-1

-0.5

0

0.5

1

 Coma Ber

-0.4 -0.2 0 0.2 0.4 0.6

-1

-0.5

0

0.5

1

�F�9� ?
ú
AUÌ t�i�· �«©�W-KMEVY.L�©-1��' ¢ì�R�L�G�©-@7aÄÃ	U¢RTOQL�G3�e©M>� S�?>�EUL�P¦a

Ê Õ Â Ê ¹�´�µ Ð ÃD²J»9»�´�¶�´ ¸DÀ ¶�º<¼�½S²J»Dã Á ³�´ Á��H¸ ´ � ´;¼B¹ · ¼�¶�´ Á ¼ · ²J»D¼�¹XÒÓº<Ô�²J»�¹�º*»�½S´�¹XÒ ¸ »�´ �;À ² ·/� ´ ��� ÒÓº ¸DÀ�Á ´
¼�²J» À ¼ ·/× » · ã�½Sº Àa·'Ü ´;¼SÕ

3-»�´ �;À ² ·/� ´�Ä�º<¶�¶�º Á�Àa· ´S» ÀW�Ï� ºÏ½Sº Àa�;× ² Á�· ´ Æ Ô Ð ¹D´S¼ �;À ² ·/� ´S¼"Ä�³ ¼�´ � ²J»Ú±B²<» À�·ÑÆ é v È<Ê�Ð ¼ · ´ �F� ´
¶�²J¼�¼ � ¹�´ ¸ »�´�¹ � ã�½ · ´S»�½;´9´S»Ù½5º � ½ ·/¸ ³ ´ À¿þ ² ¸ ´S»Ù¼�½5º<»D¹ ·/¸ ³�Õ­� � »XÒÓ´;¼ À ¹�²J»�½�¶�º<¼"¼ ¸�Á ¶ Á ´;»�º<» À®��¸ ´
� ºW¶ �/¸ ¶�º Á�À ¹�´�½S´S¼ �;À ² ·/� ´S¼_¼�² · ´;» À ¹ � ã�½ · ´S» À ´S¼-´S»�½5º � ½ ·/¸ ³ÏÕHÄ ¸ ½ ¸ »�´"½S² Á�Á��;� º À�· ²J»¥»�Òæº �;À���À�Á ² ¸�ÜJ� ´
´S» ÀaÁ ´ û ±_º þ<ÿ�� ´ À

Teff

» · ´S» ÀaÁ ´ û ±_º þ<ÿ�� ´ À
ve sin i

Æ ã ×J¸DÁ ´S¼
�DÕ'éJéC´ À �DÕ'é�� Ð Õ3ì)ºZã ×J¸�Á ´��DÕ ÎJÊ »�´
³�²J» À�Á ´-º ¸ ½ ¸ »�´ Á ´ � º À�· ²J»W¹ ·FÁ ´;½ À ´M´;» À�Á ´ û ±_º þ<ÿ�� ´ À�û Þ�´ þ*ÿ�� Õ�â:»�¶�´ ¸DÀ å ¸ ¼ À ´M»�² À ´ Á���¸ ´ � ´ Á º*¶�¶�² Á�À
û ±_º þ Þ�´ � ¹�º*»�¼ � º�³9º	å�² Á�·FÀ�� ¹D´S¼ ��À ² ·F� ´S¼�Ä »�² Á ³9º � ´S¼-´S¼ ÀÑÀaÁ�� ¼:¶ Á ²�½¿¾D´W¹ ¸oÁ º<¶D¶�² Á\À ¼�² � º ·FÁ ´*Õ�±B´;½ ·
´S¼ À ¶ �/¸ ¼-»�´ À�À ´;³�´;» À�ÜH· ¼ · Ô � ´E¹�º*»�¼ � ´S¼�ä �F�S· º<¹�´S¼;Ã�²%6 � ´"»�²J³�Ô Á ´"¹XÒ �;À ² ·/� ´;¼�Äß»�² Á ³9º � ´S¼M´S¼ À º<¼�¼�´SÛ
�S� ´ ÜJ� Õ3±B´S¼ �;À ² ·/� ´;¼E¼�²J» ÀWÁ�� ¶�º Á\Àa· ´;¼®º ¸�À ² ¸�Á ¹�´ � º�¹ Á ² ·'À ´ Á ´S¶ Á�� ¼�´S» À º*» À�� ´ Á º<¶�¶�² Á�À ¼�² � º ·/Á ´<Õ)ì4´S¼
�;À ² ·/� ´;¼MÄ�³ ¼�²J» À �[º<½ ·F� ´;³�´;» À ¹ ·Fð��SÁ ´;» Àa· º*Ô � ´;¼-¹D´S¼�Äç»�² Á ³9º � ´S¼M´ À ¹�´;¼:Þ©¶�º Á ½;´ ��¸ ÒV´ �F� ´;¼�¼�²J» À ´;»
×JÁ º<»D¹�´�¶�º Á�À�· ´ � ²�½Sº �/· ¼ � ´;¼_¹�º<»D¼ � ´Ñ½5º<¹ Á º<»�²76 û Þ�´ þ<ÿ��#´-Ê ´ À�þ ² ¸Ùû ±_º þ<ÿ�� Ì-Ê Õ

c-¡d�-¡Q½ � ù §[Ý8ö�Ü�«O÷2¯@õ
ì3ÒÓº<Ô�²<»�¹�º<»�½;´W¹ ¸ ¼�½5º*»�¹ ·/¸ ³ ¶ Á ² ÜH· ´S» À ¹XÒ ¸ »�´�³�² Ý ´;»�»�´�¹�´�éJé Á º · ´;¼Ñ¹�´� �½_����¹�´ ��¸ º �/·FÀ��W� Õ

� �F� ´�´S¼ À ¶�´ ¸ ¹ · ¼�¶�´ Á ¼ � ´�¹�º<»D¼ � ´;¼ �;À ² ·/� ´S¼EÞBÃ�º ¸DÀ ² ¸�Á ¹�´ � º Ü º � ´ ¸�Á ³�² Ý ´S»�»�´�� Ê Õ Ê Â ± Ê Õ Ê�È ¹�´�µ¶�² ¸DÁ3� ÒÓº<³9º*¼ñ¹�´;¼�ä �F�S· º*¹�´S¼ï´ À Ö Ê Õ Ê Â ± Ê Õ Ê ê ¹�´�µW¹�º*»�¼�±B²J³9º Å ´ Á ´S» · ½S´S¼;Õ�Ä � ÒV²J¶�¶�²J¼ � Ã � ´;¼ �;À ² ·/� ´S¼ïÄ
³�²J» À�Á ´S» À ¹XÒ · ³�¶�² Á�À º<» À ´S¼�¹ · ¼�¶�´ Á ¼ · ²J»�¼]´;» û  �½ þ<ÿ�� Õ � »C´ ð ´ À Ã � ´ Á º<¶�¶�² Á�À ¹�´S¼M¹ · ¼�¶�´ Á ¼ · ²<»�¼ σA/σF´S¼ À ¹�´ ë ¹�º<»�¼ � Òæº*³9º<¼-¹�´;¼Ñä �/�S· º<¹�´;¼�´ À ¹�´¥é Ê ¹�º<»D¼Ñ±B²J³�º Å ´ Á ´S» · ½S´;¼ ÆeÀ º<Ô � ´5º ¸ �DÕ È<Ð Õ � º<»�¼�½S´S¼
¹�´ ¸ µ º<³�º<¼;Ã � Ò � ½5º Á�À ³9º	µ · ³9º � ¹XÒÓº<Ô�²J»�¹�º<»D½S´�¹XÒ ¸ »�´ ��À ² ·F� ´�Ä �Z� ÒÓº ¸DÀaÁ ´C´S¼ À¾´ éJÕ Î ¹�´�µ

σA

´S¼ À
� º Á�× ´S³�´S» À ¼ ¸ ¶ �SÁ�· ´ ¸�Á º ¸ µ�Ô�º Á�Á ´;¼�¹XÒV´ Á�Á ´ ¸�Á

σSc
�H¸D· ¼�²J» À ¹D´ � ÒÓ² Á ¹ Á ´M¹�´ Ê Õ'é ë ¹�´�µ�Õ�ì4´S¼ Ü º Á�· º Àa· ²<»�¼

¹�´ û  �½ þ<ÿ�� ¼�²<» À º � ² Á ¼Ñ½;´ Á\À º · »�´S¼;Õ�é<é ��À ² ·F� ´;¼ÑÄq¹D´S¼Eä �F�S· º<¹�´S¼�¶�²J¼�¼ � ¹�´;» À ¹�´;¼E¼�² ¸ ¼\ÖNº<Ô�²J»�¹�º<»D½S´S¼
½S²J³�¶ Á�· ¼�´;¼_´S» ÀaÁ ´�Ö Ê Õ Ê é�´ À Ö Ê Õ v Â"¹D´�µ�´ ÀMÈE��À ² ·F� ´;¼�Ä ¹D´Ñ±B²J³�º Å ´ Á ´S» · ½S´;¼_¼�²<» À ¼�² ¸ ¼2Ö2º<Ô�²J»�¹�º<» À ´S¼
¹�´®Ö Ê Õ'é ÎC� Ö¿éJÕ'é È ¹�´�µ�ÕPì4´W¼�½Sº<»�¹ ·F¸ ³�ÃX¹XÒ ¸ »�´��[º%ÞS²J»Z¼ · ³ ·/� º ·/Á ´"º ¸ ½5º � ½ ·F¸ ³�Ã�´;¼ À"¸ » �S�/� ³�´;» À ½5º�Ö
é�� Ê



 Pleiades

-0.4 -0.2 0 0.2 0.4 0.6

-1

-0.5

0

0.5

1

 Coma Ber

-0.4 -0.2 0 0.2 0.4 0.6

-1

-0.5

0

0.5

1

 Pleiades

-0.4 -0.2 0 0.2 0.4 0.6

-1

-0.5

0

0.5

1

 Coma Ber

-0.4 -0.2 0 0.2 0.4 0.6

-1

-0.5

0

0.5

1

�F��� ?
ú
AVÌ�B i�· �«©�W-KMEVY.L�©-1��' ¢ì�R�L�G�©-@7aÄÃSK�R�OQL�G3�e©�H\>� _W��7EUL�P¦a

Á º<½ À��SÁ�· ¼ À�·/��¸ ´�¹ ¸ ¶�¾ � »D²J³ � »�´"Ä�³�Õ�Ä · »�¼ · Ã � ºW¶ �F¸ ¶�º Á\À ¹D´S¼ �;À ² ·/� ´;¼]Ä�³ ´ À ¶�² À ´S» Àa· ´ �F� ´S³�´S» À Ä�³
Æ[ÿ�� Â Î<Î � È Ã ÿ�� Â Î � Î éJÃ ÿ�� Â Î ��Â v ´ À�ÿ�� é Ê�È � ë<ë Ð ¼�²J» À ¼�² ¸ ¼2Ö2º<Ô�²J»�¹�º<» À ´S¼3´;»W¼�½Sº<»�¹ ·F¸ ³ÏÕ*Ä ¸ ½ ¸ »�´
À ´S»�¹�º*»�½S´�»XÒÓ´;¼ ÀEÀaÁ ² ¸DÜJ� ´9´S» À�Á ´ � Òæº*Ô�²J»D¹�º<»�½;´�¹ ¸ ¼�½Sº<»�¹ ·F¸ ³Í´ À�� ´;¼"¶�º Á º<³ �;À�Á ´;¼"�e²J»D¹�º<³�´S» À º ¸ µ
Æ
Teff

´ À
ve sin i

Ð"Æ Ü ² ·FÁ ã ×J¸�Á ´S¼��DÕ'é	Â®´ À �DÕ'é v Ð Õ

ì)º�ã ×J¸DÁ ´��DÕ Î é®¶ Á�� ¼�´S» À ´ � Òæº*Ô�²J»D¹�º<»�½;´�¹ ¸ ¼�½5º<»�¹ ·/¸ ³ ´S»á�e²J»D½ Àa· ²J»Ø¹D´®½S´ �/� ´E¹ ¸ �e´ Á ¶�² ¸�Á�� ´S¼
��À ² ·F� ´S¼�Ä ´ À ÞBÕ � Ò ¸ »�´��[º%Þ;²J» · ¹�´S» À�·/��¸ ´�º ¸ ½;²J³�¶�² Á\À ´S³�´S» À ¹ ¸ ½Sº � ½ ·/¸ ³�Ã�²J»�»�´�¶�´ ¸DÀ ¹ · ¼ Àa· » ×J¸ ´ Á
º ¸ ½ ¸ »�´E½S² Á�Á��;� º À�· ²J»�´S» ÀaÁ ´®½S´;¼�¹�´ ¸ µ �S�/� ³�´;» À ¼SÕ�ì3Òæº*Ô�²J»D¹�º<»�½;´�¼�² � º ·FÁ ´�¹�´W H½�¹�º<»D¼ � ´;¼ ��À ² ·F� ´S¼�Þ
´;¼ À-· »�¹ � ¶�´S»�¹�º*» À ´E¹D´S¼ Ü º Á�· º À�· ²J»D¼_´S» û Þ�´ þ<ÿ�� Õ�ì4´S¼ �;À ² ·/� ´;¼]Ä�³Ç¼�´E¹ · ¼ À�· » ×J¸ ´S» À ¶�º ÁM� ´ ¸�Á ´S³�¶ � º	Ö
½;´S³�´S» À ¹�º<»�¼ � º®¶�º Á�À�· ´ · »�� �SÁ�· ´ ¸�Á ´Ñ¹ Á ² ·FÀ ´ Æ\û Þ�´ þ<ÿ��#´-Ê ´ À"û  H½ þ<ÿ�� Ì-Ê�Ð ¹ ¸ ¹ · º ×JÁ º<³�³�´<Õ

é��Dé



 Pleiades

-1.5 -1 -0.5 0 0.5 1

-1

-0.5

0

0.5

1

 Coma Ber

-1.5 -1 -0.5 0 0.5 1

-1

-0.5

0

0.5

1

�F�9� ?
ú
AVÌ &�i�����OQW��� _W�>�©��7LE>� S�?>�EUL�P ©�WÑ^COQW�>�KMEVOQW��«©�>�©a���e©��7L©H2>� _W��7EUL�PéRTOQL�G)�e©NHqJ�KIOQE��e©NH��Ö�±WiOQGMP" S�e©NH

©�K_=�`q��©�K#Z²P9©�P-��G�©NH��«©]�e�! _P" QH��«©NH�`4�VJ�E' 5�«©NHf� 1:R� _L�>mX�©���©�K��«©�=�OQP" * �©�G�©�W�E?>�©NH¢� 1:�7GIOQEUK�©��ra

©«ª }#¿�{wÀÂÁÃ¯Nup¿ ª ®ÂÄ´{#ÀÅÁ
Ä · »�¼ ·ï��¸ ´�å�´ � ÒÓº · ¹ � å � ³�´;» À�· ²J»D» � Ã ¸ »�´�¼�² ¸ ¼2Ö2º<Ô�²J»�¹�º<»�½S´�´;»ú½Sº � ½ ·/¸ ³ ´ À¿þ ² ¸ ´S»Z¼�½Sº<»�¹ ·F¸ ³

´S¼ À�¸ »�´_¹�´;¼ï½5º Á º<½ À��SÁ�· ¼ À�·/��¸ ´;¼ï¹�´S¼ ��À ² ·F� ´;¼�Ä�³ÏÕ � »W´ ð ´ À Ã � º�³�º	å�² Á�·FÀ�� ¹D´S¼ �;À ² ·/� ´S¼PÄ�³ç¹�´ � Ò � ½¿¾�º<»�Ö
Àa·/�F� ²J» �;Àa¸ ¹ ·/�ÏÆÉ��� ÒÓ´�µD½;´S¶ À�· ²J»Z¹�´�Â �;À ² ·/� ´S¼ Ð ´S¼ À ¼�² ¸ ¼\ÖNº<Ô�²J»�¹�º<» À ´�´;»è±_º�Ã4´S»ú �½�² ¸ Ô · ´;»k´;» � ´S¼
¹�´ ¸ µ �S�/� ³�´;» À ¼ �¥� º��e² · ¼;Õ ÿ�� é Ê v Î<Ê�È ¶�²<¼�¼ � ¹�´�¹�´��[º · Ô � ´;¼�¼ ¸�Á º<Ô�²J»�¹�º<»�½S´;¼�´S»ú±_º Æ � Ê Õ'é ê ¹�´�µ Ð
´ À ´S»Ù �½ Æ � Ê Õ'é Ê ¹�´�µ Ð ´ À ¹�º<»�¼ � Ò �;À ² ·/� ´ ÿ�� é Ê � v<vJv ÃX¹�²<» À�� Òæº*¶�¶�º Á\À ´S»�º<»�½S´ ��� Òæº<³�º<¼:¹D´9±B²<³9º
Å ´ Á ´S» · ½S´S¼E´S¼ À�· »�½S´ Á�À º · »�´*Ã � ´�½5º � ½ ·F¸ ³ ´S¼ À ¶ Á ´S¼ ��¸ ´9¼�² � º ·FÁ ´ Æ\û ±_º þ*ÿ�� � � Ê Õ'é Ê ¹�´�µ Ð Ã À º<»�¹ · ¼ ��¸ ´
� ´�¼�½Sº<»�¹ ·F¸ ³ ´;¼ À ¼ ¸DÁ º<Ô�²J»�¹�º*» ÀÏÆ\û  H½ þ<ÿ�� � � Ê Õ ê é�¹�´�µ Ð Õ�ìPºáã ×<¸�Á ´��DÕ Î Â Á ´S¶ Á�� ¼�´;» À ´ û ±_º þ*ÿ�� ´;»
�e²J»�½ À�· ²J»Ú¹�´ û  �½ þ*ÿ�� ¶�² ¸�ÁW� ´;¼ �;À ² ·/� ´S¼®Ä ´ À Þ ¹�´;¼�¹D´ ¸ µ©º*³9º<¼;ÕïÄ ¸ ½ ¸ »�´�½S² Á�Á��;� º À�· ²J»Ù»XÒæº*¶�¶�º�Ö
Á º.1 À ´;» À�Á ´Ñ½;´S¼_¹�´ ¸ µ �;�/� ³�´;» À ¼SÕ�ì4´S¼ ��À ² ·F� ´S¼�¼�´ Á�� ¶�º Á�Àa· ¼�¼�´S» À ¹XÒ ¸ »�´:³�º<» ·F�SÁ ´�º �F� º À ² ·/Á ´-º ¸DÀ ² ¸�Á ¹�´
� º¥¹ Á ² ·FÀ ´ Á ´;¶ Á�� ¼�´;» À º<» À"¸ » Á º<¶�¶�² Á\À�û ±_º þ  �½ � ¼�² � º ·/Á ´<Õ " º �/×<Á���� Òæº À�Àa·'Àa¸ ¹D´�¼�´;³®Ô � º<Ô � ´*Ã�¹�º<»�¼ ¸ »�´
³ � ³�´ �;À ² ·/� ´*Ã)¹ ¸ ½5º � ½ ·F¸ ³ ´ À ¹ ¸ ¼�½5º<»D¹ ·/¸ ³ Æ ¼ ¸�Á º*Ô�²J»D¹�º<»�½;´S¼W² ¸ ¼�² ¸ ¼2Ö2º<Ô�²J»�¹�º*»�½S´;¼W¹�´S¼W¹�´ ¸ µ
�S�/� ³�´;» À ¼ ��� º9�e² · ¼ Ð Ã � ´ ¸�Á ¼"º<Ô�²<»�¹�º<»�½;´S¼�»�´�¶ Á�� ¼�´;» À ´S» À º ¸ ½ ¸ »�´ À ´S»�¹�º<»�½S´�¼ Ý ¼ Àa� ³�º À�·/��¸ ´ � Ò ¸ »�´
´S» Ü ´ Á ¼ � Òæº ¸DÀaÁ ´<Õ
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ì4´ À�·FÀ º<»�´-½S²J³�¶ À ´�¶�º Á ³ ·�� ´;¼ �;�/� ³�´S» À ¼ ��¸�· ¶�²J¼�¼ � ¹�´S» ÀM� ´�¶ �/¸ ¼ ×JÁ º<»�¹¥»D²J³®Ô Á ´�¹�´ Á º · ´S¼_º*»�º�Ö
�FÝ ¼ � ´S¼SÕ�� � ´;» Á�� ¼ ¸��'À ´ ��¸ ´ � ´S¼Eº<Ô�²J»�¹�º<»D½S´S¼�¹ � ¹ ¸D·FÀ ´;¼®¼�´ Á ²J» À º*¼�¼�´;Û9ã�º<Ô � ´S¼;Õ ��· » ×*À ÖN¼ · µ Á º · ´;¼E¹�´
ø · �r�¿ÃP¹�²J» À ¹D´ ¸ µÙ¼�²J» À ¹D´ ��¸ º �/·'Àa� Ä�´ ÀW� ´;¼®º ¸DÀ�Á ´;¼®¹�´ ��¸ º �/·FÀ��9� Ãñ²J» ÀW��Àa� ¼ Ý » À ¾ �;À�· ¼ � ´S¼�¶�² ¸�Á
� º À ² À º �/·FÀ�� ¹�´S¼ ��À ² ·F� ´;¼�Ä�´ À ÞBÕ�ì4´S¼Wº*Ô�²J»D¹�º<»�½;´S¼®¹ � ¹ ¸�·'À ´S¼�¶�² ¸DÁ�� ´;¼ ��À ² ·F� ´S¼EÞí¼�²J» À ¶�´ ¸ ¹ · ¼\Ö
¶�´ Á ¼ � ´S¼�º ¸DÀ ² ¸�Á ¹�´ � º Ü º � ´ ¸DÁ ³�² Ý ´S»�»D´ �H¸D· ´S¼ À ¹�´�� Ê Õ Ê v ¹�´�µ¬¶�² ¸�ÁE� ÒÓº<³9º*¼�¹�´;¼Wä �/�S· º<¹�´;¼®´ À
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� Ê Õ'é	ÂÑ¹�´�µ�¶�² ¸�Á ½S´ �F¸�· ¹�´Ñ±B²<³9º Å ´ Á ´S» · ½S´;¼SÕ�ì)´;¼ ��À ² ·F� ´S¼�Äí¼�²J» À ¶ �/¸ ¼�¹ · ¼�¶�´ Á ¼ � ´;¼ ��¸ ´ � ´S¼ �;À ² ·/� ´;¼
ÞBÕ�ì4´ Á º<¶D¶�² Á\À ¹�´;¼W¹ · ¼�¶�´ Á ¼ · ²J»�¼

σA/σF

´S¼ À ¹�´��á¹�º*»�¼ � ÒÓº<³�º<¼�¹D´S¼�ä �/�;· º<¹�´;¼®´ À ÂØ¹�º<»�¼®½;´ �F¸�·
¹�´¥±B²J³�º Å ´ Á ´S» · ½S´;¼ ÆeÀ º<Ô � ´Sº ¸ ��Õ ÈJÐ Õñì4´;¼ Ü º Á�· º Àa· ²J»�¼�¹XÒÓº<Ô�²<»�¹�º<»�½;´¥¹�´ À�·FÀ º<»�´�¹�º<»�¼ � ´S¼ �;À ² ·/� ´;¼
Äç¼�²J» À�Á�� ´ �/� ´S¼M¶�º Á ½S´ �H¸ ´ � ´S¼ � ½5º Á�À ¼�´S» û ø ·hþ<ÿ�� ¶�´ ¸DÜ ´S» À º À�À ´ · »�¹ Á ´�¹�´S¼ Ü º � ´ ¸DÁ ¼ ´�Ê Õ È ¹�´�µ�Ã Ü º�Ö
� ´ ¸�Á ¼ � º Á�× ´S³�´S» À ¼ ¸ ¶ �SÁ�· ´ ¸DÁ ´S¼ñº ¸ µ · »�½S´ Á�Àa·'Àa¸ ¹D´S¼P¼ ¸�ÁP� ÒÓº<Ô�²J»�¹�º<»D½S´�¹ ¸EÀ�·FÀ º*»�´<Õ	ì4´S¼ ×JÁ º<¶�¾�´;¼��DÕ'é	Â]´ À
�DÕ'é v ³�²J» ÀaÁ ´S» À���¸ Òæº ¸ ½ ¸ »D´�½;² Á�Á��S� º Àa· ²<»®»XÒV´�µ · ¼ À ´M´S» ÀaÁ ´ û ø ·hþ<ÿ�� ´ À
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� º<»D¼ � ÒÓº<³�º<¼�¹�´S¼Bä �/�S· º<¹�´;¼SÃ �H¸D· ½;²J³�¶ À ´ ¸ » ×JÁ º<»�¹9»D²J³®Ô Á ´�¹XÒ �;À ² ·/� ´S¼�Äí»D² Á ³�º � ´;¼SÃ ¸ »�´�½S² Á Ö
Á��S� º Àa· ²<»ú´�µ · ¼ À ´9´S» À�Á ´ û ø · þ<ÿ�� ´ À�û Þ�´ þ<ÿ�� ¶�² ¸�Á"� ´;¼ �;À ² ·/� ´S¼"Ä Æe×JÁ º<¶D¾�´9¹�´ × º ¸ ½¿¾�´9¹�´ � º�ã ×J¸DÁ ´
�DÕ ÎJÎ�Ð Õ�ìPº�½S² Á�Á��S� º Àa· ²J»"´S¼ À ¹�´ � ºM�e² Á ³�´�¼ ¸�·'Ü º*» À ´ �Dû ø ·hþ<ÿ�� � éJÕ Ê Â û Þ�´ þ<ÿ�� Ö Ê Õ Ê é�º Ü ´;½�& � Ê Õ�� ê Õ*±B´ À�À ´½;² Á�Á��S� º Àa· ²<»�³�²J» À�Á ´�Ô · ´;» ��¸ ´ � ´ Á º*¶�¶�² Á�ÀEû ø ·hþ Þ�´ � ´;¼ À ¼�² � º ·/Á ´Ñ¹�º<»�¼ � ´;¼ ��À ² ·F� ´S¼]Äç¹�´"½S´ À º<³�º<¼;Õ
� º*»�¼ � ´�½Sº<¼_¹�´ � ÒÓº<³9º*¼�¹D´Ñ±B²J³�º Å ´ Á ´;» · ½;´S¼ Æe×JÁ º<¶D¾�´�¹D´:¹ Á ² ·FÀ ´M¹�´ � ºÑã ×J¸�Á ´��DÕ ÎJÎ�Ð Ã � ºE¼ ·FÀa¸ º Àa· ²J»
´;¼ À ¶ �F¸ ¼:½S²<³�¶ � ´�µ�´<Õ�ì4´S¼ �;À ² ·/� ´S¼�Ä »�² Á ³�º � ´S¼:¼�²J» À ¶ Á�� ¼Ñ¹�´ � º9¹ Á ² ·'À ´ Á ´S¶ � ¼�´;» À º<» À"¸ » Á º<¶D¶�² Á\À
¼�² � º ·FÁ ´ û ø · þ Þ�´ �3À º<»D¹ · ¼ ��¸ ´ � ´S¼ ��À ² ·F� ´S¼ÑÄ�³Í¼�²J» ÀE�/�;×J�SÁ ´S³�´S» À ¹ · ¼�¶�´ Á ¼ � ´S¼E´S»k¹�´S¼�¼�² ¸ ¼�¹�´�½S´ À�À ´
¹ Á ² ·FÀ ´ Æ�û ø · þ Þ�´ � ≤ û ø · þ Þ�´ � � Ð Õ�ì4´S³�ù<´ Æ é v � v Ð º Ü º ·FÀ]À�Á ² ¸DÜ<�E¸ » Á�� ¼ ¸D�FÀ º À ¼ · ³ ·/� º ·/Á ´ � ½S´ �/¸�·�ÀaÁ ² ¸DÜJ�¹�º*»�¼ � ÒÓº<³�º<¼�¹�´S¼Mä �F�S· º*¹�´S¼;Õ � »�´ ð ´ À ÃD¹�º*»�¼_¼�²<»Cº<»�º �'Ý ¼�´�¹�´;¼:é�� ��À ² ·F� ´;¼BÄ »D² Á ³�º � ´;¼�¹ ¸ ½¿¾�º<³�¶XÃ
¸ »D´W½S² Á�Á��S� º Àa· ²J»oº ��Àa�WÀaÁ ² ¸DÜJ� ´W´S» ÀaÁ ´ û ø ·hþ<ÿ�� ´ À�û Þ�´ þ<ÿ�� º Ü ´S½ ¸ » Á º*¶�¶�² Á�À�û ø · þ Þ�´ � ¼�² � º ·FÁ ´<Õ � ´
³ � ³�´<Ã ÿ-·/�F� $ ì)º<»�¹�¼ ÀaÁ ´S´ ÀWÆ é v<v Î�Ð º Ü º · ´;» ÀMÀ�Á ² ¸DÜ<��¸ »D´E½;² Á�Á��S� º Àa· ²<» Æ & � Ê Õ v ë Ð ´;» ÀaÁ ´ û ø · þ<ÿ�� ´ À
û Þ�´ þ<ÿ�� ¶�² ¸DÁ�¸ » � ½¿¾�º<» Àa·/�F� ²J»Ú¹�´�� �;À ² ·/� ´;¼WÄ »D² Á ³�º � ´;¼ Æ ¹ ¸ ½¿¾�º<³�¶ Ð Õ�ì4´ ¸�Á�Á º<¶�¶�² Á�ÀÏû ø · þ Þ�´ �
��À º ·'À:�/�;×J�SÁ ´S³�´S» À ¼ ¸ ¶ �SÁ�· ´ ¸�Á º ¸oÁ º<¶D¶�² Á\À ¼�² � º ·FÁ ´*Õ�Ä · »�¼ · Ã�½S´;¼ Á�� ¼ ¸��FÀ º À ¼�»�² ¸ ¼Ñ³�²J» ÀaÁ ´S» À:��¸ ´ � ´S¼
º<Ô�²J»�¹�º<»�½S´;¼:¹ ¸áÀ�·FÀ º*»�´<Ã�¹�º<»D¼ � ´;¼ �;À ² ·/� ´S¼-Ä »�² Á ³9º � ´S¼;Ã�¼�²J» À º<¼�¼�´SÛW½;²J¾ �;Á ´S» À ´S¼�º Ü ´;½ � ´S¼ �;Àa¸ ¹�´S¼
¶ Á�� ½ � ¹�´;» À ´S¼;Ã�´ ÀM��¸ ´<Ã�¹�º<»�¼ � ´;¼ �;À ² ·/� ´S¼BÄ�³ÏÃ � ÒÓº<Ô�²J»�¹�º<»D½S´:¹�´Ñ½;´ ÀM�;�/� ³�´S» À]Ü º Á�· ´:º Á Ô ·'ÀaÁ º ·/Á ´;³�´;» À
¹XÒ ¸ »�´ ��À ² ·F� ´ �W� ÒÓº ¸DÀ�Á ´*Õ
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ÒDÒÓº ·_¸DÀ�·/�F· ¼ � v Á º · ´S¼W¹�´ Ü º<»�º*¹ ·/¸ ³ ¸ »�´��e² · ¼ · ²J» · ¼ �oÆß� ��� Ð ¹�´ ��¸ º �/·'Àa�¥· »�½S²<»�» ¸ ´�¹�º<»�¼�³�´S¼

½5º � ½ ¸�� ¼B¹�´�¼�¶�´S½ À�Á ´;¼]¼ Ý » À ¾ ��Àa·/��¸ ´;¼M¶�² ¸DÁ é�� �;À ² ·/� ´;¼BÞú´ À é	Â �;À ² ·/� ´S¼�Ä�Õ�ì4´;¼ Á º · ´S¼�º<»�º �'Ý ¼ � ´;¼_¼�²<» À
´�µ ÀaÁ�� ³�´S³�´S» À �[º · Ô � ´S¼]¹�º<»D¼ � ºW¶ �/¸ ¶�º Á�À ¹�´;¼�¼�¶�´;½ À�Á ´S¼-²JÔ�¼�´ Á\ÜJ� ¼;Õ � º<»�¼ � ´S¼�ÂWº<³�º<¼SÃ � ´S¼ ��À ² ·F� ´S¼MÞ
¼�²J» À_�F�S×J�;Á ´;³�´;» À ¹ · ¼�¶�´ Á ¼ � ´;¼_º ¸DÀ ² ¸�Á ¹�´ � ´ ¸DÁ ¼ Ü º � ´ ¸DÁ ¼�³�² Ý ´;»�»�´;¼ Æ � Ê Õ ê ��¹�´�µ�¶�² ¸�Á�� ´;¼�ä �F�S· º*¹�´S¼
´ À � Ê Õ ë Ê ¹�´�µÙ¶�² ¸�Á ±B²J³�º Å ´ Á ´;» · ½;´S¼ Ð Õ�ì)´;¼�é%Â ��À ² ·F� ´S¼�Äq¹�´S¼�ä �/�S· º<¹�´;¼"¶ Á�� ¼�´S» À ´;» À ¹�´ � º Á�× ´S¼
Ü º Á�· º Àa· ²<»�¼W´S» ûÄ�Ñþ<ÿ�� º Ü ´;½ ¸ » � ½5º Á\À ³�º�µ · ³�º � ¹�´úé<Õ Î �k¹�´�µ�Õ�Ä � ÒV´�µ�½S´;¶ Àa· ²J» ¹�´ � Ò �;À ² ·/� ´¥Ä�³�Ã
ÿ�� Â Î<Î Â ë Ã À ² ¸�À ´S¼ � ´S¼ �;À ² ·/� ´S¼-Ä ³�º<» · �e´;¼ À ´S» À�¸ »�´®¼ ¸DÁ º<Ô�²J»�¹�º*»�½S´®´;» Ü º<»�º<¹ ·F¸ ³�Õ�ìPº Ü º � ´ ¸DÁ ¹�´
ûÄ�Ñþ<ÿ�� ¹ �;À ´ Á ³ · » � ´B¹�º<»�¼ ÿ�� Â ÎJÎ Â ë ´S¼ À Ô�º<¼ � ´_¼ ¸�Áï� ÒÓº<»�º �FÝ ¼�´�¹XÒ ¸ »�´ Á º · ´ À�Á�� ¼ñ�[º · Ô � ´ �

λ
ê�ë Â%�DÕ ë Ê%å Õ

±B´ À�À ´Cº<Ô�²J»�¹�º<»D½S´¥´;¼ À ¹�²<»�½ � ¶ Á ´S»�¹ Á ´Cº Ü ´;½�¶ Á�� ½5º ¸DÀ�· ²J»�Õq� � ¼�´¥¶�´ ¸DÀ®�H¸ ´ � ´;¼®¼ ¸�Á º<Ô�²J»�¹�º<»D½S´S¼
ÀaÁ ² ¸DÜJ� ´S¼:¼�² · ´;» À ¹ ¸ ´S¼ ��� Ò · ³�¶ Á�� ½ · ¼ · ²J»¥¹�´;¼-�e² Á ½S´;¼�¹XÒV²J¼�½ ·/�F� º À ´ ¸�Á ¼ � ½S´ �F� ´;¼ ��¸ ´_å;ÒÓº · º<¹�²J¶ Àa� ´;¼�²J» À
´S»9´ ð ´ À�¸ »�´ · »�½;´ Á\Àa·FÀ�¸ ¹�´]¼ ¸ ¶ �;Á�· ´ ¸�Á ´ � ë Ê�� Æ � Ð Õ�ì4´;¼�ã ×J¸�Á ´;¼F��ÕFé	Â:´ À ��ÕFé v ³�²J» ÀaÁ ´S» À���¸ Òæº ¸ ½ ¸ »D´
Á ´ � º Àa· ²J»�»XÒV´�µ · ¼ À ´�´S» À�Á ´ ûÄ�Ñþ<ÿ�� ´ À
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ì)ºWã ×J¸�Á ´8�DÕ Î ê ¶ Á�� ¼�´S» À ´ � ÒÓº<Ô�²J»�¹�º<»D½S´�¹ ¸ÏÜ º<»�º<¹ ·/¸ ³Ç´S»Ï�e²<»�½ À�· ²J»�¹�´"½S´ �F� ´�¹ ¸ �e´ Á Õ�Ä ¸ ½ ¸ »�´
½S² Á�Á��S� º Àa· ²J» ��ÜH· ¹�´;» À ´M»XÒæº*¶�¶�º Á º.1 À ´S» ÀaÁ ´]½S´;¼3¹�´ ¸ µ �S�F� ³�´S» À ¼;ÕJø�² ¸DÀ ´;¼ � ´S¼�¹�²J»�» � ´S¼�¹�´;¼3¹�´ ¸ µ�º<³�º<¼
¼�´:¶�²J¼ ·'Àa· ²J»�»�´;» À ´S»9¹�´S¼�¼ ¸ ¼]¹�´ � º�¹ Á ² ·FÀ ´ Á ´;¶ Á�� ¼�´;» À º<» ÀM� ´ Á º<¶D¶�² Á\À ¼�² � º ·/Á ´ û ��þ Þ�´ � Ã �E� ÒÓ´�µD½;´S¶ À�· ²J»
¹�´ ÿ�� Â ÎJÎ Â ë Õ � » ¸DÀa·F�/· ¼aº<» À ¹�´;¼ Á º · ´S¼-¹ ·'ð��;Á ´S» À ´S¼�¹D´E½;´ �/� ´S¼�º<»�º �'Ý ¼ � ´;¼�¹�º*»�¼ � ´"¶ Á�� ¼�´S» À:À�Á º Ü º ·/� Ãÿ�·/�F� $ ì)º<»�¹�¼ ÀaÁ ´;´ ÀWÆ é vJv Î�Ð ²J» À�ÀaÁ ² ¸DÜ<��¸ »�´E½S² Á�Á��;� º À�· ²J» Æ & � Ê Õ�� ÈJÐ ´S» ÀaÁ ´ û ��þ<ÿ�� ´ À®û Þ�´ þ<ÿ�� Õ � ´
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Ç4ÐxÄ;Ú³Æ;Ö�ü Ë�ÄpÔ"ÔÊÍ
Ö�ÔË�Ä¶ÐxÆK8�Í
Â�Ä¶Ì�Í
Â~à
Ä�Ì�ÎÏÇ1à
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Ë�Ç4æ�Ö�Ô"Ç4Ü/ÔpÚ�Ð4ÄpÔ�à;Æ�ÉÊÇ�ÆnÎÏÇxÍ;Â�ÔËSßðÆ�Û�Í
Â:Ë�Æ;Â�Ì�Ä�Ë�Æ;Â�Ô
Ð&ß�ÄpÂ~à
Ä�ÐxÍ
Ñ�ÑEÄ�Ì�Í
Â�Ë�Ö�Ç4ÔÊÄ�Â�Î¡ÞåÐ�ÆøÜ/Í
ÉÊÅ�Æ�ÎÏÇ4Í
Â�ËSß�Ö�Â�Ä&8�Í
Â�Ä�Ì�Í
Â~à
ÄpÌ�ÎÏÇ1à
ÄøË�Ä�Ü/Ä�É
Ä�ÂË�ÄpÔ"ÔÊÍ
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ï
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Ä�Å�ë�Å�Ä�Ú�Ðôß Ç4Â�ÎÊÄpÉÊÆ;Ì�ÎÊÇxÍ
Â�Ä�Â~ÎÏÉÊÄ»Ð4ÄpÔà�Ç1ÎÏÄ�ÔÊÔÊÄ�Ô
Ë�Ä�Ë�Ç1ætÖ:ÔÊÇxÍ;ÂGË:Ä�Ñ:ÐxÖ�Ô"ÇxÄpÖ:ÉÊÔ�ÄpÔ"Ñ�È�ÌpÄpÔÃÄpÂ~ÎÏÉÊÆQP�Â:Ä¡Ð&ß Æ;ÌpÌ�Ö�Å�Ö�ÐxÆ�ÎÏÇ4Í
ÂWË�Ä�ÔÃÙ�ÐxÙpÅ	ÄpÂ~ÎÊÔ�Ð4Í
Ö�É"Ë�Ô�Æ;Ö�üÎÏÍ
Ö�É°Ë�ÖªÌ!R�Ö�É»Ì�Í
Â~à
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ÙpÐxÄ�à
Ù�ÄpÔ�Õ�Ö�ÄøÌpÄpÐ4ÐxÄ�Ô×Í
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âØß�Í
ÉÊé
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Í;ÐxÖ:ÎÊÇxÍ
ÂªË�Ä�Ðôß Ù�ÎÏÍ
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Ä<Æ�Ö�ä�Å	Í�Ë�È�ÐxÄ�Ô°Ì<Æ�ÐxÌpÖ:ÐxÙpÔ°ÔÊÍ
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Â~Î�Û�Æ;Ô"ÙpÔcÔÊÖ:É�Ì�ÄpÖ�ä¡Ë�ÄJ)�Ç4ÌjÒ�ÄpÉcÄ�Î�Æ;Ð&á;ê+��ï
ï
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ÉÊÉ"ÄpÌ�ÎÏÇxÍ;Â�Ô¹Æ;Ö�Â�Ç4à;Ä<Æ;ÖÂ�Ö:Å�Ù�ÉÊÇxÕ�Ö�Ä¶Ñ�Í
Ö:É
Í
Û:ÎÊÄpÂ�Ç4ÉÃÖ:Â�Ä�Å	ÄpÇxÐ4ÐxÄ�Ö�ÉÊÄ�ÌpÍ;Â�à;ÄpÉ"é
ÄpÂ�Ì�ÄøË�Æ;Â�ÔÃÐxÄpÔ
Ì<Æ;Ð4ÌpÖ�Ð4ÔpáEâcÄ�ÎÏÄ�ÉÊÅ	Ä¶Ë�Ç1ætÖ:ÔÊÇ4ÜçÄpÔ"ÎÆqã"Í
Ö:ÎÊÙ�ÞªÐxÆåà�Ç1ÎÏÄ�ÔÊÔÊÄøË�ÄøË�Ç1ætÖ:ÔÊÇxÍ;Â�Ä�Î�ÆWÑ�Í;Ö�É¡Ä�æ�Ä�Î�Ë�ÄøÉÊÙ�Ë�Ö�Ç4ÉÊÄ�ÐxÄ�é;ÉÏÆ;Ë�Ç4ÄpÂ~Î¡ËSß Æ;ÛEÍ
Â�Ë�Æ�Â�ÌpÄ�á¹ñ�Í
Ö�ÉÖ�Â�Ä¶Å�Æ;Ô"ÔÊÄ;Ú�Ö�Âvè;é
Ä�êÝË:Í
Â�Ì

Teff

Ä�Î
log g

ì�Ä�Î
Ö�Â:Ä�Å	Ù�ÎÏÆ;ÐxÐ4ÇxÌpÇ1ÎÏÙÃÇxÂ�Ç1ÎÏÇ�Æ�ÐxÄ
Ë:Í
Â�Â�Ù�ÔpÚEÐ�ÆøÂ�Í
Å	ÄpÂ�Ì�Ð�Æ�ÎÊÖ�ÉÊÄË�ÄpÔ�Å�Í�Ë�È�ÐxÄpÔ»Ä�Ô"Î�Ð�Æ�Ô"Ö�Ç4à�Æ;Â~ÎÊÄK�
TlDω − nÄ�Î�ÐxÄ¡Ì�Í�Ä�Z�Ì�ÇxÄ�Â�Î�Ë�Ä�Ë�Ç1ætÖ:ÔÊÇxÍ;Â�ÎÊÖ�ÉÊÛ:Ö�ÐxÄ�Â�Î�Ä�Ô"ÎÃË�Í
Â�Â:Ù�Ñ�Æ;É»Ð�Æ�Ü/Í
É"Å�Ö�ÐxÄ
ÔÊÖ�Ç1à;Æ�Â�ÎÊÄY�

DT = ωD(He)

(

ρ0

ρ

)n ê&þ�á1îqì
�×Æ�Â�Ô�Ð�Æ�Â�Í
Å	ÄpÂ�Ì�Ð�Æ�ÎÊÖ�ÉÊÄ

TlDω− n
Ú
l

ÄpÔ�Î»ÐxÄÃÐxÍ
é
Æ;ÉÊÇ1ÎÏÒ�Å	Ä»Ë�Ä×ÐxÆ�ÎÏÄ�Å�ÑEÙpÉÊÆ�ÎÏÖ:ÉÊÄ
Ë�Æ;Â�Ô�ÐxÆ¶ÌpÍ
Ö:ÌjÒ�ÄÍ2[�ÐxÄ�ÌpÍ�Ä\Z	ÌpÇ4ÄpÂ~Î¡Ë�Ä�ÎÏÖ�É"Û�Ö�ÐxÄ�Â�ÌpÄ
DT

Ä�Ô"Î¡Ù�é~Æ;Ð�Þ
ω

Ü/Í
ÇxÔ�ÐxÄ�ÌpÍ�Ä\Z	ÌpÇ4ÄpÂ~Î¡Ë�Ä¶Ë�Ç4æ�Ö�ÔÊÇ4Í
ÂvË:Ä�Ð&ß�Ò�ÙpÐ4ÇxÖ�Å
î
	;ò
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 1.8 M  T5.3D500−3   445 Myr,  Teff= 8113 K, logg= 4.18
 1.8 M  T5.3D5000−3   452 Myr,  Teff= 8139 K, logg= 4.18
 1.8 M  T5.3D10000−3   451 Myr,  Teff= 8150 K, logg= 4.18
 1.8 M  T5.3D25k−3   451 Myr,  Teff= 8164 K, logg= 4.19
 1.8 M  T5.3D50k−3   453 Myr,  Teff= 8171 K, logg= 4.19
 1.8 M  T5.3D200k−3   451 Myr,  Teff= 8190 K, logg= 4.19
 1.8 M  T6.0D400−3   453 Myr,  Teff= 8242 K, logg= 4.20
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D(He)
Ë�Æ;Â�Ô
Ì�Ä�Î"ÎÏÄ¶Ì�Í
Ö�ÌjÒ�Ä¶Ä�Î×Ë:ÙpÑEÄpÂ�ËúË:Ä

ρ−n áW�×Æ;Â:Ô
Ð&ß�ÙpÕ�Ö�ÆnÎÏÇxÍ;Âúþ�á1î
Ú
ρ

Ä�Ô"Î×ÐxÆ	Ë:ÄpÂ�Ô"Ç4ÎÏÙ�Ë�Æ;Â�ÔÃÐ�ÆÌ�Í
Ö�ÌjÒ�Ä�ÌpÍ
Â:ÔÊÇxË:ÙpÉÊÙ�Ä�Ä�Î
ρ0

ÐxÆ�Ë�ÄpÂ�Ô"Ç4ÎÊÙ�Ë�Æ;Â�Ô�Ð�Æ�Ì�Í
Ö�ÌjÒ�Ä�Í2[
log T = l
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á�	
M�

è;é
Ù�Ä¸Ë:Ä°ò�ó;ï�Å	ÇxÐxÐ4ÇxÍ
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Ù�Â�ÙpÉÊÆ;ÐxÄ�Ô�ÔÊÍ;Â�ÎøÐ4ÄpÔ�Å	ëpÅ	ÄpÔ�Ë�Æ;Â�ÔÐxÄpÔ�Å	Í�Ë�È�ÐxÄ�Ô�Ä�Î
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Â~ÎøÌpÍ
Å�üÑ�Æ;ÉÊÙ�ÄpÔåÆ;Ö�ä Ñ�ÉÊÙ�Ë�ÇxÌ�ÎÏÇ4Í
Â�ÔøË�ÄpÔ�Å�Í�Ë�È�ÐxÄpÔøË�ÄÀ¡�Ö�ÉÊÌ�Í;ÎÊÎÊÄvÄ�ÎåÆ;Ðôá�ê�î
Á2Á�	
Æ~ìªêÝÅ	Í�Ë�ÈpÐ4ÄpÔøË�ÄÂ<RÍ
Â~ÎÏÉ"Ù<Æ;Ð�ì�áõ ÄpÔ�Å	Í�Ë:ÈpÐxÄ�Ô�ÔÊÍ
Â~Î�Ì<Æ;Ð4ÌpÖ�Ð4ÙpÔ�Ñ�Í
Ö:É�Ë:ÄpÔ¶Ù�ÎÏÍ
Ç4ÐxÄ�Ô�Ë:Ä�Å�Æ;ÔÊÔ"Ävî
á1î�üÏî
á ó

M�
Ú¹Ë�Ö Ô"ÎÏÆ;Ë�Ä	Ñ�ÉÊÙ�ü(ÔÊÙ�Õ�Ö�ÄpÂ�Ì�ÄÑ�ÉÊÇ4Â�ÌpÇ4Ñ�Æ;ÐxÄØã"Ö�ÔÊÕ�ÖSß Þ�ÙpÑ�Ö:ÇxÔÊÄ�Å�Ä�Â~Î»Ë�Ä¡Ð&ß�Ò~Ó�Ë�ÉÊÍ
é;ÈpÂ�Ä×Ì�ÄpÂ~ÎÏÉÊÆ;Ð&Ú�ÄpÂ�ÇxÂ:ÌpÐxÖ�Æ;Â~Î�ÐxÄ�Ô°Ü/Í
É"ÌpÄpÔ»ÉÊÆ;Ë�ÇxÆ�ÎÏÇ1à
ÄpÔ�Ú�Ð4ÄpÔÍ
Ñ�Æ;Ì�Ç4ÎÏÙ�Ô�Ä�Î�Ð�ÆªË�Ç1ætÖ�Ô"ÇxÍ
ÂzÑEÍ
Ö�É6��	�ÙpÐ4ÙpÅ	ÄpÂ~ÎÏÔ�ÌjÒ�Ç4Å�Ç4Õ�Ö�ÄpÔ�ÚcÄ�Î�ÄpÂíÉÊÄ�Ì<Æ;Ð4ÌpÖ�ÐxÆ;Â~Î�ÐxÄpÔ�Í
Ñ�Æ;ÌpÇ1ÎÏÙpÔ�Ä�Î�Ð4ÄpÔÆ;ÌpÌ�ÙpÐxÙ�ÉÏÆ�ÎÊÇxÍ
Â:Ô°ÉÏÆ�Ë�Ç�Æ�ÎÊÇ4à;ÄpÔ�Þ�ÌjÒ�Æ;Õ�Ö�Ä¡Ñ�Æ;Ô�Ë:Ä
ÎÏÄ�Å�Ñ�Ô¸ÎÏÍ
Ö:Î�Æ;ÖªÐxÍ;Â�é¶Ë�Ä
Ð&ß�Ù�à
Í;ÐxÖ:ÎÊÇxÍ
Â�Ë�Ä×Ð&ß�Ù�ÎÊÍ
ÇxÐ4Ä;á õ ÄpÔÅ�Í�Ë�ÈpÐ4ÄpÔ�Å�Í;Â�ÎÊÉÊÄ�Â�Î�Õ�Ö�ÄåÑEÍ
Ö�É�Ð4ÄpÔ�Ù�ÎÏÍ;ÇxÐxÄ�Ô�Ñ�ÐxÖ�Ô�Å�Æ;ÔÊÔ"Ç4à
Ä�Ô¶Õ�Ö�ÄRî
áðý

M�
Ú¹Ð�ÆªË�Ç1ætÖ:ÔÊÇxÍ;Â¿Æ�ÎÊÍ
Å	ÇxÕ�Ö�ÄÆ¿Ö�ÂXÄ�ætÄ�ÎWÇ4Å�ÑEÍ
É"ÎÏÆ;Â~Î	ÔÊÖ�É	ÐxÄ�ÔåÍ
Ñ�Æ�ÌpÇ4ÎÊÙpÔ�á��
Æ;Â�ÔåÌ�ÄpÔWÙ�ÎÏÍ
Ç4ÐxÄ�ÔpÚØÐ&ß Æ;ÛEÍ
Â�Ë�Æ�Â�ÌpÄGË�ÖXÜ/Ä�É�Ä�ÎWËSß Æ;Ö:ÎÊÉÊÄpÔÙpÐxÙ�Å�Ä�Â~ÎÏÔ�Ë�Ö�Ñ�ÇxÌ¡Ë:Ö�Ü/Ä�É�à�Æ;ÉÊÇ4Ä¡ÔÊÄpÂ:ÔÊÇxÛ:ÐxÄpÅ	ÄpÂ~Î�Ä�Â�Ü/Í;Â�Ì�ÎÊÇxÍ
Â�Ë�ÖªÎÏÄ�Å�Ñ:Ôpá�ñ�Æ;É�ÉÏÆ;Ñ�ÑEÍ
É�Î�Æ;Ö�äGÆ�Â�ÌpÇ4ÄpÂ�ÔÅ�Í�Ë�ÈpÐ4ÄpÔÃÍ2[vÔ"ÄpÖ�Ð4Ä�Ð�ÆøË�Ç4æ�Ö�Ô"ÇxÍ
ÂRË�Ä�Ð&ß�Ò�Ù�ÐxÇxÖ:Å Ù�ÎÏÆ;Ç4ÎÃÑ�ÉÊÇ4ÔÊÄ�ÄpÂúÌ�Í
Å�Ñ�ÎÏÄ;ÚEÐ&ß Æ;Ì�ÌpÖ�Å�Ö:Ð�Æ�ÎÊÇxÍ
Â�Ë�ÖvÜ/Ä�É
Ä�ÂË�ÄpÔ"ÔÊÍ
Ö�ÔeË�Ä�Ð�ÆS8�Í
Â�Ä»Ì�Í
Â~à
ÄpÌ�ÎÏÇ1à
Ä�9�ü�9�Ä�Æ;Ö�é
Å	ÄpÂ~ÎÊÄ»Ð&ß�Í
Ñ�Æ;Ì�Ç4ÎÏÙ�Þ�ÐxÆ×Û�Æ;Ô"Ä»Ë�Ä�ÌpÄ�Î"ÎÏÄL8pÍ;Â�Ä»Ä�ÎeÑ�É"Íqà;Í�Õ�Ö�ÄÖ�Â�Ä�Ò�Æ;Ö�Ô"ÔÊÄ�Ë�Ä�Ð�Æ¶ÎÏÄ�Å�ÑEÙpÉÊÆ�ÎÏÖ:ÉÊÄ¡ÐxÍ�Ì<Æ�ÐxÄ;á

ñ�Í
Ö�É¶Ð4ÄpÔ�Ù�ÎÏÍ;ÇxÐxÄ�Ô*� Ë�ÄpÔ�ñØÐ4ÙpÇ�Æ�Ë�ÄpÔ�Ñ�ÐxÖ:Ô¶ÌjÒ�Æ;Ö:Ë�ÄpÔ�Õ�Ö�Ä 1 ó;ï
ïÂN�Ú�Þ
log

êôè�é
Ä�ì ¥ 	�Ú�Ð4ÄpÔ�Å�Í�Ë�ÈpÐ4ÄpÔÑ�ÉÊÙ�Ë�ÇxÔ"ÄpÂ~Î¶Ë:ÄpÔ�ÔÊÍ
Ö:Ô�ü3Æ�Û�Í
Â:Ë�Æ;Â�Ì�ÄpÔ�Ë�ÄøÔÊÖ�É�ÜÝÆ;ÌpÄ�Ô�Ä�Â Ù�ÐxÙ�Å�Ä�Â�ÎÊÔ�ÐxÙpé;ÄpÉÊÔ	ê õ ÚE3LÄ�Î*,�ì�á õ Ä�Ô�ÌpÍ
Å	Ñ�Í;É�üÎÏÄpÅ	ÄpÂ~ÎÊÔGË:Ö ÌpÆ;ÉÊÛEÍ
Â�Ä�Ä�ÎGË�Ä�Ð&ß�Í<ä�Ó�é
È�Â�ÄzÔÊÍ
Â~Î�Í
Û:ÔÊÄpÉ�à
Ù�ÔRË�Æ�Â�Ô�Ð&ß Æ;Â�Æ;Ð1Ó�Ô"ÄúË�Ä�Ôvó�Ù�ÎÏÍ
Ç4ÐxÄpÔÃ�°á�âcÄpÔÔÊÍ
Ö�Ô3ü3Æ;ÛEÍ
Â�Ë�Æ;Â�ÌpÄ�ÔWÑ�É"ÙpË�Ç1ÎÏÄpÔ�ÄpÂÄ<Gé�ÚzG�ÇÃÄ�Î õ Æ¿Â:ÄvÔÊÍ;Â�ÎåÑ�Æ;Ô�ÌpÍ
Â:ÿ�ÉÊÅ	ÙpÄpÔ�Ë�Æ;Â�Ô�Â�Í;ÎÊÉÊÄúÆ�Â�Æ;Ð4Ó�Ô"Ä;áñ�Í
Ö�É õ ÉpÚ
��Ä	Ä�Î&3ÃÇôÚ�Ð4ÄpÔ�ÜÝÆ;ÇxÛ�Ð4ÄpÔ�ÔÊÖ:ÉÏÆ;ÛEÍ
Â�Ë�Æ�Â�ÌpÄ�Ô�Ë�Ù�ÎÊÄpÉ"Å�Ç4Â�ÙpÄ�Ô¶ÔÊÍ;Â�Î�Æ;Ö�Ô"ÔÊÇ°É"ÄpÑ�É"Í�Ë:Ö�Ç4ÎÊÄpÔ¶Ñ�Æ;É�Ð4ÄpÔÅ�Í�Ë�ÈpÐ4ÄpÔ�á
õ Í
Â:ÌpÄpÉ"Â�Æ;Â~Î¡Ð4ÄpÔ×Ù�ÎÏÍ
Ç4ÐxÄpÔ��XË�Ä õ Í
ÅåÆ�ö°ÄpÉ"ÄpÂ�Ç4ÌpÄ�Ô	ê

log
êÝè;é
Ä�ì ¥ 	:á 1 ó
ì�ÚEÐxÄ�Ô
ÔÊÍ;Ö�Ô�ü(Æ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔ×Ä�Âõ Ä�ÎH,TÑ�É"ÙpË�Ç1ÎÏÄ�Ô
ÑEÍ
Ö�É

Teff Å 1 ó;ï
ïÆNLÂ:Ä�ÔÊÍ
Â~Î
Ñ�Æ;Ô
Í;Û�ÔÊÄ�É"à
Ù�ÄpÔ¡Ë�Æ�Â�Ô×Ð&ß�ÙpÌjÒ�Æ;Â~ÎÏÇxÐ4ÐxÍ
Â�Ë�Äåî
î¶Ù�ÎÏÍ
Ç4ÐxÄpÔ�áâ¹Ä�ÔØÆ;ÛEÍ
Â�Ë�Æ�Â�ÌpÄ�Ô³Ë�Ù�ÎÏÄpÉ"Å�Ç4Â�ÙpÄ�ÔçÔÊÍ;Â�Î³Ñ�ÐxÖ�Î_Ç;Î�ÔÊÍ
ÐxÆ;ÇxÉ"ÄÃê�È6É õgÊ 9MË Å ¥ ü(ï:áðï�î ± ï:áðï 1 Ë�Ä�ä�Ä�ÎzÈ6É�, Ê 9MË Å ¥ üï:á4î;î ± ï:á4î�	�Ë�Ä�ä�ì�átñ�Æ;É�ÌpÍ
Â~ÎÏÉ"Ä¶Ð4ÄpÔÃÆ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔ�ÔÊÍ
ÐxÆ;ÇxÉ"ÄpÔ�Ë�ÖúÔ"Í�Ë:ÇxÖ�ÅGÚ�Ñ�É"ÙpË�Ç1ÎÏÄpÔÃÑ�Æ;É�ÌpÄ�Ô
Å	Í�Ë�È�ÐxÄ�ÔpÚÑ�Í
Ö:É¡ÐxÄpÔ¡Ù�ÎÏÍ
Ç4ÐxÄ�Ô
Ë�Í
Â~Î�ÐxÆåÎÏÄpÅ	ÑEÙpÉÏÆnÎÏÖ�É"Ä�Ä�æ�ÄpÌ�ÎÊÇ4à;Ä�ÄpÔ"Î�Ì�Í
Å�Ñ:ÉÊÇxÔ"Ä�ÄpÂ~ÎÊÉÊÄ�ó�Á~ó;ïÆN Ä�Î 1 þ;ï
ï®N�ÚtÌ�Í
É�üÉÊÄpÔ"Ñ�Í;Â�Ë�ÄpÂ~Î
Æ;Ö�äåà;Æ�ÐxÄpÖ:ÉÊÔ�Ë�Ä�Ô�Í
Û�ÔÊÄ�É"à�Æ�ÎÊÇxÍ
Â�Ô�á�ñ�Í
Ö�É»ÐxÄ�Ô»Ù�ÎÊÍ
ÇxÐ4ÄpÔz� Ë�Ä¡Å�Æ;Ô"ÔÊÄpÔ ∼ î
á�ò
M�

Ú�Ð4ÄpÔ»ÔÊÍ;Ö�Ô�üÆ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔøÄpÂÌ<GéíÄ�ÎKG�Ç�Â:ÄªÔÊÍ
Â~ÎøÑ�Æ;Ô�Í;Û�ÔÊÄ�É"à
Ù�ÄpÔøË�Æ;Â:Ô�Å�Í
Â Ù�ÌjÒ�Æ;Â~ÎÏÇ4ÐxÐ4Í
ÂSá
�¶ß Ö:Â Æ�Ö:ÎÏÉ"ÄWÌpÍ;ÎÊÙ;ÚÐxÄpÔ»Ô"Í
Ö�Ô3ü3Æ;ÛEÍ
Â�Ë�Æ�Â�ÌpÄ�Ô�Ä�Â�Ì<Æ;Ð4ÌpÇxÖ:Å Ñ�É"ÙpË�Ç1ÎÏÄ�Ô�Þ�Ð&ß è;é
Ä×Ë�Ä õ Í;ÅåÆ�ö°Ä�ÉÊÄ�Â�ÇxÌ�ÄpÔ�ÔÊÍ
Â~Î�Ë�Ù�ÎÏÄ�Ì�ÎÏÙ�ÄpÔ�Ë�Æ;Â�ÔM�Ù�ÎÏÍ;ÇxÐxÄ�Ôz�Øóåê:9���î�ï 1 î�ï;ý¶Ä�ÎL9��¶î�ï 1�1 Á:îqì�á:ûØÂ:ÿ�ÂtÚ�ÐxÄ�Ô°Ü/Í
É"ÎÊÄpÔ¸ÔÊÖ�ÉÊÆ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔ�ÄpÂÍ��Ä×Ä�ÎL3ÃÇ�Ñ�ÉÊÙ�Ë�Ç4ÎÊÄpÔÑ�Æ;É
Ì�ÄpÔ×Å	Í�Ë�ÈpÐ4ÄpÔpÚ�Â:Ä¶ÔÊÍ;Â�Î×Ñ�Æ;Ô
Í;Û�ÔÊÄ�É"à
Ù�ÄpÔ¡Ë�Æ�Â�Ô
Ð4ÄpÔ�Ù�ÎÏÍ;ÇxÐxÄ�Ô��ùÕ�Ö�Ç�ÑEÍ
Ô"ÔÊÈpË:ÄpÂ~Î�Ñ�ÐxÖ�Î_Ç;Î�Ë�Ä�Ô¡Æ;ÛEÍ
Â�üË�Æ;Â�Ì�ÄpÔ�ÔÊÍ
ÐxÆ;ÇxÉ"ÄpÔpá
âcÄpÔ�Å	Í�Ë�È�ÐxÄ�Ô¡Ì<Æ;Ð4ÌpÖ�Ð4ÙpÔ�Ñ�Í;Ö�É�Ð4ÄpÔ�Ù�ÎÊÍ
ÇxÐ4ÄpÔH�#Â�Ä	ÔÊÍ
Â~Î�Ë�Í
Â�Ì	Ñ�Æ;Ô�ÄpÂ Û�Í
Â Æ;Ì�ÌpÍ
É"Ë¿Æ<à
Ä�ÌåÐ4ÄpÔ�Í
Û�üÔÊÄpÉ�à�Æ�ÎÏÇ4Í
Â�ÔpáÎ�¶ß Æ;Ö:ÎÏÉ"ÄpÔ¡Ù�ÎÏÖ�Ë�Ä�Ô¡Ñ�Í;É"ÎjÆ�Â�Î
ÔÊÖ�É¡ËtßðÆ;Ö�ÎÏÉÊÄ�Ô¡Æ;Å�Æ;Ô
Ä�Î¡é
É"Í
Ö�ÑEÄpÔ×Ì�ÇxÂ�Ù�ÅåÆ�ÎÊÇxÕ�Ö�Ä�Ô�ê:9�Ó~Æ;Ë:ÄpÔpÚ

î
	 1
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Á�ÉÊÔÏÆÍ<RÆqã"Í
Éjì�Å�Í
Â~ÎÊÉÊÄpÂ~Î¡Õ�Ö�Ä�ËtßðÆ;Ö�ÎÏÉÊÄ�Ô¡Ñ�ÉÊÍ�ÌpÄ�ÔÊÔ"Ö�Ô�Ò�Ó�Ë�É"Í�Ë�Ó�Â�Æ;Å�Ç4Õ�Ö�ÄpÔ¡Ô"Í
Â~Î�Ñ�ÉÊÍ
Û�Æ;Û�ÐxÄ�Å�Ä�Â~Î×Ñ�É"Ù�üÔ"ÄpÂ~ÎÏÔ�Ë�Æ;Â�Ô	ÐxÄ�ÔåÆ�ÎÊÅ�Í;ÔÊÑ�Ò�È�ÉÊÄ�Ô�Ë�ÄRÌpÄ�Ô�Ù�ÎÏÍ
Ç4ÐxÄpÔøÄ�ÎåÍ
Â~Î�Ñ�Í;Ö�ÉøÉXÇ
Ð4ÄGË:ÄvË�Ç4Å�Ç4Â�Ö:ÄpÉ�ÐxÄ�ÔøÄ�æ�Ä�ÎÏÔ�Ë�ÄGÐ�ÆË�Ç1ætÖ:ÔÊÇxÍ;Â	Å	ÇxÌ�ÉÊÍ
Ô"ÌpÍ
Ñ:ÇxÕ�Ö�Ä»Ñ�Ö�Ç4ÔÊÕ�Ö�ÄÃÐxÄpÔOÔ"Í
Ö�Ô�ü³Ä�ÎeÔ"Ö�ÉÏÆ;ÛEÍ
Â�Ë�Æ;Â�ÌpÄ�Ô°Ñ�É"ÙpË�Ç1ÎÏÄ�Ô¸Ñ�Æ�ÉeÐ4ÄpÔOÅ	Í�Ë�È�ÐxÄ�Ô�êÝÑEÍ
Ö�É
< Å î
á ý

M�
ì³Â�Ä�Ô"Í
Â~Î¸Ñ�Æ;Ôçà
Ù�ÉÊÇ4ÿ�ÙpÄpÔeÑ�Æ;ÉØÐ4ÄpÔØÍ
Û:ÔÊÄpÉ�à�Æ�ÎÏÇ4Í
Â�Ô�ê+Ï�Æ;É"ÌpÇ�Æ¡âcÍ
ÑEÄ!8»Ä�Î¸Æ;Ð&á�î
Á2Á
ý�>Q¡»Ò�Í
É"Û�Ö�ÉÊÂÄ�Î¶Æ�Ð&áçî
Á�Á
ý�>7¡�Æ�Ð;Ä�Ë�ÆRÄ�Î�Æ;Ð&áçî�Á2Á2	�>ÎBeÆ�ÉÊÄpÂ:Â�ÄÆ/Ñ<RÍ
Â�Ç4ÄpÉ�î
Á2Á�Á~ì�ácâ¹Æ�Â�Æ�ÎÊÖ�ÉÊÄøË�Ä	ÌpÄ�Ô�Å	ÙpÌpÆ;Â�ÇxÔ"Å�Ä�Ôê/Å�Ù�Ð�Æ;Â�é;ÄpÔ�Ä�Î Ê Í
Ö�ÑEÄpÉ�ÎÏÄpÔ»Ë:Ä�Å�Æ;Ô"ÔÊÄ�ì°É"ÄpÔ�ÎÏÄ�Þ�Ë�Ù�ÿ�Â:ÇxÉpá�¡�Ö�É"ÌpÍ;Î"ÎÏÄ¡Ä�Î�Æ;Ð&áSê�î
Á2Á�	
Æ~ì°Æ<à�Æ;Ç4Î�Å�Ä�Â�ÎÊÇxÍ
Â:Â�ÙÐxÆGÑEÍ
ÔÊÔ"ÇxÛ�Ç4ÐxÇ1ÎÏÙøËSß�ÇxÂ~ÎÏÉ"Í�Ë�Ö:ÇxÉÊÄ	Ë�Æ;Â:Ô¶ÐxÄ�Ö�ÉÊÔ�Å�Í�Ë�È�ÐxÄpÔ�Ú�ÞRÎÏÉÊÆ�à;ÄpÉ"Ô�Ë�ÄpÔ¶Ñ�Æ;ÉÏÆ�Å�È�ÎÏÉÊÄ�Ô¶Ð4ÇxÛ�É"ÄpÔpÚ¹Ð4ÄpÔ¶Ä�ætÄ�ÎÏÔË�Ä�Ô�Ñ�ÉÊÍ�ÌpÄ�ÔÊÔÊÖ:Ô
Ë�Ä�Å	ÙpÐ�Æ�Â�é
Ä;á

¸�¹�ºW»T¼C½¤¾*Ò
âcÄpÔªÔ"ÄpÖ�Ð4ÔªÅ�Í�Ë�ÈpÐ4ÄpÔWÑ:Ö�Û�ÐxÇ4ÙpÔWÑEÍ
Ö�ÉªÐ4ÄpÔWÙ�ÎÏÍ
Ç4ÐxÄ�ÔÃ� êÝË:Ä�ÅåÆ;Ô"ÔÊÄ�Ì�Í
Å�Ñ:ÉÊÇxÔ"ÄúÄpÂ~ÎÊÉÊÄ\î
á�ò�ó¿Ä�ÎGý:á ï

M�
ì�Ô"Í
Â~Î×ÌpÄ�Ö�äRË�Ä&)�ÇxÌjÒ:ÄpÉ�Ä�Î
Æ;Ð&á�ê:�;ï
ï
ï~ì�á õ ÄpÔ×Å	Í�Ë�ÈpÐ4ÄpÔpÚ�Æ�Â�Æ;ÐxÍ;é
Ö�ÄpÔ�Þ	ÌpÄpÖ�äúË�Ä6¡�Ö�ÉÊÌ�Í;ÎÊÎÊÄ¶Ä�Î
Æ;Ðôáê3î
Á2Á2	
Æ
ì¸Ñ�Í;Ö�É»ÐxÄ�Ô»Ù�ÎÏÍ;ÇxÐxÄ�Ôg�°Ú�Ç4Â�ÌpÐ4Ö�ÄpÂ~Î�Ä�ÂGÑ:ÐxÖ�Ô�ÐxÄ�Ô»Ä�æ�Ä�ÎÊÔ�Ëtß Ö�Â�ÎÏÉÊÆ;Â�Ô"Ñ�Í
É�Î»ÎÏÖ�É"Û�Ö�Ð4ÄpÂ~Î�Ñ�Æ;É»ÐôßðÆqã"Í;Ö:ÎËSß�Ö�ÂzÎÏÄ�ÉÊÅ	Ä	Ë:Ä	Ë:Ç4æ�Ö�ÔÊÇ4Í
Â�ÎÏÖ�É"Û�Ö�ÐxÄ�Â~ÎÏÄ	ÞGÐôß Ä�ä�Ñ�ÉÊÄ�ÔÊÔÊÇ4Í
ÂíË�ÄøÐ�ÆWà�Ç4ÎÏÄ�ÔÊÔ"Ä�Ë�ÄøË�Ç1ætÖ:ÔÊÇxÍ;ÂíË:ÄpÔ�ÙpÐxÙ�Å�Ä�Â~ÎÏÔê/ÔÊÄpÌ�ÎÏÇ4Í
Âúþ�á4îqì�á�âcÄpÔ�Ì<Æ;Ð4ÌpÖ�Ð4Ô»Í
Â~ÎÃÙ�ÎÏÙ�ÜÝÆ;Ç4ÎÊÔ�Æ<à
ÄpÌ�Ë�Ç4æ�ÙpÉ"ÄpÂ~ÎÏÔ�ÌpÍ�Ä\Z	Ì�ÇxÄpÂ~ÎÊÔÃË�Ä�ÎÏÖ:ÉÊÛ�Ö�Ð4ÄpÂ�Ì�Ä�Ä�Î�Í
Â~Î
Ù�ÎÏÙÌ�Í
Â:Ü/ÉÊÍ;Â�ÎÊÙpÔ�Æ;Ö�ä Æ;ÛEÍ
Â�Ë�Æ;Â�ÌpÄ�ÔåË�Ä 1 Ù�ÎÏÍ;ÇxÐxÄ�ÔY�
ÅGáOâ¹Ä�Ô�Í;Û�ÔÊÄ�É"à�Æ�ÎÏÇ4Í
Â�ÔøÖ:ÎÊÇxÐxÇ4ÔÊÙ�ÄpÔøË�Æ;Â�Ô	Ð&ß�Ù�ÎÊÖ�Ë�ÄGË�Ä

)�ÇxÌjÒ�Ä�ÉÃÄ�Î�Æ;Ðôá�ê+�;ï
ï;ï~ì�Ô"Í
Â~Î¡ÌpÄ�ÐxÐ4ÄpÔ�Ë�Ä�ö°Ö�ÉÓÐ�Ò�Æ;É"ÎS/ õ Í
Ö�Ñ�É�Ó ê3î
Á2	2Á:Ú¹î
Á�Á:î
Ú¹î
Á2Á2	
ì�>EâcÄpÅKÐ;Äªê3î
Á2	2Á�Úî
Á�Á
ï~ì�>V9�ÇxÐxÐJ/ºâ¹Æ;Â�Ë:Ô"ÎÏÉ"ÄpÄ�ÎGê�î
Á�Á
ý~ì�>V9�ÇxÐxÐ�ê3î
Á2Á~ó;ì�>V9ÃÖ�Ç�ü3ö°Í;Â�ü�9�Í~ÆGÄ�ÎøÆ;Ðôá°ê3î
Á2Á~þ;ì�>E¡³ÆQÐ;ÄpË�ÆÔ/ÕG�ÆnüË�ÆQÐ�Æ�Â�Äªê3î
Á2Á~þ
ì�>Ö9ÃÖ�Ç�ü3ö°Í;Â�ü�9�Í~Æ�/×�ÃÐxÄ�ÌpÇ�Æ�Â ê�î�Á2Á2	~ì�>UBeÆ;ÉÊÄ�Â�Â�Ä5/Ø<RÍ;Â�ÇxÄ�É�ê3î
Á2Á2Á~ì�áEâOß�Ù�ÎÊÍ
ÇxÐ4Ä�Õ�Ö:Ç³ÆÐ4Ä�Ñ:ÐxÖ�Ô�é
ÉÏÆ�Â�ËúÂ�Í
Å¶Û�ÉÊÄ�ËSß Æ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔÃË�Ù�ÎÊÄpÉÊÅ	ÇxÂ:ÙpÄpÔ
Þ�Ñ�Æ�É"ÎÏÇ4É�Ë�ÄpÔÃÍ
Û�ÔÊÄ�É"à�Æ�ÎÊÇxÍ
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Å�Û�É"ÄWËSß�ÙpÐ4ÙpÅ	ÄpÂ~ÎÏÔ�ÌjÒ:ÇxÅ	ÇxÕ�Ö�ÄpÔ�áD�ÃÑ�ÉÊÈ�ÔøÆ�à;Í
ÇxÉ�Ä�æ�ÄpÌ�ÎÏÖ�ÙªÑ�Ð4Ö�ÔÊÇ4ÄpÖ�É"Ô¶ÎÏÄ�Ô"ÎÊÔpÚÐ4Ä	Å	Í�Ë�ÈpÐ4Ä	Õ�Ö�ÇeÄpÔ�Î�Ð4Ä	Ñ:ÐxÖ�Ô�ÄpÂ Æ�ÌpÌpÍ;ÉÊË�Æ<à;ÄpÌWÐ4ÄpÔ�Í
Û�ÔÊÄ�É"à�Æ�ÎÊÇxÍ
Â�Ô�ÄpÔ�Î�Ì�ÄpÐxÖ:ÇeË:Í
Â~Î¶Ð4Ä�Ì�Í�Ä�Z�Ì�ÇxÄ�Â�Î¶Ë�ÄÎÊÖ�ÉÊÛ�Ö:ÐxÄpÂ:ÌpÄ�ÄpÔ�Î�Ùpé~Æ�ÐçÞÍ�;ï
ï · î�ï 3 Ü/Í;ÇxÔ
Ð4Ä�ÌpÍ�Ä\Z	Ì�ÇxÄpÂ~Î�Ë�Ä�Ë:Ç4æ�Ö�ÔÊÇ4Í
ÂúË�Ä�Ðôß Ò�Ù�ÐxÇ4Ö�ÅdÞ

log T ¥ ó�á ýåË�Ä�ä�áâ¹Æ�ÎÊÄpÅ	Ñ�Ù�ÉÏÆ�ÎÊÖ�ÉÊÄÃÑ�ÉÊÙ�Ë�Ç4ÎÊÄ
Ñ�Æ�É°ÐxÄ�Å	Í�Ë�È�ÐxÄM¡�ó�á ý2�O�;ï
ïQÐ~ü(ý�Þ�Ðôßðè�é
ÄÃË:Ä õ Í
Å�Æ�ÄpÔ�Î»Ë�Ä�	:î
Á
ï(Nøá õ Ä�Î"ÎÏÄà�Æ;Ð4ÄpÖ�ÉØÄ�Ô"Î¸Ë�Æ;Â�ÔOÐ�Æ¡Ð4ÇxÅ	Ç4ÎÏÄ¸Ë�ÄpÔeÛ�Æ;É"ÉÊÄ�ÔeËtß Ä�ÉÊÉÊÄ�Ö�ÉeË�ÄpÔ�	
ï~þ�ÁHN Ë:Ù�ÎÏÄ�ÉÊÅ	ÇxÂ�Ù�ÔOÑ�Æ;ÉOÑ�Ò�Í;ÎÊÍ
Å	Ù�ÎÏÉ"ÇxÄ�á~âØßðÆ;Ì�üÌ�Í
ÉÊËRÄpÔ"Î
Û�Í;ÂvÙpé
Æ;ÐxÄ�Å�Ä�Â�Î�ÑEÍ
Ö�É�Ð�Æøé
ÉÏÆ<à�Ç4ÎÊÙ�Ë:Ä¶ÔÊÖ:É"ÜÝÆ;Ì�Ä;á õ ÄpÔ
Å	Í�Ë�ÈpÐ4ÄpÔ�ÔÊÍ
Â~Î
Æ;Ö�ÔÊÔ"Ç³Ì�Í
Å�Ñ�Æ;ÉÊÙ�Ô
Æ;Ö�äÆ;ÛEÍ
Â�Ë�Æ;Â�ÌpÄ�Ô¡Ë�Ä�Ð&ß�Ù�ÎÊÍ
ÇxÐ4Ä&9��¶î�ï 1 	�	~þ�êÝÑ�Æ�É"ÎÏÇ4Ä�Ë�Ä�Ë�É"Í
Ç4ÎÊÄ�Ë�Ä�ÐxÆåÿ�é
Ö�É"Ä	þ�áÞ�;ìÃÕ�Ö�ÇçÑEÍ
ÔÊÔ"ÈpË�Ä	Ö�Â�Ä
TeffË�Ä6	x�QÁ:îHN Ä�ÎÃÖ:Â

log g
Ë:Ä�ò:áÞ�;ï�Ë:Ä�ä�á õ ÄpÔ�Å�Í�Ë�È�ÐxÄpÔ»Ô"Í
Â~Î�Ì<Æ;Ð4ÌpÖ�Ð4ÙpÔ�Æ<à
Ä�Ì�Ö:Â�Ä�Å�Ù�ÎjÆ;Ð4ÐxÇxÌ�Ç4ÎÊÙÃÇ4Â�Ç4ÎÊÇ�Æ;Ð4ÄË�Ä
ü(ï:á ï~ó¶Ë�Ä�ä�á.,×Â�ÌpÍ
Â:Ô"ÎjÆnÎÏÄ�Ö�Â�Û�Í;ÂRÆ�ÌpÌpÍ;ÉÊË�ÄpÂ~ÎÏÉ"Ä�ÐxÄpÔ�Æ�Û�Í
Â:Ë�Æ;Â�Ì�ÄpÔ�Ë�Ä¡ÔÊÖ:É"ÜÝÆ;Ì�Ä�Ñ:ÉÊÙpË:Ç4ÎÏÄ�Ô»Ñ�Æ;É»Ð4ÄpÔÅ	Í�Ë:ÈpÐxÄ�Ô°Ä�Î�ÌpÄpÐ4ÐxÄ�Ô°Ë�Ù�ÎÏÄpÉ"Å�Ç4Â�ÙpÄ�Ô�Þ�Ñ�Æ;É�ÎÏÇxÉ¸Ë�ÄpÔ»Í;Û�ÔÊÄ�É"à�Æ�ÎÏÇ4Í
Â�Ô»ÑEÍ
Ö�É õ Æ�Ú�¡»Ç&Ú õ ÉpÚÖ<GÂSÚ���Ä×Ä�Îg3ÃÇ&á õ Ú

,�Ú#3
Æ:Ú¤<Ré�Ä�ÎgG�Ç�Ñ�ÉÊÙ�ÔÊÄpÂ~ÎÊÄpÂ~Î�Ë�ÄpÔ¸ÙpÌpÆ;É"ÎÊÔ�Æ;Ö�ä	à�Æ;Ð4ÄpÖ�É"Ô¸Ñ�É"ÙpË�Ç1ÎÏÄ�Ôpá#3ÃÍ
Ö:Ô�Æ<à
Í
Â:Ô¸à�ÖWË�Æ;Â:Ô°Ð�Æ�ÔÊÄ�Ì�ÎÊÇxÍ
Â1 á�ò�á�òzÕ�Ö:ÄGÐôßðÆ�Û�Í
Â:Ë�Æ;Â�Ì�ÄªË�Ù�ÎÊÄpÉÊÅ	ÇxÂ:ÙpÄGÞ�Ñ�Æ;É"ÎÊÇxÉ�Ë�Ä�ÐxÆúÉÏÆ;Ç4ÄªË�Ä�<Ré
÷Ê÷¶Þ
λ

ò
ò2	:îÍó Æ�Û�Í
Ö�ÎÏÇxÔ"ÔÏÆ;Ç1Î�ÞË�Ä�Ô¶à�Æ;ÐxÄ�Ö�ÉÊÔ�ÔÊÖ�ÑEÙpÉ"ÇxÄ�Ö�ÉÊÄ�Ô�ÞvÌpÄ�ÐxÐ4ÄpÔ¶Ë:ÄpÔ�Æ;Ö�ÎÏÉÊÄ�Ô�ÉÏÆ�ÇxÄpÔ�Ë�Ö�Å�Æ;é
Â�Ù�ÔÊÇ4Ö�Å êÝÄ�æ�Ä�Î¶Ò�Í
É"Ô�ü3û¢¡�â�ì�á
�
Ç4Â�ÔÊÇôÚÄ�Â Ô"Ö�Ñ�Ñ�É"ÇxÅ�Æ;Â~Î�ÌpÄ�Î"ÎÏÄ	ÉÏÆ;Ç4Ä�Í
ÂíÆ�ÎÊÄpÂ�Ë�Æ;Â�ÌpÄ�ÞªË�ÇxÅ	ÇxÂ�Ö�Ä�É×Ð&ß Æ;ÛEÍ
Â�Ë�Æ�Â�ÌpÄøÅ	ÍqÓ;ÄpÂ�Â:Ä�Ë�ÄÀÉ�<Ré Ê 9LËOË�Ä
∼ ï:áò��Ë�Ä�ä�Ú�ÌpÄ�Õ�Ö�ÇSÔ"ÄpÉÊÆ;Ç4Î�Ä�ÂRÛEÍ
Â�Æ;Ì�ÌpÍ
É"ËvÆ<à
Ä�Ì�ÐxÄ¡Å	Í�Ë�È�ÐxÄ�¡�ó�áðý��O�;ï
ï�Ð
ü(ý:á��
Ä�Ð�Æ�Å	ëpÅ	Ä×Å�Æ;Â�Ç4ÈpÉÊÄ�ÚÐôßðÆ;ÛEÍ
Â�Ë�Æ;Â�ÌpÄeË�Ö�Ô"Í�Ë�Ç4Ö�ÅQÄpÔ�ÎØÔÊÖ:ÉÊÄpÔ�ÎÏÇ4Å�Ù�Ä°Ë�Æ;Â:ÔçÌpÄ�ÔçÙ�ÎÊÍ
ÇxÐ4ÄpÔ°êÝÔÊÄ�Ì�ÎÊÇxÍ
Â 1 á ò�á ý~ìcÅåÆ�ÇxÔ�ÇxÐ�ÄpÔ�ÎØÇxÅ	Ñ�Í;ÔÊÔÊÇ4Û�ÐxÄË�Ä�Ñ�É"Ù�à;Í
ÇxÉ»Ô"ÇcÐxÄpÔ�Æ;ÛEÍ
Â�Ë�Æ;Â�ÌpÄ�Ô�ÌpÍ
É"ÉÊÇxé;ÙpÄpÔ»à;Í
Â~ÎÃÔ�ßðÆ�ã"Ö�Ô"ÎÊÄpÉÃÆ;Ö�Å�Í�Ë�ÈpÐ4Ä¡Í
Ö�Ñ�Æ;Ô�á

âcÄªÅ�Í�Ë�È�ÐxÄÃ¡�ó�á ý2�O��ï
ï�Ð
ü3ý�ÄpÔ�Î	Ñ�ÉÊÍ
Û�Æ;Û�ÐxÄ�Å�Ä�Â~ÎøÌpÄpÐ4Ö�Ç�Õ�Ö�Ç�Æqã"Ö:Ô"ÎÏÄ�Ð4ÄªÅ�Ç4ÄpÖ�ä¿ÐxÄ�ÔøÆ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔÍ
Û:ÔÊÄpÉ�à
Ù�ÄpÔpá»÷(Ð�ÜÝÆ;Ö:ÎåÂ�Í;ÎÊÄpÉåÕ�Ö�Ä�Ì�ÄpÔWÅ	Í�Ë�ÈpÐ4ÄpÔåÔ"Í
Â~ÎWÔ"ÄpÂ�Ô"ÇxÛ�Ð4ÄpÔªÞ¿ÐxÆ Å	Ù�ÎÏÆ;ÐxÐ4ÇxÌpÇ1ÎÏÙªÇ4Â�Ç4ÎÊÇ�Æ;Ð4ÄªÄ�ÎªÞ Ð�ÆÑ�É"Í;Ü/Í
Â�Ë:ÄpÖ�ÉÃÅ�Ù�Ð�Æ;Â�é;ÙpÄ¶Ñ�Æ;É
ÐxÆ�ÎÏÖ�É"Û�Ö�Ð4ÄpÂ�Ì�Ä;á õ Ä�ÎÏÄpÔ�Î¡Â�Í
Ö:Ô¡ÆWÅ�Í�ÎÏÇ4à;Ù¶ÞWÉ"Ä�ÜÝÆ;Ç4ÉÊÄ�Ë�ÄpÔ¡ÌpÆ;ÐxÌ�Ö�ÐxÔ�ÑEÍ
Ö�ÉË�Ä�Ô»Ù�ÎÊÍ
ÇxÐ4ÄpÔ�Ë�Ä�Ô�ñOÐ4ÙpÇxÆ;Ë�ÄpÔ°Ù�à
Í;ÐxÖ�Æ;Â~Î³ã"Ö�Ô"Õ�ÖSßðÞ	Æ�Î"ÎÏÄpÇ4Â�Ë�É"Ä×Ð&ß è;é
Ä×Ë:Ä õ Í
ÅåÆ�ö¸ÄpÉÊÄ�Â�ÇxÌ�ÄpÔ�á�â¹Ä¡ÌjÒ:Í
Ç1äWË�ÄpÔÙ�ÎÏÍ
Ç4ÐxÄpÔ°ÂSß Ä�Ô"Î�Ñ�Æ;Ô»Ç4Å�Å	ÙpË:Ç�Æ�Îpá�÷(ÐSÜÝÆ�Ö:Î»ÄpÂGÄ�æ�Ä�Î�ÎÊÉÊÍ
Ö:à;ÄpÉ�ÐxÄ�Ô»Ù�ÎÊÍ
ÇxÐ4ÄpÔ�Å	ÄpÅ�Û:ÉÊÄpÔ»Ë:ÄpÔ�Ë�ÄpÖ�äGÆ;Å�Æ;Ô�Õ�Ö�ÇÌ�Í
ÉÊÉ"ÄpÔÊÑEÍ
Â�Ë:ÄpÂ~Î×Æ�Ö�ä�ÌpÉ"Ç4ÎÊÈpÉÊÄ�Ô�ÔÊÖ�Ç1à;Æ�Â�ÎÊÔO�
î�üåûØÂzÔÊÄøÛ�Æ;ÔÊÆ;Â~Î�ÔÊÖ�É¡Ð4Ä�Å�Í�Ë�ÈpÐ4Ä*¡�ó�á ý2�O��ï
ï�Ð
ü3ý:Ú�Ö�Â�ÄøÙ�ÎÊÍ
ÇxÐ4ÄpÔ×Ë:ÄpÔ�ñØÐxÙ�Ç�Æ;Ë�Ä�Ô	êôÞúî�ï;ïWÅ�Ç4ÐxÐxÇ4Í
Â�ÔËtßðÆ;Â:Â�ÙpÄ�ÔjìÃË�Í;Ç4ÎÃÌpÍ
É"ÉÊÄpÔ"Ñ�Í;Â�Ë�ÉÊÄ�Þ�Ö�Â�Ä¶Ù�ÎÏÍ;ÇxÐxÄ�Ë�Ä õ Í
ÅåÆ�ö°ÄpÉ"ÄpÂ�Ç4ÌpÄ�Ô×Õ�Ö�Ç³ÑEÍ
ÔÊÔ"ÈpË�Ä¶Ð�Æ	ÎÊÄpÅ	Ñ�Ù�üÉÊÆ�ÎÏÖ:ÉÊÄ¡Ä�Î�ÐxÆ�é
ÉÏÆ<à�Ç4ÎÊÙ¡Ñ�ÉÊÙ�Ë�Ç4ÎÊÄpÔ�Ñ�Æ;É�ÐxÄ¡Å	Í�Ë�ÈpÐ4Ä¡Þ�ò�ó;ï�Å�Ç4ÐxÐ4ÇxÍ
Â�ÔOËSß Æ;Â�Â:ÙpÄpÔ�á
�qüåâcÄpÔ�Ù�ÎÏÍ;ÇxÐxÄ�Ô�Ë:Í
Ç4à;ÄpÂ~ÎçÑEÍ
ÔÊÔ"ÙpË�Ä�ÉçÖ�Â�ÄeÜÝÆ;ÇxÛ:ÐxÄØà�Ç4ÎÏÄ�ÔÊÔ"Ä�Ë�Ä°É"Í;ÎjÆnÎÏÇxÍ;Â¶Æ�ÿ�Â¶Ë�Ä¸Å�Ç4Â�ÇxÅ	ÇxÔ"ÄpÉcÐxÄ�Ô�Ä�ætÄ�ÎÏÔË:Ä�Å	ÙpÐxÆ;Â�é
Ä
Õ�Ö:ÇcÂ�Ä�ÔÊÍ
Â~Î�Ñ�Æ;Ô�Ñ�É"ÇxÔ»ÄpÂGÌpÍ;Å�Ñ:ÎÊÄ�Ë�Æ;Â�Ô�ÐxÄ�Ô»Å�Í�Ë�È�ÐxÄpÔ�áýnüåâcÄpÔ
Æ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔ×Ë:Ä¶ÌjÒ�Æ;Õ�Ö�Ä¶ÙpÐxÙ�Å�Ä�Â~Î
Ë�Ù�Ë�Ö�Ç1ÎÏÄpÔ
Ë�Æ;Â�ÔÃÌpÄpÔ
Ù�ÎÏÍ;ÇxÐxÄ�Ô�Ë�Í
Ç4à;ÄpÂ~Î×ë�ÎÏÉ"Ä�Ë�Ù�ÎÊÄpÉ"Å�Ç�üÂ:ÙpÄpÔ�Æ<à
Ä�Ì�Ì�ÄpÉ�ÎÏÇ4ÎÊÖ�Ë�Ä�Ä�Î�Ä�ÂRÇ4Â�ÌpÐ4Ö�Æ;Â~Î�ÐxÄ×Ñ:ÐxÖ�Ô�é
ÉÊÆ;Â�Ë�Â�Í
Å�Û:ÉÊÄ�Ë�Ä�ÉÏÆ;Ç4ÄpÔ»ÑEÍ
ÔÊÔ"ÇxÛ�Ð4Ä;á
ûØÂªÑ�ÉÊÄ�Â�Æ;Â~Î»Ä�ÂWÌpÍ
Å	Ñ:ÎÊÄ
ÐxÄÃÌpÉ"Ç4ÎÏÈ�ÉÊÄÃÂ�Ö:Å�Ù�ÉÊÍWî
Ú�Ö�Â�Ä
Ù�ÎÏÍ;ÇxÐxÄ�Ë�Ä
Ð&ß Æ;ÅåÆ�ÔeË:Ä õ Í
Å�Æ¶ö°Ä�ÉÊÄpÂ:ÇxÌpÄ�Ô»Â�ÄÌ�Í
ÉÊÉ"ÄpÔÊÑEÍ
Â�Ë�Æ;Ç4Î°Þ¶Æ;Ö:ÌpÖ�Â�ÄÃÎÏÄpÅ	ÑEÙpÉÏÆnÎÏÖ�É"ÄÃÑEÍ
ÔÊÔ"ÇxÛ�Ð4Ä
Þ�î�ï
ï�Å�Ç4ÐxÐxÇ4Í
Â�ÔçËtßðÆ;Â:Â�ÙpÄ�Ô�êÝÐôßðè;é;ÄÃË�Ä�Ô»ñØÐxÙ�Ç�Æ;Ë�Ä�Ôjì�áûØÂúÄ�ætÄ�Î<ÚtÌ�Ä�Î"ÎÏÄ�Ù�ÎÏÍ
Ç4ÐxÄ6�×ïQB¶ÚÎ9��¶î�ï~þ 1 ó
ó�ÚEÕ�Ö:Ç³ÑEÍ
ÔÊÔ"ÈpË�Ä�Ö:Â�Ä¶ÎÏÄ�Å�ÑEÙpÉÊÆ�ÎÏÖ:ÉÊÄ¶Ä�ætÄ�Ì�ÎÊÇ4à
Ä¶Ë�Ä5Á 1 þ;ó�N�ÚÂ�Ä�Ñ�Ä�Ö:Î×Ñ�Æ;Ô×Æ<à
Í;ÇxÉ�Ö�Â�è;é
Ä�Ë�Ä�ò�ó;ï�Å	ÇxÐ4ÐxÇ4Í
Â�Ô�ËSß Æ;Â�Â:ÙpÄpÔ�áSâcÄpÔÃÙ�ÎÊÍ
ÇxÐ4ÄpÔ�ÐxÄpÔ�Ñ�Ð4Ö�Ô
ÌjÒ�Æ�Ö�Ë�ÄpÔ
Ë�Ä õ Í
Å�Æö°Ä�ÉÊÄ�Â�ÇxÌ�ÄpÔ�Í
Â~Î�Ë�Ù3ãÊÞ�Õ�Ö�Ç4Î"ÎÏÙ¡ÐxÆYG�ÙpÕ�Ö�Ä�Â�ÌpÄ¶ñOÉ"ÇxÂ�Ì�ÇxÑ�Æ�ÐxÄ;Ú�Ë�Í
Â�Ì�Æ�Ö�ÌpÖ�Â:Ä�Ù�ÎÏÍ
Ç4ÐxÄS�QÂ�Ä�ÑEÄpÖ:Î�ÆnÎÊÎÏÄ�ÇxÂ�Ë:ÉÊÄÖ�Â:Ä×ÎÏÄpÅ	ÑEÙpÉÏÆnÎÏÖ�É"Ä×ÔÊÖ�ÑEÙpÉ"ÇxÄ�Ö�ÉÊÄ�ÞY	2Á
ï;ï&N Þ�Ðôßðè;é;Ä
Ë�Ä õ Í
Å�Æ�Æ<à
Ä�Ì�Ð4ÄpÔ�Å	Í�Ë�ÈpÐ4ÄpÔg�O��ï
ï�Ð
ü3ý:á�)ÃÆ�Ñ�Ñ�Ä�üÐ4Í
Â�Ô�Õ�Ö�ÄH9��¶î�ï~þ 1 ó
ó¶ÄpÔ�ÎÃÐôß Ö:Â�Ä×Ë�Ä�Ô�Ù�ÎÏÍ
Ç4ÐxÄ�Ô�Ë�Í
Â~Î�Ð&ß Æ;Ñ�Ñ�Æ;É"ÎÊÄpÂ�Æ;Â:ÌpÄ¡Þ�Ð&ß Æ;Å�Æ;Ô°Ë:Ä õ Í
ÅåÆ�ö¸ÄpÉÊÄ�Â�ÇxÌ�ÄpÔÄ�Ô"Î�ÇxÂ�Ì�ÄpÉ�ÎjÆ;Ç4Â�Ä;áâcÄpÔzÙ�ÎÏÍ
Ç4ÐxÄpÔ�Õ�Ö�Ç�ÔÊÆ�ÎÏÇ4Ô"Ü/Í
Â~ÎzÐ4Ä Ñ�ÐxÖ�ÔíÞ$ÌpÄ�Ô¿ý$Ì�ÉÊÇ4ÎÊÈpÉ"ÄpÔzÔÊÍ
Â~ÎF9��S�;ý 1 ï2ÁAêT�@	;÷ãB�Ú

Teff ¥ 1 òxÁx�ßN�Ú
ve sin i ¥ Á:á�	OÐ�Å Ê ÔÏì³Ë�Ä�Ð&ß Æ;ÅåÆ�ÔçË�ÄpÔ¸ñØÐxÙ�Ç�Æ;Ë�Ä�ÔØÕ�Ö�ÇV4�Ù�à;Í
ÐxÖ:Äx4°à
Ä�ÉÊÔ�9��¶î�ï
þ 1 î
î�ê:� 1 B�Ú

Teff ¥ 1 òxÁ:îLN�Ú
ve sin i ¥ �2��Ð�Å Ê Ôjì�Ë�Æ;Â�Ô õ Í
Å�Æ×ö°Ä�ÉÊÄpÂ:ÇxÌpÄ�Ôpá�â¹Æ×Ë�Ä�Ö�ä�ÇxÈpÅ	Ä�Ù�ÎÏÍ
Ç4ÐxÄ°Ä�Ô"Îb9��O�;ý 1 ý�î�êT�O�aB�Ú

Teff ¥ Á 1 î�ý
î
	2Á
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 1.25 M  T5.3D200K−3    99 Myr,  Teff= 6523 K, logg= 4.54
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 1.25 M  T5.3D200K−3   449 Myr,  Teff= 6524 K, logg= 4.52
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 2.1 M  T5.3D200K−3   103 Myr,  Teff= 9524 K, logg= 4.23
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NøÚ
ve sin i ¥ þ�áðóMÐ�Å Ê ÔjìcÅ�Ä�Å�Û�É"ÄeË:Ä¸ÐôßðÆ;Å�Æ;Ô¹Ë�Ä�ÔçñØÐxÙ�Ç�Æ;Ë�Ä�ÔpÚ�Õ�Ö�ÇÎ4�Ù�à;Í
ÐxÖ:Äx4eÑEÍ
Ö�É¹Ë�Ä�à
Ä�Â�ÇxÉD9��¶î�ï
þ�Á 121êT�×ý�B�Ú

Teff ¥ 	~ó�ò:îHNøÚ
ve sin i ¥ ó�îHÐ�Å Ê Ôjì�Ë�Æ;Â:Ô�ÐôßðÆ�ÅåÆ;Ô°Ë�Ä õ Í
ÅåÆ�ö¸ÄpÉÊÄ�Â�ÇxÌ�ÄpÔ�áâ�Æ�Å�Ù�ÎjÆ;Ð4ÐxÇxÌ�Ç4ÎÊÙ°Ë�ÄÃÐ&ß Æ;ÅåÆ�ÔeË:ÄpÔ�ñØÐ4ÙpÇ�Æ�Ë�ÄpÔ¸ÄpÔ"Îeü3ï:á ï
ý�Ë�Ä�ä#ú�û�Ä�Î�ÌpÄ�ÐxÐ4Ä�Ë:Ä
Ð&ß Æ;Å�Æ;ÔOË�Ä õ Í;ÅåÆ�ö°ÄpÉ"ÄpÂ�Ç4ÌpÄpÔü3ï:á ï~ó
Ë�Ä�ä ú U á õ Ä�ÔØà;Æ�ÐxÄpÖ:ÉÊÔçÂSß�Ù�ÎÏÆ;Â~ÎeÑ�Æ;ÔçÎÏÉ"Í
Ñ�Ë�Ç1ætÙ�ÉÊÄpÂ~ÎÊÄpÔpÚ~Í;Â	ÑEÄpÖ�ÎOÌpÍ
Â�Ô"ÇxË�Ù�ÉÊÄ�ÉØÕ�Ö:Ä�Ì�ÄpÔOË�Ä�Ö�ä	Æ;Å�Æ;Ô
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Í
Â~Î¸Ñ�ÉÊÄ�ÔÊÕ�Ö�Ä¡ÐxÆ�Å	ëpÅ	ÄÃÅ	Ù�ÎÏÆ;ÐxÐ4ÇxÌ�Ç4ÎÏÙ°ÇxÂ�Ç1ÎÏÇ�Æ�ÐxÄ;á;ûØÂWÄ�æ�Ä�ÎpÚ�Ð4ÄpÔeÅ�Í�Ë�ÈpÐ4ÄpÔeÙ�à;Í
ÐxÖ:ÎÊÇ4Ü/ÔeÌ<Æ;Ð4ÌpÖ�Ð4ÙpÔ¸Æ<à
ÄpÌ�ü3ï:á ï
ýË�Ä�ä�Í
Öªü3ï:á ï~ó¶Ë�Ä�äGË�Ä�Å�Ù�ÎjÆ;Ð4ÐxÇ4ÌpÇ4ÎÊÙ�ÇxÂ�Ç1ÎÏÇ�Æ�ÐxÄ�Ñ�Í
Ö:É�Ð4ÄpÔ»Ë�Ä�Ö�äRÆ;Å�Æ;Ô»Ë�Í
Â:Â�ÄpÂ~Î�ÐxÄ�Ô�Å	ëpÅ	ÄpÔ»É"ÙpÔ"Ö�Ð4ÎÏÆ�ÎÏÔ�áâ¹Æ�ÿ�é
Ö�É"Ä�þ�áðýøÉÊÄ�Ñ�ÉÊÙ�ÔÊÄ�Â�ÎÊÄ¶ÐxÆ�ÌpÍ
Å	Ñ�Æ;ÉÊÆ;ÇxÔ"Í
Â�ÄpÂ~ÎÏÉ"Ä�Ð4ÄpÔ�Æ;ÛEÍ
Â�Ë�Æ�Â�ÌpÄ�ÔÃË�Ù�ÎÏÄ�ÉÊÅ	ÇxÂ�Ù�ÄpÔ�Ñ�Í;Ö�ÉM9��O�;ý 1 ï2ÁÄ�Î
Ì�ÄpÐxÐ4ÄpÔ�Ñ�ÉÊÙ�Ë�Ç4ÎÊÄpÔÃÑ�Æ;É�ÐxÄ�Å�Í�Ë�ÈpÐ4ÄpÔM¡�ó�á ý2�O�;ï
ï�N×ü(ý	ÑEÍ
Ö�É�Ö�Â�Ä�ÅåÆ�ÔÊÔÊÄ�Ë�Äåî;áÞ�
ó

M�
á õ Ä�Î"ÎÏÄ¶Å�Æ;Ô"ÔÊÄÌ�Í
ÉÊÉ"ÄpÔÊÑEÍ
Â�ËvÞ	Ö:Â�Ä�ÎÊÄpÅ	Ñ�Ù�ÉÏÆ�ÎÊÖ�ÉÊÄ�Ë�Ä 1 ó2��ýKNTÞGî�ï 8 Æ;Â:ÔpáÖ� ò~ó;ï · î<ï 6 Æ;Â�ÔpÚ�ÐxÆ�ÎÊÄpÅ	Ñ�Ù�ÉÏÆ�ÎÊÖ�ÉÊÄ�Ä�ætÄ�Ì�üÎÊÇ4à
Ä�ÂSß ÆøÑ�ÉÊÄ�ÔÊÕ�Ö�Ä¶Ñ�Æ;Ô�ÌjÒ�Æ;Â�é
ÙåêÝÐôß Ù�ÎÏÍ
Ç4ÐxÄÃÌpÍ
É"ÉÊÄpÔ"Ñ�Í;Â�Ë�Æ;Â~ÎÏÄ�ÄpÔ�ÎS9��¶î�ï~þ 1 î
îqì�áÖ,×ÂRÉ"ÄpÅ�Æ;ÉÊÕ�Ö�Ä�Õ�Ö�Ä�Ð�ÆË�Ç1ætÖ:ÔÊÇxÍ;ÂRÂ�Ä»ã"Í
Ö�Ä�Ñ�Æ;Ô
Ö:ÂúÉXÇ
Ð4Ä�ÇxÅ	Ñ�Í
É�ÎjÆ;Â~Î�ÑEÍ
Ö�É�ÌpÄ�Î"ÎÏÄ�Å�Æ;Ô"ÔÊÄªê/Ä�ÎÃÑ�Í;Ö�É
Ð4ÄpÔ�Ñ�Æ;ÉÏÆ�Å�È�ÎÏÉÊÄ�ÔÃÌjÒ:Í
ÇxÔ"ÇxÔÑEÍ
Ö�É�ÌpÄ�Å�Í�Ë�ÈpÐ4Ä�ì�Ú�Ä�Î×Õ�Ö�Ä�ÐxÄ�Ô×Æ;ÛEÍ
Â�Ë�Æ�Â�ÌpÄ�Ô
Ñ�É"ÙpË�Ç1ÎÏÄpÔÃÔÊÍ
Â~Î
ÔÊÇxÅ	ÇxÐxÆ;ÇxÉ"ÄpÔ»Æ�Ö�ävÆ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔÃÇxÂ�Ç1ÎÏÇ�Æ�ÐxÄpÔË�ÄåÐ&ß Æ;ÅåÆ�Ôpá�âcÄpÔ�Æ;ÛEÍ
Â�Ë�Æ;Â�ÌpÄ�Ô�Ë�Ä õ Ú@<Ré�ÚD¡»ÇôÚ õ É¶Ä�ÎY��ÄåÔ"Í
Â~ÎøÛ�ÇxÄ�Â�ÉÊÄ�Ñ�ÉÊÍ�Ë�Ö�Ç1ÎÏÔ�Ë�Æ;Â�Ô�Ð4ÄåÌpÆ;Ô�Ë�Ä

9��O�;ý 1 ï�Á:Ú�ÐxÄ�Ô³Æ;ÛEÍ
Â�Ë�Æ;Â�ÌpÄ�Ô³Ë�Ä�ÔçÆ;Ö�ÎÏÉÊÄ�Ô�Ù�ÐxÙ�Å�Ä�Â�ÎÊÔ³Ù�ÎjÆ;Â~Î�Ñ�Ä�Ö¶Ë�Ç4ÔÊÑEÄpÉÊÔ"ÙpÄ�ÔØÆ;Ö:ÎÊÍ
Ö�É�Ë�Ä¸ÐxÆ�Ì�Í
Ö�É"Û�ÄeÌ<Æ;Ð�üÌ�Ö�ÐxÙ�Ä;á�âØß Í<ä�Ó�é
ÈpÂ:ÄÃÄ�Ô"ÎOÜ/Í
É"ÎÊÄpÅ	ÄpÂ~ÎeÔÊÍ
Ö:Ô�ü3Æ�Û�Í
Â:Ë�Æ;Â~ÎeË�Æ;Â�ÔOÌpÄ�ÎÊÎÊÄÃÙ�ÎÏÍ
Ç4ÐxÄ;á��×Æ;Â�ÔOÐ4Ä�ÌpÆ;ÔOË�ÄM9��¶î<ï~þ 1 î
î;ÚÍ
ÂWÆ�Ö�ÂªÛ�Í;ÂªÆ;ÌpÌ�Í
ÉÊËªÄ�Â~ÎÏÉÊÄ¡Ð4ÄpÔ¸Í
Û�ÔÊÄ�É"à�Æ�ÎÊÇxÍ
Â�Ô°Ä�Î»ÐxÆ�ÎÏÒ:ÙpÍ
É"ÇxÄ
ÑEÍ
Ö�É°ÐxÄ
ÌpÆ;ÉÊÛEÍ
Â�Ä
Ä�Î�Ð4ÄpÔ�Ù�ÐxÙ�Å�Ä�Â�ÎÊÔ�Ë�ÖÑ�Ç4Ì¡Ë�Ö�Ü/ÄpÉ»Ä�Î�ÑEÍ
Ö�É»Ð4Ä¡Â�ÇxÌsÐ�ÄpÐ&á�â¹Ä�Ô
Æ�Û�Í
Â:Ë�Æ;Â�Ì�ÄpÔ�Ë�ÖGÅåÆ;é;Â�ÙpÔ"ÇxÖ�Å Ä�Î�Ë�ÖGÔÊÇ4ÐxÇxÌ�ÇxÖ�ÅPÔ"Í
Â~ÎÃÐxÆ;ÉÊé;ÄpÅ	ÄpÂ~ÎÆ;Ö�ü(Ë�Ä�ÔÊÔÊÖ:ÔÃË�Ä�ÐxÆ�ÌpÍ
Ö�É"Û�Ä�ÌpÆ;ÐxÌ�Ö�ÐxÙ�Ä;áâØß Æ;ÌpÌ�Í
ÉÊË ÄpÔ"Î�Å	ÇxÄpÖ�äzÙ�ÎÏÆ;Û�ÐxÇØË�Æ;Â�Ô�ÐxÄøÌ<Æ;Ô�Ë�Ä�Ô¶Ù�ÎÊÍ
ÇxÐ4ÄpÔH�¶áE�ÃÄpÔ¶ÌpÆ;ÐxÌ�Ö�ÐxÔ�ÑEÍ
Ö�É�Ë�Ä�Ô¶Å�Æ;ÔÊÔ"ÄpÔ�Ë�Ä®��á1î
M�

Í
Â~Î¶Ù�ÎÏÙåÄ�ætÄ�Ì�ÎÊÖ�ÙpÔøÞíî�ï
ïRÄ�Î¶ò~ó;ïRÅ	ÇxÐ4ÐxÇxÍ;Â�Ô×ËSß Æ;Â�Â�Ù�ÄpÔ�á õ ÄpÔ¶Ì<Æ;Ð4ÌpÖ�Ð4Ô�É"ÄpÑ�É"ÙpÔ"ÄpÂ~ÎÏÄ�Â�Î	Ð4ÄpÔ�Æ;Û�Í;Â�üË�Æ�Â�ÌpÄ�Ô�Ë�Ä×Ô"Ö�É"ÜÝÆ;Ì�Ä×Ñ�É"ÙpË�Ç1ÎÏÄpÔ¸Ñ�Í;Ö�É°Ð4ÄpÔ°Ù�ÎÏÍ
Ç4ÐxÄ�Ôz9��S�;ý 1 ý:îÃÄ�ÎL9��¶î�ï~þQÁ 121 ê7ÿ�é
Ö�É"Ä¡þ�á�ò�ì�á:â¹Æ¶Ñ�Ð4Ö�Ñ�Æ;É�ÎË�Ä�Ô�Ù�ÐxÙ�Å�Ä�Â�ÎÊÔ�Ë�Ö Ñ:ÇxÌ�Ë�ÖíÜ/ÄpÉ�Æ;ÇxÂ:ÔÊÇçÕ�Ö�Ä	ÐxÄ�Â�Ç4ÌsÐ;Ä�ÐeÔ�ßðÆ�ã"Ö�Ô"ÎÊÄpÂ~Î�Û�Ç4ÄpÂ Æ;Ö�äzÌ�Í
Ö�É"Û�Ä�Ô�ÌpÆ;ÐxÌ�Ö�ÐxÙ�ÄpÔpÚcÂ:Í�üÎÏÆ;Å�Å	ÄpÂ~Î�ÑEÍ
Ö�É�9��¶î�ï
þ�Á 121 áÖ¡�Í
Ö:ÎÊÄ�Ü/Í
Ç4ÔÃÐ4ÄpÔÃÆ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔ×Ë:ÄpÔ
Ù�ÐxÙ�Å�Ä�Â�ÎÊÔ
Ð4Ùpé
Ä�ÉÊÔ�ÉÊÄpÑ:ÉÊÙpÔ"ÄpÂ~ÎÏÄ�Â~Î�Ë�ÄpÔË�Ç4ÔÊÑ�Æ�ÉÊÇ4ÎÊÙpÔ
Æ�à;ÄpÌ�Ð4ÄpÔ×Å	Í�Ë:ÈpÐxÄ�ÔpáÎG�Í�Ë�ÇxÖ�ÅGÚ�ÅåÆ�é
Â�ÙpÔ"ÇxÖ�ÅºÄ�Î¡ÔÊÇ4ÐxÇxÌ�ÇxÖ�Å�Ô"Í
Â~Î×ÎÏÍ;Önã"Í
Ö�É"Ô×ÔÊÖ�ÉÊÆ;ÛEÍ
Â�Ë�Æ;Â~ÎÊÔpáûØÂ¿Ù�ÐxÇ4Å�Ç4Â�Æ;Â~Î¡Ð�ÆªÉÊÆ;ÇxÄøË�Ö ÅåÆ;é;Â�ÙpÔ"ÇxÖ�Å?Þ
λ

ò;òx	:îYó¶Ú¹Õ�Ö�ÇeÄpÔ"Î�ÎÏÍ;Önã"Í
Ö�É"Ô�Ô"Ö�ÉÊÄ�Ô"ÎÏÇ4Å�Ù�ÄåÞ�Ì<Æ�Ö�ÔÊÄ�Ë�ÄpÔÙ�Ì<Æ;É�ÎÏÔ�Þ�Ð&ß ûJ¡�â\êÝñØÉX8�Ó�Û�Ç4ÐxÐxÆ�Ä�Î»Æ;Ðôá���ï
ï:î�Æ~ì�Ú~Ð&ß Æ;ÛEÍ
Â�Ë�Æ;Â:ÌpÄ
Ë:ÖWÅåÆ�é
Â�ÙpÔ"ÇxÖ�Å Ë:ÇxÅ	ÇxÂ�Ö�Ä�Ë�Ä ∼ ï:áò�;ï�Ë:Ä�äË�Æ�Â�ÔÃÐ4ÄpÔ�Ë�Ä�Ö�äGÌ<Æ;Ô�Ä�ÎÃÔÊÄ�Ô�à�Æ;Ð4ÄpÖ�É"Ô�Ôpß Æqã"Ö�Ô"ÎÊÄpÂ~Î¡Å	ÇxÄ�Ö�ä�Æ;Ö�äGË�ÄpÖ�äGÌ�Í
Ö�É"Û�Ä�Ôpá�ñ�Í
Ö�É�Ð4Ä�Ô"Í�Ë:ÇxÖ�Å Ä�Î
Ð4ÄÔ"ÇxÐxÇ4ÌpÇ4Ö�ÅRÚ�Ç4ÐcÄpÔ"ÎÃÇxÅ	ÑEÍ
ÔÊÔ"ÇxÛ�Ð4Ä
Ë�Ä�Ñ�ÉÊÙ�Ë�ÇxÉ"Ä�ÔÊÇ¹ÌpÄ�ÔÃË�Ù�ÔÏÆ;Ì�ÌpÍ
É"Ë�Ô
Ô"Í
Â~Î
Ë:Ö�Ô
ÞøË�Ä�ÔÃÙ�Ì<Æ;É�ÎÏÔ�Þ	Ðôßðû¢¡�â¿Í;ÖvÞÖ�Â:Ä×ÇxÂ�Ô"Ö�Z	ÔÏÆ;Â:ÌpÄ¡Ë�Ä�Ô�Ë�Í
Â�Â:ÙpÄpÔ�ÆnÎÏÍ
Å	ÇxÕ�Ö�Ä�Ô°Ä�Î Ê Í
ÖWÅ	Í�Ë�ÈpÐ4ÄpÔpá�ñØÐxÖ�Ô"ÇxÄ�Ö�ÉÊÔ�Å	Í�Ë�ÈpÐ4ÄpÔ¡êÝÆ<à
ÄpÌ¡Ë:Ç4æ�ÙpÉÊÄ�Â~ÎÏÔÌ�Í�Ä�Z�Ì�ÇxÄ�Â�ÎÊÔ»Ë�Ä
ÎÊÖ�ÉÊÛ�Ö:ÐxÄpÂ:ÌpÄ�ì°Í;Â�Î�Ù�ÎÏÙ¡ÌpÆ;ÐxÌ�Ö�ÐxÙ�Ô�ÑEÍ
Ö�É�Ë�Ä�Ô»Ù�ÎÊÍ
ÇxÐ4ÄpÔ-� Ë�Ä×Ë�Ç1ætÙ�ÉÊÄpÂ~ÎÊÄpÔ�ÅåÆ�ÔÊÔÊÄ�ÔpÚ�Ä�Î�Ö�ÂË�Ù�ÔÏÆ;Ì�ÌpÍ
É"ËvÄ�ä:Ç4Ô"ÎÊÄ�ÎÊÍ
Önã"Í
Ö�É"Ô�ÄpÂ~ÎÏÉ"Ä¶ÐxÄ�Ô�Æ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔ�Ë�Ä õ Ä�ÎS, Ë�Ù�ÎÏÄ�ÉÊÅ	ÇxÂ�Ù�ÄpÔ�Ä�Î�ÌpÄ�ÐxÐxÄ�Ô�Ì<Æ;Ð4ÌpÖ�Ð4ÙpÄpÔ�áõ Ä�ÔçË�ÄpÉ"Â�ÇxÄ�ÉÊÔçÙ�ÐxÙ�Å�Ä�Â�ÎÊÔçÂSß�Ù�ÎÏÆ;Â~ÎOÆqã"Ö�Ô�ÎjÆ;Û�Ð4ÄpÔ�Õ�ÖtßðÆ;Ö�ä�Å	Í�Ë�È�ÐxÄ�Ô³Æ<à
Ä�Ì�ÜÝÆ;ÇxÛ:ÐxÄeÌpÍ�Ä\Z	ÌpÇ4ÄpÂ~ÎØË�Ä¸Ë�Ç4æ�Ö�ÔÊÇ4Í
ÂÎÊÖ�ÉÊÛ�Ö:ÐxÄpÂ~ÎÊÄåê ] ^!`�Å	Í�Ë�ÈpÐ4ÄpÔ�Ë�Ç1ætÖ:ÔÊÇ4Ü/ÔÏì�á

©Yª�% & ¯¶ÀW¦³®°©�µ ¨ª©�µ ¨ª·�µ¹­�®�®°¯�¦ç¨�µ
G�Ç�Ð�Æ�Ë�Ç1ætÖ�Ô"ÇxÍ
Â�ÉÏÆ�Ë�Ç�Æ�ÎÊÇ4à;ÄeÙ�ÎjÆ;Ç1Î�ÐxÄeÔÊÄpÖ:Ð�Ñ�É"Í�Ì�ÄpÔ"ÔÊÖ�ÔçÕ�Ö�Ç�ÔÊÄ¸ÅåÆ�Â�Ç4Ü/Ä�Ô"ÎÏÄOË�Æ�Â�Ô³ÐxÆM8�Í
Â�Ä°ÉÊÆ;Ë�ÇxÆ�ÎÏÇ1à
ÄOË�ÄÐôß Ù�ÎÏÍ
Ç4ÐxÄ;Ú;Â�Í
Ö�Ô�Ë:Ä�à�ÉÊÇ4Í
Â�Ô°Â:Í
Ö�Ô�ÆnÎÊÎÏÄ�Â�Ë�É"Ä¡Þ�Ö�Â:Ä×Å�ë�Å�Ä�ÌpÍ;Å�ÑEÍ
ÔÊÇ1ÎÏÇ4Í
ÂøÌjÒ�ÇxÅ	ÇxÕ�Ö�Ä�êÝË�ÄÃÔÊÖ�É�ÜÝÆ;ÌpÄ<ìeÑEÍ
Ö�ÉË�Ä�Ö�äªÙ�ÎÏÍ
Ç4ÐxÄ�Ô°Ë�Ä×ÎÊÄpÅ	Ñ�Ù�ÉÏÆ�ÎÊÖ�ÉÊÄ×Ä�ætÄ�Ì�ÎÊÇ4à
Ä¡Ä�Î�é
ÉÏÆ<à�Ç4ÎÊÙ
Ë�Ä¡Ô"Ö�É"ÜÝÆ�ÌpÄ¡ÇxË:ÄpÂ~ÎÏÇ4Õ�Ö:ÄpÔpá�ûOÂ�Ä�ætÄ�Î<Ú:Ðôß Ù�Õ�Ö�Æ�ÎÏÇ4Í
Â

��á 1 Å�Í;Â�ÎÊÉÊÄ�Õ�Ö�Ä	Ë�Æ;Â�Ô�Ë�Ä�Ö�äíÙ�ÎÊÍ
ÇxÐ4ÄpÔ¡Ë�ÄøÅ	ëpÅ	Ä�ÎÏÄ�Å�ÑEÙpÉÊÆ�ÎÏÖ�É"ÄøÄ�æ�ÄpÌ�ÎÊÇ4à;Ä;Úcé
ÉÊÆ�à�Ç1ÎÏÙøÄ�Î�è;é
ÄGê/ÌpÄøÕ�Ö�ÇÄ�Ô"Î�Ð4ÄWÌ<Æ;Ô¶Ë�ÄpÔ�Ù�ÎÏÍ
Ç4ÐxÄpÔ�ËSß Æ;ÅåÆ�Ôjì�Ú�ÐxÄ�Ô¶à�Ç4ÎÏÄ�ÔÊÔ"ÄpÔ�Ë�ÄªË�Ç1ætÖ:ÔÊÇxÍ;Â¿Å	ÇxÌpÉ"Í
ÔÊÌ�Í
Ñ�Ç4Õ�Ö:ÄªÆ;ÔÊÔ"Í�Ì�ÇxÙ�ÄªÞúÌjÒ�Æ;Õ�Ö�ÄÙ�ÐxÙpÅ	ÄpÂ~Î�Ë�Í;Ç4à
Ä�Â~ÎÃë�ÎÏÉ"Ä�Ç4Ë�ÄpÂ~ÎÊÇxÕ�Ö�ÄpÔ�áâcÄpÔ¹Ò�Ù�ÎÏÙ�ÉÊÍ
é
Ù�Â�ÙpÇ1ÎÏÙ�Ô�ÎÊÉÊÍ
Ö:à;ÙpÄ�Ô�Ä�Â�ÎÊÉÊÄOÐxÄ�Ô�Æ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔ¹ËSß�Ö�Â¶Å	ëpÅ	ÄçÙ�ÐxÙpÅ	ÄpÂ~Î�Ë�Æ;Â:Ô�Ë:ÄpÔ�Ù�ÎÏÍ;ÇxÐxÄ�ÔcÆ<Ó~Æ;Â~ÎË�Ä�Ô
Ñ�Æ�ÉÏÆ;Å	È�ÎÊÉÊÄpÔ�Ü/Í
Â�Ë�Æ�Å�Ä�Â�ÎÏÆ;Ö�äGÔ"ÇxÅ	ÇxÐ�Æ�ÇxÉÊÄ�Ô»Ä�ÎÃÐxÄ�Ô
Ë�Ç1ætÙ�ÉÊÄpÂ:ÌpÄpÔ
ÄpÂ~ÎÏÉ"Ä¶ÐxÄ�Ô×Æ;Â:Í
ÅåÆ�ÐxÇxÄ�Ô»Ñ�ÉÊÙ�Ë�Ç4ÎÊÄpÔÃÄ�ÎÍ
Û:ÔÊÄpÉ�à
Ù�ÄpÔåÑEÄpÖ�à
ÄpÂ~Î�ë�ÎÊÉÊÄ�Ä�ä�Ñ�Ð4ÇxÕ�Ö�ÙpÄ�Ô�Ñ�Æ;É�Ð�Æ�Ñ�É"ÙpÔÊÄ�Â�ÌpÄGËSß Æ;Ö:ÎÊÉÊÄpÔ	Ñ�É"Í�Ì�ÄpÔÊÔ"Ö�Ô	Ò�Ó�Ë�É"Í�Ë�Ó�Â�Æ;Å�Ç4Õ�Ö�ÄpÔÕ�Ö�ÇçÅ	Í�Ë�ÈpÉ"ÄpÂ~Î�ÐxÄ�Ô¡Ä�æ�Ä�ÎÏÔ�Ë�Ä�ÐxÆWË�Ç4æ�Ö�Ô"ÇxÍ
ÂzÆ�ÎÊÍ
Å	ÇxÕ�Ö�Ä;átñ³Æ;É"Å�Ç�ÄpÖ�äúÿ�é
Ö�É"ÄpÂ~Î�Ð�ÆåÌ�ÇxÉÊÌ�Ö�Ð�ÆnÎÏÇxÍ;ÂúÅ�Ù�ÉÊÇ�üË�Ç4ÄpÂ�Â:Äøê õ Ò�Æ�ÉÊÛEÍ
Â�Â�ÄpÆ;ÖÍ/ <GÇxÌjÒ�Æ;Ö:Ë�î
Á2Á:î2>�?SÆ;Ò�Â®�;ï
ï~ó
ì�Ú�ÐxÆ�ÎÊÖ�ÉÊÛ�Ö:ÐxÄpÂ:ÌpÄ	êCBeÆ�Ö�ÌpÐxÆ;ÇxÉeÄ�Î�Æ�Ð&á�î
Á~þ�	;Æ~ì
î
Á:î
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Ä�Î�ÐxÆGÑEÄpÉ�ÎÏÄWË�Ä�ÅåÆ�ÔÊÔÊÄúê+<RÇ4ÌjÒ�Æ;Ö�Ë¿Ä�ÎøÆ;ÐôáØî
Á2	
ý¤>D<GÇxÌjÒ�Æ;Ö:ËA/ õ Ò�Æ;ÉÊÐxÆ;Â�ËUî�Á2	 1 >
G�ÌjÒ�ÉÊÆ;Å	Å Ä�Î�Æ;Ðôáî
Á2Á
ï�>��
ÐxÄ�ÌpÇxÆ;Âzî
Á2Á 1 >�â¹Äpö°Ð�Æ�Â�Ì6/I�
Ð4ÄpÌ�Ç�Æ;Â��;ï
ï
þ
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Å	Í
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Â�Ì×Æ;Ö�ÌpÖ:ÂGÄ�ætÄ�Î�ÔÊÖ�É»ÐxÆ¶Ô"ÎÊÉÊÖ�Ì�ÎÏÖ�É"Ä¡Ë�Ä¡Ð&ß�Ù�ÎÊÍ
ÇxÐ4Ä;á�ûØÂ�ÌpÄ¡Õ�Ö�ÇSÌ�Í
Â�ÌpÄ�ÉÊÂ�ÄÐ&ß�Ò�ÙpÐ4ÇxÖ�ÅGÚ�Ö�Â�Ä�ÑEÄpÉ"ÎÊÄ�Ë�Ä�Å�Æ;ÔÊÔ"Ä�Ë�ÄWî�ï −13 < �· Ó�É −1 Â�Ä�ÜÝÆ;Ç4Î
Ñ�Æ;Ô¡Ë�Ç4Ñ�Æ;ÉÏÆ�PxÎÏÉ"Ä�ÐxÆÆ8pÍ;Â�Ä�ÌpÍ
Â~à;ÄpÌ�ÎÊÇ4à;Ä
9ÃÄp÷"÷¹Ä�ÎçÂ:Ä¸Ü/ÄpÉÊÆÃË�Í;Â�Ì°Ñ�Æ�ÔçÆ;Ñ�Ñ�Æ;ÉÏÆQP4ÎÏÉ"Ä¸Ð4Ä¸Ñ�Ò:ÙpÂ�Í
Å	ÈpÂ:Ä-�
ÅGá�ûOÂ�Æ;Û�ÔÊÄ�Â�ÌpÄ°Ë�Ä°ÐxÆÃÑEÄpÉ"ÎÊÄ°Ë�Ä¸ÅåÆ�ÔÊÔÊÄ�Ú�Ð4ÄpÔÌ<Æ;Ð4ÌpÖ�Ð4Ô³Ñ�É"ÙpË�Ç4ÔÊÄpÂ~ÎØË:Ä°é
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ÉÊË�É"ÄÃËtß Ö�ÂWÜÝÆ�Ì�ÎÏÄ�Ö�É�î�ï 3 Þ	î�ï 4 ì�á:âØß Æqã"Í
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Å�Ö:Ð4ÎjÆ�Â�ÙpÅ	ÄpÂ~Î�ÐxÄ�Ô�ÔÊÍ
Ö�Ô3ü3Æ;ÛEÍ
Â�Ë�Æ;Â�ÌpÄ�Ô
Ä�Â õ ÆøÄ�ÎSG�ÌWêÝÆ;Ö�Ì�Ö�Â�Ä�Ñ�Ä�É"ÎÏÄ�Ë�Ä�ÅåÆ�ÔÊÔÊÄ�ÂSß Æ�Ù�ÎÏÙ�ÇxÂ~ÎÏÉ"Í�Ë:Ö�Ç4ÎÊÄË�Æ�Â�ÔÃÌ�Ä�ÌpÆ;ÐxÌ�Ö�Ð7ì�á��×Æ;Â:Ô
ÐxÄ¡ÌpÆ;Ô
Ë:ÖRÅ	Í�Ë:ÈpÐxÄ�Í2[GÐ�Æ�Ô"ÙpÑ�Æ;ÉÊÆ�ÎÏÇ4Í
ÂGÔÊÄ�Ñ�ÉÊÍ�Ë�Ö�Ç1ÎÃÄ�ÂvË�Ä�ÔÊÔ"Í
Ö�Ô
Ë:Ä�ÐxÆK8�Í
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ÄpÌ�ÎÏÇ1à
ÄøË�Ä�Ð&ß�Ò~Ó�Ë�ÉÊÍ
é;ÈpÂ�Ä�ÚcÐ&ß Æ;Û�Í;Â�Ë�Æ;Â�Ì�Ä�Ë�Ä�Ô"Ö�É"ÜÝÆ;Ì�Ä�ÄpÂ õ ÆªÄ�Î(G�Ì�Ë:ÙpÑEÄpÂ�ËíË�Ö�ÎjÆ;Ö�ä�Ë�Ä�ÑEÄpÉ�ÎÏÄË�Ä�Å�Æ;ÔÊÔ"Ä�Ä�Î�Ë�Ä�Ð�Æ�Ð4Í
Â�é
Ö�Ä�Ö�É»Ë�Ä�Å	ÙpÐ�Æ�Â�é
Äøê/Ë�Ä�Ð�Æ�ÌpÍ;Â�à;ÄpÌ�ÎÏÇxÍ;Â�ì�á

�¶ß�Ö�ÂøÆ;Ö:ÎÊÉÊÄ¸ÌpÍ;ÎÊÙ;ÚnÐxÄpÔ�Ë�Ç4æ�ÙpÉ"ÄpÂ�Ì�ÄpÔçÄ�Â~ÎÏÉÊÄ°ÐxÄpÔ�Í
Û�Ô"ÄpÉ"à�Æ�ÎÊÇxÍ
Â:Ô�Ä�ÎØÐxÄ�Ô�Å	Í�Ë:ÈpÐxÄ�Ô³ÑEÄpÖ:à;ÄpÂ~ÎOÆ;Ñ:Ñ�Æ;ÉÏÆ�PxÎÏÉ"ÄÞ¶ÌpÆ;Ö�Ô"Ä¡Ë�ÄpÔ�Ç4Â�ÔÊÖ¤Z�ÔÊÆ;Â�Ì�ÄpÔ�Ë�ÄpÔ¸ÎÏÄpÌjÒ:Â�ÇxÕ�Ö�Ä�Ô»Ë�Ä¡Ë�Ù�ÎÊÄpÉ"Å�Ç4Â�Æ�ÎÏÇ4Í
Â�ÔeË�ÄpÔ�Æ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔ�á�ûØÂªÄ�æ�Ä�Î<Ú�Í
ÂªÆà�ÖvË�Æ;Â�Ô
ÐxÆ	Ô"ÄpÌ�ÎÏÇxÍ;Â�ó�á�	�Õ�Ö�Ä�Ñ�ÐxÖ�Ô"ÇxÄ�Ö�ÉÊÔ�ÔÊÍ
Ö:ÉÊÌpÄ�Ô×ËSß�ÇxÂ�Ì�ÄpÉ�ÎÏÇ4ÎÊÖ�Ë�Ä�ÔÃÑEÄpÖ:à;ÄpÂ~Î�Æ�æ�ÄpÌ�ÎÏÄ�É
ÌpÍ;Â�ÔÊÇ4Ë�ÙpÉÊÆ;Û�ÐxÄ�üÅ	ÄpÂ~Î�ÐxÄpÔ�Æ;ÛEÍ
Â�Ë�Æ�Â�ÌpÄ�ÔçË�ÙpË:Ö�Ç4ÎÊÄpÔ»ê
Teff

Ú
log g

Ú
ξt

Ú
ve sin i

Ä�Î
log gf

ì�á õ ÄpÔØó�ÔÊÍ
Ö:ÉÊÌpÄ�ÔçÇxÂ~ÎÊÄpÉ"à�Ç4ÄpÂ�Â�Ä�Â~ÎË�Æ�Â�Ô�ÐxÄ	ÉÊÙ�ÔÊÖ�Ð1ÎjÆ�Î�ÿ�Â�Æ;Ð¸Ñ�Æ;É�ÐxÄåÌpÆ;ÐxÌ�Ö�ÐeË�ÄpÔ�Û�Æ�ÉÊÉÊÄ�Ô�ËSß�ÄpÉ"ÉÊÄpÖ:ÉpáD��ÌpÄpÔ¶ÔÊÍ
Ö�É"ÌpÄ�Ô�ÇxÐOÜÝÆ;Ö:Î�Æ�ã"Í
Ö:ÎÏÄ�É¶Ð4ÄpÔÄ�ætÄ�ÎÏÔOÒ�Í
É"Ô�ü3û¢¡�âúÄ�Î¸Ð4ÄpÔOÌjÒ�Æ;Å	Ñ�ÔOË�Ä»à�Ç4ÎÊÄpÔÊÔ"ÄpÔ¸Õ�Ö:Ç�Â�ÄÃÔ"Í
Â~ÎeÑ�Æ;ÔOÑ�ÉÊÇ4ÔÊÄ�Ô¸Ä�Â�Ì�Í
Å�Ñ�ÎÏÄ�Ë�Æ;Â�ÔOÐ4ÄpÔOÌ<Æ;Ð4ÌpÖ�Ð4ÔË�Ä�Ô
Ñ�É"Í;ÿ�Ð4Ô�Ë:Ä¶ÉÏÆ�ÇxÄpÔ�Ä�Î×Õ�Ö�Ç&Ú�Ô"ÄpÐxÍ;ÂRÐ4ÄpÔ�Ñ�Æ;ÉÏÆ�Å�È�ÎÏÉÊÄ�ÔÃË:Ä¶Ð�Æ�ÎÏÉÊÆ;Â�Ô"Ç4ÎÏÇ4Í
Â�Ô�ÌpÍ;Â�ÔÊÇ4Ë�ÙpÉ"ÙpÄ¶Ä�Î
Ë:Ä�Ðôß Ù�ÎÏÍ
Ç4ÐxÄ;ÚÑEÄpÖ:à;ÄpÂ~ÎÃÌjÒ�Æ;Â�é
Ä�É�Ð�Æ�à�Æ;ÐxÄ�Ö�É»Ë�Ä�Ð&ß Æ;ÛEÍ
Â�Ë�Æ;Â:ÌpÄ¡Ë�Ä�Ð&ß�ÙpÐ4ÙpÅ	ÄpÂ~Î<á
�×Æ;Â:Ô
Ð�Æ�Ñ�Æ�É"ÎÏÇ4Ä�÷Ê÷�Ë�ÖRÌjÒ�Æ;Ñ�Ç1ÎÏÉ"Ä 1 Ú�Í
ÂRÆ	à�ÖRÕ�Ö:Ä¶ÐxÄ�ÔÃÌ�Í
ÉÊÉ"ÄpÌ�ÎÏÇxÍ;Â�ÔÃË:Ö�ÄpÔ
Æ;Ö�äGÄ�æ�Ä�ÎÊÔ
Ò�Í;ÉÊÔ�ü(û¢¡�âË�Ù�Ñ�Ä�Â�Ë�Ä�Â�Î°Ë�Ä�Ð�Æ×ÎÏÄ�Å�ÑEÙpÉÊÆ�ÎÏÖ:ÉÊÄ;Ú~é;ÉÏÆ<à�Ç4ÎÏÙ»Ä�Î°Å	Ù�ÎÏÆ;ÐxÐ4ÇxÌ�Ç4ÎÏÙeË�Ä�Ð&ß�Ù�ÎÊÍ
ÇxÐ4Ä�Æ;Ç4Â�ÔÊÇ�Õ�Ö�Ä�Ë�Ä�Ð�Æ×ÎÏÉÊÆ;Â�Ô"Ç4ÎÏÇ4Í
ÂøË�ÄÐôß Ù�ÐxÙpÅ	ÄpÂ~Î
ÌpÍ
Â�Ô"ÇxË�Ù�ÉÊÙ�á¹ÁÃÂ�Ä�Õ�Ö�Ä�Ô"ÎÏÇ4Í
ÂzÕ�Ö�ÇØÑ�Ä�Ö:Î�ÔÊÄ�ÑEÍ
Ô"ÄpÉ¡ÄpÔ�ÎÆ4�ÄpÔ�Î"ü(Ì�Ä�Õ�Ö�ÄøÐxÄpÔ¡Ë:ÇxÔÊÑEÄpÉ"ÔÊÇ4Í
Â�Ô×Ä�Â�ÎÊÉÊÄÐ4ÄpÔØÆ;ÛEÍ
Â�Ë�Æ;Â�ÌpÄ�ÔOËSß Ö:Â�Å	ëpÅ	Ä�ÙpÐ4ÙpÅ	ÄpÂ~ÎOËSß�Ö�Â�Ä»Ù�ÎÏÍ
Ç4ÐxÄ»Þ¡Ð&ß Æ;Ö:ÎÊÉÊÄ°à;Í
Â~ÎeÔÊÖ�Û�Ô"ÇxÔ�ÎÏÄpÉØÔ"Ç�Ö�ÂøÌ<Æ;Ð4ÌpÖ�Ð:Ñ�ÉÊÍ
Ñ:ÉÊÄÒ�Í;ÉÊÔ�ü(û¢¡�â ÄpÔ�Î�Ä�æ�ÄpÌ�ÎÏÖ�ÙNMp4¡÷(ÐtÄ�Ô"Î�ÇxÅ	Ñ�Í;ÔÊÔÊÇ4Û�ÐxÄ�Ë�Ä¡É"ÙpÑEÍ
Â�Ë�É"Ä�Þ�ÌpÄ�Î"ÎÏÄ¡Õ�Ö�Ä�Ô"ÎÏÇ4Í
Â�ÔÏÆ;Â:Ô�Æ�à;Í
ÇxÉ¸ÜÝÆ;Ç4Î°Ë�ÄpÔÌpÆ;ÐxÌ�Ö�ÐxÔ�Ä�ä:Æ;Ì�ÎÊÔ�ËtßðÆ;ÛEÍ
Â�Ë�Æ;Â�ÌpÄ�Ò�Í;ÉÊÔ�ü(û¢¡�âOá�ûØÂ�Ä�æ�Ä�ÎpÚ�ÐxÄ�Ô�Æ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔ»Ä�ä:ÑEÍ
Ô"ÙpÄpÔ�Ë�Æ;Â:Ô�Ì�Ä�Î"ÎÏÄ¡ÎÏÒ�È�ÔÊÄÔ"Í
Â~Î�Ë�Ù�ÎÏÄpÉ"Å�Ç4Â�ÙpÄ�Ô�Þ�Ñ�Æ;É"ÎÊÇxÉeËSß�Ö�Â�Ä
Å	Í�Ó
Ä�Â�Â�Ä×Ë�ÄÃÑ�ÐxÖ:ÔÊÇxÄ�Ö�ÉÊÔ¸ÉÏÆ;Ç4ÄpÔ�Ú�Ë:Í
Â~Î�ÌjÒ�Æ;Ì�Ö�Â�Ä×É"Ù<Æ;é;Ç4Î¸Ë�Ç4æ�ÙpÉ"ÄpÅ�üÅ	ÄpÂ~Î�Æ;Ö�äªÄ�æ�Ä�ÎÏÔ�Ò�Í;ÉÊÔ�ü(û¢¡�âOá�÷(ÐSÓªÆøË:ÄpÔ�ÉÏÆ;Ç4ÄpÔ»Ñ�Ð4Ö�Ô»Í
Ö�Å�Í;ÇxÂ�Ô»Ô"ÄpÂ�Ô"ÇxÛ�Ð4ÄpÔ�Þ�ÌpÄpÔ�Ä�ætÄ�ÎÏÔpáEâ¹Æ�é
ÉÏÆ�Â�Ë�ÄÅ�Æqã"Í
É"Ç4ÎÏÙ�Ë�Ä�Ô�ÉÏÆ�ÇxÄpÔ¸Ù�ÎÊÖ�Ë�ÇxÙ�ÄpÔ�Ô"Í
Â~Î�ÜÝÆ;Ç4Û�ÐxÄ�Ô¸Ä�Î»ÐxÄ�Ô°Â�Ç1à
Ä<Æ�Ö�äWËtß Ä�ä:Ì�Ç4ÎÏÆ�ÎÏÇ4Í
ÂåÌ�Í
Â�ÔÊÇ4Ë�ÙpÉ"ÙpÔ�Ô"Í
Â~Î»ÐxÄ�Ô°Ñ�Ð4Ö�ÔË�Í;Å�Ç4Â�Æ;Â~ÎÏÔ�á�ÁÃÂvÄ�ä�ÄpÅ	Ñ�ÐxÄ�ÄpÔ"ÎÃÐxÄ(��Äp÷"÷�Ñ�Í;Ö�ÉÃÐ4ÄpÕ�Ö�Ä�Ð�Í
ÂRÑ�Ä�Ö:ÎÃÔÊÖ�Ñ�ÑEÍ
Ô"ÄpÉ
Õ�Ö�Ä¶ÐxÄpÔ�Ä�æ�Ä�ÎÊÔ
Ò�Í;ÉÊÔ�ü(û¢¡�âÂ�Ä�à
Í;Â�Î¸Ñ�Æ;Ô¸Æ�æ�ÄpÌ�ÎÏÄpÉOÐ4ÄpÔeË�ÇxÔ"Ñ�Ä�ÉÊÔÊÇ4Í
Â�ÔOÄpÂÂÉ���Ä Ê 9MË�ËSß�Ö�Â�Ä�Ù�ÎÊÍ
ÇxÐ4Ä�Þ�ÐôßðÆ�Ö:ÎÏÉ"Ä¶êT)�Ä�Â~Î_8pÔ"ÌjÒ�ü�9�Í
ÐxÅ�î�Á2Á 1 ì�á

�
Ä¡Å	ëpÅ	Ä¡ÔÊÇtÍ
Â�ÌpÍ
Â�Ô"ÇxË�È�ÉÊÄ�ÐxÄ
Ì<Æ;É"Û�Í
Â:Ä¡Â�ÄpÖ:ÎÊÉÊÄ�Ú�ÐxÄpÔ»Ì�Í
ÉÊÉ"ÄpÌ�ÎÏÇxÍ;Â�Ô»Õ�Ö�Æ;ÐxÇ1ÎjÆ�ÎÊÇ4à;ÄpÔ�Ä�ætÄ�Ì�ÎÏÖ:ÙpÄpÔ�Ë�Æ;Â:Ô»Ð�ÆÔ"ÄpÌ�ÎÊÇxÍ
Â 1 á�ò
Ä�Î³Û�Æ�ÔÊÙpÄ�Ô³Ô"Ö�É�Ð4ÄØÎÏÉÏÆ<à�Æ;Ç4Ð~Ë�Ä-)�ÄpÂ~ÎX8pÔÊÌjÒ�ü�9ÃÍ;ÐxÅ ê�î�Á2Á 1 ìSÅ	Í
Â~ÎÏÉÊÄ�Â~Î�Õ�Ö�Ä¸Ð&ß Æ;Â~ÎÏÇ�ü(ÌpÍ;ÉÊÉÊÙ�Ð�Æ�ÎÊÇxÍ
ÂÄ�Â�ÎÊÉÊÄ6É õgÊ ��Ä\Ë�Ä�ÎMÉ���Ä Ê 9MË�ÂSß�ÄpÔ�ÎeÑ�Æ;ÔeÆ�æ�ÄpÌ�ÎÊÙpÄ�áx�
ÇxÂ:ÔÊÇ&Ú�Ð�Æ×Ë�Ç4ÔÊÑEÄpÉ"ÔÊÇxÍ;Â�ÉÊÄpÅ�Æ;É"Õ�Ö:ÙpÄ�ÄpÂ~ÎÏÉ"Ä6É õgÊ 9LË�Ä�Î
TeffÂ�Ä�ÔÊÄ�ÉÏÆ	Ñ�Æ;Ô
é;ÉÏÆ<à
Ä�Å�Ä�Â�Î
Æ�æ�ÄpÌ�ÎÏÙpÄ�Ñ�Æ;É�ÌpÄ�Ô
ÌpÍ;ÉÊÉÊÄ�Ì�ÎÊÇxÍ
Â�Ô�Ú�Ë�Ä�Å	ëpÅ	Ä�Ñ�Í;Ö�ÉÃÐ4ÄpÔ�Æ;Ö:ÎÊÉÊÄ�Ô
ÙpÐ4ÙpÅ	ÄpÂ~ÎÏÔ�ÎÏÄ�ÐÕ�Ö�ÄH,�Ú¤3
Æ:Ú�<Ré�ÚUG�Ç&Ú · · · á õ Ä�Ô�Ä�ä�Ä�Å�Ñ�Ð4ÄpÔ�Õ�Ö�Æ�ÐxÇ4ÎÏÆ�ÎÏÇ1Ü/ÔOÅ�Í
Â~ÎÊÉÊÄpÂ~Î°Õ�Ö:Ä¡ÐxÄpÔeà�Æ;ÉÊÇxÆ�ÎÏÇ4Í
Â�ÔOËSß Æ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔËSß�Ù�ÎÊÍ
ÇxÐ4Ä�Þ�Ù�ÎÊÍ
ÇxÐ4Ä�Ä�ä�ÇxÔ�ÎÏÄpÂ~Î»É"ÙpÄ�ÐxÐxÄ�Å�Ä�Â~Î�Æ;Ö�ÔÊÄ�ÇxÂWË�ÖåÅ�ë�Å�ÄÃÆ;Å�Æ;Ôpáp�Ãÿ�ÂWË�ÄÃà;ÙpÉ"Ç4ÿ�Ä�É°ÐxÄ�Ô¸Ë:ÇxÔÊÑEÄpÉ"ÔÊÇ4Í
Â�ÔÄ�Â�Ñ�ÉÊÙ�ÔÊÄ�Â�ÌpÄWË:ÄpÔ�Ä�ætÄ�ÎÏÔ¶Ò:Í
ÉÊÔ3ü3û¢¡�âØÚ�Ç4ÐeÄ�Ô"Î¶ÔÊÍ
Ö�Ò�Æ;Ç4ÎÏÆ;Û�ÐxÄ	Ë�Ä�Ë�Ù�ÎÊÄpÉÊÅ	ÇxÂ:ÄpÉ�Ð&ß Æ;Û�Í;Â�Ë�Æ;Â�Ì�Ä�Ëtß Ö�Â¿ÙpÐxÙ�üÅ	ÄpÂ~ÎÃÄpÂúÔ"Ä�Û�Æ;ÔÊÆ;Â~Î×ÔÊÖ:É
Ö�Â�Ä�ÔÊÄ�Ö�Ð³ÉÊÆ;ÇxÄ�Æ<Ó~Æ;Â~Î×Ð4ÄpÔÃÑ�Æ;ÉÏÆ�Å�È�ÎÏÉÊÄ�Ô
ÆnÎÏÍ
Å	ÇxÕ�Ö�Ä�ÔÃÐ4ÄpÔ�Ñ�ÐxÖ�ÔÃÑ�ÉÊÙ�ÌpÇ4Ô
Ä�Î
ÄpÂÄ�ætÄ�Ì�ÎÏÖ�Æ;Â~ÎÃÐ4Ä¡Ì<Æ;Ð4ÌpÖ�ÐcÄ�ÂRÒ:Í
ÉÊÔ3ü3û¢¡�â¿ÑEÍ
Ö�É�ÎÏÍ;Ö:ÎÏÄ�Ô�Ð4ÄpÔ�Ù�ÎÊÍ
ÇxÐ4ÄpÔ�Ë:Ä�Â:Í;ÎÏÉ"Ä�Ù�ÌjÒ�Æ;Â~ÎÏÇ4ÐxÐ4Í
ÂSá

ÁÃÂ�Ñ�Ò:ÙpÂ�Í
Å	ÈpÂ:Ä¡Õ�Ö:ÇSÂSß�ÄpÔ"Î�Ñ�Æ�Ô»Ñ�ÉÊÇ4Ô�ÄpÂ�ÌpÍ;Â�ÔÊÇ4Ë�ÙpÉÊÆ�ÎÏÇ4Í
ÂWË�Æ;Â:Ô»Ð&ß�Ù�ÎÏÖ:Ë�Ä¡ÌpÇSÑ:ÉÊÙpÔ"ÄpÂ~ÎÏÄ�Ú�ÄpÔ"Î�ÐxÆ¶é
ÉÊÆnüÂ�Ö�ÐxÆ�ÎÏÇ4Í
Â êÝÌjÒ�Æ�Å�Ñ�Ô	Ë�Ä�à�Ç4ÎÏÄ�ÔÊÔ"ÄvË�Æ;Â:Ô�Ð4ÄpÔ	Æ�ÎÏÅ	Í
Ô"Ñ�Ò�ÈpÉ"ÄpÔ	Ë�ÄpÔ	Ù�ÎÊÍ
ÇxÐ4ÄpÔY�¡ì�áOâcÄpÔ�Æ�ÎÏÅ	Í
ÔÊÑ:Ò�ÈpÉ"ÄpÔ	Ë�ÄpÔÙ�ÎÏÍ
Ç4ÐxÄpÔ�� Ë:ÄøÎÊÄpÅ	Ñ�Ù�ÉÏÆ�ÎÊÖ�ÉÊÄøÄ�ætÄ�Ì�ÎÏÇ1à
ÄøÌpÍ;Å�Ñ�É"ÇxÔ"ÄpÔ�ÄpÂ~ÎÏÉ"Ä�þ
ó;ï
ïÍN Ä�Î(	
ï
ï
ïÍN Ô"Í
Â~Î�é
ÙpÂ�Ù�ÉÏÆ;Ð4ÄpÅ	ÄpÂ~ÎÌ�Í
Â�ÔÊÇ4Ë�ÙpÉ"ÙpÄ�Ô�ÄpÂ\ÙpÕ�Ö�Ç4ÐxÇxÛ:ÉÊÄåÉÊÆ;Ë�ÇxÆ�ÎÏÇ1Ü3á�â¹Æ;Â:Ë�Ô"ÎÊÉÊÄpÄ�Îvê�î
Á2Á�	~ì�ÆúÅ	Í
Â~ÎÏÉ"ÙWÕ�Ö�Ä�Ë�Æ;Â�Ô�Ð4ÄpÔ�Ù�ÎÏÍ
Ç4ÐxÄpÔ(��Ë�ÄÎÊÄpÅ	Ñ�Ù�ÉÏÆ�ÎÊÖ�ÉÊÄ×Ä�ætÄ�Ì�ÎÊÇ4à
Ä ∼ 	
ï
ï;ïKN�Ú�ÐxÄpÔ»ÉÊÆ;ÇxÄ�Ô°Ü/Í
É�ÎÏÄpÔ»ÑEÍ
Ô"ÔÊÈpË:ÄpÂ~Î
Ö:ÂGÑ:ÉÊÍ;ÿ�ÐSÆ;ÔÊÔ�Ó�Å	Ù�ÎÊÉÊÇ4Õ�Ö:Ä�Æ<à;ÄpÌ�Ë�ÄpÔÛ�Ç4ÔÊÔ"ÄpÌ�ÎÊÄpÖ�É"ÔDO�P»Ë�Ù�Ì<Æ;Ð4ÙpÔØà
Ä�ÉÊÔ¸Ð�Æ�Ñ�Æ;É"ÎÊÇxÄ»Û�Ð4ÄpÖ	Ë�Ä�Ð�Æ�ÉÏÆ;Ç4Ä;á õ Ä�é
ÄpÂ:ÉÊÄ�ËSßðÆ�ÔÊÔ"Ó�Å	Ù�ÎÊÉÊÇxÄ�Ë�Ù�ÎÏÄpÌ�ÎÏÙ�Ä
Ë�Æ;Â:Ô¸Ð4ÄpÔÍ
Û:ÔÊÄpÉ�à�Æ�ÎÏÇ4Í
Â�Ô�ÞøÒ�Æ;Ö:ÎÊÄ�É"ÙpÔ"Í
ÐxÖ:ÎÊÇxÍ
ÂªËtß Ù�ÎÏÍ
Ç4ÐxÄS�AÞ�ÜÝÆ;ÇxÛ:ÐxÄ
ve sin i

ÄpÔ"Î�ÐxÆøÔ"Çxé
Â�Æ�ÎÏÖ�É"Ä¡ËSß�Ö�Â�Ä�à;Æ�ÉÊÇ�ÆnÎÏÇxÍ;Â
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Ë�Ä�Ð�Æ	Û�ÉÊÇ4ÐxÐ�Æ�Â�ÌpÄ�Ë�Ä�ÐxÆåÔÊÖ�É�ÜÝÆ;ÌpÄ¶Ë�Ö�Ä�Æ;Ö�äÂ£�Ö�ä�Ë�Ä�é
Æ�8�Å	Í
Â~ÎjÆ;Â~Î×Ä�Î¡Ë�Ä�ÔÊÌpÄ�Â�Ë�Æ;Â~Îpá¹â¹Ä�Ô×Û�Ç4ÔÊÔÊÄ�Ì�ÎÊÄpÖ�É"ÔË�Ä�ÐxÆ¶Ü/Í
ÉÊÅ	Ä¡ËSß�Ö�Â 4 õ 4�Ç4Â�à;ÄpÉ"ÔÊÙ;Ú�Í
Û:ÔÊÄpÉ�à
Ù�Ô
Ë�Æ;Â:Ô�Ð4ÄpÔ�Ñ�É"Í;ÿ�ÐxÔ»Ë:ÄpÔ�ÉÏÆ;Ç4ÄpÔ»Ü/Í
É"ÎÊÄpÔ�Ë�Ä�Ô�Ù�ÎÏÍ
Ç4ÐxÄ�Ôg�¶Ú�ÔÊÍ;Â�ÎË�Ö�Ô¡Þ	Ë�ÄpÔÃÔ"ÎÏÉ"Ö�Ì�ÎÊÖ�ÉÊÄ�Ô×ÌpÍ;Â�à;ÄpÌ�ÎÏÇ4à;ÄpÔ�Æ;Ì�ÌpÍ
Å	Ñ�Æ;é;Â�ÙpÄ�Ô
ËSß�Ö�ÂÂ£�Ö�ävÉÊÆ;Ñ�Ç4Ë�Ä�Ô"Í
É"ÎÏÆ;Â~Î
Ä�Î×ËSß�Ö�ÂÂ£�Ö�äRÐxÄpÂ~ÎÄpÂ~ÎÏÉÊÆ;Â~Î<á
Á�Â�Ä°Ô�Ó�Â�ÎÊÒ�ÈpÔ"Ä»ÔÊÑEÄpÌ�ÎÏÉÏÆ�ÐxÄ¸Þ
Ð&ß û¢¡�âªÆ�à;ÄpÌ�Ö:Â�Ä¸à�Ç4ÎÊÄpÔ"ÔÊÄ�Ë�Ä¸Å�Ç4ÌpÉ"Í;ÎÏÖ�É"Û�Ö�Ð4ÄpÂ�Ì�ÄeÇ4Â�Ë�Ù�Ñ�Ä�Â�Ë�Æ;Â~ÎÏÄË�Ä�Ð�Æ
Ñ�É"Í;Ü/Í
Â�Ë:ÄpÖ�ÉØÍ
Ñ�ÎÏÇxÕ�Ö�Ä°Â�Ä»Ñ�Ä�Ö:ÎOÑ�Æ;ÔØÉ"ÄpÑ�É"Í�Ë:Ö�ÇxÉ"Ä�ÐxÄ�ÔØÑ�ÉÊÍ;ÿ�ÐxÔçË�Ä»ÉÊÆ;ÇxÄ�ÔØÆ;Ô"Ô"Ó�Å�Ù�ÎÏÉ"ÇxÕ�Ö�ÄpÔOÍ
Û:ÔÊÄpÉ�à
Ù�ÔË�Æ;Â�Ô�ÐxÄ�Ô»ÔÊÑEÄpÌ�ÎÊÉÊÄ�ÔÃË�Ä�ÔÃÙ�ÎÏÍ
Ç4ÐxÄ�Ôz�AÞ�ÜÝÆ�ÇxÛ�Ð4Ä×ÉÊÍ;ÎÏÆ�ÎÏÇ4Í
ÂSáûOÂ$Ö�ÎÏÇxÐ4ÇxÔÊÆ;Â~ÎøË�ÄpÔWÅ	Í�Ë�ÈpÐ4ÄpÔGî�ü��dËSß Ù�ÎÏÍ
Ç4ÐxÄ�Ô���Ú¸Ë�ÄRé
ÉÏÆ�Â�Ë�ÄpÔ	à�Ç4ÎÏÄ�ÔÊÔ"ÄpÔWË�ÄRÅ�Ç4ÌpÉ"Í;ÎÏÖ�É"Û�Ö�Ð4ÄpÂ�Ì�Ä�ê/ò�ü�ó
Ð�ÅGá�Ô −1 ì�Ô"Í
Â~Î�Â�Ù�ÌpÄpÔ"ÔÏÆ;Ç4ÉÊÄ�Ô�Ñ�Í
Ö:É�Ë�ÄåÉ"ÄpÑ�É"Í�Ë:Ö�ÇxÉ"ÄåÐxÄ�Ô�Ñ�É"Í;ÿ�ÐxÔ�Ë�ÄpÔ¶ÉÏÆ;Ç4ÄpÔ�Ü/Í;É"ÎÏÄ�ÔpáD�
ÄWÅ	ëpÅ	Ä;Ú¹Ë�Æ;Â�ÔÐxÄpÔ�Ù�ÎÊÍ
ÇxÐ4ÄpÔH�
ÑUêÝÅ�Æ;é
Â�Ù�ÎÏÇxÕ�Ö�Ä�Ôjì�Ú�Ë:ÄpÔ�à�Ç1ÎÏÄpÔ"ÔÊÄ�Ô�Ë�ÄåÅ�Æ;Ì�ÉÊÍ;ÎÊÖ�ÉÊÛ�Ö:ÐxÄpÂ:ÌpÄpÔ�ÔÊÖ:Ñ�Ù�ÉÊÇxÄ�Ö�ÉÊÄ�Ô�Þ î<ïÀÐ�ÅGá Ô −1ÔÊÍ
Â~ÎÃÖ:ÎÏÇ4ÐxÇxÔ"ÙpÄ�Ô»Ñ�Í
Ö:ÉÃÆ�ã"Ö�Ô"ÎÊÄpÉ�ÐxÄpÔ�ÐxÆ;ÉÊé
Ä�Ö�ÉÊÔ�Ë�Ä�ÔÃÉÊÆ;ÇxÄ�Ô�Ë�ÄpÔ�ÎÏÄ�ÉÊÉÊÄ�Ô�ü ÉÏÆ;É"ÄpÔ�Ü/Í
ÉÊÅ	ÙpÄ�Ô�Ë�Æ;Â�Ô�ÐxÄpÔ�Ì�Í
Ö�ÌjÒ�Ä�ÔÄ�ä�ÎÏÄ�ÉÊÂ�Ä�Ô�Ë:Ä×Ð&ß Æ�ÎÏÅ	Í
Ô"Ñ�Ò�ÈpÉ"Ä�êTNÃÍ�ÌjÒ�Ö�Ð�Ò:Íqà®/ )»Ó~Æ�Û�ÌjÒ�Ç Ð;Í�à�ÆK�;ï
ï:îqì�á#NÃÍ�ÌjÒ�Ö�Ð�Ò:ÍqàWÄ�Î�Æ;Ðôá�ê+�;ï
ï
þ
ìeÍ
Â~ÎÄ�æ�ÄpÌ�ÎÊÖ�Ù	Ë�ÄpÔ�ÔÊÇ4Å�Ö�ÐxÆ�ÎÏÇ4Í
Â�Ô�Â�Ö:Å�Ù�ÉÊÇxÕ�Ö�Äøýqü��dêôÆ<à
Ä�ÌøË�ÄpÔ�Í
Ñ�Æ�ÌpÇ4ÎÊÙpÔ¡Â�Í;Â�ü(é
É"ÇxÔ"ÄpÔjì
Ë:ÄpÔO8pÍ;Â�ÄpÔ�ÌpÍ;Â�à;ÄpÌ�üÎÏÇ4à;ÄpÔ�Ë�ÄpÔ�Ù�ÎÊÍ
ÇxÐ4ÄpÔg�AÆ<à
Ä�Ì�Ð4Ä¡ÌpÍ�Ë�Ä õ , 5 öz,�âE��ê:��ÉÊÄ�Ó�ÎÏÆ;éøÄ�ÎÃÆ;ÐôáÖ�;ï
ïx�;ì�á�âcÄpÖ:É�Ô�Ó�Â�ÎÊÒ�ÈpÔ"Ä�ÔÊÑEÄpÌ�ÎÏÉÊÆ;ÐxÄÉÊÄpÑ:ÉÊÍ�Ë�Ö�Ç4Î�Û�Ç4ÄpÂ�ÐxÄpÔ�ÉÏÆ�ÇxÄpÔ¹ÜÝÆ;Ç4Û�ÐxÄ�Ô�Í;Û�ÔÊÄ�É"à
Ù�ÄpÔçË�Æ;Â�Ô³Ðôß Ù�ÎÏÍ
Ç4ÐxÄ@�ÃÅ 9�) ò�þ
ó;ï�ÔÏÆ�Â�Ô³Ðôß Ç4Â�ÎÊÉÊÍ�Ë�Ö�Ì�ÎÏÇxÍ;Â¡ËSß Ö:ÂÑ�Æ;ÉÏÆ�Å�È�ÎÏÉÊÄ�ËSß�ÙpÐxÆ;ÉÊé;ÇxÔÊÔ"ÄpÅ	ÄpÂ~ÎeÆ;É"Û�Ç4ÎÊÉÏÆ;Ç4ÉÊÄ;á��¶ß Æ;Ö:ÎÏÉ"ÄÃÑ�Æ;É"ÎpÚ~Ë�ÄpÔeÄ�æ�Í
É"ÎÊÔOÔÊÍ
Â~ÎeÄpÂ�Ì�Í
ÉÊÄ�Â�Ù�ÌpÄpÔ"ÔÏÆ;Ç4ÉÊÄ�Ô�Æ�ÿ�ÂË�Ä�Å�Ç4ÄpÖ�äWÉÊÄpÑ:ÉÊÍ�Ë�Ö�ÇxÉ"Ä¡ÐxÄ�ÔÃÆ�ÇxÐxÄ�Ô�ÙpÐxÆ;ÉÊé;ÇxÄpÔ°Ä�Î�Ð&ß Æ;ÔÊÔ�Ó�Å�Ù�ÎÏÉÊÇ4Ä¡Ë�ÙpÌpÆ;ÐxÙ�Ä¡à
ÄpÉ"ÔÃÐ4Ä¡Û�ÐxÄ�Ö�Ë�ÄpÔ�ÉÏÆ;Ç4ÄpÔ�Ü/Í
É�ÎÏÄ�Ôpá

õ Ä�Ð�Æ»Ù�ÎÏÆ;Â~Î�Ë:Ç4Î<Ú�ÇxÐ
Ä�Ô"Î�ÑEÄpÖ�Ñ�ÉÊÍ
Û�Æ;Û�ÐxÄØÕ�Ö�ÄOÌ�Äeé;ÄpÂ�É"ÄeËtßðÆ;Ô"Ô"Ó�Å	Ù�ÎÏÉ"ÇxÄeÆ�æ�ÄpÌ�ÎÏÄOÐxÄ�ÔcÉÊÙpÔ"Ö�Ð4ÎÏÆ�ÎÏÔ¹Í
Û�ÎÏÄpÂ�Ö�ÔË�Æ;Â�Ô»Ì�Ä�ÎÊÎÊÄ
ÎÏÒ:ÈpÔÊÄ¡Ñ:Ö�ÇxÔ"Õ�Ö:Ä×Ð�Æ¶Å�Æqã"Í
É"Ç4ÎÊÙ�ê/Ñ�ÐxÖ�Ô¸Õ�Ö�ÄHÁ
ïcbøìeË:ÄpÔ»Ù�ÎÊÍ
ÇxÐ4ÄpÔb�[Ù�ÎÊÖ�Ë�Ç4ÙpÄpÔ»ÑEÍ
Ô"ÔÊÈpË:ÄpÂ~Î�Ë�ÄpÔà�Ç1ÎÏÄ�ÔÊÔÊÄ�Ô�Ë�Ä�ÉÊÍ;ÎÏÆ�ÎÏÇ4Í
ÂøÔÊÖ�ÑEÙpÉ"ÇxÄ�Ö�ÉÊÄ�Ô°Þ	î�ï6Ð�ÅGá Ô −1 Ä�Î°Õ�Ö�ÄÃÐxÄpÔOÉÊÆ;ÇxÄ�ÔeÔ"ÙpÐ4ÄpÌ�ÎÊÇxÍ
Â:Â�ÙpÄ�Ô°Ë�Æ;Â:Ô¸ÐxÆ�Ô�Ó�Â�ÎÊÒ�ÈpÔ"ÄÔÊÑEÄpÌ�ÎÊÉÏÆ;Ð4Ä�ÔÊÍ
Â~Î�ÄpÂGé
ÉÏÆ�Â�Ë�Ä�Ñ�Æ;É�ÎÏÇxÄ¡Ë:ÄpÔ�ÉÏÆ;Ç4ÄpÔ�ÜÝÆ;Ç4Û�ÐxÄ�Ôpá

î
Á;ò



d egfihkjalimonpegf

â¹Æ×Ñ�ÉÊÄ�Å�Ç4ÈpÉ"Ä°Ñ�Æ;É�ÎÏÇ4Ä°Ë�Ä»Ì�Ä�ÎÊÎÊÄ°ÎÏÒ:ÈpÔÊÄ�Æ
Ù�ÎÏÙ»Ì�Í
Â�ÔÏÆ�ÌpÉÊÙ�Ä�Æ;Ö�ä�Í
Û�ÔÊÄ�É"à�Æ�ÎÊÇxÍ
Â�Ô³Ä�ÎOÞ×ÐxÆÃÉÊÙ�Ë�Ö�Ì�ÎÏÇxÍ;Â�Ë�ÄpÔË�Í;Â�Â�ÙpÄ�Ôpápq:ßðÆ;Ç¹Í
Û:ÔÊÄpÉ�à
Ù�Ö:Â�Ä¶é
ÉÊÆ;Â�Ë�Ä�Ñ�Æ;É�ÎÏÇxÄ�Ë�Ä�Ô
Ù�ÎÏÍ
Ç4ÐxÄpÔM�AÄ�ÎO�ùË�Ä õ Í;ÅåÆ	ö°ÄpÉ"ÄpÂ�Ç4ÌpÄ�Ô×Ä�ÎÃÖ�ÂúÑEÄpÖÑ�Ð4Ö�ÔØË�Ä�Ð�Æ¡Å	Í
Ç4ÎÊÇxÙ¸Ë�ÄpÔOÙ�ÎÊÍ
ÇxÐ4ÄpÔ¢�#Ë�Ä�Ð&ß Æ;Å�Æ;ÔçË�Ä�ÔeñOÐ4ÙpÇxÆ;Ë�ÄpÔ�á~âcÄpÔeÙ�ÎÊÍ
ÇxÐ4ÄpÔ¢�zË�ÄpÔeñØÐxÙ�Ç�Æ;Ë:ÄpÔØÑEÍ
ÔÊÔ"ÈpË�Ä�Â�ÎË�Ä¸ÜÝÆ;ÇxÛ�Ð4ÄpÔ�ÅåÆ;é;Â�Ç4ÎÊÖ�Ë�ÄpÔ³Ä�ÎØÔ"ÄpÖ�Ð4ÄpÔ¸ó
Ë�Ä�Ì�ÄpÔOÙ�ÎÊÍ
ÇxÐ4ÄpÔ³Í;Â�ÎçÙ�ÎÏÙ»Í;Û�ÔÊÄ�É"à
Ù�ÄpÔ¸Æ<à
ÄpÌ�Ð4Ä�ÔÊÑEÄpÌ�ÎÏÉÊÍ;é
ÉÏÆ;Ñ:Ò�ÄMGU,ÃüñJ9Ã÷3û»á�âcÄpÔ¸Í
Û�ÔÊÄ�É"à�Æ�ÎÊÇxÍ
Â�ÔOÍ
Â~Î¸Ù�ÎÊÙÃÅ	ÄpÂ�Ù�ÄpÔ°Æ�à;ÄpÌÃÐxÄpÔØÎÊÉÊÍ
Ç4ÔeÔ"Ñ�Ä�Ì�ÎÊÉÊÍ
é
ÉÊÆ;Ñ�Ò�Ä�Ô-��Á�)ÃûOâc÷3û»Ú:ûOâV,O�
÷3ûÄ�Î�GU,¡ñb9�÷3û»ÚØÌpÄªÕ�Ö�Ç»ÇxÅ	Ñ�Ð4ÇxÕ�Ö�ÄøÎÏÉÊÍ;ÇxÔ¶ÎÊÄpÌjÒ�Â�Ç4Õ�Ö�ÄpÔ	Ë�Ç4æ�ÙpÉ"ÄpÂ~ÎÏÄ�ÔøË�ÄªÉÊÙ�Ë�Ö�Ì�ÎÊÇxÍ
Â\Ë�Ä�ÔøÔÊÑEÄpÌ�ÎÊÉÊÄ�ÔpáOâcÄpÔÙ�ÎÏÍ
Ç4ÐxÄpÔ
Ù�ÎÏÖ:Ë�ÇxÙ�ÄpÔ�Ñ�Í;ÔÊÔÊÈ�Ë�ÄpÂ~Î�Ë�ÄpÔ¡à�Ç4ÎÊÄpÔ"ÔÊÄpÔ�Ë�ÄøÉÊÍ�ÎjÆ�ÎÊÇxÍ
Â�Æ�ÐxÐ�Æ�Â�Î
Ë�Ä�þ�áðó®Ð�Å · Ô −1 ÞÀ�;ï;ïÍÐ�Å · Ô −1 á7�Ñ�Æ�É"ÎÏÇ4É�Ë:Ä�Ð�Æ�Ñ�Ò�Í;ÎÊÍ
Å�Ù�ÎÏÉ"ÇxÄ-G�ÎÏÉ�r
Å�é;ÉÊÄpÂtÚjã�ß Æ;Ç�Ë�Ù�ÎÊÄpÉÊÅ	ÇxÂ:Ù°Ð�Æ�ÎÏÄpÅ	ÑEÙpÉÏÆnÎÏÖ�É"Ä°Ä�æ�ÄpÌ�ÎÏÇ1à
Ä»Ä�Î³Ð�Æ
é;ÉÏÆ<à�Ç4ÎÏÙ¸Ë�ÄÔ"Ö�É"ÜÝÆ;Ì�Ä×Ë�ÄS�
þ�Ù�ÎÊÍ
ÇxÐ4ÄpÔb�[Ä�Î°Ë�Ä�î 1 Ù�ÎÏÍ;ÇxÐxÄ�Ô-�¸á:ûØÂ�Ô"Ö�Ç4ÎÊÄ;Ú:ÐxÆ�ÎÊÄpÌjÒ�Â�Ç4Õ�Ö�Ä¡Ë�ÄpÔ°ÔÊÑEÄpÌ�ÎÊÉÊÄ�Ô»Ô"Ó�Â~ÎÏÒ�Ù�ÎÏÇxÕ�Ö�Ä�ÔpÚÛ�Æ�ÔÊÙpÄåÔÊÖ�É�Ë�ÄpÔ�Å	Í�Ë�ÈpÐ4ÄpÔ�ËSßðÆnÎÏÅ	Í
ÔÊÑ�Ò:ÈpÉÊÄ�Ô¶ËSß�ÒtsvubÒxwNyVz�{[|cÚ�ÆvÙ�ÎÏÙWÆ�Ë�Í
Ñ:ÎÊÙpÄWÆnÿ�Â�Ë�ÄWË:Ù�ÎÏÄ�ÉÊÅ	ÇxÂ�Ä�ÉÐ4ÄpÔ�Æ�Û�Í
Â:Ë�Æ;Â�Ì�ÄpÔ�Ë�Ä õ Ú�,�Ú¤3
Æ:Ú�<Ré�Ú�G�Ç&Ú õ Æ:Ú�G�Ì;Ú¤¡»Ç&ÚpB�Ú õ ÉpÚ�<RÂSÚ���Ä�Ú õ Í:ÚU3ÃÇôÚ¤G�ÉpÚ~}�ÚU?tÉpÚ�ö�Æ:Ú�â¹Æ:Úõ Ä�ÚÖ3ÃËGÄ�ÎÃûØÖSá
ñ�Í;Ö�É�ÐxÄ�Ôíó$Ù�ÎÏÍ
Ç4ÐxÄ�ÔÔ� Ë�ÄpÔíñØÐxÙ�Ç�Æ;Ë:ÄpÔpÚØã�ßðÆ�Ç�Í
Û:ÎÊÄpÂ�Ö Ö:Â�Ä\Æ;ÛEÍ
Â�Ë�Æ;Â:ÌpÄ Å	ÍqÓ;ÄpÂ�Â:ÄùÄ�ÂAÜ/Ä�É�Ë�Ä

È6É ��Ä Ê 9MË Å ¥ ï:áðï 1 ± ï:áðï2��Ë:Ä�ä�á.3ÃÍ;ÎÊÍ
Â�Ô�Õ�Ö:Ä¶ö°Í�ÄpÔ"é~Æ
Æ;É"ËÛ/×��É"ÇxÄpÐØê�î
Á2Á;ï~ì�Æ<à;Æ�ÇxÄpÂ~Î�ÎÏÉ"Í
Ö:à
Ù�Ö�Â�Ä�Å	Ù�üÎÏÆ;ÐxÐ4ÇxÌpÇ1ÎÏÙ¡Ë�Ä�ü3ï:á ï
ý;ò ± ï:á ïx��ò�Ë�Ä�ä�ácâcÄ�Ô¡Æ;ÛEÍ
Â�Ë�Æ;Â:ÌpÄpÔ¡Ë:ÄpÔ×Ù�ÐxÙpÅ	ÄpÂ~ÎÊÔ×ÌjÒ�ÇxÅ	ÇxÕ�Ö�Ä�Ô×Ë�Æ;Â:Ô×ÌpÄ�Ô¡Ù�ÎÏÍ;ÇxÐxÄ�ÔS�Ô"Í
Â~Î×Ñ�É"Í�ÌjÒ�Ä�Ô
Ë�Ä�Ð�Æøà;Æ�ÐxÄpÖ:É�Ô"Í
Ð�Æ�ÇxÉÊÄ�Ä�Î×ÑEÄpÖúË�Ç4ÔÊÑEÄpÉ"ÔÊÙpÄ�Ô¡Æ;Ö:ÎÊÍ
Ö�É�Ë�Ä¶Ì�ÄpÐ4ÐxÄ�ü ÌpÇôÚ�ÐxÄ�Ô
ÙpÐ4ÙpÅ	ÄpÂ~ÎÏÔ�<Ré�ÚÖBÄ�Î�ö�ÆøÜÝÆ�ÇxÔÏÆ�Â�Î�Ä�ä�ÌpÄpÑ�ÎÏÇxÍ;ÂSÚ�Ñ�Ö�Ç4ÔÊÕ�ÖSß�ÇxÐxÔ»Ô"Í
Â~Î�ÔÊÖ�ÉÊÆ;Û�Í;Â�Ë�Æ;Â~ÎÏÔ�áõ Í
Â:ÌpÄpÉ"Â�Æ;Â~ÎÃÐxÄpÔ»Ù�ÎÏÍ
Ç4ÐxÄ�Ôg�AË:Ä�ÐôßðÆ�ÅåÆ;Ô»Ë:ÄpÔ�ñØÐxÙpÇxÆ;Ë�Ä�ÔpÚ�ã�ß Æ;ÇSÙ�ÎÏÆ;Û�Ð4ÇcÕ�Ötß Ö�Â:Ä�Ù�ÎÏÍ
Ç4ÐxÄ×Ì�Ð�Æ;Ô"ÔÊÙpÄ�Â�Í
É"ÅåÆ�ÐxÄ;Ú
9��O�;ý 1 ý�î
ÚcÑ�Í;Ö�ÉÊÉÊÆ;Ç4Î�Ä�Â¿ÜÝÆ;Ç4Î�ë�ÎÏÉ"ÄåÖ�Â�ÄK�
ÅGá¹ûØÂ�Ä�æ�Ä�ÎpÚ¹Í
Ö:ÎÏÉ"Ä�Ð4Ä	ÜÝÆ�Ç4Î�Õ�Ö�ÄÃ9��O�;ý 1 ý:î�Ä�Ô"Î¶Ö�Â¿É"Í�üÎÏÆ�ÎÏÄ�Ö�É�ÎÏÉ"ÈpÔøÐxÄ�Â�Îvê

ve sin i ¥ þ�á óÛÐ�Å · Ô −1 ì�ÚØÌpÄ�ÎÊÎÏÄ�Ù�ÎÏÍ
Ç4ÐxÄWÑEÍ
ÔÊÔ"ÈpË�ÄGÄpÂùÑ�Ð4Ö�Ô�Ë�ÄpÔ	ÔÊÍ;Ö�Ô�ü(Æ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔÄ�Â õ ÆvÄ�Î5G�ÌåÄ�Î�Ë�Ä�Ô�ÔÊÖ:ÉÏÆ;ÛEÍ
Â�Ë�Æ�Â�ÌpÄ�Ô�ÄpÂ�Ù�ÐxÙ�Å�Ä�Â�ÎÊÔ¶Ë�Ö Ñ:ÇxÌ	Ë�Ö¿Ü/ÄpÉ�Ä�Î¶ÄpÂ�Ù�ÐxÙpÅ	ÄpÂ~ÎÊÔ¶ÐxÍ;Ö�ÉÊË�Ô�á³ûØÂÎÊÄpÂ�Æ;Â~Î�Ì�Í
Å�Ñ�ÎÏÄ×Ë�Ä�Ì�Ä�ÎÊÎÊÄ¡Ë�ÄpÉ"Â�ÇxÈ�ÉÊÄ¡Ù�ÎÏÍ
Ç4ÐxÄ;Ú�ÐxÄ×Â:Í
Å�Û�É"Ä×ËSß�Ù�ÎÏÍ;ÇxÐxÄ�Ôz�
Å Ôpß�ÙpÐ4È�à
Ä�Þøý�Ë�Æ;Â:Ô�Ì�Ä�Î�Æ;Å�Æ;Ô�á
G�Ö:É�Ö�Â é
ÉÏÆ�Ñ�Ò�Ä	ÉÊÄpÑ:ÉÊÙpÔ"ÄpÂ~ÎjÆ�Â�Î®É�Ü Ê 9MËeÄpÂ Ü/Í
Â�Ì�ÎÊÇxÍ
ÂzË�Ä�Ð�ÆªÎÏÄ�Å�ÑEÙpÉÊÆ�ÎÏÖ�É"ÄøÄ�æ�ÄpÌ�ÎÊÇ4à;Ä;Ú�ÐxÄpÔ�Ù�ÎÊÍ
ÇxÐ4ÄpÔH�Ñ�É"ÙpÔ"ÄpÂ~ÎÏÄ�Â�Î
Ë�Ä�é
ÉÏÆ�Â�Ë�ÄpÔ�Ë�Ç4ÔÊÑEÄpÉ"ÔÊÇxÍ;Â�Ô�Æ;Ö:ÎÏÍ;Ö�É»Ë�Ä�ÐxÄ�Ö�ÉÊÔ»à�Æ;ÐxÄ�Ö�ÉÊÔ»Å	Í�Ó
Ä�Â�Â�ÄpÔ�Ú�Â:Í;ÎjÆ;Å	Å	ÄpÂ~Î»ÑEÍ
Ö�É õ Ú
G�Ì�Ú¤¡»ÇôÚ õ ÉpÚ¤��Ä;Ú¤G�ÉpÚ~}�Ú¤?tÉeÄ�Î°ö�Æ:á�ñ�Í
Ö:ÉeÎÊÍ
Ö�Ô°Ð4ÄpÔeÙpÐ4ÙpÅ	ÄpÂ~ÎÏÔ¸ÌjÒ�ÇxÅ	ÇxÕ�Ö�Ä�ÔpÚ�Æ;Ö�Ì�Ö�Â�Ä
Ì�Í
ÉÊÉ"ÙpÐxÆ�ÎÏÇ4Í
ÂøÂSß Ä�Ô"ÎË�Ù�ÎÏÄ�Ì�ÎÏÙ�Ä�ÄpÂ~ÎÏÉ"Ä®ÉÝÜ Ê 9LË³Ä�Î

Teff

Â�Ç�ÄpÂ~ÎÏÉ"Ä®ÉÝÜ Ê 9LË³Ä�Î
ve sin i

áSâcÄ�Ô
à�Æ;ÐxÄ�Ö�ÉÊÔÃË�ÄÃÉ õgÊ ��Ä\Ë³Ä�Î×Ë:Ä®Éò, Ê ��Ä�ËÔ"Í
Â~Î	Æ;Â~ÎÏÇ1ü ÌpÍ
É"ÉÊÙ�ÐxÙpÄ�ÔøÆ<à
ÄpÌ�ÐôßðÆ;ÛEÍ
Â�Ë�Æ;Â�ÌpÄªË:Ö\Ü/Ä�ÉpáLÉ�G�Ç Ê 9MËôÚzÉ�¡»Ç Ê 9LË»Ä�ÎÀÉ õ É Ê 9LË�ÔÊÍ
Â~ÎøÌ�Í
ÉÊÉ"ÙpÐxÙ�Ô	Æ�à;ÄpÌ
É ��Ä Ê 9LËSÆ<à
Ä�Ì×Ë�Ä�Ô�ÉÏÆ;Ñ:Ñ�Í
É�ÎÏÔ�É�Ü Ê ��Ä\ËEÎÏÉÊÈ�Ô�Ñ�É"Í�ÌjÒ�Ä�Ô�Ë�Ä�Ô�ÉÏÆ;Ñ:Ñ�Í
É�ÎÏÔ¸ÔÊÍ
ÐxÆ;ÇxÉ"ÄpÔpáVq:ß Æ;ÇEÙpé~Æ;Ð4ÄpÅ	ÄpÂ~Î¸Å�Í
Â~ÎÊÉÊÙÕ�Ö�Ä�G�É�Ú0}�Ú#?tÉçÄ�Î¸ö�Æ¡ÔÊÍ
Â~ÎOÌpÍ;ÉÊÉÊÙ�ÐxÙ�Ô¸Æ<à;ÄpÌM��Ä»Ä�ÎeÕ�Ö�Ä�ÐxÄ»ÉÏÆ�Ñ�Ñ�Í;É"ÎLÉ�ö�Æ Ê ��Ä�Ë�ÄpÔ�Î¸ÐxÆ;ÉÊé;ÄpÅ	ÄpÂ~ÎØÔÊÖ:Ñ�Ù�ÉÊÇxÄ�Ö�ÉÆ;Ö�ÉÊÆ;Ñ�ÑEÍ
É"ÎçÔÊÍ
ÐxÆ;ÇxÉ"Ä;á�}$ÄpÔ"ÎeÌ�Í
ÉÊÉ"ÙpÐxÙ�Æ�à;ÄpÌ�?tÉØÆ<à
Ä�Ì�Ö:Â	ÉÊÆ;Ñ�ÑEÍ
É"ÎgÉ�} Ê ?tÉÓË:Ñ�ÉÊÄ�ÔÊÕ�Ö�Ä�ÔÊÍ
ÐxÆ;ÇxÉ"Ä;áQ�
Ä�Å�ë�Å�Ä�ÚÍ
Â�ÑEÄpÖ:Î�Í
Û:ÔÊÄpÉ�à
Ä�ÉÃÖ�Â:Ä�Ì�Í
ÉÊÉ"ÙpÐxÆ�ÎÏÇ4Í
ÂªÄpÂ~ÎÏÉ"Ä¶ö°ÆøÄ�Î�G�Épá

,×ÂU8pÄªÙ�ÎÏÍ
Ç4ÐxÄ�Ô&�[Å	ÄpÅ�Û�É"ÄpÔ�Ë:ÄªÐ&ß Æ;ÅåÆ�Ô¶Ë�Ä õ Í;ÅåÆ�ö°Ä�ÉÊÄ�Â�ÇxÌ�ÄpÔ�Í
Â~ÎøÙ�ÎÊÙªÆ;Â�Æ�Ð4Ó�ÔÊÙ�ÄpÔ�Ë�Æ;Â:Ô�ÌpÄ�Î"ÎÏÄÎÊÒ�ÈpÔ"Ä;áU�ÃÇxÂ�Ô"ÇtÕ�Ö�Äeã"Ä×ÐôßðÆ�Ç�Ù�ÎjÆ;Û�Ð4ÇtÑEÍ
Ö�É¸ÐxÄpÔ°Ù�ÎÏÍ;ÇxÐxÄ�Ôz�¿Ë:ÄpÔ�ñØÐxÙ�Ç�Æ;Ë�Ä�ÔpÚ�ÐxÄpÔ°Æ;ÛEÍ
Â�Ë�Æ;Â:ÌpÄpÔ»Ô"Í
Â~Î�Ñ�Ä�ÖªË�ÇxÔ3ü
î
Á~ó



��������$�¨p§�]+���
Ñ�Ä�ÉÊÔÊÙ�ÄpÔ¡Æ�Ö:ÎÏÍ
Ö:ÉÃË�Ä�ÔÃà�Æ;Ð4ÄpÖ�É"ÔÃÔ"Í
Ð�Æ;Ç4ÉÊÄ�ÔpÚ�Þ�Ðôß Ä�ä�ÌpÄpÑ�ÎÏÇxÍ;ÂvË�Ä&<Ré�ÚWG�Ç&Ú�B Ä�Î
ö�Æ:á�â¹Æøà�Æ;Ð4ÄpÖ�É�Å�Í�Ó;ÄpÂ�Â�ÄË�Ö Ü/Ä�É�ÎÊÉÊÍ
Ö�à
ÙpÄøà�Æ;Ö:ÎYÈ6É ��Ä Ê 9MË Å ¥ ï:áðï
þ ± ï:áðï�Á�Ë:Ä�ä�á õ Ä�ÎÊÎÊÄ	à�Æ;Ð4ÄpÖ�É¡Ä�Ô"Î�ÜÝÆ;ÇxÛ:ÐxÄpÅ	ÄpÂ~Î¡Ô"Ö�ÑEÙpÉÊÇ4ÄpÖ�É"Ä	ÞÌpÄpÐ4ÐxÄ¡Ë�Ù(ãÊÞ	Ë:Ù�ÎÏÄ�ÉÊÅ	ÇxÂ�Ù�Ä¡Ñ�Æ;ÉM��ÉÊÇ4ÄpÐ7/ ö°Í�ÄpÔÊé
Æ
Æ;ÉÊË¿ê�î�Á2Áx�
ì¸Õ�Ö�ÇcÄ�Ô"Î�ü3ï:á ï~ó ± ï:á ï
ý�Ë�Ä�ä�áâ¹Ä
Ì<Æ;ÉÊÆ;Ì�ÎÊÈpÉÊÄ��
ÅPÂSß Æ¶Ù�ÎÊÙ×ÌpÍ;Â:ÿ�ÉÊÅ	Ù
Õ�Ö�Ä
Ñ�Í
Ö:É�ó�Ù�ÎÏÍ
Ç4ÐxÄ�Ô�� ÔÊÄpÖ:ÐxÄpÅ	ÄpÂ~Îpá:âcÄpÔ°Ë�ÄpÖ�äåÙ�ÎÊÍ
ÇxÐ4ÄpÔb� Â�Í;É�üÅåÆ;Ð4ÄpÔg9��¶î�ï~þQÁ 121 Ä�ÎM9��¶î�ï�	
ý2	x�¶ÑEÍ
ÔÊÔ"ÈpË�Ä�Â~ÎÃÐ4Ä×Å	ëpÅ	Ä×ÔÊÌjÒ�Ù�ÅåÆ�ËSß Æ;ÛEÍ
Â�Ë�Æ�Â�ÌpÄ�Ôpá�ñ�Í
Ö�É»Ð�Æ�Ñ:ÐxÖ�Ñ�Æ�É"ÎË�ÄpÔ�Ù�ÐxÙ�Å�Ä�Â�ÎÊÔpÚ�ÐxÄpÔ¸Æ;ÛEÍ
Â�Ë�Æ�Â�ÌpÄ�ÔOÉ�Ü Ê 9MË�Ë�Æ;Â:Ô�ÌpÄ�Ô�Ù�ÎÊÍ
ÇxÐ4ÄpÔb� ÔÊÍ;Â�Î°Û�ÇxÄ�ÂWÑ�Ð4Ö�Ô°Ë�Ç4ÔÊÑEÄpÉ"ÔÊÙpÄ�Ô�Õ�Ö�Ä×Ì�ÄpÐxÐ4ÄpÔË�Ù�ÎÊÄpÉÊÅ	ÇxÂ:ÙpÄpÔ»Ë�Æ;Â�Ô�ÐxÄ�Ô�Ù�ÎÊÍ
ÇxÐ4ÄpÔg�°á��
Ä¡Å	ëpÅ	Ä;Ú7É õgÊ ��Ä\ËSÄ�Î6É�, Ê ��Ä�ËSÔ"Í
Â~Î�Æ;Â~ÎÏÇ1ü ÌpÍ
É"ÉÊÙ�ÐxÙpÔ�Æ�à;ÄpÌKÉ ��Ä Ê 9MËôáâ¹Ä×ÎÊÇ4ÎÏÆ;Â�Ä;Ú�ÐxÄÃÂ�ÇxÌsÐ�ÄpÐSÄ�Î»ÐxÄ�Ô�ÙpÐ4ÄpÅ	ÄpÂ~ÎÏÔ°ÐxÍ
Ö�É"Ë�Ô¡ê:G�ÉpÚ!}�ÚU?tÉ�Ä�Î�ö°Æ~ìeÔ"Í
Â~Î�ÌpÍ
É"ÉÊÙpÐ4ÙpÔ»Æ<à;ÄpÌ¡Ð&ß Æ;ÛEÍ
Â�Ë�Æ�Â�ÌpÄË�Ö�Ü/ÄpÉØÆ<à
Ä�Ì6É ¡»Ç Ê ��Ä\Ë ∼ É�¡»Ç Ê ��Ä�Ë

�
Ä�ÎLÉ�3�Ç Ê ��Ä�Ë ∼ É 3ÃÇ Ê ��Ä�Ë

�
áx,×Â�ÉÊÄ�ÎÏÉÊÍ;Ö:à
Ä�Æ;Ö�Ô"ÔÊÇ�Ð4ÄpÔçÌ�Í
ÉÊÉ"ÙpÐxÆ�ÎÏÇ4Í
Â�Ô³Ä�Â~ÎÏÉÊÄ

Éò?tÉ Ê 9MË¹Ä�Î6É�} Ê 9MË¸ê�Éò?tÉ Ê }SË ∼ Éò?tÉ Ê }SË
�

ì°Ä�Î�ÄpÂ~ÎÊÉÊÄKÉ ö°Æ Ê 9MË¹Ä�Î(ÉòG�É Ê 9MËôá
�×Æ�Â�Ô�ÐxÄ�Ô¶Ù�ÎÏÍ
Ç4ÐxÄpÔ6��Â:Í
ÉÊÅ�Æ;ÐxÄ�Ô�Ë:ÄpÔ�ñØÐxÙ�Ç�Æ;Ë:ÄpÔpÚ�Ö�Â�ÄWÆ;Â~ÎÏÇ1ü ÌpÍ
É"ÉÊÙ�Ð�Æ�ÎÊÇxÍ
ÂzÄ�ä�Ç4Ô"ÎÏÄåÄpÂ~ÎÏÉ"ÄÔÉ õgÊ G�Ç Ë¸Ä�Î

ÉòG�Ç Ê 9MËôÚ:Ë:Ä¡Å�ë�Å�ÄÃÕ�Ötß Ä�Â�ÎÊÉÊÄKÉ�, Ê G�Ç ËtÄ�ÎHÉ�G�Ç Ê 9MËôá�ûØÂGÆqã"Í
Ö:ÎÏÆ;Â~Î»ÐxÄ�ÔL�¶Ù�ÎÊÍ
ÇxÐ4ÄpÔz�[Â:Í
ÉÊÅ�Æ;ÐxÄ�Ô°Ë�Ä õ Í;ÅåÆö°ÄpÉ"ÄpÂ�Ç4ÌpÄpÔ»ê:9���î�ï~þ�Á 1�1 Ä�Î@9��¶î<ï2	
ý2	x�;ì�Ú�ÌpÄ�ÎÊÎÊÄ�ÌpÍ
É"ÉÊÙ�Ð�Æ�ÎÊÇxÍ
Â�ÄpÔ�ÎçÅ	ÇxÄpÖ�ä�Ù�ÎjÆ�Û�ÐxÇ4Ä;á õ Ä�É"ÙpÔÊÖ:Ð4ÎjÆnÎ³Ä�Ô"ÎçÇ4Â�üÎÏÄpÉ"Ñ�ÉÊÙ�ÎÏÙ�Ë�Æ;Â�Ô³Ð4Ä¸Ì�Í
Â~ÎÏÄ�ä�ÎÊÄ�Ë�Ä¸Ð�ÆÃÔ"ÙpÑ�Æ�ÉÏÆ�ÎÊÇxÍ
Â�é~Æ�8�ü Ñ�Í;Ö�ÔÊÔ"ÇxÈpÉ"Ä×êT9ÃÍ
ÐJ�°Ä�é
ÄpÉ¸î
Á2Áx�;ìcÄ�ÎçÂ�Ä¸ÔÊÄ�Å�Æ;Â�Ç1Ü/ÄpÔ�ÎÏÄÕ�Ö:Ä�Ë�Æ;Â�Ô�ÐxÄ�ÔÃÙ�ÎÏÍ
Ç4ÐxÄ�ÔM�AÂ�Í
É"ÅåÆ�ÐxÄpÔ�Ë�Æ�Â�Ô
Ð4ÄpÔÊÕ�Ö�Ä�ÐxÐ4ÄpÔ�Ð�ÆøË�Ç4æ�Ö�ÔÊÇ4Í
ÂGÅ�Ç4ÌpÉÊÍ;ÔÊÌpÍ;Ñ�ÇxÕ�Ö�Ä�ÄpÔ�Î×Ì�Í
Å�ÑEÄpÂ:ÔÊÙpÄÑ�Æ;É�ÐxÄ�Ô»Å�Ù�Ð�Æ;Â�é;ÄpÔ�Þ�é
ÉÏÆ�Â�Ë�Ä�ÙpÌjÒ�Ä�ÐxÐ4Ä;á
�×Æ�Â�Ô�ÐxÆ»Ë�ÄpÖ�ä�Ç4ÈpÅ	Ä¸Ñ�Æ�É"ÎÏÇ4ÄØË�ÄeÌpÄOÎÏÉÏÆ<à�Æ;Ç4Ð&Ú3ã�ß Æ;Ç~Ì�Í
Å�Ñ�Æ;ÉÊÙOÐxÄ�Ô�Æ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔ�Ë�Ä¸Ô"Ö�É"ÜÝÆ�ÌpÄeË�ÄpÔ�Ù�ÎÊÍ
ÇxÐ4ÄpÔ

�LÄ�ÎH�$Æ�Ö�äúÑ:ÉÊÙpË:ÇxÌ�ÎÊÇxÍ
Â:Ô×Ë�ÄpÔ
Å�Í�Ë�ÈpÐ4ÄpÔÃÙ�à
Í;ÐxÖ:ÎÊÇ4Ü/Ô×Ë�Ù(ãÊÞWÑ�Ö�Û�Ð4ÇxÙ�Ô�êT¡�Ö�É"ÌpÍ;Î"ÎÏÄ�Ä�Î�Æ;Ð&á¹î
Á2Á�	
Æ�>W)�Ç4ÌjÒ�ÄpÉÄ�ÎeÆ;Ðôá2�;ï;ï
ï~ì�á�âcÄpÔØÔ"Í
Ö�Ô�ü(Æ;ÛEÍ
Â�Ë�Æ;Â:ÌpÄpÔØÄ�ÂøÙpÐxÙ�Å�Ä�Â~ÎÏÔçÐ4Ùpé
Ä�ÉÊÔ�ê õ Ä�Î�,�ì�Ú;Ñ:ÉÊÙpË:Ç4ÎÏÄ�ÔØÞ×Ð&ß è;é
Ä¸Ë�ÄpÔOñØÐ4ÙpÇ�Æ�Ë�ÄpÔÄ�Î�Ë�Ä õ Í
Å�Æ�ö°ÄpÉ"ÄpÂ�Ç4ÌpÄpÔ�ÑEÍ
Ö�É»Ð4ÄpÔ»Ù�ÎÊÍ
ÇxÐ4ÄpÔg� Ë�Í;Â�Î�Ð4ÄpÔ�ÎÏÄ�Å�ÑEÙpÉÊÆ�ÎÏÖ:ÉÊÄpÔ»Ä�ætÄ�Ì�ÎÊÇ4à
Ä�ÔÃÔ"Í
Â~Î�ÔÊÖ�ÑEÙpÉ"ÇxÄpÖ:ÉÊÄpÔÞ 1 ó;ï
ï�N�Ú�Ô"Í
Â~Î¡Í
Û�Ô"ÄpÉ"à;ÙpÄ�Ô¡Ë�Æ;Â�Ô×Ö:Â�Ä�Ñ�Æ;É�ÎÏÇ4Ä�Ë�Ä�Â�Í;ÎÊÉÊÄ¶Ù�ÌjÒ�Æ;Â~ÎÏÇ4ÐxÐ4Í
ÂSá.�
Ä�Å	ëpÅ	Ä;Ú�Ö�Â�Ä¶Ñ�Æ;É"ÎÊÇxÄ�Ë�ÄpÔÆ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔøË�ÄªÔ"Ö�É"ÜÝÆ;Ì�ÄªË�ÄÀ<Ré�Ú¢G�Ç°Ä�Î õ ÆzË:Ù�ÎÏÄ�ÉÊÅ	ÇxÂ�Ù�ÄpÔ�Ë�Æ�Â�Ô�ÐxÄWÑ:ÉÊÙpÔ"ÄpÂ~ÎøÎÏÉÊÆ�à�Æ;Ç4Ð¸Ì�Í
ÉÊÉ"ÄpÔ"Ñ�Í
Â:ËÆ;Ö�ä\Æ�Û�Í
Â:Ë�Æ;Â�Ì�ÄpÔøÔÊÍ
ÐxÆ;ÇxÉ"ÄpÔ�Ñ:ÉÊÙpË:Ç4ÎÏÄ�Ô�Ñ�Æ;É�Ð4ÄpÔ�Å	Í�Ë:ÈpÐxÄ�Ôpá³ñ�Í
Ö�É�Ð4ÄpÔ�Ù�ÎÏÍ
Ç4ÐxÄ�Ô5�[Ñ�ÐxÖ:Ô�ÅåÆ;Ô"ÔÊÇ1à
ÄpÔ�Õ�Ö�Äî
á òÆ<
�

Ú�Ð4ÄpÔ�ÔÊÍ;Ö�Ô�ü(Æ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔ�Ñ�ÉÊÙ�Ë�Ç4ÎÊÄpÔ�ÄpÂÂ<Ré	Ä�Î�G�Ç¹ÞøÐ&ß è;é
Ä¡Ë�Ä õ Í
Å�Æ�ö¸ÄpÉÊÄ�Â�ÇxÌ�ÄpÔ�Â�Ä�ÔÊÍ
Â~ÎÃÑ�Æ;ÔÍ
Û�ÔÊÄ�É"à;ÙpÄpÔ�ácñ�Í;Ö�É õ ÉpÚ.��Ä�Ä�Î�3�Ç&Ú�Ð4ÄpÔ»ÜÝÆ;ÇxÛ:ÐxÄpÔ»Ô"Ö�ÉÏÆ�Û�Í
Â:Ë�Æ;Â�Ì�ÄpÔ
Ñ:ÉÊÙpË:Ç4ÎÏÄ�Ô
ÞøÐ&ß è;é
Ä�Ë�Ä�Ô
ñØÐ4ÙpÇ�Æ�Ë�ÄpÔ�ÔÊÍ;Â�ÎÍ
Û�ÔÊÄ�É"à;ÙpÄpÔ�Ë�Æ;Â:Ô�ÐxÄ�Ô»ó�Ù�ÎÏÍ
Ç4ÐxÄpÔ-�°Ú�ÎjÆ;Â�Ë:ÇxÔ°Õ�ÖSß Þ�ò�ó;ï�Å�Ç4ÐxÐxÇ4Í
Â�ÔçËtßðÆ;Â:Â�ÙpÄ�ÔpÚ�Ð4ÄpÔ°Ü/Í
É�ÎÏÄ�Ô�ÔÊÖ�ÉÊÆ;ÛEÍ
Â�Ë�Æ;Â:ÌpÄpÔÄpÂGÌpÄpÔ�ÙpÐ4ÙpÅ	ÄpÂ~ÎÏÔ�Â�Ä�Ô"Í
Â~ÎÃÑ�Æ;Ô�Ë�ÖGÎÊÍ
Ö:Î�Í
Û:ÔÊÄpÉ�à
Ù�ÄpÔpáñ�Í
Ö�É¡Ð4ÄpÔÃÙ�ÎÏÍ;ÇxÐxÄ�Ô���ÚtÐxÄ�Ô
Å	Í�Ë:ÈpÐxÄ�Ô
Ë�Ä&)�Ç4ÌjÒ�ÄpÉ×Ä�Î�Æ;Ðôáçê:�;ï
ï
ï~ì»Ñ�É"ÙpË�Ç4ÔÊÄpÂ~Î�Ë�Ä�Ô×ÔÊÍ;Ö�Ô�ü(Æ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔ¡Ä�Âõ ÚD,�Ä�Î õ Æ�Ä�Î�Ë�Ä�Ô¶ÔÊÖ:ÉÏÆ;ÛEÍ
Â�Ë�Æ�Â�ÌpÄ�Ô¶ÄpÂ õ ÉpÚ
<RÂSÚV��ÄøÄ�Î*3ÃÇôÚSÎjÆ;Â~Î�Õ�ÖSßðÞíî�ï
ï�Õ�ÖSßðÞGò�ó;ï�Å�Ç4ÐxÐ4ÇxÍ
Â�ÔËSßðÆ�Â�Â�ÙpÄ�Ôpá õ Ä�ÌpÇ�ÄpÔ"Î×Í
Û�ÔÊÄ�É"à;Ù�Ë�Æ;Â�Ô×Ð4Ä�ÌpÆ;Ô×Ë�Ä�Â�Í
Ô×Ù�ÎÏÍ
Ç4ÐxÄ�ÔpáEñ³Æ;ÉÃÌpÍ
Â~ÎÊÉÊÄ53ÃÆåÄ�ÎO<RéWÔÊÍ;Â�Î
ÎÏÍ
Önã"Í;Ö�ÉÊÔÔÊÖ�ÉÊÆ;Û�Í;Â�Ë�Æ;Â~ÎÏÔ�Ú�ÌpÍ
Â~ÎÏÉÊÆ;ÇxÉ"ÄpÅ	ÄpÂ~Î�Æ;Ö�äªÑ�ÉÊÙ�Ë�ÇxÌ�ÎÏÇxÍ;Â�Ô»Ë�ÄpÔ�Å	Í�Ë�È�ÐxÄ�Ôpá
ûØÂúË�Ä�ÉÊÂ�Ç4ÄpÉ�ÐxÇ4ÄpÖSÚ�Ë�Ä�Ô×Å	Í�Ë�È�ÐxÄ�Ô�ÎÊÒ�ÙpÍ;ÉÊÇxÕ�Ö�Ä�Ô
Í
Â~Î
Ù�ÎÏÙ�Ì<Æ;Ð4ÌpÖ�Ð4ÙpÔ�Ñ�Í;Ö�ÉÃË:ÄpÖ�ävÙ�ÎÊÍ
ÇxÐ4ÄpÔ OD� Ë�Ä õ Í;ÅåÆö°ÄpÉ"ÄpÂ�Ç4ÌpÄpÔ�á�âcÄ
Å	Í�Ë�ÈpÐ4ÄÃÕ�Ö�ÇEÉÊÄ�Ñ�ÉÊÍ�Ë�Ö�Ç1Î�Æ;ÖåÅ�Ç4ÄpÖ�ä	Ð4ÄpÔ°Í;Û�ÔÊÄ�É"à�Æ�ÎÏÇ4Í
Â�ÔeÄpÔ�Î»ÐxÄ�Å�Í�Ë�È�ÐxÄL¡�ó�á ý2�O�;ï
ïQÐ~ü(ý:á÷(Ð�Ä�Ô"Î�Ä�Â�ÔÊÖ:Ç4ÎÏÄÃÖ:ÎÏÇ4ÐxÇ4ÔÊÙ�Æ�ÿ�Â�Ë�Ä
Ô"Ö�Ç4à�ÉÊÄÃÐ&ß�Ù�à;Í
ÐxÖ:ÎÊÇxÍ
Â	Ë�Ä�Ð�Æ�ÌpÍ
Å	Ñ�Í;ÔÊÇ4ÎÊÇxÍ
ÂøÌjÒ�Ç4Å�Ç4Õ�Ö�Ä�Ë�ÄO��Ù�ÎÏÍ;ÇxÐxÄ�Ô-�íÄ�Î

� Ë:Ä»Ð&ß è;é
Ä»Ë�Ä�Ô¸ñØÐ4ÙpÇ�Æ�Ë�ÄpÔ�ê3î�ï
ïH<GÓ�ÉjìçÙ�à
Í
Ð4Ö�Æ;Â~ÎOÑ�Í;Ö�ÉØË�Ä�à;ÄpÂ�Ç4É��¡Ù�ÎÏÍ
Ç4ÐxÄ�ÔJ�úÄ�Îb�$Ë�Ä�Ð&ß è;é
Ä�Ë:Ä õ Í;ÅåÆö°ÄpÉ"ÄpÂ�Ç4ÌpÄpÔ�ê/ò�ó;ï5<�Ó�ÉÏì�á��×Æ;Â�Ô�Ð4Ä
ÌpÆ;Ô�Ë�Ä×Ðôß Ù�ÎÏÍ
Ç4ÐxÄM�¿Ë�Ä�Ô»ñØÐxÙ�Ç�Æ;Ë�Ä�ÔpÚ¤9��O��ý 1 ï2Á:Ú�ÐxÄ�Ô»Æ;ÛEÍ
Â�Ë�Æ�Â�ÌpÄ�Ô�Ë�ÄpÔÙpÐxÙ�Å�Ä�Â~ÎÏÔ õ ÚD<Ré�ÚV¡»Ç&Ú õ É�Ä�Î&��Ä	ÔÊÍ;Â�Î¶Û�ÇxÄ�Â�ÉÊÄ�Ñ�ÉÊÍ�Ë�Ö�Ç1ÎÏÄ�Ô�Ñ�Æ�É�Ð4Ä�Å	Í�Ë:ÈpÐxÄ�ÎÏÆ;Â�Ë�Ç4Ô�Õ�Ö�ÄWÐ4ÄpÔ�Æ;ÛEÍ
Â�üË�Æ;Â�Ì�ÄpÔ�Ë�Ä�Ô�Æ;Ö:ÎÊÉÊÄ�Ô¶ÙpÐ4ÙpÅ	ÄpÂ~ÎÏÔ�ÔÊÍ
Â~Î�Ë:ÇxÔÊÑEÄpÉ"ÔÊÙ�ÄpÔ�Æ;Ö�ÎÏÍ
Ö�É�Ë�ÄWÐxÆ�à�Æ;Ð4ÄpÖ�É�Ì<Æ�ÐxÌpÖ:ÐxÙpÄ�á³ñ�Í
Ö�É�Ð&ß�Ù�ÎÏÍ;ÇxÐxÄY�Ë�Ä õ Í
Å�Æåö°Ä�ÉÊÄ�Â�ÇxÌ�ÄpÔpÚ79��¶î�ï
þ 1 î
î
Ú�Ö�ÂvÛ�Í
ÂúÆ;ÌpÌ�Í
ÉÊËúÄ�ä�ÇxÔ"ÎÊÄ�ÄpÂ~ÎÊÉÊÄ�ÐxÆ	ÎÏÒ:ÙpÍ
É"ÇxÄ¶Ä�Î×Ð4ÄpÔ
Í;Û�ÔÊÄ�É"à�Æ�ÎÏÇ4Í
Â�ÔÑ�Í
Ö:É°ÐxÄ�ÌpÆ;ÉÊÛEÍ
Â�ÄÃÄ�Î�Ð4ÄpÔeÙpÐ4ÙpÅ	ÄpÂ~ÎÏÔ¸Ë�ÖWÑ�Ç4ÌÃË�Ö	Ü/ÄpÉ�á:âcÄpÔ°Æ;ÛEÍ
Â�Ë�Æ;Â:ÌpÄpÔ°Ë�ÄO<Ré�Ä�ÎgG�Ç�ÔÊÍ
Â~Î»Ì�ÄpÑEÄpÂ�Ë�Æ�Â�Î
Q���*,+��:ÿ�1"��1"��>-�p����+�1,�,�6� L��	� $Z��1p>�+:�+ÿ	1���1"��>-�a���	.-�U
9�A�,�6��� ��L�L�� �

î
Á 1



��������$�¨x§�]+���
Ç4Â:Ü/ÙpÉ"ÇxÄpÖ:ÉÊÄpÔ�Æ�Ö�ä�Ñ�É"ÙpË�Ç4Ì�ÎÏÇ4Í
Â�Ô»Ë�ÖGÅ	Í�Ë�È�ÐxÄ�O��páâcÄpÔ»Ù�ÎÏÍ
Ç4ÐxÄ�Ôz�QË�ÄpÔ�ñØÐxÙ�Ç�Æ;Ë:ÄpÔ»Ä�Î�Ë:Ä õ Í;ÅåÆ�ö°Ä�ÉÊÄ�Â�ÇxÌ�ÄpÔpÚÖ9��O�;ý 1 ý:î¡Ä�Î�9���î�ï~þ�Á 1�1 ÉÊÄpÔ"Ñ�Ä�Ì�ÎÊÇ4à
Ä�Å�Ä�Â~Î<ÚÔ"Í
Â~Î»ÌpÍ
Å	Ñ�Æ;É"ÙpÄ�Ô�Æ;Ö�äåÅ	Í�Ë�È�ÐxÄ�Ô°Ë�Ä×Å�Æ;Ô"ÔÊÄpÔg��á4îO<

�
á õ Æ�Ú¤¡»ÇôÚ õ É�Ú�<RÂSÚ���Ä
Ä�Îg3ÃÇEÔÊÍ
Â~Î»Û�Ç4ÄpÂªÉ"ÄpÑ�É"Í�üË�Ö:Ç4ÎÏÔ°Ñ�Æ;É»ÐxÄ
Å�Í�Ë�ÈpÐ4Ä;Ú�Â�Í;ÎjÆ�Å�Å	ÄpÂ~Î»ÑEÍ
Ö�ÉL9��¶î�ï~þ�Á 121 áU�ÃÄpÔ�Ë�ÇxÔ"Ñ�Æ;É"Ç4ÎÏÙ�Ô�Ä�ä�Ç4Ô"ÎÏÄ�Â~ÎÃÑ�Æ;É»ÌpÍ
Â~ÎÊÉÊÄ¡ÑEÍ
Ö�Éõ Ú.,�Ú�3ÃÆ	Ä�Î�<Ré�á

ûØÂWÉÊÙ�ÔÊÖ�Å	Ù;Ú�Æ;Ö�Ì�Ö�ÂWÅ	Í�Ë:ÈpÐxÄ�Æ;Ì�ÎÏÖ�Ä�Ð�Âtß Ä�Ô"Î»ÌpÆ;Ñ�Æ;Û�Ð4ÄÃË:Ä
ÉÊÄ�Ñ�ÉÊÍ�Ë�Ö�Ç4ÉÊÄ�ÐxÄ�Ô¸Í
Û:ÔÊÄpÉ�à�Æ�ÎÏÇ4Í
Â�Ôpá õ Ä�Ô�Ë�ÇxÔ3üÑ�Æ�ÉÊÇ4ÎÊÙpÔ�ÄpÂ~ÎÏÉ"Ä�ÐxÄ�Ô³Æ�Û�Í
Â:Ë�Æ;Â�Ì�ÄpÔ³Ëtß Ö�Â�Å	ëpÅ	ÄeÙpÐxÙ�Å�Ä�Â~Î³Ë�Æ�Â�Ô³Ë�Ä�ÔçÙ�ÎÊÍ
ÇxÐ4ÄpÔ¹Ë�ÄeÎÏÄpÅ	ÑEÙpÉÏÆnÎÏÖ�É"Ä°Ä�Î³é
ÉÏÆ<à�Ç4ÎÊÙê/Ä�Î�è;é
Ä<ì
ÇxË�Ä�Â~ÎÏÇxÕ�Ö�Ä�ÔpÚ¹Æ;Ç4Â�ÔÊÇ³Õ�Ö:Ä�Ð4ÄpÔ¡ÌpÍ;Å�Ñ�Æ�ÉÏÆ;Ç4ÔÊÍ
Â�Ô
ÄpÂ~ÎÏÉ"Ä	Ð4ÄpÔ�Í
Û�Ô"ÄpÉ�à;ÆnÎÏÇxÍ;Â�Ô¡Ä�Î�ÐxÄ�Ô¡Å�Í�Ë�È�ÐxÄpÔ
Ñ�Ö�üÛ�Ð4ÇxÙ�Ô¡Ä�Î Ê Í
Ö ÌpÆ;ÐxÌ�Ö�ÐxÙ�Ô�ÔÊÑEÙpÌpÇ1ÿ�Õ�Ö�ÄpÅ	ÄpÂ~Î¶Ñ�Í
Ö:É�Ë:ÄpÔ�Ù�ÎÏÍ;ÇxÐxÄ�Ô¡Ë�Ä	Â�Í;ÎÏÉ"ÄøÙpÌjÒ�Æ;Â~ÎÊÇxÐxÐ4Í
ÂSÚSÅ	Í
Â~ÎÏÉ"ÄpÂ~Î�Õ�ÖSß Ç4ÐÄ�ä:Ç4Ô"ÎÊÄ°ÎÏÍ
Öqã"Í
Ö�ÉÊÔ³Ë�ÄpÔØÐxÆ;ÌpÖ�Â:ÄpÔçË�Æ�Â�ÔØÐ�Æ�ÎÏÒ�Ù�Í
ÉÊÇ4Ä;á��ÃÑ�Ñ�Æ;É"ÄpÅ	Å�Ä�Â~Î<Ú;ÌjÒ�Æ;Õ�Ö�Ä»Ù�ÎÊÍ
ÇxÐ4Ä¸ÑEÍ
ÔÊÔ"ÈpË�Ä�ÔÊÆ×Ñ�ÉÊÍ
Ñ:ÉÊÄÑ�Ò~Ó�ÔÊÇ4Õ�Ö�Ä;áD�¶ßðÆ�Ö:ÎÏÉ"ÄpÔ¶Ñ:ÉÊÍ�ÌpÄpÔ"ÔÊÖ�Ô¶Ñ�Ä�Ö:à
Ä�Â�Î�ÔÊÄåÅ�Æ;Â�Ç1Ü/ÄpÔ�ÎÏÄpÉ�Ë�Æ�Â�Ô¶Ð4ÄpÔ�ÇxÂ~ÎÏÙ�ÉÊÇxÄ�Ö�ÉÊÔ�Ë�Ä	ÌpÄ�Ô�Ù�ÎÊÍ
ÇxÐ4ÄpÔ�ÄpÂÌ�Í
Å�ÑEÄpÂ:ÔÏÆ;Â~Î�ÐxÄ�Ô�Ä�ætÄ�ÎÏÔ�Ë�Ä	Ð�ÆªË�Ç4æ�Ö�Ô"ÇxÍ
ÂzÅ	ÇxÌpÉ"Í
ÔÊÌ�Í
Ñ�Ç4Õ�Ö:Ä;ácñ�Æ;ÉÊÅ	ÇØÌpÄ�Ô�Ñ�É"Í�Ì�ÄpÔ"ÔÊÖ�Ô�ÿ�é
Ö�É"ÄpÂ~Î¶ÐxÆªÌpÇxÉ3üÌ�Ö�Ð�Æ�ÎÊÇxÍ
Â\Å	ÙpÉ"ÇxË�Ç4ÄpÂ�Â�Äíê õ Ò�Æ;É"Û�Í
Â:Â�Ä<Æ;Ö /�<RÇ4ÌjÒ�Æ;Ö�Ë î
Á2Á:î2>b?SÆ�Ò�Âß��ï
ï~ó
ì�Ä�Î�Ð�Æ�ÑEÄpÉ�ÎÏÄGË�ÄRÅ�Æ;Ô"ÔÊÄê:<RÇxÌjÒ�Æ�Ö�Ë Ä�ÎWÆ�Ð&á�î
Á�	
ý�>J<RÇ4ÌjÒ�Æ;Ö�Ë / õ Ò�Æ;É"Ð�Æ;Â:Ë î�Á2	 1 >bG�ÌjÒ:ÉÏÆ;Å	Å Ä�ÎåÆ;Ðôá�î
Á2Á
ï¤>@�
Ð4ÄpÌpÇxÆ;Â#î
Á2Á 1 >âcÄ<ö¸Ð�Æ;Â�ÌH/ �
Ð4ÄpÌpÇxÆ;Â��;ï
ï~þ;ì�á
�¶ß�Ö�Â	Æ;Ö:ÎÊÉÊÄ»Ì\Ç;ÎÏÙ�Ú
Ö�Â�é
ÉÊÆ;Â�ËøÄ�æ�Í
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ÂtÚW'ZáW9�á1Ú73ÃÄ�Ð�Æ;ÂtÚpq:á�û»á4Útñ³Æ�ÎÊÂ�Æ;Ö�Ë�Ä�Úõ�¶ápq:á4ÚW/ G�ÇxÅ	Í
ÂSÚ.�°á�û»áõ�;ï
ï�î
Úp± �T² Úó 1 ��Ú�ó2��î
õ Ò�Æ�ÉÊÛEÍ
Â�Â�ÄpÆ;ÖSÚ�ñ�ácî�Á2Á:î
ÚY± �T² Ú�ý~þ2��Ú�â¹ý
ý
õ Ò�Æ�ÉÊÛEÍ
Â�Â�ÄpÆ;ÖSÚ�ñ�ácî�Á2Á
ý:Ú�Ç4ÂÍ�
Ô"ÎÊÉÊÍ
Â:Í
Å�Ç4Ì<Æ;Ð7G�Í�ÌpÇxÄ�Î(ÓªÍ;Ü�ÎÏÒ�Ä�ñ�Æ;ÌpÇ1ÿ�Ì õ Í
Â:Ü/ÄpÉ"ÄpÂ�Ì�Ä5G�Ä�ÉÊÇ4ÄpÔpÚUBOÍ;Ð&á�ò
ò:Ú÷v��Á õ Í
Ð4ÐxÍ�Õ�á�î�ý2	���ñ�ÄpÌpÖ:ÐxÇ�Æ�Éeà;ÄpÉÊÔ"Ö�ÔL3ÃÍ;ÉÊÅ�Æ;Ð�ñØÒ�ÄpÂ�Í;Å�Ä�Â�Æ¶ÇxÂK��ü&Î(Ó�Ñ�Ä
Æ;Â�Ë®)�ÄpÐxÆ�ÎÏÄ�Ë®G�ÎÏÆ;ÉÊÔ�Ú�Ä�ËSá
< á.< áÖ�G�¸Í
É"Ä�ÎÏÔÓÐ~Ó�ÚW�°á õ Æ;Ô�ÎÏÄ�ÐxÐxÇôÚ�/ )�á���Æ;ÉÊÆ;é
é
ÇxÆ;Â�Æ:Ú�ò�þ�ò

õ Ò�Æ�ÉÊÛEÍ
Â�Â�ÄpÆ;ÖSÚ�ñ�áÖ/ <RÇxÌjÒ�Æ;Ö�ËSÚ.Ï�áSî
Á2	�	:ÚT± �T² Ú�ý2�
þ�Ú�	
ï�Á
õ Ò�Æ�ÉÊÛEÍ
Â�Â�ÄpÆ;ÖSÚ�ñ�áÖ/ <RÇxÌjÒ�Æ;Ö�ËSÚ.Ï�áSî
Á2Á�î
ÚT± �T² Ú�ý
þ;ï:Ú 1 Á;ý
õ Í
Â~ÎÊÇ&Ú�ñ�á.G�ácî
Á~þ;ï�Ú�³�±SÙY³¸ÚÖ	x��Ú�þ�	�î
õ Í
Â~ÎÊÇ&Ú�ñ�á.G�áÖ/Tö�Æ�ÉXÐ;Ä�ÉpÚÖ�¶áÖN�ácî
Á
þ;ý:ÚX± �T² Úcî
	 1 Útî
	~ó
õ Í
Â~ÎÊÇ&Ú�ñ�á.G�áÖ/×G�ÎÊÉÊÍ
ÅGÚÖG�á�û�ácî�Á 1 	:ÚT± �T² Úcîqó2��Ú:òx	
ý
õ Í
Ö:Ñ�É"ÓEÚ.< áÖ�°áU/Lö°Ö�ÉÓÐ�Ò�Æ;É"ÎpÚ õ ácî
Á2Áx��ÚX±c¶6±SÙ�Ú�Á~ó�Ú�ò:î
õ Í
Ö�ÎÏÄ<Æ�ÖSÚ�ñ�áÖ/ Ï�Ç4ÐxÇ&Ú#)�ácî
Á2Á;ò:ÚX±�¶6±OÙ�Úcî�ï 1 Ú�ý~þ
þ
õ Í9��ÐxÄ�ÓEÚ��¶á1Ú õ Í-��Ð4Ä�ÓEÚ õ á1Ú�q
Æ;ÔÊÌjÒ�Ä\Ð�Ú7< á1ÚÖ/gq
Æ�ÔÊÌjÒ�Ä\ÐEÚ õ ácî
Á 1 Á:ÚT± ² ÚEþnò�Ú�ý~þ
ó
õ ÉÊÆ9�»Ü/Í;ÉÊËSÚÖ�¶á�âØáSî�Á~þ
ó�ÚT± ² ÚÖ	
ï:Ú�Á
ó
ó
õ ÉÊÆ9�»Ü/Í;ÉÊËSÚÖ�¶á�âØáSî�Á~þ�	:ÚT± ² ÚÖ	
ý:Ú�ò2	
õ ÉÊÆ9�»Ü/Í;ÉÊËSÚÖ�¶á�âØáSî�Á~þ�Á:ÚT± ² ÚÖ	;ò�ÚSî�	~ó�	
õ ÉÊÆ9�»Ü/Í;ÉÊËSÚÖ�¶á�âØá�/Tö�Æ;ÉÊÂ:ÄpÔpÚ�q:áUB¶ácî
Á 1 Á�ÚX± ² ÚEþnò�Ú�ò~ï~þ
�×Æ<à�ÇxÔ�ÚÖ)�áXq:ácî
Á~þ
þ�ÚX± �T² ÚÖ��î<ý:ÚSî�ï~ó
�
Ä�Ö:ÎÏÔ"ÌjÒSÚÖ�¶á�q:ácî
Á�ò�þ�ÚT± �T² ÚSî�ï~ó�Ú���	
ý
�
Í;Å�Å�Æ;Â�é
Ä�Î<Ú½q:á�/ 3�Ó�ÔpÚ.,�átî
Á�Á~ó�Ú�ö¸Ö�ÐxÐ4Ä�ÎÏÇ4ÂWËSß�÷(Â:Ü/Í
É"ÅåÆ�ÎÊÇxÍ
ÂåË�Ö õ ÄpÂ~ÎÏÉ"Ä�Ë:ÄH�
Í
Â�Â�Ä�ÄpÔ�G�ÎÏÄ�ÐxÐxÆ;ÇxÉ"ÄpÔpÚò 1 Ú�ý

�;ï
ý
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Í;ÎÊÎÊÄpÉ�Ú��¶áÖ/ õ Ò�Æ;Û�Í�Ó;ÄpÉpÚEö
á.��ï
ï
ý:ÚT± �T² ÚEó�Á 1 Ú�âOî<ï:î
ûOË�à;Æ�ÉÊË�Ô"ÔÊÍ
ÂSÚEö
á1Ú��
Â:Ë�ÄpÉ"ÔÊÄpÂtÚ�q:á1Ú.Ï¡Ö�Ô"ÎÏÆ�Ü/ÔÊÔ"Í
ÂSÚ�ö
á1Ú�Ä�ÎÃÆ;Ðôátî
Á2Á;ý:ÚT±�¶6±�Ú.�
þ;ó�ÚSî�ï:î
ûOÉ"ÔÊÑ�Æ�Å�Ä�ÉpÚÖ�¶áÖ/×3�Í
É"ÎÊÒSÚ�ñ�á.�;ï
ïx��ÚX±c¶6±¡Ú�ý2	
ý:Ú��2�
þ
ûOÉ"ÔÊÑ�Æ�Å�Ä�ÉpÚÖ�¶áÖ/×3�Í
É"ÎÊÒSÚ�ñ�á.�;ï
ï
ý:ÚX±c¶6±¡Ú�ý2Á2	:Útî
îa��î
��Í;ÉÊËSÚU��á4Ú�q;Ä�ætÉ"ÇxÄ�ÔpÚÖ)�á��¶á1ÚW/ G�Å�Æ;ÐxÐ4Ä�ÓEÚ�ö
á��;ï
ïx��ÚX±c¶6±¡Ú�ý2Á:î
Ú��
ó;ý
��É"Ä�Ó�ÎjÆ�é�Ú�ö
á1Ú.G�ÎÏÄ�ætÄ�ÂSÚ.< á1ÚÖ/ �
Í
É"ÌjÒSÚEö
á.�;ï
ï2��Ú��ÃÔ"ÎÏÉ"Í
Â�Í
Å	ÇxÔ"ÌjÒ�Ä63
Æ;ÌjÒ:ÉÊÇxÌjÒ~ÎÊÄpÂSÚEýx�;ý�ÚÖ��î�ý
��É"ÇxÄ�Ð&Ú�û»áÖ�¶áÖ/ ö°Í�ÄpÔÊé
Æ
Æ;ÉÊËtÚ��¶áÖ< ácî�Á2Á
ï:ÚT± �T² Ú�ý~ó�î
Ú:òx	
ï
��É"ÇxÄ�Ð&Ú�û»áÖ�¶áÖ/ ö°Í�ÄpÔÊé
Æ
Æ;ÉÊËtÚ��¶áÖ< ácî�Á2Áx��ÚT± �T² Ú�ý2	~þ�Útîqþ;ï
��Ö:Ò�ÉpÚ¡q:áV)�á1Ú@<RÆ;É"ÎÊÇxÂSÚVÏ�áE�¶á1ÚD/ '#Ç4ÄpÔÊÄ�ÚV'Zá�âØáOî
Á2	2	:ÚE��ÎÊÍ
Å�Ç4Ì�ÎÏÉÏÆ�Â�ÔÊÇ1ÎÏÇxÍ;ÂíÑ:ÉÊÍ
Û�Æ�Û�ÇxÐ4Ç4ÎÏÇ4ÄpÔ�áS÷(ÉÊÍ
ÂÎÏÒ:ÉÊÍ
Ö�é;ÒF3�ÇxÌsÐ�ÄpÐ�ê:3�Ä��®}eÍ
ÉXÐF�7�
Å	ÄpÉ"ÇxÌ<Æ�Â�÷(Â�Ô"ÎÊÇ4ÎÏÖ�ÎÏÄ�Í;Ü¸ñØÒ~Ó�Ô"ÇxÌ�ÔWêC�
÷3ñeì×Æ;Â�Ë �
Å	ÄpÉ"ÇxÌ<Æ�Â õ Ò�Ä�üÅ	ÇxÌ<Æ�ÐõG�Í�ÌpÇ4Ä�Î(Ó
Úcî�Á2	2	~ì
Ï�Æ;É"ÌpÇxÆ�â¹Í;Ñ�Ä\8;ÚÖ)�á�q:á4Ú�)�ÄpÛEÍ
Ð4Í�Ú�)�á4Ú�9�ÄpÉ"ÉÊÄpÉ"Í�Ú��¶á1ÚÖ/Tö¸ÄpÌsÐ�ÅåÆ�ÂSÚ�q:á�û»ácî
Á2Á
ý:ÚX± �T² Ú�ò�îa��ÚSîqþ;ý
Ï�Æ;É"Ë�ÇxÂ:ÄpÉpÚU)�á�öÃá4ÚÖN¡Ö�ÑUÐnÆ:ÚÖ�¸á4Ú�/ G�Å�Æ;ÐxÐ4Ä�ÓEÚ�ö
ácî�Á2Á2Á:ÚT±�¶6±¡Ú�ý;ò�þ�Ú�	
þ 1
Ï�Ä�Û�ÉÏÆ;ÂtÚ.< áÖ/×<RÍ;Â�ÇxÄ�ÉpÚÖ)�áÖ�;ï
ï2	�ÚU�
É�Ü×Ç4àåÄ�ü Ñ�ÉÊÇ4Â�ÎÊÔpÚ�	;ïx�
Ï�Ä�Û�ÉÏÆ;ÂtÚ.< á4Ú.<GÍ
Â�ÇxÄ�ÉpÚ�)�á1ÚÖ/ )�ÇxÌjÒ�Æ;É"ËSÚÖ,�á.�;ï
ï�	:ÚX±�¶6±�Ú�ò~þ�Á:ÚSî
	�Á
Ï�Ç4Ë�Ë�ÇxÂ:é
ÔpÚTq:áU)�ácî
Á�	:î
Ú�ñØÒ��ZÎÏÒ�Ä�ÔÊÇ4ÔpÚcÚ�Á�Â�Ç4à;ÄpÉÊÔ"Ç4Î(Ó�Í;Ü³âcÍ
Â�Ë�Í;ÂSÚ¹ê�î�Á2	:îqì
Ï�Ç4é~Æ;ÔpÚU�¶ácî
Á2	2	�ÚX±�¶6±�Úcî
Á2��ÚÖ� 1 ò
Ï�Ç4ÐxÐxÄ�Î<Ú¤�¶á1Ú�ö°Ö�ÉÊÂ�Æ;é
Ä;ÚÖ)�á1ÚÖNÃÍ
Ò�Ð4ÄpÉ�Ú��¶á1Ú�Ä�ÎÃÆ;Ð&á�î
Á2Á;ò:ÚT±c¶6±SÙ�Úcî�ï2	�Útî
	:î
Ï�ÉÊÆ�ÓEÚ6�¶á6�°á6�;ï;ï~ó�ÚS¡»Ò�Äß,×Û�ÔÊÄ�É"à�Æ�ÎÏÇ4Í
Â Æ;Â�Ë �
Â�Æ;Ð1Ó�ÔÊÇxÔzÍ;Ü®G�ÎÏÄ�ÐxÐxÆ;ÉzñØÒ�Í;ÎÏÍ;ÔÊÑ�Ò�Ä�ÉÊÄ�Ô$êT¡»Ò:Äß,×Û�üÔÊÄ�É"à�Æ�ÎÊÇxÍ
Â Æ;Â�Ëæ�ÃÂ�Æ;Ð4Ó�Ô"ÇxÔGÍ;ÜKG�ÎÊÄpÐxÐxÆ;ÉGñØÒ�Í;ÎÏÍ;ÔÊÑ�Ò�Ä�ÉÊÄ�ÔpÚ×ý�ÉÊËQûØË�Ç1ÎÏÇxÍ;ÂSÚ»Û~Óæ�¶á��°á�Ï¡ÉÏÆ<Ó
áC÷�G:öz3ï~ó2��î
	~ó�î
	 121 á�Ò~ÎÊÎÏÑK� Ê2Ê �5�5��á�Ì<Æ;Å�Û:ÉÊÇxË:é
Ä;á�Í
ÉÊé Ê Ö�Ô Ê Ì<Æ�ÎÏÆ;ÐxÍ
é;Ö�Ä Ê ÌpÆ�ÎjÆ�ÐxÍ
é
Ö:Ä;á Æ;ÔÊÑµM<ÇxÔ"Û�Â ¥ ï~ó2��î
	~ó�î
	 121 á õ Æ;Å�üÛ�É"ÇxË�é
Ä�Ú�Á�N � õ Æ;Å�Û�É"ÇxË�é;Ä�ÁÃÂ�Ç1à
ÄpÉ"ÔÊÇ1Î(Ó�ñØÉÊÄpÔ"ÔpÚW�;ï
ï
ó�á ì
Ï�ÉÊÆ�ÓEÚÖ)�áÖ,�áÖ/×Ï�Æ;ÉÊÉ"ÇxÔ"Í
ÂSÚU)�áÖ�°áSî�Á2	2Á:ÚT± �T² Ù�Ú�þ;ï:Ú 1 �;ý
Ï�ÉÊÆ�ÓEÚÖ)�áÖ,�á4ÚÖ3ÃÆ;Ñ�Ç4ÄpÉpÚ�< á.Ïøá1Ú�/ '#ÇxÂUÐ�ÐxÄ�ÉpÚ�âØá�÷já.�;ï;ï:î
ÚX± ² Ú¹îa��î
ÚU��î<òx	
Ï�É"ÄpÄpÂ:Ô"ÎÏÄ�ÇxÂSÚ�q:á�âØácî
Á�òx	:ÚX± �T² Úcî�ï~þ�Útîqó�î
Ï�É"ÄpÄpÂ:Ô"ÎÏÄ�ÇxÂSÚ�q:á�âØácî
Á�òxÁ:ÚX± �T² Úcî�ï2Á:Útîa��î
Ï�É"Ä�à
Ä�ÔÊÔ"Ä;ÚW3�áÖ/×G�Æ;Ö:à�Æ;Ð&Ú��¶á�q:áSî
Á�Á2	:ÚÖG�Ñ�Æ;ÌpÄ(G�Ì�ÇxÄpÂ:ÌpÄ()�Ä�à�Ç4Ä���Ô�ÚÖ	~ó�ÚSî 1 î
Ï�É"Í
ÔÊÛEÍ
Ð&Ú:ñ�á�q:ácî
Á
þ�	:ÚT±�¶6±OÙ�Ú�ý2��Ú�ò~ï2Á
9
Æ;Ö�ÌsÐ�ÚEö
áÖ/ <RÄpÉ"Å�Ç4ÐxÐxÇ4Í�ËtÚ�<íácî
Á2	
ï:ÚY±c¶6±SÙ�Ú�ò~ï:Útî
�;ï;ò
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9ÃÆ;Ö�ÌsÐ�Ú�ö
áÖ/×<GÄpÉÊÅ	ÇxÐ4ÐxÇ4Í�ËSÚ¤< ácî�Á2Á2	:ÚT±�¶6±SÙ�ÚSîa��Á:Ú:ò~ý:î
9�Ä<Æ;Ì�Í�ä�ÚU'ZáÖ�¶ácî�Á~þ�Á:ÚT± �T² Ù�Ú�ò�î
Ú 1 þ
ó
9�ÇxÛ�ÛEÄpÉ�Î<ÚU��á4Ú�ö°Ç4ÄpÅ	Í
Â~Î<Ú:û�á1Ú.Ï¡Í�Ë�Ä�Ü/ÉÊÍ
Ç4ËSÚ�<íá4ÚÖ/ BeÆ;ÄpÌsÐ�Ú.3�ácî
Á�Á
ý:ÚT±�¶6±OÙ�ÚUÁ2Á:Úcîqþ�Á
9�ÇxÐxÐôÚUÏ�áÖ< ácî�Á2Á~ó�ÚY±c¶6±¡Ú.��Á;ò�Ú�ó;ý 1
9�ÇxÐxÐôÚUÏ�áÖ< áÖ/ â¹Æ;Â�Ë�Ô�ÎÏÉÊÄ�Ä�ÎpÚ�q:áU�¶ácî
Á2Á
ý�ÚT±c¶6±¡Ú.�
þ 1 ÚSî<òp�
9�Í
Ð¾�¸Äpé
Ä�ÉpÚ¢9�á�î
Á2Á2��ÚçÇxÂ\âcÄ�Ì�ÎÏÖ:ÉÊÄÀ3ÃÍ;ÎÊÄpÔøÇxÂ\ñØÒ~Ó�ÔÊÇ4ÌpÔpÚeö°Ä�ÉÊÐ4ÇxÂÌG�Ñ�É"ÇxÂ�é;ÄpÉ&BOÄpÉ"Ð�Æ;é:Ú
BOÍ
Ðôá³ò~ï:î;ÚD¡»Ò�Ä
��ÎÏÅ	Í
ÔÊÑ:Ò�ÄpÉ"ÄpÔ�Í;ÜçûOÆ;É"Ð4Ó~üv¡OÓ�Ñ�Ä(G�ÎÏÆ;ÉÊÔ�Ú�ÄpËSá�Á�áÖ9ÃÄ�Û�Ä�É�/ õ á.G�á�q;Ä�æ�ÄpÉ�ÓEÚEò2	

9�Í
Ð¾�¸Äpé
Ä�ÉpÚ�9�á4Ú.Ï¡Çxé
Æ;ÔpÚ��¶á4Ú./ G�ÎÏÄ�ætÄ�ÂSÚ.< ácî
Á2	 1 Æ:ÚT±�¶6±�Úcî�ó
ó�Ú�ó�	
9�Í
Ð¾�¸Äpé
Ä�ÉpÚ�9�á4Ú.G�ÎÏÄ�æ�ÄpÂtÚÎ<íá4ÚÖ/ Ï�Ç4é~Æ;ÔpÚ��¶ácî
Á2	 1 ÛSÚT±�¶6±�Úcî 1 ý:Ú�ý
ý;ý
9�Í
ÉÊÂ�Ä�ÚÖN�áSî
Á2	 1 Ú�³�±SÙY³°ÚUÁ2	:Ú 1 ï�Á
9�Ö�Û�Ä�Â~Ó�Ú�÷jáÖ/ â�Æ�ÂU8;Ú�¡¡ácî
Á�Áx�;Æ:ÚY±c¶6±¡Ú.� 1 ��Ú�ó;ï:î
9�Ö�Û�Ä�Â~Ó�Ú�÷jáÖ/ â�Æ�ÂU8;Ú�¡¡ácî
Á�Áx��ÛSÚ�Ç4Â�ö°Ö�Ð4ÐxÄ�ÎÊÇxÂªÍ;Ü�ÎÏÒ:Ä6�ÃÅ�Ä�ÉÊÇ4Ì<Æ;Â®�ÃÔ"ÎÏÉ"Í
Â�Í
Å	ÇxÌpÆ;ÐEG�Í�ÌpÇ4Ä�Î(Ó;ÚSî
îqó2�
9�Ö�Ç1ü(ö°Í
Â�üv9ÃÍ~Æ:Ú#�¶ácî�Á2Á2Á:ÚT±�¶6±¡Ú�ý;ò~ý:ÚÖ� 1 î
9�Ö�Ç1ü(ö°Í
Â�üv9ÃÍ~Æ:Ú#�¶áÖ/ �
Ð4ÄpÌpÇxÆ;ÂSÚÖÏ�áSî
Á�Á2	:ÚT±�¶6±�Ú�ý;ýx��ÚÖ�2�nò
9�Ö�Ç1ü(ö°Í
Â�üv9ÃÍ~Æ:Ú#�¶á1Ú�ö°Ö�ÉÓÐ�Ò�Æ;É"ÎpÚ õ á4ÚÖ/I�
ÐxÄ�ÌpÇxÆ;ÂSÚ�Ï�áSî
Á�Á~þ�ÚT±�¶6±�Ú�ý2�;ý:Ú�Á
ï�î
÷(é
Ð4ÄpÔ"Ç�Æ;Ô�Ú õ á��¶áÖ/ )�Í
é;ÄpÉÊÔ�Ú��°áTq:ácî�Á2Á 1 ÚT± �T² Ú�ò 1 ò�ÚUÁ;ò~ý
q;Ä�ætÉ"ÇxÄpÔ�Ú�)�áÖ�¶ácî
Á2Á2Á�Ú�·x¸µº/±OÙ�Ú�ý;ï;ò�Ú�	x��î
q;Í
Ò:Â�ÔÊÍ
ÂtÚÖ9�á�âØá�/×N¡Â�Ö�ÌsÐ�ÐxÄ�ÔpÚ õ áÖ�°áSî
Á
ó
ó�ÚT± �T² ÚSîa�2��Ú��;ï2Á
Nt¿;Ò�Ð4ÄpÉ�ÚU9�ácî�Á2Á2Á:ÚT±�¶6±¡Ú�ý;ò 1 Ú 1 þ
N¡Ò�Æ;ÂtÚÖG�á��¶áÖ/ G�Ò�Ö�Ð4Ó
Æ�Ð�Ú.�¶áUB�áÖ��ï
ï~þ�ÚT±�¶6±¡Ú�ò 1 Á:ÚSî<ï2	
ý
N�Í�ÌjÒ�ÖUÐ�Ò�Í�àEÚõ,�á1ÚÎ��ÉÊÄ�Ó�ÎjÆ;é�Ú�ö
á1ÚtñØÇ4ÔXÐ�Ö�Â�Í�àEÚ73�á4ÚW/ØG�ÎÏÄ�ætÄ�ÂSÚõ<íá7�;ï;ï~þ�Ú�ÇxÂR÷v��Á×G�Ó�Å	Ñ�Í
Ô"ÇxÖ�ÅGÚUBOÍ
Ðôá
�;ý2Á:Ú:÷v��ÁIG�Ó�Å	ÑEÍ
ÔÊÇ4Ö�ÅRÚ�ÄpËSá.�°áUN�Ö:ÑUÐnÆ:Ú�÷jáÖ)�Í�ä�Û�Ö:ÉÊé
ÒSÚÖ/ Nøá õ Ò�Æ;ÂSÚ 1 	9À:þ;ï

N�Í�ÌjÒ�ÖUÐ�Ò�Í�àEÚW,�áÖ/I)�Ó
Æ;ÛEÌjÒ�Ç�Ð�Íqà�Æ:Ú�¡¡áW�;ï;ï:î
ÚX±�¶6±¡Ú�ý~þ�ò�Ú 1 îqó
N�Í�ÌjÒ�ÖUÐ�Ò�Í�àEÚp,�á4Ú�¡�Ô"Ó�Å�Û�Æ;ÐôÚQB¶á4ÚQ)�Ó
Æ;ÛEÌjÒ�Ç�Ð�Íqà�Æ:ÚQ¡¡á4Ú2<vÆ�ÐnÆ;é~Æ�Â�Ó#Ð�ÚQB¶á4Ú�/#ö�Æ;é
Â�Ö�Ð4Í�Ú2GEá2�;ï;ï 1 Ú¢±c¶6±¡Úò 1 ï:ÚU	
ý:î
N�Í
Ô"Î(Ó#Ð�Ú.)�á�÷jáÖ/ ,×ÉÊÐxÍ�à�Æ:ÚU¡¡áUB¶áSî
Á2	;ý:ÚU�
Ô�ÎÏÉ"Í
Å�Ä�ÎÏÉ"ÇxÇ�Æ�Çõ�
Ô"ÎÊÉÊÍ;ÿU8pÇ�ÐnÆ:Ú:òxÁ:Ú�ý2Á
N¡Ö�ÑUÐnÆ:ÚS�°á�î
Á2Á 1 Ú
ÇxÂ �ÃÔ"ÎÏÉ"Í
Â�Í
Å	ÇxÌpÆ;Ð5G�Í�Ì�ÇxÄ�Î(Ó[Í;Ü�ÎÊÒ�Äùñ³Æ;Ì�Ç4ÿ�Ì õ Í
Â�Ü/ÄpÉÊÄ�Â�ÌpÄ G�Ä�ÉÊÇxÄ�ÔpÚSBOÍ
Ðôá�î�ï2	�Ú
< á �¶áòG�áÞGEá4ÚE<GÍ�Ë�Ä�Ð
��ÎÊÅ�Í;ÔÊÑ�Ò�Ä�ÉÊÄ�Ô¡Æ;Â�Ë G�ÑEÄpÌ�ÎÏÉ"Ö�Å=G�Ó�Â~ÎÊÒ�ÄpÔ"ÇxÔpÚtÄpËSáÎG�áaq:á.�»Ë�Ä�ÐxÅ�Æ;ÂSÚ.�°áWN�Ö:ÑUÐnÆ:Ú
/I'Zá�'ZáU' ÄpÇ4ÔÊÔpÚEþ�ý

�;ï~ó
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N�Ö:É"Î_8�ÚÖ�¶áU'Zácî
Á~þQ	:ÚT± �T² Ú.����î
Ú�	 1 Á
N�Ö:É"Î_8�ÚÖ�¶áU'Zácî
Á2	2��Ú�·¹¸Gº/±SÙ�Ú.�;ï
ï:Ú�	;ï~þ
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Í
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Ô"ÇxÖ�ÅGÚUBOÍ
Ð&ácîpòxÁ:ÚÖ¡»Ò�Ä5G�ÎÏÄpÐ4Ð�Æ;É�ñ�Í
Ñ�Ö�ÐxÆ�ÎÏÇ4Í
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ó
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é�Ú 1 ï
ý2Á:Ú�ï
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ÉÊÇ4Ä¡Ë�ÄpÐ4Ð�ÆYG�Í�ÌpÇ4Ä�ÎÏÆY�ÃÔ"ÎÊÉÊÍ
Â�Í;Å�Ç4Ì<Æ�÷ ÎjÆ�ÐxÇ�Æ�Â�Æ5G�Ö�Ñ:Ñ�ÐxÄ�Å�Ä�Â�ÎpÚÖ	:ÚSî<ò
N�Ö:ÉÊÖ�Ì\8;ÚJ)�áçâØá@/è��à�É"Ä�ÎÊÎpÚØû»á¢9�á°î
Á2	:î
ÚDG�Í
ÐxÆ;É5G�Ñ�Ä�Ì�ÎÏÉ"Ö�Å G�Ó�Â~ÎÊÒ�ÄpÔ"ÇxÔ�ü�ñ³Æ�É"Î�,×Â�Ä�ü�Æ G�Æ;Å�Ñ:ÐxÄ
��ÎÏÐxÆ;Ô�Ü/ÉÊÍ;Å �2��ònü�3S< ÎÊÍ�ý;ï
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â�Æ�Â�Ë�Ô"ÎÊÉÊÄ�Ä�Î<Ú�q:áÖ�¶ácî�Á2Á2	:ÚY±c¶6±¡ÚEý
ý2	:Ú�î�ï;ò�î
â�Æ�Â�Ë�Ô"ÎÊÉÊÄ�Ä�Î<Ú�q:á��¶á1Ú�ö�Æ;ÉÓÐ;ÄpÉ�Ú�ñ�á�N�á4Ú:ö°Í
Ò�Ð4ÄpÂ�Ë�Ä�ÉpÚ���á��¶á1Ú�/ªq;Ä���Ç4ÔÊÍ
ÂSÚU< áÖG�á�î
Á2	2Á�ÚX± �T² Ú:ý;ò
ò�Ú�	~þ 1
â�ÆnÎÏÍ
Ö�É�Ú�q:á4Ú�¡�Í�Í
Å	ÉÊÄ;ÚXq:á4ÚÖ/ ?SÆ;Ò�ÂSÚ�q:á-ü3ñ�áSî
Á2	:î;ÚT± �T² Ú.��ò2	:ÚSî�ï2	�î
â¹Äpö°Ð�Æ�Â�Ì;ÚÖ�°áU/I�
Ð4ÄpÌ�Ç�Æ;ÂSÚ�ÏøáÖ��ï
ï~þ�ÚU�ÃÉÓÜ
Ç4àWÄ�ü(Ñ�É"ÇxÂ~ÎÏÔ�Ú�þ�î
î
â¹Ä�Å�Ð�Ä;ÚW< ácî
Á�	2Á:ÚX±�¶6±¡Ú.�2�
ó�ÚSî
�
ó
â¹Ä�Å�Ð�Ä;ÚW< ácî
Á�Á
ï:ÚX±�¶6±¡Ú.��ò~ï:Ú�ý;ý:î
â¹Ä�Ô"ÎÊÄpÉpÚ�q:á�ö
á1ÚÖÏ¡ÉÏÆ<ÓEÚÖ)�á�,�á1ÚÖ/ N¡Ö�É"Ö�Ì!8�Ú.)�á�âØácî
Á�	 1 ÚX± �T² Ù�Ú 1 î
Ú�ó�ï2Á
â¹Ä�Ô"ÎÊÄpÉpÚ�q:á�ö
á1Ú�â¹Æ;Â�Ä�Ú.< á õ á1ÚÖ/×N¡Ö�ÉÊÖ�Ì\8;ÚÖ)�á�âØáSî
Á2	x��ÚT± �T² Ú.� 1 ï:ÚÖ�
þ2�
â¹Ç4ÖSÚV}�á ü�}�á1Ú.<RÇxÌjÒ�Ä�Ð&Ú�û»á1ÚÖ9ÃÄ�ÉÊÂ�Æ;Â:Ë�Ä!8�ÚÎ<íá.< á4Ú�Ä�ÎÃÆ;Ð&á�î
Á2Á2Á:Ú��»Ì�ÎjÆY�
Ô�ÎÏÉ"Í
Ñ�Ò~Ó�ÔÊÇxÌpÆÆG�ÇxÂ�Ç4Ì<Æ:ÚSî�Á:ÚÖ�;ï:î
<vÆ;é~Æ�8\8pÖSÚÖ��á�/ õ Í9��ÐxÄ�Ó�Ú õ áÖ)�áSî
Á�	 1 ÚT± �T² Ú�ý
ï2	:ÚÖ�;ó�ò
<vÆ;Ö�É�Ó�ÚÖ��á õ áÖ/LñØÇxÌsÐ�ÄpÉÊÇ4Â�é�Ú�û»á õ ácî
	2Á
þ�Ú��ÃÂ�Â�Æ;Ð4Ô�Í�Ü@9ÃÆ;É"à�Æ;É"Ë õ Í;ÐxÐxÄ�é
ÄH,×Û�Ô"ÄpÉ"à�Æ�ÎÊÍ
É"Ó;Ú.��	:Úcî
<RÄpÂ�Ë:Í28<ÆYB�á1Ú�û�á�û»ácî
Á
ó 1 ÚX± �T² Úcîa�;ý:Ú�ó�ò
<RÄpÉ"Å�Ç4ÐxÐxÇ4Í�ËtÚ½q:á-ü õ á1ÚÖ)�Í
Ô"à�ÇxÌsÐ�Ú�q:á.< á1ÚÖ�
Ö�Õ�Ö�Ä�Â�Â�Í�ÓEÚW��á4ÚÖ/ <vÆ<Ó
Í
É�ÚW< ácî
Á2Áx��ÚX±�¶6±�Ú.� 1 ó�Ú�ó�î�ý
<RÄ�Ó�Â�Ä�Î<ÚÎÏøá1ÚÖ<RÄ�ÉÊÅ	ÇxÐxÐ4ÇxÍ�ËSÚ[q:á-ü õ á1ÚÖ/ <vÆ;Ä�Ë�ÄpÉ�Ú��¶ácî
Á2Á;ý:ÚT±�¶6±OÙ�Ú�Á�	:Ú�ò�þ
þ
<RÇxÌjÒ�Æ�Ö�ËSÚ.Ï�ácî
Á~þ;ï:ÚY± �T² Úcî 1 ï:Ú 1 ò�î
<RÇxÌjÒ�Æ�Ö�ËSÚ¤Ïøá#��ï
ï;ò�Ú
Ç4Â�÷v��Á G�Ó�Å	Ñ�Í
Ô"ÇxÖ�ÅGÚ�BOÍ
Ðôáp�2��ò:Ú2¡»Ò�Ä���ü�G�ÎÏÆ;ÉOñØÖU8!8�ÐxÄ�Ú�Ä�ËSáVq:á¤?�à
ÄpÉÓÐ;Í�ÚVq:á#?tÇ 8�üÂ�Í�à�ÔXÐ~Ó
ÚÎG�áTq:á��»Ë:ÄpÐxÅ�Æ;ÂSÚU/ 'ZáU'ZáU' ÄpÇxÔ"ÔpÚcîqþ�ý-ÀEî
	
ý
<RÇxÌjÒ�Æ�Ö�ËSÚ.Ï�áÖ/ õ Ò�Æ;É"Ð�Æ;Â:ËSÚV}�ácî�Á2	 1 ÚY± �T² Ú�ý:î
î;Ú�ýx� 1
<RÇxÌjÒ�Æ�Ö�ËSÚ.Ï�á4Ú õ Ò�Æ�ÉÊÐ�Æ�Â�ËSÚV}�á4ÚUBeÆ;Ö:ÌpÐ�Æ�ÇxÉpÚ�G�á1ÚÖ/IBeÆ;Ö�Ì�Ð�Æ;Ç4ÉpÚ�Ïøátî
Á~þ 1 ÚX± �T² Ú.��î�ï�Ú�ò
ò�þ
�;ï 1
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<RÇ4ÌjÒ�Æ;Ö�ËtÚ.Ïøá1ÚU¡�Æ;ÉÏÆ;Ô"ÇxÌsÐ�ÚÖ�¶á1Ú õ Ò�Æ;É"Ð�Æ;Â�ËtÚV}�á1ÚÖ/Tñ�ÄpÐxÐ4Ä�ÎÊÇxÄpÉ�Ú õ ácî
Á2	;ý:ÚX± �T² Ú.� 1 Á:ÚÖ��ý2Á
<RÇ4ÐxÄ�ÔpÚ�ö
á�< áÖ/I'#ÇxÄ�ÔÊÄ�ÚU'Zá�âØácî
Á 1 Á:Ú���ÎÏÍ
Å	ÇxÌO�
Æ�ÎjÆ:ÚUBOÍ;Ð&átî;Ú�ÑSá1î
Úcî
ÚSî
<RÍ;Â�ÇxÄ�ÉpÚ�)�áÖ�;ï
ï
ó�ÚT±�¶6±�Ú�ò
òx��Ú�ó 1 ý
<RÍ;Â�ÇxÄ�ÉpÚ
)�á
/Õ)�ÇxÌjÒ�Æ;ÉÊËSÚD,�á@��ï
ï;ò�Ú�ÇxÂ�÷v��ÁÑG�Ó�Å�ÑEÍ
ÔÊÇ4Ö�ÅGÚ�Ä�ËSá@q:á@?�à
Ä�ÉXÐ;Í:ÚZq:á@?tÇ 8pÂ�Í�à�ÔXÐ~ÓEÚJG�áAq:á
�»Ë�ÄpÐ4ÅåÆ�ÂSÚ�/ 'ZáU'ZáU' ÄpÇ4ÔÊÔ�Ú.�;ï2Á-À���î<ò

<RÍ;Â�ÎÊÅ�Ä�ÉÊÐ4Ä;ÚU¡¡áÖ/ <RÇxÌjÒ�Æ�Ö�ËSÚ.Ï�áSî
Á~þ 1 ÚT± �T² Ù�Ú�ý:î;Ú�òx	2Á
<RÍ�Í
ÂSÚ�¡¡á�¡¡áÖ/ �G�¸Í
ÉÊÄ�ÎÏÔÓÐ�ÓEÚ7< á.< ácî
Á2	
ó�Ú�·¹¸Gº/±SÙ�ÚW��îqþ�Ú�ý;ï~ó
<RÖ:ÉÊÑ�Ò~ÓEÚ.)�á�û»ácî
Á 1 Á:ÚT± ² ÚEþ�ò�ÚSî�ï�	x�
3ÃÆ;Ñ�Ç¾�¸Í;ÎX8!Ð�Ç&Ú�)�á1ÚÖG�ÌjÒ�Í�ÄpÂ�ÛEÄpÉÊÂ:ÄpÉpÚW�¶á1ÚÖ/ ' ÄpÂ�ÔÓÐ;Ä�Ú.B¶ácî
Á2Á
ý:ÚY±c¶6±¡Ú.� 1 	�Ú 1 ó;ý
3�ÇxÌpÍ;ÐxÄ�ÎpÚ�ö
ácî�Á2	:î
ÚY±c¶6±¡Úcî�ï;ò�Útî
	~ó
3�ÇxÔÊÔ"ÄpÂSÚ�ñ�á�û»ácî
Á2	:î
ÚY±c¶6±¡ÚÖÁ~þ�Úcîpò�ó
3�ÇxÔÊÔ"ÄpÂSÚ�ñ�á�û»áÖ/TûØË:à�Æ;ÉÊË:ÔÊÔÊÍ;ÂSÚEö
ácî
Á2Áx��ÚX±�¶6±�Ú.� 1 î
ÚÖ�
ó
ó
3�Í
É"ÎÊÒSÚçñ�á°î
Á2Á;ý:Ú�Ç4Â �
Ô�ÎÏÉ"Í
Â�Í
Å	ÇxÌpÆ;ÐzG�Í�Ì�ÇxÄ�Î(Ó Í;Ü�ÎÏÒ:Äªñ³Æ;Ì�Ç4ÿ�Ì õ Í;Â:Ü/ÄpÉ"ÄpÂ�Ì�ÄÀG�ÄpÉ"ÇxÄpÔ�ÚDBOÍ
Ðôá�ò
ò:Ú�÷v��Áõ Í
ÐxÐ4Í�Õ�á�î�ý2	ß�»ñ�ÄpÌ�Ö�ÐxÇxÆ;Éåà
Ä�ÉÊÔ"Ö�ÔÂ3�Í
ÉÊÅ�Æ;Ð
ñOÒ:ÄpÂ�Í
Å	ÄpÂ�Æ\Ç4Â ��ü&Î(Ó�ÑEÄzÆ;Â�Ë )�ÄpÐxÆ�ÎÏÄ�Ë G�ÎjÆ;É"ÔpÚ»Ä�ËSá
< á.< áÖ�G�¸Í
É"Ä�ÎÏÔÓÐ~Ó�ÚW�°á õ Æ;Ô�ÎÏÄ�ÐxÐxÇôÚ�/ )�á���Æ;ÉÊÆ;é
é
ÇxÆ;Â�Æ:Ú:ó
þ
þ

,×ÐxÔ"ÄpÂSÚ�û�áÖ9�ácî
Á2	;ò:ÚT±c¶6±SÙ�Ú�ó
þ�Ú�ò
ò~ý
ñ�Æ;Ö�ÂU8�ÄpÂSÚEû»á4ÚÖN�Æ;Å	ÑSÚ�÷já1Ú�÷(Ð4ÇxÄ�àEÚ�÷jáÖN�á1Ú�Ä�Î�Æ;ÐôáSî
Á2Á�Á:ÚX±�¶6±�ÚEý;ò~ó�Ú�ó�Á
þ
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ï 1 ÛtÚT±c¶6±¡Ú�ò�ó�	�ÚÖ��Á
ý
ñ�ÄpÉÊÌ�Ç4à�Æ;ÐôÚÖG�áÖ< á1Ú.G:Æ;ÐxÆ;ÉÊÇ4ÔpÚU< á4ÚÖ/×Ï�É"Í�Ä�Â�Ä��¸Äpé
Ä�ÂSÚ.< á���á�¡¡á.�;ï
ï~ó�ÚX±c¶6±¡Ú�òp��Á:ÚU	2	~þ
ñ�ÄpÉÊÉ�Ó�ÅåÆ;ÂtÚÎ<íáW��á õ á�î
Á2Á
þ�Ú�ÇxÂvû�G#� G�ÑEÄpÌ�Ç�Æ;Ð�ñØÖ�Û�Ð4ÇxÌ<ÆnÎÏÇxÍ;ÂSÚ�BOÍ
Ðôá�ò~ïx��ÚÖ9�ÇxÑ�Ñ�Æ�ÉÊÌpÍ;Ô�ü�BOÄpÂ�Ç4ÌpÄ	ßòÁ
þ�Úî�À�ò
ñØÇxÌsÐ�ÄpÉ"ÇxÂ�é�ÚXq:á õ á4Ú�¡»Ò�Í;ÉÊÂ�Ä�Ú.��á�ñ�á1ÚÖ/Lñ�ÄpÉÊÄ\8;Ú.)�áÖ�;ï
ïx��ÚT± �T² Ù�Úcî�ý�	:ÚÖ��ò�þ
ñØÇxÐxÆ;ÌjÒ�Í9��ÔXÐ�ÇôÚ õ á��¶á1Ú�ö°Í�Í;ÎÏÒSÚXq:á4ÚÖ/I9ÃÍ
Û�Û:ÔpÚ�âØá.< ácî
Á2	
þ�Ú�³�±SÙY³¸ÚÖÁ2Á:ÚSî
��	2	
ñØÇxÔÓÐ�Ö�Â�Í�àEÚ@3�á�û»á1Ú@N¡Ö�ÑUÐnÆ:ÚV�°á1ÚD)»Ó~Æ�Û�ÌjÒ�Ç Ð;Í�à�Æ:ÚV¡¡á
��á4ÚE'¿Ä�ÇxÔ"ÔpÚE'ZáV'Zá1ÚD/Áq;Ä�ætÄ�É"ÓEÚ õ áDG�áeî
Á2Á~ó�Ú
±c¶6±SÙ�Úcî
îa��Ú�ó2�
ó

ñØÉÊÄ�Ô"ÎÊÍ
ÂSÚ.Ï�á�'Zácî
Á~þ�ò:ÚT±�º/±�¶6±�Úcî
��ÚÖ�
ó
þ
ñØÉX8�Ó�Û�ÇxÐ4Ð�Æ:Ú�3�á1Ú�ö°Ö:ÎÊÐxÄpÉ�ÚÖN�á4Ú�ö¸ÄpÌsÐ;Ä�ÉpÚÎG�á�)�á4ÚÖ/IN¡Ö�Ë�ÉÊÇ1Î_8\Ð�ÇôÚ�)�á�ñ�á.�;ï;ï:î�Æ:ÚT±�¶6±¡Ú�ý 1 Á:ÚSî<ï
ï2Á

�;ï~þ
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ñOÉÓ8�Ó�Û�Ç4ÐxÐ�Æ�Ú¤3�á4Ú:ö°Ö:ÎÊÐxÄpÉ�Ú�N�á1Ú:ö¸ÄpÌsÐ;Ä�ÉpÚ.G�á¤)�á4Ú�N�Ö:Ë�ÉÊÇ1Î_8!Ð�ÇôÚ¤)�á�ñ�á1ÚU/æBOÄpÂ�ÂtÚUN�á���áU�;ï;ï
ï:Ú½±c¶6±¡Ú�ý~óQÁ:Úî�ï2	
ó
ñOÉÓ8�Ó�Û�Ç4ÐxÐ�Æ�ÚU3�á1Ú�ö°Ö:ÎÊÐxÄ�ÉpÚ�N�á1ÚÖ/ N¡Ö�Ë�É"Ç4Î_8\Ð�Ç&Ú�)�á�ñ�á.��ï
ï:î<ÛSÚX±c¶6±¡Ú�ý~þ�Á:ÚUÁ
ý 1
�¡Ö:ÄpÐxÍ�8;ÚÖ�¶á1Ú��
Ð4Ð�Æ;Ç4ÂSÚUGEá4Ú.<RÄ�ÉÊÅ	ÇxÐ4ÐxÇxÍ�ËSÚ[q:á-ü õ á1Ú�ö°Í
Ö:à�Ç4ÄpÉpÚXq:á4ÚÖ/ <RÆ�Ó;Í
ÉpÚ.<íácî
Á2Á2	:ÚX±c¶6±¡Ú�ý
ý~ó�Útî
	
ý
)ÃÆ;ÛEÍ
Ö�ËtÚÖ�¶áÖ/×<RÄ�ÉÊÅ	ÇxÐ4ÐxÇxÍ�ËSÚVq:á-ü õ áSî
Á�Á2	:ÚT±�¶6±�Ú�ý2��Á:ÚSî�ï�î
)�Ä�Ð4Ó
ÄpÆ:Ú�âØá�q:á�/×N¡Ö�É"Ö�Ì!8�ÚÖ)�á�âØácî
Á
þ�	:ÚT± �T² Ù�Ú�ý~þ�Ú�ò�ó
)�Ä�Â�ÔÊÍ
ÂtÚ�ñ�ácî
Á2Á
ï�Ú�ö°Ö�Ð4ÐxÄ�ÎÏÇxÂªËtß ÷(Â:Ü/Í;ÉÊÅ�Æ�ÎÏÇ4Í
ÂWË�Ö õ ÄpÂ~ÎÏÉ"Ä�Ë:Ä(�ÃÍ
Â�Â�Ä�ÄpÔOG�ÎÏÄpÐ4Ð�Æ;Ç4ÉÊÄ�ÔpÚ�ý2	:ÚSîqó�î
)�Ä�Â�ÎX8pÔ"ÌjÒ�ü�9�Í
ÐxÅGÚ�÷jácî
Á2Á 1 ÚX±�¶6±�Ú�ý:î
��Ú�Á 121
)�Ä�Â�ÎX8pÔ"ÌjÒ�ü�9�Í
ÐxÅGÚ�÷jácî
Á2Á~þ�ÚX±�¶6±�Ú�ý:î�þ�ÚSîqþ�	
)�Ç4ÌjÒ�Æ;ÉÊËtÚ.,�á1ÚÖ<RÇ4ÌjÒ�Æ;Ö�ËtÚ.Ïøá1Ú�/×)�ÇxÌjÒ�Ä�ÉpÚTq:á.��ï
ï:î
ÚT± �T² ÚEó
ó�	:Ú:ý~þ
þ
)�Ç4ÌjÒ�ÄpÉ�Ú�q:á4Ú.<RÇ4ÌjÒ�Æ;Ö�ËtÚ.Ïøá1Ú�)�Í
é
ÄpÉ"ÔpÚÖ�°á1Ú�Ä�Î
Æ�Ð&átî�Á2Á2	:ÚT± �T² Ú�òxÁx��ÚU	
ý
ý
)�Ç4ÌjÒ�ÄpÉ�Ú�q:á4Ú.<RÇ4ÌjÒ�Æ;Ö�ËtÚ.Ïøá1Ú�/I¡�Ö�É"ÌpÍ;Î"ÎÏÄ;ÚWG�á��;ï
ï
ï:ÚX± �T² ÚEó2��Á�Ú�ý
ý2	
)�Í�Ë�ÉÊÇ4é
Ö�Ä\8;Ú�û»á4Ú�âcÍ
Ñ�Ä\8åË�Ä õ Í�ÌpÆ:Ú�ñ�á1ÚD)�Í
ÐxÐxÆ;Â�ËSÚÎ�¶á1Ú@Ï�Æ;ÉÊÉ"ÇxË�Í:ÚE)�á1ÚD/ õ Í;Ô"ÎjÆ�ÚVB¶á¸î
Á�Á;ò�ÚF±c¶6±SÙ�Úî�ï 1 ÚÖ��î
)�Í�Ó
Ä�ÉpÚ.�°á1ÚÖÏ¡ÉÊÄpÂ:ÇxÄpÉ�ÚÖG�á1Ú�ö�Æ<Ó�Ð�Æ;Ì�ÚÖ< á-ü�,�á4Ú.Ï�Â
Å	Ä!8�ÚU�¶á�û»á1ÚÖ/×?tÍ
É"ÄpÌ;Ú�q:á��;ï
ïx��ÚX±c¶6±¡Ú�ý2Á
ý:ÚU	2Á~þ
)�Ó
Æ;Û�ÌjÒ:Ç�Ð;Í�à�Æ:ÚL¡¡ág�¶á¡î�Á2Á:î
Ú�Ç4Â#÷v��ÁµG�Ó�Å	ÑSá¡î<ò~ó ��ûçà;Í
ÐxÖ:ÎÊÇxÍ
Â$Í�ÜYG�ÎÏÆ;ÉÊÔ �°ÎÊÒ�ÄíñOÒ:Í;ÎÏÍ
Ô"Ñ�Ò�Ä�ÉÊÇxÌ
�
Û:Ö�Â�Ë�Æ;Â:ÌpÄ õ Í
Â�Â�Ä�Ì�ÎÏÇ4Í
ÂSÚ�Ä�ËSá.Ïøá�<RÇxÌjÒ�Æ�Ö�ËÂ/ �¶áUB¶á�¡�Ö:ÎÊÖUÐ;Í�àEÚ¹î<òxÁ

G:Æ<à;Æ�Â�Í�à�Ú�÷já.G�átî
Á2Á 1 Ú��
Ô"ÎÊÉÊÍ
Â:Í
Å¶ÓÍ)�ÄpÑEÍ
É"ÎÊÔpÚ�ò
ï:Úcî
Á 1
G:Ænä�Â�ÄpÉ�ÚW< áÖ/ 9ÃÆ;Å�Å�Æ;É"Û�Æ;ÌsÐ�ÚÖÏ�áSî
Á2	~ó�ÚT±c¶6±¡Úcîqó�î;Ú�ý~þ2�
G�ÌjÒ�Æ�ÎX8pÅ�Æ;ÂSÚ�û»ácî
Á 1 Á�ÚT±c¶6±¡Ú�ý:Ú�ý;ý:î
G�ÌjÒ�Å	ÇxË:ÎpÚ�û�á�Ïøácî
Á
þ�Á:ÚX± ² ÚÖ	;ò�Úcîqþ�ý2Á
G�ÌjÒ�ÉÏÆ�Å�ÅGÚ��¶áÖ3�á4Ú.G�ÎÊÄpÇ4é
ÅåÆ�ÂSÚ�Ï�á4ÚU/×�
Ä<Æ�ÉÊÛEÍ
ÉÊÂSÚÖ��á.G�á�ñ�áSî�Á2Á
ï:ÚT± �T² Ú�ý~ó�Á:Ú�â�ó;ó
G�ÌjÒ~�°Ä�Ç4Î_8�ÄpÉ�Ú@�¶áOî
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÷3ûï~ó Ê ï:î Ê ï�ò �;ý 1 ý:î �O��B þ�á ý
ï ï;ýøò~þK�nò�á òx� ×H�;ý	ó�ò�ó2��á�Á
ï ý 1 ï
ï îa� 1ï~ó Ê ï:î Ê ï�ò �2� 1 îqó �ÃÅ 1 áðó;ï ï;ý	ý�Á	ï;ï:áðï 1 ×H�;ï	ó�ò�ó 1 áðþ
ó ý 1 ï
ï �;ïx�ï 12Ê ï:î Ê ï�ò �;ý;ýx�
ó �ÃÅ 	:áðó
þ ï;ýøò~óøï 1 á ónò ×H��ò�îqó�òx	:á 1 þ ý 1 ï
ï î�ï
ýï 12Ê ï:î Ê ï�ò �;ý 1 ï~þ �¡þ�B 	:áò� 1 ï;ýøò~þªî�Á:áðý 1 ×H��ò	ï2	K�;ï:á 1 ý ò�ó;ï
ï îa��Áï 12Ê ï:î Ê ï�ò �;ý
þ 1 ý �¶î!B 1 á�Á 1 ï;ýøò2		ý;ï:áðï�Á ×H��ò��;ï�ò~ý:á�	2Á ý 1 ï
ï ��Á;òï 12Ê ï:î Ê ï�ò �;ý�Á;òx	 �
ï þ�áðó�ò ï;ýøò2Á�ó 1 á óQÁ ×H��ò��;ï	ó 1 á ý2Á ý 1 ï
ï î
îqþï 12Ê ï:î Ê ï�ò �;ý�Á;òx	 �
ï þ�áðó�ò ï;ýøò2Á�ó 1 á óQÁ ×H��ò��;ï	ó 1 á ý2Á ý 1 ï
ï î 1 ïï~þ Ê ï:î Ê ï�ò �;ý�îqó
þ �¡ó�B þ�á�Á~ó ï;ýøò
ýøò:î
á ó�ý ×H�;ýøý2		ó 1 á�Á;ò ý 1 ï
ï î�ï~óï~þ Ê ï:î Ê ï�ò �;ý�îqó 1 �¡þ�B 	:áò�2� ï;ýøò
ýøò
ý:áÞ�;ó ×H��ò��2�Y��	:á�òxÁ ò�ó;ï
ï î
î 1ï~þ Ê ï:î Ê ï�ò �;ý�Áx��ò �¡þ�B 	:á1î�ý ï;ýøò2Áøò
ï:áòÁ2� ×H�;ýK�;ïK��Á:á 1 þ ò�ó;ï
ï î�ý~þî�ï Ê ï:î Ê ï�ò �;ý;ý~þ
ó �SÁQB 	:áðó�	 ï;ýøò~óøý�ò�á ò~ó ×H��ò��
þ�òx	:á ý
ï òp�;ý
ï 	;òî
î Ê ï:î Ê ï�ò �;ý;ý~þ
ó �SÁQB 	:áðó�	 ï;ýøò~óøý�ò�á ò~ó ×H��ò��
þ�òx	:á ý
ï 1 ï
ï
ï 	:î
GU,¡ñJ9Ã÷3ûý
ï Ê î
î Ê ï 1 �;ý;ý~þ
ó �SÁQB 	:áðó�	 ï;ýøò~óøý�ò�á ò~ó ×H��ò��
þ�òx	:á ý
ï ò�ó;ï
ï Á
ýý
ï Ê î
î Ê ï 1 �;ý 1 ��Á �×ïQB 1 áò��	 ï;ýøò~þK��î
áðï�ò ×H��ò	ï 1 ó�	:áðó�	 Á
ï
ï îqó
þý
ï Ê î
î Ê ï 1 �;ý;ý~ó�î �çýQB Á:á ï
ý ï;ýøò~óK��ï:áò	 1 ×H��ò�ó
óWî
Á:á�ò 1 1 ý
ï
ï �;ï~þï:î Ê îa� Ê ï 1 �;ý 1 ýx� �¶î!B þ�á ïx� ï;ýøò~þK��ï:áòÁ
þ ×H�;ý�òx	ªîa��á ï~ó ��ò~ï
ï ýx�2�ï:î Ê îa� Ê ï 1 �;ý 1 ï2Á �@	�÷ãB 1 á�Á2Á ï;ýøò~þªî�þ�á4îpò ×H�;ý�ò~ýøý 1 á ý
ï ��ò~ï
ï ý;ò~ýï:î Ê îa� Ê ï 1 �;ý2��ò�þ �çýQB Á:á ï 1 ï;ýøò;òÆ��ý:á ónò ×H��ò	ï~þøó
þ�áðó�Á ò�ó;ï
ï �;ï:îï:î Ê îa� Ê ï 1 �;ý
þ;ýx� �³ò�B Á:áò��î ï;ýøò2	�î 1 áò	
þ ×H�
óWîa�øó�ò�á�ò
ò ó;ï
ï
ï î
Á2	ï:î Ê îa� Ê ï 1 �;ý�	 1 ý �¡þ�B 	:á1îqó ï;ýøò2Á�î
��á4î�	 ×H�;ý	ó;ýªîa��á�ò 1 ò�ó;ï
ï �
þ
óï:î Ê îa� Ê ï 1 �;ý
ó�î
î �³ò�B Á:áò��	 ï;ýøò 1 ý�Á:áðý;ý ×H��ò	ï 1 î
î
áðþ�î ý 1 ï
ï î�ï:îï:î Ê îa� Ê ï 1 �;ý
ó�î
î �³ò�B Á:áò��	 ï;ýøò 1 ý�Á:áðý;ý ×H��ò	ï 1 î
î
áðþ�î ý 1 ï
ï î�ý:îï;ò Ê îa� Ê ï 1 �;ý�òx	2Á �O��B þ�á ý2	 ï;ýøò 1 �;þ�áÞ�Q	 ×H��ò�îqóWî
	:á ïx� ý 1 ï
ï ý
ï~óï;ò Ê îa� Ê ï 1 �;ý
þ�Á:î �S	QB 	:á ý2	 ï;ýøò2	øò
ý:áòÁ;ï ×H�;ýªîqó�ý~ó�á ý 1 ó�ò~ï
ï �2�2�ï;ò Ê îa� Ê ï 1 �;ý;ý2	~þ �¶î!B þ�á1î
Á ï;ýøò~óøý
þ�á þQÁ ×H��ò��;ïøï2	:áò�;ý ý 1 ï
ï ý
ï;ò
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¡OÓ�Ñ�Ä
MV

ÎÊÄpÅ	Ñ�Ô G Ê 3
�
Æ�ÎÏÄ 9�� ÔÊÑEÄpÌ�ÎÊÉÏÆ;Ð Å�Æ;é

α δ
ËSß Ä�ä�Ñ�Í�á�ê/ÔjìûOâV,O�
÷3ûï~þ Ê ï;ò Ê ï;ò î�ï 1 	2	~þ �
ò
Å ó�á þ�î îa�Wîqþ�ý
ï�á ó
þ ×H��		ó 1 î�ý:á�	2	 ý 1 ï
ï ��	
ýï~þ Ê ï;ò Ê ï;ò î�ï~þ�î 1 	 �S	;Å 1 áÞ��ò îa�Wî
Áªî
Á�á4î
Á ×H�;ýøïx��ï;ò�á�	x� ò�ó�ï
ï ��îqóï~þ Ê ï;ò Ê ï;ò î�ï~þ 1 ó
ó �×ïQB 1 á4î
	 îa�Y�2�Wî�ï�áò	x� ×H��òøò 1 �
ó�á�Á:î ò�ó�ï
ï �
ó�òï~þ Ê ï;ò Ê ï;ò î�ï~þQÁ 121 �×ýQB ó�á4î
	 îa�Y��ò�î
	�á ó2� ×H� 1 ï~óøó�ò�á�Á2	 ý 1 ï
ï ý
ý 1ï~þ Ê ï;ò Ê ï;ò î�ï2	;ý2	x� �
ò�B ò:áòÁ 1 îa�Y� 1 ó�Á�áÞ��Á ×H� 1 òxÁøýx��áðó�î ý 1 ï
ï ý
ý~þï2	 Ê ï;ò Ê ï;ò î�ï2Á;ý
ï~þ �
òQBOÅ 1 áÞ� 1 îa��ý
ýøý;ò:áÞ��î ×H��ò�î 1 ó�	:áðþ�ò ý 1 ï
ï î
î<òï2Á Ê ï;ò Ê ï;ò î�ï~þ��
þ 1 �
Å 1 á 1 ý îa�Wî
Á	ó;ï�á 1 � ×H��	K�
þøó�î
á 121 ò�ó�ï
ï îqó2�ï2Á Ê ï;ò Ê ï;ò î�ï2	�òx	 1 �
Å 1 á 1 þ îa�Y�
þ�ý2	�áðý 1 ×H�
óøó�òøò~ý:áðó�	 ò�ó�ï
ï îa��îï2Á Ê ï;ò Ê ï;ò î�ï2	 1 òp� �O��Å 1 á ó�ò îa�Y��	øý2	�á4îqó ×H� 1 î�ýøý~þ�á ï~ó ò�ó�ï
ï îqþ;ïî�ï Ê ï;ò Ê ï;ò î�ï 1 î�ï
ý �Øó�B 	�áðï2Á îa�Wîa�Y��ò:áò	2Á ×H�
þY�2��òx	:á ýx� ò�ó�ï
ï î<ò
òî�ï Ê ï;ò Ê ï;ò î�ï 1 ��Á
ý �Øó�B 	�áðï2Á îa�Wî�ý�ò~ý�áò	2Á ×H�2�øó;ýªî 1 áðþ
ó ò�ó�ï
ï î�ýx�î�ï Ê ï;ò Ê ï;ò î�ï 1�1 Á:î �Øón÷ãB 	�áðï2	 îa�Wî 1 ï2	�áðý~þ ×H�
ó�ò�ó�ý~þ�á ý~ó ò�ó�ï
ï î<ò�þî�ï Ê ï;ò Ê ï;ò î�ï 1 Á2Á2Á �
Å þ�á ò 1 îa�Wî
	ªî
î;áÞ�;ï ×H�
þWî
	øïx��á1î�ï ò�ó�ï
ï îqþ
þî�ï Ê ï;ò Ê ï;ò î�ï~þ;ó�î�ý �
Å þ�áðý2	 îa�Y��î(� 1 á þ�ò ×H��ò�ó�Á�òxÁ:á ý
ï ò�ó�ï
ï î
	;òî
î Ê ï;ò Ê ï;ò î�ï 1 Á;ò 1 �¢��B þ�áò	~þ îa�Wîqþøó;ï�áòÁ
ï ×H�
ó�ý;ò�î 1 á�	
ý ò�ó�ï
ï î
	
ïî
î Ê ï;ò Ê ï;ò î�ï~þ 1 î
î � 1 B 	�á ó;ï îa�Y��î�ó 1 á4î 1 ×H�
þWî
	øý;ò�áò�;ý ò�ó�ï
ï îa��Áîa� Ê ï;ò Ê ï;ò î�ï2Á
ó;ý
ï �¢��B þ�áðý
ï îa��ý~óWî�ï�áòÁ;ò ×¡ý 1 �
ó�ý:î
á ý~þ ò�ó�ï
ï î
	~ó

��Á�)�ûeâc÷3û
¡OÓ�Ñ�Ä

MV

ÎÊÄpÅ	Ñ�Ô Æ;Ë:Ö
�
Æ�ÎÏÄ 9�� ÔÊÑEÄpÌ�ÎÊÉÏÆ;Ð Å�Æ;é

α δ
ËSß Ä�ä�Ñ�Í�á�ê/Ôjìî 1xÊ ï
ý Ê ï;ò î�ï~þQ	~þ
þ � 1 	�áðý~ó îa�Y�;ý�ò�î;áðï
ï ×H� 1 ó�	�ò�þ�áðþ 1 ò�ó�ï
ï ��á ï ×104 Æ;Ë�Öî 1xÊ ï
ý Ê ï;ò î�ï2Á;ï 1 Á �çïQB þ�á ó
ó îa��ý:î�ó;ï�á ó
ó ×H��Áªî
		ó;ï:á�Á:î ý
ï;ï
ï î
á�	 ×103 Æ;Ë�Öîqþ Ê ï
ý Ê ï;ò î�ï2	�îqó�ò �çó 	�á ó 1 îa�Y�
óY�2��á òxÁ ×H�;ýªî�ý�ò
ò�áðþ2� ò�ó�ï
ï ��á ï ×104 Æ;Ë�Öîqþ Ê ï
ý Ê ï;ò î�ï2	2�2� 1 �çó 	�áðý;ò îa�Y�
óøó�î;áòÁ~ó ×H� 1 ò 1 ý 1 á ï
ï ò�ó�ï
ï ��áðþ ×103 Æ;Ë�Öîqþ Ê ï
ý Ê ï;ò î�ï2	�Á~þ 1 � 1 B 	�á ó�ò îa��ý:î�ï
ý�áðï2Á ×H�
þ�ò~ý�òxÁ:áò�2� ò�ó�ï
ï î
á�	 ×103 Æ;Ë�Ö
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Ä fifÅ°ÇÆÈ° ¤

ã fiäinahå°Ôm ­¦¯ÅeÒÉ¹e¨æ ËkÉ¹©xnaÎÏlÅ°Ôm äÅ°Ìm ËkÉçegnajp°Ôm Ä °kÉ
è «ª­i­¦«ª©ÐÉ¹°Ìfi«¨féÉ «¨lêÆ ë «¨æ «¨m

ì ª�í îðï ´�ñ�´�òª© óª©�µôó�¯Iòçòª·»©�µ
âcÄpÔ¡Ç4Â�Ë�ÇxÌ�ÄpÔ×Ñ:Ò�Í;ÎÏÍ;Å�Ù�ÎÏÉÊÇ4Õ�Ö�ÄpÔHG�ÎÏÉDr;Å�é
É"ÄpÂúÖ�à�Û~Ó

β
Ë�Ä�Ô¡Ù�ÎÊÍ
ÇxÐ4ÄpÔ
Ù�ÎÏÖ�Ë:ÇxÙpÄ�Ô¡Í
Â~Î¡Ù�ÎÊÙ�Í
Û:ÎÊÄpÂ�Ö�Ô�ÄpÂé
ÉÊÆ;Â�Ë�Ä�Ñ�Æ;É�ÎÏÇ4Ä
Þ¶Ñ�Æ;É"ÎÊÇxÉOË�ÖWÌpÆ�ÎjÆ;Ð4Í
é
Ö�Ä�Ë�Ä�9
Æ;Ö�ÌsÐK/ <RÄ�ÉÊÅ	ÇxÐxÐ4ÇxÍ�Ë�ê�î�Á2Á2	~ì�Ú�Í;ÖWÛ�ÇxÄ�ÂåÄ�ÂWÌpÍ
Â:ÔÊÖ�Ð1ÎjÆ;Â~ÎÐ4ÄpÔ�Û�Æ�ÔÊÄpÔ�Ë�Ä¡Ë:Í
Â�Â�Ù�ÄpÔL' ûeö-�L�ZÄ�Î�G�÷�<vö-���¶á�âcÄ×ÎjÆ;Û�Ð4Ä<Æ;Ö�öÃá4î�ÉÊÄ�Ñ�ÉÊÙ�ÔÊÄ�Â�ÎÊÄ�Ð4ÄpÔ�Ç4Â�Ë�Ç4ÌpÄpÔ�Æ�Ë�Í
Ñ:ÎÊÙpÔÑEÍ
Ö�ÉOÐxÄ�ÔOÙ�ÎÏÍ;ÇxÐxÄ�ÔØÅ�Ä�Å�Û�É"ÄpÔeË�ÄÃÐôßðÆ�ÅåÆ;Ô³Ë�ÄpÔ°ñOÐ4ÙpÇxÆ;Ë�ÄpÔOÄ�Î¸Ð4Ä»ÎjÆ;Û�Ð4Ä<Æ;Ö�ö
áò��ÑEÍ
Ö�ÉOÌ�ÄpÐxÐ4ÄpÔOË�Ä õ Í
Å�Æ�ö¸Ä�üÉ"ÄpÂ�Ç4ÌpÄpÔ�á;âcÄ�ÔçÑ�Æ;ÉÊÆ;ÐxÐxÆnä�ÄpÔ¹ÔÊÍ
Â~ÎØÌ�ÄpÐ4ÐxÄpÔ�ËSß�9ÃÇ4Ñ�Ñ�Æ;É"ÌpÍ
Ô�êôñ�Ä�ÉÊÉ�Ó�Å�Æ;ÂWî�Á2Á~þ
ìcÄ�Î³ÔÊÍ
Â~ÎØÄ�Â�Å�Ç4ÐxÐ4Ç�Æ;É"ÌpÔÊÄ�ÌpÍ
Â:Ë�Ä;á

��îqó
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ûçÎÏÍ;ÇxÐxÄ ¡MG B
B − V b− y ÅRî Ì�î

β π vr Teff log gêÝÅ�Æ;ÔÏì êCÐ�Å Ê ÔÏì ê:N�ì
9��O�;ý:îqó;þ �×ó�B þ�á�Á~ó ï:á ý;ò ï�áÞ�2� ï:á1îqþ ï:áðþ�ò ��á þQ	 Á:á�òx	 ý
ï:á�Á
ï þ
ó�îpò ò�áò� 1 ó
9��O�;ý:îqó 1 �×þ�B 	:áò�;ý ï:áò�
ó ï�á4îqó ï:áò��î ï:á�	x� ��áò	2� ü ��	:á ï
ý þ�Á;ò
ï ò�áò�;ý~ó
9��O�;ý
ýx�;ó �ÃÅ 	:áðó
þ ï:á ý
ý ï�áÞ�2� ï:á1î
	 ï:áðþ�	 ��á þQÁ ü ý
ý:á ï 1 þ 1 ý�	 ò�áò�;ý~ó
9��O�;ý
ý~þ;ó ��ÁQB 	:áðó�	 ï:á ý~ó ï�áÞ�;ý ï:á1îqþ ï:áðþ2� ��á þ 1 ü � 1 áðó�	 þ;ý2Á
ó ò�áò�2�;ï
9��O�;ý 1 ï
þ �×þ�B ï:áò� 1 ï:á1î�ï ï�á4îqó ï:á1î
Á ï:á�	x� ��áò	�ò ü � 1 á�Á~ó 	
ï~ó;ó ò�á ýx�;ï
9��O�;ý 1 ý�î �S��B þ�á ý
ï ü ï�áðï~ó ï:á1î 1 ï:á�Á;ò ��áò	�Á 	:á ý~ó ýx��á ï2Á Á 1 î<ý ò�á ý;ò~ï
9��O�;ý~þ 1 ý ��î!B 1 á�Á 1 ü ï�áðï~þ ï:á1îqþ ï:á�Á~ó ��áò	
þ 1 á�Á
ï ý 1 á 1 ï 	2Á2Á�Á ò�á1î
Á
ï
9��O�;ý2Áx�nò �×þ�B 	:á1î�ï ï:áò�2� ï�á4îa� ï:áò�2� ï:á�	~ó ��áò	
ó ü ��	:á ï
ý 	:î<ò;ò ò�áò��Á
ï
9��O�;ý2Á;ò2	 �
ï þ�áðó�ò ü ï�áðï
ý ï:á1î
Á ï:á�Á2	 ��áòÁ�î 	:á ïx� �
ó�á1î�ï Á
ï2	;ý ò�á ý~ó
ó
9��O�2� 1 î�ó �ÃÅ 1 áðó;ï ï:á1îqó ï�áðï2	 ï:áò�;ï î
á1î�ï ��áò	�	 1 á 1 ï þ�áðó2� 	;ò~ï
þ ý:á�	
ý~ó
9��O�;ý 1 �QÁ �
ïQB 1 áò��Á ï:á ïx� ï�áðï
ï ï:á1î 1 ï:á�Á2Á ��áò	�Á 	:á�	~þ Á2Á;ò
ï ò�áò�2�
9��O�;ý 1 ý2� ��î!B 1 á�Á2	 ï:á ï
ý ï�áðï:î ï:á1î 1 î
á ï:î ��áò	�Á 	:á ý~ó Á 1 î 1 ò�áò�2�
9��O�;ý2	 1 ý �×þ�B 	:á1î
î ï:áò�2� ï�á4î�ý ï:áò�;ï ï:á�	 1 ��áò	;ý î�ý:á�ò
ò þ�Á:î;î ò�á1î�ï
9��O�;ý;òx	�Á �S��B þ�á ý;ò ï:á ï 1 ï�áðï 1 ï:á1îqþ î
á ïx� ��áòÁ�î ü Á
ï~þQ	 ò�áò�
ó
9��O�;ý~þ�Á�î ��	QB 	:á ý 1 ï:áò��	 ï�á4î
	 ï:áò�;ï ï:áðþ 1 ��áò	�î ü � 1 á 1 ï þ
þ�Á 1 ò�á ýx�
9��O�;ý
ý2	
þ ��î!B þ�á1î 1 ï:á1î 1 ï�á4î
î ï:á1î<ò ï:á�Á;ò ��áò	
þ Á:á ï 1 Á~ó�	�î ò�áò�2�
9��O�;ý
ý~ó�î �çýQB 	:á�Á2	 ï:á�ò
ò ï�áÞ��Á ï:á1î 1 ï:áðó2� ��á 1 Á 	:á�	~þ 1 	 1 ý ò�á ý2	
9��O�;ý 1 ï�Á �@	;÷ãB þ�á ï
ï ï:áðó;ï ï�áðý;ò ï:á1îqþ ï:á�ò�þ ��á 1 ó 	:á ý~ó 1 òxÁ2� ò�áò��	
9��O�;ýx��ò~þ �çýQB Á:á ï 1 ï:á�ò 1 ï�áðý:î ï:á1îqó ï:áðó�ò ��á þ�ï 	:á�	
ï ý;ò�á�	 1 1 Á;ò2	 ò�á�ò�þ
9��O�;ý~þ;ý2� �³ò�B Á:á1îa� ï:á�ò�þ ï�áðýx� ï:á1îqó ï:á�ò�þ ��á 1 Á ü 1 	
ý
þ ò�áðó�ò
9��O�;ý~ó�î;î �³ò�B Á:áò��	 ï:á�ò 1 ï�áðý:î ï:á1î 1 ï:á�òp� ��á 1 þ 1 þ;ý;ï ò�á 1 ý
Ø]Ù¡Ú fZ÷ hji¤á ß npo ���srstz�x� m � m ~ � �vwv��î�uprst	øU� q � q w q ��� q íxrOr n ~O������� q w��st�rs� m�npo r9øÖ� q ������rst�t�r�w q�o � q ��rSr nÐù ~Iú!t	ø��rstb��r_~O� � w q �vuxw�rst�r ì rs�_�v���arst�r_�¢ç
w q ����� � t o rLt�uxwãâ q �sr q�oxm �x� � rstb� m uxwJ��rst � � m ����rst o rst¢�x� � � q�o rst��

��î 1
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ûçÎÏÍ
Ç4ÐxÄ ¡MG B
B − V b− y ÅGî Ì;î

β π vr Teff log gê/ÅåÆ�Ôjì êTÐ�Å Ê Ôjì êTN�ì
9���î�ï~þ�Á 1�1 �×ýQB ó�á4î
	 ï:á ï2	 ï:á ï;ò ï:á1î
	 î
á4î;î ��á�	2	 î
î;á ò�þ î�ï�áðï;ò 	~ó�ò�î ý:áò	2�
9���î�ï2	
ý2	2� �
ò�B ò:áòÁ 1 ï:á ï2	 ï:á ï~ó ï:á1î
	 î
á4îpò ��á�	~þ î
î;á ó 1 î
î;á òx	 	
ý:îqþ ý:áòÁ2�
9���î�ï 1 	2	
þ �
ò
Å ó�á þ�î ï:á1î 1 ï:á ï2Á ï:áò�2� ï:áòÁ2� ��á�	~þ î
	�á þ�ò þ�áò	2	 	x��Á:î ò�áò�
9���î�ï~þ 1 ó;ó �×ïQB 1 á4î
	 ï:á ï
ï ü(ï:áðï�î ï:á1îqþ î
áðï�ò ��á�Á
ï Á�áòÁ~þ ó�áðï:î Á 1 þ
ó ò�á4î<ï
9���î�ï~þ�î 1 	 �S	;Å 1 áÞ��ò ï:á1îqþ ï:á ï2	 ï:áò�
ó ï:áòÁ;ý ��á�	~þ î
î;á ò~ý î
î;áò	:î 	x��	
ý ò�áò�
9���î�ï2Á
ý
ï
þ �
òQBOÅ 1 áÞ�
þ ï:á1î
î ï:á ï 1 ï:áò��î î
áðï;ï ��á�	2	 Á�á ò�î î�ï�áðý2Á 	
ý2Á 1 ò�á1î
9���î�ï2	 1 òx� �O��Å 1 á ó�ò ï:á1î
	 ï:á1î�ï ï:áò�2� ï:áòÁ�î ��á�	~ó Á�á þ 1 ý2	�á4î
Á 	
ï~þ�Á ò�áðï 1
9���î�ï~þ2�
þ 1 �
Å 1 á 1 ý ï:á1î
	 ï:á1î
î ï:á1î
Á ï:áòÁ�î ��á�	;ò î
î;áðï:î �2��áÞ� 1 	
ï
ï
ï ò�áðï;ï
9���î�ï2	;òx	 1 �
Å 1 á 1 þ ï:á1îqþ ï:á ï2Á ï:áò�2� ï:áòÁ�î ��á�	~ó î�ï�áòÁ
ï î
î;á ò�þ 	:î<òx	 ò�á4î;î
9���î�ï 1 Á2Á�Á �
Å þ�á ò 1 ï:á1î
Á ï:á ï2Á ï:áò��î ï:áòÁ2� ��á�	~ó 1 á4îa� ó�áðý 1 	:î<òx	 ò�áðï�Á
9���î�ï~þ
ó�î<ý �
Å þ�áðý2	 ï:áò��	 ï:á1îqþ ï:á1îqþ ï:á þnò ��áðþ
ó î
î;áÞ�;ï îqó�áðï~þ þ2�
þ�Á ò�áðï2�
9���î�ï 1 î�ï;ý �Øó�B 	�áðï2Á ï:á�ò~ï ï:áò�
þ ï:á1îqó ï:á ò~ó ��á 1 	 î�ï�áò	2	 îa��áòÁ 1 1 þ;ï~þ ò�á ò~ó
9���î�ï 1 ��Á;ý �Øó�B 	�áðï2Á ü ï:áò��	 ï:á1îqó ï:á ò~ó ��á 121 ü î�ý�á 1 ý 1 ó�ò�ó ò�áðý�ò
9���î�ï 121 Á�î �Øón÷ãB 	�áðï2	 ï:á�ò~ï ï:áò��	 ï:á1îqó ï:á ò 1 ��á 1 	 î
î;á ò~ý î�ý�á 1 ý 1 þ�î�ý ò�á ò
ý
9���î�ï 1 Á;ò 1 �¢��B þ�áò	~þ ï:á ý 1 ï:áò��ò ï:á1î 1 ï:á ónò ��áðþ;ï î
î;á ò�þ î�ï�áðï
ý 1 	2Áx� ò�á ý
9���î�ï~þ 1 î;î � 1 B 	�á ó;ï ï:á�ò 1 ï:á ý:î ï:á1î 1 ï:áðý�Á ��á 1 ó î�ï�á þ 1 îa��á ó
ó 1 òxÁ:î ò�á ó;þ
9���î�ï2Á~ó;ý;ï �¢��B þ�áðý
ï ï:áðó;ï ï:á ý
ï ï:á1îqþ ï:á ó;ó ��á 121 	�áÞ��ò ü�	:á 1 þ 1 òxÁ~þ ý:áò	
ó
9���î�ï~þ�	~þ;þ � 1 	�áðý~ó ï:á�ò�ó ï:á ý
ï ï:á1îqó ï:á ò:î ��á 121 îa��á ó�ò ��ò:áðý
ý 1 ó�Á2	 ò�á ónò
9���î�ï2	:îqónò �çó 	�á ó 1 ï:á�ò�ó ï:á ý:î ï:á1îqó ï:áðý�Á ��á 1 ó Á�á ó�î �;ý�áðý
ý 1 òxÁ~þ ò�á ónò
9���î�ï2	x�2� 1 �çó 	�áðý;ò ï:á�ò
ò ï:á ý
ï ï:á1î 1 ï:á òx� ��á 121 î
î;áðý2Á ý;ò:á4î
Á 1 ó;ý
ï ò�á ò~ó
9���î�ï2	2Á~þ 1 � 1 B 	�á ó�ò ï:á�òx	 ï:á ý:î ï:á1î 1 ï:áðý�	 ��á 1 ò îa��á 1 	 ý
ï�áðý
ý 1 ò�î�ý ò�á ò2Á
9���î�ï2Á
ï 1 Á �çï&B þ�á ó
ó ï:á ý
ý ï:áò�;ý ï:á1î 1 ï:á 1 ï ��áðþ;ï î
î;á þ
þ þ�áðï
ý 1 	 1 ò ò�áðï 1
ØZÙ¡Ú f@÷ hÚàUá ß npo ���srstz�x� m � m ~ � �vwv��î�uprst�øU� q � q w q ��� q íxrSr n ~O������� q w��st�rs� m�npo r9øU� q �Q����rst�t�rMw q�o � q ��rSr nÐù ~Iú!t�ø��rst¢��r_~O� � w q �vuxw�rstbr ì rs�_�v���arstbr_�¢ç
w q ����� � t o rMtvuxwãâ q �sr q�oxm �x� � rstb� m uxwb��rst � � m ����rst o r ÜDm ~ q�á r_w�r n ���srst��

��îqþ
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��î
	



Ä fifÅ°ÇÆÈ° d

ü namÍÉ¹° äÅ° ©x«¨np°Ìm

õ Í
Å	Å�ÄªË:Ù3ãÊÞ�Ä�ä�Ñ�Ð4ÇxÕ�Ö�Ù�Ë�Æ;Â�ÔøÐxÆzÔ"ÄpÌ�ÎÏÇxÍ;ÂXó�á ò�áò��ÚçÐxÆ�ÐxÇxÔ�ÎÏÄWË:ÄRÉÊÆ;ÇxÄ�Ô�ÄpÔ"Î	Û�Æ�ÔÊÙpÄGÔÊÖ:É	Ð4ÄWÿ�ÌjÒ�Ç4ÄpÉé;ÜÝÆ�ÐxÐ&á�Ë�Æ�Î�Ñ�Ö�Ç4ÔçÅ	Í�Ë�Ç1ÿ�ÙpÄ�Þ×Ñ�Æ;É"ÎÊÇxÉçË:ÄpÔOË�Í
Â�Â:ÙpÄpÔeÆ�ÎÊÍ
Å	ÇxÕ�Ö�ÄpÔ³ÐxÄpÔ³Ñ�ÐxÖ�ÔØÉ"ÙpÌ�ÄpÂ~ÎÏÄ�Ô¸Ë�ÄzB
�×âE�¶Ú23Ã÷�G¤¡ Ä�Î
�S)�û¢�O< áÖ¡�ÉÊÍ
Ç4Ô�ü ÌpÄpÂ~ÎÊÔ�ÎÊÉÏÆ;Â�Ô"Ç4ÎÊÇxÍ
Â�Ô»Ä�Â~ÎÏÉÊÄ�ý2	
ï;ï	Ä�Î 1 	
ï
ï5ó Í;Â�Î�Ù�ÎÏÙ�ÉÊÄ�ÎÊÄpÂ�Ö�Ä�Ô
ÑEÍ
Ö�É��2��ÙpÐxÙ�Å�Ä�Â~ÎÏÔÌjÒ�Ç4Å�Ç4Õ�Ö�ÄpÔ�á õ Ä�ÔWÙpÐ4ÙpÅ	ÄpÂ~ÎÏÔåÆ;ÇxÂ:ÔÊÇ�Õ�Ö:ÄúÐxÄ�Ö�ÉÊÔ	Â�Ç4à;Ä<Æ;Ö�äUËSß�ÇxÍ;Â�ÇxÔÊÆ�ÎÏÇ4Í
Â�ÔøÔÊÍ
Â~ÎåÉÊÄpÑ:ÉÊÙpÔ"ÄpÂ~ÎÏÙ�Ô�Ë�Æ;Â�Ô�Ð�ÆÑ�É"ÄpÅ	ÇxÈ�ÉÊÄ�Ì�Í
ÐxÍ
Â:Â�Ä;átâ¹Ä�Ô¡à;Æ�ÐxÄpÖ:ÉÊÔ¡Ë�Ä�Ô¡ÐxÍ
Â�é;Ö�ÄpÖ�É"Ô¡ËSß�Í
Â�Ë�Ä	Æ;Ë�Í;Ñ:ÎÏÙ�ÄpÔpÚtÐxÄpÔ

log gf
Ä�Î�Ð4ÄpÔ×Ñ:ÉÊÙpÌ�ÇxÔ"ÇxÍ
Â�ÔË�Ä�Ô¡Ü/Í
ÉÊÌ�ÄpÔ�ËSß Í;ÔÊÌpÇ4ÐxÐxÆ�ÎÏÄ�Ö�ÉÊÔ×Ô"Í
Â~Î¶ÉÊÆ;ÔÊÔ"ÄpÅ�Û:ÐxÙpÄ�Ô�Ë�Æ;Â�Ô�ÐxÄ�Ô�Ì�Í
ÐxÍ;Â�Â�ÄpÔ6��Ú¹ýGÄ�Î�ò�É"ÄpÔÊÑEÄpÌ�ÎÏÇ1à
ÄpÅ	ÄpÂ~Îpá�â¹ÆË�Ä�ÉÊÂ�Ç4ÈpÉ"Ä�Ì�Í
ÐxÍ;Â�Â�Ä¡ÉÊÄ�Ñ�ÉÊÙ�ÔÊÄ�Â�ÎÊÄ�ÐxÆ�ÉÊÙ�Ü/Ù�ÉÊÄ�Â�ÌpÄ�Æ;Ë�Í
Ñ�ÎÏÙpÄ�ÑEÍ
Ö�É»Ð4Ä

gf
Ë:Ä�ÐxÆ¶ÎÏÉÊÆ;Â�ÔÊÇ1ÎÏÇ4Í
ÂªÌpÍ
Â:ÔÊÇxË:ÙpÉÊÙ�Ä;á

��î
Á



± ��� ^�Õ¤^ � `þý ]�§ ��^  ^6¦ ��] ^ §
Ø]ÙFÚ fÍÿ hji#á ê���tv��r o rÃw q ��rstYux�v������t � rÃ� m uxwY� qÛox� ��r_wv~O� n#q �v� m�nßo rst q!l�m�npopq!n �srst��Jê q ��r_�v�vw�r�� k �Ãrstv�ux�v������t � rK� m uxw(u n rY�xw � �_��tv� m�n � n â � wv��r_uxw�rÃyÍ���ètvuxw

gf
ø�� á �5� m uxw6u n rK�xw � �_��tv� m�n � n â � wv��r_uxw�r�y ��}��vø� Ü�� �z� n â � wv��r_uxw�rMy&�����vø�� Ü �-� n â � wv��r_uxw�rMy ä |��vø��_� � �z� n â � wv��r_uxw�rMy�{�}	�vø��_�
�z� n â � wv��r_uxw�rMyO|
}	� r_���Þ��btvux� � wv��r_uxw�rbyL|
}��*�a� q!n tE��rb� q t m��(q up�_u n rJ�xw � �_��t�� m�nHnÖ� rstv�Vtv��ç n#q � � r9ø�� q ��r_�v�vw�r���Þ��M��
������Q|
}�� � rstv�q�oxm �x� � r opq!n tJ��rg� q ���_ux� o rst@� n �sr_wv�v���vu o rst��#ê q w � â � w�r n �srstJö����µw�r n � m ��rMySöxux�xwbr_� q �C�Ö�ã��÷
�
� � ø[ÝE�@ÝFyÝõ��� ù r_wv� n çYr_� q �C�7� ä }
} äa� ø�� á àKy��K����rst����F��rst�r*�ã��÷
�
÷ � ø��M�z�
�&y�� m tv�:ë ù � ��wv� m � q �ã��÷
�
� � øYà�ê.÷
}&yàQ��ç
ux��� ê q!npo tv�vw�rsr_�S�ã��÷
÷
} � ø á ê�{��*y á ��r_wv~ q!nxn �Äê! l rs� ù �ã��÷!{�� � ø á¢q �Ú�2�Sy á ��r_~ m�n �gr_� q �C�Î�ã��÷
�2� � ø� Ü �
�Hy"� q ç q$#%# u�� ÜDm�& ��r_ëÍ�ã��÷
�
� � ø'� �
|Hy(� q w o �ã��÷
�
| � r_���zuxwvup� # yS� q ����tv��r o rLw q ��rst¢ç�â q ���C� opq ���

ûØÐxÙ�Å�Ä�Â~Î�ê"××ÇxÍ
Â:ÇxÔjì
λ

êTó¡ì
log gf

ñØÉ"ÙpÌpÇ4ÔÊÇ4Í
Â )�Ù�Ü/ÙpÉ"ÄpÂ�Ì�ÄpÔ
õ ÷ ò~ý
þ�î
Ú ý 1 þ;ï üjî
Ú�Á 1 � ö 3Ã÷�G#¡õ ÷ òxÁ;ýx��Ú ï;òxÁ
ï üjî
Ú 1 ó�	 ö 3Ã÷�G#¡õ ÷ ó;ï
ó2��Ú1î 1 þ;ï üjî
Ú ý
ï
ý ö 3Ã÷�G#¡õ ÷ ó;ý�	
ï:Ú ý
ý~þ;ï üjî
Ú 1 î 1 ö 3Ã÷�G#¡õ ÷ ó
þQÁ
ý:Ú1îa�;ï
ï ü���Ú ï 1 ý ö 3Ã÷�G#¡õ ÷ ó�	;ï
ï:Ú 1 ïx�;ï ü���Ú ý
ý~þ ö 3Ã÷�G#¡õ ÷ 1 óQ	~þ�Ú 1 î�ï
ï üjî
Ú ï
ï
ý ö 3Ã÷�G#¡
,×÷ ý2Á�ò�þ�Úò��Á~ó;ï ü���Ú ï2Á~ó ö 3Ã÷�G#¡
,×÷ ý2Á�ò�þ�Ú�òx	:î�ï ü���Úò��ò
ò ö 3Ã÷�G#¡
,×÷ ý2Á�ò�þ�Úðó�	 1 ï ü���Ú�ò 1 þ ö 3Ã÷�G#¡
,×÷ ý2Á�ò�þ�Ú�Á~ó;ý
ï üjî
Úðþ 1 î ö �¢<Í'
,×÷ ò~ý 1 	:Ú1î
Á
ý
ï ü���Ú 121 ó ö 3Ã÷�G#¡
,×÷ ò~ý 1 	:Úò��òp�;ï üjî
Ú�Á 1 ò ö 3Ã÷�G#¡
,×÷ ò~ý 1 	:Úò�
ó�	
ï ü���Ú�	:î
	 ö 3Ã÷�G#¡
,×÷ ó;ý2��Á:Ú 1 þ;ý
ï ü���Ú ï 1 ý õ × 3Ã÷�G#¡
,×÷ ó;ý2��Á:Ú 1 	:î�ï üjî
Ú�ò�þ;ý õ × 3Ã÷�G#¡
,×÷ ó;ý2��Á:Ú 1 Á
ï
ï üjî
Úò� 1 	 õ × 3Ã÷�G#¡
,×÷ ó;ý;ý
ï:Úðþ2� 1 ï ü���Ú�ò�î 1 õ × 3Ã÷�G#¡
,×÷ ó;ý;ý
ï:Úðþ;ý~ó;ï üjî
Úðó
þ;ï õ × 3Ã÷�G#¡
,×÷ ó;ý;ý
ï:Úðþ�ò�î�ï ü3ï:Ú�Á2	
ý õ × 3Ã÷�G#¡
,×÷ 1 î�ó
ó�Ú�Á 1 î�ï üjî
Ú ý 1 ý ö 3Ã÷�G#¡
,×÷ 1 î�ó
ó�Ú�Á~þ�î�ï üjî
Ú ï:î
î ö 3Ã÷�G#¡
,×÷ 1 î�ó
ó�Ú�Á2	2Á
ï üjî
Ú1îa�;ï ö 3Ã÷�G#¡
,×÷ 1 î�ó 1 Úðþ;ý~þ;ï üjî
Ú�òx	~þ ö 3Ã÷�G#¡
,×÷ 1 î�ó 1 Úðþ
ó
ó;ï ü3ï:Ú�	2Á2	 ö 3Ã÷�G#¡
,×÷ 1 î�ó 1 Úðþ
þ�	
ï ü3ï:Ú 1 Á;ò ö 3Ã÷�G#¡
,×÷ 1 î�ó�	:Ú1î<òxÁ
ï üjî
Ú�	;ò�î ö 3Ã÷�G#¡
,×÷ 1 î�ó�	:Ú1îqþ2�;ï ü3ï:Ú�Á2Á~ó ö 3Ã÷�G#¡
,×÷ 1 î�ó�	:Ú1î
	~þ;ï ü3ï:Ú�ò~ï2Á ö 3Ã÷�G#¡
3
Æ;÷ ò
ò2Á;ò�á1î
	
ï
ï üjî
á�	;ò~ï õ 3Ã÷�G#¡
3
Æ;÷ ò
ò2Á~þ�á 1 ó
þ;ï üjî
áðó
þ�ò ö 3Ã÷�G#¡
3
Æ;÷ ò 1�1 	:áðó
ó�Á
ï üjî
á ý:î�ï õ 3Ã÷�G#¡

�2�;ï
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Ø]ÙFÚ fAÿ hji¤á t�ux����rH�����ûØÐxÙ�Å�Ä�Â�Î¶ê�×¡Ç4Í
Â�Ç4Ôjì
λ

êCó¡ì
log gf

ñØÉÊÙ�ÌpÇxÔ"ÇxÍ
Â )�Ù�Ü/ÙpÉ"ÄpÂ�Ì�ÄpÔ
3
Æ;÷ òxÁ~þQ	:á ónò�î�ï üjî
áò��î�ï õ 3Ã÷�G¤¡
3
Æ;÷ òxÁ2	2��áò	�î�ý
ï ü3ï:á�Á 1 î õ 3Ã÷�G¤¡
3
Æ;÷ ó�	2	�Á:áòÁ
ó;ï
ï ï:á1î
îa� � 3Ã÷�G¤¡
3
Æ;÷ ó�	2Á
ó�áòÁ2��ò~ï ü3ï:á1î
Á:î � 3Ã÷�G¤¡
3
Æ;÷ 1 îqónò�áÞ��� 1 ï üjî
áðó�ò�þ � 3Ã÷�G¤¡
3
Æ;÷ 1 î 1 ï:á þnò�þ;ï üjî
áò�;ý
ï õ 3Ã÷�G¤¡
<Ré
÷"÷ ò~ý2	�ò�Ú 1 ý~þ;ï ü3ï:Úðþ�Áx� � 3Ã÷�G¤¡
<Ré
÷"÷ ò~ý2Á;ï:Ú ó�î<ò~ï üjî
Úðþ;ï 1 � 3Ã÷�G¤¡
<Ré
÷"÷ ò~ý2Á;ï:Ú ó;þ2�;ï ü3ï:Úðó;ý
ï � 3Ã÷�G¤¡
<Ré
÷"÷ ò
òp�;þ�ÚòÁ�Á;ò~ï üjî
Úò�;ï:î õ × 3Ã÷�G¤¡
<Ré
÷"÷ ò
òx	�î
Ú4î
� 1 ï ï:Úðþ;ý
ï ö ö°â¹ò2	
<Ré
÷"÷ ò
òx	�î
Ú4î�ó;ï
ï ü3ï:Úðó
þ;ï ö ö°â¹ò2	
<Ré
÷"÷ ò
òx	�î
Úðý2�
ó;ï ï:Úðó
þ
ó ö ö°â¹ò2	
<Ré;÷ ò�þ;ï2��ÚòÁ�Á:î�ï ü3ï:Ú ý~þ�ò õ 3Ã÷�G¤¡
<Ré;÷ ó�î 1 þ�Úðý2��î�ý ü3ï:Ú�	~ó 1 ö 3Ã÷�G¤¡
<Ré;÷ ó�îqþ���Ú 1 	;ò
ò ü3ï:Ú ý2	
ï ö 3Ã÷�G¤¡
<Ré;÷ ó�î
	;ý:Ú 1 ï
ý;ò ü3ï:Ú1îqó�	 ö 3Ã÷�G¤¡
<Ré;÷ ó
ó2�Q	:Ú ò
ï~ó;ï ü3ï:Ú�òxÁ2	 ö5× 3Ã÷�G¤¡
G�Çx÷Ê÷ ò~ï~þ���Ú þ�ï2Á
ï ü���Ú ý 1 þ G:âEÁ
ï
G�Çx÷Ê÷ ò~ï~þ;ó�Ú ò~ó2�;ï üjî
Ú�ò~ï
ý G:âEÁ
ï
G�Çx÷Ê÷ ò�îa�Q	:Úðï
ó�ò~ï ï:Ú ý
ï 1 õ 3Ã÷�G¤¡
G�Çx÷Ê÷ ò�î�ý;ï:Úò	�Á;ò~ï ï:Ú�ò 1 ò õ 3Ã÷�G¤¡
G�Çx÷Ê÷ ò�î
Á;ï:Ú þ���ò~ï ü3ï:Ú ý~ó�î 3Ã÷�G¤¡
G�Çx÷Ê÷ ò�î
Á�	:Ú4î<ý
ý
ï ü3ï:Ú 1 î
î 3Ã÷�G¤¡
G�Çx÷Ê÷ ò 1 ��î
Ú ò:î
	
ï ü3ï:Úðó�ò~ï � N¡Ö�É"Ö�Ì!8
G�Çx÷Ê÷ ò 1 ��î
Ú 1 Á 1 ï üjî
Ú 1 þ
ó � N¡Ö�É"Ö�Ì!8
G�Çx÷Ê÷ ò 1 ��î
Ú þ��2�;ï ü3ï:Ú ý2	~þ � N¡Ö�É"Ö�Ì!8
G�Çx÷Ê÷ ó;ï;ò:î
Úðï2��ò~ï ï:Ú1îqþ�ò ��× 3Ã÷�G¤¡
G�Çx÷Ê÷ ó;ï~ó;ó�ÚòÁ�	;ò~ï ï:Ú�ò
ò�î ��× 3Ã÷�G¤¡
G�Çx÷Ê÷ ó;ï~ó 1 Úðý�îqþ;ï ü3ï:Úðó;ý~ó û 3Ã÷�G¤¡
G�Çx÷Ê÷ ó�ò 1�1 Ú ò
ýx�;ï ü3ï:Ú1î
Á
ï � N¡Ö�É"Ö�Ì!8
G�Çx÷Ê÷ ó 121 Á:Ú ó 1 ý
ï ï:Úò� 121 3Ã÷�G¤¡
G�Çx÷Ê÷ ó 1 	�	:Úò	�îqþ;ï ï:Ú1î�ï 1 3Ã÷�G¤¡
G�Çx÷Ê÷ ó�Á~ó;þ�Ú ó;ó�Á
ï ü3ï:Ú ý;òxÁ � 3Ã÷�G¤¡
G�Çx÷Ê÷ ó�Á~þQ	:ÚòÁ;ý
ï
ï ü3ï:Ú ï 1 î � 3Ã÷�G¤¡
G�Çx÷Ê÷ 1 ý;ò~þ�Ú4î;î�ï
ï ï:Úò�;ý
ï õ 3Ã÷�G¤¡
G�Çx÷Ê÷ 1 ý~þ�î
Úðý
þ�î�ï ü3ï:Ú ï2	
ï õ 3Ã÷�G¤¡
õ Æ;÷"÷ ý2Á
ý;ý:Ú 1�1 ý
ï ü3ï:Ú1î�ý~ó õ 3Ã÷�G¤¡õ Æ;÷"÷ ý2Á 1 	:Ú ò 1 Á
ï ü3ï:Ú1î
	
ï õ 3Ã÷�G¤¡

�2��î
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λ
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ñØÉ"ÙpÌpÇ4ÔÊÇ4Í
Â )�Ù�Ü/ÙpÉ"ÄpÂ�Ì�ÄpÔõ Æ�÷Ê÷ ò
ò~þ2��Ú ï~ó;ï
ï ü���Ú 1 Á;ò N�Ö:ÉÊÖ�Ì\8õ Æ�÷Ê÷ ò
ò~þ�Á:Ú�ò~ý
ý
ï ü���Ú�Á2Á;ò N�Ö:ÉÊÖ�Ì\8õ Æ�÷Ê÷ ò
ò2	2Á:Ú1îqþ�Á
ï ü3ï:Úðþ2� 1 N�Ö:ÉÊÖ�Ì\8õ Æ�÷Ê÷ ò
ò2	2Á:Ú1îqþ�Á
ï ü���Ú1îqó
þ N�Ö:ÉÊÖ�Ì\8õ Æ�÷Ê÷ ò
ò2	2Á:Ú1îqþ�Á
ï ü3ï:Ú 1 î�ý N�Ö:ÉÊÖ�Ì\8õ Æ�÷Ê÷ ó;ï;ï:î
Ú�ò�þ�Á
ï ü3ï:Úðó�îqþ � 3Ã÷�G#¡õ Æ�÷Ê÷ ó;ï�î
Á:Ú�Á~þ�î�ï ü3ï:Úò�
ó
þ � 3Ã÷�G#¡õ Æ�÷Ê÷ ó;ï2��î
Ú1î�ý2	
ï üjî
Úò��îqþ � 3Ã÷�G#¡õ Æ�÷Ê÷ ó2�Q	~ó�Úò� 121 ï üjî
Ú1îqó;ý � 3Ã÷�G#¡õ Æ�÷Ê÷ ó;ý;ï~þ�Úò�2��ò~ï ü3ï:Ú�	~ó;ý � 3Ã÷�G#¡
G�Ì�÷Ê÷ òp�nò 1 Ú�	x�2�;ï ï:ÚÞ�nòp� � 3Ã÷�G#¡
G�Ì�÷Ê÷ ò~ý�î<ò�Ú ï2	
ý
ï ü3ï:Ú1î�ï
ï � 3Ã÷�G#¡
G�Ì�÷Ê÷ ò~ý2�;ï:Úðþ;ýx�;ï ü3ï:Úò�
ó;ï � 3Ã÷�G#¡
G�Ì�÷Ê÷ ò~ý2��ò�Ú�Á2Á 1 ï ü3ï:Ú�ò
ò~ï � 3Ã÷�G#¡
G�Ì�÷Ê÷ ò~ý
þ�ò�Ú�ò�ó
þ;ï ü3ï:Ú�ò�î
	 � 3Ã÷�G#¡
G�Ì�÷Ê÷ ò 1 þ;ï:Ú�ò~ï~þ;ï ü3ï:Úðó
þ 1 � 3Ã÷�G#¡
G�Ì�÷Ê÷ ó;ï;ý:î
Ú ïx��î�ï ü3ï:Ú�ò~ï
ï � 3Ã÷�G#¡
G�Ì�÷Ê÷ ó2��ý2Á:Ú�	:î�ý
ï ü3ï:Úðþ 1 ó � 3Ã÷�G#¡
G�Ì�÷Ê÷ ó
ó�� 1 Úðþ�Á
ï
ï ï:Úðï2�;ï � 3Ã÷�G#¡
G�Ì�÷Ê÷ ó 1 ó
þ�Ú�	2Á 1 ï ü3ï:Ú 1 ï
ý � 3Ã÷�G#¡
G�Ì�÷Ê÷ 121 ï;ò�Ú 1 ï:î�ï üjî
Ú ý:î�ï � 3Ã÷�G#¡
¡»Ç4÷Ê÷ ò�î 1 ý:Ú 1 ò
ò~ï ü3ï:Ú1î�ý
ï � ñ¢¡�ñ
¡»Ç4÷Ê÷ òp�Q	~þ�Ú�	~þ;ý
ï üjî
Úðþ�Á
ï ñ¢¡�ñ
¡»Ç4÷Ê÷ òp�QÁ
ï:Úò��î
Á
ï ü3ï:Ú�	~ó;ï ñ¢¡�ñ
¡»Ç4÷Ê÷ òp�QÁ;ò�Ú ï2Á2Á
ï ü3ï:Ú�Á
ý
ï ñ¢¡�ñ
¡»Ç4÷Ê÷ ò~ý;ï
ï:Ú ï;òp�;ï ü3ï:Ú�ò
ò~ï � ñ¢¡�ñ
¡»Ç4÷Ê÷ ò~ý�î 1 Úðþ�Á;ò~ï üjî
Ú�òp�;ï � N6,H	;ý
¡»Ç4÷Ê÷ ò~ý�	 1 Ú�	;ò
ò~ï ü3ï:Ú�Á 1 ï ñ¢¡�ñ
¡»Ç4÷Ê÷ ò~ý�Á;ò�Ú ï~ó�Á
ï üjî
Úðþ�	
ï ñ¢¡�ñ
¡»Ç4÷Ê÷ ò~ý�Á~ó�Ú ï
ý:î�ï ü3ï:Úðó�ò~ï � ñ¢¡�ñ
¡»Ç4÷Ê÷ ò~ý�Á2Á:Úðþ
þ2�;ï üjî
Ú1î
Á
ï ñ¢¡�ñ
¡»Ç4÷Ê÷ ò
ò:î
î
Ú ï~þ2�;ï ü3ï:Ú 1 þ;ï � ñ¢¡�ñ
¡»Ç4÷Ê÷ ò
ò:îqþ�Úðþ�î<ò~ï üjî
Ú1î
Á
ï ñ¢¡�ñ
¡»Ç4÷Ê÷ ò
ò;ò~ý:Ú�	
ï:î�ï ü3ï:Úðþ2�;ï � ñ¢¡�ñ
¡»Ç4÷Ê÷ ò
ò 1 	:Ú�òxÁx�;ï ü3ï:Ú 1 ï
ï � �¢<Í'
¡»Ç4÷Ê÷ ò
ò2	2	:Ú ýx�
ó;ï ü3ï:Úðó�î�ï � ñ¢¡�ñ
¡»Ç4÷Ê÷ ò�ó�ï:î
Úò�
þ;ï
ï ü3ï:Úðþ
þ;ï � ñ¢¡�ñ
¡»Ç4÷Ê÷ ò�ónòxÁ:Ú 1 ��î�ï ü3ï:Ú�ò�þ;ï � ñ¢¡�ñ
¡»Ç4÷Ê÷ ò�ó;þ�î
Ú�Á~þ�î�ï ü3ï:Ú ýx�;ï � ñ¢¡�ñ
¡»Ç4÷Ê÷ ò�óQ	2Á:Ú�Á~ó�	
ï üjî
Úðþ�	
ï � ñ¢¡�ñ

�2�2�
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Ø]ÙFÚ fAÿ hji¤á t�ux����rH�����ûØÐxÙ�Å�Ä�Â�Î¶ê�×¡Ç4Í
Â�Ç4Ôjì
λ

êCó¡ì
log gf

ñØÉÊÙ�ÌpÇxÔ"ÇxÍ
Â )�Ù�Ü/ÙpÉ"ÄpÂ�Ì�ÄpÔ
¡»Çx÷"÷ ò 1 �QÁ:ÚÞ�;þ�ò~ï ü���Úò��ò~ï N¡Ö�É"Ö�Ì!8
¡»Çx÷"÷ ò 1 ó;þ�ÚÞ��ï
ï
ï ü���Úò��ò~ï N¡Ö�É"Ö�Ì!8
¡»Çx÷"÷ òx	
ï
ó�Úðï�	~ó;ï üjî
Ú1î�ï
ï � ñ¢¡�ñ
¡»Çx÷"÷ ó�îa�QÁ:Ú4î�ó 1 ï üjî
Ú�ò~ï
ï � N6,O	
ý
¡»Çx÷"÷ ó�î
	�	:Ú 1 	~þ;ï üjî
Ú ï~ó;ï � ñ¢¡�ñ
¡»Çx÷"÷ ó;ý
ý 1 Ú þQ	 1 ï üjî
Úðó�Á
ï � ñ¢¡�ñ
B×÷Ê÷ ò
ò�þ;ó�á 1 þ;ï
ï üjî
á�ò
ò~ï N¡Ö�É"Ö�Ì!8
B×÷Ê÷ ò�ó2�Q	:á ó�ï
ï
ï ü3ï:á�Á 1 ï N¡Ö�É"Ö�Ì!8
B×÷Ê÷ ò�ó;ý2��á4î�þ;ï
ï ü3ï:áðþ 1 ï N¡Ö�É"Ö�Ì!8
B×÷Ê÷ ò�ó;ý�	:á 1 �;ï
ï üjî
á�	
ï
ï N¡Ö�É"Ö�Ì!8
B×÷Ê÷ ò�ó
óQ	:á ò~ó;ï
ï ü3ï:á�Á
ý
ï N¡Ö�É"Ö�Ì!8
B×÷Ê÷ ò�ó 1 ò�á óQÁ
ï
ï üjî
á�ò�ó;ï N¡Ö�É"Ö�Ì!8
B×÷Ê÷ ò�ó
þ;þ�á4î<ý
ï
ï ü���á1î<ò~ï N¡Ö�É"Ö�Ì!8
B×÷Ê÷ ò�ó�Á;ï:á ó�ï
ï
ï ü3ï:áðþ�	
ï N¡Ö�É"Ö�Ì!8
B×÷Ê÷ ò 1 ï;ï:á4î�	
ï
ï üjî
á ý 1 ï N¡Ö�É"Ö�Ì!8
õ ÉÊ÷"÷ ò�ó
óQ	:Ú 1 ó;ï
ï ü3ï:Ú 121 ï � N¡Ö�É"Ö�Ì!8õ ÉÊ÷"÷ ò�ó�	�	:Ú4î�Á2Á
ï ü3ï:Ú 1 ò~ý N¡Ö�É"Ö�Ì!8õ ÉÊ÷"÷ ò�ó�Á2��Úðï�òxÁ
ï üjî
Úò��îqþ � �¢<À'õ ÉÊ÷"÷ ò 1 î 1 Ú 1 ��Á
ï üjî
Úò��Á:î G:âEÁ
ïõ ÉÊ÷"÷ ò 1 î�	:Úò	;ï
ý
ï üjî
Ú1î
î�ï � N¡Ö�É"Ö�Ì!8õ ÉÊ÷"÷ ò 1 ý�ò�Úðï
þ;ï
ï ü3ï:Ú�Á2Á
ï N¡Ö�É"Ö�Ì!8õ ÉÊ÷"÷ òx	:î
��Úðý;ý~þ;ï üjî
Ú�Á2Á~ó � N¡Ö�É"Ö�Ì!8õ ÉÊ÷"÷ ó2�;ý
þ�Úðý2��Á
ï üjî
Ú1î 1 ï � �¢<À'õ ÉÊ÷"÷ ó;ý
ï�	:Ú ò;ò~ï
ï üjî
Ú�	:î�ï � �¢<À'õ ÉÊ÷"÷ ó;ý:î<ý:Ú óQÁ
ï
ï üjî
Ú 1 ó;ï � �¢<À'õ ÉÊ÷"÷ ó
ó;ï2��Úðï 1 þ;ï üjî
Ú�Á2Á
ï � �¢<À'
<RÂ�÷ ò
ò�ó�î
Ú óQ	 1 ï ï:Úò�
þ�	 ö �¢<À'
<RÂ�÷ ò
ò�ó�ý:Úðï�îa�;ï ü3ï:Ú�òxÁ
ï õ × �¢<À'
<RÂ�÷ ò
ò�ó;þ�Úðï�ò
ò~ï ü3ï:Úðó
ó
ó õ × �¢<À'
<RÂ�÷ ò
ò�óQ	:ÚÞ�;ó�ò~ï ï:Ú ï;òp� õ × �¢<À'
<RÂ�÷ ò
ò 1 î
Úðï
þ�Á
ï ü3ï:Ú ý2	
ï õ × �¢<À'
<RÂ�÷ ò
ò 1 ��Úðï;ý:î�ï ï:Ú ýx�;ï õ × �¢<À'
<RÂ�÷ ò
ò 1 ò�Ú 1 	x�;ï ü3ï:Ú1î�ï;ò ö �¢<À'
<RÂ�÷ ò
ò�þ�ï:Ú4îpò
ò~ï ü3ï:Ú�ò
ò
ò ö �¢<À'
<RÂ�÷ ò
ò�þ���Úò	;ï 1 ï ü3ï:Úðó�	
ý ö �¢<À'
<RÂ�÷ ò
òxÁ;ï:Úðï�Á
ï
ï ü3ï:Úðó2��î ö �¢<À'
<RÂ�÷ ò
òxÁ�	:ÚòÁ;ïx�;ï ü3ï:Ú ý;ò~ý ö �¢<À'
<RÂ�÷ ò�ó;ï2��ÚÞ��î�ý
ï ü3ï:Ú ý;ò
ò ö �¢<À'
<RÂ�÷ ò�þ;ï�Á:Ú þ�îa�;ï ü3ï:Ú ý
ý2Á ö �¢<À'

�2�;ý
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Â:ÇxÔjì
λ
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ñØÉ"ÙpÌpÇ4ÔÊÇ4Í
Â )�Ù�Ü/ÙpÉ"ÄpÂ�Ì�ÄpÔ
<RÂ�÷ ò�þ�ý2Á:Ú ï2	~þ;ï ü3ï:Ú�òxÁ
ï ö �¢<Í'
<RÂ�÷ ò�þ;ó�ò�Ú ï;òp�;ï ü3ï:Ú ï2	~ó ö �¢<Í'
<RÂ�÷ ò�þ 1 î
Úðó�îa�;ï ü3ï:Ú1î�ý2	 ö �¢<Í'
<RÂ�÷ ò�þ 1 ��Ú ý 1 þ;ï ï:Ú òx� 1 ö �¢<Í'
<RÂ�÷ ò�þQ	
ý:Ú�òp�
þ;ï ï:Úðï�òp� ö �¢<Í'
<RÂ�÷ òx	2�;ý:Úðó2��ò~ï ï:Ú4îpò
ò ö �¢<Í'
<RÂ�÷ ó2�;ó
ó�Ú ýx� 1 ï ü3ï:Úðþ 1 ý ö �¢<Í'
��Ä�÷Ê÷ òp��ý
ý:Ú1îqþ2�;ï ü���Ú ï
ï
ï õ �¢<Í'
��Ä�÷Ê÷ òp�;ó�	:Ú1îqó�ò~ï ü3ý:Ú�ò~ï
ï � �¢<Í'
��Ä�÷Ê÷ òp�;þ;ý:Ú ýx� 1 ï ü3ý:Úò�
ó�	 � �¢<Í'
��Ä�÷Ê÷ òp�QÁ 1 Úðó
þ2�;ï ü3ý:Ú ï:î�ï � �¢<Í'
��Ä�÷Ê÷ ò~ý�	~ó�Ú ý2	~þ;ï ü���Úðó
þ;ï � �¢<Í'
��Ä�÷Ê÷ ò
ò:î 1 Ú�	
ý
ï
ï ü���Ú 1 ï
ï � �¢<Í'
��Ä�÷Ê÷ ò
ò~þ2��Ú ï2Á
ï
ï üjî
Úðþ�Á:î N�Ö:ÉÊÖ�Ì\8
��Ä�÷Ê÷ ò
ò~þ2��Ú 1 �;ï
ï ü���Ú ý;ò~ï N�Ö:ÉÊÖ�Ì\8
��Ä�÷Ê÷ ò
ò~þ2��Ú�Áx��Á
ï ü3ý:Ú�ò~ý
ï N�Ö:ÉÊÖ�Ì\8
��Ä�÷Ê÷ ò
ò2Á:î
Ú�ò~ï~ó;ï ü���Ú 1 Á
ï õ �¢<Í'
��Ä�÷Ê÷ ò�ó�ï2	:Úò��	2	
ï ü���Úò��î�ï õ �¢<Í'
��Ä�÷Ê÷ ò�ó�îqó�Ú ý
ý2Á
ï ü���Ú�òxÁ
ï õ �¢<Í'
��Ä�÷Ê÷ ò�ó��;ï:Úò�2��ò~ï ü���Ú 1 ï
ï õ �¢<Í'
��Ä�÷Ê÷ ò�ó��2��Ú 1 ý;ò~ï ü���Ú ï
ý
ï õ �¢<Í'
��Ä�÷Ê÷ ò�ónò�î
Úðó2��ò~ï ü3ý:Ú ï~ó;ï õ �¢<Í'
��Ä�÷Ê÷ ò�ó;ó
ó�Ú�	2Á
ï
ï ü���Úò��Á
ï �¢<Í'
��Ä�÷Ê÷ ò�ó;þ 1 Ú ý;ò~ï
ï ü3ý:Ú ï;ò~ï �¢<Í'
��Ä�÷Ê÷ ò�óQ	x��Ú�	
ý~ó;ï ü3ý:Ú1î�ï
ï õ �¢<Í'
��Ä�÷Ê÷ ò 1 �;ï:Úðó2��î�ï ü3ý:Úò��	
ï � �¢<Í'
��Ä�÷Ê÷ ò 1 ý~ó�Ú ý:î 1 ï üjî
Ú 1 ó;ï � �¢<Í'
��Ä�÷Ê÷ ò 1 ó 1 Ú�Á2	:î�ï ü3ý:Ú 1 ý
ï û �¢<Í'
��Ä�÷Ê÷ ò 1�121 Úðþ
ó�	
ï ü3ý:Ú ý
ý
ï � �¢<Í'
��Ä�÷Ê÷ òxÁ2�;ý:Ú�Áx�
þ;ï üjî
Ú ýx�;ï õ �¢<Í'
��Ä�÷Ê÷ ó�î�Á~þ�Úðó
þ
þ;ï ü���Ú1î�ï
ï õ �¢<Í'
��Ä�÷Ê÷ ó2�;þ 1 Ú ï
ïx�;ï üjî
Ú�Á;ò~ï õ �¢<Í'
��Ä�÷Ê÷ ó;ý�î 1 Ú 1 îqó;ï üjî
Ú�	~ó;ï õ �¢<Í'
��Ä�÷Ê÷ ó
ó�ï 1 Ú1î
Á~ó;ï ï:ÚòÁ
ó;ï � �¢<Í'
õ Í
÷ ò
ò 121 á�	2	
ï
ï ü3ï:áðó�ò~ï N�Ö:ÉÊÖ�Ì\8õ Í
÷ ò
ò 1 Á:áðó�ò~ï
ï ü3ï:á ý
ý
ï N�Ö:ÉÊÖ�Ì\8õ Í
÷ ò
ò~þ�î
áðó�ò~ï
ï ü3ï:áðþ
þ;ï N�Ö:ÉÊÖ�Ì\8õ Í
÷ ò�ó�ý
ï:á�Á~ó;ï
ï ï:á4î�ó;ï N�Ö:ÉÊÖ�Ì\8õ Í
÷ ò�ó�ý
ý:á�Á2	
ï
ï ü3ï:áðó;ï
ï N�Ö:ÉÊÖ�Ì\8õ Í
÷ ò�ónòxÁ:á 1 ó;ï
ï ü3ï:á ý
ý
ï N�Ö:ÉÊÖ�Ì\8
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ñØÉÊÙ�ÌpÇxÔ"ÇxÍ
Â )�Ù�Ü/ÙpÉ"ÄpÂ�Ì�ÄpÔõ Í;÷ ò�ó 1 ó�á óQ	
ï
ï ü3ï:áò�2�;ï N¡Ö�É"Ö�Ì!8õ Í;÷ ò�ó�	�î
á óQÁ
ï
ï ü3ï:á1îqó;ï N¡Ö�É"Ö�Ì!8õ Í;÷ ò�ó�Á�ò�á 1 ý
ï
ï ü3ï:á ï2	
ï N¡Ö�É"Ö�Ì!8õ Í;÷ ò�ó�Á 1 áò	�Á
ï
ï ü3ï:á ï:î�ï N¡Ö�É"Ö�Ì!8õ Í;÷ ò 1 �;ó�á þ 1 ï
ï ü3ï:á ý~þ;ï N¡Ö�É"Ö�Ì!8õ Í;÷ ò 1 �QÁ:áðý 1 ï
ï ü3ï:á1î
Á
ï N¡Ö�É"Ö�Ì!8
3�Çx÷ ò
ò 1 	:á ò
ý;ò~ï üjî
á 1 òp� N¡Ö�É"Ö�Ì!8
3�Çx÷ ò
ò�þ�ï:á ò~þ2�;ï ü3ï:á ý:î�ï � N¡Ö�É"Ö�Ì!8
3�Çx÷ ò
òx	;ï:á ó 1 î�ï üjî
á�òxÁ:î N¡Ö�É"Ö�Ì!8
3�Çx÷ ò
òxÁ;ï:áðï�òxÁ
ï ü���á1î�ï2	 N¡Ö�É"Ö�Ì!8
3�Çx÷ ò
òxÁ;ï:á ó��
ó;ï ü���á ýx��ò N¡Ö�É"Ö�Ì!8
3�Çx÷ ò�ó�î
��áòÁ�	 1 ï üjî
á�ò�þ;ï � N¡Ö�É"Ö�Ì!8
3�Çx÷ ò�ó�î�Á:áòÁ
þ�Á
ï ü���á�	2	
ï ��× �¢<À'
3�Çx÷ ò�ó2��î
áðý2�2�;ï ü3ï:á�Á;òxÁ N¡Ö�É"Ö�Ì!8
3�Çx÷ ò�ó2��ý:á 1 Á;ò~ï üjî
á ý
ï~ó N¡Ö�É"Ö�Ì!8
3�Çx÷ ò�ó2�Q	:á ó�� 1 ï üjî
á1îa�
þ N¡Ö�É"Ö�Ì!8
3�Çx÷ ò�ó�òx��áÞ��ý~þ;ï üjî
á ý
ï2	 N¡Ö�É"Ö�Ì!8
3�Çx÷ ò�ó�ò 1 áòÁ2�;ï
ï ü3ï:áò�
þ�î N¡Ö�É"Ö�Ì!8
3�Çx÷ ò�ó
ó�î
áÞ��îqþ;ï ü3ï:á�	2	
ï � �¢<À'
3�Çx÷ ò�ó
óQÁ:áòÁ2��î�ï üjî
áðþ;ý~þ N¡Ö�É"Ö�Ì!8
3�Çx÷ ò�ó
þ���áðï�ò�î�ï ü3ï:áðó;ý 1 N¡Ö�É"Ö�Ì!8
3�Çx÷ ò�ó�	�	:á ò:î
î�ï ü3ï:áðþ�ò�ó N¡Ö�É"Ö�Ì!8
3�Çx÷ ò�ó�Á2��á ó��2�;ï ü3ï:á ý~þ;ï N¡Ö�É"Ö�Ì!8
3�Çx÷ ò�ó�Á 1 áðý�	
ý
ï ü3ï:áðþ;ï;ò N¡Ö�É"Ö�Ì!8
3�Çx÷ ò 1 ï;ï:áðý
ó
ó;ï ü3ï:á 1 î�ï �¢<À'
3�Çx÷ ò 1 ï�ò�áòÁ�	x�;ï ü3ï:áò�
ó;ï � N¡Ö�É"Ö�Ì!8
3�Çx÷ ò 1 ï 1 áÞ��î
Á
ï üjî
á ï
ï
ï � �¢<À'
3�Çx÷ ò 1 ï�Á:áòÁ;ï~ó;ï ü3ï:áðó�	
ï N¡Ö�É"Ö�Ì!8
3�Çx÷ ò 1 î�þ�áò	 1 �;ï ü3ï:áðó2�
ó N¡Ö�É"Ö�Ì!8
3�Çx÷ ò 1 ý�î
áðï�îqþ;ï ü3ï:á�Á~ó
þ N¡Ö�É"Ö�Ì!8
3�Çx÷ ò 1 ò2	:á 1 ò 1 ï ü3ï:á1î�ï
ï � N¡Ö�É"Ö�Ì!8
3�Çx÷ òx	2	 1 á þ�ï~ó;ï üjî
áðþ�	
ï N¡Ö�É"Ö�Ì!8
3�Çx÷ òx	2	 1 áòÁ
þ 1 ï üjî
á1îa�;ï N¡Ö�É"Ö�Ì!8
3�Çx÷ òxÁ
ï;ï:áòÁ 1 þ;ï üjî
á 1 þ;ï û �¢<À'
3�Çx÷ òxÁ
ï�ò�á ò
ï~þ;ï ü3ï:á1îqþ;ï � �¢<À'
3�Çx÷ òxÁ:î
��áðï2�;ï
ï ü3ï:á�	
ï
ï � �¢<À'
3�Çx÷ òxÁ:î<ý:áòÁ 1 	
ï ü3ï:á 1 ý
ï � �¢<À'
3�Çx÷ òxÁ:î�	:áðý 1 �;ï ü3ï:áò��ò~ï � �¢<À'
3�Çx÷ òxÁ:î�	:á þ�ï 1 ï ü3ï:áðþ�	
ï N¡Ö�É"Ö�Ì!8
3�Çx÷ òxÁx�;ó�á ó;ó�Á
ï ü3ï:áðþ
þ;ï � N¡Ö�É"Ö�Ì!8
3�Çx÷ òxÁ
ý
ó�áò	;ý:î�ï ü3ï:á ý~ó;ï � �¢<À'

�2�
ó
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ØZÙ¡Ú fAÿ hji#á tvux����rO�����ûØÐxÙ�Å�Ä�Â~Î�ê"××ÇxÍ
Â:ÇxÔjì
λ

êTó¡ì
log gf

ñØÉ"ÙpÌpÇ4ÔÊÇ4Í
Â )�Ù�Ü/ÙpÉ"ÄpÂ�Ì�ÄpÔ
3ÃÇx÷ òxÁ;ý~þ�á ý;ò�î�ï ü3ï:á ý2Á
ï � �¢<Í'
3ÃÇx÷ òxÁ
þ 1 á ýx� 1 ï ü3ý:á1î�ï
ï õ × 3Ã÷�G#¡
3ÃÇx÷ ó;ï;ï
ý:áðþ�ò�î�ï ü���á�	
ï
ï õ × 3Ã÷�G#¡
3ÃÇx÷ ó;ï�	
ï:áðó2��	
ï ï:áðý;ý
ï Ð�Ö�É"Ö�Ì!8
3ÃÇx÷ ó;ï�	:î
á1î�ï~þ;ï ï:áðý;ï
ï Ð�Ö�É"Ö�Ì!8
3ÃÇx÷ ó;ï�	;ò�á ï2	2Á
ï ï:áðï�Á
ï Ð�Ö�É"Ö�Ì!8
3ÃÇx÷ ó;ï�Á 1 á�	~ó�ò~ï ü3ï:á�Á
ï
ï Ð�Ö�É"Ö�Ì!8
3ÃÇx÷ ó;ï�Á2Á:á�Áx�
þ;ï ü3ï:á1î�ï
ï Ð�Ö�É"Ö�Ì!8
3ÃÇx÷ ó�î<ïx��á�Á 121 ï ü���á 1 �;ï õ × 3Ã÷�G#¡
3ÃÇx÷ ó�î<ý~þ�á ï~þ�ò~ï üjî
á�Á2Á
ï õ × 3Ã÷�G#¡
3ÃÇx÷ ó�ò~þ 1 á�Á
ï;ò~ï ü3ï:á�	2Á
ï õ × 3Ã÷�G#¡
3ÃÇx÷ ó
ó;ó;ý:á 1 Á
ï
ï ü3ý:áò��ò~ï õ × 3Ã÷�G#¡
3ÃÇx÷ ó
óQ	~þ�á�	~ó�	
ï ü���á1î<ò~ï õ × 3Ã÷�G#¡
3ÃÇx÷ ó
óQÁx��áò� 1 �;ï ü���áðó�Á
ï õ × 3Ã÷�G#¡
3ÃÇx÷ ó
þ�î
î
á�	2	2	
ï ü���áò� 1 ï õ × 3Ã÷�G#¡
3ÃÇx÷ ó
þ;ó�ò�á 1 ó 1 ï ü���á ý;ò~ï õ × 3Ã÷�G#¡
3ÃÇx÷ ó�	�Áx��á�	~þ2�;ï ü���á ý;ò~ï õ × 3Ã÷�G#¡
3ÃÇx÷ 1 î 1 ý:á�ò�î
	
ï ü3ï:á 1 	x� Ð�Ö�É"Ö�Ì!8
3ÃÇx÷ 1 î�þ;ï:áðó 1 þ;ï üjî
á�	
ï2	 Ð�Ö�É"Ö�Ì!8
3ÃÇx÷ 1 î�þ
ó�á ý 1 ï
ï ü3ï:áðó;ý
ï Ð�Ö�É"Ö�Ì!8
3ÃÇx÷ 1 î�þ 1 á�	
ï~þ;ï ü3ï:áò� 1 ï Ð�Ö�É"Ö�Ì!8
G�ÉÊ÷"÷ ò~ï
þ
þ�áðþ;ï2Á
ï ï:á4î�ó�î 3Ã÷�G#¡
G�ÉÊ÷"÷ òp��îqó�áðó2�;ï
ï ü3ï:á1î 1 Á 3Ã÷�G#¡
}¡÷"÷ òx	�	
ý:á 1 	;ò~ï ï:áðï
þ;ï Ð�Ö�É"Ö�Ì!8
}¡÷"÷ òxÁ;ï
ï:á1îa�;ï
ï ü3ï�áðï2Á Ð�Ö�É"Ö�Ì!8
}¡÷"÷ òxÁ�	x��á1îa��Á
ï üjî
áò��Á
ï Ð�Ö�É"Ö�Ì!8
}¡÷"÷ ó;ï�	~þ�á�ò�î 1 ï ü3ï:á1îqþ;ï Ð�Ö�É"Ö�Ì!8
}¡÷"÷ ó2��ï
ï:á�ò~ï 1 ï ü3ï:áðó
þ;ï Ð�Ö�É"Ö�Ì!8
?tÉ"÷Ê÷ ò�îpòxÁ:áò��îqþ;ï ü3ï:á ï
ý
ï Ð�Ö�É"Ö�Ì!8
?tÉ"÷Ê÷ ò�î�ó 1 áò��ò~ï
ï ü3ï:áðþ
þ 1 Ð�Ö�É"Ö�Ì!8
?tÉ"÷Ê÷ ò�î 1 î
áò��î�ï
ï ü3ï:áðþ2�;ï Ð�Ö�É"Ö�Ì!8
?tÉ"÷Ê÷ òp��ï2	:á�Á2	
ï
ï ü3ï:á�ò 1 ï Ð�Ö�É"Ö�Ì!8
?tÉ"÷Ê÷ ò
ò2Á 1 á�Á 1 ï
ï ü3ï:á�	:î�ï ö�Æ;Ð�	:î
ö�Æ�÷Ê÷ ò�ó;ó�ò�Ú ïx��Á
ï ï:Ú4î 1 ý ö N�Ö:ÉÊÖ�Ì\8ö�Æ�÷Ê÷ òxÁ;ý;ò�Ú ï~þ 1 ï ü3ï:Ú1îqó 1 ö 3ÃögGö�Æ�÷Ê÷ ó�	
ó;ý:Ú 121 	
ï üjî
Úðó�î�ï ö 3Ã÷�G#¡ö�Æ�÷Ê÷ 1 îpò�î
Úðþ�î�ý
ï ü3ï:Ú�	:î�ï ö 3Ã÷�G#¡

�2� 1
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Ø]ÙFÚ fAÿ hji¤á t�ux����rH�����ûØÐxÙ�Å�Ä�Â�Î¶ê�×¡Ç4Í
Â�Ç4Ôjì
λ

êCó¡ì
log gf

ñØÉÊÙ�ÌpÇxÔ"ÇxÍ
Â )�Ù�Ü/ÙpÉ"ÄpÂ�Ì�ÄpÔö�Æ;÷"÷ 1 òxÁ 1 Úò	�Á~þ;ï üjî
Ú ï:î�ï ö 3Ã÷�G¤¡
â¹Æ;÷"÷ ò�ó2����áðý
þ;ï
ï ï:á ï2Á
ï < õ 	 1â¹Æ;÷"÷ ò�ó2�;ó�áðý�î�ï
ï ü3ï:á1îqó;ï < õ 	 1â¹Æ;÷"÷ ò�ó2� 1 á4î
�;ï
ï ü3ï:áðó�ò~ï < õ 	 1â¹Æ;÷"÷ ò�ó
óQ	:á ò 1 ï
ï ü3ï:á�	 1 ï < õ 	 1â¹Æ;÷"÷ ò�ó
óQÁ:áÞ�QÁ
ï
ï üjî
á1î�ý
ï < õ 	 1â¹Æ;÷"÷ ò�ó
þnò�áò	�	
ï
ï ü3ï:á�Á 1 ï < õ 	 1â¹Æ;÷"÷ ò�ó�	;ï:áðï 1 ï
ï ü3ï:á�Á:î�ï < õ 	 1â¹Æ;÷"÷ ò 1 î<ý:áðý�Á
ï
ï ü3ï:á 1 ï
ï < õ 	 1â¹Æ;÷"÷ ò 1 î�Á:áò	�	
ï
ï ï:á1î�ï
ï < õ 	 1â¹Æ;÷"÷ ò 1 ò~ó�áÞ�Q	
ï
ï üjî
áðó 1 ï < õ 	 1â¹Æ;÷"÷ ò 1 ó;ó�á ó�ï
ï
ï ï:á ý;ò~ï < õ 	 1â¹Æ;÷"÷ òx	2Á�Á:áòÁ2�;ï
ï ü3ï:áðþ�	
ï < õ 	 1â¹Æ;÷"÷ òxÁx��ï:áòÁ�	
ï
ï ü3ï:á 1 ý
ï < õ 	 1â¹Æ;÷"÷ òxÁx��î
á þQÁ
ï
ï ü3ï:áðó
ó;ï < õ 	 1â¹Æ;÷"÷ òxÁ
ý�ò�áò	;ý
ï
ï ü3ï:áðþ;ý
ï < õ 	 1
õ Äp÷Ê÷ ò~ï;ò
ï:á þ 1 ï
ï ï:áò�;ý
ï N¡Ö�É"Ö�Ì!8õ Äp÷Ê÷ ò�î�ý;ý:áò	;ï
ï
ï ï:áðþ2�2� N¡Ö�É"Ö�Ì!8õ Äp÷Ê÷ ò�î
	 1 á óQÁ;ò~ï ï:á�	:î�ý N¡Ö�É"Ö�Ì!8õ Äp÷Ê÷ ò
ò 1 ï:áÞ��ï~þ;ï ï:á1îqþ�î N¡Ö�É"Ö�Ì!8õ Äp÷Ê÷ ò
ò�þ�î
áÞ�nò~ï
ï ü3ï:á ï 1 ï < õ 	 1õ Äp÷Ê÷ ò�ó 1 ��áðý 1 ï
ï ü3ï:á ï;ò~ï < õ 	 1õ Äp÷Ê÷ ò 1 �Q	:á4î 1 ï
ï ü3ï:á1î
î�ï < õ 	 1
3ÃË:÷Ê÷ ò~ï 1 î
áðï�Á
ï
ï ï:áðó
ó;ï 3Ã÷�G¤¡
3ÃË:÷Ê÷ ò~ý
ï;ý:á óQ	
ï
ï ï:á1î<ò~ï 3Ã÷�G¤¡
3ÃË:÷Ê÷ ò�ó;ï�î
áò	2�;ï
ï ü3ï:áðþ 1 ï ' 	
ó
3ÃË:÷Ê÷ ò�ó�òx��á 1 î�ï
ï ü3ï:á�ò�î�ï ' 	
ó
ûØÖ�÷"÷ ò�îa�QÁ:á þ�ïx�;ï ï:áò�2�;ï N¡Ö�É"Ö�Ì!8ûØÖ�÷"÷ òp�;ï
ó�áðï
ó;ï
ï ï:áò��î�ï N¡Ö�É"Ö�Ì!8ûØÖ�÷"÷ ò
ò~ý
ó�á ó;þ 1 ï ü3ï:á ï2Áx� N¡Ö�É"Ö�Ì!8ûØÖ�÷"÷ ò�ó2����á ó;þ;ï
ï ü3ï:á 1 	
ï N¡Ö�É"Ö�Ì!8

�2�
þ
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Ä fifÅ°ÇÆÈ° )

d e¨©¹©xËÌja« Éxnpe¨fim °ÌféÉ¹©¹° jp°Ôm ËÔjpËÌæ °ÔféÉxm

�×Æ;Â:Ô
ÌpÄ�Î×Æ�Â�Â�Ä�ä�Ä�Ú~ã"Ä�Ñ�ÉÊÙ�ÔÊÄ�Â�ÎÊÄ�Õ�Ö�ÄpÐ4Õ�Ö�ÄpÔÃÌpÍ
É"ÉÊÙpÐxÆ�ÎÏÇ4Í
Â�Ô�ÇxÂ~ÎÊÙpÉÊÄ�ÔÊÔÊÆ;Â~ÎÏÄpÔ
ÄpÂ~ÎÏÉ"Ä¶ÐxÄ�Ô�Æ;Û�Í;Â�Ë�Æ;Â�Ì�ÄpÔË�ÄªÑ:ÐxÖ�Ô"ÇxÄpÖ:ÉÊÔ�Ù�ÐxÙpÅ	ÄpÂ~ÎÊÔ�ÌjÒ�ÇxÅ	ÇxÕ�Ö�Ä�Ôpá õ Ä�ÔøÌpÍ
É"ÉÊÙpÐxÆ�ÎÏÇ4Í
Â�Ô�ÔÊÍ
Â~ÎøÇxË:ÄpÂ~ÎÏÇ1ÿ�ÙpÄ�Ô�Ë�Æ;Â�Ô�Ð4ÄpÔ�ÿ�é
Ö:ÉÊÄpÔ�Ë:ÄªÐ�ÆÑ�Æ�É"ÎÏÇ4Ä×÷Ê÷¸Ë�ÖGÌjÒ�Æ;Ñ�Ç1ÎÏÉÊÄ 1 Í2[¶ã�ß Æ;ÇcÆ;Â�Æ�Ð4Ó�ÔÊÙ�ÌjÒ�Æ;Õ�Ö�Ä�ÙpÐ4ÙpÅ	ÄpÂ~Î�ÔÊÙ�Ñ�Æ;É"ÙpÅ	ÄpÂ~Î<á
÷(Ð~ÜÝÆ;Ö:Î�Â�Í;ÎÊÄpÉ¹Õ�Ö�Ä°Ë�Æ;Â�Ô�ÐxÄOé
ÉÊÍ;Ö�Ñ�ÄOËSß�Ù�ÎÊÍ
ÇxÐ4ÄpÔ�Ú"ã"ÄeÂtßðÆ;Ç�Ñ�Æ�Ô�Ç4Â�ÌpÐ4Ö�Ô¹ÌpÄpÐ4ÐxÄ�Ô�Ë:Í
Â~Î�Ð4ÄpÔ�Æ;Ñ�Ñ�Æ�É"ÎÏÄ�Â�Æ;Â�Ì�ÄpÔÆ;Ö�ä\Æ;Å�Æ;Ô¶Ô"Í
Â~ÎøÇxÂ�Ì�ÄpÉ�ÎjÆ;Ç4Â�ÄpÔ�á@�
Ç4Â�ÔÊÇôÚ�Ë�Æ�Â�Ô�Ð&ß Æ;Å�Æ;Ô¶Ë�Ä�ÔøñØÐxÙpÇxÆ;Ë�Ä�ÔpÚçÐ4Äåé
É"Í
Ö�ÑEÄ®� ÄpÔ�ÎøÙpÕ�Ö�Ç4à�Æ;Ð4ÄpÂ~ÎÞ �CÂ�Í
É"ÅåÆ;Ð4ÄpÔWÄ�ÎÀ�
Å ÔÊÆ;Â�Ô�9��O�2� 1 îqó�ág�
Æ;Â�ÔGÐ&ß Æ;ÅåÆ�ÔWË�Ä õ Í
Å�Æùö¸ÄpÉÊÄ�Â�ÇxÌ�ÄpÔ�Ú�Ð4Ä�é
ÉÊÍ;Ö�Ñ�Ä �ÃÅÄ�ä:Ì�ÐxÖ:ÎOÔ"ÄpÖ�Ð4ÄpÅ	ÄpÂ~Î�9��¶î<ï 1 Á2Á2Á�Ú;ÐxÄ°é
ÉÊÍ
Ö:Ñ�Äg�$Â�Í;ÉÊÅ�Æ;ÐxÄ�ÔçÄ�ä�ÌpÐ4Ö:Î�9��¶î<ï~þ 1 ó
ó
Ä�ÎOÐxÄ»é
É"Í
Ö�ÑEÄg�$Ä�ä�ÌpÐ4Ö:Î

9��¶î�ï~þ 1 ó
ó¶Ä�Î�9���î�ï 1 Á2Á�Á:á

�2��Á
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Ø]Ù¡Ú f,+ hji#á�ÜDm wvw � � q �v� m�n tzr n �vw�r o � ìU� w�r n ��t � � � ~Hr n ��tz���x��~O��îQuprst opq!n t���rst � � m ����rstb~Hr_~ l w�rst o rg� ��q ~ q to rst6Ýõ� � � q�o rst��¤ê qHo r_u2í2� � ~HrM� m � m�nxn rMw�r_�xw � t�r n ��rM��rgç
w m ux��r o��Ý� � m ����rstbux�v������t �Lopq!n tJ��rL� q ���_ux� o rg� q � m wã�w � � q �v� m�n �2ê q �vw m ��tv� � ~Hr-� m � m�nxn r-w�r_�xw � t�r n ��r-� �Ý� îQu q �v� m�n5o rb� q�o w m ����r
�2� q!n t
� q î�u q �vwv� � ~Hrzr_�@�_� n î�ux� � ~Hr� m � m�nxn r m�n w�r_�vw m ux�ar�� � r_wvw�r_uxwLtvuxw-� q ��r n ��r o r�� q*o w m ����rSr_�-� � r_wvw�r_uxwgtvuxwz� q � m�n tv� q!n ��rHy(� �Ým wv��ç
� n r
�UêÖr� m rX�6�_��r n � o rgw � ç
w�rst�tv� m�n rstv� npm � �Lopq!n t¢� qOo r_w n � � w�rM� m � m�nxn r
�ûØÐxÄ�Å�Ä�Â~ÎÏÔ Ï�É"Í
Ö�ÑEÄ¡ËSß�Ù�ÎÏÍ;ÇxÐxÄ�Ô ûØÕ�Ö�Æ�ÎÊÇxÍ
Â
∆

Æ
∆

Û )
É õgÊ ��Ä\Ë�ü�É ��Ä Ê 9LË � É õgÊ ��Ä\Ë ¥ ü(ï:áðþ;ïUÉ ��Ä Ê 9MË�ü3ï�áÞ��î ï:á ý
ï ï:á ï~ó ü3ï:áðó�ò
É õgÊ ��Ä\Ë�ü�É ��Ä Ê 9LË � ê:9�Í
ÉÊÔ3ü3û¢¡�â�ì É õgÊ ��Ä\Ë ¥ ü(ï:á 1 	UÉ ��Ä Ê 9MË�ü3ï�áðý~þ ï:áò�;ï ï:á ï;ò ü3ï:á 1 	
É õgÊ 9MË�ü�É ��Ä Ê 9LË � É õgÊ 9MË ¥ ï:á ý
ïUÉ ��Ä Ê 9MË�ü3ï�áÞ��î ï:á ý
ï ï:á ï~ó ï:áò� 1
É�, Ê ��Ä\Ë�ü�É ��Ä Ê 9MË � Éò, Ê ��Ä\Ë ¥ üjî
áò� 1 É ��Ä Ê 9LË1ü(ï:á ï 1 ï:áò�
ó ï:á ï~ó ü3ï:á�	x�
É�, Ê 9MË�ü�É ��Ä Ê 9LË � É�, Ê 9MË ¥ ü(ï:áò�
þ�É ��Ä Ê 9MË�ü3ï�áðï~ó ï:áò��ò ï:á ï;ò ü3ï:á ý
ï
É õgÊ 9MË�ü�É�, Ê 9MË � É õgÊ 9MË ¥ ü3ï:á1î�ýUÉ�, Ê 9MË�ü3ï�áÞ�;ï ï:á ý
ý ï:á ï 1 ü3ï:á1î�ï
É�<Ré Ê 9LË1üsÉ���Ä Ê 9MË � É�<Ré Ê 9MË ¥ ï�á ó;ý�É���Ä Ê 9MË ×�ï�á4î<ò ï:áò�;ï ï:á ï
ý ï:á 1 ý
É�G�Ç Ê 9MË�ü�É ��Ä Ê 9MË � ÉòG�Ç Ê 9MË ¥ ï:á 1 ÁUÉ ��Ä Ê 9MË ×¡ï:áò�;ï ï:á1î 1 ï:á ï
ý ï:áðþ�	
É�G�Ç Ê ��Ä�Ë1üsÉ���Ä Ê 9MË � É�G�Ç Ê ��Ä\Ë ¥ ü(ï:á ý:îxÉ ��Ä Ê 9MË ×¡ï:á1î
Á ï:á1îqó ï:á ï
ý ü3ï:áðó;ï
É�G�Ì Ê ��Ä�Ë1üsÉ���Ä Ê 9MË � ÉòG�Ì Ê ��Ä\Ë ¥ ��á 1 ýUÉ���Ä Ê 9MË�ü3ï:á1î<ò î
á ý ï:á ï2	 ï:áðþ 1
É�¡»Ç Ê 9LË1üsÉ���Ä Ê 9MË � É�¡»Ç Ê 9LË ¥ ï:áðþ�ÁUÉ ��Ä Ê 9LË ×¡ï:á ï;ò ï:á�	:î ï:á ï~ó ï:áðó;ï
É�¡»Ç Ê 9LË1üsÉ���Ä Ê 9MË � É�¡»Ç Ê 9LË ¥ î
á ïx��É ��Ä Ê 9LË1ü(ï:áðï�î ï:á1î
	 ï:á ï
ý ï:á�	;ò
É õ É Ê 9LË1üsÉ���Ä Ê 9MË � É õ É Ê 9LË ¥ ï:á�Áx��É ��Ä Ê 9LË1ü(ï:áðï�î ï:áò��Á ï:á ï~ó ï:á 1 ó
É�<RÂ Ê 9LË1üsÉ���Ä Ê 9MË � Éò<RÂ Ê 9MË ¥ ï:áò	
þ�É���Ä Ê 9MË�ü3ï:á ï~ó ï:áðó
ó ï:á1î�ï ï:áðó�î
É 3ÃÇ Ê 9MË�ü�É ��Ä Ê 9LË � É 3ÃÇ Ê 9MË ¥ ï:á ó 1 É���Ä Ê 9MË�ü3ï:á ï:î ï:á ý~þ ï:á ï~þ ï:á�ò~ý
É�G�É Ê 9MË�ü�É ��Ä Ê 9MË � É�G�É Ê 9MË ¥ ��áðý�	UÉ���Ä Ê 9MË�ü3ï:á�ò~ý ï:á�ò~ï ï:á ï~þ ï:á�	~ó
É } Ê 9LË1üsÉ���Ä Ê 9MË � É�} Ê 9MË ¥ ï:áò�
þ�É ��Ä Ê 9MË ×¡ï:á1î�ý ï:á ýx� ï:á ï 1 ï:áò�
þ
É�?tÉ Ê 9LË1üsÉ�} Ê 9MË � É�?tÉ Ê 9MË ¥ î;áò	
ï�É�} Ê 9MË�ü3ï:á ïx� ï:á 1 ï ï:á1î�ý ï:áðþ
ó
É�ö�Æ Ê 9LË1üsÉ���Ä Ê 9MË � É�ö�Æ Ê 9LË ¥ ý:áò�2��É ��Ä Ê 9LË ×¡ï:áò��Á ï:áðó�ò ï:á1î
î ï:á�	2Á
É�ö�Æ Ê 9LË1üsÉòG�É Ê 9LË � É ö�Æ Ê 9MË ¥ î
áÞ��îxÉòG�É Ê 9LË ×¡ï:áðþ
ó ï:á ý
ï ï:á1îa� ï:á�	
ï

�;ý
ï



± ��� ^�Õ¤^�*(` ��� ¦�¦s% $Ú� � ]+����§ ^ � �T¦_^ $ ^ § % $ %��Æ^ � � §

Ø]ÙFÚ f-+ hÚàUá ß o r_~ îQuprz��rz� q!l ��r q u��S���z~ q ��tb� m uxw¢� ��q ~ q t o r ÜDm ~ q�á r_w�r n ���srst��ûØÐxÄ�Å�Ä�Â�ÎÊÔ Ï�É"Í
Ö�ÑEÄ¡ËSß Ù�ÎÏÍ
Ç4ÐxÄ�Ô ûØÕ�Ö�Æ�ÎÊÇxÍ
Â
∆

Æ
∆

Û )
É õgÊ ��Ä\Ë�ü�É ��Ä Ê 9MË �ÃÅ É õgÊ ��Ä�Ë ¥ ü���á4î�ó�É���Ä Ê 9MË�ü3ï:á ý
ý ï�á ó;ï ï:á1î�ï ü(ï:áò	�Á
É õgÊ ��Ä\Ë�ü�É ��Ä Ê 9MË � É õgÊ ��Ä�Ë ¥ üÏî
á þ;ó�É���Ä Ê 9MË�ü3ï:á�ò�î ï�á òx	 ï:á ï2Á ü(ï:áò	;ï
É õgÊ ��Ä\Ë�ü�É ��Ä Ê 9MË � ê:9�Í
ÉÊÔ3ü3û¢¡�â�ì É õgÊ ��Ä�Ë ¥ üÏî
á ó;ó�É���Ä Ê 9MË�ü3ï:áðó;ï ï�á òp� ï:á ï2	 ü(ï:áò	�î
É õgÊ 9MË�ü�É ��Ä Ê 9LË �ÃÅ É õgÊ 9MË ¥ üjî
áò�
þ�É ��Ä Ê 9LË1ü(ï:áò��	 ï�á ó�ò ï:á1î�ï ü(ï:á 1 Á
É õgÊ 9MË�ü�É ��Ä Ê 9LË � É õgÊ 9MË ¥ ü3ï:áðþ�ò�É ��Ä Ê 9LË1ü(ï:á�ò�î ï�á ó�î ï:á ï2Á ü(ï:á ò
ý
É�, Ê ��Ä�Ë1üsÉ���Ä Ê 9MË ��×H� É�, Ê ��Ä\Ë ¥ üjî
á�Á
ýUÉ ��Ä Ê 9LË1ü(ï:á4î�Á ï�á ó�ò ï:á ï2Á ü(ï:á þnò
É�, Ê ��Ä�Ë1üsÉ���Ä Ê 9MË � É�, Ê ��Ä\Ë ¥ ü���á ý
ïUÉ ��Ä Ê 9LË1ü(ï:áÞ��ý ï�á ó;ý ï:á1î�ï ü(ï:áò	
ó
É�, Ê 9MË�ü�É ��Ä Ê 9MË � Éò, Ê 9LË ¥ üÏî
áÞ�Q	UÉ���Ä Ê 9MË�ü3ï:áò�;ý ï�á ó�ò ï:á ï2Á ü(ï:á 1 �
É õgÊ 9MË�ü�É�, Ê 9MË �ÃÅ É õgÊ 9LË ¥ ï:á 1 ïUÉ�, Ê 9MË�ü3ï�áÞ�
þ ï�á4î�ý ï:á ï 1 ï:á�Á:î
É õgÊ 9MË�ü�É�, Ê 9MË � É õgÊ 9LË ¥ ï:á 1 	UÉ�, Ê 9MË�ü3ï�á4î
Á ï�á4î
Á ï:á ï2Á ï:áðþ;ý
É�<Ré Ê 9LË1üsÉ���Ä Ê 9MË � É�<Ré Ê 9LË ¥ ï:áðþ�ò�É ��Ä Ê 9LË ×¡ï:áò� 1 ï�áðý~ó ï:á ï;ò ï:á 1 ï
É�G�Ç Ê ��Ä�Ë1üsÉ���Ä Ê 9MË ��×H� É�G�Ç Ê ��Ä�Ë ¥ ü(ï:áòÁ
ó�É���Ä Ê 9MË ×¡ï:á4î 1 ï�á4î
	 ï:á ïx� ü(ï:áò	�î
É�G�Ç Ê ��Ä�Ë1üsÉ���Ä Ê 9MË ��×O��üb9��¶î�ï~þ�î 1 	 É�G�Ç Ê ��Ä�Ë ¥ ü(ï:áòÁ
ó�É���Ä Ê 9MË ×¡ï:á4î 1 ï�á4îqþ ï:á ïx� ü(ï:áò	
ó
É�G�Ì Ê ��Ä�Ë1üsÉ���Ä Ê 9MË � ÉòG�Ì Ê ��Ä\Ë ¥ üjî
á1î�ïUÉ ��Ä Ê 9LË ï�á4î
î ï:á ï:î ü(ï:áòÁ
ó
É�¡»Ç Ê 9LË1üsÉ���Ä Ê 9MË � É�¡»Ç Ê 9LË ¥ ï:á�ò�ó�É ��Ä Ê 9LË ×¡ï:á ï2	 ï�áðý~ó ï:á ï;ò ï:á�ò~ï
É õ É Ê 9LË1üsÉ���Ä Ê 9MË �ÃÅ É õ É Ê 9MË ¥ î
á ï 1 É ��Ä Ê 9MË�ü3ï�áðïx� ï�áÞ��Á ï:á ï 1 ï:á�	~ó
É�<RÂ Ê 9LË1üsÉ���Ä Ê 9MË � É�<RÂ Ê 9LË ¥ î
áò�;ýUÉ ��Ä Ê 9LË1ü(ï:áò��ò ï�áÞ�2� ï:á ï~ó ï:á�Á;ò
É 3ÃÇ Ê 9MË�ü�É ��Ä Ê 9MË ��×H� É 3ÃÇ Ê 9MË ¥ î
áÞ�nò�É���Ä Ê 9MË ×¡ï:áðï�î ï�áÞ�
ó ï:á ï;ò ï:áðþ
ó
É 3ÃÇ Ê 9MË�ü�É ��Ä Ê 9MË �QÂ�Í
ÉÊÅ�Æ;Ð4ÄpÔµ×O� É 3ÃÇ Ê 9MË ¥ ï:á 1 	UÉ���Ä Ê 9MË ×¡ï:áðï;ý ï�áðý:î ï:á ï;ò ï:áðó
ó
É 3ÃÇ Ê 9MË�ü�É ��Ä Ê 9MË � É 3ÃÇ Ê 9MË ¥ î;á 1 ï�É���Ä Ê 9MË�ü3ï:á ïx� ï�áÞ� 1 ï:á ï~ó ï:á�Áx�
É } Ê 9LË1üsÉ���Ä Ê 9MË �ÃÅ É�} Ê 9MË ¥ ��áÞ��îxÉ���Ä Ê 9MË ×¡ï:áÞ��� ï�á ó 1 ï:á1î�ï ï:á�	~ó
É } Ê 9LË1üsÉ���Ä Ê 9MË � É�} Ê 9MË ¥ ��á4î<ýUÉ���Ä Ê 9MË ×¡ï:áÞ�;ó ï�á 1 ï ï:á1î
î ï:á�	~ó
É�G�É Ê 9LË1üsÉ���Ä Ê 9MË � É�G�É Ê 9MË ¥ ��áðý 1 É���Ä Ê 9MË ×¡ï:áðï 1 ï�á ò~ý ï:á ï2	 ï:á�Á
ï
É�?tÉ Ê 9LË1üsÉ�} Ê 9MË �ÃÅ É�?tÉ Ê 9LË ¥ î
á ï
ïUÉ } Ê 9LË1ü(ï:á ï 1 ï�á4îqþ ï:á1î
î ï:á�Á
ý
É�?tÉ Ê 9LË1üsÉ�} Ê 9MË � É�?tÉ Ê 9MË ¥ ï�áò	x�¤É�} Ê 9MË ×¡ï:áðï
þ ï�á4î
	 ï:á1î
î ï:á�	 1
É�ö�Æ Ê 9LË1üsÉ���Ä Ê 9MË � É�ö�Æ Ê 9LË ¥ ó�á1î�ïUÉ ��Ä Ê 9LË ×¡ï:á 1 î ï�á þ�ò ï:á1î�ï ï:á�Á;ò
É�ö�Æ Ê 9LË1üsÉòG�É Ê 9MË ��×H� É�ö�Æ Ê 9MË ¥ î;áðý;òUÉòG�É Ê 9MË ×¡ï:áðó�ò ï�áÞ�;ý ï:á ï2	 ï:á�	;ò
É�ö�Æ Ê 9LË1üsÉòG�É Ê 9MË � É�ö�Æ Ê 9MË ¥ î;á ò~ï�ÉòG�É Ê 9MË ×¡ï:áðó�	 ï�áÞ�
þ ï:á1îa� ï:á�	~þ

�;ý:î



± ��� ^�Õ¤^"*(` ��� ¦�¦_% $Ú� � ]+����§ ^ � �:¦_^ $ ^ § % $ %��Æ^ � � §

�;ýx�



Ä fifÅ° ÆÈ° .

janamÍÉ¹° äÅ°Ôm / lÅ¥¦janahk« É¹npegfim

î�ü õ Ò�Ä�Å�Ç4Ì<Æ;Ð�ÌpÍ;Å�ÑEÍ
ÔÊÇ1ÎÏÇ4Í
Â Í�ÜO�NÆ;Â:Ë � Ë½�°Æ;É�Ü�Å	ÄpÅ¶Û�Ä�ÉÊÔ	Í;Ü¡ÎÏÒ�Ä õ Í
Å�Æ¿ö°Ä�ÉÊÄpÂ:ÇxÌpÄ�ÔWÍ
ÑEÄpÂÌ�ÐxÖ�Ô�ÎÏÄ�É�êôÆ;Ì�ÌpÄpÑ�ÎÏÙ�Ë�Æ;Â�ÔL�S/O�×ì
�qü õ Ò�Ä�Å�Ç4Ì<Æ;Ð�ÌpÍ
Å	Ñ�Í;ÔÊÇ4ÎÊÇxÍ
Â�Í;Ü.�#Æ;Â�ËY��Ë½�°Æ;É"ÜEÅ	ÄpÅ�ÛEÄpÉ"ÔØÍ;Ü�ÎÏÒ�Ä�ñØÐ4ÄpÇ�Æ�Ë�ÄpÔçÍ;Ñ�Ä�Â	Ì�ÐxÖ�Ô�ÎÏÄ�É�êÝÔ"Í
Ö�üÅ	ÇxÔ�ÞY��/O�¡ì
ýnü�¡»Ò�Ä�Ä�ætÄ�Ì�Î¡Í;ÜeÉ"Í;ÎjÆ�ÎÊÇxÍ
ÂRÍ
ÂvÎÊÒ�Ä�Æ;Û�Ö:Â�Ë�Æ;Â�Ì�ÄpÔ�Í;ÜØÎÊÒ�Ä�ÌjÒ�Ä�Å�Ç4Ì<Æ;Ð�ÄpÐxÄ�Å�Ä�Â~ÎÏÔ×Í;ÜØÎÊÒ�Ä&�TÎ(Ó�ÑEÄpÔÔ�ÎjÆ;É"Ô�ÇxÂWÎÏÒ:Ä�ñØÉÊÆ;ÄpÔ"ÄpÑEÄ�Ì�ÐxÖ�Ô�ÎÏÄpÉ�ê/ÔÊÍ
Ö�Å	ÇxÔ�Þ5��/H�×ì

�;ý
ý



± ��� ^�Õ¤^"0z` $�]�§ ��^  ^ § ³ ¨��!$�]"�X� � ]+����§

Astronomy & Astrophysics manuscript no. gebran˙8807 c© ESO 2007
November 20, 2007

Chemical composition of A and F dwarf members of the Coma
Berenices open cluster?
M. Gebran1, R. Monier1?? and O. Richard1

1 Groupe de Recherche en Astronomie et Astrophysique du Languedoc,UMR 5024, Université Montpellier II, Place Eugène
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ABSTRACT

Aims. Abundances of 18 chemical elements have been derived for 11 A (normal and Am) and 11 F dwarfs members of the Coma
Berenices open cluster in order to set constraints on evolutionary models including transport processes (radiative and turbulent diffu-
sion) calculated with the Montréal code.
Methods. A spectral synthesis iterative procedure has been applied to derive the abundances from selected high quality lines in high
resolution high signal-to-noise échelle spectra obtained with ELODIE at the Observatoire de Haute Provence.
Results. The chemical pattern found for the A and F dwarfs in Coma Berenices is reminiscent of that found in the Hyades and the
UMa moving group. In graphs representing the abundances [X/H] versus the effective temperature, the A stars often display abun-
dances much more scattered around their mean values than the F stars do. Large star-to-star variations are detected for A stars in their
abundances of C, O, Na, Sc, Ti, Mn, Fe, Ni, Sr, Y, Zr and Ba which we interpret as evidence of transport processes competing with
radiative diffusion.
The abundances of Mn, Ni, Sr and Ba are strongly correlated with that of iron for A and Am stars. In contrast the ratios [C/Fe] and
[O/Fe] appear to be anticorrelated with [Fe/H] as found earlier for field A dwarfs. All Am stars in Coma Berenices are deficient in
C and O and overabundant in elements heavier than Fe but not all are deficient in calcium and/or scandium. The F stars have solar
abundances for almost all elements except for Mg, Si, V and Ba.
The derived abundances patterns, [X/H] versus atomic number, for the slow rotator HD108642 (A2m) and the moderately fast rotator
HD106887 (A4m) were compared to the predictions of self consistent evolutionary model codes including radiative and different
amounts of turbulent diffusion. None of the models reproduces entirely the overall shape of the abundance pattern.
Conclusions. While part of the discrepancies between derived and predicted abundances may be accounted for by non-LTE effects,
the inclusion of competing processes such as rotational mixing in the radiative zones of these stars seems necessary to improve the
agreement between observed and predicted abundance patterns.

Key words. stars: abundances - stars: main sequence - stars: rotation - Diffusion - Galaxy: open clusters and associations: individual:
Coma Berenices

1. Introduction
Abundance determinations of A and F dwarfs in open clusters
and moving groups of known properties aim at elucidating
the mecanisms of mixing at play in the interiors of these
main-sequence stars. In two previous papers, abundance
determinations were presented for 11 chemical elements in
the Hyades (age about 787 Myrs, Varenne & Monier 1999)
and in the Ursa Major moving group (age about 500 Myr,
Monier 2005). Specifically, 19 A and 29 F dwarfs members of
the Hyades and 12 A and 10 F dwarf bona-fide and probable
members of the Ursa Major moving group were analysed.
The motivation of this study is to report on new abundance

Send offprint requests to: M. Gebran
? Based on observations at the Observatoire de Haute-Provence

(France).
?? Present affiliation: Laboratoire Universitaire d’Astrophysique de
Nice, UMR 6525, Université de Nice - Sophia Antipolis, Parc Valrose,
06108 Nice Cedex 2, France

determinations of 18 chemical elements in 11 A and 11 F dwarfs
in the Coma Berenices open cluster (age about 447 Myrs). The
spectroscopy presented here is part of an ongoing observational
program of A and F dwarfs in galactic open clusters of various
ages whose aims are twofold. First, we wish to improve our
knowledge of the chemical composition of A dwarfs (normal A
stars and Am stars) which is still poor in particular for normal
A stars. Second, we intend to use the derived abundances to
set constraints on self-consistent evolutionary models of these
objects including various particle transport processes. Indeed
stars in open clusters originate from the same interstellar ma-
terial (ie they have the same age and the same initial chemical
composition) and as such are very useful to test the predictions
of evolutionary models.
Few studies have addressed the chemical composition of the
A and F dwarfs in the Coma Berenices open cluster. High
quality high resolution spectroscopy is feasible for the brightest
members because of the proximity (d ' 80−90pc) of the cluster.
Abundance analyses of the Coma Berenices dwarfs have mostly
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velocities facilitate the abundance determination. For concision,
we have collected previous abundance determinations of the A,
F and G dwarfs in Coma Berenices in Table 1 where the biblio-
graphical references, the number of stars analysed, their spectral
types and the investigated chemical elements are collected.
Lithium abundances have been determined for several F (and G)
dwarfs in Coma Berenices by Boesgaard (1987), Jeffries (1999)
and Soderblom et al. (1990). Carbon and iron abundances
were derived for 14 F dwarfs by Friel & Boesgaard (1992).
Carbon, oxygen, silicon, calcium, iron, barium, magnesium,
scandium, chromium, nickel, lithium, aluminium, sulfur and
europium abundances have been determined for only a few
normal A and Am stars (fewer than 7 stars) by Savanov (1996),
Hui-Bon-Hoa et al. (1997), Hui-Bon-Hoa & Alecian (1998)
and Burkhart & Coupry (2000). The abundance determinations
for A stars focuse mainly on the chemically peculiar Am stars.
Savanov (1996) found significant star-to-star differences in
abundances among the Am stars of Coma Ber for a given
chemical element. In contrast, little attention has been paid to
the ”normal” A stars of the cluster. The chemical composition
of normal A dwarfs (field and cluster stars) remains generally
poorly known as too few objects have been analysed so far,
mainly because of their high rotational velocities. Significant
abundance differences have been found among the few field
”normal” A stars analysed so far (Holweger et al. 1986;
Lambert et al. 1986; Lemke 1998,1990; Hill & Landstreet 1993;
Hill 1995; Rentzsch-Holm 1997; Varenne 1999). Varenne &
Monier (1999) also found significant star-to-star variations of
the abundances of O, Na, Ni, Y and Ba for the normal A and the
Am stars in the Hyades whereas the F dwarfs display much less
scatter. Similarly, Monier (2005) found star-to-star variations in
[Fe/H], [Ni/H] and [Si/H] much larger for the A dwarfs than for
the F dwarfs in the Ursa Major group.
The main thrust of this paper is to report on the abundances
of 18 chemical elements (C, O, Na, Mg, Si, Ca, Sc, Ti, V,
Cr, Mn, Fe, Co, Ni, Sr, Y, Zr and Ba) for F and A dwarfs in
Coma Berenices. These abundances have been compared to
published predictions of recent self consistent models including
transport processes at ages close to that of Coma Berenices
(Turcotte et al. 1998, Richer et al. 2000, Richard et al. 2002)
or to new models calculated with the Montréal code (Richard
et al. 2002). The abundances were derived by synthesizing
carefully selected lines in high quality high resolution spectra
of 11 A and Am stars and 11 F stars of the cluster. The selection
of the sample of stars observed, the observations and the data
reduction are described in Section 2. The determination of the
fundamental parameters, the construction of the linelist and the
spectrum synthesis are discussed in Section 3. The behaviour
of the abundances of individual chemical elements in the A
and F dwarfs of Coma Berenices versus effective temperature
and the abundance of iron are described in Section 4. The
astrophysical implications of our findings and the detailed
comparison of the found abundance patterns for 2 Am stars with
recent self-consistent evolutionary models including transport
processes are presented in Section 5. Conclusions are given in
Section 6.

2. Program stars, observations and data reduction
Our observing sample consists of all A and F stars members of
the Coma Berenices cluster brighter than V = 8.6 mag retrieved
from Trumpler’s (1938) list. This magnitude corresponds to the
latest F dwarfs (F8V) which required the longest achievable ex-

posure times (about 1 hour 15 minutes). Eleven A (”normal” and
Am stars) stars and 11 F stars members of the Coma Berenices
cluster were observed using two spectrographs at Observatoire
de Haute Provence (OHP): the ELODIE échelle spectrograph
and the monoorder AURELIE spectrograph. AURELIE is a
monoorder spectrograph (Gillet et al. 1994) placed at the coudé
focus of the 152 cm telescope. AURELIE is free of scattered
light and has been used to calibrate putative effects of scat-
tered light on the line profiles in the blue region obtained with
ELODIE. ELODIE is a fiber-fed cross-dispersed échelle spec-
trograph attached to 193 cm at OHP (Baranne et al. 1996). It
records in a single exposure a spectrum extending from 3850 Å
to 6811 Å at a resolving power of about 42000 on a relatively
small CCD (1024X1024). The observing dates, exposure times
and Signal to Noise ratios achieved for each star are collected in
Table 3, the first part being dedicated to ELODIE spectra while
the second describes the AURELIE spectra obtained in three 70
Å wide regions centered around 4505 Å, 5080 Å, 5530 Å and
6160 Å.

The fundamental data of these stars are collected in Table
2. The Trumpler and Henry Draper identifications appear in
columns 1 and 2, the spectral types retrieved from SIMBAD in
column 3, the apparent magnitudes in column 4. Columns 5 to 8
display the effective temperatures and surface gravities adopted
for the analysis and the rotational velocities and microturbulent
velocities derived in our analysis (see section 3.2.1). Comments
about binarity and pulsation appear in the last column. Note that
2 stars, HD 107655 and HD 106999, may not be members of
the cluster (Bounatiro 1993). Although we derived abundances
for these stars too, their data do not appear in the figures. There
are no very rapid rotators in this cluster, the apparent rotational
velocities range from 9 km·s−1 to 102 km·s−1.
Inspection of the Catalogue of Double and Multiple stars
(CCDM, Dommanget & Nys 1995) reveals that only one star is a
binary system. HD 106887 is the primary star in a double system
and has a much fainter companion (V = 9.8) located nearby at
about 8.6 arcsec, whose spectral type is unknown. It is unlikely
that the light of the companion may have contributed signifi-
cantly to the observed spectra of HD 106887.
With AURELIE, four spectral regions centered on λ4505 Å (re-
gion 1), λ6160Å (region 2), λ5080Å (region 3) and λ5530Å (re-
gion 4) have been observed as they include several lines having
accurate oscillator strengths for the chemical elements we study.
Region 1 contains the Mg 2 triplet at λ4481 Å and several clean
unblended and well separated Fe 2 lines. Regions 2 to 4 are those
observed by Edvardsson et al. (1993) in their spectroscopic sur-
vey of F dwarfs in the galactic disk. For the brightest stars (V ≤
6), grating 5 working at its second order (for region 1) and grat-
ing 1 (for region 2) yielded resolving powers equal to 60000
and 65000 respectively. For the fainter stars (V > 6), grating
7 was used, resulting in resolving powers of 36000 and 28000
(for regions 1 and 2 respectively). In region 3, all stars have
been observed with grating 7 (R = 31000) except for Procyon.
According to the V magnitude of the stars and weather condi-
tions, exposure times between 1h30 and 3 hours were necessary
to secure signal to noise ratios around 200. The IRAF software
was used to reduce all spectra following the standard procedure
(mean offset removal, division by the mean flat field, wavelength
calibration and continuum normalization).
At the end of an observing night, the ELODIE spectra
are provided to the observer fully reduced by the INTER-
TACOS (INTERpreter for the Treatment, the Analysis and the
COrrelation of Spectra) pipeline developed by D. Queloz and L.
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Table 1. Previous abundance determinations for the Coma Ber A, F and G dwarfs.

Reference Stars studied Chemical Elements

Savanov (1996) 13 A-Am and F-Fm C,O,Si,Ca,Fe,Ba
Hui-Bon-Hoa et al. (1997) 2 A-Am Mg,Ca,Sc,Cr,Fe,Ni

Hui-Bon-Hoa & Alecian (1998) 4 A-Am Mg,Ca,Sc,Cr,Fe,Ni
Burkhart & Coupry (2000) 7 A-Am Li,Al,Si,S,Fe,Ni,Eu

Boesgaard (1987) 22 A and F Li
Friel & Boesgaard (1992) 14 F Fe,C

Jeffries (1999) 15 F,G,K Li
Cayrel et al. (1988) 4 G Fe

Soderblom et al. (1990) 28 G Li

Table 2. Data on the programme stars. Spectral type are taken from SIMBAD and WEBDA online database. Teff and log g are those determined by
UVBYBETA code. ve sin i and ξt are determined as explained in sect. 3.2.1. References (a) and (b) are Bounatiro (1993) and Rodriguez et al. (1994)
respectively.

TR HD Type mv Teff log g ve sin i ξt Remarques
(K) km·s−1 km·s−1

19 HD106103 F5V 8.09 6707 4.45 19.7 1.4
HD106293 F5V 8.09 6545 4.34 47 1.4

36 HD106691 F5IV 8.08 6713 4.43 37 1.6
49 HD106946 F2V 7.87 6892 4.30 62 1.9
86 HD107611 F6V 8.50 6491 4.57 22 1.4

HD109530 F2V 7.30 6497 3.85 67 2.1
101 HD107877 F6 8.35 6598 4.54 29.5 1.25
114 HD108154 F5 8.56 6497 4.54 19 1.15
118 HD108226 F5 8.34 6530 4.45 19 1.05
162 HD108976 F6 V 8.54 6413 4.49 20 1.1

HD109069 F0 V 7.55 6864 4.06 89 2.2

107 HD107966 A3V/A3IV 5.18 8541 3.82 51 2.9
130 HD108382 A4V/A3IV 4.96 8317 3.92 75.5 3.2
47 HD106887 A4m 5.71 8291 4.20 82 3.8
86 HD107655 A0V 6.18 9675 4.10 45 2.0 < Coma (a)
62 HD107168 A8m/kA5hA5mF0 6.24 8283 4.20 14.3 4.0
183 HD109307 A4Vm/A3IV-V 6.26 8396 4.10 14.5 3.3
144 HD108642 A2m/kA2hA7mA7 6.54 8079 4.06 9.2 3.7
68 HD107276 Am/Ka5mA7 6.63 8000 4.00 102 2.8
139 HD108486 AmkA3hA5mA7 6.67 8148 4.11 37 3.0
52 HD106999 Am 7.46 8148 4.09 44 3.0 < Coma (a)
82 HD107513 Am/kA7hF0mF0 7.38 7279 4.02 62 3.0 δ Scuti (b)

Weber (Baranne et al. 1996). The reduction is actually included
in the spectrograph data flow and provides fully flat-fielded and
wavelength calibrated spectra directly at the end of each expo-
sure. However, we have chosen to perform our own reduction of
the ELODIE spectra. Indeed, ELODIE was primarily designed
to provide accurate radial velocity measurements. One source
of concern when deriving abundances is to properly correct the
spectrum for scattered light, especially in the blue region. The
background in a stellar ELODIE exposure can be estimated by
measuring the flux in the inter-orders. In INTER-TACOS, this
background is removed using a two dimensional polynomial fit
with a typical 5 % error which peaks in the middle of the orders
(see fig. 11 in Baranne et al. 1996). Erspamer & North (2002)
have devised a reduction procedure using a set of IRAF func-
tions which they apply to the raw image in order to provide
an improved correction for scattered light compared to INTER-
TACOS. We have also chosen to perform our own reduction of
the ELODIE spectra using IRAF (Image Reduction and Analysis
Facility, Tody 1993) routines. Although it follows Erspamer &

North’s (2002) procedure, our reduction slightly differs from
their method. The steps are as follows:

1- Averaging the several offsets and flat-fields taken throughout
the night, using zerocombine and flatcombine.

2- Removal of the mean offset from all images and bad pixels
correction using ccdproc .

3- Finding and centering the orders using the flat-field image
using apfind and apcenter.

4- Removal of the scattered light (apscatter). Scattered light
fills in the line profiles, making the lines shallower and
thus leading to underabundances if not taken into account.
The scattered light is estimated (as explained in sect 3.2 of
Erspamer & North 2002) and substracted from the original
image. An example of the effect of this improved removal of
the scattered light is shown in Figure 2, where the corrected
profiles of the FeII lines at 4520.224 Å and 4522.634 Å are
compared to the INTER-TACOS profiles. In this case, ignor-
ing the scattered light would lead to underestimation of the
iron abundance deduced from these 2 lines by 0.07 and 0.08

�;ý 1
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Fig. 1. Hertzsprung-Russel diagram of the observed stars in Coma
Berenices (visual magnitude versus Teff). The two stars flagged with
question marks are probably not members of the cluster.

dex respectively. The effect is more pronounced, about 0.14
dex, for the MgII triplet at 4481 Å.

5- Extraction of the images using apsum. The averaged flat-
field is used to determine the shape of the orders which is
used later as a reference for the extraction of the images.
The extraction method uses Horne’s (1986) algorithm.

6- Calibration of the thorium image using apsum, ecidentify
and ecreidentify.

7- Division by the extracted flat-field using sarith.
8- Wavelength calibration of the spectra using the thorium spec-

tra using dispcor.
9- Normalization to the continuum using continuum. To ensure

we correctly located regions free of lines (when available) in
each order, we have computed synthetic spectra using the
code SYNSPEC48 (Hubeny & Lanz 1992) assuming a solar
metallicity for the various temperatures and surface gravities
of our stars. The spectrum was then rectified to this local
continuum.

10- Merging the 67 normalized orders using scombine. The last
three orders do not overlap and thus could not be merged.
For the abundance analysis, we have discarded lines located
in the overlapping region of two successive orders.

11- Radial velocity determination using fxcor: the final merged
spectrum is cross-correlated with differents masks of spectral
types A0V, A5V, A9V and F5V to derive the radial velocity.
The merged spectrum is then corrected for the radial velocity
found.

Figure 3 compares the spectral order 21, centered around λ4500
Å, for 4 A and 4 F stars reduced in this manner. The effect of
increasing stellar rotation on line profiles is conspicuous. The
last plot of Figure 3 displays a typical agreement between the
observed spectrum of HD 107655 (A0V) and the synthetic spec-
trum (computed as explained in sect. 3) that provides the best
fit.

FeII (0.08 dex)

FeII (0.07 dex)

Fig. 2. Effect of a proper removal of scattered light. The corrected pro-
files (IRAF reduction, thick lines) are deeper than the INTER-TACOS
ones (dashed lines). The abundances deduced from the corrected pro-
files are about 0.08 dex larger.

3. Abundance analysis
The abundances of 18 chemical elements have been derived by
iteratively adjusting synthetic spectra to the observed normalized
spectra and minimizing the chisquare of the models to the ob-
servations. Spectrum synthesis is the most appropriate method
as our stars have apparent rotational velocities ranging from a
9 to 102 km·s−1. Specifically, synthetic spectra were computed
assuming LTE using Takeda’s (1995) iterative procedure and
double-checked using Hubeny & Lanz’s (1992) SYNSPEC48
code. This version of SYNSPEC calculates lines for elements
heavier than Zn up to Z=99.

3.1. Atmospheric parameters and model atmospheres

The effective temperatures (Teff) and surface gravi-
ties (logg) of the stars have been determined using the
Napiwotzki et al. (1993) UVBYBETA calibration of the
Strömgren photomery indices uvby in terms of Teff and logg.
The found effective temperatures and surface gravities are
collected in Table 2. The errors on Teff and logg are estimated to
be ± 125 K and ± 0.2 dex respectively. Model atmospheres were
then calculated using Kurucz’s ATLAS9 code (Kurucz, 1979),
assuming a plane parallel geometry, a gas in hydrostatic and ra-
diative equilibrium and LTE. The ATLAS9 model atmospheres
contain 64 layers with a regular increase in log τRoss = 0.125 and
they have been calculated assuming Grevesse & Sauval (1998)
solar chemical composition. This ATLAS9 version uses the new
opacity distribution function (ODFs) (Castelli & Kurucz 2003)
calculated for this solar chemical composition. The line opacity
calculation uses the 58 million linelist compiled by Kurucz
(Kurucz 1992a, 1992b). Convection in ATLAS9 relies on the
mixing length theory (MLT). Specifically, we have adopted
Smalley’s prescriptions (Smalley 2004) for the values of the
ratio of the mixing length to the pressure scale height (α = L

HP
)

and also for the microturbulent velocity (constant with depth).

�;ý~þ



± ��� ^�Õ¤^"0z` $�]�§ ��^  ^ § ³ ¨��!$�]"�X� � ]+����§

M. Gebran, R. Monier and O. Richard: Chemical composition of A and F dwarf members of the Coma Berenices open cluster 5

4480 4490 4500 4510 4520 4530
λ(A)

-0.4

0

0.4

0.8

1.2

1.6

2

2.4

2.8
No

rm
aliz

ed 
flu

x

HD107168 (A8m)
Vesini=14.3 km/s

HD108486 (Am)
Vesini=37 km/s

HD106887 (A4m)
Vesini=82 km/s

HD107276 (Am)
Vesini=102 km/s

FeI FeI FeIFeI

MgII

TiII FeII FeII FeII FeIIFeIITiII TiII
+

CaII

FeI

A stars, Coma Ber

4480 4490 4500 4510 4520 4530
λ(A)

0

0.5

1

1.5

2

2.5

3

No
rm

aliz
ed 

flux

HD106946 (F2V)
Vesini=62 km/s

HD106293 (F5V)
Vesini=47 km/s

HD106691 (F5IV)
Vesini=37 km/s

HD106103 (F5V)
Vesini=19.7 km/s

FeI FeI FeI
FeI

FeI
FeI

FeI

FeI
MnI

FeI

FeI FeI

MgII

TiII FeII

TiI

CrI
ZrII

MnI

TiII

MnI

FeII

TiI

FeII
TiI

TiII
FeII

FeII
LaII
TiI

F stars, Coma Ber

4480 4490 4500 4510 4520
λ(A)

0.6

0.8

1

1.2

No
rm

aliz
ed 

flu
x

Observed spectrum
Synthetic spectrum

HD107655 (AOV)
Vesini=45 km/s

FeI

MgII

TiII

CaII
FeII

FeII FeII

FeI
TiII FeII FeII FeII FeII

Fig. 3. Selected observed spectra of A (top) and F (middle) dwarf stars members of Coma Berenices open cluster. Spectra are arbitrarily shifted
vertically by 0.5, 1 and 1.5 unit of normalized flux. The smearing out of the spectra by rotation is noticeable. The bottom figure displays the final
synthetic spectrum (dashed thick line) superimposed on the observed one (thin line) for the star HD107655 (A0V). Identifications for the most
intense lines in each region are provided.
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Table 3. Observing log of the programme stars of Coma Berenices. The first table describes the ELODIE observations and the second one the
AURELIE observations

HD spectral MV exposure S/N Date
type mag time (s)

106103 F5V 8.09 4500 144 04/10/04
106293 F5V 8.09 4500 132 04/10/04
106691 F5IV 8.08 4500 147 04/10/04
106946 F2V 7.87 4500 180 04/11/04
107611 F6V 8.50 4500 129 04/11/04
109530 F2V 7.30 4500 185 04/12/04
106887 A4m 5.71 3600 283 04/07/04
106999 Am 7.46 4500 177 04/10/04
107131 A6IV-V 6.44 4500 213 04/09/04
107168 A8m 6.24 4500 215 04/07/04
107276 Am 6.63 4500 152 04/09/04
107513 Am 7.38 4500 184 04/10/04
107655 A0V 6.18 4500 254 04/07/04
107966 A3V 5.18 3600 336 04/07/04
108382 A4V 4.96 3600 337 04/07/04
108486 Am 6.67 4500 121 04/09/04
108642 A2m 6.54 4500 170 04/09/04
108651 A0p 6.65 4500 450 04/11/04
109307 A4Vm 6.26 3600 114 04/08/04

HD spectral MV grating 5: λc=4505 Å Date grating 7: λc=6160 Å λc=5080 Å λc=5530 Å
type mag exp.time(s) exp.time(mn) exp.time(mn) exp.time(mn)

107168 A8m 6.24 800 03/14/04 75 104 120 (grating 1)
107513 Am 7.38 2000 03/15/04 120 120 120
106103 F5V 8.09 4500 03/15/04 60
107655 A0V 6.18 800 03/15/04 135 85 90
106887 A4m 5.71 600 03/15/04 60
107131 A6IV-V 6.44 800 03/15/04 110
107276 Am 6.63 1000 03/15/04 90 120 75
107966 A3V 5.18 500 03/15/04 45 105 40
108382 A4V 4.96 500 03/15/04 60 74
108486 Am 6.67 1000 03/15/04 180 90
108642 A2m 6.54 1000 03/15/04 90 120
108651 A0p 6.65 1000 03/15/04 105 150
109307 A4Vm 6.26 800 03/15/04 120 120 (grating 1) 80
106293 F5V 8.09 4500 03/16/04 130
106691 F5IV 8.08 4500 03/16/04 120 150 120
109069 F0V 7.55 3000 03/16/04 100 150 110
107877 F6 8.35 4500 03/16/04 180 165
107611 F6V 8.50 4500 03/16/04 90
108154 F5 8.56 4500 03/17/04 180 165
108226 F5 8.34 4500 03/17/04 90 180
108976 F6V 8.54 4500 03/17/04 150 140
109530 F2V 7.30 3000 03/17/04 100 120 110

3.1.1. The linelist

The linelist was constructed from Kurucz’s gfall.dat1 list, from
which we selected lines between 3000 and 7000 Å. However the
data in this list have been modified and complemented in differ-
ent manners. For the lines which we expected to contribute sig-
nificantly to the absorption, we have carefully checked the wave-
lengths, lower excitation potential, oscillator strength and damp-
ing constants (radiative, Stark and Van der Waals) in gfall.dat
against more accurate and/or more recent critically evalu-
ated laboratory determinations when available. Specifically, two
atomic databases were searched for improved values of these
parameters and their uncertainties: the VALD2 database and the
NIST3 database. We then modified their values in the original

1 http://kurucz.harvard.edu/LINELISTS/GFALL/
2 http://ams.astro.univie.ac.at/vald/, Kupka et al. 1999
3 http://physics.nist.gov/cgi-bin/AtData/lines-form

linelist accordingly. Damping constants not available in linelists
are calculated in SYNSPEC48 using approximations. We have
also excluded lines in the overlaping regions of two succes-
sive orders, as we felt that the observed line profiles may not
be reliable there. The final linelist contains 270 transitions for
18 elements which we believe are reliable enough to derive the
abundances. Most of the lines studied here are weak lines which
are formed deep in the atmosphere where LTE should prevail.
They are well suited for abundance determinations. The final
linelist appears in Table 8 where, for each element, the wave-
length, adopted oscillator strength, its accuracy (when available)
and original bibliographical reference are given. We have also
included data for hyperfine splitting for the selected transitions
when relevant, in particular for Mn II (these were retrieved from
the linelist gfhyperall.dat4). However the moderate spectral res-
olution of the spectra and smearing out of spectra by stellar ro-

4 http://kurucz.harvard.edu/LINELISTS/GFHYPERALL/
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tation clearly prevent us from detecting signatures of hyperfine
splitting and isotopic shifts in our spectra.

3.2. Synthetic spectra
Two codes have been used to derive abundances: Takeda’s code
(Takeda 1995) and SYNSPEC (Hubeny & Lanz 1992) to check
the abundances produced by Takeda’s iterative procedure. We
briefly review the assumptions of these codes in section 3.2.1
and section 3.2.2.

3.2.1. Takeda’s procedure
Takeda’s procedure iteratively minimizes the dispersion σ be-
tween the normalized synthetic spectrum and the observed one
defined as:

σ2 =
∑N

i=1
(yi−ηi−C)2

N

where N is the number of wavelength points, yi the logarith-
mic of the observed spectra ( fλi ) and ηi the logarithmic of the
synthetic spectra (Fλi). C is an offset constant reflecting a pos-
sible difference of units between Fλ and fλ (it should be very
close to zero when working with normalized fluxes). The syn-
thetic flux ηi in a line is a priori a function of several physical
variables (x1, .....xK) which represent the unknowns one might be
looking for: abundances of individual elements, projected rota-
tional velocity and microturbulent velocity, oscillator strengths,
damping constants. The dispersion σ2 is thus a function of K+1
variables (including C). Minimizing σ2 thus requires that its
partial derivatives with respect to these K+1 variables be zero,
which leads to a set of K+1 non-linear equations with K+1 un-
knowns. Takeda (1995) solves this problem numerically using
a Newton-Raphson iterative technique (linearization method).
Iterations are repeated until convergence ie. when variations in
the xks become sufficiently small, typically less than 10−3.
Takeda’s code consists of two routines: the first is a modified
version of Kurucz’s Width9 code (Kurucz 1992a) for computing
the opacity data which needs a Kurucz’s model atmosphere as
input. Once the opacities are computed, the second routine com-
putes the emergent flux and minimizes the dispersion between
the synthetic and the observed spectra.
In this study, we kept the number of free variables at 3. At each
iteration, the code outputs 3 parameters: the abundance(s) of the
studied element(s) (log ε), the microturbulent velocity (ξt) con-
stant whith depth and the projected rotational velocity (ve sin i),
the oscillator strengths and damping constants being kept fixed.
We usually synthesized unblended lines of one chemical element
only, although the procedure allows us to simultaneously synthe-
size lines of different elements.
Before tackling the abundance of each individual chemical el-
ement, we derived the rotational and microturbulent velocities
for each star as follows. Allowing small variations around solar
abundances of Mg and Fe, we iteratively fitted the unblended
line profile of the MgII triplet at 4480 Å and a set of neigh-
boring unblended weak and moderately strong FeII lines such as
4491.405 Å and 4508.288 Å leaving ξt and ve sin i as free param-
eters. Even in the fastest rotators, the continuum is well seen in
this spectral region where there are only a few regularly spaced
lines. The weakest FeII lines are sensitive to rotational veloc-
ity and not to microturbulent velocity, the moderately strong
FeII lines respond to microturbulent velocity changes. The MgII
triplet, commonly used to derive stellar rotational velocities, ap-
pears to be sensitive to both ξt and ve sin i. Each line of Fe and
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Fig. 4. Iterative adjustment of synthetic profiles of the FeII line at
4508.288 Å for the A3V star HD107966 with Takeda’s program.
Convergence was achieved properly at the fifth iteration.

Mg yielded a set of values for log ε, ξt and ve sin i, which were
in good agreement. For the F stars, the found ξt were checked
against Nissen’s (1981) prediction which invoked a polynomial
fit for ξt as a function of Teff and log g for the F stars. The agree-
ment is generally good, the maximum difference we found being
∆ξt = 0.32 km·s−1. Morever, the derived ve sin i in this analysis
correlate well with those derived from AURELIE spectra of the
region around 4500 Å published in Monier & Richard (2004).
For the slowest rotating Am stars, curves of growths of the Fe
II lines were also performed. They led to values of ξt consistent
with those derived from the fit of the Mg II triplet and Fe II lines
around 4500 Å. Once ξt and ve sin i were fixed, we then pro-
ceeded to determine the abundance for each selected unblended
line of each chemical element. In practice, complete conver-
gence was reached for each star after up to 10 iterations (five
in the most favorable cases).
A final test on Procyon was also performed, assuming a so-
lar composition (Steffen 1985). The iterative fitting of the Mg
II and Fe II lines around 4500 Å yielded an apparent rota-
tional velocity of 6 km·s−1 and a microturbulent velocity of 2.2
km·s−1 in good agreement with Steffen’s (Steffen 1985) values
(ve sin i=4.5 km·s−1 and ξt=2.1 km·s−1 respectively).
Figure 4 shows an example of the iterative fitting of the FeII line
at 4508,288 Å for the A3V star HD 107966 (6 iterations). For
this star, the convergence was already achieved at the fifth itera-
tion.

3.2.2. Validation of the abundances by SYNSPEC

We have also used Version 48 of SYNSPEC
(Hubeny & Lanz 1992) to check the abundances produced
by Takeda’s iterative procedure. SYNSPEC48 allows us to
calculate line profiles of elements up to Z=99. In its LTE mode,
SYNSPEC needs a model atmosphere and a linelist plus an
auxiliary file containing non standard flags. For a given star, the
same ATLAS9 models, the same linelist and the ve sin i and ξt
derived using Takeda’s (1995) procedure were used to calculate
synthetic spectra. Only the abundance of the studied unblended
line were left as free parameters. The derived abundances with
SYNSPEC were found to always agree with those derived from
Takeda’s procedure within the error bars. The abundances listed
in Tables 4 and 5 are those derived from Takeda’s procedure.
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this star.

We also checked the influence of the underlying atmo-
spheric structure on the derived abundances using ATLAS12
(Kurucz 2005). Abundances can be adjusted individually in
ATLAS12 which employs the Opacity Sampling technique for
line opacity. The effect should be noticeable for the Am stars
whose abundances depart most from the solar values. For Am
stars we found that the inclusion of an ALTAS12 model calcu-
lated for the specific chemical composition found with ATLAS9
and Takeda’s procedure yields to new mean abundances which
differ by up to 0.08 dex from those derived with ATLAS9.
This is less than the error bar on mean abundances. Figure
5 compares the abundances of several elements for the A8m
star HD107168 derived using ATLAS9 and ATLAS12 model
atmospheres. For the other stars, whith chemical compositions
departs less from solar, the effect will be even smaller. Since we
intend to model all stars in a uniform manner and because of
the much higher computing time needed to run an ATLAS12
model atmosphere, we decided to use only ATLAS9 model
atmospheres.

4. Results and uncertainties
Abundances for the 22 stars are collected in table 4 for A stars
and in table 5 for F stars. These abundances are relative to the
sun ([ X

H ] = log( X
H )? − log( X

H )�)5. They are weighted means of
the abundances derived from each transition. The calculation
of their uncertainties and the weighted mean abundances is
explained in the Appendix A.

4.1. The general abundance pattern of A, Am and F stars in
Coma Ber

Graphs where abundances are displayed against atomic number
(abundance pattern plots) are particularly appropriate to com-
pare the behaviour of the A, Am and F stars for different chem-
ical elements. The abundance patterns for the A stars, Am stars

5 Solar abundances are those from Grevesse & Sauval (1998).

and F stars are displayed respectively in figures 6a,6b and 6c.
The seven Am stars of the clusters display a characteristic jig-
saw pattern with much larger excursions from the solar compo-
sitions than the normal A stars do. This trend had already been
found by Hui-Bon-Hoa & Alecian (1998) who derived the abun-
dances of Mg, Ca, Sc, Cr, Fe and Ni in four Am stars of our
sample (HD107168, HD107966, HD108486 and HD109307).
Our abundances for these elements agree well with theirs for
HD 107168, for which all fundamental parameters are simi-
lar in both studies. However, slight to moderately large dif-
ferences occur for HD108486, HD109307 and HD107966, for
which we adopted larger microturbulent velocities (in particu-
lar for HD107966), all other parameters being consistent in both
studies. The 2 normal A stars of our sample, HD107966 and
HD108382, have very similar abundances, nearly solar, in al-
most all elements and thus exhibit almost the same abundance
pattern (figure 6a). Inspection of figure 6b reveals that generally,
for almost all chemical elements, Am stars display star-to-star
variations that can be larger than the typical uncertainty. All Am
stars are deficient in C and O, but not all are deficient in Ca
and/or Sc and most have pronounced overabundances of iron-
peak and heavy elements. The two normal A stars have almost
solar abundances in most elements. The F stars exhibit definitely
less scatter than the Am stars. They tend to be mildly overabun-
dant, in particular in Mg, Si, V and Ba. They have nearly solar
abundances for C, O, Na, Ti, Fe, Ni, Sr and Y. .

4.2. Behaviour of individual elements

In this section, we use the found abundances for each element
to address two issues. First, do the abundances depend on stel-
lar parameters such as the effective temperature and ve sin i ?
Any such correlation could be very valuable to theorists inves-
tigating the various hydrodynamical mechanisms affecting pho-
tospheric abundances. Second, how do the abundances of each
element vary with respect to each other? Given that iron is as-
trophysically one of the most important element (since it pro-
vides a rough estimate of the ”metallicity”) and given that the
abundances derived for this element are probably the most re-
liable, we have examined whether the abundances of individual
elements correlate with those of iron. Hill (1995) and Lemke
(1989, 1990) also looked for similar correlations and we will re-
fer to their findings hereafter.
We can roughly separate the elements we studied into two
groups. For most elements (Fe II , Ti II, OI, Cr II, Mg II, Mn
I, C I, Si II, Ca II and Ni I), we synthesized several lines of qual-
ity A to D and we can be confident in the abundances we derived,
in particular for iron, titanium and chromium. For elements with
many lines, errors in individual oscillator strengths should tend
to cancel out. For other elements, we have very few lines (Sr
II), so that errors on oscillator strengths may induce scatter in
the abundances. For V II, Co I, Y II and Zr II, several lines
are available but their accuracy is not necessarily well known.
The abundances of these later elements should be viewed with
more caution However, our main goal here is to investigate how
the abundances of individual elements vary with that of iron and
also to study star-to-star variations with fundamental parameters.
This can be established independently of errors in the absolute
values of the oscillator strengths, since all stars will be affected
in the same manner.
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Table 4. Abundances relative to hydrogen and to the solar value, [ X
H ] = log( X

H )? − log( X
H )� for the A stars. The solar values are those of

Grevesse & Sauval (1998). The HD numbers in italics are those for which the uncertainties have been calculated as explained in Appendix A.
For the others, the quantities labeled as σ are standard deviations.

HD SpT CI σC OI σO NaI σNa MgII σMg SiII σS i

HD107966 A3V/A3IV -0.07 0.04 0.00 0.05 0.52 0.13 0.13 0.09 0.14 0.09
HD108382 A4V/A3IV -0.71 0.15 -0.02 0.06 0.24 0.18 0.13 0.12 0.18 0.19
HD106887 A4m -0.56 0.15 -0.43 0.06 0.54 0.08 0.17 0.13 0.23 0.20
HD107655 A0V -0.75 0.19 -0.58 0.06 0.55 0.21 -0.12 0.18 0.06 0.07
HD107168 A8m/kA5hA5mF0 -0.65 0.08 -0.40 0.04 1.06 0.03 0.49 0.18 0.77 0.12
HD109307 A4Vm/A3IV-V -0.36 0.01 -0.31 0.12 0.65 0.45 -0.07 0.29 0.23 0.18
HD108642 A2m/kA2hA7mA7 -0.75 0.16 -0.85 0.12 0.13 0.14 0.25 0.19 0.09 0.09
HD107276 Am/Ka5mA7 -0.13 0.27 -0.08 0.04 0.51 0.08 0.25 0.18 0.21 0.18
HD108486 AmkA3hA5mA7 -0.69 0.20 -0.86 0.04 0.60 0.34 -0.02 0.18 0.02 0.21
HD106999 Am -0.15 0.10 -0.02 0.04 1.04 0.11 0.40 0.18 0.26 0.09
HD107513 Am/kA7hF0mF0 -0.36 0.10 -0.15 0.12 0.10 0.10 0.22 0.16 0.12 0.12

HD SpT CaII σCa ScII σS c TiII σTi VII σV CrII σCr

HD107966 A3V/A3IV -0.08 0.08 -0.13 0.08 -0.10 0.05 - - 0.08 0.09
HD108382 A4V/A3IV -0.19 0.04 0.12 0.26 -0.09 0.17 - - 0.24 0.25
HD106887 A4m -0.11 0.21 0.03 0.34 0.12 0.15 - - 0.13 0.12
HD107655 A0V - - -0.20 0.11 0.02 0.08 - - 0.56 0.09
HD107168 A8m/kA5hA5mF0 0.23 0.16 -0.18 0.10 0.48 0.08 - - 0.48 0.20
HD109307 A4Vm/A3IV-V 0.14 0.06 0.10 0.11 -0.07 0.10 - - 0.03 0.05
HD108642 A2m/kA2hA7mA7 -0.33 0.18 -1.17 0.20 -0.18 0.07 0.86 0.13 0.18 0.05
HD107276 Am/Ka5mA7 -0.24 0.16 -0.06 0.23 0.04 0.22 0.90 0.10 -0.08 0.11
HD108486 AmkA3hA5mA7 -0.22 0.15 -0.50 0.31 -0.20 0.13 0.70 0.29 0.08 0.15
HD106999 Am 0.10 0.16 0.41 0.27 0.14 0.21 0.69 0.29 0.03 0.20
HD107513 Am/kA7hF0mF0 - - -0.25 0.10 0.01 0.07 0.65 0.32 0.09 0.09

HD SpT MnI σMn FeII σFe Co σCo NiI σNi SrII σS r

HD107966 A3V/A3IV -0.35 0.18 -0.13 0.05 0.65 0.38 -0.18 0.07 -0.28 0.33
HD108382 A4V/A3IV -0.55 0.12 -0.14 0.10 - - -0.14 0.16 -0.26 0.02
HD106887 A4m 0.02 0.21 0.21 0.15 - - 0.37 0.11 0.59 0.08
HD107655 A0V - - 0.08 0.05 - - 0.77 0.23 -0.23 0.20
HD107168 A8m/kA5hA5mF0 0.19 0.12 0.39 0.10 - - 0.60 0.10 0.79 0.31
HD109307 A4Vm/A3IV-V -0.04 0.17 0.05 0.09 -0.06 0.35 0.12 0.08 0.46 0.10
HD108642 A2m/kA2hA7mA7 -0.04 0.10 0.16 0.11 0.29 0.35 0.41 0.08 0.50 0.13
HD107276 Am/Ka5mA7 - - 0.03 0.23 - - -0.14 0.10 -0.22 0.19
HD108486 AmkA3hA5mA7 - - 0.20 0.09 - - 0.21 0.21 0.76 0.02
HD106999 Am - - 0.08 0.13 - - 0.23 0.20 0.47 0.07
HD107513 Am/kA7hF0mF0 - - -0.02 0.07 - - -0.23 0.10 -0.06 0.19

HD SpT YII σY ZrII σZr BaII σBa

HD107966 A3V/A3IV 0.00 0.13 0.38 0.12 0.04 0.26
HD108382 A4V/A3IV 0.25 0.21 0.16 0.17 -0.24 0.03
HD106887 A4m 0.78 0.16 0.61 0.15 1.40 0.26
HD107655 A0V 0.80 0.15 0.78 0.12 0.72 0.32
HD107168 A8m/kA5hA5mF0 0.97 0.12 0.93 0.13
HD109307 A4Vm/A3IV-V 0.56 0.07 0.60 0.11 1.17 0.23
HD108642 A2m/kA2hA7mA7 0.88 0.12 0.75 0.12 1.79 0.24
HD107276 Am/Ka5mA7 0.12 0.10 -0.15 0.20 0.44 0.21
HD108486 AmkA3hA5mA7 0.56 0.12 0.67 0.13 1.57 0.21
HD106999 Am 0.27 0.11 0.49 0.08 0.78 0.07
HD107513 Am/kA7hF0mF0 0.08 0.11 0.13 0.20 0.53 0.15

4.2.1. The light elements

Behaviour of carbon:

Seven lines of quality B of C I have been synthesized. In a graph
of [ C

Fe ] versus Teff , this element displays a different behaviour in
F stars and A stars. The F stars show very little scatter around
their mean iron abundance (about -0.01 dex) whereas the A and
Am stars exhibit a pronounced spread in abundances of about
0.75 dex which is much larger than the estimated typical uncer-

tainty of about 0.15 dex on [ C
H ]. Also all A stars display deficien-

cies in carbon. There seems thus to be real star-to-star variation
in [ C

Fe ]. Another way to quantify the relative dispersion of A and
Am stars with respect to the F stars is to compute the mean abun-
dance for carbon and the associated dispersion for each group of
stars, σA and σF . For A and F stars, these mean abundances and
dispersions for carbon and all other chemical elements are col-
lected in Table 6. For carbon, the dispersion σA for the A stars
is about 4 times higher than for F stars.
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Table 5. Abundances relative to hydrogen and to the solar value, [ X
H ] = log( X

H )? − log( X
H )� for the F stars. The HD numbers in italics are those for

which the uncertainties have been calculated as explained in Appendix A. For the others, the quantities labeled as σ are standard deviations.

HD SpT CI σC OI σO NaI σNa MgII(MgI) σMg SiII σS i

HD106103 F5V -0.04 0.08 -0.32 0.15 -0.04 0.04 0.30(0.02) 0.21(0.09) 0.10 0.10
HD106293 F5V -0.07 0.27 - - 0.01 0.18 0.45(0.10) 0.18(0.06) 0.26 0.11
HD106691 F5IV -0.07 0.16 -0.26 0.15 -0.06 0.20 0.30(0.10) 0.18(0.07) 0.12 0.08
HD106946 F2V -0.02 0.20 0.02 0.15 0.09 0.14 0.45(0.13) 0.18(0.04) 0.26 0.07
HD107611 F6V 0.05 0.10 - - -0.10 0.04 0.23(0.10) 0.18(0.15) 0.22 0.12
HD109530 F2V 0.08 0.09 0.10 0.14 0.16 0.12 0.39(-0.01) 0.11(0.13) 0.13 0.28
HD107877 F6 - - - - -0.13 0.03 0.40 0.18 - -
HD108154 F5 - - - - -0.13 0.21 0.15 0.18 - -
HD108226 F5 - - - - 0.04 0.23 0.22 0.18 - -
HD108976 F6 V - - - - 0.02 0.20 0.13 0.18 - -
HD109069 F0 V - - - - - - 0.41 0.18 - -

HD SpT CaII σCa ScII σS c TiII σTi VII σV CrII σCr

HD106103 F5V -0.17 0.21 0.00 0.08 0.00 0.10 0.44 0.15 0.05 0.10
HD106293 F5V - - -0.07 0.15 0.01 0.16 0.62 0.19 0.11 0.09
HD106691 F5IV -0.23 0.19 -0.01 0.16 0.00 0.15 0.42 0.33 0.04 0.12
HD106946 F2V - - -0.04 0.17 0.21 0.17 0.60 0.44 0.11 0.18
HD107611 F6V - - -0.05 0.08 0.14 0.06 0.68 0.10 0.10 0.08
HD109530 F2V - - 0.06 0.14 0.25 0.10 0.45 0.33 0.02 0.08
HD107877 F6 - - - - 0.18 0.23 0.64 0.26 0.33 0.08
HD108154 F5 - - - - 0.18 0.13 0.12 0.36 0.38 0.08
HD108226 F5 - - - - 0.24 0.14 0.57 0.25 0.38 0.08
HD108976 F6 V - - - - 0.09 0.15 0.56 0.12 0.22 0.08
HD109069 F0 V - - - - -0.01 0.21 0.40 0.02 - -

HD SpT MnI σMn FeII σFe Co σCo NiI σNi SrII σS r

HD106103 F5V -0.06 0.07 0.09 0.05 -0.01 0.26 0.13 0.07 0.20 0.15
HD106293 F5V 0.04 0.09 0.19 0.17 0.44 0.26 0.21 0.22 -0.01 0.00
HD106691 F5IV 0.08 0.10 -0.08 0.16 0.64 0.14 -0.04 0.08 0.15 0.02
HD106946 F2V 0.08 0.07 0.18 0.08 0.29 0.25 -0.02 0.18 0.12 0.10
HD107611 F6V 0.01 0.06 0.09 0.05 -0.10 0.33 -0.06 0.05 0.14 0.17
HD109530 F2V -0.20 0.31 0.15 0.09 -0.02 0.24 0.21 0.11 0.27 0.20
HD107877 F6 0.15 0.12 0.15 0.13 -0.30 0.28 0.12 0.08 - -
HD108154 F5 0.13 0.13 0.01 0.11 -0.35 0.30 0.09 0.08 - -
HD108226 F5 0.11 0.07 0.05 0.11 -0.30 0.34 0.08 0.08 - -
HD108976 F6 V -0.46 0.12 -0.01 0.14 -0.29 0.16 0.03 0.13 - -
HD109069 F0 V - - -0.03 0.17 0.45 0.37 0.29 0.14 - -

HD SpT YII σY ZrII σZrII BaII σBa

HD106103 F5V 0.00 0.08 0.04 0.11 0.86 0.10
HD106293 F5V 0.01 0.06 -0.04 0.09 0.64 0.23
HD106691 F5IV 0.04 0.08 0.50 0.15 0.65 0.21
HD106946 F2V 0.24 0.19 0.38 0.09 0.59 0.16
HD107611 F6V 0.10 0.12 0.13 0.17 0.84 0.10
HD109530 F2V 0.06 0.20 -0.13 0.14 0.43 0.14
HD107877 F6 - - 0.14 0.17 0.56 0.10
HD108154 F5 - - 0.03 0.17 0.54 0.10
HD108226 F5 - - -0.06 0.17 0.59 0.10
HD108976 F6 V - - -0.50 0.17 0.29 0.10
HD109069 F0 V - - -0.04 0.17 0.37 0.10

The behaviour of carbon with respect to iron is not clear when
[ C

H ] is displayed versus [ Fe
H ]. As previously found by Hill (1995),

an anticorrelation appears more clearly when [ C
Fe ] is displayed

against [ Fe
H ] for Am and normal A stars (Figure 7). We find a

slope of −1.74±0.48 , not very different from the value obtained
by Hill (1995) (−1.24 ± 0.31 for 15 A stars).
We have checked whether the C lines studied here might
be affected by non-LTE effects especially for A stars. Non-
LTE abundance corrections of carbon have been calculated by
Rentzsch-Holm (1996) for a set of main sequence stars rang-

ing in effective temperatures from 7000 K to 12000 K, sur-
face gravities from log g = 3.5 to 4.5 dex and metallicities
from [ M

H ] = −0.5 to 1 dex. For effective temperatures below
10000 K, the non-LTE abundance corrections were found to be
always negative. Only three lines of our list were studied by
Rentzsch-Holm (1996): λ5052.17, λ5380.34 and λ6587.61 Å.
According to her Figures 7 and 8, the corrections for these lines,
whose equivalent width are always less than 100 mÅ, should be
in the range -0.10 to -0.25 dex for the temperatures and metal-
licities of the stars in our sample, making these stars even more
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Fig. 6. Abundance patterns for the ”normal” A (a), Am (b) and F stars of Coma Berenices cluster. A maximum ±0.30 dex error bar is displayed.
The horizontal dashed line represent the solar composition.

deficient in carbon. These corrections do not appear to diminish
the star-to-star scatter in [C/H].

Oxygen

The derived oxygen abundances are the weighted means of 16
quality B and 6 quality C+ lines. In a graph of [ O

H ] versus Teff
(Figure 7), the F stars abundances are slightly scattered around
their mean value. All A and Am stars exhibit underabundances
of oxygen and their scatter is again larger than that of the F stars.
The total spread in oxygen abundance for the A and Am stars is
about 0.8 dex, significantly larger than the maximum uncertainty

of 0.12 dex for A stars. This again suggests real star-to-star vari-
ations in [O/H].
In a graph of [ O

H ] versus [ Fe
H ], oxygen seems to be only very

loosely anticorrelated with iron. The anticorrelation appears
more clearly in [ O

Fe ] versus [ Fe
H ] with a slope of −2.30 ± 0.53.

Przybilla et al. (2000) calculated the line formation of most of
the O I lines analysed here in A star atmospheres using the codes
DETAIL and SURFACE (Giddings 1981). For stars with effec-
tive temperatures less than 10000 K and log g around 4.0, these
corrections always remain less than -0.03 dex, well below the es-
timated uncertainty. The observed anticorrelation of [O/Fe] ver-
sus [Fe/H] should therefore remain after non-LTE corrections
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Fig. 7. Left panel: Abundance of carbon, oxygen and sodium versus effective temperature. The dotted line corresponds to the solar value and the
dashed one to the mean value determined for the F stars of the cluster. Right panel: [C/Fe], [O/Fe] and [Na/H] versus [Fe/H]. The filled dots
correspond to normal A stars, the filled squares correspond to Am stars and the filled diamonds correspond to F stars. In the plot representing
[Na/H] versus [Fe/H], the dashed line corresponds to the solar [Na/Fe] ratio. The error bars in the right panel represent the mean uncertainties for
the displayed abundances.

have been made. The large star-to-star variations in [O/H] would
not be affected by these corrections either.

Sodium
Sodium abundances were derived from 9 lines of quality A to C.
The sodium abundances for the F stars display very little scat-
ter around their mean value (-0.01 dex), very close to solar. All
A and Am stars display overabundances of Na. For these stars,
the spread in [ Na

H ] is about 0.9 dex, much larger than the typical
uncertainty (0.10 dex). This suggests there are real star-to-star
variations in [ Na

H ]. The sodium abundance does not appear to be
correlated to the iron abundance: in Figure 7, about half of the
data lie above the line of solar ratio while the other half are scat-

tered around it.
Quantitative information on non-LTE corrections for Na abun-
dances in A stars is scarce. Non-LTE corrections have been
calculated by Bikmaev et al. (2002) for two cool A8IV-V stars
whose fundamental parameters are close to the coolest A star of
our sample. The largest corrections amount to -0.35 dex and oc-
cur for the two lines λ5889.95 Å and 5895.92 Å. In the absence
of calculations for hotter stars with various [ Fe

H ], it is difficult to
predict what the non-LTE corrections would be for the A and
Am stars studied here. Provided the corrections would be small
for F stars, lowering the A and Am star abundances by about
0.35 dex would certainly improve the correlation of [ Na

H ] with
[ Fe

H ].
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Fig. 8. Left panel: Abundance of magnesium, silicon and calcium versus effective temperature. The dotted line represents the solar value and the
dashed one represents the mean abundance of F stars. Right panel: [Mg/H], [Si/Fe] and [Ca/H] versus [Fe/H]. The symbols are the same as in
Figure 7. The dashed lines represent the solar ratios.

Magnesium

Seven lines of Mg II of quality B to D were used for the A stars
and 5 lines of Mg I of qualities B to C for the F stars. In graphs
of [ Mg

H ] versus Teff (Figure 8), the F stars and the A and Am
stars display fairly large and comparable scatter. The maximum
spread in [ Mg

H ] is about 0.30 dex and 0.55 dex for the F and the
A and Am stars respectively. The maximum uncertainty in [ Mg

H ]
being about 0.18 dex, there does not appear to be significant star-
to-star variations. Almost all stars exhibit LTE overabundances.
We noticed that the Mg II λ 4481 Å triplet systematicaly yields
higher abundances than other Mg II lines. Excluding this triplet
reduces the abundances by about -0.30 dex for the A and F stars.
The [ Mg

H ] abundances (derived from all lines excluding the Mg
II triplet) do not appear to be correlated to [ Fe

H ]. Most data lie

above the line of the solar ratio [ Mg
Fe ]. In their analysis, Hill &

Landstreet (1993) found that the ratio [ Mg
Fe ] runs parallel to and

above the line of solar [ Mg
Fe ]. They attribute this to the use of the

very strong Mg II λ 4481 Å triplet (the only line they analysed).
Przybilla et al. (2001) computed a model atom for non-LTE line
formation for neutral and singly-ionized magnesium to evaluate
non-LTE corrections. These corrections turn out to be small for
MgII except for the features at λλ 4481 and 7877-96 Å. For Vega
(A0V), they found a correction of -0.21 dex for the 4481 Å triplet
which confirms our finding that this line systematically yields
higher abundances.
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Fig. 9. Left panel: Abundance of scandium, titanium and vanadium versus effective temperature. The dotted line represents the solar value and the
dashed one represents the mean abundance of F stars. Right panel: [Sc/H], [Ti/Fe] and [V/H] versus [Fe/H]. The symbols are the same as in Figure
7. The dashed lines represent the solar ratios.

Silicon

Nineteen lines of Si II of quality C to E have been synthesized.
For the F stars, the silicon abundances hardly show any scatter
around their mean value, +0.18 dex, slightly above solar. Almost
all A stars are also overabundant in silicon and deviate very little
from this mean value except for the Am star HD 107168 (Figure
8). Thus there does not seem to be significant star-to-star varia-
tion in [ S i

H ].
The silicon abundance does not show any convincing correlation
with the iron abundance. Most of our data fall slightly above the
line representing a solar silicon to iron ratio. Note that Hill &
Landstreet (1993) did find a tight correlation between [ S i

H ] and
[ Fe

H ]. All their data fall close to the line representing a solar sil-
icon to iron ratio. The lines we analysed differ from theirs and

lead to overabundances possibly because of incorrect oscillator
strengths or non-LTE effects.

Calcium

Twelve lines of Ca II of quality C and D were used to derive
the calcium abundance for all A and Am stars and for only two
F stars. The abundance of the F stars is subsolar (< [ Ca

H ] >∼
−0.2 dex). The two normal A stars are slightly deficient in cal-
cium and the Am stars show modest deviations (both over and
underabundances) around the solar abundance. Their maximum
spread in [Ca/H] is 0.50 dex which is only marginally signif-
icant compared to the maximum estimated uncertainty (about
0.20 dex).
In a graph displaying the calcium abundance versus that of iron
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Fig. 10. Left panel: Abundance of chromium, manganese and iron versus effective temperature. The dotted line represents the solar value and the
dashed one represents the mean abundance of F stars. Right panel: [Cr/H] and [Mn/H] versus [Fe/H]. The symbols are the same as in Figure 7.
The dashed lines represent the solar ratios.

(Figure 8), the Am stars, as expected, can easily be discriminated
from the normal A and F stars. They all fall to the right in a re-
gion characterized by overabundances of iron and they are either
Ca-deficient or Ca-rich. For the normal A and F stars, [ Ca

H ] has
a fairly uniform value (-0.20) dex and does not appear to vary
with [ Fe

H ].

Scandium

Eleven lines of quality D of Sc II were used to derive the scan-
dium abundance. The scandium abundances of F stars are scat-
tered very little around the solar value. About half of the A and
Am stars are deficient in scandium (3 Am stars are close to solar
while 4 exhibit deficiencies ranging from -0.2 dex to -1.2 dex).
The total spread in [ S c

H ] for these stars is about 1.20 dex, signifi-

cantly larger than the typical uncertainty of 0.10 dex. There thus
seems to be real star-to-star variation in [ S c

H ].
As for calcium, scandium does not exhibit any clear correlation
or anticorrelation with respect to iron in the diagram of [ S c

H ] ver-
sus [ Fe

H ] (Figure 9). The scandium abundances of the F and nor-
mal A stars, which are all very close to solar, do not depend on
[ Fe

H ]. Most Am stars lie in the lower right part of the diagram:
they are all iron-rich and 4 out of 7 are deficient in scandium.

4.2.2. The iron peak elements

Titanium, vanadium, chromium and manganese

Twenty six lines of Ti II, most of them of quality D, have been
synthesized. The oscillator strengths for this element are not as
secure as for iron and chromium. One should not expect these
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Fig. 11. Left panel: Abundance of cobalt, nickel and strontium versus effective temperature. The dotted line represents the solar value and the
dashed one represents the mean abundance of F stars. Right panel: [Co/H], [Ni/Fe] and [Sr/H] versus [Fe/H]. The symbols are the same as in
Figure 7. The dashed lines represent the solar ratios.

abundances to be too reliable on an absolute scale. The F stars
show little scatter around their mean [ Ti

H ] value, about +0.12
dex, slightly above solar. The A and Am stars are more scat-
tered around this mean value. The spread in [ Ti

H ] is about 0.68
dex which is larger than the typical uncertainty of about 0.08
dex. There seems to be real star-to-star variation for this element
(Figure 9). The titanium abundance appears to be loosely corre-
lated to that of iron (correlation coefficient 0.66) for normal F
and A stars. The [ Ti

Fe ] ratios of these normal stars appear to be
close to or slightly higher than solar as found by Lemke (1989)
for a sample of 16 normal A stars. Hill & Landstreet (1993)
found a strong correlation of [Ti/H] with [Fe/H](correlation co-
efficient 0.95), their [ Ti

Fe ] ratios being slightly above the solar
value.
Nine lines of V II were synthesized whose uncertainties are not

specified. These lines are intrinsically weak in all spectra. The
abundances derived for this element must be taken with cau-
tion. The vanadium abundances for the F stars are fairly scat-
tered around their mean value, +0.50 dex. Vanadium was not
detected in the two normal A stars and is found to have large
overabundances for 4 Am stars. There is no convincing correla-
tion between [ V

H ] and [ Fe
H ] (Figure 9). Most of the data fot the

normal A stars and the F stars fall above the line representing
the solar [ V

Fe ] ratio which may be due to poorly determined os-
cillator strengths. Hill & Landstreet (1993) found a correlation
of [ V

H ] with [ Fe
H ] using lines other than ours; their ratios [ V

Fe ] are
also significantly above solar.
Eleven lines of Cr II of quality D have been synthesized. As for
titanium, the A stars are only a little more scattered than the F
stars. The total spread in [ Cr

H ] for the A and Am stars is about
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Fig. 12. Left panel: Abundance of yttrium, zirconium and barium versus effective temperature. The dotted line represents the solar value and the
dashed one represents the mean abundance of F stars. Right panel: [Y/H], [Zr/Fe] and [Ba/H] versus [Fe/H]. The symbols are the same as in Figure
7. The dashed lines represent the solar ratios.

0.56 dex (0.36 dex for the F stars) while the maximum uncer-
tainty on [ Cr

H ] is about 0.20. Should the data for HD107168 be re-
moved, the spread in [ Cr

H ] drops to 0.30 dex and is not significant.
The evidence for star-to-star variations in [ Cr

H ] is therefore rather
weak. The chromium abundance appears to be loosely correlated
with that of iron (correlation factor = 0.85). Most of the data fot
the normal A stars and the F stars fall above the line represent-
ing the solar [ Cr

Fe ] ratio (Figure 10). Hill & Landstreet (1993) also
found a correlation of [ Cr

H ] with [ Fe
H ], their ratios [ Cr

Fe ] being only
marginally above solar.
Twenty lines of Mn I of quality B to C+ were synthesized. The F
stars show little scatter around the solar value. The total spread
for the A and Am stars is about 0.6 dex which is larger than
the maximum uncertainty of 0.2 dex, suggesting real star-to-star
variation. The two normal A stars are deficient in manganese.

The manganese abundance appears to be well correlated with
that of iron (correlation factor = 0.94). Most of the ratios [ Mn

Fe ]
run parallel to and below the line representing the solar ratio
(Figure 10). Hill & Landstreet (1993) found a correlation of [ Mn

H ]
with [ Fe

H ] using lines other than ours; their ratios [ Mn
Fe ] are only

marginally above solar.

Iron, cobalt and nickel:

Twenty seven lines of Fe II of quality C to E were synthesized.
In a graph [ Fe

H ] versus Teff (Figure 10), the F stars are only
slightly scattered around their mean value, +0.07 dex, which
is slightly higher than Friel & Boesgaard (1992). These authors
found < [ Fe

H ] >= −0.05 ± 0.03 dex, based on the analysis of
the equivalent widths of a few Fe I lines for 14 F stars of the
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cluster. Our usage of different techniques (model atmospheres
and line synthesis) and different lines (Fe II) probably accounts
for the difference in iron abundance. The total spread in [ Fe

H ] for
the A and Am stars is about 0.53 dex which is larger than the
maximum estimated uncertainty (0.10 dex). There are thus real
star-to-star variations in [ Fe

H ].
For cobalt, our analysis is based on 12 lines of Co I, whose er-
rors in the oscillator strengths are unknown. Most of these lines
are weak and often are blended with lines whose atomic param-
eters are not necessarily accurately known. We therefore do not
expect these abundances to be reliable. In a graph of [ Co

H ] versus
Teff (Figure 11), the cobalt abundances are much more scattered
for the F stars than for any other chemical element; this scatter is
probably largely due to blending species. There is only one data
point for the normal A stars. We feel that the abundances are not
reliable enough to claim to find real star-to-star variations in [ Co

H ]
and not to find a correlation with [ Fe

H ].
Fifty six lines of Ni I of quality C+ to D have been synthesized.
In the graph [ Ni

H ] versus Teff, nickel behaves in a similar manner
as iron (Figure 11). The F stars are fairly well grouped around
their mean abundance (+ 0.09 dex), their maximum spread be-
ing 0.25 dex. The A and Am stars scatter over 0.83 dex whereas
their maximum uncertainty is about 0.20 dex. There seems to
be real star-to-star variations for [ Ni

H ]. The nickel abundance is
tightly correlated with that of iron (correlation coefficient 0.92).
Most of the ratios [ Ni

Fe ] are close to solar.

4.2.3. The heavy elements

Strontium, yttrium, zirconium and barium:

Our study of strontium is based on only two lines at 4077.71
Å and 4215.52 Å whose accuracies are not specified in NIST.
Errors in gf values may result in a considerable zero point shift
with respect to the Sun. We therefore do not attach too much
significance to apparently large absolute over-or underabun-
dances. The F star strontium abundances show little scatter
around their mean value, + 0.15 dex. The A and Am stars
display a much larger spread in abundances, about 1.07 dex,
significantly larger than the maximum uncertainty (0.30 dex)
(Figure 11). The strontium abundance is correlated quite closely
to the iron abundance (correlation coefficient 0.90). Strontium
abundances vary more rapidly than those of iron as found by
Lemke (1990).
Five lines of yttrium whose accuracies are unknown were
synthesized. The same holds for zirconium. Yttrium and zirco-
nium are found to be nearly solar in F stars (Figure 12). These
elements are overabundant by about 0.50 dex for 6 of the Am
stars and by about 0.40 dex in the normal A stars. The A and
Am stars display fairly large spreads in abundances of Y and
Zr, about 1.0 dex, much larger than the associated uncertainties,
indicating real star-to-star variations in [ Y

H ] and [ Zr
H ].

Five lines of quality B of barium have been synthesized. This
element is found to be overabundant in all A, Am and F stars
by large amounts (up to 1.10 dex). The spread for [ Ba

H ] is about
1.8 dex, much larger than the typical uncertainties, indicating
real star-to-star variations in [ Ba

H ] (Figure 12). However, these
overabundances may reflect a non-LTE effect, namely an
overionization of barium in A stars. In Vega, the non-LTE Ba
II abundances are lower than the LTE abundances by about
0.30 dex as demonstrated by Gigas (1988) and Lemke (1990)
using the KIEL code. Non-LTE corrections for Ba should be
sensitive to [Fe/H] which can differ much from star to star.
Detailed calculations for the respective fundamental parameters

Table 6. Mean abundances and their respective dispersion for Fe, C, O,
Ni, Sc, Si, Ba, Y, Zr and Sr for the F, normal A and Am stars.

Elements F stars σF A stars σA
[ C

H ] -0.01 0.06 -0.48 0.24
[ O

H ] -0.11 0.18 -0.34 0.31
[ S i

H ] 0.18 0.07 0.22 0.20
[ S c

H ] -0.02 0.04 -0.23 0.38
[ Fe

H ] 0.07 0.09 -0.14 0.16
[ Ni

H ] 0.09 0.11 0.11 0.28
[ S r

H ] 0.15 0.08 0.25 0.43
[ Y

H ] 0.07 0.08 0.47 0.34
[ Zr

H ] 0.04 0.34 0.46 0.33
[ Ba

H ] 0.58 0.17 0.84 0.70

Normal A stars
Am stars
F stars 

Fig. 13. Variation of the derived microturbulence velocities with effec-
tive temperature.

and iron abundances of each star should therefore be performed .

4.3. Microturbulent velocities
A byproduct of this analysis has been to determine microturbu-
lent velocities for each star. Figure 13 displays the derived ξt
versus effective temperature. The overall variation agrees well
with that found by Coupry & Burkhart (1992) who found that ξt
varies from 0 km·s−1 for late B-type stars, up to about 3 km·s−1

for mid-A type stars down to around 2 km·s−1 for early F-type
stars. Gray (2001) also found that ξt varies diminishes 3 km·s−1

for mid-A type stars to about 1 km·s−1 for solar-type stars.

4.4. Rotational velocities

The inferred rotational velicities ve sin i are lower than 102
km·s−1. None of the found abundances appears to depend on
ve sin i. The profiles of [X/H] versus ve sin i are flat as shown
for instance for iron in Figure 14. This result is not surprising.
Detailed calculations of diffusion in the presence of meridional
circulation carried out by Charbonneau & Michaud (1991) re-
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Fig. 14. Abundance of iron versus ve sin i for A,Am and F stars.

vealed that, in stars rotating at less than ve sin i= 100 km·s−1,
meridional circulation has little influence on chemical separation
once the helium superficial convective zone has disappeared.
Accordingly, the abundances should not present any positive nor
negative trend (slope) with ve sin i in this velocity regime. The
absence of fast rotators in Coma Berenices (ie. ve sin i > 100
km·s−1) prevents us from investigating the behaviour of the var-
ious abundances with rotational velocity above that velocity.

5. Astrophysical implications
The most important result of this study is the evidence of large
star-to-star abundance variations for A stars in Coma Berenices.
These stars appear to display much larger star-to-star variations
in their abundances than the F stars do for the following chemical
elements: C, O, Na, Sc, Ti, Mn, Fe, Ni, Sr, Y, Zr and Ba. In con-
trast, the abundances of Mg, Si, Ca and Cr do not show signif-
icant star-to-star variations. For the Hyades, Varenne & Monier
(1999) found a similar behaviour for the abundances of C, O,
Na, Sc, Fe and Ni. Monier (2005) also found large star-to-star
variations in [Fe/H], [Ni/H] and [Si/H] for several A stars of the
Uma group.
We theorize that this peculiar behaviour is a signature of the
occurence of transport processes competing with radiative dif-
fusion (eg. rotational mixing in radiative zone, Zahn 2005).
Indeed, if radiative diffusion was the only process at work,
the microscopic diffusion velocity of a given chemical element
should be the same in stars of similar effective temperatures
and surface gravities. We would therefore expect similar surface
compositions for stars of similar fundamental parameters.

5.1. Self consistent modelling
We have compared the derived abundances to the predictions of
recent evolutionary models, calculated with the Montréal code
using slightly different assumptions and physics. This code treats
radiative diffusion in detail and allows the inclusion of turbulent
diffusion. Schatzman (1969) proposed two possible physical ori-
gins of turbulent diffusion: loss of angular momentum while the
star descends towards the Main Sequence or meridional circula-
tion.

5.1.1. The F-type stars

For the F stars, the found abundances have been compared to the
predictions of Turcotte et al’s (1998) evolutionary models at the
age of Coma Berenices. Their models predict the evolution of
the abundances for an F star of a given mass consistently with the
internal structure. They include the effects of gravitational sed-
imentation and of radiative diffusion for 28 chemical elements
(Z ≤ 28) but no macroscopic mixing (wind, accretion, merid-
ional circulation, turbulence). These models are relevant for F
stars with masses in the range 1.1M� to 1.5M� from the pre-
main sequence state up to hydrogen core exhaustion. The impact
of the abundance variations with time on the structure of the star
is taken into account. Monochromatic OPAL opacities for each
element are used to recalculate the opacity corresponding to the
abundances and local conditions during the evolution. Atomic
diffusion has an important effect on the opacities for stars more
massive than 1.3M�. In these objects, the abundances of Fe and
other iron-peak elements were found to substantially vary with
time.
For the light elements C and O, the predicted large underabun-
dances by Turcotte et al. (1998) for stars with Te f f > 6500 K
are not observed in our data. For these elements we find that the
observed abundances in F stars are rather constant with a solar
value for C (< [ C

H ] >= −0.01±0.06 dex) and marginally under-
abundant for O (< [ O

H ] >= −0.11±0.18 dex). In contrast, the
predicted solar Na abundances for stars with 5950 ≤ Te f f ≤
6700 K match well the observed solar abundances of F stars. For
the F stars of 1.4M�, the predicted Mg and Si underabundances
are not seen either in our data. For the iron peak elements Fe and
Ni, the predicted overabundances due to microscopic diffusion
are not observed either.

5.1.2. The A stars

For A stars, we have compared the found abundances with
the predictions of the recent models of Richer et al. (2000). In
these new models, the effect of atomic and turbulent diffusion
were calculated for stars of 1.45-3 M�. They showed that the
superficial abundances of the 28 species calculated in their
models depend, in a star of a given mass, on essentially the
initial metallicity and the deph of the zone mixed by turbulence.
Figures 10 and 11 from Richer et al. (2000) represent the
variations of surface abundances with time of the 28 elements
for stars of 2-2.5-3 M�. For the 2 M� model, Richer et al. (2000)
found that the ratio of the abundances of carbon and oxygen
at 450 Myr to their initial values decrease with time. We
observed the same trend for C and O in Am stars using the mean
abundances of C and O in the F stars as initial abundances of
these elements in the cluster.

In addition, we have specifically computed a series of mod-
els for two Am stars of similar effective temperatures but dif-
ferent rotational velocities: HD108642, a slow rotator (ve sin i
= 9 km·s−1) and HD106887, a faster rotator (ve sin i = 82
km·s−1). Masses for these two stars should be in the range
1.8 to 2.0 M�. Seven models for a 1.8 M� mass star hav-
ing different turbulent coefficients, DT (equation 1 in Richer
et al. 2000) at the age of the Coma were computed. The
adopted initial and homogeneous abundances for these mod-
els are collected in Table 7. The models use an Eggleton-
Faulkner-Flannery equation of state (Eggleton et al. 1973) in-
cluding Coulomb correction on the pressure (labeled as CEFF
models) (see also Christensen-Dalsgaard & Daeppen 1992).
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The nuclear energy generation follows the prescriptions of
Bahcall & Pinsonneault (1992). These models take into account
gravitational settling, thermal diffusion and radiative accelera-
tions. The detailed treatment of atomic diffusion is described
in Turcotte et al. (1998) and the radiative accelerations are from
Turcotte et al. (1998) with correction for redistribution from
Gonzalez et al. (1995) and LeBlanc et al. (2000). These mod-
els are self consistent as the Rosseland opacity and radia-
tive accelerations are recomputed at each time step in each
layer for the exact local chemical composition using OPAL
monochromatic opacities for 24 elements. Convection and semi-
convection are modeled as diffusion processes as described in
Richer et al. (2000) and Richard et al. (2001). The initial metal-
licity is taken from Friel & Boesgaard (1992).
The models are compared to the abundance patterns of
HD108642 in Figure 15 and for HD106887 in Figure 16. None
of the models reproduces entirely the characteristic abundance
pattern, ie. marked underabundances of light elements and over-
abundances of iron-peak elements. They basically differ by the
amount of turbulent diffusion included. The model that best ap-
proaches the abundance patterns for elements with Z>20 for
these two stars is the model labeled as 1.8T5.3D200K-3 follow-
ing the syntax of Table 1 of Richer et al. (2000). In this model,
the turbulent diffusion coefficient DT varies with density as:

DT = ωD(He)0
(

ρ0
ρ

)n

where n=3, D(He)0 is the atomic diffusion coefficient of He at
the density ρ0 = ρ(T0) in the iron convection zone (see equation
1 of Richer et al. 2000, here ω = 200 · 103 and log T0 = 5.3).
However this model predicts abundances that are almost 0.8 dex
too large for C and O but it comes close to the abundances of
Na, Mg and Si and follows the overabundances of iron-peak
and heavier elements. Conversely, models with less turbulent
diffusion 1.8T5.3D25K-3 and 1.8T5.3D500-3 roughly account
for the abundances of elements with Z<15 but predict too large
overabundances of iron-peak elements.
Part of the discrepancy between observed and theoretical abun-
dance patterns could be due to non-LTE effects. Correcting the
magnesium abundance for the magnesium triplet at λ4481 Å
reduces it by ∼0.2 dex and provides a better agreement with
the T5.3D200K-3 model for this element. Lowering the sodium
abundances, which are likely to be affected by non-LTE effects,
will also improve the agreement with this model. However, the
inclusion of competing processes in the models such as rota-
tional mixing in the radiative zone for A stars, internal waves for
F stars could also help improve the agreement.

6. Conclusion
High and medium resolution spectra of 11 A and 11 F star
members of the Coma Berenices open cluster have been synthe-
sized in order to determine the abundances of C, O, Na, Mg, Si,
Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Sr, Y, Zr and Ba. In graphs
representing the abundance [X/H] versus effective temperature,
the A stars display abundances that are more scattered around
the mean value than the F stars. Large star to star variations are
detected for A stars for C, O, Na, Sc, Ti, Mn, Fe, Ni, Sr, Y, Zr
and Ba which we interpret as evidence of transport processes
competing with radiative diffusion.
The chemical pattern found for the A and F dwarfs of
Coma resembles that found for the Hyades (Varenne &
Monier 1999) and the UMa group (Monier 2005). The
mean iron abundance derived for the F stars is found to be

Table 7. Initial chemical composition

Element Mass fraction
H . . . . . . . . . . . . . . . . . . 7.03×10−1

4He (a) . . . . . . . . . . . . . . 2.7995×10−1
12C (b) . . . . . . . . . . . . . . 2.935×10−3

N . . . . . . . . . . . . . . . . . . 9.000×10−4

O . . . . . . . . . . . . . . . . . . 8.189×10−3

Ne . . . . . . . . . . . . . . . . . 1.675×10−3

Na . . . . . . . . . . . . . . . . . 3.396×10−5

Mg . . . . . . . . . . . . . . . . . 6.377×10−4

Al . . . . . . . . . . . . . . . . . . 5.519×10−5

Si . . . . . . . . . . . . . . . . . . 6.878×10−4

P . . . . . . . . . . . . . . . . . . . 5.944×10−6

S . . . . . . . . . . . . . . . . . . . 3.592×10−4

Cl . . . . . . . . . . . . . . . . . . 7.642×10−6

Ar . . . . . . . . . . . . . . . . . . 9.170×10−5

K . . . . . . . . . . . . . . . . . . 3.396×10−6

Ca . . . . . . . . . . . . . . . . . . 6.368×10−5

Ti . . . . . . . . . . . . . . . . . . 3.396×10−6

Cr . . . . . . . . . . . . . . . . . . 1.698×10−5

Mn . . . . . . . . . . . . . . . . . 9.340×10−6

Fe . . . . . . . . . . . . . . . . . . 1.219×10−3

Ni . . . . . . . . . . . . . . . . . . 7.557×10−5

(a) 3He = 5.000 × 10−5

(b) 13C is 1% of 12C
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Fig. 15. Comparison of the observed abundance pattern of HD108642
(A2m) with the predictions of three models calculated for a mass of 1.8
M� and different amounts of turbulent diffusion. Observed abundances
are represented as triangles with error bars. Note that the models do not
predict the surface abundances of Sc, V and Co.

< [ Fe
H ] >= 0.07 ± 0.09 dex, slightly higher than the metallicity

derived by Friel & Boesgaard (1992). The abundances of
manganese, nickel, strontium and barium are strongly correlated
with the iron abundance for A and Am stars. The ratios [C/Fe]
and [O/Fe] appear to be anticorrelated with [Fe/H]. The ratio
[Ti/Fe] is solar as found by Lemke (1989).
The Am stars in Coma Berenices are found to be deficient in
light elements (C and O), they are not all deficient in calcium
and scandium but are all overabundant in metallic and heavy
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Fig. 16. Comparison of the observed abundance pattern of HD106887
(A4m) with the same models.

elements (Fe, Co, Ni, Sr, Y, Zr and Ba). The two normal A
stars have almost solar abundances. The F stars have solar
abundances for almost all the elements except for Mg, Si, V and
Ba.
The abundance patterns predicted by current state of the
art evolutionary models following the prescriptions of
Richer et al. (2000) have been compared to the observed
abundance patterns of two Am stars of the cluster, one a
slow rotator (HD108642) and one a moderately fast rotator
(HD106887). These models were calculated with different
strengths of the turbulent diffusion coefficient. None of the mod-
els reproduces entirely the characteristic abundance pattern, ie.
marked underabundances of light elements and overabundances
of iron-peak and heavier elements. Part of the discrepancy may
arise from non-LTE effects. In this respect, non-LTE abundance
determinations for many of the elements analysed here (when
feasible, ie. when atomic data and model atoms are available)
are highly desirable. However it is likely that the inclusion of
competing processes such as rotational mixing in the radiative
zones (which will vary from star to star) should also help
reproduce the observed abundance patterns and the large scatter
of abundances of several elements in A stars.

Appendix A: Determination of uncertainties
Six major sources are included in the uncertainty determina-
tions: uncertainty on the effective temperature (σTeff ), on the
surface gravity (σlog g), on the microturbulent velocity (σξt ),
on the apparent rotational velocity (σve sin i), the oscillator
strength (σlog g f ) and the continuum placement (σcont). These
uncertainties are supposed to be independent, so that the total
uncertainty σtoti for a given transition (i) is:

σ2
toti = σ

2
Teff
+ σ2

log g + σ
2
ξt
+ σ2

ve sin i + σ
2
log g f + σ

2
cont. (A.1)

The mean abundance < [ X
H ] > is then computed as a weighted

mean of the individual abundances [X/H]i derived for each

transition (i):

< [ X
H ] >=

∑

i([ X
H ]i/σ

2
toti )

∑

i(1/σ2
toti)

(A.2)

and the standard deviation, σsd is given by:

1
σ2

sd
=

N
∑

i=1
(1/σ2

toti ) (A.3)

where N is the number of lines per element. This procedure has
been applied to 4 A stars (HD107966, HD107655, HD107168
and HD107513) and 3 F stars (HD106103, HD107611 and
HD109530). In the fastest rotators, the pseudo-continuum,
f λpseudo, we see that regions free of lines in the observed spec-
tra are actually affected by the rotational broadening of neigh-
bouring lines. The level of the actual continuum, f λcont, can be
recovered by carefully synthesizing the pseudo-continuum win-
dows, yielding the theoretical flux, Fλpseudo, and the actual cor-
responding continuum flux, Fλcont, at the appropriate velocity
ve sin i±∆(ve sin i). The observed intensity level in these pseudo-
continuum windows was then multiplied by (Fλcont/Fλpseudo) to re-
cover the observed continuum level:

f λcont =
Fλcont

Fλpseudo
f λpseudo. (A.4)

The maximum and minimum allowed rotational velocity
ve sin i ± ∆(ve sin i) yields 2 ratios Fλcont

Fλpseudo
(ve sin imax) and

Fλcont
Fλpseudo

(ve sin imin). The corresponding observed normalized line
profiles were then used to derive the corresponding changes in
abundances due to the different locations of the continuum. This
test was performed in several spectral regions (excluding over-
laping regions of 2 orders) and yields a maximum uncertainty of
about 0.07 dex on the abundances.

For the other stars, the final abundances are averages. The
errors on the elemental abundances are standard deviation as-
suming a Gaussian distribution of the abundances derived from
each line

x̄ =
∑

i xi

N (A.5)

σ2 =

∑

i(xi − x̄)2

N (A.6)

where x̄ is the mean value of the abundance, N the number of
lines of the element and σ the standard deviation.
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Table 8. Linelist used for abundance determination. The ”A” term is used for a g f accurancy lower than 3%, ”B” lower than 10%, ”C+” lower
than 18%, ”C” lower than 25%, ”D+” lower than 40 %, ”D” lower than 50 % and ”E” higher than 50 %. If no accurancy is available, we used
the E (i.e. 50%) value in the uncertainties calculations. References are FMW for Fuhr et al. (1988), PTP for Pickering et al. (2002), NBS for
Miles & Wiese (1969), KO83 for Kostyk & Orlova(1983), SL90 for Sigut & Landstreet (1990), BL48 for Biermann & Lübeck(1948), Bal81 for
Biemont et al.(1981), MC86 for Magazzu & Cowley (1986), W85 for Ward (1985) and Kurucz (http://kurucz.harvard.edu/LINELISTS/GFALL/)
for the gfall.dat linelist.

Element λ(Å) log g f Accuracy references Element λ(Å) log g f Accuracy references
(Ionization) (Ionization)
CI 4371,3670 -1,962 B NIST SiII 4072,7090 -2,367 SL90
CI 4932,0490 -1,658 B NIST SiII 4075,4520 -1,403 SL90
CI 5052,1670 -1,303 B NIST SiII 4128,0540 0,306 C NIST
CI 5380,3370 -1,616 B NIST SiII 4130,8940 0,464 C NIST
CI 5793,1200 -2,063 B NIST SiII 4190,7240 -0,351 NIST
CI 5800,6020 -2,337 B NIST SiII 4198,1330 -0,611 NIST
CI 6587,6100 -1,003 B NIST SiII 4621,4180 -0,540 D Kurucz

SiII 4621,6960 -1,675 D Kurucz
OI 3947,2950 -2,095 B NIST SiII 4621,7220 -0,387 D Kurucz
OI 3947,4810 -2,244 B NIST SiII 5041,0240 0,174 D+ NIST
OI 3947,5860 -2,467 B NIST SiII 5055,9840 0,441 D+ NIST
OI 3947,9530 -1,761 B FMW SiII 5056,3170 -0,535 E NIST
OI 4368,1930 -2,665 B NIST SiII 5466,4320 -0,190 D Kurucz
OI 4368,2420 -1,964 B NIST SiII 5669,5630 0,266 NIST
OI 4368,2580 -2,818 B NIST SiII 5688,8170 0,106 NIST
OI 5329,6730 -2,063 C+ NIST SiII 5957,5590 -0,349 D NIST
OI 5329,6810 -1,473 C+ NIST SiII 5978,9300 -0,061 D NIST
OI 5329,6900 -1,268 C+ NIST SiII 6347,1100 0,230 C NIST
OI 5330,7260 -2,416 C+ NIST SiII 6371,3710 -0,080 C NIST
OI 5330,7350 -1,570 C+ NIST
OI 5330,7410 -0,983 C+ NIST CaII 3933,6630 -0,135 C NIST
OI 6155,9610 -1,363 B NIST CaII 3968,4690 -0,180 C NIST
OI 6155,9710 -1,011 B NIST CaII 4472,0500 -2,694 Kurucz
OI 6155,9890 -1,120 B NIST CaII 4479,4330 -2,994 Kurucz
OI 6156,7370 -1,487 B NIST CaII 4489,1790 -0,726 Kurucz
OI 6156,7550 -0,898 B NIST CaII 4489,1790 -2,157 Kurucz
OI 6156,7780 -0,694 B NIST CaII 4489,1790 -0,613 Kurucz
OI 6158,1490 -1,841 B NIST CaII 5001,4790 -0,517 D NIST
OI 6158,1720 -0,995 B NIST CaII 5019,9710 -0,257 D NIST
OI 6158,1870 -0,409 B NIST CaII 5021,1380 -1,217 D NIST

CaII 5285,2660 -1,153 D NIST
NaI 4494.1800 -1.840 C NIST CaII 5307,2240 -0,853 D NIST
NaI 4497.6570 -1.574 B NIST
NaI 4668.5590 -1.310 C NIST ScII 4246,8220 0,242 D NIST
NaI 4978.5410 -1.210 C NIST ScII 4314,0830 -0,100 D NIST
NaI 4982.8130 -0.961 C NIST ScII 4320,7320 -0,250 D NIST
NaI 5889.9500 0.112 A NIST ScII 4324,9960 -0,440 D NIST
NaI 5895.9240 -0.191 A NIST ScII 4374,4570 -0,418 D NIST
NaI 6154.2260 -1.547 A NIST ScII 4670,4070 -0,576 D NIST
NaI 6160.7470 -1.230 C NIST ScII 5031,0210 -0,400 D NIST

ScII 5239,8130 -0,765 D NIST
MgII 4384,6370 -0,792 D NIST ScII 5526,7900 0,020 D NIST
MgII 4390,5140 -1,706 D NIST ScII 5657,8960 -0,603 D NIST
MgII 4390,5720 -0,530 D NIST ScII 6604,6010 -1,310 D NIST
MgII 4427,9940 -1,201 C+ NIST
MgII 4481,1260 0,730 B BL48 TiII 4163,6440 -0,130 D PTP
MgII 4481,1500 -0,570 B BL48 TiII 4287,8730 -1,790 PTP
MgII 4481,3250 0,575 B BL48 TiII 4290,2190 -0,850 PTP
MgI 4702,9910 -0,374 C NIST TiII 4294,0990 -0,930 PTP
MgI 5167,3213 -0,856 B NIST TiII 4300,0420 -0,440 D PTP
MgI 5172,6844 -0,380 B NIST TiII 4316,7940 -1,420 D KO83
MgI 5183,6034 -0,158 B NIST TiII 4386,8440 -0,960 PTP
MgI 5528,4050 -0,498 B+ TiII 4394,0590 -1,780 PTP

TiII 4395,0310 -0,540 A PTP
TiII 4399,7720 -1,190 PTP
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Table 8. continued.

Element λ(Å) log g f Accuracy references Element λ(Å) log g f Accuracy references
(Ionization) (Ionization)
TiII 4411,0720 -0,670 D PTP FeII 4233,1720 -2,000 C FMW
TiII 4417,7140 -1,190 PTP FeII 4258,1540 -3,400 D FMW
TiII 4443,8010 -0,720 D PTP FeII 4273,3260 -3,258 D FMW
TiII 4468,4920 -0,600 D FMW FeII 4296,5720 -3,010 D FMW
TiII 4488,3250 -0,510 D PTP FeII 4385,3870 -2,570 D FMW
TiII 4501,2700 -0,770 D PTP FeII 4416,8300 -2,600 D FMW
TiII 4549,6210 -0,470 D PTP FeII 4472,0900 -1,791 Kurucz
TiII 4571,9710 -0,320 D PTP FeII 4472,6200 -2,340 Kurucz
TiII 4589,9580 -1,780 D PTP FeII 4472,9290 -3,430 Kurucz
TiII 4629,2740 -2,240 Kurucz FeII 4491,4050 -2,690 C FMW
TiII 4657,2000 -2,240 Kurucz FeII 4508,2880 -2,210 C FMW
TiII 4805,0850 -1,100 D PTP FeII 4515,3390 -2,490 C FMW
TiII 5129,1560 -1,400 D KO83 FeII 4520,2240 -2,600 C FMW
TiII 5188,6870 -1,050 D PTP FeII 4522,6340 -2,030 C FMW
TiII 5336,7860 -1,590 A PTP FeII 4541,5240 -3,050 C FMW

FeII 4555,8900 -2,290 FMW
VII 4475.6700 -1.440 Kurucz FeII 4576,3400 -3,040 FMW
VII 4528.5000 -0.960 Kurucz FeII 4582,8350 -3,100 C FMW
VII 4532.1700 -0.760 Kurucz FeII 4620,5210 -3,280 D FMW
VII 4538.6200 -1.800 Kurucz FeII 4635,3160 -1,650 D FMW
VII 4558.4500 -0.930 Kurucz FeII 4656,9810 -3,630 E FMW
VII 4564.5900 -1.450 Kurucz FeII 4666,7580 -3,330 D FMW
VII 4577.1300 -2.140 Kurucz FeII 4923,9270 -1,320 C FMW
VII 4590.5000 -0.780 Kurucz FeII 5197,5770 -2,100 C FMW
VII 4600.1800 -1.360 Kurucz FeII 5276,0020 -1,940 C FMW

FeII 5316,6150 -1,850 C FMW
CrII 4558,6500 -0,660 D Kurucz FeII 5506,1950 0,950 D FMW
CrII 4588,1990 -0,643 Kurucz
CrII 4592,0490 -1,217 D FMW CoI 4466.8800 -0.540 Kurucz
CrII 4616,6290 -1,291 SL90 CoI 4469.5400 -0.330 Kurucz
CrII 4618,8030 -1,110 D Kurucz CoI 4471.5400 -0.770 Kurucz
CrII 4634,0700 -0,990 Kurucz CoI 4530.9500 0.150 Kurucz
CrII 4812,3370 -1,995 D Kurucz CoI 4533.9800 -0.500 Kurucz
CrII 5237,3290 -1,160 D FMW CoI 4549.6500 -0.330 Kurucz
CrII 5308,4400 -1,810 D FMW CoI 4565.5800 -0.220 Kurucz
CrII 5313,5900 -1,650 D FMW CoI 4581.5900 -0.150 Kurucz
CrII 5502,0670 -1,990 D FMW CoI 4594.6300 -0.080 Kurucz

CoI 4596.8900 -0.010 Kurucz
MnI 4451,5860 0,278 B FMW CoI 4625.7600 -0.370 Kurucz
MnI 4453,0120 -0,490 C+ FMW CoI 4629.3600 -0.190 Kurucz
MnI 4457,0440 -0,555 C+ FMW
MnI 4458,2540 0,042 C+ FMW NiI 4468.4340 -1.642 Kurucz
MnI 4461,0790 -0,380 C+ FMW NiI 4470.4720 -0.310 D Kurucz
MnI 4462,0310 0,320 C+ FMW NiI 4480.5610 -1.491 Kurucz
MnI 4464,6820 -0,104 B FMW NiI 4490.0490 -2.108 Kurucz
MnI 4470,1440 -0,444 B FMW NiI 4490.5250 -2.324 Kurucz
MnI 4472,8060 -0,583 B FMW NiI 4512.9860 -1.470 D Kurucz
MnI 4490,0900 -0,521 B FMW NiI 4519.9790 -2.880 D+ FMW
MnI 4498,9020 -0,343 B FMW NiI 4521.3220 -0.949 Kurucz
MnI 4502,2130 -0,344 B FMW NiI 4523.6940 -1.305 Kurucz
MnI 4709,7120 -0,339 B FMW NiI 4528.5260 -1.127 Kurucz
MnI 4739,0870 -0,490 B FMW NiI 4542.2370 -1.308 Kurucz
MnI 4754,0420 -0,085 B FMW NiI 4546.9200 -0.271 Kurucz
MnI 4761,5120 -0,138 B FMW NiI 4551.2170 -0.880 D FMW
MnI 4762,3670 0,426 B FMW NiI 4559.9210 -1.737 Kurucz
MnI 4783,4270 0,042 B FMW NiI 4572.0410 -0.536 Kurucz
MnI 4823,5240 0,144 B FMW NiI 4588.4110 -0.745 Kurucz
MnI 5255,3260 -0,763 B FMW NiI 4592.5220 -0.370 Kurucz

NiI 4596.3830 -0.704 Kurucz
NiI 4600.3550 -0.610 FMW
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Table 8. continued.

Element λ(Å) log g f Accuracy references Element λ(Å) log g f Accuracy references
(Ionization) (Ionization)
NiI 4604.9820 -0.250 D Kurucz SrII 4077.7090 0.151 NIST
NiI 4606.2190 -1.000 D FMW SrII 4215.5200 -0.169 NIST
NiI 4609.9050 -0.580 Kurucz
NiI 4617.8620 -0.525 Kurucz YII 4883.6840 0.070 kurucz
NiI 4631.0170 -0.957 Kurucz YII 4900.1200 -0.09 kurucz
NiI 4648.6460 -0.100 D Kurucz YII 4982.1290 -1.290 kurucz
NiI 4886.7050 -1.780 Kurucz YII 5087.4160 -0.170 kurucz
NiI 4886.9760 -1.120 Kurucz YII 5200.4060 -0.570 kurucz
NiI 4900.9670 -1.670 E FMW
NiI 4904.4070 -0.170 D FMW ZrII 4149.2170 -0.030 kurucz
NiI 4912.0200 -0.800 D FMW ZrII 4156.2400 -0.776 kurucz
NiI 4913.9680 -0.630 D FMW ZrII 4161.2100 -0.720 kurucz
NiI 4918.3620 -0.240 D FMW ZrII 4208.9800 -0.460 kurucz
NiI 4918.7060 -0.780 Kurucz ZrII 4496.9600 -0.810 Bal81
NiI 4925.5590 -0.770 D Kurucz
NiI 4935.8310 -0.350 D FMW BaII 4554,0290 0,163 B Kurucz
NiI 4937.3410 -0.390 D FMW BaII 4934,0760 -0,156 B NBS
NiI 4976.3260 -3.100 C+ NIST BaII 5853,6680 -1,510 B NIST
NiI 5003.7410 -2.800 C+ NIST BaII 6141,7130 -0,810 B NIST
NiI 5080.5280 0.330 kurucz BaII 6496,8970 -1,010 B NIST
NiI 5081.1070 0.300 kurucz
NiI 5084.0890 0.090 kurucz
NiI 5096.8540 -0.900 kurucz
NiI 5099.9270 -0.100 kurucz
NiI 5102.9660 -2.620 C+ NIST
NiI 5137.0740 -1.990 C+ NIST
NiI 5476.9040 -0.890 C+ NIST
NiI 5553.6900 -3.240 C+ NIST
NiI 5587.8580 -2.140 C+ NIST
NiI 5592.2620 -2.590 C+ NIST
NiI 5711.8880 -2.260 C+ NIST
NiI 5754.6560 -2.340 C+ NIST
NiI 5892.8720 -2.340 C+ NIST
NiI 6163.4180 -0.682 kurucz
NiI 6170.5670 -1.808 kurucz
NiI 6175.3600 -0.530 kurucz
NiI 6176.8070 -0.260 kurucz
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ABSTRACT

Aims. We derive the abundances of 18 chemical elements for 16 A-dwarf, both normal and chemically-peculiar, and 5 F-dwarf mem-
bers of the Pleiades open cluster to place constraints on evolutionary models.
Methods. Abundances and rotational and microturbulent velocities were derived by fitting synthetic spectra to high-resolution
(R∼42000 and R∼75000) observations of high signal-to-noise ratio (S/N).
Results. The abundances exhibit correlation with neither the effective temperature nor the projected rotational velocity. Interestingly,
A stars exhibit larger star-to-star variations in C, Sc, Ti, V, Cr, Mn, Sr, Y, Zr and Ba, than F stars. F stars have solar abundances of
almost all elements. In A stars, the abundances of Si, Ti and Cr are correlated with that of Fe, and the [X/Fe] ratios are solar for these
three elements.
The derived abundances are compared with the predictions of evolutionary models for the age of Pleiades (100 Myr). For F stars,
small predicted underabundances of light elements and overabundances of Cr, Fe and Ni are confirmed by our findings. For A stars,
the predicted overabundances in iron-peak elements are confirmed for a few stars only.
Conclusions. The large scatter in the abundances of A stars, discovered previously in the Hyades, Coma Berenices, UMa group, and
in field stars, appears to be a characteristic property of dwarf A stars. Hydrodynamical processes competing with radiative diffusion
in the radiative zone of A dwarfs, could account for the scatter in abundances that we determine.

Key words. stars: abundances - stars: main sequence - stars: rotation - Diffusion - Galaxy: open clusters and associations: individual:
Pleiades

1. Introduction
This paper is the second in a series about the abundances of 18
chemical elements in A and F dwarfs in open clusters of differ-
ent ages. In a previous study, the abundances of similar elements
were derived for 11 A and 11 F dwarfs members of the Coma
Berenices open cluster by Gebran et al. (2008) (hereafter ref-
ered to as Paper I). The aims of this project are twofold: to im-
prove our knowledge of the chemical composition of A dwarfs
(normal and CP stars), and to set constraints on self-consistent
evolutionary models that include hydrodynamical and particle
transport processes. At the age of Coma Berenices (about 450
Myr, Bounatiro & Arimoto 1993), A stars have spent more time
on the Main Sequence than at the age of the Pleiades (around
100 Myr, Meynet et al. 1993). Comparison of the abundances
derived for A and F stars in these 2 clusters should help address
the expected evolution of abundances with time predicted in the
frame of the diffusion theory (Richer et al. 2000).
High-resolution spectroscopy of A and F stars in the Pleiades is
possible using 2-m class telescopes down to magnitude V=9,
wich corresponds to the earliest F stars. The distance to the
Pleiades is about 134±3 pc (Percival et al. 2005). In Table 1,

Send offprint requests to: M. Gebran
? Based on observations performed at the Observatoire de Haute-

Provence (France).

we show previous abundance determinations of A, F and G
dwarfs in the Pleiades. Lithium abundances were first derived
by Pilachowski et al. (1987) for A, F and G dwarfs, and then by
Ford et al. (2002) for G and K stars. Carbon and iron abundances
were determined in 12 F dwarfs, by Friel & Boesgaard (1990)
and Boesgaard & Friel (1990), respectively. They derived a
mean iron abundance of 〈[Fe/H]〉=−0.034 ± 0.024 dex.
Beryllium abundances were derived by Boesgaard et al. (2003)
for 14 F and G dwarfs. Burkhart & Coupry (1997) determined
the abundances of Li, Al, Si, S, Fe, Ni and Eu for 5 normal A and
3 Am stars. Quite unexpectedly, they derived a similar iron abun-
dance for A and Am stars, which is about twice the value deter-
mined for F stars. Hui-Bon-Hoa & Alecian (1998) determined
the abundances of Mg, Ca, Sc, Cr, Fe and Ni for 9 A-Am stars
in the Pleiades.
We derive the abundances of 18 chemical elements (C, O, Na,
Mg, Si, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Sr, Y, Zr and Ba.) for 16
A and 5 F dwarfs in the Pleiades open cluster. As in Paper I, we
search for correlations of the individual abundances with effec-
tive temperature (Teff), projected rotational velocity (ve sin i) and
iron abundance. Any correlation would be valuable to theoreti-
cal studies of photospheric abundances. The derived abundances
are compared with the predictions of self-consistent evolution-
ary models.
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Table 1. Previous abundance determinations for the Pleiades A, F and G dwarfs.

Reference Stars studied Chemical Elements

Pilachowski et al. (1987) 18 A,F,G Li
Burkhart & Coupry (1997) 8 A-Am Li,Al,Si,S,Fe,Ni,Eu

Hui-Bon-Hoa & Alecian (1998) 9 A-Am Mg,Ca,Sc,Cr,Fe,Ni

Boesgaard & Friel (1990) 12 F Fe
Friel & Boesgaard (1990) 12 F C
Boesgaard et al. (2003) 14 F and G Be

Ford et al. (2002) 11 G and K Li

Table 2. Data on the programme stars. Spectral type are taken from thr SIMBAD and WEBDA online database. Teff and log g are those determined
by UVBYBETA code. ve sin i and ξt are determined as explained in sect.3. References (a), (b), (c) and (d) are Couteau & Gili (1994), Breger (1972),
Abt & Levato (1978) and Renson (1990).

HII HD Type mv Teff log g ve sin i ξt Remarks
(K) km s−1 km s−1

157 23157 A5V 7.95 7514 4.26 56 2.60 SB (a)
158 23156 A7V 8.23 7940 4.23 32.5 2.70 δ Scuti (b)
697 23375 A9V 8.58 7395 4.22 88 2.30
1362 23607 A7V 8.25 8055 4.32 18.9 3.10 δ Scuti (b), Am (d)
1397 23631 A2V 7.30 9613 4.34 7.5 2.10 SB, Am (c)
1876 23763 A1V 6.96 8999 4.19 100 2.00
2415 23924 A7V 8.10 8144 4.29 33.5 2.70
2488 23948 A0 7.54 9083 4.35 118 2.30
5006 22615 Am 6.50 8407 3.83 29.5 4.00 < Pleiades (d)
531 23325 Am 8.57 7638 4.23 80 2.50
1375 23629 A0V 6.28 9940 4.32 162 1.55 SB
1380 23632 A1V 7.02 9616 4.22 200 1.50
2195 23863 A7V 8.15 7911 4.10 157 2.50
1028 23489 A2V 7.38 9078 4.25 120 1.90
1993 23791 A8V 8.38 7796 4.32 75 3.20
717 23387 A1V 7.19 9581 4.22 21 0.50 SB

605 23351 F3V 9.03 6863 4.38 14.8 1.45
1357 23609 F8IV 6.99 6492 4.28 9.8 1.75
338 23247 F3V 9.06 6948 4.47 43.5 2.00
1766 23732 F4V 9.21 6837 4.54 25 1.70
1122 23511 F4V 9.28 6730 4.63 30.5 1.60

2. Program stars, observations and data reduction

Twenty-one stellar members of the Pleiades cluster were ob-
served from the 5th to the 11th of January 2004 and from the
30th of November to the 4th of December 2006. We selected
stars that were evenly distributed in terms of mass in the Main
Sequence. The selected 15 A stars amount to about half the total
number of A dwarfs in the Pleiades. These stars were observed
using ELODIE and SOPHIE, which are two échelle spectro-
graphs at the Observatoire de Haute-Provence (OHP). ELODIE
is a fiber-fed cross-dispersed echelle spectrograph mounted on
the 1.93-m telescope at OHP (Baranne et al. 1996). An ELODIE
spectrum extends from 3850 to 6811 Å at a resolving power of
about 42000. ELODIE was replaced by SOPHIE in September
2006. SOPHIE spectra cover the wavelength interval from 3820
to 6930 Å in 39 orders with two different spectral resolutions:
the high resolution mode HR (R=75000) and the high efficiency
mode HE (R=39000). SOPHIE is about 2 magnitudes more sen-
sitive in the V band than ELODIE. Using SOPHIE, we were
therefore able to acquire spectra in HR-mode that had a signal-
to-noise ratio of between 100 and 300, with an exposure time
of lower than 75 minutes. The five early F stars, which are all

fainter than V=9 mag, were observed using SOPHIE. The basic
data of these stars are collected in Table 2. The Hertzsprung and
Henry Draper identifications appear in columns 1 and 2. In col-
umn 3, we present the spectral type, and in column 4, the appar-
ent visual magnitude. Effective temperatures (Teff) and surface
gravities (log g), which are derived using uvbyβ photometry, are
provided in columns 5 and 6. The projected rotational veloci-
ties and microturbulence velocities are shown in columns 7 and
8. Comments about the membership, binarity and pulsation ap-
pear in the last column. The rotational velocities of these stars
were derived to range between 7.5 km s−1 and 200 km s−1, and
six A stars were found to rotate with a ve sin i larger than 100
km s−1. According to the CCDM catalogue (Dommanget & Nys
1995), HD23387 is the primary in a spectroscopic binary. Its
companion, located at 0.3 arcsec, has a visual magnitude V=9,
and should be responsible for about 20% of the light in the spec-
trum. The spectral type of this companion is unknown. Careful
inspection of the spectrum of HD23387 does not reveal lines
that could be attributed to a companion of a later spectral type
in contrast to that of the primary. The abundances derived for
HD23387 should be interpreted with caution.
The reduction of ELODIE’s spectra was explained fully in Paper
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I, and follows the method of Erspamer & North (2002). A sim-
ilar reduction procedure was applied to SOPHIE spectra. The
correction for scattered light was found to be about 1% in the
blue part of the spectrum and less elsewhere.

3. Abundance analysis
3.1. Method and input data

The most appropriate method to derive abundances is spectrum
synthesis because several of the investigated stars are fast
rotators. The iterative method of Takeda (1995) was used to
derive the abundances of 18 chemical elements. The method fits
in an iterative way synthetic spectra to the observed normalized
spectra, and minimizes the chi-square statistic between models
and observations (see Gebran et al. 2008 for a detailed discus-
sion).
The effective temperatures and surface gravities were
determined using the UVBYBETA code developped
by Napiwotzki et al. (1993). This code is based on the
Moon & Dworetsky (1985) grid, which calibrates the uvbyβ
photometry in terms of Teff and log g. The photometric data
were taken from Hauck & Mermilliod (1998). The estimated
errors on Teff and log g, are ±125 K and ±0.20 dex, respectively.
The derived effective temperatures and surface gravities are
shown in columns 5 and 6 of Table 2.
LTE model atmospheres were calculated using Kurucz’s
ATLAS9 code (Kurucz 1992). The solar abundances used
in ATLAS9 and in the synthetic spectra computation were
taken from Grevesse & Sauval (1998). This version of
ATLAS9 uses the new opacity distribution function (ODF)
(Castelli & Kurucz 2003). The microturbulent velocity is con-
stant with depth and was adopted as prescribed by Smalley
(2004). For stars with Teff ≤ 8500 K, convection was taken into
account in the model computations using a mixing-length ratio
equal to 1.25.
We used the same linelist as in Paper I (270 transitions for
18 elements). The LTE assumption is justified for most lines
studied because the lines are weak and form deep inside the
atmospheres in which the conditions of LTE should hold. A
few lines of CI, MgII and BaII, which we analyse here, are
affected by non-LTE effects (Gebran et al. 2008). The derived
abundances for these elements appear in brackets in the online
tables 3 and 4.

3.2. Results

Projected rotational velocities, microturbulent velocities and
abundances of 18 chemical elements were determined follow-
ing a similar procedure to that used in Paper I (section 3.2). The
rotational and microturbulent velocities were derived using a set
of weak and strong unblended lines of iron and the MgII triplet
at λ4481 Å (section 3.2.1 of Paper I). For seven stars in com-
mon between both studies, our derived rotational velocities are
in good agreement with the results of Hui-Bon-Hoa & Alecian
(1998). The microturbulent velocities were found to comply with
the prescription of Smalley (2004). To provide an independent
assessment of our results, we derive the abundances in addition
using the code SYNSPEC48 (Hubeny & Lanz 1992). The abun-
dances derived using Takeda’s procedure were found to agree
within their uncertainties with those derived using SYNSPEC48.
The abundances presented in the online tables (3 and 4) are those
derived using Takeda’s iterative procedure. The measurement of

the errors in the abundances, is described in the Appendix of
Paper I.

4. Discussion and conclusion
4.1. Search for correlations with stellar parameters
The behaviour of the abundances in relation to stellar parame-
ters (effective temperature, apparent rotational velocity and also
iron abundance) was investigated. No strong correlation was
found between any derived abundance and either Teff or ve sin i.
However, we found large star-to-star variations for several abun-
dances determined for the A stars, in particular for C, Sc, Ti,
Cr, Fe, Sr, Y, Zr and Ba. This behaviour is evident in Fig. 1
where abundances of chemical elements are displayed for all
A stars. It can also be readily observed in graphs where [X/H]
is presented with effective temperature: in these graphs, A stars
show abundances that are more scattered about the mean value
than for F stars. We present our result for iron in Fig. 2. Similar
star-to-star variations in the abundances of several chemical ele-
ments have been found in A stars in other clusters or moving
groups: in the Hyades (Varenne & Monier 1999), in the UMa
group (Monier 2005), and in the Coma cluster (Gebran et al.
2008).
The two Am stars (HD23325 and HD22615) analysed in this
study are both underabundant in scandium. Calcium is under-
abundant in HD23325 but overabundant in HD22615 by about
∼0.37 dex. Cr, Fe, Ni, Sr and Ba are enhanced in both of these
Am stars. We confirm that HD23631 (A2V) should be classi-
fied as an Am star as already suggested by Conti (1968), Gray
& Garrison (1987), and Renson (1990): for this star, we derived
an apparent rotational velocity of 7.5 km s−1, deficiencies in both
calcium and scandium ( 0.19 dex and 0.92 dex respectively), and
enrichments in both iron-peak and heavy elements. HD23631
was found to be a short-period (P=7.34 days) binary, Am star by
Conti (1968). Gray & Garrison (1987) classified HD23631 as an
A0mA1Va, using intermediate-resolution spectra.
In normal A stars, the ratios [C/Fe] and [O/Fe] are found to
be anticorrelated with [Fe/H], which is also the case in Coma
Berenices. The abundances of Mg, Si, Ti and Cr are found to be
correlated with that of Fe, with correlation coefficients of 0.63,
0.78, 0.84 and 0.65 respectively. The ratios [X/Fe] for these ele-
ments are close to solar as already found for field A stars for Si
and Ti (Lemke 1989, Hill and Landstreet 1993).
Concerning F stars, we found a mean iron abundance of
〈[Fe/H]〉=0.06±0.02 dex, using FeII lines, which is based on the
5 stars observed. This value is slightly larger than that derived by
Boesgaard & Friel (1990) in their analysis of 12 F stars: -0.034
dex based on their analysis of 15 Fe I lines. This difference could
occur because different lines and/or effective temperatures and
surface gravities, were used.

4.2. Evolutionary models
The derived abundances can be compared with the predictions of
evolutionary models. These abundances provide constrain on the
physics included in the code. For F stars, the models calculated
by Turcotte et al. (1998) include radiative diffusion and gravita-
tional settling for 28 chemical elements (Z ≤ 28). At the age of
the Pleiades cluster (100 Myr), these models predict slight un-
derabundances of carbon and oxygen for stars with Teff > 6500
K, which are confirmed in our data. However, the predicted un-
derabundances of Mg, Si and Ca are not found in our analysis.
The predicted slight overabundances for Cr, Fe and Ni are ob-
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Fig. 1. Abundance patterns of normal A (a) and Am (b) stars members of Pleiades Cluster. The horizontal dotted line represents the solar value.

Fig. 2. [Fe/H] versus Teff for the 21 stars. The dotted line represents the
solar value and the dashed line represents the mean abundance of iron
for the F dwarfs. F stars are depicted as diamonds, Am stars as squares
and normal A stars as circles.

served for the five F stars analysed. The overall trends for F stars,
which are slight underabundances of light elements and over-
abundances of iron-peak elements, agree well with the model
predictions (except for a few elements) suggesting that the ap-
propriate astrophysical prescriptions for F stars, are being in-
cluded in the code.
For A stars, we compare our results with the predictions of the
Richer et al. (2000) models, which include turbulent diffusion
in addition to radiative diffusion. Inspection of their figures 10
and 11 reveals that at the age of the Pleiades, C and O should
be slightly underabundant by about −0.1 dex, and the iron-peak
elements be slightly overabundant at a level between 0.1 and 0.4
dex. The derived abundances for C, O and iron-peak elements in
our analysis, agree well with these levels of deficiency and en-
richment.
The star-to-star scatter of abundances for the 16 A stars analysed
here, has been detected previously in other open clusters and for
a few field A stars. It appears to be a characteristic property of
dwarf A and F stars and strongly suggests that hydrodynami-

cal processes, competing with radiative and turbulent diffusion,
must be at work in the radiative zones of these stars (for a review,
see Zahn 2005). To measure this scatter, spectroscopic data for
the remaining A and F stars in the Pleiades, will be required.
Non-LTE analysis should in addition be performed to yield more
accurate abundances for C, Mg and Ba because many lines that
we analyse here corresponding to these elements, are affected by
non-LTE effects.
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Table 3. Abundances relative to hydrogen and to the solar value, [ X
H ] = log( X

H )? − log( X
H )� for the A stars. The solar values are those of

Grevesse & Sauval (1998). The HD numbers in italics are those for which the uncertainties were calculated, as described in Appendix A of
Paper I. For the others, the quantities labeled as σ are standard deviations. The lines of the elements in brackets should be considered to be affected
by non-LTE.

HD SpT <CI> σC OI σO NaI σNa <MgII> σMg SiII σS i
HD23157 A5V -0.18 0.05 -0.04 0.14 0.33 0.06 0.34 0.32 0.20 0.09
HD23156 A7V -0.03 0.07 -0.23 0.20 0.00 0.11 0.35 0.32 0.28 0.19
HD23325 Am 0.08 0.04 0.01 0.09 0.10 0.16 0.33 0.16 0.49 0.11
HD23375 A9V -0.18 0.40 -0.33 0.14 0.06 0.27 0.30 0.32 0.23 0.33
HD23607 A7V -0.07 0.10 -0.25 0.01 -0.17 0.21 0.20 0.32 0.13 0.07
HD23631 A2V -0.50 0.04 -0.31 0.05 0.08 0.12 0.13 0.18 0.32 0.10
HD23763 A1V 0.18 0.31 -0.07 0.06 - - 0.05 0.21 -0.02 0.16
HD23924 A7V -0.05 0.11 -0.21 0.23 0.34 0.21 0.21 0.30 0.53 0.09
HD23948 A0 -0.29 0.07 0.06 0.06 - - 0.15 0.09 0.18 0.13
HD22615 Am -0.25 0.08 -0.22 0.06 0.17 0.06 0.34 0.13 0.29 0.08
HD23629 A0V -0.50 0.10 0.06 0.06 - - 0.06 0.34 0.13 0.08
HD23632 A1V -0.32 0.11 0.12 0.01 - - -0.05 0.20 0.20 0.22
HD23863 A7V -0.19 0.11 0.11 0.05 -0.07 0.19 0.38 0.32 - -
HD23489 A2V -0.35 0.08 0.14 0.06 - - 0.13 0.15 0.44 0.26
HD23791 A8V -0.09 0.26 0.00 0.14 0.37 0.08 0.21 0.12 0.29 0.04
HD23387 A1V -0.40 0.05 -0.21 0.04 - - -0.13 0.09 0.02 0.09

HD SpT CaII σCa ScII σS c TiII σTi VII σV CrII σCr
HD23157 A5V - - -0.13 0.11 0.00 0.11 0.35 0.46 0.02 0.09
HD23156 A7V 0.31 0.12 0.19 0.22 0.13 0.13 - - 0.07 0.09
HD23325 Am -0.14 0.30 -0.39 0.22 0.28 0.15 0.01 0.29 0.14 0.20
HD23375 A9V - - -0.01 0.14 0.45 0.24 - - -0.26 0.28
HD23607 A7V 0.13 0.44 0.15 0.10 0.14 0.25 0.98 0.03 0.22 0.21
HD23631 A2V -0.19 0.05 -0.92 0.05 0.16 0.22 0.96 0.06 0.52 0.17
HD23763 A1V - - -0.32 0.33 -0.30 0.15 1.39 0.08 -0.23 0.28
HD23924 A7V 0.21 0.22 0.35 0.17 0.23 0.22 - - 0.35 0.08
HD23948 A0 - - -0.04 0.13 0.05 0.08 - - -0.39 0.21
HD22615 Am 0.37 0.10 -0.39 0.10 0.07 0.07 0.96 0.12 0.30 0.10
HD23629 A0V -0.21 0.09 -0.54 0.34 -0.15 0.13 - - 0.14 0.17
HD23632 A1V -0.11 0.04 0.34 0.09 0.07 0.22 - - 0.25 0.14
HD23863 A7V 0.02 0.40 -0.08 0.21 0.02 0.20 0.70 0.11 -0.12 0.36
HD23489 A2V -0.10 0.14 -0.24 0.26 -0.02 0.18 - - 0.13 0.18
HD23791 A8V 0.18 0.06 0.25 0.42 0.19 0.22 0.97 0.18 0.15 0.21
HD23387 A1V -0.28 0.14 -0.55 0.09 -0.38 0.17 - - -0.21 0.12

HD SpT MnI σMn FeII σFe CoI σCo NiI σNi SrII σS r
HD23157 A5V 0.11 0.20 0.12 0.07 - - -0.21 0.10 0.12 0.34
HD23156 A7V -0.02 0.08 0.15 0.16 - - 0.07 0.15 0.21 0.07
HD23325 Am - - 0.34 0.10 - - 0.37 0.17 0.16 0.26
HD23375 A9V - - 0.15 0.31 0.55 0.08 -0.28 0.33 -0.24 0.07
HD23607 A7V 0.05 0.12 0.12 0.09 - - 0.00 0.16 0.17 0.01
HD23631 A2V 0.03 0.08 0.26 0.14 - - 0.29 0.11 0.34 0.09
HD23763 A1V -0.35 0.37 -0.20 0.22 - - 0.19 0.20 -0.84 0.34
HD23924 A7V 0.32 0.09 0.31 0.10 - - 0.19 0.15 0.43 0.15
HD23948 A0 - - -0.13 0.07 - - -0.24 0.27 -0.98 0.24
HD22615 Am 0.29 0.10 0.15 0.06 - - 0.46 0.11 0.44 0.30
HD23629 A0V - - -0.08 0.16 - - - - -0.90 0.05
HD23632 A1V - - 0.05 0.28 - - - - -0.71 0.20
HD23863 A7V -0.36 0.27 0.03 0.11 0.54 0.08 0.01 0.22 -0.68 0.39
HD23489 A2V 0.39 0.19 -0.02 0.22 - - -0.01 0.24 -0.55 0.23
HD23791 A8V 0.16 0.17 0.15 0.17 0.82 0.08 0.24 0.34 0.05 0.10
HD23387 A1V - - -0.27 0.19 - - - - -0.64 0.04

HD SpT YII σY ZrII σZr <BaII> σBa
HD23157 A5V 0.05 0.11 0.41 0.14 0.28 0.16
HD23156 A7V 0.21 0.05 0.54 0.05 0.91 0.14
HD23325 Am 0.00 0.18 -0.24 0.24 1.60 0.17
HD23375 A9V -0.10 0.13 - - 0.53 0.04
HD23607 A7V 0.30 0.09 0.55 0.14 0.88 0.13
HD23631 A2V 0.49 0.06 0.67 0.11 1.02 0.01
HD23763 A1V 0.12 0.36 -0.03 0.11 -
HD23924 A7V 0.26 0.17 0.72 0.10 1.15 0.27
HD23948 A0 0.06 0.14 0.27 0.25 -
HD22615 Am 0.73 0.13 0.73 0.16 1.43 0.18
HD23629 A0V - - - - -
HD23632 A1V - - - - -
HD23863 A7V 0.07 0.14 -0.25 0.05 0.21 0.28
HD23489 A2V - - -0.02 0.16 0.01 0.17
HD23791 A8V 0.28 0.26 - - 1.33 0.14
HD23387 A1V - - - - -0.40 0.17� 1 ò
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Table 4. Abundances relative to hydrogen and to the solar value, [ X
H ] = log( X

H )? − log( X
H )� for the F stars. The HD numbers in italics are those

for which the uncertainties have been calculated as explained in Appendix A of Paper I. For the others, the quantities labeled as σ are standard
deviations. The lines of the elements in brackets should be considered to be affected by non-LTE.

HD SpT <CI> σC OI σO NaI σNa <MgII> σMg SiII σS i
HD23351 F3V -0.06 0.12 -0.34 0.18 -0.20 0.16 0.14 0.36 0.05 0.10
HD23609 F8IV 0.00 0.13 -0.26 0.04 0.22 0.09 0.08 0.36 0.23 0.07
HD23247 F3V -0.07 0.12 -0.03 0.15 -0.14 0.17 0.43 0.36 0.35 0.06
HD23732 F4V -0.06 0.06 0.08 0.32 -0.15 0.14 0.21 0.36 0.16 0.12
HD23511 F4V -0.06 0.08 -0.01 0.38 -0.03 0.30 0.33 0.36 0.34 0.09

HD SpT CaII σCa ScII σS c TiII σTi VII σV CrII σCr
HD23351 F3V 0.00 0.10 -0.01 0.22 0.07 0.21 0.30 0.13 0.03 0.13
HD23609 F8IV 0.36 0.20 0.14 0.11 0.06 0.14 0.64 0.26 0.15 0.09
HD23247 F3V 0.00 0.02 -0.05 0.22 0.12 0.25 0.57 0.27 0.04 0.12
HD23732 F4V 0.31 0.13 -0.05 0.21 0.06 0.21 0.44 0.39 0.02 0.15
HD23511 F4V 0.33 0.17 0.06 0.27 0.14 0.22 0.35 0.32 0.08 0.14

HD SpT MnI σMn FeII σFe CoI σCo NiI σNi SrII σS r
HD23351 F3V 0.02 0.13 0.06 0.15 -0.21 0.23 -0.01 0.24 0.03 0.00
HD23609 F8IV 0.31 0.21 0.08 0.17 0.33 0.15 0.27 0.12 0.06 0.05
HD23247 F3V -0.12 0.14 0.06 0.16 -0.01 0.57 -0.04 0.18 0.09 0.05
HD23732 F4V 0.13 0.16 0.02 0.09 0.17 0.14 0.03 0.20 0.06 0.03
HD23511 F4V 0.23 0.20 0.08 0.11 -0.30 0.24 0.20 0.22 0.12 0.04

HD SpT YII σY ZrII σZr <BaII> σBa
HD23351 F3V 0.11 0.08 0.19 0.20 0.83 0.22
HD23609 F8IV 0.14 0.08 0.22 0.13 0.74 0.22
HD23247 F3V -0.02 0.11 0.37 0.20 0.66 0.21
HD23732 F4V 0.06 0.12 0.31 0.13 0.76 0.23
HD23511 F4V 0.11 0.16 0.65 0.34 0.80 0.25
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A B S TR A C T

Aims. W e stud y h ow ch emical ab und ances of late B – , A – and early F – ty pe stars ev olv e w ith time, and w e search for correlations
b etw een th e ab und ance of ch emical elements and oth er stellar parameters, such as effectiv e temperature and υ sin i.
M e th o d s. W e h av e ob serv ed a larg e numb er of B – , A – and F – ty pe stars b elong ing to open clusters of d ifferent ag es. In th is paper w e
concentrate on th e P raesepe cluster (log t = 8.85), for w h ich w e h av e ob tained h ig h resolution, h ig h sig nal– to– noise ratio spectra of
six teen normal A – and F – ty pe stars and one A m star, using th e S O P H IE spectrog raph of th e O b serv atoire d e H aute– P rov ence. F or all
th e ob serv ed stars, w e h av e d eriv ed fund amental parameters and ch emical ab und ances. In ad d ition, w e d iscuss anoth er eig h t A m stars
b elong ing to th e same cluster, for w h ich th e ab und ance analy sis h ad b een presented in a prev ious paper.
R e su lts. W e fi nd a strong correlation b etw een peculiarity of A m stars and υ sin i. T h e ab und ance of th e elements und erab und ant in
A m stars increases w ith υ sin i, w h ile it d ecreases for th e ov erab und ant elements. C h emical ab und ances of v arious elements appear
correlated w ith th e iron ab und ance.

1 . Introduction

In stellar astroph y sics, th e stud y of th e atmosph eres of A – and
B – ty pe stars play s a v ery special role. T h e atmosph eres of th ese
stars d isplay a v ariety of d ifferent ph enomena, such as th e pres-
ence of larg e and relativ ely simple mag netic fi eld s, strong sur-
face conv ection, pulsation, d iffusion of ch emical elements, and
v arious k ind s of mix ing processes from small– scale turb ulence
to g lob al circulation currents. T h ese g eneral ph y sical processes
are almost certainly activ e in th e atmosph eres (and interiors) of
stars oth er th an th e main seq uence A – and B – ty pe stars, b ut in
more sub tle w ay s. B ecause of th e easily v isib le effects found in
A – and B – ty pe stars, th ese stars prov id e uniq ue access to th e in-
v isib le interior processes. T o fully und erstand th e actual role of
all th ese ph y sical ph enomena, it is v ery important to seek con-
straints from th e ob serv ations, in particular to perform a d etailed
stud y of a larg e numb er of stars of d ifferent ag es and peculiarity
ty pes.

F or th is project, it is v ery interesting to stud y stars th at are
cluster memb ers, rath er th an selecting targ ets in th e fi eld , b e-
cause of tw o v ery compelling reasons. F irst, w e can assume th at
all cluster memb ers h av e approx imately th e same orig inal ch em-
ical composition and ag e. T h erefore, w h en w e analy se th e ch em-
ical ab und ances of stars b elong ing to th e same cluster, w e can
assume th at w e are stud y ing ob jects th at are d ifferent only b y

S e n d o ffp r in t r e q u e s ts to : L . F ossati

th eir initial mass, rotational velocity, magnetic field strength
and b inarity. S econd , th e ag e of stars b elong ing to open clus-
ters can b e d etermined w ith much h ig h er accuracy th an for ob -
jects in th e fi eld , especially for stars th at are y oung enoug h th at
less th an h alf of th eir life in th e main seq uence h as elapsed ( for
a d iscussion of th e star’s ag e d etermination see B ag nulo et al.
20 0 6). T h erefore, w e h av e carried out tw o larg e ob serv ational
campaig ns. W ith F O R S 1 at th e E S O V L T and w ith E S P aD O nS
at th e C anad a– F rance– H aw aii T elescope (C H F T ) w e h av e mad e
a surv ey of mag netic A – and B – ty pe stars in open clusters, to
search for link s b etw een mag netic fi eld s and stellar ev olution.
T h e results of th is campaig n are d escrib ed b y B ag nulo et al.
(20 0 6); L and street et al. (20 0 7, 20 0 8). In th e framew ork of th is
ob serv ational campaig n, w e h av e also ob tained h ig h – resolution
spectroscopy of a larg e numb er of early – ty pe stars in ab out ten
open clusters of d ifferent ag es. T h e clusters are approx imately
uniformly d istrib uted in log arith mic ag e from log t = 6.8 to
log t = 8.9 , and th e spectra h av e b een ob tained using fi v e d if -
ferent spectrog raph s: F L A M E S at th e E S O V L T , F IE S at th e
N ord ic O ptical T elescope (N O T ) , E L O D IE and S O P H IE at th e
O b serv atoire d e H aute– P rov ence (O H P ) , and E S P aD O nS at th e
C F H T .

In a prev ious paper (F ossati et al. 20 0 7, h ereafter referred to
as P aper I), w e started th e analy sis of th e P raesepe cluster, pre-
senting th e ob serv ations and th e results of th e ab und ance anal-
y sis of eig h t A m and th ree normal A – and F – ty pe stars. In th is
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w ork w e c om p lete th e stu d y of th e P raesep e c lu ster b y p resen t-
in g ob serv ation s of 16 ad d ition al n orm al A – an d early F– ty p e
stars, an d an ad d ition al A m star. T h ese n ew ob serv ation s w ere
ob tain ed w ith th e S O P H IE sp ec trog rap h at th e O b serv atoire d e
H au te– P rov en c e. B ec au se of th e larg e sam p le of an aly sed stars,
w e are ab le to m ak e a sen sitiv e searc h for c orrelation s b etw een
th e ab u n d an c es of th e c h em ic al elem en ts an d oth er stellar p a-
ram eters, su c h as th e effec tiv e tem p eratu re Teff an d p rojec ted
rotation al v eloc ity υ sin i.

T h is P ap er is org an ised as follow s. I n S ec t. 2 w e d esc rib e
th e c riteria th at w e h av e ad op ted for targ et selec tion , w h ic h w ere
u sed b oth for th e en tire ob serv ation al c am p aig n , an d for th e sp e-
c ifi c ob serv ation s of th e P raesep e c lu ster p resen ted in th is p a-
p er. D etails ab ou t ob serv ation s of th e P raesep e c lu ster an d d ata
red u c tion are g iv en in S ec t. 3. I n S ec t. 4 w e c om p are sp ec tra
of a referen c e star ob tain ed w ith tw o d ifferen t in str u m en ts th at
w e h av e u sed in ou r ob serv ation al c am p aig n : th e S O P H IE sp ec -
trog rap h an d th e ES P aD O n S sp ec trop olarim eter. I n S ec t. 5 w e
d esc rib e th e p roc ed u re u sed to p erform th e ab u n d an c e an aly sis,
an d w e p resen t th e resu lts ob tain ed for th e early – ty p e stars of
th e P raesep e c lu ster ob serv ed w ith th e S O P H IE sp ec trog rap h . I n
S ec t. 6 w e c on sid er th e ab u n d an c es of c h em ic al elem en ts for th e
stars stu d ied in P ap er I an d for th e stars stu d ied in th is w ork . W e
searc h for c orrelation s b etw een c h em ic al elem en t ab u n d an c es
an d effec tiv e tem p eratu re, υ sin i, M/M� an d f rac tion al ag e (τ
– f rac tion of m ain seq u en c e lifetim e c om p leted ) . I n S ec t. 7 w e
su m m arise ou r c on c lu sion s.

2. Target selection

For targ et selec tion in th e ov erall p rog ram , w e assig n ed th e h ig h -
est p r iority to th e m ost p rob ab le c lu ster m em b ers th at w ere al-
read y k n ow n to b e c h em ic ally p ec u liar ( A m , A p , H g Mn stars)
an d /or to sh ow slow rotation (ty p ic ally υ sin i < 50 k m s−1) . For
th is p u r p ose w e h av e follow ed a stan d ard p roc ed u re to selec t th e
stars to ob serv e an d to assig n th eir p r iority .

T h e fi rst step w as to id en tif y th e m ost p rob ab le c lu ster
m em b ers b y c h ec k in g th e m em b ersh ip p rob ab ilities g iv en b y
R ob ic h on et al. (19 9 9 ) an d B au m g ar d t et al. (20 0 0 ) ob tain ed
f rom H I P P A R C O S d ata, b y K h ar c h en k o et al. (20 0 4) an d b y
D ias et al. (20 0 6). W e c on sid ered as p rob ab le m em b ers of th e
c lu ster ev ery star w ith a k in em atic an d p h otom etric m em b ersh ip
p rob ab ility h ig h er th an 0 .14 (K h arc h en k o, p r iv ate c om m u n ic a-
tion ) in th e c ase of th e K h arc h en k o et al. (20 0 4) c atalog u e, or
a m em b ersh ip p rob ab ility h ig h er th an 10 % for th e D ias et al.
(20 0 6) c atalog u e.

W e th en searc h ed for in form ation ab ou t th e sp ec tral ty p e,
m ag n itu d e, υ sin i, b in arity , v ariab ility , c h em ic al p ec u liarities,
m ag n etic fi eld an d rad ial v eloc ity for eac h star c on sid ered a
p rob ab le m em b er of th e c lu ster. W e c ollec ted in form ation f rom
S IMB A D 1 (sc an n in g also th e d ifferen t referen c es m en tion ed
th erein ) , V I Z IER 2 ( u sin g a c om b in ation of sev eral k ey w ord s –
b in aries:c atac ly sm ic , b in aries:ec lip sin g , b in aries:sp ec trosc op ic ,
m u ltip le stars, op en c lu sters, p osition al d ata, p rop er m otion s,
rotation al v eloc ities, sp ec tral c lassifi c ation , sp ec trop h otom etr y ,
sp ec trosc op y , stars:early – ty p e, stars:late– ty p e, stars:p ec u liar,
stars:v ariab le – in a ran g e of 10 arc sec arou n d th e p osition of
eac h star) an d th e W EB D A 3 d atab ase (Merm illiod & P au n z en
20 0 3). W e h av e also look ed for ad d ition al in form ation ab ou t
eac h star in artic les b y G leb oc k i & S taw ik ow sk i (20 0 0 ) an d

1 http://simbad.u-strasbg.fr/simbad/sim-fid
2 http://vizier.u-strasbg.fr/viz-bin/VizieR
3 http://www.univie.ac.at/webda/

R oy er et al. (20 0 2) for υ sin i m easu rem en ts, R od r ı́g u ez et al.
(20 0 0 ) for δS c t p u lsation s, th e S B 9 c atalog u e (P ou r b aix et al.
20 0 4) for in form ation ab ou t a p ossib le b in arity an d R en son et
al. (19 9 1) for c h em ic al p ec u liarities.

W e h av e th en searc h ed for arc h iv al h ig h resolu tion sp ec -
tra in sev eral arc h iv es (e.g . th e ES O arc h iv e4 an d th e ELO D IE
arc h iv e5) , in ord er to av oid a d u p lic ation of ob serv ation al effort,
in c ase som e stars h ad alread y b een ob serv ed w ith h ig h resolu -
tion sp ec trosc op y . A lm ost n o p re– ex istin g sp ec tra w ere fou n d .

O f th e sam p le ob tain ed w ith th is p roc ed u re, w e k ep t on ly
th e stars w ith sp ec tral ty p es b etw een F5 (to av oid too lon g an
ex p osu re tim e on a sin g le ob jec t) an d B 5 (to av oid stron g stellar
w in d s) , g iv in g a h ig h er ran k to p ec u liar stars an d slow rotators.
From th e sam p le w e h av e rem ov ed stars alread y k n ow n to b e
S B 2 sy stem s, u n less th ey h ad alread y b een ex ten siv ely ob serv ed
u sin g h ig h – resolu tion sp ec trosc op y .

3 . O b serv ations and d ata red u ction

W e h av e ob serv ed sev en teen stars of th e P raesep e c lu ster u s-
in g th e S O P H IE sp ec trog rap h at th e O b serv atoire d e H au te–
P rov en c e (O H P ) d u r in g tw o ru n s, f rom D ec em b er 1st to 2n d
20 0 6 an d f rom Marc h 10 th to 12th 20 0 7 .

S O P H IE is a c ross-d isp ersed éc h elle sp ec trog rap h m ou n ted
at th e 1.9 3– m telesc op e at th e O H P . T h e sp ec trog rap h is fed
f rom th e C asseg rain foc u s th rou g h a p air of op tic al fi b ers, on e
of w h ic h is u sed for starlig h t an d th e oth er c an b e u sed for eith er
th e sk y b ac k g rou n d or th e w av elen g th c alib ration lam p , b u t c an
also b e m ask ed . T h e sp ec tra c ov er th e w av elen g th ran g e 38 7 2–
69 43 Å . T h e in str u m en t allow s ob serv ation s eith er w ith m ed iu m
sp ec tral resolu tion ( R ∼40 0 0 0 ) or w ith h ig h sp ec tral resolu tion
( R ∼7 5 0 0 0 ) . S in c e for m ost of th e stars of ou r sam p le n o p rec ise
υ sin i m easu rem en ts w ere av ailab le, w e d ec id ed to ob serv e all
of th em in h ig h resolu tion m od e.

T h e sp ec tra w ere au tom atic ally red u c ed u sin g th e S O P H IE
p ip elin e, ad ap ted f rom th e H A R P S softw are d esig n ed b y G en ev a
O b serv atory . A d etailed d esc rip tion of th e p ip elin e is av ailab le
on th e S O P H IE w eb p ag e 6.

From ou r sp ec tra w e fou n d th at alm ost all of th e stars h av e
h ig h rotation al v eloc ity (υ sin i ≥ 30 k m s−1) . For th ese ob jec ts
th e c on tin u u m n orm alisation is a c ritic al red u c tion p roc ed u re
th at c an n ot b e p erform ed w ith an au tom atic fi ttin g p roc ed u re.
W e th erefore rec tifi ed th e c on tin u a of th ese stars m an u ally . Ev en
w ith m an u al rec tifi c ation , it w as n ot p ossib le to d eterm in e a c or-
rec t c on tin u u m lev el sh ortw ard s of th e H γ lin e (4340 .462 Å ),
sin c e th ere w ere n ot en ou g h c on tin u u m w in d ow s in th e sp ec tra,
d u e to th e c row d in g of sp ec tral lin es w h en υ sin i is h ig h .

I t is w ell k n ow n h ow im p ortan t it is to reac h a h ig h sig n al–
to– n oise ratio (S N R ) to b e ab le to c arr y ou t an ab u n d an c e an al-
y sis of rap id ly rotatin g stars ( H ill & Lan d street 19 9 3). For tw o
stars ( H D 7 37 9 8 an d H D 7 39 9 3) th e S N R w as too low , so w e
h av e reb in n ed th e sp ec tra to in c rease th e S N R , at th e ex p en se of
sp ec tral resolu tion .

T h e c om p lete sam p le of stars ob serv ed an d an aly sed in th is
p ap er is listed in T ab le 1. I n th e sam p le, on e ob jec t is an A m star,
w h ile th e oth ers are n orm al stars w ith sp ec tral ty p es b etw een F2
an d A 1. S ev en stars of ou r sam p le are p resen t in th e δS c t v ariab le
star c atalog of R od r ı́g u ez et al. (20 0 0 ) . O n e star ( H D 7 39 9 3) is
p resen t in th e C om b in ed G en eral C atalog u e of V ariab le S tars
( S am u s & D u r lev ic h 20 0 4), b u t th e v ariab ility ty p e is listed as

4 http://archive.eso.org/
5 http://atlas.obs-hp.fr/elodie/
6 http://www.obs-hp.fr/www/guide/sophie/sophie-eng.html
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Table 1. B asic d ata of th e ob serv ation s for th e p rog ram stars. T h e S N R are c alc u lated at ∼5 5 0 0 Å in a b in of 0 .5 Å . T h e ex p osu re tim e is in
sec on d s. T h e H J D in d ic ate th e H elioc en tric J u lian D ate at th e m id d le of th e ex p osu re. T h e δS c t stars are p resen t in th e c atalog of v ariab le stars b y
R od rı́g u ez et al. ( 2 0 0 0 ). ∗: th e star is in c lu d ed , as v ariab le of an ” u n k n ow n ” ty p e, in th e C om b in ed G en eral C atalog u e of V ariab le S tars b y S am u s
& D u rlev ic h ( 2 0 0 4).

H D H J D M v S p ec tral T y p e S N R Ex p . T im e R em ark s
7 2 7 5 7 2 45 417 2 .3 3 6 8 .45 F0 19 0 3 6 0 0
7 2 8 46 2 45 40 7 0 .7 3 7 7 .48 A 5 V 2 10 3 6 0 0
7 3 17 5 2 45 417 1.40 6 8 .2 5 F0 V n 15 5 3 6 0 0 δS c t
7 3 3 45 2 45 417 1.3 6 3 8 .14 A 7 V 18 8 3 6 0 0 δS c t
7 3 45 0 2 45 417 1.49 4 8 .5 9 A 9 V 18 5 3 6 0 0 δS c t
7 3 5 7 4 2 45 417 1.5 8 5 7 .7 5 A 8 V 17 0 3 6 0 0
7 3 6 6 6 2 45 40 7 0 .6 8 2 6 .6 1 A 1V 3 2 6 18 0 0 sp ec k le b in ary
7 3 7 46 2 45 417 2 .5 14 8 .7 2 F0 V 15 4 3 6 0 0 δS c t
7 3 7 9 8 2 45 417 2 .42 4 8 .48 F0 V 19 0 3 6 0 0 δS c t
7 3 9 9 3 2 45 417 1.45 0 8 .5 6 F2 V 13 4 3 6 0 0 v ariab le∗

7 40 2 8 2 45 417 1.3 18 7 .9 7 A 7 V 18 5 3 6 0 0 δS c t
7 40 5 0 2 45 417 0 .5 6 6 7 .9 1 A 6 V n 16 0 3 6 0 0 δS c t
7 413 5 2 45 417 2 .5 5 9 8 .8 8 F0 12 0 3 6 0 0
7 45 8 7 2 45 417 2 .46 8 8 .5 1 A 5 17 7 3 6 0 0
7 45 8 9 2 45 417 2 .3 7 9 8 .46 F0 2 0 0 3 6 0 0
7 46 5 6 2 45 417 0 .5 3 7 8 .0 4 A m 2 2 6 2 x 3 6 0 0 su m of tw o ex p osu res
7 47 18 2 45 417 1.5 3 8 8 .3 9 A 5 17 2 3 6 0 0

” u n k n ow n ” . H D 7 3 6 6 6 is th e on ly k n ow n b in ary star p resen t in
ou r sam p le, as w e h av e rem ov ed all S B 2 stars from th e selec ted
targ et stars, as ex p lain ed in S ec t. 2 .

4. SOPHIE vs. ESPaDOnS

T h e ob serv ation al m aterial em p loy ed in th is larg e p rojec t h as
b een ob tain ed w ith d ifferen t in stru m en ts at d ifferen t telesc op es.
S in c e th e h om og en eity of th e an aly sis is of c ru c ial im p ortan c e,
in th is sec tion w e c om p are sp ec tra of a referen c e star ob tain ed
w ith tw o d ifferen t sp ec trog rap h s to d em on strate th e h om og en e-
ity of ou r d ata.

H D 7 3 6 6 6 w as p rev iou sly an aly sed in P ap er I . T h e star
w as also u sed as referen c e star b y R y ab c h ik ov a et al. ( 2 0 0 8 ).
H ere w e c om p are th e sp ec tra of H D 7 3 6 6 6 ob tain ed w ith
ES P aD O n S (an aly sed in P ap er I) an d w ith S O P H IE. ES P aD O n S
w as m ou n ted at th e C an ad a-Fran c e-H aw aii T elesc op e (C FH T )
in 2 0 0 5 an d S O P H IE at th e O b serv atoire d e H au te– P rov en c e
(O H P ) in 2 0 0 6 . T h e tw o in stru m en ts h av e sim ilar m ean resolv -
in g p ow er, 6 5 0 0 0 an d 7 5 0 0 0 resp ec tiv ely . ES P aD O n S is also
ad ap ted for sp ec trop olarim etric ob serv ation s, w h ile S O P H IE for
rad ial v eloc ity ob serv ation s. H ere w e c om p are th e sp ec tra of th e
referen c e star ob tain ed w ith th e tw o in stru m en ts.

I n Fig . 13 an d Fig . 14 (av ailab le on lin e) w e sh ow a d irec t
c om p arison b etw een th e ES P aD O n S an d S O P H IE sp ec tra for
H D 7 3 6 6 6 arou n d th e H e m u ltip let at ∼447 1.5 Å an d th e stron g
Fe  lin e at 5 0 18 .440 Å resp ec tiv ely . N o sig n ifi c an t d ifferen c es
are p resen t ap art from th ose d u e to th e sm all d ifferen c e of sp ec -
tral resolu tion , v isib le m ain ly in th e c ores of th e stron g lin es.

H D 7 3 6 6 6 w as fi rst d etec ted as a b in ary star w ith sp ec k le
in terferom etry b y H artk op f & M c A lister (19 8 4), an d w as ob -
serv ed an d an aly sed f u rth er b y M c A lister et al. (19 8 7 ). M ason et
al. (19 9 3 ), w h o c ollec ted all av ailab le in terferom etric m easu re-
m en ts an d c on c lu d ed th at H D 7 3 6 6 6 ” sh ow s little orb ital m o-
tion ” . R ad ial v eloc ity m easu rem en ts are rep orted b y A b t (19 7 0 ),
C on ti et al. (19 7 4), A b t & W illm arth (19 9 9 ) an d M ad sen et al.
( 2 0 0 2 ). A ll th ese au th ors g iv e rad ial v eloc ities c om p atib le w ith
th e c lu ster m ean of 3 4.5 ±0 .0 k m s−1 ( R ob ic h on et al. 19 9 9 ). T h e
sp ec tra p lotted in Fig . 13 an d Fig . 14 h av e b een c orrec ted on ly
for th e terrestrial rad ial v eloc ity ; n ev erth eless, n o rad ial v eloc ity

d ifferen c e is v isib le from th e c om p arison of th e tw o sp ec tra, in
ag reem en t w ith resu lts from p rev iou s au th ors.

5 . M o d e l atm o sp h e r e and ab u nd anc e analy sis

M od el atm osp h eres w ere c alc u lated w ith th e LT E c od e
LL, w h ic h u ses d irec t sam p lin g of th e lin e op ac ities
(S h u ly ak et al. 2 0 0 4) an d m ak es it p ossib le to c om p u te m od el
atm osp h eres w ith an in d iv id u alised ab u n d an c e p attern . W e
ad op ted th e V A LD d atab ase (P isk u n ov et al. 19 9 5 ; K u p k a et al.
19 9 9 ; R y ab c h ik ov a et al. 19 9 9 ) as th e sou rc e of sp ec tral lin e
d ata, in c lu d in g lin es orig in atin g from p red ic ted lev els. W e h av e
c arried ou t a p reselec tion p roc ed u re to elim in ate all lin es th at d o
n ot c on trib u te sig n ifi c an tly to th e lin e op ac ity . T h is w as d on e b y
req u irin g th at th e lin e– to– c on tin u u m op ac ity ratio at th e c en -
ter of eac h in c lu d ed lin e b e g reater th en 0 .0 5 % . C on v ec tion
w as treated ac c ord in g to th e C M ap p roac h ( C an u to & M az z itelli
19 9 2 ).

T h e in itial v alu es of th e fu n d am en tal atm osp h eric p aram e-
ters (Teff an d log g) w ere d eriv ed from S tröm g ren ( H au c k &
M erm illiod 19 9 8 ) an d G en ev a (M erm illiod & P au n z en 2 0 0 3 )
p h otom etry , u sin g c alib ration s from N ap iw otz k i et al. (19 9 3 ) an d
K u n z li et al. (19 9 7 ) resp ec tiv ely .

T h e ad op ted Teff an d log g w ere d eriv ed sp ec trosc op ic ally ,
as ex p lain ed in d etail in P ap er I . W e h av e alm ost alw ay s u sed Fe
lin es for th is p u rp ose, as th e g en erally h ig h υ sin i of th e an al-
y sed stars d id n ot p rov id e a su itab le n u m b er an d v ariety of lin es
of oth er elem en ts. T h e m ic rotu rb u len t v eloc ity (υm ic ) w as d eter-
m in ed sp ec trosc op ic ally , from Fe an d T i  lin es, for H D 7 46 5 6
on ly ; th is w as p ossib le b ec au se of its low υ sin i. For all oth er
stars w e h av e ad op ted υm ic c om p u ted from th e relation ( P ac e et
al. 2 0 0 6 ):

υm ic = −4.7 log (Teff) + 2 0 .9 k m s−1
. (1)

T h ere is n o sig n ifi c an t d ifferen c e b etw een ad op tin g th e υm ic
g iv en b y Eq . 1 an d assu m in g a fi x ed v alu e of 2 .7 k m s−1. W e
n otic e th at υm ic ob tain ed for th e A m star H D 7 46 5 6 is sig n if -
ic an tly larg er th an 2 .7 k m s−1. W h eth er th is is also th e c ase for
oth er stars of th e sam p le c an n ot b e tested w ith th e av ailab le d ata.

R ad ial v eloc ity (υr) an d υ sin i, in k m s−1, w ere d eterm in ed
b y c om p u tin g th e m ed ian of th e resu lts ob tain ed b y sy n th etic

� 1 	
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fi ttin g of sev eral in d iv id u al lin es in th e ob serv ed sp ec tru m . W e
h av e d eriv ed error b ars for th ese q u an tities for eac h an aly sed star
u sin g th e stan d ard d ev iation of th e d eriv ed v alu es. T h e error b ar
assoc iated w ith υr is stron g ly d ep en d en t on υ sin i, ran g in g from
ab ou t 1 k m s−1 for slow rotators, u p to ab ou t 8 k m s−1 for th e
fast rotators. T h e error b ars in υ sin i are ab ou t 5 % or 3 k m s−1,
w h ic h ev er is larg er.

T ab le 2 rep orts th e fu n d am en tal p aram eters ob tain ed for eac h
star of th e sam p le from p h otom etry an d sp ec trosc op y . T h e p a-
ram eters ad op ted for ab u n d an c e an aly sis are th ose ob tain ed from
sp ec trosc op y .

W e h av e tested th e fu n d am en tal p aram eters ad op ted for th e
ab u n d an c e an aly sis w ith sp ec trop h otom etry from C lam p itt &
B u rstein (19 9 7) for 5 stars of th e sam p le. W e u sed A tlas9 m od els
an d th e f u n d am en tal p aram eters ad op ted for th e ab u n d an c e an al-
y sis to c om p u te th e fl u x es for c om p arison w ith th e sp ec trop h o-
tom etry . T h e fl u x es w ere n orm alised to th e fl u x at 5 5 6 0 Å . A n
ex am p le of th e c om p arison is sh ow n in Fig . 1. W e h av e fou n d
g ood ag reem en t, w ith in th e error b ars of th e fu n d am en tal p aram -
eters, for all th e stars for w h ic h sp ec trop h otom etry w as av ailab le.

Fig. 1. C om p arison b etw een sp ec trop h otom etry from C lam p itt &
B u rstein (19 9 7) an d n orm alised fl u x es at 5 5 6 0 Å w ith th e f u n d am en tal
p aram eters ad op ted for th e ab u n d an c e an aly sis of th e star H D 73 3 45 .

T h e sy n th etic lin e sp ec tru m w as p rod u c ed w ith th e sy n th esis
c od e S y n th 3 (K oc h u k h ov 2 0 0 6 ) . I n eac h sp ec tru m w e h av e fi t
th e c ores of selec ted lin es of eac h ion to ob tain a v alu e of th e
ab u n d an c e assoc iated w ith eac h lin e. T h e ad op ted ab u n d an c e of
th at ion is th en d efi n ed to b e th e m ean of th e ab u n d an c es ob -
tain ed from th e selec ted lin es. T h e error b ars assoc iated w ith th e
m ean ab u n d an c es are th e stan d ard d ev iation s, an d th ey d o n ot in -
c lu d e u n c ertain ties in f u n d am en tal p aram eters (see b elow ) . T h e
ab u n d an c es an d th eir stan d ard error b ars are g iv en in T ab le 3 .

T h e lin e d ata req u ired for ou r an aly sis w ere ex trac ted from
th e V A LD d atab ase. Lin e p aram eters of th e lin es selec ted for th e
fu n d am en tal p aram eter d eriv ation an d ab u n d an c e an aly sis w ere
c h ec k ed b y sy n th esisin g th ese lin es in th e solar sp ec tru m tak en
from th e N ation al S olar O b serv atory A tlas7. T h e lin es for w h ic h
w e fou n d a d isc rep an c y b etw een th e ob serv ed an d sy n th esised
solar sp ec tru m w ere rejec ted .

7 http://www.coseti.org/natsolar.htm

T h e ty p ic al n u m b er of lin es selec ted for th e an aly sis v aried
ac c ord in g to th e rotation al v eloc ity of th e an aly sed star. T h e Fe
ab u n d an c e w as alw ay s d eterm in ed on th e b asis of th e larg est
n u m b er of lin es, in c om p arison w ith oth er elem en ts. T h e n u m b er
of lin es u sed to d eriv e th e ab u n d an c e of eac h elem en t is g iv en in
T ab le 3 , follow in g th e (in tern al) stan d ard d ev iation assoc iated
w ith eac h m easu red ab u n d an c e.

For all th e elem en ts th at w ere n ot an aly sed w e h av e ad op ted
th e solar ab u n d an c e from A sp lu n d et al. (2 0 0 5 ) . (T h is fac t en ters
in to th e m od el atm osp h ere c om p u taion , an d in th e n orm alisation
of th e resu lts ex p ressed ac c ord in g to th e total n u m b er of n u c lei
p er u n it v olu m e Ntot.)

T h e h ig h υ sin i of som e of th e an aly sed stars resu lted in
a d ifferen t an d sm aller selec tion of lin es c om p ared to th e lin e
list em p loy ed for slow er rotators. W e h av e c h ec k ed if th is is a
sou rc e of sy stem atic error b y p erform in g th e ab u n d an c e an aly -
sis of H D 73 0 45 (υ sin i = 10 k m s−1– an aly sed in P ap er I ) an d
H D 73 746 (υ sin i = 9 5 k m s−1) ad op tin g th e lin e list u sed for
H D 72 75 7 (υ sin i = 179 k m s−1) . T h e resu lts of th is test, illu s-
trated in Fig . 2 , sh ow th at n o sy stem atic errors are in trod u c ed b y
th e d ifferen c e in selec ted lin es.
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Fig. 2 . C om p arison b etw een th e ab u n d an c es d eriv ed for H D 73 0 45
(υ sin i = 10 k m s−1– op en c irc les in th e u p p er p an el) an d H D 73 746
(υ sin i = 9 5 k m s−1 – op en c irc les in th e low er p an el) ad op tin g a
p rop er lin e selec tion an d th e lin es u sed to d eterm in e th e ab u n d an c es
of H D 72 75 7 (υ sin i = 179 k m s−1 – op en sq u ares in b oth p an els).

T h e h ig h rotation al v eloc ity of m an y of th e an aly sed stars re-
su lts in a lin e list d om in ated b y stron g an d satu rated lin es. T h ese
lin es are m ore sen sitiv e to υm ic v ariation s th an sh allow lin es. For
th is reason th e u n c ertain ties of th e ad op ted υm ic , Teff , an d log g

v alu es n eed to b e c on sid ered to ob tain a realistic estim ate of th e
error b ars assoc iated w ith th e d eriv ed elem en t ab u n d an c es.

I n P ap er I w e h av e sh ow n th e resu lts of tw o tests p erform ed
on slow ly rotatin g stars. T h ey sh ow i) h ow th e stan d ard d ev ia-
tion from th e m ean Fe ab u n d an c e c h an g es for υm ic = 0 , 1, 2 , ...,
6 k m s−1, ad op tin g f u n d am en tal p aram eters d eriv ed from p h o-
tom etry an d sp ec trosc op y an d ii) th e u n c ertain ties in trod u c ed in
th e ab u n d an c es of Fe, T i an d N i b y v ary in g effec tiv e tem p eratu re
an d log g b y ±2 0 0 K an d ±0 .2 d ex resp ec tiv ely . O u r tests sh ow
th at th e sp ec trosc op ic p aram eters are c om p arab le or b etter th an
th e p h otom etric p aram eters. Fu rth erm ore, th e tests sh ow a v ari-
ation of less th an 0 .2 d ex in ab u n d an c e d u e to th e tem p eratu re

� 1 Á
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Table 2. A tm osp h eric p aram eters for th e an aly sed stars of th e P raesep e c lu ster. C olu m n s tw o to fi v e sh ow th e fu n d am en tal p aram eters d eriv ed
from S tröm g ren an d G en ev a p h otom etry . T h e six th an d sev en th c olu m n s sh ow th e fi n al ad op ted p aram eters d eriv ed from sp ec trosc op y . T h e errors
on th e fu n d am en tal p aram eters are estim ated to b e 2 0 0 K , 0 .7 k m s−1an d 0 .2 d ex for Teff , υm ic an d log g resp ec tiv ely . T h e estim ated error on υ sin i

is ab ou t 5 % . υr is g iv en in k m s−1. T h e u n c ertain ty in υr d ep en d s stron g ly on th e υ sin i. For a low υ sin i v alu e th e error b ar on υr is estim ated to
b e ab ou t 1 k m s−1, th at in c reases till ab ou t 8 k m s−1 for th e faster rotators.

S tröm g ren p h otom etry G en ev a p h otom etry fi n al set

H D Teff log g Teff log g Teff log g υm ic υ sin i συ sin i υr συr

[ K ] [ c g s] [ K ] [ c g s] [ K ] [ c g s] [ k m s−1] [ k m s−1] [ k m s−1] [ k m s−1] [ k m s−1]

7 2 7 5 7 7 3 3 0 3 .8 1 7 4 0 0 3 .6 0 2 .7 17 9 10 3 5 .8 7 .0
7 2 8 4 6 8 18 7 3 .8 5 8 14 6 4 .12 8 0 4 5 3 .5 0 2 .5 119 6 3 5 .1 7 .3
7 3 17 5 7 7 3 5 3 .9 4 7 5 0 6 4 .2 2 7 6 6 0 3 .9 4 2 .6 16 3 9 3 6 .7 5 .7
7 3 3 4 5 7 7 7 9 3 .9 2 7 8 6 5 4 .4 3 7 9 9 3 3 .9 6 2 .6 8 5 4 3 4 .5 4 .4
7 3 4 5 0 7 2 7 1 3 .7 7 7 4 5 5 4 .2 6 7 2 7 0 4 .2 0 2 .7 13 8 7 3 4 .5 5 .1
7 3 5 7 4 7 6 5 9 3 .9 0 7 7 3 3 4 .3 6 7 6 6 2 4 .0 0 2 .6 10 2 4 3 5 .3 4 .5
7 3 7 4 6 7 3 9 0 4 .0 1 7 2 3 6 4 .16 7 4 4 0 4 .0 8 2 .7 9 5 4 3 4 .2 3 .6
7 3 7 9 8 7 3 5 5 3 .8 0 7 3 0 1 4 .11 7 3 2 8 3 .9 5 2 .7 2 0 0 11 3 4 .1 5 .9
7 3 9 9 3 7 12 4 3 .7 4 7 15 3 4 .11 7 13 8 3 .9 2 2 .8 2 4 0 14 3 3 .6 7 .5
7 4 0 2 8 7 5 17 3 .6 5 7 7 7 2 4 .3 4 7 7 5 0 4 .5 0 2 .6 15 0 9 3 5 .3 7 .4
7 4 0 5 0 7 7 6 7 3 .7 8 7 7 2 2 4 .19 7 8 7 2 3 .6 6 2 .6 18 8 8 3 6 .0 7 .8
7 4 13 5 7 0 16 4 .2 2 7 4 0 0 4 .0 0 2 .7 10 0 4 3 2 .5 5 .7
7 4 5 8 7 7 2 4 6 4 .15 7 5 0 0 4 .2 0 2 .7 9 0 4 3 3 .9 4 .1
7 4 5 8 9 7 5 8 1 4 .0 4 7 5 5 0 4 .0 3 2 .7 12 7 5 3 4 .1 4 .7
7 4 6 5 6 7 5 17 4 .11 7 8 0 0 3 .9 9 3 .6 2 5 1 3 4 .1 1.3
7 4 7 18 7 5 9 9 3 .9 9 7 4 5 3 4 .2 1 7 6 0 0 4 .0 0 2 .7 15 5 7 3 4 .1 5 .7

v ariation . N o sig n ifi c an t ab u n d an c e c h an g e w as fou n d v ary in g
w h en log g. H ow ev er, th e υm ic v alu e an d its assoc iated u n c er-
tain ty in c rease th eir im p ortan c e for rap id ly rotatin g stars, an d
for th is reason w e h av e p erform ed th e follow in g ad d ition al test.
For fou r stars w ith d ifferen t υ sin i v alu es (H D 7 3 7 3 0 , υ sin i =

2 9 k m s−1– H D 7 3 7 4 6 , υ sin i = 9 5 k m s−1– H D 7 2 7 5 7 , υ sin i =

17 9 k m s−1– H D 7 3 7 9 8 , υ sin i = 2 0 0 k m s−1) w e h av e p erform ed
th e ab u n d an c e an aly sis of selec ted Fe, N i, C r an d T i lin es for as-
su m ed υm ic v ary in g from 1 to 5 k m s−1 in step s of 0 .1 k m s−1.
W e h av e th en p lotted in Fig . 3 an d in Fig . 4 th e v ariation of th e
stan d ard d ev iation from th e m ean ab u n d an c e (u p p er p an el) an d
th e m ean ab u n d an c e itself ( low er p an el) as a fu n c tion of υm ic .
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F ig . 3 . T h e u p p er p an els sh ow th e v ariation of th e stan d ard d ev iation
from th e m ean ab u n d an c e of Fe, N i, C r an d T i as a fu n c tion of υm ic , for
H D 7 3 7 3 0 (υ sin i = 2 9 k m s−1) an d H D 7 3 7 4 6 (υ sin i = 9 5 k m s−1) .
T h e low er p an els sh ow th e v ariation of th e m ean ab u n d an c e as a fu n c -
tion of υm ic .
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F ig . 4 . A s for Fig . 3 , b u t for H D 7 2 7 5 7 (υ sin i = 17 9 k m s−1) an d
H D 7 3 7 9 8 (υ sin i = 2 0 0 k m s−1) .

Fig u res 3 an d 4 sh ow th at th e ad op ted υm ic v alu e (2 .7 k m s−1

for all th e stars tak en in to ac c ou n t in th is test) ob tain ed w ith
Eq . 1 is reason ab le at ev ery rotation al v eloc ity . T h e on ly ex -
c ep tion is for th e A m stars, for w h ic h slig h tly larg er v alu es of
υm ic are ob tain ed for th ose stars for w h ic h th is q u an tity is d i-
rec tly d eriv ed . T ak in g in to ac c ou n t th e d ifferen t b est υm ic v al-
u es ob tain ed from d ifferen t elem en ts, an d th e d isp ersion of th e
stan d ard d ev iation as a fu n c tion of υm ic , th e u n c ertain ty th at w e
assig n to υm ic , for th e rap id rotators, is 0 .7 k m s−1. T h e low er
p an els of Fig . 3 an d Fig . 4 allow u s to d eriv e d irec tly th e ab u n -
d an c e u n c ertain ty g iv en th e u n c ertain ty of υm ic for eac h elem en t.
W e h av e u sed Fe as a stan d ard elem en t to d eriv e th e ab u n d an c e
stan d ard error, sin c e it is th e elem en t w ith th e h ig h est n u m b er
of selec ted lin es. A n error b ar of 0 .7 k m s−1 in υm ic p rod u c es
an u n c ertain ty of elem en t ab u n d an c e in c reasin g from 0 .1 d ex for
th e slow rotators, to 0 .2 d ex for th e rap id rotators. T h e error b ar

�
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Table 3. A b u n d an c es (log (NX/Nto t ) ) of th e p rog ram stars w ith th e estim ated in tern al errors in u n its of 0 .0 1 d ex , in p aren th esis. T h e in tern al error
assoc iated w ith th e d eriv ed ab u n d an c e of eac h elem en t is th e stan d ard d ev iation f rom th e m ean ab u n d an c e of th e selec ted lin es of th at elem en t. For
c om p arison , th e solar ab u n d an c es (A sp lu n d et al. 2 0 0 5) are g iv en in th e last c olu m n . A t.N . g iv es th e A tom ic N u m b ers of th e elem en ts. A b u n d an c es
ob tain ed f rom ju st on e lin e h av e n o error (−;1). U p p er lim its are d en oted b y <. T h e sec on d n u m b er in th e b rac k ets is th e n u m b er of lin es u sed to
d eriv e th e m ean ab u n d an c e.

” N orm al” A −ty p e stars S olar

A t.N . Elem en t H D 72 846 H D 73345 H D 73450 H D 73574 H D 740 2 8 H D 740 50 H D 74587 H D 74718 A b u n d an c es

3 Li < −8.0 8(−; 1) < −8.33(−; 1) < −8.70 (−; 1) < −8.38(−; 1) < −8.41(−; 1) < −8.2 6(−; 1) −10 .99

6 C −3.58(−; 1) −3.44(12 ; 3) −3.2 7(−; 1) −3.36(18; 2 ) −3.39(0 8; 2 ) −3.52 (−; 1) −3.49(0 1; 2 ) −3.51(0 4; 2 ) −3.65

8 O −3.18(−; 1) −3.2 2 ( 0 1; 2 ) −3.70 (−; 1) −3.30 (−; 1) −3.38

11 N a −5.44(0 1; 2 ) −5.37(0 1; 2 ) −6.2 8(−; 1) −5.57(0 2 ; 2 ) −5.98(−; 1) −5.64(13; 2 ) −5.61(0 2 ; 2 ) −5.70 (14; 2 ) −5.87

12 M g −4.18(0 8; 3) −4.18(0 2 ; 3) −5.0 2 (18; 2 ) −4.37(0 4; 3) −4.86(0 8; 3) −4.2 2 ( 0 5; 4) −4.56(0 8; 3) −4.52 (0 1; 2 ) −4.51

14 S i −4.62 (16; 2 ) −4.67(−; 1) −4.13(−; 1) −4.19(−; 1) −4.17(−; 1) −4.37(−; 1) −4.16(−; 1) −4.2 5(−; 1) −4.53

16 S −4.71(0 4; 2 ) −4.44(0 3; 4) −4.35(−; 1) −4.61(0 2 ; 2 ) −4.2 6(0 1; 2 ) −4.50 (0 4; 2 ) −4.2 8(11; 2 ) −4.90

2 0 C a −5.17(−; 1) −5.39(0 9; 6) −5.95(0 6; 4) −5.86(16; 5) −5.37(16; 2 ) −6.13(0 6; 2 ) −5.49(15; 6) −5.68(0 2 ; 3) −5.73

2 1 S c −8.88(−; 1) −8.63(0 7; 3) −8.57(14; 3) −8.89(0 2 ; 3) −8.35(−; 1) −8.96(2 7; 3) −8.56(−; 1) −8.69(14; 2 ) −8.99

2 2 T i −6.88(0 3; 5) −6.95(0 6; 6) −7.30 (11; 5) −6.98(0 9; 5) −6.78(−; 1) −7.0 8(15; 5) −6.83(16; 3) −6.93(10 ; 5) −7.14

2 4 C r −6.2 3(0 6; 3) −6.2 2 ( 0 8; 2 ) −6.56(0 8; 3) −6.19(16; 3) −6.2 3(12 ; 4) −6.48(10 ; 3) −6.0 5(13; 4) −6.44(2 0 ; 5) −6.40

2 5 M n −6.37(−; 1) −6.88(−; 1) −6.52 (0 2 ; 2 ) −6.77(−; 1) −6.61(−; 1) −6.62 (0 4; 2 ) −6.71(−; 1) −6.65

2 6 Fe −4.55(18; 42 ) −4.33(11; 61) −4.62 (0 9; 15) −4.49(10 ; 30 ) −4.50 (0 9; 18) −4.44(13; 16) −4.2 8(10 ; 33) −4.61(11; 2 6) −4.59

2 8 N i −5.70 (18; 2 ) −5.58(11; 4) −5.82 (16; 2 ) −5.62 (0 8; 4) −5.93(14; 3) −5.60 (15; 3) −5.84(−; 1) −5.68(0 2 ; 3) −5.81

39 Y −9.75(−; 1) −9.46(−; 1) −9.83(−; 1) −9.2 0 (−; 1) −9.56(−; 1) −9.2 6(−; 1) −9.13(−; 1) −9.10 (−; 1) −9.83

56 B a −9.48(−; 1) −9.30 (0 6; 2 ) −9.50 (0 2 ; 2 ) −8.98(0 4; 2 ) −9.65(−; 1) −9.52 (0 1; 2 ) −8.96(2 5; 2 ) −9.15(−; 1) −9.87

Teff 80 45 7993 72 70 7662 7750 7872 750 0 760 0

log g 3.50 3.96 4.2 0 4.0 0 4.50 3.66 4.2 0 4.0 0

υm ic 2 .5 2 .6 2 .7 2 .6 2 .6 2 .6 2 .7 2 .7

υ sin i 119 85 138 10 2 150 188 90 155

F−ty p e stars A m star S olar

A t.N . Elem en t H D 72 757 H D 73175 H D 73746 H D 73798 H D 73993 H D 74135 H D 74589 H D 74656 A b u n d an c es

3 Li < −8.70 (−; 1) < −8.47(−; 1) < −8.35(−; 1) −8.61(−; 1) −10 .99

6 C −3.71(16; 2 ) −3.36(0 1; 2 ) −3.39(−; 1) −3.30 (14; 2 ) −3.19(18; 2 ) −4.0 9(−; 1) −3.65

7 N −3.98(−; 1) −4.2 6

8 O −3.30 (−; 1) −3.40 (−; 1) −3.36(−; 1) −3.88(−; 1) −3.38

11 N a −5.61(−; 1) −5.81(0 1; 2 ) −5.45(13; 2 ) −5.73(2 4; 2 ) −5.73(0 7; 2 ) −5.35(0 1; 2 ) −5.87

12 M g −4.56(14; 2 ) −4.38(0 7; 2 ) −4.50 (11; 5) −4.76(2 3; 2 ) −4.57(−; 1) −4.14(0 9; 2 ) −4.2 5(0 2 ; 2 ) −4.73(11; 3) −4.51

13 A l −5.15(−; 1) −5.67

14 S i −4.2 3(0 6; 3) −4.39(−; 1) −4.2 9(−; 1) −4.0 9(−; 1) −4.34(−; 1) −4.14(−; 1) −4.2 0 (−; 1) −4.37(−; 1) −4.53

16 S −4.62 (0 1; 2 ) −4.55(−; 1) −4.54(0 5; 5) −4.62 (0 5; 2 ) −4.44(0 7; 2 ) −4.52 (0 4; 5) −4.90

2 0 C a −5.60 (11; 6) −5.41(0 3; 3) −5.68(16; 8) −5.38(15; 5) −5.65(−; 1) −5.45(14; 4) −5.53(0 5; 7) −6.34(13; 3) −5.73

2 1 S c −9.0 7(−; 1) −8.66(−; 1) −8.98(10 ; 3) −9.2 0 (−; 1) −8.90 (−; 1) −8.48(15; 4) −8.43(2 5; 3) −9.2 7(−; 1) −8.99

2 2 T i −7.0 3(16; 5) −6.90 (15; 3) −6.68(13; 3) −6.90 (−; 1) −7.18(−; 1) −7.0 3(0 9; 6) −6.92 (11; 7) −6.90 (16; 18) −7.14

2 3 V −7.0 6(−; 1) −8.0 4

2 4 C r −6.72 (0 8; 3) −6.55(0 1; 2 ) −6.2 0 ( 2 3; 6) −6.64(36; 4) −6.16(12 ; 3) −6.2 6(2 0 ; 4) −5.72 (10 ; 11) −6.40

2 5 M n −6.92 (−; 1) −6.98(0 8; 2 ) −6.46(0 1; 2 ) −6.36(−; 1) −6.42 (11; 3) −6.2 7(11; 5) −6.65

2 6 Fe −4.50 (0 8; 31) −4.52 (0 8; 14) −4.46(0 8; 49) −4.47(0 6; 17) −4.47(0 8; 6) −4.45(11; 60 ) −4.51(11; 53) −4.11(13; 74 −4.59

2 7 C o −5.38(−; 1) −7.12

2 8 N i −5.57(−; 1) −5.68(0 5; 3) −5.38(12 ; 5) −6.2 0 ( 0 7; 2 ) −6.15(−; 1) −5.53(10 ; 4) −5.90 (17; 4) −5.0 0 ( 0 8; 15) −5.81

2 9 C u −6.92 (−; 1) −7.83

30 Z n −6.77(−; 1) −7.44

38 S r −8.2 3(−; 1) −9.12

39 Y −10 .0 7(−; 1) −9.39(−; 1) −9.35(0 1; 2 ) −9.2 0 (−; 1) −9.46(−; 1) −8.99(−; 1) −8.92 (11; 3) −9.83

40 Z r −8.62 (−; 1) −9.45

56 B a −9.12 (0 6; 2 ) −9.64(−; 1) −9.0 2 (12 ; 2 ) −8.78(−; 1) −9.48(−; 1) −9.10 (−; 1) −9.14(−; 1) −8.46(2 3; 3) −9.87

57 La −9.2 2 (14; 3) −10 .91

58 C e −9.11(0 8; 3) −10 .46

60 N d −9.2 7(13; 5) −10 .59

62 S m −9.89(−; 1) −11.0 3

63 Eu −9.89(−; 1) −11.52

68 Er −9.53(−; 1) −11.11

70 Y b −9.46(−; 1) −10 .96

Teff 740 0 7660 7440 732 8 7138 740 0 7550 780 0

log g 3.60 3.94 4.0 8 3.95 3.92 4.0 0 4.0 3 3.99

υm ic 2 .7 2 .6 2 .7 2 .7 2 .8 2 .7 2 .7 3.6

υ sin i 179 163 95 2 0 0 2 40 10 0 12 7 2 5

on th e elem en t ab u n d an c e is d om in ated b y th e u n c ertain ty of
Teff for th e slow rotators, w h ile th e u n c ertain ty in υm ic b ec om es
in c reasin g ly im p ortan t for larg er υ sin i. A ssu m in g th at Teff an d
υm ic are c om p letely u n c orrelated , th e resu ltan t ab u n d an c e error
b ar for th e rap id ly rotatin g stars is g iv en b y stan d ard error p rop -
ag ation th eory , w h ic h lead s to an u n c ertain ty of ab ou t 0 .3 d ex .
I n c on form ity w ith th is an aly sis, w e assu m e an ab u n d an c e error
b ar in c reasin g lin early w ith υ sin i f rom 0 .2 d ex to 0 .3 d ex at a
υ sin i v alu e of 2 0 0 k m s−1.

A n o t h er s o u r c e o f u n c er tain t y t h at is d ep en d en t o n
υ sin i is d u e t o t h e c o n t in u u m n o r m alis atio n . To q u an t if y
t h is u n c er tain t y w e h av e p er fo r m ed t h e fo llo w in g tes t . W e
h av e d er iv ed t h e abu n d an c e o f t h e F e  lin e at 5 32 5 .6 Å

fo r H D 7 37 4 6 (υ sin i = 9 5 k m s−1) , H D 7 2 7 5 7 (υ sin i =

1 7 9 k m s−1) an d H D 7 37 9 8 (υ sin i = 2 0 0 k m s−1) w it h t h e
ad o p ted n o r m alis ed o bs er v ed s p ec t r u m an d w it h t h e s p ec -
t r u m m u lt ip lied /d iv id ed by 0 .9 9 . I n t h is w ay w e h av e in -
c r eas ed /d ec r eas ed t h e c o n t in u u m lev el o f 1 % , t h at w e es t i-
m ate to be a r eas o n able u n c er tain t y . Th e d iffer en c e betw een
t h e abu n d an c es o btain ed in t h is w ay is in c r eas in g w it h υ sin i

f r o m abo u t 0 .1 d ex fo r H D 7 37 4 6 , t o abo u t 0 .2 d ex fo r t h e
t w o fas ter r o tato r s . W e believ e th at in m o s t c as es t h is er r o r
bar is an u p p er lim it s in c e t h e lin e by lin e abu n d an c e an aly s is
m et h o d , u s ed in t h is w o r k , allo w s a v er y c ar efu l lin e s elec t io n
t h at r ejec t s all t h e lin es fo r w h ic h t h e c o n t in u u m lev el lo o k s
u n c er tain . U n d er t h e as s u m p t io n o f n o s y s tem atic er r o r s in
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the continuum normalisation, this uncertainty is decreasing
w ith an increase of the numb er of selected lines. I f for some
lines the continuum lev el is too low , for some others it w ould
b e too high, leading to an increase of the disp ersion, b ut not
to an ab undance v ariation.

A n ex am p le of th e sp ectru m of a rap id ly rotatin g star an d
th e sy n th etic sp ectru m ob tain ed after th e com p lete ab u n d an ce
an aly sis is sh ow n in Fig . 16 (av ailab le on lin e).

For all th e rap id rotators in ou r sam p le, w e w ere ab le to ob -
tain on ly an u p p er lim it on th e ab u n d an ce of Li, b ecau se th e h ig h
υ sin i v alu es d id n ot allow u s to d etect th e Li lin e. O n ly th e Li
ab u n d an ce of H D 7 4 6 5 6 m ay b e con sid ered as a real estim ate,
alth ou g h ev en th is v alu e is u n certain b ecau se it w as d eriv ed on ly
from on e b len d ed lin e.

W e con fi rm th e m em b ersh ip in P raesep e of all th e stars of ou r
sam p le, b ecau se th e υr m easu rem en ts are all com p atib le w ith
th e clu ster m ean of 3 4 .5 ±0 .0 k m s−1 ( R ob ich on et al. 19 9 9 ). For
n on e of th e an aly sed stars h av e w e fou n d an y ev id en ce of b in a-
rity . T h ese con sid eration s con fi rm th e q u ality of ou r targ et selec-
tion ( w h ich w ere selected for m em b ersh ip an d n on – b in arity ).

W e con fi rm th e A m classifi cation of H D 7 4 6 5 6 . I n Fig . 15
(av ailab le on lin e) th e m ean ab u n d an ces for th e A m stars an al-
y sed in P ap er I are com p ared w ith th e ab u n d an ces ob tain ed for
H D 7 4 6 5 6 . T h e com p arison sh ow s a g ood ag reem en t b etw een
th e tw o ab u n d an ce p attern s.

6. Discussion

I n th is section w e d iscu ss th e resu lts ob tain ed con sid erin g b oth
sam p les of stars: th ose an aly sed in th is w ork , an d th ose from
P ap er I . I n th e sam p le of stars from P ap er I , w e h av e n ot in -
clu d ed resu lts for H D 7 3 6 6 6 ( B lu e S trag g ler), H D 7 2 9 4 2 ( p rob -
ab le n on – m em b er) an d H D 7 3 17 4 , for w h ich th e d eriv ed Teff

from S tröm g ren p h otom etry an d from sp ectroscop y d iffer b y
ab ou t 7 0 0 K an d n o ex p lan ation w as fou n d in P ap er I . For th is
reason w e h av e d ecid ed n ot to con sid er th is ob ject in ou r fi n al
an aly sis of th e clu ster.

6.1. Abundances of the A− and F −ty p e stars of the
P raesep e cluster

T h e stars w ere fi rst g rou p ed accord in g to th eir classifi cation s as
F, A an d A m stars; Fig . 5 sh ow s th e m ean ab u n d an ces for each
g rou p . T h e error b ars in Fig . 5 are th e stan d ard d ev iation s from
th e calcu lated m ean ab u n d an ces of each g rou p .

T h e A – an d F– ty p e stars sh ow sim ilar ab u n d an ce p attern s,
ch aracterised b y solar ab u n d an ces for alm ost all th e elem en ts.
T h e A m stars sh ow th e ty p ical ab u n d an ce p attern ch aracterised
b y u n d erab u n d an ces of C , N , O , C a an d S c, w ith a g en eral ov er-
ab u n d an ce of th e oth er elem en ts. A s ex p ected , th e error b ars as-
sociated w ith th e ab u n d an ces of th e F– ty p e stars tu rn ou t to b e
com p arab le to or sm aller th an th ose for th e A – ty p e stars. It is
also p ossib le to see th is effect in Fig u res from ? ? to ? ? .

W e h av e calcu lated th e m etallicity of th e clu ster ( Z ) from th e
ab u n d an ces d eriv ed for th e F– ty p e stars, ex clu d in g H D 7 3 5 7 5 .
T h is star is close to th e T A M S an d its Fe ab u n d an ce d iffers b y
0 .2 7 d ex w ith resp ect to th e m ean Fe ab u n d an ce (0 .11±0 .0 3
d ex ) of th e oth er F– ty p e stars. For th is reason w e h av e om it-
ted H D 7 3 5 7 5 from th e d eterm in ation of th e clu ster m etallicity .
T h e Z v alu e w e ob tain is 0 .0 15 ±0 .0 0 2 d ex .
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F ig. 5 . C om p arison b etw een th e m ean ab u n d an ces ob tain ed for A m , A –
an d F– ty p e stars in d icated b y an op en circle, sq u are an d trian g le resp ec-
tiv ely . T h e error b ars are th e stan d ard d ev iation s from th e calcu lated
m ean ab u n d an ces. I n th e case of on ly on e m easu rem en t, n o error b ar is
sh ow n . A – an d F– ty p e stars sh ow a sim ilar ab u n d an ce p attern . T h e A m
stars sh ow th e ty p ical p ecu liar ab u n d an ce p attern d escrib ed in d etail in
P ap er I .

T h e Z v alu e ad op ted b y sev eral oth er au th ors an d u sed to
ch aracteris isoch ron es (see S ect. 6 .2 ) is calcu lated w ith th e fol-
low in g ap p rox im ation :

Zclu s te r ' 10 ([F E /H]Fs ta r s−[F e /H]�)
· Z� , ( 2 )

assu m in g Z�=0 .0 19 d ex . W e h av e recalcu lated th e Z of th e clu s-
ter accord in g to th is ap p rox im ation ob tain in g Z = 0 .0 2 4 ±0 .0 2 .
W e h av e d eriv ed th is v alu e u sin g th e m ean Fe ab u n d an ce of all
th e F– ty p e stars ex cep t H D 7 3 5 7 5 ([Fe/H ]=0 .11±0 .0 3 d ex ).

O u r estim ated m etallicity is in ag reem en t w ith th at in -
clu d ed in th e catalog u e of C h en et al. ( 2 0 0 3 ) of [Fe/H ]=0 .14
d ex an d w ith th at recen tly ob tain ed b y A n et al. ( 2 0 0 7 ) of
[Fe/H ]=0 .11±0 .0 3 d ex . A n et al. ( 2 0 0 7 ) d eriv ed th e m etallicity
from an Fe ab u n d an ce d eterm in ation from h ig h resolu tion sp ec-
tra of fou r G – ty p e clu ster m em b ers.

6.2 . H R diag ram

U sin g th e sp ectroscop ic tem p eratu res d eterm in ed to p erform th e
ab u n d an ce an aly sis w e h av e b u ilt th e H ertz sp ru n g – R u ssell ( H R )
d iag ram of th e clu ster arou n d th e tu rn – off p oin t (Fig . 6 ). W e h av e
calcu lated th e lu m in osity of each star p h otom etrically , ad op tin g
th e m ag n itu d es in V b an d g iv en b y S I M B A D an d a clu ster d is-
tan ce m od u lu s of 6 .3 0 ±0 .0 7 m ag ( v an Leeu w en 2 0 0 7 ). W e h av e
u sed a red d en in g of 0 .0 0 9 m ag ( W EB D A ) an d th e b olom etric
correction g iv en b y B alon a (19 9 4 ). Lu m in osities are listed in
T ab le 4 . W ith a d istan ce m od u lu s u n certain ty of 0 .0 7 m ag , an
u n certain ty in th e b olom etric correction of ab ou t 0 .0 7 m ag , an d
a red d en in g u n certain ty of 0 .0 1 m ag , w e estim ate th at th e ty p i-
cal u n certain ty in Mb ol is ab ou t 0 .15 m ag , corresp on d in g to an
u n certain ty in log L/L� of ab ou t 0 .0 6 d ex .

I n th e d iag ram w e h av e d iv id ed ou r sam p le in to A m stars
(crosses) an d n orm al A – an d F– ty p e stars (f u ll sq u ares). W e h av e
also d en oted (op en sq u ares) th e sp ectroscop ic b in ary stars. W e
h av e n ot corrected th e lu m in osities of th e sp ectroscop ic b in a-
ries, as th e on ly in form ation w e h av e ab ou t th e secon d aries is

�
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Fig. 6. H ertz sp r u n g – R u ssell d iag ram of th e P raesep e c lu ster. T h e
c rosses an d fi lled sq u ares sh ow th e p osition on th e H R d iag ram for th e
A m an d n orm al A – an d F– ty p e stars, resp ec tiv ely . T h e op en sq u ares in -
d ic ate th e sp ec trosc op ic b in aries. W e h av e n ot c orrec ted th e lu m in osity
of th ese stars d u e to th e p resen c e of a c om p an ion , b u t w e assu m e it less
th an 0 .1 d ex . T h e error b ar in lu m in osity is 0 .0 7 d ex . T h e d ash ed lin e
sh ow s an isoc h ron e from G irar d i et al. ( 2 0 0 2 ) for th e ag e an d m etallic -
ity g iv en in th e literatu re (log t = 8.85 d ex ; Z = 0 .0 2 4 d ex ) . T h e solid
lin e sh ow s th e isoc h ron e c orresp on d in g to ou r b est fi t ( log t = 8.7 7 d ex ;
Z = 0 .0 3 0 d ex ) .

th at th eir c on tr ib u tion to th e an aly sed sp ec tra is n ot d etec ted
( P ap er I ) . T h is su g g ests th at th eir fl u x c on tr ib u tion is b elow
ab ou t 5 % .

T h e tw o stars loc ated at th e top left an d top rig h t of th e
H R d iag ram are H D 7 3 6 6 6 an d H D 7 3 5 7 5 , resp ec tiv ely . B oth
h av e alread y b een an aly sed in d etail in P ap er I . H D 7 3 6 6 6 is
c learly a B lu e S trag g ler, w h ile H D 7 3 5 7 5 sh ou ld b e ju st at th e
T A M S , if th e stars are c lu ster m em b ers ( m em b ersh ip g iv en b y
H I P P A R C O S an d c on fi r m ed in P ap er I ) . H D 7 3 5 7 5 d eserv es a
fu r th er c om m en t. I t is th e m ost ev olv ed star of th e c lu ster an d th e
p osition c lose to th e T A M S is c on sisten t w ith th is. T h is star also
sh ow s an om alou s c h em ic al c om p osition c om p ared w ith th at of
th e oth er n orm al F– ty p e stars. T h e p osition on th e H R d iag ram
an d th e p ec u liar c h em ic al c om p osition of H D 7 3 5 7 5 su g g est an
u n u su al ev olu tion ary h istory .

W e h av e ad op ted isoc h ron es b y G irar d i et al. ( 2 0 0 2 ) to d eter-
m in e ag e an d m etallic ity of th e c lu ster u sin g th e H R d iag ram . I n
Fig . 6 w e h av e p lotted tw o isoc h ron es: on e c orresp od in g to th e
ag e an d m etallic ity of th e c lu ster tak en f rom W EB D A ( log t =

8.85 d ex ; Z = 0 .0 2 4 d ex ; d ash ed lin e) an d th e oth er c orresp on d -
in g to ou r b est fi t on th e H R d iag ram (log t = 8.7 7 d ex ; Z = 0 .0 3 0
d ex ; solid lin e) .

A n et al. ( 2 0 0 7 ) d eterm in ed th e m etallic ity of th e P raesep e
c lu ster b y fi ttin g Y ale R otatin g Ev olu tion ary C od e (Y R EC , S ills
et al. 2 0 0 0 ) isoc h ron es to th e m ain seq u en c e of th e c lu ster, ob -
tain ed f rom J oh n son p h otom etr y . T h ey d eriv ed a m etallic ity of
[Fe/H ] = 0 .2 0 ±0 .0 4 c orresp on d in g to Z = 0 .0 3 0 ±0 .0 0 3 . T h is re-
su lt is in ag reem en t w ith th e resu lts of ou r fi ts of isoc h ron es to
ou r sam p le of stars arou n d th e tu r n – off p oin t.

A ll th e A m stars are on th e m ain seq u en c e. O n ly H D 7 3 6 18
(th e h ottest m ain seq u en c e star in Fig . 6 ) c an b e c on sid ered a
B lu e S trag g ler ( A h u m ad a & Lap asset 2 0 0 7 ) , tak in g in to ac c ou n t
th e ag e an d m etallic ity g iv en in th e literatu re.

6.3. Abundances vs. Teff and υ sin i

T h e ab u n d an c es of th e elem en ts an aly sed for m ost of th e stars
are d isp lay ed ag ain st Teff an d υ sin i in th e left an d r ig h t p an els
resp ec tiv ely f rom Fig . ? ? to Fig . ? ? . W e h av e d iv id ed th e sam p le
of stars ac c ord in g to th eir sp ec tral c lassifi c ation : A – ty p e stars
(op en c ir c les), A m stars (op en sq u ares) an d F– ty p e stars (op en
tr ian g les). T h is d iv ision an d v isu alisation w ill b e retain ed in th e
follow in g sec tion s.

T h e p lots sh ow th at th e ab u n d an c es of th e F– ty p e stars are
less sc attered th an th ose ob tain ed for th e A – ty p e stars, as ex -
p ec ted .

For th e n orm al A – an d F– ty p e stars w e d o n ot fi n d an y c lear
c orrelation b etw een ab u n d an c e an d Teff or ab u n d an c e an d υ sin i.
T h is resu lt c on fi r m s th e p red ic tion of C h arb on n eau & M ic h au d
(19 9 1).

For th e A m stars, n on e of th e p lotted elem en ts, ex c ep t Y ,
sh ow s an y tren d b etw een ab u n d an c e an d Teff . R ic h er et al.
( 2 0 0 0 ) p red ic t m ild c orrelation s b etw een ab u n d an c es of som e
elem en ts (e.g . N i) an d Teff , b u t p rob ab ly ou r tem p eratu re ran g e
is n ot larg e en ou g h to sh ow su c h c orrelation s.

I n A m stars, w e fi n d a stron g c orrelation b etw een ab u n -
d an c e an d υ sin i for all p ec u liar elem en ts, ex c ep t for sc an d iu m
an d titan iu m . A s d esc rib ed in d etail in P ap er I , A m stars of th e
P raesep e c lu ster sh ow p ec u liarities m ain ly for C , O , C a an d S c
( u n d erab u n d an t) an d T i, C r, Fe, N i, Y an d B a (ov erab u n d an t) .
C , O an d C a sh ow an in c reasin g ab u n d an c e w ith υ sin i. T h e
Fe– p eak elem en ts, Y , an d B a sh ow a d ec reasin g ab u n d an c e w ith
υ sin i. N a, M g , S i an d S are n ot p ec u liar in A m stars an d th ey d o
n ot sh ow an y c orrelation w ith υ sin i. A s a g en eral b eh av ior, th e
p ec u liarities d ec rease w ith υ sin i, b ec om in g c loser an d c loser to
th e ab u n d an c es ty p ic al of th e n orm al A – an d F– ty p e stars of th e
c lu ster. S c an d iu m an d titan iu m are ex c ep tion s: T i d oes n ot sh ow
an y c lear tren d w ith υ sin i, an d S c sh ow s a tren d op p osite to th at
of C , O an d C a, w h ile w e w ou ld h av e ex p ec ted a sim ilar b eh av -
ior.

B u r k h art (19 7 9 ) d eriv ed th e ab u n d an c e an om aly , f rom th e
S tr öm g ren m 1 in d ex , an d υ sin i v alu es for a sam p le of w ell-
k n ow n A m stars. S h e su g g ested a ju m p in th e ab u n d an c e
an om aly for stars w ith υ sin i > 5 5 k m s−1; ou r resu lts c on fi r m
th is c laim .

M od els b y C h ar b on n eau & M ic h au d (19 9 1) d o n ot p red ic t
an y stron g c orrelation b etw een elem en t ab u n d an c es an d rota-
tion al v eloc ity : ” For Fm A m stars, it w as sh ow n q u an titativ ely
th at d esp ite th e p oten tially in h ib itin g effec ts of m erid ion al c ir-
c u lation on c h em ic al sep aration , n o d ep en d en c e of ab u n d an c e
an om alies on υ sin i is ex p ec ted , for m ost elem en ts, in th e ro-
tation al v eloc ity in terv al c h arac teristic of Fm A m stars.” . T h e
c orrelation s h ere ob tain ed b etw een ab u n d an c e an d υ sin i, for
th e A m stars, are in c lear d isag reem en t w ith th e p red ic tion s of
C h arb on n eau & M ic h au d (19 9 1).

R ic h er et al. ( 2 0 0 0 ) fou n d th at elem en t ab u n d an c es in m od el
A m stars are d ep en d en t on ly on th e d ep th of th e z on e m ix ed b y
tu r b u len c e, th u s sh ow in g th at th e ab u n d an c e an om alies in A m
stars d ep en d m ain ly on th e tu r b u len c e m od el.

M ore rec en tly , T alon et al. ( 2 0 0 6 ) tested rotation al m ix in g
m od els w ith b oth th e G en ev a– T ou lou se an d M on treal c od es.
T h ey sh ow ed h ow th e p red ic ted su r fac e ab u n d an c es of Fm A m
stars sh ou ld v ar y as a fu n c tion of rotation al v eloc ity of th e star.
O u r fi n d in g s su p p ort th eir p red ic tion s.
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Fig. 7. A b u n d an c es relativ e to th e S u n ( A sp lu n d et al. 2 0 0 5 ) of C an d O as a fu n c tion of Teff an d υ sin i for n orm al A – ty p e stars ( c ir c le) , A m stars
(sq u are) an d n orm al F– ty p e stars (tr ian g le). A c orrelation b etw een ab u n d an c es an d υ sin i is fou n d for A m stars.

6.4. Abundances vs. M/M� and fractio nal ag e

For th e stars in ou r sam p le w e h av e c alc u lated M/M�, f rac -
tion al ag e (τ) an d th eir u n c ertain ties ac c ord in g to Lan d street et
al. ( 2 0 0 7 ) an d listed th em in T ab le 4 .

W e h av e tak en th e ab u n d an c es of th ree rep resen tativ e ele-
m en ts (Mg , C a an d Fe) sh ow in g , for th e A m stars, th e th ree d if -
feren t p rop erties d isc u ssed in S ec t. 6 .3 . W e p lot th e ab u n d an c es
of th ese elem en ts as fu n c tion s of M/M� an d d isp lay th e resu lts
in Fig . 1 0 .

N o c lear c orrelation is v isib le for an y of th e th ree p lotted
elem en ts, for th e n orm al or th e A m stars.

R ic h er et al. ( 2 0 0 0 ) su g g est th at th e ab u n d an c e an om alies
ty p ic al of A m stars d ep en d v er y little on th e m ass an d t h e r e fo r e
f r a c t io n a l ag e of th e star. T h is is c on sisten t w ith th e resu lts of
th is stu d y .

6.5 . S earch ing fo r co rrelatio ns betw een abundances

I n a sam p le of sev en teen A m stars, A d elm an & U n su ree (2 0 0 7 )
fou n d sig n ifi c an t c orrelation s b etw een th e ab u n d an c es of tw elv e
elem en ts.

T h e ab u n d an c es of th e elem en ts an aly sed in m ost of th e stars
of ou r sam p le are d isp lay ed ag ain st th e Fe ab u n d an c e in Fig . 1 1
an d Fig . 1 2 .

W e d o n ot fi n d an y c lear c orrelation b etw een th e ab u n d an c es
of an y elem en t an d Fe for th e A – an d F– ty p e stars d u e to th e tin y
sp read in Fe ab u n d an c e.

I n c on trast, th e A m stars sh ow c orrelation s for all th e ele-
m en ts in w h ic h a c orrelation w as alread y fou n d w ith υ sin i. T h e
Fe ab u n d an c e is an in d ic ator of A m p ec u liarities. A s w e h av e
fou n d a c orrelation b etw een υ sin i an d A m p ec u liarities, it is n ot
su r p r isin g to ob tain sim ilar c orrelation s w ith th e Fe ab u n d an c e.

T h e c orrelation s fou n d for C an d O are in ag reem en t w ith
th ose fou n d b y S av an ov ( 1 9 9 5 ) in a sam p le of sev en teen w ell–
k n ow n A m stars an aly sed b y d ifferen t au th ors. T h ey look ed for
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Fig. 8. A b u n d an c es relativ e to th e S u n ( A sp lu n d et al. 2 005 ) of C an d O as a fu n c tion of Teff an d υ sin i for n orm al A – ty p e stars ( c ir c le) , A m stars
(sq u are) an d n orm al F– ty p e stars (tr ian g le). A c orrelation b etw een ab u n d an c es an d υ sin i is fou n d for A m stars.

a c orrelation b etw een th e C ab u n d an c e an d υ sin i, b u t w ith ou t
an y p ositiv e resu lt.

From ou r resu lts it is c lear th at th ese c orrelation s are related
to th ose fou n d w ith υ sin i in S ec t. 6 .3 .

7. Conclusions

W e h av e ob tain ed h ig h resolu tion , h ig h S N R sp ec tra for sev en -
teen F– an d A – ty p e stars of th e P raesep e op en c lu ster, w ith th e
S O P H IE sp ec trog rap h at O H P . O n e of th ese stars ( H D 7 4 6 5 6 )
w as c lassifi ed as A m star.

W e h av e c alc u lated th e fu n d am en tal p aram eters an d p er-
form ed a d etailed ab u n d an c e an aly sis for all th e stars of th e sam -
p le, c on fi r m in g th e p rev iou s c lassifi c ation , as c h em ic ally p ec u -
liar, of th e A m star H D 7 4 6 5 6 .

T h e stars w e ob serv ed w ere selec ted u sin g a stan d ard p ro-
c ed u re th at w ill b e ad op ted for f u tu re an aly sis of oth er op en
c lu sters. A ll th e selec ted stars of th e sam p le sh ow n in T ab le 1
are c on fi r m ed m em b ers of th e c lu ster an d am on g th em th ere are

n o k n ow n b in aries (ex c ep t H D 7 3 6 6 6 ) . T h is sh ow s th e q u ality
of th e selec tion p roc ed u re, sin c e m em b ersh ip an d n on – b in arity
w ere req u ired for th e selec tion .

T o b e ab le to d isc u ss g en eral p rop erties of th e c lu ster w e
h av e ad d ed to ou r sam p le of stars th ose c on sid ered in P ap er I .
O f th e stars an aly sed in P ap er I w e h av e n ot in c lu d ed H D 7 3 6 6 6
( B lu e S trag g ler) , H D 7 2 9 4 2 ( n ot a c on fi r m ed m em b er) an d
H D 7 3 17 4 ( im p ortan t u n c ertain ties in Teff ) . T h e s a m p le o f s t a r s
a n a ly s e d in P a p e r I a n d in t h is w o r k c o n t a in s a ll t h e k n o w n
c lu s t e r m e m b e r s w it h a s p e c t r a l t y p e b e t w e e n F2 a n d A 1 a n d
n o t S B 2 . T h is r e m o v e s a n y b ia s t h a t c o u ld h a v e b e e n in t r o -
d u c e d b y a n in a p p r o p r ia t e t a r ge t s e le c t io n .

W e h av e d iv id ed ou r fi n al sam p le of stars ac c ord in g to th eir
sp ec tral c lassifi c ation , tak en f rom W EB D A , an d d eriv ed th e
m ean ab u n d an c e p attern for th ree g rou p s of stars: A – , F– ty p e
an d A m . T h e A – an d F– ty p e stars sh ow a sim ilar ab u n d an c e
p attern , c lose to solar, w h ile th e A m stars sh ow th e ty p ic al A m
p ec u liarities d esc rib ed in P ap er I . T h e ab u n d an c e sc atter of th e
A m stars is h ig h er th an for th e n orm al stars an d , b etw een A – an d
F– ty p e stars, th e F– stars sh ow th e sm aller sc atter, as ex p ec ted .
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Fig. 9. A b u n d an c es relativ e to th e S u n ( A sp lu n d et al. 2 0 0 5 ) of C an d O as a fu n c tion of Teff an d υ sin i for n orm al A – ty p e stars ( c ir c le) , A m stars
(sq u are) an d n orm al F– ty p e stars (tr ian g le). A c orrelation b etw een ab u n d an c es an d υ sin i is fou n d for A m stars.

W e h av e d eriv ed th e m etallic ity of th e c lu ster f rom th e F–
ty p e stars of ou r sam p le, om ittin g H D 7 3 5 7 5 w h ic h is alread y
on th e T A M S . T h e resu ltan t m etallic ity is Z = 0 .0 1 5 ±0 .0 0 2 d ex .
T o b e ab le to c om p are ou r m etallic ity ( [Fe/H ] = 0 .1 1 ±0 .0 3 ) w ith
th at u sed b y oth er au th ors w e h av e d eriv ed Z w ith th e ap p rox -
im ation g iv en b y Eq . 2 th at c orresp on d s to Z = 0 .0 2 4 ±0 .0 0 2
d ex , assu m in g Z� = 0 .0 1 9 d ex . T h is resu lt is in ag reem en t w ith
p rev iou s m etallic ity d eterm in ation s from ab u n d an c e an aly sis of
G – ty p e stars b y A n et al. ( 2 0 0 7 ) .

For eac h star of th e sam p le w e h av e p h otom etric ally d eriv ed
log L/L� an d , ad op tin g th e sp ec trosc op ic tem p eratu res d eriv ed
for th e ab u n d an c e an aly sis, b u ilt th e H ertz sp r u n g – R u ssell ( H R )
d iag ram of th e c lu ster arou n d th e tu r n – off p oin t. W e h av e fi tted
isoc h ron es b y G irar d i et al. ( 2 0 0 2 ) to ou r H R d iag ram to d e-
riv e ag e an d m etallic ity ( log t = 8 .7 7 ±0 .1 d ex ; Z = 0 .0 3 0 ±0 .0 0 7
d ex ) . T h is resu lt is in ag reem en t w ith th at ob tain ed b y A n et
al. ( 2 0 0 7 ) fi ttin g Y R EC isoc h ron es to a p h otom etric ally – d eriv ed
m ain seq u en c e of th e c lu ster. W e c on fi r m th e d isc rep an c y in
m etallic ity fou n d b y A n et al. ( 2 0 0 7 ) . W ith in th e errors, ou r ag e

d eterm in ation ag rees w ith earlier d eterm in ation s in th e literatu re
(log t = 8 .8 5 ±0 .1 5 , G on z ález – G ar c ı́a et al. 2 0 0 6 ) .

W e h av e p lotted th e ab u n d an c es of th e elem en ts an aly sed
in m ost of th e stars of ou r sam p le as a fu n c tion of Teff an d
υ sin i. W e h av e n ot fou n d an y c lear ab u n d an c e tren d w ith re-
sp ec t to Teff an d υ sin i for th e A – an d F– ty p e stars. H ow ev er,
w e h av e fou n d sev eral tren d s b etw een ab u n d an c es an d υ sin i for
A m stars. C orrelation s are p resen t for th e elem en ts th at c h ar-
ac terise th e A m p ec u liarities. O n ly S c an d T i d o n ot sh ow th is
tren d . W ith in c reasin g υ sin i th e p ec u liarities ten d to w eak en ,
an d th e ab u n d an c es ap p roac h th e m ean of th e oth er A – an d F–
ty p e stars. T h is is th e fi rst real ob serv ation al ev id en c e of a d irec t
c on n ec tion b etw een ab u n d an c e an om alies or d iffu sion p roc esses
an d rotation al v eloc ity in A m stars.

T h e P raesep e c lu ster c ou ld b e p ec u liar in th is sen se b ec au se
it c on tain s a h ig h n u m b er of A m stars. T h is fac t, c om b in ed
w ith th e ad v an c ed ag e of th e c lu ster, m ak es it p ossib le to h av e
m an y A m stars c lose to th e tu r n – off p oin t. S in c e d iffu sion is a
slow p roc ess, in th is c lu ster, m ore th an in oth ers, th e p ec u liari-
ties are ev id en t an d w ell– c h arac terised b y c orrelation s b etw een
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Table 4. log L/L�, log Teff , M/M� an d f rac tion al ag e (τ) w ith assoc iated
error b ars for th e an aly sed stars of th e P raesep e c lu ster. T h e error b ar in
lu m in osity is ∼0 .0 6 d ex , as ex p lain ed in S ec t. 6 .2. N o frac tion al ag e is
g iv en for H D 7 3 6 6 6 sin c e it is a B lu e S trag g ler.

H D log L/L� S p .T y p e log Teff M/M� σM/M� τ στ
d ex

7 27 5 7 1.0 6 F0 3 .8 6 9 1.7 1 0 .0 9 0 .4 3 0 .0 6

7 28 4 6 1.4 3 A 5 V 3 .9 0 6 2.0 9 0 .15 0 .7 6 0 .11

7 3 0 4 5 0 .9 9 A m 3 .8 8 0 1.6 7 0 .0 8 0 .4 0 0 .0 6

7 3 17 5 1.13 F0 V 3 .8 8 4 1.7 8 0 .0 9 0 .4 8 0 .0 7

7 3 3 4 5 1.17 A 7 V 3 .9 0 3 1.8 4 0 .13 0 .5 3 0 .0 8

7 3 4 3 0 1.10 A 7 V 3 .8 8 4 1.7 6 0 .0 9 0 .4 7 0 .0 7

7 3 4 5 0 1.0 1 A 9 V 3 .8 6 2 1.6 6 0 .0 8 0 .3 9 0 .0 6

7 3 5 7 4 1.3 3 A 8 V 3 .8 8 4 1.9 6 0 .10 0 .6 4 0 .10

7 3 5 7 5 1.7 8 F0 I I I 3 .8 6 3 2.3 3 0 .12 1.0 2 0 .15

7 3 6 18 1.5 0 A m 3 .9 12 2.16 0 .22 0 .8 4 0 .13

7 3 6 6 6 1.7 1 A 0 3 .9 7 2 2.4 6 0 .12 0 .18

7 3 7 0 9 1.3 5 A m 3 .9 0 7 2.0 0 0 .14 0 .6 8 0 .10

7 3 7 11 1.4 2 A m 3 .9 0 4 2.0 8 0 .10 0 .7 5 0 .11

7 3 7 3 0 1.23 A m 3 .9 0 7 1.8 9 0 .13 0 .5 8 0 .0 9

7 3 7 4 6 0 .9 5 F0 V 3 .8 7 2 1.6 4 0 .0 8 0 .3 8 0 .0 6

7 3 7 9 8 1.0 5 F0 V 3 .8 6 5 1.7 0 0 .12 0 .4 2 0 .0 6

7 3 8 18 0 .9 7 A m 3 .8 5 9 1.6 3 0 .0 8 0 .3 7 0 .0 6

7 3 9 9 3 1.0 2 F2V 3 .8 5 4 1.6 6 0 .12 0 .3 9 0 .0 6

7 4 0 28 1.24 A 7 V 3 .8 8 9 1.8 8 0 .0 9 0 .5 7 0 .0 9

7 4 0 5 0 1.26 A 6 V 3 .8 9 6 1.9 1 0 .10 0 .6 0 0 .0 9

7 4 13 5 0 .8 9 F0 3 .8 6 9 1.6 0 0 .0 8 0 .3 5 0 .0 5

7 4 5 8 7 1.0 3 A 5 3 .8 7 5 1.7 1 0 .0 9 0 .4 3 0 .0 6

7 4 5 8 9 1.0 5 F0 3 .8 7 5 1.7 0 0 .0 9 0 .4 2 0 .0 6

7 4 6 5 6 1.25 A m 3 .8 9 2 1.8 9 0 .0 9 0 .5 8 0 .0 9

7 4 7 18 1.0 8 A 5 3 .8 8 1 1.7 4 0 .0 9 0 .4 5 0 .0 7
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F ig . 1 0 . A b u n d an c es relativ e to th e S u n ( A sp lu n d et al. 20 0 5 ) of Mg , C a
an d Fe as a fu n c tion of th e M/M�. N o c orrelation s are fou n d .

ab u n d an c e an om alies an d rotation al v eloc ity . S im ilar relation -
h ip s m ay b e less ob v iou s in y ou n g er c lu sters. I t w ill c learly b e
of in terest to c h ec k th is p ossib ility .

T h e tren d s ob tain ed in th is w ork are in d isag reem en t w ith
th ose p red ic ted b y C h ar b on n eau & Mic h au d (19 9 1), as ac c ord -
in g to th eir m od els m erid ion al c ir c u lation d oes n ot n ot affec t
ab u n d an c e p ec u liarities. R ec en tly R ic h er et al. (20 0 0 ) an d later
T alon et al. (20 0 6 ) h av e c alc u lated d iffu sion m od els w ith a
m ore ac c u rate treatm en t of th e rotation al m ix in g . T h eir p red ic ted
ab u n d an c es for stars w ith v ariou s rotation al v eloc ities are q u ali-
tativ ely in ag reem en t w ith ob serv ed p rop erties of ou r sam p le of
A m stars. D etailed m od els, w ith a f u ll treatm en t of d iffu sion an d
rotation al m ix in g , c alc u lated in d iv id u ally for eac h A m star of
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F ig . 1 1 . A b u n d an c es relativ e to th e S u n ( A sp lu n d et al. 20 0 5 ) of C , O ,
N a, Mg , S an d S i as a fu n c tion of th e Fe ab u n d an c e.
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F ig . 1 2 . S am e as in Fig . 11 b u t for C a, S c , T i, C r, Mn , N i, Y an d B a.

ou r sam p le, w ou ld b e n ec essary for a m ore su b stan tial c om p ari-
son b etw een m od els an d ob serv ed ab u n d an c es.

W e h av e d eriv ed M/M� an d f rac tion al ag e (τ) for eac h of th e
stars of ou r sam p le an d p lotted th e ab u n d an c es as a fu n c tion of
M/M�. N o c orrelation w as fou n d for an y of th e th ree sp ec tral
g rou p s c on sid ered h ere, as p red ic ted b y R ic h er et al. (20 0 0 ) .

W e h av e searc h ed for c orrelation s b etw een ab u n d an c es of
th e elem en ts an aly sed in m ost of th e stars an d th e Fe ab u n d an c e.
For n orm al A – an d F– ty p e stars w e h av e n ot fou n d an y c orrela-
tion , w h ile for A m stars stron g c orrelation s are ob tain ed for all
th e p ec u liar elem en ts. T h e b eh av ior of th e ab u n d an c es of th e el-
em en ts w h ic h are p ec u liar in A m stars, as a fu n c tion of th e Fe
ab u n d an c e, is th e sam e as th at fou n d for υ sin i. W e c on c lu d e th at
th ere is a stron g c on n ec tion b etw een th e c orrelation s am on g th e
ab u n d an c es, w ith th e c orrelation s of ab u n d an c es w ith υ sin i.

A c k n o w le d g e m e n ts . W e th an k T an y a R y ab c h ik ov a for im p ortan t h elp an d ad -
v ic e g iv en d u r in g th is in v estig ation . LF an d O K h av e rec eiv ed su p p ort f rom

�
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th e A u strian S c ien c e Fou n d ation (FW F p rojec t P 1 7 8 9 0 - N 2 ) . J D L an d G A W
ac k n ow led g e su p p ort f rom th e N atu ral S c ien c e an d En g in eerin g C ou n c il of
C an ad a (N S ER C ) . G A W ac k n ow led g es su p p ort f rom th e D ep artm en t of N ation al
D efen c e A c ad em ic R esearc h P rog ram m e (D N D - A R P ) . T h is p ap er is b ased on
ob serv ation s ob tain ed u sin g th e S O P H IE sp ec trog rap h at th e O b serv atoire d e
H au te P rov en c e (Fran c e). W e ac k n ow led g e also th e O P T I C O N p rog ram ( R ef
n u m b er: 2 0 0 7 /0 1 1 ) for th e fi n an c ial su p p ort g iv en to th e ob serv in g r u n .
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Element Stratification in Stars, 40 years of Atomic Diffusion
G. Alecian, O. Richard and S. Vauclair (eds)
EAS Publications Series, 17, (2005) 313-315

CHEMICAL ABUNDANCES FOR TEN STARS IN THE ALPHA
PERSEI OPEN CLUSTER

Gebran M.1 and Monier R.1

Abstract. Abundances of Fe, Ti, Cr, Mg and He have been determined
for 10 stars : 5 B, 3 A, 1 F dwarfs and 1 chemically peculiar giant
B8IIIp with apparent velocities ranging from 15 to 130 km.s−1, mem-
bers of the Alpha Persei open cluster (log age=7.40 yrs). The method
consists in adjusting grids of synthetic spectra calculated with SYN-
SPEC48 (Hubeny & Lanz 1992) in the wavelength range of 4450-4600
Å. The input model atmospheres are LTE, RE, plane parallel line blan-
keted models calculated with ATLAS9 (Kurucz, 1992a). A correlation
may exist between [Fe/H] and the effective temperature. Further ob-
servations of a much larger sample of B, A and F stars in this cluster
are foreseen in the near future.

1 Introduction

Abundance determinations for A stars have focused on chemically peculiar A stars
because of their low apparent rotational velocities which facilitate line measure-
ments. In contrast, the chemical composition of the atmospheres of normal A stars
remains poorly known as their lines are broadened by rapid rotation.
Interest in normal A stars has grown up recently. Using spectral line synthesis,
Lemke(1989,1990), Hill & Landstreet (1993) and Hill (1995) found considerable
abundance differences from star to star among the few tens normal field A dwarfs
they analysed. Consequently Varenne & Monier (1999) and Monier (2005) found
similar behaviour for the A dwarfs in the Hyades open cluster (age ' 750 Myrs)
and the Ursa Major moving group (age ' 500 Myrs). In these two associations,
the abundances of iron and other chemical elements vary over a range of 0.7 dex
for normal A dwarfs having same surface properties (same effective temperature
and surface gravity).
Hui-Bon-Hoa et al. (1997) found atypical abundance patterns for the A dwarfs in
the young open cluster Alpha Persei which they tentatively identified as early Am

1 Groupe de recherches en Astronomie et Astrophysique du Languedoc UMR 5024, Université
Montpellier II, Place E. Bataillon, 34095 Montpellier, France

c© EDP Sciences 2007
DOI: 10.1051/eas:2005130
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2 Element Stratification in Stars, 40 years of Atomic Diffusion

phases in agreement with predictions of time-dependent models including diffusion
in A stars. Later on, Hui-Bon-Hoa (1999) found a lack of Am stars in the Alpha
Persei cluster wich can be explained by the time the anomalies take to appear.
The stratification process could be reflected by only marginal underabundances of
Ca (and Sc) in this young cluster.
Elemental radiative diffusion is probably the dominant process leading to the
anomalous abundances in these stars. However, other processes, such as tur-
bulence, mass loss, accretion and meridional circulation may play a role as well
(Michaud, 2005).

2 Observations and data reduction

Ten stars have been observed in October 2003 with the AURELIE spectrometer
placed at the coudé focus of the 152cm telescope of the Haute Provence Obser-
vatory (OHP). The resulting spectra span over the range of 4450-4600 Å with
a resolving power of 30000 (FWHM ∼ 0.15 Å). The apparent rotational veloci-
ties were obtained by adjusting synthetic spectra to the MgII doublet (λ∼4481
Å) calculated using in first approximation a solar abundance of magnesium, and
likely parameters for each star. The IRAF software was used to reduce all spectra
following the standard procedure (offset substraction, division by flat field and
wavelength calibration using a Thorium-Argon lamp). The spectra were then nor-
malized to the local continuum by interpolating cubic splines through continuum
windows.

3 Spectrum Synthesis and chemical abundance analysis

3.1 Atmospheric parameters

Effective temperatures (Teff) and surface gravities (log g) were determined using
Napiwotzki et al.’s (1993) UVBYBETA code.

3.2 Synthetic spectrum

Synthetic spectra were computed using SYNSPEC48 (Hubeny & Lanz, 1992). The
input LTE model atmospheres were computed using Kurucz’s ATLAS9 program
adopting a solar abundance for all the elements. Microturbulent velocities for
each star were adopted following Smalley’s (2004) prescriptions. The abundances
in the synthetic spectra were then modified to achieve the best agreement between
observed and computed profiles of selected lines.

3.3 Linelists

The linelist was built from Kurucz’s gfhyperall.dat (http://kurucz.harvard.edu).
Many log gf for Fe, Mg, Ti and Cr were changed using more accurate values from
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Fig. 1- Abundance of iron versus the effective temperature

the NIST database (http://physics.nist.gov/PhysRefData/ASD/lines-form.html).

3.4 Results

We note[A/B]=log(A/B)∗-log(A/B)�, the stellar atmospheric abundance relative
to the solar value taken from Anders & Grevesse (1989). For two stars, HD20969
and HD21092, our values of the iron abundance agree very well with those deter-
mined by Hui-Bon-Hoa et al. (1997). The errors on the elemental abundances are
standard deviation assuming a Gaussian distribution of the abundances derived
from each lines.
Figures 1 display the abundance of iron for each star against the effective temper-
ature. A correlation may exist between [Fe

H
] and Teff (and for[Fe

H
] and ve sin i) but

it needs to be confirmed on a much larger sample of stars.
New observations of B, A and F dwarfs in the Alpha Persei cluster are foreseen in
the near future.

References

Anders E. & Grevesse N.,GeCoA 1989, 53, 197A
Hill G.M, 1995, A&A 294, 536
Hill G.M & Landstreet J.D, 1993, A&A 276, 142
Hubeny I.& Lanz T., 1992, A&A 262, 501
Hui-Bon-Hoa A, Burkhart C, & Alecian G, 1997, A&A 323, 901
Hui-Bon-Hoa A, 1999, A&A 343, 261
Kurucz R.L, 1992a, Rev. Mex. Astron. 23, 45
Lemke M., 1989, A&A 225, 125
Lemke M., 1990, A&A 240, 331
Michaud G., 2005, Proceedings IAU Symposium n224, july 2004
Monier R, 2005, Abundances of A and F dwarfs in the Ursa Major group, accepted
at Astronomy and Astrophysics.
Napiwotzki R., Schönberner D. & Wenske V., 1993, A&A 268, 653
Smalley B., 2004, Proceedings IAU Symposium n224, july 2004
Varenne O.& Monier R, 1999, A&A 351, 247

��	 1



± ��� ^�Õ¤^Gõ�`þ³ ���.] ^�¦ §-�.¨U�!$�] % §( x����§6 ^ §��s����� %�¦_^ ��� ^ §

Mem. S.A.It. Suppl. Vol. 8, 200
c© SAIt 2005

Memorie della

Supplementi

Preliminary abundances of Fe, Ti, Cr, Mg and
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Abstract. Abundances of Fe, Ti, Cr, Mg and He have been determined for 10 stars (5 B,
3 A, 1 F dwarfs and 1 chemically peculiar giant B8IIIp with apparent velocities ranging
from 15 to 130 km.s−1) of the Alpha Persei open cluster (log age=7.40 yrs). The method
consists in adjusting grids of synthetic spectra calculated with SYNSPEC48 code (Hubeny
& Lanz 1992) in the region of 4450-4600 Å and Kurucz’s ATLAS9 model atmospheres. A
correlation may exist between [Fe/H] and the effective temperature. Further observations of
a much larger sample of B, A and F stars in this cluster are foreseen in the near future.

1. Introduction

Abundance determinations for A stars have
focused on chemically peculiar A stars
because of their low apparent rotational
velocities which facilitate line measurements.
In contrast, the chemical compositions of the
atmospheres of normal A stars remain poorly
known as their lines are broadened by rapid
rotation.
Recently, interest in the chemical composition
of normal A stars has been revived because
considerable abundance variation can be found
from star to star among normal A stars. Using
spectral line synthesis, Lemke (1989, 1990),
Hill & Landstreet (1993) and Hill (1995)
found considerable abundance differences
from star to star among the few tens normal
field A dwarfs they analysed. Consequently
Varenne & Monier (1999) and Monier (2005)
found similar behaviour for the A dwarfs in the
Hyades open cluster (age ' 750 Myrs) and the

Ursa Major moving group (age ' 500 Myrs).
In these two associations, the abundances
of iron and other chemical elements vary
over a range of 0.7 dex for normal A dwarfs
having same surface properties (same effective
temperature and surface gravity).
Hui-bon-Hoa & al. (1997) found that atypical
abundance patterns may exist in a sample of
A stars. These peculiar abundance patterns
may be identified as early Am phases in
agreement with predictions of time-dependent
models including diffusion in A stars. Later
on, Hui-Bon-Hoa (1999) found a lack of Am
stars in the Alpha Persei cluster which can be
explained by the time the anomalies take to
appear. The stratification process could cause
only marginal underabundances of Ca (and
Sc) in this young cluster.
Elemental radiative diffusion is probably the
dominant process leading to the anomalous
abundances in these stars. However, other
processes, such as turbulence, mass loss,
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Table 1. Photometric indices, temperature and surface gravity of the stars

star V B − V b − y m1 c1 β spectral type Te f f (K) log g

HD21699 5.47 -0.115 -0.041 0.111 0.369 2.697 B8IIIp 16101 4.11
HD22136 6.89 -0.01 0.014 0.106 0.648 2.766 B8V 12811 4.14
HD20961 7.635 0.12 0.086 0.128 0.94 2.875 B9.5V 10386 4.27
HD19805 7.94 0.12 0.074 0.137 0.945 2.887 B9.5V 10294 4.33
HD20969 9.05 0.34 0.215 0.182 0.721 2.758 A8V 7331 4.30
HD21071 6.08 -0.077 -0.029 0.103 0.444 2.727 B7V 14945 4.26
HD21455 6.235 0.132 0.120 0.073 0.587 2.731 B7V 13627 3.98
HD20122 9.25 0.43 0.274 0.163 0.754 2.736 F2V 7129 3.98
HD21092 8.48 0.2 0.11 0.2 0.952 2.895 A5V 8495 4.26
HD20842 7.85 0.1 0.075 0.131 0.965 2.886 A0V 10117 4.25
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Fig. 1. Abundance of iron versus effective temperature

accretion and meridional circulation may play
a role as well (Michaud, 2005).

2. Observations and data reduction

Ten stars have been observed in October 2003
with the AURELIE spectrometer placed at the
coudé focus of the 152cm telescope of the

Haute Provence Observatory (OHP). The re-
sulting spectra span 4450-4600 Å with a re-
solving power of 30000 (FWHM ∼ 0.15 Å).
The apparent rotational velocities were ob-
tained by adjusting the MgII line (4481 Å). The
IRAF software was used to reduce all spectra
following the standard procedure (offset sub-
straction, division by flat field and wavelength
calibration using a Thorium-Argon lamp). The
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Table 2. The adopted log g f used for the computation of the synthetic spectrum

element wavelenght(Å) log g f accuracy reference
MgII 4481.1260 0.730 B Biermann et al., 1948
MgII 4481.325 0.575 B Biermann et al., 1948
TiII 4450.482 -1.448 D Danzmann et al., 1980
TiII 4468.507 -0.600 D Danzmann et al., 1980
TiII 4501.273 -0.770 D Danzmann et al., 1980
TiII 4533.969 -0.530 C Roberts et al., 1973
TiII 4563.761 -0.690 D Roberts et al., 1973
FeII 4491.405 -2.690 C Fuhr et al., 1988
FeII 4508.288 -2.210 C Fuhr et al., 1988
FeII 4515.339 -2.490 C Fuhr et al., 1988
FeII 4520.224 -2.600 C Fuhr et al., 1988
FeII 4522.634 -2.190 C Fuhr et al., 1988
FeII 4541.524 -3.050 C Fuhr et al., 1988
FeII 4549.474 -1.750 C Fuhr et al., 1988
FeII 4555.893 -2.280 D Fuhr et al., 1988
HeI 4471.469 -2.198 A Treffitz et al., 1957
HeI 4471.473 -1.028 A Treffitz et al., 1957
HeI 4471.473 -0.278 A Treffitz et al., 1957
HeI 4471.485 -1.028 A Treffitz et al., 1957
HeI 4471.488 -0.548 A Treffitz et al., 1957
CrII 4539.595 -2.530 D Wujec et al., 1981
CrII 4554.988 -1.373 D Kostyk et al., 1983
CrII 4558.650 -0.659 D Wujec et al., 1981
CrII 4592.049 -1.217 D Kostyk et al., 1983

spectra were then normalized to the local con-
tinuum by interpolating cubic splines.

3. Synthetic spectrum and chemical
abundance analysis

3.1. Atmospheric parameters

Effective temperature (Te f f ) and surface grav-
ity (log g) were determined using Napiwotzki
et al.’s (1993) UVBYBETA code and are
collected in Table 1.

3.2. Synthetic spectrum

The synthetic spectra were computed using
SYNSPEC48 (Hubeny & Lanz, 1992) and the
LTE model atmospheres were computed using
Kurucz’s ATLAS9 program with a solar abun-
dance for all the elements. Microturbulent ve-
locities for each star were adopted following

Smalley’s prescriptions (2004).
Two important files are used as input to
SYNSPEC48 program: the line list and the
model atmosphere. The abundances in the syn-
thetic spectra were then modified in order to
achieve the best agreement between observed
and computed profiles of selected lines.

3.3. Linelists

The linelist was built from Kurucz’s gfhy-
perall.dat ( http://kurucz.harvard.edu). Only
transitions between 4450 and 4600 Å were
retained.
Many log g f for Fe, Mg, Ti and
Cr were changed using more accu-
rate values from NIST’s database
(http://physics.nist.gov/PhysRefData/ASD/
lines-form.html). Table 2 represent the adopted
elements and the associated log g f , accuracy
and reference.
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Table 3. Abundances of Fe, Ti, Cr, Mg, Cr, and He in the Alpha Persei stars

Element number of lines < log( N
NH

)∗ > σ log( N
NH

)�
( N

NH
)∗

( N
NH

)�
[ N

NH
]

HD21699 v sin i = 45km/s

FeII 5 -3.767 ±0.035 -4.37 4.010 0.603
HeI 4 -3.398 ±0.00 -1.00 0.004 -2.397

MgII 2 -5.29 ±0.00 -4.46 0.150 -0.823
HD22136 v sin i = 20km/s

FeII 5 -4.473 ±0.01 -4.37 0.79 -0.102
HeI 4 -1.26 ±0.00 -1.00 0.55 -0.259

MgII 2 -4.79 ±0.00 -4.46 2.40 0.380
TiII 2 -7.573 ±0.00 -7.05 0.30 -0.522

HD20961 v sin i = 25km/s

FeII 6 -4.36 ±0.03 -4.37 1.02 0.009
HeI 4 -1.046 ±0.00 -1.00 0.90 -0.045

MgII 2 -4.18 ±0.00 -4.46 2.20 0.342
TiII 4 -7.177 ±0.047 -7.05 0.75 -0.124

HD19805 v sin i = 15km/s

FeII 6 -4.37 ±0.057 -4.37 0.99 -0.004
HeI 4 -1.70 ±0.00 -1.00 0.20 -0.698

MgII 2 -4.28 ±0.00 -4.46 1.50 0.176
CrII 2 -6.16 ±0.07 -6.37 1.63 0.212
TiII 3 -7.02 ±0.04 -7.05 1.071 0.03

HD20969 v sin i = 21.5km/s

FeII 5 -4.27 ±0.05 -4.37 1.25 0.097
MgII 2 -4.28 ±0.00 -4.46 1.50 0.176
CrII 2 -6.16 ±0.07 -6.37 1.63 0.212
TiII 4 -7.04 ±0.01 -7.05 1.01 0.004

HD21071 v sin i = 50km/s

FeII 7 -4.48 ±0.03 -4.37 0.77 -0.113
HeI 4 -1.39 ±0.00 -1.00 0.4 -0.397

MgII 2 -4.346 ±0.00 -4.46 1.30 0.114
CrII 1 -6.37 ±0.00 -6.37 1.00 0.000

HD21455 v sin i = 130km/s

FeII - -4.67 ±0.00 -4.37 0.50 -0.301
HeI 4 -1 ±0.00 -1.00 1.00 0.000

MgII 2 -4.46 ±0.00 -4.46 1.00 0.000
HD20122 v sin i = 100km/s

FeII 2 -4.37 ±0.00 -4.37 1.00 0.000
MgII 2 -4.31 ±0.00 -4.46 1.40 0.146
TiII 2 -7.05 ±0.00 -7.05 1.00 0.000

HD21092 v sin i = 78km/s

FeII 6 -4.28 ±0.08 -4.37 1.24 0.093
MgII 2 -4.38 ±0.00 -4.46 1.20 0.079
CrII 2 -6.26 ±0.00 -6.37 1.30 0.114
TiII 3 -6.96 ±0.02 -7.05 1.23 0.090

HD20842 v sin i = 75km/s

FeII 7 -4.49 ±0.03 -4.37 0.75 -0.124
HeI 4 -1.09 ±0.00 -1.00 0.80 -0.096

MgII 2 -4.16 ±0.00 -4.46 2.00 0.301
TiII 4 -7.30 ±0.15 -7.05 0.56 -0.252
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Fig. 2. Abundance of iron versus rotational velocity

3.4. Results

We note [A/B]=log(A/B)∗-log(A/B)�, the stel-
lar atmospheric abundance relative to the solar
value taken from Anders & Grevesse (1989).
For two stars, HD20969 and HD21092, our
values of the iron abundance agree very well
with those determined by Hui-Bon-Hoa et
al. (1997). The errors in the elemental abun-
dances are the standard deviations assuming
a Gaussian distribution of the abundances de-
rived from each lines:

x̄ =
∑

i xi

N
and

σ2 =
∑

i(xi−x̄)2

N

where x̄ is the mean value of the abun-
dance, N the number of line of the element and
σ the standard deviation.
Table 3 represents the abundance for the 10

stars of Alpha Persei open cluster.
Figures 1 and 2 displays the abundance of iron
for each star against the effective temperature
and the apparent rotational velocity vesin i. A
correlation may exist between [ Fe

H
] and Teff

(and between [ Fe
H

] and ve sin i) but it needs to
be confirmed on a much larger sample of stars.
New observations of B, A and F dwarfs in the
Alpha Persei cluster are foreseen in the near
future.
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Abstract. The current status of microturbulent velocity and abundance determinations for
A and F dwarfs in open clusters is reviewed. A programme to observe several tens of A and
F dwarfs in open clusters of various ages was initiated several years ago. We have performed
high resolution high signal-to-noise spectroscopy of stars well distributed in mass along the
Main Sequence. Microturbulent velocities and abundances of several chemical elements have
been derived iteratively by fitting grids of synthetic spectra calculated in LTE to the observed
spectra. Curve of growths were used in a few instances as well. The results obtained are reviewed
for Coma Berenices, the Pleiades, Alpha Persei and the Ursa Major moving group.
The microturbulent velocities exhibit a broad maximum in the range A5V to about F0V as
indicated in Smalley(2004).

Keywords. microturbulent velocity,stars: abundances, A stars and F stars.

1. Introduction

In the analysis of stellar spectra, microturbulent velocity usually refers to turbulent
elements whose size is small compared to unit optical depths. Its value is usually adjusted
so that abundances derived from lines of different equivalent widths be equal.
A possible dependence of the microturbulent velocity versus effective temperature was
searched (Smith(1973), Coupry & Burkhart(1992), Gray et al.(2001)). Recently Smal-
ley(2004) summarized the situation for tepid stars: microturbulent velocities rise from
2 km/s for early A-type stars up to 2-4 km/s for late A-type stars, and then back to
1-2 km/s for mid F-types stars. In this paper, we report on microturbulent velocities
determined in the analysis of high dispersion spectra of A and F stars in open clusters,
our major goal having been the derivation of elemental abundances.

2. Programme stars, Observations and data reduction

Fifteen stars (ten members of Alpha Persei and five members of Coma Berenices)
were observed with the AURELIE spectrometer placed at the coudé focus of the 152 cm
telescope of the Haute Provence Observatory (OHP)(Tab. 1). Thirty two stars (twenty
two members of Coma Berenices and ten members of the Pleiades ) were observed with
the ELODIE echelle spectrograph attached to the 193 cm telescope of the OHP (Tab.1).
The IRAF software was used to reduce all spectra following the standard procedure

for the mono-order (offset removal, division by flat field and wavelength calibration) and
the echelle spectra (bias substraction, finding and centering the orders, removal of the
diffuse light, division by the flat field, extracting the spectra, wavelength calibration and
merging the orders). The normalization was done with IRAF (we computed synthetic
spectra using SYNSPEC (Hubeny & Lanz(1992)) to help establish the position of the
continuum in each order).

1 ��Á
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Table 1. Stars and open clusters

Number of satrs Open cluster Age (Myr) [ Fe

H
] Date Spectrograph Wavelength range (Å)

10 Alpha Persei 70 0.1 October 2005 AURELIE 4450-4600
5 Coma Berenices 450 -0.052 Mars 2004 AURELIE 4450-4600
22 Coma Berenices 450 -0.052 April 2004 ELODIE 3800-6800
10 Pleiades 140 -0.03 January 2004 ELODIE 3800-6800

3. Microturbulent velocities and abundances analysis

3.1. Fundamental atmospheric parameters

The effective temperatures (Teff) and surface gravities (log g) were determined using
Napiwotzki et al.(1993) UVBYBETA code based on the strömgren uvbyβ photometry.
The routine dereddens the observed photometric indices (b−y)1, m1 and c1, than derives
Teff and log g from the dereddened indices and the β parameter.

3.2. The Method

Synthetic spectra were computed using Takeda’s iterative procedure (Takeda(1995)).
This code requires two input data, a line list and model atmospheres. LTE model at-
mospheres were computed using Kurucz’s ATLAS9 (Kurucz(1992)) code, assuming a
plane parallel geometry, hydrostatic equilibrium, radiative equilibrium and depth in-
dependent microturbulence. The line list was constructed from Kurucz’s gfall.dat list
(http://kurucz.harvard.edu), the oscillator strengths were checked using more accurate
values from the literature and from the NIST database.
The microturbulent velocity (ξt), rotational velocity (ve sin i) were simultaneously de-
termined as explained by Takeda(1995) by fitting the line profile of MgII line around
4481 Å and the unblended FeII lines at 4491.405 Å and 4508.288 Å. The FeII lines are
more sensitive to rotational velocity while the MgII line is sensitive to both parameters
(ξt and ve sini). Each line gives a set of values for these parameters (usually comparable)
and the mean values are adopted. These values were then fixed when modelling all other
lines in order to determine the abundances.
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Figure 1. The effect of ξt on the shape of the line: the long-dashed line correspond to the value
of ξt of 3km/s, the dotted one corresponds to ξt of 5km/s while the better agreement(dashed)
corresponds to ξt=4km/s, observations are the solid line.
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4. Results and conclusion

We confirm that the microturbulent velocity reach its maximum around mid A-type
stars (ξt ∼ 2 − 4km/s), then it decreases to 1-2 km/s for F stars in agreement with
previous authors (Coupry & Burkhart(1992),Smalley(2004), ... ).
Our results appear in figure 2 (left). A compilation of microturbulent velocities deter-
mined by various authors for the Pleiades, Alpha Persei, Coma Berenices and Ursa Major
moving group appears in figure 2 (right). The broad increase of ξt with Teff around 8000K
agrees well with Smalley’s (2004) prescriptions.
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Figure 2. (Left) Plot of ξt versus Teff (deduced from this work) for the stars of the Pleiades,
Alpha Persei and Coma Berenices.(Right) Plot of ξt versus Teff for the stars of this work, Varenne
& Monier(1999) and Monier(2005). We added the A-F stars of Coupry & Burkhart(1992) and
Gray et al.(2001).
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Abstract. Abundances of 18 chemical elements have been derived for 27 A/Am
and 16 F stars members of the Pleiades and Coma Berenices open clusters. We
have specifically computed, with the Montréal code, a series of evolutionary
models for two A star members of these two clusters. None of the models
reproduces entirely the overall shape of the abundance patterns. The inclusion
of competing processes such as rotational mixing in the radiative zones of
these stars seems necessary to improve the agreement between observed and
predicted abundance patterns.

Key words: stars: abundances – diffusion – open clusters and associations:
individual: Coma Berenices, Pleiades

1. Introduction

Stars in open clusters have the same initial chemical composition and age. They
are very useful to test the predictions of evolutionary models. Models for F and
A stars have already been calculated by Turcotte et al. (1998) and Richer et
al. (2000) respectively. The main thrust of this paper is to compare the derived
abundances with new self-consistent models calculated with the Montréal code.

2. Method

Our observing sample consists of 22 A/F star members of the Coma Berenices
cluster and 21 A/F stars of the Pleiades open cluster. These stars were ob-
served using ELODIE and SOPHIE échelle spectrographs at the Observatoire
de Haute-Provence (OHP). For each star, effective temperature (Teff) and sur-
face gravity (log g) were determined using the UVBYBETA code of Napiwotzki
et al. (1993), based on Strömgren’s uvbyβ photometric indices. LTE model atmo-
spheres were computed using Kurucz’s ATLAS9 code (Castelli & Kurucz 2003).
The linelist was constructed from Kurucz’s gfall.dat (http://Kurucz.harvard.edu).
The oscillator strengths were checked against more accurate laboratory determi-
nations when available. Synthetic spectra were computed using Takeda’s (1995)
iterative procedure. The microturbulent velocities, rotational velocities and the��Á 1
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abundances of 18 elements were determined by fitting the line profiles of the
observed spectrum.

3. Results

For A stars, we found large star-to-star variations in the abundances of most
elements. Evolutionary models that include the effects of atomic and turbulent
diffusion were calculated for 2 A stars, HD 23631 (a member of Pleiades cluster)
and HD 107966 (a member of Coma Berenices cluster). These clusters have
very similar metallicity, therefore we can follow the evolution of the surface
chemical composition of a star at the age of the Pleiades (100 Myr) to the
age of Coma Berenices (450 Myr). After a series of tests, the adopted model
was the T5.3D200k-3 (see Richer et al. 2000 for details). Most of the iron peak
elements are well fit by the model (figure 1). A few discrepancies exist for the
light elements Na, Mg and Si. Part of these discrepancies may arise from non-
LTE effects. However, the inclusion of competing processes such as rotational
mixing in the radiative zone (or mass loss) should help reproduce the observed
patterns.
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Figure 1. Predicted surface abundances at 100 Myr for HD 23631 (left panel) and

at 459 Myr for HD 107966 (right panel). Triangular symbols represent the observed

abundances with representative error bars.
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6 «®¥¦jp° äÅ°Ôm H §glÅ©¹°Ôm

îJI1î ÷LK'MONPK;QSRTMOU�QSV�U$WPR4ÿ!XZY;N[I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ]^ Iò� Ï
U$_J`=NPMSaSRbN"V;cedfK�gLV!dfaOdhcbc�i$cbNjI�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I k
��I ^ l N$QmUPMS_JR�cbN$Q�n�ojI�I�I\I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ 	p I p nq_JaraSUPcedfMSR�_JKsNPKZMSaSN6¡�RtNPMM�!N I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I phup Iwv nq_J`=V�_JQSRTMOR�_hKxW%y;R�`=R�XZY;N
z{N|kAUPMS_JR�cbN$Q�}~z��wdhV;ari$QM9�Rbc�cÎ/ l dhK;z;Q�MOarN$NPM�� ^ Á2ÁJv'��I\I�I p�^p I�] G�W%y{U$`�d=z��wdh��_JK;z!dfK;W$NPQ�z;NPQ�UPMO_hR�c�NPQ�}�K;_Jar`�dhcbN$Q�z;NPQM9m�'dfz;N$Q�I�I\I�I�I\I	I�I\I�I pJpp I�� �!N	N$K���_JK;W�MOR�_hKsz;N

Teff

V�_JY;a pJp U�MO_JRbc�N$Q�}�N�M���`=N$`|�;aSNPQmz����maSQOd���d��r_ha�I�I\I�I p vp Iw� }���_JK{z!dhK;WPN$Qmz;N pJp U$c�UP`�NPK'MOQ�z!dhK;Q ^�p U�MO_JRbc�N$Q�}�`�z��wdhV;ari$Q(nq_JK'MOR�� ^ Á'k u �
I�I\I�I p �p I�k ��W%y{U$`�d=z��wdh��_JK;z!dfK;W$NPQ�z;NPQ�UPMO_hR�c�NPQ�}(`jz{N$Qm�m�Jdhz;N$Q�I�I\I�I�I\I�I\I�I�I\I	I�I\I�I p kp Iw� nq_J`=V�_JQSRTMOR�_hKxW%y;R�`=R�XZY;N
z{N$Qm}(V�z���dfV;aSiPQm}�z{N$c�`�dhK?� ^ Á'khv'� I\I�I\I�I�I\I	I�I\I�I p Áp I�Á }�MS`�_JQrV;y;iPaSN$Qmz;NPQ�U�MO_JRbc�N$Qq}�K{_JaS`�dhc�NPQ�NPMm}�` I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I vh]p I ^¡u o�aS_¢W$NPQSQrY;Q(z;N
MSaOdhK;QrV�_harM�z!dhK{QmcbN$QmdfMS`�_JQrV;y;iPaSN$Q£I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I vJ�p I ^J^�¤ n¥z!dhK;Q�c�NPQ�UPMS_JR�cbN$Q�}�z��wdhV;ari$Q(�¦R�W%y!dfY;z§� phuJu ]'� I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I v'k
v{I ^ ��V�N$W�MOarN\}���¨�© ltª © I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I«]J]v{I p �-¬��(�­NPK���_hK;WPMSR�_JK�z;N

λ
I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I«]Z�v{Iwv l Y;`=R�iPaSN
z;RT®�Y;QrU$NFI�I\I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I«]Zkv{I�] ��V�N$W�MOarN|© l°¯
±(ª © I\I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I«]'�v{I�� ��V�N$W�MOarN�� ¯ o²� ª © I\I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I«]xÁ

];I ^ ± R�dh³JaSdh`�`=N"��¨´z;N\nq_J`�d=µ¶N$aSNPK;R�WPN$Q�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I·�Jk];I p ± R�dh³JaSdh`�`=N"��¨´z;N$Qmo�c�UPRedhz{N$Q§I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I·�Jk
��I ^ ¯ aS³JdhK;R�³haOdh`=`�N�z���Y;K¦`=_¢z;i$cbN"z��wdfMO`=_JQSV{y;i$arN I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I �Jv��I p nq_J`=V!dhaSdhR�Qr_JKsz;NPQ�Q�MOaSY{WPMOY{aSN$Q�dfMS`�_JQrV;y;UPaSR�XZY;NPQ�N$K'MOarN\}¢¡ l }
�¤ÁFN�M ^�p I\I	I�I\I�I �h]��Iwv nq_J`=V!dhaSdhR�Qr_JKsz;NPQ(dh��_JK;z;dhK;W$NPQ�z;U$z;Y{RbMONPQ(¸AV!dfarMORba�z���}¢¡ l }
��ÁFNPM ^�p I\I	I�I\I�I �h]��I�] l dhar³JN$Y;a�UPX¢Y{Rb¹fdhc�NPK'MON§I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I �'���I�� nq_JY{aS��N�z{N�WPaS_JRbQSQSdhK;W$NºI\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I �'k��Iw� ¯ aS³JdhK;R�³haOdh`=`�N�z;N	W»dhcbW$Y;c�z��wY{K¦QrV�NPWPMOarN\Q��¢KZMSy;UPMSR�XZY;N¼I\I�I�I\I�I\I�I�I\I	I�I\I�I �2Á��I�k ©½®�NPMmz;N	ced�¹¢RbMSN$QSQrN	z;N	aS_hMOdfMORb_JKsQSY;a�cbN
V;aS_h¾;ctz��wY{K;N	aOdhRbN=I�I�I\I�I\I�I�I\I	I�I\I�I·khv��Iw� ©½®�NPMmz;N	cedAaSUPQS_JcbY{MORb_JKsz;Y�QSV�N$W�MOaS_h³JaOdhV{y;N	QSY;a�c�N
V{aS_h¾!ctz��wY;K{N�aSdhR�N I�I\I	I�I\I�I·kf]��I�Á ��V�N$W�MOarN$Qm_J�;QSNPar¹hU$Q(z��wU�MO_JRbc�N$Q�}�N�M��¿¸Fz;RT®�UPaSN$K'MSN$Q

ve sin i
�Ànq_J`�dFµqNPaSNPK;R�WPN$Q%��I�I·kJk��I ^¡u ��V�N$W�MOarN$Qm_J�;QSNPar¹hU$Q(z��wU�MO_JRbc�N$Q�}�N�M��¿¸Fz;RT®�UPaSN$K'MSN$Q

ve sin i
�Áo²cbU$R�dhz;N$QO�´I\I	I�I\I�I·kh���I ^J^ }��rY;QrMSN$`=N$K'M(z{N�QrV�NPWPMSaSN$QGI�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I·k�Á��I ^�p nq_J`=V!dhaSdhR�Qr_JK®¡-d�ÐhNPz!dÂg��~}	Ã"��o�©�nÄI\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I � ^

v ^J^



>�Å'Æ$Ç�È\É¢Ès§�ÊF»hË¢ÌOÈ%Í
��I ^ vÎ©½¹h_Jc�Y{MSR�_JK�z;N

ξt(1)
I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I�I\I�I	I\I�I\I�I�I\I«� p��I ^ ]Ï©½¹h_Jc�Y{MSR�_JK�z;N

ξt(2)
I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I�I\I�I	I\I�I\I�I�I\I«� p��I ^ �Ð©�W$dharMqN$K'MOarN(c�NPQ

ξt
z;U�MONPaS`=R�K;UPN$Qqz;dhK;QqWPNPMrMON�MSy;i$QrN(N�M�W$NPc�cbN$Q²z;N"ÃmR�QrQSN$KG� ^ ÁJ� ^ �½NPMz{N\©�z{¹fdharz;QSQr_JK�N�M�dhc�I�� ^ Á2Áhv'� I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I«�h]��I ^ �Ïnq_h`�V!dfaOdhRbQS_JK;Q�z{N$Q
ve sin i

V�_JY;a�z;RT®�UPaSNPKZMSN$QmUPMSY;z;N$QGI�I�I\I�I\I�I�I�I�I�I\I�I\I�I«�'���I ^ k
Ve sin i

N$K���_JK;W�MOR�_hKsz;N
Teff

I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I«�'���I ^ �
σve sin i

I�I\I�I�I\I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I«�J���I ^ Á
σξt

I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I«�2Á��I phu
σlog gf

I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I Á u��I p�^
σTeff

I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I Á ^��I pJp
σlog g

I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I Á p��I p v
σTeff

×
σlog g

I�I�I\I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I Á p��I p ]¥��_��hN$K;K{N\dfaSRbMSy;`=UPMORbXZY;N�N�M�`=_��hN$K;K{N
z;UPMSN$aS`=R�K{U$N(V;dha�Y;KsW$dhc�WPY;c�z��wRbK;W$NParMORTMOY;z{N$QV{aS_JV;arNÑI�I\I�I�I\I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I Áh]
�{I ^ nq_h`�V!dfaOdhRbQS_JKsNPKZMSaSN�z;Rb®�U$arN$K'MONPQ�UPMOY{z;N$Q|�Á}�`«o�c�U$R�dhz;NPQ%�GI\I�I\I�I�I�I�I�I\I�I\I�I ^¡u ��{I p nq_h`�V!dfaOdhRbQS_JKsNPKZMSaSN�z;Rb®�U$arN$K'MONPQ�UPMOY{z;N$Q|�Á}�o�c�UPRedhz;NPQ%�§I�I\I�I\I�I�I�I�I�I\I�I\I�I ^¡u ��{Iwv nq_h`�V!dfaOdhRbQS_JKsNPKZMSaSN�z;Rb®�U$arN$K'MONPQ�UPMOY{z;N$Q|�Á}Ònq_J`�dAµqN$arN$K;RbW$NPQ%�mI�I�I�I�I�I\I�I\I�I ^J^ k�{I�] nq_h`�V!dfaOdhRbQS_JKsNPKZMSaSN�z;Rb®�U$arN$K'MONPQ�UPMOY{z;N$Q|�Á}�`Fg ^ nq_J`�dFµqNPaSNPK;R�WPN$Q%� I�I�I\I�I\I�I ^J^ Á�{I�� nq_h`�V!dfaOdhRbQS_JKsNPKZMSaSN�z;Rb®�U$arN$K'MONPQ�UPMOY{z;N$Q|�Á}�`Fg p nq_J`�dFµqNPaSNPK;R�WPN$Q%� I�I�I\I�I\I�I ^�phu�{Iw� nq_h`�V!dfaOdhRbQS_JKsNPKZMSaSN�z;Rb®�U$arN$K'MONPQ�UPMOY{z;N$Q|�À�°g ^ nq_J`�dAµ¶N$aSNPK;R�WPN$QO��I�I�I�I�I\I�I\I�I ^�pJp�{I�k nq_h`�V!dfaOdhRbQS_JKsNPKZMSaSN�z;Rb®�U$arN$K'MONPQ�UPMOY{z;N$Q|�À�°g p nq_J`�dAµ¶N$aSNPK;R�WPN$QO��I�I�I�I�I\I�I\I�I ^�p v�{Iw� �¢W%y;U$`�dhQ�z��wdh��_hK;z!dhK;WPN$Qmz;N$QmUPMS_JR�cbN$Q�z{N$Q�o²cbU$R�dhz;N$QÓI\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ vh]�{I�Á �¢W%y;U$`�dhQ�z��wdh��_hK;z!dhK;WPN$Qmz;N$QmUPMS_JR�cbN$Q�z{N|nq_h`�dFµqNPaSN$K{R�W$NPQ�I�I\I�I�I�I�I�I\I�I\I�I ^ v'��{I ^¡u }���_hK;z!dhK;WPN$Qmz;N\n(Ô ¯ N�M(Ã�dAN$K���_JK;WPMSR�_JK

Teff

I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ vJ��{I ^J^ }���_hK;z!dhK;WPN$Qmz;N\�¦³;Ô���R�NPM(n�d=NPK���_hK;WPMSR�_JK
Teff

I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ v'k�{I ^�p }���_hK;z!dhK;WPN$Qmz;N\��WhÔ!Õ�RtN�M�Ö~N$K���_JK;WPMSR�_JK
Teff

I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ vJ��{I ^ vÐ}���_hK;z!dhK;WPN$Qmz;N\nqa$Ô��¦K�NPM��!N
N$K���_JK;W�MORb_JK
Teff

I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ v2Á�{I ^ ]Î}���_hK;z!dhK;WPN$Qmz;N\nq_;Ô�Ã�R�NPM(��a�N$K���_JK;W�MOR�_hK
Teff

I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ ] u�{I ^ �Ó}���_hK;z!dhK;WPN$Qmz;N�}AÔ ¤ a�N�Mmµ�d=NPK���_hK;WPMSR�_JK
Teff

I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ ] ^�{I ^ �Ð}���_hK;z!dhK;WPN$Qmz;N l d{Ô�nqNhÔ�Ãmz�N�M�©²Y�N$K���_JK;W�MORb_JK
Teff

I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ ] p�{I ^ kÓ}���_hK;z!dhK;WPN$Qmz;N\n(Ô ¯ N�M(Ã�dAN$K���_JK;WPMSR�_JK
ve sin i

I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ ]'v�{I ^ �Ð}���_hK;z!dhK;WPN$Qmz;N\�¦³;Ô���R�NPM(n�d=NPK���_hK;WPMSR�_JK
ve sin i

I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ ]J]�{I ^ ÁÐ}���_hK;z!dhK;WPN$Qmz;N\��WhÔ!Õ�RtN�M�Ö~N$K���_JK;WPMSR�_JK
ve sin i

I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ ]Z��{I phu }���_hK;z!dhK;WPN$Qmz;N\nqa$Ô��¦K�NPM��!N
N$K���_JK;W�MORb_JK
ve sin i

I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ ]'��{I p�^ }���_hK;z!dhK;WPN$Qmz;N\nq_;Ô�Ã�R�NPM(��a�N$K���_JK;W�MOR�_hK
ve sin i

I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ ]Zk�{I pJp }���_hK;z!dhK;WPN$Qmz;N�}AÔ ¤ a�N�Mmµ�d=NPK���_hK;WPMSR�_JK
ve sin i

I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ ]'��{I p vÐ}���_hK;z!dhK;WPN$Qmz;N l d{Ô�nqNhÔ�Ãmz�N�M�©²Y�N$K���_JK;W�MORb_JK
ve sin i

I\I�I\I�I�I�I�I�I\I�I\I�I ^ ]xÁ�{I p ]¥n�dfaS��_JK;N	N$K���_JK;W�MOR�_hKsz;Y���NPaxI�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ � ^�{I p � ¯�× �¢³Ji$K{N\NPK���_JK{WPMORb_JK�z;Ys��N$a	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ �hv�{I p �Ïn�dfaS��_JK;N	N$K���_JK;W�MOR�_hKsz;N	c���_ × �¢³JiPK;N I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ �J��{I p kÎ�¢_�z;RbY;`�NPK���_hK;WPMSR�_JK�z;Ys��N$a¼I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ �J��{I p �Ï�¦dh³JK;UPQSR�Y{`jN$K���_JK;W�MOR�_hK�z{Y���NPa�I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ �Jk�{I p ÁÏ�¢R�c�RbW$RbY;`ÄN$K���_JK;WPMSR�_JKsz{Y���NPaØI�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ �h��{Iwv u n�dfc�W$RbY;`�NPK���_hK;WPMSR�_JKsz;Y���N$a�I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I ^ � u
v ^�p
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�{Iwv ^ ��W$dhK;z;RbY;`jNPK���_JK{WPMORb_JK�z;Ys��N$a�I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ � ^�{Iwv p n�dhcbW$RbY;`�NPK���_JK{WPMORb_JK�z;Y�QSW$dhK;z;RbY;` I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ � p�{IwvJvÐÕ�RTM%dhK;N	NPK���_JK{WPMORb_JKsz;Y���N$a�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ �Jv�{Iwvh]ÐÖ�dhK;dhz;R�Y{`�N$K���_JK;W�MORb_JK�z;Y���NPa�I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ �h]�{Iwv'�Înqy;ar_J`=N�NPK���_hK;WPMSR�_JKsz;Y���N$a�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ �'��{IwvJ�Ï��dfK;³'dhK;iPQSN�N$K���_JK;W�MOR�_hK�z{Y���NPa I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ �J��{Iwv'kÎnq_J�;dhcbM�NPK���_JK{WPMORb_JK�z;Ys��N$aFI�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ �J��{IwvJ�ÎÃmR�WsÐhNPcÙN$K���_JK;WPMSR�_JKsz{Y���NPa�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ �2Á�{Iwv2ÁÏ�¢MSaS_JK'MSR�Y;`jNPK���_hK;WPMSR�_JKsz;Y���N$aDI	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ k ^�{I�] u }(MSMOarR�Y;`ºNPMmÚ$RbaSWP_JK;R�Y{`�N$K���_JK;W�MORb_JKsz;Y���N$a�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ k p�{I�] ^�¤ RbaSW$_hK;R�Y;`ÛN$K���_JK;W�MORb_JK�z;N	c��Ü�¢MrMOarR�Y;` I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ khv�{I�] p µ�dfar�¢Y;`jNPK���_JK{WPMORb_JK�z;Y���N$a�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ kf]�{I�]'vÎµ�dfar�¢Y;`jNPK���_JK{WPMORb_JK�z;Y�QrMOar_JK'MORbY;` I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ kJ��{I�]J] l dhK'MOy;dhK;N	N$K���_JK;W�MOR�_hK�z{Y���NPaÝI	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ kJ��{I�]Z�ÎnqUPaSR�Y{`jN$K���_JK;W�MOR�_hK�z{Y���NPa I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ kh��{I�]'�ÎÃmU$_¢z{�¢`�N	N$K���_JK;W�MORb_JK�z;Ys��N$aÞI	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ kJk�{I�]ZkÐ©�Y;ar_JV;R�Y{`jN$K���_JK;W�MOR�_hKsz;Y���NPaÐI	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ kJk�{I�]'�Ïn�dhar��_hK;N	NPMm_ × �¢³JiPK;N�N$K���_JK;WPMSR�_JK�z;Y�QrR�c�RbW$RbY;`2�Áo�c�U$R�dhz;NPQ�NPM�nq_J`�dA��NPaSN$K{R�W$NPQ%�ßI ^ k�Á�{I�]xÁÏn�dhar��_hK;N	NPMm_ × �¢³JiPK;N�N$K���_JK;WPMSR�_JK�z;Y�QrR�c�RbW$RbY;`2�Á�m�Jdhz;N$QO�ÝI�I\I�I\I�I�I\I	I�I\I�I ^ � u
k�I ^ �¦_¢z;iPc�N�¸ ^ I��

M�
V�_JY;a�V;cbY;QSRbN$Y;arQmWP_�N�à=W$R�NPK'MOQ�z;N
MOY;ar�;Y;cbN$K;WPN�N�M�¸=]Z� u I	I�I\I�I ^ �'�k�I p }���_JK{z!dhK;WPN$Qqz{N(QSY{ar�ÁdhWPN"¸	]Z� u `=R�cbc�Rb_JK;Q,V�_JY;a²cÀ�wU�MO_JRbc�N�} p `Ä� ±|^¡u �J�h] p NPM¶}(]J`� ±|^¡u �J�h�'kAd¡¹hN$W�c�N
`=_�z{i$c�N(Õ��{I uh± ] uJu gLv�I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ �J�k�Iwv }���_JK{z!dhK;WPN$Q|z{N�QSY{ar�ÁdhWPN�¸ ^¡uJu `�Rbc�c�Rb_JK;Q�V�_JY{a�cÀ�wU�MO_JRbc�NF�½��� ±"p vJ� u Á�NPM|¸�]'� u`=R�cbc�R�_hK;Q¶z���dhK{K;U$NPQ�V�_JY;a�cÀ�wU�MO_JRbc�N"�,�=� ±|^¡u kf� ^J^ d»¹JN$W�c�N
`=_¢z;i$cbN"Õ��{I uJ± ] uJu gávÐI�I ^ Á uk�I�] }���_JK{z!dhK;WPN$Q�z;N	QSY;a��ÁdhW$N�¸ ^¡uhu `=R�cbc�Rb_JK;Q²V�_hY;a�c���UPMS_JR�cbN(} p Ö�� ±
p vJ�Jv ^ N�Mm¸F]'� u`=R�cbc�R�_hK;Q¶z���dhK{K;U$NPQ�V�_JY;a�cÀ�wU�MO_JRbc�N(}(vfÖÒ� ±|^»u k�ÁJ�J�Fd»¹JNPW\cbN
`�_¢z;iPc�N"Õ��{I uJ± ] uJu gáv�I ^ Á u

v ^ v
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^ I ^ ©�cedfaS³JRbQSQSNP`�NPK'M�W$_Jcbc�R�QrR�_JK{K;N$c�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^�p
p I ^ l N$QmUPMS_JR�cbN$Q�n�ojI�I�I\I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ kp I p Ö(RbMONPQSQrN\z;N	ar_hM%dfMSR�_JK�z;N$QmUPMS_JR�cbN$Q�}ÝI\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I p ]
v{I ^ n�dhaSdhWPMSU$arR�QrMSR�XZY;NPQmz{N$Q p df`�dhQ I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I«] uv{I p ©½MO_hR�c�NPQ�}�NPM��âQSUPc�N$W�MORb_JK;K;UPN$Q�dhV;V!dha�MONPK!dhK'M�¸FcÀ��df`�dhQqz;N$Qmo�c�UPRedhz;NPQãI�I\I	I�I\I�I«] pv{Iwv ©½MO_hR�c�NPQ�}�NPM��âQSUPc�N$W�MORb_JK;K;UPN$Q�dhV;V!dha�MONPK!dhK'M�¸FcÀ��df`�dhQqz;N\nq_J`�dFµqNPaSNPK;R�WPN$Q¼I\I�I«]'v
];I ^ ª K;z{R�W$NPQ�V{y;_hMO_h`�U�MOaSRbXZY;N$Qm�¢MSaDrJ`=³JarN$K§I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I·� p];I p

Teff

NPM
log g

z;NPQ�U�MO_JRbc�NPQ I\I�I\I	I�I\I�I�I\I�I\I�I�I	I\I�I\I�I�I\I�I\I�I�I�I�I�I\I·�J�];Iwv nq_J`=V!dhaSdhR�Qr_JK;Q�NPKZMSaSN
Teff

NPM
log g

V�_JY;a�c�NPQmo²cbU$R�dhz;N$Q I�I\I�I\I�I�I\I�I\I	I�I�I\I·�h�];I�] nq_J`=V!dhaSdhR�Qr_JK;Q�NPKZMSaSN
Teff

NPM
log g

V�_JY;amnq_J`�dFµqN$arN$K;RbW$N$QDI�I\I�I�I\I�I\I	I�I�I\I·�h�
��I ^ nq_J`=V�_JQSRTMOR�_hKxQS_Jc�dhR�arN�I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I � p��I p nq_J`=V!dhaSdhR�Qr_JK;Q�z;NPQ

ve sin i
NPM
ξt
�Áo²cbU$R�dhz;N$QO�´I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I � u��Iwv nq_J`=V!dhaSdhR�Qr_JK;Q�z;NPQ

ve sin i
NPM
ξt
�Ànq_J`�dAµ¶N$aSNPK;R�WPN$QO�FI�I\I�I�I\I�I\I�I�I\I	I�I\I�I �J���I�] o�aSUPW$RbQSR�_hK;Q�QSY;a

gf
I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I�I\I�I\I	I�I\I�I �2Á

�{I ^ l N$QmUPMSY;z;NPQmWP_JK;WPN$aSK;dhK'M(cbN$Qmo�c�U$R�dhz;NPQ\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^¡u v�{I p }���_JK{z!dhK;WPN$Qmz;U$z;Y{RbMONPQ�V�_JY{amcbN$Q�U�MO_JRbc�N$Qq}�z{N$Q�o²cbU$R�dhz;N$QsI�I�I\I�I\I�I�I\I	I�I\I�I ^J^J^�{Iwv }���_JK{z!dhK;WPN$Qmz;U$z;Y{RbMONPQ�V�_JY{amcbN$Q�U�MO_JRbc�N$Q��¿z;NPQmo²cbU$R�dhz;N$QâI�I�I\I�I\I�I�I\I	I�I\I�I ^J^ ]�{I�] l N$QmUPMSY;z;NPQmWP_JK;WPN$aSK;dhK'M
nq_J`�dFµqN$arN$K;RbW$NPQÑI�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^J^ ��{I�� }���_JK{z!dhK;WPN$Qmz;U$z;Y{RbMONPQ�V�_JY{amcbN$Q�U�MO_JRbc�N$Qq}�z{N|nq_h`�dFµqNPaSN$K{R�W$NPQÏI\I�I�I\I	I�I\I�I ^�p ]�{Iw� }���_JK{z!dhK;WPN$Qmz;U$z;Y{RbMONPQ�V�_JY{amcbN$Q�U�MO_JRbc�N$Q��¿z;N\nq_J`�dAµqNPaSN$K{R�W$NPQßI\I�I�I\I	I�I\I�I ^�p ��{I�k ± RbQSV�N$arQSR�_hK;Q�z;N$Qmdh��_JK;z!dfK;W$NPQ I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ v p�{Iw� nq_JaraSUPcedfMSR�_JK;QqN$K'MOarN\cbN$Q�z;RT®�UPaSN$K'MSQ�UPc�U$`=N$K'MSQ[I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I ^ � p
}|I ^ ©½MO_hR�c�NPQ�z;N$Qmo�c�UPRedhz{N$Q�_J�;QrN$a�¹JU$NPQ
d»¹JNPW|© l°¯
±(ª ©ÐNPM(� ¯ o²� ª © I�I\I�I�I\I	I�I\I�I p�^�p}|I p ©½MO_hR�c�NPQ�z;N\nq_J`�d=µ¶N$aSNPK;R�WPN$Q�_J�;QrN$a�¹JU$NPQ"d»¹JNPW|© l°¯
±(ª ©ÎNPMm}���¨�© ltª ©ÏI\I	I�I\I�I p�^ v
µ(I ^

V,B − V, b− y,m1, c1, β, π, vr, Teff et log g
V�_JY;a�cbN$Q�U�MO_JRbc�N$Q�z{N$Q�o²cbU$R�dhz;N$QäI\I p�^ �µ(I p

V,B−V, b−y,m1, c1, β, π, vr, Teff et log g
V�_JY;a�c�NPQ¶U�MO_JRbc�NPQ�z;N�nq_J`�d�µqNPaSN$K{R�W$NPQ p�^ k

n(I ^äl R�Q�MON	z;N	aOdfR�N$Q I�I�I\I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I\I	I�I\I�I pJphu
± I ^ nq_JaraSUPcedfMSR�_JK;QqN$K'MOarN\z;RT®�UPaSNPKZMSQ�U$c�UP`�NPK'MOQ�W%y;Rb`�RbX¢Y{N$Q�V�_JY;a�c�NPQ�UPMO_hR�c�NPQ�z;NPQ�o�cbU$Redfz;N$Q p v u

v ^ �
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± I p nq_haSaSUPcedfMSR�_JK{Q"N$K'MOarNAz;Rb®�U$arN$K'MOQ	UPc�U$`=N$K'MSQ
W%y;R�`=R�XZY;NPQ
V�_JY{a"c�NPQ
UPMO_hR�c�NPQ"z;N=nq_J`�dµ¶N$aSNPK;R�WPN$Q I�I�I\I�I\I�I�I\I	I�I\I�I\I�I�I\I�I\I	I�I\I�I�I\I�I\I�I�I�I�I�I\I�I\I�I p v ^
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