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Ì�Ï	Ð	ÝHÆ�·>&�?A@�%	¼�B Î�Ò�Ë
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Ôb·+Æ�º�Ã�ÐQï>ð9ñDò:ó7ð áH�ÞË�·	µ?ß+��·�µ�Á,½z´9·	Ã�Ôbº�Ò�Á�¸�Ûfß2æ�Ä�Ä � í
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ÝFÕCº�ÖsÎ�Á	Ò�Á	Ôbº�Ï�Ò�Ê ¾�·	Ã�·+Æ�¸�Ê-¾<Ñ�Ç�º�ÑAÆ�ÙKPf·+Æ�º�Ã�Ð¯·�¾�Ç�Á�½
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7 × 106
Ã�º�ÏlÆ�·
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Ã�º�Ï0Æ�Ã�Ó�ÔpÁ	Ì�Ì�Ë�Ç�¸�Ê-¾
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Å�Á,ÃtÁ�µ�Ï�Ë�µîË�Ñ�È	Ë�È	Ã�Ë�·�Ï�º�µ�Ë<Ì�Ë�¸�Ï�º�Ï�Ë�Â�º�Ì�µ�Ë�¾<Ì�Î�º�µ�Ï�Ò�·	Ç
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Ò�Á	Ñ�·	Ç!Á�¸�Ë�ÓrË7Ætº�ÏdÎ�·ØÜ�µ�Ì�Î�·�¸�º�¸�¹�Ë�Á,Ã�Ð	¸�·!ÔbàØÑ�Á	µ7·	¸�à�ÙG´
Ôb·+Æ�º�Ã�ËiË�Ì�Î�·	Ã�Ð	Ñ�·	Ç!Á,Ã�Á�Ì�Ð1Ì�·�Ã�¸�º�Â�¸�Á�Ó4Ôbº�Ï,Á�Ã�Ã�Ë�Â�¸�·�Ì�Ï	Ð�Ù
X2Á�Â�Á�Ã�Ð	¸�Á�ÓY0Dà7¸�µ�¹�Ë�ÓkÔpÁ	Ì�ÌláZ�L[=\píFÌÞÇ	º�Ò!¾7¸�Ë�ÔrÎ�Ò�ºAÆtº�½
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ËY^9µ�Á,Ã�·Káùæ+Ä � Ä!íAÙ�_2Á�µ0Î�·�µ7Á	Ñ�Á	¸�·2Ç1Ò�Á	È	·�Ï�ºFÚO·�Ã�Ð�Ñ�·�¸�º�Ã�½Ã�ÊPËaÆ�Ò?Ù$á`&	¼	¼�¼�íAß	¸�ÁDÏ�·	Â�¸�·�Ì�Ï�Ël·	Î�Ò�ºAÆ�º�Ã�º�¸�Ë�Ó0µ�Ò�Á	Ì�¸�Ê-¾
Ì�Ôbº�Õ1º�¸�Ë�ÖkÇ�Ê#È	·�Ò=�L[=\Q¸�ºJÌ�µ�Á	Ñ�Ê#Ç�Á	º�Ï	Ì�Ó?ÙaPf·+Æ�º�Ã�Ð	¸�Ê#º
Ï�Ò�º�µ�ËPÒ�Á	Ì�Ì�Â�Ë�Ï�Á	¸�ÊjÇkÆtË�Á�Î�Á	Ñ�·�¸�ºlÆ�Ã�Ë�¸QÇ	·	Ã�¸r·	Ïb&�¼�¼
Æ�·lÄ�?�»	¼�¼KRò1Ù�cÞÃ�Óf¸�Á�åCË�¾mÒ�Á�Ì�Â�º�Ï�·	ÇlÔbÊ"Ë�Ì�Î�·�Ã�Ð	Ñ�·�Ç�Á�Ã�Ë
Æ�Ë�Á	Î�Á�Ñ�·	¸?ß[Ñ+Á�ÆtÁ	¸�¸�Ê#ÖBÎ�Ò�º�Æ�º�Ã�·�ÔÉµ�Ò�Á	Ì�¸�Ê-¾�Ì�Ôbº�ÕCº�¸�Ë�Ö
·	ÏJ¼CÆ�·0ì�Ù

62Ì�Î�·	Ã�Ð	Ñ�à	º+ÔbÊ#º0¸�Á�È�·	Ò�Ê Ü�Ç�·�Ã�Ý;¹�Ë�·	¸�¸�Ê-¾BÔb·+Ætº�Ã�º�Ö
Æ�·!Ì�Ï�à7Î�¸�Êî¸�Á1Ì�º�Ò�Ç�º�Ò�ºed f�fhg#i j�j<kWl�m�nTkWo�p�n�qsrfáR´Oº�Ò!¾!·+ÆtÁ�¸�·�Ç
ËmÆ�Ò?Ù�ß�&�¼�¼	¼!íAÙ
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ë º�Ò�ºAÆCË�Ì�Î�·�Ã�Ð	Ñ�·�Ç�Á	¸�Ë�º�ÔiÔb·+Æ�º�Ã�Ð	¸�Ê-¾Dµ�Ò�Ë�Ç	Ê-¾ÞÔbÊdÎ�Ò�·�½
Ç	º�Ã�ËJÌ�Å|Ã�Á�ÛJË�Ç�Á�¸�Ë�º9Ë�¾"0DË�Ã�Ð,Ï�Ò�Á	ÔbË?ß�Î�Ò�Ë�Ôbº�¸�Ó�ÓJÌ�Ã�ºAÆ�à!½
ÝFÕCË�ÖfÁ,Ã�Å�·	Ò�Ë�Ï	ÔÉá3´Oº�Ò!¾�·+ÆtÁ	¸�·	Ç1ËKÆtÒ?Ù�ßa&�¼	¼�&	í�ô

Sik =

n
∑

j=0

si−n/2+jfjk(z)

n
∑

j=0

fjk(z)

,
á`%�í

Å�Æ�º
si
¿ Ë�Ì�¾�·+Æ�¸�Á,Ó Ôb·+Æ�º�Ã�Ð�¸�Á,Ó µ�Ò�Ë�Ç�Á�Ó ó7ð�8Cß

Sik¿ Ì�Å|Ã�Á,Ûaº�¸�¸�Á�Ó
k
½&Ê�Ô}0DË�Ã�Ð,Ï	Ò�·�Ô"Ôb·+Æ�º�Ã�Ð	¸�Á�Ó�µ�Ò�Ë�Ç�Á�Ó

ó7ð�8Cß
fk(z)

¿jµ�Ò�Ë�Ç!Á,ÓMÎ�Ò�·�Î�à�Ì�µ�Á�¸�Ë�Ó
k
½ ·	Å�·~0DË�Ã�Ð,Ï�Ò�Á�ß

(ÍÌ�ÛaÁ�Ï,Á�Ó ,aÇ
(1 + z)

Ò�Á�ÑlÎ�Ò�Ë�( Æ�Ç�Ë�ÛCº�¸�Ë�Ë ,lÇ�Æ�·�Ã�Ðf·!Ì�Ë
Æ�Ã�Ë�¸kÇ	·	Ã�¸kµ�Ò�Ë�Ç	·�Ö�ó7ð�8Cß

j = 1, n
¿ ¸�·�Ôbº�ÒkÎ�Ë�µ�Ì�º�Ã�Á

ÇJµ�Ò�Ë�Ç�·	Ö4Î�Ò�·�Î�à�Ì�µ7Á	¸�Ë�Ó>0DË�Ã�Ð,Ï�Ò�Á�ÙV6DÑ2ÌW0D·	Ò�ÔbË�Ò�·	Ç!Á�¸�½
¸�Ê-¾kÏ,Á	µ�Ë�ÔÉ·	È	Ò�Á�Ñ�·!Ô

k
µ�Ò�Ë�Ç�Ê-¾�ó7ð�8 ÔbÊ�Î�·!Ì�Ï�Ò�·	Ë�Ã�Ë
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|¿²�c�R2Z2�BXW`2Z2��Z�SUR�aKl�© L�L�ªB« b NWR7^�O<S�c:M2O�f[Z�SUR�aKl�¬��7¬��0a
²�O�jTSUM2NPN;SUV2t�¬�Er¹Y:ZsO�\�±�NW`2Y�O�f�\�]�VBZsQ2R2O�f�NTSUNWM2]oXTQ2NP`pr
Y:RBc:VBi�MB]IN�MBc:\�VBu%SUNPM2Zpt�MBc5¥�§(ÛÞX�Q2R2ZB\�O�RBO�dxßBàIá�×�râ Ø�á¶|ºÛ���c�MBc�XWi�NWf�Z�SUR�aKl(¬:��¬��TlB`nO�Y�O�R2]IN�Q2O<SUY:f�NWR�SUZpr
VBZ�X�f�]GXTO�`7O��mY�O�{2M2O7XTY:i�uã|!`nO�yP����Z2_2ZBNWM2Y
`nO�R2RBNTV2tpr

_2Z2Z�Ba L ¬�����O�Y:O7d�NWY:R2ZB{2NPXW`2Z2N�O�_BNWM2`2Z(ab Q2R2O�kWRBc�d�d�N���¥�O�VBi���O�N5§%R2Z2O:�°\�]�VUZ�Z2jPd�NPR2NWMB]ä%å ×IØ¹r¹_2f�NWYEc5O�`7O�VBO ª Er¹Y:Z�RBcESUZ2O�kTcEVUc�`2Y:Z2`£Z¢O�\�MBc:RB��r
g�NPM2OBlW{2Y:O�^�O�Y<t�Zp^�_2f�NWY:O�f�O���f�O�jWRBc�XTY%ZBd�NWNPYG\�O�VBi����nu
SUZBXWQ2NWRUXTZ2u�lGd�O8gsMBOhS.O�XTYEc�Y:O�{2MBOm�nf�NPR2NWMBM2OoXW`pc:jPc�Y:iBl
{2Y:Ohf�NWR7^pMptptxkWRUc:M2Z2_Uc
f�O�jPRBc�XWYEcCt2f:V2t2NPY�X=t����7MB`2_2Zpr
NW��`2RUc�XTMBO�kWOsXWd�NP��NPM2Zpt�|!{2N<dh\�O:VBi���N z lpY:NPd�d�NWMBi���N
d�c:`pXWZBd�cEVBi�M2]I�
f�O�jWRBc�XTY��Ta(Ü�c�d�cEVB]�^CZ�O�{2NPM2i�\�O�VBi:r
��Z2^�`2RUc�XTMB]�^�XWd�NP��NPM2Zptp^skTcEVUc�`2Y:Z2`syWY�O�M2NGQ2RBO�Y:Z2f�O:r
R2NP{2Z2YoßUà%æ�ç�r*d�O<SUNWVBZ�\�NWj�`nO�XPd�O:VBO�kWZ2{BNPXT`nO��xQ2O�XWY:O:r
t2M2M2O�� Λ l�M2OÝfÝZ2M2Y:NPR2f�c:VBN 0.7 < z < 2 ZBd�NPu�YEr
X=t�O�\�±�NW`BY:]�X�_Bf�NWY�O�f�]Gd�f�O�jPRBc�XWY:O�d�\�O:VBi���N�f�O�jWRUc�X0r
YEc b XWNTVBNPM2M2O���MBc�XWO�O�Y�f�NWY�XTY:f��7u���N<dw`2RBc�XTM2O7d´XPd�NTr
��NPM2Z2Z�a�è�Y�OoRUc�X=^�O8g�SUNPM2Z2N�l%`pc�`�Z2jPf�NPXWY:M2O�|¿XPd�aJl�MBcEr
Q2R2ZUd�NWR�l � cE^pM2Z�Z � YEc:R2O�\�Z2MBXW`2Z2��l.¬:����Tl2��XWY:RBc:M2t2NWYEr
X=tmf Λ à%æ�ç�r¹d�O<SUNWV2tp^>a Õ NW�BXWY:f�ZBY:NTVBi�M2OBl�f�O�jWRUc�XTYCYEcEr
`nO�� b XTNTVUNWM2M2O��sM2NIO�Y<VBZ2{Uc:NWY�X=t�O�Y�f�O�jPRBc�XWY8c�f�ßBà%æ�ç�r
d�O<SUNWVBZ£MBZCMUc�O�{2NPM2i�d�cEVB]�^>l>M2Z
MBc�O�{2NWM2i�\�O:VBi���Zp^
`2RBc�XTM2]�^¡XPd�NW��NWM2Zptp^>lp{2Y�O�f�ZnSUM2OsZ2j���O�RBd��<V(lpQ2R2Z2f�NTr
SUNPM2M2]�^¡f��nQ2O7d+t2M2�nY:O��[RBc:\�O�Y:N�a

�GSUMBc�`7O�f�Z2MBY:NWR2f7cEVBNo`2RBc�XTM2]�^�XPd�NW��NPM2Z2� z =
1− 2 RUc:jTVUZ2{2Z2N�d�O8g�NWY�SUO�XWY:Z2kTc:Y�i5©0é2¬�d+VBR�SÄa7VBNWY8l7{2Y:O
�7g�N£\:VBZ2jP`nO�`�f�O�jPd�O8g�M2O7XTY<tBdÞyW`pXTQ2NPR2ZBd�NPM2YEc2a�²�R2O:r
XTYEc:t�Y�NWO�RBZpt�X Λ 6= 0 SUV2txQ2R2O�XWY:RBc�MBXTY:f�NWM2MBO�QpVBO7X0r
`nO��CZ2jWO�Y:R2O�Q2M2O��
`nO�XPd�O:VBO�kWZ2{BNPXT`nO��£d�O<SUNWVBZ£S.c:NPY[j<cEr
f�ZUXTZBd�O7XTY:i�Q2O�VBO8g�NPM2Zpt�d�c�`pXTZBd��pd�coO�Y:`2VBO�M2NPM2Z2�ÝO�Y
ßBà%æ�ç�r*d�O<SUNTVBZ¸MBc�O�XTZ¸`2RBc�XTM2]�^�XWd�NP��NPM2Z2�ÞO�Y�f�NTr
VBZ2{BZ2M2]�`nO7XWd�O:VUO�kWZB{2NPXW`7O���Q2O7XTY:O8t2M2MBO���a>²�NWRBf�]IN�Q2O:r
Q2]IY:`BZ¡O�_BNWM2`2Z°jWMBc8{BNWM2Zpt5`nO7XWd�O:VUO�kWZB{2NPXW`7O���Q2O�XWY:O8t2Mpr
M2O���Q2OhS.c:MBM2]GdwQ2RBO�kWRUc�d�d�]µ��¥%O:VBi���O�N¢§%R2Z2OE�
\�]�r
VBZoX�SUNTVUc�M2]zfo© L�L�L k0aI|¿²�c�R2Z2�BXW`2Z2��l�¬:�2©8�0a b XWf:t2jPZ
X�M2NP�nf�NWRBNWM2M2O7XTY:i�uzf�`nO:VBZ2{BNPXTY�f�NWMBM2]�^CO�_2NWMB`nc:^£f�O�jTr
RBc�XTYEc�kTcEVUc�`2Y:Z2`
Q2O�ZBjPd�NWRBNWM2M2O7d��£`BRBc�XWM2O�d��CXWd�NW��NTr
M2Z2u´\�]�VBO�MBc��nSUNWMBO�{2ZBX0VUO�kTcEVUc�`2Y:Z2`�l(f�O�jPRBc�XWY°`nO�Y:O:r
R2]�^���O�RUd�cEVBi�M2O�Q2R2NPf�]I��c�NWY�f�O�jWRUc�XTY b XTNWVBNWMBM2O���f
ßBà%æ�ç�r*d�O<SUNTVBZ�X Λ = 0 ZoQBO�XTY�R2O�NPMBcCkWZBXWY:O�kPRBc�d�d�c
RBc�XTQ2R2NTSUNTVUNWM2Zpt�`nO�VBZ2{2N<XTY:f7c�yWY:Z2^�kTcEVUc�`2Y:Z2`�O�Y:M2O7XTZpr
Y:NWVBi�M2O z |¿R2ZBX:aK©<�Ta

²�O�Q2O:VUO8g�NWMBZ2uwd�c:`pXTZUd��nd�c�\�]�VUc�O�_2NWM2NPMBc°SUO�V2t
�¦Y:NPd�M2O��syWM2NPR2kWZ2Zp��| ΩΛ

�0l�`nO�Y:O�RBc:t�O�`nc�jPc:VUc�XWi�\�VBZ2jW`nO��
`�f�NTVUZ2{2Z2M2N�lIQ2O:VU�7{BNWM2M2O���QBO�XWf�NPR�^pM2O�f�]Gd}Y:ZBQBc�Øëê2ì
© ΩΛ í Ba îEén2a ª |¿R2ZBX�a ¬��0a

è�Y:O�Y´��XTQBNT^µXWY:ZBd��<VBZ2RBO�f�c:V·MBc:��ZµS.cEVUi�M2NP�2��Z2N
��c�kWZ£f[ZUXTQ2O�VBi�jPO�f�c�M2Z2Z�f�O�jPRBc�XWY:M2]�^�^7c�RBc:`BY:NWR2ZUXTY:Z2`
jWf�NWjTSUM2O�kPO�MUc�XTNWVBNWMBZpt�a�Ü�c�R2ZBX�a�ï�Q2R2Z2f�N0SUNPM2]of�XTN%S�c:Mpr
M2]IN�Q2O�RBcESUZ2O�kTcEVUc�`2Y:Z2`pc�d�X;`2R2�nY:]Gd�Z�XWQ2NW`BY:RBc�d�Z(l8XWO:r
\�RUc:M2M2]IN£kWR2�nQ2QBO��o��¥%O:VBi���O�N¢§%R2Z2OE�Cf�¬��2©(k0a b ZnSBr
M2OUl7{BY:O�QBR2ZBXT�nY�XWY:f��nu�Y�O�\�±�NP`2Y:]�X�\�O�VBi���ZBd�Z z lpc�MBc
z < 2 SUZUXTQ2NPRBXTZptmf�O�jPRBc�XWY:O�f¢f�NTVUZ2`pc2a�Ü�O¢{2N<d�\�O�VBi:r
��N�`BRBc�XWM2O�N�XPd�NW��NPM2Z2N�lBY:N<dxd�NWM2i���N�f�O�jWRBc�XTY�XWc�d�O�kPO
XTYEc�R2O�kPO�O�\�±�NP`2YEc2lE`pc:`�Z5X0VUN0SUO�f�cEVUO�O8g�ZnS.c�Y:iBl�f�O�f�XWNT^
yWf�O:VBu�_2Z2O�M2M2]�^¢d�O<SUNWV2tp^ b XTNWVBNWM2MBO���a b ]I\�RUc:f[Q2O�Q2�7r
V2t2_2ZBu�O�\�±�NW`2Y�O�fBlpf�O�jPRBc�XWY�`nO�Y:O�R2]�^�d�NWM2i���N�f�O�jWRUc�X0r
YEc b XTNTVUNWM2M2O��Ýf Λ à%æ�ç�r*d�O<SUNTVUZ�MBN�\�O�VBNWN�lI{2NPd¶MBc
¬�d+VBR�SÄa>VUNWY8l(Q2O�VB�n{2ZBd�jPc�f�ZBXWZBd�O�XWY:i z(t) l(Q2O<S.O�\�MB�7u
Z2jPO�\�RUcEg�NPM2M2O��CMUc�R2ZBX�a ðUa ³ c�f�ZBXWZBd�O�XWY:i�YEc:`nO�kPO�Y:Z2QBc
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P%Q�RTSVU�Q�R(W �#X P%Q ÿ W�YZU ��[ U�\EU�]_^ X�` U�a�R [�b2ÿ
R(t)

�

c3dfegd�hji�klknmZojplqsrltEt�uAo�vAq
w�i�knklmZxzyVi%vArlq
{,i�uVi�|n}
~ rl|gi�x5t

z > 1

�T��b�� UE\�U�� ÿ�X U � Y�\E����R��n^ X�`�� ��UE\�R(� b2ÿ SVR�W�U,^ ÿ�b2ÿmÿ
U�a�R [�b2ÿ�b � �E�#[ �C� � SVR���R [2ÿ ] ÿ \EU���� ��� W � ��\�R(�'^ [ �C� �Wÿ��� W�R(S&SV� � U � W���U ÿ�XBÿ \����EU�� b P�� � ^ ÿ U �#��X
��b W ÿ�b��V�����g�

b � �E�#[ �JS ÿ�� SVR(��R [2ÿ�` S ÿ \ ��X UEW�Y�^
U z = 3.80 �O� R��%�%U �^ ��[ U�\ ÿ ^
� � � ñ(�E����� � ñ(���E�E� � UZ^ ��[�[ �JSC� � U X PN��R [�[ �JS
^
��P �Pÿ S ÿL� \�W�U�� � S ÿg�

� R�UE���EU,^ ÿ SVU�U�W�SVR(W ÿ W�Y
����W�U XBÿ W�R�� � W�PN� [ ��RJ��UEW�U �
SVR�W�� ÿ ��R �#b2ÿ R*^ ��[�[ ��R:UE��R [ Y [ R(U,^ [ U���U,^ [ � �3��[2ÿ�� U �X PN��R [ � [ R�W�U X Y b U�� � � [ �JS ÿG� \�W�UE� � S ÿ � [ U ÿ+[
� � � � �XBÿ � [ �C� ÿ�[�� W���P�SVR [ W � ��� � � � � [ �JS ÿ � ÿ�X Y�W�� � S ÿg��  � �
SVR���R [2ÿ�` ^ X�` U,^ [ U � U ÿ W�U � U&Q�R+U��E¡gR b W �L[ R+\ � R � ^ �
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¼/½�¾�¿�À�ÁgÂ�Ã�Ä�Å
Æ�Å%ÇTÈ�Æ�É�Ê
t(z) Ë'Ì�Í_Î Ã Ë Å�È�Ï'Ã Ì Ã�ÐEÉ�Å
Ð¯ÆTÑ�È Ì ÊEÒ�ÅNÇ z

Å&Ð Î�Ó É�Ô3Ç.Å Î Ã Ë Å
È�Æ#Õ
Ö�Ð�É Î Ã(ÇTÅ�×/Ä(Ø Í É*ÔnÙLÅ�Ø Î Ã(Ø�Ú
Ì Å�Û�Ü
ÔnÙLÈ�Õ Ó Ñ Ì Å
Ð�È�Ä�Ã�Ü
Ü�ÔnÙ Î Ã�Ñ�È�É:ÝgÞJÅ Ë Ü�È,×³Û�É*È:Ü
Ã z < 2 Ë Å
Æ#Õ�Ö Î Æ#Å Í Ä�È�Ø Î Ã�Æ�É�È�Ä_Ä�Ö Ì Å�ÐEÃEÝ

¼/½
¾�¿�ß
Á3Â�Ã�Ä�Å�Æ#Å%Ç.È�Æ#É*Ê
z(t) Ë'Ì�Í È�Ñ�à�Ö#ÐEÉ�È�ÄGÆ tstar form − tUniver ≤ á Ç Ì�Î�Ë Ý Ì Ö#ÉZÝ

â�ã�äEå�ä,æ ½�ç�½�¾#è å�ä,æ ½�é�ê�ë äEå�ìCí ê â�î(ã�ï�ðNã ê í ½ ï ¿ æ ¿Jñ ä�òó ï�äEôVðTâ�ä ¾'ç î¤ä ë ä é�õ�ê ï�î ç�è�é ä�ö ¾ î ç î ë�÷�½�½*½�øCÀ�ù�ù ã ê æ ½ ä�ò ú
ê�ç�ê�ë ï ½�ë â�î(ã�å ½�õ�é ä�ö�å�ì�ûEä�ã ë�½ ä ¾ ï ê�ç ä ¾#è ï�ä ç
è�ë ä ßNü�¿ý ä ç�èEþ�ê�ÿ õ�êE¾ ï è äEû��gî ë ï�ä�å ä ¾ ï ê�ç
êE¾#è ø(ê â�ã�î'æ
î ç
ê ô ½
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Klimr�sutwvyx�z�{ ��|�|%|%} ~7�[� � vy�k�0� �q�?�V� �2!����0��"��0"
z � "�!��2� �0� �

lim|�|��C���������
+ ��� �C��� � �K���0��� �?�������0� ����� ����� �%� |0� ���:| �7��� r � � � �|�|��C���%�0���
+
���%���0�C� ���O|%|0�C� t �C� �0� � �����0��� � �����0� � � � �%��� �%|0� �K� |0���2�K� �7�y�%�¡  � � ���|�|:���%�������

+
|��:�����?� ¢u�u£¤|�|:��� t |��%|%� � �����0���������2��� � � |0� ���:� �y�%� r ��|�� |

|�|:�����:��� � + � � | � �%� ���O|%|%�2� t �C� �0� ������� �0� � ���C|������0������� �%� |0� � � � �7�y� ri¥ �C��� �
|�|�� � ��|0� � − �����%|����  §¦�¨0©����?� �0�����%���C����� � � ���0� �0��� �%|�� �%� |0������| �7���¡  �C��� |
|�|:���%� � ��� − � � �%|%��| ���C�%���0���C�K�«ª � ��� � � ���0� �:� |0�����%| �7�y�%�¡  � � � �|0�%�C|0���0���

+
���?� � � � �K����� � � �0���C��� �0��������� ����� �%| |0� ��� � �7�y�%¦�  � � ���|��%|��0� � ��� + � � �C��� � ¢u�u£¤|��%|�� t � � |%� �0� � ���C�������0�����0� ����� ����� �%| |0� ����� �7�y� ri¥ �C��� �

|��:��|�|���� �
+
�����%��|�| ¢u�u£¤|���� � t �����0� �0� �0� � ���C�����C��������� ��� |0�����%� �7���¡  � � � �|������2�:�0� �

−
�:����|:��� ¬«���%� � ��� �� � ��|�� �%��� ��|�� � � � � � |0������| �7�y�%�¡  � � ���|��K�2����|0� � − |%��|�|:� � ®Y¯ |��K���%� � � |%��|�� �0�����%��������� � � �%��� �0��� ����� �%| |0����� � �7�y�%¦�  � � � �| � � � ����� � + � |%�����C� �K�°�C��� �0� ��� �0�����0����� |0� ��� � �7��� ��|�� �

|����%���:��� � + �%�:���%� � r�v � ¯ |����%� t �%�:��� ��� �0� � �����%�����0����� ����� � � �7�y�%� r ��|�� �
|��:����| � � � + � � ��|:��� �K�±����| �0� �0���C�����������C����� � �����C� � �7��� ��|�� �
| � �%��� � � � + ��� |��%��� �K�±����|0��� ��� �0�����0�����0��� � ��� � ���2������� |0� �%��| �7�y�%�¡  � � � ��C|:���%� � ��� − |%��� � ��� ®Y¯ �C|:�2��� � � |%�%� ��� � � � ���C�����C�������0� ���0���������2��� ��| |0� �%��� �7�y�%¦ r ��|�� �
���C�%|%�%�����

+
�%��|����?� ®Y¯ ����� � � � t ���%�%� �0� �0���C|����%�������0���������C�0��� � � ��|�� �0�����2� |0� � �:� �7�y�%¦ r ��|0� |

�C�:�2���:�0� � + �%|0������� ¢u�u£²�C�:��� t ��|%� � ������� �0���C|���� � ���C��� ��| |0� � �0� �7�y�%¦ r ��|�� �
�?��������|0���

+
�%�����0�?| �K�±� � � � ���C��� ������� � � ���0� �0��� �%�0� ����� ����� � � |0� �%��� �7�y�%¦�  �C��� �
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�C�%|��0�������
+
�K�2�:�%��� ¢u�u£²�C�%|0� t �:����� ��� �0��� � �����0��� � � �%��� �%� |0����� � �7�y�%¦�  � � � ��C�%|��:�������

+
�:��|��%��| ¢u�u£²�C�%|�� t �%�0��� �������0��� � � ����� �:| |0� � � � �7�y�%¦ r ��|�� �

�C�%|��%�%�0� |
+
�:�%����|�� ¢u�u£²�C�%|�� t �%�%� � � ���C|�� ��|0�����%� ���0� ��|0� �%� |0� � ��| �7�y�%¦ r ��|����
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ä �%»I��� ´ � ����ý �C� � µ � Á�Ã � Á �ß! � Øþ"0�Y�����2!�"0¾aá ¶ �0�0#0"0"
t(z)

��µ �:»I� � � � ���0��¼À�����

t(z) =

∞
∫

z

d ÿ�
(1 + ÿ� )H( ÿ� )

{ ��}

µ � Á ����� ��� ´ �%¾ � �%»I��� ´ � � Á "0� � �2!����0��"0� ´ ¾C� ´ "�»?" � ���»I��"Û�%� � � ��»?�0� � �¹» �q� â � �0" �O��ä ��� ·0� »?� ´ � á ¶ �0�0#0"0"
H(z)

�q� "�» µ ��!���¾C� ´ ��!�" ´ �i� �2Ø � �0" �
H2 = H2

0 [Ωm(1 + z)3 + A + B(1 + z) + C(1 + z)2],
{ �%}

��Á��
A + B + C = 1 − Ωm

�
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t(z)
µ � Á �����2!�"�¾?" �0¶%�C�q�i�
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�
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�
A
�
B
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¾�¿ÁÀ�¿�ÂWÃIÄIÅ�Æ�Ä=ÇfÈ8É]ÄIÊ�È�ËÌÆ=ÍrÈ8ÎIÇ�ÆIË�ÄÐÏ=ÍHÑ=Í#Ò£Ç�ÓHÑIÈ8Ô
Õ 1�781?Z4X#T*>s<=6:@�1�7Ö1?3#5#67�6Q9�6/X#KH;�3�J�5�J?<=6:@�5�14F�;#F�9#;#6/@&SP�;t781�PQ@&J�@�1?R#X#1wG�PQ@�1?>#R#K#F?T(<]C�F4[?1�78X#T(<$3�J45�J4<=6/@�5�J?<KÐPQK�P:@�6/<kJ4@�K#R#6�PQC#K8<×\/Ø�Ø£6:C�@�J?<lc�Ù�J�CÚ3#1?CHJ�_/J�9�1`<=1�S786:9�K#5#1?F?J�X�K#640�K#_/<=6/X#6:X�K#6lX�J�R�J&98B4X#1?>W<=6:@&J&9�9�K#R#X#1�PQ@�K3#5#K�F41�78K#@*CWK#_/<=6/X#6:X#K�NÛF41?_:5�J?PQ@&JlX�J p c - a:K#aQJ�9�6:@ LÝÜ KHS<=6:X�6/P�0�Þ�1?G�Z80�h p4p h M c�ß£_/<=6:X�6:X#K#6´X�J�R�J�9�B4X#1?>wØ£GDX#C#^#K#K<kJ4P/PÖ@&J4CHà26]3#5�J4C#@�K#R�6/PQC�KEX�6]<=6/XH;#6:@Ú<=1�786:9�K «H¬�LÁá 149�B4_/14X#6:9#98J2Kb785�c+08h p4p?p M câ VWK#Z?CHJU143#5�6786:9�6:X#K#;fF414_/5�J4P:@&J#0�CD1?@�145�J�;f<=1�à26:@Z4T*@4BtP:F�;#_�J�X�J2P£X#6:3#58J�F4K#9�B4X#1?>�CH9�J4P:P:K�Ø£K#CHJ�^�K#6:>m@�KHS3�JtaQJ�98J�C#@4K#C#K 0�JUPQ9�67�14F?J4@�6Q98B4X#180HKnF4T*Z41?5#1?< «D¬� 08F7�J4X#X#1?<`PQ9�GDR�J�6¼K#a:58J�6:@2FW3#149�B4_/Gt143#K�P:T*F?J46/<=14a/1�3#1�7�S[?1�7�J#c ¯ 1�786Q9�K «D¬� 0OPQ1?14@�F?6:@4P:@�F4GDN¼ãWK#6r\Q9#9�K�3#@�K#R#6:SPQC�K�<ÐaQJ&9�J�C#@�K�CDJ?<l0#7�J�NO@sP:J?<=1462P:@&J�5#1?6w_:F?6:_7�X#1462X�J&SPQ6:9�6:X�K#6�P:5#67�KmF�PQ6Q[�P:3#6:C�@�5#14F8c v J4C#K�<ä14Z458J�_:1�<l0?6�P9�KFsaQJ&98J4C#@�K#CD6WF�PQ@�5�6:R�J4NO@4P�;Ö1?Z�98J?PQ@�Kr_:F?6:_7�1414Z?5�J�_/14F�J&SX#KH; 0�7�J�N¼ãWK#6OF4CH98J&7bFwØ£14@�1�<=6:@�5#K�R#6/P:C#K#6l7�J4X#X#T*6?04@�1F4T*Z?145Y1?3#@�K�<kJ�9�B4X�14>Ú<=1�786Q9�KÚP:<=6/ã2J46:@4P�;ÛF`P:@�145#1?X#GZ4149�6:6t<=1�981�7814a/1s_/F46/_78X#1?a:1sX�J4P:6Q9�6/X#KH; 0�K]aQJ&9�J�C#@�K�CDJF4T*38J�7�J46:@sK#_bX�J4VW6:>$F4T*Z?145#C�K 0 @�c C�c�7�9#;]3#1�PQ@�5#1?6:X#K#;
t(z) K�PQ3#149�B4_/GDNO@4P�;�<kJ�CHPQK�<kJ�9�B4X�T*6�_/X�J�R#6/X#KH; cå 9#;�3�5#14F?6:5#C#K�F�9�K#;#X#KH;æ3#149�X#1?@�TçF?T*Z4145�C#KèX�J5#6/_:G�9�B&@&J�@]<=TéK�PQ3#149�B4_/14F�J&9�KÌ<=6:@�1�7êZ4G/7�P:@�5#1?3�J#0i_�J&SCH9�N¼R�J�N¼ãWK#>8P�;ÚFÛ5�J�_�<=X#1�à26/X#K#KÐK�P�[�1�78X#14>ÌF4T*Z?145#C�KK$3#1?P:@�5#146/X#K#KrX#14F?14>rP�3#1�<=14ã2B4N×P9�GDR�J4>#X#14a/1�F?T*Z41�S5�J�1?Z4ë 6/C#@�1?F�c�Ù£14\�Ø�Ø£K#^#K#6/X#@�5�J4_/<=X#1�à�6:X#KH;tF4T*Z?145#C�KZ458J&98P�;]5�J�F?X#T(< - p?p 0 K`7�9#;YCHJ&à�781?a:1nK#X#@46:5#F�J&98J dzP98G�R8J�>#X#T(<s1?Z45�J4_:1?<mF4T*Z?K#5�J�9�1?P:B�CD149�K#R#6�PQ@�F?1(14Z?ë 6:CHS@�1?F�0�5�J�F?X#146�K�P�[�1�78X#1�<=G4c v J�C#K8<ê14Z?5�J�_/1?<l0#Z?Tl9�1�3�5#1�S
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PEGASE model (dz=0.2):

4 parameters fitting
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PEGASE model (dz=0.3):

4 parameters fitting

2 parameters fitting
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GISSEL model (dz=0.2):

4 parameters fitting

2 parameters fitting
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GISSEL model (dz=0.3):

4 parameters fitting

2 parameters fitting
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