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10

15

20

25

30

35

Mpc

dans un univers de 20 milliards d’annees
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2 10^15 masses solaire

distance de Virgo
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l’age de l’amas de la Vierge

dans un univers de 20 milliards d’annees

M Virgo= 10^15 masses solaire

2 10^15 masses solaire

15.5

16

16.5

17

17.5

18

18.5

10^9 ans

0.5 0.55 0.6 0.65 0.7 0.75 0.8
parametre de Hubble h

l’age de la Voie Lactee et de la galaxie Andromede

dans un univers de 20 milliards d’annees

Voie Lactee de 1.4 10^11 masses solaire

Andromede de 2.5 10^11 masses solaire

18.6

18.8
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19.6

10^9 ans

0.5 0.55 0.6 0.65 0.7 0.75 0.8
parametre de Hubble"<OXA:.T;:.<\� RS}�RSG(T;:.<|R��W68:=Q	XA: "<OXA:.T;:.<|R��¯?A68:Pl�RS7�HMk:=:�:�H�T&� <O@;T;Q	?A}3�:=T;:

h068XAL;Q	:=G E	E ��2.I "<OXA:=G�T;:�GIHJQ	L;7�HJL;Q	:=GFY{68G	?A<�k:=:=G~ThRS@;G�<\� L;@;6KjA:=Q	G�f��
��]i?AL;G�R�jA?A@;G(�;<8L;G	68:=L;Q	G¯¦{?A68G¯�hRSQ	<�k:�T;:OT;:=@;G	6KHMk:i}%?tBA:=@;@;:OT&� L;@�RS}�RSG=gCT&� L;@;:OGIHJQ	L;7�HJL;Q	:W<8?�7�RS<8:Sg

<|R.@;?SHJ68?A@%T;:iT;:=@;G	6KHMk:O�;Q�k:=G	L;�;�r?AG	:WL;@;:OT�k: �h@;6KHJ68?A@%7=<|RS68Q	:~T;:O<|R.@;?SHJ68?A@%T;:iQJR�BA?A@&�Ml:=G(RSGIHJQ	?A@;?A}%:=G
@;?AL;G�:=@;G	:=68XA@;:=@CH��R�G	:V}�k: �h:=Q�T;:V7=:�H	HJ:3@;?SHJ68?A@�T;:VQJR�BA?A@�HJQ=�:=G%T;6 9%7=68<8:=}%:=@CH�T�k: �h@;68G	GJRS�;<8:S� 60RSQ
:��M:=}%�;<8:.<8:WQJR�BA?A@#T&� L;@;:.XCRS<|Rv�M68:WThRS@;G�<8:P<8L;}%68@;:=L���:=GIHOT�k:!¡v�R�T;6 9%7=68<8:%�R��;Q�k:=7=68G	:=Q�:�Hi@&� :=GIHO�hRSG�<8:
} ":=}%:.ThRS@;GO<\� 68@M¦{QJRSQ	?AL;XA:S�hl�R�Q	:=<|R�HJ6Kj�6KHMk:PX0k:=@�k:=QJRS<8:�@;?AL;Gi¦{?AL;Q	@;6KHiL;@#QJR�BA?A@&gr�;68:=@3T�k: �h@;6\g¥7=:=<8L;6�T;:
QJR�BA?A@�T&� R�H	HJQJRS7�HJ68?A@�T&� L;@;:OG	L;Q �!T;:=@;G	6KHMk:O<8?�7�RS<8:F�R�L;@�}%?A}%:=@CH �M��k:S�h¤WL;:=<8G�G	?A@CH(<8:=G�<868:=@;G�:��M68GIH�RS@CHJG
:=@CHJQ	:�<8:=GiQJR�BA?A@;GOQ	:=��k:=QJRS�;<8:=Gi�hRSQ�<8:=GiRSGIHJQ	?A@;?A}%:=Gi:�Hi<8:.QJR�BA?A@�T&� R�H	HJQJRS7�HJ68?A@�Y{QJR�BA?A@#T;:�7=?AL;Q	�;L;Q	:
��L;6ik:�jA?A<8L;:OR�jA:=7W<8:�HJ:=}%�;G�f;ª�6/:=LMHI�!?A@�T;?A@;@;:=Q�T;:=G(T�k: �h@;6KHJ68?A@;G�RS7=7=:=�MH�RS�;<8:=G.�R�<|R�@;?SHJ68?A@%68@CHJL;6KHJ6KjA:
T;:�T;:=@;G	6KHMk:�}%?tBA:=@;@;:�T&� L;@;:�GIHJQ	L;7�HJL;Q	:Z<8?�7�RS<8:�Y{T;:=@;G	6KHMk:�T;L#XAQ	?AL;�r:.<8?�7�RS<\gMT&� L;@�RS}�RSG=ghT;L#G	L;�r:=Q �
RS}�RSG�T;:�<|R��W68:=Q	XA:tf;ªOl�RW¦{?AQ	}FL;<8:.Y mbg�f�g�RSLMHJQ	:=}%:=@CH�T;6KH¯<\� 9CB��r?SHJ9&�:=G	:iT;:O�M�£5n��_�?AL;Q	6|RSL&gAT;?A@;@;:iL;@
�;Q	:=}%68:=QPQ	:=�&�:=Q	: I�l�R�T;:=@;G	6KHMk:�}%?tBA:=@;@;:�T&� L;@;:%GIHJQ	L;7�HJL;Q	:%G	�;9�k:=Q	68��L;:�<8?�7�RS<8:F:=GIH�<8:�T;?AL;�;<8:�T;:�<|R
T;:=@;G	6KHMk:ZT;:ZG	?A@�:=@Cj�68Q	?A@;@;:=}%:=@CH.RSL#}%?A}%:=@CHOT;:ZGJR%¦{?AQ	}�R�HJ68?A@&ghRSLMHJQ	:=}%:=@CHWT;6KHO7S� :=GIHP<8:�QJRS�;�r?AQIH
T;:.GJR�}�RSG	G	:.G	L;Q�<8:WjA?A<8L;}%:PT;:.G	?A@39hRS<8?�T&� R�H	HJQJRS7�HJ68?A@3RSLV}%?A}%:=@CH�T;:.GJR�@hRS68G	GJRS@;7=:S�
6/?AL;Q�k:�H�RS�;<868QF7=:=GE�hXAL;Q	:=G E	E ��2�g�@;?AL;G�R�jA?A@;G%�;Q	68G��r?AL;Q�QJR�BA?A@�T&� R�H	HJQJRS7�HJ68?A@¬�R�<|R�@hRS68G	GJRS@;7=:3<8:=G
QJR�BA?A@;GVRS�;�;Q	?��M68}�R�HJ6K¦{G%?A�;G	:=QIj¯k:=G#RSLv¡	?AL;Q	T&� 9�L;6O:�HV@;?AL;G�R�jA?A@;GVG	L;�;�r?AG�k:�7=:=GVGIHJQ	L;7�HJL;Q	:=G�68G	?A<�k:=:=G
ThRS@;GW<\� L;@;6KjA:=Q	G=�&[�:=G'�hXAL;Q	:=GW@;?AL;GOT�k:=<86Kj�Q	:=@CHWT;?A@;7FT;:=GW?AQ	T;Q	:=GOT;:FXAQJRS@;T;:=L;Q	GW:�HWT;:=GOHJ:=@;ThRS@;7=:=G&�
�hRSQ~:��M:=}%�;<8:.<8:=G�XCRS<|Rv�M68:=G(G	?A@CH!"RSX0k:=:=G�:�Hi�;<8L;G "RSX0k:=:=G���L;:.<8:=GiRS}�RSG=�

[�:=G�Q�k:=G	L;<KH�R�HJG¯G	?A@CH��;<|RSL;G	68�;<8:=G�:�H�:=@�RS7=7=?AQ	T�R�jA:=7O<\�#"RSXA:~T;:=G��;<8L;G�j�68:=L��%?A��¡	:�HJG�?A�;G	:=QIj¯k:=G�ThRS@;G
@;?SHJQ	:�XCRS<|Rv�M68:S� 6/?AL;Qnk:�H�RS�;<868Q.7=:=G*�hXAL;Q	:=G E	E ��2�g�@;?AL;GFR�jA?A@;G�k:=XCRS<8:=}%:=@CHZG	L;�;�r?AG�k:�L;@§L;@;6KjA:=Q	GZT;:
dSc%}%68<8<86|RSQ	T;G�T&� RS@;@�k:=:=G&� 60RSQO7=?A@CHJQ	:ZG	6�<\� L;@;6KjA:=Q	G3k:�H�RS6KH!"RSX0k:�T;: �Ac3mtc��WRS@;Gi<8:=GiXCRS<|Rv�M68:=GiRSL;QJRS68:=@CH
:=@Cj�68Q	?A@�dSeVmtc��PRS@;Gi:�HW<|R��W68:=Q	XA:Fd �3mtc��WRS@;GO:=@Cj�68Q	?A@&� [�:=7=60G	68XA@;6 �h:.��L;:FG	?AL;GO7=:�H	HJ:Z9CB��r?SHJ9&�:=G	:
Y\dcg�f�g L;@8"RSXA:�T;:�<\� L;@;6KjA:=Q	GPT;:�@;:�H	HJ:=}%:=@CH��;<8L;GPT;:%dSc�mtc���RS@;GP:=GIH�T;6 9%7=68<8:=}%:=@CHW7=?A@;7=:�jSRS�;<8:�RSL
j�L3T;:=Gi�;<8L;G(j�68:=L��V?A��¡	:�HJGiQ	:=��k:=Q�k:=GiThRS@;G�<8:=G�XCRS<|Rv�M68:=G=�

�$g



`i@;:ZRSLMHJQ	:Wj¯k:=Q	6 �h7�R�HJ68?A@VT;:.7=:�H	HJ:P¦{?AQ	}FL;<8:%Y\dcg�f'I
l:FGIB�GIH��:=}%:�G	?A<|RS68Q	:�:=GIHPThRS@;GPL;@�XCRS<|Rv�M68:�G	�;68QJRS<8:ZT;?A@CHP<|R%T;:=@;G	6KHMk:F}%?tBA:=@;@;:�T;:F}�R�HJ6\�:=Q	:�:=GIH

:=GIHJ68}�k:=:��R�:=@Cj�68Q	?A@�cMg£d�?AL�cMg �)� ¼ �;Y ���=f 4 Y{7�¦ ��<\� k:�HJL;T;:OT;:O<|Ru�¯?A68:Ol�RS7�HMk:=:O:=@�T�k:=�;LMH(T;:W7�9hRS�;6KHJQ	:tf��
l:�QJR�BA?A@�T;L�9hRS<8?OT&� R�H	HJQJRS7�HJ68?A@ZT;LFGIB�GIH��:=}%:~G	?A<|RS68Q	:�RSLv¡	?AL;Q	T&� 9�L;6M:=GIH�T;?A@;7(T;:(<\� ?AQ	T;Q	:�T;:�d�g g��RPd�g e
RS@;@�k:=:=G �!<8L;}%6\�:=Q	:�Y{�;<8L;GiT;:Z<|R�}%?A6KHJ6�k:WT;:Z<|R�T;68GIH�RS@;7=:��R%<\� k:�HJ?A68<8:P<|R��;<8L;Gi�;Q	?�7�9;:tf�� _MRS7�9hRS@CHW��L&� L;@;:
k:�HJ?A68<8:~�;Q	:=@;T�@hRS68G	GJRS@;7=:iThRS@;G�L;@%@�LhRSXA:iT;:iT;:=@;G	6KHMk:i:=GIHJ68}�k:=:i:=@CHJQ	:9gCcAc.:�H~dScAcAcAc.R�HJ?A}%:=G/-�� : 4 g�<8:
GIB�GIH��:=}%:.G	?A<|RS68Q	:WR�jSRS6KH��R�GJR�@hRS68G	GJRS@;7=:PL;@VQJR�BA?A@VT&� R�H	HJQJRS7�HJ68?A@�7=?A}%�;Q	68G�:=@CHJQ	:�cMg g�:�H.mAg +�RS@;@�k:=:=G �
<8L;}%6\�:=Q	:S� &WQ�<|R�7=:=68@CHJL;Q	:ZT;: &W?AQIHZY{G	6�:=<8<8:.:��M68GIHJ:�:=<8<8:P}�RSQ	��L;:�<8:.QJR�BA?A@#T;L#GIB�GIH��:=}%:�G	?A<|RS68Q	:tf�:=GIH
RS7�HJL;:=<8<8:=}%:=@CH�k:�jSRS<8L�k:=:F�R.L;@;:OT;68GIH�RS@;7=:�T;:i<\� ?AQ	T;Q	:�T;:OcMg£d��R�mAg +�RS@;@�k:=:=G �!<8L;}%6\�:=Q	:S��l�R.Q	:=<|R�HJ68?A@#Y\dcg�f
G	:=}F�;<8:.T;?A@;7PjSRS<|RS�;<8:O�r?AL;Q�<8:PGIB�GIH��:=}%:�G	?A<|RS68Q	:PRSL�j�L3T;:=Gi:=GIHJ68}�R�HJ68?A@;G~RS7�HJL;:=<8<8:=G=�

_�L;Q�<|R�TMB�@hRS}%68��L;:PT&� L;@3?A��¡	:�HORSLVjA?A68G	68@hRSXA:PT&� L;@;:.G	L;Q	T;:=@;G	6KHMk:S�
UWL�¦ RS6KH���L;:�<8:�XAQ	?AL;�r:�<8?�7�RS<�G	:�HJQ	?ALMjA:�ThRS@;GF<|RV>=?A@;:��;Q	?�7�9;:�T;L§9hRS<8?#T&� R�H	HJQJRS7�HJ68?A@�T;:�<|R

�W68:=Q	XA:Sg�68<�G	L;�;6KHZL;@§QJRS<8:=@CHJ68G	G	:=}%:=@CHZT;:%<\� :�� :�HZT&� :��M�hRS@;G	68?A@§7=?AG	}%?A<8?AXA68��L;:S�/[O� :=GIHF7=:���L;:�@;?AL;G
RS<8<8?A@;G(:��;RS}%68@;:=Q~T&� L;@3�r?A68@CH�T;:Pj�L;:.TMB�@hRS}%68��L;:S�

<ijA:=7�<|R�¦{?AQ	}FL;<8:�Y\d�mvf�@;?AL;G�R�jA?A@;G�k:�HJL;T;68:=Q%<8:=G�X0k:=?�T�k:=G	68��L;:=G�QJRST;6|RS<8:=G%T&� L;@��r?A68@CH�T;:3j�L;:
GIH�R�HJ68��L;:Sgh7S� :=GIH��R�T;68Q	:��R�L;@�HJ:=}%�;G1�M��k:S�r_�?A6KH�T;?A@;7��?� �;Y �¥f�<|R�T;68GIH�RS@;7=:P:=@CHJQ	:.L;@3?A��¡	:�Hi:�H�L;@;:
G	L;Q	T;:=@;G	6KHMk:�Y{�hRSQ~:��M:=}%�;<8:.:=@CHJQ	:.@;?SHJQ	:�RS}�RSG(<8?�7�RS<&:�H�<|R��W68:=Q	XA:tf�g;T;68GIH�RS@;7=:.��L;6Wk:�jA?A<8L;:�RSLV7=?AL;Q	G
T;L3HJ:=}%�;G&�rG	?A6KH � <|R�}�RSG	G	:�T;:Z<|R�G	L;Q	T;:=@;G	6KHMk:Sg :�HO<8:=Gi7=?A@;T;6KHJ68?A@;GiRSL��3<868}%6KHJ:=G�RSLv¡	?AL;Q	T&� 9�L;6 I � �
G	?A@FQJR�BA?A@FT&� R�H	HJQJRS7�HJ68?A@ZRSLv¡	?AL;Q	T&� 9�L;6\g � �0<|R�T;68GIH�RS@;7=:(RS7�HJL;:=<8<8:Sg ? �0GJR�j�6KHJ:=G	G	:(T;:�¦{L;6KHJ:�:�H=? 0 �!½=Y1� ��f<|Rj�6KHJ:=G	G	:~7=?AG	}%?A<8?AXA68��L;:�HJ9�k:=?AQ	68��L;:.Y{ThRS@;G�@;?SHJQ	:~:��M:=}%�;<8:Sg�? ��
 �AeAc � : �@A~:�H�? 0 �!½=Y1� ��f 
 mvdScAc � : �@A:=@3�;Q	:=@hRS@CHi7=?A}%}%:Wj�6KHJ:=G	G	:�T;:.7�9�LMHJ:FdAdSc (�}.-�G�f��

_�?A6KH��!�=g��nY{:�H(T;?A@;7 � ��:�H�¹�f¯�;Q�k:=7=68GJRS@CH~<\� L;@;6KjA:=Q	G&�MRS<8?AQ	G�<|R.j�6KHJ:=G	G	:WT&� k:=<8?A68XA@;:=}%:=@CH�7=?AG	}%?A<8?��
XA68��L;:P:=GIH.? 0 �!½�Y1� ��f �3�!� � ¹ � ��� � ����C $�� � ���B� � �=�
l�� LMHJ68<868GJR�HJ68?A@�T;:=G�k:=��LhR�HJ68?A@;G�T;:=GZX0k:=?�T�k:=G	68��L;:=GFQJRST;6|RS<8:=G��R3<\� RS68T;:�T;:�<|RV}�k:�HJQ	68��L;:�¦{?AQ	}%:=<8<8:=}%:=@CH
GIH�R�HJ68��L;:�Y mteCf�7=?A@;T;L;6KHiRSLVQ�k:=G	L;<KH�R�HiG	L;6KjSRS@CH I

Y\dAaAf ? j Y1�Af�� ? j� � ? j0 �!½ Y1� ��f �
j
� j� Y m�:

� j�
� j � d

� 4�
�#4 :�d

� 4�
� j � � f

?�L ? Y1�Af,� ? Y1�;Y �¥f	fFT�k:=G	68XA@;:V<|R#j�6KHJ:=G	G	:3T&� k:=<8?A68XA@;:=}%:=@CH%RSL�}%?A}%:=@CH ��?�L�<\� ?A��¡	:�H�k:�H�RS6KH��R�L;@;:
T;68GIH�RS@;7=:��;Y �¥f�T;:�<|RFG	L;Q	T;:=@;G	6KHMk:S�

[�:�H	HJ:Z¦{?AQ	}FL;<8:�Y{7�¦ � RS@;@;:��M:E���r?AL;QO<\� k:�H�RS�;<868G	G	:=}%:=@CHOT;:Z7=:=<8<8:��!7=6/:�HWT&� L;@�7=:=QIH�RS68@#@;?A}F�;Q	:ZT;:
7=?A@;G�k:=��L;:=@;7=:=G�f�g&:=GIHO7=?A}%�;<�k:=}%:=@CH�RS68Q	:��R�<|RF¦{?AQ	}FL;<8:%Y\d�mvf(:�HO@&� R���L&� L;@#68@CHMk:=Q ":�HiHJ9�k:=?AQ	68��L;:�7�RSQ�?A@
@;:��r:=LMHP?A�;G	:=QIjA:=Q.ThRS@;GW<8:ZHJ:=}%�;GW7=?AG	}%?A<8?AXA68��L;:�<\� k:�jA?A<8LMHJ68?A@�T&� L;@�?A��¡	:�H.ThRS@;GW<8:F7�9hRS}%��T&� L;@;:
G	L;Q	T;:=@;G	6KHMk:S�

< <\� RS68T;:�T;:�<|R�¦{?AQ	}FL;<8:3Y\d�mvf�g�?A@��r:=LMHZG	?A@;XA:=QZ�hRSQ�:��M:=}%�;<8:��RV¦ RS68Q	:�L;@;:�k:�HJL;T;:%T;L§7�9hRS}%�
T;:=GOj�6KHJ:=G	G	:=GWQJRST;6|RS<8:=GiT;:Z7�9�LMHJ:�T;:ZXCRS<|Rv�M68:=Gi?AL�XAQ	?AL;�r:�T;:FXCRS<|Rv�M68:=G�ThRS@;GW<\� RS}�RSG�T;:F<|R��W68:=Q	XA:Sg
<8:�G	L;�r:=Q(RS}�RSG¯T;:O<|Ry�W68:=Q	XA:SgC?AL�ThRS@;G�T;:=G(RS}�RSG¯�;<8L;G�<8?A68@CH�RS68@;G=� ��@%¦ RS6KH�7=:�H	HJ:3k:=��LhR�HJ68?A@�Ytk:�H�RS�;<868:
ThRS@;G0<8:¯7�RST;Q	:�T;:�<|R�Q	:=<|R�HJ6Kj�6KHMk:�X0k:=@�k:=QJRS<8:tfQ	:=}%�;<|RS7=:Sg�R�jSRS@CH�RSXA:=L;G	:=}%:=@CH4}%:�G	:=}F�;<8:�� HI�!68<\g=<8:¯¦ RS}%:=L��
HJ9�k:=?AQ=�:=}%:ZT;L#j�68Q	68:=<\g;HJ9�k:=?AQ=�:=}%:ZT;?A@CHW�r:=Q	G	?A@;@;:F@;:Z�r:=LMHP7=?A@CHJQ "?A<8:=QiGJR%jSRS<868T;6KHMk:PThRS@;GWL;@�L;@;6KjA:=Q	G
:=@%:��M�hRS@;G	68?A@&�M[�:=�r:=@;ThRS@CH(<\� k:�H�RS�;<868G	G	:=}%:=@CH¯T&� L;@�HJ9�k:=?AQ=�:=}%:�T;L%j�68Q	68:=<;Q	:=<|R�HJ6Kj�68GIHJ:(Q	:=�r?AG	:=QJR�G	L;Q¯<|R
¦{?AQ	}%:.<8?�7�RS<8:�Y mteCf(T;:�<|R�}�k:�HJQ	68��L;:.T&� L;@;6KjA:=Q	GO:�HOG	L;Qi<|R�TMB�@hRS}%68��L;:�T;?A@;@�k:=:��hRSQi7=:�H	HJ:�k:=��LhR�HJ68?A@
Y\dAaAf��

�Ca



��@ Q�k:=G	L;}�k: I~<\� k:�HJL;T;:n<8?�7�RS<8:�T;:n<\� L;@;6KjA:=Q	G3@;:n�r:=LMH#��L;:nQ	:=�r?AG	:=Q3G	L;Q#<\� :=@;G	:=}F�;<8:�G	L;6KjSRS@CH
T&� k:=��LhR�HJ68?A@;G I

Y mteCf 6.A j � Y m�: d@� � : � j � j f 6 $ j : m
m�: j � � : � j � j f 6 � j : � j 6�� j �

Y m �Cf � 4� � �
� j

Y\d�mvf ? Y1�Af? 0 �!½=Y1�Af �3�
	 m � � 	


��� Y\d � ��: ���Af
	 m�: � � j � j� �

Y\d �Cf � �AY �¥f
� �AY � ��f �

��Y �¥f
��Y � ��f �

A���Y � ���rf
A���Y � ���B��f À

60RSQ4:��M:=}%�;<8:(G	6M?A@�G	:(T;?A@;@;:���:�H¯¹�RSLv¡	?AL;Q	T&� 9�L;6Y{ThRS@;G�<8:=G/¦{?AL;Q	7�9;:�H	HJ:=G¯L;G	L;:=<8<8:=G�f�:�H�L;@;:(j�6KHJ:=G	G	:
T;:�7�9�LMHJ:�jA:=Q	GO<\� RS}�RSG~T;:�<|R��W68:=Q	XA:.7=:=G3k:=��LhR�HJ68?A@;Gi�r:=Q	}%:�H	HJ:=@CHOT;: �M�M:=Qi?ALMHJQ	:�GJR%T;68GIH�RS@;7=:Sg¥G	?A@
QJR�BA?A@3T&� R�H	HJQJRS7�HJ68?A@&g;GJR�}�RSG	G	:.:�H�G	?A@ "RSXA:S�
E @CjA:=Q	G	:=}%:=@CH�gC@;?AL;G0GJR�jA?A@;G���L&� L;@;:�k:�jSRS<8LhR�HJ68?A@��;Q�k:=7=68G	:�T;:(<|R�T;68GIH�RS@;7=:�T;:(<\� RS}�RSG�T;:(<|R��W68:=Q	XA:

:=GIHWHJQ=�:=GP68}%�r?AQIH�RS@CHJ:��r?AL;QO�;Q�k:=7=68G	:=QW<\� k:=7�9;:=<8<8:ZT;:=GP68@;T;687�R�HJ:=L;Q	GOT;:FT;68GIH�RS@;7=:=GPRSGIHJQ	?A@;?A}%68��L;:=G=�&l:
<868:=@ k:�H�RS�;<86�:=@CHJQ	:V<|R�}�RSG	G	:Sg�<\�#"RSXA:�T;:�<|R>�W68:=Q	XA:�:�H�<|R#j�6KHJ:=G	G	:VT;:�¦{Q	:=68@hRSXA:���L&� :=<8<8:�?�7=7�RSG	68?A@;@;:
�r:=LMHO�r:=Q	}%:�H	HJQ	:ZT;:�}%68:=L��37=:=Q	@;:=QO<|R�T;:=@;G	6KHMk:�}%?tBA:=@;@;:FT;:�<\� L;@;6KjA:=Q	GO:�HOT;?A@;7Z<|R�T;68GIH�RS@;7=:Z:=@CHJQ	:
<|R��W68:=Q	XA:.:�H�<8:PXAQ	?AL;�r:.<8?�7�RS<\�
`i@;:�RSLMHJQ	:(7=?A@;G�k:=��L;:=@;7=:i68}%�r?AQIH�RS@CHJ:PY{:�H�T;68Q	:=7�HJ:tf/T;:~7=:=GFk:=��LhR�HJ68?A@;G4:=GIHW�RW@;?SHJ:=Q�IS<8:=G4XCRS<|Rv�M68:=G

G	?A@CH.HJQ=�:=G."RSX0k:=:=G=g�;<8L;G0"RSX0k:=:=G.��L;:�<8:=G�RS}�RSG=g :=L����!} ":=}%:=G.�;<8L;G0"RSX0k:=G.��L;:�<8:=GPXAQ	?AL;�r:=G.<8?�7�RSL���T;:
XCRS<|Rv�M68:=G.:�HZ<8:=G.G	L;�r:=Q � RS}�RSG�@;:%G	?A@CHF�hRSG�XAQJR�j�6KH�R�HJ68?A@;@;:=<8<8:=}%:=@CHP<86�k:=G�Y{7=?A}%}%:�@;?AL;G�<\� R�jA?A@;G.j�L
�r?AL;Q~7=:=<8L;6T;:?6/:=Q	G	:=L;G ��6�68G	7=:=G�f��
E <;:=GIH�k:�j�68T;:=@CH¯��L;:�T;:=G¯7=?A@M¦{Q	?A@CH�R�HJ68?A@;G4�;<8L;G4�;Q�k:=7=68G	:=G�R�jA:=7�<8:=G�?A�;G	:=QIjSR�HJ68?A@;G�G	?A@CH¯@�k:=7=:=G	GJRS68Q	:=G=�

[�:=�r:=@;ThRS@CH�?A@��r:=LMH(T�k:!¡v�RZG	?AL;<868XA@;:=Q���L;:P<8:i7=?A@;7=:=�MH~T;: !ORS<8?ZT&� <(H	HJQJRS7�HJ68?A@�T&� L;@;:W7=?A@;T;:=@;GJR�HJ68?A@
<8?�7�RS<8:�T;:W}�R�HJ6\�:=Q	:�ThRS@;G(L;@�L;@;6KjA:=Q	G(?AL�:=@Cj�68Q	?A@;@;:=}%:=@CH~@;?A@�j�68T;:SgM7=?A@;7=:=�MH~G	68}%�;<8:�T�"Ln�R�<|R�Q	:=<|Rv�
HJ6Kj�6KHMk:OX0k:=@�k:=QJRS<8:Sg;@;?AL;G(¦{?AL;Q	@;6KH(L;@;:P}�k:�HJ9;?�T;:WT;68Q	:=7�HJ:PT&� k:�jSRS<8LhR�HJ68?A@�T;:P<|RF}�RSG	G	:WT&� L;@;:.GIHJQ	L;7�HJL;Q	:
<8?�7�RS<8:�:=@�¦{?A@;7�HJ68?A@�T;:#G	?A@ "RSXA:3:�H�T;L�¦{Q	:=68@hRSXA:VT;:#<|R�j�6KHJ:=G	G	:#T;:V¦{L;6KHJ:37=?AG	}%?A<8?AXA68��L;:���L&� :=<8<8:
�;Q	?�T;L;6KHWThRS@;GWGJR��hRS@;<868:=L;:S�&[�:�H	HJ:�}�k:�HJ9;?�T;:ZT&� k:�jSRS<8LhR�HJ68?A@�T;:F<|R�}�RSG	G	:FG=� R�jr�:=Q	: ":�HJQ	:FT&� L;@;:ZHJQ=�:=G
XAQJRS@;T;:��;Q�k:=7=68G	68?A@Z�r?AL;Q/<\� RS}�RSG/T;:�<|R��W68:=Q	XA:�:�H47=?A@��hQ	}%:�<8:�}%?�T&�:=<8:�T&� L;@;6KjA:=Q	G4�;Q�k:=G	:=@CHMk:S� 60RSQ0QJRS���
�r?AQIH~RSL��;Q	?A�;<\�:=}%:W68@;6KHJ6|RS<h�r?AL;Q	G	L;6Kj�6\g�7=:=<8L;6 T;:W<|R G }�RSG	G	:W7�RS7�9�k:=: G gh7=:�H	HJ:P}�k:�HJ9;?�T;:OT&� k:�jSRS<8LhR�HJ68?A@
T;:.}�RSG	G	:=G�T&� RS}�RSG�T;:�j�QJRS6KH��r:=Q	}%:�H	HJQ	:PT;:.}%68:=L���<8:P7=?A}%�;Q	:=@;T;Q	:S�
l:=G%Q�k:=G	L;<KH�R�HJG�?A@CH�k:�HMk:�:��M�r?AG�k:=G�R�jA:=73<|R �IT;68GIH�RS@;7=: G Q���L;6�:=GIH%L;@�QJR�BA?A@�T;:37=?AL;Q	�;L;Q	:4��:=@

GJRS7�9hRS@CH4��L;:�<|R�T;68GIH�RS@;7=:�:=L;7=<868T;68:=@;@;:¯G	L;Q0<\� :=G	�hRS7=:�H�RS@;XA:=@CH~Y{<\� :=G	�hRS7=:�@;:�«~HJ?A@;68:=@¥f�:=GIH > � � � � ¹Pg
?A@��r:=LMH(68}%}�k:=T;6|R�HJ:=}%:=@CH�HJQJRS@;G	7=Q	68Q	:i<8:=G�Q�k:=G	L;<KH�R�HJG&��7=:=�r:=@;ThRS@CH~G	:O�r?AG	:O<|R.��L;:=GIHJ68?A@�T;:OGJR�jA?A68Q�7=:
��L;64:=GIH�k:�jSRS<8L�k:F�hRSQW<8:=G.RSGIHJQ	?A@;?A}%:=G=g <|R�T;68GIH�RS@;7=: > ?AL�<8:FQJR�BA?A@���k:=Q	68}�k:�HJQ	68��L;:FT;:�7=?AL;Q	�;L;Q	: ��ª
`i@;:%Q�k:=�r?A@;G	:��hRSQIHJ68:=<8<8:.I<8:�Q	:=T;G	9;6K¦ H�>%:=GIH�T�k: �h@;6¯�hRSQ�m � � � 9 � � � �9 � �!� gL;@nQJRS�;�r?AQIH.T;:%QJR�BA?A@nT;:7=?AL;Q	�;L;Q	:4�rRS68@;G	6&<8:=G~}%:=G	L;Q	:=GiT;:.Q	:=T;G	9;6K¦ H�@&� 68@;T;68��L;:=@CHi��L;:.T;:=GiT;68GIH�RS@;7=:=G�Q	:=<|R�HJ6KjA:=G&�h68< :=GIHiT;?A@;7
68@;T;6K�ik:=Q	:=@CH�T;:iHJQJR�jSRS68<8<8:=Q�R�jA:=7O<|RPT;68GIH�RS@;7=:~��?AL%<|R.T;68GIH�RS@;7=:iQ=�60RSQ�7=?A@CHJQ	:i<8?AQ	G	��L;:iT;:=G�T;68GIH�RS@;7=:=G

� +



G	?A@CHWRS�;�;Q�k:=7=6�k:=:=G��R%�hRSQIHJ68Q~T;:Z}%:=G	L;Q	:=GOT&� RS@;XA<8:=G=gh68<:=GIHW@�k:=7=:=G	GJRS68Q	:ZT;:�T;68GIHJ68@;XAL;:=Q�<8:=G�jSRSQ	6|RS�;<8:=G(�
:�HiQ~T;LV¦ RS6KH~��L;: � j 6�� j � % 	

� 6�� j �;<8:=GiRSGIHJQ	?A@;?A}%:=G~LMHJ68<868G	:=@CH~T;:P¦ RS6KH�<|RZjSRSQ	6|RS�;<8:WQ=�]i?AL;GiR�jA?A@;G~�r:=L3�hRSQ	<�k:WT;:P7=:P�hRSQJRS}3�:�HJQ	:WT;:.T;:=@;G	6KHMk:.¹¿��L;6Wk:�jA?A<8L;:.R�jA:=7.<8:OHJ:=}%�;G~:�H���L;6&:=GIH
T�k: �h@;647=?A}%}%:Z<8:FQJRS�;�r?AQIHWT;:�<|R%T;:=@;G	6KHMk: �VT;:�<\� L;@;6KjA:=Q	GWG	L;QP<|R�T;:=@;G	6KHMk:F7=Q	6KHJ68��L;: � 0 � 4 � 	

� � � � E <4R7=<|RS68Q	:=}%:=@CHWL;@;:�G	68XA@;6 �h7�R�HJ68?A@#T;:�7=?AL;Q	�;L;Q	:�T;:�<\� :=G	�hRS7=:3Y > � � � � ¹if��&^iRS�;�r:=<8?A@;GWT;:=L���¦ RS6KHJG��R
�;Q	?A�r?AG�T;:.7=:.�hRSQJRS}3�:�HJQ	:%Y{7�¦ �h<8:W¦{?AQ	}FL;<|RS68Q	:OQ�k:=7�RS�;6KHJL;<|R�HJ6K¦�T;L37�9hRS�;6KHJQ	:P�;Q�k:=7rk:=T;:=@CH�f I

6 f~<868} � � � ¹.Y �¥f�� mF��L;60�;Q	?tj�68:=@CHPT;L#¦ RS6KHO��L;:E� j Y �¥fI¹.Y �¥f�� � j :=GIHPL;@�68@CjSRSQ	6|RS@CHO:�H
��L;:�<868} � � � ��Y �¥f�� ��

686 fP¹.Y �¥f!
 :��;Y �¥f�g0<8:��hRSQJRS}3�:�HJQ	:�T;:�T�k:=7=:=<�k:=QJR�HJ68?A@P�4RSL;G	G	6�7=:��hRSQJRS}3�:�HJQ	:�T;:�T;:=@;G	6KHMk:Sg
7=?A}%}%:F<8:F�hRSQJRS}3�:�HJQ	:�T;:�T�k:=7=:=<�k:=QJR�HJ68?A@&g&:=GIH.T;?A@;7�HJQ=�:=GPT;6 9%7=68<8:3�R�k:�jSRS<8L;:=QWT;68Q	:=7�HJ:=}%:=@CH.�hRSQPT;:=G
}%:=G	L;Q	:=G=�

CZurp/yC³ x/°�z{urp
< HJQJR�jA:=Q	G.<|R%¦{?AQ	}%:Z<8?�7�RS<8: G GIH�R�HJ68��L;: G T;:F<|R�}�k:�HJQ	68��L;:ZT&� L;@;6KjA:=Q	G=g@;?AL;GPR�jA?A@;G.:��;RS}%68@�k:Z<8:=G

7=?AL;Q	�r:=GOT;:�j�6KHJ:=G	G	:ZT;:ZQ	?SH�R�HJ68?A@3T;:=GOXCRS<|Rv�M68:=G�:�HO<|R�@;?SHJ68?A@3T;:Z9hRS<8?%T&� R�H	HJQJRS7�HJ68?A@3T&� L;@;:FXCRS<|Rv�M68:
?AL�T&� L;@�RS}�RSG=�rl:=GO7=?A@;G�k:=��L;:=@;7=:=G.?A�MHJ:=@�L;:=GPG	?A@CHW68}%�r?AQIH�RS@CHJ:=G�:�HW7=?A@M¦{Q	?A@CH�RS�;<8:=GWRSL��#?A�;G	:=QIjSRv�
HJ68?A@;G=� l:F}%?�T&�:=<8:�T&� L;@;6KjA:=Q	G=g&T�k:�jA:=<8?A�;��k:�G	L;QW<|R%�hRSG	:FT;L�HJ:=@;G	:=L;QP68}%�;L;<8G	68?A@��Ak:=@;:=Q	XA68:P68@CHJ:=Q	�;Q�k:�HMk:
ThRS@;GPL;@nQ	:=�&�:=Q	:�<8?�7�RS<8:=}%:=@CHW68@;:=QIHJ68:=<\grG=� R�jr�:=Q	:�:=@�RS7=7=?AQ	T�:���HJQJRS?AQ	T;68@hRS68Q	:�R�jA:=7�<8:=GP?A�;G	:=QIjSR�HJ68?A@;G
RS7�HJL;:=<8<8:=G=�0UW:��;<8L;GZ68<¯�r:=Q	}%:�HFT;:��;68:=@§�r?AG	:=QZ<8:=GZ�;Q	?A�;<\�:=}%:=GZT;6KHZT;:�}�RSG	G	:�}�RS@;��LhRS@CHJ:S� E <�:=GIH
j�QJRS6¥��L;:�¡	:i�;Q	:=@;T�T&� k:=@;?AQ	}%:=G��;Q�k:=7�RSLMHJ68?A@;G¯HJ9�k:=?AQ	68��L;:=G=g�}�RS68G¯@;:�¦ RSLMHI�!68<;�hRSG�<8:�¦ RS68Q	:~�r?AL;Q�RS<8<8:=QO�R
<\� :=@;7=?A@CHJQ	:�T&� 68T�k:=:=G�Q	: �7=L;:=G¥ª E 7=6�¡	:~jSRS68GO�R.<\� :=@;7=?A@CHJQ	:�T;:�<|RW7=Q	?tBCRS@;7=:WRSL�¦ RS6KH¯��L;:�<8?AQ	G	��L&� ?A@�k:�HJL;T;68:
L;@ G 7�9hRS}%�3¦ RS68�;<8: G gh<|R�Q	:=<|R�HJ6Kj�6KHMk:.X0k:=@�k:=QJRS<8:�@;:ZG	:=QIH%�R%Q	68:=@&�&[O� :=GIHOj�QJRS6~�R%7=?AL;QIHJ:ZT;68GIH�RS@;7=:Sgr}�RS68G
�hRSG��R�T;:=GOT;68GIH�RS@;7=:=G G RSGIHJQ	?A@;?A}%68��L;:=G G �r[O� :=GIHW�r:=LMHI�/":�HJQ	:�<\� :=G	G	:=@CHJ68:=<�T;L#}%:=G	GJRSXA:���L;:(¡	:.jA?AL;<|RS68G
jA?AL;G~<86Kj�Q	:=QWY{?ALMHJQ	:O<8:i¦ RS6KH���L&� 68< @&� B�RZ�hRSG(T;:W}ZB�GIH��:=Q	:PRSL�G	Lv¡	:�H~T;:W<|R�7=?A@;GIH�RS@CHJ:P7=?AG	}%?A<8?AXA68��L;:tf��

� 2



Bilan : Age suivant les parametres H et Omega
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0.8

50 60 70 Ho 80 90
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23 10^9 ans

20 10^9 ans

O

Centre O de la fenetre :
age = 20 10^9 ans

Omega = 0.6
Ho = 65
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