
La 
Structure 

de l’Univers 

!"#$%#&'(#%)*(+,&%'-&'."/%0/'
'
!"#$%&'$()*+"*,&-.$-*/ *1'2'345'6789':4;<6'=>?'
'
01''.*+"*,&-.$-*@ ' 'A'2'8'6737'B*'

'
! 'C"#$%#&'(#%)*(+,&%'@'!20*3*4*5678*9:'75:;<75*

'
'
D)%E0F)%'G";;0H0/0$(@'C"EH&;+"#'
'
D)"-&C+"#'-"E%;+,&%'-%'/&E0F)%'%$'-%'CIJ/%&)';&)'K%))%@'=."'-L&#%'CI%E0#(%M'
HJ)H%C&%M'%$C4M';"0$'&#%'C"EH&;+"#'-%'H"0;M'CIJ)H"#M'N'
'

! *>?&@.''"'*@A$#$B".*

La 
Structure 

de l’Univers 



La 
Structure 

de l’Univers 

!IJ)H"#@'%OC%//%#$'C"EH&;+H/%'
'
C.%+.#.%(*@1-&?$DB".*+"*@A1?E&%/*P'2'37'777'B:QB*'
'
" '1QA'@',&J#+$('-L(#%)*0%'GJ)'&#0$('-%'$%EG;'%$'GJ)'&#0$('-%'EJ;;%'

" 'P'@',&J#+$('-L(#%)*0%'GJ)'&#0$('-%'EJ;;%'

" '-"#C'A'B*'-%'CIJ)H"#'G)"-&0;%#$'G%#-J#$'&#'$%EG;'D$'&#%',&J#+$('-L(#%)*0%'
1'D$'JR%C'&#')%#-%E%#$'PM';"0$@' '1'Q'A'2'P'Q'D$'
'

! 'D$'2'64S'6766';'2'F666*1%'*T'
'
!JE0//%'U/JEEJ)0"#M'V;$)"#"E0%'D"G&/J0)%'=6WX5?'
'
Y'.0'/%';"/%0/'($J0$'C"EG";('-%'CIJ)H"#'-%'$%))%'EJ;;0Z'H)[/J#$'-J#;'/\"O]*F#%'
G&)M'0/'#%'G"&))J0$'H)[/%)'G%#-J#$'G/&;'-%';0O'E0//%'J#;';J#;'^$)%'%#+F)%E%#$'
C"#;&E(@'0/';%)J0$'-"#C'($%0#$'-%G&0;'/\")0*0#%'-%;'$%EG;'I0;$")0,&%;'_'

La 
Structure 

de l’Univers 



La 
Structure 

de l’Univers 

`%&O0FE%'G";;0H0/0$(@'(#%)*0%'*)JR0$J+"##%//%'
'
G?&@.''"'*<)&-&<$B"./*-F;'677'BE'-%'G)"Z"#-%&)M'/%;'C"#-0+"#;'-%'G)%;;0"#'%$'
-%'$%EG()J$&)%'G%)E%a%#$'/J'Z&;0"#'GJ)+%//%'-&'EJ#$%J&'$%))%;$)%'=EJ*EJ?'
'
1%'G"0-;'==&?@.*<?1H$(1I&%%.--.?'-%;'C"&CI%;'%O$%)#%;'%;$'/J'CJ&;%'-%'G)"C%;;&;'
(#%)*(+,&%;'=0C0'$)J#;Z")EJ+"#'-%'GIJ;%?@'0-(%'G"&)'/%'."/%0/b'JR%C'!"#$%&$'cc'!'%((%)
'
d&%/')%#-%E%#$'CJ/")0e,&%'G%&$<"#'"H$%#0)'-%'/J'$)J#;Z")EJ+"#'-%'-J)%.?<$.*
>&(.%I.--.*<?1H$(1I&%%.--.*-&'."/%0/'%#'(#%)*0%'$I%)E0,&%b'
'
A(CJ#0;E%'-%'f%/R0#<g%/EI"/$h'=6W97?'
'
< '(,&0/0H)%'I]-)";$J+,&%'-&'."/%0/@'/J'G)%;;0"#'0#$%)#%'C"#$)%HJ/J#C%'/J'*)JR0$('
< '/J'/&E0#";0$('(RJC&%'&#%'GJ)+%'-%'/J'CIJ/%&)'0#$%)#%'
< ')%Z)"0-0;;%E%#$'i'/L0#$()0%&)'-&'."/%0/'@'G)%;;0"#'0#$%)#%'G/&;'HJ;;%'
< '/J'*)JR0$('G)%#-'/%'GJ;';&)'/J'G)%;;0"#'0#$%)#%@'/%'."/%0/';%'C"#$)JC$%'
< '/J'C"#$)JC+"#'ZJ0$'J&*E%#$%)'/%'G)%;;0"#'0#$%)#%'
< '/L(,&0/0H)%'I]-)";$J+,&%'%;$')($JH/0M'/%'C]C/%')%-(EJ))%'JR%C'&#'."/%0/'G/&;'G%+$'

La 
Structure 

de l’Univers 

1%#$%'C"#$)JC+"#'*)JR0$J+"##%//%'
'
K%.?<$.*-$E)?).*/");,&L&#%'EJ;;%'j!'$"EH%'-J#;'/%'CIJEG'*)JR0$J+"##%/'-L&#%'
EJ;;%'!M'-%G&0;'/L0#e#0'="k'%//%';%'$)"&RJ0$'J&')%G";?'l&;,&Li'/J'-0;$J#C%'('-&'C%#$)%'
-%'/J'EJ;;%'!'@)
*

*
'
K%.?<$.*?1L&%%).*G%#-J#$'/L%m"#-)%E%#$'-%'j!'-%G&0;'(&''l&;,&Li'(*'@'
'

D+,'2'<'=+*)-)+&?'
'
.&GG";"#;'(&''cc'(*''2'P;'=)J]"#'-&'."/%0/?M'J/");@''
'

D+,)n)-)+*))n'.)!/)D!)0)1/)n).)!/
2)0)1/)n)o'67o6':'

'
! 'K%.?<$.*(&(1-.*?1L&%%).*G"&)'JH"&+)'i'&#'."/%0/'-%'EJ;;%'!/'%$')J]"#'1/'GJ)'

&#'GI(#"EF#%'-%'C"#$)JC+"#'*)JR0$J+"##%//%'

r
MMGEg

!"=



La 
Structure 

de l’Univers 

V*%'-&'."/%0/'
'
C.%+.#.%(*@1-&?$DB".*/");'-L&#%'G)"-&C+"#'-L(#%)*0%'D+,))GJ)'&#%'EJ;;%'!/)@)
'

P'2'D+,'Q'!/)'2'8'6766':QB*'
'
1J'EJ;;%'!/))J'G)"-&0$'G%#-J#$'&#'$%EG;'D$'&#%',&J#+$('-L(#%)*0%'1'D$'JR%C'&#'
)%#-%E%#$'PM';"0$ '1 D$'2'!/'P''"&'%#C")%'@'
'

D$)2'=!/'Q'1?'O'=D+,'Q'!/)3'2'676S';'
'

! '/%'."/%0/'J&)J0$'J/");'&#'p*%'-%'M6*#$--$&%'*+J1%%).'*
*
K)"G'C"&)$'GJ)')JGG")$'J&O'%;+EJ+"#;'-%'/Lp*%'-%'/J'K%))%'HJ;(%;';&)'/J'R0$%;;%'
-%';(-0E%#$J+"#'$]G0,&%@'N66*#$--$&%'*+J1%%).''J&'E0#0E&E'T'

La 
Structure 

de l’Univers 



La 
Structure 

de l’Univers 

K)"0;0FE%'G";;0H0/0$(@'(,&0RJ/%#C%'(#%)*0%<EJ+F)%'
'
G?&+"@I&%*+J)%.?<$.*>1?*-.'*@.%(?1-.'*%"@-)1$?.'/*/J'e;;0"#'-L&#'#"]J&'-LJ$"E%'
/"&)-'G)"-&0$'-%;'#&C/(0-%;'G/&;'/(*%);'%$'-%'/L(#%)*0%'2c'$)J#;G";JH/%'J&'."/%0/b'
'
K%.?<$.*%"@-)1$?./*/L(#%)*0%'-(*J*(%'/");'-L&#'G)"C%;;&;'#&C/(J0)%'C"))%;G"#-'
J&'45*678)4%)96//%M'CL%;$'/J'Z")E&/%'-Lq0#;$%0#'=657S?'@' 'Dq'2'DE'C8'

'
P%#-%E%#$'CJ/")0e,&%'-%'/L(,&0RJ/%#C%'(#%)*0%<EJ;;%'
'
r#%'EJ;;%'E'-%'EJ+F)%'C"EG/F$%E%#$'C"#R%)+%'%#'(#%)*0%'Dq'@'
'

P'2'Dq'Q'E'2'C8''2'O*565P*92;< ' '=CIJ)H"#@'P'2'3'67X':QB*'T?'
'
1%'."/%0/'-J#;';"#'%#+F)%$('=EJ;;%'A?'G"&))J0$'EJ0#$%#0)';J'G)"-&C+"#'
-L(#%)*0%'1'JR%C'C%')%#-%E%#$'P'G%#-J#$@'
'

D$'2'=A'Q'1?'O'P'2'o4S'6787';'2'5F*#$--.*#$--$1?+'*+J1%%).'*T'

La 
Structure 

de l’Univers 

/*&)J#0&EM'#%G$&#0&EM'G/&$"#0&EM'N';"#$'
-%;'(/(E%#$;'$)F;')J)%;'
*
! '/L(/(E%#$'/%'G/&;'JH"#-J#$'%;$'/LAL+?&<Q%.'=/%'G/&;'/(*%)?'



La 
Structure 

de l’Univers 

P(JC+"#'-%'Z&;0"#'#&C/(J0)%'-%'/LI]-)"*F#%'
'
K)J#;Z")EJ+"#'-%'o'#"]J&O'-LJ$"E%;'-LI]-)"*F#%'=o'O'6'G)"$"#?'%#'6'#"]J&'
-LJ$"E%'-LI(/0&E'=6'O'8'G)"$"#;s8'#%&$)"#;?'@'="'$&%*+.*-JAL+?&<Q%.**
'

o''6g''' ''''og% ' '=q--0#*$"#M'6587?'
'
P%#-%E%#$'CJ/")0e,&%'-%'/J'Z&;0"#'-%'/LI]-)"*F#%'@'EJ;;%;'#&C/(J0)%;'
'
AJ;;%'-&'#"]J&'6g'2'EJ;;%'-&'G)"$"#'2'6'EG'2'649X89'67<8X'B*'2'6477X'&EJ'
'

6'&#0$('-%'EJ;;%'J$"E0,&%''2'6Q68'EJ;;%'J$"E%'68!''2'6'&EJ2'64997So'67<8X'B*'
'
AJ;;%'-&'#"]J&'og%'2'o4776'&EJ'2'345X89'EG'
'
Va%#+"#@'EJ;;%'-%;'#"]J&O'T'1J'EJ;;%'#&C/(J0)%'%;$'-0m()%#$%'-%'/J'EJ;;%'J$"E0,&%'
E%#+"##(%'-J#;'/%;'$JH/%J&O'-%'A%#-%/%t%RM'CJ)'C%a%'-%)#0F)%'0#C/&$'/J'EJ;;%'-%;'
(/%C$)"#;'=E"0#;'/%&)'(#%)*0%'-%'/0J0;"#?'

E%'Q'EG'2'S4oS'67<o'

La 
Structure 

de l’Univers 

P%#-%E%#$'CJ/")0e,&%'-%'/J'Z&;0"#'-%'/LI]-)"*F#%'@'-(ZJ&$'-%'EJ;;%'
'
1J'$)J#;Z")EJ+"#'-%'o'#"]J&O'-LI]-)"*F#%'=6'EG?'%#'6'#"]J&'-LI(/0&E'=345X89'
EG?';LJCC"EGJ*#%'-L&#'+)=1"(*+.*#1''.*-%'@*
'

=o'O'6'u'345X89?'EG'2'7478Xo'EG'

'
!%'-(ZJ&$'-%'EJ;;%'C"))%;G"#-'i'&#%'-$E)?1I&%*+J)%.?<$.*-%'7478Xo'EG'O'C8'
l"&/%'2'(#%)*0%'G)"-&0$%'GJ)'&#%'EJ;;%'-%'=o'EG?'B*'-%'#"]J&O'6g'
'
1J'C"EH&;+"#'-%'CIJ,&%'B*'-%'#"]J&O'-LI]-)"*F#%';LJCC"EGJ*#%'-"#C'-%'/J'
/0H()J+"#'-%'@'
'

P'2'7478Xo'EG'O'C8'Q'o'2'P:5N*5658*9*
'
`&)(%'-%'G)"-&C+"#'-L(#%)*0%';"/J0)%'i'GJ)+)'-L6Q67'-%';J'EJ;;%'
'
D$'2'=746'A'Q'1?'O'P'2'3'676X';'2'56*#$--$1?+'*+J1%%).'*****=C"EGJ+H/%'JR%C'*("/"*0%?'



La 
Structure 

de l’Univers 

!]C/%'-%')(JC+"#;'
'
1J'G/J&;0H0/0$('-%'ZJ0)%'0#$%)J*0)'8*%&L1"R*-LI]-)"*F#%''J&'E^E%'%#-)"0$'J&'
E^E%'E"E%#$'%;$'#&//%N'
'
1J')(JC+"#'Y'o'G)"$"#;'2c'6'#"]J&'I(/0&E'_'%;$'%#')(J/0$('&#%')B"1I&%7E$-1%*
*

! '%#'-($J0/;@'@L@-.*>7>*=G)"$"#<G)"$"#?*

La 
Structure 

de l’Univers 



La 
Structure 

de l’Univers 

!]C/%'-%')(JC+"#;'
'
1J'G/J&;0H0/0$('-%'ZJ0)%'0#$%)J*0)'8*%&L1"R*-LI]-)"*F#%''J&'E^E%'%#-)"0$'J&'
E^E%'E"E%#$'%;$'#&//%N'
'
1J')(JC+"#'Y'o'G)"$"#;'2c'6'#"]J&'I(/0&E'_'%;$'%#')(J/0$('&#%')B"1I&%7E$-1%*
*

! '%#'-($J0/;@'C]C/%'G<G'%$'@L@-.*STU*
'

La 
Structure 

de l’Univers 

!vw@'CJ$J/];%&);'0#0+J/%E%#$'
G)(;%#$;'-J#;'/L($"0/%'



La 
Structure 

de l’Univers 

!]C/%'-%')(JC+"#;'
'
1J'G/J&;0H0/0$('-%'ZJ0)%'0#$%)J*0)'8*%&L1"R*-LI]-)"*F#%''J&'E^E%'%#-)"0$'J&'
E^E%'E"E%#$'%;$'#&//%N'
'
1J')(JC+"#'Y'o'G)"$"#;'2c'6'#"]J&'I(/0&E'_'%;$'%#')(J/0$('&#%')B"1I&%7E$-1%*
*

! '%#'-($J0/;@'@L@-.*>7>*%$'@L@-.*STU*
'
!"EE%#$'G%)E%a)%'/%;'C"//0;0"#;b'
'
1%;'G)"$"#;'%$'#"]J&O';"#$'CIJ)*(;'G";0+R%E%#$@'?)>"-'$&%*@&"-&#E$.%%.T'
*
g%&)%&;%E%#$M'/L$%(.?1@I&%*=&?(.*=C"I(;0"#'-%;'#"]J&O?'%;$'G/&;'Z")$%',&%'
/L0#$%)JC+"#'(/%C$)"EJ*#(+,&%'=)(G&/;0"#?'
'
AJ0;'%//%'%;$'-%'@&"?(.*>&?().N'x/'ZJ&$'&#%'*)J#-%'J*0$J+"#'$I%)E0,&%'
*

! '0/']'J'C"//0;0"#';0'-1*+.%'$()*.(*-1*(.#>)?1("?.*'&%(*'"V'1##.%(*<?1%+.'*

La 
Structure 

de l’Univers 

/*/J'$%EG()J$&)%M'/J'
G)%;;0"#'%$'/J'-%#;0$('1"<#.%(.%('JR%C'/J'
G)"Z"#-%&)'
*
! 'i'56*#$--$&%'*+.*+.<?)'*WM'/%'C]C/%'G<G'
G%&$'-(H&$%)'=57y'-%'/J'G)"-&C+"#'-L(#%)*0%'
-J#;'/%'."/%0/?'

! 'i'5F*#$--$&%'*+.*+.<?)'*WM'/%'C]C/%'!vw'
G%&$'-(H&$%)'=67y'-%'/J'G)"-&C+"#'-L(#%)*0%'
-J#;'/%'."/%0/?'



La 
Structure 

de l’Univers 

D)"-&C+"#'-L(#%)*0%'R%(/7/'*)JR0$('
'
1%'."/%0/'=%$'/%'($"0/%;?';"#$'-%;')(JC$%&);'-%'="'$&%*(A.?#&%"@-)1$?.*J&$")(*&/(;'
GJ)'/J'*)JR0$J+"#'
'
• 'IJ&$%'$%EG()J$&)%'J&'Cz&)'KC'2c'IJ&$%'G)%;;0"#'DC'$I%)E0,&%',&0';L"GG";%'i'/L%m%$'-%'
C"EG)%;;0"#'-%'/J'*)JR0$('@')B"$-$E?.*AL+?&'(1IB".*

• ';0'/J'G)"-&C+"#'-L(#%)*0%'e'HJ0;;%M'/J'$%EG()J$&)%'KC'%$'-"#C'/J'G)%;;0"#'DC'HJ0;;%#$M'/%'
Cz&)';%'C"#$)JC$%';"&;'/L%m%$'-%'/J'*)JR0$(M'C%',&0'ZJ0$'J&*E%#$%)'/J'-%#;0$('%$'-"#C'/J'
$%EG()J$&)%'KM'C%',&0'J&*E%#$%'/J'G)"-&C+"#'-L(#%)*0%'e'2'1"(&?)<"-1I&%*
'
!"EH&;+"#'-%'/LI]-)"*F#%'%#'I(/0&E'
'
V&'Cz&)'-&'."/%0/M'/J'G)"G")+"#'-%'#"]J&O'-LI]-)"*F#%'+$#$%".'J&'G)"e$'-%'
C%//%'-%'#"]J&O'-LI(/0&E*
*
S&#E"'IE-.*X*)>"$')b ''e''''''''''7''''''''''C"#$)JC+"#'-&'Cz&)''''''''''KC''''
*

! 'i'-%'G/&;'IJ&$%;'$%EG()J$&)%;M'-%'%&"H.--.'*?)1@I&%'*;%'G)"-&0;%#$*

La 
Structure 

de l’Univers 

D)"-&C+"#'-%'#"&R%J&O'(/(E%#$;'
'
o'6g'2c'og% ' 'C"EH&;+"#'g 'K'c'67'679'f 'C]C/%'G<G'

' ' ' ''



La 
Structure 

de l’Univers 

D)"-&C+"#'-%'#"&R%J&O'(/(E%#$;'
'
o'6g'2c'og% ' 'C"EH&;+"#'g 'K'c'67'679'f 'C]C/%'G<G'

' ' ' ' 'K'c'6S'679'f 'C]C/%'!vw'
'
'

La 
Structure 

de l’Univers 

D)"-&C+"#'-%'#"&R%J&O'(/(E%#$;'
'
o'6g'2c'og% ' 'C"EH&;+"#'g 'K'c'67'679'f 'C]C/%'G<G'

' ' ' ' 'K'c'6S'679'f 'C]C/%'!vw'
'
3'og%'2c'68! ' 'C"EH&;+"#'g% 'K'c'677'679'f ')(JC+"#'3a!
'



La 
Structure 

de l’Univers 

D)"-&C+"#'-%'#"&R%J&O'(/(E%#$;'
'
o'6g'2c'og% ' 'C"EH&;+"#'g 'K'c'67'679'f 'C]C/%'G<G'

' ' ' ' 'K'c'6S'679'f 'C]C/%'!vw'
'
3'og%'2c'68! ' 'C"EH&;+"#'g% 'K'c'677'679'f ')(JC+"#'3a!
68!'s'og%'2c'69w ' '*#(8%)(5:7$/&#;)<#7$#9=&%;;%)>))=#"]J&'@'{'G)"$"#;?'
!

PJGG%/@'C"#;%)RJ+"#'CIJ)*%'%$'#"EH)%'-%'#&C/("#;'/");'-%;')(JC+"#;'#&C/(J0)%;'
'
< 'H0/J#'#"EH)%'-%'G)"$"#;@'' '{'@ '9's'8'2'W'
< 'H0/J#'#"EH)%'-%'#&C/("#;@ 'V@ '68's'o'2'69'

'

La 
Structure 

de l’Univers 

D)"-&C+"#'-%'#"&R%J&O'(/(E%#$;'
'
o'6g'2c'og% ' 'C"EH&;+"#'g 'K'c'67'679'f 'C]C/%'G<G'

' ' ' ' 'K'c'6S'679'f 'C]C/%'!vw'
'
3'og%'2c'68! ' 'C"EH&;+"#'g% 'K'c'677'679'f ')(JC+"#'3a!
68!'s'og%'2c'69w ' ''
!
68!'s'68!'2c'83vJ's'6g 'C"EH&;+"#'! 'K'c'977'679'f'
'



La 
Structure 

de l’Univers 

D)"-&C+"#'-%'#"&R%J&O'(/(E%#$;'
'
o'6g'2c'og% ' 'C"EH&;+"#'g 'K'c'67'679'f 'C]C/%'G<G'

' ' ' ' 'K'c'6S'679'f 'C]C/%'!vw'
'
3'og%'2c'68! ' 'C"EH&;+"#'g% 'K'c'677'679'f ')(JC+"#'3a!
68!'s'og%'2c'69w ' ''
!
68!'s'68!'2c'83vJ's'6g 'C"EH&;+"#'! 'K'c'977'679'f'
68!'s'68!'2c'87v%'s'og% ''
'

La 
Structure 

de l’Univers 

D)"-&C+"#'-%'#"&R%J&O'(/(E%#$;'
'
o'6g'2c'og% ' 'C"EH&;+"#'g 'K'c'67'679'f 'C]C/%'G<G'

' ' ' ' 'K'c'6S'679'f 'C]C/%'!vw'
'
3'og%'2c'68! ' 'C"EH&;+"#'g% 'K'c'677'679'f ')(JC+"#'3a!
68!'s'og%'2c'69w ' ''
!
68!'s'68!'2c'83vJ's'6g 'C"EH&;+"#'! 'K'c'977'679'f'
68!'s'68!'2c'87v%'s'og%'
'
69w's'69w'2c'36D's'6g 'C"EH&;+"#'w 'K'c'64S'675'f'

''
'



La 
Structure 

de l’Univers 

D)"-&C+"#'-%'#"&R%J&O'(/(E%#$;'
'
o'6g'2c'og% ' 'C"EH&;+"#'g 'K'c'67'679'f 'C]C/%'G<G'

' ' ' ' 'K'c'6S'679'f 'C]C/%'!vw'
'
3'og%'2c'68! ' 'C"EH&;+"#'g% 'K'c'677'679'f ')(JC+"#'3a!
68!'s'og%'2c'69w ' ''
!
68!'s'68!'2c'83vJ's'6g 'C"EH&;+"#'! 'K'c'977'679'f'
68!'s'68!'2c'87v%'s'og%'
'
69w's'69w'2c'36D's'6g 'C"EH&;+"#'w 'K'c'64S'675'f'
69w's'69w'2c'8W.0's'og%'
69w's'69w'2c'36.'s'#'
69w's'69w'2c'38.'
'
'
'

''
'

La 
Structure 

de l’Univers 

D)"-&C+"#'-%'#"&R%J&O'(/(E%#$;'
'
o'6g'2c'og% ' 'C"EH&;+"#'g 'K'c'67'679'f 'C]C/%'G<G'

' ' ' ' 'K'c'6S'679'f 'C]C/%'!vw'
'
3'og%'2c'68! ' 'C"EH&;+"#'g% 'K'c'677'679'f ')(JC+"#'3a!
68!'s'og%'2c'69w ' ''
!
68!'s'68!'2c'83vJ's'6g 'C"EH&;+"#'! 'K'c'977'679'f'
68!'s'68!'2c'87v%'s'og%'
'
69w's'69w'2c'36D's'6g 'C"EH&;+"#'w 'K'c'64S'675'f'
69w's'69w'2c'8W.0's'og%'
69w's'69w'2c'36.'s'#'
69w's'69w'2c'38.'
'
8W.0's'og%'s'og%'sN''2c'S9U% 'C"EH&;+"#'.0 'K'c'3'675'f'
'

! '>.">-.#.%(*+"*(1E-.1"*+.*0.%+.-.Y.H'
'



La 
Structure 

de l’Univers 

/*e#'-&'C"EH&;+H/%'2c'C"#$)JC+"#'-&'Cz&)'2c'
J&*E%#$J+"#'-%'/J'$%EG()J$&)%'2c'#"&R%//%;')(JC+"#;'#&C/(J0)%;'
'
1J'G)"-&C+"#'-L(#%)*0%'GJ)'/%;')(JC+"#;'#&C/(J0)%;'=q--0#*$"#'6587?'0EG/0,&%''
&#%'#&+$D@1I&%'G)"*)%;;0R%'-%'/J'C"EG";0+"#'CI0E0,&%'-%'/L($"0/%'
*

! 'Z"'B"J&[*>."(7&%*1--.?\*

La 
Structure 

de l’Univers 

`(ZJ&$'-%'EJ;;%'-L&#%')(JC+"#'#&C/(J0)%'
'
w#'G%&$'*(#()J/0;%)'/%'C"#C%G$'-%'+)=1"(*+.*#1''.*i'#L0EG")$%',&%//%')(JC+"#'
#&C/(J0)%'@'

|'s'}''2c''>'
'
K%.?<$.*+.*-1*?)1@I&%*@' 'q'2'=E|'s'E}'u'E>?'C8'

'
'{O's'{]'2'{~' '=C"#;%)RJ+"#'-&'#"EH)%'-%'G)"$"#;'{?'

'
'VO's'V]'2'V~ '=C"#;%)RJ+"#'-&'#"EH)%'-%'#&C/("#;'V'2'{'s'v?'

'
1L(#%)*0%'-%'/J')(JC+"#'G%&$';L(C)0)%'%#'Z"#C+"#'-&'+)=1"(*+.*#1''.*>?&>?.'i'
CIJ,&%'#"]J&'J$"E0,&%'
'

! '-(ZJ&$'-%'EJ;;%'-&'#"]J&'|'@'={O'EG's'vO'E#?'''<''EO'
'

q#%)*0%'-%'/J')(JC+"#'|s}'2c'>@'
q'2'=E|'<'{|'EG'<'v|'E#'s'E}''<'{}'EG'<'v}'E#'<'E>'s'{>'EG's'v>'E#'?'C8'

'
'

-(ZJ&$'EJ;;%'#"]J&'|'



La 
Structure 

de l’Univers 

`(ZJ&$'-%'EJ;;%'-L&#'#"]J&'J$"E0,&%'
'
1%'+)=1"(*+.*#1''.*>?&>?.*]*@A1B".*%&L1"*1(&#$B".'G%)E%$'-"#C'-%'CJ/C&/%)'
/%;'(#%)*0%;'-%;')(JC+"#;'#&C/(J0)%;'-J#;'/%;,&%//%;'C%'#"]J&'0#$%)R0%#$'
'
1J'EJ;;%'-\&#'#"]J&'%;$'(&"Z&"?'*$%=)?$."?.*i''/J';"EE%'-%;'EJ;;%;'-%';%;'
C"#;+$&J#$;@'/%'-(ZJ&$'-%'EJ;;%'-L&#'#"]J&'%;$'>&'$I=*
'
! '-(ZJ&$'-%'EJ;;%'-L&#'#"]J&'J$"E0,&%'@'={'EG)"$"#'s'v'E#%&$)"#?'''<''E#"]J&''c'7''

'
w#'G%&$'-(e#0)M'-%'EJ#0F)%'J#J/"*&%M'/J'#1''.*>1?*%"@-)&%*-&'#"]J&'/*
*

A'2'E#"]J&'Q'V''�''6'
'

!"EE%'/J',&J#+$('Y'-(ZJ&$'-%'EJ;;%'_M'/J'*)J#-%&)'Y'EJ;;%'GJ)'#&C/("#'_'%;$'
G)"G)%'i'@A1B".*%&L1"*1(&#$B".*=CIJ,&%'(/(E%#$?'
'

La 
Structure 

de l’Univers 

q#%)*0%'-%'/0J0;"#'GJ)'#&C/("#'
'
1J'EJ;;%'EJ#,&J#$%'=/%'-(ZJ&$'-%'EJ;;%?'/");'-%'/J'Z")EJ+"#'-&'#"]J&'i'GJ)+)'-%'
;%;'C"#;+$&J#$;'=#%&$)"#;'%$'G)"$"#;?''%;$'-$E)?).*'&"'*=&?#.*+^)%.?<$.*=GI"$"#;'
*JEEJ?@'
'

)%.?<$.*+.*-$1$'&%*-&'#"]J&'@'q/'2''Ä={'EG)"$"#'s'v'E#%&$)"#?'''<''E#"]J&'Å'C8'

'
!\%;$'J&;;0'/\(#%)*0%',&\0/'ZJ&$''Z"&)#0)'J&'#"]J&'G"&)'/%'E?$'.?'%#';%;'C"#;+$&J#$;'
=#%&$)"#;'%$'G)"$"#;?4*
*

w#'G%&$'-($%)E0#%)'C%a%'(#%)*0%'G"&)'@A1B".'(/(E%#$''=%$';%;'0;"$"G%;?'V{'@'0/'
;&Ç$'l&;$%'-%'C"##JÉ$)%'E#"]J&''
'
D"&)'G%)E%a)%'/J'C"EGJ)J0;"#'%#$)%'-0m()%#$;'(/(E%#$;'CI0E0,&%;'=G%+$;'%$'
*)";'#"]J&O?M'0/'%;$'G/&;'l&-0C0%&O'-%'C"#;0-()%)'-J)%.?<$.*+.*-$1$'&%*>1?*%"@-)&%'
G"&)'CIJ,&%'(/(E%#$_* * *"&'-%'EJ#0F)%'(,&0RJ/%#$%@*
'

! '/L)H&-"I&%*+.*-1*#1''.*>1?*%"@-)&%*0*.%*=&%@I&%*+.*`'



La 
Structure 

de l’Univers 

/*/%'
)JGG")$'Y'EJ;;%'#"]J&'_';&)'Y'#"EH)%'-%'EJ;;%'V'_'%;$'/%'
G/&;'G%+$'G"&)'/%'#"]J&'-%'/LJ$"E%'-%'Z%)'
*

! 'C"#;(,&%#C%;'b'

La 
Structure 

de l’Univers 

v"]J&<C0H/%'%$'#"]J&<e//%'
'
."0$'/L(#%)*0%'/0H()(%'GJ)'/J'Z&;0"#'-%'+."R*%&L1"R*$+.%IB".'@'
'

V|'s'V|'2c'8V>'
'

1L)%.?<$.*+.*-1*?)1@I&%*%;$@' 'q'2'=E|'s'E|'u'E>?'C8'
'
w#'ZJ0$'JGGJ)JÉ$)%'/%'GJ)JEF$)%'Y'#1''.*>1?*%"@-)&%'_'A'2'EQV'@'
*

q'2'=V'A|'s'V'A|'u'8V'A>?'C8'2'8V'=A|'u'A>?'C8'

'
1L(#%)*0%'-%'/J')(JC+"#'%;$'-&''$<%.*+.*-1*+$a)?.%@.*0b*c*0d*@'
'
" ';0'EJ;;%'GJ)'#&C/("#'#"]J&<C0H/%'=|?'c'#"]J&<e//%'=>?'@''(#%)*0%'G";0+R%M')(JC+"#'
%O"$I%)E0,&%M'%//%'G)"-&0$'-%'/L(#%)*0%'

" ';0'EJ;;%'GJ)'#&C/("#'#"]J&<C0H/%'=|?'�'#"]J&<e//%'=>?'@''(#%)*0%'#(*J+R%M')(JC+"#'
%#-"$I%)E0,&%M'%//%'#(C%;;0$%'-%'/L(#%)*0%'G"&)';%'G)"-&0)%'



La 
Structure 

de l’Univers 

/*%#'-%Ñi'-&'Z%)M'/%;')(JC+"#'-%'
="'$&%'G)"-&0;%#$'-%'/L(#%)*0%Ö'J&<-%/i'-&'Z%)M'/%;')(JC+"#;'-%'
D''$&%'G)"-&0;%#$'-%'/L(#%)*0%'

q'c''7'@')(JC+"#'%O"$I%)E0,&%'

U&;0"#' U0;;0"#'

La 
Structure 

de l’Univers 



La 
Structure 

de l’Univers 

/*%#'-%Ñi'-&'Z%)M'/%;')(JC+"#'-%'
="'$&%'G)"-&0;%#$'-%'/L(#%)*0%Ö'J&<-%/i'-&'Z%)M'/%;')(JC+"#;'-%'
D''$&%'G)"-&0;%#$'-%'/L(#%)*0%'
*
! '/%'G)"C%;;&;'-%'#&C/(";]#$IF;%';$%//J0)%'-"0$'J'G)0")0''J1??e(.?'

JG)F;'/J'C)(J+"#'-%;'#"]J&O'-%'Z%)'

q'c''7'@')(JC+"#'%O"$I%)E0,&%'

U&;0"#' U0;;0"#'

La 
Structure 

de l’Univers 

U")EJ+"#'-%;'(/(E%#$;'c'U%'
'
1%;')-)#.%('*>-"'*-&"?+'*B".*-.*=.?'#%'G%&R%#$'GJ;'^$)%'C)((;'GJ)'/%'G)"C%;;&;'
-%'Z&;0"#'$I%)E"#&C/(J0)%'
'
qO0;$%#C%'-L&#'#"&R%J&'G)"C%;;&;@'@1>("?.'*'"@@.''$H.'*+.*%."(?&%'4'P(JC+"#;'
G";;0H/%;'CJ)'GJ;'-%')(G&/;0"#'C"&/"EH0%##%'=#%&$)J/0$('-&'#%&$)"#?'%$'G)"C%;;&;'
%O"$I%)E0,&%4'1%'#%&$)"#';%'$)J#;Z")E%'%#;&0$%'%#'G)"$"#'={'J&*E%#$%?*
*

! '-&)J#$'/%;'>A1'.'*)H&-").'*-%'/J'R0%'-%;'($"0/%;*
'
VH"#-J#C%')%/J+R%'-%;'(/(E%#$;'CI0E0,&%;'
'
1J'$I(")0%'-%'/J'#&C/(";]#$IF;%'%OG/0,&%'-^&?$<$%.*-%;'(/(E%#$;'CI0E0,&%;'-J#;'
/\r#0R%);'
*
D)"C%;;&;'GI];0,&%;'-%'#&C/(";]#$IF;%'$+.%IB".''G"&)'$"&$%;'/%;'($"0/%;@'
*

! '/J'G)"G")+"#'-LJH"#-J#C%'%#$)%'/%;'-0m()%#$;'(/(E%#$;'%;$'-"#C'DR).*\*



La 
Structure 

de l’Univers 

/*-($%)E0#J+"#'-%;'1E&%+1%@.'*
?.-1IH.''-%;'(/(E%#$;'CI0E0,&%;'-J#;'/%'."/%0/'%$'-J#;'/%;'($"0/%;'
*
! '"%$H.?'1-$()'-%'/J'C"&)H%'-LJH"#-J#C%';$%//J0)%'T'=G/&;'"&'E"0#;?'

La 
Structure 

de l’Univers 

VH"#-J#C%;'I");'-%;'($"0/%;'
'
1J'$I(")0%'-%'/J'#&C/(";]#$IF;%'%OG/0,&%'/\")0*0#%'%$'-.'*1E&%+1%@.'*?.-1IH.'*
-%;'(/(E%#$;'CI0E0,&%;'-J#;'/\r#0R%);'
'
1J'C"&)H%'-LJH"#-J#C%'-%;'(/(E%#$;'CI0E0,&%;'-J#;'/%;'($"0/%;'%;$'=G/&;'"&'
E"0#;?'"%$H.?'.--.*
*
!"EGJ)J0;"#'JR%C'/%;'JH"#-J#C%;'-%'@&?>'*%&%7'(.--1$?.'*b'`J#;'/%';];$FE%'
;"/J0)%@'G/J#F$%;M'J;$()"t-%;M'#"]J&O'C"E($J0)%;M''N'
*

! 'G/&;'ZJC0/%'-LJCCF;'%$'i'-0;G";0+"#@'#)()&?$(.'*



La 
Structure 

de l’Univers 

/*E($(")0$%;'G)0E0+R%;'
)%G)(;%#$J+R%;'-%'/J'C"EG";0+"#'CI0E0,&%'-%'/J'#(H&/%&;%'
G)"$";"/J0)%'
*

! 'G/&$Ü$'?1?.''=oM9y'-%'/L%#;%EH/%'-%;'E($(")0$%;')(C"/$(%;?'

La 
Structure 

de l’Univers 

/*
E^E%;'G)"G")+"#;'-%;'(/(E%#$;'=%#'-%I");'-%;'(/(E%#$;'/(*%);?'
*
! '@&"?E.*"%$H.?'.--.*+J1E&%+1%@.*+.'*)-)#.%('*@A$#$B".'*.(*+.*

-."?'*$'&(&>.'*+1%'*-.*'L'(Q#.*'&-1$?.*T'



!"&)H%'á'‘&#0R%);%//%’'

La 
Structure 

de l’Univers 

1%;'(/(E%#$;'/%;'G/&;'
JH"#-J#$;''
;"#$'C%&O'ZJH)0,&(;'GJ)'
/%;'G)"C%;;&;'-%'
C"EH&;+"#';&CC%;;0Z;'
'
'
'
q/(E%#$;'G/&;'/"&)-;',&%'
/%'Z%)@'CJG$&)%'
;&CC%;;0R%;'-%'#%&$)"#;'

DJ;'-%'#&C/(";]#$IF;%'-J#;'/%;'C")G;'#"#<;$%//J0)%;T'D"&),&"0'C%a%'&#0R%);J/0$(''-%'/J'C"&)H%'
-LJH"#-J#C%'b'

La 
Structure 

de l’Univers 

ql%C+"#'-%;'G)"-&0$;'-%'/J'#&C/(";]#$IF;%'
'
D)"-&0$;'-%'/J'#&C/(";]#$IF;%';$%//J0)%')Z.@()'*+1%'*-.*#$-$."*$%(.?'(.--1$?.'i'/J'
e#'-%'/J'R0%'-%'/L($"0/%'
*

! 'fH.%(g*'(.--1$?.*



La 
Structure 

de l’Univers 

q.wM'à1K'

La 
Structure 

de l’Univers 

ql%C+"#'-%;'G)"-&0$;'-%'/J'#&C/(";]#$IF;%'
'
D)"-&0$;'-%'/J'#&C/(";]#$IF;%';$%//J0)%')Z.@()'*+1%'*-.*#$-$."*$%(.?'(.--1$?.'i'/J'
e#'-%'/J'R0%'-%'/L($"0/%'
*

! 'âR%#$ä';$%//J0)%M'%)E"-."'.'*f>-1%)(1$?.'g*



La 
Structure 

de l’Univers 

q.wM'vKK'

v(H&/%&;%;'
Y'G/J#($J0)%;'_'
'
DIJ;%'$%)E0#J/%'
-%'/L(R"/&+"#'
-L($"0/%;'-%'EJ;;%'
0#0+J/%'74W'<'áW'A#

''

La 
Structure 

de l’Univers 

ql%C+"#'-%;'G)"-&0$;'-%'/J'#&C/(";]#$IF;%'
'
D)"-&0$;'-%'/J'#&C/(";]#$IF;%';$%//J0)%')Z.@()'*+1%'*-.*#$-$."*$%(.?'(.--1$?.'i'/J'
e#'-%'/J'R0%'-%'/L($"0/%'
*

! 'âR%#$ä';$%//J0)%M'#(H&/%&;%;'âG/J#($J0)%;äM'.R>-&'$&%'*'">.?%&H1.*



La 
Structure 

de l’Univers 

q.w'

qOG/";0"#;';&G%)#"RJ%'
'
DIJ;%'$%)E0#J/%'
-%'/L(R"/&+"#'
-L($"0/%;'-%'
EJ;;%'0#0+J/%'c'W'A#

''

La 
Structure 

de l’Univers 

ql%C+"#'-%;'G)"-&0$;'-%'/J'#&C/(";]#$IF;%'
'
D)"-&0$;'-%'/J'#&C/(";]#$IF;%';$%//J0)%')Z.@()'*+1%'*-.*#$-$."*$%(.?'(.--1$?.'i'/J'
e#'-%'/J'R0%'-%'/L($"0/%'
*

! 'âR%#$ä';$%//J0)%M'#(H&/%&;%;'âG/J#($J0)%;äM'%OG/";0"#;';&G%)#"RJ%'
'
!]C/%'-%;'($"0/%;'
'
1%;'($"0/%;'=%$'/%&)'C")$F*%@'G/J#F$%;M'J;$()"t-%;M'N?';%'Z")E%#$'i'GJ)+)'-L&#'%"1<.*
+.*#1IQ?.*$%(.?'(.--1$?.*
*
1%'."/%0/'%$'/%;'C")G;'-&';];$FE%';"/J0)%';"#$'0;;&;'-%'/J'E^E%'%)E"-."'.*
>?&(&'&-1$?.'@'E^E%'JH"#-J#C%'-%;'(/(E%#$;'
'
`%'EJ#0F)%'*(#()J/%M'CL%;$'/%')(;&/$J$'-&'@L@-.*+.'*)(&$-.'*@'
E0/0%&'0#$%);$4'2c'Z")EJ+"#'($"0/%;'2c'G)"-4'(/(E%#$;'2c'(l%C+"#'-J#;'/%'E0/0%&'0#$%);$4'

*
! ')H&-"I&%*@A$#$B".*+.*-1*h1-1R$.*



q#'*&0;%'-%')(;&E(N'

01IQ?.*)Z.@().*>1?*-J)(&$-.*'">.?<)1%(.'

#&J*%'-%'EJ+F)%'0#$%);$%//J0)%'

'($"0/%;';&G%)*(J#$%;'G)(<;&G%)#"RJ%''

'''
($"0/%'%#'Z")EJ+"#''
''


