


La lumière millimétrique a mis environ 13 
milliards d’années pour nous parvenir (cercle 
rouge). C’est la trace (comme fossilisée)  de la 
fournaise primordiale, 400 000 ans après le 
Bang, quand l’Univers est devenu Transparent. 

Voir loin, c’est voir le passé lointain ! 

François R. Bouchet, Toulouse,  31 mai 2016 "Planck 2016: de la mousse quantique à l'éponge cosmique" 

Chaque point est une galaxie comme la 
Notre. La plus proche, M31, est à ~2,5 Mal. 
Il faut 2,7 milliards d’années à la lumière 
d’une galaxie sur le cercle vert pour qu’elle 
nous parvienne.   
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Nous sommes baignés par 
la lumière du big bang. À 
cause de l’expansion, elle 
est décalée vers le rouge 
dans les micro-ondes et les 
ondes radios. 
On peut voir ce 
rayonnement sur un poste 
de télévision mal réglé !!! 

Les photons du rayonnement fossile 
sont les plus nombreux. 
 
Il est donc facile de voir le big bang.  
 
Pas besoin d’un telescope géant, il 
suffit de regarder là où il faut ! 



Une autre surface des dernières 
diffusions… 

Séminaire Centre Spatial de Toulouse, 10 Mai 2011 F. R. Bouchet: "Planck: des données à la science" 20 

•  Le soleil est aussi un 
plasma. 

•  On ne voit que sa surface, 
l'intérieur est opaque. 

•  Les photons qui nous 
parviennent du soleil 
n'interagissent plus avec 
le plasma, il diffusent une 
dernière fois, formant la 
surface du soleil avant de 
nous parvenir. 

•  En étudiant la surface du 
soleil, on déduit son 
fonctionnement à 
l'intérieur, bien qu’on ne 
puisse l'observer 
directement 



SDSS & WMAP 
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Les théoriciens ont pré-calculé les 
empreinte attendues dans le cas de 
divers scenarii 

"Planck 2016: de la mousse quantique à l'éponge cosmique" 

Peebles, Yu, Sachs & Wolf, Sunyaev, 
Zeldovich, Silk, Vittorio, Wilson, 
Mukhanov, Chibisov, Bardeen, Linde, 
Bond, Efstathiou, Bouchet, Bennett, 
Gott, Kaiser, Stebbins, Allen, 
Shellard, Seljack, Zaldariaga, 
Kamionkowski, Hu, … 
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L’Univers primordial, laboratoire ultime  
de physique fondamentale 



(T=2.725 K) 

(T=3000 K 
   =0.3eV) 

(T=1025eV ?) Planck 
era 





OBSERVER LE 
RAYONNEMENT 

FOSSILE 



First observation at  Bell Labs  
A. Penzias & A. Wilson in 1965 
Nobel 1978 

François R. Bouchet, Toulouse,  31 mai 
2016 "Planck 2016: de la mousse quantique à l'éponge cosmique" 31 



COBE 1992 
Nobel 2006 (G. Smooth & J. Mather) 

François R. Bouchet, Toulouse,  31 mai 
2016 "Planck 2016: de la mousse quantique à l'éponge cosmique" 32 



Boomerang 1998-2001 
Première observation du premier pic 

François R. Bouchet, Toulouse,  31 mai 
2016 "Planck 2016: de la mousse quantique à l'éponge cosmique" 33 



Wilkinson Microwave Anisotropie Probe (WMAP) 
2003-2010 
Observation des trois premiers pics 
Informations sur la polarisation 

François R. Bouchet, Toulouse,  31 mai 
2016 "Planck 2016: de la mousse quantique à l'éponge cosmique" 36 



PLANCK 



 
50 000 electronic components 
36 000 l  4He 

12 000 l  3He 
11 400 documents 
20 years between the first 
project and first results (2013) 
 
 6c per European per year 
 16 countries 
 400 researchers among 1000 

2000 Kg 
1600 W consumption 
2 instruments  - HFI & LFI 
15 months nominal survey+4 
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François R. Bouchet, Toulouse,  31 mai 2016 "Planck 2016: de la mousse quantique à l'éponge cosmique" 

Mai 14th 2009 ! 

Planck 

Hershel 

July @ L2 
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1mK 

0.1mK 

0.1mK 

975 90 

- Bandpass filters 



François R. Bouchet, Toulouse,  31 mai 
2016 "Planck 2016: de la mousse quantique à l'éponge cosmique" 54 



A la Cave de l’IAP... + CC/CINECA/
Darwin/NERSC…



Disponible maintenant, chez vous! 

1.3μK.deg,9.7’ 0.8μK.deg,5.0’ 0.5μK.deg,7.3’ 

3.5μK.deg,13’ 



Un autre défi… 
Séparer les différentes composantes 

{ 

Bruit détecteur 

 Notre galaxie 

Composantes secondaires 
Cosmologiques 

Rayonnement fossile 

{ 
Le rayonnement fossile 
n’est pas la seule 
émission micro-onde… 
 
Il faut la séparer des 
autres émissions  
(qui contiennent aussi 
des informations  
astrophysiques très 
intéressantes !). 
 
On utilise pour cela des 
algorithmes issus de la 
recherche en 
mathématiques 
appliquées. 



François R. Bouchet, Toulouse,  31 mai 
2016 "Planck 2016: de la mousse quantique à l'éponge cosmique" 65 
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Cleaning the background 
from its 7 veils 

"Planck 2016: de la mousse quantique à l'éponge cosmique" 



La carte exhaustive des anisotropies de 
temperature relevée par Planck  





Planck 2015 T anisotropies map 

SMICA 
2015 
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Ce qu’en dit la théorie… 

"Planck 2016: de la mousse quantique à l'éponge cosmique" 

(bien avant les observations...) 



Peebles, Yu, Sachs & Wolf, Sunyaev, Zeldovich, 
Silk, Vittorio, Wilson, Mukhanov, Chibisov, 
Bardeen, Linde, Bond, Efstathiou, Bouchet, 
Bennett, Gott, Kaiser, Stebbins, Allen, Shellard, 
Seljack, Zaldariaga, Kamionkowski, Hu, � 
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The Planck power spectrum of 
Temperature anisotropies 

"Planck 2016: de la mousse quantique à l'éponge cosmique" 
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Theory confronts data 

"Planck 2016: de la mousse quantique à l'éponge cosmique" 



3 parameters to set (though General Relativity) the dynamics of the universe,  33333333333333 ppppppppppppaaaaaaaaaaaarrrrrrrrrrrrraaaaaaaaaaaammmmmmmmmmmmeeeeeeeeeeeetttttttttttteeeeeeeeeeeeerrrrrrrrrrrrrrssssssssssssss ttttttttttttoooooooooooooo ssssssssssssseeeeeeeeeeeetttttttttttt ((((((((((tttttttttttthhhhhhhhhhhoooooooooooooouuuuuuuuuuuggggggggggggghhhhhhhhhhhh GGGGGGGGGGGGGGeeeeeeeeeeeennnnnnnnnnneeeeeeeeeeeeerrrrrrrrrrrrrraaaaaaaaaaallllllllll RRRRRRRRRRRRReeeeeeeeeeeelllllllllllaaaaaaaaaaaattttttttttttiiiiiiiiiiiivvvvvvvvvviiiiiiiiiiiittttttttttttyyyyyyyyyy)))))))))) tttttttttttthhhhhhhhhhhhheeeeeeeeeeeee ddddddddddddyyyyyyyyynnnnnnnnnnnaaaaaaaaaaaammmmmmmmmmmmiiiiiiiiiiiiccccccccccccccsssssssssssss ooooooooooooofffffffffffff tttttttttttthhhhhhhhhhhheeeeeeeeeeee uuuuuuuuuuuunnnnnnnnnnniiiiiiiiiiiivvvvvvvvvvveeeeeeeeeeeerrrrrrrrrrrrrrssssssssssssseeeeeeeeeeeee,,,,,,,,,,,,,  
1 parameter to capture the effect of reionisation (end of the dark ages),  
pppppppppppppaaaaaaaaaaaaaarrrrrrrrrrrraaaaaaaaaaaaammmmmmmmmmmmmeeeeeeeeeeeeettttttttttttteeeeeeeeeeeeerrrrrrrrrrsssssssssssss ttttttttttttooooooooooooo ssssssssssssseeeeeeeeeeeeettttttttttt ((((((((((((((tttttttttttthhhhhhhhhhhhhoooooooooooouuuuuuuuuuugggggggggggggghhhhhhhhhhhhh GGGGGGGGGGGGGeeeeeeeeeeeeennnnnnnnnnnnnneeeeeeeeeeeerrrrrrrrrraaaaaaaaaaaaaalllllllll RRRRRRRRRRRRRReeeeeeeeeeeelllllllaaaaaaaaaaaaattttttttttiiiiiiiiiiivvvvvvvvvviiiiiiiiiiiiittttttttttttyyyyyyyyyyyyy))))))))))))) ttttttttttthhhhhhhhhhhhheeeeeeeeeeeee ddddddddddddddyyyyyyyyyyyyynnnnnnnnnnnnnnaaaaaaaaaaaaaammmmmmmmmmmmmiiiiiiiiiiiccccccccccccccsssssssssssss oooooooooooooffffffffffff ttttttttttthhhhhhhhhhhhhheeeeeeeeeee uuuuuuuuuuunnnnnnnnnnnnnniiiiiiiiiiiivvvvvvvveeeeeeeeeeeeerrrrrrrrrssssssssssssseeeeeee
11111111111111 pppppppppppppaaaaaaaaaaaaaarrrrrrrrrrrrrraaaaaaaaaaaaaammmmmmmmmmmmmeeeeeeeeeeeeeettttttttttttteeeeeeeeeeeerrrrrrrrrrrrr ttttttttttttoooooooooooooo ccccccccccccccaaaaaaaaaaaapppppppppppppttttttttttttuuuuuuuuuurrrrrrrrrrrrrreeeeeeeeeeeee tttttttttttthhhhhhhhhhhheeeeeeeeeeeee eeeeeeeeeeeeeffffffffffffffffffffffffffffeeeeeeeeeeeeeccccccccccccctttttttttttt oooooooooooooffffffffffffff rrrrrrrrrrrrreeeeeeeeeeeeeiiiiiiiiiiiioooooooooooooonnnnnnnnnniiiiiiiiiiiissssssssssssssaaaaaaaaaaaattttttttttttiiiiiiiiiiiiooooooooooooonnnnnnnnnnn ((((((((((eeeeeeeeeeeeennnnnnnnnnndddddddddddd ooooooooooooooffffffffffffff tttttttttttthhhhhhhhhhheeeeeeeeeeeee ddddddddddddaaaaaaaaaaaaaarrrrrrrrrrrrrrkkkkkkkkkkkkkk aaaaaaaaaaaaaaggggggggggggggeeeeeeeeeeeeeessssssssssssss)))))))))))),,,,,,,,,,,  

2 parameters to describe the primordial fluctuations.  
teeeeeeeeeeeerrrrrrrrrrr ttttttttttttooooooooooooo cccccccccccccaaaaaaaaaaaaaappppppppppppppttttttttttttuuuuuuuuuuuuurrrrrrrrrrreeeeeeeeeeee tttttttttttthhhhhhhhhhhhheeeeeeeeeeee eeeeeeeeeeeeffffffffffffffffffffffffeeeeeeeeeeeeccccccccccccctttttttttt oooooooooooooffffffffffff rrrrrrrrrrrreeeeeeeeeeeeiiiiiiiiiioooooooooooooonnnnnnnnnnnnniiiiiiiiiiissssssssssssssaaaaaaaaaaaaaattttttttttttiiiiiiiiiioooooooooooooonnnnnnnnnnnnn (((((((((((eeeeeeeeeeeennnnnnnnnnnndddddddddddd ooooooooooooooffffffffffff tttttttttttthhhhhhhhhhhhheeeeeeeeeeee dddddddddddd
22222222222222 ppppppppppppaaaaaaaaaaaaarrrrrrrrrrrraaaaaaaaaaaaammmmmmmmmmmmeeeeeeeeeeeeettttttttttttteeeeeeeeeeeeerrrrrrrrrrrrsssssssssssss tttttttttttttoooooooooooo ddddddddddddddeeeeeeeeeeeeesssssssssssssccccccccccccrrrrrrrrrrriiiiiiiiiiiibbbbbbbbbbbbbbeeeeeeeeeeeeee ttttttttttttthhhhhhhhhhhhhheeeeeeeeeeeee pppppppppppprrrrrrrrrrrriiiiiiiiiiiimmmmmmmmmmmmoooooooooooorrrrrrrrrrrrddddddddddddddiiiiiiiiiiiiaaaaaaaaaaaaalllllllllllll ffffffffffffffllllllllllllluuuuuuuuuuuuucccccccccccctttttttttttttuuuuuuuuuuuuuaaaaaaaaaaaaatttttttttttttiiiiiiiiiiiioooooooooooonnnnnnnnnnnnsssssssssssss............  

Flat spatial geometry. 
ppppppppppppp mmmmmmmmmmmm

FFFFFFFFFFFFFFlllllllllllllaaaaaaaaaaaaattttttttttttt sssssssssssssppppppppppppppaaaaaaaaaaaaatttttttttttttiiiiiiiiiiiiaaaaaaaaaaaaallllllllllll gggggggggggggeeeeeeeeeeeeeoooooooooooooommmmmmmmmmmmeeeeeeeeeeeetttttttttttttrrrrrrrrrrrrryyyyyyyyyyyy........... 
  

aaaaaaaaaaaaalllll
  

  Ωbh2
   Baryon density today - The amount of ordinary matter  ΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩbbbbbbbbbhhhhhhhhhhhh222222222222222 BBBBBBBBBBBBBBaaaaaaaaaaaarrrrrrrrrrrrryyyyyyyyyyoooooooooooonnnnnnnnnn ddddddddddddddeeeeeeeeeeeennnnnnnnnnnsssssssssssssiiiiiiiiiiittttttttttttttyyyyyyyyy ttttttttttttttooooooooooooddddddddddddddaaaaaaaaaaayyyyyyyyy ------------ TTTTTTTTTTTTTThhhhhhhhhhhheeeeeeeeeeeee aaaaaaaaaaaammmmmmmmmmmooooooooooouuuuuuuuuuunnnnnnnnnnntttttttttttttt oooooooooooffffffffffffff oooooooooooorrrrrrrrrrrrrddddddddddddddiiiiiiiiiiinnnnnnnnnnaaaaaaaaaaarrrrrrrrrrrrrryyyyyyyyy mmmmmmmmmmmmaaaaaaaaaaaatttttttttttttttttttttttttttteeeeeeeeeeeeerrrrrrrrrrrrrr

  Ωch2   Cold dark matter density today – only weakly interacting 
ΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩbbbbbbbbbbbhhhhhhhhhhhhh   BBBBBBBBBBBBBaaaaaaaaaaaaaarrrrrrrrrrrryyyyyyyyyyyyyyooooooooooooonnnnnnnnnnnnn  ddddddddddddeeeeeeeeeeeennnnnnnnnnnnssssssssssssiiiiiiiiiitttttttttttyyyyyyyyyyyyy tttttttttttoooooooooooooddddddddddddaaaaaaaaaaaaaayyyyyyyyyyyyyy  TTTTTTTTTTThhhhhhhhhhhheeeeeeeeeeeee aaaaaaaaaaaaaammmmmmmmmmmmooooooooooooouuuuuuuuuuuuuunnnnnnnnnnnnnttttttttttt ooooooooooooooffffffffffff ooooooooooooorrrrrrrrrrrrddddddddddddiiiiiiiiiiiinnnnnnnnnnnnaaaaaaaaaaaaaarrrrrrrrrrrryyyyyyyyyyyyyy mmmmmmmmmmmmaaaaaaaaaaaaaatttttttttttttttttttttttteeeeeeeeeeeerrrrrrrrrrrr 
ΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩcccccccchhhhhhhhhhhhhhh22222222222222222   222222222222 CCCCCCCCCCCCoooooooooooollllllllddddddddddddd dddddddddddddaaaaaaaaaaarrrrrrrrrrrrkkkkkkkkkk mmmmmmmmmmmaaaaaaaaaaatttttttttttttttttttttttttttteeeeeeeeeeeeeerrrrrrrrrrrr ddddddddddddddeeeeeeeeeeeeeennnnnnnnnnssssssssssssssiiiiiiiiiiiitttttttttttttyyyyyyyyy ttttttttttttttooooooooooooddddddddddddddaaaaaaaaaaayyyyyyyyy –––––––––––– oooooooooooonnnnnnnnnnlllllllllyyyyyyyyy wwwwwwwwweeeeeeeeeeeeeeaaaaaaaaaaakkkkkkkkkklllllllllyyyyyyyyy iiiiiiiiiiiinnnnnnnnnntttttttttttttteeeeeeeeeeeeeerrrrrrrrrrrraaaaaaaaaaacccccccccccccttttttttttttttiiiiiiiiiiiinnnnnnnnnnnnnngggggggggggggg CC lllldddd dddd kkkk ddd iii dddd llll kkkkllll ii iii

  Θ     Sound horizon size when optical depth τ reaches unity 
ΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩΩccccccccchhhhhhhhhhhhhh CCCCCCCCCCCCoooooooooooooolllllllllllldddddddddddddd ddddddddddddddaaaaaaaaaaaaaarrrrrrrrrrrrrkkkkkkkkkkkk mmmmmmmmmmmmmmaaaaaaaaaaaaaaatttttttttttttttttttttttttteeeeeeeeeeeeerrrrrrrrrrrrr ddddddddddddddeeeeeeeeeeeeeennnnnnnnnnnnnnssssssssssssssiiiiiiiiiitttttttttttttyyyyyyyyyyyyy tttttttttttttooooooooooooooddddddddddddddaaaaaaaaaaaaaaayyyyyyyyyyyyyy  ooooooooooooonnnnnnnnnnnnnnllllllllllllyyyyyyyyyyyyyy wwwwwwwwwwwwweeeeeeeeeeeeeeaaaaaaaaaaaaaaakkkkkkkkkkkkllllllllllllyyyyyyyyyyyyy iiiiiiiinnnnnnnnnnnnnntttttttttttttteeeeeeeeeeeeeerrrrrrrrrrrraaaaaaaaaaaaaaaccccccccccccccttttttttttttt
ΘΘΘΘΘΘΘΘΘΘΘΘΘΘΘΘΘΘ     SSSSSSSSSSSSSoooooooooooooouuuuuuuuuuuuuunnnnnnnnnnnnnnddddddddddddd hhhhhhhhhhhhhoooooooooooooorrrrrrrrrrrrrriiiiiiiiiiiizzzzzzzzzzzzzzoooooooooooooonnnnnnnnnnnnn ssssssssssssssiiiiiiiiiiiizzzzzzzzzzzzzzeeeeeeeeeeeeee wwwwwwwwwwwwwhhhhhhhhhhhheeeeeeeeeeeeeennnnnnnnnnnnn ooooooooooooooppppppppppppppttttttttttttiiiiiiiiiiiiccccccccccccccaaaaaaaaaaaaaallllllllllll ddddddddddddeeeeeeeeeeeeeeppppppppppppppttttttttttttthhhhhhhhhhhhh S dddd hhhh ii iii hhhh ii llll dddd hhhh ττττττττττττττττ rrrrrrrrrrrrrreeeeeeeeeeeeeeaaaaaaaaaaaaaacccccccccccccchhhhhhhhhhhhheeeeeeeeeeeeeessssssssssssss uuuuuuuuuuuuuunnnnnnnnnnnnniiiiiiiiiiiittttttttttttyyyyyyyyyy hhhh iii

  (Distance traveled by a sound wave since inflation, when universe   
wwwwwwwww pppppppppppp pppppppppppp yyyyyyyyyyyy

 (((((((((((DDDDDDDDDDDDDDiiiiiiiiiiiiissssssssssssssttttttttttttaaaaaaaaaaaannnnnnnnnnnnccccccccccccceeeeeeeeeeeeee ttttttttttttrrrrrrrrrrrrraaaaaaaaaaaaavvvvvvvvvvvveeeeeeeeeeeeeelllllllllllleeeeeeeeeeeeeedddddddddddd bbbbbbbbbbbbyyyyyyyyyy aaaaaaaaaaaa ssssssssssssssoooooooooooouuuuuuuuuuunnnnnnnnnnnndddddddddddd wwwwwwwwwwwaaaaaaaaaaavvvvvvvvvvvveeeeeeeeeeeeee sssssssssssssiiiiiiiiiiiiinnnnnnnnnnnnccccccccccccceeeeeeeeeeeeee iiiiiiiiiiiiinnnnnnnnnnnffffffffffffflllllllllllllaaaaaaaaaaaatttttttttttttiiiiiiiiiiiiiioooooooooooonnnnnnnnnnnn,,,,,, wwwwwwwwwwwhhhhhhhhhhheeeeeeeeeeeeeennnnnnnnnnn uuuuuuuuuuunnnnnnnnnnniiiiiiiiiiiiivvvvvvvvvvveeeeeeeeeeeeeerrrrrrrrrrrrrrssssssssssssssseeeeeeeeeeeeee  
  became  transparent at recombination at t ~380 000 years) 
  (((((((((((((DDDDDDDDDDDDiiiiiiiiiiiiisssssssssssssttttttttttttaaaaaaaaaaaaaannnnnnnnnnnnncccccccccccccceeeeeeeeeee ttttttttttttttrrrrrrrrrrrrrraaaaaaaaaaaaaavvvvvvvvvvveeeeeeeeeeeellllllllllleeeeeeeeeeeddddddddddd bbbbbbbbbbbbbyyyyyyyyyyyy aaaaaaaaaaaaa sssssssssssssoooooooooooooouuuuuuuuuuuuunnnnnnnnnnnnnnddddddddddd wwwwwwwwwwwwwaaaaaaaaaaaaaavvvvvvvvvvvvveeeeeeeeeeee ssssssssssssssiiiiiiiiiiiinnnnnnnnnnnnnccccccccccccceeeeeeeeee iiiiiiiiiiinnnnnnnnnnnnnffffffffffffllllllllllllaaaaaaaaaaaaaattttttttttttttiiiiiiiiiiiiooooooooooooonnnnnnnnnnnn,,,,,,,,,,,,, wwwwwwwwwwwwwhhhhhhhhhhhhheeeeeeeeeeeennnnnnnnnnnnn uuuuuuuuuuuuunnnnnnnnnnnnnniiiiiiiiiiiivvvvvvvvvvvve
  bbbbbbbbbbbbbeeeeeeeeeeeeeeccccccccccccccaaaaaaaaaaaaammmmmmmmmmmmmeeeeeeeeeeeeee  tttttttttttttrrrrrrrrrrrrraaaaaaaaaaaaannnnnnnnnnnnssssssssssssspppppppppppppaaaaaaaaaaaaarrrrrrrrrrrreeeeeeeeeeeeeennnnnnnnnnnntttttttttttttt aaaaaaaaaaaattttttttttttt rrrrrrrrrrrreeeeeeeeeeeeeecccccccccccccooooooooooooommmmmmmmmmmmmbbbbbbbbbbbbbiiiiiiiiiiiiiinnnnnnnnnnnnaaaaaaaaaaaaattttttttttttttiiiiiiiiiiiiiiooooooooooooonnnnnnnnnnnn aaaaaaaaaaaattttttttttttt tttttttttttt ~~~~~~~~~~~~~3333333333333888888888888000000000000 00000000000000000000000000000000000000 yyyyyyyyyyyyyeeeeeeeeeeeeeeaaaaaaaaaaaaarrrrrrrrrrrrsssssssssssss))))))))))))) 
 

  τ      Optical depth at reionisation (due to Thomson scattering of photons on e-), i.e.        τττττττττττττ      OOOOOOOOOOOOpppppppppttttttttttiiiiiiiiiiiiccccccccaaaaaaaaaalllllll ddddddddddeeeeeeeeeppppppppttttttttthhhhhhhhhh aaaaaaaaattttttttttt rrrrrrrrrrreeeeeeeeeeeiiiiiiiiiiiooooooooonnnnnnnniiiiiiiiiiiisssssssssssaaaaaaaaaatttttttttiiiiiiiiiiiooooooooonnnnnnnnn ((((((((((ddddddddduuuuuuuuueeeeeeeeeeee ttttttttttooooooooo TTTTTTTTTTTTThhhhhhhhoooooooooommmmmmmmmsssssssssoooooooooonnnnnnnnn ssssssssssccccccccccaaaaaaaaattttttttttttttttttteeeeeeeeeerrrrrrrrrriiiiiiiiiiinnnnnnnngggggggggg ooooooooofffffffffff pppppppppphhhhhhhhhhoooooooooooottttttttttttoooooooooonnnnnnnnnnnnssssssssssss oooooooooooonnnnnnnnnnn eeeeeeeeeeeee--------------)))))))))),,,,,,,,,, iiiiiiiiiiii............eeeeeeeeeeeeee...........        
            fraction of the CMB photons re-scattered during that process 

ττττττττττττ      OOOOOOOOpppppppppttttttttiiiiiiiiccccccccaaaaaaaaallllllll ddddddddeeeeeeeeeppppppppppttttttttthhhhhhhh aaaaaaaaatttttttt rrrrrrrreeeeeeeeiiiiiiioooooooonnnnnnnnniiiiiiissssssssaaaaaaaattttttttiiiiiiiioooooooonnnnnnnn  ((((((((((((ddddddduuuuuuuuueeeeeeee ttttttttoooooooo TTTTTTTTThhhhhhhhhoooooooommmmmmmmssssssssooooooooonnnnnnnnn sssssssscccccccccaaaaaaaaatttttttttttttttttteeeeeeeerrrrrrrriiiiiiiiinnnnnnnnggggggggggg oooooooooffffffff pppppppppphhhhhhhhhooooooooo
           ffffffffffffffrrrrrrrrrrraaaaaaaaaacccccccccccctttttttttttttiiiiiiiiiiooooooooooonnnnnnnnnn oooooooooooffffffffffff tttttttttttttthhhhhhhhhhheeeeeeeeeee CCCCCCCCCCCMMMMMMMMMMBBBBBBBBBBBB ppppppppppphhhhhhhhhhhoooooooooootttttttttttttoooooooooooonnnnnnnnnnssssssssssss rrrrrrrrrreeeeeeeeee--------ssssssssssssccccccccccccaaaaaaaaaatttttttttttttttttttttttttttteeeeeeeeeerrrrrrrrrreeeeeeeeeeddddddddddddd ddddddddddddduuuuuuuurrrrrrrrrriiiiiiiiiiinnnnnnnnnnggggggggggg tttttttttttthhhhhhhhhhaaaaaaaaaattttttttttttt ppppppppppprrrrrrrrrroooooooooooccccccccccceeeeeeeeeeeesssssssssssssssssssssssss 

  As       Amplitude of the curvature power spectrum                                              AAAAAAAAAAAAA AAAAAAAAAAAAAmmmmmmmmmmppppppppppppllllliiiiiiiiiiiittttttttttttttuuuuuuddddddddddddddeeeeeeeeeeeee ooooooooooooffffffffffffff tttttttttttttthhhhhhhhhhhheeeeeeeeeeeee cccccccccccccuuuuuurrrrrrrrrrrrvvvvvvvvvaaaaaaaaaaattttttttttttttuuuuuurrrrrrrrrrrrreeeeeeeeeeeee ppppppppppppoooooooooooowwwwwwwweeeeeeeeeeeeerrrrrrrrrrrr sssssssssssssspppppppppppeeeeeeeeeeeeeeccccccccccccttttttttttttttrrrrrrrrrrrruuuuuummmmmmmmmmm
 (Overall contrast of primordial fluctuations)  

AAAAAAAAAAAssssssssss      AAAAAAAAAAAmmmmmmmmmmmmmmpppppppppppppplllllllllllliiiiiiiiiiiitttttttttttttuuuuuuuuuuuuuuddddddddddddeeeeeeeeeeeeee oooooooooooooofffffffffff ttttttttttttthhhhhhhhhhhhheeeeeeeeeeee ccccccccccccccuuuuuuuuuuuuuuurrrrrrrrrrrrrvvvvvvvvvvvvaaaaaaaaaaaaaatttttttttttttuuuuuuuuuuuuuuurrrrrrrrrrrrreeeeeeeeeeee ppppppppppppppoooooooooooooowwwwwwwwwwwwweeeeeeeeeeeeerrrrrrrrrrrrr ssssssssssssssppppppppppppppeeeeeeeeeeeeeccccccccccccccttttttttttttrrrrrrrrrrrruuuuuuuuuuuuuummmmmmmmmmmmmm 
((((((((OOOOOOOOOOvvvvvvvvveeeeeeeeerrrrrrrrraaaaaaaaallllllllllllllllllll ccccccccccooooooooonnnnnnnnntttttttttrrrrrrrrraaaaaaaaasssssssssttttttttt ooooooooofffffffff ppppppppprrrrrrrrriiiiiiiiimmmmmmmmmooooooooorrrrrrrrrddddddddddiiiiiiiiiaaaaaaaaallllllllll ffffffffflllllllllluuuuuuuuucccccccccctttttttttuuuuuuuuuaaaaaaaaatttttttttiiiiiiiiiooooooooonnnnnnnnnsssssssss))))))))(((((((OOOOOOOOOvvvvveerrraallllllll cccoonnntttttttrrraassssttttttt oofffffffff ppprrriiiiiiiiimmmoorrrddddiiiiiiiiiaaallll ffffffffflllluuuuccctttttttuuuuaattttttiiiiiiiiioonnnssss))))))))

ppppppppppp ppppppppppp ppppppppppp pp p

   ns       Scalar power spectrum power law index                
(((((((((( fffffff ppppppppp fffffff ))))))))))

nnnnnnnnn SSSSSSSSSScccccccccaaaaaaaaallllaaaaaaaaarrrrrrrrr pppppppppoooooooooowwwwwweeeeeeeeerrrrrrrrr sssssssssspppppppppeeeeeeeeeccccccccctttttttttrrrrrrrrruuuummmmmmmmm pppppppppoooooooooowwwwwweeeeeeeeeerrrrrrrrr llllaaaaaaaaawwwwwww iiiiiiiiinnnnnnnnndddddddddeeeeeeeeexxxxxxxxx              
 (ns-1 measures departure from scale invariance) 

 nnnnnnnnnns sssssssssssss      SSSSSSSSSSccccccccccaaaaaaaaaalllllllllaaaaaaaaaarrrrrrrrrr ppppppppppoooooooooowwwwwwwwweeeeeeeeeerrrrrrrrr ssssssssssppppppppppeeeeeeeeeecccccccccctttttttttrrrrrrrrruuuuuuuuuummmmmmmmm ppppppppppoooooooooowwwwwwwwweeeeeeeeeerrrrrrrrrr lllllllllaaaaaaaaaawwwwwwwww iiiiiiiiinnnnnnnnnnddddddddddeeeeeeeeeexxxxxxxxxx           
(((((((((nnnnnnnnnn(((((((nnnnssssssssssssss----------111111111 mmmmmmmmmmeeeeeeeeeeaaaaaaaaaassssssssssuuuuuuuuuurrrrrrrrrreeeeeeeeeessssssssss dddddddddeeeeeeeeeeppppppppppaaaaaaaaaarrrrrrrrrrttttttttttuuuuuuuuuurrrrrrrrrreeeeeeeeee fffffffffrrrrrrrrrroooooooooommmmmmmmmm ssssssssssccccccccccaaaaaaaaaallllllllleeeeeeeeee iiiiiiiiinnnnnnnnnnvvvvvvvvvaaaaaaaaaarrrrrrrrrriiiiiiiiiaaaaaaaaaannnnnnnnnncccccccccceeeeeeeeee))))))))) 111111111 mmmmeeaassssuuuurrreessss ddddeeppppaarrrtttttuuurrree ffffffffffrrrroommm sssccaallllee iiiiiiiiiinnnvvvvaarrriiiiiiiiiiaannnccee))))))))

ppppppp pppppppp pppppppp

  Others are derived parameters within the model, in particular  OOOOOOOOOOtttttttttthhhhhhhhhheeeeeeeeeerrrrrrrrrssssssssss aaaaaaaaaarrrrrrrrreeeeeeeeee dddddddddddddeeeeeeeeeeeerrrrrrrrrrrriiiiiiiiiiiiivvvvvvvvvveeeeeeeeeeeeeedddddddddddd pppppppppaaaaaaaaaarrrrrrrrraaaaaaaaaammmmmmmmmeeeeeeeeeetttttttttteeeeeeeeeerrrrrrrrrssssssssss wwwwwwwwwiiiiiiiiiitttttttttthhhhhhhhhhiiiiiiiiiinnnnnnnnn tttttttttthhhhhhhhhheeeeeeeeee mmmmmmmmmoooooooooddddddddddeeeeeeeeeelllllllll,,,,,, iiiiiiiiiinnnnnnnnn pppppppppaaaaaaaaarrrrrrrrrttttttttttiiiiiiiiiiccccccccccuuuuuuuuulllllllllaaaaaaaaarrrrrrrrrdddddddd
–  Ω “Dark Energy’’ fraction of the critical density (derived only if assumed flat) 

 OOOOOOOOOttttttttthhhhhhhhhheeeeeeeeeerrrrrrrrrssssssssss aaaaaaaaaarrrrrrrrreeeeeeeee ddddddddddddeeeeeeeeeeerrrrrrrrriiiiiiiiiiivvvvvvvvveeeeeeeeeeeeddddddddddd ppppppppppaaaaaaaaaarrrrrrrraaaaaaaaaammmmmmmmmeeeeeeeeeettttttttteeeeeeeeeerrrrrrrrrssssssssss wwwwwwwwwiiiiiiiiiittttttttthhhhhhhhhhiiiiiiinnnnnnnnn ttttttttthhhhhhhhhheeeeeeeeee mmmmmmmmmoooooooooddddddddddeeeeeeeeeellllllll,,,,,,,,, iiiiiiiiinnnnnnnnn ppppppppppaaaaaaaaarrrrrrrrrtttttttttiiiiiiiiiccccccccccuuuuuuuuullllllllaaaaaaaaarrrrrrrrr 
––––––––– ΩΩΩΩΩΩΩΩΩΩΩ “““““““““DDDDDDDDDDaaaaaaaaaarrrrrrrrrrkkkkkkkkk EEEEEEEEEEnnnnnnnnnneeeeeeeeeeerrrrrrrrrrrggggggggggyyyyyyyy’’’’’’’’’’’’’’’’’’ ffffffffffrrrrrrrrrraaaaaaaaaacccccccccccttttttttttiiiiiiiiiooooooooooonnnnnnnnnn oooooooooooffffffffff tttttttttthhhhhhhhhhheeeeeeeeee cccccccccccrrrrrrrrrrriiiiiiiiittttttttttiiiiiiiiicccccccccccaaaaaaaaaalllllllll ddddddddddeeeeeeeeeennnnnnnnnnsssssssssssiiiiiiiiitttttttttttyyyyyyyyy (((((((((ddddddddddeeeeeeeeeerrrrrrrrrriiiiiiiiivvvvvvvvveeeeeeeeeedddddddddd ooooooooooonnnnnnnnnnlllllllllyyyyyyyy iiiiiiiiiffffffffff aaaaaaaaaassssssssssssssssssssssuuuuuuuuuummmmmmmmmmeeeeeeeeeedddddddddd ffffffffffllllllllllaaaaaaaaaattttttttttt))))))))) 
–  H0  the expansion rate today (in km/s per Mpc of separation) 

ΩΩΩΩΩΩΩΩΩΩ DDDDDDDDDaaaaaaaaarrrrrrrrrkkkkkkkkk EEEEEEEEEnnnnnnnneeeeeeeeerrrrrrrrrggggggggggyyyyyyyyy fffffffffrrrrrrrrraaaaaaaaaccccccccctttttttttiiiiiiiioooooooonnnnnnnnn oooooooofffffffff ttttttttthhhhhhhheeeeeeeee ccccccccrrrrrrrrriiiiiiitttttttttiiiiiiiiccccccccaaaaaaaaalllllllll ddddddddeeeeeeeennnnnnnnnsssssssssiiiiiiittttttttyyyyyyyyy (((((((((dddddddddeeeeeeeeerrrrrrrrriiiiiiiivvvvvvvvveeeeeeeeeddddddddd ooooooooonnnnnnnnnllllllyyyyyyyyy
–––––––––– HHHHHHHHHH000000000 tttttttttthhhhhhhhhheeeeeeeeee eeeeeeeeeexxxxxxxxxpppppppppaaaaaaaaannnnnnnnnsssssssssiiiiiiiiiooooooooonnnnnnnnn rrrrrrrrraaaaaaaaatttttttttteeeeeeeeee ttttttttttoooooooooodddddddddaaaaaaaaayyyyyyyy (((((((((iiiiiiiiinnnnnnnnn kkkkkkkkkmmmmmmmmmm/////////ssssssssss ppppppppppeeeeeeeeeerrrrrrrrrr MMMMMMMMMMppppppppppcccccccccc oooooooooofffffffff sssssssssseeeeeeeeeppppppppppaaaaaaaaaarrrrrrrrrraaaaaaaaaattttttttttiiiiiiiiioooooooooonnnnnnnnnn)))))))))) 
–  t0  the age of the universe (in Gy)

HHHHHHHHH0 0 0 0 0 00000000  tttttttthhhhhhhhheeeeeeeee eeeeeeeeexxxxxxxxpppppppppaaaaaaaaannnnnnnnnsssssssssiiiiiiioooooooonnnnnnnn rrrrrrrraaaaaaaaatttttttteeeeeeee tttttttttooooooooodddddddddaaaaaaaaayyyyyyyyy (((((((((iiiiiiiinnnnnnnnn kkkkkkkkkmmmmmmmmm
––––––––– tttttttttt0000000000  tttttttttthhhhhhhhhheeeeeeeeee aaaaaaaaaaggggggggggeeeeeeeeee oooooooooofffffffff tttttttttthhhhhhhhhheeeeeeeee uuuuuuuuuunnnnnnnnnniiiiiiiiivvvvvvvvveeeeeeeeeerrrrrrrrrrsssssssssseeeeeeeee  (((((((((iiiiiiiiinnnnnnnnnn hhhhh ffffffff hhhhhh iii ((((((iiiiii00000000 GGGGGGGGGyyyyyyyyyyGG )))))))))))))))



 

 

 

 

 

 



Today’s composition 

And H0=67km/s/Mpc 
within < 1km/s/Mpc 



Mukhanov & Chibisov (1981!): 1st calculation of (scalar) quantum fluctuation of the 
vacuum in expanding background. ns must be ˜0.96 < 1 for inflation to end. 



ns=0.968 

9 e-folds 

12-knots 
power 
spectra 
 
(actually 
used 3 
different 
methods,  
all with 
similar 
results) 
 
 
 
 
 
 



Similar (indirect) r constraint than with 2013 release (r0.002 < 0.10 @ 95% CL vs 0.11)  



Mais pas de non gaussianité à petite échelle (fnl, gnl�) 



  Before recombination, successive scatterings destroy 
polarization and the radiation arrives at recombination 
unpolarized 

  During recombination, Gradients in the velocity field can 
produce a quadrupole in the rest frame of the scattering 
electron 

  A diverging flow leads to a tangential pattern of polarisation 



 

 
 

 

 

 

 

 
θ

(θ ≈ 180 / l) 

E<0 E>0 

B<0 B>0 
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1 114 000 
Modes 
measured 
with TT,  
 
60 000 
with TE   
 
96 000 
with EE 
 
� and 
10’s in BB 
 
+ weak 
constraints 
with        
TB and EB 

 τ = 0.055±0.009 



TT & TE have similar uncertainties,  
but beware that they are still some low level systematics in the polarisation data 



And it further constrains potential deviations from the base tilted LCDM model/physics 
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GRAVITATIONAL LENSING 
DISTORTS IMAGES 
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Projected mass map 

"Planck 2016: de la mousse quantique à l'éponge cosmique" 
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François R. Bouchet, Toulouse,  31 mai 2016 

2013 



Planck for the first time measured the lensing power spectrum with higher accuracy than it is predicted by the base CDM model that fits the temperature 
data 





Ωk = 0.000± 0.005 (95% CL)

Melchiorri et al. 2000 Jaffe et al. 2001 

Planck 2015 

Note the change of axes 
For Planck below 





 powerful evidence in favour of simple 
inflationary models, that match Planck data 
to very high precision.  
 If there is new physics beyond base LCDM, then the corresponding observational 

signatures in the CMB are weak and difficult to detect. 
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http://www.planck.fr 





Is there a completely different paradigm  
to explain the measurements? 



Ordinary matter 
Dark matter 
Dark energy 

Dilating at  
68 km/s/Mpc 
� 




