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ing distonce (Mpc)

750

Voir loin, c'est voir le passé lointain |

- = =

L1858 Mpc

O —

HFi PLANCI
— :

Chaque point est une galaxie comme la
Notre. La plus proche, M31, est a ~2,5 Mal.
Il faut 2,7 milliards d'années a la lumiere
d'une galaxie sur le cercle vert pour qu'elle
hous parvienne.

“Planck 2016: de la mousse quantique a I'éponge cosmique"

La lumiére 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 apres le
Bang, quand ['Univers est devenu Transparent.

Frangois R. Bouchet, Toulouse, 31 mai 2016
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Les photons du rayonnement fossile
| sont les plus nombreux.

Il est donc facile de voir le big bang.

Photons s-! cm-2 sr-1 nm-!

Pas besoin d’un telescope géant, il

| . .~
suffit de regarder la ou il faut !

Nous sommes baignés par
la lumiére du big bang. A
cause de I'expansion, elle
est décalée vers le rouge
dans les micro-ondes et les
ondes radios.

The Grand Unified Photon Spectrum
After Dole & Béthermin

cf. Ressell & Turner 1989
Lagache 1995
Henry 2002

1014 1016

Frequency [Hz]




Une autre surface des dermeres
diffusions...

® |Le soleil est aussi un
plasma.

On ne voit que sa surface,
I"intérieur est opaque.

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

® En étudiant la surface du
soleil, on déduit son
fonctionnement a
I"intérieur, bien qu'on ne
puisse |'observer
directement

F. R. Bouchet: "Planck: des données a la science" Séminaire Centre Spatial de Toulouse, 10 Mai 2011 {0







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

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,

"Planck 2016: de la mousse quantique a I'éponge cosmique” Page 23 European Space Agency



L'Univers primordial, laboratoire ultime
de physique fondamentale

10

40

10

30

Time (seconds)

1 035

10

10

10

-10

10

™ Pnas

10

10

Quantum gravity era

-

| Inflationary epach

Electroweak

Electnomagnetic

Weak

Strong

Temperature  Particle

Inflation

energy
2 1
10&K 10 9GeV
1027K 1014GeV
S
15
10 K 100 GeV

-~ Quark confinement

Neutrino transparency <k

V4 — 1.06 x 10" GeV (L
01

Deuterium stable

Transparency point
= forlight

Gravity

<

Cosmic neutrino background

4
3K 10 eV

Present time

Cosmic microwave background

)1/.1



(T=1025eV ?)

(T=3000 K
=0.3eV)

CMB
last scattering

fraction T

S S '»’-.j- —

of a second S 50, e AR
T (T=2.725 K)

present

380,000
day

years

~200 million Ve i o %
e 20 ¢ PRAPR O be = A

years ,:"‘. .- - ,v.'i:o". < _'Q. ’ . i A ./ :;.. )

$- ".“._ “.D ".*.f

13.7 billion
years

Frangois R. Bouchet, Toulouse, 31 mai 2016

"Planck 2016: de la mousse quantique a I'éponge cosmique"
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OBSERVER LE
RAYONNEMENT
FOSSILE

Quelques temps forts



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

Nobel 1978

Francois R. Bouchet, Toulouse, 31 mai
2016

"Planck 2016: de la mousse quantique a I'éponge cosmique"” 31




FIRAS -

Deploysbla Sun, Earth, DIRAE / ' iy
RF Thermal Shigld " DMR Antsrnas

Halium Dewar ""'_(f—,

Deployanle Seler Panols

’ Earth Sensors
Deployabla Mast

WFF Crmini Antooiea
TDARSS Omni Antenna,

COBE 1992

Nobel 2006 (G. Smooth & J IV%

Francois R. Bouchet, Toulouse, 31 mai
2016

"Planck 2016: de la mousse quantique a I'éponge cosmique"” 32




Boomerang 1998-2001
Premiere observation du premier pic

Francois R. Bouchet, Toulouse, 31 mai

2016 "Planck 2016: de la mousse quantique a I'éponge cosmique"” 33
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Wilkinson Microwave Anisotropie Probe (WMAP)
2003-2010

Observation des trois premiers pics
Informations sur la polarisation

;66;%90'8 3 Belieslh IellielEs, S ukl "Planck 2016: de la mousse quantique a I'éponge cosmique"” 36
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2000 Kg
1600 W consumption -
2 instruments - HFI & LFI HFI s

15 months nominal survey+4

A 50 000 electronic components
36 000 | “He

Telescope witha 1.5 m diameter o o o o o o o o o4 ,

primary mirror 12 000 | 3He
11 400 documents
HF focol plane o « ¢ ¢ o o o, | 20 years between the first

with cooled instruments

project and first results (2013)

Platform: « ,
* Avionic
(attitude control,
data handling)
* Eledirical power
* Telecommunications
and electronic instruments

Solar panel o o o
and service module




4 US laboratories

and 1 Canadian laboratory
also make major contributions
to HFl and LFI

The satellite Is launched
from Kourou, French Gulana

4

R St U OX s Il 34

&
The data arrive
In Australia before
being sent to Germany

v

"Planck 2016: de la mousse quantique a I'ép

Research Laboratories in the HFl Collaboration

NN o oo

N

Institut d’Astrophysique S%’iuls, Orsay (F)
Loboratoire de I’Accélérateur Linéaire, Orsay (F)
Commissariat a I'Energie Atomique, Gif-sur-Yvette (F)
Institut d’Astrophysique de Paris, Paris (F)

Laboratoire d'ftude du Rayonnement et de la Matiére
en Astrophysique, Paris, (F)

AstroParticule et Cosmologie, Paris {F)

Lab ire de Physique Sub
et de Cosmologie, Grenoble (F)
Institut Louis Néel, Grenoble (F)

Centre d'Etudes Spatiales des Ray
Toulouse (F)

Cardiff University, Cardiff (UK)

Rutherford Appleton Laboratory, Chilton (UK)
Institute of Astronomy, Cambridge (UK)

Mullard Radio Astronomy Observatory, Cambridge (UK}
Imperial College, London (UK)

National University of Ireland, Maynooth (IR)
Space Science Dpt of ESA, Noordwijk (NL)
Danish Space Research Institute, Copenhagen (DK}
Max-Planck-Institut fuer Astrophysik, Garching (D)
Université de Genéve , Geneva (CH)
University La Sapienza, Rome (1)

Universidad de G da, G da (E)

California Institute of Technology, Pasadena (USA)
Jet Propulsion Lab y. Pasadena (USA)

Stanford University, Stanford (USA)

Canadion Institute for Theorstical Astrophysics,
Toronto (Conada)

Research Laboratories in the LFl Collaboration

>
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Istituto Nazionale di Astrofisica Spaziale

et Fisica Cosmica, Bologna (1)

Istituto CAISMI, Firenze (1)

Istituto IASF (CNR), Milano (1)

Istituto di Fisica del Plasma IFP (CNR), Milano (i)
Osservatorio Astronomico di Padova, Podova (I)
Osservatorio Astronomico di Trieste, Trieste (1)
SISSA, Trieste (I)

Istituto IFSI, Roma (1)

Universita Tor Yergata, Roma (i)

Instituto de Fisica de Cantabria, Santander (E)
Instituto de Astrofisica de Canarias, La Laguna (E)
Jodrell Bank Observatory, Macdesfield (UK)

Space Science Dpt of ESA , Noordwijk (NL)

Danish Space R rch Institute , Copenhagen (DK)

Theorstical Astrophysics Canter, Copenhagen (DK)
University odeo,Odo_(N).

AR I T
Millimetre Wave Laboratory, Espoo (Fl)

Max-Planck-Institut fuer Astrophysik, Garching (D)
Université de Genave, G (CH)
University of California (Berkeley), Berkeley (USA)

University of California (Santa Barbara),
Santa Barbara (USA) +
Jet Propulsion Lab Y. Pasadena (USA)
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/NERSC...

1mn

+ CC/CINECA/

Darw

0 AR R LR TR A A
0 meonwbhmmokuuu\wcntcncnkcc((u
nghn\thtmbttctefcﬂttrtefstc

bbbmmn\nmm\utt 1t(tctwrt<¢v\(!.(..

&gfl\\‘ff? R

A |la Cave de I'lAP...




Disponible maintenant, chez vous!

30 GHz 44 GHz 3.5uK.deg,13’ 70 GHz

217 GHz

S - B as

353 GHz 545 GHz 857 GHz




Un autre défi...
Séparer les différentes composantes

HFi pancx

Le rayonnement fossile
n'est pas la seule
émission micro-onde...

Bruit détecteur

Il faut la séparer des
autres émissions

(qui contiennent aussi
des informations
astrophysiques tres
intéressantes |).

Notre galaxie

Composantes secondaires
Cosmologiques

On utilise pour cela des
algorithmes issus de la
recherche en
mathématiques
appliquées.

Rayonnement fossile




C'est le probleme du cocktail...

Quand il faut isoler une conversation a I'aide de divers enregistrements

Francois R. Bouchet, Toulouse, 31 mai
2016

"Planck 2016: de la mousse quantique a I'éponge cosmique"” 65




Cleaning the background

from i1ts 7 vells

100 GHz

M GHez 143 GHa

217 GHe

544 GHe

(We used 4
different methods)

"Planck 2016: de la mousse quantique a I'éponge cosmique"

European Space Agency

3% of the CMB sky replaced by a Gaussian Random realisation



La carte exhaustive des anisotropies de
temperature relevée par Planck
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Une fenétre unique...

LT T WT T Rl

E H i S S W LN T W W

Ll
Smoothed map (suppressing scales 8 < 1 deg) :
Quantum Fluctuations imprinted

When the age of the Universe was in the\ = =
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Ce qu’en dit la théorie...

(bien avant les observations...)

On ne peut
prédire la carte
des anisotropies,

telle que nous

I'observons. ..
N
Angular scale
90° 0.5° 0.2° 0.1° 0.07°
6000 ' ' ' !
A0 Angular power spectrum of
40001 temperature anisotropies
Mais on peut prédire ses X\l
propriétés statistiques ! s
(comme par exemple la 2°°°'/
hauteur typique des vagues 1000
en fonction de leur ol . . . .
d. 1_ A 1_ N A 1_ 2 500 1000 1500 2000 2500
istance créte a créte) : Multipole moment, £ )

"Planck 2016: de la mousse quantique a I'éponge cosmique™ Page 82 European Space Agency



e Cosmic imprints
COa mmmewwe: mm= - . o —— e ——————

I ] I ! l 1 1 ] I L} ' 1 I 1 I ! I
sCDM (H,=65, n,=1, 0,=0.05, 0_,.=0.95, 0,=0) —

6000 . =

| Lambda: 0,=0.7, 0,_=0.3 —
Open: 1,=0, 11_=0.3

(9 E Closed: 0,=0, 0_=1.3 — - ]

3

Kl

k 4000

o

S

>

=

—

+:

~

S

-~

2000

Peebles, Yu, Sachs & Wolf, Sunyaev, Zeldovich,
Silk, Vittorio, Wilson, Mukhanov, Chibisov,

00 o '2(')0’ — (')0' : 'é}o' ' lacl)ol : '10'00' : ‘1200 Bardeen, Linde, Bond, Efstathiou, Bouchet,
% Bennett, Gott, Kaiser, Stebbins, Allen, Shellard,
multipole ¢ Seljack, Zaldariaga, Kamionkowski, Hu, ...

"Planck 2016: de la mousse quantique a I'éponge cosmique" Francois R. Bouchet, Toulouse, 31 mai 2016 87



The Planck power spectrum of

Temperature anisotropies

Angular scale

00°  05° 0.2° 0.1° 0.07°
6000 [ ‘ ' | | :
II
5000F 4
4000f 5 °

1000 |,

o %o
0o °s

®e
®o0000
°
°’000000000..‘
. e ® o

2 500 1000 1500 2000 2500
Multipole moment, /

"Planck 2016: de la mousse quantique a I'éponge cosmique™ Page 93 European Space Agency




Theory confronts data

Angular scale
90° 0.5° 0.2° 0.1° 0.07°
6000 | | | | ]

6 parameter ACDM model

5000+ Planck (CMB+lensing)
Parameter Best fit 68 % limits
4000 ¢ Q. 0022242 0.02217 £0.00033 -
Nx Qh. ... 0.11805  0.1186 +0.0031
% 3000 | 1006pc - oo 104150 1.04141 £0.00067 -
Q 2 smase me St 0.0942 009.(6)§z i g.gz;
s s swsnis s0% 63 0.967 : !
00008 N ONA N ey, 3.008 308540057

1000

> 500 1000 1500 2000 2500
Multipole moment, ¢

"Planck 2016: de la mousse quantique a I'éponge cosmique™ Page 94 European Space Agency



jg, Base ACDM model with 6 parameters ' >

esa- G T D e I T O WT T RO N i S TR W L N T W W Gk N L L .|

3 parameters to set (though General Relativity) the dynamics of the universe,
1 parameter to capture the effect of reionisation (end of the dark ages),
2 parameters to describe the primordial fluctuations.

Flat spatial geometry.

> f£).h? Baryon density today - The amount of ordinary matter
> £2.h? Cold dark matter density today - only weakly interacting
> 0O Sound horizon size when optical depth t reaches unity
(Distance traveled by a sound wave since inflation, when universe
became transparent at recombination at t ~380 000 years)
> 1 Optical depth at reionisation (due to Thomson scattering of photons on e-), i.e

fraction of the CMB photons re-scattered during that process

> A, Amplitude of the curvature J:ower' spectrum
(Overall contrast of primordial fluctuations)

» ng  Scalar power spectrum power law index
(n,-1 measures departure from scale invariance)

> Others are derived parameters within the model, in particular
- A2 "Dark Energy” fraction of the critical density (derived only if assumed flat)
- H, the expansion rate today (in km/s per Mpc of separation)
- t, the age of the universe (in Gy)

[ I e I T N W N W R H B FEE SR . LD TN W N Akl L L T

"Planck 2016: de la mousse quantique a I'éponge cosmique" Frangois R. Bouchet, Toulouse, 31 mai 2016 95



HFi v 2%/

o Data compression...

» ~ 900 billion samples in ~100 Timelines

» 9 maps of ~50 million pixels each (23 with Polar.)
» 1 CMB map of ~50 million pixels (+P one)

» 2 million harmonic modes (21+1 m-modes per |)
» Fit with just 6 parameters

» With no significant evidence for a 7t"

- o - - L - - 8 ¥ Y L 4

"Planck 2016: de la mousse quantique a I'éponge cosmique" Frangois R. Bouchet, Toulouse, 31 mai 2016 96
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AVANT AVEC
PLANCK PLANCK

esa-l A o1

Inflation
(pendant le Big-Bang)

3 minutes
apres le Big-Bang

400 000 ans
apres le Big-Bang

. . 153 %
2 milliards d’années

apres le Big-Bang

Aujourd’hui »

<z Today’s composition

05 %

And H,=67km/s/Mpc
within < 1km/s/Mpc

Dans 10 milliards
d’années

"Planck 2016: de I: - Inflaton Rayonnement . Neutrinos | Matiére ordinaire . Matiére sombre . Energie sombre 31 mai 2016 97



A .
G What is the value of n_?

esa- LT DT e Il T A W T R N i S TR W L N T W W |

HFI PLAN

W ]

Initial Conditions: quasi-scale invariant

gz') == ( )[]. _2(.[)] ,1)—) A |(I)Al> ~ A:N,q |

Angular scale

eQ° 18° 1° 0.2° 0.1° 0.07°
6000 f ‘ :
5000 f\

f "k n,=1+0.6 1992 (COBE)
=1 f) | ng =1.03+0.09 200! (MaxiBoom)
= soof A | ne—0.963+0.014 2009 (WMAPS)
o , l /! .\f"\‘v"ﬁ‘; ne = 0.9603 £+ 0.0073 2013 (Planck+)

1000 Pr' Jﬁl o :?,’ iﬁ'\_\
2 2 10 50 500 1000 1500 2000 2500

Multipole moment, /

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

[ R e LN Tl W --.-'- A E W H B FEE SR . LD TN W N ek I L T F
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&
2015 &

TT+lowP s

+BAO+JLA
+Hlow

Power spectra reconstruction

LT T WT

T T R N i IS . LW

{ = kD,

102 108 104

BLELJLA A B S i A 2L B i R AL B m m A L) ey

1-0 scalar

mean scalar mean tensor

m?@? scalar

. e e T e e e e

fixed r = 0.1

B A A . AN AN A& A AN A A
10
1074 " T 1072 1071 ]>0°
9 e-folds k‘(MpC—l)

"Planck 2016: de la mousse quantique a I'éponge cosmique"

—LEFE T W

T O R . Nl FE SR . LW

Francois R. Bouchet, Toulouse, 31 mai 2016

& i

T W N Gk N L L .|

12-knots
power
spectra

(actually
used 3
different
methods,
all with
similar
results)

TN W N Akl L L T F
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i Une clé essentielle... Planck 2015: n vsr'

/ =
HF1 suinve

esa-..——---. e AT T W N T RS W S GETE W DN T T W Ak N L N e

V.=(1.9 x 106 GeV)* (r/0.12)

0.25

0.10 0.15 0.20

Tensor-to-scalar ratio (r0.002)

0.05

Planck TTlowP

Planck TT-+lowP-+BKP
Planck TT+lowP-+BKP+BAO
Natural inflation

Hilltop quartic model

«v attractors

Power-law inflation

Low scale SB SUSY

R? inflation

V x¢?

V x 052

V x ¢¥/3

V x ¢
V x¢
N,=50
N,=60

2/3

0.00

0.96
Primordial tilt (ny)

Similar (indirect) r constraint than with 2013 release (ry gg0 < 0.10 @ 95% CL vs 0.11)

[ I LIS ENFE W EE W O S N SR W L T W W kN I L T T
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1000

Power asymmetry

-

T T T T T T T T T T T T T T T T T T T T T T T T

Positive direction
Negative direction

c Galactic mask ]
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= : . g7 mm
) Thomson scatterings are polarised - L(@I//
(21 _ _ B 1 PLANCKR—=

> 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

converging flow same flow in e- rest frame

Yy v
\ ¥/ -

*

o
Quadrupol \l/ é
uadrupole

Anisotropy

-

converging flow radiation in e- rest frame

Thomson * J' J’

—~ 5 ! Scattering N 52 J Radial

\ l / polarization

» A diverging flow leads to a tangential pattern of polarisation

e-
*
= © % | Quadrupole

Linear
Polarization
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CMB angular power spectra

m 3 observables: T,E, B 10°
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Not generated by scalar modes

“Smoking gun” of tensorial
perturbations

At best 300 times weaker than T
fluctuations

case T/S =r=0.1 (cf. fig),

E,.~=2 x 10% GeV (GUT).
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357 GHz

Filtered at 20 arcminutes



Only keeping points w. sufficiently small error bars, Fig. calabrese
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Base ACDM model

HFi ruine

[1] Planck TT+lowP

[2] Planck TE+lowP

0.02222 + 0.00023
0.1197 + 0.0022
1.04085 + 0.00047
0.078 = 0.019

3.089 + 0.036
0.9655 + 0.0062
67.31 +£0.96
0.315+0.013
0.829 + 0.014
1.880 = 0.014

0.02228 + 0.00025

0.1187 + 0.0021

1.04094 + 0.00051

0.053 £ 0.019

3.031 £0.041
(0.965 + 1:012
67.73 £ 0.92

0.300 = 0.012
0.802 = 0.018
1.865 = 0.019

TT & TE have similar uncertainties,

but beware that they are still some low level systematics in the polarisation data
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Il aurait pu en étre autrement!

And it further constrains potential deviations from the base tilted LCDM model/physics




Le modele LCDM a 6 parametres
HFF1 o 2%/

» Un modele elegant mcroyablement minimal,

» a la simplicité trompeuse,

puisqu’il repose sur nos deux théories fondamentales, la
relativite générale et la mécanique quantique, et des
hypotheses hardies, telle que

— Les lois de la physique sont toujours et partout les mémes,

— L’univers a grande échelle est homogene et isotrope,

— La relativité générale peut s’utiliser a des échelles beaucoup plus
vastes qu’a celles ou elle a été testée directement, une
extrapolation spectaculaire par 15 ordres de grandeur...

— Idem pour la mécanique quantique
— Tout en utilisant la physique classique avec une précision
horlogere

.. toute choses que nous testons aujourd’hui !



The gravitational effects of intervening matter bend the path of CMB light on its way from the
early universe to the Planck telescope. This “gravitational lensing” distorts our image of the CMB
(smoothing on the power spectrum, and correlations between scales)

—

)+ .
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The (grey) masked area is where foregrounds are too strong to allow an accurate reconstruction

rage 140 European >pace Agency
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o Lensing power spectrum

esa- LT DT e Il T WET T AT N i S TN W I N T W Y W ]

2 e T T 1 T T T T

] Planck 2014
—— Planck 2013
— van Engelen et. al. 2012 7
—}— Das et. al. 2013

Amplitude constrained to ~2.5%
(400 detection of lensing).

_0.5 EET A A N NN | L L L 1 L | L 1

1 10 100 500 1000 2000
L

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
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(=) Spatial curvature constraint &= 4
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OPLANCK @ ™

e Que de chemin parcourd... | ? %LI

LE FIGARO-fr
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= Conclusions
@ esa
=>» base ACDM continues to be a good fit to
the Planck data, including polarisation.

Parameter  Planck TT,TE,EE+lowP

Qo> ... .. ... 0.02225 +0.00016
QR ..o 0.1198 +0.0015
1000vc ... ... 1.04077 + 0.00032
A 0.079 + 0.017
In(10™4,) ... .. 3.094 +0.034
Mg v veeennn, 0.9645 + 0.0049

2 67.27 + 0.66

3 T 0.3156 + 0.0091
7 T 0.831 +0.013
10748 ..... 1.882 +0.012

=>»powerful evidence in favour of simple
inflationary models, that match Planck data N
to very high precision. e i A
=>|f there is new physics beyond base LCDM, then the corresponding observational
signatures in the CMB are weak and difficult to detect.

rpE—.
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i»,:-) Indeed what IS the phy5|cs of inflation?

HFi -

Why did the field start here?

/] e
Where did this —%
function come
from? Why is the
potential so
flat?

Is there a completely different paradigm
to explain the measurements?

- o - - L - -
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How do we convert the field
energy completely into
particles?
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%' An extraordinary content today
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Dilating at
68 km/s/Mpc

Ordinarv matter
@ Dark matter
@ Dark energy
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