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TT angular pow
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1. Plateau

2. Acoustic Peaks
[Pics acoustiques]
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Découvert en 1965 par 
Arno Penzias & Robert W

ilson.

Nobel Prize 1978 "for their discovery of the 
cosm

ic m
icrow

ave background radiation" 

properties
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Blackbody 
Radiation
T=2.725 K

L’Univers est 
rem

pli de 
rayonnem

ent: 
la nuit n’est 
pas noire, 
m

ais brillante 
en radio.

Nobel Prize 2006: John M
ather, G

SFC
(1989 m

easurem
ents)
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statistics of anisotropies
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CM
B by CO

BE in 1992

Nobel Prize 2006: G
. Sm

oot, G
SFC

(1992 m
easurem

ents)
« for their discovery of the blackbody 
form

 and anisotropy of the cosm
ic 
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ave background radiation »
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fluctuations de tem
pérature

W
M

AP W
eb Site

l’am
plitude des fluctuations est de l’ordre de la dizaine de m

icroKelvin ! 
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Planck 1 an

Planck ESA HFI LFI consortia

+ G
alaxie et galaxies, am

as etc.
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AP 5 TT 

Feb-2015
Hervé Dole, IAS - M

2 NPAC - Advanced Cosm
ology

22

Dunkley et al., 2008, W
M

AP5

TT pow
er spectrum

 at high ell
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Shirokoff et al., 2010

TT pow
er spectrum

 at high ell

Feb-2015
Hervé Dole, IAS - M

2 NPAC - Advanced Cosm
ology

24

K
eisler et al., 2011 



TT pow
er spectrum

 at high ell

Feb-2015
Hervé Dole, IAS - M

2 NPAC - Advanced Cosm
ology

25

Calabrese et al., 2013

TT cross pow
er spectra
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latest pre-Planck cosm
o. param

s
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Calabrese et al., 2013

polarized m
icrow

ave sky
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TT & TE
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Jarosik et al., 2009, W
M

AP7
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Page et al., 2007, W
M

AP3

III. C_l and cosm
ological param

eters
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acoustic w
aves at recom

bination

La p
h
ysiq

u
e
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e
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H
u & Dodelson, ARAA, 2002

II. O
bservations of the Cosm

ic 
M

icrow
ave Background

2. Strategy and Difficulties
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you play !
! w

e give you 600 M
E to accurately m

easure the CM
B

! its tem
perature and polarization anisotropies

! w
hat telescope and instrum

ent w
ould you build ?
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CM
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http://arcade.gsfc.nasa.gov/science_galaxy.htm
l
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D
étecteur 

Poussière 

Synchrotron 

Free Free 

G
alaxies 

SZ-therm
ique 

SZ-cinetique 

ΔT/T 
La poussière dom

ine à hautes 
fréquences et est donc un 

avant-plan im
portant pour les 

observations bolom
étriques

143  217  353  545  G
H

z 

Courtesy N. Ponthieu, IAS

Bouchet & Gispert

« Sandw
ich Cosm

ique »

foregrounds
foregrounds
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ωG
rain

B

Polarisation de l'ém
ission therm

ique de la poussière

•  These grains align w
ith the G

alactic m
agnetic field and have 

selective absorption in the visible and UV…


•  …
 w

hich in turn leads to selective radiation in the subm
m


O
ptical polarization

subm
m

 polarization
⊥

 + M
anque de m

esures à grandes échelles

(Stein 66)

Serkow
ski et al 75

Heiles 01
Fosalba et al 02

Courtesy N. Ponthieu, IAS

IV. Polarization of the Cosm
ic 

M
icrow

ave Background
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CM
B polarization for dum

m
ies

Recom
bination
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D
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Courtesy N. Ponthieu, IAS
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D
iffusion Thom

son : dσ/dΩ
 ~ |ε.ε’| 2 

ε 
x 

y 

z 

e
- ε’ 

Rayonnem
ent isotrope 

(m
onopole)x’ = z y’ = y z’ 

Courtesy N. Ponthieu, IAS

Recom
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D
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 ~ |ε.ε’| 2 

ε 
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ent isotrope 

(m
onopole)x’ = z y’ = y z’ 

Courtesy N. Ponthieu, IAS
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bination
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D
iffusion Thom

son : dσ/dΩ
 ~ |ε.ε’| 2 

ε 
x 

y 

z 

e
- ε’ 

x’ = z y’ = y z’ 

Rayonnem
ent isotrope 

(m
onopole)

Courtesy N. Ponthieu, IAS
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bination
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D
iffusion Thom

son : dσ/dΩ
 ~ |ε.ε’| 2 

ε 
x 

y 

z 

e
- ε’ 

x’ = z y’ = y z’ 

Pas de polarisation

Rayonnem
ent isotrope 

(m
onopole)

Courtesy N. Ponthieu, IAS
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Pas de polarisation

D
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 ~ |ε.ε’| 2 

Courtesy N. Ponthieu, IAS
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ε 
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z 

e
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Q
uadrupole
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Polarization 

D
iffusion Thom

son : dσ/dΩ
 ~ |ε.ε’| 2 

Courtesy N. Ponthieu, IAS

quadrupoles at recom
bination
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Les sur (sous) densités génèrent de la polarisation (vitesse)
O

n sonde directem
ent la recom

binaison

Rees, 1968
Courtesy N. Ponthieu, IAS

O
ver (under) densities generate polarization (speed)

Polarization: a direct probe of recom
bination processes
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surdensité 
sousdensité 

Perturbations scalaires 

Perturbations tensorielles 

La polarisation perm
et de 

distinguer les différents types 
de perturbation 

Parité 

Parité 

x 

y 

P
rem

ière possibilité de détection des ondes gravitationnelles 
prim

ordiales générées pendant la phase d’inflation 
C
ou

rte
sy N

. Pon
th

ie
u
, IA
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« m
od

e
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polarization data !
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W
M

AP7 Kom
atsu et al., 2009

Planck data (em
bargoed) really

look like the sim
ulations !
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"
  Il faut une anisotropie quadrupolaire pour 

générer de la polarisation
"
  Les fluctuations de densité (scalaires) et les 

ondes gravitationnelles (tensorielles) créent des 
quadrupoles
"
  Les figures de polarisation sont différentes

Spectre de puissance et 
physique…
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polarisation: bilan
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ψx

y

Q
 = Ix  - Iy  

ψx

y

U
 = Ix 45 - Iy 45 

I, Q
, U donnent une description 

com
plète de l’etat de 
polarisation

I = Ix  + Iy  

Courtesy N. Ponthieu, IAS les param
ètres de Stokes
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TT, EE, TE: behaviour

Balbi et al., 2006

T
T
 

EE 

T
E 

phase shift: opposition
[déphasage: opposition 

de phase]

phase shift: half
[déphasage de pi/2]



4 CM
B anisotropies pow
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TB, EB = 0
B : pseudo-scalaire

T, E : scalaire

O
K 

O
K 

O
K 

K
O

 ? 

Courtesy N. Ponthieu, IAS

3 observables: 
T, E, B
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w
hy polarization helps

T
T
 

EE &
 B

B
 

Seules des observations en polarisation peuvent 
discrim

iner entre le « CDM
 standard » et le « CDM

 + 
energie 

noire 
+ 

ondes 
gravitationnelles 

+ 
reionisation »

Balbi et al., 2006
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anisotropies secondaires

2
èm

e diffusion 
Thom

son lors de la 
Réionisation

Distorsion par effet de 
lentilles faibles

Dark Energy + Neutrinos + 
Large Scale Structures

Courtesy N. Ponthieu, IAS

B
 ≠

 0 

B
 = 0 
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qques résultats W
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Kom
atsu et al., 2008, W

M
AP5
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polarisation et spectre de puissance
Wayne Hu, Chicago:  http://background.uchicago.edu/~whu/intermediate/intermediate.html 

create your ow
n CM

B !
! w

ith CM
Beasy: http://w

w
w.cm

beasy.org
! based on CM

Bfast
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II. O
bservations of the Cosm
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7. O
rigin of fluctuations
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O
ndes Acoustiques à la Recom

b.
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Courbure

Position
 d

u
 1e

r p
ic acou

stiq
u
e
 <=> cou

rb
u
re
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e
 l’U

n
ive

rs 

Wayne Hu, Chicago:  http://background.uchicago.edu/~whu/intermediate/intermediate.html 
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Contenu en Baryons

Wayne Hu, Chicago:  http://background.uchicago.edu/~whu/intermediate/intermediate.html 

Position
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M
atière Noire

Wayne Hu, Chicago:  http://background.uchicago.edu/~whu/intermediate/intermediate.html 
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Pics Acoustiques dans le Sp. P.
Wayne Hu, Chicago:  http://background.uchicago.edu/~whu/intermediate/intermediate.html 


