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POLARIZED ANISOTROPIES OF THE CMB 

CMB plays a keyrole in seBng cosmology in the ages of precise science 
(geometry of the Universe, maMer content, neutrinos total mass) 

•  StaOsOcs of its anisotropies 
 Temperature  T (scalar & tensor) 
 Polariza%on    E (scalar & tensor) 
 Polariza%on    B (tensor) 

•  B‐mode 
Open window on infla%on/alterna%ves/new theories 

Gravita%onal lensing 

Résidus galac%ques 

WMAP 

10 deg.  1 deg.  10 arcmin. 



CMB DATA ANALYSIS 

Time Order Data 

I, Q and U maps per frequency 

I, Q and U maps per component 

(T, E, B, TE, TB, EB) power spectra 

TheoreOcal model 



A RAPID SKETCH OF LOOP QUANTUM GRAVITY (LQG) 

« Can we construct a quantum theory of spacetime based only on the 
experimentally well confirmed principles of general relativity and quantum 
mechanics ? » L. Smolin, hep-th/0408048 

-  The area, volume and length operators have a discrete sectrum 
-  The horizon entropy is completely explained. 
-  Singularities are eliminated. 
-  Ultraviolet divergences of QFT are not present. 
-  Loop quantum cosmology is on the way…. 

GR classically re‐wriMen with Ashtekar variables : 
 densi%zed triad 
 Ashtekar connec%on 

QuanOzaOon by use of holonomies and fluxes (background independence) 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LQG IN THE COSMOLOGICAL FRAMEWORK : BACKGROUND 

FLRW‐reduced formula%on of LQG : Loop Quantum Cosmology (LQC) 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Background equaOon : classical results 

Background equaOon : quantum corrected results 

€ 

ds2 = a2(η) dη2 −δijdx
idx j( )

€ 

H 2 =
8πG

3
ρ 1− ρ

ρc

 

 
 

 

 
 

˙ ̇ Φ + 3H ˙ Φ +
δV
δΦ

= 0
bouncing cosmology 

SEE WORKS OF: ASHTEKAR, BOJOWALD, LEWANDOWSKI, PAWLOWSKI, SINGH, CORICHI, 
MIELCZAREK, VANDERSLOOT, ETC.  
FOR A REVIEW, SEE:  CALCAGNI & HOSSAIN, ADV. SCI. LETT. 2, 184 (2009) 



BACKGROUND WITH HOLONOMIES 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Scalar field  Scale factor 

  A sufficient amount of e‐folds: 

  A maximum amount of e‐folds: 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ρc = mPl
4  :

for mΦ =10−6mPl ,  x = 0 :  Φmax ≈ 2.1mPl  and N ≈ 28
for mΦ =10−3mPl ,  x = 0.01 :  Φmax ≈ 3mPl  and N ≈ 60
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J. MIELCZAREK, PHYS. REV. D 81 063593 (2010) 
J. MIELCZAREK, T. CAILLETEAU, J. GRAIN & A. BARRAU, SUBMITTED TO PHYS. REV. D 



LQG IN THE COSMOLOGICAL FRAMEWORK : TENSOR PERTURBATIONS 

Perturbed FLRW metric 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Gravity waves equaOon : classical results 

Gravity waves equaOon : quantum corrected results 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ds2 = a2(η) dη2 − δij + hij( )dx idx j( )
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•  Modified background 
•  Modified «Dispersion relaOon» 

FOR THE EQUATION:  BOJOWALD & HOSSAIN, PHYS. REV. D 77 023508 (2008) 

APPLIED TO INFLATION:  
J. Grain, A. Barrau , Phys. Rev. Lek. 102 081301 (2009) 
J. Grain, A. Barrau & A. Gorecki, Phys. Rev. D 79 084015 (2009) 
J. Grain, T. Cailleteau, A. Barrau & A. Gorecki, Phys. Rev. D 81 024040 (2010) 

AND WORKS OF: MIELCZAREK, COPELAND, NUNES, MULRYNE, ETC. 



TENSOR PERTURBATIONS : POWER SPECTRA AND IMPACT ON B‐MODES 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Tensor perturba%ons  
power spectra  General relaOvity 

Loop Quantum Cosmology 

SENSIBILITÉ PLANCK‐HFI 

SENSIBILITÉ EBEX 

J. MIELCZAREK, T. CAILLETEAU, J. GRAIN & A. BARRAU, SUBMITTED TO 
PHYS. REV. D 



POLARIZED ANISOTROPIES OF THE CMB 

•  StaOsOcs of its anisotropies 
 Temperature  T (scalar & tensor) 
 Polariza%on    E (scalar & tensor) 
 Polariza%on    B (tensor) 

•  B‐mode 
Open window on infla%on 
Gravita%onal lensing 
Open window on tenta%ve new theories  Résidus galac%ques 

WMAP 

10 deg.  1 deg.  10 arcmin. 

Observa%onal challenges 
instrumental sensiOvity 
systemaOc effects 
FOREGROUNDS >> CMB : component separaOon 
E >> B : E‐to‐B leakages to be corrected 



POLARIZED POWER SPECTRUM ESTIMATION WITH PURE PSEUDO SPECTRUM 

 J. GRAIN, M. TRISTRAM & R. STOMPOR, PHYS. REV. D 79, 123515 (2009) 

Q and U maps  B‐mode power spectrum 

EBEX (balloon) 
fsky ≈ 1 % 

10 deg.  1 deg.  10 arcmin. 

SENSIBILITÉ PLANCK‐HFI 

SENSIBILITÉ EBEX 



REMOVING E‐MODES LEAKING INTO B‐MODES 

The standard way 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B‐modes only  B‐modes and E‐modes 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E‐to‐B mixing and L‐to‐L’ mixing  

 E‐B and L‐L’ separaOon on average 
BUT 

 for any realiza%on : E variance leaks into B variance 

T. BUNN, M. ZALDARRIAGA, M. TEGMARK & A. DE OLIVEIRA‐COSTA, PHYS. 
REV. D  67 023501 (2003) 

K. SMITH, PHYS. REV. D 74 083002 (2006) 
K. SMITH & M. ZALDARRIAGA, PHYS. REV. D 76 043001 (2007) 



REMOVING E‐MODES LEAKING INTO B‐MODES 

The standard way  The pure way 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B‐modes only  B‐modes and E‐modes 
B‐modes only  Vanish if W=0 and dW=0 on CS 



REMOVING E‐MODES LEAKING INTO B‐MODES 

The pure way 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B‐modes only  Vanish if W=0 and dW=0 on CS 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ONLY L‐to‐L’ mixing  

  E‐B separa%on for any realiza%ons :  
 E variance DOES leaks into B variance 

  L‐L’ separaOon on average 



INDEED, THE LEAKAGE IS UNDER CONTROL 

C2-Window (8deg)

100 1000
multipole

0.001

0.010

0.100

l(l
+1

)/2
pi

 C
l

mean
variance

Input
pure
standard



POWER SPECTRA UNCERTAINTIES : IDEAL CASE 

Variance for C2-Window

100 1000
multipole

0.001

0.010

0.100
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B mode signal (r=0.05)
Fisher estimate
Optimized Window (Pixel Domain)
2deg
3deg
4deg
5deg
6deg
7deg
8deg
9deg

fsky=1 % and σ=5,75 μK‐arcmin. 

OpOmizaOon is reached 
needed for all type of weigh%ng 

AnalyOc weighOng  OpOmal weighOng 



TO RECAP… 

•  Fast approach: (Npix)3/2 au lieu de (Npix)3 

•  Precise approach :  
Efficient alternaOve to opOmal methods and a Monte‐Carlo tool 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Var(C


B ) ≈ 2 ×Varoptimal (C
B )

B‐mode  E‐mode 



FOREGROUND CLEANING 

Performances of parametric ML component separaOon method for B‐mode detecOon 

Balloon‐borne experiment 

Ground‐based experiment 

•  Frequencies : 150, 250 & 410 GHz 
•  Sky coverage : ~1 %  
•  Homogeneous noise : ~5.75 μK‐arcmin 

•  Frequencies : 90, 150 & 220 GHz 
•  Sky coverage : ~2 %  
•  Homogeneous noise : ~10 μK‐arcmin 

 Comparison : foreground residual vs. CMB 

•  Pixel space :  B<<E for CMB (Q, U maps dominated by E) and E~B for foregrounds residuals 
          (Q,U)CMB>>(Q,U)residuals implies ECMB>>Eresidual (eventually ECMB>>Eresidual~Bresidual>>BCMB)  

•  E/B harmonic space : 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C
,E
(CMB ) >> C

,E
(residual ) and C

,B
(CMB ) >>C

,B
(residual )

 STOMPOR, LEACH, STIVOLI, BACCIGALUPI, MNRAS 392, 216 (2009) 



FOREGROUND CLEANING : RESULTS FOR BALLOON‐BORNE EXPERIMENT 

•  Simulated sky : CMB + synchrotron + dust (different frequency scaling,different spa%al scaling) 
•   
•  Component Separa%on : MIRAMARE 

•  Power spectrum : Xpure  

 STOMPOR, LEACH, STIVOLI, BACCIGALUPI, MNRAS 392, 216 (2009) 

 GRAIN, TRISTRAM, STOMPOR, PRD 79, 123515 (2009) 

Reconstructed CMB 

Sta%s%cal uncertain%es  

Foreground residuals 

F. STIVOLI, J. GRAIN, S. LEACH, M. TRISTRAM, C. BACCIGALUPI & R. STOMPOR, IN PREP. FOR MNRAS 



PLANCK‐HFI, EBEX AND B‐MODE 

Planck‐HFI  EBEX 

SENSIBILITÉ PLANCK‐HFI 

SENSIBILITÉ EBEX 

  Angular scale coverage: 
constraints on B‐mode 

  EM frequency coverage: 
understanding of the foreground 

  EsOmaOon de ClE/B 

  FluctuaOons du CIB 
  Contraintes sur ‘l’inflaOon’ 

  EsOmaOon de ClE/B 

  SoustracOon des avant‐plans 
  Effets systemaOques 


