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Radiation and matter era
• Radiation: 	

• Matter: 	

• Universe goes from radiation 

to matter eras	

★  	


!

• Before equality:	

★ All matter  (Dark +Baryons) cannot 

collapse efficiently because the dominating 
component (radiation) is relativistic	

!

• After equality:	

★ Dark matter collapses but baryon still 

oscillate due to coupling to radiation 
(medium still ionized)

�R � a�4

�NR � a�3

1 + zeq = 2.4� 104�0h
2
0 � 3175

Log(ρ)

Log(a)Matter-Radiation	

equality

�R � a�4

�NR � a�3
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Matter-Radiation decoupling
• Nuclei, electrons and photons	


★ Continuous interactions	

★ Thermal equilibrium	

★ Short mean-free-path for photons	

★ Universe is opaque	


• Temperature drops with expansion	

★ T = 13.6 eV : electrons start to be captured	

★ electrons and nuclei form atoms	

★ but 109 photons for each electron	

★ T = 0.2 eV <=> 3000K Universe gets neutral	

★ Photons’ mean-free-path gets large	

★ Univers is transparent	


• Emission of the CMB	

★ 3000 K at z=1000	

★ 3 K today	

★ From all directions in the sky	

★ Picture of the Universe at z=1000	


- denser = warmer	

- less dense = colder
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• Density perturbations evolve from end of 
inflation to decoupling due to matter-radiation 
oscillations. 	


• The transfert function depends on « simple 
physics » and cosmological parameters	


• Allows to fit cosmology and primordial spectra

[Planck 2013]
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• Relic radiation from decoupling	

★ Predicted by Gamow in 1948	

★ Discovered by Penzias & Wilson in 1965	


!

• Isotropic Radiation	

★ almost perfect Black Body at 2.728 K	

★ actually more millimeter than microwave	

★ ~400 photons/cm3	

★ Should exhibit the trace of primordial 

perturbations	

!

• Nobel prizes	

★ 1978: Penzias & Wilson	

★ 2006: Smoot & Mather (COBE)

G. Gamow

A. Penzias & R. Wilson

The Cosmic Microwave Background
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Relating maps to cosmology
• Spherical Harmonics Expansion	


!

!

!

• Angular power spectrum	

!

!

!

•     is the inverse of an angle�

�T

T
(�, ⇥) =

��

�=0

��

m=�

a�mY�m(�, ⇥)

C� =
1

2⇥ + 1

��

m=��

|a�m|2

⇤ = 200� � = 1deg.
B. Revenu
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Angular power 
spectrum Cl

l=5 l=20 l=60

Structures amplitude as a function of their angular size
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Transfer function: Baryonic Acoustic Oscillations

• Early Universe was ionized	

★ Photons and baryons coupled	

★ Propagation of pressure waves	


• Matter-Radiation decoupling	

★ Photons escape (CMB emission)	

★ Baryons: excess at sound horizon (150 Mpc)	

★ Dark Matter remains at the center	

★ After equalization, an excess remains at 150 Mpc	


!

• Can also be viewed in Fourier 
space	

★ A structure collapses under its own gravity when 

larger than causal horizon	

★ Temperature increases inducing more radiation 

pressure	

★ The structure re-expands	

★ Oscillations occur at each scale	

★ They are frozen at matter-radiation decoupling

[Eisenstein et al., 2005]
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Transfer function (in k space)

[J. Peacock]
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Influence of the Geometry on Space-Time
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WMAP 7y

Flat
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WMAP 7y

Flat
[Kowalski et al. (2008)]

Dark Energy
Dark Matter
Baryons
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Baryon content

W. Hu
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Baryon content

W. Hu
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Tremendous progress 
over the last decade

1999 2014

Huge success : thousands of independant points fitted with less than 10 parameters and a Χ2/ndf about 1	

Theoretical curve predicted in 1987 [Bond & Efstathiou] without any data … (and also by Zeldovitch et al., 1972 !)

[SPT, arXiv:1408.3161]
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WMAP ~70 deg2

[Slide from J. Carlström]
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Planck 143 GHz ~70 deg2

[Slide from J. Carlström]
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~70 deg2Ground based 150 GHz (SPTpol)
13x higher resolution and 60x deeper than WMAP
7x higher resolution and 9x deeper than Planck

[Slide from J. Carlström]
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Communiqué de presse 	

(17/09/2009)

Launched May 14, 2009	

Detectors temperature : 100 mK	

1st light survey 13-26 August 2009	


All-sky survey : 2009-2012	

Temperature Release: March 2013	


Polarization Release: Late 2014
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[Planck]

30 GHz 44 GHz

100 GHz70 GHz

143 GHz 217 GHz

353 GHz

545 GHz 857 GHz
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Different components, different spectra

[WMAP]
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Different components, different spectra
Dust grains

[WMAP]
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Different components, different spectra
Dust grains

Synchrotron

[WMAP]
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Different components, different spectra
Dust grains

Synchrotron

Free-Free

[WMAP]
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Foreground components

[Planck]
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[Planck]



J.-Ch. Hamilton - 10 & 11 septembre 2014 - École de Gif 2014

Planck Results: ΛCDM 
firmly Established

Planck TT spectrum

(Released March 21st 2013)

Factor 3 improvement 	

w.r.t. WMAP

Next (current actually !) step: Inflation Physics through CMB Polarization

Planck	

(ESA Mission)
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[Planck]
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[Planck]
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[Planck]
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Major steps for CMB
• 1965: Dicovery by Penzias & Wilson	


★ Isotropic black-body radiation at T~3K

• 1992: COBE	

★ Anisotropies discovered ΔT/T=10-5	

★ Black-body confirmed

• 2001: DASI & CBI	

★ Polarization detection

• 2003: WMAP	

★ Exquisite full-sky measurement of  T and E

• 2013: Planck	

★ Ultimate measurements of T and E

• 20XX: B-modes experiments	

★ primordial gravitational waves

• 1999: Boomerang and Maxima	

★ First acoustic peak discovered
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CMB Anomalies ?

[Planck]
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CMB Lensing (see A. Benoit-Lévy)

[Planck]

Improves Λ sensitivity	

Sensitive to Σmν

[Planck][Planck]
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Improves Λ sensitivity	

Sensitive to Σmν

[Planck][Planck]
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ISW Effect

CMB map with positions of known foreground 
clusters and voids

[Granett et al. 2008]
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Sunyaev-Zeldovich effect
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Sunyaev-Zeldovich effect
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ACBAR
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Sunyaev-Zeldovich effect
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Sunyaev-Zeldovich effect

X image

SZ

150 GHz 220 GHz 275 GHz

ACBAR

[Planck]
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CMB Non Gaussianities
• Non-gaussianities expected from non linear terms in 

the potential	

!
★ fNL expected to be small in single field inflation	

★ Could be higher in non minimal models	


!

• N.G. are non-zero 3-point correlation function	

★ Therefore correlations between 3 points	

★ Template fitting on Planck data in various simplified cases:	


- local :                                fNL = 2.7 +/- 5.8  	

- orthogonal:                        fNL = -42 +/- 75	

- equilateral:                         fNL = -25 +/- 39   	


!

• One expects secondary N.G. from foregrounds

�(x) = �G(x) + fNL (�G(x))2

fNL =
5
12

(1� ns) � 0.017

(Slide heavily inspired by B. Racine)
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CMB is few % polarized
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CMB is few % polarized

N. Ponthieu
W. Hu

(scalar)

(spin 2)

(spin 2)

I(�n) =
⌃⇤⇤E⇥(�n)

⇤⇤2
⌥

+
⌃

|E�(�n)|2
⌥

Q(�n) =
⌃⇤⇤E⇥(�n)

⇤⇤2
⌥
�

⌃
|E�(�n)|2

⌥

U(�n) =
�
E⇥(�n)E�

�(�n)
⇥

+
⌃
E�(�n)E�

⇥ (�n)
⌥

V (�n) = i
⌅�

E⇥(�n)E�
�(�n)

⇥
�

⌃
E�(�n)E�

⇥ (�n)
⌥⇧

Stokes Parameters



J.-Ch. Hamilton - 10 & 11 septembre 2014 - École de Gif 2014

Q and U maps
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Q and U maps
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From Q and U to E and B
• Spin-2 Spherical Harmonics expansion	


!
!
!
!

!

• Any polarization field can be decomposed into 2 
scalar fields E and B 

Q(⌥n) + iU(⌥n) =
�

⇥m

a2,⇥m 2Y⇥m(⌥n)

Q(⌥n)� iU(⌥n) =
�

⇥m

a�2,⇥m �2Y⇥m(⌥n)
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Scalar and tensor modes - E & B polarization

• Scalar perturbations:	

• Density fluctuations	


• Temperature	

• E polarization	

• No B polarization	


!
!

• Tensor perturbations:	

• Specific prediction from inflation!	

• = Primordial gravitational waves	


• Temperature	

• E polarization	

• B Polarization

⇥T
scal � 100µK

⇥E
scal � 4µK

⇥B
tens � 0.3µK

⇥E
tens � 1µK

⇥T
tens � 30µK

Ps(k) = As

(

k

k0

)

ns−1

Pr(k) = At

(

k

k0

)nt

r =
Pt(k0)

Ps(k0)
~ ratio between 
E and B modes

V
1/4

= 1.06 × 10
16

GeV

(

rCMB

0.01

)1/4

⇒ detect B-modes is :	


‣ Direct detection of tensor modes	

‣ «smoking gun» for inflation	


‣ Measurement of its energy scale	
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Tensors: window on Inflation Physics
Four important quantities : 	

★ As : known	

★ ns : known	

★ At or r : may have been detected at r ~ 0.2	

★ nt :unknown, requires exquisite B-modes measurement	


!

• Energy scale:	

!

• Generic prediction of inflation : 	

!

• Direct inflaton potential reconstruction (Taylor expansion):	

!

!
★ As related to V’	

★ ns related to V’’	

★ running of ns related to V’’’ 	

★ At related to V

inflaton potential shape recovery ! 
Need accuracy on r 

Within reach in the next few years !

coherence test 
of inflation

r = −8nt

V (φ) ≃ V |φCMB
+ V ′|φCMB

(φ − φCMB) +
1

2
V ′′|φCMB

(φ − φCMB)2 +
1

3!
V ′|φCMB

(φ − φCMB)3

V
1/4

= 1.06 × 10
16

GeV

(

rCMB

0.01

)1/4
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Primordial Fluctuations Origin ?

• Flatness, Homogeneity	

!

• Nature of the perturbations:	

★ TT peaks at same scales as EE troughs	

➡ Adiabatic perturbations	


!

• Spectral index	

★ Planck TT + WMAP Pol + High l + BAO	


!
!

➡ Almost scale invariant spectrum	


!

• Gaussianity	

★ No hint for non-Gaussianity (despite impressive efforts)	


!

• Tensor perturbations of the metric	

★ BICEP2 detection ? to be confirmed…

P (k) ∝ k
ns−1

✔

✔

✔

?

Inflation Predictions

✔

ns = 0.9608± 0.0054 (7.2� from 1)
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Tensors are small

[BICEP]
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Lensing converts E into B



J.-Ch. Hamilton - 10 & 11 septembre 2014 - École de Gif 2014

CMB Spectra

r = 0.3

r = 0.01
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Only B modes allow to «directly observe» tensor modes

r=1 r=0.1 r=0.01

Tensor

Scalar

Total

Lensing
(E modes lensed into B modes)
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Only B modes allow to «directly observe» tensor modes

r=1 r=0.1 r=0.01

Tensor

Scalar

Total

Lensing
(E modes lensed into B modes)

Planck
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Only alternative approach

• Direct detection of gravitational waves

Virgo/Ligo LISA (~2018) 

Detectors more adapted to violent events, not primordial background
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PGW Direct detection perspectives ...

GW from Preheating Vs Observations: Summary

Preheating after chaotic inflation: f� ⇥ 106 � 109 Hz (�1/4
inf ⇥ 1015 GeV)

Preheating after hybrid inflation: GW cover a wide range of frequencies and
amplitudes. Can be observable, but requires very small coupling constants

J.-F. Dufaux
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B-modes: Holy Grail for cosmology
• Smoking gun for inflation	


• T/S ratio: 	

• < 0.11 [CMB Panck + WMAP + BAO + SNIa]	

• > 0.01 for simplest inflationary models	

• might be much lower for more complex models	


• Cosmic strings and other defects	

• Produces distinctive B polarization	


• [Bevis et al. (2007), Phys.Rev.D76:043005]	

• [Urrestilla et al. (2008), astro-ph/0803.2059]	

• [Pogosian et Wyman (2007), astro-ph/0711.0747]

• Superstrings ?	

• most (all ?) string inspired inflation theories predict r << 1	

• Unique opportunity to falsify string theory ! (?) 	


• [Kallosh & Linde (2007), JCAP 0704:017]

• CPT symetry testing	

• CPT violations may induce cosmological birefringence	

• linear polarization rotation : non vanishing TB and EB CMB spectra	


• [Feng et al. (2006), PRL 96, 221302]	

• [Xia et al., (2009), Phys. Lett. B687, 129]	

• [Gluscevic et al., (2012), arXiv:1206.5546v1]

Inflation

Scalar	

perturbations

Tensor	

perturbations

TT, TE, EE TT, TE, EE, BB

http://arxiv.org/abs/1206.5546v1
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Expected difficulties in the quest for the Holy Grail
• Sensitivity :	

★ B polarization is at best 10 times weaker than E	

★ Amplitude could be very small ...	

★ 1 year of Planck is ~ S/N=1 for T/S=0.01	

★ A dedicated space mission might not be for tomorrow.	


• Foregrounds :	

★ Observe an ultra-clean region	


➡ can’t be too small as primordial B modes are mainly on large 
scales	


★ Need to remove foregrounds accurately (can’t just mask)	

➡ Multiwavelength detectors	


• Systematic effects :	

★ Instrument induces leakage of  T into E and B (and T>>E>>B)	


➡ Cross-polarization and ground pickup are major issues	

★ Atmospheric polarization ...	


➡ Need for accurate polarization modulation	
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Possible instruments
• Imagers with bolometers:	


★ No doubt they are nice detectors for CMB: 	

- wide band	

- low noise	


★ Especially true for a satellite (small background)	

!

• Interferometers:	

★ Long history in CMB	


- CMB anisotropies in the late 90s (CAT: 1st detection of subdegrees 
anisotropies, VSA)	


- CMB polarization 1st detection (DASI, CBI) 	

★ Technology used so far	


- Antennas + HEMTs : higher noise	

- Correlators : hard to scale to large #channels	


★ Clean systematics:	

- No telescope (lower ground-pickup & cross-polarization)	

- Angular resolution set by receivers geometry (well known)	


!

• Bolometric Interferometers

17 June 2008 APC Colloquium

Imaging and Interferometry

FT

Visibilites V(u,v)

FTC
l

l

corre
lator

C
l

l

17 June 2008 APC Colloquium

Imaging and Interferometry

FT

Visibilites V(u,v)

FTC
l

l

corre
lator

C
l

l

P. Timbie
Imager

Interferometer
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Possible instruments
• Imagers with bolometers:	


★ No doubt they are nice detectors for CMB: 	

- wide band	

- low noise	


★ Especially true for a satellite (small background)	

!

• Interferometers:	

★ Long history in CMB	


- CMB anisotropies in the late 90s (CAT: 1st detection of subdegrees 
anisotropies, VSA)	


- CMB polarization 1st detection (DASI, CBI) 	

★ Technology used so far	


- Antennas + HEMTs : higher noise	

- Correlators : hard to scale to large #channels	


★ Clean systematics:	

- No telescope (lower ground-pickup & cross-polarization)	

- Angular resolution set by receivers geometry (well known)	


!

• Bolometric Interferometers

Good sensitivity

Good control	

of systematics

Both
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CMB Polarization
• Predicted long ago	


★ electrons/photons scattering 
before decoupling	

!

• Detection 2001	

★ DASI et CBI (interferometers)	


!

• Later measurements:	

★ WMAP, QUAD, BICEP ...	

★ Perfect agreement with 

temperature measurements	


!

• Correspondance 
between TT peaks and 
EE troughs	

★ Typical of adiabatic primordial 

fluctuations (generated by 
inflation for instance ...)

[QUAD Collaboration: Arxiv:0906.1003]
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CMB Polarization
• Predicted long ago	


★ electrons/photons scattering 
before decoupling	

!

• Detection 2001	

★ DASI et CBI (interferometers)	


!

• Later measurements:	

★ WMAP, QUAD, BICEP ...	

★ Perfect agreement with 

temperature measurements	


!

• Correspondance 
between TT peaks and 
EE troughs	

★ Typical of adiabatic primordial 

fluctuations (generated by 
inflation for instance ...)

[QUAD Collaboration: Arxiv:0906.1003]

The smoking-gun 	

for Inflation
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Planck Polarization Measurements
Complete Polarization results by the end of 2014

[Planck]
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BICEP2
• March 2014:	


★ « Primordial B-modes discovery »	

★ Strong significance	

★ Strong signal r~0.2 (~tension with Planck)	


• BICEP2:	

★ Direct Imager in Antarctica	

★ 150 GHz, 0.5 deg. resolution	

★ 512 dual polarization detectors, 3 seasons	


• Discovery ?	

★ Experienced and respectable team (DASI, QUAD)	

★ One single frequency… Dust contamination ? 	


- Rumors floating around… 	

- Planck 353 GHz map polarization published, appears different from the one used by BICEP2…	

- Original paper replaced with much less victorious version…	


★ Little systematic control allowed by BICEP2 (but OK for r~0.2)	

★ Result needs to be checked by other teams: Planck, SPTPol, ACTPol, 

PolarBear, SPIDER, QUBIC
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BICEP2
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Spectra
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BB Spectra and Xcorrelation with 90 GHz data
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2-components fitting of BB spectrum
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Planck	

+WP + HighL
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Planck	

+WP + HighL

ns allowed to run with k otherwise tension appears
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Systematics

Foregrounds



BICEP2



BICEP2

Polarization foregrounds may be more agressive than 
expected from temperature ones…
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Interferometry in a nutshell
★ Baseline:	


!
★ Primary beam:	


!
★ Correlator signal :	


!
★ Phase difference :	


!
!

★ Correlator signal (visibilities) :

Correlator1 2

Signal

⇥n0
⇥n

�

�u

||⌅u| | =
D

�

B(⇤x)

� = 2⇥⇧u · ⇧x

S( u) =
�

|E( n)|2 B2( n) exp(2i� u ·  x)d n

S(⌃u) =
�

E1(⌃n)E�
2 (⌃n)B2(⌃n)d⌃n

E
⋆

2 (n⃗) = E
⋆

1 (n⃗) exp(2iπu⃗ · x⃗)

x⃗ = n⃗ − n⃗0
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Interferometry in a nutshell
★ Baseline:	


!
★ Primary beam:	


!
★ Correlator signal :	


!
★ Phase difference :	


!
!

★ Correlator signal (visibilities) :

Correlator1 2

Signal

⇥n0
⇥n

�

�u

||⌅u| | =
D

�

B(⇤x)

� = 2⇥⇧u · ⇧x

S( u) =
�

|E( n)|2 B2( n) exp(2i� u ·  x)d n

S(⌃u) =
�

E1(⌃n)E�
2 (⌃n)B2(⌃n)d⌃n

E
⋆

2 (n⃗) = E
⋆

1 (n⃗) exp(2iπu⃗ · x⃗)

x⃗ = n⃗ − n⃗0

An interferometer measures the Fourier Transform 	

 of the observed sky patch at modes :  ⇥ = 2� ||⌅u| |
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Interferometers
CAT (UK, 1996)

VSA (UK/Tenerife, 2004)
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DASI and CBI

First detection of	

CMB Polarization	


(2002)

13-elements, 10 sub-bands	

=> 780 correlators	


Hard to go beyond…
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<1K

300 mK

4K

Cryostat

Sky45 cm

4K

150 GHz bolometer array 
(~30x30)

Primary horns

Secondary horns

Switches

Half-wave plate

220 GHz 
bolometer 

array (~30x30)

Polarizing grid

<1K

4K

4K

4K

QUBIC concept: Quasi optical correlator
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B.I. = Synthesized imager

1st module: 150/220 GHz, 400 horns, 	

14 deg. FWHM, D=1.2 cm

Primary horns array
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B.I. = Synthesized imager
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Systematics: Self-Calibration
• Unique possibility to handle systematic errors	


★ Use horn array redundancy to calibrate systematics	

- In a perfect instrument redundant baselines should see the same signal	

- Differences due to systematics	

- Allow to fit systematics with an external source on the field	


★ Unique specificity of Bolometric Interferometry !	

!

★ Example: exact horns locations (figure exagerated !!)
Redundant baselines : 
same Fourier Mode

[Bigot-Sazy et al., A&A 2012, arXiv:1209.4905]
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- In a perfect instrument redundant baselines should see the same signal	

- Differences due to systematics	

- Allow to fit systematics with an external source on the field	


★ Unique specificity of Bolometric Interferometry !	

!

★ Example: exact horns locations (figure exagerated !!)

Horns location 0.072 0.011

Individual beams 0.090 0.005

TES Intercalibration 0.029 0.007

pointing error, 
instrument effective 

Jones matrix
... ...

RMS	

before

RMS	

after

Redundant baselines : 
same Fourier Mode

[Bigot-Sazy et al., A&A 2012, arXiv:1209.4905]
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Self-Calibration results

[Bigot-Sazy et al., A&A 2012, arXiv:1209.4905]
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Outline
• CMB Temperature	


★ Basics	

★ Cosmological information encoded in the CMB	

★ Observational results	

★ Some extra CMB goodies	


• CMB Polarization	

★ Basics	

★ Link with inflation	

★ Observational challenges / possible designs	


- Current imagers results	

- Interferometers ?	

- Bolometric Interferometry	


★ Next steps in CMB polarization 
★ More and instrumental and data analysis challenges	


- Polarization mixing	

- E/B separation
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what are the next steps ?
• Well, first, one should detect r…	


!

• Then one will need to improve 
on ns	

★ The location in the (ns, r) plane is crucial to 

select between inflationary models	


!

• nt is very exciting although very 
hard	

★ can we check the inflation consistency 

relation ? (signature of single-field models)	

!

!

• Neutrinos

r = −8nt

Sample variance reduces  
with sky area

r: amplitude

nT: slope
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r Detection ?
• Ground-based programs	


★ High Angular Resolution	

- Polar-Bear: 90 GHz taking data, 150 GHz in 2015	

- SPTPol: 90 and 150 GHz taking data	

- ACTPol: 90 and 150 GHz taking data	


★ Low Angular Resolution	

- BICEP3 / KECK Array: 90, 150 GHz taking data, 220 GHz planned	

- QUBIC: 150, 220 GHz planned	

- ABS: 150 GHz taking data	

- CLASS: 40, 90 and 150 GHz	

- MUSE: Multiple frequencies, multimoded	


★ Future:	

- CMB Stage IV: High Resolution, low noise, lots of detectors 40-240 GHz	


• Balloon-borne experiments	

- EBEx: 2 unsuccessful flights, EBEx 6K ?	

- LSPE: multimoded project at 90, 15, 220 GHz	

- SPIDER: Should be flying next year	


• Satellites projects	

- Planck: unlikely to find low B-modes, could confirm BICEP2 if true…	

- Pixie: Heavily Multimoded project, could be launched ~2020	

- LiteBird: Japanese low-resolution 60-270 GHz - possible launch in 2020 ?	

- CORE+: wide frequency range, thousands of detectors… will be submitted to M4 (2024)

Possible scenarios: 
A. Optimistic:	


- Detection from ground in the next 5 
years	


- Ultimate measurement with a satellite	

B. Pessimistic:	


- Nothing from incoming ground 
instruments	


- Satellite will need to be lucky…
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Expected improvements on (r,ns)
Current error on ns (Planck+WP+BAO+HighL )
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little hopes for nt

6

Results

FWHM=1’ FWHM=2’ FWHM=5’ FWHM=10’

σ(
 n

T 
)

delensing

delensing + LSS

Exp. alone

Exp. + Stage-IV

2σ!
detection

full lensing

no lensing

nfid
T = �r/8 = �0.025

[Slide from J. Errard]

CORE+

Assumes r=0.2	

much worse if	

r is smaller…
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Neutrinos

• Neff: 	

★ power suppression at 

small scales	

★ shift of sound horizon	


• Σmν: 	

★ early ISW	

★ CMB lensing (BB 

powerful)

[Slide from J. Carlstrom]
Need high angular resolution
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Outline
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- Bolometric Interferometry	
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★ More and instrumental and data analysis challenges 

- Polarization mixing 
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Polarization mixing
• Polarization is the difference between Ex and Ey	


★ So if instrument converts Ex in Ey or does not transmit them equally, there 
is polarization mixing	

!
!
!
!

★ According to the definition of the Stokes Parameters	

!

★ we get mixing of I, Q and U

�
�

�

I = |Ex|2 + |Ey|2

Q = |Ex|2 � |Ey|2
U = Ex.Ey� + Ey.Ex�

�
Ex
Ey

��
= J ·

�
Ex
Ey

�

�

�
I
Q
U

�

�
�

= M ·

�

�
I
Q
U

�

�
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Polarization Mixing
• If J is Identity, fine… no effect	


!

• In the general case:	

!

• If                                      then (at 1st order)	

!

!

!

• Remember that I >> E >> B	

★ Important to avoid leakage of I into Q and U to have ~0 in I↝Q,U terms	

★ Mixing between Q and U induces leakage of E into B… and so needs to be 

minimized

J =
�

� + 1 �
�� � + 1

�

�

�
I
Q
U

�

�
�

=

�

�
a b c
d e f
g h i

�
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�

�
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�

�

�

�
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Q
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�

�
�
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�

�
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Polarization mixing
• Now let’s focus on Q and U	


!
!
!

• At the level of E, B spectra:	

!

!
!

★ Therefore mixing ε needs to be controlled exquisitely to allow 
for B-mode clean measurement.	


★ Typically 	

- if r=0.1 need better than 5% on cross-polarization	

- if r=0.01 need better than 1.5%	

- if r=0.001 need better than 0.5% 

�
Q
U

��
=

�
2� + 1 2�
�2� 2� + 1

�
·
�

Q
U

�

�
CEE

�
CBB

�

��
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�
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�

CEE
�
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★ Observational challenges / possible designs	


- Current imagers results	

- Interferometers ?	

- Bolometric Interferometry	


★ Next steps in CMB polarization	

★ More and instrumental and data analysis challenges 

- Polarization mixing	

- E/B separation
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E/B separation
• The definition of E and B is univocal on the full sky	


!

!

!

• On a cut-sky, Spherical Harmonics are no longer a 
complete base…	

★ Some modes are ambiguous	

★ Even with no systematics, the cut-sky induces mixing between E and B	


!
!
!

★ where K+/- is related to the expansion of the cut-sky over the spinned 
Spherical harmonics

aE,⌅m = �a2,⌅m + a�2,⌅m

2

aB,⌅m = i
a2,⌅m � a�2,⌅m

2

Q(⌥n) + iU(⌥n) =
�

⇥m

a2,⇥m 2Y⇥m(⌥n)

Q(⌥n)� iU(⌥n) =
�

⇥m

a�2,⇥m �2Y⇥m(⌥n)
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E/B Separation
• Leakage can be corrected for by inverting K matrix	

• But sample-variance on E leaks into that of B…	


!

!

• Leakage mostly located at edges of cut-sky

Var(ĈBB
� ) = Var(C̃BB

� ) + Var(ĈEE�BB
� ) + Var(noise)

[see Tristram et al. 2005]

[From A. Ferté, 	

PhD Thesis, 2014]
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Improving E/B leakage ?
• Two main approaches	


!
★ Estimate E and B spectra through 

Maximum Likelihood	

- No more leakage because the map is not 

decomposed on spherical harmonics.	

- One compares the data withe the sum of 

Noise covariance matrix and Signal 
covariance matrix that encodes the Cl for 
T,E,B	

!
!

★ Reduce leakage using optimized 
apodization on the sky-cut	

- apodization needs to go smoothly to zero 

on edges	

- Reduces the effective sky, so increases 

noise, but leakage is also reduced. There is 
an optimal apodization to find.	


- Optimizing apodization is CPU-greedy

[From A. Ferté, PhD Thesis, 2014]

[QUBIC Simulation, Max. Likelihood]

[Pure method: Smith 2006]
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Conclusions
• Nature was very kind with cosmologists by offering such a 

probe as the CMB	

!

• CMB has revolutionized cosmology many times already	

★ Establishing the standard model (Hot Big-Bang, CDM, ΛCDM)	

★ Allowing for global fitting of the model with multiple cross-checks	

★ Most cosmological parameters are now measured at the % level or better	


!

• This is not the end of the story… by far !	

★ CMB polarization offers a unique window to the primordial Universe and neutrino physics	

★ Inflation will be challenged in the next few years	

★ This is a very ambitious experimental challenge	


- High sensitivity	

- High control of instrumental systematics	

- High control of astrophysical foreground contamination	


!

• Join us on QUBIC and/or CORE+  !!!


