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CMB lensing from Large Scale Structure 

From: Carlo Baccigalupi 



Lensing as foreground to GW B-mode 

(Lewis and Challinor 2006) 
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* Lensing destroys the isotropy of the CMB sky and 
introduces coupling between CMB harmonic modes 
otherwise uncorrelated Deflection angle�



First order �

Off-diagonal terms are proportional the lensing potential 

Window functions 



Filter function �

Quadratic Esimtator: Lensing induced non-Gaussianity�

Hu and Okamoto (2002) 

normalization �



Dominant Reconstruction Noise   

MS, Yadav, Zaldarriaga (2009) �



INSTRUMENTAL SYSTEMATIC 
EFFECTS ON LENSING 

RECONSTRUCTION 



* Two types of systematics: 

1, The detector system which distorts the polarization state 
of the incoming polarized signal 
2, Distortion of the CMB signal due to the beam anisotropy 

Systematics: challenge for next CMB experiment�

* Challenges for CMB lensing detection  
      -astrophysical foregrounds 

      -instrumental systematics 

* Important to estimate and control those spurious signals as 
well as possible when analyzing upcoming CMB data. 
* Instrumental systematics may well be required to 
reconstruct the lensing potential and/or delense the 
observed B-mode to push constraints on r 

(See also Miller’s talk) 

(See talks by Osborne, Benoit-Levy / Dechelette) 



Instrumental Systematics�

Calibration systematics�

Bias on power spectrum�
Estimator Bais 

MS, Yadav, Zaldarriaga (2009) �



Instrumental Systematics of CMB polarization �

Calibration and rotation �Spin flip �Monopole leakage 
Differential gain �

Pointing �Dipole leakage 
(Differential pointing) �Quadruple leakage 

Differential 
ellipticity�

Hu, Hedman, Zaldarriaga (2003) 



the beam offset 

Beam ellipticity 
 Assuming distortions of the beam are 

relatively small compare to typical scales 
of the beam on either direction 

Parameterization of the beam 

Hu, Hedman, Zaldarriaga (2003) 



Systematic induced variance �

MS, Yadav, Zaldarriag (2009) �

Systematic Induced Bias on deflection angle variance 





Model the instrumental systematics field �

Coherence 
length�

Instrumental Systematics 
Fluctuation amplitude�

MS, Yadav, Zaldarriag (2009) �
Hu, Hedman, Zaldarriaga (2003) 

White noise above coherence length�



Pointing and rotation as an examples 

MS, Yadav, Zaldarriaga (2009) �



Systematic contamination for lensing and B-mode detection 

MS, A. Yadav, M, Zaldarriaga, PRD, 2009 �

Compare systematics requirement for 
lensing and B-mode �

Coherence length of systematics field 
EBEX v.s. CMBPol�



(see  Namikawa’s talk) 



Patchy Reionization 
* Three main sources:  
•      (a) kSZ from peculiar motion of ionized regions 
•      (b) ionized bubbles scatter the local CMB temperature 
quadrupole 
•      (c) LOS dependent Thomson scattering optical depth 

Dvorkin and Smith (2009) 



Spatially Dependent Rotation  

* The plane of linear polarization of CMB fields can be rotated 
due to interactions which introduce a different dispersion 
relation for the left and right circularly polarized modes (non-
zero TB and EB power spectrum) 

* Two main sources:  
•      (a) Faraday rotation due to interaction with background 
magnetic fields, (primordial origin of magnetic field) 
•      (b) Interactions with pseudoscalar fields 

* Another motivation: Control instrumental systematics on 
primordial B-mode detection, lensing/rotation reconstruction etc. 

Example of interaction:�

Induced rotation angle: �
Kamionkowski (2008);  

Yadav, Biswas, Su & Zaldarriaga (2009) 



Distortion induced B-mode power spectrum 

(See Hu et al. 2003) 





input reconstructed difference 



Yadav, Su, and 
Zaldarriaga (2010) 



Gradient- and curl- type 
deflection angle �

Patchy reionization �Rotation �

Yadav, Su, and Zaldarriaga (2010) 



input reconstructed E B 



The distortions will be detected by minimum variance estimators 
before the distortions show up in B-modes power spectrum 

Distortion type �
Maxim allowed rms of distortion 

fluctuations �
Compare with minimum detectable 

rms with distortion estimators �

Yadav, Su, and Zaldarriaga (2010) 



SELF CALIBRATING THE CMB 

Yadav, Su, and Zaldarriaga (2010) 



ESTIMATING MULTIPLE DISTORTIONS 
SIMULTANEOUSLY 

Most of the distortion estimators are orthogonal with low 
Correlations! 

Yadav, Su, and Zaldarriaga (2010) 



Summary 
* Weak lensing of the CMB very important for precision cosmology 

- potential confusion with primordial gravitational waves for r <~ 
10^{-3} 

*  Instrumental systematic effects can not only produce artificial B-
mode but also spurious projected lensing potential signal. 

*  Distortions can be imprinted on observed CMB by e.g. patchy 
reionization, Faraday rotation, cosmic strings etc. OR instrumental 
systematics which can produce both B-mode and lensing signal. 

* Distortions on primary CMB can be detected by minimum variance 
estimators. B-mode produced by distortion fields can be found 
before they show up in B-mode power spectrum (self-diagnostics on 
primordial B-mode). 



Thank you for 
your attention! 



The limit of quadratic estimator 

* Implemented in Fourier space – irregular map coverage becomes a 

problem 

* Assuming uniform, uncorrelated noise, symmetrical beams 

* Filtering treatment 

*(Ignores higher order effects) 

*Maxim likelihood method (not discussed here)  



Series expansion in deflection angle? 

Series expansion only good on large and very small scales 

Only a good approximation when: 
 - deflection angle much smaller than wavelength of temperature 
perturbation 
 - OR, very small scales where temperature is close to a gradient 

A. Lewis, 2005 





How we did the simulations 

Hu et al. (2007) 


