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CMB lensing: theory 

CMB photons are deflected by gravitational potentials between last scattering and 
observer.  This remaps the CMB while preserving surface brightness: 
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To first order, the deflection field 
is a pure gradient: 

where the lensing potential is given by the line-of-sight integral 

Redshift kernel: broad peak at z ~ 2 
RMS deflection: ~2.5 arcmin, coherent on degree scales (l ~ 100) 

Scope of talk: we will present a 3.4 sigma detection of CMB lensing, from 
combining WMAP3 with radio galaxy counts in NVSS. 
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CMB lensing: power spectrum 

How can CMB lensing be detected in data? 

First idea: Try to detect effect of lensing 
on power spectrum  

In WMAP3: effect is too small, lensing 
can only be “detetcted” at 0.3 sigma 
directly from the power spectrum 
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Therefore, must use higher‐point statistics… 



CMB lens reconstruction: idea 

Idea: from observed CMB, reconstruct deflection angles (Hu 2001) 

Lensed CMB Reconstruction + noise 
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CMB lens reconstruction: quadratic estimator 

Lensing potential weakly correlates Fourier modes with  

Formally: can define estimator         which is quadratic in CMB temperature: 

Intuitively: use hot and cold spots of CMB as local probes of lensing potential 
                    (analagous to cosmic shear: galaxy ellipticities are used as probes) 
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CMB lens reconstruction: cross correlation 

Second idea for detection: 
   Apply quadratic estimator        to WMAP data 
   Estimate  

WMAP3 forecast: reconstruction is noisy, only 1 sigma. 
In addition, systematics are likely to be difficult…. 

Third idea: 
  Apply quadratic estimator 
  Estimate         (where g is a galaxy count field) 
  Highly correlated, so “boosts” signal-to-noise 

WMAP3 forecast: 3 sigma, using NVSS galaxies 
Systematics are tamer in cross-correlation…. 
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NVSS: NRAO VLA Sky Survey 

1.4 GHz source catalog, 50% complete at 2.5 mJy 

Mostly extragalactic sources:  
    AGN-powered radio galaxies 
    Quasars 
    Star-forming galaxies 

Well-suited for cross-correlating to WMAP lensing potential: 
   Nearly full sky coverage 
   Low shot noise 
   High median redshift 

(fsky = 0.8)
(Ngal = 1.8! 106)
(zmedian = 0.9)



Main result (statistical errors only) 

Several-sigma (relative to simulations) correlation observed in data 

How do we know that the correlation is lensing, rather than something else? 

Rest of talk: null tests, systematics 

        bandpowers obtained by 
cross-correlating WMAP and 
NVSS data 

Error bars obtained by Monte Carlo 
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Null tests 

Cross-correlate  
simulations with data: 

Either WMAP or NVSS  
can be a “black box” 

Frequency dependence: 

Result is stable across 
WMAP frequency range 

“Curl null test”: 
look for ficticious 
curl component 

No signal is seen 



NVSS systematics 

Bright sources: NVSS raw maps show 
“ringing” near ~1 Jy sources. 

We mask bright sources, but check that the 
mask does not significantly affect results  

Declination gradients: azimuthal striping 
in equatorial coordinates 

We project out m=0 modes in the analysis; 
No evidence that contamination extends to higher m 



WMAP systematics 

Galactic foregrounds:  
   Mostly removed by kp0 + NVSS source mask  
   Use foreground templates to estimate systematic 
     errors from residual foregrounds  

Beams: WMAP beams contain ~10-20 dB deviations 
from azimuthal symmetry 

Approach: include beam asymmetry in Monte Carlo 
simulations, treat as extra systematic error 

Convolve sky with multipole expansion of beam (s=0: 
symmetric beam, s=1: beam dipole, etc.) using 
WMAP scan strategy 

Finkbeiner et al 1997 
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Point sources / SZ 

At WMAP resolution, SZ clusters can be treated as part of point source contribution 
Idea: estimate total point source contamination directly from data 

Reoptimize estimator weights to 
look for point sources rather than 
lensing 

No point source signal is seen in 
cross-correlation with NVSS   

Allows tight systematic errors: any point source contamination must be 
hidden below detection threshhold 



Final result with systematic errors 

Detection significance: fit in one large 
bandpower, in multiple of fiducial model 

Result: 1.15 +/- 0.34, i.e. a 3.4 sigma 
detection, in agreement with the expected 
level 



Conclusion and future prospects 

Milestone: 3.4 sigma detection, in agreement with the expected signal 

Many systematic checks: WMAP frequency dependence, curl null test, bright 
source masking, NVSS declination gradients, galactic foregrounds, beam effects, 
internal estimates of point source / SZ contamination 

Future prospects: forthcoming high-resolution data (Planck, SPT, ACT, EBEX, 
Clover, Polarbear…) will make precision measurements of CMB lensing (e.g. Hu 
2001: ~60 sigma from Planck), CMB will acquire sensitivity to new parameters 
(e.g. Lesgourgues 2005:                            from Planck alone) 

Counterpart to galaxy lensing: probes same lensing potential as high-redshift 
galaxies, but completely different systematics: 
   CMB: beam effects, point sources, SZ and other foregrounds 
   Galaxies: PSF subtraction, intrinsic alignments, photo-z errors  
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