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Lensing of the CMB

• O(50) deflections by 100 Mpc scale lenses 
- Peak efficiency around z=2
- Predicts 2.5 arcmin r.m.s. deflections coherent over several 
degrees



CMB lensing power spectrum

2.5 arcmin r.m.s. deflections
Coherent over several degrees

• Deflection field d = ∇φ in linear theory
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Lensing adds information

• Geometric degeneracy in CMB power spectra broken by 
different amounts of lensing in models with same dA(z*)

- Access to curvature, sub-eV neutrino masses, dark energy 
etc. from CMB alone



Effects of lensing on the CMB

• Smooths out acoustic peaks in TT, TE, and EE power
• Generates power at arcmin scales in TT, TE, and EE
• Generates B-modes from E-modes with almost white 
noise power
• Introduces non-Gaussianity

- 4-point function proportional to Clφφ

- 3-point function with LSS tracers correlated with φ

T̃ (x) = T (x+r�)

(Q̃± iŨ)(x) = (Q± iU)(x+r�)



B(n̂) (±2.5µK)

T(n̂) (±350µK)

E(n̂) (±25µK)

Duncan Hanson



B(n̂) (±2.5µK)

T(n̂) (±350µK)

E(n̂) (±25µK)

Duncan Hanson



Lens reconstruction

Planck Collaboration 2015
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Reconstruction is noisy
• Chance correlations in noisy CMB introduce statistical 
noise in reconstruction (like shape noise in galaxy lensing)

Input

Recovered 
at Planck 
noise levels



Planck reconstruction noise levels
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Planck 2015 TT
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Planck 2015 pol. only

ESA/Planck 2015



Planck 2015 minimum-variance
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Lens reconstruction noise levels

• EB particularly helpful for pol. noise < 5 μK arcmin



Applications of CMB lensing

• Cosmology from auto-power spectrum (and higher 
moments)

- Neutrino masses, curvature, (early) dark energy etc.
• Cross-correlation with other LSS tracers

- Degeneracy breaking, self-calibration, high-z astrophysics
• Delensing

- Improve GW constraints
- Delens high-l EE (sharpen peaks for Neff etc.)

• (Measure cluster masses of large SZ-selected samples)



Current measurements

Julien Carron

40s measurement of 
lensing power from 
Planck
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LCDM joint constraints
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Curvature
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Future: neutrino masses
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Applications of CMB lensing

• Cosmology from auto-power spectrum
- Neutrino masses, curvature, (early) dark energy etc.

• Cross-correlation/joint analysis with other LSS tracers
- Degeneracy breaking, self-calibration, high-z astrophysics

• Delensing
- Improve GW constraints 
- Delens high-l EE (sharpen peaks for Neff etc.)

• (Measure cluster masses of large SZ-selected samples)



Giannantonio+ 2016

Tomography with galaxy x-corr.
hCMB⌃i / b(z)D2(z)h⌃⌃i / b2(z)D2(z)
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Hand+2013; see also Liu & Hill 2015

• Current detections around 3s 
• Will improve to >50s with e.g., DES 5-yr x SPT-3G
• X-correlation more immune to additive systematic effects
• Full joint analysis can calibrate multiplicative bias effects in shape 
measurement and intrinsic alignments

Kirk+ 2016

Galaxy lensing-CMB lensing



Self-calibration of galaxy shapes

Liu+ 2016 (following Vallinotto 2012)

Evidence for multiplicative 
bias in deepest sample?

�measured = m�true

Multiplicative bias in 
measured shear

hCMB⌃i / b

hgal⌃i / mb

Galaxy bias

• Other causes?
- Photo-z, IAs, wrong b(z) assumptions etc.

• Joint analysis of (Stage-4 expts.) clustering, galaxy lensing and CMB 
lensing to self-calibrate m(z) to <0.5% (e.g., Schaan+ 2016)



CIB-CMB lensing

• CIB well-matched in z 
and halo mass with CMB 
lensing

- 80% correlated

Planck Collaboration 2014

545 GHz
• High-z clustering and emissivity 
of star-forming galaxies
• Scale-dependent bias and fNLloc



Applications of CMB lensing

• Cosmology from auto-power spectrum
- Neutrino masses, curvature, (early) dark energy etc.

• Cross-correlation with other LSS tracers
- Degeneracy breaking, self-calibration, high-z astrophysics

• Delensing
- Improve GW constraints
- Delens high-l EE (sharpen peaks for Neff etc.)

• (Measure cluster masses of large SZ-selected samples)



B-mode power measurements
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Delensing degree-scale B-modes

• Improve limits on 
amplitude of GWs
• Access primordial 
B-modes on smaller 
scales

- Tensor tilt
- Oscillations?

Like 5 μK-arcmin white noise

Bdelens ⇠ B � E�̂

Some proxy for  
lensing potential



Implications for inflation constraints

Factor 6.5 hit by lensing 
for both scales (no 
signal c.v.)

Lensing relatively more important for 
recombination signal for non-zero r

Lensing limits ability to 
test these models at 
high significance



Which scales are important?
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Impact of delensing
CBB,delens

l

CBB,lens
l

⇡
X

L

@ lnCBB,lens
l

@ lnC��
L

�
1� ⇢2L

�

Integral under curve 
gives residual lensing 
power as fraction of 
original

LiteCOrE-120: 1/2.1
COrE+ (M4): 1/2.5

High S/N 
reconstruction 
on these scales



Requirements for internal delensing

Feeney & Errard
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Towards delensing: indirect BB
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• “Correction” in Bdelens∼B−Eφ correlated with B at 
expected level

See also Hanson+2013, 
Ade+2014, and van 
Engelen+2014

Planck Collaboration 2015



Larsen,  AC+ 2016

First demonstration of CIB delensing

Undoes around 25% of 
peak smoothing

• CIB from a545-857 Planck channels
- Residual dust and shot noise reduces correlation with CIB below 80%


