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Primordial CMB

ρπᶼ υᶼ
B-modes

E-modes
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Gravitationally Lensed CMB

ρπᶼ υᶼ
B-modes

E-modes
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ÅDEMNUni simulation suite: ςπτψdark 
matter particles and a box size
of ςὋὴὧȾὬ[Carbone++16, Castorina++15]

ÅConstruct density and convergence 
maps in shells around the observer 
[Fabbian++15]

ÅIterative propagation of the lensing 
Jacobian through the shells [Hilbert++09]

ÅAccounting for large-scale structure 
(LSS) effects beyond linearity and Born 
approximation (post-Born, PB)

Ȉnon-Gaussian effective 
convergence, ‖, and non-zero 
lensing rotation, ‫

Ź ª­³X TXºJ Ӄ´  «[Fabbian++15]

CMB Lensing Simulations
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Post- Born Lensing: ἂ‰‰‰ἃ0 [Cooray+02, Pratten+16, Lewis+16]

[Pratten, Lewis 1605.05662]
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The lensing quadratic estimator [Okamoto+02]

gives a biased power spectrum estimate

Lensing Auto- Power Spectrum
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[Böhm++16, Böhm++18, Beck++18]

DB, G. Fabbian, J. Errard; D 98, 043512 (2018) / arXiv:1806.01216
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Lensing Auto- Power Spectrum
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DB, G. Fabbian, J. Errard; D 98, 043512 (2018) / arXiv:1806.01216
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Lensing Cross- Correlation
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galaxy lensing
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‰ᾀḐ Ḑ

G. Fabbian, A. Lewis, DB (2019) arXiv:1906.08760
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Lensing Cross- Correlation G. Fabbian, A. Lewis, DB (2019) arXiv:1906.08760

galaxy density galaxy lensing&Å CMB-S4 cross-correlation with

Simons Observatory CMB-S4&Å Galaxy lensing cross-correlation with
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CMB Lensing Cross- Correlation with POLARBEAR

Å 2.5 m CMB polarization telescope in Chile
Å Two-year ultra-deep survey of ςυÄÅÇ
Å High-sensitivity CMB lensing reconstruction 

from CMB polarization

Herschel-ATLAS high-z sub-mm galaxies
1903.07046

HSC Cosmic Shear 
1904.02116

see talk by 
Toshiya Namikawa

F. Bianchini

G. Fabbian

Herschel
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Gravitationally Lensed CMB

ρπᶼ υᶼ
B-modes

E-modes
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Galactic Foregrounds

ρπᶼ υᶼ
B-modes

E-modes
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Path to Measuring Primordial Gravitational Waves

instrumental noise
after cleaning

+JӃJNº N Z­³Xz³­Ä«T´ ƎżӃJ³zX ´NJӃX´ŽƏ

instrumental noise
before cleaning
 « ż$5# N|J««XӃ´Ž
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Path to Measuring Primordial Gravitational Waves

2X«´ «z Ǝż´ªJӃӃ ´NJӃX´ŽƏ

* internal, iterative + external (CIB)
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Path to Measuring Primordial Gravitational Waves

2X«´ «z Ǝż´ªJӃӃ ´NJӃX´ŽƏ+JӃJNº N Z­³Xz³­Ä«T´ ƎżӃJ³zX ´NJӃX´ŽƏ

Model:

Ὠ ὃ ὧ ὲ

frequency maps mixing matrix

sky components

noise

Removal: ÅAssuming three sky components (CMB, dust, 
synchrotron)
ÅParametrize the frequency scaling 
ÅFind the maximum likelihood values of these 

parameters given the multi-frequency information
ÅConstruct foreground cleaned maps as

Ƕὧ ὃὔ ὃ ὃὔ Ὠ

Model: ὥЉ ὥЉ ṧ‰Љ

Removal: ὥЉ ᴼὥЉ ὥЉ ṧ‰Љ

Best estimate of primordial 
small-scale E-modes:
Å Wiener-filtered 

measured E-modes

Best estimate of the CMB 
lensing potential:
Å Internal lensing 

reconstruction
Å External tracer correlated to 

the CMB lensing deflection 
(e.g. CIB, galaxy surveys)
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Foreground Cleaning
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Assuming a CMB-S4 large-aperture telescope configuration
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CMB

(Forecasting) Foreground Residuals

Å Map: Ƕὧ ὃὔ ὃ ὃὔ Ὠ

Å CMB power spectrum: ὊЉ
Ȣ ǶὧǶὧ ɫײַ [Stompor++16,Errard+18]

Å Lensing power spectrum: Ὂ ȢḐ ǶὧǶὧǶὧǶὧ ɫײַ [Beck++in prep.]

best fit ‍, ‍ Ź statistical uncertainty ɫ ἂ‍‍ἃ
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Path to Measuring Primordial Gravitational Waves
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Model:

Ὠ ὃ ὧ ὲ

frequency maps mixing matrix

sky components

noise

Removal: ÅAssuming three sky components (CMB, dust, 
synchrotron)
ÅParametrize the frequency scaling 
ÅFind the maximum likelihood values of these 

parameters given the multi-frequency information
ÅConstruct foreground cleaned maps as

Ƕὧ ὃὔ ὃ ὃὔ Ὠ

Model: ὥЉ ὥЉ ṧ‰Љ

Removal: ὥЉ ᴼὥЉ ὥЉ ṧ‰Љ

Best estimate of primordial 
small-scale E-modes:
Å Wiener-filtered 

measured E-modes

Best estimate of the CMB 
lensing potential:
Å Internal lensing 

reconstruction
Å External tracer correlated to 

the CMB lensing deflection 
(e.g. CIB, galaxy surveys)
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Bias in Lensing Reconstruction contd˫

ὅ from t emperature ὅ from polarizat ion

no foreground cleaning

no foreground cleaning

cleaned
cleaned

cleaning

cleaned
cleaned
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Now: Delensing!

ὅЉ ὅЉ
ὅЉ
ὔЉ
ὊЉ

Ȣ

ὄЉ
Ȣ

ὊЉ
Ȣ

no small-scale foreground cleaning
clean E-modes
small-scale foreground cleaning


