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S. Henrot-Versillé75, C. Hernández-Monteagudo14,84, D. Herranz70, S. R. Hildebrandt72,12, E. Hivon65,100, M. Hobson6, W. A. Holmes72,

A. Hornstrup18, W. Hovest84, K. M. Hu↵enberger27, G. Hurier64, A. H. Ja↵e60, T. R. Ja↵e101,10, W. C. Jones29, M. Juvela28, E. Keihänen28,
R. Keskitalo15, T. S. Kisner82, R. Kneissl42,8, J. Knoche84, M. Kunz19,64,3, H. Kurki-Suonio28,48, G. Lagache5,64, A. Lähteenmäki2,48,
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We present the most significant measurement of the cosmic microwave background (CMB) lensing potential to date (at a level of 40�), using
temperature and polarization data from the Planck 2015 full-mission release. Using a polarization-only estimator we detect lensing at a signifi-
cance of 5�. We cross-check the accuracy of our measurement using the wide frequency coverage and complementarity of the temperature and
polarization measurements. Public products based on this measurement include an estimate of the lensing potential over approximately 70 % of
the sky, an estimate of the lensing potential power spectrum in bandpowers for the multipole range 40L400 and an associated likelihood for
cosmological parameter constraints. We find good agreement between our measurement of the lensing potential power spectrum and that found
in the best-fitting ⇤CDM model based on the Planck temperature and polarization power spectra. Using the lensing likelihood alone we obtain a
percent-level measurement of the parameter combination �8⌦

0.25
m = 0.591 ± 0.021. We combine our determination of the lensing potential with

the E-mode polarization also measured by Planck to generate an estimate of the lensing B-mode. We show that this lensing B-mode estimate
is correlated with the B-modes observed directly by Planck at the expected level and with a statistical significance of 10�, confirming Planck’s
sensitivity to this known sky signal. We also correlate our lensing potential estimate with the large-scale temperature anisotropies, detecting a
cross-correlation at the 3� level, as expected due to dark energy in the concordance ⇤CDM model.

1. Introduction

The cosmic microwave background (CMB) gives us a direct
measurement of the early Universe when it first became trans-
parent to radiation just 375 000 years after the Big Bang. It con-
tains distinct signatures of the later Universe as well, imprinted
by the process of gravitational lensing. The CMB photons that
we observe today last scattered approximately 14 billion years
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ago, and have travelled most of the way across the observable
Universe to reach us. During their journey, their paths were dis-
torted by the gravitational tug of intervening matter, a subtle ef-
fect that may be measured statistically with high angular resolu-
tion, low-noise observations of the CMB, such as those provided
by Planck. In this paper, we present lensing measurements based
on the full-mission 2015 data release. We produce the most pow-
erful measurement of CMB lensing to date with a 2.5 % con-

1

2014 "MV"

(based on SMICA CMB map)
rad.

S/N�filtered, 10  L  2048

Preliminary

Planck	
  lensing	
  poten?al	
  map:	
  dark	
  ma@er	
  distribu?on	
  at	
  z~2	
  



CMB	
  lensing	
  from	
  Planck	
  
mostly	
  based	
  on	
  2	
  Planck	
  papers:	
  

Astronomy & Astrophysics manuscript no. planck˙lensing˙2015 c� ESO 2015
February 5, 2015

Planck 2015 results. XV. Gravitational lensing

Planck Collaboration: P. A. R. Ade91, N. Aghanim64, M. Arnaud78, M. Ashdown74,6, J. Aumont64, C. Baccigalupi90, A. J. Banday101,10,
R. B. Barreiro70, J. G. Bartlett1,72, N. Bartolo33,71, E. Battaner103,104, K. Benabed65,100, A. Benoı̂t62, A. Benoit-Lévy25,65,100, J.-P. Bernard101,10,
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J.-M. Lamarre77, A. Lasenby6,74, M. Lattanzi34, C. R. Lawrence72, R. Leonardi43, J. Lesgourgues99,89,76, F. Levrier77, A. Lewis26, M. Liguori33,71,
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We present the most significant measurement of the cosmic microwave background (CMB) lensing potential to date (at a level of 40�), using
temperature and polarization data from the Planck 2015 full-mission release. Using a polarization-only estimator we detect lensing at a signifi-
cance of 5�. We cross-check the accuracy of our measurement using the wide frequency coverage and complementarity of the temperature and
polarization measurements. Public products based on this measurement include an estimate of the lensing potential over approximately 70 % of
the sky, an estimate of the lensing potential power spectrum in bandpowers for the multipole range 40L400 and an associated likelihood for
cosmological parameter constraints. We find good agreement between our measurement of the lensing potential power spectrum and that found
in the best-fitting ⇤CDM model based on the Planck temperature and polarization power spectra. Using the lensing likelihood alone we obtain a
percent-level measurement of the parameter combination �8⌦

0.25
m = 0.591 ± 0.021. We combine our determination of the lensing potential with

the E-mode polarization also measured by Planck to generate an estimate of the lensing B-mode. We show that this lensing B-mode estimate
is correlated with the B-modes observed directly by Planck at the expected level and with a statistical significance of 10�, confirming Planck’s
sensitivity to this known sky signal. We also correlate our lensing potential estimate with the large-scale temperature anisotropies, detecting a
cross-correlation at the 3� level, as expected due to dark energy in the concordance ⇤CDM model.

1. Introduction

The cosmic microwave background (CMB) gives us a direct
measurement of the early Universe when it first became trans-
parent to radiation just 375 000 years after the Big Bang. It con-
tains distinct signatures of the later Universe as well, imprinted
by the process of gravitational lensing. The CMB photons that
we observe today last scattered approximately 14 billion years
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ago, and have travelled most of the way across the observable
Universe to reach us. During their journey, their paths were dis-
torted by the gravitational tug of intervening matter, a subtle ef-
fect that may be measured statistically with high angular resolu-
tion, low-noise observations of the CMB, such as those provided
by Planck. In this paper, we present lensing measurements based
on the full-mission 2015 data release. We produce the most pow-
erful measurement of CMB lensing to date with a 2.5 % con-
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ABSTRACT

The secondary B-modes of the CMB polarization, as induced from the E-modes mixing by the gravitational lensing e↵ect of the
large scale structure, is a valuable probe of the Universe Dark matter distribution at large angular scales and intermediate redshifts
(z ' 2). It also constitutes an important contaminant for the extraction of the primary CMB B-modes from inflation. Synthesising
all sky coverage and high resolution and sensitivity, Planck provides accurate nearly all sky measurement of both the polarization
E-mode signal and the integrated mass distribution via the reconstruction of the CMB gravitational lensing. Combining these two
maps, we produce an all sky template map of the secondary CMB B-modes using a real-space algorithm that minimises the impact of
sky masks.The cross-correlation of this template with an observed B-mode (primordial and secondary) map can be used to measure
the lensing B-mode power spectrum at all angular scales. In particular when cross-correlating with the B-mode contribution directly
derived from the Planck polarization maps, we obtain lensing induced B-mode power spectrum measurements at a significance of
12�, and in agreement with the expected theoretical model. This unique nearly all sky secondary B-mode template, which includes
the lensing-induced information from intermediate (` & 10) to small (` ⇠ 1000) angular scales, will be particularly useful for ground-
based experiments targeted to primordial B-modes search, as for example BICEP2, as it will permit a direct estimate of the secondary
contribution on the measured total CMB B-modes.
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1. Introduction

Cosmic microwave background (CMB) polarization anisotropies
can be decomposed into curl-free E-modes and gradient-free
B-modes. By contrast to primordial E-modes, primordial B-
modes are only sourced by tensor perturbations (Polnarev 1985;
Spergel & Zaldarriaga 1997; Kamionkowski et al. 1997; Seljak
& Zaldarriaga 1997) that can be formed in the pre-decoupling
Universe due to an early inflationary phase (Grishchuk 1975;
Starobinsky 1979, 1982). Thus, primordial B-modes of the CMB
polarization are a direct probe of cosmological inflation (see
Guth 1981; Linde 1982, for details on inflationary theory). The
measurement of the primordial B-mode power spectrum, which
peaks at degree angular scales, is the main target of plethora of
ground-based experiments and satellite proposals. The BICEP2
team reported the first measurement of the B-modes at angu-
lar scales relevant for probing the signal from inflation (Ade
et al. 2014a). Investigating the polarized dust emission in the
BICEP2 observation field using the 353 GHz data, Planck1 re-
vealed a higher dust contamination level than that expected from
the pre-Planck foreground models (Planck Collaboration Int.
XXX 2014). In BICEP2/Keck Array and Planck Collaborations
(2015), a joint analysis of the BICEP2-KECK array data at 100
and 150 GHz and the full-mission Planck data (e.g. the 353 GHz
polarized data) has been conducted. This provides the state-of-
the-art constraints on the tensor-to-scalar ratio, indicating no
strong evidence of a primordial B-mode signal. Nevertheless, a

1 Planck (http://www.esa.int/Planck) is a project of the Euro-
pean Space Agency (ESA) with instruments provided by two scientific
consortia funded by ESA member states (in particular the lead countries
France and Italy), with contributions from NASA (USA) and telescope
reflectors provided by a collaboration between ESA and a scientific con-
sortium led and funded by Denmark.
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M. Bersanelli36,53, P. Bielewicz101,10,90, A. Bonaldi73, L. Bonavera70, J. R. Bond9, J. Borrill15,95, F. R. Bouchet65,93, F. Boulanger64, M. Bucher1,
C. Burigana52,34,54, R. C. Butler52, E. Calabrese98, J.-F. Cardoso79,1,65, A. Catalano80,77, A. Challinor67,74,13, A. Chamballu78,17,64, H. C. Chiang29,7,

P. R. Christensen87,40, S. Church97, D. L. Clements60, S. Colombi65,100, L. P. L. Colombo24,72, C. Combet80, F. Couchot75, A. Coulais77,
B. P. Crill72,12, A. Curto6,70, F. Cuttaia52, L. Danese90, R. D. Davies73, R. J. Davis73, P. de Bernardis35, A. de Rosa52, G. de Zotti49,90,

J. Delabrouille1, F.-X. Désert58, J. M. Diego70, H. Dole64,63, S. Donzelli53, O. Doré72,12, M. Douspis64, A. Ducout65,60, J. Dunkley98, X. Dupac43,
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We present the most significant measurement of the cosmic microwave background (CMB) lensing potential to date (at a level of 40�), using
temperature and polarization data from the Planck 2015 full-mission release. Using a polarization-only estimator we detect lensing at a signifi-
cance of 5�. We cross-check the accuracy of our measurement using the wide frequency coverage and complementarity of the temperature and
polarization measurements. Public products based on this measurement include an estimate of the lensing potential over approximately 70 % of
the sky, an estimate of the lensing potential power spectrum in bandpowers for the multipole range 40L400 and an associated likelihood for
cosmological parameter constraints. We find good agreement between our measurement of the lensing potential power spectrum and that found
in the best-fitting ⇤CDM model based on the Planck temperature and polarization power spectra. Using the lensing likelihood alone we obtain a
percent-level measurement of the parameter combination �8⌦

0.25
m = 0.591 ± 0.021. We combine our determination of the lensing potential with

the E-mode polarization also measured by Planck to generate an estimate of the lensing B-mode. We show that this lensing B-mode estimate
is correlated with the B-modes observed directly by Planck at the expected level and with a statistical significance of 10�, confirming Planck’s
sensitivity to this known sky signal. We also correlate our lensing potential estimate with the large-scale temperature anisotropies, detecting a
cross-correlation at the 3� level, as expected due to dark energy in the concordance ⇤CDM model.

1. Introduction

The cosmic microwave background (CMB) gives us a direct
measurement of the early Universe when it first became trans-
parent to radiation just 375 000 years after the Big Bang. It con-
tains distinct signatures of the later Universe as well, imprinted
by the process of gravitational lensing. The CMB photons that
we observe today last scattered approximately 14 billion years

† Corresponding author: D. Hanson duncan.hanson@gmail.com

ago, and have travelled most of the way across the observable
Universe to reach us. During their journey, their paths were dis-
torted by the gravitational tug of intervening matter, a subtle ef-
fect that may be measured statistically with high angular resolu-
tion, low-noise observations of the CMB, such as those provided
by Planck. In this paper, we present lensing measurements based
on the full-mission 2015 data release. We produce the most pow-
erful measurement of CMB lensing to date with a 2.5 % con-

1
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Outlines	
  

• 	
  CMB	
  lensing	
  reconstruc?on:	
  data	
  and	
  hint	
  of	
  methodology	
  
• 	
  Lensing	
  poten?al	
  results	
  
• 	
  Lensing	
  poten?al	
  implica?ons	
  for	
  Cosmology	
  
• 	
  Lensing-­‐induced	
  B-­‐mode,	
  results	
  and	
  implica?ons	
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Gravita?onal	
  Lensing	
  by	
  large-­‐scale	
  Structure	
  

1

n 

n +   φ 

Remapping: 

Lensing  
potential:  

conformal 
distance 

lookback 
conformal time 

kernel  
in a flat universe  

•  max. efficiency at z~2 
•  typical size ~300 Mpc 
•  linear growth  

X(n) = Xprimo(n+r�(n)), X 2 {T,Q± iU}
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Observa?onal	
  signature	
  

2

• 	
  deflec?on	
  scale	
  	
  	
  	
  2.5	
  arcmin	
  (rms)	
  
• 	
  correla?on	
  length	
  	
  	
  	
  2	
  degrees	
  

Lensing	
  typical	
  scales:	
  	
   Signatures:	
  	
  
• 	
  power	
  spectra	
  smoothing	
  (	
  	
  	
  10%	
  at	
  high-­‐l)	
  

• 	
  secondary	
  B-­‐mode	
  (dominates	
  at	
  l	
  >	
  few	
  100)	
  

• 	
  inducing	
  NG	
  

Using	
  the	
  NG	
  signature	
  in	
  the	
  maps,	
  the	
  underlying	
  phi	
  poten?al	
  can	
  be	
  reconstructed	
  

�X(n) ⇠ r�(n) ·rXprimo(n), X 2 {T,Q± iU}

unlensed	
  T	
   unlensed	
  E	
  	
  (x10)	
   unlensed	
  B	
  for	
  r=0.2	
  (x100)	
  	
  10°	
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Observa?onal	
  signature	
  

2

	
  	
  lensed	
  E	
  	
  (x10)	
   	
  	
  lensed	
  B	
  for	
  r=0.2	
  (x100)	
  	
  	
  	
  lensed	
  T	
  

• 	
  deflec?on	
  scale	
  	
  	
  	
  2.5	
  arcmin	
  (rms)	
  
• 	
  correla?on	
  length	
  	
  	
  	
  2	
  degrees	
  

Lensing	
  typical	
  scales:	
  	
   Signatures:	
  	
  
• 	
  power	
  spectra	
  smoothing	
  (	
  	
  	
  10%	
  at	
  high-­‐l)	
  

• 	
  secondary	
  B-­‐mode	
  (dominates	
  at	
  l	
  >	
  few	
  100)	
  

• 	
  inducing	
  NG	
  

Using	
  the	
  NG	
  signature	
  in	
  the	
  maps,	
  the	
  underlying	
  phi	
  poten?al	
  can	
  be	
  reconstructed	
  

�X(n) ⇠ r�(n) ·rXprimo(n), X 2 {T,Q± iU}

10°	
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CMB	
  Lensing	
  Reconstruc?on	
  Basics	
  
map reconstruction using quadratic estimators 

filtered	
  versions	
  of	
  {T,	
  E,	
  B}	
  maps	
  

normalisation and filters optimisation      unbiased, minimum variance estimator 

reconstruction using the 4-point correlator information 

Gaussian	
  bias:	
  disconnected	
  part	
  of	
  the	
  4-­‐pt	
  correlator	
  

T.	
  Okamoto	
  &	
  W.	
  Hu	
  [	
  astro-­‐ph/0301031	
  ]	
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X̄`1m1Z̄`2m2 , (X,Z) 2 {T,E,B}�̂(XZ)
LM = A(XZ)

L
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⇤
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NB: tractable computation in real-space :  

Minimum-Variance combination (TT, TE, EE, EB, TB)  
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Reconstruc?on	
  from	
  the	
  data	
  	
  

1.	
  data	
  processing	
  steps	
  from	
  ?melines	
  to	
  map	
  are	
  cri?cal	
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[archive	
  2010-­‐11-­‐04]	
  

• 	
  be4er	
  model	
  of	
  the	
  	
  
	
  	
  	
  :me	
  transfert	
  func:on	
  
• 	
  NL-­‐correc?on	
  in	
  the	
  V-­‐>W	
  
• 	
  be@er	
  SS0	
  flagging	
  
• 	
  improved	
  4K-­‐lines	
  corr.	
  
• 	
  be@er	
  glitches	
  removal	
  

Early full-sky 
reconstructions on 
the same amount of 
data 

• 	
  TOI-­‐processing	
  
• 	
  Map-­‐making	
  

2.	
  Astrophysical	
  foregrounds	
  are	
  the	
  major	
  concern	
  

Masks:	
  	
   •  detected	
  point	
  sources	
   • 	
  radio/IR	
  galaxies	
  using	
  PCCS	
  I/II	
  	
  
• 	
  SZ	
  clusters	
  using	
  PCC	
  I/II	
  
• 	
  Cold	
  Cores	
  using	
  CC	
  I/II	
  

Planck	
  2013	
  results.	
  XXIX	
  /	
  2015	
  XXVII	
  
Planck	
  2013	
  results.	
  XXVIII	
  /	
  2015	
  

Planck	
  Early	
  Results.	
  VII	
  /	
  2015	
  XXVIII	
  

Planck	
  2013	
  results.	
  XIII	
  /	
  2015	
  VIII	
  
•  diffuse	
  emission	
   • 	
  galac?c	
  plane	
  Planck	
  2013	
  results.	
  XII	
  /	
  2015	
  X	
  	
  	
  

• 	
  CO	
  regions	
  	
  

Planck	
  2013	
  results.	
  II-­‐X	
  

masks	
  induce	
  the	
  dominant	
  bias	
  at	
  φ	
  map	
  level	
  	
  

We	
  exploit	
  Planck	
  frequency	
  coverage	
  to	
  clean	
  them	
  (component	
  separa?on)	
  

4

Planck	
  2015	
  results.	
  II-­‐VIII	
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Reconstruc?on	
  from	
  the	
  data	
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Our	
  power	
  spectrum	
  es?mator	
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(small)	
  point	
  source	
  shot-­‐noise	
  
trispectrum	
  	
  

Debiasing	
  at	
  the	
  map	
  level	
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Any	
  effects	
  breaking	
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  spa?al	
  isotopy	
  of	
  the	
  maps	
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  masks,	
  inhomogeneous	
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  induce	
  spurious	
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SMICA

SMICA

SMICA T

Data	
  (2013	
  vs	
  2015)	
  

• 	
  15.5	
  months	
  of	
  data	
  integra?on	
  
• 	
  MV	
  combina?on	
  of	
  143	
  and	
  217	
  GHz	
  maps	
  	
  
• 	
  corrected	
  for	
  a	
  dust	
  template	
  using	
  the	
  857GHz	
  map	
  
• 	
  	
  	
  	
  	
  60%	
  of	
  the	
  sky	
  (aqer	
  apodiza?on)	
  

Planck	
  lensing	
  2013	
  baseline	
  T	
  map:	
  	
  

Planck	
  2015	
  results.	
  XII	
  

-300  300 

MV

T	
  2013	
  

T	
  2015	
  

Q	
  2015	
  

U	
  2015	
  

6

Planck	
  lensing	
  2015	
  baseline	
  {T,	
  Q,	
  U}	
  maps:	
  	
  

• 	
  about	
  30	
  months	
  of	
  data	
  
• 	
  foreground	
  cleaned	
  maps	
  using	
  SMICA	
  
• 	
  ICA	
  using	
  the	
  9	
  frequency	
  maps	
  

• 	
  	
  	
  	
  	
  70%	
  of	
  the	
  sky	
  	
  
• 	
  bandpass	
  filtering	
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2013 TT

(based on SMICA CMB map)
rad.

S/N�filtered, 10  L  2048

Reconstructed	
  φ	
  map	
  

7

dominant noise 

TT 2013 
see	
  Lewis	
  talk	
  	
  
Ferrara	
  2014	
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  the	
  dark	
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  around	
  z=2	
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2014 TT

(based on SMICA CMB map)
rad.

S/N�filtered, 10  L  2048

Preliminary

Reconstructed	
  φ	
  map	
  
see	
  Lewis	
  talk	
  	
  
Ferrara	
  2014	
  TT 2015 
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25%	
  improvement	
  of	
  the	
  noise	
  level	
  
twice	
  the	
  amount	
  of	
  data	
  

(part	
  of	
  the	
  noise	
  are	
  temperature	
  anisotropy	
  cosmic	
  variance)	
  

7

dominant noise 
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2014 TE

(based on SMICA CMB map)
rad.

S/N�filtered, 10  L  2048

Preliminary

Reconstructed	
  φ	
  map	
  
see	
  Lewis	
  talk	
  	
  
Ferrara	
  2014	
  TE 2015 
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another	
  25%	
  improvement	
  coming	
  from	
  the	
  polariza?on,	
  	
  
mainly	
  TE	
  

7

dominant noise 
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2014 EE+EB

(based on SMICA CMB map)
rad.

S/N�filtered, 10  L  2048

Preliminary

Reconstructed	
  φ	
  map	
  
see	
  Lewis	
  talk	
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significant	
  measurement	
  using	
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  only	
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2014 "MV"

(based on SMICA CMB map)
rad.

S/N�filtered, 10  L  2048

Preliminary

Reconstructed	
  φ	
  map	
  
see	
  Lewis	
  talk	
  	
  
Ferrara	
  2014	
  MV 2015 
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50%	
  improvement	
  of	
  the	
  noise	
  level	
  w.r.t.	
  2013	
  

map	
  of	
  the	
  dark	
  ma@er	
  around	
  z=2	
  S/N . 1

highly	
  correlated	
  with	
  other	
  large	
  scale	
  structure	
  probes	
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dominant noise 
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Correla?on	
  with	
  other	
  LSS	
  tracers	
  
External	
  data	
  

• 	
  20	
  sigma	
  correla?on	
  with	
  NVSS	
  radio	
  galaxies	
  and	
  quasars	
  	
  (zmean	
  =	
  1.1)	
  	
  
• 	
  10	
  sigma	
  with	
  SDSS	
  Luminous	
  Red	
  Galaxies	
  (zmean	
  =	
  0.55)	
  
• 	
  7	
  sigma	
  with	
  the	
  WISE	
  satellite	
  IR	
  galaxies	
  catalog	
  	
  (zmean	
  =	
  0.1)	
  	
  	
  

Planck’s	
  Cosmic	
  Infrared	
  Background	
  (CIB)	
  

• 	
  first	
  detec?on	
  (42	
  sigma)	
  of	
  a	
  correla?on	
  between	
  545GHz	
  T	
  and	
  lensing	
  maps	
  :	
  

• 	
  helps	
  in	
  probing	
  the	
  origin	
  of	
  the	
  CIB	
  hence	
  in	
  constraining	
  the	
  star	
  forma?on	
  history	
  

1° 

20	
  000	
  T	
  hot	
  spots	
  	
  	
  	
  20	
  000	
  T	
  cold	
  spots	
  

9 

Planck	
  2014	
  	
  XVII	
  (Lensing)	
  

• 	
  unresolved	
  high-­‐redshiq	
  dusty	
  star-­‐forming	
  galaxies	
  
• 	
  dominant	
  extra-­‐galac?c	
  emission	
  at	
  	
  	
  	
  	
  353GHz	
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Correla?on	
  with	
  the	
  ISW	
  effect	
  
ISW:	
  Integrated	
  Sachs-­‐Wolfe	
  effect	
  

• 	
  At	
  late-­‐?me,	
  gravita?onal	
  poten?als	
  induce	
  a	
  secondaries	
  	
  	
  

• 	
  that	
  correlate	
  to	
  the	
  φ	
  map	
  

10 

credit	
  K.	
  Benabed	
  ESLAB	
  2013	
  	
  

• 	
  3	
  σ detec?on	
  of	
  ΩΛ	


• 	
  important	
  bias	
  to	
  the	
  CMB	
  primordial	
  non-­‐Gaussianity	
  (from	
  infla?on)	
  that	
  must	
  be	
  subtracted	
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�̂MV

ISW-­‐lensing	
  bispectrum	
  	
  (Tφ	
  cross-­‐correla?on)	
  
Planck	
  2015	
  results	
  XXI	
  (ISW)	
  

Planck	
  T	
  x	
  	
  φ	
  	
  	
  	
  	
  	
  :	
  	
  	
  3σ	
  detec?on	
  (20%	
  improvement	
  wrt	
  2013)	
  

Implica?ons	
  

Planck	
  2015	
  results	
  XVII	
  (non-­‐Gaussianity)	
  

ISW	
  results	
  

Planck	
  T	
  x	
  	
  LSS	
  	
  :	
  	
  	
  2.9σ	
  detec?on	
  

Joint	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  	
  	
  4σ	
  detec?on	
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Other	
  cross-­‐correla?on	
  studies	
  
Further	
  cross-­‐correla?on	
  between	
  the	
  released	
  2013	
  and	
  2015	
  φ	
  maps	
  to	
  the	
  community	
  and…	
  

11 

• 	
  Herschel	
  selected	
  galaxies	
  at	
  z	
  >	
  1.5	
  	
  	
  (detec?on	
  at	
  20	
  σ)	
  	
  	
  	
  

• 	
  Thermal	
  SZ	
  	
  (detec?on	
  at	
  6.2	
  σ)	
  	
  	
  	
  

• 	
  Fermi-­‐LAT	
  γ-­‐ray	
  map	
  	
  (detec?on	
  at	
  3	
  σ)	
  	
  	
  	
  

• 	
  CFHTLenS	
  galaxy	
  number	
  density	
  

• 	
  CFHTLenS	
  weak	
  lensing	
  
Cross-­‐correla?on	
  of	
  Planck	
  CMB	
  Lensing	
  and	
  CFHTLenS	
  Galaxy	
  Weak	
  Lensing	
  Maps,	
  Jia	
  Liu,	
  J.	
  Colin	
  
Hill,	
  arXiv:1504.05598	
  

Cross-­‐Correla?on	
  of	
  CFHTLenS	
  Galaxy	
  Number	
  Density	
  and	
  Planck	
  CMB	
  Lensing,	
  
Y.	
  Omori,	
  G.	
  Holder,	
  arXiv:1502.03405	
  

Evidence	
  of	
  cross-­‐correla?on	
  between	
  the	
  CMB	
  lensing	
  and	
  the	
  gamma-­‐ray	
  sky,	
  
N.	
  Fornengo,	
  L.	
  Pero@o,	
  M.	
  Regis,	
  S.	
  Camera,	
  arXiv:1410.4997	
  

Cross-­‐correla?on	
  between	
  the	
  CMB	
  lensing	
  poten?al	
  measured	
  by	
  Planck	
  and	
  high-­‐z	
  sub-­‐mm	
  galaxies	
  
detected	
  by	
  the	
  Herschel-­‐ATLAS	
  survey,	
  	
  
F.	
  Bianchini,	
  P.	
  Bielewicz,	
  A.	
  Lapi,	
  J.	
  Gonzalez-­‐Nuevo,	
  C.	
  Baccigalupi,	
  G.	
  de	
  Zoy,	
  et	
  al.	
  arXiv:1410.4502	
  

Detec?on	
  of	
  Thermal	
  SZ	
  -­‐-­‐	
  CMB	
  Lensing	
  Cross-­‐Correla?on	
  in	
  Planck	
  Nominal	
  Mission	
  Data,	
  
J.	
  Colin	
  Hill,	
  David	
  N.	
  Spergel,	
  arXiv:1312.4525	
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Main	
  result:	
  the	
  lensing	
  power	
  spectrum	
  

angular	
  scale	
  [deg]	
  

Lensing	
  mul?pole	
  L	
  

12 
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Planck	
  2013	
  :	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (25σ	
  detec?on)	
  	
  	
  	
  	
  

Alens = 0.987± 0.025

Alens = 0.943± 0.040

Planck	
  2015	
  :	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (40σ	
  detec?on)	
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Individual	
  es?mators	
  	
  

13 
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15	
  consistent	
  φφ	
  measurements	
  	
  
dominant	
  contribu?on	
  from	
  TT	
  and	
  TE	
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Robustness	
  tests	
  

14 

As	
  in	
  2013,	
  the	
  2015	
  results	
  pass	
  a	
  
wealth	
  of	
  consistency	
  checks	
  
including:	
  

• 	
  robustness	
  to	
  foregrounds	
  
• 	
  data	
  spliyng	
  consistency	
  	
  
• 	
  robustness	
  to	
  bias	
  at	
  map-­‐level	
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The	
  conserva?ve	
  case	
  

15 

2013	
  

larger	
  sca@er	
  than	
  expected	
  (from	
  MC	
  sims)	
  	
  	
  

(baseline	
  :	
  fsky=0.7,	
  SNR=5)	
  

2015	
  

Comparison	
  to	
  results	
  using	
  different	
  galac?c/point	
  sources	
  masks	
  	
  

curl-­‐modes	
  null	
  test	
  	
  

L = 8                            40                                      400                                                 2000 
Large	
  map-­‐level	
  

debiasing	
  	
  	
  	
   Large	
  NL
(0)	
  correc?on	
  

conserva?ve	
  interval	
  
• 	
  used	
  for	
  Cosmology	
  
• 	
  retains	
  90%	
  of	
  the	
  S/N	
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  3σ	
  non-­‐zero	
  feature	
  over	
  400<L<2000	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  	
  	
  curl-­‐free	
  
we	
  construct	
  an	
  es?mator	
  of	
  	
  

Namikawa	
  et	
  al.	
  	
  [	
  astro-­‐ph/1110.1718	
  ]	
  

d = r�
dcurl = ?r 
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Outlines	
  

• 	
  CMB	
  lensing	
  reconstruc?on:	
  data	
  and	
  hint	
  of	
  methodology	
  
• 	
  Lensing	
  poten?al	
  results	
  
• 	
  Lensing	
  poten?al	
  implica?ons	
  for	
  Cosmology	
  
• 	
  Lensing-­‐induced	
  B-­‐mode,	
  results	
  and	
  implica?ons	
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  model	
  

16 

• 	
  Measure	
  of	
  a	
  freely	
  floa?ng	
  A	
  that	
  scales	
  CLφφ	



LCDM6	
  model:	
  good	
  descrip?on	
  of	
  the	
  universe	
  at	
  

• 	
  Measure	
  of	
  a	
  freely	
  floa?ng	
  A	
  that	
  scales	
  the	
  
lensing	
  smoothing	
  of	
  ClTT,	
  ClTE,	
  ClEE	
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  higher	
  lensing	
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  20<l<30	
  dip	
  »	
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Constraints	
  on	
  the	
  LCDM	
  model	
  
Information on the matter up to last-scattering      constraints on the post-recombination evolution    	
  

Primordial	
  TT	
  alone	
  depends	
  on	
  

17 

! 	
  Reioniza?on	
  op?cal	
  depth	
  constraints	
  

! 	
  LCDM	
  constraints	
  from	
  CMB	
  lensing	
  alone	
  

Clφφ	
  depends	
  mainly	
  of	
  	
  

constrains	
  the	
  subspace	
  	
  

a	
  well	
  determined	
  parameter	
  	
  

(mild	
  precision	
  /	
  important	
  accuracy	
  improvement	
  )	
  

Good	
  agreement	
  with	
  low-­‐ell	
  polar	
  and	
  BAO	
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in	
  a	
  non-­‐flat	
  Universe	
  	
  

! 	
  Constaints	
  on	
  the	
  neutrino	
  sector	
  

CMB	
  alone	
  (Planck	
  TT	
  +	
  lowP	
  +	
  lensing)	
  

• 	
  imposes	
  a	
  flat-­‐geometry	
  at	
  sub-­‐percent	
  level;	
  
• 	
  x3	
  improvement	
  of	
  errors	
  over	
  TT+lowP	
  alone	
  
• 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  evidence	
  of	
  Dark	
  Energy	
  

! 	
  Geometrical	
  degeneracy	
  breaking	
  

18 

Constraints	
  on	
  extension	
  to	
  the	
  base	
  LCDM	
  model	
  

•  for	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (i.e.	
  ν	
  s?ll	
  rela?vis?c	
  at	
  recombinaison):	
  ?ny	
  constraints	
  from	
  TT	
  alone	
  	
  

•  Aqer	
  the	
  NR	
  transi?on:	
  contribu?on	
  to	
  the	
  
expansion	
  rate	
  but	
  not	
  to	
  the	
  clustering	
  	
  
of	
  small-­‐scale	
  structure.	
  	
  

•  oscilla?on	
  measure:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
at	
  least	
  2	
  ν	
  non-­‐rela?vis?c	
  (NR)	
  today	
  

• 	
  Step-­‐like	
  signature	
  in	
  CLφφ	


     

 

 

 

 

 

 

 

 

 
0

.6
0

.8
1

.0
1

.2
1

.4
1

.6
1

.8

100 200 300 400 500     

 

 

 

 

 

 

 

 

 
0

.6
0

.8
1

.0
1

.2
1

.4
1

.6
1

.8

100 200 300 400 500

C
φ
φ

L
/C

φ
φ
,M

ν
=
0

L
C

φ
φ

L
/C

φ
φ
,M

ν
=
0

L

LL

MV

Mν = 0

Mν = 0.06 eV
Mν = 0.66 eV
Mν = 1.00 eV

�0.15 �0.10 �0.05 0.00

⌦K

2.2

2.4

2.6

2.8

hd
2
i1

/
2
[a

rc
m

in
]

Planck TT+lowP+lensing

Planck TT+lowP+BAO

Planck TT+lowP+lensing+BAO
40

44

48

52

56

60

64

68

H
0

de
fle
xi
on

	
  a
ng
le
	
  r.
m
.s
.	
  

⌦K

mul?pole	
  L	
  

C L
φφ

 (m
ν≠
0)

  /
 C

Lφ
φ 

(m
ν=
0)
	
  

     

 

 

 

 

 

 

 

 

 
0
.6

0
.8

1
.0

1
.2

1
.4

1
.6

1
.8

100 200 300 400 500     

 

 

 

 

 

 

 

 

 
0
.6

0
.8

1
.0

1
.2

1
.4

1
.6

1
.8

100 200 300 400 500

C
φ
φ

L
/C

φ
φ
,M

ν
=
0

L
C

φ
φ

L
/C

φ
φ
,M

ν
=
0

L

LL

MV

Mν = 0

Mν = 0.06 eV
Mν = 0.66 eV
Mν = 1.00 eV

 fixed	
  	
  



Rencontres du Vietnam, August 16-22, 2015    L. Perotto                                                                         /27 

Constraints	
  on	
  neutrino	
  masses	
  

• 	
  TT	
  disfavors	
  large	
  mν	



In	
  a	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  model	
  with	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  degenerate	
  massive	
  neutrinos:	
  	
  

19 

X
m⌫ < 0.72 95%; PlanckTT + lowP

X
m⌫ < 0.68 95%; PlanckTT + lowP + lensing

mild	
  improvement	
  (whereas	
  we	
  expected	
  a	
  x2	
  improvement	
  !	
  )	
  

Explana?on:	
  a	
  combina?on	
  of	
  2	
  effects:	
  	
  

large	
  mν yields	
  
" 	
  lower	
  lensing	
  smoothing	
  	
  	
  
" 	
  less	
  level-­‐arm	
  to	
  accomodate	
  to	
  the	
  «	
  low-­‐ell	
  dip	
  »	
  	
  

• 	
  φφ	
  autorises	
  large	
  mν	


slight	
  trough	
  at	
  around	
  L=200	
  

X
m⌫ < 0.23 95%; PlanckTT + lowP + lensing + external data

Best	
  limit:	
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Outlines	
  

• 	
  CMB	
  lensing	
  reconstruc?on:	
  data	
  and	
  hint	
  of	
  methodology	
  
• 	
  Lensing	
  poten?al	
  results	
  
• 	
  Lensing	
  poten?al	
  implica?ons	
  for	
  Cosmology	
  
• 	
  Lensing-­‐induced	
  B-­‐mode,	
  results	
  and	
  implica?ons	
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Lensing-­‐induced	
  B-­‐mode	
  	
  

When cross-correlated to the observed polarization maps, the lensing-B polarization maps 
provide a lensing B-mode power spectrum measurement : 

ĈBlens
` =

f�1
sky

2`+ 1

X

m

B⇤
`mB̂lens

`m

At	
  first-­‐order	
  in	
  φ	

�
Qlens ± iU lens

�
= r

�
Qprimo ± iUprimo

�
·r�

! 	
  lensing-­‐B	
  polariza?on	
  maps:	
  

20 

A	
  lensing-­‐B	
  map	
  template	
  can	
  be	
  synthesized	
  using	
  	
  
• 	
  the	
  PLANCK	
  polariza?on	
  maps	
  (keeping	
  pure	
  E-­‐mode	
  contribu?on)	
  	
  
• 	
  and	
  PLANCK	
  lensing	
  poten?al	
  es?mate	
  (or	
  another	
  φ	
  tracer)	
  

! 	
  lensing-­‐B	
  power	
  spectrum:	
  

W.	
  Hu	
  [	
  astro-­‐ph/0001303	
  ]	
  

Blens

`m =
X

LM

X

`0m0

�LMEprimo

`0m0 GmMm0

`L`0
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The	
  lensing-­‐B	
  synthesis	
  methods	
  

! 	
  spherical-­‐harmonics	
  space-­‐based	
  method	
  

! 	
  real-­‐space	
  based	
  method	
  

• 	
  used	
  in	
  the	
  Planck	
  2015	
  lensing	
  paper	
  
• 	
  mask	
  treatment:	
  minimum-­‐variance	
  filtering	
  of	
  T	
  and	
  P	
  
• 	
  based	
  on	
  the	
  baseline	
  lensing	
  extrac?on	
  of	
  Planck	
  2015	
  lensing	
  

We	
  developped	
  2	
  independent	
  methods…	
  	
  
main	
  difference	
  	
  in	
  the	
  sky	
  cuts	
  treatment;	
  different	
  implemen?ons	
  /	
  same	
  mathema?cs	
  	
  

• 	
  developped	
  for	
  the	
  Planck	
  2015	
  lensing	
  B-­‐mode	
  map	
  paper	
  
• 	
  mask	
  treatment:	
  inpain?ng	
  of	
  T	
  	
  and	
  apodiza?on	
  	
  
• 	
  based	
  on	
  the	
  Planck	
  2013	
  lensing	
  METIS	
  extrac?on	
  method	
  applied	
  to	
  full-­‐mission	
  data	
  	
  

	
  weight	
  func?on	
  
	
  (geometrical	
  terms)	
  

B̂lens
`m = B�1

X

LM

X

`0m0

�̃LM Ẽ`0m0 WmMm0

`L`0

Filtered	
  version	
  of	
  pure	
  E-­‐mode	
  Q,	
  U	
  maps	
   filtered	
  lensing	
  poten?al	
  map	
  	
  

• 	
  filters	
  are	
  op?mised	
  to	
  minimise	
  the	
  map	
  variance	
  
• 	
  	
  	
  	
  	
  	
  	
  ,	
  the	
  analy?cal	
  filtering	
  transfer	
  func?on	
  ensures	
  the	
  es?mator	
  is	
  unbiased	
  	
  

⇣
Q̂lens ± iÛ lens

⌘
= B�1r

⇣
Q̃E ± iŨE

⌘
·r�̃

B�1

21 

…that	
  give	
  equivalent	
  results	
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The	
  lensing-­‐B	
  map	
  

Full-­‐resolu?on	
  Wiener-­‐filtered	
  B-­‐lensing,	
  	
  
nside=2048,	
  FWHM=10	
  arcmin	
  

Large	
  scales	
  Wiener-­‐filtered	
  B-­‐lensing,	
  	
  
nside=256,	
  	
  FWHM=60	
  arcmin	
  

B̃lens =
X

`m

F`B̂
lens
`m Y`m using 2 different filters 

22 
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Lensing	
  B	
  power	
  spectrum	
  measurements	
  

Results using different mass tracers: 

detec?on	
  of	
  the	
  lensing-­‐B	
  	
  

23 



Rencontres du Vietnam, August 16-22, 2015    L. Perotto                                                                         /27 

  
 

 

 

 

 

 
0.

00
0.

05
0.

10
0.

15

         100         1000

Commander
NILC
SEVEM
SMICA

  
 

 

 

 

 

 
0.

00
0.

05
0.

10
0.

15

         100         1000

ℓ(
ℓ
+

1)
C

B
B

l
e
n
s

ℓ
/2

π
[

µ
K

2
]

ℓ(
ℓ
+

1)
C

B
B

l
e
n
s

ℓ
/2

π
[

µ
K

2
]

ℓℓ

Foreground	
  residuals	
  robustness	
  tests	
  

consistent	
  results	
  based	
  on	
  independant	
  component	
  separa?ons	
  	
  

the	
  B-­‐lensing	
  ex?mate	
  is	
  immune	
  to	
  foreground	
  residuals	
  

fsky ' 70%

24 

Using foreground-cleaned T, Q, U from different component separation methods [Ref: Planck results XI 2015 ] 
with a common                       mask 
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SPT	
  2013	
  

SPTpol@150GHz	
  +	
  Herschel	
  CIB	
  

POLARBEAR	
  2014	
  
	
  [Ref	
  P.A.R.	
  Ade	
  et	
  al.	
  2014	
  	
  
(arXiv:1403.2369)]	
  
see	
  Satoru Takakura’s talk 	
  

Comparison	
  to	
  external	
  measurements	
  

!  direct	
  B-­‐mode	
  measurements	
  (	
  i.	
  e.	
  auto-­‐Cl	
  of	
  the	
  observed	
  B-­‐mode)	
  

BICEP2/Keck	
  2015	
  
	
  [Ref	
  	
  P.A.R.	
  Ade	
  et	
  al.	
  2014	
  	
  
(arXiv:1502.00643)]	
  
see	
  Kirit	
  Karkare’s	
  talk	
  

!  Cross-­‐correla?on	
  
measurements	
  

	
  [Ref	
  D.	
  Hanson	
  et	
  al.	
  2013	
  	
  
(arXiv:1307.5830)]	
  

see	
  also	
  	
  POLARBEAR	
  2014	
  
[Ref	
  P.A.R.	
  Ade	
  et	
  al.	
  2014b	
  
(arXiv:1312.6646)]	
   no	
  bias	
  at	
  mul?pole	
  relevant	
  for	
  primordial	
  B-­‐mode	
  search	
  

10 . ` . 1000

25 
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the	
  most	
  accurate	
  B-­‐lensing	
  measurement	
  to	
  date	
  up	
  to	
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What	
  is	
  the	
  lensing	
  B	
  map	
  useful	
  for	
  ?	
  

26 
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!  Measuring	
  the	
  lensing	
  B	
  at	
  the	
  largest	
  
angular	
  scales	
  

! 	
  r,	
  A_lens	
  improvement	
  forecasts	
  

be@er	
  than	
  rebuilding	
  a	
  template	
  using	
  φMV	
  	
  

Fisher	
  matrix	
  forecasts	
  in	
  a	
  {LCDM+r+A_lens+A_dust}	
  model	
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  BK	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  LiteBIRD	
  
[Ade++	
  2015]	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  [Matsumura++	
  2014]	
  

uncertainty	
  
reduc?on	
  

δ(ΔΑlens)	
  	
  	
   36	
  %	
  	
  (ΔΑlens	
  =	
  0.12)	
   20%	
  	
  (ΔΑlens	
  =	
  0.03)	
  

δ(Δr)	
  	
  	
   5%	
  	
  (Δr	
  =	
  0.03)	
  	
  	
   15%	
  	
  (Δr	
  =	
  1.8x	
  10-­‐3)	
  	
  	
  

Bicep2/Keck	
  :	
   ΔΑΒlens = 0.15 

lensing	
  B	
  at	
  100<ell<300	
  
POLARBEAR	
  	
  
SPTpol	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Αlens =	
  1.13	
  ±	
  0.18	
  [BKP	
  analysis]	
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  M.	
  Hazumi’s	
  talk]	
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Conclusions	
  
Planck	
  has	
  measured	
  the	
  first	
  nearly	
  full-­‐sky	
  map	
  of	
  the	
  integrated	
  mass	
  distribu?on	
  (thanks	
  to	
  

its	
  observa?onal	
  performancies	
  +	
  high	
  systema?c	
  control	
  in	
  the	
  data-­‐processing)	
  
!  S/N	
  ≈	
  1	
  at	
  large	
  angular	
  scales	
  (35%	
  uncertain?es	
  improvement	
  over	
  the	
  2013	
  results)	
  	
  

!  valuable	
  dark	
  ma@er	
  tracer	
  for	
  corss-­‐correla?on	
  studies:	
  e.g.	
  first	
  detec?on	
  of	
  the	
  CIB-­‐Lensing	
  
(46s)	
  and	
  ISW-­‐lensing	
  

The	
  lensing	
  power	
  spectrum	
  is	
  measured	
  at	
  2.5%	
  precision	
  level	
  (best	
  measurement	
  to	
  date)	
  

!  passes	
  an	
  extensive	
  suites	
  of	
  cross-­‐checks	
  and	
  robustness	
  tests	
  

!  our	
  cleanest	
  mul?pole	
  range	
  is	
  40-­‐400	
  (retains	
  90%	
  of	
  the	
  S/N)	
  

Several	
  important	
  cosmological	
  impacts	
  (probing	
  the	
  post-­‐recombina?on	
  history	
  with	
  CMB	
  alone)	
  

!  alterna?ve	
  τ	
  measurement	
  (independently	
  of	
  the	
  polariza?on)	
  

!  imposing	
  flatness	
  at	
  the	
  sub-­‐percent	
  level	
  

!  	
  weaker	
  constraining	
  power	
  on	
  the	
  extension	
  to	
  LCDM	
  than	
  expected	
  (e.g.	
  low-­‐ell	
  dip	
  tensions)	
  

!  	
  mild	
  precision	
  improvement	
  yet	
  important	
  accuracy	
  improvement	
  

First	
  nearly	
  all-­‐sky	
  map	
  of	
  the	
  lensing	
  induced	
  B-­‐modes	
  

!  Planck	
  φ	
  as	
  mass	
  tracer:	
  including	
  all	
  the	
  lensing	
  informa?on	
  	
  

!  	
  >10σ measurement	
  of	
  the	
  lensing	
  B	
  power	
  spectrum	
  (indirect	
  method)	
  	
  

!  	
  useful	
  tool	
  for	
  other	
  experiments	
  :	
  measurement	
  of	
  the	
  lensing	
  B	
  at	
  the	
  lowest	
  accessible	
  ell	
  and	
  
(A_lens,	
  r)	
  degeracy	
  breaking.	
  

Lensing results are a stricking success of the whole PLANCK collaboration.  
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The scientific results that we present today are a product of the Planck 
Collaboration, including individuals from more than 100 scientific 
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Thank you 
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Consistency	
  with	
  alterna?ve	
  method	
  	
  

consistent	
  results	
  using	
  2	
  independent	
  methods	
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i.e., official"
i.e., alternative"

• 	
  SMICA	
  T	
  and	
  P	
  maps	
  
• 	
  TT-­‐only	
  lensing	
  extrac?on	
  
• 	
  lensing	
  bias	
  es?mate	
  using	
  FFP8	
  

• 	
  	
  	
  	
  	
  

We	
  use	
  the	
  same	
  setup:	
  	
  

Âo�cial

B = 0.95± 0.09 (�TT )

Âalternative
B = 0.97± 0.08

Âo�cial

B = 0.95± 0.09 (�TT )

fsky ' 70%
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1.  Masking	
  foreground-­‐contaminated	
  areas	
  in	
  the	
  temperature	
  map	
  and	
  inpain?ng	
  

2.  Extrac?ng	
  	
  	
  	
  	
  	
  using	
  Okamoto&Hu	
  es?mator	
  and	
  subtrac?ng	
  for	
  the	
  Mean-­‐Field	
  	
  

3.  Genera?ng	
  pure	
  E-­‐mode	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  by	
  nullifying	
  the	
  B-­‐mode	
  component	
  in	
  spherical	
  harmonic	
  
space	
  

4.  Filtering	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  implemen?ng	
  :	
  

5.  deconvolving	
  	
  from	
  the	
  filtering	
  transfer	
  func?on	
  	
  	
  

The	
  real-­‐space	
  based	
  alterna?ve	
  pipeline	
  	
  

�

QE&UE

�, QE&UE r
⇣
Q̃E ± iŨE

⌘
·r�̃

Further	
  details	
  on	
  the	
  real-­‐space	
  pipeline	
  [Ref:	
  Planck	
  B-­‐lensing	
  paper]	
  :	
  	
  



-0.12  0.12 

Lensing 2014 kappa map

The	
  lensing	
  poten?al	
  extrac?on	
  

! 	
  the	
  official	
  	
  	
  	
  	
  of	
  Planck	
  2014	
  lensing	
  	
  

•  T+P	
  (25%	
  less	
  uncertain?es)	
  	
  
• 	
  minimum-­‐variance	
  filtering	
  of	
  T	
  and	
  P	
  

7 

-0.12  0.12 

B-mode internal kappa map

! 	
  the	
  alterna?ve	
  	
  	
  	
  :	
  
•  T-­‐only	
  	
  
• 	
  mask	
  treated	
  by	
  inpain?ng	
  
• 	
  Ref:	
  Planck	
  2013	
  lensing	
  	
  

targeted	
  to	
  real-­‐space	
  implementa?on	
  

Wiener-
filtered 

convergence 
maps  

The	
  consistency	
  of	
  the	
  2	
  lensing	
  extrac?on	
  methods	
  is	
  discussed	
  in	
  Planck	
  2013	
  lensing	
  
Quick	
  check	
  on	
  Planck	
  2014	
  data:	
  

used	
  in	
  the	
  harmonics-­‐space	
  method	
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Correla?on	
  with	
  other	
  LSS	
  tracers	
  
External	
  data	
  

• 	
  20	
  sigma	
  correla?on	
  with	
  NVSS	
  radio	
  galaxies	
  and	
  quasars	
  	
  (zmean	
  =	
  1.1)	
  	
  
• 	
  10	
  sigma	
  with	
  SDSS	
  Luminous	
  Red	
  Galaxies	
  (zmean	
  =	
  0.55)	
  
• 	
  7	
  sigma	
  with	
  the	
  WISE	
  satellite	
  IR	
  galaxies	
  catalog	
  	
  (zmean	
  =	
  0.1)	
  	
  	
  

Planck’s	
  Cosmic	
  Infrared	
  Background	
  (CIB)	
  

• 	
  first	
  detec?on	
  (42	
  sigma)	
  of	
  a	
  correla?on	
  between	
  high-­‐frequency	
  maps	
  and	
  lensing	
  

• 	
  helps	
  in	
  probing	
  the	
  origin	
  of	
  the	
  CIB	
  hence	
  in	
  constraining	
  the	
  star	
  forma?on	
  history	
  

1° 

stacking:	
  	
  	
  	
  	
  	
  	
  20	
  000	
  T	
  hot	
  spots	
  	
  	
  	
  20	
  000	
  T	
  cold	
  spots	
  	
  	
  	
  	
  random	
  loca?ons	
  

545	
  GHz	
  

9 

Planck	
  2013	
  Lensing	
  

• 	
  unresolved	
  high-­‐redshiq	
  dusty	
  star-­‐forming	
  galaxies	
  
• 	
  dominant	
  extra-­‐galac?c	
  emission	
  at	
  	
  	
  	
  	
  353GHz	
  


