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Outline

• Probing fundamental physics with current cosmological survey: the Planck example 
➡ Example of fundamental physical measurements performed by Planck. 

• Planck and Inflation: 
➡ Constraining the Initial Conditions, and the physics of Inflation with Planck. 

• Other interesting signals contained in the CMB: 
➡ The lensing of the CMB. 
➡ The cosmic infrared background.
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30 GHz
What Planck Has Done for Astrophysics in 2013

4

• Noise properties on maps meet or exceed goals: 
➡ Precision on cosmological parameters is as per pre-flight “Blue Book” values. 

• These temperature maps and many more (~200 maps) are available for download on ESA and NASA/IPAC websites. 
• Lead to more than 30 published papers in 2013 (1000 pages of science!). Main cosmology paper has >1,500 citations.
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Planck, the 3d Generation CMB Satellite

• Planck aimed at being CMB photon noise limited after 1 year of observations: 
➡ Planck improves over WMAP by a factor 3 in angular resolution and 5 in instantaneous map sensitivity. 
➡ Control of foregrounds requires 9 frequencies between 30 GHz and 1 THz (7 polarized). 

• To reach these goals required several technological breakthroughs in space: 
➡ Sensitive and fast bolometers, low noise read out, low and stable focal plane temperature (100 mK for 

HFI focal plane with < 20 nK.√Hz stability), low side lobes... 
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What Planck Has Done for Cosmology

• The analysis of this map allows us to address many questions (~30 papers so far): 
➡ Is flat ΛCDM still a good model?  
➡ What is the nature of Inflation? Did it happen? 
➡ Is Dark Energy constant?

➡ What are the neutrino masses? 
➡ Are there extra relativistic species? 
➡ Are there other unexpected signatures? 
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Planck CMB Angular Temperature Power Spectra
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• A triumph of modern physics: 
➡A 6 parameter “standard” model (Ωcdm, Ωb, ns, τ, As, ΩDE) based on cosmological 

perturbation theory fits multiple data-sets across cosmic times.

Hori
zon

 sc
ale

 at
 

de
co

up
ling

Silk 
Dam

pin
g

Sac
hs-

Wolfe
  

pla
tea

u
l(l+

1)
C l

/2
π 

[μ
K2 ]



Olivier Doré Cosmic Microwave Background Anisotropies - II - Caltech, February 2017

Cosmological Constraints from Cosmological Survey

8

Initial conditions  
set by early universe 
model, e.g., Inflation 

(ns, r, αs, fNL,etc.)

Observables: 
•CMB Cl, Blll  
•Galaxy P(k) 
•...

Transfer functions determined by 
linear perturbations theory in GR. 
Depends on Ωcdm, Ωb, DE, 
neutrino masses, Y,...

Analytical evaluation
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Page 66

Base ƯCDM model 6 parameters

François R. Bouchet  "Planck mission overview"Page 66

Base ƯCDM model 6 parameters

François R. Bouchet  "Planck mission overview"

Refining the Base ΛCDM Model
• Planck + WP: 

➡Ωbh2 = 

9

ΛCDM!

Planck +WP!

Ωbh2 != 0.02205 ± 0.00028!

Ωch2 != 0.1199 ± 0.0027!

ns != 0.960 ± 0.007!

τ != 0.089 ± 0.014!

109As != 2.20 ± 0.06!

!

H0 != 67.3 ± 1.2 !

ΩΛ != 0.685 ± 0.017!

σ8 != 0.829 ± 0.012!

‣0.05% measurement of sound horizon 

‣Rule out exact scale invariance at 6σ 

WMAP 
Planck + WP 
Planck + lensing
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Galaxy Clustering Cosmology
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 δg(θ,z)

 P(k) = <δg(k) δg*(k)>

BOSS survey, Anderson++12,13

BAO

 ΩDE, fnl,...
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Galaxy Power Spectrum Shape Comparison

• The predicted  shape of the power spectrum is in excellent agreement with that 
seen in the SDSS.
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Planck 2013 Results. XVI
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Consistency with BAO!Planck Collaboration: Cosmological parameters

from excess residuals at the µK2 level in the high-` spectra rela-
tive to the best-fit AL = 1 ⇤CDM+foregrounds model on scales
where extragalactic foreground modelling is critical.

5.2. Baryon acoustic oscillations

Baryon acoustic oscillations (BAO) in the matter power spec-
trum were first detected in analyses of the 2dF Galaxy
Redshift Survey (Cole et al. 2005) and the SDSS redshift sur-
vey (Eisenstein et al. 2005). Since then, accurate BAO measure-
ments have been made using a number of di↵erent galaxy red-
shift surveys, providing constraints on the distance luminosity
relation spanning the redshift range 0.1 <⇠ z <⇠ 0.718. Here we use
the results from four redshift surveys: the SDSS DR7 BAO mea-
surements at e↵ective redshifts ze↵ = 0.2 and ze↵ = 0.35, anal-
ysed by Percival et al. (2010); the z = 0.35 SDSS DR7 measure-
ment at ze↵ = 0.35 reanalyzed by Padmanabhan et al. (2012); the
WiggleZ measurements at ze↵ = 0.44, 0.60 and 0.73 analysed by
Blake et al. (2011); the BOSS DR9 measurement at ze↵ = 0.57
analyzed by Anderson et al. (2013); and the 6dF Galaxy Survey
measurement at z = 0.1 discussed by Beutler et al. (2011).

BAO surveys measure the distance ratio

dz =
rs(zdrag)
DV(z)

, (45)

where rs(zdrag) is the comoving sound horizon at the baryon drag
epoch (when baryons became dynamically decoupled from the
photons) and DV(z) is a combination of the angular-diameter dis-
tance, DA(z), and the Hubble parameter, H(z), appropriate for the
analysis of spherically-averaged two-point statistics:

DV(z) =
"
(1 + z)2D2

A(z)
cz

H(z)

#1/3
. (46)

In the ⇤CDM cosmology, the angular diameter distance to red-
shift z is

DA(z) =
c

H0
D̂A.

=
c

H0

1
|⌦K |1/2(1 + z)

sinK
h
|⌦K |1/2x(z,⌦m,⌦⇤)

i
, (47)

where

x(z,⌦m,⌦⇤) =
Z z

0

dz0

[⌦m(1 + z0)3 +⌦K(1 + z0)2 +⌦⇤]1/2 , (48)

and sinK = sinh for ⌦K > 0 and sinK = sin for ⌦K < 0. Note
that the luminosity distance, DL, relevant for the analysis of Type
Ia supernovae (see Sect. 5.4) is related to the angular diameter
distance via DL = (c/H0)D̂L = DA(1 + z)2.

Di↵erent groups fit and characterize BAO features in di↵er-
ent ways. For example, the WiggleZ team encode some shape
information on the power spectrum to measure the acoustic pa-
rameter A(z), introduced by Eisenstein et al. (2005),

A(z) =
DV(z)

q
⌦mH2

0

cz
, (49)

18Detections of a BAO feature have recently been reported in the
three-dimensional correlation function of the Ly↵ forest in large sam-
ples of quasars at a mean redshift of z ⇡ 2.3 (Busca et al. 2012;
Slosar et al. 2013). These remarkable results, probing cosmology well
into the matter-dominated regime, are based on new techniques that are
less mature than galaxy BAO measurements. For this reason, we do not
include Ly↵ BAO measurements as supplementary data to Planck. For
the models considered here and in Sect. 6, the galaxy BAO results give
significantly tighter constraints than the Ly↵ results.

Fig. 15. Acoustic-scale distance ratio rs/DV(z) divided by the
distance ratio of the Planck base ⇤CDM model. The points are
colour-coded as follows: green star (6dF); purple squares (SDSS
DR7 as analyzed by Percival et al. 2010); black star (SDSS DR7
as analyzed by Padmanabhan et al. 2012); blue cross (BOSS
DR9); and blue circles (WiggleZ). The grey band shows the ap-
proximate ±1� range allowed by Planck (computed from the
CosmoMC chains).

which is almost independent of !m. To simplify the presenta-
tion, Fig. 15 shows estimates of rs/DV(z) and 1� errors, as
quoted by each of the experimental groups, divided by the ex-
pected relation for the Planck base ⇤CDM parameters. Note
that the experimental groups use the approximate formulae of
Eisenstein & Hu (1998) to compute zdrag and rs(zdrag), though
they fit power spectra computed with Boltzmann codes, such
as camb, generated for a set of fiducial-model parameters. The
measurements have now become so precise that the small di↵er-
ence between the Eisenstein & Hu (1998) approximations and
the accurate values of zdrag and rdrag = rs(zdrag) returned by camb
need to be taken into account. In CosmoMC we multiply the ac-
curate numerical value of rs(zdrag) by a constant factor of 1.0275
to match the Eisenstein-Hu approximation in the fiducial model.
This correction is su�ciently accurate over the range of !m and
!b allowed by the CMB in the base ⇤CDM cosmology (see e.g.
Mehta et al. 2012) and also for the extended ⇤CDM models dis-
cussed in Sect. 6.

The Padmanabhan et al. (2012) result plotted in Fig. 15 is
a reanalysis of the ze↵ = 0.35 SDSS DR7 sample discussed
by Percival et al. (2010). Padmanabhan et al. (2012) achieve a
higher precision than Percival et al. (2010) by employing a re-
construction technique (Eisenstein et al. 2007) to correct (par-
tially) the baryon oscillations for the smearing caused by galaxy
peculiar velocities. The Padmanabhan et al. (2012) results are
therefore strongly correlated with those of Percival et al. (2010).
We refer to the Padmanabhan et al. (2012) “reconstruction-
corrected” results as SDSS(R). A similar reconstruction tech-
nique was applied to the BOSS survey by Anderson et al. (2013)
to achieve 1.6% precision in DV(z = 0.57)/rs, the most precise
determination of the acoustic oscillation scale to date.

All of the BAO measurements are compatible with the base
⇤CDM parameters from Planck. The grey band in Fig. 15
shows the ±1� range in the acoustic-scale distance ratio com-
puted from the Planck+WP+highL CosmoMC chains for the base
⇤CDM model. To get a qualitative feel for how the BAO mea-
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rs is the comoving sound horizon at the baryon 
drag epoch!
DV combines the angular diameter distance and 
the Hubble parameter!

Strong Consistency with BAO Surveys
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tive to the best-fit AL = 1 ⇤CDM+foregrounds model on scales
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• Dv combines the angular diameter distance and the Hubble parameter: 
• rs is the comoving horizon at the baryon drag epoch.
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Constraining extension to basic ΛCDM model

• Constraints on a single parameter extension of standard ΛCDM model, one parameter at a time. 
• The combination of Planck and current current BAO data is powerful. 
• It mostly breaks the angular diameter degeneracy.
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Likelihood Analysis Robustness Tests
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Planck collaboration: CMB power spectra & likelihood
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Figure 24. Comparison of the distributions of cosmological parameters in the reference case (left) with a set of validation test cases.
The red line indicates the median and blue the mean, computed from the posterior histograms. The box shows the 68% confidence
interval; the outer line the 95% interval.

(2005) and Tucci et al. (2011) are also shown and are discussed
in Planck Collaboration Int. VII (2013).

Planck Collaboration Int. VII (2013) use spectral informa-
tion to separate the sources into ‘synchrotron’ and ‘dusty’
sources, and show that the counts at 100 – 217 GHz are domin-
ated by synchrotron sources at flux densities above ⇠ 400 mJy.
Vieira et al. (2010) performed a similar separation. The counts
at 150 GHz are dominated by synchrotron sources at flux densit-
ies S > 10 mJy, but dusty galaxies contribute roughly equally
at 220 GHz at flux densities . 30 mJy (Vieira et al. 2010;
Hall et al. 2010). The ACT counts have not been separated ac-
cording to spectral type, but should be dominated by radio
sources at these flux densities.

Figure 28 show models fit to the counts using the function

S 5/2 dN
dS
=

AS 5/2

(S/S 0)↵ + (S/S 0)�
+ B

 
1 � exp

 
S
S 1

!!
, (20)

where A, S 0, ↵, �, B, and S 1 are free parameters. The best-fit
values of these parameters are given in Table 7.

Given this model, and given the approximate flux cut applied
to the Planck maps, the expected contribution of radio sources
to the Planck power spectra, at flux densities smaller than 400,

Table 7. Parameters for point source model of Eq. 20, fitting
detected source counts shown in Fig. 28.

Parameter 100 GHz 143 GHz 217 GHz
A . . . . . . . . . . . . 18.24 8.38 8.58
S 0 . . . . . . . . . . . 1.58 1.65 1.48
↵ . . . . . . . . . . . . 1.88 1.89 1.90
� . . . . . . . . . . . . 3.35 3.78 4.10
B . . . . . . . . . . . . 14.91 8.73 8.53
S 1 . . . . . . . . . . . 14.91 5.17 1.78

350, and 225 ± 50 mJy at 100, 143, and 217 GHz, are 8.47 ± 1,
6.05 ± 0.8, and 3.10 ± 0.7 Jy2/sr. The contribution of unresolved
infrared galaxies to the power spectra is not negligible. They are
expected to dominate at 217 GHz, even if they are subdominant
in the Planck counts. Indeed, faint IR galaxies create a “bump”
in the S 5/2dN/dS distribution, below the detection limit of ACT
or SPT. This bump is seen at higher frequencies, e.g., with the
Herschel SPIRE instrument (see Planck Collaboration Int. VII
2013, for details).

This bump of infrared galaxies has not been measured at fre-
quencies of 217 GHz and below. However, measurements with
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Figure 24. Comparison of the distributions of cosmological parameters in the reference case (left) with a set of validation test cases.
The red line indicates the median and blue the mean, computed from the posterior histograms. The box shows the 68% confidence
interval; the outer line the 95% interval.

(2005) and Tucci et al. (2011) are also shown and are discussed
in Planck Collaboration Int. VII (2013).

Planck Collaboration Int. VII (2013) use spectral informa-
tion to separate the sources into ‘synchrotron’ and ‘dusty’
sources, and show that the counts at 100 – 217 GHz are domin-
ated by synchrotron sources at flux densities above ⇠ 400 mJy.
Vieira et al. (2010) performed a similar separation. The counts
at 150 GHz are dominated by synchrotron sources at flux densit-
ies S > 10 mJy, but dusty galaxies contribute roughly equally
at 220 GHz at flux densities . 30 mJy (Vieira et al. 2010;
Hall et al. 2010). The ACT counts have not been separated ac-
cording to spectral type, but should be dominated by radio
sources at these flux densities.

Figure 28 show models fit to the counts using the function

S 5/2 dN
dS
=

AS 5/2

(S/S 0)↵ + (S/S 0)�
+ B

 
1 � exp

 
S
S 1

!!
, (20)

where A, S 0, ↵, �, B, and S 1 are free parameters. The best-fit
values of these parameters are given in Table 7.

Given this model, and given the approximate flux cut applied
to the Planck maps, the expected contribution of radio sources
to the Planck power spectra, at flux densities smaller than 400,

Table 7. Parameters for point source model of Eq. 20, fitting
detected source counts shown in Fig. 28.

Parameter 100 GHz 143 GHz 217 GHz
A . . . . . . . . . . . . 18.24 8.38 8.58
S 0 . . . . . . . . . . . 1.58 1.65 1.48
↵ . . . . . . . . . . . . 1.88 1.89 1.90
� . . . . . . . . . . . . 3.35 3.78 4.10
B . . . . . . . . . . . . 14.91 8.73 8.53
S 1 . . . . . . . . . . . 14.91 5.17 1.78

350, and 225 ± 50 mJy at 100, 143, and 217 GHz, are 8.47 ± 1,
6.05 ± 0.8, and 3.10 ± 0.7 Jy2/sr. The contribution of unresolved
infrared galaxies to the power spectra is not negligible. They are
expected to dominate at 217 GHz, even if they are subdominant
in the Planck counts. Indeed, faint IR galaxies create a “bump”
in the S 5/2dN/dS distribution, below the detection limit of ACT
or SPT. This bump is seen at higher frequencies, e.g., with the
Herschel SPIRE instrument (see Planck Collaboration Int. VII
2013, for details).

This bump of infrared galaxies has not been measured at fre-
quencies of 217 GHz and below. However, measurements with
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• The Planck data set enables multiple consistency tests. 

• We used these extensively at all level of the analysis. 

• Note that the default likelihood has 14 non-cosmological nuisance parameters.
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Number of Relativistic Species
• Neff is a probe of the standard model of particle physics. 

• More relativistic species lead to longer radiation domination. Older oscillations in 
the primary CMB are suppressed. 
➡ Neff = 3.36±0.34 (68%, Planck+WP+high L) 
➡ Neff = 3.30±0.27 (68%, Planck+WP+high L+BAO)

15

Relativistic species!
Planck Collaboration: Cosmological parameters
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Fig. 24. Constraints on ns for ⇤CDM models with non-standard
relativistic species, Ne↵ , (upper) and helium fraction, YP, (lower).
We show 68% and 95% contours for various data combinations.
Note the tightening of the constraints with the addition of BAO
data.

ACT and SPT, Hinshaw et al. (2012) found a negative running
at nearly the 2� level with dns/d ln k = �0.022 ± 0.012 (see
also Dunkley et al. 2011 and Keisler et al. 2011 for analysis
of ACT and SPT with earlier data from WMAP). The ACT
3-year release, which incorporated a new region of sky, gave
dns/d ln k = �0.003 ± 0.013 (Sievers et al. 2013) when com-
bined with WMAP 7 year data. With the wide field SPT data at
150 GHz, a negative running was seen at just over the 2� level,
dns/d ln k = �0.024 ± 0.011 (Hou et al. 2012).

The picture from previous CMB experiments is therefore
mixed. The latest WMAP data show a 1� trend for a running,
but when combined with the S12 SPT data, this trend is ampli-
fied to give a potentially interesting result. The latest ACT data
go in the other direction, giving no support for a running spectral
index when combined with WMAP29.

The results from Planck data are as follows (see Figs. 21 and
23):

dns/d ln k = �0.013 ± 0.009 (68%; Planck+WP); (62a)

29The di↵erences between the Planck results reported here and the
WMAP-7+SPT results (Hou et al. 2012) are discussed in Appendix A.

dns/d ln k = �0.015 ± 0.009 (68%; Planck+WP+highL); (62b)
dns/d ln k = �0.011 ± 0.008 (68%; Planck+lensing

+WP+highL). (62c)

The consistency between (62a) and (62b) shows that these re-
sults are insensitive to modelling of unresolved foregrounds.
The preferred solutions have a small negative running, but not
at a high level of statistical significance. Closer inspection of
the best-fits shows that the change in �2 when dns/d ln k is in-
cluded as a parameter comes almost entirely from the low multi-
pole temperature likelihood. In fact, the fits to the high multipole
Planck likelihood have a slightly worse �2 when dns/d ln k is in-
cluded. The slight preference for a negative running is therefore
driven by the spectrum at low multipoles ` <⇠ 50. The tendency
for negative running is partly mitigated by including the Planck
lensing likelihood (Eq. 62c).

The constraints on dns/d ln k are broadly similar if tensor
fluctuations are allowed in addition to a running of the spectrum
(Fig. 23) . Adding tensor fluctuations, the marginalized posterior
distributions for dns/d ln k give

dns/d ln k = �0.021 ± 0.011 (68%; Planck+WP), (63a)
dns/d ln k = �0.022 ± 0.010 (68%; Planck+WP+highL), (63b)
dns/d ln k = �0.019 ± 0.010 (68%; Planck+lensing

+WP+highL). (63c)

As with Eqs. (62a)–(62c) the tendency to favour negative run-
ning is driven by the low multipole component of the tempera-
ture likelihood not by the Planck spectrum at high multipoles.

This is one of several examples discussed in this section
where marginal evidence for extensions to the base ⇤CDM
model are favoured by the TT spectrum at low multipoles. (The
low multipole spectrum is also largely responsible for the pull of
the lensing amplitude, AL, to values greater than unity discussed
in Sect. 5.1). The mismatch between the best-fit base ⇤CDM
model and the TT spectrum at multipoles ` <⇠ 30 is clearly vis-
ible in Fig. 1. The implications of this mismatch are discussed
further in Sect. 7.

Beyond a simple running, various extended parameter-
izations have been developed by e.g., Bridle et al. (2003),
Shafieloo & Souradeep (2008), Verde & Peiris (2008), and
Hlozek et al. (2012), to test for deviations from a power-law
spectrum of fluctuations. Similar techniques are applied to the
Planck data in Planck Collaboration XXII (2013).

6.2.2. Tensor fluctuations

In the base ⇤CDM model, the fluctuations are assumed to
be purely scalar modes. Primordial tensor fluctuations could
also contribute to the temperature and polarization power spec-
tra (e.g., Grishchuk 1975; Starobinsky 1979; Basko & Polnarev
1980; Crittenden et al. 1993, 1995). The most direct way of test-
ing for a tensor contribution is to search for a magnetic-type par-
ity signature via a large-scale B-mode pattern in CMB polar-
ization (Zaldarriaga & Seljak 1997; Kamionkowski et al. 1997).
Direct B-mode measurements are challenging as the expected
signal is small; upper limits measured by BICEP and QUIET
give 95% upper limits of r0.002 < 0.73 and r0.002 < 2.8 respec-
tively (Chiang et al. 2010; QUIET Collaboration et al. 2012)30.

30As discussed in Planck Collaboration II (2013) and
Planck Collaboration VI (2013), residual low-level polarization
systematics in both the LFI and HFI data preclude a Planck B-mode
polarization analysis at this stage.
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ACT and SPT, Hinshaw et al. (2012) found a negative running
at nearly the 2� level with dns/d ln k = �0.022 ± 0.012 (see
also Dunkley et al. 2011 and Keisler et al. 2011 for analysis
of ACT and SPT with earlier data from WMAP). The ACT
3-year release, which incorporated a new region of sky, gave
dns/d ln k = �0.003 ± 0.013 (Sievers et al. 2013) when com-
bined with WMAP 7 year data. With the wide field SPT data at
150 GHz, a negative running was seen at just over the 2� level,
dns/d ln k = �0.024 ± 0.011 (Hou et al. 2012).

The picture from previous CMB experiments is therefore
mixed. The latest WMAP data show a 1� trend for a running,
but when combined with the S12 SPT data, this trend is ampli-
fied to give a potentially interesting result. The latest ACT data
go in the other direction, giving no support for a running spectral
index when combined with WMAP29.

The results from Planck data are as follows (see Figs. 21 and
23):

dns/d ln k = �0.013 ± 0.009 (68%; Planck+WP); (62a)

29The di↵erences between the Planck results reported here and the
WMAP-7+SPT results (Hou et al. 2012) are discussed in Appendix A.

dns/d ln k = �0.015 ± 0.009 (68%; Planck+WP+highL); (62b)
dns/d ln k = �0.011 ± 0.008 (68%; Planck+lensing

+WP+highL). (62c)

The consistency between (62a) and (62b) shows that these re-
sults are insensitive to modelling of unresolved foregrounds.
The preferred solutions have a small negative running, but not
at a high level of statistical significance. Closer inspection of
the best-fits shows that the change in �2 when dns/d ln k is in-
cluded as a parameter comes almost entirely from the low multi-
pole temperature likelihood. In fact, the fits to the high multipole
Planck likelihood have a slightly worse �2 when dns/d ln k is in-
cluded. The slight preference for a negative running is therefore
driven by the spectrum at low multipoles ` <⇠ 50. The tendency
for negative running is partly mitigated by including the Planck
lensing likelihood (Eq. 62c).

The constraints on dns/d ln k are broadly similar if tensor
fluctuations are allowed in addition to a running of the spectrum
(Fig. 23) . Adding tensor fluctuations, the marginalized posterior
distributions for dns/d ln k give

dns/d ln k = �0.021 ± 0.011 (68%; Planck+WP), (63a)
dns/d ln k = �0.022 ± 0.010 (68%; Planck+WP+highL), (63b)
dns/d ln k = �0.019 ± 0.010 (68%; Planck+lensing

+WP+highL). (63c)

As with Eqs. (62a)–(62c) the tendency to favour negative run-
ning is driven by the low multipole component of the tempera-
ture likelihood not by the Planck spectrum at high multipoles.

This is one of several examples discussed in this section
where marginal evidence for extensions to the base ⇤CDM
model are favoured by the TT spectrum at low multipoles. (The
low multipole spectrum is also largely responsible for the pull of
the lensing amplitude, AL, to values greater than unity discussed
in Sect. 5.1). The mismatch between the best-fit base ⇤CDM
model and the TT spectrum at multipoles ` <⇠ 30 is clearly vis-
ible in Fig. 1. The implications of this mismatch are discussed
further in Sect. 7.

Beyond a simple running, various extended parameter-
izations have been developed by e.g., Bridle et al. (2003),
Shafieloo & Souradeep (2008), Verde & Peiris (2008), and
Hlozek et al. (2012), to test for deviations from a power-law
spectrum of fluctuations. Similar techniques are applied to the
Planck data in Planck Collaboration XXII (2013).

6.2.2. Tensor fluctuations

In the base ⇤CDM model, the fluctuations are assumed to
be purely scalar modes. Primordial tensor fluctuations could
also contribute to the temperature and polarization power spec-
tra (e.g., Grishchuk 1975; Starobinsky 1979; Basko & Polnarev
1980; Crittenden et al. 1993, 1995). The most direct way of test-
ing for a tensor contribution is to search for a magnetic-type par-
ity signature via a large-scale B-mode pattern in CMB polar-
ization (Zaldarriaga & Seljak 1997; Kamionkowski et al. 1997).
Direct B-mode measurements are challenging as the expected
signal is small; upper limits measured by BICEP and QUIET
give 95% upper limits of r0.002 < 0.73 and r0.002 < 2.8 respec-
tively (Chiang et al. 2010; QUIET Collaboration et al. 2012)30.

30As discussed in Planck Collaboration II (2013) and
Planck Collaboration VI (2013), residual low-level polarization
systematics in both the LFI and HFI data preclude a Planck B-mode
polarization analysis at this stage.

39

€ 

ρrel =
7
8
4
11
# 

$ 
% 

& 

' 
( 
4 / 3

Neff

) 

* 
+ 

, 

- 
. ργ

!More species, longer radiation domination; suppress 
early acoustic oscillations in primary CMB; have 
anisotropic stress!

Neff = 3.36 ± 0.34 (68%, Planck+WP+highL)!
Neff = 3.30 ± 0.27 (+BAO)!

4He

D



Olivier Doré Cosmic Microwave Background Anisotropies - II - Caltech, February 2017

What is Inflation?
• Inflation was introduced in the 80s to solve the problems of the “standard Big 

Bang” model like the relic, flatness and horizon problem. 

• Key feature:  
➡ During an extended period of time, the universe is expanding exponentially. 

Curvature fluctuations are generated during this phase. 

• This is achieved by introducing in the matter sector: 
➡  (a) new scalar field(s) Φ with a well chosen potential V(Φ) 

• Current data supports simple Inflation paradigm predictions:  
➡ Flatness, nearly scale invariant perturbations (ns~1), Gaussianity, adiabaticity and 

gravity wave background (!!!)

16

Starobinksy 79, Guth 81, Sato 81, Linde 82, Albrecht & Steinhardt 82 
Mukhanov & Chibisov 81, Guth & Pi 82, Starobinsky 82, Hawking 82, Bardeen et al. 83 

Linde 05, Lyth & Riotto 99 for reviews
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Constraining the Initial Conditions
• Derived from the power spectrum: 

➡ Constraints on the primordial curvature perturbation power spectrum: ns,αs  

➡ Constraints on the amplitude of tensor perturbations, the gravity wave 
background that give rises to B-mode polarization: r 

• Derived from higher order moments, and the bispectrum in particular: 
➡ Non-Gaussianity, i.e., a non-zero bispectrum. 
➡ It is often characterized by fnl, ~ skewness 

• For a given inflation model, ns, αs, r, fnl and their inter-relations are specified.

17
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Constraining Spectral Index with Temperature Cl
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Constraining r (tensor modes) with Temperature Cl

19

Challinor 2012

Tensor PerturbationsScalar Perturbations

r=0.24
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Testing Scale Invariance with Planck Alone

• Planck + WP: 
➡ ns = 0.9603±0.0073, r0.002 < 0.12 (95% C.L.). 

• Energy Scale of Inflation:  
➡ V✱< (1.94 x 1016 GeV)4.

20

Scale invariance
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Robustness with regards to other parameters

21

Neff or YHe Reionization

Dark Energy w 
Neutrino mass 

See also de Putter++14 for a 
complimentary analysis 
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Counting Triangles in the Sky

• Simple inflation predicts no (observable) randomness: 
➡ B ~ P3/2 / 1,000,000 

• Deviations less than 1 part in a million! Most stringent inflation test...

22

Planck 2013 Results. XXIV

Power spectrum
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• Non-Gaussianity is was arguably the most stringent test of the standard picture (1 ppM) 

• Simple inflation models cannot generate observable non-Gaussianity: 
➡ Single scalar field,  Canonical kinetic terms 
➡ Always slow roll, Ground state initial vacuum  
➡ Standard Einstein gravity 

• But simple inflation model-building faces rigorous challenges in fundamental theory. 
Many new ideas/ solutions violate these conditions! 

• Many models predicts a detectable level of non-Gaussianity: 
➡ Most multi-field inflation. 
➡ Non-canonical kinetic terms. 
➡ Excited terms. 
➡ Alternative to Inflation.

Non-Gaussianity and Inflation models

23
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• So far, consistent with Gaussian initial conditions.
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No Non-Gaussianity Detection in Data.

Planck 2013 Results. XXIV
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Isocurvature Spectra

• Arise from spatial variations in the equation of state between relative velocity 
components. 

• Might be excited in multi-fields inflations. 
• Expect correlations between adiabatic and multi-field degrees of freedoms

25
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CMB is Gravitationally Lensed by Matter

• The deflection of light (photons) by matter is one of the key prediction of Einstein’s theory of 
general relativity. 

• It is a well observed effect in astronomy, e.g.,“cosmic shear”, “weak/strong gravitational 
lensing”. It affects CMB photons too. 

• The CMB is the most distant source plane we can imagine, but also one with a very precisely 
known redshift (z=1090.37±0.65 after Planck). 

• Because the CMB photons were emitted about ~13 Gpc away, the CMB photons are deflected 
by all the clumps of matter in the visible Universe. 

26
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• Simulated patch (10 deg. wide) of CMB fluctuations before or after lensing. 
• The effect of lensing can be understood as a remapping of the unlensed CMB:   

➡ Tlens(θ) = Tunlensed (θ+α). 
• It is a small effect: 

➡ The rms of the deflection angle is about 2.5’ (as compared to the 5’ beam FWHM). 
➡ The deflection angle is coherent on degree scales, which enables its measurement. 

• This measurement is performed using a tailored “4-point statistic”.

Gravitational Lensing of the CMB
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CMB Lensing Reconstruction

• “Quadratic estimator”: 
➡ The estimator consists in taking two inverse variance weighted T maps. 
➡ Differentiate one. 
➡ Multiply the product with the other. 
➡ Normalize to get unbiased estimator.
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Planck Collaboration: Gravitational lensing by large-scale structures with Planck

1. Introduction

When Blanchard and Schneider first considered the e↵ect of
gravitational lensing on the cosmic microwave background
(CMB) anisotropies in 1987, they wrote with guarded optimism
that although “such an observation is far from present possibil-
ities [...] such an e↵ect will not be impossible to find and to
identify in the future.” (Blanchard & Schneider 1987). In the
proceeding years, and with the emergence of the concordance
⇤CDM cosmology, a standard theoretical picture has emerged,
in which the large-scale, linear structures of the Universe which
intercede between ourselves and the CMB last-scattering sur-
face induce small but coherent (Cole & Efstathiou 1989) de-
flections of the observed CMB temperature and polarisation
anisotropies, with a typical magnitude of 20. These deflec-
tions blur the acoustic peaks (Seljak 1996), generate small-scale
power (Linder 1990; Metcalf & Silk 1997), non-Gaussianity
(Bernardeau 1997), and convert a portion of the dominant E-
mode polarisation to B-mode (Zaldarriaga & Seljak 1998).
Gravitational lensing of the CMB is both a nuisance, in that it
obscures the primordial fluctuations (Knox & Song 2002), as
well as a potentially useful source of information; the charac-
teristic signatures of lensing provide a measure of the distri-
bution of mass in the Universe at intermediate redshifts (typi-
cally 0.1 < z < 5). In the⇤CDM framework, there exist accurate
methods to calculate the e↵ects of lensing on the CMB power
spectra (Challinor & Lewis 2005), as well as optimal estimators
for the distinct statistical signatures of lensing (Hu & Okamoto
2002; Hirata & Seljak 2003a).

In recent years there have been a number of increasingly sen-
sitive experimental measurements of CMB lensing. Lensing has
been measured in the data of the WMAP satellite both in cross-
correlation with large-scale-structure probed by galaxy surveys
(Hirata et al. 2004; Smith et al. 2007; Hirata et al. 2008; Feng
et al. 2012a), as well as internally at lower signal-to-noise (Smidt
et al. 2011; Feng et al. 2012b). The current generation of low-
noise, high-resolution ground-based experiments has done even
better; the Atacama Cosmology Telescope (ACT) has provided
an internal detection of lensing at 4.6� (Das et al. 2011, 2013),
and the South Pole Telescope detects lensing at 8.1� in the tem-
perature power spectrum, and 6.3� from a direct reconstruction
of the lensing potential (Keisler et al. 2011; van Engelen et al.
2012; Story et al. 2012). Significant measurements of the cor-
relation between the reconstructed lensing potential and other
tracers of large-scale structure have also been observed (Bleem
et al. 2012; Sherwin et al. 2012).

Planck enters this field with unique full-sky, multi-frequency
coverage. Nominal map noise levels for the first data release (ap-
proximately 105, 45, and 60 µK arcmin for the three CMB chan-
nels at 100, 143, and 217 GHz respectively) are approximately
five times lower than those of WMAP (or twenty five times lower
in power), and the Planck beams (approximately 100, 70 and 50
at 100, 143 and 217 GHz), are small enough to probe the 2.04
deflections typical of lensing. Full sky coverage is particularly
beneficial for the statistical analysis of lensing e↵ects, as much
of the “noise” in temperature lens reconstruction comes from
CMB fluctuations themselves, which can only be beaten down
by averaging over many modes.

Lensing performs a remapping of the CMB fluctuations,
such that the observed temperature anisotropy in direction n̂
is given in terms of the unlensed, “primordial” temperature

anisotropy as (e.g. Lewis & Challinor 2006)

T (n̂) = T unl(n̂+ r�(n̂)),

= T unl(n̂) +
X

i

ri�(n̂)riT (n̂) + O(�2), (1)

where �(n̂) is the CMB lensing potential, defined by

�(n̂) = �2
Z �⇤

0
d�

fK(�⇤ � �)
fK(�⇤) fK(�)

 (�n̂; ⌘0 � �). (2)

Here � is conformal distance (with �⇤ ⇡ 14000 Mpc) denoting
the distance to the CMB last-scattering surface) and  (�n̂, ⌘)
is the gravitational potential at conformal distance � along the
direction n̂ at conformal time ⌘ (the conformal time today is de-
noted as ⌘0). The angular-diameter distance fK(�) depends on
the curvature of the Universe, and is given by

fK(�) =

8>>>><
>>>>:

K�1/2 sin(K1/2�) for K > 0 (closed),
� for K = 0 (flat),
|K|�1/2 sinh(|K|1/2�) for K < 0 (open).

(3)

The lensing potential is a measure of the integrated mass distri-
bution back to the last-scattering surface. It contains information
on both the gravitational potentials  To first order, its e↵ect on
the CMB is to introduce a correlation between the lensed tem-
perature and the gradient of the unlensed temperature, a property
which can be exploited to make a (noisy) reconstruction of the
lensing potential itself.

In Fig. 1 we plot the noise power spectrum N��L for recon-
struction of the lensing potential using the three Planck frequen-
cies which are most sensitive to the CMB anisotropies on the
arcminute angular scales at which lensing e↵ects become ap-
parent. The angular size of the Planck beams (50 FWHM and
greater) does not allow a high signal-to-noise (S/N) reconstruc-
tion of the lensing potential for any individual mode (our high-
est S/N ratio on an individual mode is approximately 2/3 for the
143 and 217 GHz channels, or 3/4 for a minimum-variance com-
bination of both channels), however with full-sky coverage the
large number of modes which are probed provides considerable
statistical power. To provide a feeling for the statistical weight of
di↵erent regions of the lensing measurement, in Fig. 2 we plot
(forecasted) contributions to the total detection significance for
the potential power spectrum C��L as a function of lensing mul-
tipole L. In addition to the power spectrum of the lensing po-
tential, there is tremendous statistical power in cross-correlation
of the Planck lensing potential with other tracers of the matter
distribution. In Fig. 2 we also plot forecasted S/N contributions
for several representative tracers.

This paper describes the production, characterization, and
first science results for two Planck-derived lensing products:

(I) A map of the CMB lensing potential �(n̂) over a large
fraction of the sky (approximately 70%). This repre-
sents an integrated measure of mass in the entire visible
Universe, with a peak sensitivity to redshifts of z ⇠ 2.
At the resolution of Planck, this map provides an esti-
mate of the lensing potential down to angular scales of
50 at L = 2048, corresponding to structures on the order
of 3 Mpc in size at z = 2.

(II) An estimate of the lensing potential power spec-
trum C��L and an associated likelihood, which is
used in the cosmological parameter analysis of
Planck Collaboration XVI (2013). Our likelihood is

2

T lensed(~✓) = Tunl(~✓ + ~r�) ' Tunl(~✓) + ~r� · ~rTunl(~✓) + . . .

r̄� / TrT
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• Using Planck CMB channels (mostly 143 and 217 GHz), we can reconstruct a 
full sky lensing potential map (total SNR of about 25) using a quadratic estimator. 

• This map is a weighted projection of the gravitational potential over the entire 
visible Universe, with a peak sensitivity between z~1 and 3. 

• The gradient of this map gives the deflection angle.
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Simulated Reconstructions
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As a visual illustration, and a preview of our data results in
Sect. 6, in Fig. 4, we show a simulated lens reconstruction as
well as the input � map, which gives a visual impression of the
signal-to-noise in our lens reconstruction.

Fig. 3. Validation of our estimator normalization for simulations
of the MV reconstruction at the map and power spectrum levels.
The map normalization (plotted as �̂�in) is tested by taking the
cross-spectrum of the input � with the reconstruction averaged
over Monte Carlo simulations, divided by an fsky factor to ac-
count for missing power in the mask. The power spectrum nor-
malization (plotted as �̂�̂) is obtained by averaging the first line
of Eq. (15) over simulations, and then comparing it to the ex-
pected value, which is C��L + �C��L

���
N1

because our simulations
do not contain point source non-Gaussianity.

Sim

�WF(n̂)

Input

Fig. 4. Simulation of the Wiener-filtered lensing potential esti-
mate �WF

LM ⌘ C��L (�̄LM � �̄MF
LM ) for the MV reconstruction (left),

and the input � realization (right; filtered by C��L R��L to be di-
rectly comparable to the Wiener estimate). Both maps show the
southern Galactic sky in orthographic projection. The lensing
reconstruction on the data is noise dominated on all scales, how-
ever correlations between the two maps can still be seen visually.

5. Error budget

In this section, we describe the measurement and systematic er-
ror budget for our estimation of the lensing potential power spec-
trum. This is broken down into three sections; in Sect. 5.1 we
describe our measurement (or “statistical”) error bars, which are
due to the fact that we have only a single noisy sky with a finite
number of modes to observe. In Sect. 5.2 we consider uncer-
tainty in the instrumental beam transfer function, which we will
see propagates to a normalization uncertainty for our lensing es-
timates. Finally, in Sect. 5.3 we discuss the e↵ect of cosmolog-
ical uncertainty; possible errors in the fiducial model for CTT

`
result in a normalization uncertainty for our lensing estimates,
and uncertainties in the fiducial C��L power spectrum lead to un-
certainties in the N(1)

L correction. As a guide to the relative size
and scale dependence of these terms, in Fig. 5 we summarize the
error budget for our fiducial minimum-variance lens reconstruc-
tion, based on 143 and 217 GHz. Individual frequency bands, as
well as 100 GHz are qualitatively similar.

5.1. Measurement

Although our measurement uncertainties are ultimately assigned
by Monte Carlo, we can use the analytical expression of Eq. (21)
to gain intuition for how they are sourced by various compo-
nents. Our simple model of the sky after masking and dust clean-
ing is that it consists of three uncorrelated signals: CMB, instru-
mental noise, and unresolved foreground power. The noise vari-
ance of the lens reconstruction in Eq. (21) involves two power
spectra, and so we can think of the noise contribution as the
sum of six possible terms involving pairs of the CMB, noise, and
foreground power spectra. In Fig. 6 we combine these contribu-
tions into three representative contributions to the reconstruction
noise: “pure CMB” in which both spectra are due to CMB fluc-
tuations; the “noise” contribution in which either both spectra
are those for noise power, or one is noise and one is CMB; and,
finally, the “foreground” contribution in which either one or both
of the spectra are due to unresolved foreground power. We can
see that for most reconstruction multipoles, the pure CMB con-
tribution constitutes the largest part of the reconstruction noise,
followed by noise. The unresolved foreground power is a fairly
small contribution to our measurement error. Note that the dom-
inant terms for both the “noise” and “foreground” contributions
are the ones in which one of the spectra is a CMB fluctuation.
For this reason, we will focus less on the use of cross-spectra to
avoid noise biases than is done for the usual CMB power spec-
tra (Planck Collaboration XV 2013), although we will perform
consistency tests using cross-spectra of data to avoid noise bi-
ases. Note that our realization-dependent method for removing
the disconnected noise bias (Eq. 17) means that the majority of
this contribution is estimated directly from the data itself, re-
ducing our sensitivity to uncertainty in the noise and foreground
power.

5.2. Beam transfer function

Errors in the e↵ective beam transfer function appear as an error
in the normalization of our lensing estimates. For simplicity here
we will describe the case for a single standard quadratic lensing
estimator that uses the same map for both of its inputs, although
when dealing with combinations of channels for our actual re-
sults we account for di↵erences in the beam transfer function

10
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CMB lensing reconstruction
Planck Collaboration: Gravitational lensing by large-scale structures with Planck

Lensing Multipole L

Angular Scale [deg.]

Fig. 10. Lensing potential power spectrum estimates based on the individual 100, 143, and 217 GHz sky maps, as well our fiducial
minimum-variance (MV) reconstruction which forms the basis for the Planck lensing likelihood. The black line is for the best-fit
⇤CDM model of Planck Collaboration XVI (2013).

perform additional cross-checks using these bins to ascertain
whether they would have any significant implications for cos-
mology.

In addition to the Planck power spectrum measurements, in
Fig. 11 we have overplotted the ACT and SPT measurements
of the lensing potential power spectrum (Das et al. 2013; van
Engelen et al. 2012). It is clear that all are very consistent.
The Planck measurement has the largest signal-to-noise of these
measurements; as we have already discussed the 40 < L < 400
lensing likelihood provides a 4% constraint on the amplitude of
the lensing potential power spectrum, while the constraint from
current ACT and SPT measurements are 32% and 16% respec-
tively. These measurements are nevertheless quite complemen-
tary. As a function of angular scale, the full-sky Planck power
spectrum estimate has the smallest uncertainty per multipole of
all three experiments at L < 500, at which point the additional
small-scale modes up to `max = 3000 used in the SPT lensing
analysis lead to smaller error bars. The good agreement in these
estimates of C��L is reassuring; in addition to the fact that the ex-
periments and analyses are completely independent, these mea-
surements are sourced from fairly independent angular scales
in the temperature map, with ` <⇠ 1600 in the case of Planck,
` < 2300 in the case of ACT, and ` < 3000 in the case of SPT.
Cross-correlation of the Planck lensing map with these indepen-
dent measures of the lensing potential will provide an additional
cross-check on their consistency, however at the power spectrum
level they are already in good agreement.

6.1. Parameters

Weak gravitational lensing of the CMB provides sensitivity
to cosmological parameters a↵ecting the late-time growth of
structure which are otherwise degenerate in the primary CMB

anisotropies imprinted around recombination. Examples include
the dark energy density in models with spatial curvature and the
mass of neutrinos that are light enough (m⌫ < 0.5 eV) still to
have been relativistic at recombination.

To connect our measurement of the lensing power spectrum
to parameters, we construct a lensing likelihood nominally based
on the multipole range 40  L  400, cut into eight equal-width
bins with �L = 45 to maintain parameter leverage from shape
information in addition to our overall amplitude constraint. In
Table 1 we present bandpowers for these eight bins using the in-
dividual 100, 143, and 217 GHz reconstructions as well as the
MV reconstruction which is the basis for our nominal likeli-
hood. The bandpower estimates and their uncertainties are bro-
ken down into constituent parts as discussed in Sect. 2. Based on
these bandpowers, we form a likelihood following Eq. (23). The
measurement errors on each bin are measured by Monte-Carlo
using 1000 simulations, and the bins are su�ciently wide that
we can neglect any small covariance between them (this is dis-
cussed further in Appendix D). We analytically marginalize over
uncertainties that are correlated between bins, including them in
the measurement covariance matrix. This includes beam transfer
function uncertainties (as described in Sect 5.2), uncertainties in
the point source correction (Sect. 7.2) and uncertainty in the N(1)

correction.
As the lensing likelihood is always used in conjunction with

the Planck TT power spectrum likelihood, we coherently ac-
count for uncertainty in CTT

` by renormalizing our lensing po-
tential measurement for each sample, as described in Sect. 5.3.

The lensing likelihood is combined with the main Planck
TT likelihood (Planck Collaboration XV 2013) – constructed
from the temperature (pseudo) cross-spectra between detec-
tor sets at intermediate and high multipoles, and an exact ap-
proach for Gaussian temperature anisotropies at low multipoles

14

Planck 2013 Results. XVII

Best-fit ΛCDM

• This information lead to a ~20% gain in cosmological parameters 
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Biases at the map level
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Our motivation for taking a fixed noise level is that with this ap-
proach, in regions su�ciently far from the mask boundary, our
filter asymptotes to the diagonal form of Eq. (B.1). This means
that the normalization of our lensing estimates can be well-
approximated analytically, which is very useful for the propa-
gation of systematic e↵ects, and also that the normalization of
our lensing estimates does not vary across the sky with noise
level, which simplifies cross-correlation analysis. Our C�1 fil-
ter is therefore optimally accounting for masking e↵ects, but not
for noise correlations and inhomogeneity. We estimate the sub-
optimality of neglecting these noise properties by calculating the
quantity

(S/N)use

(S/N)opt
=

⇣
R��,useL

⌘2

⇣
R��,optL

⌘

0
BBBBBBBB@
X

`1`2

1
2

����W�`1`2L

����
2
⇣
Fuse

`1
Fuse

`2

⌘2

Fopt

`1
Fopt

`2

1
CCCCCCCCA

�1

(B.8)

where Fopt

` is the optimal filter and Fuse

` is the suboptimal filter
which we have actually used. This equation gives the S/N loss
as a function of lens multipole L, however in practice we find
that the L dependence is small enough that it su�ces to quote a
single average loss. To estimate the degradation due to ignoring
noise correlations we set

Fopt

` =
1

CTT
` + B�2,⌫

` NTT
L

, (B.9)

where NTT
L is the power spectrum of the map noise. We find

that the degradation due to neglect of noise correlations is small;
less than 2% for all L  2048 at 100 GHz, and less than 0.1%
at 143 and 217 GHz. To calculate the degradation due to ignor-
ing noise inhomogeneity, we determine the map noise level in
the 3072 regions corresponding to Nside = 16 HEALPix pix-
els, take Fopt

` using Eq. (B.2) with the local noise level, and
estimate a resulting S/N degradation using Eq. (B.8). The ne-
glect of noise inhomogeneity is the dominant suboptimality of
our filtering, although it is still small. We find an average S/N
loss (averaged over the entire sky) of approximately 4% at 100,
143, and 217 GHz, consistent with the simulation-based results
of Hanson et al. (2009). We take this loss as justified, given the
simpler normalization properties of our lensing estimates when
neglecting variations in the map noise level.

Appendix C: Mean-Fields

As discussed in Sect. 2, the quadratic lensing estimators which
we use are designed to detect statistical anisotropy induced by
lensing. There are a number of non-lensing sources of statistical
anisotropy which can mimic the lensing signal to some extent.
In our analysis, the e↵ects we consider are

(1) The application of a sky mask, which introduces sharp gra-
dients that may be misinterpreted as lensing.

(2) Noise inhomogeneity, which causes the overall power to
fluctuate across the sky and can resemble the convergence
component of lensing.

(3) Beam asymmetry, which smears the fluctuations more along
one direction than another and can mimic the shear compo-
nent of lensing.

(4) Pixelization, in which detector samples are accumulated into
pixels, introduces a spurious deflection field on the pixel
scale because the centroid of the hit distribution in each pixel
does not necessarily lie at the pixel center.

In our analysis, we account for most of these e↵ects with a cor-
rective mean-field term, given by Eq. (9), which is determined
using Monte Carlo simulations. In this appendix, we will break
this mean-field down into its constituent parts and discuss each
in more detail. As an overview of the results in this section,
in Fig. C.1 we plot estimate for the three largest mean-fields,
due to masking, noise inhomogeneity, and beam asymmetry at
143 GHz (100 and 217 GHz are qualitatively similar). These
mean-fields all have most of their contributions on very large
scales, dictated by the coherency of the scan strategy in the case
of beam asymmetry and noise inhomogeneity, and of the large-
scale nature of the Galactic foregrounds in the case of the sky
mask.

143 GHz

Fig. C.1. Analytical estimates for the power spectra of the largest
low-L mean-fields 143 GHz. The various components are dis-
cussed in more detail in Sect. C.1 (mask), Sect. C.2 (noise), and
Sect. C.3 (beams). The mean-fields all couple most strongly to
even modes of the lens reconstruction, due to the approximate
north/south symmetry of the scan strategy and Galactic mask.

Our discussion will focus on constructing simple models for
each source of mean-field. Following Hanson et al. (2010), we
will identify each of the individual contributions to mean-field
with a tracer zLM that sources a contribution to the CMB covari-
ance matrix given by

�hT`1m2 T ⇤`2m2
i =

X

LM

zLM(�1)M
 
`1 `2 L
m1 m2 M

!
Wz
`1`2L, (C.1)

where Wz
`1`2L is a weight function describing how zLM couples

multipoles. Such a contaminant leads to a bias for the standard
lensing estimator �̂LM given by

�̂MF
LM =

R�zLM

R��L
zLM , (C.2)

where the response function R�zL is defined in Eq. (12). The ana-
lytical forms for the mean-fields which we present here are used
in Sect. 7.4 to construct “bias hardened” estimators which have
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Due to the response of the quadratic estimator to sources of statistical anisotropies  in the data.
Dominates the largest scales.

Can be removed on average by estimating a «mean-field» contribution from Monte Carlo.
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Table 4. Statistics of spatial distribution of e↵ective beam parameters:
FWHM, ellipticity and beam solid angle

FWHMa ⌦
Band [arcmin] Ellipticity [arcmin2]

30 . . . . . . 32.239 ± 0.013 1.320 ± 0.031 1189.51 ± 0.84
44 . . . . . . 27.01 ± 0.55 1.034 ± 0.033 833 ± 32
70 . . . . . . 13.252 ± 0.033 1.223 ± 0.026 200.7 ± 1.0
100 . . . . . 9.651 ± 0.014 1.186 ± 0.023 105.778 ± 0.311
143 . . . . . 7.248 ± 0.015 1.036 ± 0.009 59.954 ± 0.246
217 . . . . . 4.990 ± 0.025 1.177 ± 0.030 28.447 ± 0.271
353 . . . . . 4.818 ± 0.024 1.147 ± 0.028 26.714 ± 0.250
545 . . . . . 4.682 ± 0.044 1.161 ± 0.036 26.535 ± 0.339
857 . . . . . 4.325 ± 0.055 1.393 ± 0.076 24.244 ± 0.193
a Mean of best-fit Gaussians to the e↵ective beams.

maps are of course constructed from many detectors that sample
each pixel at di↵erent angles. Therefore the scanning beams do
not represent well the point spread function at map level. Instead,
“e↵ective beams” are computed for each pixel and frequency us-
ing the FEBeCoP algorithm (Mitra et al. 2011).
FEBeCoP calculates the e↵ective beam at a position in the

sky by computing the real space average of the scanning beam
over all observed crossing angles at that sky position. Table 4
summarizes the distribution across the sky of a set of parame-
ters representing the beams, and Fig. 8 shows, in the 100 GHz
case, their variation across the sky. We note that the e↵ective
beams include pixelization e↵ects (essentially the HEALpix pix-
elization window function). The e↵ective beam window function
for LFI is calculated by FEBeCoP using an ensemble of signal-
only simulations convolved with the e↵ective beams. For HFI,
the quickbeam harmonic space e↵ective beam code (Planck
Collaboration VII 2013) is used to calculate the e↵ective beam
window function given the scan history and the scanning beam.

To estimate the uncertainty of the e↵ective beams, the en-
semble of allowed LFI GRASP models (Sect. 5.4) was propa-
gated through FEBeCoP and used to determine window function
errors. For HFI, quickbeam is used to propagate an ensemble
of simulated Mars observations to harmonic space, constructing
e↵ective beam window function errors. The total uncertainties in
the e↵ective beam window function (in B2

` units) at ` = 600 are
2 % at 30 GHz and 1.5 % at 44 GHz. At ` = 100 they are 0.7 %,
0.5 %, 0.2 %, and 0.2 % for 70, 100, 143, and 217 GHz respec-
tively (Planck Collaboration IV 2013; Planck Collaboration VII
2013).

6.2. Mapmaking

6.2.1. LFI

The calibrated TOI of each LFI radiometer are used as input
to the Madam mapmaking code (Keihänen et al. 2010) together
with the corresponding pointing data, in the form of the Euler
angles (✓, �, ). Madam implements a polarized destriping ap-
proach to mapmaking; the noise is modelled as white noise
plus a set of o↵sets, or baselines. The algorithm estimates in
a maximum-likelihood fashion the amplitudes of the baselines,
subtracts them from the actual TOI, and then simply bins the
result into a map. The output consists of pixelized maps of the
three Stokes parameters (T , Q, U). The LFI temperature maps
being released at this time are shown as the first three maps in
Fig. 9.

Fig. 8. This figure shows the distribution across the sky of the solid
angle (top) and ellipticity of the e↵ective beams at 100 GHz. The distri-
bution is typical for all channels.

One of the key parameters in the Madam algorithm is the
baseline length that represents the time scale at which the base-
line approximation of low-frequency noise is applied. We choose
baseline lengths corresponding to an integer number of samples
(33, 47, and 79 at 30, 44, and 70 GHz respectively) such that
the total integration time over the baseline corresponds approx-
imately to one second. This selection is based on a compromise
between computational load and map quality, and we find that
shortening the baselines below one second has practically no ef-
fect on the residual noise.

In order to create maps in the maximum-likelihood ap-
proach, the noise covariance matrix of the problem has to be
specified. In general, we use a white noise covariance matrix.
The pipeline allows the use of di↵erent user-defined weighting
schemes. The maps being released are made using the horn-
uniform weighting scheme with

C�1
w =

2
�2

M + �
2
S
, (1)

where �M and �S are the white noise sensitivities of the Main
and Side radiometers of a given horn, and these radiometers are
weighted equally.
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Fig. 14. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).

Fig. 15. Spatial distribution of the noise RMS on a color scale of 25 µK
for the SMICA CMB map. It has been estimated from the noise map
obtained by running SMICA through the half-ring maps and taking the
half-di↵erence. The average noise RMS is 17 µK. SMICA does not
produce CMB values in the blanked pixels. They are replaced by a con-
strained Gaussian realization.

for bandpowers at ` < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-`’ temperature likelihood with the pixel-
based polarization likelihood at large-scales (` < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching
to a correction based on the 353 GHz Planck polarization data,
the parameters extracted from the likelihood are changed by less
than 1�.

At smaller scales, 50 < ` < 2500, we compute the power
spectra of the multi-frequency Planck temperature maps, and
their associated covariance matrices, using the 100, 143, and

Fig. 16. Angular spectra for the SMICA CMB products, evaluated over
the confidence mask, and after removing the beam window function:
spectrum of the CMB map (dark blue), spectrum of the noise in that
map from the half-rings (magenta), their di↵erence (grey) and a binned
version of it (red).

217 GHz channels, and cross-spectra between these channels11.
Given the limited frequency range used in this part of the analy-
sis, the Galaxy is more conservatively masked to avoid contam-
ination by Galactic dust, retaining 58 % of the sky at 100 GHz,
and 37 % at 143 and 217 GHz.

11 interband calibration uncertainties have been estimated by compar-
ing directly the cross spectra and found to be within 2.4 and 3.4⇥10�3

respectively for 100 and 217 GHz with respect to 143 GHz

25

Beam ellipticity

noise RMS
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Table 2. Area of sky retained by combining di↵use foreground
and point source masks, once apodised.

Mask Sky fraction Sky area
[%] [deg2]

CL31 . . . . . . . . . 30.71 12 668
CL39 . . . . . . . . . 39.32 16 223
CL49 . . . . . . . . . 48.77 20 121

Figure 2. The set of masks (CL31, CL39, CL49) used for the
likelihood analyses.

absence of point source holes, this precision can be achieved
with sharp, non-apodised Galactic masks (Efstathiou 2004).
However, the inclusion of point source holes introduces non-
negligible low-` power leakage, which in turn can generate
errors of a few percent in the covariance matrices. We re-
duce this leakage by apodising the di↵use Galactic masks (see
Appendix B for details). The point source mask is based on the
union of the point sources detected between 100 and 353 GHz,
and is also apodized. The point source flux cut is not critical,
since the amplitudes of the Poisson contributions of unresolved
sources are allowed to vary over a wide range in the likelihood
analysis. Thus, we do not impose tight priors from source counts
and other CMB experiments on the Poisson amplitudes. A set of
the combined Galactic and point source masks, referred to as

‘CLx’, where ‘x’ is the percentage of sky retained, are shown in
Fig. 2.

3.2. Galactic emission

The contamination from di↵use Galactic emission at low to in-
termediate multipoles can be reduced to low levels compared to
CMB anisotropies by a suitable choice of masking. However,
even with conservative masking, the remaining Galactic emis-
sion at high multipoles is non-negligible compared to other un-
resolved components, such as the Cosmic Infrared Background
(CIB) anisotropies at 143 and 217 GHz. A clear way of demon-
strating this is by di↵erencing the power spectra computed with
di↵erent masks, thereby highlighting the di↵erences between
the isotropic and non-isotropic unresolved components. Figure 3
shows (up to `  1400) the 217 GHz power spectrum di↵erence
for the mask1 and mask0 masks3, minus the corresponding dif-
ference for the 143 GHz frequency channel. Any isotropic con-
tribution to the power spectrum (CMB, unresolved extragalactic
sources, etc.) will cancel in such a double di↵erence, leaving a
non-isotropic signal of Galactic origin, free of the CMB induced
cosmic variance scatter. Above ` > 1400, Fig. 3 shows the mask
di↵erenced 217 GHz power spectrum, as the instrumental noise
becomes significant at ` & 1400 for the 143 GHz channel.

In the same figure, these di↵erence spectra are compared to
the unbinned mask-di↵erenced 857 GHz power spectrum, scaled
to 217 GHz adopting a multiplicative factor4 of (9.93 ⇥ 10�5)2;
the dotted line shows a smooth fit to the unbinned spectrum.
The agreement between this prediction and the actual dust emis-
sion at 217 GHz is excellent, and this demonstrates conclusively
the existence of a small-scale dust emission component with an
amplitude of ⇠ 5 � 15 µK2 at 217 GHz if mask1 is used.

For cosmological parameter analysis this small-scale dust
component must be taken into account, and several approaches
may be considered:

1. Fit to a template shape, e.g., as shown by the dotted line in
Fig. 3.

2. Reduce the amplitude by further masking of the sky.
3. Attempt a component separation by using higher frequen-

cies.

The main disadvantage of the third approach is a potential
signal-to-noise penalty, depending on which frequencies are
used, as well as confusion with other unresolved foregrounds.
This is particularly problematic with regards to the CIB, which
has a spectrum very similar to that of Galactic dust. In the fol-
lowing we therefore adopt the two former solutions.

It is important to understand the nature of the small scale dust
emission, and, as far as possible, to disentangle this emission
from the CIB contribution at the HFI cosmological frequencies.
We use the 857 GHz power spectrum for this purpose, noting
that the dust emission at 857 GHz is so intense that this partic-
ular map provides an e↵ectively noise-free dust emission map.
In Fig. 4 we again show the 857 GHz mask power spectrum dif-
ference, but this time plotted on a log-log scale. The solid line
shows the corresponding best-fit model defined by

D` = A (100/`)↵

[1 + (`/`c)2]�/2
, (9)

3 These are the combination of the non-apodised Galactic masks G35
and G22 with the apodised point source mask PSA82.

4 The scaling coe�cient for the 143 GHz spectrum is (3.14 ⇥ 10�5)2,
derived from the 7-parameter fitting function of Eq. A.46.

5

Mask

• The quadratic estimator responds to other sources of statistical anisotropies. 
• They creates biases that dominate on the largest scales. 
• These biases can be corrected by calibrating corrective terms using Monte-

Carlos (and analytical guidance).
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Frequency Combinations:

Mask Variation:

Component Separated Maps:

Bias-hardened Estimators:

Fig. 18. Summary of internal consistency tests between our fiducial minimum-variance (MV) reconstruction and a set of alternatives
designed to test sensitivity to potential issues. The top panel shows C��L estimates, with measurement error bars. The bottom panels
show the residual with respect to the MV reconstruction in units of the MV measurement uncertainty. The gray band marks the 1�
deviation uncertainty of the MV reconstruction. The error bar on each data point in the lower panels gives the standard deviation
of the scatter between each result and the MV, determined from Monte Carlo simulations which account for the correlated CMB,
noise and foreground power between estimators. Comparison of the uncertainty on the scatter points and the gray band gives an
indication of how constraining each test is. The various tests are described in more detail in subsections of Sect. 7.
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Fig. 21. Comparison of alternative lensing pipelines. The base-
line results use the methodology of Sect. 2. Boxes are for the
MV reconstruction, circles show the 143 GHz results, triangles,
the 217 GHz ones. The two bottom panels show di↵erences rel-
ative to the MV result for 143 and 217 GHz.

motivation in the development of each has been the reduction
of the sharp gradients induced when masking, which can induce
a mean-field several orders of magnitude larger than the lens-
ing signal at low multipoles (as discussed in Appendix C). Each
method takes a di↵erent approach to mitigating this mask e↵ect,
as discussed below:

(1) The method iso consists of applying the standard quadratic
lensing estimator to the sky map after multiplying by an
apodized Galactic mask, and filling point source holes us-
ing local constrained Gaussian realizations of the CMB sig-
nal+noise. The mask mean-field is proportional to the power
spectrum of the mask, and so as apodization smooths the
mask boundary (suppressing its power spectrum on small
scales), it correspondingly reduces the mean-field signifi-
cantly. The combination of apodization and source filling
makes this estimator very fast to apply to simulations but
does require an involved set of correction terms and fsky fac-
tors. Our implementation and calculation of this method is
described in detail in Benoit-Lévy et al. (2013).

(2) The metis method consists of inpainting the Galactic mask
as well as the point source holes, using the sparse-inpainting
algorithm described in (Abrial et al. (2007, 2008)). The re-
sulting map resembles a full-sky CMB map, and therefore
has no mask mean-field contribution. The inhomogeneous

noise and beam-induced mean-fields do still have to be cor-
rected however. Our implementation is based on that de-
scribed in Perotto et al. (2010), with several improvements.
In Perotto et al. (2010) lens reconstruction was performed on
the inpainted map and then analyzed on the full-sky, how-
ever further inspection has revealed that there are some spu-
rious features in the lens reconstruction, localized to the in-
painted region inside the Galactic mask. This is likely due to
the inhomogeneous noise in Planck that was ignored in pre-
vious work and cannot be well reproduced by the inpainter.
We therefore remask the full-sky lens reconstruction with
an apodized Galactic mask (as in Eq. 14) to remove these
regions from our analysis. We follow the same procedure
when evaluating the analytical expression for the �C��L

���
N0

bias, prewhitening and then applying an apodized Galactic
mask to the inpainted temperature multipoles to estimate
their power spectrum. Small residual biases are corrected us-
ing the same �C��L

���
MC

procedure used in the main method.
(3) The patches method avoids the Galactic mask completely

by cutting the sky into a collection of 410 small overlap-
ping 10� ⇥ 10� patches centered on the locations of Nside=8
HEALPix pixels, which are then analyzed under the flat-sky
approximation. Our implementation of this method is de-
scribed in Plaszczynski et al. (2012). As with the isomethod,
point source holes are filled using constrained Gaussian re-
alizations. The patches are extracted from a pre-whitened
CMB map, and apodized with a Kaiser-Bessel window func-
tion. The Fourier modes in each patch are fitted in real space
using a fast Fourier-Toeplitz algorithm. No mean-field cor-
rection is applied. Residual biases due to noise inhomogene-
ity are removed using a �C��L

���
MC

correction which is found
to be small. The patches method has been particularly useful
in the early stages of our analysis, to identify outliers caused
by unmasked point sources.

As can be seen in Fig. 21, all three of these methods are in good
agreement with the results of our baseline method, providing re-
assurance that our results are insensitive to the precise details of
our data filtering and reconstruction methodology.

8. Conclusions

The Planck maps have unprecedented sensitivity to gravitational
lensing e↵ects. We see significant and consistent measurements
of lensing for each of the high-resolution CMB channels at 100,
143 and 217 GHz. Even the noisiest channel which we have con-
sidered, 100 GHz, provides a 10� detection of lensing, which is
greater than all previous detections. Our fiducial lens reconstruc-
tion, based on a minimum-variance combination of the 143 and
217 GHz channels does even better, with a detection of lensing
(relative to the null hypothesis of no lensing) at a significance
of greater than 25�. Notably, the noise on our reconstruction is
low enough that it is no longer the limiting source of noise for
many correlations with large-scale structure catalogs (several ex-
amples of which we have given in Sect. 6.3). This marks a shift
for CMB lensing, from the detection regime into that of standard
cosmological probe. Our lensing potential map is publicly avail-
able, and we look forward to the uses which may be found for
it.

The percent-level Planck lensing potential measurement
pushes into the realm of precision cosmology, and requires care-
ful validation tests which we have performed in Sect. 7. Our
fiducial likelihood, based on the 40  L  400 range which is
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zLM . This bias-hardening procedure may be repeated iteratively
to produce weight functions which are insensitive to several
sources of mean-field simultaneously. In Fig. 20 we plot a com-
parison at low-L between estimates with the standard estimator
and estimators which are bias hardened against noise and mask
mean-fields. We see generally good agreement between these
sets of estimates for L � 10. Below L = 10, the pseudo-spectrum
of the di↵erence between the standard and bias-hardened esti-
mators is unexpectedly large. For this reason, we band-limit our
lensing potential map to L � 10, and do not consider L < 10 for
any of the quantitative results in this paper.

In addition to low-L consistency tests, we may also use these
bias-hardened estimators to estimate C��L . The resulting power
spectra are plotted in Fig. 18. Taking the di↵erence with the 8
bins in 40  L  400 of our fiducial MV reconstruction, with
scatter estimated from simulations, we find �2 values of 6.6 and
4.3 for the mask/noise-hardened estimator respectively. These
have corresponding PTE values of 58% and 83% The error bars
on C��L obtained with the bias hardened estimators used here are
generally between ten and twenty percent larger than the error
bars of the standard estimator. We also construct an estimator
which is bias hardened against the point source weight function
W s
`1`2L of Eq. (2.4). This estimator has the distinction of having

zero response to point source shot noise. Again, we find consis-
tent results with the standard estimator, with �2 = 5 and a PTE
of 76%.

7.5. Alternative Methods

All of the primary results in this paper use a lens reconstruc-
tion pipeline based on the methodology outlined in Sect. 2. As
a robustness test, both of this methodology and of its implemen-
tation, we have implemented three completely independent re-
construction pipelines. These independent pipelines make sig-
nificantly di↵erent choices than our baseline approach, primar-
ily in the choice of the inverse-variance filter function and the
calculation of the correction terms in Eq. (15). Our main result
of this section is Fig. 21, where we compare the lens reconstruc-
tion power spectra for these alternative pipelines to our baseline
results at 143 and 217 GHz, as well as the MV reconstruction.
The agreement is excellent. The only aspect of implementation
common to these four results (apart from the data which was
analyzed) is the set of simulations, described in Sect. 4 used to
estimate the various bias terms and characterize the estimator
scatter.

We now proceed to describe these alternative pipelines in
somewhat more detail. We note first two common aspects of all
three alternative pipelines, which di↵ers from our baseline re-
sults: rather than accounting for the Galaxy and point-source
mask in the filter function as is done for our baseline method,
these methods use a completely diagonal filter, which is the same
as the form (given in Eq. 10) which our baseline filtering asymp-
totes to far from the mask boundaries. Instead, as we will dis-
cuss, the alternative pipelines deal with the mask using di↵er-
ent choices of data preparation and selection. A second di↵er-
ence common to all three pipelines with our baseline approach
is that when computing the disconnected noise bias �C��L

���
N0

,
these methods do not use the two-point expression of Eq. (17),
but rather the approximation to it based on Eq. (21), evaluated
using an estimate of the data power spectrum. Because this cor-
rection is quite large, the agreement of results which use this
alternative method to calculate it is reassuring. We now proceed
to describe the individual methods in more detail; the common

Fig. 20. Bias-hardened estimator consistency tests, for our MV
reconstruction. Following the discussion in Sect. 7.4 we form
estimators which are bias-hardened against the mean-fields due
inhomogeneous noise levels (��N, cyan), masking (��M, ma-
genta), and both of these e↵ects simultaneously (� � M � N,
orange). The top panel shows the power spectra of the mean-field
for each of these estimators. The middle panel shows the power
spectra of the reconstructions themselves, compared to the aver-
age expected from signal+noise (dashed black). The lower panel
shows the power spectrum of the di↵erence between each bias-
hardened estimator and the standard result. Dashed black lines
give the expected average of this di↵erence (measured on simu-
lations). We can see that the di↵erences are consistent with the
expected scatter for all estimators for L � 10.
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L

Fig. 11. Replotting of Fig. 10, removing 100 GHz for easier
comparison of 143 and 217 GHz. Also plotted are the SPT band-
powers from van Engelen et al. (2012), and the ACT bandpow-
ers from Das et al. (2013). All three experiments are very consis-
tent. The lower panel shows the di↵erence between the measured
bandpowers and the fiducial best-fit ⇤CDM model.

– in Planck Collaboration XVI (2013) to derive parameter con-
straints for the six-parameter ⇤CDM model and well-motivated
extensions. Lensing also a↵ects the power spectrum, or 2-point
function, of the CMB anisotropies, and this e↵ect is accounted
for routinely in all Planck results. On the angular scales rele-
vant for Planck, the main e↵ect is a smoothing of the acoustic
peaks and this is detected at around 10� in the Planck tempera-
ture power spectrum (Planck Collaboration XVI 2013). The in-
formation about C��L that is contained in the lensed temperature
power spectrum for multipoles ` <⇠ 3000 is limited to the ampli-
tude of a single eigenmode (Smith et al. 2006). In extensions of
⇤CDM with a single additional late-time parameter, lensing of
the power spectrum itself can therefore break the geometric de-
generacy (Stompor & Efstathiou 1999; Sherwin et al. 2011; van
Engelen et al. 2012; Planck Collaboration XVI 2013). As dis-
cussed in Appendix D and Schmittfull et al. (2013), cosmic vari-
ance of the lenses produces weak correlations between the CMB
2-point function and our estimates of C��L , but they are small
enough that ignoring the correlations in combining the two like-
lihoods should produce only sub-percent underestimates of the
errors in physical cosmological parameters.

In the following, we illustrate the additional constraining
power of our C��L measurements in ⇤CDM models and one-
parameter extensions, highlighting those results from Planck
Collaboration XVI (2013) where the lensing likelihood is influ-
ential.

6.1.1. Six-parameter ⇤CDM model

In the six-parameter ⇤CDM model, the matter densities, Hubble
constant and spectral index of the primordial curvature perturba-
tions are tightly constrained by the Planck temperature power
spectrum alone. However, in the absence of lensing the am-
plitude As of the primordial power spectrum and the reioniza-
tion optical depth ⌧ are degenerate, with only the combination
Ase�2⌧, which directly controls the amplitude of the anisotropy
power spectrum on intermediate and small scales being well de-
termined. This degeneracy is broken by large-angle polarization
since the power from scattering at reionization depends on the
combination As⌧2. In this first release of Planck data, we use
the WMAP nine-year polarization maps (Bennett et al. 2012) in
combination with Planck temperature data. With this data com-
bination, C��L is rather tightly constrained in the ⇤CDM model
(see Fig. 12) and the direct measurements reported here provide
a non-trivial consistency test of the model.

The eight C��L bandpowers used in the lensing likelihood are
compared to the expected spectrum in Fig. 12 (upper-left panel).
For the latter, we have used parameter values determined from
the main Planck likelihood in combination with WMAP polar-
ization (hereafter denoted WP) and small-scale power spectrum
measurements (hereafter highL) from ACT (Das et al. 2013) and
SPT (Reichardt et al. 2012)†. In this plot, we have renormalized
the measurements and their error bars (rather than the theory) us-
ing the best-fit model with a variant of the procedure described
in Sect. 5.3. Since the lensed temperature power spectrum in the
best-fit model is very close to that in the fiducial model used
to normalise the power spectrum estimates throughout this pa-
per, the power spectrum renormalisation factor (1 + �TT

L )2 of
Eq. (44) is less than 0.5% in magnitude. The predicted C��L in
the best-fit model di↵ers from the fiducial model by less than
2.5% for L < 1000. The best-fit model is a good fit to the mea-
surements, with �2 = 10.9 and the corresponding probability
to exceed equal to 21%. Significantly, we see that the ⇤CDM
model, calibrated with the CMB fluctuations imprinted around
z = 1100, correctly predicts the evolution of structure and geom-
etry at much lower redshifts. The 68% uncertainty in the ⇤CDM
prediction of C��L is shown by the dashed lines in the upper-left
panel of Fig. 12. We can assess consistency with the direct mea-
surements, properly accounting for this uncertainty, by introduc-
ing an additional parameter A��L that scales the theory C��L in the
lensing likelihood. (Note that we choose not to alter the lensing
e↵ect in CTT

` .) As reported in Planck Collaboration XVI (2013),
we find

A��L = 0.99 ± 0.05 (68%; Planck+lensing+WP+highL),

in excellent agreement with A��L = 1.
An alternative route to breaking the As-⌧ degeneracy is pos-

sible for the first time with Planck. Since C��L is directly propor-
tional to As, the lensing power spectrum measurements and the
smoothing e↵ect of lensing in CTT

` (which at leading order varies
as A2

s e�2⌧) can separately constrain As and ⌧ without large-angle
polarization data. The variation of C��L with ⌧ in ⇤CDM models

† As discussed in detail in Planck Collaboration XVI (2013), the pri-
mary role of the ACT and SPT data in these parameter fits is to constrain
more accurately the contribution of extragalactic foregrounds which
must be carefully modelled to interpret the Planck power spectra on
small scales. For ⇤CDM, the foreground parameters are su�ciently de-
coupled from the cosmological parameters that the inclusion of the ACT
and SPT data has very little e↵ect on the cosmological constraints.
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Fig. 1. Sky-averaged lens reconstruction noise levels for the 100,
143, and 217 GHz Planck channels (red, green, and blue solid,
respectively), as well as for experiments that are cosmic-variance
limited to a maximum multipole `max = 1000, 1500, and 1750
(upper to lower solid grey lines). A fiducial ⇤CDM lensing po-
tential using best-fit parameters to the temperature power spec-
trum from Planck Collaboration XVI (2013) is shown in dashed
black. The noise level for a minimum-variance (“MV”) combi-
nation of 143+217 GHz is shown in black (the gain from adding
100 GHz is negligible).

Fig. 2. Overview of forecasted contributions to the detection sig-
nificance as a function of lensing multipole L for the C��L power
spectrum (solid black), as well as for several other mass tracers,
at the noise levels of our MV lens reconstruction. Our measure-
ment of the power spectrum C��L is presented in Sect. 6, The
ISW-� correlation believed to be induced by dark energy is stud-
ied in Sect. 6.2. The NVSS-� correlation is studied (along with
other Galaxy correlations) in Sect. 6.3. The CIB-� prediction
(dashed cyan) uses the linear SSED model of Hall et al. (2010),
assuming no noise or foreground contamination. A full analy-
sis and interpretation of the CIB-� correlation is performed in
Planck Collaboration XVIII (2013).

based on the lensing multipole range 40  L  400.
This multipole range (highlighted as a dark grey band
in Fig. 2), was chosen as the range in which Planck
has the greatest sensitivity to lensing power, encap-
sulating over 90% of the anticipated signal-to-noise,
while conservatively avoiding the low-L multipoles
where mean-field corrections due to survey anisotropy
(discussed in Appendix C) are large, and the high-L
multipoles where there are large corrections to the power
spectra from Gaussian (disconnected) noise bias. Distilled
to a single amplitude, our likelihood corresponds to a
4% measurement of the amplitude of the fiducial ⇤CDM
lensing power spectrum, or a 2% measurement of the
amplitude of the matter fluctuations (neglecting parameter
degeneracies).

Our e↵orts to validate these products are aided by the fre-
quency coverage of the three Planck channels that we employ,
which span a wide range of foreground, beam, and noise prop-
erties. For the mask levels that we use, the root-mean-squared
(RMS) foreground contamination predicted by the Planck sky
model (Delabrouille et al. 2012) has an amplitude of 14, 22,
and 70 µK at 100, 143, and 217 GHz, which can be compared
to a CMB RMS for the Planck best-fitting ⇤CDM power spec-
trum of approximately 110 µK. The dominant foreground com-
ponent at all three CMB frequencies is dust emission, both from
our Galaxy as well as the cosmic infrared background (CIB),
although at 100 GHz free-free emission is thought to consti-
tute approximately 15% of the foreground RMS. Contamination
from the thermal Sunyaev-Zeldovich (tSZ) e↵ect is a potential
worry at 100 and 143 GHz, but negligible at 217 GHz (Sunyaev
& Zeldovich 1980). On the instrumental side, these frequency
channels also span a wide range of beam asymmetry, with typi-
cal ellipticities of 19%, 4%, and 18% at 100, 143, and 217 GHz.
The magnitude of correlated noise on small scales (due to de-
convolution of the bolometer time response) also varies signifi-
cantly. The ratio of the noise power (before beam deconvolution)
at ` = 1500 to that at ` = 500 is a factor of 1.5, 1.1, and 1.0 at
100, 143, and 217 GHz. The agreement of lens reconstructions
based on combinations of these three channels allows a powerful
suite of consistency tests for both foreground and instrumental
biases. We will further validate the robustness of our result to
foreground contamination using the component separated maps
from the Planck consortium (Planck Collaboration XII 2013).

At face value, the 4% measurement of C��L in our fiducial
likelihood corresponds to a 25� detection of gravitational lens-
ing e↵ects. In fact, a significant fraction (approximately 25% of
our error bar) is due to sample variance of the lenses themselves,
and so the actual “detection” of lensing e↵ects (under the null
hypothesis of no lensing) is significantly higher. We have also
been conservative in terms of mask and multipole range in the
construction of our fiducial lensing likelihood. As we will show
in Sect. 7.1, we obtain consistent results on sky fractions larger
than our fiducial 70% sky mask.

The Planck lensing potential is part of a significant shift for
CMB lensing science from the detection regime to that of preci-
sion cosmological probe. The NVSS quasar catalogue, for exam-
ple, has been a focus of previous lensing cross-correlation stud-
ies with WMAP (Hirata et al. 2004; Smith et al. 2007; Hirata
et al. 2008), where evidence for cross-correlation was found at
approximately 3.5�. As we will see in Sect. 6.3, the significance
for this correlation with Planck is now 20�. Notably, this is less
than the significance with which lensing may be detected inter-
nally with Planck. The lensing potential measured by Planck
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Fig. 13. Marginalised constraints on the optical depth in ⇤CDM
models from the Planck temperature power spectrum (Planck;
solid black), and additionally including the lensing likeli-
hood (Planck+lensing; dashed red) or WMAP polarization
(Planck+WP; dashed-dotted blue). We use a prior ⌧ > 0.01 in
all cases.

rameters by a small amount and the median values shift by rather
less than 1� for all parameters. The largest gain is for ⌦ch2 (and
H0) where the errors improve by 20%. Adding further large- and
small-scale data produces no significant reduction in error bars,
as expected. For most parameters, the medians also change very
little except for ⌦ch2 which is dragged low by a further 0.3� on
adding the small-scale lensing information. (The shift in H0 is
due to the anti-correlation between H0 and ⌦ch2 caused by the
acoustic-scale degeneracy in the temperature power spectrum;
see Planck Collaboration XVI 2013.) These findings are consis-
tent with the power spectrum amplitude measurements discussed
in Sect. 6: we can lower the lensing power by reducing the matter
density, and this is favoured by the lower amplitudes measured
from the small-scale lensing power spectrum.

The tension between the small-scale power and the power
over the L = 40–400 range included in our fiducial likelihood,
coupled with our lower confidence in the accuracy of the bias
removal on small scales, is the reason that we do not include
these smaller scales at this stage in the Planck lensing likelihood.

6.1.3. Spatial curvature and dark energy

Inflation models with su�cient number of e-folds of expansion
naturally predict that the Universe should be very close to be-
ing spatially flat. Constraining any departures from flatness is
therefore a critical test of inflationary cosmology. However, the
primary CMB anisotropies alone su↵er from a geometric degen-
eracy, whereby models with identical primordial power spec-
tra, physical matter densities and angular-diameter distance to
last-scattering have almost identical power spectra (Efstathiou
& Bond 1999). The degeneracy is partly broken by lens-
ing (Stompor & Efstathiou 1999), with small additional con-
tributions from the late-ISW e↵ect (on large scales) and by
projection e↵ects in curved models (Howlett et al. 2012). In
⇤CDM models with curvature, the geometric degeneracy is two-
dimensional, involving the curvature and dark energy density,
and this limits the precision with which either can be determined
from the CMB alone.
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Fig. 14. Marginalized posteriors for the six-parameter ⇤CDM
model, shown as box plots, for Planck+WP+highL with various
lensing likelihoods. The red and blue lines are the median and
mean, respectively. The box and bar correspond to 68% and 95%
of the probability density, both centered on the median. The left-
most column is without the lensing likelihood and the median
of these constraints is shown by the grey line. The remaining
columns show the e↵ect of adding in the fiducial lensing like-
lihood (second column), and further adding a low-L bin (third
column), high-L bins (fourth column) or both (final column).

With the high-significance detection of lensing by Planck
in the temperature power spectrum (Planck Collaboration XVI
2013), and via the lens reconstruction reported here, the geomet-
ric degeneracy is partially broken, as shown in Fig. 15. The long
tail of closed models with low dark energy density (and expan-
sion rate at low redshift) allowed by the geometric degeneracy
have too much lensing power to be consistent with Planck’s mea-
sured temperature and lensing power spectra (see also Fig. 12).
We find marginalised constraints on the curvature parameter of

⌦K = �0.042+0.027
�0.018 (68%; Planck+WP+highL)

⌦K = �0.0096+0.010
�0.0082 (68%; Planck+lensing+WP+highL),

so that lensing reconstruction reduces the uncertainty on ⌦K by
more than a factor of two over limits driven by the smoothing
e↵ect on the acoustic peaks of CTT

` . This improvement is consis-
tent with the spread in C��L in curved models constrained by the
temperature power spectrum, relative to the errors on the recon-
struction power spectrum; see Fig. 12. Note that the mean value
of ⌦K also moves towards zero with the inclusion of the C��L
measurements. Adding the high-L and low-L data to the likeli-
hood brings no more than a percent-level improvement on the
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We are using the most significant (and cleanest) part of the data L=40-400.
Lensing brings a 20%ish improvement on some of the vanilla LCDM parameters.
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• CMB lensing breaks the angular diameter degeneracy, leading to: 
➡ Factor of 2 improvement on curvature constraints. 
➡ Factor of 2 improvement on DE constraint. 

Breaking the Angular Diameter Degeneracy
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Fig. 15. Two views of the geometric degeneracy in curved ⇤CDM models which is partially broken by lensing. Left: the degeneracy
in the⌦m-⌦⇤ plane, with samples from Planck+WP+highL colour coded by the value of H0. The contours delimit the 68% and 95%
confidence regions, showing the further improvement from including the lensing likelihood. Right: the degeneracy in the ⌦K-H0
plane, with samples colour coded by ⌦⇤. Spatially-flat models lie along the grey dashed lines.

constraint. We see that the CMB alone now constrains the ge-
ometry to be flat at the percent level. Previous constraints on
curvature via CMB lensing have been reported by SPT in com-
bination with the WMAP-7 data:⌦K = �0.003+0.014

�0.018 (68%; Story
et al. 2012). This constraint is consistent, though almost a factor
of two weaker, than that from Planck. Tighter constraints on cur-
vature result from combining the Planck data with other astro-
physical data, such as baryon acoustic oscillations, as discussed
in Planck Collaboration XVI (2013).

Lensing e↵ects provide evidence for dark energy from the
CMB alone, independent of other astrophysical data (Sherwin
et al. 2011). In curved⇤CDM models, we find marginalised con-
straints on ⌦⇤ of

⌦⇤ = 0.57+0.073
�0.055 (68%; Planck+WP+highL)

⌦⇤ = 0.67+0.027
�0.023 (68%; Planck+lensing+WP+highL).

Again, lensing reconstruction improves the errors by more than
a factor of two over those from the temperature power spectrum
alone.

6.1.4. Neutrino masses

The unique e↵ect in the unlensed temperature power spectrum
of massive neutrinos that are still relativistic at recombination
is small. With the angular scale of the acoustic peaks fixed
from measurements of the temperature power spectrum, neutrino
masses increase the expansion rate at z > 1 and so suppress clus-
tering on scales larger than the horizon size at the non-relativistic
transition (Kaplinghat et al. 2003). This e↵ect reduces C��L for
L > 10 (see Fig. 12) and gives less smoothing of the acoustic
peaks in CTT

` . As discussed in Planck Collaboration XVI (2013),
the constraint on

P
m⌫ from the Planck temperature power spec-

trum (and WMAP low-` polarization) is driven by the smoothing
e↵ect of lensing:

P
m⌫ < 0.66 eV (95%; Planck+WP+highL).

Curiously, this constraint is weakened by additionally including
the lensing likelihood to

X
m⌫ < 0.85 eV, (95%; Planck+WP+highL),

reflecting mild tensions between the measured lensing and tem-
perature power spectra, with the former preferring larger neu-

trino masses than the latter. Possible origins of this tension are
explored further in Planck Collaboration XVI (2013) and are
thought to involve both the C��L measurements and features in
the measured CTT

` on large scales (` < 40) and small scales
` > 2000 that are not fit well by the ⇤CDM+foreground model.
As regards C��L , Fisher estimates show that the bandpowers in
the range 130 < L < 309 carry most of the statistical weight
in determining the marginal error on

P
m⌫, and Fig. 12 reveals

a preference for high
P

m⌫ from this part of the spectrum. (We
have checked that removing the first bandpower from the lensing
likelihood, which is the least stable to data cuts and the details
of foreground cleaning as discussed in Sect. 7, has little impact
on our neutrino mass constraints.) We also note that a similar
trend for lower lensing power than the ⇤CDM expectation on
intermediate scales is seen in the ACT and SPT measurements
(Fig. 11). Adding the high-L information to the likelihood weak-
ens the constraint further, pushing the 95% limit to 1.07 eV. This
is consistent with our small-scale measurement having a signifi-
cantly lower amplitude. At this stage it is unclear what to make
of this mild tension between neutrino mass constraints from the
4-point function and those from the 2-point, and we caution
over-interpreting the results. We expect to be able to say more
on this issue with the further data, including polarization, that
will be made available in future Planck data releases.

6.2. Correlation with the ISW Effect

As CMB photons travel to us from the last scattering surface,
the gravitational potentials that they traverse may undergo a non-
negligible amount of evolution. This produces a net redshift or
blueshift of the photons concerned, as they fall into and then
escape from the evolving potentials. The overall result is a con-
tribution to the CMB temperature anisotropy known as the late-
time integrated Sachs-Wolfe (ISW) e↵ect, or the Rees-Sciama
(R-S) e↵ect depending on whether the evolution of the poten-
tials concerned is in the linear (ISW) or non-linear (R-S) regime
of structure formation (Sachs & Wolfe 1967; Rees & Sciama
1968). In the epoch of dark energy domination, which occurs af-
ter z ⇠ 0.5 for the concordance ⇤CDM cosmology, large-scale
potentials tend to decay over time as space expands, resulting
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Fig. 15. Two views of the geometric degeneracy in curved ⇤CDM models which is partially broken by lensing. Left: the degeneracy
in the⌦m-⌦⇤ plane, with samples from Planck+WP+highL colour coded by the value of H0. The contours delimit the 68% and 95%
confidence regions, showing the further improvement from including the lensing likelihood. Right: the degeneracy in the ⌦K-H0
plane, with samples colour coded by ⌦⇤. Spatially-flat models lie along the grey dashed lines.

constraint. We see that the CMB alone now constrains the ge-
ometry to be flat at the percent level. Previous constraints on
curvature via CMB lensing have been reported by SPT in com-
bination with the WMAP-7 data:⌦K = �0.003+0.014

�0.018 (68%; Story
et al. 2012). This constraint is consistent, though almost a factor
of two weaker, than that from Planck. Tighter constraints on cur-
vature result from combining the Planck data with other astro-
physical data, such as baryon acoustic oscillations, as discussed
in Planck Collaboration XVI (2013).

Lensing e↵ects provide evidence for dark energy from the
CMB alone, independent of other astrophysical data (Sherwin
et al. 2011). In curved⇤CDM models, we find marginalised con-
straints on ⌦⇤ of

⌦⇤ = 0.57+0.073
�0.055 (68%; Planck+WP+highL)

⌦⇤ = 0.67+0.027
�0.023 (68%; Planck+lensing+WP+highL).

Again, lensing reconstruction improves the errors by more than
a factor of two over those from the temperature power spectrum
alone.

6.1.4. Neutrino masses

The unique e↵ect in the unlensed temperature power spectrum
of massive neutrinos that are still relativistic at recombination
is small. With the angular scale of the acoustic peaks fixed
from measurements of the temperature power spectrum, neutrino
masses increase the expansion rate at z > 1 and so suppress clus-
tering on scales larger than the horizon size at the non-relativistic
transition (Kaplinghat et al. 2003). This e↵ect reduces C��L for
L > 10 (see Fig. 12) and gives less smoothing of the acoustic
peaks in CTT

` . As discussed in Planck Collaboration XVI (2013),
the constraint on

P
m⌫ from the Planck temperature power spec-

trum (and WMAP low-` polarization) is driven by the smoothing
e↵ect of lensing:

P
m⌫ < 0.66 eV (95%; Planck+WP+highL).

Curiously, this constraint is weakened by additionally including
the lensing likelihood to

X
m⌫ < 0.85 eV, (95%; Planck+WP+highL),

reflecting mild tensions between the measured lensing and tem-
perature power spectra, with the former preferring larger neu-

trino masses than the latter. Possible origins of this tension are
explored further in Planck Collaboration XVI (2013) and are
thought to involve both the C��L measurements and features in
the measured CTT

` on large scales (` < 40) and small scales
` > 2000 that are not fit well by the ⇤CDM+foreground model.
As regards C��L , Fisher estimates show that the bandpowers in
the range 130 < L < 309 carry most of the statistical weight
in determining the marginal error on

P
m⌫, and Fig. 12 reveals

a preference for high
P

m⌫ from this part of the spectrum. (We
have checked that removing the first bandpower from the lensing
likelihood, which is the least stable to data cuts and the details
of foreground cleaning as discussed in Sect. 7, has little impact
on our neutrino mass constraints.) We also note that a similar
trend for lower lensing power than the ⇤CDM expectation on
intermediate scales is seen in the ACT and SPT measurements
(Fig. 11). Adding the high-L information to the likelihood weak-
ens the constraint further, pushing the 95% limit to 1.07 eV. This
is consistent with our small-scale measurement having a signifi-
cantly lower amplitude. At this stage it is unclear what to make
of this mild tension between neutrino mass constraints from the
4-point function and those from the 2-point, and we caution
over-interpreting the results. We expect to be able to say more
on this issue with the further data, including polarization, that
will be made available in future Planck data releases.

6.2. Correlation with the ISW Effect

As CMB photons travel to us from the last scattering surface,
the gravitational potentials that they traverse may undergo a non-
negligible amount of evolution. This produces a net redshift or
blueshift of the photons concerned, as they fall into and then
escape from the evolving potentials. The overall result is a con-
tribution to the CMB temperature anisotropy known as the late-
time integrated Sachs-Wolfe (ISW) e↵ect, or the Rees-Sciama
(R-S) e↵ect depending on whether the evolution of the poten-
tials concerned is in the linear (ISW) or non-linear (R-S) regime
of structure formation (Sachs & Wolfe 1967; Rees & Sciama
1968). In the epoch of dark energy domination, which occurs af-
ter z ⇠ 0.5 for the concordance ⇤CDM cosmology, large-scale
potentials tend to decay over time as space expands, resulting
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Fig. 12. Upper left: Planck measurements of the lensing power spectrum compared to the ⇤CDM mean prediction and 68% con-
fidence interval (dashed lines) for models fit to Planck+WP+highL (see text). The eight bandpowers are those used in the Planck
lensing likelihood; they are renormalized, along with their errors, to account for the small di↵erences between the lensed CTT

` in
the best-fit model and the fiducial model used throughout this paper. The error bars are the ±1� errors from the diagonal of the
covariance matrix. The colour coding shows how C��L varies with the optical depth ⌧ across samples from the ⇤CDM posterior
distribution. Upper right: as upper-left but using only the temperature power spectrum from Planck. Lower left: as upper-left panel
but in models with spatial curvature. The colour coding is for ⌦K . Lower right: as upper-left but in models with three massive
neutrinos (of equal mass). The colour coding is for the summed neutrino mass

P
m⌫.

constrained only by the Planck temperature power spectrum is
illustrated in the upper-right panel of Fig. 12, and suggests that
the direct C��L measurements may be able to improve constraints
on ⌧ further. This is indeed the case, as shown in Fig. 13 where
we compare the posterior distribution of ⌧ for the Planck temper-
ature likelihood alone with that including the lensing likelihood.
We find
⌧ = 0.097 ± 0.038 (68%; Planck)
⌧ = 0.089 ± 0.032 (68%; Planck+lensing).
At 95% confidence, we can place a lower limit on the optical
depth of 0.04 (Planck+lensing). This very close to the optical
depth for instantaneous reionization at z = 6, providing further
support for reionization being an extended process.

The ⌧ constraints via the lensing route are consistent with,
though weaker, than those from WMAP polarization. However,
since the latter measurement requires very aggressive cleaning
of Galactic emission (see e.g. Fig. 17 of Page et al. 2007), the
lensing constraints are an important cross-check.

6.1.2. Effect of the large and small scales on the
six-parameter ⇤CDM model

Before exploring the further parameters that can be constrained
with the lensing likelihood, we test the e↵ect on the ⇤CDM
model of adding the large-scale (10  L  40) and small-scale
(400  L  2048) lensing data to our likelihood. Adding addi-
tional data will produce random shifts in the posterior distribu-
tions of parameters, but these should be small here since the mul-
tipole range 40  L  400 is designed to capture over 90% of the
signal-to-noise (on an amplitude measurement). If the additional
data is expected to have little statistical power, i.e., the error bars
on parameters do not change greatly, but its addition produces
large shifts in the posteriors, this would be symptomatic either
of internal tensions between the data or an incorrect model.

In Fig. 14, we compare the posterior distributions of the
⇤CDM parameters for Planck+WP+highL alone with those af-
ter combining with various lensing likelihoods. Adding our fidu-
cial lensing likelihood (second column) reduces the errors on pa-
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Breaking the geometrical degeneracy
2+fold improvement on the errorbar

3% precision determination of Dark Energy 
from CMB alone

Mild tension with neutrino masses
TT wants more lensing

TTTT wants less lensing
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Fig. 15. Two views of the geometric degeneracy in curved ⇤CDM models which is partially broken by lensing. Left: the degeneracy
in the⌦m-⌦⇤ plane, with samples from Planck+WP+highL colour coded by the value of H0. The contours delimit the 68% and 95%
confidence regions, showing the further improvement from including the lensing likelihood. Right: the degeneracy in the ⌦K-H0
plane, with samples colour coded by ⌦⇤. Spatially-flat models lie along the grey dashed lines.

constraint. We see that the CMB alone now constrains the ge-
ometry to be flat at the percent level. Previous constraints on
curvature via CMB lensing have been reported by SPT in com-
bination with the WMAP-7 data:⌦K = �0.003+0.014

�0.018 (68%; Story
et al. 2012). This constraint is consistent, though almost a factor
of two weaker, than that from Planck. Tighter constraints on cur-
vature result from combining the Planck data with other astro-
physical data, such as baryon acoustic oscillations, as discussed
in Planck Collaboration XVI (2013).

Lensing e↵ects provide evidence for dark energy from the
CMB alone, independent of other astrophysical data (Sherwin
et al. 2011). In curved⇤CDM models, we find marginalised con-
straints on ⌦⇤ of

⌦⇤ = 0.57+0.073
�0.055 (68%; Planck+WP+highL)

⌦⇤ = 0.67+0.027
�0.023 (68%; Planck+lensing+WP+highL).

Again, lensing reconstruction improves the errors by more than
a factor of two over those from the temperature power spectrum
alone.

6.1.4. Neutrino masses

The unique e↵ect in the unlensed temperature power spectrum
of massive neutrinos that are still relativistic at recombination
is small. With the angular scale of the acoustic peaks fixed
from measurements of the temperature power spectrum, neutrino
masses increase the expansion rate at z > 1 and so suppress clus-
tering on scales larger than the horizon size at the non-relativistic
transition (Kaplinghat et al. 2003). This e↵ect reduces C��L for
L > 10 (see Fig. 12) and gives less smoothing of the acoustic
peaks in CTT

` . As discussed in Planck Collaboration XVI (2013),
the constraint on

P
m⌫ from the Planck temperature power spec-

trum (and WMAP low-` polarization) is driven by the smoothing
e↵ect of lensing:

P
m⌫ < 0.66 eV (95%; Planck+WP+highL).

Curiously, this constraint is weakened by additionally including
the lensing likelihood to

X
m⌫ < 0.85 eV, (95%; Planck+WP+highL),

reflecting mild tensions between the measured lensing and tem-
perature power spectra, with the former preferring larger neu-

trino masses than the latter. Possible origins of this tension are
explored further in Planck Collaboration XVI (2013) and are
thought to involve both the C��L measurements and features in
the measured CTT

` on large scales (` < 40) and small scales
` > 2000 that are not fit well by the ⇤CDM+foreground model.
As regards C��L , Fisher estimates show that the bandpowers in
the range 130 < L < 309 carry most of the statistical weight
in determining the marginal error on

P
m⌫, and Fig. 12 reveals

a preference for high
P

m⌫ from this part of the spectrum. (We
have checked that removing the first bandpower from the lensing
likelihood, which is the least stable to data cuts and the details
of foreground cleaning as discussed in Sect. 7, has little impact
on our neutrino mass constraints.) We also note that a similar
trend for lower lensing power than the ⇤CDM expectation on
intermediate scales is seen in the ACT and SPT measurements
(Fig. 11). Adding the high-L information to the likelihood weak-
ens the constraint further, pushing the 95% limit to 1.07 eV. This
is consistent with our small-scale measurement having a signifi-
cantly lower amplitude. At this stage it is unclear what to make
of this mild tension between neutrino mass constraints from the
4-point function and those from the 2-point, and we caution
over-interpreting the results. We expect to be able to say more
on this issue with the further data, including polarization, that
will be made available in future Planck data releases.

6.2. Correlation with the ISW Effect

As CMB photons travel to us from the last scattering surface,
the gravitational potentials that they traverse may undergo a non-
negligible amount of evolution. This produces a net redshift or
blueshift of the photons concerned, as they fall into and then
escape from the evolving potentials. The overall result is a con-
tribution to the CMB temperature anisotropy known as the late-
time integrated Sachs-Wolfe (ISW) e↵ect, or the Rees-Sciama
(R-S) e↵ect depending on whether the evolution of the poten-
tials concerned is in the linear (ISW) or non-linear (R-S) regime
of structure formation (Sachs & Wolfe 1967; Rees & Sciama
1968). In the epoch of dark energy domination, which occurs af-
ter z ⇠ 0.5 for the concordance ⇤CDM cosmology, large-scale
potentials tend to decay over time as space expands, resulting
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X
m⌫ < 0.85 eV, (95%; Planck+lensing+WP+highL),

X
m⌫ < 0.66 eV, (95%; Planck+WP+highL),
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Sum of neutrino masses!
Planck Collaboration: Cosmological parameters
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Fig. 28. Left: 2D joint posterior distribution between Ne↵ and
P

m⌫ (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Ne↵–me↵

⌫, sterile plane, colour-coded by ⌦ch2, in models with one massive
sterile neutrino family, with e↵ective mass me↵

⌫, sterile, and the three active neutrinos as in the base ⇤CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

sterile, is constant along the dotted lines (with the value indicated on the adjacent
dashed lines).

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P ⌘ 4nHe/nb for helium-4 and yBBN
DP ⌘ 105nD/nH

for deuterium, where ni is the number density of species i) can
be predicted as a function of the baryon density !b, the number
of relativistic degrees of freedom parameterized by Ne↵ , and of
the lepton asymmetry in the electron neutrino sector. Throughout
this subsection, we assume for simplicity that lepton asymmetry
is too small to play a role at BBN. This is a reasonable assump-
tion, since Planck data cannot improve existing constraints on
the asymmetry34. We also assume that there is no significant en-

34A primordial lepton asymmetry could modify the outcome of BBN
only if it were very large (of the order of 10�3 or bigger). Such a large
asymmetry is not motivated by particle physics, and is strongly con-
strained by BBN. Indeed, by taking into account neutrino oscillations
in the early Universe, which tend to equalize the distribution function
of three neutrino species, Mangano et al. (2012) derived strong bounds
on the lepton asymmetry. CMB data cannot improve these bounds, as
shown by Castorina et al. (2012); an exquisite sensitivity to Ne↵ would
be required. Note that the results of Mangano et al. (2012) assume that
Ne↵ departs from the standard value only due to the lepton asymmetry.
A model with both a large lepton asymmetry and extra relativistic relics
could be constrained by CMB data. However, we will not consider such
a contrived scenario in this paper.

tropy increase between BBN and the present day, so that our
CMB constraints on the baryon-to-photon ratio can be used to
compute primordial abundances.

To calculate the dependence of YBBN
P and yBBN

DP on the
parameters !b and Ne↵ , we use the accurate public code
PArthENoPE (Pisanti et al. 2008), which incorporates values
of nuclear reaction rates, particle masses and fundamental
constants, and an updated estimate of the neutron lifetime
(⌧n = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN

P (!b,Ne↵) and yBBN
DP (!b,Ne↵). For helium, the error is dom-

inated by the uncertainty in the neutron lifetime, leading to35

�(YBBN
P ) = 0.0003. For deuterium, the error is dominated by

uncertainties in several nuclear rates, and is estimated to be
�(yBBN

DP ) = 0.04 (Serpico et al. 2004).
These predictions for the light elements can be confronted

with measurements of their abundances, and also with CMB data
(which is sensitive to !b, Ne↵ , and YP). We shall see below that
for the base cosmological model with Ne↵ = 3.046 (or even for
an extended scenario with free Ne↵) the CMB data predict the
primordial abundances, under the assumption of standard BBN,
with smaller uncertainties than those estimated for the measured
abundances. Furthermore, the CMB predictions are consistent
with direct abundance measurements.

6.4.1. Observational data on primordial abundances

The observational constraint on the primordial helium-4 frac-
tion used in this paper is YBBN

P = 0.2534 ± 0.0083 (68% CL)
from the recent data compilation of Aver et al. (2012), based
on spectroscopic observations of the chemical abundances in
metal-poor H ii regions. The error on this measurement is domi-
nated by systematic e↵ects that will be di�cult to resolve in the
near future. It is reassuring that the independent and conserva-

35Serpico et al. (2004) quotes �(YBBN
P ) = 0.0002, but since that

work, the uncertainty on the neutron lifetime has been re-evaluated,
from �(⌧n) = 0.8 s to �(⌧n) = 1.1 s Beringer et al. (2012).
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!
!

•  Still relativistic at recombination!
•  Improved limit from lensing in power spectrum: 

more mass = less lensing!

Σmν < 0.66 eV (95%, Planck+WP+highL)!
Σmν < 0.23 eV (+BAO)!

!
•  But, adding Planck lensing spectrum increases 

limit to <0.85 eV.!

•  With nominal cluster mass bias, SZ cluster counts 
prefer non-zero neutrino mass (~0.5 eV).!

Constraining Neutrino Masses
• Neutrinos are still relativistic at 

recombination 

• Lensing of the CMB allows to break this 
degeneracy and now drives Σ mν 

constraints: 
➡ Using ClTT only: 
‣ Σ mν < 0.66 eV (95%; Planck+WP

+high L) 
‣ Σ mν < 0.23 eV (95%; +BAO) 

➡ Adding the Planck lensing 
“reconstruction” (trispectrum) increases 
the limit however. 
‣ Σ mν < 0.85 eV (95%; Planck+WP

+high L+ lensing) 

• SZ clusters, assuming nominal mass 
calibration, prefer non-zero neutrino 
mass:  
➡ Σ mν = 0.22 ± 0.09 eV (68%)
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Planck Maps Exquisitely (Extra-)Galactic Dust

• At  545 GHz (~550 μm) (and all frequencies above 143 GHz), a large fraction of the signal we 
are mapping is composed of galactic dust and of the Cosmic Infrared Background (CIB). 

• The CIB represents the cumulative emission of high-z, dusty, star forming galaxies.
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Planck CIB maps at 217, 353, 545 and 857 GHz

•High SNR sub-degree structures 
at all frequencies.  

•Assuming sources at z~1.5, we  
are seeing clustering at 10 Mpc/h 
(k~0.1 h/Mpc). 

•Structures partially correlated 
across frequencies. 

•Clearly of cosmological interest!

39

Planck Early Results XVIII
5 deg.
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A Bright (Far-)Infrared Sky

• The CIB and the COB have equal contributions, instead of ~1/3 for local galaxies. 
➡ IR luminosity increases with z faster than optical luminosity because of the 

increased star formation rate at higher z. 

• Over half of the energy produced since the surface of last scattering has been 
absorbed and re-emitted by dust.

40

Béthermin & Dole in prep. 
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3.6°

Large Scale Structure  
HerMES Lockman Survey Field

• We 

41

Working in the confusion limit,  
i.e. our signal is the unresolved background 
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CIB Redshift and Mass Dependence
• CIB is the dominant extragalactic foreground at 

high frequency and is produced by the redshifted 
thermal radiation from UV-heated dust.  

• The CIB is a thus a good probe of the SFR at high 
redshift. 

• This signal was highlighted early on by Partridge & 
Peebles 67: 

➡ The monopole was discovered by Puget++96 
(FIRAS) and Hauser++98 (DIRBE). 

➡ Tremendous progress in the last few years mapping 
correlated fluctuations in Spitzer (Lagache++07), 
Blast (Viero++09), Herschel (Viero++12), Planck, SPT 
(Hall++11) and ACT (Das++12). 

➡ Planck adds low frequencies, i.e., high-z, and large 
scales (see e.g., Planck Early Results XVIII) 

• The fluctuations in this background trace the large-
scale distribution of matter, and so, to some extend 
the clustering of matter at high-z 

• This led Song++02 to posit a correlation between 
CIB and CMB lensing. 

Planck Collaboration: Planck 2013 results. XVIII. Gravitational lensing-infrared background correlation

dominate over most of the sky. Gravitational lensing by large-
scale structure produces small shear and magnification e↵ects in
the observed fluctuations, which can be exploited to reconstruct
an integrated measure of the gravitational potential along the line
of sight Okamoto & Hu (2003). This “CMB lensing potential”
is sourced primarily by dark matter halos located at 1 . z . 3,
halfway between ourselves and the last scattering surface (see
Blandford & Jaroszynski 1981; Blanchard & Schneider 1987, or
Lewis & Challinor 2006 for a review). In the upper frequency
bands (353, 545, and 857 GHz), the dominant extragalactic sig-
nal is not the CMB, but the cosmic infrared background (CIB),
composed of redshifted thermal radiation from UV-heated dust,
enshrouding young stars. The CIB contains much of the energy
from processes involved in structure formation. According to
current models, the dusty star-forming galaxies (DSFGs), which
form the CIB have a redshift distribution peaked between z ⇠ 1
and z ⇠ 2, and tend to live in 1011–1013M� dark matter halos
(see, e.g., Béthermin et al. 2012, and references therein).

As first pointed out by Song et al. (2003), the halo mass and
redshift dependence of the CMB lensing potential and the CIB
fluctuations are well matched, and as such a significant correla-
tion between the two is expected. This point is illustrated quan-
titatively in Fig. 1, where we plot estimates for the redshift- and
mass- kernels of the two tracers. In this paper we report on the
first detection of this correlation.

Measurements of both CMB lensing and CIB fluctuations
are currently undergoing a period of rapid development. While
the CIB mean was first detected using the FIRAS and DIRBE
instruments aboard COBE (Puget et al. 1996; Fixsen et al. 1998;
Hauser et al. 1998), CIB fluctuations were later detected by
the Spitzer Space Telescope (Lagache et al. 2007) and by the
BLAST balloon experiment (Viero et al. 2009) and the Herschel
Space Observatory (Amblard et al. 2011; Viero et al. 2012),
as well as the new generation of CMB experiments, includ-
ing Planck, which have extended these measurements to longer
wavelengths (Hall et al. 2010; Dunkley et al. 2011; Planck
Collaboration XVIII 2011; Reichardt et al. 2012). The Planck
early results paper: Planck Collaboration XVIII (2011) (hence-
forth referred to as PER) presented measurements of the angu-
lar power spectra of CIB anisotropies from arc-minute to degree
scales at 217, 353, 545, and 857 GHz, establishing Planck as a
potent probe of the clustering of the CIB, both in the linear and
non-linear regimes. A substantial extension of PER is presented
in a companion paper to this work (Planck Collaboration 2013,
henceforth referred to as PIR).

The CMB lensing potential, on the other hand, which was
first detected statistically through cross-correlation with galaxy
surveys (Smith et al. 2007; Hirata et al. 2008, and more recently
Bleem et al. 2012; Sherwin et al. 2012), has now been observed
directly in CMB maps by the Atacama Cosmology Telescope
and the South Pole Telescope (Das et al. 2011; van Engelen et al.
2012).

Planck’s frequency coverage, sensitivity and survey area, al-
low high signal-to-noise measurements of both the CIB and the
CMB lensing potential. Accompanying the release of this pa-
per, Planck Collaboration XVII (2013) reports the first measure-
ment and characterisation of the CMB lensing potential with the
Planck data, which has several times more statistical power than
previous measurements, over a large fraction (approximately
70% of the sky). We will use this measurement of the lensing
potential in cross-correlation with measurements of the CIB in
the PlanckHFI bands to make the first detection of the lensing-
infrared background correlation. In addition to our measure-
ment, we discuss the implications for models of the CIB fluc-

Fig. 1. Redshift- and mass- integrand for the CIB and CMB lens-
ing potential power spectra at ` = 500, calculated using the
CIB halo model of Planck Collaboration XVIII (2011), evalu-
ated at 217 GHz. The good match between the redshift and halo
mass distributions leads to an expected correlation up to 80 %.
The sharper features in the CIB kernel are artefacts from the
Béthermin et al. (2012) model. We note that the low mass, high
z behavior of our calculation is limited by the accuracy of the
mass function we use (Tinker & Wetzel 2010). All of our mass
integrals use Mmin = 105 M�.

tuations. The outline of this paper is as follows. In Sect. 2 we
describe the data we will use, followed by a description of our
pipeline for correlating the CIB and lensing signals in Sect. 3.
Our main result is presented in Sect. 4, with a description of our
error budget, consistency tests and an array of systematic tests in
Sect. 5. We discuss the implications of the measured correlation
for CIB modelling in Sect. 6.

2. Data sets

2.1. Planck maps

Planck (Tauber et al. 2010; Planck Collaboration I 2011) is the
third generation space mission to measure the anisotropy of the
CMB. It observes the sky with high sensitivity in nine frequency
bands covering 30–857 GHz at an angular resolution from 310 to
50. The Low Frequency Instrument (LFI; Mandolesi et al. 2010;
Bersanelli et al. 2010; Mennella et al. 2011) covers the 30, 44,
and 70 GHz bands with radiometers that incorporate amplifiers
cooled to 20 K. The High Frequency Instrument (HFI; Lamarre
et al. 2010; Planck HFI Core Team 2011a) covers the 100, 143,
217, 353, 545, and 857 GHz bands with bolometers cooled to
0.1 K. Polarization is measured in all but the highest two bands

2
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CMB lensing 
(l=500)

CIB at 217 GHz 
(l=500)
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Investigating The CMB Lensing - CIB Correlation
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m

C

T T

` ã`m

Y`m

(x)

44

C�T
b =

1

Nb

X

l2b

X

|m|`

1

`2

⇣
�̂`mT`m

⌘

• The correlation of the inverse variance weighted reconstructed lensing potential 
with the temperature map is equivalent to the optimal bispectra (Smith++08).

Planck Collaboration: Planck 2013 results. XVIII. Gravitational lensing-infrared background correlation

(Leahy et al. 2010; Rosset et al. 2010). A combination of radia-
tive cooling and three mechanical coolers produces the temper-
atures needed for the detectors and optics (Planck Collaboration
II 2011). Two data processing centres (DPCs) check and cali-
brate the data and make maps of the sky (Planck HFI Core Team
2011b; Zacchei et al. 2011). Planck’s sensitivity, angular reso-
lution, and frequency coverage make it a powerful instrument
for Galactic and extragalactic astrophysics as well as cosmol-
ogy. Early astrophysics results are given in Planck Collaboration
VIII–XXVI 2011, based on data taken between 13 August 2009
and 7 June 2010. Intermediate astrophysics results are now be-
ing presented in a series of papers based on data taken between
13 August 2009 and 27 November 2010. This paper uses data
corresponding to the second Planck data release, with data ac-
quired in the period up to 27 November 2010 and undergoing
improved processing.

We use the Planck HFI temperature maps at all six frequen-
cies, i.e., 100, 143, 217, 353, 545, and 857 GHz. The maps at
each frequency were created using almost three full-sky sur-
veys. Here we give an overview of the HFI map-making pro-
cess with additional details given in Planck HFI Core Team
(2011b); Planck Collaboration VI (2013). The data are organized
as time-ordered information, hereafter TOI. The attitude of the
satellite as a function of time is provided by two star trackers
on the spacecraft. The pointing for each bolometer is computed
by combining the attitude with the location of the bolometer in
the focal plane, as determined by planet observations. The raw
bolometer TOI for each channel is first processed to produce
cleaned timelines and to set flags that mark bad data (for ex-
ample data immediately following a cosmic ray strike on the de-
tector). This TOI processing includes: (1) signal demodulation
and filtering; (2) deglitching, which flags the strong part of any
glitch and subtracts the tails; (3) conversion from instrumental
units (volts) to physical units (watts of absorbed power, after a
correction for the weak non-linearity of the response); (4) de-
correlation of thermal stage fluctuations; (5) removal of the sys-
tematic e↵ects induced by 4 K cooler mechanical vibrations; and
(6) deconvolution of the bolometer time response. Focal plane
reconstruction and beam shape estimation is made using obser-
vations of Mars. The simplest description of the beams, an el-
liptical Gaussian, leads to full-width at half-maximum (FWHM)
values of 9.65, 7.25, 4.99, 4.82, 4.68 and 4.33 0as given in Table
4 of Planck Collaboration VI (2013). As explained in this paper,
the inter-calibration accuracy between channels is better than the
absolute calibration. This leads us to adopt conservative abso-
lute calibration uncertainties of 0.64, 0.53, 0.69, 2.53, 10., 10. %
at 100, 143 217, 353, 545 and 857 GHz respectively. We con-
vert between emissivities given in MJy sr�1(with the photomet-
ric convention ⌫I⌫ = constant) and temperatures in µK, using
the measured bandpass filters (see PER and PIR for details).

For the sake of consistency testing (presented in particular in
Sect. 5), we will sometimes use temperature maps where only a
fraction of the TOI is used to generate the sky map. In particular,
throughout this paper we use the terminology “half-ring” (HR)
maps to refer to maps made using the first and second half of the
stable pointing period, “survey” for individual full-sky survey
maps (note that the third survey is incomplete for the particu-
lar data release used in the intermediate papers), and “detset”
for maps made using two independent sets of detectors per fre-
quency (for details see Planck HFI Core Team 2011b).

We create three masks to exclude regions with bright
Galactic and extragalactic foreground emission. The first mask
accounts for di↵use Galactic emission as observed in the Planck
data. To allow us to test for the e↵ects of residual Galactic

Fig. 2. Combined Galactic, point-source and H i mask with sky
fractions 16, 30 and 43 %.

emission on our results we create three di↵erent versions of
this mask, each with a di↵erent masked area, such that 20, 40
or 60 % of the sky is unmasked. Each version of this mask
is created directly from the Planck 353 GHz map, from which
we remove the CMB using the 143 GHz channel as a CMB
template before smoothing by a Gaussian with FWHM of 5�.
The map is then thresholded such that the mask has the re-
quired sky fraction. Although the Galactic emission is stronger
at 857 GHz, we expect the 353 GHz mask to better trace dust
emission at the lower frequencies we use. The mask therefore ac-
counts for Galactic dust and Galactic CO emission as explained
in Planck Collaboration XII (2013). We will not worry about
synchrotron emission, which is important at low frequencies,
since its contribution at 100 GHz and at high Galactic latitudes
is small, and, as with the dust component, will be uncorrelated
with the lensing potential. The second mask covers bright point
sources. This mask is created using algorithms tailored to de-
tect point sources in the Planck data and is optimized for each
frequency, as detailed in Planck Collaboration VII (2011) and
Planck Collaboration (2011). The third mask is designed to re-
move extended high-latitude Galactic dust emission (“cirrus”),
as traced by external H i data, as we will describe in Sect. 2.2.1.
While the first two masks are described in Planck Collaboration
XII (2013), the latter is specific to our cross-correlation analy-
sis, as it provides a method to reduce the large-scale noise in our
measurement, and the 3-point nature of our estimate ensures that
it will not introduce a bias (although we test for this in Sect. 5).
Ultimately, when we combine the three masks we obtain an ef-
fective sky fraction of 16, 30 and 43 % for the 20, 40 and 60 %
Galactic masks, respectively.

2.2. External data sets

2.2.1. H i maps

We use measurements of 21-cm emission from Galactic neutral
hydrogen (H i) as a cirrus monitor. Outside of our Galactic and
point source masks we use the H i data to construct a template
of the dust emission in regions where the H i column density
is low (less than NHI  2 ⇥ 1020 cm�2), and we mask regions
where it is high, since in these regions the H i and dust emis-
sion are not well correlated (Boulanger et al. 1996; Boulanger &
Perault 1988, PER). The masking procedure that we use is de-
scribed in detail in Planck Collaboration XXIV (2011). It con-
sists of subtracting the H i dust template from the Planck tem-
perature map at 857 GHz and calculating the skewness of the
residuals in 5 deg2 regions. If the skewness is larger than a given
value then the region is masked. This is an improvement over

3
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Lensing Potential and Temperature are CorrelatedPlanck Collaboration: Planck 2013 results. XVIII. Gravitational lensing-infrared background correlation

Fig. 3. Angular cross-spectra between the reconstructed lensing map and the temperature map at the six HFI frequencies. The error
bars correspond to the scatter within each band. The solid line is the expected result based on the PER model and is not a fit to
these data (see Fig. 16 for an adjusted model), although it is already a satisfying model. In each panel we also show the correlation
between the lens reconstruction at 143 GHz and the 143 GHz temperature map in grey. This is a simple illustration of the frequency
scaling of our measured signal and also the strength of our signal as compared to possible intra-frequency systematic errors.

cance as follows. We count the number of standard deviations as
the quadrature sum of the significance in the di↵erent multipole
bins:
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For our nominal parameters this gives us 3.6�, 4.3�, 8.3�,
31�, 42�, and 32�, at, respectively, 100, 143, 217, 343, 545
and 857 GHz. Note that these numbers include an additional
20 % contribution to the statistical error to account for mode cor-
relations (which we discuss in Sect. 5.1), but do not include sys-
tematic errors or our point source correction. As a comparison, in
each panel we plot the correlation between the lens reconstruc-
tion at 143 GHz and the 143 GHz map in grey. This shows the
frequency scaling of our measured signal and also the strength
of the signal, as compared to possible intra-frequency systematic
e↵ects. This will be studied in depth in Sect. 5.

This first pass on our raw data demonstrates a strong detec-
tion that is in good agreement with the expected CIB-lensing
signal. To get a better intuition for this detection, we show in
Fig. 4 the real-space correlation between the observed tempera-

ture and the lens deflection angles. This figure allows us to vi-
sualize the correlation between the CIB and the CMB lensing
deflection angles for the first time. These images were generated
using the following stacking technique. We first mask the 545
and 857 GHz temperature maps with our combined mask that
includes the 20 % Galaxy mask, and identify 20,000 local max-
ima and minima in these maps. We also select 20,000 random
locations outside the masked region to use in a null test. We then
band pass filter the lens map between ` = 400–600 to remove
scales larger than our stacked map as well as small-scale noise.
We stack a 1 deg2 region around each point in both the filtered
temperature map and lensing potential map, to generate stacked
CIB and stacked lensing potential images. We take the gradient
of the stacked lensing potential to calculate the deflection angles,
which we display in Fig. 4 as arrows. The result of the stack-
ing over the maxima, minima and random points is displayed
from left to right in Fig. 4. The strong correlation seen already
in the cross-power spectrum is clearly visible in both the 545 and
857 GHz extrema, while the stacking on random locations leads
to a lensing signal consistent with noise. From simulations, we
expect a small o↵-set (' 100) in the deflection field. This o↵set
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• Statistical error bars only. 

• Grey boxes correspond to 
the 143 GHz based lensing 
potential reconstruction x 
143 GHz temperature map 
as a systematic proxy. 

• The colored solid curves 
correspond to the signal 
prediction based on the 
Planck Early paper model. 

• Cross-correlation enables 
the use of a large area of 
the sky (40%).
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Using the CIB to “See” the Lensing of the CMB

• Stacking on 20,000, band-pass filtered, 1 deg. wide patches. 
• We see the expected relation between light, matter and deflection angles. 
• Incidentally, probably the first detection of lensing by voids (e.g., Krause++12).

Planck Collaboration: The Planck mission

Fig. 28. Temperature maps of size 1 deg2 at 545 and 857 GHz stacked on the 20,000 brightest peaks (left column), troughs (centre column) and
random map locations (right column). The stacked (averaged) temperature maps is in K. The arrows indicate the lensing deflection angle deduced
from the gradient of the band-pass filtered lensing potential map stacked on the same peaks. The longest arrow corresponds to a deflection of
6.300, which is only a fraction of the total deflection angle because of our filtering. This stacking allows us to visualize in real space the lensing
of the CMB by the galaxies that generate the CIB. The small o↵set between the peak of the lensing potential and the CIB is due to noise in the
stacked lensing potential map. We choose the same random locations for both frequencies, hence the similar pattern seen in the top and bottom
right panels.

– The Planck best-fit model is in excellent agreement with the
most current BAO data. However, it requires a Hubble con-
stant that is significantly lower (⇠67 km s�1 Mpc�1) than ex-
pected from traditional measurement techniques, raising the
possibility of systematic e↵ects in the latter.

– An exploration of parameter space beyond the basic set leads
to: (a) firmly establishing the e↵ective number of relativis-
tic species (neutrinos) at 3; (b) constraining the flatness of
space-time to a level of 0.1%; (c) setting significantly im-
proved constraints on the total mass of neutrinos, the abun-
dance of primordial Helium, and the running of the spectral
index of the power spectrum.

– we find no evidence at the current level of analysis for tensor
modes, nor for a dynamical form of dark energy, nor for time
variations of the fine structure constant.

– we find some tension between the amplitude of matter fluc-
tuations (�8) derived from CMB data and that derived from
Sunyaev-Zeldovich data; we attribute this tension to uncer-
tainties in cluster physics that a↵ect the latter.

– we find important support for single-field slow-roll inflation
via our constraints on running of the spectral index, curva-
ture and fNL.

– The Planck data squeezes the region of the allowed standard
inflationary models, preferring a concave potential: power

law inflation, the simplest hybrid inflationary models, and
simple monomial models with n > 2, do not provide a good
fit to the data.

– we find no evidence for statistical deviations from isotropy
at ` >50, to very high precision.

– we do find evidence for deviations from isotropy at low `s.
In particular, we find a coherent deficit of power with respect
to our best-fit ⇤CDMmodel at `s between ⇠20 and 30.

– We confirm the existence of the so-called WMAP anomalies.

These results highlight the maturity and high precision being
achieved in our understanding of the Universe, and at the same
time herald a new era in which we can no longer ignore tiny but
significant deviations at low `s from our current standard model.

Other results for which the current Planck data are making
unique contributions are:

– a 25� detection of the distortion of the CMB due to lensing
by intervening structure yields a (noisy but highly signifi-
cant) map over most of the sky of the integrated distribution
of mass back to the CMB last-scattering surface. The detec-
tion of lensing helps Planck to break parameter degenera-
cies, in particular to constrain the reionization optical depth
without the help of polarization data.
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Stacking on: 

1 deg.
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SPT x Herschel: Detecting Lensing B-modes

47

SPT Pol, Hanson++13

• Thanks to 90 sq. deg. of overlapping SPT and 
Herschel observations (PI: Joaquin Vieira). 
• Leads to a ~7σ first detection of lensing B 
modes, the first cosmological B modes! 
• Foretaste of what we will be doing with DES 
and SPT-Pol, SPT-3G and S4. 
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• Cosmological inference is a statistical method: 
➡ The information content is ∝ # of independent modes. 

• For CMB temperature, information comes from 2D sampling: 
➡ # modes ∝ (2lmax+1)lmax . 
➡  CMB is fundamentally band limited so that # modes is ≲ 6.e6 . 

• For galaxy survey, the information comes from 3D sampling: 
➡ # modes ∝  Veffective

Why are Large Scale Structure Survey Important?
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LSS Surveys are Catching up with Planck

49

Survey Veff [Gpc/h]3 # modes

Planck N/A 6.6x106

SDSS-1 0.13 1.8x104

SDSS-2 0.26 3.5x104

BOSS (complete) 2.3 3.1x105

SuMIRe (PFS+HSC) 2.5 3.4x105

DESI 28 3.8x106

Euclid (Spectro) 35 4.7x106
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