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Outline

• A quick Planck overview.

• Probing large scale scale structure with Planck
➡ The Cosmic Infrared Background (CIB) example.

• CIB induced cross-correlations:
➡ The lensing of the CMB.
➡ Galaxy surveys at multiple redshifts.

• SPHEREx:
➡ A small satellite to map LSS in 3D and probe map Lya from first stars.
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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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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 = 

6

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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30 GHz
What Planck Has Done for Astrophysics in 2013
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• 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!). 

44 GHz

143 GHz/ 1.3mm 217 GHz/ 2.1mm

847 GHz/ 350 μm545 GHz/ 550 μm353 GHz/ 850 μm

100 GHz

70 GHz
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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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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.

9

Béthermin & Dole in prep. 
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Planck
bands

Courtesy J. Viera

Dust Emission
(modified BB)

Increase with z

Arp 220 scaled with Redshift
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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!

11

Planck Early Results XVIII, Planck 2013 XXX5 deg.
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3.6°

Large Scale Structure
HerMES Lockman Survey Field

• We 
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Working in the confusion limit, 
i.e. our signal is the unresolved background
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CMB and Dust Cleaning
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Extended “Clean” Cosmic Infrared Background Maps

14

60 deg.
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CIB Angular (Cross-) Power Spectrum

15

Planck 2013 XXX

• Power spectra measured over 2,400 
sq. deg. “dust cleaned”.

• Clustering is seen at all scales.

• A single “physical” with 6 parameters 
model fits all the measurement.
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Required elements for a “physical” model
(1) Light traces galaxies which trace dark matter on large scales

 
(2)Prescription for the spatial distribution of galaxies and its redshift evolution: Pgg(k,z)

➡Linear model with bias constant in redshift: Pgg(k,z) = blin2 Plin(k,z)

➡HOD approach: clustering of DM through a halo models, whose halos we populate 
using Halo Occupation Density model

(3)Luminosity function and its redshift evolution for the relevant galaxies: j(z)
➡Use of a parametric model of the LF and the SED.

16

Planck Collaboration: CIB anisotropies with Planck

Figure 17. Comparison of BLAST and HFI measurements at 545 and
857 GHz. HFI data points are the red circles; BLAST data points are the
black triangles. They have been color corrected for the comparison (the
color has been computed using the CIB SED of Gispert et al. (2000),
integrated through the BLAST and HFI bandpass filters). The dashed
line is the BLAST shot noise (also color corrected). Also shown is the
BLAST best fit clustering model (black dash-dotted line) and the to-
tal contribution (shot noise plus clustering; continuous green line). It
provides a good fit to the Planck data.

We also plot their best fit halo model which has a minimum halo
mass required to host a galaxy of log(Mmin/M⇥) = 11.5+0.4

�0.1, and
an e�ective bias be� ⇤ 2.4. We see from Fig. 17 that their model
is a very good fit to the HFI data points. Indeed, it provides
a much better fit of the HFI data points than the BLAST data
points!

5.4. A self-consistent, cosmological, IR, galaxy evolution
model

Our interpretation of the CIB anisotropy measurements relies on
a model introduced in Penin et al. (in prep). The model builds
upon the halo model formalism (see Cooray & Sheth 2002, for
a review) and populates dark matter halos with galaxies using a
HOD, modeling the emission of dusty galaxies using the infrared
evolution model of Béthermin et al. (2010c). Our main motiva-
tion for developing and using this parametric model is that it
allows us to handle, in a self-consistent manner, observational
constraints coming from galaxy clustering and the CMB with
more galaxy-evolution-centered measurements such as number
counts or luminosity functions at various wavelengths and red-
shifts. This is a key feature of our model.

Previous models, such as Amblard & Cooray (2007) and
Viero et al. (2009), have used the Lagache et al. (2004) infrared-
galaxy evolution model. Compared to Lagache et al. (2004) and
Marsden et al. (2010), the parametric evolution of Béthermin
et al. (2010c) better reproduces the mid-IR to millimeter statisti-
cal observations of infrared galaxies (number counts, luminosity
functions, CIB, redshift distributions). This is important since
we derive from this model the mean emissivity per comoving
unit volume, introduced below, which is a key quantity for inter-
preting CIB anisotropies.

On the scales of interest to us we can use the Limber ap-
proximation (Limber 1954) and write the angular (cross) power
spectrum of infrared emission at two frequencies, � and �⌅, and

at a multipole ⌃ as (e.g., Knox et al. 2001):

C��
⌅
⌃ =

⇤
dz
�

d⇥
dz

⇥ �
a
⇥

⇥2
j̄�(z) j̄�⌅ (z)Pgg(k = ⌃/⇥, z) (37)

where ⇥ is the comoving angular diameter distance to redshift
z, a = (1 + z)�1 is the scale factor and j̄�(z) is the mean emis-
sivity per comoving unit volume at frequency � and redshift z.
The mean emissivity is derived using the empirical, parametric
model of Béthermin et al. (2010c)6:

j̄�(z) = (1 + z)
⇤ S cut

0
dS S

d2N
dS dz

. (38)

The remaining ingredient in the model is thus Pgg(k, z). As a
foil to the HOD model for Pgg we begin with the simple, constant
bias model in which

Pgg(k, z) = b2
linPlin(k, z) (39)

where blin is a redshift- and scale-independent bias and Plin(k)
is the linear theory, matter power spectrum. We compute Plin(k)
using the fit of Eisenstein & Hu (1998). We shall see that such a
model is not su⇥cient to explain the CIB anisotropies that we
measure. This is not unexpected: at the mean distance of the
sources we are probing Mpc scales where non-linearities and
scale-dependent bias are important.

By contrast the HOD model computes Pgg(k, z) as the sum
of the contributions of galaxies within a single dark matter halo
(1h) and galaxies belonging to two di�erent halos (2h):

Pgg(k) = P1h(k) + P2h(k) . (40)

The details of our assumptions for the 1h and 2h terms are given
in the Appendix. On large scales P2h reduces to a constant bias
(squared) times the linear theory power spectrum while the 1-
halo term becomes a scale-independent, shot-noise term.

Before comparing our model to Planck observations, let us
identify the parameters we hope to constrain with these data.
The infrared galaxy evolution model of Béthermin et al. (2010c)
satisfyingly reproduces current number count observations and
luminosity function measurements at the price of introducing a
luminosity function characterized by thirteen parameters. These
thirteen parameters fully define the mean emissivities, j̄�(z),
given in Eq. 38. The standard cosmological parameters (baryon
density, tilt, etc.) mostly define the shape of the linear power
spectrum in Eq. 39 and the geometric functions like ⇥(z). The
HOD formalism we introduce in the appendix requires four more
parameters. Penin et al. (in prep) investigated this full parame-
ter space and its degeneracies and concluded, not surprisingly,
that the current generation of infrared galaxy clustering measure-
ments will not allow us to constrain all these parameters simulta-
neously. Furthermore, they show that most of the constraints on
the luminosity function evolution come from number counts and
monochromatic luminosity function measurements. In the next
section we thus fix the luminosity function parameters to their
best-fit values (from Béthermin et al. 2010c) and vary only some
of the HOD parameters.

6 Note that for illustration purpose and where specified only, we will
sometimes use the older phenomenological model of Lagache et al.
(2004) (LDP).
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Shang++12, Planck 2013 XXX
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Model Parameters
• Luminosity mass relation:

• Global normalization of the L-M relation:   
➡  L0Φ(z) = L0(1+z)δ

• SFR-M relation:

• SED, modified black-body:
➡ θ(ν) = νβ B(T0(1+z)α) for ν<ν0
➡ θ(ν) ∝ νγ                  for ν≥ν0

• All shot-noise levels are fixed by the LF model with a 20% errors.

• Eventually 8 free parameters: Mmin, Meff, L0, δ, α, β, T0, γ
17
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Angular Power Spectrum

18

Planck 2013 XXX
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Best-fit Parameters
• Fit simultaneously all frequencies with only one set of parameters.

• Most efficient mass Meff:

➡ log(Meff/M⦿) = 12.2±0.13 
➡No significant redshift evolution.

• Variation of temperature with redshift:

➡  Dust spectral index: β= 1.85±0.06
➡T0 = (24.4 ± 1.9) K and α = 0.36 ± 0.05
➡Significant redshift evolution:
‣ A harder interstellar radiation field for z>2.5 (Magdis et al. 2012)?

19
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Constraining the SFR at High Redshift

20

Planck 2013 XXX
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Consistent Masses with Abundance Matching

21

Béthermin, OD, Lagache 12
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Validating with Cross-Correlations - BOSS LRGs

22
Serra++2014
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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. 

23
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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) = Tunlensed(θ+∇Φ).
• 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

24
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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.

25

�̄ = ��1~r ·
h
C�1T ~r(C�1T )

i

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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The Projected Mass Map of the Visible Universe

26

• 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. Planck 2013 Results. XVII
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Multiple Bias at the Map Level

27

Biases at the map level

Planck Collaboration: Gravitational lensing by large-scale structures with Planck

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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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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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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• CMB lensing dominates constraints on Mν.

• 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

Planck Collaboration: Gravitational lensing by large-scale structures with Planck
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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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m⌫ < 0.85 eV, (95%; Planck+lensing+WP+highL),

X
m⌫ < 0.66 eV, (95%; Planck+WP+highL),
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CMB Lensing Correlates with Galaxy Surveys

30

• This correlation is an important consistency test.
• It offers an opportunity to measure the galaxy survey (bias x dN/dz).
• Our lensing map overlaps with YOUR survey

Lensing external tracers
Planck Collaboration: Gravitational lensing by large-scale structures with Planck

Fig. 17. Cross-spectra of the Planck MV lensing potential with several galaxy catalogs, scaled by the signal-to-noise weighting
factor Ag�

L defined in Eq. (52). Cross-correlations are detected at approximately 20� significance for NVSS, 10� for SDSS LRGs
and 7� for both MaxBCG and WISE.

the Planck MV lensing potential: the NVSS quasar catalog, the
MaxBCG cluster catalog, an SDSS LRG catalog, and an infrared
catalog from the WISE satellite. The error bars for each correla-
tion are measured from the scatter of simulated lens reconstruc-
tions correlated with each catalog map, and are in generally good
agreement (at the 20% level) with analytical expectations. These
catalogs are discussed in more detail below.

1. NVSS Quasars: The NRAO VLA Sky Survey (NVSS)
(Condon et al. 1998) is a catalog of approximately two mil-
lion sources north of � = �40� which is 50% complete at
2.5mJy. Most of the bright sources are AGN-powered ra-
dio galaxies and quasars. We process this catalog follow-
ing Smith et al. (2007), pixelizing the catalog at HEALPix
Nside = 256 and projecting out the azimuthally symmetric
modes of the galaxy distribution in ecliptic coordinates to
avoid systematic striping e↵ects in the NVSS dataset. We
model the expected cross-correlation for this catalog using
a constant b(z) = 1.7 and a redshift distribution centered at
z0 = 1.1 given by

dN
dz
/
8>><
>>:

exp
⇣
� (z�z0)2

2(0.8)2

⌘
(z  z0)

exp
⇣
� (z�z0)2

2(0.3)2

⌘
(z � z0).

(54)

For this model, in the correlation with the MV lens recon-
struction we measure an amplitude of Âg�

NVSS = 1.03 ± 0.05.
2. SDSS LRGs: We use the LRG catalog of Ross et al. (2011);

Ho et al. (2012) based on Sloan Digital Sky Survey Data
Release 8 (SDSS DR8), which covers 25% of the sky. After
cutting to select all sources with photometric redshift 0.4 
z  0.8, and pgal > 0.2, we are left with approximately 1.4 ⇥
106 objects with a mean redshift of z = 0.55 and a scatter
of ±0.07. Apart from the cut above, we do not perform any
additional weighting on pgal. We model this catalog using
dN/dz taken from the histogram of photometric redshifts,

and take b(z) = 2. We measure Âg�
LRGs = 0.96 ± 0.10, very

consistent with expectation.
3. MaxBCG Clusters: The MaxBCG cluster catalog (Koester

et al. 2007) is a collection of 13, 823 clusters over approx-
imately 20% of the sky selected from the SDSS photomet-
ric data, covering a redshift range 0.1  z  0.3. It is be-
lieved to be 90% pure and more than 85% complete for
clusters with M � 1 ⇥ 1014M�. To simplify the sky cover-
age, we have discarded the three southern SDSS stripes in
the catalog, which reduces the overall sky coverage to ap-
proximately 17%. There are accurate photometric redshifts
(�z ⇠ 0.01) for all objects in the catalog, and so we can
construct dN/dz directly from the histogram of the redshift
distribution. Although these clusters are at very low red-
shift compared to the typical structures which source the
CMB lensing potential, they are strong tracers of dark mat-
ter, with an e↵ective bias parameter of b(z) = 3 (Huetsi
2009). We obtain a similar average bias parameter hb(M, z)i
for the MaxBCG clusters if we combine the mass-richness
relation of Bauer et al. (2012) and the halo bias prescription
of Tinker et al. (2010). Here measure a correlation with the
Planck lensing potential of Âg�

MaxBCG = 1.54 ± 0.21. This
is significantly larger than expected given the simple model
above, although as can be seen in Fig. 17 the shape of the
correlation is reasonable agreement.

4. WISE Catalog: The Wide Field Survey Infrared Explorer
(WISE) satellite (Wright et al. 2010) has mapped the full
sky in four frequency bands W1—W4 at 3.4, 4.6, 12, and
22 µm respectively. We start from the full mission catalog,
which contains over five hundred and sixty million objects.
To obtain a catalog with roughly uniform sensitivity over
the full sky and to eliminate stellar contamination we fol-
low Kovacs et al. (2013), selecting all sources with W1 mag-
nitudes less than 15.2 at galactic latitudes greater than 10� ,
and require W1 � W2 > 0.2 and W2 � W3 > 2.9. We cut

22

b(z) = 1.7 ! Âg�
NVSS = 1.03± 0.05 (⇡ 20�)

b(z) = 2 ! Âg�
LRGs = 0.96± 0.10 (⇡ 10�)

b(z) = 3 ! Âg�
MaxBCG

= 1.54± 0.21 (⇡ 7�)

b(z) = 1 ! Âg�
WISE = 0.97± 0.13 (⇡ 7�)

No particular e!ort here to optimize the model for the external survey
There is an untapped astrophysical treasure in the Planck Lensing Map

zmean = 1.1

zmean = 0.55

0.1 < z < 0.3

zmean = 0.18
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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

31

CMB lensing
(l=500)

CIB at 217 GHz
(l=500)
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Validating with Cross-Correlations - Planck CMB LensingPlanck 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:

s⌫ =

vut
15X

i=1

0
BBBBB@

CT�
i

�CT�
i

1
CCCCCA

2

. (2)

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%).

Planck 2013 XVIII
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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, OD++12, Melchior++13).

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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Summary
• Planck can be used as a powerful large scale structure survey.

• The CIB is well measured at multiple frequencies over ~2000 sq. Deg.:
➡ Its modeling leads to interesting constraints on the SFR at high redshift.
➡ It leads to rich and new cross-correlations:

‣ New insights and model validation.

• Planck detected the gravitational lensing of the CMB at ~30σ:
➡ Leads to improved constraints on neutrino masses.
➡ Breaks the angular diameter degeneracy. 

• Using Planck data alone, we detected a strong correlation (~80%) between the CMB 
lensing gravitational potential and the CIB:

• This strong correlation holds great promise for novel CIB and CMB focused science. 
➡ The CIB is now established as an ideal tracer of CMB lensing (B mode detection of 

Hanson++13, delensing, ...)
➡ CMB lensing appears promising as a probe of the origin of the CIB.

• Low resolution spectroscopic survey offers a very promising way to map LSS in 3D: 
SPHEREx
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