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The Cosmic Microwave Background	




Seeds of structure	


1.  Inflation (?) imprints quantum 
fluctuations.	


2.  Space expands, regions enter into 
causal contact and start to evolve. 	


3.  Coupled baryons and photons produce 
oscillations in plasma.	


 
After 380,000 years the fluctuations have evolved, and we see a snapshot of them as 

anisotropies in Cosmic Microwave Background.  	

	

Linearity à anisotropies used to infer initial fluctuations and contents of the Universe.	

	

We now also have to account for journey of photons to us, and obscuration.	

	

 



– 100 –

Fig. 32.— The nine-year WMAP TT angular power spectrum. The WMAP data are in
black, with error bars, the best fit model is the red curve, and the smoothed binned cosmic

variance curve is the shaded region. The first three acoustic peaks are well-determined.

Bennett et al 2012 

WMAP: 2001-12	


Established/constrained 6-parameter ΛCDM model (contents plus power-law fluctuations)	

In combination with other data, limits deviations from ΛCDM	




The 6-parameter ΛCDM model 	

(1) Contents and expansion	


Baryon density 	
Ωbh2	


CDM density 	
Ωch2	


Peak position 	
θ (~rs/DA)	

	


(2) Initial fluctuations	


Amplitude at k=0.05/Mpc 	
As	


Spectral index 	
 	
ns 	
	


	


(3) Impact of reionization	


Reionization optical depth τ 	


(1) Contents and expansion rate	


Baryon fraction 	
 	
Ωb 	


CDM fraction 	
 	
Ωc 	


Cosmol constant fraction 	
ΩΛ=1- Ωb -Ωc 	


Expansion rate 	
 	
H0 	
	


	


(2) Late-time size of fluctuations 	


Amplitude on 8 Mpc/h scales  σ8 	
	


	


(3) Reionization	


Redshift of reonization 	
zre	


Assumptions: 	
	

•  Geometry/contents: Flat, w=-1, Σmν=0.06eV, no warm dark matter, Neff=3.04, YP=0.25	

•  Primordial fluctuations: adiabatic, power-law P(k) = A(k/k0)n-1, no tensors, no cosmic strings	

•  Smooth, quick reionization of universe	




Measured to smaller scales by ACT & SPT (2007-11)	

ACT Three-season Power Spectrum 13
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Fig. 12.— State of the art of CMB temperature power spectrum measurements from the WMAP 9-year data release (Bennett et al. 2012;
Hinshaw et al. 2012), the South Pole Telescope (Story et al. 2012) and ACT (this work). The solid line shows the best fit model to the
ACT 148GHz data combined with WMAP 7-year data (Larson et al. 2011). The dashed line shows the CMB-only component of the same
best fit model. Although we compute the power spectrum down to ! = 200, we do not use data below ! = 540 in the analysis.

TABLE 5
χ
2 (PTE) values for the TOD split null tests performed on the ACT data.

Frequency Region Season TOD dof
(1-2)x(3-4) (1-3)x(2-4) (1-4)x(2-3)

148 GHz South 2008 19.7 (0.92) 37.7 (0.16) 37.1 (0.17) 30
2009 30.3 (0.45) 31.8 (0.38) 22.6 (0.83) 30
2010 35.7 (0.22) 28.6 (0.54) 21.5 (0.87) 30

Equator 2009 33.9 (0.29) 26.5 (0.65) 40.9 (0.09) 30
2010 34.6 (0.26) 35.6 (0.22) 24.0 (0.77) 30

220 GHz South 2008 33.1 (0.03) 28.2 (0.10) 15.3 (0.76) 20
2009 14.4 (0.81) 11.3 (0.94) 14.8 (0.79) 20
2010 8.8 (0.99) 16.0 (0.72) 21.0 (0.40) 20

Equator 2009 24.9 (0.21) 19.3 (0.50) 13.3 (0.87) 20
2010 11.8 (0.92) 16.3 (0.70) 14.0 (0.83) 20

Story et al 2012, Das et al 2013	


Clearly any deviations from the concordance model would have to be small	

Power of these data are to limit extensions to ΛCDM	




Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter⇤CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond. The vertical scale is `(`+ 1)Cl/2⇡. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-` region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ` = 50,
and linear beyond. The vertical scale is `(` + 1)Cl/2⇡. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di↵ers from the ERCSC in its extraction philosophy: more e↵ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di↵erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di↵erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the

27

Planck Collab I 2013	


Planck	


Typically half limits on 6-parameter ΛCDM model and detects n<1 (see Efstathiou talk). 	




Cosmology from the higher acoustic peaks	


From E. Calabrese,  for ACT	


Limits on neutrino species, Helium fraction, running of the index, cosmic string tension, 
variation in alpha, early dark energy, isocurvature etc	

Pre-Planck: no deviations from ΛCDM seen (had been 2σ hints from SPT)	




Now have to model foregrounds	


Dunkley, Hlozek, Sievers et al. 2010	
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Fig. 14.— The CMB power spectrum estimated from ACT, shown with the spectrum from the WMAP 9-year data (Bennett et al. 2012;
Hinshaw et al. 2012). The errors include uncertainty due to foreground and SZ emission, as well as the relative calibration of the 148
and 218 GHz channels, and beam uncertainty. The full covariance matrix is derived in Dunkley et al. (2013). The solid line shows the
CMB-only component of the best fit model for the ACT data combined with the WMAP 7-year data.

TABLE 6
Null test χ

2 (PTE) values for the inner vs outer detectors.

Frequency Region Season In/Out dof
(1o-2i)x(3o-4i) (1o-3i)x(2o-4i) (1o-4i)x(2o-3i)

148 GHz South 2008 26.2 (0.66) 28.2 (0.56) 26.2 (0.67) 30
2009 37.7 (0.16) 17.3 (0.97) 27.3 (0.61) 30
2010 34.7 (0.26) 27.3 (0.61) 25.6 (0.70) 30

Equator 2009 49.5 (0.01) 33.3 (0.31) 45.2 (0.04) 30
2010 35.2 (0.23) 45.8 (0.03) 39.7 (0.11) 30

218 GHz South 2008 25.3 (0.19) 23.9 (0.24) 21.0 (0.40) 20
2009 13.7 (0.85) 12.3 (0.91) 25.8 (0.17) 20
2010 13.8 (0.84) 15.0 (0.78) 26.3 (0.16) 20

Equator 2009 20.9 (0.41) 37.7 (0.01) 23.2 (0.28) 20
2010 23.4 (0.27) 24.2 (0.24) 13.5 (0.85) 20

1.  Model spectra at multiple frequencies	

2.  Include point sources, Sunyaev-

Zel’dovich effects, Galactic cirrus.	

3.  Marginalize over non-CMB power 

using ~10-20 parameters	


Used for ACT and SPT,  now Planck too.	


Das et al 2013, Dunkley et al 2013	


Dunkley et al 2013, Sievers et al 2013	


ACT	


ACT Likelihood 7

Fig. 4.— (Top) Power spectra measured by ACT (Das et al. 2013) at 148 and 218 GHz, and their cross-spectrum, coadded over ACT-E
and ACT-S. We show the primary (lensed CMB in dotted black line) and secondary contributions (dotted lines) to the best-fitting model.
(Bottom) Residual power in the ACT cross-frequency spectra, after subtracting the best-fitting model, at 148 (left), 148x218 (center), and
218 GHz (right). The errors at small scales are correlated due to beam uncertainty. The model is a good fit simultaneously to ACT-E and
ACT-S, with no sigificant residual features.

describing the tSZ-CIB cross-correlation, and age and
ags describing the Galactic cirrus emission. The lat-
ter four have strong priors imposed, as described in §2:
as = 2.9 ± 0.4, 0 < ξ < 0.2, age = 0.8 ± 0.2, and
ags = 0.4 ± 0.2. In addition to the nine model param-
eters, there are four calibration parameters for ACT. In
§4.3 we investigate how additional, or fewer, parameters
affect the fit of the model to the data. To compute the
model requires an effective frequency for each compo-

nent; we use the band-centers for SZ, radio, and dusty
sources given in Table 1 (Swetz et al. 2011).

3.2. Combining with SPT data

The South Pole Telescope observed the sky from 2007–
10. Spectra are reported in Keisler et al. (2011) for
angular scales 650 < " < 3000 at 150 GHz, and in
Reichardt et al. (2012) for angular scales 2000 < " <
9400 at 95, 150 and 220 GHz. These observations are



Lensing of the CMB	


Integrated mass fluctuations along the line of sight	

Deflection is a couple of arcminutes, but coherent on degree scales.	


What Is Different About CMB 

Lensing?

CMB lensing can be fully  described via the deflection field:

Θ(n̂) = Θ̃(n̂ + ∇φ)
Lensed Unlensed Deflection

Field

φ : Effective Lensing Potential



CMB lensing
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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 2⇧. 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 6⇥ 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). Significant measurements of the correlation 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 10⇧, 7⇧ and 5⇧
at 100, 143 and 217 GHz), are small enough to probe the 2.⇧4
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+ ⌃⇤(n̂)),

= T unl(n̂) +
⇧

i

⌃i⇤(n̂)⌃iT (n̂) + O(⇤2), (1)

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

⇤(n̂) = �2
⌃ ⌅⇥

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(⌅) =

�⌅⌅⌅⌅⇤
⌅⌅⌅⌅⇥

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 (5⇧ 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
5⇧ 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
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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 2⇧. 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 6⇥ 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). Significant measurements of the correlation 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 10⇧, 7⇧ and 5⇧
at 100, 143 and 217 GHz), are small enough to probe the 2.⇧4
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+ ⌃⇤(n̂)),

= T unl(n̂) +
⇧
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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(⌅) =
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⌅ for K = 0 (flat),
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(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 (5⇧ 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
5⇧ 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
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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 2⇧. 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 6⇥ 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). Significant measurements of the correlation 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 10⇧, 7⇧ and 5⇧
at 100, 143 and 217 GHz), are small enough to probe the 2.⇧4
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+ ⌃⇤(n̂)),

= T unl(n̂) +
⇧

i
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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 (5⇧ 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
5⇧ 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
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Ĉ⇧ =
1

2⌃+ 1

⇧�

m=�⇧

|T⇧m|2

- Coherent on the degree scale

- Reconstruction of the lensing potential: ~25 sigma 

- Lensing in the temperature power spectrum: ~ 10 sigma

- Generates temperature-gradient correlation

⌃TlmT ⇥
l⇥m⇥⌥CMB ⇥ CTT

⇧ +
⇤

LM

f(l, l⇤,m,m⇤, L,M)⌅LM

⌅̂⇧m ⌅
�
(C�1T ) (SC�1T )

⇥
⇧m

Planck SPT3G
CMB lens. - galaxy 26 28
CMB lens. - shear 38 66

�[n̂] = �̃[n̂+ ⌅(n̂)] ⇤ �̃[n̂] + ⌅[n̂]  �̃[n̂] + · · ·

Ngg =
1

Ngal
N ss =

⇤2
⇥

2Ngal
. (1)

Ngal = 35 arcmin�2, ⇤⇥ = 0.35.

dN

dz
⌅ z�e

�
⇣

z
z0

⌘�

, � = 2,⇥ = 1.5, z0 = 0.9/
�
2 (2)

⌅̄

R⇤⇤
⇧

⌅̄

CXY
⇧ =

⌅ ⌅�

0
d⇧

wX(⇧)wY (⇧)

f2
K(⇧)

P (⌃/⇧,⇧) (3)

R⇤⇤
⇧

N⇤⇤
⇧

CXY
⇧ ⇥

⌅ ⌅�

0
d⇧wX(⇧)wY (⇧)P (⌃/⇧,⇧) (4)

with XY ⇧ {l, g, s}, for CMB lensing, Galaxy density and Cosmic shear.
The kernel read

wl(⇧) ⌅ ⇥mH2
0
⇧⇥ � ⇧

⇧⇥

⇧

a
(5)

wg(⇧) ⌅ b
dN

d⇧
(6)

- Lensing estimator

Planck collab XVII 2013	




Late-time physics	


Planck Collaboration: Cosmological parameters

0.0 0.2 0.4 0.6 0.8 1.0

�m

0.0

0.2

0.4

0.6

0.8

1.0

�
�

40

45

50

55

60

65

70

75

H
0

0.24 0.32 0.40 0.48

�m

0.56

0.64

0.72

0.80

�
�

+lensing

+lensing+BAO

40

45

50

55

60

65

70

75

H
0

Fig. 25. The Planck+WP+highL data combination (samples; colour-coded by the value of H0) partially breaks the geometric degen-
eracy between ⌦m and ⌦⇤ due to the e↵ect of lensing in the temperature power spectrum. These limits are significantly improved
by the inclusion of the Planck lensing reconstruction (black contours). Combining also with BAO (right; solid blue contours) tightly
constrains the geometry to be nearly flat.

In summary, there is no evidence from Planck for any depar-
ture from a spatially flat geometry. The results of Eqs. (68a) and
(68b) suggest that our Universe is spatially flat to an accuracy of
better than a percent.

6.3. Neutrino physics and constraints on relativistic
components

A striking illustration of the interplay between cosmology and
particle physics is the potential of CMB observations to con-
strain the properties of relic neutrinos, and possibly of additional
light relic particles in the Universe (see e.g., Dodelson et al.
1996; Hu et al. 1995; Bashinsky & Seljak 2004; Ichikawa et al.
2005; Lesgourgues & Pastor 2006; Hannestad 2010). In the fol-
lowing subsections, we present Planck constraints on the mass of
ordinary (active) neutrinos assuming no extra relics, on the den-
sity of light relics assuming they all have negligible masses, and
finally on models with both light massive and massless relics.

6.3.1. Constraints on the total mass of active neutrinos

The detection of solar and atmospheric neutrino oscillations
proves that neutrinos are massive, with at least two species being
non-relativistic today. The measurement of the absolute neutrino
mass scale is a challenge for both experimental particle physics
and observational cosmology. The combination of CMB, large-
scale structure and distance measurements already excludes a
large range of masses compared to beta-decay experiments.
Current limits on the total neutrino mass

P
m⌫ (summed over the

three neutrino families) from cosmology are rather model depen-
dent and vary strongly with the data combination adopted. The
tightest constraints for flat models with three families of neutri-
nos are typically around 0.3 eV (95% CL; e.g., de Putter et al.
2012). Since

P
m⌫ must be greater than approximately 0.06 eV

in the normal hierarchy scenario and 0.1 eV in the degener-
ate hierarchy (Gonzalez-Garcia et al. 2012), the allowed neu-
trino mass window is already quite tight and could be closed
further by current or forthcoming observations (Jimenez et al.
2010; Lesgourgues et al. 2013).

Cosmological models, with and without neutrino mass, have
di↵erent primary CMB power spectra. For observationally-
relevant masses, neutrinos are still relativistic at recombina-
tion and the unique e↵ects of masses in the primary power
spectra are small. The main e↵ect is around the first acoustic
peak and is due to the early integrated Sachs-Wolfe (ISW) ef-
fect; neutrino masses have an impact here even for a fixed red-
shift of matter–radiation equality (Lesgourgues & Pastor 2012;
Hall & Challinor 2012; Hou et al. 2012; Lesgourgues et al.
2013). To date, this e↵ect has been the dominant one in con-
straining the neutrino mass from CMB data, as demonstrated in
Hou et al. (2012). As we shall see here, the Planck data move
us into a new regime where the dominant e↵ect is from gravi-
tational lensing. Increasing neutrino mass, while adjusting other
parameters to remain in a high-probability region of parameter
space, increases the expansion rate at z >⇠ 1 and so suppresses
clustering on scales smaller than the horizon size at the non-
relativistic transition (Kaplinghat et al. 2003; Lesgourgues et al.
2006). The net e↵ect for lensing is a suppression of the CMB
lensing potential and, for orientation, by ` = 1000 the suppres-
sion is around 10% in power for

P
m⌫ = 0.66 eV.

Here we report constraints assuming three species of degen-
erate massive neutrinos. At the level of sensitivity of Planck, the
e↵ect of mass splittings is negligible, and the degenerate model
can be assumed without loss of generality.

Combining the Planck+WP+highL data, we obtain an upper
limit on the summed neutrino mass of

X
m⌫ < 0.66 eV (95%; Planck+WP+highL). (69)

The posterior distribution is shown by the solid black curve in
Fig. 26. To demonstrate that the dominant e↵ect leading to the
constraint is gravitational lensing, we remove the lensing infor-
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With primary CMB, cannot measure curvature.	


	


	
Planck measures curvature through lensing 
(more closed, less dark energy à more lensing)	

	
Similarly, probes neutrino mass and dark energy	
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FIG. 3. Upper panel: Two-dimensional marginalized poste-
rior probability for Ωm and ΩΛ (68% and 95% C.L.s shown).
Colored contours are for WMAP + ACT Lensing, black lines
are for WMAP only. Using WMAP data alone, universes with
ΩΛ = 0 lie within the 95% C.L. The addition of lensing data
breaks the degeneracy, favoring models with dark energy.
Lower panel: One-dimensional marginalized posterior proba-
bility for ΩΛ (not normalized). An energy density of ΩΛ ! 0.7
is preferred even from WMAP alone, but when lensing data
are included, an ΩΛ = 0 universe is strongly disfavoured.

This constraint is due to the inclusion of CMB lensing
power spectrum data, which probe structure formation
and geometry long after decoupling and so break the
CMB geometric degeneracy. Our analysis provides the
first demonstration of the ability of the CMB lensing

power spectrum to constrain cosmological parameters.
It provides a clean verification of other measurements
of dark energy. In future work, our analysis can be easily
extended to give constraints on more complex forms of
dark energy with w != −1. With much more accurate
measurements of CMB lensing expected from ACT, SPT
[24], Planck [25], and upcoming polarization experiments
including ACTPol [26], lensing reconstruction promises
to further elucidate the properties of dark energy and
dark matter [27].
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CMB polarization	


Generated at recombination from 
velocity of photon-baryon fluid (E-
modes) and gravitational waves (E, 
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Polarization acoustic peaks	


TE correlation measured by WMAP, and TE/EE by incl QUAD, QUIET, and Planck. 	

–  Validates ΛCDM model. Evidence for superhorizon fluctuations. 	

–  TE+EE promises better limits on neutrino number, isocurvature fluctuations etc.	

–  See Efstathiou for Planck latest on TE and EE.	


WMAP9, Bennett et al 2012 

Planck Collaboration: The Planck mission

Fig. 27. Stacked maps of the CMB intensity I and polarization Qr at the position of the temperature extrema, at a common resolution of 30 arcmin.
Maps are displayed for CMB temperature cold spots (left) and hot spots (right) for the Planck CMB estimates (top row) and for the ⇤CDMPlanck
best fit model prediction (bottom row).

plitude with expectations of a pure ISW e↵ect. Using more re-
cent void catalogues leads to the detection of a signal at up to
2.5� with scales and amplitudes more consistent with expecta-
tions of the ISW e↵ect. Taking advantage of the large frequency
coverage of Planck, we have confirmed that the stacked signal is
stable from 44 to 353 GHz, supporting the cosmological origin
of this detection.

9.5. The cosmic infrared background

CIB anisotropies are expected to trace large-scale structures
and probe the clustering properties of galaxies, which in turn
are linked to those of their host dark matter halos. Because
the clustering of dark matter is well understood, observations
of anisotropies in the CIB constrain the relationship between
dusty, star-forming galaxies and the dark matter distribution.
Correlated anisotropies also depend on the mean emissivity per
comoving unit volume of dusty, star-forming galaxies and can
be used to measure the star formation history.

The extraction of CIB anisotropies in Planck/HFI (Planck
Collaboration XVIII 2011; Planck Collaboration XXXII 2013)
is limited by our ability to separate the CIB from the CMB
and the Galactic dust. At multipole `=100, the power spec-
trum of the CIB anisotropies has an amplitude less than 0.2 %
of the CMB power spectrum at 217 GHz, and less than 25 %
of the dust power spectrum in very di↵use regions of the sky
(NHI < 2.5 ⇥ 1020cm�2) at 857 GHz. Using HI data from three
radio telescopes (Parkes, GBT and E↵elsberg) and cleaning
the CMB using the 100 GHz map as a template, it has been
possible to obtain new measurements of the CIB anisotropies
with Planck/HFI. The CIB has been extracted from the maps
on roughly 2300 square degrees (Planck Collaboration XXXII
2013). Auto- and cross-power spectra have been computed, from
217 to 3000 GHz, using both PlanckHFI and IRAS. Two ap-
proaches have been developed to model the power spectra. The
first one uses only the linear part of the clustering and gives
strong constraints on the evolution of the star formation rate up
to high redshift. The second one is based on a parametrized rela-
tion between the dust-processed infrared luminosity and (sub-
)halo mass, probing the interplay between baryonic and dark
matter throughout cosmic times at an unmatched redshift depth,

complementing current and foreseeable optical or near-infrared
measurements.

9.6. Lensing and the cosmic infrared background

Planck’s multi-frequency observations provide information on
both the integrated history of star formation (via the CIB) and the
distribution of dark matter (via the lensing e↵ect on the cosmic
microwave background, or CMB). In the upper frequency bands
(353, 545, and 857 GHz), the dominant extragalactic signal is
not the CMB, but the CIB, composed of redshifted thermal ra-
diation 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) that give rise to the CIB have a redshift dis-
tribution peaked between z ⇠ 1 and z ⇠ 2, and tend to live in
1011–1013 M� dark matter halos.

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. This “CMB
lensing potential” is sourced primarily by dark matter halos lo-
cated at 1 . z . 3, halfway between ourselves and the last scat-
tering surface.

The conjunction of these two unique probes allows us to
measure directly the connection between dark and luminous
matter in the high redshift (1  z  3) Universe (Planck
Collaboration XVIII 2013). We use a three-point statistic opti-
mized to detect the correlation between these two tracers. We
report the first detection of the correlation between the CIB and
CMB lensing using Planck data only. The well matched redshift
distribution of these two signals leads to a detection significance
with a peak value of 42� at 545 GHz. Equivalently, we measure
a correlation as high as 80 % across these two tracers. Our full
set of multi-frequency measurements (both CIB auto- and CIB-
lensing cross-spectra) are consistent with a simple halo-based
model, with a characteristic mass scale for the halos hosting CIB
sources of log10 (M/M�) = 11.6±1.5. Leveraging the frequency
dependence of our signal, we isolate the high redshift contribu-
tion to the CIB, and constrain the star formation rate (SFR) den-
sity at z � 1. We measure directly the SFR density with around
4� significance for three redshift bins between z = 1 and 7, thus
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• No detection of B-mode polarization yet. 
B-mode is the next holy grail!
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WMAP, Page et al 2007 

 Large scale polarization	


From E. Komatsu 

E-mode power constrains optical depth: best 
limit still from WMAP9 (Hinshaw et al 2012)	


B-mode still upper limits:	

  BICEP: r< 0.73 ���
      Chiang et al 2009  	

  QUIET: r<2.7    	

       QUIET collab 2012	




The future	


ACTPOL: DESIGNED TO BE A POWERFUL 
CMB LENSING MACHINE

Assuming no systematics other than instrumental noise, these plots
show the signal and noise power spectra for the Deep and Wide configurations.

ACTPOL-DEEP:
150 sq-deg @ 3 µK-arcmin (temp)
and 5 µK-arcmin (pol)

ACTPOL-WIDE:
4000 sq-deg @ 20 µK-arcmin (temp)
and 28 µK-arcmin (pol)

Signal

Optimal Noise

Signal

Optimal Noise

Thursday, March 29, 2012

From B. Sherwin for ACTPol	


•  E-mode oscillations 	

–  Planck, ACTPol, SPTPol	


•  Large-scale B-mode for inflation	

–  Keck Array, EBEX, SPIDER, ABS, 

QUIJOTE, CLASS, PIPER... Aiming at 
r=0.1-0.01	


–  Future satellites?: LiteBIRD, 
PRISM,PIXIE	


•  Lensing from small-scale T, E, B	

–  SPTPol, ACTPol, PolarBear	

–  Aiming for neutrino mass limits of 0.1 

-0.05eV (5% change for 0.1eV)	


–  Unique probe of z~2 dark energy	

–  Strong cross-correlation capabilities	


Planck collab XXII 2013	




Summary 
•  CMB temperature measurements	


–  WMAP completed its 9-year survey (2012)	

–  Ground-based experiments ACT and SPT measure CMB temperature at high resolution	

–  Planck satellite measures 7 acoustic peaks (2013). Also limits 3-pt function.	


•  ΛCDM model tightly constrained; deviations are now strongly limited (e.g. no 
additional neutrino species)	


•  CMB lensing is fast-growing! It probes clustering of matter and expansion rate. 
Detected in ACT, SPT, and Planck. Dark energy now required just from the CMB. 
SZ number counts also probe dark energy and matter growth.	


•  CMB polarization measurements: many underway. WMAP still provides large-scale 
measurement for optical depth. The future is in polarization (large and small scale).	



