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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
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ACT Three-season Power Spectrum 15
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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 !

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

Das et al 2013, Dunkley et al 2013	


Small scales measured by ACT	


Foregrounds marginalized using l<10000	




Planck Collaboration: The Planck mission
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Fig. 25. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including Planck
temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI (2013)). Error bars
include cosmic variance. The horizontal axis is `0.8.

than that measured using traditional techniques, though in agree-
ment with that determined by other CMB experiments (e.g.,
most notably from the recent WMAP9 analysis where Hinshaw
et al. 2012c find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consis-
tent with the Planck value to within ⇠ 1�). Freedman et al.
(2012), as part of the Carnegie Hubble Program, use Spitzer
Space Telescope mid-infrared observations to recalibrate sec-
ondary distance methods used in the HST Key Project. These
authors find H0 = (74.3±1.5±2.1) km s�1 Mpc�1 where the first
error is statistical and the second systematic. A parallel e↵ort by
Riess et al. (2011) used the Hubble Space Telescope observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their ‘best
estimate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2013).

Extending the Hubble diagram to higher redshifts we note
that the best-fit⇤CDM model provides strong predictions for the
distance scale. This prediction can be compared to the measure-
ments provided by studies of Type Ia SNe and baryon acoustic
oscillations (BAO). Driven in large part by our preference for
a higher matter density we find mild tension with the (relative)
distance scale inferred from compilations of SNe (Conley et al.
2011; Suzuki et al. 2012). In contrast our results are in excellent

agreement with the BAO distance scale compiled in Anderson
et al. (2012).

The Planck data, in combination with polarization measured
by WMAP, high-` anisotropies from ACT and SPT and other,
lower redshift data sets, provides strong constraints on devia-
tions from the minimal model. The low redshift measurements
provided by the BAO allow us to break some degeneracies still
present in the Planck data and significantly tighten constraints on
cosmological parameters in these model extensions. The ACT
and SPT data help to fix our foreground model at high `. The
combination of these experiments provides our best constraints
on the standard 6-parameter model; values of some key parame-
ters in this model are summarized in Table 9.

From an analysis of an extensive grid of models, we find no
strong evidence to favour any extension to the base ⇤CDM cos-
mology, either from the CMB temperature power spectrum alone
or in combination with Planck lensing power spectrum and other
astrophysical datasets. For the wide range of extensions which
we have considered, the posteriors for extra parameters gener-
ally overlap the fiducial model within 1�. The measured values
of the ⇤CDM parameters are relatively robust to the inclusion
of di↵erent parameters, though a few do broaden significantly if
additional degeneracies are introduced. When the Planck likeli-
hood does provide marginal evidence for extensions to the base
⇤CDM model, this comes predominantly from a deficit of power
(compared to the base model) in the data at ` < 30.

The primordial power spectrum is well described by a
power-law over three decades in wave number, with no evidence
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Cosmology from the higher acoustic peaks	


From E. Calabrese,  for ACT	


1.  Measure Silk damping, test recombination [neutrinos, helium, early dark energy, dark matter 
annihilation, time-varying constants]	


2.  More decades for primordial spectrum [index and its running]	

3.  Probe scales where non-‘standard’ fluctuations could be seen [cosmic strings, isocurvature]	




(1) Primordial helium	


Sievers, Hlozek et al. 2013	


Usually assume YP predicted by BBN:  YP = 0.2485+0.0016[(273.9Ωbh2-6) +100 (S-1)]	


Instead can test BBN: more helium decreases electron density, increasing mean free path and Silk 
damping: ne = nb(1-YP)	


	


	
 	
 	
Yp = 0.23 ± 0.03 (ACT+WMAP7)	

	
 	
 	
Yp = 0.27 ± 0.02 (Planck+)	
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Fig. 15.— Left panel: Marginalized one-dimensional constraints on the helium fraction Yp while fixing the number of e↵ective relativistic
degrees of freedom, Ne↵ = 3.046. The dashed line indicates the standard value of Yp = 0.24. Right panel: Marginalized two-dimensional
68% and 95% contours for the e↵ective number of relativistic degrees of freedom and the primordial helium abundance. The line indicates
the BBN consistency relation (given in Eq. (8)), while the star labels the ⇤CDM model with Ne↵ = 3.046 and Yp = 0.24.

invariant spectrum. Recent work by Lizarraga et al.
(2012) note that the string amplitude is highly correlated
with N

e↵

, with N
e↵

being pushed towards much higher
values when both the string tension and the number of
e↵ective degrees of freedom are varied together.

5. SECONDARY PARAMETERS

The assumed priors placed on the secondary parame-
ters are discussed in detail in Dunkley et al. (2013), where
the values for assumed priors are presented and justified.
We summarize and interpret our constraints here.

5.1. Point source power

The power spectrum includes a contribution from point
sources that lie below our detection threshold. At 148
GHz and 218 GHz, both synchrotron emission from radio
galaxies and infrared emission from dusty galaxies con-
tribute to the observed power. Point sources detected in
either band are masked down to a flux limit of 15 mJy.
We impose a prior of as = 2.9 ± 0.4 at ` = 3000 on
the residual power from radio galaxies at 148 GHz from
sources below this threshold (Gralla et al. 2013), based
on models from Tucci et al. (2011). For comparison, Re-
ichardt et al. (2012) use a model from De Zotti et al.
(2005), which would predict a residual power below 15
mJy that di↵ers by about 5% from the prediction of the
Tucci et al. (2011) model, and so lies within the 1� limit
of the prior we impose.

For the ⇤CDM model, the error on the unresolved ra-
dio galaxy power (at 150 GHz) is dominated by the prior
on the amplitude of power at ` = 3000, with

as = 3.1 ± 0.4. (36)

We constrain the clustered (ac) and Poisson (ap) power
from CIB sources respectively to be

ac = 5.0 ± 1.0; ap = 7.0 ± 0.5, (37)

where again, the amplitudes are for templates normalized
to 1 µK2 at ` = 3000 and 150 GHz.

The frequency dependence of the CIB power is modeled
as the square of a modified blackbody (see Section 2.3

of Dunkley et al. 2013), with e↵ective dust temperature
fixed to Td = 9.7 K. The e↵ective emissivity index is
constrained to be �c = 2.2 ± 0.1. The corresponding
constraint on the CIB spectral index between 150 and
220 GHz is ↵d = 3.68 ± 0.10, where ↵d is defined in
flux density units as S⌫ / ⌫↵d . This result is in good
agreement with the earlier ACT 1-year constraint of ↵d =
3.69 ± 0.14 (Dunkley et al. 2011), and somewhat higher
than, though not inconsistent with, ↵d = 3.56 ± 0.07
(or 3.45 ± 0.11, when a tSZ-CIB correlation is allowed),
reported by SPT (Reichardt et al. 2012).

While �c cannot be directly associated with the emis-
sivity of individual CIB sources, we expect the CIB
anisotropy measured by ACT to improve dusty star-
forming galaxy constraints when used in conjunction
with data at higher frequencies (as in Addison et al.
2012a), and through ongoing cross-correlation analyses.

5.2. Thermal SZ

The amplitude of the thermal SZ (tSZ) power spec-
trum is a strong function of the amplitude of matter
fluctuations, and is very sensitive to �

8

(Komatsu & Ki-
tayama 1999), scaling like �8.3

8

(Shaw et al. 2010; Trac
et al. 2011). We model the tSZ power using a template
(Battaglia et al. 2011) from hydrodynamic simulations
of cosmological volumes that includes radiative cooling,
star formation, and AGN feedback. For �

8

= 0.8 this
template has a predicted amplitude of a

tSZ

= 5.6 at
` = 3000. In this analysis of the ACT 3-year data we
separate the thermal and kinetic SZ components (Dunk-
ley et al. 2013) into two dimensionless spectra normalized
to unity at `

0

= 3000 in Eq. 3. Hence, the theoretical
expectation for the tSZ amplitude at this `

0

= 3000 is
5.6. We constrain the tSZ amplitude to be

a
tSZ

= 3.4 ± 1.4. (38)

Our current result corresponds to a measurement of �
8

=
0.75+0.03

�0.05 and is consistent with our previously reported
values from a

tSZ

of �
8

= 0.77 ± 0.05 in Dunkley et al.

Planck collab XVI 2013	
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Fig. 5.— Marginalized one-dimensional likelihood of the Ne↵ for ACT data in combination with other probes. Left panel: The improve-
ment in constraints of the ACT data in combination with WMAP7, relative to WMAP7 data on its own. Right panel: The Ne↵ likelihood
for WMAP7+ACT data and a variety of other probes. The constraints are consistent with Ne↵ = 3.046, the value in the model with
three neutrino species. The slight shifts in the central value can be understood in the context of the changes in the value of the Hubble
parameter, as illustrated in Figure 6.

4.2. E↵ective number of relativistic species

The standard cosmological model has three neutrino
species, all of which have negligible mass and contribute
to N

e↵

, the e↵ective number of relativistic species at
recombination.37 Precision electroweak measurements
place tight constraints on the number of light neutrino
species with standard-model couplings (The ALEPH
Collaboration et al. 2006) through Z production in e+e�

collisions:
N

e↵

= 2.984 ± 0.008. (5)

Relativistic species (be they neutrinos or another rel-
ativistic species at early times) change the expansion
rate of the universe through their energy density and
impact the perturbations in the early universe, a↵ecting
the damping tail of the primary CMB spectrum (Bowen
et al. 2001; Bashinsky & Seljak 2004; Hou et al. 2011).
In the case of neutrinos, the energy density ⇢⌫ is lower
than that of photons by a factor

⇢⌫/⇢� = (7/8)(4/11)4/3N
e↵

, (6)

where N
e↵

is 3.046 in the standard ⇤CDM model.
Extra relativistic energy density damps the small-scale

CMB power - see Hou et al. (2011) for a concise recent
review, and the discussions in Hu & Dodelson (2002);
Hu et al. (2001); Bashinsky & Seljak (2004); Tegmark
(2005); Lesgourgues & Pastor (2006); Hannestad (2010).

Figure 5 and Table 2 illustrate the constraints on the
N

e↵

from ACT in combination with various probes. Pre-
vious analyses (Dunkley et al. 2011; Keisler et al. 2011)
suggested a slight excess in the N

e↵

. This preference for
more damping from extra relativistic degrees of freedom
is no longer present when analyzing the ACT 3-year data,
in combination with WMAP7 data. The change is con-

37 The e↵ective number of relativistic species due to three neu-
trinos is slightly larger than three even in the standard scenario
due to heating caused by the injection of the entropy from the
e+/e� annihilation (e.g., Dicus et al. 1982; Rana & Seifert 1991;
Dodelson & Turner 1992; Dolgov & Fukugita 1992; Hannestad &
Madsen 1995; Dolgov et al. 1997; Gnedin & Gnedin 1998; Lopez
et al. 1999).

sistent with the improved statistics of the ACT 3-year
data. We find

N
e↵

= 2.79 ± 0.56 (WMAP7 + ACT). (7)

The improvement in this value relative to the WMAP-
only constraints is shown in the top panel of Figure 6.

The result in this analysis was obtained by imposing
the consistency relation between the primordial helium
fraction at Big Bang Nucleosynthesis (BBN) and the
number of e↵ective relativistic degrees of freedom (Trotta
et al. 2004; Kneller & Steigman 2004; Steigman 2007;
Simha & Steigman 2008, see Section 4.9):

YP =0.2485 + 0.0016[(273.9⌦bh
2 � 6) + 100(S � 1)];

S =
p

1 + (7/43)(N
e↵

� 3).

(8)

Hence, in the present analysis, the helium fraction is a
determined parameter given N

e↵

and the baryon den-
sity, rather than remaining fixed at the standard value of
YP = 0.24. The value presented in Dunkley et al. (2011)
was higher at N

e↵

= 5.3 ± 1.3, as we did not impose this
relation; imposing this constraint on the previous ACT-S
data would yield a modified value of N

e↵

= 4.3±1.3, con-
sistent at 1� with the value of 3.046 expected in standard
⇤CDM.

The value of N
e↵

obtained when using only the ACT-
S data is closer to the value reported in Dunkley et al.
(2011). The ACT-E data prefer a lower value for N

e↵

,
leading to a combined result which is ⇡ 1� lower than
presented in Dunkley et al. (2011).

Including the recent BAO data does not change the
constraints on the relativistic species, while adding in the
SPT data shifts the mean value to slightly higher values
of N

e↵

, but still consistent with the WMAP7+ACT data.
The highest value for N

e↵

comes from the addition of the
BAO and Hubble constant data, yielding

N
e↵

= 3.50 ± 0.42 (WMAP7 + ACT + BAO + HST).
(9)

This is due to the degeneracy between ⌦ch
2 (and there-

(1) Relativistic species	


Usually assume 3 neutrino species. 	


	


	

	


	


More species: longer radiation domination, suppress 
early acoustic oscillations, and add phase shift  	


	

	

ACT+WMAP9: 	
Neff = 2.9 ± 0.5 (Calabrese et al 2013)	


ACT+SPT+WMAP9: 	
Neff = 3.4 ± 0.4 (Calabrese et al 2013)	


Planck+: 	
 	
Neff = 3.4 ± 0.3 (Planck Collab 2013)	
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Planck Collaboration: Cosmological parameters

Fig. 30. Constraints in the !b–YP plane from CMB and
abundance measurements. The CMB constraints are for
Planck+WP+highL (red 68% and 95% contours) in ⇤CDM
models with YPallowed to vary freely. The horizontal band
shows observational bounds on 4He compiled by Aver et al.
(2012) with 68% errors, while the grey region at the top of
the figure delineates the conservative 95% upper bound inferred
from Solar helium abundance by Serenelli & Basu (2010). The
green stripe shows the predictions of standard BBN for the pri-
mordial abundance of 4He as a function of the baryon density
(with 68% errors on nuclear reaction rates). Both BBN predic-
tions and CMB results assume Ne↵ = 3.046 and no significant
lepton asymmetry.

dard model of neutrino decoupling) by adding Ne↵ as a free pa-
rameter. In the absence of lepton asymmetry, we can predict the
BBN primordial abundances as a function of the two parameters
!b and Ne↵ .

Figure 31 shows the regions in the !b–Ne↵ plane preferred
by primordial abundance measurements, and by the CMB data if
the standard BBN picture is correct. The regions allowed by the
abundance measurements are defined by the �2 statistic

�2(!b,Ne↵) ⌘
⇥
y(!b,Ne↵) � yobs

⇤2

�2
obs + �

2
theory

, (87)

where y(!b,Ne↵) is the BBN prediction for either YP or yDP, the
quantity yobs is the observed abundance, and the two errors in the
denominator are the observational and theoretical uncertainties.
Figure 31 shows the edges of the 68% preferred regions in the
!b–Ne↵ plane, given by �2 = �2

min + 2.3.
For the CMB data, we fit a cosmological model with seven

free parameters (the six parameters of the base ⇤CDM model,
plus Ne↵) to the Planck+WP+highL data, assuming that the pri-
mordial helium fraction is fixed by the standard BBN prediction
YP(!b,Ne↵). Figure 31 shows the joint 68% and 95% confidence
contours in the !b–Ne↵ plane. The preferred regions in this plane
from abundance measurements and the CMB agree remarkably
well. The CMB gives approximately three times smaller error
bars than primordial abundance data on both parameters.

We can derive constraints on Ne↵ from primordial element
abundances and CMB data together by combining their likeli-
hoods. The CMB-only confidence interval for Ne↵ is

Ne↵ = 3.36 ± 0.34 (68%; Planck+WP+highL). (88)
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Fig. 31. Constraints in the !b–Ne↵ plane from the CMB and
abundance measurements. The blue stripes shows the 68%
confidence regions from measurements of primordial element
abundances assuming standard BBN: 4He bounds compiled
by Aver et al. (2012); and deuterium bounds complied by
Iocco et al. (2009) or measured by Pettini & Cooke (2012). We
show for comparison the 68% and 95% contours inferred from
Planck+WP+highL, when Ne↵ is left as a free parameter in the
CMB analysis (and YP is fixed as a function of !b and Ne↵ ac-
cording to BBN predictions). These constraints assume no sig-
nificant lepton asymmetry.

When combined with the data reported respectively by
Aver et al. (2012), Iocco et al. (2009), and Pettini & Cooke
(2012), the 68% confidence interval becomes

Ne↵ =

8>>>>><
>>>>>:

3.41 ± 0.30, YP (Aver et al.),
3.43 ± 0.34, yDP (Iocco et al.),
3.02 ± 0.27, yDP (Pettini and Cooke).

(89)

Since there is no significant tension between CMB and primor-
dial element results, all these bounds are in agreement with the
CMB-only analysis. The small error bar derived from combining
the CMB with the Pettini & Cooke (2012) data point shows that
further deuterium observations combined with Planck data have
the potential to pin down the value of Ne↵ to high precision.

6.4.5. Simultaneous constraints on both Ne↵ and YP

In this subsection, we discuss simultaneous constraints on both
Ne↵ and YP by adding them to the six parameters of the base
⇤CDM model. Both Ne↵ and YP have an impact on the damp-
ing tail of the CMB power spectrum by altering the ratio k�1

D /r⇤,
where k�1

D is the photon di↵usion length at last scattering and
r⇤ is the sound horizon there. There is thus an approximate de-
generacy between these two parameters along which the ratio is
nearly constant. The extent of the degeneracy is limited by the
characteristic phase shift of the acoustic oscillations that arises
due to the free streaming of the neutrinos (Bashinsky & Seljak
2004). As discussed by Hou et al. (2011), the early ISW e↵ect
also partly breaks the degeneracy, but this is less important than
the e↵ect of the phase shifts.

The joint posterior distribution for Ne↵ and YP from
the Planck+WP+highL likelihood is shown in Fig. 32, with
each MCMC sample colour-coded by the value of the
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Fig. 22. The Planck power spectrum of Fig. 10 plotted as `2D`
against multipole, compared to the best-fit base ⇤CDM model
with ns = 0.96 (red dashed line). The best-fit base ⇤CDM model
with ns constrained to unity is shown by the blue line.

Our extensive grid of models allows us to investigate cor-
relations of the spectral index with a number of cosmological
parameters beyond those of the base ⇤CDM model (see Figs.
21 and 24). As expected, ns is uncorrelated with parameters de-
scribing late-time physics, including the neutrino mass, geom-
etry, and the equation of state of dark energy. The remaining
correlations are with parameters that a↵ect the evolution of the
early Universe, including the number of relativistic species, or
the helium fraction. This is illustrated in Fig. 24: modifying the
standard model by increasing the number of neutrinos species,
or the helium fraction, has the e↵ect of damping the small-scale
power spectrum. This can be partially compensated by an in-
crease in the spectral index. However, an increase in the neu-
trino species must be accompanied by an increased matter den-
sity to maintain the peak positions. A measurement of the matter
density from the BAO measurements helps to break this degen-
eracy. This is clearly seen in the upper panel of Fig. 24, which
shows the improvement in the constraints when BAO measure-
ments are added to the Planck+WP+highL likelihood. With the
addition of BAO measurements we find more than a 3� devi-
ation from ns = 1 even in this extended model, with a best-fit
value of ns = 0.969 ± 0.010 for varying relativistic species. As
discussed in Sect. 6.3, we see no evidence from the Planck data
for non-standard neutrino physics.

The simplest single-field inflationary models predict that the
running of the spectral index should be of second order in infla-
tionary slow-roll parameters and therefore small [dns/d ln k ⇠
(ns � 1)2], typically about an order of magnitude below the
sensitivity limit of Planck (see e.g., Kosowsky & Turner 1995;
Baumann et al. 2009). Nevertheless, it is easy to construct in-
flationary models that have a larger scale dependence (e.g., by
adjusting the third derivative of the inflaton potential) and so it
is instructive to use the Planck data to constrain dns/d ln k. A
test for dns/d ln k is of particularly interest given the results from
previous CMB experiments.

Early results from WMAP suggested a preference for a nega-
tive running at the 1–2� level. In the final 9-year WMAP analy-
sis no significant running was seen using WMAP data alone, with
dns/d ln k = �0.019 ± 0.025 (68% confidence; Hinshaw et al.
2012. Combining WMAP data with the first data releases from

0.94 0.96 0.98 1.00
ns

0.0

0.2

0.4

0.6

0.8

1.0

P
/P

m
ax

�CDM
+running+tensors

0.94 0.96 0.98 1.00
ns

�0.06

�0.03

0.00

0.03

dn
s/

d
ln

k

�CDM+running

�CDM+running+tensors

0.94 0.96 0.98 1.00
ns

0.0

0.1

0.2

0.3

0.4

r 0
.0

02

N = 40

N = 50
N = 60

m 2� 2

�CDM+tensors

�CDM+running+tensors

Fig. 23. Upper: Posterior distribution for ns for the base ⇤CDM
model (black) compared to the posterior when a tensor compo-
nent and running scalar spectral index are added to the model
(red) Middle: Constraints (68% and 95%) in the ns–dns/d ln k
plane for ⇤CDM models with running (blue) and additionally
with tensors (red). Lower: Constraints (68% and 95%) on ns and
the tensor-to-scalar ratio r0.002 for ⇤CDM models with tensors
(blue) and additionally with running of the spectral index (red).
The dotted line show the expected relation between r and ns for
a V(�) / �2 inflationary potential (Eqs. 66a and 66b); here N is
the number of inflationary e-foldings as defined in the text. The
dotted line should be compared to the blue contours, since this
model predicts negligible running. All of these results use the
Planck+WP+highL data combination.
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•  Test inflation: period of exponential expansion for > 60 e-folds. 	

•  Fluctuations expected almost power law. Running index, expected ~0.001.  ���

	
dns/dlnk = -0.004 ± 0.012 (ACT+WMAP7) ���
	
dns/dlnk = -0.015 ± 0.009 (Planck+) 	
���
	
 	
 	
 	
 	
 	


(2) Primordial spectrum	


Sievers, Hlozek et al. 2013	
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Fig. 6.— One-dimensional marginalized distributions for the 6
!CDM parameters (top two rows) derived from the ACT+WMAP

combination, compared to WMAP alone. The bottom row shows
3 secondary parameters from the ACT+WMAP data. With the
addition of ACT data a model with ns = 1 is disfavored at the 3!
level.

power uncertainty is doubled from As = 4 ± 0.4 µK2 to
4±0.8 µK2 there is only a 0.1! e!ect. More radio source
power can be accommodated in 148GHz by increasing
the width of the radio prior to 4± 2 µK2, resulting in a
decrease in IR Poisson power at 148GHz of ! 1!, and
a corresponding increase in the IR index by ! 0.8!, but
this scenario is disfavored by the radio source counts pre-
sented in Marriage et al. (2010b).
Substituting the alternative halo-model ‘Src-2’ clus-

tered source template reduces the estimated IR Poisson
power by almost 1!. In this case the one-halo term con-
tributes at small scales, transferring power from the Pois-
son to the clustered component. Given our uncertainty
in the clustered model, we adopt this di!erence as an
additional systematic error on the Poisson source levels,
shown in Table 3. In this simple model we have also as-
sumed that the clustered and Poisson components trace
the same populations with the same spectral index. The
goodness of fit of the simple model supports this assump-
tion. The detected clustering levels are compatible with
the detections by the BLAST experiment (Viero et al.
2009), and will be explored further in future work.

4. COSMOLOGICAL PARAMETER CONSTRAINTS

In this section we use the 148-only ACT likelihood to
estimate primary cosmological parameters, in combina-
tion with WMAP and cosmological distance priors. Fol-
lowing the prescription in Section 2.1.4 we marginalize
over three secondary parameters to account for SZ and
point source contamination. We conservatively exclude
the 218GHz data from this part of the analysis, to avoid
drawing conclusions that could depend on the choice of
model for the point source power.

4.1. The "CDM model

The best-fit "CDM model is shown in Figure 5, using
the combination "4C! to highlight the acoustic peaks in
the Silk damping regime. The estimated parameters for
the ACT+WMAP combination, given in Table 4 and
shown in Figure 6, agree to within 0.5! with the WMAP

best-fit. The spectral index continues to lie below the
scale invariant ns = 1, now at the 3! level from the
CMB alone, with ns = 0.962 ± 0.013. This supports
the inflationary scenario for the generation of primordial
fluctuations (Mukhanov & Chibisov 1981; Hawking 1982;
Starobinsky 1982; Guth & Pi 1982; Bardeen, Steinhardt,
& Turner 1983; Mukhanov, Feldman, & Brandenberger
1992) and is possible due to the longer lever arm from
the extended angular range probed by ACT. With the
addition of BAO and H0 data, the significance of ns < 1
is increased to 3.3!, with statistics given in Table 5.
The "CDM parameters are not strongly correlated

with the three secondary parameters (Ac, Ap, ASZ), as
there is limited freedom within the model to adjust the
small-scale spectrum while still fitting the WMAP data.
We also find consistent results if the 148+218 ACT like-
lihood is used in place of the 148-only likelihood.
Evidence for the gravitational lensing of the primary

CMB signal is investigated in the companion ACT power
spectrum paper (Das et al. 2010). A lensing param-
eter, AL, is marginalized over that scales the lensing
potential from C!

! to ALC!
! , as described in Calabrese

et al. (2008). An unlensed CMB spectrum would have
AL = 0, and the standard lensing case has AL = 1. Re-
ichardt et al. (2009) reported a detection of lensing from
ACBAR; in Calabrese et al. (2008) this was interpreted
as a non-zero detection of the parameter AL, with mean
value higher than expected, AL = 3.1+1.8

!1.5 at 95% CL;

Reichardt et al. (2009) estimate AL = 1.4+1.7
!1.0 at 95%

CL from the same ACBAR data. With the ACT power
spectrum combined with 7-year WMAP data, Das et al.
(2010) report the measure

AL = 1.3+0.5+1.2
!0.5!1.0 (68, 95% CL), (20)

with mean value within 1! of the expected value. The
goodness of fit of an unlensed CMB model has ##2 = 8
worse than the best-fit lensed case, indicating a 2.8! de-
tection of lensing. The marginalized distribution for AL
from ACT+WMAP, together with the standard lensed
(AL = 1) and unlensed spectra (AL = 0), are shown
in Das et al. (2010). The measurement adds support to
the standard cosmological model governing the growth
rate of matter fluctuations over cosmic time, and by ex-
tracting information beyond the two-point function these
measurements are expected to be improved.

4.2. Inflationary parameters

4.2.1. Running of the spectral index

We constrain a possible deviation from power-law pri-
mordial fluctuations using the running of the index,
dns/d ln k, with curvature perturbations described by

#2
R(k) = #2

R(k0)

!

k

k0

"ns(k0)!1+ 1

2
ln(k/k0)dns/d ln k

.

(21)
The spectral index at scale k is related to the index at
pivot point k0 by

ns(k) = ns(k0) +
dns

d ln k
ln

!

k

k0

"

. (22)
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Fig. 11.— Two-dimensional marginalized limits (68% and 95%)
for the spectral index, ns, plotted at the pivot point k0 =
0.015 Mpc�1, and the running of the index dns/d ln k, for
ACT+WMAP7, compared to WMAP7 data alone. The data are
consistent with the model dns/d ln k = 0.

for the ACT data combination with WMAP7, compared
to the WMAP7 data alone. This relation between the
indices at these two pivot points is given by:

ns(k0 = 0.015 Mpc�1)=ns(k0 = 0.002 Mpc�1)

+ ln(0.015/0.002)
dns

d ln k
.

(22)

The ACT data are consistent with no running of the
spectral index, with

dns

d ln k
= �0.004 ± 0.012 (WMAP7 + ACT). (23)

4.5.3. ⇤CDM+Tensor modes

The standard ⇤CDM model assumes that the initial
fluctuations are purely scalar modes; however tensor fluc-
tuations can also be seeded at early times, generating
gravitational waves. While gravitational waves have not
yet been detected, limits can be placed on the power of
tensor fluctuations by constraining the so-called tensor-
to-scalar ratio

r = �2

h(k
0

)/�2

R(k
0

), (24)

where �2

h(k
0

) is the amplitude of primordial gravi-
tational waves, measured at a reference scale k

0

=
0.002 Mpc�1; these tensor fluctuations contribute to the
CMB in both temperature and polarization. Small-scale
temperature measurements such as those from ACT help
to constrain the amplitude r by reducing its degeneracy
with the scalar spectral index, ns.

This degeneracy arises as models with large values of
r have more power from tensor modes at small ` and
therefore require smaller values of the spectral index to
compensate. The analysis of the 300 square degree ACT
1-year data combined with WMAP7 data constrained
r < 0.25 (95% CL) using only CMB data. In this 3-year
analysis we find the limit on r has increased, with

r < 0.30 (WMAP7 + ACT, 95% CL). (25)

Fig. 12.— Top panel:Two-dimensional marginalized distribution
(68% and 95% CL) for the tensor-to-scalar ration r and the scalar
spectral index ns. The brown contours show the constraints using
only WMAP7 data; the blue contours show the constraints when
adding the 3-year ACT data, and BAO and H0 measurements,
and constrain r < 0.16. Recfast v1.5 was used to compute the
constraints. Bottom panel : One-dimensional marginalized con-
tours for the tensor-to-scalar ratio for the ACT data in combi-
nation with WMAP7 (dashed curve) and for the combination of
WMAP7+ACT+BAO+H0 (solid curve).

We find an upper bound ⇡ 15% higher for the tensor-to-
scalar ratio than reported in Dunkley et al. (2011). This
is driven by the ns � r degeneracy and the fact that the
ACT 3-year constraint on ns is higher than the previ-
ously reported value. The curvature of the marginalized
likelihood is shown in the bottom panel of Figure 12 when
only using CMB data. Once distance measurements are
added the bound tightens. It is worth noting that the
WMAP7-only constraints on the tensor-to-scalar ratio
and scalar spectral index also di↵er from the published
results (Komatsu et al. 2011), as can be seen by compar-
ing Figure 12 in this work to Figure 13 in Larson et al.
(2011). These arise from changes in the version of Rec-
fast used in the WMAP7 version of this particular pa-
rameter combination. These di↵erences are summarized
in Table 6.

When adding in data from BAO and the Hubble con-
stant value, we obtain

r < 0.16 (WMAP7 + ACT + BAO+H
0

, 95% CL). (26)

This value is generally consistent with the recently re-
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(3) Cosmic strings	


Dunkley et al. 2010 ���
(older ACT data)	


	
Cosmic strings may 
be sub-dominant 
source of anisotropy.	

	
Example: Nambu 
string sims (Battye & 
Moss 2010).  	


Gμ < 1.1 x 10-7 (95%, ACT+WMAP, Sievers et al 2013)  	


	
Spectral index less than unity: hybrid inflation disfavored. 
Similar limits from Planck.	




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:

!(n̂) = !̃(n̂ + !!)
Lensed Unlensed Deflection

Field

! : Effective Lensing Potential
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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
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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

⌃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
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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
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in which the large-scale, linear structures of the Universe which
intercede between ourselves and the CMB last-scattering sur-
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perature power spectrum, and 6.3⇥ from a direct reconstruction
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2012). Significant measurements of the correlation between the
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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
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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
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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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FIG. 3. Upper panel: Two-dimensional marginalized poste-
rior probability for !m and !! (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
!! = 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 !! (not normalized). An energy density of !! ! 0.7
is preferred even from WMAP alone, but when lensing data
are included, an !! = 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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the Parque Astronómico Atacama in northern Chile un-
der the auspices of Programa de Astronomı́a, a program
of the Comisión Nacional de Investigación Cient́ıfica y
Tecnológica de Chile (CONICYT). We thank Alex van
Engelen for discussions and thank Matias Zaldarriaga
and Duncan Hanson for comments on the draft.

[1] A. G. Riess et al., AJ, 116, 1009 (1998).
[2] S. Perlmutter et al., ApJ, 517, 565 (1999).
[3] D. N. Spergel et al., ApJS, 148, 175 (2003).
[4] E. Komatsu et al., ApJS, 192, 18 (2011).
[5] M. Hicken et al., ApJ, 700, 1097 (2009).
[6] R. Kessler et al., ApJS, 185, 32 (2009).
[7] B. A. Reid et al., MNRAS, 404, 60 (2010).
[8] A. G. Riess et al., ApJ, 699, 539 (2009).
[9] A. Vikhlinin et al., ApJ, 692, 1060 (2009).

[10] A. G. Doroshkevich, Y. B. Zel’dovich, and R. A. Sun-
yaev, Soviet Astronomy, 22, 523 (1978).

[11] J. R. Bond, G. Efstathiou, and M. Tegmark,
MNRAS, 291, L33 (1997).

[12] M. Zaldarriaga, D. N. Spergel, and U. Seljak, ApJ, 488,
1 (1997).

[13] J. Dunkley et al., ApJS, 180, 306 (2009), 0803.0586.
[14] R. Stompor and G. Efstathiou, MNRAS, 302, 735 (1999).
[15] K. M. Smith, O. Zahn, and O. Doré, Phys. Rev. D, 76,
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ACTPol	


•  Small-scale polarization	


•  First light last month. 25 times 
faster survey speed, and 
polarization sensitivity	

–  Wide and deep surveys 

Niemack et al. (2010) 	


	

•  Improve temperature sensitivity 

by ~4x plus polarization.	


•  Equatorial observations: overlap 

with many other wavelength data.	




ACTPol prediction 

ACTPol science	


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
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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
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Thursday, March 29, 2012

(1) Get E-mode damping tail	

(2) Lensing turns E-modes into B-modes; have enhanced measurement of lensing	


	
Constrain sum of neutrino masses:  into Σmν<0.2 eV regime at 95% CL. 	

	
Probe curvature, dark energy, modified gravity. 	

	
Strong cross-correlation capabilities	


σ(Σ mν) ≈ 0.07 eV  (ACTPol + Planck)	




New: SPTpol B-modes	
 3

FIG. 1: (Left panel): Wiener-filtered E-mode polarization measured by SPTpol at 150GHz. (Center panel): Wiener-filtered
CMB lensing potential inferred from CIB fluctuations measured by Herschel at 500µm. (Right panel): Gravitational lensing
B-mode estimate synthesized using Eq. (1). The lower left corner of each panel indicates the blue(-)/red(+) color scale.

[23] onboard the Herschel space observatory [24] as a
tracer of the CMB lensing potential �. The CIB has
been established as a well-matched tracer of the lens-
ing potential [22, 25, 26] and currently provides a higher
signal-to-noise estimate of � than is available with CMB
lens reconstruction. Its use in cross-correlation with the
SPTpol data also makes our measurement less sensitive
to instrumental systematic e↵ects [27]. We focus on the
Herschel 500µm map, which has the best overlap with
the CMB lensing kernel [22].

Post-Map Analysis: We obtain Fourier-domain
CMB temperature and polarization modes using a
Wiener filter (e.g. [28] and refs. therein), derived by
maximizing the likelihood of the observed I, Q, and
U maps as a function of the fields T (~l), E(~l), and
B(~l). The filter simultaneously deconvolves the two-
dimensional transfer function due to beam, TOD filter-
ing, and map pixelization while down-weighting modes
that are “noisy” due to either atmospheric fluctuations,
extragalactic foreground power, or instrumental noise.
We place a prior on the CMB auto-spectra, using the
best-fit cosmological model given by [29]. We use a sim-
ple model for the extragalactic foreground power in tem-
perature [19]. We use jackknife di↵erence maps to deter-
mine a combined atmosphere+instrument noise model,
following [30]. We set the noise level to infinity for any
pixels within 50 of sources detected at > 5� in [31]. We
extend this mask to 100 for all sources with flux greater
than 50mJy, as well as galaxy clusters detected using
the Sunyaev-Zel’dovich e↵ect in [32]. These cuts remove
approximately 5 deg2 of the total 100 deg2 survey area.
We remove spatial modes close to the scan direction with
an `

x

< 400 cut, as well as all modes with l > 3000. For
these cuts, our estimated beam and filter map transfer
functions are within 20% of unity for every unmasked
mode (and accounted for in our analysis in any case).

The Wiener filter naturally separates E and B con-

tributions, although in principle this separation depends
on the priors placed on their power spectra. To check
that we have successfully separated E and B, we also
form a simpler estimate using the �

B

formalism advo-
cated in [33]. This uses numerical derivatives to estimate
a field �

B

(~x) which is proportional to B in harmonic
space. This approach cleanly separates E and B, al-
though it can be somewhat noisier due to mode-mixing
induced by point source masking. We therefore do not
mask point sources when applying the �

B

estimator.

We obtain Wiener-filtered estimates �̂CIB of the lensing
potential from the Herschel 500µm maps by applying an
apodized mask, Fourier transforming, and then multiply-
ing by C

CIB-�
l

(CCIB-CIB

l

C

��

l

)�1. We limit our analysis to
modes l � 150 of the CIB maps. We model the power
spectrum of the CIB following [34], with C

CIB-CIB

l

=
3500(l/3000)�1.25Jy2/sr. We model the cross-spectrum
C

CIB-�
l

between the CIB fluctuations and the lensing po-
tential using the SSED model of [35], which places the
peak of the CIB emissivity at redshift z

c

= 2 with a
broad redshift kernel of width �

z

= 2. We choose a linear
bias parameter for this model to agree with the results of
[22, 26]. More realistic multi-frequency CIB models are
available (for example, [36]); however, we only require a
reasonable template. The detection significance is inde-
pendent of errors in the amplitude of the assumed CIB-�
correlation.

Results: In Fig. 1, we plot Wiener-filtered estimates
Ê

150 and �̂

CIB using the CMB measured by SPTpol at
150GHz and the CIB fluctuations traced by Herschel. In
addition, we plot our estimate of the lensing B modes,
B̂

lens, obtained by applying Eq. (1) to these measure-
ments. In Fig. 2 we show the cross-spectrum between
this lensing B-mode estimate and the B modes mea-
sured directly by SPTpol. The data points are a good fit
to the expected cross-correlation, with a �

2

/dof of 3.5/4
and a corresponding probability-to-exceed (PTE) of 48%.
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FIG. 2: (Black, center bars): Cross-correlation of the lens-
ing B modes measured by SPTpol at 150GHz with lensing B
modes inferred from CIB fluctuations measured by Herschel
and E modes measured by SPTpol at 150GHz; as shown in
Fig. 1. (Green, left-o↵set bars): Same as black, but using E
modes measured at 95GHz, testing both foreground contam-
ination and instrumental systematics. (Orange, right-o↵set
bars): Same as black, but with B modes obtained using the
�B procedure described in the text rather than our fiducial
Wiener filter. (Gray bars): Curl-mode null test as described
in the text. (Dashed black curve): Lensing B-mode power
spectrum in the fiducial cosmological model.

We determine the uncertainty and normalization of the
cross-spectrum estimate using an ensemble of simulated,
lensed CMB+noise maps and simulated Herschel maps.
We obtain comparable uncertainties if we replace any of
the three fields involved in this procedure with observed
data rather than a simulation, and the normalization we
determine for each bin is within 15% of an analytical
prediction based on approximating the Wiener filtering
procedure as diagonal in Fourier space.

In addition to the cross-correlation E�⇥B, it is also
interesting to take a “lensing perspective” and rear-
range the fields to measure the correlation EB⇥�. In
this approach, we perform a quadratic “EB” lens re-
construction [13] to estimate the lensing potential �̂

EB

,
which we then cross-correlate with CIB fluctuations. The
observed cross-spectrum can be compared to previous
temperature-based lens reconstruction results [22, 26].
This cross-correlation is plotted in Fig. 3. Again, the
shape of the cross-correlation which we observe is in good
agreement with the fiducial model, with a �2

/dof of 2.2/4
and a PTE of 70%.

Both the E�⇥B and EB⇥� cross-spectra discussed
above are probing the three-point correlation function
(or bispectrum) between E, B, and � that is induced by
lensing. We assess the overall significance of the measure-
ment by constructing a minimum-variance estimator for
the amplitude Â of this bispectrum, normalized to have

FIG. 3: “Lensing view” of the EB� correlation plotted in
Fig. 2, in which we cross-correlate an EB lens reconstruc-
tion from SPTpol data with CIB intensity fluctuations mea-
sured by Herschel. Left green, center black, and right or-
ange bars are as described in Fig. 2. Previous analyses using
temperature-based lens reconstruction from Planck [26] and
SPT-SZ [22] are shown with boxes. The results of [26] are at
a nominal wavelength of 550µm, which we scale to 500µm
with a factor of 1.22 [37]. The dashed black curve gives our
fiducial model for CCIB-�

l as described in the text.

a value of unity for the fiducial cosmology+CIB model
(analogous to the analyses of [38, 39] for the TT� bis-
pectrum). This estimator can be written as a weighted
sum over either of the two cross-spectra already dis-
cussed. Use of Â removes an arbitrary choice between
the “lensing” or “B-mode” perspectives, as both are sim-
ply collapsed faces of the EB� bispectrum. Relative to
our fiducial model, we measure a bispectrum amplitude
Â = 1.092± 0.141, non-zero at approximately 7.7�.
We have tested that this result is insensitive to analy-

sis choices. Replacement of the B modes obtained using
the baseline Wiener filter with those determined using
the �

B

estimator causes a shift of 0.2�. Our standard
B-mode estimate incorporates a mask to exclude bright
point sources, while the �

B

estimate does not. The good
agreement between them indicates the insensitivity of po-
larization lensing measurements to point-source contam-
ination. If we change the scan direction cut from l

x

<400
to 200 or 600, the measured amplitude shifts are less
than 1.2�, consistent with the root-mean-squared (RMS)
shifts seen in simulations. If we repeat the analysis with-
out correcting for I ! Q,U leakage, the measured ampli-
tude shifts by less than 0.1�. A similar shift is found if
we rotate the map polarization vectors by one degree to
mimic an error in the average PSB angle.

We have produced estimates of B̂

lens using alterna-
tive estimators of E. When we replace the E modes
measured at 150GHz with those measured at 95GHz,
we measure an amplitude Â = 1.225± 0.164, indicating

Hanson et al 2013	


PolarBear also taking data	




Summary	

•  At small scales the CMB probes both recombination and lensing	


•  Temperature spectrum measured by ACT, SPT, Planck to l~3000. 
Excellent consistency ACT+WMAP v Planck. Deviations from simple 
model are much more strongly limited.	


•  CMB lensing is fast-growing! Probes clustering of matter and expansion 
rate. Detected in ACT, SPT, and Planck. Geometric degeneracy now 
broken. 	


•  Small-scale CMB polarization measurements from ACTPol coming; first 
lensing B-modes from SPTpol. Excellent prospects for neutrino physics, 
cross-correlations with other probes.	



