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Planck Collaboration: The Planck mission

Fig. 7. Maximum posterior CMB intensity map at 50 resolution derived from the joint baseline analysis of Planck, WMAP, and
408 MHz observations. A small strip of the Galactic plane, 1.6 % of the sky, is filled in by a constrained realization that has the same
statistical properties as the rest of the sky.

Fig. 8. Maximum posterior amplitude Stokes Q (left) and U (right) maps derived from Planck observations between 30 and 353 GHz.
These mapS have been highpass-filtered with a cosine-apodized filter between ` = 20 and 40, and the a 17 % region of the Galactic
plane has been replaced with a constrained Gaussian realization (Planck Collaboration IX 2015). From Planck Collaboration X
(2015).

viewed as work in progress. Nonetheless, we find a high level of
consistency in results between the TT and the full TT+TE+EE
likelihoods. Furthermore, the cosmological parameters (which
do not depend strongly on ⌧) derived from the T E spectra have
comparable errors to the TT -derived parameters, and they are
consistent to within typically 0.5� or better.

8.2.2. Number of modes

One way of assessing the constraining power contained in a par-
ticular measurement of CMB anisotropies is to determine the
e↵ective number of a`m modes that have been measured. This
is equivalent to estimating 2 times the square of the total S/N
in the power spectra, a measure that contains all the available
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Planck Collaboration: Gravitational lensing by large-scale structures with Planck

Planck at the expected level. In Sect. 3.3, we cross-correlate the
reconstructed lensing potential with the large-angle temperature
anisotropies to measure the CT�

L correlation sourced by the ISW
e↵ect. Finally, the power spectrum of the lensing potential is pre-
sented in Sect. 3.4. We use the associated likelihood alone, and
in combination with that constructed from the Planck temper-
ature and polarization power spectra (Planck Collaboration XI
2015), to constrain cosmological parameters in Sect. 3.5.

3.1. Lensing potential

In Fig. 2 we plot the Wiener-filtered minimum-variance lensing
estimate, given by

�̂WF
LM =

C��, fid
L

C��, fid
L + N��L

�̂MV
LM , (5)

where C��, fid
L is the lensing potential power spectrum in our fidu-

cial model and N��L is the noise power spectrum of the recon-
struction. As we shall discuss in Sect. 4.5, the lensing potential
estimate is unstable for L < 8, and so we have excluded those
modes for all analyses in this paper, as well as in the MV lensing
map.

As a visual illustration of the signal-to-noise level in the lens-
ing potential estimate, in Fig. 3 we plot a simulation of the MV
reconstruction, as well as the input � realization used. The re-
construction and input are clearly correlated, although the recon-
struction has considerable additional power due to noise. As can
be seen in Fig. 1, even the MV reconstruction only has S/N ⇡ 1
for a few modes around L ⇡ 50.

The MV lensing estimate in Fig. 2 forms the basis for a
public lensing map that we provide to the community (Planck
Collaboration I 2015). The raw lensing potential estimate has a
very red power spectrum, with most of its power on large angular
scales. This can cause leakage issues when cutting the map (for
example to cross-correlate with an additional mass tracer over a
small portion of the sky). The lensing convergence  defined by

LM =
L(L + 1)

2
�LM , (6)

has a much whiter power spectrum, particularly on large angular
scales. The reconstruction noise on  is approximately white as
well (Bucher et al. 2012). For this reason, we provide a map
of the estimated lensing convergence  rather than the lensing
potential �.

3.2. Lensing B-mode power spectrum

The odd-parity B-mode component of the CMB polarization is
of great importance for early-universe cosmology. At first order
in perturbation theory it is not sourced by the scalar fluctuations
that dominate the temperature and polarization anisotropies, and
so the observation of primordial B-modes can be used as a
uniquely powerful probe of tensor (gravitational wave) or vec-
tor perturbations in the early Universe. A detection of B-mode
fluctuations on degree angular scales, where the signal from
gravitational waves is expected to peak, has recently been re-
ported at 150 GHz by the BICEP2 collaboration (Ade et al.
2014). Following the joint analysis of BICEP2 and Keck Array
data (also at 150 GHz) and the Planck polarization data, primar-
ily at 353 GHz (BICEP2/Keck Array and Planck Collaborations
2015), it is now understood that the B-mode signal detected
by BICEP2 is dominated by Galactic dust emission. The joint

�̂WF (Data)

Fig. 2 Lensing potential estimated from the SMICA full-mission
CMB maps using the MV estimator. The power spectrum of
this map forms the basis of our lensing likelihood. The estimate
has been Wiener filtered following Eq. (5), and band-limited to
8  L  2048.

�̂WF (Sim.)

Input � (Sim.)

Fig. 3 Simulation of a Wiener-filtered MV lensing reconstruc-
tion (upper) and the input � realization (lower), filtered in the
same way as the MV lensing estimate. The reconstruction and
input are clearly correlated, although the reconstruction has con-
siderable additional power due to noise.

analysis gives no statistically-significant evidence for primor-
dial gravitational waves, and establishes a 95 % upper limit
r0.05 < 0.12. This still represents an important milestone for
B-mode measurements, since the direct constraint from the B-
mode power spectrum is now as constraining as indirect, and
model-dependent, constraints from the TT spectrum (Planck
Collaboration XIII 2015).

In addition to primordial sources, the e↵ect of gravitational
lensing also generates B-mode polarization. The displacement of
lensing mixes E-mode polarization into B-mode as (Smith et al.
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T (n) = T (n+ d) = T (n+∇φ)T (n) = T (n+ d) = T (n+∇φ)
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What	  are	  the	  geometry	  and	  contents	  of	  the	  universe?	  
What	  are	  the	  properties	  of	  the	  dark	  sector?	  

Did	  inflation	  happen/what	  are	  the	  initial	  conditions?



Rough	  description	  of	  CMB	  analysis	  process:	  

‘Data’	  	  	  	  	  =	  maps	  of	  the	  blackbody	  sky	  (temp,	  pol,	  lensing)	  
Statistic	  =	  angular	  power	  spectrum	  of	  maps	  
Output	  	  	  =	  cosmological	  parameters	  (reliable	  codes	   
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  predict	  their	  theory	  power	  spectra)
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CMB	  temperature

Excellent	  fit	  to	  simple	  model	  
But,	  two	  possible	  2-‐sigma	  
‘anomalies’:	  l~30,	  and	  l<1000	  
versus	  l>1000



The ΛCDM model 

(1) Contents and expansion 
Baryon density   Ωbh2 = 0.02222 ± 0.00023

CDM density     Ωch2 = 0.1197 ± 0.0022

Peak angle   100θ (~rs/DA) =1.04085 ± 0.00047

(2) Initial fluctuations 
Amplitude at k=0.05/Mpc 

ln(1010As) = 3.089 ± 0.036

Spectral index   ns = 0.9655 ± 0.0062

(3) Impact of reionization

Reionization optical depth τ =0.078 ± 0.019

(1) Contents and expansion rate 
Baryon fraction Ωb 

CDM fraction Ωc  = 0.265 ± 0.013

Cosmol constant fraction ΩΛ=1- Ωb -Ωc  

Expansion rate H0 = 67.3 ± 1.0 

(2) Late-time size of fluctuations  
Amplitude on 8 Mpc/h scales  σ8 = 0.829 ± 0.014

(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



Neutrino	  (or	  relativistic)	  species
Planck Collaboration: Cosmological parameters
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Fig. 36. Constraints in the !b–Ne↵ plane from Planck and
Planck+BAO data (68 % and 95 % contours) compared to the
predictions of BBN given primordial element abundance mea-
surements. We show the 68 % and 95 % confidence regions de-
rived from 4He bounds compiled by Aver et al. (2013) and from
deuterium bounds compiled by Cooke et al. (2014). In the CMB
analysis, Ne↵ is allowed to vary as an additional parameter to
base ⇤CDM, with YP fixed as a function of !b and Ne↵ accord-
ing to BBN predictions. These constraints assume no significant
lepton asymmetry.

abundance measurements derived from emission lines from low-
metallicity H ii regions are notoriously di�cult and prone to sys-
tematic errors. As a result, many discrepant helium abundance
measurements can be found in the literature. Izotov et al. (2014)
have reported a helium abundance measurement of YBBN

P =
0.2551 ± 0.0022, which is discrepant with the base ⇤CDM pre-
dictions by 3.4�. Such a high helium fraction could be ac-
commodated by increasing Ne↵ (see Fig. 36 and Sect. 6.5.3).
However, at present it is not clear whether the error quoted by
Izotov et al. (2014) accurately reflects systematic errors, includ-
ing the error in extrapolating to zero metallicity.

Historically, deuterium abundance measurements have
shown excess scatter over that expected from statistical er-
rors indicating the presence of systematic errors in the obser-
vations. Figure 35 shows the data compilation of Iocco et al.
(2009), yDP = 2.87 ± 0.22 (68 % CL), which includes mea-
surements based on damped Ly↵ and Lyman limit systems.
We also show the more recent results by Cooke et al. (2014)
(see also Pettini & Cooke 2012) based on their observations of
low-metallicity damped Ly↵ absorption systems in two quasars
(SDSS J1358+6522, zabs = 3.06726; SDSS J1419+0829, zabs =
3.04973) and a reanalysis of archival spectra of damped Ly↵
systems in three further quasars that satisfy strict selection cri-
teria. The Cooke et al. (2014) analysis gives yDP = 2.53 ± 0.04
(68 % CL), somewhat lower than the central Iocco et al. (2009)
value, but with a much smaller error. The Cooke et al. (2014)
value is almost certainly the more reliable measurement, as ev-
idenced by the consistency of the deuterium abundances of the
five systems in their analysis. The Planck base ⇤CDM predic-
tions of Eq. (74) lie within 1� of the Cooke et al. (2014) result.
This is a remarkable success for the standard theory of BBN.

It is worth noting that the Planck data are so accurate that !b
is insensitive to the underlying cosmological model. In our grid

of extensions to base ⇤CDM the largest degradation of the error
in !b is in models that allow Ne↵ to vary. In these models, the
mean value of !b is almost identical to that for base ⇤CDM, but
the error on !b increases by about 30 %. The value of !b is sta-
ble to even more radical changes to the cosmology, for example,
adding general isocurvature modes (Planck Collaboration XX
2015).

If we relax the assumption that Ne↵ = 3.046 (but adhere to
the hypothesis that electron neutrinos have a standard distribu-
tion with a negligible chemical potential), BBN predictions de-
pend on both parameters (!b,Ne↵). Following the same method-
ology as in Sect. 6.4.4 of PCP13, we can identify the region of
the (!b,Ne↵) parameter space that is compatible with direct mea-
surements of the primordial helium and deuterium abundances,
including the BBN theoretical errors. This is illustrated in Fig. 36
for the Ne↵ extension to base ⇤CDM. The region preferred by
CMB observations lies at the intersection between the helium
and deuterium abundance 68 % CL preferred regions and is com-
patible with the standard value of Ne↵ = 3.046. This confirms the
beautiful agreement between CMB and BBN physics. Figure 36
also shows that the Planck polarization data helps in reducing
the degeneracy between !b and Ne↵ .

We can actually make a more precise statement by combin-
ing the posterior distribution on (!b,Ne↵) obtained for Planck
with that inferred from helium and deuterium abundance, in-
cluding observational and theoretical errors. This provides joint
CMB+BBN predictions on these parameters. After marginaliz-
ing over !b, the 95 % CL preferred ranges for Ne↵ are

Ne↵ =

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

3.11+0.59
�0.57 He+Planck TT+lowP,

3.14+0.44
�0.43 He+Planck TT+lowP+BAO,

2.99+0.39
�0.39 He+Planck TT,TE,EE+lowP,

(75)

when combining Planck with the helium abundance estimated
by Aver et al. (2013), or

Ne↵ =

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

2.95+0.52
�0.52 D+Planck TT+lowP,

3.01+0.38
�0.37 D+Planck TT+lowP+BAO,

2.91+0.37
�0.37 D+Planck TT,TE,EE+lowP,

(76)

when combining with the deuterium abundance measured
by Cooke et al. (2014). These bounds represent the best
currently-available estimates of Ne↵ and are remarkably consis-
tent with the standard model prediction.

The allowed region in (!b,Ne↵) space does not increase sig-
nificantly when other parameters are allowed to vary at the same
time. From our grid of extended models, we have checked that
this conclusion holds in models with neutrino masses, tensor
fluctuations, or running of the scalar spectral index.

6.5.2. Constraints from Planck and deuterium observations
on nuclear reaction rates

We have seen that primordial element abundances inferred
from direct observations are consistent with those inferred from
Planck data under the assumption of standard BBN. However,
the Planck determination of !b is so precise that the theoreti-
cal errors in the BBN predictions are now a dominant source
of uncertainty. As noted by Cooke et al. (2014), one can begin
to think about using CMB measurements together with accurate
deuterium abundance measurements to learn about the underly-
ing BBN physics.
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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-

ACT+WMAP9: Neff = 2.9 ± 0.5 (68%, Calabrese et al 2013)

Planck: Neff = 3.1 ± 0.3 (68%, Planck Collab 2015)
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estimates from the Commander component-separation algorithm computed over 94 % of the sky. The best-fit base⇤CDM theoretical
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the lower panel. The error bars show ±1� uncertainties. From Planck Collaboration XIII (2015).
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temperature-to-polarization leakage model, fitted separately to the T E and EE spectra. From Planck Collaboration XIII (2015).

cosmological information if we assume that the anisotropies are
purely Gaussian (and hence ignore all non-Gaussian informa-
tion coming from lensing, the CIB, cross-correlations with other
probes, etc.). Carrying out this procedure for the Planck 2013
TT power spectrum data provided in Planck Collaboration XV
(2014) and Planck Collaboration XVI (2014), yields the number
826 000 (which includes the e↵ects of instrumental noise, cos-
mic variance and masking). The 2015 TT data have increased
this value to 1 114 000, with T E and EE adding a further 60 000

and 96 000 modes, respectively.4 From this perspective the 2015
Planck data constrain approximately 55 % more modes than in
the 2013 release. Of course this is not the whole story, since
some pieces of information are more valuable than others, and
in fact Planck is able to place considerably tighter constraints on
particular parameters (e.g., reionization optical depth or certain

4Here we have used the basic (and conservative) likelihood; more
modes are e↵ectively probed by Planck if one includes larger sky frac-
tions.
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Greatly	  limits	  vast	  zoo	  of	  alternatives	  to	  LCDM,	  e.g.	  
• different	  contents:	  extra	  relativistic	  species,	  early	  dark	  energy	  
• different	  initial	  fluctuations:	  scale-‐dependent	  power,	  tensor	  or	  isocurvature	  fluctuations	  
• extra	  components:	  cosmic	  defects,	  magnetic	  fields	  
• non-‐standard	  BBN	  or	  recombination	  history,	  extra	  energy	  from	  dark	  matter	  annihilation

CMB	  polarization	  (E-‐mode)
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Fig. 9. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94 % of the sky. The best-fit base⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties. From Planck Collaboration XIII (2015).
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-4

Fig. 10. Frequency-averaged T E (left) and EE (right) spectra (without fitting for T–P leakage). The theoretical T E and EE spectra
plotted in the upper panel of each plot are computed from the best-fit model of Fig. 9. Residuals with respect to this theoretical model
are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the best-fit
temperature-to-polarization leakage model, fitted separately to the T E and EE spectra. From Planck Collaboration XIII (2015).

cosmological information if we assume that the anisotropies are
purely Gaussian (and hence ignore all non-Gaussian informa-
tion coming from lensing, the CIB, cross-correlations with other
probes, etc.). Carrying out this procedure for the Planck 2013
TT power spectrum data provided in Planck Collaboration XV
(2014) and Planck Collaboration XVI (2014), yields the number
826 000 (which includes the e↵ects of instrumental noise, cos-
mic variance and masking). The 2015 TT data have increased
this value to 1 114 000, with T E and EE adding a further 60 000

and 96 000 modes, respectively.4 From this perspective the 2015
Planck data constrain approximately 55 % more modes than in
the 2013 release. Of course this is not the whole story, since
some pieces of information are more valuable than others, and
in fact Planck is able to place considerably tighter constraints on
particular parameters (e.g., reionization optical depth or certain

4Here we have used the basic (and conservative) likelihood; more
modes are e↵ectively probed by Planck if one includes larger sky frac-
tions.
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Fig. 11. Planck measurements of the lensing power spectrum compared to the prediction for the best-fitting base⇤CDM model to the
Planck TT+lowP data. Left: the conservative cut of the Planck lensing data used throughout this paper, covering the multipole range
40  `  400. Right: lensing data over the range 8  `  2048, demonstrating the general consistency with the ⇤CDM prediction
over this extended multipole range. In both cases, green points are the power from lensing reconstructions using only temperature
data, while blue points combine temperature and polarization. They are o↵set in ` for clarity. Error bars are ±1�. In the top panels
the solid lines are the best-fitting base⇤CDM model to the Planck TT+lowP data with no renormalization or �N(1) correction applied
(see text). The bottom panels show the di↵erence between the data and the renormalized and �N(1)-corrected theory bandpowers,
which enter the likelihood. The mild preference of the lensing measurements for lower lensing power around ` = 200 pulls the
theoretical prediction for C��` downwards at the best-fitting parameters of a fit to the combined Planck TT+lowP+lensing data,
shown by the dashed blue lines (always for the conservative cut of the lensing data, including polarization).

• Beam uncertainties are no longer included in the covariance
matrix of the C��` , since, with the improved knowledge of the
beams, the estimated uncertainties are negligible for the lens-
ing analysis. The only inter-bandpower correlations included
in the C��` bandpower covariance matrix are from the uncer-
tainty in the correction applied for the point-source 4-point
function.

As in the 2013 analysis, we approximate the lensing likelihood
as Gaussian in the estimated bandpowers, with a fiducial co-
variance matrix. Following the arguments in Schmittfull et al.
(2013), it is a good approximation to ignore correlations between
the 2- and 4-point functions; so, when combining the Planck
power spectra with Planck lensing, we simply multiply their re-
spective likelihoods.

It is also worth noting that the changes in absolute calibra-
tion of the Planck power spectra (around 2 % between the 2013
and 2015 releases) do not directly a↵ect the lensing results. The
CMB 4-point functions do, of course, respond to any recalibra-
tion of the data, but in estimating C��` this dependence is re-
moved by normalizing with theory spectra fit to the observed
CMB spectra. The measured C��` bandpowers from the 2013 and
current Planck releases can therefore be directly compared, and
are in good agreement (Planck Collaboration XV 2015). Care is
needed, however, in comparing consistency of the lensing mea-
surements across data releases with the best-fitting model pre-
dictions. Changes in calibration translate directly into changes
in Ase�2⌧, which, along with any change in the best-fitting opti-
cal depth, alter As, and hence the predicted lensing power. These
changes from 2013 to the current release go in opposite direc-
tions leading to a net decrease in As of 0.6 %. This, combined
with a small (0.15 %) increase in ✓eq, reduces the expected C��`
by approximately 1.5 % for multipoles ` > 60.

The Planck measurements of C��` , based on the temperature
and polarization 4-point functions, are plotted in Fig. 11 (with
results of a temperature-only reconstruction included for com-
parison). The measured C��` are compared with the predicted
lensing power from the best-fitting base ⇤CDM model to the
Planck TT+lowP data in this figure. The bandpowers that are
used in the conservative lensing likelihood adopted in this pa-
per are shown in the left-hand plot, while bandpowers over the
range 8  `  2048 are shown in the right-hand plot, to demon-
strate the general consistency with the ⇤CDM prediction over
the full multipole range. The di↵erence between the measured
bandpowers and the best-fit prediction are shown in the bottom
panels. Here, the theory predictions are corrected in the same
way as they are in the likelihood15.

Figure 11 suggests that the Planck measurements of C��` are
mildly in tension with the prediction of the best-fitting ⇤CDM
model. In particular, for the conservative multipole range 40 
`  400, the temperature+polarization reconstruction has �2 =
15.4 (for eight degrees of freedom), with a PTE of 5.2 %. For
reference, over the full multipole range �2 = 40.81 for 19 de-
grees of freedom (PTE of 0.3 %); the large �2 is driven by a
single bandpower (638  `  762), and excluding this gives an
acceptable �2 = 26.8 (PTE of 8 %). We caution the reader that
this multipole range is where the lensing reconstruction shows a
mild excess of curl-modes (Planck Collaboration XV 2015), and

15In detail, the theory spectrum is binned in the same way as the
data, renormalized to account for the (very small) di↵erence between
the CMB spectra in the best-fit model and the fiducial spectra used in the
lensing analysis, and corrected for the di↵erence in N(1), calculated for
the best-fit and fiducial models (around a 4 % change in N(1), since the
fiducial-model C��` is higher by this amount than in the best-fit model).
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How does mass of neutrinos affect CMB?

Neutrinos	  start	  relativistic,	  suppressing	  growth	  compared	  to	  cold	  dark	  matter	  
More	  suppression,	  less	  lensing,	  if	  more	  of	  the	  dark	  matter	  density	  is	  in	  neutrinos

Fixed	  total	  dark	  matter

Neutrino mass sum < 0.7 eV (Planck Collab 2015)
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• Neutrinos	  behave	  like	  cold	  dark	  matter	  at	  late	  times	  (z<~100).	  
• Distances	  and	  expansion	  rates	  measure	  total	  matter

How does mass of neutrinos affect cosmic distances?

BAO CMB

BAO:	  measures	  total	  dark	  matter	  
CMB:	  measures	  growth	  of	  structure

Fixed	  CDM	  density

Neutrino mass sum < 0.23 eV (Planck Collab 2015 +BAO distances)

Next	  decade:	  should	  detect	  0.06	  eV	  at	  few	  sigma



Testing	  inflation:	  gravitational	  waves
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Primordial	  fluctuations

Planck	  Collaboration	  2015
BICEP2/Keck	  Collaborations	  Nov	  2015	  r	  <	  0.07	  (95%,	  Planck+Bicep2/Keck,	  November	  2015)
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FIG. 7. Constraints in the r vs. ns plane when using Planck
plus additional data, and when also adding BICEP2/Keck
data through the end of the 2014 season including new 95 GHz
maps—the constraint on r tightens from r0.05 < 0.12 to
r0.05 < 0.07. This figure is adapted from Fig. 21 of Ref. [2]—
see there for further details.
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Fig. 18. Samples in the �8–⌦m plane from the H13 CFHTLenS
data (with angular cuts as discussed in the text), coloured by the
value of the Hubble parameter, compared to the joint constraints
when the lensing data are combined with BAO (blue), and BAO
with the CMB acoustic scale parameter fixed to ✓MC = 1.0408
(green). For comparison the Planck TT+lowP constraint con-
tours are shown in black. The grey band show the constraint from
Planck CMB lensing.

authors argue may be indications of the e↵ects of baryonic feed-
back in suppressing the matter power spectrum at small scales).
The large-scale properties of CFHTLenS therefore seem broadly
consistent with Planck and it is only as CFHTLenS probes
higher wavenumbers, particular in the 2D and tomographic cor-
relation function analyses (Heymans et al. 2013; Kilbinger et al.
2013; Fu et al. 2014; MacCrann et al. 2014), that apparently
strong discrepancies with Planck appear.

The situation is summarized in Fig. 18. The sample points
show parameter values in the �8–⌦m plane for the ⇤CDM base
model, computed from the Heymans et al. (2013, hereafter H13)
tomographic measurements of ⇠±. These data consist of correla-
tion function measurements in six photometric redshift bins ex-
tending over the redshift range 0.2–1.3. We use the blue galaxy
sample, since H13 find that this sample shows no evidence for
intrinsic galaxy alignments (simplifying the comparison with
theory) and we apply the “conservative” cuts of H13, intended
to reduce sensitivity to the nonlinear part of the power spec-
trum; these cuts eliminate measurements with ✓ < 30 for any
redshift combinations involving the lowest two redshift bins.
Here we have used the halofit prescription of Takahashi et al.
(2012) to model the nonlinear power spectrum, but do not in-
clude any model of baryon feedback or intrinsic alignments.
For the lensing-only constraint we also impose additional pri-
ors in a similar way to the CMB lensing analysis described
in Planck Collaboration XV (2015), i.e., Gaussian priors⌦bh2 =
0.0223 ± 0.0009 and ns = 0.96 ± 0.02, where the exact values
(chosen to span reasonable ranges given CMB data) have little
impact on the results. The sample range shown also restricts the
Hubble parameter to 0.2 < h < 1; note that when comparing
with constraint contours, the location of the contours can change
significantly depending on the H0 prior range assumed. Here we
only show lensing contours after the samples have been pro-
jected into the space allowed by the BAO data (blue contours),
or also additionally restricting to the reduced space where ✓MC

is fixed to the Planck value, which is accurately measured. The
black contours show the constraints from Planck TT+lowP.

The lensing samples just overlap with Planck, and super-
ficially one might conclude that the two data sets are con-
sistent. But the weak lensing constraints approximately define
a 1-dimensional degeneracy in the 3-dimensional ⌦m–�8–H0
space, so consistency of the Hubble parameter at each point in
the projected space must also be considered (see appendix E1
of Planck Collaboration XV 2015). Comparing the contours in
Fig. 18 (the regions where the weak lensing constraints are con-
sistent with BAO observations) the CFHTLenS data favour a
lower value of �8 than the Planck data (and much of the area
of the blue contours also has higher ⌦m). However, even with
the conservative angular cuts applied by H13, the weak lens-
ing constraints depend on the nonlinear model of the power
spectrum and on the possible influence of baryonic feedback
in reshaping the matter power spectrum at small spatial scales
(Harnois-Déraps et al. 2014; MacCrann et al. 2014). The impor-
tance of these e↵ects can be reduced by imposing even more
conservative angular cuts on ⇠±, but of course, this weakens the
statistical power of the weak lensing data. The CFHTLenS data
are not used in combination with Planck in this paper (apart
from Sects. 6.3 and 6.4.4) and, in any case, would have little
impact on most of the extended ⇤CDM constraints discussed
in Sect. 6. Weak lensing can, however, provide important con-
straints on dark energy and modified gravity. The CFHTLenS
data are therefore used in combination with Planck in the com-
panion paper (Planck Collaboration XIV 2015) which explores
several halofit prescriptions and the impact of applying more
conservative angular cuts to the H13 measurements.

5.5.3. Planck cluster counts

In 2013 we noted a possible tension between our primary CMB
constraints and those from the Planck SZ cluster counts, with the
clusters preferring lower values of �8 in the base ⇤CDM model
in some analyses (Planck Collaboration XX 2014). The compar-
ison is interesting because the cluster counts directly measure �8
at low redshift; any tension could signal the need for extensions
of the base model, such as non-minimal neutrino mass (though
see Sect. 6.4). However, limited knowledge of the scaling rela-
tion between SZ signal and mass have hampered the interpreta-
tion of this result.

With the full mission data we have created a larger cata-
logue of SZ clusters with a more accurate characterization of
its completeness (Planck Collaboration XXIV 2015). By fitting
the counts in redshift and signal-to-noise, we are able to si-
multaneously constrain the slope of the SZ signal-mass scal-
ing relation and the cosmological parameters. A major uncer-
tainty, however, remains the overall mass calibration, which
in Planck Collaboration XX (2014) we quantified with a bias
parameter, (1 � b), with a fiducial value of 0.8 and a range
0.7 < (1 � b) < 1. In the base ⇤CDM model, the primary
CMB constraints prefer a normalization below the lower end
of this range, (1 � b) ⇡ 0.6. The recent, empirical normaliza-
tion of the relation by the Weighing the Giants lensing program
(WtG; von der Linden et al. 2014) gives 0.69 ± 0.07 for the 22
clusters in common with the Planck cluster sample. This cali-
bration reduces the tension with the primary CMB constraints in
base ⇤CDM. In contrast, correlating the entire Planck 2015 SZ
cosmology sample with Planck CMB lensing gives 1/(1 � b) =
1±0.2 (Planck Collaboration XXIV 2015), toward the upper end
of the range adopted in Planck Collaboration XX (2014) (though
with a large uncertainty). An alternative lensing calibration by
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Fig. 7: Comparison of constraints from the CMB to those from
the cluster counts in the (⌦m,�8)-plane. The green, blue and
violet contours give the cluster constraints (two-dimensional
likelihood) at 1 and 2� for the WtG, CCCP, and CMB lens-
ing mass calibrations, respectively, as listed in Table 2. These
constraints are obtained from the MMF3 catalogue with the
SZ+BAO+BBN data set and ↵ free. Constraints from the Planck
TT, TE, EE+lowP CMB likelihood (hereafter, Planck primary
CMB) are shown as the dashed contours enclosing 1 and 2� con-
fidence regions (Planck Collaboration XIII 2015), while the grey
shaded region also include BAO. The red contours give results
from a joint analysis of the cluster counts, primary CMB and
the Planck lensing power spectrum (Planck Collaboration XV
2015), leaving the mass bias parameter free and ↵ constrained
by the X-ray prior.

6.3. Constraints on ⌦m and �8: comparison to primary CMB

Our 2013 analysis brought to light tension between constraints
on⌦m and�8 from the cluster counts and those from the primary
CMB in the base ⇤CDM model. In that analysis, we adopted a
flat prior on the mass bias over the range 1 � b = [0.7, 1.0], with
a reference model defined by 1 � b = 0.8 (see discussion in the
Appendix of Planck Collaboration XX 2014). Given the good
consistency between the 2013 and 2015 cluster results (Fig. 3),
we expect the tension to remain under the same assumptions con-
cerning the mass bias.

Figure 7 compares our 2015 cluster constraints (MMF3
SZ+BAO+BBN) to those for the base ⇤CDM model from the
Planck CMB anisotropies. The cluster constraints, given the
three di↵erent priors on the mass bias, are shown by the filled
contours at 1 and 2�, while the dashed black contours give the
Planck TT, TE, EE+lowP constraints (hereafter Planck primary
CMB, Planck Collaboration XIII 2015); the grey shaded regions
add BAO to the CMB. The central value of the WtG mass prior
lies at the extreme end of the range used in 2013 (i.e., 1-b=0.7);
with its uncertainty range extending even lower, the tension with
primary CMB is greatly reduced, as pointed out by von der Lin-
den et al. (2014b). With similar uncertainty but a central value
shifted to 1 � b = 0.78, the CCCP mass prior results in greater
tension with the primary CMB. The lensing mass prior, finally,
implies little bias and hence much greater tension.

6.4. Joint Planck 2014 primary CMB and cluster constraints

We now turn to a joint analysis of the cluster counts and primary
CMB. We begin by finding the mass bias required to remove ten-

Fig. 8: Comparison of cluster and primary CMB constraints in
the base ⇤CDM model expressed in terms of the mass bias,
1 � b. The solid black curve shows the distribution of values re-
quired to reconcile the counts and primary CMB in ⇤CDM; it
is found as the posterior on the 1 � b from a joint analysis of
the Planck cluster counts and primary CMB when leaving the
mass bias free. The coloured dashed curves show the three prior
distributions on the mass bias listed in Tab. 2.

sion with the primary CMB, and then consider one-parameter
extensions to the base ⇤CDM model, varying the curvature, the
Thomson optical depth to reionization, the dark energy equation-
of-state, and the neutrino mass scale. Unless otherwise stated,
"CMB" in the following means Planck TT, TE, EE+lowP as de-
fined in Planck Collaboration XIII (2015). All intervals are 68%
confidence and all upper/lower limits are 95%.

6.4.1. Mass bias required by CMB

In Fig. 8 we compare the three prior distributions to the mass
bias required by the primary CMB. The latter is obtained as the
posterior on (1 � b) from a joint analysis of the MMF3 cluster
counts and the CMB with the mass bias as a free parameter. The
best-fit value in this case is (1 � b) = 0.58 ± 0.04, more than 1�
below the central WtG value. Perfect agreement with the primary
CMB would imply that clusters are even more massive than the
WtG calibration. This figure most clearly quantifies the tension
between the Planck cluster counts and primary CMB.

6.4.2. Curvature

By itself the CMB only poorly determines the spatial curvature
(Sect. 6.2.4 of Planck Collaboration XIII 2015), but by including
another astrophysical observation, such as cluster counts, it can
be tightly constrained. Our joint cluster and CMB analysis, with-
out external data, yields ⌦k = �0.012 ± 0.008, consistent with
the constraint from Planck CMB and BAO ⌦k = 0.000 ± 0.002.

6.4.3. Reionization optical depth

Primary CMB temperature anisotropies also provide a precise
measurement of the parameter combination Ase�2⌧, where ⌧ is
the optical depth from Thomson scatter after reionization and As
is the power spectrum normalization on large scales (Planck Col-
laboration XIII 2015). Low-` polarization anisotropies break the
degeneracy by constraining ⌧, but this measurement is delicate
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Fig. 9. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94 % of the sky. The best-fit base⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties. From Planck Collaboration XIII (2015).

Fig. 10. Frequency-averaged T E (left) and EE (right) spectra (without fitting for T–P leakage). The theoretical T E and EE spectra
plotted in the upper panel of each plot are computed from the best-fit model of Fig. 9. Residuals with respect to this theoretical model
are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the best-fit
temperature-to-polarization leakage model, fitted separately to the T E and EE spectra. From Planck Collaboration XIII (2015).

cosmological information if we assume that the anisotropies are
purely Gaussian (and hence ignore all non-Gaussian informa-
tion coming from lensing, the CIB, cross-correlations with other
probes, etc.). Carrying out this procedure for the Planck 2013
TT power spectrum data provided in Planck Collaboration XV
(2014) and Planck Collaboration XVI (2014), yields the number
826 000 (which includes the e↵ects of instrumental noise, cos-
mic variance and masking). The 2015 TT data have increased
this value to 1 114 000, with T E and EE adding a further 60 000

and 96 000 modes, respectively.4 From this perspective the 2015
Planck data constrain approximately 55 % more modes than in
the 2013 release. Of course this is not the whole story, since
some pieces of information are more valuable than others, and
in fact Planck is able to place considerably tighter constraints on
particular parameters (e.g., reionization optical depth or certain

4Here we have used the basic (and conservative) likelihood; more
modes are e↵ectively probed by Planck if one includes larger sky frac-
tions.
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for this reason we adopt the conservative multipole range for the
lensing likelihood in this paper.

This simple �2 test does not account for the uncertainty in
the predicted C��` . In the ⇤CDM model, the dominant uncer-
tainty in the multipole range 40  `  400 comes from that
in As (3.7 % for 1� for Planck TT+lowP), which itself derives
from the uncertainty in the reionization optical depth, ⌧. The
predicted rms lensing deflection from Planck TT+lowP data is
hd2i1/2 = (2.50 ± 0.05) arcmin, corresponding to a 3.6 % uncer-
tainty (1�) in the amplitude of C��` (which improves to 3.1 %
uncertainty for the combined Planck+WMAP low-` likelihood).
Note that this is larger than the uncertainty on the measured am-
plitude, i.e., the lensing measurement is more precise than the
prediction from the CMB power spectra in even the simplest
⇤CDM model. This model uncertainty is reflected in a scatter
in the �2 of the lensing data over the Planck TT+lowP chains,
�2

lens = 17.9±9.0, which is significantly larger than the expected
scatter in �2 at the true model, due to the uncertainties in the
lensing bandpowers (

p
2Ndof = 4). Following the treatment in

PCP13, we can assess consistency more carefully by introduc-
ing a parameter A��L that scales the theory lensing trispectrum at
every point in parameter space in a joint analysis of the CMB
spectra and the lensing spectrum. We find

A��L = 0.95 ± 0.04 (68%,Planck TT+lowP+lensing), (18)

in good agreement with the expected value of unity. The pos-
terior for A��L , and other lensing amplitude measures discussed
below, is shown in Fig. 12.

Given the precision of the measured C��` compared to the
uncertainty in the predicted spectrum from fits to the Planck
TT+lowP data, the structure in the residuals seen in Fig. 11
might be expected to pull parameters in joint fits. As discussed
in Planck Collaboration XV (2015) and Pan et al. (2014), the
primary parameter dependence of C��` at multipoles ` >⇠ 100
is through As and `eq in ⇤CDM models. Here, `eq / 1/✓eq is the
angular multipole corresponding to the horizon size at matter-
radiation equality observed at a distance �⇤. The combination
As`eq determines the mean-squared deflection hd2i, while `eq

controls the shape of C��` . For the parameter ranges of interest,

�C��` /C
��
` = �As/As + (n` + 1)�`eq/`eq, (19)

where n` arises (mostly) from the strong wavenumber depen-
dence of the transfer function for the gravitational potential, with
n` ⇡ 1.5 around ` = 200.

In joint fits to Planck TT+lowP+lensing, the main param-
eter changes from Planck TT+lowP alone are a 2.6 % reduc-
tion in the best-fit As, with an accompanying reduction in the
best-fit ⌧ to 0.067 (around 0.6�; see Sect. (3.4)). There is also
a 0.7 % reduction in `eq, achieved at fixed ✓⇤ by reducing !m.
These combine to reduce C��` by approximately 4 % at ` = 200,
consistent with Eq. (19). The di↵erence between the theory lens-
ing spectrum at the best-fit parameters in the Planck TT+lowP
and Planck TT+lowP+lensing fits are shown by the dashed blue
lines in Fig. 11. In the joint fit, the �2 for the lensing bandpow-
ers improves by 6, while the �2 for the Planck TT+lowP data
degrades by only 1.2 (2.8 for the high-` TT data and �1.6 for the
low-` TEB data).

The lower values of As and !m in the joint fit give a 2 %
reduction in �8, with

�8 = 0.815 ± 0.009 (68%,Planck TT+lowP+lensing), (20)
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Fig. 12. Marginalized posterior distributions for measures of the
lensing power amplitude. The dark-blue (dashed-dotted) line is
the constraint on the parameter A��L that scales the amplitude
of the lensing power spectrum in the lensing likelihood for the
Planck TT+lowP+lensing data combination. The other lines are
for the AL parameter that scales the lensing power spectrum
used to lens the CMB spectra, for the data combinations Planck
TT+lowP (blue, solid), Planck TE+lowP (red, dashed), Planck
EE+lowP (green, dashed), and Planck TT,TE,EE+lowP (black,
dashed). The dotted lines show the AL constraints when the Plik
likelihood is replaced with CamSpec, highlighting that the pref-
erence for high AL in the Planck EE+lowP data combination is
not robust to the treatment of polarization on intermediate and
small scales.

as shown in Fig. 19. The decrease in matter density leads to a
corresponding decrease in ⌦m, and at fixed ✓⇤ (approximately
/ ⌦mh3) a 0.5� increase in H0, giving

H0 = (67.8 ± 0.9) km s�1Mpc�1

⌦m = 0.308 ± 0.012

)
Planck TT+lowP+lensing.

(21)
Joint Planck+lensing constraints on other parameters of the base
⇤CDM cosmology are given in Table. 4.

Planck Collaboration XV (2015) discusses the e↵ect on pa-
rameters of extending the lensing multipole range in joint fits
with Planck TT+lowP. In the base ⇤CDM model, using the
full multipole range 8  `  2048, the parameter combination
�8⌦

1/4
m ⇡ (As`2.5eq )1/2 (which is well determined by the lensing

measurements) is pulled around 1� lower that its value using
the conservative lensing range, with a negligible change in the
uncertainty. Around half of this pull comes from the 3.6� outly-
ing bandpower (638  `  762). In massive neutrino models, the
total mass is similarly pulled higher by around 1� when using
the full lensing multipole range.

5.1.2. Detection of lensing in the CMB power spectra

The smoothing e↵ect of lensing on the acoustic peaks
and troughs of the TT power spectrum is detected at
high significance in the Planck data. Following PCP13 (see
also Calabrese et al. 2008), we introduce a parameter AL, which
scales the C��` power spectrum at each point in parameter space,
and which is used to lens the CMB spectra. The expected value
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