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THE PLANCK SATELLITE

Planck is a 3rd generation ESA 
satellite devoted to CMB

Ultimate characterization of the 
temperature anisotropies

74 detectors (radiometers and 
bolometers) in 9 frequency bands 
from 30 to 857 GHz

angular resolution between 30’ and 
5’, DT/T ~ 2 x 10-6

Final (legacy) release expected 
later this year



PLANCK: TEMPERATURE ANISOTROPIES



PLANCK: TEMPERATURE ANISOTROPIES

Definitive measurement of the
CMB temperature anisotropies



PLANCK: POLARIZATION ANISOTROPIES



PLANCK: POLARIZATION ANISOTROPIES

Two independent components:
a grad-like (E) and a curl-like (B) mode

Different behaviour under parity



PLANCK: POLARIZATION ANISOTROPIES

Two independent components:
a grad-like (E) and a curl-like (B) mode

Different behaviour under parity

Still a wealth of information to be 
extracted

Planck has just scratched the surface



E-mode and B-mode
• Polarization is a spin 2 tensor,

can be decomposed in parity
even and parity odd
component (“E” and “B”)

• Gravitational potential
(density perturbation, parity
even) can generate the E-
mode polarization, but not B-
modes because CMB physics
is electromagnetic (parity
conserving)

• Primordial Gravitational
waves from inflation can
generate both E- and B-
modes!



PLANCK: LENSING POTENTIAL



The Key Predictions of Inflation
1.Fluctuations we observe today originated from 

quantum fluctuations generated during inflation

2. There should also be ultra-long-wavelength gravitational waves 
originated from quantum (or classical) fluctuations generated 
during inflation

ζ

hij
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scalar
mode

tensor
mode

PLANCK PROBES AND EXPLOITS CMB LENSING

The gravitational effects of intervening matter bend the path of CMB light 
on its way from the early universe to the Planck telescope. This 
“gravitational lensing” distorts our image of the CMB



PLANCK: LENSING POTENTIAL

Most significant detection on CMB 
lensing to date

Reconstructed from the temperature 
and polarization maps



PLANCK: LENSING POTENTIAL

Most significant detection on CMB 
lensing to date

Reconstructed from the temperature 
and polarization maps

Measures deflection of light due to 
intervening structures

(average deflection angle 
is ~2.5 arcmin)

Gives integrated information about 
the matter distribution between us 

and the last scattering surface





The information in the maps can be 
compressed by computing the 2-point 

correlation functions (i.e., spectra)
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The red curve is a fit of 
the 6-paramters LCDM 

model to the TT data 
only
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large scale (l < 30) 

polarization (not shown)
(PlanckTT+lowP)
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Can be extended to 
include the full 

polarization information
(PlanckTTTEEE+lowP)

Less conservative: high-ell 
polarization could be 
affected by residual 

systematics
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Planck Collaboration: Cosmological parameters

Table 3. Parameters of the base ⇤CDM cosmology computed from the 2015 baseline Planck likelihoods illustrating the consistency
of parameters determined from the temperature and polarization spectra at high multipoles. Column [1] uses the TT spectra at
low and high multipoles and is the same as column [6] of Table 1. Columns [2] and [3] use only the T E and EE spectra at high
multipoles, and only polarization at low multipoles. Column [4] uses the full likelihood. The last column lists the deviations of the
cosmological parameters determined from the TT+lowP and TT,TE,EE+lowP likelihoods.

Parameter [1] Planck TT+lowP [2] Planck TE+lowP [3] Planck EE+lowP [4] Planck TT,TE,EE+lowP ([1] � [4])/�[1]

⌦bh2 . . . . . . . . . . 0.02222 ± 0.00023 0.02228 ± 0.00025 0.0240 ± 0.0013 0.02225 ± 0.00016 �0.1
⌦ch2 . . . . . . . . . . 0.1197 ± 0.0022 0.1187 ± 0.0021 0.1150+0.0048

�0.0055 0.1198 ± 0.0015 0.0
100✓MC . . . . . . . . 1.04085 ± 0.00047 1.04094 ± 0.00051 1.03988 ± 0.00094 1.04077 ± 0.00032 0.2
⌧ . . . . . . . . . . . . . 0.078 ± 0.019 0.053 ± 0.019 0.059+0.022

�0.019 0.079 ± 0.017 �0.1
ln(1010As) . . . . . . 3.089 ± 0.036 3.031 ± 0.041 3.066+0.046

�0.041 3.094 ± 0.034 �0.1
ns . . . . . . . . . . . . 0.9655 ± 0.0062 0.965 ± 0.012 0.973 ± 0.016 0.9645 ± 0.0049 0.2
H0 . . . . . . . . . . . 67.31 ± 0.96 67.73 ± 0.92 70.2 ± 3.0 67.27 ± 0.66 0.0
⌦m . . . . . . . . . . . 0.315 ± 0.013 0.300 ± 0.012 0.286+0.027

�0.038 0.3156 ± 0.0091 0.0
�8 . . . . . . . . . . . . 0.829 ± 0.014 0.802 ± 0.018 0.796 ± 0.024 0.831 ± 0.013 0.0
109Ase�2⌧ . . . . . . 1.880 ± 0.014 1.865 ± 0.019 1.907 ± 0.027 1.882 ± 0.012 �0.1

which do not depend strongly on ⌧ are consistent between the TT
and T E spectra to within typically 0.5� or better. Furthermore,
the cosmological parameters derived from the T E spectra have
comparable errors to the TT parameters. None of the conclu-
sions in this paper would change in any significant way were we
to use the T E parameters in place of the TT parameters. The
consistency of the cosmological parameters for base ⇤CDM be-
tween temperature and polarization therefore gives added confi-
dence that Planck parameters are insensitive to the specific de-
tails of the foreground model that we have used to correct the
TT spectra. The EE parameters are also typically within about
1� of the TT parameters, though because the EE spectra from
Planck are noisier than the TT spectra, the errors on the EE pa-
rameters are significantly larger than those from TT . However,
both the T E and EE likelihoods give lower values of ⌧, As and
�8, by over 1� compared to the TT solutions. Note that the T E
and EE entries in Table 3 do not use any information from the
temperature in the low multipole likelihood. The tendency for
higher values of �8, As, and ⌧ in the Planck TT+lowP solution is
driven, in part, by the temperature power spectrum at low multi-
poles.

Columns [4] and [5] of Table 3 compare the parameters of
the TT likelihood with the full TT,T E, EE likelihood. These
are in agreement, shifting by less than 0.2�. Although we have
emphasized the presence of systematic e↵ects in the Planck
polarization spectra, which are not accounted for in the errors
quoted in column [4] of Table 3, the consistency of the TT and
TT,T E, EE parameters provides strong evidence that residual
systematics in the polarization spectra have little impact on the
scientific conclusions in this paper. The consistency of the base
⇤CDM parameters from temperature and polarization is illus-
trated graphically in Fig. 6. As a rough rule-of-thumb, for base
⇤CDM, or extensions to ⇤CDM with spatially flat geometry,
using the full TT,T E, EE likelihood produces improvements in
cosmological parameters of about the same size as adding BAO
to the Planck TT+lowP likelihood.

3.4. Constraints on the reionization optical depth parameter ⌧

The reionization optical depth parameter ⌧ provides an important
constraint on models of early galaxy evolution and star forma-
tion. The evolution of the inter-galactic Ly↵ opacity measured in
the spectra of quasars can be used to set limits on the epoch of
reionization (Gunn & Peterson 1965). The most recent measure-

ments suggest that the reionization of the inter-galactic medium
was largely complete by a redshift z ⇡ 6 (Fan et al. 2006). The
steep decline in the space density of Ly↵ emitting galaxies over
the redshift range 6 <⇠ z <⇠ 8 also implies a low redshift of reion-
ization (Choudhury et al. 2014). As a reference, for the Planck
parameters listed in Table 3, instantaneous reionization at red-
shift z = 7 results in an optical depth of ⌧ = 0.048.

The optical depth ⌧ can also be constrained from observa-
tions of the CMB. The WMAP9 results of Bennett et al. (2013)
give ⌧ = 0.089 ± 0.014, corresponding to an instantaneous red-
shift of reionization zre = 10.6 ± 1.1. The WMAP constraint
comes mainly from the EE spectrum in the multipole range
` = 2–6. It has been argued (e.g., Robertson et al. 2013, and ref-
erences therein) that the high optical depth reported by WMAP
cannot be produced by galaxies seen in deep redshift surveys,
even assuming high escape fractions for ionizing photons, im-
plying additional sources of photoionizing radiation from still
fainter objects. Evidently, it would be useful to have an indepen-
dent CMB measurement of ⌧.

The ⌧ measurement from CMB polarization is di�cult be-
cause it is a small signal, confined to low multipoles, requiring
accurate control of instrumental systematics and polarized fore-
ground emission. As discussed by Komatsu et al. (2009), uncer-
tainties in modelling polarized foreground emission are com-
parable to the statistical error in the WMAP ⌧ measurement.
In particular, at the time of the WMAP9 analysis there was
very little information available on polarized dust emission. This
situation has been partially rectified by the 353 GHz polariza-
tion maps from Planck (Planck Collaboration Int. XXII 2014;
Planck Collaboration Int. XXX 2014). In PPL13, we used pre-
liminary 353 GHz Planck polarization maps to clean the WMAP
Ka, Q, and V maps for polarized dust emission, using WMAP
K-band as a template for polarized synchrotron emission. This
lowered ⌧ by about 1� to ⌧ = 0.075 ± 0.013 compared to
⌧ = 0.089 ± 0.013 using the WMAP dust model.12 However,
given the preliminary nature of the Planck polarization analysis
we decided to use the WMAP polarization likelihood, as pro-
duced by the WMAP team, in the Planck 2013 papers.

In the 2015 papers, we use Planck polarization maps based
on low-resolution LFI 70 GHz maps, excluding Surveys 2 and
4. These maps are foreground-cleaned using the LFI 30 GHz

12Note that neither of these error estimates reflect the true uncer-
tainty in foreground removal.

16

Parameters of the base LCDM 
cosmology

All uncertainties are 68% CL



Planck Collaboration: Cosmological parameters

Table 3. Parameters of the base ⇤CDM cosmology computed from the 2015 baseline Planck likelihoods illustrating the consistency
of parameters determined from the temperature and polarization spectra at high multipoles. Column [1] uses the TT spectra at
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and T E spectra to within typically 0.5� or better. Furthermore,
the cosmological parameters derived from the T E spectra have
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tween temperature and polarization therefore gives added confi-
dence that Planck parameters are insensitive to the specific de-
tails of the foreground model that we have used to correct the
TT spectra. The EE parameters are also typically within about
1� of the TT parameters, though because the EE spectra from
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rameters are significantly larger than those from TT . However,
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�8, by over 1� compared to the TT solutions. Note that the T E
and EE entries in Table 3 do not use any information from the
temperature in the low multipole likelihood. The tendency for
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was largely complete by a redshift z ⇡ 6 (Fan et al. 2006). The
steep decline in the space density of Ly↵ emitting galaxies over
the redshift range 6 <⇠ z <⇠ 8 also implies a low redshift of reion-
ization (Choudhury et al. 2014). As a reference, for the Planck
parameters listed in Table 3, instantaneous reionization at red-
shift z = 7 results in an optical depth of ⌧ = 0.048.

The optical depth ⌧ can also be constrained from observa-
tions of the CMB. The WMAP9 results of Bennett et al. (2013)
give ⌧ = 0.089 ± 0.014, corresponding to an instantaneous red-
shift of reionization zre = 10.6 ± 1.1. The WMAP constraint
comes mainly from the EE spectrum in the multipole range
` = 2–6. It has been argued (e.g., Robertson et al. 2013, and ref-
erences therein) that the high optical depth reported by WMAP
cannot be produced by galaxies seen in deep redshift surveys,
even assuming high escape fractions for ionizing photons, im-
plying additional sources of photoionizing radiation from still
fainter objects. Evidently, it would be useful to have an indepen-
dent CMB measurement of ⌧.

The ⌧ measurement from CMB polarization is di�cult be-
cause it is a small signal, confined to low multipoles, requiring
accurate control of instrumental systematics and polarized fore-
ground emission. As discussed by Komatsu et al. (2009), uncer-
tainties in modelling polarized foreground emission are com-
parable to the statistical error in the WMAP ⌧ measurement.
In particular, at the time of the WMAP9 analysis there was
very little information available on polarized dust emission. This
situation has been partially rectified by the 353 GHz polariza-
tion maps from Planck (Planck Collaboration Int. XXII 2014;
Planck Collaboration Int. XXX 2014). In PPL13, we used pre-
liminary 353 GHz Planck polarization maps to clean the WMAP
Ka, Q, and V maps for polarized dust emission, using WMAP
K-band as a template for polarized synchrotron emission. This
lowered ⌧ by about 1� to ⌧ = 0.075 ± 0.013 compared to
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All uncertainties are 68% CL

Bernal et al 2016



Measured	TT	spectrum

Large	angle Small	angle



“Primordial”	power	spectrum

≈ ℓns−1
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THE COSMIC NEUTRINO BACKGROUND

The presence of a background of relic neutrinos (CnB) is a basic 
prediction of the standard cosmological model 

• Neutrinos are kept in thermal equilibrium with the 
cosmological plasma by weak interactions until  T ~ 1 MeV ( z 
~ 1010 );

• Below T ~ 1 MeV, neutrino free stream keeping an equilibrium 
spectrum:

• Today Tn = 1.9 K and nn = 113 part/cm3 per species

f�(p) =
1

ep/T + 1



THE COSMIC NEUTRINO BACKGROUND

This picture is consistent with current CMB observations:
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THE COSMIC NEUTRINO BACKGROUND

This picture is consistent with current CMB observations:

Neff = 3.15 ± 0.23  
(PlanckTT+lowP+BAO)
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EFFECTIVE NUMBER OF NEUTRINO FAMILIES

Neff  = 4 (i.e., one extra thermalized  massless neutrino) 
is excluded at between ~ 3 and 5 sigma.

Neff = 3.13 ± 0.32  (PlanckTT+lowP)

Neff = 3.15 ± 0.23  (PlanckTT+lowP+BAO)

Neff = 2.99 ± 0.20  (PlanckTT,TE,EE+lowP)

Neff = 3.04 ± 0.18  (PlanckTT,TE,EE+lowP+BAO)
(uncertainties are 68% CL)

Planck constraints on Neff alone (can be regarded as a 
massless limit for the sterile)



THE COSMIC NEUTRINO BACKGROUND

This picture is consistent with current CMB observations:

Neff = 3.15 ± 0.23  
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Higher values of Neff can 
help relieve the tension 
with astrophysical 
measurements of H0

However, they imply a 
larger s8 and thus worsen 
the tension with LSS 
probes.



HOW HEAVY?
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Perturbations: free streaming, damping of small-scale perturbations
- proportional to the neutrino energy density

- the effect is larger for larger masses

H0 and WL are varied to 
keep zeq and qs constant

Net effect 
is to 
decrease 
lensing
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Larger mass can partly 
alleviate the tension with 
LSS probes (smaller s8) 
but increases tension 
with direct 
measurements of the 
Hubble constant
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95% constraints on total mass PlanckTT PlanckTTTEEE

+lowP <0.72 eV <0.49 eV

+lowP+lensing <0.68 eV <0.59 eV

+lowP+BAO <0.21 eV <0.17 eV

+lowP+ext <0.20 eV <0.15 eV

+lowP+lensing+ext <0.23 eV <0.19 eV

Planck 2015 + BOSS Lyman-a:

Smn< 0.12 eV (@95%)

(Palanque-Delabrouille et al. 2015)

Planck 2015 + BOSS DR12 (BAO+shape):

Smn< 0.16 eV (@95%)

(BOSS collab., arXiv:1607.03155)
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CORE forecasts



• Planck is quickly approaching its final (legacy) release

• It has provided the ultimate (cosmic variance limited) measurement 
of CMB anisotropy

• … But just opened the door of CMB polarization (which was never 
designed to measure, by the way) 

• It has already fulfilled its promise of measuring the fundamental 
cosmological parameters to percent accuracy

• And brought remarkable constraints on particle physics parameters as 
well, excluding a fourth fully thermalized neutrino and constraining 
the total neutrino masses in the range of 0.2 eV

• Has measured well one relevant inflationary parameter, the primordial 
spectral index, allowing constraints on the inflationary paridigm

• Yet has uncovered several tensions with astrophysical measurements, 
which may or may not hint at new physics. 

• Primordial gravitational waves remain unseen.

• To exploit the wealth of information that still is in the CMB, we need 
to cope with the extraordinary complexity of the sky. This can be 
credibly done only with a space mission.   

f n u =
1

ep + 1
f n u = 1

Conclusions


