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The Planck Satellite 
-  Third-generation satellite, launched and operated by ESA, dedicated 

to the CMB 
-  Observed the sky continously from 12 August 2009 to 23 October 

2013  
-  Focal plane hosts 74 detectors between  30 GHz and 1 THz (9 bands) 

with angular resolution between 30’ and 5’, ΔT/TCMB ~ 2 x 10-6  
-  Low Frequency Instrument (LFI): pseudo-correlation radiometers 

observing at 30, 44, 70 GHz 
-  High Frequency Instrument (HFI): bolometers observing at 100, 143, 

217, 353, 545 and 857 GHz 
-  Observed the microwave sky for ~ 30 (HFI) and 48 (LFI) months 
-  First cosmological release in May 2013, using the “nominal mission” 

temperature data (15.5 months of observations) 
-  Second cosmological release in Feb 2015: full mission temperature and 

polarization 
-  Third and final (legacy) release in 2016 



Planck history in short
-  1993 – COBRAS & SAMBA proposals 
-  1996 – Selection of COBRAS/SAMBA, 

then named Planck 
-  1999 – LFI and HFI consortia are 

formed 
-  […] Lots of Instrument development & 

tests 
-  2009 – Planck is launched 
-  Jan. 2012 – HFI End of life 
-  Mar. 2013 – First cosmological data 

release 
-  Oct. 2013 – LFI End of life 
-  Feb 2015 – Second cosmological data 

release 
-  2016 – Third cosmological data 

release 



The main objective of Planck is to measure the spatial temperature and 
polarization anisotropies of the cosmic microwave background (CMB) radiation 
The CMB is a blackbody radiation with T=2.7 K extremely uniform across the 
whole sky; it is the relic radiation emitted at the time the nuclei and electrons 
recombined to form neutral hydrogen, when the Universe was ~ 400,000 years 
old. 
Its tiny (~ 10-5) temperature and polarization anisotropies encode a wealth of 
cosmological information. 

Full sky temperature 
map from Planck 
(2013)



Power spectrum of 
temperature 
fluctuations  from 
Planck (2013)

If the fluctuations are gaussian, all the statistical 
information in the map is encoded in the two 
point correlation function or in its harmonic 
transform, the angular power spectrum: 
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2015 data release 
 
•  Timelines for each detector at 30, 44, 70, 353, 545 and 858 

GHz and for the unpolarized bolometers at 100, 143, 217 GHz 
•  Maps of the sky at 9 freqs in temp., and at 30, 44, 70, 353 

GHz in pol. 
•  Four hi-res maps of the CMB sky in T and pol 
•  Four high-pass filtered maps of the CMB sky in pol 
•  A low-res CMB T map 
•  Maps of thermal dust, CIB, CO, synchrotron, free-free, 

spinning dust temperature emission 
•  Maps of synchrotron and dust polarized emission 
•  Map of the estimated lensing potential 
•  Map of the SZ Compton parameter 
•  MC chains used for cosmological parameter estimation 
•  Second Planck catalogue of SZ sources 
•  Planck catalogue of galactic cold clumps 
 



SINGLE FREQUENCY MAPS 
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Planck Collaboration: Planck 2015 results. VIII. HFI calibration & maps
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Fig. 6. Planck-HFI full mission channel intensity maps at 100, 143, and 217 GHz (from top to bottom) after removal of zodiacal
emission.
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Temperature 
maps for 100, 
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Fig. 7. Planck-HFI full mission channel intensity maps at 353, 545, and 857 GHz (from top to bottom) after removal of zodiacal
emission.
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Temperature 
maps for 353, 
545, 857 GHz 



X, Ferrara, Dec 2014 

Planck Collaboration: Planck 2015 results. VIII. HFI calibration & maps
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Fig. 8. Planck-HFI full mission 353 GHz Q (top) and U (bottom) polarization maps.

the planet emission models we are using, which are ⇠5 % (see
Sect. 3.4). Therefore FSLs can safely be ignored in the 545 and
857 GHz calibration.

5.4. Zodiacal emission

In general, zodiacal emission is addressed in the same fashion as
that used for the 2013 Planck results (Planck Collaboration XIV
2014). The basic procedure for characterizing and removing zo-
diacal emission from the Planck maps is to:

– make frequency maps for each horn and survey as described
in previous sections,

– make survey di↵erence maps for each horn and year,
– find the date ranges over which each Nside = 256 pixel was

observed, and veto those pixels that were observed over a
time-span of more than one week,

– use the COBE model (Kelsall et al. 1998) to recreate the dif-
ferent zodiacal emission components, assuming blackbody
emissivities,

– fit the components to the survey di↵erence maps for each
horn and year to extract the actual emissivities,

– use the average of the fitted emissivities to reconstruct the
implied zodiacal emission seen during each pointing period,
for each horn, and remove these from each detector.

The emissivities for each zodiacal component at each of the HFI
frequencies are given in Table 3 and are plotted in Fig. 9. As
noted in Planck Collaboration XIV (2014), there seems to be a
jump between the emissivities for the bands at DIRBE wave-
lengths and the emissivities of Bands 1 and 3 at Planck wave-
lengths. This is being investigated, but is assumed to be a conse-
quence of the DIRBE analysis’s assumption that all three bands
have the same emissivities, while the Planck analysis allows
them to be di↵erent. For the Planck cosmological analysis this
should be irrelevant, as the zodiacal analysis is being used only
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COMPONENT SEPARATION 



Frequency spectrum of RMS brightness 
temperature: CMB vs. astrophysical foregrounds 



Maximum posterior intensity maps derived throughg the Commander algorithm 
from the joint analysis of Planck, WMAP and 408 MHz observations from Haslam  



Planck 2015 Temperature map 



Frequency spectrum of RMS brightness polarization 
intensity: CMB vs. astrophysical foregrounds 



Maximum posterior polarization Q and U amplitude maps for synchrotron and 
dust derived through the Commander algorithm from Planck observations 
between 30 and 353 GHz 



Total polarized 
synchrotron emission 

Total polarized dust 
emission 



AQ
cmb
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Maximum posterior amplitude Q CMB map from Planck observations 
between 30 and 353 GHz 



AU
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Maximum posterior amplitude U CMB map from Planck observations 
between 30 and 353 GHz 



Planck 2015 Polarization map 



ANGULAR POWER SPECTRA 
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TE and EE angular power spectra 
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COSMOLOGICAL PARAMETERS 



Main changes in the 2015 analysis 

-  Full mission temperature and polarization data 
-  Changes in the low-level data processing (better 

removal of “4K” cooler lines); resolved the small 
calibration difference between Planck and WMAP 

-  Foreground cleaned LFI 70 GHz polarization at low ells 
(instead than WMAP9) to probe large scale CMB 
polarization 

-  Half mission cross-spectra at high ells (instead than 
DetSets) 

-  More aggressive use of the sky 
-  Minor changes to FG modeling 



2015 Planck Likelihood Code 

-  Same methodology as 2013, extended to include Planck 
polarization data; 

-  Hybrid combination of a low-resolution (“low-ell”) pixel-
based likelihood and of a high-ell likelihood based on 
cross spectra; 

-  Low-ell (2-29) likelihood uses 70 GHz LFI polarization 
maps on 46% of the sky, cleaned with LFI 30 GHz and 
HFI 353 GHz to reduce foreground contamination, and 
the Commander temperature map over 94% of the sky. 

-  High-ell (>29) likelihood uses “half-mission” cross-
spectra from HFI 100, 143 and 217 GHz maps. 
Unresolved FGs are modeled parametrically using power 
spectrum templates 

-  Lensing likelihood based on lensing power spectrum 
measurements (40 < L < 400) 



f n u =
1

ep + 1
f n u = 1

I will report constraints on the parameters obtained using different combinations 
of the following datasets:

-  the Planck temperature power spectrum (2 < ell < 2500). This includes the 
effect of lensing of the CMB by large scale structures (PlanckTT);

-  the large angular scale (low-ell, 2 < ell < 30) Planck polarization data (lowP);

-  Planck TE and EE high-ell (30 < ell <2500) polarization spectra (Planck TE, 
EE). Be aware however that high-ell polarization could still be affected by 
low-level residual systematics.

-  the Planck lensing potential power spectrum (40 < ell <400), as estimated 
from the Planck trispectrum (i.e., < TTTT> ) data (lensing)

-  astrophysical probes: Baryon acoustic oscillations (6dFGS, SDSS-MGS, BOSS-
LOWZ, CMASS DR11) (BAO), Type Ia Supernovae (JLA sample, including  
SNLS, SDSS and samples of low z SNe), Hubble constant (from Efstathiou 
2014  reanalysis ot Riess et al. 2011) (H0), collectively denoted as “ext”

Datasets 



COSMOLOGICAL PARAMETERS: 
STANDARD ΛCDM 



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.
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Parameters of the base ΛCDM 
cosmology 

All uncertainties are 68% CL 
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Planck TT+lowP 
τ  = 0.078 +/- 0.019 
(zre = 9.9 +/- 1.7) 
 
Planck TT+lensing 
τ  = 0.070 +/- 0.024 
(zre = 9.0 +/- 2.3) 
 
Compare with 2013 result 
(driven by WMAP low-ell 
polarization): 
τ  = 0.089 +/- 0.013 
(zre = 11.1 +/- 1.0) 

Constraints on the reionization optical depth 

BUT WMAP polarization cleaned with Planck 30 and 
353 GHz gives results consistent with Planck lowP 



Constraints on the reionization optical depth 

Much better agreement 
with HST data on the 
abundance and 
luminosity distribution of 
distant galaxies. 
 
Reduces the requirement 
for a significant 
population of very high 
redshift (z >> 10) 
galaxies 
 
Robertson et al., arXiv 
1502.02024 
 



COSMOLOGICAL PARAMETERS: 
NEUTRINOS 
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Probing neutrino masses with CMB data 

The effect of neutrinos with a mass between 10-3 and 1 eV on the 
primary CMB spectrum comes from the fact that they contribute to the 
radiation density at the time of equality, and to the nonrelativistic matter 
density today.

This induces an integrated Sachs-Wolfe effect (both at early and late 
times) and/or a change in the angular diameter distance to the last 
scattering surface.

Before Planck, these were the dominant effects in constraining the 
neutrino mass from CMB data.



f n u =
1

ep + 1
f n u = 1

The effect of neutrinos with a mass between 10-3 and 1 eV on the 
primary CMB spectrum comes from the fact that they contribute to the 
radiation density at the time of equality, and to the nonrelativistic matter 
density today.

This induces an integrated Sachs-Wolfe effect (both at early and late 
times) and/or a change in the angular diameter distance to the last 
scattering surface.

Before Planck, these were the dominant effects in constraining the 
neutrino mass from CMB data.

Planck has moved us to a new regime where instead the 
dominant effect is gravitational lensing.

Increasing the neutrino mass suppresses clustering on scales smaller than 
the size of the horizon at the time of the NR transition, suppressing the 
lensing potential.

Probing neutrino masses with CMB data 
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Planck constraints on neutrino masses 

(all limits are @95% CL)
(for 2013, ‘lowP’ refers to 
WMAP polarization)

2013 2014  2014 + 
PlanckTE,EE 

PlanckTT+lowP <0.93 eV 

PlanckTT+lowP+lensing <1.1 eV 

PlanckTT+lowP+BAO <0.25 eV 

Planck constraints on Σmν 
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Planck constraints on neutrino masses 

2013 2014 2014 + 
PlanckTE,EE 

PlanckTT+lowP <0.93 eV <0.72 eV (23%) 

PlanckTT+lowP+lensing <1.1 eV <0.68 eV (38%) 

PlanckTT+lowP+BAO <0.25 eV <0.21 eV (16%) 

PlanckTT+lowP+ext <0.20 eV 
 

PlanckTT+lowP+lensing
+ext <0.23 eV 

Planck constraints on Σmν 

(all limits are @95% CL)
(for 2013, ‘lowP’ refers to 
WMAP polarization)
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•  the PlanckTT + large scale polarization 
(+lensing) constraints improve by nearly 25% 
(40%).  

•  the lensing reconstruction data prefer lower 
lensing amplitudes with respect to the CMB 
power spectrum (best-fit for lensing only is 
around 0.6 eV) à the lensing information 
improves only slightly or even worsens the 
constraints. 

Planck constraints on neutrino masses 
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Planck constraints on neutrino masses 

2013 2014 2014 + 
PlanckTE,EE 

PlanckTT+lowP <0.93 eV <0.72 eV (23%) <0.49 eV (48%) 

PlanckTT+lowP+lensing <1.1 eV <0.68 eV (38%) <0.59 eV (47%) 

PlanckTT+lowP+BAO <0.25 eV <0.21 eV (16%) <0.17 eV (36%) 

PlanckTT+lowP+ext <0.20 eV 
 <0.15 eV 

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

Planck constraints on Σmν 

(all limits are @95% CL)
(for 2013, ‘lowP’ refers to 
WMAP polarization)



f n u =
1

ep + 1
f n u = 1

Planck constraints on neutrino masses 

2013 2014 2014 + 
PlanckTE,EE 

PlanckTT+lowP <0.93 eV <0.72 eV (23%) <0.48 eV (48%) 

PlanckTT+lowP+lensing <1.1 eV <0.70 eV (36%) <0.58 eV (47%) 

PlanckTT+lowP+BAO <0.25 eV <0.21 eV (16%) <0.16 eV (36%) 

PlanckTT+lowP+ext <0.20 eV 
 <0.15 eV 

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

Planck constraints on Σmν 

(all limits are @95% CL)
(for 2013, ‘lowP’ refers to 
WMAP polarization)

Small-scale polarization 
improves CMB only limits by 
nearly a factor 2
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Planck constraints on neutrino masses 
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Neutrino masses and tension with 
external data 
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-  mν alone does not 
solve the tension with 
LSS – σ8 still too large!

-  Larger masses also 
increase tension with 
direct measurements of 
the Hubble parameter 

PlanckTT+lowP

PlanckTT+lowP 
+ lensing+BAO

PlanckTT+lowP
+lensing
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Probing Neff with CMB data 

Neff parameterizes the density of radiation (other than photons) in the 
Universe, in units of the density of a single neutrino family in 
thermodynamic equilibrium at T=1.9 K.  The standard value is Neff = 
3.046

An excess in Neff could be caused by a neutrino/antineutrino 
asymmetry, sterile neutrinos, or other light relics in the Universe.  The 
case Neff < 3.046 is also possible (e.g. low reheating scenarios).

The main effect of increasing Neff while keeping both θ* and zeq fixed is 
to increase the expansion rate before recombination and thus make 
the Universe younger at recombination. This increases the angular 
scale of the photon diffusion length and thus reduces the power in the 
damping tail.

Neff is correlated mainly with H0, Yp and ns.
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Neff constraints from Planck 

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)
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Neff constraints from Planck 

Neff = 4 (i.e., one extra thermalized 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 = 2.98 ± 0.20  (PlanckTT,TE,EE+lowP)

Neff = 3.04 ± 0.18  (PlanckTT,TE,EE+lowP+BAO)
(uncertainties are 68% CL)
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Neff constraints from Planck 
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Higher values of Neff can 
help relieve the tension 
with astrophysical 
measurements of H0

However, they imply a 
larger σ8 and thus worsen 
the tension with LSS 
probes.

PlanckTT + lowP



When both the mass and number of families 
are allowed to vary we get the following joint 
constraints: 
 
 
 
 
 
 
 
 
Significance of Neff  < 4 is reduced. 

Neff = 3.2 ± 0.5
Σmν < 0.32 eV

Neff = 3.0 ± 0.4 
Σmν < 0.22 eV
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Joint constraints on Neff and Σmν

(95% PlanckTT+lowP
+lensing+BAO

(95% PlanckTT,TE,EE
+lowP+lensing+BAO
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Planck constraints on sterile neutrinos

Planck TT+lowP+
lensing+BAO

Neff < 3.7
meff

sterile < 0.52 eV

(meff
sterile < 0.38 eV

after the “methodological” 
prior meff

sterile < 2 eV
has been imposed )
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Probing CνB perturbations 
Parameterized by the effective ν sound speed and viscosity 
Consistent with free-streaming neutrinos (c2

vis = c2
eff = 1/3) 

PlanckTT+lowP+BAO 
 
c2

eff = 0.316 +/- 0.010 
c2

vis = 0.44+0.15
-0.10 

 
 
 

PlanckTT,TE,EE+lowP+BAO 
 
c2

eff = 0.3242 +/- 0.0059 
c2

vis = 0.331 +/- 0.037 
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Tension with external data 

The tension still remains, also in 2-parameter extensions
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Primordial nucleosynthesis
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Consistent with measurements of the primordial 
abundances 



COSMOLOGICAL PARAMETERS: 
INFLATION 
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⇤CDM Planck TT+lowP

+lensing+ext

Planck TT + lowP 
r0.002 < 0.10 
 
+ lensing + ext 
r0.002 < 0.11 
 

Scalar spectral index and tensors fluctuations 
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Scalar spectral index and tensors fluctuations 
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Joint Planck/Bicep2/Keck analysis 
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Joint fit of a lensend ΛCDM+r+dust model to the cross-
spectra between the BICEP2/Keck maps and the polarized 
bands of Planck: 
 

r < 0.12 
arXiv:1502.00612 
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Planck TT + lowP+BKP 
r0.002 < 0.08 
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Scalar spectral index and tensors fluctuations 
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Scalar spectral index and tensors fluctuations 
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Running of the scalar spectral index 
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No tensors 
nrun = - 0.0084 +/- 0.0082 
nrun = - 0.0057 +/- 0.0071 
 

with tensors 
r0.002 < 0.18 
nrun = - 0.013 +/- 0.010 
r0.002 < 0.15 
nrun = - 0.009 +/- 0.008 
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DM ANNIHILATION 
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Thermal relic
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CVL
Possible interpretations for:
AMS-02/Fermi/Pamela
Fermi GC

Planck is consistent with no dark matter annihilation, 
and excludes the dark matter interpretation (at least in 
its simplest implementation) of the cosmic ray 
experiments. It excludes a thermal relic cross-section 
for particles with mass below 40, 20 and 10 GeV 
annihilating to electrons, muons and tau leptons 
respectively 



•  Planck 2015 data products are built from the full mission 
temperature and polarization observations 

•  Many improvements wrt to 2013 (e.g. improved calibration) 

•  LCDM is in very good shape 

•  Planck can constrain neutrino masses mainly thanks to the 
lensing of the power spectrum. PlanckTT+lowP+BAO gives Σmν 
< 0.23 eV 

•  Planck alone is already better or at the same level as KATRIN! 

•  Planck is compatible with 3 neutrino families; Neff = 4 is 
excluded at between 3 and 5 sigma, depending on the dataset 

•  Consistent with standard BBN 

•  Neutrino perturbations consistent with free-streaming nu’s 

•  No evidence of tensor modes, but still plenty of room for them! 

•  φ2 and natural inflation are in trouble 
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Conclusions
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Thank you 

X, Ferrara, Dec 2014 
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Tritium β decay, 0ν2β and Cosmology 
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Tritium β decay, 0ν2β and Cosmology 
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X, Ferrara, Dec 2014 

Planck BB amplitude from the 353 GHz data, extrapolated 
to 150 GHz, normalized to the CMB expectation for r=1 
The thick black contour outlines the BICEP2 deep-field 
region 
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•  The presence of a background of relic neutrinos 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 );

•  Neutrinos keep the energy spectrum of a relativistic fermion in 
equilibrium:

•  The present Universe is filled by a relic neutrino background with T 
= 1.9 K and n = 113 part/cm3 per species (CνB)
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f⌫(p) =
1

ep/T + 1

The Cosmic Neutrino Background 
(CνB) 



•  Neutrinos are nonrelativistic today…  

•  … but they were ultrarelativistic in the early Universe 
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The Cosmic Neutrino Background 
(CνB) 



•  The latter is recast as a definition  the Neff parameter:

i.e., 

indeed, also assuming a the standard thermal history, Neff =3.046 
(Mangano et al., 2005)

In general, Neff parameterizes the presence of extra radiation 
components (“dark” radiation, not necessarily associated to neutrinos) 
in the early Universe.
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The Cosmic Neutrino Background 
(CνB) 
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•  We know from oscillation experiments that neutrinos do have a 
mass

•  Oscillation experiments measure the mass differences: δm2
21 = 7.6 

±0.6 x 10-5 eV2, δm2
31 = 2.5 x 10-3 eV2 

•  Mixing angles are also quite well known….

•  …however the absolute mass scale remains unknown

•  this can be measured through tritium beta decay (mβ)…

•  …. neutrinoless double β decay (mββ) ….

•  … and of course comsmology (Σmν)

f n u =
1

ep + 1
f n u = 1

Neutrino masses 
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DARK ENERGY 
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CMB polarization in a nutshell 
 
•  The CMB is polarized with an amplitude 

of a few mK 
•  Most of this polarization pattern is 

generated by density perturbations at the 
time of last scattering…. 

•  …. but a small part of it (peaking at ~ 
degree scales) could have been be 
generated by primordial gravitational 
waves 



Planck’s operational timeline 



Comparison with forerunners 


