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Planck legacy: Astrophysics ad CMB 
intensity 

1.  Planck is mainly devoted to CMB but has done much astrophysics as well. I do not discuss it 
here, but : 

a.  Full sky diffuse components of Galaxy emission (synchrotron, free-free, dust, 
spinning dust, CO…) 

b.  Compact sources, both Galactic and extra Galactic on a frequency range never 
observed consistently so far: cold cores, SN remnants, radio galaxies, dusty 
galaxies (CIB), blazars, galaxy clusters with SZ…  

2.  Planck brings the ultimate dataset for CMB anisotropy (temperature). Cosmic variance on all 
modes of interest. No experiment will ever do better! 

3.  To do better, you must travel to a Galaxy far far away and observe another realization of 
CMB anisotropy 

4.  Why this was worth it 
a.  Most precise Solar dipole ever (our motion in the Universe, senti GDZ) 
b.  Measure of cosmological parameters to cosmic variance precision 
c.  Understanding big bang nucleosynthesis 
d.  Understanding the dynamics of inflation 
e.  Limits on primordial non Gaussianity  
f.  Limits on neutrino masses and number of neutrino species 
g.  Understanding the evolution of LSS through gravitational lensing 

Reno Mandolesi, The Planck Legacy, ASI 30th March 2016 
 
 



Planck Legacy: polarization 

1.  The polarized microwave sky was almost completely uncharted 
territory before Planck. Planck has opened a new observational 
channel for astrophysics and cosmology. 

2.  Astrophysics: Galactic polarization (e.g. understanding magnetic 
fields, foregrounds physics), polarized sources ( 

3.  From CMB polarization: 
1.  Limits on fundamental physics beyond the standard model: 

modified electromagnetism, fundamental symmetry breaking… 
2.  Limits on primordial gravitional waves – B modes 
3.  Understanding the dark ages, reionazation history of the 

Universe. 
4.  Planck has opened a new era for polarization. Some other 

experiment will have to close it (Ground, balloons, space…) 

Reno Mandolesi, The Planck Legacy, ASI 30th March 2016 



Value 

1.  Physics/astrophysics experiments are often designed to have a single 
goal or a restricted set of targets. 

2.  Planck is a machine to measure many many things, from 
astrophysics to cosmology, to fundamental physics: best value from 
money! 

3.  Ended up in school text books: forced authors to rewrite the 
cosmology section 

4.  Too many results to discuss in 20 min. I will have to make 
selections… 

5.  100 years after Einstein GR we have observed gravitational waves. 
Opens a new window on the universe. But primordial gravitional 
waves will not be observable with measurements for decades. Our 
only bet is to observe them in CMB polarization! 

 

Reno Mandolesi, The Planck Legacy, ASI 30th March 2016 



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 



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)

The fluctuations are observed to be Gaussian 
distributed: 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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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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Planck Collaboration: Planck 2015 results. VIII. HFI calibration & maps
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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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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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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 



Total polarized 
synchrotron emission 

Total polarized dust 
emission 



Planck 2015 Polarization map 
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TE and EE angular power spectra 
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E-mode and B-mode

1.  Polarization is a spin 2 tensor, 
can be decomposed in parity 
e v e n a n d p a r i t y o d d 
component (“E” and “B”)

2.  Grav i t a t i ona l po ten t i a l 
(density perturbation, parity 
even) can generate the E-
mode polarization, but not B-
modes because CMB physics 
is electromagnetic (parity 
conserving)

3. Gravitational waves can 
generate both E- and B-
modes!



CMB polarization in a nutshell 
 
•  The CMB is polarized with an amplitude 

of a few µK 
•  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 – so called polarization B-modes 



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

27 
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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
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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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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 
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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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Σmν < 0.23 eV (… + ext)

Σmν < 0.49 eV (PlanckTT,TE,EE
+lowP)

Σmν < 0.59 eV (…. + lensing)

Σmν < 0.19 eV (… + ext)

(all limits are 95% CL)

Planck constraints on neutrino masses 

Planck alone is already at the level of the expected sensitivity of 
KATRIN, an experiment for the direct measurement of neutrino 
mass from tritium beta decay (will allow to constrain Σmν < 0.6 
eV)

  



X, Ferrara, Dec 2014 



f n u =
1

ep + 1
f n u = 1

Neff parameterizes the density of relativistic particles in the Universe. The 
standard value, for the three active neutrinos, is Neff = 3.046.

Increasing Neff reduces the small scale anisotropies:

Probing the neutrino number with Planck
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f n u =
1

ep + 1
f n u = 1

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.



f n u =
1

ep + 1
f n u = 1

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)



COSMOLOGICAL PARAMETERS: 
INFLATION 



f n u =
1

ep + 1
f n u = 1

�2

0.95 0.96 0.97 0.98 0.99 1.00

ns

0.00

0.05

0.10

0.15

0.20

0.25

r 0
.0

02

N
=

50
N
=

60

ConvexConcave

�

Planck TT+lowP+lensing (�Ne↵ = 0.39)

⇤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 



MARCH 2014: BICEP2 CLAIMS THEY 
HAVE OBSERVED GRAVITIONAL 
WAVES 

X, Ferrara, Dec 2014 



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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ep + 1
f n u = 1

Joint Planck/Bicep2/Keck analysis 
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•  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 

f n u =
1

ep + 1
f n u = 1

Conclusions 
TO BE RE-
WRITTEN 



X, Ferrara, Dec 2014 

Thank you 


