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The Cosmic Microwave Background 

• … is the thermal radiation originating from the primordial plasma, predicted by 
Gamow, Zel’dovitch, Peebles, etc. (following theoretical arguments based on 
nucleosynthesis and the presence of hydrogen in the universe)  

 

 

 

 

 

 

 

• … was emitted at photon decoupling,  

           billions years ago, when T~eV 

 

• … first observed by Penzias and Wilson 

           in 1964 
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Gamow 
Zel’dovitch Peebles 



The Cosmic Microwave Background 

• … should contain temperature/density inhomogeneities, that are the seeds of all 

large structures in the universe (formed by gravitational collapse), predicted by 

theorists in the 70’s to be of order of 10-6 – 10-5  

 

• … first observed on large angular scales by COBE in 1992 in the form of 

temperature anisotropies… and later by DASI as polarisation anisotropies … 
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The Cosmic Microwave Background 

• … anisotropies should contain non-trivial spatial correlations telling us about the 

mechanism that generated them, and about electromagnetic + gravitational 

interactions the early universe. 
 

• Detailed characteristics of these correlations predicted in the 70’s (Silk, Yu, 

Peebles, Zel’dovitch, … ) 
 

• Standard model for CMB anisotropies: 
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• General relativity, simple QED, assumption of homogeneous and isotropic 

Friedmann-Lemaître universe with at least photons, electrons, baryons, 

neutrinos, CDM, L 

• Primordial fluctuations from inflation induce temperature fluctuations in photon-

baryon fluid 

• Acoustic waves due to photon pressure, modulated by baryon inertia and 

gravitational interactions 

• Photon-electron decoupling: diffusion processes inducing fluctuation damping 

and photon polarization 
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The Cosmic Microwave Background 

• Primary anisotropies: temperature 2-point function at decoupling features one 
correlation length = sound horizon at decoupling (real space), or peak series 
(multipole space) 

 

 

 

 

 

 

 

 

• Secondary anisotropies: 

• Light deflection by gravitational lenses 

• Gravitational redshifting by structures along line of sight 

• Rescattering in reionized universe at low redshift 
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The Cosmic Microwave Background 

• Theoretical predictions for Cl precise at 0.01% level (0.1% in Planck analysis) with 

CAMB (www.cosmologist.info) or CLASS (class-code.net) 

 

 

 

 

 

 

 

 

 

• Peak structure first observed with good accuracy by Boomerang (2000), then 

many ground/balloon-based experiments, then WMAP, confirming standard model 

established in 1998 (= flat LCDM) 
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http://www.cosmologist.info


The Planck satellite 

7 

1.5 m telescope 

shield facing sun 

2 instruments: 

 

- LFI (led by Italy) 

   - HEMTs (transitors) 

   - cooled at 20K 

   - sensitive to 30-100 GHz 

 

- HFI (led by France/UK)  

   - bolometer array 

   - cooled at 0.1K 

   - sensitive to 100-857 GHz 
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The Planck satellite 

• Launched by ESA and placed in L2 orbit in 2009. Full scan every 6 month. 
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1 rotation per minute 

10% of time for tiny manoeuvres  

(data not used) 
 

• Cost:  5 cents/european/yr   (700ME ), 400-650 scientists 
 

• 2 tons,   4.2m diameter,   36’000 l of 4He,   12’000 l of 3He 

 

  



The Planck satellite 
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LFI    |   HFI 

Frequency (GHz) 

CMB blackbody 

• Launched by ESA and placed in L2 orbit in 2009. Full scan every 6 month. 

• 75 detectors cover 9 frequency channels 

 

          detectors: 



The Planck satellite 
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• Launched by ESA and placed in L2 orbit in 2009. Full scan every 6 month. 

• 75 detectors cover 9 frequency channels, grouped as “LFI” (HEM transistors) and 

“HFI” (bolometers). 

• Planck strengths: large and redundant sky coverage, number of channels & 

detectors, low detector noise (25 x better than WMAP). Resolution intermediate 

between WMAP (3 x better) and ACT, SPT. 



The Planck satellite 

• Launched by ESA and placed in L2 orbit in 2009. Full scan every 6 month. 

• 75 detectors cover 9 frequency channels, grouped as “LFI” (HEM transistors) and 

“HFI” (bolometers). 

• Planck strengths: large and redundant sky coverage, number of channels & 

detectors, low detector noise (25 x better than WMAP). Resolution intermediate 

between WMAP (3 x better) and ACT, SPT. 

 

• HFI requires complex cryogenic cooling at 0.1K (dilution of 3He in 4He). Designed 

for > 2 scans, achieved 5. Turned off in Jan 2012 (due to 3He level). 

• LFI requires cooling at 20K with 4He only and proceeds until autumn 2013 (8 

scans). 

 

• This release is restricted to “nominal mission”, 15 months, > 2 scans. 
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From time-ordered data to maps 

Temperature maps at 70, 100, 143, 217 GHz 
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• Sophisticated algorithms correct for systematics (detector noise and response, small cooling 

instabilities and seasonal effects, cosmic rays, pointing errors, beam shape …) and reduce 

data to nine temperature maps, or to a set of combined component-separated map 

 

 

 

 

 

 

 

 

 

 

 

 

 

• Polarization maps differed to 2014: analysis not yet mature 



From time-ordered data to maps 
Planck Collaboration: The Planck mission

Fig. 11. The SMICA CMB map (with 3% of the sky replaced by a constrained Gaussian realization).

lensing potential φ(n̂), aswell asestimates of itspower spectrum

C
φφ

L
. Although noisy, thePlanck lensing potential map represents

a projected measurement of all dark matter back to the last scat-
tering surface, with considerable statistical power. In Fig. 7.2 we
plot the Planck lensing map, and in Fig. 7.2 we show an esti-
mate of its signal power spectrum. I have no idea why the fig-
urenumbers comeout to be5.3 no matter what I do... - latex
expert needed

As a tracer of the large scale gravitational potential, the
Planck lensing map is significantly correlated with other tracers
of large scale structure. We show several representative exam-
ples of such correlations in Planck Collaboration XVII (2013),
including the NVSS quasar catalog (Condon et al. 1998), the
MaxBCG cluster catalog (Koester et al. 2007), luminous red
galaxies from SDSS Ross et al. (2011), and a survey of in-
frared sources from the WISE satellite (Wright et al. 2010). The
strength of the correlation between the Planck lensing map and
such tracers provides a fairly direct measure of how they trace
dark matter; from our measurement of the lensing potential, the
Planck maps provide a mass survey of the intermediate redshift
Universe, in addition to a survey of the primary CMB tempera-
ture and polarization anisotropies.

7.3. Likelihood code

7.3.1. CMB likelihood

We follow a hybrid approach to construct the likelihood for the
Planck temperature data, using an exact likelihood approach at
largescales, < 50, and apseudo-C power spectrum at smaller
scales, 50 < < 2500. This follows similar analyses in, e.g.,
Spergel et al. (2007). The likelihood is described more fully in

Galactic North

φWF(n̂)

Galactic South

Fig.14. Wiener-filtered lensing potential estimate reconstruction, in
Galactic coordinates using orthographic projection. The reconstruction
was bandpass filtered to L ∈ [10, 2048]. Note that the lensing recon-
struction, while highly statistically significant, is still noise dominated
for every individual mode, and is at best S/N 0.7 around L = 30.

(Planck Collaboration XV 2013); here we summarize its main
features.

On large scales, the distribution for the angular power spec-
trum cannot be assumed to be a multivariate Gaussian, and the
Galactic contamination is most significant. We use the multi-
frequency temperature maps from LFI and HFI, in the range
30 < ν < 353 GHz, to separate Galactic foregrounds. This pro-
cedure uses aGibbs sampling method to estimate theCMB map
and the probability distribution of its power spectrum, p(C |d),
for bandpowersat < 50, using thecleanest 87% of thesky. We
supplement this ‘ low- ’ temperature likelihood with the pixel-
based polarization likelihood at large-scales ( < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching

24
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Combined CMB map 



From time-ordered data to maps 
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CMB map from WMAP (different color scale) 
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(Planck Collaboration XV 2013); here we summarize its main
features.

On large scales, the distribution for the angular power spec-
trum cannot be assumed to be a multivariate Gaussian, and the
Galactic contamination is most significant. We use the multi-
frequency temperature maps from LFI and HFI, in the range
30 < ν < 353 GHz, to separate Galactic foregrounds. This pro-
cedure uses aGibbs sampling method to estimate theCMB map
and the probability distribution of its power spectrum, p(C |d),
for bandpowersat < 50, using thecleanest 87% of thesky. We
supplement this ‘ low- ’ temperature likelihood with the pixel-
based polarization likelihood at large-scales ( < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching
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Combined CMB map 



From maps to power spectrum 
Planck Collaboration: The Planck mission

Fig. 11. The SMICA CMB map (with 3% of the sky replaced by a constrained Gaussian realization).
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As a tracer of the large scale gravitational potential, the
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(Planck Collaboration XV 2013); here we summarize its main
features.

On large scales, the distribution for the angular power spec-
trum cannot be assumed to be a multivariate Gaussian, and the
Galactic contamination is most significant. We use the multi-
frequency temperature maps from LFI and HFI, in the range
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supplement this ‘ low- ’ temperature likelihood with the pixel-
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Combined CMB map 

Comparison with theoretical models 

2-point correlation function in multipole space (Cl
TT) 



Fitting the minimal model 

• Minimal LCDM model relies on assumption of flat, homogeneous universe with            
5 components (photons, baryons, CDM, neutrinos, L) and 4 stages : 

 

 

 

 

 

             --- commercial spot ---- 

      “Neutrino cosmology”, CUP, 50 £ 

         --- end of commercial spot --- 

 

 

• Minimal LCDM: 8 effects controlled by 6 parameters 

• 6 free parameters (abundance of baryons, CDM, L ; amplitude and spectral index of 
primordial fluctuations ; epoch of reionisation due to star formation) easy to detect, 
some are more difficult (cosmic variance): degeneracie extensions bring more indepen 
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inflation radiation matière énergie noire 

? 

inflation RD (radiation domination) MD (matter domination) LD (L domination) 



Fitting the minimal model 

• In minimal model,  

      CMB spectrum affected  

      by 8 physical effects  

 

             --- commercial spot ---- 

      “Neutrino cosmology”, CUP, 50 £ 

         --- end of commercial spot --- 

 

 

• Minimal LCDM: 8 effects controlled by 6 parameters 

• Some easy to detect, some are more difficult (cosmic variance): degeneracies 

 

• Extended models: some extensions bring more independent effects, some not 
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Fitting the minimal model 

• In minimal model,  

      CMB spectrum affected  

      by 8 physical effects  

 

             --- commercial spot ---- 

      “Neutrino cosmology”, CUP, 50 £ 

         --- end of commercial spot --- 

 

 

• Minimal LCDM: 8 effects controlled by 6 parameters 

• Some easy to detect, some are more difficult (cosmic variance): degeneracies 

 

• Extended models: some extensions bring more independent effects, some not 
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LCDM is a very good fit 
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LCDM is a very good fit 

Using Planck + WP (= EE +TE from WMAP for l ≤ 23), at 1-sigma: 

 

• Peak scale                         0.060%                    

• Baryon density                   1.3% 

• CDM density                       2.3% 

• Primordial amplitude           2.5% 

• Primordial spectral index    0.76%  

• Reionization optical depth  0.13% 

 

Derived (model-dependent) parameters: 

• Hubble parameter 

• L fractional density 

• Reionization redshift 
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Consistency with WMAP alone 

 

preference for high CDM density, small 

H0, small WL 

Planck Collaboration: Cosmological parameters
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Fig. 2. Comparison of the baseΛCDM model parameters for Planck+lensing only (colour-coded samples), and the 68% and 95%
constraint contours adding WMAP low- polarization (WP; red contours), compared to WMAP-9 (Bennett et al. 2012; grey con-
tours).

matter density parameters, and DA dependson the late-time evo-
lution and geometry. Parameter combinations that fit the Planck
data must be constrained to be close to a surface of constant θ∗.
This surface depends on the model that is assumed. For the base
ΛCDM model, themain parameter dependence isapproximately
described by a 0.3% constraint in the three-dimensional Ωm–h–
Ωbh2 subspace:

Ωmh3.2(Ωbh2)−0.54 = 0.695 ± 0.002 (68%; Planck). (11)

Reducing further to a two-dimensional subspace gives a 0.6%
constraint on the combination

Ωmh3 = 0.0959 ± 0.0006 (68%; Planck). (12)

The principle component analysis direction is actually Ωmh2.93

but this is conveniently close to Ωmh3 and gives a similar con-
straint. The simple form is a coincidence of the ΛCDM cos-
mology, error model, and particular parameter values of the

model (Percival et al. 2002; Howlett et al. 2012). The degener-
acy between H0 and Ωm is illustrated in Fig. 3: parameters are
constrained to lie in a narrow strip where Ωmh3 is nearly con-
stant, but the orthogonal direction is much more poorly con-
strained. The degeneracy direction involves consistent changes
in theH0,Ωm, andΩbh2 parameters, so that theratio of thesound
horizon and angular diameter distance remains nearly constant.
Changes in the density parameters, however, also have other
effects on the power spectrum and the spectral index ns also
changes to compensate. The degeneracy is not exact; its extent
is much more sensitive to other details of the power spectrum
shape. Additional datacan help further to restrict thedegeneracy.
Figure3 showsthat adding WMAP polarization hasalmost no ef-
fect on theΩmh3 measurement, but shrinks theorthogonal direc-
tion slightly fromΩmh−3 = 1.03± 0.13 toΩmh−3 = 1.04± 0.11.
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(H0 related) 

CDM density 



LCDM is a very good fit 

Using Planck + WP (= EE +TE from WMAP for l ≤ 23), at 1-sigma: 

 

• Peak scale                         0.060%                    

• Baryon density                   1.3% 

• CDM density                       2.3% 

• Primordial amplitude           2.5% 

• Primordial spectral index    0.76%  

• Reionization optical depth  0.13% 

 

Derived (model-dependent) parameters: 

• Hubble parameter 

• L fractional density 

• Reionization redshift 
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tension with WMAP+SPT 

 

explained as WMAP/SPT relative 

calibration error 

Artificially low 

damping tail 

high H0 plus, if possible, new physics: 

Neff , negative running… 

600 < l < 1500 



LCDM is a very good fit 

Using Planck + WP, at 1-sigma: 

                                                                             consistency with theory of Nucleosynthesis 

• Peak scale                         0.060%                    and measurement of primordial D, He       

• Baryon density                   1.3% 

• CDM density                       2.3% 

• Primordial amplitude           2.5% 

• Primordial spectral index    0.76%  

• Reionization optical depth  0.13% 

 

Derived (model-dependent) parameters: 

• Hubble parameter 

• L fractional density 

• Reionization redshift 
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LCDM is a very good fit 

Using Planck + WP, at 1-sigma: 

                                                                                                consistency with 

• Peak scale                         0.060%                          Baryon Acoustic Oscillations                  

• Baryon density                   1.3% 

• CDM density                       2.3% 

• Primordial amplitude           2.5% 

• Primordial spectral index    0.76%  

• Reionization optical depth  0.13% 

 

Derived (model-dependent) params: 

• Hubble parameter 

• L fractional density 

• Reionization redshift 
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LCDM is a very good fit 

Using Planck + WP, at 1-sigma: 

                                                                                              tension with 

• Peak scale                         0.060%                        direct H0 measurements           

• Baryon density                   1.3% 

• CDM density                       2.3% 

• Primordial amplitude           2.5% 

• Primordial spectral index    0.76%  

• Reionization optical depth  0.13% 

 

Derived (model-dependent) parameters: 

• Hubble parameter 

• L fractional density 

• Reionization redshift 
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LCDM is a very good fit 

Using Planck + WP, at 1-sigma: 

                                                                                                consistency with 

• Peak scale                         0.060%                             supernovae (SNIa) luminosity     

• Baryon density                   1.3% 

• CDM density                       2.3% 

• Primordial amplitude           2.5% 

• Primordial spectral index    0.76%  

• Reionization optical depth  0.13% 

 

Derived (model-dependent) parameters: 

• Hubble parameter 

• L fractional density 

• Reionization redshift 
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LCDM is a very good fit 

Using Planck + WP, at 1-sigma: 

                                                                                                   consistency with 

• Peak scale                         0.060%                                 galaxy 2-pt correlation                  

• Baryon density                   1.3% 

• CDM density                       2.3% 

• Primordial amplitude           2.5% 

• Primordial spectral index    0.76%  

• Reionization optical depth  0.13% 

 

Derived (model-dependent) parameters: 

• Hubble parameter 

• L fractional density 

• Reionization redshift 
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LCDM is a very good fit 

Using Planck + WP, at 1-sigma: 

                                                                                                 consistency with 

• Peak scale                         0.060%                   preliminary (raw) polarization spectrum                  

• Baryon density                   1.3% 

• CDM density                       2.3% 

• Primordial amplitude           2.5% 

• Primordial spectral index    0.76%  

• Reionization optical depth  0.13% 

 

Derived (model-dependent) parameters: 

• Hubble parameter 

• L fractional density 

• Reionization redshift 
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Lensing extraction 

• exaggerated effect of a huge cluster: 

 

• In fact, only 2’-3’ deflections, coherent 
over large scales: invisible by eye 

 

• Lensing potential = projected 
gravitational field (with some kernel: 
sensitive to structures at z~1-3) 

 

• Induces non-gaussianity with very 
specific correlations (between  different 
angular scales). Can be extracted with 
specific “quadratic estimator” 

 

• Proposed  by Hu & Okamoto (2001) 
First success in 2012 (SPT-ACT) 
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Lensing extraction 
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                                                     Lensing potential map: 

 

 

 

 

 

 

 

 

 

 

Low signal-to-noise, but correlates at high level with different tracers of LSS (20 sigma 

with NVSS quasars, 10 sigma with SDSS LRG, 42 sigma with Planck’s CIB) 

Planck Collaboration: Gravitational lensing by large-scale structures with Planck

maps). To match the power spectrum of these simulations to the
power spectrum of the data maps, we find it is necessary to add
extragalactic foreground power following the model in Sect. 4,
with Acib = 18 µK2 and Asrc = 28µK2. The resulting simula-
tions haveapower spectrum which agrees with that of the CMB
map estimate based on the data to better than 2% at l < 2048.
This could be improved slightly by tailoring a specific correc-
tion for each map. We also add homogeneous pixel noise with a
level of 12µK arcmin. If weneglected thispower, theagreement
would be only at the 8% level, primarily due to the noise term
(the Acib and Asrc contributions are each at the level of 1 − 2%).
Due to the procedure which we use to subtract the disconnected
noise bias (Eq. 17) from our lensing power spectrum estimates,
the inclusion of these components does not significantly affect
our results, but comparison with the values used for our single-
frequency simulations in Sect. 4 are auseful indicator of the ex-
tent to which the foreground separation algorithms are able to
remove extragalactic foreground power in the high- regime.

As already discussed, our results on the component-
separated CMB maps are presented in Fig. 18. Because the
CMB and FFP6 noise components of the foreground-cleaned
map simulations are the same as those used to characterize
our fiducial lens reconstruction, we can measure the expected
scatter between the foreground separated maps and our fidu-
cial reconstruction. This scatter will be slightly overestimated
because we have not attempted to coherently model the con-
tribution to the reconstruction noise from residual diffuse ex-
tragalactic foreground power. For the eight bins in 40 ≤ L ≤
400 on which our fiducial likelihood is based, we measure a
χ2 for the difference between our fiducial reconstruction and
the corresponding foreground-cleaned reconstruction of χ2 =
(3.14, 4.3,2.5, 14.7) for nil c, smica, sevem, and rul er respec-
tively. These χ2 values associated have probability-to-exceed
(PTE) values of (79%,64%,86%,2%) respectively. At the level
which weareable to test, thenil c, smica, and sevemforeground-
cleaned maps give results which are quantitatively consistent
with our fiducial reconstruction. There is more scatter between
our fiducial reconstruction and the rul er map than expected
from simulations, as evidenced by a very high χ2 for the dif-
ference, however as can be seen in Fig. 18, there are not any
clear systematic differences. Indeed, thediscrepancy for thebins
plotted in Fig. 18 (which differ somewhat from the linear bins
used in our likelihood) is much less significant than for the bins
of our fiducial likelihood.

When using the component separated maps above, we have
used the same fsky = 0.7 Galactic mask as for our MV result, al-
though the confidence regions associated with each foreground
cleaned map allow more sky, ranging up to fsky = 0.94 for the
nil c method. We have used the met is pipeline (described later
in Sect. 7.5) to test whether this improved sky coverage could
benefit our lens reconstruction. The same method has been used
in (Planck Collaboration XII 2013) to evaluate possible biases
to lens reconstruction induced by these methods using the FFP6
simulated CMB realization, described in Planck Collaboration I
(2013), indicating that the different component separation algo-
rithms do not alter significantly the lensing signal (at the level
which can be tested on a single simulation). Analyzing the nil c
map, which has the largest confidence region, we find that we
can increase the usable sky surface up to fsky = 0.87 without
encountering significant Galactic contamination. In Fig. 19 we
show thestriking improvement in sky coverage on the nil c map.
smica and sevemare very similar; we have not considered rul er
because of its larger noise level.

Power spectrum estimates at this mask level show consis-
tency with the MV reconstruction within two standard devia-
tions of the measurement uncertainty. The increased sky cover-
age does not bring significant improvements in the error-bars of
thepower spectrum, however. Using Eq. 20 asan estimate of the
power spectrum variance, the larger sky coverage yields only a
3.5% improvement at L < 40 over the MV result, decreasing
down to 0 at L = 400. This could be due to the different weight-
ing used in the component separation compared to the one of
the MV map, which results in slightly noisier maps for our pur-
pose. While the component separated maps allow for a reduced
mask maintaining arobust lensing potential estimation, they lead
to a marginal improvement of the power spectrum uncertainties.
Nevertheless, their agreement with the MV result is reassuring.

MV, fsky = 0.70

nil c, fsky = 0.87

Fig. 19. Wiener-filtered potential maps in Galactic coordinates,
as in Fig. 8, plotted here in Mollweide projection. Top is theMV
reconstruction, bottom is an extended reconstruction on the nil c
component-separated map.

7.2. Point Source Correction

As can be seen in Table 1, the unresolved point source shot
noise correction in any individual band for our MV likelihood
is on the order of a few percent, reaching up to 6% for the
highest multipole bands. Averaged over the 40 ≤ L ≤ 400
band, the shot noise correction amounts to a 2% shift in the am-
plitude of Ĉ

φφ

L
, which is small but non-negligible compared to

our statistical uncertainty of 4%. Physically, the amplitude of
our source corrections are reasonable; at 143GHz we measure
Ŝ4

143 = (1.3 ± 0.6) × 10−12 µK4. From the radio point source
model of De Zotti et al. (2010), this corresponds to an effec-
tiveflux cut of approximately 150mJy at this frequency, roughly
comparable to that expected for the S/N > 5 cut we make when
masking sources in our fiducial analysis (Planck Collaboration
XXVIII 2013). Theshot noise measured at 217GHz is lower, as
expected given thesmaller contribution from radio sources, with
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Lensing extraction 
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• Lensing power spectrum consistent 

with LCDM 

 

• Helps removing degeneracies and 

measuring extended model 

parameters with Planck alone 

 

 

 

 

 

 

 

 

 



Beyond minimal LCDM 
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Curvature 
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Planck Collaboration: Cosmological parameters
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Fig.25. ThePlanck+WP+highL datacombination (samples; colour-coded by thevalueof H0) partially breaks thegeometric degen-
eracy between Ωm and ΩΛ due to the effect of lensing in the temperature power spectrum. These limits are significantly improved
by the inclusion of thePlanck lensing reconstruction (black contours). Combining also with BAO (right; solid bluecontours) tightly
constrains the geometry to be nearly flat.

In summary, there isno evidence from Planck for any depar-
ture from a spatially flat geometry. The results of Eqs. (68a) and
(68b) suggest that our Universe isspatially flat to an accuracy of
better than a percent.

6.3. Neutrino physics and constraints on relativistic
components

A striking illustration of the interplay between cosmology and
particle physics is the potential of CMB observations to con-
strain theproperties of relic neutrinos, and possibly of additional
light relic particles in the Universe (see e.g., Dodelson et al.
1996; Hu et al. 1995; Bashinsky & Seljak 2004; Ichikawa et al.
2005; Lesgourgues & Pastor 2006; Hannestad 2010). In the fol-
lowing subsections, wepresent Planck constraints on themassof
ordinary (active) neutrinos assuming no extra relics, on the den-
sity of light relics assuming they all havenegligible masses, and
finally on models with both light massive and massless relics.

6.3.1. Constraints on the total mass of active neutrinos

The detection of solar and atmospheric neutrino oscillations
provesthat neutrinos aremassive, with at least two species being
non-relativistic today. Themeasurement of theabsolute neutrino
mass scale is a challenge for both experimental particle physics
and observational cosmology. The combination of CMB, large-
scale structure and distance measurements already excludes a
large range of masses compared to beta-decay experiments.
Current limits on thetotal neutrino mass mν (summed over the
threeneutrino families) from cosmology arerather model depen-
dent and vary strongly with the data combination adopted. The
tightest constraints for flat models with three families of neutri-
nos are typically around 0.3eV (95% CL; e.g., de Putter et al.
2012). Since mν must be greater than approximately 0.06eV
in the normal hierarchy scenario and 0.1eV in the degener-
ate hierarchy (Gonzalez-Garcia et al. 2012), the allowed neu-
trino mass window is already quite tight and could be closed
further by current or forthcoming observations (Jimenez et al.
2010; Lesgourgues et al. 2013).

Cosmological models, with and without neutrino mass, have
different primary CMB power spectra. For observationally-
relevant masses, neutrinos are still relativistic at recombina-
tion and the unique effects of masses in the primary power
spectra are small. The main effect is around the first acoustic
peak and is due to the early integrated Sachs-Wolfe (ISW) ef-
fect; neutrino masses have an impact here even for a fixed red-
shift of matter–radiation equality (Lesgourgues & Pastor 2012;
Hall & Challinor 2012; Hou et al. 2012; Lesgourgues et al.
2013). To date, this effect has been the dominant one in con-
straining the neutrino mass from CMB data, as demonstrated in
Hou et al. (2012). As we shall see here, the Planck data move
us into a new regime where the dominant effect is from gravi-
tational lensing. Increasing neutrino mass, while adjusting other
parameters to remain in a high-probability region of parameter
space, increases the expansion rate at z >∼ 1 and so suppresses
clustering on scales smaller than the horizon size at the non-
relativistic transition (Kaplinghat et al. 2003; Lesgourgues et al.
2006). The net effect for lensing is a suppression of the CMB
lensing potential and, for orientation, by = 1000 the suppres-
sion is around 10% in power for mν = 0.66eV.

Here we report constraints assuming three species of degen-
erate massiveneutrinos. At the level of sensitivity of Planck, the
effect of mass splittings is negligible, and the degenerate model
can be assumed without loss of generality.

Combining thePlanck+WP+highL data, weobtain an upper
limit on the summed neutrino mass of

mν < 0.66eV (95%; Planck+WP+highL). (69)

The posterior distribution is shown by the solid black curve in
Fig. 26. To demonstrate that the dominant effect leading to the
constraint is gravitational lensing, we remove the lensing infor-
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CMB alone (Planck+WP+HighL), 

despite geometrical degeneracy: 

 

100Wk = -4.2 ± 4.5   (95%CL) 

 

 

With lensing and BAO: 

 

100Wk = -0.10 ± 0.63   (95%CL) 

 



Relativistic d.o.f. (Neff) 
• In minimal LCDM model Neff ≈ 3 (relic background of 3 flavor neutrinos); could have Neff>3 

due to lepton asymmetry, sterile neutrinos, other very light relics (gravitinos, axions, …) 

 

• Neff induces specific effects in CMB (dominant one = suppression of damping tail) 

• No complete parameter degeneracy but partial one: positive correlation with H0 

 

• WMAP+SPT saw anomalously low tail: Neff > 3 at 2 sigma 
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Relativistic d.o.f. (Neff) 
• In minimal LCDM model Neff ≈ 3 (relic background of 3 flavor neutrinos); could have Neff>3 

due to lepton asymmetry, sterile neutrinos, other very light relics (gravitinos, axions, …) 

 

• Neff induces specific effects in CMB (dominant one = suppression of damping tail) 

• No complete parameter degeneracy but partial one: positive correlation with H0 

 

• WMAP+SPT saw anomalously low tail: Neff > 3 at 2 sigma 
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Relativistic d.o.f. (Neff) 
• In minimal LCDM model Neff ≈ 3 (relic background of 3 flavor neutrinos); could have Neff>3 

due to lepton asymmetry, sterile neutrinos, other very light relics (gravitinos, axions, …) 

 

• Neff induces specific effects in CMB (dominant one = suppression of damping tail) 

• No complete parameter degeneracy but partial one: positive correlation with H0 

 

• WMAP+SPT saw anomalously low tail: Neff > 3 at 2 sigma 
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Relativistic d.o.f. (Neff) 
• In minimal LCDM model Neff ≈ 3 (relic background of 3 flavor neutrinos); could have Neff>3 

due to lepton asymmetry, sterile neutrinos, other very light relics (gravitinos, axions, …) 

 

• Neff induces specific effects in CMB (dominant one = suppression of damping tail) 

• No complete parameter degeneracy but partial one: positive correlation with H0 

 

• WMAP+SPT saw anomalously low tail: Neff > 3 at 2 sigma 
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• now, CMB alone (Planck+WP+HighL) 
 
    Neff = 3.36 ± 0.66   (95%CL) 
 
• With lensing and BAO: 
 
   Neff = 3.30 ± 0.52   (95%CL) 
 
• With H0 and BAO: 
 
   Neff = 3.53 ± 0.46   (95%CL) 



Relativistic d.o.f. (Neff) 
• In minimal LCDM model Neff ≈ 3 (relic background of 3 flavor neutrinos); could have Neff>3 

due to lepton asymmetry, sterile neutrinos, other very light relics (gravitinos, axions, …) 

 

• Neff induces specific effects in CMB 

• No complete parameter degeneracy  

 

• WMAP+SPT saw anomalously low tail 
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• now, CMB alone (Planck+WP+HighL) 
 
    Neff = 3.36 ± 0.66   (95%CL) 
 
• With lensing and BAO: 
 
   Neff = 3.30 ± 0.52   (95%CL) 
 
• With H0 and BAO: 
 
   Neff = 3.53 ± 0.46   (95%CL) 

Consistency with Nucleosynthesis 

(with free Neff) 



Neutrino mass 
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• CMB sensitive to Smn (sum over all families) : specific effects mainly on secondary 

anisotropies (early integrated Sachs-Wolfe and lensing) 
 

• Neutrino oscillations imply Smn > 0.06 (0.1) eV for Normal (Inverted) hierarchy  
 

• Loose upper bound from beta decay experiments (KATRIN could find Smn<1.2eV (95%CL) 

 



Neutrino mass 
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• CMB sensitive to Smn (sum over all families) : specific effects mainly on secondary 

anisotropies (early integrated Sachs-Wolfe and lensing) 
 

• Neutrino oscillations imply Smn > 0.06 (0.1) eV for Normal (Inverted) hierarchy  
 

• Loose upper bound from beta decay experiments (KATRIN could find Smn<1.2eV (95%CL) 

  

• CMB alone  :   Smn < 0.66eV  (95%CL) 

 

• With BAO    :   Smn < 0.23eV  (95%CL) 

  

• With lensing:   Smn < 0.85eV  (95%CL) 
 

Lensing spectrum likes small neutrino mass, 
temperature dislikes it (latter connected with low l 
region…) 

 

Robust w.r.t cosmological extensions (excepted for 
curvature: 50% weakening) 



Tensors, spectral index and inflation 

• Also OK: Hill-top with p=2 or p≥4; also disfavored: inverse power-law  
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, Higgs inflation 

V* < (1.94 x 1016 GeV)4  (95%CL) 



Inflation potential reconstruction 
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“observable window” of the inflaton potential, assuming that it can be  

Taylor-expanded inside this region at order n = 2, 3, 4 (units of true mP) 



Other investigated extensions 

• Light sterile neutrino (thermal or non-thermal, m < 10 eV)  

• Dark energy with  

• w ≠ -1                                                                

•  w0 + a wa ≠ -1 

• DM annihilation (smooth background) 

• Variation of the fine-structure constant 

• Running of the primordial spectral index 

• Features in the primodial spectrum 

• Binning method 

• Parametric search 

• Primordial magnetic fields (neglect Faraday; non-helical case; vectors and scalars) 

• Isocurvature modes 

• General correlated CDM, neutrino density/velocity 

• Axion-like (CDM, uncorrelated) 

• Curvaton-like (CDM, maximally correlated) 

• Primordial non-gaussianity 
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Significant detection ? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Primordial non-gaussianity 
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• Amplitude of specific bispectrum shapes:     (WMAP9)  

• fNL
local = 2.7 ± 5.8    (68%CL)                         37 ± 20 

• fNL
equi  = - 42 ± 75    (68%CL)                        51 ± 136 

• fNL
ortho = - 25 ± 39    (68%CL)                     -245 ± 100 

• For trispectrum (4-point function):  

• tNL
local <  2500 (95%CL) 

 

• Compatible with very small NG level predicted by 

canonical single-field inflationary models 

 

 
Temperature bispectrum (3-point function)  

after foreground cleaning 



Isotropy 
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• Confirmation of small perturbation variance on large angular scales 

• Less variance in nothern ecliptic hemisphere 

      on all scales (up to l~1500) 

• [ Even multipoles supressed till l~25 ] 

• Cold spot 

 

• Gone away: 

• Low quadrupole 

• Quadrupole-octopole alignement 

 

 

Galactic foregrounds? Solar emission? Local universe?  

Primordial fluctuations? Topology? Magnetic fields? 

2-point correlation function in real (angular) space 



Topology 

16.05.2013 Planck implications for cosmology – J. Lesgourgues 48 

• Search for matching circles 

• Search for specific patterns for flat spaces with cubic toroidal (T3), equal-sided 

chimney (T2) and slab (T1) topologies, three multi-connected spaces of constant 

positive curvature (dodecahedral, truncated cube and octahedral) and two compact 

negative-curvature spaces 

• Search for Bianchi VIIh cosmology 

 

 

 

 

 

 

 

                                      simulated maps with matching circles at 24o 

 

 



Defects 

• Simulation of CMB distorted by cosmic strings: 

         temperature:                              spherical gradient: 

 

 

 

 

 

 

 

 

 

Search through power spectrum distortions and specific types of non-gaussianity: no 

evidence (Gm/c2 < 10-7) 
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Planck Collaboration: Cosmic strings and other topological defects

-100.0  100.0 
∆ T/ T/ (Gµ/ c2)

Fig. 6. All sky Mollweideprojection of thesimulated cosmic stringsCMB sky after convolution by aGaussian beam of 5 resolution.
The color scale indicates the range of ∆T/ T/ (Gµ/ c2) fluctuations.

Fig. 7. A 20◦ gnomic projection patch extracted from the full sky map and zooming into string induced temperature steps (see
Fig. 6). Applying the spherical gradient magnitude operator enhances the temperature steps, and thus the string locations, even
more (right).

tions typically require 800000 cpu-hours, so we have chosen
to generate three new maps at a lower resolution of 1.7 , i.e.,
Nside = 2048. Unfortunately, at this lower resolution, the sim-
ulated string maps, hereafter referred to as raw maps, exhibit
a strong aliasing at small scales that could have induced spuri-
ous systematics even after convolution with the Planck beam.

This aliasing concerns pixel-sized structures and comes from
the method used to numerically evaluate Eq. (11). In order to
spare computing time, the signal associated with each pixel is
only computed at the centroid direction n̂. This has the effect of
including some extra power associated with string small-scale
structure that is below the pixel angular size, thereby aliasing

8



CMB Dipole 

• Newtonian gravity: motion of observer gives 
dipole from Doppler effect 

 

• GR: Doppler boost affects all multipoles at 10-

5 level. Aberration (similar to coherent 
lensing) and modulation. 

 

• First detection of this effect: 

 

 v = 384 km.s−1 ± 78 km.s−1 (stat)  

                                ± 115 km.s−1(sys) 

 

• Compatible with observed dipole: 369 km.s−1 

 

• No evidence for anomalous primordial dipole 
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Planck Collaboration: Doppler boosting of the CMB: Eppur si muove

The effect on the CMB fluctuations is to increase the amplitude
of the power spectrum by approximately 0.25% in the velocity
direction, and decrease it correspondingly in the anti-direction.
Second, there is an “aberration” effect, in which the apparent ar-
rival direction of CMB photons is pushed toward the velocity
direction. This effect is small, but non-negligible. The expected
velocity induces a peak deflection of β = 4.2 and a root-mean-
squared (rms) deflection over the sky of 3 , comparable to the
effects of gravitational lensing by large-scale structure, which
are discussed in Planck Collaboration XVII (2013). The aber-
ration effect squashes the anisotropy pattern on one side of the
sky and stretches it on the other, effectively changing the angu-
lar scale. Close to thevelocity direction weexpect that thepower
spectrum of the temperature anisotropies, C , will be shifted so
that, e.g., = 1000 → = 1001, while = 1000 → = 999 in the
anti-direction. In Fig. 1 weplot an exaggerated illustration of the
aberration and modulation effects. For completeness we should
point out that there is a third effect, a quadrupole of amplitude
β2 induced by the dipole (see Kamionkowski & Knox 2003).
However, extracting this signal would require extreme levels of
precision for foreground modelling at the quadrupole scale, and
we do not discuss it further.

In this paper, wewill present ameasurement of β, exploiting
the distinctive statistical signatures of the aberration and mod-
ulation effects on the high- CMB temperature anisotropies. In
addition to our interest in making an independent measurement
of the velocity signature, the effects which velocity generates on
the CMB fluctuations provide a source of potential bias or con-
fusion for several aspects of the Planck data. In particular, ve-
locity effects couple to measurements of: primordial “τNL” -type
non-Gaussianity, as discussed in Planck Collaboration XXIV
(2013); statistical anisotropy of the primordial CMB fluctua-
tions, as discussed in Planck Collaboration XXIII (2013); and
gravitational lensing, asdiscussed in Planck Collaboration XVII
(2013). There are also aspects of the Planck analysis for which
velocity effects are believed to be negligible, but only if they are
present at the expected level. One example is measurement of
fNL-type non-Gaussianity, as discussed in Catena et al. (2013).
Another example is power spectrum estimation; as discussed
above, velocity effects change the angular scale of the acous-
tic peaks in the CMB power spectrum. Averaged over the full
sky this effect is strongly suppressed, as the expansion and con-
traction of scales on opposing hemispheres cancel out. However
the application of a sky mask breaks this cancellation to some
extent, and can potentially be important for parameter estima-
tion (Pereira et al. 2010; Catena & Notari 2012). For the 143
and 217GHz analysis mask used in the fiducial Planck CMB
likelihood (Planck Collaboration XV 2013), the average lensing
convergence field associated with the aberration effect (on the
portion of the sky which is unmasked) has avalue which is 13%
of its peak value, corresponding to an expected average lensing
convergence of β× 0.13 = 1.5× 10−4. This will shift the angular
scale of the acoustic peaks by the same fraction, which is de-
generate with a change in the angular size of the sound horizon
at last scattering, θ∗ (Burles & Rappaport 2006). A 1.5 × 10−4

shift in θ∗ is just under 25% of thePlanck uncertainty on thispa-
rameter, asreported in Planck Collaboration XVI (2013)—small
enough to beneglected, though not dramatically so. Therefore it
doesmotivate us to test that theobserved aberration signal isnot
significantly larger than expected. With such a confirmation in
hand, a logical next step is to correct for these effects by a pro-
cess of de-boosting the observed temperature Notari & Quartin
(2012); Yoho et al. (2012).

(a) Tpr imor dial

(b) Taber r at ion

(c) Tmodul at ion

Fig. 1. Exaggerated illustration of the Doppler aberration and
modulation effects, in orthographic projection, for a velocity
v = 260000kms−1 = 0.85c (approximately 700 times larger
than the expected magnitude) toward the northern pole (indi-
cated by meridians in the upper half of each image on the left).
The aberration component of the effect shifts the apparent posi-
tion of fluctuations toward thevelocity direction, while themod-
ulation component enhances the fluctuations in the velocity di-
rection and suppresses them in the anti-velocity direction.

Before proceeding to discuss the aberration and modulation
effects in more detail, we note that in addition to the overall pe-
culiar velocity of our Solar System with respect to the CMB,
there isan additional time-dependent velocity effect from theor-
bit of Planck (at L2, along with the Earth) about the Sun. This
velocity has an average amplitude of approximately 30kms−1,
less than one-tenth the size of the primary velocity effect. The
aberration component of the orbital velocity (more commonly
referred to in astronomy as “stellar aberration”) has amaximum
amplitude of 21 and is corrected for in the satellite pointing.
The modulation effect for the orbital velocity switches signs be-
tween each 6-month survey, and so is suppressed when using
multiple surveys to makemaps (as wedo here, with the nominal
Planck maps, based on a little more than two surveys), and so
we will not consider it further here.

2. Aberration and modulation

Herewewill present amorequantitativedescription of theaber-
ration and modulation effects described above. To begin, note
that, by construction, the peculiar velocity, β, measures the ve-

2



Conclusions 

• 23 papers fro March contain thousand times more information… 

 

• fascinating that simplistic minimal model of 1998 is still a good fit, despite reduction 
of allowed parameter space volume by ~105 

 

• Maximally Boring Universe or Maximally Elegant Model ? 

• Actually none of them if anomalies are taken seriously !! 

 

• Potential of improvement for next year’s release: 

• From nominal survey to full survey data 

• Polarization 

• Possible improvement of foreground modeling, mask reduction, manoeuvres inclusion 
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