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Brief history of the universe
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Primary CMB anisotropies

Sachs-Wolfe 1967


Hu & White 1997


Hu & Dodelson 2002


Silk et al. 1968

Spherical harmonic decomposition
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Mesure cosmological parameters
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Contraints on primordial physics 
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TT

TE

EE

BB

 break degeneracies between parameters


 + reionisation, ondes gravitationnelles primordiales, distribution de matière

Text
Reionisation

Tensor

Lensing

Temperature and polarisation power spectra
« 6 possible combinations TT, EE, BB, TE, TB et EB
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Temperature power spectrum
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Temperature power spectrum consistencyPlanck Collaboration: The Planck mission
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Fig. 25. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including Planck
temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI (2013)). Error bars
include cosmic variance. The horizontal axis is ⌅0.8.

than that measured using traditional techniques, though in agree-
ment with that determined by other CMB experiments (e.g.,
most notably from the recent WMAP9 analysis where Hinshaw
et al. 2012c find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consis-
tent with the Planck value to within ⇤ 1�). Freedman et al.
(2012), as part of the Carnegie Hubble Program, use Spitzer
Space Telescope mid-infrared observations to recalibrate sec-
ondary distance methods used in the HST Key Project. These
authors find H0 = (74.3±1.5±2.1) km s�1 Mpc�1 where the first
error is statistical and the second systematic. A parallel e⇥ort by
Riess et al. (2011) used the Hubble Space Telescope observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their ‘best
estimate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2013).

Extending the Hubble diagram to higher redshifts we note
that the best-fit�CDM model provides strong predictions for the
distance scale. This prediction can be compared to the measure-
ments provided by studies of Type Ia SNe and baryon acoustic
oscillations (BAO). Driven in large part by our preference for
a higher matter density we find mild tension with the (relative)
distance scale inferred from compilations of SNe (Conley et al.
2011; Suzuki et al. 2012). In contrast our results are in excellent

agreement with the BAO distance scale compiled in Anderson
et al. (2012).

The Planck data, in combination with polarization measured
by WMAP, high-⌅ anisotropies from ACT and SPT and other,
lower redshift data sets, provides strong constraints on devia-
tions from the minimal model. The low redshift measurements
provided by the BAO allow us to break some degeneracies still
present in the Planck data and significantly tighten constraints on
cosmological parameters in these model extensions. The ACT
and SPT data help to fix our foreground model at high ⌅. The
combination of these experiments provides our best constraints
on the standard 6-parameter model; values of some key parame-
ters in this model are summarized in Table 9.

From an analysis of an extensive grid of models, we find no
strong evidence to favour any extension to the base �CDM cos-
mology, either from the CMB temperature power spectrum alone
or in combination with Planck lensing power spectrum and other
astrophysical datasets. For the wide range of extensions which
we have considered, the posteriors for extra parameters gener-
ally overlap the fiducial model within 1�. The measured values
of the �CDM parameters are relatively robust to the inclusion
of di⇥erent parameters, though a few do broaden significantly if
additional degeneracies are introduced. When the Planck likeli-
hood does provide marginal evidence for extensions to the base
�CDM model, this comes predominantly from a deficit of power
(compared to the base model) in the data at ⌅ < 30.

The primordial power spectrum is well described by a
power-law over three decades in wave number, with no evidence

35
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CMB polarisation anisotropies

Polarisation stacking of cold and hot spots, 30 arcmin
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Polarisation power spectra

 

TE EE

➡Sensitivity to polarisation is excellent, at large angular scales systematics need to 
be dealt with


➡ Polarisation power spectra in very good agreement with temperature
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6-parameters Λ-CDM model

9

Flat universe (no curvature) including photons, ordinary matter, cold dark matter 
and a cosmological constant
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6-parameters Λ-CDM model

10

Flat universe (no curvature) including photons, ordinary matter, cold dark matter 
and a cosmological constant



J.F. Macías-Pérez Planck Colloquium-May 2013

Energy content of the universe

11
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Hubble constant
Expansion rate of the universe
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Planck best-fit model and BAO

Current BAO data are in good agreement with Planck best-fit 6-parameter model

6dF

SDSS DR7


Percival et al 2010

SDSS DR7


Padmanabhan et al 2012

WiggelZ

BOSS DR9

Standard ruler
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Supernovae

Planck and supernovae come 
into agreement when we 
consider new calibration 

techniques for SN distances 
[Betoule et al 2012]

Standard candle allow to measure universe acceleration
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SZ effect on cluster of galaxies

Planck reveals the importance of 
understanding cluster physics for 
cosmology
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Extension of the base model 

16

➡The universe seems to be really flat


➡Dark energy equation of state compatible cosmological constant


➡Tight constraints on neutrino physics, total mass and number of neutrino species


➡Compatible with Big Bang nucleosynthesis
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Joint BAO and CMB constraints
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Constraints on inflationary physics
 Parameters of the model



   nS  : spectral index of scalar perturbations


   dnS/dlnk


   nT  : tensor spectral index


   r   : tensor to scalar ratio


   fNL : non-linear paramter = non-gaussianity
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Non-Gaussianity and topology
๏Primordial CMB as measured by Planck compatible with 

Gaussianity: 



๏Detect non-Gaussian features from non-linear physics via 

ISW-lensing bispectrum


Planck Collaboration: Planck 2013 results. XXVI. Background geometry and topology of the Universe

�300 300µK
(a) SMICA CMB map.

�50 50µK
(b) Best-fit Bianchi VIIh map.

�300 300µK
(c) SMICA CMB map with best-fit Bianchi component removed.

Fig. 21: Best-fit template of left-handed flat-decoupled-Bianchi VIIh model subtracted from Planck SMICA component-separated
data. Before subtraction, the peak-to-peak variation is ±594 µK, reduced to ±564 µK after subtraction.
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Planck Collaboration: Isotropy and statistics

ply the direction perpendicular to the plane in which most of the
power of the multipole lies. It is thus intuitive and easy to use.
Note that the value of the statistic in Eq. (33) is the same for
�n as for n, i.e. the multipole orientation is defined only up to a
sign.

An alternative method, based on the multipole vector decom-
position (Copi et al. 2004; Schwarz et al. 2004; Bielewicz et al.
2005; Bielewicz & Riazuelo 2009) of the data has also been used
to verify the robustness of the results presented here, and excel-
lent consistency is found.

Residual foregrounds (mostly on the Galactic plane) present
in the four Planck CMB estimates could influence the recon-
struction of the low-order multipoles. However, when a mask
applied, the resulting mode-coupling can also a�ect the recon-
struction of the low-⇥ multipoles. We therefore utilise Wiener
filtered maps computed from the data to which the U73 mask is
applied. Specifically, we utilise the same implementation of the
Wiener filter as used in Planck Collaboration P09A (2013) i.e., a
messenger method as described by Elsner & Wandelt (2013).
A direct inversion method for masked data (Efstathiou 2004;
Bielewicz et al. 2004, 2013) is a possible alternative, but the
Wiener filtered maps result in a significantly smaller uncertainty
in the reconstructed orientation of the multipoles.

We then search for the preferred orientation by explicitly ro-
tating the CMB map such that the z-axis pierces the centre of all
the low resolution pixels defined at Nside = 16, and then subse-
quently refine the search by using an Nside = 2048 map. The an-
gular resolution for the orientation of the multipoles is thus given
by the distance between the pixel centers of the Nside = 2048
map, which is of order 1.94⌅. Figure 20 shows the Wiener fil-
tered SMICA CMB sky, with the corresponding reconstruction of
the quadrupole and octopole moments. The reconstructed orien-
tations are quite robust with respect to the component separation
method used for reconstructing the CMB. The significance of
the alignment between the quadrupole and the octopole is as-
sessed from the scalar product of their orientations, compared to
values derived from the standard set of 1000 MC simulations.
The orientation, the angular distance the scalar-product between
quadrupole and octopole, and the probability of at least such an
alignment to occur in an isotropic universe are summarised in
Table 17 for each CMB map.

We find that, depending on the component separation
method, the quadrupole and octopole orientations are mis-
aligned by an amount between 9⇤ and 13⇤. This is larger than
the 3⇤ reported recently by Bennett et al. (2012) for the 9-
year WMAP ILC map. In consequence, our significance of the
quadrupole-octopole alignment is substantially smaller than for
the WMAP data, falling to almost 98% confidence level for
the Commander-Ruler and SEVEM maps and 96.7% confidence
level for the NILC map.

5.2. Variance, skewness and kurtosis anomalies

A low value for the variance on the CMB sky was previously ob-
served in the WMAP data by Monteserı́n et al. (2008) and Cruz
et al. (2011), and confirmed for Planck in Sect. 4.1. Furthermore,
the e�ect has also been seen in the wavelet analysis of Sect. 4.5
where the variance of the SMHW coe⇥cients is low at scales
between 400 and 600 arcmin (Fig. 13). In addition, anomalous
behaviour was also observed for the skewness and kurtosis in
low resolution maps at Nside = 16. Here, we reassess these re-
sults and determine their robustness to masking and data selec-
tion. The former will allow us to determine whether a particular

Fig. 20. Upper: The Wiener filtered SMICA CMB sky (temper-
ature range ± 400 µK). Middle: the derived quadrupole (tem-
perature range ± 35 µK). Lower: the derived octopole (temper-
ature range ± 35 µK). Cross and star signs indicate axes of the
quadrupole and octopole, respectively, around which the angular
momentum dispersion is maximized.

region is causing the anomalous behaviour, whilst the latter can
establish whether foreground residuals could be responsible.

Table 18 and Fig. 21 present the results for the variance,
skewness and kurtosis determined from the four CMB maps
with the U73, CL58 and CL37 masks applied. Results are also
computed for data within the ecliptic hemispheres surviving
the U73 mask. The variance is low in all cases, with only
small di�erences in significance observed for the di�erent maps.
Interestingly, the low variance seems to be localised in the north-
ern ecliptic hemisphere. Conversely, anomalous values for the
skewness and kurtosis are only apparent for the southern ecliptic
hemisphere.

Since these results might be indicative of the presence of
Galactic foreground residuals near the Galactic plane, we anal-
yse the frequency dependence of the statistics as summarised in
Table 19 and Fig. 22. The variance shows little frequency depen-
dence for the considered masks and regions, whereas the skew-
ness and kurtosis show a moderate frequency dependence when
the U73 mask is applied, as also seen for the N-pdf in Sect. 4.2.
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Planck 2013 results. XXIV. Constraints on primordial
non-Gaussianity
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65

, S. Masi

35

, S. Matarrese

33

, F. Matthai

76

, P. Mazzotta

38

,

P. R. Meinhold

31

, A. Melchiorri

35,51

, L. Mendes

42

, A. Mennella

36,49

, M. Migliaccio

62,68

, S. Mitra

53,66

, M.-A. Miville-Deschênes
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ABSTRACT

The Planck nominal mission cosmic microwave background (CMB) maps yield unprecedented constraints on primordial non-Gaussianity (NG).

Using three optimal bispectrum estimators, separable template-fitting (KSW), binned, and modal, we obtain consistent values for the primordial

local, equilateral, and orthogonal bispectrum amplitudes, quoting as our final result f local

NL

= 2.7 ± 5.8, f equil

NL

= �42 ± 75, and f ortho

NL

= �25 ± 39

(68% CL statistical); and we find the Integrated-Sachs-Wolfe-lensing bispectrum expected in the �CDM scenario. The results are based on

comprehensive cross-validation of these estimators on Gaussian and non-Gaussian simulations, are stable across component separation techniques,

pass an extensive suite of tests, and are confirmed by skew-C⇧, wavelet bispectrum and Minkowski functional estimators. Beyond estimates of

individual shape amplitudes, we present model-independent, three-dimensional reconstructions of the Planck CMB bispectrum and thus derive

constraints on early-Universe scenarios that generate primordial NG, including general single-field models of inflation, excited initial states (non-

Bunch-Davies vacua), and directionally-dependent vector models. We provide an initial survey of scale-dependent feature and resonance models.

These results bound both general single-field and multi-field model parameter ranges, such as the speed of sound, c
s
⇧ 0.02 (95% CL), in an

e⇥ective field theory parametrization, and the curvaton decay fraction r
D
⇧ 0.15 (95% CL). The Planck data put severe pressure on ekpyrotic/cyclic

scenarios. The amplitude of the four-point function in the local model �
NL
< 2800 (95% CL). Taken together, these constraints represent the highest

precision tests to date of physical mechanisms for the origin of cosmic structure.

Key words. cosmology: cosmic background radiation – cosmology: observations – cosmology: theory – cosmology: early Universe – cosmology:

inflation
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๏Evidence for north-south asymmetries, cold 
spot and octopole and quadripole alignment as 
in WMAP


๏Topology might be complex
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BACKUP
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Expansion accélérée de l’Univers qui permet de 
répondre aux problèmes du modèle de Big-Bang  

!!a(t) > 0 ⇔ p < − ρ
3

 conditions de roulement-lent

Liddle & Lyth 2000

 Paramètres du modèle


   nS : indice spectral du spectre perturbations scalaires


   nT  : indice spectral du spectre perturbations tensorielles


   r   : rapport tenseurs-scalaires


   fNL : paramètre de couplage non-linéaire

Guth 1981!
Starobinsky 1982

21

Principe

CHAMPS SCALAIRE

L’inflation

 Fluctuations quantiques produisent des perturbations gaussiennes


scalaires : fluctuations de densité


tensorielles: ondes gravitationnelles


vectorielles: vortex
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Neutrino physics

➡ Neff = 3.30 + 0.54 - 0.51 (95 % C.L.)


➡ Neff<3.8 & m(sterile nu)<0.42 eV (95%) put pressure on evidence of a light 
sterile neutrino (mini-BooNE (1 eV2) and neutrino reactor anomaly experiments)


➡Tight constraints on the sum of neutrino masses Σmν
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Primordial nucleosynthesis
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CMB + diagramme de Hubble de Supernova de type I + spectre de matière et BAO + constante de Hubble 
CMB [Komatsu et al. 2011, Dunkley et al. 2010]; Supernova [Reiss et al. 1998, Perlmutter et al. 1999]; Pk et BAO [Eisenstein et al. 2005, Padmanabhan et al. 2006, 
Sanchez et al. 2006, Blake et al. 2007] ; Hubble constant [Freedman et al. 2001, Riess et al. 2009].



 Le modèle Λ-CDM plat ajuste bien les données:


!
ΩΛ = 0.725 ± 0.016, ΩCDM = 0.229 ± 0.015, 


Ωb =0.0458±0.0016,H0 =70.2±1.4, ns=0.968±0.012,


τreio=0.088±0.014 et σ8 =0.816±0.024,


t0 = 13.76 ± 0.11 Gyr, zreion = 10.6 ± 1.2

72.5 % Energie Noire

22.9 % Matière 
Sombre

4.5 % Baryons Contraintes fortes sur les modèles 
d’inflation (ou autres alternatives):


!
 ns=0.968±0.012, r < 0.19 (95 %CL), 
−0.061 < dns/dlnk < 0.017

Equation d'état de l'énergie noire


!
 w= -1.10 ± 0.14 (constant) ; w0 = -0.93 ± 0.13 et wa = -0.41 ± 0.71


  w = w0 + wa (1-a)

 Neutrinos et nucléosynthèse


!
 Neff= 4.6 ± 0.8, ∑mν < 0.44 eV (95%CL), YP= 0.313 ± 0.044

Contraintes sur les paramètres cosmologiques avant Planck


