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Lecture 1: Cosmology and the 
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Cosmology

• Describes our Universe at large scales
• The current model is based on

• Observations
• The general theory of relativity
• Fundamental high energy theories
• The inflationary hypothesis

• The model depends only on a small number of parameters

COSPAR course, Quito, March 2018

Observational pillars

• The expansion of the Universe
• The abundances of light elements
• The structure and dynamics of luminous matter
• The age of the Universe
• The Cosmic Microwave Background

COSPAR course, Quito, March 2018
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The expansion of the Universe

The observation of distant Supernovas 
indicates that the expansion of the
Universe is accelerating. 
The origin of acceleration is referred to 
as Dark Energy.

Edwin Hubble, 1929

Constant acceleration

Free expansion

Constant deceleration

Recent acceleration,
past deceleration
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The local measurement of H0

1.

COSPAR course, Quito, March 2018

The)Hubble)Constant)in)just)3)Steps..reduced)systema3cs)

H0=73.24 +/- 1.74, 
Km s-1 Mpc-1 

2.4% total  
uncertainty 

19 Calibrations 

300 SNe 

15 Parallaxes 
+ 3 anchors 

Riess 2016

z ~1
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The abundance of light elements

George Gamow
Primordial nucleosynthesis

The production of heavy elements was initially thought to take place in 
stars. Abundance measurements (He, D) indicated that this could not 
be the case. Gamow showed that a very hot and dense phase of the 
Universe was needed to produce these elements.

COSPAR course, Quito, March 2018

The structure of luminous matter

COSPAR course, Quito, March 2018
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The structure of luminous matter

Gott et al. 2003Time  ~ Distance
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Dynamics of luminous matter

The rotation curves of spiral galaxies demonstrate
that there is matter which does not emit light even
though it interacts gravitationally. 
This is Dark Matter.

COSPAR course, Quito, March 2018

Other evidence for dark matter

1. Lensing
2. The bullet cluster
3. …

COSPAR course, Quito, March 2018
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The age of the Universe

Globular clusters have an
age between 12000 and 
18000 million years.

The expansion of the Universe implies an 
age of ~14000 million years

COSPAR course, Quito, March 2018

Cosmic Time-scales
The Ages of the Oldest Globular Clusters:

Bolte (1997) :
T0 = 15± 2.4 (stat)+4

−1 (syst) Gy
Chaboyer (1998) :
T0 = (11.5± 1.3) Gy

Nucleocosmochronology

CS 22892-052 has iron abundance is
1000 times less than the solar value. A
number of species never previously
observed in such metal-poor stars were
detected, as well a single line of thorium.
A lower limit to the age of the star is

(15.2± 3.7)× 109 years .

Schramm found a lower limit to the age of
the Galaxy of 9.6× 109 years and his
best estimates of the age of the Galaxy
are somewhat model-dependent, but
typically ages of about (12− 14)× 109

years.

33

The Cosmic Microwave
Background

Penzias & Wilson 1965

Discovery of a signal of equal 
intensity across the sky –
cosmological origin

U2 experiment 
1970’s

The Dipole

COSPAR course, Quito, March 2018
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The Cosmic Microwave
Background

COBE
1992

T ~ 2.7 K = -270.3 o

Black Body Spectrum

These small fluctuations in the temperature of the CMB
are the origin of luminous structure

COSPAR course, Quito, March 2018

Summary: the “Hot Big Bang”

• Assumption: Causality and physics are the
norm everywhere

• In its infancy the Universe was hot, dense, and 
compact

• Since that time the Universe is expanding, 
gradually cooling and becoming less dense

• Today – as before - the Universe is 
homogeneous and isotropic at large scales

• At small scales there is structure caused by
local non-linear physics, which has evolved
from a featureless plasma

• A special beginning is required: inflation

COSPAR course, Quito, March 2018
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COSPAR course, Quito, March 2018

10-10 secs

10-35 secs

10-43 secs

1017 secs

1013 secs

1 sec

Inflation

Most distant quasar

Grand Unification

Helium synthesis

Electroweak Unification

Quantum gravity

Last Scattering

Physics very
speculative

Physics
speculative

Physics well
known

Physics well
known,
astrophysics not
well known

COSPAR course, Quito, March 2018
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A recipe to understand the Universe

• The Universe was a rather simple object soon after the 
Big Bang

• The Cosmic Microwave Background gives us a picture 
of what it was like at that time

• The large-scale properties of our Universe can be 
boiled down to about a dozen numbers

• The evolution of these properties can be predicted
• Using the CMB can measure these numbers with 

unprecedented accuracy

COSPAR course, Quito, March 2018

Planck:
3rd

Generation 
CMB space 
experiment

2011

COSPAR course, Quito, March 2018
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The sky as seen by a CMB experiment, 
e.g. Planck

CMB, T ~ 2.7 K

Dipole, DT ~3 mK

Milky Way, DT ~1 mK

CMB anisotropies, DT ~50 µK

COSPAR course, Quito, March 2018

The temperature anisotropies of the 
Cosmic Microwave Background

COSPAR course, Quito, March 2018

Planck Collaboration IX, XIII 2016
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Theoretical angular power spectrum of 
the CMB (LCDM) 
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Spherical Harmonics

COSPAR course, Quito, March 2018
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Spherical Harmonics

COSPAR course, Quito, March 2018

Physics at the time of 
recombination

Acoustic oscillations in
the last scattering layer

At the largest 
angular scales, 
the spectrum 
of primordial 
fluctuations is 
preserved

Photon 
diffusion 
damps
the signal 
amplitudes 
at
small 
angular 
scales

Reionisation increases
the optical depth

COSPAR course, Quito, March 2018
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Early Universe physics

Acoustic  physics

Large angles Small anglesLarge angles

~10o ~1o ~0.1o

The angular power spectrum of the temperature and polarisation anisotropies can be 
used to extract the value of fundamental cosmological parameters

COSPAR course, Quito, March 2018

The shape of 
the power 
spectrum 
depends 
sensitively on 
the value of 
cosmological 
parameters

Hu 2002
COSPAR course, Quito, March 2018
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COSPAR course, Quito, March 2018

Main Cosmological Parameters

• Ho Hubble constant (present expansion rate)
• q Deceleration parameter
• t0 Age of the Universe
• Wo Cosmological total density parameter
• Wb Baryon density
• Wc Cold dark matter density
• Wc Massive neutrino density
• WL Dark energy density (Cosmological constant)
• w Dark energy Equation of state
• ns Spectral index of scalar perturbations
• Q  Amplitude of fluctuation spectrum
• r  Ratio of Gravitational wave to density 

perturbations
• tr Residual optical depth due to reionisation
• s8 Mass fluctuations on 8 Mpc scale

COSPAR course, Quito, March 2018
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Theoretical angular power spectrum of the 
polarised CMB 
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E-mode spectrum

B-mode spectrum

Temperature spectrum

COSPAR course, Quito, March 2018

CMB polarisation at the time of 
recombination

COSPAR course, Quito, March 2018

1. The CMB is “released” at the epoch of last scattering
2. Thomson scattering polarises light 
3. If radiation is homogeneously distributed, then on the average there is no 

polarisation
4. If there is a (quadrupolar) asymmetry in the radiation field, then some 

polarisation is generated
5. Quadrupole anisotropies of radiation can be generated during recombination 

by photons diffusing into gravity wells
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CMB E-mode polarisation

1. Scattering can only produce E-mode 
polarization

2. CMB E-mode polarisation by scattering 
occurs at two epochs:

a. At the end of recombination
– Small angular scales
– Follows acoustic 

structures
b. At the beginning of structure 

and star formation 
(“reionization”, z>10)

– Large angular scales
– Typically parametrized by 

one parameter (t)

COSPAR course, Quito, March 2018

Primordial gravitational waves

1. Inflation predicts near scale invariant spectrum of gravitational 
waves (pgws)

a. Amplitude proportional to the energy scale (squared)
2. Pgws imprint tensor-mode fluctuations on matter at the end of 

inflation
a. These fluctuations persist into the recombination era where 

they appear at <degree scales
3. Interaction with the radiation 
quadrupole generates 
B-mode polarisation

Note: pgws also generate signals 
On TT and EE !

COSPAR course, Quito, March 2018
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More B-modes

1. During reionization there is some re-
scattering of the large-scale B-modes

2. Gravitational lensing transforms E-modes 
into B-modes

COSPAR course, Quito, March 2018

Polarisation physics summary

1. Polarisation is generated 
in the last scattering 
layer

2. Primordial gravitational 
waves can only produce 
B-modes

3. Reionisation also adds a 
polarised B-mode signal 
– at large angular scales

4. Weak lensing produces 
an additional 
perturbation

COSPAR course, Quito, March 2018
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Summary

COSPAR course, Quito, March 2018

Predicted Spectra (sum)

Reminder: foregrounds…

The temperature anisotropies of the 
Cosmic Microwave Background

COSPAR course, Quito, March 2018

Planck Collaboration IX, XIII 2016



20

2015

  

François R. Bouchet, "Planck CMB Cosmology" 

5 

Planck Collaboration XII 2016
COSPAR course, Quito, March 2018

SMICA

SMICA

The polarization anisotropies of the 
Cosmic Microwave Background

Planck Collaboration: Di�usecomponent separation: CMB maps

Commander NILC

SEVEM SMICA

− 15 15µK

Fig.6. Component-separated CMB Qmapsat resolution FWHM 100, Nside = 1024.

Commander NILC

SEVEM SMICA

− 15 15µK

Fig.7. Component-separated CMB U mapsat resolution FWHM 100, Nside = 1024.

10

U

Q

E-modes

COSPAR course, Quito, March 2018

Planck Collaboration IX, XIII 2016
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Planck Collaboration: Di↵use component separation: CMB maps

Full Q Full U

Full E Full B

HRHD E

�10 �5 0 5 10

µKcmb

HRHD B

�10 �5 0 5 10

µKcmb

Fig. 8. 20� ⇥ 20� patch of the high-pass filtered Commander CMB polarization map, centered on the North Ecliptic Pole, (l, b) =
(96�, 30�). Each map is pixelized with a HEALPix resolution of Nside = 1024, and has an angular resolution of 100 FWHM. The top
row shows Q and U maps derived from the full-mission data set, the middle row shows the corresponding E and B maps, and the
bottom row shows the E and B maps of the half-ring half-di↵erence (HRHD) map. Note the characteristic + and ⇥ patterns in the
Q and U maps, and the clear asymmetry between E and B in the full data set. Also note that the HRHD E map is consistent with
both the full and HRHD B maps.

11

Polarized CMB

Zooming into a 20x20 deg
patch (NEP) shows:
• Characteristics (+ and x) 

patterns for U and Q maps
• High signal-to-noise for E-

modes
• Very low signal-to-noise 

for B-modes

Q    U

E   B

Noise
COSPAR course, Quito, March 2018

Lensing of the CMB

COSPAR course, Quito, March 2018

Planck Collaboration XV 2016
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Planck foregrounds| S.White| Paris | 21.3.2013 | Planck press conf. | Pag. 43

A simulated patch of CMB sky – before lensing

10º

Gravitational lensing of the CMB

COSPAR course, Quito, March 2018

Planck foregrounds| S.White| Paris | 21.3.2013 | Planck press conf| Pag. 44

A simulated patch of CMB sky – after lensing

10º

Gravitational lensing of the CMB

COSPAR course, Quito, March 2018
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The integrated mass of the Universe

COSPAR course, Quito, March 2018 �0.5
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CMB lensing gives us a measure of 
physics at late times

The six-parameter 
LCDM model

COSPAR course, Quito, March 2018

Planck Collaboration XIII 2016

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.11 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

11Note that neither of these error estimates reflect the true uncer-
tainty in foreground removal.

16

• A six-parameter “vanilla” LCDM model is sufficient to explain the data
• The 2015 LCDM model is consistent with the 2013 LCDM model 
• The LCDM 2015 model based on temperature is consistent with that 

based on polarization
• Remaining systematic effects have little influence on parameters

• The full (temperature+polarization) LCDM model improves significantly 
uncertainties over the temperature-only model
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The new recipe of the Universe

Uncertainties
• Dark matter 

to ~1.1%
• Baryonic 

matter to 
~0.7%

• Dark energy 
to ~1.2%

• Age to 26 
million yrs

• Hubble 
constant to 
<1% 

ns ~ 0.965 (to ~0.5%)
Age of the Universe: 13.8 Gyr
Hubble constant: 67.5 km s-1/Mpc 

COSPAR course, Quito, March 2018 Planck 2015 results

26.2%

68.9%

The 2015 CMB model
(based on Planck TT+lowP+lens) [68% rel unc]

Characteristics of the Universe
• The amount of normal matter in the Universe: 4.84% [2%]
• The amount of cold dark matter in the Universe: 25.9%  [4.2%]
• The amount of dark energy in the Universe: 69.2%  [1.7%] 
• The age of the Universe: 13799 million years [0.3%]
• The speed of expansion of the Universe: H0 ~67.8 km/s/Mpc [1.3%]
• The curvature of the Universe: it is flat ! (to < 0.55%)
• The epoch of reionization is later than previously thought: zre ~ 8.8+1.7

-1.4

Properties related to very early physics
• The spectral index of fluctuations at large scales: ns ~0.968  [0.6%]
• Fluctuations are gaussian to high accuracy
• The amplitude of primordial gravitational waves: r < 0.11 (r < 0.09 incl. Bicep2Keck)

No evidence for new physics 
• Mass of neutrinos  Smn < 0.67 eV, Neff ~3.13 [13%]
• Abundances of light elements fully consistent with BBN
• The equation of state of dark energy  w = -1.006 �0.045 (Planck + SN)
• …

Planck Collaboration XIII, XVII 2016

COSPAR course, Quito, March 2018
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Polarisation & inflation

1. Diagnostics of inflation
a. spectral index 
b. r =Tensor/Scalar

= 0.1 (Einf/2x1016

GeV)4

[Lyth 1984, GUT 
motivated inflation]

COSPAR course, Quito, March 2018

Implications on inflation models

COSPAR course, Quito, March 2018
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Non Gaussianity in the CMB
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Inflation predicts nearly perfectly Gaussian fluctuations

COSPAR course, Quito, March 2018

Non-gaussianity and other anomalies

1. No real signs yet of primordial non-
gaussianities

a. Consistency with passive 
evolution of adiabatic, 
gaussian, nearly-scale-
invariant, primordial seeds

b. Significant constraints on 
inflationary models

2. The “low-ell deficit” in the power 
spectrum persists

3. Large-scale anomalies seen by 
WMAP and P2013 persist

a. a-posteriori bias ?

COSPAR course, Quito, March 2018

Planck Collaboration: Planck 2015 Results. Constraints on primordial NG
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Fig. 5. Modal reconstruction for the WMAP-9 bispectrum (left) and the Planck SMICA 2015 T-only bispectrum (right) plotted for
the domain `  450, using identical isosurface levels. Here, we employed the full 2001 eigenmodes for both the Planck analysis
at `max = 2000 and for WMAP-9 analysis at `max = 600, but for comparison purposes we have only used the first 600 eigenmodes
in order to obtain a comparable resolution. The main features in the WMAP-9 bispectrum have counterparts in the Planck version,
revealing an oscillatory pattern in the central region, as well as features on the tetrapyd surface. The WMAP-9 bispectrum has a
much larger noise signal beyond ` = 350 than the more sensitive Planck experiment, leading to apparent residuals in this region.

Table 11. Results for the fNL parameters of the primordial lo-
cal, equilateral, and orthogonal shapes, determined by the KSW
estimator from the SMICA foreground-cleaned map. Both inde-
pendent single-shape results and results with the ISW-lensing
bias subtracted are reported; error bars are 68 % CL. The di↵er-
ence between the last column in this table and the correspond-
ing values in the previous table is that in the second column here
the equilateral and orthogonal shapes have been analysed jointly.
The final reported results of the paper are shown in bold.

fNL(KSW)

Shape and method Independent ISW-lensing subtracted

SMICA (T)
Local . . . . . . . . . 10.2 ± 5.7 2.5 ± 5.7
Equilateral . . . . . . �13 ± 70 �16 ± 70
Orthogonal . . . . . �56 ± 33 �34 ± 33
SMICA (T+E)

Local . . . . . . . . . 6.5 ± 5.0 0.8 ± 5.0
Equilateral . . . . . . 3 ± 43 �4 ± 43
Orthogonal . . . . . �36 ± 21 �26 ± 21

isosurfaces, show the same bispectrum structure including the
“plus-minus” feature clearly bisecting the main ` = 200 peak
and the first oscillation of the ISW-lensing bispectrum visible
along the lower tetrapyd edges. The WMAP-9 reconstruction
only shows significant di↵erences from Planck in the top right
region, where the higher noise levels in WMAP-9 make its re-
construction less reliable.

All four components of the temperature and polarization
bispectrum reconstruction obtained from SMICA are shown in
Fig. 6. A direct comparison of the EEE polarization bispectrum
for SEVEM, NILC and Commander, is shown in Fig. 7, where we

note that these are orthogonalized E-mode contributions (see the
Modal 2 discussion in Sect. 3). It is interesting to observe pat-
terns of features evident in the polarization bispectra from the
di↵erent foreground-cleaned maps, which, although inherently
noisier, have qualitative similarities. At a quantitative level, how-
ever, the polarization bispectra modes from di↵erent methods are
less correlated in polarization than in temperature, as we discuss
in Sect. 7.

6.2.2. Binned bispectrum reconstruction

The (reconstructed) binned bispectrum of a given map is a
natural product of the binned bispectrum estimator code (see
Sect. 3.3). To test if any bin has a significant NG signal, we
study the binned bispectrum divided by its expected standard
deviation, a quantity for which we will use the symbol Bi1i2i3 .
With the binning used in the estimator, the pixels are dominated
by noise. We thus smooth in three dimensions with a Gaussian
kernel of a certain width �bin. To avoid edge e↵ects, due to the
sharp boundaries of the domain of definition of the bispectrum,
we renormalize the smoothed bispectrum, so that the pixel val-
ues would be normal-distributed for a Gaussian map.

In Figs. 8 and 9, we show slices of this smoothed binned
signal-to-noise bispectrum Bi1i2i3 with a Gaussian smoothing of
�bin = 2, as a function of `1 and `2. Very red or very blue regions
correspond to a significant NG of any type. The two figures only
di↵er in the value chosen for the `3-bin, which is [518, 548] for
the first figure, and [1291, 1345] for the second. We have de-
fined two cross-bispectra here: BT2E

i1i2i3 ⌘ BTT E
i1i2i3 + BT ET

i1i2i3 + BETT
i1i2i3 ;

and BT E2
i1i2i3 ⌘ BT EE

i1i2i3 + BET E
i1i2i3 + BEET

i1i2i3 . These two cross-bispectra
are then divided by their respective standard deviations (taking
into account the covariance terms) to produce the correspond-
ing BT2E

i1i2i3 and BT E2
i1i2i3 . Those three di↵erent permutations are not

equal a priori due to the condition i1  i2  i3, which is imple-
mented in the code to reduce computations by a factor of six.
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Power asymmetry in Planck 2014 
full mission data 

Planck 2014 - The microwave sky in temperature and polarization, Ferrara, 1 Dec 2014 

Features on 2014 full mission data are very similar to 2013 nominal mission data. 
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Non-gaussianity of the CMB

Planck Collaboration: Isotropy and statistics

Fig. 17. Full 3D CMB bispectrum recovered from the Planck foreground-separated maps (modes illustrated in fig. 15, including
SMICA (left), NILC (centre) and SEVEM (right). These are plotted in three-dimensions with multipole coordinates {`1, `2, `3}; the
triangle condition restricts the bispectrum to a tetrahedral domain out to the experimental resolution limit ` < `max = 2000. Several
density contours are plotted with red positive and blue negative. The bispectra from di↵erent component-separation methods are
almost indistinguishable with the same features also appearing in Fourier and polynomial expansions. Note the central and flattened
features for ` < 1200 and also the oscillating CMB ISW lensing signal in the squeezed limit along the edges of the tetrapyd.

Fig. 18. Comparison between the WMAP seven-year bispectrum signal
(left) (Fergusson et al. (2010b)) and the low-` signal of Planck (right)
reconstructed from the SMICA foreground-separated map (in both cases
using polynomial modes). The same basic patterns are observed in both
bispectra, including an apparent central ‘oscillatory’ feature.

in the WMAP data, namely the quadrupole-octopole alignment
(Sect. 5.1), the low variance (Sect. 5.2), hemispherical asymme-
try (Sect. 5.3), phase correlations (Sect. 5.4), dipolar power mod-
ulation (Sect. 5.5), generalized power modulation (Sect. 5.6),
parity asymmetry (Sect. 5.7) and the Cold Spot (Sect. 5.8). Each
of these anomalies may represent di↵erent violations of the fun-
damental properties of isotropy and/or Gaussianity of the CMB
data which are assumed in the estimation of the CMB power
spectrum.

There is an ongoing debate about the significance of these
anomalies in the literature. A critical issue relates to the role of
a posteriori choices — whether interesting features in the data
bias the choice of statistical test or if arbitrary choices in the sub-
sequent data analysis enhance the significance of the features.
Indeed, the WMAP team (Bennett et al. 2011) contends that the
anomalies are significantly over-interpreted due to such selec-
tions, whilst other authors claim highly significant and robust
detections. Therefore, care must be taken to address the issue,
since our analyses are necessarily follow up tests of the previ-
ous WMAP investigations. However a careful and fair statistical
treatment can allow us to study possible links among the anoma-
lies and to search for a physical interpretation.

Fig. 19. The wavelet bispectrum reconstruction yi statistics for
the foreground cleaned Planck data map. Considered data map:
combined map cleaned with C-R, NILC, SEVEM and SMICA. The
solid yellow lines represent the 3� error-bars for SMICA (similar
error-bars are obtained for C-R, NILC, and SEVEM maps).

5.1. Mode alignment

Tegmark et al. (2003) first reported a significant alignment be-
tween the orientation of the quadrupole and the octopole in the
WMAP first year temperature data. We study this quadrupole-
octopole alignment in the Planck data using the maximization
of the angular momentum dispersion as described in de Oliveira-
Costa et al. (2004). Specifically, we determine the orientation of
the multipoles by finding the axis n around which the angular
momentum dispersion
X

m

m2|a`m(n)|2 (33)

is maximized. Here, a`m(n) denotes the spherical harmonics co-
e�cients of the CMB map in a rotated coordinate system with
its z-axis in the n-direction. This definition of the multipole-
orientation has been devised for planar multipoles and is sim-
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SMICA bispectrum

Planck Collaboration: The Planck mission

Table 10. Separable template-fitting estimates of primordial fNL for
local, equilateral, orthogonal shapes, as obtained from SMICA fore-
ground cleaned maps, after marginalizing over the Poissonian point-
source bispectrum contribution and subtracting the ISW-lensing bias.
Uncertainties are 1�.

fNL

Local Equilateral Orthogonal

2.7 ± 5.8 �42 ± 75 �25 ± 39

Alternative geometries and non-trivial topologies have also
been analyzed (see (Planck Collaboration XXVI 2013) for more
details). The Bianchi VIIh models, including global rotation
and shear, have been constrained, with the vorticity parameter
!0 < 10�9H0 at 95 % confidence. Topological models are con-
strained by the lack of matched circles or other evidence of large-
scale correlation signatures, limiting the scale of the fundamen-
tal domain to the size of the diameter of the scattering surface in
a variety of specific models.

9.3. CMB polarization

The current data release and scientific results are based on CMB
temperature data only. Planck measures polarization from 30 to
353 GHz, and both Data Processing Centres routinely produce
polarization products. The analysis of polarization data is more
complicated than that of temperature data, and is therefore in a
less advanced state. There are several reasons for this: the re-
sponse of each detector to polarization is di�cult to calibrate
due to the lack of celestial standard sources; the amplitude of
the polarized CMB signal is low and astrophysical foregrounds
dominate over the CMB over the whole sky; and the detection
of polarized signals is subject to specific systematic e↵ects. An
example of the last of these is leakage of total intensity into the
polarization maps. This can occur because Planck measures po-
larization by di↵erentiating a common intensity mode from de-
tectors sensitive to linear polarization with di↵erent orientations,
and there are di↵erential calibration errors between pairs of de-
tectors. Nevertheless, strong polarized synchrotron and thermal
dust emission from the Galaxy are currently being imaged with
high significance (see Sect. 8.2.4).

These issues are not yet resolved at a level satisfactory
for cosmological analysis at large angular scales (` <100).
At smaller angular scales, however, systematic e↵ects are sub-
dominant and uncertainties are dominated by residual detector
noise. At high Galactic latitudes, CMB polarization is being
measured by Planck with unprecedented sensitivity at angular
scales smaller than a few degrees.

Planck’s capability to detect polarization is well illustrated
by the use of stacking to enhance the measurement of polariza-
tion around CMB peaks. Adiabatic scalar fluctuations predict
a specific polarization pattern around cold and hot spots, and
this pattern is what we seek to image. We used ILC estimates
(Eriksen et al. 2004) of the CMB I, Q, and U maps from 100
to 353 GHz, degraded to an HEALPix resolution of Nside = 512
and smoothed to 30 arc-minutes. After applying the Planck mask
used for component separation (Planck Collaboration XII 2013),
we find on the remaining 71 % of the sky 11 396 cold spots
and 10 468 hot spots, consistent with the ⇤CDM Planck best
fit model prediction (which anticipates 4⇡ fskyn̄peak = 11073 hot
and cold spots each). Around each of these temperature ex-
trema, we extract 5� ⇥ 5� square maps that we co-add to pro-

duce stacked maps for I, Q and U. Q and U stacked maps are
then rotated in the temperature extrema radial frame Qr(✓) and
Ur(✓) (Kamionkowski et al. 1997). In this reference frame the
standard model predicts Qr(✓) alternating between positive (ra-
dial polarization) and negative (tangential polarization) values
and Ur(✓) = 0.

Figure 27 shows the stacked I and Qr (Q in the radial frame)
maps for cold and hot spots, computed from the Planck data
and compared to the ⇤CDM Planck best fit. Measurements ex-
tracted from the stacked maps are in very good agreement with
the Planck best-fit model. The combined best fit amplitude is
0.999 ± 0.010 (68 % CL) leading to a statistical significance of
the detection larger than 95�.

The most interesting cosmological signal visible in polariza-
tion is the very large-scale (` < 10) E-mode peak due to reion-
ization, at a typical brightness level of 0.3 µK. At the present
stage of analysis, and with the data currently available, there are
unexplained residuals in the survey-to-survey di↵erence maps
that are comparable to or larger than an expected B-mode signal.
For these reasons, we are delaying the use of CMB polarization
measurements from Planck from cosmological analysis until we
have a firmer understanding and control of such systematic ef-
fects.

9.4. The ISW effect

In the spatially flat Universe clearly established by Planck, the
detection of the integrated Sachs-Wolfe (ISW) e↵ect provides
complementary evidence of the accelerated expansion of the uni-
verse, governed by some form of Dark Energy. The high sensitiv-
ity, high resolution and full-sky coverage of Planck has permit-
ted us, for the first time, to obtain evidence of the ISW directly
from CMB measurements, via the non-Gaussian signal induced
by the cross-correlation of the secondary anisotropies due to the
ISW itself and the lensing clearly detected by Planck (Planck
Collaboration XVII 2013). Following this approach, we report
an ISW detection of ⇡ 2.5� from the CMB alone.

In addition, we have also confirmed (Planck Collaboration
XIX 2013) the ISW signal by cross-correlating the clean CMB
maps produced by Planck with several galaxy catalogues, which
act as tracers of the gravitational potential. This standard tech-
nique provides an overall detection of ⇡ 3�, by combining in-
formation from all the surveys at the same time. This figure
is somewhat weaker than previous claims made from WMAP
data (e.g., Ho et al. 2008; Giannantonio et al. 2012). Di↵erences
do not seem to be related to the CMB data itself, but rather to the
way in which the uncertainties are computed and, especially, to
the characterization of the galaxy catalogues. A clear agreement
with previous detection claims (. 3�) using the NVSS data is
reported. The ISW amplitude estimation made with Planck is
in very good agreement with the theoretical expectation (which
depends on such characterizations), whereas deviations of more
than 1� were found in previous works. These results give sup-
port and robustness to our findings.

The ISW signal induced by isolated features in the large-
scale structure of the universe has also been studied. In par-
ticular, we have stacked the CMB fluctuations in the positions
of voids and super-clusters, showing a clear detection (above
3� and almost 3� for voids and clusters, respectively) of a
secondary anisotropy. The results are compatible with previous
claims made with WMAP data (Granett et al. 2008), and the
most likely origin of the secondary anisotropy is the time evolu-
tion of the gravitational potential associated to those structures.
However, the signal initially detected is at odds in scale and am-
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Anomalies

1. Most WMAP large-scale anomalies persist (individually of low 
significance)

a. Low quadrupole & octopole
b. Cold Spot
c. Hemispheric asymmetry
d. Alignments, phase correlations, etc

2. Low multipole power deficit Planck Collaboration: Cosmological parameters
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Fig. 39. Left: Planck TT spectrum at low multipoles with 68% ranges on the posteriors. The “rainbow” band show the best fits to
the entire Planck+WP likelihood for the base ⇤CDM cosmology, colour-coded according to the value of the scalar spectral index
ns. Right: Limits (68% and 95%) on the relative amplitude of the base ⇤CDM fits to the Planck+WP likelihood fitted only to the
Planck TT likelihood over the multipole range 2  `  `max.

We find the following notable results using CMB data alone:

– The deviation of the scalar spectral index from unity is ro-
bust to the addition of tensor modes and to changes in the
matter content of the Universe. For example, adding a tensor
component we find ns = 0.9600 ± 0.0072, a 5.5� departure
from ns = 1.

– A 95% upper limit on the tensor-to-scalar ratio of r0.002 <
0.11. The combined contraints on ns and r0.002 are on the
borderline of compatibility with single-field inflation with a
quadratic potential (Fig. 23).

– A 95% upper limit on the summed neutrino mass of
P

m⌫ <
0.66 eV.

– A determination of the e↵ective number of neutrino-like rel-
ativistic degrees of freedom of Ne↵ = 3.36±0.34, compatible
with the standard value of 3.046.

– The results from Planck are consistent with the results of
standard big bang nucleosynthesis. In fact, combining the
CMB data with the most recent results on the deuterium
abundance, leads to the constraint Ne↵ = 3.02 ± 0.27, again
compatible with the standard value of 3.046.

– New limits on a possible variation of the fine-structure
constant, dark matter annihilation and primordial magnetic
fields.

We also find a number of marginal (around 2�) results,
perhaps indicative of internal tension within the Planck data.
Examples include the preference of the (phenomenological)
lensing parameter for values greater than unity (AL = 1.23±0.11;
Eq. 44) and for negative running (dns/d ln k = �0.015±0.09; Eq.
62b). In Planck Collaboration XXII (2013), the Planck data indi-
cate a preference for anti-correlated isocurvature modes and for
models with a truncated power spectrum on large scales. None
of these results have a decisive level of statistical significance,
but they can all be traced to an unusual aspect of the tempera-
ture power spectrum at low multipoles. As can be seen in Fig.
1, and on an expanded scale in the left-hand panel of Fig. 39,
the measured power spectrum shows a dip relative to the best-fit
base ⇤CDM cosmology in the multipole range 20 <⇠ ` <⇠ 30 and
an excess at ` = 40. The existence of “glitches” in the power
spectrum at low multipoles was noted by the WMAP team in the

first-year papers (Hinshaw et al. 2003; Spergel et al. 2003) and
acted as motivation to fit an inflation model with a step-like fea-
ture (Peiris et al. 2003). Similar investigations have been carried
out by a number of authors, (see e.g., Mortonson et al. 2009, and
references therein). At these low multipoles, the Planck spec-
trum is in excellent agreement with the WMAP nine-year spec-
trum (Planck Collaboration XV 2013), so it is unlikely that any
of the features such as the low quadrupole or “dip” in the multi-
pole range 20–30 are caused by instrumental e↵ects or Galactic
foregrounds. These are real features of the CMB anisotropies.

The Planck data, however, constrain the parameters of the
base ⇤CDM model to such high precision that there is little re-
maining flexibility to fit the low-multipole part of the spectrum.
To illustrate this point, the right-hand panel of Fig. 39 shows the
68% and 95% limits on the relative amplitude of the base⇤CDM
model (sampling the chains constrained by the full likelihood)
fitted only to the Planck TT likelihood over the multipole range
2  `  `max. From multipoles `max ⇡ 25 to multipoles `max ⇡
35, we see more than a 2� departure from values of unity. (The
maximum deviation from unity is 2.7� at ` = 30.) It is di�cult
to know what to make of this result, and we present it here as a
“curiosity” that needs further investigation. The Planck temper-
ature data are remarkably consistent with the predictions of the
base ⇤CDM model at high multipoles, but it is also conceivable
that the ⇤CDM cosmology fails at low multipoles. There are
other indications, from both WMAP and Planck data for “anoma-
lies” at low multipoles (Planck Collaboration XXIII 2013), that
may be indicative of new physics operating on the largest scales
in our Universe. Interpretation of large-scale anomalies (includ-
ing the results shown in Fig. 39) is di�cult in the absence of a
theoretical framework. The problem here is assessing the role of
a posteriori choices, i.e., that inconsistencies attract our atten-
tion and influence our choice of statistical test. Nevertheless, we
know so little about the physics of the early Universe that we
should be open to the possibility that there is new physics be-
yond that assumed in the base ⇤CDM model. Irrespective of the
interpretation, the unusual shape of the low multipole spectrum
is at least partly responsible for some of the 2� e↵ects seen in
the analysis of extensions to the⇤CDM model discussed in Sect.
6.
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Isotropy: the hemispherical 
asymmetry

COSPAR course, Quito, March 2018

Bianchi model ?

No significant detection of 
multiply-connected 
topologies

An anisotropic (Bianchi 
VIIh) model fits some of 
the anomalies rather well, 
but is quite unphysical

Still searching for a model 
which explains the 
anomalous features… 

COSPAR course, Quito, March 2018
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Imaging the lensing deflection

The locations of 20000 
peaks and troughs in 
the “CIB” are stacked 
in the lensing map.

The deflection by 
lensing due to mass is 
directly imaged…

Planck Collaboration: Planck 2013 results. XVIII. Gravitational lensing-infrared background correlation

Fig. 4. Temperature maps of size 1 deg2 at 545 and 857 GHz stacked on the 20,000 brightest peaks (left column), troughs (centre
column) and random map locations (right column). The stacked (averaged) temperature maps is in K. The arrows indicate the
lensing deflection angle deduced from the gradient of the band-pass filtered lensing potential map stacked on the same peaks. The
longest arrow corresponds to a deflection of 6.300, which is only a fraction of the total deflection angle because of our filtering. This
stacking allows us to visualize in real space the lensing of the CMB by the galaxies that generate the CIB. A small and expected
o↵set ('10) was corrected by hand when displaying the deflection field.

was corrected for in this plot. We have verified in simulations
that this is due to noise in the stacked lensing potential map that
shifts the peak. As expected, we see that the temperature max-
ima of the CIB, which contain a larger than average number of
galaxies, deflect light inward, i.e., they correspond to gravita-
tional potential wells, while temperature minima trace regions
with fewer galaxies and deflect light outward, i.e., they corre-
spond to gravitational potential hills.

5. Statistical and systematic error budget

The first pass of our pipeline suggests a strong correlation of
the CIB with the CMB lensing potential. We now turn to in-
vestigate the strength and the origin of this signal. We will first
discuss the di↵erent contributions to the statistical error budget
in Sect. 5.1, and then possible systematic e↵ects in Sect. 5.2.
Although the most straightforward interpretation of the signal is
that it arises from dusty star-forming galaxies tracing the large-
scale mass distribution, in Sect. 5.3 we consider other potential
astrophysical origins for the observed correlation.

5.1. Statistical error budget

In this section we discuss any noise contribution that does not
lead to a bias in our measurement. The prescription adopted
throughout this paper is to obtain the error estimates from the
naive Gaussian analytical error bars calculated using the mea-
sured auto-spectra of the CIB and lensing potential. We find that
these errors are approximately equal to 1.2 times the naive scat-
ter within an `-bin, and we will sometimes use this prescription
where appropriate for convenience (as will be stated in the text).
This is justified in Appendix A where we consider six di↵erent
methods of quantifying the statistical errors using both simula-
tions and data. The Gaussian analytical errors, �ĈT�

` , are calcu-
lated using the naive prescription

fsky (2` + 1)�`
⇣
�ĈT�
`

⌘2
= ĈTT

` Ĉ��` +
⇣
CT�
`

⌘2
, (3)

where as before fsky is the fraction of the sky that is unmasked,
�` = 126 for our 15 linear bins between ` = 100 and ` = 2000,
ĈTT
` and Ĉ��` are the spectra measured using the data, and CT�

`
is the model cross spectrum. This last term provides a negligi-

7

RandomCIB peaks & troughs
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Summary of CMB results

1. The 6-parameter “vanilla” LCDM model fits the data very well – no 
need for additional physics

2. The estimated parameters are constrained to ~1%
3. Hubble constant lower than expected
4. Curvature very tightly constrained
5. No evidence for more than 3 types of neutrinos
6. No evidence for non-gaussianity
7. New constraints for inflationary models: single-field slow-roll inflation 

is preferred

8. Confirmation of WMAP anomalies; deficit of power at large angular 
scales

9. High-significance measurement of CMB lensing and CMB-CIB cross-
correlation

COSPAR course, Quito, March 2018 Planck 2015 results
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Many other results !

1. Constraints on strings and other defects
2. Integrated Sachs-Wolfe effect
3. Diffuse Sunyaev-Zeldovich emission
4. Detection of CMB Doppler aberration and modulation
5. Galaxy clusters
6. Extragalactic science: radio, IR galaxies
7. Galactic science: dust, CO, etc
8. Zodiacal emission
9. …

COSPAR course, Quito, March 2018

Modern cosmology

• Concordance
• Many observational lines converge towards a single 

coherent picture

LCDM
• Precision

• We can measure the parameters of our model with precision 
of order 1% 

COSPAR course, Quito, March 2018
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Agrees with Double Dark Theory!Matter Distribution

COSPAR course, Quito, March 2018
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CMB-only progress in LCDM

COSPAR course, Quito, March 2018
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• What is the nature of dark matter ?
• What is dark energy ?
• Why do we live at a time when expansion 

starts to accelerate ? 
• Did inflation occur ? 
• What made inflation happen ? 
• .....

Fundamental questions are still open…

COSPAR course, Quito, March 2018
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• Planck provides a very complete view of 
both the near and the very distant Universe

• It will remain for many years a unique 
source of data to address a wide range of 
problems, from cosmology to astrophysics

• The Planck Legacy Archive already provides 
all the data that Planck has acquired
• Every cosmologist and astronomer will 

find something useful in it
• USE IT !!!

• These are exciting times for cosmology

COSPAR course, Quito, March 2018

Summary

CMB status 2016

COSPAR course, Quito, March 20182 180 500 1500 3000 5000
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Thank you

COSPAR course, Quito, March 2018


