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PLANCK 2013: High Impact !
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3 1664 core citations in 2014

Planck 2013 results. XVI. Cosmological parameters
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Planck 2015 release (papers)

I. Overview of products and results (this paper)
II. Low Frequency Instrument data processing
1. LFI systematic uncertainties
IV. LFI beams and window functions
V. LFI calibration
VL. LFI maps

VIL. High Frequency Instrument data processing: Time-ordered
information and beam processing

VIII. High Frequency Instrument data processing: Calibration
and maps

IX. Diffuse component separation: CMB maps

X. Diffuse component separation: Foreground maps

XI. CMB power spectra, likelihood, and consisiency of
cosmological parameters

XIL. Simulations

XIII. Cosmological parameters

XIV. Dark energy and modified gravity

XKV, Gravitational lensing

XV Isotropy and statistics of the CMB

XVII. Primordial non-Gaussianity

XVIII. Background geometry and topology of the Universe

XIX. Constraints on primordial magnetic fields

XX. Constraints on inflation

XXI. The integrated Sachs-Wolfe effect

XXII. A map of the thermal Sunyaev-Zeldovich effect

XXIII. The thermal Sunyaev-Zeldovich elfect—cosmic infrared
background correlation

XXIV. Cosmelogy from Sunyaev-Zeldovich cluster counts

XXV. Diftuse, low-frequency Galactic foregrounds

XXVI The Second Planck Catalogue of Compact Sources

KXXVIL The Second Planck Catalogue of Sunyaev-Zeldovich
Sources

XXVIII. The Planck Catalogue of Galactic Cold Clumps



Planck 2015: still very high impact !
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Planck 2013 CMB Temperature map




Planck 2015 CMB Temperature map




The CMB Angular Power Spectrum
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Planck 2013 Temperature Angular Spectrum
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Planck 2015 Temperature Angular Spectrum
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The CMB Angular Power
Spectrum

100.00
We can extract 4 independent angular I
spectra from the CMB: 10.00 |-
A
Temperature 3 1.00
Cross Temperature Polarization — -
Polarization type E (density fluctuations) < i
Polarization type B (gravity waves) -

0.10

DD] IR NEE1 L-“’:||||||| 1 Lol

10 100 1000
Multipole moment (/)

sl

Planck 2013 release was only temperature ps.
Planck 2015 now includes polarization !



Planck 2015 TE angular spectrum
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Red Line: Best fit to the TT angular spectrum



Planck 2015 EE angular spectrum
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Red Line: Best fit to the TT angular spectrum



Gravitational Lensing

The gravitational effects of intervening matter bend the path of
CMB light on its way from the early universe to the Planck
telescope. This “gravitational lensing” distorts our image of the
CMB




Gravitational Lensing

A S|mulated patch of CMB sky — before lensing
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Gravitational Lensing

A simulated patch of CMB sky - after lensing
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Planck dark matter distribution throught
CMB lensing

Galactic North Galactic South



PLANCK LENSING 2013 Power Spectrum
Measured from the Trispectrum (4-point correlation)
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It is a 25 sigma effect!!
This spectrum helps in constraining parameters



Planck 2015 Lensing Power spectrum
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Planck 2015 Lensing Map




Constraints on Cosmological
Parameters

(assuming LCDM)



The standard cosmological model

Assumes General Relativity, Inflation, Adiabatic and Scalar Perturbations, flat
universe,

Friedmann-Robertson-Walker (or Friedmann-Lemaitre) metric. Hubble

Constant (+1)
H,=100h km/s/ Mpc

3 Energy components: Baryons, Cold Dark Matter, Cosmological Constant (+3).
Flat Universe (-1). 5
2 _
o, =Qh  Ocpy = Qepy

Initial conditions for perturbations given by Inflation: Adiabatic, nearly scale
invariant initial power spectrum, only scalar perturbations. Two free
parameters (+2): Amplitude and Spectral index.

[(— k Hy Pivot scale is usually fiwed to:
Plk)~ A k—] k, = 0.002 hMpc™

0

Late universe reionization characterized with a single parameter(+1) : optical
depth T or reionization redshift zr.

Total: 1+3-1+2+1= 6 parameters.
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B Slanck EE-+lowP
Plamck TE+ lowE
B Planck TT+lowf
B Planck TT,TEEE+lowF

Parameter constraints
derived from

temperature and

polarization spectra are
In very good agreement.

Planck collaboration 2015
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Planck collaboration 2015

Parameter [1] Planck TT+lowP  [2] Planck TE+lowP  [3] Planck EE+lowP  [4] Planck TT,TE,EE+lowP ([1] — [4])/o
ok L 0.02222 + 0.00023  0.02228 + 0.00025 0.0240 +0.0013 0.02225 + 0.00016 -0.1
QW . 0.1197 + 0.0022 0.1187 +0.0021 0.115070:0048 0.1198 + 0.0015 0.0
1006yc . . ... ... 1.04085 + 0.00047 1.04094 + 0.00051 1.03988 + 0.00094 1.04077 + 0.00032 0.2
L S 0.078 + 0.019 0.053 £ 0.019 0.059:0-022 0.079 + 0.017 -0.1
In(10"%4,) ... ... 3.089 + 0.036 3.031 + 0.041 3.06620 0% 3.094 + 0.034 -0.1
Mg oo innnnnnns 0.9655 + 0.0062 0.965 £ 0.012 0.973 £ 0.016 0.9645 + 0.0049 0.2
Hy ........... 67.31 +0.96 67.73 +0.92 70.2 +3.0 67.27 + 0.66 0.0
9 T 0.315 +0.013 0.300 = 0.012 0.2867 002 0.3156 + 0.0091 0.0
b T 0.829 + 0.014 0.802 +0.018 0.796 + 0.024 0.831 +0.013 0.0
10°Ae™ ... ... 1.880 + 0.014 1.865 + 0.019 1.907 + 0.027 1.882 + 0.012 -0.1

2015 Planck results are perfecly in agreement with the standard
ACDM cosmological model.



Lensing constribution in TT, TE angular
spectra, still too high
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Neutrino cosmology...
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Planck collaboration 2015



Perturbations in the neutrino background
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3 standard Massive Neutrinos
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Massive Sterile Neutrinos
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Massive Sterile Neutrinos
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Consistency with other datasets...
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Small tension between Planck TT best fit
(assuming LCDM) and CMB lensing dataset
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Planck cosmology still in tension with:
*HST value of the Hubble constant

*Weak lensing data from CFHTlens survey
»SZ clusters counts

»Redshift space distortions



»HST value of the Hubble constant:
Ho = (73.8 £ 2.4) km s 'Mpc™

Possible solution:

v In the paper we use the R11 Cepheid data reanalysed by Efstathiou
(2014) using the revised geometric maser distance to NGC 4258 of
Humphreys et al. (2013) as a distance anchor, finding a “conservative”
Ho prior:

Ho = (70.6 + 3.3) km s 'Mpc™

which is within 10 of the Planck TT estimate
Hy = (69.7 +2.1) km s 'Mpc™!, WMAPY,

Hy = (68.0+0.7) kms 'Mpc™', WMAP9+BAO.



*Weak lensing data from CFHTlens survey.

| |
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WL+8mc+BAO 4
Planck TT+lowP
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The grey band show the constraint from Planck CMB lensing.



»SZ clusters counts

The Planck catalog consist of 439 clusters detected via their Sunyaev-

Zeldovich (SZ) signal and prefers smaller value than Planck CMB for
Os.
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»Redshift space distortions
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Constraints on the growth rate of fluctuations from various redshift surveys in the base
ACDM model. The large red circle is BOSS CMASS, as analysed by Samushia et al.
2014, while the points with dashed red error bars correspond to alternative analyses of
BOSS CMASS from Beutler et al. (2014b, small circle) and Chuang et al. (2013, small
square). The BOSS CMASS points are based on the same data set and are therefore
not independent. The grey bands show the range allowed by Planck TT+lowP+lensing
in the base ACDM model.



Extending LCDM: going beyond 6 parameters

(in collaboration with Eleonora Di Valentino
and Joe Silk).



When we analyze current datasets we often limit ourselves to the 6
parameters of LCDM or to 1-2 parameter extensions to it.

Given the high quality of the new data we should extend the parameter
space and analyze the data considering at the same time:

- Variation in the dark energy equation of state w
- Neutrino mass.

- Neutrino effective number

- Gravitational waves (tensor component)

- Running of the primordial spectral index.

- Lensing amplitude in the CMB angular spectra.

i.e. we should, at least, vary 12 cosmological parameters instead of just 6 !



Horo-scope




Cosmo-scope !




Constraints from Planck assuming 6 parameters LCDM
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Constraints from Planck assuming 12 parameters eCDM
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b Planck TTTEEE + lowP (ACDM)

| | |
Flanck TTTEEE + lowP + BAD + HST + lensing (E-ACDM+N,;+4,,...)




Limits at 95 % c.l.
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Di Valentino, Melchiorri, Silk 2015 in prep.




Conclusions

- Planck 2015 provides excellent support to LCDM
- Polarization data significantly improves statistical errors on parameters.
- Lower optical depth respect to WMAP9 results (because of dust).

- Effective neutrino number strongly constrained and compatible with 3
standard relativistic neutrinos (at recombination !).

- Neutrino mass strongly constrained.
But ...

LCDM relies on just 6 parameters, if we move to a more realistic “12”
Parameters model:

- Lensing anomaly starts to be quite serious.

- Neutrino mass is weakly constrained (up to a factor 3 larger errors).
- optical depth is even lower.

- Neutrino effective number is only marginally affected.

... we need to move to larger parameter space !
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