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THE PLANCK SATELLITE

Planck is a 37 generation ESA
satellite devoted to CMB

Ultimate characterization of the
temperature anisotropies

74 detectors (radiometers and

bolometers) in 9 frequency bands
from 30 to 857 GHz

angular resolution between 30’ and

5, AT/T ~2x 10

Final (legacy) release expected
later this year
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PLANCK: TEMPERATURE ANISOTROPIES
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PLANCK: TEMPERATURE ANISOTROPIES

Definitive measurement of the
CMB temperature anisotropies
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PLANCK: POLARIZATION ANISOTROPIES




PLANCK: POLARIZATION ANISOTROPIES

. | Twoindependent components: |
 |a grad-like (E) and a curl-like (B) mode|
| Different behaviour under parity
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PLANCK: POLARIZATION ANISOTROPIES

| Twoindependent components: |
|a grad-like (E) and a curl-like (B) mode|

Still a wealth of information to be
extracted




E mode

B mode

Polarization is a spin 2 tensor,
can be decomposed in parity
even and  parity odd
component (“E” and “B”)

Gravitational potential
(density perturbation, parity
even) can generate the E-
mode polarization, but not B-
modes because CMB physics
is electromagnetic  (parity
conserving)

Primordial Gravitational
waves from inflation can
generate both E- and B-
modes!
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PLANCK: LENSING POTENTIAL




PLANCK PROBES AND EXPLOITS CMB LENSING
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PLANCK: LENSING POTENTIAL

Most significant detection on CMB
lensing to date
Reconstructed from the temperature
and polarization maps




PLANCK: LENSING POTENTIAL

Most significant detection on CMB
lensing to date
Reconstructed from the temperature
and polarization maps

Measures deflection of light due to
intervening structures
(average deflection angle
is ~2.5 arcmin)

Gives integrated information about
the matter distribution between us
and the last scattering surface /
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The information in the maps can be
compressed by computing the 2-point

L correlation functions (i.e., spectra) P
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Parameters of the base ACDM
cosmology

Parameter [1] Planck TT+lowP  [2] Planck TE+lowP  [3] Planck EE+lowP  [4] Planck TT,TE,EE+lowP  ([1] — [4])/o1
QR . 0.02222 + 0.00023 0.02228 + 0.00025 0.0240 + 0.0013 0.02225 + 0.00016 -0.1
Qn ... 0.1197 + 0.0022 0.1187 +£0.0021 0.1 150’_“8:88;‘2 0.1198 +0.0015 0.0
1006y ... ... .. 1.04085 + 0.00047 1.04094 + 0.00051 1.03988 + 0.00094 1.04077 + 0.00032 0.2
T ot e 0.078 +0.019 0.053 +0.019 0.059f8:8%§ 0.079 +0.017 -0.1
In(10'°4,) ... ... 3.089 + 0.036 3.031 £ 0.041 3.066f818§? 3.094 + 0.034 -0.1
g oveeeiieeans 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 +0.92 702 +3.0 67.27 + 0.66 0.0
Qn oo 0.315+0.013 0.300 +£0.012 0.286f8;8§; 0.3156 + 0.0091 0.0
fo 2 ST 0.829 +0.014 0.802 +0.018 0.796 = 0.024 0.831 +0.013 0.0
100Age72" ... ... 1.880 +0.014 1.865 = 0.019 1.907 + 0.027 1.882 +0.012 -0.1

All uncertainties are 68% CL
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Parameters of the base ACDM

Parameter
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Q

cosmology

T
P15 (T+P)+lensing+ext

)
P15 (T+P)+BAO

P15 (T+P)+lensing
P15 (T+P)

P15 (TT)

HOLICOW +, prior
HOLIiCOW

P15 (TT) £>1000

P15 (TT) £ <1000

P15 (T+P)+lensing+ext
P15 (T+P)+BAO

P15 (T+P)+lensing

P15 (T+P)

P15 (TT)

WMAP9+BAO

WMAP9
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Bernal et al 2016
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Temperature fluctuations [ i K? ]

Measured TT spectrum
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Temperature fluctuations [ i K? ]

“Primordia
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10.002

Scalar spectral index and tensor fluctuations
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THE COsMIC NEUTRINO BACKGROUND

The presence of a background of relic neutrinos (CvB) is a basic
prediction of the standard cosmological model

Neutrinos are kept in thermal equilibrium with the
cosmological plasma by weak interactions until T ~ | MeV ( z

~ |OIO);

Below T ~ | MeV, neutrino free stream keeping an equilibrium
spectrum:

|
T eb/T 4|

f.(p)

Today T, = 1.9 Kand n, = |13 part/cm? per species



THE COsMIC NEUTRINO BACKGROUND

This picture is consistent with current CMB observations:
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THE COsMIC NEUTRINO BACKGROUND

This picture is consistent with current CMB observations:
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EFFECTIVE NUMBER OF NEUTRINO FAMILIES

N, =3.13 = 0.32 (PlanckTT+lowP)
N, =3.15 = 0.23 (PlanckTT+lowP+BAO)
N, =299 = 0.20 (PlanckTT,TE,EE+lowP)

N_.=3.04 = 0.18 (PlanckTT,TE,EE+lowP+BAO)

(uncertainties are 68% CL)

N = 4 (i.e., one extra thermalized massless neutrino)
is excluded at between ~ 3 and 5 sigma.



THE COsMIC NEUTRINO BACKGROUND

This picture is consistent with current CMB observations:
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HOW HEAVY?
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Net effect
Is to
decrease
lensing
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Perturbations: free streaming, damping of small-scale

perturbations

- proportional to the neutrino energy density

- the effect is larger for larger masses




HOW HEAVY?

>m, [eV]

95% constraints on total mass PlanckTT PlanckTTTEEE

+lowP <0.72 eV <0.49 eV

+lowP+lensing <0.68 eV <0.59 eV

+lowP+BAO <0.21 eV <0.17 eV

+lowP+ext <0.20 eV <0.15eV

+lowP+lensing+ext <0.23 eV <0.19 eV
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HOW HEAVY?

95% constraints on total mass PlanckTT PlanckTTTEEE
+lowP <0.72 eV <0.49 eV
+lowP+lensing <0.68 eV <0.59 eV
+lowP+BAO <0.21 eV <0.17 eV
+lowP+ext <0.20 eV <0.15 eV
+lowP+lensing+ext <0.23 eV <0.19 eV

8

/Larger mass can partly
alleviate the tension with
LSS probes (smaller cy)
but increases tension
with direct
measurements of the

wubble constant

P eV
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HOW HEAVY?

95% constraints on total mass PlanckTT PlanckTTTEEE
+lowP <0.72 eV <0.49 eV
+lowP+lensing <0.68 eV <0.59 eV
+lowP+BAO <0.21 eV <0.17 eV
+lowP+ext <0.20 eV <0.15 eV

+lowP+lensing+ext <0.23 eV <0.19 eV




PRESENT AND FORTHCOMING CMB PROBES

WMAP
(obs. end
";;Lin 2010)

Planck

In addition,
ABS, CLASS, POLARBEAR-2,
Simons Array, Adv-ACTPal, ...

BICEPRPI1 QUAD
SPTPol BICEP2 KECK

_‘_'-'_ f-*..l F"s“f

In addition, BICEPS3, POLAR QUBIC, .

Ot S)O OM U S Naw. NGA GEBCO
v/ Oeosistemas SRL

In addition, QUIJOTE in Canary island, AMIBA in Hawau
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CO R E The Cosmic Origins Explorer

A proposal in response to the ESA call
for a Medium-Size space mission
for launch in 2029-2030

AAECY

N
= I

Lead Proposer:

Jacques Delabrouille

Co-Leads:
Paolo de Bernardis
Frangois R. Bouchet

For ultimate CMB polarisation maps

GHz  Ngg,
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Conclusions

Planck is quickly approaching its final (legacy) release

It has provided the ultimate (cosmic variance limited) measurement
of CMB anisotropy

... But just opened the door of CMB polarization (which was never
designed to measure, by the way)

It has already fulfilled its promise of measuring the fundamental
cosmological parameters to percent accuracy

And brought remarkable constraints on particle physics parameters as
well, excluding a fourth fully thermalized neutrino and constraining
the total neutrino masses in the range of 0.2 eV

Has measured well one relevant inflationary parameter, the primordial
spectral index, allowing constraints on the inflationary paridigm

Yet has uncovered several tensions with astrophysical measurements,
which may or may not hint at new physics.

Primordial gravitational waves remain unseen.

To exploit the wealth of information that still is in the CMB, we need
to cope with the extraordinary complexity of the sky. This can be
credibly done only with a space mission.



