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Cosmology, established and new physics '@
i _ - HF'l PLANCK

Cosmological models are built out of
— the established fundamental physics at a the present time: General relativity + standard model
of particle physics
— aset of “cosmological parameters” not provided by the model
cosmological observations at “low” redshifts
— dynamics of expansion (H,, q,, BAO)
— lensing associated with LSS
— mass and energy content (galaxies and clusters)

cosmological observations relevant for high redshift and early universe
— He and D abundance (primordial nucleosynthesis z=10°)
— CMB z>1100 + LSS through CMB lensing
— primordial gravity waves indirectly through CMB Bmodes
confrontation of models and observations give values of cosmological parameters
and possible evidence of new physics
— for dark matter,
— dark energy
— number of neutrinos species
— time variation of physics “constants”
— physics at extreme energies acting in the early universe
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=h the A—CDM model H"F -~

* in 1998 Type la Supernovae observations as tracers of the
expansion lead to the evidence of the re-acceleration of the

universe (Riess, Schmidt, Perlmutter)

* soon after (2000) the detection of the acoustic peaks of the CMB
showed that the universe has a Euclidean geometry on large scale

* these resolved the contradictions between the cosmological
observations through the concordance model
— baryonic matter and radiation
— cold dark matter
— A=dark energy/cosmological constant
— flat geometry of space on cosmological distances
— gaussian nearly scale invariant spectrum of initial adiabatic fluctuations
— GR and standard model of particle physics
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predictions of the temperature
oscillated between 5K and tens of K
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Measures of the CMB anisotropies
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Planck goals

Planck (like WMAP) aims at a much better determination
of the A—CDM model parameters through measurements
of the power spectrum up to 7 acoustic peaks (which
remove some degeneracies)

look for evidence of new physics

it also aimed at measuring the lensing of the CMB by LSS
with high accuracy

detecting or putting lower limits on non gaussianity and
limits on neutrino physics

constraining early universe physics (especially inflation
predictions)

measuring the polarization with high signal to noise (5
acoustic peaks in TE and EE, detection or low upper limit
on tensor to scalar ratio down to 3%)
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PLANCK FREQUENCY MAPS
0.7 uK.deg at 143 GHz
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THE PLANCK ALL SKY MAP SHOWING THE CMB oo NPT
AND THE FORGROUNDS e L{@/
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THE PLANCK CMB MAP OF CMB ANISOTROPIES
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Step 2 in analysis: the parameters of the — G&*
__ ACDM model from the power spectra_ HFi rww
the Planck consortia built and delivers to the community a

hybrid likelihood code which compares the observed power
spectrum for (£ > 50) and with the map (£ < 50) with any
combination of cosmological parameters

it also contains a Planck weak lensing likelihood

the input data are cross spectra between 100-143 and 217 GHz
and a low resolution CMB map from the “commander”
component separation using LHI and HFI data

the high £ component separation is done at spectral level

a best model is built using Planck alone or a combination Planck
WMAP EE polar power spectra for 7., but using the 353 GHz
Planck data for dust correction (little change induced)



N
\-L% Step 1:test gaussianity of CMB signal

* the simplest inflation model predicts undetectable non
gaussianity contrary to many more complicated inflation
models

e the input for this analysis is an HFl only map from the SMICA

component separation (2 others are also delivered and give
nearly equivalent results)

* the bispectrum from 3 point correlations can be characterized
by 3 factors fy;

Planck WMAP
— local 2.7+5.8 37120
— equilateral -42+75 -51+136
— orthogonal -25 £39 -245+100

* Planck primordial non Gaussinity upper limits also constrain
inflation models beyond the single field slow roll
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< ACDM model parameters

* the 6 basic measured parameters are
— 0., (angular size of sound horizon at recombination)
— Q,.h? (baryons)
— Q_.h? (cold dark matter)
— 7 (reionization optical depth)
— A (amplitude of the power spectrum)
— ns (the slope of the initial fluctuations)

* derived
— H, (Hubble constant)
— Q, =1-0,-Q_(dark energy)
— 2z, (redshift of reionization)
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Planck data vs model and residuals ‘ L@[

H Fi PLANCK 0
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Constraining the reionization from Planck alone
strengthen the Polarization result
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CMB degeneracies: Q2 ,, @, n ,H, & | L
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\{% Planck with temperature only + WMAP pol fort
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BASE ACDM MODEL

Parameter Value (68%)
Q, h? 0.02207+0.00027
Q_ h? 0.1198+0.0026
note 6 104 error bar 1000. 1.04148+0.00062
Planck +WMAP pol T 0.091+0.014
* 70 [scale invariance n, 0.9585+0.0070
* note accuracyl.8% H, 67.3+1.2
Q, 0.68510.017
Og 0.82810.012

11.1+1.1
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Dark Matter

Dark Energy

> BEFORE PLANCK

15/10/13 J.L. Puget, IAS Orsay



Dark Matter

Dark Energy

> AFTER PLANCK
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Hubble Constant: deviation from astrophysical measurements
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deviation from scale invariance
showing the power of the broad multipoles coverage

_ HFi PLANCR "

A AT I N ENE W ENEE W LE I == H E /JFEE AL § I T ESE W E 7\ - 1 AW &5 . %

(3
o M ne = 0.96

1500 n. = 1.00
X “
e 1000
= o7
Q B
(G
L (

100 500 1000 2000
Multipole moment /¢

aF _ AT ENTT EmwW T AL M ENE W ENEE YW LE I == H B /JFES AL E§ 1 T EEE W E AT I EEWwL BN T™E =

15/10/13 J.L. Puget, IAS Orsay



BBN of Helium and deuterium checked with =
high accuracy D

| I |
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o Aver et al. (2012) Standard BBN
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CMB data can now be used to constrain the astrophysics side of
determinations of the primordial He and D abundances
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Planck also detects lensing of CMB by LSS - LP(:NIiI
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CMB lensing reconstruction
TO) =T@ + V) ~TO) +Veé-VT(0) + ...




CMB lensing reconstruction
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ratio tensor/scalar
dark energy P/p

Planck constrammg phy5|cs

FF aEww TIEN TN ENE W EE WS | O 4 i == Il /JTEs Syl u

EXTENDED ACDM MODELS (Planck+BAO)

Parameter
spatially flat universe Q
neutrinos: mass 2 m, (eV)

extra relativistic species N _¢
check nucleosynthesis Yp
inflation: running index dn./dInk

M0.002
W

I T ENE W EE WS FES ari . T
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HFl PLANCK

N W = > — 2 AW & o 0 >

Value (95%)
-0.0005+0.0066
<0.23
3.30+£0.54
0.267+0.040
-0.014+0.017
<0.11
-1.131£0.24
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neutrinos: no evidence for more relativistic species % { j#iBi
“a@#® Helium: excellent agreement Planck model/primordial He abundance = @
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%zs/ Variations of fundamental physics constant
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* variation of the fine structure constant has been
searched
— in the laboratory (z=0)
— using Big Bang Nucleosynthesis (z=108%)
— CMB anisotropies is sensitive to changes of the fine-
structure constant a (and also to me/mp)

* Planck +BAO+WP

— finds a/a, = 0.9989+0.0037 (error bar about 5 times smaller
than WMAP)
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introduction of an exponential inflation phase in the early
universe provides (1979-1982 Guth, Linde, Starobinsky, Mukhanov)

—  the acceleration which sets up the expansion

—  the origin of the structures as vacuum quantum fluctuations brought
to macroscopic scales

—  the flat space geometry

many inflation and other models have been produced over
30 years all of them with physics beyond the standard model

CMB is the only tool we have at present to test these

It requires a very accurate knowledge of the cosmological
parameters to disentangle the traces of the early universe
phase and the effects of the later phases on the CMB



- 5'”g|e field power law inflation potenna|<v D |l
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e using a classical thermodynamical representation of

the inflation field and its negative pressure (Mukhanov
2013 arXiv 1303.3925)

* P/E =-1+(/(N+1)*with « of order 1 and and f<1

* N being the number of inflationary e-folds between

time CMB scales crossed the horizon and end of
inflation (N > 50 for €2, <10)

* n-1=-35/(N+1)* — a/(N+1) 4% for witha=1and 8 < 1/3
e r=T/S= 1+P/E) =24 /(N+1)* r = 0.16
* energy scale of inflation V= 3.3 1016 r/4 GeV



* this shows that n-1 is of order 4% and
r of order 0.1 for a=1 and a few 103 for for ¢=2

* marginal indications for small tilt from WMAP and
other CMB experiments : 0.97

* Planck demonstrated that 2, < 7 103 and the tilt with
respect to scale invariance (0.958 +-0.007)

* the newt step is to test the tensor to scalar ratior
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B polarization power
spectrum is 5 orders of
magnitude weaker than T

for tensor/scalar =0.1 !
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Planck polarization data: check the TT based model

$¢EE [,U,Kz]
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= stacking of Planck polarization on T peaks and troughs
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Planck B modes sensitivity can detect r down to 0.05 and put
a 3 sigma upper limit at 0.03 if we get to the noise limit
(Efstathiou Gratton)
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=1 Slmulatlon of B modes detection (Efstath'
T ~— Gratton 2009) i

 Planck can detect tensor to scalor ratio down to 0.05

(present best direct upper limit is 0.3 one sigma,
Bicep Chiang et al 2009)
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= Anomalies
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« WMAP data showed a number of “anomalies” in the
statistics of large scale features in the CMB maps
— the cold spot
— the alignement of octupole and quadrupole
— the hemispheric anisotropy of higher | anisotropies

* Planck confirmed them with slighly higher but still
marginal significance
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'  Planck CMB power spectrum
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