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Polarized Dust Emission



  

Dust Intensity & Polarization



  

Synchrotron Emission



  

The cosmic microwave background
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ca. 1 angular degree



  

Recombination & photon diffusion
● Before (re)combination: photons 

scatter on free electrons

● After: photons free-stream through 
Universe 

● Observed CMB light from surface of 
last scattering 

● Finite duration of recombination 
permitted photons to diffuse

● Struktures smaller than 5 arcmin are 
erased

● Details depend on 
ionization history:
more late ionization 
→ less CMB temperature structure 
    + more polarization signal
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CMB polarization on larger scales



  



  

gravitational lensing



  

gravitational lensing



  

projected mass distribution



  

The cosmic microwave background



  

Angular power spectrum

acoustic oscillations
= sound waves

photon 
diffusion

gravitational
redshift
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Lensing Power Spectrum
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Parameter Space Extensions

Helium abundance

spectral curvature

primordial gravitational waves



Parameter Space Extensions

cosmic curvature

neutrino mass

neutrino number



  

DM annihilation

● DM might annihilate into any SM particle
● These loos energy mainly via collisions with CMB 
photons and cosmic electrons

→ heat input & re-ionization (after recombination)
Main parameter is re-ionization efficiency



  

Photon cooling
Slatyer, Padmanabhan, Finkbeiner (arXiv:0906.11972)



  

Energy deposition fractions
Slatyer, Padmanabhan, Finkbeiner (arXiv:0906.11972)

leptons other SM particles



  

Energy deposition fractions
Slatyer, Padmanabhan, Finkbeiner (arXiv:0906.11972)

DM decays DM decays



  

Changed ionization history
Finkbeiner, Galli, Lin, Slatyer (arXiv:1109.6322)



  

Angular-spectral distortions
Slatyer, Padmanabhan, Finkbeiner (arXiv:0906.11972)



  

WMAP contraints
Slatyer, Padmanabhan, Finkbeiner (arXiv:0906.11972)



  

Planck DM constraints
Planck Collaboration (arXiv:1502.01589)



  

Planck DM constraints
Planck Collaboration (arXiv:1502.01589)



Hydrogen 2s  1s transition rate→
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Constraints on neutrino masses

Assuming normal mass hierarchy
Planck base model assumes

Larger neutrino mass permits for a smaller  
→ reducing tension with 
    cluster abundance (X-ray, SZ by Planck)
    & CMB lensing (Planck)

Neutrino mass affects
● background expansion (absorb-able by H0 )
● early ISW effect (by getting non-rel.)
● late time lensing (by diminishing small-scale power)



  

Constraints on neutrino masses



  

Constraints on neutrino masses

Cepheid data

Planck TT+lowP+lensing

Planck TT+lowP+lensing+BAO



  

Constraints on neutrino masses



  

Neutrino number
effective number of relativistic (non-photon) d.o.f. @ recombination 

Photon heating required here

Cepheid data

Planck 
TT,TE,EE
+lowP+BAO

Extra neutrinos / bosons 
decoupling @ different epochs

Standard cosmological
 prediction:



  

Neutrino number
effective number of relativistic (non-photon) d.o.f. @ recombination 

Standard cosmological
 prediction:

Big Bang 
Nucleosynthese:



  

Perturbations in neutrino background 



  

Conclusions

Planck has – so far – confirmed 
the standard models

of cosmology & particle physics.
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