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Fifty years of the CMB 

From George Smoot 
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CMB Power Spectrum 

Image credit: Erminia Calabrese for Planck 



Marginalising over the 
foregrounds 

Planck likelihood paper 
1507.02704 
 



Basic cosmological model 

“Just 6 numbers”: 
 
 
 
 
 

Densities of the 
universe 

Initial conditions 

Reionization physics 



The CMB on small scales allows us to test for 
deviations from the vanilla model 



Neutrino constraints 
Either parameterise via the effective 
number of neutrino species: 

or consider sum of the masses of the 
neutrino species (again through the 
energy density): 

Largest effect is to change the expansion rate 



Effective relativistic species 
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 !

Hou, Keisler, Knox et al. 2011 
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Effective relativistic species 

Sievers, Hlozek, Nolta et al. 2013 

Consistent with 3 
neutrino model. 

    
  



Planck cosmology: 1502.01589 



Frollin, Knox, Millea, Pan 2015 

Phase shift introduced at higher order 





Warning: neutrino mass ‘mops’ up 
systematics 

MacCrann et al. 2014 



Lensing potential 



CMB lensing 
constrains 
neutrino mass to  
< 0.7 eV 
 
POLARBEAR 
detected EE/EB 
lensing a 4 sigma 
(2014) 
 
 

4-pt reconstruction but also in cross-correlation 

One example: SPTPol (Greach et al. 2015) 



Anisotropies to Polarisation 
Polarisation  pattern decomposed into: 
 
 
 
 
 
curl-free E-modes and  
 
 
 
 
 
divergence-free B modes 

Linear 
polarisation 

Thomson 
scattering 

Quadrupole 
anisotropy 

Image credit: Wayne Hu 



Relating E, B to  
Stokes parameters Q,U 

Express linear 
polarisation with 
a basis 
E = Ex ex + Ey ey 
 
Typically use 
Stokes 
parameters Q, U 

Stokes parameters at a 
point A (in polar coords) 

Brackets = radially 
weighed average over 
all points B 



Relating E, B to  
Stokes parameters Q,U 

Sigurd Naess for ACTPol 







What the data look like 

Naess et al. 2014 







Neutrino constraints will improve greatly with 
future small-scale experiments 



Slide from Jo 
Dunkley 



Slide from Jo Dunkley 



Slide from Jo Dunkley 



Slide from Jo Dunkley 



Move from 
smaller 
patches 
currently 



To larger 
surveys over 
much of the sky 



60’ QUIJOTE 
20’ B-machine 

2016 - 
2019 

30’  CLASS 
 3’  Simons Array 
 1’  AdvACT 

30’   BICEP3 
 3’   SPT-3G 
 1’    QUBIC 

20’ PIPER 
60’ SPIDER-2 
90’ LSPE 

Slide adapted from Jo Dunkley 



AdvACT 
Four multichroic detector arrays with five 
bands – 30 ! 230 GHz 





AdvACT: Cosmological Forecasts 

Uncertainty on 
sum of 
neutrino mass 
of ~0.04 eV 
10x 
improvement 
over Planck! 



Summary 


