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Part 4: outlook 
•  Parameter constraints from 

angular power spectrum 

•  Polarisation 
–  Density perturbations 
–  Gravitational waves 

•  New frontiers in CMB theory? 
–  Non-linearity 
–  Weak lensing 
–  Non-Gaussianity 
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•  Angular scale of first acoustic peak 

–  Sound horizon at recombination 

–  Horizon distance to recombination 

•  Curved space 

•  Flat space 

Parameter constraints from peak structure 
Information from peaks

• First peak: acoustic angular scale
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In flat space

✓⇤ =
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/ ⌦mh
3 = 0.0959± 0.0006 [Planck 2013]

• Second peak: relative height determines ⌦bh
2

– baryon loading suppresses even (rarefaction) peaks versus odd (compression)
peaks

• Third peak: height determines ⌦mh
2

– decay of  in radiation era boosts height of higher-` peaks

• Damping tail: determined in standard ⇤CDM cosmology

– consistency test

– constrains new physics, e.g., number of neutrino species

• Reionisation: suppression ⇥! e�⌧⇥ on small scales relative to large scales

– scales less than horizon size at reionisation

– approximately degenerate with tilt (can be broken by polarisation)
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Precision cosmology from angular power spectrum 
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•  Acoustic scale  
–  strongly dependent on curvature 
–  weakly dependent on Lambda in flat space 

•  Integrated Sachs-Wolfe on large scales due to dark energy 
–  correlated with large-scale structure along line-of sight (Crittenden&Turok’96) 



•  Second peak relative height 
–  Baryon loading suppresses even peaks (rarefaction) 

•  Third and higher peaks 
–  Decay of potential in radiation era enhances higher peaks, suppressed by 

matter density 

•  Damping tail 
–  Fixed in basic Lambda-CDM cosmology  
–  Requires spectral tilt 

•  Reionisation 
–  Suppresses all small angle anisotropies below l=20 
–  Approximately degenerate with spectral tilt – can be broken by polarisation 

Parameter constraints from peak structure 
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Polarisation 

•  requires 
–  scattering 
–  inhomogeneity 

•  Weak polarisation at 
last-scattering 
–  small quadrupole moment 

due photon diffusion 

•  Strong polarisation at 
re-ionisation 
–  large angular scales 
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Effect of reionisation 

background.uchicago.edu/~whu/‎ 
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E mode polarisation from scalar perturbations 

•  Planck polarisation data coming November 2014 

K
om

atsu 2011  
Q± iU =

X

`,m

(E`m ± iB`m) ±2Y`m(n̂)



•  spatial metric perturbation 

•  two polarisation states 

 
transverse and trace-free 

 

E+B	
  modes	
  from	
  tensor	
  metric	
  perturba4ons	
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gravita4onal	
  waves	
  from	
  infla4on	
  
•  amplitude, h(t), obeys free wave equation for massless field in 

an unperturbed FRW cosmology, δϕ = MPl h / (32π)1/2 

•  vacuum fluctuations during inflation 
  → primordial perturbations on super-Hubble scales k<aH 
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tensor-scalar ratio: r ≡ PT
Pζ
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Angular power spectrum for GWs only 

background.uchicago.edu/~whu/‎ 



effect of density+gravitational waves 

background.uchicago.edu/~whu/‎ 
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Planck	
  -­‐	
  new	
  standard	
  model	
  of	
  primordial	
  cosmology	
  

© ESA 

Gravita4onal	
  waves	
  (Ade	
  et	
  al:	
  Planck	
  2013	
  results.	
  XVI)	
  
r	
  <	
  0.11	
  (Planck+WP+ACT+SPT)	
  
V	
  <	
  2x1016	
  GeV	
  

	
  
	
  
	
  



Next	
  fron4er	
  in	
  CMB	
  theory?	
  

•  Nonlinearity	
  in	
  CMB	
  

–  Intrinsic	
  non-­‐linearity	
  at	
  last	
  scaVering	
  
•  intrinsic	
  bispectrum	
  
•  second	
  order	
  B-­‐modes	
  from	
  scalar	
  perturba4ons	
  
•  anisotropic	
  spectrum	
  

– Weak	
  lensing	
  along	
  line	
  of	
  sight	
  
•  redistributes	
  power	
  in	
  small-­‐scale	
  power	
  spectrum	
  
	
  

David	
  Wands	
   16	
  



Weak	
  lensing	
  of	
  CMB	
  photons	
  

David	
  Wands	
   17	
  

•  Many	
  small	
  angle	
  deflec4ons	
  by	
  non-­‐
linear	
  structure	
  	
  

•  Redistribute	
  power	
  on	
  small	
  angular	
  
scales	
  

•  Detected	
  by	
  Planck	
  
•  Non-­‐Gaussian	
  signal	
  



Planck	
  -­‐	
  new	
  standard	
  model	
  of	
  primordial	
  cosmology	
  

“non-­‐Gaussianity	
  parameter	
  fNL	
  measured	
  by	
  
Planck	
  is	
  consistent	
  with	
  zero”	
  

fNL 

fNL =
Bζ k1,k2,k3( )

P(k1)P(k2 )+P(k2 )P(k3)+P(k3)P(k1)



Lensing-­‐ISW	
  signal	
  	
  
Significant	
  bispectrum	
  comes	
  from	
  combining	
  two	
  late	
  4me	
  gravita4onal	
  effects:	
  

gravita4onal	
  lensing	
  and	
  the	
  integrated	
  Sachs-­‐Wolfe	
  effect.	
  	
  

In	
  the	
  ISW	
  effect,	
  large	
  scale	
  over-­‐densi4es	
  and	
  under-­‐densi4es	
  appear	
  hoVer	
  or	
  
colder	
  as	
  photons	
  can	
  gain	
  or	
  lose	
  energy	
  passing	
  through	
  their	
  4me	
  
dependent	
  poten4als.	
  	
  

These	
  poten4als	
  correlate	
  to	
  where	
  gravita4onal	
  lensing	
  (seen	
  on	
  smaller	
  scales)	
  
is	
  largest	
  or	
  smallest,	
  crea4ng	
  mode	
  coupling.	
  	
  

Significant	
  bias,	
  fNL	
  of	
  order	
  7,	
  seen	
  in	
  the	
  Planck	
  analysis.	
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  1999	
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  2011	
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  2012	
  



Intrinsic bispectrum of CMB 
•  Existing non-Gaussianity templates based on non-linear primordial 
perturbations + linear Boltzmann codes (CMBfast, CAMB, etc)


•  Second-order general relativistic Boltzmann codes now available

•  Pitrou (2010): CMBquick in Mathematica: fNL ~ 5?

•  Huang & Vernizzi (Paris)

•  Pettinari, Fidler et al (Portsmouth)

•  Su, Lim & Shellard (Cambridge & London)




Ø  need templates for secondary non-Gaussianity (e.g. lensing-ISW)

Ø  induced tensor and vector modes from density perturbations

Ø  testing interactions at recombination


Ø  e.g., gravitational wave production
 h 
δρ 

δρ 

Analytical approximation
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Intrinsic	
  bias	
  on	
  local	
  non-­‐Gaussianity	
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DetecDng	
  the	
  intrinsic	
  signal	
  	
  
Even	
  using	
  the	
  perfect	
  template,	
  it	
  is	
  hard	
  to	
  see	
  the	
  intrinsic	
  signal	
  with	
  Planck.	
  

signal of intrinsic bispectrum
signal of local model with fNL = 1
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outlook 
•  Standard ΛCDM cosmology provides good “base” model 

–  Basic cosmological parameters tightly constrained 
–  No reason to believe this is the final theory of everything! 

•  Powerful constraints on extended models and very early universe 
–  especially combination with other data sets: galaxy and HI (SKA) survey data 

 
•  Future CMB observations: 

–  Planck polarisation data coming November 2014 
–  B-mode experiments (r~10-3) on ground and in space 
–  Japanese LiteBird 

•  Europe and US waiting on next space satellite 
–  PRISM and CMBpol (2025?) 

•  Lots of time for theoretical developments… 
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THE END 

what we can learn by looking at the sky! 


