
CMB Constraints on Fundamental Physics 



Lecture I 

BASIC CMB & PARAMETERS 



Uniform... 

Dipole... 

Galaxy (z=0) 

The Microwave Sky 

COBE 

Imprint left by primordial 

tiny density inhomogeneities 

(z~1000).. 
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CMB anisotropies, C. Lineweaver et al., 1996 A.D. 



CMB anisotropies, A. Jaffe et al., 2001 



CMB anisotropies pre-WMAP (January 2003) 



WMAP 
2003 







Next: Climbing to the Peak... 
 



Interpreting the Temperature angular power spectrum. 
 
 
 
 
 
Some recent/old reviews: 
 

Ted Bunn, arXiv:astro-ph/9607088  
 
Arthur Kosowsky,  arXiv:astro-ph/9904102 
 
Hannu Kurki-Suonio, http://arxiv.org/abs/1012.5204 
 
Challinor and Peiris, AIP Conf.Proc.1132:86-140, 2009, arXiv:0903.5158 
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CMB Anisotropy: BASICS 

•  Friedmann Flat Universe with 5 
components: Baryons, Cold Dark Matter 
(w=0, always), Photons, Massless 
Neutrinos, Cosmological Constant. 

 
• Linear Perturbation. Newtonian Gauge. 

Scalar modes only. 



• Perturbation Variables: 

CMB Anisotropy: BASICS 

Key point: we work in Fourier space : 



CMB Anisotropy: BASICS 

CDM: 

Baryons: 

Photons: 

Neutrinos: 

Their evolution is governed by a nasty set of coupled partial differential 
equations:  



Numerical Integration 

- Early Codes (1995) integrate the full set of equations (about 2000 for each k 
mode, approx, 2 hours CPU time for obtaining one single spectrum).  

     COSMICS first public Boltzmann code http://arxiv.org/abs/astro-ph/9506070. 
 
- Major breakthrough with line of sight integration method with CMBFAST 

(Seljak&Zaldarriaga, 1996, http://arxiv.org/abs/astro-ph/9603033). (5 minutes 
of CPU time) 
 

- Most supported and updated code at the moment CAMB (Challinor, Lasenby, 
Lewis), http://arxiv.org/abs/astro-ph/9911177 (Faster than CMBFAST). 

 
- Both on-line versions of CAMB and CMBFAST available on LAMBDA website. 

Suggested homework: read Seljak and Zaldarriga paper for the line of sight integration. 
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CMB Anisotropy: BASICS 

CDM: 

Baryons: 

Photons: 

Neutrinos: 

Their evolution is governed by a nasty set of coupled partial differential 
equations:  



First Pilar of the standard model of structure formation: 

  0,  kfD

   ',,',,  kkFkfD 

Standard model: Evolution of perturbations is passive and coherent. 

 Active and decoherent models of structure formation 
(i.e. topological defects see Albrecht et al, 
http://arxiv.org/abs/astro-ph/9505030): 

Linear differential 
operator 

Perturbation  
Variables 

http://arxiv.org/abs/astro-ph/9505030
http://arxiv.org/abs/astro-ph/9505030
http://arxiv.org/abs/astro-ph/9505030


Oscillations supporting evidence for passive and coherent 
scheme. 



Pen, Seljak, Turok, http://arxiv.org/abs/astro-ph/9704165 
Expansion of the defect source term in eigenvalues. Final spectrum does’nt show any 
Feature or peak. 

http://arxiv.org/abs/astro-ph/9704165
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Primary CMB anisotropies: 

• Gravity (Sachs-Wolfe effect)+ Intrinsic (Adiabatic) 
Fluctuations 
 
 
 
 

• Doppler effect 
 
 
 
 

• Time-Varying Potentials (Integrated Sachs-Wolfe Effect) 

  

CMB Anisotropy: BASICS 
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Hu, Sugiyama, Silk, Nature 1997,  astro-ph/9604166 



Projection 
A mode with wavelength λ will show up on an angular scale θ ∼ λ/R, 
where R is the distance to the last-scattering surface, or in other 
words, a mode with wavenumber k shows up at multipoles l∼k. 
 

The spherical Bessel function jl(x) peaks at x 
∼ l, so a single Fourier mode k does indeed 
contribute most of its power around multipole 
lk = kR, as expected. However, as the figure  
shows, jl does have significant power beyond 
the first peak, meaning that the power  
contributed by a Fourier mode “bleeds” to l-
values different from lk. 
Moreover for an open universe (K is the 
curvature) : 

l=30 

l=60 

l=90 



Projection 
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Data (and properly 
Computed theory) 

See e.g. Corasaniti & Melchiorri 
Phys. Rev. D 77, 103507 (2008)  

Pre-recombination effects from radiation (Early ISW)  
are suggested from WMAP5 ! 

Harmonic series 



How to get a bound on a cosmological 
parameter 

DATA 

Fiducial cosmological model: 
(Ωbh

2 , Ωmh2 , h , ns , τ, Σmν ) 

PARAMETER 
ESTIMATES 



Too many parameters ? 



Enrico Fermi:"I remember my friend Johnny von 
Neumann used to say, 'with four parameters I can fit 
an elephant and with five I can make him wiggle his 
trunk.‘” 

http://www.nobel.se/physics/laureates/1938/fermi-bio.html
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CMB  Parameters 

• Baryon Density  

 

• CDM Density 

 

• Distance to the LSS, «Shift Parameter» : 
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Geometrical degeneracy 

constRhh mb  ,, 22

See, e.g. Efstathiou and Bond 1998 
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Inflationary parameters 



Inflationary parameters 

 3212 ,, PPnS



Baryonic Abundance 
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Up to the 2nd peak n and the baryon density are degenerate. 




