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Example I: Neutrino Perturbations



Cosmological  Neutrinos
Neutrinos are in equilibrium with the primeval plasma through weak 
interaction reactions. They decouple from the plasma at a temperature

We then have today a Cosmological Neutrino Background at a temperature:

With a density of:

That, for a relativistic neutrinos translate in a extra radiation component of:

Standard Model predicts:
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Changing the Neutrino effective number
essentially changes the expansion rate
H at recombination.
So it changes the sound horizon at 
recombination:

and the damping scale at recombination:

Moreover increases early ISW at  Recombination (phase shift)

Probing the Neutrino Number with CMB data

Hou et al, 2011
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Planck 2015 is
in very good agreement 

with standard 
3 neutrinos
framework:

we can further 
test neutrino

physics

Planck “parameters” paper, arXiv:1502.01589, 2015



Massless neutrinos, like photons, have perturbations and anisotropies 
which follow a set of differential equations:

For the standard massless neutrino case:

Further test: Neutrino Perturbations
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Can we see them ?

Hu et al., astro-ph/9505043



Not directly!
But we can see the
effects on the
CMB angular 
spectrum !
CMB photons see
the NB anisotropies
through gravity.

Hu et al., astro-ph/9505043



The Neutrino anisotropies can be parameterized through the “speed 
viscosity” cvis. which controls the relationship between velocity/metric 
shear and anisotropic stress in the NB.

Hu, Eisenstein, Tegmark and White, 1999



Results consistent with standard model.

Polarization data strongly improves the
constraints (by a factor 5 !)

Planck “parameters” paper, arXiv:1502.01589, 2015



Example II: BBN and nuclear rates



Small scale CMB can probe Helium abundance at recombination. 

See e.g., 
K. Ichikawa et al., Phys.Rev.D78:043509,2008
R. Trotta, S. H. Hansen, Phys.Rev. D69 (2004) 023509



Planck “parameters” paper, arXiv:1502.01589, 2015



Abundances can also be derived 
indirectly by combining CMB 
observations of the baryon density 
with standard BBN codes.

Planck determination of the
baryon density is now so 
precise that 
uncertainties in BBN rates
(i.e. neutron lifetime for Helium)
have a major impact !













Example III: Dark Matter Annihilation



Where ρc is the critical density of the Universe today, ΩDM is the density of cold dark 
matter today, <σv> is the thermally averaged cross section of self-annihilating dark
matter, mχ is the dark matter mass, f(z) is the fraction of the overall annihilation 
energy absorbed by the medium  (ionization, lyman-alpha, heating). 
We assume f(z) constant with redshift with f(z)=feff . 
The whole DM annihilation process can be parametrized by a single parameter:

The rate of energy release per unit volume from annihilating Dark Matter is given
By (see Chen and Kamionkowksy 2004): 



DM annihilation heats, ionizes and excites the primordial plasma
leading to a delayed recombination...



...and to a change in the positions and amplitudes of the CMB peaks.

See e.g. Bean et al, 2007, Galli et al 2009, Galli et al 2011.



Planck “parameters” paper, arXiv:1502.01589, 2015



Planck “parameters” paper, arXiv:1502.01589, 2015

Most of parameter space
preferred by AMS-02/
Pamela/Fermi ruled out at
95%, under the assumption
<σv>(z=100)=<σv>(z=0)
(s-wave annihilation)

In case of Sommerfield
enhancement <σv>~1/v
so constraints can be even 
stronger for today !

For p-wave annihilation
<σv>~v^2 and constraints
“today” are weaker.
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