Efficient calculation of
cosmological neutrino clustering
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Phase-space distribution

Collisionless Boltzmann equation

Synchronous gauge, Fourier space

Energy-momentum tensor
Perturbed components:
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Energy-momentum conservation

Note: W, and W, are gauge dependent

Neutrino free-streaming
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In a non-expanding Universe and in the absence of gravity, the Boltzmann hierarchy:
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Writing the hierarchy in terms of fluid quantities (9, 0, O)
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CLASS built-in approximation
Pros: no momentum integration!



Comparison: observables
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Comparison: runtime

Only one thread, no OpenMPI
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The non-linear regime

Change in A?
Bird, Viel, Haehnelt (2014)
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Beyond linear order perturbation theory
Fuhrer & Wong (2014)

Blas, Garny, Konstandin, Lesgourgues (2014)
Dupuy & Bernardeau (2014)

N-body simulations
Hybrid methods: Brandbyge & Hannestad (2009 & 2010)
Semi-linear methods: Ali-Haimoud & Bird (2012)

Our approach: using HALOFIT, we account for the non-linear growth of cold dark
matter overdensities and gravitational potential, then we evolve linear neutrino
perturbations in the “non-linear” gravitational potential. The entire computation is in
Fourier k space.



Free-streaming scale vs non-linear scale
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Neutrino power spectrum
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Neutrino power spectrum
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We have demonstrated that the neutrino evolution hierarchy can be solved very
accurately even if truncated at / = 2. Our approximation for the / = 3 term
allowed us to reliably calculate the neutrino power spectrum to better than
~5% precision for masses up to 1.5 eV. The matter power spectrum has a
precision of better than 0.5% because of the relatively small direct contribution
of neutrinos to this quantity. The new approximation to W, is significantly
more precise than previously used once.

We showed how the neutrino power spectrum can be calculated using the full
non-linear gravitational potential, but keeping the entire computation in k-
space. The results obtained using this technique are completely consistent with
those from N-body simulations implementing neutrinos in Fourier-space.
However, in our case the neutrino power spectrum can be obtained in a few
seconds whereas the N-body technique requires far bigger computational
resources.
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