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We perform a model independent study of the neutrino momentum distribution at freeze-out, treating the
freeze-out temperature as a free parameter. Our results imply that measurement of neutrino reheating, as
characterized by the measurement of the effective number of neutrinos N, amounts to the determination of
the neutrino kinetic freeze-out temperature within the context of the standard model of particle physics
where the number of neutrino flavors is fixed and no other massless (fractional) particles arise.
At temperatures on the order of the neutrino mass, we show how cosmic background neutrino properties,
i.e., energy density, pressure, and particle density, are modified in a physically consistent way as a function
of neutrino mass and N,.

DOI: 10.1103/PhysRevD.89.023008 PACS numbers: 51.10.+y, 95.30.Cq, 14.60.Pq. 26.35.4+c

b B

@ Available online at www.sciencedirect.com

ScienceDirect NUCLEAR B

Creashiark PHYSICS

Muclear Physics B 890 (2015) 481-517
www.elsevier.com/locate/nuclphysb

Relic neutrino freeze-out: Dependence on natural
constants
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Abstract

Analysis of cosmic microwave background radiation fluctuations favors an effective number of neutri-
nos, Ny = 3. This motivates a reinvestigation of the neutrino freeze-out process. Here we characterize the
dependence of N, on the Standard Model (SM) paramelers that govern neutrino freeze-out. We show that
Ny depends on a combination i of several natural constants characterizing the relative strength of weak
interaction processes in the early Universe and on the Weinberg angle sin” fy,. We determine numerically
the dependence N, (1, sinzﬂw} and discuss these results. The extensive numerical computations are made
possible by two novel numerical procedures: a spectral method Boltzmann equation solver adapted to allow
for strong reheating and emergent chemical non-equilibrium, and a method to evaluate Boltzmann equation
collision integrals that generales a smooth integrand.
© 2014 The Authors. Published by Elsevier B.V. This is an open access arlicle under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP>.
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