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gas in beta-equilibrium. We show that relativity causes a considerable enhancement of neutrino-
scattering cross-sections in neutron matter.
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1. Introduction

Neutrino processes play a leading role in a wide variety of astrophysical phenomena. They
witnessed nuclear processes during the Big Bang and became the famous messengers from the sun.
These ghostly particles are also recognised as the representatives from distant stars. Reaching us
from the centre of an exploding star, neutrinos are the first heralds announcing the end of the life of
a massive star [1]. Infact, their impact on the dynamics of a type-II supernova is crucial for the fate
of the event. In the same course of action, they play also a pivotal role in the first cooling stages of
a neutron star during the first hundreds of years after its birth.
For a better understanding of the evolutionary stages of these events, it is necessary to have a
detailed knowledge of neutrino transport properties in high density matter. Neutrino transport
in supra-nuclear matter has been studied in a variety of models which take the correlations into
account. RPA, molecular dynamics and Hartree analysis are some of the used techniques [2, 3, 4].
In our work we focus on the impact of the implementation of relativistic effects on the description of
the process. A fully relativistic description of neutrino opacity’s in neutron matter will be compared
with its non-relativistic counterpart. To this purpose, neutron matter will be described as a non-
interacting Fermi gas in β -equilibrium.

2. Three quantities to look at

When studying the influence of relativity in neutrino opacities in neutron matter, it is important
to introduce three important quantities, namely the differential cross section, the phase space factor
and the dynamic form factor.
The differential cross section for the interaction of a neutrino ν(pν) with a hadron h1(ph1) in the
relativistic gas can be written as

N d6
σ = ∑

αν ,αh1 ,
α`,αh2

∫
Fh1

αh1
(~ph1)d

3~ph1 δ
4(pν + ph1 − p`− ph2)

(2π)10

vrel
|M(ν ,h1 → `,h2)|2

× (1−Fh2
αh2

(~ph2))d
3~ph2(1−F`

α`
(~p`))d3~p`, (2.1)

where the reaction products are denoted by `(p`) for the outgoing lepton, and h2(p2) for the final
nucleon, vrel is the relative velocity of the incident particles. The probability distributions are
represented by the Fermi distributions Fa

αa
(~pa), the quantum numbers αa identify the state particle

a is occupying. The Fermi distributions are related through the restrictions imposed by the beta-
equilibrium conditions for the n, p and e− in the gas. The dynamics of the interaction is contained
in the matrix element M(ν ,h1 → `,h2) that is calculated in first-order perturbation theory, using
the full expression for the hadron vertex-function as given by [5]. The normalisation factor N is
determined such that Eq. (2.1) represents the scattering cross-section per nucleon.
The differential phase space factor is then obtained when removing the dynamics of the interaction
out of the differential cross-section.

N d6
Φ = ∑

αν ,αh1 ,
α`,αh2

∫
Fh1

αh1
(~ph1)d

3~ph1 δ
4(pν + ph1 − p`− ph2)

× (1−Fh2
αh2

(~ph2))d
3~ph2(1−F`

α`
(~p`))d3~p`, (2.2)
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Figure 1: Comparison between a relativistic (FR, solid line) and a non-relativistic Fermi distribution (FNR,
dashed line), for kT = 10 MeV and n = 0.16 fm−3. The dash-dotted line represents the ratio FNR/FR.

This quantity gives then rise to the dynamic form factor S(ω, |~q|) by casting (2.2) in the following
form,

d3Φ

d|~px|d2Ωx
= F ′x

αx
(~px)|~px|2S(ω, |~q|). (2.3)

3. Results

When considering the effects of relativity, our study shows that the larger differences are
caused by the relativistic description of the Fermi distribution and not by the implementation of rel-
ativity in the dynamics of the neutrino-nucleon interaction. As Fig. 1 illustrates, it is clear that start-
ing from the Fermi momenta, the relativistic Fermi distribution F(p)= [exp((E(p)−µ)/kT )+1]−1

obtains a slightly larger weight than its non-relativistic counter-part. This difference is espe-
cially seen in the tail of the distribution and is affected by the difference between the relativistic
E(p) =

√
p2 +m2 and non-relativistic E(p) = p2/2m energy expressions. It can then be translated

in the following equation,
∞∫

p−

FR(p)p2d p ≥
∞∫

p−

FNR(p)p2d p. (3.1)

As can be appreciated from Fig. 2, this relation ensures that the dynamic form factor is larger when
computed in a relativistic approach. It can be shown that the influence of relativity mainly enhances
the dynamic form factor, while at higher momenta transfer a secondary effect occurs that shifts the
maximum of the dynamic form factor to higher energy exchange [6]. Also when looking at the
non-degenerate limit, relativistic corrections have to be taken into account.
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Figure 2: The dynamical form factor S(ω, |~q|) for a neutron gas with density n = 0.16 fm−3 at a temperature
of kT = 10 MeV, for a momentum transfer |~q| of 25 MeV. The full line represents the relativistic calculation,
the dashed line the non-relativistic one.

Given the minor role of relativity in the dynamics of the interaction, it is clear that the rel-
ativistic effects in the dynamic form factor will reflect themselves also in the cross section for
interactions in the gas as well as in the neutrino opacities.

Although the differences in the energy distributions are relatively small (fig. 1), the energy
sensitivity of the cross sections (2.1), rising fast with increasing energies, ensures that the relativis-
tic effects have a sizable influence on the interactions under study. Relativistic cross sections are
generally larger than their non-relativistic counterparts. Fig. 3 indeed shows that the opacities ob-
tained within a relativistic calculation are considerably smaller than the ones of the non-relativistic
study of Ref. [2].

A detailed description on the influence of these relativistic effects as well as on as well as the
polarisation effects neutrinos have, can be found in Ref. [6]. At present, the model is improved by
implementing nuclear correlations into the process.
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Figure 3: Neutrino mean free path as a function of the temperature for a neutron gas in beta equilibrium
without neutrino trapping and n = 0.16 fm−3. All results are for an initial neutrino energy of 3kT . The
open markers present results of our relativistic calculation and are compared to the non-relativistic results of
Ref. [2] (filled markers). The squares represent the mean free path for neutral-current scattering off protons
(ν + p→ ν + p), circles for neutral-current interactions with neutrons (ν +n→ ν +n), and the triangles for
the charged-current neutrino-interaction (ν +n → p+ e−).
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