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Abstract. We present our recent detailed calculation of the impacts from a
background magnetic field on Big Bang Nucleosynthesis (BBN). Namely, the
magnetic field impacts on the electron-positron thermodynamics, time temper-
ature relation and the screening potential of the early Universe. Most interest-
ingly, we investigated the electron-positron relativistic screening potential with
the background magnetic field, such potential might lead to a non trivial effect
on the electron capture reaction which could finally affect the neutron to proton
ratio.

1 Introduction

In the standard big bang nucleosynthesis (BBN) model, the only free parameter is the baryon-
to-photon ratio (77), which is considered as a homogeneous quantity. Currently 7 is well de-
termined from the power spectrum of the cosmic microwave background temperature fluctu-
ations [1]. The previous study [2] introduced a constant scale invariant primordial magnetic
field (PMF) strength within a co-moving radius 1 Mpc during the BBN epoch. However,
smaller scale of the PMF fluctuations inside the co-moving horizon is expected to survive
during the BBN epoch [3]. It is possible to have sub-horizon PMF strength during neutrino
decoupling epoch which can consequently lead to an energy density inhomogeneity in the
early Universe. Previous study have already encoded the statistical distribution of such en-
ergy density into the BBN network calculation [4]. However, such treatment cannot represent
the systematic dynamical PMF evolution including fluctuation calculation. In order to do that,
a multi-zone BBN with dynamical evolution of PMF calculation is required. In this study,
we firstly try to have a comprehensive understanding of the magnetic field impacts on the
particles interaction as well as on the hot plasma of the early Universe.

2 Magnetic field impacts on BBN

The primordial magnetic field can affect the BBN from both microscopic and macroscopic
perspective. The most sensitive particles of magnetic field are electron and positron since
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they have larger magnetic momentum compared with charged baryons. The thermodynamics
of e* will be affected via Landau quantization [5]:
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where frp is the Fermi-Dirac distribution, T,, is the photon temperature, Ep = p?+m?+2neB
(here after, we set i = ¢ = kg = 1). n.+, p,+ and P, represents the number density,the energy
density and the pressure of e* in the early Universe.

Another microscopic affect from the PMF is that it can change the screening potential of the
electron-positron plasma. The screening potential can be treated as a correction term of the
Coulomb potential for the low density plasma [6]:
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where Ap is the Debye length. The last approximation is valid for the low density plasma
where the 1p >> r (i.e, weak screening), in other words, the weak screening effect can
shift the bare Coulomb potential energy by amount of Ay = Z1Z,¢%/Ap. The contribution
to the Debye length from the relativistic e* plasma is given by Schwinger-Dyson equation
of photon propagator [7]. However, with the magnetic field background, shown by Eq. 1-
3, the electron’s thermodynamical properties are modified, therefore after summing over the
electron spin and all the Landau levels, the Debye length is given by
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where y = B/B. and u is the electron chemical potential. Before weak interaction decou-
pling, neutrons and protons are indistinguishable to each other due to the Nuclear Statistical
Equilibrium (NSE) of the weak interaction n < p, but in previous studies [8, 9] it was pointed
out that the effects PMF contribution to the weak interaction is negligible. However, since
the screening potential shows non-trivial correlation with PMF strength, the weak interaction
rate is expected to be deviated from the circumstance without PMF. This is true particularly
for the electron capture reaction (p + e~ — n + v,) because of the Coulomb repulsion be-
tween a proton and an electron, is expected to be deviated from the circumstance without
PMF. Follow Eq. 4, the weak screening changes the potential energy. For electron capture
reaction, such effect can be treated as the deviation of the electron kinetic energy from E to
E’ = E — Ay therefore, the reaction rate is
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Here, g = (m, — m,)/m.c*, z = m.c*/kT and € = € — Ay/m,c* where € = E/m,c*. We show
the ratio of the reaction rate between the case with screening effect and without in Fig. 1. We
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Figure 1. The screening correction to the pe™ — nv
reaction rate as function of Ty under different PMF strength.
Y-axis is the ratio between the reaction rate with screening
correction and without the correction.
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also compare different PMF strength here. As the PMF strength becomes stronger, its impact
on the Debye length is amplified, which lead to a enhancement of p + e~ — n + v, finally.
After neutrino decoupling, neutrinos became free particles so that their temperature decrease
as T, o« R™!, where R is the scale factor of the Universe. On the other hand, the energy
conservation requires d[(Oem + Pen)R’] = R*dPey,with pey = pe + py and Pey = P, + Py
(here p, and P, are the summation quantity for both electron and positron), after taking into
account the magnetic field, the Hubble expansion rate now can be written as
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where p;,; includes ppyr as well. The photon temperature as a function of time with the
existence of magnetic field becomes [9]
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where the electron energy density and pressure are described using the formalism in Eq.1-3
as a function of magnetic field strength.
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