arXiv:1110.0700v3 [astro-ph.HE] 15 Sep 2012

Electron and positron pair production of compact stars

Wen-Biao Han,^{a,b} Remo Ruffini,^a She-Sheng Xue^a a ICRANet, P.zza della Repubblica 10, I–65122 Pescara, Physics Department and ICRA, University of Rome La Sapienza, P.le Aldo Moro 5, I–00185 Rome, Italy. b Shanghai Astronomical Observatory, 80 Nandan Road, Shanghai, 200030, China. (Dated: Received version September 18, 2012) Neutral stellar core at or over nuclear densities is described by a positive charged baryon core and negative charged electron fluid since they possess different masses and interactions. Based on a simplified model of a gravitationally collapsing or pulsating baryon core, we approximately integrate the Einstein-Maxwell equations and the equations for the number and energy-momentum conservation of complete degenerate electron fluid. We show possible electric processes that lead to the production of electron-positron pairs in the boundary of a baryon core and calculate the number and energy of electron-positron pairs. This can be relevant for understanding the energetic sources of supernovae and gamma-ray bursts.

PACS numbers: 95.30.Sf, 87.19.ld , 23.20.Ra

I. INTRODUCTION.

In the gravitational collapse or pulsation of neutral stellar cores at densities comparable to the nuclear density, complex dynamical processes are expected to take place. These involve both macroscopic processes such as gravitational and hydrodynamical processes, as well as microscopic processes due to the strong and electroweak interactions. The time and length scales of macroscopic processes are much larger than those of the microscopic processes. Despite the existence of only a few exact solutions of Einstein’s equations for simplified cases, macroscopic processes can be studied rather well by numerical algorithms. In both analytical solutions and numerical simulations it is rather difficult to simultaneously analyze both macroscopic and microscopic processes characterized by such different time and length scales. In these approaches, microscopic processes are approximately treated as local and instantaneous processes that are effectively represented by a model-dependent parametrized equation of state (EOS). We call this approximate locality.

Applying approximate locality to electric processes, as required by the charge conservation, one is led to local neutrality : positive and negative charge densities are exactly equal over all space and time. As a consequence, all electric fields and processes are eliminated. An internal electric field (charge separation) must be developed [1] in a totally neutral system of proton and electron fluids in a gravitational field. If the electric field (process) is weak (slow) enough, approximate locality is applicable. However, this should be seriously questioned when the electric field (process) is strong (rapid). For example, neutral stellar cores reach the nuclear density where positive charged baryons interact via the strong interaction while electrons do not, in addition to their widely different masses. As a result, their pressure, number, and energy density are described by different EOS, and a strong electric field (charge separation) on the baryon core surface is realized [2] in an electrostatic equilibrium state.

Furthermore, either gravitationally collapsing or pulsating of the baryon core leads to the dynamical evolution of electrons. As a consequence, the strong electric field dynamically evolves in space and time, and some electromagnetic processes can result if their reaction rates are rapid enough, for example, the electron-positron pair-production process of Sauter- Heisenberg-Euler-Schwinger (see the review [3]) for electric fields E ≳ E_c ≡ m^2_ec^3/(eℏ). If this indeed occurs, gravitational and pulsating energies of neutral stellar cores are converted into the observable energy of electron-positron pairs via the space and time evolution of electric fields. In this article, we present our studies of this possibility (the natural units ℏ = c = 1 are adopted, unless otherwise specified).

II. BASIC EQUATIONS FOR DYNAMICAL EVOLUTION.

We attempt to study possible electric processes in the dynamical perturbations of neutral stellar cores. These dynamical perturbations can be caused by either the gravitational collapse or pulsation of neutral stellar cores. The basic equations are the Einstein-Maxwell equations and those governing the particle number and energy-momentum conservation

(n̄_{e,B}U^ν_{e,B})_{;ν} = 0, G_{μν} = −8πG(T_{μν} + T^{em}_{μν} ), (T^ν_μ)_{;ν} = −F_{μν} J^ν , F^{μν}_{;ν} = 4πJ^μ, (1)

in which the Einstein tensor G_{μν} , the electromagnetic field F^{μν} (satisfying F_{[αβ,γ]} = 0) and its energy-momentum tensor T^{em}_{μν} appear; U^ν_{e,B} and n̄_{e,B} are, respectively, the four velocities and proper number-densities of the electrons and baryons. The electric current density is

J^μ = en̄_pU^μ_B − en̄_eU^μ_e , (2)

where n̄_p is the proper number-density of the positively charged baryons. The energymomentum tensor T^{μν} = T^{μν}_e + T^{μν}_B is taken to be that of two simple perfect fluids representing the electrons and the baryons, each of the form T^{μν}_{e,B} = p̄_{e,B}g^{μν} + (p̄_{e,B} + ρ̄_{e,B})U^μ_{e,B} U^ν_{e,B}, (3) where ρ̄_{e,B}(r, t) and p̄_{e,B}(r, t) are the respective proper energy densities and pressures.

In this article, baryons indicate hadrons, or their constituents (quarks) that carry baryon numbers. Electrons indicate all negatively charged leptons. Baryon fluid and electron fluid are separately described for the reason that in addition to baryons being much more massive than electrons, the EOS of baryons p̄_B = p̄_B (ρ̄_B ) is very different from the electron one p̄_e = p̄_e(ρ̄_e) due to the strong interaction. Therefore, in the dynamical perturbations of neutral stellar cores, one should not expect that the space-time evolution of number density, energy density, four velocity, and pressure of baryon fluid be identical to the space-time evolution of counterparts of electron fluid. The difference of space-time evolutions of two fluids results in the electric current (2) and field F^{μν} , possibly leading to some electric processes. In a simplified model for the dynamical perturbations of neutral stellar cores, we approximately study possible electric processes by assuming that the equilibrium configurations of neutral stellar cores are initial configurations.

III. EQUILIBRIUM CONFIGURATIONS.

In Refs. [1], the equilibrium configurations of neutral stellar cores, whose densities are smaller than nuclear density n_{nucl}, are studied on the basis of hydrostatic dynamics of baryon and electron fluids in the presence of long-ranged gravitational and Coulomb forces. In these equilibrium configurations, very weak electric fields E ≪ E_c are present, resulted from the balance between attractive gravitational force and repulsive Coulomb force. This electric field is too weak to make important electric processes, for example, electron-positron pair productions. We are interested in the case where strong electric fields are present. This leads us to consider strong electric fields in the surface layer of baryon cores of compact stars (quark or neutron stars) at or over the nuclear density. In this case, we assume that baryons form a rigid core of radius R_c and density n̄_{B,p}(r) n̄_{B,p} = [ exp r−R_c ζ + 1 ]_{−1} , n̄_{B,p} ≈ N_{B,p} (4πR^3_c /3)

, (4)

where n̄_p/n̄_B ≈ N_p/N_B < 1, N_B (N_p) is the number of total (charged) baryons and n̄_{B,p} ≳ n_{nucl} ≈ 1.4 × 10^{38}cm^{−3}. The baryon core has a sharp boundary (r ∼ R_c) of the width ζ ∼ m^{−1}_π due to the strong interaction. The line element is [4]

ds^2 = −g_{tt}dt^2 + g_{rr}dr^2 + r^2dθ^2 + r^2 sin^2 θdϕ^2 , (5) g^{−1}_{rr} (r) = 1 − 2GM(r)/r + GQ^2(r)/r^2 ,

where mass M(r), charge Q(r) and radial electric field E(r) = Q(r)/r^2.

Electrons form a complete degenerate fluid and their density n^{eq}_e (r) obeys the following Poisson equation and equilibrium condition [5]: d^2V_{eq} dr^2 + [ 2 r − 1 2 d dr ln(g_{tt}g_{rr}) ] dV_{eq} dr = −4πeg_{rr}(n̄_pU^t_p − n^{eq}_e U^t_e), (6) E^F_e = g^{1/2}_{tt} √ |P^F_e |^2 + m^2_e − m_e − eV_{eq} = const. ,

where U^t_p = U^t_e = (1, 0, 0, 0), E^F_e , and P^F_e = (3π^2n^{eq}_e )^{1/3} are the Fermi energy and momentum, V_{eq}(r) and E_{eq} = −(g_{rr})^{−1/2}∂V_{eq}(r)/∂r are the static electric potential and field. In the ultrarelativistic case |P^F_e | ≫ m_e, we numerically integrate Eq. (6) with boundary conditions: n^{eq}_e (r)|_{r≪Rc} = n_B n^{eq}_e (r)|_{r≫Rc} = dn^{eq}_e (r) dr | |_{r≫Rc} = dn^{eq}_e (r) dr | |_{r≪Rc} = 0. (7)

As a result, we obtain on the baryon core boundary r ≈ R_c, the nontrivial charge-separation (n_p − n^{eq}_e )/n_B and overcritical electric field E_{eq}/E_c > 0 in a thin layer of a few electron Compton length λ_e [the curves (t = 0) in Fig. 1]. This is due to the sharpness boundary (ζ ∼ m^{−1}_π ) of the baryon core (4) at the nuclear density, as discussed for compact stars [2]. Note that all electronic energy-levels [6]

E_{occupied} = e ∫ g^{1/2}_{rr} drE_{eq}(r) (8)

are fully occupied and pair-production is not permitted due to Pauli blocking, although electric fields in the surface layer are over critical. We want to understand the space and time evolution of the electric field in this thin layer and its consequence in the dynamical perturbations of baryon cores, which can be caused by either the gravitational collapse or pulsation of baryon cores.

IV. MODELING DYNAMICAL PERTURBATIONS OF BARYON CORES.

It is rather difficult to solve the dynamical system (1-3) with the EOS p̄_B = p̄_B (ρ̄_B ) and p̄_e = p̄_e(ρ̄_e) for the gravitational collapse or pulsation of baryon core and electron fluid, and to examine possible electromagnetic processes. The main difficulty comes from the fact that the time and length scales of gravitational and electromagnetic processes differ by many orders of magnitude. In order to gain some physical insight into the problem, we are bound to split the problem into three parts: (i) first, we adopt a simplified model to describe the dynamical perturbations of baryon cores; (ii) second, we examine how electron fluid responds to this dynamical perturbation of baryon cores; (iii) third, we check whether the resulted strong electric fields can lead to very rapid electromagnetic processes, for example, electron-positron pair production.

As for the first part, we adopt the following simplified model. Suppose that at the time t = 0 the baryon core is in the equilibrium configuration (4) with the radius R_c and starts dynamical perturbations with an inward velocity Ṙ_c(t) or pulsation frequency ω_{pulsa} ≃ Ṙ_c/R_c. The rate of dynamical perturbations of baryon cores is defined as τ^{−1}_{coll} = Ṙ_c/R_c ≲ c/R_c. We further assume that in these dynamical perturbations, baryon cores are rigid, based on the argument that as the baryon core density n̄_{B,p} (4) increases, the EOS of baryons p̄_B = p̄_B(ρ̄_B ) due to the strong interaction is such that the baryon core profile (4) and boundary width ζ ∼ m^{−1}_π are maintained in the nuclear relaxation rate τ^{−1}_{stro} ∼ m_π, which is much larger than τ^{−1}_{coll}. Thus, due to these properties of strong interaction, the dynamical perturbation of the baryon core induces an inward charged baryon current-density

J^r_B (R_c) = en̄_p(R_c)U^r_B (R_c), (9)

on the sharp boundary of baryon core density (4) at R_c, where the baryon density n̄_{B,p}(R_c) = 0.5n̄_{B,p} and the four-velocity U^r_B(R_c) ≠ 0. We have not yet been able, from the first principle of strong interaction theory, to derive this boundary property (9) of baryon cores undergoing dynamical perturbations, which essentially are assumptions in the present article, and the boundary density n̄_{B,p}(R_c) and the boundary four-velocity U^r_B (R_c) are two parameters depending on dynamical perturbations. This is in the same situation that so far one has not yet been able, from the first principle of strong interaction theory, to derive the sharp boundary profile (4) of baryon core densities of static compact stars [2]. However, we have to point out that the boundary properties (4) and (9) of the baryon core undergoing dynamical perturbations are rather technical assumptions for the following numerical calculations of dynamical evolution of electron fluid and electric processes in the Compton time and length scales. These assumptions could be abandoned if we were able to simultaneously make numerical integration of differential equations for both dynamical perturbations of baryon cores at macroscopic length scale and strong and electric processes at microscopic length scale.

V. DYNAMICAL EVOLUTION OF ELECTRON FLUID

In this section, we attempt to examine how the electron fluid around the boundary layer of the baryon core responds to the dynamical perturbations of the baryon core described by the boundary properties (4) and (9). Given these boundary properties at different values of baryon core radii R_c, we describe electrons and electric fields around the boundary layer of baryon core by Maxwell’s equations, the electron number and energy-momentum conservation laws (1) in the external metric field (5). In addition, we assume that the electron fluid is completely degenerate, and its EOS is given by

ρ̄_e(t, r) = 2 ∫_P F_e 0 p^0d^3p/(2π)^3, p̄_e(t, r) = 1 3 2 (2π)^3 ∫_P F_e 0 p^2 p^0 d^3p , (10)

where the single-particle spectrum is p^0 = (p^2 + m^2_e)^{1/2} and the Fermi momentum is P^F_e = (3π^2n̄_e)^{1/3}. In the present article, for the sake of simplicity, we set the temperature of electron fluid to be zero and neglect all temperature effects, which may be important and will be studied in future.

The electron fluid has four velocity U^μ_e = (U^t, U^r)_e, radial velocity v_e ≡ (U^r/U^t)_e, U^t_e = g^{−1/2}_{tt} γ_e and Lorentz factor γ_e ≡ (1 + U_rU^r)^{1/2}e = [1 + (g_{rr}/g_{tt})v^2_e ]^{−1/2}. In the rest frame at a given radius r it has the number density n_e = n̄_eγ_e, energy density ϵ_e = (ρ̄_e + p̄_ev^2_e )γ^2_e , momentum density P_e = (ρ̄_e +p̄_e)γ^2_e v_e, and v_e = P_e/(ϵ_e +p̄_e). In the rest frame, the number and energy-momentum conservation laws for the electron fluid, and Maxwell’s equations are given by ( n_eg^{−1/2}_{tt} ) ,t + ( n_ev_eg^{−1/2}_{tt} ) ,r = 0, (11)

(ϵ_e)_{,t} + (P_e)_{,r} + 1 2g_{tt} [ ∂g_{rr} ∂t P_ev_e − ∂g_{tt} ∂t (ϵ_e + p̄_e) ]

= −en_ev_eEg^{−1/2}_{tt} , (12) ( P_e g_{rr} g_{tt} ) ,t + ( p̄_e + P_ev_e g_{rr} g_{tt} ) ,r + ϵ_e + p̄_e 2g_{tt} ( ∂g_{tt} ∂r − ∂g_{rr} ∂r v^2_e ) = −en_eEg^{−1/2}_{tt} , (13) (E)_{,t} = −4πe(n_pv_p − n_ev_e)g^{−1/2}_{tt} , (14)

where (···)_{,x} ≡ (−g)^{−1/2}∂(−g)^{1/2}(···)/∂x, and in the line (14), the boundary velocity v_p of the baryon core comes from the baryon current-density (9). We have the boundary four-velocity U^r_B of the baryon core,

v_p = v_B ≡ (U^r/U^t)_B , U^t_B = g^{−1/2}_{tt} γ_B , (15)

and the Lorentz factor

γ_B ≡ (1 + U_rU^r)^{1/2}_B = [1 + (g_{rr}/g_{tt})v^2_p]^{−1/2}, (16) at the baryon core boundary R_c.

In the static case for v_p = v_e = 0, Eqs. (10-14) are equivalent to Eq. (6). Provided an initial equilibrium configuration (6) and proper boundary conditions, we numerically integrate these five equations (10-14) to obtain five variables n_e(t, r), ϵ_e(t, r), P_e(t, r), p̄(t, r) and E(t, r) describing the electric processes around the baryon core boundary.

VI. OSCILLATIONS OF ELECTRON FLUID AND ELECTRIC FIELD.

We consider the baryon core of mass M = 10M_⊙ and radius R_c ∼ 10^7cm at the nuclear density n_{nucl}, and select its boundary velocity v_p = 0.2c to represent possible dynamical perturbations of baryon cores. In the proper frame of a rest observer at the core radius R_c, where g_{tt}(R_c) ≈ g^{−1}_{rr} (R_c), we chose the surface layer boundaries ξ_− ≈ −λ_e, ξ_+ ≈ 3.5λ_e, at which E_{eq}(ξ_±) ≈ 0 and proper thickness ℓ = ξ_+ − ξ_−, and numerically integrate Eqs. (10-14) for the electron fluid. Numerical results are presented in Figs. 1 and 2, showing that total electric field

E(t, r) = E_{eq}(r) + Ẽ(t, r), (17)

where electron number density, energy density, and pressure oscillate around their equilibrium configurations [7]. This is due to the fact that electrons do not possess the strong interaction and their mass is much smaller than the baryon one, as a result, the current density of electron fluid in the boundary layer does not exactly follow the baryon core current density (9). Instead, triggered by the baryon core current (9), total electric fields E(t, r) deviate from E_{eq}(r) and increase, which breaks the equilibrium condition (6), namely, the balance between pressure and electric force acting on electrons, dP^F_e /dr + eE_{eq} = 0. Accelerated by increasing electric fields, electrons outside the core start to move inwards following the collapsing baryon core. This leads to the increase of the electron pressure (10) and the decrease of the electric fields. On the contrary, increasing electron pressure pushes electrons backwards, and bounces them back. Overcritical electric fields work against the pressure of ultrarelativistic electrons. As a consequence, oscillations with frequency ω = τ^{−1}_{osci} ∼ 1.5m_e around the equilibrium configuration take place in a thin layer of a few Compton lengths around the boundary of baryon core. These are the main results presented in this article. We would like to point out that these results should not depend on the boundary properties

FIG. 1: The space and time evolution of the electric field (left) and charge-separation (right) around the boundary layer of the baryon core, M = 10M_⊙, R_c ≈ 10^7cm, and v_p = 0.2c. The coordinate is ξ ≡ r − R_c.

FIG. 2: Time evolution of electric fields at different radial positions around the boundary layer of the baryon core, M = 10M_⊙, R_c ≈ 10^7cm and v_p = 0.2c. The coordinate is ξ ≡ r − R_c.

(4) and (9) that we assume for the dynamical perturbations of baryon cores. The reason is that both electron and proton fluids in baryon cores are at or over nuclear density, and their Fermi momenta are the order of the pion mass m_π; therefore, electric fields must be at or over critical value E_c = m^2_e/e to do work against motion of charge separation between positively charged baryon and electron fluids, and the frequency of oscillation because of the backreaction should also be the order of m_e. It is worthwhile that these results are further checked by full numerical calculations without assuming the boundary properties (4) and (9) of baryon cores, which undergo the dynamical perturbations caused by the gravitational collapse or pulsation.

Suppose that the dynamical perturbation of the baryon core is caused by either the gravitational collapse or pulsation of the baryon core, that gains the gravitational energy. Then, in this oscillating process, energy transforms from the dynamical perturbation of the baryon core to the electron fluid via an oscillating electric field. This can been seen from the energy conservation (1) along a flow line of the electron fluid for v_e ≠ v_p

U^μ_e (T^ν_μ)_{;ν} = en̄_pF_{μν} U^μ_e U^ν_B = en̄_pγ_eγ_B (v_p − v_e)g_{rr}E, (18)

although we have not yet explicitly proved it. The energy density of the oscillating electric field is

ϵ_{osci} ≡ [E^2(t, r) − E^2_{eq}(r)]/(8π). (19)

The energy densities of the oscillating electric field and electron fluid are converted from one to another in the oscillating process with frequencies ω ∼ τ^{−1}_{osci} ∼ 1.5m_e around the equilibrium configuration. However, the oscillating electron fluid has to relax to the new equilibrium configuration determined by Eqs. (6) and (7) with a smaller baryon core radius R^′_c < R_c. As a result, the oscillating electric field must damp out and its lifetime τ_{relax} is actually a relaxation time to the new equilibrium configuration. As shown in Fig. 2 the relaxation rate τ^{−1}_{relax} ∼ 0.05m_e. We notice very different time scales of strong interacting processes, electric interacting processes and dynamical perturbations of baryon cores: τ^{−1}_{stro} ≫ τ^{−1}_{osci} ≫ τ^{−1}_{relax} ≫ τ^{−1}_{coll}.

Moreover, when E(r, t) > E_{eq}(r) (see Fig. 1), the unoccupied electronic energy-level can be obtained by [6]

E_{unocuppied} = e ∫ g^{1/2}_{rr} drE(t, r) − E_{ocuppied} = e ∫ g^{1/2}_{rr} drẼ(t, r), (20) see Eq. (8). This leads to pair production in strong electric fields and converts electric energy into the energy of electron-positron pairs, provided the pair-production rate τ^{−1}_{pair} is faster than the oscillating frequency ω = τ^{−1}_{osci}. Otherwise, the energy of oscillating electric fields would completely be converted into the electrostatic Coulomb energy of the new equilibrium configuration of electron fluid, which cannot be not radiative.

VII. ELECTRON-POSITRON PAIR PRODUCTION

We turn to the pair-production rate in spatially inhomogeneous and temporally oscillating electric fields E(t, r). Although the oscillating frequency ω is rather large, the pair-production rate τ^{−1}_{pair} can be even larger due to the very strong electric fields E(t, r). The pair-production rate can be approximately calculated by the formula for static fields. The validity of this approximation is justified (see [3, 8]) by the adiabaticity parameter η^{−1} = (ω/m_e)(E_c/E_{max}) ≪ 1, where E_{max} is the maximal value of the electric field on the baryon core surface r ≃ R_c. Therefore we adopt Eqs. (38) and (39) and (64)-(66) in Ref. [6] for the Sauter electric field to estimate the density of the pair-production rate in the proper frame at the core radius R_c

R_{pair} ≈ e^2EẼ 4π^3 Ḡ_0(σ) e^{−π(Ec/E)G0(σ)} ∼ e^2EẼ 4π^3

, (21)

where Ẽ (instead of E) in the prefactor accounts for the unoccupied electric energy levels, G_0(σ) → 0 and Ḡ_0(σ) → 1 for σ = (ℓ/λ_e)(E/E_c) ≫ 1. The electron-positron pairs screen the oscillating field Ẽ so that the number of pairs can be estimated by N_{pair} ≈ 4πR^2_c (Ẽ/e). The pair-production rate is τ^{−1}_{pair} ≈ R_{pair}(4πR^2_c ℓ)/N_{pair} ∼ αm_e(ℓ/λ_e)(E/E_c) ≃ 6.6m_e > τ^{−1}_{osci}. The number density of pairs is estimated by n_{pair} ≈ N_{pair}/(4πR^2_c ℓ). Assuming the energy density ϵ_{osci} of oscillating fields is totally converted into the pair energy density, we have the pair mean energy ϵ̄_{pair} ≡ ϵ_{osci}/n_{pair}. Using the parameters v_p ≈ 0.2c, R_c ≈ 10^7cm, and M = 10M_⊙, we obtain ϵ_{osci} ≈ 4.3 × 10^{28} ergs/cm^3, n_{pair} ≈ 1.1 × 10^{33}/cm^3, and ϵ̄_{pair} ≈ 24.5MeV. These estimates are preliminary without considering the efficiency of pairproductions, possible suppression due to strong magnetic fields, and possible enhancement due to finite temperature effect.

VIII. GRAVITATIONAL COLLAPSE AND DYADOSPHERE

Up to now, we have not discussed how the dynamical perturbations of baryon cores can be caused by either the gravitational collapse or pulsation of baryon cores. Actually, we have not been able to completely integrate the dynamical equations discussed in Sec. II for the reasons discussed in Secs. I and IV. Nevertheless, we attempt to use the results of electric field oscillation and pair production obtained in Secs. V, VI and VII to gain some physical insight into what and how electric processes could possibly occur in the gravitational collapse of baryon cores. For this purpose and in order to do some quantitative calculations, we first model the gravitational collapse of baryon cores by the following assumptions:

1. the gravitationally collapsing process is made of the sequence of events (in time) occurring at different radii R_c of the baryon core;

2. at each event the baryon core maintains its density profile and sharp boundary as described by Eqs. (4) and (9).

The first assumption is based on the arguments that (i) in the electric processes discussed in Sec. VI, the charge-mass ratio Q/M of the baryon core can possibly be approaching to 1, then the collapse process of the baryon core is slowing down and its kinetic energy is vanishing because the attractive gravitational energy gained is mostly converted into the repulsive Coulomb energy of the baryon core; (ii) then this Coulomb energy can be possibly converted into the radiative energy of electron-positron pairs as discussed in Sec. VII, and the baryon core restarts acceleration by gaining gravitational energy. We have already discussed the second assumption in Secs. IV and VI. Here we want to emphasize that (i) the sharp boundary properties (4) and (9) in the second assumption are technically used in order to numerically calculate the dynamics of electron fluid in the thin shell around the baryon boundary (Secs. V, VI and VII); (ii) in the gravitational collapse or pulsation of neutral stellar cores at or over nuclear density, these sharp boundary properties (4) and (9) should be abandoned in a more realistic model of simultaneously integrating dynamical equations of electron and baryon fluids over the entire stellar core at macroscopic scales. This turns out to be much more complicated and we will focus on this study in the future.

On the basis of these assumptions, the boundary velocity v_p(R_c) (15) and boundary radius R_c [or boundary density n̄_{B,p}(R_c) (4)] of the baryon core at or over the nuclear density are no longer independent parameters, instead they should be related by the gravitational collapse equation of the baryon core. We adopt a simplified model for the gravitational collapse of the baryon core by approximately using the collapsing equation for a thin shell [9, 10] ( Ω F )_2 ( dR_c dt )_2 = [ 1 + GM 2R_c (1 − ξ^2_Q)

]_2 − 1, (22)

where at different radii R_c of the baryon core, we define the charge-mass ratio

ξ_Q ≡ Q^{eq}/(G^{1/2}M) < 1; Q^{eq} = R^2_c E_{eq}, (23)

FIG. 3: The estimate of the core collapsing velocity v_p ≡ Ṙ_c = dR_c/dt at different collapsing radii R_c for the baryon core of mass M = 10 M_⊙.

and Ω ≡ 1 − (M/2R_c)(1 + ξ^2_Q) F ≡ 1 − (2M/R_c) + (Q^{eq}/R_c)^2. (24)

The collapsing Eq. (22) for the collapsing velocity Ṙ_c is based on the condition that at each collapsing radius R_c, the shell starts to collapse from rest. As a result, using these Eqs. (22- 24) we describe the sequence of events in the gravitationally collapsing process in terms of the collapsing velocities v_p = Ṙ_c = dR_c/dt defined by (15) and (16) at different collapsing radii R_c of the baryon core, as shown in Fig. 3. Thus, at each event the induced inward charged baryon current-density (9) is given by

J^r_B = en̄_pU^r_B ≈ en̄_p(Ṙ_cΩ/F ), (25)

as a function of the collapsing radius R_c. The strength of this charged baryon current density (25) depends also on the ratio of the charged baryon number and total baryon number (N_p/N_B), which varies in the gravitational collapsing process because of the β processes [11]. In this article, the β processes are not considered and the charged baryon (proton) number N_p is constant; we select two values N_p/N_B ≈ 1/38 or N_p/N_B ≈ 1/380 for the charged baryon current density Eq. (25). The collapsing process rate is τ^{−1}_{coll} = Ṙ_c/R_c ≲ c/R_c. If the dynamical perturbation of the baryon core is caused by the gravitational core pulsation, the pulsation frequency can be expressed as ω_{pulsa} ≃ Ṙ_c/R_c = τ_{coll}.

In the sequence of the gravitationally collapsing process, at each event characterized by [R_c, v_p(R_c)], we first solve Eqs. (6) and (7) of the equilibrium configuration to obtain the number density (n^{eq}_e ) and electric field (E_{eq}) as the initial configuration of the electron fluid

FIG. 4: The energy (left) and number (right) densities of electron-positron pairs at selected values of collapsing radii R_c for M = 10M_⊙ and N_p/N_B ≈ 1/38 (upper); 1/380 (lower). We select R^{max}_c ∼ 10^7cm so that n̄_B ∼ n_{nucl}.

and electric field. Then, with this initial configuration we numerically solve the dynamical equations (10-14) to obtain the dynamical evolution of electron fluid and electric field within the thin shell (a few Compton lengths) around the baryon core boundary, described by Eqs. (4) and (25). As a result, based on the analysis presented in Sec. VII we calculate the energy and number densities of the electron-positron pairs produced at each event in the sequence of the gravitationally collapsing process. These results are plotted in Figs. 4. Limited by numerical methods, we cannot do calculations for smaller radii.

In addition, at each event in the sequence of the gravitationally collapsing process, using the Gauss law, Q = R^2_c E, we calculate the charge-mass ratio Q/M averaged over oscillations of electric fields, Q/M < 1 as shown in Fig. 5. The averaged charge-mass ratio Q/M is not very small, rather about 0.4 (see Fig. 5), implying the possible validity of the first assumption we made that the gravitational collapsing process is approximately made of a sequence of events. In principle, at Q/M = 1 the gravitational collapsing process should stop, whereas the gravitational collapsing process is continuous for Q/M = 0 without considering electric interactions.

It is clear that the ratio N_p/N_B becomes larger, the charged baryon current density (9) or (25) becomes larger, and all effects of electrical processes we discussed in Secs. V, VI and VII become larger. As shown in Figs. 4, for the ratio N_p/N_B ≈ 1/38, the energy density of electron-positron pairs is about 10^{31} ergs/cm^3, and the number density of electronpositron pairs is about 10^{35.6} /cm^3. The mean energy of electron-positron pairs is ϵ̄_{pair} ≡ ϵ_{osci}/n_{pair} ∼ 10–50 MeV. While, for the ratio N_p/N_B ≈ 1/380, the energy density of electron-

FIG. 5: The charge-mass ratio Q/M averaged over oscillations of electric fields is plotted at different collapsing radii R_c for the baryon core of mass M = 10 M_⊙.

positron pairs is about 10^{30} ergs/cm^3, the number density of electron-positron pairs is about 10^{34.6} /cm^3, and the mean energy of electron-positron pairs ϵ̄_{pair} ≡ ϵ_{osci}/n_{pair} ∼ 10–50 MeV does not change very much.

It this article, it is an assumption that the gravitationally collapsing process is represented by the sequence of events: the baryon core starts to collapse from rest by gaining gravitational energy, the increasing Coulomb energy results in decreasing kinetic energy and slowing down the collapse process, the electric processes discussed in Secs. V, VI and VII convert the Coulomb energy into the radiative energy of electron-positron pairs, and as a result the baryon core restarts to accelerate the collapse process by further gaining gravitational energy. This indicates that in the gravitationally collapsing process, the gravitational energy must be partly converted into the radiative energy of electron-positron pairs. However, we have not been able so far to calculate all processes with very different time and length scales from one event to another in the sequence, so that it is impossible to quantitatively obtain the rate of the conversion of the gravitational energy to the energy of electron-positron pairs. Nevertheless, by summing over all events in the sequence of the gravitationally collapsing process, we approximately estimate the total number and energy of electron-positron pairs produced in the range R_c ∼ 5×10^5 −10^7cm: 10^{56}–10^{57} and 10^{52}–10^{53} erg for the ratio N_p/N_B ≈ 1/38; 10^{55}–10^{56} and 10^{51}–10^{52} erg for the ratio N_p/N_B ≈ 1/380. These electron-positron pairs undergo the plasma oscillation in strong electric fields and annihilate to photons to form a neutral plasma of photons and electron-positron pairs [12]. This is reminiscent of a sphere of electron-positron pairs and photons, called a Dyadosphere that is supposed to be dynamically created during gravitational collapse in Refs. [13].

IX. SUMMARY AND REMARKS.

In the simplified model for the baryon cores of neutral compact stars, we show possible electric processes for the production of electron-positron pairs within the thin shell (a few Compton lengths) around the boundary of baryon cores that undergo gravitationally collapsing or pulsating processes, depending on the balance between attractive gravitational energy and repulsive electric and internal energies (see the numerical results in Ref. [14]). This indicates a possible mechanism that the gravitational energy is converted into the energy of electron-positron pairs in either baryon core collapse or pulsation.

In theory, this is a well-defined problem based on the Einstein-Maxwell equations, particle-number and energy-momentum conservation (1)-(3), and equations of states, as well as the Sauter-Heisenberg-Euler-Schwinger mechanism. However, in practice, it is a rather complicated problem that one has to deal with various interacting processes with very different time and length scales. The approach we adopt in this article is the adiabatic approximation: the interacting processes with very small rates are considered to be adiabatic processes in comparison with the interacting processes with very large rates [15]. Therefore, we try to split the problem of rapid microscopic processes from the problem of slow macroscopic processes, and focus on studying rapid microscopic processes in the background of adiabatic (slowly varying) macroscopic processes. The adiabatic approximation we adopted here is self-consistently and quantitatively justified by process rates

τ^{−1}_{strong} ≫ τ^{−1}_{pair} > τ^{−1}_{osci} ≫ τ^{−1}_{relax} ≫ τ^{−1}_{coll}, (26)

studied in this article. In addition to the adiabatic approximation, we have not considered in this over simplified model the hydrodynamical evolution of baryon cores, the back-reaction of oscillations and pair-production on the collapsing or pulsating processes, and the dynamical evolution of the electron-positron pairs and photons. Needless to say, these results should be further checked by numerical algorithms integrating the full Einstein-Maxwell equations and proper EOS of particles in gravitational collapse. Nevertheless, the possible consequences of these electromagnetic processes discussed in this article are definitely interesting and could be possibly relevant and important for understanding energetic sources of supernovae and gamma-ray bursts.

X. ACKNOWLEDGMENT

R. Ruffini and S.-S. Xue are grateful to T. Damour, G. t’Hooft, H. Kleinert, G. Preparata and other colleagues for many discussions on this issue in the last 14 years. Authors thank R. Jantzen for reading the manuscript. W.-B. Han is now supported by the Chinese NSFC (No.11243002).

[1] E. Olson and M. Bailyn, Phys. Rev. D 12, 3030 (1975), ibid D 13, 2204 (1976);

N. K. Glendenning, “Compact Stars” (2000), A&A Library, Springer-Verlag, New York, Chapter 9, pages 340-349;

M. Rotondo, Jorge A. Rueda, R. Ruffini and S.-S. Xue, Phys. Lett. B 701, 667 (2011). [2] Quark stars: C. Alcock, E. Farhi, A. Olinto, ApJ, vol. 310 (1986) 261;

V. V. Usov, Phys. Rev. Lett. 80, 230, 1998;

V. V. Usov, T. Harko , K. S. Cheng, Astrophys. J. 620 (2005) 915; Neutron star cores: M. Rotondo, R. Ruffini and S.-S. Xue, IJMPD, 16 (2007)1; M. Rotondo, Jorge A. Rueda, R. Ruffini and S.-S. Xue, Phys. Rev. C 83, 045805 (2011); R. Belvedere, D. Pugliese, J. Rueda, R. Ruffini, S.-S. Xue, Nuclear Physics A 883 (2012) 1-24.

[3] R. Ruffini, G. V. Vereshchagin, S.-S. Xue, Phys. Rep. , 487, (2010) 1. [4] J. D. Bekenstein, Phys. Rev. D 4, 2185-2190 (1971);

B. Mashhoon and M. H. Partovi , Phys. Rev. D 20, 2455-2468 (1979). [5] V. S. Popov, M. Rotondo, R. Ruffini and S.-S. Xue, arXiv:astroph/0903.3727;

J. Rueda, R. Ruffini and S.-S. Xue, Nucl. Phys. A872 (2011) 286-295. [6] H. Kleinert, R. Ruffini, S.-S. Xue, Phys. Rev. D 78 (2008) 025011;

R. Ruffini, S.-S. Xue, Phys. Lett. B 696 (2011) 416-412. [7] W.-B. Han, R. Ruffini, S.-S. Xue, Phys. Lett. B 691 (2010) 99;

Int. J. Mod. Phys. Conference Series 12, 193 (2012), http://www.worldscientific.com/doi/abs/10.1142/S201019451200637X. (http://www.worldscientific.com/doi/pdf/10.1142/S201019451200637X ).

[8] E. Brezin, C. Itzykson, Phys. Rev. D2 (1970) 1191.

[9] W. Israel, Il Nuovo Cimento B serie 44 (1966) 1, Phys. Rev. Lett. 57, 397-399 (1986);

V. De la Cruz and W. Israel, Il Nuovo Cimento 51A (1967) 744; D. G. Boulware Phys. Rev. D 8, 2363-2368 (1973).

[10] C. Cherubini, R. Ruffini and L. Vitagliano, Phys. Lett. B545 (2002) 226;

R. Ruffini and L. Vitagliano, Phys. Lett. B545 (2002) 233, IJMPD 12 (2003) 121. [11] R. Mohammadi, R. Ruffini and S.-S. Xue, arXiv:astr-ph/1206.0431. [12] R. Ruffini, L. Vitagliano, S.-S. Xue, Phys. Lett. B573 (2003) 33, ibid B 559(2003) 12. [13] G. Preparata, R. Ruffini, S.-S. Xue, Astron.Astrophys., 338, L87-L90 (1998) arXiv:astro-ph/9810182v1, J. Korean Phys. Soc. 42: S99-S104, 2003, arXiv:astro-ph/0204080v1;

R. Ruffini, S.-S. Xue, a review in AIP Conf. Proc., 1059, 72 (2008) (arXiv:0810.1438 [astro-ph]).

[14] C. R. Ghezzi, Phys. Rev. D 72, 104017 (2005);

C. R. Ghezzi and P. S. Letelier, ibid D 75, 024020 (2007).

[15] The adiabatic approximation is also applied to the study of the beta processes and gravitational collapse in Ref. [11].