arXiv:1302.5356v1 [gr-qc] 21 Feb 2013

Gravitational and electric energies in collapse of spherically thin capacitor

Remo Ruffini and She-Sheng Xue 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 (Dated: Received version February 22, 2013) In our previous article (PHYSICAL REVIEW D 86, 084004 (2012)), we present a study of strong oscillating electric fields and electron-positron pair-production in gravitational collapse of a neutral stellar core at or over nuclear densities. In order to understand the back-reaction of such electric energy building and radiating on collapse, we adopt a simplified model describing the collapse of a spherically thin capacitor to give an analytical description how gravitational energy is converted to both kinetic and electric energies in collapse. It is shown that (i) averaged kinetic and electric energies are the same order, about an half of gravitational energy of spherically thin capacitor in collapse; (ii) caused by radiating and rebuilding electric energy, gravitational collapse undergoes a sequence of “on and off” hopping steps in the microscopic Compton scale. Although such a collapse process is still continuous in terms of macroscopic scales, it is slowed down as kinetic energy is reduced and collapsing time is about an order of magnitude larger than that of collapse process eliminating electric processes. These results indicate that it is essential to take into account, rather than ignore, electric processes in more realistic models for studying gravitational collapse of neutral stellar core at or over the nuclear density.

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

I. INTRODUCTION

In the gravitational collapse of neutral stellar cores at densities comparable to the nuclear density, both macroscopic processes of gravitational and hydrodynamical interactions and microscopic processes of the strong and electroweak interactions occur. In theoretical principle, these can be well described by the Einstein-Maxwell equations and the equations for the number and energy-momentum conservations of particles, duly taking into account their interactions. In practical calculations of analytical or numerical approach, however, it is rather difficult to simultaneously analyze both macroscopic and microscopic processes for the reason that the time and length scales of macroscopic processes are much larger than those of the microscopic processes. The approximation normally adopted is that microscopic processes are treated as local and instantaneous processes which are effectively represented by a model-dependent parameterized equation of state (EOS). We call this approximate locality.

Applying the 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 overall space and time. As a consequence, all electric processes are completely eliminated in the assumption of the approximate locality. On the other hand, it is well known that an internal electric field (charge-separation) must be developed [1] in a totally neutral system of proton and electron fluids in the presence of gravitational fields. If the electric field (process) is weak (slow) enough, the approximate locality is applicable. However, this should be seriously questioned when the electric field (process) is strong (rapid) in the case that neutral stellar cores reach the nuclear density where positive charged baryons interact via strong interactions that do not associate to negative charged electrons, in addition to widely different gravitational masses of baryons and electrons. In fact, strong electric fields are created on the baryon core surface in an electrostatic equilibrium state [2]. Furthermore, it is shown in Ref. [3], either pulsating or gravitationally collapsing of the baryon core results in the dynamical evolution of electrons, as a consequence, the strong electric field dynamically evolves in space and time, and leads to the electron-positron pair-production process of Sauter-Heisenberg-Euler-Schwinger (see the review [4]) for overcritical electric fields E ≳ E_c ≡ m^2_ec^3/(eℏ). When this occurs in gravitational collapses of neutral stellar cores, some part of the gravitational energy of neutral stellar cores converts to the observable energy of electron-positron pairs, as a result the kinetic and internal energies of neutral stellar cores are reduced.

As mentioned above, the difficulties of dealing with such a problem come from very different space-time scales of macroscopic and microscopic processes. We are forced to properly split the problem into three parts: (i) microscopic processes of electrodynamics; (ii) macroscopic processes of gravitational collapses; (iii) the back-reaction of microscopic processes on macroscopic processes. In Ref. [3], we study the first part of the problem: microscopic processes of electrodynamics for strong electric field oscillations and pair-productions, which form a radiative electric energy, in a postulated space-time world line of gravitational collapse. However, the back-reaction of such radiative electric energy on collapse is not considered. In this article, we start to quantitatively understand the second and third parts of the problem in a simplified model how gravitational, electric and kinetic energies of neutral stellar cores transfer from one to another in gravitational collapses, to see the possibility of converting the gravitational energy to the electromagnetic energy by the “breaking process” of reducing kinetic energy [5]. The Planck units G = ℏ = c = 1 are adopted, unless otherwise specified.

II. EINSTEIN-MAXWELL EQUATIONS AND CONSERVATION LAWS OF TWO FLUIDS

The gravitational collapse of neutral stellar cores is generally described by the Einstein- Maxwell equations and those governing the particle number and energy-momentum conservations

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

in which appear the Einstein tensor G_{μν} , the electromagnetic field F^{μν} (satisfying F_{[αβ,γ]} = 0) and its energy-momentum tensor

T^{em}_{μν} = 1 4π ( F^ρ_μ F_{ρν} − 1 4 g_{μν} F^{ρσ}F_{ρσ} ) ; (2)

U^ν_{e,B} and n̄_{e,B} are respectively the four-velocities and proper number-densities of electrons and baryons, J^μ = en̄_pU^μ_B − en̄_eU^μ_e (3) is the electric current density, and n̄_p < n̄_B the proper number-density of the positively charged baryons. The energy-momentum tensor T^{μν} = T^{μν}_e + T^{μν}_B is taken to be that of two simple perfect fluids representing electrons and the baryons, each of the form

T^{μν}_B = p̄_B g^{μν} + (p̄_B + ρ̄_B )U^μ_B U^ν_B , (4) T^{μν}_e = p̄_eg^{μν} + (p̄_e + ρ̄_e)U^μ_e U^ν_e , (5)

where ρ̄_{e,B} and p̄_{e,B} are the respective proper energy densities and pressures. In this scenario, electrons and baryons are respectively described by two perfect fluids at or over the nuclear density, and they couple each other via the electromagnetic interaction.

Baryon fluid and electron fluid must be separately described for the reasons that in addition to the different kinematics of baryons and electrons, the most important differences between their dynamics are: (i) baryons are much more massive than electrons in terms of the long-range gravitational force and baryon cores undergo relativistically collapsing processes; (ii) at or over the nuclear density n̄_{nucl}, the electron pressure is much larger that baryon one, and baryons interact each other via the short-range strong force that does not act on electrons. Electron and baryon fluids interact via the long-range electromagnetic force, when two fluids are at or over the nuclear density, this interaction between two fluids becomes rather strong, as will be specified below. Note that we ignore the short-range weak interactions for the β-process in this article. The long-range gravitational and electromagnetic forces are explicitly present in Eqs. (1-3). Instead, the short-range strong interaction is taken into account by pressure and energy density in the proper frame (see Ref. [6]),

p̄_B = 1 3 3∑ i=1 T^{ii} = 1 3 ∑ B δ^3(x − x_B ) p^2_B E_B , (6)

ρ̄_B = T^{tt} = ∑ B δ^3(x − x_B )E_B (7)

where E_B = E_B (p_B ) is the energy spectrum of baryons, duly taking into account their short-range strong interactions (nuclear potential) at a given density n̄_B ≳ n̄_{nucl}. Electrons’ pressure and energy density are analogously given by Eqs. (6) and (7) by replacing the subscript B → e, however, the spectrum E_e = E_e(p_e) is different from baryon one, due to the fact that electrons are blind with the short-range strong interactions. As a result, the baryon and electron EOS p̄_B = p̄_B (ρ̄_B ) and p̄_e = p̄_e(ρ̄_e) are different, moreover, the space-time gradients ∇p̄_{e,B} and ∂p̄_{e,B} /∂t are different.

We turn now to discuss how the short-range strong interaction effect on the baryon fluid velocity v^i_B = (U^i/U^t)_B . In the Newtonian limit, Eqs. (1-4) lead to the Euler equation (see

Ref. [6]) ∂v_B ∂t + (v_B · ∇)v_B = −

1 − v^2_B ρ̄_B + p̄_B [ ∇p̄_B + v_B ∂p̄_B ∂t ] (8) + terms of long−range forces.

The first term in the right-handed side of Eq. (8) indicates the force due to the space-time gradients of baryon fluid pressure. This implies that the space-time gradients of baryon fluid velocity v_B (x, t) should have the rates of short-range strong interactions, which are proportional to the inverses of π, σ, ρ and ω meson masses (∼ m^{−1}_{π,σ,ρ,ω,···}), depending on values of the baryon density n̄_B (x, t). These nuclear reaction rates must be larger than the rate (≳ m^{−1}_e ) of electromagnetic interactions. However, this still remains as an argument, because we has not so far been able to quantitatively calculate the space-time gradients of baryon fluid pressure by Eqs. (6) and (7), then to obtain the space-time gradients of baryon fluid velocity by Euler equation (8) together with the Einstein-Maxwell field equations.

In the following, we attempt to address our attention to the issue how the gravitational energy gained by the baryon fluid in collapses is transfered to the electromagnetic energy and how kinetic and internal energies are reduced as a consequence of total energy conservation. The energy conservation (1) along a flow line of the electron fluid yields

U^μ_e (T^ν_μ)_{;ν} = en̄_pF_{μν} U^μ_e U^ν_B = en̄_pγ_eγ_B(v_B − v_e)g_{rr}E, (9)

where e and E are electric charge and field, the fluid velocity v_{(e,B)} ≡ v^r_{(e,B)} = (U^r/U^t)_{(e,B)} and Lorentz factor γ_{(e,B)} ≡ (1 + U_rU^r)^{1/2}_{(e,B)} in the spherical geometry

ds^2 = −g_{tt}dt^2 + g_{rr}dr^2 + r^2dθ^2 + r^2 sin^2 θdϕ^2 . (10)

Eq. (9) indicates that the dynamical evolutions of the baryon fluid caused by the gravitational or strong interactions can transfer the energy that the baryon fluid gains to the electron fluid via an electric field, provided v_e ≢ v_B . In order to gain some insight into the issue, we study the gravitational collapse of a spherically thin capacitor, which might present a thin layer of collapsing stellar cores. Although this spherically thin capacitor is totally neutral, it carries electric and gravitational energies. Using such a simplified model, we try to find an analytical description and make a step in understanding the issue how the gravitational energy is converted to electric, kinetic and internal energies in a neutral stellar core collapse.

III. A THIN SHELL OF SPHERICAL CAPACITOR

The thin shell of spherical capacitor is composed by a layer of positively charged baryons and a layer of negatively charged electrons. The baryon layer is defined as a mathematically thin layer, while the electron layer is understood as a physically thin layer with a thickness “d” specified below. The total numbers of charged baryons and electrons are exactly equal so that the thin shell of spherical capacitor is totally neutral but carries non-vanishing the electric energy stored inside two spherical layers. The number-densities of two spherical layers are at least order of the nuclear density, as a consequence the radial separation “d” between two spherical layers must be a few orders of the Compton length λ_C . The reasons are the following: electric fields between two layers E ≈ en̄_{nucl}d are overcritical and electric force acting on ultra-relativistic electrons balances their Fermi momenta eEd ≈ P^F_e ≈ n̄^{1/3}_{nucl}. Let the baryon layer locate at the Schwarzschild-like radial coordinate r_0 and electron layer distributes from r_0 to r_0 + d. The spherical capacitor can be physically considered as an infinitely thin shell for d/r_0 → 0. The spherical capacitor is henceforth denoted by “the thin shell” in short.

As the baryon layer is mathematically thin, in Eq. (4) the baryon pressure p̄_B = 0 and mass density ρ̄_B(x) = ρ̄_B δ^{(4)} (x, x_0), where ρ̄_B is the constant surface density in the proper frame of the baryon layer and the 4-dimensional Dirac distribution is defined as ∫ δ^{(4)} (x, x_0) √ −gd^4x = 1, where g = det ‖g_{μν} ‖. Then we have (dΩ = sin θdθdϕ) ∫ ρ̄_B δ^{(4)} (x, x_0) r^2drdΩdτ = M_0, (11)

where M_0 is the rest mass of the baryon layer, and τ is the proper time along the world surface S : x_0 = x_0 (τ, θ, ϕ) of the baryon layer. S divides the space-time into two complementary static space-times: an internal one M_− and an external one M_+. Their time-like Killing vectors are denoted by ξ^μ_− and ξ^μ_+. M_+ is foliated by the family {Σ^+_t : t_+ = t} of space-like hypersurfaces of constant t_+.

On the other hand, introducing the orthonormal tetrad

ω^{(0)}_± = (g^±_{tt} )^{1/2}dt, ω^{(1)}_± = (g^±_{rr})^{−1/2}dr, ω^{(2)} = rdθ, ω^{(3)} = r sin θdϕ, (12) we describe the electric field E = Eω^{(1)} and electromagnetic tensor (T^{em})_t^t = E^2/(8π) and (T^{em})_i^i = −E^2/(8π) inside the thin shell (r_0 ≤ r ≤ r_0 + d). The electric energy of the thin shell, measured by an observer at rest at infinity, is obtained by evaluating the Killing integral ∫

Σ^+_t

ξ^μ_+T^{em}_{μν} dΣ^ν_+ = 4π ∫_∞ r r^2dr (T^{em})_t^t ≡

Q^2_{eff} (r) 2r , (13)

where dΣ^ν_+ is the surface element vector of the space-like hypersurfaces Σ^+_t in M_+. In Eq. (13), we introduce the quantity Q^2_{eff} (r) ≠ 0 for r_0 ≤ r ≤ r_0 + d to characterize the electric energy stored inside the thin shell. Q^2_{eff} (r) = 0 for r > r_0 + d and r < r_0. The total electric energy inside the thin shell is given by

E_{em}(r_0) =

Q^2_{eff} (r_0) 2r_0

, (14)

where the quantity Q^2_{eff} (r_0) parametrizes the total electric energy stored inside the thin shell that locates at radius r_0(t_0) and time t_0. Q_{eff} (r) does not represent an electric charge carried by the thin shell. We express the repulsive electric energy (13) or (14) in the same form of the Coulomb energy of a spherical charged layer for the reason that it is useful to study the collapse equation of the thin shell in next section.

The energy-momentum tensor (5) of the electron layer has a physical distribution over the size “d” of the thin shell. Analogously to Eq. (13), we define the total energy of the electron layer as

E_{electron}(r_0) ≡ ∫ Σ^+_t

ξ^μ_+(T_e)_{μν} dΣ^ν_+ = 4π ∫_∞ r_0

r^2dr (T_e)_t^t, (15)

where (T_e)^{t t} = (ρ̄_e + p̄_e⟨v^2_e ⟩)/(1 − ⟨v^2_e ⟩) and v_e is the electron fluid velocity. In Ref. [3], it is shown that the electron fluid velocity v_e is ultra-relativistically oscillating back and forth collectively with oscillating electric fields inside the thin shell, ⟨v^2_e ⟩ indicates the averaged value over rapid oscillations in the Compton scale. In Eq. (15), the rest mass of the electron layer is negligible, compared with its internal energy for ultra-relativistically oscillating electrons. Moreover, at or over the nuclear density, electron Fermi momenta P^F_e ∼ m_π in the proper frame of the electron fluid is rather smaller than the baryon mass m_B . Therefore, compared with the rest mass of baryon layer M_0, we neglect the internal energy of electron layer E_{electron}(r_0) of Eq. (15) in this article.

Here, we disregard the detailed space-time oscillations of electric field and electron fluid in the Compton length scale, leading to the energy radiation in the form of electron-positron pairs. Instead, we attempt to properly model the quantity Q^2_{eff} (r_0) to represent these microscopic processes of building the electric energy (14) and radiating it away from the thin shell, so as to study the back-reaction of these microscopic processes on the macroscopic process of gravitational collapse of the thin shell.

IV. COLLAPSE OF SPHERICALLY THIN CAPACITOR

A lot of attention has been focused on the exact solution of thin charged shell in gravitational collapse [7]. Following the line presented in Refs. [8] and [9] for finding an exact solution of thin charged shell in gravitational collapse, we try to approximately solve the Einstein equations (1,2) for the gravitational collapse of the spherically thin capacitor (the thin shell). We have g^−_{tt} = (g^−_{rr})^{−1} ≡ f_− and g^+_{tt} ≈ (g^+_{rr})^{−1} ≡ f_+, where the sign “≈” indicates for the range r_0 ≥ r ≥ r_0 + d, where we neglect the charge and mass-energy distributions of the electron layer. From the G_{tt} Einstein equation, we get

ds^2 =

−f_+dt^2_+ + f^{−1}_+ dr^2 + r^2(dθ^2 + sin^2 θdϕ^2) in M_+ −f_−dt^2_− + f^{−1}_− dr^2 + r^2(dθ^2 + sin^2 θdϕ^2) in M_−

, (16)

where f_+ = 1 −^{2M}_r +^{Q2eff (r)}_{r2} , and f_− = 1; (17) t_− and t_+ are the Schwarzschild-like time coordinates in M_− and M_+ respectively. M is the total mass-energy of the thin shell, measured by an observer at rest at infinity. Indicating by t_{0±} the Schwarzschild-like time coordinate of the thin shell, from the G_{tr} Einstein equation we have

M_0 2 [ f_+ (r_0)^{dt0+}_{dτ} + f_− (r_0)^{dt0−}_{dτ} ] = M −^{Q2eff}_{2r0} , (18) where we introduce the notation Q^2_{eff} ≡ Q^2_{eff} (r_0). The remaining Einstein equations are identically satisfied. From (18) we have that the inequality

M −^{Q2eff}_{2r0} > 0, (19)

holds since the left-handed side of Eq. (18) is clearly positive. We define the four-velocity U^μ of the thin shell as the four-velocity U^μ_B of the baryon layer, for the reasons discussed in the paragraphs where Eqs. (6-8) are. From (18) and the normalization condition of the four-velocity of the thin shell U_μU^μ = −1, [ −f_± (r_0)^{dt0±}_{dτ} + f_± (r_0)^{dt0±}_{dτ} ] = −1, (20)

we find (_{dr0} dτ )_2

=^1_{M 20} ( M ±^{M 20}_{2r0} −^{Q2eff}_{2r0}

)_2

− f_∓ (r_0) , (21) dt_{0±} dτ =^1_{M0f±(r0)} ( M ∓^{M 20}_{2r0} −^{Q2eff}_{2r0} ) , (22)

in the space-times M_±. Eqs. (16-22) completely describe a 3-parameter (M, Q^2_{eff} , M_0) family of solutions of the Einstein equations. As we will see, for the description of the collapse we can choose either M_− or M_+. The two descriptions are equivalent and relevant for the physical interpretation of the solutions.

For astrophysical applications, see for example Ref. [10], we attempt to approximately solve the equation of motion of the thin shell and obtain the trajectory r_0 = r_0 (t_{0+}) as a function of the time coordinate t_{0+} relative to the space-time region M_+. In the following we drop the + index from t_{0+}. From (21) and (22) we have the equation of motion of the thin shell dr_0 dt_0 = dr_0 dτ dτ dt_0 = ± F Ω √ Ω^2 − F , dr_0 dτ = ± √ Ω^2 − F (23)

where F ≡ f_+ (r_0) of Eq. (17),

Ω ≡ Γ −^{M 20 +Q2eff}_{2M0r0} , Γ ≡^M_{M0} . (24)

Since we are interested in an imploding thin shell, only the minus sign case in (23) will be studied. We can give the following physical interpretation of Γ. For M ≥ M_0, Γ coincides with the Lorentz factor of the imploding thin shell at infinity; from (23) it satisfies

Γ =^1 √ 1− (_{dr0} dt0 )_2 r0=∞ ≥ 1. (25)

We rewrite equation of motion (23) as ( dr_0 dτ )_2 = [ Γ + M_0 2r_0

(1 − ξ^2)

]_2 − 1, or ( Ω F )_2 ( dr_0 dt_0 )_2 = [ Γ + M_0 2r_0

(1 − ξ^2)

]_2 − 1, (26)

where Ω ≡ Γ − (M_0/2r_0)(1 + ξ^2) and we define an effective “charge-mass-ratio” ξ ≡ Q_{eff} M_0

. (27)

Actually ξ^2 represents the ratio of electric energy and gravitational energy of the thin shell. For the case Γ = 1 (M = M_0), i.e., the thin shell collapses at rest from infinity. Eq. (19) requires M_0 ≥ Q^2_{eff} /2r_0 to start gravitational collapse and Eq. (26) requires ξ < 1 to continue gravitational collapse. When ξ = 1, gravitational collapse stops and kinetic energy of the thin shell vanishes as will be seen below. The trajectory of the thin shell is given by the solution: ∫ dt_0 = −

∫_Ω F √ Ω^2−F dr0. (28)

to the equation of motion (23).

To understand the total energy conservation of the thin shell in gravitational collapse, we use the solution (21) in the flat space-time M_−, ( M_0^{dr0}_{dτ} )_2 = ( M +^{M 20}_{2r0} −^{Q2eff}_{2r0}

)_2

− M^2_0 , (29)

we can interpret −^{M 20}_{2r0} as the gravitational attractive energy of the thin shell and^{Q2eff}_{2r0} is its repulsive electric energy. Introducing the total four-momentum of the shell P^μ = M_0U^μ and its radial component P ≡ M_0U^r = M_0^{dr0}_{dτ} , the kinetic energy of the thin shell as measured by static observers in M_− is expressed as [9]

T (r_0) ≡ −P_μξ^μ_− − M_0 = √ P^2 + M^2_0 − M_0. (30)

Then from Eqs. (29,30) we have

M(r_0) = −^{M 20}_{2r0} +^{Q2eff}_{2r0} + √ P^2 + M^2_0 = M_0 + T (r_0) −^{M 20}_{2r0} +^{Q2eff}_{2r0} , (31)

where we choose the positive root solution due to the constraint (19). Eq. (31) is the total energy-conservation of the thin shell, whose rest mass M_0, kinetic energy T (r_0), gravitational energy −^{M 20}_{2r0} , and electric energy^{Q2eff}_{2r0} depends on the radial coordinate r_0(t_0) in gravitational collapse.

In the following discussion, we consider the shell is at rest at infinity and starts to gravitational collapse, T (r_0) = 0, −^{M 20}_{2r0} = 0 and^{Q2eff}_{2r0} = 0 at r_0 → ∞. The initial energy of the thin shell M(r_0 → ∞) = M_0, i.e., Γ = 1. The total shell energy M(r_0) = M_0 is conserved in the entire collapsing process.

V. COLLAPSE OF THE THIN SHELL WITH VARYING ELECTRIC ENERGY

Assuming that in gravitational collapses, the baryon layer induces an inward currentdensity [3]

J^r_B = en̄_pU^r_B ≈ en̄_p(ṙ_0Ω/F ), ṙ_0 = dr_0/dt_0, (32)

at the rate of strong interaction scales, we show the current-density J^r_e = en̄_eU^r_e of the electron layer oscillating collectively with overcritical electric fields E at frequency ω_{osci} = τ^{−1}_{osci} ≃ 1.5m_e, leading to the production of electron-positron pairs at rate τ^{−1}_{pair} ≃ 6.6m_e. This implies that in gravitational collapse, the electric energy^{Q2eff}_{2r0} is established by oscillating electric fields E, then dissipated by electron-positron annihilations to photons radiating away. As a consequence, the gravitational energy gained by the collapsing baryon layer is transfered to photon radiation energy.

From collapse equation (26) for Γ = 1, it is shown that the collapsing velocity (dr_0/dt_0) varies between zero and its maximal value as the “charge-mass-ratio” ξ varies from 1 and 0, corresponding to the microscopic processes of the electric energy^{Q2eff}_{2r0} built up and completely radiating away. In order to see the back-reaction of this radiative electric energy on the gravitational collapse of the thin shell, we model the electric energy^{Q2eff}_{2r0} by an ansatz function for varying “charge-mass-ratio” ξ in the collapse equation (26)

ξ = ξ^{max}| sin(ω_{osci}r_0)| + ξ^{min}, r_0 = r_0(t_0). (33)

As indicated by the results of Ref. [3] for M_0 = 20M_⊙, we adopt values ω_{osci} ≃ 1.5m_e, ξ^{max} = 0.6 and ξ^{min} = 0.1 for illustrating the back-reaction effect. This postulates that at the collapsing radius r_0(t_0) of the baryon layer, the microscopic processes of the electric energy^{Q2eff}_{2r0} built up and radiating away are in the rate of the Compton scale ω_{osci} ≃ 1.5m_e and effectively described by a simple function of Eq. (33), and ξ^{min} ≠ 0 representing the part of the electric energy that does not radiate away from the shin shell. Whereas the case (ξ ≡ 0) represents the collapse of a neutral thin shell without carrying any electric energy.

We express r_0 and t_0 in units of GM_0 and GM_0/c, then ωr_0 = 1.5(m_eGM_0)r_0, λ_C /GM_0 = 1.05 × 10^{−16}, 20GM_⊙/c^2 ≃ 10^{−4} second and M_0 = 20GM_⊙/c ≃ 3 × 10^6 cm. Plotting the velocity ṙ_0 = dr_0/dt_0 of Eq. (26) in Fig. 1, we find that in collapse process, the thin shell velocity is oscillating between zero and the envelop curve, which represents the collapsing velocity of the thin shell carrying the electric energy described by ξ^{min} ≠ 0.1. This result shows a sequence of “on and off” collapsing steps: the thin shell at rest starts to move inwards due to the gravitational attraction of the baryon layer, and stops due to the repulsion of the electric energy^{Q2eff}_{2r0} built up to ξ = 1, then restarts to move inwards again due to the electric energy^{Q2eff}_{2r0} partially radiating away in the form of electron-positron pairs and photons. The frequency of this “on and off” hopping sequence is about ω_{osci} ∼ m_e, the Compton scale. The collapse process is still continuous in terms of macroscopic scale. However, as will be seen soon, the time scale and kinetic energy of collapses are changed.

The averaged collapsing velocity of the thin shell of Eq. (33) is smaller than the collapsing velocity (envelop curve) for the case ξ = 0. As a result, the time duration of collapse process becomes longer. Assuming that the thin shell is at rest at the radius R_0 = 30M_0 and starts to collapse, we plot in Fig. 2 the time coordinate t_0 of Eq. (28) as a function of the radial coordinate r_0 of the collapsing thin shell, in comparison with that of the case ξ = 0. The blue line for the case ξ = 0 shows that the collapsing shell takes time ∼ 10^2 GM_0/c^2 to approach the horizon, whereas the red line for the case ξ of Eq. (33) shows that the collapsing thin shell takes time ∼ 10^3 GM_0/c^2 to approach the horizon. The collapsing time for the case ξ of Eq. (33) is about 10 times longer than the collapsing time for the case ξ = 0. This result is not sensitive to the value of the frequency ω_{osci} in the Compton scale and the detailed form of an oscillating function (33) of the frequency ω_{osci}.

Using the velocity ṙ_0 = dr_0/dt_0 of Eqs. (23) and (26), we plot in Fig. 3 the kinetic energy T (r_0) of Eq. (30) and the gravitational energy M^2_0 /2r_0 of the collapsing thin shell as a function of collapsing radius r_0. Following the total energy conservation of Eq. (31) and M(r_0) = M_0,

T (r_0) −^{M 20}_{2r0} +^{Q2eff}_{2r0} = 0, (34)

the electric energy^{Q2eff}_{2r0} is given by the difference between gravitational energy and kinetic energy, as shown in Fig. 3. In the collapse process, the kinetic energy T (r_0) and electric energy^{Q2eff}_{2r0} are rapidly oscillating, following the ansatz function (33) with the frequency ω_{osci} of microscopic processes. Averaging over these rapid oscillations, we obtain the averaged values of the kinetic energy and electric energy, which are approximately equal to an half of gravitational energy:

⟨T (r_0)⟩ ≈ ⟨^{Q2eff}_{2r0} ⟩ ≈^1_2^{M 20}_{2r0} . (35)

This implies that the averaged electric energy radiating away from the thin shell is about an half of the gravitational energy gained by the collapsing thin shell in the collapsing process. When the black hole horizon is reached, using Eq. (31), the irreducible mass of black hole is introduced [9]

M = M_{ir} +^{Q2eff}_{2r+} , and M_{ir} = M_0 −^{M 20}_{2r+} + T (r_+), (36)

where^{Q2eff}_{2r+} is the total electric energy of the thin shell approaching the horizon r_+. Suppose that the electric energy^{Q2eff}_{2r+} completely radiates away, a black hole is formed with the horizon r_0 → r_+ = 2M_0 for F ≡ f_+(r_0) → 0. In this case, the total electric energy radiating away from the thin shell is about an half of gravitational energy of the thin shell ⟨ Q^2_{eff} 2r_+ ⟩ ≈ 1 2 ( M^2_0 2r_+ ) = 1 8 M_0, (37)

and the irreducible mass of the formed black hole is about

M_{ir} = M_0 −^{M 20}_{2r+} + ⟨T (r_+)⟩ ≈ 7 8 M_0, (38)

M_0 = M_{ir} + ⟨

Q^2_{eff} 2r_+

⟩, (39)

which implies about 1/8 of the gravitational energy extracted in gravitational collapses.

VI. SUMMARY AND REMARKS

In this article, on the basis of a simple model for describing the gravitational collapse of a spherically thin capacitor, we analytically study how the gravitational energy gained in collapse converts to the kinetic energy and electric energy, the latter can be radiated away. Using an ansatz function for the effective “charge-mass-ratio” (27) to model the microscopic processes that create this electric energy and radiate it away in the Compton scale, we study how the back-reaction of such radiative electric energy on the macroscopic process of gravitational collapse. We find that the rebuilding and radiating of repulsive

FIG. 1: In unit of the speed of light c, the collapse velocity (dr_0/dt_0) is plotted (fast oscillating lines in blue) as a function of radius r_0 of the collapsing thin shell. The thin shell is at rest at the radius R_0 = 30 GM_0 and starts to collapse. The thin shell mass M_0 = 20M_⊙.

electric energy cause the collapse process undergoing a sequence of “on and off” hopping steps in the microscopic Compton scale. Although such a collapse process is still continuous in the macroscopic scales, it is slowed down as the kinetic energy is reduced and collapsing time is about an order of magnitude larger than that of collapse process eliminating electric processes. The averaged kinetic and electric energies are the same order, about an half of gravitational energy in collapse.

These results are obtained from an over simplified model for both macroscopic and microscopic processes. Nevertheless they indicate that apart from an electromagnetic energy radiation, the microscopic processes of electrodynamics have significant back-reaction and effects on gravitational collapsing processes in macroscopic scales. It is thus essential to take into account, rather than ignore, electric processes in more realistic models for studying gravitational collapse of neutral stellar core at/over the nuclear density, even though calculations are very complicate.

To end this article, we would like to mention the relevance of these results to our previous studies of energetic budget and time duration of Gamma-Ray Bursts (GRBs) as a signal of the final stage of gravitational collapse of massive stellar cores. The total electromagnetic

FIG. 2: In thin shell collapsing process, the time coordinate t_0 is plotted as a function of radial coordinate r_0 of the thin shell. t_0 and r_0 are in unit of GM_0. The red line is for ξ of Eq. (33) and the blue for ξ = 0. The shell is at rest at the radius R_0 = 30 GM_0 and starts to collapse. The thin shell mass M_0 = 20M_⊙.

energy extractable from a charged black hole [11, 12] (from the collapse of a neutral stellar core [3]) is a fraction of its mass, which reasonably accounts for the energetic budget of GRBs. In addition, the time duration T_{90} of electromagnetic radiation is about 10^{−2} second obtained [13] by solving hydrodynamical equations with an initial configuration of electro-positron pairs and photons sphere (dyadosphere) around a charged black hole. This time duration scale is elongated to be an order of magnitude larger ∼ 10^{−1} second [10, 14] by considering both the dynamical formation and hydrodynamical evolution of dyadosphere in a collapsing charged core. The results of this article imply that due to the back-reaction of the dynamical formation and hydrodynamical evolution of dyadosphere on collapsing neutral stellar cores at or over the nuclear density, the slowing down of gravitational collapsing processes should elongate this time duration scale by another factor of 10, i.e., T_{90} ∼ 1 second that reasonably

FIG. 3: In unit of the gravitational energy M^2_0 /(2r_0), the gravitational energy (constant red line at 1) and kinetic energy (fast oscillating lines in blue) and electric energy (fast oscillating lines in white) of the thin shell are plotted as a function of collapsing radius r_0.

accounts for the time duration of short GRBs.

[1] E. Olson and M. Bailyn, Phys. Rev. D 12, 3030 (1975), ibid D 13, 2204 (1976) and D 18, 2175 (1978);

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; 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. [3] W.-B. Han, R. Ruffini, S.-S. Xue, Phys. Rev. D 86, (2012) 084004. [4] R. Ruffini, G. V. Vereshchagin, S.-S. Xue, Phys. Rep. , 487, 1, (2010). [5] R. Ruffini and L. Vitagliano, Int. J. Mod. Phys. D12 (2003) 121-128. [6] For the form of these equations, please see, S. Weinberg, “ Gravitation and Cosmology” ISBN 0-471-92567-5, John Wiley and Sons, 1972.

[7] 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); V. Belinski, M. Pizzi and A. Paolino, IJMP(D), 18, 513 (2009).

[8] C. Cherubini, R. Ruffini and L. Vitagliano, Phys. Lett. B545 (2002) 226. [9] R. Ruffini and L. Vitagliano, Phys. Lett. B545 (2002) 233-237. [10] R. Ruffini, L. Vitagliano, S.-S. Xue, Phys. Lett. B573 (2003) 33. [11] T. Damour and R. Ruffini, Physical Review Letters, 35 (1975) 463.

[12] 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); C. Cherubini, A. Geralico, J. A. Rueda H., and R. Ruffini, Phys. Rev. D 79, (2009) 124002.

[13] R. Ruffini, J. D. Salmonson, J. R. Wilson, and S.-S.Xue, A&A 350 (1999) 334, ibid, 359 (2000) 855.

[14] F. Fraschetti, R. Ruffini, L. Vitagliano, S.-S. Xue, Int. J. Mod. Phys. D14 (2005) 131-142, Nuovo Cim. B121 (2006) 1477-1478, (the Proceedings of the “Swift and GRBs: Unveiling the Relativistic Universe”, in Venice (Italy), June 5-9, 2006).