arXiv:1111.4921v3 [gr-qc] 2 Oct 2012

Radiating Shear-Free Gravitational Collapse with Charge

Pinheiro, G.^{1,3∗} and Chan, R.^{2†} 1 Divisão de Programas de Pós-Graduação, Observatório Nacional, Rua General José Cristino, 77, São Cristóvão, 20921-400, Rio de Janeiro, RJ, Brazil 2 Coordenação de Astronomia e Astrofísica, Observatório Nacional, Rua General José Cristino, 77, São Cristóvão 20921-400, Rio de Janeiro, RJ, Brazil 3 Departamento de Física Teórica, Instituto de Física, Universidade do Estado do Rio de Janeiro, Rua São Francisco Xavier, 524, Maracanã, CEP 20550-900, Rio de Janeiro - RJ, Brasil (Dated: October 3, 2012)

Abstract

We present here a new shear free model for the gravitational collapse of a spherically symmetric charged body. We propose a dissipative contraction with radiation emitted outwards represented by the Vaidya-Reissner-Nordström metric. The Einstein field equations, using the junction conditions and an ansatz, are integrated numerically. A check of the energy conditions is also performed. We obtain that the charge delays the Reissner-Nordström black hole formation and it can even prevent the collapse.

PACS numbers:

∗Electronic address: gpinheiro@on.br †Electronic address: chan@on.br

Keywords: Gravitational Collapse, General Relativity, Black Hole, Reissner-Nordström

I. INTRODUCTION

The equilibrium of the stars depends on the balance of two conflicting effects. The gravitational force attracting the material of the star toward the center, and the opposite internal thermal pressure provided by nuclear fusion of the elements in the stellar interior. When these reactions cease and no other source of pressure acts significantly, like the non-thermal degeneracy pressure, this balance is broken and a massive star undergoes the continuous catastrophic contraction, the gravitational collapse. The remnant product of this process can be a black hole.

The General Theory of Relativity furnishes the foundation for analyzing the effects of the huge gravitational field involved in this process. In this context, the first idealized model for the gravitational collapse was proposed by Oppenheimer and Snyder [1], in 1939. It consists on the dynamics of a simple pressureless fluid (dust), a set of no interacting particles subjected only to the action of the gravitational field generated by their own masses. In consequence, the particles travel along timelike geodesics towards the center of the configuration, resulting in the formation of a Schwarzschild black hole. Thus, an interesting step forward is to verify the consequences in considering more relevant fluids, for instance, endowed with pressure, viscosity and/or electric charge. Since this landmark paper, many attempts aiming a more realistic description of this phenomenon have been taken place, but this usually impose a more complete set of equations, and the non linearity coming from the own structure of the field equations often compel us to the application of numerical procedures.

An interesting issue lies on the fact that, if a star could hold a non null amount of net electric charge, the contraction of such an object could give rise to the Reissner-Nordström black hole. However, the existence of considerable fraction of net charge in the stellar interior has been for long rejected. A process proposed by Rosseland [2] asserts that the free electrons of the strongly ionized gas that composes the star can be ejected due to its large thermal velocities. As the balance of forces is established, the process is interrupted and an object containing only 100 Coulomb per solar mass remains. Similar arguments supported by Glendenning [3] reaffirm the neutrality of the stars. However, these objections are grounded in the Newtonian context and, as it was already advertised [4], do not apply when extremely huge gravitational fields are in play. Indeed, in the scenario of the Theory of the General Relativity, a relativistic star could hold greater portions of charge keeping itself stable ([4], [5]), albeit no mechanism producing charge asymmetry is known. A work in this direction can be found in [6]. Nevertheless, these issues seem far from be concluded, making it important to draw attention to the charged stellar models.

There exist several relativistic static interior charged fluid solutions connected to the exterior Reissner-Nordström spacetime. A good classification and description of most of them can be found in Ivanov, 2002 [7]. Among these solutions, the one developed by Cooperstock and De La Cruz [8] will be useful for our investigation. It represents a charged dust fluid, where the T_{00} component of the stress-energy tensor in the comoving frame – composed by the matter and the interior electric field – is a constant, giving rise to a Schwarzschild-like interior solution.

In spite of the several static charged interior metrics, dynamic solutions are rare. In this sense, an interesting work performed by Bekenstein in 1971 [9] has indicated the dual role played by the charge. Depending on the charge-mass ratio, the electric field can contribute to the support or, in opposition, to the speeding up of the structure’s collapse (charge regeneration). The proof of the Birkhoff theorem and the hydrostatic equilibrium equation for the charged case were also achieved.

The Vaidya-Reissner-Nordström metric, generalization of the Vaidya’s metric [10] in the presence of electromagnetic field, enables the geometrical description of the radiation field surrounding the star, allowing the development of several models of radiative gravitational collapse of charged stars [11–14]. Among these models, the non adiabatic shear free model of de Oliveira and Santos [11] is very similar to the one proposed in the present paper, despite the fact that the field equations have not been integrated before and of the absence of pressure anisotropy. Some years earlier, the same authors and Kolassis [15] studied the uncharged case by means of the separation of the metric functions of the general spherically symmetric isotropic interior metric into distinct functions of the radial and temporal coordinates, a proposition already known from a preceding investigation [16]. Years later these models have been generalized by Chan for the shearing model [17]. This simplification allows the complete integration of the Einstein field equations, provided a radial function representing the static pre-collapse configuration is given. Here we use this same assumption, besides the selection of the referred Cooperstock and De La Cruz solution [8] for the the radial function that represents the initially static situation. We are going to see that this ansatz forces the physical variables out of equilibrium to have the same radial behavior as if they were in equilibrium. This is called in the literature as the post-quasi-static approximation [18–20].

In studying a static relativistic stellar model, Bowers & Liang [21] pointed to the relevant effects played by the anisotropy of pressure over the maximum mass for a stable system and over the surface redshift. among other factors, pressure anisotropy is induced by the electric charge [22], by the shear movement [17, 23] and, moreover, it is enlarged by the shear viscosity [24] (see [25] for a detailed review article about the occurrence of local pressure anisotropy in the study of self-gravitating systems). The shear movement, on the other hand, affects the luminosity and total collapse time of the contracting systems [26, 27], justifying its inclusion in several works. However, in an unsuccessful attempt to obtain an exact solutions of the Einstein’s equations, in this paper we forsake the general case of shearing collapse, although, due to others sources, the pressure anisotropy is taken into account.

Here we have to remind important consequences of the shear-free condition already studied. It was shown by Herrera and Santos [28, 29] that, in the quasi-static approximation and for the non-dissipative situation, the shear-free flow is equivalent to the homologous contraction in the Newtonian limit (details about homologous contraction, homology relations and its application in the astrophysics can be found in [30]). Moreover, considering dissipation in both regimes, diffusion and streaming out, the authors verified the need to impose homology conditions on the temperature and emission rate to keep the homologous evolution [28]. In addition, it was checked that the requirement of homogeneous expansion implies homology conditions. Another important aspect is that the shear-free condition is not assured all along the collapse of spheres whether the dissipative processes, the density inhomogeneity and the pressure anisotropy are taking in account [31]. Hence, this follows, leastwise in the study of geodesic motion of the fluid.

Current literature is comprised by some comprehensive models of charged collapsing radiating spheres with shear motion. A good example is the work developed by Medina and collaborators [12] with the aid of a method developed by Herrera et. al. [32]. Following the procedure, a system of first order differential equations evaluated at the surface is obtained and integrated. The same method was applied by Rosales et. al. [14] in more recent paper. Treating the same subject, but using the approach of Misner and Sharp [33], Di Prisco and collaborators [34] analyzed the dynamics of the charged spheres.

The stellar contraction must be a highly dissipative process due mainly to the interaction of the radiation and matter in the interior, such that, in the same way we are considering emission of energy across the stellar surface, an outward flux of energy through the body occurs. The energy transport is often considered in both regimes, diffusion and free-streaming. Once the studies of the radiation of the type-II supernova 1987A pointed to the domain of the former [35], this is the only one taken into account in this work. Details on how the energy flux happens and how it relates to the temperature are not the focus here. This could be performed, at first glance, with the usage of the relativistic thermodynamic theory developed by Eckart [36]. But, although simple, this theory has an undesirable feature, the equations for the heat transfer and viscous tensions indicate instantaneous propagation of the perturbations, generating causality problems. This difficulty was overcome with the Israel-Stweart theory [37], where the relaxation times for the dissipative quantities were included, resulting in hyperbolic equations for the perturbations (a complete discussion can be found in [38]). The energy transport equations of this theory supplied the thermodynamic analysis in several works. In an interesting paper, Di Prisco and collaborators [39] compared the luminosity profile of the collapsing spheres for the vanishing (Eckart) and non-vanishing (Israel-Stweart) relaxation times. The same idea was used in a different model by the same authors and some more collaborators [40] one year later. In this way, some effects of the pre-relaxation process were confirmed to be model-independent (more on the influence of the relaxation time in the outcome of the collapsing systems in [41]). In applying the transport equation to collapsing sphere models, the authors usually simplify the problem making null the constants coupling heat and viscosity. Few years ago, Herrera and collaborators [42], using the the method by Misner & Sharp [33], studied the dissipative gravitational collapse when this simplification is set aside. In this way, the authors have appreciated the influence of these coupling constants over the effective inertial mass of the system.

The aim of the present investigation is to find a dynamical solution for a charged sphere representing the dissipative collapse of the charged body, as well as to verify the role played by the electric charge in this process. The formation or avoidance of the black hole is discussed. The paper is organized as follows, in Section II we set the metrics and the stress-energy tensor used, we show the field equations and obtain a set of equations by the application of the junction conditions. The solution of the system of equations is performed in Section III. The equations for the static initial configuration are presented in Section IV. The results can be found in Section V and the agreement with the energy conditions are checked the Section VI. Finally, we discuss the results in Section VII.

II. EQUATIONS

The system is composed by an interior spacetime (referred by a minus signal ”-”), a comoving timelike hypersurface (referred by Σ) and an exterior spacetime representing a radiation field surrounding the body (referred by a plus sign ”+”). The unknown interior spacetime is given by the spatially isotropic spherically symmetric shear-free metric in comoving coordinates,

ds^2_− = −A^2(r, t)dt^2 + B^2(r, t) [ dr^2 + r^2(dθ^2 + sin^2 θdϕ^2) ] . (1)

The exterior spacetime is described by Vaidya-Reissner-Nordström metric, which represents an outgoing radial flux of radiation around a charged spherically symmetric source of gravitational field, given by

ds^2_+ = − [ 1 − 2m(v) r + Q^2 r^2 ] dv^2 − 2dvdr + r^2(dθ^2 + sin^2 θdϕ^2), (2)

where m(v) represents the mass, function of the retarded time v, and Q is the total amount of charge of the system inside the boundary surface Σ.

The interior stress-energy tensor of a charged dissipative anisotropic fluid is given by

T_{αβ} = (μ + p_⊥)u_αu_β + p_⊥g_{αβ} + (p − p_⊥)X_αX_β + +q_αu_β + q_βu_α + 1 4π [ F^γ_α F_{βγ} − 1 4 g_{αβ} F^{γδ}F_{γδ} ] . (3)

These quantities are the energy density μ, the radial pressure p, the tangential pressure p_⊥, the radial heat flux q^α, u^α is the four-velocity and X^α is a radial four-vector. The following relations hold: u_αq^α = 0, X_αX^α = 1, X_αu^α = 0. The tensor F_{αβ} represents the electromagnetic field tensor. At last, the coupling constant in geometrized units is κ = 8π (i.e., c = G = 1).

As we use comoving coordinates, we have

u^α = A^{−1}δ^α_0 , (4) and as the heat flux is radial q^α = qδ^α_1 . (5) The Maxwell’s equation are written as F_{αβ} = ϕ_{β,α} − ϕ_{α,β}, (6) and F^{αβ}_{; β} = 4πJ^α, (7) where ϕ_α is the four-potential and J^α is the four-current. It is assumed that the charge is at rest with respect to the coordinates of the metric (1), so we have no magnetic field present and, thus, we can write ϕ_α = Φδ^0_α, (8) and J^α = σu^α. (9) Where Φ is the scalar potential and σ is the charge density.

From equations (8) and (6) we obtain

F_{01} = −F_{10} = − ∂Φ ∂r . (10)

Substituting equations (9) and (10) into Maxwell’s equations (6) and (7), we have

Φ^{′′} + ( − A^′ A + B^′ B + 2 r ) Φ^′ = 4πAB^2σ, (11) and ∂ ∂t ( Φ^′ A^2B^2 ) + ( − Ȧ A + 3 Ḃ B ) Φ^′ A^2B^2

= 0, (12)

where the dot represents differentiation with respect to t and the prime with respect to r.

Integrating these equations, we obtain

Φ^′ = A B l r^2

, (13)

where l(r) is the radial distribution of charge given by

l(r) = 4π r∫ 0 σB^3r^2dr. (14)

The integration from the center (r = 0) till the surface (r = r_Σ) provides us the total amount of charge Q inside the body.

The non-vanishing components of the field equations applied to the interior spacetime are very similar to the paper [11], except by the presence – justified in the first section – of the anisotropy of pressure. These are obtained with the aid of the equations (1), (3), (4), (5), resulting in

G^−_{00} = − ( A B )_2 [ 2 B^{′′} B − ( B^′ B )_2 + 4 r B^′ B ] + 3 ( Ḃ B )_2 = κ ( A^2μ + 1 8π A^2 B^4 l^2 r^4 ) , (15)

G^−_{11} = ( B^′ B )_2 + 2 r B^′ B + 2 A^′ A B^′ B + 2 r A^′ A + ( B A )_2 −2 B̈ B − ( Ḃ B )_2 + 2 Ȧ A Ḃ B = κB^2 ( p − 1 8π 1 B^4 l^2 r^4 ) , (16)

G^−_{22} = 1 sen^2θ G^−_{33} = [ B^{′′} B − ( B^′ B )_2 + 1 r B^′ B + A^{′′} A + 1 r A^′ A ]

+ B^2 A^2 −2 B̈ B − ( Ḃ B )_2 + 2 Ȧ A Ḃ B = κB^2 ( p_⊥ + 1 8π 1 B^4 l^2 r^4 ) , (17)

G^−_{01} = −2 Ḃ′ B + 2 B^′ B Ḃ B + 2 A^′ A Ḃ B = −κAB^2q. (18) We can note that the equations presented in this section are a particular case of those present in the section II of the paper [34]. Here we are assuming no shearing motion and we neglect the shear viscosity as well as the dissipation in the free-streaming regime.

We consider a spherical surface with its motion described by a timelike three-surface Σ, which splits spacetimes into interior and exterior manifolds. The connection between these geometries has to be continuous and smooth, assured by the junction conditions. Here we follow the approach given by [43], [44] and demand the continuity of the metric (ds^2_−)_Σ = (ds^2_+)_Σ = ds^2_Σ and of the the extrinsic curvature K^−_{ij} = K^+_{ij} across the surface Σ (details on the junction conditions used here can be seen in the paper [11]).

The condition of continuity of the metric leads us to dt dτ = A(r_Σ, t)^{−1}, (19) r_ΣB(r_Σ, t) = r_Σ(v), (20)

and ( dv dτ )_{−2} Σ = ( 1 − 2m r + 2 dr dv + Q^2 r^2 ) Σ , (21)

where τ is a proper time defined on the comoving hypersurface Σ.

The non-vanishing extrinsic curvature components are K^±_{τ τ} , K^±_{θθ} e K^±_{ϕϕ}. Equating K^−_{θθ} and K^+_{θθ} we have [( dv dτ ) ( 1 − 2m r − Q^2 r^2 ) r + dr dτ r ] Σ = [r (rB^′ + B)]_Σ . (22)

With the help of equations (19), (20), (21), we can write equation (22) as m = [ r^3BḂ^2 2A^2

− r^2B^′ − r^3B^{′2} 2B + Q^2 2rB ] Σ , (23)

which is the total energy entrapped inside the surface Σ [45].

Equating K^−_{τ τ} and K^+_{τ τ} , using equation (19), we have [ d^2v dτ^2 ( dv dτ )_{−1} − ( dv dτ ) m r^2 + Q^2 r^3 dv dτ ] Σ = − ( A^′ AB ) Σ . (24)

Substituting equations (19), (20) and (23) into (22) we can write ( dv dτ ) Σ = [ (rB)^′ B + (rB)^· A ]_{−1} Σ . (25)

This is the gravitational redshift for the observer at rest at the infinity. Its divergence indicates the formation of an event horizon. This happens when the factor in parentheses goes to zero.

Substituting the derivative of this last equation and equation (23) into (24), identifying the geometrical terms with the field equations (16) and (18), we have

p_Σ = (qB)_Σ. (26)

This result is the same of the one obtained by de Oliveira et. al. [15] and years later in the study of charged spheres [11] and [13].

We can use the equations (23), (19),(25) and (16) to obtain the total luminosity for an observer at rest at infinity

L_∞ = − ( dm dv ) Σ = κ 2 pr^2B^2 ( 1 + rB^′ B + rḂ A )_2

Σ . (27)

III. SOLUTION OF THE FIELD EQUATIONS

In order to integrate the field equations, we resort to the same ansatz referred in the Section I, consisting in separate the metric functions A(r, t) and B(r, t) into functions of the coordinates r and t in the form A(r, t) = A_0(r), (28) and B(r, t) = B_0(r)f(t), (29)

where A_0(r) and B_0(r) are solutions of a static charged dust fluid.

We have chosen this separation of variables in the metric functions in such way that when f(t → −∞) → 1, the metric functions represent the initial static solution. The decreasing (or increasing) of f(t) provides the decreasing (or increasing) of the physical radius (R = rB(r, t)) of the body, describing the collapse (or expansion). The process ends when f(t → 0) → 0.

Now the equations (15)-(18) can be written as

κμ = κ μ_0 f^2 + l^2 r^4B_0^4f^2 ( 1 − 1 f^2 ) + 3 A_0^2 ( ḟ f )_2 , (30)

κp = κ p_0 f^2 − l^2 r^4B_0^4f^2 ( 1 − 1 f^2 ) + 1 A_0^2 −2 f̈ f − ( ḟ f )_2 , (31)

κp_⊥ = κ p_{0⊥} f^2 + l^2 r^4B_0^4f^2 ( 1 − 1 f^2 ) + 1 A_0^2 −2 f̈ f − ( ḟ f )_2 , (32)

κq = − 2A^′_0 A_0^2B_0^2 ḟ f^3

, (33)

where κμ_0 = − 1 B^2_0 [ 2 B^{′′}_0 B_0 − ( B^′_0 B_0

)_2 + 4 r B^′_0 B_0 ] − l^2 r^4B^4_0

, (34)

κp_0 = 1 B^2_0 [( B^′_0 B_0

)_2 + 2 r B^′_0 B_0 + 2 A^′_0 A_0

B^′_0 B_0 + 2 r A^′_0 A_0 ] + l^2 r^4B^4_0

, (35) and κp_{0⊥} = 1 B^2_0 [ B^{′′}_0 B_0 − ( B^′_0 B_0

)_2 + 1 r B^′_0 B_0 + A^{′′}_0 A_0 + 1 r A^′_0 A_0 − l^2 r^4B^2_0 ] , (36)

Substituting equations (31), (33) into (26) and assuming also that p_0(r_Σ) = 0, we obtain a second order differential equation for f(t),

2f^3f̈ + f^2ḟ^2 − 2af^2ḟ − b ( 1 − f^2 ) = 0, (37)

where a = ( A^′_0 B_0 ) Σ , (38) and b = ( A^2_0Q^2 r^4B^4_0 ) Σ . (39)

This equation is similar to the one obtained by de Oliveira et al. in 1985 [15], except by the last term. The attempts to solve it analytically proved to be unfortunate, at last, the numerical solution was successful. In order to verify the electric field action, different values of total charge were considered.

IV. MODEL OF THE INITIAL CONFIGURATION

We consider that the system at the beginning of the collapse has a static configuration of a charged dust fluid described in Cooperstock e De La Cruz [8]. The Schwarzschild-like interior solution is obtained considering

T^0_0 = λ +

E^2 8π = 3a^2 8π , (40)

where T^0_0 is the mass-energy density component of the stress-energy tensor, λ is the mass density, E is the electric field and a is a constant.

The metric for this case, presented here in isotropic coordinates, is given by

ds^2_− = A^2_0(r̄)dt^2 + B^2_0 (r̄) [ dr̄^2 + r̄^2(dθ^2 + sin^2 θdϕ^2) ] , (41)

where A^2_0(r̄) = β^2 4 (1 + r̄^2)^2, (42)

B^2_0 (r̄) = 4 a^2C^2(1 + r̄^2)^2

, (43) r̄ = r/C, (44) and the constants β and a are given by

β = 1 − a^2R^2 + (1 − a^2R^2)^{1/2},

a^2 =

2m_0 R^3 − Q^2 R^4 . The quantities m_0, R = (r_ΣB_0(r_Σ)) and Q are the total mass, radius and charge of the object. The constant C comes from the integration of the original Schwarzschild coordinates transformed into the isotropic coordinates. It can be easily determined by junction conditions.

The coefficients (38) and (39) become a = a^2βR ( 1 + √ 1 − a^2R^2

)_2 (45) b = β^2Q^2 R^4 ( 1 + √ 1 − a^2R^2

)_2 .

Substituting the functions A_0(r̄), B_0(r̄), their derivatives and a rewritten version of the equations (37) into the equations (30) - (35), we obtain

κμ = κμ_0 f^2 + l^2a^4 16r̄^4f^2 ( 1 + r̄^2

)_4 ( 1 − 1 f^2 ) + 12 β^2f^2 (1 + r̄^2)^2 ḟ^2, (46)

κp = − l^2a^4 16r̄^4f^2 ( 1 + r̄^2

)_4 ( 1 − 1 f^2 ) + 4 β^2f^2 (1 + r̄^2)^2 [ b ( 1 − 1 f^2 ) − 2aḟ ] , (47)

κp_⊥ = l^2a^4 16r̄^4f^2 ( 1 + r̄^2

)_4 ( 1 − 1 f^2 ) + 4 β^2f^2 (1 + r̄^2)^2 [ b ( 1 − 1 f^2 ) − 2aḟ ] , (48)

κq = − 2a^2Cr̄ β ḟ f^3

, (49)

where

μ_0(r̄) = a^2 (3 − r̄^2) 8π , (50)

p_0(r̄) = p_{⊥0}(r̄) = 0.

The two last equations correspond to the charged dust solution of the paper [8], but in isotropic coordinates. For the charge distribution we have

l^2(r̄) =

16r̄^6 a^2 (1 + r̄^2)^4

. (51)

V. RESULTS

The integration of the differential equation (37) depends on the coefficients ā and b̄ (equation (45)), related to the values of mass, radius and charge of the object before the beginning of the collapse. We have taken m_0 = 5M_⊙, R = 15 km and different values for the ratio charge-mass Q/m_0 ≃ 0.00, Q/m_0 = 0.20, 0.40, 0.64. The result is shown in Figure 1, from which we notice that the collapse is slower with the increasing of the charge. This result is in contrast to that obtained by Medina et al. [12], pointed as unexpected by the authors.

FIG. 1: Temporal behavior of the function f(t) for the models with Q/m_0 ≃ 0.0, 0.20, 0.40. The time is in seconds.

In Section II, we declared that the formation of an event horizon occurs when the surface gravitational redshift goes to infinity, i.e., the term in the parentheses in the equation (25) goes to zero. Using equations (28), (29) and the metric functions (42) and (43) into the parentheses of that equation, we have ( 1 + rB^′_0 B_0 + rB_0ḟ A_0 ) Σ = [ 1 − a^2R^2 1 + √ 1 − a^2R^2 + R ( 1 + √ 1 − a^2R^2 ) β ḟ_{bh} ] = 0. (52)

So, the event horizon arises when ḟ_{bh} = −β^2 R ( 1 + √ 1 − a^2R^2

)_2 . (53)

Note from Figure 2 that, when the amount of charge is not very large, the event horizon is always formed, however, for larger values, this condition is no longer satisfied.

FIG. 2: Gravitational redshift condition for a star with initial mass 5 M⊙ and initial radius R = 15 km. For Q/m_0 > 0.6310, the function ḟ no longer reaches the value for the event horizon formation.

In the last stages of the contraction of the overly charged stars (Q/m_0 > 0.6310), the decreasing of the function f(t) decelerates and it reaches a minimum value (see the Figure 3). Beyond this point, the function increases sharply and a bounce of the system seems to occur. This idea is false, since the luminosity becomes negative for positive ḟ (see equation (55) below). This is physically inconsistent, and we have to stop the integration at this instant. The solution is just valid until this minimum point, where the luminosity, heat flux and the rate of decrease of the stellar radius (ḟ) go to zero. Nevertheless, the mass is reduced along the contraction by the radiative emission, but some portion still lasts at the endpoint. The same is truth for the stellar radius. This suggests that an equilibrium situation could be the final fate of the evolution.

The equations (23) and (27) become m = R^3 2β^2 ( 1 + √ 1 − a^2R^2 ) fḟ^2 + a^2R^3 2 f + Q^2 2Rf , (54)

FIG. 3: Time evolution of f(t) for a highly charged star.

L = −aR^2ḟ [ 1 + R^2 β^2 ( 2β + a^2R^2 )˙ f ]_2 . (55)

Note that, before the collapse, when f(t) → 1 and ḟ → 0, the equation (54) becomes

m_0 = a^2R^3 2 + Q^2 2R , (56)

as we expected from [8].

The Figure 4 shows the temporal evolution of the mass and luminosity. We can note that models with larger values of charge favor higher emission of energy. However, in the case where we have no black hole formation, this situation is reversed, as we can see from the right bottom panel.

The integrated physical quantities of the fluid are plotted in the figures 5, 6, 7 and 8. Due to the fact that the charge distribution is an increasing function of r, for the charged case, the radial pressure in the outermost radial coordinates are greater than the pressure in the innermost.

VI. ENERGY CONDITIONS FOR THE CHARGED FLUID

In principle, any geometry might represent, via Einstein’s equations, a valid solution of the theory of General Relativity, once nothing is inferred about the matter content of the source of the gravitational field, or, precisely, no restrictions are set on the components of the stress-energy tensor. On the other hand, the known forms of matter are endowed with

FIG. 4: Mass and luminosity for different charge/initial mass ratio models in geometric units.

FIG. 5: Temporal evolution of the density for an almost uncharged and a highly charged star in geometric units.

certain physical features, like positivity of the energy density or like its domain over the principal stresses, for example. Desired physically meaningful solutions, these features are combined in a set of constraints, the energy conditions, guiding the acceptance or disposal of a particular solution of the field equations.

In order to trace the energy conditions along the moment of contraction of the body, we follow the same procedure used in Kolassis, Santos & Tsoubelis [46]. Here we skip the

FIG. 6: Temporal evolution of the pressure for an almost uncharged and a highly charged star in geometric units.

FIG. 7: Temporal evolution of the tangential pressure for an almost uncharged and a highly charged star in geometric units.

FIG. 8: Temporal evolution of the heat flux for an almost uncharged and a highly charged star in geometric units.

mathematical step by step, warning that the similar approach is found in [23, 47]. These conditions for the charged fluid in question are fulfilled if the following inequalities are satisfied:

Mathematical condition

(i) √ Δ ≥ 0

Common to all the energy conditions

(ii) 1 2 [ μ + p + 1 8π l^2(r) r^4B^4 ( 1 B^2 + 2 ) + √ Δ ] ≥ 0 Weak conditions:

(iii) 1 2 [ μ − p + 1 8π l^2(r) r^4B^6 + √ Δ ] ≥ 0 Dominant conditions:

(iv) 1 2 [ μ − 3p + 1 8π l^2(r) r^4B^4 ( 1 B^2 − 2 ) + √ Δ ] ≥ 0

(v) 1 2 [ μ − p + 1 8π l^2(r) r^4B^6 ] ≥ 0 Strong conditions:

(vi) √ Δ + 2p + 1 4π l^2(r) r^4B^4 ≥ 0. Where

Δ = [ (μ + p) − 1 8π l^2(r) r^4B^6

]_2

− 4B^2q^2.

The Figure 9 shows that all these inequalities hold all along the dynamics of the charged fluid.

FIG. 9: Energy conditions for the highly charged model.

VII. DISCUSSION

In this work we have studied the contraction of a spherically symmetric charged body. In order to make it possible the integration of the field equations, we have to adopt some hypothesis about the interior spacetime. Firstly, its associated metric can be split into distinct functions of the radial and the temporal coordinates. Even though we can not guarantee the validity of this mathematical trick, it is a reasonable attempt to get round the underdetermination problem of the system of equations. This drives us to the second assumption, the choice of the radial interior function. Among the uncountable possibilities of interior charged solutions, the Cooperstock and De La Cruz [8] solution was the selected one. Thus, the radial behavior of the physical variables of the system is an inheritance of such a particular choice.

In view of the previous discussion, we have concluded that appreciable physical effects to the collapse process are important for values of the net electric charge above Q/m_0 ∼ 0.10 (Q ∼ 8.570 × 10^{19} Coulomb). Furthermore, the Reissner-Nordström black hole is formed unless the total amount of charge is incredibly huge (Q ∼ 5.408 × 10^{20} Coulomb for Q/m_0 = 0.631).

The electric field delays the event horizon formation, in agreement with the non radiative models of [5], and can even prevent the complete contraction of the body. In this case, the solution seems to point to an equilibrium situation. It is even worthy to say that, for a model with ratio Q/m_0 >∼ 0.70, neither a minimal contraction takes place.

We also have seen that, for the models that admit black hole formation (Q/m_0 <∼ 0.631), those richer in charge have greater transmition of energy to the exterior region before the appearance of the event horizon, making the remnant object less massive. The luminosity increases sharply and, all of a sudden, the star turns off. Otherwise, if it is charged enough in such a way to prevent the black hole formation, the time evolution of the luminosity has a maximum peak and a subsequent reduction to zero. In contrast, the event becomes less luminous with the increasing of the fraction Q/m_0.

Although the model presented here is, for sure, too much idealized, it certainly represents an interesting dynamical solution of Einstein’s equation, and it gives us important clues on the possibility of the Reissner-Nordström black hole formation. ACKNOWLEDGMENTS

The author (RC) acknowledges the financial support from FAPERJ (no. E- 26/171.754/2000, E-26/171.533/2002 and E-26/170.951/2006) and from Conselho Nacional de Desenvolvimento Científico e Tecnológico - CNPq - Brazil. The author (GP) acknowledges the financial support from CAPES, FAPERJ and CNPq.

[1] Oppenheimer, J.R., Snyder, H.: Phys. Rev. 56, 455-459 (1939) [2] Rosseland, S.: Mon. Not. R. Astron. Soc. 84, 720-728 (1924) [3] Glendenning, N. K.: Compact Stars, Springer-Verlag, NewYork, 82, (2000) [4] Ray, S., Espindola, A. L., Malheiro, M., Lemos, J. P. S., and Zanchin, V. T.: Phys. Rev. D 68, 084004 (2003) [5] Ghezzi, C. R.: Phys. Rev. D 72, 104017 (2005) [6] Cuesta, H.J.M., Penna-Firme, A. and Perez-Lorenzana, A.: Phys. Rev. D 67, 8, 087702 (2003) [7] Ivanov, B.V.: Physical Review D, 65, 104001 (2002) [8] Cooperstock, F.I., De La Cruz, V.: Gen. Relativ. Gravit., 9, 835-843 (1978) [9] Bekenstein, J. D.: Phys. Rev. D 4, 8, 2185 (1971) [10] Vaidya, P.C.: Nature, 171, 260-261 (1953) [11] de Oliveira, A.K.G., Santos, N.O.: Astrophys. J 312, 640-645 (1987) [12] Medina, V., Nuñez, L., Rago, H., Patiño, A.: Can. J. Phys. 66, 981-986 (1988) [13] Maharaj, S.D., Govender, M.: Pramana J. Phys 54, 5, 715-727 (2000) [14] Rosales, L., Barreto, W., Peralta, C., Rodríguez-Mueller, B.: Phys. Rev. D, 82, 084014 (2010) [15] de Oliveira, A.K.G., Santos, N.O., Kolassis, C.A.: Mon. Not. R. Astron. Soc., 216, 1001-1011 (1985) [16] Glass, E.N.: Phys. Lett., 86 A, 351-352 (1981) [17] Chan, R.: Int. J. Mod. Phys. D 12, 1131-1155 (2003) [18] Herrera, L., Barreto, W., Di Prisco, A., Santos, N. O.: Phys. Rev. D 65, 104004 (2002) [19] Herrera, L., Barreto, W.: Int. J. Mod. Phys. D 20, 7, 1265-1288 (2011) [20] Barreto, W.: Phys. Rev. D 82, 124020 (2010) [21] Bowers, R.I., Liang, E.P.T.: Apstrophys. J. 188 657, (1974) [22] Ivanov, B.V.: Int. J. Theor. Phys., 49, 1236-1243 (2010) [23] Chan, R.: MNRAS, 316, 588-604 (2000) [24] Nogueira, P.C., Chan, R.: Int. J. Mod. Phys. D 13, 1727-1752 (2004) [25] Herrera, L., Santos, N.O.: Phys. Rep. 286, 53-130 (1997) [26] Chan, R.: Mon. Not. R. Astron. Soc. 288, 589-595 (1997) [27] Chan, R.: Mon. Not. R. Astron. Soc. 299, 811 (1998)

[28] Herrera, L., Santos, N.O.: Mon. Not. R. Astron. Soc. 343,1207-1212 (2003) [29] Herrera, L., Santos, N.O., Wang, A.: Phys. Rev. D 78, 084026 (2008) [30] Kippenhahn, R., Weigert, A.: Stellar Structure and Evolution. Springer, Berlin (1990);

Hansen, C. and Kawaler, S., Stellar Interiors: Physical Principles, Structure and Evolution Springer Verlag, Berlin (1994) [31] Herrera, L., di Prisco, A., Ospino, J.: Gen. Relativ. Gravit., 42, 1585-1599 (2010) [32] Herrera, L., Jiménez, J. and Ruggeri, G., J.: Phys. Rev. D 22, 2305-2316 (1980) [33] Misner, C. W., Sharp, D. H.: Physical Review 136, 571-576 (1964) [34] Di Prisco, A., Herrera, L., Le Denmat, G., MacCallum, M.A.H., Santos, N.O.: Phys. Rev. D 76, 064017 (2007) [35] Lattimer, J.: Nucl. Phys. A 478, 199-217 (1988) [36] Eckart, C.: Phys. Rev. 58, 919-924 (1940) [37] Israel, W., Stewart, J. M.: Ann Phys. 118, 341-372 (1979) [38] Maartens, R.: arXiv:astro-ph/9609119, (1996) [39] Di Prisco, A., Herrera, L., Esculpi, M.: Class. Quantum Grav. 13, 10531068 (1996) [40] Di Prisco, A., Falcn, N., Herrera, L., Esculpi, M., Santos, N.O.:Gen. Relat. Gravit. 29, 1391- 1405 (1997) [41] Herrera, L. and Martínez, J.: Gen. Relativ. Gravit. 30, 445-471 (1998); Herrera, L., Di Prisco, A. and Barreto, W.: Phys. Rev. D 73, 024008 (2006); Herrera, L., Di Prisco, A. and Ospino, J.: Phys. Rev. D 74, 044001 (2006) [42] Herrera, L., Di Prisco, A., Fuenmayor, E., Troconis, O.: Int. J. Mod. Phys. D 18, 129-145 (2009) [43] Israel, W.: Nuovo Cimento, 44B, 1-14 (1966a) [44] Israel, W.: Nuovo Cimento, 48B, 463 (1966b) [45] Cahill, M.E., McVittie G.C.: J. Math. Phys. 11, 1382-1391 (1970) [46] Kolassis, C.A., Santos, N.O., Tsoubelis, D.: Class. Quantum Grav. 5, 1329-1338 (1988) [47] Chan, R.: A&A 368, 325-334 (2001)