arXiv:hep-th/0603254v3 22 Feb 2007

Black holes and dark energy from gravitational collapse on the brane

László Á. Gergely Departments of Theoretical and Experimental Physics, University of Szeged, Dóm tér 9, 6720 Szeged, Hungary (Dated: February 22, 2007)

Abstract

The gravitational collapse of a pressureless fluid in general relativity (Oppenheimer-Snyder collapse) results in a black hole. The study of the same phenomenon in the brane-world scenario has shown that the exterior of the collapsing dust sphere cannot be static. We show that by allowing for pressure, the exterior of a fluid sphere can be static. The gravitational collapse on the brane proceeds according to the modified gravitational dynamics, turning the initial nearly dust-like configuration into a fluid with tension. The tension arises from the non-linearity of the dynamical equations in the energy-momentum tensor, and it vanishes in the general relativistic limit. Below the horizon the tension turns the star into dark energy. This transition occurs right below the horizon for astrophysical black holes and far beyond the horizon for intermediate mass and galactic black holes. Further, both the energy density and the tension increase towards infinite values during the collapse. The infinite tension however could not stop the formation of the singularity.

I. INTRODUCTION

According to brane-world models our observable universe is a 4-dimensional (4d) hypersurface (the brane) with tension λ, embedded into a 5-dimensional (5d) curved space-time (the bulk). Standard model fields act on the brane, however gravitation spreads out into all five dimensions and it evolves according to the 5d Einstein equation. While in the original Randall-Sundrum (RS) second model [1] a flat brane is embedded into an anti de Sitter (AdS) bulk in a Z_2-symmetric way, later generalizations have evolved into considering curved branes, embedded both symmetrically and asymmetrically into a bulk characterized by both Weyl- and Ricci-curvatures. A negative bulk cosmological constant has a warping effect. The bulk can host non-standard model fields, like moduli or dilatonic scalar fields or a radiation of quantum origin. Such models are motivated by string / M-theory.

In brane-world models the projection of the 5d Einstein gravity onto the brane leads to a 4d gravitational dynamics [2], which is different from the Einstein gravity. An essential modification appears at high energies in the form of a new source term in the effective Einstein equation, which is quadratic in the brane energy-momentum tensor. This source term becomes negligible at low energies. Therefore early cosmology is modified, however latetime cosmology is not. Another modification arises whenever the bulk has a Weyl-curvature with non-vanishing projection onto the brane. This is known as the electric part of the bulk Weyl tensor. The possible asymmetric embedding contributes with a third unconventional source term in the effective Einstein equation [3]. So does the non-standard model bulk matter, via the pull-back to the brane of its energy-momentum tensor. Solar System tests, all in the weak gravity regime, could not confirm or disprove the quadratic source term, but can put strong limits on the other types of modifications. Quantum corrections arising from the coupling between bulk gravity and brane matter, known as induced gravity, were introduced originally in [4] and presented in the most generic covariant form (including asymmetry) in [5]. Corrections from higher order curvature invariants, more specifically Gauss-Bonnet type modifications, which are motivated by the AdS/CFT correspondence, were discussed covariantly in [6].

Even in the simplest of these models, with the Gauss-Bonnet and induced gravity contributions switched off, the possible brane-worlds can be of great variety, according to the symmetries of the brane. Friedmann branes, for example, are known to be embeddible into any of the Schwarzschild / Reissner-Nordström / Vaidya - anti de Sitter bulks (depending on the energy-momentum in the bulk; for a systematic treatment see [3]). Cosmological evolution has been extensively studied in this scenario (for symmetric embeddings see [7], [8] and references therein; for asymmetric embeddings [3], [9] and references therein). The matter in the bulk affects the cosmological evolution on the brane through a ”comoving mass” and a bulk pressure [10], [11].

Other branes of cosmological type, like the Einstein brane [12] or the Kantowski-Sachs type homogeneous brane [13], are embedded into a vacuum bulk which is not Schwarzschild - anti de Sitter (SAdS).

Black hole type branes again are not embedded into a SAdS bulk. The spherically symmetric, static black hole on the brane [14] is given by the Reissner-Nordström metric of general relativity, with the (square of the) electric charge replaced by a tidal charge. The tidal charge q can take both positive and negative values, in contrast with the general relativistic case, when q = Q^2 represents the square of the electric charge, q being always positive. Due to the q term, the tidal charged black hole presents r^{−2} type corrections to the Schwarzschild potential. This has to be contrasted with the r^{−3} type correction to the Schwarzschild potential [1], [15]-[16], arising in the weak field analysis of the spherically symmetric gravitational collapse on the brane in the original RS setup. As such corrections are related to the electric part of the bulk Weyl curvature (the Kaluza-Klein, KK modes of gravity), the bulk in which the tidal charged black hole can be embedded, cannot be SAdS. Neither is the bulk containing a Schwarzschild black hole (q = 0) on the brane. In fact, the bulk containing the tidal charged brane black hole remains unknown.

Incorporating black hole singularities in brane-world models is a difficult task. In the original, simplest RS model [1], containing a flat brane, there are no black holes at all. In its curved, cosmological generalizations no black holes can exist on the brane - except as test particles. Among the black hole space-times of general relativity, remarkably, the Schwarzschild solution still solves the modified gravitational equations on the brane, under the assumptions of vacuum and no electric bulk Weyl source term. (This is the tidal charged brane black hole with q = 0.) It was conjectured in [17], that a Schwarzschild brane can be embedded in the bulk only by extending the singularity into the bulk. In this way one obtains a black string with singular AdS horizon. Due to the Gregory-Laflamme instability [18] the black string can decay into a black cigar [19], although other arguments show that under very mild assumptions, classical event horizons cannot pinch off [20]. Stable black string solutions with no Weyl source arise in the two brane model of [21]. Recently, the gravity wave perturbations of such a black-string brane-world were computed [22]. Only if the bulk contains exotic matter, the Schwarzschild brane black hole is allowed to have regular AdS horizon [23]. In any case the brane black hole is not localized on the brane. More generically, in brane-worlds any event horizon on the brane can hide a singularity which may even not be on the brane.

Rotating stationary axisymmetric black holes with tidal charge, localized on the brane in the RS brane-world model were presented in [24] and brane black hole solutions in a simple model with induced gravity were given in [25], [26]. The gravitational collapse on the brane in the presence of curvature corrections was also studied in [27].

The formation of black holes is quite different in brane-worlds, as compared to general relativity. This is because well-known processes from general relativity are modified due to the unconventional brane-specific sources. However, the ”energy momentum squared” source term becomes dominant at high energies. Such high energies are certainly occurring in the final stages of the gravitational collapse, therefore serious modifications are to be expected in comparison with the general relativistic gravitational collapse.

Based on the tidal charged brane black hole solution, which is set as the exterior of the collapsing object, the gravitational collapse of a dust sphere was analyzed [28] and indeed, sharp differences as compared to the general relativistic Oppenheimer-Snyder collapse [29] were found. First it was shown that the idealized collapse of homogeneous KK energy density with static exterior leads to either a bounce, a black hole or a naked singularity. This result has no counterpart in general relativity. Second, in the absence of the tidal charge (no KK energy density), the vacuum surrounding the collapsing sphere of dust could not be static. This is in sharp contrast with general relativity, where the Birkhoff theorem yields the Schwarzschild solution outside any spherically symmetric configuration as the unique vacuum. The non-static exterior of the collapsing brane star could be the Vaidya radiating solution on the brane [30]. Moreover, this can be regarded as an intermediate radiation layer, and matched from exterior to the tidal charged brane black hole solution [31]. According to this model, the spherically symmetric collapse on the brane is accompanied by radiation, in contrast with general relativity. Alternatively, in a special toy model a Hawking flux was shown to appear from a collapsing spherically symmetric dust object on the brane [32]. A related result states that the vacuum exterior of a spherical star has radiative-type stresses, and again the exterior is not a Schwarzschild space-time [33]. An effective Schwarzschild solution on the brane was however shown to exist if there is energy exchange between the bulk and the brane collapsing star [34].

The above mentioned results refer to collapsing spherically symmetric matter configurations with vanishing surface pressure. But as pointed out first in [35], the junction conditions on the boundary of a star in brane-world theories do not necessarily require a vanishing pressure on the junction surface. This is, because the multitude of source terms in the effective Einstein equation can conspire in such a way that the effective pressure still vanishes on the junction surface with the vacuum exterior, in spite of a non-vanishing ordinary pressure.

The same conclusion on the junction surface emerged in [36], where the possibility of a Swiss-cheese brane-world was raised. The generic junction conditions between the Schwarzschild vacua embedded in the FLRW brane along spheres of constant comoving radii were exploited in [37] and [38] by discussing models of black strings penetrating a cosmological brane.

In this paper we drop the assumption of vanishing surface pressure on the boundary of the collapsing matter configuration. Obviously then the dust model for the collapsing matter is given up. The gravitational collapse of spherically symmetric perfect fluid matter configuration can be modeled by immersing a FLRW sphere into a static vacuum. Mathematically the problem of a collapsing perfect fluid sphere immersed into a static vacuum becomes very similar to the reverse problem of embedding of the Schwarzschild vacua into FLRW branes.

By lifting the requirement of vanishing pressure we can achieve a static exterior of the collapsing star even in the absence of the KK energy density and even without inserting an intermediate radiation layer. This will be shown in the following section. In the original RS setup the assumption of a static exterior without tidal charge can be justified whenever the radius of the collapsing sphere is much higher then the characteristic scale L of the extra dimension [39]. With L = 0.1 mm from table-top experiments [40] and for astrophysical or galactic black holes, this is certainly the case.

In section 3 we discuss the results and comment on the formation of the black hole and singularity. Finally, section 4 contains the concluding remarks.

Throughout the paper we use units G = 1 = c.

II. SPHERICALLY SYMMETRIC COLLAPSE OF A FLUID IN A STATIC EX- TERIOR

We choose a simple scenario, with vanishing cosmological constant on the brane, Λ = 0 (Randall-Sundrum fine-tuning). The collapsing star is described by the FLRW metric with flat spatial sections, k = 0. The static vacuum exterior is the Schwarzschild metric. This simplification arises by switching off the KK modes. Table-top experiments [40] on possible deviations from Newton’s law currently probe gravity at submillimeter scales and as a result they constrain the characteristic curvature scale of the bulk to L = 0.1 mm. Therefore our results will apply to collapse situations which may end in black holes with radii r_H >> L. With this choice we focus on the effect of the non-linear source terms on the gravitational collapse.

The junction condition of these two space-times along spheres of constant comoving radius χ_0 was derived in [36]: aȧ^2 = 2m χ^3_0

, (1) where a (τ) is the scale factor in the FLRW metric. We apply the above result for a stellar model with boundary surface in free fall, given by χ = χ_0 =constant. Then m is the Schwarzschild mass of the collapsing star. The integration of Eq. (1) gives the evolution of the scale factor of the collapsing star in comoving time τ :

a^{3/2} = a^{3/2}_0 − ( 9m 2χ^3_0 )_{1/2} τ . (2)

In order to describe a collapse situation we have chosen the ”−” root of Eq. (1) and we have kept the integration constant a_0, which represents the scale factor at the beginning of the collapse (at τ = 0)^1. It is immediate to see that the collapse ends when a = 0 is reached, after finite time τ_1 = (2χ^3_0a^3_0/9m)^{1/2}.

How is the Schwarzschild mass m related to the integral of the energy density over the volume of the star? The latter, denoted M, is M = 4πχ^3_0a^3 3 ρ . (3)

1 In the cosmological case the corresponding choices were ”+” and a_0 = 0, see [36].

From Eq. (2) we easily derive ȧ^2 a^2 = 2m χ^3_0 [ a^{3/2}_0 − (_{9m} 2χ^3_0 )_{1/2} τ ]_2 = 8πmρ 3M . (4)

The stellar perfect fluid obeys the brane Friedmann equation as well: ȧ^2 a^2 = 8πρ 3 ( 1 + ρ 2λ ) . (5)

By comparing the two expressions for ȧ^2 we find the relation between the ”physical” mass M and the mass m seen from the exterior, Schwarzschild region of the brane: m = M ( 1 + ρ 2λ ) . (6)

Obviously, both m and M cannot be constants, except for the trivial case m = M = 0, or in the general relativistic limit ρ/λ → 0, when the masses become equal. That both masses cannot be constant in the brane-world collapsing star model was already pointed out in [28].

If M would be constant, the energy density of the star would scale as ρ (τ) ∼ a^{−3}, cf. Eq. (3). The star therefore would consist of dust, as the pressure would vanish by virtue of the continuity equation ρ̇ + 3 ȧ a (ρ + p) = 0 . (7) For such a dust sphere the exterior cannot be static, and we arrive to the no-go result presented in [28].

However, as remarked earlier, it is not compulsory to impose a vanishing pressure in the star. The energy density of an ideal fluid with pressure does not evolve as a^{−3}. This means that M varies. Then the exterior can be held static, provided M varies in the proper way.

In order to interpret the Schwarzschild mass m in terms of the interior metric, we transform the FLRW metric

ds^2_{F LRW} = −dτ^2 + a^2 (τ) [ dχ^2 + χ^2 ( dθ^2 + sin^2 θdφ^2 )] , (8)

into the standard form of spherically symmetric metrics:

ds^2_{F LRW} = −e^{2ψ(R)}F (R) dT^2 + F (R)^{−1} dR^2 + R^2 ( dθ^2 + sin^2 θdφ^2 ) . (9)

The relation between the two sets of coordinates is T = T (τ, χ) and R = R (τ, χ) = a (τ) χ. Therefore dT = Ṫ dτ + T^′dχ, and dR = ȧχdτ + adχ. From the χ − τ block of the metric we obtain:

ȧ^2χ^2 + F = e^{2ψ}F^2Ṫ^2 , (10) aȧχ = e^{2ψ}F^2T^′Ṫ , (11) a^2 (1 − F ) = e^{2ψ}F^2T^{′2} . (12)

By multiplying the first equation with the third one and eliminating the derivatives of T with the second one we obtain the metric function F = 1 − ȧ^2χ^2. Now we define the mass m contained inside radius R_0 = aχ_0 with the metric coefficient F as

F (R_0) = 1 − 2m R_0

, (13)

thus the mass at χ_0 is given by 2m a^3χ^3_0 = ȧ^2 a^2

(14) Finally, by applying Eq. (5) the mass m emerges as m = 4πa^3χ^3_0ρ 3 ( 1 + ρ 2λ ) . (15)

This is different from the usual relation among the mass, density and volume, represented by Eq. (3), but reduces to it in the general relativistic limit. By applying Eq. (3), we recover the relation (6) between the masses m and M, which justifies the notation m in Eq. (13).

It is easy to show that m is the quasilocal mass appearing in the Bondi-type coordinates used by Bardeen [41]. For this we need to further transform the metric (9) into either the advanced or the retarded Bardeen coordinates (v, R, θ, ϕ). The null coordinate v is given as dv = dT + ce^{−ψ}F^{−1}dR, with c = ±1 (the sign + holds for advanced, − for retarded). We obtain ds^2_{F LRW} = −e^{2ψ} F dv^2 + 2ce^ψdRdv + R^2 ( dθ^2 + sin^2 θdφ^2 ) , (16) and conclude that m defined by Eq. (13) is the Bardeen quasilocal mass.

The mass of the star is its Bardeen quasilocal mass m, rather than the ”physical” mass M. It is not surprising that these differ. The Bardeen mass contains contributions not only from matter, but from gravitational energy as well. Therefore it should be different compared to the general relativistic Bardeen mass (which agrees with the ”physical” mass M) because in brane-worlds the gravitational dynamics is modified (in the present case by ρ^2 source terms).

FIG. 1: The two branches of energy density ρ_± in the collapsing star, plotted for a mass m = 2πλχ^3_0/3. The collapse starts at a_0 = 1 and the time τ is given in units of ( 9m/2χ^3_0 )_{1/2} . An infinite density singularity is reached on the ρ_+ branch at τ = τ_1 = 1.

In the chosen simple scenario, with no bulk matter and no Weyl contribution to the sources from the bulk, the effective Einstein equation for the exterior region is the vacuum Einstein equation of general relativity. For spherical symmetry therefore the Birkhoff theorem applies. Then the exterior Schwarzschild solution with mass parameter m is the unique exterior for the collapsing spherically symmetric matter configuration. As its Schwarzschild mass m agrees with the Bardeen quasilocal mass in the star, the Bardeen mass m rather than the ”physical” mass M should be taken as constant.

Next, we proceed to derive ρ (τ) under the assumption m=const. This is immediate by inserting a (τ) given by Eq. (2) into Eq. (3). The energy density ρ (τ) is determined by a quadratic equation ρ^2 λ^2 + 2 ρ λ − 3m 2πλχ^3_0 [ a^{3/2}_0 − (_{9m} 2χ^3_0 )_{1/2} τ ]_2 = 0 , (17)

with the solutions ρ_± λ = −1 ± 1 + 3m 2πλχ^3_0 [ a^{3/2}_0 − (_{9m} 2χ^3_0 )_{1/2} τ ]_2 (18)

The physical solution is ρ_+ this being positive for any τ < τ_1. The energy density ρ_+

FIG. 2: The two branches of pressure p_± in the collapsing star, plotted as in Fig 1. On the physical

branch p_+ is negative during the collapse. The tension −p_+ increases to ∞ at τ_1.

is increasing in time, reaching an infinite value at τ_1, at the end of collapse. During the collapse, the ”physical” mass M, scaling with (1 + ρ/λ)^{−1}, decreases continuously towards zero.

From the junction condition (1) we find ä a = − m χ^3_0a^3

, (19)

while the Raychaudhuri equation for the FLRW fluid sphere gives an other expression for ä: ä a = − 4π 3 [ ρ ( 1 + 2ρ λ ) + 3p ( 1 + ρ λ )] . (20)

Combining these, we obtain the equation describing the evolution of the fluid pressure and density with radius: ρ ( 1 + 2ρ λ ) + 3p ( 1 + ρ λ ) = 3m 4πχ^3_0a^3

. (21)

The pressure then emerges as the algebraic root of the quadratic Eq. (21): p_± λ = 1 ∓ 1 2 1 + 3m 2πλχ^3_0 [ a^{3/2}_0 − (_{9m} 2χ^3_0 )_{1/2} τ ]_2 ∓ 1 2 √ 1 +^{3m}

2πλχ^3_0 [ a^{3/2}_0 − (_{9m} 2χ30 )_{1/2} τ ]_2

. (22)

Thus our original assumption of a static exterior leads to the conclusion, that the fluid is not dust. Time evolution of its energy density and pressure are represented in Fig 1 and Fig 2, respectively.

III. DISCUSSION

By lifting the condition of vanishing pressure in the spherically symmetric collapsing object we have arrived to the conclusion, that a static vacuum exterior is possible at the price of an unexpected behaviour of the fluid. What is the fluid composing this braneworld star consisting of? From Eqs. (18 ) and (22) we find a simpler form of the equation describing the evolution of the pressure with density as the radius of the star shrinks: p_± λ = 1 2 ( 1 − ρ_± λ ) − 1 2 ( 1 + ρ_± λ )_{−1} . (23)

This equation need not necessarily be interpreted as an equation of state for the collapsing fluid. Rather it expresses the run of pressure with density during the collapse. It is similar to the assumption of polytropes as Newtonian pseudo-stellar models, where a simple power law dependence p = Kρ^{1−1/n} is chosen as an expression of the evolution of p with radius, in terms of the evolution of ρ with radius. Such an equation satisfies the mass equation and the equation for hydrostatic equilibrium, but no reference to heat transfer or thermal balance are made [42]. Even so, polytropes were found useful in the study of many aspects of real stellar structure.

The relation (23) was obtained by solving the brane-world generalization for a collapse situation of the mass equation and hydrostatic equilibrium equations, and as we will see in what follows, its interpretation is also related to the polytropic pseudo-stellar models.

In the initial, low-energy regime of the collapse (|ρ_±| ≪ λ) the collapsing brane-world fluid approaches a polytrope with the run of pressure versus energy density given by p_± ≈ − ρ^2_± 2λ . (24)

This polytrope is characterized by the constant K = −1/2λ, and polytropic index n = 1. The strongest bound on the minimal value of λ was derived by combining the results of table-top experiments on possible deviations from Newton’s law, which probe gravity at sub-millimeter scales [40] with the known value of the 4-dimensional Planck constant. In the 2-brane model [21] this gives [43] λ > 138.59 TeV^4. A much milder limit λ ≳ 1 MeV^4 arises from the constraint that the dominance of the quadratic effects ends before the Big Bang Nucleosynthesis [44]. From astrophysical considerations on brane neutron stars an intermediate value λ > 5 × 10^8 MeV^4 was derived [33]. (Note that all these limiting values are given for c = 1 = ℏ, while the expressions of this paper are given in units c = 1 = G. In this latter system of units the corresponding minimal values of the brane tension are λ_{tabletop} = 4. 2 × 10^{−119} eV^{−2}, λ_{BBN} = 3 × 10^{−145} eV^{−2} and λ_{astro} = 1.5 × 10^{−136} eV^{−2}, respectively.) Thus the constant becomes either a tiny or a huge number, depending on the chosen system of units. However with customary values of the stellar density (for the Sun ρ_⊙ = 1408 kg/m^3, which in units c = 1 = G gives ρ_⊙ = 1. 8 × 10^{−150} eV^{−2}), the condition ρ/λ ≪ 1 is obeyed no matter which one of the available lower bounds and which system of units is chosen. The collapsing fluid in the star is then indistinguishable from ordinary dust.

At the final stage of the collapse, when |ρ_±| ≫ λ, the pressure tends to p_± ≈ − ρ_± 2 . (25)

This is again a polytrope with constant K = −1/2 and polytropic index n → ∞. The condition for dark energy ρ_+ + 3p_+ ≈ −ρ_+/2 < 0 is then satisfied on the physical branch. This provides a mechanism of how an initial configuration of (nearly) pressureless fluid turns into dark energy due to gravitational collapse in the brane-world scenario.

In the general relativistic limit (ρ/λ → 0) the fluid sphere degenerates into a spherically symmetric dust cloud and it remains dust (no pressure) until the end of the collapse, which of course is the highly idealized picture of the Oppenheimer-Snyder collapse.

The collapse is different in a brane-world. On the physical branch, as the end of the collapse is approached (τ → τ_1), the pressure p → −∞. This means that an enormous isotropic tension appears in the brane-world star as the collapse proceeds towards its final stage. The role of any tension (like in solids) is to restore the original configuration. The enormous tension appearing in the latter stages of collapse therefore by analogy could be regarded as the backreaction of the brane towards the stretching effect of the collapsing matter. We will comment on the interpretation of the emerging tension later in this section.

The tension exceeding considerably the brane tension λ is still incapable to stop the collapse and the formation of the singularity. Why the tension, or equivalently, the emerging dark energy is incapable to stop the collapse, especially as M → 0? The answer lies in the source terms quadratic in the energy momentum. Towards the end of the collapse the linear source terms in the Raychaudhuri equation (20) sum up to 2πρ_±/3 (dark energy type source on the physical branch), however the quadratic source terms give -2πρ^2_±/3λ. The latter is dominant and the collapse proceeds until the singularity is formed.

The black hole is formed much earlier. This happens at τ_H , when the radius R (τ) = a (τ) χ_0 of the collapsing fluid sphere reaches the horizon, which is at r_H = 2m. From Eq. (2) we get τ_H = 4m 3 [( a_0χ_0 2m )_{3/2} − 1 ] . (26) The energy density and pressure of the fluid at horizon crossing is, cf. Eqs. (18) and (22): (ρ_±)_H λ = −1 ± √ 1 + 3 16πλm^2 , (27) (p_±)_H λ = 1 ∓ 1 2 √ 1 + 3 16πλm^2 ∓ 1 2 √ 1 +^3_{16πλm2}

. (28)

Therefore (ρ_±)_H + 3 (p_±)_H λ = 2 ∓ 1 2 √ 1 + 3 16πλm^2 ∓ 3 2 √ 1 +^3_{16πλm2}

. (29)

This expression, on the physical branch is positive between the roots (λm^2)_1 → ∞ and (λm^2)_2 = 3/128π and negative for any λm^2 < 3/128π.

For astrophysical or galactic black holes the dark energy condition could be obeyed only below the horizon. From Eq. (21) we can find the density-radius relation, at which ρ+3p = 0 occurs: ρ^2 λ = 3m 4πr^3_{de} . (30) Combined with Eqs. (2) and (18), this gives the radius of dark energy crossing r_{de} = A^{1/3} μ^{2/3} r_H , (31) with μ the mass of the black hole expressed in units of solar masses M_⊙ = 1. 115 4 × 10^{66} eV (for c = 1 = G) and A = 3 128πλM^2_⊙

(32) a dimensionless constant.

With the astrophysical limit set on the brane tension, which in units c = 1 = G is λ_{astro} = 1.5 × 10^{−136} eV^{−2} we obtain A = 40 (from λM^2_⊙ = 1. 866 2 × 10^{−4}) and r_{de} = 3. 42μ^{−2/3}r_H = μ^{1/3} × 7. 629 3 × 10^{66}eV. (33)

The first expression shows that the bigger the black hole, the more has the fluid to collapse below the horizon before the dark energy condition is obeyed. For example, for astrophysical black holes with μ = 10, 100 and galactic black holes with 10^4, 10^6, 10^8 the ratio r_{de}/r_H is 0.737, 0.159 and 7.37 × 10^{−3}, 3.42 × 10^{−4}, 1.59 × 10^{−5} respectively.

The second expression in Eq. (33) shows that the radius where the dark energy condition is obeyed increases with the cubic root of μ. For the above examples r_{de} expressed in units 10^{67} eV takes the values 1.64, 3. 54 and 16.44, 76.29, 354.1 2.

We note from the Eqs. (30)-(32) that the transition occurs at the extreme high density ρ = 2λ, where the perfect fluid approximation may break down. For comparison with the known lower limits for the brane tension λ_{tabletop} = 4. 2 × 10^{−119} eV^{−2}, λ_{BBN} = 3 × 10^{−145} eV^{−2} and λ_{astro} = 1.5 × 10^{−136} eV^{−2}, we give here the density range for the densest known stellar objects, the neutron stars, extending from ρ_{ns} = 8 × 10^{16} up to 2 × 10^{18} kg/m^3, which in units c = 1 = G give ρ^{min}_{ns} = 1 × 10^{−136} eV^{−2} and ρ^{max}_{ns} = 2. 6 × 10^{−135} eV^{−2}. We see that the astrophysical limit is of the same order of magnitude than the density of the neutron stars, which in turn is comparable to the density of the atomic nucleus.

What would be the mass of a black hole for which the dark energy crossing occurs exactly on the horizon? From Eq. (29) this is the root m = (3/128πλ)^{1/2} = A^{1/2}M_⊙ = 6. 32 M_⊙. The same result stems out from Eq. (33) by imposing r_{de}/r_H = 1. Remarkably, this is about the minimal mass required for black hole formation, right above the maximally allowed mass for neutron stars, given by the Tolman-Oppenheimer-Volkoff limit m^{max}_{ns} = 1.5 ÷ 3 M_⊙ [49]- [51].

Whenever λm^2 ≫ 1 can be assumed (thus μ ≫ 73), to second order in the small parameter (λm^2)^{−1} on the physical branch ρ_H = 3 32πm^2 ( 1 − 3 64πλm^2 ) , (34)

p_H = − 9 2048π^2λm^4

, (35) and ρ_H + 3p_H = 3 32πm^2 ( 1 − 3 16πλm^2 ) . (36) This barely differs from the general relativistic value, as the second, brane-world induced term represents a tiny negative correction. The composition of the collapsing fluid remains basically dust at horizon crossing. For galactic black holes thus ρ+3p > 0 everywhere above the horizon and also in the greatest part of the collapse below the horizon.

It is to be expected that due to the existence of a fundamental length scale, the Planck length (which in units c = 1 = G is L_P = 1. 221×10^{28} eV), the brane model as presented here, with the brane as an infinitesimal hypersurface, will break down. Rather, a finite thickness should be assumed for the brane. Such thick brane models were already studied, either with a scalar field on the thick brane [45], [46] or an other matter form with transverse pressure component [47], [48], meant to replace the brane tension. We expect that the emergence and increase without bounds of the tension in the collapsing fluid (23) could be derived in a suitable limit of some thick brane model, from the interaction of the fluid with the matter configuration of the thick brane.

IV. CONCLUDING REMARKS

We have considered a simple brane-world model containing a collapsing, spherically symmetric stellar configuration on the brane. By considering only objects with gravitational radius much higher than the characteristic curvature scale of the bulk we have supressed the KK modes. Then the exterior of the collapsing star is described by the general relativistic vacuum Einstein equation and due to the Birkhoff theorem the exterior should be the Schwarzschild solution.

Under these circumstances we have shown that the gravitational collapse of a near dustlike perfect fluid star can occur with a static exterior. Due to the modified brane-world dynamics a tension rises during the collapse, and the ”physical” mass of the star gradually diminishes, while its Schwarzschild mass, which coincides with the Bardeen quasilocal mass, stays constant.

For large collapsing objects, leading to galactic or intermediate mass black holes, the collapsing fluid even at horizon crossing can be considered to a remarkably good accuracy as dust. Tensions rise slowly, so that below the horizon the fluid remains ordinary matter for a long time, but in the very latest stages of the collapse it turns into dark energy.

By contrast, for the lowest mass astrophysical black holes (with the astrophysical limit set for the brane tension), an important tension appears already at the horizon crossing so that the dark energy condition could be obeyed shortly after the horizon crossing.

This peculiar behaviour of the collapsing star stays hidden below the horizon, such that a distant outside observer will sense nothing but an usual black hole with mass m. In spite of the dark energy condition being satisfied somewhere below the horizon for all black holes, the collapse of the fluid will not be stopped or even slowed down. Due to the energy-squared source term, appearing in the modified brane dynamics, the fluid further evolves into a central singularity. Thus as in general relativity, the singularity is formed in brane-world theory too.

The appearance of the tension in the collapsing fluid is a pure brane-world effect. As we have disregarded the Weyl-source term of the bulk, the rising tension is due solely to the source term quadratic in the fluid energy-momentum tensor. This source term modifies the early cosmology (before BBN) in an essential way. The same happens in the case of the gravitational collapse: a tension rises, induced by the non-linearity of the dynamical equations in the energy-momentum tensor. In this sense, the tension in the fluid is an expressions of the interaction of the fluid with the brane.

However as long as the brane is considered as a hypersurface in the mathematical sense (with only one characteristics, the brane tension) such an interaction could not be described phenomenologically. This feature of the model may be an indication for the need of a description based on thick-branes.

Acknowledgments

This work was supported by OTKA grants no. T046939, TS044665, and the János Bolyai Fellowship of the Hungarian Academy of Sciences.

[1] Randall L and Sundrum R, An Alternative to Compactification, 1999 Phys. Rev. Lett. 83, 4690 [2] Shiromizu T, Maeda K, and Sasaki M, The Einstein Equations on the 3-Brane World, 2000 Phys. Rev. D 62, 024012 [3] Gergely L Á, Generalized Friedmann branes, 2003 Phys. Rev. D 68, 124011 [4] Dvali G., Gabadadze G., and Porrati M., 4D gravity on a brane in 5D Minkowski space, 2000 Phys. Lett. B 485, 208 [5] Gergely L Á and Maartens R, Asymmetric brane-worlds with induced gravity, 2005 Phys. Rev.

D 71, 024032

[6] Maeda K., and Torii T., Covariant gravitational equations on a brane world with a Gauss– Bonnet term, 2004 Phys. Rev. D 69, 024002 [7] Binétruy P, Deffayet C, Ellwanger U, and Langlois D, Brane cosmological evolution in a bulk with cosmological constant, 2000 Phys. Lett. B 477, 285 [8] Maartens R, Brane-world gravity, 2004 Living Rev. Rel. 7, 1 [9] Keresztes Z, Képíró I, and Gergely L Á, Semi-transparent brane-worlds, 2006 JCAP 06 (05), 020 [10] Apostolopoulos P S, Tetradis N, Brane cosmological evolution with a general bulk matter configuration, 2005 Phys.Rev. D 71, 043506 [11] Apostolopoulos P S, Tetradis N, The Generalized Dark Radiation and Accelerated Expansion in Brane Cosmology, 2006 Phys.Lett. B 633, 409 [12] Gergely L Á and Maartens R, Brane-world generalizations of the Einstein static universe, 2002 Class. Quantum Grav. 19, 213 [13] Gergely L Á, A homogeneous braneworld universe, 2004 Class. Quantum Grav. 21, 935 [14] Dadhich N, Maartens R, Papadopoulos P, and Rezania V, Black holes on the brane, 2000 Phys. Lett B 487, 1 [15] Garriga J and Tanaka T, Gravity in the Randall-Sundrum Brane World, 2000 Phys. Rev. Lett.

84 , 2778 [16] Giddings S B, Katz E, and Randall L, 2000 JHEP 00 (03), 023 [17] Chamblin A, Hawking S W, and Reall H S, Brane-world black holes, 2000 Phys. Rev. D 61, 065007 [18] Gregory R and Laflamme R, 1993 Phys. Rev. Lett. 70, 2837 [19] Gregory R, 2000 Classical Quantum Gravity 17, L125 [20] Horowitz G T and Maeda K, 2001 Phys. Rev. Lett 87, 131301 [21] Randall L and Sundrum R, A Large Mass Hierarchy from a Small Extra Dimension, 1999 Phys. Rev. Lett. 83, 3370 [22] Seahra S S, Clarkson C, and Maartens R, Phys. Rev. Lett 94, 121302 (2005). [23] Kanti P and Tamvakis K, Quest for localized 4D black holes in brane worlds, 2002 Phys. Rev.

D 65, 084010 [24] Aliev A N and Gumrukcuoglu A E, Charged rotating black holes on a 3-brane, 2005 Phys.

Rev. D 71, 104027

[25] Kofinas G, Papantonopoulos E, and Pappa I, Spherically symmetric brane world solutions with R(4) term in the bulk, 2002 Phys. Rev. D 66, 104014 [26] Kofinas G, Papantonopoulos E, and Zamarias V, Black hole solutions in braneworlds with induced gravity, 2002, Phys. Rev. D 66, 104028 [27] Kofinas G and Papantonopoulos E, Gravitational collapse in brane world models with curvature corrections, 2004, JCAP 04 (12), 011 [28] Bruni M, Germani C, and Maartens R, Gravitational Collapse on the Brane: A No-Go Theorem 2001 Phys. Rev. Lett. 87, 231302 [29] Oppenheimer J R and Snyder H, On Continued Gravitational Contraction, 1939 Physical Review 56, 455 [30] Dadhich N and Ghosh S G, Gravitational collapse of null fluid on the brane, 2001 Physics Letters B 518, 1 [31] Dadhich N and Ghost S G, Collapsing sphere on the brane radiates, 2002 Physics Letters B 538, 233 [32] Casadio R and Germani C, Gravitational collapse and black hole evolution: do holographic black holes eventually ”anti-evaporate”?, 2005 Prog.Theor.Phys. 114, 23 [33] Germani C and Maartens R, Stars in the braneworld, 2001 Phys. Rev. D 64, 124010 [34] Pal S, Braneworld gravitational collapse from a radiative bulk, 2006 Phys. Rev. D 74, 124019 [35] Deruelle N, Stars on branes: the view from the brane, 2001 gr-qc/0111065 [36] Gergely L Á, No Swiss-cheese universe on the brane, 2005 Phys. Rev. D 71, 084017, errata 2005 ibid. 72, 069902 [37] Gergely L Á, Brane-world cosmology with black strings, 2006 Phys. Rev. D 74, 024002 [38] Gergely L Á and Képíró I, Asymmetric Swiss-cheese brane-worlds, 2006 hep-th/0608195 [39] Emparan R, Horowitz G T, and Myers R C, Black Holes Radiate Mainly on the Brane, 2000 Phys. Rev. Lett. 85, 499 [40] Long J C et al., New experimental limits on macroscopic forces below 100 microns, 2003 Nature 421, 922 [41] Bardeen J M, Black Holes Do Evaporate Thermally, 1981 Phys. Rev. Lett. 46, 382 [42] Hansen C J, Kawaler S D, and Trimble V, Stellar interiors. Physical Principles, Structure, and Evolution, Second Edition, 2004 Springer, chapter 7 [43] Gergely L Á and Keresztes Z, Irradiated asymmetric Friedmann branes, 2006 JCAP 06 (01),

022 [44] Maartens R, Wands D, Bassett B A, and Heard I P C, Chaotic inflation on the brane, 2000 Phys.Rev.D 62, 041301(R) [45] Bronnikov K A, Meierovichm B E, A general thick brane supported by a scalar field, 2003 Grav.Cosmol. 9, 313-318 [46] Bogdanos C, Dimitriadis A, Tamvakis K, Brane Models with a Ricci-Coupled Scalar Field, 2006 Phys.Rev. D 74, 045003 [47] Navarro I, Santiago J, Unconventional cosmology on the (thick) brane, 2006 JCAP 06 (03), 015 [48] Ghassemi S, Khakshournia S, Mansouri R, Generalized Friedmann Equations for a Finite Thick Brane, 2006 JHEP 06 (08), 019 [49] Tolman R C, Static Solutions of Einstein’s Field Equations for Spheres of Fluid, 1939 Phys.

Rev. 55, 364 [50] Oppenheimer J R and Volkoff G M, On Massive Neutron Cores, 1939 Phys. Rev. 55, 374 [51] Bombaci I, The maximum mass of a neutron star, 1996 Astronomy and Astrophysics 305, 871