arXiv:hep-th/0208207 v2 19 Sep 2002

hep-th/0208207 August 2002

Black Hole Solutions in Braneworlds with Induced Gravity

G. Kofinas^1, E. Papantonopoulos^2, V. Zamarias^3

1 Department of Physics and Institute of Plasma Physics, University of Crete, 710 03 Heraklion, Greece

2, 3 Department of Physics, National Technical University of Athens,

Zografou Campus GR 157 80, Athens, Greece

Abstract

We extent our previous study on spherically symmetric braneworld solutions with induced gravity, including non-local bulk effects. We find the most general static four-dimensional black hole solutions with g_{tt} = −g^{−1}_{rr} . They satisfy a closed system of equations on the brane and represent the strong-gravity corrections to the Schwarzschild-(A)dS_4 spacetime. These new solutions have extra terms which give extra attraction relative to the Newtonian-(A)dS_4 force; however, the conventional limits are easily obtained. These terms, when defined asymptotically, behave like AdS_4 in this regime, while when defined at infinitely short distances predict either an additional attractive Newtonian potential or an attractive potential which scales approximately as √ r. One of the solutions found gives extra deflection of light compared to Newtonian deflection.

1kofinas@physics.uoc.gr 2lpapa@central.ntua.gr 3zamarias@central.ntua.gr

1. Introduction

Branes are solitonic solutions of ten-dimensional string theories. In the most simplified picture of the braneworld scenario, our physical world is realized as a four-dimensional hypersurface embedded in a five-dimensional space called bulk. All matter and gauge interactions live on the brane, while the gravitational interactions are effective in the whole five-dimensional space. This novel approach of visualizing our world, offers a new understanding of the four fundamental forces. While in the so-called symmetric picture all known interactions were tried to be unified under the same symmetry group, the braneworld scenario treats the weak, electromagnetic and strong interactions differently than gravitational interactions. This allowed to define a gravitational scale of the whole space, which if the extra dimensions are large, can be as low as the T eV scale [1, 2, 3], while the four-dimensional gravitational scale of our world is at the Planck scale. This happens because our four-dimensional world is confined on the brane and can “see” only the four-dimensional localized gravitational field.

Braneworld solutions can give us information about the structure and nature of the extra dimensions. Very recently, we have a plethora of observational data, both cosmological and astrophysical. Consistency of cosmological and local braneworld solutions with these data can give information about the parameters of the theory, like the energy scale, the size of the extra dimensions or the strength of the gravitational force of the extra dimensions. For example, spherically symmetric local braneworld solutions can give information about the crossover scale above which the extra dimensions appear, how the Newton’s constant changes with matter density, or what are the corrections of the gravitational potential at high energies.

Braneworld solutions can be obtained following two different approaches. In the first approach, the dynamics and the geometry of the whole space is primarily considered, and then, the dynamics on the brane is extracted using mainly consistency checks like the Israel matching conditions. The second approach is to specify the dynamics and the geometry on the brane first, and then try to extent the solution to the bulk. A disadvantage of this method is that finding the bulk geometry in which the brane consists its boundary may be a very difficult task. Another difficulty in this approach is, as we will discuss later, that it is not always possible to obtain a closed set of equations on the brane, so that only with data on the brane to be able to predict the behavior of the fields on the brane. However, this method is basically the only way we have for finding non-trivial braneworld solutions (i.e. solutions not arising from factorizable bulk geometries).

The effective brane equations have been obtained [4] when the effective low-energy theory in the bulk is higher-dimensional gravity. However, a more fundamental description of the physics that produces the brane could include [5] higher order terms in a derivative expansion of the effective action, such as a term for the scalar curvature of the brane, and higher powers of curvature tensors on the brane. If the dynamics is governed not only by the ordinary five-dimensional Einstein-Hilbert action, but also by the four-dimensional Ricci scalar term induced on the brane, new phenomena appear. In [6], it was observed that the localized matter fields on the brane (which couple to bulk gravitons) can generate via quantum loops a localized four-dimensional worldvolume kinetic term for gravitons (see also [7, 8, 9, 10]). That is to say, four-dimensional gravity is induced from the bulk gravity to the brane worldvolume by the matter fields confined to the brane. It was also shown that an observer on the brane will see correct Newtonian gravity at distances shorter than a certain crossover scale, despite the fact that gravity propagates in extra space which was assumed there to be flat with infinite extent; at larger distances, the force becomes higher-dimensional.

A realization of the induced gravity scenario in string theory was presented in [11]. Furthermore, new closed string couplings on Dp-branes for the bosonic string were found in [12]. These couplings are quadratic in derivatives and therefore take the form of induced kinetic terms on the brane. For the graviton in particular these are the induced Einstein- Hilbert term as well as terms quadratic in the second fundamental tensor. Considering the intrinsic curvature scalar in the bulk action, the effective brane equations have been obtained in [13]. Results concerning cosmology have been discussed in [14, 15, 16, 17, 18, 19, 20].

In our previous paper [21], we discussed the gravitational field of an uncharged, nonrotating spherically symmetric rigid object when in the dynamics there is a contribution from the brane intrinsic curvature invariant. We found all the possible exterior braneworld solutions. Some of these solutions are of the Schwarzschild-(A)dS_4 form. In two cases, we also solved the interior problem which reduces to a generalization of the Oppenheimer- Volkoff solution. It was shown that the gravitational constant get corrected for very small matter densities. The conventional solar system bounds of General Relativity have set the crossover scale below the T eV scale. All the above results were obtained by setting the electric part of the Weyl tensor, E_{μν} , vanishing on the brane, as the boundary condition of the propagation equations in the bulk space.

In the present paper, we generalize our study of spherically symmetric braneworld solutions with induced gravity, by including the non-local bulk effects, as they are expressed by a non-vanishing electric part of the Weyl tensor on the brane. By choosing g_{tt} = −g^{−1}_{rr} , the system of equations on the brane becomes closed and all the possible static black hole solutions are found for these metrics. These solutions have generic new terms which give extra attractive force compared to the Newtonian -(A)dS_4 force, and represent the strong-gravity corrections to the Schwarzschild-(A)dS_4 spacetime. However, the conventional limits are easily obtained. The new terms, when defined asymptotically, behave like AdS_4 in this regime, while when defined at infinitely short distances predict either an additional attractive Newtonian potential or an attractive potential which scales approximately as √ r. One of the solutions found gives extra deflection of light compared to Newtonian deflection.

The paper is organized as follows. In section 2, we give a general introduction to the induced gravity formalism and we review some of the solutions found in [21]. In section 3, we include the electric part of the Weyl tensor in spherically symmetric braneworld configurations and we show how the modified Einstein equations supplemented by the Bianchi identities constitute a closed system of equations on the brane. In section 4, we present our solutions and discuss their physical implications. Finally, in the last section we summarize our results.

2. Induced Gravity Equations on the Brane

We consider a 3-dimensional brane Σ embedded in a 5-dimensional spacetime M. Capital Latin letters A, B, ... = 0, 1, ..., 4 will denote full spacetime, lower Greek μ, ν, ... = 0, 1, ..., 3 run over brane worldvolume, while lower Latin ones span some 3-dimensional spacelike surfaces foliating the brane, i.e. i, j, ... = 1, ..., 3. For convenience, we can quite generally, choose a coordinate y such that the hypersurface y = 0 coincides with the brane. The total action for the system is taken to be: S = 1 2κ^2_5 ∫ M √ −^{(5)}g (^{(5)}R − 2Λ_5)d^5x + 1 2κ^2_4 ∫ Σ √ −^{(4)}g (^{(4)}R − 2Λ_4)d^4x + ∫ M √ −^{(5)}g L^{mat}_5 d^5x + ∫ Σ √ −^{(4)}g L^{mat}_4 d^4x. (1)

For clarity, we have separated the cosmological constants Λ_5, Λ_4 from the rest matter contents L^{mat}_5 , L^{mat}_4 of the bulk and the brane respectively. Λ_4/κ^2_4 can be interpreted as the brane tension of the standard Dirac-Nambu-Goto action and can include quantum contributions to the four-dimensional cosmological constant. We basically concern on the case with no fields in the bulk, i.e.^{(5)}T_{AB} = 0.

From the dimensionful constants κ^2_5, κ^2_4 the Planck masses M_5, M_4 are defined as:

κ^2_5 = 8πG_{(5)} = M^{−3}_5 , κ^2_4 = 8πG_{(4)} = M^{−2}_4 , (2)

with M_5, M_4 having dimensions of (length)^{−1}. Then, a distance scale r_c is defined as : r_c ≡ κ^2_5 κ^2_4 = M^2_4 M^3_5

. (3)

Varying (1) with respect to the bulk metric g_{AB} , we obtain the equations

(5)G_{AB} = −Λ_5g_{AB} + κ^2_5 (^{(5)}T_{AB} +^{(loc)}T_{AB} δ(y)) , (4)

where (loc)T AB ≡ − 1 κ^2_4 √ −^{(4)}g −^{(5)}g

(^{(4)}G_{AB} − κ^2_4^{(4)}T_{AB} + Λ_4h_{AB} ) (5)

is the localized energy-momentum tensor of the brane.^{(5)}G_{AB} ,^{(4)}G_{AB} denote the Einstein tensors constructed from the bulk and the brane metrics respectively. Clearly,^{(4)}G_{AB} acts as an additional source term for the brane through^{(loc)}T_{AB} . The tensor h_{AB} = g_{AB} −n_An_B is the induced metric on the hypersurfaces y = constant, with n^A the normal vector on these.

The way the y-coordinate has been defined, allows us to write, at least in the neighborhood of the brane, the 5-line element in the block diagonal form

ds^2_{(5)} = −N^2dt^2 + g_{ij} dx^idx^j + dy^2 , (6)

where N, g_{ij} are generally functions of t, x^i, y. The distributional character of the brane matter content makes necessary for the compatibility of the bulk equations (4) the following modified (due to^{(4)}G^μ_ν ) Israel-Darmois-Lanczos-Sen conditions [22]

[K^μ_ν ] = −κ^2_5 ( (loc)T μ ν − (loc)T 3 δ^μ_ν ) , (7)

where the bracket means discontinuity of the extrinsic curvature K_{μν} = ∂_yg_{μν} /2 across y = 0. A Z_2 symmetry on reflection around the brane is considered throughout.

One can derive from equations (4), (7) the induced brane gravitational dynamics [13], which consists of a four-dimensional Einstein gravity, coupled to a well-defined modified matter content. More explicitly, one gets

(4)G^μ_ν = κ^2_4^{(4)}T^μ_ν − ( Λ_4 + 3 2 α^2 ) δ^μ_ν + α ( L^μ_ν + L 2 δ^μ_ν ) , (8) where α ≡ 2/r_c, while the quantities L^μ_ν are related to the matter content of the theory through the equation L^μ_λL^λ_ν − L^2 4 δ^μ_ν = T^μ_ν − 1 4 (3α^2 + 2T^λ_λ ) δ^μ_ν , (9)

and L ≡ L^μ. The quantities T^μ_ν are given by the expression

T^μ_ν = ( Λ_4 − 1 2 Λ_5 ) δ^μ_ν − κ^2_4^{(4)}T^μ_ν + + 2 3 κ^2_5

(_{(5)}

T^μ_ν +

(_{(5)} T^y − (5)T 4 ) δ^μ_ν ) − E^μ_ν , (10)

with^{(5)}T =^{(5)}T^A ,^{(5)}T^A_B = g^{AC (5)}T_{CB} . Bars over^{(5)}T^A_B and the electric part E^μ_ν = C^μ_{AνB} n^An^B of the 5-dimensional Weyl tensor C^A_{BCD} mean that the quantities are evaluated at y = 0. E^μ_ν carries the influence of non-local gravitational degrees of freedom in the bulk onto the brane [4] and makes the brane equations (8) not to be, in general, closed. This means that there are bulk degrees of freedom which cannot be predicted from data available on the brane. One needs to solve the field equations in the bulk in order to determine E^μ_ν on the brane [23].

Due to the contracted Bianchi identities, the following differential equations among L^μ_ν arise from (8) :

L^μ_{ν; μ} + L_{; ν} 2 = 0 . (11)

The spherically symmetric braneworld line-element is

ds^2_{(4)} = −B(r)dt^2 + A(r)dr^2 + r^2(dθ^2 + sin^2 θdϕ^2). (12)

The matter content of the 3-universe is considered to be a localized spherically symmetric untilted perfect fluid (e.g. a star)^{(4)}T_{μν} = (ρ + p)u_μu_ν + pg_{μν} (u^μ stands for the fourvelocity of the fluid) with ρ = p = 0 for r > R, plus the cosmological constant Λ_4. The matter content of the bulk is a cosmological constant Λ_5. In [21], we considered the case E^μ_ν = 0 as the boundary condition of the propagation equations in the bulk space. This is somehow simplified from the viewpoint of geometric complexity, but it was the first step for investigating the characteristics carried by the brane curvature invariant on the local brane dynamics we are interested in. All the solutions outside a static localized matter distribution were found. One of these is the Schwarzschild-(A)dS_4 metric which is matched to a modified Oppenheimer-Volkoff interior. We will review this solution and in the next section we will discuss the strong gravity corrections resulting from the presence of the electric part of the Weyl tensor on the brane. The other solutions have AB ≠ 1 and will not be discussed here. The exterior solution was found to be

B_>(r) = 1 A_>(r) = 1 − γ r − βr^2 , r ≥ R , (13) where γ is an integration constant and β = 1 3 Λ_4 + 1 2 α^2 − α 2 √ 3 √ 4Λ_4 − 2Λ_5 + 3α^2 . (14)

Considering a uniform distribution ρ(r) = ρ_o =^{3M}_{4πR3} for the object, the interior solution was found, and its matching to the above exterior specified the integration constant γ. The result is 1 A_<(r) = 1 − (β + γ R^3

) r^2 , r ≤ R , (15)

B_<(r) =

1 −^γ_R − βR^2 ( 1 +^{4πR3}_{3M} p(r)

)_2 , r ≤ R , (16)

p(r) = −ρ_o √ 1 − (β +^γ_{R3} )r^2 − √ 1 − (β +^γ_{R3} )R^2 √ 1 − (β +^γ_{R3} )r^2 − ω √ 1 − (β +^γ_{R3} )R^2

, (17)

where γ = κ^2_4M 4π + αR^3 2 √ 3 √ 4Λ_4 − 2Λ_5 + 3α^2 − αR^3 2 √ 3 √ 4Λ_4 − 2Λ_5 + 3α^2 +

3κ^2_4M πR^3 , (18)

ω^{−1} = 1 − 2 κ^2_4ρ_o ( β + γ R^3 ) ( 1 − √ 3α √ 4Λ_4 − 2Λ_5 + 3α^2 + 4κ^2_4ρ_o )_{−1} . (19)

The parameters γ and β of the Schwarzschild-(A)dS_4 exterior solution (13) can be constrained by solar system experiments. The bounds obtained fix the crossover scale below the T eV range. The (A)dS_4 term βr^2 in this black hole solution gives at large distances additional force compared to the ordinary Newtonian force. Finally, the γ parameter in the 1/r term modifies the Newton’s gravitational constant which, as it is seen from (18), for small matter densities deviates significantly from its conventional value.

3. Black Holes in Induced Gravity with Non-Local Bulk Effects

So far we considered local corrections to the Einstein equations on the brane. The presence of the electric part E^μ_ν of the Weyl tensor in (10) indicates the 5D gravitational stresses, which are known as massive KK modes of the graviton. For brane observers, these stresses are non-local. Local density inhomogeneities on the brane generate Weyl curvature in the bulk that “back-reacts” non-locally on the brane [23, 24, 25, 26, 27, 28, 29]. Therefore, in general, this term cannot be ignored.

With respect to the privileged direction u^μ defined by the perfect fluid, the symmetric and traceless tensor E_{μν} is uniquely and irreducibly decomposed as follows

E_{μν} = U ( u_μu_ν + 1 3 h_{μν} ) + P_{μν} + 2Q_{(μ}u_{ν)} , (20)

where h_{μν} = g_{μν} + u_μu_ν is the projection operator normal to u^μ, while P_{μν} u^ν = Q_μu^μ = 0. U is the non-local energy density, P_{μν} the non-local anisotropic stress, and Q_μ the nonlocal energy flux on the brane. Static spherical symmetry implies [23] that

Q_μ = 0 , P_{μν} = P(r) ( r_μr_ν − 1 3 h_{μν} ) , (21)

where r_μ is the unit radial vector. Thus, the non-vanishing components of the electric part of the Weyl tensor are

E^0 = −U , E^r = 1 3 (U + 2P) , E^θ = E^ϕ = 1 3 (U − P) . (22)

This means that for^{(5)}T^A_B = 0 in (10), the matrix T^i_j has two distinct eigenvalues, namely

T^r_r = Λ_4 − 1 2 Λ_5 − κ^2_4p − 1 3 (U + 2P) ≡ τ_r (23)

T^θ_θ = T^ϕ_ϕ = Λ_4 − 1 2 Λ_5 − κ^2_4p − 1 3 (U − P) ≡ τ_θ ≡ τ_ϕ . (24)

Consequently, due to the block-diagonal form of the metric, the solution of the algebraic system (9) is

L^0_i = L^i_0 = 0 , (25)

together with one of the following three distinct cases for L^i_j , L^0 : Case 1 L^i_j = diag (√ (L^0)^2 + τ_r − T^0_0 , √ (L^0)^2 + τ_θ − T^0_0 , √ (L^0)^2 + τ_θ − T^0_0 ) (26)

Case 2 L^i_j = diag (√ (L^0)^2 + τ_r − T^0_0 , √ (L^0)^2 + τ_θ − T^0_0 , − √ (L^0)^2 + τ_θ − T^0_0 ) (27)

Case 3 L^i_j = diag (√ (L^0)^2 + τ_r − T^0_0 , − √ (L^0)^2 + τ_θ − T^0_0 , − √ (L^0)^2 + τ_θ − T^0_0 ) (28)

and the algebraic equation √ (L^0)^2 + τ_r − T^0_0 + 2ϵ √ (L^0)^2 + τ_θ − T^0_0 ± L^0 = √ 4(L^0)^2 + 2(τ_r + 2τ_θ ) + 3α^2 − 2T^0_0 (29)

with ϵ = +1, 0, −1 for the cases 1,2,3 respectively.

For the considered metric (12), one evaluates the Ricci tensor^{(4)}R_{μν} , and construct the field equations (8). The combination^{(4)}R_{rr}/2A +^{(4)}R_{θθ} /r^2 +^{(4)}R_{00}/2B provides the following differential equation for A(r): A^′ A = 1 − A r + Ar [ κ^2_4ρ + Λ_4 + 3 2 α^2 − α 2 (3L^0 + L^r + 2L^θ ) ] , (30) (_′ ≡^d_{dr} ) . Eliminating^{A′}_A in the (θθ) component of (8) using (30), we get an equation for B^′ B , from which we obtain (AB)^′ AB = Ar [ κ^2_4(ρ + p) − α(L^0 − L^r) ]. (31)

From the (θθ), (ϕϕ) equations of (8) it arises that

L^θ = L^ϕ . (32)

Using (32), the Bianchi equations (11) take the form B^′ B (L^r − L^0) + 4 r (L^r − L^θ ) + (L^0 + 3L^r + 2L^θ )^′ = 0 . (33)

The system of brane equations (8), due to the presence of non-local bulk effects is not closed. Equations (30), (31) and (33) consist a system of three equations with four unknown functions A, B, U, P. To make these equations closed we will look for solutions of the form AB = 1 and find the most general braneworld metrics for such configurations. Then, equation (31), outside the matter distribution is written equivalently as

L^0 = L^r , (34) and equations (30), (33) get respectively the form A^′ A = 1 − A r + Ar [ Λ_4 + 3 2 α^2 − α(2L^0 + L^θ ) ] , (35) 2 r (L^0 − L^θ ) + (2L^0 + L^θ )^′ = 0 . (36)

Therefore, we have to solve the above two equations (35), (36) with L^0, L^r, L^θ , L^ϕ satisfying (29), (32), (34) together with one of the relations (26) or (27) or (28).

To use relations (26), (27), (28) we have first to identify L^1, L^2, L^3 with L^r, L^θ and L^ϕ. In doing so, we have to examine various cases depending on the choice of L’s. Demanding to have non-vanishing E^μ_ν , only two cases remain, while all the others have E^μ_ν = 0 and have been thoroughly examined in [21]. These two cases are

L^r = √ (L^0)^2 + τ_r − T^0_0 , L^θ = L^ϕ = ϵ √ (L^0)^2 + τ_θ − T^0_0 , (37)

depending on the sign ϵ = +1 or −1. In both cases, equation (34) is equivalent to the relation

τ_r = T^0_0 ⇔ 2 U + P = 0 . (38)

This equation, together with equation (29) which becomes

L^0 ± L^0 + 2ϵ √ (L^0)^2 + P = √ 4(L^0)^2 + 4Λ_4 − 2Λ_5 + 3α^2 + 2P , (39)

relation L^θ = L^ϕ = ϵ √ (L^0)^2 + P, and equations (35), (36) are everything we have to satisfy. It is obvious that the two square roots appearing in (39) have to be well defined.

4. Black Hole Solutions including Non-Local Bulk Effects

a. First solution

We first consider the − of the ± sign in the algebraic relation (39). The only solution with non-zero E^μ_ν corresponds to ϵ = +1 with U, P being constants

P = −2 U = 1 2 ( 4Λ_4 − 2Λ_5 + 3α^2 ) . (40)

Straightforward integration of (36) gives r = c (√ (L^0)^2 + P + L^0

) 1_4 e^{38P}

(√_{(L0)2+P + L0} )2 , (41) with c > 0 an integration constant. It is convenient to define the positive dimensionless variable z = 9 8|P| (√ (L^0)^2 + P + L^0

)_2 , (42)

and then, integration of the remaining equation (35) gives B = 1 A = 1 − γ r − βr^2 + sg(ζ) δ r [128 105^1

F_1 (15 8 , 23 8 ; sg(ζ)z ) z + 9 8 (1 z − sg(ζ) 8 7 ) e^{sg(ζ) z} ] z^{78} , (43)

where γ is another integration constant (typically interpreted as 2G_N M with M being the mass of the point particle, G_N the Newton’s constant), β = 1 3 Λ_4 + 1 2 α^2 , ζ = α^2 9 (4Λ_4 − 2Λ_5 + 3α^2) , (44)

and δ =^4_9 (^9_{8|P|})^18 |P|αc^3 > 0. Relation (41) becomes r = ( δ √ |ζ| ) 1_3 z^{18} e^{sg(ζ) z/3} . (45)

The well-definiteness of the square roots in (39) and the fact that L^0 ≥ 0 (eqs. (34), (37)) translate to z ≥^9_8 , which means that r is larger (smaller) than (9e^{3sg(ζ)}/8)^{1/8} (δ/ √ |ζ|)^{1/3} for ζ > 0 (ζ < 0). Note that r(z) is a monotonically increasing (decreasing) function for ζ > 0 (ζ < 0) in its range of validity.

Thus, the resulting solution is given in parametric form by equations (43), (45), containing two integration constants δ > 0 , γ and two parameters β , ζ connected to α, Λ_4, Λ_5 by relations (44). The electric components of the Weyl tensor are given by equation (40), P = −2U = 9ζ/(2α^2).

Comparing the solution (43) with the solution (13) having E^μ_ν = 0, we note that there is a new term, besides the conventional Newtonian and (A)dS_4 terms, which carries the information of the gravitational field in the bulk. For ζ > 0, the asymptotic behavior r → ∞ of this new term in the solution (43) is seen to be AdS_4 –like, i.e. √ ζ r^2. Thus, asymptotically, the effective cosmological constant is β − √ ζ. For ζ < 0, the asymptotic behavior r → 0 of the new term in the solution (43) is Newtonian, i.e. −2Γ(7/8)δ/r. Thus, the effective Newton’s constant in this regime appears larger.

We know that for non-relativistic particles the effective potential is 2Φ = B − 1. As it can be seen, the new force corresponding to the above non-local term is always attractive. For ζ > 0, its magnitude is monotonically increasing with distance, while

(a): ζ > 0, β = 0 (b): ζ < 0, β = 0 Figure 1: Dotted lines represent the Newtonian force. Continuous lines represent the total force, i.e. the sum of the Newtonian and the new force.

for ζ < 0, this happens in decreasing distances (after a characteristic scale). In order for the new term not to disturb the well-measured Newtonian law at distances from the cm to the solar-distance scale, one has in both cases to adjust the quantity δ/γ as small as desired. For ζ > 0 and for larger distances, the sum of the Newtonian and the new force decreases (in magnitude) slower than the Newtonian force, while for even larger distances, this sum grows to infinity (Figure 1a). For ζ < 0, deviations between the total and the Newtonian force appear only at small distances (Figure 1b). The (A)dS_4 term βr^2 is generally considered to be of cosmological origin and is not considered here to be of importance at the local level.

Finishing with the above solution (43), we notice that this may have some interesting physical implications. For ζ > 0, because the total gravitational force grows slower than the conventional Newtonian law, this force may serve as a possible qualitative explanation for the yet unresolved problem of galactic rotation curves. However, numerical fittings with real data remain to be done. On the other hand, the solution with ζ < 0 could be considered if submillimeter deviations from the Newtonian law are discovered.

b. Second solution

Now, considering the + case of the ± sign in (39), we define the dimensionless variable

v = 2 + ϵ √ 1 + P (L^0)^2

, (46) and equation (39) gets the form

(L^0)^2 = 4 ζ 9α^2 (v^2 − 3)

, (47)

where ζ = 9α^2 8 ( 4Λ_4 − 2Λ_5 + 3α^2 ) . (48)

Thus, the electric components of the Weyl tensor are found in terms of v to be

P = −2 U =

4ζ (v − 1)(v − 3) 9α^2 (v^2 − 3)

. (49)

The Bianchi equation (36) can be seen to become a simple separable differential equation for v(r): dv dr + 2 3r (v − 3)(v^2 − 3) = 0 . (50)

Straightforward integration of (50) gives r = ( δ √ |ζ| ) 1_3 |v − √3| (^√3+1)/8 |v − 3|^{1/4} |v + √ 3|^{(√3−1)/8}

, (51)

with δ > 0 an integration constant.

For ϵ = +1, it is v > 2 (with v ≠ 3) and from (47) we have ζ > 0. More specifically, for 2 < v < 3 it is r > (2 − √ 3)^{√3/4} (δ/ √ |ζ|)^{1/3} and r(v) is monotonically increasing, while for v > 3 it is r > (δ/ √ |ζ|)^{1/3} with r(v) monotonically decreasing. For ϵ = −1, from (39) it is P < 0, thus (46) gives 1 < v < 2. Therefore, from (47) we have 1 < v < √ 3 for ζ < 0, and √ 3 < v < 2 for ζ > 0. More specifically, for 1 < v < √ 3 it is r < ( √ 3 − 1)^{√3/4} (δ/ √ |ζ|)^{1/3}/2^{(√3+1)/8} with r(v) being monotonically decreasing, while for √ 3 < v < 2 it is r < (2 − √ 3)^{√3/4} (δ/ √ |ζ|)^{1/3} with r(v) monotonically increasing.

The remaining Einstein equation (35) gives B = 1 A = 1 − γ r − βr^2 ⊕ δ r ∫ |v − √ 3|^{− 3(3−} √ 3) 8 (v + √ 3)^{− 3(3+} √ 3) 8 v |v − 3|^{7/4} dv , (52) where γ is another integration constant (typically interpreted as 2G_N M with M being the mass of the point particle, G_N the Newton’s constant) and β = 1 3 Λ_4 + 1 2 α^2 . (53)

The symbol ⊕ means − for ϵ = +1, v > 3 or for ϵ = −1, 1 < v < √ 3 ; for ϵ = +1, 2 < v < 3 or for ϵ = −1, √ 3 < v < 2 it means +. The above integral cannot be computed in terms of known functions. However, this can be done in the asymptotic regimes r → ∞ and r → 0. For r → ∞ (ϵ = +1), the new term in the solution (52) becomes AdS_4 –like, i.e. ( √ 2ζ/3 √ 3) r^2 and thus, asymptotically, the effective cosmological constant is β − ( √ 2ζ/3 √ 3). For r → 0 (ϵ = −1), approximating the integral in (52) around v = √ 3, we find that the new term scales as r^{2(2−√3)} , giving therefore extra attractive force 1/r^{2√3−3} . Numerical evaluation of the integral in (52) leads for ϵ = +1 qualitatively to the same picture as that of Figure 1a, where by adjusting the quantity δ/γ as small as desired, deviations from Newtonian law appear only at large distances. Similarly, for ϵ = −1, the picture for the solutions resembles qualitatively to that of Figure 1b, where deviations from Newtonian law appear only at very small distances.

Thus, the resulting solution is given in parametric form by equations (51), (52), containing two integration constants δ > 0 , γ and two parameters β , ζ connected to α, Λ_4, Λ_5 by relations (48), (53). The electric components of the Weyl tensor are given by equation (49).

c. Deflection of light

We have considered so far the motion of non-relativistic particles. However, the motion of a freely falling photon in a static isotropic gravitational field (12) is described [34] by the equation ( dϕ dr )_2 = A r^4 ( 1 J^2B − 1 r^2 )_{−1} , (54)

where J is an integration constant. In the cases where the solutions (43), (52) deviate from Newton’s law at large distances, it is seen from (54) that dϕ/dr → 0 as r → ∞, and thus, the photon moves in a “straight” line of the background geometry in that region (even when a second horizon exists, we consider it of cosmological size compared to the local distances of interest). More specifically, at large distances, it arises from (54) that ϕ(r) − ϕ(∞) ≃ (^1_{J 2} + β − √ ζ)^{−1/2 1}_r for the solution (43), while for the solution (52), √ ζ is replaced by √ 2ζ/3 √ 3 in the last expression. This means that the “impact parameter” b is b = (^1_{J 2} + β − √ ζ)^{−1/2} for (43) (and respectively for (52) with the change of √ ζ). For our solutions, the total deflection angle in (54) cannot be computed explicitly. However, we can understand the influence of the new term on the motion of a photon and compare to the Newtonian deflection. For doing so, we have to refer to two photons with the same “initial conditions”, i.e. the same impact parameter b, one moving in a Schwarzschild- (A)dS_4 background (denoted by the subscript 1) and the other in the background defined by the solutions (43), (52) (denoted by the subscript 2). The following equations are easily obtained for the solutions (43), (52) respectively: 1 √ ζ r^4 (dr_1)^2 − (dr_2)^2 (dϕ)^2 = √ z e^z [ 128 105^1

F_1 ( 15 8 , 23 8 ; z ) z + 9 8 ( 1 z − 8 7 ) e^z ] − 1 , (55)

3 √ 3 √ 2ζ r^4

(dr_1)^2 − (dr_2)^2 (dϕ)^2 = ⊕ 3 √ 3 √ 2 |v − 3|^{34} (v + √ 3)^{3(} √ 3−1) 8 (v − √ 3)^{3(} √ 3+1) 8 ∫ (v − √ 3)^{− 3(3−} √ 3) 8 (v + √ 3)^{− 3(3+} √ 3) 8 vdv |v − 3|^{7/4} − 1 . (56)

It is obvious that for the branch ϵ = +1, v > 3 which extends to infinity, the right-hand side of equation (56) is negative, giving (dr_2)^2 > (dr_1)^2. Therefore, extra deflection of light compared to the Newtonian deflection arises. This situation of increased deflection (compared to that caused from the luminous matter) has been well observed in galaxies or clusters of galaxies and the above solution might serve as a possible way for providing an explanation. On the other hand, it is easily checked that equation (55) provides less deflection compared to Newtonian deflection at the distances of interest.

5. Conclusions

In this paper, we presented a new class of brane black hole solutions with induced gravity. It is known that the non-local bulk effects, as they are expressed via the projection of the Weyl tensor on the brane, do not make the brane dynamics closed. We need to know the geometry of the bulk space in order to be able to deal with the dynamics on the brane. In the case where g_{tt} = −g^{−1}_{rr} , the system of equations consisting of the modified Einstein equations and the Bianchi identities is closed and we found all the possible black hole solutions. If we had to look for more general spherically symmetric solutions, some extra information would be needed for the non-local energy density U or the non-local anisotropic stress P.

There has been argued [30, 31] on kinematical grounds, irrespectively from the gravitational dynamics, that the only spherically symmetric geometries which may be candidates for explaining from one side the extra deflection of light observed in galaxies and clusters of galaxies and from the other side the galactic rotation curves are of the form g_{tt} = −g^{−1}_{rr} . However, severe criticism has appeared on this [32]. In the present paper, we use this interesting and reasonable condition to make the brane dynamics autonomous.

The black hole solutions we found, are in a sense generalizations of the spherically symmetric solutions we presented in [21]. They are representing strong-gravity corrections to the spherically symmetric Schwarzschild-(A)dS_4 braneworld. Their characteristic is that they predict a new attractive force. There are classes of solutions with increasing r, where this attractive force combined with the Newtonian one, results to a net force which decreases slower than the Newton’s force. This might have interesting physical implications for the explanation of galactic rotation curves. Within this class, a solution giving extra deflection of light compared to General Relativity predictions at galactic scales was found. It is interesting to observe that this solution has non-trivial (i.e. not constant) non-local energy U and anisotropic stress P. In another class of solutions with decreasing r, the new force starts to deviate from the Newton’s force at small distances, indicating that at submillimeter scale we could have testable deviations from the Newtonian law.

In our previous work we also had deviations from the Newton’s law at large distances. This deviation was caused by the presence of the (A)dS_4 term βr^2, which for β < 0 can also give extra attraction. In our new solutions, the extra attractive force appears because of the presence of a new term which only asymptotically (when defined in this regime) behaves like AdS_4. This new term arises because of the presence of the electric part of the Weyl tensor and for an observer on the brane is a pure non-local effect. We had also found in [21] modifications to Newton’s law as a result of a change of the Newton’s constant due to the finite interior of the rigid object. This effect must have an analogous contribution here if one solves the interior problem.

We have followed a braneworld viewpoint for obtaining braneworld solutions, ignoring the exact bulk space. We have not provided a description of the gravitational field in the bulk space, but confined our interest to effects that can be measured by brane-observers. By making assumptions for obtaining a closed brane dynamics, there is no guarantee that the brane is embeddable in a regular bulk. This is the case for a Friedmann brane [33], whose symmetries imply that the bulk is Schwarzschild-AdS_5 [35, 36]. A Schwarzschild brane can be embedded in a “black string” bulk metric, but this has singularities [37, 38, 39, 40, 41]. The investigation of bulk backgrounds which reduce to Schwarzschild-(A)dS_4 or more general black holes is in progress.

References

[1] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, “ New Dimensions at a millimeter to a fermi and superstrings at a T eV ”, Phys. Lett. B436 (1998), hep-ph/9804398; N. Arkani-Hamed, S. Dimopoulos and G. Dvali, “Phenomenology, astrophysics and cosmology of theories with submillimeter dimensions and T eV scale quantum gravity”, Phys. Rev. D59 (1999) 086004, hep-th/9807344.

[2] L. Randall and R. Sundrum, “A large mass hierarchy from a small extra dimension”, Phys. Rev. Lett. 83 (1999) 3370, hep-th/9905221; “An alternative to compactification”, Phys. Rev. Lett. 83 (1999) 4690, hep-th/9906064.

[3] P. Horava and E. Witten, “Heterotic and type I string dynamics from eleven dimensions”, Nucl. Phys. B460 (1996) 506, hep-th/9510209.

[4] T. Shiromizu, K. Maeda and M. Sasaki, “The Einstein equations on the 3-brane world”, Phys. Rev. D62 (2000) 024012, gr-qc/9910076.

[5] R. Sundrum, “Effective field theory for a three-brane universe”, Phys. Rev. D59 (1999) 085009, hep-ph/9805471.

[6] G. Dvali, G. Gabadadze and M. Porati, “4D gravity on a brane in 5D Minkowski Space”, Phys. Lett. B485 (2000) 208, hep-th/0005016; G. Dvali and G. Gabadadze, “Gravity on a brane in infinite volume extra space”, Phys. Rev. D63, 065007 (2001), hep-th/0008054.

[7] D.M. Capper, “On quantum corrections to the graviton propagator”, Nuovo Cim.

A25 (1975) 29.

[8] S.L. Adler, “Order R vacuum action functional in scalar free unified theories with spontaneous scale breaking”, Phys. Rev. Lett. 44 (1980) 1567; “A formula for the induced gravitational constant”, Phys. Lett. B95 (1980) 241; “Einstein gravity as a symmetry breaking effect in quantum field theory”, Rev. Mod. Phys. 54 (1982) 729; Erratum-ibid. 55 (1983) 837.

[9] A. Zee, “Calculating Newton’s gravitational constant in infrared stable Yang-Mills theories”, Phys. Rev. Lett. 48 (1982) 295.

[10] N. N. Khuri, “An upper bound for induced gravitation”, Phys. Rev. Lett. 49 (1982) 513; “The sign of the induced gravitational constant”, Phys. Rev. D26 (1982) 2664.

[11] E. Kiritsis, N. Tetradis and T.N. Tomaras, “Thick branes and 4D gravity”, JHEP 0108 (2001) 012, hep-th/0106050.

[12] S. Corley, D. Lowe and S. Ramgoolam, “Einstein-Hilbert action on the brane for the bulk graviton”, JHEP 0107 (2001) 030, hep-th/0106067.

[13] G. Kofinas, “General brane cosmology with^{(4)}R term in (A)dS_5 or Minkowski bulk”, JHEP 0108 (2001) 034, hep-th/0108013.

[14] H. Collins and B. Holdom, “Brane cosmologies without orbifolds”, Phys. Rev. D62 (2000) 105009, hep-ph/0003173.

[15] Y. Shtanov, “On brane-world cosmology”, hep-th/0005193.

[16] S. Nojiri and S.D. Odintsov, “Brane-world cosmology in higher derivative gravity or warped compactification in the next-to-leading order of AdS/CF T correspondence”, JHEP 0007 (2000) 049, hep-th/0006232.

[17] C. Deffayet, “Cosmology on a brane in Minkowski bulk”, Phys. Lett. B502 (2001) 199, hep-th/0010186.

[18] N.J. Kim, H.W. Lee and Y.S. Myung, “Role of the brane curvature scalar in the brane world cosmology”, Phys. Lett. B504 (2001) 323, hep-th/0101091.

[19] C. Deffayet, G. Dvali and G. Gabadadge, “Accelerated universe from gravity leaking to extra dimensions”, Phys. Rev. D65 (2002) 044023, astro-ph/0105068.

[20] C. Deffayet, S.J. Landau, J. Raux, M. Zaldarriaga, P. Astier, “Supernovae, CMB, and gravitational leakage into extra dimensions” Phys. Rev. D66 (2002) 024019, astro-ph/0201164.

[21] G. Kofinas, E. Papantonopoulos and I. Pappa, “Spherically symmetric braneworld solutions with^{(4)}R term in the bulk”, to appear in Phys. Rev. D, hep-th/0112019.

[22] W. Israel, “Singular hypersurfaces and thin shells in general relativity”, Nuovo Cimento 44B [Series 10] (1966) 1; Errata-ibid 48B [Series 10] (1967) 463. G. Darmois, “Mémorial des sciences mathématiques XXV” (1927). K. Lanczos, “Untersuching über flächenhafte verteiliung der materie in der Einsteinschen gravitationstheorie” (1922), unpublished; “Flächenhafte verteiliung der materie in der Einsteinschen gravitationstheorie”, Ann. Phys. (Leipzig) 74 (1924) 518. N. Sen, “Ü ber dei grenzbedingungen des schwerefeldes an unstetig keitsflächen”, Ann. Phys. (Leipzig) 73 (1924) 365.

[23] R. Maartens, “Cosmological dynamics on the brane”, Phys. Rev. D62 (2000) 084023, hep-th/0004166; “Geometry and dynamics of the brane-world”, gr-qc/0101059.

[24] C. Germani and R. Maartens, “Stars in the braneworld”, to app. Phys. Rev. D, hep-th/0107011.

[25] N. Dadhich, R. Maartens, P. Papadopoulos and V. Rezania, “Black holes on the brane”, Phys. Lett. B487 (2000) 1, hep-th/0003061.

[26] A. Chamblin, H.S. Reall, H. Shinkai and T. Shiromizu, “Charged brane-world black holes”, Phys. Rev. D63 (2001) 064015, hep-th/0008177.

[27] N. Deruelle, “Stars on branes: the view from the brane”, gr-qc/0111065.

[28] R. Casadio, A. Fabbri and L. Mazzacurati, “New black holes in the brane-world?”, Phys. Rev. D65 (2002) 084040, gr-qc/0111072.

[29] N. Dadhich, “Negative energy condition and black holes on the brane”, Phys. Lett.

B492 (2000) 357, hep-th/0009178; P. Singh and N. Dadhich, “Non-conformally flat bulk spacetime and the 3-brane world”, Phys. Lett. B511 (2001) 291, hep-th/0104174.

[30] A. Edery, “The bright side of dark matter”, Phys. Rev. Lett. 83 (1999) 3990, grqc/9905101.

[31] A. Edery and M.B. Paranjape, “Classical tests for Weyl gravity: deflection of light and time delay”, Phys. Rev. D58 (1998) 024011, astro-ph/9708233.

[32] J.D. Bekenstein, M. Milgrom and R.H. Sanders, “Comment on the “The bright side of dark matter””, Phys. Rev. Lett. 85 (2000) 1346, astro-ph/9911519.

[33] P. Binétruy, C. Deffayet, U. Ellwanger and D. Langlois, “Brane cosmological evolution in a bulk with cosmological constant”, Phys. Lett. B477 (2000) 285, hepth/9910219.

[34] S. Weinberg, “Gravitation and Cosmology”, John Wiley and Sons Inc., 1972.

[35] S. Mukoyama, T. Shiromizu and K. Maeda, “Global structure of exact cosmological solutions in the brane world”, Phys. Rev. D62 (2000) 024028, hep-th/9912287.

[36] P. Bowcock, C. Charmousis and R. Gregory, “General brane cosmologies and their global spacetime structure”, Class. Quant. Grav. 17 (2000) 4745, hep-th/0007177.

[37] A. Chamblin, S.W. Hawking and H.S. Reall, “Brane-world black holes”, Phys. Rev.

D61 (2000) 065007, hep-th/9909205.

[38] R. Gregory, “Black string instabilities in anti-de Sitter space”, Class. Quant. Grav.

17 (2000) L125, hep-th/0004101.

[39] I. Giannakis and H.c. Ren, “Linearized analysis of the Dvali-Gabadadze-Porrati brane model”, Phys. Lett. B528 (2002) 133, hep-th/0111127.

[40] P. Kanti and K. Tamvakis, “Quest for localized 4-D black holes in brane worlds”, Phys. Rev. D65 (2002) 084010, hep-th/0110298; P. Kanti, I. Olasagasti and K. Tamvakis, “Schwarzschild black branes and strings in higher-dimensional brane worlds”, hep-th/0207283.

[41] T. Wiseman, “Relativistic Stars in Randall-Sundrum Gravity”, Phys. Rev. D65 (2002) 124007, hep-th/0111057; “Static Axisymmetric Vacuum Solutions and Non- Uniform Black Strings”, hep-th/0209051.