Published by Institute of Physics Publishing for SISSA/ISAS Received: December 7, 2004 Revised: January 12, 2005 Accepted: February 2, 2005

Gravity on codimension 2 brane worlds

Ignacio Navarro^a and José Santiago^{ab}

aIPPP, University of Durham DH1 3LE Durham, U.K.

bFermi National Accelerator Laboratory P.O. Box 500, Batavia, IL 60510, U.S.A.

E-mail: ignacio.navarro@durham.ac.uk, jsantiag@fnal.gov

Abstract: We compute the matching conditions for a general thick codimension 2 brane, a necessary previous step towards the investigation of gravitational phenomena in codimension 2 braneworlds. We show that, provided the brane is weakly curved, they are specified by the integral in the extra dimensions of the brane energy-momentum, independently of its detailed internal structure. These general matching conditions can then be used as boundary conditions for the bulk solution. By evaluating Einstein equations at the brane boundary we are able to write an evolution equation for the induced metric on the brane depending only on physical brane parameters and the bulk energy-momentum tensor. We particularise to a cosmological metric and show that a realistic cosmology can be obtained in the simplest case of having just a non-zero cosmological constant in the bulk. We point out several parallelisms between this case and the codimension 1 brane worlds in an AdS space.

Keywords: Field Theories in Higher Dimensions, p-branes, Classical Theories of Gravity.

© SISSA/ISAS 2005 http://jhep.sissa.it/archive/papers/jhep022005007 /jhep022005007 .pdf

Contents

1. Introduction 1

2. Matching conditions for a codimension 2 brane 3

3. Cosmology on a codimension 2 brane 10

4. Conclusions, open issues and future prospects 15

1. Introduction

New cosmological observations seem to imply that the expansion of our universe is currently accelerating [1], driven by a dominant component of the energy-momentum tensor (EMT) with an equation-of-state parameter w close to -1 (the so called dark energy). The observations have made the cosmological constant problem a very pressing one: to the traditional puzzle of an (almost) vanishing vacuum energy now cosmologists (and particle physicists) wonder why is its magnitude comparable to the matter energy density today. Recent analysis of the data [2] point to an even more bizarre situation: the best fit to observations agrees with a dark energy equation of state with ω < −1. So the family of problems associated with the vacuum energy (the cosmological constant problem and its smaller cousin, the coincidence problem) could grow in the near future with a new member: why is the vacuum energy growing in time? The problem with this possibility is that it is not easily accommodated in generally covariant theories as long as the matter EMT satisfies the usual energy conditions [3]. In the same fashion, other existing observations also suggest modified gravitational dynamics.^1

Weinberg’s theorem [6] shows that standard approaches (by which we mean 4D field theories based on General Relativity) to the cosmological constant problem are very likely to fail and therefore more exotic ones should be tried. In particular having more than four dimensions in a Kaluza-Klein fashion does not seem to improve the situation, since the extra dimensions are small and gravity is effectively four dimensional below some scale. In this effective theory one will face the same problems as in any 4D theory. Thus, within this class of theories, anthropic considerations seem at the moment the only framework capable of explaining some of the large scale properties of our universe [7]. Brane-world gravity, on the other hand, does not belong to this class of theories, since it is not guaranteed that the low energy description of gravity can be obtained from a generally covariant four-dimensional

1One can mention the flatness of galaxy rotation curves, that can be explained using the dark matter hypothesis but that can also be regarded as pointing towards modified gravitational dynamics [4], or the more nearby measured Pioneer 10/11 anomalies [5].

– 1 – lagrangian, i.e., there is not necessarily a four dimensional description of the gravitational sector. In these models one assumes that the Standard Model fields are confined to some submanifold of the whole space-time. One can think on the Standard Model fields as the zero modes of topological defects of higher dimensional field theories [8, 9] or the gauge theories living on the world-volume of the string theory D-branes [10]. Fermionic fields and gauge interactions can be in this way clearly lower dimensional but to elucidate if the gravitational interactions can be well approximated by 4D Einstein gravity is not so obvious. The hope is to find in this context a theory that shares the good conceptual advantages of 4D General Relativity (gravity as geometry, background independence, . . . ) but can yield a realistic but non-standard cosmology (or gravitational dynamics).

The cosmology of codimension one braneworlds is quite well understood. It is possible to recover something close to standard cosmology with corrections that take the form of “dark radiation” plus terms involving the matter energy-momentum tensor squared [11, 12]. Although the situation is not as good in the understanding of codimension two brane worlds, great progress has been made recently in their investigation. The fact that one can find solutions for a flat brane in a given setup for any value of its tension has encouraged many authors to try and attack the cosmological constant problem in such scenario [13]–[18]. The effect of the brane tension in these models is simply to produce a deficit angle in the transverse space, without further implications for its induced metric. The two dimensional space transverse to the brane acquires locally the geometry of a cone, with the brane situated on its tip. However one problem of codimension two brane-worlds is that with a deficit angle one can only generate a two dimensional delta function in the Einstein tensor that is proportional to the brane induced metric. This means that one can only find nonsingular solutions if the brane EMT is proportional to its induced metric, i.e. it is pure tension [15, 16]. Thus the solutions found in [13] cannot be extended to a general brane EMT in the thin brane limit. This limit is indeed singular for a general brane and, as such, makes all the arguments about the nature of gravity (and self-tuning) in codimension two braneworlds in Einstein gravity dodgy when working with δ-like branes. To make things worse, the very Einstein equations imply that in the case of an infinitesimally thin pure tension brane, the deficit angle is space and time independent. This situation is very similar to the cosmic string models studied in 4D (see [19] for a rigorous treatment of codimension one and two sources in 4D General Relativity). It is therefore not sensible to ask questions like what happens if there is a sudden phase transition that changes the tension of the brane as such thing is not allowed by the equations of motion in the thin brane limit. In other words, selftuning has to be formulated as a dynamical process and delta-like codimension two branes do not allow to do that. In [16] a possible way out of this situation was proposed by adding the Gauss-Bonnet term to the Einstein-Hilbert lagrangian. In this case, the thin brane limit is well defined and one finds the remarkable result that four dimensional Einstein gravity is recovered as the dynamics for the induced metric on the infinitesimally thin brane. (Similar conclusions have been obtained in [20] at the linearised level.) See also [21, 22] for a different approach to codimension 2 braneworlds in Gauss-Bonnet gravity.

– 2 –

Motivated by the previous considerations, we abandon in this paper the thin brane idealization, and compute the “matching” conditions for a general thick codimension two brane in Einstein gravity.^2 By matching conditions we mean equations that relate the values of the first derivatives of the metric (with respect to the orthogonal coordinate, r) at the brane boundary with the brane EMT. In fact, since we are dealing with a thick defect (with a singular thin limit), it is not clear that one should be able to do this without knowing all the precise small scale structure of the brane. If we need this information in order to find the solution, the matching condition approach would be of no use, since one should solve the equations independently for different microscopic brane models, and one could obtain different results for different models even if the total energy-momentum carried by the brane is the same. Gravitational physics would then in general depend on the ultraviolet details of our theory and therefore model independent assertions would be difficult to make. We will see, however, that one can obtain this set of equations depending only on the integral of the brane EMT along the extra dimensions as long as the parallel derivatives (i.e. with respect to the brane coordinates) of the metric, and in particular the Ricci tensor of the brane induced metric, are small enough: in this case our matching conditions do not depend on the inner structure of the brane. How small is “small enough” will be made clear in the next section but one can argue that this situation is quite general in the sense that it is natural that the presence of the brane induces much larger gradients in the radial (transverse) direction that in the longitudinal ones. In particular this is clearly the case if we are interested in late time cosmology. Of course that does not mean that nothing can be said about very early cosmological times or other situations with strong gravity effects, but one should keep in mind when dealing with such situations that our matching conditions imply certain approximations that break down when the 4D curvature is very large. Once we consider a thick brane, departure from pure tension is allowed and the deficit angle can develop a space-time dependence, thus questions about the self-tuning behaviour of the system are again legitimate.

In the next section we will carefully explain our assumptions and approximations and we will obtain the equations that relate the total brane energy-momentum with the deformation of spacetime it causes, the so called matching conditions. We will specialize these equations to the cosmological case in the third section. Evaluating Einstein equations just outside the brane and using the matching conditions we will be able to obtain the equations that govern the cosmological evolution of this braneworld. In this respect, we follow a procedure completely analogous to that of the codimension one case [12].

2. Matching conditions for a codimension 2 brane

In this section we will try to answer the following questions: what is the effect on space-time of an energy-momentum distribution that can be interpreted as a codimension 2 defect in six-dimensional Einstein gravity? Is there a way to characterise this effect without knowing

2We do not introduce the Gauss-Bonnet term now because once one considers a thick brane the Gauss- Bonnet contributions, although crucial in the thin limit for obtaining a regular geometry, will be subleading unless the Gauss-Bonnet coupling is very large or the brane is extremely thin.

– 3 – all the precise small-scale structure of the brane? We will see that the answer to the second question is yes, provided certain conditions are met, and we will also provide a (partial) answer to the first question. The needed conditions have the interpretation of requiring a weakly curved brane.

In this section we will consider the following quite general ansatz for the metric,

ds^2 = g_{μν} (x, r)dx^μdx^ν − dr^2 − L(x, r)^2dθ^2 , (2.1)

where, as usual, x^μ denote four non-compact dimensions (including a time-like one), μ = 0, . . . , 3, whereas r, θ denote the radial and angular coordinates of the (compact or not) two extra dimensions. This means that in particular the following boundary conditions hold (in order to avoid singularities) at r = 0

L(x, 0) = 0 , L^′(x, 0) = 1 , ∂_rg_{μν} (x, 0) = 0 , (2.2)

where a prime denotes derivative with respect to r. We have assumed a rotational symmetry around the codimension 2 submanifold defined by the condition r = 0. The metric is determined by the Einstein equation, that can be written as

M^4_∗ R^M_N = T^M_N − 1 4 δ^M_N T , (2.3)

where M_∗ is the 6D fundamental mass, T_{MN} is the EMT and T ≡ T^M_M its trace. The brane will be a cylindrically symmetric extended object that fills the region with r < ϵ. Since we are trying to deal here with a general situation, and we do not have a particular microscopic theory for the brane, we cannot provide a precise definition of the brane width parameter, ϵ, but in a given particular model it should not be too hard to provide a strict definition of it. In any case, the same results should be obtained taking a different definition of the brane width (i.e. a different splitting into brane-bulk of the total 6D EMT), as long as we are considering the same energy-momentum distribution.

The presence of the brane induces a strong r-dependence of the curvature tensor that should be reflected on large r-derivatives of the metric. It is natural then to assume that the brane has the effect of producing mainly non-zero r-derivatives of the metric, and these derivatives are the relevant terms in the Einstein equations when looking for a solution. So, given the boundary conditions at r = 0, eq. (2.2), we would like to obtain the values for the first derivatives of the metric at r = ϵ in terms of the brane EMT.^3 For doing this we follow the standard procedure of integrating the equations of motion in the region with r < ϵ. Notice that if we are to find a result that is independent of the inner structure of the brane, the dominant terms of the integral should be total r-derivatives. If this is the case the value of the integral depends only on the value of some functions on the boundary, r = ϵ (and the origin, r = 0), and not on the precise solution inside the brane.

The set of equations we will have to deal with, for the metric at question, will be given next. We will offer this equations in a form that makes transparent which terms can be integrated exactly and which ones should be neglected when dealing with the matching.

3We call brane EMT to TMN (r < ϵ), including possible contributions from the bulk EMT inside the extension of the brane.

– 4 –

The μν components of the Ricci tensor can be written as, √ gLR^μ_ν = 1 2 [ √ gLK^μ_ν ]^′ + √ gLR^μ_ν (g) − √ g∇^μ∇_ν L , (2.4)

where K_{μν} ≡ ∂_rg_{μν} (we will also use K ≡ K^μ_μ ), ∇_μ denote four-dimensional (i.e. with respect to the metric g_{μν} ) covariant derivatives and R_{μν} (g) is the Ricci tensor for the four-dimensional metric g_{μν} . The θθ component of Ricci tensor reads √ gLR^θ = [ √ gL^′]^′ − √ g∇^ρ∇_ρL . (2.5)

We see that these two equations can be written as a total r derivative plus terms involving only derivatives with respect to the longitudinal coordinates (x^μ). As we will see in a moment, they will determine the matching conditions. As for the other two non-vanishing components of Einstein equations for our metric, the rr and μr components of the Ricci tensor read, respectively, R^r = L^{′′} L + 1 2 K^′ + 1 4 K^ρ_σK^σ_ρ , (2.6) and R_{μr} = − ∂_μL^′ L + 1 2 ∂_ν L L K^ν_μ + 1 2 ∇^ν (K_{μν} − g_{μν} K) . (2.7)

We can now integrate the μν and θθ components of the Ricci tensor in the region 0 ≤ r ≤ ϵ (the integration in θ is trivial) to find the desired matching conditions. We start with the μν components, eq. (2.4). Integrating this equation and neglecting the terms that do not have r-derivatives^4 one gets 2π √ g|_ϵ ∫_ϵ 0 dr √ gLR^μ_ν ≃ π K^μ_ν |_ϵ M_b ≃ 1 M^4_∗ √ g|_ϵ ∫_{2π} 0 dθ ∫_ϵ 0 dr √ gL [ T^μ_ν − 1 4 δ^μ_ν T ] ≡ T̂^μ_ν −^1_4 δ^μ_ν T̂ M^4_∗ , (2.8) where we have defined L(x, ϵ) ≡ 1/M_b (notice that 1/M_b ∼ ϵ) and it is understood in here and in the following that the subscript |_p means that the corresponding function is evaluated at r = p. We have also defined the 4D brane EMT, T̂^N_M , as the integration of the full 6D EMT in the region with r < ϵ:

T̂^N_M ≡ 1√ g|_ϵ ∫_{2π} 0 dθ ∫_ϵ 0 dr √ gLT^N_M , (2.9)

and T̂ ≡ T̂^M_M as its trace.

Now we can repeat the procedure with the θθ equation. Performing the corresponding integration and neglecting again the terms with only longitudinal derivatives we get 2π √ g|_ϵ ∫_ϵ 0 dr √ gLR^θ ≃2π ( β− √ g|_0 √ g|_ϵ ) ≃ 1 M^4_∗ √ g|_ϵ ∫_{2π} 0 dθ ∫_ϵ 0 dr √ gL [ T^θ_θ − 1 4 T ] ≡ T̂ θ_θ −^1_4T̂ M^4_∗ , (2.10)

4For the cosmological case we will estimate R^μ_ν (g) and the other neglected terms of eqs. (2.4), (2.5) that involve μ-derivatives, but to obtain the cosmological evolution we need first the matching conditions. We will see at the end that these terms are indeed negligible (with respect to the terms we have kept) in the cosmological solutions we consider. This is not surprising since once one imposes the constraints of having a realistic late-time cosmology the 4D curvature or μ-dependence of the solution have to be extremely small.

– 5 – where we have defined β(x) ≡ L^′(x, ϵ). This equation, together with eq. (2.8), determine the exterior space-time geometry associated with a particular energy-momentum stored in our codimension two defect. It is apparent that the θθ equation fixes the deficit angle in the transverse space, while the μν equations have the clear interpretation of requiring a non-zero extrinsic curvature at r = ϵ unless T̂^μ_ν −^1_4 δ^μ_ν T̂ = 0. The trace of this quantity is referred to as the Tolman mass in 4D cosmic string literature (see e.g. [23]), and it is zero for a pure tension brane. For obtaining these equations we have only neglected the terms that do not involve r-derivatives in the integrals.

Notice that the μν matching conditions are very similar to those of a codimension one brane, but because L(x, 0) = 0 we cannot satisfy this equation with a finite K^ν_μ in the thin brane limit (M_b → ∞) in general, in contrast with the codimension one case that has a well defined thin limit [19, 24]. In fact it is instructive to compare the codimension two case with the more familiar codimension one case in more detail, and point out their similarities and differences. For a 5D metric like

ds^2 = g_{μν} (x, r)dx^μdx^ν − dr^2 , (2.11)

we can write the μν components of the Ricci tensor as √ gR^μ_ν = 1 2 [ √ gK^μ_ν ]^′ + √ gR^μ_ν (g) , (2.12)

where, as before, K_{μν} ≡ ∂_rg_{μν} and R^μ_ν (g) is the Ricci tensor for the 4D metric g_{μν} . We can integrate now this equation from r = −ϵ to r = ϵ, a region where we assume that some energy-momentum density is localized. We get then 1 √ g|_0 ∫_ϵ −ϵ √ gR^μ_ν = 1 2 √ g|_0 [ √ gK^μ_ν ]^ϵ_{−ϵ} + 1 √ g|_0 ∫_ϵ −ϵ √ gR^μ_ν (g)= T̂^μ_ν −^1_3 δ^μ_ν T̂ M^3_∗

. (2.13)

M_∗ is now the 5D fundamental mass, T̂^N_M is again the integration of the full 5D EMT in the (−ϵ, ϵ) region, T̂^N_M ≡ 1√ g|_0 ∫_ϵ −ϵ dr √ gT^N_M , (2.14)

and T̂ its trace. It is clear in this case that we can take the limit ϵ → 0 keeping T̂_{μν} , K^μ_ν and R^μ_ν (g) finite if we accept a discontinuity in the extrinsic curvature (notice that we still have √ g|_{±ϵ} → √ g|_0 in this limit). We obtain in this way the so called Israel matching conditions [24] 1 2 M^3_∗ [K^μ_ν ]^{0+}_0− = T̂^μ_ν − 1 3 δ^μ_ν T̂ , (2.15)

since only the extrinsic curvature contribution survives in the thin limit. One could think that the analogy between the thick codimension two brane and the codimension one case is not surprising since, once the brane has been given a certain width, the wall defining the brane is indeed a codimension one object. But there is some information in our codimension two matching conditions showing that our system is different from a codimension one

– 6 – brane.^5 First, we have an extra dimensional matching condition, the deficit angle contribution eq. (2.10). As we have mentioned, in the case of a codimension two pure tension brane with T̂^r_r = T̂^θ_θ = 0, this contribution absorbs completely the effect of the brane on the background, allowing us to keep zero extrinsic curvature. This is not the case for the codimension one brane, since the right hand side of eq. (2.13) does not vanish for a pure tension brane. This difference is what makes codimension two braneworlds attractive as a possible solution to the cosmological constant problem. Also, in the codimension two case we cannot take the thin limit because √ G = L √ g vanishes at r = 0, and then the left hand side of eq. (2.8) goes to zero as ϵ → 0 (even allowing for discontinuities in the first derivatives of the metric) if we insist on keeping K^ν_μ finite. It is then natural to expect that, keeping ϵ finite but small, in a codimension two brane-world situation the extrinsic curvature contribution is still the main contribution to the integral (2.8). Thus, we can safely neglect the integration of the terms involving only μ-derivatives in most situations, most notably if we are interested in late cosmological times for which 4D curvatures are extremely small.

Another interesting feature of our matching conditions is that we can now use them in the μr equation evaluated at r = ϵ to obtain an energy-momentum conservation equation for the brane EMT

M^4_∗ LG_{μr} = 1 2π ( ∇^νT̂_{μν} + ∇_μT̂^r_r ) + T̂^r_r + T̂^θ_θ 2π ∂_μM_b M_b − M^4_∗ ∂_μ (√ g|_0 √ g|_ϵ ) = T^{bulk}_{μr} |_ϵ M_b . (2.16)

The μr component of the bulk EMT determines the flow of energy-momentum from the brane into the bulk. However, even when that term is zero, there can be an exchange of energy-momentum between the longitudinal and the transverse directions (on the brane) correlated with a possible space-time dependence of the brane width that could be interpreted by 4D observers as apparent violations of the conservation of energy-momentum.

Up to now we have performed an integration of the 6D Einstein equations in the space-time region filled by the brane in order to obtain the matching conditions. We have identified a set of terms in the equations that can be integrated in a model independent way, and we have seen that these terms are indeed the dominant ones provided the μdependence of the solution is small. In this way we have obtained eqs. (2.8), (2.10) that relate the first (transverse) derivatives of the metric just outside the brane with the integrated brane EMT. We are taking g_{μν} |_ϵ as our “induced metric” for the defect, since we are evaluating most functions in r = ϵ when dealing with the matching. In fact we see that all the functions appearing in the matching are evaluated at the brane boundary except for the ratio √ g|_0/ √ g|_ϵ appearing in the θθ matching condition, eq. (2.10) and in the EMT conservation equation, eq. (2.16). In order to avoid making reference to functions evaluated inside the brane when dealing with the matching we will consider that this ratio can be approximated by one in this equation. For this we just need that | |T̂_{rr} + T̂_{θθ} | | ≪ | |T̂_{μμ} | | . (2.17)

5This difference comes ultimately from the boundary conditions we are imposing at r = 0, eqs. (2.2). If we were imposing instead the boundary conditions L^′(x, 0) = 0 and L(x, 0) different from zero, we would be describing a 4-brane with a compact dimension (θ) and a Z2 symmetry at r = 0.

– 7 –

This is because we can put a bound on the difference √ g|_ϵ − √ g|_0 as √ g|_ϵ − √ g|_0 ≤ √ g|_0 K|_{max}ϵ 2 ∼ √ g|_0 K|_ϵ 2M_b , (2.18)

where K|_{max} is the maximum value of the function for r ≤ ϵ and we have used ∂_r √ g = √ gK/2. Requiring √ g|_0 √ g|_ϵ − 1 ≪ β − 1 (so that the ratio can be approximated by 1 in the

θθ matching equation) and using the matching conditions, eqs. (2.8), (2.10), we arrive at the mentioned requirement, eq. (2.17). When this condition holds, we could speak of a quasi-pure-tension-brane, and the extrinsic curvature (times the brane width) is negligible with respect to the deficit angle. This allows us to approximate the ratio of the metric determinants in eq. (2.10) by one. We quote here the actual matching conditions again, assuming such condition holds 2π(1 − β) ≃ 1 M^4_∗ ( 1 4 T̂ − T̂^θ_θ ) ≃ 1 4M^4_∗

T̂^μ_μ , (2.19) K^ν_μ |_ϵ ≃ M_b πM^4_∗ [ T̂^ν_μ − 1 4 T̂ δ^ν_μ ] . (2.20)

We would like to emphasize the generality of these matching conditions. They apply to any codimension two brane, provided we can neglect the longitudinal μ-derivatives when compared with the transverse r-derivatives in the solution inside the brane, and our condition eq. (2.17) holds. For instance, it is now straightforward to interpret several known solutions with naked codimension two singularities as being sourced by a codimension two object with certain energy-momentum. Consider as an example metrics that near r = 0 can be approximated as

g_{μν} ≃ κ_1r^{α1} η_{μν} + · · · , (2.21) L ≃ κ_2r^{α2} + · · · . (2.22)

Our matching conditions then imply 1 − κ_2α_2 M^{α2−1}_b ≃ T_0 2πM^4_∗

, (2.23)

α_1 = − 1 4πM^4_∗ ( T̂^θ_θ + T̂^r_r ) , (2.24)

where we have taken T̂^ν_μ = T_0 δ^ν_μ and we are assuming that eq. (2.17) holds. We see how the required energy-momentum for the defect sourcing these solutions depends on the brane width. The brane width acts as a cut-off for the curvature, and gets rid of the singularity once one considers a thick defect: remember that these relations have been obtained matching a regular geometry at r = 0 (that implies eqs.(2.2)) with the exterior geometry given by eqs.(2.21), (2.22). It is interesting to point out that in the thin brane limit (M_b → ∞), the brane tension diverges if α_2 < 1 while it goes to zero if α_2 > 1 (in this latter case we can not satisfy our assumption in the thin limit, eq. (2.17), and the first matching condition above would have some corrections). We can recognize the only

– 8 – parameters with a well defined thin brane limit yielding a finite brane energy-momentum (α_1 = 0, α_2 = 1) as a purely conical geometry. In particular the singular solutions of 6D supergravity found in [14], can be cast in the form given by eqs. (2.21), (2.22) and interpreted as being sourced by a codimension 2 defect with an energy momentum tensor given by the formulae above.

Also, we can now match an exterior AdS geometry with a regular geometry on r = 0 and check what kind of energy-momentum distribution supports such spacetimes. This kind of exterior geometry has been obtained as the spacetime produced by the Nielsen- Olesen vortex of the abelian Higgs model in 6D^6 [26] which, interestingly enough, localizes not only gravity but also gauge interactions at the vortex core [27] (see also [28] for the non-abelian case). Applying our matching conditions to an exterior geometry like (AdS_6 space with a compact dimension)

ds^2 = e^{±kr}η_{μν} dx^μdx^ν − L^2_0e^{±kr}dθ^2 − dr^2 , (2.25)

where k = √ −^{5Λ}_{2M 4∗} , and Λ is the bulk cosmological constant, we obtain the required brane EMT as 1 ∓ L_0k 2 e^{± k2M}b ≃ T_0 2πM^4_∗

, (2.26) ± k M_b = − 1 4πM^4_∗ ( T̂^θ_θ + T̂^r_r ) , (2.27)

where we have taken again T̂^ν_μ = T_0 δ^ν_μ and we are assuming that eq. (2.17) holds. Notice that if we choose the minus sign for ±k, so the volume of the spacetime is finite, we need T_0 > 2πM^4_∗ . This condition does not mean that the curvatures are in the solution bigger than the fundamental mass, since we expect that T̂^ν_μ ∼ T^ν_μ ϵ^2 ∼ T^ν_μ /M^2_b . For low values of M_b we can still have the 4D brane EMT (T̂^ν_μ ) of the order of M^4_∗ or bigger while the 6D one (T^ν_μ ) is hierarchically smaller and the curvatures in the full 6D solution are under control, but one can not keep curvatures under control in the thin brane limit (see also the discussion in [26]). However, if we want to restrict ourselves to weakly gravitating branes we should choose the plus sign, and then the extra dimensional volume is infinite. This is because L is a growing function at the origin with a positive r-derivative, and then it is “easier” to match the geometry with an exterior L function that also has a positive derivative (and this chooses the plus sign above).

Our matching conditions relate brane parameters with metric deformations in its surroundings, but they do not tell us much about the phenomenological viability of these braneworlds. In an ideal situation, for a given brane energy-momentum and width, and for a given bulk EMT we would impose the matching conditions in the bulk solution (as a perturbation, perhaps, over a known static solution) and find out the implications for the brane induced metric, g_{μν} (x, ϵ). The relation between the brane induced metric and its EMT would determine what type of gravity brane observers would feel. But this approach

6For the global vortex the exterior geometry is AdS5 × S^1 [25], but this case is not a solution for a pure cosmological constant in the bulk.

– 9 – is usually very difficult to implement in practice, since it is very hard to find analytic bulk solutions (even perturbative ones, see [17] for work in this direction). It is however possible to obtain a good deal of information on the curvature of the brane induced metric without actually solving the bulk equations. The idea, that we will elaborate on in more detail in the next section for the cosmological case, is to evaluate Einstein equations just outside the brane. In particular, the rr component of the Einstein tensor, evaluated at r = ϵ reads, G^r|_ϵ = − 1 2 R(g) + M^2_b 2πM^4_∗

[T̂^r_r + T̂^θ_θ ] + (2.28) + 1 32π^2

M^2_b M^8_∗

[4T̂^ρ_σ T̂^σ_ρ − (T̂^ρ_ρ )^2 − 2T̂^ρ_ρ (T̂^r_r + T̂^θ_θ ) − (T̂^r_r + T̂^θ_θ )(5T̂^r_r − 3T̂^θ_θ )] = T^r_r |_ϵ M^4_∗ , where we have used the matching conditions eqs. (2.19), (2.20) and have neglected the term M_b∇^ρ∇_ρL|_ϵ. It is not clear a priori that this term is negligible as compared with the induced metric curvature (the integrals of both terms have been neglected in the matching conditions). However it is in general related to μ−derivatives of β that, through our matching conditions, can be argued to be negligible under the assumptions we are using. Again, we will be more specific about the size of the different terms when discussing cosmological solutions. This equation determines the curvature for the induced metric in terms of the brane EMT and the bulk EMT evaluated at the brane boundary. This equation will become much more illuminating when particularised to the cosmological case as we will see in the next section.

3. Cosmology on a codimension 2 brane

In order to study the cosmological implications of our matching conditions we particularise the metric ansatz to

ds^2 = N(t, r)^2dt^2 − A(t, r)^2d⃗x^2 − dr^2 − L(t, r)^2dθ^2 , (3.1)

where we have taken flat spatial sections in the brane for simplicity and we set N(t, 0) = 1 by performing a redefinition of the t coordinate. In this section we will assume that eq. (2.17) holds in our system, so we can use the simpler version of the matching conditions, eqs. (2.19), (2.20), instead of the more general one, eqs. (2.8), (2.10). Remember that, since we are assuming that the first derivatives are small compared with the brane width we also have, at the level of approximation we are working, N(t, ϵ) ≃ N(t, 0) = 1, and also A(t, 0) ≃ A(t, ϵ) ≡ a(t). So the matching conditions, eqs. (2.19), (2.20), take now the form A^′|_ϵ a = − M_b 8πM^4_∗

[ρ + p − p_r − p_θ] , (3.2)

N^′|_ϵ = M_b 8πM^4_∗

[3(ρ + p) + p_r + p_θ] , (3.3)

(1 − β) = 1 8πM^4_∗

[ρ − 3p − p_r + 3p_θ] , (3.4)

where we have taken a “cosmological” brane EMT: T̂^M_N = diag(ρ, −p, −p, −p, −p_r, −p_θ). These equations, however, do not yield any information about the cosmology one can expect in these models. One constraint on it is given by the brane EMT conservation, eq. (2.16),

– 10 – that reads for our cosmological set up,

ρ̇ + 3 ȧ a (ρ + p) − ∂_tp_r − (p_r + p_θ) ∂_tM_b M_b = 2π

T^{bulk}_{0r} |_ϵ M_b . (3.5)

However, we would like to obtain the equations that govern the evolution of the scale factor of the brane, a(t), in terms of the brane EMT. As we said at the end of the previous section, with our matching conditions we could, in principle, find the bulk solution for a given model (as a perturbation, perhaps, over a known static solution) and figure out the implications of this perturbed solution for the time dependence of the scale factor. Instead of doing that we will show that a lot of information on the cosmology of codimension two branes can be obtained by evaluating Einstein equations just outside the brane, following the same approach as [12] for the codimension one case. The matching conditions tell us what the first r−derivatives of the metric are at the brane boundary, eqs.(3.2-3.4), whereas second r−derivatives can only be found by solving Einstein equations. The crucial point to note is that, out of the five non-zero (for the cosmological metric) components of the Einstein tensor, the tt, xx and θθ involve second r-derivatives and therefore allow us to algebraically compute their values at the brane boundary whereas the tr and the rr components do not involve second r−derivatives but only known first r−derivatives and first and second time derivatives of the metric. The former gives the brane EMT conservation, eq. (3.5) whereas the latter, evaluated at r = ϵ, reads

G^r|_ϵ = 3 ( ȧ^2 a^2 + ä a ) − M^2_b 2πM^4_∗

(p_r + p_θ) + + 1 32π^2

M^2_b M^8_∗ [ 3(ρ + p)^2 + (p_r + p_θ)[2(ρ − 3p) − 5p_r + 3p_θ] ] = T^r_r |_ϵ M^4_∗

, (3.6)

where we have particularised eq. (2.28) to the cosmological case. Here we can be a bit more specific about the size of the term we are neglecting, which is (we do not explicitly write factors of order one)

M_b ∂^2_t L = M_b ∫_ϵ 0 dr ∂^2_t L^′ ≈ M_b ϵ ∂^2_t L^′|_ϵ ≈

∂^2_t ρ M^4_∗

, (3.7)

where in the third equality we have approximated (as a conservative order of magnitude) ∂^2_t L^′(r ≤ ϵ) ≈ ∂^2_t L^′|_ϵ, and in the fourth one we have used the matching conditions. We therefore see that, at least at late cosmological times it is utterly negligible as compared with the terms we are keeping. Nevertheless it should be noted that this is just an order of magnitude estimation and one should carefully check this approximation when dealing with particular models (for which this term could play an important role in the cosmology of our brane). The equation we have obtained is a generalised Friedmann equation that incorporates the matching conditions for our general codimension two brane. Taken together with the energy-momentum conservation equation, eq. (3.5), suffices to determine the evolution of the scale factor and therefore the cosmology. As a first check to this equation we can note that we recover the expected behaviour in the case of a pure tension brane with no rr and θθ components of the EMT. This case corresponds to ρ + p = p_r = p_θ = 0

– 11 – and we get that the expansion of the brane depends solely on the bulk EMT and not on the brane tension, agreeing with the solutions presented in the literature for this case [13]. As a matter of fact, we could have guessed the generic form of the modified Friedmann equation based on the well defined infinitesimal limit for a pure tension brane as something like 3 ( ȧ^2 a^2 + ä a ) = F(ρ + p) + G(p_r, p_θ, ρ, p) + T^r_r |_ϵ M^4_∗

, (3.8)

where F, G are arbitrary functions with the only restriction that G(0, 0, ρ, p) = 0 and F(0) = 0. The bulk EMT might also have some implicit dependence on ρ, p and p_{r,θ}. A critical point when considering self-tuning issues is the particular form of the function F. If it was linear in ρ + p it could represent an important step towards a self-tuning scenario yielding a cosmology of the type studied in [29] whereas the quadratic dependence we have actually found would be in conflict with phenomenology. But this negative conclusion in the self-tuning issue is of course a bit premature, and should not be taken too seriously, in the sense that we have not included the possible dependence of the bulk EMT on the brane parameters. A realistic model might exist that has self-tuning features hidden in such dependence. For the time being however we will naively assume that the bulk EMT does not have any implicit ρ, p or p_{r,θ} dependence, and we have just a cosmological constant in the bulk. In that case, it is possible to obtain a realistic cosmology if one is ready to give up self-tuning considerations. In our universe, the term in this equation proportional to (ρ + p)^2 would be extremely small (∼ ρ^2_{matter}), while (assuming p_r and p_θ are constant) the terms that go like p_r + p_θ or (p_r + p_θ)(5p_r − 3p_θ) would act as a cosmological constant. One expects then that the term ∝ (p_r + p_θ)(ρ − 3p) would give the dominant time-dependence and therefore a conventional cosmology 3 ( ȧ^2 a^2 + ä a ) ≈ − M^2_b 16π^2M^8_∗

(p_r + p_θ)(ρ − 3p) +

M^2_b 2πM^4_∗

(p_r + p_θ) +

Λ_r M^4_∗

, (3.9)

where we have just neglected the terms proportional to (ρ + p)^2 and p^2_{r,θ} and defined T^r_r |_ϵ ≡ Λ_r. There remains, of course, the issue of the effective cosmological constant that would have to be tuned to zero. We have several parameters that can be chosen at will in the equation above, so one can fine-tune the effective cosmological constant to a small value by requiring Λ_r ≃ −M^2_b p_r + p_θ 2π ( 1 − T_0 2πM^4_∗ ) , (3.10)

where we have considered that ρ ∼ −p ∼ T_0. There is a priori no reason to expect such a cancellation, so this scenario does not seem to yield any light on the cosmological constant problem. But notice that the value of p_θ and p_r coming just from the integration of the bulk cosmological constant inside the brane has an order of magnitude that, for a weakly gravitating brane (T_0/M^4_∗ ≪ 1), already agrees with this requirement: in case of having no “brane” contributions to these quantities one would expect p_r, p_θ ∼ −2πΛ_rϵ^2 ∼ −2πΛ_r/M^2_b .

It is very interesting that such a simple model can yield a realistic cosmology, but one would expect that in more involved models the bulk deformation produced by the brane EMT would affect T^r_r also. Depending on how T^r_r reacts under a deformed solution

– 12 –

(satisfying our ρ- and p-dependent matching conditions), one obtains different cosmologies. We see that considering a constant T^r_r = Λ_r, p_r and p_θ can yield a conventional cosmology (with the cosmological constant problem included), but it would be very interesting to see what happens in other cases. In the case of having two compact extra dimensions stabilised with a magnetic flux for instance, the deficit angle in the transverse space affects the local energy density of the flux, and therefore T^r_r |_ϵ in eq. (3.6), and this could be the dominant effect when determining the cosmology [17]. A deeper study of these issues is currently under way. Nonetheless, it is interesting to point out that in the case of having just a cosmological constant in the bulk, the effective Planck mass is

M^2_{P l} = −8π^2

M^8_∗ M^2_b

(p_r + p_θ)^{−1} ≃ 4π

M^8_∗ Λ_r ( 1 − T_0 2πM^4_∗ ) , (3.11)

where we have used eq. (3.10). Any relation with the extra-dimensional volume is not transparent in this equation but let’s imagine that we are in a situation whose exterior metric is approximately described by the geometry given by eq. (2.25), simply AdS space with a compact dimension, and the matching conditions reduce to eqs. (2.26), (2.27). Taking the minus sign in (2.25), so the extra dimensional volume is finite, we can write

V_2 ≃ 2π ∫_∞ 0 L_0e^{−5kr/2}dr = 4πL_0 5k . (3.12)

We can use now the matching conditions and the relation k = √ −^{5Λr}_{2M 4∗} to get

M^2_{P l} = 25 4 M^4_∗ V_2 . (3.13)

We need to chose the negative sign in the metric (2.25) in order to get a positive Planck mass squared. If we want to match our brane with an exterior AdS geometry as in [26], and obtain a realistic cosmology, we need that T_0 > 2πM^4_∗ (that do not necessarily imply curvatures of order ∼ M^2_∗ , as we have previously commented). If on the other hand we insist on a weakly gravitating brane, T_0 ≪ M^4_∗ , then our matching conditions show that the appropriate branch is the plus sign in (2.25) and so the volume of the extra dimensions is infinite. Interestingly enough, the effective 4D Planck mass remains finite although imaginary, a situation identical to the codimension one case with a negative tension brane [11]. Also, as we will see below, the dependence on the different scales with high exponents makes it very easy to generate a hierarchically large Planck mass without departing from our approximations. One can point out again several similarities between this possibility and the well known codimension one braneworlds consisting on a 3-brane moving in a 5D AdS space [11, 12]. In both cases the brane EMT enters in the definition of the effective Planck mass, and in both cases we need a non-zero “brane vacuum energy” (the brane tension in the codimension one case, or the p_r + p_θ parameter in our case) in order to find a realistic cosmology. This is a result of the quadratic dependence of the generalized Friedman equation on the brane EMT parameters in both cases. Also, in both cases we need to fine tune the bulk cosmological constant against brane parameters in order to obtain a small effective cosmological constant on the brane. It is also thanks to this

– 13 – fine-tuning that we recover the relation of the effective 4D Planck mass with the higher dimensional one times the extra-dimensional volume, as expected from KK arguments (as in the codimension one case). It would be interesting to push this analogy further, and we might be able to interpret our thick codimension two brane as a “curled up” codimension one brane, since as we have commented previously, the wall defining the brane boundary is indeed a codimension one hypersurface.

We can also check now the magnitude of the terms we are neglecting in the Einstein equations when doing the matching for these solutions. In order to do so, we consider as an example particular values of the different parameters, motivated by a “TeV brane”. We consider a weakly gravitating brane situation, and in this case the exterior geometry would not be of the type given by eq. (2.25), since we need a positive bulk cosmological constant in order to obtain a realistic cosmology (see eq. (3.11)). Taking for instance the brane parameters to be of the order

M_b ≈ TeV , (3.14) ρ^{1/4} ≈ (−p)^{1/4} ≈ 10 TeV , (3.15) (−p_r)^{1/4} ≈ (−p_θ)^{1/4} ≈ 100 GeV , (3.16)

and the fundamental scale M_∗ ≈ 1.7 × 10^3 TeV , (3.17)

so that the Planck mass comes in the right size

M_{P l} ≈ 10^{18} GeV ,

we see that the terms we neglected in the matching are of order ∫_ϵ 0 dr LR(g) ∼ 3 M^2_b ( Ȧ2 A^2 + Ä A ) ∼ 10^{−90} , (3.18) ∫_ϵ 0 dr ∂^2_t L ∼ 1 M^4_∗ M^2_b

∂^2_t (−ρ + 3p − p_r + 3p_θ) ∼ 10^{−165} . (3.19)

We have assumed that the rr component of the bulk EMT is fine-tuned to give a small (realistic) Hubble parameter, Λ^{1/6}_r ∼ 200 GeV and for the second equation we have used arguments similar to the ones leading to eq. (3.7). It is therefore clear that these terms are indeed smaller than the ones we have considered, that are of order ∫_ϵ 0 drL^{′′} = 1 − β ≃ 1 4M^4_∗

(ρ − 3p + p_r − 3p_θ) ∼ 10^{−9} , (3.20) ∫_ϵ 0 dr(LK)^′ = K|_ϵ M_b ∼ − 2(p_r + p_θ)

M^4_∗

∼ 10^{−17} . (3.21)

Note that these terms, although much larger than the neglected ones, still have a hierarchy between themselves, as prescribed by our requirement, eq. (2.17). As we said we need the small cosmological constant fine-tuning so that the contributions given by (3.18) are smaller than the ones coming from the terms like (3.21). One can understand the hierarchy

– 14 – of the different terms noticing that the terms we neglected in the matching are in these solutions proportional to the brane EMT squared or its time derivatives (assuming that the term linear in p_r + p_θ in eq. (3.9) is cancelled by Λ_r), while the terms we have kept are matched with the brane EMT linearly. One should, however, check for any particular solution the level of approximation that using our matching conditions represent, since it is not guaranteed in general that they constitute a good approximation. In case they do not, our matching conditions have corrections that depend on the internal structure of the brane. A numerical estimation of these terms would be advisable when using our matching conditions, although as we have seen one can easily find models with solutions in which they are utterly negligible, and therefore in these models the use of our matching conditions is fully justified.

Before finishing this section we would like to stress that this particular example (and its associated cosmological constant fine-tuning) has nothing to do with a possible selftuning mechanism. In these models, solutions in which the brane is curved exist on equal footing with solutions in which the brane is flat. So the required tuning should be provided by extra considerations, the most promising being supersymmetry (see [30] and references there in). The crucial point is that a thick brane, via our matching conditions, allows for a dynamical deficit angle and therefore the possibility of self-tuning is present in such a set-up. A more detailed study of self-tuning issues in these models requires knowledge of the bulk solution in more involved models and is currently under way.

4. Conclusions, open issues and future prospects

The goal of this letter was to study the dynamics of the induced metric on a codimension two braneworld, and in particular we were interested in its relation with the brane EMT. The solution is singular in general for an infinitesimally thin brane,^7 except for the case of a pure tension brane. Contrary to what might seem, this case is not relevant for the study of the so called self-tuning properties on codimension two braneworlds due to the staticity (for the deficit angle) of the solution as opposed to the intrinsically dynamical nature of self-tuning. Due to these reasons we had to abandon the thin brane idealization and consider a brane of finite thickness. Our first step was to find the matching conditions in the second section, i.e., the set of equations that relate the brane EMT with the deformation of the surrounding spacetime it produces. Since we are dealing with a thick brane that has a singular thin limit, it was not clear that one should be able to do this without knowing all the precise small-scale structure of the brane. We have however shown that one can obtain this set of equations depending only on the integral of the brane EMT as a good approximation provided certain conditions are met. These conditions have the interpretation of requiring that the brane has an energy-momentum laying mainly along the parallel directions (so it is close to a pure tension brane), with small 4D curvature. We have also seen in this second section that the μr component of the Einstein equations

7As we have previously mentioned, this is not the case when one considers Einstein-Gauss-Bonnet gravity on the bulk [16], and in fact one can find non-singular solutions even for infinitesimally thin higher codimension braneworlds when one uses the general Lanczos-Lovelock lagrangians in higher dimensions [22].

– 15 – gives, when evaluated just outside the brane using our matching conditions, the energymomentum conservation equation for the brane. Using our matching conditions we have been able to interpret some singular solutions of 6D supergravity found recently in [14] as being sourced by a codimension two defect with certain energy-momentum and we have also paid particular attention to the simple case of having just a cosmological constant in the bulk. In this case we have matched our brane with an exterior AdS geometry as in [26], obtaining the required brane properties.

In the third section, attempting to obtain further information that allows us to assess the phenomenological viability of these models, we have specialized our equations to the cosmological case. The matching conditions relate however the brane EMT with the first derivatives of the metric with respect to r, the orthogonal coordinate, and to obtain the cosmology we would like to relate the brane EMT with the parallel (time) derivatives of the metric. Fortunately, this can be done simply by using the matching conditions in the rr component of the Einstein equation evaluated just outside the brane, at r = ϵ. The reason is that this component of the full 6D Einstein equations is the only one (apart from the μr) that does not involve second r−derivatives, so we can get rid of the first ones using our matching conditions and we are left with only time derivatives of the induced metric and brane parameters, obtaining the modified Friedmann equation we were looking for. This procedure is completely analogous to the one followed in the codimension one case by Binetruy et al. in [12], the only difference being the added complication here of having to consider a thick brane, since the thin limit is singular for the codimension two case. We have identified a model that could yield a realistic cosmology, simply considering a constant value for the orthogonal components of the brane EMT and fine-tuning the bulk cosmological constant to get a small effective cosmological constant for the brane metric. Put like that, this model does not seem to shed any light on the possible self-tuning behaviour of codimension two brane worlds, one of the original motivations for considering these class of models. It would be interesting in any case to explore this simple model with just a cosmological constant in the bulk in more detail, in particular to study which bulk geometries are obtained from it when we have a positive cosmological constant in the bulk, that as we saw, makes compatible a weakly gravitating brane with a realistic cosmology. In case of having a negative bulk cosmological constant, the exterior geometry is in some cases just AdS space with a compact spatial dimension [26], and for a pure tension brane the bulk is simply a wick rotation and analytical continuation of the AdS-Schwarzschild geometry (see below), so one might expect that the solution asymptotes to AdS space in general when we have a negative cosmological constant in the bulk.

But in fact the main uncertainty, and source of model dependence in our cosmological equations is the bulk EMT: our modified Friedmann equation depends on its rr component. One can expect that in particular models the T̂_{MN} −dependent matching conditions for the brane imply that this bulk EMT component also gets an implicit T̂_{MN} dependence, i.e. T^r_r |_ϵ would also depend on ρ, p, p_r and p_θ for the cosmological case. It is certainly conceivable that this dependence is the dominant one, and one could then obtain different cosmologies depending on the particular model, or compactification, one is dealing with. A more careful examination of these issues for different models will be deferred to a future publication. It is

– 16 – worth pointing out that the bulk and the brane curvatures are independent parameters that in principle have no reason to be related, even for some given brane parameters. This can be seen by considering the 6D black hole with cosmological constant [31], substituting in it t → iθ and analytically continuing the constant (r, θ) hypersurfaces to a lorentzian manifold of curvature H^2. Then one can interpret the solution as a pure tension infinitesimally thin codimension two braneworld where H^2 is the curvature of the brane induced metric [32]. One can see then that the brane curvature, the bulk cosmological constant (that determines curvature of the bulk) and the brane tension are independent parameters of the solution. So these models do not have any selftuning behaviour per se, if certain models only admit flat 4D geometries [14], supersymmetry is to blame, and supergravities with these properties are also known in 7D [33] (where there are 3 compact dimensions and 4 flat dimensions). The problem, of course, is to obtain an effective 4D theory with supersymmetry broken at a high scale without spoiling 4D flatness, and codimension two branes could help in this [30]. It would be very interesting to impose our matching conditions in the solutions of the 6D supergravity that have been proposed in order to realize the selftuning behaviour [14], and in particular to study the implications of these matching conditions for the supersymmetry of the background, but as we said before, a closer examination of these issues is beyond the scope of the present paper, and will be deferred for future work.

Acknowledgments

We would like to thank C.P. Burgess, R. Gregory, H.M. Lee, J. Moreno and A. Papazoglou for helpful discussions. This work has been partially supported by PPARC and by URA under contract no. DE-AC02-76CH03000 with DOE.

References

[1] WMAP collaboration, D.N. Spergel et al., First year Wilkinson microwave anisotropy probe (wmap) observations: determination of cosmological parameters, Astrophys. J. Suppl. 148 (2003) 175 [astro-ph/0302209];

Supernova Search Team collaboration, A.G. Riess et al., Type IA supernova discoveries at z > 1 from the hubble space telescope: evidence for past deceleration and constraints on dark energy evolution, Astrophys. J. 607 (2004) 665 [astro-ph/0402512]; SDSS collaboration, M. Tegmark et al., Cosmological parameters from SDSS and WMAP, Phys. Rev. D 69 (2004) 103501 [astro-ph/0310723].

[2] S. Hannestad and E. Mortsell, Cosmological constraints on the dark energy equation of state and its evolution, JCAP 09 (2004) 001 [astro-ph/0407259];

U. Alam, V. Sahni and A.A. Starobinsky, The case for dynamical dark energy revisited, JCAP 06 (2004) 008 [astro-ph/0403687];

U. Alam, V. Sahni, T.D. Saini and A.A. Starobinsky, Is there supernova evidence for dark energy metamorphosis ?, Mon. Not. Roy. Astron. Soc. 354 (2004) 275 [astro-ph/0311364].

[3] S.M. Carroll, A. De Felice and M. Trodden, Can we be tricked into thinking that w is less than -1?, astro-ph/0408081.

[4] R. Scarpa, G. Marconi and R. Gilmozzi, Using globular clusters to test gravity in the weak acceleration regime, Astron. Astrophys. 405 (2003) L15 [astro-ph/0305388].

– 17 –

[5] J.D. Anderson et al., Indication, from pioneer 10/11, Galileo and Ulysses data, of an apparent anomalous, weak, long-range accelerattion, Phys. Rev. Lett. 81 (1998) 2858 [gr-qc/9808081]; J.D. Anderson et al., Study of the anomalous acceleration of Pioneer 10 and 11, Phys. Rev. D 65 (2002) 082004 [gr-qc/0104064].

[6] S. Weinberg, The cosmological constant problem, Rev. Mod. Phys. 61 (1989) 1.

[7] S. Weinberg, Anthropic bound on the cosmological constant, Phys. Rev. Lett. 59 (1987) 2607.

[8] K. Akama, An early proposal of ’brane world’, Lect. Notes Phys. 176 (1982) 267 [hep-th/0001113].

[9] V.A. Rubakov and M.E. Shaposhnikov, Do we live inside a domain wall?, Phys. Lett. B 125 (1983) 136.

[10] J. Polchinski, String theory, vol. 2. Superstring theory and beyond, Cambridge, U.K.

Univ. Pr., 1998, p. 531, SPIRES entry .

[11] L. Randall and R. Sundrum, An alternative to compactification, Phys. Rev. Lett. 83 (1999) 4690 [hep-th/9906064];

T. Shiromizu, K.I. Maeda and M. Sasaki, The Einstein equations on the 3-brane world, Phys. Rev. D 62 (2000) 024012 [gr-qc/9910076];

C. Csáki, M. Graesser, C.F. Kolda and J. Terning, Cosmology of one extra dimension with localized gravity, Phys. Lett. B 462 (1999) 34 [hep-ph/9906513];

J.M. Cline, C. Grojean and G. Servant, Cosmological expansion in the presence of extra dimensions, Phys. Rev. Lett. 83 (1999) 4245 [hep-ph/9906523];

P. Binetruy, C. Deffayet, U. Ellwanger and D. Langlois, Brane cosmological evolution in a bulk with cosmological constant, Phys. Lett. B 477 (2000) 285 [hep-th/9910219]; S. Mukohyama, T. Shiromizu and K.-i. Maeda, Global structure of exact cosmological solutions in the brane world, Phys. Rev. D 62 (2000) 024028 [hep-th/9912287]; P. Bowcock, C. Charmousis and R. Gregory, General brane cosmologies and their global spacetime structure, Class. and Quant. Grav. 17 (2000) 4745 [hep-th/0007177].

[12] P. Binetruy, C. Deffayet and D. Langlois, Non-conventional cosmology from a brane-universe, Nucl. Phys. B 565 (2000) 269 [hep-th/9905012].

[13] J.W. Chen, M.A. Luty and E. Ponton, A critical cosmological constant from millimeter extra dimensions, J. High Energy Phys. 09 (2000) 012 [hep-th/0003067]; S.M. Carroll and M.M. Guica, Sidestepping the cosmological constant with football-shaped extra dimensions, hep-th/0302067;

I. Navarro, Codimension two compactifications and the cosmological constant problem, JCAP 09 (2003) 004 [hep-th/0302129]; Spheres, deficit angles and the cosmological constant, Class. and Quant. Grav. 20 (2003) 3603 [hep-th/0305014];

Y. Aghababaie, C.P. Burgess, S.L. Parameswaran and F. Quevedo, Towards a naturally small cosmological constant from branes in 6D supergravity, Nucl. Phys. B 680 (2004) 389 [hep-th/0304256];

Y. Aghababaie et al., Warped brane worlds in six dimensional supergravity, J. High Energy Phys. 09 (2003) 037 [hep-th/0308064];

H.P. Nilles, A. Papazoglou and G. Tasinato, Selftuning and its footprints, Nucl. Phys. B 677 (2004) 405 [hep-th/0309042];

H.M. Lee, A comment on the self-tuning of cosmological constant with deficit angle on a sphere, Phys. Lett. B 587 (2004) 117 [hep-th/0309050];

– 18 –

A. Kehagias, A conical tear drop as a vacuum-energy drain for the solution of the cosmological constant problem, Phys. Lett. B 600 (2004) 133 [hep-th/0406025]; J. Garriga and M. Porrati, Football shaped extra dimensions and the absence of self- tuning, J. High Energy Phys. 08 (2004) 028 [hep-th/0406158];

S. Randjbar-Daemi and V.A. Rubakov, 4D-flat compactifications with brane vorticities, J. High Energy Phys. 10 (2004) 054 [hep-th/0407176];

H.M. Lee and A. Papazoglou, Brane solutions of a spherical sigma model in six dimensions, Nucl. Phys. B 705 (2005) 152 [hep-th/0407208];

V.P. Nair and S. Randjbar-Daemi, Nonsingular 4D-flat branes in six-dimensional supergravities, hep-th/0408063.

[14] G.W. Gibbons, R. Guven and C.N. Pope, 3-branes and uniqueness of the Salam-Sezgin vacuum, Phys. Lett. B 595 (2004) 498 [hep-th/0307238];

C.P. Burgess, F. Quevedo, G. Tasinato and I. Zavala, General axisymmetric solutions and self-tuning in 6D chiral gauged supergravity, J. High Energy Phys. 11 (2004) 069 [hep-th/0408109].

[15] J.M. Cline, J. Descheneau, M. Giovannini and J. Vinet, Cosmology of codimension-two braneworlds, J. High Energy Phys. 06 (2003) 048 [hep-th/0304147].

[16] P. Bostock, R. Gregory, I. Navarro and J. Santiago, Einstein gravity on the codimension 2 brane?, Phys. Rev. Lett. 92 (2004) 221601 [hep-th/0311074].

[17] J. Vinet and J.M. Cline, Can codimension-two branes solve the cosmological constant problem?, Phys. Rev. D 70 (2004) 083514 [hep-th/0406141].

[18] S. Kanno and J. Soda, Quasi-thick codimension 2 braneworld, JCAP 07 (2004) 002 [hep-th/0404207].

[19] R. Geroch and J.H. Traschen, Strings and other distributional sources in general relativity, Phys. Rev. D 36 (1987) 1017.

[20] O. Corradini, A. Iglesias, Z. Kakushadze and P. Langfelder, Gravity on a 3-brane in 6D bulk, Phys. Lett. B 521 (2001) 96 [hep-th/0108055].

[21] J.E. Kim, B. Kyae and H.M. Lee, Localized gravity and mass hierarchy in D = 6 with Gauss-Bonnet term, Phys. Rev. D 64 (2001) 065011 [hep-th/0104150]; H.M. Lee and G. Tasinato, Cosmology of intersecting brane world models in Gauss-Bonnet gravity, JCAP 04 (2004) 009 [hep-th/0401221].

[22] I. Navarro and J. Santiago, Higher codimension braneworlds from intersecting branes, J. High Energy Phys. 04 (2004) 062 [hep-th/0402204].

[23] V.P. Frolov, W. Israel and W.G. Unruh, Gravitational fields of straight and circular cosmic strings: relation between gravitational mass, angular deficit and internal structure, Phys. Rev. D 39 (1989) 1084.

[24] W. Israel, Singular hypersurfaces and thin shells in general relativity, Nuovo Cim. 44S10 (1966) 1.

[25] R. Gregory, Nonsingular global string compactifications, Phys. Rev. Lett. 84 (2000) 2564 [hep-th/9911015];

B. de Carlos and J.M. Moreno, A cigar-like universe, J. High Energy Phys. 11 (2003) 040 [hep-th/0309259]; Regular compactifications and Higgs model vortices, Phys. Rev. D 70 (2004) 084032 [hep-th/0405144].

– 19 –

[26] T. Gherghetta and M.E. Shaposhnikov, Localizing gravity on a string-like defect in six dimensions, Phys. Rev. Lett. 85 (2000) 240 [hep-th/0004014];

M. Giovannini, H. Meyer and M.E. Shaposhnikov, Warped compactification on abelian vortex in six dimensions, Nucl. Phys. B 619 (2001) 615 [hep-th/0104118].

[27] M. Giovannini, J.-V. Le Be and S. Riederer, Zero modes of six-dimensional abelian vortices, Class. and Quant. Grav. 19 (2002) 3357 [hep-th/0205222];

S. Randjbar-Daemi and M. Shaposhnikov, QED from six-dimensional vortex and gauge anomalies, J. High Energy Phys. 04 (2003) 016 [hep-th/0303247].

[28] M. Eto, M. Nitta and N. Sakai, Effective theory on non-abelian vortices in six dimensions, Nucl. Phys. B 701 (2004) 247 [hep-th/0405161].

[29] S.M. Carroll and L. Mersini, Can we live in a selftuning universe?, Phys. Rev. D 64 (2001) 124008 [hep-th/0105007].

[30] C.P. Burgess, Towards a natural theory of dark energy: supersymmetric large extra dimensions, hep-th/0411140.

[31] D. Birmingham, Topological black holes in anti-de Sitter space, Class. and Quant. Grav. 16 (1999) 1197 [hep-th/9808032].

[32] Z.C. Wu, No-boundary codimension-two braneworld, hep-th/0405249.

[33] E. Bergshoeff, I.G. Koh and E. Sezgin, Yang-Mills/Einstein supergravity in seven-dimensions, Phys. Rev. D 32 (1985) 1353.

– 20 –