arXiv:hep-th/0102207 v2 16 Aug 2001

HIP-2001-04/TH hep-th/0102207

Vanishing of cosmological constant and fully localized gravity in a Brane World with extra time(s)

Z. Berezhiani^{a,c}, M. Chaichian^b, A.B. Kobakhidze^{b,c} and Z.-H. Yu^b aDipartamento di Fisica, Universitá di L’Aquila, I-67010 Coppito, AQ, and INFN, Laboratori Nazionali del Gran Sasso, I-67010 Assergi, AQ, Italy bHEP Division, Department of Physics, University of Helsinki and Helsinki Institute of Physics, FIN-00014 Helsinki, Finland cAndronikashvili Institute of Physics,GE-380077 Tbilisi, Georgia.

Abstract

We construct an intersecting brane configuration in six-dimensional space with one extra spacelike and one extra time-like dimensions. With a certain additional symmetry imposed on the extra space-time we have found that effective four-dimensional cosmological constant vanishes automatically, providing the static solution with gravity fully localized at the intersection region as there are no propagating massive modes of graviton. In this way, the same symmetry allows us to eliminate tachyonic states of graviton from the spectrum of the effective four-dimensional theory, thus avoiding phenomenological difficulties comming from the matter instability usually induced in theories with extra time-like dimensions.

1 Introduction.

Recently the idea that our world is confined on the four-dimensional subspace of higher dimensional space-time [1] attracts considerable attention. Within this scenario, often known as a ”Brane World” scenario, several phenomenological, cosmological and astrophysical issues have been revisited. What is particularly exiting within this approach is that the size of extra dimensions can be large [2] or even infinite [3, 4, 5], leading to the interesting theoretical alternative to conventional Kaluza-Klein (KK) compactification as well as to the specific predictions that can be tested experimentally in the visible future.

One of the original motivations for the recent versions of Brane World models was an explanation of the apparent hierarchy among two fundamental scales, the Planck scale M_{P l}, and the electroweak scale M_W [2, 6] (see also [7]). The scenario of Refs. [2] utilize δ extra compact dimensions with large compactification radii r_n (n = 1, ..., δ) in the factorizable, M^4 × N^δ, (4 + δ)-dimensional space-time and thus the apparent weakness of gravity in the visible fourdimensional world (M^4, 3-brane) is explained due to the large volume V_N ffi ∼ ∏δ n=1 r_n of the extra-dimensional submanifold N^δ :

M^2_{P l} = M^{δ+2}_∗ V_N ffi , (1)

where M_∗ is the fundamental high-dimensional scale and M_{P l} is the ordinary four-dimensional Planck scale.

The scenario of Ref. [6] deals with a 5-dimensional non-factorizable AdS_5 space-time with two 3-branes located at the S^1/Z_2 orbifold fixed points of the fifth compact dimension. Now the weakness of gravity in the visible world 3-brane is explained without recourse to large extra dimensions, but rather as a result of gravity localization on the hidden 3-brane. Gravity localization in such scenario occurs because the five-dimensional Einstein’s equations admit the solution for the space-time metric with a scale factor (“warp factor”) which is a falling exponential function of the distance along the extra dimension y perpendicular to the branes^1:

ds^2 = e^{−2k|y|}dx^2_{1+3} + dy^2, (2)

when the bulk cosmological constant Λ (Λ < 0) and the tensions T_{vis} and T_{hid} of the visible and hidden branes respectively are related according to: T_{hid} = −T_{vis} = 6M^3_∗ k, k = √ − Λ 6M^3_∗

. (3)

Thus, graviton is essentially localized on the hidden brane with positive tension (T_{hid} > 0) which is located at y = 0 fixed point of the S^1/Z_2 orbifold, while the Standard Model particles are assumed to be restricted on the visible brane with negative tension (T_{vis} < 0) which is located at y = πr_c (r_c is the size of extra dimension) orbifold fixed point. So, a hierarchically

1Generalizations to higher-dimensional space-times is possible within the intersecting branes scenarios [8], models with string-like defects (in the case of 2 extra dimensions) [9] or along the lines discussed in [10].

small scale factor generated for the metric on the visible brane gives an exponential hierarchy between the mass scales of the visible brane and the fundamental mass scale M_∗, after one appropriately rescales the fields on the visible brane. In fact, assuming M_∗ ∼ M_{P l}, TeV-sized electroweak scale can be generated on the visible brane by requiring r_c · M_∗ ≃ 12.

However, there is even more severe hierarchy problem afflicting fundamental physics which is related to the observed smallness of the 4-dimensional cosmological constant (for reviews see [11]). In the original proposals with large [2] or warped [3, 6] extra dimensions this problem remains untouched. Say, the fine-tuned condition (3) which provides the solution (2) is nothing but the condition for the vanishing of the effective 4-dimensional cosmological constant. Several more or less successful attempts have been made recently to attack this problem within the Brane World models [12, 13, 14, 15, 16, 17, 18]. One solution is to ensure dynamical selfadjustment of the relation (3) by introducing an extra bulk scalar field ϕ with an appropriate bulk potential [12]. In this scenario, however, the scalar fields ϕ becomes singular at a finite distance along the extra dimension^2 and the warp factor in the metric (2) vanishes at singularity. As a result the whole background solution becomes unstable under the bulk perturbations and any procedure which regularize the singularity reintroduces the fine-tuning back.[14]. It was shown also in [15] that non-static (cosmological) solutions of [12] might be unstable as well, thus leading to the energy non-conservation as brane world expands (contracts).

In this paper we would like to suggest an alternative possibility to overcome an unnatural fine-tuning (3) by introducing an extra time-like dimensions. Particularly, we construct the configuration of intersecting branes in a 6-dimensional bulk space-time with signature (4, 2). With a certain additional symmetry imposed on the extra space-time, we find that effective 4-dimensional cosmological constant automatically vanishes, providing a static solution with gravity localized at the intersection region. Remarkable, the symmetry which forced the cosmological constant to vanish prevents, at the same time, propagation of a massive Kaluza-Klein (KK) modes of graviton (including those of tachyonic) and thus gives the full localization of gravity at the intersection of branes, while non-trivial warp factor of the background metric allows us to solve Planck/TeV scale hierarchy problem by placing visible 3-brane at distances O(10^2M_{P l}) away from the intersection.

2 Extra time-like dimensions and null space dimensional reduction.

Except of a very few recent works [19, 20, 21, 22, 23, 24, 25] (see also [26, 27, 28] for some earlier works on extra time-like dimensions), most of the Brane World models considered so far deal with extra space-like dimensions. The reason is some pathological features of field theories with extra time-like dimensions associated with appearance of ghost and tachyonic states in the effective four dimensional theory and related with them instabilities of various kind [19, 20, 23, 24, 27]. However, there are no firm theoretical reasons why extra time-like

2For a non-singular solution see [13].

dimensions cannot exist and, moreover, they indeed appear at the fundamental level within the various versions of string theory (see e.g. [28] for some recent approaches). The tachyonic instabilities, being the subject of experimental verification, can be accommodated within the theoretical models if they do not contradict the existing experimental date. Indeed, in the case of conventional KK compactification with factorized geometry of space-time one can satisfy experimental upper limits on various processes leading to the instability of matter by choosing sufficiently small radii for the compact extra time-like dimensions [19, 22]^3. The same is actually true for the case of warped compactification [3, 6] if our visible world is confined on the brane which is sufficiently close to the so called Planck scale brane where the graviton zero mode is localized. Otherwise, demanding that the visible brane is displaced from the Placnk brane at distances which provides the solution to the Planck/TeV hierarchy problem, one gets for instance an unacceptable rapid gravitational decay of neutron [20, 24]. Thus, it seems that generation of Planck/TeV hierarchy is incompatible with extra time-like dimensions in both scenarios with factorizable [19] and non-factorizable geometry [20].

Of course, it is more desirable to overcome appearance of ghost and tachyons in the fourdimensional effective theory. One obvious way to do this is to choose a certain geometry of the extra space preventing the appearance of ghost and tachyons. Indeed, for example, one can start with a topological gravity in higher dimensions generating usual Einstein’s gravity in four-dimensional subspace [21]. Then, since the bulk space-time is topological the propagation of gravitons in the extra space does not take place at all and thus tachyonic KK gravitons do not appear in the effective four-dimensional theory. In such a case, however extra time-like dimensions are non-dynamical and certainly metaphysical. Another example is an extra space with no Killing vectors (see Aref’eva, Volovich in [26]) which prevents the appearance of ghost states in four dimensions.

Here we would like to suggest different possibility to eliminate tachyons and ghosts from an effective four-dimensional theory. Suppose that bulk space-time contains both time-like and space-like dimensions, i.e. the metric of extra space is Lorentzian. Now we can make so called null space reduction to lower dimensions demanding an extra subspace M^{(p,q)} with p space-like and q time-like dimensions is actually a null space^4. If so, then the physical states carry no non-zero momentum along M^{(p,q)} subspace and so all KK excitations will be confined on the light cone. Thus the physical states (perhaps except of some additional zero mass modes) are the same as in four-dimensional theory and the effective four-dimensional theory will be tachyon-free. Another important outcome from the null reduction is that since the physical

3It is interesting that in the case when only gravity feels extra times [19, 22] the imaginary part of the gravitational self-energy due to the exchange of tachyonic KK gravitons of the spherically symmetric body is periodic and for some critical radii of the body R = 2πkL (where L is a size of extra time-like dimension and k ∈ N ) it vanishes, so such self-gravitating body in fact is stable. Another interesting phenomena observed in [19, 22] is the screening of the gravitational force due to the contribution of the tachyonic KK gravitons.

4Note that null space dimensional reduction is that what happens in F -theory (see Vafa in [28]) where the BRST invariance demand the extra M^{(1,1)} subspace of a 10 + 2 = 12 dimensional type IIB string theory with an U (1) super-Maxwell field on the worldsheet to be a null space, so that F -theory in 12 dimensions with signature (10, 2) becomes dual to type IIB string theory in 10 dimensions with signature (9, 1).

states are essentially the same as in four dimensional theory the physical laws will be also fourdimensional for all energy scales. Say, 1/r^2 4-dimensional Newton’s law will remain the same in the null reduced higher-dimensional theory at any distances.

Below we explicitly demonstrate these features by considering a 6-dimensional space-time with one extra time-like and one extra space-like dimensions, i.e. the space-time with signature (4,2). The null reduction is realized by imposing additional discrete symmetry that prevents propagation of the massive KK modes of graviton including those of tachyonic. In this way we will avoide phenomenological difficulties comming from the matter instability usually induced in theories with extra time-like dimensions. Remarkable enough, that the same symmetry forced the cosmological constant to be zero^5.

3 Intersecting branes: vacuum solutions.

Let us consider 6-dimensional space-time M^{(4,2)} with one extra time-like dimension τ and one extra dimension y, i.e. space-time with a signature (4, 2). Suppose that there are two branes with a world-volume signature (4, 1) (“time brane”) and , (3, 2) ( “space brane”) embedded in M^{(4,2)} with tensions T_τ and T_y, respectively. The intersection of these branes, which we take to be at (y = 0, τ = 0) point for definiteness, is a 4-dimensional subspace (3-brane) of M^{(4,2)} with signature (3, 1) which can be identified with a visible world. The relevant action describing such a set-up is: S = ∫ d^6x √ det g ( 1 κ^2_6 R − Λ_b ) − ∫ d^6x √ det g [T_τ δ(τ ) + T_yδ(y)] = ∫ M (4^;2) d^4xdydτ √ det g ( 1 κ^2_6 R − Λ_b )

− ∫ M (4^;1) d^4xdy √ − det g^{τ =0}T_τ − ∫ M (3^;2) d^4xdτ √ det g^{y=0}T_y. (4)

Here κ^2_6 = 16πM^{−4}_6 , where M_6 is the six-dimensional fundamental scale of the theory and Λ_b is a bulk cosmological constant. The induced metrics on the branes, g^{τ =0}_{ab} (a, b = μ, y) and g^{y=0}_{αβ} (α, β = μ, τ ), are defined as: g^{τ =0}_{ab} = g_{ab}(x^μ, y, τ = 0), g^{y=0}_{αβ} = g_{αβ}(x^μ, y = 0, τ ), (5)

where g_{MN} , M, N = μ(0, 1, 2, 3), y, τ , is a six-dimensional metric. We use metric with mostly positive signature (− + + + +−). The field equations followed from the above action (4) are: R^M_N − 1 2 δ^M_N R = κ^2_6 2 T^M_N , (6)

5For some earlier attempts to solve cosmological constant problem by introducing extra time-like dimensions see Aref’eva, Dragovich, Volovich in [26]; Linde in [26]; [21].

where the energy momentum tensor T^M_N is expressed through the bulk cosmological constant Λ_b and brane tensions T_τ and T_y as:

T^M_N = −Λ_bδ^M_N − √ − det g^{τ =0} det g T_τ δ(τ )δ^M_a δ^a_N − √ det g^{y=0} det g

T_yδ(y)δ^M_α δ^α_N . (7)

We are looking for a static solution of the above equations (6) that respects 4-dimensional Poincare invariance in the x^μ direction. A 6-dimensional line element satisfying this anzatz can be written as:

ds^2 = A^2(y, τ )η_{μν}dx^μdx^ν + B^2(y, τ )dy^2 − C^2(y, τ )dτ^2, (8)

where η_{μν} is a 4-dimensional flat Minkowski metric. It is more convenient, however, to perform the actual calculations within a conformaly flat metric anzatz

ds^2 = A^2(z, θ)η_{MN} dx^M dx^N , (9)

which can be obtained from (8) by the following coordinate transformations^6: dz = B A dy, dθ = C A dτ. (10) Now using the well-known conformal transformation formulae for the Einstein tensor G^M_N = R^M_N −^1_2 δ^M_N R

~G_{MN} = G_{MN} + 4 (∇_M ln A∇_N ln A − ∇_M ∇_N ln A) +4η_{MN} ( ∇^2 ln A + 3 2 (∇ ln A)^2 ) , (11)

we easily obtain:

G^μ_ν = 2 A^2 ( A^′ A )_2 − (Ȧ A )_2 + 2 ( A^{′′} A − Ä A ) δ^μ_ν , (12)

G^z = 2 A^2 5 ( A^′ A )_2 − (Ȧ A )_2 − 2 Ä A , (13)

G^θ = 2 A^2 −5 (Ȧ A )_2 + ( A^′ A )_2 + 2 A^{′′} A , (14)

G^z_θ = −G^θ_z = 4 A^2 [ 2 ȦA^′ A^2 − Ȧ^′ A ] , (15)

6Generally this transformations do exist for the rather special cases. However, they are actually valid in the case of the background solutions we are interested in (see below).

where primes and overdots denote the derivatives with respect to space-like z and time-like θ coordinates, respectively. Taking the conformal factor (warp factor) in (9) as^7 A = 1 k_y |z| + k_τ |θ| + 1 , (16)

one can easily check that non-diagonal elements (15) of the Einstein tensor vanish, G^z_θ = −G^θ_z = 0, and thus (zθ) Einstein’s equations are satisfied identically, while the remaining equations will be satisfied if the following relations are fulfilled^8:

k^2_y − k^2_τ = − κ^2_6Λ_b 10 , (17)

k_y = κ^2_6T_y 4 , (18)

k_τ = − κ^2_6T_τ 4 . (19)

Here we will assume that the space brane has a possitive tension T_y > 0, while the time brane the negative one, T_τ < 0, so that both k_y and k_τ are positive. In the opposite case, the negative (positive) tension space (time) brane is expected to be unstable under the fluctuations since in this case brane fluctuation modes show up as a ghost states in the effective theory on the brane world-volume.

Taking away the ”time brane” (T_τ = 0) one gets the 6-dimensional version (with an extra time on the brane world-volume) of Ref. [3] , where the bulk cosmological constant is negative, Λ_b < 0, while in the case T_y = 0 one leads to the 6-dimensional version of the model of Ref. [20] with Λ_b > 0. Thus, generally, depending on the brane tensions T_y and T_τ , bulk spacetime can be anti-de Sitter (|T_τ | < |T_y| , Λ_b < 0), de Sitter (|T_τ | > |T_y| , Λ_b > 0) or Minkowskian (T_τ = −T_y, Λ_b = 0). Remarkably, that in the latter case one can observe an apparent discrete symmetry of the background solution (16-19). Indeed, when one exchanges the extra timelike and space-like dimensions, θ ←→ z the background solution (16-19) with Λ_b = 0 remains untouched, while the solution with Λ_b < 0 goes to the one with Λ_b > 0 and vise versa. Thus if we demand that the Einstein equations (6) are invariant under the θ ←→ z exchange than among the solutions (16-19) the one with Λ_b = 0 survives. The fine tuning problem now is resolved since the above invariance demands T_τ = −T_y and ensures automatic cancellation of the 4-dimensional cosmological constant.

One can worry that the above result just simply follows from the fact that we have considered the anzatz (9) (or equivalently (8)) where the flatness of the 4-dimensional space-time of the intersection of branes was already assumed. However, this is not the case. Indeed, one can start from the more general anzatz by taking ~g_{μν} = ( 1 − 1 4 H^2η_{μν} x^μx^ν )_{−2} η_{μν} (20)

7Turning back to the original coordinates y and τ we will have: A = ( e^{ky|y|} + e^{kø |τ|} − 1 )_{−1} , B = e^{ky|y|}A and C = e^{kø |τ|}A. 8While this paper was in preparation there appeared the paper [23] in the hep-archives where the same solution was considered. An earlier presentation of the present work was given in [24].

instead of the flat 4-dimensional metric η_{μν} in (9). Here H is a ”Hubble constant” on the intersection. Now the anzatz (9) with (20) instead of η_{μν} describes maximally symmetric 4-dimensional space-times of the intersection of branes, i.e. de Sitter (H^2 > 0) or anti de Sitter (H^2 < 0) (the flat Minkowski case considered above corresponds to H = 0). Then the components of the Einstein tensor (12) and (13), (14) will be changed by the additional term +^{3H2}_{A2} δ^μ_ν and +^{6H2}_{A2} , respectively, while (15) will remain unchanged. It is easy to see that the corresponding Einstein equations will remain invariant under the discrete symmetry θ ←→ z if and only if H = 0 and Λ_b = 0. This can be easily understood from the fact that the origin for the non-zero Hubble constant is a non-zero 4-dimensional cosmological constant on the intersection of branes which in turn is indeed forbidden if one demands that the theory is invariant under the discrete symmetry imposed above.

Of course, in general, for an arbitrary metric g_{MN} the invariance we have imposed does not take place. In what follows we require here that such an invariance holds for all perturbations around the background solution as well. In other words, we restrict to consider the manifolds which are isometric under the discrete symmetry transformations θ ←→ z. So, the above invariance can be viewed as a constraint imposed on the system described by the action (4) which holds for the special class of metrics g_{MN} including the background one given by (9,16-19) with Λ_b = 0^9. Notice that the vanishing of the bulk cosmological constant, Λ_b = 0, and the relation T_τ = −T_y emerge merely from the discrete symmetry imposed and are not consequence of any fine-tuning. As we will see this symmetry leads at the same time to the resolution of the problem of tachyonic states.

4 Linearized perturbations.

To examine the gravity induced by a matter source localized on the 4-dimensional intersection of branes let us consider the linearized perturbations around the background metric (9,16-19). Taking g_{MN} = A^2(z, θ) (η_{MN} + γ_{MN} ) (21)

and keeping linear in γ_{MN} terms only in (6) we get: − 1 2 ∂_K∂^Kγ_{MN} − 1 2 ∂_M ∂_N γ^K_K + ∂^K∂_{(M} γ_{N )K} + 1 2 η_{MN} ( ∂_K∂^Kγ^L_L − ∂^K∂^Lγ_{KL} ) + 2 [( 2∂_{(M} γ_{N )K} − ∂_Kγ_{MN} − η_{MN} ( 2∂^Lγ_{KL} − ∂_Kγ^L_L + 2γ_{KL}∂^L + 3γ_{KL}n^L ))] n^K = 0 (22)

9On the language of the initial action (4) the vanishing of cosmological constant can be related to the following symmetry reasons. One can consider a discrete transformation changing the signature of the metric, g_{MN} → −g_{MN} (and hence R → −R). The first term in the action (4) changes the sign if Λ_b = 0. (In fact, in theories with even number of space-time dimensions the bulk comsological constant can be forbidden by assuming that when the metric changes the signature also the action changes the sign. E.g. in the usual 1 + 3 case the change g_{μν} → −g_{μν} is equivalent to the changing the signature (+, −, −, −) by the signature (−, +, +, +)). If along this transformation also the τ and y branes are exchanged, then the whole action changes sign, S → −S, if T_τ = −T_y .

where n_K ≡ ∂_K ln A = ( 0, 0, 0, 0,^{A0}_A ,^Ȧ ) and indices are raised and lowered by the 6-dimensional flat metric η_{MN} . We work with so-called Randall-Sundrum (RS) gauge [3, 20, 29] which is defined as a 4-dimensional transverse traceless gauge

∂^μγ_{μν} = 0, γ^μ_μ ≡ γ = 0 (23)

along with an extra conditions γ_{Mτ} = γ_{My} = 0. (24)

Although RS gauge (23,24) becomes inconsistent with equations of motion when one considers an extra matter sources beyond those given by branes itself [30], for the discussion of the gravity localization on the intersection of branes it is rather convenient and we will keep it here and return to this point later^{10}.

In the above gauge (23,24) one left with 2 physical massless degrees of freedom on the intersection, which corresponds to just 2 polarization states of the 4-dimensional graviton and the equations (22) simplify significantly to become:

∂_M ∂^M γ_{μν} + 4∂_M γ_{μν} n^M = 0. (25)

Boundary conditions on γ_{μν} can be deduced by integration of (25) from just below to just above of the time and space branes resulting in the Darmois-Israel matching conditions [32]^{11}:

γ^′_{μν} |_{z=0}= 0, γ̇_{μν} |_{θ=0}= 0 (26)

To proceed further, we separate the intersection world-volume and extra space-time coordinates in (25) setting γ_{μν} = h_{μν} (x^σ)Ψ_m(z, θ). Then the Eqs.(25) are splitted as:

∂_σ∂^σh_{μν} = m^2h_{μν}, (27)

(∂_y∂^y − ∂_τ ∂^τ + 4n_y∂_y − 4n_τ ∂_τ ) Ψ_m(z, θ) = −m^2Ψ_m(z, θ), (28)

where m^2 is a separation constant. The eqs. (27,28) describe the propagation of a free massive spin-2 particle in the intersection world-volume with a mass m^2 and the wave function Ψ_m(z, θ). Although we are not able to solve the equation (28) explicitly in the general case, but it is obvious that one has normalizable solutions for the wave function Ψ_m(z, θ) corresponding to the mass eigenvalues in the whole range −∞ < m^2 < +∞. This readily follow from the fact that the normalize massive KK excitations along the time-like extra dimension are actually tachyonic (m^2 < 0) [20] while those of along the space-like extra dimension are bradionic (m^2 > 0) [3]. Finally, in general case, one expects also a collection of infinitely many massless

10For some alternative gauges as well as discussions on subtleties in the RS gauge choice see [30, 31] 11Actually from the Darmois-Israel formalism one can get in general another type of boundary conditions, which tell us that the derivatives of the metric are just continuous γ^′_{μν} |_{z=0}+= γ^′_{μν} |_{z=0}�, γ̇_{μν} |_{θ=0}+= γ̇_{μν} |_{θ=0}�, but not necessarily zero as in (26). Here, following to [3], we also assume that similar to the background metric the perturbations are also even under the discrete transformations z → −z and θ → −θ. Then the only boundary conditions consistent with these symmetries are those given in (26).

gravitons propagating in the 4-dimensional world-volume. One of them is a ”true” zero mode localized on the intersection, while others are the excitations along the light-cone in extra space-time. Obviously, with such a spectrum of KK-states one can not have any satisfactory phenomenology on the intersection world-volume. Besides the already mentioned problem with tachyonic KK-states of graviton [20], one could worry about the infinitely degenerate massless gravitons as well, since they also might bring inconsistencies when one goes beyond the linearized approximation [33].

Now let us proceed to the nul space dimensional reduction by requiring that eqs. (27,28) are invariant under the interchange of extra time-like and extra space-like coordinates, θ ←→ z, as it was proposed in the previous section. This symmetry demand vanishing of m^2 in (27,28), m^2 = 0, and the eqs. (27,28) now become:

∂_σ∂^σh_{μν} = 0 (29)

(∂_y∂^y − ∂_τ ∂^τ + 2kA (δ(θ) − δ(z))) ψ(z, θ) = 0. (30)

Here we set ψ(z, θ) = A^2Ψ_0(z, θ) in order to canonically normalize the kinetic term in (30) and k_y = k_τ ≡ k. Now, eqs. (29,30) describe the propagation of massless spin-2 particle localized on the 4-dimensional intersection region. Indeed, the only normalizable solution which is consistent with boundary conditions (26) is: ψ(z, θ) = √ 3 2 k (k (|z| + |θ|) + 1)^2

(31)

where we have properly normalized the wave function, ∫ ∫ dzdθ |ψ(z, θ)|^2 = 1. Thus the discrete symmetry θ ←→ z not only provides automatic cancelation of the effective cosmological constant on the 4-dimensional intersection, but also singles out the zero mode solution (31), for the graviton. This in turn means that gravity is fully localized on the 4-dimensional intersection and the Newton law at all distances there is just ordinary 4-dimensional one. Indeed the Newton potential of the two point-like mass M_1 and M_2 placed on the intersection at a distance r from each other is:

V (r) = G^{(6)}_N

M_1M_2 r |ψ(0, 0)|^2 = G^{(4)}_N

M_1M_2 r (32)

where the effective 4-dimensional Newton constant G^{(6)}_N ≡^{κ24}_2 = 8πM^{−2}_4 is related to the 6- dimensional one G^{(6)}_N ≡^{κ26}_2 = 8πM^{−4}_6 through the following relation:

G^{(4)}_N =

3k^2 2 G^{(6)}_N (33)

Note also that, while the effects of extra dimensions are essentially hidden for the 4-dimensional observer, they show up in the non-trivial warp factor A (16). Thus the solution to the Plank/TeV scale hierarchy problem is possible in our scheme in the spirit proposed in [6], i.e. by placing the TeV 3-brane with Standard Model particles localized on it in the bulk at an appropriate distance from the intersection. Finally, the extension of the above scheme to more extra dimensions is also possible, although it requires more sophisticated extra symmetries to remove tachyonic KK modes from the effective 4-dimensional theory and to ensure natural (without fine tuning) vanishing of the cosmological constant.

5 Gravity on the intersection in the Minkowski bulk.

Here we would like to discuss the null space dimensional reduction in the case of the flat Minkowski bulk space-time. From the preceding sections, at first glance, it seems that KK modes are confined on the light cone even in the case of a Minkowski bulk space-time and thus 4-dimensional observer will still obtain^1_{r2} Newton’s law on the intersection. Then, leaving aside the solution to the hierarchy problem via warped compactification, one can ask: do we really need to warp up or compactify the extra dimensions in order to have consistent 4-dimensional physics on the intersection region? The answer seems would be positive for all interactions except of gravity. Indeed, to have a consistent 4-dimensional gravity on the intersection it is not sufficient to correctly reproduce the Newton law, but one should ensure that the gravity on the intersection is just a tensor-type, i.e. an extra polarization states are actually decoupled from the 4-dimensional massless graviton. If it is not a case then one fails to explain some familiar gravitational experiments such as the experiments on the bending of light in the gravitational field of the Sun and the experiments measured precession rate of the Mercury orbit.

These extra polarization states show up in the tensor structure of the propagator of massless graviton. Basically this is related to the well-known fact that the massless limit of the massive graviton is actually discontinuous in the flat background space-time [34]. So one should evaluate full propagator including the tensor structure as well. Here we come to the point the discussion on which we have postponed in the previous section. As we have mentioned there, the RS gauge (21,24) becomes inconsistent when one consider an extra matter sources say localized on the intersection of the branes. One can relax the traceless condition in (21), but now extra scalar polarization state appear in the spectrum of the massless states on the 4-dimensional intersection. Thus one can worry that this scalar polarization state can not be removed from the physical spectrum and the gravity on the 4-dimensional intersection is scalar-tensor type. As it is shown in [30], actually this is not the case in the original RS model [3]. The extra scalar can indeed be gauged away. The physical reason for this is that in the RS model one has a zero mode graviton localized on the brane for which one expect to have the usual 4-dimensional massless propagator. Since in the case considered in the previous section the graviton zero mode is also localized on the intersection, the same procedure used in [30] can be applied to show that the gravity on the intersection is just the Einstein-type one.

Now turning to the case of the Minkowski bulk, it is obvious that the extra polarization states can not be gauged away, since gravity is allowed to freely propagate in the infinite Minkowski bulk space-time. Although we can hide all massive KK-states through the null space dimensional reduction, so that the scalar part of the propagator of graviton will be just as for the massless 4-dimensional one, but the tensor structure of the propagator is expected to be higher-dimensional, due to the contributions of the massless scalar modes. Note once again that this point is peculiar to the gravitational interactions. Say gauge fields, living in the null reduced Minkowski bulk, can correctly reproduce 4-dimensional physics on the intersection.

6 Conclusions.

We discussed the cosmological constant problem within the Brane World scenario with extra time-like dimension. Particularly, we considered the intersecting brane configuration in the 6-dimensional space-time with one extra time-like and one extra space-like dimensions. Among the possible warped background solutions to the Einstein equations we have found one with vanishing cosmological constant which is invariant under the discrete interchange of extra timelike and extra space-like dimensions. This simple symmetry can be suitably generalized (see footnote 9) to ensure vanishing of the bulk cosmological constant, Λ_b = 0, and the realation T_τ = −T_y in the original action (4) and thus to single out the desired background solution with flat 4-dimensional intersection of branes. On the other hand, it is remarkable that the same symmetry leads to the fully localized gravity on the 4-dimensional intersection world-volume. Thus the problem of natural (without fine tuning) vanishing of the cosmological constant and the stability problem related with extra time-like dimension are solved simultaneously.

Clearly, several questions have to be answered before the above proposal can be considered as a candidate solution to the cosmological constant problem. Among them are the localization of Standard Model fields on the 4-dimensional intersection and the origin of the discrete symmetry imposed, which in the given set-up perhaps looks rather artificial. One can hope to find an answers to these questions at a more fundamental level. In this respect it is interesting to investigate whether the above or similar constructions can be obtained as a low energy limit of more fundamental string theory.

Acknowledgments. We thank Gia Dvali, Gregory Gabadaze, Merab Gogberashvili, Zurab Kakushadze and Dimitri Polyakov for useful discussions. A.B.K. would like also to gratefully acknowledge stimulating research atmosphere at Gran Sasso Summer Institute ”Dark matter and Supersymmetry” where the part of this work was done. The research of M.C., A.B.K and Z.H.Y. was supported by the Academy of Finland under the Research Project No. 163394 and that of Z.B. was partially supported by the MURST research grant ”Astroparticle Physics”.

References

[1] V.A. Rubakov and M.E. Shaposhnikov, Phys. Lett. B125 (1983) 139; K. Akama, in Proc.

of the Symposium on Gauge Theory and Gravitation, Nare, Japan, eds. K. Kikkawa, N. Nakanishi and H. Naria (Springer-Verlag, 1983); M. Visser, Phys. Lett. B159 (1985) 22; E.J. Squires, Phys. Lett. B167 (1986) 286; G.W. Gibbons and D.L. Wiltshire, Nucl. Phys. B287 (1987) 717; A. Barnaveli and O. Kancheli, Sov. J. Nucl. Phys. 52 (1990) 576.

[2] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B429 (1998) 506; Phys. Rev.

D59 (1999) 086004; I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B436 (1998) 257.

[3] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 4690.

[4] M. Gogberashvili, hep-ph/9812296; Mod. Phys. Lett. A14 (1999) 2025; Europhys. Lett.

49 (2000) 396; hep-ph/9908347.

[5] R. Gregory, V.A. Rubakov and S.M. Sibiryakov, Phys. Rev. Lett. 84 (2000) 5928; I.I.

Kogan, S. Mouslopoulos, A. Papazoglou, G.G. Ross and J. Santiago, Nucl. Phys. B584 (2000) 313; G. Dvali, G. Gabadadze and M. Porrati, Phys. Lett. B485 (2000) 208; G. Dvali and G. Gabadadze, hep-th/0008054; G. Dvali, G. Gabadadze and M. Shifman, hep-th/0010071; I.I. Kogan, S. Mouslopoulos, A. Papazoglou, hep-th/001141; A. Karch and L. Randall, hep-th/0011156.

[6] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370; J. Lykken and L. Randall, JHEP. 0006 (2000) 014.

[7] H. Hatanaka, T. Inami and C.S. Lim, Mod. Phys. Lett. A13 (1998) 2601; M. Chaichian and A.B. Kobakhidze, Phys. Lett. B478 (2000) 299; N. Arkani-Hamed, L. Hall, D. Smith and N. Weiner, Phys. Rev. D62 (2000) 105002; P. Kanti, K.A. Olive and M. Pospelov, Phys. Rev. D62 (2000) 126004; A.B. Kobakhidze, hep-th/0012191.

[8] N. Arkani-Hamed, S. Dimopoulos, G. Dvali and N. Kaloper, Phys. Rev. Lett. 84 (2000) 586;

C. Csaki and Y. Shirman, Phys. Rev. D61 (2000) 024008; A.E. Nelson, hep-th/9909001; T. Torma, hep-th/0004021; T. Nihei, Phys. Rev. D62 (2000) 124017; N. Sakai and S. Tomizawa, hep-th/0101042.

[9] A. Chodos and E. Poppitz, Phys. Lett. B471 (1999) 119; A.G. Cohen and D.B. Kaplan, Phys. Lett. B470 (1999) 52; R. Gregory, Phys. Rev. Lett. 84 (2000) 2564; Z. Chacko and A.E. Nelson, Phys. Rev. D62 (2000) 085006; I. Olasagasti and A. Vilenkin, Phys. Rev. D62 (2000) 044014; T. Gherghetta and M. Shaposhnikov, Phys. Rev. Lett. 85 (2000) 240; I. Oda, hep-th/0006203; hep-th/0009074.

[10] M. Chaichian, M. Gogberashvili and A.B. Kobakhidze, hep-th/0005167.

[11] S. Weinberg, Rev. Mod. Phys 61 (1995) 1247; astro-ph/0005265; S.M. Carroll,

astro-ph/0004075; J. Garriga and A. Vilenkin, hep-th/0011262; M.D. Roberts,
hep-th/0012062.

[12] N. Arkani-Hamed, S. Dimopoulos, N. Kaloper and R. Sundrum, Phys. Lett. B480 (2000) 193; S. Kachru, M. Schulz, E. Silverstein, Phys. Rev. D62 (2000) 045021; Phys. Rev. D62 (2000) 085003.

[13] A. Kehagias and K. Tamvakis, hep-th/0011006.

[14] S. Forste, Z. Lalak, S. Lavignac and H.P. Nilles, Phys. Lett. B481 (2000) 360; JHEP. 0009 (2000) 034.

[15] P. Binetruy, J.M. Cline and C. Grojean, Phys. Lett. B489 (2000) 403.

[16] E. Witten, Int. Jour. Mod. Phys. A10 (1995) 1247; Mod. Phys. Lett. A10 (1995) 2153; G.

Dvali, hep-th/0004057.

[17] Z. Kakushadze, Phys. Lett. B488 (2000) 402; Phys. Lett. B489 (2000) 207; Phys. Lett.

B491 (2000) 317; G. Dvali and G. Gabadadze in [5].

[18] S.P. de Alwis, hep-th/0002174; S.P. de Alwis, A.T. Flournoy and N. Irges, hep-th/0004125; R. Bousso and J. Polchinski, JHEP. 0006 (2000) 006; Z. Kakushadze, Nucl. Phys. B589 (2000) 75; J.L. Feng, J. March-Russell, S. Sethi, F. Wilczek,

hep-th/0005276; S.H.H. Tye and I. Wasserman, hep-th/0006068; A. Krause,
hep-th/0006226; hep-th/0007233; K.A. Meisner and M. Olechowski, hep-th/0009122;

H. Collins and B. Holdom, hep-th/0009127; J. E. Kim, B. Kyae and H. M. Lee, hep-th/0011118; hep-th/0101027; T. Padmanabhan and S. Shankaranarayanan,

hep-th/0011159; J. M. Cline and H. Firouzjahi, hep-th/0012090; N. Tetradis,
hep-th/0012106; E. Flanagan, N. Jones, H. Stoica, S.-H. Tye and I. Wasserman,
hep-th/0012129; C. Csaki, J. Erlich and C. Grojean, hep-th/0012143.

[19] G. Dvali, G. Gabadadze and G. Senjanović, hep-ph/9910207.

[20] M. Chaichian and A.B. Kobakhidze, Phys. Lett. B488 (2000) 117.

[21] G. Bonelli and A.M. Boyarsky, hep-ph/0004058.

[22] S. Matsuda and S. Seki, hep-ph/0007290; hep-th/0008216.

[23] T. Li, hep-th/0009132;

[24] A.B. Kobakhidze, Brane Worlds with extra time(s), talk given at Gran Sasso Summer Institute ”Dark matter and Supersymmetry”, July 2000, LNGS Assergi, Italy.

[25] A. Iglesias and Z. Kakushadze, hep-th/0012049.

[26] A.D. Sakharov, Zh. Eksp. Teor. Fiz. 87 (1984) 375; I.Ya. Aref’eva and I.V. Volovich, Phys.

Lett. B164 (1985) 287; I.Ya. Aref’eva, B.G. Dragovich and I.V. Volovich, Phys. Lett. B177 (1986) 357; M. Pollock, Phys. Lett. B174 (1986) 251; A.D. Linde, Phys. Lett. B200 (1988) 272; M.P. Blencowe and M.J. Duff, Nucl. Phys. B310 (1988) 837.

[27] F.J. Yndurain, Phys. Lett. B256 (1991) 15; G.W. Gibbons and P.A. Rasheed, Nucl. Phys.

B476 (1996) 515; A. Chamblin and R. Emparan, Phys. Rev. D55 (1997) 754.

[28] C. Vafa, Nucl. Phys. B469 (1996) 403; I. Bars, Phys. Rev. D55 (1997) 2373; C.M. Hull, JHEP. 7 (1998) 021; C.M. Hull and R.R. Khuri, Nucl. Phys. B536 (1998) 219.

[29] C. Csaki, J. Erlich, T.J. Hollowood and Y. Shirman, Nucl. Phys. B581 (2000) 309.

[30] J. Garriga and T. Tanaka, Phys. Rev. Lett. 84 (2000) 2778; S.B. Giddings, E. Katz and L. Randall, JHEP. 0003 (2000) 023; C. Csaki, J. Erlich and T.J. Hollowood, Phys. Lett. B481 (2000) 107.

[31] I.Y. Aref’eva, M.G. Ivanov, W. Muck, K.S. Viswanathan and I.V. Volovich, Nucl.

Phys. B590 (2000) 273; H. Collins and B. Holdom, Phys. Rev. D62 (2000) 124008; Z. Kakushadze, hep-th/0008128; N. Deruelle, T. Doležel and J. Katz, hep-th/0010215; A. Neronov and I. Sachs, hep-th/0011254.

[32] W. Israel, Nuov. Cim. B44 (1966) 1; Erratum-ibid. B48 (1967) 463.

[33] N. Boulanger, T. Damour, L. Gualtieri and M. Henneaux, hep-th/0007220.

[34] H. van Dam and M. Veltman, Nucl. Phys. B22 (1970) 397. See, however, the discussion in the case of an AdS and dS spaces: A. Higuchi, Nucl. Phys. B282 (1987) 397; I.I. Kogan, S. Mouslopoulos and A. Papazoglou, hep-th/0011138; M. Porrati, hep-th/0011152.