arXiv:hep-th/0005167 v2 3 Jun 2000

HIP-2000-24/TH hep-th/0005167

High-dimensional sources for the

four-dimensional gravity

M. Chaichian^a, M. Gogberashvili^{a;b} and A.B. Kobakhidze^{a;b}

aHigh Energy Physics Division, Department of Physics, University of Helsinki and Helsinki Institute of Physics, P.O. Box 9, FIN-00014 Helsinki, Finland bAndronikashvili Institute of Physics, Georgian Academy of Sciences 6 Tamarashvili Str., 380077 Tbilisi, Georgia

Abstract

We argue that a certain distribution of matter in higher dimensions can provide the correct behaviour of gravity in four dimensions. Some explicit examples illustrating the idea are considered.

It is widely believed that a consistent unification of all fundamental forces in nature would be possible within the space-time with an extra dimensions beyond those four observed so far. The absence of any signature of extra dimensions in current experiments is usually explained by the compactness of extra dimensions. Remarkably, the size of such dimensions can be macroscopically large (∼ 1mm), if the only known particle filling the extra dimensions is a graviton, while the other particles are localized on the four-dimensional submanifold (3-brane) embedded in higher-dimensional space-time [1]. Alternatively, one can consider high-dimensional space-time with non-factorizable geometry where the four-dimensional Newton law is correctly reproduced even in the case of non-compact extra dimensions [2,3] (for an earlier related works, see [4] and for some recent extensions and modifications, see [5–10]). The source for such a gravity is the 3-brane embedded into the five-dimensional anti-de Sitter space-time with the tension finely tuned to the value of the five-dimensional negative cosmological constant [2,3].

In this paper we analyze more general high-dimensional sources which indeed

Preprint submitted to Elsevier Preprint 3 June 2000 lead to the correct behaviour of gravity in four dimensions. Let us start with five-dimensional Einstein’s equations: G_{AB} ≡ R^{(5)}_{AB} − 1 2 g_{AB} R^{(5)} = k^2_5T_{AB}, (1)

where k^2_5 = 8πG^{(5)}_N = 8π/M^3_5 and A, B = 0, ..., 4. Taking the anzatz^1

ds^2 = a^2(x^4)η_{αβ} dx^αdx^β + (dx^4)^2, (2)

for the line-element of the five-dimensional space-time, which respects the four-dimensional Poincaré invariance, Eqs.(1) decompose as:

a�^2G^α_β + 3 [a00 a + (a0 a )2] δ^α_β = k^2_5T^α_β , (3)

− a�^2R + 6 (a0 a )2 = k^2_5T^5_5 , (4)

where G^α_β and R are the four-dimensional Einstein tensor and Ricci scalar, respectively, built up from the four-dimensional metric η_{αβ} (α, β = 0, ..., 3) and the prime denotes differentiation with respect to the extra coordinate x^4. From (3) and (4) it is obvious that in order to have correct Einstein’s equations in four dimensions (i.e. the correct four-dimensional gravity), we should have

G^α_β = k^2_4τ^α_β , (5)

where ordinary four-dimensional Newton’s constant k^2_4 = 8πG_N = 8π/M^2_{P l} is related to the five-dimensional one according to

k^2_5 = k^2_4 ∫ a^2(x^4)dx^4. (6)

Therefore, it is necessary to satisfy the following differential equations: 3 [a00 a + (a0 a )2] δ^α_β = k^2_5T̃^α_β , (7)

6 (a0 a )2 = k^2_5T̃^5_5 . (8)

Here we identify T̃^α_β = T^α_β − k^2_4k�^2_5 a�^2τ^α_β and T̃^5_5 = T^5_5 − k^2_4k�^2_5 a�^2τ^α_α with the energy-momentum stress tensor of the matter source in extra space, while τ^α_β is the energy-momentum stress tensor of the four-dimensional matter. Usually, one chooses a definite stress tensor that describes a certain distribution of matter in extra dimensions and then looks for the solutions of the system of

1 Here we are interested in the static solution. For non-static (cosmological) solutions see the recent review [11] and references therein.

Eqs. (7) and (8). Obviously, the non-trivial solution of Eqs. (7) and (8) requires a certain relation among the components of the chosen energy momentum tensor T̃^A_B . For example, the original solution of Refs. [2,3]^2 ,

a^2 = exp(±2κ|x^4|), (9)

arises for the energy-momentum stress tensor

T̃^α_β = − ( Λ + σδ(x^4) ) δ^α_β , (10)

T̃^5_5 = −Λ, (11)

if the five-dimensional cosmological constant Λ (Λ < 0) and the 3-brane^3 tension σ are related as: σ = κ k^2_5

, κ = k_5 √ − Λ 6 . (12)

On the other hand, one can simply consider the Eqs. (7) and (8) just as equations for the source energy-momentum tensor T̃^A_B . Indeed, parameterizing T̃^A_B as

T̃^α_β = 3

k^2_5

F^2(x^4)δ^α_β , (13)

T̃^5_5 = 6

k^2_5

Q^2(x^4), (14)

from (8) one can easily obtain the solution

a = exp {∫ Q(x^4)dx^4 } (15)

and from (7), the equation related to the source functions F and Q:

Q0 + 2Q^2 = F^2. (16)

The solution (15) together with the relation (16) is a simple generalization of

2 The solution with negative exponent [3] corresponds to the case when the gravity is localized on the 3-brane at x^4 = 0. Such a 3-brane gravitationally repulses the matter, thus an extra mechanism for the localization of matter on the 3-brane is necessary to be imposed (for recent ideas of localizing matter within the fieldtheoretic approach, see [12]). Alternatively, for the solution with a positive exponent [2] the 3-brane is gravitationally attractive, while gravity itself is not localized on the 3-brane at x^4 = 0 (formally it is localized at infinity).

3 The 3-brane is considered infinitely thin with a tension picked at x^4 = 0. For the discussion of thick branes, see e.g. [13].

Fig. 1. Source functions (left) and conformal factors (right) for the two particular cases n = �0.5 of solutions A.

(9) with (12). Thus, we see, that it is always possible to get a correct behaviour of gravity in four dimensions by choosing the source functions (13) and (14) satisfying (16). However, in order to have a fully consistent picture of all fourdimensional interactions one should consider non-gravitational interactions as well in the high-dimensional background determined by the source functions F and Q. Indeed, each choice of the source functions F and Q requires further investigation in order to clarify in what extent the physics could behave as being effectively four-dimensional, not contradicting the current experiments. The usual way to overcome this problem in the case of non-compact extra dimensions, is to assume that the ordinary matter is localized in four dimensions and thus does not fill the extra dimensions at all. Here we assume that this is the case, not specifying the actual mechanism responsible for such a localization. Now let us consider some explicit solutions which essentially differ from those already considered in the literature.

Solution A. This solution corresponds to the choice of the source functions as: F^2 = n cosh^2(x^4) [ 1 + 2n sinh^2(x^4) ] , Q^2 = n^2 tanh^2(x^4), (17)

where n is a constant parameter. The solution (up to the integration constant which we set to be equal to 1) for the conformal factor a^2 in (2) is

a^2 = cosh^{2n}(x^4). (18)

Fig. 2. The same as in Fig. 1 for the two particular cases n = �1 of solutions B.

For n < 0 the solution (18) is analogous to the solution of Refs. [3] with graviton zero mode localized in four dimensions at x^4 = 0. For n > 0 we obtain a solution which grows as we go away from the point x^4 = 0, thus providing an attractive gravitational potential for trapping the matter in four dimensions around x^4 = 0 [2]. We have plotted the functions F^2, Q^2 and the conformal factor a^2 in Fig. 1 for n = ±1/2. Note, that for n = +1/2, F^2 = 1/2 is constant, while Q^2 drops to its minimum at x^4 = 0. Such a distribution of matter is somewhat opposite to the original scenarios of Refs. [2,3] (see Eqs. (10) and (11)).

Solution B. Now let us consider the following source functions:

F^2 = n^2csch^2(x^4) [ 2n − cosh(x^4) ] , Q^2 = n^2csch^2(x^4), (19)

where n is an arbitrary constant parameter again. The conformal factor in this case is:

a^2 = tanh^{2n}(x^4). (20)

The source functions (19) are in fact singular at x^4 = 0. This leads to a singular behaviour of the induced four-dimensional metric (a^2η_{αβ} ) at x^4 = 0 as well. For any real n, however, the conformal factor (20) asymptotically approaches to one, while the source functions go to zero (see Fig. 2). Thus far from the singular point x^4 = 0, the space is essentially Minkowskian. One can imagine

Fig. 3. The same as in Fig. 1 for the two particular cases r = �10 (in an arbitrary unit of lenght) of solutions C. Solid (dashed) curve on the right figure corresponds to the positive (negative) r.

that the ordinary four-dimensional matter is localized far from the singularity, where the correct four-dimensional gravity could be reproduced.

Solution C. Finally, let us consider some slightly more sophisticated sources:

F^2 = 2 [ sech(x^4 + r) − sech(x^4 − r) ]2 −sech(x^4 + r) tanh(x^4 + r) + sech(x^4 − r) tanh(x^4 − r),

Q^2 = [ sech(x^4 + r) − sech(x^4 − r) ]2 , (21)

where r is a free parameter which determines the distance between two peaks of the source functions F^2 and Q^2 (see Fig. 3). We find that the conformal factor in this case is given by

a^2 = exp { 4 arctan [ tanh( x^4 + r 2 ) ] − 4 arctan [ tanh( x^4 − r 2 ) ]} . (22)

The asymptotic behaviours of the conformal factor and the source functions in this case are similar to the previous ones, i.e. at infinity we have the flat Minkowskian space. For positive r, in the region |x^4| < r the conformal factor is a decreasing function as we go away from x^4 = 0 point. Therefore, like the Refs. [3] one can expect that gravity is localized at x^4 = 0, while now one can place the matter on the ”branes” corresponding to the peaks (minima) of F^2 (see, Fig. 3). This situation is similar to multi-brane models of Refs. [5], so that one can also speculate on the solution to the hierarchy problem. For negative r, the conformal factor around x^4 = 0 behaves as in [2].

Clearly, plenty of other solutions with different source functions F and Q could be considered as well. Here we have considered relatively simple source functions with shapes which mimic δ-function type sources (thin branes). Obviously, in order to make a final conclusion about the phenomenological implications and the validity of such types of models, a more detailed analysis similar to those [14] done for the previously proposed models [2,3] has to be performed.

We conclude with the following comments. It is remarkable that, while we have concentrated here on five-dimensional case, our approach can be straightforwardly extended to any number of extra dimensions. This is not the case for the proposals [2,3] which are valid for five dimensions and an extension to higher dimensions is possible only within the framework of intersecting branes [6], or within the sting-like objects in the case of two extra dimensions [7]. The next comment concerns the source functions. Needless to say, that the source functions considered above are chosen ad hoc, rather than obtained from an underlying dynamics. In its turn it is an interesting and rather non-trivial task to obtain the desired distribution of matter in higher dimensions from some more general theory that ensures the correct behaviour of gravity in four dimensions. Here we can only hope that such a theory can be constructed.

Acknowledgement. This work was supported by the Academy of Finland under the Project No. 163394.

References

[1] 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.

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

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

[3] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370; Phys. Rev. Lett.

83 (1999) 4690.

[4] 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. 51 (1990) 901; Sov. J. Nucl. Phys. 52 (1990) 920; J.M. Overduin and P.S. Wesson, Phys. Rep. 283 (1997) 303.

[5] J. Lykken and L. Randall, hep-th/9908076; I. Oda, Phys. Lett. B472 (2000) 59. [6] 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.

[7] 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, hep-th/9912186; I. Olasagasti and A. Vilenkin, hep-th/0003300; T. Gherghetta and M. Shaposhnikov, hep-ph/0004014.

[8] I.I. Kogan et. al., hep-ph/9912552; R. Gregory, V.A. Rubakov, S.M. Sibiryakov,

hep-th/0002072; hep-th/0003045; G. Dvali, G. Gabadadze and M. Poratti,
hep-th/0002190, hep-th/0003054; C. Csaki, J. Erlich and T.J. Hollowood,
hep-th/0002161; hep-th/0003020; C. Csaki, J. Erlich, T.J. Hollowood and J.

Terning, hep-th/0003076; I.I. Kogan and G.G. Ross, hep-th/0003074.

[9] M. Gogberashvili, hep-ph/0001109; M. Chaichian and A.B. Kobakhidze, hep-th/0003269.

[10] R.Altendorfer, J.Bagger and D.Nemeschansky, hep-th/0003117; T.Gherghetta and A.Pomarol, hep-ph/hep-ph/0003129; H.Verlinde, hep-th/0004003; A. Falkowski, Z. Lalak and S. Pokorski, hep-th/0004093.

[11] J.M. Cline, hep-ph/0001285.

[12] G. Dvali and M. Shifman, Phys. Lett. B396 (1997) 64; Erratum Phys. Lett.

B407 (1997) 452; B. Bajc and G. Gabadadze, Phys. Lett. B474 (2000) 282.

[13] M. Gremm, hep-th/9912060; C. Csaki, J. Erlich, T.J. Hollowood and Y.

Shirman, hep-th/0001033;

[14] J. Garriga and T. Tanaka, Phys. Rev. Lett. 84 (2000) 2778; S.B. Giddings, E.

Katz and L. Randall, J. High Energy Phys. 0003 (2000) 023; I.Y. Aref’eva, M.G. Ivanov, W. Muck, K.S. Viswanathan and I.V. Volovich, hep-th/0004114.