arXiv:hep-ph/0412280 v2 25 Feb 2005

hep-ph/yymmnn December 2004

Ghosts and Tachyons in the Fifth Dimension

Maxim Pospelov^1

Perimeter Institute, 31 Caroline Street North, Waterloo, ON, N2J 2W9, Canada and Department of Physics, University of Guelph, Guelph, ON, N1G 2W1, Canada

Abstract

We present several solutions for the five dimensional gravity models in the presence of bulk ghosts and tachyons to argue that these ”troublesome” fields can be a useful modelbuilding tool. The ghost-like signature of the kinetic term for a bulk scalar creates a minimum in the scale factor, removing the necessity for a negative tension brane in models with the compactified fifth dimension. It is shown that the model with the positive tension branes and a ghost field in the bulk leads to the radion stabilization. The bulk scalar with the variable sign kinetic term can be used to model both positive and negative tension branes of a finite width in the compact dimension. Finally, we present several ghost and tachyon field configurations in the bulk that lead to the localization of gravity in four dimensions, including one solution with the Gaussian profile for the metric, g_{μν} (y) = η_{μν} exp{−αy^2}, which leads to a stronger localization of gravity than the Randall-Sundrum model.

1On leave of absence from: Dept. of Physics & Astronomy, University of Victoria, Victoria, BC, V8W 3P6, Canada

1 Introduction

Internal compactified space-like dimensions are an important ingredient of the string theory, that recently made an impressive comeback to the fields of theoretical particle physics and cosmology [1, 2, 3, 4, 5, 6]. Following the work of Randall and Sundrum (RS) [4], an enormous amount of literature has been devoted to studies of five dimensional models with a nontrivial dependence of the scalar factor a on internal coordinate y, a = a(y). Various extensions of the RS idea included the study of the dynamics of the model in the presence of higher–dimensional gravitational interaction terms [7], bulk fields [8], quantum effects [9], brane–induced kinetic terms [10], etc. The addition of such ”extra features” may lead to the stabilization of an extra dimension [8, 11], can provide a glimpse of hope for the solution to the cosmological constant problem [12, 13], result in a vivid 5D–derived particle physics phenomenology (see e.g. [14] and references therein), and so on. In this paper we advocate a point of view that even more exotic possibilities such as bulk ghosts and tachyons may be a useful ”engineering” tool in the fifth dimension.

The original RS model [4] employed the negative tension brane at the minimum of the scale factor a(y). Such object, a well-localized amount of negative energy, looks counterintuitive as it has no analogs in conventional physics (although it may find some support in string theory). Models of compact dimension that involve only positive tension branes have to come up with some alternatives to negative tension brane in order to ensure the turnaround of the scalar factor at some y_{min}, i.e. a^′(y_{min}) = 0 and a^{′′}(y_{min}) > 0. Conventional fields in the bulk are not able to produce such a solution at the classical level. Known static solutions with the a ∼ cosh(ωy) behavior necessarily involve the stress-energy tensor in the bulk that violates weak energy condition in one way or another. Such solutions include positive tension brane models in the presence of quantum effects such as Casimir force [9] or some solutions with higher-derivative gravitational terms [7]. Cosh-like solution also arise in the time-dependent Randall-Sundrum model when the brane tension is detuned from a flat case, resulting in 4D AdS geometry [15].

In this paper we generalize the results of [16, 17] that find the solutions to the scale factor and analyze the radion stability in the 5D models with conventional bulk scalar. We consider models that admit scalar fields that has the ”wrong” sign of the kinetic term. Such fields, termed ghost hereafter, can be a source of de-localized negative energy and assume the role of an effective negative tension brane. Indeed, it is easy to show that the bulk ghost leads to a cosh-like solution and that this solution is stable against the perturbation in the size of an extra dimension. This does not insure the full stability because of inherent instability of models with ghost fields that has to be dealt with separately. A more generic case of a field with the variable sign kinetic term can be used to construct positive energy – negative energy kink–anti-kink configurations, that in the limit of small widths of such defects can be considered as positive tension–negative tension branes.

We also discuss how various scalar field species (i.e. regular scalar fields, ghost and tachyons) can be used to localize gravity in a non-compact dimension. It is shown that several models lead to either exp{−|y|} or exp{−y^2} asympototics of the scale factor, rendering a finite integrals over the extra dimension and 4D gravity localization. The Gaussian-like profile for an extra dimension can arise as a limiting case of certain 5D theories with higher-derivative gravitational terms included in the action [18], and we would like to investigate if simpler realizations are also possible. Some of the models found in this paper do not require any presence of branes and in certain cases result in the flat 4D solutions that can be found without an additional tuning of the parameters in the Lagrangian.

At this point we would like to recall that the idea to use ghosts in an extra-dimensional set-up has been suggested before. In particular, Ref. [11] argued that the non-linear Lagrangian for a scalar field ϕ

L_{scalar} = −const × (∂_M ϕ∂^M ϕ − c^2_1)^2 (1.1)

can be used for a radion stabilization in the 5D model. Here the term linear in ∂_M ϕ∂^M ϕ has a sign opposite to a conventional sign. Notice, that throughout this paper we employ − + + + + signature for the metric. The proposal of Ref. [11] consists in chosing a linear field configuration, ϕ(y) = c_2|y| on the interval −y_m < y < y_m with end points identified. It was argued that in equlibrium (∂_M ϕ∂^M ϕ − c^2_1)^2 = (b^{−2}(ϕ^′)^2 − c^2_1)^2 = (c^2/b^2 − c^2_1)^2 has to vanish, leading to a prefered value for the scale factor in the transverse direction, b_0 = c_2/c_1, thus fixing the volume of the extra dimension, L = 2y_mb_0. The linear scalar field profile may originate from placing branes at y = 0 and y = y_m and fixing the value of the scalar field on the branes. Unlike the Goldberger-Wise stabilization proposal [8], the mechanism involving (1.1) does not lead to a backreaction on the background geometry. Incidentally, very similar constructions in the 4D setting [19, 20] have been analyzed in detail recently as a dynamical way to break the Lorentz invariance in 4D.

This paper is organized as follows. Section 2 presents the solution to Einstein’s and scalar field equations in 5D for both choices of sign for the kinetic term and investigates small deviations of the radion field from equilibrium. Section 4 presents scalar field models that can form positive–negative tension brane pairs and the static solutions for the scale factor. Section 5 describes localization of gravity using scalar fields including a Gaussian profile solution that arises in the presence of the bulk tachyon. Section 6 contains discussion and conclusions.

2 Static solution in 5D in the presence of a bulk ghost

In this section we consider a five-dimensional action in the presence of a bulk scalar and two 3-branes located at points y = y_1, y_2 in the 5th dimension. S = − ∫ d^4xdy √ −g { 1 2κ^2 R̂ + K(ϕ) 2 ∂_M ϕ∂^M ϕ + V_B (ϕ) + V_1(ϕ)δ(y − y_1) + V_2(ϕ)δ(y − y_2) } .(2.1)

V_B (ϕ) is the bulk potential, V_{1(2)} are field-dependent brane tensions which can be either positive or negative and K(ϕ) is the kinetic function. If K(ϕ) is sign-definite and only one scalar field is present, then without loss of generality we can consider two choices, K = { +1 ”normal” scalar −1 ”ghost” scalar.

(2.2)

Throughout this paper we will consider only static solutions, and therefore it suffices to choose the simplest ansatz for the metric and the scalar field:

ds^2 = a(y)^2dx^2_4 + b^2dy^2, ϕ = ϕ(y). (2.3)

With the use of this ansatz, the five-dimensional field equations take a very simple form, a^{′′} a + ( a^′ a )_2 = κ^2 3 T^i_i (2.4) 2 ( a^′ a )_2 = κ^2 3 T^5_5 , (2.5)

where index i = 1, 2, 3 labels four-dimensional spatial components of tensors and primes denote differentiation with respect to y-coordinate. The stress energy components can be expressed in terms of the parameters of the action (2.1). Its bulk component is given by T_{M N} = K∂_M ϕ∂_N ϕ − g_{M N} [K 2 ∂_P ϕ∂^P ϕ + V_B (ϕ) ] . (2.6)

and at points y_{1(2)} the brane contributions must be added. Scalar field satisfies its equation of motion, K ( ϕ^{′′} + 4 a^′ a ϕ^′ ) = ∂V (ϕ) ∂ϕ , (2.7)

where the potential includes bulk and brane contributions, V (ϕ) = V_B + ∑ V_iδ(y − y_i). The solution for a ”normal”, K = +1, case is well known when the bulk potential is a constant, V_B (ϕ) = Λ_B . For the negative sign of Λ_B the solution for the scale factor and the field profile in the bulk is given by [16]

ϕ^′(y) = const × a(y)^{−4}; a(y)^4 = a^4_0 sinh(ω(y − y_0)) for K = 1, (2.8)

where ω^2 = 8|Λ_B |κ^2/3 and b is set to 1. Notice the monotonic behavior of a(y) which means that the 5-dimensional space ends either on the singularity at y = y_0, or on the negative tension brane. Solution (2.8) has to be supplemented by the boundary conditions for ϕ, ϕ^′ and a^′ at y = y_1, y_2 which are listed in Refs. [16, 17].

It is important to emphasize that in the absence of the negative tension branes the absence of a minimum in the scale factor is, in fact, a general consequence of Einstein’s equations and the form of the stress energy tensor with K = +1. This property does not depend on the particular choice of bulk potential V_B(ϕ) as any possible choice of V (ϕ) would not be able to create a minimum in the scale factor. Indeed, suppose that the scale

Figure 1: Dependence of the scale factor on the sign of the kinetic term of the bulk scalar: a(y) = sinh(ωy) for K = 1 and a(y) = cosh(ωy) for K = −1.

factor has an extremum at y = y_0. Near the extremum, a = a_0, a^′ = 0, and ϕ(y_0) = ϕ_0. The l.h.s. of the 55 Einstein’s equation goes to zero near y = y_0, and so is T^5_5 . For the standard sign of the kinetic term, K = +1, T^5_5 = ϕ^{′2}/2 − V_B (ϕ_0) = 0 which immediately gives ϕ^{′2} = 2V_B (ϕ_0). Therefore, near the extremum V_B (ϕ_0) > 0 and T^i_i = −ϕ^{′2}/2 − V_B (ϕ_0) < 0. Using the ii equation, we immediately conclude that a^{′′} < 0, which may correspond only to the maximum of the scale factor. This conclusion generalizes to an arbitrary number of the scalar fields, and therefore the minimum of the scale factor cannot be achieved for any choice of potential(s) and bulk matter content if the sign of all kinetic terms is standard. In this proof, we used the continuity of a^′ and ϕ^′ at y_0, and the inclusion of the negative tension brane allows to escape these no-go arguments by arranging a discontinuity in a^′.

On the other hand, the choice of K = −1 would naturally lead to the minimum of the scale factor. Indeed, it is easy to show that the similar chain of arguments leads to the conclusion that for the bulk ghost the extremum point in the scale factor corresponds to a^{′′} > 0. It is a natural point of view to consider infinitely thin branes as generalizations of classical domain wall solutions in the limit of small thickness. It is possible to construct the generalization of the positive tension brane as a domain wall solution for the scalar field with K = 1 [21, 22]. At the same time, any attempt to ”resolve” a negative tension brane as the classical solution of fields with K = 1 will necessarily fail because of the arguments presented above. One can try to resolve the negative tension brane by giving it a finite width without assuming a definite sign of the kinetic term for the scalar field. Then, immediately, one would be forced to conclude that in the middle of such brane the contribution of the ghost field must be dominant, and therefore it is reasonable to expect that the negative tension brane must be ”constructed” from the ghost field.

Returning to the case of the trivial bulk potential, V_B (ϕ) = Λ_B, we find easily the exact static solution for the metric and the bulk field,

ϕ^′(y) = ± √ |Λ_B|a(y)^{−4}; a(y)^4 = a^4_0 cosh(ωy) for K = −1, (2.9) with the same choice of ω as before. This solution does not have any singularity in ϕ(y) or a(y). This way of avoiding a singularity is similar in spirit to the introduction of the higher-derivative terms in the action [18], but simpler in relaization. As argued above, the existence of ghost leads to the upturn of the scale factor and therefore, in some sense, the ghost field stress energy plays a role of the effective negative tension brane.

Placing branes on the both sides from the minimum, gives a static model of the fifth dimension with two positive tension branes, which is impossible for the standard choice of the kinetic term in the bulk. The boundary conditions besides a continuity condition for ϕ include four conditions for the scale factor and ϕ^′ at the positions of the branes, [a^′] a_i | | |_{y=yi} = (−1)^i

κ^2 3 V_i(ϕ) | | |_{y=yi} , [ϕ^′] | | |_{y=yi} = (−1)^i ∂V_i(ϕ) ∂ϕ | | |_{y=yi} , (2.10)

where i = 1, 2 and [..] denotes a jump across the brane. This is an over-determined set of equations that requires additional tuning of the parameters in order to produce a static 4D-flat metric.

At this point we would like to study the stability of the resulting two-brane configuration with respect to small fluctuations in the size of extra dimension. Following the method of Ref. [17], we calculate the second variation of the effective action over the scale factor b and use boundary conditions to simplify the answer. The result can be presented as a sum of two terms evaluated at the position of the branes,

b^2 dV_{eff} db^2 = κ^2 3 ∑ i=1,2 (y_ib)^2a^4_i V_i ( ∂V_i ∂ϕ )_2

. (2.11)

Interestingly enough, this expression is always positive, and therefore the variation in the size of extra dimension does not lead to an instability. This situation is different from the sinh-type solution where both stable and unstable configurations are possible [17].

The positivity of the radion mass squared does not guarantee the overall stability of this construction because the system with ghosts can always lead to an instability, as the energy is not bounded from below. In other words, the 5D ghost will produce a 4D ghost in an effective theory. A possible remedy to this problem can come either through higher dimensional operators in the bulk (∂_M ϕ∂^M ϕ)^2 and alike with K = 1 or sufficiently large ”induced” kinetic terms on the brane that in the effective 4D theory can overpower the ghost-like sign from the bulk,

S_{ind} = − ∑ i ∫ √ −gd^4xdyδ(y − y_i)K_i∂_μϕ∂^μϕ. (2.12) where both K_i > 0 and μ runs over 4D indices.

3 Modeling branes and extra dimension

In this section we consider the bulk scalar field(s) with alternating sign of the kinetic term. If K = K(ϕ) changes the sign, the positive(negative) sign domain can play a role of the positive(negative) tension branes. As a result, we can construct a continuous field configuration in the compact fifth dimension that can be viewed as a positive tension brane – negative tension brane system.

To demonstrate such possibility we go backwards, and choose the following scale factor and ϕ configurations,

a = a_0 exp{A_0 cos(ωy)}; ϕ(y) = ϕ_0 cos(ωy). (3.1)

We consider this solution on the interval y = 0 and y = 2π/ω with the end points identified. If A_0 ≫ 1 it is analogous to a smooth version of the Randall-Sundrum metric .

Plugging (3.1)to Einstein’s equations, we reconstruct the scalar field Lagrangian consistent with this solution,

L_{scalar} = −

M^3_∗ 2 (∂_M χ)^2 χ 1 − χ^2

+ |Λ_B| ( 1 − 3 4M^2_∗ κ^2 χ − χ^2 ) . (3.2)

In this Lagrangian, we introduced a rescaled field χ, χ = ϕ/(ϕ_0M_∗). As we expected, the kinetic term is not sign-definite. Near the maximum(minimum) of the scale factor the kinetic term in (3.2) goes to −1(1).

The warp factor is given by a_{max}/a_{min} = exp{2A_0}, where A_0 is determined via the relation A_0 = M^3_∗ κ^2/3, and ω is given by ω = 3|Λ_B|/(2κ^2M^6_∗ ). It is large if M_∗ is larger than the 5D Planck mass M_{(5)}. The ”effective” branes ar located at y = 0 and y = π/ω. Their width L can be estimated from the condition a_{max}/a(L) ∼ 1 which is equivalent to ωL ∼ A^{−1/2}_0 , with the same estimate for the minimum of the scale factor. Therefore, in the limit of large warping, the effective brane widths are small.

Two bulk scalar fields with opposite signs of the kinetic terms allow for the similar solution with a much simpler scalar Lagrangian. Assuming the existence of a scalar field ϕ with K = 1 and ghost field χ with K = −1, we observe that the scalar Lagrangian

L_{scalar} = − 1 2 (∂_M ϕ)^2 + 1 2 (∂_M χ)^2 − λ_4(ϕ^4 + χ^4) − αϕ^2χ^2 − λ_2ϕ^2 − μ_2χ^2 − Λ_B,

is consistent with the following solution,

a = a_0 exp{A_0 cos(2ωy)}; ϕ(y) = ϕ_0 cos(ωy); χ(y) = ϕ_0 sin(ωy), (3.3)

under the following set of conditions:

ω^2 = μ_2 − λ_2 = − 1 4 (μ_2 + λ_2 + 2α), (μ_2 > λ_2) κ^2 3 ω^2 = λ_4 − α 2 (3.4) 12 κ^2

A_0 = −ϕ^2_0 = 1 2λ_4 λ_2 + μ_2 2 + ( λ_2 + μ_2 2 )_2

− 4Λ_bλ_4 .

These conditions necessitate fine tuning between the parameters of Lagrangian (3.3). As in the previous example, the dimension can be considered compact with the negative tension branes built from χ and positive tension branes from ϕ.

The analysis of the stability of the resulting solutions goes beyond the scope of the present paper. We note, however, that the solutions obtained with the use of a signindefinite K(χ) similar to Eq. (3.2) can avoid a ghost in the effective 4D theory. This is because the integral of a^2K(χ) over the compact dimension determining the sign of an effective K for the 4D scalar may turn out to be positive.

4 Localizing gravity using ghosts and tachyons. Gaussian extra dimension.

Gravity can be localized in four dimensions even if the fifth dimension is not compact [4, 15]. In this section we search for a scalar field configurations including ghosts and tachyons that are capable of localizing gravity.

All examples in the previous sections operated with the compact dimension, which leads to an over-determined set of the boundary conditions and as a consequence the fine tuning among the parameters of the 5D Lagrangian that ensures the absence of the 4D cosmological constant. This situation may change if the dimension is not compact and the boundary conditions for the scalar field at y = ±∞ are not imposed.

The absence of fine tuning can be exemplified in one-brane modification of the solution (2.9). If a single positive tension brane is located at y = 0, the solution for the scale factor to the right of the brane would take the form a^4 = a^4_0 cosh(ω(y − y_{min})) with its symmetric reflection to the left of the brane. For simplicity, let us assume the linear dependence of the brane tension on the value of the scalar field, V_{br}(ϕ) = Λ_0 + λϕ. The boundary condition for the derivative of the scalar field and of the scale factor on the brane,

ϕ^′(0) =

|Λ_B|^{1/2} 2 cosh(ωy_{min})

= λ, (4.1) 4 a^′(0) a_0

= tanh(ωy_{min}) =

2κ^2 3 (Λ_0 + λϕ_0) ,

can be easily satisfied for any values of the parameters Λ_B , Λ_0 and λ. This is because the boundary conditions for ϕ are not imposed at y = ±∞. This example uses the ghost field and is different from the known case with the regular (K = 1) scalar field in which the solution for ϕ(y) and a(y) end on the singularity and where the boundary conditions cannot be ignored [23]. If the coupling constant of the ghost to the brane is small, then a large warping between y = 0 and y = y_{min} can be achieved, cosh(ωy_{min}) = |Λ_B|^{1/2}/(2λ). In this case, it is reasonable to expect that the 4D graviton can be quasi-localized, with the 4D behavior within certain radius.

To consider a complete localization of gravity on an RS-type configuration, we would like generalize the scalar Lagrangian to include a nonlinear kinetic term,

L_{bulk} = −K(∂_M ϕ∂^M ϕ)^n − Λ_B (4.2)

where n is an arbitrary, not necessarily positive or integer number. As before, K can take both signs.

Exact static solutions can be found for negative Λ_B, for both signs of K, and any n,

a(y) = a_0 [cosh(ωy)]^{12 − 14n} for K = 1, n < 1 2 and K = −1, n > 1/2

a(y) = a_0 [sinh(ωy)]^{12 − 14n} for K = 1, n > 1 2 and K = −1, n < 1/2 (4.3)

ϕ^′ = const × a^{−4/(2n−1)},

with the same relation between ω and Λ_B as before. Obviously, the solution with the sinh function is defined only where it is positive.

Choosing K = 1 and 0 < n < 1/2 leads to a complete localization of gravity, because a(y) = a_0/ cosh^β(ωy) with β =^1_2 −^1_{4n} > 0 has an asymptotic behavior of a(y) ∼ exp{−βω|y|} at βω|y| ≫ 1. Consequently, the 4D Planck mass scales as M^{−2}_{(4)} ∼ κ^2βω and can be calculated exactly if needed. This model may or may not have a positive tension brane included. Indeed, a solution without a brane is perfectly sensible with the scalar field and the scale factor continuous at all y. Notice that the effective 4D theory obtained from (4.2) with K = 1 and 0 < n < 1/2 contains a ”normal” 4D scalar with K = 1. This solution can therefore be considered under a category of ”self-tuning” solutions, as for any Λ_B and Λ_0 and α there exists a static solution without the need to fine-tune the parameters of the 5D Lagrangain. Again, this is because we do not impose any boundary conditions for ϕ at infinity. By choosing n = 1/3 the dependence of the scale factor on y can be made exactly the same as in the models [24] where a more complicated construction with the use of a non-standard Lagrangian for the four-form field was suggested. The correspondence between the scalar case with n = 1/3 and the four-form field construction was found earlier in Ref. [25]. We would refrain from speculations whether such solutions lead to a solution to the cosmological constant problem, because it is not clear whether a small perturbation around a static solution would tend to converge to a flat solution with time as it is generally not the case [26].

Finally, we consider a possibility for a localization of the 4D graviton using the Gaussian y-profile for the scale factor. In some sense, this localization is stronger than in RS-type models where asymptotically a(y) ∼ exp{−βω|y|}. It turns out that a tachyon field configuration is capable of creating a a = a_0 exp{−^1_2 αy^2} profile.

Indeed, let us consider a scalar Lagrangian with K = 1 and a tachyonic mass term, m^2 = −m^2_t < 0, and a positive cosmological constant Λ_B.

L_{scalar} = − 1 2 ∂_M ϕ∂^M ϕ − Λ_B + 1 2 m^2_t ϕ^2. (4.4)

Using this Lagrangian we find the following simple solution, ϕ(y) = cy, a(y) = a_0 exp{− 1 2 αy^2}, (4.5)

where α and c can be found from the following relations, c = ±2 √ Λ_B, α = m^2_t /4, (4.6)

subject to an additional fine-tuning between the parameters of (4.4):

m^2_t =

8κ^2 3 Λ_B. (4.7)

Using these relations, we find an effective (inverse) 4D Newton constant, 1 κ^2_{(4)} = 1 κ^2 ∫ a^2 a^2_0 dy = 2 √ π κ^2m_t

. (4.8)

The gravity is essentially localized in the vicinity of |y| < m^{−1}_t . The Kaluza-Klein spectrum is continuous, and the wave functions of KK gravitons are suppressed near y = 0. The exact study of the excited modes can be done, following the RS analysis, but this goes beyond the scope of the present paper.

The point of ϕ = 0 may happen at arbitrary y, as the whole solution (4.5) can be translated by an arbitrary shift, y → y + d. Such symmetry may be broken if there is an additional discrete symmetry ϕ(−y) = −ϕ(y). This ”orbifolding” symmetry may be a welcome addition to (4.4) as it projects out the tachyonic mode from an effective 4D theory. Solution (4.5) may be considered as a limiting case of a more generic situation where λ_4ϕ^4 term is present in the potential. In this, solution (4.5) would describe an interior of the domain wall, with the scalar field being approximately linear with y and where the quartic term is small. Trapping of gravity on field configurations with quartic interaction has been discussed in a recent paper [27].

5 Discussion and Conclusion

In this paper we showed that the bulk ghosts generically lead to the minimum in the scale factor. We use this observation to argue that ghost fields can be thought of as ”substitutes” for the negative tension branes. A bulk ghost and a negative bulk cosmological constant Λ_B create the cosh-like profile of the scale factor in the bulk, a(y)^4 ∼ cosh(ωy). Therefore, in this model the 5th dimension can be made compact and 4D flat by introduction of only positive tension branes. We analyzed the stability of the resulting cosh-like configuration with respect to small fluctuations of the transverse scale factor b (or radion) and found that the model is stable for any position of the branes and any tensions. Of course, the issue of the stability for the whole construction depends on the fate of ghost in the 4D effective theory. Generically, a 5D ghost would produce a ghost in 4D, which then would be unacceptable. A possible cure can come from the higher dimensional operators and/or from the induced kinetic terms for ϕ on the branes.

Another possibility of not having a ghost in the effective 4D theory is the case of a scalar field with variable sign of the kinetic term in the bulk. As we have shown, such field can be used to model extra dimension and branes. This way we obtained a smooth generalization of the RS metric, a = a_0 exp{A_0 sin(ωy)}, with ”effective” branes of ∼ A^{−1/2}_0 widths located at the minimum and the maximum of the scale factor.

Models with compact dimension always contain the overdetermined set of boundary conditions leading to the fine-tuning among the parameters of the scalar Lagrangian needed to maintain an (approximate) 4D flatness. In some models with non-compact dimension the over-determined set of conditions can be avoided by not imposing them on the scalar field at infinity. Introducing a non-linear (and non-analytic) kinetic term for the scalar field, we find that the solutions of a ∼ 1/ cosh^β (ωy) become possible, whereas scalar field is free to go to infinity at infinite y. Such models lead to the trapping of gravity on these scalar field configurations, and can be achieved without additional fine-tuning, and do not necessitate the presence of brane(s).

We have also shown that the 5D model with the tachyonic mass term can lead to a stronger localization of gravity by creating a Gaussian profile for the scale factor in the 5th dimension and a linear profile for the scalar field. 4D flatness of the solution requires one fine-tuning between the mass of the tachyon and the (positive) bulk cosomological constant. A 4D tachyon can be projected out by introducing an additional symmetry, ϕ(−y) → −ϕ(y). However, at this point it is premature to say whether the trapping of gravity on a tachyonic field configuration can be used in a more content-rich model, such as i.e. bosonic string theory.

Acknowledgements This work has been supported in part by the NSERC of Canada.

References

[1] P. Horava and E. Witten, Nucl. Phys. B 460, 506 (1996) [arXiv:hep-th/9510209]; Nucl.

Phys. B 475 (1996) 94 [arXiv:hep-th/9603142].

[2] V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B 125, 139 (1983); Phys. Lett. B 125, 136 (1983); K. Akama, Lect. Notes Phys. 176, 267 (1982) [arXiv:hep-th/0001113]; V. A. Rubakov, Phys. Usp. 44 (2001) 871 [Usp. Fiz. Nauk 171 (2001) 913] [arXiv:hepph/0104152].

[3] N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 429, 263 (1998) [arXiv:hep-ph/9803315]; Phys. Rev. D 59, 086004 (1999) [arXiv:hep-ph/9807344]; I. Antoniadis, Phys. Lett. B 246, 377 (1990); I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 436, 257 (1998) [arXiv:hep-ph/9804398]; N. Arkani-Hamed, S. Dimopoulos and J. March-Russell, Phys. Rev. D 63, 064020 (2001) [arXiv:hep-th/9809124]; N. Arkani-Hamed, S. Dimopoulos, N. Kaloper and J. March-Russell, Nucl. Phys. B 567, 189 (2000) [arXiv:hep-ph/9903224].

[4] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370 [arXiv:hep-ph/9905221];

Phys. Rev. Lett. 83 (1999) 4690 [arXiv:hep-th/9906064].

[5] A. G. Cohen and D. B. Kaplan, Phys. Lett. B 470, 52 (1999) [arXiv:hep-th/9910132];

J. Lykken and L. Randall, JHEP 0006, 014 (2000) [arXiv:hep-th/9908076]; J. Cline, C. Grojean and G. Servant, Phys. Lett. B 472, 302 (2000) [arXiv:hep-ph/9909496]; Z. Chacko and A. E. Nelson, Phys. Rev. D 62, 085006 (2000) [arXiv:hep-th/9912186]; N. Arkani-Hamed, L. J. Hall, D. R. Smith and N. Weiner, Phys. Rev. D 62, 105002 (2000) [arXiv:hep-ph/9912453]; P. Kanti, K. A. Olive and M. Pospelov, Phys. Rev. D 62, 126004 (2000) [arXiv:hep-ph/0005146].

[6] A. Lukas, B. A. Ovrut, K. S. Stelle and D. Waldram, Phys. Rev. D 59, 086001 (1999) [arXiv:hep-th/9803235]; A. Lukas, B. A. Ovrut and D. Waldram, Phys. Rev. D 60, 086001 (1999) [arXiv:hep-th/9806022]; N. Kaloper and A. D. Linde, Phys. Rev. D 59, 101303 (1999) [arXiv:hep-th/9811141]; P. Binetruy, C. Deffayet and D. Langlois, Nucl. Phys. B 565 (2000) 269 [arXiv:hep-th/9905012]; U. Ellwanger, Phys. Lett. B 473 (2000) 233 [arXiv:hep-th/9909103]; P. Kanti, I. I. Kogan, K. A. Olive and M. Pospelov, Phys. Lett. B 468 (1999) 31 [arXiv:hep-ph/9909481]; C. Csaki, M. Graesser, L. Randall and J. Terning, Phys. Rev. D 62 (2000) 045015 [arXiv:hep-ph/9911406].

[7] J. E. Kim, B. Kyae and H. M. Lee, Phys. Rev. D 62 (2000) 045013; I. Low and A. Zee, Nucl. Phys. B 585 (2000) 395 [arXiv:hep-th/0004124]; C. Charmousis and J. F. Dufaux, Class. Quant. Grav. 19, 4671 (2002) [arXiv:hep-th/0202107]; P. Binetruy, C. Charmousis, S. C. Davis and J. F. Dufaux, Phys. Lett. B 544 (2002) 183 [arXiv:hepth/0206089].

[8] W. D. Goldberger and M. B. Wise, Phys. Rev. Lett. 83, 4922 (1999) [arXiv:hepph/9907447]; Phys. Lett. B 475, 275 (2000) [arXiv:hep-ph/9911457];

[9] J. Garriga, O. Pujolas and T. Tanaka, Nucl. Phys. B 605 (2001) 192 [arXiv:hepth/0004109]; S. Nojiri, S. D. Odintsov and S. Zerbini, Class. Quant. Grav. 17 (2000) 4855 [arXiv:hep-th/0006115]; W. D. Goldberger and I. Z. Rothstein, Phys. Lett. B 491 (2000) 339 [arXiv:hep-th/0007065]; S. Mukohyama, Phys. Rev. D 63, 044008 (2001) [arXiv:hep-th/0007239]; I. Brevik, K. A. Milton, S. Nojiri and S. D. Odintsov, Nucl. Phys. B 599 (2001) 305 [arXiv:hep-th/0010205]; R. Hofmann, P. Kanti and M. Pospelov, Phys. Rev. D 63 (2001) 124020 [arXiv:hep-ph/0012213]; E. Ponton and E. Poppitz, JHEP 0106, 019 (2001) [arXiv:hep-ph/0105021].

[10] G. R. Dvali, G. Gabadadze and M. Porrati, Phys. Lett. B 484, 112 (2000) [arXiv:hepth/0002190].

[11] P. Kanti, I. I. Kogan, K. A. Olive and M. Pospelov, Phys. Rev. D 61 (2000) 106004 [arXiv:hep-ph/9912266].

[12] S. Kachru, M. Schulz and E. Silverstein, Phys. Rev. D 62, 045021 (2000) [arXiv:hepth/0001206]; N. Arkani-Hamed, S. Dimopoulos, N. Kaloper and R. Sundrum, Phys. Lett. B 480, 193 (2000) [arXiv:hep-th/0001197].

[13] G. Dvali, G. Gabadadze and M. Shifman, Phys. Rev. D 67, 044020 (2003) [arXiv:hepth/0202174].

[14] F. Feruglio, Eur. Phys. J. C 33 (2004) S114 [arXiv:hep-ph/0401033]. [15] A. Karch and L. Randall, JHEP 0105, 008 (2001) [arXiv:hep-th/0011156]. [16] P. Kanti, K. A. Olive and M. Pospelov, Phys. Lett. B 481 (2000) 386 [arXiv:hepph/0002229].

[17] P. Kanti, K. A. Olive and M. Pospelov, Phys. Lett. B 538 (2002) 146 [arXiv:hepph/0204202].

[18] H. Collins and B. Holdom, Phys. Rev. D 63, 084020 (2001) [arXiv:hep-th/0009127]. [19] N. Arkani-Hamed, H. C. Cheng, M. A. Luty and S. Mukohyama, JHEP 0405 (2004) 074 [arXiv:hep-th/0312099].

[20] M. Peloso and L. Sorbo, Phys. Lett. B 593 (2004) 25 [arXiv:hep-th/0404005];

B. Holdom, JHEP 0407 (2004) 063 [arXiv:hep-th/0404109]; D. Krotov, C. Rebbi, V. Rubakov and V. Zakharov, arXiv:hep-ph/0407081.

[21] F. Bonjour, C. Charmousis and R. Gregory, Class. Quant. Grav. 16 (1999) 2427 [arXiv:gr-qc/9902081].

[22] S. Kobayashi, K. Koyama and J. Soda, Phys. Rev. D 65 (2002) 064014 [arXiv:hepth/0107025].

[23] S. Forste, Z. Lalak, S. Lavignac and H. P. Nilles, Phys. Lett. B 481, 360 (2000) [arXiv:hep-th/0002164].

[24] J. E. Kim, B. Kyae and H. M. Lee, Phys. Rev. Lett. 86 (2001) 4223 [arXiv:hepth/0011118]; J. E. Kim, B. Kyae and H. M. Lee, Nucl. Phys. B 613 (2001) 306 [arXiv:hep-th/0101027].

[25] K. S. Choi, J. E. Kim and H. M. Lee, J. Korean Phys. Soc. 40 (2002) 207 [arXiv:hepth/0201055].

[26] A. J. M. Medved, J. Phys. G 28, 1169 (2002) [arXiv:hep-th/0109180]. [27] B. de Carlos and J. M. Moreno, arXiv:hep-th/0405144.