arXiv:0904.1775v4 [gr-qc] 18 Mar 2010

Thick brane solutions

Vladimir Dzhunushaliev,^{1,2 ∗} Vladimir Folomeev,^{2 †} and Masato Minamitsuji^{31} 11Department of Physics and Microelectronic Engineering, Kyrgyz-Russian Slavic University, Bishkek, Kievskaya Str. 44, 720021, Kyrgyz Republic 2Institute of Physicotechnical Problems and Material Science of the NAS of the Kyrgyz Republic, 265 a, Chui Street, Bishkek, 720071, Kyrgyz Republic 3Center for Quantum Spacetime, Sogang University, Shinsu-dong 1, Mapo-gu, 121-742 Seoul, South Korea

This article gives a comprehensive review on thick brane solutions and related topics. Such models have attracted much attention from many aspects since the birth of the brane world scenario. In many works, it has been usually assumed that a brane is an infinitely thin object; however in more general situations, one can no longer assume this. It is also widely considered that more fundamental theories such as string theory would have a minimal length scale. Many multidimensional field theories coupled to gravitation have exact solutions of gravitating topological defects, which can represent our brane world. The inclusion of brane thickness can realize a variety of possible brane world models. Given our understanding, the known solutions can be classified into topologically non-trivial solutions and trivial ones. The former class contains solutions of a single scalar (domain walls), multi-scalar, gauge-Higgs (vortices), Weyl gravity and so on. As an example of the latter class, we consider solutions of two interacting scalar fields. Approaches to obtain cosmological equations in the thick brane world are reviewed. Solutions with spatially extended branes (S-branes) and those with an extra time-like direction are also discussed.

PACS numbers:

Keywords: Higher-dimensional gravity, Cosmology

Contents

I. Introduction 2 A. Prebrane epoch of multidimensional theory 2 1. Why is the visible universe 4-dimensional? 2 2. Kaluza-Klein theory 3 3. Multidimensional theories 4 4. Problem of unobservability of extra dimensions 4 B. Brane world scenario 4 C. Thick branes 7 D. Purpose and construction 8

II. Topologically nontrivial thick branes 8 A. Definition of topologically nontrivial solutions 8 B. Thick brane solutions with a single scalar field 10 1. General properties 10 2. Single scalar thick brane solutions 10 C. Thick brane solutions in generalized scalar field theories 12 1. Scalar field with a non-standard kinetic term 13 2. Non-minimally coupled scalar field 15 3. Phantom scalar field 15 4. Tachyon field 16 D. Other types of thick branes 17 1. Multi-scalar 17 2. Vortex 17 3. Weyl gravity model 20

∗ Email: vdzhunus@krsu.edu.kg † Email: vfolomeev@mail.ru

4. Bloch brane 22

III. Topologically trivial thick branes 24 A. Thick branes of two strongly interacting scalar fields 24 1. General equations 25 2. 5-dimensional problems 26 3. 6,7,8-dimensional problems 26 4. Phantom thick de Sitter brane solutions in multidimensions 26

IV. Branes with unusual source functions 27

V. Cosmological thick branes 29 A. Codimension-one model 29 1. Thin brane cosmology 29 2. Thickness of domain walls in general relativity 30 B. Thick brane cosmology 30 C. Higher-codimensional cases 32 1. UV behavior of higher-codimensional branes 32 2. Cosmology on regularized higher-codimensional branes 32

VI. S-branes 34

VII. Conclusion 36

Acknowledgements 38

References 39

I. INTRODUCTION

At present, the presence of extra dimensions is an integral part of almost all physical theories playing a fundamental role in trying to explain physical interactions based on common principles. Also, any realistic candidate for a grand unified theory, such as superstring/M-theory, should be multidimensional by necessity, otherwise, it will contain undesirable physical consequences. Traditionally, it has been considered that in such theories the observable 4- dimensional spacetime appears as a result of compactification of extra dimensions, where the characteristic size of extra dimensions becomes much less than that of 4-dimensional spacetime. But, recently, a new idea, called brane world, has come up, where we live on a thin leaf (brane) embedded into some multidimensional space (bulk). Because of the lack of experimental and observational data, there is no reason to prefer a particular class of multidimensional models of gravity. Actually, various kinds of multidimensional theory have been studied in modern theoretical physics.

In this article, we will review brane world models where our brane universe has a finite thickness^1. The reason is mainly two-fold: Firstly, such solutions appear in various multidimensional field theories coupled to gravity, leading to a variety of possibilities of brane world, which are interesting by itself. Secondly, brane thickness should be an essential ingredient to extend the idea of brane world to multidimensional spacetimes.

Before coming to our main subject, it is important to keep the main history of multidimensional gravity in mind. Thus, we briefly discuss the history of multidimensional gravity and especially why the idea of brane world arose.

A. Prebrane epoch of multidimensional theory

1. Why is the visible universe 4-dimensional?

After the birth of Einstein’s general relativity, the natural question about the dimensionality of the world which we live in appeared. Within the framework of Einstein’s gravitational theory, space and time are unified and it allows us

1 In this review, we will basically follow the notations, sign conventions and definitions of fields which were adopted in the original papers.

to realize that the surrounding world is a 4-dimensional one. This statement is a consequence of a combination of the principle of Occam’s razor and Einstein’s idea about the geometrical nature of the gravitational field. Hereupon, the gravitational field is not an external field on the background of a specified spacetime, but a geometrical characteristic, i.e., metric, self-controlled on any sufficiently smooth manifold.

One of the questions inevitably arising in such a case is about the dimensionality of our world. Naturally, it is necessary to consider two questions concerning the dimensionality of the physical world:

• Why the physically observed dimensions of our Universe = 3 + 1 (space + time)?

• If the real dimensions are still more than 4, why extra dimensions are not observable, and what about any consequences of multidimensionality for a 4-dimensional observer?

Strictly speaking, the answer to the second question could serve as an answer to the first question. Indeed, if extra dimensions are hidden from direct observation then our world looks 4-dimensional effectively.

Although at the present time, it is not possible to give an exact answer to the first question about reasons of the 4-dimensionality of our world, investigations in this direction show that the 4-dimensional spacetime is marked out somehow among spacetimes with a different number of dimensions. Let us enumerate these properties:

• Einstein’s equations in Lorentzian manifolds with dimensions d < 4 lead to a flat metric.

• Maxwell’s equations are conformally invariant only in a four-dimensional spacetime.

• In Newtonian gravity, circular orbits of point-like bodies in cental-symmetric fields are stable only on manifolds with dimensions d < 4.

• In spacetime with dimensions d > 4 the Schrödinger equation either does not have any energy level, or an energy spectrum is unbounded below.

• Huygens principle is valid only for spaces with odd dimensions.

• Quantum electrodynamics is renormalizable only in a spacetime with dimensions d < 4.

2. Kaluza-Klein theory

The present stage of the development of multidimensional theories of gravity began with Kaluza’s paper [1] where the foundations of modern multidimensional gravitational theories have been laid. The essence of Kaluza’s idea consists in the proposal that the 5-dimensional Kaluza-Klein gravitation is equivalent to 4-dimensional Einstein gravitation coupled to Maxwell’s electromagnetism. In the primordial paper there was the proposal that the G_{55} metric component is a constant, and it is not varied when obtaining the gravitational equations. Later on, this proposal was excluded. Let us show the basic advantages and disadvantages of the standard 5-dimensional Kaluza-Klein theory. The advantages are:

• The 5-dimensional Einstein equations could be reduced to a form identical to the equations of 4-dimensional gravitation interacting with electromagnetic and scalar fields.

• The geodesics equations in a 5-dimensional space lead to the equations of motion for charged particles in the electromagnetic and gravitational fields.

• If one supposes that all quantities in the Kaluza-Klein theory do not depend on the 5-th coordinate x^5 then it transforms as a transformation of coordinates in the following way:

x^{′5} = x^5 + f(x^μ), μ = 0, 1, 2, 3 (1)

This coordinate transformation leads to the usual gradient transformations in Maxwell’s electromagnetism.

The disadvantages are the following:

• Why is the 5-th coordinate unobservable in our world?

• Einstein noted [2] that it is not possible to give a natural physical meaning to the metric component G_{55}.

• The equation for a scalar field R_{55} − G_{55}R = 0 gives the stiff and unusual connection between the 4-dimensional scalar curvature R and the invariant F_{μν} F^{μν} of the electromagnetic field.

3. Multidimensional theories

Next, multidimensional Kaluza-Klein theories were considered. One of the most important questions is the question about the unobservability and independence of 4-dimensional quantities on extra dimensions. The most general approach for a solution of this problem consists in obtaining the solutions of the multidimensional Einstein equations, which yield characteristic linear 4-dimensional spacetime sizes of many orders of magnitude bigger than linear sizes in extra coordinates. It is also necessary that the 4-dimensional metric of the obtained equations does not depend on extra coordinates. This could be done by refusing vacuum equations, and introducing torsion [3–6] or quadratic terms of curvature [7], or by adding multidimensional matter. The last variant called “spontaneous compactification” of the extra dimensions was suggested by Cremmer & Scherk [8, 9]. Unfortunately, this approach gave up Einstein’s original idea about the geometrization of physics. Following [10], multidimensional Kaluza-Klein theories can be classified into compactified theories [3–9, 11, 12] and projective theories [13]-[15].

According to the definition, compactified theories should satisfy the following properties:

• some periodicity condition with respect to extra coordinates is fulfilled;

• extra dimensions form some compact manifold M;

• the linear sizes of this manifold M are small in comparison with the sizes of spacetime [11, 12].

It is necessary to note that the metric which satisfies the above properties is a solution of the vacuum (4+d)-dimensional Einstein equations only if M is a flat manifold [16]. Manifold M with constant curvature can be a solution of the Einstein equations only in the existence of multidimensional matter [8, 9], torsion [3–6] or quadratic terms of curvature [7]. In the projective geometry, a point is a set of projective points for which all relations of (n + 1)-homogeneous coordinates are the same. In such a case, each projective line is a point in a real space. Such an approach leads to the conclusion that the metric does not depend on an extra coordinate. Projective field theories do not agree with experiment. At the present time, they are not considered as realistic candidates for an unified field theory.

4. Problem of unobservability of extra dimensions

In the last few decades, the idea that our space, indeed, has a number of dimensions more than four became quite popular again. It is supposed that many problems of elementary particles physics could be solved by introducing strings, supersymmetry, and by increasing the number of spacetime dimensions. In increasing the number of dimensions, a legitimate question arises: why physical properties of extra dimensions differ strongly from those of the observed 4-dimensional spacetime. Two solutions to this question were suggested, namely a mechanism of spontaneous compactification and brane world models.

In the case of compactified extra dimensions, it is supposed that these dimensions are rather small and unobservable. In the papers [17]-[23] the modern approach to the problem of the unobservability of compactified extra dimensions was introduced. In a d−dimensional spacetime, it is possible to consider gravity coupled to matter. For the purpose of compactification, a special solution of the block form M^d = M^4 × M^{d−4} is searched for, where M^4 is the 4- dimensional spacetime and M^{d−4} is a compact space of extra dimensions. M^4 and M^{d−4} are spaces of constant curvature. The block representation of the metric is consistent with the gravitational equations only if one supposes that the energy momentum tensor takes the block form T_{μν} = −γ_1g_{μν} in M^4, and T_{mn} = γ_2g_{mn} in M^{d−4}, where g_{μν} and g_{mn} are metrics of M^4 and M^{d−4}. There are various mechanisms of spontaneous compactification: Freund-Rubin compactification [24] with a special ansatz for antisymmetric tensors; Englert compactification [25] setting a gauge field in an internal space equal to the spin connection; suitable embedding in a gauge group [26]; monopole or instanton mechanism [27]; compactification using scalar chiral fields [28], and compactification using radiative corrections [29].

B. Brane world scenario

In this subsection, the new approach to the problem of unobservability of extra dimensions, called brane world scenario, is explained. This approach is quite different from the traditional compactification approach and allows even noncompact extra dimensions. According to the new approach, particles corresponding to electromagnetic, weak and strong interactions are confined on some hypersurface (called a brane) which, in turn, is embedded in some multidimensional space (called a bulk). Only gravitation and some exotic matter (e.g., the dilaton field) could propagate in the bulk. It is supposed that our Universe is such a brane-like object. This idea for the first time was formulated phenomenologically in [30]–[34], and got confirmation within the framework of string theory. Within the brane world scenario, restriction on sizes of extra dimensions becomes weaker. It happens because particles belonging to the Standard Model propagate only in three space dimensions. But Newton’s law of gravitation is sensible to existence of extra dimensions.

The prototype idea of brane world appeared a rather long time ago. Now the term “brane model” means different ways for solving some fundamental problems in high-energy physics. The pioneering works in this direction were done in the papers [30] and [31]. These prototype models have been constructed phenomenologically and considered as topological defects, i.e., thick branes in the modern terminology.

In [30], an idea that extra dimensions could be noncompactified was suggested. It was supposed that we live in a vortex enveloping multidimensional space. Akama showed that ”. . . The Einstein equation is induced just as in Sakharov’s pregeometry . . . ”. The main idea of this paper consists in using the Higgs lagrangian in a 6-dimensional flat spacetime L = − 1 4 F_{MN} F^M + D_M ϕ^†D^M ϕ + a|ϕ|^2 − b|ϕ|^4 + c, (2)

where F_{MN} = ∂_M A_N − ∂_N A_M and D_M ϕ = ∂_M + ieA_M . It allows one to obtain the induced Einstein gravitation on a vortex. The corresponding field equations have the vortex solution

A_M = ϵ_{0123MN} A(r) X^N r , ϕ = φ(r)e^{inθ} , r^2 = ( x^5

)_2 + ( x^6

)_2 , (3)

where A(r) and φ(r) are the solutions of the Nielsen-Olsen differential equations describing the vortex. Our Universe (the vortex) is localized inside the region O(ϵ)(ϵ = 1/ √ a). Further, introducing curvilinear coordinates

X_M = Y^M (x^μ) + n^M_m x^m, M = 0, 1, 2, 3, 5, 6, μ = 0, 1, 2, 3, m = 5, 6, (4)

where X^M are the Cartesian coordinates and n^M_m are the normal vectors of the vortex, one can show that the Einstein action is induced through vacuum polarizations.

In the paper [31] the idea that we live on a domain wall (brane in modern language) and ” . . . ordinary particles are confined inside a potential wall . . . ”, was suggested. The quantum toy model with Lagrangian L = 1 2 ∂_Aφ∂^Aφ − 1 2 m^2φ^2 − 1 4 φ^4, A = 0, 1, . . . , 4 (5)

is under consideration, which describes a scalar field in the (4+1)-dimensional spacetime M^{(4,1)} with metric g_{AB} = diag(1, −1, −1, −1, −1). The classical field equations for the scalar field φ admit a domain wall solution (which is a (1+1)-dimensional kink) φ^{cl}(x) = m √ λ tanh ( mx^4 √ 2 ) . (6)

This kink solution can be considered as the domain wall. In the paper the possibility of trapping particles with spins 0 and 1/2 on the domain wall was also considered.

For particles with spin 0, the linearized equation of motion for the field φ^′ = φ − φ^{cl} is under consideration

− ∂_A∂^Aφ^′ − m^2φ^′ − 3λ ( φ^{cl} )_2 φ^′ = 0. (7)

It was shown that there exist three types of perturbations:

1. the first one is of particles confined inside the wall and with the energy E = ⃗k^2;

2. the second one is of particles confined inside the wall, but with the energy E = ⃗k^2 +^3_2 m^2;

3. the third one is not confined inside the wall and at large x^4 the energy is E = ⃗k^2 + ( k^4

)_2 + 2m^2.

The possibility of interaction of the first type of particles with creation of the third type of particles and with subsequent escape of them beyond the domain wall was discussed.

Furthermore, the question about trapping fermions on the domain wall was considered. The Lagrangian of massless fermions is

L_ψ = iΨ̄Γ^A∂_AΨ + ℏΨ̄Ψφ. (8)

It was shown that for such an interaction between a fermion Ψ and a domain scalar field φ, the Dirac equation has a solution

Ψ^{(0)} ( x^0, ⃗x, x^4 ) = ψ(x^0, ⃗x) exp −ℏ x^4∫

0 φ^{cl} ( x^{′4} ) dx^{′4} , (9)

where ψ(x^0, ⃗x) is a left-handed massless (3+1)-dimensional spinor. It was also shown that there exist two types of fermion perturbations:

1. the first one is of fermions (9) confined inside the wall;

2. the second one is not confined inside the wall and the energy exceeds ℏm/ √ λ. It can be created only in high energy collisions.

Note that in both papers [30] and [31] the idea about noncompactified extra dimensions was suggested. The difference consists in that in [30] our 4-dimensional world is the interior of a vortex, while in [31] our 4-dimensional world is a domain wall.

We should also mention interesting earlier attempts in the context of supergravity and superstring theory. In [35], models of domain walls in N = 1 supergravity theories were considered. Using this model, it was shown that there exists a class of domain wall solutions which need not to be Z_2 symmetric. Such a solution describes a stable domain wall that divides two isolated but non-degenerate supersymmetric vacua, and at least one of them is an anti-de Sitter one. Moreover, it was shown that in supergravity theories gravity plays a non-trivial and crucial role for topological defects (in particular, for domain walls).

Ref. [36] examined the possibility that some of the internal dimensions, at relatively low energy scales, may be of the order of a few TeV, within the framework of a perturbative string theory which could relate the supersymmetry breaking scale to the size of the internal dimensions.

Although several ideas have been presented during the 80s and the early 90s, one of the most striking facts which activated the studies on brane models was the development in superstring theory and M-theory since the mid of 90s, especially the discovery of D-brane solutions [37, 38]. A valuable contribution to development of this model was made in the papers [39] and [40], following an earlier idea from [36]. The authors considered a flat bulk geometry of (4 + d) dimensions, when d extra dimensions are compact with radius R. All the Standard Model particles are assumed to be localized on the branes at the boundary of the d-dimensional compact space. But the gravitational interaction feels the presence of extra dimensions on the distance scales less than R and differs from Newton’s law there. By integrating over the internal space, it turns out that the 4-dimensional Planck mass M_{Pl} and the (4 + d)-dimensional Planck mass M_{fund} are connected by the following relation:

M^2_{Pl} = M^{2+d}_{fund}R^d. (10)

Since Newton’s law has been checked up to the distances of the order of 0.1 mm, R can be of order 0.1 mm or less.

In the papers [41–43] the model of the Universe expanding as a 3-shell in a in 5-dimensional spacetime was considered. It was shown that the model can solve the hierarchy problem. Also the relation between the size of the Universe and its thickness was found.

In the papers [44] and [45], Randall and Sundrum considered a non-flat bulk space. The metric has the form ds^2 = e^{−2krc|y|}η_{μν} dx^μdx^ν − r^2_c dy^2 , (11) where k is a parameter of order of the fundamental Planck mass; r_c is the radius of a 5-th coordinate. This metric is a solution of the 5-dimensional gravitational equations following from the Lagrangian S = M^3_⋆ 16π ∫ d^4xdy √ −g (−R − λ) + ∑ i=1,2 ∫ d^4x √ −h^{(i)} ( L^{(i)} − V^{(i)} ) , (12)

where h^{(i)}μν , L^{(i)} and V^{(i)} are the 4-dimensional metric, the Lagrangian and the vacuum energy on (i)th-brane, respectively. One can show that the relation between the 4-dimensional M_{P l} and the fundamental M_∗ Planck masses is: M^2_{Pl} =

M^3_⋆ k [ 1 − e^{−2krc π} ] ∼ M^3_⋆ k . (13)

Namely, the scale of physical phenomena on the brane is fixed by the value of the warp factor. On the brane near y = π (observed brane), the conformal factor for the 4-dimensional metric is ρ^2 = e^{−2krcπ}, and physical masses should be calibrated by taking this factor into account. For example, if kr_c ∼ 12 then masses of order TeV could be generated from the fundamental Planck mass ∼ 10^{16} TeV.

Various physical problems have been considered in five-dimensional (and even multidimensional) brane models, especially in the Randall-Sundrum models and their extensions. See e.g.,[46–50] for reviews. In many works, it was assumed that the brane is infinitely thin. Although in the thin brane approximation many interesting results have been obtained, in some situations the effects of the brane thickness cannot be neglected.

C. Thick branes

From a realistic point of view, a brane should have a thickness. It is also widely considered that the most fundamental theory would have a minimal length scale. In some cases the effects of brane thickness can be important. The inclusion of brane thickness gives us new possibilities and new problems. In many multidimensional field theories coupled to gravity there are solutions of topological defects. They have lead to a richer variety of brane worlds (see sections II and III). At the same time, brane thickness also brings ambiguity in the definition of the effective four-dimensional quantities (see section V).

We now give our precise definition of thick branes, to avoid possible problems related to possible differences in terminology. Our definition is based on the following form of a multidimensional metric: For five-dimensional problems, the solutions whose metric are

ds^2 = a^2(y)g_{μν} dx^μdx^ν − dy^2, (14)

where −∞ < y < ∞ is the coordinate of the extra dimension, are considered. The four-dimensional g_{μν} is Minkowski or de Sitter (or anti-de Sitter) spacetime. a(y) is the warp function, which is regular, has a peak at the brane and falls off rapidly away from the brane. A typical behavior of the warp function in thin and thick brane solutions is shown in Fig. 1. When the Z_2-symmetry is assumed, a(y) = a(−y). The normalizability of the graviton zero mode gives the condition that ∫_∞ −∞ dya(y)^4 is nonvanishing and finite. In five-dimensional problems, the thin brane approximation is

FIG. 1: The typical behavior of the warp factor a(y) in the thin and the thick brane solutions are shown. The dashed line denotes the warp factor of the thick brane, while the solid one does that of the thin brane.

valid as long as the brane thickness cannot be resolved, in other words, if the energy scale of the brane thickness is much higher than those in the bulk and on the brane. In contrast, when thickness becomes as large as the scale of interest, its effect is no longer negligible.

With more than six-dimensional spacetimes, n > 1, it is assumed that the metric function has the form

ds^2 = a^2(r)g_{μν} dx^μdx^ν − b^2(r)(dr^2 + r^2dΩ^2_{n−1}). (15)

The four-dimensional metric g_{μν} also represents Minkowski or de Sitter spacetime. dΩ^2_{n−1} is the line element of an (n − 1)-dimensional compact manifold (the unit (n − 1)-sphere in most cases). The extra coordinates are composed of the radial one r (0 < r < ∞), and those of the (n − 1)-dimensional ones. It is possible to put the brane at the center r = 0 by an appropriate coordinate choice. Here a(r) is the warp factor, which has a peak at the brane. The functions a(r) and b(r) are regular everywhere and the integral ∫_∞ 0 dra^4b^nr^{n−1} is finite, in order to obtain a localized graviton zero mode. In such higher-codimensional cases, the situation is quite different from that in the five-dimensional one. In the context of the thin brane approximation, in approaching the brane, usually self-interactions of bulk matter, e.g., gravitation, are divergent. Then, it is impossible to describe the matter interactions localized on the brane. To study such models, brane thickness becomes an essential ingredient which plays the role of an effective UV cut-off.

Note that it is obvious that such a definition is rather ambiguous: for example, one can redefine the coordinate r in the following way √ b(r)dr = dz, (16) and then the brane metric can be rewritten as follows

ds^2 = a^2(z)g_{μν} dx^μdx^ν − [ dz^2 + r^2(z)dΩ^2_{n−1} ] . (17)

In sections II-IV, exact solutions of static thick brane solutions in various classes of field theories will be considered. In sections V-VI, time-dependent situations are considered, and then the bulk metric is no longer the form of Eq. (14) or Eq. (15).

D. Purpose and construction

In this paper, we will give a comprehensive review of works devoted to thick brane solutions, and related topics. To our knowledge there has been no review on this subject although an enormous number of works have already been done. Thus, now is an appropriate time to collect these works. We hope that this paper becomes a good starting point for new studies.

In our understanding, all known thick brane solutions can be classified into two large groups: static solutions (presented in Sections II-IV) and solutions depending on time (presented in Sections V-VI). In turn, the static solutions could be classified as:

1. Topologically nontrivial thick branes: These solutions are based on the assumption of existence of some topological defects in spacetime. Solutions in this class are composed of thick branes made of either a single scalar field or non-interacting multi-scalar fields (and so on).

2. Topologically trivial thick branes: These solutions can exist for interacting scalar fields but they are absent in the case of one scalar field.

Several representative approaches to formulate cosmological equations on thick branes will be reviewed (section V). Finally, the regular S-brane solutions will also be explained (section VI).

As a final remark, we will not discuss applications of thick brane models to high-energy physics and the problem of localization of field with various spins. In this review, we are going to focus on their geometrical and topological properties only.

II. TOPOLOGICALLY NONTRIVIAL THICK BRANES

A. Definition of topologically nontrivial solutions

In this review, we use the classification of thick brane solutions given in section I D. According to this classification, one type of solution is topologically nontrivial. In this section we give the definition of topologically nontrivial solutions. This classification is based on definitions of kink-like and monopole-like solutions.

Kink-like, topologically nontrivial solutions are considered in two dimensions (one space and one time dimensions). Such solutions come up in considerations of problems with one scalar field ϕ with a potential energy having two or more degenerate vacuum states. One example is the well-known Mexican hat potential [52] U(ϕ) = 1 4 λ ( ϕ^2 − m^2 λ )_2 , where λ and m^2 are coupling and mass parameters respectively. In this case, there exist localized solutions which go to ϕ_{±∞} = ±m/ √ λ (the so-called kink) asymptotically. The solution with an asymptotic behavior ϕ_{±∞} = ∓m/ √ λ is known as the anti-kink. In the papers reviewed below the asymptotic values of the scalar field ϕ_{±∞} can be shifted by ϕ_0, i.e. ϕ_{±∞} = ±m/ √ λ + ϕ_0.

We now consider the case when the dimensionality of space is n > 1, and when the number of scalar fields is m > 1. We take the following mapping of a sphere S_{n−1} on a sphere S_{m−1}: sphere S_{n−1} is an infinitely remote sphere in a space of extra dimensions, i.e. it is a sphere at r → ∞ in the metric

dl^2_{ed} = b(r)(dr^2 + r^2dΩ^2_{n−1}). (18)

Here dl^2_{ed} is the metric in the extra dimensions; the metric b(r)r^2dΩ^2_{n−1} is the metric on a sphere S_{n−1}. The sphere S_{m−1} is a sphere in the abstract space of the scalar fields ϕ^a, a = 1, 2, · · · m.

Using this set up the mapping is defined by ⃗n = ⃗r r → ϕ^a |ϕ^a| | | |_{⃗r→∞} . (19) A picture of this mapping is given schematically in Fig. 2. This mapping maps the point^{ϕa}_{|ϕa|} ∈ S_{m−1} in the space of the scalar fields to the vector ⃗n =^{⃗r} ∈ S_{n−1} in a space of the extra dimensions.

FIG. 2: Map ⃗n =^{⃗r} →^{ϕa}_{|ϕa |} | | |_{⃗r→∞} for a case n = m = 2

From the topological point of view, we have the following map

π_{n−1} (S_{m−1}) = S_{n−1} → S_{m−1}, (20)

where π_{n−1} (S_{m−1}) is a homotopy group of the map S_{n−1} → S_{m−1}. It is known from topology that all nonsingular maps from one sphere S_{n−1} into another one S_{m−1} can be divided into homotopic sectors. Maps inside of one sector can pass continuously each into other, but maps of two different sectors cannot pass continuously each into other.

For example [53]

π_n (S_n) = Z, (21) π_n (S_m) = 0 by n < m, (22) π_n (S_1) = 0 by n > 1, (23)

where Z is a group of integer numbers, i.e. the maps S_n → S_n are divided in to a discrete set of homotopic classes which are characterized by integers. In (22) and (23), zero on the right hand side means that the group is trivial, i.e. in this case all maps can be deformed each into other.

We will call a thick brane solution topologically nontrivial if the corresponding homotopy group π_{n−1} (S_{m−1}) is nontrivial. Note that the case n = 1 and m = 1 is topologically nontrivial.

B. Thick brane solutions with a single scalar field

In this subsection, as the simplest example of a topologically nontrivial solution, we review the five-dimensional thick brane solutions with a single scalar field.

1. General properties

First, we review the general properties of thick brane solutions of a single scalar field which have the four-dimensional Poincare symmetry, following Ref. [54, 55]. We consider a five-dimensional Einstein-scalar theory S = 1 2 ∫ d^5x √ −g [ R − (∂ϕ)^2 − 2V (ϕ) ] . (24)

In general, the metric of a static five-dimensional spacetime with the four-dimensional Poincare symmetry can be written as ds^2 = e^{2F (z)}η_{μν} dx^μdx^ν + e^{8F (z)}dz^2. (25) For simplicity, it is assumed that the bulk geometry is Z_2-symmetric across the center of the brane, hence F (−z) = F (z), ϕ(−z) = −ϕ(z), and the imposed boundary conditions are F (0) = F^′(0) = 0, ϕ(0) = 0. (26) In Ref. [54, 55], the properties of thick brane solutions were investigated and it was shown that the only possible asymptotic geometry of the thick brane spacetime is asymptotically AdS, and is only possible if the potential V (ϕ) has an alternating sign and satisfies the fine-tuning condition

V̄ (∞) = 0, V̄ (z) := ∫_z 0 √ −gV (ϕ(z))dz = ∫_z 0 e^{8F (z)}V (ϕ(z))dz. (27) The zero thickness limit is well-defined and the solution reduces to the Randall-Sundrum model if the asymptotic value of V (ϕ) approaches a constant, which is the bulk cosmological constant. Note that if the brane has the fourdimensional de Sitter or anti-de Sitter symmetry, the fine-tuning condition (27) may not be satisfied.

2. Single scalar thick brane solutions

In this subsection, we review the various thick brane solutions whose geometry can be Minkowski, de Sitter or antide Sitter, although in terms of the cosmological applications we focus on the first two cases. Many of previously known solutions are discussed in the context of the Z_2-symmetric bulk spacetime but non-Z_2 symmetric solutions have also been reported. The thick brane solutions of more than two scalar fields or of other fields will be reported, separately.

a. Set-up We focus on the Einstein-scalar theory given in Eq. (24). Most of solutions reviewed here have the following form of the metric ds^2 = dy^2 + a(y)^2γ_{μν} dx^μdx^ν , ϕ = ϕ(y) (28) with the four-dimensional Ricci curvature tensor being R [ γ_{μν} ] = 12K. The constant K = 0, 1, −1 represents the fourdimensional Minkowski, de Sitter and AdS sections, respectively. It is also assumed that the scalar field depends only on the extra space coordinate y: ϕ = ϕ(y). If the Z_2-symmetry is imposed, namely a(y) = a(−y) and ϕ(y) = −ϕ(−y) (the center of the brane is placed at y = 0), the boundary conditions for metric and scalar field are given by a^′(0) = 0 ϕ(0) = 0, (29) where “prime” denotes a derivative with respect to y. The warp factor is normalized so that a(0) = 1. At the infinity y → ±∞, the scalar field approaches some constant value ϕ = ±ϕ_∞, where for a kink ϕ_∞ > 0 and for an anti-kink ϕ_∞ < 0. By minimizing the action Eq. (24), the Einstein and scalar equations are explicitly given by 6 a^{′2} a^2 − 6 K a^2 = 1 2 ϕ^{′2} − V, 3 a^{′′} a + 3 a^{′2} a^2 − 3 K a^2 = − 1 2 ϕ^{′2} − V, ϕ^{′′} + 4a^′ a ϕ^′ − dV dϕ = 0 . (30)

Sometimes, it is useful to reduce the above Einstein-scalar equations into first order equations. This can be achieved by introducing the auxiliary superpotential W (ϕ) [56–61], in terms of which the scalar field potential is given as

V = −6W (ϕ)^2 + 9 2γ^2 ( dW dϕ )_2 , γ := √ 1 + K a^2W^2

. (31)

Using this, the above equations become

ϕ^′ = 3 γ dW dϕ , a^′ a = −γW (ϕ). (32) For a given superpotential W the scalar field profile is obtained by integrating the first equation. Then, the metric function is determined by integrating the second equation.

More directly, for a given metric function, one can determine the scalar field profile and potential, using the procedure of [51]. But sometimes, it is impossible to give the potential as an analytical function of the scalar field, rather than as a function of the bulk coordinate. Another method [51, 62] is that first one gives the profile of the scalar field, and then the metric function and the potential are determined through the field equations.

b. Minkowski brane solutions Here the simplest cases are solutions which contain the four-dimensional section which has the Poincare symmetry K = 0. The solutions which are obtained from the simple superpotential

W = c sin(bϕ) (33)

were discussed in [57–59, 63–65] (See also the textbook [50]). The corresponding scalar potential has the sine-Gordon form

V (ϕ) = 3 2 c^2 [ 3b^2 cos^2 (bϕ) − 4 sin^2 (bϕ) ] . (34)

The solution is given by a(y) = [ 1 cosh(cb^2y)

]_{1/3b}2 , ϕ(y) = 2 b arctan [ tanh ( 3cb^2y 2 )] . (35)

In the asymptotic limit y → ∞, ϕ(±∞) = ±π/(2b) the potential approaches the negative values V (±∞) = −6c^2. The bulk is asymptotically AdS. This class of solutions also contains the solution derived in [51], a(y) = [ 1 e^{−2n(y+y0)} + e^{2n(y+y0)} ]_{1/2n} , ϕ(y) = ± √ 6 n arctan(e^{2ny}), (36)

whose potential is given by

W (ϕ) = cos ( √ 6n 3 ϕ ) , V (ϕ) = −6 cos^2 ( √ 6n 3 ϕ ) + 3n sin^2 ( √ 6n 3 ϕ ) . (37)

The dimensionless parameter n represents the brane thickness. The solution is stable against perturbations.

In Ref. [66], another type of thick brane solution was discussed, which was obtained from the superpotential

W (ϕ) = av 3 ϕ ( 1 − ϕ^2 3v^2 ) , (38)

leading to the potential

V (ϕ) = λ 4 ( ϕ^2 − v^2

)_2 − λ 27M^2 ϕ^2 ( ϕ^2 − v^2 3 )_2

, (39)

where λ := 2a^2/v^2 is scalar self-coupling constant and the gravitational scale M is shown explicitly. In the absence of gravity M → ∞, the theory reduces to the λϕ^4 scalar field model. The scalar and metric functions are given by ϕ(y) = v tanh(ay), M^3 ln a(y) = C_0 − 8 27 v^2 ln [cosh(ay)] − v^2 54 tanh^2(av), (40) where C_0 is an integration constant which represents the overall scaling of our four-dimensional world (See also the textbook [50]). It is trivial to check that the geometry reduces to the five-dimensional Minkowski geometry in the decoupling limit M → ∞. In Ref. [67] the potential

V (ϕ) = −V_0 + λ 4 ( ϕ^2 − v^2

)_2

was considered. Here V_0 > 0. This potential gave rise to thick Minkowski brane solution with the asymptotically AdS bulk.

c. de Sitter brane solutions Here, we review some known thick de Sitter brane solutions with K = +1. In Ref. [51], the stable de Sitter brane version of the solution Eq. (36) was discussed, whose metric function is given by a(y) = [ 1 sinh^{−2n}(y + y_0) + sinh^{2n}(y + y_0) ]_{1/2n} . (41)

But there is no analytic form for ϕ(y) and V (ϕ) [51].

In Ref. [60, 61], for the scalar field potential

V (ϕ) =

9H^2(β^2 − 1)

2β^2 + 15H^2(β^2 + 1) 2β^2 cos (√ 2 3 ϕ ) , (42)

the stable solutions a(y) = −sn(Hy, iβ^{−1}), ϕ(y) = √ 6 arctan [ cn(Hy, iβ^{−1}) βdn(Hy, iβ^{−1}) ] (43)

were derived, where the elliptic functions are defined by

sn^{−1}(z, k) = ∫_z 0 dx √ (1 − x^2)(1 − k^2x^2)

, (44)

cn(z) = (1 − sn^2(u, k))^{1/2}, and dn(z) = (1 − k^2sn^2(u, k))^{1/2}.

Other interesting solutions were given for an axionic scalar field potential [68–73]

V (ϕ) = V_0 cos^{2(1−σ)} ( ϕ ϕ_0 ) , ϕ_0 := √ 3σ(1 − σ), (45)

where 0 < σ < 1. The Z_2-symmetric solution [68] is given by a(z) = [ cosh ( Hz σ )]_{−σ} , ϕ = ϕ_0 arcsin [ tanh ( Hz σ )] , (46)

where dy = a(z)dz and the brane expansion rate H is related to the thickness and potential parameter through

H^2 = 2σV_0 3 ( 1 + 3σ

) . (47)

The physical thickness of the brane is given by σ/H. In the limit σ → 0, the solution smoothly approaches a thin de Sitter brane embedded in a five-dimensional Minkowski bulk.

Extensions of Eq. (46) to the non-Z_2 symmetric bulk were considered in Ref. [71–73]. Other thick de Sitter brane solutions with more complicated metric functions were reported in Ref. [62].

C. Thick brane solutions in generalized scalar field theories

In this subsection, we review the thick brane solutions in more general theories of a single scalar field, i.e., a scalar field with a non-standard kinetic term [74–77], a scalar field non-minimally coupled to gravity [78], a phantom scalar field [79, 80], and a tachyon field [81].

1. Scalar field with a non-standard kinetic term

The paper [74] discussed the case of a scalar field with non-standard kinetic term. Such a model was initially considered as the kinetic generalization of the single field inflation models [82, 83] and extensively studied for modeling inflation and dark energy. Here it is applied to a five-dimensional space-time to find new thick brane solutions. The starting point is the action S = ∫ d^5x √ g ( − 1 4 R + L(ϕ, X) ) , (48)

where g_{ab} is the five-dimensional metric with the signature (+, −, −, −, −), and the five-dimensional gravitational constant is chosen G^{(5)} = 1/(4π). The indices M, N, · · · and μ, ν, · · · run over the five- and four-dimensional spacetime, respectively. We now define X := (1/2)g^{MN} ∇_M ϕ∇_N ϕ. Then, the equations of motion are given by G^{MN} ∂_M ∂_N ϕ + 2XL_{Xϕ} − L_ϕ = 0 , (49) where G^{MN} = L_X g^{MN} + L_{XX} ∇^M ϕ∇^N ϕ. The Minkowski thick brane solutions whose metric is given by ds^2 = e^{2A(y)}η_{μν} dx^μdx^ν − dy^2, (50) are considered. The equations of motion are ( L_X + 2XL_{XX} ) ϕ^{′′} − ( 2XL_{Xϕ} − L_ϕ ) = −4L_X ϕ^′A^′ , A^{′′} = 4 3 XL_X , ( A^′ )_2 = 1 3 ( L − 2XL_X ) , (51)

where the prime is derivative with respect to y. For convenience, the (superpotential) function W (ϕ), such that L_X ϕ^′ = W_ϕ, is introduced. The scalar field Lagrangian is assumed to be L = F (X) − V (ϕ) , (52) where F can be an arbitrary function of X. Note that F (X) = X for the standard canonical scalar field. The equations of motion now reduce to a set of the first order equations that

F^′(X)ϕ^′ = 1 2 W_ϕ, F − 2F^′(X)X − V (ϕ) = 1 3 W^2. (53)

In Ref. [74], two specific examples of the choice of the function F were considered: (I) F_I = X + α|X|X, and (II) F_{II} = −X^2.

a. Case (I) In case (I), F_I = X + α|X|X, it is difficult to derive solutions for general values of α. Thus, Ref. [74] considered the case of small α and discussed perturbations around the case of a canonical scalar field. Then, the behaviors of scalar and metric functions are given by

ϕ(y) = ϕ_0(y) − α 2 ϕ^′_0(y)W (ϕ_0(y)) , A(y) = A_0(y) + α 12 W (ϕ_0(y))^2, (54)

where ϕ_0(y) is the solution in the case of α = 0 (the canonical case). For the specific choice that W (ϕ) = 3a sin(bϕ), one finds the scalar potential V = 9 8 a^2b^2 cos^2(bϕ) − 3a^2 sin^2(bϕ) − 81α 64 a^4b^4 cos^4(bϕ) + O(α^2) . (55)

The scalar and metric functions were found as ϕ(y) = 1 b arcsin [ tanh ( 3 2 ab^2y )] − 9αa^2b 4 sinh

(_3

2 ab^2y ) cosh^2

(_3

2 ab^2y

) + O(α^2),

A(y) = − 2 3b^2 ln ( cosh ( 3 2 ab^2y )) + 3a^2α 4 tanh^2 (3 2 ab^2y ) + O(α^2) . (56)

For larger value of α, the peak of the warp factor A is spread out and the energy density at the center of the brane decreases.

b. Case (II) In case (II), F_{II} = −X^2, the choice of the superpotential,

W (ϕ) = 9a^3b^2 sin(bϕ) ( 2 + cos^2(bϕ) ) , (57)

leads to

V (ϕ) = 243 8 a^4b^4 cos^4(bϕ) − 27a^6b^4 sin^2(bϕ) ( 2 + cos^2(bϕ)

)_2

. (58)

An exact solution was found ϕ(y) = 1 b arcsin ( tanh(3ab^2y) ) , A(y) = − a^2 6 tanh^2 ( 3ab^2y ) − 2 3 a^2 ln ( cosh(3ab^2y) ) . (59)

The effective brane thickness is of order (ab^2)^{−1}, which can become larger for smaller a and b.

The work of [75, 76] considered the model composed of the non-linear kinetic term F (X) = X|X| and the selfinteracting potential V (ϕ) = λ^4(ϕ^2 − ϕ^2_0)^2, where ϕ = ±ϕ_0 corresponds to the global minima and λ is the self-coupling of the scalar field. A solitonic solution coupled to gravity, which can be interpreted as a thick brane, was obtained by employing a series expansion method and a numerical one in [76], while an exact solution without gravity was originally derived in [75]. The solution is stable against the linear perturbations. In addition, this model has an appealing property that the propagation of perturbations of the scalar outside the thick brane is completely suppressed and the scalar field is automatically restricted to the brane.

The recent work of [77] discussed the de Sitter or AdS thick brane solutions in more general class of models that L = F (X, ϕ) − V (ϕ) . (60) The line elements of the de Sitter and AdS brane solutions are assumed to be

ds^2 = e^{2A(y)} ( dt^2 − e^{2√Λt}(dx^2_1 + dx^2 + dx^2_3) ) − dy^2, (61) and ds^2 = e^{2A(y)} ( e^{−2√−Λx3} (dt^2 − dx^2_1 − dx^2) + dx^2_3 ) − dy^2, (62)

respectively. The choice of F (X, ϕ) = Xϕ^m, where m = 0, 1, 2, · · · is considered. The solutions are given in assuming that A = ln ( cos(by) ) . Note that in this ansatz there are naked singularities at y = ±y^∗ := ±π/(2b).

The de Sitter brane solutions are obtained as follows: For m = 2n where n = 0, 1, 2, · · · , ϕ(y) = [ (n + 1)βarcsinh(tan(by))

]_{1/(n+1)}

, (63)

where β =^1_b √ (3/2)(b^2 − Λ), for the potential

V (ϕ) = 3b^2 − 9 4 ( b^2 − Λ ) cosh^2 [ ϕ^{n+1} (n + 1)β ] . (64)

Note that for an odd n the solution of ϕ(y) is invalid for a negative y, while for an odd n the solution of ϕ(y) is valid everywhere in −y^∗ < y < y^∗. For m = 2n + 1 where n = 0, 1, 2, · · · , the de Sitter brane solutions are given by ϕ(y) = [ (n + 1 2 )βarcsinh(tan(by))

]_{2/(2n+1)} , (65)

where β =^1_b √ (3/2)(b^2 − Λ), for the potential

V (ϕ) = 3b^2 − 9 4 ( b^2 − Λ ) cosh^2 [ 2ϕ^{(2n+1)/2} (2n + 1)β ] . (66)

The solution is invalid for a negative ϕ. The de Sitter brane solutions exist only for 0 < Λ < b^2. The AdS brane solutions are obtained by reversing the sign of Λ. Then, Λ must take a value in the range of −b^2 < Λ < 0.

The case of m = 0 recovers the solutions with naked singularities in the bulk obtained in the case of a canonical scalar field [84].

2. Non-minimally coupled scalar field

Ref. [78] considered thick brane solutions of a scalar field non-minimally coupled to the scalar curvature: S = ∫ d^5x √ −G [ f(ϕ)R − 1 2 ( ∂ϕ )_2 − V (ϕ) ] , (67)

where f(ϕ) denotes the direct coupling of the scalar field to gravity and the five-dimensional metric G_{ab} has the signature (−, +, +, +, +). The above action is conformally related to the Einstein frame action with the Ricci scalar term (2M^3R) via the conformal transformation G_{ab} → G̃_{ab}f(ϕ)/(2M^3), where M is the five-dimensional gravitational scale. The metric ansatz was taken to be

ds^2 = e^{2A}η_{μν} dx^μdx^ν + dy^2. (68)

The coupling function f(ϕ) was chosen to be f(ϕ) = 2M^3 −^1_2 ξϕ^2, where the cases of ξ = 0 and ξ = 3/16 represent the minimal and conformal couplings, respectively. The Einstein equations are given by V (ϕ) = − 3 2 ( 2M^3 − ξ 2 ϕ^2 )( 2Ȧ^2 + Ä ) + 7 2 ξȦϕ̇ϕ + ξξ̇^2 , 1 2 ϕ̇^2 = − 3 2 ( 2M^3 − ξ 2 ϕ̇^2 ) Ä − ξ 2 Ȧϕ̇ϕ + ξϕ̈ϕ + ξϕ̇^2 . (69)

In the examples below, the scalar field potential is obtained once the scalar and metric profiles are found.

In the simplest case, ξ = 0, the solution was given by

ϕ(y) = ϕ_0 tanh(ay), e^A = ( cosh(ay) )_{−γ} e^{−γ tanh2 (ay)/4}, (70)

where γ = ϕ^2_0/(9M^3). For a non-zero coupling constant ξ ≠ 0, by choosing

e^{A(y)} = ( cosh(ay) )_{−γ} (71)

the solution ϕ(y) = ϕ_0 tanh(ay) was obtained with

γ = 2 (1 ξ − 6 ) , ϕ_0 = a^{−1}ϕ̇(0) = ( 2M^3 )_{1/2} √ 6(1 − 6ξ) ξ(1 − 2ξ) . (72)

The above solution exists for 0 < ξ < 1/6. The scalar curvature of this solution approaches R → −20a^2 ( ξ^{−1} − 6

)_2

for y → ∞, namely the bulk is asymptotically AdS. Eq. (71) is also the metric function of the solution whose scalar field profile is given by ϕ(y) = ϕ(0) ( cosh(ay) )_{−1} , with ϕ^2(0) = 12M^3(ξ^{−1} − 6)/(3 − 16ξ).

Another solution with ϕ(y) = ϕ_0 tanh(ay), where ϕ_0 = 2 √ ξ^{−1}M^3, and

A(y) = −4 ln ( cosh(ay) ) + 1 3 ( 8 − ξ^{−1} ) tanh^2(ay)F_{P F Q} ({ 1, 1, 7/6 } , { 3/2, 2 } , tanh^2(ay) ) , (73)

where F_{P F Q} represents the generalized hypergeometric function, was also found. Note that in all the above nontrivial solutions there is no smooth limit to the minimally coupled case ξ = 0.

3. Phantom scalar field

Ref. [79] considered a model of a bulk phantom scalar field: S = ∫ d^5x √ −g [ 1 2κ^2_5 ( R − 2Λ ) + 1 2 ( ∇ϕ )_2 − V ( ϕ )] , (74)

where g_{ab} is the five dimensional metric with signature (−, +, +, +, +) and V (ϕ) is the potential of the scalar field ϕ. Note that sign of the kinetic term is now negative, i.e, phantom. The thick brane solutions for the phantom scalar field with the ansatz

ds^2 = dy^2 + e^{−2f (y)}η_{μν} dx^μdx^ν (75) and ϕ = ϕ(y) are considered. The equations of motion are given by f^{′′} = −a ( ϕ^′ )_2 , ( f^′ )_2 = a 4 ( − (ϕ^′)^2 − 2V ) − Λ 6 , ϕ^{′′} − 4f^′ f ϕ^′ = − dV dϕ , (76)

where a := κ^2_5/3. An explicit solution was obtained for the sine-Gordon potential V (ϕ) = B ( 1 + cos ( 2ϕ A )) (77) as f(y) = − a κ_1 √ |Λ| 6 ln cosh ( κ_1 a y ) , ϕ(y) = 2A arctan [ exp ( κ_1 a y )] − πA 2 , (78)

where κ_1 := ( 1/A^2 )√ |Λ|/6. Here the constant B has to be chosen as B = ( |Λ|/6a^2 )( a − 1/(4A^2) ) . The solution has a growing warp factor for the larger value of |y|, in contrast to the case of the normal kinetic term.

In [80], by using a massless scalar phantom/ghost field, an analytic time-dependent warped solution forming a standing wave in the bulk was found. The nodes of the standing wave are interpreted as the different four-dimensional Minkowski vacua, called islands in Ref. [80], having different physical parameters such as gravitational and cosmological constants. This model possesses the following characteristic features: 1) The ordinary four-dimensional matter can be localized on the tensionless branes, i.e. on the nodes. 2) It is possible to realize a new gravitational localization mechanism when matter fields can reside only on Minkowski islands, where the background space-time does not oscillate.

4. Tachyon field

As a final example of a generalized scalar field theory, consider a model of a tachyon field [81]whose action is given by S = ∫ d^5x √ −g [ 1 2κ^2_5 ( R − 2Λ ) + V (T ) √ 1 + g^{MN} ∂_M T ∂_N T ] , (79)

where Λ_5 and V (T ) are the bulk cosmological constant and the tachyon potential, respectively. g is the determinant of the five-dimensional metric g_{ab} whose signature is (−, +, +, +, +). It is assumed that the metric and tachyon field take the following form

ds^2 = dy^2 + e^{2f (y)}η_{μν} dx^μdx^ν (80)

and T = T (y).

A thick brane solution is obtained for non-zero cosmological constant Λ_5 ≠ 0. The potential is explicitly given as a function of y, as

V (y) = 1 κ^2_5 1 cosh^2 ( by ) √( Λ_5 + 6b^2 ) sinh^2(by) + Λ_5 + 6(b^2 − H^2) √( Λ_5 + 6b^2 ) sinh^2(by) + (Λ_5 − 6H^2) , (81)

where b is an arbitrary constant. The warp and tachyon functions are given by

f(y) = ln cosh(by), T (y) = − i b √ 3(b^2 + H^2) Λ_5 − 6H^2

EllipticF [ iby, Λ_6 + 6b^2 Λ − 6H^2 ] . (82)

The warp factor grows for large y.

D. Other types of thick branes

1. Multi-scalar

The brane models with two interacting scalar fields considered in section III A refer to the so-called non-topological solutions in the terminology of Ref. [52]. At the same time, there exist other types of solutions - topological ones. These solutions describe our 4-dimensional Universe as a global topological defect in a multidimensional spacetime. Such a topological defect can be created by a set of scalar fields ϕ^a describing some “hedgehog” configuration [85–87].

The main idea of the research in this direction is illustrated by the example of the paper [85] where the (p−1)-brane solutions (the number p refers to the coordinates on the brane) are considered. It is assumed that there is a global defect in n extra dimensions which is described by a multiplet of n scalar fields, ϕ^a, whose Lagrangian is^2 L = − 1 2 ∂_Aϕ^a∂^Aϕ^a − V (ϕ) , (83)

where the potential V (ϕ) has its minimum on the n-sphere ϕ^aϕ^a = η^2. As an example, the potential

V (ϕ) = λ 4 ( ϕ^aϕ^a − η^2

)_2 (84)

was used. Using the following ansatz for the metric:

ds^2 = A(ξ)^2dξ^2 + ξ^2dΩ^2_{n−1} + B(ξ)^2ĝ_{μν} dx^μdx^ν , (85)

where dΩ^2_m stands for the metric on the unit m-sphere, and the spherical coordinates in the extra dimensions are defined by the usual relations, ξ^a = {ξ cos θ_1, ξ sin θ_1 cos θ_2, ...}.

Using a different metric ansatz, a few different types of solutions were found. The first type, without a cosmological constant, exists for all n ≥ 3, and is very similar to the global monopole solutions from [88]. The brane worldsheet is flat, and there is a solid angle deficit in the extra dimensions.

For a positive cosmological constant, Λ > 0, the solutions describe spherical branes in an inflating multidimensional universe. In the limit η → 0, when the gravitational effect of the defect can be neglected, the universe can be pictured as an expanding (p + n − 1)-dimensional sphere with a brane wrapping around it in the form of a sphere of lower dimensionality (p − 1). Another class of solutions has curvature singularities even in the absence of a defect (η = 0), and these solutions were considered as unphysical. Finally, there are solutions having the geometry of a (p + 1)-dimensional de Sitter space, with the remaining (n − 1) dimensions having the geometry of a cylinder.

For a negative cosmological constant, Λ < 0, three classes of solutions were found. The first two are essentially analytic continuations of the positive-Λ solutions. The third class is similar to the Randall-Sundrum (n = 1) and the Gregory (n = 2) solutions, and exhibit an exponential warp factor.

In [87] a model of a global topological defect with the potential (84) was considered. The authors were looking for solutions decaying far from the brane as B(ξ) ∼ exp(−c ξ). It was shown that there exist solutions with the spherical radius R → const at large ξ, i.e., the extra dimensions form an n-dimensional cylinder R_+ × S^{n−1}. Such solutions exist only for n ≥ 3.

The branes considered above refer to Minkowski branes with some non-zero bulk cosmological constant. In the paper [89] a model with some extra 4-dimensional Λ-term is considered (i.e. a de Sitter brane). This work investigated global monopole solutions in the Goldstone model with n scalar fields with the Lagrangian (83). Within the framework of this model, it was shown that new types of solutions exist (mirror symmetric solutions). These solutions have periodic matter and metric functions, and require a fine tuning of two cosmological constants.

2. Vortex

If one replaces the domain wall with some more complicated topological defect, such as string-vortices or monopoles (see above), new possibilities for gravitational localization to the brane appear. Braneworld models using a 6- dimensional vortex were proposed in Ref. [90]. In this model gravity was localized on an Abrikosov-Nielsen-Olsen vortex in the context of the Abelian Higgs model in 6 dimensions. In this model, the conservation of a topological

2 In the original paper [85], the sign of the kinetic term is different but it is wrong.

charge guarantees the stability of the configuration. In principle the presence of gravity can change the situation, but one can hope that “gravitating” topological defects can provide potential candidates for stable configurations.

For this purpose, the total action of the gravitating Abelian Higgs model in six dimensions can be chosen as

S = S_{brane} + S_{grav} , (86)

where S_{brane} is the gauge-Higgs action and S_{grav} is the six-dimensional generalization of the Einstein-Hilbert action. More specifically,

S_{brane} = ∫ d^6x √ −GL_{brane}, L_{brane} = 1 2 (D_Aϕ)^∗D^Aϕ − 1 4 F_{AB} F^{AB} − λ 4 ( ϕ^∗ϕ − v^2 )_2 , (87)

where D_A = ∇_A − ieA_A is the gauge covariant derivative, while ∇_A is the generally covariant derivative, and the bulk action is

S_{grav} = − ∫ d^6x √ −G ( R 2χ + Λ ) , (88)

where Λ is a bulk cosmological constant, χ = 8πG_6 = 8π/M^4_6 and M_6 denotes the six-dimensional Planck mass. In Eq. (87), v is the vacuum expectation value of the Higgs field which determines the masses of the Higgs boson and of the gauge boson

m_H = √ 2λ v, m_V = e v. (89) Choosing the six-dimensional metric as

ds^2 = G_{AB} dx^Adx^B = M^2(ρ)g_{μν} dx^μdx^ν − dρ^2 − L(ρ)^2dθ^2, (90)

where ρ and θ are, respectively, the bulk radius and the bulk angle, g_{μν} is the four-dimensional metric and M(ρ), L(ρ) are the warp factors. The Abrikosov-Nielsen-Olsen ansatz for the gauge-Higgs system reads: ϕ(ρ, θ) = vf(ρ)e^{i n θ}, A_θ(ρ, θ) = 1 e [ n − P (ρ)] , (91)

where n is the winding number.

Choosing the corresponding regular boundary conditions, one can find that outside the core of the string all source terms vanish and a general solution to the equations can be easily found for the case Λ ≤ 0 (solutions for the case of a positive cosmological constant in the bulk were studied in [91]) as follows m(x) = −c 1 − ϵ e^{5cx} 1 + ϵe^{5cx} , (92)

where ϵ is an integration constant; c = √ −μ/10 > 0; μ is some combination of the 6-dimensional Einstein gravitational constant, Λ-term and the mass of the Higgs; m(x) and x are the rescaled variables M(ρ) and ρ, respectively. Once m(x) is known, the function ℓ(x) (the rescaled L(ρ)) can also be determined.

To clarify the question about gravitational localization on the brane, one can demand the finiteness of the fourdimensional Planck mass

M^2_P =

4πM^4_6 m^2_H ∫ dxM^2(x)L(x) < ∞ . (93) It was shown in [90] that if ϵ > 0 or ϵ ≤ −1, then for x → ∞ one has M ∼ L ∼ e^{cx} so that the integral in (93) diverges and gravity cannot be localized.

If ϵ = 0 the solution is simply

m(x) = ℓ(x) = −c, (94)

and the warp factors will be exponentially decreasing as a function of the bulk radius: M(x) = M_0e^{−cx}, L(x) = L_0e^{−cx}. (95)

The solution of Eqs. (94)–(95) leads to the localization of gravity and to a smooth AdS geometry far from the string core.

If −1 < ϵ < 0, M(x_0) = 0 where x_0 =^1_{5c} log 1/|ϵ|. The geometry is singular at x = x_0 thus x < x_0 should be required. In spite of the fact that L diverges at x = x_0, the integral (93) defining the four-dimensional Planck mass is finite. So, these geometries can be potentially used for the localization of gravity, provided the singularity at x_0 is resolved in some way, e.g. by string theory. These types of singular solutions were discussed in [91] for the case of positive cosmological constant.

Finally, if the bulk cosmological constant is zero, the solutions have a power-law behavior, namely M(x) ∼ x^γ , L(x) ∼ x^δ , (96) with dγ + δ = 1, dγ^2 + δ^2 = 1 , (97) where d = 4 is the number of dimensions of the metric g_{μν} . These solutions belong to the Kasner class. The Kasner conditions leave open only two possibilities: either δ = 1 and γ = 0 or γ = 2/5 and δ = −3/5. None of them lead to the localization of gravity.

Summarizing the results of the paper [90], it was shown that the localization of gravity is possible on a “thick” string, and a fine-tuning condition was found which led to a set of physically interesting solutions. Since the described geometries are regular, gravity can be described in classical terms both in the bulk and on the vortex.

Similar considerations allowed the authors of [92] to conclude that within the framework of an anomaly-free Abelian Higgs model coupled to gravity in a 6-dimensional spacetime, it is possible to construct an effective D = 4 electrodynamics of charged particles interacting with photons and gravitons. In this work both gauge field and gravity are localized near the core of an Abrikosov-Nielsen-Olsen vortex configuration.

Further considerations of questions concerning localization of gauge fields on a gravitating vortex in a 6-dimensional spacetime can be found in the papers [93, 94]. Note that most of the calculations are performed numerically or asymptotically, and there are no general analytic solutions for 6-dimensional vortices. However, in order to address some questions (for example, stability analysis) the availability of exact solutions is desirable. In Ref. [95] some exact solutions for 6-dimensional vortices were found. In particular, using the special boundary conditions, the several kink solutions were found. The first solution was

f = f_0 arctan ( sinh βr δ ) , f_0 = 2 √ δ, (98)

with the corresponding metric “warp” factor

M(r) = cosh^{−δ} ( βr δ ) , δ > 0, β > 0, (99) where δ could be seen as the wall thickness and β as a parameter depending on the cosmological constant. The effective potential for this case was

V (f) =

2β^2 δ [(1 + 5δ) cos^2(f/f_o) − 5δ]. (100)

The second and third solutions were, respectively f = f_0 tanh (ar) , and (101) f = f_0 arctan (ar) , (102) with the metric “warp” factors, respectively

M(r) = exp [ 1 24 f^2_0 sech(ar) ] cosh^{−f 2o /6}(ar), and (103)

M(r) = exp [ − a 2 f^2_0 r arctan(ar) ] , (104)

and with a polynomial potential identical to the Mexican hat potential, or a potential containing polynomial and non-polynomial terms

V (f) = a^2 2 [ ( f^2 − f^2_o

)_2 − 5 9 f^2 ( f^2 − 3f^2_o ) ] , and (105)

V (f) = a^2f^2_o 2 { cos^4 ( f f_o ) − 5 16 f^2_o [ f f_o + 1 2 sin ( f f_o )]}_2 . (106)

Using these exact solutions, it was shown that the zero mode of the linearized gravity spectrum is localized on the 3-brane and the massive modes are not bounded at all.

3. Weyl gravity model

In Refs. [96–98], thick brane solutions in a pure geometric Weyl 5D spacetime, which constitutes a non-Riemannian generalization of Kaluza-Klein gravity, are considered. A Weyl geometry is an affine manifold specified by (g_{MN} , ω_M ) with M, N = 0, 1, 2, 3, 5, where g_{MN} is the metric tensor, and ω_M is a “gauge” vector involved in the definitions of the affine connections of the manifold.

Besides the scalar curvature R, the action used in this approach also contains terms describing a Weyl scalar ω

S^W_5 = ∫ M^W_5

d^5x √ |g| 16πG_5 e^{32 ω}[R + 3ξ̃(∇ω)^2 + 6U(ω)], (107)

where M^W_5 is a Weyl manifold specified by the pair (g_{MN} , ω). The Weylian Ricci tensor reads

R_{MN} = Γ^A_{MN,A} − Γ^A_{M,N} + Γ^P_{MN} Γ^Q_{P Q} − Γ^P_{MQ}Γ^Q_{NP} , (108) where

Γ^C_{MN} = {^C_{MN} } − 1 2 ( ω_{,M} δ^C_N + ω_{,N} δ^C_M − g_{MN} ω^{,C} ) (109)

are the affine connections on M^W_5 , {^C_{MN} } are the Christoffel symbols and M, N = 0, 1, 2, 3, 5; the constant ξ̃ is an arbitrary coupling parameter, and U(ω) is a self–interaction potential for the scalar field ω.

The 5-dimensional metric describing a thick brane is assumed to have the form ds^2_5 = e^{2A(y)}η_{mn}dx^mdx^n + dy^2, (110) where e^{2A(y)} is the warp factor depending on the extra coordinate y, and m, n = 0, 1, 2, 3, η_{mn} is the 4D Minkowski metric.

Further, the conformal transformation ^g_{MN} = e^ωg_{MN} , mapping the Weylian action (107) into the Riemannian one is carried out via

S^R_5 = ∫ M^R_5

d^5x √ |^g| 16πG_5 [ ^R + 3ξ( ^∇ω)^2 + 6 ^U(ω) ] , (111)

where ξ = ξ̃ − 1, ^U(ω) = e^{−ω}U(ω) and all hatted magnitudes and operators are defined in the Riemann frame. Now the metric (110) takes the form

^ds^2_5 = e^{2σ(y)}η_{nm}dx^ndx^m + e^{ω(y)}dy^2, (112)

where 2σ = 2A + ω. If one introduces new functions X = ω^′ and Y = 2A^′ [96] then the Einstein equations read

X^′ + 2Y X + 3 2 X^2 = 1 ξ d ^U dω e^ω, (113)

Y^′ + 2Y^2 + 3 2 XY = ( − 1 ξ d ^U dω + 4 ^U ) e^ω. (114)

As pointed out in [96], this system of equations can be easily solved if one uses the condition X = kY , where k is an arbitrary constant parameter, but excluding the value k = 1.

In this case both field equations in (113) (114) reduce to a single differential equation

Y^′ +

4 + 3k 2 Y^2 = 4λ 1 + k e^{( 4kξ1+k +1)ω}, (115)

where λ is some constant parameter. The authors of [96] first considered the problem for a case of Z_2-symmetric manifolds. Here, the two following cases are considered: (i) ξ = −(1 + k)/(4k) and leaving k arbitrary except for k = −4/3, (ii) k = −4/3 and leaving ξ arbitrary except for ξ = −1/16.

The case (i) For this case, a solution was found for the simplified (115) in the form

ω(y) = bk ln[cosh(ay)], (116) e^{2A(y)} = [cosh(ay)]^b, (117)

where a = √ 4 + 3k 1 + k 2λ, b = 2 4 + 3k . The case (ii) The authors of [97, 98] considered another simplified case with k = −4/3 and ξ an arbitrary parameter. Then Eq. (115) takes the form

Y^′ + 12λe^{pω} = 0 or ω^{′′} − 16λe^{pω} = 0, (118)

where p = 1 + 16ξ. Note that the choice ξ = −1/16 leads to a constant potential and thus the case ξ ≠ −1/16 is assumed. For such a choice of the parameter, one can find the following solution for ω and A ω = − 2 p ln { √ −8λp c_1 cosh [c_1(y − c_2)] } , (119)

e^{2A} = { √ −8λp c_1 cosh [c_1(y − c_2)]

}^3_{2p} . (120)

The following physically interesting problems were considered in detail:

• λ > 0, p < 0, c_1 > 0. In this case the solution is a thick brane, and the fifth coordinate changes within the limits −∞ < y < ∞. • λ > 0, p > 0, c_1 = iq_1. In this case the solution describes a compact manifold along the extra dimension with −π ≤ q_1(y − c_2) ≤ π and consequently this solution is not a thick brane.

If one calculates the function ω^′(y) for both the cases (i) and (ii), then one has

ω^′(y) = ab tanh(ay), (i) (121)

ω^′(y) = −

2c_1 p tanh [c_1 (y − c_2)] , (ii) (122)

respectively. As one can see, both solutions are kink-like. Thus these solutions are topologically nontrivial solutions.

The de Sitter thick brane solution in Weyl gravity was investigated in Ref. [99]. To show the analytic form of the solution, it is convenient to transform the fifth coordinate to the conformal coordinate z, defined by dz = e^{−A(z)}dy,

ds^2_5 = e^{2A(z)} ( −dt^2 + e^{2βt}dx^2 + dz^2 ) , (123)

where β is the expansion rate of the de Sitter spacetime. For the potential U(ω) = 1 + 3δ 2δ β^2e^{−ω} ( cos ω ω_0 )_{2(1−δ)} , (124)

where ω_0 = √ 3δ(1 − δ) (0 < δ < 1), the solutions are given by

ω = ω_0 arctan ( sinh βz δ ) , e^{2A} = cosh^{−2δ} (βz δ ) e^{2ω0 arctan} (_{βz} δ ) . (125)

After transforming back to the proper coordinate y, the geometry is asymmetric across the y = 0 surface. But the solution still has a kink-like profile and connects two Minkowski vacua.

4. Bloch brane

It is possible to borrow ideas from condensed matter physics and apply them to brane world models. Of interest is the situation which occurs in ferromagnetic systems, in which one has an Ising or Bloch type wall. An Ising wall is a simple interface with no internal structure whereas a Bloch wall is an interface which has a nontrivial internal structure. One can find thick brane solutions with internal structures like that of the Bloch wall.

In the paper [100], the thick brane solution with two scalar fields (ϕ, χ), called a Bloch brane, was considered. The solution has an internal structure because of the dependence on χ. For this case, the action is taken to have the form

S_c = ∫ d^4x dy √ |g| [ − 1 4 R + 1 2 ∂_aϕ∂^aϕ + 1 2 ∂_aχ∂^aχ − V (ϕ, χ) ] . (126)

The thick brane metric is

ds^2 = g_{ab}dx^adx^b = e^{2A(y)}η_{μν} dx^μdx^ν − dy^2, (127)

where a, b = 0, 1, 2, 3, 4, and e^{2A} is the warp factor. x^4 = y is the extra dimension coordinate. The potential is given by V_c(ϕ, χ) = 1 8 [( ∂W_c ∂ϕ )_2 + ( ∂W_c ∂χ )_2] − 1 3 W^2_c , (128)

W_c = 2 ( ϕ − 1 3 ϕ^3 − rϕχ^2 ) , (129)

where r is a constant. It is readily seen that this potential is unbounded below at χ = const V_c(ϕ, χ)^{|ϕ|→∞}−→ −∞. (130) The corresponding equations describing two gravitating scalar fields are

ϕ^{′′} + 4A^′ϕ^′ = ∂V (ϕ, χ) ∂ϕ , (131)

χ^{′′} + 4A^′χ^′ = ∂V (ϕ, χ) ∂χ , (132) A^{′′} = − 2 3 ( ϕ^{′2} + χ^{′2} ) , (133)

A^{′2} = 1 6 ( ϕ^{′2} + χ^{′2} ) − 1 3 V (ϕ, χ), (134) where prime stands for derivative with respect to y. One can reduce these equations to the form

ϕ^′ = 1 2 ∂W_c ∂ϕ , (135)

χ^′ = 1 2 ∂W_c ∂χ , (136)

A^′ = − 1 3 W_c. (137)

a. Bloch walls The solution of these equations is

ϕ(y) = tanh(2ry), (138) χ(y) = ± √ 1 r − 2 sech(2ry). (139) A(y) = 1 9r [ (1 − 3r) tanh^2(2ry) − 2 ln cosh(2ry) ] . (140)

The brane has a typical width as large as 1/r. In the case r < 1/2, the two-field solution represents a Bloch-type brane, where (ϕ, χ) represents an elliptic trajectory in the field space. For r > 1/2, the two-field solution is changed to a one-field solution, i.e., an Ising-type brane, connecting two minima (ϕ, χ) = (±1, 0) straight along the line χ = 0 in the field space. Equation (138) shows that this solution is a topologically nontrivial one.

b. General method In Ref. [101], the method to obtain more general (often numerical) Bloch brane solutions was given. The starting point was the general class of the potential W_c(ϕ, χ) = 2ϕ [ λ ( ϕ2 3 − a^2 ) + μχ^2 ] , (141)

which includes the previous case, for the choice that a = 1, λ = −1 and μ = −r. From Eq. (137), dϕ/dχ = W_{c,ϕ}/W_{c,χ}, where W_{c,ϕ} := ∂W_c/∂ϕ, one obtains dϕ dχ = λ(ϕ^2 − a^2) + μχ^2 2μϕχ . (142)

Introducing the new variable ρ = ϕ^2 − a^2, one can replace Eq. (142) with an ordinary differential equation for ρ with respect to χ, which can be analytically solved as

ρ(χ) = ϕ^2 − a^2 = c_0χ^{λ/μ} − μ λ − 2μ χ^2, (λ ≠ 2μ), ρ(χ) = ϕ^2 − a^2 = χ^2 ( ln(χ) + c_1 ) , (λ = 2μ), (143)

where c_0 and c_1 are integration constants. Substituting Eq. (143) into the differential equation for χ, dχ/dy = (1/2)W_{c,χ}, dχ dy = ±2μχ √ a^2 + c_0χ^{λ/μ} − μ λ − 2μ χ^2, (λ ≠ 2μ), dχ dy = ±2μχ √ a^2 + χ^2 ( ln(χ) + c_1 ) , (λ = 2μ). (144)

For the metric function A, dA dy = dA dχ dχ dy = dA dy W_{c,χ} = − 1 3 W_c, (145)

which leads to dA/dχ = −(1/3)(W_c/W_{c,χ}). This can be solved as

A(χ) = α_0 +

2a^2 9 ln χ − 1 9 λ − 3μ λ − 2μ χ^2 − c_0 9 χ^{λ/μ}, (λ ≠ 2μ) A(χ) = α_1 +

2a^2 9 ln χ − 3μ + λc_1 18μ χ^2 − χ^2 6μ χ^2 ( ln χ − 1 2 ) , (λ = 2μ), (146)

where α_0 and α_1 are integration constants which are chosen so that A(y = 0) = 0.

To summarize, the general method to obtain solutions is as follows: First, for a given set of parameters λ, a and μ, one solves Eq. (144) and determines the profile of χ as a function of y. Then, from Eq. (143) and (146), one can determine the profile of ϕ and A as the function of y, through χ(y). In general, Eq. (144) does not have exact solutions except for the limited cases discussed below. Note that the solutions discussed in Ref. [100] correspond to c_0 = 0. It should be stressed that the model admits a particular class of solutions which cannot be obtained from the method given above. A set of solutions such that χ = 0 (for which Eq. (142) does not make any sense) do not have any internal structure for the brane, although the system admits a solution given by ϕ = ±a tanh(λay).

According to the method shown above, in Ref. [101], several new analytic thick brane solutions were found for c_0 ≠ 0, which were called degenerate Bloch walls and critical Bloch walls. Here, by “degenerate” we mean that one cannot specify the property of the solutions only by fixing the potential parameters λ, a and μ, but one also needs to fix the integration constant c_0. In fact, the solutions still have remarkable variety for different values of c_0.

c. Degenerate Bloch walls For the case λ = μ and c_0 < −2, the following solution was obtained χ(y) = 2a √ c^2_0 − 4 cosh(2μay) − c_0 , ϕ(y) = √ c^2_0 − 4 √ c^2_0 − 4 cosh(2μay) − c_0

, (147) and e^{2A(y)} = N [ 2a √ c^2_0 − 4 cosh(2μay) − c_0

]_{(4a}2_{)/9} exp [ 2a ( c^2_0 − c_0 √ c^2_0 − 4 cosh(2μay) − 4a ) 9 (√ c^2_0 − 4 cosh(2μay) − c_0

)_2 ] , (148) where N is chosen so that A(y = 0) = 0.

For the choice λ = 4μ and c_0 < 1/16, a similar solution was obtained χ(y) = − 2a √√ 1 − 16c_0 cosh(4aμy) + 1 , ϕ(y) = √ 1 − 16c_0a sinh(4μay) √√ 1 − 16c_0 cosh(4aμy) + 1

, (149) and e^{2A} = N [ −2a √√ 1 − 16c_0 cosh(4aμy) + 1

]_{16a}2_{/9} exp { − 4a^2 9 [ 1 + 32a^2c_0 + √ 1 − 16c_0 cosh(4μay) (√ 1 − 16c_0 cosh(4μay) + 1

)_2 ]} (150)

and again N was chosen so that A(y = 0) = 0. An interesting feature of these solutions is that, for some value of c_0, ϕ exhibits a double kink profile. This represents the formation of a double wall structure, extended along the spatial dimension.

d. Critical Bloch walls For the case that λ = μ and c_0 = −2, the solution χ = a 2 [ 1 ± tanh(μay) ] , ϕ = a 2 [ tanh(μay) ∓ 1 ] , (151) and e^{2A} = N [ a 2 (1 ± tanh(μay))

]_{2a}2_{/9} exp { − a^2 9 [ (1 ± tanh(μay))^2 − 2 a (1 ± tanh(μay))^2 ]} , (152)

was obtained. Similarly, for the case that c_0 = 1/16 and λ = 4μ, another solution was obtained of the form χ = − √ 2a cosh(μay) ± sinh(μay) √ cosh(2μay) , ϕ = a 2 ( 1 ∓ tanh(2μay) ) , (153) and e^{2A} = N [ −ae^{±μay} √ cosh(2μay)

]_{16a}2_{/9}

× exp { − 2a^2 9 tanh(2aμy) [ a^2 tanh(2aμy) ∓ (1 + 2a^2) ]} . (154)

The novelty in these cases is the fact that both, ϕ and χ fields have a kink-like profile and the warp factor has the remarkable feature of having two Minkowski-type regions.

III. TOPOLOGICALLY TRIVIAL THICK BRANES

A. Thick branes of two strongly interacting scalar fields

Here, we review the topologically trivial solutions. For example, one possibility is to consider two nonlinear gravitating scalar fields which can create a 4-dimensional brane in a multidimensional spacetime. Such problems have been investigated for the 5-dimensional case in [102, 103], for the 6-dimensional case in [104], and for the 7- and the 8-dimensional cases in [105]. From the physical point of view, the situation is as follows: an interaction potential of these fields has two local and two global minima. Thus there are two different vacuums. The multidimensional space is filled with these scalar fields which are located at the vacuum in which the scalar fields are at the local minimum. Therefore there is a defect in the form of a 4-dimensional brane on the background of this vacuum.

The general approach to such solutions is as follows: the action of D = 4 + n dimensional gravity for all models can be written as [106]: S = ∫ d^D x √_D g [ − M^{n+2} 2 R + L_m ] , (155)

where M is the fundamental mass scale, and n is a number of extra dimensions. The Lagrangian, L_m, for the two interacting scalar fields φ, χ takes the form:

L_m = ϵ [ 1 2 ∂_Aφ∂^Aφ + 1 2 ∂_Aχ∂^Aχ − V (φ, χ) ] , (156) where the potential energy V (φ, χ) is: V (φ, χ) = Λ_1 4 (φ^2 − m^2_1)^2 +

Λ_2 4 (χ^2 − m^2)^2 + φ^2χ^2 − V_0. (157)

(This potential was used in [107] as an effective description of a condensate of gauge field in SU(3) Yang-Mills theory, i.e. the scalar fields were taken as effective fields which described a condensate of Yang-Mills fields.) Here the capital Latin indices run over A, B = 0, 1, 2, 3, ..., D and the small Greek indices α, β = 0, 1, 2, 3 refer to four dimensions; Λ_1, Λ_2 are the self-coupling constants, m_1, m_2 are the masses of the scalar fields φ and χ, respectively; V_0 is an arbitrary normalization constant which can be chosen based of physical motivations; ϵ = +1 for usual scalar fields, and ϵ = −1 for phantom scalar fields.

The use of two fields ensures the presence of two global minima of the potential (157) at ϕ = 0, χ = ± m_2 and two local minima at χ = 0, ϕ = ± m_1 for the values of the parameters Λ_1, Λ_2 used in the above papers. The conditions for existence of the local minima are: Λ_1 > 0, m^2_1 > Λ_2m^2/2, and for the global minima they are: Λ_2 > 0, m^2 > Λ_1m^2_1/2. Because of these minima there were solutions localized on the brane for the 5-, 6-, 7- and 8-dimensional cases [102]-[105]. In these different cases the solutions go asymptotically to one of the local minima.

Variation of the action (155) with respect to the D-dimensional metric tensor g_{AB} leads to Einstein’s equations: R^A_B − 1 2 δ^A_B R = 1 M^{n+2}

T^A_B , (158)

where R^A_B and T^A_B are the D-dimensional Ricci and the energy-momentum tensors, respectively. The corresponding scalar field equations can be obtained from (155) by variation with respect to the field variables φ, χ. These equations are 1 √_D g ∂ ∂x^A [√ Dg g^{AB} ∂(φ, χ) ∂x^B ] = − ∂V ∂(φ, χ) . (159)

1. General equations

Using the generalized D-dimensional metric [106] ds^2 = ϕ^2(r)η_{αβ} (x^ν )dx^αdx^β − λ(r)(dr^2 + r^2dΩ^2_{n−1}) , (160) where dΩ^2_{n−1} is the solid angle for the (n − 1) sphere, one can rewrite the Einstein equations [106] in the form 3 ( 2 ϕ^{′′} ϕ − ϕ^′ ϕ λ^′ λ ) + 6 (ϕ^′)^2 ϕ^2

+ (n − 1) × [ 3 ϕ^′ ϕ ( λ^′ λ + 2 r ) + λ^{′′} λ − 1 2 λ^′ λ ( λ^′ λ − 6 r ) + n − 4 4 λ^′ λ ( λ^′ λ + 4 r )] (161) = − 2λ M^{n+2} T^α_α , 12 (ϕ^′)^2 (ϕ)^2

+ (n − 1) [ 4 ϕ^′ ϕ ( λ^′ λ + 2 r ) + n − 2 4 λ^′ λ ( λ^′ λ + 4 r )] (162) = − 2λ M^{n+2} T^r_r , 4 ( 2 ϕ^{′′} ϕ − ϕ^′ ϕ λ^′ λ ) + 12

(ϕ^′)^2 ϕ^2

+ (n − 2) × [ 4 ϕ^′ ϕ ( λ^′ λ + 2 r ) + λ^{′′} λ − 1 2 λ^′ λ ( λ^′ λ − 6 r ) + n − 5 4 λ^′ λ ( λ^′ λ + 4 r )] (163) = − 2λ M^{n+2} T^θ_θ , where T^α_α , T^r_r and T^θ_θ are (^α) , (^r) and (_θ θ ) components of the energy-momentum tensor, respectively. The scalar field equations become φ^{′′} + ( n − 1 r + 4 ϕ^′ ϕ + n − 2 2 λ^′ λ ) φ = λφ [ 2χ^2 + Λ_1 ( φ^2 − m^2_1 )] , (164) χ^{′′} + ( n − 1 r + 4 ϕ^′ ϕ + n − 2 2 λ^′ λ ) χ = λχ [ 2φ^2 + Λ_2 ( χ^2 − m^2 )] . (165)

The set of equations (161)-(165) is a set of nonlinear equations with solutions whose behavior very much depends on values of the parameters m_1, m_2, Λ_1, Λ_2. As shown in Refs. [102]-[105], by specifying some values of the self-coupling constants Λ_1, Λ_2, the problem of searching for regular solutions to systems similar to the system given by (161)-(165) reduced to the evaluation of eigenvalues of the parameters m_1, m_2. Only for specific values of these parameters one was able to find regular solutions with finite energy.

2. 5-dimensional problems

The usual scalar field case with ϵ = +1 was considered in [102], and the phantom field case with ϵ = −1 was considered in [103]. These problems were solved by the numerical shooting method. The results are presented in Figs. 3-4. These solutions describe a thick brane in a 5-dimensional bulk. As pointed out in Ref. [103], there are two distinctive features of the solutions for the phantom versus the usual scalar fields: a) they have different asymptotic behavior; b) the solutions with phantom scalar fields are stable, and the solutions with the usual scalar fields are not (at least for the parameters Λ_1, Λ_2, φ(0), χ(0) used in [103]).

FIG. 3: The scalar fields profiles for the cases ϵ = −1 (solid lines) and ϵ = +1 (dashed lines). 5D case.

FIG. 4: The profiles of the functions H = ϕ^′/ϕ for the cases ϵ = −1 (solid line) and ϵ = +1 (dashed line). 5D case.

3. 6,7,8-dimensional problems

These cases were considered in the papers [104, 105]. The results are presented in Figs. 5-6. All the results obtained in [102, 103] for the 5-dimensional case and in [104] for the 6-dimensional case, and also in [105] for the 7- and 8-dimensional cases show that it is in principle possible to localize scalar fields with the potential (157) to a brane in any dimensions. This lends support to the idea that there exist similar regular solutions is possible in a larger number (any number) of extra dimensions (a discussion of this question is given in [105]).

4. Phantom thick de Sitter brane solutions in multidimensions

Thick de Sitter brane solutions for phantom scalar fields were considered in [108] for 5-, 6- and 7-dimensional cases. For this purpose the following metric was used

ds^2 = a^2(r)γ_{αβ} (x^ν )dx^αdx^β − λ(r)(dr^2 + r^2dΩ^2_{n−1}) , (166)

where dΩ^2_{n−1} is the solid angle of the (n − 1) sphere. γ_{αβ} is the metric of the four-dimensional de Sitter space whose Ricci curvature tensor is given by R_{μν} [γ] = 3H^2γ_{μν} . Then one has Einstein equations similar to equations (161)-(163) with the following extra terms on the left hand side: −6H^2λ/ϕ^2 in the (^α) component, and −12H^2λ/ϕ^2 in the (^r) and (_θ θ ) components. The scalar field equations remain the same. The results of numerical calculations are presented in Figs. 7-10.

FIG. 5: The scalar fields profiles for the 6,7,8-dimensional problems.

FIG. 6: The profiles of the metric functions ϕ and λ for the 6,7,8-dimensional problems.

FIG. 7: The scalar field configurations φ and χ are shown as functions of the dimensionless r.

FIG. 8: The metric function λ(r) is shown as a function of the dimensionless r.

As one can see from these figures, there exist five-, six- and seven-dimensional thick de Sitter brane solutions of two interacting (phantom) scalar fields. It was also shown in [108] that asymptotically there exist anti-de Sitter spacetimes for the five-dimensional case and flat spacetimes for the six- and seven-dimensional cases. For the five-dimensional case, it was shown that the solutions are stable. It is also quite reasonable to expect that the thick brane solutions in multidimensions are also stable since the spacetime and vacuum structures are essentially the same as in the case of five spacetime dimensions.

IV. BRANES WITH UNUSUAL SOURCE FUNCTIONS

Here we present the thick brane solutions created by special source functions [109, 110]. It was shown that by going from 5D to 6D it is possible to trap fields of all spins (i.e. spins 0,^1_2 , 1, 2) to the 4D spacetime using only gravity. The “trapping” provided by the 6D solution of [110] is automatic since the proper distance from the brane at r = 0 is finite and any field can only be distributed within some finite distance from the brane.

The 6D action was chosen as S = ∫ d^6x √ −g [ M^4 2 R + Λ + L_m ] , (167)

where M, R, Λ and L_m are the fundamental scale, the scalar curvature, the cosmological constant and the matter

FIG. 9: The function ϕ^′/ϕ is shown a function of dimensionless r.

FIG. 10: The energy density T^0_0 = ϵ

[_1 2λ ( φ^{′2} + χ^{′2} ) + V ] is shown a function of dimensionless r.

field Lagrangian, respectively. All these physical quantities refer to the 6-dimensional spacetime with the signature of (+ − − − −−). The variation of the action (167) with respect to the 6-dimensional metric tensor g_{AB} leads to the Einstein equations R_{AB} − 1 2 g_{AB} R = 1 M^4

(g_{AB} Λ + T_{AB} ) , (168)

where R_{AB} and T_{AB} are the Ricci and the energy-momentum tensors, respectively. The capital Latin indices run A, B, · · · = 0, 1, 2, 3, 5, 6. The 4-dimensional Einstein equations are R^{(4)}_{μν} −^1_2 η_{μν} R^{(4)} = 0, i.e., the ordinary vacuum equations without no cosmological constant. The Greek indices α, β, ... = 0, 1, 2, 3 refer to the ordinary four dimensions. The ansatz functions for the source are T_{μν} = −g_{μν} F (r), T_{ij} = −g_{ij} K(r), T_{iμ} = 0 . (169) The small Latin indices refer to the extra coordinates i, j = 5, 6. Finally the metric takes the form

ds^2 = ϕ^2(r)η_{μν} dx^μdx^ν − λ(r)(dr^2 + r^2dθ^2) . (170)

The metric of the ordinary 4-space, η_{αβ} , has the signature of (+, −, −, −). The 4D and 2D “warp” factors, namely the ansatz functions ϕ(r) and λ(r), depend only on the extra radial coordinate, r. The Einstein field equations (168) in terms of the ansatz functions are [110] 3 ϕ^{′′} ϕ + 3 ϕ^′ rϕ + 3 (ϕ^′)^2 ϕ^2 + 1 2 λ^{′′} λ − 1 2 (λ^′)^2 λ^2 + 1 2 λ^′ rλ = λ M^4

[F (r) − Λ] , (171) ϕ^′λ^′ ϕλ + 2 ϕ^′ rϕ + 3 (ϕ^′)^2 ϕ^2 = λ 2M^4

[K(r) − Λ] , (172) 2 ϕ^{′′} ϕ − ϕ^′λ^′ ϕλ + 3 (ϕ^′)^2 ϕ^2 = λ 2M^4

[K(r) − Λ] , (173)

where the prime = ∂/∂r. These equations are the (α, α), (r, r), and (θ, θ) components, respectively. Two of the three equations (171) – (173) are independent, and they can be reduced to a set of two equations for ϕ(r), λ(r). An analytic solution to these equations is found with the ansatz functions of the form ϕ(r) = c^2 + ar^2 c^2 + r^2 r→∞−→ a, λ(r) = c^4 (c^2 + r^2)^2 r→∞−→ c^4 r^4

, (174)

where c and a are constants. The source functions are

F (r) = f_1 2ϕ(r)^2 + 3f_2 4ϕ(r) r→∞−→ f_1 2a^2 + 3f_2 4a , K(r) = f_1 ϕ(r)^2 + f_2 ϕ(r) r→∞−→ f_1 a^2 + f_2 a , (175) where the constants f_1 = −^{3Λ}_5 a and f_2 =^{4Λ}_5 (a + 1) are determined by the 6D cosmological constant Λ, and the constant a, from the 4D warp function ϕ(r).

A drawback of this solution is that the matter sources are put in by hand via the ansatz functions F (r) and K(r) rather than given on some realistic foundation of the field theory. Also from T_{μν} from (169) and F (r) from (175) (as well as using the asymptotic values of F (r) at r = 0 and r = ∞) one sees that the energy density is negative on the brane and decreases to a negative value at r = ∞.

In the paper [111] these solutions were generalized to the case of n > 2 extra dimensions. As with the 6D solution, the obtained solutions provide the universal, gravitational trapping mechanism of fields with various spins of from 0 to 2. Considering the magnitude of the ansatz functions for the stress-energy which are necessary to realize this trapping solution one finds physically reasonable properties for a range of parameters n, Λ, ϵ (brane width) and a. In addition, for n = 2 and n = 3, it is possible to have the stress-energy tensor which approaches zero in the limit of r → ∞. For n = 4, either F (r) or K(r) goes to zero, but not both do.

V. COSMOLOGICAL THICK BRANES

In the previous sections, thick brane solutions which contain Minkowski or de Sitter four-dimensional geometry were considered. For such models, the bulk metric functions depend only on the radial bulk coordinate and solutions can be obtained, just by solving the ordinary differential equations. But if a thick brane which has a less symmetric, Friedmann-Robertson-Walker (FRW) cosmological geometry, then in most of cases the metric functions also depend on time, and to find a solution, one has to solve partial differential equations. The cosmological thick brane solutions were not explored much, except for works e.g., [112].

In this section, several approaches to formulate the cosmological equations, in the presence of arbitrary matter inside the brane, are reviewed. Because of the subtlety about how to define and handle the effective four-dimensional quantities, there is no unique formulation. Thus, we review several representative approaches both in five- and multidimensional spacetimes.

A. Codimension-one model

1. Thin brane cosmology

The interest in the localized matter distributions in the context of gravity has a long history. Because of the difficulty to treat a thick wall, in the early times it had been considered to idealize a wall as an infinitesimally thin object [113–115]. Then, the interest had come again with the studies on cosmological phase transitions and formation of topological defects. Again, these defects were mainly assumed to be infinitesimally thin [116, 117]. The formulation of the equations of motion of a singular domain wall was summarized by Israel [118]. In the context of the Lanczos-Darmois-Israel formalism, a thin shell is regarded as an idealized object with zero thickness.

Recent developments of string and M-theory have motivated us to study cosmology in brane world. The concept of a domain wall was applied very frequently to treat a self-gravitating brane mathematically in the multidimensional general relativity. Cosmological equations on a thin brane distribution embedded into a five-dimensional bulk spacetime is easily derived by integrating the five-dimensional Einstein equations with a δ-functional contribution into the energy-momentum tensor [119, 120] or by employing the Israel junction conditions [121, 122]. The thin brane cosmology for a given bulk geometry is uniquely determined. As the simplest example, in an AdS-Schwarzschild bulk spacetime with the Z_2 symmetry with respect to the brane, the effective Friedmann equation on the brane is given by ( ȧ 2 )_2 + K a^2 = 1 3 Λ_4 + 8πG_4 3 ρ ( 1 + ρ 2σ ) + M a^4

, (176)

where a and ρ are the scale factor and energy density of the brane, respectively. σ represents the brane tension. The AdS curvature radius is given by ℓ^2 = −6/Λ, where Λ is a (negative) bulk cosmological constant. The constant M is related to the mass of a black hole sitting in the bulk. The four-dimensional Newton and cosmological constants are given by

8πG_4 = κ^2_5 ℓ , Λ_4 = κ^4_5 12 σ^2 − 3 ℓ^2 = κ^4_5 12 σ^2 + 1 2 Λ_5 . (177)

In the effective Friedmann equation (176), two corrections to the conventional one appear. The first correction is the term which is proportional to the square of energy density on the brane, which may be important in the early universe. The second contribution is the so-called dark radiation which is proportional to the mass of the black hole M and a purely geometrical effect.

2. Thickness of domain walls in general relativity

In contrast to the case of a thin brane, the thickness brings new subtlety. Here, we see the brief history on the treatment of the thickness of a domain wall. Early attempts to formulate the thickness were mainly motivated in modeling the late time cosmological phase transition [123]. Silveira [124] studied the dynamics of a spherical thick domain wall by defining an average of radius R, weighted by the energy density. It was also unclear whether the Israel conditions are applicable to the domain wall problem and the zero thickness limit of a thick domain wall is really equivalent to a thin domain wall dominated by the Israel conditions. There were several works related to this issue [125–127]. The work of [128] discussed a modification of the Israel thin shell equations in the Einstein-scalar theory and concluded that the effect of thickness at first approximation was effectively to reduce the energy density of the wall in comparison with the thin case, leading to a faster collapse of a spherical wall in vacuum. The work of [129] applied the expansion method of the wall action in terms of the small thickness parameter and showed that the effective action for a thick domain consists of the usual Nambu-Goto term and a contribution proportional to the induced Ricci scalar curvature.

B. Thick brane cosmology

Here, several representative approaches to discuss cosmology on a thick brane are reviewed. a. Averaging approach In the approach employed in Ref. [130], the effective brane quantities are obtained by integrating the five-dimensional ones over the brane thickness. The brane has a finite thickness between y = −y_0/2 and y = y_0/2, where y is the proper coordinate along the extra dimension. For simplicity, it is assumed that the brane thickness is time-independent.

There is ambiguity of the definition of the effective four-dimensional quantities. Here, the averaging prescription that one integrates a five-dimensional quantity Q(t, y) over the brane thickness ⟨Q(t)⟩ = 1 y_0 ∫_{y0/2} −y_0/2 Q(t, y)dy, (178) is adopted. For convenience, the dimensionless quantities

ϵ := κ^2_5 6 y^2_0 ⟨ρ⟩, α := a(y_0/2) ⟨a⟩ , η := ⟨ρa^2⟩ ⟨ρ⟩⟨a^2⟩ , η̃ = ⟨a^2⟩ ⟨a⟩^2 (179)

are introduced. The parameter η represents the homogeneity of the matter distribution over the brane. By imposing p_r(±y_0/2) = 0, where p_r is the pressure along the extra direction, and by integrating the Einstein equations, the effective Friedmann equation is found to be

H^2 = 2 y^2_0 ( α^2 + ϵη − y^2_0 ℓ^2 η̃ ) 1 ± 1 − (ϵη − η̃ y^2_0 ℓ^2 )

2 +^{Cy20}_{⟨a⟩4} −^{α4 y20}_{ℓ2}

(α^2 + ϵη − η̃^{y20}_{ℓ2} )^2

, (180)

where C is an integral constant. The constant C must satisfy the inequality that C y^2_0 ⟨a⟩^2 ≤ 2α^2 ( ηϵ − η̃ y^2_0 ℓ^2 ) + α^4 ( 1 − y^2_0 ℓ^2 ) . (181)

In the thin brane limit y_0 → 0, we find

H^2 ≈ 1 α^2 ( κ^2_5 36 ⟨ρ⟩^2η^2 + C a^4 − α^4 ℓ^2 ) , (182) which corresponds to the well-known thin brane cosmology with the quadratic dependence on the energy density of a brane. In the opposite limit y_0 → ∞, the generalized Friedmann equation reduces to

H^2 ≃ 2ϵη y^2_0 − 2η̃ ℓ^2 + 2 y_0 √ α^2 ( α^2 − η ) ℓ^2 − C ⟨a⟩^4 , (183)

up to O(y^{−1}_0 ). In the case of a Minkowski bulk y_0 → 0, the inequality yields C → 0 and

H^2 ≈ 2ϵη y^2_0 = κ^2_5η 3y_0 ⟨ρ⟩, (184) which corresponds to the standard four-dimensional cosmology with effective Newton’s constant κ^2_4 := κ^2_5η/y_0. In the homogeneous bulk η = 1, the result is in agreement with the Kaluza-Klein picture. Thus, the above equations smoothly interpolate between the Kaluza-Klein and thin brane pictures of cosmology. The extension of this method to the DGP model was discussed in Ref. [131].

b. Two thin-shell approximation Another different approach based on the gluing of the regular thickened brane with two different spacetime geometries along two regular hypersurfaces was considered in [132, 133]. The purpose was to understand the dynamics of a localized matter distribution of any kind, confined within two different spacetimes or matter phases. It would be enable one to have any topology and any spacetime on each side of a thick wall or brane. By construction, the matching is regular and there is no singular surface whatsoever in this formulation. Therefore, the junction conditions for the induced metric extrinsic curvature tensors on the thick wall boundaries with the two embedding spacetimes can be applied as

[h_{ab}]_{Σi} = 0, [K_{ab}]_{Σi} = 0, (185)

where Σ_i (i=1,2) represents each regular boundary located between the core brane region and each bulk region. By applying the formalism developed in [134], in Ref. [135] cosmology on the brane in an AdS-Sch bulk was investigated. It turns out that the first modified Friedmann equation becomes

H^2 + K a^2 = 8πG_4 ρ + κ^4_5ρ^2 36 + Λ_4 3 + C a^4

, (186)

where the effective four-dimensional cosmological and gravitational constants can be read off

Λ_4 3 = Λ 6 + w^2Λ^2 9 , 8πG_4 = κ^2_5w(−Λ) 3 . (187)

2w is the proper separation between two regular walls. In contrast to the thin brane case, the linear dependence on the brane energy density is obtained even without the tension. Newton’s constant is proportional to the brane thickness. Other than the energy density equation, one also obtains the pressure equation which depends on the bulk pressure in a nontrivial way. These two cosmological equations together with the energy conservation law determine the system completely. The time-variation of the brane thickness was discussed in Ref. [136]. It was shown that in the absence of the pressure along the extra dimension in the brane energy-momentum tensor the thickness of the brane decreases with time, while at a late time the negative transverse pressure can lead to an increase in the brane thickness. According to Eq. (187), this suggests the time variation of the constants G_4 and Λ_4.

c. Quasi-static approximation The authors of Ref. [137] considered a thick codimension-one brane model in which the brane energy-momentum tensor includes the pressure component along the extra dimension. It is assumed that there is no matter outside the brane. By integrating the four-dimensional time and spatial components of the five-dimensional Einstein equations along the fifth dimension, the first-order transverse derivatives of the metric functions at the brane boundaries are related to the components of the brane energy-momentum tensor integrated over the brane. Here, the assumption that the derivatives parallel to the brane are negligible inside the thick brane in comparison with the transverse ones, is made. These matching conditions are plugged into the remaining extradimensional component of the Einstein equations and the cosmological acceleration equations become 3 (ä a + ȧ^2 a^2 ) = 1 12M^6 [ 2 ( σ + σ_r )_2 + ( σ + σ_r )( 1 − 3w − 4w_r ) ρ_m ] + Λ M^3 , ρ̇_m + 3 ȧ a ( 1 + w ) − w_rρ̇_m, (188) where ρ = σ + ρ_m, p = −σ + wρ_m and p_r = −σ_r + w_r ρ_m are energy density, pressure and bulk pressure in the brane, which are defined by the integration of the bulk stress tensor over the thick brane, respectively. σ and σ_r are constant parts of the four-dimensional matter, i.e., tension and the bulk pressure, and (w, w_r ) specify the equations of state of the time-dependent parts. The presence of the bulk pressure violates the energy conservation on the brane. The effective equation of state of the brane matter is given by

w_{eff} = w + w_r 1 − w_r . (189)

An accelerating universe can be obtained for w_{eff} < −1/3. It implies that for example even for cosmic dust w = 0, the cosmic acceleration can be realized as long as w_r < −1/2 [137].

This method was originally developed in the codimension-two case and also generalized to the cases of higher codimensions, which will be reviewed in the next subsection.

C. Higher-codimensional cases

1. UV behavior of higher-codimensional branes

In general, a 3-brane with more than two codimensions is a singular object because the gravitational potential sourced by the brane is divergent in approaching it. This is understood as follows. Imagine a codimension-n (n = 1, 2, 3, · · · ) self-gravitating object. Gauss’s law shows that the gravitational potential becomes V (r) ∝ 1/r^{n−2}, where r is the radial distance from the object. In the case of n = 1, which is a singular domain wall case, the jump across the object is finite and the matching conditions are available. The case of n = 2, where the object is a string-like defect, is marginal and only the tensional matter can be put on the object and induces the deficit angle of the bulk. In the case of n > 3, for any kind of the localized matter, the potential becomes singular and a naked singularity is usually formed. In such a case, one needs some prescription, such as UV regularization, to put matter there.

Several prescriptions for such divergence were suggested in the field theory approaches. In Refs. [138–140], an UV regularization of the self-forces of various fields (scalar, graviton and form fields), for extended objects with codimensions more than two, were discussed in the linearized approximation. The regularization was performed by replacing a singular delta functional source with a regular profile function (An IR cut-off is also required for a codimension two brane to cure the logarithmic divergence). For the gravitational force alone, the force is proportional to the extrinsic curvature vector, i.e., the trace of the second fundamental tensor. For the special case of a codimensiontwo brane, the force is actually zero and so the self-interactions cancel, which is a well-known result for cosmic strings in four dimensions, i.e., the tension determines the conical deficit angle and does not affect the local geometry both inside and outside the string. When a dilaton and a form field are included, certain combinations of couplings result in the vanishing total self-force. It was also shown that these regularized self-interactions can be expressed as renormalizations of the action. In Ref. [141, 142], the classical renormalization schemes for a local divergence at a codimension-two (conical) brane were discussed, mainly for a scalar theory. It was shown that the logarithmic (classical) divergence of a bulk field in the thin brane limit can be renormalized into the brane localized mass and couplings, at the tree and one-loop levels, and the renormalization group equations for them were obtained. In Ref. [141], the brane dynamics was not taken into account and in Ref. [142] it was done. The philosophy behind the procedure is that the low-energy physics on the brane should be independent of the high-energy regularization mechanism: 1) bulk fields evaluated away from the brane should not depend on the regularization mechanism and thus be finite in the thin-brane limit, 2) bulk fields evaluated on the brane itself would be sensitive to the regularization procedure and thus it would not be required that bulk fields evaluated on the brane are finite in the thin-brane limit, 3) brane fields should have a well defined low-energy theory independent of the brane regularization.

2. Cosmology on regularized higher-codimensional branes

To discuss nonlinear gravity and cosmology on a codimension-two brane, various ways of regularization were derived, in e.g., Refs. [143–150]. In the works Ref. [143, 144], the authors considered a way of regularizations to smooth out the matter over the brane with a finite thickness and investigated the effective cosmology in a class of sixdimensional models with stable and compact extra dimensions. The time-dependence of the brane matter was taken into consideration perturbatively around a static solution. By integrating over the brane, the effective cosmological equations are obtained and coincide with the conventional one at the low energy scales.

Another way of regularization of a codimension-two brane has been discussed in Refs. [145–149], such that a codimension-two brane was replaced with a regular bulk geometry, i.e., a capped region. Between the original bulk and the capped region, a ring-like 4-brane with the compact fifth dimension, wrapping around the axis of symmetry of the bulk, appears. This 4-brane is a codimension-one object and the Israel junction conditions can be applied. A motion of the brane realizes cosmology, but as long as the bulk is static, the effective cosmology is not the realistic one. An appropriate inclusion of the time-dependence of the bulk helps the recovery of it on the brane.

The work [150] also discussed cosmology on a thick codimension-two brane. Apart from the previous approaches, the discussion of [150] was given in the general background and may be able to be applied to various codimension-two brane models, as long as several assumptions are satisfied. The authors of Ref. [151] extended the method employed in [150] to the case of an arbitrary number of codimensions. The discussion starts from the general metric ansatz that

ds^2 = −N(t, r)^2dt^2 + A(t, r)^2g_{ij} dx^idx^j + dr^2 + α(t, r)^2γ_{ab}dy^ady^b, (190)

where γ_{ab} is the metric of (m − 1)−sphere. Following Ref. [138–140], regularization of the brane is performed by replacing the delta function with a regular profile function. As the profile function, here, it is assumed that all the brane matter is uniformly distributed over the brane region 0 < r < ϵ.

Here several assumptions are going to be made: The important one is that the derivatives tangential to the brane are small enough in comparison with those normal to the brane. It is also assumed that A(t, 0) ≈ A(t, ϵ) = a(t) and the energy momentum tensor averaged over the brane takes the form of T̃_A^B = diag ( − ρ, p, p, p, p_r, p_b, · · · ) , where ρ, p, p_r and p_b are the energy density and pressures along the three-dimensional space, bulk radial direction and bulk angular directions, respectively.

In the case of a codimension-two brane of m = 2, in Ref. [150], the pressure equation is obtained as 3 (ä a + ȧ^2 a^2 ) = − Λ M^4 + 1 2πα^2M^4 ( p + p_r ) √−g|_0 √ −g|_ϵ − 1 32π^2α^2M^8 [ 3 ( ρ + p )_2

+ 3p^2_b + 2 ( p_b + p_r )( ρ − 3p ) − 2pp_r − 5p^2_r ] . (191)

Finally, in the codimension m > 3 cases, 3 (ä a + ȧ^2 a^2 ) = ω_1 + ω_2 ( ρ + p )_2

+ ω_3p(p − ρ) + ω_4(ρ − 3p_r), (192)

where

ω_1 = − Λ M^{m+2} − A^2_m 8(m + 2) [ 3(m − 1)p^2_b − 2 ( m − 1 ) p_rp_b − (m + 3)p^2_r ]

+ (m − 1)(m − 2) ϵ^2 − (m − 1)A_m 2ϵ ( p_r + p_b ) , ω_2 = −

A^2_m(1 + m) 8(m + 1) , ω_3 = −

A^2_m(m − 2) 4(m + 2) , ω_4 = −

A^2_m 4(m + 2) [ (m − 1)p_b + p_r ] , (193)

and, A_m = 2/ ( Ω_{m−1}α^{m−1}M^{m+2} ) and B_m = −2−m. As in the five-dimensional case, the brane matter is decomposed into the constant (tension) part and time-dependent part as ρ = σ + ρ_m and p = −σ + wρ_m. In the low energy regime, expanding the equation of motion up to the linear order ρ_m, 3 (ä a + ȧ^2 a^2 ) = ( ω_1 + 2σ^2ω_3 + 4ω_4σ ) + ( ω_4 + σω_3 )( 1 − 3w ) ρ_m + O(ρ^2_m), (194)

which has the form in the conventional cosmology.

In the case of higher-codimensions that m > 2, under several assumptions such that the time evolution of the brane thickness is negligible, p_r is constant, and the energy flow into the bulk is negligible T_{μr} | |_ϵ = 0, the standard energy conservation law is satisfied. The form is similar to the Randall-Sundrum one. But the effective gravitational constant is proportional to ω_4 which explicitly depends on the bulk pressures p_b and p_r. However, in the higher codimensional case, there is the subtlety on the presence of a localized zero mode.

In the case of a codimension-two brane m = 2, the difference from the cases of m > 2 comes from the term proportional to √ −g | |_{r=ϵ}/√−g | |_{r=0}. But by using the matching condition, as long as |p_r| and |p_θ| are small enough in

comparison with |ρ| and |p|, √ −g | |_{r=ϵ}/√−g | |_{r=0} can be approximated to be unity. Under such an approximation, the cosmological behavior has no essential difference from the cases of m > 2, but there is no problem on the localization of a graviton zero mode.

VI. S-BRANES

Usually, a brane is considered as a time-like manifold. However, it is also possible to consider time-dependent solutions in multidimensional gravitational theories and to interpret them as spacelike branes (S-branes). Such an approach was suggested in the paper [152]. S-branes which are thick and regular everywhere are interesting cosmological solutions for solving the cosmological singularity problem.

The authors of the paper [152] support their interest for investigations in this direction by the following arguments: SD-branes (S-branes with Dirichlet boundary conditions) may holographically reconstruct a time dimension just as in the AdS/CFT correspondence the D-brane field theory holographically reconstructs a spatial dimension.

In [152], the physical situations giving the solutions of an S2-brane domain wall, an S1-brane vortex, and a charged S-brane are considered. The arguments in favor of existence of S-branes in string theory are presented.

Several solutions of the supergravity equations corresponding to S-branes with odd codimensions are obtained. The following S0-brane solution in the D=4 Einstein-Maxwell gravity is obtained. The starting action is S = ∫ d^4x √ −g ( R − F^2 ) . (195)

The corresponding Einstein-Maxwell equations have the following solution

ds^2 = −

Q^2 τ^2_0 τ^2 τ^2 − τ^2_0 dτ^2 + τ^2_0 Q^2 τ^2 − τ^2_0

τ^2 dz^2 +

Q^2τ^2_0 τ^2_0 dH^2_2 , (196)

where Q and τ_0 are constants and dH^2_2 is the unit metric on a 2-dimensional space with the constant negative curvature, respectively. The solution describes a charged S0-brane.

An S5-brane in the D=11 supergravity is obtained as well. The starting action is S = ∫ d^{11}x √ −g ( R − 1 2 · 4!

F^2 ) . (197)

The solution of corresponding filed equations is

ds^2 = − ( q^2 24 )_{1/3} [ cosh √ 24(t − t_0) ]_{2/3} (sinh 3t)^{8/3} [ −dt^2 + (sinh 3t)^2 dH^2_4 ] + ( q^2 24 )_{−1/6} 1 [ cosh √ 24(t − t_0)

]_{1/3} dx^26, (198)

where q, t_0 are constants and dH^2_4 is the unit metric on a 4-dimensional space with the constant negative curvature, respectively. It was shown that there exists a singularity of this metric near the brane for a large t.

In Ref. [153] S-branes containing a graviton, q−form field strength, F_{[q]}, and a dilaton scalar, ϕ, coupled to the form field with the coupling constant a, are discussed. In the Einstein frame, the action is given by S = ∫ d^dx √ −g ( R − 1 2 ∂_μϕ∂^μϕ − 1 2q! e^{aϕ}F^2_{[q]} ) . (199)

The corresponding equations of motion are R_{μν} − 1 2 ∂_μϕ∂_ν ϕ − e^{aϕ} 2(q − 1)! [ F_{μα2 ···αq} F_ν^{α2 ···αq} − q − 1 q(d − 2) F^2_{[q]} g_{μν} ] = 0, (200) ∂_μ (√ −g e^{aϕ} F^{μν2 ···νq} ) = 0, (201) 1 √ −g ∂_μ (√ −g∂^μϕ ) − a 2 q!

e^{aϕ}F^2_{[q]} = 0. (202)

A solution describing an S-brane is sought in the form

ds^2 = −e^{2A}dt^2 + e^{2B} (dx^2_1 + · · · + dx^2_p) + e^{2C} dΣ^2_{k,σ} + e^{2D}(dy^2_1 + · · · + dy^2_{q−k}). (203)

The hyperspace Σ_{k,σ} is a maximally symmetric space with a constant scalar curvature

dΣ^2_{k,σ} = ḡ_{ab}dz^adz^b = dψ^2 + sinh^2 ψ dΩ^2_{k−1}, σ = −1, dψ^2 + ψ^2 dΩ^2_{k−1}, σ = 0, dψ^2 + sin^2 ψ dΩ^2_{k−1}, σ = +1.

(204)

The corresponding field equations can be written in the following form

ḣ^2 + (q − 1)b^2 (d − 2)χ e^{χh} = α^2, (205)

ġ^2 + σe^{2(k−1)g} = β^2, (206)

where the following notations are introduced f(t) = h(t) − ac_1 χ t − ac_2 χ , (207)

χ = 2p + a^2(d − 2) q − 1 , (208) A(t) = kg(t) − p q − 1 f(t), B(t) = f(t), C(t) = g(t) − p q − 1 f(t), D(t) = − p q − 1 f(t). (209)

The constants α and β satisfy

p c^2_1 χ + (d − 2)χα^2 2(q − 1)

− k(k − 1)β^2 = 0. (210)

The equations (205) (206) have the following solution f(t) = 2 χ ln { α cosh [_{χα} 2 (t − t_0) ] } + 1 χ ln [ (d − 2)χ (q − 1)b^2 ] − ac_1 χ t − ac_2 χ , (211)

g(t) = 1 k−1 ln {_β sinh[(k−1)β(t−t_1)] } , σ = −1. ±β(t − t_1), σ = 0. 1 k−1 ln {_β cosh[(k−1)β(t−t_1)] } σ = +1.

, (212)

which describes S-branes.

The S-brane solution obtained in Ref.[154] is based on the use of two strongly interacting scalar fields giving regular solutions over all spacetime. The solution is based on the fact that the potential of the scalar fields has two global and two local minima. As |t| → ∞ the scalar fields go to one of the local minima. This is the necessary condition for existence of such type of a solution. The numerical analysis showed that, apparently, there is no other solution which tends toward one of the global minima. From the mathematical point of view, the obtained S-brane solution in Ref.[154] is very similar to the usual (time-like) brane solution considered in the section III A.

The Lagrangian for gravitating phantom scalar fields ϕ, χ is: L = − R 16πG − 1 2 ∂_μϕ∂^μϕ − 1 2 ∂_μχ∂^μχ − V (ϕ, χ), (213) where the potential V (ϕ, χ) describing strong interaction between scalar fields is given by V (ϕ, χ) = λ_1 4 (ϕ^2 − m^2_1)^2 + λ_2 4 (χ^2 − m^2)^2 + ϕ^2χ^2 − V_0 (214)

where V_0 is defined by initial conditions. The metric describing an S-brane is

ds^2 = dt^2 − a(t)^2(dx^2 + dy^2 + dz^2). (215)

After finding the corresponding equations for the gravitating scalar fields ϕ and χ, one can see, from the physical point of view, that the metric describes the bounce of the universe at the moment t = 0. Corresponding equations (in the Planck units, i.e. at c = ℏ = G = 1) are ( ȧ a )_2 = 1 6 [ −ϕ̇^2 − χ̇^2 + V (ϕ, χ) ] (216) ä a − ( ȧ a )_2 = 1 4 ( ϕ̇^2 + χ̇^2 ) , (217)

ϕ̈ + 3 ȧ a ϕ̇ = ϕ [χ^2 + λ_1 (ϕ^2 − m^2_1)] , (218)

χ̈ + 3 ȧ a χ̇ = χ [ ϕ^2 + λ_2 ( χ^2 − m^2 )] , (219) and V_0 = λ_1 2 (ϕ^2_0 − m^2_1)^2 + λ_2 2 (χ^2_0 − m^2)^2 + ϕ^2_0χ^2_0. (220)

The numerical solution with the boundary conditions

a(0) = a_0, ȧ(0) = 0, (221)

ϕ(0) = ϕ_0, ϕ̇(0) = 0, (222) χ(0) = χ_0, χ̇(0) = 0 (223)

gives the result presented in Figs. 11 and 12. It is necessary to note that, as well as for time-like branes described

FIG. 11: The graphs for the scalar fields ϕ^∗(t), χ^∗(t). Both functions tend asymptotically to the local minimum at ϕ^∗(t) = m^∗_1 , χ^∗(t) = 0.

FIG. 12: The Hubble parameter H = ȧ/a tends asymptotically to the de Sitter stages: if H < 0 - the stage of contraction, if H > 0 - the stage of expansion.

in the section III A, regular solutions (presented in Figs. 11 and 12) exist only for definite values of the parameters m_1 = m^∗_1, m_2 = m^∗_2. In this sense, the solution of the equations (216)-(219) is a solution of a problem for two eigenvalues m_1 and m_2 and two eigenfunctions ϕ^∗(t) and χ^∗(t).

VII. CONCLUSION

In this paper, we gave a review of works devoted to study the thick brane solutions. Our main objective is to introduce the recent progress. As mentioned in the introduction (section I), there are the important motivations to consider the thick brane models: The first motivation comes from the interesting feature of a multidimensional topological defect that can trap the various fields inside it. The second one comes from the fact that along the developments of the (thin) brane cosmology, in particular in considering models of a spacetime with more than six dimensions, it turned out that even at the classical level a thin brane exhibits a singular behavior, due to the stronger self-gravity of the brane. To cure it, it would be crucial to take the effects of brane thickness into consideration.

We showed the previously known solutions and reviewed their basic properties. But as mentioned in the introduction, in this article, little was referred to about the applications of these solutions to the high energy physics and the localizability of the fields with various spins, because they concern both the thin and thick brane models and should be reviewed in separate publications. We tried to introduce classifications of the thick branes on the basis of their division into some classes by combining these models on topological and physical properties . They are summarized below (see also tables I and II).

Topological feature: The first important classification concerns whether a solution is topologically trivial or nontrivial. This is the division of the models in terms of topological properties. The detailed explanation about the concept of the topological triviality was given in the subsection II A.

The presence of topologically nontrivial vacuum states is typical for the topologically nontrivial solutions (section II). Here there are two cases:

1. codimension is equal to one

2. codimensions are more than two.

In the first case, there are kink-like solutions. Such solutions were found in the theory with scalar field(s) with a non-linear potential. In the second case, there are hedgehog-like solutions. Such a topological structure provides the stability of the solutions (at least at the classical level) that, of course, is a great advantage of such models.

In the case of the topologically trivial solutions, there is only one vacuum state (see section III): a solution starts from a vacuum and returns to the same vacuum. The solutions were constructed by employing two strongly coupled scalar fields. A question concerning the stability still remains. The stability analysis should be done in case by case.

Brane geometry: The geometry of the four-dimensional section on the brane is also an important point. The most works were devoted to search for a solution with a maximally symmetric four-dimensional section, i.e., Minkowski, de Sitter or anti-de Sitter(AdS) spacetime. This is because the system can be described by a set of the coupled ordinary differential equations with respect to the (radial) bulk coordinate. In particular, in the five-dimensional problem, the solution generation techniques as the superpotential method, discussed in the subsection II B, were developed. In a Minkowski or a de Sitter thick brane background, the trapping gravitons are possible, but in the AdS one, it may be impossible. The (stable) thick de Sitter brane solutions could be used for modeling inflation or dark energy.

In terms of obtaining a realistic cosmological model, a solution with the cosmological four-dimensional section is more desired (see section V). They would be used for describing the evolution of a brane configuration changing with time. In this case, generically, the problem depends both on extra space-like coordinates and time. It is obvious that both the search and interpretation of solutions would be much more complicated. Therefore, the research in this field was performed by introducing the brane thickness by hand. Although there is always ambiguity on how to define and handle the thickness, several procedures were proposed, such as the averaging approach, the thin-shell approximation and the quasi-static approximation. In such models, generically, new effects due to the thickness of the brane are induced onto the effective Friedmann-like equations, which for instance could accelerate the Universe even though there is only the ordinary matter inside the brane. But the nature of these effects depends on the regularization procedure.

Bulk geometry: In known solutions in five-dimensional models, the asymptotic bulk geometry can be either flat, de Sitter or AdS. In the model with a canonical scalar field, to obtain an asymptotically AdS thick brane solution, the fine-tuning condition Eq. (27) must be satisfied. In a multidimensional spacetime, the asymptotic geometry and regularity of the spacetime crucially depend on the boundary conditions and the choice of parameters. It is not only the case that the bulk spacetime is regular, but in some cases the bulk spacetime contains a naked singularity at a finite distance from the brane.

Special models : The model with an unusual source function put in by hand provides another special kind of solutions (see section IV). In this case, the aim is to simplify a model as much as possible to obtain analytic solutions. It allows analyzing properties of the model in the most evident form. However, this advantage of the model is smoothed over by the fact that the source is put in by hand.

The next special kind of solutions is the so-called S-brane model, in which it is assumed that the warp factor is some function of time (see section VI). It allows one to describe a cosmological evolution of multidimensional models which are both regular in a whole multidimensional space and do not have the initial cosmological singularity.

Within the framework of multidimensional theories including string and Kaluza-Klein theories, the possibility of extra time-like dimensions may not be excluded. This may provide the disappearance of the cosmological constant in the four-dimensional spacetime [155, 156]. However, using the extra time-like dimensions leads to considerable difficulties in fundamental properties, like appearance of tachyons and ghosts [157, 158], and violation of causality [159]. A model of a thick brane with extra time-like coordinate can be obtained, for example, with the use of two interacting scalar fields from section III A. In the case of a 5-dimensional model from III A 2, one can choose the metric in the form

ds^2 = ϕ^2(r)η_{αβ} (x^ν )dx^αdx^β − δ dr^2 , (224)

where δ = +1 corresponds to the problem with one time-like dimension considered in III A, and δ = −1 refers to the problem with the additional time-like coordinate. In the latter case, the same thick brane solutions like in section III A will exist if one takes the reverse sign for the potential (157).

TABLE I: Classification of the thick brane models with scalar fields

Class of brane models Matter sources Basic feature

Topologically non-trivial thick branes

Scalar field(s) with nonlinear potentials

The presence of topologically nontrivial vacuum states provide stability of the solutions at the classical level. A question about the quantum stability requires further studies.

Topologically trivial thick branes

Two strongly interacting usual or phantom scalar fields

A question about the classical and quantum stability requires further studies.

TABLE II: Special thick brane models

Matter sources Basic feature

Branes with unusual source functions

Sources put in by hand via the special ansatz of functions

The advantage is that it is possible to make use of analytical studies. The main drawback is that the source is put in by hand.

S-branes Scalar fields, including fields with spontaneous symmetry breaking

The multidimensional time-dependent solutions can be both topologically trivial and nontrivial ones.

Thick branes with additional time coordinates

Two strongly interacting scalar fields

They are not excluded but possess the considerable difficulties such as appearance of tachyons, ghosts and violation of the causality.

We shall close this review article after suggesting the possible perspective directions of investigations:

1. To search new thick brane solutions, with the maximally symmetric four-dimensional section, in more generalized models of the field theory and the modified gravity.

2. To search self-consistent solutions describing objects localized on the brane (monopoles, black holes and so on) depending both on extra space-like coordinates and 4-dimensional coordinates.

3. To search the cosmological thick brane solutions which depend both on time and extra space-like coordinates.

Having explicit solutions of such cosmological thick branes, the ambiguity mentioned above would be somewhat resolved.

Acknowledgements

We thank C. Adam, I. Antoniadis, N. Barbosa-Cendejas, M. Cvetic, A. Flachi, A. Herrera-Aguilar, Y. Liu, I. Neupane, M. Pavsic and A. Wereszczynski for comments and suggestions. The authors also would like to express the special gratitude to W. Naylor and D. Singleton for their careful reading of the manuscript and fruitful suggestions. V. D. and V. F. are grateful to the Research Group Linkage Programme of the Alexander von Humboldt Foundation for the support of this research. V. F. would also like to thank the ICTP for their hospitality during his visit. The work of M. M. was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea government(MEST) (No. 20090063070).

[1] T. Kaluza, Sitz. Preuss. Akad. Wiss. Phys. Math. K1. (1921) 966-969.

[2] A. Einstein, V. Mayer, The unified theory of gravity and electricity. In Einstein’s proceeding (Nauka, Moscow, 1966). (In Russian.)

[3] W. Thirring, Acta Phys. Austriaca, Suppl. 9 (1972) 256-266. [4] L. N. Chang, K. I. Macrae and F. Mansouri, Phys. Rev. D13 (1976) 235-253. [5] G. Domokos and S. Kövesi-Domokos, Il Nuovo Cim. 44A (1978) 318-332. [6] C. A. Orzalesi, Fortschr. Phys. 29 (1981) 413-421. [7] C. Wetterich, Phys. Lett. 113B (1982) 377-391. [8] E. Cremmer and J. Scherk, Nucl. Phys. B108 (1976) 409-425. [9] E. Cremmer and J. Scherk, Nucl. Phys. B118 (1977) 61-70. [10] J. M. Overduin and P. S. Wesson, Phys.Rept. 283 (1997) 303-380. [11] O. Klein, Zeits. Phys. 37 (1926) 895-903. [12] O. Klein, Nature 118 (1926) 516-525.

[13] O. Veblen and B. Hoffmann, Phys.Rev. 36, 810-22 (1930). [14] E. Schmutzer, Astron. Nachr. 311 (1990) 329-335. [15] E. Schmutzer Fortschr. Phys. 43 (1995) 613-620.

[16] T. Appelquist, A. Chodos and P. G. O. Freund (Eds.), Modern Kaluza-Klein theories, Addison - Wesley - Menlo Park, 1987, 231 p.

[17] E. Cremmer and J. Scherk, Nucl. Phys. B 103, 399-425 (1976). [18] D. V. Volkov, D. P. Sorokin and V. I. Tkach, JETP Lett. 38 (1983) 481-485. [19] D. V. Volkov, D. P. Sorokin and V. I. Tkach, Sov. J. Nucl. Phys. 39 (1984) 823-827 . [20] S. Randjbar-Daemi, A. Salam, J. Strathdee, Phys.Lett. B132 (1983) 56-60. [21] S. Randjbar-Daemi, A. Salam, J. Strathdee, Nucl.Phys. B242 (1984) 447-467. [22] M. Gell-Mann and B. Zwiebach, Phys.Lett. B141 (1984) 333-338. [23] J. Scherk and J.H. Schwarz, Phys.Lett. B57 (1975) 463-487. [24] P.G.O. Freund and M.A. Rubin, Phys.Lett. B97 (1980) 233-235. [25] F. Englert, Phys.Lett. B119 (1982) 339-355.

[26] L. V. Volkov and V. I. Tkach, JETP Lett. 32 (1980) 668-670. [27] S. Randjbar-Daemi and R. Percacci, Phys. Lett. B 117, 41-4 (1982) [28] C. Omero and R. Percacci, Nucl.Phys. B165 (1980) 351-364. [29] E. Witten, Nucl.Phys. B195 (1982) 481-508.

[30] K. Akama, Pregeometry, in: K. Kikkawa, N. Nakanishi and H. Nariai, Lecture Notes in Physics, Springer-Verlag, 1983, pp. 267-271; (A TeX-typeset version is also available in e-print hep-th/0001113.

[31] V.A. Rubakov and M.E. Shaposhnikov, Phys. Lett. B125 (1983) 136-138. [32] M. Visser, Phys.Lett. B159 (1985) 22-29. [33] E. J. Squires, Phys.Lett. B167 (1986) 286-291.

[34] G. W. Gibbons and D. L. Wiltshire, Nucl.Phys. B 287, 717-42 (1987)[arXiv:hep-th/0109093]. [35] M. Cvetic, S. Griffies and S. J. Rey, Nucl. Phys. B 381 (1992) 301; [arXiv:hep-th/9201007]. [36] I. Antoniadis, Phys. Lett. B 246 (1990) 377. [37] J. Polchinski, Phys. Rev. Lett. 75, 4724 (1995).

[38] J. Polchinski, S. Chaudhuri and C. V. Johnson, arXiv:hep-th/9602052. [39] N. Arkani-Hamed, S. Dimopoulos, G. Dvali, Phys.Lett. B429 (1998) 263-272. [40] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, G. Dvali, Phys.Lett. B436 (1998) 257-263. [41] M. Gogberashvili, Int. J. Mod. Phys. D 11 (2002) 1635-1638; [arXiv:hep-ph/9812296]. [42] M. Gogberashvili, Europhys. Lett. 49 (2000) 396-399; [arXiv:hep-ph/9812365]. [43] M. Gogberashvili, Mod. Phys. Lett. A 14 (1999) 2025-2032; [arXiv:hep-ph/9904383]. [44] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370-3376. [45] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 4690-4696. [46] V. A. Rubakov, Phys. Usp. 44, 871 (2001) [Usp. Fiz. Nauk 171, 913 (2001)]. [47] D. Langlois, Prog. Theor. Phys. Suppl.148, 181-212 (2003) [arXiv:hep-th/0209261]. [48] R. Maartens, Living Rev. Rel. 7, 7 (2004); [arXiv:gr-qc/0312059] [49] P. Brax, C. van de Bruck and A. C. Davis, Rept. Prog. Phys. 67, 2183 (2004). [50] P. D. Mannheim, Brane-localized Gravity, pp. 356, World Scientific Publishing Company (2005). [51] S. Kobayashi, K. Koyama and J. Soda, Phys. Rev. D65 (2002) 064014; [arXiv:hep-th/0107025].

[52] R. Rajaraman, An introduction to solitons and instantons in quantum field theory, North-Holland Publishing Company, Amsterdam - New York - Oxford, 1982.

[53] N. Steenrode, The topology of fibre bundles, Princeton, N.-J., Princeton University Press, 1951. [54] K.A. Bronnikov and B.E. Meierovich, Grav. Cosmol. 9 (2003) 313-318.

[55] S. T. Abdyrakhmanov, K. A. Bronnikov, B. E. Meierovich, Grav.Cosmol. 11 (2005) 82-86; [arXiv:gr-qc/0503055]. [56] O. DeWolfe, D. Z. Freedman, S. S. Gubser and A. Karch, Phys. Rev. D62 (2000) 046008; [arXiv:hep-th/9909134]. [57] M. Gremm, Phys. Lett. B478 (2000) 434-438; [arXiv:hep-th/9912060].

[58] C. Csaki, J. Erlich, T. J. Hollowood and Y. Shirman, Nucl. Phys. B 581, 309 (2000) [arXiv:hep-th/0001033]. [59] V. I. Afonso, D. Bazeia and L. Losano, Phys. Lett. B634 (2006) 526-530; [arXiv:hep-th/0601069]. [60] N. Sasakura, JHEP 0202 (2002) 026; [arXiv:hep-th/0201130]. [61] N. Sasakura, Phys. Rev. D 66 (2002) 065006; [arXiv:hep-th/0203032]. [62] T. R. Slatyer and R. R. Volkas, JHEP 0704 (2007) 062; [arXiv:hep-ph/0609003]. [63] M. Giovannini, Phys. Rev. D65 (2002) 064008; [arXiv:hep-th/0106131]. [64] A. Davidson and P. D. Mannheim, “Dynamical localization of gravity,” [arXiv:hep-th/0009064]. [65] R. Koley and S. Kar, Class. Quant. Grav. 22 (2005) 753-768; [arXiv:hep-th/0407158]. [66] A. Kehagias and K. Tamvakis, Phys. Lett. B504 (2001) 38-46; [arXiv:hep-th/0010112]. [67] C. Ringeval, P. Peter and J. P. Uzan, Phys. Rev. D 65, 044016 (2002) [arXiv:hep-th/0109194]. [68] A. Z. Wang, Phys. Rev. D66 (2002) 024024; [arXiv:hep-th/0201051].

[69] M. Minamitsuji, W. Naylor and M. Sasaki, Nucl. Phys. B737 (2006) 121-152; [arXiv:hep-th/0508093]. [70] M. Minamitsuji, W. Naylor and M. Sasaki, Phys. Lett. B633 (2006) 607; [arXiv:hep-th/0510117]. [71] R. Guerrero, R. Ortiz, R. O. Rodriguez and R. S. Torrealba, Gen. Rel. Grav. 38 (2006) 845-855; [arXiv:gr-qc/0504080]. [72] R. Guerrero, R. O. Rodriguez and R. S. Torrealba, Phys. Rev. D72 (2005) 124012; [arXiv:hep-th/0510023]. [73] Y.-X. Liu, Z.-H. Zhao, S.-W. Wei and Y.-S. Duan, JCAP 0902 (2009) 003; [arXiv:0901.0782 [hep-th]]. [74] D. Bazeia, A. R. Gomes, L. Losano and R. Menezes, Phys. Lett. B 671, 402 (2009) [arXiv:0808.1815 [hep-th]]. [75] C. Adam, N. Grandi, J. Sanchez-Guillen and A. Wereszczynski, J. Phys. A 41, 212004 (2008) [Erratum-ibid. A 42, 159801 (2009)] [arXiv:0711.3550 [hep-th]].

[76] C. Adam, N. Grandi, P. Klimas, J. Sanchez-Guillen and A. Wereszczynski, J. Phys. A 41, 375401 (2008) [arXiv:0805.3278 [hep-th]].

[77] Y. X. Liu, H. Guo, C. E. Fu and J. R. Ren, arXiv:0907.4424 [hep-th].

[78] C. Bogdanos, A. Dimitriadis and K. Tamvakis, Phys. Rev. D74 (2006) 045003; [arXiv:hep-th/0604182]. [79] R. Koley and S. Kar, Mod. Phys. Lett. A20 (2005) 363-372; [arXiv:hep-th/0407159]. [80] M. Gogberashvili and D. Singleton, arXiv:0904.2828 [hep-th].

[81] X. H. Zhang, Y. X. Liu and Y. S. Duan, Mod. Phys. Lett. A23 (2008) 2093-2101; [arXiv:0709.1888 [hep-th]]. [82] C. Armendariz-Picon, T. Damour and V. F. Mukhanov, Phys. Lett. B 458, 209 (1999) [arXiv:hep-th/9904075]. [83] J. Garriga and V. F. Mukhanov, Phys. Lett. B 458, 219 (1999) [arXiv:hep-th/9904176]. [84] M. Gremm, Phys. Rev. D 62, 044017 (2000) [arXiv:hep-th/0002040]. [85] I. Olasagasti and A. Vilenkin, Phys. Rev. D62 (2000) 044014; [arXiv:hep-th/0003300]. [86] I. Olasagasti, Phys. Rev. D63 (2001) 124016; [arXiv:hep-th/0101203]. [87] T. Gherghetta, E. Roessl and M. Shaposhnikov, Phys. Lett. 491B (2000) 353-361. [88] M. Barriola and A. Vilenkin, Phys. Rev. Lett. 63 (1989) 341-348. [89] Y. Brihaye, T. Delsate, Class. Quant. Grav. 24 (2007) 1279-1292; [arXiv:gr-qc/0605039]. [90] M. Giovannini, H. Meyer and M. E. Shaposhnikov, Nucl. Phys. B619 (2001) 615-645; [arXiv:hep-th/0104118]. [91] V. Rubakov and M. Shaposhnikov, Phys. Lett. B125 (1983) 139.

[92] S. Randjbar-Daemi and M. Shaposhnikov, JHEP 0304 (2003) 016; [arXiv:hep-th/0303247]. [93] M. Giovannini, J. V. Le Be and S. Riederer, Class. Quant. Grav. 19 (2002) 3357; [arXiv:hep-th/0205222]. [94] S. Randjbar-Daemi and M. Shaposhnikov, Nucl. Phys. B645 (2002) 188-216; [arXiv:hep-th/0206016]. [95] R. S. Torrealba S., “Exact Abelian Higgs Vortices as 6D Brane Worlds,” [arXiv:0803.0313 [hep-th]]. [96] O. Arias, R. Cardenas and Israel Quiros, Nucl. Phys. B 643, 187 (2002). [97] N. Barbosa-Cendejas and A. Herrera-Aguilar, JHEP 0510, 101 (2005), hep-th/0511050;

[98] N. Barbosa-Cendejas and A. Herrera-Aguilar, Phys. Rev. D 73, 084022 (2006) [Erratum-ibid. D 77, 049901 (2008)] [arXiv:hep-th/0603184].

[99] Y. X. Liu, K. Yang and Y. Zhong, arXiv:0911.0269 [hep-th]. [100] D. Bazeia and A. R. Gomes, JHEP 0405, 012 (2004), hep-th/0403141.

[101] A. de Souza Dutra, A. C. A. de Faria and M. Hott, Phys. Rev. D 78, 043526 (2008) [arXiv:0807.0586 [hep-th]]. [102] V. Dzhunushaliev, Grav. Cosmol. 13 (2007) 302-307; [arXiv:gr-qc/0603020].

[103] V. Dzhunushaliev, V. Folomeev, S. Myrzakul and R. Myrzakulov, Mod. Phys. Lett. A23 (2008) 2811-2819;

[arXiv:0804.0151 [gr-qc]].

[104] V. Dzhunushaliev, V. Folomeev, D. Singleton and S. Aguilar-Rudametkin, Phys. Rev. D77 (2008) 044006;

[arXiv:hep-th/0703043].

[105] V. Dzhunushaliev, V. Folomeev, K. Myrzakulov and R. Myrzakulov, Gen. Rel. Grav. 41 (2009) 131-146; [arXiv:0705.4014 [gr-qc]].

[106] D. Singleton, Phys.Rev. D70 (2004) 065013.

[107] V. Dzhunushaliev, Sci.Echoes 4 (2008) 82-112; [arXiv:hep-ph/0605070].

[108] V. Dzhunushaliev, V. Folomeev and M. Minamitsuji, Phys. Rev. D79 (2009) 024001; [arXiv:0809.4076 [gr-qc]].

[109] M. Gogberashvili and D. Singleton, Phys. Rev. D69 (2004) 026004; [arXiv:hep-th/0305241]. [110] M. Gogberashvili and D. Singleton, Phys. Lett. B582 (2004) 95-101; [arXiv:hep-th/0310048] [111] D. Singleton, Phys. Rev. D70 (2004) 065013; [arXiv:hep-th/0403273].

[112] D. P. George, M. Trodden and R. R. Volkas, JHEP 0902, 035 (2009) [arXiv:0810.3746 [hep-ph]]. [113] N. Sen, Ann. Phys. (Leipzig) 73 (1924) 365.

[114] C. Lanczos, Phys. Z. 23 (1922) 539; Ann. Phys. Lpz. 74 (1924) 518.

[115] G. Darmois, Memorial de Sciences Mathematiques, Fascicule XXV, ”Les equations de la gravitation einsteinienne”, Chapitre V (1927).

[116] A. Vilenkin, Phys. Lett. B133 (1983) 177-179. [117] M. Cvetic, H. H. Soleng, Phys. Rep. 282 (1997) 159-223. [118] W. Israel, Nuovo Cimento B44 (1966) 1.

[119] P. Binetruy, C. Deffayet and D. Langlois, Nucl. Phys. B565 (2000) 269-287; [arXiv:hep-th/9905012]. [120] P. Binetruy, C. Deffayet, U. Ellwanger and D. Langlois, Phys. Lett. B477 (2000) 285-291; [arXiv:hep-th/9910219]. [121] P. Kraus, JHEP 9912 (1999) 011; [arXiv:hep-th/9910149]. [122] S. Mukohyama, Phys. Lett. B473 (2000) 241-245; [arXiv:hep-th/9911165]. [123] C. T. Hill, D. N. Schramm, J. N. Fray, Comm. Nucl. Part. Sci. 19 (1989) 25. [124] V. Silveira, Phys. Rev. D38 (1988) 3823-3826.

[125] A. K. Raychaudhuri and G. Mukherjee, Phys. Rev. Lett. 59 (1987) 1504. [126] R. Geroch and J. Traschen, Phys. Rev. D36 (1987) 1017-1031. [127] L. Widrow, Phys. Rev. D39 (1989) 3571-3575.

[128] D. Garfinkle and R. Gregory, Phys. Rev. D41 (1990) 1889-1894. [129] C. Barrabes, B. Boisseau, and M. Sakellariadou, Phys. Rev. D49 (1994) 2734-2739. 12 [130] P. Mounaix and D. Langlois, Phys. Rev. D65 (2002) 103523. [131] I. Quiros and T. Matos, Phys. Rev. D78 (2008) 103506; [arXiv:0812.1732 [gr-qc]]. [132] S. Khakshournia and R. Mansouri, Gen. Rel. Grav. 34 (2002) 1847-1853; [arXiv:gr-qc/0308025]. [133] M. Borhani, R. Mansouri, and S. Khakshournia, Int. J. Mod. Phys. A19 (2004) 4687-4694; [arXiv:hep-th/0301228]. [134] R. Mansouri and M. Khorrami, J. Math. Phys. 37 (1996) 5672-5683. [135] S. Ghassemi, S. Khakshournia and R. Mansouri, JHEP 0608 (2006) 019. [136] S. Khakshournia, Gen. Rel. Grav. 40 (2008) 1791-1796. [137] I. Navarro, J. Santiago, JCAP 0603 (2006) 015; [arXiv:hep-th/0505156]. [138] B. Carter, R. A. Battye and J. P. Uzan, Commun. Math. Phys. 235, 289 (2003); [139] R. A. Battye, B. Carter and A. Mennim, Phys. Rev. Lett. 92, 201305 (2004). [140] R. A. Battye, B. Carter and A. Mennim, Phys. Rev. D 71, 104026 (2005) [141] W. D. Goldberger and M. B. Wise, Phys. Rev. D 65, 025011 (2002) [arXiv:hep-th/0104170]. [142] C. de Rham, JHEP 0801, 060 (2008) [arXiv:0707.0884 [hep-th]]. [143] J. Vinet and J. M. Cline, Phys. Rev. D70 (2004) 083514; [arXiv:hep-th/0406141]. [144] J. Vinet and J. M. Cline, Phys. Rev. D71 (2005) 064011; [arXiv:hep-th/0501098]. [145] M. Peloso, L. Sorbo and G. Tasinato, Phys. Rev. D73 (2006) 104025; [arXiv:hep-th/0603026]. [146] C. P. Burgess, D. Hoover and G. Tasinato, JHEP 0709 (2007) 124; [arXiv:0705.3212 [hep-th]]. [147] E. Papantonopoulos, A. Papazoglou and V. Zamarias, Nucl. Phys. B797 (2008) 520-536; [arXiv:0707.1396 [hep-th]]. [148] M. Minamitsuji and D. Langlois, Phys. Rev. D76 (2007) 084031; [arXiv:0707.1426 [hep-th]]. [149] F. Arroja, T. Kobayashi, K. Koyama and T. Shiromizu, JCAP 0712 (2007) 006; [arXiv:0710.2539 [hep-th]]. [150] I. Navarro and J. Santiago, JHEP 0502 (2005) 007; [arXiv:hep-th/0411250]. [151] S. A. Appleby and R. A. Battye, Phys. Rev. D76 (2007) 124009; [arXiv:0707.4238 [hep-ph]]. [152] M. Gutperle, A. Strominger, JHEP 0204 (2002) 018; [arXiv:hep-th/0202210].

[153] C. M. Chen, D. V. Gal’tsov and M. Gutperle, “S-brane solutions in supergravity theories,” Phys. Rev. D66 (2002) 024043;

[arXiv:hep-th/0204071].

[154] V. Dzhunushaliev, V. Folomeev, K. Myrzakulov and R. Myrzakulov, Int. J. Mod. Phys. D17 (2008) 2351-2358;

[arXiv:gr-qc/0608025].

[155] I. Ya. Arefeva and I. V. Volovich, Phys. Lett. B 164, 287-92 (1985). [156] I.Ya. Arefeva, B. Dragovic and I.V. Volovich, Phys. Lett. 177 (1986) 357.

[157] J. Scherk, in: Recent Developments in Gravitation, ed. M. Levy and S. Deser, N.Y., Plenum, 1979, p. 479. [158] I.Ya. Arefeva, I.V. Volovich, UFN 146 (1985) 655-681. (In Russian). [159] F. J. Yndurain, Phys. Lett. B256 (1991) 15.