Published by Institute of Physics Publishing for SISSA/ISAS Received: August 27, 2003 Revised: September 25, 2003 Accepted: September 26, 2003

Incidental brane defects

Tomohiro Matsuda

Laboratory of Physics, Saitama Institute of Technology Fusaiji, Okabe-machi, Saitama 369-0293, Japan E-mail: matsuda@sit.ac.jp

Abstract: In the models of brane construction, the isometry of a compactified space might be broken by branes. In four-dimensional effective lagrangian, the breaking of the isometry is seen as the spontaneous breaking of the corresponding effective symmetry. Then it seems natural to expect that there are various kinds of defects that will be implemented by the spontaneous symmetry breaking. These defects are parametrized by the brane positions. In this paper we consider two kinds of such “brane defects”, which are formed by the local fluctuations of the locations of branes along their transversal directions. The fluctuation of a brane position might leads to winding (or wraping) around a non-contractible circle of the compactified space. These “primary” brane defects are already discussed by several authors. On the other hand, if there are multiple branes in the compactified space and their configuration in a compactified space is determined by the potential that depends only on their relative positions, one might find incidental symmetry in the effective potential, which is spontaneously broken by branes. We examined the latter “incidental” symmetry breakings and stable defect configurations. We paid special attention to the difference between “primary” brane defects.

Keywords: Solitons Monopoles and Instantons, Extra Large Dimensions, Cosmology of Theories beyond the SM, Cosmological Phase Transitions.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep092003064 /jhep092003064 .pdf

Contents

1. Introduction 1

2. Domain walls 3

3. Strings 7

4. Conclusions and discussions 10

1. Introduction

In spite of the great success of quantum field theory and classical Einstein gravity, there is still no consistent unification scenario in which quantum gravity is successfully included. Perhaps the most promising scenario in this direction is string theory, in which consistency of the quantum gravity is ensured by a requirement of additional dimensions. Originally the size of extra dimensions was assumed to be as small as M^{−1}_p . However, later observations showed that there is no reason to require such a tiny compactification radius [1]. In this respect, what we had seen in the old string theory was a tiny part of the whole story. In the new scenario, the compactification radius (or the fundamental scale) is an unknown parameter that should be determined by observations. In models with large extra dimensions, the observed Planck mass is obtained by the relation M^2_p = M^{n+2}_∗ V_n, where M_∗ and V_n denote the fundamental scale of gravity and the volume of the n-dimensional compact space. In this scenario the standard model fields are expected to be localized on a wall-like structure and the graviton propagates in the bulk. The most natural embedding of this picture in the string theory context is realized by a brane construction. Thus it is quite important to construct the models of the brane world where the observed spectrum of the standard model is included in the low energy effective theory. Moreover, we know that sometimes the cosmology of the models for the braneworld (or models with large extra dimensions) seems quite peculiar.^1 We know historically that the characteristic features of phenomonological models are revealed by discussing their cosmological evolutions.

In conventional models with more than four dimensions, compactified space has a topology K. The isometry of K is seen as a gauge symmetries of the effective four-dimensional theory. However, in theories where our world is a domain wall (or brane) embedded in the

1Constructing successful models for inflation with a low fundamental scale is still an interesting problem [2, 3]. Baryogenesis and inflation in models with a low fundamental scale are discussed in [4]–[6]. We think constructing models of particle cosmology with large extra dimensions is very important since we are expecting that future cosmological observations would determine the fundamental scale of the underlying theory.

– 1 – extra space, one might expect that the isometry is broken by the existence of such object.^2 Even if an isometry of the compactified space remains as an exact symmetry in the effective lagrangian, it might be broken spontaneously by the existence of a brane. A brane localized in K breaks spontaneously the isometries of K, which is seen as a Higgs effect in the four-dimensional effective theory [7]. As a brane localized in K breaks the symmetry of the effective four-dimensional theory, one might expect that there exists a topologically nontrivial mapping of the brane position, which corresponds to strings or monopoles in conventional field theory. Of course, topological defects of similar mappings can be constructed within classical Kaluza-Klein setup without branes, such as Kaluza-Klein strings or monopoles. However, our main concern in this paper is to examine defects that are defined by a nontrivial mapping of the brane positions in extra dimensions. In this paper, we call them “brane defects”.

In generic cases, brane defect is constructed from a non-contractible winding (or wrapping) of a brane position around extra dimension(s). In this case, the parameter of the mapping is defined by absolute coordinate in the compactified space. In this paper, we call them “primary” brane defects. Primary brane defects are discussed by several authors. Strings (including Alice strings) and monopoles are discussed in ref. [8], and skyrmions are discussed in ref. [9]. At first sight, one might feel some doubt about these configurations. Recalling a typical string configuration in conventional field theory, one will find that the broken symmetry is restored in the core. On the other hand, in brane defects that utilize the brane position in compactified space, one cannot simply expect such restoration in the core. Is there any possible mappings that might not be singular in the core? An answer to this question is given by Dvali et al. [8]. The authors constructed branes from the kink configurations of a scalar field and showed that the kink (brane) is delocalized in the core, which solves the naive singularity. These “primary” defects have many interesting properties. However, in generic models, a secondary weak inflation is sometimes required, which dilutes existing particles and defects. After the dilution of cosmological defects, it is hard for the defects to influence the later cosmology. In this case, some peculiar mechanisms will be required for the defects to be produced after secondary weak inflation. Thus, we think it is quite interesting if one could find brane defects that have the same (or similar) peculiar properties but are safely produced after weak inflation.^3

In this paper, we focus our attention to the relative coordinates of branes. Our idea is quite simple. In general, relative coordinates might have incidental symmetries, which could be used to construct brane defects. When branes change their relative positions along extra dimensions as a consequence of local fluctuations, the effective symmetry of the relative brane-brane coordinate might allow stable defect formation in four-dimensional spacetime. We will show some explicit examples of these incidental brane defects. We then show that they are produced after thermal brane inflation [13]. For the simplest

2If the compactified space is warped by branes, effective symmetry is explicitly broken in low-energy lagrangian. In this case the masses of the pseudo-Nambu-Goldstone (pNG) bosons are determined by the warp factor [7].

3In this case one should be careful about cosmological constraints, because cosmological defects sometimes put serious constraint on the model, if they are produced [11, 12].

– 2 – example, let us consider two branes located in large S^1 that is perpendicular to the branes. Here we assume that the distance between the two branes is fixed by the mechanism that is discussed in ref. [13]. In this case, it is quite easy to see that degenerated vacua are formed when two branes exchange their positions along the extra dimension. If the exchange happens in a local domain of four-dimensional spacetime, a domain wall will appear on the surface of the domain, which interpolates between two degenerated vacua. This naive idea seems successful, which will be discussed in section 2 by using an explicit kink(brane) configuration of a scalar field. Now let us imagine that there are two large extra dimensions that are perpendicular to the branes. If the two branes wind around each other in the compactified space, a peculiar type of string will be formed in the fourdimensional spacetime. Along this line of thought, it is possible to construct monopole-like configurations when there are three extra dimensions. More peculiar example would be a time-dependent configuration that will correspond to the so-called Q-balls in conventional four-dimensional theory.

In general, the cosmological production of incidental brane defect will be easier than primary brane defects.^4 Some peculiar cosmological implications of these incidental brane defects are discussed in the forthcoming papers [15].

2. Domain walls

In this section we consider two types of domain wall configuration, which are produced by the variations of the relative brane positions. In the first example we consider two branes constructed from an explicit kink configuration of a scalar field, while in the second example we consider three intersecting branes.

Our first example^5 is a domain wall in the four-dimensional spacetime, which is produced by exchanging the positions of two domain walls (branes) along extra dimension. The two walls are located at the fixed points of an orbifold [16]. Here we consider the simplest model where a single real scalar field ϕ lives in five dimensions. The extra dimension x_5 is in the interval [0, 2L]. Imposing a boundary condition on the field that are periodic up to the Z_2 symmetry of the lagrangian, the extra dimension becomes an orbifold. The

4In ref. [14], brane inflation with brane-brane interactions at an angle is analyzed. When branes collide, tachyon condensation appears and it generically allows the formation of lower-dimensional branes. After brane inflation, when the ground state string mode becomes tachyonic, the typical particle horizon size is larger than the sizes of the compactified dimensions, which means that the universe is homogeneous in the compactified dimensions. Thus, one might think that the Kibble mechanism does not produce defects in the compactified directions [14]. The resulting lower-dimensional defects are D(p − 2)-branes wrapping the same compactified cycles as the original p-branes, with (3 − 2) uncompactified dimension, which turn out to be the cosmological strings. Thus, they have concluded that other defects, such as domain walls or monopoles, are not produced after brane inflation. These statements are normally true, but there are some exceptions. The Kibble mechanism might take place in the uncompactified directions for the fluctuations of brane positions along extra dimensions. The productions of certain types of domain walls, monopoles and other defects are possible just after (thermal) brane inflation.

5See figure 1

– 3 –

Figure 1: Domain wall that interpolates between two degenerated vacua, ϕ > 0 and ϕ < 0, is shown. Wall(brane) and anti-wall(anti-brane) located at each fixed point in the fifth dimension are exchanged when one passes through the center line in the upper picture.

lagrangian is L = 1 2 ∂^μϕ∂_μϕ − λ 4 ( ϕ^2 − v^2

)_2 , (2.1)

where the coupling λ is real and v^2 > 0. The lagrangian is invariant under the transformation ϕ(x, x_5) → ϕ^′(x, x_5) ≡ −ϕ(x, L − x_5) . (2.2)

The required boundary condition is

ϕ(x, −x_5) = ϕ^′(x, L − x_5) = −ϕ(x, x_5) ϕ(x, L + x_5) = ϕ^′(x, x_5) = −ϕ(x, L − x_5) . (2.3)

Although the boundary condition (2.3) requires vanishing scalar field on the fixed points at x_5 = 0 and x_5 = L, the scalar field will develop a vacuum expectation value in the bulk. In this case, a kink (anti-kink) configuration appears at the fixed points. It is easy to find two degenerated vacua that is produced by flipping the sign of ⟨ϕ⟩. When the sign of ⟨ϕ⟩ is flipped along a direction of four-dimensional spacetime, the positions of the kink and the anti-kink in the fifth dimension will be exchanged. A domain wall is formed in fourdimensional spacetime, which interpolates between the domains of ϕ < 0 and ϕ > 0. In this

– 4 – case the degenerated vacua are formed by exchanging the positions of kink and anti-kink in the fifth dimension, which is induced by flipping the sign of ⟨ϕ⟩ in the four-dimensional spacetime.^6

Now let us consider what happens in the core of the incidental brane defect. In the core of the defect, the vacuum expectation value of the scalar field ⟨ϕ⟩ vanishes. In this case, it will be natural to think that the walls(branes) on which we are living are delocalized in the core. As is discussed in ref. [8] for primary brane defects, the localized matter fields feel fifth dimension in the core. Thus, it acts as “holes” or “windows” to the extra dimensions.^7 Even if we do not invoke an explicit construction of branes as defects from scalar fields, incidental domain walls might appear in any models where multiple branes live in one perpendicular dimension. Let us assume that in a local domain of four-dimensional spacetime branes exchange their positions along fifth dimension. If the new vacuum is (at least locally) stable, it is possible to construct domain walls interpolating between two domains in the four-dimensional spacetime. In this case, the exchanged branes will overlap in the core of the domain wall.^8 The “overlap” is interesting from a cosmological point of view, since the suppressed couplings might be enhanced in the core [4, 6, 18].

Let us discuss our second example. Another type of the incidentally degenerated vacuum might appear in the models of interesting brane world, where three branes are intersecting in the compactified dimensions. Here we consider the simplest example in ref. [19, 20]. What we would like to see is the Yukawa couplings in the quark sector. The Yukawa coupling among two chiral fermions and one Higgs boson cannot appear from the perturbative effects of the string theory, but induced by worldsheet instanton corrections for the corresponding triangle that has three boundaries of the intersecting branes and three vertices where matter fields live.

To be more concrete, here we consider the simplest case and derive the expression for Yukawa couplings. When computing a sum of worldsheet instantons, the simplest example comes from D-branes wrapping 1-cycles in a T^2, where branes are intersecting at one angle.

6To make domain walls cosmologically harmless, the energy difference ϵ between two quasi-degenerated vacua must satisfy the condition, [11] ϵ ≥ σ^2 M^2_p

, (2.4)

where σ is the tension of the domain wall. The degeneracy is broken if there is another scalar field ϕ2 that satisfies the same boundary condition. Although the Z^{sim}_2 symmetry that corresponds to the simultaneous flips of ⟨ϕ⟩ and ⟨ϕ2⟩ will remain, the Z2 symmetries of their independent flips are explicitly broken if there is an effective cross term ∼ (ϕϕ2)^{2n+1}, where n is integer. In this case, the role of ϕ2 corresponds to a constant that is called “odd mass” in ref. [17].

7This point is discussed in [8] for primary brane defects. However, domain walls are not discussed in previous papers.

8In the explicit brane construction from scalar fields, there are at least two types of symmetry breaking. As a brane is constructed by a kink configuration of a scalar field, a symmetry breaking occurs when the scalar field develops non-zero vacuum expectation value. Branes are produced at this time. If supersymmetry remains in the bulk or at least softly broken, the interaction between two branes might be well suppressed. In this case one can expect that thermal effects might stabilize two or more branes to coincide at a point [13]. Then the second symmetry breaking occurs when branes fall apart. Assuming supersymmetry, the scales of the two phase transitions will be hierarchically discriminated.

– 5 –

Here we associate each brane to complex number z_α, (α = a, b, c),

z_a = R × (n_a + τm_a) × x_a z_b = R × (n_b + τm_b) × x_b z_c = R × (n_c + τm_c) × x_c . (2.5)

Here (n_α, m_α) ∈ Z^2 denote the 1-cycle the brane α wraps on T^2 and x_α ∈ R is an arbitrary number. τ is the complex structure of the torus. These branes are given by a straight line in C. The triangle corresponding to a Yukawa coupling must involve three branes, which has the form (z_a, z_b, z_c) with z_z + z_b + z_c = 0. The solution is

x_α = I_{βγ} x d , (2.6)

where x = x_0 + l, x_0 ∈ R, l ∈ Z and d = g.c.d.(I_{ab}, I_{bc}, I_{ca}). Here I_{βγ} stands for the intersection number of branes β and γ. Indexing the intersection points, one can obtain a simple expression for x_0,^9 x_0(i, j, k) = i I_{ab} + j I_{ca} + k I_{bc} + I_{ab}ϵ_c + I_{ca}ϵ_b + I_{bc}ϵ_a I_{ab}I_{bc}I_{ca} , (2.7)

where the parameter ϵ_α correspond to shifting the positions of the three branes. Using this solution, one can compute the areas of the triangles whose vertices lie on the triplet of intersections (i, j, k), A_{ijk}(l) = 1 2 (2π)^2A|I_{ab}I_{bc}I_{ca}| (x_0(i, j, k) + l)^2 , (2.8)

where A represents the Kähler structure of the torus. The corresponding Yukawa coupling is given by Y_{ijk} ∼ σ_{abc} ∑ l∈Z exp ( − A_{ijk}(l) 2πα^′ ) , (2.9)

where σ_{ijk} = sign(I_{ab}I_{bc}I_{ca}) is a real phase.

Now our question is how one can determine the areas of the triangles. A perturbative force between branes can produce potential for the distance between two branes. However, it is obvious that this force cannot affect the area of a triangle when branes are intersecting. On the other hand, one can see from eq. (2.9) that almost all the parameters are determined if the windings of the branes and the structure of the manifold are fixed by some mechanisms. The only ambiguity that might remain at low energy effective theory is one parameter of three ϵ_α, which corresponds to shifting the relative brane position. For the area of a triangle, only one of the three parameters ϵ_α is independent.

An effective potential for the area of a triangle is obtained by considering a well-known 1-loop correction from fermion loops, [21]

ΔV (ϕ_c) = − 3 64π^2 Y^4_{ijk}ϕ^4_c ln ( ϕ^2_c μ^2 ) , (2.10)

where ϕ_c denotes the classical field. From eq. (2.10) and (2.9), one can easily see that the 1-loop correction stabilizes the area of the triangle.^{10}

9See ref. [20] for more detail. 10See figure 2

– 6 –

Figure 2: The area of a triangle in the left picture determines the Yukawa coupling of the fields that live on each vertex. Considering 1-loop correction, the triangle tends to shrink to a point, which is shown in the right picture.

Because of the exponential form of the potential, intersecting branes will be stabilized when one of the areas of the three triangles vanishes. Because of phenomonological requirements and the corresponding brane setups, three triangles cannot shrink simultaneously to a point. Thus it is possible to construct stabilized models in which one of the three Yukawa couplings becomes large, while others remain (hierarchically) small. In general, at least three triangles are included in models for intersecting braneworld, which correspond to three generations in the standard model. Then it leads to (at least) three degenerated vacua where each triangle might shrink. If three generations are geometrically equal, there is no sensible reason why the third generation is cosmologically selected to become the heaviest. These degenerated vacua suggest the existence of incidental domain walls.

Here we stress that our idea in this section is quite generic. When there are multiple branes in the compactified space, their positions must be determined by some mechanisms. The most obvious forces are induced by interactions between two distant branes, which produce an effective potential that depends only on the absolute value of the distances. If there are many branes in the compactified space and their configuration is determined by the potential of this type, it is quite natural to expect incidental domain walls that are produced by the fluctuations of the brane positions along extra dimensions. The situation is similar to the conventional defect in the crystal. In general, as we have discussed above, interactions among more than two branes are less effective than the perturbative force between two branes. As an example, we considered triangle interaction among intersecting three branes and showed that it is possible to construct domain walls in intersecting brane models.

3. Strings

The primary brane defects that were discussed in [8, 9] are constructed by a single brane position along extra dimensions. On the other hand, in more generic situations, one would expect multiple branes in a compactified space. Thus our starting point in this section is to add branes to the well-known models and examine the difference. Here we mainly consider a compactified space S^2. If there is only one brane in the compactified

– 7 – space, the symmetry breaking is SU(2) → U(1), which forbids stable string configuration. Let us recall that in conventional field theory many models have been discussed to circumvent this difficulty. For example, if the symmetry is broken to SU(2) → U(1) × Z_2, one can find stable string configuration [22]. This possibility is examined in ref. [8] by adding an additional brane at the opposite pole of S^2. Identifying two branes, one can obtain Z_2 symmetry.

First we consider a looser condition. For simplicity, we assume large S^2 where two branes are located. Distance between branes is assumed to be stabilized by a mechanism. We also assume that the distance between the two branes is stabilized at a distance scale smaller than the radius of the compactified space.^{11} Considering the idea of thermal brane inflation [13], it is natural to expect that the two branes might glue together to a point by thermal effects during a period of the Universe. During this period, the symmetry is restored to U(1). Then the two branes will fall apart, which induces symmetry breaking U(1) → I, because we have assumed that the distance between branes is smaller than the radius of the compactified space. If one considers a limit where one brane is much heavier than the other, one can easily find an effective description of the “light” brane fluctuation around a probe brane, which becomes quite similar to the conventional field theory in the lowest order expansion [7, 23]. In this case, an incidental string is formed by the position of a light brane, parametrized by the windings around the heavy brane. Unlike the primary strings that winds around S^1 compactified space, one do not have to worry about singularity at the string core. In the core of the incidental brane string, two branes will coincide to restore the U(1) symmetry. This point is quite different from the primary string that requires delocalization of the brane in the core to solve the singularity.

To make our discussion more clear, here we consider an explicit example. As we are considering “brane” that might be delocalized in the core, it will be helpful to consider vortices from a scalar field in S^2 compactified space. An explicit construction of such vortices is already discussed in [24]. Here we do not repeat the details of the calculations. We simply examine the obtained solution for three vortices. The model is defined in the spacetime R^n × S^2, where S^2 is a two-dimensional sphere of radius r. The spherical coordinates of S^2 are denoted by (θ, ϕ). The model is consisted of a complex scalar field f in R×S^2 accompanied by a gackground gauge field A in S^2, which represents the Dirac-Wu- Yang monopole [25]. The vacuum configuration of the scalar field minimizes the classical energy functional

E = ∫ dθdϕr^2 sin θ [ 1 r^2 | | | ∂f_± ∂ϕ | | | 2 + 1 r^2 sin^2 θ | | | ∂f_± ∂ϕ −iq(±1−cos θ)f_± | | | 2 −μ^2f^∗_±f_± +λ(f^∗_±f_±)^2 ] . (3.1) In this section we examine the case of q = 3/2, where three vortices appear in S^2.^{12} The

11A possible mechanism for stabilization is discussed in ref. [13]. If the distance is not stabilized but there is only a repulsive force between them, two branes will repel to north and south poles. In this case, unwanted U(1) will remain.

12See ref. [24, 25] for more details.

– 8 – lowest expansion in a series of the eigenfunction is

f^{3/2}_± (θ, ϕ) = [ c_{3/2}e^{−3iϕ/2} cos^3 ( θ 2 ) + c_{1/2}3^{1/2}e^{−iϕ/2} cos^2 ( θ 2 ) sin ( θ 2 ) + + c_{−1/2}3^{1/2}e^{iϕ/2} cos ( θ 2 ) sin^2 ( θ 2 ) + c_{−3/2}e^{3iϕ/2} sin^3 ( θ 2 )] e^{±3iϕ/2} . (3.2)

From eq. (3.1) and eq. (3.2), one can obtain the energy functional. The minimum is found at (c_{3/2}, c_{1/2}, c_{−1/2}, c_{−3/2}) = (−v, 0, 0, v). (3.3)

From eq. (3.3) and eq. (3.2), one can find the location of the zero points of the scalar field f are located at ϕ = 0, 2π/3, π/3 on θ = π/2, which are determined up to reparametrization invariance.

Before arguing about string defect configuration, we should consider cosmological evolution that makes string production possible. Although cosmological mechanism for producing brane defects is still unclear, we know at least one possible mechanism. Assuming that the idea of thermal stabilization in ref. [13] works in our case, three branes will glue together to a point during a period of the Universe. Below the critical temperature, the three branes begin to fall apart and the symmetry is spontaneously broken.^{13}. The incidental string formed in this way will be related to the windings of ϕ.

Let us consider a straight string configuration along z-axis in four-dimensional spacetime. Here we introduce polar coordinates r_s and ϕ_s in four-dimensional spacetime. We introduce a new variable α and rewrite the configuration (3.3) as

(c_{3/2}, c_{1/2}, c_{−1/2}, c_{−3/2}) = ( − √ 2v sin α 2 , 0, 0, √ 2v cos α 2 ) . (3.4)

It is easy to see that the three vertices are settled at their vacuum when α = π/2. For α = 0, three vertices coincide at θ = 0, which corresponds to the core of the string.^{14} It is straightforward to find explicit string configuration by using α(r_s). In our example, the core structure of the incidental string configuration is different from the primary brane defects, where “brane” must be delocalized in the core. If the Z_3 symmetry of the three vortices is an exact symmetry, one will find alice string by identifying ϕ = ϕ_s/3. On the other hand, however, one should be careful about the original motivation for constructing models with three vortices on S^2. These models are interesting because it might reproduce the required three generations of the standard model. Because we know that the three generations in the standard model are not equal, we think it should be natural to assume that the effective Z_3 symmetry is explicitly (but softly) broken in more phenomenological

13We should be careful about the above assumption. In ref. [13], supersymmetry is assumed in the bulk so that the forces between branes are hierarchically suppressed. In this case the time (t1) when vortices(branes) are produced is much earlier than the time (t2) when vortices begin to fall apart, which justifies the analysis in ref. [13]. On the other hand, however, as we are not considering explicit supersymmetry in our toy model, the condition t2 ≫ t1 is not clear. Thus in the above example, where supersymmetry is not included explicitly, we have to assume that the formation of the three vortices occurs at least simultaneously at a point in S^2.

14Schematic pictures are given in figure 3.

– 9 –

Figure 3: Vortices are denoted by blobs. In the left picture, which corresponds to r_s → ∞, vortices are placed at the equator of S^2, θ = π/2. In the right picture, which corresponds to r_s → 0, all vortices are placed at the north pole, θ = 0.

settings. Even if the Z_3 symmetry is explicitly broken and the regular triangle is warped in the low-energy effective theory, one can construct string configuration by identifying ϕ = ϕ_s.

Finally we will discuss why these incidental brane defects are visible for an observer on a brane. As the defects that we have discussed above are formed by the parameters in the bulk, the observation of such defects is not a trivial issue. Of course these defects are invisible if the physics on our brane is irrespective of the parameters that are shifted in the defect. To see such defects, at least one of the parameters are required to be detectable on our brane. For example, in the above example for a string, one might assume some fields in the standard model are localized on each branes and their interactions are suppressed by the distance between branes. In this case, since the three branes coincide in the core of the defect, observable enhancement of the interaction will appear in the scatterings mediated by the string.

4. Conclusions and discussions

In the models of brane construction, the isometry of a compactified space might be broken by branes. In four-dimensional effective lagrangian, the breaking of an isometry is seen as the spontaneous breaking of the corresponding effective symmetry. Then one might naturally expect that there are various kinds of defects that will be implemented by the spontaneous symmetry breaking. These defects are parametrized by brane positions, and will be classified into two categories. Primary brane defect is formed by a local fluctuation of the position of a brane, which winds (or wraps) around a non-contractible circle of a compactified space. The structure of a primary brane defect is solely determined by the isometry of the compactified space. On the other hand, incidental brane defect is formed by the local fluctuations of the relative brane positions among more than one brane. We showed some explicit examples of incidental brane defects and discussed differences between primary defects.

In this paper we did not consider time-dependent configurations, such as Q-balls or instantons. We think it is quite interesting to discuss the cosmological consequences of “incidental” brane Q-balls that might be produced after chaotic brane inflation.

– 10 –

Acknowledgments

We wish to thank K. Shima for encouragement, and our colleagues in Tokyo University for their kind hospitality.

References

[1] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, New dimensions at a millimeter to a fermi and superstrings at a TeV, Phys. Lett. B 436 (1998) 257 [hep-ph/9804398];

I. Antoniadis, A possible new dimension at a few TeV, Phys. Lett. B 246 (1990) 377; N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, The hierarchy problem and new dimensions at a millimeter, Phys. Lett. B 429 (1998) 263 [hep-ph/9803315].

[2] N. Arkani-Hamed, S. Dimopoulos, N. Kaloper and J. March-Russell, Rapid asymmetric inflation and early cosmology in theories with sub-millimeter dimensions, Nucl. Phys. B 567 (2000) 189 [hep-ph/9903224];

R.N. Mohapatra, A. Perez-Lorenzana and C.A. de Sousa Pires, Inflation in models with large extra dimensions driven by a bulk scalar field, Phys. Rev. D 62 (2000) 105030 [hep-ph/0003089];

A.M. Green and A. Mazumdar, Dynamics of a large extra dimension inspired hybrid inflation model, Phys. Rev. D 65 (2002) 105022 [hep-ph/0201209];

T. Matsuda, Kaluza-Klein modes in hybrid inflation, Phys. Rev. D 66 (2002) 107301 [hep-ph/0209214];

D.H. Lyth, Inflation with TeV-scale gravity needs supersymmetry, Phys. Lett. B 448 (1999) 191 [hep-ph/9810320]; Constraints on TeV-scale hybrid inflation and comments on non-hybrid alternatives, Phys. Lett. B 466 (1999) 85 [hep-ph/9908219].

[3] T. Matsuda, Non-tachyonic brane inflation, Phys. Rev. D 67 (2003) 083519 [hep-ph/0302035]; Topological hybrid inflation in brane world, JCAP 0306 (2003) 007 [hep-ph/0302204]; F-term, d-term and hybrid brane inflation, hep-ph/0302078.

[4] G.R. Dvali and G. Gabadadze, Non-conservation of global charges in the brane universe and baryogenesis, Phys. Lett. B 460 (1999) 47 [hep-ph/9904221];

T. Matsuda, Baryon number violation, baryogenesis and defects with extra dimensions, Phys. Rev. D 66 (2002) 023508 [hep-ph/0204307]; Enhanced baryon number violation due to cosmological defects with localized fermions along extra dimension, Phys. Rev. D 65 (2002) 107302 [hep-ph/0202258]; Electroweak baryogenesis mediated by locally supersymmetrybreaking defects, Phys. Rev. D 64 (2001) 083512 [hep-ph/0107314]; Activated sphalerons and large extra dimensions, Phys. Rev. D 66 (2002) 047301 [hep-ph/0205331]; Electroweak baryogenesis and hierarchy, J. Phys. G 27 (2001) L103; A. Masiero, M. Peloso, L. Sorbo and R. Tabbash, Baryogenesis vs. proton stability in theories with extra dimensions, Phys. Rev. D 62 (2000) 063515 [hep-ph/0003312]; A. Pilaftsis, Leptogenesis in theories with large extra dimensions, Phys. Rev. D 60 (1999) 105023 [hep-ph/9906265];

R. Allahverdi, K. Enqvist, A. Mazumdar and A. Perez Lorenzana, Baryogenesis in theories with large extra spatial dimensions, Nucl. Phys. B 618 (2001) 277 [hep-ph/0108225]; S. Davidson, M. Losada and A. Riotto, Baryogenesis at low reheating temperatures, Phys. Rev. Lett. 84 (2000) 4284 [hep-ph/0001301].

– 11 –

[5] A. Mazumdar, Post-inflationary brane cosmology, Nucl. Phys. B 597 (2001) 561 [hep-ph/0008087];

A. Mazumdar and A. Perez-Lorenzana, Affleck-Dine baryogenesis in large extra dimensions, Phys. Rev. D 65 (2002) 107301 [hep-ph/0103215];

R. Allahverdi, K. Enqvist, A. Mazumdar and A. Perez-Lorenzana, Baryogenesis in theories with large extra spatial dimensions, Nucl. Phys. B 618 (2001) 277 [hep-ph/0108225]; T. Matsuda, Affleck-dine baryogenesis in the local domain, Phys. Rev. D 65 (2002) 103502 [hep-ph/0202211].

[6] T. Matsuda, Affleck-Dine baryogenesis after thermal brane inflation, Phys. Rev. D 65 (2002) 103501 [hep-ph/0202209]; Hybridized Affleck-Dine baryogenesis, Phys. Rev. D 67 (2003) 127302 [hep-ph/0303132].

[7] A. Dobado and A.L. Maroto, The dynamics of the Goldstone bosons on the brane, Nucl.

Phys. B 592 (2001) 203 [hep-ph/0007100].

[8] G.R. Dvali, I.I. Kogan and M.A. Shifman, Topological effects in our brane world from extra dimensions, Phys. Rev. D 62 (2000) 106001 [hep-th/0006213].

[9] J.A.R. Cembranos, A. Dobado and A.L. Maroto, Brane-Skyrmions and wrapped states, Phys.

Rev. D 65 (2002) 026005 [hep-ph/0106322];

L. Perivolaropoulos, Core structure of global vortices in brane world models, hep-ph/0307269.

[10] T. Banks, M. Dine and A.E. Nelson, Constraints on theories with large extra dimensions, J.

High Energy Phys. 06 (1999) 014 [hep-th/9903019].

[11] A. Vilenkin, Gravitational field of vacuum domain walls and strings, Phys. Rev. D 23 (1981) 852.

[12] T. Matsuda, Weak scale inflation and unstable domain walls, Phys. Lett. B 486 (2000) 300 [hep-ph/0002194]; On the cosmological domain wall problem in supersymmetric models, Phys. Lett. B 436 (1998) 264 [hep-ph/9804409]; Domain wall solution for vector-like model, Phys. Lett. B 423 (1998) 40 [hep-ph/9710230].

[13] G.R. Dvali, Infrared hierarchy, thermal brane inflation and superstrings as superheavy dark matter, Phys. Lett. B 459 (1999) 489 [hep-ph/9905204];

T. Matsuda, Thermal hybrid inflation in brane world, Phys. Rev. D 68 (2003) 047702 [hep-ph/0302253].

[14] N. Jones, H. Stoica and S.H.H. Tye, Brane interaction as the origin of inflation, J. High Energy Phys. 07 (2002) 051 [hep-th/0203163];

S. Sarangi and S.H.H. Tye, Cosmic string production towards the end of brane inflation, Phys. Lett. B 536 (2002) 185 [hep-th/0204074].

[15] T. Matsuda, Yukawa cosmology and intersecting brane models, hep-ph/0309314; Q ball inflation, hep-ph/0309339.

[16] H. Georgi, A.K. Grant and G. Hailu, Chiral fermions, orbifolds, scalars and fat branes, Phys.

Rev. D 63 (2001) 064027 [hep-ph/0007350].

[17] D.E. Kaplan and T.M.P. Tait, New tools for fermion masses from extra dimensions, J. High Energy Phys. 11 (2001) 051 [hep-ph/0110126].

[18] G.R. Dvali and G. Gabadadze, Nonconservation of global charges in the brane universe and baryogenesis, Phys. Lett. B 460 (1999) 47 [hep-ph/9904221].

– 12 –

[19] G. Aldazabal, S. Franco, L.E. Ibáñez, R. Rabadán and A.M. Uranga, Intersecting brane worlds, J. High Energy Phys. 02 (2001) 047 [hep-ph/0011132]; R. Blumenhagen, D. Lüst and S. Stieberger, Gauge unification in supersymmetric intersecting brane worlds, J. High Energy Phys. 07 (2003) 036 [hep-th/0305146]; I.R. Klebanov and E. Witten, Proton decay in intersecting D-brane models, Nucl. Phys. B 664 (2003) 3 [hep-th/0304079];

M. Cvetič, P. Langacker and J. Wang, Dynamical supersymmetry breaking in standard-like models with intersecting d6-branes, Phys. Rev. D 68 (2003) 046002 [hep-th/0303208]; M. Cvetič and I. Papadimitriou, More supersymmetric standard-like models from intersecting D6-branes on type-IIA orientifolds, Phys. Rev. D 67 (2003) 126006 [hep-th/0303197]; S.A. Abel and A.W. Owen, Interactions in intersecting brane models, Nucl. Phys. B 663 (2003) 197 [hep-th/0303124];

D. Bailin, G.V. Kraniotis and A. Love, New standard-like models from intersecting D4-branes, Phys. Lett. B 547 (2002) 43 [hep-th/0208103];

C.F. Doran and M. Faux, Intersecting branes in M-theory and chiral matter in four dimensions, J. High Energy Phys. 08 (2002) 024 [hep-th/0207162]; C. Kokorelis, Exact standard model compactifications from intersecting branes, J. High Energy Phys. 08 (2002) 036 [hep-th/0206108];

D. Cremades, L.E. Ibáñez and F. Marchesano, Standard model at intersecting D5-branes: lowering the string scale, Nucl. Phys. B 643 (2002) 93 [hep-th/0205074].

[20] D. Cremades, L.E. Ibáñez and F. Marchesano, Yukawa couplings in intersecting D-brane models, J. High Energy Phys. 07 (2003) 038 [hep-th/0302105].

[21] See for example, E.W. Kolb and M.S. Turner, The early universe, Addison-Wesley Publishing Company, Redwood City 1990.

[22] See for example, A. Vilenkin and E.P.S. Shellard, Cosmic strings and other topological defects, Cambridge Monographs on Mathematical Physics, Cambridge University Press, Cambridge 1994.

[23] See for example, C.V. Johnson, D-branes, Cambridge Monographs on Mathematical Physics, Cambridge University Press, Cambridge 2003.

[24] M. Sakamoto and S. Tanimura, Spontaneous breaking of the C, P and rotational symmetries by topological defects in extra two dimensions, Phys. Rev. D 65 (2002) 065004 [hep-th/0108208].

[25] T.T. Wu and C.N. Yang, Dirac monopole without strings: monopole harmonics, Nucl. Phys.

B 107 (1976) 365.

– 13 –