arXiv:0912.3039v1 [hep-th] 16 Dec 2009

Preprint typeset in JHEP style - HYPER VERSION

Codimension-2 Brane-Bulk Matching: Examples from Six and Ten Dimensions

Allan Bayntun,^1 C.P. Burgess^{1,2} and Leo van Nierop^1

1 Department of Physics & Astronomy McMaster University, Hamilton ON, Canada, L8S 4M1.

2 Perimeter Institute for Theoretical Physics 31 Caroline St. N, Waterloo ON, Canada, N2L 2Y5.

Abstract: Experience with Randall-Sundrum models teaches the importance of following how branes back-react onto the bulk geometry, since this can dramatically affect the system’s low-energy properties. Yet the practical use of this observation for model building is so far mostly restricted to branes having only one transverse dimension (codimension-1) in the bulk space, since this is where tools for following back-reaction are well-developed. This is likely a serious limitation since experience also tells us that one dimension is rarely representative of what happens in higher dimensions. We here summarize recent progress on developing the matching conditions that describe how codimension-2 branes couple to bulk metric, gauge and scalar fields. These matching conditions are then applied to three situations: D7-branes in F-theory compactifications of 10D Type IIB string vacua; 3-branes coupled to bulk axions in unwarped and non-supersymmetric 6D systems; and 3-branes coupled to chiral, gauged 6D supergravity. For each it is shown how the resulting brane-bulk dynamics is reproduced by the scalar potential for the low-energy moduli in the dimensionally reduced, on-brane effective theory. For 6D supergravity we show that the only 4D-maximally symmetric bulk geometries supported by positive-tension branes are flat.

Contents

1. Introduction 1

2. The Bulk-Brane system 4 2.1 The bulk 4 2.2 Boundary conditions for codimension-2 branes 6 2.3 The brane constraint 8 2.4 The classical low-energy on-brane effective action 9

3. Examples 13 3.1 D7 branes in F-Theory 14 3.2 Brane-axion couplings in 6D 17 3.3 Warped and unwarped supersymmetric examples 21

4. Conclusions 29

1. Introduction

Space-filling branes, situated around extra dimensions, provide a remarkable framework for approaching phenomenological problems. Besides being well-motivated — for instance arising very naturally within string theory — branes lead to novel kinds of low-energy physics that can cut to the core of many of the naturalness issues that currently plague particle physics and cosmology.

The realization that not all particles need ‘see’ the same number of dimensions (because brane-bound particles are trapped to move only along the branes) is the first type of brane-related insight to have made a major impact on physics, leading to the recognition that the scale of gravity can be much smaller than the Planck scale [1]. A second major revelation came with the realization that the back-reaction of branes on their environment can strongly influence their low-energy properties, such as by providing deep gravitational potential wells within the extra dimensions that redshift the energy of those branes that live within them [2].

– 1 –

Although branes can in principle have a great variety of dimensions, almost all of the detailed exploration of brane-bulk back-reaction is specialized to the case of codimension- 1 branes: i.e. those branes that span just one dimension less than the dimension of the full spacetime. This is partially because tools for describing how branes back-react on their surroundings are only well-developed for codimension-1 surfaces, since in this case the problem can be expressed in terms of the Israel junction conditions [3]. This restriction to codimension-1 objects is potentially very limiting because the special nature of kinematics in one dimension makes it unlikely that back-reaction for codimension-1 branes is representative of back-reaction for branes with higher codimension.

The main obstacle to understanding how properties of higher-codimension branes are related to the bulk geometries they source is the fact that these bulk geometries typically diverge at the position of their sources. (The most familiar example of this for a codimension-3 object is the divergence of the Coulomb potential of a nucleus evaluated at the nuclear position.) It is one of the special features of codimension-1 objects that the bulk fields they source typically do not diverge at their positions. They instead cause discontinuities of derivatives across their surfaces, whose properties are captured by the Israel junction conditions.

The next-simplest case consists of codimension-2 objects, whose back-reaction is complicated enough to allow the possibility of bulk fields diverging at the positions of the sources. Although bulk fields can diverge for codimension-2 sources, they needn’t do so in time-independent situations. (For instance, they can instead give rise to conical singularities, such as for cosmic strings in 4D spacetime [4]. When bulk fields do not diverge the relation between bulk and brane properties is easier to formulate, and so better studied [5].) The potential for divergent bulk configurations makes codimension-2 branes more representative of systems with more generic codimension than are codimension-1 branes. But dynamics in two dimensions is still simple enough to allow explicit closed-form solutions to be known for the bulk configurations sourced by codimension-2 branes, allowing a detailed study of their properties.

Tools for describing how bulk fields respond to the properties of source branes were recently developed in the general case, including where the bulk fields diverge [6, 7, 8], opening up the properties of codimension-2 branes for phenomenological exploration. These tools — summarized (and slightly generalized) in §2 below for a fairly general class of scalartensor-Maxwell theories in n extra dimensions — boil down to a set of matching conditions that relate the near-brane limit of the radial derivatives of the bulk fields to the action for the brane in question.

In §3 we apply these tools to three kinds of examples: compact geometries sourced by

– 2 –

D7 branes in F-theory compactifications of 10D Type IIB supergravity; 3-branes coupled to a bulk axion within unwarped, non-supersymmetric 6D scalar/Maxwell/Einstein theory; and 3-branes coupled to 6D chiral gauged supergravity. We draw the following lessons from these comparisons:

• F-theory compactifications [10] of 10D Type IIB supergravity sourced by D7-branes serve as a reality check, since string theory tells us the detailed form of both the brane and bulk actions [9], and explicit solutions are known for the transverse spacetimes that are sourced by these branes [21]. We verify the codimension-2 brane/bulk matching conditions by checking that the asymptotic forms for the solutions are related to the known brane actions in the prescribed way.

• In 6D axion-Maxwell-Einstein theory, flux-compactified solutions are known for the bulk that interpolates between two 3-branes, and these are simple enough to allow the explicit calculation of how branes contribute to the low-energy axion potential [11]. From the perspective of six dimensions the resulting axion stabilization arises through the requirement that both branes be consistent in their demands on the bulk. We show that the stabilized value agrees precisely with the result of minimizing the low-energy axion potential as seen by an observer who has integrated out the extra dimensions below the Kaluza-Klein (KK) scale. We also show how this potential gives the same value for the curvature of the maximally symmetric on-brane geometry as is calculated from the higher-dimensional field equations.

• Stable flux compactifications are also known for 6D chiral gauged supergravity [12], having up to two singularities that represent the positions of two source branes [13]. These solutions are known in explicit closed form for the most general solutions having a flat on-brane geometry and axial symmetry in the bulk; and in a slightly more implicit form for solutions with de Sitter or anti-de Sitter on-brane geometry. In this case we use the matching conditions to show that the only bulk configurations that can be supported by positive-tension branes have flat induced on-brane geometries, with (possibly warped) bulk geometries with nonsingular limits as the source branes are approached. We also show how geometries that diverge at the brane positions can arise from specific kinds of negative-tension branes, while no maximally symmetric solutions exist at all for many kinds of brane sources (presumably corresponding to time-dependent runaway bulk geometries, such as those considered in [14]).

§4 briefly summarizes some of the implications of these results.

– 3 –

2. The Bulk-Brane system

We start by describing the brane-bulk framework within which we work. This starts with a statement of the scalar-metric-Maxwell system whose equations we use, followed by a statement of how the near-brane boundary conditions of the bulk fields are related to the action of the branes which are their source. Finally we describe the contribution of each brane to the low-energy scalar potential that is valid over distances much longer than the size of the extra dimensions, and identify a constraint which allows a simple description of this contribution given the properties of the brane tension.

2.1 The bulk The starting point is the statement of the equations of motion that govern the bulk.

General formulation We assume the following action for the n-dimensional bulk physics, describing a general scalar-tensor theory coupled to a Maxwell field,^1 S = ∫ M d^nx L_B + ∫ ∂M d^{n−1}x L_{GH} (2.1)

where

L_B = − √ −g { 1 2κ^2 g^{M N} [ R_{MN} + G_{AB} (ϕ) ∂_M ϕ^A∂_N ϕ^B ] + 1 4 f(ϕ) F_{M N} F^{MN} + V (ϕ) } , (2.2)

and the Gibbons-Hawking lagrangian [17] is L_{GH} = 1 κ^2 √ −γ̂ K , (2.3)

and is required in the presence of boundaries in order to make the Einstein action well posed. Here F = dA is the field strength of the Maxwell field, R is the Ricci scalar for the 6D spacetime metric, g_{M N} , and G_{AB} is the metric of the target space within which the scalar fields, ϕ^A, A = 1, . . . , N, take values. γ̂_{ij} = g_{M N} ∂_ix^M ∂_jx^N is the induced metric, and K is the trace, γ̂^{ij} K_{ij}, of the extrinsic curvature, of the boundary surface, ∂M.

This bulk action is chosen to be general enough to include the bosonic part of the supersymmetric theories of interest. Its field equations are 1 2κ^2

(R_{MN} + G_{AB} ∂_M ϕ^A∂_N ϕ^B ) + f 2 F^P_M F_{N P} + 1 n − 2 [ V − f 4 F_{P Q}F^{P Q} ] g_{M N} = 0, (2.4) G_{AB} □ ϕ^B − κ^2 [ ∂V ∂ϕ^A + 1 4 ∂f ∂ϕ^A F_{M N} F^{M N} ] = 0 , (2.5)

1Our metric is mostly plus, with Weinberg’s curvature conventions [15], which differ from those of MTW [16] only by an overall sign in the definition of the Riemann tensor.

– 4 – and ∇_M (fF^{MN} ) = 0 , (2.6)

where □ ϕ^A := g^{M N} [ ∇_M ∂_N ϕ^A + Γ^A_{BC} (ϕ)∂_M ϕ^B ∂_N ϕ^C ] , (2.7)

with Γ^A_{BC} (ϕ) being the Christoffel connection built from the metric G_{AB} .

Metric ansätze

Our interest is in configurations whose geometries are maximally symmetric in the brane directions, for which it is convenient to specialize to the metric

ds^2 = g_{MN} dx^M dx^N = e^{2W} ĝ_{μν} dx^μdx^ν + g_{mn} dx^mdx^n = e^{2W} ĝ_{μν} dx^μdx^ν + e^{2C} dz dz , (2.8)

where ĝ_{μν} (x) denotes a maximally symmetric (n − 2)-dimensional metric. The coordinates are x^M = {x^μ, x^m}, with x^μ, μ = 0, . . . , n − 3 labelling the brane directions, and m = n − 2, n − 1 (or z = x^{n−2} + ix^{n−1}) being coordinates for the two dimensions transverse to the branes. The functions W and C are generally singular at the positions of any source branes. For instance, if e^C = (ℓ/r)^a for r^2 = |z|^2, then the proper distance becomes ρ = [ℓ/(1 − a)](ℓ/r)^{a−1} and e^B = ℓ(ℓ/r)^{a−1} = (1 − a)ρ, showing that the metric in this case has a conical singularity at r = ρ = 0, with defect angle δ = 2πa.

For some applications, particularly very near a brane, it is useful to further specialize to the most general ansatz consistent with cylindrical symmetry in the two transverse dimensions, {x^m, m = n − 2, n − 1}. This leads to the following metric:

ds^2 = dρ^2 + e^{2B} dθ^2 + e^{2W} ĝ_{μν} dx^μdx^ν (2.9) = e^{2C} ( dr^2 + r^2dθ^2 ) + e^{2W} ĝ_{μν} dx^μdx^ν

where θ labels the direction of cylindrical symmetry, and the functions B = B(ρ) and W = W (ρ) depend on the proper distance, ρ, only — or C = C(r) is a function only of r.

The bulk scalars are similarly just functions of ρ, ϕ^A = ϕ^A(ρ), and a gauge can be chosen to that the only nonzero component for the Maxwell field is A_M = A_θ(ρ) δ^θ_M , and so F_{ρθ} = −F_{θρ} = A^′_θ , (2.10)

where the prime denotes differentiation with respect to ρ.

– 5 –

The Einstein equations subject to this ansatz reduce to 1 n − 2 e^{−2W} R̂ + W^{′′} + (n − 2)(W^′)^2 + W^′B^′ − 1 n − 2 κ^2 e^{−2B} f(A^′_θ)^2 +

2κ^2V n − 2 = 0 (μν) (2.11)

B^{′′} + (B^′)^2 + (n − 2)W^′B^′ + n − 3 n − 2 κ^2 e^{−2B} f(A^′_θ)^2 +

2κ^2V n − 2 = 0 (θθ) (2.12)

(n − 2) [ W^{′′} + (W^′)^2 ] + B^{′′} + (B^′)^2 + G_{AB} ϕ^{A′}ϕ^{B ′} + n − 3 n − 2 κ^2 e^{−2B} f(A^′_θ)^2 +

2κ^2V n − 2 = 0 (ρρ) , (2.13)

while the dilaton and Maxwell equations become e^{−B−4W} ( e^{B+4W} G_{AB} ϕ^{B ′} )_′ + G_{AB} Γ^B_{CD} ϕ^{C ′} ϕ^{D ′} − κ^2 [ ∂V ∂ϕ^A + 1 4 ∂f ∂ϕ^A e^{−2B} (A^′_θ)^2 ] = 0 , (2.14)

and ( e^{−B+4W} f A^′_θ )_′ = 0 . (2.15)

2.2 Boundary conditions for codimension-2 branes

General formulation Suppose an (n − 2)-dimensional, space-filling, codimension-2 brane is located at a position, x^m = x^m_b , within the 2 extra dimensions, with brane action

S_b = − ∫ x_b d^{n−2}x √ −γ [ L_b (ϕ^A, A_θ, g_{θθ}) + · · · ] , (2.16)

where L_b denotes the brane lagrangian, which is potentially a function of the bulk scalars, ϕ^A, and the tangential components of the bulk Maxwell field and metric, A_M and g_{M N} , but not their derivatives. (Ellipses denote the possible subdominant, higher-derivative effective interactions that can also be present.) We imagine the geometry surrounding the brane to be given by the axisymmetric ansatz of eq. (2.9), with the brane located at ρ = 0, so θ denotes the angular direction about its position. Because our interest is in maximally symmetric solutions along the brane directions we do not entertain a dependence of T_b on any components of A_M and g_{MN} apart from A_θ and g_{θθ}.

The induced metric on the brane is γ_{μν} = g_{MN} ∂_μx^M ∂_ν x^N = e^{2W} ĝ_{μν} . Because of the warp factor appearing in this metric, for later purposes it is convenient to define the ‘warped’ tension, T_b, by T_b = e^{(n−2)W} L_b, so that the brane action becomes

S_b = − ∫ x_b d^{n−2}x √ −ĝ [ T_b(ϕ, A_θ , g_{θθ}, W ) + · · · ] . (2.17)

– 6 –

The back-reaction of such a brane onto the bulk geometry dictates the asymptotic nearbrane behaviour of the bulk fields nearby,^2 through codimension-2 matching conditions that generalize [6, 7, 8] the more familiar ones that are encountered for codimension-1 branes. For the bulk scalars these state

lim_{ρ→0} ∮ x_b dθ [ 1 κ^2 √ −g G_{AB} ∂_ρϕ^B ] = − δS_b δϕ^A , (2.18)

where the integration is about a small circle of proper radius ρ encircling the brane position, x_b, which is taken to be situated at ρ = 0. Similarly, the Maxwell matching condition is

lim_{ρ→0} ∮ x_b dθ [√ −g f F^{ρM} ] = − δS_b δA_M , (2.19)

Finally, the metric matching condition is

lim_{ρ→0} ∮ x_b dθ [ 1 2κ^2 √ −g ( K^{ij} − Kg^{ij} ) − (flat) ] = − δS_b δg_{ij} , (2.20)

where K_{ij} is the extrinsic curvature of the fixed-ρ surface, for which the local coordinates are those appropriate for surfaces of constant ρ: {x^i, i = 0, 1, · · · , n−2}. Here ‘flat’ denotes the same result evaluated near the origin of a space for which the brane location ρ = 0 is nonsingular.

Axially symmetric ansatz

Specialized to the ansatz of eq. (2.9) the scalar-field matching condition becomes [ 2π κ^2 e^{B+(n−2)W} √ −ĝ G_{AB} ϕ^{B ′} ] x_b = ∂ ∂ϕ^A [√ −ĝ T_b ] . (2.21)

With the same ansatz, the corresponding result for the Maxwell field reduces to [ 2π √ −ĝ e^{−B+(n−2)W} f A^′_θ ] x_b = ∂ ∂A_θ [√ −ĝ T_b ] := √ −ĝ J_b(ϕ) , (2.22)

where the last equality defines the quantity J_b.

Finally, for fixed-ρ surfaces in this ansatz, K_{ij} =^1_2 ∂_ρg_{ij}, and the comparison ‘flat’ metric is ds^2_{flat} = dρ^2 + ρ^2dθ^2 + e^{2Wflat}ĝ_{μν} dx^μdx^ν , with W^′_{flat} → 0 as ρ → 0. Since K_{θθ} = B^′e^{2B} and K_{μν} = W^′ e^{2W} ĝ_{μν} , we have K = g^{ij} K_{ij} = B^′ + (n − 2)W^′, and so the (μν) components of the metric matching conditions give [ − 2π κ^2 √ −ĝ e^{(n−2)W} [e^B ( (n − 3)W^′ + B^′ ) − 1] ] x_b = √ −ĝ T_b(ϕ) , (2.23)

2A familiar example of this from electrostatics is the 1/ρ dependence of the Coulomb potential that occurs in the immediate vicinity of a point charge situated at ρ = 0.

– 7 – while the (θθ) components are, [ 2π κ^2 √ −ĝ e^{B+(n−2)W} ( (n − 2) W^′ ) ] x_b = −2 ∂ ∂g_{θθ} [√ −ĝ T_b ] (2.24)

:= (n − 2) √ −ĝ U_b(ϕ) , where the last equality defines U_b. Just as T_b physically represents the brane tension, J_b can be interpreted as describing microscopic axial currents within the brane, or equivalently any microscopic magnetic flux these currents enclose within the brane. Once the dimensions transverse to the brane are dimensionally reduced, U_b turns out [6, 7] to be related to the brane contribution to the scalar potential within the low-energy 4D effective theory defined below the KK scale (as is seen in more detail later).

2.3 The brane constraint

These matching conditions, when combined with the bulk equations of motion, imply an important constraint relating the quantities T_b, J_b and U_b [18, 6, 7]. This constraint comes from eliminating second derivatives, ∂^2_ρ , of the fields from the field equations, and so can be regarded as the ‘Hamiltonian’ constraint on the initial data when integrating the field equations in the ρ direction. When written in the form given above, the relevant combination of Einstein equations is (n − 2)(μν) + (θθ) − (ρρ), which imply

(n − 3)(n − 2) (W^′)^2 + 2(n − 2) W^′B^′ − G_{AB} ϕ^{A′}ϕ^{B ′}

−κ^2e^{−2B} f (A^′_θ)^2 + e^{−2W} R̂ + 2κ^2V = 0. (2.25)

To turn this into a constraint on brane properties, multiply it through by e^{2B+2(n−2)W} and take the limit x → x_b, using the above matching conditions to eliminate the derivatives ϕ^{A′}, B^′, W^′ and A^′_θ in favour of the brane functions T_b, J_b and U_b. The required matching conditions are [ e^B ϕ^{A′} ] x_b = e^{−(n−2)W} G^{AB} ∂T_b ∂ϕ^B with T_b := κ^2T_b 2π [ κA^′_θ ] x_b = e^{−(n−2)W} J_b f with J_b := κ e^B J_b 2π [ e^B W^′ ] x_b = e^{−(n−2)W} U_b with U_b := κ^2 U_b 2π (2.26) and [ e^B B^′ − 1 ] x_b = −e^{−(n−2)W} [ T_b + (n − 3) U_b ] , where each of U_b, T_b and J_b is dimensionless (keeping in mind e^B has dimensions of length). Using eqs. (2.26) in eq. (2.25) we find the desired constraint:

(n − 3)(n − 2) (U_b)^2 + 2(n − 2)U_b [ e^{(n−2)W} − T_b − (n − 3) U_b ] (2.27) −G^{AB} ∂T_b ∂ϕ^A ∂T_b ϕ^B − (J_b)^2 f + e^{2B+2(n−2)W} [ e^{−2W} R̂ + 2κ^2V ] x_b = 0 .

– 8 –

This crucially simplifies once we use the fact that near the brane e^B → 0 as ρ → 0. (This states that the circumference of small circles about the brane must vanish as the radius of the circles vanishes. If not true, the object at ρ = 0 would not be interpreted as a codimension-2 brane.) The key observation [6, 7] is that the quantities κ e^{2B} J_b, e^{2B−2W} R̂ and κ^2e^{2B} V also tend to vanish in this limit (as would be true, for instance, if e^{−2W} R̂, V and J_b were bounded at the brane positions), implying that the constraint becomes (n − 2)U_b [ 2e^{(n−2)W} − 2T_b − (n − 3) U_b ] − (T^′_b )^2 ≃ 0 , (2.28)

where (T^′_b )^2 = G^{AB} ∂_AT_b ∂_B T_b.

What is important about this last form of the constraint is that the on-brane curvature drops out in this limit, meaning that eq. (2.28) cannot be read as being solved for R̂. Instead, this constraint expresses a consistency condition for the brane action and junction conditions, imposed by the bulk equations of motion. In practice it provides a very simple method for computing the quantity U_b(ϕ) once expressions for T_b(ϕ) are given, since solving eq. (2.28) implies

U_b = 1 n − 3 [ ( e^{(n−2)W} − T_b ) ± √ ( e^{(n−2)W} − T_b )_2 − ( n − 3 n − 2 ) (T^′_b )^2 ] . (2.29)

Here the root is chosen for which U_b → 0 when (T^′_b )^2 → 0, and so is ± according to whether sign ( e^{(n−2)W} − T_b ) is ∓. This means that U_b has the same sign as does ( e^{(n−2)W} − T_b ) . Notice also that requiring the square root never be complex requires n − 3 n − 2 ( T^′_b )_2 ≤ ( e^{(n−2)W} − T_b )_2 . (2.30)

This last condition can be nontrivial, even though control over the semiclassical approximation requires |T_b| ≪ 1 and (T^′_b )^2 ≪ 1. This is because it can happen that e^W → 0 at the brane, in which case eq. (2.30) becomes a constraint on the size of (T^′_b )^2/T^2_b .

For (T^′_b )^2 ≪ ( e^{(n−2)W} − T_b )_2 eq. (2.29) becomes U_b ≃ (T^′_b )^2 2(n − 2) ( e^{(n−2)W} − T_b ) + (n − 3)(T^′_b )^4 8(n − 2)^2 ( e^{(n−2)W} − T_b )_3 + · · · . (2.31)

2.4 The classical low-energy on-brane effective action Over distances much longer than the size of the two compact dimensions transverse to the brane the classical bulk dynamics is governed by the motion of the massless Kaluza- Klein states. The dynamics are effectively d-dimensional, with d = n − 2. To understand the dynamics from this d-dimensional perspective, it is useful to integrate out the extra dimensions to obtain the low-energy lower-dimensional effective theory. At the classical

– 9 – level this amounts to eliminating all of the massive KK states as functions of their massless counterparts, using the bulk classical equations of motion.

In the present instance the massless KK states consist of the on-brane metric and Maxwell fields, ĝ_{μν} and A_μ, as well as any d-dimensional scalars, φ^a, descending from ϕ^A and/or from moduli in the metric components, g_{mn}, in the extra dimensions. To obtain the low-energy potential, V_{eff} (φ), for the various d-dimensional scalars, φ^a, we eliminate the massive Kaluza-Klein modes in the action, as functions of ĝ_{μν} and φ^a. The transverse metric, g_{mn}, is eliminated by using the trace reversed (mn) Einstein equations, which single out the kinetic terms for g_{mn}: 1 2κ^2

(R_{mn} + G_{AB} ∂_mϕ^A∂_nϕ^B ) + f 2 F^P_m F_{nP} + 1 n − 2 [ V − f 4 F_{P Q}F^{P Q} ] g_{mn} = 0, (2.32)

These comprise two independent equations, which we take to be the sum and difference of the (ρρ) and (θθ) components. The difference gives

(n − 2) ( W^{′′} + (W^′)^2 − W^′B^′ ) + G_{AB} ϕ^{A′}ϕ^{B ′} = 0 , (2.33)

while the sum is equivalent to contracting eq. (2.32) with g^{mn}, to give 1 2κ^2 ( R_{(2)} + G_{AB} ∂_mϕ^A∂^mϕ^B ) = − n − 3 2(n − 2) f F_{mn}F^{mn} − 2 n − 2 V , (2.34)

where we write the higher-dimensional curvature scalar as

R = g^{M N} R^P_{MP N} = R_{(n−2)} + R_{(2)} where R_{(2)} = g^{mn}R^P_{mP n} = R_{(2)} + (n − 2)(□W + ∇W · ∇W ) = R_{(2)} + (n − 2) [ W^{′′} + (W^′)^2 + B^′W^′ ] (2.35) and R_{(n−2)} = g^{μν} R^P_{μP ν} = e^{−2W} ĝ^{μν}R̂_{μν} + (n − 2)[□W + (n − 4)∇W · ∇W ] = e^{−2W} ĝ^{μν}R̂_{μν} + (n − 2) [ W^{′′} + (n − 4)(W^′)^2 + B^′W^′ ] . Here R_{(2)} = g^{mn}R^p_{mp n} and ĝ^{μν}R̂_{μν} respectively denote the curvature scalars built from the 2D metric, g_{mn}, and the 4D metric, ĝ_{μν} .

Using eq. (2.34) to eliminate R_{(2)} from the bulk action then yields the bulk contribution to the lower-dimensional lagrangian density.^3 Using √ −g = √ −ĝ √ g_2 e^{(n−2)W} , we find

3Although in principle the extra-dimensional part of the trace reversed (μν) Einstein equation, ERμν (x, y) = 0 could also be used to eliminate massive KK modes, this cannot be used to eliminate R_{(n−2)} from VB because the integration in eq. (2.36) projects onto the zero-mode component of Eμν = 0.

– 10 –

L_{eff}(φ) = − ∫ d^2x √ g_2 e^{(n−2)W} [ 1 2κ^2

R_{(n−2)} + 4 − n 4(n − 2) f F_{mn}F^{mn} + n − 4 n − 2 V ]

= − ∫ d^2x √ g_2 e^{(n−2)W} { 1 2κ^2 [ e^{−2W} ĝ^{μν}R̂_{μν} + (n − 2) ( W^{′′} + (n − 4)(W^′)^2 + B^′W^′ )]

+ 4 − n 4(n − 2) f F_{mn}F^{mn} + n − 4 n − 2 V }

= − ∫ d^2x √ g_2 e^{(n−2)W} { 1 2κ^2 [ e^{−2W} ĝ^{μν}R̂_{μν} + (n − 2) ( (n − 5)(W^′)^2 + 2W^′B^′ )

−G_{AB} ϕ^{A′}ϕ^{B ′} ] + 4 − n 4(n − 2) f F_{mn}F^{mn} + n − 4 n − 2 V } . = − ∫ d^{n−2}x √ −ĝ [ 1 2κ^2_N ĝ^{μν}R̂_{μν} + V_B ] , (2.36)

where the second to last equality uses the second independent bulk field equation, eq. (2.33), the last equality defines the bulk potential, V_B, and the lower-dimensional Newton’s constant, κ^2_N = 8πG_N , is given by 1 κ^2_N (φ) := 1 κ^2 ∫ d^2x √ g_2 e^{(n−4)W} . (2.37)

In general this depends on the low-energy scalar fields, a dependence that can be removed by performing a Weyl rescaling to reach the lower-dimension Einstein frame.

To obtain the complete low-energy scalar potential, V_{eff} , the bulk contribution, V_B , must be combined with two other contributions, both associated with the source branes. The first of these comes from the boundary terms of the bulk action [6, 7], such as the Gibbons-Hawking term for the metric, evaluated at a small surface, Σ_b, situated a short proper distance, ρ = ϵ, from the position of each of the source branes: S_{GH} = 1∑ b=0 lim_{ϵ→0} ∮ Σ_b dθ d^{n−2}x 1 κ^2 √ −γ̂ K

= 2π κ^2 1∑ b=0 (−)^b ∫ ρ=ρ_b d^{n−2}x √ −ĝ e^{B+(n−2)W} [ B^′ + (n − 2)W^′ ]

= − 1∑ b=0 ∫ ρ=ρ_b d^{n−2}x √ −ĝ {[ −T_b − (n − 3)U_b ] + (n − 2)U_b }

= − 1∑ b=0 ∫ ρ=ρ_b d^{n−2}x √ −ĝ ( U_b − T_b ) . (2.38)

Here we use the axisymmetric ansatz, as is appropriate very near the source branes. The relative sign, (−)^b, and the overall sign in the second line arise because primes denote d/dρ while the derivatives appearing in the Gibbons-Hawking action and matching conditions

– 11 – are outward directed, and this is in the dρ direction for one brane and −dρ for the other. The last line uses the matching conditions described earlier to exchange W^′ and B^′ for terms involving the brane action, using the fact that the contribution of [e^B K]_{flat} cancels between the two branes.

The second contribution to the 4D scalar potential comes from the contribution of the brane action itself, eq. (2.16). Combining these with V_{4B} above gives the full 4D scalar potential in the classical limit as in [7],

− ∫ d^{n−2}x √ −ĝ V_{eff} = − ∫ d^{n−2}x √ −ĝ V_B + 1∑ b=0 [ S_b + lim_{ϵ→0} S_{GH} ] (2.39)

= − ∫ d^{n−2}x √ −ĝ V_B − 1∑ b=0 ∫ d^{n−2}x √ −ĝ [ T_b+ ( U_b − T_b )] ,

where the notation W_b is a reminder that W is evaluated at the brane position. This shows that (within the classical approximation) the effect of the Gibbons-Hawking terms is to ensure that the net contribution of each brane to the low-energy scalar potential is given by the quantity U_b, appropriately warped. The complete low-energy scalar potential is therefore,

V_{eff} = V_B + ∑ b U_b = ∑ b U_b + ∫ d^2x √ g_2 e^{(n−2)W} { 1 2κ^2 [ (n − 2) { (n − 5)(W^′)^2 + 2W^′B^′ − G_{AB} ϕ^{A′}ϕ^{B ′} }]

+ 4 − n 4(n − 2) f F_{mn}F^{mn} + n − 4 n − 2 V } . Stationary points

For some purposes it is sufficient to obtain the value of the potential, V_{eff} (ϕ_0), evaluated at its stationary point, where V^′_{eff} (φ_0) = 0. This can be obtained from the higher-dimensional action by eliminating fields using all of the equations of motion, and not just those of the massive KK modes. In this case we may directly use the equation of motion, 1 2κ^2 ( R + G_{AB} ∂_M ϕ^A ∂^M ϕ^B ) = − (n − 4) 4(n − 2) f F_{M N} F^{M N} − nV n − 2 , (2.40)

rather than eq. (2.34) for R_{(2)}. Using this to eliminate R from the bulk action yields

S_{ext} = − ∫ d^nx √ −g [ 1 2κ^2 ( R + G_{AB} ∂_M ϕ^A∂^M ϕ^B ) + 1 4 f F_{M N} F^{MN} + V ] cl = − 2 n − 2 ∫ d^nx √ −g [ 1 4 f F^{mn}F_{mn} − V ] . (2.41)

– 12 –

When comparing with the low-energy theory we must also evaluate the low energy action at its stationary point. That is, we evaluate the action

S_{eff} = − ∫ d^{n−2}x √ −ĝ [ 1 2κ^2_N

R̂_{(n−2)} + V_{eff} ] , (2.42)

at the solution to the low-energy field equations, 1 2κ^2_N

R̂_{(n−2)} = −(n − 2) n − 4 V_{eff} , (2.43)

leading to S_{ext} = 2 n − 4 ∫ d^{n−2}x √ −ĝ V_{eff} (φ_0) . (2.44)

Using the previous results for V_{ext} and the brane contribution then gives 2 n − 4 V_{eff} (φ_0) = − ∑ b e^{(n−2)Wb} U_b − 2 n − 2 ∫ d^2x √ g_2 e^{(n−2)W} [ 1 4 f F^{mn}F_{mn} − V ] . (2.45) In many cases of interest the bulk contribution to this expression can itself also be written as a sum of contributions localized at the position of each brane. This is true, in particular, whenever the bulk action, S_B = ∫ d^nx L_B , enjoys a classical scaling symmetry, under which L_B [λ^{pi} ψ_i] ≡ λL_B [ψ_i], for arbitrary real, constant λ. (This type of scale symmetry generically holds for higher-dimensional supergravity theories in particular.) When this is true the lagrange density satisfies the identity L_B ≡ ∑ i p_i [ ψ_i ∂L_B ∂ψ_i + ∂_μψ_i ∂L_B ∂(∂_μψ_i) ]

= ∑ i { ∂_μ [ p_i ∂L_B ∂∂_μψ_i ] + p_iψ_i [ ∂L_B ∂ψ_i − ∂_μ ( ∂L_B ∂(∂_μψ_i) )]} , (2.46)

which shows [20] that the action becomes a total derivative whenever it is evaluated at an arbitrary classical solution. Whenever this is true the entire low-energy potential can be interpreted as the sum over brane contributions, much as was done for the Gibbons- Hawking term above.

3. Examples

It is instructive to test the above construction by applying it to situations for which explicit solutions are known for the higher-dimensional theory. We do so in this section using Ftheory compactifications of 10D Type IIB supergravity to 8 dimensions in the presence of space-filling D7 branes, and using compactifications to 4 dimensions of supersymmetric and nonsupersymmetric six-dimensional theories.

– 13 –

3.1 D7 branes in F-Theory We start with F-theory [10] compactifications of Type IIB supergravity to 8 dimensions, which serves as an example where explicit forms for the bulk and brane actions are known, as are closed-form expressions for the bulk sourced by various space-filling brane configurations [21]. This provides a check on the validity of the matching conditions, and on the low-energy on-brane scalar potential.

The bulk fields to be followed in this case are the metric, g_{M N} , and the axio-dilaton,

τ = C_0 + i e^{−ϕ} , (3.1)

where C_0 is the Ramond-Ramond scalar and ϕ is the 10D dilaton, for which the string coupling is g_s = e^ϕ. The bulk action for these fields in the 10D Einstein frame is

S_B = − 1 2κ^2 ∫ d^{10}x √ −g g^{MN} [ R_{M N} + ∂_M τ ∂_N τ 2 (Im τ)^2 ] , (3.2)

which is invariant under PSL(2,R) transformations τ → aτ + b cτ + d , (3.3)

with the real parameters a through d satisfying a d−b c = 1. Quantum effects are expected to break this to PSL(2,Z), for which the parameters are restricted to be integers. Since e^ϕ ≥ 0 the field τ lives in the upper-half τ plane, but because of the symmetry it suffices to consider τ to live within the fundamental domain, F, defined by modding out the upper half plane by a PSL(2,Z).

Bulk solutions The scalar field equation for this action is ∂∂ τ + 2 ∂ τ ∂ τ τ − τ = 0 , (3.4)

which is satisfied by any holomorphic function, τ = τ(z), for which ∂ τ = 0.

Explicit solutions to the field equations to this model are known [21], for which two of the dimensions are compactified. Using complex coordinates, z = x^8 +ix^9, for the compact dimensions, the solutions are given by

j(τ(z)) = P (z) and ds^2 = η_{μν} dx^μdx^ν + e^{2C(z,z)} dz dz , (3.5)

where the properties of the functions j(τ), P (z) and C(z, z) are now described.

The function j(τ), is the standard bijection from the fundamental domain, F, to the complex sphere, given in terms of Jacobi ϑ-functions by j(τ) = 1728 [E_4(τ)]^3 [E_4(τ)]^3 − [E_6(τ)]^2

, (3.6)

– 14 – where E_k(τ) are the Eisenstein modular forms [22]. For large Im τ, j(τ) diverges zero exponentially quickly, and the factor of 1728 is chosen so that it asymptotes to j(τ) ≃ e^{−2πiτ} + · · · . P (z) is a holomorphic function, whose singularities occur at the locations of the source branes, z = z_i for i = 1, ..., N. Since the singularities of the metric turn out to be conical when P (z) has isolated poles as z → z_i, it is convenient to choose P (z) to be a ratio of polynomials. The simplest case could be taken as P = 1/z, describing a source at z = 0, but it turns out that the metric obtained from the Einstein equations is not compact in this case. The metric is compact when P (z) has 24 zeroes, such as for the choice

P (z) =

4(24f)^3 27g^2 + 4f^3

, (3.7)

with f(z) a polynomial of degree 8 and g(z) a polynomial of degree 12. This gives a compactification of Type IIB supergravity on CP^1, corresponding to an F-theory reduction on K3 [10].

Finally, the metric function C(z, z) is chosen by solving the Einstein equation. Using R_{zz} = 2 ∂∂ C and ∂ τ = 0, this equation of motion is 2 ∂∂ C = ∂ τ∂ τ (τ − τ)^2

= ∂∂ ln ( Im τ ) . (3.8)

The required solution is

e^{2C(z,z)} = (Im τ) | | |η^2(τ) N∏ i=1 (z − z_i)^{−1/12} | | | 2 , (3.9)

where η(τ) = q^{1/24} ∏ k(1 − q^k), for q = e^{2πiτ} , denotes the Dedekind η-function, and the product runs over the singularities of P (z). The first factor of this expression is chosen to satisfy eq. (3.8), and the holomorphic factors are chosen to ensure invariance under PSL(2,Z), and by the requirement that the result does not vanish anywhere.

Brane sources The presence of branes in these solutions is signaled by singularities where P (z) ≃ c_i/(z − z_i), for which q = e^{2πiτ} ≃ (z − z_i)/c_i, and so the above solution implies τ(z) ≃ 1 2πi ln(z − z_i) + · · · and e^{2C(z,z)} ≃ k Im τ , (3.10)

for constant k. As z → ∞, on the other hand, P (z) remains bounded and so τ approaches some finite value. In this case the metric function becomes

e^{2C(z,z)} ∝ (zz)^{−N/12} , (3.11)

– 15 – and so if we change coordinates to z = 1/w we have e^{2C} dz dz ≃ |w|^{(N−24)/6} dw dw, which is nonsingular because N = 24. But each individual brane contributed to this an amount e^{2C} ≃ |w|^{1/6} dw dw ∝ r^{1/6} (dr^2 + r^2dθ^2), which we saw below eq. (2.9) corresponds to a deficit angle of δ = π/6.

Matching conditions We are now in a situation to use these solutions to test the matching conditions found in earlier sections. We can do so even though the geometry involved is not axisymmetric, because it becomes effectively axisymmetric in the near-brane limit.

To this end we assume a brane action of the form

S_b = − ∫ d^8x √ −γ T_b(τ, τ ) , (3.12)

where for a D7-brane in the Einstein frame we expect

T_b = T_∗ e^ϕ = T_∗ Im τ = 2i T_∗ τ − τ , (3.13)

for constant T_∗.

Keeping in mind that W = 0 for the bulk solutions given above, the matching condition for the bulk scalar, eq. (2.21), becomes 2π κ^2 [ e^B 4 (Im τ)^2 ∂_ρτ ] x_b = 2π κ^2 [ r 4 (Im τ)^2 ∂_rτ ] x_b = ∂ T_b ∂ τ = T_∗ 2i (Im τ)^2

. (3.14)

This uses the change of variables dρ = e^C dr and e^B = r e^C to convert from proper distance to conformally-flat coordinates near the brane. Using the near-brane limit τ ≃ ln r/2πi to evaluate [r ∂ τ/∂ r]_{xb} ≃ 1/(2πi), we find the matching condition becomes T_∗ = 1/(2κ^2).

Notice that since e^ϕ is the string coupling constant, this semiclassical reasoning presupposes Im τ = e^{−ϕ} is large near the brane, so that κ^2T_b = κ^2T_∗/Im τ = 1/(2 Im τ) ≪ 1. This is automatically satisfied as r → 0 because Im τ ≃ −(ln r)/2π.

The metric matching conditions can be understood in a similar way. First, matching the on-brane components of the metric gives, from eq. (2.23) − 2π κ^2 [ e^B ∂_ρB − 1 ] x_b = − 2π κ^2 [ r ∂_rB − 1 ] x_b = − 2π κ^2 [ r ∂_rC ] x_b = T_b(τ, τ ) = T_∗ Im τ

, (3.15)

which again uses e^B ∂_ρ = r ∂_r as well as B = C + ln r. Using eq. (3.9) gives e^{2C} ≃ Im τ near the brane, and so r ∂_rC ≃^1_2 (r ∂_rIm τ)/Im τ to get [r ∂_rC]_{xb} = −1/(4π Im τ). Once again the dependence on Im τ is consistent on both sides and so the matching condition boils down to the statement 2κ^2T_∗ = 1, as above.

– 16 –

A further check comes from using the values for κ^2 and T_∗ for a D7-brane predicted in string theory [9]. Using T_∗ = 2π/ℓ^8_s and κ^2 = ℓ^8_s/4π, where ℓ_s = 2π √ α^′ is the string length, we have 2κ^2T_∗ = 2 ( ℓ^8_s 4π ) ( 2π ℓ^8_s ) = 1 , (3.16)

as required.

Finally, the absence of warping in the bulk solution — W = 0 — implies that the remaining metric matching condition, eq. (2.24), degenerates to U_b = 0. To compute U_b in the present instance we use the constraint, eq. (2.29), specialized to n = 10 dimensions

U_b = 1 7 [ (1 − T_b) − √ (1 − T_b)^2 − 7 8 (T^′_b )^2 ] , (3.17)

where T_b = κ^2T_b/2π = κ^2T_∗/(2π Im τ), and use

(T^′_b )^2 = 2 (Im τ)^2 ∂T_b ∂τ ∂T_b ∂τ = 1 2 (Im τ)^2 ( κ^2T_∗ 2π )_2 = 1 8π^2 (Im τ)^2

. (3.18)

Clearly (T^′_b )^2 = 0 because Im τ → ∞ as one approaches the brane, and this in turn ensures U_b = 0, as desired.

As a final check we compute the effective scalar potential, V_{eff} , for the KK scalar zero mode in the 8D theory on the brane, after dimensional reduction. Because U_b = 0 this simply amounts to evaluating the action, eq. (3.2), at the classical solution to the extra-dimensional Einstein equations, which state R_{mn} + 1 4 (Im τ)^2 [ ∂_m τ ∂_n τ + ∂_n τ ∂_m τ ] = 0 . (3.19)

We see that V_{eff} = 0 in the effective theory, which is consistent with the maximally symmetric on-brane geometry being flat.

3.2 Brane-axion couplings in 6D We next apply the above matching conditions to the example of two branes coupled to a bulk Goldstone mode (axion), ϕ, in six dimensions. Since 6D examples with flat onbrane geometries are already discussed in some detail in refs. [7], we concentrate here on solutions to the higher-dimensional equations for which the on-brane geometry is known to be curved. Our purposes is to provide a nontrivial example for which the shape of the full low-energy potential, V_{eff} (φ), and its value at its stationary point, V_{eff} (φ_0), can be computed explicitly directly from the higher-dimensional theory. Because this allows a check on how V_{eff} varies from its minimum, it allows us to verify that the extremal point is actually a local minimum of the low-energy potential.

– 17 –

The simplest such a system starts with gravity coupled to a single bulk scalar and Maxwell field, with the bulk lagrangian density given by,

L_B = − √ −g { 1 2κ^2 g^{MN} [ R_{MN} + ∂_M ϕ ∂_N ϕ ] + 1 4 F_{M N} F^{M N} + Λ } , (3.20)

where Λ is a bulk cosmological constant whose value can be chosen to obtain any desired curvature on the brane. Notice that the choices f(ϕ) = 1 and V (ϕ) = Λ ensure the action has a shift symmetry, ϕ → ϕ + ξ, that guarantees the existence of a scalar KK zero mode having a constant profile across the bulk. This is the only such classically massless scalar KK mode, because the presence of the bulk cosmological term, Λ, breaks the rigid scaling symmetry that the Einstein action normally has. This breaking ensures that the presence of Λ removes the ‘breathing’ mode corresponding to rigid expansions of the extra dimensional geometry, that would have otherwise have been a low-energy scalar zero mode.

Bulk solutions The field equations in this case admit explicit solutions for which the 4D on-brane geometry is maximally symmetric and the extra dimensions are axially symmetric [5, 11]. Using the ansatz of eq. (2.9), a simple solution is

ds^2 = ĝ_{μν} dx^μdx^ν + dρ^2 + α^2L^2 sin^2 ( ρ L ) dθ^2 (3.21)

F_{ρθ} = αB_0L sin ( ρ L ) , (3.22)

with ϕ = ϕ_0 constant. The bulk field equations imply the following relation amongst the constants B_0, L and Λ: R_{(2)} = − 2 L^2

= −κ^2 ( 3B^2_0 2 + Λ ) , (3.23)

and the curvature of the on-brane metric is given by

R̂ = 2κ^2 ( B^2_0 2 − Λ ) . (3.24)

When α = 1 the extra-dimensional metric describes a sphere of radius L. When α ≠ 1 the geometry would still look like a sphere if we redefine θ → αϑ, although ϑ is then not periodic with period 2π. This indicates there are conical singularities at both ρ = 0 and ρ = πL, with defect angle given by δ = 2π(1 − α).

Brane properties We now ask for a pair of brane sources located at these two singularities that can support this geometry. We again take codimension-2 brane actions of the form

S_b = − ∫ d^4x √ −γ T_b(ϕ) . (3.25)

– 18 –

Because the bulk solution has constant scalar, ϕ = ϕ_0, its derivative, ∂_ρϕ, vanishes at both branes. This is only consistent with the scalar matching condition if T^′_b(ϕ) also vanishes for both branes when evaluated at the same place: ϕ = ϕ_0. The vanishing of T^′_b(ϕ) at ϕ = ϕ_0 also ensures U_b(ϕ) vanishes there, and this is consistent with the (θθ) matching condition, eq. (2.24), because W = 0 throughout the bulk in the classical solution ensures ∂_ρW = 0 at the brane positions.

Finally, the (μν) matching condition, eq. (2.23), reads − 2π κ^2 [ e^B B^′ − 1 ] x_b = T_b(ϕ_0) . (3.26)

Using e^B = αL sin(ρ/L) gives e^B B^′ → α as ρ → 0, and so this matching condition gives the usual expression for the defect angle in terms of the brane tension,

δ = 2π(1 − α) = κ^2 T_b(ϕ_0) , (3.27)

and so T_b = κ^2T_b/2π = 1 − α.

The 4D perspective We now show how the above picture is reproduced in the low-energy 4D effective theory below the Kaluza-Klein scale. Although we cannot ask in the low-energy theory about the profiles of bulk fields within the extra dimensions, we can use it to understand the curvature, R̂, of the 4D on-brane geometry and the value, ϕ_0, to which the low-energy scalar field is fixed.

To this end we explore the scalar potential, V_{eff} , for the KK zero mode of the scalar, ϕ, as it is moved away from ϕ_0. To do so requires more information about the shape of T_b(ϕ), so we choose for simplicity,

T_b(ϕ) = M^4_b + μ^4_b 2 (ϕ − ϕ_0)^2 , (3.28)

although any choice for T_b(ϕ) would do, so long as both tensions share a common zero for ∂ T_b/∂ ϕ. With this choice we have

T_b = κ^2M^4_b 2π + κ^2μ^4_b 4π (ϕ − ϕ_0)^2 , T_b^′ = κ^2μ^4_b 2π (ϕ − ϕ_0) , (3.29)

and so to lowest nontrivial order in κ^2

U_b = 1 3 [ (1 − T_b) − √ (1 − T_b)^2 − 3 4 (T_b^′)^2 ]

≃ (T_b^′)^2 8(1 − T_b) + 3(T_b^′)^4 128(1 − T_b)^3

+ · · · . (3.30)

– 19 –

Specialized to the above tension this becomes U_b ≃ κ^2μ^8_b 16π (ϕ − ϕ_0)^2 + · · · . (3.31)

Notice [26] that because U_b is quadratic in T_b^′, both it and its derivative U^′_b naturally vanish at zeroes of T_b^′. Furthermore, the coefficient of (ϕ − ϕ_0)^2 in U_b is suppressed relative to the same term in T_b by an additional power of the small dimensionless factor κ^2μ^4_b /8π ≪ 1. The full expression for the effective potential (2.40) in this case reduces to

V_{eff} = ∑ b U_b + V_B (ϕ_0) + 1 2 V^{′′}_B (ϕ_0)(ϕ − ϕ_0)^2 + · · · = ∑ b U_b + ∫ d^2x √ g_2 e^{4W} { − 1 8 F_{mn}F^{mn} + 1 2 Λ } + 1 2 V^{′′}_B (ϕ_0)(ϕ − ϕ_0)^2 + · · ·

= ∑ b U_b + π 2 ( Λ − B^2_0 2 ) ∫_{πL} 0 dρe^B + 1 2 V^{′′}_B (ϕ_0)(ϕ − ϕ_0)^2 + · · ·

= ( Λ − B^2_0 2 ) 2παL^2 + 1 2 [ V^{′′}_B (ϕ_0) + ∑ b κ^2μ^8_b 8π ] (ϕ − ϕ_0)^2 + · · · .

using that both W^′ and ϕ^′ vanish when ϕ = ϕ_0. More explicit progress requires the calculation of V^{′′}_B (ϕ_0), although this can be expected to be non-negative due if the bulk solution is stable. This shows that V_{eff} (ϕ) is minimized at ϕ = ϕ_0, and this is how the 4D theory understands the value at which ϕ is stabilized.

The value of the potential at this minimum has a direct physical interpretation, since it sets the value of the 4D curvature through the 4D Einstein equations. These read, as usual R̂_{μν} − 1 2 R̂ ĝ_{μν} − κ^2_N V_{eff} ĝ_{μν} = 0 , (3.32)

where the 4D Newton coupling is 1 κ^2_N = 2π κ^2 ∫_{πL} 0 dρ e^B = 4παL^2 κ^2

, (3.33)

and so R̂ = −4κ^2_N V_{eff} (ϕ_0) = 2κ^2 ( B^2_0 2 − Λ ) , (3.34)

in agreement with the higher-dimensional result, eq. (3.24). Notice that this agreement requires, in particular, that the brane tensions T_b(ϕ_0) = M^4_b drop out of the low-energy potential.

Finally, notice that evaluating the potential, eq. (3.32), at its minimum by evaluating the action at the classical solution gives a result that agrees with the general expression

– 20 –

(2.45), which in the present instance evaluates to

V_{eff} (φ_0) = − ∑ b e^{4Wb} U_b − 1 2 ∫ d^2x √ g_2 e^{4W} [ 1 4 f F^{mn}F_{mn} − V ]

= 1 2 ( 4παL^2 ) ( Λ − B^2_0 2 ) . (3.35)

3.3 Warped and unwarped supersymmetric examples

A large class of examples of explicit flux compactifications with nontrivial warping and scalar profiles in the extra dimensions is provided by solutions [19, 20, 23, 24, 25, 13, 14] to chiral 6D supergravity [12]. Our goal with this example is to identify the properties of the branes that are required to source the known solutions. In general the existence of solutions hinges on the consistency of these brane properties with the form of the intervening bulk, but these solutions are not known in closed form in the case where the on-brane dimensions are curved. In this situation it is much easier to investigate the existence of solutions using the equivalent formulation in terms of minima of the low-energy scalar potential, since it is much easier to determine when such solutions exist.

The solutions of interest take as their starting point the following bosonic part of the supersymmetric action

L_B = − √ −g { 1 2κ^2 g^{M N} [ R_{MN} + ∂_M ϕ ∂_N ϕ ] + 1 4 e^{−ϕ} F_{M N} F^{M N} +

2g^2 κ^4 e^ϕ } , (3.36)

where the constant g denotes the 6D gauge coupling for the Maxwell field. Because this lagrangian enjoys the property L_B → λ^2L_B when e^ϕ → λ^{−1}e^ϕ and g_{MN} → λg_{M N} , the arguments of section 2.4 imply it becomes a total derivative once evaluated at an arbitrary classical solution [20]: L_B (g^c_{M N} , A^c_M , ϕ^c) = 1 2κ^2 √ −g^c □ ϕ^c . (3.37)

Bulk solutions For this system it is useful to choose a slightly different metric ansatz [23],

ds^2 = W^2 ĝ_{μν} dx^μdx^ν + a^2 ( W^8dη^2 + dθ^2 ) , (3.38)

where a = a(η), W = W(η) and ĝ_{μν} is, a maximally symmetric 4D de Sitter metric, with R̂ = −12H2. With these choices the proper circumference of a circle along which θ varies from zero to 2π at fixed η is 2πa(η), and dρ = aW^4dη. The dilaton is similarly taken to depend only on η, ϕ = ϕ(η), and the Maxwell field is given by A_θ = A_θ(η), so that

F_{ηθ} = Q a^2 e^ϕ . (3.39)

– 21 –

In this case the content of Maxwell’s equations is that Q must be a constant, while the dilaton and the trace-reversed Einstein equations become ϕ^{′′} = 2g^2 κ^2 a^2W^8e^ϕ − κ^2Q^2 2 a^2e^ϕ , (3.40) and (μν) : W^{′′} W − (W^′)^2 W^2 + 1 2 ϕ^{′′} = ( W^′ W + 1 2 ϕ^′ )_′ = 3 H^2a^2W^6 (3.41) (θθ) : a^{′′} a − (a^′)^2 a^2 + 1 2 ϕ^{′′} = ( a^′ a + 1 2 ϕ^′ )_′ = −κ^2Q^2 a^2e^ϕ . (3.42)

In all of these equations primes denote d/dη. The ‘Hamiltonian constraint’ — i.e. the (ηη) Einstein equation — in these variables is similarly 1 2 (ϕ^′)^2 − 4 a^′W^′ aW − 6(W^′)^2 W^2 = 2g^2 κ^2 a^2W^8e^ϕ − 6 H^2a^2W^6 − κ^2 2 Q^2 a^2e^ϕ . (3.43)

The scale invariance of the full 6D field equations under e^ϕ → e^ϕ/λ and g_{M N} → λg_{MN} can be seen from the invariance of the above equations under { ϕ, a, W, H } → { ϕ + ϕ_0, a e^{−ϕ0/2}, W, H e^{ϕ0/2} } , (3.44)

for ϕ_0 an arbitrary real constant. In the case H = 0 this symmetry implies the existence of a one-parameter family of classical solutions, and a corresponding flat direction (labelled by ϕ_0) that represents a classically massless KK zero mode coming from a combination of the metric and ϕ fields.

The above field equations are written so that their right-hand-sides tend to zero in the near-brane regions, for which a → 0. For regions where these right-hand-sides are negligible the equations simplify to ϕ^{′′} ≃ ( W^′ W )_′ ≃ ( a^′ a )_′ ≃ 0 , (3.45)

and so, letting b = {0, 1} for the branes at η = {−∞, +∞} respectively, ϕ ≃ (−)^bq_bη , W ≃ W_b e^{(−)b ωbη} and a ≃ a_b e^{(−)b αbη} , (3.46) with different choices for the constants α_b, ω_b and q_b applying for the two limits, η → ±∞. For both asymptotic regions these are related by the constraint, eq. (3.43), so that

q^2_b = 4ω_b(2α_b + 3ω_b) . (3.47)

Notice that it is only consistent in the near-brane limit to ignore the quantities a^2W^6, a^2e^ϕ and a^2W^8e^ϕ on the right-hand sides of eqs. (3.41) through (3.43) if

2α_b + 6ω_b > 0 , 2α_b + q_b > 0 and 2α_b + 8ω_b + q_b > 0 . (3.48)

– 22 –

The first of these also guarantees the convergence of the 4D gravitational constant, which is given by (c.f. eq. (2.37)) 1 κ^2_N = 2π κ^2 ∫_∞ −∞ dη a^2W^6 . (3.49)

Furthermore, since our interest is in solutions where a → 0 at the positions of the brane sources, we demand α_b > 0. This ensures that the circumference of small circles encircling the branes vanishes in the limit that the branes are approached. But if α_b > 0, then ω_b must also be non-negative. To see this, suppose ω_b were negative. Then eq. (3.47) would imply −2α_b − 3ω_b > 0, and so adding this to the first of eqs. (3.48) would give ω_b > 0, in contradiction with the assumption that it is negative. By contrast, the constant q_b can take either sign.

Solutions to these equations are known to exist for nonzero H [25], although not yet in an explicit closed form. Closed-form solutions are known, however, in the special case where H vanishes, given by [23, 20] e^ϕ = W^{−2}e^{ϕ0−λ3η} W^4 = ( κ^2Qλ_2 2gλ_1 ) cosh[λ_1(η − η_1)] cosh[λ_2(η − η_2)]

(3.50)

and a^{−4} = ( 2gκ^2Q^3 λ^3_1λ_2 ) e^{2(ϕ0 −λ3η)} cosh^3[λ_1(η − η_1)] cosh[λ_2(η − η_2)] .

Here η_i and λ_j are integration constants, and there is no loss of generality in choosing, say, λ_2 ≥ 0. The equations of motion require the constants to satisfy λ^2 = λ^2_1 + λ^2_3 — and so, in particular, λ_2 ≥ |λ_1| (with equality if and only if λ_3 = 0). ϕ_0 is an arbitrary constant corresponding to the scale invariance associated with the flat direction.

Because the terms involving H in the equations of motion become negligible in the nearbrane limit, the H = 0 solutions also provide a more detailed picture of the asymptotic regions at η → ±∞. The corresponding metric singularities are generically curvature singularities, except when λ_3 = 0, in which case they turn out to be conical [24]. The λ_3 = 0 solutions include the unwarped, constant-dilaton ‘rugby ball’ configurations of ref. [19] as the special case where η_1 = η_2. Notice also that the limiting behaviour is as given in eq. (3.46), with

α_b = 1 4 [ 3λ_1 + λ_2 + 2(−)^bλ_3 ] ≥ 0 , ω_b = 1 4 (λ_2 − λ_1) ≥ 0 , (3.51) and q_b = (−)^{b+1}λ_3 − 1 2 (λ_2 − λ_1) . (3.52) Notice that the condition ω_b ≥ 0 follows from λ_2 ≥ |λ_1|, while α_b ≥ 0 is a consequence of

3(λ_2 + λ_1) − 2λ_3 = √ λ_2 + λ_1 ( 3 √ λ_2 + λ_1 − 2 √ λ_2 − λ_1 ) ≥ 0 . (3.53)

– 23 –

A special role is played by the combination

ω_b + q_b 2 = (−)^{b+1} λ_3 2 , (3.54)

since this dictates the size of the Hubble constant, H. This can be seen by integrating eq. (3.41), and using eq. (3.49) to obtain [25],

3H^2 ∫_∞ −∞ dη a^2 W^6 =

3κ^2H^2 2πκ^2_4 = [( ln W + ϕ 2 )_′ ]_{η=+∞} η=−∞ = − ∑ b (q_b 2 + ω_b ) . (3.55)

When evaluated for the solutions of eq. (3.50), this reduces to the Friedmann equation

H^2 = −

2πκ^2_4 3κ^2 ∑ b [q_b 2 + ω_b ] = κ^2_4 3 [ 2π κ^2 ∑ b (−)^b λ_3 2 ] = 0 (3.56)

as required. For more general solutions eqs. (3.50) hold only approximately in the nearbrane region, so the constant λ_3 could differ for the asymptotic region near each brane.

Notice, in particular, that eq. (3.55) shows that H^2 > 0 (4D de Sitter space) requires at least one of the q_b to be negative. Furthermore, choosing q_b < 0 is sufficient to ensure that the contribution to H^2 of the corresponding brane is positive, because − ( q_b 2 + ω_b ) = |q_b| 2 − ω_b = √ 3ω^2_b + 2α_bω_b − ω_b = ω_b (√ 3 + α_b ω_b − 1 ) ≥ 0 . (3.57)

This uses both eq. (3.47) and the property that α_b and ω_b are both non-negative.

Brane properties

As usual, the matching conditions relate the asymptotic bulk solutions to the properties of the source branes. Using W = e^W , a = e^B and aW^4dη = dρ, and taking the brane action to be S_b = − ∫ d^4x √ −γ L_b = − ∫ d^4x √ −ĝ T_b, the scalar matching condition, eq. (2.21), becomes 2π κ^2 [ e^{B+4W} ∂_ρ ϕ ] x_b = ∂ ∂ϕ [ e^{4W} L_b ] =⇒ [ (−)^b∂_η ϕ ] x_b = q_b = κ^2 2π ( ∂ T_b ∂ϕ ) , (3.58)

where the sign arises because the direction away from the brane is (−)^bdη in the two asymptotic regions. The (θθ) metric matching condition, eq. (2.24), similarly becomes 2π κ^2 [ e^{B+4W} ∂_ρ W ] x_b = Ub(ϕ) =⇒ [ (−)^b ( ∂_η W W )] x_b = ω_b = κ^2U_b 2π . (3.59)

Finally, the (μν) components of the metric matching conditions are − 2π κ^2 [ e^{4W} [e^B (3∂_ρW + ∂_ρB) − 1] ] x_b = T_b(ϕ) , (3.60)

– 24 – and so { (−)^b [ 3 ( ∂_ηW W ) + ( ∂_ηa a )] − W^4 } x_b = 3ω_b + α_b − W^4(x_b) = − κ^2T_b 2π . (3.61)

There are now two qualitatively different cases that are worth considering separately, depending on whether or not ω_b = 0 or ω_b > 0.

Solutions with only conical singularities:

If ω_b = 0, then eq. (3.47) implies q_b = 0 as well, and so both ϕ and W asymptote to constants near the brane. Because ω_b = 0 implies W ≃ W_b is constant in the near-brane regime, the behaviour a ∼ e^{αbη} implies the extra-dimensional metric is proportional to

e^{2αbη}(W^8_b dη^2 + dθ^2) = dρ^2 + ( α_bρ W^4_b

)_2

dθ^2 , (3.62)

showing that it has only a conical singularity at the brane position, with defect angle δ_b = 2π(1 − α_b/W^4_b ).

When ω_b = q_b = 0, the matching conditions boil down to

κ^2T^′_b 2π = κ^2U_b 2π = 0 and δ_b = κ^2T_b W^4_b

= κ^2L_b . (3.63)

The last of these relates the tension to the size of the conical defect angle in the usual way, while the first states that the value taken by ϕ near each brane must be at a stationary point of the tension on that brane. (Since this is also automatically a zero of U_b, the second condition is redundant.) In order for solutions to exist the two tensions must be related to one another by the known asymptotic limits of the given bulk solution. That is, if ϕ_b = lim ϕ(η) as η → −(−)^b∞, then T_b must satisfy T^′_b(ϕ_b) = 0 at both ends.

Since its right-hand-side is non-negative, eq. (3.41) shows that it is only possible to have ω_b = q_b = 0 at both branes if H = 0. If H = 0 the solutions given in eqs. (3.50) have this property (for both branes) when λ_3 = 0 (and so also λ_1 = λ_2 := λ). Notice that W and e^ϕ = W^{−2} need not be identically constant in this case unless η_1 = η_2.

From the point of view of the 4D theory the result H = 0 is understood for these solutions in terms of the vanishing of the classical low-energy 4D effective potential,

V_{eff} = V_B + ∑ b U_b = 0 . (3.64)

This vanishes because eq. (3.37) (when ϕ^′ = 0 near the branes) shows that the bulk contribution to the low energy potential vanishes, V_B = 0, and eq. (3.63) implies U_b = 0 for both branes.

– 25 –

If T^′_b should vanish identically, then so must also U_b and V_{eff} . In this case the vanishing of V_{eff} shows that the flat direction, corresponding to the scaling ϕ → ϕ + ϕ_0 and g_{M N} → e^{−ϕ0} g_{M N} , is not lifted by the classical couplings to the branes. But if T_b depends nontrivially on ϕ, then U_b becomes nonzero as soon as ϕ differs from its asymptotic value ϕ_b, implying that V_{eff} depends nontrivially on ϕ_0. Since U_b(ϕ_0) is given by

U_b = 1 3 [ (W^4 − T_b) − √ (W^4 − T_b)^2 − 3 4 (T_b^′)^2 ] , (3.65)

where T_b = T_b(ϕ_b + ϕ_0), it is non-negative (provided T_b < W^4). Because the bulk action is known to be stable against small fluctuations about the bulk solutions [27], it follows that V_{eff} (ϕ_0) must be minimized by any configuration for which it vanishes, such as ϕ_0 = 0 (which corresponds to lim ϕ = ϕ_b). This shows how the 4D theory sees that the flat direction, ϕ_0, of the bulk equations becomes fixed at the same value as is chosen by the matching conditions when viewed from the higher-dimensional perspective.

Solutions with ω_b > 0 On the other hand, if ω_b > 0 then e^W = W → 0 as the brane is approached. In this case the scalar and (μν) matching conditions are

q_b = κ^2T^′_b 2π = T_b^′ and 3 ω_b + α_b = − κ^2T_b 2π = −T_b . (3.66)

Since α_b and ω_b are both positive, the last of these conditions implies T_b < 0. The third matching condition in this case is

ω_b = κ^2U_b 2π = U_b = 1 3 [ −T_b − √ T^2_b − 3 4 (T_b^′)^2 ] , (3.67)

which also requires T_b < 0 if U_b and ω_b are to be positive.

Because we use coordinates for which the branes are situated at η → ±∞, we demand that these matching conditions be satisfied as identities in η in the asymptotic regimes. Use of the asymptotic forms for the bulk solutions in this regime corresponds to expanding the brane tension about the value taken by ϕ at the brane.

This determines the functional form for the brane action, T_b(ϕ, a, W ) = e^{4W} L_b(ϕ, a), required to source the given bulk solution. Because e^ϕ and all metric functions behave as exponentials near the branes — c.f. eq. (3.46) — the brane action must have the form L_b = −Λ_b e^{ξbϕ}F ( a e^{ζbϕ} ) , where F(x) is an arbitrary function and the powers ξ_b and ζ_b are chosen to ensure the η-independence in the near-brane regime of

T_b = −Λ_b W^4e^{ξbϕ} F ( a e^{ζbϕ} ) , (3.68)

– 26 – for constant Λ_b. The parameters ξ_b and ζ_b therefore satisfy

4 ω_b + ξ_b q_b = α_b + ζ_b q_b = 0 . (3.69)

In terms of F(x), the scalar matching condition becomes

q_b = κ^2 2π ( ∂ T_b ∂ϕ ) = − κ^2Λ_b 2π W^4 e^{ξbϕ} [ ξ_b F(x) + ζ_b x F^′(x) ] x=ae^ζb^ϕ , (3.70)

while the metric matching conditions similarly give

3 ω_b + α_b = − κ^2T_b 2π = κ^2Λ_b 2π W^4 e^{ξbϕ}F ( a e^{ζbϕ} ) , (3.71)

and so on.

To go further requires making choices for the function F(x). We discuss for simplicity a power-law, F(x) = x^{σb} , which to concretely illustrate the brane-bulk interaction.

Power-law tension: F(x) = x^{σb}

Perhaps the simplest choice for the function F(x) appearing above is a power: F(x) = x^{σb} , for σ_b a constant. In this case

T_b = −Λ_b W^4a^{σb} e^{λbϕ} , (3.72)

where λ_b = ξ_b + ζ_bσ_b, and so 4ω_b + σ_bα_b + λ_bq_b = 0 , (3.73)

is required to ensure that the η-dependence cancels in T_b within the near-brane regime. This last equation is to be regarded as being solved for σ_b.

The scalar matching condition, eq. (3.58), then boils down to

q_b = −λ_b W^4_b a^{σb}_b ( κ^2Λ_b 2π ) . (3.74)

The (μν) metric matching condition, eq. (3.61), similarly gives

3 ω_b + α_b = W^4_b a^{σb}_b ( κ^2Λ_b 2π ) . (3.75)

Combining (3.74) and (3.75), gives the parameter λ_b as

λ_b = − q_b 3ω_b + α_b

. (3.76)

Clearly q_b < 0 implies λ_b > 0 and vice versa, because α_b and ω_b are both positive. Notice that λ_b > 0 implies T_b → 0 in the ‘weak-coupling’ limit e^ϕ → 0.

– 27 –

Given α_b and ω_b, solving the above conditions gives q_b = ±2 √ ω_b(2α_b + 3ω_b) (from eq. (3.47)), λ_b (from eq. (3.76)), and the combination W^4_b a^{σb}_b ( κ^2Λ_b/2π ) (from eq. (3.75)).

The power of a appearing in T_b works out to be

σ_b = 4ω_b 3 ω_b + α_b

> 0 . (3.77)

One might think that the last matching condition, involving U_b, gives an independent equation that can be used to relate ω_b to α_b, but this turns out not to be independent due to the relation between U_b and T_b and the constraint, eq. (3.47).

The 4D perspective

In this section, we evaluate the full action at its classical solution to determine the value of V_{eff} at its minimum. For supergravity the full bulk action evaluates to a total derivative at any classical solution, giving

S_{B,ext} = 1 2κ^2 ∫ d^6x √ −g □ϕ = π κ^2 ∫ d^4x √ −ĝ [ ∂_ηϕ ]_∞ −∞ = − ∑ b T^′_b 2 . (3.78)

Adding to this the brane action and Gibbons-Hawking term, which combine to ∑ b ( S_{GH} + S_b ) = − ∫ d^4x √ ĝ U_b (3.79)

gives the total action evaluated at the classical solution

S_{ext} = − ∫ d^4x √ −ĝ ∑ b ( U_b + T^′_b 2 ) . (3.80)

Comparing this with eq. (2.44) (for n = 6) gives

V_{eff} (ϕ_0) = − ∑ b ( U_b + T^′_b 2 ) . (3.81)

Using this in the four-dimensional Einstein equations gives the 4D curvature

R̂ = −12H^2 = −4κ^2_N V_{eff}(ϕ_0) , (3.82)

and so H^2 = κ^2_N 3 V_{eff} = − κ^2_N 3 ∑ b ( U_b + T^′_b 2 ) = − 2πκ^2_N 3κ^2 ∑ b ( ω_b + q_b 2 ) , (3.83)

where the last equality uses the matching conditions to rewrite U_b and T^′_b in terms of the bulk solution. This agrees with the bulk field equations, eq.(3.55), and so shows that the 4D and 6D pictures agree. In order to identify the value of ϕ_0 itself requires calculating V_{eff} away from its minimum, which requires a full dimensional reduction of the supergravity action.

– 28 –

4. Conclusions

This paper summarizes the bulk-brane matching conditions for codimension-2 objects (following the presentation given for scalar-tensor theories in [7], with generalizations to include a general coupling to the Maxwell field [6]), and describes several applications to higherdimensional brane systems: F-theory compactifications involving space-filling codimension- 2 D7-branes situated within 10 dimensions; unwarped 3-brane flux compactifications in 6 dimensional scalar-Maxwell-Einstein theory; and warped and unwarped 3-brane flux compactifications of 6D chiral gauged supergravity. The latter two cases involve geometries that are maximally symmetric — but possibly curved — in the directions parallel to the branes.

The comparison with the F-theory compactifications provides a sanity check on the junction conditions, since both the brane and bulk actions are explicitly known for Type IIB string vacua [9], as are explicit solutions for the surrounding bulk geometry [21]. We show that the near-brane asymptotic form of the bulk configurations in this case precisely agrees with what the matching conditions would predict, given the explicit D7-brane action. Furthermore, this comparison lies within the weak-coupling regime since the bulk solution implies the string coupling becomes weak in the near-brane limit.

When applied to six-dimensional systems, the bulk-brane matching conditions can provide a stabilization mechanism for the bulk scalars (like a bulk axion, or the dilaton) provided the brane couplings break the appropriate symmetry that protects the scalar’s mass. When this is so, the value to which the scalar stabilizes can be understood from the higher-dimensional point of view as being due to the consistency of the matching conditions at the two branes. Alternatively it can be regarded as the value which minimizes the effective potential in the low-energy, on-brane action below the KK scale, although this requires a calculation of the potential away from its minimum.

Although many of the bulk solutions considered in six dimensions (supersymmetric or not) have de Sitter curvature along the four brane directions [5, 14], we show that for 6D gauged chiral supergravity only 4D-flat branes can be sourced by positive-tension branes. To establish this we first show that for any 6D theory a codimension-2 brane tension must be negative whenever the warp factor tends to zero near the brane. We then prove that the supergravity field equations imply the warping vanishes near the brane unless the nearbrane geometry has a conical singularity. Finally, the desired result follows once the field equations are used to see that any geometry having only conical singularities necessarily is flat in the 4 brane directions.

This necessity for negative tension in order to obtain de Sitter and anti-de Sitter branes echoes the various no-go theorems for finding 4D-de Sitter solutions from extra-

– 29 – dimensional gravity [28], even though the curvatures of the bulk geometries considered make these theorems not directly apply. This suggests that the curvature assumptions made in these theorems may be somewhat stronger than is necessary.

The relation to 4D de Sitter geometries has potential applications to searches for cosmic inflation within an extra-dimensional context. This is because inflationary configurations often lay nearby pure de Sitter solutions. In particular, a broad class of time-dependent solutions are known [14] for the bulk field equations in 6D supergravity, and for some of these the on-brane 4D geometry is likely to undergo an accelerated expansion. The extension of the arguments of this paper to these time-dependent situations would be most worthwhile, since they could provide instances of explicit inflationary models for which there is both a higher- and lower-dimensional understanding of why the universe accelerates. (By contrast, current inflationary models typically rely on the low-energy 4D effective theory to conclude that the universe inflates.) Work along these lines is in progress [29].

Acknowledgements

We wish to thank Hyun-Min Lee and A. Papazoglou for discussions about codimension-2 branes and inflation, as well as Anshuman Maharana and Fernando Quevedo for advice about F-theory. Our research has been supported in part by funds from the Natural Sciences and Engineering Research Council (NSERC) of Canada, McMaster University and Perimeter Institute. Research at the Perimeter Institute is supported in part by the Government of Canada through NSERC and by the Province of Ontario through the Ministry of Research and Information (MRI).

References

[1] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B429 (1998) 263 [hep-ph/9803315]; Phys. Rev. D59 (1999) 086004 [hep-ph/9807344];

I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B436 (1998) 257 [hep-ph/9804398];

K. Benakli, Phys. Rev. D60, 104002 (1999) [hep-ph/9809582]; C. P. Burgess, L. E. Ibáñez and F. Quevedo, Phys. Lett. B447, 257 (1999) [hep-ph/9810535];

P. Horava and E. Witten, Nucl. Phys. B475 (1996) 94 [hep-th/9603142]; Nucl. Phys. B460 (1996) 506 [hep-th/9510209];

E. Witten, Nucl. Phys. B471 (1996) 135 [hep-th/9602070]; J. Lykken, Phys. Rev. D54 (1996) 3693 [hep-th/9603133].

– 30 –

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

Lett. 83 (1999) 4690 [hep-th/9906064].

[3] K. Lanczos, Phys. Z. 23 (1922) 239–543; Ann. Phys. 74 (1924) 518–540;

C.W. Misner and D.H. Sharp, Phys. Rev. 136 (1964) 571–576; W. Israel, Nuov. Cim. 44B (1966) 1–14; errata Nuov. Cim. 48B 463.

[4] A. Vilenkin, Phys. Rev. D23 (1981) 852;

R. Gregory, Phys. Rev. Lett. 59 (1987) 740;

A. G. Cohen and D. B. Kaplan, “The Exact Metric About Global Cosmic Strings,” Phys. Lett. B215, 67 (1988);

A. Vilenkin and P. Shellard, Cosmic Strings and other Topological Defects, Cambridge University Press (1994);

R. Gregory and C. Santos, “Cosmic strings in dilaton gravity,” Phys. Rev. D 56, 1194 (1997) [gr-qc/9701014].

[5] F. Leblond, R. C. Myers and D. J. Winters, “Consistency conditions for brane worlds in arbitrary dimensions,” JHEP 0107 (2001) 031 [arXiv:hep-th/0106140]; S. M. Carroll and M. M. Guica, “Sidestepping the cosmological constant with football-shaped extra dimensions,” [hep-th/0302067];

I. Navarro, “Codimension two compactifications and the cosmological constant problem,” JCAP 0309 (2003) 004 [hep-th/0302129];

E. Papantonopoulos and A. Papazoglou, “Brane-bulk matter relation for a purely conical codimension-2 brane world,” JCAP 0507 (2005) 004 [arXiv:hep-th/0501112].

[6] C. P. Burgess, D. Hoover and G. Tasinato, “UV Caps and Modulus Stabilization for 6D Gauged Chiral Supergravity,” JHEP 0709 (2007) 124 [arXiv:0705.3212 [hep-th]].

[7] C. P. Burgess, D. Hoover, C. de Rham and G. Tasinato, “Effective Field Theories and Matching for Codimension-2 Branes,” JHEP 0903 (2009) 124 [arXiv:0812.3820 [hep-th]].

[8] P. Bostock, R. Gregory, I. Navarro and J. Santiago, “Einstein gravity on the codimension 2 brane?,” Phys. Rev. Lett. 92 (2004) 221601 [arXiv:hep-th/0311074]; J. Vinet and J. M. Cline, Phys. Rev. D 71 (2005) 064011 [hep-th/0501098]; M. Peloso, L. Sorbo and G. Tasinato, “Standard 4d gravity on a brane in six dimensional flux compactifications,” Phys. Rev. D 73 (2006) 104025 [arXiv:hep-th/0603026]; B. Himmetoglu and M. Peloso, Nucl. Phys. B 773 (2007) 84 [hep-th/0612140]; B. Himmetoglu and M. Peloso, “Isolated Minkowski vacua, and stability analysis for an extended brane in the rugby ball,” Nucl. Phys. B 773 (2007) 84 [hep-th/0612140]; C. de Rham, “The Effective Field Theory of Codimension-two Branes,” JHEP 0801 (2008) 060 [arXiv:0707.0884 [hep-th]];

– 31 –

E. Papantonopoulos, A. Papazoglou and V. Zamarias, “Regularization of conical singularities in warped six-dimensional compactifications,” JHEP 0703 (2007) 002 [arXiv:hep-th/0611311]; “Induced cosmology on a regularized brane in six-dimensional flux compactification,” Nucl. Phys. B 797 (2008) 520 [arXiv:0707.1396 [hep-th]]; D. Yamauchi and M. Sasaki, “Brane World in Arbitrary Dimensions Without Z_2 Symmetry,” Prog. Theor. Phys. 118 (2007) 245 [arXiv:0705.2443 [gr-qc]]; N. Kaloper and D. Kiley, “Charting the Landscape of Modified Gravity,” JHEP 0705 (2007) 045 [hep-th/0703190];

M. Minamitsuji and D. Langlois, “Cosmological evolution of regularized branes in 6D warped flux compactifications,” Phys. Rev. D 76 (2007) 084031 [arXiv:0707.1426 [hep-th]]; S. A. Appleby and R. A. Battye, “Regularized braneworlds of arbitrary codimension,” Phys. Rev. D 76 (2007) 124009 [arXiv:0707.4238 [hep-ph]];

C. Bogdanos, A. Kehagias and K. Tamvakis, “Pseudo-3-Branes in a Curved 6D Bulk,” Phys. Lett. B 656 (2007) 112 [arXiv:0709.0873 [hep-th]];

O. Corradini, K. Koyama and G. Tasinato, “Induced gravity on intersecting brane-worlds Part I: Maximally symmetric solutions,” Phys. Rev. D 77 (2008) 084006 [arXiv:0712.0385 [hep-th]];

F. Arroja, T. Kobayashi, K. Koyama and T. Shiromizu, “Low energy effective theory on a regularized brane in 6D gauged chiral supergravity,” JCAP 0712 (2007) 006 [arXiv:0710.2539 [hep-th]];

O. Corradini, K. Koyama and G. Tasinato, “Induced gravity on intersecting brane-worlds Part II: Cosmology,” Phys. Rev. D 78 (2008) 124002 [arXiv:0803.1850 [hep-th]]; V. Dzhunushaliev, V. Folomeev and M. Minamitsuji, “Thick brane solutions,” arXiv:0904.1775 [gr-qc].

[9] For a review with references see J. Polchinski, TASI Lectures on D-Branes [hep-th/9611050].

[10] C. Vafa, “Evidence for F-Theory,” Nucl. Phys. B 469 (1996) 403 [arXiv:hep-th/9602022];

D. R. Morrison and C. Vafa, “Compactifications of F-Theory on Calabi–Yau Threefolds – I,” Nucl. Phys. B 473 (1996) 74 [arXiv:hep-th/9602114]; “Compactifications of F-Theory on Calabi–Yau Threefolds – II,” Nucl. Phys. B 476 (1996) 437 [arXiv:hep-th/9603161]. Sen, Ashoke, “F-theory and Orientifolds” Nucl. Phys. B 475 (1996) 562 [arXiv:hep-th/9605150].

[11] A. Kehagias, “A conical tear drop as a vacuum-energy drain for the solution of the cosmological constant problem,” Phys. Lett. B 600 (2004) 133 [arXiv:hep-th/0406025]; T. Kobayashi and M. Minamitsuji, “Brane cosmological solutions in six-dimensional warped flux compactifications,” JCAP 0707 (2007) 016 [arXiv:0705.3500 [hep-th]]; D. Kiley, “Rotating Black Holes on Codimension-2 Branes,” Phys. Rev. D 76 (2007) 126002 [arXiv:0708.1016 [hep-th]];

– 32 –

[12] H. Nishino and E. Sezgin, Phys. Lett. 144B (1984) 187; “The Complete N=2, D = 6 Supergravity With Matter And Yang-Mills Couplings,” Nucl. Phys. B278 (1986) 353; S. Randjbar-Daemi, A. Salam, E. Sezgin and J. Strathdee, Phys. Lett. B151 (1985) 351.

[13] A. Salam and E. Sezgin, “Chiral Compactification On Minkowski X S**2 Of N=2 Einstein-Maxwell Supergravity In Six-Dimensions,” Phys. Lett. B 147 (1984) 47; S. L. Parameswaran, G. Tasinato and I. Zavala, “The 6D SuperSwirl,” Nucl. Phys. B 737 (2006) 49 [arXiv:hep-th/0509061];

H. M. Lee and C. Ludeling, “The general warped solution with conical branes in six-dimensional supergravity,” JHEP 0601 (2006) 062 [arXiv:hep-th/0510026]; H. M. Lee and A. Papazoglou, “Supersymmetric codimension-two branes in six-dimensional gauged supergravity,” JHEP 0801 (2008) 008 [arXiv:0710.4319 [hep-th]]; C. P. Burgess, S. L. Parameswaran and I. Zavala, “The Fate of Unstable Gauge Flux Compactifications,” arXiv:0812.3902 [hep-th];

[14] A. J. Tolley, C. P. Burgess, C. de Rham and D. Hoover, “Scaling solutions to 6D gauged chiral supergravity,” New J. Phys 8 (2006) 324 [arXiv:0608.083 [hep-th]]; A. J. Tolley, C. P. Burgess, C. de Rham and D. Hoover, “Exact Wave Solutions to 6D Gauged Chiral Supergravity,” JHEP 0807 (2008) 075 [arXiv:0710.3769 [hep-th]]; M. Minamitsuji, “Instability of brane cosmological solutions with flux compactifications,” Class. Quant. Grav. 25 (2008) 075019 [arXiv:0801.3080 [hep-th]].

H. M. Lee and A. Papazoglou, “Codimension-2 brane inflation,” Phys. Rev. D 80 (2009) 043506 [arXiv:0901.4962 [hep-th]].

[15] S. Weinberg, Gravitation and Cosmology, Wiley 1973.

[16] C. W. Misner, J. A. Wheeler and K. S. Thorne, Gravitation, W. H. Freeman & Company 1973.

[17] G.W. Gibbons and S.W. Hawking, Phys. Rev. D15 (1977) 2752.

[18] I. Navarro and J. Santiago, “Gravity on codimension 2 brane worlds,” JHEP 0502 (2005) 007 [arXiv:hep-th/0411250].

[19] Y. Aghababaie, C.P. Burgess, S. Parameswaran and F. Quevedo, Nucl. Phys. B680 (2004) 389–414, [hep-th/0304256];

C. P. Burgess, Annals Phys. 313 (2004) 283 [arXiv:hep-th/0402200]; AIP Conf. Proc. 743 (2005) 417 [arXiv:hep-th/0411140].

[20] Y. Aghababaie et al., “Warped brane worlds in six dimensional supergravity,” JHEP 0309 (2003) 037 [hep-th/0308064];

[21] B. R. Greene, A. D. Shapere, C. Vafa and S. T. Yau, “Stringy Cosmic Strings And Noncompact Calabi-Yau Manifolds,” Nucl. Phys. B 337 (1990) 1.

[22] N. Koblitz, Introduction to Elliptic Curves and Modular Forms, Springer Verlag (1984).

– 33 –

[23] G. W. Gibbons, R. Guven and C. N. Pope, “3-branes and uniqueness of the Salam-Sezgin vacuum,” Phys. Lett. B 595 (2004) 498 [hep-th/0307238];

[24] C. P. Burgess, F. Quevedo, G. Tasinato and I. Zavala, “General axisymmetric solutions and self-tuning in 6D chiral gauged supergravity,” JHEP 0411 (2004) 069 [hep-th/0408109];

[25] A. J. Tolley, C. P. Burgess, D. Hoover and Y. Aghababaie, “Bulk singularities and the effective cosmological constant for higher co-dimension branes,” JHEP 0603 (2006) 091 [arXiv:hep-th/0512218].

[26] C. P. Burgess, D. Hoover and G. Tasinato, “Technical Naturalness on a Codimension-2 Brane,” JHEP 0906 (2009) 014 [arXiv:0903.0402 [hep-th]].

[27] H. M. Lee and A. Papazoglou, “Scalar mode analysis of the warped Salam-Sezgin model,” [hep-th/0602208];

C. P. Burgess, C. de Rham, D. Hoover, D. Mason and A. J. Tolley, “Kicking the rugby ball: Perturbations of 6D gauged chiral supergravity,” JCAP 0702 (2007) 009 [arXiv:hep-th/0610078].

S. L. Parameswaran, S. Randjbar-Daemi and A. Salvio, “Gauge fields, fermions and mass gaps in 6D brane worlds,” Nucl. Phys. B 767 (2007) 54 [arXiv:hep-th/0608074]; “Stability and Negative Tensions in 6D Brane Worlds,” JHEP 0801 (2008) 051 [arXiv:0706.1893 [hep-th]]; “General Perturbations for Braneworld Compactifications and the Six Dimensional Case,” JHEP 0903 (2009) 136 [arXiv:0902.0375 [hep-th]].

[28] J. M. Maldacena and C. Nunez, “Supergravity description of field theories on curved manifolds and a no go theorem,” Int. J. Mod. Phys. A 16 (2001) 822 [hep-th/0007018]; G. W. Gibbons, R. Kallosh and A. D. Linde, “Brane world sum rules,” JHEP 0101 (2001) 022 [hep-th/0011225]; E. Teo, “A no-go theorem for accelerating cosmologies from M-theory compactifications,” Phys. Lett. B 609 (2005) 181 [hep-th/0412164]; M. P. Hertzberg, S. Kachru, W. Taylor and M. Tegmark, “Inflationary Constraints on Type IIA String Theory,” JHEP 0712, 095 (2007) [arXiv:0711.2512 [hep-th]]; D. H. Wesley, “New no-go theorems for cosmic acceleration with extra dimensions,” [arXiv:0802.2106 [hep-th]]; “Oxidised cosmic acceleration,” [arXiv:0802.3214 [hep-th]];

P. J. Steinhardt and D. Wesley, “Dark Energy, Inflation and Extra Dimensions,” Phys. Rev. D 79 (2009) 104026 [arXiv:0811.1614 [hep-th]].

[29] A. Bayntun, C.P. Burgess and L. van Nierop, to appear.

– 34 –