Received: September 17, 2001, Accepted: October 26, 2001 Revised: October 21, 2001

HYPER VERSION

Orientiworld

Zurab Kakushadze

C.N. Yang Institute for Theoretical Physics State University of New York, Stony Brook, NY 11794, USA, and Department of Physics, New York University, New York, NY 10003, USA E-mail: zurab@insti.physics.sunysb.edu

Abstract: We propose a consistent string theory framework for embedding brane world scenarios with infinite-volume extra dimensions. In this framework the Standard Model fields are localized on D3-branes sitting on top of an orientifold 3-plane. The transverse 6-dimensional space is a non-compact orbifold or a more general conifold. The 4-dimensional gravity on D3-branes is reproduced due to the 4-dimensional Einstein-Hilbert term induced at the quantum level. The orientifold 3-plane plays a crucial role, in particular, without it the D3-brane world-volume theories would be conformal due to the tadpole cancellation. We point out that in some cases the 4-dimensional Planck scale is controlled by the size of certain relevant (as opposed to marginal) orbifold blow-ups. We can then have a scenario with the desirable 4-dimensional Planck scale, the string scale of order TeV, and the cross-over to 10-dimensional gravity around the present Hubble size. We discuss some general features as well as concrete models in this “Orientiworld” framework, including those with D7-branes. We point out that the D7-brane gauge symmetry at the quantum level becomes part of the 4-dimensional gauge symmetry. We present an N = 1 supersymmetric model with 3 chiral generations of quarks and leptons, where the original gauge group (which contains an SU(6) subgroup) can be Higgsed to obtain a Pati-Salam model with 3 chiral generations, the Pati-Salam Higgs fields required to break the gauge group further to that of the Standard Model, as well as the desired electroweak Higgs doublets. The superpotential in this model is such that we have precisely one heavy (top-like) generation.

Keywords: Extra Large Dimensions, D-branes, Superstring Vacua.

Contents

1. Introduction 2

2. Framework 4 2.1 Oriented backgrounds 5 2.2 Unoriented backgrounds 6 2.3 Orientiworld models 9 2.4 Non-conformal theories 16

3. Gravity in orientiworld 18 3.1 A toy model 19 3.2 Linearized gravity 21 3.3 A non-zero thickness brane 23 3.4 Non-zero tension solutions 28 3.5 Brane thickness in orientiworld 31

4. Four-dimensional Einstein-Hilbert term in orientiworld 32 4.1 A simple N = 2 example 33 4.2 A conifold example 37 4.3 Non-conformal N = 1 models 41 4.4 More general non-conformal N = 1 models 43 4.5 A “hybrid” scenario 46

5. Explicit examples 46 5.1 The Z_3 models 47 5.2 The Z_7 models 48 5.3 A non-abelian orbifold 49 5.4 The Z_3 × Z_3 models 50 5.5 The Z_3 × Z_2 models 51 5.6 The Z_3 × Z_2 × Z_2 models 52

6. A three-family SU(6) model 53

7. Discussion 56

A. The U(1) factors in orientiworld models 58

B. A completely smooth brane 62

C. Graviton propagator on the brane 63 C.1 The d > 2 cases 63 C.2 The d = 2 case 64

D. A non-zero tension codimension-2 brane 65

1. Introduction

One motivation for considering extra dimensions comes from superstring theory (or M-theory), which is believed to be a consistent theory of quantum gravity. Thus, the critical number of space-time dimensions in superstring theory is 10 (while Mtheory is an 11-dimensional theory). However, in order to model the real world with critical string theory (or M-theory), one must address the question of why the extra dimensions have not been observed. One way to make extra dimensions consistent with observation is to assume that they are compact with small enough volume. If the Standard Model gauge and matter fields propagate in such extra dimensions (as is the case in, say, weakly coupled heterotic string theory), then their linear sizes should not be larger than about inverse TeV [1]. On the other hand, in the Brane World scenario the Standard Model gauge and matter fields are assumed to be localized on branes (or an intersection thereof), while gravity lives in a larger dimensional bulk of space-time. Such a scenario with compact extra dimensions can, for instance, be embedded in superstring theory via type-I^′ compactifications. Then the extra directions transverse to the branes can be as large as about a tenth of a millimeter [2].

Originally considering compact (or, more generally, finite volume) extra dimensions was motivated by the requirement that at the distance scales for which gravity has been measured one should reproduce 4-dimensional gravity. However, in [3, 4] a remarkable proposal was set forward. In particular, according to [4] 4-dimensional gravity can be reproduced on a 3-brane in infinite-volume bulk (with 6 or larger space-time dimensions) up to ultra-large distance scales. Thus, in these scenarios gravity is almost completely localized on a brane (which is almost δ-function-like) with ultra-light modes penetrating into the bulk. As was explained in [4], this dramatic modification of gravity in higher codimension models with infinite volume extra dimensions is due to the Einstein-Hilbert term on the brane, which is induced via loops of non-conformal brane matter [3, 4].

In this paper we describe an explicit string theory framework where the Standard Model gauge and matter fields are localized on (a collection of) D3-branes embedded in infinite-volume extra space. In particular, we consider unoriented type-IIB backgrounds in the presence of some number of D3-branes embedded in an orbifolded space-time. The D3-brane world-volume theory in this framework is non-conformal (at least for some backgrounds with at most N = 1 supersymmetry). At the quantum level we have the Einstein-Hilbert term induced on the branes, which leads to almost complete localization of gravity on the D3-branes. In particular, up to an ultra-large cross-over distance scale the gravitational interactions of the Standard Model fields localized on D3-branes are described by 4-dimensional laws of gravity.

One of the key ingredients in this framework is that we have an unoriented background. Thus, if we consider orientable type-IIB backgrounds (that is, those without orientifold planes) in the presence of some number of D3-branes embedded in an orbifolded space-time, then, as was explained in [5], the finiteness of the theory (that is, tadpole cancellation conditions) implies that the D3-brane world-volume theory is necessarily conformal.^1 However, as was originally pointed out in [6], we can obtain non-conformal gauge theories if we consider orientifolds of such type-IIB backgrounds. In particular, this is the case for backgrounds with at most N = 1 supersymmetry. Given the importance of orientifold planes in our framework, we refer to it as “Orientiworld”.

The orientiworld framework appears to have a rich structure for model building. In particular, since the extra dimensions have infinite volume, the number of D3- branes is arbitrary. Moreover, the number of allowed orbifold groups is infinite. Thus, a priori the orbifold group can be an arbitrary^2 subgroup of Spin(6), or, if we require N = 1 supersymmetry to avoid bulk tachyons, of SU(3). To obtain a finite string background, we still must impose twisted tadpole cancellation conditions. However, twisted tadpoles must also be canceled in compact type-IIB orientifolds. Then the number of consistent solutions of the latter type is rather limited [7] as we can only have a finite number of D3-branes, and, moreover, the number of allowed orbifold groups is also finite as they must act crystallographically on the compact space. On the other hand, as we already mentioned, in the orientiworld framework the number of consistent solutions is infinite, which is encouraging for phenomenologically oriented model building.

This richness of the orientiworld framework can be exploited to construct various models for phenomenological applications. We discuss some examples of orientiworld models in detail. In particular, we give an example with three chiral generations. In this model, which is N = 1 supersymmetric, the gauge group contains a phenomenologically appealing SU(6) subgroup.^3 Albeit the gauge group in this model contains

1More precisely, theories with at least N = 1 supersymmetry are conformal [5]. As to nonsupersymmetric theories, to decouple bulk tachyons one considers the large-N limit, where they too are conformal.

2More precisely, there is a mild restriction on allowed orbifold groups if we require modular invariance of the closed string sector in the corresponding oriented type-IIB background.

3A compact version of this model, which is the first orientifold model with three generations of quarks and leptons, was originally constructed in [8] (and a non-compact version was subsequently

an SU(6) subgroup, as was pointed out in [8], it is not a grand unified model as we have no Higgs field in an appropriate higher dimensional representation. However, as was pointed out in [10], one can still break the gauge group down to that of the Standard Model. We discuss this model in detail, and point out the importance of the gauge subgroups coming from D7-branes, which are also present in this model. In particular, the D7-brane gauge symmetry becomes part of the four-dimensional gauge symmetry via the mechanism of [11]. In fact, after a sequence of Higgsing, the gauge group in this model can be broken down to the Pati-Salam gauge group. The charged matter contains 3 chiral generations of quarks and leptons, the electroweak Higgs doublets, as well as the Pati-Salam Higgs fields, which break the Pati-Salam gauge symmetry down to that of the Standard Model. We also point out a pleasant bonus in this model — the superpotential is such that we have precisely one heavy (top-like) generation.

Given recent developments in brane world scenarios with infinite-volume extra dimensions, it is reasonable to expect that the orientiworld approach, which provides an explicit framework for consistently embedding such scenarios in string theory, would have to be further developed. In particular, orbifold examples are only a part of interesting starting type-IIB backgrounds. Thus, one can consider more general backgrounds such as conifolds. It therefore appears that orientiworld might provide a fruitful arena for embedding various brane world scenarios in string theory. In fact, in the following we point out that relevant (as opposed to marginal) blow-ups of the orbifold singularities, which turn the space transverse to the D3-branes into a conifold, play an important role in obtaining 4-dimensional gravity on D3-branes.

The rest of this paper is organized as follows. In section 2 we discuss the orientiworld framework. In section 3 we discuss some general features of the orientiworld scenario, in particular, we discuss how 4-dimensional gravity is reproduced on D3- branes. In section 4 we discuss how the four-dimensional Einstein-Hilbert term arises in the orientiworld context. In section 5 we discuss concrete examples of orientiworld models. In section 6 we discuss some phenomenological aspects of the aforementioned 3-family supersymmetric model containing an SU(6) subgroup. We conclude with final remarks in section 7. Some details are relegated to appendices.

2. Framework

In this section we discuss the orientiworld framework. First we describe the underlying oriented type-IIB orbifold backgrounds. We then consider their orientifolds. This illustrates why introduction of orientifold planes makes a big difference, in particular, why in the orientiworld framework we can construct non-conformal gauge theories. Parts of our discussion here will closely follow [5, 6].

constructed in [9]).

2.1 Oriented backgrounds Consider type-IIB string theory with N parallel coincident D3-branes where the space transverse to the D-branes is M = R^6 /Γ. The orbifold group Γ = {g_a | a=1, . . . , |Γ|} (g_1 = 1) must be a finite discrete subgroup of Spin(6) (it can be a subgroup of Spin(6) and not SO(6) as we are dealing with a theory containing fermions). If Γ ⊂ SU(3) (SU(2)), we have N = 1 (N = 2) unbroken supersymmetry, and N = 0, otherwise.

Let us confine our attention to the cases where type IIB on M is a modular invariant theory.^4 The action of the orbifold on the coordinates X_i (i = 1, . . . , 6) on M can be described in terms of SO(6) matrices: g_a : X_i → ∑ j(g_a)_{ij}X_j . (The action of g_a on the world-sheet superpartners of X_i is the same.) We also need to specify the action of the orbifold group on the Chan-Paton charges carried by the D3-branes. It is described by N × N matrices γ_a that form a representation of Γ. Note that γ_1 is an identity matrix and Tr(γ_1) = N.

The D-brane sector of the theory is described by an oriented open string theory. In particular, the world-sheet expansion corresponds to summing over oriented Riemann surfaces with arbitrary genus g and arbitrary number of boundaries b, where the boundaries of the world-sheet correspond to the D3-branes. For example, consider the one-loop vacuum amplitude with no handles and two boundaries (g = 0, b = 2). The corresponding graph is an annulus whose boundaries lie on D3-branes. The one-loop partition function in the light-cone gauge is given by Z = 1 2|Γ| ∑ a Tr ( g_a(1 − (−1)^F )e^{−2πtL0} ) , (2.1)

where F is the fermion number operator, t is the real modular parameter of the annulus, and the trace includes sum over the Chan-Paton factors.

The orbifold group Γ acts on both ends of the open string. The action of g_a ∈ Γ on Chan-Paton charges is given by γ_a ⊗ γ_a. Therefore, the individual terms in the sum in (2.1) have the following form:

(Tr(γ_a))^2 Z_a , (2.2)

where Z_a are characters corresponding to the world-sheet degrees of freedom. The “untwisted” character Z_1 is the same as in the N = 4 theory for which Γ = {1}. The information about the fact that the orbifold theory has reduced supersymmetry is encoded in the “twisted” characters Z_a, a ≠ 1.

In [5] it was shown that the one-loop massless (and, in non-supersymmetric cases, tachyonic) tadpole cancellation conditions (that is, finiteness of the corresponding string backgrounds) require that

Tr(γ_a) = 0 ∀a ≠ 1 . (2.3)

4This is always the case if Γ ⊂ SU(3). For non-supersymmetric cases this is also true provided that ̸∃Z_2 ⊂ Γ. If ∃Z_2 ⊂ Γ, then modular invariance requires that the set of points in R^6 fixed under the Z_2 twist has real dimension 2.

That is, all twisted characters Z_a contain divergences (which are all massless tadpoles in the supersymmetric cases, while in non-supersymmetric cases we also have tachyonic divergences). In [5] it was also shown that this condition implies that the Chan-Paton matrices γ_a form an n-fold copy of the regular representation of Γ. The regular representation decomposes into a direct sum of all irreducible representations r_i of Γ with degeneracy factors n_i = |r_i|. The gauge group is (N_i ≡ nn_i)

G = ⊗_i U(N_i) . (2.4)

The matter consists of Weyl fermions and scalars transforming in bifundamentals (N_i, N_j) (see [12] for details). The overall center-of-mass U(1) is free — matter fields are not charged under this U(1). All other U(1)’s, however, are running. If Γ ⊂ SO(3), then these U(1)’s are anomaly free. If, however, Γ ⊂ SU(3) but Γ ⊄ SO(3), then some of such U(1) factors are actually anomalous (in particular, we have U(1)_k SU(N_l)^2 mixed anomalies), and are broken at the tree-level via a generalized Green-Schwarz mechanism [13, 14]. Apart from the U(1) factors, all supersymmetric theories of this type are conformal [5], in particular, their non-abelian parts are conformal.^5 On the other hand, in non-supersymmetric cases to decouple bulk tachyons one considers the large-N limit.^6 All (supersymmetric as well as nonsupersymmetric) gauge theories of this type are conformal in the large-N limit [5]. The key reason for this conformal property is the tadpole cancellation condition (2.3), which, as was explained in [5], implies that all planar diagrams reduce to those of the parent N = 4 theory, which is conformal. In the large-N limit non-planar diagrams are suppressed by powers of 1/N. For finite-N conformality of the non-abelian parts of the gauge theories follows for N = 2 cases (as N = 2 gauge theories perturbatively are not renormalized beyond one loop), and can also be argued for N = 1 cases [5]. In non-supersymmetric cases, however, bulk tachyons prevent one from considering finite-N cases.^7

2.2 Unoriented backgrounds

Let us now consider a generalization of the above setup by including orientifold planes. In the following we will mostly be interested in finite-N theories, so let us focus on theories with at least N = 1 unbroken supersymmetry. Thus, consider type-IIB string theory on M = C^3 /Γ where Γ ⊂ SU(3). Consider the ΩJ orientifold of this theory, where Ω is the world-sheet parity reversal, and J is a Z_2 element (J^2 = 1) acting on the complex coordinates z_i (i = 1, 2, 3) on C^3 such that the set of points in C^3 fixed under the action of J has real dimension Δ = 0 or 4.

If Δ = 0 then we have an orientifold 3-plane. If Γ has a Z_2 subgroup, then we also have an orientifold 7-plane. If Δ = 4 then we have an orientifold 7-plane. We

5We will discuss the U(1) factors in the next subsection.

6In this limit we take the string coupling g_s → 0 together with N → ∞ while keeping Ng_s fixed. 7In the large-N limit the bulk tachyons are harmless as the string coupling g_s goes to zero.

may also have an orientifold 3-plane depending on whether Γ has an appropriate Z_2 subgroup. Regardless of whether we have an orientifold 3-plane, we can a priori introduce an arbitrary number of D3-branes.^8 On the other hand, if we have an orientifold 7-plane we must introduce 8 of the corresponding D7-branes to cancel the Ramond-Ramond charge appropriately. (The number 8 of D7-branes is required by the corresponding untwisted tadpole cancellation conditions.)

We need to specify the action of Γ on the Chan-Paton factors corresponding to the D3- and D7-branes (if the latter are present, which is the case if we have an orientifold 7-plane). Just as in the previous subsection, these are given by Chan- Paton matrices which we collectively refer to as γ^μ_a , where the superscript μ refers to the corresponding D3- or D7-branes. Note that Tr(γ^μ_1 ) = n^μ where n^μ is the number of D-branes labelled by μ.

At the one-loop level there are three different sources for massless tadpoles: the Klein bottle, annulus and Möbius strip amplitudes depicted in figure 1. The Klein bottle amplitude corresponds to the contribution of unoriented closed strings into the one-loop vacuum diagram. It can be alternatively viewed as a tree-level closed string amplitude where the closed strings propagate between two cross-caps. The latter are the (coherent type IIB) states that describe the familiar orientifold planes. The annulus amplitude corresponds to the contribution of open strings stretched between two D-branes into the one-loop vacuum amplitude. It can also be viewed as a tree-channel closed string amplitude where the closed strings propagate between two D-branes. Finally, the Möbius strip amplitude corresponds to the contribution of unoriented open strings into the one-loop vacuum diagram. It can be viewed as a tree-channel closed string amplitude where the closed strings propagate between a D-brane and an orientifold plane.

Note that there are no Chan-Paton matrices associated with the Klein bottle amplitude since it corresponds to closed strings propagating between two cross-caps which do not carry Chan-Paton charges. The Möbius strip has only one boundary. This implies that the individual terms (corresponding to twists g_a ∈ Γ) in the Möbius strip amplitude are proportional to Tr(γ^μ_a ). The annulus amplitude is the same (up to an overall factor of 1/2 due to the orientation reversal projection) as in the oriented case discussed in the previous subsection. Thus, the individual terms (corresponding to twists g_a ∈ Γ) in the annulus amplitude are proportional to Tr(γ^μ_a ) Tr(γ^ν_a ). The tadpoles can therefore be written as ∑ a ( K_a + ∑ μ M^μ_a Tr(γ^μ_a ) + ∑ μ,ν A^{μν}_a Tr(γ^μ_a ) Tr(γ^ν_a ) ) . (2.5)

Here the terms with K_a, M^μ_a and A^{μν}_a correspond to the contributions of the Klein bottle, Möbius strip and annulus amplitudes, respectively. In fact, the factorization

8In general, codimension-3 and higher objects (that is D-branes and orientifold planes) do not introduce untwisted tadpoles.

Figure 1: Tree-channel Klein bottle, Möbius strip and annulus amplitudes.

Figure 2: Factorization of the Klein bottle, Möbius strip and annulus amplitudes.

property of string theory implies that the Klein bottle amplitude should factorize into two cross-caps connected via a long thin tube. The Möbius strip amplitude should factorize into a cross-cap and a disc connected via a long thin tube. Similarly, the annulus amplitude should factorize into two discs connected via a long thin tube. These factorizations are depicted in figure 2. The implication of this for the tadpoles is that they too factorize into a sum of perfect squares ∑ a ( B_a + ∑ μ C^μ_a Tr(γ^μ_a )

)_2 , (2.6)

where B^2_a = K_a, 2B_aC^μ_a = M^μ_a and C^μ_a C^ν_a = A^{μν}_a . Thus, the twisted tadpole cancellation conditions read:

B_a + ∑ μ C^μ_a Tr(γ^μ_a ) = 0 , a ≠ 1 . (2.7)

These should be contrasted with (2.3) in the oriented case. In particular, since in certain cases some B_a ≠ 0, a priori there is no reason why the corresponding D3- brane world-volume gauge theories should be conformal. That is, the presence of orientifold planes can indeed give rise to non-conformal gauge theories.

2.3 Orientiworld models

Let us see what kind of orientiworld models we can have. In particular, let us discuss what kind of orientiworld models are non-conformal. For definiteness let us focus on the cases where we do have an orientifold 3-plane. If there are no orientifold 7-planes (that is, if Γ does not contain a Z_2 element), then the orientifold projection Ω can be either of the SO or the Sp type: the corresponding orientifold 3-plane is referred to as O3^− or O3^+, respectively. That is, before orbifolding, if we place 2N D3-branes on top of the O3^−-plane (O3^+-plane), we have the N = 4 super-Yang-Mills theory with the SO(2N) (Sp(2N)) gauge group.^9 (We are using the convention where Sp(2N) has rank N.) After the orbifold projections the 33 (that is, the D3-brane) gauge group is a subgroup of SO(2N) (Sp(2N)), which can contain U(N_k) factors as well as SO (Sp) subgroups. The 33 matter can contain bifundamentals in any of these subgroups as well as rank-2 antisymmetric (symmetric) representations in the unitary subgroups. Next, if we have an O7-plane, the orientifold projection Ω must always be of the SO type on the D7-branes — this is required by the tadpole cancellation condition. This, in particular, implies that the 33 and 77 matter cannot contain rank-2 symmetric representations. Note that we also have 37 matter in bifundamentals of the 33 and 77 gauge groups.

Let us start with N = 2 theories of this type.^{10} All such theories are conformal (more precisely, their non-abelian parts are — here we are ignoring the U(1) factors). The reason why can be understood as follows. First, note that we can focus on the one-loop level as we have N = 2 supersymmetry. It can be shown that cross-cap contributions to the twisted tadpoles corresponding to the twists of even order are all vanishing (see, for instance, [6, 16] and references therein). This implies that the corresponding γ^μ_a are traceless, and, for the same reason as in the previous subsection, do not spoil conformality. Let us therefore focus on orbifold groups Γ ⊂ SU(2) that do not contain elements of even order. These are given by Z_M subgroups of SU(2), where M is odd. Let us see why all such theories are conformal (we can then understand why theories with even order twists are also conformal). In these theories the cross-cap contributions into twisted tadpoles, which are given by the factors B_a, are non-vanishing, so neither are the corresponding Tr(γ_a) (note that in these cases we have no D7-branes, so we do not need to put an additional index μ on the Chan-Paton matrices). However, the tadpole cancellation condition implies that B_a + C_a Tr(γ_a) = 0 , a ≠ 1 . (2.8)

This, as we will see in a moment, implies that these N = 2 theories are conformal.

9Note that we can also place 2N +1 D3-branes on top of the O3^−-plane to obtain the SO(2N +1) gauge group.

10Orientifolds of non-compact type-IIB orbifolds were discussed in detail in [6, 15, 16].

To see this, let us consider renormalization of the gauge coupling for a nonabelian subgroup of the D3-brane gauge group. This can be deduced from a 2-point function, where two gauge bosons corresponding to this subgroup are attached to the same boundary in the corresponding one-loop graph. It has to be the same boundary because these are non-abelian gauge bosons, so the Chan-Paton matrices λ_r, r = 1, 2, corresponding to the external lines are traceless: Tr(λ_r) = 0. It then follows that Tr(λ_rγ_a) = 0 as well for by definition λ_r are invariant under the orbifold group action as λ_r correspond to the gauge bosons of the gauge group left unbroken by the orbifold (in particular, note that λ_r commute with γ_a). This then implies that attaching only one such external line to a given boundary would produce a vanishing amplitude. Note that this is correct for the non-abelian gauge bosons, but does not hold for U(1) factors. This, as we will see, is precisely the reason why U(1)’s can still run in these theories.

Thus, the ultra-violet divergence structure for the one-loop amplitude containing two external lines corresponding to non-abelian gauge bosons is given by: ∑ a [ 2B_aC^′_a Tr(λ_1λ_2γ_a) + 2C_aC^′_a Tr(γ_a) Tr(λ_1λ_2γ_a) ] , (2.9)

where the first term comes from the Möbius strip, while the second term comes from the annulus. In the second term the factor of 2 is due to the two different ways we can attach external gauge bosons to the two boundaries. The factors B_a and C_a are the same as before — they correspond to the massless twisted closed string states coupling to the cross-caps and D3-branes, respectively, in the factorization limit depicted in figure 2. The factors C^′_a correspond to these twisted closed string states coupling to the D3-branes with two external lines attached to them (in particular, C^′_a are different from C_a). Note that (2.9) vanishes due to the tadpole cancellation conditions (2.8). That is, we have no ultra-violet divergences in the one-loop 2-point functions involving non-abelian gauge bosons.

The fact that there are no ultra-violet divergences in the non-abelian 2-point functions does not by itself imply that the non-abelian gauge couplings do not run. Indeed, we must show that there are no infra-red divergences in the corresponding 2-point functions either. Remarkably enough, however, the ultra-violet and infra-red divergences in these N = 2 models are related to each other, in fact, they are identical. The reason for this is the following. Consider the loop-channel one-loop 2-point function involving non-abelian or U(1) gauge bosons (in the latter case we must also include the annulus amplitude with the external lines attached to two different boundaries). Such an amplitude receives contributions only from massless open string states running in the loop. This is due to the N = 2 supersymmetry — only BPS states (that is, those in short supermultiplets) can contribute to the renormalization of the gauge couplings, and the massive open string excitations in these backgrounds are all non-BPS [17, 18]. That is, there are no massive string threshold contributions to the gauge couplings, and whatever their field-theoretic logarithmic running, it continues above the string scale. In other words, the massive open string states do not provide an ultra-violet cut-off for the gauge coupling running in these backgrounds. This then implies that, if we had logarithmic infra-red divergences in the non-abelian gauge couplings (that is, if the latter did run), we would have to have the corresponding logarithmic ultraviolet divergences as well. However, as we saw above, there are no ultra-violet divergences in the non-abelian gauge couplings. This then implies that there are no infra-red divergences either, and the non-abelian gauge couplings do not run — the non-abelian parts of these N = 2 gauge theories are, therefore, conformal.

What about the U(1) gauge couplings? First, note that U(1)’s in these backgrounds are non-anomalous — these theories are N = 2 supersymmetric, and, therefore, non-chiral. So a priori they need not be broken. We can then discuss the U(1) gauge coupling running. In fact, all U(1)’s run as there is always matter charged under them.^{11} This implies that we have logarithmic infra-red divergences in the loop-channel one-loop 2-point function involving U(1) gauge bosons. According to the above argument, this then implies that we must also have the corresponding logarithmic ultra-violet divergences. And we do. These arise in the annulus amplitude with two external U(1) lines attached to different boundaries. In fact, the corresponding infra-red divergence also arises in this amplitude, that is, we have no infra-red divergences in the Möbius strip or annulus amplitudes with two external U(1) lines attached to the same boundary. On the other hand, the aforementioned ultra-violet divergence in the loop channel can be understood as an infra-red divergence in the corresponding tree channel, which arises in the factorization limit depicted in figure 2 due to the exchange of massless twisted states (note that massive states do not give rise to infra-red divergences in the tree channel). Such a massless twisted state is a Ramond-Ramond twisted 2-form, call it C, which on top of the four dimensions along the D3-brane world-volumes also propagates in the fixed point locus of the corresponding twist in C^3 , which has real dimension 2. This twisted 2-form has a coupling to a U(1) gauge field strength of the following form [19, 20]: ∫ D3 C ∧ F . (2.10)

11Note that this is different from what happens in oriented backgrounds discussed in subsection 2.1, where we have one center-of-mass U(1) which is free. In the oriented case the gauge group before orbifolding is U(N), and the free center-of-mass U(1) is inherited from this U(N) (while all the other U(1)’s come from breaking the SU(N) part of U(N), so there is always matter charged under these U(1)’s, which, therefore, run). On the other hand, in the unoriented case the gauge group before orbifolding is SO(2N) or Sp(2N) (as we have already mentioned, it can also be SO(2N + 1)), and in this case U(1)’s come from breaking these gauge groups, so there is always matter charged under them.

Exchanging this 2-form in the annulus amplitude with two U(1) gauge bosons attached to different boundaries then leads to a logarithmic divergence. The reason why this divergence is logarithmic is simply due to the fact that the massless 2- dimensional euclidean propagator is logarithmic. We will come back to the running of the U(1)’s in a minute. However, let us first understand the loop-channel infra-red divergences (in particular, the absence thereof for non-abelian gauge couplings) in the tree-channel language.

The key point here is that, as we have already mentioned, in these backgrounds the ultra-violet and infra-red divergences in any given one-loop 2-point function are identical. Thus, the ultra-violet and infra-red divergences in the annulus amplitude with two non-abelian gauge bosons attached to the same boundary are identical. Similarly, they are identical in the Möbius strip amplitude with two external lines corresponding to non-abelian gauge bosons. Also, the ultra-violet and infra-red divergences are identical in the annulus amplitude with two U(1) gauge bosons attached to the same boundary. Similarly, they are identical in the Möbius strip amplitude with two external lines corresponding to U(1) gauge bosons. Finally, the ultra-violet and infra-red divergences are identical in the annulus amplitude with two U(1) gauge bosons attached to different boundaries. Note that for twists with Tr(γ_a) ≠ 0 these individual divergences do not vanish. In fact, the divergences in the annulus amplitude with two U(1) gauge bosons attached to different boundaries do not vanish even for the twists with Tr(γ_a) = 0.

To understand how this is possible, that is, how individual infra-red and ultraviolet divergences in these backgrounds can be identical, let us go to the tree channel. The loop-channel ultra-violet divergences are then translated into the tree-channel infra-red divergences arising due to the exchange of massless twisted states in the factorization limit depicted in figure 2. These divergences are logarithmic as the massless 2-dimensional euclidean propagator is logarithmic. Note that the exchange of massless twisted states in the tree channel also gives rise to logarithmic ultra-violet divergences, which in the loop channel translate into logarithmic infra-red divergences. In fact, precisely because the massless 2-dimensional euclidean propagator is logarithmic, these tree-channel ultra-violet divergences (that is, the loop-channel infra-red divergences) have the exact same structure as the tree-channel infra-red divergences (that is, the loop-channel ultra-violet divergences). In particular, this structure is also given by (2.9). What about the exchange of massive twisted states in the tree channel? A priori these could also contribute into ultra-violet tree-channel divergences. But they do not. This is also due to the N = 2 supersymmetry. In other words, in N = 2 backgrounds the couplings of massive twisted states to the massless brane fields are such that their exchange in the tree channel does not give rise to tree-channel ultra-violet divergences. Indeed, such divergences, if non-vanishing, could only be logarithmic, which would imply that the loop-channel infra-red divergences would be different from the loop-channel ultra-violet divergences. This, however, is not possible as the massive open string states do not affect the gauge coupling running in the ultra-violet due to the N = 2 supersymmetry as we discussed above.^{12}

Let us now go back to the running of the U(1)’s, which is due to the exchange of the massless twisted 2-form fields C. In particular, we have the corresponding logarithmic ultra-violet divergences, which normally are not expected to be present in consistent string backgrounds.^{13} Here we would like to discuss a resolution of this point. The idea here is based on the above observation that the ultra-violet and infra-red divergences in these backgrounds go hand-by-hand. In particular, we might expect that, if we remove the infra-red divergences, then this should automatically take care of the ultra-violet divergences as well. This then gives us a hint that, if the U(1)’s become massive, then we should no longer have ultra-violet divergences. In fact, in a moment we will discuss a mechanism for this. The upshot of this mechanism is that these U(1)’s are actually not local gauge symmetries but global ones, and we should treat them as such. This mechanism is essentially the same in the oriented as well as unoriented backgrounds, so for simplicity we will discuss it in one of the oriented N = 2 backgrounds discussed in subsection 2.1.

Thus, consider the oriented background with Γ = Z_2, where the generator R of Γ acts as follows on the complex coordinates z_1, z_2, z_3 on C^3 :

R : z_1 → z_1 , R : z_{2,3} → −z_{2,3} . (2.11)

We must satisfy the condition Tr(γ_R) = 0. Thus, we can take

γ_R = diag(I_N , −I_N ) , (2.12)

where I_N is the N × N unit matrix. The resulting D3-brane world-volume theory is the N = 2 supersymmetric U(N) ⊗ U(N) gauge theory with matter hypermultiplets transforming in (N, N)(+1, −1) , (N, N)(−1, +1) , (2.13)

where the U(1) charges are given in the parenthesis. Note that the diagonal U(1), which we will refer to as U(1)_+, is the free center-of-mass U(1), while the anti-diagonal U(1), which we will refer to as U(1)_−, runs.

Consider the Chern-Simons part of the low energy action containing the twisted 2-form C_R [23, 19]:

S_{CS} = 1 2πα^′ ∫ D3 C_R ∧ Tr ( γ_R e^{2πα′F} ) , (2.14)

12Here we note that these observations are the key ingredient of the Brane-Bulk Duality recently discussed in [21, 22] in the context of non-conformal D3-brane gauge theories from oriented type-IIB backgrounds with uncanceled codimension-2 twisted tadpoles.

13In particular, note that we have Landau poles for the U(1)’s.

where F is the ((2N) × (2N) matrix valued) D3-brane gauge field strength.^{14} Let us decompose F into (N × N matrix valued) field strengths F_1 and F_2 for the two U(N) factors. We then have

S_{CS} = 1 2πα^′ ∫ D3 C_R ∧ [ Tr ( e^{2πα′ F1} ) − Tr ( e^{2πα′F2} )] . (2.15)

The linear term in the field strengths is given by: ∫ D3 C_R ∧ F_− , (2.16)

where F_− ≡ Tr(F_1) − Tr(F_2) (2.17) is the (appropriately normalized) U(1)_− field strength. In particular, note that C_R does not have such a coupling to the U(1)_+ field strength F_+. This is consistent with the fact that the latter does not run.

We can consistently give a mass to the U(1)_− gauge field as follows. Let C_R be the pull-back of the 2-form C_R onto the D3-brane world-volume: C^{μν}_R = δ^μ_M δ^ν_N C^{MN}_R | |_{D3} . (2.18)

Here x^μ are the coordinates along the D3-brane world-volume, while x^i, i = 1, 2, are the real coordinates on the fixed point locus of the twist R (z_1 = x^1 + ix^2), and x^M = (x^μ, x^i). Note that the Chern-Simons coupling (2.16) is given by ∫ D3 d^4x ϵ_{μνσρ}C^{μν}_R F^{σρ}_− . (2.19) Next, let H_R be the four-dimensional field strength of C_R. That is,

H^{μνσ}_R = ∂^μC^{νσ}_R + ∂^ν C^{σμ}_R + ∂^σ C^{μν}_R . (2.20)

Note that we can add a kinetic term for C_R in the D3-brane world-volume, which is consistent with all symmetries of the system: − L^2 12 ∫ D3 H^2_R . (2.21)

Here L has the dimension of length. The original action is restored in the L → 0 limit. In this limit, however, the U(1)_− gauge boson is infinitely heavy. Indeed, consider the action (g_− is the U(1)_− gauge coupling): − L^2 12 ∫ D3 H^2_R + ∫ D3 C_R ∧ F_− − 1 4g^2_− ∫ D3 F^2_− = = − L^2 12 ∫ D3 H^2_R − 2 3 ∫ D3 H_R ∧ A_− − 1 4g^2_− ∫ D3 F^2_− , (2.22)

14Note that we are ignoring the NS-NS 2-form, which is not important for our discussion here. At any rate, it does not appear in the unoriented backgrounds.

where A_− is the U(1)_− gauge field. The mass of the U(1)_− gauge boson therefore is

m^2_− =

16g^2_− L^2

. (2.23)

Thus, for non-zero L the U(1)_− gauge symmetry is broken. However, we still have a global U(1)_− symmetry.

Since U(1)_− is heavy for non-vanishing L, we have no infra-red divergences. Let us, however, check that our expectation about the absence of the ultra-violet divergences is actually correct. What we need to do is to compute the correction to the F^2_− kinetic term due to the tree-channel exchange of the 2-form C_R. The relevant action reads: − L^2 12 ∫ D3 H^2_R + ∫ D3 C_R ∧ F_− − 1 4g^2_− ∫ D3 F^2_− − 1 12 ∫ D3×R^2

H^2_R , (2.24)

where H_R is the field strength of the 2-form C_R in the bulk, which is the D3-brane world-volume times the fixed point locus of the twist R. The computation of this tree-channel exchange is given in appendix A. As can be seen from this computation, we indeed do not have logarithmic divergences in the U(1)_− gauge coupling even if we take the limit L → ∞ where m_− → 0. The physical interpretation of this is that U(1)_− should not be interpreted as a local gauge symmetry but as a global one. In particular, suppose we start from the original background with a massless U(1)_− gauge boson. Since this U(1)_− runs, we must introduce an ultra-violet cut-off Λ. Since the 2-form C_R couples to the brane fields via (2.15), already at the one-loop level a kinetic term (2.21) for C_R will be generated on the D3-branes. At the one-loop order the relevant couplings in (2.15) are those quadratic in the field strengths: πα^′ ∫ D3 C_R ∧ [Tr(F_1F_1) − Tr(F_2F_2)] . (2.25)

In fact, the coefficient L^2 in (2.21) is given by:

L^2 = b(α^′)^2Λ^2 , (2.26)

where b is a dimensionless numerical coefficient. The computation of appendix A then shows that we do not have a logarithmic divergence in the U(1)_− gauge coupling even in the Λ → ∞ limit. This, as we have already mentioned, suggests that U(1)_− should be treated as a global symmetry and not as a local one. In fact, in appendix A we point out that this is consistent with the case where the two extra dimensions x^i are compactified on a large 2-torus.

As we have already mentioned, the story in unoriented backgrounds is similar. Once we interpret all U(1)’s as global symmetries, we are left with N = 2 superconformal non-abelian gauge theories on D3-branes. As should be clear from our discussions, the key reason why N = 2 theories are conformal lies in the fact that all non-trivial twists have fixed point loci of real dimension 2. In particular, the fact that the ultra-violet and infra-red divergences in these backgrounds are identical is possible precisely because they are identical in a massless 2-dimensional euclidean propagator.^{15} This gives us a hint that all N = 1 theories with the orbifold groups Γ ⊂ SO(3) should also be conformal. Indeed, each individual twist g_a ∈ Γ in these cases has a fixed point locus of real dimension 2, moreover, each individual twist g_a ∈ SU(2), so it preserves N = 2 supersymmetry (however, at least two different twists belong to two different SU(2)’s, so altogether we have only N = 1 supersymmetry as Γ ⊂ SO(3) ⊂ SU(3)). It is then not difficult to see that the one-loop non-abelian β-functions vanish in these theories. Clearly, since these theories are not N = 2 supersymmetric, the one-loop vanishing of the corresponding β-functions does not guarantee that they are conformal at higher loops. Actually, it is not difficult to show that in such theories even two-loop non-abelian β-functions vanish. Indeed, this would follow from the vanishing of the one-loop β-functions plus the vanishing of the one-loop anomalous scaling dimensions for the non-abelian matter fields. The latter fact can be shown by repeating the above arguments for matter fields. In fact, in the N = 1 cases one can argue that these theories are conformal (even at finite N) by adapting the corresponding arguments given in [5] in the case of oriented theories.

Before we move onto other N = 1 theories, let us note the following about N = 1 theories with Γ ∈ SO(3). First, the U(1) factors are all anomaly free in such theories (and should be treated as global symmetries just as in the N = 2 cases). This, actually, follows from the fact that all such theories are non-chiral. Since such theories are not phenomenologically appealing, regardless of their conformality we would have to move onto N = 1 theories with Γ ⊄ SO(3). As we will now discuss, such theories are not conformal.

2.4 Non-conformal theories

Thus, consider the cases where Γ ⊂ SU(3) but Γ ⊄ SO(3). It then follows that ∃g_a ∈ Γ such that the corresponding fixed point loci have real dimension 0. Let us focus on such twists, and discuss their contributions to the one-loop running of the gauge couplings. Let us first discuss the loop-channel ultra-violet divergences, which translate into the tree-channel infra-red divergences due to the exchange of massless twisted states corresponding to such twists. These massless divergences are no longer logarithmic but quadratic (in energy or inverse length — in terms of the real modular parameter on the annulus the corresponding divergence is of the form ∫ dt/t^2 at t → 0). This can be understood from the fact that the twisted closed string states propagating in the tree channel live at the fixed point. Then, if the external lines correspond to massless on-shell states, the massless twisted state in

15As we discussed above, this plus N = 2 supersymmetry are the key ingredients here — the latter ensures that the massive states do not contribute.

the tree-channel exchange is also on-shell, and its propagator 1/p^2 is quadratically divergent. Note, however, that these quadratic divergences cancel not only in the vacuum amplitude but also in the two-point one-loop amplitudes with two nonabelian gauge bosons attached to the same boundary. As in the previous subsection, this cancellation occurs between the annulus and Möbius strip amplitudes. In fact, the quadratic divergence structure is precisely of the form (2.9). This then implies that all such quadratic divergences cancel. This is just as well — in consistent backgrounds we should have no quadratic divergences in a four-dimensional nonabelian gauge boson propagator. In fact, such quadratic divergences also cancel in all other 2-point amplitudes involving non-abelian matter fields as they should in a consistent N = 1 supersymmetric theory.

As should be clear from our previous remarks, the same, however, does not hold for U(1) factors. In fact, for the models with Γ ⊂ SU(3) but Γ ⊄ SO(3) we always have at least one U(1) factor in the D3-brane world-volume. Let us therefore consider 2-point functions involving such a U(1) factor. Thus, at the oneloop level, for the diagrams where we attach both external lines corresponding to a U(1) gauge boson to the same boundary, we have a cancellation between the annulus and Möbius strip amplitudes just as in the case of non-abelian gauge bosons. There is, however, another diagram we must consider, namely, the annulus diagram with the two external lines attached to different boundaries. (Note that we do not have the corresponding Möbius strip amplitude as the latter has only one boundary.) This annulus amplitude does contain a quadratic divergence due to a massless twisted closed string exchange. Thus, we have at least one Ramond-Ramond twisted 2-form, call it C, living at the fixed point in C^3 (recall that in these models we always have a twist with a fixed point locus of real dimension 0). This twisted 2-form has a coupling to the U(1) field strength of the following form: ∫ D3 C ∧ F . (2.27)

Exchanging this 2-form in the annulus amplitude with two U(1) gauge bosons attached to different boundaries leads to a quadratic divergence.

The presence of this quadratic divergence is due to the fact that at least one U(1) factor in such backgrounds is actually anomalous [26, 27, 13]. In particular, we have a cubic U(1)^3 anomaly (note that all such theories are actually chiral). The anomalous U(1)’s in such backgrounds are broken at the tree level via a generalized Green-Schwarz mechanism involving twisted closed string states [13]. In particular, we now have a tree-level kinetic term for the twisted 2-forms C, which propagate in the D3-brane world-volume. The anomalous U(1)’s then become massive, and we have the corresponding global U(1) symmetries at the orbifold point (that is, if we do not blow up the orbifold^{16}). This then takes care of the aforementioned quadratic

16As was pointed out in [27, 28], there appear to be some subtleties in the world-sheet description

divergences. In fact, to begin with these divergences appeared because of an artificial separation of the physical degrees of freedom in massive U(1)’s.

Let us now turn to the loop-channel infra-red divergences, which translate into the tree-channel ultra-violet divergences. In particular, let us discuss such divergences in the non-abelian gauge couplings. The key point here is that, unlike in the N = 2 models discussed in the previous subsection, here the massive open string states do contribute into the gauge coupling renormalization (in particular, we have massive string threshold corrections). In fact, they provide an effective ultra-violet cut-off in the loop channel [24, 25]. There are, however, infra-red divergences in the loop channel. Once again, unlike in the N = 2 models, here the ultra-violet and infra-red divergence structures are different. In particular, in the tree channel the massive twisted states now do contribute into ultra-violet divergences. In the loop channel this translates into logarithmic infra-red divergences corresponding to the non-abelian gauge coupling running. That is, all models with Γ ⊂ SU(3) but Γ ⊄ SO(3) are actually non-conformal. In particular, the one-loop β-function coefficients in these theories are non-vanishing [6, 9]. Thus, we can obtain D3-brane theories which are both chiral and non-conformal if we consider orientiworld models with Γ ⊂ SU(3) but Γ ⊄ SO(3).

Before we end this subsection, let us make the following observations. Let us assume that we have an O3-plane. In the cases where Γ contains a Z_2 element we also have the corresponding O7-plane as well as D7-branes. At the tree level the D7- brane gauge symmetry serves as a global symmetry for the D3-brane gauge theory. In particular, we have 37 bifundamental matter, which, from the four-dimensional viewpoint, appears as matter transforming in the fundamental representations of various 33 gauge subgroups that also carries global quantum numbers with the corresponding global symmetry identified with the 77 gauge symmetry. However, already at the one-loop level we have kinetic terms for the 77 gauge bosons generated in the D3-brane world-volume. That is, the full four-dimensional gauge group contains a subgroup corresponding to the original 77 gauge group. More precisely, in chiral models with Γ ⊂ SU(3) but Γ ⊄ SO(3) we have anomalous 77 U(1)’s on the D3- branes. These U(1)’s are then broken. However, the non-abelian part of the 77 gauge group becomes part of the four-dimensional gauge symmetry.

3. Gravity in orientiworld

One interesting feature of the orientiworld framework we described in the previous section is that we can construct models with non-conformal gauge theories in the D3-brane world-volumes. Following [3, 4] we then expect that the Einstein-Hilbert

in such backgrounds at the orbifold point in the moduli space. However, as was discussed in [27, 28], the world-sheet description is adequate if we blow up the orbifold fixed point. We will come back to this point in section 4.

term (among other terms) will be generated on the D3-branes^{17} (we will discuss this point in more detail in the next section). Then, since D3-branes are codimension-6 objects, following [4], we expect almost completely localized gravity on D3-branes with ultra-light modes penetrating into the bulk. In this section we would like to discuss this phenomenon in the orientiworld context.

To understand how such dramatic modification of gravity occurs in the orientiworld context, we will first consider a simplified model. In this model the 3-brane on which the Standard Model fields are localized is assumed to be tensionless. This assumption, however, is not expected to affect the main conclusions of our discussion. In fact, recently in [32] it was argued in the case of non-zero tension codimension-2 branes that almost complete localization of gravity still takes place on such branes. We then may expect the same to hold for higher codimension branes as well.^{18}

3.1 A toy model

In this subsection we discuss a toy brane world model, which captures the key features of gravity in the orientiworld framework, with a codimension-d brane (d ≥ 2) embedded in a D-dimensional bulk space-time. (For calculational convenience we will keep the number of space-time dimensions D unspecified, but we are mostly interested in the case D = 10 and d = 6, where the brane is a 3-brane.) The action for this model is given by: S = ^M^{D−d−2} P ∫ Σ d^{D−d}x √ − ^G ^R + M^{D−2}_P ∫ d^Dx √ −G R . (3.1) Here M_P is the (reduced) D−dimensional Planck mass, while ^M_P is the (reduced) (D − d)-dimensional Planck mass; Σ is a δ-function-like codimension-d source brane, which is a hypersurface x^i = x^i_∗ (x^i, i = 1, . . . , d, are the d spatial coordinates transverse to the brane); the brane is assumed to be tensionless; also, ^G_{μν} ≡ δ_μ^M δ_ν^N G_{MN} | |_Σ , (3.2)

where x^μ are the (D − d) coordinates along the brane (the D-dimensional coordinates are given by x^M = (x^μ, x^i), and the signature of the D-dimensional metric is (−, +, . . . , +)); finally, the (D − d)-dimensional Ricci scalar ^R is constructed from the (D − d)-dimensional metric ^G_{μν} , and the Einstein-Hilbert term on the brane is assumed to be generated via quantum loops of matter localized on the brane [3, 4],

17The fact that the Einstein-Hilbert term can be present on D-branes was originally suggested in [29]. A string theory computation of such a term was recently given in [30] in a somewhat different context. A discussion of the Einstein-Hilbert term on D-branes can also be found in [31].

18In the higher codimension case, if we take a non-zero tension 3-brane to be δ-function-like, the background is badly singular at the location of the brane. However, as we will see in the following, it appears that the brane thickness should be assumed to be non-zero (albeit it can be small), which smoothes out such singularities — see below.

which is assumed to be non-conformal. Note that this is nothing but the Dvali- Gabadadze model [4], except that we will not assume that the extra dimensions transverse to the brane are flat.

The equations of motion following from the action (3.1) are given by: R_{MN} − 1 2 G_{MN} R + √ − ^G √ −G δ_M^μδ_N^ν [ ^R_{μν} − 1 2 ^G_{μν} ^R ] L^dδ^{(d)}(x^i − x^i_∗) = 0 , (3.3)

where ^R_{μν} is the (D − d)-dimensional Ricci tensor constructed from the metric ^G_{μν} , and L^d ≡ ^M^{D−d−2}_P /M^{D−2}_P . Consider the following ansätz for the metric ds^2 = η_{μν} dx^μdx^ν + ~G_{ij}dx^idx^j , (3.4) where ~G_{ij} is a function of x^i but is independent of x^μ. Let ~R_{ij} and ~R be the ddimensional Ricci tensor respectively Ricci scalar constructed from the d-dimensional metric ~G_{ij} . With the above ansätz we have that the d-dimensional manifold M_d transverse to the brane must be Ricci flat:

~R_{ij} = 0 . (3.5)

In particular, it need not be flat (M_d = R^d is a special case of a Ricci-flat space, in particular, for high enough d there exist Ricci-flat manifolds other than R^d ). We will, however, assume that M_d is non-compact (and has infinite volume).

Ricci flat manifolds are precisely the spaces that arise in the orientiworld construction (in the weak string coupling regime). Examples of such spaces are given by conifolds. Thus, let^{19} d > 2, and let the metric on M_d be given by

d~s^2 = dr^2 + r^2γ_{αβ}dy^αdy^β , (3.6)

where γ_{αβ} is independent of the “radial” coordinate r (r takes values between 0 and ∞), and is a metric on a (compact) (d − 1)-dimensional manifold Y_{d−1} of positive curvature. Then the manifold M_d is Ricci flat (it is also non-compact with infinite volume). If Y_{d−1} is a unit (d−1)-sphere S^{d−1}, then the manifold M_d is flat. However, in all other cases M_d is not flat, in fact it has a conifold singularity at r = 0. For instance, in the d = 6 case if we take Y_5 = S^5/Γ (where Γ is a subgroup of Spin(6)), then the space M_6 is nothing but the orbifold R^6 /Γ. On the other hand, we can take Y_5 to be other than S^5 or an orbifold thereof. Then the resulting conifold is no longer an orbifold of R^6 . We will discuss an orientiworld model of this type in section 4.

19In the d = 2 case the manifold M_2 is actually flat if the brane is tensionless. In particular, if we choose M_2 to be a two dimensional “wedge” with a deficit angle, the singularity at the origin of the wedge is δ-function-like, and this solution corresponds to a non-zero tension brane with the tension proportional to the deficit angle. This solution was recently discussed in [32].

3.2 Linearized gravity In this subsection we study gravity in the brane world solution discussed in the previous section. Thus, let us consider small fluctuations around the solution

G_{MN} = G^{(0)}_{MN} + h_{MN} , (3.7)

where G^{(0)}_{MN} is the background metric

G^{(0)}_{MN} = [ η_{μν} 0 0 ~G_{ij} ] . (3.8)

The (D − 2)-dimensional graviton H_{μν} ≡ h_{μν} couples to the matter localized on the brane via

S_{int} = 1 2 ∫ Σ d^{D−d}x T_{μν} H^{μν} , (3.9) where T_{μν} is the conserved energy-momentum tensor for the matter localized on the brane:

∂^μT_{μν} = 0 . (3.10) The linearized equations of motion read

−∇^L∇_Lh_{MN} + 2∇^L∇_{(M} h_{N)L} − ∇_M ∇_N h + G^{(0)}_{MN} ( ∇^L∇_Lh − ∇^L∇^K h_{LK} ) = = M^{2−D}_P √ ~G ~T_{MN} δ^{(d)}(x^i − x^i_∗) , (3.11)

where the components of the “effective” energy-momentum tensor ~T_{MN} are given by ~T_{μν} = T_{μν} − ^M^{D−d−2}_P [ −∂^λ∂_λH_{μν} + 2∂^λ∂_{(μ}H_{ν)λ} − ∂_μ∂_ν H + η_{μν} ( ∂^λ∂_λH − ∂^λ∂^σ H_{λσ} )] , ~T_{μi} = ~T_{ij} = 0 , (3.12)

and we have defined h ≡ h^M_M and H ≡ H^μ_μ. Note that the fluctuations h_{MN} are assumed to vanish once we turn off the brane matter source T_{μν} .

Since the brane is tensionless, the D-dimensional diffeomorphisms are intact:

δh_{MN} = ∇_M ξ_N + ∇_N ξ_M . (3.13)

We can, therefore, use the harmonic gauge:

∇^M h_{MN} = 1 2 ∇_N h . (3.14)

In the harmonic gauge the equations of motion simplify as follows: −∇^L∇_Lh_{MN} = M^{2−D}_P √ ~G [ ~T_{MN} − 1 D − 2 G^{(0)}_{MN} ~T ] δ^{(d)}(x^i − x^i_∗) , (3.15) where T ≡ T_μ^μ. Note that the graviphoton components h_{μi} vanish — indeed, they do not couple to the conserved energy-momentum tensor on the brane. The graviscalar components χ_{ij} ≡ h_{ij} can only couple to the trace of the energy-momentum tensor T , which implies that χ_{ij} = 1 d ~G_{ij}χ , (3.16) where χ ≡ ~G^{ij} χ_{ij}. This gives: −∇^L∇_LH_{μν} = M^{2−D}_P √ ~G [ ~T_{μν} − 1 D − 2 η_{μν} ~T ] δ^{(d)}(x^i − x^i_∗) , ∇^L∇_Lχ = d D − 2 M^{2−D}_P √ ~G ~T δ^{(d)}(x^i − x^i_∗) . (3.17)

Note that the harmonic gauge implies that ∂^μH_{μν} = 1 2 ∂_ν H + 1 2 ∂_ν χ , ∂_j H = − d − 2 d ∂_j χ . (3.18)

In particular, taking into account the physically required behavior at infinity, the last equation gives: H = − d − 2 d χ . (3.19)

We, therefore, have ~T_{μν} = T_{μν} − ^M^{D−d−2}_P [ −∂^λ∂_λH_{μν} + ∂_μ∂_ν χ − d − 1 d η_{μν} ∂^λ∂_λχ ] . (3.20)

As we will see, the presence of the term proportional to ∂_μ∂_ν χ in ~T_{μν} has important implications.^{20}

Let us Fourier transform the coordinates x^μ on the brane. Let the corresponding momenta be p^μ, and let p^2 ≡ p^μp_μ. Then we have: − ( ∇^i∇_i − p^2 ) H_{μν} = M^{2−D}_P √ ~G [ ~T_{μν} (p) − 1 D − 2 η_{μν} ~T (p) ] δ^{(d)}(x^i − x^i_∗) , [ ∇^i∇_i − p^2 ] χ = d D − 2 M^{2−D}_P √ ~G ~T (p)δ^{(d)}(x^i − x^i_∗) , (3.21)

where ~T_{μν} (p) = T_{μν} (p) − ^M^{D−d−2}_P [ p^2H_{μν} − p_μp_ν χ + d − 1 d p^2η_{μν} χ ] . (3.22)

Let us now solve these equations following [4].

20The importance of this term was originally pointed out in [32].

Let us first consider the p^2 ≠ 0 modes. Then, due to the fact that the ddimensional propagator is divergent at the origin for d ≥ 2, we have:

H_{μν} = χ = 0 , r ≠ 0 , (3.23)

while on the brane we have

H_{μν} (p_λ, r = 0) = ^M^{2+d−D} P p^2 [ T_{μν} (p) − T (p) D − d − 2 ( η_{μν} − d d − 1 p_μp_ν p^2 )] , χ(p_λ, r = 0) = d (d − 1)(D − d − 2) ^M^{2+d−D} P p^2

T (p) . (3.24)

Note that both the momentum as well as the tensor structures in the graviton propagator are (D − d)-dimensional. In particular, the p^2 ≠ 0 modes are completely localized on the brane.

Next, let us study the p^2 = 0 modes: −∇^i∇_iH_{μν} = M^{2−D}_P √ ~G [ T_{μν} (p) − 1 D − 2 η_{μν} T (p) + ^M^{D−d−2}_P p_μp_ν χ ] δ^{(d)}(x^i − x^i_∗) , ∇^i∇_iχ = d D − 2 M^{2−D}_P √ ~G T (p)δ^{(d)}(x^i − x^i_∗) . (3.25)

It is important to note that, if the brane matter is not conformal, then the solution for χ blows up at the location of the brane x^i = x^i_∗, so that the equation for H_{μν} is ill-defined due to the term proportional to p_μp_ν χ. Note that this term cannot be removed by a gauge transformation.^{21} The aforementioned singularity is present even if the the manifold M_d is flat: M_d = R^d . Indeed, in this case χ diverges as ∼ |x − x_∗|^{2−d} for d > 2, and as ∼ ln(|x − x_∗|) for d = 2. The same is true for a general smooth M_d. In the case of conifolds we also have a similar singularity.

There are two points that arise due to the aforementioned singularity. First, it is clear that the linearized approximation breaks down. However, the second point might be relevant for addressing the former. Thus, we expect that ultra-violet physics should smooth out singularities of this type. One way this can happen is if the brane is not strictly δ-function-like, but has finite width. Let us discuss this possibility in a bit more detail. For simplicity we will focus on the case where the manifold M_d is flat: M_d = R^d .

3.3 A non-zero thickness brane

Smoothing out the brane in the presence of gravity is non-trivial. Thus, as was originally pointed out in [33], not only do we expect the Einstein-Hilbert term to

21Note that this term does not affect the coupling of the graviton H_{μν} to the brane matter as p^μT_{μν} (p) = 0 for such matter. However, this term can be probed by bulk matter as p^μT^{bulk}_{μν} (p) need not be zero.

be generated on the brane, but also other terms, in particular, those involving the graviscalar as well as graviphoton components. Moreover, we actually expect that an infinite series of non-local terms will be present on the brane. Various non-trivial issues arise in this context, which are outside of the scope of this paper, and will be discussed elsewhere [34]. However, a simple prescription for smoothing out the brane, which we will discuss in a moment, will suffice for our purposes here.^{22} Thus, we will simply replace the δ-function-like brane Σ, which is a point-like object in M_d, by an extended object ~Σ in M_d. The corresponding action now reads: ~S = ^M^{D−d−2} P ∫ ~Σ d^Dx f^{(d)}(x^i − x^i_∗) √ − ^G ^R + M^{D−2}_P ∫ d^Dx √ −G R . (3.26)

Here f^{(d)}(x^i − x^i_∗) is a d-dimensional distribution, which replaces the d-dimensional δ-function δ^{(d)}(x^i − x^i_∗). The (D − d)-dimensional Ricci scalar ^R is constructed from the (D − d)-dimensional metric ^G_{μν} = G_{μν} (x^σ, x^i), where the extra d-dimensional coordinates x^i are treated as parameters (in particular, note that ^R does not contain derivatives w.r.t. x^i). Similarly, the coupling to brane matter is given by the term

S_{int} = 1 2 ∫ ~Σ d^Dx f^{(d)}(x^i − x^i_∗) T_{μν} H^{μν} , (3.27)

where the energy-momentum tensor for the brane matter is conserved in the (D −d)- dimensional sense ∂^μT_{μν} = 0 , (3.28)

and is independent of the coordinates x^i.

A straightforward guess for smoothing out the brane would be to choose ~Σ to be a d-dimensional object in M_d. This is equivalent to replacing the d-dimensional δfunction δ^{(d)}(x^i − x^i_∗) by a smooth distribution f^{(d)}(x^i − x^i_∗). In particular, we could consider a radially symmetric smooth distribution: f^{(d)}(x^i − x^i_∗) = f_1(r), where r ≡ |x − x_∗|. A simple example of such a distribution would be (here θ(z) is the Heavyside step-function)

f_1(r) = 1 v_dϵ^d θ(ϵ − r) , (3.29)

where v_d is the volume of a d-dimensional ball B_d with unit radius. Here ϵ plays the role of the brane thickness. In this case ~Σ is a d-dimensional ball of radius ϵ in M_d. However, it is not difficult to show that, whatever our choice for the smooth ddimensional distribution f^{(d)}(x^i − x^i_∗), the resulting system suffers from the presence of an infinite tower of tachyonic modes. In fact, these modes correspond to the

22One might expect that the aforementioned additional terms are suppressed by the brane thickness. However, ignoring at least some of such terms might not be justified due to the singularities arising in the δ-function limit. In fact, in the following we will argue that it appears to be necessary to include some of such terms for consistency.

“radion” χ. This can intuitively be understood from the fact that χ (as well as the trace of H_{μν} ) couple to the interior (in M_d) of such a smooth brane with the sign opposite to that of the traceless part of H_{μν} . In appendix B we illustrate this in the case of the distribution f_1(r) given by (3.29).

This implies that ~Σ cannot be a d-dimensional object in M_d. On the other hand, its dimension ~d in M_d should not be smaller than (d − 1) — indeed, if ~d ≤ (d − 2), we still expect singularities of the type discussed in the previous subsection to be present. This suggests that ~Σ should be an object of dimension ~d = (d − 1) in M_d. In fact, in this case we expect no singularities to be present. This is suggested by the fact that there are no singularities in the case of a codimension-1 brane in infinite-volume extra space [3].

We will therefore replace the d-dimensional δ-function δ^{(d)}(x^i − x^i_∗) by a singular distribution such that it is smooth in (d − 1) dimensions, and has a δ-function-like singularity in the remaining one dimension. A simple example of such a distributions, which we will adopt in the following, is given by: f(r) = 1 a_{d−1}ϵ^{d−1} δ(r − ϵ) , (3.30)

where a_{d−1} is the area of a (d − 1)-sphere S^{d−1} with unit radius. In this case ~Σ is a (d − 1)-sphere of radius ϵ in M_d. As we will see in the following, such partial smoothing out of the brane gives a consistent model in the present context.

Thus, we can rewrite our action (3.26) as follows: ~S = ^M^{D−d−2} P ∫ d^Dx f(r) √ − ^G ^R + M^{D−2}_P ∫ d^Dx √ −G R , (3.31)

and the coupling to brane matter is given by:

S_{int} = 1 2 ∫ d^Dx f(r) T_{μν} H^{μν} . (3.32)

The background solution is unaffected, and we can still choose it so that the entire D-dimensional space is flat. The linearized equations of motion are given by (3.11) with the d-dimensional δ-function δ^{(d)}(x^i −x^i_∗) replaced by f(r). It is straightforward to solve these equations (as before, the graviphoton components are vanishing, while the graviscalar components obey (3.16)): H_{μν} ≡ H_{μν} − 1 D − d η_{μν} H = −M^{2−D}_P [( T_{μν} (p) − 1 D − d η_{μν} T (p) ) Φ + + d D − 2 L^d ( p_μp_ν − 1 D − d η_{μν} p^2 ) T (p)Σ ] , H = − d − 2 d χ = − d − 2 D − 2 M^{2−D}_P T (p)~Φ . (3.33)

Here Φ, Σ and ~Φ are the solutions to the following equations ( ∂^i∂_i − p^2 ) Φ = [ 1 + L^dp^2Φ ] f(r) , ( ∂^i∂_i − p^2 ) Σ = [ ~Φ + L^dp^2Σ ] f(r) , ( ∂^i∂_i − p^2 ) ~ Φ = [ 1 − κL^dp^2 ~Φ ] f(r) (3.34)

subject to the condition that Φ, Σ and ~Φ decay to zero away from the brane (in the following we will focus on the cases d > 2, where this is true even for the p^2 = 0 modes). Here we have introduced the notation κ ≡ (d − 1)(D − d − 2) D − 2 (3.35)

to simplify expressions containing ~Φ.

With the choice (3.30) for the distribution function f(r), we can solve for Φ, Σ and ~Φ in terms of elementary functions for d = 3. Since in higher d the qualitative conclusions are the same as in d = 3, let us focus on this case. In appendix C we treat the general d ≥ 2 case.

The d = 3 case. To solve for Φ, Σ and ~Φ, it is convenient to Wick rotate to the euclidean space. Let p ≡ √ p^2. We then have the following radially symmetric solution for Φ:

Φ(r) = − ϵ L^dp^2 sinh(pϵ) + a_dϵ^{d−1}p exp(pϵ) sinh(pr) r , r ≤ ϵ , Φ(r) = − ϵ sinh(pϵ) L^dp^2 sinh(pϵ) + a_dϵ^{d−1}p exp(pϵ) exp (−p[r − ϵ]) r , r ≥ ϵ . (3.36)

Next, the radially symmetric solution for Σ is given by:

Σ(r) = ~Φ(ϵ) Φ(r) . (3.37)

Finally, the radially symmetric solution for ~Φ is given by: ~Φ(r) = ϵ κL^dp^2 sinh(pϵ) − a_dϵ^{d−1}p exp(pϵ) sinh(pr) r , r ≤ ϵ , ~Φ(r) = ϵ sinh(pϵ) κL^dp^2 sinh(pϵ) − a_dϵ^{d−1}p exp(pϵ) exp (−p[r − ϵ]) r , r ≥ ϵ . (3.38)

Unlike the solution for Φ(r), the solution for ~Φ(r) has a pole. Here we would like to discuss this point in a bit more detail.

Thus, the pole in ~Φ(r) is located at p = p_∗, where

p_∗ [1 − exp(−2p_∗ϵ)] = 2a_{d−1}ϵ^{d−1} κL^d . (3.39)

Suppose the brane thickness ϵ is small: ϵ ≪ L. Then we have:

p^2_∗ ≈ a_{d−1}ϵ^{d−2} κL^d . (3.40)

As we will see in the following, p_∗ is of order of the cross-over scale p_c above which gravity is (D − d)-dimensional, while below this scale it is expected to become Ddimensional. Thus, around the cross-over scale we have a single pole in the radion propagator (and, consequently, in the graviton propagator). In fact, this pole is tachyonic. Thus, consider the equation of motion for χ in the absence of the brane matter: ( ∂^i∂_i − p^2 ) χ = −κL^dp^2χf(r) . (3.41)

Let us work with Minkowski momenta p^μ. We have a continuum of modes with p^2 ≤ 0. These are massless and massive modes. However, we also have an isolated quadratically normalizable tachyonic mode with mass squared m^2_∗ = −p^2_∗, which is given by:

χ_∗(r) = C sinh(p_∗r) r , r ≤ ϵ , χ_∗(r) = C sinh(p_∗ϵ) exp (−p_∗[r − ϵ]) r , r > ϵ , (3.42)

where C is a constant.

At first it might seem that the presence of a tachyonic mode implies an instability in the system. However, as we will now argue, our approximations cannot be trusted at momenta p^2 ≲ p^2_c , where we have defined the cross-over scale

p^2_c ≡ a_{d−1}ϵ^{d−2} L^d . (3.43)

Indeed, as we have already mentioned, we have ignored an infinite series of non-local terms on the brane, which are expected to be generated once we smooth it out. In particular, we have ignored an infinite number of non-local terms containing powers of the inverse momentum squared (in the momentum space): 1 (p^2)^n

. (3.44)

These terms are expected to be suppressed by the brane thickness ϵ. In fact, the expansion parameter is expected to be p^2_c /p^2: ( p^2_c p^2 )_n . (3.45)

For momenta p^2 ≫ p^2_c these terms can be safely ignored. However, in the infra-red, that is, for the momenta p^2 ≲ p^2_c , an infinite number of such non-local terms becomes important. We may then expect that the aforementioned tachyonic instability is an artifact of dropping such non-local terms.^{23}

Let us discuss this point in a bit more detail. Thus, consider the momenta p^2 ≪ 1/ϵ^2. Then we have: Φ(ϵ) ≈ − 1 L^d 1 p^2 + p^2_c , ~Φ(ϵ) ≈ 1 κL^d 1 p^2 − p^2_∗ , Σ(ϵ) ≈ − 1 κL^{2d} 1 p^2 + p^2_c 1 p^2 − p^2_∗

, (3.46)

where p^2_∗ ≈ p^2_c /κ. On the brane we therefore have: H_{μν} (r = ϵ) ≈ ^M^{2+d−D} P p^2 + p^2_c [ T_{μν} (p) − 1 D − d − 2 η_{μν} T (p) + (3.47) + d (d − 1)(D − d − 2) ( p_μp_ν − η_{μν} (d − 2)p^2_c + 2(d − 1)p^2_∗ d(D − d) ) T (p) p^2 − p^2_∗ ] , χ(r = ϵ) ≈ d (d − 1)(D − d − 2) ^M^{2+d−D} P p^2 − p^2_∗

T (p) . (3.48)

As we have already mentioned, we can trust our approximations for the momenta p^2_c ≪ p^2 ≪ 1/ϵ^2. Then on the brane we have: H_{μν} (r = ϵ) ≈ ^M^{2+d−D} P p^2 [ T_{μν} (p) − T (p) D − d − 2 ( η_{μν} − d d − 1 p_μp_ν p^2 )] , χ(r = ϵ) ≈ d (d − 1)(D − d − 2) ^M^{2+d−D} P p^2

T (p) . (3.49)

This shows that both the momentum as well as the tensor structures of the graviton propagator on the brane are indeed (D − d)-dimensional. On the other hand, for the momenta p^2 ≲ p^2_c the above approximation is expected to break down. In fact, we can get a hint of what kind of non-local terms would be relevant for, in particular, removing the tachyonic state by expanding (3.47) and (3.48) in powers of p^2_c /p^2. Finally, note that the transverse-traceless components of H_{μν} in (3.47) behave as those of a massive (D − d)-dimensional propagator with mass squared equal p^2_c .

3.4 Non-zero tension solutions For the following discussions it will be useful to understand the non-zero tension solutions, which we would like to discuss in this subsection. Thus, consider the

23Here we note that, had we chosen a smooth d-dimensional distribution such as (3.29), we would have had an infinite tower of such tachyonic modes (see appendix B for details). In this case it is less clear how the aforementioned non-local terms could remove all the tachyonic states.

following model: ~S = ^M^{D−d−2} P ∫ d^{D−d}x f(r) √ − ^G [ ^R − ^Λ ] + M^{D−2}_P ∫ d^Dx √ −G R . (3.50)

Here τ ≡ ^M^{D−d−2} P ^Λ (3.51)

plays the role of the brane tension. That is, in the δ-function limit τ is the tension of the brane Σ, which is a point in the extra space M_d.

The equations of motion read

R_{MN} − 1 2 G_{MN} R + √ − ^G √ −G δ_M^μδ_N^ν [ ^R_{μν} − 1 2 ^G_{μν} ( ^R − ^Λ )] L^df(r) = 0 . (3.52)

To solve these equations, let us use the following ansätz for the background metric:

ds^2 = exp(2A) η_{μν} dx^μdx^ν + exp(2B) δ_{ij} dx^idx^j , (3.53)

where A and B are functions of x^i but are independent of x^μ. We then have: R_{μν} = −η_{μν} e^{2(A−B)} [ ∂^i∂_iA + (D − d)∂^iA∂_iA + (d − 2)∂^iA∂_iB ] , (3.54) R_{ij} = (d − 2) [∂_iB∂_j B − ∂_i∂_j B] + (D − d) [∂_iA∂_j B + ∂_j A∂_iB − ∂_iA∂_j A − ∂_i∂_j A] − −δ_{ij} [ ∂^k∂_kB + (d − 2)∂^kB∂_kB + (D − d)∂^kA∂_kB ] , (3.55) R = −e^{−2B} [ 2(d − 1)∂^i∂_iB + 2(D − d)∂^i∂_iA + (d − 1)(d − 2)∂^iB∂_iB + + (D − d)(D − d + 1)∂^iA∂_iA + 2(D − d)(d − 2)∂^iA∂_iB ] . (3.56)

Here we are interested in radially symmetric solutions where A and B are functions of r. The equations of motion then read (here prime denotes derivative w.r.t. r):

(d − 2) [ (B^′)^2 − B^{′′} + 1 r B^′ ] + (D − d) [ 2A^′B^′ − (A^′)^2 − A^{′′} + 1 r A^′ ] = 0 , (3.57)

(d − 2) [ B^{′′} + 1 2 (d − 3)(B^′)^2 + (d − 2) 1 r B^′ ] + + (D − d) [ A^{′′} + 1 2 (D − d + 1)(A^′)^2 + (d − 2) 1 r A^′ + (d − 3)A^′B^′ ] = 0 , (3.58) (D − d − 1) [ A^{′′} + 1 2 (D − d)(A^′)^2 + (d − 1) 1 r A^′ + (d − 2)A^′B^′ ] + + (d − 1) [ B^{′′} + 1 2 (d − 2)(B^′)^2 + (d − 1) 1 r B^′ ] + 1 2 e^{(2−d)B} ^τ f(r) = 0 , (3.59) where ^τ ≡ τ/M^{D−2}_P .

Here we are interested in solutions with infinite volume extra dimensions.^{24} In d = 2 there is a simple solution of this type with A ≡ 0. This solution was studied in [32]. Here we will focus on the d > 2 cases. We can write down approximate solutions for small brane tension. Thus, let ^τ ≡ γϵ^{d−2} , (3.60) where the dimensionless parameter γ is small: γ ≪ 1. Then it is not difficult to see that we can drop terms non-linear in A^′ and B^′ (assuming that we are looking for solutions non-singular at r = 0 such that A and B asymptote to constant values at r → ∞). In particular, the corrections due to the non-linear terms in this case are suppressed by powers of γ. The above equations then simplify as follows:

B^′ = − D − d d − 2 A^′ , A^{′′} + (d − 1) 1 r A^′ = d − 2 D − 2 γ 2a_{d−1}ϵ e^{(2−d)B} δ(r − ϵ) . (3.61)

The solution is given by (here we have fixed the integration constants so that both A and B vanish on the brane): A(r) = γ 2(D − 2)a_{d−1} [ 1 − ϵ^{d−2} r^{d−2} ] θ(r − ϵ) , B(r) = − D − d d − 2 A(r) . (3.62)

Note that A and B are constant for r < ϵ. In particular, these solutions are nonsingular, and the D-dimensional space-time becomes flat as r → ∞.

We would like to end this subsection with a few remarks. To find exact solutions, one can proceed as follows. Consider the sum of (3.57) and (3.58):

(d − 2) [ (B^′)^2 + 2 r B^′ ] + (D − d) [ D − d − 1 d − 1 (A^′)^2 + 2 r A^′ + 2A^′B^′ ] = 0 . (3.63)

Note that this equation does not contain second derivatives of A and B. The solution for B^′ is given by:

B^′ = − 1 r − D − d d − 2 A^′ ± √ 1 r^2 + (D − d)(D − 2) (d − 1)(d − 2)^2

(A^′)^2 . (3.64)

To obtain solutions with infinite-volume extra space we should choose the plus root in the above solution. The non-singular solutions that asymptote to a flat space then

24For any d there exists a simple solution with A ≡ 0. However, in this solution the extra space has finite volume for d > 2.

have the property that A and B are constant for r < ϵ. That is, the space inside of the (d − 1)-sphere of radius ϵ is actually flat. This will be important in the following.

Finally, let us note that in d = 2 we have substantial simplifications, and it is not difficult to solve the equations for A and B exactly. In particular, as was recently discussed in [32], in d = 2 we have a solution where the D-dimensional space-time is a product of the (D − 2)-dimensional Minkowski space-time and a 2-dimensional extra space with a deficit angle (in the δ-function limit this is a 2-dimensional “wedge” with a conical singularity at the origin, while in the case of a smoothed out brane the 2-dimensional extra space is non-singular). In this example, which we discuss in appendix D, one can explicitly see that, in the appropriate regime, we reproduce (D − 2)-dimensional gravity on the brane even for non-vanishing brane tension.^{25}

3.5 Brane thickness in orientiworld Up to various subtleties mentioned in the beginning of subsection 3.3, following [4] we can expect that, above the cross-over scale^{26} r_c ∼ √ ^M^{D−d−2} P M^{D−2}_P 1 ϵ^{d−2} (3.65)

all the way down to the scales of order of the brane thickness ϵ, gravity on the brane is (D − d)-dimensional.

In the orientiworld context we have D = 10, d = 6, and (g_s is the string coupling):

M^8_P ∼ M^8_s /g^2_s . (3.66)

We, therefore, have: r_c ∼ g_s ^M_P M^2_s 1 M^2_s ϵ^2

. (3.67)

Phenomenologically we must require that ^M_P is the four-dimensional Planck scale: ^M_P ∼ 1018 GeV. Let us also require that the cross-over scale is at least as large as the present size of the observable Universe, that is, the Hubble size r_H ∼ 10^{28} cm. Then r_c ^M_P ≳ 10^{60}. We will also assume that the string coupling g_s ∼ 1. Then we have the following upper bound on the brane thickness:

ϵ ≲ 10^{−30} ^M_P M^2_s

. (3.68)

The phenomenological lower bound on M_s is M_s ≳ TeV. This then implies that the lower bound on the brane thickness is ϵ ≲ 1 ^M_P . (3.69)

25A similar analysis in the d > 2 cases will be presented elsewhere [35].

26This formula is correct for d > 2. For d = 2 we have a logarithm of ϵ in the expression for r_c. See appendix C for details.

This lower bound is saturated when ϵ ∼ 1 ^M_P : M_s ∼ TeV , r_c ∼ r_H . (3.70)

If M_s is much larger than TeV and/or if r_c is much larger than r_H , then ϵ must be much smaller than the inverse four-dimensional Planck scale.

If ϵ is non-zero, we expect that 1/ϵ corresponds to some threshold scale in the theory. In particular, this ultra-violet threshold must be responsible for smoothing out the aforementioned singularities. It is not unreasonable to expect that the ultraviolet physics that is responsible for smoothing out these singularities should not be unrelated to the ultra-violet physics that is responsible for generating the fourdimensional Einstein-Hilbert term.^{27} If so, then the aforementioned bound should be saturated, and we have (3.70). That is, the string scale is around TeV, and gravity becomes higher dimensional at the present Hubble size. Clearly, such a scenario would have very important experimental implications. In particular, the string excitations could be observable at LHC. On the other hand, the fact that gravity undergoes a transition from being 4-dimensional to being higher dimensional would have important cosmological implications. For instance, one might attempt to use this to explain an accelerated Universe with vanishing 4-dimensional cosmological constant as in [36].

Now we come to the key question. What is the ultra-violet physics responsible for generating the four-dimensional Einstein Hilbert term and smoothing out the brane? Moreover, how can the corresponding threshold be so much higher than the string scale? The next section is devoted to discussing these issues.

4. Four-dimensional Einstein-Hilbert term in orientiworld

Let us understand the origin of the four-dimensional Einstein-Hilbert term in the orientiworld context. If we have a non-conformal field theory on D3-branes, and the field theory description is adequate up to some threshold scale Λ, which we will refer to as the ultra-violet cut-off scale, then from the four-dimensional effective field theory viewpoint we expect that

^M^2_P ∼ Λ^2 . (4.1)

Thus, we must understand what Λ is in a given orientiworld setup. To do this, we will start from a simple N = 2 supersymmetric model, and then move onto non-conformal N = 1 models discussed in subsection 2.4.

27Otherwise we would have to have three different threshold scales in the theory: M_s ≪ ^M_P ≪ 1/ϵ. Note that we could assume that M_s ∼ ^M_P . Then we would have to have an ultra-high threshold scale 1/ϵ ≳ 10^{30} ^M_P .

4.1 A simple N = 2 example

As we discussed in subsection 2.3, non-compact N = 2 orientiworld models are all conformal. Here we would like to discuss a non-conformal model. This can be done in a setup where two of the six extra dimensions are compact.

Thus, consider type IIB on T^2 × (C^2 /Γ). For simplicity we will take a square 2-torus T^2:

x^i ∼ x^i + 2πr , i = 1, 2 . (4.2)

We will assume that r^2 ≫ α^′. The orbifold group Γ can be an appropriate subgroup of SU(2). Here we would like to discuss orientifolds of such backgrounds containing O3-planes. For simplicity we will focus on the cases where we have no O7-planes. Then Γ = Z_M , where M is odd. The choice of M is not going to be critical here, so for illustrative purposes we will take the simplest example: Γ = Z_3 = {1, θ, θ^2}. The twist θ acts as follows on the complex coordinates z_2, z_3 on C^2 :

θ : z_2 → ωz_2 , θ : z_3 → ω^{−1}z_3 , (4.3)

where ω ≡ exp(2πi/3).

Now consider the ΩJ orientifold of type IIB on T^2 × (C^2 /Γ), where J acts on the complex coordinates z_1, z_2, z_3 as follows (z_1 ≡ x^1 + ix^2 is the complex coordinate on T^2):

J : z_α → −z_α , α = 1, 2, 3 . (4.4)

Note that J has four fixed points in T^2 × (C^2 /Γ). These are located at z_2 = z_3 = 0 and (x^1, x^2) = (0, 0) , (πr, 0) , (0, πr) , (πr, πr) . (4.5)

We will place an O3^−-plane at each of these points.

The twisted closed string states have non-trivial couplings to the orientifold planes, which gives rise to tadpoles. To cancel the tadpoles we must introduce D3- branes. The number of these D3-branes is arbitrary. We can cancel tadpoles locally at each O3^−-plane if we put (3n + 2) D3-branes on top of each of the O3^−-planes and choose the twisted Chan-Paton matrices as follows [6]:

γ^I_θ = diag(ωI_n, ω^{−1}I_n, I_{n+2}) , (4.6)

where I labels the four O3^−-planes. On each of the four sets of D3-branes we then have a conformal^{28} N = 2 gauge theory with the gauge group SU(n)⊗SO(n+2) and matter hypermultiplets transforming in (A, 1) and (n, n + 2) (we have dropped the U(1) factors for the reasons discussed in subsection 2.3), where A is the two-index anti-symmetric representation of SU(n) (whose dimension is n(n − 1)/2).

28More precisely, these gauge theories are conformal at low energies — see below.

We can, however, obtain a non-conformal D3-brane gauge theory if we cancel tadpoles only globally and not locally. Thus, let us place (3N + 8) D3-branes on top of the O3^−-plane located at the origin of T^2, and place no D3-branes on top of the other three O3^−-planes. We can cancel the twisted tadpoles globally if we choose the twisted Chan-Paton matrix acting on the D3-branes as follows [6]:

γ_θ = diag(ωI_N , ω^{−1}I_N , I_{N+8}) . (4.7)

The D3-brane gauge theory is then a non-conformal N = 2 gauge theory with the gauge group SU(N) ⊗ SO(N + 8) and matter hypermultiplets transforming in (A, 1) and (N, N + 8), where A is the two-index anti-symmetric representation of SU(N).

As we discussed in subsection 2.3, the massive string thresholds do not contribute into the four-dimensional gauge coupling renormalization. The four-dimensional field theory description is therefore adequate up the the open string winding threshold [17, 24, 25] (see appendix A for details), whose mass is given by r/α^′. The four-dimensional gauge theory cut-off, therefore, is given by (up to a dimensionless numerical coefficient, which is subtraction scheme dependent): Λ ∼ r α^′ . (4.8)

Our field theory intuition then tells us that the induced 4-dimensional Planck scale should be ^M_P ∼ Λ ∼ r α^′ . (4.9)

Let us now see this in the string theory language.

Note that the global tadpole cancellation guarantees that we have no tree-channel infra-red divergences. However, unless the twisted tadpoles are canceled locally, we do have tree-channel ultra-violet divergences (which correspond to the loop-channel infra-red divergences). These divergences are logarithmic in the renormalization of the gauge couplings for massless D3-brane gauge bosons. That is, the loop-channel ultra-violet and infra-red divergences in the gauge coupling renormalization are not identical in this background. This is possible because, even though the massive string excitations still do not contribute into the corresponding amplitudes, the massive open string winding states do as they are BPS states (this effectively introduces the ultra-violet cut-off Λ in the loop channel). In the tree channel this corresponds to non-vanishing contributions from massive Kaluza-Klein modes of twisted closed string states, which give rise to tree-channel ultra-violet divergences.

What about the graviton kinetic term on the D3-branes? Actually, the fourdimensional Einstein-Hilbert term receives contributions both from the open as well as closed string diagrams with two external graviton lines. Let us discuss this in more detail at the one-loop order. First consider the torus amplitude (this is the genus-1 amplitude with no boundaries or cross-caps). Massless as well as massive closed string states run in the loop. The untwisted closed string states renormalize the 10-dimensional part of the effective action. The twisted closed string states could a priori give rise to a six-dimensional Einstein-Hilbert term (among other terms) localized at the orbifold fixed point:

M^4_P ∫ d^6x √ −G R . (4.10)

However, the contribution to the 6-dimensional Planck scale M_P ∼ M_s due to the twisted closed string states propagating in the closed string loop actually vanishes. This follows from the general result of [38], where it was shown that in type-II string theory on R^{1,3} × M_6, where M_6 is some (compact or non-compact) Ricci-flat manifold, the one-loop contribution to the four-dimensional Planck scale is proportional to the Euler characteristic of M_6. In our case the latter vanishes, hence the above conclusion. This, in turn, can be related to the fact that before orientifolding in the closed string sector we have 16 supercharges.

Next, let us consider the Klein bottle contribution to M^4_P . Let us first discuss contributions coming from the twisted closed string states running in the loop channel. Such contributions actually vanish. This is because only left-right symmetric states can contribute into the Klein bottle, while the twisted closed string states are not left-right symmetric. In particular, note that the orientifold projection Ω does not commute with the twist θ [37]:

ΩθΩ^{−1} = θ^{−1} . (4.11)

This, in particular, implies that the twisted closed string ground states are not leftright symmetric, so the twisted closed string states do not contribute to the Klein bottle amplitude. However, the untwisted closed string states running in the loop channel do contribute into M^4_P [39]. One way to see this is to go to the tree channel. In the tree channel these contributions correspond to both untwisted as well as twisted exchanges. The former only renormalize 10-dimensional terms. However, the latter give rise to a six-dimensional Einstein-Hilbert term (among other terms). The corresponding contribution to the six-dimensional Planck scale M^4_P is of order M^4_s . Upon compactification on T^2 this translates into the following contribution to the four-dimensional Planck scale ^M^2_P :

M^4_P (2πr)^2 ∼ r^2 (α^′)^2

. (4.12)

In particular, this is consistent with our field theory intuition.

Let us now discuss the open string one-loop amplitudes. An important point here is that we can attach the external graviton lines anywhere on the tube. In particular, there is nothing singular about attaching these lines to the boundaries or cross-caps.

Thus, if we do so, we do not change the Chan-Paton structure of the amplitude. In fact, the correct way of thinking about these amplitudes is that we consider all possible positions for the insertions, and then integrate over these positions. It is then clear that the untwisted annulus and Möbius strip amplitudes (that is, those with the untwisted Chan-Paton matrix γ_1 acting on a boundary) can only contribute to the renormalization of the 10-dimensional terms. On the other hand, the twisted annulus and Möbius strip amplitudes (that is, those with the twisted Chan-Paton matrix γ_θ or γ_θ2 acting on a boundary), can only contribute to the 6-dimensional Planck scale, and this contribution is of order M^4_s . In particular, there is no truly 4-dimensional Einstein-Hilbert term coming from these contributions. Since the coordinates x^i are compact, we once again obtain a contribution of order (4.12). That is, the 4- dimensional Planck scale is of order

^M^2_P ∼ r^2 (α^′)^2

, (4.13)

which is consistent with the field theory expectation (4.8).

Note that if we decompactify the torus (r → ∞), the 4-dimensional Planck scale goes to infinity. The D3-brane field theory remains non-conformal in this case. This might appear to contradict our earlier claims that all non-compact N = 2 models are conformal. Actually, there is no contradiction here. Indeed, even though we took the other three O3^−-planes to infinity, they do not decouple as the twisted closed string states that couple them to the D3-branes propagate in two extra dimensions, and the massless 2-dimensional euclidean propagator is logarithmically divergent at large distances. Since the tadpoles are not canceled locally in this background, the D3- brane theory becomes infinitely strongly coupled. One can see this from the effective field theory viewpoint by noting that, if we assume that the SU(N) and SO(N + 8) gauge couplings are finite at any finite energy scale, the former blows up at some higher but finite scale (Landau pole) once we take the cut-off Λ to infinity (which is what happens when we take r to infinity).

Let us now go back to the case where we cancel all tadpoles locally. The low energy theory on each set of D3-branes is then conformal. Note, however, that at finite r we have a finite 4-dimensional Planck scale. Thus, we have a contribution from compactifying the 6-dimensional Einstein-Hilbert term, which comes from the closed string Klein bottle amplitude as well as the open string annulus and Möbius strip amplitudes, on T^2. In particular, even though the D3-brane low energy effective field theories are conformal, the open string annulus and Möbius strip amplitudes do contribute into the six-dimensional Planck scale as we have a tower of massive open string excitations.^{29} Now we come to one of the key points of our discussion here — in the decompactification limit, even in the conformal case, the 4-dimensional

29Note that having a non-vanishing four-dimensional Planck scale upon compactification is not inconsistent with the fact that the low energy effective field theories on the branes are conformal.

Planck scale is not zero but infinite. This is due to the fact that, in these backgrounds it actually comes from the compactification of the six-dimensional Einstein-Hilbert term localized at the orbifold fixed point. Also, note that in the conformal case, once we decompactify the 2-torus, the O3^−-planes and D3-branes at the other three fixed points decouple from those at the origin. And gravity now decouples not because the 4-dimensional Planck scale goes to zero but because it goes to infinity.

Before we end this subsection, we would like to make the following remark. From the above discussion it might be tempting to consider a hybrid scenario with two extra dimensions (untouched by the orbifold) compactified on a large torus and four others non-compact. In particular, in this case we could take M_s ∼ TeV, and obtain the desired four-dimensional Planck scale ^M_P ∼ 10^{18} GeV by choosing the size r of the two compact extra dimensions to be of order of a millimeter as in [2]. However, to obtain the desired cross-over scale r_c, the brane thickness in this case would have to be extremely small. Thus, let us focus on distance scales above the compactification size r. Then we can integrate out the compact extra dimensions, which leaves us with a model equivalent to having a 3-brane in 8-dimensional bulk. The 4-dimensional and 8-dimensional Planck scales are given by

^M^2_P ∼ M^4_s r^2 ,

M^6_P ∼ M^8_s r^2 . (4.14)

Following our discussion in subsection 3.5, we then have the following relation between the cross-over scale r_c and the brane thickness ϵ: r_c ∼ 1 M^2_s ϵ

. (4.15)

To have r_c around or above the present Hubble size we must require that ϵ is around or smaller than 10^{−30} ^M^{−1}_P , which would require a presence of a new ultra-high threshold 1/ϵ in the theory.

4.2 A conifold example

From our discussion in the previous subsection it follows that, if we consider an oriented background of type IIB on C × (C^2 /Z_2) in the presence of D3-branes, we have a six-dimensional Einstein-Hilbert term localized at the orbifold fixed point. The gauge theory on the D3-branes in this case is the N = 2 supersymmetric theory with the SU(N) ⊗ SU(N) gauge group and matter hypermultiplets transforming in (N, N) and (N, N). Note that this theory is conformal. Moreover, there is no ultraviolet cut-off in the D3-brane gauge theory. This is because the string excitations do

Indeed, we do have massive open string winding states in this case, which determine the fourdimensional effective field theory cut-off Λ (as the massive open string excitations do not contribute into the four-dimensional gauge coupling renormalization).

not contribute into the gauge coupling renormalization as they are non-BPS states (and we have N = 2 supersymmetry). That is, the ultra-violet cut-off Λ in the theory is actually infinite, so the four-dimensional Planck scale is also infinite.

Now we would like to deform this theory so that it is no longer conformal. This can be done as follows. Note that the six-dimensional manifold M_6 transverse to the D3-branes is a Ricci-flat manifold with the metric

ds^2 = dr^2 + r^2γ_{αβ}dy^αdy^β , (4.16)

where γ_{αβ} is a metric on a compact 5-dimensional Einstein manifold Y_5 = S^5/Γ (S^5 is a unit 5-sphere,

∑_3

α=1 |z_α|^2 = 1), Γ = Z_2, and the action of the generator R of Z_2 on S^5 is given by Rz_1 = z_1 , Rz_{2,3} = −z_{2,3} . (4.17) Note that the fixed point locus of R in S^5 is a unit circle S^1. We can deform the orbifold by blowing up this fixed circle. The resulting space ~M_6 is Ricci-flat with the metric ds^2 = dr^2 + r^2~γ_{αβ}dy^αdy^β , (4.18) where ~γ_{αβ} is a metric on a compact 5-dimensional Einstein manifold Y_5 = T^{1,1} = (SU(2) × SU(2))/ U(1) [40]. The blow-up breaks supersymmetry from N = 2 down to N = 1. In particular, in the low energy action it corresponds to adding a mass term to the adjoint chiral N = 1 supermultiplet in the N = 2 vector multiplet. This mass term is odd under the interchange of the two SU(N) subgroups as the twisted closed string modes associated with the blow-up are odd under the Z_2 twist. We therefore have for this mass term [40]: m 2 [ Tr ( Φ^2 ) − Tr ( ~Φ^2 )] , (4.19)

where Φ and ~Φ are the aforementioned adjoint chiral N = 1 supermultiplets corresponding to the first and the second SU(N) subgroups, respectively.

Let us decompose the original matter hypermultiplets in terms of the N = 1 chiral supermultiplets:

A_a = 2 × (N, N) , B_a = 2 × (N, N) , a = 1, 2 . (4.20)

In the original N = 2 model we have the following superpotential (in the N = 1 language):

W = g Tr [Φ (A_1B_1 + A_2B_2)] + g Tr [ ~Φ (B_1A_1 + B_2A_2) ] , (4.21)

where g is the Yang-Mills gauge coupling. Integrating out the fields Φ, ~Φ, we obtain the following effective superpotential

W_{eff} = g^2 2m [Tr(A_1B_1A_2B_2) − Tr(B_1A_1B_2A_2)] , (4.22) which is non-renormalizable. In the infra-red the N = 1 supersymmetric SU(N) ⊗ SU(N) gauge theory with chiral matter supermultiplets A_a and B_a flows into a superconformal field theory [40], which is what we expect from the AdS/CFT correspondence [41, 42, 43, 44, 12, 5, 6, 40, 45]. The above superpotential at the infra-red fixed point becomes a marginal deformation giving rise to a line of fixed points [40].^{30} Even though the above blown-up theory is conformal in the infra-red, it is not a conformal theory. In particular, we have a massive threshold m in the theory. Note that at the energy scales much higher than m (that is, in the ultra-violet) the field theory once again becomes conformal — it is simply described by the original N = 2 superconformal field theory. However, since the blown-up theory is not conformal, as was originally pointed out in [29], we expect the Einstein-Hilbert term to be generated on the D3-branes. Here we would like to understand what the corresponding four-dimensional Planck scale should be.

To begin with, note that the blown-up space ~M_6 is a conifold, and the D3-branes are located at the conifold singularity. In particular, we no longer have an orbifold singularity. Let the blow-up size be ϵ. Then we have m ∼ ϵ α^′ . (4.23)

Let us assume that ϵ^2 ≪ α^′. Then we have m^2 ≪ M^2_s , so that the massive adjoint chiral multiplets lie way below the string scale, and we should be able to trust the world-sheet expansion. The contribution of the low-energy field theory modes into the four-dimensional Planck scale ^M^2_P is then expected to be of order m^2. This, however, is not the end of the story. The key point here is that we now have N = 1 supersymmetry, so the massive string excitations do contribute into the gauge coupling renormalization. Note, however, that each massive level is expected to give a threshold contribution of order m^2 M^2_s

. (4.24)

Indeed, in the limit m → 0 these threshold contributions should vanish as in this limit the N = 2 supersymmetry is restored. This, in particular, implies that the gauge theory cut-off Λ is not of order M_s (the lowest string excitation), but higher. In fact, we can estimate this cut-off as follows. We expect the ultra-violet cut-off in the gauge theory to be of order of the energy scale such that the combined contribution of the massive string thresholds lying below this scale becomes of order 1. Let n_∗ be the corresponding string level. Then we have: n_∗ m^2 M^2_s

∼ 1 , (4.25)

30If we do not impose the Z_2 symmetry under the interchange of the two gauge groups, we then have a fixed surface, where the second marginal deformation corresponds to the difference between the kinetic energies of the two SU(N)’s [40].

that is, n_∗ ∼ M^2_s /m^2. The ultra-violet cut-off is then given by:

Λ^2 ∼ n_∗M^2_s ∼

M^4_s m^2 ∼ 1 ϵ^2

. (4.26)

Thus, the four-dimensional Planck scale ^M_P ∼ 1 ϵ . (4.27)

Note that this is consistent with our expectation that in the conformal limit ϵ → 0 we must have ^M_P → ∞.

We can understand this result intuitively in the following way. In the conformal case (that is, before blowing up the orbifold) the annulus and Möbius strip amplitudes actually give finite contributions to the 10-dimensional and 6-dimensional Planck scales depending on whether a given amplitude is untwisted or twisted. But there is no truly four-dimensional Einstein-Hilbert term. If, as in the previous subsection, we compactify the two extra dimensions untouched by the orbifold, then we have a finite four-dimensional Planck scale which goes to infinity in the decompactification limit.

Let us now discuss what happens once we blow up the orbifold (in the case where all six extra dimensions are non-compact). Note that the transverse space ~M_6 is smooth everywhere except for the conifold singularity (where the D3-branes are located). Attaching the external graviton lines to boundaries in, say, the annulus amplitude now is special as this amounts to attaching these lines at the conifold singularity. In particular, if the locations of the external insertions are away from the conifold singularity, such diagrams only renormalize the bulk operators. On the other hand, if the locations of the external insertions coincide with the conifold singularity, the corresponding diagrams renormalize the 4-dimensional Planck scale (among other terms).

Let us now understand the size of the cut-off Λ. Recall that in the orbifold background the infra-red and ultra-violet divergence structures are identical. The blow-up modifies the background, but since the blow-up size ϵ is small, at the leading order the relation between the infra-red and ultra-violet effects remains intact. Thus, let us consider the loop-channel infra-red physics. The blow-up introduces the infrared scale m in the loop channel. This translates into an ultra-violet scale 1/ϵ in the tree channel. In particular, in the tree channel the ultra-violet effects become soft around this scale. In the tree channel this scale arises due to the closed string Kaluza-Klein modes associated with the blow-up. Since the tree-channel ultra-violet effects become soft around the scale 1/ϵ, the brane thickness is expected to be of oder ϵ (recall that, if the brane matter is non-conformal, the brane thickness is expected to be non-vanishing so that the divergences discussed in section 3 are smoothed out).

Similarly, in the tree channel we have an infra-red cut-off scale m, which arises due to the fact that some of the twisted closed string states that are massless in the orbifold limit are now massive with masses of order m. In the loop channel this translates into the ultra-violet scale Λ ∼ 1/ϵ. In particular, this implies that we have a massive open string threshold associated with this scale (which decouples in the orbifold limit). This open string threshold is due to the fact that now the brane thickness is non-vanishing, so that we have a massive breathing mode with mass of order 1/ϵ.

Thus, as we see, the four-dimensional Planck scale in this example is controlled by the size of the blow-up. The reason why this is possible is that the blow up we are considering here is not a marginal deformation of the orbifold singularity in C × (C^2 /Z_2) but a relevant one. Note that above we considered an oriented type-IIB background. However, we can generalize our discussion to the orientifold of type IIB on C × (C^2 /Z_2). Note that in this case we also have an O7-plane and 8 of the corresponding D7-branes. We will come back to unoriented conifold backgrounds in section 4, where we discuss some phenomenological applications of the orientiworld models.

Before we end this subsection, let us make the following remark. To obtain the desired four-dimensional Planck scale ^M_P ∼ 10^{18} GeV, we must choose ϵ ∼ ^M^{−1}_P . Then, as we discussed in subsection 3.5, we must take M_s ∼ TeV — in this case the cross-over scale r_c ∼ r_H (the present Hubble size), while for larger M_s r_c is smaller (and smaller M_s are phenomenologically disfavored). The infra-red scale m is then of order 10^{−3} eV (about an inverse millimeter). Here it is difficult to judge whether this is a worrisome feature or a bonus — the model at hand is not realistic, so we will have to postpone discussing this point until we have a more realistic looking model.

4.3 Non-conformal N = 1 models

It is clear that in the N = 1 orientiworld models with Γ ⊂ SO(3) the situation is similar to that in the N = 2 theories discussed in the previous subsections. Let us therefore focus on the cases with Γ ⊂ SU(3) but Γ ⊄ SO(3). As we discussed in subsection 2.4, the D3-brane gauge theories in these models are always chiral and non-conformal. Let us therefore understand the origin of the four-dimensional Planck scale in these models.

First, let us focus on the cases where all twists g_a ∈ Γ have fixed point loci of real dimension 0 (that is, Γ does not have a non-trivial subgroup which is also a subgroup of SO(3), so Γ = Z_M , where M is odd). Let us start with the closed string torus amplitude. The untwisted closed string states running in the loop renormalize 10-dimensional terms. However, the twisted closed string states give rise to a fourdimensional Einstein-Hilbert term (among other terms) localized at the orbifold fixed point: ^M^2_P ∫ d^4x √ − ^G ^R . (4.28)

The corresponding contribution to the 4-dimensional Planck scale ^M^2_P ∼ M^2_s . As in the previous subsection, the Klein bottle amplitude also gives a contribution of the same order of magnitude into ^M^2_P . This contribution is due to the untwisted closed string states running in the loop channel, while the twisted closed string states in the loop channel do not contribute (ΩθΩ^{−1} = θ^{−1}).

Next, consider the one-loop open string amplitudes. The untwisted annulus and Möbius strip amplitudes renormalize the bulk terms. However, the twisted annulus and Möbius strip amplitudes now contribute to the renormalization of the four-dimensional Einstein-Hilbert term (as well as other terms). The corresponding contributions to the four-dimensional Planck scale ^M^2_P are of order M^2_s . This is evident in the tree channel, while in the loop channel this can be understood from the fact that the massive open string excitations in N = 1 backgrounds do contribute into the renormalization of the D3-brane gauge couplings, so that the ultra-violet cut-off Λ in the D3-brane gauge theory is of order M_s.

Here we come to an important point. The D3-brane gauge theory is nonconformal. At the orbifold point we have no ultra-violet divergences in the open string loop channel (that is, we have no infra-red divergences in the tree channel) as all twisted tadpoles are canceled. However, we do have infra-red divergences in the loop channel, which translate into ultra-violet divergences in the tree channel. In fact, as we discussed in section 3, since the D3-brane gauge theory is non-conformal, and since the D3-branes are δ-function-like, we expect ultra-violet divergences to arise in the coupling between gravity and brane matter at the tree level. On the other hand, we also expect these divergences to be smoothed out. As we will now argue, blowing up the orbifold smoothes out these divergences.^{31}

Before we proceed further, let us discuss one important point concerning blowing up such orbifold singularities. For definiteness, here we will focus on a simple example, but our conclusions also apply to the general class of models we are discussing here. Thus, consider the M_6 = C^3 /Γ orbifold, where Γ = Z_3, and the generator θ of Z_3 acts as follows on the complex coordinates z_α, α = 1, 2, 3, on C^3 :

θ : z_α → ωz_α , (4.29)

where ω ≡ exp(2πi/3). We have a usual marginal blow-up in this orbifold. However, we do not have the analog of the relevant blow-up discussed in the previous subsection. Thus, we can view the above C^3 /Z_3 orbifold as follows. The metric on M_6 is given by ds^2 = dr^2 + r^2γ_{αβ}dy^αdy^β , (4.30)

where γ_{αβ} is a metric on a compact 5-dimensional Einstein manifold Y_5 = S^5/Z_3. The generator θ of Z_3 has the same action on the coordinates z_α on S^5,

∑_3 α=1 |z_α|^2 = 1, as

31The fact that we should blow up the orbifold in these backgrounds was also argued in [27, 28] from a somewhat different angle.

in (4.29). Note that θ does not have a fixed point set on Y_5, that is, the manifold Y_5 is smooth. This is simply another way of stating the fact that the orbifold singularity in M_6 is the same as the conifold singularity in M_6, so blowing up the orbifold singularity is equivalent to smoothing out the conifold. And the corresponding blowup is marginal.

The fact that the orbifold blow-up is marginal in this case implies that the blowup does not introduce an infra-red cut-off in the tree channel, that is, there is no new ultra-violet threshold in the loop channel associated with the blow-up. In particular, the four-dimensional Planck scale ^M_P remains of order M_s even if we consider such a marginal blow-up. Here we are assuming that the blow-up size, call it Δ, is small: Δ^2 ≪ α^′, so we can still trust the world-sheet expansion. Note that (unlike in the N = 2 cases discussed above) here the infra-red and ultra-violet divergence structures are different. This a priori allows to have an ultra-violet cut-off in the tree channel without having an infra-red cut-off in the tree channel. In particular, the blow-up provides such an ultra-violet cut-off in the tree channel — in the closed string sector we have a heavy Kaluza-Klein threshold of order 1/Δ associated with the blow-up (according to our expectations in section 3, the brane thickness is then of order Δ). In the loop channel this is expected to translate into an infra-red cut-off of order μ ∼ Δ α^′ . (4.31)

That is, after the blow-up we must have light open string states with masses of order μ. And we do. Indeed, in the gauge theory blowing up the orbifold corresponds to Higgsing along the F- and D-flat directions^{32} (this is because the blow-up is marginal), that is, to an appropriate deformation of the gauge bundle. The massive open string states resulting from this Higgsing then have masses of order μ.

Note that in the above scenario we have ^M_P ∼ M_s, so both should be of order 10^{18} GeV. Then, to have the cross-over scale not smaller than the present Hubble size, the blow-up size should be extremely small, not larger than 10^{−30} ^M^{−1}_P . Then the scale μ is smaller than or of order 10^{−3} eV (about an inverse millimeter).

4.4 More general non-conformal N = 1 models

In the previous subsection we focused on the simple case where all twists in Γ have fixed point loci of real dimension 0. In a more general class of models we can also have twists with fixed point loci of real dimension 2. We would like to discuss this class of models next. In fact, as we will argue in the following, this class of models appears to be most suitable for the phenomenological goals we have been pursuing.

Thus, consider the orbifold group Γ ⊂ SU(3) but Γ ⊄ SO(3) such that some twists in Γ have fixed point loci of real dimension 2. This then implies that there

32In the Z_3 orientifold model, which we review in the next section, the F- and D-flat directions were discussed in detail in [48].

exists a non-trivial subgroup of Γ, call it Γ, such that Γ ⊂ SO(3) (in particular, Γ could be a subgroup of SU(2)). The elements of Γ that do not belong to Γ need not commute with the elements of Γ. However, for our purposes here it will suffice to assume that they do (our conclusions, however, will be applicable in the general case). In this case Γ = Z_M × Γ, where M is odd, Z_M ⊂ SU(3) but Z_M ⊄ SU(2) (it then also follows that Z_M ⊄ SO(3)). Let the generator of Z_M be θ, while Γ = {g_a|a = 1, . . . , |Γ|}. Then Γ = {θ^k, θ^kg_a|k = 0, . . . , M; a = 1, . . . , |Γ|}. Note that in this case we can view the orientifold of type IIB on C^3 /Γ as the Z_M orbifold of the orientifold of type IIB on C^3 /Γ.

Let us first discuss gravity in such a model before any blow-ups. The g_a (a ≠ 1) twisted sectors give rise to various 6-dimensional Einstein-Hilbert terms localized on the corresponding fixed points. More precisely, if Γ ⊂ SU(2), then these twisted sectors give rise to only one type of the 6-dimensional Einstein-Hilbert term, while if Γ ⊄ SU(2), then we have more then one types of 6-dimensional Einstein-Hilbert terms (with the extra two dimensions identified with the corresponding fixed point loci). The θ^kg_a, k ≠ 0, a ≠ 1, twisted sectors can also give rise to 6-dimensional Einstein-Hilbert terms, but need not depending upon a particular orbifold group. If they do not, then they give rise to a 4-dimensional Einstein-Hilbert term. Finally, the θ^k, k ≠ 0, twisted sectors contribute to the 4-dimensional Einstein-Hilbert term. The important point here is that we always have at least one type of a 6-dimensional Einstein-Hilbert term present in such backgrounds. Note that the 4-dimensional Planck scale ^M_P ∼ M_s, and the 6-dimensional Planck scale M_P ∼ M_s. Suppose we blow up the fixed point at the origin of C^3 /Γ, which is associated with the Z_M orbifold. The brane thickness is then of order of the corresponding marginal blow-up size Δ.

Since we have 6-dimensional Einstein-Hilbert terms, before we discuss the crossover to the 10-dimensional gravity, we must discuss a possible cross-over to the 6-dimensional gravity. However, since we do not have a tree-level infra-red cut-off in these backgrounds, following our discussion in appendix C.2, we conclude that we do not have a cross-over to the 6-dimensional gravity. The cross-over to the 10- dimensional gravity then goes as in the previous subsection. In particular, we must have an extremely small Δ in this case.

The above scenario, however, is not the only possible one. In particular, we can utilize the fact that, as we discussed in subsection 4.2, in some cases we have relevant blow-ups of the orbifold singularities associated with the twists g_a. For illustrative purposes let us consider a simple example here. Thus, let Γ = Z_2, and let Γ = Z_3 × Z_2, where the generators θ and R of Z_3 respectively Z_2 have the following action on the complex coordinates z_α on C^3 : θz_α = ωz_α , α = 1, 2, 3 , Rz_1 = z_1 , Rz_{2,3} = −z_{2,3} . (4.32)

The metric on M_6 = C^3 /Γ is given by:

ds^2 = dr^2 + r^2γ_{αβ}dy^αdy^β , (4.33)

where γ_{αβ} is a metric on a compact 5-dimensional Einstein manifold Y_5 = S^5/Γ. The generators θ and R have the same action on the coordinates z_α on S^5,

∑_3 α=1 |z_α|^2 = 1, as above. The fixed point locus of the twist R in S^5 is a unit circle S^1: |z_1|^2 = 1. The action of the twist θ on this fixed circle is given by θz_1 = ωz_1, so the Z_3 orbifold simply reduces the size of this circle by a factor of 3. We can therefore consider a relevant blow-up of this circle as in subsection 4.2. After this blow-up, whose size we will denote via ϵ, we no longer have a 6-dimensional Einstein-Hilbert term. Rather, both the Z_3 and the blown-up Z_2 orbifolds contribute into the 4-dimensional Planck scale. These contributions, however, are very different. Thus, from our previous discussions it should be clear that at the one-loop order the contributions of the Z_3 (as well as Z_6) twisted sectors into the 4-dimensional Planck scale ^M^2_P are of order M^2_s . However the contributions from the blown-up Z_2 orbifold are of order 1/ϵ^2, so assuming that ϵ^2 ≪ α^′, we have the following estimate for the 4-dimensional Planck scale: ^M_P ∼ 1 ϵ . (4.34)

Let us also blow up the Z_3 singularities (this blow-up is marginal). We will choose the corresponding blow-up size Δ ∼ ϵ. It is then clear that the brane thickness is of order ϵ. Now we can take M_s ∼ TeV and obtain the cross-over scale (to the 10-dimensional gravity) of order of the present Hubble size. The infra-red scales m ∼ ϵ α^′ , (4.35) μ ∼ Δ α^′ (4.36)

in this case are both about an inverse millimeter.

Thus, as we see, in this case the situation is similar to that discussed in the N = 2 models in subsection 4.2 except that here the D3-brane gauge theories are non-conformal even in the orbifold limit. That is, one might hope to construct various realistic looking non-conformal chiral N = 1 models in this context. We will discuss such models in section 4.

Before we end this subsection, the following remark is in order. Since we are discussing N = 1 models, we expect that the D3-brane gauge theory cut-off Λ is or order M_s. It might then appear surprising that ^M_P ≫ M_s. However, the key point here is that there are actually two ultra-violet cut-offs in such backgrounds. One is Λ ∼ M_s, and another one is Λ^′ ∼ 1/ϵ. In particular, if we view the low energy modes as parts of N = 2 multiplets corresponding to the C^3 /Z_2 model, we expect that the massive string thresholds will contribute to the gauge coupling renormalization up to the scale Λ^′. However, the fact that we do not have complete N = 2 multiplets implies that it makes no sense to talk about the gauge coupling renormalization beyond the scale Λ, which is determined by the truly N = 1 supersymmetric massive string excitations that contribute to the gauge coupling renormalization starting at the lowest such excitation. In other words, the gauge theory cut-off is given by Λ as we have a tower of massive open string states starting at around M_s, while the four-dimensional gravitational cut-off is given by Λ^′, and gravity is weak all the way up to ^M_P . This is in some sense analogous to what happens in little string theories [49].

4.5 A “hybrid” scenario

Before we end this section, as an aside we would like to discuss a somewhat different scenario, where 4 of the extra dimensions are compact, but we have 2 non-compact extra dimensions. For illustrative purposes let us focus on the orbifold group Z_3 × Z_2 discussed in the previous subsection. Thus, consider the case where the transverse space is given by M_6 = (C × W_4)/Z_3 , where W_4 = T^4/Z_2 is (an orbifold limit of) a K3 surface, and the complex coordinates z_1 and z_2, z_3 now parametrize C respectively W_4. Since we have only two non-compact directions in M_6, the number of D3-branes is now fixed by the untwisted tadpole cancellation conditions to be 8. This is because we have 16 O3-planes located at the corresponding fixed points on T^4. We also have an O7-plane and 8 of the corresponding D7-branes. Here we should point out that the corresponding Z_3 × Z_2 model is not realistic as the gauge group only contains SU(2) factors (see subsection 5.5), so we do not have the SU(3)_c subgroup of the Standard Model. However, here we would like to use this model to discuss a point a priori unrelated to how realistic this model is from the Particle Physics viewpoint.

Thus, suppose the linear sizes of the K3 surface are all of order 1/M_s. At low energies we can integrate out the K3 part and obtain a model which is equivalent to having a 3-brane in 6-dimensional bulk with infinite volume extra-dimensions. Since we have no tree-level infra-red divergences in this model (all tadpoles are canceled), following our discussion in the previous subsection, we could consider a model with no cross-over from the 4-dimensional gravity to 6-dimensional gravity. Here we should point out that the number of such “hybrid” models would be quite limited for the reasons mentioned in introduction.

5. Explicit examples

In this section we would like to discuss explicit examples of orientiworld models. As we have already mentioned in Introduction, the number of such models is infinitely large, and we have a large number of potentially interesting models to explore. Here we will not attempt to perform an exhaustive search for phenomenologically most interesting models. Rather, we will discuss some examples to get a flavor of what kind of features we can expect from the orientiworld construction (we will discuss phenomenological applications in the next section). Here we will focus on examples with the orbifold group Γ ⊂ SU(3) but Γ ⊄ SO(3). Such examples have been studied in [6, 9, 13]. For illustrative purposes here we will discuss some of these models.

5.1 The Z_3 models

The simplest choice of the orbifold group Γ in the present context is Γ = Z_3 = {1, θ, θ^2}, where the generator θ of Z_3 acts on the complex coordinates z_α, α = 1, 2, 3, on C^3 as follows:

θz_α = ωz_α , (5.1)

where ω ≡ exp(2πi/3). At the origin of C^3 /Γ we can place an O3^−- or O3^+-plane. Let η = −1 in the former case, while η = +1 in the latter case. The twisted tadpole cancellation requires that [6] Tr(γ_θ) = 4η . (5.2)

We can then place (3N + 4η) D3-branes on top of the O3-plane, and choose

γ_θ = diag(ωI_N , ω^{−1}I_N , I_{N+4η}) . (5.3)

The massless spectrum of the resulting model is given in table 1. Note that the U(1) factor is anomalous and is actually broken at the tree level as we discussed in

Model Gauge Group Charged Twisted Sector Chiral Multiplets Chiral Multiplets Z_3 U(N) ⊗ G_η(N + 4η) 3 × (R_η , 1)(+2) 1 3 × (N, N + 4η)(−1) Z_7 U(N) ⊗ U(N) ⊗ U(N)⊗ (R_η , 1, 1, 1)(+2, 0, 0) 3 G_η(N − 4η) (N, 1, 1, N − 4η)(+1, 0, 0) (N, N, 1, 1)(−1, +1, 0) (N, N, 1, 1)(−1, −1, 0) plus cyclic permutations of the U(N) ⊗ U(N) ⊗ U(N) representations Z_3 × Z_3 U(N) ⊗ U(N) ⊗ U(N)⊗ (R_η , 1, 1, 1, 1)(+2, 0, 0, 0) 7 U(N + 2η) ⊗ G_η (N) (N, 1, 1, 1, N)(−1, 0, 0, 0) (1, N, 1, N + 2η, 1)(0, −1, 0, +1) (1, 1, N, N + 2η, 1)(0, 0, −1, −1) (1, N, N, 1, 1)(0, +1, +1, 0) plus cyclic permutations of the U(N) ⊗ U(N) ⊗ U(N) representations

Table 1: The massless spectra of N = 1 orientifolds of type IIB on C^3 /Z_3, C^3 /Z_7 and C^3 /(Z_3 × Z_3). Here R_η = A (two-index N(N − 1)/2 dimensional anti-symmetric representation of U(N)) for η = −1, and R_η = S (two-index N(N + 1)/2 dimensional symmetric representation of U(N)) for η = +1. The U(1) charges of the states in the 33 open string sector are given in parentheses. The untwisted closed string sector states are not shown.

subsection 2.4. Let Φ_α = 3 × (R_η , 1), and P_α = 3 × (N, N + 4η). Then the tree-level superpotential in this model is given by:

W = ϵ_{αβγ} Φ_αP_βP_γ + · · · , (5.4)

where the ellipses stand for non-renormalizable couplings.

An interesting case to consider is η = −1 and N = 5 (in this case we have 11 D3-branes placed on top of the O3^−-plane). The gauge group of this model is SU(5), and we have 3 chiral generations transforming in 10 plus 5 of SU(5). A compact version of this model was originally constructed in [46]. Even though we have three generations and an appealing gauge group in this model, phenomenologically it is still not very interesting as we have no way of breaking the “grand unified” SU(5) gauge group down to the Standard Model gauge group SU(3)_c ⊗ SU(2)_w ⊗ U(1)_Y — we have no Higgs field in an appropriate higher dimensional representation (such as the adjoint Higgs).

5.2 The Z_7 models Another simple choice of the orbifold group Γ is Γ = Z_7, where the generator g of Z_7 acts on the complex coordinates z_α, α = 1, 2, 3, on C^3 as follows:

gz_1 = αz_1 , gz_2 = α^2z_2 , gz_3 = α^4z_3 , (5.5)

where α ≡ exp(2πi/7). At the origin of C^3 /Γ we can place an O3^−- or O3^+-plane. As before, let η = −1 in the former case, while η = +1 in the latter case. The twisted tadpole cancellation requires that [6]

Tr(γ_g) = −4η . (5.6)

We can then place (7N − 4η) D3-branes on top of the O3-plane, and choose

γ_g = diag(αI_N , α^{−1}I_N , α^2I_N , α^{−2}I_N , α^4I_N , α^{−4}I_N , I_{N−4η}) . (5.7)

The massless spectrum of the resulting model is given in table 1. Note that the U(1) factors are anomalous and are actually broken at the tree level as we discussed in subsection 2.4. Let Φ_1 = (1, 1, R_η , 1), P_1 = (N, 1, 1, N + 4η), R_1 = (N, N, 1, 1), Q_1 = (1, N, N, 1), plus cyclic permutations of the SU(N) ⊗ SU(N) ⊗ SU(N) representations which define Φ_α, P_α, R_α, Q_α with α = 2, 3. The tree-level superpotential in this model is given by:

W = ϵ_{αβγ} P_αP_βQ_γ + ϵ_{αβγ} Q_αR_β Φ_γ + ϵ_{αβγ} R_αR_βR_γ + · · · , (5.8)

where the ellipses stand for non-renormalizable couplings.

Note that in this model we have a cyclic Z_3 symmetry corresponding to the permutations of the SU(N) ⊗ SU(N) ⊗ SU(N) quantum numbers. In fact, this is a symmetry of the background itself. In the next subsection we will consider further orbifolding the Z_7 models by this symmetry.

5.3 A non-abelian orbifold Thus, consider the orbifold group Z_3 = {1, θ, θ^2} whose generator θ has the following action on the complex coordinates z_α:

θz_1 = z_2 , θz_2 = z_3 , θz_3 = z_1 . (5.9) That is, θ permutes the complex coordinates z_α. Note that θ does not commute with the generator g of the Z_7 orbifold group discussed in the previous subsection: θgθ^{−1} = g^2 , θg^2θ^{−1} = g^4 , θg^4θ^{−1} = g , θg^3θ^{−1} = g^6 , θg^6θ^{−1} = g^5 , θg^5θ^{−1} = g^3 . (5.10) Also note that (θg^k)^3 = (θ^2g^k)^3 = 1 , k = 0, . . . , 6 . (5.11) Thus, θ and g together generate a non-abelian group Γ_∗ with |Γ_∗| = 21. This orbifold group is a subgroup of SU(3).

Let us consider the orientiworld model corresponding to the C^3 /Γ_∗ orbifold. The eigenvalues of θg^k and θ^2g^k, k = 0, . . . , 6, are 1, ω, ω^{−1}. The twisted tadpole cancellation conditions then imply that [6] Tr(γ_θg^k) = Tr(γ^2_θ g^k) = −2η , k = 0, . . . , 6 . (5.12) We can therefore choose:

γ_g = diag(αI_N , α^{−1}I_N , α^2I_N , α^{−2}I_N , α^4I_N , α^{−4}I_N , I_{N−4η}) , γ_θ = diag(I_{2N} × P_3, ωI_n, ω^{−1}I_n, I_{n−2η}) , (5.13) where N = 3n + 2η, and P_3 is a 3 × 3 permutation matrix.

The resulting N = 1 supersymmetric theory has the gauge group SU(N) ⊗ SU(n) ⊗ G_η(n − 2η) (see table 1 for notations), where we have dropped the U(1) factors. The charged matter is given by Φ = (R_η , 1, 1) , Σ = (N, n, 1) , ~Σ = (N, n, 1) , P = (N, 1, n − 2η) , R = (Adj, 1, 1) , Q_η = (R_η , 1, 1) , Q_{−η} = (R_{−η} , 1, 1) , (5.14) where Adj stands for the adjoint representation of SU(N). The tree-level superpotential is given by:

W = ΦQ_η R + P P Q_{−η} + Σ~ΣQ_η + Σ~ΣQ_{−η} + · · · , (5.15) where the ellipses stand for non-renormalizable couplings.

An interesting feature of this model is that we have matter in the adjoint of the SU(N) subgroup. Such higher dimensional representations are necessary in grand unified models to break the grand unified gauge group down to that of the Standard Model. Note, however, that in this model the appearance of the adjoint is achieved at the cost of having only one “generation” instead of three.^{33}

5.4 The Z_3 × Z_3 models

Next, let us consider the case with Γ = Z_3 × Z_3. Let g_1 and g_2 be the generators of the two Z_3 subgroups. Their action on the complex coordinates z_α is given by:

g_1z_1 = ωz_1 , g_1z_2 = ω^{−1}z_2 , g_1z_3 = z_3 , g_2z_1 = z_1 , g_2z_2 = ωz_2 , g_2z_3 = ω^{−1}z_3 . (5.16)

The twisted tadpole cancellation conditions read [9]:

Tr(γ_{g1} ) = Tr(γ_{g2} ) = Tr(γ_{g1g2} ) = −2η , Tr(γ_{g1g}2 ) = Tr(γ_g2_{1 g2} ) = 4η . (5.17)

We can place (9N + 4η) D3-branes on top of the O3-plane located at the origin of C^3 /Γ, and choose

γ_{g1} = diag(ωI_{3N+2η}, ω^{−1}I_{3N+2η} , I_{3N} ) , γ_{g2} = diag(ωI_{N+2η}, ω^{−1}I_N , I_N , ω^{−1}I_{N+2η}, ωI_N , I_N , ωI_N , ω^{−1}I_N , I_N ) . (5.18)

The massless spectrum of the resulting model is given in table 1 (the U(1) factors should be dropped). Let χ_1 = (1, N, 1, 1, N), P_1 = (1, N, 1, N + 2η, 1), Q_1 = (1, 1, N, N + 2η, 1), R_1 = (1, N, N, 1, 1), plus cyclic permutations of the SU(N) ⊗ SU(N) ⊗ SU(N) representations which define χ_α, P_α, R_α, Q_α with α = 2, 3. The tree-level superpotential in this model is given by:

W = ϵ_{αβγ} χ_αχ_βR_γ + ϵ_{αβγ} P_αQ_β R_γ + · · · , (5.19)

where the ellipses stand for non-renormalizable couplings.

Note that in this model we also have a cyclic Z_3 symmetry whose generator θ acts on the complex coordinates z_α as in (5.9). We can therefore consider further orbifolding by this symmetry. Note that θ does not commute with the original Z_3 × Z_3 generators g_1, g_2. In fact, g_1 and θ generate a non-abelian discrete group^{34}

33Compact models with adjoint representations were recently discussed in [47] in the context of type-IIA orientifolds. In particular, an SU(5) model with 2 chiral generations was constructed in[47], but, to the best of our knowledge, a grand unified orientifold model with 3 chiral generations has not been constructed yet.

34The group Δ(3 · 3^2) is a semi-direct product of Z_3 and Z_3 × Z_3. It is the n = 3 member of the infinite series referred to as Δ(3 · n^2), where Δ(3 · n^2) is a semi-direct product of Z_3 and Z_n × Z_n.

Γ = Δ(3 · 3^2) with |Γ| = 27, which is a subgroup of SU(3). The resulting model has the gauge group SU(3N − 2η) × SU(N)^4 × G_η(N − 2η), and the matter content can be found in [7]. In particular, we have matter in R_η and R_{−η} of SU(3N − 2η) as well as bifundamentals (but no adjoints).

5.5 The Z_3 × Z_2 models So far we have discussed cases without D7-branes. Let us now consider cases with D7-branes. Thus, consider the case with Γ = Z_3 × Z_2. Here the action of the generators θ of Z_3 ⊂ Γ and R of Z_2 ⊂ Γ on the complex coordinates z_α is given by: θz_α = ωz_α , Rz_1 = −z_1 , Rz_2 = −z_2 , Rz_3 = z_3 . (5.20)

Note that now we have an O3-plane as well as a single O7-plane (the O7-plane is located at the origin of the z_3 complex plane). The untwisted tadpole cancellation conditions require the presence of 8 of the corresponding D7-branes. The twisted tadpole cancellation conditions read [9] (k = 1, 2):

Tr(γ_{R,3}) = Tr(γ_{R,7}) = 0 , Tr(γ_θk_{R,3}) = Tr(γ_θk_{R,7}) = 0 , Tr(γ_θk_{,3}) = Tr(γ_θk_{,7}) = −4 . (5.21)

We can place (6N − 4) D3-branes on top of the O3-plane, and choose

γ_{θ,3} = diag(ωI_{2N} , ω^2I_{2N} , I_{2N−4}) , γ_{R,3} = diag(i, −i) × I_{3N−2} , γ_{θ,7} = diag(ωI_4, ω^2I_4) , γ_{R,7} = diag(i, −i) × I_4 . (5.22)

The spectrum of this model is given in table 2 (the 33 U(1) factors should be dropped). Let Φ_a = 2 × (A, 1, 1)_{33}, ~Φ_a = 2 × (1, A, 1)_{33}, Q_a = 2 × (N, 1, N − 2)_{33}, ~Q_a = 2 × (1, N, N − 2)_{33}. Next, let P = (N, N, 1)_{33}, R = (N, 1, N − 2)_{33}, ~R = (1, N, N − 2)_{33}, S = (N, 1, 1; 2, 1)_{37}, ~S = (1, N, 1; 1, 2)_{37}. We will also use T = (1, 1, N − 2; 1, 2)_{37}, ~T = (1, 1, N − 2; 2, 1)_{37}, U = (2, 2)_{77} (see table 2). Here a = 1, 2 labels the multiplicity of states in the 33 open string sector. The treelevel superpotential in this model is given by:

W = Φ_1Q_2R + Φ_2Q_1R + ~Φ_1 ~Q_2 ~R + ~Φ_2 ~Q_1 ~R + + Q_1 ~Q_2P + Q_2 ~Q_1P + T ~T U + T ~S ~R + ~T SR + · · · , (5.23)

where the ellipses stand for non-renormalizable couplings.

Model Gauge Group Charged Twisted Chiral Multiplets Sector Chiral Multiplets Z_3 × Z_2 [U(N) ⊗ U(N) ⊗ U(N − 2)]_{33} 2 × (A, 1, 1)(+2, 0, 0)_{33} 3 ⊗[U(2) ⊗ U(2)]_{77} 2 × (1, A, 1)(0, −2, 0)_{33} 2 × (N, 1, N − 2)(−1, 0, −1)_{33} 2 × (1, N, N − 2)(0, +1, +1)_{33} (N, N, 1)(+1, −1, 0)_{33} (N, 1, N − 2)(−1, 0, +1)_{33} (1, N, N − 2)(0 + 1, −1)_{33} 2 × (1, 1)(+2, 0)_{77} 2 × (1, 1)(0, −2)_{77} (2, 2)(+1, −1)_{77} (N, 1, 1; 2, 1)(+1, 0, 0; +1, 0)_{37} (1, 1, N − 2; 1, 2)(0, 0, +1; 0, +1)_{37} (1, N, 1; 1, 2)(0, −1, 0; 0, −1)_{37} (1, 1, N − 2; 2, 1)(0, 0, −1; −1, 0)_{37} Z_3 × Z_2 × Z_2 [U(N) ⊗ Sp(N − 2)]_{33}⊗ 3 × (A, 1)(+2)_{33} 7 ⨂_3 α=1 U(2)_{7α 7α} 3 × (N, N − 2)(−1)_{33} 3 × (1_α)(+2_α)_{7α7α} (N, 1; 2_α)(+1; +1_α)_{37α} (1, N − 2; 2_α)(0; −1_α)_{37α} (2_α; 2_β)(+1_α; +1_β)_{7α 7β}

Table 2: The massless spectra of the N = 1 orientifolds of type IIB on C^3 /(Z_3 × Z_2) and C^3 /(Z_3 × Z_2 × Z_2). The semi-colon in the column “Charged Chiral Multiplets” separates the 33 and 7_α7_α representations. We are also using some of the notations from table 1. The untwisted closed string sector states are not shown.

5.6 The Z_3 × Z_2 × Z_2 models

Let us consider one more case with D7-branes. In particular, here we would like to discuss a model with three sets of D7-branes. Thus, consider the case with Γ = Z_3 × Z_2 × Z_2, where the generators θ of Z_3, R_1 of the first Z_2 subgroup and R_2 of the second Z_2 subgroup act as follows: θz_α = ωz_α , R_αz_β = −(−1)^{δαβ} z_β , (5.24)

where R_3 ≡ R_1R_2. Note that now we have an O3-plane as well as three different O7_αplanes (the O7_α-plane is located at the origin of the z_α complex plane). The untwisted tadpole cancellation conditions require the presence of three sets of the corresponding D7_α-branes with 8 D7-branes in each set. The twisted tadpole cancellation conditions read [9] (k = 1, 2):

Tr(γ_{Rα,3}) = Tr(γ_{Rα,7β} ) = 0 ,

Tr(γ_θk_{Rα,3}) = Tr(γ_θk_{Rα,7β} ) = 0 , Tr(γ_θk_{,3}) = Tr(γ_θk_{,7α} ) = −4 . (5.25)

We can place (6N − 4) D3-branes on top of the O3-plane, and choose

γ_{θ,3} = diag(ωI_{2N} , ω^2I_{2N} , I_{2N−4}) , γ_{Rα,3} = iσ_α × I_{3N−2} , (5.26)

where σ_α are the 2 × 2 Pauli matrices. The action on the D7_α Chan-Paton charges is similar except that their number is fixed. The spectrum of this model is given in table 2. The 33 U(1) factor is anomalous, and is broken at the tree level. Let Φ_α = 3×(A, 1)_{33}, χ_α = 3×(N, N − 2)_{33}, P^α = (N, 1; 2_α)_{37α} , R^α = (1, N − 2; 2_α)_{37α} (see table 2). The tree-level superpotential in this model is given by:

W = ϵ_{αβγ} Φ_αχ_β χ_γ + χ_αP^αR^α + · · · , (5.27)

where the ellipses stand for non-renormalizable couplings.

6. A three-family SU(6) model

In the Z_3 × Z_2 × Z_2 orbifold models we discussed in the previous section it is particularly interesting to discuss the case N = 6 (see subsection 5.6). The corresponding N = 1 supersymmetric model has the gauge group [SU(6) ⊗ Sp(4)]_{33} ⊗ ⨂_3

α=1 SU(2)_{7α7α} . As we pointed out at the end of section 2, at the quantum level the 77 gauge symmetry becomes part of the four-dimensional gauge symmetry. Note that we have deleted the 77 U(1) factors, which are anomalous and are broken via the generalized Green-Schwarz mechanism.

The charged chiral matter multiplets in this model are given by:

Φ_α = 3 × (15, 1)_{33} , χ_α = 3 × (6, 4)_{33} , P^α = (6, 1; 2_α)_{37α} , R^α = (1, 4; 2_α)_{37α} , T^{αβ} = (2_α; 2_β)_{7α7β} . (6.1)

The tree-level superpotential is given by

W = ϵ_{αβγ} Φ_αχ_β χ_γ + χ_αP^αR^α + · · · , (6.2)

where the ellipses stand for non-renormalizable couplings.

We can Higgs the 77 gauge group down to the SU(2) diagonal subgroup using the T^{αβ} matter multiplets. The resulting model now has the gauge group SU(6) ⊗ Sp(4) ⊗ SU(2) and the charged matter multiplets Φ_α = 3 × (15, 1, 1) , χ_α = 3 × (6, 4, 1) , P^α = 3 × (6, 1, 2) , R^α = 3 × (1, 4, 2) , T = (1, 1, 3) , (6.3) and the tree-level superpotential is still given by (6.2).

Note that we cannot break the SU(6) gauge group down to that of the Standard Model as we have no appropriate higher dimensional Higgs fields such as an adjoint Higgs. However, following [10], we can still break the SU(6) ⊗ Sp(4) ⊗ SU(2) gauge group down to SU(3)_c ⊗ SU(2)_w ⊗ U(1)_Y . This can be done as follows. Note that under the breaking SU(6) ⊗ Sp(4) ⊃ [SU(4) ⊗ SU(2) ⊗ U(1)] × [SU(2) ⊗ SU(2)] we have the following branchings (the U(1) charges are given in parenthesis):

(15, 1) = (6, 1, 1, 1)(+2) ⊕ (1, 1, 1, 1)(−4) ⊕ (4, 2, 1, 1)(−1) , (6, 4) = (4, 1, 2, 1)(−1) ⊕ (4, 1, 1, 2)(−1) ⊕ (1, 2, 2, 1)(+2) ⊕ (1, 2, 1, 2)(+2) .(6.4) Now consider giving non-zero vacuum expectation values to (1, 1, 1, 1)(−4) in Φ_1 and (1, 2, 2, 1)(+2) in χ_1 (it is not difficult to see that we have the required F- and D-flat directions). This Higgsing breaks the SU(6) ⊗ Sp(4) ⊗ SU(2) gauge symmetry down to SU(4) ⊗ SU(2) ⊗ SU(2) ⊗ SU(2). The charged matter is given by:^{35} Φ_α = 3 × (6, 1, 1, 1) , ~Φ_1 = (4, 1, 2, 1) , χ_α = 3 × (4, 2, 1, 1) , ~χ_1 = (4, 1, 2, 1) , ^χ_1 = (1, 2, 2, 1) , P^α = 3 × (4, 1, 1, 2) , ^P^1 = (1, 2, 1, 2) , R^α = 3 × (1, 1, 2, 2) , ^R^1 = (1, 2, 1, 2) , T = (1, 1, 1, 3) , (6.5) and the superpotential is given by:

W = ϵ_{αβγ} Φ_αχ_β χ_γ + χ_1P^1 ^R^1 + ~χ_1P^1R^1 + ^χ_1 ^P^1R^1 + · · · . (6.6)

35Determining the matter content after Higgsing requires some care as we have non-trivial couplings in the superpotential.

Note that this superpotential does not contain R^2 or R^3. Let us give a non-vanishing vacuum expectation value to R^2. This breaks the gauge group down to the Pati- Salam gauge group SU(4)_c ⊗ SU(2)_w ⊗ SU(2)_R. The charged matter is given by (we have interchanged 4 and 4 of SU(4)):

Φ_α = 3 × (6, 1, 1) , ~Φ_1 = (4, 1, 2) ,

χ_α = 3 × (4, 2, 1) , ~χ_1 = (4, 1, 2) , ^χ_1 = (1, 2, 2) , P^α = 3 × (4, 1, 2) , ^P^1 = (1, 2, 2) ,

R^1, R^3 = 2 × (1, 1, 3) , ^R^1 = (1, 2, 2) ,

T = (1, 1, 3) , (6.7)

and the superpotential is given by (6.6).

We can identify χ_α and P^α as three generations of quarks and leptons in the Pati- Salam model. The fields ~χ_1 and ~Φ_1 are the Pati-Salam Higgs fields, which serve the purpose of breaking the Pati-Salam gauge group down to SU(3)_c ⊗ SU(2)_w ⊗ U(1)_Y (that is, non-vanishing vacuum expectation values of ~χ_1 and ~Φ_1 break SU(4)_c ⊗ SU(2)_R down to SU(3)_c ⊗ U(1)_Y ). The field ^R^1 gives rise to the electroweak Higgs doublets. In fact, as can be seen from the superpotential (6.6), the third generation (that is, the top quark generation) is identified with χ_1 and P^1. The extra triplets R^1, R^3, T should acquire soft masses upon supersymmetry breaking (these masses are presumably of order M_s ∼ TeV). Here we note that, upon integrating out these states, it might be possible to generate higher dimensional operators responsible for giving masses to the other two chiral generations. Potentially dangerous states are the anti-symmetric states Φ_α. They too could acquire masses upon supersymmetry breaking. However, it needs to be checked whether there are no dangerous baryon number violating couplings due to these states. This is, however, outside of the scope of this paper.

Thus, as we see, in the orientiworld context we have constructed a truly 3- family Pati-Salam model with the correct Higgs content. In fact, we even have the correct couplings in the superpotential for one generation to be much heavier then the other two. To the best of our knowledge, this model is the closest to the Minimal Supersymmetric Standard Model constructed via the orientifold construction.

Before we end this section, let us make the following remark. Here we discussed this model at the orbifold point. To obtain four-dimensional gravity, as we discussed in section 4, we need to consider relevant blow-ups of the Z_2 twists, that is, we need to consider the corresponding conifold background. In the process of blowing up these twists, some of the massless states acquire non-zero masses. However, these masses are about 10^{−3} eV, so the above discussion is not expected to be modified substantially. It would be interesting to understand whether this scale 10^{−3} eV has anything to do with the neutrino masses (note that in the Pati-Salam model we have right-handed neutrinos).

7. Discussion

In the orientiworld framework we discussed in this paper the Standard Model gauge and matter fields are localized on (a collection of) D3-branes embedded in infinitevolume extra space. This transverse space can be an orbifold or a more general conifold. The four-dimensional gravity on D3-branes is reproduced due to a fourdimensional Einstein-Hilbert term induced at the quantum level. In particular, gravity can be four-dimensional up to the cross-over distance scale r_c, which can be as large as the present Hubble size. Not surprisingly, this requires a hierarchy of scales. Here we would like to comment on this hierarchy.

For definiteness let us focus on the scenario we discussed in subsection 4.4. In this scenario, where the transverse space is a conifold obtained by relevant blowups of certain orbifold singularities, the string scale M_s is of order TeV, while the four-dimensional Planck scale ^M_P ∼ 1/ϵ, where ϵ is the size of these blow-ups. The aforementioned hierarchy then is in having two very different distance scales, namely, the string length 1/M_s and the blow-up size ϵ. One possibility is that the size of the blow-up is determined dynamically upon supersymmetry breaking. So we must understand supersymmetry breaking in the orientiworld framework.

One possibility for obtaining non-supersymmetric orientiworld models is to start from N = 1 supersymmetric models, and break supersymmetry dynamically. This would require constructing orientiworld models with certain additional sectors that would dynamically break supersymmetry and then mediate it to the Standard Model sector. Alternatively, especially in scenarios with M_s of order TeV, we could consider constructing orientiworld backgrounds that are non-supersymmetric already at the tree level. Such models were originally discussed in [50] (for subsequent developments see [51]). Thus, one can construct anomaly-free chiral models where all tadpoles are canceled. In particular, these models contain anti-D3-branes (or anti-O3-planes). However, in all of such models we have twisted closed string tachyons. Let us point out that in the models of [50] all divergences due to the closed string tachyons coupling to the D-branes and orientifold planes are canceled just as all the massless tadpoles. So the presence of the closed string tachyons does not destabilize the gauge theories on D3-branes. As to the bulk, there is a possibility that, once all the tachyons condense, we obtain a supersymmetric closed string background [52]. If so, this would mean that we could construct orientiworld models where the bulk is supersymmetric, while the brane supersymmetry is broken at the tree level. In other words, the branes would be non-BPS, and would break all supersymmetries.

Such orientiworld models could also be interesting for the cosmological constant problem. In particular, if the bulk supersymmetry is intact, one might hope that it might protect the brane cosmological constant [53, 54, 55, 56]. Thus, if we consider a codimension-2 or higher brane in infinite-volume extra space, we have flat brane solutions for a continuous range of the brane tension (that is, unlike in the codimension-1 case, positive brane tension does not necessarily imply inflation on the brane). This by itself, however, is not sufficient to successfully address the cosmological constant problem. Indeed, even in higher codimension cases we do have solutions with inflation on the brane. The idea then is the following [53, 54]. Suppose the bulk is supersymmetric, and we break brane supersymmetry. Since the volume of the extra space is infinite, the bulk supersymmetry is, nonetheless, intact. Now, the cosmological constant is an infra-red quantity — it is measured at large distances. In the scenarios we discussed above, gravity becomes higher dimensional around the Hubble size, so, at least naively, we would then be measuring the higher-dimensional cosmological constant (and not the four-dimensional one), which vanishes^{36} due to the unbroken bulk supersymmetry. It would be interesting to test this idea in higher codimension models.^{37}

Another point we would like to comment on here is gauge coupling unification. Thus, in the scenario where M_s is of order TeV we might expect that the extrapolated unification of gauge couplings in the MSSM would have to be an accident. Here we would like to point out that this might not necessarily be the case. First, one might consider a scenario where the Standard Model fields live on D4- or D5-branes with the corresponding compactification sizes along the branes of order of 1/M_s. Then we could have accelerated unification as in [57, 58, 59]. However, a priori there is another possibility here, which need not involve compactification. The general idea was originally discussed in [60] (also see [61]), and here we would like to tailor it for the orientiworld context. As we have already mentioned, in the scenario discussed in subsection 4.4 we have two different cut-offs on D3-branes, namely, Λ ∼ M_s and Λ^′ ∼ ^M_P . The key reason why this is possible is that we have two extra dimensions transverse to the D3-branes that are untouched by N = 2 supersymmetric orbifold twists. If these dimensions were compact, then we could have large logarithmic threshold corrections due to the corresponding open string windings [24]. The compactification in this case plays the role of an ultra-violet cut-off. In the orientiworld context, once we deform to a conifold, we effectively have such a cut-off, namely, Λ^′, even without compactification. Then one might hope that we could achieve unifica-

36Note that we could still obtain the accelerated Universe as in [36].

37This idea was tested in [56] in codimension-1 cases. It appears that in these cases either the brane world-volume theory is conformal, or gravity actually becomes four-dimensional again at the Hubble size in the presence of non-vanishing cosmological constant on the brane.

tion along the lines of [60] by having the dilaton and/or the relevant twisted field vacuum expectation values varying from point to point in the bulk (in some cases such backgrounds could be studied in the F-theory [62] language [60]). It would be interesting to see if this idea can be made more concrete.

Finally, let us mention that various issues such as proton stability, flavor violation as well as neutrino masses might need to be addressed in the orientiworld context with M_s of order TeV. It is important to note that gravity in such scenarios is weak. Nonetheless, one might have to worry about the open string excitations in this context. Some of the ideas discussed in the context of [2] might be applicable in the orientiworld context as well. In particular, proton stabilization [63, 64], neutrino masses [65, 64] and flavor violation [66, 67, 68] can be addressed in theories with M_s of order TeV.

Acknowledgments

I would like to thank Gia Dvali, Gregory Gabadadze and Ignatios Antoniadis for valuable discussions. This work was supported in part by the National Science Foundation and an Alfred P. Sloan Fellowship. Parts of this work were completed during my visit at New York University. I would also like to thank Albert and Ribena Yu for financial support.

A. The U(1) factors in orientiworld models

In this appendix we give the calculation of the tree-level exchange of a twisted 2-form in the cylinder amplitude that leads to renormalization of the U(1) gauge couplings in orientiworld models. More precisely, as we already mentioned in subsection 2.3, for our purposes here it suffices to discuss this calculation in the oriented type-IIB setup. In fact, for simplicity we will focus on the Z_2 model discussed in subsection 2.3.

The relevant action reads (see subsection 2.3 for details): − L^2 12 ∫ D3 H^2_R + ∫ D3 C_R ∧ F_− − 1 4g^2_− ∫ D3 F^2_− − 1 12 ∫ D3×R^2

H^2_R . (A.1)

What we need to compute is the exchange of the 2-form C_R between two boundaries with a U(1)_− gauge boson attached to each boundary. To do this, we can simply compute the C_R field created by a U(1)_− background field, and then couple it back to this background field. That is, we are simply computing the classical self-interaction of the U(1)_− field strength via the C_R field.

We need to fix the gauge for the C_R field. A convenient gauge choice is

∂_M C^{MN}_R = 0 . (A.2)

The gauge-fixed equation of motion for C_R is then given by (here we are taking into account the fact that C^{μi}_R = C^{ij}_R = 0):

−∂^K ∂_K C^{MN}_R = δ^M_μδ^N_ν [ 2ϵ^{μν}_{σρ}F^{σρ}_− + L^2∂^σ ∂_σC^{μν}_R ] δ^{(2)}(x^i) . (A.3)

It is convenient to Fourier transform the coordinates x^μ and x^i. Let the corresponding momenta be p^μ and k^i, respectively. We then have the following equation for C^{MN}_R (p, x^i): C^{MN}_R (p, x^i) = δ^M_μδ^N_ν [ 2ϵ^{μν}_{σρ}F^{σρ}_− (p) − L^2p^2C^{μν}_R (p, 0) ] ∫ d^2k (2π)^2 e^{−ik·x} k^2 + p^2

. (A.4)

In particular, we have:

C^{μν}_R (p) = [ 2ϵ^{μν}_{σρ}F^{σρ}_− (p) − L^2p^2C^{μν}_R (p) ] ∫ d^2k (2π)^2 1 k^2 + p^2

. (A.5)

We must regularize the integral over k^i in the ultra-violet. We will use the following regularization: ∫ d^2k (2π)^2 1 k^2 + p^2 = ∫_k2_=~_Λ2

d^2k (2π)^2 1 k^2 + p^2 = 1 4π ln ( 1 + ~Λ2 p^2 ) . (A.6)

Note that ~Λ here is the ultra-violet cut-off in the tree channel, which corresponds to an infra-red cut-off in the loop channel. We then have:

C^{μν}_R (p) = 1 2π ϵ^{μν}_{σρ}F^{σρ}_− (p) ln ( 1 +^{~Λ2}_{p2} ) 1 +^{L2p2}_{4π} ln ( 1 +^{~Λ2}_{p2}

) . (A.7)

The self-interaction term is given by: ∫ D3 C_R ∧ F_− = − 2 π ∫ d^4p (2π)^4 F^{μν}_− (p)F_{−μν} (−p) ln ( 1 +^{~Λ2}_{p2} ) 1 +^{L2p2}_{4π} ln ( 1 +^{~Λ2}_{p2}

) . (A.8)

This results in the renormalization of the U(1)_− gauge coupling. The renormalized kinetic term for the U(1)_− gauge field is now given by: − ∫ d^4p (2π)^4 1 4~g^2_−(p) F^{μν}_− (p)F_{−μν} (−p) , (A.9) where 1 ~g^2_−(p) = 1 g^2_− + 8 π ln ( 1 +^{~Λ2}_{p2} ) 1 +^{L2p2}_{4π} ln ( 1 +^{~Λ2}_{p2}

) . (A.10)

For L = 0 this reproduces the usual logarithmic U(1)_− gauge coupling running (in fact, it is not difficult to check that with the normalization for the bare U(1)_− gauge coupling g_− we have adopted, we have the correct one-loop β-function coefficient). In this case we have a logarithmic divergence, which must be regularized by introducing the tree-channel ultra-violet cut-off ~Λ. We also have a logarithmic tree-channel infrared divergence at p^2 → 0, which translates into the corresponding loop-channel ultraviolet divergence.

However, for non-vanishing L the gauge coupling does not run. In fact, we only have a finite non-local correction even if we take ~Λ → ∞ limit (that is, if we remove the tree-channel ultra-violet cut-off): 1 ~g^2_−(p) = 1 g^2_− [ 1 + 2m^2_− p^2 ] . (A.11)

Here it is important to note that we do not have a tree-channel infra-red divergence either. In particular, the integral over p^μ in (A.9) is cut off in the infra-red at p^2 = m^2_−, where

m^2_− =

16g^2_− L^2

(A.12)

is the mass of the U(1)_− gauge boson. That is, we do not have a loop-channel ultra-violet divergence either.

Thus, as we see, once we introduce the kinetic term for the C_R field on the D3- branes, we have no ultra-violet or infra-red divergences in the U(1)_− coupling. As we argued in subsection 2.3, such a kinetic term would be generated at the one-loop level with L^2 = b(α^′)^2Λ^2 , (A.13)

where b is a dimensionless numerical coefficient, and Λ is the loop-channel ultra-violet cut-off. We then interpret the above result as the U(1)_− symmetry being global and not local.

In fact, here we would like to argue that this is consistent with the case where the two extra dimensions x^i are compactified on a large 2-torus. Thus, consider a model where we compactify x^i on a square 2-torus T^2:

x^i ∼ x^i + 2πr . (A.14)

Then in the absence of Wilson lines on T^2 we actually have the same four-dimensional spectrum. Let us assume that r^2 ≫ α^′. Then we actually have a tree-level 4- dimensional kinetic term (2.21) for the C_R field with

L^2 = (2πr)^2 . (A.15)

Thus, the U(1)_− gauge field is massive. In fact, we can now see why (A.13) should be the case. Note that in the D3-brane language we have winding open string modes with masses: M^2_w = w^2 r^2 (α^′)^2

, (A.16)

where w^2 = (w_1)^2 + (w_2)^2, and w_i ∈ Z. This can also be seen by T-dualizing along the T^2. The D3-branes then go into D5-branes, and the 2-torus T^2 goes into a dual 2-torus ~T^2 with the coordinates ~x^i ∼ ~x^i + 2π~r , (A.17) where ~r = α^′ r . (A.18)

Note that ~r^2 ≪ α^′. Now we have Kaluza-Klein modes with masses

M^2_m = m^2 ~r^2 , (A.19)

where m^2 = (m_1)^2 + (m_2)^2, and m_i ∈ Z. These Kaluza-Klein modes in the D5-brane language correspond to the winding modes in the D3-brane language.

Note that the theory on the D5-branes is a 4-dimensional gauge theory at the momenta p^2 ≪ 1/~r^2 (that is, below the Kaluza-Klein threshold). Even though the string excitations lie way below the Kaluza-Klein threshold, they do not contribute to the gauge coupling renormalization as we discussed in subsection 2.3. This implies that the 4-dimensional gauge theory cut-off is given by the Kaluza-Klein threshold [17, 24, 25] (that is, compactification on T^2 effectively introduces an ultra-violet cut-off into the D3-brane gauge theory): Λ = ξ ~r = ξr α^′ , (A.20)

where a dimensionless numerical coefficient ξ parametrizes the subtraction scheme dependence. This confirms our intuition that we should have (A.13). Note that at the momenta p^2 ≫ 1/~r^2 the D5-brane theory becomes 6-dimensional. In this 6-dimensional theory (which can be thought about in the language of a model where we place non-compact D5-branes at the Z_2 orbifold singularity) the U(1)_− gauge symmetry is anomalous (note that in six dimensions U(1) anomalies come from box diagrams). It is broken by a Chern-Simons mixing with the twisted 4-form, call it C^′_R: ∫ D5 C^′_R ∧ F_− . (A.21)

Note that this twisted 4-form propagates in six dimensions along the D5-brane worldvolume. Its exchange in the cylinder amplitude with a U(1)_− gauge boson attached to each boundary gives rise to a quadratic divergence. However, this quadratic divergence is removed once U(1)_− acquires mass, which breaks the U(1)_− gauge symmetry to a global one.

B. A completely smooth brane

In this appendix we would like to discuss the case where we smooth out the brane completely, that is, when we replace the d-dimensional δ-function δ^{(d)}(x^i − x^i_∗) by a smooth distribution f^{(d)}(x^i − x^i_∗). In fact, for our purposes here it will suffice to study the simple distribution f_1(r) given by (3.29).

Thus, consider the equation of motion for χ in the absence of the brane matter (see subsection 3.3 for details): ( ∂^i∂_i − p^2 ) χ = −κL^dp^2χf_1(r) . (B.1)

We have a continuum of modes with p^2 ≤ 0 corresponding to massless and massive modes (here we are working with Minkowski momenta p^μ). However, we also have an infinite tower of quadratically normalizable tachyonic modes. Thus, let us assume that p^2 > 0. Let q^2 ≡ p^2 [ κL^d v_dϵ^d − 1 ] ≡ γ^2p^2 > 0 . (B.2)

Then the equation of motion for χ reads: ( ∂^i∂_i + q^2 ) χ = 0 , r ≤ ϵ , ( ∂^i∂_i − p^2 ) χ = 0 , r > ϵ . (B.3)

As before, for simplicity let us focus on the d = 3 case. Then the radially symmetric solution is given by: χ(r) = C sin(qr) r , r ≤ ϵ , χ(r) = C sin(pϵ) exp (−p[r − ϵ]) r , r > ϵ , (B.4) where C is a constant, and the matching of ∂_rχ(r) at r = ϵ gives the following condition on p: tan(qϵ) = − q p . (B.5)

This equation has infinitely many roots (here we must keep those corresponding to p > 0): p_n = π 2γϵ (2n − 1) + 1 γϵ arctan ( 1 γ ) , n ∈ N . (B.6) If the brane thickness is small (ϵ ≪ L), then γ ≫ 1, and we have p_n ≈ π 2γϵ (2n − 1) , n ∈ N . (B.7)

Thus, we have an infinite tower of quadratically normalizable tachyonic modes in this case.

C. Graviton propagator on the brane

In the main text we studied the d = 3 case in detail. However, we can equally easily determine the graviton propagator on the brane in general d. Because of the logarithmic property of the 2-dimensional propagator, the d = 2 case requires a separate treatment, while the d > 2 cases can be discussed together. In this appendix we provide the corresponding details.

C.1 The d > 2 cases

For the reader’s convenience, here we repeat the relevant equations: H_{μν} ≡ H_{μν} − 1 D − d η_{μν} H = −M^{2−D}_P [( T_{μν} (p) − 1 D − d η_{μν} T (p) ) Φ + (C.1) + d D − 2 L^d ( p_μp_ν − 1 D − d η_{μν} p^2 ) T (p)Σ ] , H = − d − 2 d χ = − d − 2 D − 2 M^{2−D}_P T (p)~Φ . (C.2)

Here Φ, Σ and ~Φ are the solutions to the following equations ( ∂^i∂_i − p^2 ) Φ = [ 1 + L^dp^2Φ ] f(r) , ( ∂^i∂_i − p^2 ) Σ = [ ~Φ + L^dp^2Σ ] f(r) , ( ∂^i∂_i − p^2 ) ~ Φ = [ 1 − κL^dp^2 ~Φ ] f(r) (C.3)

subject to the condition that Φ, Σ and ~Φ decay to zero away from the brane (here we are focusing on the cases d > 2, where this is true even for the p^2 = 0 modes). As before, we are using the notation κ ≡ (d − 1)(D − d − 2) D − 2 (C.4)

to simplify expressions containing ~Φ.

Let us solve for H_{μν} and χ on the brane, that is, at r = ϵ. Here we will assume that ϵ ≪ L. Consider the momenta with p^2 ≪ 1/ϵ^2. Then it is not difficult to see that, up to O(pϵ) corrections, we have: Φ(r) ≈ A , r ≤ ϵ , Φ(r) ≈ B r^{d−2} , r ≳ ϵ , (C.5) where A and B are constants. Matching the values of Φ(r) at r = ϵ gives B ≈ ϵ^{d−2}A . (C.6)

On the other hand, from (C.3) we obtain: −(d − 2) B ϵ^{d−1} ≈ [ 1 + L^dp^2A ] 1 a_{d−1}ϵ^{d−1} . (C.7)

We, therefore, have Φ(ϵ) ≈ − 1 L^d 1 p^2 + p^2_c

, (C.8)

where p^2_c ≡ (d − 2)a_{d−1}ϵ^{d−2} L^d . (C.9)

Similarly, for ~Φ and Σ we have: ~Φ(ϵ) ≈ 1 κL^d 1 p^2 − p^2_∗ , Σ(ϵ) ≈ − 1 κL^{2d} 1 p^2 + p^2_c 1 p^2 − p^2_∗

, (C.10)

where p^2_∗ ≡ (d − 2)a_{d−1}ϵ^{d−2} κL^d . (C.11)

On the brane we then have: H_{μν} (r = ϵ) ≈ ^M^{2+d−D} P p^2 + p^2_c [ T_{μν} (p) − 1 D − d − 2 η_{μν} T (p) + (C.12) + d (d − 1)(D − d − 2) ( p_μp_ν − η_{μν} (d − 2)p^2_c + 2(d − 1)p^2_∗ d(D − d) ) T (p) p^2 − p^2_∗ ] , χ(r = ϵ) ≈ d (d − 1)(D − d − 2) ^M^{2+d−D} P p^2 − p^2_∗

T (p) . (C.13)

Note that at the momenta p^2 ≫ p^2_c the graviton propagator on the brane is (D − d)- dimensional.

C.2 The d = 2 case Once again, let us assume that ϵ ≪ L, and consider the momenta with p^2 ≪ 1/ϵ^2. Then it is not difficult to see that, up to O(pϵ) corrections, we have: Φ(r) ≈ A , r ≤ ϵ , Φ(r) ≈ B ln ( r R ) , r ≳ ϵ , (C.14)

where A, B and R are constants. Matching the values of Φ(r) at r = ϵ gives B ≈ A ln^{−1} ( ϵ R ) . (C.15)

On the other hand, from (C.3) we obtain: B ϵ ≈ [ 1 + L^2p^2A ] 1 2πϵ . (C.16)

We, therefore, have Φ(ϵ) ≈ − 1 L^2 1 p^2 + p^2_c

, (C.17)

where p^2_c ≡ 2π L^2 ln^{−1} ( R ϵ ) . (C.18)

Similarly, for ~Φ we have: ~Φ(ϵ) ≈ 1 κL^2 1 p^2 − p^2_∗ , Σ(ϵ) ≈ − 1 κL^4 1 p^2 + p^2_c 1 p^2 − p^2_∗

, (C.19)

where p^2_∗ ≡ 2π κL^2 ln^{−1} ( ξR ϵ ) , (C.20)

where ξ is a dimensionless parameter. On the brane we then have: H_{μν} (r = ϵ) ≈ ^M^{4−D}_P p^2 + p^2_c [ T_{μν} (p) − 1 D − 4 η_{μν} T (p) + (C.21) + 2 D − 4 ( p_μp_ν − η_{μν} p^2_∗ D − 2 ) T (p) p^2 − p^2_∗ ] , χ(r = ϵ) ≈ 2 D − 4 ^M^{4−D}_P p^2 − p^2_∗

T (p) . (C.22)

Note that H_{μν} is traceless in this case. Also, note that at the momenta p^2 ≫ p^2_c the graviton propagator on the brane is (D − 2)-dimensional. If we take R ∼ L, then we can have p_c ≪ 1/L. Note, however, that in this case p_c is only logarithmically small compared with 1/L. On the other hand, if we take R → ∞, then p_c, p_∗ → 0, and there is no cross-over between the (D−2)-dimensional gravity and the D-dimensional gravity (that is, gravity on the brane is always (D − 2)-dimensional). Note that R is a tree-level infra-red cut-off. We can then take the R → ∞ limit in the cases where such a cut-off is absent.

D. A non-zero tension codimension-2 brane

In this appendix we discuss the case of a codimension-2 brane with positive tension. In d = 2 the equations of motion for the warp factors A and B discussed in subsection 3.4 simplify as follows:

2A^′B^′ − (A^′)^2 − A^{′′} + 1 r A^′ = 0 , A^{′′} + 1 2 (D − 1)(A^′)^2 − A^′B^′ = 0 ,

(D − 3) [ A^{′′} + 1 2 (D − 2)(A^′)^2 + 1 r A^′ ] + B^{′′} + 1 r B^′ + 1 2 ^τf(r) = 0 . (D.1)

It is then not difficult to see that for non-zero ^τ the only solution is given by A ≡ 0 (more precisely, A should be constant, which we can set to zero), and B^{′′} + 1 r B^′ + 1 2 ^τf(r) = 0 . (D.2)

The smooth solution to this equation is given by (we have set the integration constant so that B vanishes on the brane): B(r) = −λθ(r − ϵ) ln (r ϵ ) , (D.3)

where λ ≡ ^τ 4π . (D.4)

Note that the space is locally flat, but for r > ϵ we have a deficit angle equal 2πλ = 1 2 ^τ . (D.5)

We will therefore assume that 0 < ^τ < 4π.

In this background we can also solve the linearized equations of motion for the graviton and the graviscalars [32]. Thus, we have (note that H_{μν} is traceless): H_{μν} = −M^{2−D}_P [( T_{μν} (p) − 1 D − 2 η_{μν} T (p) ) Φ + + 2 D − 2 L^2 ( p_μp_ν − 1 D − 2 η_{μν} p^2 ) T (p)Σ ] , (D.6) χ = 2 D − 2 M^{2−D}_P T (p)~Φ . (D.7)

Here Φ, Σ and ~Φ are the solutions to the following equations (κ = (D − 4)/(D − 2)): ( ∂^i∂_i − e^{2B} p^2 ) Φ = [ 1 + L^2p^2Φ ] f(r) , ( ∂^i∂_i − e^{2B} p^2 ) Σ = [ ~Φ + L^2p^2Σ ] f(r) , ( ∂^i∂_i − e^{2B} p^2 ) ~ Φ = [ 1 − κL^2p^2 ~Φ ] f(r) . (D.8)

It is not difficult to see that the e^{2B} factor does not affect the discussion of appendix C.2 for momenta p^2 ≪ 1/ϵ^2 (assuming that ϵ ≪ L). In particular, all the equations and conclusions given there are unmodified up to O(pϵ) corrections.

References

[1] I. Antoniadis, A possible new dimension at a few TeV, Phys. Lett. B 246 (1990) 377.

[2] 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]; Phenomenology, astrophysics and cosmology of theories with submillimeter dimensions and TeV scale quantum gravity, Phys. Rev. D 59 (1999) 086004 [hep-ph/9807344].

[3] G.R. Dvali, G. Gabadadze and M. Porrati, 4d gravity on a brane in 5d Minkowski space, Phys. Lett. B 485 (2000) 208 [hep-th/0005016].

[4] G.R. Dvali and G. Gabadadze, Gravity on a brane in infinite-volume extra space, Phys.

Rev. D 63 (2001) 065007 [hep-th/0008054].

[5] M. Bershadsky, Z. Kakushadze and C. Vafa, String expansion as large-N expansion of gauge theories, Nucl. Phys. B 523 (1998) 59 [hep-th/9803076].

[6] Z. Kakushadze, Gauge theories from orientifolds and large-N limit, Nucl. Phys. B 529 (1998) 157 [hep-th/9803214].

[7] Z. Kakushadze, On four dimensional N = 1 type-I compactifications, Nucl. Phys. B 535 (1998) 311 [hep-th/9806008].

[8] Z. Kakushadze, A three-family SU(6) type-I compactification, Phys. Lett. B 434 (1998) 269 [hep-th/9804110].

[9] Z. Kakushadze, On large-N gauge theories from orientifolds, Phys. Rev. D 58 (1998) 106003 [hep-th/9804184].

[10] Z. Kakushadze and S.H.H. Tye, Three generations in type-I compactifications, Phys.

Rev. D 58 (1998) 126001 [hep-th/9806143].

[11] G.R. Dvali, G. Gabadadze and M.A. Shifman, (Quasi)localized gauge field on a brane:

dissipating cosmic radiation to extra dimensions?, Phys. Lett. B 497 (2001) 271 [hep-th/0010071].

[12] A.E. Lawrence, N. Nekrasov and C. Vafa, On conformal field theories in four dimensions, Nucl. Phys. B 533 (1998) 199 [hep-th/9803015].

[13] L.E. Ibáñez, R. Rabadan and A.M. Uranga, Anomalous U(1)’s in type-I and type-IIB D = 4, N = 1 string vacua, Nucl. Phys. B 542 (1999) 112 [hep-th/9808139].

[14] E. Poppitz, On the one loop Fayet-Iliopoulos term in chiral four dimensional type-I orbifolds, Nucl. Phys. B 542 (1999) 31 [hep-th/9810010].

[15] A. Fayyazuddin and M. Spalinski, Large-N superconformal gauge theories and supergravity orientifolds, Nucl. Phys. B 535 (1998) 219 [hep-th/9805096].

[16] J. Park and A.M. Uranga, A note on superconformal N = 2 theories and orientifolds, Nucl. Phys. B 542 (1999) 139 [hep-th/9808161].

[17] C. Bachas and C. Fabre, Threshold effects in open-string theory, Nucl. Phys. B 476 (1996) 418 [hep-th/9605028].

[18] M.R. Douglas and M. Li, D-brane realization of N = 2 super Yang-Mills theory in four dimensions, hep-th/9604041.

[19] M.R. Douglas and G.W. Moore, D-branes, quivers and ALE instantons,

hep-th/9603167.

[20] M.R. Douglas, B.R. Greene and D.R. Morrison, Orbifold resolution by D-branes, Nucl.

Phys. B 506 (1997) 84 [hep-th/9704151].

[21] Z. Kakushadze and R. Roiban, Brane-bulk duality and non-conformal gauge theories, J. High Energy Phys. 03 (2001) 043 [hep-th/0102125].

[22] O. Corradini, A. Iglesias, Z. Kakushadze and P. Langfelder, A remark on non-conformal non-supersymmetric theories with vanishing vacuum energy density,

hep-th/0107167.

[23] M.R. Douglas, Branes within branes, hep-th/9512077.

[24] C.P. Bachas, Unification with low string scale, J. High Energy Phys. 11 (1998) 023 [hep-ph/9807415].

[25] I. Antoniadis, C. Bachas and E. Dudas, Gauge couplings in four-dimensional type-I string orbifolds, Nucl. Phys. B 560 (1999) 93 [hep-th/9906039].

[26] C. Angelantonj, M. Bianchi, G. Pradisi, A. Sagnotti and Y.S. Stanev, Chiral asymmetry in four-dimensional open-string vacua, Phys. Lett. B 385 (1996) 96 [hep-th/9606169].

[27] Z. Kakushadze, Aspects of N = 1 type-I-heterotic duality in four dimensions, Nucl.

Phys. B 512 (1998) 221 [hep-th/9704059];

Z. Kakushadze and G. Shiu, A chiral N = 1 type-I vacuum in four dimensions and its heterotic dual, Phys. Rev. D 56 (1997) 3686 [hep-th/9705163]; 4d chiral N = 1 type-I vacua with and without d5-branes, Nucl. Phys. B 520 (1998) 75 [hep-th/9706051].

[28] Z. Kakushadze, G. Shiu and S.H.H. Tye, Type-IIB orientifolds, F-theory, type- I strings on orbifolds and type-I heterotic duality, Nucl. Phys. B 533 (1998) 25 [hep-th/9804092].

[29] A. Iglesias and Z. Kakushadze, Solitonic brane world with completely localized (super)gravity, Int. J. Mod. Phys. A 16 (2001) 3603 [hep-th/0011111].

[30] S. Corley, D. Lowe and S. Ramgoolam, J. High Energy Phys. 07 (2001) 030.

[31] E. Kiritsis, N. Tetradis and T.N. Tomaras, Thick branes and 4d gravity, J. High Energy Phys. 08 (2001) 012 [hep-th/0106050].

[32] O. Corradini, A. Iglesias, Z. Kakushadze and P. Langfelder, Gravity on a 3-brane in 6d bulk, Phys. Lett. B 521 (2001) 96 [hep-th/0108055].

[33] Z. Kakushadze, Gravity in Randall-Sundrum brane world revisited, Phys. Lett. B 497 (2001) 125 [hep-th/0008128].

[34] G. Dvali and G. Gabadadze, private communication.

[35] O. Corradini, A. Iglesias, Z. Kakushadze and P. Langfelder, in preparation.

[36] C. Deffayet, G.R. Dvali and G. Gabadadze, Accelerated universe from gravity leaking to extra dimensions, astro-ph/0105068.

[37] J. Polchinski, Tensors from K3 orientifolds, Phys. Rev. D 55 (1997) 6423 [hep-th/9606165].

[38] I. Antoniadis, S. Ferrara, R. Minasian and K.S. Narain, R^4 couplings in M- and type-II theories on Calabi-Yau spaces, Nucl. Phys. B 507 (1997) 571 [hep-th/9707013].

[39] I. Antoniadis, C. Bachas, C. Fabre, H. Partouche and T.R. Taylor, Aspects of type-I–type-II–heterotic triality in four dimensions, Nucl. Phys. B 489 (1997) 160 [hep-th/9608012].

[40] I.R. Klebanov and E. Witten, Superconformal field theory on threebranes at a Calabi- Yau singularity, Nucl. Phys. B 536 (1998) 199 [hep-th/9807080].

[41] J. Maldacena, The large-N limit of superconformal field theories and supergravity, Adv. Theor. Math. Phys. 2 (1998) 231 [hep-th/9711200].

[42] S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge theory correlators from noncritical string theory, Phys. Lett. B 428 (1998) 105 [hep-th/9802109].

[43] E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253 [hep-th/9802150].

[44] S. Kachru and E. Silverstein, 4d conformal theories and strings on orbifolds, Phys.

Rev. Lett. 80 (1998) 4855 [hep-th/9802183].

[45] A. Kehagias, New type-IIB vacua and their F-theory interpretation, Phys. Lett. B 435 (1998) 337 [hep-th/9805131].

[46] J. Lykken, E. Poppitz and S.P. Trivedi, Branes with GUTs and supersymmetry breaking, Nucl. Phys. B 543 (1999) 105 [hep-th/9806080].

[47] M. Cvetič, G. Shiu and A.M. Uranga, Three-family supersymmetric standard like models from intersecting brane worlds, Phys. Rev. Lett. 87 (2001) 201801 [hep-th/0107143].

[48] M. Cvetič, L.L. Everett, P. Langacker and J. Wang, Blowing-up the four-dimensional Z_3 orientifold, J. High Energy Phys. 04 (1999) 020 [hep-th/9903051].

[49] O. Aharony, A brief review of ‘little string theories’, Class. and Quant. Grav. 17 (2000) 929 [hep-th/9911147].

[50] Z. Kakushadze, Anomaly free non-supersymmetric large-N gauge theories from orientifolds, Phys. Rev. D 59 (1999) 045007 [hep-th/9806091]; Large-N gauge theories from orientifolds with NS-NS B-flux, Nucl. Phys. B 544 (1999) 265 [hep-th/9808048].

[51] C. Angelantonj, Non-tachyonic open descendants of the 0B string theory, Phys. Lett.

B 444 (1998) 309 [hep-th/9810214];

R. Blumenhagen, A. Font and D. Lust, Tachyon-free orientifolds of type-0B strings in various dimensions, Nucl. Phys. B 558 (1999) 159 [hep-th/9904069]; G. Aldazabal and A.M. Uranga, Tachyon-free non-supersymmetric type-IIB orientifolds via brane-antibrane systems, J. High Energy Phys. 10 (1999) 024 [hep-th/9908072];

C. Angelantonj and A. Armoni, Non-tachyonic type-0B orientifolds, nonsupersymmetric gauge theories and cosmological RG flow, Nucl. Phys. B 578 (2000) 239 [hep-th/9912257].

[52] A. Adams, J. Polchinski and E. Silverstein, Don’t panic! closed string tachyons in ale space-times, hep-th/0108075.

[53] G.R. Dvali, G. Gabadadze and M. Porrati, Metastable gravitons and infinite volume extra dimensions, Phys. Lett. B 484 (2000) 112 [hep-th/0002190]; G.R. Dvali, G. Gabadadze and M. Porrati, A comment on brane bending and ghosts in theories with infinite extra dimensions, Phys. Lett. B 484 (2000) 129 [hep-th/0003054].

[54] E. Witten, The cosmological constant from the viewpoint of string theory,

hep-ph/0002297.

[55] G.R. Dvali, Cosmological constant and Fermi-Bose degeneracy, hep-th/0004057.

[56] Z. Kakushadze, Why the cosmological constant problem is hard, Phys. Lett. B 488 (2000) 402 [hep-th/0006059]; Bulk supersymmetry and brane cosmological constant, Phys. Lett. B 489 (2000) 207 [hep-th/0006215]; Conformal brane world and cosmological constant, Phys. Lett. B 491 (2000) 317 [hep-th/0008041]; ‘Self-tuning’ and conformality, Mod. Phys. Lett. A 15 (2000) 1879 [hep-th/0009199].

[57] K.R. Dienes, E. Dudas and T. Gherghetta, Extra spacetime dimensions and unification, Phys. Lett. B 436 (1998) 55 [hep-ph/9803466]; Grand unification at intermediate mass scales through extra dimensions, Nucl. Phys. B 537 (1999) 47 [hep-ph/9806292]; TeV-scale GUTs, hep-ph/9807522.

[58] Z. Kakushadze, Novel extension of MSSM and ‘TeV scale’ coupling unification, Nucl.

Phys. B 548 (1999) 205 [hep-th/9811193].

[59] Z. Kakushadze and T.R. Taylor, Higher loop effects on unification via Kaluza-Klein thresholds, Nucl. Phys. B 562 (1999) 78 [hep-th/9905137].

[60] Z. Kakushadze and S.H.H. Tye, Brane world, Nucl. Phys. B 548 (1999) 180 [hep-th/9809147].

[61] N. Arkani-Hamed, S. Dimopoulos and J. March-Russell, Logarithmic unification from symmetries enhanced in the sub-millimeter infrared, hep-th/9908146.

[62] C. Vafa, Evidence for F-theory, Nucl. Phys. B 469 (1996) 403 [hep-th/9602022].

[63] 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].

[64] Z. Kakushadze, Tev-scale supersymmetric standard model and brane world, Nucl. Phys.

B 552 (1999) 3 [hep-th/9812163].

[65] N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali and J. March-Russell, Neutrino masses from large extra dimensions, hep-ph/9811448.

[66] N. Arkani-Hamed and S. Dimopoulos, New origin for approximate symmetries from distant breaking in extra dimensions, hep-ph/9811353.

[67] Z. Berezhiani and G.R. Dvali, Flavor violation in theories with TeV scale quantum gravity, Phys. Lett. B 450 (1999) 24 [hep-ph/9811378].

[68] Z. Kakushadze, Flavor ‘conservation’ and hierarchy in TeV-scale supersymmetric standard model, Nucl. Phys. B 551 (1999) 549 [hep-th/9902080].