arXiv:hep-th/0510113 v2 3 Nov 2005

HD-THEP-05-23 14 October 2005 HUTP-05-A0047

The Throat as a Randall-Sundrum Model

with Goldberger-Wise Stabilization

F. Brümmer^a, A. Hebecker^a, and E. Trincherini^{a, b}

a Institut für Theoretische Physik, Universität Heidelberg, Philosophenweg 16 und 19, D-69120 Heidelberg, Germany

b Jefferson Physical Laboratory, Harvard University, 17 Oxford Street, Cambridge, Massachusetts 02138, U.S.A.

( f.bruemmer, a.hebecker@thphys.uni-heidelberg.de, and
         trincher@schwinger.harvard.edu)

Abstract

An interesting feature of type IIB flux compactifications is the natural presence of strongly warped regions or ‘throats’. These regions allow for a 5d Randall-Sundrum model interpretation with a large hierarchy between the UV and IR brane. We show that, in the 5d description, the flux stabilization of this hierarchy (or, equivalently, of the brane-to-brane distance) can be understood as an implementation of the Goldberger- Wise mechanism. This mechanism relies on the non-trivial bulk profile of the so-called Goldberger-Wise scalar, which in addition has fixed expectation values at the boundaries and thereby stabilizes the size of the 5d interval. The Goldberger-Wise scalar is realized microscopically by the continuously varying flux of the Neveu-Schwarz 2-form potential B_2 on the S^2 cycle in the throat. Its back-reaction on the 5d geometry leads to a significant departure from a pure AdS_5 background. We also find that, for a wide range of parameters, the universal Kähler modulus of the 10d compactification plays the role of a UV-brane field in the equivalent 5d model. It governs the size of a large 4d curvature term localized at the UV brane. We hope that our simple 5d description of the stabilized throat will be useful in various phenomenological and cosmological applications and that refined versions of this construction will be able to account for all relevant details of the 10d model.

1 Introduction

Flux compactifications of type IIB string theory, or rather its low-energy limit type IIB supergravity, provide an attractive path towards potentially realistic 4d models of particle physics. Remarkably, by turning on fluxes in the supergravity background it is possible to stabilize all complex structure moduli and the dilaton in a controlled manner (see [1,2] for some of the original papers and [3] for recent reviews). In addition, in flat 4d compactifications of this type, spacetime is in general the warped product (rather than the direct product) of Minkowski space and the internal manifold. This can naturally induce a large hierarchy of scales.

In the work of Giddings, Kachru and Polchinski [2] the construction of such warped supergravity compactifications with fluxes and large hierarchies has been analyzed in detail (see also [4, 5]). Spacetime is taken to be the warped product of Minkowski space with a compact Calabi-Yau 3-fold. To understand the part of the construction relevant to the hierarchy, consider first the unwarped case and a 3-fold which has a conifold singularity. This means that the neighborhood of a certain point has the geometry of a real cone over the compact 5d Einstein manifold T^{1,1} (see e.g. [6]). By smoothing this singularity and turning on fluxes on certain cycles of the internal manifold, this region is deformed into a ‘throat’, i.e. a strongly warped region of spacetime whose geometry is approximately AdS_5 × T^{1,1}. The radial coordinate of the cone becomes the radial coordinate of AdS; the throat connects the remainder of the compact manifold at one end with the blown-up tip of the cone at the other end [7–9]. The dilaton and the single complex structure modulus of the model are stabilized, and for a suitable choice of fluxes, a large hierarchy between the two ends is generated [2]. At this level of the construction, the universal Kähler modulus governing the size of the compact space remains massless. It can then be stabilized by nonperturbative effects [10,11] (see, however, [12]), by the interplay of perturbative and nonperturbative physics [13], or even in an entirely perturbative fashion [14, 15].

The close relation between type IIB throat geometries and the warped 5d models of Randall and Sundrum [16, 17] was emphasized early on [18, 19]. Compactifications with an infinite AdS_5 × S^5 region can be identified precisely with the Randall-Sundrum II model. By contrast, the 5d geometry of the stabilized T^{1,1} throat relevant here deviates from AdS_5 and is only similar to the Randall Sundrum I model. The role of the Randall- Sundrum ‘UV brane’ is played by the compact manifold, and the ‘IR brane’ is the bottom of the throat.^1 The stabilization of the brane-to-brane distance requires that the homogeneity of pure AdS space be broken. In the present case, this is realized by the deviation from AdS_5 geometry observed in the T^{1,1} throat.

It is now natural to inquire about the details of the effective field theory describing the 5d physics and, in particular, the stabilization mechanism. We consider the

1We alert the reader that we will be using the term ‘brane’ with two different meanings, both for string-theoretic D-branes and for the 4d boundaries of a slice of AdS_5 space as is common in field theory model building with extra dimensions. It should always be clear from the context what kind of ‘brane’ we are referring to.

understanding of the 5d dynamics to be important in view of the wide range of phenomenological applications that such constructions might have. We recall the immense amount of cosmological and particle physics model building triggered by the Randall- Sundrum proposals (see [20] for a selective list of papers and reviews). More recently, many interesting applications of the type IIB flux-induced hierarchies have emerged (see e.g. [4, 5, 10, 21–24]). In particular, it is conceivable that the natural generation of hierarchies by fluxes affects the relation of particle phenomenology to the string landscape and its statistics [25]. One of the meeting points of these efforts is the 5d effective theory, which, we believe, should therefore be understood beyond the leading (pure AdS) approximation. Such an effective field theory will be useful independently of whether the Standard Model is eventually found to reside on the IR or the UV brane.

In the present paper, we derive some of the essential properties of the effective Randall-Sundrum-type model within the following approach: Starting from the wellknown 10d solution, we identify the coordinate measuring physical distances along the throat in 5d units. The fundamental dynamical quantity varying along this coordinate is the flux of the Neveu-Schwarz 2-form potential B_2 on the S^2 cycle of the T^{1,1} (or, equivalently, the 5-form flux on the T^{1,1}, or the radius of the T^{1,1}). This information is encoded in a 5d scalar field H with a well-defined 5d profile, which is accompanied by a corresponding profile of the 5d curvature. It turns out that, within the 5d model, such a background is easily realized by postulating an appropriate 5d potential for H. Thus, we find ourselves precisely in the setting of the Goldberger-Wise stabilization mechanism [26] (see also [27]), with a slowly varying Goldberger-Wise scalar H. (This can be seen as a simplified description of one of the multi-scalar solutions of [8].) The back reaction of the varying scalar potential on the metric deforms the AdS space, and by fixing the values of H on the boundaries (introducing very steep brane potentials) the length of the throat is also fixed. Furthermore, it turns out that, within the validity range of the 5d model, the unfixed universal Kähler modulus corresponds to a UV brane field – the radius of the 6d compact manifold at the UV end of the throat. Thus, we are able to write down an effective 5d action (with appropriate brane contributions) incorporating H, the universal Kähler modulus ρ and, of course, the 5d radion governing the length of the 5d compactification interval.

The paper is organized as follows: In Sect. 2, we briefly review, following Refs. [6–9] and [2], the 10d solution for the conifold throat to the extent that it will be needed later on. We include a simplified derivation of the radial variation of the 5-form flux in the throat since the proper 5d description of this effect is one of the main objectives pursued in the rest of the paper. We also emphasize that, generically, a purely conical region is present between compact space and throat.

In Sect. 3, we turn to the effective 5d model. We relate the 5d coordinate measuring the invariant distance in the 5d Einstein frame to the radial coordinate of the conifold throat. Having identified the geometry and the profile of the 5-form flux in terms of this coordinate, we are able to construct the corresponding Goldberger-Wise-type stabilization model (the potential being V (H) ∼ H^{−8/3}) and to relate the Goldberger-Wise scalar to the 10d quantities varying along the throat.

Section 4 deals with the 5d equivalent of the universal Kähler modulus. According to [5], where the explicit dependence of warp factor and metric on this modulus have been identified, the strongly warped region disappears in the limit of an extremely large volume. However, we emphasize and demonstrate quantitatively that, in a large intermediate range of the volume modulus, the length of the throat is effectively independent of this field. In this parameter range, the universal Kähler modulus is a brane field which has the peculiar feature of governing the size of a very large 4d curvature term localized at the UV brane.

Our results can be collected in the form of an explicit 5d effective action of Randall- Sundrum type, which includes both bulk and brane contributions. This action is displayed in Sect. 5, where we also give the relation between the main parameters of our 5d formulation and the usual string moduli and comment on a possible more complete identification in terms of the superfield formulation of the Randall-Sundrum model.

Section 6 contains our conclusions and some further comments concerning a possible manifestly supersymmetric description in 5 dimensions.

2 The supergravity solution in the warped region

To set our notation, we recall that the bosonic sector of type IIB supergravity contains the RR and NS 3-forms (we follow the conventions of [2, 28])

F_3 = dC_2 and H_3 = dB_2 (1)

as well as the RR 5-form F_5 = dC_4 . (2)

These forms enter the leading-order Lagrangian only in the combinations

F̃_5 = F_5 − 1 2 C_2 ∧ H_3 + 1 2 B_2 ∧ F_3 , (3)

G_3 = F_3 − τ H_3 where τ = C_0 + i exp(−ϕ) . (4)

We will focus on solutions (or regions of solutions) where the RR 0-form potential C_0 vanishes and the dilaton ϕ is constant.

The simplest strongly warped region or ‘throat’ available in type IIB supergravity is the AdS_5×S^5 geometry arising in the vicinity of a stack of N D3 branes (see e.g. [18,19,29] and refs. therein). It can be understood as the deformation of flat 10d Minkowski space caused by the D3 branes. More specifically, the equations of motion demand [30,31] that the F̃_5 flux on the S^5 submanifolds enclosing the branes be accompanied by a warp factor h(r)^{−1/2},

h(r) = 1 +

R^4 r^4

, R^4 = 4πg_sNα^{′2} π^3 Vol S^5

= 4πg_sNα^{′2} , g_s = e^ϕ , (5) which enters the metric in the form

ds^2 = h(r)^{−1/2}dx^2 + h(r)^{1/2}(dr^2 + r^2dΩ^2_5) . (6)

Here and in the following, dx^2 stands for η_{μν} dx^μ dx^ν , where η_{μν} is the 4d Minkowski metric. The metric of Eq. (6) is asymptotically flat, but near the branes, i.e. for r ≪ R, becomes the AdS_5 × S^5 metric

ds^2 = r^2 R^2 dx^2 +

R^2 r^2 dr^2 + R^2dΩ^2_5 . (7)

It is crucial that the original flat metric (Eq. (6) with h(r) set to unity) is deformed only in a very mild way, which is fully specified by the single function h(r)^{1/2}. This mildness of the deformation and the direct connection between 5-form flux and warp factor persist in the much more general geometries considered in [2, 5].

A very similar situation arises in the case of the conifold with branes at the singularity. The conifold is a real cone over the base T^{1,1} = (SU(2) × SU(2)) / U(1); it has a Calabi-Yau metric described in [32]. Topologically, T^{1,1} ∼= S^3 × S^2, with both spheres shrinking to zero size at the singularity at the tip of the cone. Now consider the product of 4d Minkowski space with the conifold, such that the spacetime metric reads

ds^2 = dx^2 + dr^2 + r^2ds^2_T 1,1 . (8)

Placing N D3-branes at the conifold singularity corresponds to turning on N units of F̃_5 flux on T^{1,1} in the supergravity background. This leads to a deformation analogous to the AdS_5 × S^5 case above,

ds^2 = h(r)^{−1/2}dx^2 + h(r)^{1/2}(dr^2 + r^2ds^2_T 1,1 ) , (9)

with the same function h(r), but with the radius R now given by [33]

R^4 = 4πg_sNα^{′2} π^3 Vol T^{1,1} = 4πg_sNα^{′2} 27 16 . (10)

For large r, far away from the branes, the geometry reduces to that of Eq. (8), while near the branes it is given by AdS_5 × T^{1,1}.

The AdS/CFT correspondence states that supergravity on this background is dual to a 4d conformal field theory (for a review of the gauge theory side of the models we are discussing, see [34].) The radial coordinate r of AdS space translates into the renormalization group scale on the gauge theory side, with small r corresponding to infrared physics and large r to the ultraviolet. To let the throat end in the infrared, i.e. at some small but non-zero r and to stabilize the distance to that point, the conformality of the above solution in the infrared regime has to be broken. This can be realized by turning on F_3 flux on the S^3 cycle of the T^{1,1}. As will become clear in a moment, the result will be a radial variation of the F̃_5 flux N, which is promoted to a function N_{eff} (r).

One possibility to introduce F_3 flux is by placing, in addition to the N D3 branes, M fractional D3 branes at the conifold singularity. These are actually D5 branes wrapped over the collapsing 2-cycle and are constrained to reside at the singular point. They source M units of flux of the RR 3-form field strength F_3 on the S^3.

Another possibility to introduce F_3 flux is to blow up the conifold singularity to give the deformed conifold geometry, in which the S^3 remains of finite size. Now, M units of F_3 flux can be put on the S^3 cycle. This creates a geometry as in the Klebanov-Strassler region [9] at the end of the throats of [7, 8]. Furthermore, N_{D3} D3 branes may be placed in this end-region of the throat.^2

Our main interest is not in the precise way in which the throat is cut off in the infrared, but in the dependence of N_{eff} on r caused by the F_3 flux. This dependence, analyzed in detail in [7, 8], is in fact very easy to understand. The key observation is that, with F_3 flux being present only on the S^3 cycle of the T^{1,1},

(4π^2α^′)^2N_{eff} (r) = ∫ T^{1,1} at r

F̃_5 ∼ ∫ S^3 at r

F_3 ∫ S^2 at r

B_2 . (11)

Now, while the F_3 flux can not change continuously, the B_2 flux will generically have a non-trivial radial dependence, which is at the origin of the the radial variation of N_{eff} .

To be more precise, observe that

(4π^2α^′)^2(N_{eff} (r_2) − N_{eff} (r_1)) = ∫ T^{1,1} at r_2

F̃_5 − ∫ T^{1,1} at r_1

F̃_5 = ∫ T^{1,1} ×(r_1,r_2)

dF̃_5 = ∫ T^{1,1}×(r_1,r_2)

H_3 ∧ F_3 , (12)

where the final integrals are over a segment of the throat, which corresponds to an interval (r_1, r_2) in terms of the variable r. In compactifications leading to 4d Minkowski space, G_3 is imaginary self-dual [2]. Since the throat will ultimately have to be part of such a compactification, we can restrict ourselves to imaginary self-dual G_3, which implies that H_3 = g_s ∗_6 F_3. As one can easily see by counting the powers of the metric and its inverse, the warp factor drops out of this expression for H_3. Thus, the last integral in Eq. (12) can be evaluated in terms of F_3 and the simple conifold metric: We obtain

dN_{eff} (r) dr ∼ g_s α^{′2} ∫ T^{1,1} at r

d^5y √ g_{con.}(r, y) F_{mnp}F^{mnp} . (13)

The quantization condition 1 2πα^′ ∫ S^3

F_3 = 2πM (14)

implies the scaling F_3 ∼ Mα^′ for the non-vanishing components of F_3. Taking into account the r dependence introduced by the conifold metric and the fact that F_3 has no

2The characteristic radius of the Klebanov-Strassler region is given by R^4 ∼ M^2α^{′2}g^2_s . Thus, for g_sM^2 ≫ N_{D3}, the Klebanov-Strassler region is relatively flat compared to the curvature caused by the N_{D3} D3 branes. One can then interpret this situation as a ‘throat within a throat’ [23], the second throat being a pure AdS_5 × S^5 region with N_{D3} units of F̃_5 flux. However, we will not pursue this more extended geometric picture here.

components in the r direction, Eq. (13) evaluates to

dN_{eff} (r) dr = ag_sM^2 r or N_{eff} (r) = ag_sM^2 ln(r/r_s) , (15)

where r_s is an integration constant. The O(1) numerical prefactor a = 3/(2π) can be determined using the explicit conifold metric and flux forms [33]. Apart from this prefactor, our simplified discussion provides the exact result.

Thus, we have now finally arrived at the geometry of the ‘conifold throat’ with varying warp factor. It is characterized by

ds^2 = h̃(r)^{−1/2}dx^2 + h̃(r)^{1/2}(dr^2 + r^2ds^2_T 1,1 ) , (16)

with h̃(r) = 1 + a^′α^{′2}g^{2s} M^2 ln(r/r^s) r^4

, (17)

where a^′ = 4πa · 27/16 = 81/8. This follows by simply inserting N_{eff} (r) in Eq. (10). The simplicity of this solution is not surprising since it is known that the F̃_5 flux, determined by N_{eff} , fully specifies the warp factor [2]. Even though this solution is exact, it is not physical. It has a singularity at r = r_s, which we assume to be resolved by a Klebanov- Strassler region. In other words, we can trust the above solution for N_{eff} ≫ g_sM^2 or, equivalently, r ≫ r_s.

If the Klebanov-Strassler region contains N_{D3} explicit (i.e. not simulated by flux) D3 branes, then the throat ends at larger r. This is clear since the effective D3 charge visible near the end-region is N_{D3} + O(g_sM^2). Another way to think about this is that, when moving along the throat to smaller r, one encounters N_{D3} D3 branes. The effective charge then suddenly drops by N_{D3} and, subsequently, the throat is terminated by a Klebanov- Strassler region ‘earlier than expected’. In summary, if N_{D3} D3 branes are present, we can trust Eq. (17) only for N_{eff} ≫ N_{D3} + g_sM^2.^3

In the UV-region, at large r, the throat will end when h̃(r) approaches unity, i.e. when α^{′2}g_sN_{eff} (r) ≃ r^4. Just from the knowledge of M and N_{eff} at a certain r, it is impossible to tell where the throat will end in the UV. From the dual CFT perspective, this knowledge corresponds to information about higher-dimension operators, which is usually hard to access for the low-energy observer. In the conical region that follows at larger r, the integrated F̃_5 flux N_{eff} continues to grow with r as before, but the backreaction is not strong enough to affect the geometry. We assume that at some still larger r = R_c, the approximate conifold geometry goes smoothly over to a compact Calabi-Yau orientifold geometry. The compactification radius can thus be approximately identified with R_c. Clearly, the total D3 charge of fluxes and localized sources in the bulk of this space has to compensate the F̃_5 flux present at the end of the conifold region at r = R_c.

3Note that, just from knowledge of N_{eff} and M at large r, it is impossible to tell whether the throat will end with or without explicit D3 branes. This is so because contributions to the overall F̃_5 flux from F_5 (first term on the r.h. side of Eq. (3)) and from 3-form fluxes (the second and third terms) mix under gauge transformations.

We thus arrive at the overall picture illustrated in Fig. 1: The compact space (e.g. a Calabi-Yau orientifold) has a conical region (cf. Eq. (8)) with non-vanishing F̃_5 flux. Going to smaller r, one reaches the throat region, where the back reaction of the flux deforms the geometry significantly and which is finally smoothly terminated by a Klebanov- Strassler solution.

Figure 1: Illustration of the way in which the throat is part of the overall compact space. The Klebanov-Strassler (KS) region may contain explicit D3 branes. In anticipation of the 5d description we have indicated which regions will later become the UV and IR branes and the 5d bulk.

Apart from describing our setting and introducing some notation, the purpose of this section was to emphasize the following points for later use: The running of N_{eff} with r is driven by the M units of F_3 and can be derived in a very simple manner, independently of the details of the geometry and, in particular, the warp factor. In general, the throat is connected to the Calabi-Yau via a conical region, where the running continues just as within the throat. The IR end of the throat may contain explicit D3 branes and may therefore occur at any value of N_{eff} above N_{eff, min} ∼ g_sM^2.

3 The equivalent 5-dimensional model

Consider now the ‘throat’ region of Fig. 1 where, over sufficiently small distances in the radial direction, the geometry is approximately AdS_5 × T^{1,1}. This is the region where Eqs. (16) and (17) apply and where, in the expression for the warp factor h̃(r), the term ∼ 1/r^4 dominates over the additive constant 1. The geometry deviates from AdS_5 × T^{1,1} in that the AdS curvature, characterized by the length scale R_{eff} ,

R^4_{eff} (r) = g_sN_{eff} (r)α^{′2} 27 16 = a^′α^{′2}g^2_s M^2 ln(r/r_s) , (18) varies slowly along the radial direction. The region in question is terminated by a Klebanov-Strassler resolution of the conifold in the IR (at small r) and by the purely conical region together with the compact manifold in the UV (at large r).

At a position characterized by r, we can give an effective 5-dimensional description on length scales L ≫ R_{eff} (r). Furthermore, as long as L is not too large, the change of R_{eff} will be insignificant on length scales L, so that the 5d geometry will be approximately AdS_5. Note, however, that there is no length scale at which flat 5d space would provide a good approximation. If we want this 5d effective description to be valid in the vicinity of the UV brane, we also have to require that the size R_c of the compact space (the ‘brane thickness’) is smaller than L. Of course, this size is governed by the universal Kähler modulus, which will be the subject of the next section. For the purpose of this section, we simply assume that it has been fixed at an appropriate value by some dynamics not relevant in the throat region.

To characterize the throat as a whole, the variation of R_{eff} has to be taken into account. In other words, the negative 5d cosmological constant Λ_5, characteristic of AdS_5, has to be replaced by a potential energy V (H), which must be a function of at least one 5d scalar field H to allow for a spatial variation. It is intuitively clear that this field H, which must have a non-trivial profile H(r) in the bulk, carries the information of the quantity N_{eff} (r) or, equivalently, R_{eff} (r) of the full 10d picture. As discussed at length in the previous section, the microscopic origin of this field is the flux of the NS 2-form potential B_2 on the S^2 cycle of the T^{1,1}.

Working in a 5d Einstein frame with canonically normalized H,

L_5 = 1 2 M^3_5 R_5 − 1 2 (∂H)^2 − V (H) + · · · , (19)

we can now inquire about the appropriate function V (H). The profile H(r) induced by this potential will give rise to a certain scalar-field energy density. The back reaction of this energy density has to modify the AdS_5 geometry in a way reproducing the metric of Eq. (16).

To find the potential V (H), it is convenient first to identify an alternative radial coordinate which directly measures physical distances along the throat. Calling this coordinate y, such an infinitesimal distance, measured in units of the 5d reduced Planck mass, is given by M_5 dy. To compare this with the coordinate r, observe that a straightforward dimensional reduction of a model with the metric of Eq. (16) to 5d would give rise to an r-dependent coefficient of the 5d Ricci scalar, which we call M^3_{5, eff} (r). A model with the Lagrangian of Eq. (19) could only result after a Weyl rescaling by an appropriate function of a radially varying scalar field. However, we can avoid this procedure by working with the r-dependent infinitesimal distance in units of M_{5, eff} (r) and demanding

M_5 dy = M_{5, eff} (r) √ g_{rr} dr = [M^8_{10}R^5_{eff} (r) Vol T^{1,1} ]^{1/3}[R_{eff} (r)/r] dr . (20) Using M^8_{10} = 2/[(2π)^7α^{′4}] and Vol T^{1,1} = 16π^3/27, this is further evaluated to give

M_5 dy = ( (g_sM)^4

3π^4 )_{1/3} (ln(r/r_s))^{2/3} d(ln(r/r_s)) . (21)

By the above calculation, y is only determined up to an arbitrary additive constant. One possibility of fixing this constant of integration is to define

M_5 y = b ( g^2_s M^2 )_{2/3} (ln(r/r_s))^{5/3} = b ( g^2_s M^2 )_{−1} (g_sN_{eff} (r)/a)^{5/3} , (22)

where we have introduced the numerical coefficient b = 3^{2/3}5^{−1}π^{−4/3}. This is an important intermediate result: We have expressed the basic 5d quantity, the physical distance y in units of M_5, through g_s, N_{eff} (r) and M, the fundamental dimensionless parameters of the 10d geometry. To make the above equations more readable, we define the length scale

R_s = M^{−1}_5 b ( g^2_s M^2 )_{2/3} , (23)

which, up to O(1) factors, corresponds to the size of the T^{1,1} in the Klebanov-Strassler region. (Of course, our definition remains useful if the throat ends at some r_{IR} ≳ r_s and no actual Klebanov-Strassler region is present.) We can then write

(y/R_s) = (ln(r/r_s))^{5/3} = ( N_{eff} (r) ag_sM^2 )_{5/3} . (24)

In the following, we will treat y/R_s as parametrically large.

The 5d metric can now be written as

ds^2_5 = e^{2A(y)}dx^2 + dy^2 , (25)

where the warp factor, following from Eqs. (16), (17) and (24) together with the Weyl rescaling used to go to the 5d Einstein frame, reads^4

A(y) ≃ (y/R_s)^{3/5} + O(ln(y/R_s)) + const. (26)

Here the constant term is irrelevant since it can be absorbed in a rescaling of Minkowski space. We may also neglect the subleading logarithmic term, writing the warp factor as A(y) = k(y)y, k(y) ≃ R^{−1}_s (y/R_s)^{−2/5} . (27) Note that, up to the sign of y (which is chosen to avoid a large number of ‘−’ signs in the following equations) and the slow variation of k, this corresponds to the now widely used metric conventions of [17].

We are now looking for a potential V (H) such that the back-reaction of the varying scalar H induces a varying curvature as in Eq. (27). In general, such an analysis requires the solution of the coupled equations of motion for the metric and H. However, in the present case, a simplified computation will be sufficient: Because the warp factor varies slowly, we can use the equation of motion of a scalar field with potential V (H) in an AdS background, allowing for a y dependence of the curvature scale k: ( ∂^2_y + 4A^′(y)∂_y ) H − ∂V ∂H = 0 . (28)

4This corresponds to the ‘special case solution’ of Sect. 5 of [8], which we therefore find to be the appropriate description of the actual throat between the Klebanov-Strassler and the conical regions.

Furthermore, if the typical length scale for the variation of H is larger than the curvature radius, we can neglect the second-derivative term: k(y)∂_yH ∼ ∂V ∂H . (29)

The value of k(y) is determined by an effective 5D bulk cosmological constant coming mainly from the potential term with H set to its local VEV. In AdS space, the relation between cosmological constant and curvature is [17]

V (H) = −24M^3_5 k^2 , (30)

which can be solved for k and inserted in Eq. (29). Using in addition the relation ∂_yH = (dV/dy)(∂V/∂H)^{−1} , we arrive at ∂V ∂H ∼ ( −V M^3_5

)_{1/4} ( dV dy )_{1/2} . (31)

Since Eq. (27) implies that

V ∼ −M^3_5 R^{−2}_s (y/R_s)^{−4/5} , (32)

we can rewrite Eq. (31) as ∂V ∂H ∼ M^{−21/8}R^{3/4}_s (−V )^{11/8} . (33)

This now finally determines the desired functional dependence of V on H:

V (H) ∼ −M^7_5 R^{−2}_s H^{−8/3} . (34)

Thus, we conclude that 5d gravity coupled to a scalar field H with the potential of Eq. (34) reproduces the effective 5d geometry of the throat of the 10D compactification. The y-dependence of H follows straightforwardly from the above:

H ∼ M^{3/2}_5 (y/R_s)^{3/10} . (35)

It can also be easily verified that the conditions

|∂^2_y H| ≪ |A^′(y)∂_yH| and (∂_yH)^2 ≪ |V | , (36)

which justify our simplified treatment, are satisfied.

To describe the throat as a whole (cf. Fig. 2), we need to add an IR and UV brane with specific tensions and boundary conditions for H to our 5d model. We assume the tensions to be positive and negative for the UV and IR brane respectively and the values to be such that both branes are static in an AdS space with curvature determined by the boundary values of H and V (H). To discuss the boundary conditions on H explicitly, recall that

Figure 2: The throat with the values of N_{eff} (r) and R_{eff} (r) at several positions r. The dotted line indicates that, in the presence of explicit D3 branes, the throat may end at r_{IR} > r_s.

H substitutes the parameters R_{eff} (or, equivalently, N_{eff} ) of the 10d construction. The explicit relations read

H ∼ M^{3/2}_5 (R_{eff} /R_s)^2 ∼ M^{3/2}_5 (N_{eff} /N_s)^{1/2} with N_s = ag_sM^2 . (37)

Thus, the boundary condition H(y_s) ∼ M^{3/2}_5 will reproduce the IR end corresponding to a Klebanov-Strassler region with M units of F_3 flux. Field-theoretically, such a boundary condition can be realized by an appropriate brane potential for H with an extremely steep minimum.

Recall that, more generally, the throat may end at r_{IR} > r_s if explicit D3 branes are present at the IR end. The corresponding boundary condition reads H(y_{IR}) ∼ M^{3/2}_5 (N_{IR}/N_s)^{1/2}, where N_{IR} = N_{D3} + ag_sM^2 can be chosen freely.

At the UV end, we can define N as the number of F̃_5 flux units on the T^{1,1} cycle at the ‘large’ or UV end of the conical region. This number is determined by localized sources, e.g. O3 planes and D3 branes, and regions with 3-form flux within the remainder of the compact space.^5 In the conical region, this flux number changes according to Eq. (15). Assuming that the conical region is not too large, this change is very small compared to the change that occurs within the throat, so that we can identify the F̃_5 flux N_{UV} at the UV end of the throat (the IR end of the conical region) with the flux number N defined above. (A more detailed discussion of the subtle effect of the running inside the conical region will be given in the next section.) Thus, the UV boundary condition of the 5d model reads H(y_{UV}) ∼ M^{3/2}_5 (N_{UV}/N_s )^{1/2} ≃ M^{3/2}_5 (N/N_s )^{1/2}.

5Note that in the literature N = M K is frequently used to designate the effective D3 charge from M units F_3 flux on the S^3 cycle and K units of H_3 flux on its dual. This definition coincides with ours if the 3-form flux in question is mainly concentrated outside the ‘compact manifold’ of Fig. 1.

In summary, we have presented a 5d model (gravity plus minimally coupled scalar field, with the potential given above) which, upon compactification on an interval with boundary conditions H(y_{IR/UV}) ∼ M^{3/2}_5 (N_{IR/UV}/N_s)^{1/2}, provides the 5d description of the conifold throat. In particular, the 5d bulk profile of H fixes, together with the boundary conditions, the throat length y_{UV} − y_{IR}. Thus, in the case of the conifold throat, flux stabilization corresponds to the familiar Goldberger-Wise stabilization mechanism [26,27] of 5d Randall-Sundrum models. There is however an important difference: in the conifold throat the back-reaction of the scalar field on the geometry is crucial. It describes the effect of the M units of F_3 flux – the duality cascade in the dual gauge theory.

The most important shortcoming of the effective 5d model presented so far is the absence of the universal Kähler modulus common to such type IIB supergravity compactifications [2]. We have avoided this issue by simply assuming that the typical radius of the compact space at the UV end is somehow stabilized. In the next section, we will relax this assumption and discuss the interplay of this degree of freedom with our 5d model of the throat.

4 The universal Kähler modulus as a brane-field

One of the more relevant effects of fluxes in compactifications of type IIB supergravity is to generate a potential for complex structure moduli and for the dilaton. However, at least one Kähler modulus remains massless, even in these constructions. In the limit where the warping goes to zero, this modulus is simply an overall scaling of the internal metric and hence corresponds to a change of the volume of the compact manifold.

In the presence of warping the scaling behavior is more subtle [5]. In terms of the metric of Eq. (16), the flat direction corresponds to a shift h̃(r) → h̃(r) + c − 1 for an arbitrary value of the constant c. As in the unwarped case, this affects the volume of the manifold.

This realization of the volume modulus can, in fact, be understood very easily: The metric of Eq. (16) contains only two dimensionful parameters, α^′ and r_s. A volume modulus, if present, can only change the ratio of these two scales. Indeed, a rescaling r_s → r_sc^{1/4} corresponds, together with an appropriate rescaling of r and x, to the shift in h̃ specified above.

If c becomes extremely large, larger than h̃(r_{IR}), the throat disappears and the variation of c corresponds to an overall scaling of the entire compact space. In this regime, the radius R_c is bigger than the length scale L at which our 5d effective description is defined. In other words, the “brane thickness” of the UV brane is so large that the 5d picture is lost.

Let us consider instead values of c such that R_c < L. In the ‘compact manifold’, h̃ is approximately constant and the variation of c corresponds again to a simple scaling. As far as the throat is concerned, it is crucial that the F̃_5 flux N at the UV end of the conical region is fixed; it does not depend on the volume of the compact space. To a very good approximation, this is also true for the F̃_5 flux N_{UV} at the UV end of the throat (i.e. at the IR end of the conical region). Furthermore, neither the F_3 flux nor the presence of explicit D3 branes at the IR end of the throat are affected by the volume scaling. Thus, neither the boundary condition N_{UV} nor N_{IR} changes when c varies and then, as we discussed in Sect. 3, the length of the throat is fixed. This means that, in the 5d description, the Kähler modulus plays the role of a massless UV-brane field while the 5d radion is already stabilized.

However, this picture is correct only at first approximation. The key to the cindependence of N was its definition as the flux at the transition point between the conical and the more general compact geometries. This definition does not depend on the overall scaling. By contrast, N_{UV} is defined at the transition point between conical and throat geometries. As we will now demonstrate, this transition point has non-trivial c-dependence, which is reflected in a weak c-dependence of N_{UV}. The resulting effect on the length of the throat is small compared to the effect on the compact region, as we will show explicitly. Nevertheless, for extremely large c this effect will cut into the length of the throat such that, eventually, the throat disappears. This is consistent with the limit of weak warping discussed above.

We refer to the combination of compact space and conical region as the UV brane. From the 10d point of view, this is the area where the warp factor is, to a good approximation, constant. Thus, the universal Kähler modulus simply corresponds to an overall rescaling of this space. In particular, the flux number

N = N_{eff} (R_c) ≃ 1 (4π^2α^′)^2 ∫ T^{1,1} at r=R_c

F̃_5 (38)

is invariant under this rescaling. From the point of view of the throat, it is determined, once and for all, by the localized sources and flux in the compact space, i.e. ‘on the other side’ of the T^{1,1} submanifold at r = R_c.

We now focus on the conical region and the throat. If we insist on always using coordinates such that the warp factor in the conical region is unity, as in Eqs. (16) and (17), then R_c can be identified with the universal Kähler modulus. Given the general r-dependence of N_{eff} in throat and conical region, Eq. (15), one finds the constraint

N = ag_sM^2 ln(R_c/r_s) , (39)

which fixes r_s in terms of R_c. This gives the warp factor (cf. Eq. (17))

h̃(r) = 1 + (a^′/a)α^{′2}g^s[N − ag^sM^2 ln(R^c/r)] r^4

. (40)

The boundary between conical region and throat, r = r_{UV} , is then determined by the solution of the equation h̃(r_{UV}) = 1. Assuming that, at this boundary, the logarithmic term in Eq. (40) is small relative to N and working to leading order in this small term, we find r^4_{UV} ≃ (a^′/a)α^{′2}g_s [ N − ag_sM^2 4 ln ( R^4_c (a^′/a)α^{′2}g_sN )] . (41)

Thus, the conical region shrinks to zero size if R^4_c takes the value

R^4_{c, min} = (a^′/a)α^{′2}g_sN , (42)

and our approximation remains valid as long as (R_c/R_{c, min}) ≪ exp(N/ag_sM^2). In the large-hierarchy case, which is our main interest in this paper, the last expression is roughly equal to the inverse warp factor and is thus very large. In other words, there is a large range in which the variation of R_c (i.e. of the universal Kähler modulus) has very little effect on the throat length, as expressed by Eq. (41). In this domain, it is mainly just a scaling of the compact manifold at the UV end of the throat. Thus, we are led to the conclusion that, from the 5d point of view, the universal Kähler modulus is a field localized at the UV brane.

Let us now translate the above discussion to the 5d picture in a more quantitative way. From the 5d perspective, the fundamental scale is the reduced 5d Planck mass defined by M_5. Near the UV brane, M_5 is related to M_{10} by M^3_5 ≃ M^8_{10}R^5_{UV}. For not too large R_c, we can identify R_{UV} with R_{c, min}, with the result that

R_cM_5 ∼ (g_sN)^{2/3}(R_c/R_{c, min}) . (43)

We can think of this as of the UV brane thickness in units of M_5. In the same units, the physical length L_{throat} of the throat is given by

L_{throat}M_5 ∼ (y_{UV} − y_{IR})M_5 ∼ (g_sM)^{4/3} [( N_{UV} ag_sM^2 )_{5/3} − ( N_{IR} ag_sM^2 )_{5/3}] , (44)

where N_{UV} is the flux at the small end of the conical region or, equivalently, at the large end of the throat. Our interest is in the dependence of L_{throat} on R_c. Thus, we cannot simply identify N_{UV} with N, but rather we have to take care of this subtle distinction which is due to the running in the conical region:

N = N_{UV} + ag_sM^2 ln(R_c/R_{c, min}) . (45)

We now assume that R_c grows by a factor 1 + ϵ (where ϵ ≪ 1). Then, on the one hand, the thickness of the UV brane in units of M_5 increases by ∼ ϵ(g_sN)^{2/3}R_c/R_{c,min}. On the other hand, the length of the throat, also measured in units of M_5, shrinks by ∼ ϵ(g_sM)^{4/3}(N_{UV} /ag_sM^2)^{2/3}. The ratio of these two quantities is ∼ R_c/R_{c,min} > 1, i.e. the throat shrinks less than the brane thickness grows.

This can be turned into an even more explicit argument for the Kähler modulus being a brane field: From the 5d perspective, it is perfectly acceptable to define the throat length either by Eq. (44) or, including the UV brane thickness into the size of the 5d interval, by the sum of Eqs. (43) and (44). When R_c grows, the throat length shrinks according to the first and grows according to the second definition. Thus R_c cannot be consistently identified with the length of the 5d interval. Instead, it has to be modelled by a field localized at the UV brane. Of course, because our 5d effective theory is valid only at length scales above L, we should be careful not to increase R_c above L. Otherwise, the 5d description of the UV end becomes meaningless.

5 The explicit Randall-Sundrum-type 5d action

We are now finally in a position to construct the 5d effective action including bulk and brane fields. For R_c ≫ R_{c,min} ≃ R_{UV} , the integral over the compact space at the UV end of the throat contributes

L_{UV} = 1 2 M^8_{10}R^6_c ( R_4 + 30(∂ ln R_c)^2 + · · · ) (46)

to the 4d effective action.^6 We can view this as a precise definition of R_c, which is chosen such that R^6_c is the volume of the compact space. Note that, at this point, the 4d metric implicit in R_4 is simply the 4d part of the 10d metric in the Einstein frame, i.e. no Weyl rescaling has been performed.

The bulk part was already given in Eq. (19). Writing the 5d metric as

ds^2_5 = e^{2A(y)−2A(yUV )}g_{μν} dx^μ dx^ν + dy^2 , (47)

and integrating from y_{IR} to y_{UV}, this contributes the following piece to the Einstein- Hilbert-term of the 4d action: 1 2 ( M^3_5

∫_{yUV}

y_{IR} dy exp [ 2 ( y R_s )_{3/5} − 2 ( y_{UV} R_s )_{3/5}]) R_4 ≈ 5 12 M^3_5 R_s ( y_{UV} R_s )_{2/5} R_4 . (48)

Here R_4 is to be evaluated with the 4d metric g_{μν} . The warp factor in Eq. (47) has been normalized to ensure consistency with the 4d metric in Eq. (46).

Note that the relative normalization of the coefficients of the R_4 and the (∂ ln R_c)^2 terms in Eq. (46) is intimately linked to the fact that R^4_c is the imaginary part of a superfield ρ [2], which is part of a no-scale supergravity model [35]. This relation is apparently destroyed by the addition of the 4d Einstein-Hilbert contribution of Eq. (48). However, this term is subdominant in the large-R_c limit in which Eq. (46) was derived. Corrections to this equation are indeed expected since, near the IR end of the conical region, R_c loses its interpretation as an overall scaling modulus of the compact space. For consistency with Eq. (48), the coefficient of the R_4 term in Eq. (46) has to be modified according to

M^8_{10}R^6_c → M^8_{10}R^6_c − 5 6 M^3_5 R_s ( y_{UV} R_s )_{2/5} . (49)

After these remarks we now give the full 5d action to the extent that it can be inferred from the present analysis. In doing so, it is convenient to absorb a factor g_sM into the definition of the scalar field. Thus, we define H̃ = cg_sMH , (50) 6The prefactor 30 arises as k(k − 1), with k = 6 the number of compact dimensions.

where the O(1) numerical constant c is chosen to ensure that H̃(y) = M^{3/2}_5 (g_sN_{eff} (y))^{1/2} for the solution of Sect. 3. The action now reads

S_{5d} = ∫ d^5x √ −g_5 ( 1 2 M^3_5 R_5 − 1 2(cg_sM)^2

(∂H̃)^2 + c_V M^9_5 H̃^{−8/3} + · · · ) (51) + ∫ UV brane

d^4x √ −g_{4, UV} (K_{UV} + L_{UV} ) + ∫ IR brane

d^4x √ −g_{4, IR} (K_{IR} + L_{IR}) ,

where K_{UV/IR} is the trace of the extrinsic curvature (the Gibbons-Hawking surface term [36]) and (g_{4, UV/IR})_{μν} is the induced metric at each of the 4d boundaries. The value of the positive O(1) numerical constant c_V is not important for our purposes. The brane Lagrangians are

L_{UV} = c_1 2 M^2_5 (g_sN_{UV} )^{−10/3} [( (R_cM_5)^6 − c_2(g_sN_{UV} )^4 ) R_4 + 30(R_c M_5)^6(∂ ln R_c)^2 ] −V_{UV}(H̃) − Λ_{4, UV} + · · · (52) and L_{IR} = −V_{IR}(H̃) − Λ_{4, IR} + · · · , (53)

with numerical coefficients c_1 = 32π^{1/3}/9 and c_2 = 3 · 2^{2/3}/(32π). Here V_{UV} and V_{IR} are steep potentials setting H̃ to its values at the UV and IR brane respectively, for example,

V_{UV/IR} = μ^2 [ H̃ − M^{3/2}_5 (g_sN_{UV/IR})^{1/2}

]_2 , (54)

with a very large coefficient μ. The brane tensions or 4d brane cosmological constants Λ_{UV} and Λ_{IR} have values

Λ_{UV} = +M^4_5 √ 6/c_V (g_sN_{UV} )^{−2/3} and Λ_{IR} = −M^4_5 √ 6/c_V (g_sN_{IR})^{−2/3} . (55)

The fundamental dynamics of the throat can now be easily understood from the 5d action of Eq. (51): The scalar field H̃ governs, via the potential term, the (approximately AdS) curvature and hence the warping. The rapidity with which the curvature changes as one moves along the 5th dimension is determined by the coefficient of the kinetic term for H̃. In the limit of vanishing M, no change is possible – this is the pure AdS_5 case. The boundary or brane values of H̃ are determined by steep brane potentials. The IR-brane potential models the way in which the Klebanov-Strassler region (or a more complicated corresponding geometry) determines the value of N_{eff} in the IR regime. The UV-brane potential models the way in which the various stringy and field-theoretic sources of D3- brane flux in the compact space determine N_{eff} in the conical region. The combined dynamics of UV/IR-brane and 5d bulk actions then stabilizes the length of the interval and fixes the hierarchy.

In the above 5d effective action, R_c appears as a brane field localized at the UVboundary. However, it is a brane field of very peculiar type. In the 5d Einstein frame, R_c is part of the coefficient of the brane-localized Ricci-scalar and has a wrong-sign kinetic term. Of course, this can be remedied by performing an appropriate R_c-dependent Weyl rescaling of the 5d metric. However, in such a Weyl frame R_c would cease to be a UVbrane field. Note furthermore that R_c can easily be parametrically larger than its lower bound (in the present analysis) R_{c, min} ≃ R_{UV}. In this case, our 5d model develops a parametrically large gravitational brane-kinetic term. This interesting possibility [37] has been considered for phenomenological reasons in field-theoretic model building (see e.g. [38]).

Before closing, we would like to explicitly relate the most important parameters of our 5d description, the boundary scalar R_c and the 5d radion Δy = y_{UV} − y_{IR}, to the corresponding standard string moduli. Focussing on the universal Kähler modulus ρ and a single complex structure modulus z (and neglecting the warping for the moment), the 4d N = 1 superfield action is determined by the Kähler potential K(ρ, z) = −3 ln[−i(ρ − ρ̄)] − ln ( −i ∫ Ω ∧ Ω̄ ) , (56)

and the superpotential W (z) = ∫ G_3 ∧ Ω . (57)

The holomorphic (3,0) form Ω is normalized using some 3-cycle of the compact space at the UV end of the throat, and z is defined via the S^3 cycle in the throat discussed in Sect. 2, z = ∫ S^3

Ω . (58)

It is well-known that the imaginary part of the universal Kähler modulus governs the compactification volume. More precisely, the 4d no-scale field ρ of [2] is related to R_c by Im ρ ∼ R^4_c . (59)

We can leave the constant of proportionality arbitrary since we do not intend to fix a possible additive constant in K.

In [2] the relation of the complex structure modulus z to the relative warping between the UV and IR region is found to be e^{A(rIR)−A(rUV )} ≃ |z|^{1/3} . (60) Here exp[2A(r)] = h̃(r)^{−1/2} (cf. Eq. (16)) is the 10d warp factor, which differs from the 5d warp factor exp[2A(y)] of Eq. (25) by an insignificant (non-exponential) correction related to the 5d Weyl rescaling. The relative 5d warping is e^{A(yIR)−A(yUV )} ≃ exp [ −(Δy/R_s)^{3/5} ] , (61)

which allows us to express z through the 5d radion:

|z|^{1/3} ≃ exp [ −(M_5 Δy/b)^{3/5}(g_sM)^{−4/5} ] . (62)

This concludes our comparative discussion of R_c and Δy and the string moduli ρ and z.

Of course, it would be desirable not to stop here but rather to go on and identify the superfield description of the stabilized Randall-Sundrum model [39] with the moduli description of the 10d flux compactification. At present, we can only offer some comments which may lead in this direction:

The essential quantity on the 5d side is the radion superfield T with Re T ∼ Δy. The Kähler potential in terms of T is expected to be [40] (see also [39, 41])

K_{5d} ≃ −3 ln [∫_{yUV} y_{UV} −Re T dy e^{2A(y)−2A(yUV )} ] , (63)

i.e. it is proportional to the logarithm of the coefficient of the Ricci scalar in the 4d effective action before Weyl rescaling. We now consider y_{UV} to be constant and focus exclusively on the T dependence entering through the lower integration limit y_{IR} = y_{UV} − Re T . This T dependence corresponds to the z dependence in the language of 10d moduli (cf. Eqs. (60) and (61)) so that we can write

y_{UV}∫

y_{UV} −Re T dy e^{2A(y)−2A(yUV )} = const.−|z|^{2/3} y_{IR}∫

−∞ dy e^{2A(y)−2A(yIR )} ≃ const.− |z|^{2/3} 2A^′(y_{IR})

. (64)

Since A^′(y_{IR}) ∼ (− ln |z|)^{−2/3}, this implies for the z-dependent part of the Kähler potential K_{5d} ≃ −3 ln [ const. − |z|^{2/3}(− ln |z|)^{2/3} ] ∼ |z|^{2/3}(− ln |z|)^{2/3} , (65)

where the prefactor and subdominant terms have been suppressed.

This is to be compared with the z-dependent part of Eq. (56) which, following [42], can be computed as follows: To account for warping, Ω∧Ω̄ is replaced with e^{−4A}Ω∧Ω̄ [4]. The dominant z-dependent contribution comes from the tip of the throat and depends only on two period integrals. The relevant cycles of the compactification manifold are the conifold 3-cycle with period z, cf. Eq. (58), and its dual S̃^3 with period ∫ S̃3 Ω = z 2πi ln z + holomorphic (66)

(S̃^3 will extend outside the throat into the compact manifold, whose precise form determines the holomorphic part). There will in general be other pairs of 3-cycles with period integrals that depend purely holomorphically on z. With the warp factor contribution at the tip given by e^{−4A} ∼ |z|^{−4/3}, we obtain for the z-dependent part

− ln ( −i ∫ e^{−4A} Ω ∧ Ω̄ ) ≃ ln [ const. − |z|^{2/3} ln(zz̄) + · · · ] ∼ |z|^{2/3}(− ln |z|) . (67) Here the ellipses stand for higher-order terms of the form f(z)ḡ(z̄) with f, g holomorphic. As before, the prefactor and subdominant terms have been suppressed.

We see that, in the small-z-limit, the structure of Eqs. (65) and (67) agrees (in the sense that the logarithms of the derivatives of K coincide). Going beyond this approximation (which on the 5d side corresponds to constant warping), the two results are still intriguingly close but not quite the same. The failure to fully match the string-theoretic with the 5d field-theoretic result is not unexpected in many ways. On the one hand, it may be necessary to account for subleading warping corrections on the 10d side. On the other hand, calculating the Kähler potential on the basis of Eq. (63) and using the naive identification of Δy in terms of |z| may be too simplistic. It may be necessary and it would certainly be highly desirable to start with a manifestly supersymmetric 5d Lagrangian which reproduces the correct 5d scalar potential governing the profile of the Goldberger-Wise scalar H and hence the warp factor. We leave the detailed analysis of these issues to future work.

6 Conclusions and Outlook

In this paper, we have derived what we believe to be the main characteristics of the 5d effective theory describing the throat region of a type IIB flux compactification. It is well known that, at first approximation, the throat can be viewed as a Randall-Sundrum I model, where the UV brane is the compact space and the IR brane is the Klebanov- Strassler region of the throat. We take this analogy beyond leading order by identifying the 5d dynamics that leads to the deviation from the AdS_5 geometry observed in flux compactifications and to the stabilization of the size of the 5th dimension, i.e. the radion.

To be more specific, we find that in the effective 5d theory the radion is stabilized by a variant of the Goldberger-Wise mechanism: The 5d bulk scalar H has a potential V (−H) ∼ H^{−8/3} which induces a non-trivial 5d bulk profile of H. Via gravitational backreaction, this gives rise to a 5d curvature consistent with the known 10d throat solution. The non-trivial profile of H reflects the variation of the size of the T^{1,1} transverse space as one moves along the throat (or, equivalently, of the 5-form flux on the T^{1,1}, or of the NS 2-form flux on the S^2 cycle of the T^{1,1}). Together with the UV and IR boundary values of H, which are fixed by flux numbers and (anti-) D3 brane charges, this profile determines the length of the throat.

From the 5d perspective, the universal Kähler modulus (which can be left unfixed for our purposes) is a UV brane field. It governs the coefficient of a UV-brane-localized 4d Ricci-scalar [37]. As the Kähler modulus grows, a very large brane-localized gravitational kinetic term develops, which might have interesting phenomenological and cosmological implications [38]. At the same time, the effective brane thickness of the UV brane grows. It is then clear that, for extremely large volumes, the UV brane ‘eats up the throat’ and both the hierarchy and the 5d picture are lost. However, in a large intermediate range of volumes, the length of the throat is practically independent of the universal Kähler modulus.

Clearly, our analysis leaves many questions unanswered. First of all, it would certainly be desirable to derive the 5d action by an explicit dimensional reduction rather than by consistency arguments, as we have done. This would, in particular, enable us to include the full set of light 5d fields in the 5d Lagrangian and to characterize the dynamics of the UV and IR brane in more detail. More importantly, such an explicit calculation may open the way to a better understanding of the supersymmetry that should be a feature of our 5d bulk action.

More specifically, we are faced with the following problems as far as 5d supersymmetry is concerned. The conifold throat with constant warping is known to have 4d N = 1 superconformal symmetry [6, 31], which is referred to as N = 2 (or 5d N = 1) SUSY in the literature concerned with the supersymmetric Randall-Sundrum model [43]. Since the potentials in such a theory are highly constrained, it should be non-trivial and interesting to understand how our effective H^{−8/3} potential can arise. Unfortunately, the recently discussed supersymmetric Goldberger-Wise models [44] based on massive bulk hypermultiplets do not appear to generate such a potential in any obvious way. In fact, one might consider the alternative possibility that, because of the M 3-form flux units on the S^3 ⊂ T^{1,1}, SUSY is always broken from the 5d point of view. In this case, there would be no 5d supersymmetric Lagrangian. However, it is then unclear how the effective 4d (non-conformal) N = 1 SUSY, which is known to be present in the 4d effective theory, arises. We consider these to be interesting and important problems for the future.

A better understanding of our stepwise (10d to 5d to 4d) dimensional reduction in a manifestly supersymmetric approach may be relevant for the analysis of SUSY breaking mediation in this framework. Given the large expectations that have been placed on geometric or conformal sequestering and the corresponding interest in its possible violation (see e.g. [39, 45]), we consider it important to confront those models with the explicit string-theory realization of the Randall-Sundrum scenario discussed here. We hope that new insights in 5d and 10d SUSY breaking phenomenology will be possible along the lines of the 5d effective field theory approach discussed in this paper.

Acknowledgements: We would like to thank J. Erdmenger, J. March-Russell, H.-P. Nilles, T. Noguchi, M. Olechowski, R. Rattazzi, C. Scrucca, S. Stieberger, A. Uranga, A. Westphal, and A. Zaffaroni for helpful discussions.

References

[1] J. Polchinski and A. Strominger, “New Vacua for Type II String Theory,” Phys.

Lett. B 388 (1996) 736 [arXiv:hep-th/9510227];

J. Michelson, “Compactifications of type IIB strings to four dimensions with nontrivial classical potential,” Nucl. Phys. B 495 (1997) 127 [arXiv:hep-th/9610151]; S. Gukov, C. Vafa and E. Witten, “CFT’s from Calabi-Yau four-folds,” Nucl. Phys. B 584 (2000) 69 [Erratum-ibid. B 608 (2001) 477] [arXiv:hep-th/9906070]; K. Dasgupta, G. Rajesh and S. Sethi, “M theory, orientifolds and G-flux,” JHEP 9908 (1999) 023 [arXiv:hep-th/9908088];

S. Gukov, “Solitons, superpotentials and calibrations,” Nucl. Phys. B 574, 169 (2000) [arXiv:hep-th/9911011];

T. R. Taylor and C. Vafa, “RR flux on Calabi-Yau and partial supersymmetry breaking,” Phys. Lett. B 474 (2000) 130 [arXiv:hep-th/9912152]; P. Mayr, “On supersymmetry breaking in string theory and its realization in brane worlds,” Nucl. Phys. B 593 (2001) 99 [arXiv:hep-th/0003198]; G. Curio and A. Krause, “Four-flux and warped heterotic M-theory compactifications,” Nucl. Phys. B 602, 172 (2001) [arXiv:hep-th/0012152]; G. Curio, A. Klemm, D. Lüst and S. Theisen, “On the vacuum structure of type II string compactifications on Calabi-Yau spaces with H-fluxes,” Nucl. Phys. B 609 (2001) 3 [arXiv:hep-th/0012213];

M. Haack and J. Louis, “M-theory compactified on Calabi-Yau fourfolds with background flux,” Phys. Lett. B 507 (2001) 296 [arXiv:hep-th/0103068]; S. Kachru, M. B. Schulz and S. Trivedi, “Moduli stabilization from fluxes in a simple IIB orientifold,” JHEP 0310 (2003) 007 [arXiv:hep-th/0201028].

[2] S. B. Giddings, S. Kachru and J. Polchinski, “Hierarchies from fluxes in string compactifications,” Phys. Rev. D 66 (2002) 106006 [arXiv:hep-th/0105097].

[3] A. R. Frey, “Warped strings: Self-dual flux and contemporary compactifications,” arXiv:hep-th/0308156;

V. Balasubramanian, “Accelerating universes and string theory,” Class. Quant. Grav. 21 (2004) S1337 [arXiv:hep-th/0404075];

E. Silverstein, “TASI / PiTP / ISS lectures on moduli and microphysics,” arXiv:hep-th/0405068;

M. Graña, “Flux compactifications in string theory: a comprehensive review,” arXiv:hep-th/0509003.

[4] O. DeWolfe and S. B. Giddings, “Scales and hierarchies in warped compactifications and brane worlds,” Phys. Rev. D 67 (2003) 066008 [arXiv:hep-th/0208123].

[5] S. B. Giddings and A. Maharana, “Dynamics of warped compactifications and the shape of the warped landscape,” arXiv:hep-th/0507158.

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

[7] I. R. Klebanov and N. A. Nekrasov, “Gravity duals of fractional branes and logarithmic RG flow,” Nucl. Phys. B 574 (2000) 263 [arXiv:hep-th/9911096].

[8] I. R. Klebanov and A. A. Tseytlin, “Gravity duals of supersymmetric SU(N) x SU(N+M) gauge theories,” Nucl. Phys. B 578 (2000) 123 [arXiv:hep-th/0002159].

[9] I. R. Klebanov and M. J. Strassler, “Supergravity and a confining gauge theory:

Duality cascades and χSB-resolution of naked singularities,” JHEP 0008 (2000) 052 [arXiv:hep-th/0007191].

[10] S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, “De Sitter vacua in string theory,” Phys. Rev. D 68 (2003) 046005 [arXiv:hep-th/0301240].

[11] C. P. Burgess, R. Kallosh and F. Quevedo, “de Sitter string vacua from supersymmetric D-terms,” JHEP 0310 (2003) 056 [arXiv:hep-th/0309187].

[12] K. Choi, A. Falkowski, H. P. Nilles and M. Olechowski, “Soft supersymmetry breaking in KKLT flux compactification,” Nucl. Phys. B 718 (2005) 113 [arXiv:hep-th/0503216];

D. Lüst, S. Reffert, W. Schulgin and S. Stieberger, “Moduli stabilization in type IIB orientifolds. I: Orbifold limits,” arXiv:hep-th/0506090;

S. P. de Alwis, “Effective potentials for light moduli,” arXiv:hep-th/0506266; G. Villadoro and F. Zwirner, “de Sitter vacua via consistent D-terms,” arXiv:hep-th/0508167.

[13] V. Balasubramanian and P. Berglund, “Stringy corrections to Kaehler potentials, SUSY breaking, and the cosmological constant problem,” JHEP 0411 (2004) 085 [arXiv:hep-th/0408054];

K. Bobkov, “Volume stabilization via alpha’ corrections in type IIB theory with fluxes,” JHEP 0505 (2005) 010 [arXiv:hep-th/0412239];

V. Balasubramanian, P. Berglund, J. P. Conlon and F. Quevedo, “Systematics of moduli stabilisation in Calabi-Yau flux compactifications,” JHEP 0503 (2005) 007 [arXiv:hep-th/0502058].

[14] A. Saltman and E. Silverstein, “The scaling of the no-scale potential and de Sitter model building,” JHEP 0411 (2004) 066 [arXiv:hep-th/0402135].

[15] G. von Gersdorff and A. Hebecker, “Kaehler corrections for the volume modulus of flux compactifications,” arXiv:hep-th/0507131, to appear in Phys. Lett. B; M. Berg, M. Haack and B. Körs, “String loop corrections to Kaehler potentials in orientifolds,” arXiv:hep-th/0508043 and “On volume stabilization by quantum corrections,” arXiv:hep-th/0508171.

[16] L. Randall and R. Sundrum, “A large mass hierarchy from a small extra dimension,” Phys. Rev. Lett. 83 (1999) 3370 [arXiv:hep-ph/9905221].

[17] L. Randall and R. Sundrum, “An alternative to compactification,” Phys. Rev. Lett.

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

[18] H. L. Verlinde, “Holography and compactification,” Nucl. Phys. B 580 (2000) 264 [arXiv:hep-th/9906182].

[19] C. S. Chan, P. L. Paul and H. L. Verlinde, “A note on warped string compactification,” Nucl. Phys. B 581 (2000) 156 [arXiv:hep-th/0003236].

[20] J. M. Cline, C. Grojean and G. Servant, “Cosmological expansion in the presence of extra dimensions,” Phys. Rev. Lett. 83 (1999) 4245 [arXiv:hep-ph/9906523]; A. Chamblin, S. W. Hawking and H. S. Reall, “Brane-world black holes,” Phys. Rev. D 61 (2000) 065007 [arXiv:hep-th/9909205];

P. Binétruy, C. Deffayet, U. Ellwanger and D. Langlois, “Brane cosmological evolution in a bulk with cosmological constant,” Phys. Lett. B 477 (2000) 285 [arXiv:hep-th/9910219];

J. Garriga and T. Tanaka, “Gravity in the brane-world,” Phys. Rev. Lett. 84 (2000) 2778 [arXiv:hep-th/9911055];

C. Csáki, M. Graesser, L. Randall and J. Terning, “Cosmology of brane models with radion stabilization,” Phys. Rev. D 62 (2000) 045015 [arXiv:hep-ph/9911406]; Y. Grossman and M. Neubert, “Neutrino masses and mixings in non-factorizable geometry,” Phys. Lett. B 474 (2000) 361 [arXiv:hep-ph/9912408]; N. Kaloper, J. March-Russell, G. D. Starkman and M. Trodden, “Compact hyperbolic extra dimensions: Branes, Kaluza-Klein modes and cosmology,” Phys. Rev. Lett. 85 (2000) 928 [arXiv:hep-ph/0002001];

T. Gherghetta and A. Pomarol, “A warped supersymmetric standard model,” Nucl. Phys. B 602 (2001) 3 [arXiv:hep-ph/0012378];

N. Arkani-Hamed, M. Porrati and L. Randall, “Holography and phenomenology,” JHEP 0108 (2001) 017 [arXiv:hep-th/0012148];

P. Creminelli, A. Nicolis and R. Rattazzi, “Holography and the electroweak phase transition,” JHEP 0203 (2002) 051 [arXiv:hep-th/0107141];

K. Agashe, A. Delgado, M. J. May and R. Sundrum, “RS1, custodial isospin and precision tests,” JHEP 0308 (2003) 050 [arXiv:hep-ph/0308036]; V. A. Rubakov, “Large and infinite extra dimensions: An introduction,” Phys. Usp. 44 (2001) 871 [Usp. Fiz. Nauk 171 (2001) 913] [arXiv:hep-ph/0104152]; D. Langlois, “Brane cosmology: An introduction,” Prog. Theor. Phys. Suppl. 148 (2003) 181 [arXiv:hep-th/0209261];

F. Quevedo, “Lectures on string / brane cosmology,” Class. Quant. Grav. 19 (2002) 5721 [arXiv:hep-th/0210292];

R. Maartens, “Brane-world gravity,” Living Rev. Rel. 7 (2004) 7 [arXiv:gr-qc/0312059].

[21] S. Kachru, J. Pearson and H. L. Verlinde, “Brane/flux annihilation and the string dual of a non-supersymmetric field theory,” JHEP 0206 (2002) 021 [arXiv:hep-th/0112197];

S. Kachru, R. Kallosh, A. Linde, J. Maldacena, L. McAllister and S. P. Trivedi, “Towards inflation in string theory,” JCAP 0310 (2003) 013 [arXiv:hep-th/0308055]; A. Buchel and R. Roiban, “Inflation in warped geometries,” Phys. Lett. B 590 (2004) 284 [arXiv:hep-th/0311154];

L. Pilo, A. Riotto and A. Zaffaroni, “Old inflation in string theory,” JHEP 0407 (2004) 052 [arXiv:hep-th/0401004];

C. P. Burgess, J. M. Cline, H. Stoica and F. Quevedo, “Inflation in realistic D-brane models,” JHEP 0409 (2004) 033 [arXiv:hep-th/0403119];

K. Koyama and K. Koyama, “Gravitational backreaction of anti-D branes in the warped compactification,” Class. Quant. Grav. 22 (2005) 3431 [arXiv:hep-th/0505256];

L. Kofman and P. Yi, “Reheating the universe after string theory inflation,” arXiv:hep-th/0507257;

D. Chialva, G. Shiu and B. Underwood, “Warped reheating in multi-throat brane inflation,” arXiv:hep-th/0508229.

[22] S. Dimopoulos, S. Kachru, N. Kaloper, A. E. Lawrence and E. Silverstein, “Small numbers from tunneling between brane throats,” Phys. Rev. D 64 (2001) 121702

[arXiv:hep-th/0104239]; “Generating small numbers by tunneling in multi-throat compactifications, Int. J. Mod. Phys. A 19 (2004) 2657 [arXiv:hep-th/0106128].

[23] J. F. G. Cascales, F. Saad and A. M. Uranga, “Holographic dual of the standard model on the throat,” arXiv:hep-th/0503079.

[24] J. F. G. Cascales, M. P. García del Moral, F. Quevedo and A. M. Uranga, “Realistic D-brane models on warped throats: Fluxes, hierarchies and moduli stabilization,” JHEP 0402 (2004) 031 [arXiv:hep-th/0312051].

[25] F. Denef and M. R. Douglas, JHEP 0405, 072 (2004) [arXiv:hep-th/0404116];

M. Dine, E. Gorbatov and S. Thomas, “Low energy supersymmetry from the landscape,” arXiv:hep-th/0407043;

M. Dine, D. O’Neil and Z. Sun, “Branches of the landscape,” JHEP 0507 (2005) 014 [arXiv:hep-th/0501214].

[26] W. D. Goldberger and M. B. Wise, “Modulus stabilization with bulk fields,” Phys.

Rev. Lett. 83 (1999) 4922 [arXiv:hep-ph/9907447].

[27] O. DeWolfe, D. Z. Freedman, S. S. Gubser and A. Karch, “Modeling the fifth dimension with scalars and gravity,” Phys. Rev. D 62 (2000) 046008 [arXiv:hep-th/9909134];

K. Skenderis and P. K. Townsend, “Gravitational stability and renormalizationgroup flow,” Phys. Lett. B 468 (1999) 46 [arXiv:hep-th/9909070]; W. D. Goldberger and M. B. Wise, “Phenomenology of a stabilized modulus,” Phys. Lett. B 475 (2000) 275 [arXiv:hep-ph/9911457];

T. Tanaka and X. Montes, “Gravity in the brane-world for two-branes model with stabilized modulus,” Nucl. Phys. B 582 (2000) 259 [arXiv:hep-th/0001092]; P. Kanti, K. A. Olive and M. Pospelov, “Static solutions for brane models with a bulk scalar field,” Phys. Lett. B 481 (2000) 386 [arXiv:hep-ph/0002229]; J. M. Cline and H. Firouzjahi, “5-dimensional warped cosmological solutions with radius stabilization by a bulk scalar,” Phys. Lett. B 495 (2000) 271 [arXiv:hep-th/0008185];

C. Csáki, M. L. Graesser and G. D. Kribs, “Radion dynamics and electroweak physics,” Phys. Rev. D 63 (2001) 065002 [arXiv:hep-th/0008151]; A. Lewandowski, M. J. May and R. Sundrum, “Running with the radius in RS1,” Phys. Rev. D 67 (2003) 024036 [arXiv:hep-th/0209050];

J. Lesgourgues and L. Sorbo, “Goldberger-Wise variations: Stabilizing brane models with a bulk scalar,” Phys. Rev. D 69 (2004) 084010 [arXiv:hep-th/0310007]; I. Brevik, K. Ghoroku and M. Yahiro, “Radius stabilization and brane running in RS1 model,” Phys. Rev. D 70 (2004) 064012 [arXiv:hep-th/0402176]; L. Kofman, J. Martin and M. Peloso, “Exact identification of the radion and its coupling to the observable sector,” Phys. Rev. D 70 (2004) 085015 [arXiv:hep-ph/0401189].

[28] J. Polchinski, “String theory. Vol. 2: Superstring theory and beyond,” Cambridge University Press, 1998.

[29] O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri and Y. Oz, “Large N field theories, string theory and gravity,” Phys. Rept. 323 (2000) 183 [arXiv:hep-th/9905111].

[30] J. H. Schwarz, “Covariant Field Equations Of Chiral N=2 D = 10 Supergravity,” Nucl. Phys. B 226 (1983) 269.

[31] L. J. Romans, “New Compactifications Of Chiral N=2 D = 10 Supergravity,” Phys.

Lett. B 153 (1985) 392.

[32] P. Candelas and X. C. de la Ossa, “Comments On Conifolds,” Nucl. Phys. B 342 (1990) 246.

[33] C. P. Herzog, I. R. Klebanov and P. Ouyang, “Remarks on the warped deformed conifold,” arXiv:hep-th/0108101.

[34] M. J. Strassler, “The duality cascade,” arXiv:hep-th/0505153.

[35] E. Cremmer, S. Ferrara, C. Kounnas and D. V. Nanopoulos, “Naturally Vanishing Cosmological Constant In N=1 Supergravity,” Phys. Lett. B 133 (1983) 61; J. R. Ellis, A. B. Lahanas, D. V. Nanopoulos and K. Tamvakis, “No - Scale Supersymmetric Standard Model,” Phys. Lett. B 134 (1984) 429;

N. Dragon, M. G. Schmidt and U. Ellwanger, “Sliding Scales In Minimal Supergravity,” Phys. Lett. B 145 (1984) 192; “Supersymmetry And Supergravity,” Prog. Part. Nucl. Phys. 18 (1987) 1;

A. B. Lahanas and D. V. Nanopoulos, “The Road To No Scale Supergravity,” Phys. Rept. 145 (1987) 1.

[36] G. W. Gibbons and S. W. Hawking, “Action Integrals And Partition Functions In Quantum Gravity,” Phys. Rev. D 15 (1977) 2752.

[37] H. Collins and B. Holdom, “Brane cosmologies without orbifolds,” Phys. Rev. D 62 (2000) 105009 [arXiv:hep-ph/0003173];

G. R. Dvali, G. Gabadadze and M. Porrati, “4D gravity on a brane in 5D Minkowski space,” Phys. Lett. B 485 (2000) 208 [arXiv:hep-th/0005016]; Y. V. Shtanov, “On brane-world cosmology,” arXiv:hep-th/0005193.

[38] M. Carena, A. Delgado, J. D. Lykken, S. Pokorski, M. Quirós and C. E. M. Wagner, “Brane effects on extra dimensional scenarios: A tale of two gravitons,” Nucl. Phys. B 609 (2001) 499 [arXiv:hep-ph/0102172];

C. Deffayet, G. R. Dvali and G. Gabadadze, “Accelerated universe from gravity leaking to extra dimensions,” Phys. Rev. D 65 (2002) 044023 [arXiv:astro-ph/0105068]; G. Kofinas, “General brane cosmology with (4)R term in (A)dS(5) or Minkowski bulk,” JHEP 0108 (2001) 034 [arXiv:hep-th/0108013];

C. Deffayet, S. J. Landau, J. Raux, M. Zaldarriaga and P. Astier, “Supernovae, CMB, and gravitational leakage into extra dimensions,” Phys. Rev. D 66 (2002) 024019 [arXiv:astro-ph/0201164];

E. Kiritsis, N. Tetradis and T. N. Tomaras, “Induced gravity on RS branes,” JHEP

0203 (2002) 019 [arXiv:hep-th/0202037];

V. Sahni and Y. Shtanov, “Braneworld models of dark energy,” JCAP 0311 (2003) 014 [arXiv:astro-ph/0202346];

A. Lue and G. Starkman, “Gravitational leakage into extra dimensions: Probing dark energy using local gravity,” Phys. Rev. D 67 (2003) 064002 [arXiv:astro-ph/0212083];

K. i. Maeda, S. Mizuno and T. Torii, “Effective gravitational equations on brane world with induced gravity,” Phys. Rev. D 68 (2003) 024033 [arXiv:gr-qc/0303039]; G. Kofinas, R. Maartens and E. Papantonopoulos, “Brane cosmology with curvature corrections,” JHEP 0310 (2003) 066 [arXiv:hep-th/0307138].

[39] M. A. Luty and R. Sundrum, “Hierarchy stabilization in warped supersymmetry,” Phys. Rev. D 64 (2001) 065012 [arXiv:hep-th/0012158].

[40] Z. Lalak, “Low energy supersymmetry in warped brane worlds,” arXiv:hep-th/0109074.

[41] D. Martí and A. Pomarol, “Supersymmetric theories with compact extra dimensions in N = 1 superfields,” Phys. Rev. D 64 (2001) 105025 [arXiv:hep-th/0106256].

[42] A. R. Frey, M. Lippert and B. Williams, Phys. Rev. D 68 (2003) 046008 [arXiv:hep-th/0305018].

[43] T. Gherghetta and A. Pomarol, “Bulk fields and supersymmetry in a slice of AdS,” Nucl. Phys. B 586 (2000) 141 [arXiv:hep-ph/0003129];

R. Altendorfer, J. Bagger and D. Nemeschansky, “Supersymmetric Randall-Sund-rum scenario,” Phys. Rev. D 63 (2001) 125025 [arXiv:hep-th/0003117]; A. Falkowski, Z. Lalak and S. Pokorski, “Supersymmetrizing branes with bulk in five-dimensional supergravity,” Phys. Lett. B 491 (2000) 172 [arXiv:hep-th/0004093];

E. Bergshoeff, R. Kallosh and A. Van Proeyen, “Supersymmetry in singular spaces,” JHEP 0010 (2000) 033 [arXiv:hep-th/0007044];

M. Zucker, “Supersymmetric brane world scenarios from off-shell supergravity,” Phys. Rev. D 64 (2001) 024024 [arXiv:hep-th/0009083].

[44] N. Maru and N. Okada, “Supersymmetric radius stabilization in warped extra dimensions,” Phys. Rev. D 70 (2004) 025002 [arXiv:hep-th/0312148] and arXiv:hep-th/0508113;

M. Eto, N. Maru and N. Sakai, “Radius stabilization in a supersymmetric warped compactification,” Phys. Rev. D 70 (2004) 086002 [arXiv:hep-th/0403009]; T. Kobayashi and K. Yoshioka, “Radiative stabilization of warped space,” JHEP 0411 (2004) 024 [arXiv:hep-ph/0409355].

[45] L. Randall and R. Sundrum, “Out of this world supersymmetry breaking,” Nucl.

Phys. B 557 (1999) 79 [arXiv:hep-th/9810155];

A. E. Nelson and M. J. Strassler, “Suppressing flavor anarchy,” JHEP 0009

(2000) 030 [arXiv:hep-ph/0006251] and “Exact results for supersymmetric renormalization and the supersymmetric flavor problem,” JHEP 0207 (2002) 021 [arXiv:hep-ph/0104051];

M. A. Luty and R. Sundrum, “Supersymmetry breaking and composite extra dimensions,” Phys. Rev. D 65 (2002) 066004 [arXiv:hep-th/0105137] and “Anomaly mediated supersymmetry breaking in four dimensions, naturally,” Phys. Rev. D 67 (2003) 045007 [arXiv:hep-th/0111231];

A. Anisimov, M. Dine, M. Graesser and S. Thomas, “Brane world SUSY breaking,” Phys. Rev. D 65 (2002) 105011 [arXiv:hep-th/0111235] and “Brane world SUSY breaking from string/M theory,” JHEP 0203 (2002) 036 [arXiv:hep-th/0201256]; T. Gherghetta and A. Pomarol, “The standard model partly supersymmetric,” Phys. Rev. D 67 (2003) 085018 [arXiv:hep-ph/0302001];

T. Gregoire, R. Rattazzi, C. A. Scrucca, A. Strumia and E. Trincherini, “Gravitational quantum corrections in warped supersymmetric brane worlds,” Nucl. Phys. B 720 (2005) 3 [arXiv:hep-th/0411216].