Received: February 28, 2001, Accepted: March 27, 2001 Revised: March 27, 2001

HYPER VERSION

Brane-bulk duality and non-conformal gauge theories

Zurab Kakushadze and Radu Roiban

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

roiban@insti.physics.sunysb.edu

Abstract: We discuss non-conformal gauge theories from type-IIB D3-branes embedded in orbifolded space-times. Such theories can be obtained by allowing some non-vanishing logarithmic twisted tadpoles. In certain cases with N = 0, 1 supersymmetry correlation functions in the planar limit are the same as in the parent N = 2 supersymmetric theories. In particular, the effective action in such theories perturbatively is not renormalized beyond one loop in the planar limit. In the N = 2 as well as such N = 0, 1 theories quantum corrections in the D3-brane gauge theories are encoded in the corresponding classical higher dimensional field theories whose actions contain the twisted fields with non-vanishing tadpoles. We argue that this duality can be extended to the non-perturbative level in the N = 2 theories. We give some evidence that this might also be the case for N = 0, 1 theories as well.

Keywords: 1/N Expansion, D-branes, Brane Dynamics in Gauge Theories.

Contents

1. Introduction 1

2. Setup 3 2.1 Tadpole cancellation 4

3. Non-conformal large-N gauge theories 8 3.1 Non-renormalization theorems in N = 1 theories 9 3.2 Pure supergluodynamics 11

4. Large-N limit and brane-bulk duality 12 4.1 Brane-bulk duality 13 4.2 A toy model 15

5. Examples with N = 2 supersymmetry 17 5.1 Unbroken gauge symmetry 17 5.2 Spontaneously broken gauge symmetry 19 5.3 Cases with matter 25

6. Examples with N = 1 supersymmetry 26

7. Non-supersymmetric theories 28

8. Comments on non-perturbative brane-bulk duality 30

9. Concluding remarks 32

A. Brane-bulk couplings 32

1. Introduction

In ’t Hooft’s large-N limit [1] gauge theories are expected to be drastically simplified. Thus, in this limit the gauge theory diagrams are organized in terms of Riemann surfaces, where each extra handle on the surface suppresses the corresponding diagram by 1/N^2. The large-N expansion, therefore, resembles perturbative expansion in string theory. In the case of four-dimensional gauge theories this connection can be made precise in the context of type-IIB string theory in the presence of a large number N of D3-branes [2].^1 Thus, we consider a limit where α^′ → 0, g_s → 0 and N → ∞, while keeping λ ≡ Ng_s fixed, where g_s is the type-IIB string coupling. Note that in this context a world-sheet with g handles and b boundaries is weighted with

(Ng_s)^bg^{2g−2}_s = λ^{2g−2+b}N^{−2g+2} . (1.1)

Once we identify g_s = g^2_{YM}, this is the same as the large-N expansion considered by ’t Hooft. Note that for this expansion to make sense we must keep λ at a small value λ < 1. In this regime we can map the string diagrams directly to (various sums of) large-N Feynman diagrams. Note, in particular, that the genus g = 0 planar diagrams dominate in the large-N limit.^2

If the space transverse to the D3-branes in the setup of [2] is R^6 , then we obtain the N = 4 supersymmetric U(N) gauge theory on the D3-branes, which is conformal. On the other hand, we can also consider orbifolds of R^6 , which leads to gauge theories with reduced supersymmetry.^3 As was shown in [2], if we cancel all twisted tadpoles in such models, in the large-N limit the corresponding N = 0, 1, 2 gauge theories are conformal. Moreover, in the planar limit the (on-shell) correlation functions in such theories are the same as in the parent N = 4 gauge theory.

In this paper we discuss non-conformal gauge theories within the setup of [2]. Such theories can be obtained by allowing some twisted tadpoles to be non-vanishing. In particular, we can have consistent embeddings of non-conformal gauge theories if we allow logarithmic tadpoles, which correspond to the twisted sectors with fixed point loci of real dimension two. In particular, even though the corresponding string backgrounds are not finite (in the sense that we have logarithmic ultra-violet divergences), they are still consistent as far as the gauge theories are concerned, and the divergences correspond to the running in the four-dimensional gauge theories on the D3-branes.

Regularization of the aforementioned divergences can be conveniently discussed in the context of what we refer to as the brane-bulk duality, which is a consequence of the open-closed string duality. In particular, in certain non-trivial N = 0, 1 cases in the planar limit the corresponding gauge theories perturbatively are not renormalized beyond one-loop. In fact, in this limit the (on-shell) correlation functions in these theories are the same as in the parent N = 2 non-conformal gauge theories. In the N = 2 as well as the aforementioned N = 0, 1 cases the brane-bulk duality is particularly simple, and implies that the quantum corrections in the corresponding gauge theories are encoded in classical higher dimensional field theories whose

1The generalization of this setup in the presence of orientifold planes was discussed in [3]. 2Note that if λ > 1, then no matter how large N is, for sufficiently many boundaries the higher genus terms become relevant, and we lose the genus expansion. In fact, in this regime one expects an effective supergravity description to take over as discussed in [4, 5, 6].

3The λ > 1 versions of these orbifold theories via the compactifications of type IIB on AdS_5 × (S^5/Γ) (where Γ is the orbifold group) were originally discussed in [7].

actions contain the twisted fields with non-vanishing tadpoles. In particular, various quantum corrections can be obtained via integrating out the bulk fields in the corresponding classical action, that is, by considering the self-interaction of the D3-branes via the bulk fields. We give explicit computations in various N = 0, 1, 2 examples in this context, including the treatment of divergences.

We also discuss whether the brane-bulk duality can be extended to the nonperturbative level in the aforementioned theories. In the N = 2 cases we argue that, since we are working in the large-N limit, the low energy effective action does not receive non-perturbative corrections. We also conjecture that this should be the case for the corresponding N = 0, 1 theories as well. In the N = 1 cases we verify that there are no non-perturbative corrections to the superpotential in these theories in the large-N limit.

The remainder of this paper is organized as follows. In section 2 we discuss our setup. In section 3 we discuss non-conformal large-N gauge theories which can be constructed within this setup. In section 4 we discuss the large-N limit and branebulk-duality. In sections 5, 6 and 7 we give details of classical computations that in the context of the brane-bulk duality reproduce quantum results in the corresponding N = 2, N = 1 and N = 0 gauge theories, respectively. In section 8 we comment on the non-perturbative extension of the brane-bulk duality. In section 9 we give a few concluding remarks. In appendix A we compute the brane-bulk couplings used in sections 5, 6 and 7.

2. Setup

In this section we discuss the setup within which we will consider four-dimensional large-N gauge theories in the context of brane-bulk duality. Parts of our discussion in this section closely follow [2]. Thus, consider type-IIB string theory in the presence of N coincident D3-branes with the space transverse to the D-branes 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). If Γ ⊂ SU(3)(SU(2)), we have N = 1 (N = 2) unbroken supersymmetry, and N = 0, otherwise.

We will 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 → (g_a)_{ij} X_j. The world-sheet fermionic superpartners of X_i transform in the same way. 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.

4This is always the case if there are some unbroken supersymmetries. If all supersymmetries are broken, this is also true if ̸∃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.

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 are mapped to the D3-brane world-volume. Moreover, we must consider various “twists” around the cycles of the Riemann surface. The choice of these “twists” corresponds to a choice of homomorphism of the fundamental group of the Riemann surface with boundaries to Γ.

For example, consider the one-loop vacuum amplitude (g = 0, b = 2). The corresponding graph is an annulus whose boundaries lie on D3-branes. The annulus amplitude is given by C = ∫_∞ 0 dt t Z . (2.1)

The one-loop partition function Z in the light-cone gauge is given by Z = 1 |Γ| ∑ a Tr ( g_a 1 − (−1)^F 2 e^{−2πtL0} ) , (2.2)

where L_0 is the light-cone hamiltonian, F is the fermion number operator, t is the real modular parameter on the cylinder, and the trace includes sum over the Chan- Paton factors. The states in the Neveu-Schwarz (NS) sector are space-time bosons and enter the partition function with weight +1, whereas the states in the Ramond (R) sector are space-time fermions and contribute with weight −1.

The elements g_a acting in the Hilbert space of open strings act both on the left end and the right end of the open string. This action corresponds to γ_a ⊗ γ_a acting on the Chan-Paton indices. The partition function (2.2), therefore, has the following form: Z = 1 |Γ| ∑ a (Tr(γ_a))^2 Z_a , (2.3)

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.

2.1 Tadpole cancellation In this subsection we discuss one-loop tadpoles arising in the above setup. As was pointed out in [2], if all tadpoles are canceled, then the resulting theory is finite in the large-N limit. However, not all tadpoles need to be canceled to have a consistent four-dimensional gauge theory. In fact, we can obtain non-conformal gauge theories if we allow such tadpoles.

The characters Z_a in (2.3) are given by

Z_a = 1 (8π^2α^′t)^2 1 [η(e^{−2πt})]^{2+da} [ X_a(e^{−2πt}) − Y_a(e^{−2πt}) ] , (2.4) where d_a is the real dimension of the set of points in R^6 fixed under the twist g_a. The factor of (8π^2α^′t)^2 in the denominator comes from the bosonic zero modes corresponding to four directions along the D3-brane world-volume. Two of the η-functions come from the bosonic oscillators corresponding to two spatial directions along the D3-brane world-volume (the time-like and longitudinal contributions are absent as we are working in the light-cone gauge). The other d_a η-functions come from the bosonic oscillators corresponding to the directions transverse to the D-branes untouched by the orbifold twist g_a. Finally, the characters X_a, Y_a correspond to the contributions of the world-sheet fermions, as well as the world-sheet bosons with g_a acting non-trivially on them (for a ≠ 1):

X_a = 1 2 Tr^′ [ g_ae^{−2πtL0} ] , Y_a = 1 2 Tr^′ [ g_a(−1)^F e^{−2πtL0} ] , (2.5)

where prime in Tr^′ indicates that the trace is restricted as described above.

For the annulus amplitude we therefore have C = 1 (8π^2α^′)^2 1 |Γ| ∑ a [A_a − B_a] , (2.6)

where

A_a = (Tr (γ_a))^2 ∫_∞ 0 dt t^3 1 [η(e^{−2πt})]^{2+da} X_a(e^{−2πt}) , B_a = (Tr (γ_a))^2 ∫_∞ 0 dt t^3 1 [η(e^{−2πt})]^{2+da} Y_a(e^{−2πt}) . (2.7)

These integrals^5 are generically divergent as t → 0 reflecting the presence of tadpoles. To extract these divergences we can change variables t = 1/ℓ so that the divergences correspond to ℓ → ∞:

A_a = (Tr(γ_a))^2 ∫_∞ 0 dℓ ℓ^{da/2} ∑ σ_a N_{σa} e^{−2πℓσa} , (2.8) B_a = (Tr(γ_a))^2 ∫_∞ 0 dℓ ℓ^{da/2} ∑ ρ_a N_{ρa} e^{−2πℓρa} . (2.9) The closed string states contributing to A_a (B_a) in the transverse channel are the NS-NS (R-R) states with L_0 = L_0 = σ_a(ρ_a) (and N_{σa} (N_{ρa} ) > 0 is the number of such

5For space-time supersymmetric theories the total tadpoles vanish: A_a − B_a = 0. (The entire partition function vanishes as the numbers of space-time bosons and fermions are equal.) For consistency, however, we must extract tadpoles from individual contributions A_a and B_a. Thus, for instance, cancellation of certain tadpoles coming from B_a is required for consistency of the equations of motion for the twisted R-R four-form which couples to D3-branes (see below).

states). The massive states with σ_a(ρ_a) > 0 do not lead to divergences as ℓ → ∞. On the other hand, the divergence property of the above integrals in the ℓ → ∞ limit is determined by the value of d_a. Given the orientability of Γ the allowed values of d_a are 0, 2, 4, 6. For d_1 = 6 there is no divergence in B_1, so we have no restriction for Tr(γ_1) = N. For d_a = 4 the corresponding twisted NS-NS closed string sector contains tachyons. This leads to a tachyonic divergence in A_a unless Tr(γ_a) = 0 for the corresponding g_a twisted sector. Finally, the ground states in the R-R sectors are massless, so we get divergences due to massless R-R states in the integral in B_a for large ℓ for d_a = 0, 2. In such sectors in non-supersymmetric cases we can also have tachyonic NS-NS divergences, while in supersymmetric cases we have massless NS-NS divergences.

To avoid complications with tachyons, for now we will focus on supersymmetric theories (we will discuss non-supersymmetric cases in section 7). We must therefore consider massless tadpoles arising for d_a = 0, 2. For d_a = 0 the corresponding integrals are linearly divergent with ℓ as ℓ → ∞. To cancel such a tadpole we must require that Tr (γ_a) = 0 for the corresponding g_a twisted sector. On the other hand, if such a tadpole is not canceled, in the four-dimensional field theory language this would correspond to having a quadratic (in the momentum) divergence at the oneloop order. This would imply that the corresponding four-dimensional background is actually inconsistent in the sense that either four-dimensional supersymmetry^6 and/or Poincaré invariance must be broken.^7 This is related to the fact that in such cases the corresponding twisted closed string states, which propagate only in the D3-brane world-volume as they are supported at the orbifold fixed points in R^6 , have inconsistent field equations (yet they couple to the gauge/matter fields describing the low energy limit of the D3-brane world-volume theory). In fact, as was pointed out in [2], generically uncancelled tadpoles arising in the d_a = 0 cases lead to non-abelian gauge anomalies in the corresponding D3-brane gauge theories. Thus, let us consider the following example. Let M = C^3 /Γ, where the action of Γ ≈ Z_3 on the complex coordinates z_α (α = 1, 2, 3) on M is that of the Zorbifold: g : z_α → ωz_α (where g is the generator of Γ, and ω ≡ e^{2πi/3}). Next, let us choose the representation of Γ when acting on the Chan-Paton charges as follows: γ_g = diag(1_{N1} , ω1_{N2} , ω^21_{N3} ) (where N_1 + N_2 + N_3 = N, and 1_m is an m × m identity matrix). The massless spectrum of this model is the N = 1 supersymmetric U(N_1)⊗ U(N_2) ⊗ U(N_3) gauge theory with the matter consisting of chiral supermultiplets in the following representations:

3 × (N_1, N_2, 1) , 3 × (1, N_2, N_3) , 3 × (N_1, 1, N_3) . (2.10)

6Note that if Γ ⊂ SU(3) contains a twist with d_a = 0, we have N = 1 supersymmetry. 7Since the corresponding twisted fields σ_a propagate in four dimensions, in the presence of the tadpoles their equations of motion read ∂^μ∂_μσ_a = c_a + · · · (μ = 0, 1, 2, 3, c_a are the tadpoles, and the ellipses stand for terms of higher power in σ_a), so that we can a priori have solutions with broken four-dimensional Poincaré invariance.

Note that this spectrum is anomalous for non-vanishing N_1, N_2, N_3 (the non-abelian gauge anomaly does not cancel) unless N_1 = N_2 = N_3. On the other hand, Tr(γ_g) = 0 if and only if N_1 = N_2 = N_3. Here we should mention that not all the choices of γ_a that do not satisfy Tr(γ_a) = 0 for d_a = 0 lead to such apparent inconsistencies. Thus, consider the same Γ as above but with γ_g = 1_N . The massless spectrum of this model is the N = 1 supersymmetric U(N) gauge theory with no matter, so it is anomaly free. In fact, for any orbifold group Γ containing a twist g_a with d_a = 0 we obtain an anomaly free theory only if Tr(γ_a) = 0 or γ_a = 1_N . In the latter case, however, as we discussed above, the corresponding background is nonetheless inconsistent, so we must require that for such twists Tr(γ_a) = 0.

Finally, let us discuss d_a = 2 cases. For such twists the corresponding integrals are only logarithmically divergent as ℓ → ∞. If such a tadpole is not canceled, that is, if the corresponding Tr(γ_a) ≠ 0, in the four-dimensional field theory language this corresponds to having a logarithmic divergence (in the momentum) at the one-loop order. As we will see in the following, these logarithmic divergences are precisely related to the running in the corresponding gauge theories, which are not conformal (even in the large-N limit). Note that the corresponding twisted closed string states now propagate in two extra dimensions, so that the four-dimensional backgrounds are perfectly consistent — the tadpoles for these fields simply imply that these fields have non-trivial (logarithmic) profiles in these two extra dimensions, while the four dimensions along the D-brane world-volume are still flat (and the four-dimensional supersymmetry is unbroken). In fact, the presence of such tadpoles does not introduce any anomalies.^8 A simple way to see this for general Γ is to note that (in supersymmetric cases which we are focusing on here) an individual twist with d_a = 2 preserves N = 2 supersymmetry, so that the corresponding gauge theory is anomaly free. This then immediately implies that we do not have any non-abelian gauge anomalies in a theory with multiple such twists either. Indeed, such anomalies would have to arise at the one-loop level. In the string theory language the relevant diagram is a g = 0, b = 2 diagram (the annulus) with three external lines corresponding to non-abelian gauge fields attached to a single boundary. Thus, if we attach two external lines to one boundary, while the third one to another boundary, the corresponding diagram will vanish — indeed, the Chan-Paton structure of such a diagram is given by (λ_r, r = 1, 2, 3, are the Chan-Paton matrices corresponding to the external lines) Tr (λ_1λ_2γ_a) Tr (λ_3γ_a) , (2.11)

which vanishes as for non-abelian gauge fields Tr(λ_r) = 0, so Tr(λ_rγ_a) = 0 as well for by definition λ_r are invariant under the orbifold group action as λ_r correspond

8This was shown for Γ ≈ Z_m ⊗ Z_n in [8] in a somewhat more complicated way.

to the gauge bosons of the gauge group left unbroken by the orbifold (in particular, note that λ_r commute with γ_a). As to the aforementioned diagram with all three external lines attached to one boundary, its Chan-Paton structure is given by

Tr (λ_1λ_2λ_3γ_a) Tr (γ_a) . (2.12)

For twists with d_a = 2, each diagram of this type is N = 2 supersymmetric as it does not contain any information about further supersymmetry breaking (that is, the characters corresponding to the world-sheet degrees of freedom multiplying the Chan-Paton trace (2.12) are those of an N = 2 theory), so such diagrams do not introduce any anomalies. We therefore conclude that a theory with multiple d_a = 2 twists with Tr(γ_a) ≠ 0 is also anomaly free.

Thus, as we see, in supersymmetric cases we can have non-trivial twists with d_a = 0, 2. Consistency of the background requires that

Tr(γ_a) = 0 for d_a = 0 , (2.13)

while for d_a = 2 we do not have such a restriction.

3. Non-conformal large-N gauge theories

In this section we discuss certain large-N gauge theories arising in the above setup with some twists g_a with d_a = 2 such that Tr(γ_a) ≠ 0. As we have already mentioned, such theories are not conformal. The simplest examples of such theories are those with N = 2 supersymmetry. Perturbatively such theories are not renormalized beyond the one-loop order. We can also construct non-conformal N = 1 supersymmetric theories in this way. In general such theories are rather complicated. However, as we will see in the following, certain non-trivial N = 1 theories of this type have the property that in the large-N limit the leading (that is, planar) diagrams do not renormalize the gauge theory correlators beyond the one-loop order. In fact, the corresponding correlation functions in such an N = 1 theory are (up to overall numerical coefficients) the same as in a parent N = 2 theory.

The simplest example of an N = 2 theory is obtained if we take M = C^3 /Γ, where the action of Γ ≈ Z_2 on the complex coordinates z_α (α = 1, 2, 3) on M is as follows: R : z_1 → z_1, R : z_{2,3} → −z_{2,3} (where R is the generator of Γ). Next, let us choose the representation of Γ when acting on the Chan-Paton charges as follows: γ_R = 1_N . The massless spectrum of this model is the N = 2 supersymmetric U(N) gauge theory with no matter. The non-abelian part of this theory is not conformal, and is asymptotically free. As to the overall center-of-mass U(1), it is free, and can therefore be ignored.

More generally, if we have twists with γ_a ≠ 1_N , the gauge group generically is a product of U(N_k) factors, and we also have matter, which can be obtained using the quiver diagrams (see [9, 10, 11]^9). There is always an overall center-of-mass U(1), which is free. Other U(1) factors, however, run as the matter is charged under them. In the large-N limit, however, these U(1)’s decouple in the infra-red, and can therefore also be ignored.^{10}

3.1 Non-renormalization theorems in N = 1 theories

As we have already mentioned, within the above setup we can construct non-trivial N = 1 supersymmetric theories which are not renormalized beyond the one-loop order in the planar limit. The idea here is similar to that in [2], where it was noticed that in theories with vanishing twisted tadpoles the planar diagrams are the same (up to overall numerical factors) as in the parent N = 4 theory. This is because the diagrams that contain information about supersymmetry breaking always contain twisted Chan-Paton traces Tr(γ_a), which vanish in such theories. In this subsection we will consider theories where the planar diagrams are the same as in a parent N = 2 theory in essentially the same way.

To obtain such models, consider an orbifold

Figure 1: A planar diagram.

group Γ, which is a subgroup of SU(3) but is not a subgroup of SU(2). Let ~Γ be a non-trivial subgroup of Γ such that ~Γ ⊂ SU(2). We will allow the Chan-Paton matrices γ_a corresponding to the twists g_a ∈ ~Γ (which have d_a = 2) not to be traceless, so that the corresponding N = 2 model is not conformal. However, we will require that the other Chan-Paton matrices γ_a for the twists g_a ∉ ~Γ be traceless. The resulting N = 1 model is not conformal. However, in the planar limit the perturbative gauge theory amplitudes are not renormalized beyond one loop.

The proof of this statement is straightforward. Thus, consider a planar diagram with b boundaries (but no handles)^{11} with all external lines attached to a single boundary, which without loss of generality can be chosen to be the outer boundary. Such a diagram is depicted in figure 1. Next, we

9A T-dual description of such models can be studied in the context of the brane-box models [12]. 10As was pointed out in [13, 14], in some cases these U(1)’s are actually anomalous, and are broken at the tree-level via the generalized Green-Schwarz mechanism. In particular, in cases with twists with d_a = 0 we have mixed U(1)_k SU(N_l)^2 anomalies. However, in the cases with matter we are interested in here we do have running U(1)’s that are anomaly free. These U(1)’s decouple in the infra-red in the large-N limit.

11Such a diagram corresponds to a (b − 1)-loop diagram in the field theory language.

need to specify the twists on the boundaries. A convenient choice (consistent with that made for the annulus amplitude (2.2)) is given by^{12}

γ_{a1} = b∏ s=2 γ_{as} , (3.1)

where γ_{a1} corresponds to the outer boundary, while γ_{as} , s = 2, . . . , b, correspond to inner boundaries. Let λ_r, r = 1, . . . , M, be the Chan-Paton matrices corresponding to the external lines. Then the above planar diagram has the following Chan-Paton group-theoretic dependence: ∑ Tr (γ_{a1} λ_1 · · · λ_M ) b∏ s=2 Tr(γ_{as} ) , (3.2)

where the sum involves all possible distributions of the γ_{as} twists that satisfy the condition (3.1), as well as permutations of the λ_r factors (note that λ_r here correspond to the states that are kept after the orbifold projections, so that they commute with all γ_a). Note that the diagrams with all twists g_a ∈ ~Γ are (up to overall numerical coefficients) the same as in the parent N = 2 theory, and therefore vanish beyond one loop. All other diagrams contain at least one twist g_{as} ∉ ~Γ with s > 1. This follows from the condition (3.1). This then implies that all such diagrams vanish as

Tr(γ_a) = 0 , g_a ∉ ~Γ . (3.3)

In particular, this implies that the non-abelian gauge couplings do not run in the large-N limit beyond one loop.^{13} The anomalous scaling dimensions (two-point functions corresponding to the wave-function renormalization) for matter fields,^{14} the corresponding diagrams are (up to overall numerical factors) the same as in the parent N = 2 theory, so they are not renormalized in the planar limit. Finally, the Yukawa (three-point) and quartic scalar (four-point) couplings are not renormalized in perturbation theory due to the N = 1 non-renormalization theorem for the superpotential.

Let us now consider a simple example of the aforementioned gauge theories. Thus, let ~Γ = {~g_a|a = 1, . . . , |~Γ|} ⊂ SU(2), and let the corresponding twisted Chan- Paton matrices ~γ_a = 1_{2N} . Let us assume that ~g_a act non-trivially on the complex coordinates z_2, z_3 on ~M = C^3 /~Γ, while leaving the coordinate z_1 untouched. Moreover,

12Here some care is needed in the cases where the orbifold group Γ is non-abelian, and we have to choose base points on the world-sheet to define the twists. Our discussion here, however, is unmodified also in this case.

13More precisely, the higher loop contributions to the gauge coupling running, which come from the diagrams with handles, are subleading in the large-N limit compared with the leading one-loop contribution. This is analogous to what happens in theories discussed in [15]. In fact, the techniques used there to prove that the higher loop corrections are subleading are very similar to the one we are using here.

14Note that in such theories all matter fields are non-trivially charged under the non-abelian gauge subgroup.

let us assume that the orbifold group ~Γ is abelian, and its action on the coordinates z_2, z_3 is diagonal. Next, let R be a generator of a Z_2 group with the following action: R : z_{1,2} → −z_{1,2}, R : z_3 → z_3. Note that R commutes with ~g_a ∈ ~Γ. The full orbifold group is given by Γ = {~g_a, ^g_a|a = 1, . . . , |~Γ|}, which is also abelian, and ^g_a ≡ R~g_a. Let the twisted Chan-Paton matrix γ_R = diag(1_N , −1_N ). Then the theory is the N = 1 supersymmetric U(N) ⊗ U(N) gauge theory with chiral matter multiplets, call them ϕ and χ, in (N, N) and (N, N), respectively (in the following we will ignore the U(1) factors). Note that there is no tree-level superpotential in this theory:

W_{tree} = 0 . (3.4)

This implies that we can break the gauge group down to the diagonal SU(N) subgroup by giving the appropriate vacuum expectation values to the fields ϕ and χ. The resulting theory in the IR is then the N = 2 supersymmetric SU(N) gauge theory without matter. In the string theory language this corresponds to moving the D3-branes off the Z_2 orbifold singularity, hence the N = 2 supersymmetry of the resulting theory.

3.2 Pure supergluodynamics

Before we end this section, as an aside we would like to discuss an embedding of pure N = 1 supergluodynamics in the setup discussed in section 2. Thus, consider the orbifold group Γ ≈ Z_2 ⊗ Z_2 with the generators R_1 and R_2 of the two Z_2’s acting on the complex coordinates z_α on M = C^3 /Γ as follows:

R_α : z_β → −(−1)^{δαβ} z_β , (3.5)

where R_3 ≡ R_1R_2. Next, let the twisted Chan-Paton matrices be given by γ_{Rα} = 1_N . The D3-brane gauge theory is then given by the N = 1 supersymmetric SU(N) super- Yang-Mills theory without matter (plus an overall U(1) which can be ignored). Note that the real dimensions of the points fixed under the twists R_α are d_α = 2.

The above embedding shows that at least perturbatively pure supergluodynamics possesses a discrete symmetry, which is not evident in the field theory language. Thus, we have the Z_2 ⊗ Z_2 symmetry as all the interactions involving twisted closed string states must be invariant under the orbifold group. In addition, we have a Z_3 symmetry which permutes the closed string states coming from the R_α twisted sectors. In particular, the generator θ of this Z_3 group has the following action:

θR_αθ^{−1} = R_{α+1} , R_{α+3} ≡ R_α . (3.6)

Thus, the Z_3 subgroup does not commute with the Z_2 ⊗Z_2 subgroup. Thus, R_1 and θ generate a non-abelian discrete subgroup of SO(3), namely, the tetrahedral group T .

Thus, as we see, the perturbative large-N pure superglue theory possesses a discrete Z_3 symmetry. In fact, this symmetry persists even at finite N. Indeed, even the diagrams with handles possess this symmetry as this symmetry is a symmetry of the underlying embedding of the pure supergluodynamics into string theory via the orbifold setup. In fact, within this setup the Z_3 symmetry is a discrete gauge symmetry. Indeed, instead of Z_2 ⊗ Z_2, the orbifold group can be chosen as the full tetrahedral group T , where the generator θ of the Z_3 subgroup of T acts on the complex coordinates z_α as follows: θ : z_α → z_{α+1} (z_{α+3} ≡ z_α). If we now choose the twisted Chan-Paton matrix γ_θ = 1_N , then the D3-brane gauge theory is still pure superglue. This embedding makes it evident that the Z_3 symmetry is indeed a gauge symmetry, so it might be an exact symmetry of pure superglue even nonperturbatively.^{15}

We would like to end this subsection by pointing out one immediate consequence of the aforementioned Z_3 symmetry — both the one-loop as well as the two-loop^{16} β-function coefficients in the pure supergluodynamics are multiples of 3.

4. Large-N limit and brane-bulk duality

As we mentioned in Introduction, perturbative expansion of D3-brane gauge theories simplifies substantially in the large-N limit. It is advantageous to work in the full string theory framework, which in a way is much simpler than the Feynman diagram techniques. (At the end of the day we will take the α^′ → 0 limit, which amounts to reducing the theory to the gauge theory subsector.) Thus, in the string theory language there are two classes of diagrams we need to consider: (i) diagrams without handles; (ii) diagrams with handles. The latter correspond to closed string loops, and can be neglected as they are subleading in the large-N limit. We will therefore focus on the diagrams without handles. The latter diagrams can be viewed as tree-level closed string graphs connecting various boundaries. This suggests that (upon taking the α^′ → 0 limit) in some cases (which we will identify in a moment) we might be able to rewrite the perturbative expansion in the large-N limit of the corresponding gauge theories in the language where various quantum corrections in the gauge theory are encoded in a classical higher dimensional field theory. The effective quantum action for the four-dimensional large-N gauge theory is then obtained by starting with the corresponding higher dimensional classical action, integrating out the bulk fields, and restricting to the gauge theory subsector.^{17} That is, we consider the D-branes

15We can identify other discrete gauge symmetries of this theory in a similar fashion. Thus, consider an orbifold group Γ which is a subgroup of SO(3) but not a subgroup of SU(2). The corresponding gauge theory has N = 1 supersymmetry. Note that the non-trivial twists in Γ all have d_a = 2, and we can choose the corresponding twisted Chan-Paton matrices as γ_a = 1_N , so that (upon dropping the overall U(1)) we obtain the SU(N) pure super-Yang-Mills theory. An appropriate abelian subgroup of Γ is then a symmetry of this theory.

16Note that beyond two loops the β-function becomes gauge dependent.

17This way we can obtain perturbative corrections to various on-shell gauge theory correlators as we are using an on-shell formulation of the corresponding string theory.

in the background of the bulk fields that is created by the D-branes themselves.^{18} The field theory cut-off in this language arises precisely from the fact that, in the above setup, the twisted closed string states have tadpoles resulting in logarithmic profiles in the extra dimensions, and we need to regularize these profiles at the sources, that is, the D-branes, whose locations in the extra dimensions are given by points in M.

4.1 Brane-bulk duality

The aforementioned proposal that in the large-N limit various quantum corrections in the D-brane gauge theory should in some cases be encoded in a higher dimensional classical field theory is what we refer to as the brane-bulk duality. In this subsection we would like to identify the cases where the brane-bulk duality is applicable as stated above. Note that the brane-bulk duality is a consequence of the open-closed duality property of string theory. In particular, the diagrams without handles in the transverse closed string channel can indeed be viewed as tree-level closed string graphs connecting various boundaries. At the one-loop order the corresponding diagram (up to external lines) is an annulus, where two boundaries are connected by a single closed string tube. In particular, this diagram does not involve closed string interactions. Moreover, in the field theory limit α^′ → 0 contributions due to the massive closed string states in the transverse closed string channel are always finite. That is, these contributions correspond to heavy string thresholds. In the field theory language they translate into subtraction scheme dependent artifacts, which arise due to a particular choice of regularization. Thus, at the one-loop order the contributions due to massive string modes can be absorbed into the subtraction scheme dependence, so that in the field theory limit the brane-bulk duality indeed holds — various one-loop corrections in the gauge theory can be computed by calculating the classical D-brane self-interaction via the massless bulk fields.

Beyond the one-loop order, however, that is, when the number of boundaries is greater than two, we must include closed string interactions in the transverse closed string channel. The massive closed string states are now expected to contribute in a non-trivial way. In particular, a priori there is no longer a clear interpretation of these contributions in terms of thresholds. Another way of phrasing this is that at higher loop orders we can have mixed contributions coming from both massless as well as massive states. That is, in general the brane-bulk duality can still be formulated except that at higher loop orders it will involve massless as well as infinitely many massive states as far as the corresponding higher dimensional classical “field theory” is concerned. In particular, in general this classical “field theory” is nothing but the corresponding closed string theory, so we are back to the original open-closed string duality.

18Such a self-interaction in the case of strings was discussed in [16, 17].

There are, however, non-trivial cases where in the large-N limit the bulk closed string theory can be consistently truncated to a field theory containing only a finite number of massless fields. These cases are those where in the planar limit the gauge theory perturbatively is not renormalized beyond one loop. Thus, this is clearly the case for N = 2 theories. In theories without matter this, in fact, holds even at finite N. In theories with matter, however, we have running U(1)’s whose decoupling is ensured only in the large-N limit.

In subsection 3.1 we discussed N = 1 theories which perturbatively are not renormalized beyond the one-loop order in the planar limit. It is clear that the aforementioned formulation of the brane-bulk duality also holds in such theories, where, once again, various quantum corrections in the gauge theory are encoded in a higher dimensional classical field theory with a finite number of massless fields. In fact, in N = 2 as well as N = 1 theories the bulk fields entering the relevant part of the corresponding higher dimensional classical action are twisted closed string states. Indeed, at the one-loop order the diagrams involving untwisted closed string states in the transverse closed string channel are N = 4 supersymmetric, so that they do not contribute into the renormalization of the corresponding (on-shell) gauge theory correlators.

To clarify the above discussion, let us give a schematic description of the above procedure for obtaining quantum corrections in the corresponding gauge theories via the brane-bulk duality. Thus, we start from the classical action

S = S_{brane}[Φ] + S_{bulk}[σ] + S_{int}[Φ, σ] , (4.1)

where Φ is a collective notation for the (fractional) D3-brane world-volume fields, while σ is a collective notation for the massless twisted bosonic (NS-NS and R-R) bulk fields; S_{brane}[Φ] is the classical four-dimensional action for the brane fields Φ, while S_{bulk}[σ] is the classical higher dimensional action for the bulk fields σ (note that some of these fields such as twisted closed string states propagate in less than 10 dimensions); finally, S_{int}[Φ, σ], which is a classical four-dimensional functional (with the integral over the (fractional) D3-brane world-volume), describes the coupling of the bulk fields to the brane fields, as well as to the brane itself (in particular, it includes all tadpoles). Since here we are interested in one-loop corrections in the gauge theory language, the action S_{bulk}[σ] contains only the terms quadratic in σ (that is, the kinetic terms), while S_{int}[Φ, σ] contains only the terms linear in σ. Moreover, the fields σ include only the twisted fields with non-vanishing (logarithmic) tadpoles.

Next, we solve the equations of motion for σ following from the above action: δS_{bulk} δσ = − δS_{int} δσ . (4.2)

In particular, we are interested in the solution where the fields σ do not explicitly depend on the coordinates x^μ along the D3-brane world-volume, but only functionally via Φ(x^μ), ∂_ν Φ(x^μ), . . .; this solution, however, does in general explicitly depend on the coordinates x^i transverse to the D-branes. Let us denote this solution via σ. The effective quantum action for the fields Φ in the large-N limit is then given by

S^{qu}_{brane}[Φ] = S_{brane}[Φ] + S_{int}[Φ, σ] . (4.3)

Note that σ|_{D3} are generically divergent, so we need to further clarify the meaning of the second term in (4.3). Thus, let J ≡ δS_{int} δσ | | |_{Φ=0} . (4.4)

Note that J are independent of x^μ, and, in fact, are nothing but the tadpoles for the fields σ. If all Tr(γ_a) = 0 (for d_a = 0, 2), then there are no tadpoles for the corresponding twisted fields (that is, the corresponding J = 0), and the large-N gauge theory is finite [2].^{19} On the other hand, if some Tr(γ_a) ≠ 0 for twists with d_a = 2, some divergences no longer cancel, and we need to regularize σ|_{D3} in (4.3). Note, however, that the corresponding divergences are only logarithmic, and, in fact, correspond to the running in the four-dimensional gauge theory, which is no longer conformal.

4.2 A toy model

In this subsection we would like to address one technical point in the context of the brane-bulk duality, namely, the issue of regularizing the aforementioned divergences. Here we will consider a simple toy model which possesses the main ingredients for illustrating the regularization procedure. In fact, as we will see in the following sections, this model actually captures all the key features of the N = 2 models as well the N = 1 models discussed in subsection 3.1.

Thus, consider the six dimensional theory with the following action: S = − 1 2 ∫ d^6x ∂_M ϕ ∂^M ϕ − a ∫ Σ d^4x O_4 − bL^2 ∫ Σ d^4x ϕ O_4 − cL^{−2} ∫ Σ d^4x ϕ . (4.5)

Here ϕ(x^M ) is a six dimensional scalar field, whose dimension is (mass)^2; O_4(x^μ) is a four-dimensional operator with dimension (mass)^4 localized on the hypersurface Σ; the couplings a, b, c (which are assumed to be non-vanishing) are dimensionless; finally, L is a parameter of dimension (length).

In the above action ϕ is an analog of a twisted closed string state with a nonvanishing tadpole (the last term in (4.5)); Σ plays the role of a 3-brane; O_4 is an analog of a dimension-four gauge theory operator such as Tr(F^2); finally, L^2 is analogous to α^′.

19More precisely, various U(1) factors can still run, but, as we have already mentioned, in the large-N limit they decouple in the infra-red, and can therefore be ignored.

Following the procedure described in the previous subsection, we look for a solution to the equation of motion for ϕ:

∂_M ∂^M ϕ = [ bL^2O_4(y) + cL^{−2} ] δ^{(2)}(z) . (4.6)

Here z^i ≡ x^i are the coordinates transverse to the 3-brane (whose location is chosen to be z^i = 0); also, we use the notation y^μ ≡ x^μ. It is convenient to Fourier transform to the momentum space ϕ(p, k) ≡ ∫ d^4y d^2z e^{ip·y+ik·z} ϕ(y, z) , (4.7) where p^μ and k^i are the momenta corresponding to y^μ and z^i, respectively. Thus, we have the following solution ϕ(p, k) = − [ bL^2 O_4(p) k^2 + p^2

+ (2π)^4cL^{−2} δ^{(4)}(p) k^2 ] . (4.8)

This gives ϕ(p, z) = − ∫ d^2k (2π)^2 e^{−ik·z} [ bL^2 O_4(p) k^2 + p^2

+ (2π)^4cL^{−2} δ^{(4)}(p)

k^2 ] . (4.9)

The corresponding effective quantum action on the 3-brane is then given by

S^{qu}_Σ = −a ∫ Σ d^4y O_4(y) − bL^2 ∫ Σ d^4y ϕ(y, z = 0) O_4(y) − cL^{−2} ∫ Σ d^4y ϕ(y, z = 0)

= −aO_4(p = 0) − bL^2 ∫ d^4p (2π)^4 ϕ(p, z = 0) O_4(−p) − cL^{−2}ϕ(p = 0, z = 0) (4.10) = − [ a − bc 2π^2 ∫ d^2k k^2 ] O_4(p = 0) + b^2L^4 ∫ d^4p (2π)^4 ∫ d^2k (2π)^2

O_4(p)O_4(−p) k^2 + p^2 + · · · , where the ellipses in the last line stand for a divergent constant piece (which does not contain the operator O_4, and is proportional to c^2 as it is solely due to the presence of the ϕ tadpole).

The second term in the last line in (4.10) is a non-local higher dimensional operator, and it disappears in the L^2 → 0 limit. The first term containing O_4(p = 0) is the same as that in the classical 3-brane world-volume action except for the corresponding coupling — the quantum coupling in S^{qu}_Σ is a renormalized coupling: ~a = a − bc 2π^2

∫_k2_{=Λ}2

k^2=μ^2

d^2k k^2 = a − bc 2π ln ( Λ^2 μ^2 ) . (4.11)

Here Λ is an ultra-violet (UV) cut-off, while μ is the infra-red (IR) cut-off. In the fourdimensional 3-brane world-volume field theory language the IR cut-off is interpreted as the renormalization group (RG) scale at which the renormalized coupling ~a = ~a(μ) is measured.

Thus, if in the above toy model we adapt the interpretation of the previous subsection, from the classical dynamics of the bulk field ϕ we will obtain the “oneloop” renormalization of the 3-brane world-volume field theory. In fact, in this model the 3-brane world-volume theory is not renormalized beyond the “one-loop” order.

5. Examples with N = 2 supersymmetry

In this section we would like to apply the brane-bulk duality discussed in the previous section to gauge theories arising in the orbifold construction discussed in section 2. Here we will focus on the simplest examples of this type, in particular, those with N = 2 supersymmetry. Perturbatively such gauge theories are not renormalized beyond the one-loop order even for finite N. Thus, the brane-bulk duality in such examples can be understood in detail.^{20}

We described the simplest example of an N = 2 gauge theory in the above context in the beginning of the previous section. In this example Γ ≈ Z_2, and the twisted Chan-Paton matrix γ_R = 1_N . The gauge group is U(N), and we have no matter fields. In subsection 5.1 we discuss the brane-bulk duality in this model in the case of unbroken gauge symmetry. We will discuss the case of spontaneously broken gauge symmetry in subsection 5.2. Finally, in subsection 5.3 we discuss examples with matter.

5.1 Unbroken gauge symmetry

To discuss the brane-bulk duality in this model, we need the relevant part of the classical action containing the D3-brane as well as the bulk fields. This action has the following form [9] (we are not including terms containing F ∧ F for we are going to be interested in renormalization of the F^2 term):^{21} S = − ∫ D3 ( a Tr [F^{μν} F_{μν} ] + b σ Tr [F^{μν} F_{μν} ] + c σ + d ϵ^{μνσρ} C_{μν} Tr [F_{σρ}] ) − − ∫ D3×R^2 ( 1 2 ∂^μσ ∂_μσ + 1 12 H^{μνσ}H_{μνσ} ) . (5.1)

Here σ is a twisted NS-NS scalar, while C_{μν} is a twisted two-form (whose field strength is H_{μνσ}). We have normalized the kinetic terms of the bulk σ and C_{μν} fields in the standard way. Once this normalization is fixed, the couplings b, c, d can be determined. We discuss these couplings in appendix A. The combinations relevant

20Here we are considering the regime where the effective ’t Hooft coupling is small. Supergravity duals of N = 2 theories in the regime where the effective ’t Hooft coupling is large were discussed in [18, 19].

21Here we are using the fact that γ_R = 1_N . Also, in Tr [F_{μν} ] only the U(1) contribution is non-vanishing.

for our discussion here are given by

bc = 2Nd^2 = N 8π . (5.2)

Finally, the coupling a is given by a = 1 2g^2_{YM}

, (5.3)

where g_{YM} is the tree-level Yang-Mills gauge coupling, and the U(N) generators T^A are normalized as 2 Tr ( T^AT^B ) = δ^{AB}. The Yang-Mills gauge coupling is related to the string coupling g_s via g^2_{YM} = 2πg_s.

As in section 4, we solve classical equations of motion for the fields σ and C_{μν} (the latter is a gauge field, so we must use gauge fixing such as ∂^μC_{μν} = 0), and integrate them out of the classical action (5.1). The resulting effective quantum action is given by (we are using the momentum representation, and drop higher dimensional terms as well as those independent of F_{μν} ):

S^{qu}_{brane} = − ∫ d^4p (2π)^4 ([ a − bc 2π^2 ∫ d^2k k^2 ] Tr [F^{μν} (p) F_{μν} (−p)] + + d^2 π^2 ∫ d^2k k^2 + p^2

Tr [F^{μν} (p)] Tr [F_{μν} (−p)] ) . (5.4)

Since only the U(1) subgroup contributes into Tr[F_{μν} ], we can rewrite the last term in the above expression in terms of the U(1) field strength f_{μν} (note that the corresponding generator is 1_N / √ 2N):

Tr[F^{μν} (p)] Tr[F_{μν} (−p)] = Tr[f^{μν} (p)] Tr[f_{μν} (−p)] = N Tr[f^{μν} (p) f_{μν} (−p)] . (5.5)

Thus, we have

S^{qu}_{brane} = − ∫ d^4p (2π)^4 ([ a − bc 2π^2 ∫ d^2k k^2 ] Tr [ ^F^{μν} (p) ^F_{μν} (−p) ] + (5.6) + [ a − bc 2π^2 ∫ d^2k k^2 + Nd^2 π^2 ∫ d^2k k^2 + p^2 ] Tr [f^{μν} (p) f_{μν} (−p)] ) , where ^F_{μν} is the SU(N) field strength. Note that the integrals contributing to the f^2 coupling individually are UV divergent. However, since we have (5.2), the total contribution is UV finite. On the other hand, the first integral is IR divergent, while the second integral is IR finite for p^2 > 0 (for this latter integral the p^2 term in the denominator plays the role of the IR cut-off). We must therefore introduce an IR cut-off in the first integral. The fact that the U(1) gauge coupling should not be renormalized then dictates that the IR cut-off in the first integral must be chosen as follows:^{22} a − bc 2π^2 ∫ k^2=p^2

d^2k k^2 + Nd^2 π^2 ∫ k^2=0

d^2k k^2 + p^2

= a . (5.7)

The effective quantum action therefore reads:

S^{qu}_{brane} = − ∫ d^4p (2π)^4 ( ~a(p^2) Tr [ ^F^{μν} (p) ^F_{μν} (−p) ] + a Tr [f^{μν} (p) f_{μν} (−p)] ) , (5.8)

where 2~a(p^2) ≡ 2a − bc π^2

∫_k2_{=Λ}2

k^2=p^2

d^2k k^2 = 1 g^2_{YM} + β_0 16π^2 ln ( Λ^2 p^2 ) . (5.9)

This is nothing but the one-loop renormalized Yang-Mills gauge coupling with the β-function coefficient β_0 = −2N.

5.2 Spontaneously broken gauge symmetry In this subsection we will discuss the brane-bulk duality in the above model in the case where the gauge symmetry is spontaneously broken: U(N) → U(N_1) ⊗ U(N_2), N_1 + N_2 = N. In the field theory language this corresponds to the complex adjoint scalar in the N = 2 vector supermultiplet having an appropriate vacuum expectation value. In the string theory language this corresponds to splitting the N D3-branes into two stacks of N_1 and N_2 D3-branes, and moving them apart by some distance X in the two real directions transverse to the D-branes untouched by the Z_2 orbifold action.

The relevant part of the classical action in this case is given by: S = − ∫ D3_1

a Tr[F^{μν}_1 F_{1μν} ] + b σ Tr[F^{μν}_1 F_{1μν} ] + c_1 σ + d ϵ^{μνσρ} C_{μν} Tr[F_{1σρ}] − − ∫ D3_2

a Tr[F^{μν}_2 F_{2μν} ] + b σ Tr[F^{μν}_2 F_{2μν} ] + c_2 σ + d ϵ^{μνσρ} C_{μν} Tr[F_{2σρ}] − − ∫ D3×R^2 ( 1 2 ∂^μσ ∂_μσ + 1 12 H^{μνσ}H_{μνσ} ) . (5.10)

The couplings a, b, d are the same as before, while the relevant combinations containing the couplings c_{1,2} are now given by

bc_{1,2} = 2N_{1,2}d^2 . (5.11)

In the following we will assume that the D3_{1,2}-branes (that is, the stacks of N_{1,2} D3-branes) are located at x^i = x^i_{1,2}, respectively, in the extra two dimensions. Here x^i, i = 1, 2, are real coordinates, and in the following we will use the notation X^i ≡ x^i_1 − x^i_2, X^2 ≡ X^iX^i.

22Here we should point out that the U(1) gauge coupling can in general receive finite (string) threshold corrections. Here, however, we ignore such corrections as we are interested in the field theory limit.

Upon integrating out the bulk fields, we obtain:

S^{qu}_{brane} = − ∫ d^4p (2π)^4 ([ a − bc_1 2π^2 ∫ d^2k k^2 − bc_2 2π^2 ∫ d^2k k^2 e^{ik·X} ] Tr [F^{μν}_1 (p) F_{1μν} (−p)] + + [ a − bc_2 2π^2 ∫ d^2k k^2 − bc_1 2π^2 ∫ d^2k k^2 e^{ik·X} ] Tr [F^{μν}_2 (p) F_{2μν} (−p)] + + d^2 π^2 ∫ d^2k k^2 + p^2 ( Tr [F^{μν}_1 (p)] Tr [F_{1μν} (−p)] +

+ Tr [F^{μν}_2 (p)] Tr [F_{2μν} (−p)] ) + + 2d^2 π^2 ∫ d^2k k^2 + p^2 e^{ik·X} Tr [F^{μν}_1 (p)] Tr [F_{2μν} (−p)] ) . (5.12)

As in the previous subsection, let us separate the U(1) contributions:

S^{qu}_{brane} = − ∫ d^4p (2π)^4 ([ a − bc_1 2π^2 ∫ d^2k k^2 − bc_2 2π^2 ∫ d^2k k^2 e^{ik·X} ] Tr [ ^F^{μν}_1 (p) ^F_{1μν} (−p) ] + + [ a − bc_2 2π^2 ∫ d^2k k^2 − bc_1 2π^2 ∫ d^2k k^2 e^{ik·X} ] Tr [ ^F^{μν}_2 (p) ^F_{2μν} (−p) ] + + [ a − bc_1 2π^2 ∫ d^2k k^2 − bc_2 2π^2 ∫ d^2k k^2 e^{ik·X} + + N_1d^2 π^2 ∫ d^2k k^2 + p^2 ] Tr [f^{μν}_1 (p) f_{1μν} (−p)] + + [ a − bc_2 2π^2 ∫ d^2k k^2 − bc_1 2π^2 ∫ d^2k k^2 e^{ik·X} + + N_2d^2 π^2 ∫ d^2k k^2 + p^2 ] Tr [f^{μν}_2 (p) f_{2μν} (−p)] + + 2d^2 π^2 ∫ d^2k k^2 + p^2 e^{ik·X} Tr [f^{μν}_1 (p)] Tr [f_{2μν} (−p)] ) . (5.13)

To further simplify this expression, let us explicitly take the traces over the U(1) generators. Thus, we have

f^{μν}_1 = 1 √ 2N_1 f^{μν}_1 diag(1_{N1} , O_{N2} ) , (5.14)

f^{μν}_2 = 1 √ 2N_2 f^{μν}_2 diag(O_{N1} , 1_{N2} ) , (5.15)

where O_m is a null m × m matrix, and f^{μν}_{1,2} are the U(1) field strengths. We therefore obtain:

S^{qu}_{brane} = − ∫ d^4p (2π)^4 ([ a − bc_1 2π^2 ∫ d^2k k^2 − bc_2 2π^2 ∫ d^2k k^2 e^{ik·X} ] Tr [ ^F^{μν}_1 (p) ^F_{1μν} (−p) ] + + [ a − bc_2 2π^2 ∫ d^2k k^2 − bc_1 2π^2 ∫ d^2k k^2 e^{ik·X} ] Tr [ ^F^{μν}_2 (p) ^F_{2μν} (−p) ] +

+ [ a − bc_1 2π^2 ∫ d^2k k^2 − bc_2 2π^2 ∫ d^2k k^2 e^{ik·X} + + N_1d^2 π^2 ∫ d^2k k^2 + p^2 ] 1 2 f^{μν}_1 (p)f_{1μν} (−p) + + [ a − bc_2 2π^2 ∫ d^2k k^2 − bc_1 2π^2 ∫ d^2k k^2 e^{ik·X} + + N_2d^2 π^2 ∫ d^2k k^2 + p^2 ] 1 2 f^{μν}_2 (p)f_{2μν} (−p) + + √ N_1N_2d^2 π^2 ∫ d^2k k^2 + p^2 e^{ik·X} f^{μν}_1 (p)f_{2μν} (−p) ) . (5.16)

Here it is convenient to rotate the above U(1)’s to the following basis

f^{μν}_+ ≡ cos(α)f^{μν}_1 + sin(α)f^{μν}_2 , f^{μν}_− ≡ − sin(α)f^{μν}_1 + cos(α)f^{μν}_2 , (5.17)

where cos(α) = √ N_1 N , sin(α) = √ N_2 N . (5.18)

Here f^{μν}_+ is the field strength of the overall center-off-mass U(1) in U(N) = SU(N) ⊗ U(1)_+, while f^{μν}_− is the field strength of the U(1) in the breaking SU(N) → SU(N_1)⊗ SU(N_2) ⊗ U(1)_−. Indeed, we have

f^{μν}_1 + f^{μν}_2 = 1 √ 2N f^{μν}_+ diag (1_{N1} , 1_{N2} ) + 1 √ 2N f^{μν}_− diag ( − √ N_2 N_1

1_{N1} , √ N_1 N_2

1_{N2} ) . (5.19) The matrices multiplying f^{μν}_+ and f^{μν}_− on the r.h.s. of this equation are nothing but the properly normalized generators of U(1)_+ and U(1)_−, respectively.

In the new basis we have ∫ d^4p (2π)^4 ([ a − bc_1 2π^2 ∫ d^2k k^2 − bc_2 2π^2 ∫ d^2k k^2 e^{ik·X} + N_1d^2 π^2 ∫ d^2k k^2 + p^2 ] 1 2 f^{μν}_1 (p)f_{1μν} (−p)+ [ a − bc_2 2π^2 ∫ d^2k k^2 − bc_1 2π^2 ∫ d^2k k^2 e^{ik·X} + N_2d^2 π^2 ∫ d^2k k^2 + p^2 ] 1 2 f^{μν}_2 (p)f_{2μν} (−p)+ √ N_1N_2d^2 π^2 ∫ d^2k k^2 + p^2 e^{ik·X} f^{μν}_1 (p)f_{2μν} (−p) ) = = ∫ d^4p (2π)^4 (√ N_1N_2d^2

π^2

N_1 − N_2 N [∫ d^2k k^2 + p^2 e^{ik·X} − ∫ d^2k k^2 e^{ik·X} ] f^{μν}_+ (p)f_{−μν} (−p)+ + ( a + 2N_1N_2 N d^2 π^2 [∫ d^2k k^2 + p^2 e^{ik·X} − ∫ d^2k k^2 e^{ik·X} ]) 1 2 f^{μν}_+ (p)f_{+μν} (−p) + + ( a − d^2 Nπ^2 [ 2N_1N_2 ∫ d^2k k^2 + p^2 e^{ik·X} + + [ N^2_1 + N^2_2 ] ∫ d^2k k^2 e^{ik·X} ]) 1 2 f^{μν}_− (p)f_{−μν} (−p) ) . (5.20)

In arriving at this equation we have used (5.11), as well as the fact that, as we discussed in the previous subsection, in the integral ∫ d^2k k^2

(5.21)

the IR cut-off is given by k^2 = p^2, so that bc_{1,2} 2π^2 ∫ k^2=p^2

d^2k k^2 − N_{1,2}d^2 π^2 ∫ d^2k k^2 + p^2

= 0 . (5.22)

In fact, the r.h.s. of (5.20) further simplifies once we go to the field theory limit. This limit is given by

α^′ → 0 , X^i → 0 , ϕ^i ≡ X^i α^′ = fixed . (5.23)

In this limit the two stacks of D3-branes come on top of each other, but the gauge symmetry is still U(N_1) ⊗ U(N_2) — the original U(N) gauge group is broken by the adjoint Higgs vacuum expectation value parametrized by ϕ^i. In particular, in this limit we have ∫ d^2k k^2 + p^2 e^{ik·X} − ∫ d^2k k^2 e^{ik·X} → 0 . (5.24)

This implies that on the r.h.s. of (5.20) the f^{μν}_+ f_{−μν} term goes to zero, the coupling for the f^{μν}_+ f_{+μν} term goes to a/2 (that is, this coupling is not renormalized, which is consistent with the fact that the overall center-of-mass U(1) should not run), while the coupling for the f^{μν}_− f_{−μν} term is renormalized as follows:

~a_−(p^2, ϕ^2) = a − Nd^2 π^2 ∫ d^2k k^2 e^{ik·X} . (5.25) This coupling, as well as the non-abelian gauge couplings, need to be regularized. This regularization, however, depends on whether p^2 ≫ ϕ^2 or p^2 ≪ ϕ^2. This is because the aforementioned α^′ → 0 limit must be taken differently depending on p^2. However, (5.24) holds regardless of how the limit is taken.

Collecting the above results we see that the effective quantum action is given by:

S^{qu}_{brane} = − ∫ d^4p (2π)^4 ( ~a_1(p^2, ϕ^2) Tr [ ^F^{μν}_1 (p) ^F_{1μν} (−p) ] + + ~a_2(p^2, ϕ^2) Tr [ ^F^{μν}_2 (p) ^F_{2μν} (−p) ] + + 1 2 af^{μν}_+ (p)f_{+μν} (−p) + 1 2 ~a_−(p^2, ϕ^2)f^{μν}_− (p)f_{−μν} (−p) ) , (5.26)

where the U(1)_− coupling is given by (5.25), while the non-abelian couplings are given by:

~a_1(p^2, ϕ^2) = a − bc_1 2π^2 ∫ d^2k k^2 − bc_2 2π^2 ∫ d^2k k^2 e^{ik·X} , ~a_2(p^2, ϕ^2) = a − bc_2 2π^2 ∫ d^2k k^2 − bc_1 2π^2 ∫ d^2k k^2 e^{ik·X} . (5.27)

As before, the integral (5.21) is regularized as follows: ∫_k2_{=Λ}2

k^2=p^2

d^2k k^2

= π ln ( Λ^2 p^2 ) . (5.28)

However, as we have already mentioned, the regularization of the integral ∫ d^2k k^2 e^{ik·X} (5.29)

depends upon p^2. For p^2 ≫ ϕ^2 we take the α^′ → 0 limit in the exponent ∫ d^2k k^2 e^{ik·X} → ∫ d^2k k^2

, (5.30)

and regularize the resulting integral as in (5.28). For p^2 ≫ ϕ^2 we therefore have

2~a_1 = 2~a_2 = 2~a_− = 1 g^2_{YM} + β_0 16π^2 ln ( Λ^2 p^2 ) . (5.31)

The r.h.s. of this equation is nothing but the one-loop renormalized SU(N) gauge coupling with the β-function coefficient β_0 = −2N. All three gauge couplings, that is, those for SU(N_1), SU(N_2) and U(1)_−, run together at p^2 ≫ ϕ^2 as at large momenta the effects of the SU(N) → SU(N_1) ⊗ SU(N_2) ⊗ U(1)_− breaking are negligible.

Now, at small momenta p^2 ≪ ϕ^2 the α^′ → 0 limit must be taken differently. In particular, in the integral (5.29) we first redefine the integration variables via ζ^i ≡ α^′k^i. The resulting integral ∫ d^2ζ ζ^2 e^{iζ·ϕ} (5.32)

must then be regularized for small ζ^2. Note that ζ^2 has dimension of (length)^2, so this is a UV divergence. The regularized integral (5.32) is then given by

π ln ( ξ^2Λ^2 ϕ^2 ) , (5.33)

where ξ parametrizes the subtraction scheme dependence (see below). For small momenta p^2 ≪ ϕ^2 we therefore have:

2~a_1 = 1 g^2_{YM} + β^{(1)}_0 16π^2 ln ( Λ^2 p^2 ) + β^{(2)}_0 16π^2 ln ( ξ^2Λ^2 ϕ^2 ) , 2~a_2 = 1 g^2_{YM} + β^{(2)}_0 16π^2 ln ( Λ^2 p^2 ) + β^{(1)}_0 16π^2 ln ( ξ^2Λ^2 ϕ^2 ) , 2~a_− = 1 g^2_{YM} + β_0 16π^2 ln ( ξ^2Λ^2 ϕ^2 ) , (5.34) where β^{(1)}_0 = −2N_1 and β^{(2)}_0 = −2N_2 are the one-loop beta function coefficients for SU(N_1) and SU(N_2), respectively. In the above expressions the terms proportional to ln (ξ^2Λ^2/ϕ^2) correspond to the threshold corrections due to the massive gauge bosons (that is, the gauge bosons that become heavy in the Higgs mechanism).

As usual, to connect the gauge coupling evolution above and below the threshold, we need to specify a subtraction scheme. Thus, we can choose the subtraction scheme where the gauge couplings are matched at the scale p^2 = M^2, where M is the mass of the heavy gauge bosons. In particular, this implies that

ξ^2 = ϕ^2 M^2

. (5.35)

We then have the following gauge coupling running. For p^2 ≥ M^2

2~a_1 = 2~a_2 = 2~a_− = 1 ~g^2_{YM}(p^2)

, (5.36)

where 1 ~g^2_{YM}(p^2) ≡ 1 g^2_{YM} + β_0 16π^2 ln ( Λ^2 p^2 ) , (5.37)

which is the SU(N) gauge coupling at p^2 ≥ M^2. For p^2 < M^2 we have

2~a_1 = 1 ~g^2_{YM}(M^2) + β^{(1)}_0 16π^2 ln ( M^2 p^2 ) , 2~a_2 = 1 ~g^2_{YM}(M^2) + β^{(2)}_0 16π^2 ln ( M^2 p^2 ) , 2~a_− = 1 ~g^2_{YM}(M^2)

, (5.38)

so that below the threshold the SU(N_1) and SU(N_2) gauge couplings run with the β-function coefficients β^{(1)}_0 = −2N_1 and β^{(2)}_0 = −2N_2, respectively, while the U(1)_− gauge coupling does not run at all.

Thus, using the brane-bulk duality approach we reproduce the expected perturbative running of gauge couplings in the corresponding N = 2 gauge theories. In the brane-bulk duality approach, however, we do not perform any loop computations. Rather, the information about the loop corrections in gauge theory is encoded in the corresponding classical higher dimensional field theory. This is a consequence of the fact that the brane-bulk duality simply follows from the closed-open string duality.

Before we end this subsection, the following remark is in order. In the above computations we had to regularize various (logarithmically) divergent integrals. The corresponding regularizations depend upon the four-dimensional momentum squared. For instance, in this subsection we saw that the regularization of the integrals containing the information about the threshold depends on whether p^2 is above or below the threshold. In particular, the details of the corresponding regularization are somewhat different from what happens in the direct loop computation in the field theory language. This appears to be a common feature of string theory embeddings of gauge theories as far as computations of, say, gauge coupling running are concerned. In particular, to reproduce the gauge coupling running, it appears to be necessary to introduce an (IR) cut-off which is p^2 dependent. This appears to be a consequence of the fact that such computations are typically done within the on-shell formulation of string theory.^{23}

5.3 Cases with matter

For completeness in this subsection we would like to briefly discuss examples of N = 2 gauge theories with matter. The simplest examples of this type are obtained via the aforementioned Z_2 orbifold construction with the twisted Chan-Paton matrix given by γ_R = diag(1_{N1} , −1_{N2} ), where N_1 + N_2 = N. In this case the gauge group is U(N_1) ⊗ U(N_2), and we have matter hypermultiplets in (N_1, N_2)(+1, −1) and (N_1, N_2)(−1, +1), where the U(1) charges are given in parentheses. Note that all N D3-branes are now coincident, and the gauge symmetry is broken due to the non-trivial orbifold action on the Chan-Paton factors.

The relevant part of the classical action is given by (for simplicity the matter field contributions are not shown, and we use the notation F^{μν} = diag(F^{μν}_1 , F^{μν}_2 )): S = − ∫ D3 ( a Tr [F^{μν} F_{μν} ] + bσ Tr [γ_RF^{μν} F_{μν} ] + Tr(γ_R)^cσ + dϵ^{μνσρ}C_{μν} Tr [γ_RF_{σρ}] ) − − ∫ D3×R^2 ( 1 2 ∂^μσ∂_μσ + 1 12 H^{μνσ}H_{μνσ} )

= − ∫ D3 ( a [ Tr [ F^{μν}_1 F_{1μν} ] + Tr [F^{μν}_2 F_{2μν} ] ] + bσ [ Tr [F^{μν}_1 F_{1μν} ] − Tr [F^{μν}_2 F_{2μν} ] ] + + (N_1 − N_2)^cσ + dϵ^{μνσρ}C_{μν} [ Tr [F_{1σρ}] − Tr [F_{2σρ}] ]) − − ∫ D3×R^2 ( 1 2 ∂^μσ∂_μσ + 1 12 H^{μνσ}H_{μνσ} ) , (5.39)

where the couplings a, b, d are the same as before, while

b^c = 2d^2 . (5.40)

Note that for N_1 = 0 or N_2 = 0 we recover the action (5.1).

Integrating out the bulk fields, we obtain:

S^{qu}_{brane} = − ∫ d^4p (2π)^4 ([ a − b^c 2π^2

(N_1 − N_2) ∫ d^2k k^2 ] Tr [F^{μν}_1 (p)F_{1μν} (−p)] +

23We would like to thank Tom Taylor for a discussion on this issue.

+ [ a − b^c 2π^2

(N_2 − N_1) ∫ d^2k k^2 ] Tr [F^{μν}_2 (p)F_{2μν} (−p)] + + d^2 π^2 ∫ d^2k k^2 + p^2

(Tr[F^{μν}_1 (p)] − Tr[F^{μν}_2 (p)]) ×

× (Tr[F_{1μν} (−p)] − Tr[F_{2μν} (−p)]) ) . (5.41)

The U(1) contributions can be extracted as in the previous subsection, and, in fact, all the corresponding normalizations are exactly the same as before. We therefore obtain:

S^{qu}_{brane} = − ∫ d^4p (2π)^4 ( ~a_1(p^2) Tr [ ^F^{μν}_1 (p) ^F_{1μν} (−p) ] + ~a_2(p^2) Tr [ ^F^{μν}_2 (p) ^F_{2μν} (−p) ] + + 1 2 af^{μν}_+ (p)f_{+μν} (−p) + 1 2 ~a_−(p^2)f^{μν}_− (p)f_{−μν} (−p) ) , (5.42)

where the U(1)_− coupling is given by

2~a_− = 1 g^2_{YM} + β^{(−)}_0 16π^2 ln ( Λ^2 p^2 ) , (5.43)

while the non-abelian couplings are given by

2~a_{1,2} = 1 g^2_{YM} + β^{(1,2)}_0 16π^2 ln ( Λ^2 p^2 ) , (5.44)

where β^{(−)}_0 = 2N is the U(1)_− one-loop β-function coefficient, while β^{(1)}_0 = −2(N_1 − N_2) and β^{(2)}_0 = −2(N_2 − N_1) are the one-loop β-function coefficients for the SU(N_1) and SU(N_2) subgroups, respectively. Thus, as we see, once again, we correctly reproduce the running of the gauge couplings for the SU(N_1) ⊗ SU(N_2) ⊗ U(1)_− subgroup (the overall center-of-mass U(1)_+ does not run as there is no matter charged under it).

Note that the twisted tadpole for σ vanishes for N_1 = N_2, that is, for Tr(γ_R) = 0. The non-abelian one-loop β-function coefficients in this case vanish. The U(1)_− one-loop β-function coefficient, however, is still non-vanishing, so the U(1)_− gauge coupling runs. In the large-N limit U(1)_− decouples in the IR, and we are left with an N = 2 superconformal field theory.

6. Examples with N = 1 supersymmetry

In this section we would like to discuss the brane-bulk duality in N = 1 supersymmetric theories of the type discussed in subsection 3.1. Thus, let us consider the example where Γ = Z_2 ⊗ Z_2, and the action of the generators R_1 and R_2 of the two Z_2’s on the complex coordinates z_α on M = C^3/Γ is given by (here R_3 ≡ R_1R_2)

R_α : −z_β → (−1)^{δαβ} z_β . (6.1)

Let us choose the twisted Chan-Paton matrices as follows: γ_{R1} = diag(1_{N1} , 1_{N2} ), γ_{R2} = γ_{R3} = diag(1_{N1} , −1_{N2} ), where N_1 + N_2 = N. In this case we have the N = 1 supersymmetric U(N_1)⊗U(N_2) gauge theory with chiral matter in (N_1, N_2)(+1, −1) and (N_1, N_2)(−1, +1), where the U(1) charges are given in parentheses. Note that all N D3-branes are coincident, and the gauge symmetry is broken due to the non-trivial orbifold action on the Chan-Paton factors. For N_1 = N_2 we have an N = 1 theory of the type discussed in subsection 3.1. In particular, in the planar limit the correlation functions in this theory are the same as in the parent N = 2 supersymmetric gauge theory with U(N) gauge group and no matter. We can therefore discuss this theory in the context of the brane-bulk duality as in the large-N limit we have the corresponding non-renormalization theorem beyond the one-loop order.

For calculational convenience in the following we will keep N_1 and N_2 arbitrary. The calculation of the one-loop effective quantum action then gives a correct result even for N_1 ≠ N_2, but only for N_1 = N_2 do we have the non-renormalization theorem beyond the one-loop order. The relevant part of the classical action is given by (for simplicity the matter field contributions are not shown, and we use the notation F^{μν} = diag(F^{μν}_1 , F^{μν}_2 )): S = − ∫ D3 ( a Tr [F^{μν} F_{μν} ] + 1 √ 2 ∑ α [ bσ_α Tr [γ_{Rα} F^{μν} F_{μν} ] + Tr(γ_{Rα} )^cσ_α + + dϵ^{μνσρ}C_{αμν} Tr [γ_{Rα} F_{σρ}] ]) − − ∑ α ∫ D3×F_α ( 1 2 ∂^μσ_α∂_μσ_α + 1 12 H^{μνσ}_α H_{αμνσ} ) , (6.2)

where the couplings a, b, ^c, d are the same as before, and the overall factor of 1/ √ 2 is due to the fact that the R_α twisted fields σ_α and C^{μν}_α now propagate in R^{1,3} × F_α, where each fixed point set F_α is an orbifold R^2 /Z_2.

Integrating out the bulk fields, we obtain:

S^{qu}_{brane} = − ∫ d^4p (2π)^4 ([ a − b^c 4π^2

(3N_1 − N_2) ∫ d^2k k^2 ] Tr [F^{μν}_1 (p)F_{1μν} (−p)] + + [ a − b^c 4π^2

(3N_2 − N_1) ∫ d^2k k^2 ] Tr [F^{μν}_2 (p)F_{2μν} (−p)] + + d^2 2π^2 ∫ d^2k k^2 + p^2

(Tr[F^{μν}_1 (p)] + Tr[F^{μν}_2 (p)]) ×

× (Tr[F_{1μν} (−p)] + Tr[F_{2μν} (−p)]) + + d^2 π^2 ∫ d^2k k^2 + p^2

(Tr[F^{μν}_1 (p)] − Tr[F^{μν}_2 (p)]) ×

× (Tr[F_{1μν} (−p)] − Tr[F_{2μν} (−p)]) ) . (6.3)

The U(1) contributions can be extracted as in the previous section, and, in fact, all the corresponding normalizations are exactly the same as before. We therefore obtain:

S^{qu}_{brane} = − ∫ d^4p (2π)^4 ( ~a_1(p^2) Tr [ ^F^{μν}_1 (p) ^F_{1μν} (−p) ] + ~a_2(p^2) Tr [ ^F^{μν}_2 (p) ^F_{2μν} (−p) ] + + 1 2 af^{μν}_+ (p)f_{+μν} (−p) + 1 2 ~a_−(p^2)f^{μν}_− (p)f_{−μν} (−p) ) , (6.4)

where the U(1)_− coupling is given by

2~a_− = 1 g^2_{YM} + β^{(−)}_0 16π^2 ln ( Λ^2 p^2 ) , (6.5)

while the non-abelian couplings are given by

2~a_{1,2} = 1 g^2_{YM} + β^{(1,2)}_0 16π^2 ln ( Λ^2 p^2 ) , (6.6)

where β^{(−)}_0 = N is the U(1)_− one-loop β-function coefficient, while β^{(1)}_0 = −(3N_1 − N_2) and β^{(2)}_0 = −(3N_2 − N_1) are the one-loop β-function coefficients for the SU(N_1) and SU(N_2) subgroups, respectively. Thus, we correctly reproduce the running of the gauge couplings for the SU(N_1) ⊗ SU(N_2) ⊗ U(1)_− subgroup (the overall centerof-mass U(1)_+ does not run as there is no matter charged under it).

Note that the twisted tadpole for σ_1 does not vanish, so that the non-abelian part of the gauge theory is non-conformal even for N_1 = N_2 ≡ M. In the large-M limit U(1)_− decouples in the IR, and we are left with the N = 2 supersymmetric SU(M) × SU(M) gauge theory with chiral matter in (M, M) and (M, M).

7. Non-supersymmetric theories

So far we have been focusing on N = 2 and N = 1 supersymmetric theories. However, in the large-N limit we can also discuss certain non-trivial non-supersymmetric cases as well. The large-N property is crucial here. The reason is that in the cases where the orbifold group Γ ⊄ SU(3), we always have twisted NS-NS closed string sectors with tachyons. Their contributions to the corresponding part of the annulus amplitude (2.8) is then exponentially divergent unless we require that

Tr (γ_a) = 0 , g_a ∉ SU(3) . (7.1)

Even if this condition is satisfied, we must take the ’t Hooft limit — indeed, otherwise it is unclear, for instance, how to deal with the diagrams with handles, which contain tachyonic divergences. In fact, the same applies to some non-planar diagrams without handles, that is, diagrams where the external lines are attached to more than one boundaries (such diagrams are subleading in the large-N limit).

To obtain well-defined non-supersymmetric non-conformal models, consider an orbifold group Γ ⊂ Spin(6), which is not a subgroup of SU(3). Let ~Γ be a nontrivial subgroup of Γ such that ~Γ ⊂ SU(2). We will allow the Chan-Paton matrices γ_a corresponding to the twists g_a ∈ ~Γ (which have d_a = 2) not to be traceless, so that the corresponding N = 2 model is not conformal. However, we will require that the other Chan-Paton matrices γ_a for the twists g_a ∉ ~Γ be traceless. The resulting non-supersymmetric model is not conformal. However, in the planar limit the perturbative gauge theory amplitudes are not renormalized beyond one loop (as usual, various running U(1)’s decouple in the IR in this limit). The proof of this statement is completely parallel to that we gave in subsection 3.1 for N = 1 theories.

Let us consider a simple example of such a theory. Let Γ ≈ Z_2 ⊗ Z_3, where the action of the generators R and θ of the Z_2 respectively Z_3 subgroups on the complex coordinates z_α on M = C^3 /Γ is as follows: R : z_1 → z_1, R : z_{2,3} → −z_{2,3}, θ : z_1 → ωz_1, θ : z_{2,3} → z_{2,3}, where ω ≡ exp(2πi/3). The twisted Chan-Paton matrices are given by: γ_R = 1_{3N} , γ_θ = diag(1_N , ω1_N , ω^{−1}1_N ). Then the theory is a non-supersymmetric U(N) ⊗ U(N) ⊗ U(N) gauge theory with matter consisting of complex scalars in (N, N, 1), (1, N, N) and (N, 1, N), as well as chiral fermions in the above representations plus their complex conjugates.

The gauge coupling renormalization in this model can be discussed in complete parallel with the previous sections. Since the U(1)’s decouple in the IR in the large-N limit, we will ignore them in the following.^{24} Then the relevant part of the classical action is given by (for simplicity the matter field contributions are not shown, and we use the notation F^{μν} = diag(F^{μν}_1 , F^{μν}_2 , F^{μν}_3 )): S = − ∫ D3 ( a Tr [ ^F^{μν} ^F_{μν} ] + 1 √ 3 [ bσ Tr [ γ_R ^F^{μν} ^F_{μν} ] + Tr(γ_R)^cσ ]) − − ∫ D3×F 1 2 ∂^μσ∂_μσ , (7.2)

where the couplings a, b, ^c are the same as before, and the overall factor of 1/ √ 3 is due to the fact that the R twisted field σ now propagates in R^{1,3} × F, where the fixed point set F is an orbifold R^2 /Z_3.

Integrating out the bulk fields, we obtain (r = 1, 2, 3):

S^{qu}_{brane} = − ∫ d^4p (2π)^4 ∑ r ~a_r(p^2) Tr [ ^F^{μν}_r (p) ^F_{rμν} (−p) ] , (7.3)

24As we saw in the previous sections, U(1) runnings at one loop receive contributions from nonplanar diagrams with the two external lines corresponding to the U(1) gauge bosons attached to two different boundaries. Note, however, that these contributions are due to R-R exchanges (and the R-R sectors do not contain tachyons), so that tachyons do not contribute to this.

where the non-abelian couplings are given by

2~a_r = 1 g^2_{YM} + β^{(r)}_0 16π^2 ln ( Λ^2 p^2 ) . (7.4)

Here β^{(r)}_0 = −2N are the one-loop β-function coefficients for the SU(N) subgroups.^{25}

8. Comments on non-perturbative brane-bulk duality

In the previous sections we discussed the brane-bulk duality in the context of N = 2 as well as certain N = 1 and N = 0 large-N non-conformal gauge theories. In particular, we saw that in the planar limit perturbatively (on-shell) correlators in the corresponding N = 0, 1 theories are the same as in the parent N = 2 theories. Moreover, the one-loop effective quantum action in such theories, which in the large- N limit is not perturbatively renormalized beyond one-loop, can be computed by performing a classical computation in a higher dimensional field theory. In this section we would like to discuss whether the non-perturbative corrections modify the brane-bulk duality picture in such theories.

One of the key simplifying features here is the large-N limit. Thus, let us consider the N = 2 supersymmetric SU(N) gauge theory without matter. In this theory the low energy effective action can be described in terms of a prepotential F, which perturbatively does not receive corrections beyond one loop. The non-perturbative corrections come from instantons [20]:

F_{non-pert} = ∞∑ k=1 F_kΛ^{2Nk}_∗ , (8.1)

where Λ_∗ is the dynamically generated scale of the theory:

Λ_∗ = μ exp ( 8π^2 g^2_{YM}(μ)β_0 ) . (8.2)

Here g_{YM}(μ) is the Yang-Mills gauge coupling at some high scale μ, and β_0 = −2N is the one-loop β-function coefficient. Thus, the instanton corrections are weighted with Λ^{2Nk}_∗ = μ^{2Nk} exp ( − 8π^2Nk λ(μ) ) , (8.3)

where λ(μ) ≡ g^2_{YM}(μ)N is the effective ’t Hooft coupling. Note that these weights go to zero in the ’t Hooft limit, which implies that the low energy effective action is not renormalized beyond one loop in the large-N limit.

25Here we should point out that, if the parent N = 2 theory has no matter hypermultiplets, regardless of whether the final model has N = 0 or N = 1 supersymmetry, in the above construction the one-loop β-function coefficients for the non-abelian subgroups are always given by ~β_0/|Γ|, where ~β_0 is the one-loop β-function coefficient of the non-abelian subgroup in the parent N = 2 theory.

Next consider the N = 1 and N = 0 orbifold theories discussed in subsection 3.1 (as well as section 6) and section 7, respectively. Due to their underlying N = 2 structure, in these theories we might hope that the non-perturbative corrections to the low energy effective action also vanish in the large-N limit. If so, then we have non-trivial statements about infinitely many non-trivial N = 0, 1 gauge theories, in particular, that in such theories the low energy effective action is not renormalized beyond one loop in the planar limit. Checking this conjecture in the non-supersymmetric case is rather non-trivial, but in N = 1 cases we can perform some partial checks. In particular, this conjecture implies that in the large-N limit the superpotential should not receive non-perturbative corrections, so that the classical superpotential should be exact as the superpotential does not receive any loop corrections in N = 1 supersymmetric theories. This statement can indeed be checked explicitly for such theories. Instead of being most general, here we will consider the simplest example of such an N = 1 theory (other N = 1 cases can be discussed in a similar fashion). Thus, consider the example discussed in section 6. In this example we have N = 1 supersymmetric SU(N) ⊗ SU(N) gauge theory with chiral matter supermultiplets in (N, N), and (N, N). To simplify the discussion, let us take the gauge coupling of the second SU(N) factor to be much smaller than that of the first one. Then the second SU(N) can be treated as the global symmetry group for the first SU(N), and we have the SU(N) gauge theory with N flavors of quarks Q^i, Q¯_j , i, j̄ = 1, . . . , N, where Q^i and Q¯_j transform in the fundamental N respectively anti-fundamental N of the gauge group SU(N). The low energy dynamics is described in terms of the gauge invariant degrees of freedom given by the mesons M^i_{j̄} and baryons B, B [21]:

M^i_{j̄} ≡ Q^iQ¯_j , B ≡ ϵ_{i1,...,iN} Q^{i1} · · · Q^{iN} , B ≡ ϵ^{j̄1...j̄N} Q¯_{j1} · · · Q¯_{jN} . (8.4) The classical moduli space in this theory receives quantum corrections, which can be accounted for via the following superpotential (here A is a Lagrange multiplier related to the “glueball” field via AΛ^{2N}_∗ = W^αW_α) [21]:

W_{non-pert} = A ( det(M) − BB − Λ^{2N}_∗ ) , (8.5)

where Λ_∗ is the dynamically generated scale of the theory, which is given by:

Λ_∗ = μ exp ( − 4π^2 λ(μ) ) . (8.6)

Once again, Λ^{2N}_∗ goes to zero in the large-N limit, so that the classical constraint

det(M) − BB = 0 (8.7) is unmodified in this limit. Thus, in this theory the classical superpotential, which vanishes, is indeed exact in the large-N limit.^{26}

The above discussion suggests that the brane-bulk duality discussed in the previous sections in the context of the aforementioned gauge theories might hold even non-perturbatively, so that the corresponding low energy effective quantum action is not renormalized beyond one loop in the large-N limit.

9. Concluding remarks

We would like to end our discussion with a few concluding remarks. First, one natural generalization we can consider is to extend the above discussion to the cases containing SO / Sp gauge groups. This can be done via orientifolding, that is, by including orientifold planes in the setup of section 2 in the spirit of [3]. In the N = 2 cases we expect no subtleties, but in the N = 1 cases with twists with d_a = 0 some caution is needed [3] due to the subtleties discussed in [22, 23].

Another point we would like to comment on is the following. Recently, in the brane world context [24]–[40], it was pointed out in [38, 39] that the Einstein-Hilbert term is generically expected to be induced via loop corrections on a brane as long as the brane world-volume theory is not conformal. Subsequently, it was argued in [40] that this effect should arise in the context of non-conformal gauge theories from D3-brane, in particular, this is expected to be the case in theories discussed in this paper. It would be interesting to see whether the brane-bulk duality can be used for simplifying computation of such corrections on the D3-branes.

Acknowledgments

We would like to thank Gregory Gabadadze, Rajesh Gopakumar, Martin Roček, Tom Taylor, Henry Tye, Cumrun Vafa and Slava Zhukov for valuable discussions. This work was supported in part by the National Science Foundation. Z.K. would also like to thank Albert and Ribena Yu for financial support.

A. Brane-bulk couplings

In section 5 we used various brane-bulk couplings in the Z_2 orbifold examples. These couplings can be computed within the boundary state formalism, where one computes the couplings of the boundary states to the twisted closed string states in the presence of non-trivial D-brane field backgrounds [41]–[44]. Here, however, since we only need the couplings relevant for the one-loop corrections in the gauge theory language, we will take a shortcut and deduce these couplings using the annulus amplitude in the presence of D-brane field backgrounds.

26On the other hand, it is not completely clear how to check whether there are no non-perturbative corrections to the Kähler potential.

The annulus amplitude in the light-cone gauge is given by (here R is the generator of the Z_2 orbifold twist): C = ∫_∞ 0 dt t Tr [ 1 + R 2 1 − (−1)^F 2 e^{−2πtL0} ] . (A.1)

Here we assume that we have a non-trivial constant background gauge field along the brane. The annulus amplitude C then is almost the same as in the case without the background field, which we discussed in section 2, with the difference that some of the open string oscillator modings are modified [41]. For our purposes here it will suffice to consider the background field of the form (F_{μν} , μ, ν = 0, 1, 2, 3, is the D3-brane gauge field strength):

F_{23} = BQ , (A.2) where Q is a Cartan generator of the U(N) gauge group, which we will take to be hermitean. Let q_α, α = 1, . . . , N, be the eigenvalues of Q. It is convenient to introduce complex combinations of the world-sheet bosonic and fermionic degrees of freedom corresponding to the directions μ = 2, 3 (so that instead of two real worldsheet bosons and two real world-sheet fermions corresponding to these directions we have one complex world-sheet boson and one complex world-sheet fermion). Then the modings of these complex world-sheet degrees of freedom are modified as follows (modings of other world-sheet degrees of freedom are unchanged):

r → r + Δ_{αβ} , (A.3)

where Δ_{αβ} is given by:

Δ_{αβ} = 1 π [arctan (2πα^′Bq_α) − arctan (2πα^′Bq_β)] . (A.4)

Here the indices α, β label the two ends of the open string.

The cylinder amplitude is given by [42]: C = ∫_∞ 0 dt t 1 8π^2α^′t ∑ α,β (q_α − q_β )B 2π [U_{αβ} + T_{αβ} ] e^{− t2πα′ X2αβ} , (A.5) where X^2_{αβ} is square of the distance (in the two real extra directions untouched by the orbifold) between the D3-branes labeled by α and β. The factor of 8π^2α^′t in the denominator comes from the bosonic zero modes in the directions μ = 0, 1. The factor (q_α − q_β)B/2π can be understood from the requirement that in the B → 0 limit we must reproduce the corresponding answer (see below). In particular, the untwisted character U_{αβ} and the twisted character T_{αβ} are given by^{27} (for simplicity

27Here we should note that there is some freedom in choosing the phases multiplying the terms containing Z^{−1/2}_{−1/2} . Thus, for instance, we could have chosen the phase of the last term in the square brackets in (A.6) as −1 instead of +1. Note, however, that these phases do not affect our results here as the terms they multiply are vanishing (Z^{−1/2}_{−1/2} = 0).

the indices α, β are not shown): U = 1 4η^6(q)Z^{−1/2+Δ} −1/2 [ Z^Δ_0 [Z^0_0 ]^3 − Z^Δ_{−1/2}[Z^0_{−1/2}]^3 − − Z^{−1/2+Δ} 0 [Z^{−1/2}_0 ]^3 + Z^{−1/2+Δ}_{−1/2} [Z^{−1/2}_{−1/2} ]^3 ] , (A.6) T = 1 η^2(q)Z^{−1/2+Δ} −1/2 [Z −1/2 0 ]^2 [ Z^Δ_0 Z^0_0 [Z^0_{−1/2}]^2 − Z^Δ_{−1/2}Z^0_{−1/2}[Z^0_0 ]^2 − − Z^{−1/2+Δ} 0 Z^0_{−1/2}[Z^{−1/2}_{−1/2} ]^2 + Z^{−1/2+Δ}_{−1/2} Z^{−1/2}_{−1/2} [Z^0_{−1/2}]^2 ] .(A.7)

Here the characters Z^v_u are the usual complex fermion characters (−1/2 ≤ v < 1/2, q ≡ exp(−2πt)): Z^v_u ≡ q^{12 v2− 124} ∞∏ m=1 ( 1 + q^{m+v− 12} e^{−2πiu} ) ( 1 + q^{m−v− 12} e^{2πiu} ) . (A.8)

In particular, note that the character Z^{−1/2+Δ}_{−1/2} in the denominators in (A.6) and (A.7) in the B → 0 limit becomes: Z^{−1/2+Δ} −1/2 → 2πtΔ 1 η^2(q)

. (A.9)

Combining this with the aforementioned factor (q_α − q_β)B/2π gives the following contribution (q_α − q_β)B 4π^2Δ_{αβ} t 1 η^2(q) → 1 8π^2α^′t 1 η^2(q)

, (A.10)

which precisely corresponds to the bosonic zero modes plus oscillators in the μ = 2, 3 directions in the absence of the gauge field background.

Here we would like to extract couplings of the massless closed string states to the D-branes. This can be done by extracting the leading behavior of the annulus amplitude for t → 0. Using modular transformation properties of the above characters, we obtain: U ∼ t^3 sin(πΔ) {[ 2 − sin^2(πΔ) ]| |_{NS-NS} − 2 cos(πΔ)|R-R } , T ∼ 2t sin(πΔ)

{1|_{NS-NS} − cos(πΔ)|_{R-R}} , (A.11)

where individual contributions due to the NS-NS and R-R exchanges are shown.

Here we are interested in the brane-bulk couplings involving at most quadratic terms in the gauge field strength F_{μν} . Then the relevant terms in the small B limit are given by: U ∼ 2t^3 πΔ [ 1 − 1 3 (πΔ)^2 ] {1|_{NS-NS} − 1|_{R-R}} , T ∼ t πΔ [ 1 − 1 3 (πΔ)^2 ] { [ 2 + (πΔ)^2 ]| |_{NS-NS} − 2|R-R } . (A.12)

Using the fact, which follows from (A.4), that to the relevant order 1 πΔ_{αβ} [ 1 − 1 3 (πΔ_{αβ} )^2 ] = 1 + (2πα^′B)^2q_αq_β (2πα^′B)(q_α − q_β )

, (A.13)

we obtain the following massless untwisted respectively massless twisted closed string contributions into the annulus amplitude

~C_U = 1 (4π^2α^′)^2

{1|_{NS-NS} − 1|_{R-R}} ∑ α,β [ 1 + (2πα^′B)^2q_αq_β ] ∫^∞ 0 dtte^{− t2πα′ X2αβ} , ~C_T = 1 2(4π^2α^′)^2 ∑ α,β {[ 2 + (2πα^′B)^2 ( q^2_α + q^2_β )]| |_{NS-NS}− [ 2 + 2(2πα^′B)^2q_αq_β ]| |_{R-R} } × × ∫_∞ 0 dt t e^{− t2πα′ X2αβ} . (A.14) Note that the integrals in these expressions are related to the corresponding euclidean propagators Δ_6(X^2_{αβ} ) and Δ_2(X^2_{αβ}):

Δ_d(y^2) ≡ ∫ d^dp (2π)^d e^{ip·y} p^2 = 1 4π^{d/2} ∫_∞ 0 dss^{d−42} e^{−sy2} . (A.15)

here y^2 ≡ y^iy^i, i = 1, . . . , d, and p^i are the momenta corresponding to the coordinates y^i.

As we discussed in section 5, the relevant part of the classical action is given by (note that for the field of the form (A.2) terms containing F ∧ F are vanishing): S = − ∫ D3 ( a Tr [F^{μν} F_{μν} ] + bσ Tr [γ_RF^{μν} F_{μν} ] + Tr(γ_R)^cσ + dϵ^{μνσρ}C_{μν} Tr [γ_RF_{σρ}] ) − − ∫ D3×R^2 ( 1 2 ∂^μσ∂_μσ + 1 12 H^{μνσ}H_{μνσ} ) . (A.16)

Here σ is a twisted NS-NS scalar, while C_{μν} is a twisted two-form (whose field strength is H_{μνσ}). The twisted Chan-Paton matrix γ_R = 1_N . Note, however, that for generic values of X_{αβ} the U(N) gauge group is broken down to U(1)^N . So the D3-branes are not necessarily coincident in the two transverse dimensions untouched by the orbifold action.

From the tree-level action (A.16) we obtain the following twisted massless contributions quadratic in the gauge field strength (here we are using F^{μν} F_{μν} = 2B^2Q^2): ~C^′_T = 2b^c ∑ α,β 2B^2 ( q^2_α + q^2_β ) Δ_2(X^2_{αβ}) | | |_σ − 8d^2 ∑ α,β 2B^2q_αq_β Δ_2(X^2_{αβ} ) | | |_{Cμν} . (A.17)

Note that this expression contains an overall factor of 2 from exchanging the two ends of the string as we are discussing an oriented string theory. Comparing this expression with (A.14), we obtain:

b^c = 2d^2 = 1 8π . (A.18)

The coupling ^c can be determined in a similar fashion.

References

[1] G. ’t Hooft, A planar diagram theory for strong interactions, Nucl. Phys. B 72 (1974) 461.

[2] 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].

[3] Z. Kakushadze, Gauge theories from orientifolds and large-N limit, Nucl. Phys. B 529 (1998) 157 [hep-th/9803214]; On large-N gauge theories from orientifolds, Phys. Rev. D 58 (1998) 106003 [hep-th/9804184]; 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].

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

[5] 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].

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

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

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

[8] R.G. Leigh and M. Rozali, Brane boxes, anomalies, bending and tadpoles, Phys. Rev.

D 59 (1999) 026004 [hep-th/9807082].

[9] M.R. Douglas and G. Moore, D-branes, quivers and ALE instantons, hep-th/9603167.

[10] C.V. Johnson and R.C. Myers, Aspects of type-IIB theory on ALE spaces, Phys. Rev.

D 55 (1997) 6382 [hep-th/9610140].

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

[12] A. Hanany, M.J. Strassler and A.M. Uranga, Finite theories and marginal operators on the brane, J. High Energy Phys. 06 (1998) 011 [hep-th/9803086].

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

[16] A. Dabholkar and J.A. Harvey, Nonrenormalization of the superstring tension, Phys.

Rev. Lett. 63 (1989) 478.

[17] Z. Kakushadze, Renormalization of the classical bosonic string, Class. and Quant.

Grav. 10 (1993) 619.

[18] C.V. Johnson, A.W. Peet and J. Polchinski, Gauge theory and the excision of repulson singularities, Phys. Rev. D 61 (2000) 086001 [hep-th/9911161].

[19] M. Bertolini, P. Di Vecchia, M. Frau, A. Lerda, R. Marotta and I. Pesando, Fractional D-branes and their gauge duals, J. High Energy Phys. 02 (2001) 014.

[20] N. Seiberg and E. Witten, Electric-magnetic duality, monopole condensation and confinement in N = 2 supersymmetric Yang-Mills theory, Nucl. Phys. B 426 (1994) 19 [hep-th/9407087]; Monopoles, duality and chiral symmetry breaking in N = 2 supersymmetric QCD, Nucl. Phys. B 431 (1994) 484 [hep-th/9408099].

[21] N. Seiberg, Exact results on the space of vacua of four-dimensional SUSY gauge theories, Phys. Rev. D 49 (1994) 6857 [hep-th/9402044].

[22] 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].

[23] 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];

Z. Kakushadze, Non-perturbative orientifolds, Phys. Lett. B 455 (1999) 120 [hep-th/9904007]; Type-I on (generalized) Voisin-Borcea orbifolds and nonperturbative orientifolds, Int. J. Mod. Phys. A 15 (2000) 3461 [hep-th/9904211]; Nonperturbative K3 orientifolds with NS-NS B-flux, Phys. Lett. B 459 (1999) 497 [hep-th/9905033]; Geometry of orientifolds with NS-NS B-flux, Int. J. Mod. Phys. A 15 (2000) 3113 [hep-th/0001212].

[24] V.A. Rubakov and M.E. Shaposhnikov, Do we live inside a domain wall?, Phys. Lett.

B 125 (1983) 136.

[25] A.T. Barnaveli and O.V. Kancheli, Gauge fields on a soliton membrane, Sov. J. Nucl.

Phys. 52 (1990) 576.

[26] J. Polchinski, Dirichlet-branes and Ramond-Ramond charges, Phys. Rev. Lett. 75 (1995) 4724 [hep-th/9510017].

[27] P. Hořava and E. Witten, Heterotic and type-I string dynamics from eleven dimensions, Nucl. Phys. B 460 (1996) 506 [hep-th/9510209];

Eleven-dimensional supergravity on a manifold with boundary, Nucl. Phys. B 475

(1996) 94 [hep-th/9603142];

E. Witten, Strong coupling expansion of Calabi-Yau compactification, Nucl. Phys. B 471 (1996) 135 [hep-th/9602070].

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

J.D. Lykken, Weak scale superstrings, Phys. Rev. D 54 (1996) 3693 [hep-th/9603133].

[29] G. Dvali and M. Shifman, Dynamical compactification as a mechanism of spontaneous supersymmetry breaking, Nucl. Phys. B 504 (1997) 127 [hep-th/9611213]; Domain walls in strongly coupled theories, Phys. Lett. B 396 (1997) 64 [hep-th/9612128].

[30] N. Arkani-Hamed, S. Dimopoulos and G. 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 sub-millimeter dimensions and TeV scale quantum gravity, Phys. Rev. D 59 (1999) 086004 [hep-ph/9807344].

[31] 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;

Z. Kakushadze, Novel extension of MSSM and ‘TeV scale’ coupling unification, Nucl. Phys. B 548 (1999) 205 [hep-th/9811193]; TeV-scale supersymmetric standard model and brane world, Nucl. Phys. B 552 (1999) 3 [hep-th/9812163]; Z. Kakushadze and T.R. Taylor, Higher loop effects on unification via Kaluza-Klein thresholds, Nucl. Phys. B 562 (1999) 78 [hep-th/9905137].

[32] Z. Kakushadze, A three-family SU(6) type-I compactification, Phys. Lett. B 434 (1998) 269 [hep-th/9804110]; On four-dimensional N = 1 type-I compactifications, Nucl. Phys. B 535 (1998) 311 [hep-th/9806008]; A three-family SU(4)_C × SU(2)_W × U(1) type-I vacuum, Phys. Rev. D 58 (1998) 101901 [hep-th/9806044].

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

[34] G. Shiu and S.H. H. Tye, TeV scale superstring and extra dimensions, Phys. Rev. D 58 (1998) 106007 [hep-th/9805157].

[35] Z. Kakushadze and S.H.H. Tye, Brane world, Nucl. Phys. B 548 (1999) 180 [hep-th/9809147]; Three generations in type-I compactifications, Phys. Rev. D 58 (1998) 126001 [hep-th/9806143].

[36] M. Gogberashvili, Hierarchy problem in the shell-universe model, hep-ph/9812296;

Our world as an expanding shell, Europhys. Lett. 49 (2000) 396 [hep-ph/9812365]

[37] L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension, Phys. Rev. Lett. 83 (1999) 3370 [hep-ph/9905221]; An alternative to compactification, Phys. Rev. Lett. 83 (1999) 4690 [hep-th/9906064].

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

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

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

[40] A. Iglesias and Z. Kakushadze, Solitonic brane world with completely localized (super)gravity, hep-th/0011111; Time-like extra dimensions without tachyons or ghosts,

hep-th/0012049.

[41] A. Abouelsaood, C.G. Callan, C.R. Nappi and S.A. Yost, Open strings in background gauge fields, Nucl. Phys. B 280 (1987) 599.

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

[43] M.B. Green and M. Gutperle, Light-cone supersymmetry and D-branes, Nucl. Phys.

B 476 (1996) 484 [hep-th/9604091].

[44] P.D. Vecchia, M. Frau, I. Pesando, S. Sciuto, A. Lerda and R. Russo, Classical p-branes from boundary state, Nucl. Phys. B 507 (1997) 259 [hep-th/9707068].