Published by Institute of Physics Publishing for SISSA Received: November 11, 2004 Revised: February 17, 2005 Accepted: March 3, 2005 Published: April 26, 2005

Meson spectroscopy from holomorphic probes on the warped deformed conifold

Stanislav Kuperstein

School of Physics and Astronomy The Raymond and Beverly Sackler Faculty of Exact Sciences, Tel Aviv University Ramat Aviv, 69978, Israel E-mail: kupers@post.tau.ac.il

Abstract: We study D7 brane probes holomorphically embedded in the Klebanov- Strassler model. Analyzing the κ-symmetry condition for D7 branes wrapping a 4-cycle of a deformed conifold we find configurations that do not break N = 1 supersymmetry of the background. We compute the fluctuations of the probe around one of these configurations and obtain the spectrum of vector and scalar flavored mesons in the dual gauge theory. The spectrum is discrete and exhibits a mass gap.

Keywords: D-branes, AdS-CFT and dS-CFT Correspondence.

©SISSA 2005 http://jhep.sissa.it/archive/papers/jhep032005014.pdf /jhep032005014.pdf

Contents

1. Introduction 1

2. The geometry of a deformed conifold and the Klebanov-Strassler model 4 2.1 The deformed conifold and the embedding z_4 = μ 4 2.2 The 10d metric and the forms in the KS background 7 2.3 The dual gauge theory 9

3. κ-symmetry 10

4. Spectrum of mesons 12 4.1 Vector mesons 13 4.2 Scalar mesons 14

5. Discussion 15

A. The explicit expressions for the 1-forms h_i and h̃_i 17

B. The connection between the forms g_{i=1,...,5} and the forms h_{i=1,2,3}, h̃_{i=1,2,3} 18

1. Introduction

The AdS/CFT correspondence [1]–[3] (see [4] for a review) is a conjectured equivalence between a string theory (type IIB on AdS_5 × S^5) and a gauge theory (N = 4 SU(Nc) SYM in four dimensions). In the the large ’t Hooft coupling limit (g^2YMN → ∞) we can neglect the string massive modes using type IIB supergravity on the string side of the correspondence.

Since the formulation of the AdS/CFT correspondence its extension to theories with less supersymmetries and with no conformal invariance has been of great interest. In particular, there are well known examples of supergravity duals of N = 1 gauge theories [5, 6] (see [7]–[9] for a review). Unfortunately, most of the known supergravity backgrounds do not include quarks in the fundamental representation. In the large N limit the Feynman diagrams of Yang-Mills theory are related to a genus expansion of closed strings. Adding fundamental flavors in the gauge theory introduces boundaries in this expansion. It means that on the string side we have to incorporate Dp brane. If the number of these branes Nf is much smaller than Nc we can neglect the back-reaction of the brane probe on the supergravity bulk geometry.

– 1 –

Adding fundamental flavors in the gauge theory requires adding of 4d space-time filling Dp branes in the bulk. In order to avoid a problem with tadpoles the net charge of a spacetime filling brane has to cancel. On the other hand, the RR charge is necessary for the brane stability. It was proposed in [10] (see also [11]) that one can solve this puzzle by having a supersymmetric Dp brane wrapping a topologically trivial cycle in the internal space. The configuration is stable provided that the masses of the modes controlling the slipping of the probe off the cycle are above the BF bound. This idea was further explored by [12] for a D7 probe on AdS_5 × S^5. The spectrum of mesons with arbitrary R-charge in N = 2 SYM was extracted from the masses of the probe fluctuations. It was shown that the spectrum is discrete with a mass gap. For related works, see [13]– [21].

The main purpose of this paper is to explore supersymmetric space-time filling D7 brane probes in the Klebanov-Strassler (KS) model [6]. In this supergravity background the metric has a standard D3-form and the internal part of the metric is given by the 6d deformed conifold defined by: 4� i=1 z^2_i = ϵ^2 . (1.1)

The background involves also fractional D5-branes wrapped around a shrinking S^2 of the conifold (see [22] for the correspondence between various gauge theory objects and wrapped Dp brane probes in this model). It was argued in [10] that making the quark mass very large should decouple the quarks from the IR theory. Therefore the D7 brane probe should be space-time filling in UV, while ending at a finite distance at the radial direction to be absent in the IR. This distance corresponds to the mass of the quarks in the gauge theory and should appear as a free parameter in a solution of the probe equations of motion. It was suggested in [10] that in the KS model the following configuration yields a supersymmetric D7 embedding:

z^2_3 + z^2_4 = λ^2 . (1.2)

Here λ^2 is a constant parameter. Under T-duality this is mapped into type IIA D6 branes [23]. In this paper we will demonstrate that this embedding indeed satisfies the κ-symmetry condition and therefore solves the equations of motion of the space-filling D7 probe.

A different D7 probe configuration was studied in [24]. In terms of the coordinates z_i’s it may be written as: Im � z^2_1 + z^2 � = 0 . (1.3)

It was explicitly shown that this embedding solves the probe equations of motion. Furthermore, computing the quadratic fluctuations of the probe the authors of [24] found the masses of vector and pseudo-scalar mesons in the dual confining gauge theory. Although the embedding considered in this paper is not holomorphic and therefore breaks supersymmetry, the solution is stable and the meson spectra exhibit a mass gap. The solution has no free mass parameter and the brane extends to the IR region.

– 2 –

For ϵ = 0 the equation (1.1) defines a cone over T_{1,1} (the conifold) and the KS solution reduces to the so called Klebanov-Tseytlin (KT) solution [25], which has a singularity at the tip of the conifold. The holomorphically embedded D7 in this background was considered in [26]. In terms of the coordinates used in (1.1) the probe discussed in this paper is given by: z_3 + iz_4 = m^2 , (1.4)

where m was identified in [26] as the quark mass. The supersymmetric supergravity solution for the leading back-reaction effects was also found. This approximation, however, is valid only in the UV region.

Without fractional branes the KT solution reduces further to the Klebanov-Witten solution. In this model the stack of D3 branes warps the conifold metric and the resulting geometry is just AdS_5 × T_{1,1}. Following the ideas of [27, 28] it was argued in [23] that D3 branes wrapping 3-cycles of T_{1,1} are dual to dibaryon operators in the gauge theory (see also [29]–[31]). Furthermore, a D5 brane wrapping 2-cycles of T_{1,1} behaves as a domain wall in AdS_5. The idea to use D7 branes to add fundamental quarks to the background was proposed by [10] (see [32] for the recent progress).

Recently the authors of [33] found a rich family of supersymmetrically embedded D5-branes in the Maldacena-Nunez (MN) background [5]. This was achieved by solving equations arising from the κ-symmetry condition. The solutions involve a free parameter related to the mass of the fundamental quarks. Moreover, exploring the quadratic fluctuations around these brane configurations admits a quite simple relation between the meson masses and the mass of the fundamentals.

In this paper will study space-filling supersymmetric D7 probes embedded in the KS solution. Similarly to [33] our main technique is κ-symmetry. Throughout this paper we will mostly study the embedding defined by:

z_4 = μ , (1.5)

but we will also argue that the probe configurations (1.2) and (1.4) do not spoil supersymmetry. More generally we will show that the κ-symmetry condition is fulfilled provided that the embedding can be written in the form z_4 = f(z^2_1 + z^2 ), where φ is an arbitrary holomorphic function. This trivially holds for (1.2), (1.4) and (1.5). Remarkably, the embedding (1.5) satisfies the condition of [10]. Indeed, we will demonstrate that for μ > ϵ the D7 probe ends at a finite distance from the IR. We preferred to explore the embedding (1.5), since this is the only configuration that leaves an SO(3) ⊂ SO(4) unbroken, so that the coordinate choice becomes relatively simple. Using this coordinates we were able to find the spectra of the vector and scalar mesons for the special case μ = 0. The spectra exhibit a mass gap and the mass scale is that of the glueballs.

The organization of the paper is as follows. In section 2 we give a short review of the deformed conifold and the KS model. We find it useful to re-write the metric and the forms of the model in terms of the SU(2) invariant 1-forms used in [34]. Based on these 1-forms we find a convenient coordinate parameterization, which properly describes the embedding (1.5). We also comment on the geometrical structure of the probe configuration

– 3 – for different μ’s. In section 3 we use the SO(4) invariant representation of the B-field and the metric to argue that the configurations (1.2), (1.4) and (1.5) satisfy the κ-symmetry condition originally derived in [35]. In section 4 we present the D7 probe action in the case of the embedding (1.5) with μ = 0. As usual the action includes the DBI and WZ parts. We then compute the vector and the scalar meson spectra by solving the equations for the brane quadratic fluctuation. The set of fields appearing in the action include the scalar field controlling the brane fluctuation around the surface z_4 = 0, gauge fields directed along the 4-cycle wrapped by the brane and gauge fields directed parallel to the 4d boundary of the 10d metric. We will see that there is a mixing between the scalar and one of the gauge fields in the equations of motion. In section 5 we summarize our results and discuss various open questions. We summarize some useful formulae in the appendix A and B.

2. The geometry of a deformed conifold and the Klebanov-Strassler model

In this section we will describe the deformed conifold geometry and the KS background using an alternative formulation, which is advantageous for the description of the embedding z_4 = μ. We will also comment on the related deformation in the dual gauge theory.

2.1 The deformed conifold and the embedding z_4 = μ

The deformed conifold is defined by (1.1). It can conveniently be re-written as:

detW = −ϵ^2 , where W = � z_3 + iz_4 z_1 − iz_2 z_1 + iz_2 −z_3 + iz_4 � . (2.1)

In term of this matrix the radial coordinate r along the conifold is given by:

r^2 = 1 2 Tr � W^†W � = 4� i=1 |z_i|^2 . (2.2)

In this paper we will use the standard re-definition of the radial coordinate according to r^2 = ϵ^2 cosh τ. The minimal value of the radial coordinate is rmin = ϵ (or τ = 0). It corresponds to the ”tip”, where the S^2 shrinks to zero. If we identify F = F(r^2) with the Kähler potential, then the metric on the deformed conifold is [36]:

ds^2_6 = ∂_α ¯∂_β Fdz_α dz̄_β = 1 4 F^{′′} � �Tr � W^†dW � �^2 + 1 2 F^′Tr � dW^†dW � . (2.3)

The following parameterization is used to express the metric in terms of the radial and five angular coordinates:

W = L_1W^{(0)}L^†_2 where W^{(0)} ≡ � 0 ϵe^{τ /2} ϵe^{−τ /2} 0 � (2.4)

and the SU(2) matrices L_1 and L_2 depend only on the angular coordinates:

L_i = � cos^{θi}_2 e^i2^{(ψ i+ϕ i)} − sin^{θi}_2 e^{− i}2^{(ψ i−ϕ i)} sin^{θi}_2 e^i2^{(ψ i−ϕ i)} cos^{θi}_2 e^{− i}2^{(ψ i+ϕ i)} � where i = 1, 2 . (2.5)

– 4 –

Since the matrix W depends only on the sum ψ_1 + ψ_2 one usually sets ψ_1 = ψ_2 =^1_2 ψ. Next we introduce the SU(2) left invariant 1-forms {h_i, h̃_i}_{i=1,2,3} related to the matrices L_{1,2} through: L^†_1dL_1 = i 2 h_iσ^i and L^†_2dL_2 = i 2 h̃_iσ^i , (2.6)

where σ_{i=1,2,3} are the Pauli matrices. The explicit formulae for the forms in terms of the angular coordinates appear in appendix A. In appendix B we show how these forms are connected to the forms g_i’s used in [6]. These 1-forms satisfy the SU(2) × SU(2) Maurer- Cartan equations: dh_i = 1 2 ϵ_{ijk}h_j ∧ h_k, dh̃_i = 1 2 ϵ_{ijk}h̃_j ∧ h̃_k . (2.7)

Requiring the metric to be Ricci flat leads to a differential equation for the Kähler potential F(r^2) as described in [36] (see also [37, 38]). In terms of the 1-forms the metric of the deformed conifold takes the following form:

ϵ^{−4/3} ds^2_6 = B^2(τ) � dτ^2 + � h_3 + h̃_3

�_2� + + A^2(τ) � h^2_1 + h^2 + h̃^2_1 + h̃^2 + 2 cosh τ � h_2h̃_2 − h_1h̃_1 � , (2.8)

where

A^2(τ) =

2^{−1/3} 4 coth τ (sinh(2τ) − 2τ)^{1/3} and B^2(τ) =

2^{2/3} 6 sinh^2 τ (sinh(2τ) − 2τ)^{2/3} . (2.9) Let us now demonstrate how using the 1-forms {h_i, h̃_i} one can parameterize the surface z_4 = μ embedded in the deformed conifold. Let us start from the μ = 0 case. Since z_4 =^1_{2i} TrW and TrW^{(0)} = 0 the job is done by an identification of the SU(2) matrices L_1 and L_2:

L_1 = L_2 . (2.10)

In terms of the angular coordinates it implies that θ_1 = θ_2, ϕ_1 = ϕ_2, so that h_i = h̃_i for i = 1, 2, 3. We obtain a 4d surface with z_4 = 0 along it. For μ ≠ 0 we set

L_2 = L_1S with S = � cos^γ_2 e^{i δ}2 −i sin^γ_2 e^{−i δ}2 −i sin^γ_2 e^{i δ}2 cos^γ_2 e^{−i δ}2 � . (2.11)

Substituting this into (2.4) we obtain:

z_4 = 1 2i TrW = ϵ sin γ 2 cosh � τ 2 + i δ 2 � . (2.12)

It means that for real μ the embedding z_4 = μ corresponds to: sin � γ(τ) 2 � = μ ϵ 1 cosh^τ_2 and δ = 0 . (2.13)

We see that for μ > ϵ the minimal value of the radial coordinate τ along the surface z_4 = μ is τmin = 2 cosh^{−1} (^μ_ϵ ) and the D7 brane probe embedded in this way does not reach the ”tip” located at τ = 0. On the other hand, for μ < ϵ we have τmin = 0. This is shown

– 5 – τ = 0

D7

τ = τmin

τ = 0

D7

Figure 1: The D7 probe configuration z_4 = μ on a deformed conifold for μ < ϵ (left) and for μ > ϵ (right).

schematically on figure 1. One can arrive at the same result directly from the definition of the deformed conifold (1.1). Indeed, along the surface z_4 = μ the radial coordinate r satisfies:

r^2 = 3� i=1 |z_i|^2 + μ^2 ≥ � � � � 3� i=1 z_i � � � � 2 + μ^2 = � �ϵ^2 − μ^2 � �+ μ^2 = � ϵ^2 for μ ≤ ϵ 2μ^2 − ϵ^2 for μ ≥ ϵ

. (2.14)

Recalling that r^2 = ϵ cosh τ we see this is identical to (2.13). It turns out that the same conclusion holds for the configurations (1.2) and (1.4). For instance, with μ replaced by λ the relation (2.14) holds for the case (1.2). Notice that this result matches the prediction of (1.2). Indeed, we see that the D7 brane configuration has a free parameter μ and making this parameter large enough (μ > ϵ) we find that the probe brane ends at a finite distance at the radial coordinate τ (τmin > 0) and so is absent in the IR.

Using the relation (2.11) we can express the forms h̃_1, h̃_2 and h̃_3 in terms of the forms h_1, h_2 and h_3 and the coordinates γ and δ. Substituting (2.11) into the second equation in (2.6) we get:

h̃_1 = (h_1 − dγ) cos δ − (h_3 sin γ + h_2 cos γ) sin δ h̃_2 = (h_1 − dγ) sin δ + (h_3 sin γ + h_2 cos γ) cos δ h̃_3 = (h_3 cos γ − h_2 sin γ) + dδ . (2.15)

As a consistency check one may verify that the forms h̃_i’s satisfy the Maurer-Cartan equations (2.7).

The D7 brane in our setup spans the world-volume of the D3 branes and wraps the 4-cycle defined by z_4 = μ. For this configuration the coordinates γ and δ satisfy (2.13). We therefore will refer to the coordinates x_μ , τ and h_{i=1,2,3} as the world-volume coordinates of the branes, while the coordinates γ and δ will be regarded as the transverse coordinates. Note again that the coordinate γ is constant along the brane only for μ = 0.

– 6 –

Let us end this section with a remark on the geometry of the embedding z_4 = μ. For μ ≠ 0 the configuration admits the SU(2) isometry, which is the subgroup of the isometry group SO(4) = SU(2) × SU(2) of the deformed conifold. This is similar to the isometry subgroup SU(2) ⊂ SO(4) preserved by the D7 probe considered in [24]. It is therefore attempting to compare these two configurations. For ϵ → 0 the type IIA dual picture of the singular locus of the conifold takes the form of a pair of perpendicular NS5 branes [39]– [41]. For the deformed conifold (ϵ ≠ 0) there is a ”diamond” structure at the intersection of the NS5 branes [42]. Under T-duality the fractional D3 branes of the KS background are transformed to D4 branes connecting the NS5 branes. Adding D6 branes on the top of the NS5 branes one introduces into the setup flavored fundamental quarks, which correspond to the strings between the D6 and the D4 branes [43]. In the T-dual picture it gives D7 branes that intersect the singular locus. The transverse coordinates of the D7 brane are the S^2 coordinates of the base. Using the deformed conifold formulation of [44] this structure was explicitly realized in [24]. It was further shown that the configuration has a form of two D7 branes given by two cylinders smoothly intersecting each other at a circle at τ = 0. This circle is embedded in the S^3 and corresponds to the ”diamond”. Apart from the SU(2) isometry preserved by the configuration there is a residual U(1) symmetry one gets after placing the pair of the D7 branes at the poles of the S^2. This U(1) is not a symmetry of the full background, but rather of the induced metric on the D7 brane probe. For the embedding z_4 = μ it is parallel to the U(1) isometry of the induced metric we obtain in the special case μ = 0. In terms of the angular coordinates introduced above this isometry corresponds to the invariance under δ → δ + const. In our setup, however, we cannot associate directly the transverse coordinates (γ and δ) introduced in this section to the coordinates of the S^2 and the 1-forms h_i’s to the the forms of the S^3. To see this, let us consider pullback of the metric (2.8) in the case of the embedding z_4 = μ for μ = 0. According to (2.15) this embedding corresponds to h_i = h̃_i and near τ = 0 we obtain:

ds^2_6 = ϵ^{4/3} 2^{5/3}3^{1/3} � dτ^2 + 4(h^2_3 + h^2) � + O(τ^2) . (2.16)

We see that it does not reproduce the metric of the non-shrinking S^3. We therefore cannot use directly the “diamond” structure to argue that our D7 brane probe gets mapped into the type IIA D6 brane. On the other hand, as we will discuss in the next section the holomorphic structure of the embedding is necessary to preserve the supersymmetry of the KS solution. The only holomorphic embedding with the SU(2) isometry is z_i = const. It will be very interesting to understand how this holomorphic embedding posses the T-dual description using the ”diamond” structure of the conifold similarly to [24].

2.2 The 10d metric and the forms in the KS background

Now we are in a position to present the constituents of the KS background in terms of the radial coordinate τ, the forms h_{i=1,2,3} and the coordinates γ and δ. The 10d metric and the 5-form flux in the KS solution have the structure of the D3 brane solution, namely:

ds^2 = h^{−1/2} � dx^2_0 + · · · + dx^2_3 � + h^{1/2}ds^2_{M6} (2.17)

– 7 – and F̃_5 = 1 g_s

(1 + ⋆_{10})dh^{−1} ∧ dx_0 ∧ · · · ∧ dx_3 , (2.18)

where M_6 is the deformed conifold metric (2.8) and the harmonic function h depends only on the coordinate τ:

h(τ) = ϵ^{−4/3} m^2gb

I(τ), where I(τ) =

�_∞ τ dx x coth x − 1 sinh^2 x

(sinh(2x) − 2x)^{1/3} . (2.19)

Here m is the scale mass of glueballs (see [45] and [46]) given by

m^2gb = ϵ^{4/3} 2^{2/3}(g_sMα^′)^2

, (2.20)

where M is the number of the fractional D3 branes wrapping the shrinking S^2. The five form F̃_5 in (2.18) related to the RR 4-form C_4 by

F̃_5 = F_5 + B_2 ∧ dC_2 , where F_5 = dC_4 . (2.21)

Here C_2 is the RR 2-form. In our case the RR 4-form is defined by:

C_4 = 1 g_s h^{−1} dx_0 ∧ · · · ∧ dx_3 . (2.22)

Next we consider the NS B-field. In terms of the 1-forms h_i’s and the coordinates γ and δ it reads:

B_2 = 1 4 Mα^′(f − k) � cosh τ � (1 − cos(γ)) h_1 ∧ h_2 − sin(γ)h_3 ∧ dγ −

− sin(γ)h_1 ∧ h_3 − cos(γ)h_2 ∧ dγ � + + � (sin(δ)h_1 + cos(δ)h_2) ∧ (h_1 − dγ) +

+ (cos(δ)h_1 − sin(δ)h_2) ∧ (sin(γ)h_3 + cos(γ)h_2) � , (2.23)

where

f(τ) = τ coth τ − 1

2 sinh τ

(cosh τ − 1) , k(τ) = τ coth τ − 1 2 sinh τ

(cosh τ + 1) . (2.24)

We learn from (2.23) that for μ = 0 (or equivalently for γ, δ = 0) the B-field vanishes along the brane probe. Similarly to (2.23) one can re-write C_2 using the coordinates introduced in this section. The final expression is, however, even more complicated than (2.23) and we will not give it here since (as we will argue in the next section) the RR form C_2 does not contribute to the WZ action and therefore is irrelevant for the present discussion.

We will later need the expression for the RR 6-form C_6. The corresponding 7-form field strength is defined by:

F_7 = ⋆_{10}F_3 − C_4 ∧ H_3 . (2.25)

– 8 –

The equation of motion of C_2 implies that dF_7 = 0. Here ⋆_{10} denotes the 10d Hodge dual. Denoting by ⋆_6 the Hodge dual on M_6 we may re-write the first term in (2.25) as:

⋆_{10}F_3 = h^{−1} ⋆_6 F_3 ∧ dx_0 ∧ · · · ∧ dx_3 . (2.26)

Remarkably, the 3-forms F_3 and H_3 in the KS background satisfy the following relations:

⋆_6F_3 = g^{−1}_s H_3 and ⋆_6 H_3 = −g_sF_3 . (2.27)

Plugging this into the definition (2.25) of F_7 and using the expression (2.22) for C_4 we arrive at the conclusion that F_7 = 0 in the KS solution. We thus set C_6 = 0 in the rest of this paper.

2.3 The dual gauge theory

The dual field theory in the KS model is a 4d N = 1 SU(N + M) × SU(N) gauge theory with a SU(2) × SU(2) global symmetry inherited from the conifold isometries. Here N and M are the numbers of the physical and the fractional D3 branes respectively. M is fixed by the charge of the RR 3-form, while N is encoded in the UV behavior of the 5-form (2.18). The gauge theory is coupled to two bi-fundamental chiral multiplets A_{i=1,2} and B_{i=1,2}, which transform as a doublet of one of the SU(2)’s each and are inert under the second SU(2). The superpotential inert under the global symmetries is:

Wconifold ∼ ϵ^{ij}ϵ^{kl}Tr (A_iB_j A_kB_l) . (2.28)

This theory is believed to exhibit a cascade of Seiberg dualities reducing in the deep IR to pure SU(M). There is a simple identification of the superfields A_{i=1,2} and B_{i=1,2} in terms of the coordinates z_i’s:

w_1 = A_1B_1 , w_2 = A_2B_2 , w_3 = A_1B_2 , w_4 = A_2B_1 ,

where w_{1,2} = ±z_3 + iz_4 and w_{3,4} = z_1 ± iz_2 . (2.29)

Since z_4 ∼ w_1 + w_2 the natural deformation of the superpotential (2.28) corresponding to the embedding z_4 = μ is [26, 20]:

W = Wconifold + λQ (A_1B_1 + A_2B_2 − μ) Q̃ . (2.30)

Recall that a position of a probe D3 brane on the conifold is encoded in the vacuum expectation values of the fields A_{1,2} and B_{1,2}. We see that the superpotential implies that the fundamentals (arising as 3 − 7 strings) become massless, when the probe D3 brane is on the D7 brane locus and therefore z_4 − μ = 0 as expected. For the motivation of this deformation using the theory of D3 on C^2/Z_2 see [26].

– 9 –

3. κ-symmetry

As mentioned in the Introduction to get a supersymmetric brane embedding the Killing spinor ε of the KS solution has to satisfy the κ-symmetry condition [47]–[50]:

Γ_κ ε = ε , (3.1)

where the matrix Γ_κ depends on the geometry of the embedding as well as on the worldvolume gauge fields of the brane. It can be expressed in the following way:

Γ_κ = e^{−a/2} Γ^′_{(0)}e^{a/2} , (3.2)

where a contains all the dependence on the B-field and the world-volume gauge field. More precisely it depends on the modified 2-form field strength F = φ^⋆(B)+2πα^′F , where φ^⋆(B) is the pullback of the B-field. The matrix Γ^′_{(0)} depends on the Dp brane embedding and for p = 7 it is given by:

Γ^′_{(0)} = iσ_2 ⊗ 1 8! � |g| ϵ^{i1...i8} ∂_{i1} X^{n1} · · · · · ∂_{i8} X^{n8} γ_{n1...n8} with γ_n = E^a_nΓ_a . (3.3)

Here γ_n and Γ_a’s are the 10d curved and flat space gamma-matrices respectively and |g| denotes the determinant of the induced metric.

The 10d supergravity spinor of the KS solution can be decomposed in the following way:

ε = ζ ⊗ χ , (3.4)

where ζ is a four dimensional chiral spinor (Γ^4ζ = ζ) and χ is a six dimensional chiral spinor (Γ^6χ = −χ). It was shown in [51] that for a type IIB background of the form (2.17), (2.17) the spinor χ is given by the Killing spinor χ̃ of the 6d internal space (the deformed conifold in the KS background) multiplied by a power of the warp function h(τ):

χ̃ = h^{−1/8} χ . (3.5)

This result continues to hold also in the presence of the 3-form G_3 ≡ F_3 +^i_{gs} H_3 as in the KS solution. Moreover the supersymmetry associated with χ is unbroken provided that this 3-form is of type (2, 1) and is imaginary self dual (⋆_6G_3 = iG_3) [52, 53].

On substituting the spinor (3.4) into the the κ-symmetry condition (3.1) and considering the case where the D7 brane spans the D3 world-volume coordinates in (2.17) and wraps a 4-cycle of the internal space, we see that the four dimensional part of the condition corresponding to the spinor ζ is trivially satisfied and (3.1) effectively reduces to the condition on a D3 brane wrapping the 4-cycle. This problem was discussed in [35], where it was proven that in order to preserve the supersymmetry related to χ̃ the solution has to satisfy the following three restrictions:

1. The embedding is holomorphic [54].

2. The modified 2-form field strength F = φ^⋆(B) + 2πl^2_s F is of type (1, 1). Here φ^⋆(B) is the pullback of the 2-form B.

– 10 –

3. The pullback of the Kähler 2-form J and the form F satisfy the equation:

φ^⋆(J) ∧ F = tan θ � vol_4 − 1 2 F ∧ F � , (3.6)

where vol_4 =^1_2 φ^⋆(J) ∧ φ^⋆(J) is the canonical volume element of the 4-cycle and θ is a constant parameter.

In the rest of this section we will examine these conditions for the deformed conifold case. To this end we will need the expression for the B-field in terms of the complex coordinates z_i’s [55]:

B = b(τ)ϵ_{ijkl}z_iz̄_j dz_k ∧ dz̄_l with b(τ) = ig_sMα^′ 2ϵ^4 τ coth τ − 1

sinh^2 τ

. (3.7)

This expression is explicitly SO(4) invariant. Moreover, in this gauge the B-field is of type (1, 1) and so for vanishing F_{μν} and for an arbitrary holomorphic embedding the 2-form F also of type (1, 1) in agreement with the supersymmetry restriction described above.

Now let us consider the condition (3.6). We want to show that the embedding z_4 = μ is a solution of (3.6) for θ = 0. We will assume also that F_{μν} = 0. Plugging z_4 = μ into (3.7) and expressing z_3 in terms of z_1 and z_2 we get:

φ^⋆(B) = μ^2b(τ) · � −(z_2 −z̄_2) � z_1 z_3 − z̄_1 z̄_3 � dz_1 ∧ dz̄_1 + (z_1 −z̄_1) � z_2 z_3 − z̄_2 z̄_3 � dz_2 ∧ dz̄_2 + + � z_3 −z̄_3 + (z_1 −z̄_1) z_1 z_3

+ (z_2 −z̄_2) z̄_2 z̄_3 � dz_1 ∧ dz̄_2 − − � z_3 −z̄_3 + (z_1 −z̄_1) z̄_1 z̄_3

+ (z_2 −z̄_2) z_2 z_3 � dz_2 ∧ dz̄_1 � . (3.8)

Similarly the pullback of the Kähler 2-form is:

φ^⋆(J) = ∂_α ¯∂_β Fdz_α ∧ dz̄_β � z_4=μ

= F^{′′} � 2 |z_1|^2 dz_1 ∧ dz̄_1 + 2 |z_2|^2 dz_2 ∧ dz̄_2 + z_1z̄_2dz_1 ∧ dz̄_2 + z_2z̄_1dz_2 ∧ dz̄_1 � + + F^′ � 1 + |z_1|^2 |z_3|^2 � dz_1 ∧ dz̄_1 + � 1 + |z_2|^2 |z_3|^2 � dz_2 ∧ dz̄_2 + + z_1z̄_2 |z_3|^2 dz_1 ∧ dz̄_2 + z_2z̄_1 |z_3|^2 dz_2 ∧ dz̄_1 � . (3.9)

This is now a straightforward exercise to verify that φ^⋆(J) ∧ φ^⋆(B) = 0 and thus the condition (3.6) is fulfilled for the embedding z_4 = μ. There is, however, a simple symmetry argument one can use to significantly simplify the proof. Both the B-field and the Kähler form are SO(4) invariant objects. In particular, they are invariant under rotations in the (z_1, z_2) plane. On the other hand, the Kähler form is also inert under

z_1 → z_2 z_2 → z_1 , (3.10)

– 11 – while the B-field transforms under this reflection as B → −B. Furthermore, we have φ^⋆(J) ∧ φ^⋆(B) = ϕ · dz_1 ∧ dz_2 ∧ dz̄_1 ∧ dz_2 for some function ϕ = ϕ(z_1, z_2,z̄_1,z̄_2). Since the embedding z_4 = μ is both invariant under rotations and the reflection (3.10) we conclude that ϕ is invariant under rotations and transforms as ϕ → −ϕ under (3.10). The only functions with these two properties is ϕ ≡ 0.

Remarkably, this proof is valid for a general holomorphic embedding of the form:

z_4 = f � z^2_1 + z^2 � . (3.11)

In particular, the configurations (1.2) and (1.4) are of this form and therefore satisfy the κ-symmetry condition as was announced in the Introduction.

4. Spectrum of mesons

In this section we will study the quadratic fluctuations around the D7 brane configuration z_4 = μ for μ = 0. We saw in the previous section that the holomorphic embedding z_4 = μ satisfies the κ-symmetry condition for arbitrary μ. For μ ≠ 0, however, the D7 brane probe action has a very complicated form and the meson spectrum calculation becomes an extremely difficult task. We will therefore consider only the μ = 0 case, which in view of the equation (2.30) corresponds to massless quarks. In the absence of the quark mass parameter the meson masses should be normalized with respect to the QCD scale introduced by the conifold deformation parameter ϵ or alternatively with respect to the glueball mass (2.20).

The set of dynamical fields on the brane includes 8d gauge potentials and two 8d scalars corresponding to the fluctuations along the two transverse directions. We will consider the abelian case Nf = 1 and will examine only the lowest KK modes, namely we will assume that the 8d fields depend only on the radial coordinate τ and on the D3 worldvolume coordinates x_μ ’s. Fields with a non-trivial dependence on the angular coordinates associated with the 1-forms h_i’s carry non-zero spins and charges related to the SU(2) isometry of the embedding and therefore have no counterparts in the dual QCD.

As we mentioned in the Introduction the masses of the fluctuation modes give the spectrum of the gauge theory mesons. There are two kinds of mesons. The gauge fields A_μ with non-vanishing components along the non-compact directions x_μ correspond to vector mesons in the gauge theory, while the gauge fields directed along the compact angular directions (A_1, A_2, A_3) and the scalar fields on the brane correspond to scalar mesons.

The D7 brane action consists of two parts:

S = SDBI + SWZ , (4.1)

where

SDBI = −μ_7e^{−ϕ 0} � dσ^8 � φ^⋆(g) + F , and SWZ = μ_7 � � p C_{p+1} ∧ e^F . (4.2)

Here μ_7 = (2π)^{−7} l^8_s , e^{−ϕ 0} = g^{−1}_s , φ^⋆(g) is the pullback of the 10d metric (2.17) and F = φ^⋆(B)+2πl^2_s F is the modified 2-form field strength as in the previous section. We saw in Section 2 that C_6 = 0 in the KS model. Moreover, C_0 also vanishes in this background

– 12 – and C_2 has no legs along the 4d space-time spanned by the coordinates x_μ ’s. Thus we conclude that the only contribution to the WZ part of the action is due to the RR 4-form C_4 (2.22).

It appears that up to the quadratic terms the D7 brane action takes the following form:

S = −μ_7 � d^4xdτh_1h_2h_3 × × � −|g_{(0)}| � 1 + 1 4 � 1 + 1 cosh τ � h^{1/2}A^2g^{μν}_{(0)}∂_μ γ∂_ν γ + 1 4 � A B �_2 (∂_τ γ)^2 − − 1 4 � 1 − 1 4 � A B �_2 � 1 − 1 cosh τ � � γ^2 + 1 4 g^{IJ}_{(0)}g^{KL}_{(0)} F_{IK} F_{JL} � − − 1 2! h^{−1} ϵ^{ijkl}F_{ij} F_{kl} � . (4.3)

Here μ, ν, . . . refer to the 4d non-compact world-volume coordinates, I, J, . . . are the 8d indices, i, j, . . . = τ, 1, 2, 3 denote the radial and the internal space indices, the functions A(τ) and B(τ) are given in (2.9) and the 8d metric g^{IJ}_{(0)} is:

g^{IJ}_{(0)} = diag � −h^{12} , h^{12} , h^{12} , h^{12} , ϵ^{− 4}3 h^{− 1}2 B^2 , ϵ^{− 4}3 h^{− 1}2 2A^2 � 1 −^1_{cosh τ} �, ϵ^{− 4}3 h^{− 1}2 2A^2 � 1 +^1_{cosh τ} �, ϵ^{− 4}3 h^{− 1}2 4B^2 � . (4.4) It implies that � −|g_{(0)}| = 4A^2(τ)B^2(τ) tanh τ. The components of the 2-form F appearing in the action (4.3) are:

F_{τ 1} = 2πl^2_s F_{τ 1} F_{23} = 2πl^2_s F_{23} F_{τ 3} = 2πl^2_s F_{τ 3} F_{12} = 2πl^2_s F_{12}

F_{τ 2} = − 1 4 Ml^2_s (k(τ) − f(τ))(cosh τ + 1)γ^′ + 2πl^2_s F_{τ 2}

F_{13} = 1 4 Ml^2_s (k(τ) − f(τ))(cosh τ − 1)γ + 2πl^2_s F_{13}

F_{μ1} = 2πl^2_s F_{μ1} F_{μ3} = 2πl^2_s F_{μ3}

F_{μ2} = 1 4 Ml^2_s (k(τ) − f(τ))(cosh τ + 1)∂_μ γ + 2πl^2_s F_{μ2} . (4.5)

In writing these components we used (2.23). We see that the action (4.3) has no terms linear in the fields. Hence the supersymmetric configuration z_4 = 0 solves the probe equations of motion. It is interesting to notice that the field δ(x_μ , τ) does not appear in the action. A simple check reveals that the term proportional to δ^2 will be produced in the μ ≠ 0 case.

From the expressions for F_{13} and F_{τ 2} it is evident that there is a mixing between the scalar field γ and the A_2 component of the gauge field.

In the rest of this section we will use the action (4.3) to calculate the masses of 4d vector and scalar mesons. In what follows we will impose the gauge A_τ = 0.

4.1 Vector mesons

For the vector field polarized along the non-compact world-volume coordinates we will adopt the ansatz A_μ (x, τ) = v_μ e^{ik·x}a(τ), where −k^2 = M^2m denotes the 4d mass. The

– 13 – equation of motion extracted from (4.3) is:

∂_c �√ gg^{cd}g^{ab}F_{db} � = 0 , (4.6)

where the indices a, b, . . . run over the radial τ and the 4d coordinates x_μ and g_{ab} corresponds to an appropriate metric component in (4.4). It implies that v · k = 0 and the function a(τ) satisfies: � A^2(τ) tanh(τ)a^′(τ)

�_′

+ λ^2_nI(τ)A^2(τ)B^2(τ) tanh(τ)a(τ) = 0 . (4.7)

Here λ_n = Mm/mgb with mgb being the scale mass of the gauge theory glueballs (2.20) and I(τ) is defined in (2.19). The normalizable solution of the above differential equation at τ → ∞ is a(τ) ∼ e^{−2τ /3} . On the other hand, the converging solution near τ = 0 is a(τ) ∼ const. Matching numerically the regular solutions in the UV (τ → ∞) and in IR (τ → 0) results in a set of discrete values of the parameter λ_n. This computation leads to the following result for the lowest masses of vector mesons in the dual gauge theory:

λ_n = Mm mgb = 4.32, 5.81, 7.32, 8.85, 10.39, . . . . (4.8)

4.2 Scalar mesons

We next consider the gauge field A_1 and A_3. Substituting A_1(x, τ) = a_1(τ)e^{ik·x} and A_3(x, τ) = a_3(τ)e^{ik·x} into the action we end up the following equations for a_{1,3}(τ): � coth

�_τ 2 � I(τ) a^′_1(τ)

�_′ = � 1 2 � 1 I(τ)

�_′ + 1 4 tanh

�_τ 2 � I(τ)

− λ^2_nB^2(τ) coth � τ 2 � a_1(τ) (4.9)

and � A^2(τ) I(τ)B^2(τ) a^′_3(τ)

�_′ = � 1 I(τ)

�_′ + B^2(τ) I(τ)A^2(τ) coth(τ) − λ^2_nA^2(τ) tanh(τ) � a_3(τ) . (4.10)

Now the regular solutions at τ → ∞ are a_1(τ) ∼ e^{−11/6τ} and a_3(τ) ∼ e^{−2τ} , while at τ → 0 the converging solutions are a_1(τ) ∼ τ^2 and a_3(τ) ∼ τ. This time the ”shooting” technique yields the following spectra:

λ_n = Mm mgb = 3.38, 4.92, 6.38, 7.87, 9.37, . . . (4.11)

and λ_n = Mm mgb = 4.18, 5.67, 7.17, 8.71, 10.28, . . . (4.12)

for the mesons related to the field A_1 and A_3 respectively.

– 14 –

Finally let us consider the fields γ and A_2. Following the same steps as in the previous discussion we we will assume that γ = γ(τ)e^{ik·x} and A_2 = a_2(τ)e^{ik·x}. We arrive to a set of two 2nd order differential equations for γ(τ) and a_2(τ): � I^{−1} tanh τ 2 � −(k − f)(cosh τ + 1)γ^′ + ã^′_2 � + 1 2 I^{−1} ((k − f)(cosh τ − 1)γ − ã_2)

�_′ = = 1 4 I^{−1} coth τ 2 (−(k − f)(cosh τ − 1)γ + ã_2) + 1 2 I^{−1} � (k − f)(cosh τ − 1)γ^′ − ã^′_2 � − − λ^2_n � B A �_2

tanh τ 2 ((k − f)(cosh τ + 1)γ + ã_2) (4.13) and � I^{−1} (k − f) � (cosh τ + 1) tanh τ 2 � (k − f)(cosh τ + 1)γ^′ − ã^′_2 � + + 1 2 (cosh τ − 1) (−(k − f)(cosh τ − 1)γ + ã_2) � + 2^{143} A^4 tanh τ γ^′

�_′ = = 1 2 I^{−1} (k − f)(cosh τ − 1) � 1 2 coth τ 2 ((k − f)(cosh τ − 1)γ − ã_2) − − � (k − f)(cosh τ − 1)γ^′ − ã^′_2 � � − − λ^2_nB^2(k − f)(cosh τ + 1) tanh τ 2 ((k − f)(cosh τ + 1)γ + ã_2) −

− 2^{14/3}A^2B^2 tanh τ � −1 + 1 4 � A B �_2 � 1 − 1 cosh τ � − λ^2_nIA^2 � 1 − 1 cosh τ � � γ . (4.14)

Here ã_2 ≡^{8π}_M a_2. The regular solution at τ → ∞ behaves as (τγ(τ) − ã_2) ∼ e^{−11/6τ} and at τ → 0 we have γ(τ), a_2(τ) ∼ const. Solving numerically this set we get:

λ_n = Mm mgb = 4.01, 5.52, . . . . (4.15)

5. Discussion

In this paper we have investigated holomorphically embedded D7 branes in the KS background in order to get a supergravity description of N = 1 QCD with flavors. We considered the Nf = 1 case and ignored the back-reaction of the D7 brane probe on the supergravity background. Studying the κ-symmetry condition derived in [35] we argued that our brane configuration z_4 = μ preserves the background supersymmetry. We also gave a simple criterion to verify whether holomorphic embeddings suggested by other authors are supersymmetric. The embedding z_4 = μ discussed in this paper preserves the SU(2) subgroup of the deformed conifold isometries. As we have shown this fact significantly simplifies the choice of the coordinates along the D7 brane and transversal to it. Using this coordinate parameterization we calculated the spectrum of the vector and scalar mesons for the special μ = 0 case. To this end we studied the equations of motion extracted from the quadratic

– 15 –

Figure 2: Graphic representation of the meson spectrum for mgb = 1 and n = 1, . . . , 5. The boxes (□) and the circles (∘) correspond to the scalar meson masses (4.11) and (4.12) respectively, while the crosses (+) are related to the vector mesons (4.8)

fluctuations around the probe. The meson masses were computed this way by numerical matching of the regular solutions in the UV and in the IR. The graphical representation of the spectrum is given on Fig. 2. We found that the spectrum satisfies the following important properties:

• It exhibits a mass gap.

• The masses are of the order of the glueball mass mgb.

• The vector mesons are heavier than the corresponding scalar mesons. Remarkably, this property is not shared by the meson spectrum found in [24].

• At least for the lowest levels n = 1, . . . , 5 we have obtained here, the masses Mm of the vector and the scalar mesons grow linearly as a function of n. In all the cases (4.8), (4.11) and (4.12) we have found that:

Mm(n) = Δm · n + a_0 , (5.1)

where Δm ≈ 1.5m gb and a_0 = 2.8mgb, 1.9mgb, 2.7mgb for the cases (4.8), (4.11) and (4.12) respectively.

– 16 –

Unfortunately, we don’t have any physical explanation of this linear behavior. Very remarkably, the same phenomena was also observed in [33], where the meson spectrum was calculated from the D5 probe brane in the MN background (see [33, (7.24)] for l = 0).

• For μ = 0 there is no equation associated with the scalar field δ, since this field does not contribute to the quadratic fluctuations of the probe. This is very similar to the results of [24]. This feature certainly has to do with the fact that for μ = 0 there is a residual U(1) isometry along the D7 probe brane as we have mentioned in section 2.

There are plenty of open problems to be explored. In this paper we computed the meson mass spectrum only for the μ = 0 case. It will be very interesting to find the spectrum for μ > 0. This spectrum will be characterized by two mass scales: μ and the glueball mass related to the conifold parameter ϵ. Although we saw that the embedding z_4 = μ is supersymmetric for any μ, it might still be possible that this configuration does not solve the probe equations of motion. It is also important to perform the spectrum computation for other holomorphic configurations like (1.2) and (1.4) and to compare it to the results of this paper.

In [56] an analytic first order deformation of the KS background was found. From the dual gauge theory point of view this deformation describes supersymmetry soft breaking gaugino mass terms. It will be interesting to consider a D7 brane probing the nonsupersymmetric background and to understand how the deformation modifies the meson spectrum we have obtained here.

Finally, it is very desirable to find a modification of the KS solution which incorporates fully localized D7 branes. This is needed for studying gauge theories where the approximation Nf ≪ N c is not justified. First steps in this direction have been made in [26] and [20].

Acknowledgments

The author would like to thank Yaron Oz, Ofer Aharony and Cobi Sonnenschein for fruitful discussions. This work was supported in part by the German-Israeli Foundation for Scientific Research and by the Israel Science Foundation.

A. The explicit expressions for the 1-forms h_i and h̃_i

Here we give the expressions for the form h_i, h̃_i (i = 1, 2, 3) in terms of the five angular coordinates θ_1, ϕ_1, θ_2, ϕ_2 and ψ:

h_1 = − cos ψ 2 sin θ_1dϕ_1 + sin ψ 2 dθ_1

h_2 = − sin ψ 2 sin θ_1dϕ_1 − cos ψ 2 dθ_1

h̃_1 = − cos ψ 2 sin θ_2dϕ_2 + sin ψ 2 dθ_2

– 17 – h̃_2 = − sin ψ 2 sin θ_2dϕ_2 − cos ψ 2 dθ_2

h_3 + h̃_3 = dψ + cos θ_1dϕ_1 + cos θ_2dϕ_2. (A.1)

B. The connection between the forms g_{i=1,...,5} and the forms h_{i=1,2,3}, h̃_{i=1,2,3} � h_1 h_2 � = � cos^ψ_2 sin^ψ_2 sin^ψ_2 − cos^ψ_2

� �_{1√} 2 (g_1 + g_3) 1√ 2 (g_2 + g_4) � �~ h_1 h̃_2 � = � − cos^ψ_2 − sin^ψ_2 sin^ψ_2 − cos^ψ_2

� �_{1√} 2 (g_3 − g_1) 1√ 2 (g_4 − g_2) �

and h_3 + h̃_3 = g_5 . (B.1)

References

[1] J.M. Maldacena, The large-N limit of superconformal field theories and supergravity, Adv.

Theor. Math. Phys. 2 (1998) 231 [hep-th/9711200].

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

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

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

[5] J.M. Maldacena and C. Núñez, Towards the large-N limit of pure N = 1 super Yang-Mills, Phys. Rev. Lett. 86 (2001) 588 [hep-th/0008001].

[6] I.R. Klebanov and M.J. Strassler, Supergravity and a confining gauge theory: duality cascades and χSB-resolution of naked singularities, JHEP 08 (2000) 052 [hep-th/0007191].

[7] F. Bigazzi, A.L. Cotrone, M. Petrini and A. Zaffaroni, Supergravity duals of supersymmetric four dimensional gauge theories, Riv. Nuovo Cim. 25N12 (2002) 1 [hep-th/0303191].

[8] M. Bertolini, Four lectures on the gauge-gravity correspondence, Int. J. Mod. Phys. A 18 (2003) 5647 [hep-th/0303160].

[9] O. Aharony, The non-AdS/non-CFT correspondence, or three different paths to QCD,

hep-th/0212193.

[10] A. Karch and E. Katz, Adding flavor to AdS/CFT, JHEP 06 (2002) 043 [hep-th/0205236].

[11] A. Karch, E. Katz and N. Weiner, Hadron masses and screening from AdS Wilson loops, Phys. Rev. Lett. 90 (2003) 091601 [hep-th/0211107].

[12] M. Kruczenski, D. Mateos, R.C. Myers and D.J. Winters, Meson spectroscopy in AdS/CFT with flavour, JHEP 07 (2003) 049 [hep-th/0304032].

[13] M. Bertolini, P. Di Vecchia, M. Frau, A. Lerda and R. Marotta, N = 2 gauge theories on systems of fractional D3/D7 branes, Nucl. Phys. B 621 (2002) 157 [hep-th/0107057].

[14] R. Marotta, F. Nicodemi, R. Pettorino, F. Pezzella and F. Sannino, N = 1 matter from fractional branes, JHEP 09 (2002) 010 [hep-th/0208153].

– 18 –

[15] J. Babington, J. Erdmenger, N.J. Evans, Z. Guralnik and I. Kirsch, Chiral symmetry breaking and pions in non-supersymmetric gauge/gravity duals, Phys. Rev. D 69 (2004) 066007 [hep-th/0306018].

[16] X.J. Wang and S. Hu, Intersecting branes and adding flavors to the maldacena- Núñez background, JHEP 09 (2003) 017 [hep-th/0307218].

[17] M. Kruczenski, D. Mateos, R.C. Myers and D.J. Winters, Towards a holographic dual of large-N_c QCD, JHEP 05 (2004) 041 [hep-th/0311270].

[18] N.J. Evans and J.P. Shock, Chiral dynamics from AdS space, Phys. Rev. D 70 (2004) 046002 [hep-th/0403279].

[19] J.L.F. Barbon, C. Hoyos, D. Mateos and R.C. Myers, The holographic life of the eta’, JHEP 10 (2004) 029 [hep-th/0404260].

[20] B.A. Burrington, J.T. Liu, L.A. Pando Zayas and D. Vaman, Holographic duals of flavored N = 1 super Yang-Mills: beyond the probe approximation, JHEP 02 (2005) 022 [hep-th/0406207].

[21] J. Erdmenger and I. Kirsch, Mesons in gauge/gravity dual with large number of fundamental fields, JHEP 12 (2004) 025 [hep-th/0408113].

[22] A. Loewy and J. Sonnenschein, On the holographic duals of N = 1 gauge dynamics, JHEP 08 (2001) 007 [hep-th/0103163].

[23] S.S. Gubser and I.R. Klebanov, Baryons and domain walls in an N = 1 superconformal gauge theory, Phys. Rev. D 58 (1998) 125025 [hep-th/9808075].

[24] T. Sakai and J. Sonnenschein, Probing flavored mesons of confining gauge theories by supergravity, JHEP 09 (2003) 047 [hep-th/0305049].

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

[26] P. Ouyang, Holomorphic d7-branes and flavored N = 1 gauge theories, Nucl. Phys. B 699 (2004) 207 [hep-th/0311084].

[27] E. Witten, Baryons and branes in anti de Sitter space, JHEP 07 (1998) 006 [hep-th/9805112].

[28] J. Polchinski and M.J. Strassler, The string dual of a confining four-dimensional gauge theory, hep-th/0003136.

[29] S. Gukov, M. Rangamani and E. Witten, Dibaryons, strings and branes in AdS orbifold models, JHEP 12 (1998) 025 [hep-th/9811048].

[30] C.E. Beasley, BPS branes from baryons, JHEP 11 (2002) 015 [hep-th/0207125].

[31] D. Berenstein, C.P. Herzog and I.R. Klebanov, Baryon spectra and AdS/CFT correspondence, JHEP 06 (2002) 047 [hep-th/0202150].

[32] D. Arean, D. Crooks and A.V. Ramallo, Supersymmetric probes on the conifold, JHEP 11 (2004) 035 [hep-th/0408210].

[33] C. Núñez, A. Paredes and A.V. Ramallo, Flavoring the gravity dual of N = 1 Yang-Mills with probes, JHEP 12 (2003) 024 [hep-th/0311201].

– 19 –

[34] G. Papadopoulos and A.A. Tseytlin, Complex geometry of conifolds and 5-brane wrapped on 2-sphere, Class. and Quant. Grav. 18 (2001) 1333 [hep-th/0012034].

[35] M. Marino, R. Minasian, G.W. Moore and A. Strominger, Nonlinear instantons from supersymmetric p-branes, JHEP 01 (2000) 005 [hep-th/9911206].

[36] P. Candelas and X.C. de la Ossa, Comments on conifolds, Nucl. Phys. B 342 (1990) 246.

[37] R. Minasian and D. Tsimpis, On the geometry of non-trivially embedded branes, Nucl. Phys.

B 572 (2000) 499 [hep-th/9911042].

[38] K. Ohta and T. Yokono, Deformation of conifold and intersecting branes, JHEP 02 (2000) 023 [hep-th/9912266].

[39] H. Ooguri and C. Vafa, Two-dimensional black hole and singularities of cy manifolds, Nucl.

Phys. B 463 (1996) 55 [hep-th/9511164].

[40] A.M. Uranga, Brane configurations for branes at conifolds, JHEP 01 (1999) 022 [hep-th/9811004].

[41] K. Dasgupta and S. Mukhi, Brane constructions, conifolds and M-theory, Nucl. Phys. B 551 (1999) 204 [hep-th/9811139].

[42] M. Aganagic, A. Karch, D. Lüst and A. Miemiec, Mirror symmetries for brane configurations and branes at singularities, Nucl. Phys. B 569 (2000) 277 [hep-th/9903093].

[43] S. Elitzur, A. Giveon and D. Kutasov, Branes and N = 1 duality in string theory, Phys. Lett.

B 400 (1997) 269 [hep-th/9702014].

[44] E.G. Gimon, L.A. Pando Zayas, J. Sonnenschein and M.J. Strassler, A soluble string theory of hadrons, JHEP 05 (2003) 039 [hep-th/0212061].

[45] M. Krasnitz, A two point function in a cascading N = 1 gauge theory from supergravity,

hep-th/0011179.

[46] E. Caceres and R. Hernandez, Glueball masses for the deformed conifold theory, Phys. Lett.

B 504 (2001) 64 [hep-th/0011204].

[47] M. Cederwall, A. von Gussich, B.E.W. Nilsson and A. Westerberg, The dirichlet super-three-brane in ten-dimensional type-IIB supergravity, Nucl. Phys. B 490 (1997) 163 [hep-th/9610148].

[48] M. Cederwall, A. von Gussich, B.E.W. Nilsson, P. Sundell and A. Westerberg, The Dirichlet super-p-branes in ten-dimensional type-IIA and IIB supergravity, Nucl. Phys. B 490 (1997) 179 [hep-th/9611159].

[49] E. Bergshoeff and P.K. Townsend, Super D-branes, Nucl. Phys. B 490 (1997) 145 [hep-th/9611173].

[50] E. Bergshoeff, R. Kallosh, T. Ortin and G. Papadopoulos, kappa-symmetry, supersymmetry and intersecting branes, Nucl. Phys. B 502 (1997) 149 [hep-th/9705040].

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

[52] M. Grana and J. Polchinski, Gauge/gravity duals with holomorphic dilaton, Phys. Rev. D 65 (2002) 126005 [hep-th/0106014].

– 20 –

[53] S.S. Gubser, Supersymmetry and F-theory realization of the deformed conifold with three-form flux, hep-th/0010010.

[54] K. Becker, M. Becker and A. Strominger, Five-branes, membranes and nonperturbative string theory, Nucl. Phys. B 456 (1995) 130 [hep-th/9507158].

[55] C.P. Herzog, I.R. Klebanov and P. Ouyang, Remarks on the warped deformed conifold,

hep-th/0108101.

[56] S. Kuperstein and J. Sonnenschein, Analytic non-supersymmetric background dual of a confining gauge theory and the corresponding plane wave theory of hadrons, JHEP 02 (2004) 015 [hep-th/0309011].

– 21 –