arXiv:0902.0864v1 [hep-ph] 5 Feb 2009

Scalar Mesons and glueballs in Dp − Dq hard-wall models

Chao Wang^1, Song He^1, Mei Huang^{1,2}, Qi-Shu Yan^3, and Yi Yang^{4,5} 1 Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China 2 Theoretical Physics Center for Science Facilities, Chinese Academy of Sciences, Beijing, China 3 Department of Physics, University of Toronto, Toronto, Canada 4 Department of Electrophysics, National Chiao-Tung University, Hsinchu, Taiwan and 5 Physics Division, National Center for Theoretical Sciences, Hsinchu, Taiwan (Dated: February 6, 2009)

We investigate light scalar mesons and glueballs in the Dp − Dq hard-wall models, including D3 − Dq, D4 − Dq, and D6 − Dq systems. It is found that only in the D4 − D6 and D4 − D8 hard wall models, the predicted masses of the q̄q scalar meson f0, scalar glueball are consistent with their experimental or lattice results. This indicates that D4 − D6 and D4 − D8 hard-wall models are favorite candidates of the realistic holographic QCD model.

PACS numbers: 11.25.Tq, 11.10.Kk, 11.25.Wx, 12.38.Cy

I. INTRODUCTION

In recent years, there have been intense studies on scalar mesons and scalar glueballs and their mixing, e.g. see Refs. [1, 2, 3] and references therein.

The glueball spectrum has attracted much attention more than three decades [4]. Study particles like glueballs where the gauge field plays a more important dynamical role than in the standard hadrons, offers a good opportunity of understanding the nonperturbative aspects of QCD. The complexity of determing the glueball states lies in that gluonic bound states always mix with q̄q states. For example, one has to distinguish the lightest scalar glueball state among other scalar mesons observed in the energy range below 2GeV. Though the pseudoscalar, vector and axialvector, and tensor mesons with light quarks have been reasonably well known in terms of their SU(3) classification and quark content, the scalar meson sector, on the other hand, is much less understood in this regard. There are 19 states which are more than twice the usual q̄q nonet as in other sectors.

Despite of extensive study from both experimental side and theoretical side, no conclusive answer has been obtained on scalar mesons and scalar glueballs. One possible scenario is: The lightest scalars σ, κ, f_0, a_0 below 1GeV make a full SU(3) flavor nonet. The inversion of the κ and f_0 or a_0 mass ordering, suggests that these mesons are not naive q̄q states, one natural explanation for this inverted mass spectrum is that these mesons are diquark and antidiquark bound states, or tetraquark states [5]. Above 1GeV, the nonet q̄q mesons are made of an octet with largely unbroken SU(3) symmetry and a fairly good singlet which is f_0(1370). The other left scalar meson f_0(1710) is identified as an almost pure scalar glueball with a ∼ 10% mixture of q̄q, which is supported from lattice calculation [6] and experimental observation of the copious f_0(1710) production in radiative J/ψ decays [7].

Recently, the discovery of the gravity/gauge duality, or anti-de Sitter/conformal field theory (AdS/CFT) correspondence [8, 9] provides a revolutionary method to tackle the problem of strongly coupled gauge theories, for reviews see Ref. [10]. Many efforts have been invested in examining meson spectra, baryon spectra, see e.g. Refs. [11, 12], as well as in the glueball sector [13, 14]. It is widely expected that this new analytical approach can shed some light on our understanding of the nonperturbative aspects of QCD.

The string description of realistic QCD has not been successfully formulated yet. By using AdS/CFT correspondence to study non-conformal field theory like QCD, the usual way of breaking conformal symmetry is by introducing a hard infrared (IR) cut-off, i.e. the hard-wall AdS_5 model or introducing a smooth cut-off through a dilaton background field, i.e. the soft-wall AdS_5 model. One can extend the AdS/CFT correspondence to a more general case, and expect the realistic QCD is dual to a non-conformal Dp brane system, like the D4 − D8/D̄8 system, i.e. the Sakai-Sugimoto model [15]. In Ref. [16], we have investigated the general embedding Dp − Dq systems, where the N_c background Dp-brane describes the effects of pure QCD theory, while the N_f probe Dq-brane is to accommodate the fundamental flavors.

The motivation of this paper is to investigate the scalar meson and glueball spectra in the general embedding Dp − Dq systems, and study which Dp − Dq system is more close to the dual theory of realistic QCD. Our finding is that in the D4 − D6 and D4 − D8 hard wall models, the predicted masses of the q̄q scalar meson f_0 and the scalar glueball are consistent with their experimental or lattice results, which indicates that D4 − D6 and D4 − D8 hard-wall models are favorite candidates of the realistic holographic QCD model. Because this paper is an attempt to describe light mesons and glueballs in one holographic model, we will leave the mixing between scalar mesons, tetraquark states and glueballs for future studies.

The paper is organized as following: After the introduction, we briefly introduce 5-dimension metric structure of the Dp − Dq system in type II superstring theory in Sec. II. Then in Sec. III, we give the equation of motion for mesons and glueballs, and we investigate the meson spectra and glueball spectra. At the end we give discussions and conclusions in Sec.IV.

II. THE Dp − Dq SYSTEM

We have investigated the Dp − Dq systems in Ref. [16], however, in order to keep this paper self-contained, in the following, we give a brief introduce on the Dp − Dq branes system in type II superstring theory. In the Dp − Dq system, the N_c background Dp-brane describes the effects of pure gauge theory, while the N_f probe Dq-brane is to accommodate the fundamental flavors which has been introduced by Karch and Katz [17].

The near horizon solution of the N_c background Dp-branes in type II superstring theory in 10-dimension spacetime is [18]

ds^2 = h^{− 12} η_{αβ} dx^αdx^β + h^{12} ( du^2 + u^2dΩ^2_{8−p} ) , (1)

where α, β = 0, · · · , p, η_{αβ} = diag(−1, 1, 1, ...), and the warp factor h (u) = (R/u)^{7−p} and R is a constant R = [ 2^{5−p}π^{(5−p)/2}Γ (_{7−p} 2 ) g_sN_cl^{7−p}_s ] 1_{7−p} . The dilaton field in this background has the form of e^Φ = g_s h (u)^{(p−3)4} . The effective coupling of the Yang-Mills theory is g_{ef f} ∼ g_sN_cu^{p−3}, which is u dependent. This u dependence corresponds to the RG flow in the Yang-Mills theory, i.e. the effective g_{ef f} coupling constant depends on the energy scale u. In the case of D3-brane, g_{ef f} ∼ g_sN_c becomes a constant and the dual Yang-Mills theory is N = 4 SYM theory which is a conformal field theory. The curvature of the background (1) is R ∼^1_{l2s gef f} , which reflects the string/gauge duality - the string on a background of curvature R is dual to a gauge theory with the effective coupling g_{ef f} . To make the perturbation valid in the string side, we require that the curvature is small R ≪ 1, which means that the effective coupling in the dual gauge theory is large g_{ef f} ≫ 1/l^2_s. In the case of D3-brane, the curvature R becomes a constant, and the background (1) reduces to a constant curvature spacetime - AdS_5 × S^5.

The coordinates transformation (for the cases of p ≠ 5) u = (_{5−p} 2 ) 2_{p−5} R^{p−7p−5} z^{2p−5} , brings the above solution (1) to the following Poincaré form,

ds^2 = e^{2A(z)} [ η_{αβ} dx^αdx^β + dz^2 +

(p − 5)^2 4 z^2dΩ^2_{8−p} ] . (2)

We then consider N_f probe Dq-branes with q − 4 of their dimensions in the S^{q−4} part of S^{8−p}, with the other dimensions in z and x^α directions. The induced q + 1 dimensions metric on the probe branes is given as

ds^2 = e^{2A(z)} [ η_{μν} dx^μdx^ν + dz^2 + z^2 z^2_0 dΩ^2_{q−4} ] , (3)

where μ, ν = 0, · · · , 3, η_{μν} = diag(−1, 1, 1, 1), and the metric function of the warp factor only includes the logarithmic term A(z) = −a_0 lnz, with a_0 = p − 7 2 (p − 5)

, (4)

and the dilaton field part takes the form of e^{Φ(z)} = g_s

(_2 5−p R z )^{(p−3)(p−7)} 2(p−5) , which gives

Φ(z) ∼ d_0 ln z, with d_0 = −

(p − 3) (p − 7)

2 (p − 5)

. (5)

The metric (3) is conformal to AdS_5 × S^{q−4}.

A 5-dimension (5D) scalar field X(x, z) can be described by the action in the gravitational background as

I_{S=0} = 1 2 ∫ d^5x √ g e^{−Φ(z)} [ ∂_N X∂^N X + m^2_{5,X} X^2 ] , (6)

For higher spin fields, we can have the effective 5D action described by tensor fields as

I_{S>0} = 1 2 ∫ d^5x √ g e^{−Φ(z)} { Δ_N ϕ_{M1 ···MS} Δ^N ϕ^{M1 ···MS} + m^2_{5,ϕ}ϕ_{M1 ···MS} ϕ^{M1 ···MS} } , (7) where ϕ_{M1 ···MS} is the tensor field and M_i is the tensor index. The value of S is equal to the spin of the field. The parameters g and Φ(z) are the induced q + 1 dimension metric and dilaton field as shown in Eq. (3) and (5). m^2_{5,X} and m^2_{5,ϕ} are the 5D mass square of the bulk fields.

By assuming that the gauge fields are independent of the internal space S^{q−4}, after integrating out S^{q−4}, up to the quadratic terms and following the standard procedure of dimensional reduction, we can decompose the bulk field into its 4D components ϕ^n(x) and their fifth profiles ψ_n(z). The equation of motion (EOM) of the fifth profile wavefunctions ψ_n(z) for the general spin field including S = 0 and S > 1 can be derived as

∂^2_z ψ_n − ∂_zB · ∂_zψ_n + ( M^2_n − m^2_5e^{2A} ) ψ_n = 0 , (8)

where M_n is the mass of the 4-dimension field ϕ^n(x), and

B = Φ − k^′kA = Φ + k^′c_0lnz (9)

is the linear combination of the metric background function and the dilaton field, with k^′ = 3 for scalar field, and k^′ = 2S − 1 for higher spin fields. For simplicity, we have defined c_0 = ka_0 = −^{(p−3)(q−5)+4}_{2(p−5)} . The parameter k is a parameter depending on the induced metric (3) of the Dq brane. After integrating out S^{q−4}, k is determined as k = −^{(p−3)(q−5)+4} p−7 . It is obviously that k depends on both p and q.

The parameters c_0, d_0 and the curvature for any Dp − Dq system are listed in Table I. We notice that d_0 = 0

p 3 4 6 q 5 7 4 6 8 4 6 c0 1 3/2 5/2 7/2 −1/2 −7/2 d0 0 −3/2 3/2 R 1/ √ 3 z^{−2}/ √ 36π 6 √ 2z^6

TABLE I: Theoretical results for the Dp − Dq system.

for D3 background branes, i.e. dilaton field is constant in AdS_5 space. However, the dilaton field in a general Dp − Dq system can have a ln z term contribution, e.g. in the D4 − D8 system d_0 = −3/2. We also want to point out that for pure Dp − Dq system, the curvature is proportional to the inverse of the coupling strength g_{ef f} . For D3 background branes, the curvature is a constant. The curvature for D4 background branes is small at IR, and large at UV, its dual gauge theory is strongly coupled at IR and weakly coupled at UV, which is similar to QCD. However, the curvature for D6 background branes is large at IR, and small at UV, its dual gauge theory is weakly coulped at IR and strongly coupled at UV, which is opposite to QCD.

III. MESON SPECTRA AND GLUEBALL SPECTRA IN THE Dp − Dq HARD-WALL MODELS

In the following, we are going to investigate the scalar mesons and glueballs in the 5D Dp − Dq model defined in Sec. II. Because here we are only interested in the light excitations, we will use hard-wall models of Dp − Dq system, i.e. we choose a slice of the 5D Dp − Dq metric in the region of 0 < z ≤ z_m. z_m will be fixed in each Dp − Dq model with the mass of vector meson ρ(770). We will use the scenario in the introduction as reference for the scalar mesons and glueballs: the mass of q̄q scalar meson f_0 is in the range of 1370 − 1500 MeV [7], and the mass of scalar glueball G_0(0^{++}) is around 1710 MeV [6, 7], while the nonet below 1GeV are tetraquark states. We will also study several tensor glueballs for reference, the lattice result [6] shows that the masses for tensor glueball G_2(2^{++}) and G_3(3^{++}) are around 2400 MeV and 3600 MeV, respectively.

The key ingredients of the AdS/CFT correspondence is that it establishes a one-to-one correspondence between a certain class of local operators in the 4D N = 4 superconformal gauge theory and supergravity fields representing the holographic correspondents in the AdS_5 × S^5 bulk theory. In the bottom-up approach, we can expect a more general correspondence, i.e. each operator O(x) in the 4D field theory corresponds to a field ϕ(x, z) in the 5D bulk theory. To investigate the meson and glueball spectra, we consider the lowest dimension operators with the corresponding quantum numbers and defined in the field theory living on the 4D boundary. According to AdS/CFT correspondence, the conformal dimension of a (f-form) operator on the boundary is related to the m^2_5 of its dual field in the bulk as follows [9] :

m^2_5 = (Δ − f)(Δ + f − 4) . (10)

4D : O(x) Δ f m^2_5 f0 q̄q 3 0 −3 ρ q̄γμq 3 1 0 G0 F^2 4 0 0 G2 F Dμ_1 Dμ_2 F 6 2 16 G3 F Dμ_1 Dμ_2 Dμ_3 F 7 3 24

TABLE II: 5D mass square of mesons and glueballs in Dp − Dq system.

For non-conformal Dp branes, the induced metric (3) is still conformal to an AdS metric as we mentioned before. We thus assume the above correspondence can be extended to any Dp − Dq system in 5-dimension. In Table II, we list the correspondent fields for mesons and glueballs considered, and their 5D mass square.

The equation of motion Eq. (8) can be simplified as

− ψ^{′′}_n + V (z)ψ_n = M^2_nψ_n , (11)

where V (z) takes the form of V (z) =^{B′2}_4 −^{B′′}_2 + e^{2A(z)}m^2_5, with B = (d_0 + k^′c_0) lnz. It is found that for any Dp − Dq system, V (z) takes the general form of

V (z) = 1 z^2 ( (d_0 + k^′c_0)^2 4 + d_0 + k^′c_0 2 + m^2_5 ) . (12)

In Table III, we show the meson and glueball spectra by taking the boundary conditions as DN type, ψ_n|_{z=0} = 0 , ∂_z ψ_n|_{z=zm} = 0 , i.e. the Dirichlet type at UV and Neumann type at IR. It is found that in the D3 − Dq system, the predicted q̄q scalar meson is below 1GeV, and the scalar and tensor glueball masses are much lighter than the lattice results. The predicted meson and glueball masses are too light in the D6 − D4 system and too heavy in the D6 − D6 system, and both cases are far away from experimental/lattice results. The meson and glueball spectra in D4−Dq brane systems are more reasonable comparing with the experimental/lattice results. Especially the spectra of scalar meson and scalar glueball in the D4 − D6 and D4 − D8 systems are very close to the experimental/lattice results. The tensor glueball spectra in these two systems are 80% − 90% in agreement with the lattice results. Exp/Lat D3 − Dq D4 − D4 D4 − D6 D4 − D8 D6 − D4 D6 − D6 z^M_m 3.852 2.04 3.852 5.268 3.85281 1.453 mρ 0.77 0.77^∗ 0.77^∗ 0.77^∗ 0.77^∗ 0.77^∗ 0.77^∗ m_{f0} 1.37 − 1.5 0.893 1.417 1.584 1.565 0.548 2.496 mG_0 1.6 − 1.7 1.201 1.956 1.722 1.633 0.408 2.858 mG_2 ∼ 2.4 1.920 3.255 2.255 1.936 1.442 4.260 mG_3 ∼ 3.69 2.356 4.240 3.021 2.684 1.344 6.131

TABLE III: Results of the meson/glueball spectra in the hard-wall Dp − Dq system with the DN boundary condition. The unit for mass is in GeV.

In Table IV, we show the meson and glueball spectra by taking the boundary conditions as DD type, ψ_n|_{z=0} = 0 , ψ_n|_{z=zm} = 0 , i.e. the Dirichlet type both at UV and at IR. It is found that the results in hard-wall models are sensitive to the boundary conditions, which is unlike the case in the soft-wall models as we have shown in Ref. [16]. Using DD type boundary conditions, the predicted meson and glueball spectra in D4 − D8 system is still close to the experimental/lattice results, but the error is bigger. We thus conclude that DN type boundary conditions are more appropriate for QCD hadron spectra.

IV. SUMMARY

We have investigated the light meson and glueball spectra in the Dp − Dq hard-wall models, with the IR cut-off fixed by the mass of vector meson mass ρ. We have used the experimental/ lattice results for the scalar meson mass in the range of 1370 − 1500 and the scalar glueball mass in the range of 1600 − 1700 as references.

We find that the AdS_5 hard-wall model, i.e. our D3 − Dq hard-wall model is not the favored candidate of the holographic QCD model, because the predicted meson spectra and glueball spectra in this model does not agree well with experimental/lattice results. The most favored candidates for the realistic holographic QCD model are

Exp/Lat D3 − Dq D4 − D4 D4 − D6 D4 − D8 D6 − D4 D6 − D6 z^ρ_m 4.97624 4.07999 4.97624 5.8356 4.976 4.07999 mρ 0.77 0.77^∗ 0.77^∗ 0.77^∗ 0.77^∗ 0.77^∗ 0.77^∗ m_{f0} 1.37 − 1.5 0.77 0.939 1.292 1.441 0.795 1.744 mG_0 1.6 − 1.7 1.032 1.259 1.404 1.503 0.631 1.860 mG_2 ∼ 2.4 1.637 1.997 1.837 1.782 1.532 2.338 mG_3 ∼ 3.69 1.937 2.441 2.400 2.444 1.739 3.726

TABLE IV: Results of the meson/glueball spectra in the hard-wall Dp − Dq system with DD boudary condition. The unit for mass is in GeV.

the D4 − D6 or D4 − D8 hard wall models. In these two models, the predicted meson and glueball spectra are close to the experimental and lattice results. This picture is in consistent with the curvature analysis in Sec. II: For D3 background branes, the curvature is a constant, its dual gauge theory is a conformal field theory, which is not QCD-like. The curvature for D4 background branes is small at IR, and large at UV, its dual gauge theory is strongly coupled at IR and weakly coupled at UV, which is similar to QCD.

It is noticed that there is another scenario where the σ(600) is identified as the scalar glueball [2]. This scenario can be realized in our D6 − D4 system. However, as we pointed out in Sec. II, the curvature for D6 background branes is large at IR, and small at UV, its dual gauge theory is weakly coupled at IR and strongly coupled at UV, which is opposite to QCD. Therefore, the D6 − Dq system can be safely excluded for the candidates of holographic QCD model.

These results agree with the main findings in the Dp−Dq soft-wall models [16], where we find that Dp for p = 3, 4 systems are consistent with the Regge behavior of the vector and axial-vector mesons. More physical quantities need to be evaluated and compared with experimental results in order to determine which Dp − Dq system is more favored as the candidate of the realistic holographic QCD model.

At the end, we want to point out that our results are based on the assumption that the 5D mass square of the dual field follows the relation Eq. (10) in the AdS/CFT dictionary. This relation might be modified in the non-conformal Dp − Dq systems. We need further studies along this direction.

Acknowledgments: — We thank valuable discussions with Y. Chen, Q. Zhao and B.S. Zou on scalar mesons and glueballs. The work of M.H. is supported by CAS program ”Outstanding young scientists abroad broughtin”, the CAS key project under grant No. KJCX3-SYW-N2, and NSFC under grant No. 10875134 and No. 10735040. Q.S.Y. thanks the hospitality of TPCSF during his stay when this work was initiated. The work of Y.Y. is supported by National Science Council (NCS) of Taiwan (97-2112-M-009-019-MY3) and National Center for Theoretical Sciences (NCTS) through NCS of Taiwan.

[1] K. F. Liu, arXiv:0805.3364 [hep-lat]; K. F. Liu and C. W. Wong, Phys. Lett. B 107, 391 (1981); H. Y. Cheng, C. K. Chua and K. F. Liu, Phys. Rev. D 74, 094005 (2006); G. ’. Hooft, G. Isidori, L. Maiani, A. D. Polosa and V. Riquer, Phys. Lett. B 662, 424 (2008); Q. Zhao, B. s. Zou and Z. b. Ma, Phys. Lett. B 631, 22 (2005); D. V. Bugg, M. J. Peardon and B. S. Zou, Phys. Lett. B 486, 49 (2000).

[2] S. Narison, arXiv:0811.0563 [hep-ph].

[3] V. Mathieu, N. Kochelev and V. Vento, arXiv:0810.4453 [hep-ph]; E. Klempt and A. Zaitsev, Phys. Rept. 454, 1 (2007);

C. Amsler and N. A. Tornqvist, Phys. Rept. 389, 61 (2004). [4] M. Gell-Mann, Acta Phys. Austriaca Suppl. 9 (1972) 733. [5] R. L. Jaffe, Phys. Rev. D 15, 267 (1977).

[6] C. J. Morningstar and M. J. Peardon, Phys. Rev. D 60 (1999) 034509; H. B. Meyer, arXiv:hep-lat/0508002; Y. Chen, et al., Phys. Rev. D 73(2006) 014516.

[7] W.-M.Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) and 2007 partial update for the 2008 edition. [8] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)]. [9] S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Phys. Lett. B 428, 105 (1998); E. Witten, Adv.Theor.Math.Phys. 2 (1998) 253-291.

[10] O. Aharony, S.S. Gubser, J. Maldacena, H. Ooguri, Y. Oz, Large N Field Theories, String Theory and Gravity, Phys.Rept. 323(2000) 183; O. Aharony, arXiv:hep-th/0212193; A. Zaffaroni, PoS RTN2005, 005 (2005); J. Erdmenger, N. Evans, I. Kirsch and E. Threlfall, Eur. Phys. J. A 35, 81 (2008), [arXiv:0711.4467 [hep-th]].

[11] G. F. de Teramond and S. J. Brodsky, Phys. Rev. Lett. 94, 201601 (2005);L. Da Rold and A. Pomarol, Nucl. Phys.

B 721, 79 (2005);J. Erlich, E. Katz, D. T. Son and M. A. Stephanov, Phys. Rev. Lett. 95, 261602 (2005); A. Karch, E. Katz, D. T. Son and M. A. Stephanov, Phys. Rev. D 74, 015005 (2006); K. Ghoroku, N. Maru, M. Tachibana and

M. Yahiro, Phys. Lett. B 633, 602 (2006); O. Andreev, V.I. Zakharov, arXiv:hep-ph/0703010; Phys. Rev. D 74, 025023 (2006); M. Kruczenski, L. A. P. Zayas, J. Sonnenschein and D. Vaman, JHEP 06, 046 (2005); S. Kuperstein and J. Sonnenschein, JHEP 11, 026 (2004). H. Forkel, M. Beyer and T. Frederico, JHEP 0707, 077 (2007);

[12] Deog Ki Hong, Takeo Inami, and Ho-Ung Yee, Phys. Lett. B646:165-171, 2007; Kanabu Nawa, Hideo Suganuma, and Toru Kojo, Phys.Rev.D75:086003, 2007; Deog Ki Hong, Mannque Rho, Ho-Ung Yee, and Piljin Yi, Phys.Rev.D76:061901, 2007.

[13] C. Csaki, H. Ooguri, Y. Oz and J. Terning, JHEP 9901 (1999) 017. R. de Mello Koch, A. Jevicki, M. Mihailescu and J. P. Nunes, Phys. Rev. D 58 (1998) 105009; M. Zyskin, Phys. Lett. B 439 (1998) 373; J. A. Minahan, JHEP 9901 (1999) 020; C. Csaki, Y. Oz, J. Russo and J. Terning, Phys. Rev. D 59 (1999) 065012. R. C. Brower, S. D. Mathur and C. I. Tan, Nucl. Phys. B 587 (2000) 249; R. Apreda, D. E. Crooks, N. J. Evans and M. Petrini, JHEP 0405 (2004) 065.

[14] H. Boschi-Filho and N. R. F. Braga, JHEP 0305 (2003) 009; H. Boschi-Filho and N. R. F. Braga, Eur. Phys. J. C 32 (2004) 529; H. Boschi-Filho, N. R. F. Braga and H. L. Carrion, Phys. Rev. D 73, 047901 (2006); H. Forkel, Phys. Rev. D 78, 025001 (2008); P. Colangelo, F. De Fazio, F. Jugeau and S. Nicotri, Phys. Lett. B 652, 73 (2007).

[15] T. Sakai and S. Sugimoto, Prog. Theor. Phys. 113, 843 (2005); Prog. Theor. Phys. 114, 1083 (2006). [16] Song He, Mei Huang, Qi-shu Yan and Yi Yang, arXiv:0710.0988; Mei Huang, Qi-shu Yan and Yi Yang, Prog. Theor.

Phys. Suppl. 174, 334 (2008).

[17] A. Karch and E. Katz, JHEP 0206, 043 (2002) [arXiv:hep-th/0205236].

[18] G. W. Gibbons and K. Maeda, Nucl. Phys. B298 (1988) 741; D. Garfinkle, G. T. Horowitz, and A. Strominger, Phys.

Rev. D43 (1991) 3140; G. T. Horowitz and A. Strominger, Nucl. Phys. B360 (1991) 197.