arXiv:1106.5181v2 [hep-th] 3 Oct 2011

Holographic Superconductors with Power-Maxwell field

Jiliang Jing^∗, Qiyuan Pan, and Songbai Chen Institute of Physics and Department of Physics, and Key Laboratory of Low Dimensional Quantum Structures and Quantum Control of Ministry of Education, Hunan Normal University, Changsha, Hunan 410081, P. R. China

Abstract

With the Sturm-Liouville analytical and numerical methods, we investigate the behaviors of the holographic superconductors by introducing a complex charged scalar field coupled with a Power-Maxwell field in the background of d-dimensional Schwarzschild AdS black hole. We note that the Power-Maxwell field takes the special asymptotical solution near boundary which is different from all known cases. We find that the larger power parameter q for the Power-Maxwell field makes it harder for the scalar hair to be condensated. We also find that, for different q, the critical exponent of the system is still 1/2, which seems to be an universal property for various nonlinear electrodynamics if the scalar field takes the form of this paper.

PACS numbers: 11.25.Tq, 04.70.Bw, 74.20.-z, 97.60.Lf.

Keywords: Holographic superconductors, Power-Maxwell field, AdS black hole

∗ Electronic address: jljing@hunnu.edu.cn

I. INTRODUCTION

The AdS/CFT correspondence [1–3] indicates that a weak coupling gravity theory in a ddimensional anti-de Sitter spacetime can be related to a strong coupling conformal field theory on the (d − 1)-dimensional boundary. Gubser first [4, 5] suggested that near the horizon of a charged black hole there is in operation a geometrical mechanism parameterized by a charged scalar field of breaking a local U(1) gauge symmetry. Then, the gravitational dual of the transition from normal to superconducting states in the boundary theory was constructed. This dual consists of a system with a black hole and a charged scalar field, in which the black hole admits scalar hair at temperature lower than a critical temperature, but does not possess scalar hair at higher temperatures [6]. Since the AdS/CFT duality is a valuable tool for investigating strongly coupled gauge theories, the application might offer new insight into the investigation of strongly interacting condensed matter systems where the perturbational methods are no longer available. Therefore, much attention has been given to the studies of the AdS/CFT duality to condensed matter physics and in particular to superconductivity [7–26] recently.

Because the Maxwell theory is only a special case or a leading order in the expanded form of nonlinear electrodynamics, the nonlinear electrodynamics which carries more information than the Maxwell field has been a subject of research for many years [27–32]. Heisenberg and Euler [27] noted that quantum electrodynamics predicts that the electromagnetic field behaves nonlinearly through the presence of virtual charged particles. Now we list the main nonlinear electrodynamics as follows: (i) Born and Infeld [28] presented a classical nonlinear theory of electromagnetism which contains many symmetries common to the Maxwell theory despite its nonlinearity. The Lagrangian density for Born-Infeld theory is L_{BI} = 4b^2 ( 1 − √ 1 +^{F2}_{2b2} ) with F^2 = F_{μν}F^{μν} and the coupling parameter b is related to the string tension α^′ as b = 1/(2πα^′). This Lagrangian reduces to the Maxwell case in the weak-coupling limit b → ∞. (ii) The action of Power-Maxwell filed [32–36] is taken as power-law function of the form L_{BI} = −βF^{2q}, where β is a coupling constant and q is a power parameter. It is interesting that the conformal invariance g_{μν} → Ω^2g_{μν}, A_μ → A_μ is realized for the power parameter q = d/4 where d is the dimensions of the spacetime [33]. (iii) The nonlinear electromagnetic Lagrangian that contains logarithmic terms appears in the description of vacuum polarization effects. The term were obtained as exact 1-loop corrections for electrons in a uniform electromagnetic field background by Euler and Heisenberg [27]. A simple example of a Born-Infeld-like Lagrangian with a logarithmic term, that can be added as a correction to the original Born-Infeld one, was discussed in Ref. [37]. In an arbitrary dimension, the logarithmic electromagnetic lagrangian has the form L_{BI} = −b^2 ln ( 1 +^{F2}_{b2} ) where b is a coupling constant.

The Lagrangian tends to the Maxwell case in the weak-coupling limit b → ∞.

It is well known that the properties of holographic superconductors depend on behavior of the electromagnetic field coupled with the charged scalar filed in the system. Motivated by the recent studies and the fact that, within the framework of AdS/CFT correspondence, the different electromagnetic action is expected to modify the dynamics of the dual theory, in this paper we will investigate the behavior of the holographic superconductors with the Power-Maxwell field in the background of a d-dimensional Schwarzschild AdS black hole, and to see how the Power-Maxwell field affect the formation of the scalar hair and the critical exponent of the system.

The paper is organized as follows. In Sec. II, we give the holographic dual of d-dimensional Schwarzschild AdS black hole by introducing a complex charged scalar field coupled with a Power-Maxwell field. In Sec. III, we explore the relations between critical temperature and charge density. In Sec. IV, we study the critical exponents of the holographic superconductor model with the Power-Maxwell field. We summarize and discuss our conclusions in the last section.

II. HOLOGRAPHIC DUAL OF d-DIMENSIONAL SCHWARZSCHILD ADS BLACK HOLE

In order to study a superconductor dual to a AdS black hole configuration in the probe limit, we consider the d-dimensional Schwarzschild AdS black hole ds^2 = − f (r)dt^2 + dr^2 f (r)

+ r^2dx_idx^i, (2.1) with f (r) = r^2 ( 1 − r^{d−1}_+ r^{d−1} ) , (2.2) where we have chosen units such that the AdS radius is unity, and r_+ is radius of the event horizon. The Hawking temperature of the black hole is T = (d − 1)r_+ 4π . (2.3) We now consider the Power-Maxwell field and the charged scalar field coupled via a Lagrangian S = ∫ d^d x √ −g [ −β ( F_{μν}F^{μν}

)_q − ∂_μψ̃∂^μψ̃ − m^2ψ̃^2 − ψ̃^2(∂_μ p − A_μ)(∂^μ p − A^μ) ] , (2.4) where F^{μν} is the strength of the Power-Maxwell field F = dA and ψ̃ is the complex scalar field, and β and q are the coupling constant and the power parameter of the Power-Maxwell field, respectively. The Power-Maxwell field will reduce to the Maxwell case when both β = 1/4 and q = 1. We can use the gauge freedom to fix p = 0 and take ψ ≡ ψ̃, A_t = ϕ where ψ, ϕ are both real functions of r only. Then the equations of motion are given by

ψ^{′′} + ( f^′ f + d − 2 r ) ψ^′ + ϕ^2 f^2 ψ − m^2 f ψ = 0 , (2.5)

ϕ^{′′} + ( d − 2 2q − 1 ) ϕ^′ r − 2 (−2)^{1+q}βq(2q − 1) ψ^2ϕ f (ϕ^′)^{2(1−q)} = 0, (2.6)

where a prime denotes the derivative with respect to r. At the event horizon r = r_+, we must have^1

ϕ(r_+) = 0, ψ(r_+) =

(d − 1)r_+ m^2 ψ^′(r_+), (2.7)

and at the asymptotic AdS region (r → ∞), the solutions behave like ( For behavior of ϕ please see Appendix for detail) ψ = ψ_− r^{λ−} + ψ_+ r^{λ+} , ϕ = μ − ρ^{12q−1} r^{d−22q−1 −1}

, (2.8)

with

λ_± = 1 2 [ (d − 1) ± √ (d − 1)^2 + 4m^2 ] , (2.9)

where μ and ρ are interpreted as the chemical potential and charge density in the dual field theory, respectively. The coefficients ψ_+ and ψ_− both multiply normalizable modes of the scalar field equations and they correspond to the vacuum expectation values ψ_+ = ⟨O_+⟩, ψ_− = ⟨O_−⟩ of an operator O dual to the scalar field according to the AdS/CFT correspondence. We can impose boundary conditions that either ψ_+ or ψ_− vanishes. It is of interest to note that the electric field ϕ is dependent on the coupling constant q of the Power-Maxwell field at the asymptotic AdS region, which is different from the Born-Infeld electrodynamics [38] and all known cases.

[1] From Eq. (2.6) we know that at the event horizon there may be two cases, i.e., ϕ(r_+) = 0 or ϕ^′(r_+) = 0. The case of ϕ^′(r_+) = 0 shows that ϕ(r_+) = constant. However, the constant must be set to zero according to Gubser’s argument in Ref. [5].

III. RELATIONS BETWEEN CRITICAL TEMPERATURE AND CHARGE DENSITY

In this section we will use both the Sturm-Liouville analytical [39] and numerical methods to calculate the relation between the critical temperature and the charge density of the holographic superconductors in Schwarzschild AdS black hole with the Power-Maxwell field.

Introducing a new coordinate z =^{r+}_r , we can rewrite Eqs. (2.5) and (2.6) as

ψ^{′′} + ( f^′ f − d − 4 z ) ψ^′ + r^2_+ z^4 ( ϕ^2 f^2 − m^2 f ) ψ = 0 , (3.1)

ϕ^{′′} − 1 z ( d − 2 2q − 1 − 2 ) ϕ^′ −

2r^{2q}_+ (−1)^{1+3q}2^{1+q}βq(2q − 1)z^{4q} ψ^2ϕ f (ϕ^′)^{2(1−q)} = 0, (3.2)

here and hereafter a prime denotes the derivative with respect to z. When the temperature T approaches the critical temperature T_c, the condensation approaches zero, viz. ψ → 0. Thus, Eq. (3.2) becomes

ϕ^{′′} − 1 z ( d − 2 2q − 1 − 2 ) ϕ^′ ≈ 0. (3.3)

The general solution of this equation takes form ϕ = ã + b̃z^{d−22q−1 −1}. With help of the boundary conditions (2.7) and (2.8), we find that, near the critical temperature, the electric field can be expressed as

ϕ = ξr_+ ( 1 − z^{d−22q−1 −1} ) , (3.4)

where ξ =

(_ρ

r^{d−2}_+

) 1_{2q−1} . Near the event horizon, we introduce a trial function F(z) into ψ as in Ref. [39]

ψ|_{z=0} ∼ ψ_i r^{λi}

∼ ⟨O_i⟩ z^{λi} r^{λi}_+

F(z), (3.5)

here and hereafter subscript i = (+, −). The trial function should satisfy F(0) = 1 and F^′(0) = 0. Then, using Eqs. (3.4) and (3.5), the equation (3.1) for ψ can be rewritten as

F^{′′}(z) + { 2λ_i z − [ 2 + (d − 3)z^{d−1}

z(1 − z^{d−1}) + d − 4 z ]} F^′(z) + { λ_i(λ_i − 1) z^2 − λ_i z [ 2 + (d − 3)z^{d−1} z(1 − z^{d−1}) + d − 4 z ]

+ 1 1 − z^{d−1} ξ^2(1 − z d−2 2q−1 −1)2

1 − z^{d−1} − m^2 z^2

F(z) = 0. (3.6)

Multiplying the above equation with the following functional

T (z) = z^{2λi−d+2}(z^{d−1} − 1), (3.7)

we can express Eq. (3.6) as

[T (z)F^′(z)]^′ − Q(z)F(z) + ξ^2P(z)F(z) = 0, (3.8)

with

Q(z) = −T (z) { λ_i(λ_i − 1) z^2 − λ_i z [ 2 + (d − 3)z^{d−1} z(1 − z^{d−1}) + d − 4 z ] − m^2 z^2(1 − z^{d−1}) } , P(z) = T (z)

(1 − z^{d−22q−1 −1})^2 (1 − z^{d−1})^2

. (3.9)

By using Sturm-Liouville method [39] to solve the Eq. (3.8), we know that the minimum of eigenvalues of ξ^2 can be obtained from the variation of the following expression

ξ^2 =

∫_1 0 T (z)F^′(z)^2dz +

∫_1 0 Q(z)F(z)^2dz ∫_1 0 P(z)F(z)^2dz

. (3.10)

The trial function F(z) can be taken as F(z) = 1 − az^2 which satisfies its boundary condition. Then ξ^2 can be explicitly written as

ξ^2(d, q, m, a) = s(d, q, m, a) t(d, q, m, a)

. (3.11)

For different values of d, q and m, we can find the minimum value of ξ^2 with appropriate value of a. For example, taking d = 4 and q = 3/4, we have

s(4, 3/4, m, a) = −

12a^2 4m^2 + 11 √ 4m^2 + 9 + 37 − 1 2 ( 2m^2 + 3 √ 4m^2 + 9 + 9 )

× ( a^2 √ 4m^2 + 9 + 7 − 2a √ 4m^2 + 9 + 5 + 1 √ 4m^2 + 9 + 3 ) , t(4, 3/4, m, a) = −

3a^2 4m^2 + 15 √ 4m^2 + 9 + 63 + 6a 4m^2 + 11 √ 4m^2 + 9 + 37 − 3 4m^2 + 7 √ 4m^2 + 9 + 19

. (3.12)

From which we can obtain ξ_{min} = 3.96555 with m^2 = 0 when a = 0.71075, ξ_{min} = 3.30506 with m^2 = −1 when a = 0.63430, ξ_{min} = 2.28183 with m^2 = −2 when a = 0.47874, and ξ_{min} = 1.5073 with m^2 = −9/4 when a = 0.33117.

With the help of T =^{(d−1)r+}_{4π} and ξ =

(_ρ

r^{(d−2)}_+

) 1_{2q−1} , we know that, when T ∼ T_c, the critical temperature T_c can be expressed as

T_c = γρ^{1d−2} , (3.13)

where the coefficient γ =^{d−1}_{4πξ(2q−1)/(d−2)min} .

In Tables I and II, we list the analytical values and numerical values of critical temperature for different q and m in the 4-dimensional and 5-dimensional black holes, respectively. Some numerical data for critical temperature with q = 1 are taken from the Ref. [8]. The differences between the analytical and numerical values are within 5%.

TABLE I: The critical values of T_c for different q and m in 4-dimensional black hole. The numerical data for critical temperature with q = 1 are taken from the Ref. [8]

q =^3_4 q = 1 T_c for λ_+ T_c for λ_− T_c for λ_+ T_c for λ_− Analytical Numerical Analytical Numerical Analytical Numerical Analytical Numerical m^2 = 0 0.1692ρ^{1/2} 0.1694ρ^{1/2} — — 0.0844ρ^{1/2} 0.0870ρ^{1/2} — — m^2 = −2 0.1942ρ^{1/2} 0.1943ρ^{1/2} 0.2529ρ^{1/2} 0.2528ρ^{1/2} 0.1170ρ^{1/2} 0.1180ρ^{1/2} 0.2250ρ^{1/2} 0.2260ρ^{1/2} m^2 = −9/4 0.2155ρ^{1/2} 0.2154ρ^{1/2} 0.2155ρ^{1/2} 0.2154ρ^{1/2} 0.1507ρ^{1/2} 0.1520ρ^{1/2} 0.1507ρ^{1/2} 0.1520ρ^{1/2}

TABLE II: The critical values of T_c for different q and m in 5-dimensional black hole. The some numerical data for critical temperature with q = 1 are taken from the Ref. [8] q =^3_4 q = 1 q =^5_4 T_c for λ_+ T_c for λ_+ T_c for λ_+ Analytical Numerical Analytical Numerical Analytical Numerical m^2 = 0 0.2503ρ^{1/3} 0.2505ρ^{1/3} 0.1676ρ^{1/3} 0.1700ρ^{1/3} 0.0954ρ^{1/3} 0.1008ρ^{1/3} m^2 = −1 0.2543ρ^{1/3} 0.2545ρ^{1/3} 0.1739ρ^{1/3} 0.1765ρ^{1/3} 0.1014ρ^{1/3} 0.1065ρ^{1/3} m^2 = −2 0.2596ρ^{1/3} 0.2746ρ^{1/3} 0.1825ρ^{1/3} 0.1847ρ^{1/3} 0.1099ρ^{1/3} 0.1145ρ^{1/3} m^2 = −3 0.2677ρ^{1/3} 0.2642ρ^{1/3} 0.1962ρ^{1/3} 0.1980ρ^{1/3} 0.1240ρ^{1/3} 0.1279ρ^{1/3}

From tables I and II, we find that, for the same q, the critical temperature for the scalar operators ⟨O_+⟩ decreases as the value of m^2 increases, which means that the larger mass (m^2 becomes less negative) of the scalar field makes it harder for the scalar hair to be condensated in both 4- dimensional and 5-dimensional Schwarzschild AdS black holes, which agrees with the finding in Ref. [8].

From the tables we also know that, for the same mass m and fixed scalar operators ⟨O_i⟩ with i = (+, −), the ratio T_c/ρ^{1/(d−2)} decreases as the q increases, which means that the larger power q for the Power-Maxwell field makes it harder for the scalar hair to be condensated in the Schwarzschild AdS black hole.

IV. CRITICAL EXPONENTS

In this section, we will study the critical exponents of the holographic superconductor model with the Power-Maxwell field by using analytical and numerical methods, respectively.

Now we are in position to investigate the critical exponents analytically. From last section we know that the condensation value of the dual operator ⟨O_i⟩ is very small when T → T_c. Substituting Eq. (3.5) into Eq. (3.2), we have

ϕ^{′′} − 1 z ( d − 2 2q − 1 − 2 ) ϕ^′ =

2r^{2q−2λi−2}

+ ⟨O_i⟩^2 (−1)^{1+3q}2^{1+q}βq(2q − 1) z^{2λi−4q}F^2(z)ϕ g(z)

(ϕ^′)^{2(1−q)}, (4.1)

where g(z) = (1 − z^{d−1})/z^2. Note that, near the critical temperature, Eq. (3.4) can be rewritten as ϕ = AT^{d−22q−1}_c T^{d−22q−1 −1} ( 1 − z^{d−22q−1 −1} ) , (4.2)

where A =^{d−1}_{4π} . Therefore, we can assume that the general solution for Eq. (4.1) takes the form

ϕ = AT_c(1 − z^{d−22q−1 −1}) + (AT_c)^m r 2q−2λ_i−2

+ ⟨O_i⟩^2 (−1)^{1+3q}2^{1+q}βq(2q − 1) n χ(z), (4.3)

with

n = 1, m = 3 − 2q. (4.4)

Thus, Eq. (4.1) becomes

χ^{′′}(z) − 1 z ( d − 2 2q − 1 − 2 ) χ^′(z) = z^{2[λi−q−1+( d−22q−1 −1)(1−q)]} ( 1 − z^{d−22q−1 −1} ) F^2(z) g(z)

, (4.5) which shows us that the functional χ(z) is independent on r_+, T_c and ⟨O_i⟩. For examples: if we take d = 5 and q = 3/4, from Eq. (4.5) we can easily find that χ(z) = c_1 + c_2z^5 + [ −^{a2z8}

4λ^2_i +22λ_i+24 + a

(_z

2λ^2_i +7λ_i+3 + 1 2λ^2_i +5λ_i ) z^5 +^{z3}_{−4λ2i −2λi+6} ] z^{2λi} ; and if we take d = 5 and q = 1, we have χ(z) = c_1 + c_2z^2 +^1_{4λi}(_{λ2i −1}) [ − (λ_i + 1)z^{2λi} + (2a + 1)(λ_i − 1)z^{2λi+2} − (a + 1)^2(λ_i − 1)λ_iΓ(λ_i + 2)_2F̃_1 ( λ_i + 1, 1; λ_i + 3; −z^2 ) z^{2λi+4} ] . That is to say, Eq. (4.5) tells us that χ(z)|_{z=0} = c_1 is a constant which is also independent on r_+, T_c and ⟨O_i⟩.

At the boundary z = 0, from Eqs. (4.2) and (4.3) we have

A T^{d−22q−1}_c T^{d−22q−1 −1}

− (AT_c) = r 2q−2λ_i−2

+ ⟨O_i⟩^2 (−1)^{1+3q}2^{1+q}βq(2q − 1)

(AT_c)^{3−2q}c_1. (4.6)

After some calculations, Eq. (4.6) can be casted into

⟨O_i⟩ T^{λi}_c = D ( T T_c

)_{λi+(1−q)}

(T_c T )^{d−2}_{2q−1} −1 1 − ( T T_c

) d−2_{2q−1 −1} 1 2 , (4.7)

where constant D is independent on ⟨O_i⟩, T and T_c. Note that our result (4.7) is valid for both of the scalar operators ⟨O_+⟩ and ⟨O_−⟩ with various Power-Maxwell parameters q and mass m of the scalar field. It is interesting to point out that the critical exponent of the system is equal to 1/2 which is in agreement with the mean field value.

FIG. 1: (color online) The condensate ⟨O_+⟩ vs 1 − T/T_c in logarithmic scale with different values of q for d = 4 (left) and d = 5 (right). The three lines from bottom to top in left panel correspond to q = 0.75 (blue), 0.85 (green) and 1.0 (red), and in right one correspond to q = 0.875 (blue), 1.0 (green) and 1.25 (red). These panels show that the slope is independent of q.

To check the analytical result (4.7) obtained by using the analytical method, we calculate the critical exponent of the system by using numerical approach. In Fig. 1, we present the condensate

⟨O_+⟩ as a function of (1 − T/T_c) in logarithmic scale with different values of q for d = 4 ( left) and d = 5 (right). The three lines from bottom to top in left panel correspond to q = 0.75, 0.85 and 1.0, and in right one correspond to q = 0.875, 1.0 and 1.25. We see from these panels that the slope is almost independent of the power parameter q and the mass m of the scalar field, which is in agreement with the analytical value 1/2.

V. CONCLUSIONS

The behaviors of the holographic superconductors have been investigated by introducing a complex charged scalar field coupled with a Power-Maxwell field in the background of a planar Schwarzschild AdS black hole. We present a detail analysis of the condensation of the operators by using both the Sturm-Liouville analytical and numerical methods. We first note that the Power- Maxwell field takes the special asymptotical solution near the boundary which is different from all known cases. It is interesting to find that, if we fix the mass parameter m, the critical temperature decreases as the q increases, which means that the larger power parameter q for the Power-Maxwell field makes it harder for the scalar hair to be condensated. For the same q, the critical temperature decreases as the value of m^2 increases, which means that the scalar hair can be formed more difficult for the larger mass of the scalar field in both 4-dimensional and 5-dimensional Schwarzschild AdS black holes, which agrees with the finding in Ref. [8] when q = 1. We finally find that, for both the scalar operators ⟨O_+⟩ and ⟨O_−⟩ with different power parameters q and masses m, the critical exponent of the system is always 1/2, which seems to be an universal property for various nonlinear electrodynamics if the scalar field ψ takes the form of this paper.

Acknowledgments

This work was supported by the National Natural Science Foundation of China under Grant No. 11175065, 10935013; the National Basic Research of China under Grant No. 2010CB833004; PCSIRT, No. IRT0964; the Hunan Provincial Natural Science Foundation of China under Grant No 11JJ7001; and Construct Program of the National Key Discipline. We thank the Kavli Institute for Theoretical Physics China for hospitality in the revised stages of this work.

APPENDIX

Appendix A: ϕ behavior at the asymptotic AdS region

In the AdS/CFT duality [2, 3], it is well known that the bulk gauge field A_μ acts as a source for a conserved current J^μ corresponding to a global U(1) symmetry. In general, near the boundary, the equation of motion for A_μ has the solution

A_μ = a_μ − b_μ r^c

+ . . . , (A.1)

where a_μ and b_μ are constant which physical properties will be discussed in following. Given this expansion, the one-point function of the corresponding field theory operator can be expressed as variation of the action with respect to the boundary value [15]

⟨J^μ⟩ ∼ δS δa_μ

. (A.2)

From the fact that ⟨J^μ⟩ and a_μ are canonically conjugate, we can identify a_0 with the chemical potential μ. Then, the charge density ρ in field theory is defined as [15]

ρ = ⟨J^0⟩. (A.3)

For the system that the Power-Maxwell field is coupled with the charged scalar field, we have the solution A_0 = ϕ = a_0 −b_0/r^{d−22q−1 −1} near the boundary. Thus, on shell, i.e. evaluated for a solution to the classical equations of motion, the action reduces to a boundary term of the form S = [ Ba_0b^{2q−1}_0 + (d − 1)Ψ_+Ψ_1 + λ_−r^{d−1−2λ−}_B Ψ^2_− ] · ∫ d^{d−1} x √ −g_{d−1} + . . . , (A.4)

where B = −(−2)^qβ

(_{d−2}

2q−1

)_{2q−1} . Using Eqs. (A.2), (A.3) and (A.4), we know that the charge density is given by

ρ = b^{2q−1}_0 . (A.5)

Therefore, at the asymptotic AdS region (r → ∞), the solution behave for function ϕ is

ϕ = μ − ρ^{12q−1} r^{d−22q−1 −1}

. (A.6)

We should point out that the electric field ϕ is dependent on the coupling constant q at the asymptotic AdS region, which in different from all known cases.

[1] J. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998).

[2] S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Phys. Lett. B 428, 105 (1998); hep-th/9802109. [3] E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998). [4] S. S. Gubser, Class. Quant. Grav. 22, 5121 (2005). [5] S. S. Gubser, Phys. Rev. D 78, 065034 (2008).

[6] S. A. Hartnoll, C. P. Herzog, and G. T. Horowitz, Phys. Rev. Lett. 101, 031601 (2008). [7] S. A. Hartnoll, C. P. Herzog, and G. T. Horowitz, J. High Energy Phys. 0812, 015 (2008). [8] G. T. Horowitz and M. M. Roberts, Phys. Rev. D 78, 126008 (2008). [9] E. Nakano and Wen-Yu Wen, Phys. Rev. D 78, 046004 (2008).

[10] I. Amado, M. Kaminski, and K. Landsteiner, J. High Energy Phys. 0905, 021 (2009). [11] G. Koutsoumbas, E. Papantonopoulos and G. Siopsis, J. High Energy Phys. 0907, 026 (2009). [12] K. Maeda, M. Natsuume, and T. Okamura, Phys. Rev. D 79, 126004 (2009). [13] Julian Sonner, Phys. Rev. D 80, 084031 (2009).

[14] S. A. Hartnoll, Class. Quant. Grav. 26, 224002 (2009); arXiv: 0903.3246 [hep-th]. [15] C. P. Herzog, J. Phys. A 42, 343001 (2009).

[16] M. Ammon, J. Erdmenger, M. Kaminski, and P. Kerner, Phys. Lett. B 680, 516 (2009). [17] S. S. Gubser, C. P. Herzog, S. S. Pufu, and T. Tesileanu, Phys. Rev. Lett. 103, 141601 (2009). [18] Songbai Chen, Liancheng Wang, Chikun Ding, and Jiliang Jing, Nucl. Phys. B 836, 222 (2010); arXiv:

0912.2397 [gr-qc].

[19] R. Gregory, S. Kanno, and J. Soda, J. High Energy Phys. 0910, 010 (2009). [20] Q. Y. Pan, B. Wang, E. Papantonopoulos, J. Oliveria, and A.B. Pavan, Phys. Rev. D 81, 106007 (2010). [21] X. H. Ge, B. Wang, S. F. Wu, and G. H. Yang, J. High Energy Phys. 1008, 108 (2010);

arXiv:1002.4901 [hep-th].

[22] Y. Brihaye and B. Hartmann, Phys. Rev. D 81, 126008 (2010); arXiv:1003.5130 [hep-th]. [23] L. Barclay, R. Gregory, S. Kanno, and P. Sutcliffe, J. High Energy Phys. 1012, 029 (2010);

arXiv:1009.1991[hep-th].

[24] Q. Y. Pan and B. Wang, Phys. Lett. B 693, 159 (2010).

[25] Rong-Gen Cai, Zhang-Yu Nie, and Hai-Qing Zhang, Phys. Rev. D 82, 066007 (2010);

arXiv:1007.3321 [hep-th].

[26] Jiliang Jing and Songbai Chen, Phys. Lett. B 686, 68 (2010) [27] W. Heisenberg and H. Euler, Z. Phys. 98, 714 (1936). [28] M. Born and L. Infeld, Proc. R. Soc. A 144,425 (1934) [29] G. W. Gibbons and D. A. Rasheed, Nucl. Phys. B 454, 185 (1995). [30] B. Hoffmann, Phys. Rev. 47, 877 (1935). [31] H. P. de Oliveira, Class. Quant. Grav. 11, 1469 (1994).

[32] Olivera Miskovic and Rodrigo Olea, Phys. Rev. D 83, 024011 (2011); arXiv:1009.5763 [hep-th]. [33] M. Hassaine and C. Martinez, Phys. Rev. D 75, 027502 (2007); hep-th/0701058. [34] H. Maeda, M. Hassaine, C. Martinez, Phy. Rev. D 79, 044012 (2009). [35] M. Hassaine and C. Martinez, Phy. Rev. D 75, 027502 (2007). [36] O. Gurtug, S. H. Mazharimousavi, and M. Halilsoy, arxiv: 1010.2340 [gr-qc]. [37] H. H. Soleng, Phys. Rev. D 52, 6178 (1995); hep-th/9509033.

[38] Jilaing Jing, Liancheng Wang, Qiyuan Pan, and Songbai Chen, Phys. Rev. D 83, 066010 (2011). [39] G. Siopsis and J. Therrien, J. High Energy Phys. 1005, 013 (2010); arXiv:1003.4275 [hep-th]. [40] D. Arean1, M. Bertolini, J. Evslin and T. Prochazka, J. High Energy Phys. 1007 060 (2010);

arXiv:1003.5661.