arXiv:1012.5564v3 [hep-th] 27 Apr 2012

Preprint typeset in JHEP style - HYPER VERSION

Analytical Computation of Critical Exponents in Several Holographic Superconductors

Hua-Bi Zeng^1, Xin Gao^2, Yu Jiang^3 and Hong-Shi Zong^{1,4}

1 Department of Physics, Nanjing University, Nanjing 210093, China

2 Key Laboratory of Frontiers in Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China

3 Center for Statistical and Theoretical Condensed Matter Physics & Department of Physics, Zhejiang Normal University, Jinhua 321004, China

4 Joint Center for Particle, Nuclear Physics and Cosmology, Nanjing University, Nanjing 210093, China

Abstract: It is very interesting that all holographic superconductors, such as s-wave, p-wave and d-wave holographic superconductors, show the universal mean-field critical exponent 1/2 at the critical temperature, just like Gindzburg-Landau (G-L) theory for second order phase transitions. Now it is believed that the universal critical exponents appear because the dual gravity theory is classic in the large N limit. However, even in the large N limit there is an exception called “non-mean-field theory”: an extension of the s-wave model with a cubic term of the charged scalar field shows a different critical exponent 1. In this paper, we try to use analytical methods to obtain the critical exponents for these models to see how the properties of the gravity action decides the appearance of the mean-field behaviors. It will be seen that just like the G-L theory, it is the fundamental symmetries rather than the detailed parameters of the bulk theory that lead to the universal properties of the holographic superconducting phase transition. The feasibility of the called “non-mean-field theory” is also discussed.

Contents

1. Introduction 1

2. The s-wave model, p-wave model and d-wave model 2 2.1 The Anti-de Sitter black hole background 3 2.2 the s-wave model 3 2.3 the p-wave model 8 2.4 the d-wave model 11

3. The extended s-wave model 12

4. Discussion 15

Appendices 16

A. Variation method to solve the Sturm-Liouville problem 17

1. Introduction

Using AdS/CFT correspondence[1, 2, 3, 4] to study superconductors is a very innovative idea. The method to build the holographic superconductors that we use here is called the “bottom-up” approach: by putting some set of fields in the asymptotic AdS spacetime, through the study of the weak interacting bulk field theory we can get the information of the strongly coupled boundary theory. For example, when putting a charged scalar field coupled to a U(1) gauge field in the bulk, we get the s-wave holographic superconductor in which the order parameter is a scalar[5, 6]. By putting a pure SU(2) gauge field in the bulk, we can get the p-wave holographic superconductor with a vector order parameter [7, 8, 9]. In order to build a d-wave holographic superconductor we need a charged tensor field coupled to a U(1) gauge field in the bulk that leads to a tensor order parameter [10, 11, 12]. Besides the “bottom-up” approach, there is also a“top-down” way to embed the holographic superconductors into string theory, since the scalar, gauge and tensor fields we used above have a natural source in string theory. In Ref. [13] the authors studied various D-brane configurations for

– 1 – the p + ip-wave and s-wave model, whereas the embedding of the d-wave model with tensor field into string theory is still an open question [12].

These holographic superconductors have many properties similar to real world superconductors: the second order phase transition at the critical temperature, the behaviors of holographic superconductor under a magnetic field, the AC conductivity, and so on. One of the most important success of holographic superconductors is that all these models show the exact mean-field behaviors at the critical temperature, just like the Gindzburg-Landau (G-L) theory for continuous phase transitions. All the critical exponents for the order parameter at T_c are 1/2. The G-L theory is a tremendous breakthrough towards understanding the physical spirit of the continuous phase transition which enables us to understand that it is the fundamental symmetry that decides the universality of continuous phase transitions. Till now, the study of holographic superconductors made us believe that the AdS/CFT correspondence indeed contain the physics of real world superconductors. We know that the fundamental symmetry decides the rule of the G-L theory. It is also a meaningful thing to answer whether this also works in the holographic models. However, most of the computations to obtain the critical exponents are numerical. It is hard to see exactly what properties of the action decide the mean-filed behaviors. In this paper, we employ the analytical method [14] to stuty the s-wave, p-wave, d-wave and extended s-wave holographic superconductors. There are other papers that study holographic superconductors with analytical methods[15, 24]. The analytical calculation indeed provides more information to answer where the universal critical exponents 1/2 of the order parameter comes from. It is indeed the fundamental symmetry of the bulk theory that leads to the expected mean-field behaviors.

The organization of this paper is as follows. In Section 2 we analytically compute the critical exponents at T_c for s-wave, d-wave and p-wave models, respectively. We can see how the fundamental symmetry of the actions decide the critical exponents. In Section 3 we give the computation of the extended s-wave model with mean-field behavior and give some comments on the critical exponents different from 1/2 in the extended s-wave model. Discussions and conclusions are given in Section 4.

2. The s-wave model, p-wave model and d-wave model

The construction of holographic superconductors is based on the fact that a black hole coupled with charged matter fields may have hairs and then will break the local U(1) gauge symmetry in the bulk. This happens when there is an instability towards a charged matter field to get an expectation value due to the bulk action and its boundary condition. To construct different kinds of holographic superconductor, we

– 2 – use different matter fields in the bulk action and solve the equation of motion to get the background. Generally speaking, this can be done only numerically. However, there always exists some parameter space which allows us to decouple the matter fields and the AdS black hole background. This decouple limit which we will use in the following sections is always taken place in the large charge limit of the matter fields and is called “probe limit”. Firstly, we introduce the AdS black hole background that will be used for several holographic superconductor models. The AdS black hole background can be used only if it is a solution of the equations of motion. Then we will analytically compute the critical exponents for these models.

2.1 The Anti-de Sitter black hole background According to the AdS/CFT dictionary, if we want to study a finite temperature field theory on the boundary, we need an AdS black hole background. The added matter fields are perturbation of the black hole in the probe limit and the metric will not be affected by the added matter fields. The metric of the AdS_4 black hole in units in which the AdS radius L = 1 reads[14]

ds^2 = −f(r)dt^2 + r^2(dx^2 + dy^2) + dr^2 f(r) , (2.1)

where f(r) = r^2 − r^3_+ r . (2.2)

The Hawking temperature of the black hole is given by T = 3r_+ 4π , (2.3)

which is also the temperature of the dual gauge theory living on the boundary of the AdS spacetime. This is a AdS_4/CF T_3 correspondence, which means that the dual superconductor is of 2+1 dimension. In the probe limit, holographic superconductors are constructed by adding perturbative matter fields to the black hole background. For example, for the p-wave model we need SU(2) gauge fields in the bulk.

2.2 the s-wave model In this section we review the first analytic computation of the critical exponent of the swave model which has been made in [14]. Other analytical methods have been developed in[31, 24] . For review of the s-wave model one can see [16, 17, 18, 19]. The matter fields of the s-wave model include a charged scalar field and a Maxwell field coupled to it. The condensation of the scalar operator on the boundary which corresponds to the scalar field in the bulk is the order parameter of the superconducting phase.

– 3 –

L_s = − 1 4 F_{μν} F^{μν} − |∂Ψ − iAΨ|^2 − m^2|Ψ|^2 (2.4)

We take the ansatz that Ψ(r) ≠ 0 and Φ(r) ≠ 0, Φ(r) is the scalar potential [6]. We introduce a new coordinate z = r_+ r (2.5) . The equations of motion (EOMs) in the coordinate z are zΨ^{′′} − 2 + z^3 1 − z^3

Ψ^′ + [ z Φ^2 r^2_+(1 − z^3)^2 − m^2 z(1 − z^3) ] Ψ = 0 (2.6)

Φ^{′′} − 2Ψ^2 z^2(1 − z^3)

Φ = 0 (2.7)

where the prime denotes differentiation with respect to z. We have to solve the EOMs in the interval (0, 1), where z = 1 is the horizon and z = 0 is the boundary. As will be seen below, by solving the equation of Ψ, one can obtain the value of T_c, while by solving the equation for Φ, one can find the critical behavior of the order parameter at T_c. Near the boundary (z → 0), the boundary conditions are Ψ ≈ ⟨O_{Δ±} ⟩ √ 2r^{Δ±}_+ z^{Δ±} , Φ ≈ μ − ρ r_+ z (2.8)

where

Δ_± = 3 2 ± √ 9 4 + m^2 (2.9)

⟨O_{Δ±} ⟩ are the condensation with dimension Δ_±, μ is the chemical potential and ρ is the charge density of the field theory.

At the horizon, we require that the scalar field be regular and

Φ(1) = 0 (2.10)

to ensure A_t = Φdt to be well defined.

Since there is a second order continuous phase transition at the critical temperature, the solution of the EOMs at T_c is

Φ(z) = λr_{+c}(1 − z) , λ = ρ r^2_{+c}

(2.11)

– 4 – where r_{+c} is the radius of the horizon at T = T_c.

As T → T_c, the field equation for the scalar field Ψ approaches the limit

−Ψ^{′′} +

2 + z^3 z(1 − z^3)

Ψ^′ + m^2 z^2(1 − z^3) Ψ = λ^2 (1 + z + z^2)^2

Ψ (2.12)

By solving the equation of Ψ, we can obtain the value of T_c. To match the behavior at the boundary, we can define

Ψ(z) = ⟨O_Δ⟩ √ 2r^Δ_+ z^ΔF (z) (2.13)

where, according to eq.(2.8), F is normalized as F (0) = 1.

We deduce − F^{′′} + 1 z [ 2 + z^3 1 − z^3

− 2Δ ] F^′ + m^2 + 3Δ − Δ^2 + Δ^2z^3 z^2(1 − z^3) F = λ^2 (1 + z + z^2)^2

F (2.14)

when z → 0,^{F ′}_z should be finite, so this equation is to be solved subject to the boundary condition

F^′(0) = 0 (2.15)

In order to compare the analytical results to the numerical results in [6], we set m^2 = −2, then from eq.(2.9) the dimension Δ of the order parameter ⟨O_Δ⟩ are Δ = 1 or Δ = 2. By putting m^2 = −2, the equation for F reads

− F^{′′} + 1 z [ 2 + z^3 1 − z^3

− 2Δ ] F^′ +

Δ^2z 1 − z^3 F = λ^2 (1 + z + z^2)^2

F (2.16)

Now, eq.(2.16) is translated to the Sturm-Liouwille form under the certain boundary condition. According to the general variation method to solve the Sturm-Liouwille problem ([31],or see Appendix), the eigenvalue λ^2 minimizes the expression

λ^2 =

∫_1 0 dz z^{2Δ−2}{(1 − z^3)[F^′(z)]^2 + Δ^2z[F (z)]^2} ∫_1 0 dz z^{2Δ−2 1−z}_{1+z+z2} [F (z)]^2

(2.17)

In order to use the variation method , we have to specifies the trial eigenfunction F (z). From the boundary condition F (0) = 1 and F^′(0) = 0, the constant term is 1 and the linear term of z is forbidden. The second order trial eigenfunction is then

F = F_α(z) ≡ 1 − αz^2. (2.18)

– 5 –

If the lowest solution of F (z) corresponds to α > 0, the whole solution of Φ(z) will decrease monotonically from the boundary to the horizon and it is believed to describe the superconductor vacuum solution [19]. It will be seen in the following that this is true.

For Δ = 1 we obtain

λ^2_α =

6 − 6α + 10α^2 2 √ 3π − 6 ln 3 + 4( √ 3π + 3 ln 3 − 9)α + (12 ln 3 − 13)α^2

(2.19)

which attains its minimum at α ≈ 0.239. We obtain

λ^2 ≈ λ^2_{0.239} ≈ 1.268 (2.20)

which can be compared with the numerical value λ^2 = 1.245 [6]. The critical temperature is

T_c = 3 4π r_{+c} = 3 4π √ ρ λ (2.21)

so for Δ = 1, T_c ≈ 0.2250 √ ρ, which is in very good agreement with the numerical value T_c = 0.226 √ ρ [6].

In fact, this analytical calculation can be done even better if we include higher order of z such as third order trial eigenfunction F = F_{αβ} (z) ≡ 1 − αz^2 + βz^3. Then the eigenvalue λ^2 minimize eq.(2.17) when α → 0.4962, β → 0.2706 . As a result λ^2 ≈ 1.259 and T_c ≈ 0.2255 √ ρ , which is more close to the numerical result. However, for qualitative analyze, the second order trial eigenfunction is good enough and we use it in the following sections.

Similarly, for Δ = 2 we obtain

λ^2_α = 2

1 −^4_3 α +^4_5 α^2 3 − ln 3 −^{π√}_3 + (^{13}_3 − 4 ln 3)α + (^{π√}_3 −^7_{10} + ln 3)α^2

(2.22)

whose minimum is λ^2 ≈ 17.3 (at α ≈ 0.6), which can be compared with the exact value λ^2 = 16.754. The critical temperature in this case is T_c ≈ 0.117 √ ρ, which is in very good agreement with the numerical value T_c = 0.118 √ ρ [6].

Now we begin to solve the equation for Φ to obtain the behavior of the order parameter at T_c. Away from (but close to) the critical temperature, the field eq.(2.7) for Φ becomes

Φ^{′′} =

⟨O_Δ⟩^2 r^{2Δ}_+ z^{2(Δ−1)}F^2(z) 1 − z^3

Φ (2.23)

– 6 – where the parameter ⟨O_Δ⟩^2/(2r^{2Δ}_+ ) is small. We may expand Φ in the small parameter as Φ r_+

= λ(1 − z) +

⟨O_Δ⟩^2 r^{2Δ}_+ χ(z) + . . . (2.24)

where χ is the general correction function. For the correction χ near the critical temperature, from eq.(2.23)we deduce χ^{′′} = λ z^{2(Δ−1)}F^2(z) 1 + z + z^2

(2.25)

with χ(1) = χ^′(1) = 0.

To find the temperature, we need

χ^′(0) = λC , C =

∫_1 0 dz z^{2(Δ−1)}F^2(z) 1 + z + z^2

(2.26)

From eq.(2.8), we deduce the ratio ρ r^2_+ = λ ( 1 + C⟨O_Δ⟩^2 r^{2Δ}_+ + . . . ) (2.27)

Using the fact that T_c = 3 √ ρ/λ/4π and T = 3r_+/4π, the equation becomes

T^2_c − T^2 ∝

T^2⟨O_Δ⟩^2 T^{2Δ}

(2.28)

Then T^{2Δ−2}(T_c + T )T_c(1 − T T_c ) ∝ ⟨O_Δ⟩^2. (2.29)

Since T is very close to T_c, we have

⟨O_Δ⟩ ∝ T^Δ_c ( 1 − T T_c )_{1/2} , (2.30)

From the computations from eq.(2.23) to eq.(2.30) we can see that the critical exponent 1/2 comes from two aspects: the first one is T_c ∝ √ ρ/λ, the second one is the Ψ^2Φ term in eq.(2.23) which determines the order of the order parameter in eq.(2.27) to be 2. The fact that T_c ∝ √ ρ/λ is from dimensional analysis, while the second order of ⟨O_Δ⟩ in eq.(2.23) is determined by the Ψ^2Φ^2 term in L_s, and this term is determined by the fundamental symmetry. In Ref.[25] the author also found the results that the critical exponent 1/2 follows from the Ψ^2Φ coupling. The fundamental symmetry includes the local U(1) gauge symmetry and the positive/negative symmetry

– 7 – of the order parameter. The latter one determines that there are only quadratic and quartic terms in the action. As we will see in section 3, the critical exponent differs from 1/2 when the added cubic term breaks the positive/negative symmetry of the order parameter. If one adds quartic terms in the action, the value of the critical exponent will not be altered. The cubic term is not allowed in the G-L theory, since we have to preserve the positive/negative symmetry of the order parameter as a fundamental symmetry. If we add the cubic term in the G-L theory anyway, we will naturally get a critical exponent different from 1/2. If we put the ansatz Ψ(r) ≠ 0 and Φ(r) ≠ 0 into the action and do the computation, we will get

L_s = − 1 f Φ^2Ψ^2 + f(∂_zΨ)^2 + m^2Ψ^2 − (∂_zΦ)^2 (2.31)

This Lagrangian has the same symmetry as the G-L Lagrangian.

2.3 the p-wave model

The matter field of the p-wave holographic superconductor is a pure SU(2) gauge field [7, 8, 9].

L_p = − 1 2g^2_{YM}

Tr(F_{μν} F^{μν} ), (2.32)

where g_{YM} is the gauge coupling constant and F_{μν} = T^aF^a_{μν} = ∂_μA_ν −∂_ν A_μ −i[A_μ, A_ν ] is the field strength of the gauge field A = A_μdx^μ = T^aA^a_μdx^μ. For the SU(2) gauge symmetry, [T^a, T^b] = iϵ^{abc}T^c and Tr(T^aT^b) = δ^{ab}/2, where ϵ^{abc} is the totally antisymmetric tensor with ϵ^{123} = 1. The Yang-Mills Lagrangian becomes Tr(F_{μν} F^{μν} ) = F^a_{μν} F^{aμν} /2 with the field strength components F^a_{μν} = ∂_μA^a_ν − ∂_ν A^a_μ + ϵ^{abc}A^b_μA^c_ν .

The ansatz for the p-wave background is A = ϕ(z)T^3dt + w(z)T^1dx. with other components vanishing. Here the U(1) subgroup of SU(2) generated by T^3 is identified to be the electromagnetic gauge group [7] and ϕ is the electrostatic potential, which must vanish at the horizon for the gauge field A to be well-defined, but need not vanish at infinity. Thus the black hole can carry charge through the condensate w, which spontaneously breaks the U(1) gauge symmetry. The EOMs for the two fields ϕ and w are zw^{′′} − 3z^3 1 − z^3 w^′ + zϕ^2 r^2_+(1 − z^3)^2 w = 0 (2.33)

ϕ^{′′} − w^2 1 − z^3 ϕ = 0 (2.34)

It is clear that the coupled term of the condensed matter field and the scalar potential is w^2ϕ, in which the condensed matter field w is quadratic. This is similar to

– 8 – the s-wave model which is important to obtain the critical exponent 1/2, as we have discussed in the last section. Now our task is to solve the EOMs in the interval (0,1) under the proper boundary conditions. The boundary condition at z = 0 is w ≈ ⟨O⟩ r_+ z, ϕ ≈ μ − ρ r_+ z. (2.35)

O is the order parameter, μ is the chemical potential and ρ is the charge density of the field theory. In the s-wave and d-wave model, the dimension of the order parameter is determined by the value of the mass. While in this p-wave model the order parameter is just of dimension one. At the horizon, we require w be regular and ϕ = 0, since ϕdt needs to be well defined at z = 1.

If there is a second order continuous phase transition at the critical temperature, the solution of the EOMs at the T_c should be

w(z) = 0, ϕ(z) = λr_{+c}(1 − z), (2.36)

where λ =^ρ_{r2+c} , r_{+c} is the radius of horizon corresponding to T = T_c. So, at a temperature slightly below T_c, the EOM for w becomes: −w^{′′} + 3z^3 z(1 − z^3) w^′ = λ^2 (1 + z + z^2)^2 w. (2.37)

We can define w as w(z) = ⟨O⟩ r_+ zF (z) (2.38)

To math the boundary condition at z = 0, F (0) should be normalized as F (0) = 1. Then we can get the equation for F (z), −F^{′′} + 1 z ( 3z^3 1 − z^3

− 2)F^′ + 3zF (z) (1 − z)^3 = λ^2 (1 + z + z^2)^2

F (2.39)

By solving this equation, we can obtain the value of the critical temperature. Besides the boundary condition F (0) = 1, another boundary condition is F^′(0) = 0. Then we can solve this equation by using the same method for the s-wave model. The eigenvalue λ minimizes the expression

λ^2 =

∫_1 0 dz z^2{(1 − z^3)[F^′(z)]^2 + 3z[F (z)]^2}

∫_1 0 dz z^{2 1−z}_{1+z+z2} [F (z)]^2

(2.40)

To estimate it, we use the trial function

F = F_α(z) ≡ 1 − αz^2 (2.41)

– 9 –

We then obtain

λ^2_α =

3 − α +^{27}_{10} α^2 6 − 2 ln 3 −^{2√3}_3 π − (8 ln 3 −^{26}_3 )α − (^7_5 + 2 ln 3 −^{2√3}_3 π)α^2

(2.42)

which attains its minimum at α ≈ 0.51. We obtain

λ^2 ≈ λ^2_{0.51} ≈ 13.77 (2.43)

The critical temperature is T_c = 3 4π r_{+c} = 3 4π √ ρ λ (2.44)

So, T_c ≈ 0.124 √ ρ, which is in agreement with the numerical result T_c ≈ 0.125 √ ρ in [9].

If we want to know the behavior of the order parameter at T_c, we need to solve the equation for the scalar potential close to T_c, ϕ^{′′} = ⟨O⟩^2 r^2_+ z^2F^2(z) 1 − z^3 ϕ. (2.45)

Since the order parameter ⟨O⟩ is small,^{⟨O⟩2}_{r2+} is a small parameter. We can expand ϕ in this small parameter as ϕ r_+

= λ(1 − z) + ⟨O⟩^2 r^2_+ χ(z) + · · · . (2.46)

Then we get the equation for χ, χ^{′′} = λ zF^2(z) 1 + z + z^2

, (2.47)

and χ(1) = χ^′(1) = 0.

From the asymptotic behavior of ϕ at the boundary, we have ϕ^′(0) = ρ/r_+. We can also get χ^′(0) from the above equation,

χ^′(0) = λC, C =

∫_1 0 dz z^2F^2(z) 1 + z + z^2

. (2.48)

We have ρ r^2_+

= λ(1 + C⟨O⟩^2 r^2_+

+ · · · ). (2.49)

Then ⟨O⟩ ∝ T_c(1 − T T_c )^{1/2}, (2.50)

– 10 – which is the exact mean field critical exponents given by numerical calculations. The p-wave model is different from the s-wave and d-wave model. In this p-wave model the condensed charged matter field is not coupled to the U(1) via the covariant derivative. It is hard to reveal the fundamental symmetry of the p-wave action. If one puts the ansatz into the action, it is clear that the action has the same fundamental symmetry as the s-wave model with terms like (∂_zw)^2, (∂_zϕ)^2 and w^2ϕ^2.

2.4 the d-wave model

In order to construct a holographic model of d-wave superconductor, we need a spin two field in the bulk [10]. In [11, 12], a d-wave model with charged tensor field and Maxwell field in the bulk is built, in which the inconsistency of charged tensor field in a curved background like the appearance of ghost and causality can be made very small in some limit. The matter field of the holographic d-wave model is,

L_d = −|D_ρφ_{μν} |^2 + 2|D_μφ^{μν} |^2 + |D_μφ|^2 − [ D_μφ^{∗μν} D_ν φ + c.c. ] − m^2 ( |φ_{μν} |^2 − |φ|^2 ) + 2R_{μνρλ}φ^{∗μρ}φ^{νλ} − R_{μν} φ^{∗μλ}φ^ν_λ − 1 4 R|φ|^2 − iqF_{μν} φ^{∗μλ}φ^ν_λ − 1 4 F_{μν} F^{μν} , (2.51)

where D_μ = ∇_μ − iqA_μ and φ_ρ = D^μφ_{μρ}. The equations of motion which follow from (2.51) are

0 = (□ − m^2)φ_{μν} − 2D_{(μ}φ_{ν)} + D_{(μ}D_{ν)}φ − g_{μν} [ (□ − m^2)φ − D^ρφ_ρ ] + 2R_{μρνλ}φ^{ρλ} − g_{μν} R d + 1 φ − i q 2 ( F_{μρ}φ^ρ_ν + F_{νρ}φ^ρ_μ ) D_μF^{μν} = J^ν

(2.52)

where

J^ν = iφ^∗_{αβ}(D^ν φ^{αβ} − D^αφ^{νβ}) + i(φ^∗_α − D_αφ^∗)(φ^{να} − g^{να}φ) + h.c. . (2.53)

For the d-wave backgrounds, the ansatz takes the following form [11, 12] A = A_μ dx^μ ≡ ϕ(z) dt , ψ_{xy}(z) ≡ L^2 2z^2 ψ(z) , (2.54)

with all other components of ψ_{μν} set to zero, and ϕ and ψ are real. The ansatz (2.54) satisfies ψ = ψ_μ = F_{μρ}ψ^ρ_ν = 0. Instead of turning on ψ_{xy} in (2.54) we could consider a non-vanishing value for ψ_{xx−yy} ≡ ψ_{xx} = −ψ_{yy} . These two ansatzs are equivalent under a π/4 rotation [12].

With this ansatz, we can derive the equations of motion for the two fields ψ and ϕ,

– 11 – zψ^{′′} − 2 + z^3 1 − z^3 ψ^′ + [ z ϕ^2 r^2_+(1 − z^3)^2 − m^2 z(1 − z^3) ] ψ = 0 (2.55)

ϕ^{′′} − ψ^2 z^2(1 − z^3) ϕ = 0 (2.56)

It is interesting that the EOMs for the condensed field and scalar potential are the same as the ones for the s-wave model except for the coefficient of the term ψ^2ϕ in the equation for ϕ. But the boundary conditions at the boundary are slightly different,

ψ ≈ z^Δ ⟨O_{xy}⟩ r^Δ_+ (2Δ − 3) , ϕ ≈ μ − ρ r_+ z (2.57)

where ρ is the charge density of the boundary field theory, Δ is given by m^2L^2 = Δ(Δ−3), and m^2 ≥ 0 [12]. We can check that such a choice of dimension is compatible with the unitarity bounds in conformal theories, for instance [20]. In addition, in Ref. [12], the authors give a generalization of the analysis of Breitenlohner and Freedman [21] to obtain the bound of m^2 ≥ 0. Since the EOMs of the d-wave model are the same to those of the s-wave model and the boundary condition with different Δ will not affect our results of the critical exponents, we can conclude that for the d-wave model, the order parameter behaves as ⟨O_{xy}⟩ ∝ T^Δ_c (1 − T T_c )^{1/2} (2.58)

3. The extended s-wave model

In order to construct a holographic superconductor with critical exponents different from 1/2, we need to extend the s-wave model by preserving the gauge symmetry. First we can rewrite the s-wave model innocuously in a Stückelberg form by rewriting the charged scalar field as Ψe^{ip}:

L_s = − 1 4 F_{μν} F^{μν} − ∂Ψ^2 − Ψ^2(∂p − A)^2 − m^2|Ψ|^2 (3.1)

So far all we have done is to rewrite the model. Nevertheless, it is straightforward to generalize the model in a gauge invariant way. The generalized action reads

L_s = − 1 4 F_{μν} F^{μν} − ∂Ψ^2 − |K(Ψ)|(∂p − A)^2 − m^2|Ψ|^2 (3.2)

– 12 –

This is called the Stückelberg Lagrangian[22, 23, 24]. The general form of K(Ψ) is

K(Ψ) = |Ψ^2| + c_3|Ψ|^3 + c_4|Ψ|^4, (3.3)

In the above equation we have taken the absolute value since we require the Lagrangian still be local U(1) gauge invariant. In this model, the probe limit also works in the large charge limit[23]. When c_3 and c_4 vanish, the model reduces to the original s-wave model. When c_3 = 0 and 0 < c_4 < 1.4 [22], the model has a second order phase transition with a critical exponent 1/2 at the critical temperature. Since this is still a continuous phase transition, we can apply the analytical analysis, as will be discussed in detail below. When c_4 > 1.4, the superconducting phase transition turns to be of first order and our analytic method breaks down.

With the ansatz Φ(z) ≠ 0, Ψ ≠ 0 and the gauge freedom to fix p = 0. we have the EOMs: zΨ^{′′} − 2 + z^3 1 − z^3

Ψ^′ + z

Φ^2 2r^2_+(1 − z^3)^2 K^′ − m^2 z(1 − z^3)

Ψ = 0 Φ^{′′} − 2K z^2(1 − z^3)

Φ = 0

The boundary condition for Ψ and Φ are the same as that of the s-wave model. It is straightforward to repeat the computation for s-wave model here with also m^2 = −2. Now, the equation for F becomes − F^{′′} + 1 z [ 2 + z^3 1 − z^3

− 2Δ ] F^′ +

Δ^2z 1 − z^3 F = λ^2 (1 + z + z^2)^2

(F + 2c_4F^3) (3.4)

Since F is a small near the critical point, it is reasonable to ignore the 2c_4F^3 term if we are only concerned about the behavior near the critical point. After solving the equation of F with the same method used before, we obtain T_c ≈ 0.117 √ ρ for Δ = 2.

For different values of c_4, the critical temperature is the same. This conclusion is in agreement with the numerical computation in Ref. [22].

We now solve the equation for Φ to see if the mean field behavior will be altered by K. The equation for Φ close to T_c is

Φ^{′′} = (⟨O_Δ⟩^2 r^{2Δ}_+ z^{2Δ}F^2(z) z^2(1 − z^3) + c_4⟨O_Δ⟩^4 2r^{4Δ}_+ z^{4Δ}F^4(z) z^2(1 − z^3) ) Φ, (3.5)

where c_4 < 1.4. Similar to the computation in the above sections, we expand Φ in the small parameter^{⟨OΔ⟩2}_{r2Δ+} as Φ r_+

= λ(1 − z) +

⟨O_Δ⟩^2 r^{2Δ}_+ χ(z) + . . . . (3.6)

– 13 –

We can get the equation for χ χ^{′′} = λ z^2(1 + z + z^2) ( F^2z^{2Δ} +

⟨O_Δ⟩^2 2r^2_+ z^{4Δ}F^4 ) . (3.7)

In order to match the asymptotic behavior of Φ at the boundary, we have ρ r^2_+

= λ(1 +

C_1⟨O_Δ⟩^2 r^{2Δ}_+ + C_2⟨O_Δ⟩^4 2r^{4Δ}_+

+ · · · ), (3.8)

where C_1 =

∫_1 0 dz z^{2Δ}F^2(z) z^2(1 + z + z^2)

, C_2 =

∫_1 0 dz c_4z^{4Δ}F^4(z) z^2(1 + z + z^2)

(3.9)

Solving eq.(3.8) for ⟨O_Δ⟩ and selecting the only physical solution with ⟨O_Δ⟩ > 0, we get ⟨O_Δ⟩ ∝ T^Δ_c (1 − T/T_c)^{1/2}. (3.10)

This is in agreement with the numerical results in [22].

The critical behavior with critical exponent 1 appears when the |Ψ|^3 does not vanish. The situation with c_3 = −1 and c_4 = 0.4 was studied numerically in [22, 23] with the critical exponent being 1 rather than 1/2. The order parameter has both positive and negative solutions since the cubic term breaks the symmetry between positive and negative Ψ, see Fig. (2) in [22]. Since a negative order parameter is unphysical, we must get rid of the solution with negative values. The analytical method we use here is based on the fact that when we lower the temperature from the normal state with the condensation vanishing to T_c, the order parameter goes continuously from zero to a finite value at the critical temperature. While for the situation with c_3 = −1, numerical calculations tell us that if we lower the temperature from a high value, we get a negative order parameter before we get the finite positive physical order parameter. So the analytical method we use here are not feasible now. However, just as was shown in Ref. [24], another analytic method is developed to find the relationship between the value of critical exponents and K. The cubic term breaks the positive/negative symmetry of the order parameter. This is not allowed in the G-L theory, since we have only squared and quartic terms which preserve the positive/negative symmetry of the order parameter.

Since the mean-field behavior is protected by the fundamental symmetry of the G-L theory, even though different from the original s-wave model, the extended s-wave model contains a quartic term, we still have the same mean field critical behaviors. Therefore, if we add a cubic term in the s-wave model to break this symmetry, the appearance of so called “non-mean field” critical exponent which differs from the usual

– 14 – value of 1/2 can be understandable. However, the model with non-vanish c_3 has problem when we investigate the target space of the model. In (3.1) the action of a complex scalar is rewritten in terms of real fields Ψ(its modulus) and p (its phase). In (3.2) the kinetic term is modified: the action is still gauge-invariant, but it describes a σ-model whose target space is parametrized by φ^i = (Ψ, p) and it is in general not flat. The kinetic term of the σ model is −g_{ij} ∂_μφ^i∂^μφ^j . (3.11)

Using the expression (3.3) the metric is

g_{ij} = diag(1, Ψ^2 + c_3Ψ^3 + c_4Ψ^4). (3.12)

When c_3 = c_4 = 0, it is the first holographic superconductor in [6]. It is clear that the metric is flat, so the σ-model just describes a complex scalar field. For the case of c_4 ≠ 0, c_3 = 0, the target space is no longer flat: its scalar curvature is R = − 2c_4(3 + 2c_4Ψ^2) (1 + c_4Ψ^2)^2

(3.13)

The target space is curved, but it is still a smooth two-dimensional manifold with no singularities, so the model makes perfect sense. However, the story is different when turning on c_3 (and setting c_4 = 0, as turning on c_4 as well does not change the conclusion) the scalar curvature is R = − c_3(4 + 3c_3Ψ) 2Ψ(1 + c_3Ψ)^2

. (3.14)

When Ψ → 0 the scalar curvature diverges. Therefore the target manifold has a singularity at the origin. In the classical theory, we could make sense of the σ-model by removing the singular point. However in the holographic model this looks quite awkward, because above the critical temperature the classical solution is precisely Ψ = 0, that is it sits at the singular point. This indicates that the theory with c_3 ≠ 0 have problem.^1 However, we worked in the probe limit, the theory may make sense when we include the back reaction of matter field on the metric of the AdS black hole.

4. Discussion

In this paper, under the large N limit when the quantum fluctuation is suppressed, we analytically study the mean field behaviors of the order parameter at T_c for four

1The discussion of the feasibility of the extend s-wave model is based directly on the referee’s argument. We thank the referee for pointing this important fact.

– 15 – different holographic models of superconductor and it is found that these four models have similar properties. For each model there is a charged matter field coupled to a U(1) background gauge field. After solving the two non-linear coupled EOMs with proper boundary conditions, the information we need for the strongly coupled boundary theory can be obtained from the asymptotic behaviors of the matter field and gauge field near the boundary. Numerically it is hard to see what properties of the bulk theory leads to the mean field or “non-mean-field” behaviors. However, by using the analytical method, it is seen that the equation of the charged condensed matter field gives the value of T_c while the equation of the scalar potential gives the behavior of order parameter at T_c. If the bulk theory has the same fundamental symmetry as the G-L theory, then the equation for the scalar potential leads to the mean field critical exponent. When the added cubic term breaks the symmetry, the critical exponent differs from 1/2. The so-called “non mean field” behavior in Ref. [22] is just the result of violation of the symmetry of the usual mean field theory like the G-L theory. In the present paper, we focus on the AdS_4/CF T_3 situation, in which the dual superconductor is of 2 + 1 dimension. The universal critical exponents of s-wave holographic superconductors in various spacetime dimensions have been studied in [26], in which the authors found that in the large N limit, the mean-field results are independent of dimension just like the G-L theory. It would be interesting to compute 1/N-effects to see how the fluctuation will affect the “mean-field” behavior in the holographic superconductors[27]. We obtain our conclusion by comparison of several holographic superconductors with mean field or non mean field critical exponents and the results are convincing. However, it is a better way to apply the holographic renormalization group [28, 29, 30] analysis to these models to find the low energy effective theories of holographic superconductors. This may bridge the gap between the holographic models of superconductor and the G-L theory.

Acknowledgements

We especially thank the referee for pointing out the problem of the extend s-wave model when c_3 > 0. We thank M. Kaminski for discussion on the extended s-wave model. We also would like to thank Wei-Min Sun for valuable comments. H.B. Zeng, Y. Jiang and H.S. Zong are supported in part by the NSFC ( Grant Nos. 10775069 and 10935001) and the Research Fund for the Doctoral Program of Higher Education (Grant No. 20080284020). X. Gao is supported in part by the NSFC (Grant No.10821504). This research was also supported in part by the Project of Knowledge Innovation Program (PKIP) of Chinese Academy of Sciences, Grant No. KJCX2.YW.W10.

– 16 –

APPENDIX

A. Variation method to solve the Sturm-Liouville problem

To familiar the readers to the variation method to solve the Sturm-Liouville problem, we present some basic results of this method and all the derivations can be found in many text books such as [31] . The Sturm-Liouville eigenvalue problem is to solve the equation d dx [k(x) dy dx ] − q(x)y(x) + λρ(x)y(x) = 0 (A.1)

with boundary condition k(x)y(x)y^′(x)|^b_a = 0. (A.2)

The Sturm-Liouville problem can be result to be a functional minimize problem:

F [y(x)] = ∫_b a dx(k(x)y^′(x)^2 + q(x)y(x)^2) ∫_b a dxρ(x)y(x)^2 (A.3)

where the minimal eigenvalue λ_0 and its eigenstate y_0(x) can be obtained by variate the above equation. The n + 1 th eigensystem can also be obtained by variation eq(A.3) with constrains below: ∫_b a dxρ(x)y^∗_n(x)y_i(x) = δ_{n,i} (i = 0, 1, ..., n − 1, n). (A.4) then, the eigenvalue λ_n satisfies: λ_n ≤ ∫_b a dx(k(x)y^′(x)^2 + q(x)y(x)^2) ∫_b a dxρ(x)y(x)^2 (A.5)

with complete eigenfunction {y_n(x)}.

References

[1] J. M. Maldacena, “The large N limit of superconformal field theories and supergravity,” Adv. Theor. Math. Phys. 2 (1998) 231 [arXiv: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, 105 (1998) [arXiv:hep-th/9802109].

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

– 17 –

[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, 183 (2000) [arXiv:hep-th/9905111].

[5] S. S. Gubser, “Breaking an Abelian gauge symmetry near a black hole horizon,”Phys.

Rev. D 78, 065034 (2008).

[6] S. A. Hartnoll, C. P. Herzog and G. T. Horowitz, “Building a Holographic Superconductor,” Phys. Rev. Lett. 101, 031601 (2008) [arXiv:hep-th/0803.3295 ].

[7] S. S. Gubser, “Colorful horizons with charge in anti-de Sitter space,”Phys. Rev. Lett.

101, 191601 (2008).

[8] S. S. Gubser and S. S. Pufu, “The gravity dual of a p-wave superconductor,” JHEP 0811, 033 (2008) [arXiv:hep-th/0805.2960].

[9] M. M. Roberts and S. A. Hartnoll, “Pseudogap and time reversal breaking in a holographic superconductor,” JHEP 0808, 035 (2008) [arXiv:hep-th/0805.3898].

[10] Jiunn-Wei Chen, Ying-Jer Kao, Debaprasad Maity, Wen-Yu Wen, Chen-Pin Yeh,“Towards A Holographic Model of D-Wave Superconductors ,”Phys. Rev. D81:106008, 2010.

[11] Francesco Benini, Christopher P. Herzog, and Amos Yarom, “Holographic Fermi arcs and a d-wave gap,” [arXiv:hep-th/1006.0731v1].

[12] Francesco Benini, Christopher P. Herzog, Rakibur Rahman, Amos Yarom,“Gauge gravity duality for d-wave superconductors: prospects and challenges ” [arXiv:hep-th/1007.1981].

[13] M. Ammon et al., Phys. Lett. B 680, 516 (2009) [arXiv:hep-th/0810.2316]; M. Ammon et al. JHEP 0910, 067 (2009) [arXiv:hep-th/0903.1864]; F. Denef and S. A. Hartnoll, Phys. Rev. D 79, 126008 (2009). [arXiv:hep-th/0901.1160 ]; K. Peeters, J. Powell and M. Zamaklar, JHEP 0909, 101 (2009). [arXiv:hep-th/0907.1508]; J. P. Gauntlett, J. Sonner and T. Wiseman, Phys. Rev. Lett. 103, 151601 (2009) [arXiv:hep-th/0907.3796]; J. P. Gauntlett, J. Sonner and T. Wiseman, JHEP 1002, 060 (2010) [arXiv:hep-th/0912.0512]; S. S. Gubser et al., Phys. Rev. Lett. 103, 141601 (2009) [arXiv:hep-th/0907.3510].

[14] G. Siopsis, J. Therrien, “ Analytic calculation of properties of holographic superconductors ,” [arXiv:hep-th/1003.4275].

[15] K. Maeda, T. Okamura, Phys.Rev. D78 (2008) 106006, 0809.3079.

[16] C. P. Herzog,“Lectures on Holographic Superfluidity and Superconductivity,” J. Phys.

A 42 (2009) 343001 [arXiv:hep-th/0904.1975].

– 18 –

[17] S. A. Hartnoll, C. P. Herzog and G. T. Horowitz, “Holographic Superconductors,” JHEP 0812, 015 (2008) [arXiv:hep-th/0810.1563].

[18] G. T. Horowitz and M. M. Roberts, “Holographic Superconductors with Various Condensates,”Phys. Rev. D 78 126008 (2008) [arXiv:hep-th/0810.1077].

[19] G. T. Horowitz, “Introduction to Holographic Superconductors,”

[arXiv:hep-th/1002.1722].

[20] S. Minwalla, Adv. Theor. Math. Phys. 2 (1998) 781-846. [21] P. Breitenlohner and D. Z. Freedman, Phys. Lett. B 115 (1982) 197. [22] S. Franco, A. M. Garcia-Garcia, D. Rodriguez-Gomez, Phys. Rev. D 81:041901,2010 [arXiv:0911.1354v1 [hep-th]].

[23] S. Franco, A. M. Garcia-Garcia, D. Rodriguez-Gomez, JHEP 1004, 092, (2010) [arXiv:0906.1214v3 [hep-th]].

[24] C. P. Herzog, [arXiv:hep-th/1003.3278].

[25] Daniel Arean, Pallab Basu, Chethan Krishnan,“The Many Phases of Holographic Superfluids ,” [arXiv:hep-th/1006.5165].

[26] Kengo Maeda, Makoto Natsuume, Takashi Okamura,“Universality class of holographic superconductors ”, [arXiv:hep-th/0904.1914].

[27] Makoto Natsuume, Takashi Okamura,“Dynamic universality class of large-N gauge theories ”, [arXiv:hep-th/1012.0575].

[28] Thomas Faulkner, Hong Liu, Mukund Rangamani, “Integrating out geometry:

Holographic Wilsonian RG and the membrane paradigm ,” [arXiv:hep-th/1010.4036]. [29] Idse Heemskerk, Joseph Polchinski, “Holographic and Wilsonian Renormalization Groups,” [arXiv:hep-th/1010.1264].

[30] Dominik Nickel, Dam T. Son,“ Deconstructing holographic liquids,”

[arXiv:hep-th/1009.3094].

[31] P.Hartwan, “Ordinary Differential Equations” SIAM. Philadelphia. 2002.(2nd edition).

Huimin Shao, ”Mathematical Physics Method” Scince Press. Beijing. 2004.

– 19 –