arXiv:0910.0101v5 [hep-th] 3 Mar 2010

arXiv: 0910.0101

η/s at finite coupling

Shesansu Sekhar Pal

Center for Quantum Spacetime, Sogang University, 121-742 Seoul, South Korea

shesansuATgmail.com

Abstract We compute the ratio of the coefficient of shear viscosity to entropy density at finite coupling and at zero chemical potential using holographic duality, up to ten derivative terms in the low energy effective 5-dimensional action, of a specific kind, which may or may not be connected to the supersymmetric completion of Type IIB theory. The result suggests that this ratio can be positive only for the 8th derivative term even with the form of that term in the action as C^{ij}_{kl}C^{kl}_{mn}C^{mn}_{rs}C^{rs}_{ij}, where C is the Weyl tensor.

PACS: 11.25.Tq, 11.25.Wx, 11.25.-w, 11.25.Sq

1 Introduction

It has become very interesting to understand the properties of the newly discovered state of matter, which is characterized by having very high energy density, strong collective flow and early thermalization time [1], at RHIC and may be called as the ”first signature” for the formation of quark-gluon plasma. However, the strong criteria to see such a phase would be the quark deconfinement and chiral symmetry restoration [1]. Moreover, since the phase is seen at the strongly coupled limit means the quantitative study of this phase is going to be very cumbersome. However, we can understand the properties of some other theoretically constructed phases of similar kind, which may share some of its properties in common with sQGP. Let us assume that is the case and denote this theoretically constructed phase as hQGP. This means some universal properties could exist which are in common to both sQGP as well as to hQGP, i.e. those properties that remain the same irrespective of the model understudy. Now, we can understand quantitatively the properties of these phase using the holographic prescription [2].

One such quantity is the ratio of shear viscosity to entropy density, η/s. This ratio has been computed earlier for N = 4 system at finite temperature [3] and is found to have the value^1_{4π} . It has been conjectured in [4] that for any (relativistic) system that admits a gravity dual should have a minimum value of^1_{4π} at zero chemical potential. This conjecture was based mainly on the calculations done (during that time) in a very specific limit that is in the large rank of the gauge group and for large value of the ’t Hooft coupling (N → ∞, λ → ∞) and also in the absence of enough experimental data. However, recently it has been shown explicitly that for some theoretically constructed models this ratio can even go below^1_{4π} and this happens at finite ’t Hooft coupling limit [5] and [6]. In [7], a theoretical argument was provided with the help of a Gedanken type experiments to falsify the KSS conjecture. See [8], for nice reviews on the subject.

In this note, we shall present results based on the calculations done using holographic duality. We evaluate the ratio of η/s up to tenth orders in derivative expansion using the elegant approach proposed by Iqbal and Liu [9] and is beautifully presented to study some more examples in [10]. In this approach [9], one important property is: the transport properties at the boundary is fully captured at the horizon but only in the zero frequency limit. This approach has the drawback, we can evaluate the transport quantities only in the scalar channel.

In our computation, the only degrees of freedom we have considered is the metric. It is assumed not to couple with any other degrees of freedom or with itself in a manner other than those that are governed by Weyl tensor, which means no derivative occurs to tensors like Ricci, Riemann tensors and Ricci scalar. This suggests the action will be constructed using the Weyl tensor and we choose the contraction of indices to be of a very specific kind.

The result of the calculation is that at the fourth power to Weyl tensor, of the type C^{ij}_{kl}C^{kl}_{mn}C^{mn}_{rs}C^{rs}_{ij}, we can see there is an enhancement to both the shear viscosity and the entropy density and making the ratio of η/s to increase above 1/4π, provided we take the corresponding coupling λ_4 to be a positive number.

The paper is organized as follows: in section 2, we shall write down a low energy effective action in 5-dimension, whose η/s we want to calculate and review briefly the computation of η following [9] and entropy density using the Wald’s prescription [11]. Then we will present the result of the computation in section 3. We have relegated the explicit computational details of both η and entropy density for two examples, the Gauss-Bonnet term and square of Weyl tensor in section 6 of Appendix A and the relation between λ_2 with the central charges in section 7 of Appendix B.

The computation to η/s for different examples both with and without the higher derivative corrections have been studied in [10], [12], [13], [15], [16], [17], [18], [19], [20], [21], [22] and [23].

2 The action and the prescription

Let us assume the low energy effective action that we are interested in has the following structure S = 1 16πG ∫ d^5x √ −g [ R + 12 L^2 + λ_2C^{ij}_{kl}C^{kl}_{ij} + λ_3C^{ij}_{kl}C^{kl}_{mn}C^{mn}_{ij} + λ_4C^{ij}_{kl}C^{kl}_{mn}C^{mn}_{rs}C^{rs}_{ij} + λ_5C^{ij}_{kl}C^{kl}_{mn}C^{mn}_{rs}C^{rs}_{uv}C^{uv}_{ij} ] , (1)

where C_{abcd} is the Weyl tensor. In order to evaluate the quantities of interest, we shall follow [9], which says that the shear viscosity can be evaluated by computing the following quantity

η = lim_{ka→0} ∏ (r, k_a) iωϕ(r, k_a) (2) at the boundary, where ∏ is the momentum associated to the field ϕ and is related to the metric fluctuation, in particular, to the fluctuation in scalar channel. Let us denote the metric fluctuation h^y_x = ∫ [dk]ϕ_k(r)e^{−iωt+ikz}, (3) where the graviton is moving along z direction and we are using a short hand notation to write the appropriate measure factor for momentum integrals and factors of 2π in [dk].

Considering this kind of fluctuation, one can show that the field ϕ decouples from the rest of the metric fluctuation [24] and its equation of motion can be derived from the following effective action S = 1 16πG ∫ dr[dk] ( A(r)ϕ^{′′}_kϕ_{−k} + B(r)ϕ^′_kϕ^′_{−k} + C(r)ϕ^′_kϕ_{−k} + D(r)ϕ_kϕ_{−k} + E(r)ϕ^{′′}_kϕ^{′′}_{−k} + F (r)ϕ^{′′}_kϕ^′_{−k} ) + K, (4) where K is the appropriately generalized Gibbons-Hawking boundary term, which is written in [12],[10]. One of the important point is that upon inclusion of higher derivative terms to action, it generically gives us a non-trivial form of the functions E(r) and F (r). For example, in the 2-derivative action, like the Einstein-Hilbert type, these two functions vanish and are non-trivial for other higher derivative terms like Gauss-Bonnet etc. This means these two functions E(r) and F (r) are already of order λ_i. As we know via the Kubo formula, the coefficient of shear viscosity is related to the two point correlation function involving the energy momentum tensor and our interest is to compute it to leading order in the parameters λ_i, means we shall compute the functions A, B, · · · , F, E etc., to linear in λ_i and not like the product of λ_i’s or powers of more than unity.

By considering the radial coordinate as time, as is considered in the paper of Liu et al., we can compute the momentum and it comes out as ∏ k(r) = 1 8πG [( B − A − F^′ 2 ) ϕ^′_k(r) − d dr (Eϕ^{′′}_k) ] . (5)

In order to compute the momentum in zero frequency limit and then evaluating the ratio eq(2) at the boundary requires us to know the derivatives of the field ϕ. In the zero frequency limit the momentum is constant [9], which means it has the same value either on the boundary or at the horizon. On evaluating it at the horizon with the in falling boundary condition for the field ϕ requires us to use ∂_rϕ = −iω √ b a ϕ, ∂^n_r ϕ = −iω ( ∂^{n−1}_r √ b a ) ϕ, (6) which is argued to work only at the horizon in [9] and we have assumed the five-dimensional metric has the following form, where there is a rotational invariance in the spatial directions

ds^2 = −a(r)dt^2 + b(r)dr^2 + c(r)[dx^2 + dy^2 + dz^2] (7)

Using these ingredients that eq(2) gives us, after dropping the index k, of course the momentum dependencies are there in the field, ϕ η = lim_{ω→0} ∏ iωϕ = 1 8πG [κ_2(r) + κ_i(r)]_{r=horizon}, (8) where κ_2 = √ b a [ A − B + F^′ 2 ] , κ_i = d dr [ E d dr √ b/a ] (9) In order to evaluate the ratio η/s, we need to know the expression to entropy density s.

The entropy of the gravitational system can be calculated using Wald’s formula [11] S = −2π ∫ ( ∂L ∂R_{abcd} ϵ_{ab}ϵ_{cd} ) horizon , (10) where L is the Lagrangian that follows from action eq(1) and the binormal quantity ϵ_{ab} is normalized to obey ϵ_{ab}ϵ^{ab} = −2. One particular choice to construct such an object is to introduce two null vectors ξ_a and δ_b with the restriction ξ.δ = 1 on the horizon [25]

ϵ_{ab} = ξ_aδ_b − δ_aξ_b, (11)

with the choice to our metric as written in eq(7), it gives

ξ_t = −a, ξ^t = 1, δ_t = 1, δ^t = − 1 a , δ_r = − √ b a , δ^r = − 1 √ ab , (12)

and the rest of the components of ξ_a and δ_b vanishes.

3 Computation

Before doing the computation of η for non-zero but small positive λ_i, let us write down the solution to metric for the case λ_i = 0. This solution can be read out very easily from the paper [5] and is given by

a = N^2

(r^4 − r^4_0 ) L^2r^2 , b = L^2r^2 r^4 − r^4_0 , c = r^2 L^2

. (13)

Let us set N = 1 or can be re-absorbed in defining the temporal coordinate. Now, to do the computation for both η and S, we do not need to know the λ_i corrected solution^1. This is due to the reason that we are only interested to calculate these quantities at the leading order in λ_i only and not in their product. This also means that we can calculate each of the higher derivative terms without the need to worry about the other terms in the action. It means the action that we need to consider are the Einstein-Hilbert term, the cosmological constant term and any one of the higher derivative term to find the result at that order in derivative expansion. For example, the action that we shall start out with contains only the λ_2 term S_2 = 1 16πG ∫ √ −g [ R + 12 L^2 + λ_2 C^{ij}_{kl}C^{kl}_{ij} ] (14)

Going through the above mentioned procedure as outlined in section 2, this gives us the result that there is an enhancement to both the coefficient of shear viscosity and to the entropy density ( assuming λ_i is positive, which we do not claim it should always be. ) η = ( r^3_0 16πGL^3 )[ 1 + 4λ_2 L^2 ] , s ≡ S V_3 = ( r^3_0 4GL^3 )[ 1 + 12 λ_2 L^2 ] (15)

1This we demonstrate by going through two different examples in the appendix. The main point is that the the uncorrected piece to both η and entropy density depends only on the spatial part of the metric component, which do not receive any correction at the linear order in λ_i.

giving the ratio η s = 1 4π [ 1 − 8 λ_2 L^2 ] . (16)

We do not write down explicitly the form of κ_2 and κ_4 as these are very big expressions and similarly for other cases too.

At this order, if we would have considered the Gauss-Bonnet term instead of the square of the Weyl tensor term then the result on both the coefficient of shear viscosity and the entropy density would have been different. In this case there occurs a suppression to η and unchanged form of entropy density [5] η = ( r^3_0 16πGL^3 )[ 1 − 8λ_2 L^2 ] , s ≡ S V_3 = ( r^3_0 4GL^3 ) , (17)

but the ratio remains the same η s = 1 4π [ 1 − 8 λ_2 L^2 ] , (18)

as that considered by including the square of Weyl term.

Let us move to the next order in derivative expansion and consider the following action

S_3 = 1 16πG ∫ √ −g [ R + 12 L^2 + λ_3C^{ij}_{kl}C^{kl}_{mn}C^{mn}_{ij} ] (19)

The computation results in the following form to the shear viscosity and the entropy density η = ( r^3_0 16πGL^3 )[ 1 − 336λ_3 L^4 ] , s ≡ S V_3 = ( r^3_0 4GL^3 )[ 1 + 48 λ_3 L^4 ] , (20)

and the ratio η s = 1 4π [ 1 − 384 λ_3 L^4 ] . (21)

If we would have taken another structure to the action at this order instead of considering the cubic power to Weyl tensor, like the one that follows from the third order term to Lovelock gravity

S_3 = 1 16πG ∫ √ −g [ R + 12 L^2

+ λ_3 ( 2R^{ijkl}R_{klmn}R^{mn}_{ij} + 8R^{ij}_{kl}R^{km}_{jn}R^{ln}_{im} + 24R^{ijkl}R_{kljn}R^n_i + 3RR^{ijkl}R_{klij} + 24R^{ijkl}R_{ki}R_{lj} + 16R^{ij}R_{jk}R^k_i − 12RR^{ij}R_{ij} + R^3 )] , (22)

then the shear viscosity is same as that of computing from a 2-derivative action i.e the Einstein-Hilbert action. This happens because the momentum associated to the metric fluctuation vanishes, when evaluated at the horizon.

Let us proceed further and do the calculation by including yet another term to action, which is higher than the previous one that is the fourth power of Weyl tensor. The explicit form the action is

S_4 = 1 16πG ∫ √ −g [ R + 12 L^2 + λ_4C^{ij}_{kl}C^{kl}_{mn}C^{mn}_{rs}C^{rs}_{ij} ] . (23)

The computation to shear viscosity and entropy density at this order results η = ( r^3_0 16πGL^3 )[ 1 + 1440λ_4 L^6 ] , s ≡ S V_3 = ( r^3_0 4GL^3 )[ 1 + 480 λ_4 L^6 ] , (24)

with the ratio η s = 1 4π [ 1 + 960 λ_4 L^6 ] . (25)

So, we see that for the fourth power to Weyl tensor both the coefficient of shear viscosity and the entropy density increases only for positive λ_4. Thus making the ratio to increase and respects the KSS bound.

In literature the computation at this order is done by including the other kind of contraction of indices [12] and the result is that ratio η/s respects the KSS bound. Here we see the result of respecting the KSS bound follows just by considering only one kind of contraction to indices.

Let us proceed further and include the next order term that is a fifth power of Weyl tensor, with the structure to action

S_5 = 1 16πG ∫ √ −g [ R + 12 L^2 + λ_5C^{ij}_{kl}C^{kl}_{mn}C^{mn}_{rs}C^{rs}_{uv}C^{uv}_{ij} ] (26)

The computation results at this order to shear viscosity and entropy density as η = ( r^3_0 16πGL^3 )[ 1 − 7040λ_5 9L^8 ] , s ≡ S V_3 = ( r^3_0 4GL^3 )[ 1 + 3200 λ_5 L^8 ] , (27)

with the ratio η s = 1 4π [ 1 − 35840 λ_5 9L^8 ] . (28)

From the result it just follows that even though there is an enhancement to entropy density but the suppression to shear viscosity makes the ratio η/s to go below the KSS bound, with the assumption that λ_5 is positive.

Now we can include all the independent contributions and write the ratio to η/s as η s = 1 4π [ 1 − 8 λ_2 L^2

− 384 λ_3 L^4

+ 986 λ_4 L^6 − 35840 9 λ_5 L^8 ] , (29) which we can always do because we are interested to compute the ratio only to leading order in λ_i and not their product.

We can compare our result with the one that appeared recently [13] and the result up to the linear order in λ_3 matches and the coefficient of λ_4 and λ_5 are new. In the paper [12], the authors had done the calculation by considering a C^4 term in the action but the way the indices are contracted and the number of such terms are different than we have considered in the present paper. The reason of considering such a single term at the C^4 order is just to show that even with one term we can get a positive contribution to the ratio η/s.

From the result of the computation eq(29), it just follows that to leading in λ_i, we can rewrite it as η/s = 1 4π [ 1 − ∑ i=2 ♮_i λ_i L^{2(i−1)} ] , (30)

where ♮_i is a constant, which can take both positive and negative values but the magnitude of it increases with the number of derivatives that we are considering in the low energy effective action. From dimensional analysis, it just follows that λ_i ∼ α^{′(i−1)}, where α^′ = l^2_s , the square of string length, which by AdS/CFT duality means λ_i ∼^1_{λ (i−1)2} , where λ is the ’t Hooft coupling.

As a check to ♮_2 and ♮_3, we find that our computation matches with the ones reported in [13].

4 Conclusion and discussion

Using the approach of [9], we have calculated one of the transport quantity that is η/s and have found some agreement with the results mentioned in [13] and predicted a couple more. In particular, we have shown that the KSS bound is respected by considering one particular type of term at the fourth power to Weyl tensor, provided we take the coupling λ_4 as a positive quantity. To the fifth power of Weyl tensor, the ratio η/s do not respect the KSS bound, once again for positive coupling λ_5. It is expected on general grounds that the couplings λ_i in the gravity side are related to the central charges a and c on the dual field theory but the precise relation is not known for all λ_i, at present. However, λ_2 is related to a and c via eq(50) λ_2 L^2 = 1 8 c − a a , (31)

which are further related to two parameters t_2 and t_4 defined in [26] with some constraints on the parameters t_2 and t_4 coming from the argument that there should be only positive energy that is deposited on the calorimeter ”experiment”. There exists various restrictions on a/c, depending on the amount of supersymmetry preserved by the system [26]. For a system that does not preserve any amount of supersymmetry, one gets the restriction on λ_2 as −^{13}_{248} ≤^{λ2}_{L2} ≤^1_4 , for N = 1, it is −^1_{24} ≤^{λ2}_{L2} ≤^1_8 and for N = 2, it is −^1_{40} ≤^{λ2}_{L2} ≤^1_4 .

Certainly, it is interesting to use the criteria of micro-causality violation [14] to find, if there exists any other constraint on the λ_i’s. But we do not have the explicit gravity solutions for all these cases, which deserve further investigations and possible violation to KSS bound[6].

One of the important question that arises in the study is the convergence of eq(30) i.e how small are the λ_i’s such that the sum in eq(30) converges ? Is the convergence going to be a criteria to fix the nature of the action other than supersymmetry?

The choice of taking, the kind of action as written in eq(1) may not have been inspired from string theoretic suggestions, especially the 8th derivative term. If we take the string theoretic suggestions at this order then we already know the answer to η/s [12] and the aim here is not to repeat the calculation. Rather to show that with a specific kind of contraction to indices at C^4 order in derivative expansion, we can still make the KSS bound to hold provided the coupling λ_4 is positive. Of course, a priori there is not any reason to accept this kind of low energy effective action. It could be, one may turn around and ask the question: Is it possible to construct any other type of action at this order in the derivative expansion, such that it respect KSS bound ? And here is an example. Also, we are doing phenomenology and trying to find the consequences, if the low energy effective action has a form the kind eq(1).

5 Acknowledgment

It is a pleasure to thank Ofer Aharony for going through the manuscript and raising some important questions modulo the computations and the members of CQUeST for their help.

This work was supported by the Korea Science and Engineering Foundation (KOSEF) grant funded by the Korea government (MEST) through the Center for Quantum Spacetime (CQUeST) of Sogang University with grant number R11-2005-021.

6 Appendix A

In this appendix, we shall demonstrate why we do not need to know the exact form of the λ_i corrected solution, by going through two different examples, as stated in the main text. First we shall show for the case, when the gravitational action has two parts: one is Einstein- Hilbert action and the other is of the Gauss-Bonnet kind. Then we shall consider adding the Weyl-squared term. The result is that as long as the spatial part of the metric components do not receive any corrections to linear in λ_i, the computation of η/s do not require the λ_i corrected solution at this order.

6.1 Einstein-Hilbert and Gauss-Bonnet term

In this case the action is described by S = 1 16πG ∫ d^5x √ −g [ R + 12 L^2 + λ_2(R_{ijkl}R^{ijkl} − 4R_{ij}R^{ij} + R^2) ] (32)

and it admits an exact solution of the following form

ds^2 = −r^2α^2(r)dt^2 + dr^2 r^2β^2(r)

+ γ^2(r)(dx^2 + dy^2 + dz^2). (33)

We have checked explicitly that this form of the metric solves the equations of motion and the form of the metric components are [5]

α^2(r) = β^2(r) = 1 4λ_2 [ 1 − √ 1 − 8λ_2 ( 1 − r^4_0 r^4 )] , γ^2(r) = r^2, (34)

where we have set the size of AdS radius to unity, for convenience. As reviewed in section 2, we can calculate the coefficient of shear-viscosity using eq(8). After completing the necessary computations to find the expressions for A, B, E and F , we ended up A 16πG = √ abc^3 8πGab^2c^2 [abc^2 − λ_2(2a^′cc^′ + ac^{′2})], B 16πG = √ abc^3 8πGa^2b^3c^2

[3a^2b^2c^2 + λ_2(bc^2a^{′2} + 3ac^2a^′b^′ − 11abca^′c^′ + 3a^2cb^′c^′ − 5a^2bc^{′2} −2abc^2a^{′′} − 2a^2bcc^{′′})], F 16πG = −λ_2 √ abc^3 8πGab^2c [ca^′ + ac^′], E 16πG = 0, (35)

where a, b and c are the metric components that appear in the notation of eq(7). The explicit form of κ_2 16πG = c^{3/2} 32πG − λ_2 √ ca^′c^′ 32πGab , κ_i = 0, (36)

with a = b^{−1} = r^2 4λ_2 [ 1 − √ 1 − 8λ_2 ( 1 − r^4_0 r^4 )] , c = r^2. (37)

Computing η using eq(8) and keeping terms to linear in λ_2, gives the result as written in eq(17). The main point here is that the term κ_2 and κ_i upon evaluating at the horizon, have the same structure whether we use the λ_2 corrected solution or not. This essentially says that the extra terms that contribute to κ_2(r) vanish upon evaluating at the horizon.

The entropy density calculated using the Wald’s formula give the same answer whether we use the λ_2 corrected solution eq(33) or the uncorrected solution eq(13). This is very easy to convince oneself. The reason behind this is that there appears two terms after the differentiation in eq(10), one from differentiating the Einstein-Hilbert term and the other is from differentiating the Gauss-Bonnet term. The second kind of term is already linear in λ_2, and our interest is to calculate entropy to linear order, which means the uncorrected solution eq(13) is good enough for this term. Whereas the first term depends on the spatial part of the metric components γ^2(r), which do not receive any corrections in λ_2, the computation of entropy density too does not require the λ_2 corrected solution.

6.2 Einstein-Hilbert and Weyl-squared term

In this case the action is described by S = 1 16πG ∫ d^5x √ −g [ R + 12 L^2 + λ_2 C_{ijkl}C^{ijkl} ] (38)

The equations of motion that results R_{ij} − 1 2 g_{ij}R − λ_2 2 g_{ij} W − 6g_{ij} + λ_2 [ R 3 R_{ij} + 2R_{ikpq}R_j^{kpq} + 4 3 R_{ipjs}R^{ps} − 4R_{ip}R_j^p − 1 2 ∇_i∇_jR − 1 2 ∇_j∇_iR − 1 3 g_{ij}∇^2R + 4 3 ∇^2R_{ij} ] = 0, (39)

where W = C_{ijkl}C^{ijkl} is the Weyl-squared term.

This equation of motion admits the following solution

ds^2 = −r^2α^2(r)dt^2 + dr^2 r^2β^2(r)

+ γ^2(r)(dx^2 + dy^2 + dz^2). (40)

Generically, it is very difficult to find the exact solution, however for our purpose the solution to linear in λ_2 is good enough and is

α = β = √ r^4 − r^4_0 r^2 [ 1 − λ_2 ( r_0 r )_4]

+ O(λ_2)^2, γ^2(r) = r^2 + O(λ_2)^2. (41)

It is interesting to note that γ do not receive any correction to linear in λ_2. Once, again going through the procedure as presented in section 2, gives A = √ abc^3 48a^4b^4c^4

[96a^4b^3c^4 + λ_2(−16a^2b^2c^4a^{′2} − 16a^3bc^4a^′b^′ −

16a^3b^2c^3a^′c^′ + 16a^4bc^3b^′c^′ + 32a^4b^2c^2c^{′2} + 32a^3b^2c^4a^{′′} − 32a^4b^2c^3c^{′′})], B = √ abc^3 48a^4b^4c^4

[72a^4b^3c^4 + λ_2(12a^2b^2c^4a^{′2} + 12a^3bc^4a^′b^′ + 16a^4c^4b^{′2} −

52a^3b^2c^3a^′c^′ − 44a^4bc^3b^′c^′ + 56a^4b^2c^2c^{′2} + 8a^3b^2c^4a^{′′} − 8a^4b^2c^3c^{′′})],

F = λ_2 √ abc^3 48a^4b^4c^4

[−32a^3b^2c^4a^′ − 64a^4bc^4b^′ + 96a^4b^2c^3c^′],

E = 4λ_2 √ abc^3 3b^2

. (42)

Substituting all these terms into eq(8), gives η = c^{3/2} 16πG + λ_2 √ c 32πGa^2b^2 [bca^{′2} + aca^′b^′ − aba^′c^′ − a^2b^′c^′ − 2abca^{′′} + 2a^2bc^{′′}], (43) which need to be evaluated at the horizon, r = r_0. The second piece of this equation is already linear in λ_2. From the first term, there will not be any correction at the linear order as c does not receive any correction at this order. The argument given in the previous subsection goes through for the calculation of entropy density and it gives the result as written in eq(15).

7 Appendix B: a and c central charges

Following [27], we now write down the expressions to central charges a and c. For the gravity action S = 1 2κ^2_5 ∫ d^5x[R − 2Λ + αR^2 + βR^{MN} R_{MN} + γR_{MNKL}R^{MNKL}], (44) the central charges are c 16π^2 = L^3 κ^2_5 [ 1 16 + 1 L^2 ( − 5α 2 − β 2 + γ 4 )] , a 16π^2 = L^3 κ^2_5 [ 1 16 + 1 L^2 ( − 5α 2 − β 2 − γ 4 )] , (45)

where L is the size of the AdS radius. For a choice like that of the Gauss-Bonnet combination, namely, α = t_2, β = −4t_2, γ = t_2, gives c 16π^2 = L^3 16κ^2_5 [ 1 − 4 t_2 L^2 ] , a 16π^2 = L^3 16κ^2_5 [ 1 − 12 t_2 L^2 ] . (46)

The ratio a c = 1 − 12^{t2}_{L2} 1 − 4^{t2}_{L2}

= 3 − 2 1 − 4^{t2}_{L2}

. (47)

This is the exact result, however, if we want to make contact with eq(5.1) of [5], then we need to identify^{t2}_{L2} = λ_{GB} /2 and to leading order in λ_{GB}, c 16π^2 = L^3 16κ^2_5 [ 1 − 4 λ_{GB} 2 ] ≃ L^3 16κ^2_5 [√ 1 − 4λ_{GB} ] , a 16π^2 = L^3 16κ^2_5 [ 1 − 12 λ_{GB} 2 ] ≃ L^3 16κ^2_5 [ 3 √ 1 − 4λ_{GB} − 2 ] , a c ≃ 3 − 2 √ 1 − 4λ_{GB} . (48)

For a choice like that of Weyl-squared combination, α =^{t2}_6 , β = −^4_3 t_2, γ = t_2, gives c 16π^2 = L^3 16κ^2_5 [ 1 + 8 t_2 L^2 ] , a 16π^2 = L^3 16κ^2_5

. (49)

It just follows trivially that t_2 L^2 = 1 8 c − a a . (50)

References

[1] J. Adams et al. [STAR Collaboration], “Experimental and theoretical challenges in the search for the quark gluon plasma: The STAR collaboration’s critical assessment of the evidence from RHIC collisions,” Nucl. Phys. A 757, 102 (2005), [arXiv:nuclex/0501009]; B. B. Back et al., “The PHOBOS perspective on discoveries at RHIC,” Nucl. Phys. A 757, 28 (2005), [arXiv:nucl-ex/0410022]; K. Adcox et al. [PHENIX Collaboration], “Formation of dense partonic matter in relativistic nucleus-nucleus collisions at RHIC: Experimental evaluation by the PHENIX collaboration,” Nucl. Phys. A 757, 184 (2005), [arXiv:nucl-ex/0410003]; I. Arsene et al. [BRAHMS Collaboration], “Quark Gluon Plasma and Color Glass Condensate at RHIC? The perspective from the BRAHMS experiment, Nucl. Phys. A 757, 1 (2005), [arXiv:nucl-ex/0410020].

[2] J. M. Maldacena, “The large N limit of superconformal field theories and supergravity,” Adv. Theor. Math. Phys. 2, 231 (1998), [arXiv:hep-th/9711200]; S. S. Gubser, I. R. Klebanov and A. M. Polyakov, ”Gauge theory correlators from noncritical string theory,” Phys. Lett. B428 (1998) 105, [arXiv:hep-th/9802109]; E. Witten, ” Anti-de Sitter space and holography,” Adv. Theor. Math. Phys. 2 (1998) 253, [arXiv:hep-th/97802150]; O. Aharony, S. S. Gubser, J. Maldacena H. Ooguri and Y. Oz, ” Large N field theories, String theory and gravity,” Phys. Rept, 323 (2000) 183-386, [arXiv:hep-th/ 9905111].

[3] G. Policastro, D. T. Son and A. O. Starinets, ” Shear viscosity of strongly coupled N=4 supersymmetric Yang-Mills plasma,” [arXiv:hep-th/0104066]; “From AdS/CFT correspondence to hydrodynamics” JHEP 0209, 043 (2002), [arXiv:hep-th/0205052]; D. T. Son and A. O. Starinets “Minkowski-space correlators in AdS/CFT correspondence: Recipe and applications” JHEP 0209, 042 (2002) [arXiv:hep-th/0205051].

[4] P. Kovtun, D. T. Son and A. O. Starinets, “Viscosity in strongly interacting quantum field theories from black hole physics,” Phys. Rev. Lett. 94, 111601 (2005), [arXiv:hepth/0405231].

[5] M. Brigante, H. Liu, R. C. Myers, S. Shenker and S. Yaida, “Viscosity Bound Violation in Higher Derivative Gravity,” Phys. Rev. D 77, 126006 (2008) [arXiv:0712.0805 [hepth]].

[6] Y. Kats and P. Petrov, ”Effect of curvature squared correction in AdS on the viscosity of the dual gauge theory,” [arXiv:0712.0743 [hep-th]].

[7] T. D. Cohen, ”Is there a ”most perfect fluid” consistent with quantum field theory?,” [arXiv:hep-th/0702136].

[8] D. T. Son and A. O. Starinets, “Viscosity, Black Holes, and Quantum Field Theory,” Ann. Rev. Nucl. Part. Sci. 57, 95 (2007), [arXiv:0704.0240 [hep-th]]; D. Mateos, “String Theory and Quantum Chromodynamics,” Class. Quant. Grav. 24 (2007) S713, [arXiv:0709.1523 [hep-th]]; A. Cherman, T. D. Cohen and P. M. Hohler, ” A sticky business: the status of the conjectured viscosity/entropy density bound,” [arXiv: 0708.4201[hep-ph]]; S. S. Gubser and A. Karch, ”From gauge-string duality to strong interactions: a Pedestrian’s Guide,” [arXiv: 0901.0935]; T. Schaefer and D. Teaney, ” Nearly Perfect Fluidity: From Cold Atomic Gases to Hot Quark Gluon Plasmas ,” [arXiv: 0904.3107 [hep-ph]].

[9] N. Iqbal and H. Liu, “Universality of the hydrodynamic limit in AdS/CFT and the membrane paradigm,” [arXiv:0809.3808 [hep-th]].

[10] R. C. Myers, M. F. Paulos and A. Sinha, ”Holographic hydrodynamics with a chemical potential,”[arXiv: 0903.2834[hep-th]].

[11] R. Wald ”Black hole entropy in the Noether charge,” Phys. Rev. D 48, 3427 (1993), [arxiv:gr-qc/9307038]; V. Iyer and R. Wald ”Some properties of Noether charge and a proposal for dynamical black hole entropy,” Phys. Rev. D 50, 846 (1994), [arxiv:grqc/9403028]; T. Jacobson, G. Kang and R. Myers ”On black hole entropy,” Phys. Rev. D 49, 6587 (1994), [arXiv:gr-qc/9312023].

[12] A. Buchel, J. T. Liu and A. O. Starinets, “Coupling constant dependence of the shear viscosity in N=4 supersymmetric Yang-Mills theory,” Nucl. Phys. B 707, 56 (2005), [arXiv:hep-th/0406264].

[13] A. Buchel, M. P. Heller and R. C. Myers, ”sQGP as hCFT,” [arXiv:0908.2802[hep-th]].

[14] M. Brigante, H. Liu, R. C. Myers, S. Shenker and S. Yaida, “The Viscosity Bound and Causality Violation,” Phys. Rev. Lett. 100, 191601 (2008) [arXiv:0802.3318 [hep-th]].

[15] D. Mateos, R. C. Myers and R. M. Thomson, “Holographic viscosity of fundamental matter,” Phys. Rev. Lett. 98, 101601 (2007) [arXiv:hep-th/0610184]; R. C. Myers, M. F. Paulos and A. Sinha, “Quantum corrections to eta/s,” arXiv:0806.2156 [hepth];A. Buchel, R. C. Myers, M. F. Paulos and A. Sinha, “Universal holographic hydrodynamics at finite coupling,” Phys. Lett. B 669, 364 (2008) [arXiv:0808.1837 [hepth]];A. Buchel, R. C. Myers and A. Sinha, “Beyond η/s = 1/4π,” [arXiv:0812.2521 [hep-th]]; A. Sinha and R. C. Myers, ” The viscosity bound in string theory ,” [arXiv: 0907.4798 [hep-th]].

[16] A. Buchel and J. T. Liu, “Universality of the shear viscosity in supergravity,” Phys. Rev.

Lett. 93, 090602 (2004), [arXiv:hep-th/0311175]; A. Buchel, “On universality of stressenergy tensor correlation functions in supergravity,” Phys. Lett. B 609, 392 (2005), [arXiv:hep-th/0408095]; P. Benincasa, A. Buchel and R. Naryshkin, “The shear viscosity of gauge theory plasma with chemical potentials,” Phys. Lett. B 645, 309 (2007), [arXiv:hep-th/0610145] ;A. Buchel, “Resolving disagreement for eta/s in a CFT plasma at finite coupling,” Nucl. Phys. B 803 (2008) 166, [arXiv:0805.2683 [hep-th]].

[17] S. Cremonini, K. Hanaki, J. T. Liu and P. Szepietowski, “Higher derivative effects on eta/s at finite chemical potential,” arXiv:0903.3244 [hep-th].

[18] R. Brustein and A. J. M. Medved, “The ratio of shear viscosity to entropy density in generalized theories of gravity,” Phys. Rev. D 79, 021901 (2009) [arXiv:0808.3498 [hep-th]]; “The shear diffusion coefficient for generalized theories of gravity,” Phys. Lett. B 671, 119 (2009) [arXiv:0810.2193 [hep-th]]; “The sound damping constant for generalized theories of gravity,” arXiv:0901.2191 [hep-th]; ”Proof of a universal lower bound on the shear viscosity to entropy density ratio,” [arXiv: 0908.1473 [hep-th]].

[19] N. Banerjee and S. Dutta, “Higher Derivative Corrections to Shear Viscosity from Graviton’s Effective Coupling,” [arXiv:0901.3848 [hep-th]]; ” Shear Viscosity to Entropy Density Ratio in Six Derivative Gravity,” [arXiv:0903.3925 [hep-th]]; ”Near-Horizon Analysis of η/s,” [arXiv: 0911.0557 [hep-th]].

[20] J. Mas, “Shear viscosity from R-charged AdS black holes,” JHEP 0603, 016 (2006), [arXiv:hep-th/0601144] ;K. Landsteiner and J. Mas, “The shear viscosity of the noncommutative plasma,” JHEP 0707, 088 (2007), [arXiv:0706.0411 [hep-th]].

[21] R. G. Cai and Y. W. Sun, “Shear Viscosity from AdS Born-Infeld Black Holes,” JHEP 0809, 115 (2008) [arXiv:0807.2377 [hep-th]]; R. G. Cai, Z. Y. Nie and Y. W. Sun, “Shear Viscosity from Effective Couplings of Gravitons,” Phys. Rev. D 78, 126007 (2008) [arXiv:0811.1665 [hep-th]]. R. G. Cai, Z. Y. Nie, N. Ohta and Y. W. Sun, “Shear Viscosity from Gauss-Bonnet Gravity with a Dilaton Coupling,” arXiv:0901.1421 [hepth]; R. G. Cai, Y. Liu and Y. W.Sun ”Transport Coefficients from Extremal Gauss- Bonnet Black Holes,” [arXiv:0910.4705 [hep-th]].

[22] M. R. Garousi and A. Ghodsi, ”Hydrodynamics of N=6 Superconformal Chern-Simons Theories at Strong Coupling,” [arXiv: 0808.0411[hep-th]]; M. Alishahiha and A. Ghodsi, Phys. Rev. D80: 026004, 2009 [arXiv:0901.3431[hep-th]]

[23] D. Teaney, ” Finite Temperature Spectral Densities of Momentum and R-Charge Correlators in N = 4 Yang Mills Theory,” [arXiv:hep-ph/0602044] ; K. Maeda, M. Natsuume and T. Okamura, “Viscosity of gauge theory plasma with a chemical potential from AdS/CFT,” Phys. Rev. D 73, 066013 (2006) [arXiv:hep-th/0602010]; O. Saremi, “The viscosity bound conjecture and hydrodynamics of M2-brane theory at finite chemical potential,” JHEP 0610, 083 (2006) [arXiv:hep-th/0601159]; X. H. Ge, Y. Matsuo, F. W. Shu, S. J. Sin and T. Tsukioka, “Viscosity Bound, Causality Violation and Instability with Stringy Correction and Charge,” JHEP 0810, 009 (2008), [arXiv:0808.2354 [hep-th]]; M. Mia, K. Dasgupta, C. Gale and S. Jeon, “Five Easy Pieces: The Dynamics of Quarks in Strongly Coupled Plasmas,” [arXiv:0902.1540 [hep-th]]; X. H. Ge, S. J. Sin, S. F. Wu and G. H. Yang, ” Shear viscosity and instability from third order Lovelock gravity,” [arXiv:0905.2675[hep-th]]; I. P. Neupane, ”Black Holes, Entropy Bound and Causality Violation,” [arXiv:0904.4805 [gr-qc]]; I. P. Neupane and N. Dadhich, ”Entropy bound and causality violation in higher curvature gravity,” [arXiv:0808.1919[hep-th]]; J, de Boer, M. Kulaxizi and A. Parnachev, ”AdS_7/CFT_6, Gauss-Bonnet Gravity, and Viscosity Bound,” [arXiv:0910.5347 [hep-th]]; D. -W. Pang, ”On Charged Lifshitz Black Holes,” [arXiv:0911.2777 [hep-th]].

[24] P. Kovtun and A. Starinets ”Quasinormal modes and holography,” [arxiv:hepth/0506184].

[25] S. Dutta and R. Gopakumar, ”On Euclidean and Noetherian Entropies in Ads Space,” [arXiv:hep-th/0604070].

[26] D. M. Hofman and J. Maldacena, ”Conformal collider physics: Energy and charge correlations,” [arXiv:0803.1467]; D. M. Hofman, ”Higher Derivative Gravity, Causality and Positivity of Energy in a UV complete QFT,” [arXiv:0907.1625].

[27] S. Nojiri and S. D. Odintsov, ”On the conformal anomaly from higher derivative gravity in AdS/CFT correspondence,” Int. Jour. Mod. Phys. A 15, 413, 2000, [arXiv:hepth/9903033].