arXiv:0910.4705v1 [hep-th] 25 Oct 2009

Transport Coefficients from Extremal Gauss-Bonnet Black Holes

Rong-Gen Cai^{a,b,1}, Yan Liu^{a,2} and Ya-Wen Sun^{a,3}

aKey Laboratory of Frontiers in Theoretical Physics Institute of Theoretical Physics, Chinese Academy of Sciences, P.O. Box 2735, Beijing 100190, China

bDepartment of Physics, Kinki University Higashi-Osaka, Osaka 577-8502, Japan

Abstract

We calculate the shear viscosity of strongly coupled field theories dual to Gauss-Bonnet gravity at zero temperature with nonzero chemical potential. We find that the ratio of the shear viscosity over the entropy density is 1/4π, which is in accordance with the zero temperature limit of the ratio at nonzero temperatures. We also calculate the DC conductivity for this system at zero temperature and find that it vanishes, which is the same as in Einstein gravity. We show that at zero temperature, we can still have the conclusion that the shear viscosity is fully determined by the effective coupling of transverse gravitons in a kind of theories that the effective action of transverse gravitons can be written into a form of minimally coupled scalars with a deformed effective coupling. Our calculations support the viewpoint of the universality of those transport coefficients at zero temperature.

1Email: cairg@itp.ac.cn 2Email: liuyan@itp.ac.cn 3Email: sunyw@itp.ac.cn

1 Introduction

The anti-de Sitter/conformal field theory (AdS/CFT) [1] correspondence has been a quite useful tool in the study of hydrodynamic properties of strongly coupled field theories which have dual gravity descriptions. A remarkable example is the calculation of the ratio of the shear viscosity over the entropy density, which was found to have a universal value 1/4π in a variety of theories described by Einstein gravity with or without chemical potential [2, 3, 4, 5, 6, 7, 8, 9, 10, 11]. With stringy corrections, the value of the ratio has a positive correction to 1/4π [12, 13, 14, 15, 16, 17, 18]. This ratio 1/4π was conjectured to be a universal lower bound (the KSS bound) [19, 20] for all materials in nature. All known materials in nature by now satisfy this bound. More discussions on the universality and the bound can be found in [21, 22, 23, 24, 25, 26, 27, 28, 29].

However, in [30, 31, 32] the authors calculated the ratio of the shear viscosity over the entropy density for field theories dual to Gauss-Bonnet gravity and found that the ratio has a negative correction proportional to the Gauss-Bonnet coupling constant. After taking into the consideration of causality, a new lower bound 4/25π was proposed. Later, in [33] it was conjectured that the value of the shear viscosity is completely determined by the effective coupling of transverse gravitons at the horizon, which was confirmed in [34] and [35] using different methods. The shear viscosity of field theories dual to Gauss-Bonnet gravity coupled to Maxwell fields was also calculated in [36] and in [35] with F^4 corrections, in which the ratio of the shear viscosity over the entropy density obeys the new lower bound. Other progress in this aspect can be found in [37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47].

However, all the calculations above are in the nonzero temperature regime, which are not valid at zero temperature. In a recent paper [48], transport coefficients of field theories with nonzero chemical potentials were calculated at zero temperature in the background of extremal AdS RN black holes using similar methods as in [49] in the calculations of properties of non fermi fluid from AdS/CFT, where the IR physics plays an important role in deriving the UV physics on the boundary.

In this paper, we calculate the shear viscosity and DC conductivity for field theories dual to Gauss-Bonnet gravity at zero temperature with nonzero chemical potentials. We find that the ratio of the shear viscosity over the entropy density is 1/4π, which does not depend on the Gauss-Bonnet coupling constant and has the same value as that for Einstein gravity, which supports the conjecture made in [48] that the ratio of the shear viscosity over entropy density is a universal value for extremal black holes. We also calculate the DC conductivity for this system up to the first order of the Gauss-Bonnet coupling λ and find that it vanishes, which is the same as that for Einstein gravity.

Furthermore, we use the same methods to show that at zero temperature the shear viscosity is also fully determined by the effective coupling of transverse gravitons in the kind of gravity theories in which the action of transverse gravitons can be written into a form of minimally coupled scalars with a deformed effective coupling which may depend on the radial coordinate. As an application to the specific system of Gauss- Bonnet gravity coupled with Maxwell fields, we show that the effective coupling is the same as Einstein gravity and so the ratio of the shear viscosity over the entropy density is just 1/4π at zero temperature, which is consistent with the result we obtain above.

Our paper is organized as follows. In the next section, we calculate the shear viscosity and DC conductivity in the background of an extremal AdS Gauss-Bonnet RN black hole. In Section 3, we calculate the shear viscosity with a given effective action of transverse gravitons in the form of a minimally coupled scalar with an effective coupling. Section 4 is devoted to conclusions and discussions.

2 Transport Coefficients from Extremal Gauss-Bonnet RN black holes

In this section, we calculate the shear viscosity and conductivity in the background of Extremal Gauss-Bonnet RN black holes in five dimensions. The action of Gauss-Bonnet gravity coupled with Maxwell fields in five dimensions is [50, 51] S = 1 2κ^2 ∫ d^5x √ −g ( R + 12 ℓ^2 + λ 2 ℓ^2(R_{μνρσ} R^{μνρσ} − 4R_{μν} R^{μν} + R^2) − κ^2 2 F_{μν} F^{μν} ) , (2.1)

where λ is the dimensionless Gauss-Bonnet coupling and κ^2 = 8πG. The equations of motion for this action are R_{μν} − 1 2 g_{μν} R − 6 ℓ^2 g_{μν} + λℓ^2 [ RR_{μν} − 2R_{μρνσ} R^{ρσ} + R_{μρστ} R^{ρστ}_ν − 2R_{μρ}R^ρ_ν − 1 4 g_{μν} (R_{αβρσ} R^{αβρσ} − 4R_{αβ} R^{αβ} + R^2) ] − κ^2 ( F_{μα}F^α_ν − 1 4 g_{μν} F^2 ) = 0, (2.2) ∇_μF^{μν} = 0. (2.3)

The AdS Gauss-Bonnet RN black hole solution with a Ricci flat horizon has the form

ds^2 = −H(r)N^2dt^2 + H^{−1}(r)dr^2 + r^2 ℓ^2

(dx^2 + dy^2 + dz^2), (2.4) A = μ(1 − r^2_+ r^2

)dt, (2.5) where H(r) = r^2 2λℓ^2 [ 1 − √ 1 − 4λ ( 1 − m r^4 + q^2 r^6 )] , N^2 = 1 2 ( 1 + √ 1 − 4λ ) , μ = √ 6qN 2κℓr^2_+ . We can rewrite H(r) as H(r) = r^2 2λℓ^2 [ 1 − √ 1 − 4λ ( 1 − r^2_+ r^2 )( 1 − r^2_− r^2 )( 1 + r^2_+ + r^2_− r^2 )] , where we have m = r^4_+ +^{q2}_{r2+} . The thermal properties of this black hole are T = Nr_+ 2πℓ^2 ( 2 − q^2 r^6_+ ) , s = 2π κ^2 (r_+ ℓ )_3 , ρ = √ 6 q κℓ^4 , ϵ = 3N 2κ^2 m ℓ^5

. (2.6)

It can be easily checked that the first law of thermodynamics dϵ = T ds+μdρ is satisfied.

2.1 Extremal Gauss-Bonnet RN black holes

For q = √ 2r^3_+, m = 3r^4_+, we have T = 0 and the black hole becomes an extremal one with r_+ = r_− = r_0. In the following of our calculations it is much more convenient to introduce a dimensionless parameter u = r/r_0. In the new coordinate system f(u) = 1 2λ [ 1 − √ 1 − 4λ(1 − 1 u^2

)^2(1 + 2 u^2 ) ] , (2.7)

and the solution becomes

ds^2 = u^2r^2_0 ℓ^2 ( − f(u)N^2dt^2 + dx^2 + dy^2 + dz^2 ) + ℓ^2 u^2 du^2 f(u) , (2.8) A = μ(1 − 1 u^2

)dt, (2.9)

where μ =^{√3r0N}_{κℓ} . For this extremal black hole (2.8), the horizon is at u = 1 and the boundary is at u → ∞. We introduce α = ℓ^2/12r_0 and parameterize the metric by

u − 1 = λ_1 α ζ , t = λ^{−1}_1 τ. (2.10)

Then we consider the limit λ_1 → 0 with ζ, τ finite, and we can obtain the following near horizon geometry

ds^2 = αr_0 ζ^2 [ − N^2dτ^2 + dζ^2 ] + r_0 12α ( dx^2 + dy^2 + dz^2 ) , A = 2μα ζ dτ, (2.11)

clearly it has the structure of AdS_2 × R^3 with a constant electric field.

2.2 Shear Viscosity

In this and the next subsection, we will calculate the shear viscosity and conductivity of the dual conformal theory to this extremal Gauss-Bonnet black hole. The shear viscosity can be calculated from the Kubo formula using the retarded Green’s functions as η = lim_{ω→0} 1 2ωi ( G^A_{xy,xy}(ω, 0) − G^R_{xy,xy}(ω, 0) ) , (2.12)

where η is the shear viscosity, and the retarded Green’s function is defined by G^R_{μν,λρ}(k) = −i ∫ d^4xe^{−ik·x}θ(t)⟨[T_{μν} (x), T_{λρ}(0)]⟩. (2.13) The advanced Green’s function can be related to the retarded Green’s function of energy momentum tensor by G^A_{μν,λρ}(k) = G^R_{μν,λρ}(k)^∗. In the frame of AdS/CFT correspondence, one is able to compute the retarded Green’s function of the stress-energy tensor of the dual field theory by making a small perturbation of the background metric. Here we work in five dimensions and choose spatial coordinates so that the momentum of the perturbation points along the z-axis. Then the perturbations can be written as h_{μν} = h_{μν} (t, z, u). In this basis there are three groups of gravity perturbations in five dimensions, each of which is decoupled from others: the scalar, vector and tensor perturbations [52]. Here we use the simplest one, the tensor perturbation h_{xy}. We use ϕ(t, z, u) to denote this perturbation with one index raised ϕ(t, z, u) = h^y_x (t, z, u). To calculate the Green functions of the energy momentum tensor at zero temperature we consider the perturbation h^y_x in the background of (2.8).

We expand ϕ(t, z, u) = ∫ dwdp (2π)^2 e^{−iwt+ipz}ϕ(u; k), k = (w, 0, 0, p), ϕ(u; −k) = ϕ^∗(u; k), (2.14) and by plugging this into the action (2.1) we can obtain the quadratic order action for ϕ(u) as S = − Nr^4_0 4κ^2ℓ^5 ∫ du dwdp (2π)^2 u^3g(u) [ ϕ^{′2}(u) − ℓ^4w^2 N^2r^2_0f^2(u)u^4 ϕ^2(u) ] (2.15)

up to some total derivatives, where we have set p = 0 and

g(u) = u^2f(u) [ 1 − 2λf(u) − λuf^′ (u) ] . (2.16)

We can easily derive the equation of motion for ϕ(u) to be

ϕ^{′′} (u) + A_1(u)ϕ^′ (u) + B_1(u)ϕ(u) = 0, (2.17) where

A_1(u) = [ 3 u + g^′ (u) g(u) ] , B_1(u) =

144α^2w^2 N^2f^2(u)u^4

, (2.18)

and the prime^′ denotes the derivative with respective to u. The analytic solution of this equation of motion is difficult to obtain, and because we only need to know the boundary behavior of the solution, we follow [49, 48] to divide the background spacetime into two regions and match the solution in the overlapping region. The two regions are defined as • near region u − 1 = αw ζ , ϵ < ζ < ∞, (2.19) • far region u − 1 > αw ϵ , (2.20)

and we consider the limit αw → 0, ϵ → 0, αw ϵ → 0, (2.21)

then we can have an overlapping region • over-lapping region ζ → 0, u − 1 = αw ζ → 0. (2.22)

In the near region, we can make a coordinate transformation u − 1 = αw/ζ, and the coefficients A_1(u) and B_1(u) in the equation of motion (2.17) become

A_1(u) = 2 u − 1 + F̃_1(u) = 2ζ αw + F_1(ζ),

B_1(u) = α^2w^2 N^2(u − 1)^4 + α^2w^2G̃_1(u) (u − 1)^3 = ζ^4 N^2α^2w^2 + ζ^3G_1(ζ) αw , (2.23)

where F̃_1(u) = F_1(ζ) and G̃_1(u) = G_1(ζ) are functions regular at u = 1 which do not manifestly depend on αw. Thus we can expand F̃_1(u) and G̃_1(u) near u = 1 as

F̃_1(u) = F̃_1(1) + F̃^′_1(1)(u − 1) + 1 2 F̃^{′′}_1 (1)(u − 1)^2 + . . . , (2.24)

G̃_1(u) = G̃_1(1) + G̃^′_1(1)(u − 1) + 1 2 G̃^{′′}_1 (1)(u − 1)^2 + . . . . (2.25) and expand

F_1(ζ) = F̃_1(1) + F̃^′_1(1) αw ζ + 1 2 F̃^{′′}_1 (1)α^2w^2 ζ^2

+ . . . , (2.26)

G_1(ζ) = G̃_1(1) + G̃^′_1(1) αw ζ + 1 2 G̃^{′′}_1 (1)α^2w^2 ζ^2

+ . . . , (2.27)

near αw/ζ = 0. Then the equation of motion (2.17) becomes

∂^2ϕ(ζ) ∂ζ^2 − αw ζ^2

F_1(ζ) ∂ϕ(ζ) ∂ζ + [ 1 N^2 + αw ζ G_1(ζ) ] ϕ(ζ) = 0. (2.28)

Because we only need to know the low frequency behavior of the solution in order to get the shear viscosity, we can expand ϕ(ζ) as

ϕ(ζ) = ϕ^{(0)}(ζ) + αwϕ^{(1)}(ζ) + α^2w^2ϕ^{(2)}(ζ) + . . . . (2.29)

By plugging (2.29) into (2.28) we can obtain the following equation to the leading order

∂^2ϕ^{(0)}(ζ) ∂ζ^2 + 1 N^2 ϕ^{(0)}(ζ) = 0, (2.30)

with the following general solutions

ϕ^{(0)}(ζ) = a^{(0)}_n e^{i ζN} + b^{(0)}_n e^{−i ζN} . (2.31)

The in-falling boundary condition at the horizon gives b^{(0)}n = 0. We rewrite the solution (2.31) in the u coordinate and in the matching region we have

ϕ^{(0)}(u) = a^{(0)}_n { [1 + . . . ] + iαw (u − 1)N [1 + . . . ] } , (2.32)

where the dots represent subleading terms. We can also calculate the ϕ^{(n)} terms order by order, but knowing the leading order contribution (2.32) is enough to match the coefficients in the far region.

In the far region, we can also expand ϕ(u) as

ϕ(u) = ϕ^{(0)}(u) + αwϕ^{(1)}(u) + α^2w^2ϕ^{(2)}(u) + . . . . (2.33)

By plugging (2.33) into (2.17) we can obtain the following equation to the leading order

∂^2ϕ^{(0)}(u) ∂^2u + [ 3 u + g^′ (u) g(u) ]∂ϕ(0)(u) ∂u = 0. (2.34)

The solution to this equation is

ϕ^{(0)}(u) = a^{(0)}_f + b^{(0)}_f [ − 1 12(u − 1)

+ (− 1 18 + 2λ) ln(u − 1) + Y (u) ] , (2.35) where Y^′ (u) = 1 u^3g(u) − 1 12(u − 1)^2 − (− 1 18 + 2λ) 1 u − 1 (2.36)

and the coefficient in (2.35) is chosen in order to make sure that Y (u) is regular at u = 1 and ϕ^{(0)}(u) is regular at u → ∞.

At the boundary u → ∞, the solution (2.35) becomes

ϕ^{(0)}(u)|_{u→∞} = a^{(0)}_f + b^{(0)}_f [ lim_{u→∞} ( (− 1 18 + 2λ) ln(u − 1) + Y (u) ) − 1 + √ 1 − 4λ 8 √ 1 − 4λ u^{−4} + . . . ] , (2.37) which is the solution we need in order to calculate the shear viscosity. We need to confirm the coefficients of this solution by matching the far region solution (2.35) and the near region solution (2.31) in the matching region.

In the matching region u → 1, the far region solution (2.35) becomes

ϕ^{(0)}(u)|_{u→1} = [ a^{(0)}_f + b^{(0)}_f Y (1) + . . . ] − b^{(0)}_f 12(u − 1) [ 1 + . . . ] . (2.38)

By matching (2.32) and (2.38) we have

a^{(0)}_f = a^{(0)}_n [ 1 + 12iαw N Y (1) ] , b^{(0)}_f = − 12iαw N a^{(0)}_n . (2.39)

Substitute (2.39) into (2.37), and we obtain the solution near the boundary as ϕ(u)|_{u→∞} = a^{(0)}_n [ 1 + 12iαw N ( Y (1) − lim_{u→∞} ( (− 1 18 + 2λ) ln(u − 1) + Y (u) )) + . . . ]

+ 3iαw 2N a^{(0)}_n [1 + √1 − 4λ √ 1 − 4λ + . . . ] u^{−4}. (2.40)

By plugging the boundary solution (2.40) into the on-shell action for ϕ(u)

S_{on−shell} = −

Nr^4_0 4κ^2ℓ^5 ∫ dwdp (2π)^2 u^3g(u) ( ϕ(u)ϕ^′ (u) )| |_{u→∞}, (2.41)

we obtain ImG^R_{xy,xy}(w, 0) = − w 2κ^2 (r_0 ℓ )_3

[1 + O(w)], (2.42)

and using the Kubo-formula we have

η = − lim_{w→0} ( 1 w ImG^R_{xy,xy}(w, 0) ) = 1 2κ^2 (r_0 ℓ )_3

. (2.43)

Note that the entropy density s =^{2π}_{κ2} (^{r0}_ℓ )^3, so we have η s = 1 4π . (2.44)

This result is in accordance with the T → 0 behavior of the result obtained in [36] for nonzero temperatures though the calculation in [36] is not valid for the T = 0 case. Thus we have the conclusion that for field theories dual to Gauss-Bonnet gravity at zero temperature with chemical potential, the ratio of η/s is also 1/4π, which is independent of the Gauss-Bonnet coupling constant and has the same value as that in Einstein gravity.

2.3 DC Conductivity

In this subsection, we calculate the DC conductivity in the background of extremal Gauss-Bonnet RN black holes using a similar way as in the last subsection. To calculate the conductivity we need to consider small perturbations of the Maxwell field. The perturbation of the electric fields cannot get decoupled from some metric perturbations. Thus we consider small metric fluctuations for components h^x_t (t, z, u) and h^x_u (t, z, u) as well as the electric field fluctuation A_x(t, z, u). We expand them as h^x_t (t, z, u) = ∫ dwdp (2π)^2 e^{−iwt+ipz}h^x_t (u; k), h^x_u (t, z, u) = ∫ dwdp (2π)^2 e^{−iwt+ipz}h^x_u (u; k), A_x(t, z, u) = ∫ dwdp (2π)^2 e^{−iwt+ipz}a_x(u; k), (2.45) where we choose k = (w, 0, 0, p), Φ(u; −k) = Φ^∗(u; k) with Φ = h^x_t (u; k), h^x_u (u; k), a_x(u; k).

After choosing a gauge h^x_u (u) = 0, we get the equations of motion for a_x(u) and h^x_t (u) as

ℓ^5κw^2a_x(u) + Nr^2_0 uf(u) [ ℓκNu^3a^′_x(u)f^′ (u) + 2 √ 3r_0h^{x′}_t (u) + ℓκNu^2f(u) ( 3a^′_x(u) + ua^{′′}_x(u) )] = 0, (2.46) 4 √ 3ℓκNa_x(u) + r_0u^5(1 − 2λf(u))h^{x′}_t (u) = 0, (2.47)

where the prime^′ denotes the derivative with respect to u. From (2.47) we have

h^{x′}_t (u) = − 4 √ 3ℓκNa_x(u) r_0u^5 ( 1 − 2λf(u) ), (2.48)

and by plugging this into (2.46), we obtain the equation of motion for a_x(u)

a^{′′}_x(u) + A_2(u)a^′_x(u) + B_2(u)a_x(u) = 0, (2.49) where

A_2(u) = 3 u + f^′ (u) f(u) , B_2(u) =

144α^2w^2 N^2u^4f^2(u) − 24 u^8f(u) ( 1 − 2λf(u) ). (2.50)

We also have to solve this equation by matching the near region solution with the far region solution.

In the near region we make a coordinate transformation u − 1 = αw/ζ, then we have

Ã_2(ζ) = 2 u − 1 + F̃_2(u) = 2ζ αw + F_2(ζ),

B̃_2(ζ) = α^2w^2

N^2(u − 1)^4 + α^2w^2G̃_2(u) (u − 1)^3 − 2 (u − 1)^2 + H̃_2(u) (u − 1) = ζ^4 N^2α^2w^2 + ζ^3G_2(ζ) αw − 2ζ^2 α^2w^2 + ζH_2(ζ) αw , (2.51)

where F̃_2(u) = F_2(ζ), G̃_2(u) = G_2(ζ) and H̃_2(u) = H_2(ζ) are functions regular at u = 1 and do not depend on αw manifestly. Then we have

F̃_2(u) = F̃_2(1) + F̃^′_2(1)(u − 1) + 1 2 F̃^{′′}_2 (1)(u − 1)^2 + . . . , (2.52)

G̃_2(u) = G̃_2(1) + G̃^′_2(1)(u − 1) + 1 2 G̃^{′′}_2 (1)(u − 1)^2 + . . . , (2.53)

H̃_2(u) = H̃(1) + G̃^′_2(1)(u − 1) + 1 2 H̃^{′′}_2 (1)(u − 1)^2 + . . . , (2.54)

and in the ζ coordinate

F_2(ζ) = F̃_2(1) + F̃^′_2(1) αw ζ + 1 2 F̃^{′′}_2 (1)α^2w^2

ζ^2

+ . . . , (2.55)

G_2(ζ) = G̃_2(1) + G̃^′_2(1) αw ζ + 1 2 G̃^{′′}_2 α^2w^2

ζ^2

+ . . . , (2.56)

H_2(ζ) = H̃_2(1) + H̃^′_2(1) αw ζ + 1 2 H̃^{′′}_2 α^2w^2

ζ^2

+ . . . . (2.57)

In the coordinate ζ, the equation of motion (2.49) becomes

∂^2a_x(ζ) ∂ζ^2 − αw ζ^2

F_2(ζ) ∂a_x(ζ) ∂ζ + [ 1 N^2 − 2 ζ^2 + αw ζ ( G_2(ζ) +

H_2(ζ)

ζ^2 )] a_x(ζ) = 0. (2.58)

We now expand a_x(ζ) as

a_x(ζ) = a^{(0)}_x (ζ) + αwa^{(1)}_x (ζ) + α^2w^2a^{(2)}_x (ζ) + . . . , (2.59) and by plugging (2.59) into (2.58) we obtain the following equation, up to the leading order, ∂^2a^{(0)}x (ζ) ∂ζ^2 + [ 1 N^2 − 2 ζ^2 ] a^{(0)}_x (ζ) = 0, (2.60)

with the following solution

a^{(0)}_x (u) = a^{(0)}_n [ 1 + iN ζ ] e^{i ζN} + b^{(0)}_n [ 1 − iN ζ ] e^{−i ζN} . (2.61)

The in-falling boundary condition at the horizon gives b^{(0)}n = 0. In the matching region we can rewrite the near region solution in the u coordinate as

a^{(0)}_x (u) = a^{(0)}_n { (u − 1)[1 + . . . ] + iα^3w^3 3(u − 1)^2N^3

[1 + . . . ] } . (2.62)

The dots denote subleading order contributions and we only need the leading order contributions in the following calculations.

In the far region, we expand a_x(u) as

a_x(u) = a^{(0)}_x (u) + αwa^{(1)}_x (u) + α^2w^2a^{(2)}_x (u) + . . . . (2.63)

By plugging (2.63) into (2.49) we obtain the following equation to the leading order

∂^2a^{(0)}x (u) ∂u^2 + A_3(u)

∂a^{(0)}x (u) ∂u + B_3(u)a^{(0)}_x (u) = 0, (2.64)

where

A_3(u) = 3 u + f^′ (u) f(u) , B_3(u) = − 24 u^8f(u) ( 1 − 2λf(u) ). (2.65)

It is difficult to find the exact analytic solution for the above equation, so we will consider the case of small λ and calculate the first order effect of λ in the following calculations. Now we expand

a^{(0)}_x (u) = a^{(0)}_{x0} (u) + λa^{(0)}_{x1} (u) + O(λ^2), (2.66)

A_3(u) =

3(2 + u^2 + u^4) u(−1 + u^2)(2 + u^2) + λ 12(−1 + u^2) u^7

+ O(λ^2), (2.67)

B_3(u) = − 24 u^2(−1 + u^2)^2(2 + u^2) − λ 24 u^8

+ O(λ^2). (2.68)

At the order of λ^0, we have

∂^2a^{(0)}_{x0} (u) ∂u^2 + 3(2 + u^2 + u^4) u(−1 + u^2)(2 + u^2)

∂a^{(0)}_{x0} (u) ∂u − 24 u^2(−1 + u^2)^2(2 + u^2) a^{(0)}_{x0} (u) = 0, (2.69) whose solution is found to be

a^{(0)}_{x0} = a^{(0)}_{f0} ( 1 − 1 u^2 ) + b^{(0)}_{f0} { − 19u^4 − 26u^2 + 10 54u^2(u^2 − 1)^2 + 4(u^2 − 1) 81u^2 ln u^2 − 1 u^2 + 2 } . (2.70)

At the boundary u → ∞, we have the behavior of the solution as

a^{(0)}_{x0} (u)|_{u→∞} = a^{(0)}_{f0} − [ a^{(0)}_{f0} + 1 2 b^{(0)}_{f0} ]( 1 + . . . ) u^{−2} (2.71)

In the matching region u → 1, we have

a^{(0)}_{x0} (u)|_{u→1} = − b^{(0)}_{f0} 72(u − 1)^2 [ 1+O(u−1) ] +(u−1) [ 2a^{(0)}_{f0} + b^{(0)}_{f0} 648 (231+64 ln 2 3 )+O(u−1) ] . (2.72) On the other hand, at the order of λ^1, the equation of motion for a^0_{x1}(u) is

∂^2a^{(0)}_{x1} (u) ∂u^2 + 3(2 + u^2 + u^4) u(−1 + u^2)(2 + u^2)

∂a^{(0)}_{x1} (u) ∂u − 24 u^2(−1 + u^2)^2(2 + u^2) a^{(0)}_{x1} (u) + 12(−1 + u^2)

u^7

∂a^{(0)}_{x0} (u) ∂u − 24 u^8 a^{(0)}_{x0} (u) = 0, (2.73)

whose solution is found to be

a^{(0)}_{x1} (u) = 1 2 b^{(0)}_{f0} +a^{(0)}_{f1} ( 1− 1 u^2 ) +b^{(0)}_{f1} { − 19u^4 − 26u^2 + 10 54u^2(u^2 − 1)^2 + 4(u^2 − 1) 81u^2 ln u^2 − 1 u^2 + 2 } (2.74)

In the limit of u → ∞, we have

a^{(0)}_{x1} (u)|_{u→∞} = (1 2 b^{(0)}_{f0} + a^{(0)}_{f1} ) − [ a^{(0)}_{f1} + 1 2 b^{(0)}_{f1} ]( 1 + . . . ) u^{−2}. (2.75)

While in the matching region u → 1, we have

a^{(0)}_{x1} (u)|_{u→1} = − b^{(0)}_{f1} 72(u − 1)^2 [ 1+O(u−1) ] +(u−1) [ 2a^{(0)}_{f1} + b^{(0)}_{f1} 648 (231+64 ln 2 3 )+O(u−1) ] . (2.76) Matching (2.62) to (2.72) and (2.76) yields

a^{(0)}_{f0} = a^{(0)}_n [1 2 + iα^3w^3 54 ( 231 + 64 ln 2 3 )] , b^{(0)}_{f0} = −24iα^3w^3a^{(0)}_n ,

a^{(0)}_{f1} = a^{(0)}_n [ − iα^3w^3 36 ( 231 + 64 ln 2 3 )] , b^{(0)}_{f1} = −36iα^3w^3a^{(0)}_n . (2.77)

Then by substituting (2.77) into (2.71) and (2.75), we have the boundary behavior of the solution as

a_x(u)|_{u→∞} = a^{(0)}_n [ 1 + iα^3w^3 ( 1 27 ( 231 + 64 ln 2 3 ) − λ 18 ( 663 + 64 ln 2 3 )) + . . . ]

+ a^{(0)}_n [ − 1 + iα^3w^3 ( 1 27 ( 417 − 64 ln 2 3 ) + λ 18 ( 879 + 64 ln 2 3 )) + . . . ] u^{−2}. (2.78)

Substitute this solution (2.78) into the on-shell action for a_x, we obtain

S_{on−shell} = −

Nr^2_0 2ℓ^3 ∫ dwdp (2π)^2 u^3f(u) ( a_xa^′_x )| |_{u→∞}, (2.79)

and repeat the procedure in [31], we finally arrive at

ImG^R_{xx}(w, 0) ∝ w^3[1 + O(w)]. (2.80)

As a result, the DC conductivity behaves as the zero frequency limit as

σ = − lim_{w→0}( 1 w ImG^R_{xx}(w, 0)) = 0. (2.81)

The DC conductivity calculated for duals of Gauss-Bonnet gravity also vanishes at T = 0, which is the same as the case in Einstein gravity at T = 0 [48].

3 Universal Properties of η/s from Extremal Black Holes

In Sec.2 we have calculated the shear viscosity and the DC conductivity for field theories dual to Gauss-Bonnet gravity at zero temperature with nonzero chemical potential. In this section we consider a kind of field theories which is dual to gravity theories in which the effective action of transverse gravitons can be written into a form of minimally coupled scalars with the coupling constant deformed to an effective coupling whose value generally depends on the radial coordinate. In [33, 34, 35], it was shown that for this kind of field theories at nonzero temperatures, the value of the shear viscosity is determined by the value of the effective coupling at the horizon. The explicit form of the effective coupling K_{eff} varies for the different gravity theories, which has been calculated for Einstein and Gauss-Bonnet gravity coupled to arbitrary matter fields in a very constrained way in [35].

In this section^4 we will show that for this kind of field theories at zero temperature, we can still have the conclusion that the value of the shear viscosity is proportional to the effective coupling at the horizon. We employ the procedure in [35], but for extremal black holes here. We consider the cases that the perturbation h^y_x can get decoupled from other modes and first give the assumption of the form of the effective action of transverse gravitons h^y_x with an effective coupling K_{eff} (v) and then calculate the shear viscosity η using Kubo formula for transverse gravitons.

4In this section we will use the convention of [35], which is different from the one used in the last section. We define v = r^2_0 /r^2 and the horizon is located at v = 1 while the boundary is at v = 0.

We assume that the effective action of transverse gravitons ϕ(t, v, z) = h^y_x (t, v, z) can be written as S = 1 2κ^2 ∫ dv dwdp (2π)^2 √ −ḡ ( K(v)ϕ^′ϕ^′ + w^2K(v)ḡ_{vv}ḡ^{00}ϕ^2 − p^2L(v)ϕ^2 ) (3.1)

up to some total derivatives, where a prime stands for the derivative with respect to v, ḡ denotes the background metric and ϕ(t, v, z) = ∫ dwdp (2π)^2 ϕ(v; k)e^{−iwt+ipz}, k = (w, 0, 0, p), ϕ(v; −k) = ϕ^∗(v; k). (3.2) K(v) in this action is related to the effective coupling K_{eff} (v) by K_{eff} (v) = K(v)ḡ_{vv}. It was shown in [35] that for Einstein gravity with arbitrary minimally coupled matter fields, K_{eff} (v) = −1/2. Thus K_{eff} (v) is a regular function at the horizon v = 1 as long as we consider theories with higher derivative corrections which have contributions small compared to the Einstein term. Because K_{eff} (v) = K(v)ḡ_{vv} and K_{eff} (v) is regular at the horizon, we can assume for future use that K(v) √ −ḡ = (1 − v)^2M(v) for some extremal black hole backgrounds, where M(v) is a function regular at the horizon.

Because the shear viscosity only involves physics in the zero momentum limit, L(v) would not affect the value of η. The only constraint on L(v) is that it should be regular at the horizon v = 1. In fact we can also have an extra term w^2N(v)ϕ^2 in the action (3.1), and we assume N(v) is also a function of v, regular at the horizon v = 1. The addition of such a term will not affect the value of η.

Because we are working at field theories at zero temperature, the background metric ḡ should be an extremal black hole which is assumed to be

ds^2 = −y(v)(1 − v)^2dt^2 + 1 h(v)(1 − v)^2 dv^2 + r^2_0 vℓ^2 (d⃗x^2), (3.3)

where y(v) and h(v) take finite values at v = 1. In this coordinate system the boundary is at v = 0 and the horizon is at v = 1. This coordinate system can be related to the ordinary one by a transformation v = r^2_0/r^2. The equation of motion for the transverse gravitons derived from (3.1) is ϕ^{′′} (v, k) + A(v)ϕ^′(v, k) + B(v)ϕ(v, k) = 0, (3.4) where A(v) = (K(v) √ −ḡ)^′ K(v) √ −ḡ , (3.5) and B(v) = −ḡ_{vv}ḡ^{00}w^2 + L(v) K(v) p^2. (3.6)

In the p → 0 limit B(v) = w^2 y(v)h(v)(1 − v)^4 . (3.7)

The behaviors of A(v) and B(v) near the horizon v = 1 are quite different from those in the case of non-extremal black holes. Thus in the near region, the behavior of ϕ(v) is different from that in [35]. We define the near region to be 1 − v ≪ 1 and the far region to be 1 − v ≫ √ αw, where α is the same as defined in last section. In the αw ≪ 1 limit, there exists a matching region √ αw ≪ 1 − v ≪ 1. In the near region 1 − v ≪ 1, the equation of motion (3.4) becomes ϕ^{′′} (v) − 2 1 − v ϕ^′(v) + w^2 y(1)h(1)(1 − v)^4 ϕ(v) = 0. (3.8)

The solution to this equation has the form ϕ(v) = ae^{iw√y(1)h(1)(1−v)} + be^{− iw√y(1)h(1)(1−v)} , (3.9) where a and b are two arbitrary constants. The in-falling boundary condition sets b = 0. On the other hand, in the far region 1 − v ≫ √ αw, the equation of motion (3.4) becomes ϕ^{′′} (v) + A(v)ϕ^′(v) = 0. (3.10)

This equation has the solution as ϕ(v) = ∫ C K(v) √ −ḡ dv + C_0, (3.11)

where C and C_0 are two integration constants.

Note that we have defined K(v) √ −ḡ = (1−v)^2M(v), where M(v) a function regular at v = 1. According to the factorization rule of rational fractions, C/ ( K(v) √ −ḡ ) can be written as C (1 − v)^2M(v) = C_1 (1 − v)^2 − C_2 1 − v + X(v), (3.12)

where X(v) is a function regular at v = 1. From the regularity of X(v) at v = 1 we can fix the constants C_1 and C_2 to be

C_1 = C M(1)

, C_2 =

CM^′(1) M^2(1)

. (3.13)

Thus ϕ(v) can be integrated out to be ϕ(v) = C M(1)(1 − v) + CM^′(1) M^2(1) ln (1 − v) + Z(v), (3.14) where Z(v) is a function regular at v = 1 and

Z^′(v) = C (1 − v)^2 ( 1 M(v) − 1 M(1) ) + CM^′(1) M^2(1)(1 − v)

. (3.15)

Then in the matching region √ αw ≪ 1 − v ≪ 1, the near region solution (3.9) can be expanded to the first order of αw/(1 − v) as 1 + iw √ y(1)h(1)(1 − v)

, (3.16)

where we have chosen the normalization constant a to be one, while the far region solution in the matching region is still of the form of (3.14). Thus we have C M(1) = iw √ y(1)h(1)

, (3.17)

and Z(v) = 1 + iwz(v) by matching the leading terms of the near and far region solutions. Note that the sub-leading terms in the far region solution (3.14) need not to appear in the near region solution as it can be easily checked that the near region solution cannot be trusted at this order. Thus the solution near the boundary is

ϕ(v) = 1 + iw √ y(1)h(1)(1 − v) + iwM^′(1) M(1) √ y(1)h(1) ln (1 − v) + iwz(v), (3.18)

where

z^′(v) =

M(1) √ y(1)h(1)(1 − v)^2 ( 1 M(v) − 1 M(1) ) + M^′(1) M(1) √ y(1)h(1)(1 − v)^2

. (3.19)

Substituting the solution (3.18) into the on-shell action

S_{on−shell} = 1 2κ^2 ∫ dwdp (2π)^2 dv ( √ −ḡK(v)ϕ^′ϕ )_′ , (3.20)

and integrating this action gives

S_{on−shell} = 1 2κ^2 ∫ dwdp (2π)^2 ( √ −ḡK(v)ϕ^′ϕ )| | | v=1

v=0 . (3.21)

As argued in the appendix of [35], the total derivative terms and the Gibbons-Hawking contribution exactly cancel and (3.21) is the total contribution. With the help of the boundary term, we have G^R_{xy,xy}(w, 0) = − 1 2κ^2 2 √ −ḡK(v)ϕ^{′∗}ϕ|_{v=0}. (3.22)

Substituting the solution (3.18) into the Kubo formula we finally reach η = 1 2κ^2 lim_{w→0} 2 √ −ḡK(v)ϕ^{′∗}ϕ|_{v=0} iw = 1 2κ^2 (r_0 ℓ )_3( − 2K_{eff} (v = 1) ) . (3.23)

Thus we get to the conclusion that the shear viscosity is fully determined by the value of the effective coupling K_{eff} (v) at the horizon. This indicates that the shear viscosity is totally determined by the IR physics, as we are considering the w → 0 limit which encodes only the near horizon physics.

The form of K_{eff} (v) for some very limited class of gravity theories have been obtained in [35]. For Einstein gravity coupled with matter fields in a constrained way [35], K_{eff} = −1/2, so the ratio of η/s is always 1/4π because in Einstein gravity the entropy density is proportional to the horizon area. For Gauss-Bonnet gravity coupled with matter fields in the same constrained way, K_{eff} (v) was calculated for a specific kind of background metric

ds^2 = − g^∗(v)r^2_0N^2 ℓ^2v dt^2 + ℓ^2 4v^2g^∗(v) dv^2 + r^2_0 vℓ^2 d⃗x^2, (3.24)

it is K_{eff} (v) = − 1 2 [ 1 − 2λg^∗(v) + 2λvg^{∗′} (v) ] . (3.25)

This form of metric is in fact the kind of metric which has g_{tt}g_{rr} = −1 in the ordinary r coordinate, which is satisfied by most of the metrics we are interested in. Thus in this specific kind of background metric we find that K_{eff} (v) = −1/2 for extremal black holes, which means that η/s = 1/4π for the cases that the entropy density is proportional to the horizon area [50]. This result is in accordance with the result obtained in last section.

4 Conclusion and Discussion

In this paper we calculated the ratio of the shear viscosity over the entropy density for strongly coupled field theories dual to Gauss-Bonnet gravity at zero temperature with a nonzero chemical potential. We found that the ratio is 1/4π, which does not depend on the Gauss-Bonnet coupling constant and has the same value as that for Einstein gravity. We also calculated the DC conductivity for this system up to the first order of the Gauss-Bonnet coupling λ and found that it vanishes, which is the same as in the case of Einstein gravity, again.

We showed that the value of the shear viscosity depends on the effective coupling of transverse gravitons for a kind of gravity theories in which the effective action of transverse gravitons can be written into a form of minimally coupled scalars with a deformed effective coupling. The effective coupling calculated in Einstein and Gauss- Bonnet gravity theories with minimally coupled matter fields shows that the ratio of η/s in such theories is always 1/4π at zero temperature. The results obtained in this paper combining with those from [48] indicate that those values of shear viscosity and conductivity are universal for conformal field theories with gravity duals at zero temperature. This is also closely related to the fact that for extremal black holes there exists an AdS_2 factor in the near horizon geometry. In this sense, it would be of great interest to calculate other transport coefficients for extremal black holes.

The shear viscosity is fully determined by the near horizon value of the effective coupling of transverse gravitons. However, we still have very poor knowledge of the exact form of K_{eff} in various gravity theories. It would be very interesting to calculate this quantity in more general gravity theories and in more general kinds of backgrounds, such as the black hole background in the non-relativistic version of AdS/CFT.

Acknowledgments

We would like to thank Robert G. Leigh for useful correspondence. RGC thanks L. M. Cao and N. Ohta for useful discussions. This work was supported partially by grants from NSFC, China (No. 10525060, No. 108215504 and No. 10975168) and a grant from MSTC, China (No. 2010CB833004). This work was completed during RGC’s visit to Kinki University, Japan with the support of JSPS invitation fellowship, the warm hospitality extended to him is greatly appreciated.

References

[1] J. M. Maldacena, “The large N limit of superconformal field theories and supergravity,” Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)] [arXiv:hep-th/9711200].

[2] G. Policastro, D. T. Son and A. O. Starinets, “The shear viscosity of strongly coupled N = 4 supersymmetric Yang-Mills plasma,” Phys. Rev. Lett. 87, 081601 (2001) [arXiv:hep-th/0104066].

[3] G. Policastro, D. T. Son and A. O. Starinets, “From AdS/CFT correspondence to hydrodynamics,” JHEP 0209, 043 (2002) [arXiv:hep-th/0205052].

[4] G. Policastro, D. T. Son and A. O. Starinets, “From AdS/CFT correspondence to hydrodynamics. II: Sound waves,” JHEP 0212, 054 (2002) [arXiv:hep-th/0210220].

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

Rev. Lett. 93, 090602 (2004) [arXiv:hep-th/0311175].

[6] J. Mas, “Shear viscosity from R-charged AdS black holes,” JHEP 0603, 016 (2006) [arXiv:hep-th/0601144].

[7] D. T. Son and A. O. Starinets, “Hydrodynamics of R-charged black holes,” JHEP 0603, 052 (2006) [arXiv:hep-th/0601157].

[8] O. Saremi, “The viscosity bound conjecture and hydrodynamics of M2-brane theory at finite chemical potential,” JHEP 0610, 083 (2006) [arXiv:hep-th/0601159].

[9] 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].

[10] R. G. Cai and Y. W. Sun, “Shear Viscosity from AdS Born-Infeld Black Holes,” JHEP 0809, 115 (2008) [arXiv:0807.2377 [hep-th]].

[11] H. S. Tan, “Born-Infeld Hydrodynamics via Gauge/Gravity Duality,” JHEP 0904, 131 (2009) [arXiv:0903.3424 [hep-th]].

[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] P. Benincasa and A. Buchel, “Transport properties of N = 4 supersymmetric Yang- Mills theory at finite coupling,” JHEP 0601, 103 (2006) [arXiv:hep-th/0510041].

[14] A. Buchel, “Shear viscosity of boost invariant plasma at finite coupling,” Nucl.

Phys. B 802, 281 (2008) [arXiv:0801.4421 [hep-th]].

[15] A. Buchel, “Shear viscosity of CFT plasma at finite coupling,” Phys. Lett. B 665, 298 (2008) [arXiv:0804.3161 [hep-th]].

[16] A. Buchel, “Resolving disagreement for eta/s in a CFT plasma at finite coupling,” Nucl. Phys. B 803, 166 (2008) [arXiv:0805.2683 [hep-th]].

[17] R. C. Myers, M. F. Paulos and A. Sinha, “Quantum corrections to eta/s,” Phys.

Rev. D 79, 041901 (2009) [arXiv:0806.2156 [hep-th]].

[18] 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 [hep-th]].

[19] P. Kovtun, D. T. Son and A. O. Starinets, “Holography and hydrodynamics:

Diffusion on stretched horizons,” JHEP 0310, 064 (2003) [arXiv:hep-th/0309213]. [20] 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:hep-th/0405231].

[21] A. Buchel, “On universality of stress-energy tensor correlation functions in supergravity,” Phys. Lett. B 609, 392 (2005) [arXiv:hep-th/0408095].

[22] T. D. Cohen, “Is there a ’most perfect fluid’ consistent with quantum field theory?,” Phys. Rev. Lett. 99, 021602 (2007) [arXiv:hep-th/0702136].

[23] 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]].

[24] A. Cherman, T. D. Cohen and P. M. Hohler, “A sticky business: the status of the cojectured viscosity/entropy density bound,” JHEP 0802, 026 (2008) [arXiv:0708.4201 [hep-th]].

[25] J. W. Chen, M. Huang, Y. H. Li, E. Nakano and D. L. Yang, “Phase Transitions and the Perfectness of Fluids,” Phys. Lett. B 670, 18 (2008) [arXiv:0709.3434 [hepph]].

[26] D. T. Son, “Comment on ’Is There a ’Most Perfect Fluid’ Consistent with Quantum Field Theory?’,” Phys. Rev. Lett. 100, 029101 (2008) [arXiv:0709.4651 [hep-th]].

[27] I. Fouxon, G. Betschart and J. D. Bekenstein, “The bound on viscosity and the generalized second law of thermodynamics,” Phys. Rev. D 77 (2008) 024016 [arXiv:0710.1429 [gr-qc]].

[28] A. Dobado, F. J. Llanes-Estrada and J. M. T. Rincon, “The status of the KSS bound and its possible violations (How perfect can a fluid be?),” AIP Conf. Proc. 1031, 221 (2008) [arXiv:0804.2601 [hep-ph]].

[29] K. Landsteiner and J. Mas, “The shear viscosity of the non-commutative plasma,” JHEP 0707, 088 (2007) [arXiv:0706.0411 [hep-th]].

[30] Y. Kats and P. Petrov, “Effect of curvature squared corrections in AdS on the viscosity of the dual gauge theory,” JHEP 0901, 044 (2009) [arXiv:0712.0743 [hepth]].

[31] 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 [hep-th]];

[32] 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]].

[33] 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]].

[34] N. Iqbal and H. Liu, “Universality of the hydrodynamic limit in AdS/CFT and the membrane paradigm,” Phys. Rev. D 79, 025023 (2009) [arXiv:0809.3808 [hep-th]].

[35] 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]].

[36] 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]].

[37] I. P. Neupane and N. Dadhich, “Higher Curvature Gravity: Entropy Bound and Causality Violation,” arXiv:0808.1919 [hep-th].

[38] G. Koutsoumbas, E. Papantonopoulos and G. Siopsis, “Shear Viscosity and Chern- Simons Diffusion Rate from Hyperbolic Horizons,” Phys. Lett. B 677, 74 (2009) [arXiv:0809.3388 [hep-th]].

[39] R. Brustein and A. J. M. Medved, “The shear diffusion coefficient for generalized theories of gravity,” Phys. Lett. B 671, 119 (2009) [arXiv:0810.2193 [hep-th]].

[40] R. G. Cai, Z. Y. Nie, N. Ohta and Y. W. Sun, “Shear Viscosity from Gauss-Bonnet Gravity with a Dilaton Coupling,” Phys. Rev. D 79, 066004 (2009) [arXiv:0901.1421 [hep-th]].

[41] N. Banerjee and S. Dutta, “Higher Derivative Corrections to Shear Viscosity from Graviton’s Effective Coupling,” JHEP 0903, 116 (2009) [arXiv:0901.3848 [hep-th]].

[42] X. H. Ge and S. J. Sin, “Shear viscosity, instability and the upper bound of the Gauss-Bonnet coupling constant,” JHEP 0905, 051 (2009) [arXiv:0903.2527 [hepth]].

[43] R. C. Myers, M. F. Paulos and A. Sinha, “Holographic Hydrodynamics with a Chemical Potential,” JHEP 0906, 006 (2009) [arXiv:0903.2834 [hep-th]].

[44] S. Cremonini, K. Hanaki, J. T. Liu and P. Szepietowski, Phys. Rev. D 80, 025002 (2009) [arXiv:0903.3244 [hep-th]].

[45] N. Banerjee and S. Dutta, “Shear Viscosity to Entropy Density Ratio in Six Derivative Gravity,” JHEP 0907, 024 (2009) [arXiv:0903.3925 [hep-th]].

[46] 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].

[47] S. S. Pal, “η/s at finite coupling,” arXiv:0910.0101 [hep-th]. [48] M. Edalati, J. I. Jottar and R. G. Leigh, “Transport Coefficients at Zero Temperature from Extremal Black Holes,” arXiv:0910.0645 [hep-th].

[49] T. Faulkner, H. Liu, J. McGreevy and D. Vegh, “Emergent quantum criticality, Fermi surfaces, and AdS2,” arXiv:0907.2694 [hep-th].

[50] R. G. Cai, “Gauss-Bonnet black holes in AdS spaces,” Phys. Rev. D 65, 084014 (2002) [arXiv:hep-th/0109133]; R. G. Cai and Q. Guo, “Gauss-Bonnet black holes in dS spaces,” Phys. Rev. D 69, 104025 (2004) [arXiv:hep-th/0311020]; R. G. Cai, “A note on thermodynamics of black holes in Lovelock gravity,” Phys. Lett. B 582, 237 (2004) [arXiv:hep-th/0311240].

[51] M. Cvetic, S. Nojiri and S. D. Odintsov, “Black hole thermodynamics and negative entropy in deSitter and anti-deSitter Einstein-Gauss-Bonnet gravity,” Nucl. Phys. B 628, 295 (2002) [arXiv:hep-th/0112045].

[52] P. K. Kovtun and A. O. Starinets, “Quasinormal modes and holography,” Phys.

Rev. D 72, 086009 (2005) [arXiv:hep-th/0506184].