arXiv:1201.2705v3 [hep-th] 26 Mar 2012

AEI-2012-002

The Relativistic Rindler Hydrodynamics

Christopher Eling^1, Adiel Meyer^2, and Yaron Oz^2 1 Max Planck Institute for Gravitational Physics, Albert Einstein Institute, Potsdam 14476, Germany and 2 School of Physics and Astronomy, Tel Aviv University, Tel Aviv 69978, Israel (Dated: March 27, 2012)

Abstract

We consider a (d + 2)-dimensional class of Lorentzian geometries holographically dual to a relativistic fluid flow in (d+1) dimensions. The fluid is defined on a (d+1)-dimensional time-like surface which is embedded in the (d + 2)-dimensional bulk space-time and equipped with a flat intrinsic metric. We find two types of geometries that are solutions to the vacuum Einstein equations: the Rindler metric and the Taub plane symmetric vacuum. These correspond to dual perfect fluids with vanishing and negative energy densities respectively. While the Rindler geometry is characterized by a causal horizon, the Taub geometry has a timelike naked singularity, indicating pathological behavior. We construct the Rindler hydrodynamics up to second order in derivatives of the fluid variables and show the positivity of its entropy current divergence.

PACS numbers: 04.70.-s, 11.25.Tq, 47.10.ad

Contents I. Introduction 3 II. Ricci flat geometries and fluids 5 A. The ρ = 0 case: Rindler Geometry 6 B. The ρ < 0 case: Taub Geometry 7 III. The Rindler/Fluid Correspondence 10 A. General Setup 10 B. The relativistic fluid metric and stress tensor 12 1. The first viscous order 15 2. The second viscous order 17 IV. The Entropy Current 19 V. Discussion 21 A. The Connections and Ricci Tensor 22 B. Inverse metric 23 Acknowledgements 24 References 24

I. INTRODUCTION

The holographic principle proposes that (d + 2)-dimensional (quantum) gravitational theories are equivalent to (d + 1)-dimensional field theories living on a boundary of the higher dimensional spacetime. The most concrete examples of holography are the so-called gauge/gravity correspondences, where quantum gravity with negative cosmological constant is dual to certain flat spacetime gauge theories. The gauge theory can be thought of as living on the timelike boundary at spatial infinity, in which the bulk spacetime is holographically encoded. A particularly interesting consequence of this duality is that the hydrodynamics of the gauge theory can be effectively described by the long time, long wavelength dynamics of a black hole living in the bulk. In this fluid-gravity correspondence, [1, 2] the Navier- Stokes equations of the fluid are equivalent to the subset of the General Relativity (GR) field equations called the momentum constraints, which constrain data on the timelike boundary surface.

However, by studying the dynamics of a Rindler acceleration horizon in flat spacetime [3– 5], two of the authors argued that the relationship between holography and hydrodynamics is not limited to theories with negative cosmological constant. In the Rindler wedge of flat spacetime, the usual Minkowski vacuum is a thermal state at finite temperature (see for example [6]). Just as in the AdS/CFT examples, one can study the long wavelength, long time perturbations of this background spacetime, which are expected to be dual to the hydrodynamics of the thermal state. Indeed, recently [7, 8] it has been shown that one can construct explicit bulk solutions to the vacuum Einstein equations dual to a particular non-relativistic fluid by perturbing around the Rindler geometry. The holographic fluid in this case is defined on an arbitrary timelike surface S_c of fixed radial coordinate r = r_c in the bulk geometry [9]. These are the hyperbolas associated with the worldlines of accelerated observers. Working in a non-relativistic hydrodynamic expansion, one can solve the field equations subject to the boundary conditions of a fixed flat induced metric on S_c and a regular event horizon. The momentum constraints on S_c again are the non-relativistic Navier-Stokes equations.

This result implies that there is an underlying duality between a field theory on S_c and the bulk interior Rindler space. The nature of holography in asymptotically flat spacetimes has remained mysterious and it expected that the dual field theory will be nonlocal [10].

An intriguing aspect of these results is that the dual fluid thermodynamics, constructed from the quasi-local Brown-York stress tensor, is characterized by zero equilibrium energy density even though there is non-zero temperature. Similarly, one can also show the entropy density of the fluid, equivalent to the area entropy density of horizon, is independent of its temperature.

Despite these unusual thermodynamical properties, the hydrodynamics of the Rindler fluid appears to be well-defined and contains no obvious pathologies. Studying this fluid in more detail may yield additional clues into the nature of the microscopic duality. In [8] the authors showed that their results can be obtained as the non-relativistic limit of an underlying relativistic fluid. In particular, they constructed a general theory for a viscous relativistic fluid with zero energy density and by matching to the non-relativistic solution were able to determine some of the viscous transport coefficients. While shear viscosity to entropy density ratio saturates the Kovtun-Son-Starinets bound of 1/4π [11], the bulk viscosity is not an independent transport coefficient even though the fluid is non-conformal. In the second order viscous hydrodynamics, there are six independent transport coefficients, but by matching to the non-relativistic solution one is only able to determine four of these. Later, [12] studied how higher derivative corrections to the gravitational field equations affect the properties of the dual fluid. In the AdS/CFT correspondence, such terms are associated with quantum corrections or other deformations, which modify the values of the transport coefficients [13]. Interestingly, in this case only the second (and higher) order hydrodynamics is affected; the shear viscosity to entropy density ratio and the first order Navier-Stokes equations are universal.

In this paper, our main goal is to expand upon the results of [8] by completely determining the relativistic fluid dual to the Rindler spacetime. We start by considering a particular class of (d + 2)-dimensional Lorentzian geometries. These metrics are stationary and on the slices S_c the intrinsic metric is flat and the extrinsic curvature is such that the Brown-York quasilocal stress tensor has a perfect fluid form. Thus, these metrics can, in principle, act as the bulk gravitational dual to a fluid on S_c. Solving the vacuum Einstein equations, we find there are two possible branches of solutions. One is the Rindler solution described above and the other is the known as Taub plane symmetric vacuum and is associated with a fluid of negative energy density. The Taub metric has non-trivial curvature and, crucially, a naked singularity, which indicates pathological behavior in the dual field theory. In contrast, the Rindler solution is well-behaved, and using the formalism developed in [8] we find the bulk solution and fluid stress tensor in a derivative expansion up to second order, fixing the remaining two transport coefficients. In the fluid-gravity correspondence, the fluid entropy current is mapped into the area current [14] of the evolving horizon surface. We compute this current to second order and find that its divergence is positive definite, consistent with Hawking’s area theorem.

The plan of this paper is as follows. In Section II, we review the general construction of the solutions developed in [7–9] and describe the Rindler and Taub geometries. In Section III, we present the earlier non-relativistic description of the Rindler fluid and use this to develop and eventually calculate the fully relativistic metric and its corresponding stress tensor. Section IV is devoted to the calculation of the holographic area entropy current and its divergence. We then conclude with a brief discussion and description of possible future work.

II. RICCI FLAT GEOMETRIES AND FLUIDS

In the following we will construct certain (d + 2)-dimensional Lorentzian geometries holographically dual to a fluid flow in (d + 1) dimensions. The fluid is defined on a (d + 1)- dimensional timelike surface S_c embedded in the (d + 2)-dimensional bulk space-time. We choose the timelike surface to be defined by fixed bulk radial coordinate, r = r_c. Consider the following metric ansatz for the bulk geometry [9] ds^2 = g_{AB} dx^Adx^B = −h(r)dt^2 + 2dtdr + e^{2τ (r)}dx^idx_i , (1) where x^A = (t, x^i, r), i = 1..d and d ≥ 2. On surfaces of r = r_c, where r_c is a constant, the induced metric is

ds^2 = γ_{μν} dx^μdx^ν = −h(r_c)dt^2 + e^{2τ (rc)}dx_idx^i . (2)

This metric is flat, as can be seen by the coordinate re-scaling t̄ = √ h(r_c) and x̄^i = e^{τ (rc)}x^i, which leads to the standard Minkowskian form

ds^2 = γ_{μ̄ν̄} dx̄^μdx̄^ν = −dt̄^2 + dx̄_idx̄^i , (3)

where x̄^μ = (t̄, x̄^i)

The Brown-York stress-energy tensor [15] (in units where 16πG = 1) associated with the r = r_c slice is

T_{μν} = 2(Kγ_{μν} − K_{μν} ) , (4)

where K_{μν} =^1_2 L_N γ_{μν} and L_N is the Lie derivative along the normal to the slice N^A. Using (1) we find that

T¯_t¯_t = ρ = −2d √ hτ^′, T¯_i¯_j = p = 2 √ h ( (d − 1)τ^′ + h^′ h ) δ¯_i¯_j , (5)

where primes represent derivatives with respect to r and the expressions are evaluated at r = r_c. The stress-energy tensor has the form of a perfect fluid with energy density ρ and pressure p.

We wish to determine whether there is a solution to the vacuum Einstein equations

R_{AB} = 0 , (6)

of this general form. The Hamiltonian constraint, R_{AB} N^AN^B , where N^A is the unit spacelike normal to the r = r_c slices, is

G_{AB}N^AN^B = R − K_{μν} K^{μν} + K^2 , (7)

where R is the Ricci scalar associated with the induced metric of the slice. Re-expressing this equation in terms of the Brown-York stress tensor and using the fact that R = 0 for r = r_c, we get

dT_{μν} T^{μν} = T^2 . (8)

Inserting the general form of a perfect fluid stress tensor and (5), one finds that this condition is satisfied by two types of equations of state [8]

(i) ρ = 0, (ii) ρ = −2d (d − 1) p . (9)

A. The ρ = 0 case: Rindler Geometry

Consider first the equation of state ρ = 0. Using Eqn. (5), this condition implies that τ^′ = 0 and as a result, τ = const.. The remaining field equations imply that h(r) = r, and we get the metric ds^2 = −rdt^2 + 2dtdr + dx_idx^i , (10) which describes a region of flat (d + 2)-dimensional Minkowski space-time in “ingoing Rindler” coordinates. The null surface r = 0 acts as a causal horizon to accelerated observers, whose world-lines correspond to the surfaces of constant r = r_c. Although the Rindler metric is just a patch of flat space-time, the associated quantum field theory on this background has many of the same properties as a black hole solution due to the existence of the causal horizon. In particular, surfaces of r = r_c have a local Unruh temperature (in units where ℏ = c = 1) T = 1 4π √ r_c . (11) Strictly speaking, a Rindler horizon does not have a Bekenstein-Hawking entropy density. However, one can assign the Rindler horizon this entropy based on the holographic principle, or, more concretely, take the entropy to be the thermal entanglement entropy of the quantum fields in Rindler wedge [16]. This statistical entropy scales like an area, but is a UV divergent quantity. If a Planck scale cutoff is chosen appropriately, the entanglement entropy agrees with the Bekenstein-Hawking formula, i.e. in units where 16πG = 1

s = 4π . (12)

Given the existence of an equilibrium Unruh temperature and a Bekenstein-Hawking entropy density, the metric (10) may be considered as providing a dual geometrical description of a perfect fluid with zero energy density in one lower space dimension. We will discuss the hydrodynamics of this case in detail in section III.

B. The ρ < 0 case: Taub Geometry

Consider next the second equation of state in (9). In order to construct the background, we plug-in the values of the energy density and pressure in terms of the metric functions into the equation of state, which gives

τ^′ + 1 d − 1 h^′ h = 0 . (13)

Consider the equation R_{rr} = 0. It yields

τ^{′2} + τ^{′′} = 0 , (14) which is solved by ,

τ(r) = ln(C_1r + C_2) . (15)

Inserting this into (13), we find h(r) = C_3 (C_1r + C_2)^{d−1}

. (16)

Therefore the dual gravitational solution is

ds^2 = −

C_3 (C_1r + C_2)^{d−1} dt^2 + 2dtdr + (C_1r + C_2)^2dx_idx^i . (17)

Redefining the radial coordinate r̄ = C_1r+C_2 and re-scaling the time coordinate, this metric takes the form

ds^2 = − A r̄^{d−1} dt^2 + 2dtdr̄ + r̄^2dx_idx^i , (18)

where A is a constant.

In four-dimensions (d = 2) this metric was found by A. H. Taub in 1951 [17]. It can be considered the vacuum solution exterior to an infinite plane-symmetric object with uniform mass density. The Kretschmann scalar for this solution reads R_{ABCD}R^{ABCD} ∼ 1 r̄^{2(d+1)}

, (19)

which implies that there is a curvature singularity at r̄ = 0 and the solution is asymptotically flat at infinity r̄ = ∞. The curvature singularity at r̄ = 0 is timelike and naked, consistent with the fact that the energy density computed from the Brown-York stress tensor ρ = −2d √ A r̄^{(d+1)/2}

(20)

is always negative. The global structure of this metric was analyzed in [18]. At infinity there are two flat null surfaces, while the timelike naked singularity is located in the interior.

While it seems clear that this branch is problematic, let us nevertheless make a few remarks.

(i) One can make a spatial boost and re-write the metric in terms of the energy density ρ. This yields

ds^2 = − ρ^2r̄^2 4d^2 u_μu_ν dx^μdx^ν + 2u_μdx^μdr̄ + r̄^2P_{μν} dx^μdx^ν . (21)

One could then formally allow the variables ρ(x^μ) and u^μ(x^μ) and solve the field equations order by order in a derivative expansion in ∂_μρ and ∂_μu_ν as is done in the fluid-gravity correspondence [1]. However, unlike the Rindler solution, in this case there is no casual horizon in the background zeroth order solution. Therefore, interpreting this geometry as being dual to a finite temperature state of a field theory (and then perturbations of this state as hydrodynamics) is problematic. For instance, imposing the thermodynamic identity ρ + P = sT yields sT = ( d + 1 1 − d ) p . (22)

Since p > 0, this equation implies formally a state of negative temperature (or negative entropy). A related fact is that the squared speed of sound v^2_s =^{dP}_{dρ} is negative, which indicates the dual field theory is characterized by an instability. It would be interesting to understand the role of this type of exotic solution in asymptotically flat holography. (ii) Following [8] we can create a scalar field Lagrangian that mimics the equation of state for the Taub metric. We consider I = ∫ d^{d+1} √ −gF (X, ϕ) , (23) where X = −(1/2)g^{μν}∂_μϕ∂_ν ϕ. The stress-tensor is given by T_{μν} = −2 ∂F ∂g^{μν} + g_{μν} F . (24)

This gives T_{μν} = ∂F ∂X ∂_μϕ∂_ν ϕ + g_{μν} F . (25)

If we identify the four-velocity (of a potential flow)

u_μ = ∂_μϕ 2 √ X , (26)

the stress-tensor has the form of a perfect fluid with pressure F and ρ = 2X ∂F ∂X − F . (27)

Imposing the equation of state, we find the condition on F (X), which leads to an action of the form I = ∫ d^{d+1x} √ −gX^{− 12 ( d+1d−1 )} . (28)

III. THE RINDLER/FLUID CORRESPONDENCE

A. General Setup

In order to study the hydrodynamics of the fluid living on the r = r_c slices in Rindler geometry, we have to perturb this background. The metric (10) corresponds to a fluid in thermodynamical equilibrium in the rest frame of some observer. The first step is to make a set of coordinate transformations to obtain a new metric corresponding to the fluid flow in an arbitrary frame. More geometrically, these transformations keep the induced metric at r_c flat, in addition to preserving a perfect fluid form of the Brown-York stress energy tensor associated to the slice, the timelike Killing vector and the homogeneity in the x^i direction [8]. One transformation is a translation of the radial coordinate, plus a re-scaling of t r → r − r_h, t → (1 − r_h/r_c)^{−1/2}t , (29) which moves the horizon from r = 0 to an r = r_h < r_c. The second is a boost in the x^i directions. The resulting metric can be written in the following manifestly boost covariant form ds^2 = g_{AB}dx^Adx^B = −(1 + p^2(r − r_c))u_μu_ν dx^μdx^ν − 2pu_μdx^μdr + P_{μν} dx^μdx^ν . (30) In this line element we replaced r_h with the relativistic pressure p using the formula p = 1 √ r_c − r_h . (31)

The coordinates x^μ = (t, x^i). The fluid (boost) velocity is defined as u^μ = γ(1, v^i), where γ = (r^2_c − v^2)^{−1/2} and P_{μν} = γ_{μν} + u_μu_ν .

One can now investigate the hydrodynamic system dual to the above metric. To do that, we need to consider the dynamics of the metric perturbations within a hydrodynamic limit. In the literature [7, 8], the first method developed was to work in terms of the nonrelativistic variables v^i and r_h and allow these to be functions of space and time: v^i(t, x^i) and r_h(t, x^i), while r_c remains fixed. The metric is no longer flat and no longer a solution of the vacuum Einstein equation. One then introduces a particular non-relativistic hydrodynamical expansion, first proposed in [2, 19]. In terms of a small parameter ϵ,

v^i ∼ ϵv^i(ϵx^i, ϵ^2t) P ∼ ϵ^2P (ϵx^i, ϵ^2t) , (32) where the non-relativistic pressure P (t, x^i) is defined as a small perturbation of the horizon radius r_h = 0 + 2P + O(ϵ^4) . (33) Expanding the metric (30) out to O(ϵ^2) in this manner yields the non-relativistic metric originally found by [7] ds^2 = −rdt^2 + 2dtdr + dx_idx^i − 2 ( 1 − r r_c ) v_idx^idt − 2v_i r_c dx^idr + ( 1 − r r_c ) [ (v^2 + 2P )dt^2 + v_iv_j r_c dx^idx^j ] + ( v^2 r_c + 2P r_c ) dtdr . (34) In GR, the momentum constraint equations on the surface S_c are equivalent to the divergence of the Brown-York stress tensor R_{μA}N^A = ∂^ν T^{BY}_{μν} , (35) and constrain the fluid variables. At second and third order in ϵ, momentum constraint equations are R^{(2,3)}_{μA} N^A = r^{−1/2}_c R^{(2,3)}_{tμ} + r^{1/2}_c R^{(2,3)}_{rμ} = 0 . (36) At second order, this is equivalent to the incompressibility condition ∂_iv^i = 0. At third order one finds the Navier-Stokes equations with a particular kinematic viscosity ∂_tv_i + v^j∂_j v_i + ∂_iP − r_c∂^2v_i = 0 . (37) Imposing the incompressiblity condition implies (34) is a solution to the Einstein equations up to O(ϵ^3). In [8] the higher order corrections to (34) and the corresponding corrections to the incompressibility and Navier-Stokes equations were determined up to O(ϵ^6).

Compère, et. al also noted that there should be a fully relativistic description of the fluid dual to Rindler spacetime. In this case the fluid variables the fluid velocity and pressure, which are allowed to depend on x^μ: u^μ(x^μ) and p(x^μ). They constructed the general form of a viscous fluid stress tensor to second order in derivatives with zero equilibrium energy density. The resulting stress tensor is T^{Rel}_{μν} = ρu_μu_ν + pP_{μν} − 2ηK_{μν} + c_1K^λ_μK_{λν} + c_2K^λ_{(μ}Ω_{|λ|ν)} + c_3Ω^λ_μ Ω_{λν} + c_4P^λ_μ P^σ_ν D_λD_σ ln p + c_5K_{μν} D ln p + c_6D^⊥_μ ln p D^⊥_ν ln p , (38) where D ≡ u^μ∂_μ, D^⊥_μ = P^ν_μ ∂_ν , K_{μν} = P^λ_μ P^σ_ν ∂_{(λ}u_{σ)}, and Ω_{μν} = P^λ_μ P^σ_ν ∂_{[λ}u_{σ]}. The coefficient η at first order is the usual shear viscosity. Note the absence of a bulk viscosity term in (38) at the same order. This is due to the fact that at viscous order we can impose the ideal order equation ∂_μu^μ = 0, which follows from ρ = 0. On the other hand, there can be viscous corrections to the energy density ρ, which can be parameterized very generally as

ρ = b_1K_{μν} K^{μν} + b_2Ω_{μν} Ω^{μν} + b_3D ln p D ln p + b_4D^2 ln p + b_5D^⊥_μ ln p D^{⊥μ} ln p . (39)

The c_i, i = 1..6, and b_j , j = 1..5, are the possible new transport coefficients. Note that beyond equilibrium, the pressure and fluid velocity are no longer uniquely defined. This ambiguity is usually fixed by a choice of “frame”. Usually one works with the so-called Landau frame [20], which is constructed so that the viscous fluid velocity is defined as the velocity of energy transport T^{(n)}μσ u^σ = 0 and ρ does not receive viscous corrections. However, as we will see explicitly later on, this choice obviously turns out to be inconsistent in the Rindler fluid case at second viscous order. Instead one requires

T^{(n)}_{μσ} P^μ_ν u^σ = 0 , (40)

and the pressure receives no corrections.

If one makes a non-relativistic expansion of (38) in terms of v^i and P and matches to the Brown-York stress tensor at O(ϵ^4) and O(ϵ^5) computed using the non-relativistic solution found in [8], the values of the following transport coefficients can be read off

η = 1, b_1 = −2 √ r_c, b_2 = 0, c_1 = −2 √ r_c, c_3 = −4 √ r_c, c_2 = c_4 = −4 √ r_c . (41)

However, to fix the remaining second order transport coefficients one has to work to even higher orders in the non-relativistic ϵ expansion. Instead we will take a more direct approach working with a relativistic hydrodynamic expansion.

B. The relativistic fluid metric and stress tensor

In this section we consider perturbations to the metric (30), treating u^μ(x^μ) and p(x^μ) but leaving r_c fixed. This follows the standard approach used in the fluid-gravity correspondence [1]. Now the metric is

ds^2 = g^{(0)}_{AB}dx^Adx^B = −Φ(x^μ)u_μ(x^μ)u_ν (x^μ)dx^μdx^ν − 2p(x^μ)u_μdx^μdr + P_{μν} (x^μ)dx^μdx^ν , (42) where we have defined Φ = 1 + p^2(r − r_c) for convenience. This metric is no longer a solution to the vacuum Einstein equations, but one can work order by order in an expansion in the derivatives of u^μ and p with respect to ∂_μ. This is equivalent physically to an expansion in a small, dimensionless Knudsen number λ =^{ℓmf p}_L , where ℓ_{mfp} is the mean free path of the underlying system and L the characteristic scale of the perturbations to this system. With this solution in hand, we can compute the Brown-York stress tensor order by order. This stress tensor should have the form of (38), which will allow us to read off the transport coefficients in a direct way.

As a first step to illustrate how this works, we compute the Brown-York stress tensor for the metric (42) at r = r_c. This is a solution at zeroth order i.e. R_{AB} = 0 + O(λ). The space-like unit normal to this surface is

n^r = √ g^{rr}; n^μ = g^{rμ} √ g^{rr} . (43)

Therefore, we need to find the inverse metric (this is also needed in the our calculations later on). Using the formula g^{AC} g_{CB} = δ^A_B , we find

g^{rr} = p^{−2}Φ; g^{rμ} = p^{−1}u^μ; g^{μν} = P^{μν} . (44)

Thus, we find n^r = p^{−1} and n^μ = u^μ. Using K_{μν} = 1 2 ( n^A∇_Aγ_{μν} + γ_{μλ}∂_ν n^λ + γ_{λν} ∂_μn^λ ) , (45)

(4) gives T_{μν} dx^μdx^ν = pP_{μν} dx^μdx^ν , (46) which as expected is the ideal part of (38) with ρ = 0.

The strategy for solving the field equations is as follows. One introduces a first order correction to the metric δg^{(1)}, g = g^{(0)} + δg^{(1)} . (47) The corrected metric at first order induces a δR^{(1)}_{AB} at the same order (necessarily involving only radial derivatives). We want to solve for the metric δg^{(1)} so that

δR^{(1)}_{AB} + R̂^{(1)}_{AB} = 0 , (48) where R̂^{(1)}_{AB} comes from the zeroth order metric. This method can be generalized to solve for the metrics at higher order in λ. If we have a solution to (n − 1) order g^{(n−1)}, then one introduces a correction δg^{(n)} so that

δR^{(n)}_{AB} + R̂^{(n)}_{AB} = 0 . (49)

The first step is to compute the general form of δR^{(n)}_{AB} . The Christoffel symbols are

δΓ^A_{BC} = 1 2 g^{AD}_{(0)} ( ¯∇_B δg^{(n)}_{CD} + ¯∇_C δg^{(n)}_{BD} − ¯∇_Dδg^{(n)}_{BC} ) , (50)

where ¯∇_A is covariant derivative with respect to the background Rindler metric. Hence, we need the Christoffel symbols for the Rindler metric. These have the form

Γ̄^r_{μν} = 1 2 Φu_μu_ν ; Γ̄^r_{μr} = 1 2 pu_μ; Γ̄^μ_{νλ} = 1 2 pu^μu_ν u_λ (51)

with the rest being zero.

In our solution, we will choose the gauge so that at all orders

g_{rr} = 0; g_{rμ} = −pu_μ . (52)

This implies that δg^{(n)}rr = 0 and δg^{(n)}rμ = 0. Expanding out (50) gives the following results:

δΓ^r_{rr} = 0 (53) δΓ^r_{μr} = 1 2 p^{−1}u^λ∂_r(δg^{(n)}_{μλ} ) (54) δΓ^r_{μν} = − 1 2 p^{−2}Φ∂_r(δg^{(n)}_{μν} ) − 1 2 u_μu_ν u^λu^σδg^{(n)}_{λσ} (55) δΓ^μ_{rr} = 0 (56) δΓ^μ_{rν} = 1 2 P^{μλ}∂_r(δg^{(n)}_{νλ} ) (57) δΓ^μ_{νλ} = 1 2 ( −p^{−1}u^μ∂_r(δg^{(n)}_{νλ} ) − pP^{μτ} u_ν u_λu^σδg^{(n)}_{στ} ) (58)

Now we use the formula

δR^{(n)}_{AB} = − ¯∇_AδΓ^C_{CB} + ¯∇_C δΓ^C_{AB} . (59)

The final result is δR^{(n)}_{rr} = − 1 2 ∂^2_r (P^{λσ}δg^{(n)}_{λσ} ) (60) δR^{(n)}_{rμ} = 1 4 pu_μ∂_r(P^{λσ}δg^{(n)}_{λσ} ) + 1 2 p^{−1}∂^2_r (u^λδg^{(n)}_{μλ} ) (61) δR^{(n)}_{μν} = − 1 2 ( u_μ∂_r(u^λδg^{(n)}_{νλ} ) + u_ν ∂_r(u^λδg^{(n)}_{μλ} )) ) − 1 2 ∂_r(δg^{(n)}_{μν} ) − 1 2 p^{−2}Φ∂^2_r (δg^{(n)}_{μν} ) − 1 2 u_μu_ν ∂_r(u^λu^σδg^{(n)}_{λσ} ) + 1 4 Φu_μu_ν∂_r(P^{λσ}δg^{(n)}_{λσ} ). (62)

Notice that these satisfy δR^{(n)}_{μA} n^A = 0 . (63) Using (49) we can now obtain the general solution for δg^{(n)}_{AB} . This solution needs to be consistent with the following boundary conditions: (i) no singularity appearing at r = 0 and (ii) induced metric remains flat on r = r_c. The second implies that all the n ≥ 1 order corrections must vanish at r = r_c. Projecting into components normal and transverse to u^μ we find

P^λ_μ P^σ_ν δg^{(n)}_{λσ} = 2p^2 ∫_r r_c 1 Φ dr^′ ∫_r′ r_c−^1_{p2}

P^λ_μ P^σ_ν R̂^{(n)}_{λσ} dr^{′′} , (64)

u^λP^σ_μ δg^{(n)}_{λσ} = (1/2)(1 − r/r_c)V^{(n)}_μ (x) − 2p ∫_{rc} r dr^′ ∫_{rc} r^′ dr^{′′}P^λ_μ R̂^{(n)}_{rλ} , (65)

u^λu^σδg^{(n)}_{λσ} = (1 − r/r_c)A^{(n)}(x) + p ∫_{rc} r dr^′ ∫_{rc} r^′ dr^{′′} ( pP^{λσ}R̂^{(n)}_{λσ} − p^{−1}ΦR̂^{(n)}_{rr} − 2R̂^{(n)}_{rλ} u^λ ) . (66)

where V^{(n)}μ (V^{(n)}μ u^μ = 0) and A^{(n)} are free, undetermined functions at this stage.

1. The first viscous order

With this general solution for any n, we now consider the first order solution, which requires the R̂^{(1)}_{AB} computed from the zeroth order equilibrium Rindler metric. To start, we need the Christoffel symbols to first order in λ. These can be read off from the second order connection presented in Appendix A.

Using these results, we find ultimately for Ricci tensor components R̂^{(1)}_{rr} = 0 R̂^{(1)}_{rμ} = 0 R̂^{(1)}_{μν} = ∂_{(μ}pu_{ν)} + Dp u_μu_ν + 1 2 p(∂_λu^λ)u_μu_ν + pu_{(μ}a_{ν)} , (67) where the operator D = u^λ∂_λ and a_μ = u^ν∂_ν u_μ.

The equation R_{μA}n^A = 0 is the momentum constraint. However, as we saw earlier (63) the δR_{μA} piece satisfies this condition automatically. Therefore we must have u^νR̂_{μν} = 0. Projecting along u^μ and orthogonal to u^μ with the projector, one finds the relativistic ideal hydro equations ∂_μu^μ = 0 , (68) a_μ + P^λ_μ ∂_λ ln p = 0 . (69) So, as expected, the momentum constraints are the relativistic Navier-Stokes equations.

Inserting (67) into (64-66) yields the solution u^μP^λ_ν δg^{(1)}_{μλ} = (1/2)(1 − r/r_c)V^{(1)}_ν (x^μ) , (70) P^λ_μ P^σ_ν δg^{(1)}_{λσ} = 0 , (71) u^μu^νδg^{(1)}_{μν} = (1 − r/r_c)A^{(1)}(x^μ) . (72) To determine these functions, we need to impose the “frame” conditions on the 1st order, viscous part of the Brown-York stress tensor. Using (4) we find the first order part of the stress tensor is T^{(1)}_{μν} = ( (r_cp)^{−1}A^{(1)} + 2p^{−1}Dp ) γ_{μν} + (r_cp)^{−1}(A^{(1)}u_μu_ν − u_{(μ}V^{(1)}_{ν)} ) − 2∂_{(μ}u_{ν)} − 2p^{−1}u_{(μ}∂_{ν)}p, (73) where we have imposed ∂_μu^μ = 0. We now require the stress tensor satisfies the Landau-like condition (40). This yields an equation for V^{(1)}μ : V^{(1)}_μ = −2r_cP^ν_μ ∂_ν p + 2r_cpa_μ . (74) The second condition we demand is for p to be the pressure at all viscous orders. Thus the term proportional to γ_{μν} must vanish. This implies A^{(1)} = −2r_cpD(ln p) . (75)

Feeding these results back into the stress tensor, we find simply

T^{(1)}_{μν} = −2K_{μν} . (76)

So, as we expected, the shear viscosity η = 1. The complete solution for the metric to first order is (imposing the ideal hydrodynamics equations) ds^2 = −(1 + p^2(r − r_c))u_μu_ν dx^μdx^ν − 2pu_μdx^μdr + P_{μν} dx^μdx^ν + 2p(r − r_c)D(ln p)u_μu_ν dx^μdx^ν − 4p(r − r_c)u_{(μ}P^λ_{ν)}∂_λ ln pdx^μdx^ν . (77)

2. The second viscous order

In order to solve to second order in λ, we need to find R̂^{(2)}_{AB} . The first step is to compute the connections out to second order. Then it’s a matter of grinding though the calculations of the Ricci tensor, determining the solution, and then computing the Brown-York stress tensor. This will fix all of the second order c_i transport coefficients. The connections and the Ricci tensor that come from metric (77) are complicated, so we present them in Appendix A. We find that at second order the momentum constraint equations R_{μA}n^A = 0 projected once on u^μ and once on P^μ_σ are:

∂_μu^μ − p^{−1}∂_σu^λ∂_λu^σ − p^{−1}P^{ρσ}∂_ρu^ν ∂_σu_ν = 0 (78) a_μ + P^λ_μ ∂_λ ln p − p^{−1}P^{νσ}∂_ν ∂_σu_μ + p^{−1}u_μP^{νσ}∂_ν u^λ∂_σu_λ + 2p^{−1}P^{νσ}∂_ν u_μ∂_σ lnp = 0. (79)

Solving the equations (64-66) for δg^{(2)}μν we get:

u^μP^λ_ν δg^{(2)}_{μλ} = 1 2 p^2(r − r_c)^2 ( −2P^μ_ν ∂_μu^ρ∂_ρlnp + 2P^{λρ}∂_λu_ν ∂_ρlnp − P^{ρσ}∂_ρ∂_σ u_ν + u_ν P^{ρσ}∂_σ u_μ∂_ρu^μ ) + 1 2 (1 − r r_c )V^{(2)}_ν (x^μ) (80)

P^λ_μ P^σ_ν δg^{(2)}_{λσ} = (r − r_c)P^α_μ P^β_ν ( −∂_αlnp∂_β lnp + 2∂_α∂_β lnp + 2∂_{(α}u_{β)}u^ρ∂_ρlnp − 2u^σ∂_σ ∂_{(α}u_{β)} +2u^σ∂_σu_{(β}∂_{α)}lnp − a_βa_α − 3 2 ∂_αu^λ∂_β u_λ + 1 2 P^{σρ}∂_σu_β∂_ρu_α + ∂_σu_{(α}∂_{β)}u^σ )

+ 1 4 p^2(r − r_c)^2P^α_μ P^β_ν ( −2∂_σ u_{(α}∂_{β)}u^σ + P^{σλ}∂_σ u_β∂_λu_α + ∂_αu^λ∂_β u_λ ) (81) u^μu^ν δg^{(2)}_{μν} = 1 4 p^2(r − r_c)^2 ( ∂_σu^α∂_αu^σ + P^{σλ}∂_σu^ν ∂_λu_ν + 4P^{σλ}∂_σlnp∂_λlnp ) + 1 4 p^4(r − r_c)^3 ( −∂_σu^α∂_αu^σ + P^{σλ}∂_σ u_β∂_λu^β ) + (1 − r r_c )A^{(2)}(x^μ). (82)

The corresponding Brown-York stress energy tensor is: T_{μν} = γ_{μν} ( p + p^{−1} ( r^{−1}_c A^{(2)} + ∂_σu^λ∂_λu^σ + P^{ρσ}∂_ρu^ν ∂_σu_ν )) + pu_μu_ν + ( −2∂_{(μ)}u_{ν)} + 2u_{(μ}∂_{ν)}lnp + 2u_μu_νu^λ∂_λlnp ) + r^{−1}_c p^{−1}u_μu_ν A^{(2)} − r^{−1}_c p^{−1}u_{(μ}P^ρ_{ν)}V^{(2)}_ρ − p^{−1}P^α_μ P^β_ν ( −4∂_αlnp∂_β lnp + 2∂_α∂_βlnp + 2∂_{(α}u_{β)}u^ρ∂_ρlnp − 2u^σ∂_σ∂_{(α}u_{β)} − 3 2 ∂_αu^λ∂_β u_λ + 1 2 P^{σρ}∂_σu_β∂_ρu_α + ∂_σu_{(α}∂_{β)}u^σ ) . (83)

As before, we impose the frame condition that the pressure be unchanged from its equilibrium value. This condition eliminates the derivative parts of first term proportional to γ_{μν} in (83) and fixes A^{(2)} to a non-zero value. Note however that the stress tensor now has a term proportional to u_μu_ν (in the third line above). Hence at this point we see the traditional Landau frame T^{(2)}μν u^μ = 0 will be inconsistent. To fix V^{(2)}μ we instead require (40).

With these values fixed, the stress tensor can be put in a more conventional form:

T_{μν} = pP_{μν} − 2K_{μν} − 2p^{−1}u_μu_ν K_{αβ} K^{αβ} − 2p^{−1}K_{μρ}K^ρ_ν − 4p^{−1}K^ρ_{(μ}Ω_{|ρ|ν)} − 4p^{−1}Ω_{μρ}Ω^ρ_ν − 4p^{−1}P^α_μ P^β_ν ∂_α∂_βlnp − 4p^{−1}K_{μν} Dlnp + 4p^{−1}D^⊥_μ lnpD^⊥_ν lnp (84)

Due to the u_μu_ν term, one can see that the energy density is no longer zero. It gets following correction in the second order:

ρ = T_{μν} u^μu^ν = −p^{−1}∂_σ u^λ∂_λu^σ − p^{−1}P^{ρσ}∂_ρu^ν ∂_σu_ν = − 2 p K_{μν} K^{μν} . (85)

We can also read of from the stress tensor the transport coefficients. In the notation of [8], we get:

c_1 = −2p^{−1}, c_2 = c_3 = c_4 = c_5 = −4p^{−1}, c_6 = 4p^{−1}. (86)

which is in agreement with [8], who found the first four transport coefficients and the energy density.

Finally for the metric solution δg^{(2)}μν we get:

δg^{(2)}_{μν} = u_μu_ν ( 1 2 p^2(r − r_c)^2 ( K_{αβ}K^{αβ} + 2P^{σλ}∂_σlnp∂_λlnp )

+ 1 2 p^4(r − r_c)^3 ( Ω_{αβ} Ω^{αβ} ) + 2(r − r_c) ( K_{αβ}K^{αβ} ) )

+ 2u_{(μ}P^ρ_{ν)} ( 1 2 p^2(r − r_c)^2 ( 4Ω^σ_ρ ∂_σlnp + P^{λσ}∂_λ∂_σu_ρ )

−(r − r_c)(−P^{λσ}∂_λ∂_σu_ρ + 2K^σ_ρ ∂_σlnp − 2Ω^σ_ρ ∂_σ lnp) )

+ (r − r_c) ( 2K_{μρ}K^ρ_ν + 4K^ρ_{(μ}Ω_{|ρ|ν)} + 4Ω_{μρ}Ω^ρ_ν + 4P^α_μ P^β_ν ∂_α∂_β lnp + 4K_{μν} Dlnp −4D^⊥_μ lnpD^⊥_ν lnp ) + p^2(r − r_c)^2 (Ω_{μρ}Ω^ρ_ν ) . (87)

For reference, the inverse metric of (87) is presented in Appendix B.

IV. THE ENTROPY CURRENT

In [14] it was shown that in the fluid-gravity correspondence the entropy current of the dual fluid on the boundary can be mapped into the area current of the black hole event horizon. Thus the second law of thermodynamics is equivalent on a geometrical level to Hawking’s area theorem. Here we will follow this general prescription to calculate the entropy current for the Rindler fluid to second order in the gradient expansion. Given the exotic properties of the Rindler fluid, it is clearly of interest to determine whether it behaves consistently with the second law.

First, since metric solution is no longer stationary, the event horizon is dynamical and its location varies in time and space. In order to find r_h(x^μ) we will need to solve the following equation in the derivative expansion

g^{AB}∂_A(r − r_h(x^μ))∂_B (r − r_h(x^μ)) = 0 . (88)

Using our previous results for the metric, it is straightforward to show at second order

r_h = r_c − 1 p^2 + 2 p^3 u^μ∂_μlnp − 3 2p^4 K_{αβ}K^{αβ} − 1 2p^4

Ω_{αβ} Ω^{αβ} − 8 p^4 DlnpDlnp + 1 p^4

D^{⊥μ}lnpD^⊥_μ lnp + 4 p^4

D(Dlnp) . (89)

We can define a co-dimension 2 hyper-surface by two null normals to the hyper-surface. The ingoing null geodesics n^A and the outgoing null geodesics ℓ^A are:

ℓ^μ = A^μ, ℓ^r = B, n^r = −1, n^μ = 0 . (90)

The unknown functions A^μ and B can be found from the following relations:

ℓ^Aℓ_A = 0, n^An_A = 0, ℓ_An^A = −1 . (91)

From these conditions we see that there is another freedom in determining ℓ^μ in any order except from the zeroth order. Therefore, we impose the requirement that the vector ℓ^A will be the normal vector to foliations of hyper-surfaces that do not intersect with each other. This requirement is called the Frobenius condition and is expressed by the equation: v ∧ dv, v_A ≡ g_{AB} ℓ^B . (92) This gives us, on the event horizon (putting r = r_h(x^μ)) , the same null normal vector that we get by calculating the normal to the event horizon directly from the equation that defines the normal to the event horizon: ℓ^A = g^{AB}∂_B (r − r_h). To second order, the vector ℓ^A on the horizon is:

ℓ^r = ℓ^μ∂_μr_h = 2 p^3 u^μ∂_μlnp − 6 p^4 u^μ∂_μlnpu^ρ∂_ρlnp − 2 p^4

P^{μρ}∂_μlnp∂_ρlnp + 2 p^4 u^μu^ρ∂_μ∂_ρlnp (93)

ℓ^μ = 1 p u^μ − 1 2p^3 P^{μρ}P^{λσ}∂_λ∂_σ u_ρ − 2 p^3

Ω^{μλ}∂_λlnp + 2 p^3 P^{μν} ∂_ν lnpu^ρ∂_ρlnp − 2 p^3 P^{μν} u^ρ∂_ν ∂_ρlnp . (94) In order to compute the entropy current we will employ horizon expansion θ_{(ℓ)} along the horizon generator ℓ^A

θ_{(ℓ)} = ( g^{AB} + ℓ^An^B + ℓ^B n^A ) ∇_Aℓ_B = 1 p ∂_μ (√ gpℓ^{(0)μ} + √ gpℓ^{(1)μ} + √ gpℓ^{(2)μ} ) . (95)

We can identify the entropy current as the term in the brackets up to an overall factor of 1/4G (which in our units of 16πG = 1 is 4π) [21].

In order to compute the entropy current we therefore need two ingredients: The square root of the metric determinant, and the null generator ℓ^μ. We explained how to get the latter. The former can be derived by computing the expansion of the null normal ℓ̃^A, where ℓ̃^r = ℓ^r and ℓ̃^u = ℓ^{(0)μ}, then we will get only the first term in the brackets of (95) and we can identify immediately the square root of the determinant of the metric. Combining all the ingredients we get the following result for entropy current:

S^μ = pℓ^μ 4G ( 1 − 1 p^2 ( K_{αβ}K^{αβ} − 5 2 Ω_{αβ} Ω^{αβ} + 2P^{αβ}∂_α∂_β lnp + 2KDlnp − 2P^{αβ}∂_αlnp∂_βlnp )) . (96) Taking the divergence and imposing the Navier-Stokes equations gives

∂_μS^μ = 1 2Gp ( K_{αβ} + 1 p (−3K_{αβ} u^μ∂_μlnp + 2∂_αlnp∂_βlnp − 2∂_α∂_β lnp − 2K^μ_αK_{μβ} − 2Ω^ν_α Ω_{νβ} )

)_2 , (97) which is clearly non-negative, just as expected from the area increase theorem applied to the Rindler horizon.

V. DISCUSSION

In this paper we extended the fluid/gravity correspondence to relativistic Lorentzian geometries. The fluid is defined on a codimension one timelike hypersurface, embedded in the bulk space-time and equipped with a flat intrinsic metric. We considered two types of geometries that are solutions to the vacuum Einstein equations: the Rindler metric and the Taub plane symmetric vacuum. They are found correspond to dual perfect fluids with vanishing and negative energy densities, respectively. The Rindler geometry is characterized by a causal horizon and one can systematically construct its hydrodynamic derivative expansion. The Taub geometry, however, has a timelike naked singularity, indicating pathological behavior.

The dual fluid in the Rindler case has a vanishing energy density as its equation of state. While such an equation of state is rather unusual, the hydrodynamic expansion up to second order exhibits no pathologies and the gradient of the entropy current is still positive. We determined the transport coefficients and verified their consistency with those obtained in the non-relativistic Rindler hydrodynamics.

There are various directions to proceed from here. One may wish to consider the higher curvature corrections the fluid/Rindler relation. In the AdS/CFT examples this provides information on the holographic relation to field theory deformations as well as at subleading orders in the field theory strong coupling expansion. Also here, such an analysis is likely to add valuable information on the correspondence. In particular, now the entropy current is no longer the area current [22] and one needs to define it appropriately and verify the positivity of its gradient. One may also wish to consider the field theory dual to Rindler geometry and study its properties. There is at least one candidate non-local dual field theory [8], which gives the correct equation of state at the ideal fluid order. One can try to study its thermal properties and its hydrodynamic limit. This can shed light on holography in asymptotically flat spaces, where the dual field theory is expected to be a non-local one.

Note added: Sections III and IV contain some overlap with [23] which is posted simultaneously with this paper on the ArXiv.

Appendix A: The Connections and Ricci Tensor

The connections up to 2nd order from the first order metric (77) are:

Γ^r_{μr} = 1 2 (3∂_μlnp + pu_μ + u_μu^λ∂_λlnp + u^σ∂_σu_μ) + (r − r_c)(∂_μu^λ∂_λlnp + u_μP^{λρ}∂_ρlnp∂_λlnp − P^{λρ}∂_ρu_μ∂_λlnp) (A1) Γ^r_{μν} = 1 p (−∂_{(μ}u_{ν)} + u_{(μ}∂_{ν)}lnp + 1 2 pu_μu_ν + u_μu_ν u^λ∂_λlnp)

+ p(r − r_c)(3u_{(μ}∂_{ν)}lnp + 1 2 pu_μu_ν + 1 2 u^λ∂_λ(u_μu_ν) + u_μu_νu^λ∂_λlnp) + p^2(r − r_c)^2(2u_{(μ}∂_{ν)}u^ρ∂_ρlnp − P^{λρ}∂_λ(u_μu_ν )∂_ρlnp) + (r − r_c) ( 2∂_μlnp∂_ν lnp + 2∂_μ∂_ν lnp + 2u_{(μ}∂_{ν)}u^ρ∂_ρlnp + 2∂_{(μ}u_{ν)}u^ρ∂_ρlnp − u_μu_ν u^λ∂_λlnpu^ρ∂_ρlnp + u^λ∂_λ(u_μu_ν)u^ρ∂_ρlnp + u_μu_ν u^λ∂_λu^ρ∂_ρlnp +u_μu_ν u^ρu^λ∂_ρ∂_λlnp + 2u^λ∂_λu_{(μ}∂_{ν)}lnp + 2u_{(μ}u^λ∂_λ∂_{ν)}lnp ) (A2) Γ^ν_{μr} = 1 2 p ( −∂_μu^ν − u_μP^{νλ}∂_λlnp + P^{νσ}∂_σ u_μ ) (A3) Γ^ν_{μσ} = 1 2 ( pu^ν u_μu_σ − 2u^ν∂_{(μ}u_{σ)} + 2u^νu_{(σ}∂_{μ)}lnp + 2u^ν u_μu_σu^λ∂_λlnp ) + 1 2 p^2(r − r_c) ( −2u_{(σ}∂_{μ)}u^ν + P^{νλ}∂_λ(u_σu_μ) ) + p(r − r_c)P^{νρ}∂_ρlnp ( 2∂_{(μ}u_{σ)} − 2u_{(μ}∂_{σ)}lnp − 2u_μu_σu^λ∂_λlnp ) + p(r − r_c)P^{νλ} ( 2u_{(σ}∂_{μ)}u_λu^ρ∂_ρlnp − 2∂_{(μ}u_λP^ρ_{σ)}∂_ρlnp − 2∂_{(μ}(pu_{σ)}P^ρ_λ ∂_ρlnp) −∂_λ(u_σu_μu^ρ∂_ρlnp − 2u_{(μ}P^ρ_{σ)}∂_ρlnp) ) (A4)

The Ricci tensor calculated from the 1st order metric (77) up to 2nd order is:

R̂^{(2)}_{rr} = 1 2 p^2 (−∂_ν u^μ∂_μu^ν + P^{μσ}∂_μu^ν ∂_σu_ν )

R̂^{(2)}_{rμ} = 1 2 p(2u_μu^ρ∂_ρlnp − 2P^{νρ}∂_ν u_μ∂_ρlnp + u_μP^{νλ}∂_ρlnp∂_ν lnp − ∂_ν ∂_μu^ν − u_μ∂_ν u^ν u^λ∂_λlnp

− u_μP^{νλ}∂_ν ∂_λlnp + ∂_ν u^νu^σ∂_σu_μ + P^{νσ}∂_ν ∂_σ u_μ) + 1 2 p^3(r − r_c)(−u_μ∂_σu^ν ∂_ν u^σ + u_μP^{νλ}∂_ν u^σ∂_λu_σ) (A5)

R̂^{(2)}_{μν} = −1 2 ∂_μlnp∂_ν lnp + 2∂_μ∂_ν lnp + 2u_{(μ}∂_{ν)}u^ρ∂_ρlnp + ∂_{(μ}u_{ν)}u^ρ∂_ρlnp + 3 2 u^λ∂(u_μu_ν )u^ρ∂_ρlnp

+ 2u_μu_ν u^λ∂_λu^ρ∂_ρlnp + 2u_μu_ν u^ρu^λ∂_λ∂_ρlnp + 2u_{(μ}u^λ∂_λ∂_{ν)}lnp − ∂_σu^σ∂_{(μ}u_{ν)} − u^σ∂_σ ∂_{(μ}u_{ν)}

+ ∂_σu^σu_{(μ}∂_{ν)}lnp + u_{(μ}u^σ∂_σ∂_{ν)}lnp + u^σ∂_σu_{(μ}∂_{ν)}lnp + u_μu_ν∂_σ u^σu^λ∂_λlnp − ∂_ν ∂_μlnp − u_{(μ}∂_{ν)}lnpu^λ∂_λlnp − 1 2 u_μu_ν u^ρ∂_ρlnpu^λ∂_λlnp − 1 2 u^ρ∂_ρu_μu^λ∂_λu_ν − 1 2 ∂_μu^σ∂_ν u_σ + 1 2 P^{σρ}∂_σ u_ν∂_ρu_μ − 1 2 P^{σρ}∂_ρ(u_μu_ν )∂_σlnp + 1 2 u_μu_ν P^{σλ}∂_σ lnp∂_λlnp

+ p^2(r − r_c) ( −∂_σ u_{(ν} ∂_{μ)}u^σ − u_{(ν} ∂_{μ)}∂_σu^σ + 1 2 ∂_σ u^σu^λ∂_λ(u_μu_ν) + u_{(μ}∂_{ν)}u^σ∂_σlnp − 1 2 P^{σρ}∂_ρ(u_μu_ν )∂_σlnp + u_μu_νu^λ∂_λu^σ∂_σlnp + 1 2 ∂_μu^λ∂_ν u_λ − P^{σρ}∂_ρu_ν ∂_σu_μ )

+ 1 2 p^4(r − r_c)^2 ( −u_μu_ν ∂_λu^σ∂_σ u^λ + u_μu_ν P^{σρ}∂_σu^λ∂_ρu_λ ) . (A6)

Appendix B: Inverse metric

The inverse metric of (87) to the 2nd order is: g^{rr} = 1 p^2 ( 1 + p^2(r − r_c) ) − 2 p (r − r_c)u^λ∂_λlnp − 1 2 (r − r_c)^2 ( K_{αβ}K^{αβ} − 6P^{ρλ}∂_λlnp∂_ρlnp ) − 1 2 p^2(r − r_c)^3Ω_{αβ} Ω^{αβ} − 2 p^2

(r − r_c)K_{αβ}K^{αβ} (B1) g^{rμ} = 1 p u^μ − 2(r − r_c)P^{μλ}∂_λlnp + 1 2 p(r − r_c)^2 ( 4Ω^{μσ} ∂_σlnp + P^{μρ}P^{λσ}∂_λ∂_σ u_ρ )

− 1 p (r − r_c) ( −P^{μρ}P^{λσ}∂_λ∂_σu_ρ + 2K^{μσ}∂_σ lnp − 2Ω^{μσ}∂_σ lnp ) (B2) g^{μν} = P^{μν} − ( 2K^μ_ρ K^{νρ} + 4K^{ρ(μ}Ω^{ν)}_{|ρ|} + 4Ω^μ_ρΩ^{ρν} + 4P^{μα}P^{νβ}∂_α∂_βlnp + 4K^{μν} Dlnp −4D^{⊥μ}lnpD^{⊥ν}lnp ) (r − r_c) − p^2(r − r_c)^2Ω^μ_ρΩ^{ρν} (B3)

Acknowledgements

The work is supported in part by the Israeli Science Foundation center of excellence.

[1] S. Bhattacharyya, V. E. Hubeny, S. Minwalla and M. Rangamani, JHEP 0802, 045 (2008) [arXiv:0712.2456 [hep-th]].

[2] S. Bhattacharyya, S. Minwalla, S. R. Wadia, JHEP 0908, 059 (2009). [arXiv:0810.1545 [hepth]].

[3] C. Eling, JHEP 0811, 048 (2008) [arXiv:0806.3165 [hep-th]].

[4] C. Eling, I. Fouxon and Y. Oz, Phys. Lett. B 680, 496 (2009) [arXiv:0905.3638 [hep-th]]. [5] C. Eling and Y. Oz, JHEP 1002, 069 (2010) [arXiv:0906.4999 [hep-th]]. [6] W. G. Unruh and N. Weiss, Phys. Rev. D 29, 1656 (1984). [7] I. Bredberg, C. Keeler, V. Lysov, A. Strominger, [arXiv:1101.2451 [hep-th]]. [8] G. Compere, P. McFadden, K. Skenderis and M. Taylor, JHEP 1107, 050 (2011) [arXiv:1103.3022 [hep-th]].

[9] I. Bredberg, C. Keeler, V. Lysov, A. Strominger, JHEP 1103, 141 (2011). [arXiv:1006.1902 [hep-th]].

[10] S. de Haro, K. Skenderis and S. N. Solodukhin, Class. Quant. Grav. 18, 3171 (2001) [hep-th/0011230].

[11] P. Kovtun, D. T. Son and A. O. Starinets, Phys. Rev. Lett. 94, 111601 (2005) [hep-th/0405231].

[12] G. Chirco, C. Eling and S. Liberati, JHEP 1108, 009 (2011) [arXiv:1105.4482 [hep-th]]. [13] M. Brigante, H. Liu, R. C. Myers, S. Shenker, S. Yaida, Phys. Rev. D77, 126006 (2008).

[arXiv:0712.0805 [hep-th]]; Y. Kats, P. Petrov, JHEP 0901, 044 (2009). [arXiv:0712.0743 [hep-th]].

[14] S. Bhattacharyya, V. E. Hubeny, R. Loganayagam, G. Mandal, S. Minwalla, T. Morita, M. Rangamani and H. S. Reall, JHEP 0806 (2008) 055 [arXiv:0803.2526 [hep-th]].

[15] J. D. Brown, J. W. York, Jr., Phys. Rev. D47, 1407-1419 (1993). [gr-qc/9209012]. [16] L. Bombelli, R. K. Koul, J. Lee, R. D. Sorkin, Phys. Rev. D34, 373-383 (1986); L. Susskind, J. Uglum, Phys. Rev. D50, 2700-2711 (1994). [hep-th/9401070].

[17] A. H. Taub, Ann. Math. 53, 472 (1951).

[18] M. L. Bedran, M. O. Calvao, I. D. Soares and F. M. Paiva, Phys. Rev. D 55, 3431 (1997) [gr-qc/9608058].

[19] I. Fouxon, Y. Oz, Phys. Rev. Lett. 101, 261602 (2008). [arXiv:0809.4512 [hep-th]]. [20] L. D. Landau and E. M. Lifshitz, Fluid Mechanics (Butterworth-Heinemann, 2000). [21] I. Booth, M. P. Heller and M. Spalinski, Phys. Rev. D 83 (2011) 061901 [arXiv:1010.6301 [hep-th]].

[22] S. Chapman, Y. Neiman and Y. Oz, “Fluid/Gravity Correspondence, Local Wald Entropy Current and Gravitational Anomaly,” arXiv:1202.2469 [hep-th].

[23] G. Compere, P. McFadden, K. Skenderis and M. Taylor, ”The relativistic fluid dual to vacuum Einstein gravity” [arXiv:1201.2678 [hep-th]].