arXiv:0903.3946v1 [hep-ph] 24 Mar 2009

INT-PUB-09-15

Spectral sum rules for the quark-gluon plasma

P. Romatschke and D. T. Son Institute for Nuclear Theory, University of Washington, Seattle, Washington 98195-1550, USA

We derive sum rules involving the spectral density of the stress-energy tensor in N = 4 super-Yang-Mills theory and pure Yang-Mills theory. The sum rules come from the hydrodynamic behavior at small momenta and the conformal (in the case of N = 4 SYM theory) or asymptotically free (as for the pure Yang-Mills theory) behavior at large momenta. These sum rules may help constrain QGP transport coefficients obtained from lattice QCD.

I. INTRODUCTION

Recently, much interest has been concentrated on the transport properties of the strongly coupled quark-gluon plasma (QGP) created at RHIC [1, 2, 3, 4]. Attempts have been made to extract these coefficients from the lattice [5, 6, 7, 8, 9]. These calculations rely on the reconstruction of the real-time spectral function from Euclidean (imaginary-time) correlation functions, which for numerical data is an ill-defined procedure unless extra assumptions are made. In practice, the reconstruction amounts to postulating a form of the spectral density, and then fitting the parameters of the ansatz using lattice data.

Clearly, it would be of great help if some constraints on the spectral density can be derived. For nonrelativistic fluids, there exist sum rules (for example, the f-sum rule) that constrain the spectral densities [10]. One may wonder if such sum rules exist in a relativistic theory. Some progress has been made in this direction: for instance, Kharzeev and Tuchin [11] (and latter Karsch, Kharzeev, and Tuchin [12]) wrote down a sum rule for the spectral density of the trace of the stress-energy tensor. The slope of this spectral density at zero frequency is the bulk viscosity ζ. Although the sum rule does not fix the form of the spectral density, with some assumptions the authors of Refs. [11, 12] argued that the bulk viscosity becomes large near the QCD phase transition. (As we shall see below, the precise form of our sum rule in the bulk channel is slightly different from that of Kharzeev and Tuchin, but some features of the later remain intact. We point out that the difference stems from a subtle non-commutativity of limits.) Several sum rules are also argued to hold for weakly coupled relativistic theories by Teaney [13].

In this paper, we derive certain sum rules for the spectral density in hot gauge theories. We start with the N = 4 supersymmetric Yang-Mills theory, which is a prototype of the strongly coupled QGP, and derive the following spectral sum rule: 2 5 ϵ = 2 π ∫ dω ω [ρ(ω) − ρ_{T =0}(ω)], (1)

where ρ = − Im G_R(ω), and G_R is the retarded propagator of the T^{xy} component of the stress-energy tensor. Here ρ_{T =0}(ω) is the spectral density at zero temperature, and ϵ is the finite-temperature energy density. Besides N = 4 SYM theory at infinite ’t Hooft coupling, Eq. (1) is valid for any theory whose gravitational dual has purely Einstein gravity. It is also valid for N = 4 SYM theory at any nonzero coupling.

Another sum rule relates a linear combination of second-order hydrodynamic coefficients with the spectral function,

η τ_π − 1 2 κ = 2 π ∞∫ 0 dω ω^3

[ρ(ω) − ρ_{T =0}(ω) − η ω], (2)

where η is the shear viscosity, and τ_π (the relaxation time) and κ are defined in Ref. [15].

We then move to the bulk sector of QCD and show the following sum rule

3(ϵ + P )(1 − 3c^2_s) − 4(ϵ − 3P ) = 2 π ∫ dω ω [ρ^{bulk}(ω) − ρ^{bulk}_{T =0}(ω)], (3)

where c_s is the speed of sound and ρ^{bulk}(ω) is the spectral density for the trace of the energymomentum tensor T^μ_μ . Equation (3) is similar, but different, from the sum rule suggested by Kharzeev and Tuchin, and by Karsch, Kharzeev, and Tuchin. We shall show that the sum rule is a consequence of the hydrodynamic behavior of the QGP at large distances, and of asymptotic freedom at small distances.

The structure of our paper is as follows. In Sec. II we remind the reader how spectral sum rules can be derived. In Sec. III we derive two sum rules for the spectral function in the shear channel. One sum rule relates the total energy density with the spectral density, and another sum rule relate a linear combination of second-order hydrodynamic coefficients with the same spectral density. We verify both sum rules by numerically computing the spectral integral. We also comment on the possible form of the shear sum rule for pure Yang-Mills theory. In Sec. IV we turn to pure Yang-Mills theory and derive a sum rule for the bulk channel.

II. KRAMERS-KRONIG RELATION

For definiteness, consider the retarded correlator of the T^{xy} component of the energymomentum tensor in, say, the N = 4 SYM theory. The spectral function is defined to coincide, up to a sign, to the imaginary part of the retarded Green function of T^{xy},

ρ(ω, q) = − Im G_R(ω, q), (4)

where we assume q to be along the z direction. Since G_R is the Fourier transform of a real function (recall that G_R determines a linear response), we have

G_R(−ω, q) = G^∗_R(ω, −q). (5)

FIG. 1: Integration contour for the integral (6).

Let us consider the function f_q(Z), defined so that f_q(ω^2) = G_R(ω, q), which has a cut from Z = 0 to Z = ∞.

We can write down a Kramers-Kronig relation for f_q(Z). Pretend for a moment that f_q(Z) → 0 as Z → ∞. Taking the integral of f_q(Z)/(Z + α^2) over the contour in Fig. 1, we find 1 2πi ∮ dZ f_q(Z) Z + α^2

= f_q(−α^2), (6)

if f_q(Z) does not have singularities except for the positive real semi-axis. In a relativistic field theory, typically G_R diverges as ω → ∞. For example, the T^{xy} correlator G_R(ω) grows like ω^4 ln ω at large ω (see, e.g., [16]). One can subtract this zero-temperature piece G^{T =0}_R (ω) and we denote δG_R = G_R − G^{T =0}_R . But, as will be shown, there remains a constant piece which also needs to be subtracted. Therefore, we define

f_q(ω^2) = δG_R(ω, q) − δG^∞_R , δG^∞_R = lim_{ω→+i∞} δG_R(ω, q), (7)

so that the Kramers-Kronig relation (6) for this function f_q(Z) is valid.

In a conformal, large-N theory^1, the asymptotics of G_R(ω) at small ω and k is known to second order from hydrodynamics [15], G_R(ω, k) = G_R(0) − iηω + ( ητ_π −^1_2 κ ) ω^2 −^1_2 κq^2 + . . . . (8)

The constant G_R(0) may depend on the way the correlator is defined. When the correlator is defined through the response to metric perturbations, G_R(0) = P . For this particular correlator, f_q(Z) does not have singularities outside the positive real semi-axis and the

1 Outside the large-N limit, there can be non-analytic terms (such as ω^{3/2}) present in G_R(ω) [14].

contour integral may be deformed to give

f_q(−α^2) = δG_R(0)−δG^∞_R +ηα+ ( ητ_π −^κ_2 ) α^2 −^1_2 κq^2 +. . . = − 2 π ∞∫ 0 dω ω ω^2 + α^2 δρ(ω, q), (9)

where δρ(ω, q) = ρ(ω, q) − ρ_{T =0}(ω, q). Setting α = 0 in this formula, we find

− f_q(0) = δG^∞_R − δG_R(0) +^1_2 κq^2 + O(q^4) = 2 π ∞∫ 0 dω ω δρ(ω, q), (10)

which for q = 0 will become Eq. (1). Subtracting the α-independent part, the Kramers- Kronig relation becomes

ηα + (ητ_π −^1_2 κ)α^2 + · · · =

2α^2 π ∞∫ 0 dω ω δρ(ω, q) ω^2 + α^2

. (11)

From this we derive another sum rule:

ητ_π −^1_2 κ + O(q^2) = 2 π ∞∫ 0 dω ω^3 [δρ(ω, q) − ηω] , (12)

which for q = 0 is Eq. (2). Note that the coefficient κ enters this equation, which is interesting because in the hydrodynamic equations κ couples only to curvature tensors [15] and hence drops out for flat space. Equation (12) suggests that κ can be determined from flat-space physics. In fact, κ can already be obtained from Euclidean correlators at ω = 0 and small q. For weakly coupled SU(N) gauge theory, we find a nonzero value for κ at the lowest order of perturbation theory (see Appendix A). Curiously, κ divided by the entropy density only differs by a factor of about two between strongly coupled N = 4 SYM and free SU(N) gauge theory.

A note on the definition of the correlators

It is clear from the previous discussion that, in order to derive the sum rule in a particular theory, one should use the same definition for the correlation function in the UV (ω → ∞) and IR (ω → 0). In this paper, we use define the correlators through the partition function Z in curve spacetime. The one- and two-point functions are given as the first and second derivatives of ln Z with respect to the metric. In Euclidean signature, one has

δ ln Z = 1 2 ∫ dx ⟨T^{μν} (x)⟩δg_{μν} (x) + 1 8 ∫ dx dy ⟨T^{μν} (x)T^{ρσ}(y)⟩δg_{μν}(x)δg_{ρσ}(y) + · · · (13)

In other words, ⟨T^{μν} (x)T^{ρσ} (y)⟩ = 4 δ^2 ln Z δg_{ρσ}(y)δg_{μν}(x) | | |_{gαβ =δαβ} = 2 δ δg_{ρσ}(y) ⟨ √ g T^{μν} (x)⟩ | | |_{gαβ =δαβ} . (14) An alternative definition of the correlator is through the path integral in flat space, ⟨T^{μν} (x)T^{ρσ}(y)⟩^′ = 1 Z ∫ DA e^{−SE} T^{μν} (x)T^{μν} (y), (15) where A represents all fields in the theory and S_E is the Euclidean action. The two correlators differ by a contact term^2 ⟨T^{μν} (x)T^{ρσ}(y)⟩ = ⟨T^{μν} (x)T^{ρσ}(y)⟩^′ − 4 ⟨ δ^2S_E δg_{μν} (x)δg_{ρσ}(y) ⟩ . (16)

Analogously, one can define the Minkowski-space correlation functions. The retarded Green function is found from the linear response, ⟨T^{μν} (x)T^{ρσ}(y)⟩_R = − 2 δ δg_{ρσ}(y) ⟨ √ −g T^{μν} (x)⟩ | | |_{gαβ =ηαβ} . (17) The advantage of using the correlator defined through Eqs. (13) and (17) is that we know this correlator at low momenta through hydrodynamics. Indeed, using the hydrodynamic equations one can establish how a system responds to external gravitational perturbations, and then use Eq. (14) to find the correlation functions (see e.g. [17, 18]). In addition, this is the most natural definition that comes out of AdS/CFT correspondence. Note that on the lattice, so far what is normally measured is (15). However, this difference does not matter as far as the Kramers-Kronig relation (9) is concerned, because subtracting δG^∞_R from δG_R(0) makes the contact term drop out from f_q(0).

III. SHEAR SUM RULES IN N = 4 SYM AND PURE YANG-MILLS THEORY

A. AdS/CFT Calculation of f_q(0)

For the case of large ’t Hooft coupling, properties of N = 4 SYM can be calculated using the AdS/CFT duality [19, 20, 21]. In particular, it is known how to calculate finite temperature correlators G_R(ω, q) in AdS/CFT [17]. To find the ⟨T^{xy}T^{xy}⟩ correlator, we solve the equation of motion for the xy component of the metric, which is essentially the equation for a minimally coupled scalar, 1 √ −g ∂_z (√ −gg^{zz}∂_zϕ ) − g^{μν} k_μk_ν ϕ = 0 , (18)

2 A contact term is a term in ⟨T^{μν} (x)T^{ρσ} (y)⟩ that is proportional to δ^4(x − y) or its derivatives (corresponding to a constant or polynomial in momentum space). For theories which do not have derivatives of the metric in the action (such as Yang-Mills theory), the contact terms can only be constants.

where μ = 0 . . . 3 indexes the usual four field theory dimensions and g is the determinant of the (five-dimensional) metric. We denote the fifth dimension by z (not to be confused with the spatial direction in the previous section), where z = 0 corresponds to the four dimensional boundary of AdS_5 space. Finite temperature correlators in AdS/CFT can be studied by considering the metric of a static black hole in the bulk. The location of the event horizon z_H of the black hole is related to its Hawking temperature, z_H = (πT )^{−1}. Being interested in δG_R at large imaginary ω ≫ T , we can restrict ourselves to the region of AdS space very close to the boundary.

For convenience, we shall use here the metric in Fefferman-Graham coordinates, which has the following form [22] near the boundary at z = 0,

ds^2 = R^2

−dt^2 + d⃗x^2 + dz^2 z^2 + R^2z^2 4z^4_H ( 3dt^2 + d⃗x^2 ) + O(z^4) , (19)

where R is the scale set by the AdS radius. In these coordinates, Eq. (18) becomes ϕ^{′′} − 3 z ϕ^′ + ( 1 + 3z^4 4z^4_H ) ω^2ϕ − ( 1 − z^4 4z^4_H ) q^2ϕ = 0. (20)

We will put q = 0 from now on, and consider Euclidean momentum ω^2 = −Q^2. In the deep Euclidean region Q^2 → +∞, most of the interesting dynamics happens near the boundary, so can solve Eq. (20) iteratively in inverse powers of z_H . We expand the solution as

ϕ = ϕ_0 + ϕ_1 + · · · , (21)

where ϕ_0 =^1_2 (Qz)^2K_2(Qz) is obtained by sending z_H → ∞ in Eq. (20) and demanding regularity at z → ∞ (see also [13]). The first correction ϕ_1 satisfies ϕ^{′′}_1 − 3 z ϕ^′_1 − Q^2ϕ_1 = j ≡ 3Q^2 z^4 4z^4_H ϕ_0 . (22)

The solution to this equation is formally given by a Green’s function,

ϕ_1(z) = ∫ dz^′ G(z, z^′)j(z^′), (23) where G(z, z^′) can be constructed from the known solutions to the homogeneous Eq. (22),

f_1(z) = (Qz)^2K_2(Qz) , f_2(z) = (Qz)^2I_2(Qz) , (24) as G(z, z^′) = − 1 W [f_1, f_2](z^′)

[f_1(z)f_2(z^′)θ(z − z^′) + f_2(z)f_1(z^′)θ(z^′ − z)] , (25)

where the Wronskian W [f_1, f_2] = f_1f^′_2 − f^′_1f_2 evaluates to W [f_1, f_2](z^′) = Q^4z^{′3}.

Evaluating the integral (25) using ∞∫ 0 dz z^5K^2_2 (z) = 32 5 , (26) we then find the small z asymptotics of ϕ_1 to be given by

ϕ_1(z) = − 3 10 z^4 z^4_H

. (27)

Recalling that the correlation function is given by [16]

G_R(ω) = −

N^2 8π^2 lim_{z→0} ϕ^′(z)ϕ(z) z^3

, (28)

which at T = 0 reproduces the well known result,

G^{T =0}_R (ω) = −

N^2 8π^2 ϕ^′_0(z) z^3 | | | z→0 = N^2 32π^2

Q^4 ln Q . (29)

The first correction due to temperature is lim_{ω→i∞} δG_R(ω)|_{ϕ1} = − N^2 8π^2 ϕ^′_1(z) z^3 = 3 20π^2

N^2 z^4_H = 3π^2 20 N^2T^4 = 2 5 ϵ . (30)

There are also contributions to the correlators from the boundary terms in the action (i.e., ∫ d^4x √ −γ, cf. [23]) but one can check they contribute the same amount at any ω, and they are the only contribution at ω = 0 (the contact terms). Thus, in N = 4 SYM theory one has f_{q=0}(0) = −^2_5 ϵ and hence the sum rule (10) becomes 2 5 ϵ = 2 π ∞∫ 0 dω ω [ρ(ω) − ρ_{T =0}(ω)] . (31)

We will call this sum rule the “shear sum rule” as the slope of ρ(ω) at ω = 0 is the shear viscosity. It is clear from our derivation that this shear sum rule holds in any theory with an Einstein gravitational dual.

B. Rederivation of f_q(0) in N = 4 SYM from OPE

Within N = 4 SYM theory the sum rule can be derived without relying on gravity. We start with the operator product expansion (OPE) of the stress energy tensor [24], T_{μν} (x)T_{ρσ} (0) ∼ C_T I_{μν,ρσ} (x) x^8 + Â_{μνρσαβ} (x)T_{αβ} (0) + · · · (32) Here Â contains various Lorentz structures, all scaling as x^{−4}, and is given explicitly in Ref. [24] in terms of three constants a, b, and c. In a thermal ensemble the second term averages to a constant contribution to the correlator. Setting μ = ρ = x, ν = σ = y, and performing Fourier transform, we get^3 δG_R(ω)|_{ω→i∞} = − 18(a + b) 14a − 2b − 5c P . (33)

3 In Ref. [24] the correlator is defined as the second derivative of the partition function with respect to the upper components of the metric, while we differentiate ln Z with respect to the lower components. This difference, together with the sign change by going from Euclidean to retarded propagator, has been taken into account in Eq. (33).

In N = 4 SYM theory the coefficients a, b, and c are given by [25] a = − 16 9π^6

(N^2_c − 1), b = − 17 9π^6

(N^2_c − 1), c = − 92 9π^6

(N^2_c − 1) , (34)

and hence δG_R(ω)|_{ω→i∞} = 11 5 P. (35) On the other hand, the shift of G_R when ω → 0 can be found from hydrodynamics, which predicts δG_R(0) = P [15, 17]. Therefore we find f_{q=0}(0) = −^6_5 P , which corresponds to (1) since for a conformal field theory P =^1_3 ϵ.

A remark is in order. It is known that the constants a, b, and c are independent of the coupling in N = 4 SYM theory: in fact, their value can be found from one-loop calculations [25]. Therefore, the sum rule is valid for any nonzero value of the coupling.

C. Calculation of f_q(0) in pure Yang-Mills theory

In pure Yang-Mills theory, the UV behavior is that of a weakly coupled field theory. The leading terms in the OPE are the same as for free fields. The coefficients a, b, c can be found from the general formulas [24] a = 1 27π^6 n_ϕ − 2 π^6 n_v, (36a) b = − 4 27π^6 n_ϕ − 1 2π^6 n_f , (36b) c = − 1 27π^6 n_ϕ − 1 π^6 n_f − 8 π^6 n_v , (36c)

where n_s, n_f , and n_v are the number of real scalars, Dirac fermions, and gauge fields in the theory.

For pure Yang-Mills theory, by repeating the calculations in section III B, we find f_{q=0}(0) = −2P (this can be checked directly by computing the relevant Feynman diagram; see Appendix B). However, there is an additional subtlety here that was not present in the previous section because the OPE of two components of the stress-energy tensor may involve terms like α_sF^2, where α_s is the strong coupling constant. Though formally higher order in α_s, these terms average to ϵ − 3P which is a constant independent of the scale x in Eq. (32). Therefore, we can tentatively write a sum rule for pure Yang-Mills theory, ϵ + P 2 + C(ϵ − 3P ) = 2 π ∞∫ 0 dω ω [ρ(ω) − ρ_{T =0}(ω)] . (37)

where the constant C is left to be determined in by a more accurate calculation. (However, naively applying the results of Refs. [26] about the absence of the leading order gluon condensate contribution in the tensor glueball channel would imply that C = 0).

In the large-N_c limit, where second-order hydrodynamic coefficients are well defined, the sum rule (12) is valid (except that one has to use a proper definition of κ for nonconformal theories [27]).

FIG. 2: Numerical results for the spectral function δρ(ω, 0) for strongly coupled N = 4 SYM. The results shown correspond to the integrand of the sum rules (1),(2), respectively. The inset in (a) demonstrates the near-exponential drop in the amplitude of δρ(ω, 0). Horizontal lines are visual aids to the eye.

D. Numerical verification of sum rules in AdS/CFT

In AdS/CFT, the spectral function ρ(ω) can be calculated numerically for arbitrary frequency/momenta from the solution to the mode equation (18). For convenience, we adopt a metric and coordinates such that Eq. (18) becomes [16] ϕ^{′′} − 1 + u^2 u f(u) ϕ^′ + w^2 − q^2f(u) uf^2(u) ϕ = 0 , (38)

where u = z^2/z^2_H , f(u) = 1 − u^2, w = ω/(2πT ), and q = q/(2πT ). Again, we set the spatial momentum q = 0 in the following, although the method described below can also handle non-vanishing momenta.

We follow the algorithm by Teaney [13], which is outlined here for completeness, fixing some typos in Ref. [13]^4. Equation (38) is recast in a system of coupled first-order equations by introducing π = ϕ^′. Discretizing derivatives as ϕ^′ = (ϕ(u + δu) − ϕ(u)) /δu, Eq. (38) can be explicitly integrated forward from a point close to the boundary u = u_0. If π is taken to be defined at half-integer stepsizes π(u) = π((n + 1/2)δu) and ϕ at integer stepsizes ϕ(u) = π(nδu), then the resulting algorithm is second-order accurate in δu (“leapfrog algorithm”), suggesting numerical stability. To start the algorithm, initial conditions for ϕ and π at u = u_0, u = u_0 +^1_2 δu, respectively, need to be specified. For u_0 sufficiently close to the

4 A version of the C++ code will be made available at http://hep.itp.tuwien.ac.at/~ paulrom

boundary u = 0, Eq. (38) may be solved analytically, yielding the pair of solutions

Φ_1(u) = u^2 [ 1 − w^2 3 u + . . . ] , Φ_2(u) = − w^4 2 log(u)Φ_1(u) + 1 + w^2u − 2 9 w^6u^3 + . . . , (39)

where the u^2 term in Φ_2(u) is arbitrary (it can be any multiple of Φ_1(u)) and was set to zero in accordance with the convention by Kovtun and Starinets [28]. The analytic result for Φ_1(u) (and its derivative) is used as initial conditions for ϕ(u_0), π(u_0 +^1_2 δu), which can then be integrated forward to give a numerical solution ϕ_1(u_1) with u_1 close to the horizon u = 1 (the same procedure for Φ_2(u) gives ϕ_2(u_1)). The physically interesting solution for ϕ(u) is the one that corresponds to an incoming wave at the horizon, ϕ(u) ∼ (1 − u)^{−iw/2}. Solving Eq. (38) analytically close to u = 1 one finds for the incoming wave solution

ϕ^{inc}(u) = (1−u)^{−iw/2} [ 1 − (1−u) 2iw^3 + 3w^2 − iw 4(1 + w^2)

− (1−u)^2 w(4w^3 + 7iw^2 − 2w + 4i) 32(w^2 + 3iw − 2) + . . . ] . (40) The real solutions ϕ_1(u) and ϕ_2(u) are linear combinations of the incoming and outgoing wave solutions,

ϕ_1(u) = A(w) ϕ^{inc}(u) + B(w) ϕ̄^{inc}(u) , ϕ_2(u) = C(w) ϕ^{inc}(u) + D(w) ϕ̄^{inc}(u),

(41)

where ϕ̄^{inc} denotes the complex conjugate of ϕ^{inc}. For given w, the complex constants A, B, C, D are, e.g., calculated from the numerical solution of ϕ_{1,2} at u = u_1 and u = u_1 − δu and the analytic solution (40) for ϕ^{inc} close to the boundary. As a consequence, one can construct a numerical solution to Eq. (38) with incoming wave boundary conditions by

ϕ^{inc,num}(u) = D AD − BC ϕ_1(u) − B AD − BC ϕ_2(u) , (42)

which can be normalized to ϕ(0) = 1 by realizing Φ_1(0) = 0, Φ_2(0) = 1, so that close to the boundary ϕ^{inc,norm}(u_0) = −

D(w) B(w)

Φ_1(u) + Φ_2(u) . (43)

In practice, we found the choices u_0 = 10^{−6}, u_1 = 0.999 to give acceptable numerical accuracy. Once the normalized solution to the mode equation is known, the retarded correlator is obtained from (28)

G_R(ω, 0) = − π^2N^2T^4 4 lim_{u0→0}

∂_uϕ^{inc,norm}(u_0)

u_0

. (44)

In particular, using the analytical results for Φ_{1,2} one finds for the spectral function δρ(ω, 0) = −4P D(w) B(w)

− 2πP w^4 , (45) where P =^{π2}_8 N^2T^4 in strongly coupled N = 4 SYM. The numerical result for the spectral function is shown in Fig. 2. As can be seen from this figure, δρ(ω, 0) first increases as a function of ω, reaching a maximum at around w = 0.45, then decreases strongly and oscillates around zero with an amplitude that decays quasi-exponentially. Fig. 2(b) shows the spectral function where the leading hydrodynamic behavior ηω has been subtracted. As can be seen from this figure, for small frequencies the spectral function seems to behave as δρ(ω, 0) ηω = 1 + a_0w^2 + a_1w^3 + O(w^4) , (46)

where numerically we determine a_0 ≃ 1.72, a_1 ≃ −3.0.

With the value^1_{8P} f_{q=0}(0) =^3_{20} calculated above, the first sum rule (1) would imply the identity 3 20 = 0.15^?= 1 π ∫_∞ 0 dw w ( − D(w) B(w) − π 2 w^4 )

≃ 1 π ∫_{wmax} 0 dw w ( − D(w) B(w) − π 2 w^4 ) = 0.1500008(44),

(47)

which we can confirm up to five digit accuracy when choosing w_{max} = 6 in practice. For the second sum rule (2), ητ_π −^1_2 κ = 2P^{1−log(2)}_{(2πT )2} from Ref. [15] implies

1 − log(2) ≃ 0.306853^?= 4 π ∫_∞ 0 dw w^3 ( − D(w) B(w) − π 2 w^4 − w 2 )

≃ − 2 πw_{max} + 4 π w_{max}∫

0 dw w^3 ( − D(w) B(w) − π 2 w^4 − w 2 ) = 0.30686(2),

(48)

indicating that the numerical result matches with four digit accuracy. While it is possible to improve the numerical accuracy further, we take this agreement of at least one part in 10^{−4} between the analytical and numerical results as an indication that for N = 4 SYM, the sum rules (1) and (2) are correct.

IV. THE BULK SUM RULE IN QCD

In this section we revisit the sum rule satisfied by the imaginary part of the correlation function of the trace of the stress-energy tensor T^μ_μ . As the spectral density in this channel is related to the bulk viscosity, this sum rule will be called the “bulk sum rule.” We show that this sum rule indeed exists, but its form is slightly different from the one given in Refs. [11, 12].

In this section we shall be concerned with metric perturbations of the following form

g_{μν} = η_{μν} e^{2Ω}, (49) or δg_{μν} = η_{μν} (e^{−2Ω} − 1), with Ω ≪ 1. For these perturbations, the partition function expansion defined in Eq. (13) can be explicitly given as

δ ln Z = ∫ dx η_{μν} (x)⟨T^{μν} (x)⟩ [ −Ω(x) + Ω^2(x)) ]

+ 1 2 ∫ dx dy η_{μν} (x)η_{ρσ}(y)⟨T^{μν}(x)T^{ρσ}(y)⟩Ω(x)Ω(y) . (50) We then define the correlators of θ(x) as follows: ⟨θ(x)⟩ ≡ − δ ln Z δΩ(x) | | |_{Ω=0} = √ −gg_{μν} ⟨T^{μν} (x)⟩ | Ω=0 = η_{μν} (x)⟨T^{μν} (x)⟩ , (51) ⟨θ(x)θ(y)⟩ ≡ δ^2 ln Z δΩ(x)δΩ(y) | | | |_{Ω=0} = η^{μν} (x)η^{ρσ}(y)⟨T^{μν}(x)T^{ρσ}(y)⟩ + 2δ(x − y)η^{μν} (x)⟨T^{μν} (x)⟩ ≡ − δ δΩ(x) ⟨θ(y)⟩ | | |_{Ω=0} , (52)

where we recall that in conformal field theories ⟨θ(x)⟩ = ⟨θ(x)θ(y)⟩ = 0. As a consequence of the definition (51), the correlator ⟨θ(x)θ(y)⟩ differs from η_{μν} η_{ρσ}⟨T^{μν} T^{ρσ}⟩ by a contact term, which in its turn differs from ⟨T^μ_μ T^ν_ν ⟩^′ by a contact term. Our subsequent calculations are simplest when using the correlator ⟨θ(x)θ(y)⟩ defined in this fashion.

Consider the pure Yang-Mills theory. We need to know how to couple Yang-Mills to an external metric perturbation of the form (49). This is done through changing the bare coupling g^2_s = 4πα_s, so that it is dependent upon the metric. In particular, the Euclidean action of pure Yang-Mills becomes

S_E = ∫ dx 1 4g^2_s (Λe^Ω)

F^2_{μν} , (53)

where we have rescaled the gauge fields so that the field strength tensor is given by

F^a_{μν} = ∂_μA^a_ν − ∂_ν A^a_μ + f^{abc}A^b_μA^c_ν , (54)

and f^{abc} are the SU(N) structure constants. From this we find δS_E δΩ = β(g_s) ∂S ∂g_s = − β(g_s) 2g^3_s

F^2_{μν} , (55)

where β(g_s) = Λ∂_Λg_s is the beta function. As a consequence, one has ⟨θ(x)⟩ = − β(g_s) 2g^3_s

⟨F^2_{μν} (x)⟩ , (56)

⟨θ(x)θ(y)⟩ = ( β(g_s) 2g^3_s

)_2

⟨F^2(x)F^2(y)⟩ + β(g_s) ∂ ∂g_s ( β(g_s) 2g^3_s ) ⟨F^2⟩δ(x − y) . (57)

If we are interested in computing G_R(ω), it is most convenient to choose Λ ∼ ω, so the two terms in Eq. (57) can be evaluated perturbatively without large logarithms. In the weak coupling regime β(g_s) = −b_0g^3_s − b_1g^5_s + · · · , (58)

so the first term in Eq. (57) is proportional to g^4_s (ω)T^4, while the second term is proportional to g^4_s (ω)(ϵ − 3P ). When ω → ∞, the correlation function vanishes because of asymptotic freedom.

Now let us compute ⟨θθ⟩_R at small frequencies. For that we need to find the response of the system of an external metric perturbation with Ω = Ω(t) varying slowly with t. Since the perturbation is spatially homogeneous, we expect the fluid to remain at rest (u^0 = e^Ω, u^i = 0), but the temperature will have time dependence: T = T (t). It is more convenient to work with the entropy density s instead of T . When metric perturbations are slow, entropy is conserved. The solution to the equation for entropy conservation, ∇_μ(su^μ) = 0, is

s = e^{3Ω}s_0 , (59)

and therefore ∂ ∂Ω = 3s ∂ ∂s . (60)

This result may now be directly applied to the definition of the correlation function, and hence we find

⟨θθ⟩_R(ω → 0, q = 0) = ∂ ∂Ω ⟨ √ −gT^μ_μ ⟩ = − ( 3s ∂ ∂s − 4 ) (ϵ − 3P ) . (61)

Now let us derive the spectral sum rule. Introducing the spectral function ρ^{bulk}(ω) in the bulk channel, we find ( 3s ∂ ∂s − 4 ) (ϵ − 3P ) = 2 π ∞∫ 0 dω ω δρ^{bulk}(ω) , (62)

where ϵ and P are now the thermal parts of the energy and pressure (with the divergent vacuum contributions subtracted out). This, we argue, is the correct version of the sum rule by Karsch, Kharzeev and Tuchin [11, 12]. The right hand side can be transformed into Eq. (3) by using the thermodynamic relations dϵ = T ds and dP/dϵ = c^2_s. Note that Eq. (62) does not coincide with Refs. [11, 12], which had T ∂/∂T instead of 3s∂/∂s. The issue is the non-commutativity of the q → 0 and ω → 0 limits in the bulk channel (see Appendix C). The correct expression for the right hand side follows directly from entropy conservation in hydrodynamics.

In the weak coupling limit of high-temperature gauge theory, the pressure is given by [29, 30] P = T^4 ( A + g^2_s B + O(g^3_s ) ) , (63) where A, B are constant that are unimportant for the following discussion. Calculating the trace anomaly from ϵ = T^{dP}_{dT} − P one finds

ϵ − 3P = 2BT^4g_sβ(g_s) ∼ O(g^4_s T^4) , (64)

which implies [31] ( 3s ∂ ∂s − 4 ) (ϵ − 3P ) ∼ O(g^6_s T^4) , (65)

where c^{−2}_s = 3 +^{2B}_A g β(g_s) was used. On the other hand, the integral over the spectral function gives a contribution O(g^4_s T^4) at low frequency [31]. In order for our sum rule (62) to hold for weakly coupled QCD, the O(g^4_s T^4) contribution must be canceled to leadingorder by the high frequency tail in the spectral function. There are indications that this is indeed what is happening in weakly coupled QCD [36].

V. CONCLUSION

In this paper we have written down several sum rules involving the spectral functions in hot gauge theories. The sum rules can be checked in N = 4 SYM theory using gauge/gravity duality. The bulk sum rule for QCD was also derived. We still have some uncertainty in the shear sum rule in QCD, but hopefully this will be resolved in the future.

Some conclusions may be drawn from our work. First, note that the left-hand side (LHS) of the sum rule (2) is positive in strongly coupled N = 4 SYM because ητ_π >^1_2 κ. This implies that the spectral function δρ in the shear channel must be larger than ηω for some frequencies, or otherwise the integral would not be positive. This feature of the spectral function is clearly seen on Fig. 2. This requirement is not satisfied by the simplest Lorentzian ansatz for the spectral function, δρ(ω) ∼^{ηω}_{ω2+Γ2} . A similar argument can be made for weakly coupled QCD in the large N_c limit, because there τ_π ∼ 6η/(sT ) [32] and η/s ∼ α^{−2}_s ln α^{−1/2}s [33], while κ ∼ T^2 (see appendix A)^5, so one expects ητ_π >^1_2 κ. Therefore, to satisfy both shear sum rules in QCD, an ansatz more sophisticated than the simplest Lorentzian ansatz δρ(ω) ∼^{ηω}_{ω2+Γ2} is needed.

Moreover, the LHS of our sum rule (3) for the bulk sector can be evaluated using lattice results for the thermodynamics [35]. The result turns out to be negative for all temperatures above the deconfinement transition (see Fig. 3) Fig. 3 demonstrates that the sum rule (3), cannot be directly used to extract information about the value of the bulk viscosity in QCD, unless additional phenomenological assumptions are made, for example as in Refs. [11, 12]. In our language, Refs. [11, 12] assume ρ_{T =0}(ω) to contain a “non-perturbative” part (associated with the phenomenological gluon condensate), that —once subtracted— is offsetting the negative LHS of the bulk sum rule (3).

5 For non-conformal theories, corrections to the definition of κ should be suppressed by an additional power of α_s [34].

FIG. 3: The LHS of the bulk sum rule [Eqs. (3) and (62)] (full line), as evaluated from SU(3) lattice data [35]. The result is negative for all temperatures shown, and should not be associated with the value of the bulk viscosity in SU(3). For comparison, the result from evaluating Eq. (C7) (corresponding to the sum rule by Kharzeev and Tuchin [11]) is shown (dashed lines). The horizontal line is a visual aid to the eye.

While this work is being completed, we became aware of related work by Simon Caron- Huot [36]. We thank L. Yaffe for discussions, G. Moore and S. Caron-Huot for comments on the manuscript, J. Engels for providing the lattice QCD data used in Fig. 3, and S. Caron- Huot for correcting an error in our earlier treatment of the bulk sum rule and for giving us a preview of Ref. [36]. This work is supported, in part, by U.S. DOE grant No. DE-FG02- 00ER41132.

APPENDIX A: THE COEFFICIENT κ

Here we calculate directly the Euclidean correlator

G(x_1, x_2) = ⟨T_{xy}(x_1) T_{xy}(x_2)⟩_T (A1)

for a free SU(N) gauge theory at finite temperature T . We have

G(x_1, x_2) = ⟨ (∂_xA^α_a − ∂_αA^x_a) (∂_αA^y_a − ∂_yA^α_a ) ( ∂_xA^β_b − ∂_βA^x_b ) ( ∂_β A^y_b − ∂_yA^β_b )⟩ T , (A2)

where each of the building blocks is a correlator of the form

C_{i1i2j1j2l1l2m1m2} (x_1, x_2) = ⟨ ∂_{i1} A^{i2}_a ∂_{j1} A^{j2}_a ∂_{l1} A^{l2}_b ∂_{m1} A^{m2}_b ⟩ T i^4 ∑ ∫ P_1,P_2,P_3,P_4

e^{i(P1+P2)·x1+i(P3+P4)·x2} P^{i1}_1 P^{j1}_2 P^{l1}_3 P^{m1}_4 × ⟨ A^{i2}_a (P_1)A^{j2}_a (P_2)A^{l2}_b (P_3)A^{m2}_b (P_4) ⟩ T , (A3) and P = (p, p_4) = (p, 2πT n), ∑∫ P = T ∑ n ∫_{d3p}

(2π)^3 . We will be interested in the Fourier

transform of these correlators,

C_{i1i2j1j2l1l2m1m2} (q, q_4) = ∫_β 0 dτ ∫ d^3xe^{−iQ·x}C_{i1i2j1j2l1l2m1m2} (x, 0) = ∑ ∫ P_2,P_3,P_4

(Q − P_2)^{i1} P^{j1}_2 P^{l1}_3 P^{m1}_4 × [⟨ A^{i2}_a (Q − P_2)A^{m2}_b (P_4) ⟩ T ⟨ A^{j2}_a (P_2)A^{l2}_b (P_3) ⟩ T + ⟨ A^{i2}_a (Q − P_2)A^{l2}_b (P_3) ⟩ T ⟨ A^{j2}_a (P_2)A^{m2}_b (P_4) ⟩ T + ⟨ A^{i2}_a (Q − P_2)A^{j2}_a (P_2) ⟩ T ⟨ A^{l2}_b (P_3)A^{m2}_b (P_4) ⟩ T ] , (A4)

where ⟨A^μ_a (P_1)A^ν_b (P_2)⟩_T = 1 T δ_{n1+n2,0}(2π)^3δ(p_1 + p_2)Δ^{μν}_{ab} (P_1) , (A5)

and Δ^{μν}_{ab} (P_1) is the gluon propagator. Note that the last term in Eq. (A4) corresponds to a disconnected diagram; we are only interested in the connected Green’s function, so this term will be dropped in the following. Using Feynman gauge Δ^{μν}_{ab} (P_1) = δ_{ab}δ^{μν} P^{−2}_1 , Eq. (A4) simplifies to

C_{i1i2j1j2l1l2m1m2} (q, q_4) = (N^2_c − 1) ∑ ∫ K (Q + K)^{−2}K^{−2}(Q + K)^{l1} K^{m1} × [ (Q + K)^{i1} δ^{i2l2} K^{j1} δ^{j2m2} + K^{i1} δ^{i2m2} (Q + K)^{j1} δ^{j2l2} ] , (A6)

and hence the Fourier transform of the energy momentum correlator becomes

G(Q) = (N^2_c − 1) ∑ ∫ K (Q + K)^{−2}K^{−2}× [ 4k^2_xk^2_y − 2K · (Q + K)(k^2_x + k^2_y ) + K^2k^2_x + (Q + K)^2k^2_y + (K · (Q + K))^2 ] . (A7)

Since we are interested here in the case for vanishing external frequency (p_4 = 0), the thermal sums are readily evaluated. Dropping the vacuum part and using the substitution k → k − q in part of the integrand one finds T ∑ n (Q + K)^{−2} = n(k) k , T ∑ n (Q + K)^{−2}K^{−2} = n(k) k [ 1 |k + q|^2 − k^2 + 1 |k − q|^2 − k^2 ] , T ∑ n K · (Q + K) (Q + K)^2K^2 = n(k) k [ k · q |k + q|^2 − k^2 − k · q |k − q|^2 − k^2 ] , T ∑ n (K · (Q + K))^2 (Q + K)^2K^2 = n(k) k [ (k · q)^2 |k + q|^2 − k^2 + (k · q)^2 |k − q|^2 − k^2 ] . (A8)

Expanding the integrand to O(q^2), all the remaining integrals can be done analytically and one finds δG(0, q) =

N^2 − 1 36 T^2q^2 + O(q^4) , (A9) so that κ = N^2 − 1 18 T^2 . (A10)

APPENDIX B: THE COEFFICIENT f_q(0) IN WEAKLY COUPLED SU(N)

Calculation of G^∞_R = lim_{q4→∞} G_R(Q) starts similar to the calculation for κ in the previous section, leading to Eq. (A7) for G_R(Q). For q = 0 the sum-integrals become T ∑ n (Q + K)^{−2} =

1 + 2n(k) 2k , T ∑ n (Q + K)^{−2}K^{−2} =

1 + 2n(k) 2k [ 1 q^2_4 + 2ikq_4 + 1 q^2_4 − 2ikq_4 ] , T ∑ n K · (Q + K) (Q + K)^2K^2 = 1 + 2n(k) 2k [ ikq_4 q^2_4 + 2ikq_4 − ikq_4 q^2_4 − 2ikq_4 ] , T ∑ n (K · (Q + K))^2 (Q + K)^2K^2 = − 1 + 2n(k) 2k [ k^2q^2_4 q^2_4 + 2ikq_4 + k^2q^2_4 q^2_4 − 2ikq_4 ] , (B1)

where we used n(iq_4) = n(2πiT n) = 1. Evaluation of the remaining integrals is straightforward and we find lim_{q4→∞} G(q_4, 0) − G(q_4, 0)_{T =0} = f_{q=0}(0) = −2P, (B2)

where P =^2_{90} (N^2_c − 1)π^2T^4. This result can also be obtained by integrating the result for the spectral function from Ref. [37].

APPENDIX C: NON-COMMUTATIVITY OF THE ω → 0 AND q → 0 LIMITS OF THE ⟨θθ⟩ CORRELATOR

In Sec. IV we have shown that

lim_{ω→0} lim_{q→0}⟨θθ⟩_R(ω, q) = − ( 3s ∂ ∂s − 4 ) (ϵ − 3P ). (C1)

Using the same method, we now show that

lim_{q→0} lim_{ω→0}⟨θθ⟩_R(ω, q) = − ( T ∂ ∂T − 4 ) (ϵ − 3P ). (C2)

This result is consistent with previous results [38] derived through the Euclidean path integral following the method of Ref. [39]. It should be expected: Euclidean correlators are defined with discrete Matsubara frequencies ω_E = 2πnT , and the only sensible zero momentum limit in the Matsubara formalism is to set ω_E = 0 first, and then take q → 0.

We turn on a static metric perturbation,

g_{μν} = η_{μν} e^{−2Ω(x)}. (C3)

When Ω(x) varies smoothly, one can use hydrodynamics to find out the response. For static perturbations we expect the response will be static. The velocity field is u^0 = e^Ω, u^i = 0, and the temperature depends on space, T = T (x). Substituting T^{μν} = (ϵ + P )u^μu^ν + P g^{μν} into the equation ∇_μT^{μν} = 0, we find

∂_iP − (ϵ + P )∂_iΩ = 0. (C4)

Using dP = sdT and ϵ + P = T s, the solution to this equation is

T = T_0e^Ω. (C5)

The correlator is found from ⟨θθ⟩(ω = 0, q → 0) = ∂ ∂Ω ( √ −gT^μ_μ ) = − ( T ∂ ∂T − 4 ) (ϵ − 3P ). (C6)

One apparent paradox is that if one writes down the bulk sum rule for any spatial momentum q ≠ 0, the integral should be equal to −⟨θθ⟩(0, q) which is given by (C2) but not (C1): ( T ∂ ∂T − 4 ) (ϵ − 3P ) = 2 π ∞∫ 0 dω ω δρ^{bulk}(ω, q) , q ≠ 0. (C7)

There is no contradiction, however, as the integral in Eq. (C7) is expected to receive a finite contribution from the region ω ∼ q, in particular from the sound-wave peak at ω = c_sq, as ⟨θθ⟩ correlator has a sound-wave pole. When q → 0, this region shrinks to zero size, but its contribution remains finite. The contribution from the sound-wave peak can be calculated as follows: to leading order in hydrodynamic fluctuations, T^{xx} = T^{yy} = T^{zz} = c^2_sT^{00}, so

G_R(ω, q)^{bulk} = (1 − 3c^2_s)^2⟨T^{00}T^{00}⟩_R . (C8)

Defining ⟨T^{00}T^{00}⟩_R =^{q2}_{ω2} χ_L(ω, q) ≃^{χL(ω,q)}_{c2s} and using Teaney’s result for the spectral density corresponding to χ_L [13], δρ_L(ω, q) ω = ϵ + p 2 [ Γ_s q^2/2 (ω − c_sq)^2 + (Γ_s q^2/2)^2 + (ω → −ω) ] , (C9)

where Γ_s = (ϵ + P )^{−1}

(_4 3 η + ζ ) , the integral over the sound-wave pole at positive frequency gives lim_{q→0}^2_π ∞∫ 0 dω ω δρ_L(ω, q) = ϵ + P . Therefore, the contribution for the integral over δρ^{bulk} is precisely the difference between the LHS of Kharzeev–Tuchin’s and our sum rule, ( T ∂ ∂T − 3s ∂ ∂s ) (ϵ − 3P ) =

(1 − 3c^2_s)^2

c^2_s

(ϵ + P ) . (C10)

On the other hand, in the bulk sum rule (62), we first compute the spectral function ρ(ω) at any finite, nonzero ω by setting q = 0 in ρ(ω, q), and then take the spectral integral. The sound-wave contribution does not appear in this integral, which means that our Eq. (62), but not the Kharzeev and Tuchin’s version, applies. Note that at zero temperature the two limits ω → 0 and q → 0 commute.

[1] 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].

[2] B. B. Back et al., “The PHOBOS perspective on discoveries at RHIC,” Nucl. Phys. A 757, 28 (2005) [arXiv:nucl-ex/0410022].

[3] 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].

[4] 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:nucl-ex/0501009].

[5] A. Nakamura and S. Sakai, “Transport coefficients of gluon plasma,” Phys. Rev. Lett. 94, 072305 (2005) [arXiv:hep-lat/0406009].

[6] G. Aarts, C. Allton, J. Foley, S. Hands, and S. Kim, “Spectral functions at small energies and the electrical conductivity in hot, quenched lattice QCD,” Phys. Rev. Lett. 99, 022002 (2007) [arXiv:hep-lat/0703008].

[7] H. B. Meyer, “Calculation of the shear viscosity in SU(3) gluodynamics,” Phys. Rev. D 76, 101701 (2007) [arXiv:0704.1801 [hep-lat]].

[8] H. B. Meyer, “Calculation of the bulk viscosity in SU(3) gluodynamics,” Phys. Rev. Lett.

100, 162001 (2008) [arXiv:0710.3717 [hep-lat]].

[9] K. Hübner, F. Karsch, and C. Pica, “Correlation functions of the energy-momentum tensor in SU(2) gauge theory at finite temperature,” Phys. Rev. D 78, 094501 (2008) [arXiv:0808.1127 [hep-lat]].

[10] D. Forster, Hydrodynamic Fluctuations, Broken Symmetry, and Correlation Functions, Benjamin, Reading, MA (1975).

[11] D. Kharzeev and K. Tuchin, “Bulk viscosity of QCD matter near the critical temperature,” JHEP 0809 (2008) 093 [arXiv:0705.4280 [hep-ph]].

[12] F. Karsch, D. Kharzeev, and K. Tuchin, “Universal properties of bulk viscosity near the QCD phase transition,” Phys. Lett. B 663, 217 (2008) [arXiv:0711.0914 [hep-ph]].

[13] D. Teaney, “Finite temperature spectral densities of momentum and R-charge correlators in N = 4 Yang Mills theory,” Phys. Rev. D 74, 045025 (2006) [arXiv:hep-ph/0602044].

[14] P. Kovtun and L. G. Yaffe, Phys. Rev. D 68 (2003) 025007 [arXiv:hep-th/0303010]. [15] R. Baier, P. Romatschke, D. T. Son, A. O. Starinets, and M. A. Stephanov, “Relativistic viscous hydrodynamics, conformal invariance, and holography,” JHEP 0804 (2008) 100

[arXiv:0712.2451 [hep-th]].

[16] D. T. Son and A. O. Starinets, “Minkowski-space correlators in AdS/CFT correspondence:

Recipe and applications,” JHEP 0209 (2002) 042 [arXiv:hep-th/0205051]. [17] 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]].

[18] S. S. Gubser, S. S. Pufu, and F. D. Rocha, “Bulk viscosity of strongly coupled plasmas with holographic duals,” JHEP 0808 (2008) 085 [arXiv:0806.0407 [hep-th]].

[19] J. 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].

[20] S. S. Gubser, I. R. Klebanov, and A. M. Polyakov, “Gauge theory correlators from non-critical string theory,” Phys. Lett. B 428, 105 (1998) [arXiv:hep-th/9802109].

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

[22] R. A. Janik and R. B. Peschanski, “Asymptotic perfect fluid dynamics as a consequence of AdS/CFT,” Phys. Rev. D 73, 045013 (2006) [arXiv:hep-th/0512162].

[23] K. Skenderis, “Lecture notes on holographic renormalization,” Class. Quant. Grav. 19, 5849 (2002) [arXiv:hep-th/0209067].

[24] H. Osborn and A. C. Petkou, “Implications of conformal invariance in field theories for general dimensions,” Annals Phys. 231, 311 (1994) [arXiv:hep-th/9307010].

[25] G. Arutyunov and S. Frolov, “Three-point Green function of the stress-energy tensor in the AdS/CFT correspondence,” Phys. Rev. D 60, 026004 (1999) [arXiv:hep-th/9901121].

[26] V. A. Novikov, M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, “Operator expansion in quantum chromodynamics beyond perturbation theory,” Nucl. Phys. B 174, 378 (1980).

[27] P. Romatschke, unpublished.

[28] P. Kovtun and A. Starinets, “Thermal spectral functions of strongly coupled N = 4 supersymmetric Yang-Mills theory,” Phys. Rev. Lett. 96, 131601 (2006) [arXiv:hep-th/0602059].

[29] J. I. Kapusta, “Quantum Chromodynamics At High Temperature,” Nucl. Phys. B 148, 461 (1979).

[30] J.I. Kapusta, “Finite temperature field theory,” Cambridge University Press, Cambridge (1989).

[31] G. D. Moore and O. Saremi, “Bulk viscosity and spectral functions in QCD,” JHEP 0809 (2008) 015 [arXiv:0805.4201 [hep-ph]].

[32] M. A. York and G. D. Moore, “Second order hydrodynamic coefficients from kinetic theory,” arXiv:0811.0729 [hep-ph].

[33] P. Arnold, G. D. Moore, and L. G. Yaffe, “Transport coefficients in high temperature gauge theories. II: Beyond leading log,” JHEP 0305 (2003) 051 [arXiv:hep-ph/0302165].

[34] P. Romatschke, “New developments in relativistic viscous hydrodynamics,” arXiv:0902.3663 [hep-ph].

[35] G. Boyd, J. Engels, F. Karsch, E. Laermann, C. Legeland, M. Lütgemeier, and B. Petersson, “Thermodynamics of SU(3) lattice gauge theory,” Nucl. Phys. B 469, 419 (1996) [arXiv:hep-lat/9602007].

[36] S. Caron-Huot, “Asymptotics of thermal spectral functions,” to be published. [37] H. B. Meyer, JHEP 0808 (2008) 031 [arXiv:0806.3914 [hep-lat]].

[38] P. J. Ellis, J. I. Kapusta, and H. B. Tang, “Low-energy theorems for gluodynamics at finite temperature,” Phys. Lett. B 443, 63 (1998) [arXiv:nucl-th/9807071].

[39] V. A. Novikov, M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, “In search of scalar gluonium,” Nucl. Phys. B 165, 67 (1980).