arXiv:1110.0268v1 [hep-ph] 3 Oct 2011

Transport Coefficients in Gluodynamics: From Weak Coupling towards the Deconfinement Transition

M. Bluhm^∗, B. Kämpfer^{†,∗∗} and K. Redlich^{‡,§}

∗SUBATECH, UMR 6457, Université de Nantes, Ecole des Mines de Nantes, IN2P3/CNRS. 4 rue Alfred Kastler, F-44307 Nantes cedex 3, France †Institut für Strahlenphysik, Helmholtz-Zentrum Dresden-Rossendorf, PF 510119, D-01314 Dresden, Germany ∗∗Institut für Theoretische Physik, TU Dresden, D-01062 Dresden, Germany ‡Institute of Theoretical Physics, University of Wroclaw, PL-50204 Wroclaw, Poland §ExtreMe Matter Institute EMMI, GSI, D-64291 Darmstadt, Germany

Abstract. We study the ratio of bulk to shear viscosity in gluodynamics within a phenomenological quasiparticle model. We show that at large temperatures this ratio exhibits a quadratic dependence on the conformality measure as known from weak coupling perturbative QCD. In the region of the deconfinement transition, however, this dependence becomes linear as known from specific strongly coupled theories. The onset of the strong coupling behavior is located near the maximum of the scaled interaction measure. This qualitative behavior of the viscosity ratio is rather insensitive to details of the equation of state. Keywords: transport coefficients, viscosity, quasiparticle model, effective kinetic theory PACS: 12.38.Mh, 25.75.-q, 52.25.Fi

INTRODUCTION

Transport coefficients, such as bulk (ζ ) and shear (η) viscosities, represent fundamental quantities specifying the physical properties of the matter. In the hydrodynamic description of the medium created in high-energy nuclear collisions they are important input parameters. First-principle lattice QCD calculations of the viscosity coefficients have been performed recently in SU_c(3) gluodynamics in the deconfinement region [1, 2]. These lattice QCD results were shown to be successfully describable within a phenomenological quasiparticle model (QPM) for the gluon plasma [3, 4]. This model is based on an effective kinetic theory approach to QCD and includes non-perturbative effects via a thermal quasigluon mass. In particular, in the vicinity of the deconfinement transition temperature T_c the shear viscosity to entropy density ratio exhibits a minimum [3] with a value as small as the predicted universal lower bound [5] η/s ∼ 1/4π. This result is in clear contrast to naive extrapolations of standard perturbative QCD approaches into the non-perturbative regime close to T_c. The specific bulk viscosity ζ /s is instead found to rapidly increase in the deconfinement transition region [3]. Moreover, the ratio ζ /η is known to exhibit a distinct dependence on the conformality measure Δv^2_s = 1/3 − v^2_s with v^2_s being the squared speed of sound. At weak coupling, i.e. at high temperatures T , the viscosity ratio depends quadratically on Δv^2_s [6]. On the other hand, at strong coupling, i.e. close to T_c, this dependence is expected to be linear [7]. The QPM reproduces the above asymptotic dependencies and exhibits a gradual interpolation between both regimes [4]. In this work, we analyze the structure of the viscosity ratio ζ /η in SU_c(3) gluodynamics in the vicinity of T_c. In particular, we discuss its sensitivity on details in the equation of state (EoS) and the corresponding v^2_s .

THERMODYNAMICS AND TRANSPORT COEFFICIENTS

In the QPM, the EoS, which describes changes of the pressure P with energy density ε, as well as related thermodynamic quantities are obtained from the local thermal equilibrium limit of the underlying effective kinetic theory. This model was shown to be very successful in describing the thermodynamic quantities obtained in lattice QCD [8]. Essential feature of the QPM is that the quasiparticle excitations follow a medium-modified dispersion relation, E^2 = ⃗p^2 + Π(T ). In a quasigluon plasma, the effective mass Π(T ) = T^2G^2(T )/2 is quantified by the coupling G^2(T ) = 16π^2/ ( 11ln[λ (T − T_s)/T_c]^2 ) , which near T_c accommodates non-perturbative effects via only two

FIGURE 1. Left panel: Scaled interaction measure (ε − 3P)/T^4 as a function of the scaled temperature T /T_c for SU_c(3) gluodynamics. The symbols depict lattice QCD results from [9] (squares), [10] (circles) and from [11] (diamonds). The dashed and solid curves are the QPM results for Fit 1 and Fit 2, respectively (see text). Right panel: Conformality measure Δv^2_s as a function of T /T_c in the QPM for Fit 1 (dashed curve) and Fit 2 (solid curve).

parameters, λ and T_s. At large T , it reproduces the perturbative running coupling in QCD. To determine P and ε in the QPM, one needs to introduce the integration constant B(T_c) as an additional parameter [8]. The squared speed of sound follows then from v^2_s = ∂ P/∂ ε.

Figure 1 (left panel) shows comparisons of the QPM predictions for the scaled interaction measure (ε − 3P)/T^4 as a function of T /T_c with corresponding lattice QCD results [9, 10, 11]. The model parameters read as T_s/T_c = 0.73, λ = 4.3 and B(T_c) = 0.19T^4_c (Fit 1) for data from [9, 10], while we use T_s/T_c = 0.52, λ = 2.5 and B(T_c) = 0.48T^4_c (Fit 2) for data from [11]. The conformality measure obtained from these QPM results for the EoS is depicted in Fig. 1 (right panel) as a function of T /T_c. The two different fits result in visible deviations in Δv^2_s for T_c < T ≤ 2.5T_c.

At the first-order phase transition at T = T_c, the squared speed of sound v^2_s (T ) is discontinuous, which results in a discontinuity in Δv^2_s . We note that the limiting value A = lim_{T →T} +_c Δv^2_s , which is linearly approached with T /T_c as seen in Fig. 1 (right panel), is in general different from Δv^2_s (T_c) = 1/3.

The bulk and shear viscosity coefficients follow directly from the effective kinetic theory [3, 12]. Their ratio was found in the following form [4] ζ η = 15 ( Δv^2_s

)_2 [ 1 − A_0 + 1 4 A_2 ] + 5Δv^2_s [ A_0 − 1 2 A_2 ] + 5 12 A_2 , (1)

where A_0 = T^{2 dG2}_{dT 2} T^2I_0/I_{−2} and A_2 = ( T^{2 dG2}_{dT 2}

)_2 T^4I_2/I_{−2} depend non-trivially on T . The momentum integrals

I_k in A_{0,2} read as I_k = ∫ d3⃗p (2π)^3 n(T )[1+d

−1n(T )]^τ_{(E)2} ⃗p^{2−k}, where n(T ) = d (exp(E/T ) − 1)^{−1} is the Bose distribution function for gluons with d = 16 and τ denotes the relaxation time. For T ≥ T_c, these integrals follow the hierarchy I_{−2}/T^2 ≫ I_0 ≫ T^2I_2 > 0, whereas dG^2/dT^2 < 0. Assuming a momentum independent τ, the ratio ζ /η in Eq. (1) is solely determined by parameters adjusted to equilibrium thermodynamics.

In Fig. 2, the ratio ζ /η from Eq. (1) is quantified for Fit 1 and 2. For both QPM fits one observes that the viscosity ratio for Δv^2_s ≲ 0.07, i.e. for T ≳ 1.5T_c, is entirely determined by 15 ( Δv^2_s

)_2 , i.e. by the quadratic, A_{0,2}-independent term in Eq. (1). This is a direct consequence of the behavior of the conformality measure at large T , which in the QPM reads as Δv^2_s ≃ −75/(18dπ^2)T^2(dG^2/dT^2) + O(G^2T^2(dG^2/dT^2)) with |T^2(dG^2/dT^2)| ≪ G^2 ≪ 1. Thus, at leading order, all terms in Eq. (1) depend quadratically on Δv^2_s , where the first, A_{0,2}-independent term dominates numerically. With increasing Δv^2_s , the ζ /η ratio is reduced compared to 15 ( Δv^2_s

)_2 by the non-perturbative terms in Eq. (1) which are proportional to (dG^2/dT^2). Consequently, one finds ζ /η < 1 for T → T^+_c . For Δv^2_s ≳ 0.17, i.e. for T ≲ 1.15T_c, a linear dependence on Δv^2_s develops as seen in Fig. 2. In fact, near T_c the factors |A_{0,2}| become large as a consequence of a large |dG^2/dT^2|. This results in a cancelation of the quadratic dependence 15 ( Δv^2_s

)_2 in Eq. (1) by all other A_{0,2}-dependent terms. Effectively, Eq. (1) sums up near T_c to a linear dependence of the form ζ /η = α Δv^2_s + β . The transition to this linear behavior, as it is known for specific strongly coupled theories [7], takes place at T in the vicinity

FIGURE 2. Bulk to shear viscosity ratio ζ /η from Eq. (1) as a function of the conformality measure Δv^2_s from Fig. 1 (right panel) for Fit 1 (long-dashed curve) and Fit 2 (solid curve). The short-dashed curve exhibits the quadratic dependence ζ /η = 15 ( Δv^2_s

)_2

and the dash-dotted curve shows a linear fit ζ /η = α Δv^2_s + β of the QPM result from Fit 1 with α = 3.78 and β = −0.305. For the QPM result from Fit 2, a similar linear fit yields α = 3.63 and β = −0.305.

of the maximum in the scaled interaction measure, cf. Fig. 1. As is evident from Fig. 2, this qualitative behavior is a common feature of the viscosity ratio within the quasiparticle model for the gluon plasma irrespective of details in the EoS near T_c. In the interval 0.07 ≲ Δv^2_s ≲ 0.17, a gradual change between quadratic and linear dependence on Δv^2_s is observed. We note that at T = T_c the ζ /η ratio develops a discontinuity in line with Δv^2_s .

SUMMARY

Within a phenomenological quasiparticle model for the gluon plasma, the bulk to shear viscosity ratio is found to exhibit, at large T , the quadratic dependence on the conformality measure as known from perturbative QCD. In the deconfinement transition region, this dependence becomes linear as found in specific strongly coupled theories. Thus, the quasiparticle model provides a systematic link between both regimes. The onset of the strong coupling behavior is located near the maximum in the scaled interaction measure. This qualitative behavior of the viscosity ratio is insensitive to details in the equation of state.

Acknowledgments. We kindly acknowledge stimulating discussions with A. Buchel, S. Jeon, H. B. Meyer, J. Noronha, S. Peigné and A. Peshier. We also thank M. Panero for providing his lattice QCD results. M. Bluhm thanks the organizers of the PANIC11 conference for financial support. This work is supported by BMBF 06DR9059, GSI-FE, the European Network I3-HP2 Toric and the Polish Ministry of Science.

REFERENCES

1. H. B. Meyer, Phys. Rev. D 76 101701 (2007); Phys. Rev. Lett. 100 162001 (2008).

2. A. Nakamura, and S. Sakai, Phys. Rev. Lett. 94 072305 (2005); S. Sakai, and A. Nakamura, PoS LAT2007 221 (2007). 3. M. Bluhm, B. Kämpfer, and K. Redlich, Nucl. Phys. A 830 737C (2009); Phys. Rev. C 84 025201 (2011). 4. M. Bluhm, B. Kämpfer, and K. Redlich, Preprint arXiv:1101.3072 [hep-ph]. 5. P. Kovtun, D. T. Son, and A. O. Starinets, Phys. Rev. Lett. 94 111601 (2005). 6. P. Arnold, C. Dogan, and G. D. Moore, Phys. Rev. D 74 085021 (2006). 7. A. Buchel, Phys. Rev. D 72 106002 (2005); Phys. Lett. B 663 286 (2008).

8. M. Bluhm, B. Kämpfer, and G. Soff, Phys. Lett. B 620 131 (2005); M. Bluhm, B. Kämpfer, R. Schulze, D. Seipt, and U.

Heinz, Phys. Rev. C 76 034901 (2007); R. Schulze, M. Bluhm, and B. Kämpfer, Eur. Phys. J. ST 155 177 (2008). 9. G. Boyd et al., Nucl. Phys. B 469 419 (1996). 10. M. Okamoto et al., Phys. Rev. D 60 094501 (1999). 11. M. Panero, Phys. Rev. Lett. 103 232001 (2009). 12. P. Chakraborty, J. I. Kapusta, Phys. Rev. C 83 014906 (2011).