arXiv:0912.2448v2 [hep-lat] 29 Jan 2010

Thermodynamics of the strongly interacting gluon plasma in the large-N limit

M. Panero^∗ Institute for Theoretical Physics, ETH Zurich E-mail: panero@phys.ethz.ch

We report on our recent study of equilibrium thermodynamic observables in SU(N) gauge theories with N = 3, 4, 5, 6 and 8 colors at temperatures T in the range from 0.8T_c to 3.4T_c (where T_c denotes the critical deconfinement temperature). The results, which show a very weak dependence on the number of colors, are compared with gauge/gravity models of the QCD plasma, including the improved holographic QCD model proposed by Kiritsis and collaborators, and with the supergravity prediction for the entropy density deficit. Furthermore, we investigate the possibility that the trace anomaly may receive contributions proportional to T^2 at temperatures close to T_c. Finally, we present the extrapolated results for the pressure, trace anomaly, energy and entropy densities in the N → ∞ limit.

The XXVII International Symposium on Lattice Field Theory July 26-31, 2009 Peking University, Beijing, China

∗Speaker.

© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/

1. Introduction and motivation

Although several unquenched simulations of the QCD equation of state have appeared in recent years [1], lattice investigations of the thermodynamics of the Yang-Mills (YM) sector are still of interest from a fundamental point of view. In particular, the gluon sector is relevant for the limit in which the number of colors N tends to infinity, where analytical simplifications take place [2]. Furthermore, the large-N limit is also a key-ingredient in the AdS/CFT conjecture [3] and in models of QCD based on gauge-gravity dualities [4]. These motivations led me to address a numerical lattice study of the equilibrium thermodynamics properties at finite temperature in SU(N) gauge theories [5]; similar works include refs. [6].

In this contribution, we discuss some of the findings of ref. [5], including, in particular, a comparison with the improved holographic QCD (IHQCD) model recently proposed by Kiritsis and collaborators [7] (see also refs. [8] for related works). The IHQCD model is an AdS/QCD model based on a 5D Einstein-dilaton gravity theory with a particular Ansatz for the dilaton potential, which reproduces the leading terms of the SU(N) β -function at high energies, and linear confinement with a gapped, discrete glueball spectrum at low energies. The IHQCD model involves two free parameters, which in refs. [7] were fitted to match the results of previous lattice calculations. In the context of gauge/gravity dualities, we also discuss the deficit of the entropy density s with respect to its Stefan-Boltzmann limit s_0, and a possible comparison with the AdS/CFT prediction for the large-N limit of the N = 4 supersymmetric YM theory [9]: s s_0 = 3 4 + 45 32 ζ (3)(2λ )^{−3/2} + ... (1.1)

in a temperature regime where the Yang-Mills plasma, while still strongly interacting, approaches approximate scale invariance.

Next, we investigate whether, in the temperature range studied, the trace anomaly of the deconfined SU(N) plasma Δ may receive contributions proportional to T^2 [10]: Δ T^4 ?= A T^2

+ B. (1.2)

Finally, we present an extrapolation of our results for p/(N^2T^4), Δ/(N^2T^4), ε/(N^2T^4) and s/(N^2T^3) to the N → ∞ limit.

2. Lattice setup

We ran lattice simulations of SU(N) gauge theories with N = 3, 4, 5 6 and 8 colors on isotropic hypercubic lattices of sizes N^4_s and N^3_s × N_t , with N_s = 20 (16) for N = 3 (N > 3) and N_t = 5. We used the standard, unimproved Wilson gauge action, and updated the configurations using heat-bath for SU(2) subgroups [11] and full-SU(N) overrelaxation [12]. For SU(3), the physical scale was set using Sommer’s parameter r_0 [13] while for SU(N > 3) it was set by interpolating the string tension values taken from refs. [14], or (at the largest β -values only) using the method of ref. [15]. On the lattice, the trace anomaly Δ = ε − 3p is proportional to the difference of the expectation values of the plaquette at T = 0 and at finite T :

Δ = T^5 ∂ ∂ T p T^4 = 6 a^4 ∂ β ∂ log a

(⟨U_□⟩_0 − ⟨U_□⟩_T ). (2.1)

Figure 1: Comparison between the curves obtained using the improved holographic QCD model (yellow solid lines) and our lattice results for the trace anomaly, pressure, energy density and entropy density evaluated in the various SU(N) gauge groups. All quantities are normalized to their Stefan-Boltzmann (SB) limits, except for Δ/T^4, which is normalized to the SB limit of p/T^4.

The pressure was determined using the “integral method” [16]:

p = T ∂ ∂V log Z ≃ T V log Z = 1 a^4N^3_s N_τ ∫_β β_0 dβ^′ ∂ log Z ∂ β^′ = 6 a^4 ∫_β β_0

dβ^′ (⟨U_□⟩_T − ⟨U_□⟩_0), (2.2)

according to the integration methods discussed in ref. [17]. Eq. (2.2) can be affected by finitevolume corrections [18] (especially for very high temperatures [19] or small volumes [20]), but at the temperatures 0.8T_c ≤ T ≤ 3.4T_c investigated here, these effects are screened [21] and negligible within the data precision [22]. The energy (ε) and entropy (s) densities were obtained as: ε = Δ + 3p, s = (Δ + 4p)/T .

3. Results

Fig. 1 shows that the results for the rescaled trace, pressure, energy density and entropy density are very similar for all groups studied in this work^1; this makes it plausible that the QCD plasma could be described by models based on the large-N limit. Fig. 1 also shows the comparison with the improved holographic QCD model discussed above: the solid lines denote the results obtained in ref. [7]; the agreement between our SU(N) results and the IHQCD model is very good.

On the other hand, comparing the SU(N) simulation results with predictions derived from the N = 4 SYM model, is less straightforward: the regime in which the QCD plasma is strongly coupled is far from conformality—see the left panel of fig. 2. In our simulations the SU(N) plasma approaches approximate scale invariance only at temperatures about 3T_c; at such temperatures, it is still far from the Stefan-Boltzmann limit (top right corner of the diagram), and still strongly interacting. Interestingly, in that regime the SU(N) and the N = 4 SYM entropy densities (both normalized to their values in the free limit) appear to be close to each other, if one uses the value of the renormalized ’t Hooft coupling in the MS scheme as the λ parameter of the supersymmetric model (right panel of fig. 2). Incidentally, we note that a comparison of N = 4 SYM and full-QCD lattice results for the drag force also yields λ ≃ 5.5 [25]. Similar observations can be useful to pin down appropriate parameters for AdS/CFT models of the sQGP [26].

Another issue we investigated is the possibility that the trace anomaly at temperatures close to T_c may receive contributions proportional to T^2 of non-perturbative origin [10]. The simulations

1This feature would be compatible with some quasiparticle model descriptions [23].

Figure 2: Left panel: the equation of state, displayed as p(ε), reveals the strong deviations of the SU(N) plasma from the dotted straight line corresponding to conformally invariant models, which is approached only at temperatures around 3T_c; the dashed line is the weak-coupling expansion for SU(3) taken from ref. [24]. Right panel: the entropy density (normalized to its value in the free limit) as a function of the running ’t Hooft coupling in the MS scheme; the dashed line is the corresponding prediction for strongly coupled N = 4 SYM [9], identifying the λ parameter with the renormalized YM coupling.

seem to confirm that this may be a general feature of all the gauge groups studied in this work: the left-hand-side panel of fig. 3 shows that the results for Δ/T^4 may be compatible with the behavior described by eq. (1.2). However, we cannot rule out the possibility that the data may actually be described by a more complicated functional form (possibly involving logarithms of perturbative origin). Finally, the right-hand-side panel of fig. 3 shows an extrapolation of our results to the N → ∞ limit, based on the parametrization for the trace anomaly given in eq. (C1) of ref. [28].

We plan to extend the present study of SU(N) thermodynamics to other observables which could be compared with gauge/gravity predictions [29], and to renormalized Polyakov loops. On the other hand, to understand which non-perturbative features of the sQGP are directly related to the simplifications occurring in the large-N limit and which are not, it would also be interesting to address similar high-precision thermodynamics studies in models in lower dimensions or based on smaller gauge groups, for which powerful numerical algorithms are available [30].

Acknowledgments

The author acknowledges support from INFN, and thanks B. Bringoltz, S. Datta, Ph. de Forcrand, U. Gürsoy, E. Kiritsis, I. Kirsch, M. Laine, M. P. Lombardo, F. Nitti and G. D. Torrieri for correspondence and discussions. The author also thanks the authors of refs. [7] for providing the IHQCD curves reproduced in fig. 1.

References

[1] C. DeTar and U. M. Heller, QCD thermodynamics from the lattice, Eur. Phys. J. A 41 405 (2009)

[arXiv:0905.2949 [hep-lat]]. M. Laine, Finite-temperature QCD, PoS(LAT2009)

Figure 3: Left panel: Δ/T^4 ratio, plotted against (T_c/T )^2, appears to be compatible with the behavior described by eq. (1.2) in the range (T_c/T )^2 ≤ 0.9; however, the precision of our data does not allow us to rule out the possibility that this quantity could also be described by more complicated functional forms, based on combinations of perturbative logarithms. Right panel: extrapolation of p/(N^2T^4) (black solid curve), Δ/(N^2T^4) (red dashed curve), ε/(N^2T^4) (blue dash-dotted curve) and s/(N^2T^3) (green dotted curve) to the N → ∞ limit; the errorbars (including statistical and systematic uncertainties) at some reference temperatures are also shown. The horizontal bars on the right-hand-side of this plot show the SB limits for the pressure, energy density and entropy density, from bottom to top; the maroon arrow denotes the large-N limit of the latent heat L_h, as calculated in ref. [27].

(2009) 006 [arXiv:0910.5168 [hep-lat]].

[2] G. ’t Hooft, A planar diagram theory for strong interactions, Nucl. Phys. B 72, 461 (1974).

[3] J. M. Maldacena, The large N limit of superconformal field theories and supergravity, Adv. Theor.

Math. Phys. 2 231 (1998) [Int. J. Theor. Phys. 38 1113 (1999)] [arXiv:hep-th/9711200].

[4] J. Erdmenger et al. Mesons in gauge/gravity duals - A review, Eur. Phys. J. A 35, 81 (2008) [arXiv:0711.4467 [hep-th]]. D. Mateos, String Theory and Quantum Chromodynamics, Class. Quant. Grav. 24 S713 (2007) [arXiv:0709.1523 [hep-th]].

[5] M. Panero, Thermodynamics of the QCD plasma and the large-N limit, Phys. Rev. Lett. 103 (2009) 232001 [arXiv:0907.3719 [hep-lat]].

[6] B. Bringoltz and M. Teper, The pressure of the SU(N) lattice gauge theory at large-N, Phys. Lett. B 628 113 (2005) [arXiv:hep-lat/0506034]; The pressure and a possible hidden Hagedorn transition at large-N, PoS(LAT2005) (2006) 175 [arXiv:hep-lat/0509186]. S. Datta and S. Gupta, Exploring the gluoN_c plasma, arXiv:0906.3929 [hep-lat]; Scaling and the continuum limit of gluoN_c plasmas, arXiv:0909.5591 [hep-lat]; Properties of the SU(N_c) Gluon Plasma, arXiv:0910.2889 [hep-lat].

[7] U. Gürsoy and E. Kiritsis, Exploring improved holographic theories for QCD: Part I, JHEP 0802 (2008) 032 [arXiv:0707.1324 [hep-th]]. U. Gürsoy, E. Kiritsis and F. Nitti, Exploring improved holographic theories for QCD: Part II, JHEP 0802 (2008) 019 [arXiv:0707.1349

[hep-th]]. E. Kiritsis, Dissecting the string theory dual of QCD, Fortsch. Phys. 57, 396 (2009)
[arXiv:0901.1772 [hep-th]]. U. Gürsoy et al., Deconfinement and gluon plasma dynamics

in improved holographic QCD, Phys. Rev. Lett. 101, 181601 (2008) [arXiv:0804.0899 [hep-th]]; Improved holographic Yang-Mills at finite temperature: Comparison with data, Nucl.

Phys. B 820, 148 (2009) [arXiv:0903.2859 [hep-th]]. U. Gürsoy, Deconfinement and thermodynamics in 5D holographic models of QCD, Mod. Phys. Lett. A 23, 3349 (2009) [arXiv:0904.2750 [hep-th]]. U. Gürsoy et al., Thermal transport and drag Force in improved holographic QCD, arXiv:0906.1890 [hep-ph].

[8] S. Nojiri and S. D. Odintsov, Running gauge coupling and quark anti-quark potential from dilatonic gravity, Phys. Lett. B 458, 226 (1999) [arXiv:hep-th/9904036]. F. Bigazzi et al. Non-critical holography and four-dimensional CFT’s with fundamentals, JHEP 0510 (2005) 012 [arXiv:hep-th/0505140]. O. Andreev, 1/q^2 corrections and gauge/string duality, Phys. Rev.

D 73, 107901 (2006) [arXiv:hep-th/0603170]. N. Evans and E. Threlfall, The thermal phase transition in a QCD-like holographic model, Phys. Rev. D 78, 105020 (2008) [arXiv:0805.0956

[hep-th]].

[9] S. S. Gubser, I. R. Klebanov and A. A. Tseytlin, Coupling constant dependence in the thermodynamics of N = 4 supersymmetric Yang-Mills theory, Nucl. Phys. B 534 202 (1998)

[arXiv:hep-th/9805156].

[10] R. D. Pisarski, Effective theory of Wilson lines and deconfinement, Phys. Rev. D 74, 121703 (2006) [arXiv:hep-ph/0608242]; Fuzzy bags and Wilson lines, Prog. Theor. Phys. Suppl. 168, 276 (2007) [arXiv:hep-ph/0612191]. O. Andreev, Some thermodynamic aspects of pure glue, fuzzy bags and gauge/string duality, Phys. Rev. D 76 (2007) 087702 [arXiv:0706.3120 [hep-ph]]. E. Megías, E. Ruiz Arriola and L. L. Salcedo, Dimension two condensates and the Polyakov loop above the deconfinement phase transition, JHEP 0601 (2006) 073

[arXiv:hep-ph/0505215]; Correlations between perturbation theory and power corrections in QCD at zero and finite temperature, arXiv:0912.0499 [hep-ph].

[11] A. D. Kennedy and B. J. Pendleton, Improved heat bath method for Monte Carlo calculations In lattice gauge theories, Phys. Lett. B 156 393 (1985). N. Cabibbo and E. Marinari, A new method for updating SU(N) matrices in computer simulations of gauge theories, Phys. Lett. B 119 (1982) 387.

[12] J. Kiskis, R. Narayanan and H. Neuberger, Does the crossover from perturbative to nonperturbative physics in QCD become a phase transition at infinite N?, Phys. Lett. B 574 65 (2003) [arXiv:hep-lat/0308033]. Ph. de Forcrand and O. Jahn, Monte Carlo overrelaxation for SU(N) gauge theories, arXiv:hep-lat/0503041.

[13] S. Necco and R. Sommer, The N(f) = 0 heavy quark potential from short to intermediate distances, Nucl. Phys. B 622 328 (2002) [arXiv:hep-lat/0108008].

[14] B. Lucini, M. Teper and U. Wenger, Glueballs and k-strings in SU(N) gauge theories: Calculations with improved operators, JHEP 0406 (2004) 012 [arXiv:hep-lat/0404008]. B. Lucini and M. Teper, The k = 2 string tension in four dimensional SU(N) gauge theories, Phys. Lett. B 501 128 (2001) [arXiv:hep-lat/0012025].

[15] C. Allton, M. Teper and A. Trivini, On the running of the bare coupling in SU(N) lattice gauge theories, JHEP 0807 (2008) 021 [arXiv:0803.1092 [hep-lat]].

[16] J. Engels et al., Nonperturbative thermodynamics of SU(N) gauge theories, Phys. Lett. B 252 625 (1990).

[17] M. Caselle et al., The interface free energy: Comparison of accurate Monte Carlo results for the 3D Ising model with effective interface models, JHEP 0709 (2007) 117 [arXiv:0707.0055

[hep-lat]].

[18] F. Gliozzi, The Stefan-Boltzmann law in a small box and the pressure deficit in hot SU(N) lattice gauge theory, J. Phys. A 40 F375 (2007) [arXiv:hep-lat/0701020].

[19] G. Endrődi, Z. Fodor, S. D. Katz and K. K. Szabó, The equation of state at high temperatures from lattice QCD, PoS(LAT2007) (2007) 228 [arXiv:0710.4197 [hep-lat]].

[20] F. Bruckmann et al., Polyakov loops and spectral properties of the staggered Dirac operator,

arXiv:0804.3929 [hep-lat]; Polyakov loops and SU(2) staggered Dirac spectra,
PoS(LAT2007) (2007) 274 [arXiv:0802.0662 [hep-lat]].

[21] D. J. Gross et al., QCD and instantons at finite temperature, Rev. Mod. Phys. 53 43 (1981).

[22] M. Panero, Geometric effects in lattice QCD thermodynamics, PoS LATTICE2008 (2009) 175

[arXiv:0808.1672 [hep-lat]].

[23] A. Peshier et al. A massive quasiparticle model of the SU(3) gluon plasma, Phys. Rev. D 54 2399 (1996). V. V. Begun et al., Equation of state of the quark gluon plasma within the quasi-particle approach, arXiv:1001.3139 [hep-ph].

[24] A. Hietanen et al. Three-dimensional physics and the pressure of hot QCD, Phys. Rev. D 79, 045018 (2009) [arXiv:0811.4664 [hep-lat]].

[25] S. S. Gubser, Comparing the drag force on heavy quarks in N = 4 super-Yang-Mills theory and QCD, Phys. Rev. D 76 126003 (2007) [arXiv:hep-th/0611272].

[26] J. Noronha, M. Gyulassy and G. Torrieri, Constraints on AdS/CFT gravity dual models of heavy ion collisions, arXiv:0906.4099 [hep-ph].

[27] B. Lucini, M. Teper and U. Wenger, Properties of the deconfining phase transition in SU(N) gauge theories, JHEP 0502 (2005) 033 [arXiv:hep-lat/0502003].

[28] A. Bazavov et al., Equation of state and QCD transition at finite temperature, Phys. Rev. D 80 (2009) 014504 [arXiv:0903.4379 [hep-lat]].

[29] D. Bak, A. Karch and L. G. Yaffe, Debye screening in strongly coupled N=4 supersymmetric Yang-Mills plasma, JHEP 0708, (2007) 049 [arXiv:0705.0994 [hep-th]]. J. Noronha, Connecting Polyakov loops to the thermodynamics of SU(N_c) gauge theories using the gauge-string duality, arXiv:0910.1261 [hep-th]; Polyakov loops in strongly-coupled plasmas with gravity duals, arXiv:1001.3155 [hep-th]. J. Alanen et al., Spatial string tension of finite temperature QCD matter in gauge/gravity duality, Phys. Rev. D 80 075017 (2009) [arXiv:0905.2032 [hep-ph]]; A gauge/gravity duality model for gauge theory thermodynamics, arXiv:0911.2114 [hep-ph]. O. Andreev and V. I. Zakharov, The spatial string tension, thermal phase transition, and AdS/QCD, Phys. Lett. B 645 437 (2007)

[arXiv:hep-ph/0607026].

[30] M. Caselle et al., String effects in the 3d gauge Ising model, JHEP 0301 (2003) 057 [arXiv:hep-lat/0211012]; On the effective string spectrum of the tridimensional Z(2) gauge model, JHEP 0601 (2006) 076 [arXiv:hep-lat/0510107]; High precision Monte Carlo simulations of interfaces in the three-dimensional Ising model: A comparison with the Nambu-Goto effective string model, JHEP 0603 (2006) 084 [arXiv:hep-lat/0601023]. M. Panero, A numerical study of confinement in compact QED, JHEP 0505 (2005) 066

[arXiv:hep-lat/0503024]; A numerical study of a confined Q anti-Q system in compact U(1) lattice gauge theory in 4D, Nucl. Phys. Proc. Suppl. 140 665 (2005)

[arXiv:hep-lat/0408002]. F. Gliozzi et al., Random percolation as a gauge theory, Nucl.

Phys. B 719 255 (2005) [arXiv:cond-mat/0502339].