arXiv:1303.6300v1 [hep-ph] 25 Mar 2013

UWO-TH-13/4

Cavitation effects on the confinement/deconfinement transition

Alex Buchel,^{1, 2} Xián O. Camanho,^3 and José D. Edelstein^{3, 4} 1Perimeter Institute for Theoretical Physics, Waterloo, Ontario N2J 2W9, Canada 2Department of Applied Mathematics, University of Western Ontario London, Ontario N6A 5B7, Canada 3Department of Particle Physics and IGFAE, University of Santiago de Compostela E-15782 Santiago de Compostela, Spain 4Centro de Estudios Científicos CECs, Av. Arturo Prat 514, Valdivia, Chile

Cavitation is a process where the viscous terms in a relativistic fluid result in reducing the effective pressure, thus facilitating the nucleation of bubbles of a stable phase. The effect is particularly pronounced in the vicinity of the (weak) first-order phase transition. We use the holographic correspondence to study cavitation in strongly coupled planar cascading gauge theory plasma close to confinement phase transition. While in this particular model the shift of the deconfinement temperature due to cavitation does not exceed 5%, we speculate that cavitation might be important near the QCD critical point.

PACS numbers: 11.25.Tq, 12.38.Mh, 25.75.Nq

Introduction.— Hydrodynamics is a universal framework to describe strongly coupled systems at energy scales much lower than their characteristic microscopic scales (masses, temperature, etc). The basic hydrodynamic equation is that of the conservation of the stress-energy tensor

∇_μT^{μν} = 0 . (1)

For an ideal relativistic fluid the stress-energy tensor takes the form T^{μν}_{ideal} = E u^μu^ν + P Δ^{μν} , (2) where E and P are the energy density and pressure,

Δ^{μν} = g^{μν} + u^μu^ν ,

and u^μ is the fluid four-velocity, normalized so that u_μu^μ = −1. The leading viscous corrections are parameterized by the fluid shear η and bulk ζ transport coefficients in the viscous tensor Π^{μν} : T^{μν} = T^{μν}_{ideal} + Π^{μν} , (3) Π^{μν} = −η σ^{μν} − ζ ∇u Δ^{μν} , (4) where ∇u ≡ ∇_αu^α, and we have adopted σ^{μν} = ( Δ^{μλ}∇_λu^ν + Δ^{νλ}∇_λu^μ ) − 2 3 ∇u Δ^{μν} . (5)

Assuming that the relevant microscopic scale is the temperature, leading hydrodynamic approximation is valid provided |∇_μu^ν | T ≪ 1 , (6)

otherwise, higher-order gradients (typically infinitely many of them) must be included [1–3].

It is easy to see that viscous terms tend to reduce the pressure [4]. For example, for fluids comoving in an expanding background such as an FRW metric,

ds^2_4 = −dt^2 + a(t)^2(d⃗x)^2 , (7)

we find σ^{μν} | |_{FRW} = 0 , ∇u | |_{FRW} = 3 ȧ a , (8)

resulting in an isotropic effective pressure

P^{eff} = P − ζ ∇u . (9)

In the case of a boost invariant fluid expansion, the pressure is no longer isotropic [2]:

P^{eff}_⊥ = P + 2η − 3ζ 3τ , P^{eff}_ξ = P −

4η + 3ζ 3τ , (10)

where_⊥ and_ξ are the transverse and longitudinal directions of the boost invariant expansion^1, and τ is the proper time. Notice that in this case the spatially averaged pressure,

(_2 3 P_⊥ +^1_3 P_ξ ) still takes the form (9). In what follows, we take the trace-averaged form (9) as a generic expression for the effective pressure.

Consider now a system which, in thermal equilibrium, can exist in one of the two phases A or B. A first-order phase transition between these phases implies the existence of a critical temperature T_c, such that P_A > P_B for T > T_c, and P_A < P_B otherwise. The phase with the higher pressure is thermodynamically favored, and the transition at T = T_c proceeds through nucleation of bubbles of a stable phase. If the system flows, the relevant pressure determining the stability of a phase is the effective one: P^{eff}_{A/B} = P_{A/B} − ζ_{A/B} ∇u . (11)

1 Such expansion is conveniently described changing variables from (t, z) to (τ, ξ): τ = √ t^2 − z^2, ξ = arctanh^z_t .

Close^2 to T_c, P_{A/B} = P_c + S_{A/B} (T − T_c) + O ( (T − T_c)^2 ) , (12)

where S_{A/B} are the entropy densities of the corresponding phases. Thus, viscous hydrodynamics effects would shift the transition temperature according to |δT_c| T_c ∼ |ζ_A − ζ_B | |S_A − S_B | |∇u| T_c ≲ |ζ_A − ζ_B | |S_A − S_B | , (13)

where the upper bound is enforced from the consistency of truncating hydrodynamics at the first order in the velocity gradients, see (6). Notice that cavitation affects the transition temperature the more weakly the firstorder transition is (the smaller the difference between S_{A/B} is), and the larger the bulk viscosity difference of the two phases at T_c is.

Ideally, we would like to evaluate (13) for QCD close to confinement/deconfinement transition. While the recent lattice results provide a reliable equation of state^3 [5], rather than doing it from first principles, one has to rely on various models to evaluate transport coefficients of gauge theory plasma at strong coupling [6–10]. In what follows we present the first self-consistent estimate of (13) for a strongly coupled gauge theory plasma.

Cascading gauge theory.— Consider [11] N = 1 fourdimensional supersymmetric SU(K + P ) × SU(K) gauge theory with two chiral superfields A_1, A_2 in the (K + P, K) representation, and two fields B_1, B_2 in the (K + P , K). This gauge theory has two gauge couplings g_1, g_2 associated with two gauge group factors, and a quartic superpotential

W ∼ tr (A_iB_j A_kB_ℓ) ϵ^{ik}ϵ^{jℓ} . (14)

The theory is not conformal, and develops a strong coupling scale Λ through dimensional transmutation of the gauge couplings. In the UV/IR it undergoes the cascade of Seiberg [12] dualities with K → K ± P . The net result of the duality cascade is that the rank K of the theory becomes dependent on the scale E at which the theory is probed [13]:

K → K_{eff} (E) ≈ 2P^2 ln E Λ , E ≫ Λ . (15)

While not QCD, the theory shares some of the IR features of the latter: when K is an integer multiple of P , the cascade ends in the IR with SU(P ) supersymmetric Yang-Mills theory which confines with spontaneous breaking of the chiral symmetry. Cascading gauge theory is always strongly coupled in the UV. In the planar

2 We use the first law of thermodynamics dF = −dP = −S dT . 3 At least at vanishing baryon chemical potential.

PSfrag replacements

FIG. 1: (Colour online) The ratio of the bulk viscosity ζ to the entropy density S in cascading gauge theory plasma (solid curve) and the bulk viscosity bound [9] (dashed). The dashed vertical line denote the critical temperature Tc of the confinement/deconfinement phase transition.

limit and for large ’t Hooft coupling of the IR SU(p) factor, the theory is strongly coupled along its full RG flow, and thus can be studies using its holographic dual [11]. We focus on the cascading gauge theory in the regime where the holographic description is reliable.

Thermodynamics of the cascading gauge theory plasma has been studied extensively in the past [14–16]: cascading gauge theory plasma simultaneously undergoes (first-order) confinement and the chiral symmetry breaking at T_c = 0.6141111(3)Λ; at a slightly lower temperature T_{χsb} = 0.882503(0)T_c the deconfined phase becomes unstable towards spontaneous development of a chiral condensate, finally, at T_u = 0.8749(0)T_c, the deconfined phase of the theory approaches a critical point with a divergent specific heat [10]. The shear viscosity of the plasma is universal for all phases and at all temperatures [17], η S = 1 4π . (16)

The bulk viscosity of the theory is technically difficult to compute — so far it is known only to the fourth order in the high temperature expansion, ( ln^T_Λ )_{−1} [15], which is not enough to determine its value at the critical point T_c. We use Eling-Oz formula [18, 19] to compute bulk viscosity of the deconfined phase of the cascading gauge theory over all temperature range. The results are presented in Fig. 1. We find ζ S | | | |_{T =Tc} = 0.04(8) . (17)

Besides, the bulk viscosity bound [9] is respected all across the phase transition.

We can now address the question whether or not cavitation is expected to affect the temperature of the deconfinement transition in cascading plasma. Here, the phase A of a fluid is the deconfined phase of the plasma, and B is the confined phase. Since in the planar limit both the transport coefficients and the entropy density are suppressed, we obtain combining (13) and (17) |δT_c| T_c ≲ ζ_A S_A = 0.04(8) . (18)

Discussion.— In this Letter we asked to which extent cavitation in confining gauge theories affects the critical temperature of the confinement/deconfinement transition. We used the specific example of a cascading gauge theory to argue that in the planar limit and at strong coupling the effect is small. It is reasonable to expect that the result is universal as it reflects the fact that large-N phase transitions are typically strong (as opposite to weak) first-order, and that the bulk viscosity at the critical point remains finite. Some phenomenological models suggest [8] that QCD bulk viscosity might diverge at the critical point of the T − μ_B phase diagram. Since the QCD critical point [20] separates the line of first-order phase transitions (at large chemical potential) from crossovers (at low chemical potential), both of these effects tend to increase |δT_c|/T_c.

Acknowledgements.— We wish to thank Ofer Aharony, Rob Myers and Aninda Sinha for valuable discussions. AB is supported by the NSERC through Discovery Grant. AB thanks University of Santiago de Compostela for hospitality while this work was completed. Research at Perimeter Institute is supported through Industry Canada and by the Province of Ontario through the Ministry of Research & Innovation. The work of XOC and JDE is supported in part by MICINN and FEDER (grant FPA2011-22594), by Xunta de Galicia (Consellería de Educación and grant PGIDIT10PXIB206075PR), and by the Spanish Consolider-Ingenio 2010 Programme CPAN (CSD2007-00042). XOC thanks the Perimeter Institute for hospitality at the initial stages of this work. He is supported by a Spanish FPU fellowship and thankful to the Front of Galician-speaking Scientists for encouragement. The Centro de Estudios Científicos (CECs) is funded by the Chilean Government through the Centers of Excellence Base Financing Program of Conicyt.

[1] A. Muronga, “Second order dissipative fluid dynamics for ultrarelativistic nuclear collisions,” Phys. Rev. Lett. 88, 062302 (2002) [Erratum-ibid. 89, 159901 (2002)] [nucl-th/0104064].

[2] A. Muronga, Phys. Rev. C 69, 034903 (2004) [nucl-th/0309055].

[3] R. Baier, P. Romatschke, D. T. Son, A. O. Starinets and M. A. Stephanov, JHEP 0804, 100 (2008) [arXiv:0712.2451 [hep-th]].

[4] K. Rajagopal and N. Tripuraneni, “Bulk Viscosity and Cavitation in Boost-Invariant Hydrodynamic Expansion,” JHEP 1003, 018 (2010) [arXiv:0908.1785 [hepph]].

[5] S. Borsanyi, G. Endrodi, Z. Fodor, A. Jakovac, S. D. Katz, S. Krieg, C. Ratti and K. K. Szabo, “The QCD equation of state with dynamical quarks,” JHEP 1011, 077 (2010) [arXiv:1007.2580 [hep-lat]].

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

[7] A. Buchel, R. C. Myers and A. Sinha, “Beyond eta/s = 1/4 pi,” JHEP 0903, 084 (2009) [arXiv:0812.2521 [hepth]].

[8] 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]].

[9] A. Buchel, “Bulk viscosity of gauge theory plasma at strong coupling,” Phys. Lett. B 663, 286 (2008) [arXiv:0708.3459 [hep-th]].

[10] A. Buchel and C. Pagnutti, “Transport at criticality,” Nucl. Phys. B 834, 222 (2010) [arXiv:0912.3212 [hepth]].

[11] I. R. Klebanov and M. J. Strassler, “Supergravity and a confining gauge theory: Duality cascades and chiSBresolution of naked singularities,” JHEP 0008, 052 (2000) [arXiv:hep-th/0007191].

[12] N. Seiberg, “Electric - magnetic duality in supersymmetric nonAbelian gauge theories,” Nucl. Phys. B 435, 129 (1995) [arXiv:hep-th/9411149].

[13] A. Buchel, “Finite temperature resolution of the Klebanov-Tseytlin singularity,” Nucl. Phys. B 600, 219 (2001) [arXiv:hep-th/0011146].

[14] O. Aharony, A. Buchel and P. Kerner, “The black hole in the throat - thermodynamics of strongly coupled cascading gauge theories,” Phys. Rev. D 76, 086005 (2007) [arXiv:0706.1768 [hep-th]].

[15] A. Buchel, “Hydrodynamics of the cascading plasma,” Nucl. Phys. B 820, 385 (2009) [arXiv:0903.3605 [hepth]].

[16] A. Buchel, “Chiral symmetry breaking in cascading gauge theory plasma,” Nucl. Phys. B 847, 297 (2011) [arXiv:1012.2404 [hep-th]].

[17] A. Buchel and J. T. Liu, “Universality of the shear viscosity in supergravity,” Phys. Rev. Lett. 93, 090602 (2004) [arXiv:hep-th/0311175].

[18] C. Eling and Y. Oz, “A Novel Formula for Bulk Viscosity from the Null Horizon Focusing Equation,” JHEP 1106, 007 (2011) [arXiv:1103.1657 [hep-th]].

[19] A. Buchel, “On Eling-Oz formula for the holographic bulk viscosity,” JHEP 1105, 065 (2011) [arXiv:1103.3733 [hep-th]].

[20] M. A. Stephanov, “QCD phase diagram and the critical point,” Prog. Theor. Phys. Suppl. 153, 139 (2004) [Int. J. Mod. Phys. A 20, 4387 (2005)] [hep-ph/0402115].