arXiv:hep-ph/0310249 v2 27 Oct 2003

Hadron resonance gas and nonperturbative

QCD vacuum at finite temperature.

N.O. Agasian^∗ and S.M. Fedorov^†

Institute of Theoretical and Experimental Physics, 117218, Moscow, Russia

Abstract

We study the nonperturbative QCD vacuum with two light quarks at finite temperature in the framework of hadron resonance gas. Temperature dependence of the quark and gluon condensates in the confined phase are obtained. We demonstrate that the quark condensate and one half (chromo-electric component) of gluon condensate evaporate at the same temperature, which corresponds to the temperature of quark-hadron phase transition. Critical temperature is T_c ≃ 190 MeV when temperature shift of hadron masses is taken into account.

PACS:11.10.Wx,12.38.Mh

1. As well known, QCD at finite temperature undergoes a phase transition from hadron phase, characterized by confinement and chiral symmetry breaking, to the phase of hot quark-gluon matter. At the critical point T_c where the phase transition occurs the behavior of the thermodynamic properties of the system, such as energy density ε, specific heat, non-ideality (ε − 3P )/T^4, etc., is drastically changed. More than that, the phase transition in QCD is characterized by the radical rearrangement of the non-perturbative quark-gluon vacuum.

Lattice calculations for finite temperature QCD show that the deconfinement and chiral invariance restoration take place at the same temperature, and for the case of two light quarks (N_f = 2) critical temperature is in the interval T_c ∼ 175 ÷ 190 MeV [1, 2]. From the studies of QCD on the lattice and from experimental data on high energy collisions it also follows that energy density of the system at quark-hadron phase transition is of the order of ε_c ∼ 1 ÷ 1.5 GeV/fm^3.

Recently it was demonstrated in the lattice simulations that for gauge SU(3) theory without quarks and for QCD with N_f = 2 electric component of gluon condensate is strongly suppressed above critical temperature T_c, while magnetic component even slightly

∗agasian@heron.itep.ru †fedorov@heron.itep.ru

grows with temperature [3]. Also, gluon condensate at finite temperature in SU(2) lattice gauge theory was studied in the earlier paper [4]. It was shown there that approximately one half of the gluon condensate does not vanish above T_c.

These results are in line with theoretical predictions of the deconfining phase transition within the ”evaporation model” [5] approach. Within the framework of the effective dilaton Lagrangian at finite temperature the temperature dependence of the gluon condensate and it’s discontinuity at T = T_c in pure-glue QCD was studied in [6]. Later in the paper [7] temperature dependence of the gauge invariant bilocal correlator of chromomagnetic fields and spatial string tension σ_s(T ) were found analytically. It was obtained that the chromo-magnetic condensate at T < 2T_c grows slowly as temperature increases, ⟨H^2⟩_T = ⟨H^2⟩_0 coth (M/2T ), where M = 1/ξ_m is the inverse magnetic correlation length, which does not depend on temperature at T < 1.5T_c [3]. In the region T > 2T_c magnetic correlator amplitude grows, ⟨H^2⟩_T ∝ g^8(T )T^4, and correlation length decreases, ξ_m(T ) ∝ 1/(g^2(T )T ), with increasing temperature. This behavior of magnetic correlator [7] explains magnetic confinement in the framework of the stochastic vacuum model. Obtained temperature dependence of the spatial string tension is in perfect agreement with lattice data [8] in all temperature regions.

Recently the connection between deconfining and chiral phase transitions in QCD was studied in [9] in the framework of effective models which take into account Polyakov loops dynamics. Authors discuss that phase transitions take place at the same temperature. Also the deconfining transition in effective model of the Yang-Mills theory with non-order parameter fields was considered in [10].

Thus, taking into account above listed facts, one has to obtain in the framework of single approach that in QCD with N_f = 2 at the critical point T_c ∼ 175÷190 MeV energy density reaches value ε_c ∼ 1 ÷ 1.5 GeV/fm^3, quark condensate ⟨q̄q⟩_T vanishes, and only one half of gluon condensate (chromo-electric component, responsible for the formation of string and confinement) ”evaporates”, which is required to retain magnetic confinement.

In this paper we study temperature properties of quark and gluon condensates in the approach, based on description of the confined phase as hadron resonance gas^1. We demonstrate, that all above listed phenomena can be quantitatively explained in the framework of this approach if one takes into account temperature shift of hadron masses.

2. We will consider QCD with two light quarks. Then, knowing pressure in the hadronic phase, P_h(T ), and making use of Gell-Mann-Oakes-Renner (GOR) relation, one can find the temperature dependence of quark condensate ⟨q̄q⟩_T ⟨q̄q⟩_0 = 1 − 1 F^2_π ∂P_h(T ) ∂m^2_π , (1)

where F_π = 93 MeV is the axial π-meson decay constant. Expression for gluon condensate ⟨G^2⟩_T ≡ ⟨(gG^a_{μν} )^2⟩_T was derived in [12] starting from the renormalization group consideration of anomalous contribution to the energy-momentum tensor in QCD with N_f = 2 at finite temperature. Relation connecting gluon condensate with thermodynamical pressure

1Hadron resonance gas model was proposed by R. Hagedorn [11] for the description of hot stronglyinteracting matter.

in QCD is given by [12]

⟨G^2⟩_T = ⟨G^2⟩_0 +

32π^2 b ( 4 − T ∂ ∂T − m^2_π ∂ ∂m^2_π ) P_h(T ), (2)

where b = 11N_c/3 − 2N_f /3 = 29/3. QCD low energy theorems [13] and GOR relation, which relates mass of light quark to the π-meson mass, were used to derive (2). Connection between trace anomaly and thermodynamic pressure in the chiral limit and in pure-glue QCD was also considered in [14] and [15] correspondingly. Expressions for ⟨q̄q⟩_T and ⟨G^2⟩_T in QCD with N_f = 3 were obtained in [16]. Thus, knowing pressure P_h(T ) as a function of temperature and π-meson mass one can find temperature dependence of quark and gluon condensates in the hadronic phase.

In the framework of the Chiral Perturbation Theory (ChPT) the temperature dependence of the quark condensate was first studied in Refs. [17] and at the three-loop level of ChPT in [18]. Using the virial expansion in a gas made of pions, kaons and etas the temperature dependence of the quark condensate in ChPT in two and three flavor cases was studied in [19].

To describe thermodynamics of QCD in the confined phase we make use of hadron resonance gas model. In this approach all thermodynamic properties of the system are determined by the total pressure of relativistic Bose and Fermi gases, which describe temperature excitations of massive hadrons. The motivation of using this method is that it incorporates all essential degrees of freedom of strongly interacting matter. Moreover, the use of hadron resonances spectrum effectively takes into account interactions between stable particles. Description of multiple particle production in heavy ions collisions in the framework of hadron resonance gas [20] leads to good agreement with experimental data.

Thus, pressure in the confined phase is given by

P_h = T ∑ i g_iη_i ∫ d^3p (2π)^3 ln ( 1 + η_ie^{−ωi/T} ) , ω_i = √ p^2 + m^2_i ,

η_i = { +1, fermions −1, bosons

(3)

where g_i is the spin-isospin degeneracy factor (e.g. g_π = 3, g_N = 8, ...). The energy density ε_h = T ∂P_h/∂T − P_h in the hadronic phase is given by

ε_h = ∑ i g_i ∫ d^3p (2π)^3 ω_i exp(ω_i/T ) + η_i (4)

3. To study condensates in the confined phase quantitatively the knowledge about pressure P_h dependence on light quark mass, or which is the same, on π-meson mass is needed. In the framework of hadron resonance gas model it is equivalent to the knowledge of masses of all resonances as functions of pion mass. This dependence was studied numerically on the lattice, and in the paper [21] five parameters formula, inspired by bag model, was suggested. At the certain choice of parameters it accurately describes masses of all considered by the authors [21] particles

m_i = N_ua_1x √ σ + m_h 1 + a_2x + a_3x^2 + a_4x^3 + a_5x^4 , x ≡ m_π/ √ σ, a_1 = 0.51, a_2 = a_1N_u √ σ/m_h, a_3 = 0.115, a_4 = −0.0223, a_5 = 0.0028. (5)

Here m_h is the physical hadron mass, N_u is the number of light quarks (N_u = 2 for mesons, N_u = 3 for baryons), σ = (0.42 GeV)^2 is the string tension.

Next, it should be taken into account that as temperature increases hadron masses change. In the framework of finite temperature conformally generalized nonlinear sigma model with light and massive hadrons [22] it was shown, that temperature shift of hadron masses can be taken into account by the following substitution

m_h → m_h(χ_T /χ_0), m_π → m_π √ χ_T /χ_0, χ_T /χ_0 = ( ⟨G^2⟩_T /⟨G^2⟩_0 )_{1/4} , (6) where χ is the dilaton field. Different as compared to other particles dependence of πmeson mass is the reflection of it’s goldstone nature. In the chiral limit, m_q → 0, presented relation for the hadron masses is a strict consequence of low-energy QCD theorems. Similar to (6) relations for the shift of nucleon mass were obtained using effective dilaton Lagrangian at finite baryon density [23].

4. Formulas (1)-(6) define thermodynamic properties of the system in hadronic phase and allow to calculate quark and gluon condensates in the whole region of temperatures below T_c.

We take into account all hadron states with masses below 2.5 GeV for mesons and 3.0 GeV for baryons. Altogether it amounts to 2078 states (with degeneracy factors g_i taken into account). It is clear, that at low temperatures T < m_π = 140 MeV main contribution to the thermodynamic quantities will come from thermal excitations of πmesons, since other states are substantially heavier and are exponentially suppressed with Boltsman factor ∝ exp{−m_h/T }. However, a great many of heavy states starts playing important role when T > m_π. In figure 1 pion contribution to the pressure is shown with dash-dotted line. It is seen, that below temperature T = 120 MeV pions give main contribution to the P_h. At higher temperatures main contribution comes from all other hadron states. Figure 1 also shows lattice data [24] for the pressure P_h in QCD with N_f = 2. One can see that in the region T < T_c hadron resonance gas model with the account for temperature mass shift gives good description of pressure as a function of temperature.

In figure 2 energy density ε_h as a function of temperature is presented. Value of 1 GeV/fm^3, corresponding to the estimates for energy density at quark-hadron phase transition, is reached at temperature T ≃ 175 MeV, i.e. in the region of phase transition temperature, as obtained in lattice calculations [25].

Figures 3 and 4 show quark and gluon condensates as functions of temperature. Shaded area in figure 4 corresponds to zero-temperature values of gluon condensate being in the range ⟨G^2⟩_0 = (0.5 ÷ 1.0) GeV^4. It is important that quark condensate goes to zero at the same temperature, where half of gluon condensate evaporates, and if temperature shift of hadron masses is taken into account, this temperature is T ≃ 190 MeV.

T (GeV) p/T^4

Figure 1: Pressure P_h/T^4 as a function of temperature. Solid line – zero temperature hadron spectrum; dashed line – spectrum with temperature shift taken into account, χ_T /χ_0 = 0.84; dash-dotted line – pion excitations only. Dotted line – lattice data [24].

T (GeV) ε_h (GeV/fm^3)

Figure 2: Energy density ε_h as a function of temperature. Solid line – zero temperature hadron spectrum; dashed line – spectrum with temperature shift taken into account, χ_T /χ_0 = 0.84.

⟨q̄q⟩_T /⟨q̄q⟩_0

T (GeV)

Figure 3: Quark condensate ⟨q̄q⟩_T /⟨q̄q⟩_0 as a function of temperature. Solid line – zero temperature hadron spectrum; dashed line – spectrum with temperature shift taken into account, χ_T /χ_0 = 0.84.

⟨G^2⟩_T /⟨G^2⟩_0

T (GeV)

Figure 4: Gluon condensate ⟨G^2⟩_T /⟨G^2⟩_0 as a function of temperature. Solid line – zero temperature hadron spectrum; dashed line – spectrum with temperature shift taken into account, χ_T /χ_0 = 0.84; ⟨G^2⟩_0 = 0.87 GeV^4 [26]. Shaded area – uncertainty due to zero-temperature gluon condensate value (⟨G^2⟩_0 = 0.5 ÷ 1.0 GeV^4).

Strictly speaking, one has to find change of gluon condensate in a self-consistent way with the use of effective dilaton lagrangian at T ≠ 0 and taking into account shift of hadron masses (see [22]). However, numerical calculations show that up to temperatures T ∼ m_π gluon condensate decreases very slowly, and at T = m_π, Δ⟨G^2⟩_T ≈ 0.02⟨G^2⟩_0. As temperature grows, gluon condensates drops abruptly and changes by ∼ 50% in a small temperature region ΔT ∼ 50 MeV. Accordingly, we present calculations with temperature shift of hadron masses being 16% (χ_T /χ_0 = 0.84 ≃ (0.5)^{1/4}). Note, that even if temperature shift of m_h is not taken into account, quark condensate and half of gluon condensate evaporate at the same temperature T ∼ 215 MeV.

5. In the present paper we have studied nonperturbative QCD vacuum with two light quarks at finite temperature in the framework of hadron resonance gas model. We have found temperature dependencies of quark and gluon condensates in the confined phase, and it was shown that quark condensate and one half of gluon condensate (chromo-electric component) evaporate at the same temperature, which corresponds to quark-hadron phase transition. This fact confirms picture of magnetic confinement, i.e. that chromo-electric condensate vanishes, while chromo-magnetic condensates almost does not change at the phase transition [3, 5, 6, 7]. The energy density of hadron resonance gas at transition temperature is ε_h(T_c) ∼ 1.5 GeV/fm^3. When temperature shift of hadrons masses is taken into account critical temperature is T_c ≃ 190 MeV.

This work is supported by NSh-1774.2003.2 grant and by Federal Program of the Russian Ministry of Industry, Science and Technology No 40.052.1.1.1112.

References

[1] F. Karsch, E. Laermann and A. Peikert, Nucl. Phys. B 605, 579 (2001).

[2] Y. Nakamura, V. Bornyakov, M.N. Chernodub, Y. Koma, Y. Mori, M.I. Polikarpov, G. Schierholz, A. Slavnov, H. Stuben, T. Suzuki, P. Uvarov, A.I. Veselov, hep-lat/0309144.

[3] M. D’Elia, A. Di Giacomo and E. Meggiolaro, Phys. Rev. D 67, 114504 (2003).

[4] S. H. Lee, Phys. Rev. D 40, 2484 (1989).

[5] Y. A. Simonov, JETP Lett. 55, 627 (1992); Phys. Atom. Nucl. 58, 309 (1995).

[6] N. O. Agasian, JETP Lett. 57, 208 (1993).

[7] N. O. Agasian, Phys. Lett. B 562, 257 (2003).

[8] G. S. Bali, J. Fingberg, U. M. Heller, F. Karsch and K. Schilling, Phys. Rev. Lett.

71, 3059 (1993); G. Boyd, J. Engels, F. Karsch, E. Laermann, C. Legeland, M. Lutgemeier and B. Petersson, Nucl. Phys. B 469, 419 (1996).

[9] A. Mocsy, F. Sannino and K. Tuominen, hep-ph/0308135; Y. Hatta and K. Fukushima, hep-ph/0307068.

[10] F. Sannino, Phys. Rev. D 66, 034013 (2002); A. Mocsy, F. Sannino and K. Tuominen, Phys. Rev. Lett. 91, 092004 (2003); hep-ph/0306069; hep-ph/0310078; hep-ph/0310177.

[11] R. Hagedorn, Nuovo Cim. Suppl. 3, 147 (1965).

[12] N. O. Agasian, Phys. Lett. B 519, 71 (2001); JETP Lett. 74, 353 (2001). [13] V. A. Novikov, M. A. Shifman, A. I. Vainshtein, V. I. Zakharov, Nucl. Phys. B191, 301 (1981); Sov. J. Part. Nucl. 13, 224 (1982);

[14] H. Leutwyler, “Deconfinement And Chiral Symmetry,” Prepared for Workshop on QCD: 20 Years Later, Aachen, Germany, 9-13 Jun 1992.

[15] I. T. Drummond, R. R. Horgan, P. V. Landshoff and A. Rebhan, Phys. Lett. B 460 (1999) 197; P. J. Ellis, J. I. Kapusta and H. B. Tang, Phys. Lett. B 443 (1998) 63.

[16] N. O. Agasian, hep-ph/0212392 (Phys. Atom. Nucl., in press) [17] J. Gasser and H. Leutwyler, Phys. Lett. B184, 83 (1987); Phys. Lett. B188, 477 (1987).

[18] H. Leutwyler, Nucl. Phys. B (proc. Suppl.) 4, 248 (1988); P. Gerber and H.

Leutwyler, Nucl. Phys. B321, 387 (1989).

[19] A. Dobado and J. R. Pelaez, Phys. Rev. D 59, 034004 (1999); J. R. Pelaez, Phys.

Rev. D 66, 096007 (2002).

[20] P. Braun-Munzinger, D. Magestro, K. Redlich and J. Stachel, Phys. Lett. B 518, 41 (2001); J. Cleymans and K. Redlich, Phys. Rev. C 60, 054908 (1999); Phys. Rev. Lett. 81, 5284 (1998); F. Becattini, J. Cleymans, A. Keranen, E. Suhonen and K. Redlich, Phys. Rev. C 64, 024901 (2001).

[21] F. Karsch, K. Redlich and A. Tawfik, Eur. Phys. J. C 29, 549 (2003). [22] N. O. Agasian, D. Ebert and E.–M. Ilgenfritz, Nucl. Phys. A 637, 135 (1998). [23] N. O. Agasian, B. O. Kerbikov and V. I. Shevchenko, Phys. Rept. 320, 131 (1999). [24] F. Karsch, E. Laermann and A. Peikert, Phys. Lett. B 478, 447 (2000). [25] Review on lattice thermodynamics, F. Karsch, Lect. Notes Phys. 583, 209 (2002). [26] S. Narison, Phys. Lett. B387, 162 (1996).