arXiv:nucl-th/0411103 v1 26 Nov 2004

International Journal of Modern Physics A © World Scientific Publishing Company

A quark meson coupling model with density- and temperaturedependent quark masses

Wei Liang Qian^∗ Department of Physics, Fudan University, Shanghai 200433, P.R.China

Ru-Keng Su^† Department of Physics, Fudan University, Shanghai 200433, P.R.China

Received (Day Month Year) Revised (Day Month Year)

Based on the quark mass density- and temperature- dependent model we suggest a model for nuclear matter where the meson field is introduced to be directly coupled to the quarks. The dynamic formation of the nucleon bag, the saturation properties of nuclear matter as well as equation of state for this model are studies.

Keywords: Quark Meson Coupling; Dynamic Confinement; Nuclear Matter.

Relativistic calculation of infinite nuclear matter as well as neutron matter plays an important role in nuclear physics. The quantum hadrodynamics(QHD) models1 based on baryon and meson degress of freedom form a reasonable starting point for the study of bulk as well as single-particle properties of nuclei. However, quantum chromodynamics(QCD) is believed to be essential in the study of nuclear phenomena from the quark structure of nucleon. It is also popular to describe nucleon, hyperon or strangelet in terms of bag models.

The quark mass density- and temperature- dependent model(QMDTD) is an extension of the original quark mass density- dependent model(QMDD)2. While the latter can almost reproduce the properties of quark matter obtained by the MIT bag model3, but it meets many difficulties when we extend this model to finite temperature4. Based on Frieberg-Lee soliton bag models5, it is recognized that the bag constant B decreases with increasing temperature. It becomes zero and the nontopological solition solution dissappears at the phase transition point T_c. This dynamic deconfinement mechanism is incorporated in the QMDTD model by introducing an ansatz B = B(T ) = B_0[1 − a(T /T_c) + b(T /T_c)^2], where B_0 is the vacuum energy density inside the bag at zero temperature , T_c = 170M eV is the critical temperature of quark deconfinement phase transition, and a, b are two

∗wlqian@fudan.edu.cn †rksu@fudan.ac.cn 1

2 Wei Liang Qian and Ru-Keng Su

adjust parameters. In our previous papers4, we have investigated the properties of strange matter and strangelets by using the QMDTD model.

Since the quarks in QMDTD model do not interact with each other, one can not directly employ this model to investigate the bulk properties of hadronic system. Many years ago, the quark-meson coupling(QMC)6 model was proposed to describe nucleon and nuclear matter. In this model, baryon matter is consisting of nonoverlapping MIT bags bound by the self-consistent exchange of mesons in the mean field approximation. The quarks are confined in the nucleon bag by the boundary condition. Inspiring by the QMC model, one can also incorporate the quark-meson coupling mechanism in the QMDTD model, and employ this model to investigate the nuclear matter.

The present work evolves from an attempt to extend the QMDTD model to describe infinite nuclear matter at zero temperature by introducing the explicit quark meson coupling in the same way as that of the QMC model. The major difference between the present treatment and the QMC model is that our model is based on Fridberg-Lee non-topological soliton model and QMC model is based on the MIT bag model.

In the QMDTD model, the masses of u, d quarks (and the corresponding antiquarks) are given by 4

m_q = B(T ) 3n_B (1) where n_B is the baryon number density, B(T ) is the vacuum energy density.

The quark meson coupling is introduced in the similar way resembling that of QMC model6. Let σ̄ and ω̄ be the mean field values for the scalar field σ and time component of vector field ω, respectively. The effecitve quark mass m^∗_q is defined as

m^∗_q = m_q − V_σ = m_q − g^q_σσ̄ (2)

The energy of the nucleon bag is E_{Bag} = ∑ q E_q = − ∑ q V ∫_kq_F 0 dN_q(k) dk ε_q (k)dk (q = u, d) (3)

where ε_q (k) = √ m^{∗2}_q + k^2 is the single particle energy, V_σ = g^q_σσ̄ and V_ω = g^q_ωω̄

with the quark-meson coupling constants, g^q_σ and g^q_ω,^{dNq (k)}_{dk} is the density of states7 for various flavor quarks and k^q_F is the Fermi momentum for quarks. The stability condition for the bag radius R thus reads δE_{Bag} δR = 0. (4)

The total energy per nucleon at the nuclear density ρ_B is given by E_{tot} = ∑ i 2 ρ_B (2π)^3 ∫_{kF} 0 d^3k √ M^{∗2}_i + k^2 + g^2_ω 2m^2_ω ρ_B + m^2_σ 2ρ_B σ̄^2 (5)

A quark meson coupling model with density- and temperature- dependent quark masses 3

m_σ and m_ω are the mass for σ and ω mesons respectively, the effective mass of nucleon is defined as the bag energy E_{bag}, n_i are the baryon densities for proton and neutron, ρ_B is the total baryon density and k_F is the Fermi momentum for the nucleons. The ω mean field is determined by

ω̄ = V_ω g^q_ω = g_ωρ_B m^2_ω (6) where we have defined that the couplings between nucleon and mesons are g_σ = 3g^q_σ and g_ω = 3g^q_ω. The scalar mean field σ̄ is determined by self-consistency condition6: σ̄ = − 2 m^2_σ (2π)^3 ∑ i ∫_{kF} 0 d^3k M^∗_i √ M^{∗2}_i + k^2 ( ∂M^∗_i ∂σ ) R (7)

Now we are in a position to present numerical results. At zero temperature, the result is irrelevant to the values of a and b.4 We take B_0 = 173M eV fm^{−3} to fix the mass of nucleon to be 939M eV . In Fig.1, the saturation curve for symmetric nuclear matter is depicted, where we have choosen the values of g^q_σ and g^q_ω to reproduce the binding energy E = −16M eV at ρ_B = 0.15fm^{−3} for symmetric nuclear matter at saturation point when T = 0K, and find

g^2_σ 4π = 14.4, g^2_ω 4π = 3.39 (8)

The corresponding equation of state(EOS) for symmetric nuclear matter is given in Fig.2. The coupling constants between quark and mesons and some calculated quantities such as the effective nuclear mass(M^∗), compressibility(K), bag radius(R) and its relative modification (with respect to its value at zero density) of nuclear matter at saturation density are listed in Table 1. To make a comparison, we also enumerate the results obtained by the QMC model in Table 1. It is found that these quantities of nuclear matter in our present model differ not very much from those of the QMC model.

In summary, we have proposed a possible nuclear matter saturation mechanism based on the QMDTD model. We follow the QMC model to introduce the quark meson couping under mean field approximation which provide a reasonable description for nuclear matter.

Table 1. Comparison of calculated quantities in QMDTD and QMC models.

g^2_σ /4π g^2_ω /4π M^∗ K R_0^{δR}_{R0}

QMC 22.0 1.14 851 200 N/A -0.02 QMDTD 14.4 3.39 802 229 0.86 0.08

November 26, 2004 1:55 WSPC/INSTRUCTION FILE qmc2

4 Wei Liang Qian and Ru-Keng Su

Fig. 1. Fig.1 Energy per baryon density versus nuclear density in symmetric nuclear matter at T = 0M eV . Fig.2 Pressure as a function of baryon density(EOS) for symmetric nuclear matter at T = 0M eV Acknowledgments

This work is supported in part by NNSF of China under No.10375013, 10347107, 10405008, 10247001, 10235030, National Basic Research Program of China 2003CB716300, and the Foundation of Education Ministry of China 20030246005.

References 1. B.D. Serot and J.D. Walecka, Advan. Nucl. Phys. vol. 16 (1986) 1, Edited by J.W.

Negele and E. Vogt, Plenum Press 2. G.N. Fowler, S. Raha and R.M Weiner, Z. Phys. C9 (1981) 271 3. O.G. Benrenuto and G. Lugones, Phy. Rev. D51 (1995) 1989; G. Lugones and O.G.

Benrenuto, Phy. Rev. D52 (1995) 1276 4. Y. Zhang, R.K. Su, S.Q. Ying, and P. Wang, Europhys. Lett. 56 (2001) 361; Y. Zhang and R.K. Su, Phys. Rev. C 65 (2002) 035202; Y. Zhang and R.K. Su, Phys. Rev. C 67 (2003) 015202 Y. Zhang and R.K. Su, Mod. Phys. Lett A18 (2003) 143 Y. Zhang and R.K. Su, Jour. Phys. G30 (2004) 811 5. T.D. Lee, Particle Physics and Introduction to Field Theory, (harwood Academic, Chur, 1981) 6. P.A.M. Guichon, Phys. Lett. B200 (1988) 235 K. Saito and A.W. Thomas, Phys. Lett.

B327 (1994) 9 H.Q. Song and R.K. Su, Phys. Lett. B358 (1995)179 X. Jin and B.K. Jennings, Phys. Rev. C54 (1996) 1427 7. Y. Zhang, W.L. Qian, S.Q. Ying, and R.K. Su, J. Phys. G27 (2001) 2241