arXiv:nucl-th/0011084 23 Nov 2000

The nucleon and mesons effective masses in the Relativistic Mean-Field Theory

Ryszard Mańka § and Ilona Bednarek

Institute of Physics, Silesian University, Uniwersytecka 4, 40-007 Katowice, Poland.

Abstract. The nucleon and meson effective masses in the nonlinear Relativistic Mean-Field Theory (RMF) introducing a ω � ρ coupling is explored. It is shown that, in contrast to the usual Walecka model, not only the effective nucleon mass m_{eff,N} but also the effective ρ meson mass m_{eff,ρ} and the effective ω meson mass m_{eff,ω} are nucleon density dependent.

PACS numbers: 24.10.Cn, 24.10.Jv, 21.30.Fe

Submitted to: J. Phys. G: Nucl. Phys.

x manka@us.edu.pl

1. Introduction

Relativistic mean-field theory seems to be a powerful tool in describing various aspects of nuclear structure [1, 2, 3]. This theory provides an elegant and economical framework, in which properties of nuclear matter [4, 5], finite nuclei and neutron star, as well as the dynamics of heavy-ion collisions, can be calculated. Compared to conventional nonrelativistic approaches, relativistic models explicitly include mesonic degrees of freedom and describe the nucleons as Dirac quasiparticles. Moreover, the spin-orbit interaction arises naturally from the Dirac-Lorenz structure of the effective Lagrangian. Nucleons interact in a relativistic covariant manner through the exchange of virtual mesons: the isoscalar scalar σ-meson, the isoscalar vector ω-meson, and the isovector vector ρ-meson. The model is based on the one-boson exchange description of the nucleon-nucleon interaction.

The effective meson mass in nuclear medium is one of the most interesting problems in intermediate energy physics.

2. Effective vector meson masses in nuclear medium.

The RMF theory is effective ones, as coupling constants are determined by the bulk properties of nuclear matter such as saturation density, binding energy, compressibility and the symmetry energy. The starting point is the effective Lagrangian density [6, 7]. The fields of the model RMF for σ, ω and ρ-mesons are denoted as φ, ω_μ, ρ_μ. The Lagrange density function for this model has the following form L = 1 2 ∂_μφ∂^μφ − U(φ) − 1 4 Ω_{μν} Ω^{μν} + 1 2 M^2_ω ω_μω^μ + 1 4 c_3(ω_μω^μ)^2 + (1) − 1 4 R^a_{μν} R^{aμν} + 1 2 M^2_ρ ρ^a_μρ^{aμ} + Λ_v(g_ρg_ω)^2(ω_μω^μ)(ρ^a_μρ^{aμ}) + − 1 4 F_{μν} F^{μν} + iψγ^μD_μψ − ψ(M − g_sφ)ψ (2) where

R^a_{μν} = ∂_μρ^a_ν − ∂_νρ^a_μ + gε_{abc}ρ^b_μρ^c_ν (3)

Ω_{μν} = ∂_μω_ν − ∂_ν ω_μ (4)

F_{μν} = ∂_μA_ν − ∂_νA_μ (5)

D_μ = ∂_μ + 1 2 ig_ρρ^a_μτ^a + ig_ωω_μ + iQ_eA_μ (6)

The potential is given by U(φ) = 1 2 m^2_sφ^2 + 1 3 g_2φ^3 + 1 4 g_3φ^4 (7)

The potential function U(φ) possesses a polynomial form introduced by Boguta and Bodmer [8] in order to get a correct value of the compressibility K of nuclear matter at saturation density. The fermion fields are composed from protons, neutrons, electrons and neutrinos ψ = ( ψ_n ψ_p ) (8) The nucleon mass is denoted by M whereas m_s, M_ω, M_ρ are masses assigned to the meson fields. The parameters entering the Lagrangian function (1) are the coupling constants g_ω, g_ρ, g_σ (Table 2) and e^2/4π = 1/137 for vector mesons and photon and the self-interacting coupling constants g_2 and g_3, respectively. The Lagrangian includes also two nonlinear term 1 4 c_3(ω_μω^μ)^2 + Λ_v(g_ρg_ω)^2(ω_μω^μ)(ρ^a_μρ^{aμ})

which affects remarkably on nucleons. The first term was proposed by Bodmer in order to achieve good agreement with the Dirac-Brückner [9] calculations at high densities. The last term allow us to change the density dependence of the symmetry energy [10]. Thus coupling causes the change in the density dependence of the ρ field. This will modify the density dependence of the rho mean field (4) and this could change the neutron-skin thickness. This effect is observed in the Parity Radius Experiment (PREX) at the Jefferson Laboratory which aims to measure the neutron radius in^{208}Pb via parity violating electron scattering [11].

The Euler equation for Φ_A = {φ, ω_μ, ρ_μ,ψ} fields are

2φ = m^2_sφ + g2φ^2 + g3φ^3 − gsψψ (9)

− ∂_μΩ^{μν} = M^2_ωω^ν + c_3(ω_μω^μ)ω^ν + 2Λ_v(g_ωg_ρ)^2(ρ^a_μρ^{aμ})ω^ν − g_ωJ^ν_B (10)

where J^ν_B = ψγ^ν ψ (11) is the baryon current.

− D_μR^{μν,a} = M^2_ρ ρ^{ν,a} + 2Λ_v(g_ωg_ρ)^2(ω_μω^μ)ρ^{aν} − g_ρJ^ν_3 (12) and J^ν_3 = 1 2 ψγ^ν τ^3ψ (13)

is the isospin current. The the Maxwell equations are −∂_μF^{μν} = −e J^ν with the electric current J^ν = 1 2 ψγ^ν Q_eψ (14)

In the system we have conservation of baryon charge

Q_B = ∫ d^3xψ^+ψ = ∫ d^3x(ψ^+_n ψ_n + ψ^+_p ψ_p),

the isospin charge

Q_3 = 1 2 ∫ d^3xψ^+σ^3ψ = 1 2 ∫ d^3x(ψ^+_n ψ_n − ψ^+_p ψ_p) and the electric charge Q = ∫ d^3xψ^+Q_eψ = ∫ d^3xψ^+_p ψ_p , Q_e = 1 2 (I − τ^3) = ( 0 0 0 1 ) . Finally, the last is the Dirac equation iγ^μD_μψ − (M − g_sφ)ψ = 0. (15) The physical system is totally defined by the thermodynamic potential[12] Ω = −kT lnT r(e�^{β(H}�^{μQ}B�^{μ3Q3)}) (16) where H is the Hamiltonian of the physical system H = ∑ A ∫ d^3x{∂_0Φ_Aπ^A_Φ − L} (17)

and π^A =^∂L_{∂(∂0Φ}A_) is a momentum connected to the field Φ_A. The fields Φ_A = {φ, ω_μ, ρ_μ,ψ} denote all fields in the system. The averaged charges ∂Ω ∂μ = − < Q_B >, ∂Ω ∂μ_3 = − < Q_3 > (18) can be obtained from the thermodynamic potential, of course they should be conserved. In this paper we shall use the effective potential approach build using the Bogolubov inequality [13] (see more details in [14]) Ω ≤ Ω_1 = Ω_0(m_{eff} )+ < H − H_0 >_0 (19) Ω_0 is the thermodynamic potential of the trial system as effectively free quasiparticle system described by the Lagrange function L_0(m_{eff} ) = 1 2 ∂_μφ∂^μφ − 1 2 m^2_{eff,σ}φ^2 − 1 4 G^a_{μν} G^{aμν} − 1 4 Ω_{μν} Ω^{μν} + 1 2 m^2_{eff,ω}ω_μω^μ + 1 2 m^2_{eff,ρ}ρ^a_μρ^{aμ} + ψ(iγ^μD_μ − m_{eff,N} )ψ (20) Similar to the general case G^a_{μν} = ∂_μρ^a_ν − ∂_ν ρ^a_μ and Ω_{μν} = ∂_μω_ν − ∂_ν ω_μ.

We decompose the Φ_A field into two components, the effectively free quasiparticle field Φ̃_A and the classical boson condensate ξ_A Φ_A = Φ̃_A + ξ_A (21) In the case of the RMF model we have φ = φ + σ (22) ω_μ = ω_μ + w_μ, w_μ = δ_{μ,0}w (23) ρ^a_μ = ρ^a + r^a_μ, r^a_μ = δ^{a,3}δ_{μ,0} r (24)

Figure 1. Nucleon effective mass m_{eff,N} = M δ(x) = M � g_sσ as the function of the baryon density n_B (fm�^3).

The ξ_A = {σ, w, r} field will be treated as the variational parameters in the effective potential. Also the boson and fermion mass m_B, m_F will be treated as as the variational parameters. The covariant derivative for the trial system is

D_μ = ∂_μ + 1 2 ig_ρr^a_μτ^a + ig_ωw_μ (25)

This introduce the homogenous fermion interaction with boson condensate w_μ, r^a_μ. The fermion quasiparticle will obey the Dirac equation (iγ^μ D_μ − m_F )ψ = 0 (26) Variation ∂f_1 ∂m^2_{eff,σ} = 0, ∂f_1 ∂m^2_{eff,ω} = 0, ∂f_1 ∂m^2_{eff,ρ} = 0, ∂f_1 ∂m_{eff,F} = 0 with respect to the trial system L_0 gives m^2_{eff,σ} = m^2_s + 3g_3 < φ^2 >_0, (27)

m^2_{eff,ω} = M^2_ω + 3c_3(w^2+ < ω_μω^μ >_0) + 2Λ_v(r^2+ < ρ^a_μρ^{aμ} >_0) (28)

m^2_{eff,ρ} = M^2_ρ + 2Λ_v(w^2+ < ω_μω^μ >_0) (29) m_{eff,N} = Mδ = M − g_sσ. (30) In the global homogeneous equilibrium the free energy reaches the minimum at σ. The nucleon effective mass m_{eff,N} dependence on the baryon density n_B is presented on the Fig. 1. The meson effective mass is presented in Fig. 2. The density of the symmetry energy ε_s = E_s/n_B can be calculated by taking into account the role of the ρ meson field in the energy of the system

E_s = 1 2 M^2_ρ r^2 + 3Λ_v(g_ρg_ω)^2w^2r^2

Figure 2. The mesons ω and ρ effective mass as the function of the baryon density n_B (fm�3).

Figure 3. The symmetry energy E_s as the function of the baryon density n_B (fm�^3).

The static homogeneous solution for ρ field r = g_ρ m^2_{eff,ρ} Q_3 = g_ρn_B 2m^2_{eff,ρ} δ δ = (n_n − n_p)/n_B is presented in Fig. 4. The symmetry energy

ε_s = δ^2V_2(n_B) = g^2_ρn_B 8m^4_{eff,ρ} (M^2_ρ + 6Λ_v(g_ρg_ω)^2w^2)δ^2 → g^2_ρn_B 8M^2_ρ δ^2

when Λ_v → 0 what is the simplest RMF result. Including the ω − ρ coupling the V_2(n_B) is no longer linear with baryon density n_B. The linear ε_s dependence with respect tp the baryon density n_B was a subject of criticism [15] of the RMF approach.

Figure 4. The static homogeneous solution for the ρ meson field as the function of the baryon density n_B (fm�^3).

The static nonhomogeneous nuclear matter configuration may be generated from the Euler-Lagrange equations (9, 12, 10, 15) making the quantum average of these equations with respect to the effective quasiparticle system (H_0 generated by L_0(m_{eff} )). In the case of the spherical symmetric nuclei the Klein-Gordon equations are

Δσ = ∂U_{eff} ∂σ − g_s < ψψ >_0 +g_2 < ϕ^2 >_0, (31)

Δw = m^2_{eff,ω} w + c_3 w^3 − g_ω Q_B, (32)

Δr = m^2_{eff,ρ} r − g_ρ Q_3 (33)

where the effective potential for the scalar meson is

U_{eff} = g_2 < ϕ^2 >_0 + 1 2 m^2_{eff,σ} σ^2 + 1 3 g_2σ^3 + 1 4 g_3σ^4.

The Dirac equation for the nucleons is {−iα∇ + V (r) + β[M − S(r)]}ψ_i = ϵ_iψ_i. (34) The fermion quasiparticles feels the potentials:

V (x) = g_ω w(x) + g_ρ σ^3r(x) + eQ_eA_0(x), S(x) = g_sσ(x). In the non-honomegenous nuclear matter distribution the effective masses are spatial dependent and act rather like external potentials.

The self-consistent equations (31, 32, 33, 34), namely the Dirac equation with potential terms for the nucleons and the Klein-Gordon type equations with sources for the mesons and the photon are base of numerical description of nuclei [16]. The simplified solutions (cf. Fig. 5 and Fig.3) can be used assuming the Fermi shape with

Figure 5. Profile of the ω meson field inside the^{208}Pb nucleus.

Figure 6. Profile of the ρ meson field inside the^{208}Pb nucleus.

g_ρ[10] Λ_v[10] R_p (fm)[10] (R_n − R_p) (fm)[10] m_{eff,ω} (MeV ) m_{eff,ρ} (MeV ) 8.92 0 5.460 0.280 782.5 763.0 10.75 0.025 5.469 0.209 785.4 1141.6

Table 1. The meson effective masses.

the neutron and proton [10]. Spherical symmetry ω and ρ mesons solution for the^{208}Pb nucleus are presented in Fig. 5 and Fig. 6. The static homogeneous solution for the ρ meson field feels drastically growing its effective mass when the ω − ρ coupling takes place Λ_v ≠ 0. It is lower inside the the^{208}Pb nucleus (cf. (Fig. 6)).

3. Conclusions

Taking into account the additional ω − ρ interaction (the coupling constant Λ_v ≠ 0) the selfconsistent equations for vector mesons were obtained. The nucleon and scalar selfinteraction generates different from zero expectation value of scalar field and effective nucleon mass m_{eff,N} . The mutual interactions of vector meson fields give as a result the effective meson masses m_{eff,ω} and m_{eff,ρ}.

Parameter LN3[17] LN3[10] LN3[10] TM1[18] M 938 MeV 938 MeV 938 MeV 938 MeV M_w 795.359 MeV 795.359 MeV 795.359 MeV 783 MeV M_ρ 763 MeV 763 MeV 763 MeV 770 MeV m_s 492 MeV 492 MeV 492 MeV 511.198 MeV g_2 = κ/2 12.172 fm�^1 12.172 fm�^1 12.172 fm�^1 7.2325 fm�^1 g_3 = λ/6 −36.259 −36.259 −36.259 0.6183 g_s 10.138 10.138 10.138 10.0289 g_ω 13.285 13.285 13.285 12.6139 g_ρ 8.941 9.214 10.751 9.2644 c_3 0 0 0 71.3075 Λ_v 0 0.005 0.025 0

Table 2. Parameters set for the Lagrangian (1).

Appendix

For the purpose of the present study, we choose two basic RMF parameterizations (Table 2): NL3 [17] and TM1 [18]. The force NL3 stems from a fit including exotic nuclei, neutron radii, and information on giant resonances. The parameter set named TM1 has been applied to deformed nuclei, triaxal deformations, nuclear excitations [19, 20, 21].

The nucleon and mesons effective masses in the Relativistic Mean-Field Theory 11

References

[1] Boguta J. and Bodmer A.R. 1977 Nucl. Phys. A292 413 [2] Serot B.D., Walecka J.D. 1997 Recent Progress in Quantum Hadrodynamics Int. J. Mod. Phys. E6 515 [3] Ring P 1996 Prog. Part. Nucl. Phys. 37 193 [4] Glendenning N.K. 1987 Z. Phys., A327 295; Also see in Compact Stars by N. K Glendenning Sringer-Verlag, New York, 1997 [5] Weber F.Pulsars as Astrophysical Laboratories for Nuclear and Particle Physics, IOP Publishing, Philadelphia, 1999 [6] Serot B.D. and Walecka J.D. 1986 Adv. Nucl. Phys. 16 1 [7] Serot B.D. 1992 Rep. Prog. Phys. 55 1855 [8] Bormer A.R. 1991 Nucl. Phys. A526 703 [9] Gmuca S.J. 1991 J.Phys. G17 1115 [10] Horowitz C. J. and Piekarewicz J. Neutron Star Structure and the Neutron Radius of^{208}Pb Preprint nucl-th/0010227.

[11] Horowitz C. J., Pollock S. J., Souder P. A. and Michaels R. Preprint nucl-th/9912038 [12] Fetter A.L. and Walecka J.D. Quantum Theory of Many-Particle Systems, McGraw-Hill, New York 1971.

[13] Feynman R., Statistical Mechanics, W.A.Benjamin, Inc. Reading 1972.

Mańka R., Kuczyński J. and Vitiello G.V. 1986 Nucl. Phys. B276 533; Mańka R. and Vittiello G.V. 1990 Annals of Physics 199 61 [14] Mańka R., Bednarek I. and Przybyła 2000 Phys. Rev. C62 105802 [15] Kutschera M. and Niemiec J. Preprint astro-th/0006440 [16] Ring P., Gambhir Y. K. and Lalazissis G. A. 1997 Comput. Phys. Commun. 105 77 [17] Lalazissis G.A. , König J. and Ring P. 1997 Phys. Rev. C55, 540;.P.-G.Reinhard, Rufa M. , Maruhn J., Greiner W. and Friedrich J. 1986 Z. Phys. A - Atomic Nuclei 323 13 [18] Sugahara Y. and Toki H. 1994 Prog. Theo. Phys 92 803 [19] Hirata D, Toki H. and Tannihata I. 1995 Nucl. Phys. A589 239 [20] Hirata D, Sumiyoshi K. Tanihata I., Tachibana Y. and Toki H. 1997 Nucl. Phys. A616 438c [21] Ma Z.Y., Toki H., Chen B. Q. and Van Giai N. 1997 Prog.Theor. Phys. 98 917