arXiv:nucl-th/0609047 v1 18 Sep 2006

Europhysics Letters PREPRINT

The hyperon neutron star mean field model

Ilona Bednarek^1, Ryszard Mańka^1 1 Department of Astrophysics and Cosmology, Institute of Physics, University of Silesia, Uniwersytecka 4, PL-40-007 Katowice, Poland.

Abstract. – In this paper the impact of the strength of hyperon-nucleon and hyperon-hyperon on the maximum neutron star mass is shown. The strong hyperon-hyperon coupling constant together with the additional nonlinear meson interaction terms lead to the essential softening of the equation of state and to the existence of another more compact branch of stable neutron star configurations. The analysis of the mass-radius relations leads to the conclusion that the additional stable configurations of hyperon-rich neutron stars are characterized by the reduced value of radii.

The theoretical framework employed in this paper is the relativistic nuclear mean field theory extended by allowing for additional non-linear meson couplings. The chiral effective Lagrangian proposed by Furnstahl, Serot and Tang (FST) [1], [2] constructed on the basis of the effective field theory and density functional theory for hadrons gave in the result the extension of the standard relativistic mean field theory and introduced additional non-linear scalar-vector and vector-vector self-interactions. This Lagrangian in general includes all nonrenormalizable couplings consistent with the underlying symmetries of QCD. Applying the dimensional analysis of Georgi and Manohar [3], [4] and the concept of naturalness one can expand the nonlinear Lagrangian and organize it in increasing powers of the fields and their derivatives and truncated at given level of accuracy [5]. If the truncated Lagrangian includes terms up to the forth order it can be written in the following form L = ∑ B ψ̄_B(iγ^μ D_μ − m_B + g_{σB} σ + g_{σ∗B} σ^∗)ψ_B (1)

+ 1 2 ∂_μσ∂^μσ − m^2_σσ^2( 1 2 + κ_3 3! g_{σB} σ M + κ_4 4! g^2_{σB} σ^2 M^2 ) + 1 2 ∂_μσ^∗∂^μσ^∗ − 1 2 m^2_σ∗ σ^{∗2} + 1 2 m^2_ϕϕ_μϕ^μ − 1 4 ϕ_{μν}ϕ^{μν} − 1 4 Ω_{μν} Ω^{μν} + 1 2 (1 + η_1 g_{σB} σ M + η_2 g^2_{σB} σ^2 2M^2

)m^2_ω ω_μω^μ − 1 4 R^a_{μν}R^{aμν} + (1 + η_ρ g_{σB} σ M ) 1 2 m^2_ρρ^a_μρ^{aμ} + 1 24 ζ_0g^2_{ωB}(ω_μω^μ)^2.

Ψ^T_B = (ψ_N , ψ_Λ, ψ_Σ, ψ_Ξ). The covariant derivative D_μ is defined as

D_μ = ∂_μ + ig_{ωB} ω_μ + ig_{ϕB}ϕ_μ + ig_{ρB} I_{3B}τ^aρ^a_μ (2)

whereas R^a_{μν}, Ω_{μν} and ϕ_{μν} are the field tensors. m_B denotes baryon mass whereas m_i (i = σ, ω, ρ, σ^∗, ϕ) are masses assigned to the meson fields, M is the nucleon mass. In the high

© EDP Sciences

density regime in neutron star interiors when the Fermi energy of nucleons exceeds the hyperon masses hyperons are expected to emerged due to the strangeness changing interactions [6], [7], [8], [9], [10]. The appearance of these additional degrees of freedom and their impact on a neutron star structure have been the subject of extensive studies. In order to reproduce attractive hyperon-hyperon interaction two additional hidden-strangeness mesons, which do not couple to nucleons, have been introduced, namely the scalar meson f_0(975) (denoted as σ^∗) and the vector meson ϕ(1020) [11].

Due to the fact that the expectation value of the ρ meson field is an order of magnitude smaller than that of ω meson field, the Lagrangian function (2) does not include the quartic ρ meson term. In addition, as this paper deals with the problem of infinite nuclear matter the terms in the original Lagrangian function (see [1], [2]) involving tensor couplings and meson field gradients have been excluded. There are two parameter sets presented in the original paper by Furnstahl et al [1], [2] G1 and G2 which have been determined by calculating nuclear properties such as binding energies, charge distribution and spin-orbit splitting for a selected set of nuclei [12]. For the purposes of this paper two parameter sets have been chosen: the G2 parameter set and the extended TM1 parameter set denoted as TM1^∗. The latter one constructed by Del Estal et al [13] represents the standard TM1 parameter set supplemented with additional nonlinear couplings stemming from the effective field theory. Calculations performed with the TM1^∗ parameter set properly reproduce properties of finite nuclei. Both parameter sets G2 and TM1^∗ make it possible to compare the obtained results with the Dirac-Brueckner-Hartree-Fock (DBHF) calculations for nuclear and neutron matter above the saturation density. The DBHF method results in a rather soft equation of state in the vicinity of the saturation point and for higher densities. Calculations performed on the basis of the effective FST Lagrangian with the use of the G2 and TM1^∗ parameter sets predict similar, soft equation of state.

The theoretical description of strange hadronic matter properties is given within the relativistic mean field approximation. In this approximation meson fields are separated into classical mean field values and quantum fluctuations which are not included in the ground state. In the case of a hyperon-rich matter the considered parameterization has to be supplemented by the parameter set related to the strength of the hyperon-nucleon and hyperon-hyperon interactions. The scalar meson coupling to hyperons can be calculated from the potential depth of a hyperon in the saturated nuclear matter. Assuming the SU(6) symmetry for the vector coupling and determining the scalar coupling constants from the potential depths, the hyperon-meson couplings can be fixed.

The strength of hyperon coupling to strange meson σ^∗ is restricted through the following relation [10] U^{(Ξ)}_Ξ ≈ U^{(Ξ)}_Λ ≈ 2U^{(Λ)}_Ξ ≈ 2U^{(Λ)}_Λ . which together with the estimated value of hyperon potential depths in hyperon matter provides effective constraints on scalar coupling constants to the σ^∗ meson. The currently obtained value of the U^{(Λ)}_Λ potential at the level of 5 MeV [14] permits the existence of additional parameter set [15] which reproduces this weaker ΛΛ interaction. Throughout this paper this parameter set is referred to as weak, whereas strong denotes the stronger ΛΛ interaction for U^{(Λ)}_Λ ≃ 20 MeV [11]. In the nucleon sector the saturation properties of nuclear matter namely the saturation density ρ_s, binding energy E_b, compressibility K and Dirac effective nucleon mass m_{effN} = M − g_{σN} σ determined for the given parameter sets. Neutron star matter is considered as a system with conserved baryon number n_b = ∑ B n_B (n_B = k^3_B/3π^2 denotes the number density of species B, B = n, p, Λ, Ξ^−, Ξ^0) and electric charge being in chemical equilibrium with respect to weak decays. In general, weak processes for baryons can be written in the following form B_1 +l ↔ B_2 where B_1 and B_2 are baryons, l denotes lepton. Provided that the weak processes stated above take

Table I – Chosen parameter sets.

mσ gσN gωN gρN η1 η2 ηρ ζ0 κ3 κ4 G2 520.25 10.496 12.76 9.48 0.65 0.11 0.39 2.64 3.247 0.63 TM1^∗ 511.20 11.22 14.98 10.00 1.1 0.1 0.45 3.6 2.513 8.97

place in thermodynamic equilibrium the following relation between chemical potentials can be established μ_B = q_Bμ_n −q_{eB} μ_e. This relation involves two independent chemical potentials μ_n and μ_e corresponding to baryon number and electric charge conservation, μ_B denotes chemical potential of baryon B with the baryon number q_B and the electric charge q_{eB} . The baryon effective mass is defined as m_{effB} = m_B −g_{σB} σ_0 −g_σ∗_Bσ^∗_0 . Thus the β equilibrium conditions for Λ, Σ and Ξ hyperons lead to the following relations:

μ_Λ = μ_Σ0 = μ_Ξ0 = μ_n, μ_Σ− = μ_{Ξ−} = μ_n + μ_e, μ_p = μ_Σ+ = μ_n − μ_e. (3)

The conditions of charge neutrality and β-equilibrium imply the presence of leptons which are introduced as free particles. Muons start to appear in neutron star matter in the process e^− ↔ μ^− after μ_μ has reached the value equal to the muon mass. The appearance of muons not only reduces the number of electrons but also affects the proton fraction. Solving the hydrostatic equilibrium equation of Tolman, Oppenheimer and Volkov, which allows one to construct theoretical model of a neutron star and to specify and analyze its properties, demands the specification of the equation of state. In Fig.1 the pressure of a neutron star matter as a function of the energy density for the TM1 and TM1^∗ parameter sets has been presented. This figure includes results for the strong and weak Y −Y interactions. For comparison the equations of state for the matter with zero strangeness has been included. Dashed curves represent the equations of state obtained for neutron star matter without hyperons. The parameter set TM1^∗ leads to more soft equation of state than the TM1 one. This softening is caused by the presence of additional nonlinear couplings. In general the inclusion of hyperons softens considerably the equation of state at high densities. This effect is maximized in the case of strong Y −Y interaction and by adding nonlinear terms. The form of the equation of state has profound consequences for the maximum mass of a neutron star. Solutions of the Oppenheimer-Tolman-Volkov equation for the considered equations of state are presented in Fig. 4. The obtained mass-radius relations are constructed for neutron star matter with hyperons and compared with the mass-radius relation for non-strange matter. The analysis has been done for the ordinary TM1 parameter set [16] and for TM1^∗. The TM1 parameter set gives larger masses than the TM1^∗ one. However, the key difference between the TM1 and TM1∗ mass-radius diagrams lies in the results obtained for the strong hyperon-

Table II – Strange scalar sector parameters.

gσΛ gσΞ gσ∗Λ gσ∗ Ξ G2 weak 6.410 3.337 3.890 11.643 strong 6.410 3.337 7.931 12.458 gσΛ gσΞ gσ∗Λ gσ∗ Ξ TM^∗ weak 6.971 3.583 5.526 13.450 strong 6.971 3.583 9.069 14.394

Figure 1 – (color online) The equation of state calculated for TM1 and TM1^∗ parameter sets. Dotted curves represent the results obtained for TM1 parameter set. The influence of hyperons is considered for the weak and strong Y − Y interactions. The case of non-strange baryonic matter is marked by npe. Dashed curves show the quark matter equations of state obtained for two fixed values of the bag parameter: B^{1/4} = 150 MeV and B^{1/4} = 171 MeV (Bcrit)

hyperon interaction. In this case for TM1^∗ parameter set besides the ordinary stable neutron star branch there exists the additional stable branch of solutions which are characterized by a similar value of masses but with significantly reduced radii. For the purpose of this paper A denotes the maximum mass configuration of the ordinary neutron star branch whereas B the additional maximum. The comparison of the maximum mass configurations obtained for the weak and strong Y − Y interactions makes it possible to estimate the role of the hyperonhyperon couplings strength. The strong model gives the reduced value of the maximum mass. The reduction is of the order of 0.1-0.2 M_⊙. The influence of the strength of the hyperon-nucleon couplings has been analyzed for a very limited range of the g_{σΛ} parameter strictly connected with the value of the potential felt by a single Λ in saturated nuclear matter. The chosen values of the potential are: -27 MeV, -28 MeV, -30 MeV. This leads to the following g_{σΛ} parameters: 9.203, 9.158, 9.069. As it was stated, the additional nonlinear meson-meson interaction terms and the strong hyperon-hyperon interaction create necessary conditions for the existence of the second branch of stable neutron star configurations. For the ordinary neutron star configurations the well known results has been obtained i.e.the weaker the coupling g_{σΛ} the lower is the value of the maximum mass. However, for the additional branch the analysis of the mass radius relation Fig.4 gives the opposite result. Similar conclusions can be drown from Fig.2. In this figure the mass as a function of the central density is depicted. Particular curves are labelled by the three chosen values of the

Figure 2 – (color online) The mass-central density relation. The left panel shows results for the ordinary TM1 parameter set whereas the right panel presents the mass-radius relation for the TM1^∗ parameter set.

U^{(N)}_Λ potential. The composition of hyperon star matter as well as the threshold density for hyperons are altered when the hyperon-hyperon interaction strength is changed. Fig. 3 presents fractions of particular baryon species Y_B as a function of the density ρ for the strong model of the TM1^∗ parameterization. At very low density neutrons and protons are the most abundant baryons. The first strange baryon that emerges is Λ and is followed by Ξ^− and Ξ^0. The maximum mass configuration A resembles an ordinary neutron star predominantly composed of nucleons. Hyperons (Λ and Ξ^0) appear in the innermost part of the star. The appearance of the new branch on of stable solutions on the mass-radius diagram makes it possible to exist more dense stars with increased concentrations of hyperons. The appearance of Ξ^− hyperons at higher densities through the condition of charge neutrality affects the lepton fraction and causes a drop in their contents. Thus the presence of charged hyperons permits lower lepton content and in the case of the additional stable branch objects charge neutrality tends to be guaranteed without lepton contribution. The properties of strange neutron stars has been studied with the use of the improved TM1 parameter set which include additional nonlinear coupling stemming from the effective field theory. This parameter set in the strange sector has been supplemented by parameters that are related to the strength of the of hyperonhyperon and hyperon-nucleon interactions. The impact of the strength of hyperon interactions on neutron star masses has been analyzed. This analysis shows that there exists very strong correlation between the value of the maximum neutron star mass and the strength of hyperon coupling constants. The inclusion of additional nonlinear meson interaction terms which modify the high density behavior of the equation of state together with the strong hyperon-

Figure 3 – (color online) Baryon and lepton concentrations in neutron star matter as a function of density ρ (ε = ρc^2 ) where ε denotes the energy density.

hyperon interaction lead to the existence of additional stable stellar configurations with similar masses and smaller radii than an ordinary neutron star. The reduction in radius is of the order of 2.5 km. The internal composition of this additional neutron star configurations is almost completely free of leptons. Transmutation similar to the phase transition from the ordinary neutron star to the more compact hyperstar may be the main origin of the short gamma ray burnst [17].

In order to complete the analysis of the existence of the very compact, hyperon rich stars (hyperstar), the conditions under which the occurrence of quark matter and the formation of stable configurations of hybrid stars have to be established. Two phases of matter have been compared: the strange hadronic matter and quark matter. The phase with the highest pressure (lowest free energy) is favored. In Fig.1 the equation of state of the quark matter obtained with the use of the quark mean field model [19] with the direct coupling of the bag parameter to the scalar meson fields σ_0 and σ^∗_0, is also included. The results strongly depend on the value of the bag parameter. There exists the limiting value of B^{1/4}_{crit} = 171 MeV, for B > B_{crit} there is no quark phase in the interior of a neutron star. The bag parameters B < B_{crit} lead to the intersection of the quark matter equation of state and that of hyperon star matter with the strong Y − Y interactions. Thus a hybrid star with a quark phase inside can be constructed. The obtained mass-radius relation for hybrid stars involving quark matter is presented in the right panel of Fig.4 (for B^{1/4} = 150M eV < B^{1/4}_{crit}). The maximum hybrid star mass is of about 1.52M_⊙ and is greater than the maximum mass of the very compact additional stable branch configurations (B). The radius of the hybrid star maximum mass configuration is also greater than that of the configuration marked as B.

Figure 4 – (color online) The mass-radius relation for the TM1* parameter sets.

References

[1] Furnstahl R. J. , Serot B. D. and Tang B. D., Nucl. Phys., A598 (1996) 539 [2] Furnstahl B. D.,Serot B. D. and Tang B. D., Nucl. Phys., A615 (1997) 441 [3] Georgi B. D. and Manohar B. D., Nucl. Phys., B234 (1984) 189 [4] Georgi B. D., Phys. Lett., B298 (1993) 187 [5] Serot B. D. , Lect. Note Phys., 641 (2004) 31 [6] Weber F. , Pulsars as Astrophysical Laboratories for Nuclear and Particle Physics. (IOP Publishing,Philadelphia) 1999 [7] Glendenning B. D. , Astrophys.J., 293 (1985) 470 [8] Glendenning B. D. , Compact Stars (Sringer-Verlag, New York) 1997 [9] Bednarek I. and Manka R., Int. Journal Mod. Phys., D10 (2001) 607 [10] Schaffner-Bielich J., Gal A., Phys. Rev., C62 (1999) 034311 [11] Schaffner J., Dover B. D. , Gal A. , Greiner C., Millner D. J. and Stocker H., Ann.Phys., 235 (1994) 35 [12] Sil T., Patra S. K., Sharma B. K., Centelles M. and Vinas X., Focus on Quantum Field Theory (Nova Science Publishers, New York) 2005 [13] Del Estal M., Nucl. Phys., A650 (1990) 443 [14] Takahashi H. et al., Phys.Rev.Lett., 87 (2001) 212502 [15] Bednarek I., Manka R., J. Phys., G31 (2005) 1 [16] Sugahara Y. and Toki H., Prog. Theo. Phys., 92 (1994) 803 [17] Dar A., Hyperstarts - Main Origin of Short Gamma Ray Bursts, astro-ph/0509257 [18] Shen H., Phys. Rev., C65 (2002) 035802 [19] Manka R., Bednarek I., Przybyla S., New J. Phys. , 4 (2002) 14