arXiv:1305.4562v1 [nucl-th] 20 May 2013

Effect of Tensor Interaction on Density Dependence of Nuclear Symmetry Energy within the BHF Framework

Pei Wang^{1, 2} and Wei Zuo^{∗1, 3, 4} 1Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China 2Graduate University of Chinese Academy of Sciences, Beijing, 100049, China 3Kavli Institute for Theoretical Physics China, CAS, Beijing 100190, China 4State Key Laboratory of Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China

The effect of tensor force on the density dependence of nuclear symmetry energy has been investigated within the framework of the Brueckner-Hartree-Fock approach. It is shown that the tensor force manifests its effect via the tensor^3SD1 channel. The symmetry energy Esym turns out to be determined essentially by the tensor force from the π meson and ρ meson exchanges via the^3SD1 coupled channel. Increasing the strength of the tensor component due to the ρ-meson exchange tends to enhance the repulsion of the equation of state of symmetric nuclear matter and leads to reduction of symmetry energy. The present results confirm the dominant role played by the tensor force in determining nuclear symmetry energy and its density dependence.

PACS numbers: 21.65.Cd, 21.65.Ef, 21.30.Fe, 21.65.Mn

I. INTRODUCTION

Equation of state (EOS) of asymmetric nuclear matter plays a central role in understanding many physical problems and phenomena in nuclear physics and nuclear astrophysics, ranging from the structure of rare isotopes and heavy nuclei [1–4] to the astrophysical phenomena such as supernova explosions, the structure and cooling properties of neutron stars [5–9]. Nuclear symmetry energy describes the isovector part of the EOS of asymmetric nuclear matter. To determine the symmetry energy and its density-dependence in a wide range of density, especially at supra-saturation densities, is a new challenge in nuclear physics and heavy ion physics [10, 11].

Up to now, the density dependence of symmetry energy at low densities below ∼ 1.2ρ_0 has been constrained to a certain extent by the experimental observables of heavy ion collisions and some structure information of finite nuclei, such as isospin-scaling of multifragmentation, isospin transport, neutron-proton differential collective flow in HIC and neutron skins, pygmy dipole resonances of finite nuclei, etc [11–14]. However, the density dependence of symmetry energy at high densities remains poorly known. Different groups[15–17] have obtained completely different high-density behaviour of symmetry energy by comparing the experimental data measured by the FOPI Collaboration at GSI [18] with their calculated results of transport models.

Theoretically, the EOS of asymmetric nuclear matter and symmetry energy have been investigated extensively by adopting various many-body methods, such as the Brueckner-Hartree-Fock(BHF) [19–22] and Dirac- BHF [23–26] approaches, the in-medium T -matrix and

∗Corresponding author, zuowei@impcas.ac.cn

Green function methods [27–31], and the variational approach [32, 33]. Although almost all theoretical approaches are able to reproduce the empirical value of symmetry energy at the saturation density, the discrepancy among the predicted density-dependence of symmetry energy at high densities by adopting different many-body approaches and/or by using different nucleon-nucleon (NN) interactions has been shown to be quite large [8, 22, 25, 34, 35]. In order to clarify the above-mentioned discrepancy among different theoretical predictions, it is desirable to investigate the microscopic mechanism which controls the high-density behavior of symmetry energy.

The tensor interaction and its effect on finite nuclei and infinite nuclear matter have been discussed in connection with the evolution of nuclear spectra [36], the evolution of nuclear shell structure [37, 38], the nuclear saturation mechanism [39, 40], and the contribution of isovector mesons to symmetry energy [41–43]. Due to the tensor coupling is not well determined from experimental data, especially in short-range [44], there are still a lot of open questions. One of the most important questions is: what is the role played by the short-range tensor force in determining the EOS of asymmetric nuclear matter ? In Ref. [43], the contributions of various components of NN interaction to symmetry energy and its slope parameter L at saturation density have been studied within the BHF framework and it has been shown that the tensor component is decisive for determining symmetry energy and L around saturation density. In Ref. [41], the effect of the short-range tensor force due to the ρ meson exchange has been investigated. In that paper, the tensor force have been added to the Gogny central force by hand and its effect has been discussed by adjusting the in-medium ρ meson mass according to the Brown-Rho Scaling.

In the present paper, we shall investigate the effect of tensor force on the density dependence of symmetry energy, within the framework of the BHF approach.

II. THEORETICAL APPROACHES AND FORMALISM

The present investigation is based on the BHF approach for asymmetric nuclear matter [19, 20]. Here we simply give a brief review for completeness. The starting point of the BHF approach is the reaction G-matrix, which satisfies the following isospin dependent Bethe- Goldstone (BG) equation, G(ρ, β; ω) = V_{NN} + V_{NN} ∑ k_1 k_2

|k_1k_2⟩Q(k_1, k_2)⟨k_1k_2|

ω − ϵ(k_1) − ϵ(k_2) G(ρ, β; ω) (1) where k_i ≡ (k_i, σ_1, τ_i) denotes the momentum, the zcomponent of spin and isospin of nucleon, respectively. V_{NN} is the realistic NN interaction and ω is starting energy. For the realistic NN interaction V_{NN} , we adopt the Bonn-B interaction [45]. The Pauli operator Q(k_1, k_2) prevents two nucleons in intermediate sates from being scattered into their respective Fermi seas. The asymmetry parameter β is defined as β = (ρ_n − ρ_p)/ρ, where ρ, ρ_n and ρ_p denote the total nucleon, neutron and proton number densities, respectively. The single-particle (s.p.) energy ϵ(k) is given by: ϵ(k) = h̄^2k^2/2m + U(k). The auxiliary s.p. potential U(k) controls the convergent rate of the hole-line expansion [46]. In the present calculation, we adopt the continuous choice for the auxiliary potential since it provides a much faster convergence of the hole-line expansion up to high densities than the gap choice [47].

In the BHF approximation, the EOS of nuclear matter (i.e., the energy per nucleon of nuclear matter) is given by [46]: E_A(ρ, β) ≡ E(ρ, β) A = 3 5 k^2_F 2m + 1 2ρ Re ∑ k^′ ≤k_F ⟨kk^′|G[ρ, β; ϵ(k) + ϵ(k^′)]|kk^′⟩_A . (2) One of the main purposes of this paper is to study the density dependence of symmetry energy which describes the isospin dependent part of the EOS of asymmetric nuclear matter and is defined generally as: E_{sym} = 1 2 [ ∂^2E_A(ρ, β) ∂β^2 ] β=0 . (3)

It has been shown by microscopic investigation [19– 21, 29] that the energy per nucleon E_A(ρ, β) of asymmetric nuclear matter fulfills satisfactorily a linear dependence on β^2 in the whole asymmetry range of 0 ≤ β ≤ 1, indicating that the EOS of asymmetric nuclear matter can be expressed as:

E_A(ρ, β) = E_A(ρ, β = 0) + E_{sym}(ρ)β^2 (4)

The above result provides an microscopic support for the empirical β^2-law extracted from the nuclear mass table and extended its validity up to the highest asymmetry. Accordingly the symmetry energy can be readily obtained from the difference between the EOS of pure neutron matter and that of symmetric nuclear matter, i.e.,

E_{sym} = E_A(ρ, β = 1) − E_A(ρ, β = 0) (5)

III. RESULTS AND DISCUSSIONS

The Bonn-B two-body interaction adopted in the present calculation is an explicit one-boson-exchange potential (OBEP) and it describes the experimental NN phase shifts with a high precision [45]. The Bonn potentials content the pseudoscalar π and η mesons, the scalar σ and δ mesons, the vector ρ and ω mesons. In the OBEP, the tensor components are determined by the competition between the π meson and ρ meson exchanges in the isospin singlet (S = 1, T = 0) neutron-proton channel, and they can be written explicitly in configuration space as follows [45]:

V^π_T (r) = 1 12 f^2_π 4π m_πZ(m_πr)Ŝ_{12} , (6)

V^ρ_T (r) = − 1 12 f^2_ρ 4π m_ρZ(m_ρr)(1 + f_ρ g_ρ )^2Ŝ_{12} , (7)

where Ŝ_{12} = 3^{(σ1 ·r)(σ2·r)}_{r2} −(σ_1 ·σ_2) is the tensor operator; f_π and f_ρ denote the tensor coupling constants for the π and ρ meson exchanges, respectively; g_ρ is the vector coupling constant; Z(x) = (m_α/m)^2(1+3/x+3/x^2)(e^{−x}/x). We notice that a large value of f_ρ/g_ρ = 6.1 has been confirmed and consistently adopted in the OBEP [45, 48]. Therefore, the tensor coupling of the ρ meson exchange is much stronger than its vector coupling. And consequently it may suppress the tensor contribution from the π meson exchange at short-range due to the fact that the mass of ρ meson is much larger than the π mass. The π exchange provides a strongly attractive long- and mediate-range tensor component. A cancelation of the opposite contributions from the π meson and ρ meson exchanges is supposed to generate an mediate-range attractive and short-range repulsive tensor force. One of the most distinctive properties of tensor force is that it couples two-particle states with different angular momenta of L = J ± 1.

In order to show the effect of the tensor force on the isospin-dependence of the EOS of asymmetric nuclear matter, in Fig. 1 we plot the contributions to the potential energy per nucleon of asymmetric matter from the isospin singlet T = 0 channel, the isospin triplet T = 1 channel and the T = 0^3SD_1 tensor channel, respectively. In the figure, the results are obtained by adopting the Bonn-B interaction, and the T = 0^3SD_1 channel contribution due to the π and ρ exchange components in the Bonn-B interaction is also given. It is seen from Fig. 1 that the contribution of the T = 0 channel

FIG. 1: (Color online) Potential energy per nucleon of asymmetric nuclear matter is split into the two contributions from the isospin T = 0 (filled squares) and T = 1 (filled circles) channels versus asymmetry parameter β for ρ = 0.2fm^{−3} . The lines are plotted for guiding eyes. The open squares represent the^3SD1 coupled channel contribution from the full Bonn-B interaction. The open triangles denote the^3SD1 channel contribution due to the π- and ρ-exchange parts in the Bonn-B interaction.

depends strongly on the asymmetry β and it increases rapidly as a function of β in the whole asymmetry range 0 < β < 1. It increases rapidly from -22.5 MeV to 0 as the asymmetry β goes from 0 to 1. Whereas the asymmetry-dependence of the T = 1 channel contribution turns out to be quite weak and it decreases slightly by only about 2.5 MeV from −22.5 MeV to −25 MeV as the asymmetry β increases from 0 to 1. The above result is in good agreement with the previous investigation of Refs. [19, 20] within the BHF framework by adopting the Paris and AV 14 interactions, respectively. It indicates that the predominant contribution to the isovector part of the potential energy of asymmetric nuclear matter comes from the isospin singlet T = 0 channel. Similar conclusion has also obtained in Ref. [34]. According to Eq. (4), the isovector part of the EOS of asymmetric nuclear matter is completely described by the symmetry energy E_{sym} and therefore the T = 0 channel contribution plays a decisive role in determining the symmetry energy and its density dependence. In Fig. 1, it is worth noticing that the corresponding filled squares, empty squares and empty triangles are almost coincident with one another, which not only indicates that the T = 0 channel contribution to the symmetry energy E_{sym} is almost fully comes from the^3SD_1 tensor channel, but also implies that the T = 0 channel contribution is provided almost completely by the π- and ρ-exchange interactions in the tensor^3SD_1 channel. Therefore, we may readily conclude that the potential part of symmetry energy E_{sym} is essentially governed by the tensor force in NN interaction via the^3SD_1 channel.

FIG. 2: (Color online) Density dependence of the energy per nucleon of symmetric nuclear matter obtained by adopting different strengths of the tensor component due to the ρmeson exchange in the Bonn-B interaction. Left panel: total energy per nucleon. Right panel: potential parts contributed from the isospin T = 0 (upper panel) and the T = 1 (lower panel) channels.

The tensor interaction, especially its short-range part, has not been well determined consistently from the deuteron properties and/or the nucleon-nucleon scattering data. The tensor coupling (D-state probability P_d%) is one of the most uncertain low-energy parameters, and has estimated to be between 4% and 8% in various NN potentials [22]. The tensor force, especially its shortrange part, is expect to affect strongly the high density behavior of symmetry energy [41]. In the following, we shall investigate the short-range tensor force effect on the density-dependence of symmetry energy by varying the strength of the tensor force due to the ρ meson exchange as follows: V^{ρ∗}_T = αV^ρ_T where V^ρ_T is specified as the original tensor component due to the ρ-meson exchange in the Bonn-B interaction. By varying the parameter α, we may change the strength of the short-range tensor force from the ρ-meson exchange and study its effect. The calculated results for symmetric nuclear matter are displayed in Fig. 2. In the left panel of Fig. 2, the EOSs of symmetric nuclear matter (i.e., the energy per nucleon of symmetric nuclear matter vs. density) obtained by adopting various α values are plotted. As expected, increasing the strength of ρ-meson tensor component leads to an overall increase in the predicted energy per nucleon of symmetric nuclear matter in the whole density region considered here and this effect turns out to be more pronounced at higher densities. This is readily understood since the tensor force from the ρ-meson exchange gives a repulsive contribution to the potential energy of nuclear matter. In the right panel, we show the contributions to the potential energy, respectively from the isospin T = 0 channel (upper part) and T = 1 channel (lower part). It is noticed that the T = 1 channel contribution is almost independent of the strength of the ρ-meson tensor force, and the variation of the EOS of nuclear matter with varying the ρ-meson tensor force appears to be determined by the variation of the T = 0 channel contribution. The above results indicate that the short-range tensor interaction from the ρ-meson exchange play its role essentially via the T = 0 partial wave channel. The NN interaction in the isospin T = 0 channel describes the neutron-proton (np) correlations in nuclear medium. Accordingly, our results are consistent with the recent experimental evidence for a strong enhancement of the np short-range correlations over the proton-proton(pp) correlations observed at JLab [49] due to the dominate role played by the short-range tensor components of NN interactions in generating the NN correlations [50].

FIG. 3: (Color online) Symmetry energy vs. density, obtained by adopting different strengths of the ρ-meson exchange tensor component in the Bonn-B interaction.

In Fig.3, we report the short-range tensor effect on the density dependence of symmetry energy by varying the strength of the ρ-meson tensor component in the Bonn-

B interaction. One may notice that the calculated symmetry energy is rather sensitive to the ρ-meson tensor force, especially at high densities and for large strength parameter α > 1. The variation of the symmetry energy with varying the tensor component due to the ρ-meson exchange turns out to be opposite to that of EOS of symmetric nuclear matter, i.e., increasing the tensor force of the ρ-meson exchange leads to a reduction of symmetry energy and a softening of the density dependence of symmetry energy. This can be explained easily in terms of Eq. (5) and the results in Fig. 2. According to Eq. (5), symmetry energy is determined by the difference between the energy per nucleon of pure neutron matter and that of symmetric nuclear matter. From Fig. 2, it is seen that the short-range ρ exchange tensor force plays its role almost fully via the T = 0 channel np correlations which is absent in pure neutron matter. Therefore, varying the short-range tensor force may lead to opposite variations in symmetry energy and the EOS of symmetric nuclear matter.

IV. SUMMARY

In summary, we have investigated the effect of tensor force on the isospin dependence of the EOS of asymmetric nuclear matter and nuclear symmetry energy within the framework of the BHF approach by adopting the Bonn-B interaction. The T = 0 channel contribution is shown to depend sensitively on the isospin asymmetry β, and it plays a predominate role over the T = 1 channel contribution in determining the isospin dependence of the EOS of asymmetric nuclear matter (i.e., the isovector part of the EOS). The T = 0 channel contribution stems almost fully from the^3SD_1 tensor channel. The tensor force manifests its effect via the^3SD_1 coupled channel, and the T = 0 channel contribution turns out to be almost completely provided by the tensor component in NN interaction via the^3SD_1 coupled channel. The contributions to the EOS of symmetric nuclear matter and symmetry energy from the short-range tensor component due to the ρ-meson exchange in NN interaction have been calculated. The T = 1 channel contribution to the EOS is almost independent of the strength of the ρmeson exchange tensor component. Whereas, the T = 0 channel contribution is shown to be affected strongly by the ρ-meson exchange tensor component. Increasing the tensor component due to the ρ-meson exchange in NN interaction tends to enhance the repulsion of the EOS of symmetric nuclear matter, and may leads to a reduction and softening of symmetry energy. The present results confirm the crucial role played by the tensor force in determining the isospin dependence of the EOS of asymmetric nuclear matter and the density dependence of nuclear symmetry energy.

Acknowledgments

We would like to thank U. Lombardo, B.A. Li, L.G. Cao, G. C. Yong for valuable discussions. The work is supported by the 973 Program of China (No.

2007CB815004), the National Natural Science Foundation of China (11175219), the Knowledge Innovation Project(KJCX2-EW-N01) of Chinese Academy of Sciences.

[1] K. Oyamatsu, I. Tanihata, Y. Sugahara, K. Sumiyoshi, and H. Toki, Nucl. Phys. A634, 3 (1998).

[2] S. S. Avancini, J. R. Marinelli, D. P. Menezes, M. M. W.

Moraes, and C. Providencia, Phys. Rev. C75, 055805 (2007).

[3] J. M. Dong, W. Zuo and W. Scheid, Phys. Rev. Lett.

107, 012501 (2011); J. M. Dong, W. Zuo, J. Z. Gu and U. Lombardo, Phys. Rev. C 85, 034308 (2012); J. M. Dong, W. Zuo, J. Z. Gu, Phys. Rev. C 87, 014303 (2013).

[4] M. K. Gaidarov, A. N. Antonov, P. Sarriguren and E.

Moya de Guerra, Phys. Rev. C 85, 064319 (2012). [5] J. M. Lattimer, C. J. Pethick, M. Prakash and P. Haensel, Phys. Rev. Lett. 66, 2701 (1991).

[6] W. Zuo, A. Li, Z. H. Li, U. Lombardo, Phys. Rev. C70, 055802 (2004); J. M. Dong, U. Lombardo, W. Zuo, and H. F. Zhang, Nucl. Phys. A 898, 32 (2013).

[7] A. W. Steiner, M. Prakash, J. M. Lattimer, P. Ellis, Phys.

Rep. 411, 325 (2005).

[8] C. Fuchs and H. H. Wolter, Eur. Phys. J A 30 5 (2006). [9] M. Baldo and C. Maieron, J. Phys. G 34 R243 (2007). [10] P. Danielewicz, R. Lacey and W. G. Lynch, Science 298 1592 (2002).

[11] B. A. Li, L. W. Chen and C. M. Ko, Phys. Rep. 464, 113 (2008).

[12] M. B. Tsang, Y. X. Zhang, P. Danielewicz et al. Phys.

Rev. Lett. 102, 122701 (2009).

[13] L. W. Chen, C. M. Ko and B. A. Li, Phys. Rev. Lett.

94 032701 (2005); L. W. Chen, Sci. China-Phys. Mech. Astron. 54 (s1), s124 (2011).

[14] L. Trippa, G. Colo and E. Vigezzi, Phys. Rev. C77, 061304 (2008).

[15] Z. G. Xiao, B. A. Li, L. W. Chen et al. Phys. Rev. Lett.

102 062502 (2009).

[16] Z. Q. Feng and G. M. Jin, Phys. Lett. B 683 140 (2010). [17] P. Russotto, P. Z. Wu, M. Zoric, et al., Phys. Lett. B 697, 471 (2011).

[18] W. Reisdorf et al. (FOPI Collaboration), Nucl. Phys. A 781, 459 (2007).

[19] I. Bombaci, U. lombardo, Phys. Rev. C 44, 1892 (1991). [20] W. Zuo, I. Bombaci, and U. Lombardo, Phys. Rev. C 60, 024605 (1999).

[21] W. Zuo, A. Lejeune, U. Lombardo, and J. F. Mathiot, Nucl. Phys. A 706, 418 (2002); Eur. Phys. J. A 14, 469 (2002).

[22] Z. H. Li, U. Lombardo, H. J. Schulze, W. Zuo, L. W.

Chen and H. R. Ma, Phys. Rev. C 74 047304 (2006). [23] R. Brockmann and R. Machleidt, Phys. Rev. C 42, 1965 (1990).

[24] E. N. E. van Dalen, C. Fuchs and A. Faessler, Phys. Rev.

Lett. 95 022302 (2005); Phys. Rev. C 72 065803 (2005).

[25] T. Klahn, D. Blaschke, S. Typel et al., Phys. Rev. C74, 035802 (2006).

[26] P. Krastev and F. Sammarruca, Phys. Rev. C 73 014001 (2006).

[27] Y. Dewulf, W. H. Dickhoff, D. Van Neck, E. R. Stoddard, and M. Waroquier, Phys. Rev. Lett. 90, 152501 (2003) [28] T. Frick, H. Müther, A. Rios, A. Polls and A. Ramos, Phys. Rev. C 71, 014313 (2005).

[29] Kh. Gad and Kh. S. A. Hassaneen, Nucl. Phys. A 793, (2007) 67.

[30] V. Soma and P. Bozek, Phys. Rev. C78, 054003 (2008). [31] A. Rios, et al. Phys. Rev. C 79, 064308 (2009); A. Rios and V. Soma, Phys. Rev. Lett. 108, 012501 (2012).

[32] A. Akmal, V. R. Pandharipande and D. G. Ravenhall, Phys. Rev. C 58, 1804 (1998).

[33] G. H. Bordbar and M. Bigdeli, Phys. Rev. C 77, 015805 (2008).

[34] A. E. L. Dieperink, Y. Dewulf, D. Van Neck, M. Waroquier and V. Rodin, Phys. Rev. C68, 064307 (2003).

[35] P. Gögelein, E. N. E. van Dalen, Kh. Gad, Kh. S. A. Hassaneen and M. Müther, Phys. Rev. C79, 024308 (2009).

[36] R. B. Wiring and Steven C. Pieper, Phys. Rev. Lett. 89, 182501 (2002).

[37] T. Otsuka, T. Suzuki et al., Phys. Rev. Lett. 95, 232502 (2005); T. Otsuka, T. Suzuki et al., Phys. Rev. Lett. 104, 012501 (2010).

[38] M. S. Fayache, L. Zamick and B. Castel, Phys. Rep. 290, 201 (1997).

[39] B. E. Vonderfecht, W. H. Dickhoff, A. Polls and A.

Ramos, Nucl. Phys. A 555, 1 (1993).

[40] I. R. Afnan, David M. Clement and Franklin J.D. Serduke, Nucl. Phys. A 170, 625 (1971).

[41] C. Xu and B. A. Li, Phys. Rev. C 81, 064612 (2010). [42] F. Sammarruca, Phys. Rev. C 84, 044307 (2011). [43] I. Vidana, A. Polls and C. Providencia, Phys. Rev. C 84, 062801 (2011).

[44] R. Machleidt and I. Slsus, J. Phys. G 27, R69 (2001). [45] R. Machleidt, K. Holinde, and Ch. Elster, Phys. Rep.

149, 1 (1987).

[46] B. D. Day, Rev. Mod. Phys. 39, 719 (1967). [47] M. Baldo, A. Fiasconaro, H. Q. Song, G. Giansiracusa, and U. Lombardo, Phys. Rev. C 65, 017303 (2002).

[48] W. H. Dichhoff, Amand Faessler, and H. Muther, Phys.

Rev. Lett. 49, 26 (1982).

[49] R. Subedi, R. Shneor, P. Monaghan, et al., Science 320, 1476 (2008) and reference therein.

[50] R. Schiavilla, R. B. Wiringa, S. C. Pieper, and J. Carlson, Phys. Rev. Lett. 98, 132501 (2007).