arXiv:0910.4803v2 [nucl-th] 10 Jun 2010

Why is the nuclear symmetry energy so uncertain at supra-saturation densities?

Chang Xu^{1, 2} and Bao-An Li^{∗1} 1Department of Physics and Astronomy, Texas A&M University-Commerce, Commerce, Texas 75429-3011, USA 2Department of Physics, Nanjing University, Nanjing 210008, China

Within the interacting Fermi gas model for isospin asymmetric nuclear matter, effects of the in-medium three-body interaction and the two-body short-range tensor force due to the ρ meson exchange as well as the short-range nucleon correlation on the high-density behavior of the nuclear symmetry energy are demonstrated respectively in a transparent way. Possible physics origins of the extremely uncertain nuclear symmetry energy at supra-saturation densities are discussed.

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

I. INTRODUCTION

The density dependence of nuclear symmetry energy E_{sym}(ρ) is currently a key issue in both nuclear physics and astrophysics, see e.g., Refs.[1–11]. Despite much theoretical and experimental effort, our current knowledge about the E_{sym}(ρ) is still rather poor especially at supra-saturation densities. Experimentally, some constraints on the E_{sym}(ρ) at sub-saturation densities have been obtained recently from analyzing nuclear reaction data, see, e.g., Refs. [12–14]. At supra-saturation densities, however, the situation is much less clear because of the very limited data available and the few model analysis carried out so far although some indications of a super-soft E_{sym}(ρ) at high densities have been obtained from analyzing the π^+/π^− ratio in relativistic heavyion collisions[15]. Theoretically, essentially all available many-body theories using various interactions have been used in calculating the E_{sym}(ρ). Unfortunately, the predictions at supra-saturation densities are very diverse, for a recent review, see, e.g., Ref. [6]. Assuming all models are equally physical and noting that there is no first principle guiding its high-density limit, it is fair to state that the E_{sym}(ρ) at supra-saturation densities is currently still completely undetermined. So, why is the E_{sym}(ρ) so uncertain at supra-saturation densities? This is obviously an important question that should be addressed timely especially since several dedicated experiments have now been planned to investigate the high density behavior of the E_{sym}(ρ) at CSR/China [16], GSI/Germany [17], MSU/USA [18] and RIKEN/Japan [19]. Identifying the causes for the uncertain high-density E_{sym}(ρ) may help experimentalists to decide what experiments to do and what observables to measure. While we can not fully answer this question, we identify several important factors and demonstrate their effects on the high-density behavior of the E_{sym}(ρ) using probably the simplest manybody theory available, namely the interacting Fermi gas model for isospin asymmetric nuclear matter, e.g., Ref. [20]. There are many long-standing physical issues on

∗Corresponding author, Bao-An Li@Tamu-Commerce.edu

how to treat quantum many-body problems at high densities, the various techniques used in different many-body theories may be among the possible origins of the very uncertain E_{sym}(ρ) at supra-saturation densities. Nevertheless, it is still very useful to examine effects of some common ingredients used in most many-body theories, such as the three-body and tensor forces, in the simplest model possible. While the interacting Fermi gas model can not be expected to describe all properties of infinite nuclear matter and finite nuclei as accurately as those more advanced microscopic many-body theories, it does give an analytical expression for the E_{sym}(ρ) in terms of the isospin-dependent strong nucleon-nucleon (NN) interaction in a physically very transparent way [21]. Most importantly, the key underlying physics responsible for the uncertain E_{sym}(ρ) at supra-saturation densities can be clearly revealed. In particular, effects of the spin-isospin dependent effective three-body force, the density dependence of the in-medium short-range tensor forces and the short-range nucleon correlation can be demonstrated clearly. The results are expected to be useful for not only understanding predictions of the various many-body theories but also ultimately determining the E_{sym}(ρ) at supra-saturation densities.

II. SYMMETRY ENERGY WITHIN THE INTERACTING FERMI GAS MODEL

According to the well-known Lane potential [22], the single-nucleon potential U_{n/p} can be well approximated by U_{n/p}(ρ, k) ≈ U_0(ρ, k) ± U_{sym}(ρ, k)δ (1) where the U_0(ρ, k) and U_{sym}(ρ, k) are, respectively, the isoscalar and isovector (symmetry) nucleon potentials. Within the interacting Fermi gas model for isospin asymmetric nuclear matter [20], the nuclear symmetry energy can be explicitly expressed as (for detailed derivation of this formula, please see Ref. [21] and references therein). E_{sym}(ρ) = E^{kin}_{sym} + E^{pot1}_{sym} + E^{pot2}_{sym} (2) = 1 6 ∂t ∂k |_{kF} ·k_F + 1 6 ∂U_0 ∂k |_{kF} ·k_F + 1 2 U_{sym}(ρ, k_F ), where t(k) = ℏ^2k^2/2m is the kinetic energy, m is the average nucleon effective mass and k_F = (3π^2ρ/2)^{1/3} (Thomas-Fermi Approximation [23]) is the nucleon Fermi momentum in symmetric nuclear matter at density ρ. We notice here that the Eq.(2) is identical to the one derived earlier by Brueckner, Dabrowski and Haensel [24, 25] using K-matrices within the Brueckner theory. From Eq.(2), it is seen that the symmetry energy E_{sym}(ρ) is only dependent on the single-particle kinetic and potential energies at the Fermi momentum k_F . The first part E^{kin}_{sym} =^{ℏ2}_{6m} (^{3π2}_2 )^{23} ρ^{23} is the trivial kinetic contribution due to the different Fermi momenta of neutrons and protons; E^{pot1}_{sym} =^1_6^{∂U0}_{∂k} |_{kF} ·k_F is due to the momentum dependence of the isoscalar potential and also the fact that neutrons and protons have different Fermi momenta; while the E^{pot2}_{sym} =^1_2 U_{sym}(ρ, k_F ) is due to the explicit isospin dependence of the nuclear strong interaction. The U_0(ρ_0, k) at normal nuclear density ρ_0 is relatively well determined from the nucleon optical potential obtained from the Dirac phenomenological model analysis of nucleon-nucleus scattering data [26]. Moreover, interesting information about the U_0(ρ, k) at abnormal densities in a broad momentum range has been obtained from transport model analysis of nuclear collective flow in heavy-ion reactions [27]. For the momentum dependent part of the isoscalar potential U_0(k, ρ), we use here the well-known GBD (Gale-Bertsch-Das Gupta) parameterization [28]

U_{GBD}(ρ, k) = −75ρ/ρ_0 1 + (k/(Λk_F ))^2 (3)

where Λ = 1.5. The E^{pot1}_{sym} is then given by

E^{pot1}_{sym} = 75ρ/ρ_0 1/(3Λ^2) (1 + (1/Λ^2))^2

. (4)

The GBD potential describes reasonably well the nucleon-nucleus optical potential and has been widely used in transport model simulations of heavy-ion reactions [29]. Similar to the E^{kin}_{sym}, the E^{pot1}_{sym} always increases with density. However, the U_{sym}(ρ, k) is very poorly known especially at high densities/momenta [6]. To reveal the fundamental physics responsible for the uncertain high-density behavior of the E_{sym}(ρ), we denote u_{T 0} = u^′_{np} as the n-p interaction in momentum-space in the isosinglet (T=0) channel, while u_{T 1} = u_{nn} = u_{pp} = u_{np} is the nuclear strong interaction in the isotriplet (T=1) channel. In the latter, the charge independence of strong interaction has been assumed. Then the singlenucleon mean-field potentials are [30, 31] U_n(ρ, k) = u_{nn} ρ_n ρ + u_{np} ρ_p ρ = u_{T 1} ρ_n ρ + u_{T 1} ρ_p 2ρ + u_{T 0} ρ_p 2ρ (5) U_p(ρ, k) = u_{pp} ρ_p ρ + u_{pn} ρ_n ρ = u_{T 1} ρ_p ρ + u_{T 1} ρ_n 2ρ + u_{T 0} ρ_n 2ρ .

Therefore,

U_0(ρ, k) = 1 2 (U_n + U_p) = 1 4 (3u_{T 1} + u_{T 0}), (6) U_{sym}(ρ, k) = 1 2δ (U_n − U_p) = 1 4 (u_{T 1} − u_{T 0}).

Thus, the U_{sym}(ρ, k) measures the explicit isospin dependence of the nuclear strong interaction, namely, if the n-p interactions were the same in the isosinglet and isotriplet channels, then the U_{sym}(ρ, k) would vanish. Currently, the calculation of U_{sym}(ρ, k) is rather model dependent [31, 32]. In fact, its value can be either positive or negative at high densities/momenta [33–35], leading to the dramatically different predictions on the high-density behavior of the E_{sym}(ρ). In coordinate space, in terms of the two-body NN interactions V_{T 0}(r_{ij} ) and V_{T 1}(r_{ij} ) for the isosinglet T=0 and isotriplet T=1 channels, respectively, we have [20] E^{pot2}_{sym} = 1 2 U_{sym}(ρ, k_F ) = 1 4 (~V_{T 1} − ~V_{T 0}), (7)

where

~V_{T 0} = 1 2 ρ ∫ V_{T 0}(r_{ij} )d^3r_{ij} , ~V_{T 1} = 1 2 ρ ∫ V_{T 1}(r_{ij} )d^3r_{ij} . (8) It is clear that E^{pot2}_{sym} is determined by the competition between the ~V_{T 1} and ~V_{T 0}, and thus by the isospin dependence of the in-medium NN interactions. The latter is largely unknown and is actually a major thrust of research at various radioactive beam facilities around the world. In fact, how the nuclear medium may modify the bare NN interaction and properties of hadrons has long been one of the most critical issues in nuclear physics. For instance, it is very difficult to obtain the empirical saturation properties of symmetric nuclear matter by using the bare NN interactions within non-relativistic manybody theories. Various in-medium effects, such as the many-body force [36, 37], the relativistic effect relating the in-medium interactions to free space NN scattering [38, 39], or the in-medium tensor force due to both the π meson and ρ meson exchanges [40–42], have to be considered to obtain a reasonably good description of saturation properties of symmetric nuclear matter. How these effects manifest themselves in dense neutron-rich matter may affect the high-density behavior of the nuclear symmetry energy.

III. EFFECTS OF THE SPIN-ISOSPIN DEPENDENT THREE-BODY FORCE

In this section, we examine effects of the spin-isospin dependent three-body force on the symmetry energy at supra-saturation densities. As it has been shown repeatedly in the literature, see, e.g., Refs. [36, 43–45], a zerorange three-body force can be reduced to an effective two-body force

V_d = t_0(1 + x_0P_σ )ρ^αδ(r), (9)

where t_0, α and x_0 are parameters and P_σ is the spinexchange operator. Depending on how many and which properties of finite nuclei and nuclear matter are used in reducing the three-body force, various values have been used for both the x_0 and t_0 parameters. Moreover, the density-dependence ρ^α is often used to mimic additional in-medium effects such as the many-body force. For instance, in relativistic approaches, the dressing of the inmedium spinors will also introduce a density-dependence to the interaction, which can lead to similar effects as the many-body force. The parameter α can thus take on any value between 0 and 1. The parameter x_0 controls the relative contributions to the three-body force from the isosinglet and isotriplet NN interactions. The three-body term has been included in many effective interactions, such as the Skyrme and Gogny interactions, in both phenomenological, e.g., Refs. [46, 47] and microscopic, see, e.g., Ref. [48], many-body theories for isospin asymmetric nuclear matter. Noticing that the potential energies due to the three-body force in the T=1 and T=0 channels are, respectively (for details, see Table II and the corresponding equation E^{ST} in Ref.[45]),

V^{T 1}_d =

1 − x_0 2 3t_0 8 ρ^{α+1}, V^{T 0}_d =

1 + x_0 2 3t_0 8 ρ^{α+1}, (10)

one sees immediately that the terms containing x_0 cancel out in calculating the EOS of symmetric nuclear matter. In fact, among the normally 13 parameters used in the Hartree-Fock calculations with the Gogny force x_0 is the only one having this special feature. To evaluate quantitatively the symmetry energy we use the Gogny central force [45]

V_c(r) = ∑ i=1,2 (W_i + B_iP_σ − H_iP_τ − M_iP_σ P_τ )_ie^{−r2/μ2i} ,

(11) where P_τ is the spin exchange operator and the values of the parameters W , B, H, M and μ are taken directly from Ref.[45]. It is necessary to stress here that since we are aiming at a qualitative understanding of why the symmetry energy is so uncertain at supra-saturation densities, the model parameters are not re-tuned selfconsistently to reproduce any existing constrain on the symmetry energy at and/or below the normal nuclear matter density ρ_0. The resulting E^{pot2}_{sym} is E^{pot2}_{sym} = − ∑ i=1,2 ( H_i 4 + M_i 8 )π^{32} μ^3_i ρ−(1+2x_0) t_0 8 ρ^{α+1}. (12)

Shown in Fig.1 are the symmetry energy functions obtained with different values for the x_0 and α parameters. It is clearly seen that for a given value of the α parameter, the x_0 controls the high density behavior of the symmetry energy. By varying the x_0 one can easily cover the

FIG. 1: (Color online) The symmetry energy obtained with different spin and density dependences in the three-body force.

whole range of symmetry energy calculated within the Hartree-Fock approach using over one hundred Skyrme and Gogny forces [47] without changing anything in the EOS of symmetric nuclear matter. In particular, with x_0 = 1 and α = 1/3 as in the original Gogny force [45], then only the (S=1, T=0) spin-isospin n-p interaction contributes to the three-body force and the symmetry energy, the E_{sym}(ρ) drops quickly to zero above certain supra-saturation densities. We regard this kind of E_{sym}(ρ) as being super-soft. Overall, depending on the value of the parameter x_0, the symmetry energy can be either stiff that keeps increasing with density or becomes super-soft above certain supra-saturation densities.

In the 2003 survey by J. R. Stone et al. [47] of 87 Skyrme interactions, the x_0 (x_3 in the notation of Ref. [47]) ranges between −1.56 to 1.92. As a special example, we notice that B. A. Brown used x_0 between 0.03 to 0.9 with the SKX [49]. The values of x_0 used in Fig.1 are thus within the uncertainty range of x_0 found in the literature. Moreover, we notice that the result here is consistent with the earlier finding that the EOS of pure neutron matter is very sensitive to the x_0 parameter [49, 50]. To our best knowledge, it is currently not clear how to fix the x_0 alone experimentally. Nevertheless, it is worth noting that the cross section of pn charge exchange reactions and the symmetry potential U_{sym} extracted from the isospin dependence of the nucleon optical potentials are all directly related to the spin-isospin dependent nuclear interaction. They may thus be used to constrain the value of x_0. Moreover, the density dependence of the nuclear symmetry energy itself can be used to constrain the x_0 should it be determined experimentally in the future. However, as we shall discuss in the next section, the in-medium tensor force may have similar effects on these observables.

IV. EFFECTS OF THE IN-MEDIUM SHORT-RANGE TENSOR FORCE AND NUCLEON CORRELATION

Studies based on microscopic many-body theories indicate consistently that the symmetry energy is dominated by the isosinglet (S=1,T=0) channel [30, 51]. While measured properties of deuterons indicate unambiguously that a tensor force is at work in the (S=1,T=0) channel. It is also well known that the π and ρ meson exchanges contribute to the intermediate-range attractive and the short-range repulsive tensor forces, respectively, according to [40]

V^π_T (r) = f^2_{Nπ} m_π 4π τ_1 ·τ_2(−S_{12})[ e^{−mπr} (m_πr)^3 + e^{−mπ r} (m_πr)^2 + e^{−mπr} 3m_πr ], and V^ρ_T (r) = f^2_{Nρ} m_ρ 4π τ_1 · τ_2(S_{12})[ e^{−mρr} (m_ρr)^3 + e^{−mρr} (m_ρr)^2 + e^{−mρr} 3m_ρr ], (13) where f^2_{Nπ} /4π = 0.08 and f^2_{Nρ} /m^2_ρ ≃ 2f^2_{Nπ} /m^2_π. The S_{12} = 6(⃗S · ⃗r)^2/r^2 − 2⃗S^2 = 4S^2P_2(cos(θ)) is the tensor operator. We notice that some effective interactions, such as the Paris force [52], only consider the tensor force due to the π exchange and has a short-range cut-off. As shown in Fig.3 of Ref.[53], the short range behavior of the tensor forces used in popular effective interactions differ dramatically. Moreover, different short range cut-offs are normally introduced, e.g., in studying the single particle energy levels in rare isotopes [53, 54]. Unfortunately, the different behaviors of the tensor force at short distance being cut-out, thus not probed from studying the energy levels of single particles, affect dramatically the high density behavior of the symmetry energy. Furthermore, inmedium properties of the ρ meson may affect the strength of the short-range tensor force. Because the symmetry energy is very sensitive to the competition between the isosinglet (~V_{T 0}) and isotriplet (~V_{T 1}) channels, the contribution of the in-medium short-range tensor force that exists only in the T=0 channel may thus affect significantly the high-density behavior of the E_{sym}(ρ). To investigate effects of the in-medium tensor force, we use the Brown-Rho Scaling (BRS) for the in-medium ρ meson mass according to m^⋆_ρ/m_ρ = 1 − α_{BR} · ρ/ρ_0 [41]. Shown in Fig.2 is the radial part of the total tensor force V_T = V^ρ_T (r) + V^π_T (r) at ρ = 0, ρ_0, 2ρ_0, and 3ρ_0, respectively, with the BRS parameter α_{BR} = 0.2. As one expects, the total tensor force becomes more repulsive in denser matter when the ρ meson mass is reduced according to the BRS. While the experimental evidence for the BRS is still not very clear, we use it here as an effective way of adjusting the in-medium strength of the tensor force. This is useful to mimic different ways of involving the tensor force in many-body calculations in the literature.

Noticing that the tensor force gives no contribution at the mean-field level to the potential energy with spheri-

FIG. 2: (Color online) The radial part of the tensor force VT = V^ρ_T (r) + V^π_T (r) at ρ = 0, ρ0, 2ρ0, and 3ρ0 with the BRS parameter αBR = 0.2.

FIG. 3: (Color online) The symmetry energy with different values of the BRS parameter αBR = 0, 0.05, 0.10, 0.15, 0.20 using three values for the correlation parameter η.

cally symmetry tensor correlations [55], we assume here that the tensor force acting in the isosinglet n-p channels in nuclear matter behaves the similar way as in deuterons, namely, the tensor operator S_{12} is a constant of 2. Moreover, we introduce a two-step tensor correlation function, i.e. f(r) = 0, for r < r_c and f(r) = 1, for r ≥ r_c where r_c = η(3/4πρ)^{1/3} is the “healing distance” or short-range cut-off. Thus the tensor contribution to the isospin T=0 channel symmetry energy is ~V_T = ∫ f(r)[V^ρ_T (r_{ij} ) + V π_T (r_{ij} )]d3r_{ij} . The parameter η is used to effectively vary the short range cut-off. The density dependence in the r_c reflects the design that the size of nucleons shrinks as the density increase. With η = 2, the two nucleons will always keep in touch on their surfaces while their sizes decrease with increasing density.

Shown in Fig.3 are the total symmetry energy functions obtained using three typical values for the η parameter. With η = 10, the r_c is so large that the tensor contribution to the E^{pot2}_{sym} is completely cut off. The E_{sym}(ρ) thus keeps increasing with density due to the E^{kin}_{sym} and the E^{pot1}_{sym} terms. With smaller η values, the high density behavior of the E_{sym}(ρ) is controlled by the BRS parameter α_{BR}. Similar to varying the x_0 parameter in the three-body force, by varying the α_{BR} parameter the tensor force can lead to E_{sym}(ρ) from stiff to super-soft. A recent study indicates that a value of α_{BR} ≈ 0.15 is required to reproduce the measured lifetime of^{14}C [56]. With such an α_{BR}, the symmetry energy can easily become super-soft with η between 0.1 and 1. Results for the three typical cases shown in Fig.3 clearly indicate that the high-density behavior of the symmetry energy is sensitive to both the short-range in-medium tensor force and the NN correlation function. The short-range repulsion generated by the ρ-meson exchange plays the key role in determining the symmetry energy at supra-saturation densities. In fact, the relationship between the shortrange repulsive tensor force in the isosinglet n-p channel and the appearance of the super-soft symmetry energy was first noticed by Pandharipande et al. within variational many-body (VMB) theories [57, 58]. Ultimately, because of the dominance of the repulsive n-p interaction in isospin symmetric nuclear matter at high densities, it is possible that pure neutron matter is energetically favored, leading to the negative symmetry energy at high densities. Of course, this can only occur if the ρ tensor contribution is sufficiently strong due to, for example, its reduced mass in dense medium. It was also pointed out that the fundamental reason for the completely different high-density behaviors of the E_{sym} predicted by the VMB and the Relativistic Mean Field (RMF) models is the lack of the ρ tensor contribution to the energy in the RMF models [59].

To this end, it is interesting to note that the threebody force and the tensor force can affect similarly the high-density behavior of the symmetry energy. This is very similar to the situation in describing the saturation properties of symmetric nuclear matter. It has been shown that the saturation properties can be equally well described by either including the three-body force or the in-medium NN interactions based on the BRS [42, 48]. Nevertheless, as it was pointed out in Ref. [44], since the three-body force is essentially a convolution of two-body forces, a consistent three-body force should also include a tensor component. We have only studied here separately effects of the three-body force and the two-body tensor force on the high density behavior of the symmetry energy. Effects including both the two and three-body tensor forces simultaneously will be investigated in a forthcoming work. In particular, by varying parameters controlling both the three-body force and the tensor force together we shall demonstrate how large the parameter space is in which the symmetry energy may become negative at supra-saturation densities.

V. SUMMARY

In summary, the high density behavior of the symmetry energy E_{sym} has long been regarded as the most uncertain property of dense neutron-rich nuclear matter because even its trend is still controversial. Within the interacting Fermi gas model, the E_{sym} can be expressed in terms of the isospin-dependent NN strong interaction. The high-density behavior of the E_{sym} is determined by the competition between the in-medium isosinglet and isotriplet nucleon-nucleon interactions. Respective effects of the in-medium three-body interaction and the short-range tensor force on the high-density behavior of the E_{sym} are examined separately. It is found that the strength of the spin (isospin) dependence of the threebody force and the in-medium ρ meson mass in the shortrange tensor force are the key parameters controlling the high-density behavior of the E_{sym}. These findings are useful for understanding why the nuclear symmetry energy is very uncertain at supra-saturation densities.

We would like to thank Lie-Wen Chen, Wei-Zhou Jiang, Che Ming Ko, Hyun Kyu Lee, Rupert Machleidt, Mannque Rho and Wei Zuo for helpful discussions. One of us (B. A. Li) would also like to thank the kind hospitality he received at the World Class University program at Hanyang University in Seoul, Korea where he benefited from the stimulating discussions on the main issues studied in this work. This work is supported by the US National Science Foundation Awards PHY- 0652548 and PHY-0757839, the Research Corporation under Award No.7123 and the Texas Coordinating Board of Higher Education Award No.003565-0004-2007, the National Natural Science Foundation of China (Grants 10735010, 10775068, and 10805026) and by the Research Fund of Doctoral Point (RFDP), No. 20070284016.

[1] B. A. Li, C. M. Ko and W. Bauer, Int. Jour. Mod. Phys.

E 7, 147 (1998).

[2] B. A. Brown, Phys. Rev. Lett. 85, 5296 (2000). [3] Isospin Physics in Heavy-Ion Collisions at Intermediate Energies, Eds. Bao-An Li and W. Udo Schröder (Nova Science Publishers, Inc, New York, 2001).

[4] P. Danielewicz, R. Lacey and W.G. Lynch, Science 298, 1592 (2000).

[5] V. Baran et al., Phys. Rep. 410, 335 (2005). [6] B. A. Li, L. W. Chen and C. M. Ko, Phys. Rep. 464, 113 (2008).

[7] K. Sumiyoshi and H. Toki, ApJ, 422, 700 (1994). [8] I. Bombaci, Chapter 2 in Ref. [3].

[9] J.M. Lattimer, M. Prakash, ApJ, 550, 426 (2001); Science 304, 536 (2004).

[10] A.W. Steiner et al., Phys. Rep. 411, 325 (2005).

[11] Kyungmin Kim and Hyun Kyu Lee, arXiv:0909.1398 [12] L. W. Chen, C. M. Ko and B. A. Li, Phys. Rev. Lett. 94, 032701 (2005); B. A. Li and L. W. Chen, Phys. Rev. C 72, 064611 (2005).

[13] M. B. Tsang, Yingxun Zhang, P. Danielewicz, M. Famiano, Zhuxia Li, W. G. Lynch, and A. W. Steiner, Phys. Rev. Lett. 102, 122701 (2009).

[14] M. Centelles, X. Roca-Maza, X. Vinas and M. Warda, Phys. Rev. Lett. 102, 122502 (2009).

[15] Z. G. Xiao, B. A. Li, L. W. Chen, G. C. Yong and M.

Zhang, Phys. Rev. Lett. 102, 062502 (2009).

[16] Z.G. Xiao et al., J. Phys. G: Nucl. Part. Phys. 36, 064040 (2009).

[17] Wolfgang Trautmann, talk given at the XLVIII International Winter Meeting on Nuclear Physics, Bormio

(Italy), http://panda.physik.uni-giessen.de:8080/
indico/conferenceDisplay.py?confId=16

[18] Symmetry Energy Project (SEP), http://groups.nscl.

msu.edu/hira/sep.htm

[19] RIKEN Samurai collaboration, http://rarfaxp.riken.

go.jp/RIBF-TAC05/10_SAMURAI.pdf

[20] M. A. Preston and R. K. Bhaduri, Structure of the Nucleus (Addison-Wesley, Reading, MA, 1975), p. 191-202.

[21] C. Xu, B. A. Li, L. W. Chen, and C. M. Ko, arXiv:1004.4403.

[22] A.M. Lane, Nucl. Phys. 35, 676 (1962).

[23] Thomas-Fermi Approximation: http://en.wikipedia.

org/wiki/Thomas%E2%80%93Fermi_model

[24] K. A. Brueckner and J. Dabrowski, Phys. Rev. 134, B722 (1964).

[25] J. Dabrowski and P. Haensel, Phys. Lett. B 42, 163 (1972); Phys. Rev. C 7, 916 (1973); Can. J. Phys. 52, 1768 (1974).

[26] S. Hama, B.C. Clark, E.D. Cooper, H.S. Sherif, R.L. Mercer, Phys. Rev. C 41, 2737 (1990).

[27] P. Danielewicz, Nucl. Phys. A 673, 375 (2000). [28] C. Gale, G. Bertsch, and S. Das Gupta, Phys. Rev. C 35, 1666 (1987).

[29] L. P. Csernai, G. Fai, C. Gale, and E. Osnes Phys. Rev.

C 46, 736 (1992).

[30] Bombaci and U. Lombardo, Phys. Rev. C 44, 1892 (1991).

[31] W. Zuo, L. G. Cao, B. A. Li, U. Lombardo, C. W. Shen, Phys. Rev. C 72, 014005 (2005).

[32] C. B. Das, S. Das Gupta, C. Gale, B. A. Li, Phys. Rev.

C 67, 034611 (2003).

[33] Bao-An Li, Phys. Rev. C69, 064602 (2004). [34] L. W. Chen, C. M. Ko, B. A. Li, Phys. Rev. C 72 (2005) 064606.

[35] Z. H. Li, L. W. Chen, C. M. Ko, B. A. Li, and H. R. Ma, Phys. Rev. C 74 (2006) 044613.

[36] D. Vautherin and D. M. Brink, Phys. Rev. C 5, 626 (1972).

[37] W. Zuo, U. Lombardo, H.-J. Schulze, and Z. H. Li, Phys.

Rev. C 74, 014317 (2006).

[38] R. Brockmann and R. Machleidt, Phys. Rev. C 42, 1965 (1990).

[39] C. Fuchs and H. H. Wolter, Eur. Phy. J. A 30, 5 (2006). [40] G. E. Brown and M. Rho, Phys. Lett. B 237, 3 (1990). [41] G. E. Brown and M. Rho, Phys. Rev. Lett. 66, 2720 (1991); Phys. Rep. 396, 1 (2004).

[42] R. Rapp, R. Machleidt, J. W. Durso and G. E. Brown, Phys. Rev. Lett. 82, 1827 (1999).

[43] N. Onishi and J. Negele, Nucl. Phys. A 301, 336 (1978). [44] P. Grange, A. Lejeune, M. Martzolff and J. F. Mathiot, Phys. Rev. C 40, 1040 (1989).

[45] J. Decharge and D. Gogny, Phys. Rev. C 21, 1568 (1980). [46] E. Chabanat et al., Nucl. Phys. A 627 710 (1997); ibid, 635, 231 (1998).

[47] J. R. Stone, J. C. Miller, R. Koncewicz, P. D. Stevenson, M. R. Strayer, Phys. Rev. C 68 (2003) 034324.

[48] H. Dong, T. T. S. Kuo and R. Machleidt, Phys. Rev. C 80, 065803 (2009).

[49] B. A. Brown, Phys. Rev. C 58, 220 (1998). [50] C. J. Pethick, D. G. Ravenhall and C. P. Lorenz, Nucl.

Phys. A 584, 675 (1995).

[51] A. E. L. Dieperink, Y. Dewulf, D. Van Neck, M. Waroquier, V. Rodin, Phys. Rev. C 68 (2003) 064307.

[52] M. Lacombe et al., Phys. Rev. C 21 (1980) 861. [53] T. Otsuka et al., Phys. Rev. Lett. 95, 232502 (2005). [54] T. Otsuka et al., Phys. Rev. Lett. 97, 162501 (2006). [55] M. L. Ristig, W. J. Louw, and J. W. Clark, Phys. Rev.

C 3 (1971) 1504.

[56] J. W. Holt, G. E. Brown, T. T. Kuo, J. D. Holt, and R.

Machleidt, Phys. Rev. Lett. 100 (2008) 062501. [57] V. R. Pandharipande, V. K. Garde, Phys. Lett. B 39 (1972) 608.

[58] R. B. Wiringa et al., Phys. Rev. C 38 (1988) 1010. [59] M. Kutschera, Phys. Lett. B 340 (1994) 1.