arXiv:0902.0111v2 [astro-ph.HE] 3 Feb 2009

APT/123-QED

Lepton effects on the proto-neutron stars with the hadron-quark mixed phase in the Nambu-Jona-Lasinio model

Nobutoshi Yasutake^{1∗} and Kouji Kashiwa^2 1Division of Theoretical Astronomy, National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan 2Department of Physics, Kyushu University, Fukuoka 810-8560, Japan (Dated: February 3, 2009)

Abstract

We study the structures of hybrid stars with leptons at finite temperature under beta equilibrium. For the quark phase, we use the three flavor Nambu-Jona-Lasinio (NJL) model. For the hadron phase, we adopt nuclear equation of state (EOS) by Shen et al.. This EOS is in the framework of the relativistic mean field theory including the tree body effects. For the hadron-quark phase transition, we impose the bulk Gibbs construction or the Maxwell construction to take into account uncertainties by finite size effects. We find that the pure quark phase does not appear in stable star cores in all cases. With the phase transition, the maximum masses increase ∼ 10% for high lepton fraction. On the contrary, without the transition, they decrease ∼ 10%. We also find that, in the NJL model, the lepton fraction is more important for structures of unstable stars than the temperature. This result is important for many astrophysical phenomena such as the core collapse of massive stars.

PACS numbers: 26.60.-c, 97.60.Jd, 12.39.-x

∗Electronic address: yasutake@th.nao.ac.jp

I. INTRODUCTION

The possible existence of quark matter in compact stars has been proposed [1, 2]. It should be noted that the uncertainty of EOS is always a big problem in the study of compact star structures. The recent observations imply the existence of large mass compact objects [3, 4, 5, 6].

The effects of quark matter on various astrophysical phenomena have been studied extensively. For example, cooling effects on compact star evolutions have been studied in Ref. [7, 8, 9, 10]. Other examples include the effects of quark matter on gravitational wave radiation [11, 12, 13], neutrino emissions [14, 15], rotational frequencies [16], and the maximum energy release during the transition from neutron stars to quark stars [17, 18], etc.. However, most of them were based on the MIT bag model.

On the other side, many researchers have proposed EOS’s based on finite temperature field theory in beta equilibrium. Among these, the Nambu-Jona-Lasinio (NJL) model is widely known. The difference between the NJL model and the MIT bag model on the structure of compact stars has been pointed out in Ref. [19, 20]. Furthermore, the NJL model has two notable points. One of them is that the NJL model implies a color-superconducting state, which effects cooling evolution on compact stars with quark matter [21]. The other is that it can show chiral phase transition. We can calculate the spontaneous chiral symmetry breaking by the NJL model. However, baryons in the framework of the NJL model do not reflect experimental result well. This is a big problem in the adaptation of the NJL model for realistic astrophysical phenomena.

To study realistic compact stars including exotic matter, Burgio and Plumari (2008) have set two kinds of EOS’s for hadron and quark phases [19]. Hadron EOS in their study was based on Bruekner-Bethe-Goldstone many body theory, which was considered appropriate for neutron matter [22]. Furthermore, they adopted the NJL model for the quark phase, and imposed the Maxwell construction on the hadron-quark phase transition. However, there are many uncertainties for the hadron-quark phase transition. Assuming the quark deconfinement transition to be of first order, it causes a thermodynamical instability and the mixed phase appears around the critical density. The properties of the mixed phase depend on electromagnetic and surface contributions to the energy. These contributions are sometimes called ”finite-size effects”. The quantitative analysis of these finite size effects has provided following result: EOS’s for the phase transition become similar to the ones under the bulk Gibbs construction for weak surface tension, and to the ones under the Maxwell construction for strong surface tension [23, 24, 25].

In the present paper, we adopt a widely accepted EOS in astrophysics for the hadron phase. The EOS is based on the relativistic mean field (RMF) theory including many body effects [26]. For the quark phase, we also adopt the NJL model. We impose the bulk Gibbs or the Maxwell construction on the phase transition to take into account uncertainties of finite size effects. For realistic proto-neutron star (PNS) structures, the finite temperature effects and neutrino trapping are important. For this reason, in this paper, we also consider the finite temperature case with neutrinos as well.

This paper is organized as follows. In Sec. II, we outline our EOS’s. In Sec. III, we present numerical result for PNS structures. Sec. IV is devoted to the conclusion and discussion where we discuss the astrophysical meaning of our result.

II. EQUATION OF STATE

A. Equation of state for quark phase —Three flavor Nambu-Jona-Lasinio model

In a moderately dense system, for example inside compact stars, the quark matter may exist with s−quarks.

The Lagrangian density of the NJL model in the three flavor system is written as

L = q̄(i∂̸ − m̂)q + L_4 + L_6, (1)

where

L_4 = G_s 8∑ k=0 [ (q̄λ^kq)^2 + (iq̄γ_5λ^kq)^2 ] , L_6 = −K [ det_{i,j} (q̄_i(1 + γ_5)q_j ) + det_{i,j} (q̄_i(1 − γ_5)q_j ) ] , (2)

q = q_u q_d q_s , m̂ = m_u 0 0 0 m_d 0 0 0 m_s

. (3)

Here, i and j denote the flavor indices, whereas q and m_i denote quark field and current mass matrix, respectively. The Lagrangian density components, L_4 and L_6 respectively generate four-leg and six-leg interaction. The six-leg interactions, L_6, come from U_A(1) anomaly. In the chiral limit, m_f = 0 , the Lagrangian density has SU(3)_L × SU(3)_R × SU(3)_c × U(1)_v symmetry.

With the mean field approximations, the Lagrangian density is given as L_{MF A} = ∑ f=i,j,k q̄_f (i∂̸ − (m_f + Σ_{f,s}))q_f − U, (4)

where

Σ_{i,s} = −(4G_s⟨q̄_iq_i⟩ − 2K⟨q̄_j q_j⟩⟨q̄_kq_k⟩), (5) U = ∑ l=u,d,s (2G_s⟨q̄_lq_l⟩^2) − 4K⟨q̄_uq_u⟩⟨q̄_dq_d⟩⟨q̄_sq_s⟩, (6) for f ≠ j ≠ k.

Therefore, the thermodynamic potential is Ω V = − T V ln Z (7) = −2N_c ∑ f=u,d,s ∫ d^3p (2π)^3 [ E_f (p) − √ p^2 + m^2_f + 1 β ln(1 + e^{−βE−f (p)}) + 1 β ln(1 + e^{−βE+f (p)}) ] +U, (8)

where E_f (p) = √ p^2 + M^2_f , E^±_f = E_f (p) ± μ_f , and M_f = m_f + Σ_{f,s}.

Since the NJL model is nonrenormalizable, it is necessary to introduce a cutoff in the momentum integration. In this study, we use the three-dimensional momentum cutoff and we use the parameter set that is obtained in Ref. [27]. The cutoff Λ is 0.6023 GeV. The coupling constant of four quark interaction is defined as G_sΛ^2 = 1.835, while that of six quark interaction is defined as KΛ^5 = 12.36. The current masses of u− and d−quarks are fixed at 5.5 MeV and that of s−quark is fixed at 140.7 MeV.

The quark number density n_q is given as n_q = n_u + n_d + n_s = 3n_B with n_f = ⟨q^†_f q_f ⟩ where n_B is the baryon number density. Moreover, the chiral condensate ⟨q̄_f q_f ⟩ satisfies the stationary condition ∂Ω/∂⟨q̄_f q_f ⟩ = 0.

FIG. 1: The left panel shows the pressure versus the baryon number density n_B under beta equilibrium and charge neutrality in the NJL model. The right panel shows the effective quark masses versus n_B . Here, we normalized n_B by the nuclear saturation number density n_0; n_0 = 0.17fm^{−3}. We do not show the effective masses of d−quark in this figure, because they are almost the same values as the ones of u−quark [20].

Inside of compact stars, we must impose beta equilibrium and charge neutrality. Therefore, we rewrite the chemical potential of u−, d− and s−quarks as

μ_u = 1 3 μ_B − 2 3 μ_e + 2 3 μ_{νe} , (9) μ_d = μ_s = 1 3 μ_B + 1 3 μ_e − 1 3 μ_{νe} , (10)

where μ_B is the effective baryon chemical potential corresponding to the neutron chemical potential. We assume that neutrinos are trapped because it is reasonable for PNS’s in the process of core collapse of massive stars.

Our equation of state in the NJL model is shown in FIG. 1. We set the temperature as T = 0 − 30 MeV in this figure, because this is the expected temperature range in compact stars [28]. For the total lepton fraction, we adopt Y_l = 0.1 − 0.4 for the same reason. The lepton fraction is more important in deciding the stiffness of EOS’s than temperature because of the following reason: A high lepton fraction provides a high electron fraction which suppresses the number of other negatively charged particles, such as s−quarks, due to the electric charge neutrality condition. This implies that at high lepton fraction case, being the strangeness of content small, the chiral restoration for s−quark is suppressed as shown in the right panel of FIG. 1. Hence, EOS’s for high lepton fraction become stiff [20].

However, the above discussion does not apply to the MIT bag model, because the MIT bag model does not contain the effects of chiral restoration. The details are shown in Menezes et al.(2005) [20] or Burgio et al. (2003, 2008) [16, 19].

An important thing for our EOS is the mass of the s−quark and the number density which primarily depend on the chiral restoration, the electric charge neutrality, and the Gibbs/Maxwell construction. However, effects of the color superconductivity may change our result [29, 30, 31, 32, 33, 34, 35]. Studies of such effects are out of scope of this work.

In the NJL models, the bag pressures are not free parametric constants as in the MIT bag model.

B. Equation of state for Hadron phase and Mixed phase

For the EOS of the hadron phase, we adopt the nuclear EOS based on the RMF theory developed by Shen et al. (Shen EOS) [26]. This EOS includes three-body effects and has been constructed to reproduce the experimental data of masses and radii of stable and unstable nuclei (see references in Shen et al.(1998) [26]). The range of baryon density is from 10^{5.1} g cm^{−3} to 10^{15.4} g cm^{−3}.

Pressure as a function of baryon number density is shown in FIG 2. Contrary to the NJL model, this EOS becomes slightly soft for high lepton fraction: e.g. the pressure at Y_l = 0.4 and T = 30 MeV is about 10 % lower than the one at Y_l = 0.1 and the same temperature. The explanation for this is that, under charge neutrality condition, a high lepton fraction decreases the neutron number density which is the main component of a repulsive nuclear interaction above the saturation density.

For the phase transition, there are many uncertainties which come from finite size effects as discussed in Sec. I. In the past studies, it has been shown that EOS’s become similar to the ones under the Maxwell construction for strong surface tension, and to the ones under the bulk Gibbs construction for weak surface tension [23, 24, 25]. Hence, to take into account such uncertainties, we calculate EOS’s under the bulk Gibbs construction and the Maxwell construction, respectively.

First, we describe the bulk Gibbs construction. In this construction, we consider chemical

FIG. 2: Same as the left panel of FIG. 1, but for the nucleon EOS by Shen et al. [26].

equilibrium at the hadron-quark interface as well as in each phase:

μ_p + μ_e = μ_n + μ_{νe} , (11) μ_n = μ_u + 2μ_d, (12) μ_p = 2μ_u + μ_d, (13) μ_d = μ_s. (14)

Here, μ_p and μ_n are the proton chemical potential and the neutron chemical potential, respectively. We assume that μ_n is the same as μ_B in equation (9) and (10).

The bulk Gibbs constructions impose the following other conditions for phase equilibrium:

T^Q = T^H , P^Q = P^H . (15)

Here, T^Q and T^H are the temperatures in the quark phase and in the hadron phase, respectively. Similarly, P^Q and P^H denote the pressures in those phases.

Besides, we consider baryon number conservation law in the mixed phase as, n_B = χn_{B,Q} + (1 − χ)n_{B,H} , where n_B , n_{B,Q}, n_{B,H} , and χ are respectively the total baryon number density, the baryon number density in hadron matter, the effective baryon number density in quark matter, and the volume fraction which shows quark matter volume divided by the total volume. Here, n_{B,Q} is one third of the total quark number density.

Furthermore, we adopt the electric charge neutrality as follows; Y_e n_B = χ Y_{p,Q} n_{B,Q} + (1 − χ) Y_{p,H} n_{B,H} . Here Y_e is the electron fraction, whereas Y_{p,Q} and Y_{p,H} denote the fraction of positive particles per baryon in quark matter, and in hadron matter.

Schertler et al. [36] have calculated the mixed phase under the bulk Gibbs constructions. Their EOS for hadron phase was also based on the RMF theory, and their EOS for quark phase was also the NJL model. However, their calculations were only for zero temperature and did not include neutrinos.

Under the Maxwell construction, lepton chemical potentials are not considered in the phase equilibrium. The condition of chemical equilibrium for the phase transition is only equation (12). The Maxwell construction imposes equation (15), too. In the following, we replace T^H (T^Q) and P^H (P^Q) by T ≡ T^H = T^Q and P ≡ P^H = P^Q.

Pressure as a function of baryon density is shown in FIG. 3. In this figure, we set the temperatures and the total electron fractions as T = 0 − 30 MeV and Y_l = 0.1 − 0.4 as in subsection A. At these temperatures and lepton fractions, hybrid stars are stable with low central densities, and have maximum masses as we show later in figures of mass-radius relations. Under the Gibbs construction, the density regions of mixed phase are wide; e.g. from 1.19 n_0 to 8.40 n_0 for T = 0 MeV and Y_l = 0.1, where n_0 is the nuclear saturation number density given by 0.17 fm^{−3}. Such a wide range of mixed phase was also found by Schertler et al [36]. Under the Maxwell construction, the EOS’s have density jumps from the purely hadronic phase to the pure quark phase; e.g. from 2.37 n_0 to 3.54 n_0 for T = 0 MeV and Y_l = 0.1. We also find that the quark phase appears in low density with increasing temperature, as shown in Burgio et al [19].

III. STRUCTURE OF HYBRID STARS

We calculate the spherical structures of hybrid stars by Tolman-Oppenheimer-Volkoff (TOV) equation using the EOS’s given in Sec. II. These PNS’s have a temperature range of T = 0 − 30 MeV, and a lepton fraction range of Y_l = 0.1 − 0.4.

In FIG. 4-6, we display mass versus central density and mass versus radius for compact

FIG. 3: Pressure as a function of the baryon density normalized with the nuclear density under the bulk Gibbs construction (left panel) and the Maxwell construction (right panel).

stars. We assume the dynamical stability condition as ∂M ∂n_{B,C} ≥ 0, (16)

where M and n_{B,C} are the stellar mass and the baryon number density of stellar core, respectively.

In this paper, we calculate the structures of PNS’s at constant temperature for simplicity, not as isentropic matter. The former situation is relevant to the neutrino transparent case (small Y_l) whereas the latter, to the supernova stage (large Y_l) [37].

A. Stable stars

In this subsection, we discuss the stars satisfying condition (16) for each EOS. We find that stable stars do not have pure quark phase in their cores for all cases.

First, we discuss the stable stars with the hadron-quark phase transition under the bulk Gibbs construction. The left panel of FIG. 4 shows the mass-central density relations of PNS’s, and the right panel shows their mass-radius relation. Clearly the high lepton fraction (Y_l = 0.4) enhances the masses because the EOS becomes hard as shown in the left panel of FIG. 3. The densities at maximum masses are 3.5-5.0 n_0, and the matter of cores is in the hadron-quark mixed phase at such densities. The bulk Gibbs construction provides a wide density range for the mixed phase as discussed in Sec. II.

FIG. 4: Left panel shows the mass-central density relations of PNS’s with the hadron-quark phase transition under the bulk Gibbs construction, and right panel shows their mass-radius relation.

Let us move on stable stars with the transition under the Maxwell construction. We find that stable stars do not have pure quark phase in their cores just like the case under the bulk Gibbs construction, as shown in FIG. 5. At high lepton fraction (Y_l = 0.4), the maximum masses become slightly (3 %) larger than the ones at low lepton fraction (Y_l = 0.1). The explanation for this is that the phase transition occurs under the density where the effects of repulsive nuclear interaction appear on the structures of compact stars.

There are the central density regions where the gradients of ∂M/∂n_{B,C} are zero, since EOS’s jump from the hadron phase to the quark phase in these density regions as shown in the right panel of FIG. 3.

On the contrary, without the phase transition, the maximum masses at high Y_l become low clearly (see FIG. 6). The explanation is that the EOS’s without the transition become soft at high Y_l as discussed in subsection B of Sec. II.

Maximum masses and the other quantities for each EOS are shown as in TABLE I. The label of ”bulk Gibbs” (”Maxwell”) in the table indicates EOS with the hadron-quark phase transition under the bulk Gibbs (the Maxwell) construction, whereas the label of ”Shen” indicates without the transition, adopting only Shen EOS.

For the EOS’s with the transition, the maximum masses become large for high lepton fractions; e.g. for the bulk Gibbs construction, the maximum masses for Y_l = 0.1 are in a range around 1.95 solar masses. Those for Y_l = 0.4 are in another range around 2.10 solar

FIG. 5: Same as FIG. 4, but for the Maxwell construction.

FIG. 6: Same as FIG. 4, but without the hadron-quark phase transition.

masses which are 8 % larger than the ones for Y_l = 0.1. For the Maxwell construction, the maximum masses for Y_l = 0.4 are 3 % larger than the ones for Y_l = 0.1. In this case, the typical densities of compact stars are 1 − 2n_0 because the maximum densities for stable stars are ∼ 2n_0. For such densities, the effects of repulsive nuclear interaction at low lepton fraction do not appear (see FIG. 2).

On the contrary, the maximum masses without the phase transition for Y_l = 0.4 are 9% smaller than the ones for Y_l = 0.1. This is exactly the opposite of the result obtained with the phase transition. The following observations help us to understand this difference; the maximum densities for stable stars are ∼ 4.5n_0. For such densities, the EOS’s without the transition become soft at high Y_l as discussed in subsection B of Sec. II (see FIG. 2).

Let us discuss the evolution of compact stars. We calculate structures of hydro static compact stars at a wide range of temperature and lepton fractions. Here, we assume that these sets of stars are snapshots of PNS evolutions. Let us change the T and Y_l values from T = 30 MeV, Y_l = 0.4 to T = 0 MeV, Y_l = 0.1. The maximum mass difference δM_{max} between these two cases is ∼ 0.23M_⊙ (∼ 0.13M_⊙) with the transition under the bulk Gibbs (the Maxwell) construction. On the contrary, the Shen EOS show opposite behavior in maximum masses (i.e. δM_{max} ∼ −0.11M_⊙). This difference implies that the EOS’s with the phase transition become soft after deleptonization although the EOS’s become hard without the transition. The observations of neutrinos for core collapse supernovae will show us which EOS is acceptable in the future.

B. Unstable stars

In this subsection, we consider unstable stars which do not satisfy the condition (16). At n_{B,C} /n_0 ∼ 10, all stars are unstable. Such stars collapse to black holes. It is clear that a lepton fraction is more important in deciding a stellar mass than temperature (see FIG. 4-6). The masses with the transition under the bulk Gibbs (the Maxwell) construction are about 1.8 M_⊙ (1.6 M_⊙) for Y_l = 0.1 at any temperature and n_{B,C} /n_0 = 10, whereas they are about 2.0 M_⊙ (1.7 M_⊙) for Y_l = 0.4. This is because the pure quark phase appears in these stellar cores. The stiffness of EOS in the NJL model is decided by lepton fraction, but not by temperature as described in Sec. II (see FIG. 1). On the contrary, the masses without the transition are about 2.1 M_⊙ for Y_l = 0.1, and 2.0 M_⊙ for Y_l = 0.4.

Therefore, these lepton effects on EOS’s will be important for some astrophysical phenomena, such as black hole formations. Our prediction is that trapping of neutrinos will suppress the speed of the collapse because the EOS in the NJL model is more stiff. However, temperature will not provide such suppression.

We note that our calculation is only for spherical stars. It is not clear whether the stars are really stable or not when rotation and magnetic field are also included [38].

TABLE I: Maximum masses in FIG. 4-6. The label of ”bulk Gibbs” (”Maxwell”) indicates EOS with the hadron-quark phase transition under the bulk Gibbs (the Maxwell) construction, whereas the label of ”Shen” indicates without the transition (adopting only Shen EOS). Y_l T (MeV) M_{max}/M_⊙ R (km) n_{B,c}/n_0 bulk Gibbs 0.1 0 1.91 12.5 4.56 30 1.99 20.7 3.71 0.4 0 2.05 12.7 4.78 30 2.14 19.2 4.07 Maxwell 0.1 0 1.94 13.8 2.39 30 2.02 24.7 2.03 0.4 0 1.99 13.4 3.38 30 2.07 22.7 2.80 Shen 0.1 0 2.31 12.5 4.44 30 2.38 16.9 4.16 0.4 0 2.11 12.3 5.00 30 2.20 17.6 4.46

IV. CONCLUSION AND DISCUSSION

We study the structures of PNS’s with leptons at finite temperature considering the hadron-quark phase transition. To take into account finite size effects, we impose the Gibbs or the Maxwell constructions on the phase transition. Our studies show that the pure quark phase does not appear in stable stellar cores for all cases.

The maximum masses with high lepton fraction (Y_l = 0.4) become 8 % higher than those with low electron fraction (Y_l = 0.1) with hadron-quark phase transition under the bulk Gibbs construction, because the effects on the NJL model, which stiffen EOS’s for high lepton fraction, appear in the mixed phase.

Under the Maxwell construction, the maximum masses with high lepton fraction (Y_l =

0.4) become 3 % higher than those with low electron fraction (Y_l = 0.1), because the phase transition occurs under the density where the effects of repulsive nuclear interaction appear at low lepton fraction.

On the contrary, without the transition, the maximum masses with high lepton fraction become 9 % lower than the ones with low electron fraction, because the hadron EOS which we adopt is soft at high lepton fraction.

Hence, we conclude that the EOS’s with the phase transition become soft after deleptonization, although the EOS without the transition becomes hard.

We also find that lepton fraction is more important to determine structures than temperature for unstable stars. The explanation for this is that the pure quark phase in the NJL model appears in these stelar cores, where the EOS’s become hard for high lepton fraction, because the chiral restoration for s−quark is suppressed. On the contrary, the EOS’s without the transition become soft for high lepton fraction as discussed in the last paragraph. These behaviors are important for some astrophysical phenomena such as core collapse supernovae, since the effect of leptons on EOS’s changes many dynamical aspects [14, 39, 40, 41, 42].

We note that EOS’s have many uncertainties. For the hadron phase, we do not take into account hyperons in this paper. The effects of hyperons on the phase transition are out of the scope of this work and will be presented elsewhere. For quark matter, there are uncertainties in the NJL model itself, such as higher order interaction effects [43, 44] and strong magnetic field [45, 46]. Moreover, there are other extended NJL models, such as PNJL model [47, 48]. These are open questions for astrophysics and nuclear physics.

We only use the TOV equation to solve stellar structures. This equation describes stellar structures at hydrostatic equilibrium, however it is not clear whether the stars are thermodynamically stable or not under the same condition. In other words, it does not include any effects of thermodynamical convections. Dynamical simulations or linear analysises will provide further insight of the effects of those convections.

Acknowledgments

We would like to thank Toshitaka Tatsumi, Toshiki Maruyama, Hiroki Kouno, Masayuki Matsuzaki, and Masanobu Yahiro for useful discussions and suggestions. We are also grateful to Yolande McLean and Yamac Pehlivan for reading the manuscript.

[1] N. Itoh, Prog. Theor. Phys. 44, 291 (1970). [2] E. Witten, Phys. Rev. D 30, 272 (1984).

[3] S. M. Ransom, J. W. T. Hessels, I. H. Stairs, P. C. C. Freire, F. Camilo, V. M. Kaspi, and D. L. Kaplan, Science 307, 892 (2005).

[4] P. C. Freire, S. M. Ransom, S. Bégin, and I. H. Stairs, Astrophys. J. 675, 670 (2008). [5] P. C. Freire, A. Wolszczan, M. van den Berg, and J. W. T. Hessels, Astrophys. J. 679, 1433 (2008).

[6] J. P. W. Verbiest, M. Bailes, W. van Straten, G. B. Hobbs, R. T. Edwards, R. N. Manchester, N. D. R. Bhat, J. M. Sarkissian, B. A. Jacoby, and S. R. Kulkarni, Astrophys. J. 679, 675 (2008).

[7] D. Page, M. Prakash, J. M. Lattimer, and A. W. Steiner, Phys. Rev. Lett. 85, 2048 (2000). [8] D. Blaschke, T. Klahn, and D. N. Voskresensky, Astrophys. J. 533, 406 (2000). [9] D. Blaschke, H. Grigorian, and D. Voskresensky, Astron. & Astrophys. 368, 561 (2001). [10] H. Grigorian, D. Blaschke, and D. Voskresensky, Phys. Rev. C 71, 045801 (2005). [11] L. M. Lin, K. S. Cheng, M. C. Chu, and W. M. Suen, Astrophys. J. 639, 382 (2006). [12] N. Yasutake, K. Kotake, M. Hashimoto, and S. Yamada, Phys. Rev. D 75, 084012 (2007). [13] E. B. Abdikamalov, H. Dimmelmeier, L. Rezzolla, and J. C. Miller, astro-ph/0806.1700. [14] K. Nakazato, K. Sumiyoshi, and S. Yamada, Phys. Rev. D 77, 103006 (2008). [15] I. Sagert, M. Hampel, G. Pagliara, J. Schaffner-Bielich, T. Fischer, A. Mezzacappa, F. K.

Thielmann, and M. Liebendörfer, astro-ph/0809.4225.

[16] G. F. Burgio, H. J. Schulze, and F. Weber, Astron. & Astrophys. 408, 675 (2003). [17] N. Yasutake, M. Hashimoto, and Y. Eriguchi, Prog. Theor. Phys. 113, 953 (2005). [18] J. L. Zdunik, M. Bejger, P. Haensel, and E. Gourgoulhon, Astron. & Astrophys. 465, 533 (2007).

[19] G. F. Burgio and S. Plumari, Phys. Rev. D 77, 085022 (2008). [20] D. Menezes, C. Providncia, and D. B. Melrose, J.Phys. G 32, 1081 (2006). [21] M. Alford, nucl-th/0709.4635, and the references. [22] M. Baldo, G. F. Burgio, and H.-J. Schulze, nucl-th/9912066.

[23] D. N. Voskresensky, M. Yasuhira, and T. Tatsumi, Nucl. Phys. A 723, 291 (2003).

[24] T. Endo, T. Maruyama, S. Chiba, and T. Tatsumi, Prog. Theor. Phys. 115, 337 (2006). [25] T. Maruyama, S. Chiba, H.-J. Schulze, and T. Tatsumi, Phys. Rev. D 76, 123015 (2007). [26] H. Shen, H. Toki, K. Oyamatsu, and K. Sumiyoshi, Nucl. Phys. A 637, 435 (1998). [27] P. Rehberg, S. P. Klevansky, and J. Hufner, Phys. Rev. C 53, 410 (1996). [28] A. Burrows and J.M.Lattimer, Astrophys. J. 307, 178 (1986). [29] D. Bailin and A. Love, Phys. Rep. 107, 325 (1984).

[30] M. Alford, K. Rajagopal, and F. Wilczek, Nuc. Phys. B 537, 443 (1999). [31] K. Iida, T. Matsuura, M. Tachibana, and T. Hatsuda, Phys. Rev. Lett. 93, 132001 (2004). [32] P. K. Panda, D. P. Menezes, and C. Providencia, Phys. Rev. C 69, 025207 (2004). [33] P. K. Panda, D. P. Menezes, and C. Providencia, Phys. Rev. C 69, 058801 (2004). [34] S. B. Rüster, V. Werth, M. Buballa, I. A. Shovkovy, and D. H. Rischke, Phys. Rev. D 72, 034004 (2005).

[35] B. K. Sharma, P. K. Panda, and S. K. Patra, Phys. Rev. C 75, 035808 (2007). [36] K. Schertler, S. Leupold, and J. Schaffner-Bielich, Phys. Rev. C 60, 025801 (1999). [37] M. Yasuhira and T. Tatsumi, Nucl. Phys. A 690, 769 (2001). [38] K. Kiuchi and S. Yoshida, Phys. Rev. D 78, 044045 (2008). [39] K. Kotake, S. Yamada, and K. Sato, Astrophys. J. 595, 304 (2003). [40] R. Buras, M. Rampp, H.-T. Janka, and K. Kifonidis, Astron. & Astrophys. 447, 1049 (2006). [41] H.-T. Janka, K. Langanke, A. Marek, G. Martinez-Pinedo, and B. Muller, Phys. Rep. 38, 74 (2007).

[42] C. D. Ott, A. Burrows, L. Dessart, and E. Livne, Astrophys. J. 685, 1069 (2008). [43] K. Kashiwa, H. Kouno, T. Sakaguchi, M. Matsuzaki, and M. Yahiro, Phys. Lett. B 647, 446 (2007).

[44] K. Kashiwa, M. Matsuzaki, H. Kouno, and M. Yahiro, Phys. Lett. B 657, 143 (2007). [45] K. Fukushima and H. J. Warringa, Phys. Rev. Lett. 100, 032007 (2008). [46] J. L. Noronha and I. A. Shovkovy, Phys. Rev. D 76, 105030 (2007). [47] K. Fukushima, Phys. Rev. D 77, 114028 (2008).

[48] K. Fukushima and H. J. Warringa, Phys. Rev. D 78, 039902 (2008).