arXiv:1103.0268v1 [nucl-th] 1 Mar 2011

Spin ordered phase transitions in neutron matter

under the presence of a strong magnetic field

A. A. Isayev Kharkov Institute of Physics and Technology, Academicheskaya Street 1, Kharkov, 61108, Ukraine

J. Yang Department of Physics and the Institute for the Early Universe, Ewha Womans University, Seoul 120-750, Korea

In dense neutron matter under the presence of a strong magnetic field, considered in the model with the Skyrme effective interaction, there are possible two types of spin ordered states. In one of them the majority of neutron spins are aligned opposite to magnetic field (thermodynamically preferable state), and in other one the majority of spins are aligned along the field (metastable state). The equation of state, incompressibility modulus and velocity of sound are determined in each case with the aim to find the peculiarities allowing to distinguish between two spin ordered phases.

PACS numbers: 21.65.Cd, 26.60.-c, 97.60.Jd, 21.30.Fe

I. INTRODUCTION

Magnetars are strongly magnetized neutron stars [1] with emissions powered by the dissipation of magnetic energy. Magnetars are thought to give the origin to the extremely powerful short-duration γ-ray bursts [2, 3]. The magnetic field strength at the surface of a magnetar is about of 10^{14}-10^{15} G [4, 5]. Such huge magnetic fields can be inferred from observations of magnetar periods and spin-down rates, or from hydrogen spectral lines. In the interior of a magnetar the magnetic field strength may be even larger, reaching values of about 10^{18} G [6, 7]. Under such circumstances, the issue of interest is the behavior of neutron star matter in a strong magnetic field [6–9].

In the recent study [9], neutron star matter was approximated by pure neutron matter in a model with the effective nuclear forces. It was shown that the behavior of spin polarization of neutron matter in the high density region in a strong magnetic field crucially depends on whether neutron matter develops a spontaneous spin polarization (in the absence of a magnetic field) at several times nuclear matter saturation density, or the appearance of a spontaneous polarization is not allowed at the relevant densities (or delayed to much higher densities). The first case is usual for the Skyrme forces [10–21], while the second one is characteristic for the realistic nucleonnucleon (NN) interaction [22–28]. In the former case, a ferromagnetic transition to a totally spin polarized state occurs while in the latter case a ferromagnetic transition is excluded at all relevant densities and the spin polarization remains quite low even in the high density region. If a spontaneous ferromagnetic transition is allowed, it was shown in the subsequent model consideration with the Skyrme effective forces [29] that the self-consistent equations for the spin polarization parameter at nonzero magnetic field have not only solutions corresponding to negative spin polarization (with the majority of neutron spins oriented opposite to the direction of the magnetic field) but, because of the strong spin-dependent medium correlations in the high-density region, also the solutions with positive spin polarization. In the last case, the formation of a metastable state with the majority of neutron spins oriented along the magnetic field is possible in the high-density interior of a neutron star.

In the present study, we provide the zero-temperature calculations of the equation of state (EoS), incompressibility modulus and sound velocity for neutron matter in a strong magnetic field with the aim to find the peculiarities allowing to distinguish between two possible spin ordered states - the stable one with negative spin polarization and the metastable one with positive spin polarization. It will be shown that in the thermodynamically stable state the incompressibility modulus and the speed of sound are characterized by the appearance of the welldefined maximum just around the density at which the ferromagnetic (FM) phase transition sets in. Contrarily to that, such features are missing in the metastable state. Besides, all calculated quantities behave differently under changing magnetic field in stable and metastable states.

At this point, it is worthy to note that we consider thermodynamic properties of spin polarized states in neutron matter in a strong magnetic field up to the high density region relevant for astrophysics. Nevertheless, we take into account the nucleon degrees of freedom only, although other degrees of freedom, such as pions, hyperons, kaons, or quarks could be important at such high densities.

II. BASIC EQUATIONS

Here we only outline the basic equations necessary for further calculations, and a more detailed description of a Fermi-liquid approach to neutron matter in a strong magnetic field can be found in our earlier work [29]. The normal (nonsuperfluid) states of neutron matter are described by the normal distribution function of neutrons f_{κ1κ2} = Tr ϱa^+_{κ2} a_{κ1} , where κ ≡ (p, σ), p is momentum, σ is the projection of spin on the third axis, and ϱ is the density matrix of the system [18, 19, 21]. Further it will be assumed that the third axis is directed along the external magnetic field H. The self-consistent matrix equation for determining the distribution function f follows from the minimum condition of the thermodynamic potential [30] and is

f = {exp(Y_0ε + Y_4) + 1}^{−1} ≡ {exp(Y_0ξ) + 1}^{−1} . (1)

Here the single particle energy ε and the quantity Y_4 are matrices in the space of κ variables, with Y_{4κ1 κ2} = Y_4δ_{κ1 κ2} , Y_0 = 1/T , and Y_4 = −μ_0/T being the Lagrange multipliers, μ_0 being the chemical potential of neutrons, and T the temperature. Given the possibility for alignment of neutron spins along or oppositely to the magnetic field H, the normal distribution function of neutrons and single particle energy can be expanded in the Pauli matrices σ_i in spin space

f(p) = f_0(p)σ_0 + f_3(p)σ_3, (2) ε(p) = ε_0(p)σ_0 + ε_3(p)σ_3.

Using Eqs. (1) and (2), one can express evidently the distribution functions f_0, f_3 in terms of the quantities ε:

f_0 = 1 2 {n(ω_+) + n(ω_−)}, (3)

f_3 = 1 2 {n(ω_+) − n(ω_−)}. Here n(ω) = {exp(Y_0ω) + 1}^{−1} and

ω_± = ξ_0 ± ξ_3, (4) ξ_0 = ε_0 − μ_0, ξ_3 = ε_3.

As follows from the structure of the distribution functions f, the quantities ω_± play the role of the quasiparticle spectrum and correspond to neutrons with spin up and spin down. The distribution functions f should satisfy the normalization conditions 2 V ∑ p f_0(p) = ϱ, (5) 2 V ∑ p f_3(p) = ϱ_↑ − ϱ_↓ ≡ Δϱ. (6)

Here ϱ = ϱ_↑ + ϱ_↓ is the total density of neutron matter, ϱ_↑ and ϱ_↓ are the neutron number densities with spin up and spin down, respectively. The quantity Δϱ may be regarded as the neutron spin order parameter. The spin ordering in neutron matter can also be characterized by the neutron spin polarization parameter Π = ϱ_↑ − ϱ_↓ ϱ ≡ Δϱ ϱ .

The spin order parameter determines the magnetization of the system M = μ_nΔϱ, μ_n being the neutron magnetic moment. The magnetization may contribute to the internal magnetic field B = H + 4πM. However, we will assume, analogously to Refs. [7, 9], that the contribution of the magnetization to the magnetic field B remains small for all relevant densities and magnetic field strengths, and, hence, B ≈ H. This assumption holds true due to the tiny value of the neutron magnetic moment μ_n = −1.9130427(5)μ_N ≈ −6.031 · 10^{−18} MeV/G [31] (μ_N being the nuclear magneton) and is confirmed numerically in a subsequent integration of the selfconsistent equations.

In order to get the self–consistent equations for the components of the single particle energy, one has to set the energy functional of the system. In view of the above approximation, it reads [19] E(f) = E_0(f, H) + E_{int}(f) + E_{f ield}, (7) E_0(f, H) = 2 ∑ p ε_0(p)f_0(p) − 2μ_nH ∑ p f_3(p), E_{int}(f) = ∑ p {ε̃_0(p)f_0(p) + ε̃_3(p)f_3(p)},

E_{f ield} = H^2 8π V, where

ε̃_0(p) = 1 2V ∑ q U^n_0 (k)f_0(q), k = p − q 2 , (8)

ε̃_3(p) = 1 2V ∑ q U^n_1 (k)f_3(q). (9)

Here ε_0(p) =^{p 2}_{2m0} is the free single particle spectrum, m_0 is the bare mass of a neutron, U^n_0 (k), U^n_1 (k) are the normal Fermi liquid (FL) amplitudes, and ε̃_0, ε̃_3 are the FL corrections to the free single particle spectrum. Note that the field contribution E_{f ield}, being the energy of the magnetic field in the absence of matter, leads only to the constant shift of the total energy and, by this reason, can be omitted. Using Eq. (7), one can get the self-consistent equations in the form [19]

ξ_0(p) = ε_0(p) + ε̃_0(p) − μ_0, (10) ξ_3(p) = −μ_nH + ε̃_3(p). (11)

To obtain numerical results, we utilize the effective Skyrme interaction [32]. Expressions for the normal FL amplitudes in terms of the Skyrme force parameters were written in Refs. [30, 33]. Thus, using expressions (3) for the distribution functions f, we obtain the self-consistent equations (10), (11) for the components of the singleparticle energy ξ_0(p) and ξ_3(p), which should be solved jointly with the normalization conditions (5), (6). Further we do not take into account the effective tensor forces, which lead to coupling of the momentum and spin degrees of freedom, and, correspondingly, to anisotropy in the momentum dependence of FL amplitudes with respect to the spin quantization axis.

If the self-consistent equations have a few branches of the solutions, it is necessary to compare the corresponding energies (at zero temperature) in order to decide which solution is thermodynamically preferable. The energy per neutron, E/A, can be directly calculated from Eq. (7). The equation of state (EoS) of neutron matter in a strong magnetic field then can be obtained from the equation

P = ϱ^2 ∂ ( e/ϱ ) ∂ ϱ (12)

where e = ϱ(mc^2 + E/A) is the energy density, which includes also the rest energy term. The incompressibility modulus, K = 9^{∂P}_{∂ϱ} , according to Eq. (12), reads

K = 9ϱ^2

∂^2 ( E/A ) ∂ϱ^2 + 18 P ϱ . (13)

The speed of sound, v_s = c √_{∂P} ∂e , can be related to the incompressibility modulus by the equation

v_s = c √ K 9(mc^2 +^E_A +^P_ϱ )

. (14)

III. EOS OF DENSE NEUTRON MATTER IN A STRONG MAGNETIC FIELD

The self-consistent equations were analyzed at zero temperature in Ref. [29] for the magnetic field strengths up to H_{max} ∼ 10^{18} G, allowed by a scalar virial theorem [34], in the model consideration with SLy4 and SLy7 Skyrme effective forces [35]. It was shown that a thermodynamically stable branch of solutions for the spin polarization parameter as a function of density corresponds to negative spin polarization when the majority of neutron spins are oriented opposite to the direction of the magnetic field. Besides, beginning from some threshold density ϱ_{th} ∼ 4ϱ_0, being slightly dependent on the magnetic field strength, the state with positive spin polarization can also be realized as a metastable state in neutron matter (cf. branches Π_1 and Π_3 in Fig. 2 of Ref. [29]). This conclusion was based on the comparison of the free energies of two states which turn out to be very close to each other [29, 36]. However, as it will be shown later, additional constraints, such as, e.g., stability of the system with respect to the density fluctuations, will define more accurately the density range admissible for the state with positive spin polarization.

In this work, the previous study [29] will be extended by calculating the EoS of dense neutron matter in a strong magnetic field for various branches of solutions of the self-consistent equations. Each possible state should

FIG. 1: Pressure vs. density for the branches Π1 (stable) and Π3 (metastable) of spin polarization in neutron matter with the Skyrme SLy7 interaction at H = 10^{18} G.

match the constraint K > 0 for allowable densities and magnetic field strengths being the condition of the mechanical stability of the system. Besides, in the highdensity region, the velocity of sound should not exceed the speed of light in the vacuum, v_s < c. Note that further the contribution of the magnetic field pressure to the total pressure will be omitted because in the magnetic fields up to 10^{18} G the magnetic field pressure is still small compared to the matter pressure in the highdensity region of interest.

First, we present the results of determining the zerotemperature EoS of neutron matter in a strong magnetic field at the density region where both stable and metastable spin ordered states can be realized. Because the results of calculations with SLy4 and SLy7 Skyrme forces are very close, here we present the obtained dependences only for the SLy7 Skyrme interaction. Fig. 1 shows the pressure of neutron matter as a function of density for two branches of spin polarization, stable Π_1 and metastable Π_3, corresponding to negative and positive polarizations, respectively (the branch Π_2 with positive spin polarization considered in Ref. [29] has the considerably larger energy per neutron as compared to the previous ones). For the branch Π_1, the pressure is the increasing function of the density for all relevant densities, and, hence, the incompressibility coefficient is always positive. However, for the branch Π_3, beginning from the threshold density ϱ_{th} ≈ 3.92ϱ_0 up to the density ϱ_c ≈ 4.85ϱ_0 (at H = 10^{18} G), the pressure decreases with the density. Hence, in this density range the incompressibility coefficient is negative and the metastable state characterized by the branch Π_3 of positive spin polarization cannot appear at these densities. However, beyond the critical density ϱ_c, the metastable state with positive spin polarization is allowed by the criterion K > 0. Note that

FIG. 2: Pressure vs. magnetic field strength for the branches Π1 and Π3 of spin polarization in neutron matter with the Skyrme SLy7 interaction at ϱ = 5ϱ0.

the EoS for the metastable state of neutron matter in a strong magnetic field is stiffer than that for the thermodynamically equilibrium state.

Fig. 2 shows the pressure of neutron matter as a function of the magnetic field strength for the branches Π_1 and Π_3 of spin polarization at ϱ = 5ϱ_0. It is seen that the dependence of the EoS for stable and metastable branches is different: for the branch Π_1 the EoS becomes softer with the magnetic field while for the branch Π_3 stiffer. These calculations show that the impact of the magnetic field on the EoS remains small up to the field strengths of about 10^{17} G.

Fig. 3 shows the zero-temperature incompressibility modulus of neutron matter in a strong magnetic field as a function of density for the branches Π_1 and Π_3 of spin polarization. For the branch Π_3, the incompressibility modulus monotonously increases with the density and changes sign from negative to positive at the critical density ϱ_c, marking the stability range with respect to density fluctuations at densities beyond ϱ_c. As a consequence, if the metastable state with positive spin polarization can be realized in the high-density region of neutron matter in a strong magnetic field, under decreasing density (going from the interior to the outer regions of a magnetar) it changes at the critical density ϱ_c to a thermodynamically stable state with negative spin polarization.

For the branch Π_1, the behavior of incompressibility modulus is nonmonotone. The most important peculiarity is that just around the density (ϱ_{tr} ≈ 3.16ϱ_0 at H = 10^{18} G) at which the magnitude of the spin polarization parameter for the branch Π_1 begins rapidly to increase (cf. Fig. 2 of Ref. [29]), the increasing behavior of the incompressibility modulus with the density changes on the decreasing one. Because the density ϱ_{tr} can be regarded as the density at which a ferromagnetic

FIG. 3: Same as in Fig. 1, but for the incompressibility modulus of neutron matter in a strong magnetic field.

state sets in, this qualitative feature in the behavior of the incompressibility modulus can be used as the characteristic of the density-driven FM phase transition in neutron matter possessing equilibrium spin polarization. The incompressibility modulus decreases till the density about 4ϱ_0 at which the spin polarization parameter is well developed and gets about two third of its strength. Then there is the plateau in the density dependence of incompressibility modulus till the density about 5ϱ_0 beyond which the incompressibility modulus begins gradually to increase. Note that the noticeable decrease of the incompressibility modulus around the density of the transition to the ferromagnetic state was mentioned also in Ref. [37], although the total incompressibility modulus was not explicitly shown there, but only that for the spinup and spin-down neutron components in the state with equilibrium spin polarization. Besides, in Refs. [9, 37], there were no any calculations related to the metastable branch of spin polarization because this branch itself was missed in these studies.

Fig. 4 shows the incompressibility modulus of neutron matter as a function of the magnetic field strength for the branches Π_1 and Π_3 of spin polarization at the density ϱ = 5ϱ_0. For the branch Π_1, the incompressibility modulus increases with the magnetic field strength while for the branch Π_3 it decreases. It follows from these calculations that the impact of the magnetic field on the incompressibility modulus remains mild up to the field strengths of about 10^{17} G.

Fig. 5 shows the sound velocity in neutron matter under the presence of a strong magnetic field as a function of density for the branches Π_1 and Π_3 of spin polarization. For the branch Π_3, Eq. (14) automatically guarantees the fulfillment of the condition K > 0 (for all relevant densities E/A > 0). It is seen that for both branches at the relevant densities the superluminous regime doesn’t occur. While for the branch Π_3 the sound

FIG. 4: Incompressibility modulus vs. magnetic field strength for the branches Π1 and Π3 of spin polarization in neutron matter with the Skyrme SLy7 interaction at ϱ = 5ϱ0.

velocity monotonously increases with the density, for the branch Π_1 it has non-monotone behavior. In fact, near the transition density ϱ_{tr} the sound velocity in a thermodynamically stable state has a clear peak structure considerably decreasing at the densities where the ferromagnetic phase sets in. This feature, together with the presence of the maximum in the density dependence of the incompressibility modulus, can be used for the identification of the density-driven FM phase transition in neutron matter possessing equilibrium spin polarization. On the other hand, the incompressibility modulus and the speed of sound monotonously increase with density in the metastable state with positive spin polarization, and hence, these features can be used for distinguishing between the thermodynamically stable (negative spin polarization) and metastable (positive spin polarization) states in neutron matter under the presence of a strong magnetic field.

Fig. 6 shows the sound velocity in neutron matter as a function of the magnetic field strength for the branches Π_1 and Π_3 of spin polarization at the density ϱ = 5ϱ_0. For the branch Π_1, the sound velocity increases with the magnetic field strength while for the branch Π_3 it decreases. These trends are quite similar to those in the behavior of the incompressibility modulus K(H) for the branches Π_1 and Π_3.

IV. CONCLUSIONS

In dense neutron matter under the presence of a strong magnetic field, considered in the model with the Skyrme effective interaction, there are possible two types of spin ordered states: the one with the majority of neutron spins aligned opposite to magnetic field (thermodynamically preferable state), and the other one with the majority

FIG. 5: Same as in Fig. 1, but for the sound velocity in neutron matter under the presence of a strong magnetic field.

FIG. 6: Same as in Fig. 4 but for the sound velocity in neutron matter under the presence of a strong magnetic field.

of spins aligned along the field (metastable state). The equation of state, incompressibility modulus and velocity of sound have been determined in each case for SLy7 Skyrme force with the aim to find the peculiarities allowing to distinguish between two spin ordered phases.

For the stable state with the branch Π_1 of negative spin polarization, the EoS is softer than that for metastable state with the branch Π_3 of positive spin polarization. The condition of the positiveness of the incompressibility modulus, K > 0, is satisfied for all relevant densities and magnetic field strengths for the stable branch Π_1. However, for the branch Π_3, although formally the solutions of the self-consistent equations exist at densities larger than some threshold one, ϱ_{th}, the condition K > 0 is satisfied only at the densities larger than the critical one, ϱ_c (e.g., for H = 10^{18} G, ϱ_{th} ≈ 3.92ϱ_0 and ϱ_c ≈ 4.85ϱ_0). As a consequence, if the metastable state with positive spin polarization can be realized in the high-density region of neutron matter in a strong magnetic field, under decreasing density (going from the interior to the outer regions of a magnetar) it changes at the critical density ϱ_c to a thermodynamically stable state with negative spin polarization.

For the thermodynamically stable branch Π_1, the incompressibility modulus and the speed of sound are characterized by the appearance of the well-defined maximum just around the density at which the ferromagnetic phase sets in. The last qualitative features can be used for the identification of the density-driven FM phase transition in neutron matter, possessing equilibrium spin polarization, under the presence of a strong magnetic field. Contrarily to the previous case, for the branch Π_3 of positive spin polarization, the incompressibility modulus and the speed of sound monotonously increase with density that can be used to distinguish between two different spin ordered phases.

The dependence of all calculated quantities on the magnetic field strength H turns out to be different for two spin ordered phases. For the thermodynamically stable branch Π_1, the incompressibility modulus and sound velocity increase with H while the pressure decreases. The exactly opposite tendency has been found for the branch Π_3 of positive spin polarization that also allows one to differentiate between spin polarized states with opposite polarizations in neutron matter under the presence of a strong magnetic field.

As yet one problem for consideration, it would be interesting to study the role of finite temperature effects on the EoS, incompressibility modulus and speed of sound in dense neutron matter in a strong magnetic field. As has been shown already, these effects can lead to a number of nontrivial features such as, e.g., unusual behavior of the entropy in various spin ordered systems [36, 38–40].

J.Y. was supported by grant 2010-0011378 from Basic Science Research Program through NRF of Korea funded by MEST and by grant R32-10130 from WCU project of MEST and NRF.

[1] R.C. Duncan, and C. Thompson. Formation of very strongly magnetized neutron stars - Implications for gamma-ray bursts // Astrophys. J. 1992, 392, p. L9-L13.

[2] K. Hurley, S.E. Boggs, D. M. Smith, et al. An exceptionally bright flare from SGR 1806-20 and the origins of short-duration γ-ray bursts // Nature 2005, 434, p. 1098-1103.

[3] H.-Y. Chang, H.-I. Kim. On spatial distribution of short gamma-ray bursts from extragalactic magnetar flares // Journal of Astronomy and Space Sciences 2002, 19, p. 1-6.

[4] C. Thompson, and R.C. Duncan. The Soft Gamma Repeaters As Very Strongly Magnetized Neutron Stars. 2. Quiescent Neutrino, X-Ray, And Alfven Wave Emission // Astrophys. J. 1996, 473, p. 322-342.

[5] A. I. Ibrahim, S. Safi-Harb, J. H. Swank, W. Parke, and S. Zane. Discovery of Cyclotron Resonance Features in the Soft Gamma Repeater SGR 1806-20 // Astrophys. J. 2002, 574, L51-L55.

[6] S. Chakrabarty, D. Bandyopadhyay, and S. Pal. Dense Nuclear Matter In A Strong Magnetic Field // Phys. Rev. Lett. 1997, 78, p. 2898-2901.

[7] A. Broderick, M. Prakash, and J. M. Lattimer. The Equation of State of Neutron Star Matter in Strong Magnetic Fields // Astrophys. J. 2000, 537, p. 351-367.

[8] C. Cardall, M. Prakash, and J. M. Lattimer. Effects of Strong Magnetic Fields on Neutron Star Structure // Astrophys. J. 2001, 554, p. 322-339.

[9] M. A. Perez-Garcia. Magnetization of a neutron plasma with Skyrme and Gogny forces in the presence of a strong magnetic field. // Phys. Rev. C 2008, 77, 065806, p. 9.

[10] M.J. Rice. The hard-sphere Fermi gas and ferromagnetism in neutron stars // Phys. Lett. 1969, A29, p. 637- 638.

[11] S.D. Silverstein. Criteria for Ferromagnetism in Dense Neutron Fermi Liquids-Neutron Stars // Phys. Rev. Lett.

1969, 23, p. 139-141.

[12] E. Østgaard. Neutron matter binding energy and magnetic susceptibility // Nucl. Phys. 1970, A154, p. 202- 224.

[13] A. Vidaurre, J. Navarro, and J. Bernabeu. Magnetic susceptibility of neutron matter and nuclear effective interactions // Astron. Astrophys. 1984, 135, p. 361-364.

[14] S. Reddy, M. Prakash, J.M. Lattimer, and J.A. Pons. Effects of strong and electromagnetic correlations on neutrino interactions in dense matter // Phys. Rev. C 1999, 59, p. 2888-2918.

[15] A.I. Akhiezer, N.V. Laskin, and S.V. Peletminsky. Spontaneous magnetization of dense neutron matter and electron-positron plasma // Phys. Lett. 1996, B383, p. 444-449.

[16] A. Beraudo, A. De Pace, M. Martini, and A. Molinari.

Mean field at finite temperature and symmetry breaking // Ann. Phys. (NY) 2004, 311, p. 81-119.

[17] M. Kutschera, and W. Wojcik. Polarized neutron matter with Skyrme forces // Phys. Lett. 1994, 325B, p. 271-275.

[18] A.A. Isayev. Competition between Ferromagnetic and Antiferromagnetic Spin Ordering in Nuclear Matter // JETP Letters 2003, 77, p. 251-255.

[19] A.A. Isayev, and J. Yang. Spin polarized states in strongly asymmetric nuclear matter // Phys. Rev. C 2004, 69, 025801, p. 8.

[20] A. Rios, A. Polls, and I. Vidaña. Ferromagnetic instabilities in neutron matter at finite temperature with the Skyrme interaction // Phys. Rev. C 2005, 71, 055802, p. 9. [21] A.A. Isayev. Spin ordered phase transitions in isospin asymmetric nuclear matter // Phys. Rev. C 2006, 74, 057301, p. 4.

[22] V.R. Pandharipande, V.K. Garde, and J.K. Srivastava.

The magnetic susceptibility of dense neutron matter // Phys. Lett. 1972, B38, p. 485-486.

[23] S.O. Bäckmann and C.G. Källman. Calculation of Landau’s fermi-liquid parameters in pure neutron matter // Phys. Lett. 1973, B43, p. 263-266.

[24] P. Haensel. Magnetic susceptibility of neutron matter // Phys. Rev. C 1975, 11, p. 1822-1827.

[25] I. Vidaña, A. Polls, and A. Ramos. Spin polarized neutron matter and magnetic susceptibility within the Brueckner-Hartree-Fock approximation // Phys. Rev. C 2002, 65, 035804, p. 5.

[26] S. Fantoni, A. Sarsa, and E. Schmidt. Spin Susceptibility of Neutron Matter at Zero Temperature // Phys. Rev. Lett. 2001, 87, 181101, p. 4.

[27] F. Sammarruca, and P. G. Krastev. Spin polarized neutron matter within the Dirac-Brueckner-Hartree-Fock approach // Phys. Rev. C 2007, 75, 034315, p. 6.

[28] G.H. Bordbar, and M. Bigdeli. Polarized neutron matter:

A lowest order constrained variational approach // Phys. Rev. C 2007, 75, 045804, p. 6.

[29] A.A. Isayev, and J. Yang. Spin-polarized states in neutron matter in a strong magnetic field // Phys. Rev. C 2009, 80, 065801, p. 7.

[30] A. I. Akhiezer, A. A. Isayev, S. V. Peletminsky, A. P.

Rekalo, and A. A. Yatsenko. On a theory of superfluidity of nuclear matter based on the Fermi-liquid approach // JETP 1997, 85, 1-12.

[31] C. Amsler et al. (Particle Data Group). Review of Particle Physics // Phys. Lett. 2008, B667, p. 1-6.

[32] D. Vautherin and D. M. Brink. Hartree-Fock Calculations with Skyrme’s Interaction. I. Spherical Nuclei // Phys. Rev. C 1972, 5, p. 626-647.

[33] A.A. Isayev, and J. Yang. Spin Polarized States in Nuclear Matter with Skyrme Effective Interaction // Progress in Ferromagnetism Research, edited by V.N. Murray, ”Nova Science Publishers”, New York, 2006, p. 325-349.

[34] D. Lai, and S. Shapiro. Cold equation of state in a strong magnetic field: Effects of inverse beta-decay // Astrophys. J. 1991, 383, p. 745-751.

[35] E. Chabanat, P. Bonche, P. Haensel, J. Meyer, and R.

Schaeffer. A Skyrme parametrization from subnuclear to neutron star densitiesPart II. Nuclei far from stabilities // Nucl. Phys. 1998, A635, p. 231-256.

[36] A.A. Isayev, and J. Yang. Finite temperature effects on spin polarization of neutron matter in a strong magnetic field //J. Korean Astron. Soc. 2010, 43, p. 161-168.

[37] M. A. Perez-Garcia, J. Navarro, and A. Polls. Neutron Fermi liquids under the presence of a strong magnetic field with effective nuclear forces // Phys. Rev. C 2009, 80, 025802, p. 8.

[38] A.A. Isayev, and J. Yang. Antiferromagnetic spin phase transition in nuclear matter with effective Gogny interaction // Phys. Rev. C, 2004, 70, 064310, p. 6.

[39] A.A. Isayev. Finite temperature effects in antiferromagnetism of nuclear matter // Phys. Rev. C, 2005, 72, 014313, p. 4.

[40] A.A. Isayev. Unusual temperature behavior of the entropy of the antiferromagnetic spin state in nuclear matter with an effective finite range interaction // Phys. Rev. C, 2007, 76, 047305, p. 4.