arXiv:nucl-th/0512100 v1 28 Dec 2005

PRAMANA © Indian Academy of Sciences

— journal of

physics pp. 1–9

Hadrons in compact stars

Debades Bandyopadhyay Saha Institute of Nuclear Physics, 1/AF Bidhannagar, Kolkata-700064, India

Abstract. We discuss β-equilibrated and charge neutral matter involving hyperons and K̄ condensates within relativistic models. It is observed that populations of baryons are strongly affected by the presence of antikaon condensates. Also, the equation of state including K̄ condensates becomes softer resulting in a smaller maximum mass neutron star.

Keywords. Hadrons, dense matter, composition, equation of state and compact stars

PACS Nos 2.0

1. Introduction

There is a growing interplay between the physics of dense matter in relativistic heavy ion collisions and neutron stars [1]. Though Quantum Chromodynamics predicts a very rich phase structure of dense matter, we can only probe a small region of it in the laboratories. Relativistic heavy ion experiments at CERN and BNL produce a hot (a few hundreds MeV) and dense matter (a few times normal nuclear matter density) whereas the cold and dense matter relevant to neutron stars can not be produced in a laboratory. The study of dense matter in heavy ion collisions reveals many new and interesting results such as the modifications of hadron properties in dense medium, the properties of strange matter including hyperons and (anti)kaons and the formation of quark-gluon plasma. These empirical informations from heavy ion collisions may be useful in understanding dense matter in neutron star interior. On the other hand, satellite based observatories such as Hubble space telescope and Chandra X-ray observatory are pouring in very exciting data on compact stars. Measurements of masses and radii of compact stars from various observations might constrain the composition and equation of state (EoS) of neutron star matter.

Neutron star matter encompasses a wide range of densities, from the density of iron nucleus at the surface of the star to several times normal nuclear matter density in the core. The temperature of a neutron star is a few MeV whereas the baryon chemical potential in its interior is a few hundreds MeV. That is why neutron star matter is called the cold and dense matter. As chemical potentials of baryons and leptons increase with density in the core, exotic forms of matter such as hyperons, Bose-Einstein condensate of antikaons and quarks may appear there [2].

In this article, we discuss the composition and EoS of neutron star matter involving Bose-Einstein condensates of antikaons within relativistic models. Also, the structures of non-rotating neutron stars are calculated using this EoS.

2. Hadrons in cold and dense medium

At normal nuclear matter density, neutron star matter mainly consists of neutrons, protons and electrons. The particle population is so arranged as to attain a minimum energy configuration maintaining electrical charge neutrality and chemical equilibrium. At higher baryon density, hyperon formation becomes energetically favourable in neutron star interior as the total energy and pressure of the system are lowered by sharing baryon number among several baryon species.

In compact star interior, hyperons maintain chemical equilibrium through weak processes. The generalised β-decay processes may be written in the form B_1 −→ B_2 + l + ν̄_l and B_2 + l −→ B_1 + ν_l where B_1 and B_2 are baryons and l is a lepton. Therefore the generic equation for chemical equilibrium condition is

μ_i = b_iμ_n − q_iμ_e , (1)

where μ_n, μ_e and μ_i are respectively the chemical potentials of neutrons, electrons and i-th baryon and b_i and q_i are baryon and electric charge of ith baryon respectively. The above equation implies that there are two independent chemical potentials μ_n and μ_e corresponding to two conserved charges i.e. baryon number and electric charge.

We adopt a relativistic field theoretical model to describe the pure hadronic matter [3]. The constituents of matter are n, p, Λ, Σ^+, Σ^−, Σ^0, Ξ^−, Ξ^0 of the baryon octet and electrons and muons. In this model, baryon-baryon interaction is mediated by the exchange of scalar and vector mesons and for hyperon-hyperon interaction, two additional hiddenstrangeness mesons- scalar meson f_0(975) (denoted hereafter as σ^∗) and the vector meson ϕ(1020) [4] are incorporated. Therefore the Lagrangian density for the pure hadronic phase is given by

L_B = ∑ B Ψ̄_B (iγ_μ∂^μ − m_B + g_{σB} σ − g_{ωB}γ_μω^μ − g_{ρB} γ_μt_B · ρ^μ) Ψ_B

+ 1 2 ( ∂_μσ∂^μσ − m^2_σσ^2 ) − U (σ) − 1 4 ω_{μν}ω^{μν} + 1 2 m^2_ωω_μω^μ − 1 4 ρ_{μν} · ρ^{μν} + 1 2 m^2_ρρ_μ · ρ^μ + L_{Y Y} . (2)

The isospin multiplets for baryons B = N, Λ, Σ and Ξ are represented by the Dirac spinor Ψ_B with vacuum baryon mass m_B , isospin operator t_B and ω_{μν} and ρ_{μν} are field strength tensors. The scalar self-interaction term [5] is

U (σ) = 1 3 g_2σ^3 + 1 4 g_3σ^4 . (3)

The Lagrangian density for hyperon-hypron interaction (L_{Y Y} ) is given by,

L_{Y Y} = ∑ B Ψ̄_B (g_{σ∗ B}σ^∗ − g_{ϕB} γ_μϕ^μ) Ψ_B

+ 1 2 ( ∂_μσ^∗∂^μσ^∗ − m^2_σ∗ σ^{∗2} ) − 1 4 ϕ_{μν} ϕ^{μν} + 1 2 m^2_ϕϕ_μϕ^μ . (4)

We perform this calculation in the mean field approximation [6]. The mean values for corresponding meson fields are denoted by σ σ^∗, ω_0, ρ_{03} and ϕ_0. Therefore, we replace meson fields with their expectation values and meson field equations become, m^2_σ σ = − ∂U ∂σ + ∑ B g_{σB}n^s_B , (5)

m^2_σ∗ σ^∗ = ∑ B g_σ∗_B n^s_B , (6)

m^2_ω ω_0 = ∑ B g_{ωB} n_B , (7)

m^2_ϕϕ_0 = ∑ B g_{ϕB} n_B , (8)

m^2_ρρ_{03} = ∑ B g_{ρB}I_{3B} n_B . (9)

The scalar density and baryon number density

n^S_B =

2J_B + 1

2π^2 ∫_{kFB} 0 m^∗_B (k^2 + m^{∗2}_B )^{1/2} k^2 dk , (10)

n_B = (2J_B + 1) k^3_{FB} 6π^2

, (11)

where Fermi momentum k_{FB} , spin J_B , and isospin projection I_{3B}.

Effective mass and chemical potential of baryon B are m^∗_B = m_B − g_{σB} σ − g_σ∗_Bσ^∗ and μ_B = (k^2_{FB} + m^{∗2}_B )^{1/2} + g_{ωB} ω_0 + g_{ϕB} ϕ_0 + I_{3B}g_{ρB} ρ_{03}, respectively. In the pure hadronic phase, the total charge density is

Q^h = ∑ B q_Bn^h_B − n_e − n_μ = 0 , (12)

where n^h_B is the number density of baryon B in the pure hadronic phase and n_e and n_μ are charge densities of electrons and muons respectively.

Solving the equations of motion in the mean field approximation along with effective baryon masses (m^∗_i ) and equilibrium conditions we immediately compute the equation of state in the pure hadronic phase. The energy density (ε^h) is related to the pressure (P^h) in this phase through the Gibbs-Duhem relation

P^h = ∑ i μ_in_i − ε^h . (13)

Here μ_i and n_i are chemical potential and number density for i-th species.

Kaplan and Nelson [7] first showed in a chiral SU(3)_L × SU(3)_R model that Bose- Einstein condensation of K^− mesons could be possible in dense hadronic matter. They argued that the strongly attractive K^−-nucleon interaction might lower the effective mass and the in-medium energy of K^− mesons in dense matter. The s-wave condensation sets in when the effective energy of K^− mesons equals to its chemical potential. Recently, strongly attractive antikaon-nucleon interaction in-medium has been extracted from flow data of antikaons in heavy ion collisions [8].

In neutron star interior, strangeness changing processes such as, N ⇀↽ N + K̄, (14) e^− ⇀↽ K^− + ν_e. (15)

may occur. Here N ≡ (n, p) and K̄ ≡ (K^−, K̄^0) denote the isospin doublets for nucleons and antikaons, respectively. The threshold conditions for K̄ condensation

μ_K− = μ_n − μ_p = μ_e , μ¯_K0 = 0 . (16)

When the effective energy of K^− mesons (ω_K− ) equals to its chemical potential (μ_K− ) which ,in turn, is μ_e, K^− condensation sets in. Similarly, K̄^0 condensation occurs when ω¯_K0 = μ¯_K0 = 0.

The pure antikaon condensed phase is composed of baryons of the baryon octet, leptons and antikaons. In this phase, baryons are embedded in Bose-Einstein condensates. The (anti)kaon-baryon interaction is treated on the same footing as baryon-baryon interaction. The Lagrangian density for (anti)kaons in the minimal coupling scheme [3,9]

L_K = D^∗_μK̄D^μK − m^{∗2}_K K̄K , (17)

where the covariant derivative

D_μ = ∂_μ + ig_{ωK} ω_μ + ig_{ϕK} ϕ_μ + ig_{ρK} τ_K · ρ_μ . (18)

The isospin doublet for kaons is denoted by K ≡ (K^+, K^0) and that for antikaons is K̄ ≡ (K−, K̄0). The effective mass of (anti)kaons in this minimal coupling scheme is given by

m^∗_K = m_K − g_{σK} σ − g_σ∗_K σ^∗ . (19)

The equation of motion for kaons is given by, ( D_μD^μ + m^{∗2}_K ) K = 0. (20)

The s-wave (p = 0) dispersion relation for antikaons is,

ω¯_K = m^∗_K − g_{ωK}ω_0 − g_{ϕK}ϕ_0 + I_3¯_K g_{ρK} ρ_{03} , (21)

where the isospin projection I_{3K}− = −1/2 for K^− and I_3¯_K0 = 1/2 for K̄^0.

The conserved current associated with (anti)kaons is derived by using

J^K_μ = ( K̄ ∂L ∂^μK̄ − ∂L ∂^μK K ) . (22)

The density of antikaons is given by,

n¯_K = −J^K_0 = 2 (ω¯_K + g_{ωK} ω_0 + g_{ϕK} ϕ_0 − I_3¯_K g_{ρK} ρ_{03}) KK̄ = 2m^∗_K KK̄ . (23)

In the mean field approximation, the meson field equations in the presence of antikaons are,

m^2_σ σ = − ∂U ∂σ + ∑ B g_{σB}n^s_B + g_{σK} ∑ K̄ n¯_K , (24)

m^2_σ∗ σ^∗ = ∑ B g_σ∗_B n^s_B + g_σ∗_K ∑ K̄ n¯_K , (25)

m^2_ω ω_0 = ∑ B g_{ωB} n_B − g_{ωK} ∑ K̄ n¯_K , (26)

m^2_ϕϕ_0 = ∑ B g_{ϕB} n_B − g_{ϕK} ∑ K̄ n¯_K , (27)

m^2_ρρ_{03} = ∑ B g_{ρB}I_{3B} n_B + g_{ρK} ∑ K̄ I_3¯_K n¯_K . (28)

The total charge density in the antikaon condensed phase is

Q^{K̄} = ∑ B q_Bn^{K̄}_B − n^−_K − n_e − n_μ = 0 (29)

where n^{K̄}_B is the baryon number density in antikaon condensed phase.

The total energy density in the K̄ condensed phase consists of three terms, ε = ε_B + ε_l + ε¯_K , ε = 1 2 m^2_σ σ^2 + 1 3 g_2σ^3 + 1 4 g_3σ^4 + 1 2 m^2_σ∗ σ^{∗2} (30) + 1 2 m^2_ωω^2_0 + 1 2 m^2_ϕϕ^2_0 + 1 2 m^2_ρρ^2_{03} (31) + ∑ B 2J_B + 1 2π^2 ∫_{kFB} 0 (k^2 + m^{∗2}_B )^{1/2}k^2 dk (32)

+ ∑ l 1 π^2 ∫_{KFl} 0 (k^2 + m^2_l )^{1/2}k^2 dk (33)

+m^∗_K (n_K− + n¯_K0 ) . (34)

And the pressure is given by, P = − 1 2 m^2_σσ^2 − 1 3 g_2σ^3 − 1 4 g_3σ^4 (35) − 1 2 m^2_σ∗ σ^{∗2} + 1 2 m^2_ωω^2_0 + 1 2 m^2_ϕϕ^2_0 + 1 2 m^2_ρρ^2_{03} (36) + 1 3 ∑ B 2J_B + 1

2π^2 ∫_{kFB} 0 k^4 dk (k^2 + m^{∗2}_B )^{1/2}

(37)

+ 1 3 ∑ l 1 π^2 ∫_{KFl} 0 k^4 dk (k^2 + m^2_l )^{1/2}

. (38)

The mixed phase of pure hadronic and antikaon condensed matter is described by Gibbs phase equilibrium rules. Also, neutron star matter has two conserved charges denoted by μ_n and μ_e. Therefore, The conditions of global charge neutrality and baryon number conservation are imposed through the relations [10]

(1 − χ)Q^h + χQ^{K̄} = 0, (39)

n_B = (1 − χ)n^h_B + χn^{K̄}_B , (40)

where χ is the volume fraction of K^− condensed phase in the mixed phase. The total energy density in the mixed phase is

ϵ = (1 − χ)ϵ^h + χϵ^{K̄} . (41)

3. Composition and EoS of dense matter

In the this model calculation, three distinct sets of coupling constants, meson-nucleon, meson-hyperon and meson-kaon, are required. Meson-nucleon coupling constants are generated by reproducing normal nuclear matter properties - saturation density (n_0 = 0.153 fm^{−3}), binding energy, incompressibility and symmetry energy. Here we exploit GM1 set for meson-nucleon coupling constants [3]. It is to be noted that nucleons do not couple with σ^∗ and ϕ.

Meson-hyperon coupling constants are determined from hypernuclei data and quark model. The vector coupling constants for hyperons are obtained from SU(6) symmetry as, 1 2 g_{ωΛ} = 1 2 g_{ωΣ} = g_{ωΞ} = 1 3 g_{ωN} , 1 2 g_{ρΣ} = g_{ρΞ} = g_{ρN} ; g_{ρΛ} = 0,

2g_{ϕΛ} = 2g_{ϕΣ} = g_{ϕΞ} = − 2 √ 2 3 g_{ωN} . (42)

The scalar meson (σ) coupling to hyperons

U^N_Y (n_0) = −g_{σY} σ + g_{ωY} ω_0 , (43)

is determined from the knowledge of the potential depth of a hyperon in symmetric nuclear matter using hypernuclei data. For Λ hyperon, this potential depth is -30 MeV and it is -18 MeV for Ξ hyperon. However, Σ hyperon potential depth is +30 MeV.

The σ^∗-Y coupling constants are calculated by fitting them to a well depth for a hyperon in hyperon (Y) matter at normal nuclear matter density, U^{(Y} ′ ) Y (n_0), [11]

U^{(Ξ)}_Ξ (n_0) = U^{(Ξ)}_Λ (n_0) = 2U^{(Λ)}_Ξ (n_0) = 2U^{(Λ)}_Λ (n_0) = −40 M eV. (44)

The scalar meson-kaon coupling constant is estimated from the real part of K^− potential depth in normal nuclear matter density

U¯_K (n_0) = −g_{σK} σ − g_{ωK} ω_0 , (45)

and the vector coupling constants from the quark model and isospin counting rule, g_{ωK} = 1 3 g_{ωN} and g_{ρK} = g_{ρN} . (46)

A strongly attractive antikaon potential depth of U¯_K = -160 MeV has been used for this calculation. The strange meson σ^∗ and ϕ couplings with (anti)kaons are determined from the decay of f_0(975) and SU(6) symmetry relation respectively [4].

The abundances of various species in β-equilibrated matter containing baryons, electrons, muons and K^− and K̄^0 mesons are shown in Figure 1. We discuss the role of K^− and K̄^0 condensation on the composition of β-equilibrated and charge neutral matter. In

Figure 1. The number densities ni of various particles in β-equilibrated hyperon matter including both K^− and K̄^0 condensates for GM1 set and antikaon optical potential depth at normal nuclear matter density U¯_K = -160 MeV are plotted with baryon number density.

the pure hadronic phase where local charge neutrality is imposed, abundances of nucleons, electrons and muons increase with density. Here, charge neutrality is maintained among protons, electrons and muons. With the onset of K^− condensation, the mixed phase begins at 2.23n_0. We find that Λ hyperon is the first strange baryon to appear in the mixed phase at 2.51n_0. The total baryon density in the mixed phase is the sum of two contributions from hadronic and antikaon condensed phases weighted with appropriated volume fractions. As soon as K^− condensate is formed, it rapidly grows with density and replaces electrons and muons. Being bosons, K^− mesons in the lowest energy state are energetically more favorable to maintain charge neutrality than any other negatively charged particles. Consequently, the proton density becomes equal to the density of K^− condensate. Also, the density of Λ hyperon increases with baryon density in the mixed phase. On the other hand, the neutron density decreases in the mixed phase. The reason behind it may be the creation of more protons in presence of K^− condensate and also the growth of Λ hyperons at the expense of neutrons. The mixed phase terminates at 4.0n_0.

Immediately after the termination of the mixed phase, a second order K̄^0 condensation sets in ∼ 4.1n_0. With the appearance of K̄^0 condensate, neutron and proton abundances become equal. The density of K̄^0 condensate increases with baryon density uninterruptedly and even becomes larger than the density of K^− condensate. As soon as negatively charged hyperons - Ξ^− and Σ^− appear at higher densities, the density of K^− condensate is observed to fall drastically. This is quite expected because it is energetically favorable for particles carrying conserved baryon numbers to achieve charge neutrality in the system. Leptons or mesons are no longer required for this sole purpose. Moreover, lepton number or meson number is not conserved in the star. The system is dominated by K̄^0 condensate in the high density regime.

The equation of state, pressure (P) versus energy density (ε) for β-equilibrated and charge neutral matter with and without antikaon condensates are exhibited in Figure 2. The lower solid line indicates the overall EoS with hyperons and antikaon condensates

Figure 2. The equation of state, pressure (P) versus energy density (ε), for β-equilibrated hyperon matter with and without K̄ condensates.

whereas the EoS with hyperons and no condensate is exhibited by the upper solid line. Two kinks in the lower solid curve mark the beginning and end of the mixed phase where pure hadronic and K^− condensed phase are in thermodynamic equilibrium as dictated by Gibbs phase rules and global conservation laws. These kinks lead to discontinuity in the velocity of sound. The overall EoS with K̄ condensates is softer compared with the EoS without condensates. Consequently, the softer EoS gives rise to smaller maximum mass stars. The maximum mass of the static neutron star sequence calculated with the EoS including K̄ condensates is 1.57M_⊙ whereas that of hyperon EoS without K̄ condensates is 1.79M_⊙.

4. Summary

In this article, we discuss the formation of hyperons and Bose-Einstein condensates of K̄ mesons in cold and dense matter relevant for neutron stars within relativistic models. Here we consider a first order K^− condensation followed by a second order K̄^0 condensation. The populations of neutrons, protons and hyperons are strongly modified in presence of both K^− and K̄^0 condensation. Also, antikaon condensates make the EoS softer compared with the EoS without condensates and give rise to a smaller maximum mass neutron star.

References

[1] W. Greiner and H. Stöcker, Scientific American, 252, 58 (1985); H.A. Bethe and G.E. Brown, Scientific American, 252, 60 (1985).

[2] N.K. Glendenning, Compact Stars (Springer-Verlag, New York, 1997). [3] S. Banik and D. Bandyopadhyay, Phys. Rev. C 64, 055805 (2001);

S. Banik and D. Bandyopadhyay, Phys. Rev. C 63, 035802 (2001). [4] J. Schaffner and I.N. Mishustin, Phys. Rev. C 53, 1416 (1996). [5] J. Boguta and A.R. Bodmer, Nucl. Phys. A292, 413 (1977). [6] B.D. Serot and J.D. Walecka, Adv. in Nucl. Phys. 16, 1 [7] D.B. Kaplan and A.E. Nelson, Phys. Lett. B 175, 57 (1986);

A.E. Nelson and D.B. Kaplan, Phys. Lett. B 192, 193 (1987). [8] S. Pal, C.M. Ko, Z. Lin and B. Zhang, Phy. Rev. C 62, 061903(R) (2000);

G.Q. Li, C.-H. Lee and G.E. Brown, Phys. Rev. Lett. 79, 5214 (1997); Nucl. Phys. A625, 372 (1997).

[9] N.K. Glendenning and J. Schaffner-Bielich, Phys. Rev. C 60, 025803 (1999). [10] N.K. Glendenning, Phys. Rev. D 46, 1274 (1992). (1986).

[11] J. Schaffner, C.B. Dover, A. Gal, D.J. Millener, C. Greiner and H. Stöcker, Ann. Phys. (N.Y.)

235, 35 (1994).