arXiv:nucl-th/0312115 v1 26 Dec 2003

Meson Condensations in High-Density Matter

Takumi Muto^{∗)}

Department of Physics, Chiba Institute of Technology, 2-1-1 Shibazono, Narashino, Chiba 275-0023, Japan

(Received December 26, 2003)

Recent studies on meson condensations (pions and kaons) in high-density hadronic matter are reviewed. After summarizing onset mechanisms of pion and kaon condensations, we discuss implications for neutron star phenomena such as rapid cooling through neutrino emission, static and dynamic properties of neutron stars. Recent studies on coexistence problem of pion and kaon condensations are briefly introduced. Finally, relevance of meson condensations in hadronic matter to those in color superconductivity are briefly mentioned.

§1. Introduction

Meson condensations (pions and kaons) have been extensively investigated as new states of high-density hadronic matter, which may be realized in neutron stars or may be produced in high energy heavy-ion collisions.^{1)} -^{9)} They are characterized as macroscopic appearance of Nambu-Goldstone (NG) bosons. Different from usual Bose-Einstein condensation in condensed matter physics, meson condensed states are strongly interacting systems of mesons and baryons. The critical densities and equations of state (EOS) of pion and kaon condensations have been widely discussed with reference to astrophysical phenomena and nuclear experiments.

Condensations of the NG bosons are formulated on the basis of chiral symmetry and its spontaneous breakdown. For instance, a charged pion-condensed state |π⟩ is given by a chiral rotation from a normal meson vacuum |0⟩ such that |π⟩ = Û(θ, χ)|0⟩ with a unitary operator Û(θ, χ) generating a meson-condensed state,^{3), 4)}

Û(θ, χ) = exp(i ∫ d^3rχV^0_3 ) exp(iQ^5_1θ) . (1.1)

In Eq. (1.1), χ and θ (the chiral angle) are quantities characterizing a type of condensation, and V^μ_3 and Q^5_1 the vector current and the axial charge, respectively. With the help of current algebra and PCAC (partial conservation of axial-vector current), the classical pion field is given by ⟨π⟩ = ⟨π|π̂|π⟩ = ⟨0|Û^†(θ, χ)π̂Û(θ, χ)|0⟩ = f √ 2 sin θe^{iχ} , (1.2)

where f is the meson decay constant. The classical field [ Eq. (1.2) ] specifies an order parameter of condensation.

At high baryon number density or high temperature, quark degrees of freedom become apparent through chiral and deconfinement phase transitions. Recently, rich

∗) E-mail address: muto@pf.it-chiba.ac.jp

typeset using PTPTEX.sty <ver.0.8> phase structure of quark matter has revealed itself reflecting the spin and colorflavor dependence of quark-gluon dynamics, just as hadronic matter reflecting the state dependence of nuclear interactions. In particular, color superconductivity in quark matter such as 2SC, color-flavor locked (CFL) phase etc. have been widely investigated.^{10)} Furthermore, condensations of the NG boson modes in CFL phase have been suggested by several authors.^{11), 12)}

In order to clarify the whole QCD diagram, an approach from hadronic phase is necessary as well as that from quark phase. These quark and hadronic phases may be mutually connected through realization of meson condensations whose dynamics is controlled by the underlying chiral symmetry. In this paper, we give a complementary overview of meson condensations from the point of view of hadronic matter, toward unified understanding of phase structure in high-density QCD.

§2. Onset mechanisms of meson condensations

2.1. P -wave pion condensation

The primary part of the πN interaction Lagrangian is given by in the lowest order of chiral expansion as

L^{πN}_{int} = −f̃ ψ̄γ^μγ_5τ_aψ∂_μπ^a − 1 4f^2 ϵ_{abc}ψ̄γ^μτ^cψπ^a∂_μπ^b , (2.1) where f̃ ≡ f_{πN N} /m_π with f_{πN N} (≃1) being the πN coupling constant and m_π the pion mass, ψ is the nucleon isodoublet, and a, b, c denote the isospin indices.

The first and second terms on the r.h.s. of Eq. (2.1) represent the pseudovector coupling and vector coupling, respectively. In the nonrelativistic limit, the Lagrangian reduces to

L^{πN}_{int} → − √ 2f̃(ψ^†στ_−ψ · ∇π^− + ψ^†στ_+ψ · ∇π^+) − f̃ψ^†στ_3ψ · ∇π^0 + i 4f^2 [√ 2 { ψ^†τ_+ψ(π^0∂_tπ^+ − π^+∂_tπ^0) − ψ^†τ_−ψ(π^0∂_tπ^− − π^−∂_tπ^0) }

− ψ^†τ_3ψ(π^−∂_tπ^+ − π^+∂_tπ^−) ] , (2.2)

where the σ · ∇ couplings give the p-wave π-N attractive interaction leading to the main driving force of pion condensation. The remaining terms in Eq. (2.2) give the s-wave vector interaction.

On the other hand, the s-wave scalar interaction, the πN sigma term Σ_{πN} , comes from the next to leading order of the chiral expansion, and is given as Σ_{πN} = 1 2 (m_u + m_d)⟨N|ūu + d̄d|N⟩ with m_u and m_d being the quark masses representing the explicit chiral symmetry breaking. Σ_{πN} is related to the quark condensate in the nucleon. The value of Σ_{πN} is empirically estimated to be ∼ 45 MeV.^{13)} As for charged pion (π^c) condensation, the s-wave vector interaction, which corresponds to the Tomozawa-Weinberg term related to the πN forward scattering amplitude, is proportional to the nucleon isospin density ψ^†τ_3ψ in Eq. (2.2). The s-wave π^−p vector interaction has an attractive contribution to the pion self-energy, while the π^−n vector interaction is repulsive, so that the net vector interaction works repulsively in neutron-star matter. At certain density, the p-wave πN attractive interactions overcome the pion mass and repulsive s-wave vector interactions. It is to be noted that the s-wave πN interactions given by Σ_{πN} is relatively weak, which is in contrast to the case of kaon condensation.

The dispersion relations for π^c in neutron-star matter show that there appears a spin-isospin sound mode with a π^+ quantum number (π^+_s ). At a critical density ρ_B = ρ^c_B, the π^− and π^+_s branches merge with a pion momentum p_π = p^c_π. The critical density ρ^c_B and the momentum p^c_π are determined from a double-pole condition for the pion inverse propagator,

D^{−1}_π (ω, p_π; ρ_B) = 0 , ∂D^{−1}_π (ω, p_π; ρ_B)/∂ω = 0 , (2.3)

together with ∂D^{−1}_π (ω, p_π; ρ_B)/∂|p_π| = 0. At this critical point, the π^−-π^+_s pairs are created with no cost of energy, which implies that the system becomes unstable with respect to condensation of the π^−-π^+_s pairs.^{2), 3)} The critical density ρ^c_B(π^c) is estimated to be around 2ρ_0 with ρ_0 (≃0.16 fm^{−3}) being the standard nuclear saturation density. In the condensed phase, due to the isospin-flip through the pwave πN interaction, the baryon exists as a quasiparticle η, which is superposition of the neutron and proton states, i.e., |η_s⟩ = cos ϕ|n_s⟩±i sin ϕ|p_s⟩ for s=±1/2, where s denotes the spin state.

2.2. Alternating Layer Spin (ALS) structure accompanying π^0 condensation

Fig. 1. The ALS structure under π^0 condensation, taken from Ref. 15).

For the neutral pion (π^0) condensation, the critical density is given by the condition that the excitation energy ω for the spin-isospin sound mode vanishes : D^{−1}_{π0} (ω = 0, p_π; ρ_B) = 0, together with ∂D^{−1}_{π0} (ω, p_π; ρ_B)/∂|p_π| = 0 at ω = 0. Since the chemical potential of the π^0 is zero, the classical π^0 field can be taken as a standing wave type such that ⟨φ_0⟩ = A sin |p_π |z, where A is the amplitude of π^0 condensation. We take the direction of the π^0 momentum as the z axis.

For the fully developed phase of π^0 condensation beyond the critical density, Takatsuka et al. presented a model for baryonic configuration in the existence of

π^0 condensation as shown in Fig. 1:^{14), 15)} Under the potential U_π generated by π^0 condensation (U_π = −f̃ τ_3σ ·∇⟨φ_0⟩), baryons are localized along one dimensional (z) direction in a specific spin-isospin order, and behave as a Fermi gas in the remaining two-dimensional layer. The spin-isospin of baryons changes alternately layer by layer. Such a baryonic configuration, called the Alternating Layer Spin (ALS) structure, is determined selfconsistently with the classical π^0 field. The ALS structure gives the most favorable baryonic configuration, stemming from the one-pion-exchange tensor force. The critical density ρ^c_B (ALS) is estimated to be ∼ 3ρ_0. The ALS structure provides us with a new type of quantum solid for high-density hadronic matter just like liquid crystals (smectic A phase) in solid state physics. The quantum solid brought about by the ALS structure gives important aspects in high-density hadronic matter in relation to neutron star phenomena, in particular, pulsar glitches (see 4.2).

Subsequently, a possible coexistence of π^0 and π^c condensations has been considered.^{16)} In the combined condensation of π^0 and π^c, the ALS structure develops in the z direction accompanying π^0 condensation with a standing wave type, and in the remaining two-dimensional layer, π^c condensation exists with a plane wave type. The combined π^0-π^c condensation is energetically most favorable, and takes over the characteristic features of both π^0 and π^c condensations.

2.3. Realistic effects on pion condensation

Pions are easily excited in nuclear matter, and they couple to particle-hole states. The critical density and EOS of pion condensation depend sensitively on the medium effects in the pion channel. Phenomenologically, the following competing effects have been considered in a realistic approach of pion condensation. One is the excitation of the isobar Δ (1232), which gives strong attraction through p-wave πNΔ coupling

strength f_{πN Δ} = √ 72 25 f_{πN N} in the quark model and is favorable for pion condensation. Another is short-range correlation between baryons, which is simulated by the Landau-Migdal (LM) parameter in the spin-isospin channel and is unfavorable for pion condensation. The LM parameter is denoted as g^′_{N N} for correlations between the NN^{−1} and NN^{−1} particle-hole pairs (‘−1’ denotes a hole state), g^′_{N Δ} for NN^{−1} and ΔN^{−1} particle-hole pairs, and g^′_{ΔΔ} for ΔN^{−1} and ΔN^{−1} particle-hole pairs. The value of the LM parameter was evaluated phenomenologically or based on the reaction matrix calculations. However, in most of the calculations in nuclear matter, the universality was assumed, i. e., g^′ ≡ g^′_{N N} = g^′_{N Δ} = g^′_{ΔΔ}, and a rather large value, g^′=0.7−0.9, was obtained.^{17)}

Recently, new information on the LM parameters has been obtained from the experiment of the giant Gamow-Teller (GT) resonances, which are relevant to the spin-isospin sound mode of the kinematical region ω ∼ 0, |p_π| ∼ 0.^{18)} From the analysis of the GT sum rule for the reaction,^{90}Zr (p, n)^{90}Nb at 295 MeV, the quenching factor has been estimated to be Q = 90 ± 5% , which leads to constraint on the Landau-Migdal parameters as^{19)}

g^′_{N Δ} = 0.18 + 0.05g^′_{ΔΔ} and g^′_{N N} ≃ 0.59 for g^′_{ΔΔ} < 1 . (2.4)

This result shows that the universality is largely broken. By the use of the LM parameters given by Eq. (2.4), the critical density of π^0 condensation in symmetric nuclear matter and that of π^c condensation in neutron matter have been estimated to be less than 2ρ_0 for both condensations.^{20)} It is worth mentioning that the EOS of pion-condensed phase in neutron matter was obtained with relaxing the universality for the LM parameters by the parameter sets (g^′_{N N} , g^′_{N Δ})=(0.6−0.8,0.4−0.5) together with the assumption g^′_{N Δ}=g^′_{ΔΔ}.^{21)} The resulting EOS lie in the intermediate region bounded by the previous two curves based on the universality and smaller values of g^′ = 0.5 − 0.6.

2.4. S-wave kaon condensation

The driving force for kaon condensation is the s-wave kaon-nucleon (KN) interactions, which consist of the scalar and vector interactions.^{5)} The former is simulated by the KN sigma term Σ_{KN} [=^1_2 (m_u + m_s)⟨N|ūu + s̄s|N⟩ ], which is larger than the πN sigma term by an order of magnitude due to the large strangeness quark mass m_s, reflecting the violation of chiral symmetry in SU(3) case. The vector interaction is proportional to the nucleon V -spin density, which is written as ψ^† 1 2 (V_3 + √ 3V_8)ψ = 1 4 ψ^†(τ_3 + 3)ψ with V_a being the vector charge. The V -spin of the proton (the neutron) is 1 (1/2), so that the antikaon (K^−) feels attractive from both proton and neutron in the vector channel, while K^+ feels repulsive.

Empirically, the s-wave KN scattering lengths are obtained as a(K^+p)=−0.33 fm, a(K^+n)=−0.16 fm, a(K^−p)=(−0.67 +i 0.64) fm, a(K^−n)=(0.37 +i 0.60) fm.^{22)} The K^−n interaction is attractive. The repulsive K^−p scattering length is due to tha pole contribution of the Λ(1405) which lies below the KN threshold by 30 MeV.

In neutron-star matter, the lowest excitation energy ω_{min} of the K^− decreases with increase in baryon number density ρ_B due to the s-wave KN attractions. At a critical density, ω_{min} becomes equal to the kaon chemical potential μ_K^{∗)} As a result, the distribution function f_K (p_K ) for the K^− diverges at ω = μ, and the K^− appears macroscopically as a Bose-Einstein condensate (BEC).^{23), 24)} The critical density for K^− condensation, ρ^C_B(K^−), is estimated as ρ^C_B(K^−) = 3 − 4ρ_0 depending on the value of Σ_{KN} .

Formation of kaon condensates is mainly controlled by weak interactions, in particular, by the thermal kaon process, nn → npK^−, which gives the most efficient reaction rate among the nonequilibrium weak reaction processes at high temperature and density relevant to protoneutron stars. Kinetics of kaon condensation in newly born neutron stars has been investigated through obtaining time scales of saturation of thermal kaons, growth and subsequent saturation of kaon condensates and relaxation to chemically equilibrated state.^{25)} It has been found that the time scale of the development of kaon condensates is much smaller than that of the cooling (several tens of seconds) for the relevant temperatures of protoneutron stars. The time delay for the formation of kaon condensates may not have much influence on the delayed collapse of a neutron star.

Recently, some authors examined the possibility of kaon condensation in neutron stars by taking into account many-body effects such as the Pauli-blocking and the nucleon-nucleon correlations.^{26), 27)}

∗) In a chemically equilibrated matter, the kaon chemical potential is equal to the electron chemical potential μe. In this paper, we put μ ≡ μK = μe, and call it the charge chemical potential.

2.5. Kaon dynamics in nuclear experiments

Motivated by studies of kaon condensation, the in-medium kaon properties have been investigated from both theoretical and experimental viewpoints. The offshell properties of the kaon self-energy and its model dependence have been discussed.^{7), 28), 29)} The kaon optical potential in nuclear matter has been deduced by the use of chiral models,^{30)} a G-matrix method with consistently taking into account the modification of kaons in medium,^{31)} dispersion relation approach^{32)} and so on. Several authors obtained the K^− optical potential phenomenologically from kaonic atom data.^{33)} -^{35)} There is still controversy on the strength of the kaon optical potential, although recent experimental results on the subthreshold K^+K^− production in relativistic heavy-ion collisions and proton-nucleus collisions suggest a substantial decrease in the antikaon effective mass.^{36)}

It should be noted that deeply bound kaonic nuclei have been recently proposed based on the strongly attractive kaonic potential.^{37), 38)} In Ref. 37), a very highdensity state comparable to that of neutron stars is predicted to form inside the nuclei. If experimental achievement of such nuclei is established, it will provide us with information on kaon dynamics in high-density matter at zero temperature, especially, the possible existence of kaon condensation.

2.6. P -wave kaon condensation

Fig. 2. The excitation energy ω as functions of

the baryon number density ρB.

Recently, mixing of hyperons (Y ) such as Λ, Σ^−, Ξ^−, · · · as well as neutrons, protons, and leptons in neutron-star matter has been widely discussed motivated by hypernuclear experiments.^{39)} The interplay between kaon condensation and hyperons has been studied by the use of the SU(3)_L×SU(3)_R chiral effective Lagrangian where both p-wave KNY and swave kaon-baryon interactions are incorporated.^{40)} The baryonic potentials in hyperonic matter deduced from the baryonbaryon interactions have also been taken into account.

In Fig. 2, the kaon minimal excitation energies ω are shown as functions of baryon number density ρ_B at a typical kaon momentum |k| and for the Kn sigma term Σ_{Kn} ≃ 300 MeV. In this calculation, only the Λ and Σ^− have been taken into account as hyperons for simplicity. There appear collective Σ^− particle-neutron hole mode (denoted as Σ^−n^{−1}) having the K^− quantum number and proton particle-Λ hole mode (denoted as pΛ^{−1}) having the K^+ quantum number. One can see that the Σ^−n^{−1} and pΛ^{−1} modes merge at certain density (ρ_B ≃0.55 fm^{−3}). At this density and momentum, the double-pole condition for the kaon inverse propagator D^{−1}_K , D^{−1}_K (ω, k; ρ_B) = 0, ∂D^{−1}_K (ω, k; ρ_B)/∂ω = 0 is satisfied, and the system is unstable with respect to a pair creation of [Σ^−n^{−1}] and [pΛ^{−1}] modes. This instability originates from the p-wave kaon-baryon interaction and its mechanism is similar to that of pion condensation.

In the p-wave kaon-condensed phase, baryons exist as quasiparticles, |p̃_s⟩=α|p_s⟩+ β|Λ_s⟩ + γ|Σ^0_s ⟩, |ñ_s⟩=δ|n_s⟩ + ϵ|Σ^−_s ⟩, etc. with the spin state s(=±1/2).

§3. Rapid cooling processes in meson condensations

3.1. Neutrino emission in meson condensates

In ordinary neutron-star matter without exotic states, the nucleons and electrons are strongly degenerate, and the energy-momentum conservation is not satisfied for the following neutrino and antineutrino emission processes as one-nucleon processes, n → p+e^−+ν̄_e, p+e^− → n+ν_e, which is called the direct Urca process^{∗)}. Therefore, a spectator nucleon participates in the reaction so as to meet the kinematical condition, and the two-nucleon process, n + n → n + p + e^− + ν̄_e, n + p + e^− → n + n + ν_e, becomes possible. This reaction is the standard cooling process in the normal phase and is called the modified Urca process.^{43)}

Fig. 3. The photon luminosities as functions of

the age of a neutron star, taken from Tsuruta et al., Ref. 44). The solid line denotes the standard cooling without any exotic agents and the dashed line including the extra rapid cooling under pion condensation.

In Fig. 3, we show a standard cooling curve of neutron stars without any exotic phase with the gravitational mass M=1.2M_⊙ (M_⊙ being the solar mass) by a solid line, which is taken from Tsuruta et al.^{44)} The photon luminosity observed at infinity, which is connected with the surface temperature of a neutron star, is given as a function of the age of a neutron star. It should be noted that there are several point sources observed, (c): PSR J0205+6449 in 3C58, (2): the Vela pulsar, (4) Geminga of which the surface temperatures are too low to be explained by any standard cooling theories. Extra cooling mechanisms leading to rapid cooling of neutron stars are needed for some observed point sources.

In the presence of meson condensates, the classical meson field supplies the

∗) The possibility of the direct Urca process depends on the density-dependence of the nuclear symmetry energy.^{41), 42)}

system with energy and momentum, and the one-nucleon process becomes possible. The following reactions have been mainly considered. One is the quasiparticle (η) Urca process,

η + ⟨π^−⟩ → η + e^− + ν̄_e , η + e^− → η + ⟨π^−⟩ + ν_e , (3.1)

for pion condensation,^{45)} and another is the Kaon-induced Urca (KU) process,

n (p) + ⟨K^−⟩ → n (p) + e^− + ν̄_e , n (p) + e^− → n (p) + ⟨K^−⟩ + ν_e , (3.2)

for the s-wave kaon condensation.^{46), 42)}

These weak processes can be treated in the framework of chiral symmetry.^{∗)} In Fig. 4, we show the relation between the baryon and lepton momenta on the Fermi surface contributing to momentum conservation, and the lowest order diagrams for the quasiparticle Urca process in charged pion condensates. Fig. 5 is the same but for the s-wave K^− condensation.

Fig. 4. The upper part representing the momentum conservation between the participating degenerate nucleons, leptons, and the classical π^c field. The lower part showing the lowest order diagrams for the quasiparticle Urca process in charged pion condensates.

Fig. 5. The same as Fig. 4 but for the Kaoninduced Urca process in the s-wave kaon condensates.

Here we take up only the KU process associated with the s-wave K^− condensation. The relevant weak Hamiltonian for KU is given by the current×current type, H_W = G_F √ 2 J^μ_h ·l_μ +h.c. with l_μ [=ψ̄_eγ_μ(1−γ_5)ψ_ν ] being the charged leptonic current

and the charged hadronic current, J^μ_h = cos θ_C(V^μ_{1+i2} −A^μ_{1+i2})+sin θ_C(V^μ_{4+i5} −A^μ_{4+i5}), where θ_C(≃ 0.24) is the Cabibbo angle, and V^μ_a and A^μ_a are the vector and axialvector currents, respectively. The matrix elements are given from the transformed Hamiltonian:

~H_W = Û^{−1}_K H_WÛ_K = G^F√ 2 ~J^μ_h l_μ + h.c. , (3.3)

∗) Neutrino absorption processes in meson condensates, such as νe + η + ⟨π^− ⟩ → e^− + η and νe + n(p) + ⟨K^−⟩ → e^− + n(p), which are relevant to neutrino opacities, can also be considered within this framework.^{47), 48)}

where Û_K = exp(iμ_K Q) exp(iθQ^5_4), which is a unitary operator generating a kaoncondensed state, |K⟩ = Û_K |0⟩. By the use of current algebra, the tranformed hadronic current is shown to have a form,

~J^μ_h = Û^{−1}_K J^μ_h Û_K = e^{−iμK t} [ cos θ_c { (V^μ_{1+i2} − A^μ_{1+i2}) cos(θ/2) + i(V^μ_{6−i7} − A^μ_{6−i7}) sin(θ/2) }

+ sin θ_c { (V^μ_4 − A^μ_4 ) + i cos θ(V^μ_5 − A^μ_5 ) − i sin θ ( V^μ_V − A^μ_V )}] , (3.4)

where V^μ_V ≡ (V^μ_3 + √ 3V^μ_8 )/2 and A^μ_V ≡ (A^μ_3 + √ 3A^μ_8 )/2. The matrix elements for KU come from the term proportional to sin θ in the last term of Eq. (3.4). One can see that the kaon chemical potential μ_K is supplied to energy conservation of the reaction, stemming from the time dependent phase factor exp(−iμ_K t).

The weak reactions (3.1) and (3.2) give large neutrino emissivities since the available phase space is large as compared with that of two-nucleon reactions like the modified Urca process. As an example, the ratio of the emissivity for KU to that for the modified Urca process is roughly O(μ_B/T )^2 ∼ 10^{6−8} with μ_B being the nucleon chemical potential depending on the temperature. Once such an exotic phase appears, it has a significant effect on thermal evolution of neutron stars.^{49), 50)} In case of p-wave kaon-condensation, enhanced cooling will occur through the weak processes, Ỹ + ⟨K^−⟩ → Ỹ + e^− + ν̄_e, Ỹ + e^− → Ỹ + ⟨K^−⟩ + ν_e (for Ỹ =p̃, Λ̃, ñ, Σ̃−), where Ỹ is a quasiparticle whose state is given by superposition of the nucleon and hyperon states. These weak processes may also lead to the increase of the absolute value of total negative strangeness of the system.

3.2. Effects of superfluidity

The neutrino emissivities themselves in meson condensates lead to too rapid cooling of the neutron stars that need an enhanced cooling scenario, as other cooling agents such as quarks, hyperons, and the direct Urca process do.^{50)} Thus suppression mechanisms are needed in order to counterbalance the too rapid cooling. Nucleon superfluidity suppresses both specific heat of nuclear matter and neutrino emissivities owing to the existence of an energy gap Δ. For the neutrino emissivities, the available phase space is largely restricted due to the energy gap Δ.

In an inner core of a neutron star, the^3P_2 pairing is most favorable for the neutrons, while^1S_0 pairing is for the protons, which is deduced from the nucleonnucleon scattering phase shifts for the isospin T = 1 pair.^{51)} For the normal phase, Takatsuka and Tamagaki studied the neutron^3P_2 (+^3F_2) pairing by generalizing the Bogoliubov transformation to the pairings with nonzero angular momentum.^{52)} They also studied pairing of quasineutrons (η) under pion condensation.^{53)} They found that the energy gap is sensitive to the effective nucleon mass m^∗_η at a high density. They obtained m^∗_η(π^c) ≃ m^∗_n(Normal)=(0.8−0.7 )m_N , and m^∗_η(π^0−π^c) ≃ m^∗_n(π^0) ∼0.9 m_N for ρ_B = 1 − 3ρ_0 with m_N being the free nucleon mass. Note that the effective masses in the π^0-condensed and combined π^0-π^c condensed phases do not decrease much even at high densities ∼ 3ρ_0, reflecting the localization picture of the

ALS structure. The large effective mass results in large pairing energy gap. Thus the nucleon superfluid in the^3P_2 (+^3F_2) channel can exist at rather high densities with the existence of π^0 condensation. On the other hand, the quasineutron pairing in the π^c-condensed phase has been shown to be less favorable owing to the attenuation effect coming from a factor 1 − cos ϕ · sin ϕ with the mixing angle ϕ.

With the effects of quasineutron superfluidity in π^0-π^c condensed phase in the inner core of a neutron star, the cooling behavior of the pion-condensed neutron star has been obtained as shown by a dashed line in Fig. 3. It has been shown that the anomalously low temperatures for several neutron stars including the three candidates in this figure can be consistently explained with the rapid cooling under π^c condensation and its moderate suppression due to the coexistent quasineutron superfluidity under π^0 condensation.

§4. Static and dynamic properties of meson-condensed neutron stars

The existence of meson condensations has important implications for static and dynamic properties of neutron stars.

4.1. Softening of the EOS

A phase transition to a meson-condensed phase leads to softening of the EOS, making a neutron star compact with higher central density and smaller radius than normal neutron stars. As a result, a maximum gravitational mass of a neutron star becomes small.^{54)} From the observation of PSR 1913+16, its mass was obtained as 1.442 ± 0.003M_⊙.^{55)} The statistical analysis of mass determination of binary pulsar systems gave the upper limit of the mass ∼ 1.6M_⊙,^{56)} and measurements of masses of neutron stars in X-ray binaries led to a narrow mass range with 1.35±0.27M_⊙.^{57)} The mass should be even larger (∼ 2.0M_⊙), if the recent analyses from the observations of the quasiperiodic oscillations are confirmed.^{58)} The mass-radius relation was constrained from the analyses of the gravitationally redshifted absorption lines of the X-ray bursts.^{59)} The mass inferred from the EOS should be consistent with these observations.

The significant softening will make phase transition of a first order. Here we mention consequences from a first-order phase transition induced by kaon condensation, following recent development of studies of kaon condensation. We can also see common properties in case of pion condensation.^{60)}

Effects of first-order phase transition on the internal structure of neutron stars have been discussed by the use of the Maxwell’s construction by which the phase equilibrium was obtained. However, it has been pointed out by Glendenning that the Gibb’s condition determines the appropriate phase equilibrium in case more than one chemical potentials are present corresponding to conserved charges such as the electromagnetic charge, baryon number and so on.^{61)} According to the Gibb’s condition, the first-order phase transition may imply a mixed phase where droplets of a kaon condensate are immersed in the normal phase. Recently the effects of Coulomb energy and surface tension on the mixed phase have been discussed.^{62)} -^{66)} There are several works on a possible formation of the crystalline mixed phase on a Coulomb lattice and on the stability of the lattice.^{63), 67)}The nucleation of a kaon droplet has also been considered.^{65)} On the other hand, it has been shown that the Maxwell’s construction is substantially good in case of the large Coulomb screening effects.^{66)}

The first-order phase transition has also important effects on the dynamical properties of neutron stars. A minicollapse from a supercompressed metastable neutron star to a stable kaon-condensed star has been considered within a relativistic mean field model.^{68)} The energy release after the minicollapse has been estimated, and it has been found that the released energy, 10^{49} − 10^{52} erg depending on a scale of the first-order phase transition, is sufficient for explaining the observed anomalous gamma-ray burst energies.

In relation to an early stage of neutron stars, a formation scenario of a low-mass black hole by a delayed collapse of a hot neutron star after a phase transition to a kaon-condensed star has been presented by Brown and Bethe,^{69)} and a numerical simulation has been elaborated.^{70)} Delayed collapse of protoneutron stars has been discussed in detail by several authors.^{71), 72)} Tatsumi and Yasuhira obtained the EOS with kaon condensates at finite temperature including thermal effects and neutrino degeneracy. Based on this EOS, they discussed the gravitational stability of the protoneutron stars against a phase transition to a kaon-condensed neutron star during the deleptonization era.^{72)}

4.2. Pulsar glitches

Pulsar glitches give information on the inner structure of neutron stars. They are characterized by sudden discontinuous spin up of rotation and its subsequent relaxation to a steady state of radio pulsars. From the temporal behavior of the angular velocity after the spin up, one can see two kinds of relaxation time scales, one is long with τ_1 ∼ 80 days and the other is short with τ_2 ∼ several days. According to the usual glitch scenario, sudden spin up is attributed to a catastrophic unpinning of vortices of the nucleon^1S_0 superfluids from nuclei in the inner crust region of a neutron star and the gradual decrease of rotation results from creeping of vortex toward the outside region of the star.^{73), 74)} The vortex creep theory has been considered as one of the standard postglitch models.^{73)}

On the other hand, Takatsuka and Tamagaki presented a corequake model with combined π^0-π^c condensation for giant glitches like the Vela pulsar.^{75)} This model is based on the π^0-π^c condensed phase in a central core region of a neutron star. The ALS structure accompanying π^0 condensation presents a solid core. As the pulsar spins down, stress of the core is accumulated, and finally the core cracks. At that time, the pulsar suddenly spins up as a result of angular momentum conservation. Large energy release due to the corequake is carried away through a rapid cooling by π^c condensation before the next glitch. The two time scales τ_1 and τ_2 which are observed in the postglitch timing behavior can be explained by the two relaxation times of the^1S_0 superfluids in the crust and the^3P_2 superfluids in the core. They also succeeded in descriminating giant glitches like the Vela pulsar and small ones (smaller ratio of change of angular velocity to stationary angular velocity than that of giant glitches by two-orders of magnitude) like the Crab pulsar: The Vela pulsar is assumed to have a large mass ∼ 1.6M_⊙. Then the central density in the inner core exceeds the critical density of π^0-π^c condensation, so that the core has the π^0- π^c-condensed phase, which induces the giant glitch by a corequake. On the other hand, the Crab pulsar is assumed to have a smaller mass ∼ 1.2M_⊙, where the central density does not reach the critical density of the π^0-π^c condensation, so that there is no ALS solid core. In this case, only a crustquake, which is smaller in magnitude than the giant glitches, occurs.

Thus the new corequake model based on pion condensation has a possibility of consistently explaining the observed glitch phenomena.

§5. Coexistence of pion and kaon condensations

According to the preceding results, pion condensation appears at a lower baryon number density (∼ 2ρ_0) as compared with that for kaon condensation (∼ 3 − 4ρ_0). Possible coexistence of pion and kaon condensations (π-K condensation) in neutronstar matter has been studied in a simple model based on the SU(3)_L×SU(3)_R chiral effective Lagrangian.^{5)} The classical meson fields in the nonlinear representation are taken to be plane-wave forms:

π^−(r, t) = f √ 2 θ · cos βe^{−i(μt−pπ ·r)} , K^−(r, t) = f √ 2 θ · sin βe^{−i(μt−pK ·r)} (5.1) with a parameter β representing the relative strengh of pion and kaon condensations.

Fig. 6. The energy difference per baryon between the π-K condensed phase and the normal neutron-star matter as a function of the baryon number density.

One had a picture that charged pion condensation is suppressed as kaon condensation grows with increase in baryon number density. However, there was a problem in the original works that the pion spatial momentum diverges beyond a scope of chiral perturbation theory at a density where pion condensation disappears in a kaon-condensed phase. We have reexamined π-K condensation by taking into account the recoil terms between mesons and baryons in the nonrelativistic expansion of the baryonic Hamiltonian with respect to 1/m_N in order to avoid the divergence of the pion momentum. Only the charged pion and kaon have been considered as the octet mesons.

In Fig. 6, we show the energy difference per baryon between the π-K condensed phase and the normal neutron-star matter as a function of the baryon number density by a solid line. The dashed line is for the pure π^c-condensed case. One can see that kaon condensates begin to appear in the π^c condensed phase at the baryon number density ∼0.5 fm^{−3} and that the energy gain due to kaon condensates is added to that due to pion condensates as density increases.

It has been concluded that pion and kaon condensations can coexist over the relevant densities in neutron stars, increasing their amplitudes monotonically with increase in density. In the ground state of the π-K condensed phase, only lower energy eigenstate of quasiparticles, |η⟩ = α|n⟩ + β|p⟩ which tends to |n⟩ in the limit θ → 0, fills the Fermi sea (”one-Fermi sea” approximation is valid), which is a different picture from a pure kaon-condensed case: In the K^− condensed phase, both protons and neutrons fill independent Fermi seas. Toward realistic studies of π-K condensation, one has to take into account the effecs of baryonic potentials in matter, short-range correlations between baryons, vertex renormalizations at the meson-baryon vertices, hyperon-mixing and other subthreshold resonances such as Λ(1405), Σ(1385), Δ(1232) etc.

§6. Meson condensation and color superconductivity

Condensation of the NG bosons is also found in quark matter. The NG boson masses in CFL phase are given according to the inverse mass splitting in the form,

m_π± = ∓ m^2_d − m^2_u 2p_F + [ 4A f^2_π

(m_u + m_d)m_s ]_{1/2} , m_K± = ∓ m^2_s − m^2_u 2p_F + [ 4A f^2_π m_d(m_u + m_s) ]_{1/2} , m_K0_,¯_K0 = ∓ m^2_s − m^2_d 2p_F + [ 4A f^2_π m_u(m_d + m_s) ]_{1/2} , (6.1)

where m_i (i = u, d, s) are the quark masses and p_F the Fermi momentum.^{11)} In the CFL phase, the mass of the strange quark m_s works as the effective chemical potential μ_{eff} = m^2_s /(2p_F ). For a large m_s, the mass for K^0 or K^+ first vanishes, and the system becomes unstable with respect to creation of the kaonic mode K^0 (∼[ūs̄][du] ) or K^+(∼[d̄s̄][du] ).

Elementary excitations from kaon condensates in the CFL phase have been considered, where neutrino emissivities from decay and scattering of the NG bosons in the CFL phase have been obtained.^{76)}

There is a similarity between the ”low density” kaon condensation in hadronic matter and the ”high density” kaon condensation in the CFL matter: In both phases, the explicit chiral symmetry breaking triggers the onset of kaon condensation. It is an open problem whether there is a continuity between these meson condensations in hadronic matter and quark matter.

§7. Summary and concluding remarks

We have reviewed the present studies of meson condensations as a typical hadronic phase in high-density matter. One can find common features between meson-condensed phase in hadronic matter and quark phase through various astrophysical phenomena: (1) Meson-condensed phase leads to softening of the EOS of hadronic matter, affecting static and dynamic properties of neutron stars, as is the case with quark phase. (2) The ALS structure accompanying π^0 condensation represents solid-like aspects. The existence of the quantum solid is essential to explain the giant glitches of pulsars in a corequake model. On the other hand, a quark alternating-layer-spin-flavor (ALSF) model has been presented as an intermediate phase between hadronic phase and quark phase, where quarks in the perturbative vacuum have a layered structure with a specific spin-flavor order and the π^0 condensed field in the nonperturbative vacuum persists in the region between the adjacent layers.^{77)} (3) The crystalline mixed phase of kaon condensation on a Coulomb lattice may have an influence on pinning of nucleon superfluid vortices formed in neutron star core region, which may have a relevance to a vortex creep model for pulsar glitches. In quark phase, there is a crystalline color superconductivity similar to the LOFF state,^{78)} where pairing quarks have nonzero momentum, leading to gaps with a periodic ordering of a crystalline structure.^{79)} (4) Neutrino emission processes are enhanced in meson condensates, which leads to rapid cooling of neutron stars. Such exstra weak processes exist also in quark phase,^{80)} whereas there is much suppression of neutrino emissivity in case quarks are in color superconductivity due to a large energy gap of order 50−100 MeV.^{10)} Throughout these features (1)−(4), pairing of Fermions, nucleon and/or quasinucleon superfluidity in hadronic phase and color superconductivity for quark phase, provides important aspects for a consistent explanation of the related phenomena, glitches and rapid cooling of neutron stars.

It is interesting to clarify a close connection between hadronic phase and quark phase beyond the apparent phenomenological similarities listed above. The basic features inherent in QCD, chiral symmetry and quark confinement/deconfinement, play an important role in connecting hadron dynamics and quark-gluon dynamics, leading to a unified description of the QCD phase diagram. A theoretical approach from the lattice QCD will give complementary understanding of the QCD phase diagram. Observations of compact stars by Chandra, XMM/Newton, HST etc. and experiments planned at JHF and GSI are also promising.

Acknowledgments

The author is grateful to the organizers of the conference ”Finite Density QCD at Nara” for giving him an opportunity to review present studies of meson condensations in hadronic matter. Part of this work is based on recent collaboration with T. Tatsumi, to whom I would like to thank for discussion. This work is supported in part by the Japanese Grant-in-Aid for Scientific Research (C) of the Ministry of Education, Culture, Sports, Science, and Technology (Nos. 12640289).

Meson Condensations in High-Density Matter 15

References

1) R. F. Sawyer, Phys. Rev. Lett. 29 (1972), 382. D. J. Scalapino, ibid. 29 (1972), 392. 2) A. B. Migdal, Rev. Mod. Phys. 50 (1978), 107.

A. B. Migdal, E. E. Saperstein, M. A. Troitsky and D. N. Voskresensky, Phys. Rep. 192 (1990), 179.

3) G. Baym and D. K. Campbell, in Meson and Nuclei, ed. M. Rho and D. H. Wilkinson, (North Holland, Amsterdam, 1979), Vol. III, p. 1031.

4) T. Kunihiro, T. Muto, T. Takatsuka, R. Tamagaki and T. Tatsumi,

Prog. Theor. Phys. Suppl. 112 (1993).

5) D. B. Kaplan and A. E. Nelson, Phys. Lett. B175 (1986), 57; 179 (1986), 409(E). 6) T. Tatsumi, Prog. Theor. Phys. Suppl. 120 (1995), 111.

7) C. -H. Lee, G. E. Brown, D. -P. Min and M. Rho, Nucl. Phys. A 585 (1995), 401. 8) C. -H. Lee, Phys. Rep. 275 (1996), 197 .

9) M. Prakash, I. Bombaci, M. Prakash, P. J. Ellis, J. M. Lattimer, R. Knorren, Phys. Rep.

280 (1997), 1.

10) M. Alford, this volume; Annu. Rev. Nucl. Part. Sci.51 (2001), 131.

K. Rajagopal and F. Wilczek, hep-ph/0011333.

11) P. F. Bedaque and T. Schäfer, Nucl. Phys. A 697 (2002), 802. 12) D. B. Kaplan and S. Reddy, Phys. Rev. D 65 (2002), 054042. 13) J. Gasser, H. Leutwyler and M. E. Sainio, Phys. Lett. B 253 (1991), 252. 14) T. Takatsuka, K. Tamiya, T. Tatsumi, R. Tamagaki, Prog.. Theor. Phys. 59 (1978), 1933. 15) T. Takatsuka, T. Tatsumi, R. Tamagaki, Prog. Theor. Phys. Suppl. 112 (1993), 67 (Chap. III).

16) K. Tamiya and R. Tamagaki, Prog. Theor. Phys. 66 (1981), 1361.

T. Muto and T. Tatsumi, Prog. Theor. Phys. 78 (1987), 1405.

17) T. E. O. Ericson and W. Weise, Pions and Nuclei (Oxford Univ. Press, Oxford, 1988). 18) T. Wakasa et al., Phys. Rev. C 55 (1997), 2909. 19) T. Suzuki and H. Sakai, Phys. Lett. B 455 (1999), 25.

20) T. Suzuki, H. Sakai, T. Tatsumi, in Proc. RCNP Int. Symp. Nuclear Responses and Medium Effects (Tokyo, Universal Academy Press, 1999), 77.

21) T. Muto, R. Tamagaki, T. Tatsumi, Prog. Theor. Phys. Suppl. 112 (1993), 159 (Chap. VI). 22) A. D. Martin, Nucl. Phys. B 179 (1981), 33. 23) T. Muto and T. Tatsumi, Phys. Lett. B 283 (1992), 165.

24) G. E. Brown, K. Kubodera, M. Rho, V. Thorsson, Phys. Lett. 291 (1992), 355. 25) T. Muto, T. Tatsumi, N. Iwamoto, Phys. Rev. D 61 (2000), 063001; ibid (2000), 083002 . 26) T. Waas, M. Rho, W. Weise, Nucl. Phys. A 617 (1997), 449. 27) J. Carlson, H. Heiselberg, V. R. Pandharipande, Phys. Rev. C 63 (2000), 017603. 28) H. Yabu, S. Nakamura, F. Myhrer, K. Kubodera, Phys. Lett. B 315 (1993),17.

H. Yabu, F. Myhrer, K. Kubodera, Phys. Rev. D 50 (1994), 3549. 29) V. Thorsson and A. Wirzba, Nucl. Phys. A 589 (1995), 633. 30) A. Ramos and E. Oset, Nucl. Phys. A 671 (2000), 481.

J. Schaffner-Bielich, V. Koch, M. Effenberger, Nucl. Phys. A 669 (2000), 153. 31) L. Tolós, A. Ramos, A. Polls, Phys. Rev. C 65 (2002), 054907. 32) A. Sibirtsev and W. Cassing, Nucl. Phys. A 641 (1998), 476; nucl-th/9909024. 33) C. J. Batty, E. Friedman and A. Gal, Phys. Rep. 287 (1997), 385. 34) S. Hirenzaki, Y. Okumura, H. Toki, E. Oset, A. Ramos, Phys. Rev. C 61 (2000), 055205. 35) A. Cieply, E. Friedman, A. Gal, J. Mareš, Nucl. Phys. A 696 (2001), 173. 36) For a review, P. Senger and H. Ströbele, J. Phys. G25 (1999), R59. 37) Y. Akaishi and T. Yamazaki, Phys. Rev. C 65 (2002), 044005; A. Dote et al., nuclth/0207085, 0309062.

38) T. Kishimoto, Phys. Rev. Lett. 83 (1999), 4701.

M. Iwasaki et al., Nucl. Instrum. Methods Phys. Res. A 473 (2001), 286. 39) For example, P. J. Ellis, R. Knorren, M. Prakash, Phys. Lett. B349 (1995), 11 .

R. Knorren, M. Prakash, P. J. Ellis, Phys. Rev. C52 (1995), 3470. J. Schaffner, I. N. Mishustin, Phys. Rev. C53 (1996), 1416. M. Baldo, G. F. Burgio, H. -J. Schulze, Phys. Rev. C 61 (2000), 055801. I. Vidaña et al., Phys. Rev. C 61 (2000), 025802; Phys. Rev. C 62 (2000), 035801. S. Balberg, A. Gal, Nucl. Phys. A625 (1997), 435.

16 T. MUTO

S. Nishizaki, Y. Yamamoto, T. Takatsuka, Prog. Theor. Phys. 108 (2002), 703. 40) T. Muto, Nucl. Phys. A 697 (2002), 225.

41) J. M. Lattimer, C. J. Pethick, M. Prakash, P. Haensel, Phys. Rev. Lett.66(1991), 2701. 42) H. Fujii, T. Muto, T. Tatsumi, R. Tamagaki, Nucl. Phys. A571 (1994), 758 ;

Phys. Rev. C50 (1994), 3140.

43) B. L. Friman and O. V. Maxwell, Astrophys. J. 232 (1979), 541.

44) S. Tsuruta, M. A. Teter, T. Takatsuka, T. Tatsumi, R. Tamagaki, Astrophys. J. 571 (2002), L143.

45) O. V. Maxwell et al., Astrophys. J. 216 (1977), 77.

T. Tatsumi, Prog. Theor. Phys. 68 (1982), 1231. T. Muto and T. Tatsumi, Prog. Theor. Phys. 79 (1988), 461.

46) G. E. Brown, K. Kubodera, D. Page, P. Pizzecherro, Phys. Rev. D 37 (1988), 2042.

T. Tatsumi, Prog. Theor. Phys. 80 (1988), 22. 47) R. F. Sawyer and A. Soni, Astrophys. J. 216 (1977), 73.

T. Tatsumi, Prog. Theor. Phys. Suppl. 91 (1987), 299.

48) T. Muto, T. Tatsumi, N. Iwamoto, Phys. Rev. D 67 (2003), 103002. 49) H. Umeda, K. Nomoto, S. Tsuruta, T. Muto, T. Tatsumi, Astrophys. J 431 (1994), 309. 50) S. Tsuruta, Phys. Rep. 292 (1988), 1.

51) For a review, D. J. Dean and M. Hjorth-Jensen, Rev. Mod. Phys. 75 (2003), 607. 52) T. Takatsuka, Prog. Theor. Phys. 48 (1972), 1517.

T. Takatsuka and R. Tamagaki, Prog. Theor. Phys. Suppl. 112 (1993), 27 (Chap. II). 53) T. Takatsuka and R. Tamagaki, Prog. Theor. Phys. 67 (1982), 1649; Prog. Theor. Phys. Suppl. 112 (1993), 107 (Chap. IV).

54) For example, J. M. Lattimer and M. Prakash, Astrophys. J. 550 (2001), 426. 55) J. H. Taylor and J. M. Weisberg, Astrophys. J. 345 (1989), 434. 56) L. S. Fin, Phys. Rev. Lett. 73 (1994), 1878.

57) S. E. Thorsett and D. Chakrabarty, Astrophys. J. 512 (1999), 288. 58) M. C. Miller, F. K. Lamb, D. Psaltis, Astrophys. J. 508 (1998), 791. 59) M. Y. Fujimoto and R. E. Taam, Astrophys. J. 305 (1986), 246.

J. Cottam, F. Paerels, M. Mendez, Nature 420 (2002), 51.

60) T. Muto, T. Takatsuka, R. Tamagaki, T. Tatsumi, Prog. Theor. Phys. Suppl. 112 (1993), 221 (Chap. VIII).

61) N. K. Glendenning, Phys. Rep. 342 (2001), 393.

62) H. Heiselberg, C.J. Pethick, E.F. Staubo, Phys. Rev. Lett. 70 (1993), 1355. 63) M. Christiansen, N. K. Glendenning, J. Schaffner-Bielich, Phys. Rev. C 62 (2000), 025804. 64) T. Norsen and S. Reddy, Phys. Rev. C 63 (2001), 065804. 65) T. Norsen, Phys. Rev. C 65 (2002), 045805.

66) For a quark-hadron phase transition, D. N. Voskresensky, M. Yasuhira, T. Tatsumi, Phys. Lett. B 541 (2002), 93; Nucl. Phys. A 723 (2003), 291.

67) J. J. Zach, Phys. Rev. C 65 (2002), 123002.

68) H. Fujii, T. Maruyama, T. Muto, T. Tatsumi, Nucl. Phys. A597 (1996), 645. 69) G. E. Brown and H. A. Bethe, Astrophys. J. 423 (1994), 659.

70) T. W. Baumgarte, S. L. Shapiro, S. Teukolsky, Astrophys. J. 443 (1995), 717; 458 (1996), 680.

71) J. A. Pons et al., Phys. Rev. C 62 (2000), 035803.; Astrophys. J. 553 (2001), 382. 72) T. Tatsumi, M. Yasuhira, Nucl. Phys. A 653 (1999), 133.

M. Yasuhira and T. Tatsumi, Nucl. Phys. A 690 (2001), 769.

73) M. A. Alpar, P. W. Anderson, D. Pines, J. Shaham, Astrophys. J. 276 (1984), 325. 74) Y. Mochizuki and T. Izuyama, Astrophys. J. 440 (1995), 263. 75) T. Takatsuka and R. Tamagaki, Prog. Theor. Phys. 79 (1988), 274; 82 (1989), 945. 76) P. Jaikumar, M. Prakash, T. Schäfer, Phys. Rev. D 66 (2002), 063003.

S. Reddy, M. Sadzikowski, M. Tachibana, Nucl. Phys. 714 (2003), 337; nucl-th/0306015. 77) R. Tamagaki and T. Tatsumi, Prog. Theor. Phys. Suppl. 112 (1993), 277 (Chap. IX). 78) A. I. Larkin and Yu. N. Ovchinnikov, Sov. Phys. JETP 20 (1965), 762.

P. Fulde and R. A. Ferrell, Phys. Rev. 135 (1964), A 550. 79) M. Alford, J. Bowers, K. Rajagopal, Phys. Rev. D 63 (2001), 074016. 80) N. Iwamoto, Ann. Phys. 141 (1982), 1.