arXiv:nucl-th/0402011 v1 3 Feb 2004

Baryon superfluidity and neutrino emissivity of neutron stars

T. Takatsuka^{a∗} and R. Tamagaki^{b†}

aFaculty of Humanities and Social Sciences, Iwate University, Morioka 020-8550, Japan

bKamitakano Maeda-cho 26-5, Kyoto 606-0097, Japan

For neutron stars with hyperon-mixed core, neutrino emissivity is studied under the equation of state, obtained by introducing three-body force universal for all baryons so as to assure the maximum mass compatible with the observation. By paying attention to the density dependence of the critical temperatures of the baryon superfluids, which reflect the nature of baryon-baryon interaction and control neutron star cooling, we show what neutrino emission processes are efficient in the regions with and without hyperon mixing and remark its implications related to neutron star cooling.^3

1. HYPERON MIXING, EQUATION OF STATE AND COMPOSITION

Hyperon (Y ) mixing at high density in the core of neutron stars (NSs) brings about dramatic softening of the equation of state (EOS), because a substantial part of the repulsive contributions of the nucleon sector, growing at high density, is replaced by the attractive contributions of the nucleon-hyperon (NY ) and hyperon-hyperon (Y Y ) interactions since admixed hyperons are at low density. Under such too soft EOS the resulting maximum mass of NSs becomes smaller than the observed one M_{obs} = 1.44M_⊙, incompatible with the observation. This is the unavoidable feature appearing in an almost model-independent way. To get rid of this difficulty Nishizaki, Yamamoto and Takatsuka [1] introduced the repulsive part of three-body force working universally among all the baryons (equally in the NN , NY and Y Y parts), following the repulsive part (TNR) of the three-nucleon interaction (TNI) given by Pandharipande and collaborators who have shown the importance of three-body force in the nucleon system.[2,3]

In the present discussion, we adopt the EOS denoted by TNI6u. The details are reported by Nishizaki in this conference (PB-16). Here its aspects directly related to the present study are remarked. The maximum value of NS mass (M) obtained for this EOS is M_{max} = 1.71M_⊙ , as shown in Fig.1. If we use the TNR only for the nucleon part, M_{max} ≃ 1.1M_⊙ much less than M_{obs}. Typical numbers of interest are the central densities ρ_c corresponding to M ∼ M_{obs}. Fig.1 shows that ρ_c <∼4ρ_0 for M <∼1.4M_⊙ , ρ_c ≃ 4.5ρ_0 for M ≃ 1.44M_⊙ and ρ_c >∼5ρ_0 for M >∼1.5M_⊙, ρ_0 being the nuclear density.

∗E-mail: takatuka@iwate-u.ac.jp †E-mail: tamagaki@yukawa.kyoto-u.ac.jp 3The present paper will be published in Proc. the 8th Int. Conf. on Clustering Aspects of Nuclear Structure and Dynamics, Nov. 24-29, 2003, Nara to appear in Nucl. Phys. A.

Figure 1. Neutron star mass M as a function of central density ρ_c for the TNI6u- EOS.

Figure 2. Composition of neutron star matter; fractions y of constituent particles.

Composition of NS matter obtained under this EOS are shown by the fractions y of the constituent particles in Fig. 2. Notable aspects are as follows: Mixings of Λ and Σ^− set in at the almost same density ρ ≃ 4ρ_0 near the central density for the NS with M ≃ 1.4M_⊙. The fractions y_Λ and y_Σ− increase abruptly to about 10 % as ρ → 6ρ_0 with a similar magnitude. Due to the Σ^− mixing the proton fraction y_p increases, but y_p is still low so that the nucleon direct URCA process does not work until about 6.5ρ_0.

2. CRITICAL TEMPERATURES OF BARYON SUPERFLUIDS

Generally energy gaps of the baryon superfliud (SF) are sensitive to the pairing interaction and the baryon effective mass. As the pairing interaction we select the NN potentials reproducing the scattering phase shifts in the elastic region, AV18[4] and OPEG[5], and the Y Y potential compatible with the available data on hypernuclei, ND-soft.[6] Concerning the effective masses we take the values determined by the EOS of TNI6u, here shown by the effective mass parameter m^∗_i .[1]

For p, Λ and Σ^−, because of their small fractions, the^1S_0 SFs are realized for the fractional density <∼0.5ρ_0, with the upper limit determined mainly by the repulsive core effect. Critical temperatures T^{(i)}_c are given by the energy gaps Δ_i(^1S_0) at zero temperature (taking the Boltzmann constant=1):

T^{(i)}_c ≃ 0.57Δ_i(^1S_0) (i = p, Λ, Σ^−). (1)

For neutrons in the NS core (ρ >∼0.7ρ_0), the^1S_0 SF disappears due to the repulsive core effect and the^3P_2 SF is realized up to several ρ_0. The following two typical pairings with different angluar momentum components (J = 2, m_J ) are considered:

T^{(n)}_c ≃ 0.60Δ_n(^3P_2, m_J = 0), and T^{(n)}_c ≃ 0.61Δ_n(^3P_2, m_J = ±2), (2) where Δ_n(^3P_2, m_J ) is the energy gap at zero temperature. The critical temperature is the same, although the angular functions of the anisotropic energy gaps are different for the two cases.

Figure 3. Density dependence of critical temperatures T_c of baryon superfluids. Variation seen between two curves for p^1S_0 (OPEG-A and -B are the same in this state) and among three curves for n^3P_2 mainly reflects the difference in the short-range repulsion.

Figure 4. Neutrino emissivities of three processes as functions of density. The dotted, solid and dashed curves are for AV18, OPEG-A and OPEG-B, respectively in the nucleon modified URCA (thin lines) and nucleon Cooper-pair (bold lines) processes. The dash-dot (dash-dot-dot) curves are for Λ (Σ^−) direct URCA.

In Fig.3, the following points are remarked as to the ρ-dependence of T^{(i)}_c : (1) For the proton, T^{(p)}_c calculated using the NN^1S_0 potentials of AV18 and OPEG, gradually decreasing as ρ goes high, drop sharply just beyond the threshold of Σ^− ≃ 4ρ_0, because the increase of y_p (thus its Fermi momentum) makes the repulsive core effect stronger, in addition to the small effective mass as m^∗_p ≃ 0.6 → 0.5 at ρ ≃ (4 → 6)ρ_0.

(2) For Λ, T^{(Λ)}_c calculated using the ND-soft ΛΛ potential is moderately large ∼ 10^9K ≃ 0.1MeV because of the moderately large m^∗_Λ ≃ 0.8, but the Λ SF exists only in the limited region ρ ≃ (4.0 − 5.3)ρ_0.

(3) For Σ^−, T^{(Σ−)}_c is very large (∼ 10^9 − 10^{10}K) due to the large m^∗_Σ− ≃ (1.3 → 1.0) as ρ ≃ (4 → 6)ρ_0.

(4) For the neutron^3P_2 SF, T^{(n)}_c calculated using AV18 and OPEG-A & -B are of moderate magnitude, showing the peak values ≃ (6 − 8) × 10^8K and decreasing gradually as ρ increases. A variety shown by three curves means that the stronger the short-range repulsion, the smaller the energy gaps. We regard this extent as the reliable allowance in T^{(n)}_c of the core neutrons that is acceptable from the viewpoint of nuclear theory.

3. NEUTRINO EMISSIVITIES OF EFFICIENT ν-EMISSION PROCESSES FOR HYPERON-MIXED NEUTRON STARS

Here we discuss the calculated results of the emissivities E (in units of erg/cm^3·sec) due to three ν-emission processes efficient in the NS core. They depend strongly on the density and internal temperature T .[7,8] E is written as a product of the factor containing T^n with n = 6 − 8 characteristic of each process and the factor representing the SF effect sensitive to the ratio Δ_i/T , where Δ_i is the T -dependent energy gap. As an example, we show LogE in Fig. 4 for the typical internal temperature T = 1 × 10^8K.

(1) Direct Urca (DURCA) process is described as B_1 → B_2 + ℓ^− + ν̄_ℓ, (ℓ = e, μ) and its inverse. In the baryon composition of TNI6u-EOS, the nucleon DURCA does not occur and the hyperon DURCA is possible only for the Λ → p and Σ^− → Λ decays. In the density region with T^{(Λ)}_c >∼5T , the hyperon E_{DURCA} is strongly suppressed by the energy gaps of Λ and Σ^−. If the Λ matter is normal, the enormous E_{DURCA} ∼ 10^{20}T^6_8 comes about, where T_8 ≡ T/10^8K.

(2) Nucleon modified URCA process (MURCA), playing important roles in the standard scenario of NS cooling, is described as n + B → p + B + ℓ^− + ν̄_ℓ, (ℓ = e, μ) and its inverse, where B means a by-stander baryon. Here we treat the case of B = n, p. Without the SF suppression, E_{MURCA} ∼ 10^{13} at T_8 = 1 increases by the factor (T_8)^8. The nucleon SFs strongly suppress the emissibity at ρ <∼3ρ_0 where T^{(p)}_c and T^{(n)}_c are larger than about 5 × 10^8K. Thus the nucleon MURCA brings about the weak NS cooling.

(3) Cooper-pair process (Cpp) caused by the neutral current of the weak interaction is described as the process of νν̄ emission when two excited SF quasi-particles recombine into the Cooper-pair in the BCS state.[9,10] This works only in the presence of SF of some baryon (T^{(i)}_c > T ). E_{Cpp} with n = 7 is considerably large at T < T^{(i)}_c <∼5T but, for T^{(i)}_c ≫ T , is strongly suppressed by a factor ∼ exp(−Δ_i/T ). The contributions due to the neutron^3P_2 SF dominate in wide density region, over those from p, Λ and Σ^−. However E_{Cpp} ∼ 10^{1−2}E_{MURCA} is still moderate.

In comparison seen in Fig. 4 the following points are remarked: At ρ <∼4ρ_0, the neutron 3P_2 SF Cooper-pair process dominates. At ρ >∼4ρ_0, the hyperon direct URCA process dominates if T^{(Λ)}_c is not large. For T^{(Λ)}_c <∼T , E_{DURCA} (Λ → p) is enormously efficient. The key point is the magnitude of T^{(Λ)}_c .

4. CONCLUDING REMARKS RELATED TO NS COOLING

The aspects of emissivities for NSs with and without hyperon-mixed core, which are mentioned in the previous section, have been taken into account in the recent calculations performed by Tsuruta and her collaborators[11] concerning thermal evolution curves, which describe the change of surface photon luminosity (L) corresponding to surface temperature as a function of age of NSs (t). Comparison of the calculated results with the observational data leads to the following points to be remarked:

(1) The colder class NS data (L^{obs} ∼ 10^{33→31.5} ergs/sec for t = 10^{3→5.5} years) are well reproduced by taking NSs of M ≃ (1.5 − 1.6)M_⊙ with the hyperon-mixed core providing the direct URCA ν emission, if suppressed properly by the Λ SF with T^{(Λ)}_c ∼ 10^9K. If we take a less attractive ΛΛ interaction leading to T^{(Λ)}_c <∼ internal temperature, we face serious contradiction with the observation.

(2) The hotter class NS data (L^{obs} ∼ 10^{34→32} ergs/sec for t = 10^{3→6} years) can be reproduced by taking NSs of M <∼1.4M_⊙ without the hyperon-mixed core, if the Cooperpair cooling effect is qualitatively in balance with the effect due to vortex creep heating.

(3) It is important to study the possibility that the small ΛΛ-bond energy in^6_{ΛΛ}He suggested by “NAGARA” event[12] is explained without reduction of the ΛΛ^1S_0 attraction, e.g. by introducing a repulsive ΛΛN three-body interaction.

(4) If meson condensation (especially of pion) takes place, it gives rise to strong direct URCA coolingCand leads to the too rapid cooling, if the SF suppression is absent. Therefore, persistence of baryon SF in the meson-condensed phase is indispensable.

Finally we make one additional remark. In the course of studying the Cooper-pair process, we found the mistaken statement widely spread that the neutral current of the weak interaction does not couple to Λ and Σ^0, e.g. in [13,10,8]. In the present study we have used the correct expression derived in a joint work with Tatsumi.[14] The authors wish to thank S. Nishizaki, T. Tatsumi and Y. Yamamoto for their collaborations in the studies on hyperon-mixed neutron star matter. They also thank S. Tsuruta for cooperative discussions and sending us her Sydney Conference paper before publication.

REFERENCES

1. S. Nishizaki, Y.Yamamoto and T. Takatsuka, Prog. Theor. Phys. 108 (2002) 703. 2. I.E. Lagaris and V.R. Pandharipande, Nucl. Phys. A359 (1981), 349. 3. H. Heiselberg and V. Pandharipande, Ann. Rev. Nucl. Part. Sci. 50 (2000) 481. 4. R.B. Wiringa, V.G. Stoks and R. Schiavilla, Phys. Rev. C51 (1995) 38. 5. R. Tamagaki and T. Takatsuka, Prog. Theor. Phys. 105 (2001) 1059. 6. T. Takatsuka, S. Nishizaki, Y. Yamamoto and R. Tamagaki, Few-body Systems Suppl.

12 (2000) 108.

7. S. Tsuruta, Phys. Reports, 292 (1998), 1.

8. D.G. Yakovlev, A.D. Kaminker, O.Y. Gnedin and P. Haensel, Phys. Reports, 351 (2001) 1.

9. E. Flowers, M. Ruderman and P. Sutherland, Astrophys. J. 205 (1976) 541. 10. D.G. Yakovlev, A.D. Kaminker and K.P. Levenfish, Astron. Astrophys. 343 (1999) 650.

11. S. Tsuruta, review paper presented at IAU Symposium, July 2003, Sydney. 12. H. Takahashi et al., Phys. Rev. Lett. 87 (2001) 212502. 13. O.V. Maxwell, Astrophys. J. 316 (1987), 691.

14. T. Tatsumi, T. Takatsuka and R.Tamagaki, Prog. Theor. Phys. 110 (2003) 179.