arXiv:astro-ph/0702181v2 5 Mar 2007

Bulk viscosity in nuclear and quark matter: a short review

Hui Dong^1, Nan Su^2, Qun Wang^1

1Department of Modern Physics, University of Science and Technology of China, Anhui 230026, China 2Frankfurt Institute for Advanced Studies, D-60438 Frankfurt am Main, Germany

Abstract. The history and recent progresses in the study of bulk viscosity in nuclear and quark matter are reviewed. The constraints from baryon number conservation and electric neutrality in quark matter on particle densities and fluid velocity divergences are discussed.

The time scale for damping of the vibration and of the gravitational radiation driven instability in neutron stars is crucial to the stellar stability, which is controlled by the shear and bulk viscosities. The bulk viscosity originated from the re-establishment of chemical equilibrium is important in some circumstances. In this short note, we will give an overview on the history and recent progresses in the study of bulk viscosity in nuclear and quark matter.

1. Nuclear matter

Sawyer [1] pointed out that at temperatures higher than 10^9 K the bulk viscosity for neutron matter is much larger than the shear viscosity. This is determined by opposite temperature behavior of the bulk and shear viscosities that the bulk viscosity increases while the shear decreases with growing temperature. Since then, the bulk viscosities in nuclear matter have been widely investigated.

npe(μ) matter. Low density neutron star matter is composed of neutrons n and a small admixture of protons p, electrons e, and possibly muons μ. The bulk viscosity is mainly determined by the modified Urca processes,

N + n → N + p + l + ν_l, N + p + l → N + n + ν_l, (1)

where N denotes the spectator nucleon for energy and momentum conservation, l the electron or muon, and ν_l the associated neutrino. In late 1960s, Finzi and Wolf analyzed the damping of neutron star pulsations via modified Urca processes in npe matter [2], followed by Sawyer [1] and Haensel et al. [3] who investigated the bulk viscosity for npe and npeμ matter respectively. The relaxation time for the modified Urca processes is of order τ ∝ T^{−6}.

At densities of a few times normal nuclear matter density, the direct Urca processes, n → p + l + ν_l, p + l → n + ν_l, (2) may also be allowed provided the proton fraction exceeds the Urca limit of about 1/9 [4]. The bulk viscosity was calculated for the direct Urca processes by Haensel and Schaeffer [5] in npe matter and by Haensel et al. [6] in npeμ matter. A weaker temperature dependence for the relaxation time, τ ∝ T^{−4}, is found due to a smaller number of particles involved. Consequently the bulk viscosity for the direct Urca is about 4-6 orders of magnitude larger than that from the modified Urca at typical neutron star temperatures, T ∼ 10^9-10^{10} K. The large difference occurs at low temperatures.

There may be superfluids in neutron star matter due to attractive part of baryonbaryon potential, for reviews, see e.g., Refs. [7, 8]. The bulk viscosity with superfluidity for the direct and modified Urca processes in npeμ matter was investigated by Haensel et al. [3, 6], which is substantially suppressed compared to normal state matter.

Hyperon matter. Hyperons may appear in the neutron star core [9, 10, 11, 12]. With increasing densities, Σ^− and Λ hyperons appear, followed by Ξ^0, Ξ^− and Σ^+. Most authors only considered Σ^− and Λ hyperons which have the lowest threshold densities. Weak nonleptonic hyperon processes such as n + n ↔ p + Σ^−, n + p ↔ p + Λ, n + n ↔ n + Λ (3) dominate the bulk viscosity, while their direct Urca processes [13] have negligible contributions although they are comparable to nucleons’ Urca. The relaxation time from processes (3) is of order T^{−2}.

Langer and Cameron introduced the subject of bulk viscosity in hyperonic matter by estimating the damping of neutron star vibrations [14]. Jones carried out the semi-quantitative calculation of bulk viscosity in hyperonic matter [15, 16], where the weak nonleptonic process nn ↔ pΣ^− through W -exchange was calculated. Recently, Jones [17] studied the reaction nn ↔ nΛ, the dominant channel for Λ production in hypernuclei experiments in general, which cannot be mediated by single W boson. The rate of the reaction nn ↔ nΛ from the data is found to be several orders of magnitude larger than nn ↔ pΣ^− via the W -exchange. All of these works are the order-of-magnitude estimates.

The various weak nonleptonic hyperon processes have been recalculated by several authors with a modern equation of state. Haensel et al. [18] studied the nn ↔ pΣ^− process within the nonrelativistic limit, they found the bulk viscosity to be several orders of magnitude larger than that of the direct and modified Urca processes. Lindblom and Owen [19] computed the contribution of the np ↔ pΛ in addition to the nn ↔ pΣ^− process. The superfluidity case had also been studied in both works.

Most of the weak hadronic processes involved in the nn ↔ nΛ process also contribute to the nn ↔ pΣ^− one, so the rates of these two processes should be of the same order, opposite to Jones’ estimate. Dalen and Dieperink [20] studied the bulk viscosity from all three processes in (3) using one-pion-exchange (OPE), which can well describe the rates of these processes in hypernuclei. Their results showed that the bulk viscosity in the OPE picture is about 1-2 orders of magnitude smaller than that with W -exchange.

Recent hypernuclei data showed the potentials for Λ and Ξ are attractive but that for Σ is repulsive in normal nuclear matter [21, 22]. Chatterjee and Bandyopadhyay [23] took this fact into account and found the disappearance of Σ in nuclear matter. They calculated the bulk viscosity from np ↔ pΛ. Their results showed that the bulk viscosity incorporating the hyperon potentials implied by the data is larger than that without them.

2. Quark matter

When the baryon density is above 5-10 times the normal nuclear matter density, the deconfinement phase transition will take place marked by the formation of quark matter. Initially there are only u and d quarks, as the density grows the s quarks will appear. Quark matter with u, d, and s quarks can be self-bound and be called strange quark matter [24, 25]. The star made of strange quark matter is called quark star or strange star [26, 27].

Nonleptonic processes. The importance of dissipation due to the nonleptonic reaction, s + u ↔ u + d. (4) was first observed by Wang and Lu [28]. They showed that stellar pulsations would be strongly damped in quark matter. Saywer [29] then formulated the damping in terms of the bulk viscosity based the linear expansion of the reaction rate of (4) in δμ = μ_s − μ_d, where μ_i with i = s, d are the quark chemical potentials. In the temperature range characteristic of young neutron stars, the bulk viscosity arising from the reaction (4) is orders of magnitude larger than that for normal nuclear matter. However the above linear assumption is not proper at low temperatures (T ≪ δμ), where the rate is proportional to δμ^3. Madsen [30] showed that this nonlinearity effect leads to much larger the bulk viscosity than previously assumed. Note that strong interactions can also influence the rate of the reaction (4) and the bulk viscosity of strange quark matter significantly [31]. At low temperatures, the viscosity is strongly suppressed, while at high temperatures it is slightly enhanced. The above calculations are based on MIT bag model where all quark masses are taken to be constants. Alternatively quark massess can be assumed to depend on baryon density [32]. By employing this density dependent quark model, the bulk viscosity at low temperatures and high relative perturbations increases 2-3 orders of magnitude, while at low perturbations the enhancement is 1- 2 orders of magnitude compared to the results obtained in other approaches [33]. Sufficiently dense and cold quark matter is expected to be a color superconductor [34]. A recent interest in the study of the bulk viscosity in color superconducting phases is growing, for example, the bulk viscosity in the 2-flavors color superconducting phase (2SC) from the reaction (4) has been computed by Alford and Schmitt [35]. The bulk viscosity due to kaons in color-flavor-locked (CFL) phase has also been calculated [36].

Leptonic processes. Due to phase space restrictions [37, 38] the rates of the leptonic processes, u + e → q + ν_e, q → u + e + ν_e, (q = d, s) (5) are much smaller than nonleptonic ones at low temperatures. These Urca processes are the most efficient way to cool the neutron stars. As shown by Anand et al. [33], when the temperature increases the contribution of leptonic processes to the bulk viscosity will exceed that from nonleptonic ones. So more careful studies are needed to explore the dependence of bulk viscosity on the broader ranges of temperature. The energy emissivity in Urca processes in various color superconducting phases have been studied by several groups [39, 40, 41, 42]. The bulk viscosity from the Urca processes for d quarks in a spin-one color superconductor has been calculated by Sa’d, Shovkovy and Rischke [43].

3. Baryon number conservation and enforced charge neutrality for bulk viscosity in quark matter

A more realistic case for the bulk viscosity in quark matter is to take both of nonleptonic and leptonic precesses into account. There must be electrons to compensate the net positive charge in a three-flavor quark system because the mass of s quarks is much larger than those of light quarks. The bulk viscosity should be calculated for charge neutral quark matter. In nonleptonic and leptonic reactions, the electron number and flavors are not conserved, while the baryon number and electric charge are conserved. From the continuity equations, baryon number conservation and charge neutrality, we can derive the following constraints for particle number densities and velocity divergences [44],

n_B ∇ · v_B = ∑ i=u,d,s 1 3 n_i∇ · v_i , n_e∇ · v_e = ∑ i=u,d,s Q_in_i∇ · v_i , (6)

where n_j , Q_j and v_j are number densities, electric charges and fluid velocities for particle j = B, e, u, d, s respectively. The indices B and e denote baryons and electrons. Here the first equation is from baryon number conservation and the second one from charge neutrality. All previous treatments in the literature used the conditions n_B dX_i/dt = J_i to determine the bulk viscosity, where X_i ≡ n_i/n_B are fractions of baryon number for particle i = u, d, s, e and J_i their sources. Using dn_B/dt = −n_B ∇ · v_B, we can get n_B dX_i/dt = dn_i/dt − X_idn_B/dt = dn_i/dt + n_i∇ · v_B = J_i. Comparing it with the continuity equation for particle i, dn_i/dt + n_i∇ · v_i = J_i, we obtain ∇ · v_B = ∇ · v_i, which obey Eq. (6) obviously. Hence the usage of n_B dX_i/dt = J_i in literature implies the unique value of velocity divergences for all particle species. However, considering the special role of strange quarks due to their large mass, we propose a new possibility that the velocity divergence for s quarks is different from those of light quarks and electrons, which corresponds to a new oscillation pattern for the bulk viscosity. As an extreme case, we assume ∇·v_s = 0 and ∇·v_u = ∇·v_d. From Eq. (6), we derive ∇·v_e =^{nB (2nu−nd)}_{ne(nu+nd)} ∇·v_B and ∇·v_{u,d} =^{3nB}_{nu+nd} ∇·v_B. We can use δn_B, δn_e and δn_s as independent variables for the

Bulk viscosity in nuclear and quark matter: a short review 5

density oscillation. Then δn_{u,d} and δP can be expressed in terms of these independent variables. In order to close the system of equations for the bulk viscosity, we need two additional inputs, e.g. dδn_e/dt + n_e∇ · v_e and dδn_s/dt (note that ∇ · v_s = 0), given by the reaction rates which can also be expressed in terms of independent variables. The former can be written as dδn_e/dt + n_e∇ · v_e = dδn_e/dt − (2n_u − n_d)/(n_u + n_d)dδn_B/dt. Then the bulk viscosity is determined from the definition δP = −ζ∇ · v_B . The results are shown in Fig. 3 of Ref. [44]. The values of the bulk viscosity in this solution is 1-2 orders of magnitude larger than the conventional ones.

Note that the assumption ∇ · v_s = 0 reflects the consideration that the s quarks are much heavier and may respond to the density oscillation more reluctantly than light particles. If the strange quark mass is small, one can investigate many other solutions which are close to the conventional solution ∇·v_B = ∇·v_i, for example, one can assume velocity divergences of particles deviate from that of baryons by a small amount.

Acknowledgement. Q.W. acknowledges support in part by the startup grant from University of Science and Technology of China (USTC) in association with 100 talents project of Chinese Academy of Sciences (CAS) and by National Natural Science Foundation of China (NSFC) under the grant 10675109.

References

[1] R. F. Sawyer, Phys. Rev. D 39, 3804 (1989). [2] A. Finzi and R. A. Wolf, ApJ, 153, 835 (1968).

[3] P. Haensel, K. P. Levenfish and D. G. Yakovlev, A&A, 372, 130 (2001) [arXiv:astro-ph/0103290]. [4] J. M. Lattimer, M. Prakash, C. J. Pethick and P. Haensel, Phys. Rev. Lett. 66, 2701 (1991). [5] P. Haensel and R. Schaeffer, Phys. Rev. D45 4708 (1992).

[6] P. Haensel, K. P. Levenfish and D. G. Yakovlev, A&A, 357, 1157 (2000) [arXiv:astro-ph/0004183]. [7] D. G. Yakovlev, K. P. Levenfish and Yu. A. Shibanov, Phys. Usp. 169, 825 (1999) [arXiv:astro-ph/9906456].

[8] U. Lombardo and H. J. Schulze, Lect. Notes Phys. 578, 30 (2001) [arXiv:astro-ph/0012209]. [9] R. Knorren, M. Prakash and P. J. Ellis, Phys. Rev. C 52, 3470 (1995) [arXiv:nucl-th/9506016]. [10] S. Balberg and A. Gal, Nucl. Phys. A 625, 435 (1997) [arXiv:nucl-th/9704013]. [11] M. Baldo, G. F. Burgio and H. J. Schulze, Phys. Rev. C 58 3688 (1998). [12] N. K. Glendenning and J. Schaffner-Bielich, Phys. Rev. C 60, 025803 (1999) [arXiv:astro-ph/9810290].

[13] M. Prakash, M. Prakash, J. M. Lattimer and C. J. Pethick, ApJ, 390, L77 (1992). [14] W. D. Langer and A. G. W. Cameron, Astrophys. Space Sci., 5, 213 (1969). [15] P. B. Jones, Proc. R. Soc. London, Ser. A 323, 111 (1971). [16] P. B. Jones, Phys. Rev. Lett. 86, 1384 (2001). [17] P. B. Jones, Phys. Rev. D 64, 084003 (2001).

[18] P. Haensel, K. P. Levenfish and D. G. Yakovlev, A&A, 381, 1080 (2002) [arXiv:astro-ph/0110575]. [19] L. Lindblom and B. J. Owen, Phys. Rev. D 65, 063006 (2002) [arXiv:astro-ph/0110558]. [20] E. N. E. van Dalen and A. E. L. Dieperink, Phys. Rev. C 69, 025802 (2004) [arXiv:nucl-th/0311103].

[21] E. Friedman, A. Gal and C. J. Batty, Nucl. Phys. A 579, 518 (1994). [22] C. J. Batty, E. Friedman and A. Gal, Phys. Rept. 287, 385 (1997).

[23] D. Chatterjee and D. Bandyopadhyay, Phys. Rev. D 74, 023003 (2006) [arXiv:astro-ph/0602538]. [24] J. C. Collins and M. J. Perry, Phys. Rev. Lett. 34 (1975) 1353.

Bulk viscosity in nuclear and quark matter: a short review 6

[25] E. Witten, Phys. Rev. D 30, 272 (1984).

[26] C. Alcock, E. Farhi and A. Olinto, Astrophys. J. 310 (1986) 261. [27] P. Haensel, J. L. Zdunik and R. Schaeffer, Astron. Astrophys. 160 (1986) 121. [28] Q. D. Wang and T. Lu, Phys. Lett. B 148 (1984) 211.

[29] R. F. Sawyer, Phys. Lett. B 233 (1989) 412 [Erratum-ibid. B 237 (1990) 605]. [30] J. Madsen, Phys. Rev. D 46, 3290 (1992). [31] Z. G. Dai and T. Lu, Z. Phys. A 355, 415 (1996). [32] G. N. Fowler, S. Raha and R. M. Weiner, Z. Phys. C 9 (1981) 271. [33] J. D. Anand, N. Chandrika Devi, V. K. Gupta and S. Singh, Pramana 54, 737 (2000). [34] D. Bailin and A. Love, Phys. Rept. 107 (1984) 325. [35] M. G. Alford and A. Schmitt, arXiv:nucl-th/0608019.

[36] M. G. Alford, M. Braby, S. Reddy and T. Schaefer, arXiv:nucl-th/0701067. [37] Q. Wang, Z. g. Wang and J. Wu, Phys. Rev. D 74, 014021 (2006) [arXiv:hep-ph/0605092]. [38] Q. Wang, AIP Conf. Proc. 865, 248 (2006) [arXiv:hep-ph/0607096].

[39] M. Alford, P. Jotwani, C. Kouvaris, J. Kundu and K. Rajagopal, Phys. Rev. D 71, 114011 (2005) [arXiv:astro-ph/0411560].

[40] P. Jaikumar, C. D. Roberts and A. Sedrakian, Phys. Rev. C 73, 042801 (2006) [arXiv:nucl-th/0509093].

[41] A. Schmitt, I. A. Shovkovy and Q. Wang, Phys. Rev. D 73, 034012 (2006) [arXiv:hep-ph/0510347]. [42] R. Anglani, G. Nardulli, M. Ruggieri and M. Mannarelli, Phys. Rev. D 74, 074005 (2006) [arXiv:hep-ph/0607341].

[43] B. A. Sa’d, I. A. Shovkovy and D. H. Rischke, arXiv:astro-ph/0607643. [44] H. Dong, N. Su and Q. Wang, arXiv:astro-ph/0702104.