arXiv:1105.2445v1 [astro-ph.SR] 12 May 2011

APS/123-QED

Region of hadron-quark mixed phase in hybrid stars

Tomoki Endo^∗ Division of Physics, Department of General Education, Kagawa National College of Technology, 355 Chokushi-cho, Takamatsu, Kagawa 761-8058, Japan (Dated: May 13, 2011)

Hadron–quark mixed phase is expected in a wide region of the inner structure of hybrid stars. However, we show that the hadron–quark mixed phase should be restricted to a narrower region to because of the charge screening effect. The narrow region of the mixed phase seems to explain physical phenomena of neutron stars such as the strong magnetic field and glitch phenomena, and it would give a new cooling curve for the neutron star.

PACS numbers: Valid PACS appear here

It is widely believed that there should be quark matter in the inner core region of neutron stars because the central density of neutron stars is sufficiently high for nucleons to dissolve into more elementary particles, namely quarks. Nowadays we consider that compact stars consist of not only nuclear matter but also other matter such as hyperons and quarks. We call such stars hybrid stars.

Although deconfinement phase transition is still not clearly understood, many authors have studied the transition through modeling and first-principle calculations such as those of lattice QCD. Properties of quark matter have been actively studied theoretically in terms of quark–gluon plasma, color superconductivity [1, 2] and magnetism [3–5], and experimentally in terms of relativistic heavy-ion collisions [6] and early-universe and compact stars [7, 8]. Such studies are continuing to provide exciting results [9].

Because many theoretical calculations have suggested that deconfinement transition is of first order at low temperature and high density [10, 11], we assume it to be a first-order phase transition here. The Gibbs condition (GC) [12] then gives rise to various structured mixed phases (SMPs). The SMPs suggested by Heiselberg et al. [13] and Glenndening and Pei [14] suggest a crystalline structure of the mixed phase in the core region of hybrid stars. Such structures are called “droplets”, “rods”, “slabs”, “tubes”, and “bubbles”. These SMPs exist within a wide density range if we take a moderate value of the surface tension. However, if the surface effect is strong, the SMPs are limited to a narrow density region. On the other hand, Voskresensky et al. [15] reported the charge screening effect for several cases of droplets and slabs. They showed that even if we take a moderate value of the surface tension, SMPs cannot exist because of the charge screening effect. They referred to this phenomenon as mechanical instability. However, they used a linear approximation to solve the Poisson equation.

We have presented the equation of state (EOS) for the mixed phase taking into account the charge screening effect [16] without recourse to any approximation. The

∗ endo@t.kagawa-nct.ac.jp

EOS is similar to that obtained from the Maxwell construction (MC). The allowed region of the mixed phase should then be narrow due to the charge screening effect.

Recently “black stars” have been proposed by Barcelo et al. [17], who suggested that quantum effects prevent a star from collapsing into a “Black hall”. Therefore, the EOS of hadron matter in the high-density states plays an important role in determining the quantum effects within compact stars.

In this paper, we apply our EOS to study the structure of hybrid stars and demonstrate how charge screening affects the physical properties of the hybrid stars.

We use the EOS given in our previous paper [16], which also presented our framework. Therefore, our approach is only briefly explained here. Thermal equilibrium is implicitly achieved at T = 0. We consider that both hadron and quark matter and the mixed phase are β stable. We employ density functional theory (DFT) under the local density approximation [18, 19].

We consider the geometrically structured mixed phase (SMP) in which one phase is embedded in the other phase with a certain geometrical form. We divide the whole space into equivalent Wigner–Seitz cells with radius R_W. Such cells include an embedded phase with size R. We impose total charge neutrality and chemical equilibrium to satisfy the GC. Therefore, adjacent cells do not interact with each other.

The quark phase consists of u, d and, s quarks and electrons in β equilibrium. We consider that u and d quarks are massless and s quarks are massive (m_s = 150 MeV), and consider one-gluon exchange for quark interaction. The hadron phase consists of nucleons and electrons in β equilibrium. We use an effective potential parameterized to reproduce the saturation property of nuclear matter. We use empirical values for the binding energy (ϵ_{bind} = −15.6 MeV), saturation density (ρ_0 = 0.16 fm^{−3}), symmetry energy (S_0 = 18 MeV), and compression modulus (K_0 = 285 MeV).

To account for the confinement, we introduce a sharp boundary between the two phases employing the bag model with surface tension parameter σ. Determination of the surface tension between hadron and quark matter is a difficult problem; thus, many authors [13, 14, 20] have treated the surface tension as a free parameter and observed its effect. We take the same approach in this study. We use the bag constant of B = 120 MeV/fm^3, which is to the same as that used in Ref. [13, 16].

As we need to account for the Coulomb interaction, the Coulomb potential appears in the total thermodynamic potential.

Differentiating the thermodynamic potential Ω_{total} with respect to each constituent density ρ_i (i = u, d, s, n, p, e) or the Coulomb potential V (⃗r) with r being the radial coordinate, we obtain the equations of motion (EOMs) for ρ_i and V (⃗r). We then numerically solve these EOMs under the conditions of chemical equilibrium in each phase and at the hadron–quark boundary. In particular, we fully solve the Poisson equation without any approximation. Note that the Poisson equation becomes highly nonlinear because charged particle densities are complicated functions of the Coulomb potential.

Here, we must determine eight variables; i.e., the six chemical potentials μ_u, μ_d, μ_s, μ_p, μ_n and μ_e and the radii R and R_W. First, we fix R and R_W. We then have four conditions due to the β equilibrium, expressed by the chemical equilibrium. Therefore, once the two chemical potentials μ_B and μ_e are given, we can determine the other four chemical potentials μ_u, μ_d, μ_s and μ_p. Next, we determine μ_e according to the global charge neutrality condition:

f_V ρ^Q_{ch} + (1 − f_V )ρ^H_{ch} = 0, (1)

where the superscripts “Q” and “H” denote the quark and hadron phases, respectively. The volume fraction is

given by f_V = (_R R_W )_d , and d denotes the dimensionality of each geometrical structure. At this point, f_V is still fixed.

The pressure obtained from the surface tension is given by P_σ = σ dS dV_Q , (2)

where S is the surface area of the interface and V_Q is the volume of the quark matter. We then find the optimal value of R (R_W is fixed and f_V thus changes with R) using one of the GC :

P^Q = P^H + P_σ . (3)

The pressure in each phase, P^Q or P^H, is given by the thermodynamic relation P^{Q(H)} = −Ω_{Q(H)}/V_{Q(H)}, where Ω_{Q(H)} is the thermodynamic potential for each phase. Finally, we determine R_W by minimizing the thermodynamic potential. Therefore, once μ_B is given, all other μ_i (i = u, d, s, p, e) can be obtained along with R and R_W. Note that we keep the GC throughout the numerical procedure.

To elucidate the charge screening effect, we also make the calculation without the screening effect. We refer to this calculation as the “no-screening” calculation and the calculation with the screening effect as the “screening” calculation for convenience.

We then apply the EOS derived in our recent paper [16] to the Tolemann–Oppenheimer–Volkov (TOV) equation.

We present the results for the screening and noscreening cases. Figure 1 shows the mass–radius relations

FIG. 1. (Color online) Mass–radius relation of stars. The maximum masses in the cases of pure hadron matter and screened and not screened mixed phases are 2.51, 1.73 and 1.68 M⊙, respectively. Note that we use a simple model for each type of matter. The difference between screened and not screened mixed phases is clearly small.

of stars in the cases of screening and no screening using the MC and in the case of pure hadron matter. There is no notable difference in the low-mass region because there is no phase transition. On the other hand, there is a slight difference in the region around the maximum mass. The difference in the maximum masses between the cases of screening and no screening is about 0.05M_⊙. This difference is small compared with the total mass of the star. Thus, charge screening does not greatly affect the bulk properties of the star.

On the contrary, we find that the inner structure is greatly affected by charge screening. Figure 2 shows the inner core region of a hybrid star in the case without screening. The mixed phase appears in a wide region of the star. In this case, the mixed phase is spread over a radius of about 6 km, and we scarcely see the quark matter phase. In the case of screening shown in Fig. 3, on the other hand, there is mixed phase over only 3 km. The region of mixed phase clearly becomes more narrow and there is a quark matter phase in the central region because of the charge screening.

These results have possible implications for star phenomena. It has been stated that the strong magnetism of a neutron star is due to the spin polarization of quark matter [3], in which case pure quark matter should extend far into the core region. Our results suggest that quark matter could exist in the inner region of compact stars, and it is thus plausible to attribute the magnetism of compact stars to spin polarization.

FIG. 2. (Color online) Structure size and cell size in the core region of hybrid stars in the case of no screening. There is about 6 km of mixed phase in this figure. The radius is 12.6 km. Thick lines denote R and thin lines RW.

FIG. 3. (Color online) Structure size and cell size in the core region of hybrid stars in the case of screening. The mixed phase is restricted by the charge screening. The radius is 12.9 km.

Moreover, Bejger et al. [21] estimated the region of mixed phase in a hybrid star and suggested that the glitch phenomenon is caused by the presence of the mixed phase. Their results show that the mixed phase is constrained to a narrow region. In another studies, gravitational waves have been commonly used to probe density discontinuities [22]. There should be a discontinuity in the hadron–quark phase transition if we use the MC. Although the MC is not valid strictly speaking, the EOS of the mixed phase is close to that obtained using the MC due to the finite size. In addition, many theoretical studies have used other models for the glitch phenomenon and gravitational waves. We cannot simply apply our EOS to studying these phenomena. However, it is interesting to compare our results with those of other studies [23].

It is, however, plausible to use our results in investigating the cooling problems of neutron stars. If there is nonuniformity in the core region of a hybrid star, it is interesting to investigate whether neutrinos would be scattered by the lumps. Cooling would then be prevented and the cooling curve should change. Although the results strongly depend on the region of the mixed phase, we suggest new cooling curves by taking into account the finite-size effects.

In this study, we demonstrated how charge screening affects the hadron–quark mixed phase in the core region of hybrid stars. We examined the effect by numerically solving the EOM for particle densities and the Poisson equation for the Coulomb potential. We demonstrated, by taking various SMPs as examples, that the charge screening effect and the rearrangement of charge densities play an important role in determining the inner structures of hybrid stars. We applied our EOS to the TOV equation and found that charge screening did not greatly affect the bulk properties of the star, such as the radius and mass. However, we found that the inner structures are greatly affected. The region of the mixed phase in the star is highly restricted by the charge screening. If we ignore the charge screening effect, the mixed phase would appear in a wide region. On the basis of this result, some authors have suggested structured mixed phase with various geometrical structures, simply by including the finite-size effects and the surface and Coulomb energies [13, 14, 20, 24]. However, once we take into account the charge screening effect, the mixed phase is restricted to a narrow region. In particular, the core could consist of quark matter could appear due to the charge screening effect. As another case in which there is more than one chemical potential, kaon condensation has been studied [25] and the results are similar to those in our paper [16].

We considered surface tension, but its definite value is not yet clear and many authors treat it as a free parameter. If we use smaller/larger value of the surface tension, the mixed phase is favored/disfavored. Here we use the value of 40 MeV/fm^2, but the mixed phase is disfavoed if we use ∼90 MeV/fm^2 [13]. There are also many estimations of the surface tension at the hadron– quark interface in lattice QCD [26, 27], in shell-model calculations [28–30], in model calculations based on the dual Ginzburg–Landau theory [31] and in a sigma model [32]. If we have a realistic value of the surface tension, we can reasonably deduce SMPs in the hadron–quark matter phase transition. Moreover, we can determine the region of mixed phase in hybrid stars. We are then able to provide important information for the EOS of the deconfinement phase transition, and clarify the phenomena of neutron stars and “black stars”.

We have assumed in relation to phenomenological implications that the temperature is zero. It would be interesting to include the finite-temperature effect. We could then study the structure of the proto-neutron star, and present new cooling curves of the neutron stars.

In this study, we used a simple model for quark matter to determine the finite-size effects acting on the SMP in a hybrid star. However, it has been suggested that color superconductivity is a ground state of quark matter [1, 20]. To obtain a more realistic picture of the hadron–quark phase transition, we need to take into account color superconductivity. The description of nuclear matter needs to be improved; for example, we need to take into account the relativistic mean field theory [33]. We will then be able to provide more realistic results.

Dr. T. Maruyama, Dr. S. Chiba and Dr. T. Tatsumi are acknowledged for our early work. This work was supported in part by Division of Physics, Department of General Education, Kagawa National College of Technology.

[1] M. Alford, K. Rajagopal and F. Wilczek, Nucl. Phys. B 64 (1999) 443, D. Bailin and A. Love, Phys. Rep. 107 (1984) 325. As resent reviews, M. Alford, A. Schmitt, K. Rajagopal and T. Schäfer, Rev. Mord. Phys. 80 (2008) 1455.

[2] M. Alford and S. Reddy, Phys. Rev. D 67 (2003) 074024. [3] T. Tatsumi, T. Maruyama and E. Nakano, Prog. Theor.

Phys. Suppl. 153 (2004) 190.

[4] E. Nakano, T. Maruyama and T. Tatsumi, Phys. Rev. D 68 (2003) 105001.

[5] T. Tatsumi, Phys. Lett. B 489 (2000) 280. [6] K. Adcox et al. (PHENIX collaboration), Phys. Rev.

Lett. 88 (2002) 022301; C. Adler et al. (STAR collaboration), Phys. Rev. Lett. 90 (2003) 082302.

[7] J. Madsen, Lect. Notes Phys. 516 (1999) 162. [8] K. S. Cheng, Z. G. Dai and T. Lu, Int. Mod. Phys. D 7 (1998) 139.

[9] D. H. Rischke, Prog. Part. Nucl. Phys. 52 (2004) 197. [10] R. D. Pisalski and F. Wilczek, Phys. Rev. Lett. 29 (1984) 338.

[11] R. V. Gavai, J. Potvin and S. Sanielevici, Phys. Rev.

Lett. 58 (1987) 2519.

[12] N. K. Glendenning, Phys. Rev. D 46 (1992) 1274; Phys.

Rep. 342 (2001) 393.

[13] H. Heiselberg, C. J. Pethick and E. F. Staubo, Phys. Rev.

Lett. 70 (1993) 1355.

[14] N. K. Glendenning and S. Pei, Phys. Rev. C 52 (1995) 2250.

[15] D. N. Voskresensky, M. Yasuhira and T. Tatsumi, Phys.

Lett. B 541 (2002) 93; Nucl. Phys. A 723 (2003) 291; T. Tatsumi, M. Yasuhira and D. N. Voskresensky, Nucl. Phys. A 718 (2003) 359c; T. Tatsumi and D. N. Voskresensky, nucl-th/0312114.

[16] T. Endo, Toshiki Maruyama, S. Chiba and T. Tatsumi, Prog. Theor. Phys. 115 (2006) 337; hep-ph/0510279.

[17] C. Barceló, S. liberati, S. Sonego and M. Visser, Phys.

Rev. D 77 (2008) 044032.

[18] R. G. Parr and W. Yang, Density-Functional Theory of atoms and molecules, Oxford Univ. Press, 1989.

[19] E. K. U. Gross and R. M. Dreizler, Density functional theory, (Plenum Press, 1995).

[20] M. Alford, K. Rajagopal, S. Reddy, and F. Wilczek, Phys. Rev. D 64 (2001) 074017.

[21] M. Bejger, P. Haensel and J. L. Zdunik, Mon. Not. Roy.

Astron. Soc. 359 (2005) 699.

[22] G. Minuitti, J. A. Pons, E. Berti, L. Gualtieri and V. Ferrari, Mon. Not. Roy. Astron. Soc. 338 (2003) 389.

[23] A. Kurkela, P. Romatschke, A. Vuorinen and B. Wu, arXiv:1006.4062[astro-ph.HE].

[24] N. K. Glendenning, Compact stars, Springer 2000. [25] Toshiki Maruyama, T. Tatsumi, D. N. Voskresensky, T. Tanigawa, T. Endo and S. Chiba, Phys. Rev. C 73 (2006) 035802; nucl-th/0505063.

[26] K. Kajantie, L. Kärkäinen, and K. Rummukainen, Nucl.

Phys. B 357 (1991) 693.

[27] S. Huang, J. Potvion, C. Rebbi and S. Sanielevici, Phys.

Rev. D 43 (1991) 2056.

[28] J. Madsen, Phys. Rev. D 46 (1992) 329. [29] J. Madsen, Phys. Rev. Lett. 70 (1993) 391. [30] M. S. Berger and R. L. Jaffe, Phys. Rev. C 35 (1987) 213.

[31] H. Monden, H. Ichie, H. Suganuma and H. Toki, Phys.

Rev. C 57 (1998) 2564.

[32] L. F. Palhares and E. S. Fraga, Phys. Rev. D 82 (2010) 125018.

[33] H. Shen, H. Toki, K. Oyamatsu and K. Sumiyoshi, Nucl.

Phys. A 637 (1998) 435.