arXiv:astro-ph/0003472 31 Mar 2000

Entropy and Equation of state for dense hot quark matter and its effect on compact quark stars

Subharthi Ray^{1,2,3}, Jishnu Dey^{2,3,y}, Mira Dey^{1,3,y}, Kanad Ray^{1,2} and B. C. Samanta^4

March 31, 2000

Abstract

Dey et al. [1] derived an equation of state (EOS) for matter in strange stars (SS from hereon) with quark masses showing chiral symmetry restoration (CSM) and an interquark potential which (i) has asymptotic freedom built into it, (ii) shows confinement at zero density (ρ_B = 0) and deconfinement at high ρ_B. This EOS gives a stable configuration for chargeless, β-stable quark matter. The SS derived from this EOS fits into the empirical mass -radius (M-R) relations of some stars constraining the CSM parameters [1, 2, 3]. In the present paper we extend the calculation to include high temperatures upto T = 10 MeV ≡ 1.16 × 10^{11 o}K where the quark gas is still degenerate and find that the empirical M-R relation, derived from astrophysical data, is still satisfied. The EOS is tabulated for T = 10 MeV .

The entropy is calculated and matches onto that calculated from hadronic models thus supporting the idea that the quark-hadron transition may be continuous.

(1) Dept. of Physics, Presidency College, Calcutta 700 073, India (2) Azad Physics Centre, Dept. of Physics, Maulana Azad College, Calcutta 700 013, India (3) Abdus Salam ICTP, Trieste, Italy (4) Department of Physics, Burdwan University, Burdwan 713104, India.

† permanent address; 1/10 Prince Golam Md. Road, Calcutta 700 026, India, e-mail : deyjm@giascl01.vsnl.net.in ** Suported by DST Grant no. SP/S2/K18/96, Govt. of India.

A calculation was done for cold stars in [1] and important conclusions drawn from there about chiral symmetry restoration in QCD when the EOS was used to get SS fitting definite mass-radius (M-R) relations [1, 2, 3]. The empirical M-R relations were derived from astrophysical observations like luminosity variation and some properties of quasiperiodic oscillations from compact stars. The calculations are compared to these stars which emit X-rays, generated presumably due to accretion from their binary partner. The accretion is sure to increase the temperature (T) of these stars to thermonuclear scales or more, may be of order 10^{11 o}K.

The purpose of the present paper is twofold : we show that the star masses and radii do not appreciably change at temperature ranges mentioned above thus confirming the results of [1, 2, 3]. Secondly the equation of state (EOS) at finite T, obtained by us are tabulated and used for generating important information about the matter contained in the stars. In particular the entropy is studied and this can be compared with hadronic models. The comparison shows that the entropy may indeed be continuous supporting the idea of a continuous phase transition between hadrons and quarks.

An important by product of the calculation is that we need the single particle energies U_i(k) for quarks (q) of a given species, in the field of all the others. This is calculated and also tabulated. At high density and low momentum the u, d quarks have negative energy since the U_{u(or d)}(k) dominates.

We know that at high density the quarks should go over from their constituent masses to their current masses, thus restoring the approximate chiral symmetry of QCD. On the other hand, the qq interaction should be screened in the medium. The latter will give rise to deconfinement at high density. It is generally hard to find what happens at high density:

(1) Theoretical lattice calculations are impossible in this domain. (2) Experimental heavy ion scattering cannot give us information about very high densities at T ∼ 10 MeV .

The interesting point made by Dey et al. [1] is that starting from an empirical form for the density dependent masses of the up (u), down (d) and strange (s) q-s given below one can constrain the parametric form of this mass from recent astronomical data^1: M_i = m_i + M_Q sech(ν ρ_B ρ_0 ), i = u, d, s. (1) In other words the masses of stars in units of solar mass, (M/M_⊙ ), found as a function of the star radius R, calculated using the above eqn.(1), - produces constraints which enable us to restrict the parameter ν. At high ρ_B the q- mass M_i falls from its constituent

1 ρ_B = (ρ_u + ρ_d + ρ_s)/3 is the baryon number density, ρ0 = 0.17 fm�3 is the normal nuclear matter density, and ν is a numerical parameter. The current quark masses m_i used in the following are 4, 7 and 150 MeV for u, d and s respectively.

value M_Q to its current one m_i. The other parameter M_Q may be taken to be 310 MeV to match up with constituent quark masses assuming the known fact that the hadrons have very little potential energy. The results are not very sensitive in so far as changing M_Q to 320 MeV changes the maximum mass of the star from 1.43735 M_⊙ to 1.43738 M_⊙ and the corresponding radius changes from 7.0553 kms to 7.0558 kms.

It is interesting to plot the up (u), down (d) and strange (s) quark masses at various radii in a star. This is done for a particular set of parameters α = 0.2, ν = 1/3 and Λ = 100 already discussed in [1, 2, 3]. Fig (1) shows that the quarks do not have the constant current masses assumed in the bag model nor do they have the constituent masses of zero density hadrons. Upto a radius about 2 kms the quarks have their chiral mass but in the major portion of the star their masses are substantially higher. At the surface the strange q- mass is about 278 MeV and the u,d q- masses ∼ 130 MeV .

It is possible to use the formalism of large N_c (colour) approximation of ’t Hooft [4] for quarks whereby loops are suppressed one order and the calculation can be performed at the tree level with a mean field derived from a qq interaction [5]. Such calculations were done for baryons [6, 7, 8] as well as extended systems like stars [1]. Following is the Hamiltonian, with the density dependent mass defined above and a two-body potential V_{ij} : H = ∑ i (α_i.p_i + β_iM_i) + ∑ i<j λ(i).λ(j) 4 V_{ij} . (2)

The colour dependent vector potential in eq.(2) is an interquark potential originating from gluon exchanges, and the λ-s are the color SU(3) matrices for the two interacting quarks. In the absence of an accurate evaluation of the potential (e.g. from large N_c planar diagrams) we borrow it from meson phenomenology, namely the Richardson potential [10]. It incorporates the two concepts of asymptotic freedom and linear quark confinement. The potential reproduces heavy as well as light meson spectra [9]. It has been well tested for baryons in Fock calculations [6], [7]. The potential used for the mesons and baryons [10] is : V_{ij} = 12π 27 1 ln(1 + (k_i − k_j)^2/Λ^2) 1 (k_i − k_j)^2

, (3)

The scale parameter [11, 1] Λ = 100 MeV . This bare potential in a medium will be screened due to pair creation and infrared divergence. The inverse screening length, D^{−1}, to the lowest order is [14] :

(D^{−1})^2 ≡

2α_0 π ∑ i=u,d,s, k^f_i √ (k^f_i )^2 + m^2_i (4) where k^f_i , the Fermi momentum of the i-th flavour is obtained from the corresponding number density :

k^f_i = (ρ_iπ^2)^{1/3} (5) and α_0 is the perturbative quark gluon coupling. To simplify numerical calculations, instead of summing over all the individual flavours, we have averaged over the flavours so that (D^{−1})^2 ≃

3 × 2α_0 π k^f_{av} √ (k^fav)^2 + m^2_{av} (6)

where

k^f_{av} = (π^2ρ_B)^{1/3} =

((k^f_u )^3 + (k^f_d )^3 + (k^f_s )^3 3 )_1/_3

. (7) m_{av} = m_u + m_d + m_s 3 . (8)

As already hinted, in the present paper, we had to calculate the potential energy (PE) contribution in two steps : the single particle potential, U_i(k), for momentum k, is first calculated (Table 1) and this is subsequently integrated to get the PE. The U_i(k) is needed later for doing finite T calculation. A look at the numbers is very revealing. In Table 1 we have also given the total energy of the species along with their single particle energy, for three densities. The three densities refer to the surface, the middle and the interior of the star. It can be clearly seen that the single particle energy is negative for small momentum and even the total energy retains this sign for u and d quarks at the highest density, low momentum points.

Finite temperature T (= 1/β) can be incorporated in the system through the Fermi function : γ 2π^2 ∫_∞ 0 ϕ(ϵ) k^2 e^{(ϵ−ϵF )β} + 1 dk (9) where for ϕ(ϵ) = 1 we get the number density and for ϕ(ϵ) = ϵ, the energy density. γ is the spin-colour degeneracy, equal to 6.

The system is highly degenerate even at very high T of 10^{11 o}K which is around 10 MeV since the chemical potential is very high, of order several hundred MeV . The Sommerfeld approximation is thus very appropriate for the system, although due to the presence of the single particle mean field, the conventional formulae given in standard textbooks [12] have to be modified : I = ∫ ϵF ϵ0 f(ϵ)dϵ + π^2 6 T^2f^′(ϵ_F ) +

7π^4 360 T^4f^{′′′}(ϵ_F ) (10)

where

f(ϵ) = k^2 dk dϵ for number (11)

Table 1: Single particle potential as a function of momentum, for different flavours.

ρ_B/ρ_0 k_i/k_F U(k) EU(k) D(k) ED(k) S(k) ES(k) 0.0 -0.3819 0.2114 -0.3819 0.2265 -0.381 0.9522 0.2 -0.3648 0.3543 -0.364 0.3809 -0.375 1.011 0.4 -0.3369 0.6694 -0.334 0.7187 -0.3571 1.178 5 0.6 -0.2994 1.056 -0.2927 1.132 -0.3255 1.429 0.8 -0.2531 1.477 -0.2415 1.581 -0.2813 1.741 1.0 -0.1979 1.919 -0.1829 2.049 -0.2282 2.094 0.0 -0.331 -0.1987 -0.3314 -0.184 -0.333 0.5391 0.2 -0.3124 0.2164 -0.314 0.2292 -0.3338 0.6718 0.4 -0.3123 0.7202 -0.3127 0.7434 -0.3286 0.9993 10 0.6 -0.2966 1.245 -0.2949 1.281 -0.3074 1.429 0.8 -0.2562 1.796 -0.2526 1.844 -0.2682 1.916 1.0 -0.2073 2.356 -0.2017 2.417 -0.2169 2.434 0.0 -0.3257 -0.2842 -0.3264 -0.2698 -0.3315 0.4499 0.2 -0.3166 0.271 -0.3182 0.2786 -0.3364 0.6354 0.4 -0.3248 0.8482 -0.3252 0.8644 -0.3361 1.059 15 0.6 -0.3116 1.447 -0.3104 1.473 -0.3172 1.584 0.8 -0.2689 2.076 -0.2666 2.111 -0.2774 2.162 1.0 -0.2198 2.711 -0.216 2.755 -0.2249 2.768

f(ϵ) = k^2ϵ dk dϵ for energy (12) and for the i-th flavour :

ϵ_0 = M_i(ρ) + U_i(0) (13)

ϵ_F = √ k^2_F + M_i(ρ)^2 + U_i(k_F ) (14)

The pressure is found out by solving the standard differential equation [13] p − T ( ∂p ∂T )_{v,N} = μρ − ϵ (15)

The U(k) is parametrized as a polynomial in k, where the parameters for a given set, reported in this paper, with ν = 1/3, Λ = 100 MeV , α = 0.2 and a typical density 10ρ_0 are given in Table 2.

Table 2: Parameters of U_i(k) =

∑_4 n=0 a_nk^n

i a_0 a_1 a_2 a_3 a_4 u -1.006004 0.0269043 -0.0436469 0.026945 -4.60139×10^{−3} d -1.007273 0.0245427 -0.0392518 0.0243585 -4.10389×10^{−3} s -1.012297 9.87276 ×10^{−4} -6.96721×10^{−3} 8.93165 ×10^{−3} -1.620634×10^{−3}

dϵ dk = k √ k^2 + m(ρ)^2 + π^2 3 dU_i(k) dk (16)

The EOS at 10 MeV is given^2 in Table 3.

With this EOS (also for EOS at other T) the TOV equation is solved to find out the mass-radius (M-R) relationship of the strange star at finite temperature. In Fig.(2) we have plotted the M-R curves comparing the zero temperature and the one at 10 MeV . The two curves bracket the results for intermediate T. The change is very small indeed and the conclusions of [1] remain unchanged.

The entropy S, is proportional directly to T and increases with decreasing density. Comparable to our entropy is that calculated in hadronic models by Das, Tripathi and Cugnon [15] (DTC in short). The results of DTC checks with experiment. The minimum T considered by DTC is 10 MeV and the S/A is a little less than 1 at a density 2.5 times ρ_o = 0.17fm^{−3}. As we see in Fig.(3) this seems to match up with our S/A which starts from a density of 5 ρ_o. This supports the idea that the quark phase and the hadron phase may be continuously connected as in a 2nd order phase transition.

In Fig.(4) we have plotted S/A as a function of the star radius. It is interesting to see here that entropy is maximum at the surface showing that the surface is much more disordered than the core. The increase in the star radius with temperature is small as shown in Fig (5) - about few tens of metres as expected in the literature [16].

In summary we have shown that the star masses and the radii are practically unchanged even at a high T ∼ 10^{11 o}K. We have shown the energy, pressure and single particle energies of the quarks inside the star. At small momentum and large density in the core the energy of the quarks is negative showing that they are bound. More importantly we have shown that the entropy seems to match onto the entropy of hadrons supporting the prevalent idea that the quark-hadron phase transition may be smooth.

2Numbers for T< 10 M eV will be supplied on request

Table 3: EOS at T = 10 MeV : pressure p, energy density ϵ and number density ρ

p (fm^{−4}) ϵ (fm^{−4}) ρ_B/ρ_0 0.0445379 0.849058 1 -0.0878481 1.66416 2 -0.221784 2.39304 3 -0.132918 3.10565 4 0.192283 3.87194 5 0.654328 4.72196 6 1.16754 5.6572 7 1.68852 6.66815 8 2.20207 7.74364 9 2.70596 8.87525 10 3.20251 10.0553 11 3.69499 11.279 12 4.18634 12.5424 13 4.67885 13.8426 14 5.17423 15.1771 15 5.67369 16.5442 16 6.17814 17.942 17 6.68822 19.3692 18

The authors SR, JD and MD are grateful to Abdus Salam ICTP, the IAEA and the UNESCO for hospitality at Trieste, Italy while the first two are also grateful to IUCAA for a short stay.

References

[1] M. Dey, I. Bombaci, J. Dey, S. Ray and B. C. Samanta, Phys. Lett. B 438, 123 (1998), Addendum B 447 352 (1999), Indian J. Phys. 73B, 377 (1999).

[2] X. Li, I. Bombaci, M. Dey, J. Dey and E. P. J. van den Heuvel, Phys. Rev. Lett. 83, 3776 (1999).

[3] X. Li, S. Ray, J. Dey, M. Dey and I. Bombaci, I., Ap. J. 527, L51 (1999). [4] G. ’t Hooft, Nucl. Phys. B 72, 461 (1974); B 75, 461 (1974).

[5] E. Witten, Nucl. Phys B 160, 57 (1979).

[6] J. Dey, M. Dey, J. Le Tourneux, Phys. Rev. D 34, 2104 (1986). [7] J. Dey, M. Dey, G. Mukhopadhyaya and B. C. Samanta, Can. J. Phys. 69, 749 (1991);

Jishnu Dey and Lauro Tomio, Mira Dey, T. Frederico, Phys. Rev. C 44, 2181 (1991) [8] K. Ray, J. Dey and M. Dey, ‘Magnetic moment μ of Ω^− -baryon using Richardson potential in a relativistic Hartree-Fock (RHF) method’, Modern Physics Letters A (in press).

[9] H. W. Crater, and P. van Alstine, Phys. Rev. Lett. 53 (1984) 1527. [10] J. L. Richardson, Phys. Lett. B 82, 272 (1979).

[11] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. 147, 385 (1974), see p. 429 and 431. (1978); J. Kapusta, Phys. Rev. D 20 989 (1979); T. Toimela, Int. J. Theo. Phys. 24 901 (1985); E.V. Shuryak, The QCD Vacuum, Hadrons and the Superdense Matter, (World Scientific, 1988).

[12] L. D. Landau and E. M. Lifshitz, Statistical Physics, part I (3rd Ed., 1980, Butterworth & Heinemann), pp. 170.

[13] M. N. Saha and B. N. Srivastava, A Treatise on Heat, (5th Ed., 1965, The Indian Press Pvt. Ltd.), pp. 262.

[14] V. Baluni, Phys. Rev. D 17 2092 [15] C. Das, R. K. Tripathi and J. Cugnon, Phys. Rev. Lett. 56 (1986) 1663. [16] L. Bildsten, Ap. J. 438 (1995) 852

Figure 1: Quark masses at different radii in the star. Notice that chiral symmetry is restored inside a radius of 2 kms but outside of this the masses are substantial.

Figure 2: The sequence of stars for T = 10 MeV (1.16 × 10^{11 o}K) and zero temperature showing very little difference. The curve on the extreme right is derived from the inequality involving the maximum and minimum X-ray flux for SAX J1808.4 [2]. The straight line on the left denotes the limit left of which black holes reside.

Figure 3: Entropy as a function of density showing that it decreases with increasing density. The maximum value at 5 ρ_0 for (ρ_0 = 0.17/fm^3) is nearly 1 and matches onto the work of Das, Tripathi and Cugnon [15] suggesting that there is no jump in the entropy for going from hadrons to quarks implying a smooth transition.

Figure 4: Entropy as a function of star radius shown here indicates that the entropy is large at the surface. Thus the core is more ordered than the surface.

Figure 5: The increase in the star radius as a function of temperature matches with the values of about 20 metres given by Bildsten [16]. We are grateful to Prof. Bildsten for supplying the reference.