arXiv:astro-ph/0110443 v2 10 Jan 2002

Timing evolution of accreting strange stars

D. Blaschke^{a,b} I. Bombaci^c H. Grigorian^{d,2} G. Poghosyan^{d,1}

aFachbereich Physik, Universität Rostock, D-18051 Rostock, Germany bBogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, 141980, Dubna, Russia cDipartimento di Fisica “E. Fermi”, Universitá di Pisa and INFN Sezione di Pisa, 56127 Pisa, Italy dDepartment of Physics, Yerevan State University, 375025 Yerevan, Armenia

Abstract

It has been suggested that the QPO phenomenon in LMXB’s could be explained when the central compact object is a strange star. In this work we investigate within a standard model for disk accretion whether the observed clustering of spin frequencies in a narrow band is in accordance with this hypothesis. We show that frequency clustering occurs for accreting strange stars when typical values of the parameters of magnetic field initial strength and decay time, accretion rate are chosen. In contrast to hybrid star accretion no mass clustering effect is found. PACS number(s): 04.40.Dg, 12.38.Mh, 26.60.+c, 97.60.Gb

Key words: accretion, accretion discs - stars: interiors - stars: magnetic fields - pulsars: general - X-rays: binaries

1 Supported by DFG grant No 436 ARM 17/7/00 2 Supported by DAAD

Preprint submitted to Elsevier Preprint 10 January 2002

1 Introduction

The recent discovery of new phenomena in the physics of X-ray binaries is giving a new and powerful tool to probe dense hadronic matter (Miller et al., 1998) and possibly to infer the existence of a deconfined phase of quark matter in the cores of the central accretors in these systems. Various signals of a phase transition to deconfined quark matter have been suggested in the form of peculiar changes of observables, such as the pulse timing (Glendenning & Weber, 2001; Poghosyan et al., 2001), and the thermal evolution of isolated pulsars (Schaab et al., 1997; Page et al., 2000b; Blaschke et al., 2001). Even more intriguing than the existence of a quark core in a neutron star, is the possible existence of a new family of compact stars consisting completely of a deconfined mixture of up (u), down (d), and strange (s) quarks, together with an appropriate number of electrons to guarantee electrical neutrality. In the literature, such compact stars have been referred to as strange quark stars or shortly strange stars (SS), and their constituent matter as strange quark matter (SQM). In a series of recent papers (Dey et al., 1998; Li et al., 1999) it has been argued that the compact objects in some X-ray sources are likely strange star candidates. Particularly interesting candidates are the compact stars in the newly discovered millisecond X-ray pulsar SAX J1808.4–3658, and in the atoll source 4U 1728–34.

In the present paper, we model the spin evolution of an accreting strange star in a binary stellar system, from the so called “death line” up to the millisecond pulsar phase. We explore the dependence of the SS spin evolution upon the mass accretion rate and upon those physical quantities which regulate the temporal evolution of the torque acting on the spinning star. We try to constrain these quantities to have a population clustering of strange stars in agreement with the spin frequency distribution for observed Z sources in LMXBs with kHz QPOs. Possible signatures to distinguish strange stars from ordinary neutron stars are also briefly discussed.

2 Accretion model and magnetic field evolution

We consider the spin evolution of a strange star under mass accretion from a low-mass companion star as a sequence of stationary states of configurations (points) in the phase diagram spanned by the angular velocity Ω and the baryon number N. The process is governed by the change in angular momentum J(N, Ω) = I(N, Ω) Ω d dt (J(N, Ω)) = K_{ext} , (1) where I(N, Ω) is the moment of inertia of the star and

K_{ext} = √ GMṀ^2r_0 − N_{out} (2)

is the external torque due to both the specific angular momentum transferred by the accreting plasma and the magnetic plus viscous stress given by N_{out} = κμ^2r^{−3}_c , κ = 1/3 (Lipunov, 1992). For a star with radius R and magnetic field strength B, the magnetic moment is given by μ = R^3 B. The co-rotating radius r_c = (GM/Ω^2)^{1/3} is very large (r_c ≫ r_0) for slow rotators. The inner radius of the accretion disc is

r_0 ≈ R , μ < μ_c 0.52 r_A , μ ≥ μ_c

where μ_c is that value of the magnetic moment of the star for which the disc would touch the star surface. The characteristic Alfvén radius for spherical accretion with the rate Ṁ = mṄ is r_A = ( 2μ^{−4}GMṀ^2 )_{−1/7} (Bhattacharya & van den Heuvel, 1991). Since we are interested in the case of fast rotation for which the spin-up torque due to the accreting plasma in Eq. (2) is partly compensated by N_{out}, eventually leading to a saturation of the spin-up, we neglect the spin-up torque in N_{out} which can be important only for slow rotators (Ghosh & Lamb, 1979).

From Eqs. (1), (2) one can obtain a first order differential equation for the evolution of angular velocity dΩ dt = K_{ext}(N, Ω) − K_{int}(N, Ω) I(N, Ω) + Ω(∂I(N, Ω)/∂Ω)_N , (3)

where the internal torque term defined as

K_{int}(N, Ω) = Ω Ṅ ( ∂I(N, Ω) ∂N ) Ω . (4)

Solutions of (3) are trajectories in the Ω − N plane describing the spin evolution of accreting compact stars . Since for the hybrid stars I(N, Ω) exhibits characteristic functional dependences (Blaschke et al., 2001) at the deconfinement phase transition line N_{crit}(Ω) we expect observable consequences in the Ṗ − P plane when this line is crossed. In the case of SS we have no expectation of the mass clustering due to absence of phase transition effects in strange matter.

In our model calculations we assume that both the mass accretion and the angular momentum transfer processes are slow enough to justify the assumption of quasistationary rigid rotation without convection. For a more detailed description of the method and analytic results we refer to Chubarian et al. (2000) and the works of Hartle & Thorne (1968), as well as Sedrakian & Chubarian (1968).

The time dependence of the baryon number for the constant accretion rate Ṅ is given by

N(t) = N(t_0) + (t − t_0)Ṅ . (5)

For the magnetic field of the accretors we consider the exponential decay (Bhattacharya & van den Heuvel, 1991)

B(t) = [B(0) − B_∞] exp(−t/τ_B) + B_∞ . (6)

We solve the equation for the spin-up evolution (3) of the accreting star for decay times 10^7 ≤ τ_B[yr] ≤ 10^9 and initial magnetic fields in the range 0.2 ≤ B(0)[TG] ≤ 4.0. The remnant magnetic field is chosen to be B_∞ = 10^{−4}TG^1 (Page et al., 2000a).

At high rotation frequency, both the angular momentum transfer from accreting matter and the influence of magnetic fields can be small enough to let the evolution of angular velocity be determined by the dependence of the moment of inertia on the baryon number, i.e. on the total mass. This case is similar to the one with negligible magnetic field considered in (Shapiro & Teukolsky, 1983; Burderi et al., 1999; Chubarian et al., 2000), where μ ≤ μ_c in Eq. (3), so that only the so called internal torque term (4) remains.

3 Equation of state for strange quark matter

To describe the properties of strange quark matter, we used a recent model for the equation of state (EoS) derived by Dey et al. (1998). This model is based on a dynamical density-dependent approach to confinement. This EoS has asymptotic freedom built in, shows confinement at zero baryon density, and deconfinement at high density. In this model the quark interactions is described by a color-Debye-screened interquark potential originating from gluon exchange, and by a density-dependent scalar potential which restores chiral symmetry at high density (in the limit of massless quarks). This density-dependent scalar

1 1 TG= 10^{12} G

Table 1 Ground state properties of SQM for the equations of state used in the present work. (E/A)_{gs} (in MeV) is the energy per baryon, ρ_{gs} (×10^{14} g/cm^3) the mass density, and n_{gs} (fm^{−3}) the baryon number density. The two equations of state SS1 and SS2 differ for the choice of the parameter ν entering in the expression of the in-medium quark masses. EoS (E/A)_{gs} ρ_{gs} n_{gs} SS1 888 12.3 0.779

SS2 926 14.1 0.858

B60_{150} 836 4.6 0.295

potential arises from the density dependence of the in-medium effective quark masses M_q, which in the model of Dey et al. (1998) are taken to depend on the baryon number density n_B according to

M_q(n_B ) = m_q + 310 (MeV) sech ( ν n_B n_0 ) , (7)

where q(= u, d, s) is the quark flavor index, n_0 = 0.16 fm^{−3} is the normal nuclear matter density, and ν is a parameter. The effective quark mass M_q(n_B ) goes from its constituent mass value at zero density, to its current mass m_q as n_B goes to infinity. Here we consider two different parameterizations of the EoS, which correspond to a different choice for the parameter ν. The equation of state SS1 (SS2) corresponds to ν = 0.333 (ν = 0.286). These two models for the EoS give absolutely stable SQM according to the strange matter hypothesis (Bodmer, 1971; Witten, 1984), see Tab. 1.

Medium dependent mechanisms for confinement and their consequences for the EoS of quark matter, have been explored by many authors using different QCD motivated phenomenological models (Blaschke et al., 1990, 1999; Blaschke & Tandy, 2000; Drago et al., 1996). In addition to the previous model for the EoS, we make use of the MIT bag model EoS (Farhi & Jaffe, 1984) for strange quark matter for non-interacting quarks, with strange quark mass m_s = 150 MeV, massless u and d quarks, and with bag constant B = 60 MeV/fm^3 (hereafter the B60_{150} EoS).

4 Results and discussion

In Fig. 1 we show evolutionary paths of accreting strange stars in the massradius (MR) plane (top panels) corresponding phase diagrams (lower panels) for two different EsoS (SS1 right panels and B60_{150} left panels). In each panel we show two trajectories of a strange star initially rotating with frequency

Ω(0) = 0.001 Hz; for which the initial magnetic field is B(0) = 7 TG and its decay time is τ_B = 10^8 yr. The mass accretion rate onto the star is Ṁ = 10^{−9}M_⊙/yr. The solid lines show the evolution of strange star configurations with initial gravitational mass M(0) = 1.4M_⊙, the dashed lines show that of configurations with initial baryon mass N(0) = 1.4N_⊙. In the insets of Fig. 1 we show the stable branches for configurations rotating with maximal frequency (dash-dotted lines) in compare to static ones (dotted lines).

Fig. 1. Evolutionary paths for strange stars in the mass-radius plane (top panels) and in the frequency-baryon number plane (lower panels) for the equations of state SS1 (left panels) and B60_{150} (right panels), see text.

From the evolution paths Ω(N) one can see that in all cases of initial masses the magnetic braking force is strong enough to stop fast spin-up of the star and saturate the frequency of rotation. This can lead to an effect of frequency clustering. However such effect for strange stars is correlated with the accretion rate.

6

In Fig. 2, we show the result of our calculation for the spin evolution of the accreting strange star with EoS SS1 in the Ṗ − P diagram, where P = 2π/Ω is the period of rotation. The parameters of the accretion model are chosen such as to correspond to values extracted from observations made on LMXBs, which are divided into Z sources with Ṁ ∼ 10^{−8}M_⊙/yr and A(toll) sources with Ṁ ∼ 10^{−10}M_⊙/yr (Bhattacharya & van den Heuvel, 1991; van der Klis, 2000; Glendenning & Weber, 2001).

Fig. 2. Ṗ - P diagrams for accreting strange stars with equation of state SS1. We show the dependence on the initial magnetic field B(0) (upper panel), mass accretion rate Ṁ (lower panel), and magnetic field decay time τ_B (middle panel).

In Fig. 2 we explore the sensitivity of the model to changes of the parameters with respect to the set used in Fig. 1 (B(0) = 7 TG, τ_B = 10^8 yr, Ṁ = 10^{−8}M_⊙/yr) for accretors with initial baryon mass N(0) = 1.4 N_⊙. In the upper panel we vary the inital magnetic field B(0) = 5, 7, 8 TG, in the middle one the magnetic field decay time τ_B = 10^7, 10^8, 10^9 yr and in the lower panel the accretion rate Ṁ = 10^{−11}, 10^{−9}, 10^{−8}M_⊙/yr.

We see from this figure that changes of the accretion parameters not only shift (choice of the initial magnetic field) and deform (choice of the magnetic field decay time) the interval where the spin-up is saturated (dip in Ṗ ), but for some cases this effect can be washed out by a variation of the accretion

7 rate. This phenomenon means that the existence of a frequency clustering for strange stars requires a strong limitation of possible values of the accretion parameters.

In Fig. 3 we plot the ’Waiting time’ τ = |P/Ṗ | (Poghosyan et al., 2001) of the strange star as a function of the spin frequency. for the EsoS SS1 and B60_{150}. In order to obtain an enhanced waiting time (frequency clustering) in the interval 220 Hz < ν < 380 Hz which corresponds to recent observations (Glendenning & Weber, 2001), we have to choose the following parameters: B(0) = 2.5TG, τ_B = 10^8 yr, Ṁ = 10^{−9}M_⊙/yr for SS1 model and B(0) = 3 TG, τ_B = 10^8 yr, Ṁ = 10^{−8}M_⊙/yr for B60_{150} model. For both cases the initial gravitational mass is the same 1.4M_⊙, which corresponds to 1.83N_⊙ initial baryon mass for SS1 and 1.71N_⊙ for B60_{150} model. The main difference between both of these scenarios for the frequency clustering is the initial baryon mass and the mass accretion rate. An independent determination of these quantities to a sufficient accuracy could thus rule out one of the compact star models. At present, this could be done only for a minority of objects (Lamb & Miller, 2001) and bears some model dependence. (Poghosyan et al., 2001).

Fig. 3. Waiting times as a function of spin frequency for spin-up evolution of strange stars with equations of state B60_{150} and SS1.

8

5 Conclusions

We have investigated the question whether the clustering of spin frequencies which has been observed for the compact objects in LMXBs is consistent with the hypothesis that at least some of these objects are strange stars. We have applied a standard model of magnetic disc accretion and find that population clustering in a narrow band of spin frequencies between 220 ≤ ν[Hz] ≤ 380 can occur for typical parameter values of the model. Inspection of the response to parameter variations shows that the lowering of the magnetic field decay time can wash out the effect as well as a change in the accretion rate. The changes in the initial magnetic field leave the waiting time distribution rather unchanged but shift the interval of period clustering.

On the other hand, the observation of frequency clustering alone is no indication for the presence of a strange star. A standard bag model EoS shows a similar waiting time pattern as the strange quark matter EoS does. For the EsoS investigated in this paper no clustering of masses has been obtained. This is a striking difference to hybrid star configurations (Poghosyan et al., 2001), which could be used in order to constrain further our approaches to the EoS of superdense matter provided a sufficiently large sample of LMXBs could be observed and their frequencies and masses could both be extracted with sufficient accuracy.

Acknowledgement

I.B., H.G. and G.P. acknowledge the hospitality of Rostock University. This work was supported in part by the Deutsche Forschungsgemeinschaft (DFG) under Grants No. 436 ARM 17/7/00, 436 ARM 17/5/01, by the Graduiertenkolleg “Stark korrelierte Vielteilchensysteme” and by the Deutscher Akademischer Austauschdienst (DAAD). We thank D. Aguilera for discussions and careful reading of the manuscript.

References

Bhattacharya, D., van den Heuvel, E.P.J. 1991, Phys. Rep., 203, 1 Blaschke, D., Grigorian, H., Poghosyan, G., Roberts, C. D., Schmidt, S. 1999, Phys. Lett. B, 450,207 Blaschke, D., Grigorian, H., Voskresensky, D. 2001, A& A, 368, 561 Blaschke, D., Tandy, P. C., in Understanding Deconfinement in QCD, edited by D. Blaschke, F. Karsch and C.D. Roberts (World Scientific, Singapore 2000) p. 218

Blaschke, D., Grigorian, H., Poghosyan, G. 2001, in Physics of Neutron Star Interiors, edited by D. Blaschke, N.K. Glendenning and A. Sedrakian (Springer, Berlin 2001) p. 285 Blaschke, D., Kämpfer, B., Towmasjan, T. 1990, Yad. Fiz., 52, 1059 Bodmer, A. R. 1971, Phys. Rev. D, 4, 1601 Burderi, L., Possenti, A., Colpi, M., Di Salvo, T., D’Amico, N. 1999, ApJ, 519, 285 Chubarian, E., Grigorian, H., Poghosyan, G., Blaschke, D. 2000, A&A 357, 968 Dey, M., Bombaci, I., Dey, J., Ray, S., and Samanta, B. C. 1998, Phys. Lett.

B, 438, 123; erratum 1999, Phys. Lett. B, 467, 303 Drago, A., Tambini, U., Hjorth-Jensen, M. 1996, Phys. Lett. B, 380, 13 Farhi, E., Jaffe, R. L. 1984, Phys. Rev. D, 30, 2379 Ghosh, P., Lamb, F.K. 1979, ApJ, 234, 296 Glendenning, N. K., Pei, S., Weber, F. 1997, Phys. Rev. Lett., 79, 1603 Glendenning, N. K., Weber, F. 2001, ApJ, 559, L119 Hartle, J. B., Thorne, K. S. 1968, ApJ, 153, 807 van der Klis, M. 2000, Ann. Rev. Astron. Astrophys., 38, 717 Lamb, F. K., Miller, M. C. 2001, ApJ, 554, L1210 Li, X.-D., Bombaci, I., Dey, M., Dey, J., van der Heuvel, E. P. J. 1999, Phys.

Rev. Lett., 83, 3776 Lipunov, V. M., Astrophysics of Neutron Stars, (Springer, Berlin 1992) Miller, M. C., Lamb, F. K., Psaltis, D. 1998, ApJ, 508, 791 Page, D., Geppert, U., Zannias, T. 2000, A& A, 360, 1052 Page, D., Prakash, M., Lattimer, J. M., Steiner, A., 2000, Phys. Rev. Lett., 85, 2048 Poghosyan, G., Grigorian, H., Blaschke, D. 2001, ApJ, 551, L73 Schaab, Ch., Hermann, B., Weber, F., Weigel, M. K. 1997, ApJ, 480, L111 Sedrakian, D. M., Chubarian, E. V. 1968, Astrofizika, 4, 239; 551 Shapiro, S. L., Teukolsky, S. A., Black Holes, White Dwarfs, and Neutron Stars, Wiley, New York 1983, chap.15.

Witten, E. 1984, Phys. Rev. D, 30, 272