arXiv:0911.5164v1 [astro-ph.SR] 26 Nov 2009

Phase Transitions in Dense Baryonic Matter and Cooling of Rotating Neutron Stars∗

Fridolin Weber and Rodrigo Negreiros

Department of Physics, San Diego State University, 5500 Campanile Drive San Diego, CA 92182, USA

New astrophysical instruments such as skA (square kilometer Array) and IXO (formerly Constellation X) promise the discovery of tens of thousands of new isolated rotating neutron stars (pulsars), neutron stars in low-mass X-ray binaries (LMXBs), anomalous X-ray pulsars (AXPs), and soft gamma repeaters (SGRs). Many of these neutron stars will experience dramatic density changes over their active lifetimes, driven by either stellar spin-up or spin-down, which may trigger phase transitions in their dense baryonic cores. More than that, accretion of matter onto neutron stars in LMXBs is believed to cause pycno-nuclear fusion reactions in the inner crusts of neutron stars. The associated reaction rates may be drastically altered if strange quark matter would be absolutely stable. This paper outlines the investigative steps that need to be performed in order to explore the thermal response of neutron stars to rotationally-driven phase transitions in their cores as well as to nuclear burning scenarios in their crusts. Such research complements the exploration of the phase diagram of dense baryonic matter through particle collider experiments, as performed at RHIC in the USA and as planned at the future Facility for Antiproton and Ion Research (FAIR) in Darmstadt, Germany.

PACS numbers: 26.60+c, 97.60.Gb, 97.60.Jd

1. Introduction

On the Earth, particle collider experiments enable physicists to cast a brief glance at the properties of ultra-dense and hot baryonic matter (Fig. 1). On the other hand, it is estimated that galaxies like our Milky Way contain between 10^8 and 10^{10} collapsed stars known as neutron stars, which harbor ultra-dense matter permanently in their cores. This key feature together with the unprecedented progress in observational astrophysics, which

∗ This work was supported by the National Science Foundation under Grant PHY– 0854699. (1)

Fig. 1. Schematic phase diagram of strongly interacting matter [17]. The dashed circle indicates the portion of the phase diagram that can be explored by studying either hot and newly formed proto neutron stars (arrow pointing downwards), or cold rotating neutron stars (vertical double-headed arrow) such as millisecond pulsars and neutron stars in low-mass X-ray binaries (LMXBs).

is expected to be excelled by future observatories such as the square kilometer Array (skA) and Constellation-X, make neutron stars superb astrophysical laboratories for a wide range of physical studies. These studies concern nuclear fusion processes on the stellar surface, pycnonuclear reactions in electron degenerate matter at sub-nuclear densities, and the possible formation of boson condensates and other novel states of baryonic matter– like color superconducting quark matter–at super-nuclear densities. (For overviews, see, for instance [1, 2, 3, 4, 5, 6, 7, 8, 9, 10].) More than that, there is the very intriguing theoretical suggestion that strange quark matter could be more stable than atomic nuclei, known as the strange quark matter hypothesis, in which case neutron stars should be largely composed of pure strange quark matter [11, 12, 13]. If quark matter exists in neutron stars it ought to be a color superconductor [5, 14, 15, 16]. Other testable implications of the strange quark matter hypothesis concern the possible existence of a new class of white dwarfs, known as strange white dwarfs [18, 19], and the drastic alteration of heavy-ion reaction rates in the deep crustal layers of neutron stars [20], if strange quark matter nuggets should be present in these layers.

2. Phase transitions in the cores of neutron stars

Rotating neutron stars are called pulsars. Three distinct classes of pulsars are currently known. These are (1) rotation powered pulsars, where the

Fig. 2. Composition of a rotating neutron star in equatorial direction (left panel) and polar direction (right panel) [21]. The star’s mass at zero rotation is 1.40 M_⊙.

loss of rotational energy powers the emitted electromagnetic radiation, (2) accretion-powered (X-ray) pulsars, where the gravitational potential energy of the matter accreted from a low-mass companion is the energy source, and (3) magnetars, where the decay of a ultra-strong magnetic field powers the radiation. Depending on star mass and rotational frequency, the matter in the core regions of neutron stars may be compressed to densities that are up to an order of magnitude greater than the density of ordinary atomic nuclei. This extreme compression provides a high-pressure environment in which numerous subatomic particle processes are likely to take place [1, 2, 3, 9]. The most spectacular ones stretch from the generation of hyperons and baryon resonances (Σ, Λ, Ξ, Δ), to quark (u, d, s) deconfinement, to the formation of boson condensates (π^−, K^−, H) [1, 2, 4, 6, 8, 9]. Rapid rotation can change the structure and composition of neutron stars substantially, depending on the equation of state of ultra-dense baryonic matter. The most rapidly rotating, currently known neutron star is pulsar PSR J1748-2446ad, which rotates at a period of 1.39 ms (which corresponds to a rotational frequency of 719 Hz) [22]. It is followed by PSRs B1937+21 [23] and B1957+20 [24] whose rotational periods are 1.58 ms (633 Hz) and 1.61 ms (621 Hz), respectively. Finally, we mention the recent discovery of X-ray burst oscillations from the neutron star X-ray transient XTE J1739– 285 [25, 26], which could suggest that XTE J1739–285 contains an ultrafast neutron star rotating 1122 Hz. Rotating neutron stars appear as much better probes for the structure of dense baryonic matter than non-rotating neutron stars, primarily because the particle compositions in rotating neutron stars are not frozen in, as it is the case for non-rotating neutron stars, but are varying with time. The associated density changes can be as large 60% [2] in neutron stars in binary stellar systems (e.g., LMXBs), which are being spun up to high rotational frequencies, or isolated rotating neutron

Fig. 3. Same as Figure 2, but for a non-rotating stellar mass of 1.70 M_⊙ [27].

stars (e.g. isolated millisecond pulsars) which are spinning down to low frequencies because of the emission of gravitational radiation, electromagnetic dipole radiation, and a wind of electron-positron pairs. As an example, we show the rotationally-driven restructuring effects in the cores of standard neutron stars in Figs. 2 and 3. Qualitatively similar restructuring effects were obtained for neutron stars containing quark matter [2, 6].

3. Thermal evolution of rotating neutron stars

Figure 4 illustrates schematically the differences of the cooling behavior of rotating and non-rotating neutron stars. Computing the thermal evolution of rotating neutron stars, however, is considerably more complicated than computing the cooling behavior of non-rotating neutron stars, for several reasons [2]. First, stellar rotation requires solving Einstein’s field equations for rotationally deformed fluid distributions, which renders the problem 2-dimensional. Second, the general relativistic frame dragging (Lense-Thirring) leads to the appearance of additional non-linear field equation. Third, the determination of the general relativistic Kepler frequency, which sets an absolute limit on stable rapid rotation, leads to an additional self-consistency condition [2]. Fourth, the thermal transport equations need to be solved for general relativistic, non-spherical fluids that may experience anisotropic heat transport. Because of all these complications, a fully selfconsistent general relativistic treatment of the cooling of rotating neutron stars has not been achieved yet. However, first steps toward this goal were made in [28]. The basic cooling features of a neutron star are easily grasped by considering the energy conservation relation of the star in the Newtonian limit [29]. This equation is given by dE_{th}/dt = C_V dT/dt = −L_ν − L_γ + H , (1)

Fig. 4. Schematic difference of the cooling behavior of rotating and non-rotating neutron stars. The composition is frozen in in non-rotating neutron stars, but varies strongly with rotational frequency, ν, in rotating neutron stars during spindown/up. This restructuring effect can alter the cooling behavior of rotating neutron stars significantly. Further differences arise from the different geometry (metric) of rotating stars and from anisotropic heat transport.

where E_{th} is the thermal energy content of a neutron star, T its internal temperature, and C_V its total specific heat. The energy sinks are the total neutrino luminosity, L_ν , and the surface photon luminosity, L_γ . The source term H includes all possible heating mechanisms [29], which, for instance, convert magnetic or rotational energy into heat. The dominant contributions to C_V come from the core whose constituents are leptons, baryons, boson condensates and possibly deconfined superconducting quarks. When baryons and quarks become paired, their contribution to C_V is strongly suppressed at temperatures smaller than the critical temperatures associated with these pairing phases. The crustal contribution is in principle dominated by the free neutrons in the inner stellar crust but, since these are extensively paired, practically only the nuclear lattice and electrons contribute. Extensive baryon, and quark, pairing can thus significantly reduce C_V . In order to derive the general relativistic version of Eq. (1) for rotating stars, one needs to solve Einstein’s field equations using the metric of a rotationally deformed fluid [2],

ds^2 = −e^{2ν} dt^2 + e^{2ϕ}(dφ − N^φdt)^2 + e^{2ω}(dr^2 + r^2dθ^2) , (2)

where e^{2ϕ} ≡ e^{2(α+β)}r^2 sin^2 θ and e^{2ω} ≡ e^{2(α−β)}. The quantities ν, ϕ and ω denote metric functions, and N^φ accounts for frame dragging caused by the rotating fluid. All these functions are to be computed self-consistently from Einstein’s field equation, G^{ᾱβ̄} = 8πT^{ᾱβ̄}, where T^{ᾱβ̄} denotes the fluid’s energy momentum tensor. In the case of neutron star cooling, the equations which describe the conservation of energy and momentum in a co-moving reference frame follow from T^{ᾱβ̄}_;¯_β = q^ᾱ , where

T^{ᾱβ̄} = J H_r H_θ H_φ H_r J/3 0 0 H_θ 0 J/3 0 H_φ 0 0 J/3 , q^ᾱ = −ϵ −H_r/Λ −H_θ/Λ −H_φ/Λ . (3)

The quantity q^ᾱ describes the interaction of photons with matter, J = aT^4 is the energy density of the photon field, H_i is the i^{th} component of the heat flux, ϵ the emitted energy, and Λ the mean free path of photons. From Eq. (3) one obtains

q^ᾱ = e^β_{β̄} T^{ᾱβ̄}_{;β} + γ^ᾱ_{γ̄β̄} T^{γ̄β̄} + γ^{β̄}_{γ̄β̄} T^{ᾱγ̄} , (4)

where the γ’s denote the Ricci rotation coefficients given by γ^ᾱ_{β̄γ̄} = e^β_{β̄} e^ᾱe^α_{γ̄;β}. Combining Eqs. (3) and (4) leads to the general relativistic transport equations

∂_rH̃_{r̄} + 1 r ∂_θH̃¯_θ = −r e^{ϕ+2ω} ( 1 Γ e^{2ν} ϵ + ΓC_V ∂_tT̃ )

−r ΓUe^{ν+2ϕ+ω} ( ∂_rΩ + 1 r ∂_θΩ ) , (5) ∂_rT̃ = − 1 rκ e^{ν−ϕ}H̃_{r̄} − Γ^2Ue^{−ν+ϕ} T̃ ∂_rΩ , (6) 1 r ∂_θT̃ = − 1 rκ e^{−ν−ϕ}H̃¯_θ − Γ^2Ue^{−ν+ϕ} T̃ 1 r ∂_θΩ , (7) ΓU∂_tT̃ = − 1 rκ e^{−ω−ϕ}H̃_{φ̄} , (8) where H̃_i ≡ re^{2ν+ϕ+ω}H_i/Γ, T̃ ≡ e^ν T/Γ, and the Lorentz factor Γ ≡ (1 − U^2)^{−1/2}. In the case of uniform rotation, Ω =const, Eqs. (5) to (8) reduce to ∂_rH̃_{r̄} + 1 r ∂_θH̃¯_θ = −r e^{ϕ+2(α−β)} ( 1 Γ e^{2ν} ϵ + ΓC_V ∂_tT̃ ) , (9) ∂_rT̃ = − 1 rκ e^{−ν−ϕ}H̃_{r̄} , (10) 1 r ∂_θT̃ = − 1 rκ e^{−ν−ϕ}H̃¯_θ . (11)

The standard cooling equations of spherically symmetric, non-rotating neutron stars are obtained from Eqs. (9) to (11) for Ω = 0 and ∂_θT̃ = 0 [2]. This project aims at solving Eqs. (5) to (7) for the temperature distribution T (r, θ; t) of non-spherical, (possibly differentially) rotating neutron stars. The boundary condition are given by defining H̃_{r̄} at r = 0, R, and H̃_{θ̄} at θ = 0, π/2 and at r = R, with R denoting the stellar radius. The choice for the star’s initial temperature, T (r, θ; t = 0), is typically chosen as T̃ ≡ 1011 K. Equations (6) and (7) can be solved for H̃_{r̄} and H̃_{θ̄}, differentiated with respect to ∂_r and ∂_θ, respectively, and substituted into Eq. (5), which leads to the following parabolic differential equation, ∂_tT̃ = − 1 Γ^2 e^{2ν} ϵ C_V − r sin θ Ue^{ν+γ−ξ} 1 C_V ( ∂_rΩ + 1 r ∂_θΩ )

+ 1 r^2 sin θ 1 Γ e^{3ν−γ−2ξ} 1 C_V ( ∂_r ( r^2κ sin θ e^γ ( ∂_rT̃ + Γ^2Ue^{−2ν+γ}T̃ ∂_rΩ ))

+ 1 r^2 ∂_θ ( r^2κ sin θ e^γ ( ∂_θT̃ + Γ^2Ue^{−2ν+γ}T̃ ∂_θΩ ))) , (12)

with the definitions r sin θe^{−ν+γ} = e^ϕ and e^{−ν+ξ} = e^{α−β} . It is this differential equation that needs be solved numerically in combination with a general relativistic stellar rotation code, as illustrated schematically in Fig. 5. A 2-dimensional, general relativistic stellar rotation code is to be used to determine the metric functions, frame dragging frequency, pressure and density gradients, and particle compositions of a deformed neutron star as a function of rotational frequency. Depending on the cooling channels that are active at a given rotational frequency, the numerical outcome obtained from the rotation code then serves as an input for the general relativistic 2-dimensional thermal evolution code, which is used to determine the luminosity, and thus the surface temperature, of a deformed rotating neutron star. As outlined in Sect. 2, because of stellar spin-down or spin-up, the density in such stars may change dramatically so that new cooling channels open up (or close) with time (Fig. 4). The new cooling channels imply neutrino emissivities, heat capacities, and thermal conductivities that are different from the original ones, thus altering the stars thermal response. It is this response in the thermal behavior of rotating neutron stars that carries information about the properties of the matter in the dense baryonic stellar cores and the deep crustal layers. Several key research activities that can be addressed with these codes are briefly summarized next:

• Study the impact of latent heat, released by rotation-driven quarkhadron phase transitions in the cores of isolated rotating neutron stars, on the thermal evolution of such objects [28].

Fig. 5. Combination of numerical codes required to perform thermal evolution studies of rotating neutron stars.

• Simulate the impact of latent heat release on the thermal evolution of accreting neutron stars in LMXBs. Because of the spin-up of such neutron stars, these objects becomes progressively more decompressed with time, which may lead to drastic changes in their core compositions, causing the destruction of certain states (K− condensate, quark matter) of dense baryonic matter that were initially present at slow stellar rotation rates. This modifies the star’s thermal evolution and may lead to signals indicative of the existence of phase transitions in the star.

• Study the impact of energy released by pycnonuclear burning of matter in the inner crusts of neutron stars. In particular, the dependence of the stellar surface temperature on the possible presence of strange quark matter nuggets in the inner crusts of neutron stars can be explored. As shown in Fig. 6, the nuclear reactions rates are strongly modified if strange quark matter nuggets would be present in the crusts of neutron stars [20].

• The thermal evolution of neutron stars undergoing episodes of intense accretion, alternated by long periods of quiescence, i.e. soft X-ray transients (SXRTs) such as SAX J1808.4–3658, can be explored. This neutron star is the first known accretion powered millisecond pulsars rotating rapidly (at 2.5 ms, 400 Hz). At such small spin periods certain phases of dense matter may have been spun out of the core,

Fig. 6. Nuclear reaction rates for^{56}Fe,^{118}Kr, and strange quark matter nuggets with baryon numbers of 56 and 500 [20].

altering the neutrino loss. The quiescent emission of SAX J1808.4– 3658, therefore, opens the possibility of using this object as a tool for probing the core compositions of neutron stars [29, 30]. Another, and still poorly explored, aspect of SXRTs is their short time-scale thermal response to the accretion phases. This is an aspect of the problem from which extremely important information about both the structure of the neutron star crust and the thermal state of its core can be obtained [31, 32], and about which intriguing observational results were found [33].

• Another interesting problem concerns the thermal evolution of neutron stars immediately after they went through the proto-neutron star phase. Of particular interest is the crystallization behavior of such matter and the occurrence of thermoelectric instabilities at the core– crust boundary.

REFERENCES

[1] N. K. Glendenning, Compact Stars, Nuclear Physics, Particle Physics, and General Relativity, 2nd ed. (Springer-Verlag, New York, 2000).

[2] F. Weber, Pulsars as Astrophysical Laboratories for Nuclear and Particle Physics, High Energy Physics, Cosmology and Gravitation Series (IOP Publishing, Bristol, Great Britain, 1999).

[3] Physics of Neutron Star Interiors, ed. by D. Blaschke, N. K. Glendenning, and A. Sedrakian, Lecture Notes in Physics 578 (Spring-Verlag, Berlin, 2001).

[4] J. M. Lattimer and M. Prakash, Astrophys. J. 550 (2001) 426.

[5] K. Rajagopal and F. Wilczek, The Condensed Matter Physics of QCD, At the Frontier of Particle Physics/Handbook of QCD, ed. M. Shifman, (World Scientific, 2001).

[6] F. Weber, Prog. Part. Nucl. Phys. 54 (2005) 193. [7] T. Klähn et al., Phys. Rev. C 74 (2006) 035802.

[8] D. Page, J. M. Lattimer, M. Prakash, and A. W. Steiner, Astrophys. J. Suppl.

155 (2004) 623.

[9] A. Sedrakian, Prog. Part. Nucl. Phys. 58 (2007) 168.

[10] M. G. Alford, A. Schmitt, K. Rajagopal, and T. Schäfer, Rev. Mod. Phys. 80 (2008) 1455.

[11] C. Alcock, E. Farhi, and A. V. Olinto, Astrophys. J. 310 (1986) 261. [12] C. Alcock and A. V. Olinto, Ann. Rev. Nucl. Part. Sci. 38 (1988) 161. [13] J. Madsen, Lecture Notes in Physics 516 (1999) 162. [14] M. Alford, Ann. Rev. Nucl. Part. Sci. 51 (2001) 131. [15] M. Alford, K. Rajagopal, and F. Wilczek, Phys. Lett. 422B (1998) 247. [16] R. Rapp, T. Schäfer, E. V. Shuryak, and M. Velkovsky, Phys. Rev. Lett. 81 (1998) 53; Ann. Phys. 280 (2000) 35.

[17] From CBM website at http://www.gsi.de/fair/experiments/CBM/1intro.html. [18] N. K. Glendenning and F. Weber, Astrophys. J. 400 (1992) 647. [19] N. K. Glendenning, Ch. Kettner, and F. Weber, Phys. Rev. Lett. 74 (1995) 3519.

[20] B. Golf, J. Hellmers, and F. Weber, Phys. Rev. C 80 (2009) 015804. [21] F. Weber and P. Rosenfield, European Journal of Physics A 33 (No. 3) (2007). [22] J. W. T. Hessels, S. M. Ransom, I. H. Stairs, P. C. C. Freire, V. M. Kaspi, and F. Camilo, Science 311 (2006) 1901.

[23] D. C. Backer, S. R. Kulkarni, C. Heiles, M. M. Davis, and W. M. Goss, Nature 300 (1982) 615.

[24] A. S. Fruchter, D. R. Stinebring, and J. H. Taylor, Nature 334 (1988) 237. [25] P. Kaaret et al., Astrophys. J. 657 (2007) L97.

[26] M. Bejger, P. Haensel, and J. L. Zdunik, Astron. & Astrophys. 464 (2007) L49.

[27] F. Weber, R. Negreiros, P. Rosenfield, and M. Stejner, Prog. Part. Nucl. Phys.

59 (2007) 94.

[28] M. Stejner, F. Weber, and J. Madsen, Astrophys. J. 694 (2009) 1019. [29] D. Page, U. Geppert, and F. Weber, Nucl. Phys. A 777 (2006) 492. [30] M. Colpi, U. Geppert, D. Page, and A. Possenti, Astrophys. J. 548 (2001) L175.

[31] G. Ushormirsky and R. E. Rutledge, Mon. Not. R. Astron. Soc. 325 (2001) 1157.

[32] E. F. Brown, L. Bildsten, and P. Chang, Astrophys. J. 574 (2002) 920. [33] R. Wijnand, J. Homan, J. M. Miller, and W. H. G. Lewin, Astrophys. J. 606 (2004) L62.