astro-ph/9910371 20 Oct 1999

From Boson Condensation to Quark Deconfinement:

The Many Faces of Neutron Star Interiors

Fridolin Weber

Lawrence Berkeley National Laboratory Nuclear Science Division, MS 70A-3307 Berkeley, California 94720, USA http://nta0.lbl.gov/∼fweber

October 20, 1999

Presented at the XXIII School of Theoretical Physics Ustron, Poland 15–22 September 1999 To be published in the Acta Physica Polonica

Contents

1 Introduction 1

2 The many faces of neutron stars 2 2.1 Hyperon star . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 2.2 Nucleon stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 2.3 H-dibaryons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 2.4 Quark deconfinement in neutron stars . . . . . . . . . . . . . . . . . . 5 2.5 Diquark condensation and color superconductivity . . . . . . . . . . . 6 2.6 Absolutely stable quark matter: the material of strange stars . . . . . 7

3 Stellar structure equations 8 3.1 Non-rotating stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 3.2 Rotating stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

4 Mass constraints from QPOs in LMXBs 10

5 Evidence of quark matter in neutron stars 12

6 Cooling of neutron stars 14

From Boson Condensation to Quark Deconfinement:

The Many Faces of Neutron Star Interiors

Fridolin Weber

Lawrence Berkeley National Laboratory Nuclear Science Division, MS 70A-3307 Berkeley, California 94720, USA http://nta0.lbl.gov/∼fweber

Abstract Gravity compresses the matter in the cores of neutron stars to densities which are significantly higher than the density of ordinary atomic nuclei, thus providing a high-pressure environment in which numerous particle processes – from the generation of new baryonic particles to quark deconfinement to the formation of Boson condensates and H-matter – may compete with each other. There are theoretical suggestions of even more ‘exotic’ processes inside pulsars, such as the formation of absolutely stable strange quark matter, a configuration of matter even more stable than the most stable atomic nucleus, iron. In the latter event, neutron stars would be largely composed of pure quark matter, eventually enveloped in nuclear crust matter. No matter which physical processes are actually realized inside neutron stars, each one leads to fingerprints, some more pronounced than others though, in the observable stellar quantities. This feature combined with the tremendous recent progress in observational radio and X-ray astronomy, renders neutron stars to nearly ideal probes for a wide range of dense matter studies, complementing the quest of the behavior of superdense matter in terrestrial collider experiments.

1 Introduction

Neutron stars are spotted as pulsars by radio telescopes and X-ray satellites. They are more massive (i.e. ∼ 1.5 M_⊙ ) than our sun but are typically only about ∼ 10 kilometers across so that the matter in their centers is compressed to densities that are up to an order of magnitude higher than the density of atomic nuclei. A neutron star, therefore, provides a high-pressure environment in which numerous subatomic particle processes are expected to compete with each other and novel phases of matter – like the quark-gluon plasma being sought at the most powerful terrestrial particle colliders – could exist. In my lecture, I will give an overview of the present status

Figure 1: Competing structures and novel phases of subatomic matter predicted by theory to make their appearance in the cores (R<_∼ 8 km) of neutron stars [1].

of the research on the many phases of superdense matter in neutron stars, which naturally is to be performed at the interface between nuclear physics, particle physics and Einstein’s theory of relativity. Of particular interest will be the existence of quark matter inside neutron stars and the fingerprints by means of which this novel phase of matter could register itself in the observed neutron star data. The detection of such matter in neutron stars would help to clarify how quark matter behaves, and give a boost to theories about the early Universe as well as laboratory searches for the production of quark matter in heavy-ion colliders. Complementary talks on the physics of neutron stars will be given by J. Lattimer and M. Prakash who will be discussing the structure and evolution of neutron stars, and the neutrino interactions in dense matter, respectively.

2 The many faces of neutron stars

From model calculations, it is known that neutron stars are far from being composed of only neutrons but instead may possess rather complex interior structures, as established in model calculations performed over the years. Figure 1 gives an overview of those structures that are currently most vividly discussed in the literature (for an overview, see [1]). No matter which physical structures are actually realized inside neutron stars, each one leads to fingerprints, some more pronounced than others though, in the equation of state (i.e. pressure versus density) associated with these

Figure 2: Models for the equation of state (EoS) of ‘neutron’ star matter [1, 2, 3].

phases of matter. This becomes very evident from Fig. 2, which shows a collection of competing models for the equation of state of neutron star matter [1].

2.1 Hyperon star

Only in the most primitive conception, a neutron star is constituted from neutrons. At a more accurate representation, a neutron star will contain neutrons (n) and a small number of protons (p) whose charge is balanced by leptons (e^− and μ^−). The interactions among the nucleons can be treated in the framework of either Schroedingerbased theories [4, 5], the semiclassical Thomas-Fermi method [6], or relativistic nuclear field theories solved at the mean-field level [1, 7] or beyond [1, 8, 9]. The coupling constants of the theory must reproduce the bulk properties of nuclear matter at saturation density, ρ_0 = 0.16 fm^{−3} (energy density of ϵ_0 = 140 MeV/fm^3). These are the binding energy E/A, effective nucleon mass m^∗_N /m_N , incompressibility K, and the symmetry energy a_s whose respective values are

E/A = −16.0 MeV, m^∗_N /m_N = 0.79, K ≃ 265 MeV, a_s = 32.5 MeV. (1)

Of the five, the value for the incompressibility of nuclear matter carries some uncertainty. Its value is currently believed to lie in the range between about 180 and 300 MeV. At the densities in the interior of neutron stars, the neutron chemical potential, μ^n, exceeds the mass (modified by interactions) of various members of the

Figure 3: Effective kaon mass in nuclear [12] and neutron star [13] matter.

baryon octet [10]. So in addition to nucleons and electrons, neutron stars may be expected to have populations of hyperons, i.e. Σ, Λ, Ξ and eventually of Δ’s.

2.2 Nucleon stars

Once the reaction e^− → K^− + ν (2)

becomes possible in a neutron star, it becomes energetically advantageous for the star to replace the fermionic electrons with the bosonic K^− mesons. Whether or not this actually happens depends on the mass of the K^− in dense matter. A handle on this is provided by the K^− kinetic energy spectra extracted from Ni+Ni collisions at SIS energies, measured by the KaoS collaboration at GSI [11]. An analysis of the KaoS data shows that the attraction from nuclear matter may bring the K^− mass down to m^∗_K� ≃ 200 MeV at ρ ∼ 3 ρ_0. For neutron-rich matter, the relation

m^∗_K�(ρ) ≃ m_K� ( 1 − 0.2 ρ ρ_0 ) (3) was established [14, 15, 16, 17], with m_K = 495 MeV the K^− vacuum mass. Values around m^∗_K� ≃ 200 MeV lie in the vicinity of the electron chemical potential, μ^e, in neutron star matter [1, 10] so that the threshold condition for the onset of K^− condensation, μ^e = m^∗_K, which follows from Eq. (2), could be fulfilled in the cores of neutron stars. The situation is illustrated graphically in Fig. 3. Equation (2) is followed by n + e^− → p + K^− + ν , (4)

with the neutrinos leaving the star. By this conversion the nucleons in the cores of newly formed neutron stars can become half neutrons and half protons, which lowers the energy per baryon of the matter [16]. The relatively isospin symmetric composition achieved in this way resembles the one of atomic nuclei, which are made up of roughly equal numbers of neutrons and protons. Neutron stars are therefore referred to, in this picture, as nucleon stars. The maximal possible mass of this type of star, where Eq. (4) has gone to completion, has been calculated to be between about 1.5 M_⊙ [18] and 1.8 M_⊙ [2]. Based on the former mass value, Brown et al. studied in a recent paper the formation and evolution of black holes in the Galaxy [19].

Meson condensates can soften the equation of state (EoS) considerably. As a consequence, neutron stars with K^− condensates can be rather dense and, therefore, have radii smaller than neutron stars without condensates, i.e. R<_∼ 10 km. An interesting candidate of such a small-radius object may be the nearby neutron star RXJ 185 635–3754 [20] whose radius could be as small as ∼ 7 km [21].

2.3 H-dibaryons

A novel particle that could make its appearance in the center of a neutron star is the so-called H-dibaryon, a doubly strange six-quark composite with spin and isospin zero, and baryon number two [22]. Since its first prediction in 1977, the H-dibaryon has been the subject of many theoretical and experimental studies as a possible candidate for a strongly bound exotic state. In neutron stars, which may contain a significant fraction of Λ hyperons, the Λ’s could combine to form H-dibaryons, which could give way to the formation of H-matter at densities somewhere between 3 ϵ_0 [3] and 6 ϵ_0 [23, 24], depending on the in-medium properties of the H-dibaryon. H-matter could thus exist in the cores of moderately dense neutron stars. In [3] it was pointed out that H-dibaryons with a vacuum mass of about 2.2 GeV and a moderately attractive potential in the medium of about −30 MeV could go into a Bose condensate in the cores of neutron stars if the limiting star mass is about that of the Hulse–Taylor pulsar PSR 1913+16, M = 1.444 M_⊙ . Conversely, if the medium potential were moderately repulsive, around +30 MeV, the formation of H-dibaryons may only take place in heavier neutron stars of mass M>_∼ 1.6 M_⊙. If formed, however, H-matter may not remain dormant in neutron stars but, because of its instability against compression could trigger the conversion of neutron stars into hypothetical strange stars [24, 25, 26].

2.4 Quark deconfinement in neutron stars

It has been suggested already back in the 1970’s by a number of researchers [27, 28, 29, 30, 31, 32] that, because of the extreme densities reached in the cores of neutron stars, neutrons protons plus the heavier constitutes (Σ, Λ, Ξ, Δ) can melt, creating the quark-gluon plasma state being sought at the most powerful terrestrial heavy-ion colliders at CERN [i.e. experiments NA35 NA44, NA45, CERES, and NA50; in a few years at the LHC by the ALICE experiment] and RHIC. At present one does not know from experiment at what density the expected phase transition to quark matter occurs, and one has no conclusive guide yet from lattice QCD simulations. From simple geometrical considerations it follows that nuclei begin to touch each other at

Figure 4: Central density versus rotational frequency of sample neutron stars of constant baryon number, A. Estimated threshold densities of various novel phases of superdense matter are indicated. M(0) is the non-rotating star mass, Ω_K [cf. Eq. (9)] stands for the Kepler frequency which terminates stable rotation [33].

densities of ∼ (4πr^3_N /3)^{−1} ≃ 0.24 fm^{−3}, which, for a characteristic nucleon radius of r_N ∼ 1 fm, is less than twice the baryon number density ρ_0 of ordinary nuclear matter [7]. Above this density, therefore, is appears plausible that the nuclear boundaries of hadrons dissolve so that the formerly confined quarks now populate free states outside of the hadrons. Depending on rotational frequency and stellar mass, densities as large as two to three times ρ_0 are easily surpassed in the cores of neutron stars, as can be seen from Fig. 4, so that the neutrons and protons in the centers of neutron stars may have been broken up into their constituent quarks by gravity [33]. More than that, since the mass of the strange quark is only m_s ∼ 150 MeV, high-energetic up and down quarks are expected to readily transform to strange quarks at about the same density at which up and down quark deconfinement sets in [34, 35]. Three flavor quark matter could thus exist as a permanent component of matter in the centers of neutron stars [1, 7, 33, 36]. As we shall see in Section 5, radio astronomers may be able to spot evidence for the existence of this novel phase of matter in the timing structure of pulsar spin-down [33, 36].

2.5 Diquark condensation and color superconductivity

Very recently it was discovered that instantons may cause strong correlations between up and down quarks, which could give way to the existence of colored diquark pairs in superdense matter [37, 38]. These pairs could form a Bose condensate in cold

(T < 50 MeV) and dense (ρ > 3 ρ_0) quark matter. Moreover, the condensate ought to exhibit color superconductivity [38, 39]. Both the magnitude of the gap and the critical temperature associated with the color superconductive phase were estimated to be on the order of ∼ 100 MeV [38, 39]! The implications of such tremendous gaps for the magnetic fields of pulsars and their thermal evolution were explored in [40, 41] and [42], respectively. Future theoretical studies of QCD at finite baryon number density may reveal to which extent these newly established features of quark matter will have their correspondence in a more complete treatment of QCD at finite baryon number density. They may also shed light on whether or not a diquark condensate could possibly alter the equation of state of neutron star matter sufficiently strongly so that one may expect distinguishing features in the global properties of neutron stars, too.

2.6 Absolutely stable quark matter: the material of strange stars

So far we have assumed that quark matter forms a state of matter higher in energy than atomic nuclei. This most ‘plausible’ assumption, however, may be quite deceiving [43, 44, 45] because for a collection of more than a few hundred u, d, s quarks, the energy per baryon (E/A) of quark matter can be just as well below the energy of the most stable atomic nucleus,^{56}Fe, whose energy per baryon number is M(^{56}Fe)c^2/56 = 930.4 MeV, with M(^{56}Fe) the mass of the^{56}Fe atom. A simple estimate indicates that for strange quark matter E/A = 4Bπ^2/μ^3, so that bag constants of B = 57.5 MeV/fm^3 (i.e. B^{1/4} = 145 MeV) and B = 85.3 MeV/fm^3 (B^{1/4} = 160 MeV) place the energy per baryon of such matter at E/A = 829 MeV and 915 MeV, respectively [1, 46, 47, 48]. Obviously, these values correspond to quark matter which is absolutely bound with respect to^{56}Fe. In this event the ground state of the strong interaction would be strange quark matter (strange matter), made up of u, d, s quarks, instead of nuclear matter. This finding is one of the most startling predictions of modern physics with far-reaching implications for neutron stars, for all hadronic stellar configurations in Fig. 1 would then be only metastable with respect to a stars made up of absolutely stable 3-flavor strange quark matter [1, 44, 49, 50, 51]. If this is indeed the case, and if it is possible for neutron matter to tunnel to quark matter in at least some neutron stars, then in appears likely that all neutron stars would in fact be strange stars [46, 47, 48, 52, 53]. In sharp contrast to the other stars in Fig. 1, which are made up of hadronic matter, possibly in phase equilibrium with quarks, strange stars consist nearly entirely of pure 3-flavor quark matter, eventually enveloped in a thin nuclear crust whose density is less than neutron drip (4 × 10^{11} g/cm^3) [54].

The hypothetical, absolute stability of strange matter gives way to a variety of novel stable strange matter objects which stretch from strangelets at the small baryon number end, A ∼ 10^2, to strange stars at the high end, A ∼ 10^{57}, where strange matter becomes unstable against gravitational collapse [35]. The strange counterparts of ordinary atomic nuclei are the strange nuggets, searched for in high-energy collisions at Brookhaven (e.g. E858, E864, E878, E882-B, E886, E896-A), CERN (Newmass experiment NA52), balloon-borne experiments (CRASH), and terrestrial experiments (e.g. HADRON) [1]. (For a recent review, see [55].) Strange stars should possess properties that may allow one to distinguish them from their ‘conventional’ counterparts [1, 7, 49, 56, 57, 58, 59].

3 Stellar structure equations

Since neutron stars are objects of highly compressed matter, the geometry of spacetime is changed considerably from flat space. Neutron star models are thus to be constructed from Einstein’s field equations of general relativity (μ, ν=0,1,2,3), G^{μν} ≡ R^{μν} − 1 2 g^{μν} R = 8πT^{μν}(ϵ, P (ϵ)) , (5) which couples Einstein’s curvature tensor, G^{μν} , to the energy–momentum density tensor, T^{μν}, of the stellar matter. The quantities g^{μν} and R in (5) denote the metric tensor and the Ricci scalar [1]. Theories of superdense matter enter in Eq. (5) via T^{μν}, which contains the equation of state, P (ϵ), of the stellar matter. It is derivable from a given stellar-matter Lagrangian L({ϕ}) [1]. In general, L is a complicated function of the numerous hadron and quark fields, collectively written as {ϕ}, that acquire finite amplitudes up to the highest densities reached in the cores of compact stars. According to what has been said in Section 2, plausible candidates for ϕ are the charged states of the SU(3) baryon octet, p, n, Σ, Λ, Ξ [10], the charged states of the Δ [60, 61], π^− [62] and K^− [2, 14, 15, 16, 17] mesons, as well as the u, d, s quark fields [35]. The conditions of chemical equilibrium and electric charge neutrality of the stellar matter require the presence of leptons too, in which case ϕ = e^−, μ^−. Models for the equation of state then follow according to the scheme (for details, see [1]) ∂L({ϕ}) ∂ϕ − ∂_μ ∂L({ϕ}) ∂(∂_μϕ) = 0 ⇒ P (ϵ) . (6)

In general, Eqs. (5) and (6) were to be solved simultaneously since the particles move in curved spacetime whose geometry, determined by Einstein’s field equations, is coupled to the total mass energy ϵ of the matter. In the case of neutron stars, however, the long-range gravitational forces can be cleanly separated from the shortrange forces, so that Eqs. (5) and (6) constitute two decouple problems.

3.1 Non-rotating stars

The structure equation of spherical neutron stars has been derived from Einstein’s equation (5) first by Tolman [63], and Oppenheimer and Volkoff [64]. It reads dP dr = − ϵ(r)m(r) r^2

(1 + P (r)/ϵ(r)) (1 + 4πr^3P (r)/m(r)) 1 − 2m(r)/r , (7) and is known in the literature as the Tolman-Oppenheimer-Volkoff equation, applicable to stellar configurations in hydrostatic equilibrium. We use units for which the gravitational constant and velocity of light are G = c = 1 so that the mass of the sun is M_⊙ = 1.47 km. The mass m(r) contained in a sphere of radius r is given by m(r) = 4π ∫ r 0 r^2ϵ(r)dr. Hence the star’s total mass follows as M ≡ m(R).

3.2 Rotating stars

The stellar equations describing rotating compact stars are considerably more complicated than those of non-rotating compact stars [1]. These complications have their cause in the deformation of rotating stars plus the general relativistic effect of the dragging of local inertial frames. This reflects itself in a metric of the form [1, 65]

ds^2 = − e^{2 ν} dt^2 + e^{2 ψ} (dϕ − ω dt)^2 + e^{2 μ} dθ^2 + e^{2 λ} dr^2 , (8)

where each metric function, i.e. ν, ψ, μ and λ, depends on the radial coordinate r, polar angle θ, and implicitly on the star’s angular velocity Ω. The quantity ω denotes the angular velocity of the local inertial frames, which are dragged along in the direction of the star’s rotation. This frequency too depends on r, θ and Ω. Of particular interest is the relative frame dragging frequency ω̄ defined as ω̄(r, θ, Ω) ≡ Ω − ω(r, θ, Ω), which typically increases from about 15% at the surface to about 60% at the center of a neutron star that rotates at its Kepler frequency [1, 33]. The Kepler frequency, Ω_K, is the maximum frequency a star can have before mass loss (mass shedding) at the equator sets in. It sets an absolute upper limit on stable rapid rotation. In classical mechanics the expression for Ω_K, determined by the equality between centrifuge and gravity, is readily obtained as Ω_K = √ M/R^3 . Its general relativistic counterpart is given by [1, 65]

Ω_K = ω + ω^′ 2ψ^′ + e^{ν−ψ} √ ν^′ ψ^′ + ( ω^′ 2ψ^′ e^{ψ−ν} )_2

, P_K ≡ 2π Ω_K

. (9)

The primes denote derivatives with respect to the Schwarzschild radial coordinate. Equation (9) is to be evaluated self-consistently together with Einstein’s field equations (5) for a given model for the equation of state.

Figure 5 shows Ω_K as a function of rotating star mass. The rectangle indicates both the approximate range of observed neutron star masses as well as the observed rotational periods which, currently, are P ≥ 1.6 ms. One sees that all pulsars so far observed rotate below the mass shedding frequency and so can be interpreted as rotating neutron stars. Half-millisecond periods or even smaller ones are completely excluded for neutron stars of mass 1.4 M_⊙ [65, 66, 67] for these equations of state [1]. The situation appears to be very different for neutron stars made up of self-bound strange quark matter, the so-called strange stars introduced in Section 2.6. Such stars appear to withstand stable rotation against mass shedding down to rotational periods in the half-millisecond regime or even less [68]. As a consequence, the possible future discovery of a single sub-millisecond pulsar, say 0.5 ms, could give a strong hint that, firstly, strange stars actually exist and, secondly, the deconfined, self-bound phase of

Figure 5: Onset of mass shedding from rapidly spinning neutron stars, computed for a sample of equations of state [1]. The Kepler period is defined in Eq. (9).

3-flavor strange quark matter is the true ground state of the strong interaction rather than nuclear matter. This conclusion is strengthened by the finding of [69] that young strange stars appear not to be subject to the recently discovered r-mode instability, which would slow down hot neutron stars to periods of several milliseconds via the emission of gravitational radiation within a year after birth.

4 Mass constraints from QPOs in LMXBs

Figure 6 exhibits the mass of non-rotating neutron stars as a function of star radius. Each stellar sequence is shown up to the maximum-mass star, indicated by tick marks. Stars beyond the mass peak are unstable against radial oscillations and would collapse to black holes. Evidently, all equations of state can accommodate a neutron star as heavy as the Hulse-Taylor pulsar, whose mass is very precisely known to be M(PSR 1913 + 16) = 1.444 M_⊙ . Rather heavy neutron stars, on the other had, of mass M ∼ 2 M_⊙ can only be obtained for equations of state that exhibit a rather stiff behavior at supernuclear densities (cf. Fig. 2).

Knowledge of the maximum-mass value is of great importance for two reasons. Firstly, about 20 neutron stars masses are presently known [71], and the largest of these imposes a lower bound on the maximum mass of a theoretical model. The current lower bound on the maximum-mass is about 1.56 M_⊙ (i.e. neutron star 4U 0900–40), which, if firmly established, would indicate that the equation of state of superdense matter will be rather soft at supernuclear densities. This would change if the maximum-mass should be closer to the upper bound of 1.98 M_⊙ . Indications for the possible existence of such heavy neutron stars, with masses around 2 M_⊙ ,

Figure 6: Neutron star mass versus radius for several equations of state shown in Figure 2. Constraints derived from the observation of a QPO frequency of 1220 Hz in neutron star 4U 1636–536 are indicated by the shaded area [70].

may come from the observation of quasi-periodic oscillations (QPOs) in luminosity in low-mass X-ray binaries (LMXBs) [70, 72, 73, 74]. If confirmed, a significant fraction of equations of state presently discussed in the literature [1, 75] could be ruled out. Because of the significant stiffness of the EoS required by heavy neutron stars, all the phase transitions reviewed in Section 2, which imply generally a softening of the EoS rather than a stiffening, appear to be unfavored if not completely ruled out. In this event neutron star matter were likely to be made up of chemically equilibrated nucleons only [75]. Rapid neutron star rotation increases the non-rotating maximum mass value by at most 25% [56, 65, 76, 77, 78, 79], so that even extremely rapidly spinning neutron stars can not have masses significantly above 2.5 M_⊙, as can be seen from Fig. 5. The second reason is that the maximum mass can be useful in identifying black hole candidates [80, 81, 82]. For example, if the mass of a compact companion of an optical star is determined to exceed the maximum mass of a neutron star, it must be a black hole. Because the maximum mass of stable neutron stars in our theory is 2.2 M_⊙ , compact companions being more massive than that value are predicted to be black holes. An example of such an object is the non-pulsating X-ray binary Cyg X–1, as its mass lies in the range 9<_∼ M/M_⊙ <_∼ 15.

Figure 7: EoS of neutron star matter which accounts for quark deconfinement [1, 33].

5 Evidence of quark matter in neutron stars

As pointed out in Section 2.4, the possibility of quark deconfinement in the cores of neutron stars has already been suggested in the 1970’s. However until recently no stringent observational signal has ever been proposed. This is so because whether or not the quark-hadron phase transition occurs in neutron stars makes only little difference to their static properties such as the range of possible masses, radii, or even their limiting rotational periods. This, however, turns out to be strikingly different for the timing structure of rotating neutron stars (i.e. pulsars) that develop quark matter cores in the course of spin-down, as I shall describe in this section.

A model of an EoS which accounts for quark deconfinement in neutron star matter is shown in Fig. 7. One reads off that the transition of confined hadronic matter to quark matter sets in at about twice nuclear matter density (arrow labeled ‘a’), which leads to a pronounced softening of the EoS. Pure quark matter exists at densities >_∼ 7ϵ_0 (arrow labeled ‘b’).

These structures manifest themselves inside rotating neutron stars as shown in Figs. 8 and 9 (non-rotating star mass is M = 1.42 M_⊙ ). The stars’ baryon number is kept constant during spin-down from the Kepler frequency to zero rotation, which describes the temporal evolution of an isolated rotating neutron star. Depending on frequency, the star has an inner sphere of pure quark matter (labeled ‘quark’ in Fig. 8) surrounded by a few kilometers thick shell of mixed phase of hadronic and quark matter arranged in a Coulomb lattice structure, and this surrounded by a thin shell of hadronic liquid, itself with a thin crust of heavy ions. The lattice structure of varying geometry may have dramatic effects on pulsar observables including transport

Figure 8: Frequency dependence of quark-hadron structure in equatorial direction of a neutron star [1, 33].

Figure 9: Same as Fig. 8, but in star’s polar direction [1, 33].

properties and the theory of glitches [7]. As the star spins up it becomes more and more deformed, and the central density decreases. For some rotating neutron stars the mass and initial rotational frequency may be just such that the central density rises from below to above the critical density for dissolution of baryons into their quark constituents. This is accompanied by a sudden shrinkage of the neutron star, which occurs for the present model star at Ω ∼ 400 s^{−1}. This effects the star’s moment of inertia, I, dramatically. Changes of I, in turn, reflect themselves in the braking index, n, of a pulsar, which is given by (I^′ ≡ dI/dΩ, I^{′′} ≡ d^2I/dΩ^2) [1, 36], n(Ω) ≡ Ω Ω̈ Ω̇2 = 3 −

3 I^′ Ω + I^{′′} Ω^2 2 I + I^′ Ω

. (10)

One sees that the braking index depends explicitly and implicitly on Ω. The right side reduces to the canonical constant n = 3 only if I is independent of frequency. Figure 10 shows the variation of n with frequency for the star discussed just above (i.e. Figs. 8 and 9) as well as the sample star of [36]. Because of the change in the moment of inertia driven by the transition into quark matter, the braking index deviates dramatically from 3 at the transition frequencies. For the star of Figs. 8 and 9, this occurs at Ω ∼ 400 s^{−1} (dashed curve). The solid curve shows the case of a strong deconfinement transition at Ω ∼ 1370 s^{−1} discussed in [36]. Continuously connected intermediate cases are possible too and were discussed in [83]. Such dramatic anomalies in n(Ω) are not known to be exhibited by conventional neutron stars, because their moments of inertia increase smoothly with Ω [1]. The radio astronomical observation of such an anomaly may thus be interpreted as a signal for the development of quark-matter cores in the centers of pulsars!

Figure 10: Braking index as a function of rotational frequency [33].

As a very important subject on this issue, we estimate the duration over which the braking index is anomalous. It can be estimated from ΔT ≃ −^{ΔΩ}_{Ω̇} =^{ΔP}_Ṗ , where ΔΩ is the frequency interval of the anomaly. For a millisecond pulsar whose period derivative is typically Ṗ ≃ 10^{−19}, one finds ΔT ≃ 10^8 years. The dipole age of such pulsars is about 10^9 years. So as a rough estimate we may expect that about 10% of the ∼ 25 solitary millisecond pulsars presently known, are in the transition epoch and so could be signaling the ongoing process of quark deconfinement, complementing the searches for the quark-gluon plasma state at the terrestrial heavy-ion colliders.

6 Cooling of neutron stars

The predominant cooling mechanism of hot (temperatures of several ∼ 10^{10} K) newly formed neutron stars immediately after formation is neutrino emission, with an initial cooling time scale of seconds. Already a few minutes after birth, the internal neutron star temperature drops to ∼ 10^9 K [84]. Photon emission overtakes neutrinos only when the internal temperature has fallen to ∼ 10^8 K, with a corresponding surface temperature roughly two orders of magnitude smaller. Neutrino cooling dominates for at least the first 10^3 years, and typically for much longer in standard cooling (modified Urca) calculations. Being sensitive to the adopted nuclear equation of state, the neutron star mass, the assumed magnetic field strength, the possible existence of superfluidity, meson condensates, quark matter etc., theoretical cooling calculations, as summarized in Fig. 11, too provide most valuable information about the interior matter and neutron star structure. The stellar cooling tracks in Fig. 11 are computed for a broad collection of equations of state [1], including those shown in Fig. 2, which account for the effects mentioned just above. Knowing the thermal evolution of a neutron star also yields information about such temperature-sensitive properties as

Figure 11: Cooling behavior of a 1.4 M_⊙ neutron star based on competing assumptions about the behavior of superdense matter. Three distinct cooling scenarios, referred to as ‘standard’, ‘intermediate’, and ‘enhanced’ (for details, see [1]), can be distinguished. The band-like structures reflects the uncertainties inherent in the underlying EoS (cf. Fig. 2).

transport coefficients, transition to superfluid states, crust solidification, and internal pulsar heating mechanisms such as frictional dissipation at the crust-superfluid interfaces (for a recent overview, see [85]).

References

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

[2] N. K. Glendenning and J. Schaffner-Bielich, Phys. Rev. C 60 (1999) 025803.

[3] N. K. Glendenning and J. Schaffner-Bielich, Phys. Rev. C 58 (1998) 1298.

[4] R. B. Wiringa, V. Fiks, and A. Fabrocini, Phys. Rev. C 38 (1988) 1010.

[5] A. Akmal, V. R. Pandharipande, and D. G. Ravenhall, Phys. Rev. C 58 (1998) 1804.

[6] K. Strobel, F. Weber, M. K. Weigel, and Ch. Schaab, Int. J. Mod. Phys. E 6, No. 4 (1997) 669.

[7] N. K. Glendenning, Compact Stars, Nuclear Physics, Particle Physics, and General Relativity (Springer-Verlag, New York, 1997).

[8] S. Pal, M. Hanauske, I. Zakout, H. Stöcker, and W. Greiner, Phys. Rev. C 60 (1999) 015802.

[9] K. Schertler, S. Leupold, and J. Schaffner-Bielich, Phys. Rev. C 60 (1999) 025801.

[10] N. K. Glendenning, Astrophys. J. 293 (1985) 470. [11] R. Barth et al., Phys. Rev. Lett. 78 (1997) 4027.

[12] G. Mao, P. Papazoglou, S. Hofmann, S. Schramm, H. Stöcker, and W. Greiner, Phys. Rev. C 59 (1999) 3381.

[13] T. Waas, M. Rho, and W. Weise, Nucl. Phys. A617 (1997) 449. [14] G. Q. Li, C.-H. Lee, and G. E. Brown, Nucl. Phys. A625 (1997) 372. [15] G. Q. Li, C.-H. Lee, and G. E. Brown, Phys. Rev. Lett. 79 (1997) 5214. [16] G. E. Brown, Supernova Explosions, Black Holes and Nucleon Stars, in: Proceedings of the Nuclear Physics Conference – INPC ’95, ed. by S. Zuxun and X. Jincheng (World Scientific, Singapore, 1996) p. 623.

[17] G. E. Brown, Phys. Bl. 53 (1997) 671.

[18] V. Thorsson, M. Prakash, and J. M. Lattimer, Nucl. Phys. A572 (1994) 693. [19] G. E. Brown, C.-H. Lee, R. A. M. J. Wijers and H. A. Bethe, Evolution of Black Holes in the Galaxy, submitted to Phys. Rep., astro-ph/9910088.

[20] F. M. Walter, S. J. Wolk, and R. Neuhäuser, Nature 379 (1996) 233. [21] M. Prakash, AIP Conference Proc. 412, Big Sky, Montana, 1997, ed. by T. W.

Donnelly (American Institute of Physics, New York, 1997) p. 1007. [22] R. L. Jaffe, Phys. Lett. 38 (1977) 195. [23] R. Tamagaki, Prog. Theor. Phys. 85 (1991) 321.

[24] T. Sakai, J. Mori, A. J. Buchmann, K. Shimizu, and K. Yazaki, Nucl. Phys.

A625 (1997) 192.

[25] A. Faessler, A. J. Buchmann, M. I. Krivoruchenko, and B. V. Martemyanov, Phys. Lett. 391B (1997) 255.

[26] A. Faessler, A. J. Buchmann, and M. I. Krivoruchenko, Phys. Rev. C 56 (1997) 1576.

[27] H. Fritzsch, M. Gell–Mann, and H. Leutwyler, Phys. Lett. 47B (1973) 365. [28] G. Baym and S. Chin, Phys. Lett. 62B (1976) 241. [29] B. D. Keister and L. S. Kisslinger, Phys. Lett. 64B (1976) 117. [30] G. Chapline and M. Nauenberg, Phys. Rev. D 16 (1977) 450. [31] W. B. Fechner and P. C. Joss, Nature 274 (1978) 347.

[32] G. Chapline and M. Nauenberg, Ann. New York Academy of Sci. 302 (1977) 191.

[33] F. Weber, J. Phys. G: Nucl. Part. Phys. 25 (1999) R195. [34] N. K. Glendenning, Phys. Rev. D 46 (1992) 1274.

[35] Ch. Kettner, F. Weber, M. K. Weigel, and N. K. Glendenning, Phys. Rev. D 51 (1995) 1440.

[36] N. K. Glendenning, S. Pei, and F. Weber, Phys. Rev. Lett. 79 (1997) 1603. [37] M. Alford, K. Rajagopal, and F. Wilczek, Phys. Lett. 422B (1998) 247. [38] R. Rapp, T. Schäfer, E. V. Shuryak, and M. Velkovsky, Phys. Rev. Lett. 81 (1998) 53.

[39] R. Rapp, T. Schäfer, E. V. Shuryak, and M. Velkovsky, hep--ph/9904353). [40] D. Blaschke, D. M. Sedrakian, and K. M. Shahabasyan, Diquark condensates and the magnetic field of pulsars, astro-ph/9904395.

[41] M. Alford, J. Berges and K. Rajagopal, Magnetic flux within color superconducting neutron star cores, hep-ph/9910254.

[42] D. Blaschke, T. Klähn, and D. N. Voskresensky, Diquark Condensates and Compact Star Cooling, astro-ph/9908334.

[43] A. R. Bodmer, Phys. Rev. D 4 (1971) 1601. [44] E. Witten, Phys. Rev. D 30 (1984) 272.

[45] H. Terazawa, INS-Report-338 (INS, Univ. of Tokyo, 1979); J. Phys. Soc. Japan, 58 (1989) 3555; 58 (1989) 4388; 59 (1990) 1199.

[46] J. Madsen, Phys. Rev. Lett. 61 (1988) 2909.

[47] J. Madsen, Physics and Astrophysics of Strange Quark Matter, Proc. of the 2nd International Conference on Physics and Astrophysics of Quark-Gluon Plasma, ed. by B. Sinha, Y. P. Viyogi, and S. Raha (World Scientific, Singapore, 1994) p. 186.

[48] J. Madsen, AIP Conference Proc. 412, Big Sky, Montana, 1997, ed. by T. W.

Donnelly (American Institute of Physics, New York, 1997) p. 999. [49] C. Alcock, E. Farhi, and A. V. Olinto, Astrophys. J. 310 (1986) 261. [50] P. Haensel, J. L. Zdunik, and R. Schaeffer, Astron. & Astrophys. 160 (1986) 121.

[51] C. Alcock and A. V. Olinto, Ann. Rev. Nucl. Part. Sci. 38 (1988) 161. [52] J. L. Friedman, How fast can pulsars spin?, in: General relativity and gravitation, ed. by N. Ashby, D. F. Bartlett, and W. Wyss (Cambridge University Press, Cambridge, 1990).

[53] R. R. Caldwell and J. L. Friedman, Phys. Lett. 264B (1991) 143. [54] N. K. Glendenning and F. Weber, Astrophys. J. 400 (1992) 647. [55] R. Klingenberg, Strange Quark Matter Searches, to appear in J. Phys. G: Nucl.

Part. Phys. (1999).

[56] F. Weber and N. K. Glendenning, Quark Deconfinement inside Rotating Neutron Stars.

[57] R. X. Xu, G. J. Qiao, and B. Zhang, PSR 0943+10: A Bare Strange Star?,

astro-ph/9907132.

[58] K. S. Cheng and Z. G. Dai, Phys. Rev. Lett. 77 (1996) 1210; 80 (1998) 18. [59] V. V. Usov, Phys. Rev. Lett. 80 (1998) 230. [60] F. Weber and M. K. Weigel, Nucl. Phys. A505 (1989) 779. [61] H. Huber, F. Weber, M. K. Weigel, and Ch. Schaab, Int. J. Mod. Phys. E 7, No.

3 (1998) 301.

[62] H. Umeda, K. Nomoto, S. Tsuruta, T. Muto, and T. Tatsumi, Neutron Star Cooling and Pion Condensation, in: The Structure and Evolution of Neutron Stars, ed. by D. Pines, R. Tamagaki, and S. Tsuruta (Addison-Wesley, New York, 1992) p. 406.

[63] R. C. Tolman, Phys. Rev. 55 (1939) 364.

[64] J. R. Oppenheimer and G. M. Volkoff, Phys. Rev. 55 (1939) 374. [65] J. L. Friedman, J. R. Ipser, and L. Parker, Astrophys. J. 304 (1986) 115.

[66] J. L. Friedman, J. R. Ipser, and L. Parker, Phys. Rev. Lett. 62 (1989) 3015. [67] K. Sato and H. Suzuki, Prog. Theor. Phys. (Tokyo) 81 (1989) 997. [68] N. K. Glendenning, Mod. Phys. Lett. A5 (1990) 2197.

[69] J. Madsen, How to identify a Strange Star, submitted to Phys. Rev. Lett. (August 1998).

[70] M. C. Miller, F. K. Lamb, and D. Psaltis, in: The Active X-Ray Sky, H. Bradt, F. Fiore, P. Giommi, and L. Scarsi (North-Holland, 1999).

[71] S. E. Thorsett and D. Chakrabarty, Astrophys. J. 512 (1999) 288. [72] L. Bildsten and C. Cutler, Astrophys. J. 449 (1995) 800. [73] P. Kaaret, E. Ford, and K. Chen, Astrophys. J. 480 (1997) L27. [74] M. C. Miller, F. K. Lamb, D. Psaltis, Astrophys. J. 508 (1998) 791. [75] Ch. Schaab and M. K. Weigel, Quasi Periodic Oscillations in Low Mass X- Ray Binaries and Constraints on the Equation of State of Neutron Star Matter,

astro-ph/9904211.

[76] M. Salgado, S. Bonazzola, E. Gourgoulhon, and P. Haensel, Astron. & Astrophys.

291 (1994) 155.

[77] G. B. Cook, S. L. Shapiro, S. A. Teukolsky, Astrophys. J. 422 (1994) 227. [78] G. B. Cook, S. L. Shapiro, S. A. Teukolsky, Astrophys. J. 424 (1994) 823. [79] Y. Eriguchi, I. Hachisu, and K. Nomoto, Mon. Not. R. Astron. Soc. 266 (1994) 179.

[80] R. Ruffini, in: Physics and Astrophysics of Neutron Stars and Black Holes (North-Holland, Amsterdam, 1978) p. 287.

[81] G. E. Brown and H. A. Bethe, Astrophys. J. 423 (1994) 659. [82] H. A. Bethe and G. E. Brown, Astrophys. J. 445 (1995) L129. [83] D. Blaschke, D. M. Sedrakian, and K. M. Shahabasyan, Deconfinement transition in rotating compact stars astro-ph/9903489.

[84] A. Burrows and J. M. Lattimer, Astrophys. J. 307 (1986) 178. [85] Ch. Schaab, A. Sedrakian, F. Weber, and M. K. Weigel, Astron. & Astrophys.

346 (1999) 465.