arXiv:astro-ph/0604422 v1 20 Apr 2006

April 20, 2006 6:5 WSPC/INSTRUCTION FILE iwara05˙FWeber

International Journal of Modern Physics D © World Scientific Publishing Company

Strangeness in Neutron Stars

FRIDOLIN WEBER^∗, ALEXANDER HO^†, RODRIGO P. NEGREIROS^‡, PHILIP ROSENFIELD^§ Department of Physics, San Diego State University, 5500 Campanile Drive San Diego, California 92182-1233, USA

Received Day Month Year Revised Day Month Year Communicated by Managing Editor

It is generally agreed on that the tremendous densities reached in the centers of neutron stars provide a high-pressure environment in which several intriguing particles processes may compete with each other. These range from the generation of hyperons to quark deconfinement to the formation of kaon condensates and H-matter. There are theoretical suggestions of even more exotic processes inside neutron stars, such as the formation of absolutely stable strange quark matter. In the latter event, neutron stars would be largely composed of strange quark matter possibly enveloped in a thin nuclear crust. This paper gives a brief overview of these striking physical possibilities with an emphasis on the role played by strangeness in neutron star matter, which constitutes compressed baryonic matter at ultra-high baryon number density but low temperature which is no accessible to relativistic heavy ion collision experiments.

Keywords: neutron stars; quark stars; strangeness.

1. Introduction

Neutron stars, spotted as pulsars by radio telescopes and x-ray satellites, are among the most fascinating objects in the Universe. They are more massive 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 inside atomic nuclei^{1,2,3}. At such extreme densities 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. Figure 1 summarizes the situation graphically^{2,4}. The strangeness-carrying s quark is likely to play a key for the composition of neutron star matter, since several potential building blocks of such matter contain s quarks

∗fweber@sciences.sdsu.edu †aho@rohan.sdsu.edu ‡negreiro@sciences.sdsu.edu §philrose@sciences.sdsu.edu 1

2 F. Weber et al.

as one of their constituents. Examples of which are the Λ, Σ and Ξ hyperons, the K^− meson, and the H-dibaryon. First and foremost, strangeness may also exist in the form of unconfined s quarks, which could populate, in chemical equilibrium with u and d quarks and/or hadrons, extended regions inside neutron stars. This paper aims at giving a brief overview of the possible manifestations of strangeness inside neutron stars.

2. Proposed Particle Compositions

2.1. Hyperons

Only in the most primitive conception, a neutron star is constituted from neutrons. At a more accurate representation, neutron stars will contain neutrons, n, and a small number of protons, p, whose charge is balanced by leptons, e^−, μ^−. At the densities that exist in the interiors of neutron stars, the neutron chemical potential, μ^n, easily exceeds the mass of the Λ so that neutrons would be replaced with Λ hyperons. From the threshold relation μ^n = μ^Λ it follows that this would happen for neutron Fermi momenta greater than k_{Fn} ∼ 3 fm^{−1}. Such Fermi momenta correspond to densities of just ∼ 2ρ_0, with ρ_0 = 0.16 fm^{−3} the baryon number density of infinite nuclear matter. Hence, in addition to nucleons and electrons, neutron

Fig. 1. Competing structures and novel phases of subatomic matter predicted by theory to make their appearances in the cores (R<_∼8 km) of neutron stars^4.

Strangeness in Neutron Stars 3

stars may be expected to contain considerable populations of strangeness-carrying Λ hyperons, possibly accompanied with somewhat smaller populations of Σ and Ξ hyperons^5. The total hyperon population may be as large as 20%^5.

2.2. Meson condensates and nucleon matter

The condensation of negatively charged mesons in neutron star matter is favored because such mesons would replace electrons with very high Fermi momenta. Early estimates predicted the onset of a negatively charged pion condensate at around 2ρ_0 (see, for instance, Ref. 6). However, these estimates are very sensitive to the strength of the effective nucleon particle-hole repulsion in the isospin T = 1, spin S = 1 channel, described by the Landau Fermi-liquid parameter g^′, which tends to suppress the condensation mechanism^7. Measurements in nuclei tend to indicate that the repulsion is too strong to permit condensation in nuclear matter^{8,9}. Nevertheless, some authors argue to the contrary in the case of neutron star matter^{10,11}. In the mid 1980s it was discovered that the in-medium properties of K^− mesons may be such that they could condense in neutron star matter as well^{12,13,14}. Pion as well as kaon condensates would have two important effects on neutron stars. Firstly,

Table 1. Properties of non-rotating neutron stars composed of nucleons and hyperons (HV), nucleons, hyperons, and normal quarks (G^{B180}_{300} ), and nucleons, hyperons, and color-superconducting quarks (CFL).

Stellar property HV G^{B180}_{300} CFL

ϵ_c (MeV/fm^3 ) 361.0 814.3 2300.0 M (M_⊙) 1.39 1.40 1.36 R (km) 14.1 12.2 9.0 Z 0.1889 0.2322 0.3356 g_{s,14} (cm/s^2 ) 1.1086 1.5447 3.0146 BE (M_⊙) 0.0937 0.1470 0.1534

condensates soften the equation of state above the critical density for onset of condensation, which reduces the maximal possible neutron mass. At the same time, however, the central stellar density increases, because of the softening. Secondly, meson condensates would lead to neutrino luminosities which are considerably enhanced over those of normal neutron star matter. This would speed up neutron star cooling considerably^{15}. The condensation of K^− mesons in neutron stars is initiated by the reaction

e^− → K^− + ν , (1)

which is shorthand for p + e^− → n + ν and n → p + K^−. If this reaction becomes possible in a neutron star, it is energetically advantageous for the star to replace the fermionic electrons with the bosonic K^− mesons. Whether or not this happens depends on the behavior of the K^− mass in neutron star matter. Experiments which

4 F. Weber et al.

shed light on the properties of the K^− in nuclear matter have been performed with the Kaon Spectrometer (KaoS) and the FOPI detector at the heavy-ion synchrotron SIS at GSI^{16,17,18,19,20}. An analysis of the early K^− kinetic energy spectra extracted from Ni+Ni collisions^{16} showed that the attraction from nuclear matter would 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 − 1 5 ρ ρ_0 ) (2) was established^{21,22,23}, 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^{2,5} so that the threshold condition for the onset of K^− condensation, μ^e = m^∗_K , which follows from Eq. (1), could be fulfilled in the centers of neutron stars. Equation (1) is followed by

n → p + K^− , (3)

with the neutrinos again 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^{24}. 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 description as nucleon stars. The maximal possible mass of nucleon stars, where Eq. (3) has gone to completion, has been calculated to be around 1.5 M_⊙^{15}. Consequently, the collapsing core of a supernova (e.g. 1987A), if heavier than this value, should go into a black hole rather than forming a neutron star^{21,22,25}. Another striking implication, pointed out by Brown and Bethe, would be the existence of a large number of low-mass black holes in our galaxy^{25}.

2.3. H-dibaryons

A novel particle that could make its appearance in the center of a neutron star is Jaffe’s H-dibaryon, a doubly strange six-quark composite with spin and isospin zero, and baryon number two^{26}. In neutron star matter, 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 and 6 ϵ_0, depending on the in-medium properties of the H-dibaryon. H-matter could thus exist in the cores of moderately dense neutron stars^{27,28,29}. If formed, however, H-matter may not remain dormant in the centers but, because of its instability against compression, could trigger the conversion of neutron stars into hypothetical strange stars^{29,30,31}.

2.4. Quark deconfinement

It has been suggested already many decades ago^{32,33,34,35,36,37,38} that neutrons, protons plus the heavier constitutes (Σ, Λ, Ξ, Δ) may melt under the enormous

Strangeness in Neutron Stars 5

pressure that exists in the cores of neutron stars, creating a new state of matter know as quark matter. 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 either. From simple geometrical considerations it follows that nuclei begin to touch each other at densities around (4πr^3_N /3)^{−1} ≃ 0.24 fm^{−3} = 1.5 ρ_0 (less than twice the density of nuclear matter!) for a characteristic nucleon radius of r_N ∼ 1 fm. This figure increases to ∼ 11 ρ_0 for a nucleon radius of r_N = 0.5 fm. One may thus expect that the nuclear boundaries of hadrons in the cores of neutron stars begin to dissolve at densities somewhere between ∼ 2 − 10 ρ_0 and that the quarks, originally confined into these hadrons, begin to populate free states outside of them. 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 of canonical mass, as can be seen from Fig. 2 and Tables 1 and 2^{39}, so that the neutrons and protons in the centers of neutron stars may indeed have been broken up into their constituent quarks by gravity^{40}. More than that, since the mass of the strange quark is only m_s ∼ 150 MeV, high-energetic up and down quarks will readily transform to strange quarks at about the same density at which up and down quark deconfinement sets^{4,41,42}, giving way to the existence of three-flavor quark matter in the centers of neutron stars^{1,2,40,43}. We also note that in contrast to relativistic heavy ion collisions, which can only provide a fleeting glimpse of quark matter, neutron stars would contain quark matter as a permanent component of matter in their centers. Whether or not quark deconfinement exists in static (non-rotating) neutron stars makes only very little difference to their properties, such as the range of possible masses and radii, which renders the detection of quark matter in such objects extremely complicated. This turns out to be strikingly different for rotating neutron stars which develop quark matter cores in the course of spin-down. The reason being that as such stars spin down, because of the emission of magnetic dipole radiation and a wind of electron-positron pairs, they become more and more compressed. 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 the dissolution of baryons into their quark constituents. This could effect the star’s moment of inertia dramatically^{43}. Depending on the rate at which quark matter is produced, the moment of inertia can decrease very anomalously, and could even introduce an era of stellar spin-up (“backbending”) lasting for ∼ 10^8 years^{43}. Since the dipole age of millisecond pulsars is about 10^9 years, one may estimate that roughly about 10% of the ∼ 30 solitary millisecond pulsars presently known could be in the quark transition epoch and thus could be signaling the ongoing process of quark deconfinement. Changes in the moment of inertia reflect themselves in the braking index, n, of a rotating neutron star, as can be seen from^{4,43,44}

n(Ω) ≡ Ω Ω̈ Ω̇2 = 3 −

I + 3 I^′ Ω + I^{′′} Ω^2 I + I^′ Ω → 3 − 3 I^′ Ω + I^{′′} Ω^2 2 I + I^′ Ω (4)

April 20, 2006 6:5 WSPC/INSTRUCTION FILE iwara05˙FWeber

6 F. Weber et al.

Fig. 2. Central density versus rotational frequency for several sample neutron stars^2. The stars’ baryon number, A, is constant in each case. Theory predicts that the interior stellar density could become so great that the threshold densities of various novel phases of superdense matter are reached. ϵ_0 = 140 MeV/fm^3 denotes the density of nuclear matter, Ω_K is the Kepler frequency, and M (0) is the stars’ mass at zero rotation.

Fig. 3. Spread of central density (in units of the density of nuclear matter, ϵ_0 = 140 MeV/fm^3) of non-rotating neutron stars for a broad collection of modern equations of state^{2,4}. The very wide density range of the 1.42 M_⊙ solar mass model has its origin in quark deconfinement.

where dots and primes denote derivatives with respect to time and Ω, respectively. The last relation in (4) constitutes the non-relativistic limit of the braking index^{45}.

Strangeness in Neutron Stars 7

Table 2. Same as Table 1 but for neutron stars rotating at the Kepler frequency, ν_K .

Stellar property HV G^{B180}_{300} CFL ν_K = 850 Hz ν_K = 940 Hz ν_K = 1400 Hz

ϵ_c (MeV/fm^3) 280.0 400.0 1100.0 I (km^3) 223.6 217.1 131.8 M (M_⊙) 1.39 1.40 1.41 R (km) 17.1 16.0 12.6 Z_p 0.2374 0.2646 0.3618 Z_F −0.1788 −0.1817 −0.2184 Z_B 0.6046 0.6502 0.9190 g_{s,14 (cm/s}2_) 0.7278 0.8487 1.4493 T /W 0.0894 0.0941 0.0787 BE (M_⊙) 0.0524 0.1097 0.1203 V_{eq}/c 0.336 0.353 0.424

It is obvious that these expressions reduce to the canonical limit, n = 3, if the moment of inertia is completely independent of frequency. Evidently, this is not the case for rapidly rotating neutron stars, and it fails for stars that experience pronounced internal changes (as possibly driven by phase transitions) which alter the moment of inertia significantly. In Ref. 45 it was shown that the changes in the moment of inertia caused by the gradual transformation of hadronic matter into quark matter may lead to n(Ω) → ±∞ at the transition frequency where pure quark matter is produced. Such dramatic anomalies in n(Ω) are not known for conventional neutron stars (see, however, Ref. 46), because their moments of inertia appear to vary smoothly with Ω.^2 The future astrophysical observation of a strong anomaly in the braking behavior of a pulsar may thus indicate that quark deconfinement is occurring at the pulsar’s center.

Accreting x-ray neutron stars provide a very interesting contrast to the spindown of isolated neutron stars discussed just above. These x-ray neutron stars are being spun up by the accretion of matter from a lower-mass (M <_∼ 0.4M_⊙), lessdense companion. If the critical deconfinement density falls within that of canonical pulsars, quark matter will already exist in them but will be spun out of x-ray stars as their frequency increases during accretion^{47,48}.

2.5. Color superconductivity

There has been much recent progress in our understanding of quark matter, culminating in the discovery that if quark matter exists it will be a color superconductor^{49,50}. The phase diagram of such matter is very complex. At asymptotic densities the ground state of QCD with a vanishing strange quark mass is the color-flavor locked (CFL) phase. This phase is electrically neutral in bulk for a significant range of chemical potentials and strange quark masses^{51}. If the strange quark mass is heavy enough to be ignored, then up and down quarks may pair in the two-flavor superconducting (2SC) phase. Other possible condensation patters

8 F. Weber et al.

are the CFL–K^0 phase^{52} and the color-spin locked (2SC+s) phase^{53}. Depending on the condensation pattern, the magnitude of the supefluid gap energy ranges from several keV’s to about one hundred MeV. Color superconductivity has been shown to have consequences for a number of astrophysical phenomena ranging from neutron star cooling, to the arrival times of supernova neutrinos, to the evolution of neutron star magnetic fields, rotational (r-mode) instabilities, and glitches in rotation frequencies of pulsar^{49,50,54,55,56,57}. Aside from neutron star properties, an additional test of color superconductivity may be provided by upcoming cosmic ray space experiments such as AMS^{58} and ECCO^{59}. As shown in Ref. 60, finite lumps of color-flavor locked strange quark matter, which should be present in cosmic rays if strange matter is the ground state of the strong interaction (see Sect. 3), turn out to be significantly more stable than strangelets without color-flavor locking for wide ranges of parameters. In addition, strangelets made of CFL strange matter obey a charge-mass relation of Z/A ∝ A^{−1/3}, which differs significantly from the charge-mass relation of strangelets made of ordinary strange quark matter. In the latter case, Z/A would be constant for small baryon numbers A and Z/A ∝ A^{−2/3} for large A^{60,61,62}. This difference may allow an experimental test of CFL locking in strange quark matter^{60}.

3. Absolutely Stable Strange Quark Matter

It is most intriguing that for strange quark matter made of more than a few hundred up, down, and strange quarks, the energy of strange quark matter may be well below the energy of nuclear matter, E/A = 930 MeV^{63,64,65}. A simple estimate indicates that for strange quark matter E/A = 4Bπ^2/μ^3, so that bag constants of B = 57 MeV/fm^3 (i.e. B^{1/4} = 145 MeV) and B = 85 MeV/fm^3 (B^{1/4} = 160 MeV) would place the energy per baryon of such matter at E/A = 829 MeV and 915 MeV, respectively, which correspond obviously to strange quark matter which is absolutely bound with respect to nuclear matter^{66,67,68}. If this were indeed the case, neutron star matter would be metastable with respect to strange quark matter, and all neutron stars could in fact be strange quark stars^{66,67,68}. As briefly described in Sect. 2.5, strange quark matter is expected to be a color superconductor which, at extremely high densities, should be in the CFL phase. This phase is rigorously electrically neutral with no electrons required^{51}. For sufficiently large strange quark masses, however, the low density regime of strange quark matter is rather expected to form a 2-flavor superconductor (2SC) in which electrons are present^{49,50}. The presence of electrons causes the formation of an electric dipole layer on the surface of strange matter, with huge electric fields on the order of 10^{19} V/cm, which enables strange quark matter stars to be enveloped in nuclear crusts made of ordinary atomic matter^{42,69,70,71}. The maximal possible density at the base of the crust (inner crust density) is determined by neutron drip, which occurs at about 4 × 10^{11} g/cm^3 or somewhat below^{71}.

Since the nuclear crust surrounding a strange star would be bound to the star by

Strangeness in Neutron Stars 9

gravity rather than confinement, the mass-radius relationship of a strange matter star with a nuclear would be qualitatively similar to the one of purely gravitationally bound neutron stars or white dwarfs. The fact that strange stars with crusts tend to possess somewhat smaller radii than neutron stars leads to smaller mass shedding (Kepler) periods P_K for strange stars. This is obvious from the classical mass shedding expression P_K = 2π √ R^3/M which carries over to the full general relativistic case^2. It was found that due to the smaller radii of strange stars the complete sequence of such objects (and not just those close to the mass peak, as is the case for neutron stars) can sustain extremely rapid rotation well below 1 ms^{72}. In particular, strange stars with a canonical pulsar mass of around 1.45 M_⊙ have Kepler periods in the range of 0.55 ms<_∼P_K<_∼ 0.8 ms, depending on the thickness of the nuclear curst and the bag constant^{72,73}. This range is to be compared with P_K ∼ 1 ms obtained for standard neutron stars of the same mass computed for standard equations of state.

The fact that strange stars can carry nuclear crusts is key to reconcile strange stars with superbursts and soft x-ray transient phenomenology^{74}.

4. Effects of a Net Electric Charge Distributions on the Equation of State of Relativistic Stars

As pointed out just above, the electric field that may exist on the surface of a strange quark star would be as high as 10^{19} V/cm^{75}.^a The energy density associated with such ultra-high fields begins to have an influence one the curvature of space as determined by Einstein’s field equation^{76,77,78},

G_ν^μ = R_ν^μ − 1 2 g_ν^μR = 8πG c^4

T_ν^μ , (5)

where G_ν^μ is the Einstein tensor, R_ν^μ the Ricci tensor, g_ν^μ the metric tensor, R the Ricci scalar, and G_ν^μ the energy-momentum tensor. In the following, we will discuss briefly how the equation of state of a compact star is modified by the presence of an ultra-strong interior electric field. The consequences for strange stars, where the electric field is located on the surface, are explored in a paper that is currently under preparation^{79}. Our preliminary results indicate that, depending of the amount of electric charge, the strange star structure and specifically the massradius relationship might be drastically modified. For the study presented here we adopt a polytropic equation of state to model the compact star^{76}. First we will briefly present the structure equations for a electrically charged star and then show how the polytropic equation of state is modified by the presence of charge.

aSuch ultra-high fields would make the vacuum unstable in free space. The Pauli principle, however, prevents this from happening on the surface of a strange star.

10 F. Weber et al.

Fig. 4. Influence of electric charge on the pressure profiles of compact stars.

4.1. Energy-momentum tensor We want to maintain spherical symmetry of the star. Thus the natural choice for the metric is ds^2 = e^{ν(r)}c^2dt^2 − e^{λ(r)}dr^2 − r^2(dθ^2 + sin^2 θdϕ^2) . (6) The energy-momentum tensor of the star consists of two terms, the standard term which describes the star’s matter as a perfect fluid and the electromagnetic term, T_ν μ = (p + ρc^2)u_ν u^μ + pδ_ν^μ + 1 4π [ F^{μl}F_{νl} + 1 4π δ^μ_ν F_{kl}F^{kl} ] , (7) where the components F^{νμ} satisfy the covariant Maxwell equations, [(−g)^{1/2}F^{νμ}]_{,μ} = 4πJ^ν(−g)^{1/2}, (8) where J^ν is the four-current. Imposing that in last equation the only non-vanishing term is the radial component, one obtains for the electric field F^{01}(r) = E(r) = e^{−(ν+λ)/2} r^{−2} ∫_r 0 4πj^0e^{(ν+λ)/2}dr^′ . (9) From last equation we can define the charge of the system as Q(r) = ∫_r 0 4πj^0r^{′2}e^{(ν+λ)/2}dr^′. (10) The electric field is then given by E(r) = e^{−(ν+μ)/2} r^{−2} Q(r) . (11)

Strangeness in Neutron Stars 11

With the aid of these relations the energy-momentum tensor takes the following form

T^μ_ν = − ( ϵ +^{Q2 (r)}_{8πr4} ) 0 0 0 0 p −^{Q2(r)}_{8πr4} 0 0 0 0 p +^{Q2 (r)}_{8πr4} 0 0 0 0 p +^{Q2(r)}_{8πr4}

. (12)

Substituting this relation into Einstein’s field equation (5) one arrives at e^{−λ} ( − 1 r^2 + 1 r dλ dr ) + 1 r^2 = 8πG c^4 ( p − Q^2(r) 8πr^4 ) , (13) e^{−λ} ( 1 r dν dr + 1 r^2 ) − 1 r^2 = − 8πG c^4 ( ϵ + Q^2(r) 8πr^4 ) . (14)

The solution for the metric function λ(r) is given by

e^{−λ} = 1 − Gm(r) rc^2 + GQ^2 r^2c^4

. (15)

The first two terms on the right-hand-side of this relation correspond to electrically neutral stars, while the third term originates from the net electric charge distribution inside the star. Using Eq. (15) together with Eqs. (13) and (14) we arrive at an equation for the mass of the star within a spherical shell of radius, m(r), dm(r) dr = 4πr^2 c^2 ϵ + Q(r) c^2r dQ(r) dr . (16)

The first term on the right-hand-side is the standard result for the gravitational mass of electrically uncharged stars, while the second term accounts for the mass change that originates from the electric field.

4.2. Tolman-Oppenheimer-Volkoff equation The equation of general relativistic hydrostatic equilibrium, known as the Tolman- Oppenheimer-Vokoff (TOV) equation, are obtained after imposing T_ν^μ_{;μ} = 0. This leads to the dp dr = − 2G ( m(r) +^{4πr3}_{c2} ( p −^{Q2(r)} 4πr^4c^2 ))

c^2r^2 ( 1 −^{2Gm(r)}_{c2r} +^{GQ2 (r)}_{r2c4}

) (p + ϵ) + Q(r) 4πr^4 dQ(r) dr . (17)

This completes the derivation of the structure equations of a electrically charged compact star. Before we go ahead and solve the TOV equation, we need to make an assumption for the charge distribution inside the star. Only then the problem is fully defined. Here we will follow the approach of Ref. 76, 80 and assume that the charge distribution is proportional to the energy density,

j^0(r) = f × ϵ , (18)

12 F. Weber et al.

where f is a constant which essentially controls the amount of net electric charge carried by the star. Adopting as initial and boundary conditions of the problem the following values,

ϵ(0) = 1550 MeV/fm^3 Q(0) = 0, (19) m(0) = 0, λ(0) = 0, (20) ν(0) = 0, p(R) = 0 , (21)

the properties of five different charged sample stars are compiled in Table 3. As one might expect, both mass and radius of a compact star increase with net electric stellar charge. These features have their origin in the repulsive pressure force introduced into the system by the electric field. Figure 4 shows that in stellar configurations with higher electric charge, the pressure drops at a slower rate, leading to bigger and therefore more massive stars. In Fig. 5 we show the effective (baryonic and electric) equation of state of an electrically charged compact star. The solid line

Fig. 5. Influence of electric charge distribution on the equation of state of a compact star.

is for electrically neutral (uncharged) stars computed for the polytropic equation of state. The other curves are for stars with successively increasing charges. Charges

Table 3. Results

f M (M_⊙) Radius (km) Charge (×10^{17} C)

0.0 1.428 11.85 0 0.0001 1.439 11.879 260.95 0.0005 1.742 12.559 1551.33 0.0008 2.548 14.026 3488.01 0.001 4.156 16.364 6727.17

Strangeness in Neutron Stars 13

on this order of magnitude may exist in the surface region of strange stars which, as already mentioned above, is currently under investigation^{79}.

5. Summary

It is often stressed that there has never been a more exciting time in the overlapping areas of nuclear physics, particle physics and relativistic astrophysics than today. This comes at a time where new orbiting observatories such as the Hubble Space Telescope (HST), Rossi X-ray Timing Explorer, Chandra X-ray satellite, and the Xray Multi Mirror Mission (XMM) have extended our vision tremendously, allowing us to observe compact star phenomena with an unprecedented clarity and angular resolution that previously were only imagined. On the Earth, radio telescopes (Arecibo, Green Bank, Parkes, VLA) and instruments using adaptive optics and other revolutionary techniques have exceeded previous expectations of what can be accomplished from the ground. Finally, the gravitational wave detectors LIGO, LISA, and VIRGO are opening up a window for the detection of gravitational waves emitted from compact stellar objects such as neutron stars and black holes. This unprecedented situation is providing us with key information on compact stars. As discussed in this paper, a key role in compact star physics is played by strangeness. It alters the masses, radii, cooling behavior, and surface composition of neutron stars, and may even give rise to new classes (strange stars, strange dwarfs) of compact stars. Other important observables may be the spin evolution of isolated neutron stars and neutron stars in low-mass x-ray binaries. All told, these observables are key in exploring the phase diagram of dense nuclear matter at high baryon number density but low temperature, which is not accessible to relativistic heavy ion collision experiments.

Acknowledgments

6. References

The research of F. Weber is supported by the National Science Foundation under Grant PHY-0457329, and by the Research Corporation.

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. A. Sedrakian, The physics of dense hadronic matter and compact stars, to apper in Prog. Part. Nucl. Phys, nucl-th/0601086 4. F. Weber, Prog. Part. Nucl. Phys. 54 (2005) 193, (astro-ph/0407155). 5. N. K. Glendenning, Astrophys. J. 293 (1985) 470.

April 20, 2006 6:5 WSPC/INSTRUCTION FILE iwara05˙FWeber

14 F. Weber et al.

6. G. Baym, Neutron Stars and the Physics of Matter at High Density, in: Nuclear Physics with Heavy Ions and Mesons, Vol. 2, Les Houches, Session XXX, ed. by R. Balian, M. Rho and G. Ripka (North-Holland, Amsterdam, 1978) p. 745.

7. S.-O. Bäckman and W. Weise, Pion condensation and the pion-nuclear interaction, in: Mesons in Nuclei, Vol. III, ed. by M. Rho and D. Wilkinson (North-Holland, Amsterdam, 1979) p. 1095.

8. S. Barshay and G. E. Brown, Phys. Lett. 47B (1973) 107.

9. G. E. Brown, K. Kubodera, D. Page, and P. Pizzochero, Phys. Rev. D 37 (1988) 2042. 10. T. Tatsumi and T. Muto, in: Nuclei in the Cosmos, ed. by H. Oberhummer and C.

Rolfs (Springer-Verlag, Berlin, 1991).

11. 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.

12. D. B. Kaplan and A. E. Nelson, Phys. Lett. 175B (1986) 57; ibid. Nucl. Phys. A479 (1988) 273.

13. G. E. Brown, K. Kubodera, and M. Rho, Phys. Lett. 192B (1987) 273. 14. C.-H. Lee and M. Rho, Kaon condensation in dense stellar matter, Proc. of the International Symposium on Strangness and Quark Matter, ed. by G. Vassiliadis, A. Panagiotou, B. S. Kumar, and J. Madsen (World Scientific, Singapore, 1995) p. 283.

15. V. Thorsson, M. Prakash, and J. M. Lattimer, Nucl. Phys. A572 (1994) 693. 16. R. Barth et al., Phys. Rev. Lett. 78 (1997) 4007. 17. P. Senger, Nucl. Phys. A685 (2001) 312c. 18. C. Sturm et al., Phys. Rev. Lett. 86 (2001) 39. 19. A. Devismes, J. Phys. G: Nucl. Part. Phys. 28 (2002) 1591. 20. Ch. Fuchs, Prog. Part. Nucl. Phys. 56 (2006) 1.

21. G. Q. Li, C.-H. Lee, and G. E. Brown, Nucl. Phys. A625 (1997) 372. 22. G. Q. Li, C.-H. Lee, and G. E. Brown, Phys. Rev. Lett. 79 (1997) 5214. 23. G. E. Brown, Phys. Bl. 53 (1997) 671.

24. 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.

25. G. E. Brown and H. A. Bethe, Astrophys. J. 423 (1994) 659. 26. R. L. Jaffe, Phys. Lett. 38 (1977) 195.

27. N. K. Glendenning and J. Schaffner-Bielich, Phys. Rev. C 58 (1998) 1298. 28. R. Tamagaki, Prog. Theor. Phys. 85 (1991) 321.

29. T. Sakai, J. Mori, A. J. Buchmann, K. Shimizu, and K. Yazaki, Nucl. Phys. A625 (1997) 192.

30. A. Faessler, A. J. Buchmann, M. I. Krivoruchenko, and B. V. Martemyanov, Phys.

Lett. 391B (1997) 255.

31. A. Faessler, A. J. Buchmann, and M. I. Krivoruchenko, Phys. Rev. C 56 (1997) 1576. 32. D. D. Ivanenko and D. F. Kurdgelaidze, Astrophys. 1 (1965) 251. 33. H. Fritzsch, M. Gell–Mann, and H. Leutwyler, Phys. Lett. 47B (1973) 365. 34. G. Baym and S. Chin, Phys. Lett. 62B (1976) 241. 35. B. D. Keister and L. S. Kisslinger, Phys. Lett. 64B (1976) 117. 36. G. Chapline and M. Nauenberg, Phys. Rev. D 16 (1977) 450. 37. W. B. Fechner and P. C. Joss, Nature 274 (1978) 347.

38. G. Chapline and M. Nauenberg, Ann. New York Academy of Sci. 302 (1977) 191. 39. F. Weber, A. Torres i Cuadrat, A. Ho, and P. Rosenfield, (astro-ph/0602047). 40. F. Weber, J. Phys. G: Nucl. Part. Phys. 25 (1999) R195. 41. N. K. Glendenning, Phys. Rev. D 46 (1992) 1274.

April 20, 2006 6:5 WSPC/INSTRUCTION FILE iwara05˙FWeber

Strangeness in Neutron Stars 15

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

43. N. K. Glendenning, S. Pei, and F. Weber, Phys. Rev. Lett. 79 (1997) 1603. 44. N.K. Spyrou and N. Stergioulas, Astron. & Astrophys. 395 (2002) 151. 45. N. K. Glendenning and S. Pei, Phys. Rev. C 52 (1995) 2250. 46. J. L. Zdunik, P. Haensel and M. Bejger, Astron. & Astrophys. 441 (2005) 207. 47. N. K. Glendenning and F. Weber, Signal of Quark Deconfinement in Millisecond Pulsars and Reconfinement in Accreting X-ray Neutron Stars, Lecture Notes in Physics 578, (Springer-Verlag, Berlin, 2001), p. 305.

48. N. K. Glendenning and F. Weber, Astrophys. J. 559 (2001) L119. 49. 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).

50. M. Alford, Ann. Rev. Nucl. Part. Sci. 51 (2001) 131. 51. K. Rajagopal and F. Wilczek, Phys. Rev. Lett. 86 (2001) 3492. 52. P. F. Bedaque and T. Schäfer, Nucl. Phys. A697 (2002) 802. 53. T. Schäfer, Phys. Rev. D 62 (2000) 094007. 54. K. Rajagopal, Acta Physica Polonica B 31 (2000) 3021.

55. M. Alford, J. A. Bowers, and K. Rajagopal, Phys. Rev. D 63 (2001) 074016. 56. M. Alford, J. A. Bowers, and K. Rajagopal, J. Phys. G 27 (2001) 541. 57. D. Blaschke, D. M. Sedrakian, and K. M. Shahabasyan, Astron. & Astrophys. 350 (1999) L47.

58. The AMS home page is http://ams.cern.ch.

59. Information about ECCO can be found at http://ultraman.berkeley.edu. 60. J. Madsen, Phys. Rev. Lett. 87 (2001) 172003.

61. Strange Quark Matter in Physics and Astrophysics, Proc. of the International Workshop, ed. by J. Madsen and P. Haensel, Nucl. Phys. B (Proc. Suppl.) 24B (1991).

62. J. Madsen, Lecture Notes in Physics 516 (1999) 162. 63. A. R. Bodmer, Phys. Rev. D 4 (1971) 1601. 64. E. Witten, Phys. Rev. D 30 (1984) 272.

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

66. J. Madsen, Phys. Rev. Lett. 61 (1988) 2909.

67. 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.

68. J. Madsen, AIP Conference Proc. 412, Big Sky, Montana, 1997, ed. by T. W. Donnelly (American Institute of Physics, New York, 1997) p. 999.

69. C. Alcock, E. Farhi, and A. V. Olinto, Astrophys. J. 310 (1986) 261. 70. C. Alcock and A. V. Olinto, Ann. Rev. Nucl. Part. Sci. 38 (1988) 161. 71. M. Stejner and J. Madsen, Phys. Rev. D 72 (2005) 123005. 72. N. K. Glendenning, Ch. Kettner, and F. Weber, Astrophys. J. 450 (1995) 253. 73. N. K. Glendenning and F. Weber, Astrophys. J. 400 (1992) 647. 74. M. Stejner and J. Madsen, (astro-ph/0603566). 75. V. V. Usov, Phys. Rev. D 70 (2004) 067301.

76. M. Malheiro, R. Picanço, S. Ray, J. P. S. Lemos, and V. T. Zanchin, Int. J. Mod.

Phys. D 13 (2004) 1375.

77. J. D. Bekenstein, Phys. Rev. D 4 (1971) 2185.

78. F. de Felice, Y. Yu, and Z. Fang, Mon. Not. R. Astron. Soc. 277 (1995) L17. 79. R. P. Negreiros and F. Weber, Impact of electric surface fields on the structure of strange stars, in preparation (2006).

April 20, 2006 6:5 WSPC/INSTRUCTION FILE iwara05˙FWeber

16 F. Weber et al.

80. S. Ray, A. L. Espíndola, M. Malheiro. J. P. S. Lemos, and V. T. Zanchin, Phys. Rev.

D 68 (2003) 084004.