arXiv:hep-ph/0009357 29 Sep 2000

Color Superconductivity in Compact Stars?

Mark Alford^1, Jeffrey A. Bowers^2, and Krishna Rajagopal^2

1 Dept. of Physics and Astronomy, University of Glasgow, G12 8QQ, U.K. 2 Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA, USA 02139

Abstract. After a brief review of the phenomena expected in cold dense quark matter, color superconductivity and color-flavor locking, we sketch some implications of recent developments in our understanding of cold dense quark matter for the physics of compact stars. We give a more detailed summary of our recent work on crystalline color superconductivity and the consequent realization that (some) pulsar glitches may originate in quark matter.

1 Color Superconductivity and Color-Flavor Locking

Because QCD is asymptotically free, its high temperature and high baryon density phases are more simply and more appropriately described in terms of quarks and gluons as degrees of freedom, rather than hadrons. The chiral symmetry breaking condensate which characterizes the vacuum melts away. At high temperatures, in the resulting quark-gluon plasma phase all of the symmetries of the QCD Lagrangian are unbroken and the excitations have the quantum numbers of quarks and gluons. At high densities, on the other hand, quarks form Cooper pairs and new condensates develop. The formation of such superconducting phases [1,2,3,4,5,6] requires only weak attractive interactions; these phases may nevertheless break chiral symmetry [5] and have excitations with the same quantum numbers as those in a confined phase [5,7,8,9]. These cold dense quark matter phases may arise in the cores of neutron stars; understanding this region

? To appear in the proceedings of the ECT Workshop on Neutron Star Interiors, Trento, Italy, June 2000. Shorter versions contributed to the proceedings of Strong and Electroweak Matter 2000, Marseille, France, June 2000 and to the proceedings of Strangeness 2000, Berkeley, CA, July 2000. KR was the speaker at all three meetings. We acknowledge helpful discussions with P. Bedaque, J. Berges, D. Blaschke, I. Bombaci, G. Carter, D. Chakrabarty, J. Madsen, C. Nayak, M. Prakash, D. Psaltis, S. Reddy, M. Ruderman, S.-J. Rey, T. Schäfer, A. Sedrakian, E. Shuryak, E. Shuster, D. Son, M. Stephanov, N. Stergioulas, I. Wasserman, F. Weber and F. Wilczek. KR thanks the organizers all three meetings named above for providing stimulating environments, thanks the organizers of SEWM2K for an excuse to visit Provence for the first time, and thanks the organizers of the Trento workshop for providing the venue within which many of the helpful discussions acknowledged above took place. This work is supported in part by the DOE under cooperative research agreement #DF-FC02-94ER40818. The work of JB was supported in part by an NDSEG Fellowship; that of KR was supported in part by a DOE OJI Award and by the A. P. Sloan Foundation. Preprint MIT-CTP-3028.

of the QCD phase diagram requires an interplay between QCD and neutron star phenomenology.

The relevant degrees of freedom in cold dense quark matter are those which involve quarks with momenta near the Fermi surface. At high density, where the quark number chemical potential μ (and hence the quark Fermi momentum) is large, the QCD gauge coupling g(μ) is small. However, because of the infinite degeneracy among pairs of quarks with equal and opposite momenta at the Fermi surface, even an arbitrarily weak attraction between quarks renders the Fermi surface unstable to the formation of a condensate of quark Cooper pairs. Creating a pair costs no free energy at the Fermi surface and the attractive interaction results in a free energy benefit. Pairs of quarks cannot be color singlets, and in QCD with two flavors of massless quarks, they form in the (attractive) color ¯3 channel in which the quarks in a Cooper pair are color-antisymmetric [1,2,3,4]. The resulting condensate creates a gap Δ at the Fermi surfaces of quarks with two out of three colors, but quarks of the third color remain gapless. Five gluons get a Meissner mass by the Anderson-Higgs mechanism [10]; a SU (2)_{color} subgroup remains unbroken. The Cooper pairs are flavor singlets and no flavor symmetries are broken. There is also an unbroken global symmetry which plays the role of U (1)_B . Thus, no global symmetries are broken in this 2SC phase. There must therefore be a phase transition between the hadronic and 2SC phases at which chiral symmetry is restored. This phase transition is first order [3,11,12,13] since it involves a competition between chiral condensation and diquark condensation [11,13].

In QCD with three flavors of massless quarks, the Cooper pairs cannot be flavor singlets, and both color and flavor symmetries are necessarily broken. The symmetries of the phase which results have been analyzed in [5,7]. The attractive channel favored by one-gluon exchange exhibits “color-flavor locking.” A condensate of the form ⟨ψ^{αa}_L ψ^{βb}_L ⟩ ∝ Δϵ^{αβA}ϵ^{abA} (1) involving left-handed quarks alone, with α, β color indices and a, b flavor indices, locks SU (3)_L flavor rotations to SU (3)_{color}: the condensate is not symmetric under either alone, but is symmetric under the simultaneous SU (3)_{L+color} rotations.^1 A condensate involving right-handed quarks alone locks SU (3)_R flavor rotations to SU (3)_{color}. Because color is vectorial, the combined effect of the LL and RR condensates is to lock SU (3)_L to SU (3)_R, breaking chiral symmetry.^2 Thus, in quark matter with three massless quarks, the SU (3)_{color} × SU (3)_L ×

1 It turns out [5] that condensation in the color ¯3 channel induces a condensate in the color 6 channel because this breaks no further symmetries [8]. The resulting condensates can be written in terms of κ1 and κ2 where ⟨ψ^{αa}_L ψ^{βb}_L ⟩ ∼ κ1δ^{αa}δ^{βb} + κ2δ^{αb} δ^{βa} . Here, the Kronecker δ’s lock color and flavor rotations. The pure color ¯3 condensate (1) has κ2 = −κ1.

2 Once chiral symmetry is broken by color-flavor locking, there is no symmetry argument precluding the existence of an ordinary chiral condensate. Indeed, instanton effects do induce a nonzero ⟨q̄q⟩ [5], but this is a small effect [14].

SU (3)_R×U (1)_B symmetry is broken down to the global diagonal SU (3)_{color+L+R} group. A gauged U (1) subgroup of the original symmetry group — a linear combination of one color generator and electromagnetism, which lives within SU (3)_L ×SU (3)_R — also remains unbroken. All nine quarks have a gap. All eight gluons get a mass [5,15]. There are nine massless Nambu-Goldstone bosons. All the quarks, all the massive vector bosons, and all the Nambu-Goldstone bosons have integer charges under the unbroken gauged U (1) symmetry, which therefore plays the role of electromagnetism. The CFL phase therefore has the same symmetries (and many similar non-universal features) as baryonic matter with a condensate of Cooper pairs of baryons [7]. This raises the possibility that quark matter and baryonic matter may be continuously connected [7].

Nature chooses two light quarks and one middle-weight strange quark, rather than three degenerate quarks. A nonzero m_s weakens condensates which involve pairing between light and strange quarks. The CFL phase requires ⟨us⟩ and ⟨ds⟩ condensates; such condensates which pair quarks with differing Fermi momenta can only exist if the resulting gaps are larger than of order m^2_s/2μ, the difference between u and s Fermi momenta in the absence of pairing. This means that upon increasing m_s at fixed μ, one must find a first-order unlocking transition [8,9]: for larger m_s only u and d quarks pair and the 2SC phase is obtained. For any m_s ≠ ∞, the CFL phase is the ground state at arbitrarily high density [8]. For large values of m_s, there is a 2SC interlude: as a function of increasing μ, one finds a first order phase transition at which hadronic matter is replaced by quark matter in the 2SC phase and a subsequent first order phase transition at a higher μ above which CFL quark matter takes over. For smaller values of m_s, the possibility of quark-hadron continuity [7] arises.^3

Much effort has gone into estimating the magnitude of the gaps in the 2SC and CFL phases, and the consequent critical temperature above which quark matter ceases to be superconducting. It would be ideal if this task were within the scope of lattice gauge theory. Unfortunately, lattice methods relying on importance sampling have to this point been rendered exponentially impractical at nonzero baryon density by the complex action at nonzero μ. There are more sophisticated algorithms which have allowed the simulation of theories which are simpler than QCD but which have as severe a fermion sign problem as that in QCD at nonzero chemical potential [16]. This bodes well for the future.^4 Given the current absence of suitable lattice methods, the mag-

3 Note that even if the strange and light quarks are not degenerate, the CFL phase may be continuous with a baryonic phase which is dense enough that the Fermi momenta of all the nucleons and hyperons are comparable; there must, however, be phase transition(s) between this hypernuclear phase and ordinary nuclear matter [8].

4 Note that quark pairing can be studied on the lattice in some models with fourfermion interactions and in two-color QCD [17]. The Nc = 2 case has also been studied analytically in Refs. [4,18]; pairing in this theory is simpler to analyze because quark Cooper pairs are color singlets. The Nc → ∞ limit of QCD is often one in which hard problems become tractable. However, the ground state of Nc = ∞ QCD is a chiral density wave, not a color superconductor [19]. At asymptotically high densities color superconductivity persists up to Nc’s of order thousands [20,21] nitude of the gaps in quark matter at large but accessible μ has been estimated using two broad strategies. The first class of estimates are done within the context of models whose parameters are chosen to reproduce zero density physics [3,4,11,5,8,9,13,14,23,24,25,22]. The second strategy for estimating gaps and critical temperatures is to use μ = ∞ physics as a guide. At asymptotically large μ, models with short-range interactions are bound to fail because the dominant interaction is due to the long-range magnetic interaction coming from single-gluon exchange [12,26]. The collinear infrared divergence in small angle scattering via one-gluon exchange (which is regulated by dynamical screening [26]) results in a gap which is parametrically larger at μ → ∞ than it would be for any point-like four-fermion interaction [26]. Weak coupling estimates of the gap [26,27,28,29,30,31,32,33,34,35,36,37,38] are valid at asymptotically high densities, with chemical potentials μ ≫ 10^8 MeV [37]. Neither class of methods can be trusted quantitatively for quark number chemical potentials μ ∼ 400 − 500 MeV, as appropriate for the quark matter which may occur in the cores of neutron stars. It is nevertheless satisfying that two very different approaches, one using zero density phenomenology to normalize models, the other using weak-coupling methods valid at asymptotically high density, yield predictions for the gaps and critical temperatures at accessible densities which are in good agreement: the gaps at the Fermi surface are of order tens to 100 MeV, with critical temperatures about half as large.

T_c ∼ 50 MeV is much larger relative to the Fermi momentum than in low temperature superconductivity in metals. This reflects the fact that color superconductivity is induced by an attraction due to the primary, strong, interaction in the theory, rather than having to rely on much weaker secondary interactions, as in phonon mediated superconductivity in metals. Quark matter is a high-T_c superconductor by any reasonable definition. Its T_c is nevertheless low enough that it is unlikely the phenomenon can be realized in heavy ion collisions.

2 Color Superconductivity in Compact Stars

Our current understanding of the color superconducting state of quark matter leads us to believe that it may occur naturally in compact stars. The critical temperature T_c below which quark matter is a color superconductor is high enough that any quark matter which occurs within neutron stars that are more than a few seconds old is in a color superconducting state. In the absence of lattice simulations, present theoretical methods are not accurate enough to determine whether neutron star cores are made of hadronic matter or quark matter. They also cannot determine whether any quark matter which arises will be in the CFL or 2SC phase: the difference between the u, d and s Fermi momenta will be a

before being supplanted by the phase described in Ref. [19]. At any finite Nc, color superconductivity occurs at arbitrarily weak coupling whereas the chiral density wave does not. For Nc = 3, color superconductivity is still favored over the chiral density wave (although not by much) even if the interaction is so strong that the color superconductivity gap is ∼ μ/2 [22].

few tens of MeV which is comparable to estimates of the gap Δ; the CFL phase occurs when Δ is large compared to all differences between Fermi momenta. Just as the higher temperature regions of the QCD phase diagram are being mapped out in heavy ion collisions, we need to learn how to use neutron star phenomena to determine whether they feature cores made of 2SC quark matter, CFL quark matter or hadronic matter, thus teaching us about the high density region of the QCD phase diagram. It is therefore important to look for astrophysical consequences of color superconductivity.

2.1 Equation of State

Much of the work on the consequences of quark matter within a compact star has focussed on the effects of quark matter on the equation of state, and hence on the radius of the star. As a Fermi surface phenomenon, color superconductivity has little effect on the equation of state: the pressure is an integral over the whole Fermi volume. Color superconductivity modifies the equation of state at the ∼ (Δ/μ)^2 level, typically by a few percent [3]. Such small effects can be neglected in present calculations, and for this reason we will not attempt to survey the many ways in which observations of neutron stars are being used to constrain the equation of state [39].

We will describe one current idea, however. As a neutron star in a low mass X-ray binary (LMXB) is spun up by accretion from its companion, it becomes more oblate and its central density decreases. If it contains a quark matter core, the volume fraction occupied by this core decreases, the star expands, and its moment of inertia increases. This raises the possibility [40] of a period during the spin-up history of an LMXB when the neutron star is gaining angular momentum via accretion, but is gaining sufficient moment of inertia that its angular frequency is hardly increasing. In their modelling of this effect, Glendenning and Weber [40] discover that LMXB’s should spend a significant fraction of their history with a frequency of around 200 Hz, while their quark cores are being spun out of existence, before eventually spinning up to higher frequencies. This may explain the observation that LMXB frequencies are clustered around 250-350 Hz [41], which is otherwise puzzling in that it is thought that LMXB’s provide the link between canonical pulsars and millisecond pulsars, which have frequencies as large as 600 Hz [42]. It will be interesting to see how robust the result of Ref. [40] is to changes in model assumptions and also how its predictions fare when compared to those of other explanations which posit upper bounds on LMXB frequencies [43], rather than a most probable frequency range with no associated upper bound [40]. We note here that because Glendenning and Weber’s effect depends only on the equation of state and not on other properties of quark matter, the fact that the quark matter must in fact be a color superconductor will not affect the results in any significant way. If Glendenning and Weber’s explanation for the observed clustering of LMXB frequencies proves robust, it would imply that pulsars with lower rotational frequencies feature quark matter cores.

2.2 Cooling by Neutrino Emission

We turn now to neutron star phenomena which are affected by Fermi surface physics. For the first 10^5�^6 years of its life, the cooling of a neutron star is governed by the balance between heat capacity and the loss of heat by neutrino emission. How are these quantities affected by the presence of a quark matter core? This has been addressed recently in Refs. [44,45], following earlier work in Ref. [46]. Both the specific heat C_V and the neutrino emission rate L_ν are dominated by physics within T of the Fermi surface. If, as in the CFL phase, all quarks have a gap Δ ≫ T then the contribution of quark quasiparticles to C_V and L_ν is suppressed by ∼ exp(−Δ/T ). There may be other contributions to L_ν [44], but these are also very small. The specific heat is dominated by that of the electrons, although it may also receive a small contribution from the CFL phase Goldstone bosons. Although further work is required, it is already clear that both C_V and L_ν are much smaller than in the nuclear matter outside the quark matter core. This means that the total heat capacity and the total neutrino emission rate (and hence the cooling rate) of a neutron star with a CFL core will be determined completely by the nuclear matter outside the core. The quark matter core is “inert”: with its small heat capacity and emission rate it has little influence on the temperature of the star as a whole. As the rest of the star emits neutrinos and cools, the core cools by conduction, because the electrons keep it in good thermal contact with the rest of the star. These qualitative expectations are nicely borne out in the calculations presented by Page et al. [45].

The analysis of the cooling history of a neutron star with a quark matter core in the 2SC phase is more complicated. The red and green up and down quarks pair with a gap many orders of magnitude larger than the temperature, which is of order 10 keV, and are therefore inert as described above. Any strange quarks present will form a ⟨ss⟩ condensate with angular momentum J = 1 which locks to color in such a way that rotational invariance is not broken [47]. The resulting gap has been estimated to be of order hundreds of keV [47], although applying results of Ref. [48] suggests a somewhat smaller gap, around 10 keV. The blue up and down quarks also pair, forming a J = 1 condensate which breaks rotational invariance [3]. The related gap was estimated to be a few keV [3], but this estimate was not robust and should be revisited in light of more recent developments given its importance in the following. The critical temperature T_c above which no condensate forms is of order the zero-temperature gap Δ. (T_c = 0.57Δ for J = 0 condensates [27].) Therefore, if there are quarks for which Δ ∼ T or smaller, these quarks do not pair at temperature T . Such quark quasiparticles will radiate neutrinos rapidly (via direct URCA reactions like d → u + e + ν̄, u → d + e^+ + ν, etc.) and the quark matter core will cool rapidly and determine the cooling history of the star as a whole [46,45]. The star will cool rapidly until its interior temperature is T < T_c ∼ Δ, at which time the quark matter core will become inert and the further cooling history will be dominated by neutrino emission from the nuclear matter fraction of the star. If future data were to show that neutron stars first cool rapidly (direct URCA) and then cool more slowly, such data would allow an estimate of the smallest quark matter gap. We are unlikely to be so lucky. The simple observation of rapid cooling would not be an unambiguous discovery of quark matter with small gaps; there are other circumstances in which the direct URCA processes occur. However, if as data on neutron star temperatures improves in coming years the standard cooling scenario proves correct, indicating the absence of the direct URCA processes, this would rule out the presence of quark matter with gaps in the 10 keV range or smaller. The presence of a quark matter core in which all gaps are ≫ T can never be revealed by an analysis of the cooling history.

2.3 Supernova Neutrinos

We now turn from neutrino emission from a neutron star which is many years old to that from the protoneutron star during the first seconds of a supernova. Carter and Reddy [49] have pointed out that when this protoneutron star is at its maximum temperature of order 30-50 MeV, it may have a quark matter core which is too hot for color superconductivity. As such a protoneutron star core cools over the next few seconds, this quark matter will cool through T_c, entering the color superconducting regime of the QCD phase diagram. For T ∼ T_c, the specific heat rises and the cooling slows. Then, as T drops further and Δ increases to become greater than T , the specific heat drops rapidly. Furthermore, as the number density of quark quasiparticles becomes suppressed by exp(−Δ/T ), the neutrino transport mean free path rapidly becomes very long [49]. This means that all the neutrinos previously trapped in the now color superconducting core are able to escape in a sudden burst. If a terrestrial neutrino detector sees thousands of neutrinos from a future supernova, Carter and Reddy’s results suggest that there may be a signature of the transition to color superconductivity present in the time distribution of these neutrinos. Neutrinos from the core of the protoneutron star will lose energy as they scatter on their way out, but because they will be the last to reach the surface of last scattering, they will be the final neutrinos received at the earth. If they are released from the quark matter core in a sudden burst, they may therefore result in a bump at late times in the temporal distribution of the detected neutrinos. More detailed study remains to be done in order to understand how Carter and Reddy’s signature, dramatic when the neutrinos escape from the core, is processed as the neutrinos traverse the rest of the protoneutron star and reach their surface of last scattering.

2.4 R-mode Instabilities

Another arena in which color superconductivity comes into play is the physics of r-mode instabilities. A neutron star whose angular rotation frequency Ω is large enough is unstable to the growth of r-mode oscillations which radiate away angular momentum via gravitational waves, reducing Ω. What does “large enough” mean? The answer depends on the damping mechanisms which act to prevent the growth of the relevant modes. Both shear viscosity and bulk viscosity act to damp the r-modes, preventing them from going unstable. The bulk viscosity and the quark contribution to the shear viscosity both become exponentially small in quark matter with Δ > T and as a result, as Madsen [50] has shown, a compact star made entirely of quark matter with gaps Δ = 1 MeV or greater is unstable if its spin frequency is greater than tens to 100 Hz. Many compact stars spin faster than this, and Madsen therefore argues that compact stars cannot be strange quark stars unless some quarks remain ungapped. Alas, this powerful argument becomes much less powerful in the context of a neutron star with a quark matter core. First, the r-mode oscillations have a wave form whose amplitude is largest at large radius, outside the core. Second, in an ordinary neutron star there is a new source of damping: friction at the boundary between the crust and the neutron superfluid “mantle” keeps the r-modes stable regardless of the properties of a quark matter core [51,50].

2.5 Magnetic Field Evolution

Next, we turn to the physics of magnetic fields within color superconducting neutron star cores [52,53]. The interior of a conventional neutron star is a superfluid (because of neutron-neutron pairing) and is an electromagnetic superconductor (because of proton-proton pairing). Ordinary magnetic fields penetrate it only in the cores of magnetic flux tubes. A color superconductor behaves differently. At first glance, it seems that because a diquark Cooper pair has nonzero electric charge, a diquark condensate must exhibit the standard Meissner effect, expelling ordinary magnetic fields or restricting them to flux tubes within whose cores the condensate vanishes. This is not the case [53]. In both the 2SC and CFL phase a linear combination of the U (1) gauge transformation of ordinary electromagnetism and one (the eighth) color gauge transformation remains unbroken even in the presence of the condensate. This means that the ordinary photon A_μ and the eighth gluon G^8_μ are replaced by new linear combinations

A^{Q̃}_μ = cos α_0 A_μ + sin α_0 G^8_μ

A^X_μ = − sin α_0 A_μ + cos α_0 G^8_μ (2)

where A^{Q̃}_μ is massless and A^X_μ is massive. That is, B_{Q̃} satisfies the ordinary Maxwell equations while B_X experiences a Meissner effect. The mixing angle α_0 is the analogue of the Weinberg angle in electroweak theory, in which the presence of the Higgs condensate causes the A^Y_μ and the third SU (2)_W gauge boson to mix to form the photon, A_μ, and the massive Z boson. sin(α_0) is proportional to e/g and turns out to be about 1/20 in the 2SC phase and 1/40 in the CFL phase [53]. This means that the Q̃-photon which propagates in color superconducting quark matter is mostly photon with only a small gluon admixture. If a color superconducting neutron star core is subjected to an ordinary magnetic field, it will either expel the X component of the flux or restrict it to flux tubes, but it can (and does [53]) admit the great majority of the flux in the form of a B_{Q̃} magnetic field satisfying Maxwell’s equations. The decay in time of this “free field” (i.e. not in flux tubes) is limited by the Q̃-conductivity of the quark matter. A color superconductor is not a Q̃-superconductor — that is the whole point — but it turns out to be a very good Q̃-conductor due to the presence of electrons: the B_{Q̃} magnetic field decays only on a time scale which is much longer than the age of the universe [53]. This means that a quark matter core within a neutron star serves as an “anchor” for the magnetic field: whereas in ordinary nuclear matter the magnetic flux tubes can be dragged outward by the neutron superfluid vortices as the star spins down [54], the magnetic flux within the color superconducting core simply cannot decay. Even though this distinction is a qualitative one, it will be difficult to confront it with data since what is observed is the total dipole moment of the neutron star. A color superconducting core anchors those magnetic flux lines which pass through the core, while in a neutron star with no quark matter core the entire internal magnetic field can decay over time. In both cases, however, the total dipole moment can change since the magnetic flux lines which do not pass through the core can move.

3 Crystalline Color Superconductivity and Glitches in Quark Matter

The final consequence of color superconductivity we wish to discuss is the possibility that (some) glitches may originate within quark matter regions of a compact star [48]. In any context in which color superconductivity arises in nature, it is likely to involve pairing between species of quarks with differing chemical potentials. If the chemical potential difference is small enough, BCS pairing occurs as we have been discussing. If the Fermi surfaces are too far apart, no pairing between the species is possible. The transition between the BCS and unpaired states as the splitting between Fermi momenta increases has been studied in electron superconductors [55], nuclear superfluids [56] and QCD superconductors [8,9,57], assuming that no other state intervenes. However, there is good reason to think that another state can occur. This is the “LOFF” state, first explored by Larkin and Ovchinnikov [58] and Fulde and Ferrell [59] in the context of electron superconductivity in the presence of magnetic impurities. They found that near the unpairing transition, it is favorable to form a state in which the Cooper pairs have nonzero momentum. This is favored because it gives rise to a region of phase space where each of the two quarks in a pair can be close to its Fermi surface, and such pairs can be created at low cost in free energy. Condensates of this sort spontaneously break translational and rotational invariance, leading to gaps which vary periodically in a crystalline pattern. If in some shell within the quark matter core of a neutron star (or within a strange quark star) the quark number densities are such that crystalline color superconductivity arises, rotational vortices may be pinned in this shell, making it a locus for glitch phenomena.

In Ref. [48], we have explored the range of parameters for which crystalline color superconductivity occurs in the QCD phase diagram, upon making various simplifying assumptions. We focus primarily on a toy model in which the quarks interact via a four-fermion interaction with the quantum numbers of single gluon exchange. Also, we only consider pairing between u and d quarks, with μ_d = μ̄ + δμ and μ_u = μ̄ − δμ, whereas we expect a LOFF state wherever the difference between the Fermi momenta of any two quark flavors is near an unpairing transition, including, for example, near the unlocking phase transition between the 2SC and CFL phases.

In the LOFF state, each Cooper pair carries momentum 2q with |q| ≈ 1.2δμ. The condensate and gap parameter vary in space with wavelength π/|q|. In Ref. [48], we simplify the calculation by assuming that the condensate varies in space like a plane wave, leaving the determination of the crystal structure of the QCD LOFF phase to future work. We give an ansatz for the LOFF wave function, and by variation obtain a gap equation which allows us to solve for the gap parameter Δ_A, the free energy and the values of the diquark condensates which characterize the LOFF state at a given δμ and |q|. We then vary |q|, to find the preferred (lowest free energy) LOFF state at a given δμ, and compare the free energy of the LOFF state to that of the BCS state with which it competes. We show results for one choice of parameters^5 in Fig. 1(a). The LOFF state is characterized by a gap parameter Δ_A and a diquark condensate, but not by an energy gap in the dispersion relation: we obtain the quasiparticle dispersion relations [48] and find that they vary with the direction of the momentum, yielding gaps that vary from zero up to a maximum of Δ_A. The condensate is dominated by the regions in momentum space in which a quark pair with total momentum 2q has both members of the pair within ∼ Δ_A of their respective Fermi surfaces.

Because it violates rotational invariance by involving Cooper pairs whose momenta are not antiparallel, the quark matter LOFF state necessarily features condensates in both the J = 0 and J = 1 channels. (Cooper pairs in the symmetric J = 1 channel are antisymmetric in color but symmetric in flavor, and are impossible in the original LOFF context of pairing between electrons, which have neither color nor flavor.) Both J = 0 and J = 1 condensates are present even if there is no interaction in the J = 1 channel, as is the case when we use a four-fermion interaction with the quantum numbers of Lorentz-invariant single gluon exchange. Because there is no interaction in the J = 1 channel, the J = 1 condensate does not affect the quasiparticle dispersion relations; that is, the J = 1 gap parameter vanishes.

The LOFF state is favored for values of δμ which satisfy δμ_1 < δμ < δμ_2 as shown in Fig. 1(b), with δμ_1/Δ_0 = 0.707 and δμ_2/Δ_0 = 0.754 in the weak coupling limit in which Δ_0 ≪ μ. (For δμ < δμ_1, we have the 2SC phase with gap Δ_0.) At weak coupling, the LOFF gap parameter decreases from 0.23Δ_0 at δμ = δμ_1 (where there is a first order BCS-LOFF phase transition) to zero at

5 Our model Hamiltonian has two parameters, the four-fermion coupling G and a cutoff Λ. We often use the value of Δ0, the BCS gap obtained at δμ = 0, to describe the strength of the interaction: small Δ0 corresponds to small G. When we wish to study the dependence on the cutoff, we vary Λ while at the same time varying the coupling G such that Δ0 is kept fixed. We expect that the relation between other physical quantities and Δ0 will be reasonably insensitive to variation of Λ.

Fig. 1. (a) LOFF and BCS gap parameters as a function of δμ, with coupling chosen so that Δ0 = 40 MeV. At each δμ we have varied |q| to find the LOFF state with the lowest free energy. The vertical dashed line marks δμ = δμ1, the value of δμ above which the LOFF state has lower free energy than BCS. (b) The interval of δμ within which the LOFF state occurs as a function of the coupling, parametrized by the BCS gap Δ0 shown in GeV. Here and in (a), the average quark chemical potential μ̄ has been set to 0.4 GeV, corresponding to a baryon density of about 4 to 5 times that in nuclear matter. A crude estimate [48] suggests that in quark matter at this density, δμ ∼ 15 − 30 MeV depending on the value of the density-dependent effective strange quark mass. Below the solid line, there is a LOFF state. Below the dashed line, the BCS state is favored. The different lines of each type correspond to different cutoffs on the four-fermion interaction: Λ = 0.8 GeV to 1.6 GeV. δμ1/Δ0 and δμ2/Δ0 show little cutoff-dependence, and the cutoff-dependence disappears completely as Δ0, δμ → 0. Λ = 1 GeV in (a).

δμ = δμ_2 (where there is a second order LOFF-normal transition). Except for very close to δμ_2, the critical temperature above which the LOFF state melts will be much higher than typical neutron star temperatures. At stronger coupling the LOFF gap parameter decreases relative to Δ_0 and the window of δμ/Δ_0 within which the LOFF state is favored shrinks, as seen in Fig. 1(b). The single gluon exchange interaction used in Fig. 1 is neither attractive nor repulsive in the J = 1 channel: the width of the LOFF window grows if the interaction is modified to include an attraction in this channel [48].

Near the second-order critical point δμ_2, we can describe the phase transition with a Ginzburg-Landau effective potential. The order parameter for the LOFFto-normal phase transition is

Φ(r) = − 1 2 ⟨ϵ_{ab}ϵ_{αβ3}ψ^{aα}(r)Cγ_5ψ^{bβ} (r)⟩ (3)

so that in the normal phase Φ(r) = 0, while in the LOFF phase Φ(r) = Γ_Ae^{i2q}�^r. (The gap parameter is related to the order parameter by Δ_A = GΓ_A.) Expressing the order parameter in terms of its Fourier modes Φ̃(k), we write the LOFF free energy (relative to the normal state) as

F ({Φ̃(k)}) = ∑ k ( C_2(k^2)|Φ̃(k)|^2 + C_4(k^2)|Φ̃(k)|^4 + O(|Φ̃|^6) ) . (4)

For δμ > δμ_2, all of the C_2(k^2) are positive and the normal state is stable. Just below the critical point, all of the modes Φ̃(k) are stable except those on the sphere |k| = 2q_2, where q_2 is the value of |q| at δμ_2 (so that q_2 ≃ 1.2δμ_2 ≃ 0.9Δ_0 at weak coupling). In general, many modes on this sphere can become nonzero, giving a condensate with a complex crystal structure. We consider the simplest case of a plane wave condensate where only the one mode Φ̃(k = 2q_2) = Γ_A is nonvanishing. Dropping all other modes, we have

F (Γ_A) = a(δμ − δμ_2)(Γ_A)^2 + b(Γ_A)^4 (5)

where a and b are positive constants. Finding the minimum-energy solution for δμ < δμ_2, we obtain simple power-law relations for the condensate and the free energy:

Γ_A(δμ) = K_Γ (δμ_2 − δμ)^{1/2}, F (δμ) = −K_F (δμ_2 − δμ)^2. (6)

These expressions agree well with the numerical results obtained by solving the gap equation [48]. The Ginzburg-Landau method does not specify the proportionality factors K_Γ and K_F , but analytical expressions for these coefficients can be obtained in the weak coupling limit by explicitly solving the gap equation [60,48], yielding

GK_Γ = 2 √ δμ_2 √ (q_2/δμ_2)^2 − 1 ≃ 1.15 √ Δ_0 K_F = (4μ̄^2/π^2)((q_2/δμ_2)^2 − 1) ≃ 0.178μ̄^2. (7) Notice that because (δμ_2 − δμ_1)/δμ_2 is small, the power-law relations (6) are a good model of the system throughout the entire LOFF interval δμ_1 < δμ < δμ_2 where the LOFF phase is favored over the BCS phase. The Ginzburg-Landau expression (5) gives the free energy of the LOFF phase near δμ_2, but it cannot be used to determine the location δμ_1 of the first-order phase transition where the LOFF window terminates. (Locating the first-order point requires a comparison of LOFF and BCS free energies.)

The quark matter which may be present within a compact star will be in the crystalline color superconductor (LOFF) state if δμ/Δ_0 is in the requisite range. For a reasonable value of δμ, say 25 MeV, this occurs if the gap Δ_0 which characterizes the uniform color superconductor present at smaller values of δμ is about 40 MeV. This is in the middle of the range of present estimates. Both δμ and Δ_0 vary as a function of density and hence as a function of radius in a compact star. Although it is too early to make quantitative predictions, the numbers are such that crystalline color superconducting quark matter may very well occur in a range of radii within a compact star. It is therefore worthwhile to consider the consequences.

Many pulsars have been observed to glitch. Glitches are sudden jumps in rotation frequency Ω which may be as large as ΔΩ/Ω ∼ 10�^6, but may also be several orders of magnitude smaller. The frequency of observed glitches is statistically consistent with the hypothesis that all radio pulsars experience glitches [61]. Glitches are thought to originate from interactions between the rigid neutron star crust, typically somewhat more than a kilometer thick, and rotational vortices in a neutron superfluid. The inner kilometer of crust consists of a crystal lattice of nuclei immersed in a neutron superfluid [62]. Because the pulsar is spinning, the neutron superfluid (both within the inner crust and deeper inside the star) is threaded with a regular array of rotational vortices. As the pulsar’s spin gradually slows, these vortices must gradually move outwards since the rotation frequency of a superfluid is proportional to the density of vortices. Deep within the star, the vortices are free to move outwards. In the crust, however, the vortices are pinned by their interaction with the nuclear lattice. Models [63] differ in important respects as to how the stress associated with pinned vortices is released in a glitch: for example, the vortices may break and rearrange the crust, or a cluster of vortices may suddenly overcome the pinning force and move macroscopically outward, with the sudden decrease in the angular momentum of the superfluid within the crust resulting in a sudden increase in angular momentum of the rigid crust itself and hence a glitch. All the models agree that the fundamental requirements are the presence of rotational vortices in a superfluid and the presence of a rigid structure which impedes the motion of vortices and which encompasses enough of the volume of the pulsar to contribute significantly to the total moment of inertia.

Although it is premature to draw quantitative conclusions, it is interesting to speculate that some glitches may originate deep within a pulsar which features a quark matter core, in a region of that core which is in a LOFF crystalline color superconductor phase. A three flavor analysis is required to estimate over what range of densities LOFF phases may arise, as either ⟨ud⟩, ⟨us⟩ or ⟨ds⟩ condensates approach their unpairing transitions. Comparison to existing models which describe how p^u_F , p^d_F and p^s_F vary within a quark matter core in a neutron star [64] would then permit an estimate of how much the LOFF region contributes to the moment of inertia of the pulsar. Furthermore, a three flavor analysis is required to determine whether the LOFF phase is a superfluid. If the only pairing is between u and d quarks, this 2SC phase is not a superfluid [3,8], whereas if all three quarks pair in some way, a superfluid is obtained [5,8]. Henceforth, we suppose that the LOFF phase is a superfluid, which means that if it occurs within a pulsar it will be threaded by an array of rotational vortices. It is reasonable to expect that these vortices will be pinned in a LOFF crystal, in which the diquark condensate varies periodically in space. Indeed, one of the suggestions for how to look for a LOFF phase in terrestrial electron superconductors relies on the fact that the pinning of magnetic flux tubes (which, like the rotational vortices of interest to us, have normal cores) is expected to be much stronger in a LOFF phase than in a uniform BCS superconductor [65].

A real calculation of the pinning force experienced by a vortex in a crystalline color superconductor must await the determination of the crystal structure of the LOFF phase. We can, however, attempt an order of magnitude estimate along the same lines as that done by Anderson and Itoh [66] for neutron vortices in the inner crust of a neutron star. In that context, this estimate has since been made quantitative [67,68,63]. For one specific choice of parameters [48], the LOFF phase is favored over the normal phase by a free energy F_{LOFF} ∼ 5 × (10 MeV)^4 and the spacing between nodes in the LOFF crystal is b = π/(2|q|) ∼ 9 fm. The thickness of a rotational vortex is given by the correlation length ξ ∼ 1/Δ ∼ 25 fm. The pinning energy is the difference between the energy of a section of vortex of length b which is centered on a node of the LOFF crystal vs. one which is centered on a maximum of the LOFF crystal. It is of order E_p ∼ F_{LOFF} b^3 ∼ 4 MeV. The resulting pinning force per unit length of vortex is of order f_p ∼ E_p/b^2 ∼ (4 MeV)/(80 fm^2). A complete calculation will be challenging because b < ξ, and is likely to yield an f_p which is somewhat less than that we have obtained by dimensional analysis. Note that our estimate of f_p is quite uncertain both because it is only based on dimensional analysis and because the values of Δ, b and F_{LOFF} are uncertain. (We have a good understanding of all the ratios Δ/Δ_0, δμ/Δ_0, q/Δ_0 and consequently bΔ_0 in the LOFF phase. It is of course the value of the BCS gap Δ_0 which is uncertain.) It is premature to compare our crude result to the results of serious calculations of the pinning of crustal neutron vortices as in Refs. [67,68,63]. It is nevertheless remarkable that they prove to be similar: the pinning energy of neutron vortices in the inner crust is E_p ≈ 1 − 3 MeV and the pinning force per unit length is f_p ≈ (1 − 3 MeV)/(200 − 400 fm^2).

The reader may be concerned that a glitch deep within the quark matter core of a neutron star may not be observable: the vortices within the crystalline color superconductor region suddenly unpin and leap outward; this loss of angular momentum is compensated by a gain in angular momentum of the layer outside the LOFF region; how quickly, then, does this increase in angular momentum manifest itself at the surface of the star as a glitch? The important point here is that the rotation of any superfluid region within which the vortices are able to move freely is coupled to the rotation of the outer crust on very short time scales [69]. This rapid coupling, due to electron scattering off vortices and the fact that the electron fluid penetrates throughout the star, is usually invoked to explain that the core nucleon superfluid speeds up quickly after a crustal glitch: the only long relaxation time is that of the vortices within the inner crust [69]. Here, we invoke it to explain that the outer crust speeds up rapidly after a LOFF glitch has accelerated the quark matter at the base of the nucleon superfluid. After a glitch in the LOFF region, the only long relaxation times are those of the vortices in the LOFF region and in the inner crust.

A quantitative theory of glitches originating within quark matter in a LOFF phase must await further calculations, in particular a three flavor analysis and the determination of the crystal structure of the QCD LOFF phase. However, our rough estimate of the pinning force on rotational vortices in a LOFF region suggests that this force may be comparable to that on vortices in the inner crust of a conventional neutron star. Perhaps, therefore, glitches occurring in a region of crystalline color superconducting quark matter may yield similar phenomenology to those occurring in the inner crust. This is surely strong motivation for further investigation.

Perhaps the most interesting consequence of these speculations arises in the context of compact stars made entirely of strange quark matter. The work of Witten [70] and Farhi and Jaffe [71] raised the possibility that strange quark matter may be stable relative to nuclear matter even at zero pressure. If this is the case it raises the question whether observed compact stars—pulsars, for example—are strange quark stars [72,73] rather than neutron stars. A conventional neutron star may feature a core made of strange quark matter, as we have been discussing above.^6 Strange quark stars, on the other hand, are made (almost) entirely of quark matter with either no hadronic matter content at all or with a thin crust, of order one hundred meters thick, which contains no neutron superfluid [73,74]. The nuclei in this thin crust are supported above the quark matter by electrostatic forces; these forces cannot support a neutron fluid. Because of the absence of superfluid neutrons, and because of the thinness of the crust, no successful models of glitches in the crust of a strange quark star have been proposed. Since pulsars are observed to glitch, the apparent lack of a glitch mechanism for strange quark stars has been the strongest argument that pulsars cannot be strange quark stars [75,76,77]. This conclusion must now be revisited.

Madsen’s conclusion [50] that a strange quark star is prone to r-mode instability due to the absence of damping must also be revisited, since the relevant oscillations may be damped within or at the boundary of a crystalline color superconductor region.

The quark matter in a strange quark star, should one exist, would be a color superconductor. Depending on the mass of the star, the quark number densities increase by a factor of about two to ten in going from the surface to the center [73]. This means that the chemical potential differences among the three quarks will vary also, and there could be a range of radii within which the quark matter is in a crystalline color superconductor phase. This raises the possibility of glitches in strange quark stars. Because the variation in density with radius is gradual, if a shell of LOFF quark matter exists it need not be particularly thin. And, we have seen, the pinning forces may be comparable in magnitude to those in the inner crust of a conventional neutron star. It has recently been suggested (for reasons unrelated to our considerations) that certain accreting compact stars may be strange quark stars [78], although the evidence is far from unambiguous [79]. In contrast, it has been thought that, because they glitch, conventional radio pulsars cannot be strange quark stars. Our work questions

6 Note that a convincing discovery of a quark matter core within an otherwise hadronic neutron star would demonstrate conclusively that strange quark matter is not stable at zero pressure, thus ruling out the existence of strange quark stars. It is not possible for neutron stars with quark matter cores and strange quark stars to both be stable.

this assertion by raising the possibility that glitches may originate within a layer of quark matter which is in a crystalline color superconducting state.

There has been much recent progress in our understanding of how the presence of color superconducting quark matter in a compact star would affect five different phenomena: cooling by neutrino emission, the pattern of the arrival times of supernova neutrinos, the evolution of neutron star magnetic fields, rmode instabilities and glitches. Nevertheless, much theoretical work remains to be done before we can make sharp proposals for which astrophysical observations can teach us whether compact stars contain quark matter, and if so whether it is in the 2SC or CFL phase.

References

1. B. Barrois, Nucl. Phys. B129, 390 (1977); S. Frautschi, Proceedings of workshop on hadronic matter at extreme density, Erice 1978; B. Barrois, “Nonperturbative effects in dense quark matter”, Cal Tech PhD thesis, UMI 79-04847-mc (1979).

2. D. Bailin and A. Love, Phys. Rept. 107, 325 (1984), and references therein. 3. M. Alford, K. Rajagopal and F. Wilczek, Phys. Lett. B422, 247 (1998) [hepph/9711395].

4. R. Rapp, T. Schäfer, E. V. Shuryak and M. Velkovsky, Phys. Rev. Lett. 81, 53 (1998).

5. M. Alford, K. Rajagopal and F. Wilczek, Nucl. Phys. B537, 443 (1999) [hepph/9804403].

6. For reviews, see F. Wilczek, hep-ph/9908480; T. Schäfer, nucl-th/9911017; S.

Hsu, hep-ph/0003140; M. Alford, hep-ph/0003185; D. Rischke and R. Pisarski, nucl-th/0004016; K. Rajagopal, hep-ph/0009058.

7. T. Schäfer and F. Wilczek, Phys. Rev. Lett. 82, 3956 (1999) [hep-ph/9811473]. 8. M. Alford, J. Berges and K. Rajagopal, Nucl. Phys. B558, 219 (1999) [hepph/9903502].

9. T. Schäfer and F. Wilczek, Phys. Rev. D60, 074014 (1999) [hep-ph/9903503]. 10. D. H. Rischke, Phys. Rev. D62, 034007 (2000) [nucl-th/0001040]; G. Carter and D. Diakonov, Nucl. Phys. B582, 571 (2000) [hep-ph/0001318].

11. J. Berges and K. Rajagopal, Nucl. Phys. B538, 215 (1999) [hep-ph/9804233]. 12. R. D. Pisarski and D. H. Rischke, Phys. Rev. Lett. 83, 37 (1999) [nuclth/9811104].

13. G. W. Carter and D. Diakonov, Phys. Rev. D60, 016004 (1999) [hepph/9812445].

14. R. Rapp, T. Schäfer, E. V. Shuryak and M. Velkovsky, Annals Phys. 280, 35 (2000).

15. D. H. Rischke, Phys. Rev. D62, 054017 (2000) [nucl-th/0003063]. 16. S. Chandrasekharan and U. Wiese, Phys. Rev. Lett. 83, 3116 (1999) [condmat/9902128].

17. UKQCD Collaboration, Phys. Rev. D59 (1999) 116002; S. Hands, J. B. Kogut, M. Lombardo and S. E. Morrison, Nucl. Phys. B558, 327 (1999) [heplat/9902034]; S. Hands, I. Montvay, S. Morrison, M. Oevers, L. Scorzato and J. Skullerud, hep-lat/0006018.

18. J. B. Kogut, M. A. Stephanov and D. Toublan, Phys. Lett. B464, 183 (1999) [hep-ph/9906346]; J. B. Kogut, M. A. Stephanov, D. Toublan, J. J. Verbaarschot and A. Zhitnitsky, Nucl. Phys. B582, 477 (2000) [hep-ph/0001171].

19. D. V. Deryagin, D. Yu. Grigoriev and V. A. Rubakov, Int. J. Mod. Phys. A7, 659 (1992).

20. E. Shuster and D. T. Son, Nucl. Phys. B573, 434 (2000) [hep-ph/9905448]. 21. B. Park, M. Rho, A. Wirzba and I. Zahed, Phys. Rev. D62, 034015 (2000) [hepph/9910347].

22. R. Rapp, E. Shuryak and I. Zahed, hep-ph/0008207.

23. N. Evans, S. D. H. Hsu and M. Schwetz, Nucl. Phys. B551, 275 (1999) [hepph/9808444]; Phys. Lett. B449, 281 (1999) [hep-ph/9810514].

24. T. Schäfer and F. Wilczek, Phys. Lett. B450, 325 (1999) [hep-ph/9810509]. 25. B. Vanderheyden and A. D. Jackson, hep-ph/0003150. 26. D. T. Son, Phys. Rev. D59, 094019 (1999) [hep-ph/9812287]. 27. R. D. Pisarski and D. H. Rischke, Phys. Rev. D60, 094013 (1999) [nuclth/9903023]; Phys. Rev. D61, 051501 (2000) [nucl-th/9907041]; Phys. Rev. D61, 074017 (2000) [nucl-th/9910056];

28. D. K. Hong, Phys. Lett. B473, 118 (2000) [hep-ph/9812510]; Nucl. Phys. B582, 451 (2000) [hep-ph/9905523].

29. D. K. Hong, V. A. Miransky, I. A. Shovkovy and L. C. Wijewardhana, Phys.

Rev. D61, 056001 (2000), erratum ibid. D62, 059903 (2000) [hep-ph/9906478]. 30. T. Schäfer and F. Wilczek, Phys. Rev. D60, 114033 (1999) [hep-ph/9906512]. 31. W. E. Brown, J. T. Liu and H. Ren, Phys. Rev. D61, 114012 (2000) [hepph/9908248]; Phys. Rev. D62, 054016 (2000) [hep-ph/9912409]; Phys. Rev. D62, 054013 (2000) [hep-ph/0003199]..

32. S. D. Hsu and M. Schwetz, Nucl. Phys. B572, 211 (2000) [hep-ph/9908310]. 33. I. A. Shovkovy and L. C. Wijewardhana, Phys. Lett. B470, 189 (1999) [hepph/9910225].

34. T. Schäfer, Nucl. Phys. B575, 269 (2000) [hep-ph/9909574]. 35. N. Evans, J. Hormuzdiar, S. D. Hsu and M. Schwetz, Nucl. Phys. B581, 391 (2000) [hep-ph/9910313].

36. S. R. Beane, P. F. Bedaque and M. J. Savage, nucl-th/0004013. 37. K. Rajagopal and E. Shuster, hep-ph/0004074. 38. C. Manuel, hep-ph/0005040.

39. For a review, see H. Heiselberg and M. Hjorth-Jensen, Phys. Rept. 328, 237 (2000).

40. N. K. Glendenning and F. Weber, astro-ph/0003426. See also D. Blaschke, H.

Grigorian and G. Poghosyan, astro-ph/0008005.

41. M. van der Klis, to appear in Ann. Rev. Astronomy and Astrophysics, (2000) [astro-ph/0001167].

42. R. Wijnands and M. van der Klis, Nature 394, 344 (1998); D. Chakrabarty and E. Morgan, Nature 394, 346 (1998).

43. L. Bildsten, Astrophys. J. 501 L89 [astro-ph/9804325]; A. Andersson, D. I.

Jones, K. D. Kokkotas and N. Stergioulas, Astrophys. J. 534, L75 (2000) [astroph/0003426].

44. D. Blaschke, T. Klahn and D. N. Voskresensky, Astrophys. J. 533, 406 (2000) [astro-ph/9908334]; D. Blaschke, H. Grigorian and D. N. Voskresensky, astroph/0009120.

45. D. Page, M. Prakash, J. M. Lattimer and A. Steiner, hep-ph/0005094. 46. C. Schaab et al, Astrophys. J. Lett 480 (1997) L111 and references therein. 47. T. Schäfer, hep-ph/0006034.

48. M. Alford, J. Bowers and K. Rajagopal, hep-ph/0008208. 49. G. W. Carter and S. Reddy, hep-ph/0005228.

50. J. Madsen, Phys. Rev. Lett. 85, 10 (2000) [astro-ph/9912418]. 51. L. Bildsten and G. Ushomirsky, Astrophys. J. 529, L75 (2000) [astroph/9911155]; N. Andersson et al. in [43]; L. Lindblom, B. J. Owen and G. Ushomirsky, astro-ph/0006242.

52. D. Blaschke, D. M. Sedrakian and K. M. Shahabasian, Astron. and Astrophys.

350, L47 (1999) [astro-ph/9904395].

53. M. Alford, J. Berges and K. Rajagopal, Nucl. Phys. B571, 269 (2000) [hepph/9910254].

54. For reviews, see J. Sauls, in Timing Neutron Stars, J. Ögleman and E. P. J. van den Heuvel, eds., (Kluwer, Dordrecht: 1989) 457; and D. Bhattacharya and G. Srinivasan, in X-Ray Binaries, W. H. G. Lewin, J. van Paradijs, and E. P. J. van den Heuvel eds., (Cambridge University Press, 1995) 495.

55. A. M. Clogston, Phys. Rev. Lett. 9, 266 (1962); B. S. Chandrasekhar, App. Phys.

Lett. 1, 7 (1962).

56. A. Sedrakian and U. Lombardo, Phys. Rev. Lett. 84, 602 (2000). 57. P. F. Bedaque, hep-ph/9910247.

58. A. I. Larkin and Yu. N. Ovchinnikov, Zh. Eksp. Teor. Fiz. 47, 1136 (1964);

translation: Sov. Phys. JETP 20, 762 (1965).

59. P. Fulde and R. A. Ferrell, Phys. Rev. 135, A550 (1964). 60. S. Takada and T. Izuyama, Prog. Theor. Phys. 41, 635 (1969). 61. M. A. Alpar and C. Ho, Mon. Not. R. Astron. Soc. 204, 655 (1983). For a recent review, see A.G. Lyne in Pulsars: Problems and Progress, S. Johnston, M. A. Walker and M. Bailes, eds., 73 (ASP, 1996).

62. J. Negele and D. Vautherin, Nucl. Phys. A207, 298 (1973). 63. For reviews, see D. Pines and A. Alpar, Nature 316, 27 (1985); D. Pines, in Neutron Stars: Theory and Observation, J. Ventura and D. Pines, eds., 57 (Kluwer, 1991); M. A. Alpar, in The Lives of Neutron Stars, M. A. Alpar et al., eds., 185 (Kluwer, 1995). For more recent developments and references to further work, see M. Ruderman, Astrophys. J. 382, 587 (1991); R. I. Epstein and G. Baym, Astrophys. J. 387, 276 (1992); M. A. Alpar, H. F. Chau, K. S. Cheng and D. Pines, Astrophys. J. 409, 345 (1993); B. Link and R. I. Epstein, Astrophys. J. 457, 844 (1996); M. Ruderman, T. Zhu, and K. Chen, Astrophys. J. 492, 267 (1998); A. Sedrakian and J. M. Cordes, Mon. Not. R. Astron. Soc. 307, 365 (1999).

64. N. K. Glendenning, Phys. Rev. D46, 1274 (1992); N. K. Glendenning, Compact Stars (Springer-Verlag, 1997); F. Weber, J. Phys. G. Nucl. Part. Phys. 25, R195 (1999).

65. R. Modler et al., Phys. Rev. Lett. 76, 1292 (1996). 66. P. W. Anderson and N. Itoh, Nature 256, 25 (1975). 67. M. A. Alpar, Astrophys. J. 213, 527 (1977).

68. M. A. Alpar, P. W. Anderson, D. Pines and J. Shaham, Astrophys. J. 278, 791 (1984).

69. M. A. Alpar, S. A. Langer and J. A. Sauls, Astrophys. J. 282, 533 (1984). 70. E. Witten, Phys. Rev. D30, 272 (1984).

71. E. Farhi and R. L. Jaffe, Phys. Rev. D30, 2379 (1984).

72. P. Haensel, J. L. Zdunik and R. Schaeffer, Astron. Astrophys. 160, 121 (1986). 73. C. Alcock, E. Farhi and A. Olinto, Phys. Rev. Lett. 57, 2088 (1986); Astrophys.

J. 310, 261 (1986).

74. N. K. Glendenning and F. Weber, Astrophys. J. 400, 647 (1992). 75. A. Alpar, Phys. Rev. Lett. 58, 2152 (1987).

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

77. R. R. Caldwell and J. L. Friedman, Phys. Lett. B264, 143 (1991). 78. X.-D. Li, I. Bombaci, M. Dey, J. Dey, E. P. J. van den Heuvel, Phys. Rev. Lett.

83, 3776 (1999); X.-D. Li, S. Ray, J. Dey, M. Dey, I. Bombaci, Astrophys. J. 527, L51 (1999); B. Datta, A. V. Thampan, I. Bombaci, astro-ph/9912173; I. Bombaci, astro-ph/0002524.

79. D. Psaltis and D. Chakrabarty, Astrophys. J. 521, 332 (1999); D. Chakrabarty, Phys. World 13, No. 2, 26 (2000).