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3150 F. Weber1. IntrodutionNeutron stars are spotted as pulsars by radio telesopes and X-ray satel-lites. They are more massive (i.e. � 1:5M�) than our sun but are typiallyonly about � 10 kilometers aross so that the matter in their enters is om-pressed to densities that are up to an order of magnitude higher than thedensity of atomi nulei. A neutron star, therefore, provides a high-pressureenvironment in whih numerous subatomi partile proesses are expetedto ompete with eah other and novel phases of matter � like the quark-gluon plasma being sought at the most powerful terrestrial partile olliders� ould exist. In my leture, I will give an overview of the present statusof the researh on the many phases of superdense matter in neutron stars,whih naturally is to be performed at the interfae between nulear physis,partile physis and Einstein's theory of relativity. Of partiular interest willbe the existene of quark matter inside neutron stars and the �ngerprintsby means of whih this novel phase of matter ould register itself in theobserved neutron star data. The detetion of suh matter in neutron starswould help to larify how quark matter behaves, and give a boost to theoriesabout the early Universe as well as laboratory searhes for the produtionof quark matter in heavy-ion olliders. Complementary talks on the physisof neutron stars will be given by J. Lattimer and M. Prakash who will bedisussing the struture and evolution of neutron stars, and the neutrinointerations in dense matter, respetively.2. The many faes of neutron starsFrom model alulations, it is known that neutron stars are far frombeing omposed of only neutrons but instead may possess rather omplexinterior strutures, as established in model alulations performed over theyears. Figure 1 gives an overview of those strutures that are urrently mostvividly disussed in the literature (for an overview, see [1℄).No matter whih physial strutures are atually realized inside neutronstars, eah one leads to �ngerprints, some more pronouned than othersthough, in the equation of state (i.e. pressure versus density) assoiatedwith these phases of matter. This beomes very evident from Fig. 2, whihshows a olletion of ompeting models for the equation of state of neutronstar matter [1℄. 2.1. Hyperon starOnly in the most primitive oneption, a neutron star is onstituted fromneutrons. At a more aurate representation, a neutron star will ontainneutrons (n) and a small number of protons (p) whose harge is balaned by
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Fig. 3. E�etive kaon mass in nulear [12℄ and neutron star [13℄ matter.�e, in neutron star matter [1, 10℄ so that the threshold ondition for theonset of K� ondensation, �e = m�K , whih follows from Eq. (2.2), ould beful�lled in the ores of neutron stars. The situation is illustrated graphiallyin Fig. 3. Equation (2.2) is followed byn+ e� ! p+K� + � ; (2.4)with the neutrinos leaving the star. By this onversion the nuleons in theores of newly formed neutron stars an beome half neutrons and half pro-tons, whih lowers the energy per baryon of the matter [16℄. The relativelyisospin symmetri omposition ahieved in this way resembles the one ofatomi nulei, whih are made up of roughly equal numbers of neutrons andprotons. Neutron stars are therefore referred to, in this piture, as nuleonstars. The maximal possible mass of this type of star, where Eq. (2.4) hasgone to ompletion, has been alulated to be between about 1:5M� [18℄and 1:8M� [2℄. Based on the former mass value, Brown et al. studied in areent paper the formation and evolution of blak holes in the Galaxy [19℄.Meson ondensates an soften the equation of state (EoS) onsiderably.As a onsequene, neutron stars with K� ondensates an be rather denseand, therefore, have radii smaller than neutron stars without ondensates,i.e. R<�10 km. An interesting andidate of suh a small-radius objet maybe the nearby neutron star RXJ 185 635�3754 [20℄ whose radius ould be assmall as � 7 km [21℄. 2.3. H-dibaryonsA novel partile that ould make its appearane in the enter of a neutronstar is the so-alled H-dibaryon, a doubly strange six-quark omposite with



3154 F. Weberspin and isospin zero, and baryon number two [22℄. Sine its �rst preditionin 1977, the H-dibaryon has been the subjet of many theoretial and exper-imental studies as a possible andidate for a strongly bound exoti state. Inneutron stars, whih may ontain a signi�ant fration of � hyperons, the �'sould ombine to form H-dibaryons, whih ould give way to the formation ofH-matter at densities somewhere between 3 "0 [3℄ and 6 "0 [23,24℄, dependingon the in-medium properties of the H-dibaryon. H-matter ould thus existin the ores of moderately dense neutron stars. In [3℄ it was pointed outthat H-dibaryons with a vauum mass of about 2.2 GeV and a moderatelyattrative potential in the medium of about �30 MeV ould go into a Boseondensate in the ores of neutron stars if the limiting star mass is aboutthat of the Hulse�Taylor pulsar PSR 1913+16, M = 1:444M�. Conversely,if the medium potential were moderately repulsive, around +30 MeV, theformation of H-dibaryons may only take plae in heavier neutron stars ofmassM>�1:6M�. If formed, however, H-matter may not remain dormant inneutron stars but, beause of its instability against ompression ould triggerthe onversion of neutron stars into hypothetial strange stars [24�26℄.2.4. Quark deon�nement in neutron starsIt has been suggested already bak in the 1970's by a number of re-searhers [27�32℄ that, beause of the extreme densities reahed in the oresof neutron stars, neutrons protons plus the heavier onstitutes (�;�;�;�)an melt, reating the quark-gluon plasma state being sought at the mostpowerful terrestrial heavy-ion olliders at CERN [i.e. experiments NA35NA44, NA45, CERES, and NA50; in a few years at the LHC by the ALICEexperiment℄ and RHIC. At present one does not know from experiment atwhat density the expeted phase transition to quark matter ours, and onehas no onlusive guide yet from lattie QCD simulations. From simple ge-ometrial onsiderations it follows that nulei begin to touh eah other atdensities of � (4�r3N=3)�1 ' 0:24 fm�3, whih, for a harateristi nuleonradius of rN � 1 fm, is less than twie the baryon number density �0 ofordinary nulear matter [7℄. Above this density, therefore, is appears plau-sible that the nulear boundaries of hadrons dissolve so that the formerlyon�ned quarks now populate free states outside of the hadrons. Depend-ing on rotational frequeny and stellar mass, densities as large as two tothree times �0 are easily surpassed in the ores of neutron stars, as an beseen from Fig. 4, so that the neutrons and protons in the enters of neutronstars may have been broken up into their onstituent quarks by gravity [33℄.More than that, sine the mass of the strange quark is only ms � 150 MeV,high-energeti up and down quarks are expeted to readily transform tostrange quarks at about the same density at whih up and down quark de-
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K [f. Eq.(3.5)℄ stands for the Kepler frequeny whih terminates stable rotation [33℄.on�nement sets in [34,35℄. Three �avor quark matter ould thus exist as apermanent omponent of matter in the enters of neutron stars [1,7,33,36℄.As we shall see in Setion 5, radio astronomers may be able to spot evidenefor the existene of this novel phase of matter in the timing struture ofpulsar spin-down [33, 36℄.2.5. Diquark ondensation and olor superondutivityVery reently it was disovered that instantons may ause strong orre-lations between up and down quarks, whih ould give way to the existeneof olored diquark pairs in superdense matter [37, 38℄. These pairs ouldform a Bose ondensate in old (T < 50 MeV) and dense (� > 3 �0) quarkmatter. Moreover, the ondensate ought to exhibit olor superondutiv-ity [38, 39℄. Both the magnitude of the gap and the ritial temperatureassoiated with the olor superondutive phase were estimated to be onthe order of � 100 MeV [38, 39℄! The impliations of suh tremendous gapsfor the magneti �elds of pulsars and their thermal evolution were exploredin [40,41℄ and [42℄, respetively. Future theoretial studies of QCD at �nitebaryon number density may reveal to whih extent these newly establishedfeatures of quark matter will have their orrespondene in a more omplete



3156 F. Webertreatment of QCD at �nite baryon number density. They may also shed lighton whether or not a diquark ondensate ould possibly alter the equationof state of neutron star matter su�iently strongly so that one may expetdistinguishing features in the global properties of neutron stars, too.2.6. Absolutely stable quark matter: the material of strange starsSo far we have assumed that quark matter forms a state of matter higherin energy than atomi nulei. This most `plausible' assumption, however,may be quite deeiving [43�45℄ beause for a olletion of more than a fewhundred u; d; s quarks, the energy per baryon (E=A) of quark matter an bejust as well below the energy of the most stable atomi nuleus, 56Fe, whoseenergy per baryon number isM(56Fe)2=56 = 930:4 MeV, with M(56Fe) themass of the 56Fe atom. A simple estimate indiates that for strange quarkmatter E=A = 4B�2=�3, so that bag onstants of B = 57:5 MeV=fm3 (i.e.B1=4 = 145 MeV) and B = 85:3 MeV=fm3 (B1=4 = 160 MeV) plae theenergy per baryon of suh matter at E=A = 829 MeV and 915 MeV, respe-tively [1, 46�48℄. Obviously, these values orrespond to quark matter whihis absolutely bound with respet to 56Fe. In this event the ground stateof the strong interation would be strange quark matter (strange matter),made up of u; d; s quarks, instead of nulear matter. This �nding is oneof the most startling preditions of modern physis with far-reahing im-pliations for neutron stars, for all hadroni stellar on�gurations in Fig. 1would then be only metastable with respet to a stars made up of absolutelystable 3-�avor strange quark matter [1,44,49�51℄. If this is indeed the ase,and if it is possible for neutron matter to tunnel to quark matter in at leastsome neutron stars, then in appears likely that all neutron stars would infat be strange stars [46�48, 52, 53℄. In sharp ontrast to the other stars inFig. 1, whih are made up of hadroni matter, possibly in phase equilibriumwith quarks, strange stars onsist nearly entirely of pure 3-�avor quark mat-ter, eventually enveloped in a thin nulear rust whose density is less thanneutron drip (4� 1011 g=m3) [54℄.The hypothetial, absolute stability of strange matter gives way to a va-riety of novel stable strange matter objets whih streth from strangeletsat the small baryon number end, A � 102, to strange stars at the high end,A � 1057, where strange matter beomes unstable against gravitationalollapse [35℄. The strange ounterparts of ordinary atomi nulei are thestrange nuggets, searhed for in high-energy ollisions at Brookhaven (e.g.E858, E864, E878, E882-B, E886, E896-A), CERN (Newmass experimentNA52), balloon-borne experiments (CRASH), and terrestrial experiments(e.g. HADRON) [1℄. (For a reent review, see [55℄.) Strange stars shouldpossess properties that may allow one to distinguish them from their `on-ventional' ounterparts [1, 7, 49, 56�58℄.



From Boson Condensation to Quark Deon�nement... 31573. Stellar struture equationsSine neutron stars are objets of highly ompressed matter, the geom-etry of spaetime is hanged onsiderably from �at spae. Neutron starmodels are thus to be onstruted from Einstein's �eld equations of generalrelativity (�; �=0,1,2,3),G�� � R�� � 12g��R = 8�T ��("; P (")) ; (3.1)whih ouples Einstein's urvature tensor, G�� , to the energy�momentumdensity tensor, T �� , of the stellar matter. The quantities g�� and R in (3.1)denote the metri tensor and the Rii salar [1℄. Theories of superdensematter enter in Eq. (3.1) via T �� , whih ontains the equation of state, P ("),of the stellar matter. It is derivable from a given stellar-matter LagrangianL(f�g) [1℄. In general, L is a ompliated funtion of the numerous hadronand quark �elds, olletively written as f�g, that aquire �nite amplitudesup to the highest densities reahed in the ores of ompat stars. Aordingto what has been said in Setion 2, plausible andidates for � are the hargedstates of the SU(3) baryon otet, p; n;�;�;� [10℄, the harged states ofthe � [59, 60℄, �� [61℄ and K� [2, 14�17℄ mesons, as well as the u; d; squark �elds [35℄. The onditions of hemial equilibrium and eletri hargeneutrality of the stellar matter require the presene of leptons too, in whihase � = e�; ��. Models for the equation of state then follow aording tothe sheme (for details, see [1℄)�L(f�g)�� � �� �L(f�g)�(���) = 0 ) P (") : (3.2)In general, Eqs. (3.1) and (3.2) were to be solved simultaneously sine thepartiles move in urved spaetime whose geometry, determined by Ein-stein's �eld equations, is oupled to the total mass energy " of the matter.In the ase of neutron stars, however, the long-range gravitational fores anbe leanly separated from the short-range fores, so that Eqs. (3.1) and (3.2)onstitute two deouple problems.3.1. Non-rotating starsThe struture equation of spherial neutron stars has been derived fromEinstein's equation (3.1) �rst by Tolman [62℄, and Oppenheimer and Volko�[63℄. It readsdPdr = � "(r)m(r)r2 (1 + P (r)="(r)) �1 + 4�r3P (r)=m(r)�1� 2m(r)=r ; (3.3)



3158 F. Weberand is known in the literature as the Tolman-Oppenheimer-Volko� equation,appliable to stellar on�gurations in hydrostati equilibrium. We use unitsfor whih the gravitational onstant and veloity of light are G =  = 1 sothat the mass of the sun is M� = 1:47 km. The mass m(r) ontained in asphere of radius r is given by m(r) = 4� R r0 r2"(r)dr. Hene the star's totalmass follows as M � m(R). 3.2. Rotating starsThe stellar equations desribing rotating ompat stars are onsiderablymore ompliated than those of non-rotating ompat stars [1℄. These om-pliations have their ause in the deformation of rotating stars plus the gen-eral relativisti e�et of the dragging of loal inertial frames. This re�etsitself in a metri of the form [1, 64℄ds2 = � e2 � dt2 + e2 (d�� ! dt)2 + e2� d�2 + e2� dr2 ; (3.4)where eah metri funtion, i.e. �,  , � and �, depends on the radial oor-dinate r, polar angle �, and impliitly on the star's angular veloity 
. Thequantity ! denotes the angular veloity of the loal inertial frames, whihare dragged along in the diretion of the star's rotation. This frequeny toodepends on r, � and 
. Of partiular interest is the relative frame draggingfrequeny �! de�ned as �!(r; �;
) � 
�!(r; �;
), whih typially inreasesfrom about 15% at the surfae to about 60% at the enter of a neutron starthat rotates at its Kepler frequeny [1, 33℄. The Kepler frequeny, 
K, isthe maximum frequeny a star an have before mass loss (mass shedding) atthe equator sets in. It sets an absolute upper limit on stable rapid rotation.In lassial mehanis the expression for 
K, determined by the equalitybetween entrifuge and gravity, is readily obtained as 
K = pM=R3. Itsgeneral relativisti ounterpart is given by [1, 64℄
K = ! + !02 0 + e�� s � 0 0 + � !02 0 e ���2 ; PK � 2�
K : (3.5)The primes denote derivatives with respet to the Shwarzshild radial o-ordinate. Equation (3.5) is to be evaluated self-onsistently together withEinstein's �eld equations (3.1) for a given model for the equation of state.Figure 5 shows 
K as a funtion of rotating star mass. The retangleindiates both the approximate range of observed neutron star masses aswell as the observed rotational periods whih, urrently, are P � 1:6 ms.One sees that all pulsars so far observed rotate below the mass shedding fre-queny and so an be interpreted as rotating neutron stars. Half-milliseondperiods or even smaller ones are ompletely exluded for neutron stars of
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From Boson Condensation to Quark Deon�nement... 3161stars, all the phase transitions reviewed in Setion 2, whih imply generallya softening of the EoS rather than a sti�ening, appear to be unfavored ifnot ompletely ruled out. In this event neutron star matter were likely tobe made up of hemially equilibrated nuleons only [74℄. Rapid neutronstar rotation inreases the non-rotating maximum mass value by at most25% [64, 75�78℄, so that even extremely rapidly spinning neutron stars annot have masses signi�antly above 2:5M�, as an be seen from Fig. 5. Theseond reason is that the maximum mass an be useful in identifying blakhole andidates [79�81℄. For example, if the mass of a ompat ompanionof an optial star is determined to exeed the maximum mass of a neutronstar, it must be a blak hole. Beause themaximum mass of stable neutron stars in our theory is 2:2M�, ompatompanions being more massive than that value are predited to be blakholes. An example of suh an objet is the non-pulsating X-ray binaryCyg X�1, as its mass lies in the range 9<�M=M�<�15.5. Evidene of quark matter in neutron starsAs pointed out in Setion 2.4, the possibility of quark deon�nement inthe ores of neutron stars has already been suggested in the 1970's. Howeveruntil reently no stringent observational signal has everbeen proposed. This is so beause whether or not the quark-hadron phasetransition ours in neutron stars makes only little di�erene to their statiproperties suh as the range of possible masses, radii, or even their limitingrotational periods. This, however, turns out to be strikingly di�erent for thetiming struture of rotating neutron stars (i.e. pulsars) that develop quarkmatter ores in the ourse of spin-down, as I shall desribe in this setion.A model of an EoS whih aounts for quark deon�nement in neutronstar matter is shown in Fig. 7. One reads o� that the transition of on�nedhadroni matter to quark matter sets in at about twie nulear matter den-sity (arrow labeled `a'), whih leads to a pronouned softening of the EoS.Pure quark matter exists at densities >�7"0 (arrow labeled `b').These strutures manifest themselves inside rotating neutron stars asshown in Figs. 8 and 9 (non-rotating star mass isM = 1:42M�). The stars'baryon number is kept onstant during spin-down from the Kepler frequenyto zero rotation, whih desribes the temporal evolution of an isolated ro-tating neutron star. Depending on frequeny, the star has an inner sphereof pure quark matter (labeled `quark' in Fig. 8) surrounded by a few kilo-meters thik shell of mixed phase of hadroni and quark matter arranged ina Coulomb lattie struture, and this surrounded by a thin shell of hadroniliquid, itself with a thin rust of heavy ions. The lattie struture of varyinggeometry may have dramati e�ets on pulsar observables inluding trans-
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Fig. 9. Same as Fig. 8, but in star's polar diretion [1, 33℄.port properties and the theory of glithes [7℄. As the star spins up it beomesmore and more deformed, and the entral density dereases. For some ro-tating neutron stars the mass and initial rotational frequeny may be justsuh that the entral density rises from below to above the ritial densityfor dissolution of baryons into their quark onstituents. This is aompa-nied by a sudden shrinkage of the neutron star, whih ours for the presentmodel star at 
 � 400 s�1. This e�ets the star's moment of inertia, I,dramatially. Changes of I, in turn, re�et themselves in the braking index,n, of a pulsar, whih is given by (I 0 � dI=d
; I 00 � d2I=d
2) [1, 36℄,n(
) � 
 �
_
2 = 3� 3 I 0
 + I 00
22 I + I 0
 : (5.1)One sees that the braking index depends expliitly and impliitly on 
.The right side redues to the anonial onstant n = 3 only if I is inde-pendent of frequeny. Figure 10 shows the variation of n with frequenyfor the star disussed just above (i.e. Figs. 8 and 9) as well as the samplestar of [36℄. Beause of the hange in the moment of inertia driven by thetransition into quark matter, the braking index deviates dramatially from3 at the transition frequenies. For the star of Figs. 8 and 9, this ours
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 � 400 s�1 (dashed urve). The solid urve shows the ase of a strongdeon�nement transition at 
 � 1370 s�1 disussed in [36℄. Continuouslyonneted intermediate ases are possible too and were disussed in [82℄.Suh dramati anomalies in n(
) are not known to be exhibited by on-ventional neutron stars, beause their moments of inertia inrease smoothlywith 
 [1℄. The radio astronomial observation of suh an anomaly maythus be interpreted as a signal for the development of quark-matter oresin the enters of pulsars! As a very important subjet on this issue, weestimate the duration over whih the braking index is anomalous. It an beestimated from �T ' � �
_
 = �P_P , where �
 is the frequeny interval ofthe anomaly. For a milliseond pulsar whose period derivative is typially_P ' 10�19, one �nds �T ' 108 years. The dipole age of suh pulsars isabout 109 years. So as a rough estimate we may expet that about 10% ofthe � 25 solitary milliseond pulsars presently known, are in the transitionepoh and so ould be signaling the ongoing proess of quark deon�ne-ment, omplementing the searhes for the quark-gluon plasma state at theterrestrial heavy-ion olliders.



From Boson Condensation to Quark Deon�nement... 31656. Cooling of neutron starsThe predominant ooling mehanism of hot (temperatures of several� 1010 K) newly formed neutron stars immediately after formation is neu-trino emission, with an initial ooling time sale of seonds. Already afew minutes after birth, the internal neutron star temperature drops to� 109 K [83℄. Photon emission overtakes neutrinos only when the internaltemperature has fallen to � 108 K, with a orresponding surfae temperatureroughly two orders of magnitude smaller. Neutrino ooling dominates for atleast the �rst 103 years, and typially for muh longer in standard ooling(modi�ed Ura) alulations. Being sensitive to the adopted nulear equa-tion of state, the neutron star mass, the assumed magneti �eld strength,the possible existene of super�uidity, meson ondensates, quark matter et.,theoretial ooling alulations, as summarized in Fig. 11, too provide most

-1.0 1.0 3.0 5.0 7.0
log(τ/yr)

28.0

30.0

32.0

34.0

36.0

lo
g(

L
s/

er
g 

s-1
)

C
ra

b

V
el

a

06
56

+
14

10
55

-5
2

G
em

in
ga

M=1.4 Msun

1929+10

standard

intermediate

enhanced

-1
s

lo
g 

 L
  /

er
g 

s

 direct Urca process)

log  time/years

standard cooling
(direct Urca)

M=1.40M

delayed 
by super-
fluidity

enhanced(quark matter, meson condensates,

Fig. 11. Cooling behavior of a 1:4M� neutron star based on ompeting assump-tions about the behavior of superdense matter. Three distint ooling senarios,referred to as `standard', `intermediate', and `enhaned' (for details, see [1℄), anbe distinguished. The band-like strutures re�ets the unertainties inherent in theunderlying EoS (f. Fig. 2).



3166 F. Webervaluable information about the interior matter and neutron star struture.The stellar ooling traks in Fig. 11 are omputed for a broad olletion ofequations of state [1℄, inluding those shown in Fig. 2, whih aount forthe e�ets mentioned just above. Knowing the thermal evolution of a neu-tron star also yields information about suh temperature-sensitive propertiesas transport oe�ients, transition to super�uid states, rust solidi�ation,and internal pulsar heating mehanisms suh as fritional dissipation at therust-super�uid interfaes (for a reent overview, see [84℄).REFERENCES[1℄ F. Weber, Pulsars as Astrophysial Laboratories for Nulear and PartilePhysis, High Energy Physis, Cosmology and Gravitation Series, IOP Pub-lishing, Bristol, Great Britain, 1999.[2℄ N.K. Glendenning, J. Sha�ner-Bielih, Phys. Rev. C60, 025803 (1999).[3℄ N.K. Glendenning, J. Sha�ner-Bielih, Phys. Rev. C58, 1298 (1998).[4℄ R.B. Wiringa, V. Fiks, A. Fabroini, Phys. Rev. 38, 1010 (1988).[5℄ A. Akmal, V.R. Pandharipande, D.G. Ravenhall, Phys. Rev. C58, 1804(1998).[6℄ K. Strobel, F. Weber, M.K. Weigel, Ch. Shaab, Int. J. Mod. Phys. E6, No.4, 669 (1997).[7℄ N.K. Glendenning, Compat Stars, Nulear Physis, Partile Physis, andGeneral Relativity, Springer-Verlag, New York 1997.[8℄ S. Pal, M. Hanauske, I. Zakout, H. Stöker, W. Greiner, Phys. Rev. C60,015802 (1999).[9℄ K. Shertler, S. Leupold, J. Sha�ner-Bielih, Phys. Rev. C60 025801 (1999).[10℄ N.K. Glendenning, Astrophys. J. 293, 470 (1985).[11℄ R. Barth et al., Phys. Rev. Lett. 78, 4027 (1997).[12℄ G. Mao, P. Papazoglou, S. Hofmann, S. Shramm, H. Stöker, W. Greiner,Phys. Rev. C59, 3381 (1999).[13℄ T. Waas, M. Rho, W. Weise, Nul. Phys. A617, 449 (1997).[14℄ G.Q. Li, C.-H. Lee, G.E. Brown, Nul. Phys. A625, 372 (1997).[15℄ G.Q. Li, C.-H. Lee, G.E. Brown, Phys. Rev. Lett. 79, 5214 (1997).[16℄ G.E. Brown, Supernova Explosions, Blak Holes and Nuleon Stars, in: Pro-eedings of the Nulear Physis Conferene�INPC '95, ed. by S. Zuxun andX. Jinheng, World Sienti�, Singapore 1996, p. 623.[17℄ G.E. Brown, Phys. Bl. 53, 671 (1997).[18℄ V. Thorsson, M. Prakash, J.M. Lattimer, Nul. Phys. A572, 693 (1994).[19℄ G.E. Brown, C.-H. Lee, R.A.M.J. Wijers, H. A. Bethe, Evolution of BlakHoles in the Galaxy, submitted to Phys. Rep., astro-ph/9910088.



From Boson Condensation to Quark Deon�nement... 3167[20℄ F.M. Walter, S.J. Wolk, R. Neuhäuser, Nature 379, 233 (1996).[21℄ M. Prakash, AIP Conferene Pro. 412, Big Sky, Montana, 1997, ed. byT. W. Donnelly, Amerian Institute of Physis, New York 1997, p. 1007.[22℄ R.L. Ja�e, Phys. Lett. 38, 195 (1977).[23℄ R. Tamagaki, Prog. Theor. Phys. 85, 321 (1991).[24℄ T. Sakai, J. Mori, A.J. Buhmann, K. Shimizu, K. Yazaki, Nul. Phys. A625,192 (1997).[25℄ A. Faessler, A.J. Buhmann, M.I. Krivoruhenko, B.V. Martemyanov, Phys.Lett. 391B, 255 (1997).[26℄ A. Faessler, A.J. Buhmann, M.I. Krivoruhenko, Phys. Rev. C56, 1576(1997).[27℄ H. Fritzsh, M. Gell�Mann, H. Leutwyler, Phys. Lett. 47B, 365 (1973).[28℄ G. Baym, S. Chin, Phys. Lett. 62B, 241 (1976).[29℄ B.D. Keister, L.S. Kisslinger, Phys. Lett. 64B, 117 (1976).[30℄ G. Chapline, M. Nauenberg, Phys. Rev. D16, 450 (1977).[31℄ W.B. Fehner, P.C. Joss, Nature 274, 347 (1978).[32℄ G. Chapline, M. Nauenberg, Ann. New York Aademy of Si. 302, 191 (1977).[33℄ F. Weber, J. Phys. G: Nul. Part. Phys. 25, R195 (1999).[34℄ N.K. Glendenning, Phys. Rev. D46, 1274 (1992).[35℄ Ch. Kettner, F. Weber, M.K. Weigel, N.K. Glendenning, Phys. Rev. D51,1440 (1995).[36℄ N.K. Glendenning, S. Pei, F. Weber, Phys. Rev. Lett. 79, 1603 (1997).[37℄ M. Alford, K. Rajagopal, F. Wilzek, Phys. Lett. 422B, 247 (1998).[38℄ R. Rapp, T. Shäfer, E.V. Shuryak, M. Velkovsky, Phys. Rev. Lett. 81, 53(1998).[39℄ R. Rapp, T. Shäfer, E.V. Shuryak, M. Velkovsky, hep-ph/9904353).[40℄ D. Blashke, D.M. Sedrakian, K.M. Shahabasyan, Diquark ondensates andthe magneti �eld of pulsars, astro-ph/9904395.[41℄ M. Alford, J. Berges, K. Rajagopal, Magneti �ux within olor superondut-ing neutron star ores, hep-ph/9910254.[42℄ D. Blashke, T. Klähn, D.N. Voskresensky, Diquark Condensates and CompatStar Cooling, astro-ph/9908334.[43℄ A.R. Bodmer, Phys. Rev. D4, 1601 (1971).[44℄ E. Witten, Phys. Rev. D30, 272 (1984).[45℄ H. Terazawa, INS-Report-338, INS, Univ. of Tokyo 1979; J. Phys. So. Japan58, 3555 (1989); 58, 4388 (1989); 59, 1199 (1990).[46℄ J. Madsen, Phys. Rev. Lett. 61, 2909 (1988).[47℄ J. Madsen, Physis and Astrophysis of Strange Quark Matter, Pro. of the2nd International Conferene on Physis and Astrophysis of Quark-GluonPlasma, ed. by B. Sinha, Y. P. Viyogi, S. Raha, World Sienti�, Singapore1994, p. 186.



3168 F. Weber[48℄ J. Madsen, AIP Conferene Pro. 412, Big Sky, Montana, 1997, ed. byT. W. Donnelly, Amerian Institute of Physis, New York, 1997, p. 999.[49℄ C. Alok, E. Farhi, A.V. Olinto, Astrophys. J. 310, 261 (1986).[50℄ P. Haensel, J.L. Zdunik, R. Shae�er, Astron. & Astrophys. 160, 121 (1986).[51℄ C. Alok, A.V. Olinto, Ann. Rev. Nul. Part. Si. 38, 161 (1988).[52℄ J.L. Friedman, How fast an pulsars spin?, in: General relativity and gravi-tation, ed. by N. Ashby, D.F. Bartlett, and W. Wyss, Cambridge UniversityPress, Cambridge 1990.[53℄ R.R. Caldwell, J.L. Friedman, Phys. Lett. 264B, 143 (1991).[54℄ N.K. Glendenning, F. Weber, Astrophys. J. 400, 647 (1992).[55℄ R. Klingenberg, Strange Quark Matter Searhes, to appear in J. Phys. G:Nul. Part. Phys. (1999).[56℄ R.X. Xu, G.J. Qiao, B. Zhang, PSR 0943+10: A Bare Strange Star?,astro-ph/9907132.[57℄ K.S. Cheng, Z.G. Dai, Phys. Rev. Lett. 77, 1210 (1996); 80, 18 (1998).[58℄ V.V. Usov, Phys. Rev. Lett. 80, 230 (1998).[59℄ F. Weber, M.K. Weigel, Nul. Phys. A505, 779 (1989).[60℄ H. Huber, F. Weber, M.K. Weigel, Ch. Shaab, Int. J. Mod. Phys. E7, No. 3,301 (1998).[61℄ H. Umeda, K. Nomoto, S. Tsuruta, T. Muto, T. Tatsumi, Neutron Star Coolingand Pion Condensation, in: The Struture and Evolution of Neutron Stars,ed. by D. Pines, R. Tamagaki, S. Tsuruta, Addison-Wesley, New York 1992,p. 406.[62℄ R.C. Tolman, Phys. Rev. 55, 364 (1939).[63℄ J.R. Oppenheimer, G.M. Volko�, Phys. Rev. 55, 374 (1939).[64℄ J.L. Friedman, J.R. Ipser, L. Parker, Astrophys. J. 304, 115 (1986).[65℄ J.L. Friedman, J.R. Ipser, L. Parker, Phys. Rev. Lett. 62, 3015 (1989).[66℄ K. Sato, H. Suzuki, Prog. Theor. Phys. (Tokyo) 81, 997 (1989).[67℄ N.K. Glendenning, Mod. Phys. Lett. A5, 2197 (1990).[68℄ J. Madsen, Phys. Rev. Lett. 81, 3311 (1998).[69℄ M.C. Miller, F.K. Lamb, D. Psaltis, in: The Ative X-Ray Sky, H. Bradt,F. Fiore, P. Giommi, L. Sarsi, North-Holland, 1999.[70℄ S.E. Thorsett, D. Chakrabarty, Astrophys. J. 512, 288 (1999).[71℄ L. Bildsten, C. Cutler, Astrophys. J. 449, 800 (1995).[72℄ P. Kaaret, E. Ford, K. Chen, Astrophys. J. 480, L27 (1997).[73℄ M.C. Miller, F.K. Lamb, D. Psaltis, Astrophys. J. 508, 791 (1998).[74℄ Ch. Shaab, M.K. Weigel, Quasi Periodi Osillations in Low Mass X-RayBinaries and Constraints on the Equation of State of Neutron Star Matter,astro-ph/9904211.[75℄ M. Salgado, S. Bonazzola, E. Gourgoulhon, P. Haensel, Astron. & Astrophys.291, 155 (1994).



From Boson Condensation to Quark Deon�nement... 3169[76℄ G.B. Cook, S.L. Shapiro, S.A. Teukolsky, Astrophys. J. 422, 227 (1994).[77℄ G.B. Cook, S.L. Shapiro, S.A. Teukolsky, Astrophys. J. 424, 823 (1994).[78℄ Y. Eriguhi, I. Hahisu, K. Nomoto, Mon. Not. R. Astron. So. 266, 179(1994).[79℄ R. Ru�ni, in: Physis and Astrophysis of Neutron Stars and Blak Holes,North-Holland, Amsterdam 1978, p. 287.[80℄ G.E. Brown, H.A. Bethe, Astrophys. J. 423, 659 (1994).[81℄ H.A. Bethe, G.E. Brown, Astrophys. J. 445, L129 (1995).[82℄ E. Chubarian, H. Grigorian, G. Poghosyan, D. Blashke, Deon�nement tran-sition in rotating ompat stars, astro-ph/9903489.[83℄ A. Burrows, J.M. Lattimer, Astrophys. J. 307, 178 (1986).[84℄ Ch. Shaab, A. Sedrakian, F. Weber, M.K. Weigel, Astron. & Astrophys. 346,465 (1999).


