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FROM BOSON CONDENSATION TO QUARKDECONFINEMENT: THE MANY FACES OF NEUTRONSTAR INTERIORS � ��Fridolin WeberLawren
e Berkeley National Laboratory, Nu
lear S
ien
e DivisionMS: 70A-3307, Berkeley, CA 94720, USA(Re
eived O
tober 25, 1999)Gravity 
ompresses the matter in the 
ores of neutron stars to den-sities whi
h are signi�
antly higher than the density of ordinary atomi
nu
lei, thus providing a high-pressure environment in whi
h numerous par-ti
le pro
esses � from the generation of new baryoni
 parti
les to quarkde
on�nement to the formation of Boson 
ondensates and H-matter � may
ompete with ea
h other. There are theoreti
al suggestions of even more`exoti
' pro
esses inside pulsars, su
h as the formation of absolutely stablestrange quark matter, a 
on�guration of matter even more stable than themost stable atomi
 nu
leus, iron. In the latter event, neutron stars wouldbe largely 
omposed of pure quark matter, eventually enveloped in nu
lear
rust matter. No matter whi
h physi
al pro
esses are a
tually realized in-side neutron stars, ea
h one leads to �ngerprints, some more pronoun
edthan others though, in the observable stellar quantities. This feature 
om-bined with the tremendous re
ent progress in observational radio and X-rayastronomy, renders neutron stars to nearly ideal probes for a wide rangeof dense matter studies, 
omplementing the quest of the behavior of super-dense matter in terrestrial 
ollider experiments.PACS numbers: 26.60.+
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3150 F. Weber1. Introdu
tionNeutron stars are spotted as pulsars by radio teles
opes and X-ray satel-lites. They are more massive (i.e. � 1:5M�) than our sun but are typi
allyonly about � 10 kilometers a
ross 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
 nu
lei. A neutron star, therefore, provides a high-pressureenvironment in whi
h numerous subatomi
 parti
le pro
esses are expe
tedto 
ompete with ea
h other and novel phases of matter � like the quark-gluon plasma being sought at the most powerful terrestrial parti
le 
olliders� 
ould exist. In my le
ture, I will give an overview of the present statusof the resear
h on the many phases of superdense matter in neutron stars,whi
h naturally is to be performed at the interfa
e between nu
lear physi
s,parti
le physi
s and Einstein's theory of relativity. Of parti
ular interest willbe the existen
e of quark matter inside neutron stars and the �ngerprintsby means of whi
h this novel phase of matter 
ould register itself in theobserved neutron star data. The dete
tion of su
h matter in neutron starswould help to 
larify how quark matter behaves, and give a boost to theoriesabout the early Universe as well as laboratory sear
hes for the produ
tionof quark matter in heavy-ion 
olliders. Complementary talks on the physi
sof neutron stars will be given by J. Lattimer and M. Prakash who will bedis
ussing the stru
ture and evolution of neutron stars, and the neutrinointera
tions in dense matter, respe
tively.2. The many fa
es of neutron starsFrom model 
al
ulations, it is known that neutron stars are far frombeing 
omposed of only neutrons but instead may possess rather 
omplexinterior stru
tures, as established in model 
al
ulations performed over theyears. Figure 1 gives an overview of those stru
tures that are 
urrently mostvividly dis
ussed in the literature (for an overview, see [1℄).No matter whi
h physi
al stru
tures are a
tually realized inside neutronstars, ea
h one leads to �ngerprints, some more pronoun
ed than othersthough, in the equation of state (i.e. pressure versus density) asso
iatedwith these phases of matter. This be
omes very evident from Fig. 2, whi
hshows a 
olle
tion of 
ompeting models for the equation of state of neutronstar matter [1℄. 2.1. Hyperon starOnly in the most primitive 
on
eption, a neutron star is 
onstituted fromneutrons. At a more a

urate representation, a neutron star will 
ontainneutrons (n) and a small number of protons (p) whose 
harge is balan
ed by
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strange starFig. 1. Competing stru
tures and novel phases of subatomi
 matter predi
ted bytheory to make their appearan
e in the 
ores (R<�8 km) of neutron stars [1℄.leptons (e� and ��). The intera
tions among the nu
leons 
an be treated inthe framework of either S
hroedinger-based theories [4, 5℄, the semi
lassi
alThomas-Fermi method [6℄, or relativisti
 nu
lear �eld theories solved at themean-�eld level [1,7℄ or beyond [1,8,9℄. The 
oupling 
onstants of the theorymust reprodu
e the bulk properties of nu
lear matter at saturation density,�0 = 0:16 fm�3 (energy density of "0 = 140 MeV=fm3). These are thebinding energy E=A, e�e
tive nu
leon mass m�N=mN , in
ompressibility K,and the symmetry energy as whose respe
tive values areE=A = �16:0 MeV; m�N=mN = 0:79; K ' 265 MeV; as = 32:5 MeV:(2.1)Of the �ve, the value for the in
ompressibility of nu
lear matter 
arriessome un
ertainty. Its value is 
urrently believed to lie in the range betweenabout 180 and 300 MeV. At the densities in the interior of neutron stars, theneutron 
hemi
al potential, �n, ex
eeds the mass (modi�ed by intera
tions)of various members of the baryon o
tet [10℄. So in addition to nu
leons andele
trons, neutron stars may be expe
ted to have populations of hyperons,i.e. �;�;� and eventually of �'s.
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Fig. 2. Models for the equation of state (EoS) of `neutron' star matter [1�3℄.2.2. Nu
leon starsOn
e the rea
tion e� ! K� + � (2.2)be
omes possible in a neutron star, it be
omes energeti
ally advantageousfor the star to repla
e the fermioni
 ele
trons with the bosoni
 K� mesons.Whether or not this a
tually happens depends on the mass of the K� indense matter. A handle on this is provided by the K� kineti
 energy spe
-tra extra
ted from Ni+Ni 
ollisions at SIS energies, measured by the KaoS
ollaboration at GSI [11℄.An analysis of the KaoS data shows that the attra
tion from nu
learmatter may bring the K� mass down to m�K� ' 200 MeV at � � 3 �0. Forneutron-ri
h matter, the relationm�K�(�) ' mK� �1� 0:2 ��0� (2.3)was established [14�17℄, with mK = 495 MeV the K� va
uum mass. Valuesaroundm�K� ' 200 MeV lie in the vi
inity of the ele
tron 
hemi
al potential,
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Fig. 3. E�e
tive kaon mass in nu
lear [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 , whi
h follows from Eq. (2.2), 
ould beful�lled in the 
ores of neutron stars. The situation is illustrated graphi
allyin Fig. 3. Equation (2.2) is followed byn+ e� ! p+K� + � ; (2.4)with the neutrinos leaving the star. By this 
onversion the nu
leons in the
ores of newly formed neutron stars 
an be
ome half neutrons and half pro-tons, whi
h lowers the energy per baryon of the matter [16℄. The relativelyisospin symmetri
 
omposition a
hieved in this way resembles the one ofatomi
 nu
lei, whi
h are made up of roughly equal numbers of neutrons andprotons. Neutron stars are therefore referred to, in this pi
ture, as nu
leonstars. The maximal possible mass of this type of star, where Eq. (2.4) hasgone to 
ompletion, has been 
al
ulated to be between about 1:5M� [18℄and 1:8M� [2℄. Based on the former mass value, Brown et al. studied in are
ent paper the formation and evolution of bla
k holes in the Galaxy [19℄.Meson 
ondensates 
an soften the equation of state (EoS) 
onsiderably.As a 
onsequen
e, 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 su
h a small-radius obje
t maybe the nearby neutron star RXJ 185 635�3754 [20℄ whose radius 
ould be assmall as � 7 km [21℄. 2.3. H-dibaryonsA novel parti
le that 
ould make its appearan
e 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℄. Sin
e its �rst predi
tionin 1977, the H-dibaryon has been the subje
t of many theoreti
al and exper-imental studies as a possible 
andidate for a strongly bound exoti
 state. Inneutron stars, whi
h may 
ontain a signi�
ant fra
tion of � hyperons, the �'s
ould 
ombine to form H-dibaryons, whi
h 
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 va
uum mass of about 2.2 GeV and a moderatelyattra
tive potential in the medium of about �30 MeV 
ould go into a Bose
ondensate 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 pla
e in heavier neutron stars ofmassM>�1:6M�. If formed, however, H-matter may not remain dormant inneutron stars but, be
ause of its instability against 
ompression 
ould triggerthe 
onversion of neutron stars into hypotheti
al strange stars [24�26℄.2.4. Quark de
on�nement in neutron starsIt has been suggested already ba
k in the 1970's by a number of re-sear
hers [27�32℄ that, be
ause of the extreme densities rea
hed 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 expe
ted phase transition to quark matter o

urs, and onehas no 
on
lusive guide yet from latti
e QCD simulations. From simple ge-ometri
al 
onsiderations it follows that nu
lei begin to tou
h ea
h other atdensities of � (4�r3N=3)�1 ' 0:24 fm�3, whi
h, for a 
hara
teristi
 nu
leonradius of rN � 1 fm, is less than twi
e the baryon number density �0 ofordinary nu
lear matter [7℄. Above this density, therefore, is appears plau-sible that the nu
lear boundaries of hadrons dissolve so that the formerly
on�ned quarks now populate free states outside of the hadrons. Depend-ing on rotational frequen
y 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, sin
e the mass of the strange quark is only ms � 150 MeV,high-energeti
 up and down quarks are expe
ted to readily transform tostrange quarks at about the same density at whi
h up and down quark de-
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on-stant baryon number, A. Estimated threshold densities of various novel phases ofsuperdense matter are indi
ated. M(0) is the non-rotating star mass, 
K [
f. Eq.(3.5)℄ stands for the Kepler frequen
y whi
h 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 Se
tion 5, radio astronomers may be able to spot eviden
efor the existen
e of this novel phase of matter in the timing stru
ture ofpulsar spin-down [33, 36℄.2.5. Diquark 
ondensation and 
olor super
ondu
tivityVery re
ently it was dis
overed that instantons may 
ause strong 
orre-lations between up and down quarks, whi
h 
ould give way to the existen
eof 
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 super
ondu
tiv-ity [38, 39℄. Both the magnitude of the gap and the 
riti
al temperatureasso
iated with the 
olor super
ondu
tive phase were estimated to be onthe order of � 100 MeV [38, 39℄! The impli
ations of su
h tremendous gapsfor the magneti
 �elds of pulsars and their thermal evolution were exploredin [40,41℄ and [42℄, respe
tively. Future theoreti
al studies of QCD at �nitebaryon number density may reveal to whi
h extent these newly establishedfeatures of quark matter will have their 
orresponden
e 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 expe
tdistinguishing 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
 nu
lei. This most `plausible' assumption, however,may be quite de
eiving [43�45℄ be
ause for a 
olle
tion 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
 nu
leus, 56Fe, whoseenergy per baryon number isM(56Fe)
2=56 = 930:4 MeV, with M(56Fe) themass of the 56Fe atom. A simple estimate indi
ates 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) pla
e theenergy per baryon of su
h matter at E=A = 829 MeV and 915 MeV, respe
-tively [1, 46�48℄. Obviously, these values 
orrespond to quark matter whi
his absolutely bound with respe
t to 56Fe. In this event the ground stateof the strong intera
tion would be strange quark matter (strange matter),made up of u; d; s quarks, instead of nu
lear matter. This �nding is oneof the most startling predi
tions of modern physi
s with far-rea
hing im-pli
ations for neutron stars, for all hadroni
 stellar 
on�gurations in Fig. 1would then be only metastable with respe
t 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 infa
t be strange stars [46�48, 52, 53℄. In sharp 
ontrast to the other stars inFig. 1, whi
h 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 nu
lear 
rust whose density is less thanneutron drip (4� 1011 g=
m3) [54℄.The hypotheti
al, absolute stability of strange matter gives way to a va-riety of novel stable strange matter obje
ts whi
h stret
h from strangeletsat the small baryon number end, A � 102, to strange stars at the high end,A � 1057, where strange matter be
omes unstable against gravitational
ollapse [35℄. The strange 
ounterparts of ordinary atomi
 nu
lei are thestrange nuggets, sear
hed 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 re
ent review, see [55℄.) Strange stars shouldpossess properties that may allow one to distinguish them from their `
on-ventional' 
ounterparts [1, 7, 49, 56�58℄.
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on�nement... 31573. Stellar stru
ture equationsSin
e neutron stars are obje
ts of highly 
ompressed matter, the geom-etry of spa
etime is 
hanged 
onsiderably from �at spa
e. Neutron starmodels are thus to be 
onstru
ted from Einstein's �eld equations of generalrelativity (�; �=0,1,2,3),G�� � R�� � 12g��R = 8�T ��("; P (")) ; (3.1)whi
h 
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 Ri

i s
alar [1℄. Theories of superdensematter enter in Eq. (3.1) via T �� , whi
h 
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 
ompli
ated fun
tion of the numerous hadronand quark �elds, 
olle
tively written as f�g, that a
quire �nite amplitudesup to the highest densities rea
hed in the 
ores of 
ompa
t stars. A

ordingto what has been said in Se
tion 2, plausible 
andidates for � are the 
hargedstates of the SU(3) baryon o
tet, 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 
hemi
al equilibrium and ele
tri
 
hargeneutrality of the stellar matter require the presen
e of leptons too, in whi
h
ase � = e�; ��. Models for the equation of state then follow a

ording tothe s
heme (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 sin
e theparti
les move in 
urved spa
etime 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 for
es 
anbe 
leanly separated from the short-range for
es, so that Eqs. (3.1) and (3.2)
onstitute two de
ouple problems.3.1. Non-rotating starsThe stru
ture equation of spheri
al 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,appli
able to stellar 
on�gurations in hydrostati
 equilibrium. We use unitsfor whi
h the gravitational 
onstant and velo
ity 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. Hen
e the star's totalmass follows as M � m(R). 3.2. Rotating starsThe stellar equations des
ribing rotating 
ompa
t stars are 
onsiderablymore 
ompli
ated than those of non-rotating 
ompa
t stars [1℄. These 
om-pli
ations have their 
ause in the deformation of rotating stars plus the gen-eral relativisti
 e�e
t of the dragging of lo
al inertial frames. This re�e
tsitself in a metri
 of the form [1, 64℄ds2 = � e2 � dt2 + e2 (d�� ! dt)2 + e2� d�2 + e2� dr2 ; (3.4)where ea
h metri
 fun
tion, i.e. �,  , � and �, depends on the radial 
oor-dinate r, polar angle �, and impli
itly on the star's angular velo
ity 
. Thequantity ! denotes the angular velo
ity of the lo
al inertial frames, whi
hare dragged along in the dire
tion of the star's rotation. This frequen
y toodepends on r, � and 
. Of parti
ular interest is the relative frame draggingfrequen
y �! de�ned as �!(r; �;
) � 
�!(r; �;
), whi
h typi
ally in
reasesfrom about 15% at the surfa
e to about 60% at the 
enter of a neutron starthat rotates at its Kepler frequen
y [1, 33℄. The Kepler frequen
y, 
K, isthe maximum frequen
y a star 
an have before mass loss (mass shedding) atthe equator sets in. It sets an absolute upper limit on stable rapid rotation.In 
lassi
al me
hani
s 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 respe
t to the S
hwarzs
hild 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 fun
tion of rotating star mass. The re
tangleindi
ates both the approximate range of observed neutron star masses aswell as the observed rotational periods whi
h, 
urrently, are P � 1:6 ms.One sees that all pulsars so far observed rotate below the mass shedding fre-quen
y and so 
an be interpreted as rotating neutron stars. Half-millise
ondperiods or even smaller ones are 
ompletely ex
luded for neutron stars of
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Fig. 5. Onset of mass shedding from rapidly spinning neutron stars, 
omputed fora sample of equations of state [1℄. The Kepler period is de�ned in Eq. (3.5).mass 1:4M� [64�66℄ for these equations of state [1℄. The situation appearsto be very di�erent for neutron stars made up of self-bound strange quarkmatter, the so-
alled strange stars introdu
ed in Se
tion 2.6. Su
h stars ap-pear to withstand stable rotation against mass shedding down to rotationalperiods in the half-millise
ond regime or even less [67℄. As a 
onsequen
e,the possible future dis
overy of a single sub-millise
ond pulsar, say 0.5 ms,
ould give a strong hint that, �rstly, strange stars a
tually exist and, se
-ondly, the de
on�ned, self-bound phase of 3-�avor strange quark matter isthe true ground state of the strong intera
tion rather than nu
lear matter.This 
on
lusion is strengthened by the �nding of [68℄ that young strangestars appear not to be subje
t to the re
ently dis
overed r-mode instability,whi
h would slow down hot neutron stars to periods of several millise
ondsvia the emission of gravitational radiation within a year after birth.4. Mass 
onstraints from QPOs in LMXBsFigure 6 exhibits the mass of non-rotating neutron stars as a fun
tion ofstar radius. Ea
h stellar sequen
e is shown up to the maximum-mass star,indi
ated by ti
k marks. Stars beyond the mass peak are unstable againstradial os
illations and would 
ollapse to bla
k holes. Evidently, all equationsof state 
an a

ommodate a neutron star as heavy as the Hulse-Taylor pulsar,whose mass is very pre
isely known to be M(PSR 1913 + 16) = 1:444M�.Rather heavy neutron stars, on the other had, of mass M � 2M� 
an only
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y of 1220 Hzin neutron star 4U 1636�536 are indi
ated by the shaded area [69℄.be obtained for equations of state that exhibit a rather sti� behavior atsupernu
lear densities (
f. Fig. 2).Knowledge of the maximum-mass value is of great importan
e for tworeasons. Firstly, about 20 neutron stars masses are presently known [70℄,and the largest of these imposes a lower bound on the maximum mass of atheoreti
al model. The 
urrent lower bound on the maximum-mass is about1:56M� (i.e. neutron star 4U 0900�40), whi
h, if �rmly established, wouldindi
ate that the equation of state of superdense matter will be rather soft atsupernu
lear densities. This would 
hange if the maximum-mass should be
loser to the upper bound of 1:98M�. Indi
ations for the possible existen
eof su
h heavy neutron stars, with masses around 2M�, may 
ome from theobservation of quasi-periodi
 os
illations (QPOs) in luminosity in low-massX-ray binaries (LMXBs) [69, 71�73℄. If 
on�rmed, a signi�
ant fra
tion ofequations of state presently dis
ussed in the literature [1,74℄ 
ould be ruledout. Be
ause of the signi�
ant sti�ness of the EoS required by heavy neutron
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on�nement... 3161stars, all the phase transitions reviewed in Se
tion 2, whi
h 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 
hemi
ally equilibrated nu
leons only [74℄. Rapid neutronstar rotation in
reases 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. These
ond reason is that the maximum mass 
an be useful in identifying bla
khole 
andidates [79�81℄. For example, if the mass of a 
ompa
t 
ompanionof an opti
al star is determined to ex
eed the maximum mass of a neutronstar, it must be a bla
k hole. Be
ause themaximum mass of stable neutron stars in our theory is 2:2M�, 
ompa
t
ompanions being more massive than that value are predi
ted to be bla
kholes. An example of su
h an obje
t is the non-pulsating X-ray binaryCyg X�1, as its mass lies in the range 9<�M=M�<�15.5. Eviden
e of quark matter in neutron starsAs pointed out in Se
tion 2.4, the possibility of quark de
on�nement inthe 
ores of neutron stars has already been suggested in the 1970's. Howeveruntil re
ently no stringent observational signal has everbeen proposed. This is so be
ause whether or not the quark-hadron phasetransition o

urs in neutron stars makes only little di�eren
e to their stati
properties su
h as the range of possible masses, radii, or even their limitingrotational periods. This, however, turns out to be strikingly di�erent for thetiming stru
ture of rotating neutron stars (i.e. pulsars) that develop quarkmatter 
ores in the 
ourse of spin-down, as I shall des
ribe in this se
tion.A model of an EoS whi
h a

ounts for quark de
on�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 twi
e nu
lear matter den-sity (arrow labeled `a'), whi
h leads to a pronoun
ed softening of the EoS.Pure quark matter exists at densities >�7"0 (arrow labeled `b').These stru
tures 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 frequen
yto zero rotation, whi
h des
ribes the temporal evolution of an isolated ro-tating neutron star. Depending on frequen
y, the star has an inner sphereof pure quark matter (labeled `quark' in Fig. 8) surrounded by a few kilo-meters thi
k shell of mixed phase of hadroni
 and quark matter arranged ina Coulomb latti
e stru
ture, and this surrounded by a thin shell of hadroni
liquid, itself with a thin 
rust of heavy ions. The latti
e stru
ture of varyinggeometry may have dramati
 e�e
ts on pulsar observables in
luding trans-
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Fig. 9. Same as Fig. 8, but in star's polar dire
tion [1, 33℄.port properties and the theory of glit
hes [7℄. As the star spins up it be
omesmore and more deformed, and the 
entral density de
reases. For some ro-tating neutron stars the mass and initial rotational frequen
y may be justsu
h that the 
entral density rises from below to above the 
riti
al densityfor dissolution of baryons into their quark 
onstituents. This is a

ompa-nied by a sudden shrinkage of the neutron star, whi
h o

urs for the presentmodel star at 
 � 400 s�1. This e�e
ts the star's moment of inertia, I,dramati
ally. Changes of I, in turn, re�e
t themselves in the braking index,n, of a pulsar, whi
h 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 expli
itly and impli
itly on 
.The right side redu
es to the 
anoni
al 
onstant n = 3 only if I is inde-pendent of frequen
y. Figure 10 shows the variation of n with frequen
yfor the star dis
ussed just above (i.e. Figs. 8 and 9) as well as the samplestar of [36℄. Be
ause of the 
hange in the moment of inertia driven by thetransition into quark matter, the braking index deviates dramati
ally from3 at the transition frequen
ies. For the star of Figs. 8 and 9, this o

urs
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Fig. 10. Braking index as a fun
tion of rotational frequen
y [33℄.at 
 � 400 s�1 (dashed 
urve). The solid 
urve shows the 
ase of a strongde
on�nement transition at 
 � 1370 s�1 dis
ussed in [36℄. Continuously
onne
ted intermediate 
ases are possible too and were dis
ussed in [82℄.Su
h dramati
 anomalies in n(
) are not known to be exhibited by 
on-ventional neutron stars, be
ause their moments of inertia in
rease smoothlywith 
 [1℄. The radio astronomi
al observation of su
h an anomaly maythus be interpreted as a signal for the development of quark-matter 
oresin the 
enters of pulsars! As a very important subje
t on this issue, weestimate the duration over whi
h the braking index is anomalous. It 
an beestimated from �T ' � �
_
 = �P_P , where �
 is the frequen
y interval ofthe anomaly. For a millise
ond pulsar whose period derivative is typi
ally_P ' 10�19, one �nds �T ' 108 years. The dipole age of su
h pulsars isabout 109 years. So as a rough estimate we may expe
t that about 10% ofthe � 25 solitary millise
ond pulsars presently known, are in the transitionepo
h and so 
ould be signaling the ongoing pro
ess of quark de
on�ne-ment, 
omplementing the sear
hes for the quark-gluon plasma state at theterrestrial heavy-ion 
olliders.
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on�nement... 31656. Cooling of neutron starsThe predominant 
ooling me
hanism of hot (temperatures of several� 1010 K) newly formed neutron stars immediately after formation is neu-trino emission, with an initial 
ooling time s
ale of se
onds. 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 surfa
e temperatureroughly two orders of magnitude smaller. Neutrino 
ooling dominates for atleast the �rst 103 years, and typi
ally for mu
h longer in standard 
ooling(modi�ed Ur
a) 
al
ulations. Being sensitive to the adopted nu
lear equa-tion of state, the neutron star mass, the assumed magneti
 �eld strength,the possible existen
e of super�uidity, meson 
ondensates, quark matter et
.,theoreti
al 
ooling 
al
ulations, 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 distin
t 
ooling s
enarios,referred to as `standard', `intermediate', and `enhan
ed' (for details, see [1℄), 
anbe distinguished. The band-like stru
tures re�e
ts the un
ertainties inherent in theunderlying EoS (
f. Fig. 2).



3166 F. Webervaluable information about the interior matter and neutron star stru
ture.The stellar 
ooling tra
ks in Fig. 11 are 
omputed for a broad 
olle
tion ofequations of state [1℄, in
luding those shown in Fig. 2, whi
h a

ount forthe e�e
ts mentioned just above. Knowing the thermal evolution of a neu-tron star also yields information about su
h temperature-sensitive propertiesas transport 
oe�
ients, transition to super�uid states, 
rust solidi�
ation,and internal pulsar heating me
hanisms su
h as fri
tional dissipation at the
rust-super�uid interfa
es (for a re
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