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Neutron stars and quark phases in the Nambu-Jona-Lasinio model
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We study the possible existence of deconfined quark matter in the interior of neutron stars using the
Nambu-Jona-Lasinio model to describe the quark phase. We find that typical neutron stars with masses around
1.4 solar masses do not possess any deconfined quark matter in their center. This can be traced back to the
property of the NJL model which suggests a large constituent strange quark mass over a wide range of
densities[S0556-2819)01008-7

PACS numbe(s): 26.60+c, 12.39-x, 12.38.Mh

I. INTRODUCTION consequences in physics and astrophysiteading, e.g., to

At large temperatures or large densities hadronic matter |tshe possibility of so calleq .strange starg2,7] V.Vh'Ch are

o : neutron stars purely consisting of quark matter in weak equi-

expected to undergo two phase transitions: one which decon; - .

i . . librium with electrons. Of course, to check the model depen-
fines quarkgand gluongand one which restores chiral sym- . o

dence of such findings it is important to perform the corre-

metry. Up to now it is an unsettled issue whether these tW%ponding calculations also in models different from the MIT

phase transitions are distinct or coincide. Moreover, it ISPag model. In a recent work by Buballa and Oefﬁgl the

even unclear Whether_t_here are real pha_s_e transitions or on Quation of statéEOS of quark matter was investigated in
rapid crossover transitions. Such transitions have receive, e framework of the Nambu—Jona-LasinidlJL) model
much attention in heavy ion physics as well as in the contexti, three quark flavors. Applying this model it was found
of neutron stars which provide a unique environment (¢ sirange quark matter is not absolutely stable. This would
study cold matter at supermnuclear densitids2]. Even  je oyt the existence of strange stars. On the other hand, the
though a deconfinement phase transition seems intuitivelyjossipility of quark phases in the interior of neutron stars is
evident at large enough densities, from a theoretical point ofy principle not excluded by this result—even though this
view a confirmation of the existence of a deconfined quarkyossibility gets energetically less likely. Only a detailed
phase in neutron stars is so far limited by the uncertainties iphase transition calculation can answer the question which
modeling QCD at large densities. All the more it is importanteffect the findings in[8] have on the existence of quark
to study and compare different available models to sheghases inside neutron stars. This is what we are aiming at in
some light on similarities and differences with respect to thehe present work.
behavior of matter at large densities as well as on the corre- In principle, for the description of a neutron star which
sponding predictions of neutron star properties like, e.g., itgonsists of a quark phase in its center and a surrounding
mass and radius. In the future such experience may prove teadronic phasdand, as we shall discuss below, a mixed
be useful if either an improved understanding of matter unphase in betwegwe need models for both phases. The most
der extreme conditions provides a more exclusive selectiofavorite case would be to have one model which can reliably
between the various models or new experimental results ogescribe both phases. So far, there are no such models.
neutron star properties are available to set more stringertherefore, we will use various versions of the relativistic
constraints. mean field model to parametrize the hadronic phase. For the
Usually the quark matter phase is modeled in the contexgjuark phase we follow Buballa and Oerfé] in using the
of the MIT bag mode[2-4] as a Fermi gas of, d, ands three-flavor version of the NJL model. The NJL model has
quarks. In this model the phenomenological bag constantroved to be very successful in the description of the spon-
Bt is introduced to mimic QCD interactions to a certain taneous breakdown of chiral symmetry exhibited by the true
degree. The investigation of such a phase was furthermor@onperturbative QCD vacuum. It explains very well the
stimulated by the idea that a quark matter phase composed gpectrum of the low lying mesons which is intimately con-
almost an equal amount of the three lightest quark flavorsiected with chiral symmetry as well as many other low en-
could be the ground state of nuclear maftéd—7]. Indeed, ergy phenomena of strong interactig@—11. At high
for a wide range of model parameters such as the bag cornough temperature and/or density the NJL model predicts a
stant, bag models predict that the quark matter phase is alransition to a state where chiral symmetry becomes restored.
solutely stable, i.e., its energy per baryon at zero pressure Bespite that promising features which at first sight might
lower than the one of®Fe. If this is true, this has important suggest the NJL model as a good candidate for modeling
both the low and high density region of a neutron star this
model has one important shortcoming, namely it does not
*Electronic address: klaus.schertler@theo.physik.uni-giessen.deconfine quarks. At low densities, however, the bulk proper-
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ties of strongly interacting matter are significantly influenced TABLE I. Nuclear matter properties of the hadronic EOS’s. The
by the fact that quarks are confined there. Therefore, weaturation density and the binding energy is denoteggdndB/A,
cannot expect that the NJL model gives reliable results fothe incompressibility by, the effective mass byny/m,, and the
the EOS at low densities. Thus we will use the relativisticSymmetry energy bgg,. The particle compositions are shown at
mean field model to describe the confined phase. At highelhe bottom of the table.

densities, however, the quarks are expected to be deconfined:

There we expect the NJL model to be applicable since th&tadronic EOS ™1 ™2 GL85 GPS
lack of confinement inherent to this model is irrelevant ingeference [20] [20] [20] [21]
that regime. The interesting feature of the NJL model is tha}Jo [fm~3] 0.145 0.132 0.145 0.150
it reflects the chiral symmetry of QCD. Clearly, it would be g, o [MeV] ~163 -16.2 —-1595 —16.0
preferable to hav_e a Lagrangian_ for the hadronic phase whicE [MeV] 281 344 285 300
also respects chiral symmetry like, e.g., the one constructem,;‘/mn 0634 0571 0.770 0.830

in [12] for the two-flavor case and the &) generalizations
[13,14). Such Lagrangians, however, are gll’nore complicateé‘lsym [Mey] 36.9 3538 36.8 325
to deal with. First applications to neutron star matter seem tyomposition _ Oa e ﬁf a b
indicate that the modifications are rather small as compare@) n,p,ei,,ui,A,Ei,E =BT

to the relativistic mean field models used hEt8]. For sim-  ® n.p.e”,n”AX

plicity, we therefore will restrict our considerations to the

much simpler extensions of the Walec.kg r_nodel Wh!Ch Mthe relevant degrees of freedom in this phase. We want to
clude hyperonic degrees of freedgnelativistic mean field

del describe this phase in the framework of the relativistic mean
models. : . . field (RMF) model which is widely used for the description
The paper is organized as follows: In Sec. Il we discus

_ bf dense nuclear matt¢d8—20. For an introduction to the
how the EOS for the hadronic phase of a neutron star ISSME model see e.gl2]. We use three EOS's calculated by
calculated within several variants of relativistic mean field chaffner and Mishustin in the extended RMF mof9]
models. We keep brief here since such models are frequent| enoted as TM1, TM2, GL85and one by Ghosh, Phatak
used and well documented in the literatice, e.g.,[_2]). In and Sahy21]. For, the Iéltter one we use GPS as, an abbr,e-
Sec._III we apply the NJL model to the description of theviation. These models include hyperonic degrees of freedom
possrllble quzrk plhase of the n;utron star. Here wrc]e %rese ich typically appear ale~2—3e,. Table | shows the
much more details as compared to Sec. Il since to the best : - o
our knowledge it is the first time that the NJL model isfuclear matter properties and the particle composition of the

X " : our EOS’s. The RMF EOS'’s are matched to the Baym-
applied to the description of the quark phase in a neUtrorﬁ’ethick—Sutherland EOS at densitieseof 104 glcnP~ e
star. Section |V is devoted to the construction of the phas o

transition and to the application of the complete EOS to th%\ﬁg (szatsh: t:g:::/;?; gﬁglreegr?so;:;e‘hasgénﬁ are f]ipgehc(g':gzi?y

internal structure of the neutron star. Finally we summarizerange of the EOS is still not well understood. The use of
and discuss our results in Sec. V. different hadronic models should reflect this uncertainty to
some degree. In the following we denote the phase described
by the Baym-Pethick-Sutherland EOS and by the RMF
Il. HADRONIC MATTER model as théhadronic phas¢HP) of the neutron star.

Neutron stars cover a wide range of densities. From the
surface of the star which is composed of iron with a de'nsity IIl. QUARK PHASE
of e~8 glcn? the density can increase up to several times
normal nuclear matter densityed=140 MeV/fnP~2.5 To describe the deconfinegliark phasgQP) we use the
X 10" g/cn?) in the center of the star. Since there is noNambu-Jona-LasinigNJL) model [22] with three flavors
single theory that covers this huge density range, we arB23] in Hartree(mean field approximation(for reviews on
forced to use different models to meet the requirements othe NJL model cf[9-11]). The Lagrangian is given bfcf.
the various degrees of freedom opened up at different dendi8,23))
ties. For subnuclear densities we apply the Baym-Pethick-
Sutherland EO$16]. The degrees of freedom in this EOS ., A — o, = 2
are nuclei, electrons and neutrons. The background of neu- C—q(lﬂ—m)q+Gk20 [(ahk@) "+ (i yshid)“]
trons appears above neutron drip densityy(~4 . .
X 10' g/cn?) when the most weakly bound neutrons start —K[det(q(1+ y5)q)+det(q(1—y5)q)], D
to drip out of the nuclei which themselves get more and more ] )
neutron rich with increasing density. For a detailed discuswhereq denotes a quark field with three flavors,d, ands,
sion of the Baym-Pethick-Sutherland EOS see §ldoWe  and three colorsm=diag(m,,my,ms) is a 3X3 matrix in
also refer to[17] where a relativistic mean field model is flavor space. For simplicity we use the isospin symmetric
extended to also describe this low density range. casem,=myg=my. The\, matrices act in flavor space. For

At densities of about normal nuclear densitythe nuclei k=1, ...,8they are the generators &U(3); while \q is
begin to dissolve and merge together and nucleons beconmoportional to the unit matrix in flavor spa¢see[10] for

8
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detailg. The four-point interaction term+ G is symmetric in dp  (ph)®
SUy(3)XSUA(3)XUy(1)XUu(1). In contrast, the deter- pi=2ch§ i%g: 7 (5)
minant term~K which for the case of three flavors gener- [Pl<Pe

ates a six-point interaction breaks the(1) symmetry. If  For |ater use we also introduce the baryon particle number
the mass terms are neglected the overall symmetry of thgensity

Lagrangian therefore isSUy(3)XSUx(3)XUy(1). In
vacuum this symmetry is spontaneously broken down to p=
SUy(3)xXUy(1) which implies the strict conservation of

baryon and flavor number. The full chiral symmetry—which gqyations(2) and (3) serve to generate constituent quark
|mpllest Irt]) addition thte cgnsterv?ft_lqn t?f rt]heh ‘::‘X'al flavor masses which decrease with increasing densities from their
current—becomes restored at sufficien _ _

> I y high temperaturégacyym values ofm ,,c=367.7 MeV andm .= 549.5
and/or densities. The finite mass terms introduce an addmev respectively
tional explicit breaking of the chiral symmetry. On account Before calculating the EOS we would like to comment

of the chiral syr?(metry brealglln% mechanism the qua_rcI;s gb riefly on the Hartree approximation to the NJL model which
lconstlturt]ent ququr masses w IIE In vacumIJm arle cons(,;' erablye use throughout this work. This treatment is identical to a
arger than their current quark mass values. In media Withe o qing order calculation in the inverse number of colors

very high quark densities constituent and current quarkllNC [10]. In principle, one can go beyond this approxima-

. tion by taking into account N, corrections in a systematic
r\;\/ay. This amounts in the inclusion of quark-antiquark states
(mesongas RPA modes in the thermodynamical calculations

. ) ~ 5 : [24,25. Several things then change: First of all, these me-
dimension energy® and energy®, respectively. To regular- o might contribute to the EOS. We are not aware of a
ize divergent loop integrals we use for simplicity a Sh"_"rpthorough discussion of such an EQOS for three flavors with
cutoff A in 3-momentum space. Thus we have at all fivegnite current quark masses. The two-flavor case is discussed
parameters, namely the current quark masseandms, the i, [75] Qualitatively the masses of the meson states rise
coupling constant$s and K, and ';he CUtOffA. I;ollowmg above the chiral transition point. Therefore, they should be-
[23] we use A=602.3 MeV, GA®=1.835, KA>=12.36,  :qme energetically disfavored and thus less important. An
my=5.5 MeV, andm,=140.7 MeV. These parameters are 5qgitional technical complication arises due to the fact that
chosen such that the empirical valu.es for the pion decaye relation between the Fermi energy and the chemical po-
constant and the meson masses of pion, kaon/gncin be  tential becomes nontrivial. Instead of H¢) one has to solve
reproduced. The mass of themeson is underestimated by ap, additional gap equation for each flavor species. These gap
about 6%. i equations are coupled to the gap equations for the constituent

We treat the three-flavor NJL model in the Hartree ap-qyark masses given in E(R). We refer to[10] for details.

proximation which amounts to solve in a self-consistent wayror simplicity we will restrict ourselves in the following to
the following gap equations for the dynamically generatedne Hartree approximation and comment on the possible

w| K=

(putpatps). (6)

where chiral symmetry is restored
The coupling constanis andK appearing in Eql) have

constituent(effectivg quark masses: limitations of that approach in the last section.
. _ - Coming back to the EOS we also need the energy density
m" =m; —4G(q;d;) + 2K(q;d;){ ki) (2)  and the pressure of the quark system. In the Hartree approxi-

mation the energy density turns out to [[83
with (i,j,k) being any permutation ofu,d,s). At zero tem-

perature but finite quark chemical potentials the quark con- _ inL 2 2
densates are given by 6NJL_i=u2,d,s g N dpp V(M )2+ p?+Ber,  (7)

o d3p m¥ while pressure and energy density are related via
(Gigi)=—2N fi )
o “Jol<lpl<a(2m)® V(m¥)2+ p? pNJL+ENJL:i=u2dSPiMiy ®
3 Ad 7 m* - where the effective bag pressuBgy is given by
= — — i p —_—_
o ()24 p? Bei=Bo— B, 9)
with

where we have taken the number of colors toN\ye=3. piF

denotes the Fermi momentum of the respective quark flavor 3 (A > ——
i. It is connected with the respective quark chemical potential B:|=u » ?fo dppPP(V(mF)2+p?—\(m;)?+p?)
Mi Via o
pL= V2= (M*)20 (p,— m*). (4) —2G(q;0;)? |+ 4K (uu)(dd)(ss) (10

The corresponding quark particle number density is given bynd
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Bo=B| 0=(217.6 MeVW*. (11)

Pu=Pd=Ps™

Note thatB depends implicitly on the quark densities via the
(density dependeptconstituent quark masses. The appear-

700

600

500

= 400
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A = 602.3 MeV

ance of the density independent constBptensures that en- %
ergy density and pressure vanish in vacuum. We note here% 300
that this requirement fixes the density independent part of =
Bt Which influences the EOS via EqS) and(8) and there- 200
fore the possible phase transition to quark matter. We will
come back to this point in the last section. In what follows

we shall frequently compare the results of the three-flavor 0
NJL model with the simpler MIT bag mod§B,4]. For that

purpose it is important to realize that the NJL model predicts

a (density dependenbag pressur8.; while in the MIT bag FIG. 1. Fermi momenta of the quarks as a function of baryon
model the bag constam,,r is a density independent free Pparticle number density for a charge neutral system of quarks and
parameter. There usually also the quark masn&g are electrons in weak equilibriumA denotes the cutoff introduced to
treated as density independent quantitigs) exception is  'eégularize the NJL modepo=0.17 fm* denotes nuclear satura-
the model discussed [26,27 which uses density dependent tion density.

effective quark masses caused by quark interactions in the

high density regime.In the bag model energy density and
pressure of the quark system are given by

p/po

The QP which might be found in the center of a neutron
star consists ofi, d, and s quarks and electrons in weak
equilibrium, i.e., the weak reactions

3 i
o _
EmT= > ) FdppPN(M" )2+ p?+ By (12) d—ute +uve-
i=u,d,s 7T JO °

s—u+e +uvg, (14)
and

s+u«—d+u

PmiTt €mT= > Pk (13
i=u,d,s

imply relations between the four chemical potentials
MM Ms me Which read

Suppose now that the densities are so high that in the three- Ms= M= Myt Me- (15
flavor NJL model the effective quark masses have dropped ) ) ) )
down to the current quark masses. In this case, energy defince the neutrinos can diffuse out of the star their chemical
sity and pressure take the form of the respective expressio¥tentials are taken to be zero. The number of chemical po-
in the MIT bag model witm™T=m, andBy,r=B,. How- tentials necessary for the description of the QP in weak equi-
ever. a word of caution is inlorder here. Rary highquark librium is therefore reduced towo independent ones. For
particle number densities the corresponding Fermi momentgonvenience we choose the pajt(;ue) with the neutron
become larger than the momentum cut-ffintroduced to ~ chemical potential
regularize the NJL model. In this case the results of the NJL

model become unreliable. For example, the upper limit of the

momentum integration in Ed5) would be no longer given

Hn=pyt2uq. (16)

by the Fermi momentum but by the cutdffwhich would be In a pure Ql_D(in contrast to quark matter_in a mixed phase
clearly an unphysical behavior of the model. Thus for allWhICh we wil dlsc.uss. latgrwe can require the QP.' to be
é:_harge neutral. This gives us an additional constraint on the

practical purposes one should always ensure that in the r . . ; . . .
gion of interest the Fermi momenta are smaller than the moc_:hemlcal potentials via the following relation for the particle

mentum cutoffA. Figure 1 shows the Fermi momenta of the number densities:
quarks as a function of the baryon particle number density >
(for a charge neutral system of quarks and electrons in weak
equilibrium; cf. next paragraph for detailsObviously all
Fermi momenta stay below the cutoff for the shown re- ) )
gion. We will come back to that point at the end of this Wherepe denotes the electron particle number density. Ne-
section. As we shall see below concerning the properties d¥lecting the electron mass it is given by

typical neutron stars we only need the QP EOS up to densi-
ties of about 3, where according to Fig. 1 the Fermi mo- _ He (19)
menta stay well below the cutoff. Pe=3 2

1 1
3PuT 3Pd™ §ps—pe=0, (17)
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FIG. 2. Quark condensates as a function of baryon particle num- FIG. 3. Effective quark masses as a function of baryon particle
ber density for a charge neutral system of quarks and electrons inumber density for a charge neutral system of quarks and electrons
weak equilibrium. Note that all condensates have negative valueis weak equilibrium. In addition the strange quark chemical poten-
[cf. Eq.(3)]. tial ug is plotted in the region where it meets the constituent strange

quark mass. This marks the point where strange quarks appear in
the systenisee also Fig. 1
Utilizing the relations(15) and (17) the EOS can now be
parametrized by onlpnechemical potential, say, . At this
point it should be noted that the arguments given here for theegime of the neutron star with quark degrees of freedom
QP also holds for the HP. There one also ends up with  while for low densities we use the hadronic EOS described
independent chemical potentiale.g., u, and u.) if one in the previous section. Concerning the low density regime
only requires weak equilibrium between the constituents opf the three-flavor NJL model we refer {8] for details.
the HP and withone chemical potentiale.g., u,) if one  There it was shown that the energy per baryon of a charge
additionally requires charge neutrality. As we will discussneutral system of quarks and electrons in weak equilibrium
later, the number of independent chemical potentials plays glescribed by the NJL model and a free electron gasws
crucial role in the formulation of the Gibbs condition for a minimum somewhat above two timgg. This implies that
chemical and mechanical equilibrium between the HP andn the density region below this minimum the pressure is
the QP. negative. We are not interested in tew density part of

In the pure QP total energy density and pressure are giveile EOS with negative pressure since it cannot be realized in

by the respective sums for the quark and the electron systerf, neutron star. In the region of interest Figs. 2 and 3 show

ie., that the strange quark condensate and the effective strange
. guark mass stay constant until the strange chemical potential
Me us overwhelms the strange quark mass. Only then according
e=ent ;2 19 o Eq. (4) the strange quark particle number dengityand

the corresponding Fermi momentysp (cf. Fig. 1) become

and different from zero causing a decrease|@s)| and m¥ .
4 Note that all condensates have negative valaésEq. (3)].
P= Pyt % (20) One might wonder why the dropping of the condensates of
ar

240

where the system of electrons is treated as a massless ide:
gas. One obtains the analogous expressions for the MIT bac 0 B — 2176 MeV
model if ey;. and pyy. are replaced by the respective MIT =~ 777 o Gt
expressiong12) and (13). _

Demanding weak chemical equilibriufi5) and charge 7z 2%
neutrality (17) as discussed above all thermodynamic quan- =
tities as well as quark condensates, effective quark masse=" 180
etc. can be calculated as a function of one chemical potential T TII e 170MeY.
M, . The curves in Fig. 1 as well as in Figs. 2—7 which we 160
shall discuss in the following are obtained by varyipg
while obeying simultaneously the constraifi$) and(17).

Figures 2 and 3 show the quark condensates and the ef 3 4 5 6 7 8 9 10
fective quark masses, respectively, as a function of the
baryon particle number density. Note that we start already at F|G. 4. The bag pressuteo the power of 1/as function of the
a density as high as two times nuclear saturation depgity baryon particle number density for the same conditions as described
=0.17 fm 2 since we want to describe only the high densityin Figs. 2 and 3.
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FIG. 5. Energy per baryon versus baryon particle number den- FIG. 7. Pressure versus energy density for the NJL model and
sity for the NJL model and the MIT bag model for various values ofthe MIT bag model for various values of the bag pressure and the
the bag pressure and the strange quark mass. The curve labeled wiifhange quark mass. The upper scale shows the corresponding par-
“MIT” uses a bag pressure (B%,{f‘T: 170 MeV and a strange quark ticle number densitiesso=140 MeV/fn?. See Fig. 5 and main text
mass ofmY'T =465 MeV. All other bag model curves use the cur- for details.
rent strange quark mass of 140.7 MeV. See main text for details.

the light up and down quarks does not decrease the stran odel are added. The curves labeled with a specific value of

quark massand condensatelue to the last coupling term in e bag pressure are obtained from E(E2) and (13) in
Eq. (2). Indeed, strange quark mass and condensate hay¥eak equilibrium where the respective valuesgfir and the
dropped in the low density regiofnot shown herefrom  current quark masses,=>5.5 MeV andms=140.7 MeV are
their vacuum values down to the plateaus shown in Figs. pised. In contrast to that for the curve labeled with “MIT”
and 3 due to their coupling to the up and down quark conWe have used the plateau values of the bag preBfife
densates. In the plateau region, however, these condensaféd70 MeV (cf. Fig. 4 and of the strange quark mass
have already decreased so much that their influence on thy ' =465 MeV (cf. Fig. 3. For up and down quarks we
strange quark mass is diminished. We refef@pfor details.  have used the current quark mass values also here. Figure 5
As we shall see below, the large plateau value of the strangghows the energy per baryon as a function of the baryon
quark mass will have considerable influence on the phasearticle number density. We find that the results of the NJL
structure in the interior of neutron stars. model calculation cannot be reproduced by a bag model us-
Figure 4 shows the bag pressiBg; as a function of the ing the current strange quark mass—no matter which bag
baryon particle number density. After staying more or lesgressure is chosen. As already discussed above, the reason
constant up to roughly 5 times nuclear saturation density isimply is that in the NJL model up to four timeg there are
starts to increase towardd, which, however, it will reach no strange quarks in a system which is in weak equilibrium
only very slowly. Again the rising 0B« can be traced back (cf. Fig. 1). On the other hand, in bag models using the much
to the strange quarks which come into play at high densitiedower current strange quark mass one finds a reasonable
Thermodynamic quantities are shown in Figs. 5—7. Foamount of strange quarks already at vanishing pressure

comparison various curves calculated within the MIT bagwhich typically corresponds to 2—3 timpg [26]. In contrast
to that, a bag model with the plateau values for bag pressure

00 and strange quark masgdenoted as “MIT” in the figurep
yields a very good approximation to the NJL result for the
40 energy per baryon up to 6—7 timeg. For higher particle
— number densities the NJL result bends over and can be better
£ B0 described by bag models using the current strange quark
= mass and higher bag pressufesughly By). All these find-
%200 ings also apply to the interpretation of Fig. 6 which shows

the total pressure of the system versus the baryon chemical
potential. Comparing the two curves with the same bag con-
stant labeled with Bl =170 MeV” and with “MIT,” re-
spectively, one observes that the latter one has a significantly
1200 1300 1400 1500 1600 lower pressure. This is due to the use of the much larger
tn [MeV] effective strange quark massmt''" =465 MeV in the latter
FIG. 6. Pressure versus neutron chemical potential for the NJicase as compared to the current strange quark mass of 140.7
model and the MIT bag model for various values of the bag presMeV used in the former. The versusu, relation is an

sure and the strange quark mass. See Fig. 5 and main text fémportant ingredient for the construction of the phase transi-
details. tion from hadronic to quark matter inside a neutron star. We
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note already here, however, that we need in addition th&OS it turns out that the NJL model should neither be used
thermodynamical relations also for a quark-electron systenat low densities where confinement properties are important
away from the charge neutral configuration to describe cornor at very high densities where the NJL model as a low
rectly the phase transitiofsee below. energy theory leaves its range of applicability. However, the
The outlined picture concerning the comparison of NJLNJL model might yield reasonable results in a window of the
and bag models is somewhat modified when looking at Fig. Hensity range where confinement is no longer crucial but
which shows the total pressure as a function of the energghiral symmetry as a symmetry of full QCD remains to be
density. EOS's in the formp(e) enter the Tolman- important.
Oppenheimer-Volkoff[28] equation which in turn deter-
mines the mass-radius relation of neutron stars. We see that
in the lower part of the plotted energy density range the EOS
in Fig. 7 is reasonably well described by MIT bag models
with the plateau valuBit-=170 MeV no matter which In the previous sections we have discussed the underlying
quark masses are chos@urrent or effective quark masges EOS'’s thought to reflect the properties of confined hadronic
The reason is that thp(e) relation is not very sensitive to matter(HP) and deconfined quark matté®P) in its particu-
the quark masses. This has already been observed in a sont&xregime of applicability. Applying these EOS’s we want to
what different context i126]. Going to higher densities the calculate in this section the phase transition from the HP to
strange quarks enter the game and the EOS in Fig. 7 obtaineble QP to see which phase is the favored one at which den-
from the NJL model starts to deviate from the EOS of thesities. (The existence of a QP inside the neutron star of
MIT bag models with the plateau vaItB,%,{f'}zl?O MeV. For course requires the phase transition density to be smaller
very high densities the pressure determined from the NJithan the central density of the star.
model becomes comparable to the one calculated in the bag It is worth to point out which phase structure is in prin-
model with a high bag constafbughlyBy). It is interesting  ciple possible if a hadronic model and the NJL model are
to note that the deviation between the NJL curve and the&onnected at a certain density vajug..n(which is dynami-
“MIT” curve starts to increase in Fig. 7 much earlier than in cally determined in the present work by a Gibbs construction
Figs. 5 and 6. This shows that the pressure versus energs we shall discuss belgwAt density pyecons WE assume a
density relation is much more sensitive to the detailed modfirst order phase transition from confined hadronic to decon-
eling than the relations shown in Figs. 5 and 6. fined quark matter. Even without a matching to a hadronic
Before constructing the phase transition inside the neutromodel the NJL model already exhibits a transition, namely
star let us briefly discuss the limitations of the NJL model infrom a low density system with broken chiral symmetry to a
the form as we have treated it here. As a typical low energyigh density system where chiral symmetry is restored. The
theory the NJL model is not renormalizable. This is not anrespective density is denoted by,;;5. For densities larger
obstacle since such theories by construction should be onlhan pg,ia the Goldstone bosons which characterize the
applied to low energy problems. In practice the results deehirally broken phase are no longer stable but can decay into
pend on the chosen cutoff or, to turn the argument aroundquark-antiquark pairs. lpgpi Was larger thanpgecons the
the NJL model is only properly defined once a cutoff hasfollowing scenario would be conceivable: There would be
been chosen. This cutoff serves as a limit for the range ofhree phases, namely) a hadronic, i.e., confined phase at
applicability of the model. Here we have used one cutoff low densities,(ii) a phase where quarks are deconfined but
for the three-momenta of all quark species. Concerning thenassive (in this phase, e.g., pions would still appear as
discussion of other cutoff schemes and their interrelations weound states and(iii ) a high density phase where quarks are
refer t0[10,11. When the density in the quark phase getsdeconfined and their masses are so low that all mesons can
higher the Fermi momenta of the quarks rise due to the Pauliecay into quarks. Had we neglected all current quark
principle. Eventually they might overwhelm the cutoff of the masses, the quarks in the third phase would be exactly mass-
NJL model. At least beyond that point the model is no longeress. With finite current quark masses, however, the constitu-
applicable. We have made sure in our calculations that thient quark masses keep on dropping with rising density in the
point is never reachettf. Fig. 1). Nevertheless, by inspec- third phase(cf. Fig. 3. This definitely interesting scenario
tion of Fig. 1 one finds that the cutoff and the Fermi mo-with three phases is not realized in our model. It turns out
menta have the same order of magnitude. Thus, the cutoff ihat the deconfinement phase transition happens far beyond
comparatively small, i.e., it is not much larger than the typi-the chiral transition, i.e.pchira<<Pdecon- Therefore, only the
cal momenta under consideration. Owing to the smallness gfhasegi) and (iii) appear here.
the cutoff the obtained results should be interpreted with In principle, since we assume the deconfinement phase
care. Consequently we will check in Sec. V the sensitivity oftransition to be of first order these two phases can coexist in
our results to an artificial increase of the cutoff. a mixed phase. Indeed, it was first pointed out by Glenden-
In addition, at very high densities one presumably enters aing that beside a HP and a QP also this mixed pli&ke)
regime which might be better described igsummegiper-  of quark and hadronic matter may exist inside neutron stars
turbation theory. While the nonperturbative features of thg2,29]. (For a discussion of the geometrical structure of the
NJL model vanish with rising density, medium effects asMP and its consequences for the properties of neutron stars
mediated, e.g., by one-gluon exchange grow with the densitgee[2].) This possibility was not realized in previous calcu-
[26,27. To summarize, concerning the calculation of thelations due to an inadequate treatment of neutron star matter

IV. PHASE TRANSITION AND NEUTRON STARS
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FIG. 9. EOS in the form pressure versus energy density using
GPS for the hadronic EOS. The shaded redMi®) corresponds to
the mixed phase part of the EO8=140 MeV/fnt. The mass

FIG. 8. Gibbs phase construction of a two-component Systemscale in the plot shows the respective neutron star mass if the cor-

Plotted is the pressure surface of the hadronic ph&F) and of responding energy density is regarded as the central density of the
the quark phaséNJL) as a function of the two independent chemi- neutron star. Obviously arounq the typical neutron star mass of
cal potentialsu,, , .. EOS of the HP is GPS, EOS of the QP uses 1Mo the neutron stars consist solely of hadronic mathdy,

the NJL model. The white lines HP and QP show the pressure of th§enotes the mass of the sun.

hadronic and the quark phase under the condition of charge neutral-

ity. At low pressure matter is in its charge neutral HP. The inter- . .
section curve MP corresponds to the mixed phase. This curve is tH@€ets the pressure surface of the @BL). Up to this point

solution of the Gibbs conditio21). At very high pressure matter the pressure of the QP is below the pressure of the HP mak-

consists of a pure QP. Also shown are the central pressures of B9 the HP the physically realized one. At higher pressure the

typical M=1.4M, neutron star and of aM =1.6M, star. (M, physically realized phase follows the MP curve which is

denotes the mass of the suiClearly neither achieves a central given by the Gibbs conditiorf21). Finally the MP curve

pressure necessary to undergo a phase transition to deconfined mateets the charge neutral QP cufwéhite line) and the pres-

ter. sure of the QP is above the pressure of the HP, making the
QP the physically realized one. For every point on the MP
curve one now can calculate the volume proportion

as a one-component systéome which can be parametrized

by only one chemical potentialAs we have already dis- _ Vop

cussed, the treatment of neutron star matter as a charge neu- X= Vot Vip

tral phase in weak equilibrium indeed reduces the number of

independent chemical potentials to one. But the essentialccupied by quark matter in the MP by imposing the condi-

point is that—if a MP exists—charge neutrality can betion of global charge neutrality of the MP

achieved in this phase, e.g., with a positively charged amount

of hadronic matter and a negatively charged amount of quark XpSP+ (1—X)p?P= 0. (23

matter. Therefore it is not justified to require charge neutral-

ity in both phases separately. In doing so we would “freezeHere p2° and pt'¥ denote the respective charge densities.

out” a degree of freedom which in principle could be ex- From this, the energy densityof the MP can be calculated

ploited in the MP by rearranging electric charge betweerby

both phases to reach “global” charge neutrality. A correct

treatment of the phase transition therefore only requires both emp= X €qpt (1— x) €pp- (24

phases to be in weak equilibrium, i.e., both phases still de-

pend on two independent chemical potentials. We have chailong the MP curve the volume proportion occupied by

sen the pair f,,ue). Such a system is called a two- quark matter is monotonically increasing frogi=0 to y

component system. The Gibbs condition for mechanical and=1 Where the transition to the pure QP takes place.

chemical equilibrium at zero temperature between both Taking (i) the charge neutral EOS of the HP at low den-

(22

phases of the two-component system reads sities (Sec. 1), (i) Egs.(21), (23), and(24) for the MP, and
(iii) the charge neutral EOS of the QBec. IlI) we can
Prp( s me) = Pop( Mn s Me) = Pup - (21 construct the full EOS in the forrp=p(e). For simplicity

we denote this EOS as thybrid starEOS. Figure 9 shows
Using Eqg.(21) we can calculate the equilibrium chemical this EOS if we apply GPS for the HP EOS. The hybrid star
potentials of the MP wherpp=pgp holds. Figure 8 illus- EOS consists of three distinct parts. At low densities (
trates this calculation. The HPMP phase transition takes =7ey) matter is still in its confined HP. Atd~ 7€) the first
place if the pressure of the charge neutral @ite line)  droplets of deconfined quark matter appear. Above this den-
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: noted by GPS, TM1, TM2 and GL8%0 calculate the four
18 ¢ = instable 1 corresponding hybrid star EOS'@he one for GPS is shown

: in Fig. 9) We found that imno EOS the central energy den-
sity of a typicalM ~1.4M 5 neutron star is large enough for

< 1o a deconfinement phase transitioffdere M denotes the
= mass of the suhThe corresponding neutron stars are purely
14 made of hadronic mattéiHP). In Fig. 9 where GPS is used
also the neutron star masses are shown as a function of the
2l central energy density. There the central energy density of a

M=1.4M is aboute~ 3¢, which is clearly belowe~7¢,
which is at least necessary to yield a MP cdEhis is also
5 . . 2 : - 7 shown in the context of the Gibbs construction in Fig. 8
e/e where the central pressure of M=1.4My and of aM
=1.6M g neutron star is markedin Fig. 9 we can see that
FIG. 10. Mass of the neutron star as a function of the centrabnly near the maximum mass M~1.72M neutron stars
energy density. Above a central energy densitggf~9¢, where  yith a MP core are possible. This, however, only holds for
the maximum mass of the neutron star is reached the system bghe GPS hybrid star EOS and only in a quite narrow mass
comes instable with respect to radial modes of oscillations. Therange fromM~1.7-1.7M,, . In the density range up to the
shaded_ regiqr(MP) corresponds tc_> stars which possess a mixedcritical density all other EOS'§TM1, TM2, GL85 do not
Ehase In thelrrr?center. The hadronic part of the EOS uses &PS. show a phase transition at all. The critical energy densities
=140 MeV/inr. Mo denotes the mass of the sun. for these EOS’s are in the range &f;~5—6¢, while the
densities for the HP- MP transition are above~ 10e,. (The

sity matter is composed of a mixed phase of hadronic angorresponding maximum masses afe<1.5-1.8M.) Up
quark matter. This MP part of the EOS is shaded gray. Onljo now we have concentrated on the bulk properties of the
at unaccessible high densities= 18¢,) matter consists of a Phases which constitute the mixed phase while neglecting
pure QP. The preceding statements refer to the use of GPsoulomb and surface effects. The additional inclusion of
for the EOS of the HP. Concerning all the other variants ofsuch effect§30] would cause the MP to become even more
RMF used heréTM1, TM2, GL85 we have found that the disfavored. From this we conclude that within the model
HP— MP transition does not appear belaw10e,. As we  constructed here the appearance of deconfined quark matter
will discuss below such high energy densities cannot bdn the center of neutron stars turns out to be very unlikely.
reached inside a stable neutron star which is described by
one of these EOS.

At this point we should note the essential difference be- V. SUMMARY AND CONCLUSIONS
tween the treatment of neutron star matter as a one- and a
two-component systeigef. [29]). While the former one leads We have studied the possible phase transition inside neu-
to the well known phase transition with a constant pressurgron stars from confined to deconfined matter. For the de-
MP (like in the familiar liquid-gas phase transition of water scription of the quark phase we have utilized the NJL model
we can see in Fig. 9 that the pressure is monotonically inwhich respects chiral symmetry and yields dynamically gen-
creasing even in the MP if we apply the correct two-erated quark masses via the effect of spontaneous chiral sym-
component treatment. This has an important consequence ometry breaking. Concerning the application to neutron stars
the structure of the neutron star. Since we know from thehis provides a completely novel approach beyond the usu-
equations of hydrostatic equilibrium—the Tolman- ally utilized Bag model type equations of state. We found
Oppenheimer-VolkoffTOV) equationd 28]—that the pres- that the appearance of deconfined quark matter in the center
sure has to increase if we go deeper into the star, a constaot a neutron star appears to be very unlikely, for most of the
pressure MP is strictly excluded from the star while a MPstudied hadronic EOS’s even impossible. The ultimate rea-
with increasing pressure cdim principle) occupy a finite  son for that effect is the high value of the effective strange
range inside the star. guark mass which turns out to be much higher than its cur-

To see if the densities inside a neutron star are highient mass value in the whole relevant density rafajeFig.
enough to establish a MP or a QP in its center we have t8). This finding, of course, is based on several assumptions
solve the TOV equations with a specified hybrid star EOS~hich need not necessarily be correct. In lack of an EOS
following from our phase transition calculation. From the based on a full QCD calculation at zero temperature and
solutions of the TOV equations we get a relation between théinite nuclear density, we had to rely on simpler models for
central energy densitfor central pressujeand the mass of the EOS in different density regimes.
the neutron stafcf. Fig. 10. The maximum possible central Concerning the low density regime we have used various
energy densitythe critical energy density,,;;) is reached at relativistic mean field RMF) models. To some degree the
the maximum mass that is supported by the Fermi pressungse of different variants of the RMF model should reflect the
of the particular hybrid star EOS. Above this critical density uncertainties of this approach. These models are generaliza-
the neutron star gets instable with respect to radial modes dions of the Walecka moddB1] which describes the had-
oscillations[2]. We have applied the four HP EOS(de-  ronic ground state of nuclear matter at dengigyquite suc-

025801-9



SCHERTLER, LEUPOLD, AND SCHAFFNER-BIELICH PHYSICAL REVIEW 60 025801

cessfully. At somewhat higher densities the used RMRAMeV, andm,=138 MeV. The results are very similar to the
models deal with hyperons as additional degrees of freedonones presented here.
Since these RMF models do not have any explicit quark Possible alternatives to the use of the NJL model for the
degrees of freedom we expect them to become unreliable @escription of the deconfined quark matter are the MIT bag
high densities where the confinement forces are screened anmtbdel [2] and the extended effective mass bag model
the hadrons dissolve into quarks. [26,27]. The latter includes medium effects due to one-gluon
To describe this high density regime we have utilized theexchange which rise with densitwhile the effective masses
Nambu-Jona-Lasini@NJL) model in its three-flavor exten- Of the NJL model decreaseAs already discussed at the end
sion. The merits of the NJL model afat least twofold: For ~ Of Sec. lll for the regime of very high densities such a re-
the vacuum case, it gives a reasonable description of spogtmmed perturbation theory might be more adequate. Fur-
taneous chiral symmetry breaking and of the spectrum of théermore, MIT bag models can be very useful in interpreting
low lying mesons. For sufficiently high density and/or tem-more involved models like the NJL model in terms of simple
perature, the NJL model exhibits the restoration of chiraPysical quantities like the bag constant and the quark

symmetry. A shortcoming of the NJL model is that it does Masses. Therefore we have frequently compared our NJL

not confine quarks, i.e., there is no mechanism which pre[nOOIeI results with the MIT bag model in Sec. il For &

. : ; further discussion of the MIT bag model and its application
vents the propagation of a single quark in vacuum. Therefon?0 neutron stars sd@2]
in an NJL model calculation the quarks significantly contrib- '

te 1o the EOS al t low densitieghi the ultimat The distinct feature of the NJL model is that nonpertur-
ute 1o the aiso at low densities.nis was the Ullimate a4y effects are still present beyond the phase transition

reason why we considered the NJL model only in the highysint |t is reasonable to consider such effects since it was
density regime where confinement is supposed to be abseff,,nq in lattice calculation§33,34 that for QCD at finite
anyway _vvhile utilizing the hadronic RMF models to describetemperature the EOS beyond the phase transition point can
the Conﬁned phase. On the Othel’ hand, we Should reca” thﬁbnher be proper'y described by a free gaS of quarks and
energy density and pressure of the NJL model were deterg|u0ns nor by QCD perturbation theof§5,36]. Presumably
mined such that both vanish at zero density, i.e., in a regimgyis holds also for the finite density regime. On the mean
where we have not utilized the NJL model afterwards. Thisfie|d level the most prominent nonperturbative feature of the
procedure determines the effective bag presByfegiven in - NJL model which remains present beyond the phase transi-
Eq. (9) by fixing By (11) to (217.6 MeVf. Clearly, this  tion point is the constituent strange quark mass which is
procedure is somewhat unsatisfying since the effective baghych larger than the current strange quark mass in the whole
pressureBey influences the EOS and therefore the onset ofelevant density regimécf. Fig. 3. This high strange quark
the phase transition. Indeed, if we redigeby only 5-10%  mass has turned out to be crucial for the phase transition. As
by hand from its original value of (217.6 MeVyve already  we have shown above the EOS of the QP can be reasonably
observe drastic changes in the phase structure of the neutrQj|l approximated by an MIT bag EOS up to 5 timgs
star favoring deconfined quark matter. On the other hand, thﬁsing a comparatively low bag constantBﬂﬁf‘Tz 170 MeV
physical rquirement that any .model shoqld yield vanishingghq an effective strange quark mass mﬁ’”T=465 MeV.
energy density and pressure in vacuum is the only way t§ege are the plateau values of the corresponding quantities
uniquely determine the EOS of the NJL model without anyj, the NJL model calculations shown in Figs. 3 and 4. In
further assumptions. We have also investigated the sensiti\{:igs_ 5-7 the curves labeled by MIT use these values for the
ity of our results to an increase of the cutoff paraméteAs 5 constant and the effective strange quark mass. Using
mentioned in Sec. lIl this cutofh =602.3 MeV is compara- gch a bag constant in connection with therent strange
tively low. However, we found that an artificial increase of quark mass would allow the existence of a QP inside a neu-
A leads to an increase of the effective bag constant and the,, star[2,32]. This, however, does not remain true once a
effective quark masses. According to the considerations preq ,cn higher effective strange quark mass is used. Qualita-
sented above ifc is_obvious that in this case the appearance f?\f/ely, the chain of arguments is that a higher mass leads to a
quark matter inside of neutron stars becomes even leg§er pressuréct. Fig. 6. This disfavors the quark phase in
likely. On the other hand, we note that the choice for theye Gibbs construction, i.e., shifts the phase transition point
cutoff (and for the other parameters of the NJL modelby 4 higher densities. This is the reason why in our calculations
no means arbitrary but chosen such that the vacuum propefe existence of quark matter in the center of a neutron star is
ties of the pseudoscalar mesons are correctly reprodeéed (nearly excluded. Especially for typical neutron stars with
Sec. lll). Thus, a change of the cutoff should come alongmassed\/lml.we the central energy density is far below
with an appropriate change of the_ other parameters to reprepe deconfinement phase transition denéify Fig. 7). This
duce the physical meson properties. For example, we havg,qing is independent of the choice of the version of the
also explored the set given (837] with a somewhat larger RpE model. This suggests that it is the NJL model with its
cutoff: A=631 MeV, GA“=1.830, KA=9.19, m=5.5  |5ge strange quark mass which defers the onset of the de-
confinement phase transition rather than the modeling of the
hadronic phase.

Actually in the mean field approximation the quarks are the only ~ For simplicity we have treated in the present work the
degrees of freedom which contribute. For a generalization to inNJL model in the Hartree approximation. In principle, going
clude meson states as RPA modes in the NJL EO§Z&25. beyond the mean field approximation might influence the
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order of the chiral phase transitigfor related work towards
that direction for the two-flavor case ¢88]). If it turned out

PHYSICAL REVIEW C 60 025801

tree approximation would influence our findings presented
here. This, however, is beyond the scope of the present work.

that this would result in a strong first order phase transition

then the effective strange quark mass might change more
drastically and in the region of interest would be perhaps

much lower than in the case studied in the present work. This The authors thank C. Greiner and M.H. Thoma for helpful

would favor the appearance of quark matter in the interior ofdiscussions and for reading the manuscript. We also ac-
neutron stars. Clearly, it would be interesting to study how &nowledge discussions with M. Hanauske. The work of K.S.

more involved treatment of the NJL model beyond the Har-is supported by DFG.
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