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Hybrid stars with the color dielectric and the MIT bag models

C. Maieron, M. Baldo, G. F. Burgio, and H.-J. Schulze
INFN, Sezione di Catania, Via Santa Sofia 64, 95123 Catania, Italy

~Received 29 April 2004; published 27 August 2004!

We study the hadron-quark phase transition in the interior of neutron stars~NS!. For the hadronic sector, we
use a microscopic equation of state~EOS! involving nucleons and hyperons derived within the Brueckner-
Bethe-Goldstone many-body theory, with realistic two-body and three-body forces. For the description of
quark matter, we employ both the MIT bag model with a density dependent bag constant, and the color
dielectric model. We calculate the structure of NS interiors with the EOS comprising both phases, and we find
that the NS maximum masses are never larger than 1.6 solar masses, no matter the model chosen for describing
the pure quark phase.
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I. INTRODUCTION

The appearance of quark matter in the interior of mass
neutron stars~NS! is one of the main issues in the physics
these compact objects. Many equations of state~EOS! have
been used to describe the interior of NS, as compiled
discussed in recent review papers@1#. If only nucleonic de-
grees of freedom are considered and the choice of the EO
restricted to the microscopic ones@2–4#, it turns out that for
the heaviest NS, close to the maximum mass~about two
solar masses!, the central particle density reaches valu
larger than 1/fm3. In this density range the nucleon cor
~dimension'0.5 fm) start to touch each other, and it is ha
to imagine that only nucleonic degrees of freedom can pla
role. On the contrary, it can be expected that even be
reaching these density values, the nucleons start to lose
identity, and quark degrees of freedom are excited at a m
roscopic level.

Unfortunately it is not straightforward to predict the re
evance of quark degrees of freedom in the interior of NS
the different physical observables, like cooling evolutio
glitch characteristics, neutrino emissivity, and so on. In fa
the other NS components can mask the effects coming
rectly from quark matter. In some cases the properties
quark and nucleonic matter are not very different, and a c
observational signal of the presence of the deconfined p
inside a NS is indeed hard to find.

The value of the maximum mass of NS is probably one
the physical quantities that is most sensitive to the prese
of quark matter in NS. If the quark matter EOS is quite so
the quark component is expected to appear in NS and
affect appreciably the maximum mass value, which in t
case is expected to be slightly larger than the observati
limit ~1.44 solar masses of the so-called Taylor pulsar@5#!.
Of course, other ‘‘exotic’’ components, in particular hype
ons, could also soften the EOS.

On the contrary, the observation of a large NS m
~about 2 solar masses! would imply that the EOS of NS
matter is stiff enough to keep the maximum mass at th
large values. Purely nucleonic EOS are able to accommo
such large masses@2–4#. Since the presence of non
nucleonic degrees of freedom, like hyperons and qua
tends usually to soften considerably the EOS with respec
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purely nucleonic matter, thus lowering the mass value, th
appearance would in this case be incompatible with obse
tions. The large value of the mass could then be explai
only if both hyperonic and quark matter EOS are mu
stiffer than expected. In particular, the quark EOS should
assumed to be stiff enough to render the deconfined ph
energetically disfavored.

In this paper we will discuss this issue in detail. Unfort
nately, while the microscopic theory of the nucleonic EO
has reached a high degree of sophistication, the quark m
EOS is poorly known at zero temperature and at the h
baryonic density appropriate for NS. One has, therefore
rely on models of quark matter, which contain a high deg
of uncertainty. The best one can do is to compare the pre
tions of different models and to estimate the uncertainty
the results for the NS matter as well as for the NS struct
and mass. In this paper we will use a definite nucleonic EO
which has been developed on the basis of nuclear ma
many-body theory, and two different models for the qua
EOS, and compare the results. Confrontation with previ
calculations shall also be discussed.

The paper is organized as follows: In Sec. II we revie
the determination of the baryonic EOS comprising nucleo
and hyperons in the Brueckner-Hartree-Fock approach. S
tion III concerns the quark matter EOS according to the M
bag model and the color dielectric model~CDM!. In Sec. IV
we present the results regarding neutron star structure c
bining the baryonic and quark matter EOS for beta-sta
nuclear matter. Section V contains our conclusions.

II. BRUECKNER THEORY

A. EOS of nuclear matter

The Brueckner-Bethe-Goldstone~BBG! theory is based
on a linked cluster expansion of the energy per nucleon
nuclear matter~see Ref. @6#, chapter 1 and reference
therein!. The basic ingredient in this many-body approach
the Brueckner reaction matrixG, which is the solution of the
Bethe-Goldstone equation

G@r;v#5v1 (
ka ,kb

v
ukakb&Q^kakbu

v2e~ka!2e~kb!
G@r;v#, ~1!
©2004 The American Physical Society10-1
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wherev is the bare nucleon-nucleon~NN! interaction,r is
the nucleon number density, andv the starting energy. The
single-particle energye(k) ~assuming \51 here and
throughout the paper!,

e~k!5e~k;r!5
k2

2m
1U~k;r!, ~2!

and the Pauli operatorQ determine the propagation of inte
mediate baryon pairs. The Brueckner-Hartree-Fock~BHF!
approximation for the single-particle potentialU(k;r) using
the continuous choice is

U~k;r!5Re (
k8,kF

^kk8uG@r;e~k!1e~k8!#ukk8&a , ~3!

where the subscript ‘‘a’’ indicates antisymmetrization of the
matrix element. Due to the occurrence ofU(k) in Eq. ~2!,
they constitute a coupled system that has to be solved
self-consistent manner for several Fermi momenta of the
ticles involved. In the BHF approximation the energy p
nucleon is

E

A
5

3

5

kF
2

2m
1

1

2r (
k,k8,kF

^kk8uG@r;e~k!1e~k8!#ukk8&a .

~4!

In this scheme, the only input quantity we need is the b
NN interactionv in the Bethe-Goldstone equation~1!. In this
sense the BBG approach can be considered as a micros
one. The nuclear EOS can be calculated with good accu
in the Brueckner two hole-line approximation with the co
tinuous choice for the single-particle potential, since the
sults in this scheme are quite close to the calculations wh
include also the three hole-line contribution@7#. In the cal-
culations reported here, we have used the Argonnev18 po-
tential @8# as the two-nucleon interaction.

However, it is commonly known that nonrelativistic ca
culations, based on purely two-body interactions, fail to
produce the correct saturation point of symmetric nucl
matter, and three-body forces~TBF! among nucleons are
needed to correct this deficiency. In this work the so-cal
Urbana model will be used, which consists of an attract
term due to two-pion exchange with excitation of an int
mediateD resonance, and a repulsive phenomenological c
tral term @9#. We introduced the same Urbana three-nucle
model within the BHF approach~for more details see Ref
@3#!. In our approach the TBF is reduced to a density dep
dent two-body force by averaging over the position of t
third particle, assuming that the probability of having tw
particles at a given distance is reduced according to the t
body correlation function determined self-consistently. T
corresponding nuclear matter EOS fulfills several requ
ments, namely~i! it reproduces the correct nuclear matt
saturation point,~ii ! the incompressibility is compatible with
the values extracted from phenomenology,~iii ! the symmetry
energy is compatible with nuclear phenomenology,~iv! the
causality condition is always fulfilled.
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In order to study the structure of neutron stars, we have
calculate the composition and the EOS of cold, neutrino-fr
catalyzed matter. We require that the neutron star cont
charge neutral matter consisting of neutrons, protons,
leptons (e2, m2) in beta equilibrium, and compute the EO
for charge neutral and beta-stable matter in the follow
standard way@2,3,10#: The Brueckner calculation yields th
energy density of lepton/baryon matter as a function of
different partial densities,

e~rn ,rp ,re ,rm!5~rnmn1rpmp!1~rn1rp!
E

A
~rn ,rp!

1rmmm1
1

2mm

~3p2rm!5/3

5p2

1
~3p2re!

4/3

4p2
, ~5!

where we have used ultrarelativistic and nonrelativistic
proximations for the energy densities of electrons a
muons, respectively. In practice, it is sufficient to compu
only the binding energy of symmetric nuclear matter a
pure neutron matter, since within the BHF approach it h
been verified@11,12# that a parabolic approximation for th
binding energy of nuclear matter with arbitrary proton fra
tion x5rp /r, r5rn1rp , is well fulfilled,

E

A
~r,x!'

E

A
~r,x50.5!1~122x!2Esym~r!, ~6!

where the symmetry energyEsym can be expressed in term
of the difference of the energy per particle between p
neutron (x50) and symmetric (x50.5) matter:

Esym~r!52
1

4

]~E/A!

]x
~r,0!'

E

A
~r,0!2

E

A
~r,0.5!. ~7!

Knowing the energy density Eq.~5!, the various chemica
potentials ~of the speciesi 5n,p,e,m) can be computed
straightforwardly,

m i5
]e

]r i
, ~8!

and the equations for beta-equilibrium,

m i5bimn2qime , ~9!

(bi andqi denoting baryon number and charge of speciesi )
and charge neutrality,

(
i

r iqi50, ~10!

allow one to determine the equilibrium compositionr i(r) at
given baryon densityr and finally the EOS,

P~r!5r2
d

dr

e~r i~r!!

r
5r

de

dr
2e5rmn2e. ~11!
0-2
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B. Hyperons in nuclear matter

While at moderate densitiesr'r0 the matter inside a
neutron star consists only of nucleons and leptons, at hig
densities several other species of particles may appear d
the fast rise of the baryon chemical potentials with dens
Among these new particles are strange baryons, namely
L, S, andJ hyperons. Due to its negative charge, theS2

hyperon is the first strange baryon expected to appear
increasing density in the reactionn1n→p1S2, in spite of
its substantially larger mass compared to the neutralL hy-
peron (MS251197 MeV,ML51116 MeV). Other species
might appear in stellar matter, likeD isobars along with pion
and kaon condensates. It is therefore mandatory to gener
the study of the nuclear EOS with the inclusion of the p
sible hadrons, other than nucleons, which can spontaneo
appear in the inner part of a neutron star, just because
appearance is able to lower the ground state energy of
dense nuclear matter phase.

As we have pointed out in the previous section, t
nuclear EOS can be calculated with good accuracy in
Brueckner two hole-line approximation with the continuo
choice for the single-particle potential, since the results
this scheme are quite close to the full convergent calculat
which include also the three hole-line contribution. It is th
natural to include the hyperon degrees of freedom within
same approximation to calculate the nuclear EOS neede
describe the neutron star interior. To this purpose, one
quires in principle nucleon-hyperon~NY! and hyperon-
hyperon~YY! potentials. In our work we use the Nijmege
soft-coreNY potential@13# that is well adapted to the avai
able experimentalNY scattering data. Unfortunately, to da
no YYscattering data and therefore no reliableYYpotentials
are available. We therefore neglect these interactions in
calculations, which is supposedly justified, as long as
hyperonic partial densities remain limited. Also, for the fo
lowing calculations thev18 NN potential together with the
phenomenologicalTBF introduced previously, are used.

With theNN andNYpotentials, the variousG matrices are
evaluated by solving numerically the Brueckner equati
which can be written in operatorial form as@11,14#

Gab@W#5Vab1(
c

(
p,p8

Vacupp8&
Qc

W2Ec1 i e

3^pp8uGcb@W#, ~12!

where the indicesa,b,c indicate pairs of baryons and th
Pauli operatorQ and energyE determine the propagation o
intermediate baryon pairs. In a given nucleon-hyperon ch
nel c5(NY) one has, for example,

E(NY)5mN1mY1
kN

2

2mN
1

kY
2

2mY
1UN~kN!1UY~kY!.

~13!

The hyperon single-particle potentials within the continuo
choice are given by
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UY~k!5Re (
N5n,p

(
k8,kF

(N)
^kk8uG(NY)(NY)@E(NY)~k,k8!#ukk8&

~14!

and similar expressions of the form

UN~k!5 (
N85n,p

UN
(N8)~k!1 (

Y5S2,L

UN
(Y)~k! ~15!

apply to the nucleon single-particle potentials. The nucle
feel therefore direct effects of the other nucleons as wel
of the hyperons in the environment, whereas for the hyp
ons there are only nucleonic contributions, because of
missing hyperon-hyperon potentials. Equations~12!–~15!
define the BHF scheme with the continuous choice of
single-particle energies. In contrast to the standard pu
nucleonic calculation there is now an additional coup
channel structure, which renders a self-consistent calcula
quite time-consuming.

Once the different single-particle potentials are know
the total nonrelativistic baryonic energy density,e, can be
evaluated:

e5 (
i 5n,p,S2,L

E
0

kF
( i )dkk2

p2 Fmi1
k2

2mi
1

1

2
Ui~k!G ~16!

5eNN1 (
Y5S2,L

E
0

kF
(Y)dkk2

p2 FmY1
k2

2mY
1UY

(n)~k!

1UY
(p)~k!G , ~17!

whereeNN is the nucleonic part of the energy density, E
~5!. Using for example an effective mass approximation
the hyperon single-particle potentials, one could write
last term due to the nucleon-hyperon interaction as

eNY5 (
Y5S2,L

S rY@mY1UY~0!#1
1

2mY*
~3p2rY!5/3

5p2 D ,

~18!

which should be added to Eq.~5!.
The knowledge of the energy density allows one then

compute EOS and neutron star structure as described be
now making allowance for the species i
5n,p,S2,L,e2,m2. The main physical features of th
nuclear EOS which determine the resulting compositions
essentially the symmetry energy of the nucleon part of
EOS and the hyperon single-particle potentials inside nuc
matter. Since at low enough density the nucleon matte
quite asymmetric, the small percentage of protons feel a d
single-particle potential, and therefore it is energetically co
venient to create aS2 hyperon, since then a neutron can
converted into a proton. The depth of the proton potentia
mainly determined by the nuclear matter symmetry ene
Furthermore, the potentials felt by the hyperons can s
substantially the threshold density at which each hype
sets in.
0-3
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We have found rather low hyperon onset densities
about 2 to 3 times normal nuclear matter density for
appearance of theS2 andL hyperons@11#. ~Other hyperons
do not appear in the matter.! Moreover, an almost equal pe
centage of nucleons and hyperons are present in the s
core at high densities. The inclusion of hyperons produce
EOS which turns out to be much softer than the purely nu
onic case. The consequences for the structure of the neu
stars are dramatic. In fact the presence of hyperons leads
maximum mass for neutron stars of less than 1.3 s
masses@11#, which is below the observational limit.

This surprising result is due to the strong softening of
baryonic EOS when including hyperons as additional
grees of freedom. We do not expect substantial chan
when introducing refinements of the theoretical framewo
such as hyperon-hyperon potentials@15#, relativistic correc-
tions, etc. Three-body forces involving hyperons could p
duce a substantial stiffening of the baryonic EOS. Unfor
nately they are essentially unknown, but can be expecte
be weaker than in the non-strange sector. Another possib
that is able to produce larger maximum masses is the app
ance of a transition to another phase of dense~quark! matter
inside the star. This will be discussed in the following.

III. QUARK PHASE

The results obtained with a purely baryonic EOS call
an estimate of the effects due to the hypothetical presenc
quark matter in the interior of the neutron star. Unfortunate
the current theoretical description of quark matter is b
dened with large uncertainties, seriously limiting the pred
tive power of any theoretical approach at high baryonic d
sity. For the time being we can therefore only resort
phenomenological models for the quark matter EOS and
to constrain them as well as possible by the few experime
information on high density baryonic matter.

One of these constraints is the phenomenological ob
vation that in heavy ion collisions at intermediate energ
(10 MeV/A&E/A&200 MeV/A) no evidence for a transi
tion to a quark-gluon plasma has been found. Indeed,
microscopic simulations, like BUU or QMD, that are able
reproduce a great variety of experimental data, do not n
the introduction of such a transition@16#. In these simula-
tions the calculated nucleon density can reach values w
are at least 2 to 3 times larger than the saturation densityr0.
One can, therefore, conclude that symmetric or nearly s
metric nuclear matter at a few MeV of temperature does
exhibit any phase transition to deconfined matter up to
baryon density. It has to be noticed that the phase trans
in symmetric matter can occur at a substantially differ
baryon density than in neutron star matter, where nuc
matter is closer to neutron matter than to symmetric nuc
matter.

This constraint coming from heavy-ion physics appears
an independent one, that should be fulfilled by any theory
model of deconfinement. Indeed, quark matter models
have, in some cases, serious difficulties to fulfill the co
straint ~the transition occurring at too low density!, even if
they produce ‘‘reasonable’’ results for neutron stars, wh
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the transition does occur. We will in the following take th
constraint in due consideration, and use an extended
bag model@17# ~including the possibility of a density depen
dent bag ‘‘constant’’! and the color dielectric model@18#,
both compatible with this condition.

A. The MIT bag model

We first review briefly the description of the bulk prope
ties of uniform quark matter, deconfined from theb-stable
hadronic matter mentioned in the previous section, by us
the MIT bag model@17#. The thermodynamic potential off
5u,d,s quarks can be expressed as a sum of the kinetic t
and the one-gluon-exchange term@19,20# proportional to the
QCD fine structure constantas ,

V f~m f !52
3mf

4

8p2 Fyfxf

3
~2xf

223!1 ln~xf1yf !G
1as

3mf
4

2p3 H @yfxf2 ln~xf1yf !#
22

2

3
xf

41 ln~yf !

12 lnS s ren

mfyf
D @yfxf2 ln~xf1yf !#J , ~19!

wheremf andm f are thef current quark mass and chemic
potential, respectively,yf5m f /mf , xf5Ayf

221, and s ren

5313 MeV is the renormalization point. In this work w
will consider masslessu and d quarks ~together withms
5150 MeV), in which case the above expression reduce

Vq52
mq

4

4p2 S 12
2as

p D ~q5u,d!. ~20!

The number densityr f of f quarks is related toV f via

r f52
]V f

]m f
, ~21!

and the total energy density for the quark system is written

eMIT~ru ,rd ,rs!5(
f

~V f1m fr f !1B, ~22!

whereB is the energy density difference between the pert
bative vacuum and the true vacuum, i.e., the bag ‘‘consta
In the original MIT bag modelB'55 MeV fm23 is used,
while valuesB'210 MeV fm23 are estimated from lattice
calculations@21#. In this senseB can be considered as a fre
parameter.

The composition ofb-stable quark matter is determine
by imposing the condition of equilibrium under weak inte
actions for the following processes:
0-4
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u1e2→d1ne , ~23a!

u1e2→s1ne , ~23b!

d→u1e21 n̄e , ~23c!

s→u1e21 n̄e , ~23d!

s1u→d1u. ~23e!

In neutrino-free matter (mne
5mn̄e

50), the above equation
imply for the chemical potentials

md5ms5mu1me . ~24!

As in baryonic matter, the relations for chemical equilibriu
must be supplemented with the charge neutrality condi
and the total baryon number conservation,

05
1

3
~2ru2rd2rs!2re , ~25!

r5
1

3
~ru1rd1rs!, ~26!

in order to determine the compositionr f(r) and the pressure
of the quark phase,

PQ~r!5r
deQ

dr
2eQ . ~27!

It has been found@22,23# that within the MIT bag model
~without color superconductivity! with a density independen
bag constantB, the maximum mass of a NS cannot excee
value of about 1.6 solar masses. Indeed, the maximum m
increases as the value ofB decreases, but too small values
B are incompatible with a transition densityr
.(2, . . . ,3)r0 in symmetric nuclear matter, as demanded
heavy-ion collision phenomenology according to the prec
ing discussion. In order to avoid this serious drawback of
model, one can introduce a density-dependent bag ‘‘c
stant’’ B(r), and this approach was followed in Ref.@23#.
This allows one to lower the value ofB at large density,
providing a stiffer quark matter EOS and increasing
value of the maximum mass, while at the same time s
fulfilling the condition of no phase transition belowr
'3r0. The comparison of the predictions based on the M
bag model and the CDM can be considered meaningful o
if this constraint is maintained also in the CDM. One has
keep in mind that the constraint is meant for symme
nuclear matter. Its influence on the results for NS is relate
the density dependent value of the symmetry energy, wh
is an intrinsic characteristic of the model.

In the following we present results based on the M
model using a constant value of the bag constant,B
590 MeV/fm3, and a Gaussian parametrization for the de
sity dependence,
04301
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B~r!5B`1~B02B`!expF2bS r

r0
D 2G ~28!

with B`550 MeV fm23, B05400 MeV fm23, and b
50.17. As discussed later~Sec. IV A!, the results on the
maximum mass depend only marginally on the particular
rametrization adopted for B(r). As for the value ofas , all
the results shown in this paper have been obtained choo
as50, but we have checked that they are not very sensi
to the value ofas @23#.

B. The color dielectric model

Let us now consider the color dielectric model, which w
originally introduced@18# as a confinement model of th
nucleon~see the general reviews@24–26#!. In the CDM the
nucleon is described as a soliton in which quarks are
namically confined via the interaction with a scalar-isosca
chiral singlet field, indicated in the following asx, whose
quanta correspond to glueballs or hybrid mesons. Sev
closely related versions of the CDM exist in the literatu
They have been widely employed in the baryon sector,
calculate the static@27–30# and dynamic properties@31–36#
of the nucleon and to describe strange baryons@28,37–39#.
The CDM has also been applied in the quark sector, to
culate the EOS of quark matter@40–44# and to study the
stability of strange quark matter@45#. Applications of the
CDM EOS for quark matter to the study of compact sta
have been considered by Ghoshet al. @46# and by Drago and
collaborators, who studied the structure of hybrid st
@47,48# and the problem of supernova explosions@49#, and,
more recently by Malheiroet al. @50,51# to study pure quark
stars.

In this work we use the chiral version of the CDM
@41,44#, extended to include strange quarks@40,47#, which,
as shown in Ref.@44#, describes reasonably well the nucleo
while giving, with the same set of parameter values, a me
ingful equation of state for symmetric quark matter. The L
grangian of the model reads

L5 (
f 5u,d,s

i c̄ fg
m]mc f1 (

f 5u,d

gf

f px
c̄ f~s1 i t•pg5!c f

2
gs

x
c̄scs1

1

2
~]ms!21

1

2
~]mp!22U~s,p!1

1

2
~]mx!2

2V~x!. ~29!

Here the potentialV(x) has the quadratic form

V~x!5
1

2
M2x2, ~30!

while

U~s,p!5
ms

2

8 f p
2 ~s21p22 f p

2 !2 ~31!
0-5
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is the usual ‘‘Mexican hat’’ potential. The characteristic fe
ture of the CDM is the coupling of the quarks to an inver
power of the fieldx, through which the quarks acquire de
sity dependent effective massesmu,d52gu,ds/ f px andms
5gs /x. Sincex vanishes in the vacuum, the quark mass
diverge as the densityr goes to zero, thus providing confine
ment.

In Eq. ~29! the couplings are given bygu,d5g( f p6j3)
and gs5g(2 f K2 f p), where f p593 MeV and f K
5113 MeV are the pion and the kaon decay constants,
spectively, and wherej35 f K62 f K0520.75 MeV. In Eq.
~31! we takems51.2 GeV.

The parameters of the model are thusg, determining the
couplingsgf , and the massM of the x field. At the mean
field level, and with the form Eq.~30! of the potential, the
only free parameter is actually the productG5AgM. In the
following we will use the valuesM51.7 GeV and g
523 MeV ~corresponding toG5198 MeV), which were
obtained in Ref.@47#, by requiring that the model provide
reasonable values for the average delta-nucleon mass an
the nucleon isoscalar radius.

To describe the possible quark phase in the interior o
neutron star we consider a uniform system of plane wavu,
d, and s quarks interacting with the fieldsx and s. In the
mean field approximation the latter are assumed to be c
stant, while the pion field vanishes. The energy density of
system is then given by

eCDM5g (
f 5u,d,s

(
k,kF

f
Ak21mf~s,x!21V~x!1U~s,p50!,

~32!

whereg56 is the spin and color degeneracy factor andkF
f

are the Fermi momenta of the quarks of flavorf. At fixed
baryon density, two coupled equations for the fieldsx ands
are obtained by minimizing the energy densityeCDM :

dV~x!

dx
52 (

f 5u,d
rS

f ~kF
f ,mf !

gfs

f px2 1rS
s~kF

s ,ms!
gs

x2 ,

~33!

dU~s,0!

ds
5 (

f 5u,d
rS

f ~kF
f ,mf !

gf

f px
, ~34!

where

rS
f ~kF

f ,mf !5g (
k,kF

f

mf

Ak21mf
2

~35!

are the quark scalar densities. By imposing chemical equ
rium, supplemented by the conditions of charge neutra
and baryon number conservation, Eqs.~24!–~26! along with
Eqs. ~33!–~35! form a system of six coupled equation
which are solved self-consistently to getx,s,kF

u ,kF
d ,kF

s , and
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kF
e . Once they are solved, we obtain the population of e

quark flavorr f5g(kF
f )3/6p2, as well as the one of the elec

trons.

IV. RESULTS AND DISCUSSION

A. Phase transition in symmetric matter

Before studying the quark phase inside neutron stars
us first discuss the EOS of symmetric matter. We calcu
the EOS for cold symmetric nuclear matter in the BHF fo
malism with two-body and three-body forces, as describ
above in Sec. II. Then we calculate the EOS foru and d
quark matter, using, respectively, Eq.~22! for the MIT bag
model and Eq.~32! for the CDM. The results are displaye
in Fig. 1. The solid line represents the purely nucleonic c
within the Brueckner many-body approach, whereas the
ferent broken lines denote the results for the various qu
matter EOS. We find that, in the range of baryon densi
explored, the quark matter energy is always higher than
of symmetric nuclear matter, independent of the mo
adopted for describing the quark phase. Therefore nuc
matter is the favorite state.

As far as the results obtained with the MIT bag model a
concerned, some clarification is needed. In fact, apart fro
bag constantB590 MeV fm23, we have also used a densi
dependent bag parameterB(r), whose parametrization is th
one of Eq.~28!. This was adopted in previous works@23#,
and we repeat here briefly the motivations. The condition
no quark transition in symmetric nuclear matter belo
(3, . . . ,4)r0 constrains the low density behavior ofB(r),
whereas at high density a further constraint is needed.
value ofB(r) was then assumed to decrease fast enoug
that a transition to quark matter could occur at a dens
compatible with the one extracted from CERN SPS d
@52#, i.e., rc'6r0'1/fm3. This value was estimated by as
suming that the transition is determined by the value of
energy density along the transition line in the pressu
chemical potential plane, as now indeed recent lattice ca
lations seem to indicate@53#. Of course this condition doe

FIG. 1. Energy per baryon for symmetric matter calculated
the purely nucleonic case~solid line!, with the MIT bag models
~dotted and dot-dashed lines!, and with the CDM~dashed line!.
0-6
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not fix completely the behavior ofB(r), but it turns out@23#
that the results for the NS maximum mass are only marg
ally affected by the precise trend ofB(r).

As discussed above, in the present calculations, which
updating the EOS used in Ref.@23#, no transition actually
occurs in symmetric matter, even if quark and hadronic m
ter are almost overlapping at high density nearrc . However,
at higher baryonic density the precise trend of the EOS
symmetric hadronic matter is surely more uncertain. A
finement of the EOS could lead to a transition to a dec
fined phase at a higher baryonic density, compatible with
value ofrc . In particular, different sets of three-body forc
and the inclusion of three hole-line diagrams can prod
indeed a stiffening of the hadronic EOS and the transition
quark matter can occur at this high density. A critical disc
sion on this point will be published elsewhere. In any ca
these refinements do not affect the results in NS matter, s
there, due to the appearance of hyperons and quark m
the purely hadronic phase never reaches a density hi
than (3, . . . ,4)r0, and the uncertainty in the high densi
EOS of nuclear matter plays no role.

In order to facilitate the comparison between the differ
quark models adopted in this work, it is useful to introdu
in the CDM an effective bag parameter, which describes
difference between the quark matter energy density and
energy density of a system of free quarks of fixed massmf8
having the same density and composition. We thus defin

Beff~r![eCDM2g (
f 5u,d,s

(
k,kF

f
Ak21mf8

2, ~36!

where we takemu85md850, ms85150 MeV in order to com-
pare with the bag parameter used in the MIT model. As
alternative@54#, one can also define a bag parameter as
‘‘non-quark’’ contribution to the energy density,

Beff8 ~r![eCDM2g (
f 5u,d,s

(
k,kF

f
Ak21mf~s,x!2 ~37!

5V~x!1U~s,p50!. ~38!

The effective bag parametersBeff andBeff8 are plotted versus
the baryon densityr in Fig. 2 for symmetric matter. We
observe that, although at low baryon density the bag par
eters used with the MIT model are larger than the one ca
lated with the CDM, asymptotically they all reach values
the range (50, . . . ,120) MeV fm23. However, in the former
case the effective bag constant is a monotonically decrea
function of the density, at variance with the CDM and al
with the Nambu-Jona-Lasinio model, widely studied in Re
@54,55#.

B. Phase transition in asymmetricb-stable matter

We now consider the hadron-quark phase transition
neutron stars, and calculate the EOS of a conventional n
tron star as composed of a chemically equilibrated a
charge neutral mixture of nucleons, hyperons, and lepto
The result is tabulated in Table I and shown by the solid l
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in Fig. 3~a!. The dashed line represents the EOS of be
stable and charge neutral (u,d,s) quark matter obtained
within the CDM, and the dotted and dot-dashed lines
results due to the MIT model with constant and density
pendentB, respectively. Markers indicate the crossing poin
between the hadron and the quark phases. We notice tha
crossing from hadronic to quark matter occurs at very l
baryonic density when the CDM is used to describe
quark phase, whereas higher values of the transition den
are predicted with the MIT bag model. In fact, the dens
dependent bag parameter was introduced in order to shift
transition to high density and to explore the implications
the NS observables.

A more realistic model for the phase transition betwe
baryonic and quark phase inside the star is the Glenden
construction@2,56#, which determines the range of baryo
density where both phases coexist, yielding an EOS cont

FIG. 2. The bag parametersB are shown as function of the
baryon density for symmetric matter. The dot-dashed line shows
parametrization Eq.~28! used in the MIT model, whereas th
dashed lines represent the effective values of the CDM, calcul
using Eqs.~36! or Eq. ~38!, respectively.

TABLE I. Baryonic EOS used in our calculations.

rB @ fm23# e @MeV/fm3# P @MeV/fm3# mB2mN @MeV#

0.1 94.8 0.97 18.2
0.2 192 5.2 46.0
0.3 292 15.3 86.0
0.4 397 26.7 115
0.5 504 39.7 143
0.6 615 54.8 168
0.7 728 72.0 192
0.8 843 91.0 215
0.9 962 112 236
1.0 1082 135 256
1.1 1205 159 275
1.2 1330 185 293
1.3 1458 213 311
1.4 1587 242 328
1.5 1719 273 344
0-7
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FIG. 3. Panel~a! displays the energy per par
ticle vs baryon density for beta-stable matter
the BHF approach~solid line! and for u,d,s
quark matter obtained within the MIT mode
~dotted and dot-dashed lines! and the CDM
~dashed line!. Panel ~b! shows the pressure a
function of the baryonic chemical potential for a
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ing a pure hadron phase, a mixed phase, and a pure q
matter region. In our previous papers@23#, we have used the
Glendenning construction, demonstrating that in particu
the influence on the maximum mass value is rather sm
Apart from that, the realization of the mixed phase depe
on the nuclear surface tension, which is currently an
known parameter. In fact, even a relatively small surfa
tension seems to disfavor a mixed phase@57#.

Therefore, in the present work we adopt the simpler M
well construction. For that, we construct the phase transi
from Fig. 3~b!, showing the pressure as a function of t
baryonic chemical potentialmB . The transition is determined
by the intersection points between the hadronic~solid line!
and the different quark phases. We notice that the phase
sition occurs at very low values of the baryon density,r
'0.05 fm23, when the CDM is used. The transition dens
that we obtain is somewhat lower than the value obtaine
Ref. @47#, where, using the Walecka model to describe
hadronic EOS, a mixed phase was found to occur in
interval 0.1 fm23<r<0.31 fm23. However, the general re
sult that the pure quark phase starts at a rather low dens
in agreement with Ref.@47#.

The phase transition constructed with the CDM and
corresponding neutron star structure are quite different fr
the ones obtained using the MIT bag model. In the CDM
onset of the quark phase occurs at very low density, and
pure deconfined phase occupies most of the star. This pic
is expected still to hold if, instead of a sharp phase transit
a mixed phase is allowed. In the MIT bag model the pu
quark phase is still the dominant component of the star
least for the higher masses, but a well developed hadr
phase is present in the lower density region. This pure h
ronic component still persists if the mixed phase is int
duced @23#. The scenario is again different within th
Nambu-Jona-Lasinio model@55#, where at most a mixed
phase could be present, but no pure quark phase.

As a peculiarity, we mention that at high density (r
'0.93 fm23) within the CDM a second crossing in thep
2m plane occurs. This looks disturbing, since it seems
likely that at so high density baryonic matter could app
again. This feature could be attributed to the hyperonic co
ponent of the hadronic phase, since no second crossin
present if only nucleons are considered. However,
strength of the softening depends on the extrapolation of
adopted hyperon-nucleon interaction to high density, wh
04301
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no phenomenological input is available. The behavior of
quark EOS in the CDM also plays a role, since the seco
crossing does not occur in the MIT bag model, at least in
density range relevant for NS calculations.

In any case the physical picture of distinct quark a
baryonic phases at such high density is doubtful. In the c
culations we have therefore ignored this second crossing
followed the quark branch. It has to be stressed that the t
sition from hadronic to quark matter at low density occu
before the appearance of hyperons, so that the use of an
nucleonic~no hyperon! EOS would yield the same results fo
the CDM.

C. Neutron star structure

We assume that a neutron star is a spherically symme
distribution of mass in hydrostatic equilibrium. The equili
rium configurations are obtained by solving the Tolma
Oppenheimer-Volkoff~TOV! equations@10# for the pressure
P and the enclosed massm,

dP~r !

dr
52

Gm~r !e~r !

r 2

3
@11P~r !/e~r !#@114pr 3P~r !/m~r !#

122Gm~r !/r
,

~39!

dm~r !

dr
54pr 2e~r !, ~40!

G being the gravitational constant. Starting with a cent
mass densitye(r 50)[ec , we integrate out until the pres
sure on the surface equals the one corresponding to the
sity of iron. This gives the stellar radiusR and the gravita-
tional mass is then

MG[m~R!54pE
0

R

drr 2e~r !. ~41!

We have used as input the equations of state discussed a
for the CDM and the MIT bag model for the beta-stab
quark phase, and the BHF for the hadronic matter. For
0-8
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description of the NS crust, we have joined the hadro
EOS with the ones by Negele and Vautherin@58# in the
medium-density regime, and the ones by Feynm
Metropolis-Teller @59# and Baym-Pethick-Sutherland@60#
for the outer crust.

The results are plotted in Fig. 4, where we display
gravitational massMG ~in units of the solar massM () as a
function of the radiusR ~left panel! and central baryon den
sity rc ~right panel!. The dashed lines represent the calcu
tion for beta-stable quark matter with the CDM, whereas
dotted and dot-dashed lines denote the results obtained
the MIT bag model. Due to the use of the Maxwell constru
tion, the mass – central density curves are not continu
@2#: For very small central densities~large radii, small
masses! the stars are purely hadronic. Then a sudden incre
of the central density is required in order to start the qu
phase in the center of the star, corresponding to the ph
diagram Fig. 3~b!. By performing the Glendenning constru
tion, the curves would become continuous.

We have also observed at the onset of quark matter a
of cusp in the mass vs radius plot, left panel of Fig. 4, in
very low mass region and large radius. This correspond
the ‘‘wiggle’’ in the plot of mass vs central density, righ
panel of Fig. 4. This turns out to be typical in the calculati
with a sharp phase transition, see, e.g., Ref.@2#. This also
implies a small region where the NS is unstable. In any ca
with our EOS the relevant mass values are quite small an
not correspond to physical neutron stars.

We observe that the values of the maximum mass dep
only slightly on the EOS chosen for describing quark mat
and lie between 1.5 and 1.6 solar masses. A clear differe
between the two models exists as far as the radius is
cerned. Hybrid stars built with the CDM are characterized
a larger radius and a smaller central density, whereas hy
stars constructed with the MIT bag model are more comp
since they contain quark matter of higher density.

This is also illustrated in Fig. 5, showing the differe
internal structure of stars with the MIT model and the CD
by comparing the populations of quarks and baryons insid
M51.4M ( neutron star. At this value of the mass, within t
MIT model only a thin hadronic layer is present, main
composed of neutrons, followed by a small portion of cru

FIG. 4. The mass~in units of solar massM (51.9831033 g) is
displayed as function of radius~left panel! and central density~right
panel!, using different EOS. See the text for details.
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whereas in the case of the CDM one finds only crustal m
ter. The central~quark! density is substantially larger with
the MIT model, in agreement with Fig. 4. In both models, t
abrupt transition from quark to hadronic matter is a con
quence of the Maxwell construction.

V. CONCLUSIONS

In this article we determine the structure of neutron sta
combining the most recent microscopic baryonic EOS in
BHF approach involving three-body forces and hypero
with different effective models describing the quark mat
phase.

Without allowing for the presence of quark matter, t
maximum neutron star mass remains below 1.3 solar mas
due to the strong softening effect of the hyperons on
EOS, compensating the repulsive character of nucleonic T
at high density. The presence of quark matter inside the
is required in order to reach larger maximum masses.

We introduced a density dependent bag parameterB(r) in
the MIT model in order to explore the maximum NS ma
that can be reached in this approach. We compare with
culations using a fixed bag constant and using the color
electric model. Joining the corresponding EOS with the ba
onic one, all three quark models yield maximum masses
the range (1.5, . . . ,1.6)M ( , while predicting slightly differ-
ent radii.

Our results for the maximum masses are in line with ot
recent calculations of neutron star properties employing v
ous phenomenological relativistic mean field nuclear E

FIG. 5. The particle populations inside aM51.4M ( neutron
star with the CDM~upper panel! and the bag model~lower panel!
quark matter EOS. The markers indicate the beginning of the cr
0-9
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together with either effective mass bag model@61# or
Nambu-Jona-Lasinio model@54,55# EOS for quark matter.

The value of the maximum mass of neutron stars obtai
according to our analysis appears rather robust with res
to the uncertainties of the nuclear and the quark matter E
Therefore, the experimental observation of a very he
(M*1.7M () neutron star, as claimed recently by som
le
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groups@62# (M'2.2M (), if confirmed, would suggest tha
either serious problems are present for the current theore
modeling of the high-density phase of nuclear matter, or t
the assumptions about the phase transition between ha
and quark phase are substantially wrong. In both cases,
can expect a well defined hint on the high density nucl
matter EOS.
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