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Hybrid stars with the color dielectric and the MIT bag models
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We study the hadron-quark phase transition in the interior of neutron(dt8ysFor the hadronic sector, we
use a microscopic equation of staeOS 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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[. INTRODUCTION purely nucleonic matter, thus lowering the mass value, their
appearance would in this case be incompatible with observa-
The appearance of quark matter in the interior of massivdions. The large value of the mass could then be explained
neutron star§NS) is one of the main issues in the physics of only if both hyperonic and quark matter EOS are much
these compact objects. Many equations of stE®9 have stiffer than expected. In particular, the quark EOS should be
been used to describe the interior of NS, as compiled an@ssumed to be stiff enough to render the deconfined phase
discussed in recent review papéis. If only nucleonic de- €energetically disfavored.
grees of freedom are considered and the choice of the EOS is In this paper we will discuss this issue in detail. Unfortu-
restricted to the microscopic onfa—4), it turns out that for ~ nately, while the microscopic theory of the nucleonic EOS
the heaviest NS, close to the maximum méabout two has reached a high degree of sophistication, the quark matter
solar massés the central particle density reaches valuesEOS is poorly known at zero temperature and at the high
larger than 1/fm. In this density range the nucleon cores baryonic density appropriate for NS. One has, therefore, to
(dimension~0.5 fm) start to touch each other, and it is hard rely on models of quark matter, which contain a high degree
to imagine that only nucleonic degrees of freedom can play &f uncertainty. The best one can do is to compare the predic-
role. On the Contrary, it can be expected that even beforgons of different models and to estimate the Uncertainty of
reaching these density values, the nucleons start to lose thdfte results for the NS matter as well as for the NS structure
identity, and quark degrees of freedom are excited at a ma@nd mass. In this paper we will use a definite nucleonic EOS,
roscopic level. which has been developed on the basis of nuclear matter
Unfortunately it is not straightforward to predict the rel- many-body theory, and two different models for the quark
evance of quark degrees of freedom in the interior of NS foEOS, and compare the results. Confrontation with previous
the different physical observables, like cooling evolution,calculations shall also be discussed.
glitch characteristics, neutrino emissivity, and so on. In fact, The paper is organized as follows: In Sec. Il we review
the other NS components can mask the effects coming dthe determination of the baryonic EOS comprising nucleons
rectly from quark matter. In some cases the properties ofnd hyperons in the Brueckner-Hartree-Fock approach. Sec-
quark and nucleonic matter are not very different, and a clealion Il concerns the quark matter EOS according to the MIT
observational signal of the presence of the deconfined phad#®g model and the color dielectric mod@DM). In Sec. IV
inside a NS is indeed hard to find. we present the results regarding neutron star structure com-
The value of the maximum mass of NS is probably one ofPining the baryonic and quark matter EOS for beta-stable
the physical quantities that is most sensitive to the presendalclear matter. Section V contains our conclusions.
of quark matter in NS. If the quark matter EOS is quite soft,
the quark component is expected to appear in NS and to
affect appreciably the maximum mass value, which in this IIl. BRUECKNER THEORY
case is expected to be slightly larger than the observational A. EOS of nuclear matter
limit (1.44 solar masses of the so-called Taylor pul[&d).
Of course, other “exotic” components, in particular hyper-
ons, could also soften the EOS.

The Brueckner-Bethe-Goldston®BG) theory is based
on a linked cluster expansion of the energy per nucleon of
On the contrary, the observation of a large NS masdluclear matter(see Ref.[6], chapter 1 and references
(about 2 solar massesvould imply that the EOS of NS therein. The basic ingredient in this many-body approach is

matter is stiff enough to keep the maximum mass at thesthe Brueckner reaction matri, which is the solution of the
large values. Purely nucleonic EOS are able to accommodafé€the-Goldstone equation

such large masse$2—-4|. Since the presence of non- Ikake) Q(Kaky|
nucleonic degrees of freedom, like hyperons and quarks, Glp;w]=v+ E UMG[p;w], (1)
tends usually to soften considerably the EOS with respect to Kok, @~ €(Ka) —e(kp)
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wherev is the bare nucleon-nuclediNN) interaction,p is In order to study the structure of neutron stars, we have to
the nucleon number density, amdthe starting energy. The calculate the composition and the EOS of cold, neutrino-free,
single-particle energye(k) (assuming/=1 here and catalyzed matter. We require that the neutron star contains
throughout the papgr charge neutral matter consisting of neutrons, protons, and
leptons €7, ) in beta equilibrium, and compute the EOS
for charge neutral and beta-stable matter in the following
e(k)=e(k;p)= ﬁ‘L U(k;p), (2 standard way2,3,10: The Brueckner calculation yields the
energy density of lepton/baryon matter as a function of the
and the Pauli operatd® determine the propagation of inter- different partial densities,
mediate baryon pairs. The Brueckner-Hartree-FOBKF)

o . . i . E
approximation for the single-particle potentla(k;p) using €(Pn Pp+PerP )= (PaMa+ ppMy) + (pnt pp)= (Pn Pp)
the continuous choice is A

2

1 (3772p,u)5/3

, , , +p,m, +-—
U(k;p)=Re 2, (kk'|G[p;e(k)+e(k)][kK )a, (3) Pulu™ om,  5a?
k' <kg
(3772Pe)4/3
where the subscriptd” indicates antisymmetrization of the —4772 ' ®)

matrix element. Due to the occurrence Wtk) in Eq. (2),

they constitute a coupled system that has to be solved in @here we have used ultrarelativistic and nonrelativistic ap-
self-consistent manner for several Fermi momenta of the Palroximations for the energy densities of electrons and
ticles involved. In the BHF approximation the energy permuons, respectively. In practice, it is sufficient to compute
nucleon is only the binding energy of symmetric nuclear matter and
pure neutron matter, since within the BHF approach it has

E 3ki 1 been verified 11,17 that a parabolic approximation for the
A 52m 2 ) k%k (kk'|GLp;e(k)+e(k)]|kk ), binding energy of nuclear matter with arbitrary proton frac-
o @)  tionx=pylp, p=pn+tpp, is well fulfilled,
. . . . E E
In this scheme, the only input quantity we need is the bare —(p,X)~—(p,x=0.5+(1—2x)2E ) (6)
NN interactionv in the Bethe-Goldstone equati¢h). In this AP A(p syl P

sense the BBG approach can be considered as a microscopi
one. The nuclear EOS can be calculated with good accurac
in the Brueckner two hole-line approximation with the con-
tinuous choice for the single-particle potential, since the re
sults in this scheme are quite close to the calculations which 1 J(EIA)
include also the three hole-line contributipf]. In the cal- Esynlp)=— 7
culations reported here, we have used the Arganpepo- 4

tential [8] as '_[h_e two-nucleon interaction. . Knowing the energy density Ed5), the various chemical
quever, it is commonly known th_at nonr_elatlwst!c cal- potentials (of the speciesi=n,p,e,x) can be computed

culations, based on purely two-body interactions, fail to re-_, _:

. . . straightforwardly,

produce the correct saturation point of symmetric nuclear

matter, and three-body forc¥BF) among nucleons are Je

needed to correct this deficiency. In this work the so-called i

Urbana model will be used, which consists of an attractive

term. due to two-pion exchange with excitation of an inter-,nd the equations for beta-equilibrium,

mediateA resonance, and a repulsive phenomenological cen-

tral term[9]. We introduced the same Urbana three-nucleon wi=bimn— i fhe, 9

model within the BHF approactfor more details see Ref.

[3]). In our approach the TBF is reduced to a density depentb; andq; denoting baryon number and charge of specjes

dent two-body force by averaging over the position of theand charge neutrality,

third particle, assuming that the probability of having two

particles at a given distance is reduced according to the two- 2 =0 (10)

body correlation function determined self-consistently. The i Pifli=

corresponding nuclear matter EOS fulfills several require-

ments, namely(i) it reproduces the correct nuclear matter allow one to determine the equilibrium compositiefip) at

saturation point(ii) the incompressibility is compatible with given baryon density and finally the EOS,

the values extracted from phenomenolagy) the symmetry

energy is compatible with nuclear phenomenolo@y) the P(p)= , 4 €lpi(p)  de 1)

causality condition is always fulfilled. p)=p dp p pdp €7 PHn— e

%ere the symmetry enerdys,, can be expressed in terms
f the difference of the energy per particle between pure
neutron k=0) and symmetricX=0.5) matter:

E E
X (p,0)~ K(p,o)— K(p,0-5)- (7)

=ap 8
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B. Hyperons in nuclear matter
Uv(k=Re > = 2, (kk'[Gummnl Egn(kik)1IkK)

While at moderate densities~p, the matter inside a =P N
F

neutron star consists only of nucleons and leptons, at higher
densities several other species of particles may appear due to
the fast rise of the baryon chemical potentials with densityand similar expressions of the form
Among these new particles are strange baryons, namely, the
A, %, andE hyperons. Due to its negative charge, the '
hyperon is the first strange baryon expected to appear with Un(k) = 2 U(NN (k) + 2
increasing density in the reaction-n—p+3 ", in spite of
its substantially larger mass compared to the neutrdly-  apply to the nucleon single-particle potentials. The nucleons
peron Ms-=1197 MeVM ,=1116 MeV). Other species feel therefore direct effects of the other nucleons as well as
might appear in stellar matter, likk isobars along with pion  of the hyperons in the environment, whereas for the hyper-
and kaon condensates. It is therefore mandatory to generalizggs there are only nucleonic contributions, because of the
the study of the nuclear EOS with the inclusion of the pos-missing hyperon-hyperon potentials. Equatiofi®)—(15)
sible hadrons, other than nucleons, which can spontaneousdiéfine the BHF scheme with the continuous choice of the
appear in the inner part of a neutron star, just because thedingle-particle energies. In contrast to the standard purely
appearance is able to lower the ground state energy of thgucleonic calculation there is now an additional coupled
dense nuclear matter phase. channel structure, which renders a self-consistent calculation
As we have pointed out in the previous section, thequite time-consuming.
nuclear EOS can be calculated with good accuracy in the Once the different single-particle potentials are known,

Brueckner two hole-line approximation with the continuousthe total nonrelativistic baryonic energy density, can be
choice for the single-particle potential, since the results irevaluated:

this scheme are quite close to the full convergent calculations

which include also the three hole-line contribution. It is then kg)dkk2

natural to include the hyperon degrees of freedom within the €= o A

same approximation to calculate the nuclear EOS needed to I=npEA

describe the neutron star interior. To this purpose, one re- MdkIé
. . . . k

quires in principle nucleon-hyperoNY) and hyperon- =ennt z F

hyperon(YY) potentials. In our work we use the Nijmegen y=3",A JO

soft-coreNY potential[13] that is well adapted to the avail-

able experimentalY scattering data. Unfortunately, to date + ng)(k)

no YY scattering data and therefore no relialylé potentials

are available. We therefore neglect these interactions in our

calculations, which is supposedly justified, as long as th

hyperonic partial densities remain limited. Also, for the fol-

lowing calculations the ;g NN potential together with the

phenomenological BF introduced previously, are used.
With theNN andNY potentials, the variou§ matrices are 1 (3m2py)B

evaluated by solving numerically the Brueckner equation, eny= 2 (Pv[mv"' UY(O)]+2—*$

(14

u’k) (19
N’ =n,p Y=3",A

2

k 1
mi+2—rni+§Ui(k) (16)

my+ =— + U (k)

772 ZmY

: (17)

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

which can be written in operatorial form §%1,14 Y=3".A 52 ’
0 (18
’ C
Gasl WI=Vant 2 2 Vad PP) (=g 76 which should be added to E¢6).
PP The knowledge of the energy density allows one then to
X{pp'|Gepl W], (120  compute EOS and neutron star structure as described before,

now making allowance for the speciesi
=n,p,> ,A,e ,u . The main physical features of the
nuclear EOS which determine the resulting compositions are
essentially the symmetry energy of the nucleon part of the
"E0S and the hyperon single-particle potentials inside nuclear
matter. Since at low enough density the nucleon matter is
quite asymmetric, the small percentage of protons feel a deep
kﬁ k$ single-particle potential, and therefore it is energetically con-
2—+ — +Up(ky) + Uy(ky). venient to create &~ hyperon, since then a neutron can be
my 2my . 1P
(13) con_verted |nto.a proton. The depth of the proton potential is
mainly determined by the nuclear matter symmetry energy.
Furthermore, the potentials felt by the hyperons can shift
The hyperon single-particle potentials within the continuoussubstantially the threshold density at which each hyperon
choice are given by sets in.

where the indices,b,c indicate pairs of baryons and the
Pauli operatoQ and energye determine the propagation of
intermediate baryon pairs. In a given nucleon-hyperon chal
nel c=(NY) one has, for example,

E(NY): mN+ mY+
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We have found rather low hyperon onset densities othe transition does occur. We will in the following take this
about 2 to 3 times normal nuclear matter density for theconstraint in due consideration, and use an extended MIT
appearance of thE ~ andA hyperong 11]. (Other hyperons bag mode[17] (including the possibility of a density depen-
do not appear in the matteMoreover, an almost equal per- dent bag “constant and the color dielectric mod4ML8],
centage of nucleons and hyperons are present in the stellanth compatible with this condition.
core at high densities. The inclusion of hyperons produces an
EOS which turns out to be much softer than the purely nucle- A. The MIT bag model
onic case. The consequences for the structure of the neutron _ _ _ L
stars are dramatic. In fact the presence of hyperons leads to a Ve first review briefly the description of the bulk proper-
maximum mass for neutron stars of less than 1.3 sola}€S Of uniform quark matter, deconfined from tfgestable
masse$11], which is below the observational limit. hadronic matter mentioned in the previous sectlon,_ by using

This surprising result is due to the strong softening of theh® MIT bag mode[17]. The thermodynamic potential f
baryonic EOS when including hyperons as additional de= u,d,s quarks can be expressed as a sum of j[he kinetic term
grees of freedom. We do not expect substantial change&d the one-gluon-exchange tefs9,20 proportional to the
when introducing refinements of the theoretical framework QCP fine structure constai,
such as hyperon-hyperon potentifl$], relativistic correc-
tions, etc. Three-body forces involving hyperons could pro- 3m§1 YiXe o,
duce a substantial stiffening of the baryonic EOS. Unfortu- (k) =~ g—2| —5=(2x;{=3) +In(x;+ys)
nately they are essentially unknown, but can be expected to

be weaker than in the non-strange sector. Another possibility ? , 2 4

that is able to produce larger maximum masses is the appear- + aSZT-rg[ [yexe=In(x+y0) ]7= 3% +In(y)
ance of a transition to another phase of defuggark matter

inside the star. This will be discussed in the following. Oren

: (19

+2|n(—) X —In(X;+
meYs [yf f ( f yf)]
1. QUARK PHASE

The results obtained with a purely baryonic EOS call forwherem; and us are thef current quark mass and chemical
an estimate of the effects due to the hypothetical presence gbtential, respectivelyy;=u:/m;, X;= \/yfz— 1, and ore
quark matter in the interior of the neutron star. Unfortunately,= 313 MeV is the renormalization point. In this work we
the current theoretical description of quark matter is burwill consider masslessi and d quarks (together withmg

dened with large uncertainties, seriously limiting the predic-= 150 MeV), in which case the above expression reduces to
tive power of any theoretical approach at high baryonic den-

sity. For the time being we can therefore only resort to

4
; 2a
phenomenological models for the quark matter EOS and try 0 =— Mq (1_ s) —ud 20
to constrain them as well as possible by the few experimental a 4r? ™ (q=u.d). 20

information on high density baryonic matter.

One of these constraints is the phenomenological obser-
vation that in heavy ion collisions at intermediate energiesThe number density; of f quarks is related t)¢ via
(10 MeV/IA<E/A=<200 MeV/A) no evidence for a transi-

tion to a quark-gluon plasma has been found. Indeed, all 20
microscopic simulations, like BUU or QMD, that are able to p=— —t (212)
reproduce a great variety of experimental data, do not need Iu

the introduction of such a transitigi6]. In these simula-

tions the calculated nucleon density can reach values which , ) )

are at least 2 to 3 times larger than the saturation depsity and the total energy density for the quark system is written as

One can, therefore, conclude that symmetric or nearly sym-

metric nuclear matter at a few MeV of temperature does not

exhibit any phase transition to deconfined matter up to this emt(Pu.Pd -Ps)=2 (Q¢+ pepr) +B, (22

baryon density. It has to be noticed that the phase transition

in symmetric matter can occur at a substantially different

baryon density than in neutron star matter, where nucleawhereB is the energy density difference between the pertur-

matter is closer to neutron matter than to symmetric nucleapative vacuum and the true vacuum, i.e., the bag “constant.”

matter. In the original MIT bag modeB~55 MeV fm 2 is used,
This constraint coming from heavy-ion physics appears asvhile valuesB~210 MeV fm 2 are estimated from lattice

an independent one, that should be fulfilled by any theory ocalculationg21]. In this sensd3 can be considered as a free

model of deconfinement. Indeed, quark matter models caparameter.

have, in some cases, serious difficulties to fulfill the con- The composition of3-stable quark matter is determined

straint (the transition occurring at too low densifyeven if by imposing the condition of equilibrium under weak inter-

they produce “reasonable” results for neutron stars, wherections for the following processes:

043010-4



HYBRID STARS WITH THE COLOR DIELECTRIC AND. .. PHYSICAL REVIEW Dr0, 043010(2004
2

p

Po

with B.,,=50 MeV fm 3, By=400 MeV fm 3, and g
d—u+e + g, (230 =0.17. As discussed latdSec. IV A), the results on the
maximum mass depend only marginally on the particular pa-
rametrization adopted for Bj. As for the value ofag, all
the results shown in this paper have been obtained choosing
as=0, but we have checked that they are not very sensitive
to the value ofag [23].

ut+e —d+ e, (2339

B(p)= Bw+(BO—Bx)exr{ -B
u+e —s+u,g, (23b)

s—u+e +ug, (230
s+u—d+u. (23¢9

In neutrino-free matter;(vez,uje=0), the above equations

. . . B. Th lor dielectri del
imply for the chemical potentials € color dielectric mode

Let us now consider the color dielectric model, which was
Hd= Ms= iyt Me- (24)  originally introduced[18] as a confinement model of the
nucleon(see the general revieyy24—-26). In the CDM the
As in baryonic matter, the relations for chemical equilibriumnucleon is described as a soliton in which quarks are dy-
must be supplemented with the charge neutrality conditiomamically confined via the interaction with a scalar-isoscalar
and the total baryon number conservation, chiral singlet field, indicated in the following gg, whose
quanta correspond to glueballs or hybrid mesons. Several
1 closely related versions of the CDM exist in the literature.
0=3(2pu=pa=ps) ~pe. (259 They have been widely employed in the baryon sector, to
calculate the statif27—30 and dynamic propertid31—36
1 of the nucleon and to describe strange bary[@&37-39.
p==(putpatps), (269 The CDM has also been applied in the quark sector, to cal-
3 culate the EOS of quark matt¢40—44 and to study the
, ) N stability of strange quark mattd#5]. Applications of the
in order to determine the compositipr(p) and the pressure cpm EOS for quark matter to the study of compact stars

of the quark phase, have been considered by Ghasthal.[46] and by Drago and
collaborators, who studied the structure of hybrid stars
Po(p)= dﬂ_e 27) [47,48 and the problem of supernova explosigA8], and,
QPP ~ more recently by Malheiret al.[50,51 to study pure quark
stars.
It has been found22,23 that within the MIT bag model In this work we use the chiral version of the CDM

(without color superconductivijywith a density independent [41,44], extended to include strange quafi®,47], which,

bag constanB, the maximum mass of a NS cannot exceed aas shown in Refl44], describes reasonably well the nucleon,
value of about 1.6 solar masses. Indeed, the maximum mas¢hile giving, with the same set of parameter values, a mean-
increases as the value Bfdecreases, but too small values of ingful equation of state for symmetric quark matter. The La-
B are incompatible with a transition densityp  grangian of the model reads
>(2,...,3pg in symmetric nuclear matter, as demanded by

heavy-ion collision phenomenology according to the preced- _ g —
ing discussion. In order to avoid this serious drawback of theC= 2, iy YHa s+ > f—z,/;f(a+ i 7 mTYs) P
model, one can introduce a density-dependent bag “con- f=uds f=ud frX

stant” B(p), and this approach was followed in R¢R3]. Js 1 1 1

This allows one to lower the value @ at large density, e N E(aMU)ZJr E(&Mﬂ)Z—U(U,ﬂ)-i- E(&“X)Z
providing a stiffer quark matter EOS and increasing the X

value of the maximum mass, while at the same time still —V(x). (29)

fulfilling the condition of no phase transition below

~3po- The comparison of the predictions based on the MITHere the potential/( y) has the quadratic form

bag model and the CDM can be considered meaningful only

if this constraint is maintained also in the CDM. One has to

keep in mind that the constraint is meant for symmetric V(X)=1M2X2 (30)
nuclear matter. Its influence on the results for NS is related to 2 '

the density dependent value of the symmetry energy, which

is an intrinsic characteristic of the model. while
In the following we present results based on the MIT
model using a constant value of the bag constdst, m?2
=90 MeV/fm?®, and a Gaussian parametrization for the den- U(o,m) = =5 (0?2 + m?—12)? (3D
sity dependence, 8f:, "
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is the usual “Mexican hat” potential. The characteristic fea- 350
ture of the CDM is the coupling of the quarks to an inverse
power of the fieldy, through which the quarks acquire den-
sity dependent effective masseg 4= — g, qo/f ,x andmg 250
=gs/x. Sincey vanishes in the vacuum, the quark masses
diverge as the densify goes to zero, thus providing confine-
ment.

In Eq. (29 the couplings are given by, ¢=9(f ;= &3)
and g.=g(2fx—f,), where f_=93 MeV and fy
=113 MeV are the pion and the kaon decay constants, re- S0 ¢
spectively, and wherg;=fy-—fo=—0.75 MeV. In Eq.
(31) we takem,=1.2 GeV.

\ CDM ---

300

200

150

E/A (MeV)

100 |

The parameters of the model are tlgydetermining the -50 : : : -
) ; 0 0.2 0.4 0.6 0.8 1
couplingsg;, and the mas#/ of the y field. At the mean S
field level, and with the form Eq(30) of the potential, the o {im
only free parameter is actually the prod@&t gM. In the FIG. 1. Energy per baryon for symmetric matter calculated for

following we will use the valuesM=1.7 GeV andg the purely nucleonic casesolid line), with the MIT bag models
=23 MeV (corresponding toG=198 MeV), which were (dotted and dot-dashed linesnd with the CDM(dashed ling
obtained in Ref[47], by requiring that the model provides

reasonable values for the average delta-nucleon mass and fgf . Once they are solved, we obtain the population of each

the nucleon isoscalar radius. , . quark flavorp;= y(kL)%/672, as well as the one of the elec-
To describe the possible quark phase in the interior of g.,q

neutron star we consider a uniform system of plane wave
d, ands quarks interacting with the fieldg and o. In the
mean field approximation the latter are assumed to be con- IV. RESULTS AND DISCUSSION
stant, while the pion field vanishes. The energy density of the h L i
system is then given by A. Phase transition in symmetric matter
Before studying the quark phase inside neutron stars, let
us first discuss the EOS of symmetric matter. We calculate
ecom=vr > 2 JKE+mi(o,x)2+V(x)+U(o,7=0), the EOS for cold symmetric nuclear matter in the BHF for-
f=uds okt malism with two-body and three-body forces, as described
(32) above in Sec. Il. Then we calculate the EOS ¢oand d
quark matter, using, respectively, EQ2) for the MIT bag
where y=6 is the spin and color degeneracy factor aid ~model and Eq(32) for the CDM. The results are displayed
are the Fermi momenta of the quarks of flafoAt fixed N Fig. 1. The solid line represents the purely nucleonic case

baryon density, two coupled equations for the fieldando ~ Within the Brueckner many-body approach, whereas the dif-
are obtained by minimizing the energy densitysy : ferent broken lines denote the results for the various quark

matter EOS. We find that, in the range of baryon densities
explored, the quark matter energy is always higher than that
of symmetric nuclear matter, independent of the model
adopted for describing the quark phase. Therefore nuclear
(33)  matter is the favorite state.
As far as the results obtained with the MIT bag model are
concerned, some clarification is needed. In fact, apart from a
Y (KL.m )i (34 bag constanB=90 MeV fm~3, we have also used a density
do 54 P Re M f.x’ dependent bag parametfp), whose parametrization is the
one of Eq.(28). This was adopted in previous work23],
where and we repeat here briefly the motivations. The condition of
no quark transition in symmetric nuclear matter below
(3,...,4)pq constrains the low density behavior Bfp),
whereas at high density a further constraint is needed. The
(35  value of B(p) was then assumed to decrease fast enough so
that a transition to quark matter could occur at a density
compatible with the one extracted from CERN SPS data
are the quark scalar densities. By imposing chemical equilibf52], i.e., p.~6po~1/fm°. This value was estimated by as-
rium, supplemented by the conditions of charge neutralitysuming that the transition is determined by the value of the
and baryon number conservation, E(&)—(26) along with  energy density along the transition line in the pressure-
Egs. (33)-(35) form a system of six coupled equations, chemical potential plane, as now indeed recent lattice calcu-
which are solved self-consistently to geir, k¥ ,kd kS, and  lations seem to indicatgs3]. Of course this condition does

dV(X

oy P M) X2+ps(ks,ms> 7,

my
pSkE M=y T
kekl VK mg
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not fix completely the behavior d&(p), but it turns ou{23] 400 < - T DM B — =

that the results for the NS maximum mass are only margin- 350 | '\. CDM_'B,: o

ally affected by the precise trend Bf(p). RN MIT, B(p) ==+~
As discussed above, in the present calculations, which are 300 f N MIT, B=QQ --+-er-- 1

updating the EOS used in R3], no transition actually — \,

occurs in symmetric matter, even if quark and hadronic mat- £ N

ter are almost overlapping at high density npar However, 3 200} N

at higher baryonic density the precise trend of the EOS of § 150 N

symmetric hadronic matter is surely more uncertain. A re- o ]

finement of the EOS could lead to a transition to a decon- 100 foss e RS DL T L :

fined phase at a higher baryonic density, compatible with this sof _---"" DT

value ofp.. In particular, different sets of three-body forces T T

and the inclusion of three hole-line diagrams can produce 0 0’ 0'2 0'4 Y 08 1

indeed a stiffening of the hadronic EOS and the transition to
quark matter can occur at this high density. A critical discus-
sion on this point will be published elsewhere. In any case, FIG. 2. The bag parameteB are shown as function of the
these refinements do not affect the results in NS matter, sinasaryon density for symmetric matter. The dot-dashed line shows the
there, due to the appearance of hyperons and quark matt@arametrization Eq(28) used in the MIT model, whereas the
the purely hadronic phase never reaches a density highéashed lines represent the effective values of the CDM, calculated
than (3...,4)py and the uncertainty in the high density using Egqs(36) or Eq.(38), respectively.
EOS of nuclear matter plays no role.
In order to facilitate the comparison between the differentin Fig. 3(a). The dashed line represents the EOS of beta-
quark models adopted in this work, it is useful to introducestable and charge neutral,@,s) quark matter obtained
in the CDM an effective bag parameter, which describes thgithin the CDM, and the dotted and dot-dashed lines the
difference between the quark matter energy density and thesults due to the MIT model with constant and density de-
energy density of a system of free quarks of fixed nmags pendentB, respectively. Markers indicate the crossing points
having the same density and composition. We thus define between the hadron and the quark phases. We notice that the
crossing from hadronic to quark matter occurs at very low
— _ N2 2 baryonic density when the CDM is used to describe the
Ber(p)=€com yf:;,d,s k<zkf Ko+ my, (36 quark phase, whereas higher values of the transition density
F are predicted with the MIT bag model. In fact, the density
where we taken/,=m}=0, m,=150 MeV in order to com- dependent bag parameter was introduced in order to shift this

pare with the bag parameter used in the MIT model. As adransition to high density and to explore the implications for
alternative[54], one can also define a bag parameter as théhe NS observables. N
“non-quark” contribution to the energy density, A more realistic model for the phase transition between
baryonic and quark phase inside the star is the Glendenning
, _ > 5 construction[2,56], which determines the range of baryon
Beit(p) = €com— Y, > zf ko mi(o,x)* (37) density where both phases coexist, yielding an EOS contain-

=u,d,s
k<kg

=V(x)+U(o,m=0). (38) TABLE I. Baryonic EOS used in our calculations.

-3 3 3 _
The effective bag parametes; andB. are plotted versus P8 [fm "]  €[MeViim®] P [MeV/im™]  ug—my [MeV]

the baryon density in Fig. 2 for symmetric matter. We .1 94.8 0.97 18.2
observe that, although at low baryon density the bag parany » 192 52 46.0
eters used with the MIT model are larger than the one calcug 3 292 15.3 86.0
lated with the CDM, asymptotically they all reach values ing 4 397 26.7 115
the range (50. . .,120) MeV fm 3. However, in the former 05 504 397 143
case the effective bag constant is a monotonically decreasiry)g 615 548 168
function of the density, at variance with the CDM and also 798 720 192
with the Nambu-Jona-Lasinio model, widely studied in Refs.o'8 843 91'0 215
[54.55. 0.9 962 112 236
o . 1.0 1082 135 256

B. Phase transition in asymmetric 8-stable matter 11 1205 159 275

We now consider the hadron-quark phase transition in.2 1330 185 293
neutron stars, and calculate the EOS of a conventional neu-3 1458 213 311
tron star as composed of a chemically equilibrated and 4 1587 242 328
charge neutral mixture of nucleons, hyperons, and leptons. 5 1719 273 344

The result is tabulated in Table | and shown by the solid line
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160

T T S 80
1401 i @/ ] 70 CDM - —- (b) ;
120 ! ook MIT, B(p) --—-- ] _

' MIT, B;Hgg - 7 FIG. 3. Panela) displays the energy per par-
< 100 | ' o SOF . ticle vs baryon density for beta-stable matter in
2 s0f i § w0k the BHF approach(solid line and for u,d,s
< 60F ! 2 quark matter obtained within the MIT model
i 0 \ z OF (dotted and dot-dashed linesand the CDM

' 20 f (dashed ling Panel(b) shows the pressure as
20t MIT, B(p) - ] 0k function of the baryonic chemical potential for all
0F MIT, B=GQ --vs--- : cases.
20 . ) BHF —— 0 s
0 02 04 06 08 1 0 20 40 60 80 100 120 140
p (fm®) g - My (MeV)

ing a pure hadron phase, a mixed phase, and a pure quanlo phenomenological input is available. The behavior of the

matter region. In our previous papg@3], we have used the quark EOS in the CDM also plays a role, since the second

Glendenning construction, demonstrating that in particulacrossing does not occur in the MIT bag model, at least in the

the influence on the maximum mass value is rather smalldensity range relevant for NS calculations.

Apart from that, the realization of the mixed phase depends In any case the physical picture of distinct quark and

on the nuclear surface tension, which is currently an unbaryonic phases at such high density is doubtful. In the cal-

known parameter. In fact, even a relatively small surfaceculations we have therefore ignored this second crossing and

tension seems to disfavor a mixed phsé|. followed the quark branch. It has to be stressed that the tran-
Therefore, in the present work we adopt the simpler Max-sition from hadronic to quark matter at low density occurs

well construction. For that, we construct the phase transitiomefore the appearance of hyperons, so that the use of an only

from Fig. 3b), showing the pressure as a function of thenucleonic(no hyperon EOS would yield the same results for

baryonic chemical potentialg . The transition is determined the CDM.

by the intersection points between the hadragsialid line)

and the different quark phases. We notice that the phase tran- C. Neutron star structure

sition occurs at very low values of the baryon density, W that ¢ tar i hericall i

~0.05 fm 2, when the CDM is used. The transition density . 'e assume that a neutron staris a sphericatly Symmetric

that we obtain is somewhat lower than the value obtained iI%ilstnbunon of mass in hydrostatic equilibrium. The equilib-

Ref. [47], where, using the Walecka model to describe thelum configurations are obtained by solving the Tolman-

hadronic EOS, a mixed phase was found to occur in th%%ﬂ%nmzrgi;\égtgfgfv) equationg10] for the pressure
interval 0.1 fm 3<p=0.31 fm 3. However, the general re- 5
sult that the pure quark phase starts at a rather low density is

in agreement with Ref47]. dP(r)  Gm(r)e(r)
The phase transition constructed with the CDM and the dr re
corresponding neutron star structure are quite different from 3
the ones obtained using the MIT bag model. In the CDM the ><[1+ P(r)/e(r)][1+4ar=P(r)/m(r)]
onset of the quark phase occurs at very low density, and the 1-2Gm(r)/r '

pure deconfined phase occupies most of the star. This picture

is expected still to hold if, instead of a sharp phase transition,

a mixed phase is allowed. In the MIT bag model the pure

qguark phase is still the dominant component of the star, at  dm(r) )
least for the higher masses, but a well developed hadronic dr =4mre(r), (40)
phase is present in the lower density region. This pure had-

ronic component still persists if the mixed phase is intro-G being the gravitational constant. Starting with a central
duced [23]. The scenario is again different within the mass density(r =0)=e., we integrate out until the pres-
Nambu-Jona-Lasinio moddb5], where at most a mixed syre on the surface equals the one corresponding to the den-

phase could be present, but no pure quark phase. sity of iron. This gives the stellar radiu® and the gravita-
As a peculiarity, we mention that at high density ( tional mass is then

~0.93 fm %) within the CDM a second crossing in the

— u plane occurs. This looks disturbing, since it seems un- s

Ilkel_y that_ at so high density bqryonlc matter could appear MGEm(R)=47rf drr2e(r).
again. This feature could be attributed to the hyperonic com- 0

ponent of the hadronic phase, since no second crossing is

present if only nucleons are considered. However, th&Ve have used as input the equations of state discussed above
strength of the softening depends on the extrapolation of théor the CDM and the MIT bag model for the beta-stable
adopted hyperon-nucleon interaction to high density, wherguark phase, and the BHF for the hadronic matter. For the

(39

(41)
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FIG. 4. The massin units of solar masM,=1.98x 10° g) is 0.9
displayed as function of radiueft pane) and central densitgright )
pane), using different EOS. See the text for details.

description of the NS crust, we have joined the hadronic I e d
EOS with the ones by Negele and VauthefB8] in the L Du
medium-density regime, and the ones by Feynman- 03 |
Metropolis-Teller [59] and Baym-Pethick-Sutherlanps0] -
for the outer crust. I "\
The results are plotted in Fig. 4, where we display the 0 > 2 6 P 10
gravitational mas$1¢ (in units of the solar maskl) as a r (km)
function of the radiusR (left pane) and central baryon den-
sity p. (right pane). The dashed lines represent the calcula- FIG. 5. The particle populations insideM=1.4M neutron
tion for beta-stable quark matter with the CDM, whereas thestar with the CDM(upper pangland the bag modelower pane)
dotted and dot-dashed lines denote the results obtained wiffvark matter EOS. The markers indicate the beginning of the crust.
the MIT bag model. Due to the use of the Maxwell construc-
tion, the mass — central density curves are not continuoughereas in the case of the CDM one finds only crustal mat-
[2]: For very small central densitiefarge radii, small ter. The centralquark density is substantially larger with
massekthe stars are purely hadronic. Then a sudden increagée MIT model, in agreement with Fig. 4. In both models, the
of the central density is required in order to start the quarkabrupt transition from quark to hadronic matter is a conse-
phase in the center of the star, corresponding to the phaggience of the Maxwell construction.
diagram Fig. 8). By performing the Glendenning construc-
tion, the curves would become continuous. V. CONCLUSIONS
We have also observed at the onset of quark matter a sort
of cusp in the mass vs radius plot, left panel of Fig. 4, in the In this article we determine the structure of neutron stars,
very low mass region and large radius. This corresponds toombining the most recent microscopic baryonic EOS in the
the “wiggle” in the plot of mass vs central density, right BHF approach involving three-body forces and hyperons
panel of Fig. 4. This turns out to be typical in the calculationwith different effective models describing the quark matter
with a sharp phase transition, see, e.g., R2f. This also  phase.
implies a small region where the NS is unstable. In any case, Without allowing for the presence of quark matter, the
with our EOS the relevant mass values are quite small and daaximum neutron star mass remains below 1.3 solar masses,
not correspond to physical neutron stars. due to the strong softening effect of the hyperons on the
We observe that the values of the maximum mass dependOS, compensating the repulsive character of nucleonic TBF
only slightly on the EOS chosen for describing quark matterat high density. The presence of quark matter inside the star
and lie between 1.5 and 1.6 solar masses. A clear differende required in order to reach larger maximum masses.
between the two models exists as far as the radius is con- We introduced a density dependent bag paranitg) in
cerned. Hybrid stars built with the CDM are characterized bythe MIT model in order to explore the maximum NS mass
a larger radius and a smaller central density, whereas hybritfiat can be reached in this approach. We compare with cal-
stars constructed with the MIT bag model are more compacgulations using a fixed bag constant and using the color di-
since they contain quark matter of higher density. electric model. Joining the corresponding EOS with the bary-
This is also illustrated in Fig. 5, showing the different onic one, all three quark models yield maximum masses in
internal structure of stars with the MIT model and the CDM the range (1.5. . .,1.6)M¢, while predicting slightly differ-
by comparing the populations of quarks and baryons inside ant radii.
M = 1.4M ¢ neutron star. At this value of the mass, within the  Our results for the maximum masses are in line with other
MIT model only a thin hadronic layer is present, mainly recent calculations of neutron star properties employing vari-
composed of neutrons, followed by a small portion of crust,ous phenomenological relativistic mean field nuclear EOS
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together with either effective mass bag modéll] or  groups[62] (M~2.2Ms), if confirmed, would suggest that
Nambu-Jona-Lasinio modégb4,55 EOS for quark matter.  either serious problems are present for the current theoretical

The value of the maximum mass of neutron stars obtainechodeling of the high-density phase of nuclear matter, or that
according to our analysis appears rather robust with respetite assumptions about the phase transition between hadron
to the uncertainties of the nuclear and the quark matter EO%nd quark phase are substantially wrong. In both cases, one
Therefore, the experimental observation of a very heavyan expect a well defined hint on the high density nuclear
(M=1.7My) neutron star, as claimed recently by somematter EOS.
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