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In this work we derive a formalism to incorporate asymmetry and temperature effects in the Brown-Rho
(BR) scaled Lagrangian model in a mean field theory. The Lagrangian density discussed in this work requires
less parameters than the usual models with density dependent couplings. We also present the formalism with
the inclusion of the eight lightest baryons, two lightest leptons, 8 equilibrium and charge neutrality in order to
apply the BR scaled model to the study of neutron stars. The results are again compared with the ones obtained
from another density dependent parametrization model. The role played by the rearrangement term at 7 = O for
nuclear or neutron star matter and at finite temperature is investigated. The BR scaled model is shown to be a
good tool in studies involving density dependent effective masses and in astrophysics applications.
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I. INTRODUCTION

The study of nuclear matter properties at high densities and
at finite temperature has become an important topic since a
large variety of data, where matter is being tested at extreme
conditions of density, pressure and nonzero temperature, are
becoming available in the modern experimental facilities
which are already operational. Moreover, the constitution of
the interior of neutron and proto-neutron stars is also a problem
which is receiving much attention in the recent literature.
The crust of the stars, where density is relatively low, can
be adequately described by hadronic models. The correct
calculation of the star properties as the radius and the mass
depend on the accuracy of the equation of state (EOS) used
to describe its matter. We have checked that different models,
either with constant or with density dependent meson-nucleon
couplings present different features at subnuclear densities
of nuclear asymmetric matter by comparing the regions of
uniform unstable matter [1]. The parametrizations of these
models generally take into account saturation properties of
nuclear matter and properties of stable nuclei. Extensions of
the models for very asymmetric nuclear matter or to finite
temperatures show different behaviors.

Another topic of great interest is the in-medium modifi-
cation of vector meson properties. It is well known that the
hadron masses are much larger than the sum of its constituents.
One possible explanation for the large masses is that they may
be generated dynamically [2]. Spontaneous breaking of chiral
symmetry is also related with the hadron masses. At high
temperature and/or dense matter this symmetry is expected to
be at least partially restored, which modifies the hadron masses
and the decay widths [3,4]. Experimental signature of the in-
medium modifications of the vector mesons have been found
very recently [5,6]. In Ref. [5] the in medium modifications of
the w meson were investigated in photoproduction experiments
and its mass was found to be lowered. In Ref. [6] the vector
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masses were verified to decrease by 10% in medium. Other
experimental results were also reported in the same direction
[7] and still some experiments have been proposed to detect
in-medium modifications in a near future [8]. In order to
take into account the in-medium modifications of the hadrons,
density dependent relativistic models are certainly more useful
than models with fixed parameters. In 1991 Brown and Rho
(BR) [4] proposed an in-medium scaling law for the masses
and coupling constants for effective chiral Lagrangians. Our
proposal here is to study hadronic properties under extreme
conditions using Lagrangians which incorporate BR scaling
since this has been successfully applied to describe meson
properties. As argued in the literature the BR scaling describes
the behavior of the light mesons in extreme conditions
very accurately. For example the enhancement of dilepton
production observed in heavy ion collisions (S+Au) in the
CERES collaboration and (S+W) in the HELIOS-3 is most
economically and beautifully described by a chiral Lagrangian
with BR-scaled meson masses [9,10]. The strategy is to assume
that the in-medium effective Lagrangian has the same structure
as in free space accordingly to the QCD constraints but with
parameters which are modified in the medium. So, using this
approach we obtain an effective theory with density dependent
parameters including many-body correlations in a practical
framework. It has also been shown that it is possible to obtain a
relation between the effective parameters of chiral Lagrangian
in medium and Landau Fermi liquid parameters [11]. So, a
link between the effective theory of QCD at mean field level
and the many-body theory of nuclear matter is achieved. Using
this reasoning the authors in Ref. [10] proposed an effective
Lagrangian whose parameters scale in nuclear medium ac-
cording to the Brown-Rho (BR) scaling. The BR hypothesis
is based on a simple phenomenological implementation of the
restoration of the chiral symmetry in the context of an effective
theory. So, it has to be considered as a possible simple and
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intuitive alternative for the understanding of the in-medium
properties of the hadrons. At least qualitatively, this hypothesis
has been supported by several theoretical studies and recent
experimental results.

On the other hand, hadron field theory with density
dependent meson-baryon couplings have been proposed [12]
about ten years ago. In these seminal works [12] the covariance
of the field equations, energy-momentum conservation and the
thermodynamical consistency of the theory were considered.
It was shown that as a consequence of the medium dependence
of the meson-baryon vertices the field equations give rise
to rearrangement self-energies, which are essential for the
consistency of the theory and a realistic description of
observables, as binding energies, charge radius, etc.

We have already shown that one of these density dependent
model parametrizations, to which we refer as TW model
[13,14], originally derived at 7 = 0 can be extrapolated to
finite temperatures once the thermodynamical consistency
remains unaltered [15,16]. The important range of temperature
which is discussed lies between 10 and 150 MeV since the
liquid-gas phase transition takes place around 10 MeV, the
phase transition from hadronic to quarkionic matter around
150 MeV and the relevant temperatures in the cooling of a
protoneutron star after a supernova explosion takes place go
up to approximately 40 MeV [17]. In this work we discuss
another possible application of the formalism we have derived
in Refs. [15,16] in order to incorporate temperature effects in
the study of Lagrangians with BR scaling.

It is well known that the same relativistic models used
in order to explain data coming from heavy ion collisions
at finite temperature, with appropriate parameter sets, also
provide EOS which can be used in the solution of the
Tolman-Oppenheimer-Volkoff differential equations [18] for
the calculation of stellar properties such as mass, radius and
central energy density. Recent measurements of gravitational
redshift of spectral lines provided direct constraints on the
mass-to-radius ratio [19,20]. In this second case, however, the
interpretation of the absorption features as atomic transition
lines is controversial [21,22]. In recent works [23,24] we
have checked that there are relativistic models which can be
accommodated within these constraints. Hence, astrophysical
observations can help in the choice of appropriate models to
describe hadronic matter. The most common relativistic model
used in the description of hadronic matter is the nonlinear
Walecka model [25]. When applied in nuclear astrophysics,
this model is normally extended with the inclusion of hyperons,
which are expected to appear at high densities. It was shown
in Ref. [26] that a low effective mass at saturation density
makes the model inappropriate once hyperons are included.
The inclusion of hyperons makes the scalar meson interaction
stronger and hence the proton and neutron effective masses
decrease more rapidly with density, acquiring a negative
value. As a test of the BR scaled model, we also extend
it to incorporate the eight lightest baryons and enforce B
equilibrium plus charge neutrality by accommodating the two
lightest leptons as well. The same extension is done within
the TW model so that both density dependent models can be
compared.
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Hence, the present work is organized as follows. In
Sec. II the formalism for the BR scaled model and its extension
to finite temperature are presented, the results are compared
with the ones obtained with other relativistic models and
a discussion is included. In Sec. III the BR scaled model
is modified so that hyperons can be incorporated and B
equilibrium and charge neutrality are enforced so that an EOS
can be obtained and applied to compact stars. In the same
section the TW model is also considered so that the results
from two density dependent models are compared. In Sec. IV
a discussion on the role played by the rearrangement term in
different models is presented. Finally, in the last section, the
conclusions are drawn.

II. FORMALISM—EXTENSION TO FINITE
TEMPERATURE

In its simplest version the Lagrangian density reads [10,29]
L = Ylyid" — gy(p)o" — gr(p)T - 5")
— M*(p) + g5 (p)ply¥
+5(0,99" ¢ — mP(p)¢”)
— %QWQ‘“ + %mtz(p)a)ﬂa)“
L B B 1)
where in the notation of Ref. [29]y is the nucleon field, w,
the isoscalar vector field, ¢ an isoscalar scalar field, 2, =
9,0, — dyw,, pH* is the vector isovector field, p,, = 3,06, —
By Pu — g/’j(ﬁ“ X py), T is the isospin operator and the masses
with asterisk are BR-scaled as introduced in Ref. [4]:
Mmoo
==t = L = g(p), @
M mg my m,

The scalings of the vector coupling constants are given by

g 1 8 _ 1
g l4+xp/po” g 142zp/p0 3
g 1

g 1+wo/p’
where pq is the nuclear saturation density. In the original papers
[10,30], g¥ was simply taken constant and equal to g, and
hence, not density dependent and, with this simple choice a
good description of the ground state was obtained. Moreover,

®(p) = @)

L+ yo/po’
with y = (0.28 in such a way that ®(p9) = 0.78 [10] and z
and w were taken equal or slightly greater that y. In this work
we propose another possible parametrization, based on the
works [6,33], where

o) =1-yL, 5)

00
with y = 0.1 in such a way that a decrease of the meson masses
in medium at the saturation point is ten percent, as found
experimentally [6]. Notice that this linear scaling is appropriate
for densities lower than 10 times nuclear saturation density,
where ©(p) becomes zero and then negative. Nevertheless,
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applications of different models in nuclear astrophysics show
that, in most cases, the central density inside a star is consid-
erably lower than this value [17,23,24,27]. The exceptions are
found in strange stars [28], where quark degrees of freedom are
present and hence cannot be described by the present model.
A linear scaling as prescribed in Ref. [6] can be kept with
the small modification of y to 0.12, for instance and, in this
case, the negative masses would start to appear only after 12
times nuclear saturation matter, with even fewer implications
in neutron star calculations.

It is also worth mentioning that, as far as we know this
is the first work where asymmetry is taken into account by
the appropriate inclusion of the p meson in a BR scaled
model. One would bear in mind that we are using the letter
p for both the meson and for the total baryonic density. As
those are common definitions in relativistic models we do
not believe it may cause any confusion. One can see that
the Lagrangian in Eq. (1) is of the form of a Walecka-type
Lagrangian and all the finite temperature formalism that
we have developed for the density dependent hadron field
theory (DDHFT) [15,16] can be immediately applied to these
Lagrangians. The thermodynamics of effective Lagrangians
with BR scaling has been studied in Ref. [30] for zero
temperature. The study of the validity of the BR scaling
hypothesis for the nonzero temperature case is demonstrated
in what follows. From the Euler-Lagrange equations we obtain
the field equations of motion in the mean field approximation
for infinite matter, where the meson fields are replaced by
their expectation values. In this approximation, the expectation
value of the o, w and p meson fields are called ¢, Vy and by
respectively. The coupled equations read

*2

nmg - g:ps = 07 (6)
m;*Vo — gip =0, (M
g*
m3 by = p3 = 0. ®)
[iv" 0, — o (g5Vo + 8,73bo + =)
—(M* = g¢0)] ¥ =0, ©))
where the rearrangement term T is given by
d agr b d
Sf = —mt VR gy 28 e 20 080
ap ap ap ) ap
.o 0my aM* ag:
+midy +pos—— — pv¢0 (10)
ap ap

and the scalar and baryonic densities are defined as

o= y'y), (12)
o3 = 2(Uy°ny). (13)

Notice that if the original parametrization for the BR-scaled
model is used, gF = g, is a constant and the last term of
the rearrangement vanishes. In the following discussion we
consider nuclear matter in the the mean-field approximation.
Due to translational and rotational invariance the Lagrangian
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density reduces to
Lyvirr = Yliyd" — gy Vo — ng,w3bo
— (M — gl Py — 5m}"d;
+AmPVE + Im? e, (14)
where 73 = £1/2 for protons and neutrons, respectively. The

conserved energy-momentum tensor can be derived in the
usual fashion [25]:

Typr = Yiy"d"y + guv[ m*2¢0 *2V0
— 3m3?bg + T Eiv]. (15)

Note that the rearrangement term included above and defined
in Eq. (10) assures the energy-momentum conservation, i.e.,
9, 7" = 0. From the energy-momentum tensor one easily
obtains the Hamiltonian operator:

HMFT = /d3xTMogT

= /d3x1/ﬁ (—ia -V + Bm}
+ &, Vo + g,t3bo + =5) v
+V(imPPgg — ImiPVE — Im3?Bg),  (16)
where
mj = M* — gido (17)

is identified as the effective nucleon Landau mass and V is the
volume of the system. Notice that the energy density does not
carry the rearrangement term because it cancels out in a mean
field approximation:

_2Zf(2 )3\/2‘f‘7m(ﬁ++ﬁ

i=p,n

*2 m2
v0 + 7”193, (18)

¢o

where f;; and f;_ are the distribution functions for particles
and antiparticles, respectively, and are calculated next. Fol-
lowing the notation in Ref. [31], the thermodynamic potential
can be written as

Q=E-TS — puppp — Unfrn> (19)
where S is the entropy of a classical Fermi gas, T is the
temperature, (4, (4, ) is the proton (neutron) chemical potential
and p, and p, are respectively, the proton and neutron
densities, calculated in such a way that p = p, + p,. We have

d3
P = 2/ S = £

where the distribution functions f; and f;_ for particles and
antiparticles have to be derived in order to make the thermody-
namic potential stationary for a system in equilibrium. After

i=p,n, (20
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straightforward substitutions, Eq. (19) becomes

—22/(2 )3\/ p> +m} (fis + fi0)

i=p,n

*2 *2

m
¢o Vo + Tbo

fir
+2Ti§n/ (2m)? <f,»+ln(1 —fz'+)

ﬁf >+ln(1—ﬁ ))

i—

= / S il = i) e

i=p,n

+ln(1—ﬁ+)+ﬁ_ln<1

For a complete demonstration of the above shown expressions
obtained in a Thomas-Fermi approximation for the nonlinear
Walecka model, please refer to Ref. [31]. At this point,
Eq. (21) is minimized in terms of the distribution functions
for fixed meson fields, i.e.,

02 . .
=0 i#j. (22)
8f’ — fi+-%0,V0,bo
For the particle dlstrlbutlon function, the above calculation

yields

g, .
E*(p)+ 2§ — i + gVo+ ZLby = —Tn (L> ,
2 1—fis

(23)

where E*(p) = /p* + m??. A similar equation, with a sign

difference is obtained for the antiparticle distribution function.
It is important to point out that the fields ¢y, Vj and by depend
on the distribution function which appear in the definition of
ps, p and p3 and hence, the whole calculation is performed
self-consistently. The effective chemical potentials are then
defined as

g*
vy =Mp—g:V0—7pbo—E§,

g (24)
Vn = Mn — g:VO + pro - z:(I)Q

and the following equations for the distribution functions can
be written

1
i+ = , 1 =p,n. 25
I = T rep B ey o @
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TABLE I. Parameter sets for the Lagrangian (1).

Set m 8&s & &p X 4 w

S3 700 5.30 15.2
MA 500 7.05 12.006

7.97 - 031 0.31
8.761  0.37 0.15 0.15

In the above calculation we have used

Z f L (f fi),
Qry Exp) 7T

and p3 = p, — p,. Within the Thomas-Fermi approach the
pressure becomes

P = 3712 > f s (fix + fi)
i=p,n
*2 m*2
¢0 v(, + Tbo +2&p.  (26)

It is worth mentlonlng that the thermodynamical consistency
which requires the equality of the pressure calculated from the
thermodynamical definition and from the energy-momentum
tensor, discussed in Ref. [16], is also obeyed by the temperature
dependent Brown-Rho scaled model.

A. Discussions on the BR-scaled model for nuclear matter

At this point, the parameters used in the BR method have
to be fixed. Throughout this paper the nucleon mass will be
M = 939 MeV, the w meson mass m, = 783 MeV and the
o meson mass m, = 763 MeV. Three different sets are used in
Ref. [30]. In what follows we use the parameter set called S3
in Ref. [30] and define another one which we call MA, whose
bulk properties are more similar to the NL3 [32] parameter
set but with a larger effective mass at nuclear saturation
density. While S3 is a parametrization for the original BR
scaled model given by Eq. (4), MA is a parametrization for
the new scaling, given in Eq. (5). In Table I we show the
S3 and MA constants and in Table II we display the nuclear
matter bulk properties described by the different models used
in this work. It is important to point out that the value for the
saturation density (vide the asterisk in Table IT) was not given in
Ref. [10]. For the saturation density value shown in Table I,
the compressibility is slightly different from what is stated
in Ref. [10] (260 MeV). This is probably a consequence
of the fact that the authors in Ref. [10] have not included

TABLE II. Nuclear matter properties.

NL3 T™1 GL ™ S3 MA
(32] (37] (38] [13] (30]
B/A (MeV) 163 16.3 15.95 163 16.1 163
po (fm™3) 0.148 0.145 0.145 0.148 0.155(x) 0.148
K (MeV) 272 281 240 269 258
Egym. MeV) 37.4 36.9 36.8 32.0 32.0 32.0
M*/M 0.60 0.63 0.77 0.56 0.78 0.9
my /M - - - - 0.68 0.748
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FIG. 1. Meson masses m}, i = s, v, p versus the baryonic density.

the rearrangement term in their calculations. Notice that we
distinguish the M* from the mj values. In the BR scaled
models it is the Landau mass that should be identified with the
nucleon effective mass determined by the QCD sum rule [10]
and its value should lie in between 0.55 M and 0.75 M.

In Fig. 1 we plot the dependence of the meson masses
with the density for the S3 and MA parameter sets. This is an
important consequence of this model, since the reduction of the
meson masses in medium is an expected result [33]. As stated
in the Introduction, this behavior is related with the restoration
of the chiral symmetry and experiments with the spectrometer
HADES at GSI will also be measuring this effect soon. If the
S3 parametrization is used, the effective masses of all mesons
decrease by 22% up to the saturation density while if the MA
parametrization is used, the decrease is forced to be just 10%,
as found in Ref. [6]. In Fig. 2 we display the behavior of the
coupling constants. Although both g s are quite different at
subsaturation densities, they tend to achieve reasonably close
values at larger densities. g7, on the other hand, presents quite
a similar behavior in both models and g} only changes with
density within the MA framework. In Fig. 3 we show the ratios
(gF/m})?, withi = s, v, p which are quantities always present
in nuclear matter calculations. One can see that the ratios are
very small, the ratio involving the @ meson being the largest in
both parametrizations. One should bear in mind that, as stated
earlier, within the original version of the BR scaled model, the

16

r T 1
2F. T 1

ol e .“.“,‘.".“."T'.“.‘r‘-- |

8

6

1 e P SRR ]
2

FIG. 2. Meson to baryon couplings gfz,i = s, v, p in terms of

the density.
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FIG. 3. Ratios gj‘z /mfz, i =s, v, p as function of the density.

scalar coupling constant does not vary with the density. For
the MA set, on the other hand, the ratio (g7 /m)?* tends to zero
at ~20.

In Fig. 4 we show the binding energy in terms of the baryon
density for different models for 7 = 0 and T = 40 MeV. For
the sake of comparison with other models, we have chosen one
model with constant couplings (NL3) and another one with
density dependent couplings (TW). At T = 0, the TW model
is the softest one and the NL3 the hardest, the two curves
obtained with the BR scaled parametrizations interpolating
between the other models. One can see that the temperature
does not alter the softness (hardness) of the EOS considered.

B/A (MeV)

70
% 60
2
;\f 50

40

30

20 Il Il Il

0.1 0.2 0.3 0.4
p(fm=3)

FIG. 4. Binding energy in terms of the baryon density for different
models at 7 = 0 (top figure) and 7' = 40 MeV (bottom figure).
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P(MeV fm—3)

p(fm3)

FIG. 5. Pressure in terms of the baryon density for different
models at 7 = 0 and two different proton fractions.

The hardest and the softest ones at 7 = 0 remain so at a higher
temperature.

In Fig. 5 the pressure versus the baryon density is
displayed for symmetric nuclear matter (yp = 0.5) and for
very asymmetric matter (yp = 0.1), where yp = p,/p is the
proton fraction. The isospin is a quantity which influences
the softness (hardness) of the EOS, but one can see that the
asymmetry seems not to affect the displayed EOSs.

In Fig. 6 we show how the temperature affects the binding
energy of the S3 and MA models for symmetric matter.
The behavior is the same one encountered in Ref. [15],
i.e., the minimum shifts to higher densities with the increase
of the temperature and moves from a negative to a positive
value. This seems to be a natural consequence of the increase
in the temperature of the system.

Another quantity of interest is the nuclear bulk symmetry
energy discussed in Ref. [34]. For symmetric nuclear matter
at T = 0 it is defined as

P} 8’

Sy 27
6E*(Pr) ' 8m2" &7

gsym. =

with Pr = (1.5m2p)!/3. The value and behavior of the symme-
try energy at densities larger than nuclear saturation density

100 ‘ ‘
80 |1
60

40

B/A(MeV)

20f,

FIG. 6. Binding energy in terms of the baryon density for S3 and
MA and different temperatures.
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120

100 -

€qym (MeV)

FIG. 7. Symmetry energy in terms of the baryon density for
different models at 7 = 0.

are still not well established. This quantity is important in
studies involving neutron skins, radioactive nuclei and neutron
stars. In general, relativistic and nonrelativistic models give
different predictions for the symmetry energy. The results of
this quantity for different models are also discussed in the
present work and the values at saturation density are shown
in Table II. In Fig. 7 we plot the symmetry energy for the BR
scaled models, NL3 and TW. In S3, MA and TW the symmetry
energy at saturation density is the same. The three curves do
not cross in the same point because the saturation densities are
not the same (see Table II). Notice that although S3 and MA
present a lower symmetry energy at subsaturation densities,
they interpolate between NL3 and TW at larger densities.
The value of 32 MeV that we have chosen for the symmetry
energy in order to fix the g, coupling is lower than the ones
found in most relativistic models (between 35 and 42 MeV)
and approaches the values obtained in nonrelativistic models
(between 28 and 38 MeV). Notice that the choice of parameters
is not arbitrary. They are chosen in order to reproduce the
nuclear bulk properties of Table II. Moreover, they also have to
give the correct value of the spin-orbit splitting strength. Work
in the direction of calculating this quantity in finite nuclei is in
progress, which may require small changes in the calculated
parameter sets.

III. APPLICATION TO COMPACT STARS

From the results shown in the previous section we could see
that the BR scaled models show quite a different behavior from
the NL3 and TW models at high densities. In what follows we
intend to investigate which are the consequences of using the
BR scaled model in the description of neutron star matter.
The behavior of the EOS at high densities is responsible
for the determination of the maximum mass of the star. In
order to apply the BR scaled density dependent model to
compact stellar objects, it is important to allow for the inclusion
of the eight lightest baryons (nucleons, A, 30 v+ =~ and
2% as well as the two lightest leptons (¢~ and w). The
baryons have to be considered since their masses are such
that their presence is already possible at the neutron stars high
densities. The leptons, on the other hand, play a decisive role
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in ensuring charge neutrality and 8 equilibrium. As seen in
Eq. (25) the rearrangement term which appears due to the
density dependent couplings alters the chemical potentials
of the particles in the system and hence, the 8 equilibrium
conditions are somewhat different as compared with the usual
relativistic models. In what follows we shown the formalism
developed for the BR scaled model in neutron stars and also for
the TW model, so that two density dependent parametrization
models can be compared.

A. Considering $ equilibrium within the BR-scaled model

For our purposes of testing the BR scaled model at high
densities, which are present in neutron stars, we shall restrict
ourselves to the T = 0 case. Of course, the extension to finite
temperature is trivial and can be done following the steps
of Sec. II. Actually in calculations involving protoneutron
stars or stars with fixed entropy and trapped neutrinos, the
extension has to be done. Equation (1) is then modified in
order to accommodate these new particles:

L= Pslyuid" — gip(p)o’ — 54(0)T - 5)
B
— M3(p) + &55(0)P1Ys

1

+5(0,00"¢ — mZ(p$?))
1 1

- ZQP«VQMD + 5
[

- Zp;w - p +

+ lel(iyua
l

mi(p)w, "

1 .. .
Em;", Pu - p"

H—mp)yy, (28)

where the meson field operators represent the same mesons
as in Eq. (1), ¥ 5 now represents each of the eight baryons,
I describes the two leptons whose masses are, respectively,
m, = 0.511 MeV and m,, = 106.55 MeV and the masses with
asterisk are again BR-scaled as in Eq. (2), the eight baryons of
the octet also obeying the same scaling law, i.e.,

*

B _
My (). (29)

The baryon meson couplings are defined as gip =
XsB8y+ 8yp = XuB&y» 8pp = Xp88, and xyp, xyp and x,p are
equal to 1 for the nucleons and may have different values for
the hyperons. Again the meson fields are obtained in the same
way as in Sec. II and they now read

m2go — ) gigprss =0, (30)
B
mi*Vo— Y gigps =0, 31)
B
mitby = ) g5pT3nps =0, (32)

B
—0(gi5 Vo + &sT3mbo + I8 5z)
—(Mj — gizd0)|¥ =0, (33)

[iv* 0,
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where the term ZF pr 1s now changed and is given by

Bg* Bm
ER — _m*VZ v vB *b
0 BR 00 5 : ap 0 8,0
g5 am*
+ T b 14 +m* 2 s
E 308bo 8,0 o o
0g:s
+ s — Ps =, 34
E ,OB PsB®o o (34)

73 18 the isospin projection of each baryon and the scalar and
baryonic densities are

psp = % / pzdme—E;, (35)
pp = kSﬂ (36)
372’
with
myp = My — gpo, 37)
Ep = \p*+m,’ (38)

* * R
vg = g — &Yoo — &,5T38b0 — X g

K2y +m 2 (39)
The equation of state, necessary for the description of the
stellar matter can now be obtained. The energy density and the
pressure density are given, respectively, by

5:%2/0

krp m*Z
p*dpEj + <1>o Vo

m kl-l
s bo Z / pdpE; (40)
and
1 /'kpg p4dp *2
P=— ¢>
372 XB: o Eb 0 Vo
k[:/ 4d
P
+_b0 (Zpﬂ) OBR+3 22/
41)
where E; = ,/p*+m?, p = ;‘”izz and kp; = /7 —m?,

being the chemical potential of the lepton /. Notice that, as far
as the leptons do not exchange mesons with the baryons nor
with themselves, they were introduced as free Fermi gases.
The weak interaction between leptons and hadrons is taken
into account through the constraints of charge neutrality and
B equilibrium given, respectively, by

> dhos+ > afm =0, (42)
B 1

where g§ is the electric charge of baryon B, g/ is the electric
charge of lepton / and

WB = Un — qglhe- (43)
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B. Considering B equilibrium within the TW model

In order to make a comparison with the density dependent
BR scaled model, we next make some considerations about
the TW model [13], originally derived at 7 = 0 and which
has also been extrapolated to finite temperatures [15,16]. In
what follows we write the most important formulas for the TW
model once the lightest baryon octet and the lightest leptons are
included and charge neutrality and 8 equilibrium are enforced.
InRefs. [35,36] a similar approach was developed, but we shall
restrict ourselves to the comparison with the results shown
in Ref. [36], where two different models were discussed. In
the first of them the couplings depend on the total baryonic
density, as done in the BR scaled approach shown in the last
subsection and also next in the present work. In the second
model the couplings depend only on the proton plus neutron
densities. The authors of Ref. [36] showed that an examination
of the neutron star properties favored the first model. Notice
that we next redefine many of the previously defined quantities,
as the baryon effective mass, baryon chemical potentials, etc.
The new equations should not be mixed up with the equations
given in the previous subsections although we have kept the
same notation.

We start from the Lagrangian density

L= Vslyuid" -
B

FUBQ)M - l—‘pB‘? . 5“)

—(M =TV + 5 ( wpd"'p —m3¢’)

1 1
——Q,, Q" + Emgwﬂa)"

4
| S
—Zp;w-p" +§mi/m-p“
+ P (10" — i) Y, (44)
1

with all the definitions for the fields given after Eq. (28) still
holding. I';p and m; are, respectively, the couplings of the
mesons i = §, v, p with the hyperons and their masses. In this
model the set of constants is defined by I'sp = X505, I'yp =
xygl'y, Tpp = x,8T", and as in Sec. Il A, x,p, x,5 and x,p
are equal to 1 for the nucleons and can acquire different
values for the hyperons. I'y, I', and I', are the nucleon-meson
coupling constants which are adjusted in order to reproduce
some of the nuclear matter bulk properties, using the following
parametrization:

Li(p) = Ti(po) fi(x), i=s,v (45)

with
1+ bi(x +d;)*

P P 46
“ 1+ ¢i(x + d;)? (46)

filx) =
where x = p/pp and

Lp(p) = T (po) exp[—a,(x — D], (47)

with the values of the parametersm ;, I';, a;, b;, ¢; and d;, j =
s, v, p given in Ref. [13]. The nucleon, w and p meson masses
are taken as in the BR scaled model. The scalar meson mass m;
is 500 MeV. Other possibilities for these parameters are also
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found in the literature [39]. The meson and baryon coupled
equations for the fields read

mi¢o— Y Tippsp =0, (48)
B
myVo =) Tuppp =0, 49)
B
m2bo— Y TysT3808 =0, (50)
B

[iv"8, — v (Tup Vo + Toptagbo + ¢ 1)
M)y =0, (51

R .
where the term Xg .., is given by

B ol B
¢ rw = Z [ p8Vo + —2=135ppbo
= ap ap
8F€B
T T PsBPos (52)

and the scalar and baryonic densities are defined as

ps3=—/p pE*, (53)
Kig
PB = W (54)
with
My = Mg — Tspgo, (55)

Ej =\/p*+ M}’ (56)

Notice that the rearrangement term shown in Eq. (52) is the
same one shown in Eq. (18) of Ref. [36], once the delta and
the strange mesons are excluded from their calculation. The
effective chemical potentials are then defined as

vpg = up — I'ygVo — T'pp138b0 — 2:(;erw

= /K2, + M2 (57

The conditions for B equilibrium and charge neutrality are
again the same ones as in Sec. III A, given by Eqs. (42) and
(43). The final expressions for the energy density and pressure
become, respectively,

1
=22A
B
1
+;21:L

k 2 2 2
B m m m
p2dpE} + —2S og + —2” Vi + _2/7 b}

kri

p*dpE, (58)

and

kg pd 2 2 m?
p my m
37122/ — AV

4
(Zp3> 0TW+ 372 Z/ dp' 59)
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FIG. 8. Particle fractions for the nonlinear Walecka model with
the GL parametrization with (a) nucleons only and (b) eight baryons.

C. Discussions on the compact star properties

Although NL3 [32] and TM1 [37] are the most common
parametrizations of the NLWM for nuclear matter and finite
nuclei studies, it is well known that they are just adequate
for the description of neutron star properties if only protons,
neutrons and leptons are considered as possible constituents
[26]. The inclusion of hyperons softens the EOS, but also
makes the baryon effective masses decrease too fast and
a good convergence can only be obtained at relatively low
densities. For this reason, whenever hyperons are considered
in the present work, we shall make comparisons with the
GL [38] parametrization of the NLWM, where the above
mentioned problem does not exist. It is our aim also to verify
whether this problem is present in the TW and BR scaled
model.

At this point the meson-hyperon couplings have to be
fixed. Several possibilities are discussed in the literature
[38,40]. According to Refs. [38,41] the hyperon couplings
constrained by the binding of the A hyperon in nuclear matter,
hypernuclear levels and neutron star masses yields x;5 = 0.7
and x,3 = x,p = 0.783 and the couplings to the ¥ and E are
equal to those of the A hyperon. Another possibility is to take
Xsp = Xy = X,p = +/2/3 as in Refs. [40,42,43]. This choice
is based on quark counting arguments. The universal coupling,
with x,p = x5 = X, = 1 has also been used [44]. From
Refs. [24,45] it can be verified that the compact star properties
depend on the choice of these parameters. As our aim in the
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FIG. 9. Particle fractions for the TW model with (a) nucleons
only and (b) eight baryons.

present work is to compare results obtained from different
models and the correct choice is still not well established, we
have used the simple universal coupling in what follows.

In Figs. 8, 9, 10, and 11 we show the particle population,
respectively, for the NLWM with the GL parametrization, for
the TW and the BR scaled model with S3 and MA parameter
sets either with nucleons only or with the eight baryons. The
particle fraction is defined as ¥; = p;/p,i = 8 baryons and
two leptons. If just protons and neutrons are included, the TW
model presents a slight decrease in protons and consequently
slight increase in neutrons and the MA model shows the
opposite behavior as compared with the GL parametrization.
If hyperons are considered the results are all quite different,
as a consequence of the different EOS shown in Fig. 12. One
can clearly see that all surviving particles tend to the same
amount in the BR scaled model, probably a consequence of
the enforced scaling law, a feature which happens earlier within
S3 than with MA. From Fig. 12, one can see that in both cases,
the TW EOS is the softest one and the MA the hardest. S3 and
GL interpolate between the other two EOS. For the present
choice of parameters, the TW model also stops converging at
a too low density for astrophysical studies. The consequences
of this fact will be discussed next. The results displayed
in Fig. 9 can be compared with the more realistic choice
of meson-hyperon coupling constants studied in Ref. [36]
(Fig. 6a). If one compares both figures, it is easy to see that
most of the particles appear at more or less the same densities,
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FIG. 10. Particle fractions for the BR model with parameter sets
S3 and (a) nucleons only and (b) eight baryons.
with the exception of the E~, which is not present in the
universal coupling. As charge conservation is required, this
fact has obvious consequences, as the decrease of the ¥~ at
larger densities and the change in all other particle fractions at
about 8.

Once the EOS are obtained, we solve the Tolman-
Oppenheimer-Volkoff equations [18] in order to obtain the
stellar properties. They read

dP G+ P]IM+4nr’P]

dr — r r—26M) (©0)
M
= d4xrlE, (61)
dr

with G as the gravitational constant and M (r) as the enclosed
gravitational mass. We have used ¢ = 1. Given an EOS, these
equations can be integrated from the origin as an initial value
problem for a given choice of the central energy density, (o).
The value of r(= R), where the pressure vanishes defines the
surface of the star. In Table III we display the results for
the stars with the maximum gravitational mass, the maximum
baryonic mass, their radii and central energy density for each
of the EOS discussed in the present work. One can see that,
if only nucleons are considered, the TW model presents
the lowest maximum mass and the smallest radius with a
consequent very large central energy density. If hyperons are
included the obtained result for the TW model is just shown
for completeness because it is unrealistic once the maximum

PHYSICAL REVIEW C 74, 015201 (2006)

0.1%

0.01%

0.001
0

0.1}

0.01}

0.001
0

FIG. 11. Particle fractions for the BR model with parameter sets
MA and (a) nucleons only and (b) eight baryons.

mass was not achieved since the program failed to converge at
high densities. The results obtained for the maximum masses
with the BR scaled models are somewhat larger than with the
GL model, but still in the expected range of values. Different
results can be obtained with a different choice of the x5, x,
and x,p constants. Once hyperons are included, the EOSs
always become softer with a consequent lower value for the
maximum stellar masses and radii and larger central energy
density.

TABLE III. Hadronic star properties for the EOSs described in
the text.

type model Myax  Mpmax R o
(Mo)  (Mo) Km)  (fm™)

np GL 2.40 2.89 12.19 543
np-+hyperons GL 2.18 2.56 11.35 6.34
np ™ 2.08 2.46 10.62 7.20
np+hyperons(x) TW 1.89 2.24 9.46 8.44
np S3 2.88 3.57 12.81 4.57
np-+hyperons S3 2.65 3.36 11.33 5.60
np MA 2.86 3.59 11.79 5.29
np-+hyperons MA 2.76 3.49 11.00 5.93
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P(fm )

FIG. 12. EOS for the models discussed in the present work with
nucleons only (top figure) and eight baryons (bottom figure).

IV. THE IMPORTANCE OF THE REARRANGEMENT
TERMS

In what follows we concentrate on the role played by the
rearrangement term in the different models. This term is very
important and influences all properties of nuclear and neutron
star matter since it changes the effective chemical potentials
given in Egs. (25), (39), and (57).

In Figs. 13 and 14 we have shown the rearrangement
term which arises in various situations. In Fig. 13(a), it is
shown the rearrangement terms which appear in symmetric
nuclear matter (without the imposition of § stability) for the
TW and the two parametrizations of the BR scaled model
within the density range considered in nuclear matter studies.
The S3 parametrization produces a term which is much more
negative than the TW model. The MA parametrization shows
a rearrangement term which decreases even further. So, in
this case the rearrangement term is more attractive within the
BR-scaled models. Notice that in the S3 parametrization, if y
and z were chosen as having the same value, only the scalar
meson would contribute to the rearrangement term.

Please, notice that the scales of the figures mentioned next
are all different. In Figs. 13(b) and 13(c) we show the influence
of the temperature on the rearrangement term of the two BR
scaled models. As the temperature affects very little the term
in the MA parametrization, the same does not happen if the S3
parametrization is chosen. Moreover, the rearrangement term
increases slightly as temperature increases within the MA and
decreases quite a lot with the increase of temperature with the
S3 choice.
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FIG. 13. Rearrangement terms calculated in different situations:
(a) different models in symmetric nuclear matter, (b) S3 and
symmetric nuclear matter for different temperatures, (c) MA and
symmetric nuclear matter for different temperatures and (d) TW.

In Fig. 13(d), the rearrangement term of the TW model is
shown for symmetric nuclear matter, for a very asymmetric
nuclear matter, with a proton fraction yp = 0.1 and for the
equation of state where charge neutrality and B8 stability
is required either with only protons and neutrons or with
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FIG. 14. Rearrangement terms calculated in different situations:
(a) S3, (b) MA, (c) nucleons only, (d) eight baryons.

hyperons as well. The same is shown in Figs. 14(a) and 14(b)
for S3 and MA. While in the TW model the rearrangement term
decreases with the asymmetry of the system and increases
when the conditions of B equilibrium and charge neutrality
are enforced, the influence of the hyperons being very small,
in the S3 all curves are very similar and in the MA the
asymmetry almost does not interfere in the rearrangement term
and the hyperons again play no role, but charge neutrality and
B equilibrium conditions modify the curve quite drastically.
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In Figs. 14(c) and 14(d) one can see a comparison between
the rearrangement term arising from the TW model and the
ones obtained with the BR scaled models, respectively, for the
case when only nucleons are considered and when hyperons
are also included in the system. We have now opted to show a
much wider density range so that the differences can be clearly
seen. While the inclusion of hyperons makes the TW model
rearrangement term increase sligtly at densities of the order of
~2 fm™3 as compared with the case when only nucleons are
considered, at about the same density the MA rearrangement
term starts to decrease. The S3 term also decreases more
rapidly if hyperons are considered, but it starts at a density
of the order of ~1 fm~>. At these very large densities other
important features as the deconfinement to the quark matter is
already present.

V. CONCLUSIONS

In the present work we have derived a formalism to
incorporate temperature effects in the BR scaled model to
make it useful in future heavy ion collision studies. We have
also investigated the possibility of applying it to nuclear
astrophysics by enforcing charge neutrality and B equilibrium.
We have compared our results with the more standard NL3 [32]
version of the NLWM in nuclear matter and with the GL [38]
parametrization of the NLWM in neutron star matter. In both
cases, the BR scaled model was also compared with another
density dependent model, the TW [13]. It is worth pointing
out that density dependent models are alternative approaches
to describe hadronic matter without the usual nonlinear terms
necessary in the NLWM. Although in the low baryonic density
regime all models and parametrizations used in this paper
have EOSs with similar behaviour, different scenarios show up
when the density increases, specially, when the baryon octet is
taken into account. The Lagrangians with BR scaling are much
simpler than the other model with density dependent couplings
(TW) and they provide effective meson masses which decrease
with the increase of the density, behavior which has already
been confirmed by experiments [5,6] and which is not present
in all models where the meson masses are held fixed. We
have also shown that the BR scaled model is a very good
tool in describing neutron star properties. Of course a more
systematic study can be done by including the delta [24,36]
and the strange [36,46] mesons in the Lagrangian density.
Other possible choices for the meson-hyperon couplings
should also be considered. More realistic hybrid stars with a
deconfinement to the quark phase can now be obtained within
the BR scaled model for the hadron phase. When the new
EOSs are built and the stellar properties are obtained, the mass
to radius constraints [19,20] can be used as a probe to the new
formalism. It is also important to say that the rearrangement
term plays a central role in density dependent models and
many of the system properties depend on its strength.It is
crucial to assure the energy-momentum conservation and the
thermodynamical consistency for density dependent models.
In contrast to the pressure and compressibility which depends
explicitly on the rearrangement term, in the energy density
it cancels out. However, it still contributes to the binding
energy through the chemical potentials. In Figs. 13 and 14
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it was shown that the BR parametrizations yields more
attractive rearrangement term as compared with the TW
model.

We have checked that other possibilities for the
parametrization of the BR scaled model given by

*

& _ LTXIP/M
g 14+xp/po’
8 _ L+xsp/po

g 1+xep/po’

1+ x30/p0

I+x10/p0 &

=
8 +x4p/po 62)

also work. Nevertheless, one of the advantages of using the BR
scaled models instead of the TW model is that they contain a
much smaller number of parameters. With the choice given in
Eq. (62) much of the beauty of the model would be lost, but
it remains as a possible alternative. Finally, it is important to
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stress that a test to finite nuclei in order to obtain the correct
value for the spin-orbit splitting strength is still necessary with
the BR parameter sets used in this work. Once this is done,
the BR-scaling models can also be used in the description of
finite nuclei and then compared with other density dependent
approaches found in the literature [47]. For a more pedagogical
reading on the subject, please refer to Ref. [48].
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