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The consequences for compact star properties of including thed mesons in the Lagrangian density of the
nonlinear Walecka model are investigated. The equations of state for neutrino free and neutrino trapped with
and without thed mesons are compared. We conclude that the sensitivity to thed mesons depends on the
hadronic contents of the star, i.e., stars with only protons and neutrons behave in a different way than stars with
protons, neutrons, and hyperons. Moreover, although the properties of maximum mass stable protoneutron stars
with trapped neutrinos are essentially equivalent when thed meson is included, the neutrino content is affected
by its presence.
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Recently the authors of Ref.[1] have stressed the impor-
tance of including the scalar isovector virtuald(a0s980d)
field in hadronic effective field theories when asymmetric
nuclear matter is studied. Its presence introduces in the is-
ovector channel the structure of relativistic interactions,
where a balance between a scalar(attractive) and a vector
(repulsive) potential exists. Thed, andr mesons give rise to
the corresponding attractive and repulsive potentials in the
isovector channel. The introduction of thed meson mainly
affects the behavior of the system at high densities, when,
due to Lorentz contraction, its contribution is reduced, lead-
ing to a harder equation of state(EOS) at densities larger
than,1.5r0 [1]. According to[2], a formally consistent rela-
tivistic effective field model should include on the same foot-
ing isoscalar and isovector meson fields.

In a recent work we have considered various parametriza-
tions of the nonlinear Walecka model(NLWM ) [3] and den-
sity dependent coupling models[4,5] in order to make a
comparison of the regions of uniform unstable matter[6].
Relativistic models with different parameters present differ-
ent features at subnuclear densities of nuclear asymmetric
matter which have consequences for the properties of the
inner crust of neutron stars or in multifragmentation or iso-
spin fractionation reactions. The parametrizations of these
models take generally into account saturation properties of
nuclear matter and properties of stable nuclei. Extension of
the model for very asymmetric nuclear matter or to finite
temperatures may show different behaviors. In particular, the
inclusion of thed meson affects the symmetry energy and
consequently the softness of the equation of state and com-
pressibility.

The d meson plays its role exactly in the isospin channel,
which has a fundamental importance in nuclear astrophysics.
We may ask which are the consequences of introducing thed
meson in compact stars. Some discussion on this problem
has already appeared in[7]. In order to answer this question
we compare in the present work the properties of neutron and
protoneutron stars with and without thed meson. In particu-
lar, we consider stars with leptons, protons and neutrons,
which we call nucleonic stars. We also study the effect of
including hyperons and/or a transition to a quark phase. Fi-

nally we analyse the effect of thed meson in the fraction of
neutrinos in protoneutron stars with trapped neutrinos.

The Lagrangian density of the NLWM withd mesons
reads[1]
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with oB extending over the eight baryons and wheregiB and
mi are respectively the coupling constants of the mesonsi
=s, v, r, d with the hyperons and their masses. Self-
interacting terms for thes-meson are also included,k andl
denoting the corresponding coupling constants andtB is the
isospin operator. The set of constants is defined bygsB
=xsB gs, gvB=xvB gv, grB=xrBgr, gdB=xdB gd andxsB, xvB, xrB
andxdB are equal to 1 for the nucleons. We have chosenxs
=0.7 andxv=xr=0.783 forL and assumed that the couplings
to theS andJ are equal to those of theL hyperon[8]. For
consistency we have takenxd=xs. We also havegi =Îf imi

2,
i =s, v, gi /2=Îf imi

2, i =r, d, ms=550 MeV, mv=783 MeV,
mr=763 MeV, andmd=980 MeV. In Table I we display the
coupling constants we have used throughout this work. The
parameter sets were taken from[1] for which the binding
energy is −16.0 MeV at the saturation densityr0
=0.16 fm−1, the symmetry coefficient is 32.0 MeV, the com-
pression modulus is 240 MeV and the effective mass is
0.75M, higher than the effective mass of the parametrization
used in[6]. It is important to stress that the effective mass at
saturation density cannot be too low when the aim is to de-
scribe high density matter, as already discussed in[9,10].

The equation of motion for thed field reads
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where
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p2 E p2dp
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*

EB
* sfB+ + fB−d,

with EB
* =Îp2+MB

* 2 and the distribution functions given by
fB±=1/h1+expfsEB

* spd7nBd /Tgj, where the effective chemi-
cal potential isnB=mB−gvBV0−grB t3Bb0 and the effective
masses for the nucleons and hyperons are given by

MB
* = M − gsBf0 − t3BgdBd3.

The equations of motion for the other fields are the ones
usually found in the literature. They can be seen in[9,10], for
instance. The energy density and the pressure are also af-
fected by the presence of the new meson. The term
+1/2md

2d3
2 should be added to the energy density and

the −1/2md
2d3

2 should be added to the expression of the pres-
sure, both given in[1,6], among other papers.

In this work we study the EOSs for the following cases:
(a) pure hadronic matter with nucleons only(pn) either with
or without the d mesons,(b) pure hadronic matter with
nucleons and hyperons(pnH) with and without thed mesons,
(c) hadronic matter with nucleons only at low densities,
mixed hadronic and quarkionic matter at intermediate densi-
ties and pure quark matter at high densities also with and
without d mesons(pnq), and(d) the same as(c) but with the
inclusion of hyperons in the hadronic and mixed phases
(pnHq). In all cases the leptons were included as free Fermi
gases andb stability and charge conservations were im-
posed. In the cases where the mixed phase was included,
charge neutrality was imposed globally and the Gibbs condi-
tions for phase coexistence were enforced. We have also
studied the cases where neutrino trapping takes place. If neu-
trino trapping is imposed to the system, the beta equilibrium
condition is altered frommBi

=Qi
Bmn−Qi

eme to mBi
=Qi

Bmn

−Qi
esme−mne

d and the total leptonic number is conserved,
i.e., YL=Ye+Yne

=0.4. For the hadronic phase we have al-
ways used the NLWM with the parameter sets shown in
Table I [1]. For the quark phase we have opted for the MIT
bag model [11] with the bag constant given byB1/4

=180 MeV and the quark masses given bymu=md
=5.0 MeV andms=150.0 MeV. All formulas used in the

prescriptions for the construction of the mixed phases and for
the imposition of neutrino trapping can be easily found in the
literature, as in[8,9,12] among others.

In Fig 1 we plot several neutrino free and neutrino-
trapped EOSs. The effect of the inclusion of thed meson is
clear from Fig. 1(a): for nucleonic stars the inclusion of thed
meson makes the EOS harder. If hyperons are taken into
account the EOS withd meson suffers a transition to proton-
neutron-hyperon phase at lower energies(or densities) and
becomes softer. The same is true when quarks are also in-
cluded. The softer EOSs are the ones which contain a phase
transition to a quark phase. These effects are also present,
although in a much smaller scale, in the corresponding EOS
with trapped neutrinos, Fig. 1(b). The nucleonic phase ex-
tends for a larger range of densities and only for energy
densities larger than 2 fm−4 will the softening due to hyper-
ons and/or quarks come into play.

It is clear that the behavior of the different EOSs affects
the properties of compact stars with matter described by each
one of them. In Tables II and III we display the stellar prop-
erties as obtained from the EOSs discussed at the end of the
last section. For this purpose the Tolman-Oppenheimer-
Volkoff (TOV) equations[13] for spherically symmetric and
static stars were solved. For low baryonic densities atS=0
we have used the results of Baym, Pethick and Sutherland
[14]. In both tables NA means nonapplicable because there is
no mixed phase and NP means that the result is not precise
due to the lack of very low density EOS forS=1. In Table II
no neutrinos were included in the EOSs. In Table III the
EOSs were obtained with the imposition of neutrino trap-
ping.

TABLE I. NLd parameter sets.

Parameter Set I(no d) Set II (with d)

fs sfm2d 10.33 10.33

fv sfm2d 5.42 5.42

fr sfm2d 0.95 3.15

fd sfm2d 0.00 2.50

k 0.033gs
3 0.033gs

3

l −0.0288gs
4 −0.0288gs

4

FIG. 1. (a) EOS,Yne
=0; (b) EOS,YL=0.4.
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From Table II one can see that the inclusion ofd in a star
with hyperons results in opposite consequences in the star
properties if compared with a star only with protons and
neutrons, i.e., in a nucleonic star the maximum gravitational
and baryonic masses increase with the inclusion of thed
mesons whereas the central energy density decreases. In a
pnH star, the masses decrease with the inclusion of thed and
the central energy density increases. In fact, as already dis-
cussed, the presence of thed meson makes the EOSs harder.
As a consequence the onset of hyperons or the phase transi-
tion to a quark phase occurs at lower densities and the EOS
becomes softer than the EOS with nod meson. So, while a
harder EOS like the nucleonic withd EOS supports a larger
mass giving rise to a larger value for the maximum mass of
a stable star, a softer EOS like the pnH or pnHqd EOS
supports a smaller mass and the maximum mass of a stable
star is smaller.

The comparison between the mass-radius relations, Fig. 2,
for the different EOSs is also clarifying. If we consider stars
with M .0.5M(, pn stars withd-meson have always larger
radius for a given mass than the corresponding stars without
the d-meson. This is not anymore true for hyperon or hybrid

stars, due to the larger softening undertaken by the EOSs
with the d meson when the onset of hyperons and/or quarks
occurs. Still the change of behavior, i.e.,d EOSs with
smaller radius for a given mass, only occurs for quite mas-
sive stars, namelyM ,1.6M( for hyperon stars andM
,1.4M( for hybrid stars. Another point of interest is the
determination of neutron star properties by measuring the
gravitational redshift of spectral lines produced in neutron
star photosphere which provides a direct constraint on the
mass-to-radius ratio. Recently a redshift of 0.35 from three
different transitions of the spectra of the x-ray binary
EXO0748-676 was obtained in[15]. This redshift corre-
sponds toM /R=0.15M( /Km. In Fig. 2 we have added the
line corresponding to this constraint(top straight line), which
excludes both hybrid stars(pnHq) either with or without the
d mesons with the parameter sets we have used in the present
work. Nevertheless, the 1E 1207.4-5209 neutron star, which
is in the center of the supernova remnant PKS 1209-51/52
was also observed and two absorption features in the source
spectrum were detected[16]. These features were associated
with atomic transitions of once-ionized helium in the neutron
star atmosphere with a strong magnetic field. This interpre-

TABLE II. Hadronic and hybrid star properties for the EOSs
obtained with the NLWM and the MIT bag model;B1/4

=180 MeV,Yne
=0, andS=0.

Hadrons
Mmax

M(

Mbmax

M(

R
(km)

«0

sfm−4d
«min

sfm−4d
«max

sfm−4d

no d pn 2.09 2.45 10.88 6.99 NA NA

with d pn 2.15 2.56 11.35 6.52 NA NA

no d pnH 1.72 1.95 10.76 7.41 NA NA

with d pnH 1.71 1.94 11.31 6.71 NA NA

no d pnHq 1.47 1.64 10.58 7.43 1.36 6.22

with d pnHq 1.45 1.61 10.49 7.87 1.26 6.31

TABLE III. Hadronic and hybrid star properties for the EOSs obtained with the NLWM and the MIT bag
model;B1/4=180 MeV andYL=0.4.

S Hadrons
Mmax

M(

Mb max

M(

R
(km)

«0

sfm−4d
«min

sfm−4d
«max

sfm−4d

no d 0 pn 2.02 2.29 10.66 7.55 NA NA

with d 0 pn 2.04 2.31 10.73 7.33 NA NA

no d 0 pnq 1.82 2.02 11.62 6.31 2.98 7.68

with d 0 pnq 1.80 1.99 11.85 6.25 2.33 7.55

no d 0 pnH 1.89 2.10 10.91 7.06 NA NA

with d 0 pnH 1.88 2.09 10.51 7.03 NA NA

with d 0 pnHq 1.81 2.00 11.53 6.34 2.30 7.73

with d 1 pn 2.04 2.28 NP 7.35 NA NA

with d 1 pnq 1.78 1.95 NP 6.36 2.25 7.82

with d 1 pnH 1.86 2.04 NP 6.80 NA NA

with d 1 pnHq 1.78 1.94 NP 6.34 2.27 7.76

FIG. 2. Compact stars: Mass versus radius.
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tation leads to a readshift of the order of 0.12-0.23, consid-
erably lower than the one in[15]. This readshift imposes
another constraint to the mass to radius ratio given by
M /R=0.069M( /Km to M /R=0.115M( /Km. We have also
added these two lines in Fig. 2. One can see that all the
curves presented in this work are consistent with the mea-
surements of[16].

In Table III we present the properties of stars with trapped
neutrinos. Notice that the EOSs pnq and pnHq are almost
equivalent. Hence, we have compared only three different
cases: nucleonic(pn), pnH and pnq stars. With thed meson
we have also calculated the properties of stars with entropy,
S=0 andS=1. This last value is the value which hydrody-
namical simulations predict for the neutrino trapped phase
[17]. Without thed mesons we have only considered theS
=0 results since the effect of temperature is not very impor-
tant and the main conclusions can be drawn from these re-
sults. In fact, properties of maximum mass stable proto-
neutron stars with trapped neutrinos are essentially
equivalent when thed meson is included. However there is
some difference in the neutrino content as can be seen from
Fig. 3.

If we consider protoneutron stars in the neutrino trapped
phase, formed only by protons and neutrons in equilibrium
with leptons(nucleonic EOS), the inclusion of thed meson
has a strong effect on the abundance of neutrinos. Namely,
the inclusion ofd reduces a lot the neutrino fraction for
r.r0. This is a direct consequence of the effect of thed
meson on the symmetry energy[1]: for densities.r0 the
symmetry energy increases faster with density than whend
mesons are not present. A larger symmetry energy reduces
the fraction of neutrons and therefore increases the fraction

of protons and electrons. If we consider a fixed fraction of
leptons, i.e.,YLe=0.4, the neutrino fraction will be smaller.

If hyperons are included, the onset of hyperons occurs at
lower densities for the EOS with thed meson. The onset of
hyperons is also accompanied with an increase of the neu-
trino fraction, due to the reduction on the number of elec-
trons. Although the fraction of neutrinos increases faster for
the d EOSs, only for densities greater than 7r0 will this
fraction be larger than the corresponding fraction for the
EOS without thed meson.

The inclusion of a possible phase transition to a quark
phase has an important effect on the behavior of both mod-
els: the onset of quarks occurs before the onset of hyperons
for the present parametrization of hadronic matter. Compar-
ing both models the onset of quarks occurs at lower densities
for the d EOS. Nevertheless the neutrino fractions obtained
within both EOS are almost coincident after the onset of
quarks in the EOS without thed meson. This is expected
because it is essentially the quark EOS which defines the
behavior of the EOS while the hadronic contribution be-
comes less and less important.

In conclusion, in this work we have studied the effects of
the introduction of thed mesons in the EOS for stellar mat-
ter. In particular, a comparison between properties of neu-
tron, hyperon and hybrid stars, possibly with neutrino trap-
ping was done.

It is clear that the inclusion of thed-meson makes the
EOS for nuclear matter harder. However the onset of hyper-
ons and/or quarks in these stars gives rises to a larger soft-
ening. In particular maximum stable stars have in these cases
lower masses and smaller radius.

The effect of the inclusion of thed-meson in neutrino
trapped EOS is particular noticeable in the neutrino fraction
as function of density. In nucleonic stars the inclusion of the
d-meson reduces a lot the neutrino fraction forr.r0.
Smaller neutrino fraction ford-EOS is still true in hyperon
stars up to a quite large density. In hybrid stars, after the
onset of the quark phase, neutrino fractions do not depend
anymore on the presence of thed-meson. This will have
implications in the cooling of the protoneutron star, since the
amount of neutrinos defines whether the star decays into a
low mass black hole or into a neutron star.
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