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STRUCTURE OF A WARM HYPERON STAR∗
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The analysis based on the relativistic mean field (RMF) theory with the
isoscalar–isovector interactions has been performed in order to study prop-
erties of a warm, asymmetric nuclear matter in β-equilibrium. The influ-
ence of this additional meson interactions on the composition and structure
of a neutron star has been studied. The obtained results refer to the case
with only nucleon degree of freedom and to a neutron star matter which
includes hyperons.
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1. Introduction

The well established scenario of a neutron star early evolution predicts
the existence of a trapped-neutrino phase for which the entropy per baryon
s = 1 and the total number of leptons per baryon YL ' 0.4 [1, 2]. In recent
years, there has been extensive progress in theoretical and experimental
description of a warm, neutron rich nuclear matter [3, 4] which resembles
the matter in proto-neutron star interiors. Thus a special attention should
be focused on the proper description of asymmetric nuclear matter at finite
temperature. This can be done extending the isovector meson sector by the
inclusion of mixed isoscalar–isovector meson interactions which modify the
density dependence of the symmetry energy and through this neutron star
properties.

Since the expected density in neutron star interiors exceeds several times
the nuclear saturation density, at sufficiently high densities hyperons are
possible to appear. The onset of hyperon formation depends on the hyperon–
nucleon interaction [5, 6]. The higher the density the more hyperons are
expected to populate. They can be formed both in leptonic and baryonic
processes.
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The main goal of this paper is to provide a systematic analysis of the
influence of the additional isovector–isoscalar meson couplings on neutron
star’s physical characteristics. This has been done for the matter containing
only nucleons and for matter which includes also hyperons.

2. The model

The dynamics of the model considered is determined by a Lagrangian
density which embodies contributions from baryons, mesons and leptons
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Baryon fields ΨTB = (ψN , ψΛ, ψΣ , ψΞ) are composed of the following iso-
multiplets:
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)
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The meson sector includes isoscalar–scalar field σ, isoscalar–vector field ω,
isovector–vector field ρ. The strange mesons σ? and φ have been included in
order to describe the strongly attractive ΛΛ interaction [7]. The meson part
contains also additional couplings between isoscalar and isovector mesons.
The strength of these interactions are characterized by the coupling con-
stants ΛV and Λ4. The covariant derivative equals Dµ = ∂µ + igBωωµ +
igBφφµ+igBρI3Bτaρaµ, and the field tensors Ωµν , Φµν and Raµν are defined as:

Ωµν = ∂µων − ∂νωµ , Φµν = ∂µφν − ∂νφµ , Raµν = ∂µρ
a
ν − ∂νρaµ .

Neutron star matter is constrained by the charge neutrality and equilib-
rium under the weak processes B1 + l ↔ B2 + νl, where B1 and B2 denote
baryons and l and νl lepton and neutrino of the same flavor. When neutri-
nos are trapped in the matter the β-equilibrium condition takes the form
µB = bBµn− qB(µl−µνl), where bB and qB denotes respectively the baryon
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number and charge of baryon B. This builds relations between chemical
potentials of particular hyperons:

µΛ=µΣ0 =µΞ0 =µn , µΣ− =µΞ− =µn + µe , µp=µΣ+ =µn − µe .

All calculations have been done within the RMF approximation, where
the meson fields are considered as classical fields and the fields operators are
replaced by their expectation values. In the case of homogenous neutron
star matter the non-zero expectation values of meson fields are:

〈σ〉 = s0 , 〈σ?〉 = s?0 , 〈ω0〉 = w0 ,
〈
ρ3
0

〉
= r0 , 〈φ0〉 = f0 .

Vector meson–hyperon coupling constants are taken from the additive
quark model [7]. Whereas in the scalar sector the scalar couplings gY σ, Y
stands for Λ, Σ and Ξ hyperons, have to reproduce the estimated values of
the potential felt by a single Λ, Σ andΞ in the saturated nuclear matter. The
general form of the potential which describes hyperon–nucleon and hyperon-
hyperon interaction can be written in the form which indicates the existence
of correlations between the scalar and vector coupling constants

U
(B)
Y = gY σs0 − gY ωw0 + gY σ?s

?
0 − gY φf0

= MY −MY ? (s0, s∗0)− (gY ωw0 + gY φf0) . (2)

M?
Y (s0, s?0) denotes the effective hyperon mass, the couplings of the σ? and φ

mesons with nucleons are equal zero (gNσ? = gNφ = 0). The analysis based
on data collected for double hypernucleus 6

ΛΛHe done by Takahashi et al. [8]
indicates that the ΛΛ interaction is rather weak. The potential well depth
evaluated for this data equals U (Λ)

Λ ' 5 MeV. Using the meson exchange
potentials for hyperon–hyperon interactions from Nijmegen Model [7] lead to
a rough estimate which can be applied to determine the coupling of hyperons
to the strange meson σ∗

U
(Ξ)
Ξ ' U (Ξ)

Λ ' 2U (Λ)
Ξ ' 2U (Λ)

Λ . (3)

The strange sector parameters of the model are collected in Table I. The
extension of the isovector sector requires the adjustment of the gNρ–ΛV and
gNρ–Λ4 pairs of coupling constants to keep the value of the symmetry energy
Esym ≈ 26 MeV at the density corresponding to kNF = 1.15 fm−3 [9, 10].

In order to study the influence of nonlinear isovector–isoscalar ρ–ω and
ρ–σ couplings, the ΛV and Λ4 parameters have been fixed at the value of
0.0165. This provides the possibility to modify the density dependence of
the symmetry energy in a range that gives the slope and curvature of the
symmetry energy in agreement with that extracted from experiments.



2224 I. Bednarek, M. Pieńkos

TABLE I

The parameters of the strange sector. The hyperon–scalar meson coupling con-
stants result from the fit to hypernuclear potentials.

Y U
(N)
Σ gσY gY ω/gNω gσ∗Y

Λ −28 MeV 6.16894 2/3 5.48186
Σ 30 MeV 4.47586 2/3 5.48186
Ξ −18 MeV 3.20124 1/3 11.5156

The generalization of the theory to the finite temperature case requires
the definition of a thermodynamic potential Ω [11] which for the model
specified by the Lagrangian function (1) allows one to calculate the energy
density ε and pressure P of the system:
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where for the i-th species Ji denotes the spin and f±i the distribution func-
tions for particle (+) and antiparticles (−)

f±i =
1

exp [ (E?i (k)∓ νi) /T ] + 1
. (6)

The chemical potential and effective energy are defined as: νi = µi −
giωw0 − giρr30I3i − giφf0 and E?i (k) =

√
k2 +M?2

i . In the case of baryons
the effective mass takes the form M?

B = MB − gBσs0 − gBσ?s?0, for leptons
M?
l = ml, l = e, µ. The proto-neutron star matter with trapped neutrinos

is characterized by a fixed lepton fraction YLl = YLe,µ + Yµe,µ . Since there
are no muons in the phase of a hot proto-neutron star the lepton fraction
reduces to YL = Ye + Yµe and has been estimated at the value of ' 0.4.
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3. Results

The analysis of proto-neutron and neutron star models has been done
on the basis of TM1 parameterization (Table II). The essential results of
the performed analysis are the EOSs of dense matter obtained for two com-
positions: for the case of nucleons only — the left panel of Fig. 1 and for
the case which additionally includes hyperons — right panel of Fig. 1. In
the case when only nucleons are considered, neutrino trapping leads to the
softening of the EOS and the inclusion of the mixed meson interactions does
not modify the EOS considerably.

TABLE II

The TM1 parameter set [12,13].

M mσ mω mρ g3 g4 c3 gσ gω

[MeV] [MeV] [MeV] [MeV] [fm−1]

938.919 511.2 783 770 7.232 0.618 71.3 10.029 12.614

The right panel of Fig. 1 depicts the much stronger influence of the ad-
ditional meson couplings on the EOS of neutron star matter which includes
hyperons. The stiffening of the EOS due to mixed meson interactions is even
more evident in the case without neutrino trapping.
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Fig. 1. Equations of state of the nonstrange (left panel) and strangeness-rich (right
panel), warm neutrino-rich Yl = 0.4 and cold neutrion-free matter. The obtained
results include EOSs calculated for ΛV = Λ4 = 0 and for ΛV = Λ4 = 0.0165.

The alterations in the form of the EOS and especially in the high density
limit have inevitable consequences for neutron star parameters. This man-
ifests itself as a sensitivity of neutron star masses and radii to the stiffness
of the EOS and allows one to study the influence of nonlinear vector meson
interaction terms on neutron star parameters. The obtained mass–radius
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relations for nuclear matter with and without hyperons are shown respec-
tively in the right and left panel of Fig. 2. The value of maximum masses and
corresponding radii together with the radii calculated for the M = 1.4M�
configuration are collected in Table III.
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Fig. 2. The mass–radius relations for neutron star in the case of nucleons only
(left panel) and in the case with hyperons (right panel), including solutions for
neutrino-rich and neutrino-poor matter.

TABLE III

Neutron star parameters: the maximum mass Mmax, the radius for the maximum
mass configuration R(Mmax), and the radius for the M = 1.4M� configuration
R(1.4M�) calculated for different strength of the mixed meson interactions.

Nucleons only Nucleons and hyperons

Mmax R(Mmax) R(1.4M�) Mmax R(Mmax) R(1.4M�)
[M�] [km] [km] [M�] [km] [km]

Λv = Λ4 = 0, gρ = 9.2644

2.17 12.80 15.32 cold 1.77 13.79 15.33
2.12 14.00 17.33 warm 1.96 14.82 17.22

Λv = 0.0165, gρ = 10.037

2.12 12.34 14.85 cold 1.80 12.71 14.79
2.10 13.82 17.13 warm 1.96 14.65 17.18

Λ4 = 0.0165, gρ = 10.8873

2.19 12.70 15.28 cold 1.72 11.99 13.65
2.12 13.99 17.18 warm 1.99 14.61 17.19
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Charge neutrality and β-equilibrium impose constraints on a neutron star
composition. The presented equilibrium conditions are decisive in determin-
ing concentrations of all constituents of the neutron star matter. A concen-
tration of a particular component i = B, l can be defined as Yi = ni/nb,
where ni denotes the density of the component i and nb is the total baryon
density. The nonlinear mixed meson couplings reduce population of protons
for neutrino-trapped and neutrino-free matter. This effect is stronger for
nonstrange matter. When the EOS includes contributions from hyperons,
proton concentrations is affected only for moderate densities. Results are
depicted in the upper panels of Fig. 3. In general, trapped neutrinos shift
the appearance of Λ and Ξ hyperons to higher densities. The ΛV and Λ4

couplings in the case of neutrino free matter enhance the concentrations of
hyperons whereas for the proto-neutron star matter the mixed vector meson
interactions reduce hyperon abundance. Concentrations of Λ and Ξ hyper-
ons are presented in the lower panels of Fig. 3. The absence of Σ hyperons
is due to their strong repulsion in nuclear medium.

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 0.4

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

P
ro

to
n
 f
ra

c
ti
o
n

nb [ fm
-3

 ]

Λv = Λ4 = 0, T = 0

Λv = 0.0165, T = 0

Λ4 = 0.0165, T = 0

Λv = Λ4 = 0

Λv = 0.0165

Λ4 = 0.0165

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 0.4

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

P
ro

to
n
 f
ra

c
ti
o
n

nb [ fm
-3

 ]

Λv = Λ4 = 0, T = 0

Λv = 0.0165, T = 0

Λ4 = 0.0165, T = 0

Λv = Λ4 = 0

Λv = 0.0165

Λ4 = 0.0165

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

Λ
 f
ra

c
ti
o
n

nb [ fm
-3

 ]

Λv = Λ4 = 0, T = 0

Λv = 0.0165, T = 0

Λ4 = 0.0165, T = 0

Λv = Λ4 = 0

Λv = 0.0165

Λ4 = 0.0165

 0

 0.05

 0.1

 0.15

 0.2

 0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

Ξ
-  f

ra
c
ti
o
n

nb [ fm
-3

 ]

Λv = Λ4 = 0, T = 0

Λv = 0.0165, T = 0

Λ4 = 0.0165, T = 0

Λv = Λ4 = 0

Λv = 0.0165

Λ4 = 0.0165

Fig. 3. Chemical composition of proto-neutron and neutron star matter for the case
of nucleons only (upper left panel) and for the case including hyperons. Concen-
tration of protons is shown in the upper panels, and fraction of Λ and Ξ− particles
— respectively lower left and lower right panel.
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4. Conclusions

In this paper, a special class of the EOSs of asymmetric nuclear matter
with zero and non-zero strangeness has been analyzed in a systematic ap-
proach within the RMF model. The basic characteristic of the considered
model is the extended isovector meson sector which includes contributions
from nonlinear isovector–isoscalar meson couplings. The results of the anal-
ysis performed for these nonlinear models have been compared with those
obtained with the use of the standard TM1 parameter set. It has been found
that neutron star parameters and compositions have been affected not only
by neutrino trapping but by the mixed meson interactions as well. The
results have been presented for non-strange and strangeness-rich matter.

The main results of performed calculations are the stiffening of the EOS
and the increase of maximal mass value in the case of neutrino free and
strangeness-rich matter as well as considerable change in the chemical com-
position of a neutron star matter in all analysed cases.
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