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Analysis of the density dependence of the symmetry energy in the case
of strangeness-rich neutron star matter has been done. It has been shown
that the equation of state which gives the maximum neutron star mass of
the order of 2 M meets the experimental constraints obtained for the high
density limit of the symmetry energy.
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1. Introduction

Correct modeling, i.e. reproduction of global parameters as well as the
internal structure of a neutron star requires specification of an equation of
state of dense asymmetric nuclear matter. Different models describing mat-
ter of a neutron star have been developed. They are becoming more and
more complex mainly due to the increase in the diversity of the chemical
composition of this matter. At densities relevant for neutron star interiors,
the exotic form of matter such as hyperons is expected to emerge. To get
a reliable neutron star model, every opportunity to confront a theoretical
model with experimental constraints is extremely valuable. The most im-
portant astrophysical constraint requires that theoretical models must lead
to an equation of state that gives a maximum mass at least equal to the
largest mass determined observationally, which is of the order of 2 M, [1, 2.
A very important aspect of theoretical modeling of a neutron star is the pos-
sibility of studying its internal structure, i.e. finding a solution for the radial
distribution of particle numbers, isospin asymmetry or other quantities that
characterize neutron star matter. This is currently beyond the experimental
range. However, modification of the chemical composition of neutron star
matter by including hyperons as additional degrees of freedom changes both
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the properties of this matter as well as the structure and global parameters
of the star. In this context, the reports that in the central zone of heavy-ion
collision experiments the density of the order of (2 + 3) X ng, where ng is
the saturation density, can be achieved [3| take on special significance. The
aforementioned density range is achieved in neutron star interiors, moreover,
hyperons appear in this density range, specifically A hyperon. Thus, this
gives the opportunity to analyze the properties of A-nucleon matter in terms
of isospin asymmetry and symmetry energy.

2. Theoretical framework

Theoretical modeling of dense nuclear matter comprises baryons defined
as Dirac spinors interacting through the exchange of the following mesons:
o (scalar), w and p (vector). The attractive hyperon—hyperon interac-
tion, seen in double-A hypernuclei, is simulated via the exchange of hidden
strangeness mesons: scalar ¢* and vector . Here, this path is followed.
The Lagrangian density function embodies contributions from baryons and
mesons
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where D¥ = 0" +igp,w! + igpop" + igp,Tpp" is the covariant derivative
and 75 denotes the isospin operator. The baryon effective mass is defined as
Meff,B = MB—9Bo0 —gBo+0 " and Us = %9203—1—%9304, while £2,,, R, and
&,,, are the field tensors of the w, p, and ¢ mesons. Neutron star matter
is considered electrically neutral and in (S-equilibrium, so the presence of
leptons is necessary. The Lagrangian density of leptons is given by
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The nonlinear vector meson mixed and self-coupling terms have been col-
lected in the form of a vector potential
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These terms were added in order to improve the high density limit of the
equation of state [4, 5|. If the nonlinear vector meson coupling terms that
involve the strange meson ¢ are neglected, then the vector potential Uy ext
is reduced to a much simpler form

1
Oy st = 63 (@uw")* + AV (9gp)” (@) (panp™) - (4)

The Lagrangian function (1) for the Uy ext defines the TM1¢x model whereas
when Uy ext is replaced by Uy g the standard TM1 model (TM1g) in which
the strange meson are included in a minimal fashion is obtained. For all
calculations the mean field approach has been adopted thus the quantum
field operators are replaced by their classical expectation values: o = ¢ + sg,
o* =%+ 55, ou = P+ fobuo, Wy = Wy + wodyo, pL = P + rodued>e.
The S-equilibrium for neutrino free matter and for only A hyperon relates
chemical potentials of particles: p, = ftn — ple, fta = pin, where the chemical

potential of baryon B takes the form of pup = (/k2 5 + mgﬁ B T 9BwWo +

9BpT3BT0 + gBpfo. Determination of the energy-momentum tensor allows
one to calculate the energy and pressure of the strangeness-rich neutron star
matter
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where £, and P, denote the contributions coming from leptons. The pres-
ence of nonlinear couplings between w and p mesons and the strange meson ¢
modifies the strange sector of the equation of state leaving its nonstrange
part almost unchanged.
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3. Symmetry energy

Combining data from terrestrial experiments and using constraints from
astrophysical observations, it is possible to estimate consistently the values
of the symmetry energy coeflicient Egym(ng) = 31.6 £ 2.66 MeV and the
slope L(ng) = 58.9 £ 16 MeV [6]. The density dependence of the symmetry
energy can be expressed as a power law

1 np

2/3 v
kin o ny
Bugm(n) = E8m) + () = gee (22) 0 ()",

in which the kinetic and potential terms are included. The coefficient of the
kinetic part equals ep/3 with ep ~ 28 MeV being the Fermi energy. The
potential part of the symmetry energy is characterized by the exponent -,
the coefficient C' = 22 MeV. Massive experimental efforts are devoted to
find constraints on the value of . The early data from the FOPI-LAND
experiment |7, 8] have been compared with calculations performed with the
ultrarelativistic quantum molecular dynamics (UrQMD) transport model
[9-11] and with the power law parametrization of the density dependence of
the potential parts of the symmetry energy. This allows to put constraints on
the density dependence of the symmetry energy and leads to the value of the
coefficient v = 0.9 + 0.4. To improve the accuracy of the experimental flow
parameters, a new ASY-EOS experiment [3] was carried out. The analysis
of the obtained data, with particular effort directed at the improvement of
the statistical accuracy, leads to the value of v = 0.72 +0.19 [3].

4. Parameters of the model

TM1 parametrization gives large symmetry energy slope L = 118 MeV
which requires extension of the isovector sector. This has been done by
the inclusion of a nonlinear w—p coupling and enables modification of the
high density limit of the symmetry energy. The strength of this coupling is
characterized by the parameter Ay. For each value of Ay, the parameter g,
has to be adjusted to reproduce the symmetry energy Fgsy, = 25.68 MeV
at kp = 1.15 fm~! [12, 13]. The description of dense, hyperon-rich nuclear
matter given by Lagrangian (1) in the case of nonstrange matter it is reduced
to the standard TM1 model with an extended isovector sector. In the case
when hyperons are taken into account, uncertainties associated with the
description of nuclear matter are intensified due to the incompleteness of
the available experimental data. In general, the experimental knowledge of
the hyperon—nucleon (Y N) and hyperon—hyperon (YY) interactions is quite
limited. Hyperon—vector meson coupling constants are taken from the SU(6)
quark model. In the scalar sector, the scalar couplings g1, of A hyperons
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require constraining in order to reproduce the estimated values of the poten-
tials felt by A in the saturated nuclear matter. In the case of A hypernuclei,
there is a considerable amount of data on binding energies and single-particle
levels allowing the identification of the potential felt by a single A in nuclear
matter in the range of —30 MeV < U/(lN) < —27 MeV [14]. As far as YY
interactions are considered, the only sources of information are the double-
strange hypernuclear systems. Several events have been identified that sug-
gest an attractive AA interaction. The most promising results, known as
the NAGARA event [15] with the § ,He hypernucleus, indicate that the AA

interaction is weakly attractive and its estimated value is U/(lA) = —5 MeV.
The potential that describes hyperon—nucleon and hyperon-hyperon inter-
action can be written in a form that involves both the scalar and vector
coupling constants
(B) _ *
UY = gvyo50 — gywWo + gyo=Sg — ngofO
= my — Meg,y (50, 50) — (gywwo + gy, fo) , (8)

where meg y (50, 53) is the effective mass and Y stands for the A hyperon.

The value of the potential U/(lN) = —30 MeV has been used for the deter-
mination of the g4, coupling constant. The coupling constants used in this
model are given in Tables I and II.

TABLE I
The standard TM1 parameter set [16].
My = 511.2 MeV | g, = 10.029 | go = 7.2325 fm~!
m,, = 783 MeV go = 12.614 | g3 = 0.6183
m, =TTI0MeV | g, =9.264 | c3 = 71.0375
TABLE II

Vector and scalar meson coupling constants.

Baryon (B) | gBw | 9Bs | 9Bp | 9Bo | 9Bo+
n G 0 9o 9o 0
D Jw 0 9p 9o 0
A 200 | =g, | 0 | 6227 | 5.568
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5. Results

For matter with nonzero strangeness, calculations were carried out using
two methods. In the first case, the two-component model describing mat-
ter of a neutron star was supplemented with the full baryon octet and with
strange mesons ¢* and . However, with parameters given in Tables I and II,
this approach leads to the maximum mass of a neutron star much lower than
the value determined observationally. An alternative method consists in tak-
ing into account various types of couplings between mesons with particular
emphasis on couplings with the strange ¢ meson. This leads to the stiffening
of the EoS and results in an appropriate value of the maximum mass. The
EoSs calculated for these two models are presented in Fig. 1. The composi-
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Fig.1. The EoSs calculated for TM1 parameterization. The stiff EoS — dash-
dotted line — has been obtained in the case of the extended nonlinear TM1 model
(EoSext) for the value of Ay = 0.0165. The solid line represents the case of the
standard TM1 model extended by the inclusion of strange mesons which have been
introduced in a minimal fashion (EoSs). Nonlinear vector meson couplings stiffen
the EoS which results in a higher value of the maximum mass.

tion of strangeness-rich neutron star matter is controlled by the equilibrium
conditions (S3-equilibrium and charge neutrality) and the values of potentials

U/(lN) and U/(lA) [17]. Relative concentrations of particular components are
defined as the ratio Y; = n;/np, where n; denotes the number density of
the component ¢ and n; is the total baryon number density. In general, the
appearance of A hyperons reduces the concentrations of nucleons and lep-
tons. In addition, the chemical composition of neutron star matter is altered
by the modification of the vector meson sector. Relative concentrations of
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nucleons and A hyperons as a function of the baryon number density ny for
the fixed value of parameter Ay = 0.0165 are presented in the left panel
of Fig. 2. From this figure, it can be seen that concentration of A hyper-
ons is significantly reduced in the case of TM1¢y model. The concentration
of leptons, which is higher in the case of TM1ey model is depicted in the
right panel of Fig. 2. The relative baryon—lepton composition of neutron
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(a) Relative concentrations of baryons. (b) Relative concentrations of leptons.

Fig.2. Relative concentrations of baryons calculated for TM1ey and for TM1g
models, for the fixed value of parameter Ay = 0.0165. The extended nonlinear
model leads to the reduced number density of A hyperons. The right panel shows
the relative concentrations of leptons.

star matter can be also analysed through the parameters that specify the
isospin asymmetry and strangeness content of the system. In the case of
two-component nucleonic matter, the isospin asymmetry is defined as

o = (9)

. = .
Ny + Ny

The same definition can be used when neutron star matter contains also
A hyperons. Then, the nucleon concentrations are changed due to equilib-
rium conditions. In general, the isospin asymmetry of neutron star matter
containing hyperons can be interpreted in accordance with definition (9) or
further modified by application of the following relation:

Ny — N

oA = P —1-2Y,-Yy. (10)

a ny
The strangeness content given by ds = Yz npSp/ny, where Sp denotes the
strangeness of baryon B in the case of A-nucleon matter is simply the relative
A concentration Y4. The S-equilibrium condition can be used to establish

the relationship between chemical potentials of neutron matter constituents
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and the symmetry energy.
following form:

In the case of A-nucleon matter, it takes the

_1TLN

Bom{) = 45270,
a

(11)

(Masym — My + mp) 5
where ptagym = tn — fp and ny = n, + ny is the density of nucleons. When
the difference between neutron and proton masses is neglected and ny = ny,
Eq. (11) reduces to Esym(ny) = ftasym/(462). The density dependences of

the asymmetry parameters 62 and §/' are depicted in the left panel of Fig. 3.
Application of Eq. (10) results in a significantly reduced value of the isospin
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(a) The isospin asymmetry parameter.

(b) The symmetry energy.

Fig.3. The asymmetry parameters 62 and 62 as functions of baryon density ny,
calculated for the extended TM1¢y; and the standard TM1g; models, for the value
of parameter Ay = 0.0165. The isospin asymmetry 5V reaches the highest value
whereas 6 for both models leads to less asymmetric neutron star matter. The right
panel: the density dependence of the symmetry energy. This figure contains results
obtained based on both models (TM1ey; and TM1g;) for ¥ and 6. Experimental
constraints are marked by stars and dots.

asymmetry compared to the value calculated on the basis of Eq. (9). Con-
sidering the results obtained for (5{}, it can be seen that TM1.y model leads
to a system with an enhanced asymmetry. The density dependence of the
symmetry energy is depicted in the right panel of Fig. 3. Experimental limi-
tations determined based on the power law dependence given by Eq. (7), for
two boundary values of 7 are represented by stars and dots. The dashed and
dotted lines represent results obtained for the standard TM1 parametriza-
tion with the symmetry energy calculated according to Eq. (11). They differ
in the form of the function determining the isospin asymmetry of neutron
star matter. The symmetry energy considered in terms of 6 asymmetry is
a decreasing function of density when hyperons are present. This can lead to
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rather soft form of the symmetry energy. Instead of using 62, the solutions
may be discussed in terms of §2'. In this case, a more satisfactory results
have been obtained. For the standard TM1 model (TMlg;), the symmetry
energy is close to the upper limit for experimental constraints. However,
the most promising result has been got for the model TM1.y; which is even
more important as this model meets astrophysical constraints.

6. Conclusions

Analysis of neutron matter properties in the density range of (2+3) x ng
is of particular importance because this density range is achievable in HIC
experiments thus the obtained theoretical predictions can be related to the
experimental limitations. In this paper, the symmetry energy was analyzed
for matter of a neutron star with nonzero strangeness. The couplings of A to
scalar mesons have been determined basing on the existing hypernuclei data,
whereas A-vector mesons couplings were taken from the SU(6) quark model.
Calculations were made for TM1 parameterization using two different ap-
proaches to matter with non-zero strangeness. This gave the opportunity to
compare the results obtained for a model that complies with astrophysical
limitations and gives a correspondingly high value of the maximum mass
with the model that does not meet this condition. The density dependence
of the symmetry energy is affected by the presence of hyperons. Both the
isospin asymmetry and symmetry energy density dependence are modified
by the presence of the A hyperon in the matter of a neutron star. The best
fit to the experimental constraints was obtained for the TM1 model and for
the isospin asymmetry 5§.
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