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Influence of coupling constants on nuclear symmetry energy
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Abstract:

By studying the energy of neutron star matter, we discuss the nuclear symmetry energy at different

baryon densities and different coupling constants in the relativistic mean field approximation. The results show that

the symmetry energy increases with baryon density at various coupling constants and incompressibilities. Further-

more, the symmetry energy at saturation density increases with increasing incompressibility at fixed d, and decreases
at fixed c. Specifically, when coupling constants g, and gs are fixed, respectively, the symmetry energy has a little

change with increasing incompressibility. It is demonstrated that the NN coupling constants have greater influences

on the symmetry energy than the self-coupling constants.
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1 Introduction

It is essential to understand nuclear symmetry energy,
which is not only related to many problems in nuclear
physics, but is also relevant to a number of important
issues in astrophysics, such as the pre-supernova evolu-
tion of massive stars and the cooling of neutron stars [1,
2]. The nuclear matter symmetry energy is defined as
the difference of energy per nucleon between the sym-
metric nuclear matter and pure neutron matter, and it
is an important quantity that determines the properties
of the nucleus and the neutron star [3]. The thickness
of neutron skin in heavy nuclei has a strong correlation
with the slope parameter of nuclear symmetry energy
at saturation density [4-8]. It is systematic to research
the relationship in Ref. [3] with different models. The
neutron star masses, radii and compositions are related
to the potential part parameters of the symmetry en-
ergy, and the radius increases linearly with the deriva-
tive of symmetry energy close to the saturation density
[9]. Tt is well known that the most efficient cooling pro-
cess (Urca process) occurs in neutron star matter if the
proton fraction exceeds 1/9. The proton fraction can
be determined by the trend of the symmetry energy es-
pecially just above the equilibrium density. So the de-
tailed knowledge of symmetry energy is crucial for the
existence of the Urca process [9]. However, the sym-
metry energy is not a directly measurable quantity, we
have to extract it indirectly from observables that are
related to symmetry energy. The experimental deter-
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mination of nuclear matter symmetry energy depends
on the model that describes the experimental observ-
able. There are two types in the experimental studies
as pointed out in Ref. [10]. The Dirac-Bruecker-Hartree-
Fock (DBHF), the Brueckner-Hartree-Fock (BHF), the
Skyrme-Hartree-Fock (SHF) and the relativistic mean-
field (RMF) model have been used to study nuclear sym-
metry energy, but the results are greatly different [9]. As
is known, the coupling constants between nucleons and
the self-coupling constants of a meson are the key factors
which determine the equation of state of nuclear matter
as well as its softness, and the fraction of nucleons. So it
is of great interest to research the dependence of the nu-
clear symmetry energy on these coupling constants which
still remain uncertain up to now due to the scarcity of
experimental data.

In the present work, we carry out a study of the sym-
metry energy of neutron star matter in various conditions
by RMF approximation. The RMF model, which is gen-
erally based on effective interaction Lagrangians and ad-
justs the parameter to fit the properties of nuclei [11],
gives excellent descriptions of nuclear properties around
the saturation density in the past 30 years [12-19]. As
pointed out in Refs. [20-22], the nuclear symmetry en-
ergy is poorly known at supra-normal density. We con-
sider the neutron star which consists of neutrons, protons
and electrons, and this situation exists in the outer core
of the neutron star.

The formulas of related quantities in the mean field
approximation are given in Section 2. And Section 3
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presents the definition of nuclear symmetry energy. Our
results and discussions appear in Section 4.

2 The relativistic mean-field model

In the mean field approximation, the total La-
grangian density can be written as
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where g (B=n, p), 9., o¥, w*, p* are the field opera-
tors of baryons (neutron and proton), electron, o, w
and p meson, with mg=938.27 MeV, m,=0.511 MeV,
me =550 MeV, m,, =781 MeV and m, =770 MeV, re-
spectively.

In the RMF theory, the operators of the meson fields
are treated as their expectation values. The meson field
equations in uniform nuclear matter are given by
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For neutron star matter, the compositions are re-
quired to be the charge neutral and (-equilibrium. The
conditions of (-equilibrium can be expressed by

Hn = Hptfle- (9)
The charge neutrality can be written as
Np =", (10)
3
Ej
2
neutron, proton and electron, respectively. Solving the

where n; = (j=n, p, e) is the number density of

coupled Egs. (1)—(10) at a given baryon density ng, the
energy density of neutron star matter is given by
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3 The symmetry energy in neutron star
matter

The energy per nucleon, which can be obtained by
subtracting the contributions of electrons from Eq. (11),
can be well approximated by

E(ng,a)=E(ng,a=0)+FEyn(ns)a*+0(a?), (12)

where the baryon density ng=n,+n;, n, and n, are the
neutron and proton densities in the neutron star. The
isospin asymmetry a=(N—2)/A, the term E(ng,a=0)
is the energy per nucleon in symmetric nuclear matter.
The nuclear symmetry energy is defined as

lazE(nB,a)

Eym () = 2 daz2

(13)
a=0
In Eq. (12), the absence of odd-order « terms is due to
the exchange symmetry between protons and neutrons
in nuclear matter when we neglect the coulomb interac-
tion and assume the charge symmetry of nuclear forces.
Higher-order terms in o are generally negligible for the
proton abundance is about 5% at the saturation density.
The magnitude of the O(a*) term has been estimated
to be less than 1 MeV [3]. So the symmetry energy F
can be evaluated approximately as
E(ng,a)—E(ng,a=0)

Eyym~ — . (14)

4 Results and discussions

The coupling constants g, g,, ¢ and d, which are dif-
ficult to accurately determine by present experiments,
are fitted to reproduce the saturation properties of in-
finite symmetric nuclear matter which have been deter-

€
mined by experiment. We assume that B.E.= — —mg
n

is the binding energy of infinite symmetric nuclea]i mat-
ter and K is its incompressibility at saturation density
ng =0.17 fm~3. By fixing one and adjusting the oth-
ers of these coupling constants, we reproduce B.E. =
—15.75 MeV at saturation density no with different K,
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(200280 MeV). Based on these results, we study the
nuclear symmetry energy in neutron star matter under
various conditions as in Figs. 1-4 which show that the nu-
clear symmetry energy increases when the baryon density
increases no matter how much K is. In Fig. 1, the sym-
metry energy increases with the increase of incompress-
ibility K, in high density region when the self-coupling
constant d is fixed at 30. Also in the high density re-
gion, the symmetry energy increases with the decrease
of incompressibility K, when the self-coupling constant
c=6000 MeV as in Fig. 2. From Fig. 3 and Fig. 4, we
can see that the symmetry energy has a little change with
the incompressibility K, when the coupling constants are
fixed (g, =8.7335 and g, =9.4876), respectively. These
conclusions are confirmed further in Fig. 5.

Figure 5 presents the symmetry energy changing with
incompressibility K, at the saturation density ng, and it
is in the range of 35.3-40.5 MeV. This range is higher
than the empirical liquid-drop mass formula, which has
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Fig. 1. Symmetry energy changes with baryon den-

sity at different K¢ when d=30.
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Fig. 2. Symmetry energy changes with baryon den-
sity at different K¢ when ¢=6000 MeV.
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Fig. 3. Symmetry energy changes with baryon den-
sity at different Ko when gs=8.7335.
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Fig. 4. Symmetry energy changes with baryon den-
sity at different Ko when g,=9.4876.
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Fig. 5. Symmetry energy as a function of the in-

compressibility Ko at saturation density ng. The
solid, doted, dashed and dash doted curves cor-
respond to the situation at fixed ¢=6000 MeV,
d=30, gv=9.4876 and gs=8.7335, respectively.
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a value of Eg,(no) around 30 MeV [23, 24], and is simi-
lar to the values in the SHF approach[25] and other work
[11] which are 26-35 MeV and 30-44 MeV, respectively.
At the same time, this figure shows that the NN coupling
constants g, g, have much more influence on the nuclear
symmetry energy than the self-coupling constants d, c.

5 Summary

We have discussed the influences of NN coupling
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