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We discuss appearance and role of hyperons in neutron star matter with recent compiled
nuclear equation of state from heavy-ion collisions. We also discuss different hyperon couplings from analysis of various experimental data on hypernuclei. We find that the sigma
baryons do not appear in the neutron star matter, when it experiences a strong repulsive
potential. However, the change in maximum mass of the neutron stars is insignificant
against the different hyperon couplings.
1. INTRODUCTION
In spite of more than two decades of work, the nuclear equation of state (EOS), which
is required in calculation of neutron star properties is uncertain due to various reasons.
The EOS at high baryon densities is one source of uncertainties, because it sensitively
depends on short range nucleon-nucleon interaction. Furthermore, weak decay of neutrons
into hyperons may be energetically allowed at high densities and the neutron matter may
contains hyperons at such large baryon densities. If hyperons are likely to exist in high
density matter, then it must be noted that the interaction of hyperons with other baryons
is not well understood and the EOS is therefore uncertain.
In this discussion, we use an extended version of the relativistic mean field model with
momentum dependent forces, which are taken phenomenologically in the relativistic transport model in heavy-ion collisions [1]. The EOS was then derived by using momentum
dependent constraints in the nuclear potentials [2]. We employ the same EOS in the
neutron star calculation, where the composition of the star matter consists of lambdas,
sigmas, cascades, neutrons, protons, electrons and muons.
2. NEUTRON STAR MATTER
The EOS of neutron star matter is calculated in the frame work of the mean-field theory
using covariant Lagrangian [3,4] given below.
L
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The Lagrangian includes n, p, Λ, Σ+ , Σ− , Σ0 , Ξ− and Ξ0 (denoted by subscript i),
electrons and muons (denoted by subscript l) and σ, ω and ρ mesons (given by σ, ω µ
and ρaµ , respectively). The Lagrangian includes third and fourth order self-interactions
of the σ field. The meson fields interact with baryons through linear coupling and these
are different for nonstrange and strange baryons. The parameters gσN , gωN , gρN , b and
c are determined by fitting saturation density, binding energy, effective nucleon mass,
compression modulus and symmetry energy coefficient at nuclear matter density (cf. the
NL3 parameter set from Table I in Ref. [5,2]).
The EOS is obtained by adopting mean field ansatz, where the mesons develop nonzero
vacuum expectation values (σ̄, ω̄ and ρ̄3 , respectively) in presence of baryons. Assuming
that the baryon densities are uniform, e.g., the time components of ω̄ and ρ̄a with σ̄ are
nonzero. Then the effective masses and chemical potentials for baryons are defined as
m̄i = mi − gσi σ̄ and µ̄i = µi − gωi ω̄ − I3i gρi ρ̄3 , respectively, where I3i is the value of the
z-component of the isospin of the baryon i.
Throughout calculation, we incorporate momentum-dependent form factors at the vecp2 −Λ2
p2 −Λ2
tor and scalar vertices in a form given as [2], ω̄(p) = ω̄ p2 +Λv1
and σ̄(p) = σ̄ p2 +Λs1
2
2 , rev2
s2
spectively, where the cutoff parameters are Λv1 =0.37 GeV, Λv2 =0.9 GeV, Λs1 =0.71 GeV
and Λs2 =1.0 GeV. The values of cutoff parameters are chosen to describe properly the
Schrödinger-equivalent potential and flow data up to AGS energies [1]. We note that the
form factor in the vector vertices make a nonlinear dependence of the vector potential on
the baryon density, and as a result, the vector interaction is weak at high baryon density.
It has been observed that the strength of the repulsive potential should be reduced considerably at high density to describe the flow data [1]. A detailed discussion is given in
Ref. [2].
In neutron star matter, the concentrations of each particle can be determined by using the condition of chemical equilibrium under weak interactions and charge neutrality
(assuming that neutrinos are not degenerate):
µp = µΣ+ = µn − µe , µΛ = µΣ0 = µΞ0 = µn , µΣ− = µΞ− = µn + µe , µµ = µe ;
np + nΣ+ = ne + nµ + nΣ− + nΞ− .

(2)

P

The total baryon density is defined as nB = i ni , where ni stands for number density of
the i th particle.
Taking all these factors into account in our calculation, then neutron star matter EOS,
such as the energy density ε and pressure P can be calculated from the diagonal components of the stress-energy tensor, which are given as follows:
1
1 2 2 1 2 3 2 1 2 2 1
mω ω̄0 + mρ (ρ̄0 ) + mσ σ̄ + bmN (gσN σ̄)3 + c(gσN σ̄)4
ε =
2X
2
3
4
X2
+
EF G (m̄i , µ̄i ) +
EF G (ml , µl ),
i
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In above equations, the PF G and EF G are the relativistic non-interacting pressure and
energy density of the fermions.
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Figure 1. Particle fraction as a function
of baryon density in units of saturation
density.
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Figure 2. Same as in figure 1. In this case
the Σ disappear due to strong repulsion.

3. RESULTS
The hyperon couplings (ratio of meson-hyperon and meson-nucleon) are not well known.
These cannot be determined from nuclear matter properties since the nuclear matter does
not contain hyperons. Furthermore, analysis of experimental data on hypernuclei does
not fix these parameters in a unique way. Thus in nuclear matter, we adjust the ratio of
the hyperon-meson and nucleon-meson couplings for σ, ω and ρ mesons, respectively, by
assuming (i) the potentials experienced by all hyperons same as that of Λ, −30 MeV, (ii)
Σ experiences +10 MeV (strong repulsive) [6] and all other hyperons are −30 MeV and
(iii) Σ, Ξ and Λ hyperons experience +10 MeV, −16 MeV (less attractive) [7,8] and −30
MeV, respectively. Here in all three cases, values of the hyperon couplings are between
0.65 and 0.95.
We illustrate three hyperon coupling cases in Figures 1−3. In all these figures, particle
fractions (xi = ni /nB ) are displayed against baryon density in units of n0 . In Fig. 2, the
Σ is absent because of the strong repulsion [6]. Similarly, the Ξ starts appearing at high
density due to less attraction [7,8] in Fig. 3. The other hyperon fractions are adjusted
accordingly when Σ is absent (case (ii)) and Ξ experience less attraction (case iii)) to
maintain charge neutrality in neutron star matter. These can be observed by comparing
Figs. 1−3. The similar type of figures have been shown in Ref. [9] by using an effective
interaction model. It is worthwhile to mention here that small amount of Σ can appear
again in neutron star matter, when the nuclear symmetry energy is chosen to be very
small.
The maximum neutron star masses as a function of central densities are shown in
Fig. 4. The solid curve (npl) is neutron star matter without hyperons and (i), (ii)
and (iii) curves are with hyperons as discussed in Figs. 1−3, respectively. It is seen
that hyperons significantly reduce maximum neutron star mass from 2.35M¯ to 2.0M¯ .
However, against different hyperon couplings as discussed in Figs. 1−3, the change in
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Figure 3. Same as in figure 2. The Ξ− appears at high density due to less attraction.
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Figure 4. Gravitation mass as a function
of central energy density.

maximum mass limit is insignificant, which is clear from Fig. 4. In all cases, the maximum
neutron star masses are in recent observational limit [10]. Recently, it has been pointed
out that, the presence of hyperons in the neutron star with different hyperon couplings
(hyperon-hyperon potentials) interestingly play significant role in the super-fluidity of
hyperon-mixed neutron star and hyperon- pairing gaps [11].
In conclusion, we used recent compiled nuclear EOS from heavy-ion reactions to describe
the neutron star properties with hyperons. In the strange baryon sector, we considered
different hyperon couplings from the analysis of various experimental data and found that
the sigma baryons are absent in the neutron star matter, when these experience strong
repulsive force. In our conclusion, we noticed that these different uncertainties of hyperon
couplings do not change the maximum mass of the neutron star significantly.
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