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Abstract. We review the composition and the equation of state of the hyper-
onic core of neutron stars at finite temperature within a relativistic mean-field
approach. We make use of the new FSU2H* model, which is built upon the
FSU2H scheme by improving on the E potential according to the recent analy-
sis on the = atoms, and we extend it to include finite temperature corrections.
The calculations are done for a wide range of densities, temperatures and charge
fractions, thus exploring the different conditions that can be found in proto-
neutron stars, binary mergers remnants and supernovae explosions. The inclu-
sion of hyperons has a strong effect on the composition and the equation of state
at finite temperature, which consequently would lead to significant changes in
the properties and evolution of hot neutron stars.

1 Introduction

The large densities in the neutron star core make neutron stars perfect candidates for testing
different models of nuclear matter under extreme conditions. Since there is no experimental
data that covers the supranuclear region, many uncertainties are still present. One of them
is the composition of the inner core, that is strongly model dependent. Numerous models
predict the appearance of exotic particles, such as hyperons, as it is energetically favourable
to produce them inside the core. Although evolved neutron stars are cold objects, some
of the information we have from them come from neutron star merger events or from their
early evolution. In both scenarios, the matter in the star is hot, which means that a finite
temperature treatment of matter is essential. In addition, one cannot always assume that star
matter satisfies the beta equilibrium condition. Due to the difficulty in dealing with finite
temperature nuclear models, many groups that perform complicated relativistic simulations
for the evolution of hot neutron stars use approximated models for the finite-temperature
equation of state (EoS) [1]. However, we have shown in Ref. [2] that those approaches are
particularly inaccurate when one considers hyperons in the core of the neutron star. Thus,
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it is of fundamental importance to make use of a baryonic EoS at high densities without
further approximations when dealing with neutron star mergers and/or the early stages in
the evolution of a neutron star. In this work we briefly present the FSU2H* model that was
recently constructed in Ref. [2]. Within this framework we build an hyperonic EoS that
covers a wide range of densities, temperatures and charge fractions, making this EoS available
for relativistic neutron star simulations. We show the composition pattern and the pressure-
density relation for matter at different temperatures and charge fractions.

2 Theoretical framework

We consider matter made of baryons at a given temperature 7', baryon density pp and fixed
charged fraction Yy = };qipi/pp, where ¢; and p; are the charge and density of the i-th
baryon. The interaction between the baryons is modeled through the exchange of different
mesons, which leads to the following Lagrangian density £ of the system that can be split
into the baryonic contributions L, (b =n, p, A, X, Z), and a mesonic term L,,,, which includes
the contributions from the o , w, p, ¢ and o mesons:
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with m; being the mass of i-th particle, ¥} indicating the baryon Dirac fields, and Q,, =
0,y = 8,y Ruy = 8,60 = 0y Py = 8y — By, and F iy = 3,A, — 9,A,, being the mesonic
and electromagnetic strength tensors. The quantity i;, represents the isospin operator, y* are
the Dirac matrices and g,,;, labels the couplings of the different baryons to the mesons.

Between the different baryonic species a weak interaction equilibrium is assumed that
give rise to the following relations between their chemical potentials (y;):

Mpo = Hn,
M- = 2y — pp,
Hpr = Hp, 3

where 5° is any neutral baryon, b* is any positive and b~ is any negative baryon.

In order to obtain the composition and all thermodynamical variables of interest, one
needs to obtain the Euler-Lagrange equations of motion and solve them in relativistic mean
field approximation. Then, from the energy-momentum tensor it is easy to obtain all ther-
modynamical quantities. For details see Ref. [2]. The coupling constants are chosen in
order for the model to reproduce the saturation properties of nuclear matter and some proper-
ties of finite nuclei, as well as to satisfy the constraints on the high-density nuclear pressure
coming from heavy-ion collisions together with the 2 M neutron star observations and radii
smaller than 13 km [3—-10]. We list the values of the parameters in Tables (1,2), that are ob-
tained in Ref. [2, 11]. The hyperonic couplings to the mesonic fields are given in terms of
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Table 1. Parameters of the model FSU2H*. The mass of the nucleon is equal to my = 939 MeV.
m, m m Mg+ m 2 2 2 A A,
o w p o ¢ Ion  Jon  Don K ¢ w
MeV) (MeV) MeV) (MeV) MeV) MeV)
498 783 763 980 1020 103 170 197 4.00014 -0.0133 0.008 0.045

Table 2. The ratios of the couplings of hyperons to mesons with respect to the nucleonic ones.

Y RU’Y RwY RpY Ro‘*Y R¢Y

A 06613 2/3 0 02812 —+v2/3
T 04673 2/3 1 02812 —v2/3
Z 03305 1/3 1 05624 -2+v2/3

their ratios to the corresponding couplings of nucleons: Ry = giy/giv fori = (o, w,p), and
Ryy = gory/gon and Ry = ggy/guwn, since go+y = 0 and ggy = 0 due to the OZI rule.

3 Composition and EoS at fixed Y,

As mentioned before, we show the composition and pressure-density relation [ P(pp)] for mat-
ter at fixed T and Y. Given that simulations need a wide range of values of these parameters,
we display our results for two temperatures (7 = 25 MeV and T = 75 MeV) and two charged
fractions (Yo = 0.01 and Yp = 0.5) in order to give a clear picture about what one might
expect for baryonic neutron star matter at any arbitrary condition.

In the upper plots of Figure 1 we show the composition of the core for two charge fractions
(Yo = 0.01 (left panel) and Y, = 0.5 (right panel)), and two different temperatures (solid lines
for T = 25 MeV and dashed lines for 7 = 75 MeV). We observe that when the temperature
is large, hyperons are present at any point of the core. All hyperons of the baryon octet can
be found in the hyperonic core for certain conditions of temperature and charge fraction. The
appearance of the A hyperon significantly lowers the neutron abundance, an effect which is
even more enhanced with the appearance of the negatively charged hyperons. The presence
of negatively charged hyperons then leads to an increase of the proton fraction due to the
fixed charge fraction. This mechanism is more clear at low and moderate temperatures, such
as T = 25 MeV. In the lower plots of the Figure 1 we display the pressure versus the baryonic
density of the core for the same charge fractions and temperatures. One clearly sees that the
relative difference between the pressure-density curves for different temperatures is larger for
low densities in the core. This is due to the fact that temperature effects are manifest more
clearly when matter is non-degenerate. However, it is interesting to note that when the charge
fraction is high, as in Yy = 0.5, the difference between the curves for different temperatures
becomes small at densities around pg = 0.5 fm=3. The reason lies in the fact that, due to
the fixed charged fraction, the proton abundance cannot be significantly lowered, making the
protons degenerate, even at high temperature.

4 Conclusions

We have briefly reviewed the EoS of hot dense baryonic matter at different charge fractions
within the new FSU2H" model. All hyperons from the baryon octet can appear in the core
of neutron stars in significant abundances under certain conditions of temperature and charge
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Figure 1. Composition and pressure as a function of baryonic density of the hyperonic core of neutron
stars at Yo = 0.01 (left panels) and Yy = 0.5 (right panels). The solid lines in the upper plots are the
compositions obtained at 7 = 25 MeV, while the dashed lines are the compositions at 7 = 75 MeV.

fraction. At sufficiently high temperature, hyperons populate the dense matter even at den-
sities below the saturation one. This composition pattern affects the EoS, making it softer
with respect to the pure nucleonic one. The correct treatment of the hyperonic EoS at finite
temperature is of special importance for the correct description of the early phases in the
evolution of neutron stars or for the numerical simulations of binary neutron stars mergers.
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