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Abstract

For core-collapse and neutron star merger simulations, it is important to have adequate equations of state which describe dense and hot
matter as realistically as possible. We present two newly constructed equations of state including the entire baryon octet, compatible with the
main constraints coming from nuclear physics, both experimental and theoretical. One of the equations of state describes cold B-equilibrated
neutron stars with a maximum mass of 2 Msun. Results obtained with the new equations of state are compared with the ones of DD2Y, the
only existing equation of state containing the baryon octet and satisfying the above constraints. The main difference between our new
equations of state and DD2Y is the harder symmetry energy of the latter. We show that the density dependence of the symmetry energy has
a direct influence on the amount of strangeness inside hot and dense matter and, consequently, on thermodynamic quantities. We expect
that these differences affect the evolution of a proto-neutron star or binary neutron star mergers. We propose also several parameterisations

based on the DD2 and SFHo models calibrated to Lambda hypernuclei that satisfy the different constraints.
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1. Introduction

With the first detection in gravitational and electromagnetic
waves (Abbott et al. 2017a, 2017b), binary neutron star mergers
promise to become outstanding sources of information for grav-
itational physics, astrophysics, and nuclear physics. Concerning
the latter, already for decades, neutron stars (NS) represent a
formidable source to improve our understanding of the proper-
ties of ultra-dense strongly interacting matter. This information
will be complemented by the existing and upcoming observa-
tions of NS mergers. From the gravitational wave (GW) signal, the
masses of the two objects can be determined. Additional infor-
mation on matter properties can potentially be obtained from
the tidal deformability during late inspiral (Faber & Rasio 2012;
Read et al. 2013), and, in particular, from the post-merger oscil-
lations (Sekiguchi et al. 2011b; Bauswein et al. 2012; Takami
et al. 2015; Bauswein et al. 2017). The observation of a corre-
lated electromagnetic signal may also bring information on matter
properties. There are indications that short gamma-ray bursts
are only produced if a black hole (BH) is formed rapidly after
merger (Fryer et al. 2015; Lawrence et al. 2015), depending thus
on the stability of the post-merger massive neutron star. A kilo-
nova or a macronova event associated with the radioactive decay
of produced r-process elements is determined by matter compo-
sition and ejecta masses (Hotokezaka et al. 2013). In a similar
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way, dissipative processes in the hot post-merger phase are con-
trolled by matter composition and are crucial for the evolution
of the merger remnant, see, for example, Alford et al. (2018) and
Fujibayashi et al. (2018).

Whereas neutron stars are essentially formed by catalysed
cold B-equilibrated matter, temperatures as high as 50 MeV are
expected during the evolution of the post-merger massive neu-
tron star and its envelope (Sekiguchi et al. 2011b). The simulation
of a merger event, where in addition B-equilibrium is not always
achieved, requires, therefore, an equation of state (EoS) of warm
stellar matter in a wide range of temperatures, electron fractions,
and densities. Also, directly after its formation in a core-collapse
supernova (CCSN), the newly born proto-neutron star evolves
from matter with a quite large proton content to neutron-rich
matter, emitting large amounts of neutrinos and reaching temper-
atures of up to 100 MeV (Burrows & Lattimer 1986; Keil & Janka
1995; Pons et al. 1999). Thus, for core-collapse simulations such an
EoS* covering temperatures of 0 < T < 100 MeV, baryon number
densities 107 fm ™ < ny < 10 fm™2 as well as electron fractions
0 <Y.=mn./ng < 0.61is also essential.

The EoS by Lattimer & Swesty (1991) (LS) and that by Shen
et al. (1998) (STOS) are the two most widely used general pur-
pose models in simulations. Much effort has been devoted in the
last years to improve these two classical models, see Oertel et al.
(2017) for a recent review. First, several EoS models have been
proposed, which improve the treatment of non-homogeneous

*We will call these EoS models ‘general purpose EoS’ in the following text.
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matter containing nuclear clusters at low densities and tempera-
tures, for instance by Hempel & Schaffner-Bielich (2010), Raduta
& Gulminelli (2010), Hempel et al. (2012), Steiner, Hempel, &
Fischer (2013), and Gulminelli & Raduta (2015). Second, at high
densities and temperatures non-nucleonic degrees of freedom
such as hyperons, mesons, or quarks have been included into the
EoS models, see, for example, Ishizuka et al. (2008), Nakazato,
Sumiyoshi, & Yamada (2008), Sagert et al. (2009), Shen et al.
(2011), Oertel, Fantina, & Novak (2012), and Banik, Hempel, &
Bandyopadhyay (2014).

However, additional degrees of freedom in the EoS lower the
maximum neutron star mass, and it was only recently that the first
EoS model (DD2Y) was proposed (Marques et al. 2017) contain-
ing the whole baryonic octet and being able to describe a cold
neutron star with a mass of 2M in agreement with observa-
tions (Demorest et al. 2010; Fonseca et al. 2016; Antoniadis et al.
2013). The underlying nuclear model (DD2, Typel et al. 2010)
satisfies the presently accepted constraints on nuclear matter at
saturation density and below obtained from nuclear experiments
and theoretical calculations. Having in mind that it is important
that simulations of supernovas or binary neutron star merg-
ing should include realistic EoS, and that accepted properties of
nuclear matter are still defined within an interval of uncertainties,
we propose in the present work two other EoS models containing
the entire baryonic octet. These EoS have as underlying nuclear
model SFHo (Steiner et al. 2013), a model which also satisfies the
accepted constraints on nuclear matter. The main difference to
DD2 is the smaller symmetry energy, leading among others, to a
considerably lower prediction for the radius of a fiducial 1.4 Mg
star: 11.9 km instead of 13.3 km obtained with DD2. Here, we will
analyse how this property will influence the amount of hyperons
inside hot and dense matter and the impact on thermodynamic
properties.

Considering cold B-equilibrated NS, in general hyperons
appear only in stars with a mass above roughly 1.4 My, and then
usually the overall fractions remain small if the 2 Mg maximum
mass constraint is imposed, see for instance Fortin et al. (2016). It
is, therefore, expected that they will not play a major role in deter-
mining global NS quantities such as the radii, moments of inertia,
and tidal deformabilities. We emphasise, however, that the study
of neutron stars, their formation process in CCSN, and their merg-
ers is not restricted to the cold S-equilibrated EoS. Matter is heated
up a lot in core-collapse and in the post-merger phase. Besides, the
evolution of these processes requires the knowledge of transport
properties such as the specific heat, viscosity, or neutrino emis-
sivities that do depend on the constituents of matter. Hyperons
may, as well, play an important role in NS cooling. It has been
shown in Fortin et al. (2016) that several EoS that satisfy experi-
mental and theoretical constraints up to saturation density do not
allow for the fast cooling direct Urca process. In these cases, direct
Urca processes only operate when hyperons appear, and, there-
fore, hyperons may have a strong influence on cooling; see also
the recent study in Raduta, Sedrakian, & Weber (2018). Hyperons
may also strongly affect the proto-neutron star cooling and stabil-
ity and lead in particular to a delayed stellar mass BH formation,
potentially observable via the associated neutrino signal (see, e.g.
Keil & Janka 1995; Prakash et al. 1997; Pons et al. 2001; Peres,
Oertel, & Novak 2013). In neutron star mergers too, hyperons may
leave a clear imprint, see for instance Sekiguchi et al. (2011a). Note,
however, that the employed EoS does not fulfil the 2 My con-
straint and hence that more work is necessary. Considering future
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neutron star merger detections, it is important to test all factors
that might influence the final result, and hyperons are one of these
factors.

The paper is organised as follows: in Section 2, the model for
describing dense matter is presented; in Section 3, the properties of
the two new hyperonic EoS based on SFHo are discussed and com-
pared with the DD2Y model. In the last section, we summarise our
results. Technical details on how the matching between clusterised
and uniform matter is done, as well as technical issues concern-
ing the EoS Tables in the COMPOSE data base, are given in the
appendices.

2. Model for the EoS

Most available general purpose EoS models including the entire
baryon octet and covering at the same time a sufficiently large
range in baryon number density, ng, temperature T, and hadronic
charge fraction, Yo =ng/ng =Y." in order to be applicable in
CCSN or binary mergers are either not compatible with con-
straints from nuclear physics and/or a neutron star maximum
mass of 2 My; see the discussion in Oertel et al. (2017). We will
compare here two different EoSs, considering both all hyperons
and being well compatible with the main present constraints: the
DD2Y EoS (Marques et al. 2017) and a new EoS based on the
nuclear SFHo EoS (Steiner et al. 2013), see below for details.

2.1. Description of inhomogeneous matter

The main aim of the present paper is to discuss the appearance
of hyperons in high-density/high-temperature homogeneous mat-
ter and its impact on the EoS. In order to obtain a unified EoS
over the entire needed range in temperature, baryon number den-
sity, and charge fraction, the present EoS models are combined
with a description of inhomogeneous clustered matter at densities
below roughly saturation density and low temperatures based on
the respective nuclear interaction, using the statistical model by
Hempel & Schaffner-Bielich (Hempel & Schaffner-Bielich 2010;
Hempel et al. 2012; Steiner et al. 2013). For a more detailed
discussion of the issues related to clustered nuclear matter in stel-
lar environments, see, for example, Raduta & Gulminelli (2010),
Gulminelli & Raduta (2015), Hempel & Schaffner-Bielich (2010),
Typel et al. (2010), Sumiyoshi & Répke (2008), Buyukcizmeci,
Botvina, & Mishustin (2014), and Heckel, Schneider, & Sedrakian
(2009).

2.2. Homogeneous matter

We will treat homogeneous matter within two different phe-
nomenological relativistic mean field (RMF) models. Baryonic
interactions are modelled by the exchange of ‘meson’ fields. The
term ‘meson’ refers thereby to the quantum numbers of the dif-
ferent interaction channels. The literature on those models is large
and many different parameterisations exist (see, e.g. Dutra et al.
2014).

We will use one model with density-dependent couplings and
one model with nonlinear couplings of the meson fields. The
Lagrangian density is written in the following form:

b1, represents the total hadronic charge density.
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where v; denotes the field of baryon j, and W, P, ﬁ,w are the

field tensors of the vector mesons, w (isoscalar), ¢ (isoscalar), and
p (isovector), of the form

VIV = grhyY — 9V V. (2)

o is a scalar-isoscalar meson field. For the baryon masses m;
we have taken the following values: m, =939.565346, m,=
938.272013, and my =1115.683, my =1190, mg- = 1321.68,
Mg =1314.83 MeV (m, =1116.0, myz+o- =1189.0, 1193.0,
1197.0, mg- = 1321.0, mzo = 1315.0 MeV) for DD2Y (SFHoY).
The couplings of meson M to baryon j are conveniently written
in the following form within models with density dependence:
gumj(ne) = gumj(no)hm(x) ,  x=mng/ny. (3)
The density n is thereby a normalisation constant, usually taken
to be the saturation density ny = ng, of symmetric nuclear mat-
ter. Here, we will consider the DD2 parameterisation (Typel et al.
2010), where the functions /i, assume the following form for the
isoscalar couplings (Typel et al. 2010):

_ 1 + bM(X + dM)Z
hy(x) = ay 14 eyt do)? (4)

and

hu(x) =exp[ — ay(x — 1)] (5)

for the isovector ones. See Typel et al. (2010) for the values of
the parameters ay, by, ¢y, and dy. The coupling constants of
the nonlinear terms, g, g3, ¢3, ¢4 and the function A are absent in
models with density-dependent couplings.

The function

6 3
Ao, wy0t) = Z a0’ + Z bj(wuw“)j (6)

i=1 j=1

in addition to the non-zero couplings g, g3, ¢3, and ¢, has been
introduced in Steiner et al. (2005) (A = gﬁf with f defined in
Equation (15) of this reference) to be able to vary easily the sym-
metry energy in nonlinear models. Here, we employ the SFHo
parameterisation (Steiner et al. 2013).

Both models will be used in mean field approximation, where
the meson fields are replaced by their respective expectation values
in uniform matter:
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where 5 = (03), @ = (°), ¢ = (¢°), and t;; represent the third
component of isospin of baryon j with the convention that
t3p = 1/2. The scalar density of baryon j is given by

M
: /sz{f[e,(k)] +fle(ldk,  (11)

= (Vi) = o)

and the number density by

— (G0 = / Elfl60) - flg(Ndk.  (12)

f and]_‘ represent here the occupation numbers of the respective
= /k* + M;?, and effec-
tive chemical potentials . They reduce to a step function at zero

temperature. The effective baryon mass M;" depends on the scalar
mean fields as

particle and antiparticle states with ¢;(k)

and the effective chemical potentials are related to the chemical
potentials via

= = 7 R
1] = 14— 8ui® — i 3P — 8% — Ty (14)
The rearrangement term Xf is present in models with density-
dependent couplings to ensure thermodynamic consistency. It is

given by

08wj - 8o -, 98 080j - s
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jEB
In contrast to the nuclear interaction which can be well con-
strained up to saturation density by information on nuclear
properties, the information from hypernuclei is scarce and does
not allow to fix the parameters of the model. In many recent
works (Weissenborn, Chatterjee, & Schaffner-Bielich 2012, Banik
et al. 2014; Miyatsu, Yamamuro, & Nakazato 2013), the isoscalar
vector meson-baryon coupling constants are hence related fol-
lowing a symmetry-inspired procedure such that the couplings
of hyperons to isoscalar vector mesons are expressed in terms of
gon and a few additional parameters, see, for example, Schaffner
& Mishustin (1996). In general, an underlying SU(6) symmetry
and ideal w-¢-mixing is assumed, completely fixing the hyperonic
couplings in terms of g,y. Extending the above procedure to the
isovector sector would lead to contradictions with the observed
nuclear symmetry energy. g,y is therefore left as a free parame-
ter and the remaining hyperonic isovector couplings are fixed by
isospin symmetry.

This procedure has been adopted for the DD2Y
model (Marques et al. 2017), but for the SFHo model with
hyperons additional repulsion is needed such that the EoS for cold
neutron star matter remains compatible with a maximum mass
of 2 Mg as required by observations; see Section 3. We therefore
rescale the w and ¢-meson-hyperon couplings as follows: gya =
1.5gma(SU(6)), gms = 1.5gu=(SU(6)), gmz = 1.875gm=(SU(6)).
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Table 1. Coupling constants of the mesons to different hyperons within the three models presented here, normalised to the respective meson-nucleon coupling, that
is, Rmj = gmj/gmn, except for the ¢-meson where the g, coupling has been used for normalisation

Model Roa Roa Roa Ryn R Ros Res Ryx Roz Roz Rsz Rye
DD2Y 0.62 2/3 —0.47 0 0.48 2/3 —0.47 2 0.32 0.33 —0.94 1
SFHoY 0.85 1 -0.71 0 0.58 1 -0.71 2 0.51 0.62 —-177 1
SFHoY* 0.61 2/3 —0.47 0 0.35 2/3 —0.47 2 0.30 0.33 —0.94 1

This EoS model will be called ‘SFHoY’. In addition we will discuss
the model with SU(6) couplings, called ‘SFHoY*".

Comparing properties of single- A-hyperons with data on sin-
gle A hypernuclei then allows to determine the remaining scalar
coupling (van Dalen, Colucci, & Sedrakian 2014; Fortin et al.
2017). Less data are available for E and X. An alternative, although
less precise, way is to to use the values of hyperonic single-particle
mean field potentials to constrain the scalar coupling constants.
The potential for particle j in k-particle matter is given by

U (m) = My = My + 11— 1 - (16)
We use here standard values at nuclear matter saturation density,
ns: (Weissenborn et al. 2012; Fortin et al. 2017), UXN)(nsat) =-30
MeV, U (ng4) = —18 MeV (DD2Y) and —14 MeV (SFHoY),
and U;N)(nsat) = +30 MeV. In Section 3.2 we will show that, in
view of the uncertainties on the data, the obtained couplings are
compatible with hypernuclear data.

Table 1 summarises the values of the meson-hyperon couplings
in both models obtained from the above-described procedure.

3. EoS properties
3.1. Summary of constraints

Any model for the EoS has to be confronted with various con-
straints:

o The recent observation of two massive neutron stars, indicating
the maximum mass of a cold, non-, or slowly rotating (therefore
spherically symmetric) neutron star should be above 2 Mg, gives
a very robust constraint on the interactions at supra-saturation
densities.

« Laboratory experiments on finite nuclei can constrain the EoS
up to roughly saturation density. The main sources of informa-
tion are nuclear mass measurements, neutron skin data, nuclear
resonances, dipole polarisability of nuclei, nuclear decays, and
heavy ion collisions. Experimental data can—within a model
used for the analysis—be correlated with nuclear matter prop-
erties, which are in general chosen as the coefficients of a
Taylor expansion of the energy per baryon of isospin symmet-
ric nuclear matter around saturation. Values with a reasonable
precision can be obtained for the saturation density (#,), bind-
ing energy (Eg), incompressibility (K), symmetry energy (Eym),
and its slope (L). The extracted values depend of course on the
model used for the analysis. In some cases, it has recently been
shown that this model dependence can be reduced if values at
np=0.1fm~> are given instead of saturation density (Khan &
Margueron 2013).

o Much effort has recently been devoted to theoretical ab-initio
calculations of pure neutron matter in order to constrain the
EoS, and roughly up to saturation density, good agreement
between the different approaches has been achieved. Since com-
pact stars contain neutron-rich matter, this information is very
interesting and completes the constraints on symmetric matter.
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Table 2. Nuclear matter properties of the two nuclear interaction models used
within the different EoS models

Nsat Eg K Esym L
Model (fm™3) (MeV) (MeV) (MeV) (MeV)
DD2 0.149 16.0 243 31.7 55.0
SFHo 0.158 16.2 245 31.6 47.1
LS220 0.155 16.0 220 28.6 73.8
T™M1 0.145 16.3 281 36.9 110.8

Note: For comparison, the corresponding values of the interactions of the two standard EoS
models, LS (Lattimer & Swesty 1991) and TM1 (Sugahara & Toki 1994), are also given.

A summary and discussion of the most important available con-
straints can be found, for example, in Oertel et al. (2017).

The two parameterisations chosen in this paper as basis for
the EoS models, DD2 and SFHo, both agree reasonably well with
most of the established constraints; see Table 2 for the values
of different nuclear matter properties. For comparison, we show
the values for two other interactions, that of the Lattimer and
Swesty EoS (LS) (Lattimer & Swesty 1991) and that for the TM1
parameterisation (Sugahara & Toki 1994), too. These two inter-
actions have been employed in other recently developed general
purpose EoS, including non-nucleonic degrees of freedom, for
example, Ishizuka et al. (2008), Shen et al. (2011), and Oertel et al.
(2012).

Saturation density, binding energy, and incompressibility of
the two interactions used here lie within standard ranges (Oertel
et al. 2017): ng~0.15—0.16 fm™3, Ez~16 MeV, and K =
248 +8 MeV (Piekarewicz 2004), and K = (240 £+20) MeV
(Shlomo, Kolomietz, & Cold 2006). Note that in Stone, Stone, &
Moszkowski (2014), higher values of the incompressibility in the
range 250-315MeV are favoured. The last word is thus not said,
but given the uncertainties, DD2 and SFHo still lie in within a rea-
sonable range. The compatibility of Eg, and L with ranges derived
in Lattimer & Lim (2013) (light gray rectangle) and in Oertel
et al. (2017) (dark gray rectangle), respectively, are shown in
Figure 1. In contrast to LS and TM1, the values of the two interac-
tions employed here, DD2 and SFHo, are situated well within the
rectangles.

In Figure 2, we display the density dependence of the symme-
try energy obtained within the two parameterisations, DD2 and
SFHo, which we have used as a basis to construct our EoS mod-
els. It is evident that DD2 produces a larger symmetry energy
throughout the entire relevant density range. Neither the DD2
nor the SFHo allows for the nucleonic direct Urca process. This
was already noted for DD2 in Fortin et al. (2016). Moreover, the
authors of Fortin et al. (2016) identify the value L =70 MeV as
a limiting value below which the nucleonic direct Urca process
would occur only in stars with a mass above 1.5 Mg, and possi-
bly simply not occur, depending on the model. The considered
RMF models are in the latter case and satisfy the constraints
obtained from microscopic calculations for neutron matter and
the constraints on the saturation properties of nuclear matter.


https://doi.org/10.1017/pasa.2018.32

Publications of the Astronomical Society of Australia

120 | R
|
100 | E
80t 1
>
(0]
=3
~
60 E
|
A
40 | LS .
DD2 []
™1 H
SFH
20 C L L L L L I ° xA
26 28 30 32 34 36 38 40 42
J (MeV)

Figure 1. (Colour online) Values of Ey,,, and L in different nuclear interaction models.
The two gray rectangles correspond to the range for Eg,r, and L derived in Lattimer &
Lim (2013) (light gray) and Oertel et al. (2017) (dark gray) from nuclear experiments and
some neutron star observations.
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Figure 2. (Colour online) Symmetry energy as function of baryon number density
within the two parameterisations employed here: SFHo and DD2.
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An exception in Fortin et al. (2016) is NL3wp which, however, only
allows nucleonic direct Urca in stars with a mass above 2.5 M.
It is, therefore, not surprising that SFHo also shows a similar
behaviour, since it satisfies the same constraints. With the open-
ing of the hyperonic degrees of freedom, the hyperonic direct
Urca becomes possible. For DD2 this is true for stars with M >
1.52 M, with the onset of the A. For SFHoY (SFHoY*) the onset
of the hyperon E~ (A) defines the onset of the hyperonic direct
Urca and occurs for stars with M > 1.56 Mg (M > 1.26 M). For
SFHoY the A only sets in if M > 1.70 M. It is expected that
hyperon superfluidity will suppress neutrino emissivities due to
hyperonic direct Urca processes. However, the superfluid hyperon
gap is strongly dependent on the hyperon properties in neutron
star matter and on the YY interaction (Wang & Shen 2010). In
particular, it has been shown the small value of AB,, obtained
from § , He (Takahashi et al. 2001) leads to a very small gap in
dense neutron matter (Tanigawa, Matsuzaki, & Chiba 2003) and
in dense neutron star matter (Wang & Shen 2010) or even sup-
presses completely the A superfluidity. Following Wang & Shen
(2010), A superfluidity exists in massive neutron stars only for
strong AA interactions. For the other hyperons, uncertainties
are even larger; see also the discussion in Raduta et al. (2018).
Therefore, at the present stage it is not possible to conclude
which could be the role of hyperon superfluidity on the neutrino
emissivity.

As mentioned previously, ab-initio calculations of pure neu-
tron matter can serve as a constraint on the EoS, too. Hence,
in Figure 3 we show pressure and energy per baryon for pure
neutron matter, comparing results from the different nuclear
interactions with the ab-initio calculations from Hebeler et al.
(2013), including an estimate of the corresponding uncertain-
ties. None of the displayed models is in perfect agreement with
the theoretical calculations; however, DD2 and SFHo show much
better agreement than the standard LS and TM1 models. At den-
sities below roughly nz = 0.1 fm™>, where the deviations of our
models with the theoretical predictions are largest, one could in
addition argue that the EoS of stellar matter is anyway strongly
influenced by the treatment of nuclear clusters (nuclear masses,
surface effects, thermal excitations, etc.) and the interaction
model is not very important, see, for example, the discussion in
Qertel et al. (2017).

(b) 30 ‘ ‘
Hebeler et al. (2013) C—3
LS220
M1 -----
DD2 —--- .
20t SFHo ----- 0
> L7
) .
o
10 | 1
0 ! !
0 0.05 0.1 0.15
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Figure 3. (Colour online) Pressure (a) and energy per baryon (b) of pure neutron matter as functions of baryon number density within different nuclear interaction models
compared with the ab-initio calculations of Hebeler et al. (2013), indicated by the blue band.
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Table 3. Properties of cold spherically symmetric neutron stars in neutrinoless
B-equilibrium: Maximum gravitational and baryonic masses, respectively, the
total strangeness fraction, fs, representing the integral of the strangeness frac-
tion Ys/3 over the whole star, defined as in Weissenborn et al. (2012), and the
central baryon number density. The latter two quantities are given for the maxi-
mum mass configuration. In addition, the radius at a fiducial mass of Mg = 1.4 Mg,
is listed

Mpax M Ria ng
Model Mo Mo [km] fs [fm 3]
HS(DD2) 243 2.90 133 - 0.84
BHBAG 211 2.47 133 0.05 0.96
DD2Y 2.04 2.36 133 0.04 1.00
SFHo 2.07 2.44 11.9 . 115
SFHoY 1.99 2.36 11.9 0.02 1.18
SFHoY* 175 2.02 11.9 0.05 125

Notes: For comparison with the hyperonic EoS DD2Y, SFHoY, and SFHoY*, the values for the
purely nucleonic EoS models HS(DD2) (Fischer et al. 2014) and SFHo (Steiner et al. 2013), as
well as the BHBA ¢ EoS including A-hyperons based on HS(DD2) from Banik et al. (2014), are
also given.

HS(DD2)
BHBA®
DD2Y -
LS220 1

MM,)

10 12 14 16 18
R (km)

Figure 4. (Colour online) Gravitational mass versus circumferential equatorial radius
for cold spherically symmetric neutron stars within different EoS models. The
two horizontal bars indicate the two recent precise NS mass determinations, PSR
J1614-2230 (Demorest et al. 2010; Fonseca et al. 2016) (hatched gray) and PSR
J0348+0432 (Antoniadis et al. 2013) (green).

In Figure 4, we display the mass-radius relation of cold® spher-
ically symmetric neutron stars within different general purpose
EoS models. In addition to the models containing the entire
baryon octet discussed here, DD2Y (Marques et al. 2017), SFHoY,
and SFHoY*, we show the purely nuclear LS EoS (Lattimer &
Swesty 1991), its extension with A-hyperons (LS220A) (Peres
et al. 2013), the nuclear EoS by Shen et al. (STOS) employing the
TM1 interaction (Shen et al. 1998), its extension with A-hyperons
(STOSA) (Shen et al. 2011) and all hyperons (STOSY) (Ishizuka
et al. 2008), as well as one model including A-hyperons within
DD2 from Banik et al. (2014) (BHBA®). It is evident that among
the EoS containing hyperons, apart from BHBA¢ which contains
only A-hyperons, only the two EoS DD2Y and SFHoY are com-
patible with the 2 Mg constraint. A summary of cold neutron star
properties for the different EoSs is given in Table 3.

“For convenience we have chosen a temperature of T=0.1 keV for producing this
figure. In the following discussion of our results we always refer to this temperature upon
speaking about ‘cold’ stars.
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3.2. Properties of A-hypernuclei

In this section, we study to which extent the hyperonic cou-
plings of DD2Y and SFHoY reproduce experimental data of A-
hypernuclei. To that end, we follow the approach of Fortin et al.
(2017); see this reference for more details on the calculations. To
calculate the binding energies of single and double A-hypernuclei,
we have solved the Dirac equations for the nucleons and the A
using the method described in Avancini et al. (2007). A tensor
term is included as in Shen, Yang, & Toki (2006) in order to
obtain a weak A-nuclear spin-orbit interaction. This term has no
effect on homogeneous matter. As mentioned in the previous sec-
tion, we assume the same density dependence for hyperon- and
nucleon-meson couplings.

With the values of the coupling constants given in Table 1, the
experimental binding energies B, of hypernuclei in s- and p-shells
as given in Table IV of Gal, Hungerford, & Millener (2016) are
well reproduced, for both models, DD2Y and SFHoY. The bond
energy of § ,He, the only known double-A hypernucleus, is, on
the contrary, not well reproduced by both parameterisations. The
reason is that the A A interaction is too repulsive at low densities.

In Marques et al. (2017), a second parameterisation, DD2Yo*,
has been proposed, including the hidden strangeness meson o™,
coupling to hyperons and rendering the hyperon-hyperon (YY)
interaction more attractive at low densities. Within DD2Yc*, the
bond energy comes out fine. But, the neutron star maximum mass,
with a value of only 1.87 M, does not fulfil the constraints from
observations. At the present stage, we will keep the DD2Y param-
eterisation since developing a new hyperonic model based on the
DD2 model is beyond the scope of the present paper. But, as indi-
cated below, following the directions given in Fortin et al. (2017)
for other models, parameterisations can be found in agreement
with both the § , He bond energy and a neutron star mass of 2 M,
as well as the single- A hypernuclear data.

To that end, the SU(6) constraint on the isoscalar vector cou-
plings has to be relaxed. This can be seen from Figure 5. For the
top panels of that figure, the ratio R, has been fixed, and then the
ratio Ry A = goa /g~ has been fitted to the experimental binding
energies B, of hypernuclei in the s- and p-shells and the cou-
pling of the A to o* to the bond energy of & , He; see Fortin et al.
(2017) for details. The obtained neutron star maximum mass is
then shown as a function of the value of Ry, for several differ-
ent cases. The lines labelled DD2-a (SFHo-a) thereby indicate the
SU(6) value for R, and the arrows that for Ry,, while the lines
labelled DD2-b (SFHo-b) were obtained with R,, = 1. The lower
lines for each model correspond to models containing the entire
baryon octet, whereas the upper lines correspond to models with
A-hyperons only. In the sense that the onset of hyperons soft-
ens the EoS, and the softening is stronger the larger the number
of hyperons included, the upper and lower curves of each model
limit the maximum mass obtained with any hyperonic model
almost independently of the details of the couplings of =- and
X -hyperons which are even less known than that for As due to
the lack of relevant experimental data.

The lower curves of the top panel of Figure 5 were obtained
taking the same couplings to the A-hyperon as model DD2-a
(SFHo-a), and for the E and ¥ choosing the SU(6) coupling to
the w-meson and fitting the coupling to the o-meson to obtain a
single particle potential in nuclear matter of —18 MeV (—14 MeV)
and 430 MeV, respectively. The coupling of these hyperons to the
o* and ¢ is taken equal to zero, and, therefore, we consider that
the maximum mass determined with this prescription will define
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Figure 5. (Colour online) DD2-x (left) and SFHo-x (right) parameterisations. Top panels: neutron star maximum mass M., as a function of R, for various hyperonic models. The
values R, 5, Rga, and R+, are adjusted to reproduce the binding energies of single A-hypernuclei and of § , He with AB,, = 0.50 MeV (solid lines) and 0.84 MeV (dashed lines).
The arrows indicate the SU(6) value of R,» and the gray line the maximum mass for a purely nucleonic model. Bottom panels: MR curves for the parameterisations obtained for
the models-a, that is, taking R, = 2/3 (red region) and the models-b, that is, with R,,, = 1 (blue region) for the two different values of R,, indicated in Table 4. In all cases, the
upper limit is defined including only As and the bottom line including the complete baryonic octet with the couplings chosen as explained in the text. The black line is for pure
nucleonic stars, and the green line is for the parameterisation of the set DD2-c (left) or SFHo-c (right); see the text for details. In the bottom-right panel, the cyan line identified as
SFHo-d was obtained with the calibrated o — A parameters for R, = 1 and the couplings to the ¥ and E as in the SFHoY model.

a lower limit, since, due to the dominance of the vector meson at
high densities, it is expected that its repulsive effect will dominate
over the attractive effect of o*.

It is obvious that taking SU(6) values for the w-couplings and
not including the ¢-meson for E- and X-hyperons does not allow
to reproduce the 2 My constraint. For DD2, we have, there-
fore, considered the effect of keeping the coupling of the A to all
mesons as in DD2-a and, besides, coupling the X and E also to
the ¢-meson keeping the SU(6) values for the vector mesons, these
models are labelled DD2-c in the top-left panel of Figure 5. Under
these conditions, it is possible to describe two solar mass stars
for a large enough Ry, . However, for SFHo, even taking only the
A-hyperon with the A-meson coupling calibrated with the SU(6)
values for the w does not allow for a two solar mass star. Only
breaking the SU(6) symmetry for both @ and ¢ vector-mesons the
two solar masses constraint is satisfied.

In Table 4 we give, for two values of R, and two values of
Ry, the calibrated values of Ry, and R;«5. For reference, the
corresponding values of the A-potential in symmetric baryonic
matter at saturation Uf\N)(nsat) obtained from Equation (16) are
given as well as U;A)(nsat), and U&A)(nsat /5), the A single-particle
potential in A-matter. It is interesting to notice that for DD2
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UX\)(nsat /5) is close to the value of —5 MeV, as generally used in
the literature to fix these couplings.

In order to better understand the predictions obtained for the
neutron stars mass-radius relation, we display in Figure 5 (bot-
tom panels) the complete M-R curves and illustrate with a hashed
region, the region limited by the upper and lower limits shown
in the top panels of the same figure. The black line represents
pure nucleonic stars. We also include in the figure the constraints
imposed by the two pulsars PSR J1614-2230 (Demorest et al.
2010; Fonseca et al. 2016) and PSR J0348+0432 (Antoniadis et al.
2013). All configurations obtained with the larger @ couplings are
within the observed masses, while for the SU(6)-couplings some
configurations could be too small.

The green line in the bottom-left panel labelled DD2-¢ was cal-
culated taking for the ¢-couplings the SU(6) values. A maximum
mass of 1.99 Mg, is obtained, just slightly smaller than the max-
imum mass determined with DD2Y and clearly above DD2Yo ¥,
where E- and X-hyperons couple to o*, too. This last differ-
ence can be attributed to the fact that DD2Yo ™ has a much larger
fraction of negatively charged hyperons and, therefore, smaller
amount of electrons.

For the SFHo model, two extra M—R curves are shown in the
bottom-right panel with different choices for the vector-meson
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Table 4. Calibration to A-hypernuclei and iAHe for models with the SU (6) value, R,a =2/3 (a), and Ryp =1 (b)

ABxp =0.50 ABap =0.84

Model Roa Roa UN (nsat) Ry Ro#a U4 (Nsat) U4 (nsat/5) Ro+A UA (nsat) UA (nsat/5)
DD2-a 2/3 0.623 -31 —V2/3 0.545 —13.40 —4.06 0.564 —15.79 —479
DD2-a 2/3 0.623 -31 —V2/2 0.840 ~12.78 ~4.10 0.852 —15.06 —533
DD2-b 1 0.900 —37 —v2/3 0.576 —9.63 —438 0.600 —12.68 —4.81
DD2-b 1 0.900 -37 —V2)2 0.860 —6.61 —4.36 0.876 —9.55 —5.33
SFHo-a 2/3 0.609 —29 —V2/3 0.461 ~14.17 —6.52 0.501 —16.86 —7.07
SFHo-a 2/3 0.609 —29 —V2/2 0.751 —13.69 —6.56 0.777 —16.47 —7.13
SFHo-b 1 0.870 —34 —V2/3 0.485 —9.21 ~10.58 0.526 ~12.08 ~11.18
SFHo-b 1 0.870 —34 —V2)2 0.767 -8.53 —10.65 0.793 —11.33 -11.23

Notes: For a given Ry, , values of R, 5 are calibrated to reproduce the binding energies B, of single hypernuclei in the s- and p-shells. The value of the A-potential in symmetric baryonic matter
at saturation is given for reference. For given Ry, Ry« s are calibrated to reproduce the upper and lower values of the bond energy of?\A He. For reference, the A-potential in pure A-matter at

saturation and at ns,t /5 is also given. All energies are given in MeV.
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Figure 6. (Colour online) The lines delimit the regions in temperature and baryon number density for which the overall hyperon fraction exceeds 10, which are situated above
the lines. Different charge fractions are shown as indicated within the panels. The lines correspond to DD2Y, SFHoY*, and SFHoY, respectively, appearing in that order at low

temperatures and high densities.

couplings, the models labelled SFHo-c (green) and SFHo-d (cyan).
The SFHo-c model with calibrated A-couplings to hypernuclei
and the ¥ and E potentials in symmetric matter as above has
ratios R,; =1 for all hyperons and Ryp =Ryy =—0.707 and
Ryz = —1.77, and predicts a maximum mass of 2.03 Mg, slightly
above the one given by SFHoY, very close to the maximum mass
obtained including only calibrated As, see the top curves for
SFHo-b in top-right panel of Figure 5. The SFHo-d model was
obtained with the calibrated A parameters with Ry, =1 and
Rya = —0.707 and the couplings to the ¥ and E as in the SFHoY
model. Star properties obtained with this model are very similar to
the ones obtained with SFHoY.

3.3. Hyperon content and thermodynamic properties

Let us now discuss the properties of homogeneous matter obtained
within the different EoS models, DD2Y, SFHoY, and SFHoY*.
Although there are small quantitative differences, the regions
in temperature and baryon number density, where the overall
hyperon fraction exceeds 107%, see Figure 6, have a very similar
shape in the different models. The bump in the curves, that is, the
part of the lines above approximately 20 MeV, where the abun-
dance of hyperons is still below 1074, arises from the competition
between light nuclear clusters and hyperons in this particular tem-
perature and density domain and does not exist in the EoSs built
on nuclear models without light clusters; see Oertel et al. (2017).
In a more complete model, where light clusters and hyperons are
allowed to coexist, the bump would probably disappear, and above
a temperature of roughly 20 MeV, hyperons would exist at any
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density. In Menezes & Providéncia (2017), hyperon fractions have
been calculated in the presence of heavy clusters. Under these con-
ditions these fractions were always below 10~°. However, heavy
clusters melt at quite low temperatures, so it is important to also
include light clusters explicitly. At large temperatures, results are
almost insensitive to the interaction but do depend on the number
of competing species, such that the hyperon onset temperature is
very similar within all models.

The main differences between models occur at low tempera-
tures when the results are sensitive to the hyperon-meson interac-
tions. Thus, in particular for cold neutron stars, the hyperon onset
density is lower in DD2Y than in SFHoY. There are two reasons for
that. First, being consistent with the 2 M constraint suppresses
hyperonic degrees of freedom at high density and low temper-
atures. Therefore in model SFHoY*, with SU(6) couplings and
thus less repulsion than SFHoY, hyperons appear at lower densi-
ties. Second, the smaller symmetry energy in SFHo compared with
DD2, see Figure 2, effectively disfavours hyperons with respect to
nucleons.

Let us discuss these assertions now in more detail. In Figure 7,
the hyperon fractions are plotted as a function of the baryonic
density for different electron fractions and 7' =30 MeV. DD2Y
clearly has the largest overall hyperon fractions. Again, this can be
due to the larger couplings to vector mesons in the SFHoY model
and to the smaller symmetry energy of SHFo to DD2 for all den-
sities. Comparing SFHoY and SFHoY* corroborates these argu-
ments: the latter has larger hyperon fractions due to less repulsive
couplings, but does not reach DD2Y due to the smaller symme-
try energy. In all three models, due to the high temperature, the
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Figure 7. Particle fractions versus baryonic density for DD2Y (left), SFHoY (middle), and SFHoY* (right) for T = 30 MeV and different charge fractions. The label ‘A’ indicates the sum

over all different nuclei.

hyperon onset density is very similar and strongly correlated with
the disappearance of nuclear clusters in favour of homogeneous
matter. Within DD2Y, above the onset density, the overall hyperon
fraction strongly increases with density. This is slightly less true for
SFHoY* and much less for SFHoY, where the additional repulsion
for hyperons more strongly affects the results at high densities.

The three most abundant hyperons obtained within all models
at Yo =0.1 coincide: A, E7, and 7. A has the smallest mass
and the abundance of the two other is due to the well-known
negative isospin projection, favouring negatively charged particles
in matter with low charge fractions. It is interesting to see that
E~ in SFHoY is as abundant as in DD2Y at large densities, and
contrary to DD2Y they become more abundant than A-hyperons.
The reason is that with our proposal the couplings of the E are
less increased with respect to the SU(6) values than for the other
hyperons, and as a consequence at large densities and for very
asymmetric matter the E-hyperons become preferred even to
the much less massive A. In SFHoY*, where SU(6)-couplings
are employed, still A-hyperons remain most abundant at high
densities, although the smaller symmetry energy in SFHo with
respect to DD2 more strongly favours negatively charged particles
atlow Y.

With increasing charge fraction Y, neutral and positively
charged hyperons and less massive ones are favoured. For Y =
0.5, apart from A-hyperons, the two most abundant hyperons are
2% and =7 followed by E~ for DD2Y. For SFHoY, E° and &~ are
the most abundant and the Xs are not present: again repulsion is
too strong for X -hyperons.

In Figure 8 we plot the hyperon fractions obtained within
DD2Y as a function of the charge fraction for T =50 MeV and
ng=0.1 and 0.3 fm™>. The hyperon A is the most abundant
for all fractions shown except for very small fractions and ng =
0.1 fm™: this is the hyperon with the lowest mass and the most
bound in symmetric nuclear matter. However, the abundance of
the isoscalar A only moderately depends on Yy, and for very small
Yo, x5~ exceeds x,. With decreasing charge fraction, the charge
chemical potential decreases, favouring thus negatively charged
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Figure 8. (Colour online) Hyperon fractions versus charge fraction Y, for DD2Y for
T =50 MeV and different baryonic densities.

particles, ¥~ and E™. In the present RMF models this is expressed
via the coupling to the p-meson. Inversely, x5+ increases with
increasing charge fraction. On the other extreme, for Y, ~ 0.5,
the abundance of the different hyperon species mainly depends
on their mass, such that xs+ > x5-. At this high temperatures,
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Figure 9. (Colour online) Particle fractions as a function of the temperature for different values of fixed baryon number density and charge fraction Y, = 0.3 within DD2Y (left),

SFHoY (middle), and SFHoY* (right) EoS.

the hyperonic interactions only marginally influence the order-
ing of the hyperons. At T'=0, where interactions are important,
the first hyperon to set in is the A followed by the E~. The effect
of temperature, which favours hyperons with smaller masses, is
larger for the smaller densities, and this explains why the differ-
ence between £~ and E~ is larger for 1y =0.1 fm™> than for
ng = 0.3 fm~3. Results obtained within the other two models are
very similar, the ordering of the hyperons being the same, the only
difference being the abundances that are smaller, in particular for
SFHoY.

The effect of temperature is better understood from Figure 9,
where we display the particle fractions as a function of temper-
ature for a reference charge fraction, Yo = 0.3, and three values
of the baryonic density. Some common features are present in all
the three models. For the lowest temperatures, the same sequence
of hyperons occurs with respect to their abundance in all models
but the smallest abundance is obtained for SFHoY, followed by
SFHoY* and DD2Y. At large temperatures, the ©* and the 2°
become more abundant than their neutral or negatively charged
counterparts ©° and E~ if the density is not too large. This
change of abundance will occur at lower temperatures for DD2Y,
followed by SFHoY* and finally SFHoY. A quite different picture
is described at T =100 MeV and ng = 0.5 fm— by DD2Y where
all fractions, except for A hyperons, coincide in contrast to the
two other models. With SFHoY, the fraction of X7 is still the
lowest and about 0.25 smaller than xg-. This is a consequence
of the smaller symmetry energy in the two models based on
SFHo and the larger repulsion felt by hyperons in SFHoY. In this
model, the same scenario of equal fractions is pushed to higher
temperatures and/or densities. It is clear that the abundances
change as function of the different density values and, in partic-
ular, the most abundant hyperon after the A is the £~ for the
two lower densities and the E~ for ny = 0.5 fm™>. This change
is related to the fact that at low densities and high temperatures,
the interactions only slightly influence the abundances, which
are mostly given by masses. At high densities, as seen here for
ng =0.5fm ™’ (bottom panels), we approach the situation at zero
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temperature discussed before where interactions are important
and E~ becomes the first hyperon to set after A’s.

Obviously, large hyperon abundances have strong effects on
thermodynamic quantities, too. Hence, as can be seen from
Figure 10, pressure and free energy per baryon are considerably
reduced above roughly 2-3 times nuclear saturation density in
the models with hyperons compared with the purely nucleonic
ones. The reduction is most important for low electron fractions.
This is clearly understandable since, as seen before, the overall
hyperon fractions are highest for small electron fractions. The
higher hyperon fractions in DD2Y compared with SFHoY* and, in
particular, SFHoY explain the larger reduction within DD2Y (and
SFHoY™*) too. As already discussed in Marques et al. (2017), only
a small further reduction in DD2Y with respect to BHBA¢ can be
observed. This is due to the fact that the overall hyperon fraction
is very similar in both models, the additional hyperonic degrees of
freedom in DD2Y being compensated by a higher A-fraction in
BHBA¢. When comparing SFHoY and SFHoY* the reduction is
larger in the second model because higher hyperon fractions are
present due to the less repulsive hyperonic interactions.

In Figure 11, pressure and free energy are plotted as function of
temperature for different values of np and an intermediate value
of Y. = 0.3. The results again confirm our findings: the presence
of hyperonic degrees of freedom reduces pressure and free energy
with its impact increasing with temperature, as the hyperon
fractions increase. Again, the effect is less pronounced in SFHoY,
since for the density values shown, the more strongly repulsive
hyperonic interactions diminish the influence of hyperons within
this model. As can be seen comparing SFHoY* and DD2Y, the
smaller symmetry energy within SFHo also plays a non-negligible
role in rendering hyperons less important within the models
based on SFHo.

The fraction of hyperons and the way they are distributed
among the different species at a given temperature will affect the
entropy per baryon, sg, of the system, too. If the energy is shared
among an increased number of degrees of freedom, thermal
excitations will be reduced for each of them and entropy will be
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Figure 13. (Colour online) Same as Figure 12, but considering neutrinoless
B-equilibrium instead of ¥, = 0.4.

higher for systems with hyperons than for purely nucleonic ones at
a given temperature. On the other hand, for a given sg, we expect a
lower temperature in systems with hyperons. This is confirmed by
the results shown in Figures 12 and 13, where temperature as func-
tion of baryon number density for three different values of entropy
per baryon (sg =1, 2, 4) is displayed. These entropy values cor-
respond to typical values in proto-neutron stars. In Figure 12,
the overall lepton fraction (including neutrinos) has been fixed
to Yy, = 0.4, again a typical value for proto-neutron stars before
neutrinos diffuse out of the star. In Figure 13, the same quantities
are plotted for B-equilibrated stellar matter with no trapped neu-
trinos. In this figure we also include for reference the results for
LS220 and STOS. As expected, as soon as hyperons set in, the tem-
perature drops. This effect is more pronounced within DD2Y due
to the larger amount of hyperons. Comparing Figures 12 and 13,
it can be seen that for matter without neutrinos, temperatures are
generally larger since due to the absence of neutrinos, there is one
degree of freedom less. In this case hyperons set in at very low
densities; the larger the entropy the lower the onset density.

It is interesting to notice that already if only nucleons are con-
sidered, the two models show non-negligible differences. SFHo
predicts lower temperatures than DD2 both for matter with
trapped and neutrino-free matter (see Figures 12 and 13). This
is probably due to the differences in the symmetry energy: a
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smaller symmetry energy leads to lower proton fractions and,
thus, electron fractions, leading to a lower temperature for a given
entropy per baryon. The effect is slightly more pronounced at
fixed lepton fraction, since a lower electron fraction corresponds
to a larger neutrino fraction within the SFHo model, too, lower-
ing additionally the temperature needed for a given entropy per
baryon. Comparing STOS and LS220 results with the above ones
we observe that: (a) the temperatures predicted by STOS are simi-
lar to DD2, being only slightly smaller at large densities; (b) LS220
predicts smaller temperatures than the other nuclear models. The
temperatures remain even below those predicted by the hyperonic
models in a large density range.

4. Summary and conclusions

Two new general purpose EoS applicable within neutron star
merger and core-collapse simulations and including hyperons
were proposed and discussed. The two EoS are based on the nucle-
onic EoS SFHo (Steiner et al. 2013). The entire baryonic octet is
considered and the hyperonic interaction is described in the stan-
dard way for RMF models, that is, mediated by o', w, and p-mesons
plus the isoscalar-vector meson with hidden strangeness ¢. In one
of the models the couplings of the isoscalar-vector mesons were
obtained imposing SU(6) symmetry, SFHoY"*, as done in most
models including hyperons due to the lack of experimental infor-
mation on hyperonic couplings. Since within this model the max-
imum mass of a cold B-equilibrated neutron star is clearly below
2 Mg; in our second model, SFHoY, the SU(6) constraint has been
relaxed and more repulsive couplings were chosen. Within the lat-
ter parameterisation, the maximum mass is compatible with the
constraints imposed by the two pulsars PSR J1614-2230 (Demorest
et al. 2010; Fonseca et al. 2016) and PSR J0348+0432 (Antoniadis
et al. 2013). To determine the isoscalar-scalar hyperonic cou-
plings, we have considered the following values for the hyperonic
single particle potentials in symmetric nuclear matter: UE\N) (Ngar) =
—30MeV, UM () =430MeV, UL (ng)=—14/ — 18 MeV.
We have shown, following the lines of Fortin et al. (2017), that
the chosen interactions are compatible with properties of single
A-hyperons. For future extension of our work we have indicated
other parameterisations based on both the DD2 and SFHo mod-
els, which in addition allow to reproduce the bond energy of
@ AHe and to describe for two solar mass neutron stars. Our new
EoS are available in tabular form from the COMPOSE database
(Typel, Oertel, & Kldhn 2015); see Appendix B.

The DD2Y EoS proposed in Marques et al. (2017) and our new
model SFHoY are the only general purpose EoS models containing
the entire baryon octet up to now well compatible with the relevant
constraints on the EoS. One of the main differences between these
two models is the much softer symmetry energy in the underlying
nuclear model SFHo than in DD2. Together with the additional
repulsion needed in SFHoY to obtain a 2 My cold neutron star
this leads to much lower overall hyperon fractions in SFHoY than
in DD2Y. Consequently the effects on thermodynamic properties
are much less pronounced in SFHoY.

In view of all above results, we may expect a different proto-
neutron star evolution and an impact on neutron star merger
dynamics from including hyperonic degrees of freedom within the
EoS. Indications can be found from the simulations of BH forma-
tion showing a reduced time until collapse to a BH (see e.g. Peres
et al. 2013) in the presence of hyperons, but further studies are
required in order with EoS models, such as those presented here,
allowing for all hyperons and being compatible with constraints,
in particular a 2 Mg cold neutron star.
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Appendix A. Combining different parts of the EoS

The HS(DD2) and the SFHo EOS contain the transition from inhomoge-
neous or clusterised matter to uniform nucleonic matter. This is done via
the excluded volume mechanism, which suppresses nuclei around and above
nuclear saturation density. On top of that, for some thermodynamic condi-
tions a Maxwell construction over a small range in density is necessary; for
details see Hempel et al. (2012).

Here the situation is slightly more complicated, since homogeneous matter
might contain hyperons. In the simplest case, hyperons appear within homo-
geneous (nucleonic) matter and it is sufficient to minimise the free energy of
the homogeneous system to decide upon the particle content of matter. Such a
situation occurs at low temperatures and high densities.

In some parts of the T-np diagram, however, a transition from inhomoge-
neous matter directly to hyperonic homogeneous matter is observed. This is
the case at low densities and high temperatures, that is, the density regions up
to the bumps in Figure 6. There, light clusters compete with hyperonic degrees
of freedom with only very small differences in free energy which are of the
order of the numerical accuracy of the EoS calculation. From a technical point
of view, in order to construct the transition in this region, we follow a similar
prescription as in Banik et al. (2014) and Marques et al. (2017) and introduce a
threshold value for the total hyperon fraction, Yhyperons = Zje By 1j/ns. We let
hyperonic matter appear only if Yhyperons > 1076, Note that the hyperon frac-
tion is not the same as the strangeness fraction, Ys, defined as the sum of all
particle fractions multiplied by their respective strangeness quantum numbers,

Ys =2 jep Sinji/ne.
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Although the above-described procedure allows to construct a smooth
transition between the different parts of the EoS, it is of course not com-
pletely consistent. In principle, whenever hyperons compete with light nuclear
clusters, the free energy of the system should be minimised allowing simulta-
neously for all different possibilities, for example, a coexistence of light clusters
with hyperons. In view of the tiny differences in free energy and the small frac-
tions of particles other than nucleons, electrons, and photons in the transition
region, a completely consistent treatment is left for future work.

Appendix B. Technical issues of the EoS tables

The EoSs DD2Y and SFHoY are provided in a tabular form in the COMPOSE
database, http://compose.obspm.fr as a function of T, ng, Y., either including
the contribution from electrons and photons or containing only the baryonic
part. Note that the COMPOSE software allows to calculate additional quanti-
ties, such as sound speed, from those provided in the tables. Please see the
CoMPOSE manual (Typel et al. 2015) and the data sheet on the website for
more details about the definition of the different quantities.

o The grid is specified as follows (with the first value in the density grid for
DD2Y and the second for SFHoY and SFHoY*):

T ng Ye
No. of points 80 302/308 59
Minimum 0.1 MeV 10~ 2fm~3 0.01
Maximum 158.5MeV | 1.202/1.9 fm~3 0.6
Scaling logarithmic logarithmic linear
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» Thermodynamic quantities provided:

Pressure divided by baryon number density p/ng [MeV]
Entropy per baryon s/np

Scaled baryon chemical potential up/m, — 1

Scaled charge chemical potential j1q/m,

Scaled (electron) lepton chemical potential uy, /m,
Scaled free energy per baryon f/(ngm,) — 1

Scaled energy per baryon e/(ngm,) — 1

NG RN

Compositional data provided:

1. Particle fractions of baryons and electrons, Y; = n;/ng

2. Particle fractions of deuterons (*H), tritons (*H), *He, and a-particles
(*He)

3. Fraction of a representative (average) heavy nucleus, together with its
average mass number and average charge

Please note that only non-zero particle fractions are listed.
Effective Dirac masses M* of all baryons with non-zero density are provided
within homogeneous matter.
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