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Abstract: The composition and structure of neutron stars are studied employing different models
for the equation of state of neutron star matter allowing for the appearance of hyperons. The models
are constructed with simple but realistic parametrizations of the nucleon-nucleon and hyperon-
nucleon interactions. Solving the equations of hydrostatic equilibrium it is found that there is only
one model able to predict a maximum neutron star mass over 2 Mg, in agreement with astronomical
observations. This is a model which has a soft nucleonic contribution to the energy density but a
stiff hyperonic one and, as a consequence, avoids the hyperonization of matter.

I. INTRODUCTION

Neutron stars are the ultradense compact remnants
of massive stars [1]. These objects are an exceptional
laboratory to test our understanding of nuclear matter
because they have supranuclear interior densities that
can reach as high as 10 times the saturation density
po = 0.16 fm~3 (the density of nucleon matter in heavy
atomic nuclei). Their internal structure can be divided in
regions of different physical properties and composition,
as shown in Fig. 1, and depends on the equation of state
(EOS), i.e. the pressure and energy density dependences
on the baryon density, P(pg) and £(ppg).

CRUST

OUTER CORE /.
npep

A

2

o INNER CORE

. Hyperons?
m—cond.?

K —cond.?

Quarks?

Oha
o7

FIG. 1: Schematic illustration of the internal structure of a
neutron star.

The properties of finite nuclei constrain the EOS at
p < po. In contrast, the high densities of the inner core
are not yet possible to be produced in laboratories and
thus the detailed composition of neutron star cores is still
unknown. Several hypothesis are being considered, such
as the appearance of hyperons, pion and kaon conden-
sations or a phase transition to deconfined quark mat-
ter. Since the EOSs are very model dependent, astro-
observational data is, for the moment, the only mecha-
nism capable to rule out the inaccurate models.

The present work is focused on the study of the in-
fluence of hyperons in the composition and structure
of neutron stars. Hyperons, which are baryons contai-
ning at least one strange quark, are unstable on Earth
and decay to nucleons through weak interactions. How-

ever, the formation of hyperons is possible at increasing
nucleon densities. Neutron stars are mainly supported
against their own gravitation by the degeneracy pressure
of fermions. Assuming 7" = 0, the pressure is given by
the Fermi seas of the constituent particles. Due to the
Pauli exclusion principle, at high densities it is more en-
ergetically favourable to have a hyperon than a nucleon
and thus the hyperonization of matter leads to the relieve
of the Fermi pressure, i.e. to the softening of the EOS.

Models of neutron star EOSs can be classified into stiff
(or hard) and soft regarding to the compressibility of
matter. The EOS determines the mass-radius relation-
ship and the corresponding maximum neutron star mass.
The soft hyperonized models yield low maximum masses
(~ 1.4Mg). The recent discovery of massive neutron
stars (~ 2Mg) [2, 3] supports stiffest EOSs and sup-
poses an obstacle for the models with hyperon cores, yet
hyperons seem to be unavoidably present in neutron stars
[4].

II. FORMALISM
A. [-equilibrium composition

In the following description we consider the matter in
neutron star cores composed of a mixture of N baryons
(B) and Nj leptons (I) in S-equilibrium. This requires
chemical equilibrium of weak processes of the type

Bi—By+l+4+1v, ; By+l— B+ (1)
l1 —)124*1/11 +v,. (2)

Further constraints are obtained by demanding charge
neutrality and baryon number conservation

Z PB;, = PB (3)
Z 4B;PB; + Z qp; = 0, (4)
i J

where pp, and p;; are the partial densities of each baryon
and lepton species respectively, pp is the total baryon
density, gp, are the electric charges of the baryons and
q1; the ones for leptons.
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At densities around pg, matter is composed of neu-
trons, protons and electrons. Once the rest mass of
the muon is exceeded by the electron chemical potential,
muons can be formed by e™ — p~ + ve + U,. Larger
densities permit the appearance of hyperonic degrees of
freedom. For instance, when the neutron chemical poten-
tial exceeds the threshold energy for the appearance of
a A (i.e., its interaction energy with the nucleons added
to its rest mass), it is more energetically favourable for a
neutron at the top of its Fermi sea to decay to a A. This
may happen at densities above 2 — 3 pg.

At baryon densities pp < 10 pg, significant for neutron
star cores, it is enough to consider the octet of lightest
baryons, including the nucleon doublet N, the singlet A,
the triplet ¥ and the doublet =. Previous works on this
topic [5, 6] reflect that the A and the negatively charged
>~ and Z~ are the most probable appearing hyperons
in neutron stars. Thus for the sake of simplicity, we
take into account matter composed of npAYX"=Z"e u",
for which the equilibrium relations can be summarized in

MA = Hn = [bp T ey, Px = U= = fin T fes  Pyu = He
Pn + Pp + pA + ps + p= = pB

Pp = ps + Pz + Pe + Py (5)

Note that these equations ignore p,, and p,; because
the neutrino mean free path is larger than the typical
radius of neutron stars. Therefore, neutron star matter
can be assumed transparent to v; and ;.

Since the chemical potentials are related to the EOS
through p; = 0e{p;}/0p;, we have p; = p; ({p;}) and
Egs. (5) constitute a system of seven nonlinear equations
that determine, for each value of the baryon density pp,
the densities {p;} of the seven species in S-stable neu-
tron star matter. In this piece of work, the roots are
numerically solved using the globally convergent Newton
routine newt described in [7].

The [-equilibrium compositions {p;} enable the de-
termination of €({p;}) and P({p;}) that constitute the
EOS of the g-equilibrated star matter. For the subnu-
clear densities in the crust, the EOS of BPS Negele [8] is
used.

B. TOYV equations

The next step in the formalism is to calculate the neu-
tron star properties predicted by the EOSs to test their
validity.

For a given EOS, P = P(pp), the mass and radius of a
star with a central density pp. can be determined by nu-
merical integration of the Tolman-Oppenheimer-Volkoff
equations (TOV) [9, 10] of hydrostatic equilibrium for
non-rotating compact objects

d
dL: = 41 pp(r)
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P GO0 (1, 2O (420

; (6)

where the terms in brackets account for relativistic cor-
rections to the Newtonian equations.

These equations are solved by setting a central den-
sity pp. and integrating outwards by Euler’s method
(with a small enough integration step) until reaching zero
pressure. This produces the relationships M (pp.) and
R(pp.) and yields the prediction of a neutron star max-
imum mass for each EOS.

III. MODELS

The internal energy of neutron star matter at T' = 0
may be divided into a baryon part, which includes ki-
netic, potential and mass contributions, and a lepton
part, which only has kinetic and mass terms since lep-
tons are treated as non-interacting particles:

ot = Ekin({pB, }) + 5p0t({PBi}) + €mass({pB, })
+ Ekin({plj }) + 5mass({plj })

The contributions to the pressure are easily derived
from the total energy density:

P= ZPB UB; +ZP1 Mi; — Etot

85
-om mjpkthl T

(7)

(8)

The non-relativistic kinetic energy density of the
baryons at T' = 0 is given by
h? 3

2/3 5/3
mp 5 (37%) PB/i ; 9)

exin ({pB,}) =

and the contribution to the energy density of the baryonic
mass is

Z pB,MB,, (10)

where mp, is the mass of the baryon species 1.
The leptons are treated relativistically and their con-
tributions read

Ekin({plj}) + 5maSS({Plj}) =
1 ke + pu; 11
Z = [ZkFufj — kaleHl,- — m?j In T , (11)
7 J
where the lepton chemical potential and Fermi momen-
tum are given by

My, = \/ml21+k121‘7 kF

For the potential energy density term, we use a se-
ries of simple but realistic parametrizations that must

Emass {PB }

= (3n2p,)V/5. (12)
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reproduce the baryon interactions to the better possible
extent. However, the limitation of the experimental data
and the lack of knowledge of the strong interactions at
supranuclear densities make it possible to explore differ-
ent models and test different choices of the parameters.

For the pure nucleonic contribution two distinct inter-
action models are considered. The first one is an analytic
parametrization of the nucleonic energy per baryon devel-
oped by Heiselberg and Hjorth-Jensen [11] and includes
the kinetic term besides the nuclear interactions,

u—2-—90

c(pr.y) = cu +sou?(1—22,)%,  (13)

where u = p/po, x, = pp/pn, and pn = p, + pp is the
nucleon density. Then, the contribution to the energy
density is

HH HH
€pot, N + €kin,N — e(pN7 xp)pN' (14)

The values of the parameters are displayed in Table 1.

€0 (MGV)
15.8 32 0.6

S0 (MGV) Yy )
0.2 / (0.15)

TABLE I: Values of the parameters corresponding to the nu-
cleonic EOS of the HH model, Eq. (13).

The second model for the nucleonic contribution to eyt
is an approach by Balberg and Gal [5] and consists of an
attractive term, a term yielding isospin dependence and
a third repulsive term

BG
(15)

Table II displays the parameters for the nuclear model
derived in [5].

) aNnN (Mermg)
5/3 —935.4

by (MeV fm?)
214.2

envn (MeV fm35)
1557.2

TABLE II: Values of the parameters corresponding to the
nucleon interaction energy density in the BG model, Eq. (15).

An easy test that can support these models is the com-
parison with experimental data of heavy ion collisions
(HIC) [12]. Figure 2 depicts the nucleonic EOSs of both
symmetric matter and neutron matter.

Notice that the BG parametrization is considerably
stiffer than the HH model at supranuclear densities.
Only the soft HH EOS is compatible with the symmet-
ric matter and the neutron matter experimental bands.
Nonetheless, the stiff BG EOS passes through the edge of
the allowed region in neutron matter, and, since neutron
stars are mainly composed by neutrons, we consider this
EOS as an example of the maximum acceptable nuclear
stiffness.
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FIG. 2: Comparison of the EOS given by the models with the
heavy ion collisions experimental data of symmetric matter
and neutron matter.

For the hyperon interaction potential the BG
parametrization is used again, although only YN inter-
actions are taken into account. The experimental data
regarding Y'Y is considerably scarce and because nucle-
ons are the main constituents of matter in most of the
density range, NN and YN interactions dominate over the
YY ones. The corresponding potential energy density is

55&,1/1\/({/);“}) = GANPNPA

PA
PN+ PA poN)
+ asnpspn + bsn(pn — pp)ps

Px ~ (16)
PN + px psz)
+aznp=pN + b=n(pn — pp)p=

+czN <pNPJVvPE + pEP%PN)
PN = N =

PN 7
+ean | ——— A+
(PN + pa PN

PN ~
+c e +
=N (PN + px PPz

Hyperonic interactions are fixed by single particle po-
tentials in nuclear matter at saturation density pg. Ex-
perimental data reflect that A hypernuclei are well de-
scribed by a potential depth of the A at py of about
—30 MeV. The situation for the rest of hyperons is far
less clear. The X potential depth is fairly sure repulsive,
while there is experimental evidence that the = poten-
tial is attractive, although significantly less than that
for the A. In our model we take Va(pny = po) = —28
MeV as in [5] and fix Vx(py = po) = +30 MeV and
Vz(py = po) = —15 MeV [13]. The unconstrained be-
haviour at high densities allows the choice of different
parametrizations depending on the stiffness, determined
by v (see Table III).

Figure 3 depicts the density dependence of the hyper-
onic potentials for the parametrizations considered in Ta-
ble III. Notice that v = 4/3 corresponds to the softest
potentials, while v = 2 produces rather stiff potentials.
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v ayn (Mev fm3) by n (Mev fm3) cyn (Mev fm3“’)

A 4/3 —505.2 - 605.5
5/3 —387.0 - 738.8
2 —340.0 - 1087.5

¥ 4/3 ~130 214.2 602
5/3 ~15 214.2 723
2 40 214.2 990

= 4/3 —376 0 520.1
5/3 —288 0 663.4
2 —241 0 932.5

TABLE III: Values of the parameters corresponding to the
hyperonic contribution in the BG model, Eq. (16).

200
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FIG. 3: A, ¥ and = potentials as a function of the density in
i — TiN
symmetric nuclear matter, V, = a, py + ¢,y Pn" -

k3

In [5], Balberg and Gal examine the values 6 = v =
%, g, 2, changing simultaneously the stiffness of the nucle-
onic and hyperonic parts of epot. We here fix the stiffness
of the nucleonic potential and then explore the various
hyperonic stiffnesses varying the parameter . This re-
sults in six different models. The ones referred to as
HHBG consist of the Heiselberg&Hjorth-Jensen nucle-
onic part and the Balberg&Gal hyperonic contribution.
The ones indicated with BG take both contributions from
Balberg&Gal parametrization, with the nucleonic part
set to & = g In view of the results obtained, an ex-
tra HHBG model is considered, with § = 0.15 for the

nucleonic part and v = 2 for the hyperonic one.

IV. RESULTS

The models above yield the composition of S-stable
matter displayed in Fig. 4 up to pg = 1.5 fm~2. The most
remarkable feature is that hyperons appear at a density
which varies from 0.3 to 0.5 fm~3. The first hyperon
species to appear is the A, closely followed by the =~.
The ¥~ appears at higher densities due to the repulsive
potential assumed for this species and it is even excluded

in some models.
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FIG. 4: [-equilibrium composition of neutron star matter.
The panels on the left correspond to the HHBG models and
the ones on the right to the BG models. Hyperonic stiffness
increases from top to bottom with v = 4/3 for (a) and (d),
v =5/3 for (b) and (e) and = 2 for (c) and (f).

In the analysis of Fig. 4 one may notice that hyper-
onization happens somewhat earlier in the BG models
than in the HHBG models. This can be understood in
the way that the BG models have a stiffer nucleonic part.
Also, hyperons appear at lower densities when hyperon
interaction potentials are soft. Hyperon appearance is
the reaction of the system to lower the energy density
when the nucleonic potential is mildly attractive, or even
repulsive, and thus it is favoured by both a stiff nucleonic
model or a soft hyperonic model. For the same reason,
when the contrary happens, the hyperonization of mat-
ter is disfavoured. Notice that in Fig. 4 (¢) hyperons do
not appear. Even if we stiffen the nucleonic part (HHBG
model) by setting § = 0.15, still reproducing the HIC
data as seen in Fig. 2, hyperons do not appear either.

It is also important to point out the deleptonization
that follows hyperon appearance and which is specially
powerful when the Z~ comes up. At low densities, lep-
tons are needed to maintain charge neutrality, but as
density is increased negatively charged hyperons offer an
energetically cheaper option to maintain this condition.

The EOS of (-equilibrated matter are depicted in
Fig. 5. We can clearly see that the models in which hy-
perons are present are characterized by a softening of the
EOS with respect to those in which hyperons are natu-
rally excluded.

The mass-radius relationships [14] obtained by solving
the TOV equations are shown in Fig. 6. The EOSs of
neutron star matter containing hyperons reach a maxi-
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FIG. 5: Energy density € and pressure P as a function of the
baryonic density p; for neutron star matter for the models
under consideration.
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FIG. 6: Mass-radius relationship for different equations of
state. Horizontal bands at ~ 2MQ® are the observed masses
of pulsars PSR J1614 — 2230 and PSR J0348 + 0432.

mum mass of 1.54 M, while that corresponding to the

model that avoids the appearance of hyperons rises up
to a value of 1.91 M. This prediction is almost compat-
ible with the measurements of the large mass values of
the pulsars PSR J1614 — 2230 (1.97 + 0.04 Mg) [2] and
PSR J0348 + 0432 (2.01 £+ 0.04Mg) [3]. It results that
when making the nucleonic part of the HHBG model with
~v = 2 somewhat stiffer (§ = 0.15), the compatibility is
achieved. This is similar to what was found recently in
[15] with an ab initio quantum Monte Carlo calculation.

V. CONCLUSIONS

Employing simple parametrizations of the baryon-
baryon interaction potentials, we have developed various
models of S-stable neutron star matter including hyper-
onic degrees of freedom.

The appearance of hyperons leads to an inevitably soft-
ening of the EOS and a consequent reduction of the
predicted maximum mass. YY interactions have not
been considered but several authors report that the ef-
fect to the mass is only mild. Considering rotation of the
star would also be insufficient to reach measured pulsar
masses. Altogether it seems very difficult to find a model
with hyperons yielding a stiff EOS.

What is relevant of our results is that we found a model
for which the nucleonic EOS is soft enough and the hy-
peronic contribution is sufficiently stiff for hyperons being
inherently excluded. If hyperons are actually not present
in neutron star cores, stiff S-stable EOSs can be devel-
oped and high values of the maximum mass result.
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