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Since 2013, the mass of pulsar PSR J0348 + 0432 (M =2.01M) has provided a
tight constraint on neutron star (NS) equation of state. However, a number of differ-
ent analyses of the recently detected binary neutron star (BNS) merger (GW170817)
point to a maximum NS mass around 2.16M. In addition, a recent study deter-
mined the mass of the millisecond pulsar PSR J2215 + 5135 to be 2.27f8:gMo. In
this work, we investigate the presence of hyperons in NS matter in light of these new
mass measurements using equations of state calculated in the relativistic mean-field
approximation. Particular attention is paid to the use of the available empirical data
from the study of hypernuclei and that of the SU(3) symmetry relations in fixing the
meson-hyperon coupling constants. We find that hyperonic equations of state with
reasonable choices for the meson-hyperon coupling constants can satisfy these new

mass constraints, with hyperons potentially accounting for more than 10% of the
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1 | INTRODUCTION

Published mass measurements of PSR J1614-2230 in 2010
and PSR J0348 40432 in 2013 indicate that neutron stars
(NSs) can have masses as large as twice the mass of our
sun. Including hyperons in the modeled composition of NS
matter increases the baryonic degrees of freedom soften-
ing the NS equation of state (EoS), the degree of which
depends on the choice of meson-hyperon coupling constants
in relativistic mean-field (RMF) models. This softening often
results in a calculated maximum NS mass that is incon-
sistent with the aforementioned observations, giving rise
to the so-called “hyperon puzzle.” Common resolutions of the
hyperon puzzle involve stiffening the EoS by introducing
repulsive hyperon-nucleon and hyperon-hyperon interactions
and adjusting the meson-hyperon coupling constants in vari-
ous EoS models. However, analyses of the recent multimes-
senger observation of a binary neutron star (BNS) merger

Abbreviations: BNS, binary neutron star; EoS, equation of state; NS, neutron
star; RMF, relativistic mean-field; SNM, symmetric nuclear matter.

baryons in the core of a NS.

equation of state — gravitational waves — stars: neutron

suggest a maximum NS mass significantly higher than two
solar masses, as does the recently published measurement
of the mass of PSR J2215 + 5135, reinvigorating the hyperon
puzzle. Therefore, we seek to determine whether or not a rea-
sonably constrained hyperonic NS matter EoS can produce a
maximum mass consistent with these new constraints.

In this work, we compute the EoS of NS matter includ-
ing the full baryon octet, using a RMF model consistent with
constraints on the properties of the isospin-symmetric nuclear
matter (SNM) EoS including the nuclear incompressibility
and the isospin asymmetry energy and slope. EoS stiffening
due to the inclusion of hyperon-hyperon interactions, medi-
ated via strange-scalar (¢”) and strange-vector (¢) mesons,
is examined by calculating the NS properties for different
combinations of mesons. Scalar meson-hyperon coupling
constants are fit to empirical data on hypernuclei where avail-
able, while the vector meson-hyperon couplings are fixed by
the SU(3) symmetry. By varying SU(3) coupling parameters,
we traverse the entire vector meson-hyperon coupling space
and calculate NS properties including the maximum mass,
strangeness fraction, and hyperon fraction. We determine the
couplings that are consistent with the mass constraints pro-
vided by PSR J0348 + 0432 and analyses of the detected
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gravitational waves (GW170817) and gamma-ray burst (GRB
170817A) produced by the observed BNS merger.

This work is organized as follows. In Section 2, we intro-
duce the RMF model and parameterization of the EoS, as
well as the methods used for determining the meson-hyperon
coupling constants. In Section 3, we discuss additional con-
straints on the EoS provided by analyses of GW170817 and
GRB 170817A. Our results, including calculations of the NS
properties for the vector meson-hyperon coupling space, are
presented in Section 4. Finally, we provide a summary of this
work in Section 5.

2 | EQUATION OF STATE

In this work, we calculate EoSs of cold, nonrotating NSs using
the nonlinear RMF approximation, modeling baryon-baryon
interactions in terms of scalar (o, ¢*), vector (w, ¢), and
isovector (p) meson fields, represented by the following
Lagrangian,
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The EoS is parameterized to reproduce the following
properties of SNM at a saturation density of ny=.150
fm™3: the energy per nucleon Eo/N = —16.0 MeV, nuclear
incompressibility Ko =250.0 MeV, effective nucleon mass
m"/my = 0.70, isospin asymmetry energy So = 30.3 MeV, and
the slope of the asymmetry energy Lo=46.5 MeV. The
parameterization is specifically tailored for consistency with a
number of simultaneous constraints on the asymmetry energy
(So) and the slope of the asymmetry energy (L) at ng as
shown in Figure 1. To satisfy the constraints on Ly, the
isovector-vector meson-baryon coupling constants are taken
to be density-dependent with a functional density-dependence
given by (Drago et al. 2014; Typel & Wolter 1999)

8s(n) = g,8(no) exp[—a,(n/nyg — 1], @

with the parameter a,, fit to Ly at ng.
The EoS of SNM and mass-radius relation for the purely
nucleonic EoS (npep) are given in Figure 2. The low-density
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FIGURE 1 Symmetry energy and slope of the symmetric nuclear matter

(SNM) parameterization at saturation density with the following constraints
from the literature: (i) Hagen et al. (2015), (ii) Hebeler et al. (2013), (iii)
Lattimer & Steiner (2014), (iv) Danielewicz & Lee (2014), (v) Roca-Maza
et al. (2015), and (vi) Birkhan et al. (2017). The irregular black outline
represents the accepted region determined from various experimental and
theoretical constraints compiled in Figure 9 of Tews et al. (2017). The star
marker indicates the values for the parameterization used in this work
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FIGURE 2 Equation of state (EoS) of symmetric nuclear matter (SNM)
(left panel) and mass-radius relation for a purely nucleonic EoS (right
panel), both including constraints discussed in the text

EoS is sufficiently soft to satisfy the constraint from kaon
production and produce a relatively small canonical radius,
while the high-density EoS is too stiff to fully satisfy
the elliptic flow constraint but produces a high maximum
mass (Mmax =2.33Mg) consistent with the masses of PSR
J0348 + 0432 (M =2.01+£0.04My) and PSR J2215+ 5135
M = 2.27J_r8:};M@) (Antoniadis et al. 2013; Danielewicz et al.
2002; Fuchs 2006; Linares et al. 2018; Lynch et al. 2009).
Note that outer and inner crust EoSs are appended to the low
density EoS (Douchin & Haensel 2001; Haensel & Pichon

1994).

2.1 | Meson-hyperon coupling constants

Inclusion of the hyperonic degrees of freedom softens
the neutron star EoS, and the corresponding reduction
of the maximum mass is extremely sensitive to the choice
of meson-hyperon coupling constants. It is, therefore,
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essential that the coupling constants be fixed using empirical FSU2H
. This Work
data wherever possible.
Raithel et al., | DD2

The scalar meson-hyperon coupling constants g,y and
gs+y can be fit to hyperon single-particle potentials and
self-potentials derived from the available empirical data on
hypernuclei, but first the vector meson-hyperon couplings
8oy and g4y must be specified. In SU(3) symmetry, the vec-
tor couplings can be written in terms of three parameters: the
mixing angle Ov, the F/(F + D) ratio ay, and the octet-singlet
coupling ratio z (Dover & Gal 1984). The most commonly
used values for these parameters are 6Oy =3526", ay=1,
and z = 1 /\/E, corresponding to SU(6) symmetry. How-
ever, sophisticated baryon-baryon interaction models such
as the Nijmegen extended-soft-core model (ESCOS8) predict
much lower values of the coupling ratio z (zgscog ~ 0.195)
that lead to stiffer EoSs and much higher maximum masses
than those constructed using SU(6) symmetry (Rijken et al.
2010). Rather than calculating a single EoS constructed from
fixed values of ay and z, we will instead calculate NS max-
imum masses, strangeness fractions, and hyperon fractions
for the z parameter space with ay =1, and for the entire
ay-z parameter space. Note that the ¢ meson couples to
the nucleons if z # 1/ \/6, and as a result g,y must be
recalculated to restore the saturation properties of the RMF
parameterization.

With the vector meson-hyperon couplings specified, the
scalar couplings are set to reproduce empirical hyperon
single-particle potentials at saturation, U;N )(no), using the
following,

U (19) = guy@o + gov o — 8ov0o- 3)

In this work, we employ the following hyperon poten-
tials: U (ng) = —28 MeV, UM (ng) = +30 MeV, and
U(EN)(no) = —14 MeV. If the strange-scalar field ¢" is
included, the strange-scalar meson-A coupling constant g,
is set to reproduce a saturation self-potential of U/(\A)(no) =-1
MeV in isospin-symmetric A-matter, a value close to that
suggested by the Nagara event Ahn et al. (2013), using the
following,

UL () = gor®o + 8pado — 8on00 — 8o'aTs.  (4)

The other strange-scalar meson-hyperon couplings are
determined relative to that of the A as follows (Oertel et al.
2015),

UE (ng) = 20N (n/2), (5)
86+ = 8o*A- (6)

The isovector-vector meson-hyperon coupling constants
g,y are given as follows,

gpA=0’gp2=ng=gpN’ @)

with the differences in hyperon isospins accounted for by the
isospin operator in the Lagrangian (see Equation (1)).
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FIGURE 3 Constraints on the canonical neutron star (NS) radius derived
using data from the recently observed binary neutron star (BNS) merger and
gravitational wave signal GW170817 (Annala et al. 2018; Bauswein et al.
2017; Fattoyev et al. 2018; Most et al. 2018; Raithel et al. 2018)

3 | CONSTRAINTS FROM GW170817

Analyses of gravitational waves (GW170817) and a
gamma-ray burst (GRB 170817A) emitted from the recent
BNS merger have provided additional constraints on the NS
EoS, with particularly tight constraints on hyperonic EoSs
coming from estimates of the NS maximum mass (Abbott
et al. 2017a, 2017b). A range of 2.15M g < Mpax <2.25M
was determined from numerical relativity simulations and
electromagnetic observations Shibata et al. 2017). Kilonova
modeling suggests 2.01 £0.04Mp < My < 2.167011Mo,
the lower limit taken to be the measured mass of PSR
J0348 + 0432 (Rezzolla et al. 2018). Finally, analyses of
the gamma-ray burst and kilonova ejecta provide an upper
limit of M, <2.17M g (Margalit & Metzger 2017). These
maximum mass constraints are also relatively consistent
with the measured mass of PSR J221545135. From these
findings, and for the purposes of constraining the hyperonic
EoSs calculated in this work, we determine a likely range
for the maximum NS mass to be 2.01Mg < Myax <2.16M ¢
(Banik & Bandyopadhyay 2017).

Several constraints on the canonical radius have also been
deduced from GW170817 and GRB 170817A and are pre-
sented in Figure 3. As shown, the EoS utilized in this work
is consistent with these constraints with a canonical radius of
12.7 km. However, hyperons are not typically present in large
enough quantities in a 1.4M o NS to have an appreciable affect
on the radius, so these constraints are not directly relevant to
the hyperonic EoSs presented in the remainder of this work.

4 | RESULTS

A thorough investigation of hyperonic NS EoSs requires
the calculation of NS properties for a large range of possible
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FIGURE4 Maximum mass M, (top panel) and strangeness fraction f
(bottom panel) vs. z for equation of states (EoSs) with the inclusion of the
indicated meson fields. The green highlighted region (top panel) extends
from 2.01 to 2.16M, encapsulating mass constraints from PSR

J0348 4+ 0432 and GW 170817

meson-hyperon coupling constants. In this section, we will
discuss the NS properties calculated for a range of vec-
tor meson-hyperon coupling constants specified by varying
the ay and z SU(3) coupling parameters, with the scalar
meson-hyperon couplings fit to the hyperon saturation poten-
tials as discussed in Section 2.1. To examine the affect of
including hyperon-hyperon interactions, we will compute the
NS properties for EoS models that include the o, w, and
p mesons (cwp), the ¢ meson (cwpe), and the ¢* meson
(cwpo”).

First we set ay = 1 and calculate the maximum mass (M .x)
and strangeness fractions (fs) (Figure 4) as well as the maxi-
mum hyperon fractions (fy) (Figure 5) of NSs for all possible
z. Decreasing z increases the values of the vector couplings
8wy and |g4y|, along with the maximum NS mass. The cwpg
model produces a stiff EoS with maximum masses up to
~0.2M, greater than that of the cwp and cwpps” models.
However, if one considers the possibility that £ and more
importantly E hyperons do not appear in NS matter, then
the maximum mass of the cwpgos™ model increases dramat-
ically, the E— being responsible for considerable softening
of the EoS. Total strangeness and hyperon fractions of the
cwpg model increase monotonically with z, while those of the
cwppo” model reach maximums ™ ~ 6% and f7"™* ~ 12%
at 7=~ 0.37 before decreasing with increasing z.

Results for the 2.01 and 2.16 My mass constraint bound-
aries extracted from Figures 4 and 5 are summarized in
Tables 1 and 2. Only by excluding the X and E hyperons from
the cwppo”™ model can any of the calculated EoSs satisfy
even the 2.01My lower limit of the mass constraint, indi-
cated by the bottom of the green-shaded region in Figure 4,
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FIGURE 5
(EoSs) with the combinations of mesons shown in the different panels. The

Maximum hyperon fractions fy vs. z for equation of states

solid black line labeled Y represents the total hyperon fraction

TABLE1 Required z, maximum strangeness fractions f,
and maximum hyperon fractions fy for 2.01M ; maximum
mass neutron stars (NSs) extracted from the data in

Figures 4 and 5
Model z fs (%) Sy (%)
cwp 217 5.50 12.2
cwpd 382 5.76 13.0
cwppo” 300 5.69 11.8
cwpds”, A only 413 5.17 15.5

TABLE 2 The same as Table 1 but for 2.16M , maximum
mass neutron stars (NSs)

Model z fs (%) fy (%)
ocwp 105 4.30 9.58
cwpdp 212 4.24 9.67
copdo” 177 4.46 9.58
cwpps”, A only 257 3.76 11.2

if SU(6) symmetry (zsue) = .408) is assumed, let alone the
2.16M ¢ upper limit. If instead zgscos ~.195 is chosen, the
cwpg and cwpps” models easily satisfy the 2.01M con-
straint with maximum masses Max(zescos) *2.17 Mg and
M max (zEscos) =~ 2.14 Mg, respectively. However, the cawpgo”
model requires z~.18 (just under zgscose & .182) to satisfy
the 2.16M upper limit unless the ¥ and = hyperons are
neglected, in which case z~.26 is sufficient.

Hyperon fractions in 2.16M o maximum mass NSs are sub-
stantial at nearly 10% when the entire baryon octet is included,
with fo =5.6% and fe- = 3.9% for the cwppo” model. The
fraction of As significantly exceeds that of the Z~ in the cwp
and cwpg models, but the two are much more comparable
when the ¢* meson is included as shown. As no experi-
mental data from the study of double-hypernuclei yet exists
to constrain the E saturation self-potential, g,+= was instead
fixed theoretically using Equation (5). An overestimation of
go+= will likewise overestimate fz-, softening the hyperonic
EoS. Therefore, it is possible that the M, vs. z relation in
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FIGURE 6 Maximum mass M,,,(My) in the ay vs. z SU(3) parameter

space for equation of states (EoSs) calculated using the cwpgo” model.

Dotted lines are maximum mass contours provided in 0.1M intervals, and

solid lines represent the 2.01M, and 2.16M, contours bounding the region
suggested by the mass of PSR J0348 + 0432 and analyses of GW 170817

Figure 4 for the cwpgs” model may be closer to that displayed
for the A hyperon alone, making the model more consis-
tent with the stiff mass constraints deduced from GW170817.
More experimental data from the study of hypernuclei and
double-hypernuclei are sorely needed to sufficiently constrain
the hyperon single-particle potentials and self-potentials.

Finally, we let both the av and z SU(3) parameters vary and
calculate the maximum NS mass and hyperon fraction for the
entire space using the cwpgo” model as shown in Figures 6
and 7. Neither ay nor z is necessarily restricted by the
2.01 —2.16M  maximum mass constraint described by the
bold contours in Figure 6. Increasing z beyond ~0.3 requires
subsequent reduction of ay below 1 to keep M >2.01Mg,.
A hyperon fraction hotspot is centered around ay =.525
and z=.775 with fi™ =~ 16.5%, while hyperon frac-
tions consistent with the mass constraints range from
9.4to 16%.

5 | SUMMARY

In this contribution, we introduced a new RMF parameteri-
zation, producing NS EoSs consistent with tight constraints
on the isospin asymmetry energy and slope, and with con-
straints on the canonical NS radius deduced from analyses
of the gravitational waves (GW170817) and gamma-ray burst
(GRB 170817A) emitted by the recent BNS merger. This
particular parameterization is of great utility in the study
of hyperonization, as it is relatively straightforward to recover
the intended saturation properties of SNM when choosing
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FIGURE 7 Hyperon fraction fy in the ay vs. z SU(3) parameter space for
EoSs calculated using the cwpgpo” model. Dotted lines are hyperon fraction
contours provided in 2% intervals. The solid lines represent the 2.01M, and
2.16M, contours bounding the region suggested by the mass of PSR

J0348 4+ 0432 and analyses of GW170817 as shown in Figure 6

vector meson-hyperon coupling constants that are inconsis-
tent with SU(6) symmetry (z # 1/ \/g).

We calculated the maximum mass, strangeness fraction,
and hyperon fraction of NSs for hyperonic EoSs, exploring
the full range of possible vector meson-hyperon coupling con-
stants consistent with SU(3) symmetry. Maximum masses
were compared to constraints deduced from analyses of
GW170817 and GRB 170817A that suggest the maximum NS
mass falls in the following range: 2.01M g < Myax <2.16M.
Taking the SU(3) parameter ay =1, we find this maxi-
mum mass range suggests .18 <z<.30 when considering
the full baryon octet and including both the ¢ and ¢”
mesons. However, if only the A hyperon is considered,
we find that .26 $z < .41, highlighting the importance of
acquiring additional empirical data with which to constrain
the saturation single-particle potential and self-potential of
the E hyperon. Finally, the strangeness and hyperon frac-
tions found for the cwpgs” model and the given maximum
mass range are 4.5% Sfs<$5.7% and 9.6% Sfy S 12%,
respectively.
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