arXiv:2107.02245v4 [hep-ph] 12 Jan 2022

APS/123-QED

Hyperonic neutron stars: reconciliation between nuclear properties and NICER and
LIGO/VIRGO results

Luiz L. Lopes™[

L Centro Federal de Educacio Tecnoldgica de Minas Gerais Campus VIII; CEP 87.022-560, Varginha - MG - Brasil
(Dated: January 13, 2022)

Using an extended version of the Quantum Hadrodynamics (QHD), I propose a new microscopic
equation of state (EoS) able to correctly reproduce the main properties of symmetric nuclear matter
at the saturation density, as well as produce massive neutron stars and satisfactory results for the
radius and the tidal parameter A. I show that this EoS can reproduce at least 2.00 solar masses
neutron star even when hyperons are present. The constraints about the radius of a 2.00M and
the minimum mass that enables direct Urca effect are also checked.

I. INTRODUCTION

Our knowledge of nuclear physics and nuclear astro-
physics took a great leap in the last decade. From nu-
clear masses analyze [1], passing through nuclear reso-
nances [2, 3], and heavy ion collisions (HIC) [4]; we are
able to constraint six parameters of the symmetric nu-
clear matter at the saturation point: the saturation den-
sity itself (ng), the effective nucleon mass (M} /Mny),
the incompressibility (K), the symmetry energy (So)
and its slope (L), as well the binding energy per baryon
(B/4) .

On the other hand, quiescent analyzes [6] and Shapiro
delay measurements [7] constraint the radius of the
canonical star, as well the minimum mass that a micro-
scopic EoS needs to reproduce, in order to be considered
valid. The constraints improved in the last years with
the results coming for the NICER x-ray telescope [§],
and also, from the analyzes of the so-called GW170817
event, detected by the LIGO/VIRGO gravitational wave
observatories [9]. Moreover, the newly opened gravita-
tional waves window, give us an additional constraint:
the dimensionless tidal deformation parameter A. An-
other recent constraint is related to how squeezable are
the neutron stars. In the past, it was believed that very
massive neutron stars should be smaller than less massive
ones. However, a very recent study [46] shows that a two
solar masses and a canonical mass of 1.4 Mg have very
similar radii. This fact puts an additional constraint on
the microscopic EoS.

Nowadays one of the open issues in nuclear astro-
physics is the content of the inner core of massive neutron
stars. Because of the Pauli principle, as the number den-
sity increases, the Fermi energy of the nucleons exceeds
the mass of heavier baryons, and the conversion of some
nucleons into hyperons becomes energetically favorable.
Among others, two extensive studies about the hyperon
threshold [11, [12] show that hyperons are ultimately in-
evitable. Otherwise, it’s been well known for a long time
that the hyperon onset softens the EoS. In some cases,
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this softening of the EoS puts the maximum mass below
the observational limits of massive neutron stars. This
possible conflict between theory and observation is called
hyperon puzzle.

The hyperon puzzle can be avoided assuming a very
stiff EoS, as GM1 [13] or NL3 [14], which produce very
massive neutron stars, despite the hyperon threshold.
However, due to the refinement of the constraint in both,
nuclear properties, as well in astrophysical observations,
these models cannot be faced as realistic anymore. An-
other possibility is the use of strongly repulsive three-
body forces, as shown in ref. [15]. As the strength of the
three-body forces is not yet constrained, this is an open
issue.

In this work, I present a new microscopic EoS via an
extended version of the QHD Lagrangian, where besides
the traditional non-linear owp mesons, also employs the
strangeness hidden ¢ vector meson, which couples only
to the hyperons and a non-linear w — p coupling, present
in models like the IUFSU [16]. Also, to fix the hyperon-
meson coupling constant, I use complete symmetry argu-
ments as presented in ref. [17].

The formalism, the parametrization, and the con-
straints of symmetric nuclear matter at the saturation
point, and supra-nuclear densities are presented in sec-
tion II; the astrophysical results and the astrophysical
constraints are presented in section III; finally, the con-
clusions are drawn in section IV.

II. FORMALISM

The non-linear cwp QHD has the following Lagrangian
density [5]:
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in natural units. The sum in B can run only over the
nucleons, or the entire baryon octet; ¥ p is the baryonic
Dirac field. The o, w, and pj, are the mesonic fields.
The ¢'s are the Yukawa coupling constants that simu-
late the strong interaction, Mp is the baryon mass, ms,
m,, and m, are the masses of the o, w, and p mesons
respectively. The antisymmetric mesonic field strength
tensors are given by their usual expressions as presented
in [5]. The U(o) is the self-interaction term introduced
in ref. [18] to fix the incompressibility, given by:
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and , 7 are the Pauli matrices. Now, besides the tra-
ditional non-linear ocwp QHD, it is needed that we in-
troduce two additional terms. The first one is the
strangeness hidden ¢ vector meson, which couples only
with the hyperons, not affecting the properties of sym-
metric matter:
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as pointed in ref. [12,[19-21]}, this vector channel is crucial
to obtain massive hyperonic neutron stars. The second
one is a non-linear w-p coupling meson as present in the

TUFSU model [16]:

which is necessary to correct the slope of the symmetry
energy (L) and has a strong influence on the radii and
tidal deformation of the neutron stars [22, [23].

To produce beta stable matter, with zero net charge, I
also add leptons as a free Fermi gas. The detailed calcu-
lation of the EoS for symmetric nuclear matter, as well
for beta stable matter in the QHD formalism is out of
the scope of this work, but is well documented and can
easily be found in the literature [, 24, 25]. In the same
sense, the calculation of the six nuclear parameters at the
saturation density (ng, My /My, K, So, L, B/A) can
be found in ref. |5, 122] and the references therein.

A. Parametrization and nuclear constraints

The parametrization utilized in this work, as well the
predictions of this model for the symmetric nuclear mat-
ter are presented in Tab.[ll The nuclear constraints at the
saturation density are also in Tab. [l and are taken from
two extensive review articles, ref. |26, 127]. Besides, the
masses of the particles are the physical ones. The meson
masses are m,, = 783 MeV, m, = 770 MeV, mg = 1020
MeV, m, = 512 MeV, the baryon octed masses are My
=939 MeV, My = 1116 MeV, My = 1193 MeV, Mz =
1318 MeV, and the lepton masses are m, = 0.51 MeV,

L= Aw,,(gﬁﬁH o) (gEwhw,), (4)  m, =105.6 MeV.
|
Parameters Constraints | This model

(gno/ms)? [12.108 fm?* no (fm™?) 0.148 - 0.170|  0.156
(gnw/me)?| 7.132 fm? M* /M 0.6-0.8 0.69
(gnp/mp)? | 4.801 fm? K (MeV) 220 - 260 256
K 0.004138 So (MeV) 28.6 - 34.4 31.2

A -0.00390 L (MeV) 36 - 86.8 74

Awp 0.0185 BJA (MeV) 15.8-16.5 16.2

- - S(2ng) (MeV) 38 - 64 52.4

- - p(2no) (MeV/fm?®)| 11.2 - 38.7 16.4

TABLE I. Parameters of the model utilized in this work and their prediction for the symmetric nuclear matter at the saturation
density; the phenomenological constraints are taken from ref. [26-29], as well the recent PREX2 results |30].

As displayed, this new parametrization is able to ful-
fill all the constraints at the saturation density. Notice
also that the new PREX2 results point that the slope is
constrained between 106 + 37 MeV [30]. Combined with
ref. [27], the slope now lies between 69 and 86.8 MeV.
The value L = 74 MeV fulfill it. As PREX2 still needs
confirmation, I only point it as a curiosity. Besides the
saturation point, there are also a couple of tries in order

to constraint the pressure of symmetric nuclear matter at
supranuclear densities. In ref. [31], the pressure from 2 to
4.6 times the saturation density was constrained by HIC
analyzes. On the other hand, from transiently accret-
ing neutron stars in quiescence, ref. [32] constraint the
pressure for densities up to 1.0 fm~3. The main prob-
lem is that for high densities, the region constrained in

ref. [32] is broader than the region constrained in ref. [31].



To overcome this issue, ref. [26] assumes the region from
ref. [31] plus an increase of 20%. Here, I follow this pre-
scription and plot in Fig. [l the density-dependent pres-
sure of the presented model altogether with some well-
known relativistic parametrizations. The hatched area in
red is the constraint originally presented in ref. [31]. The
increase by 20% is the hatched area in blue.
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FIG. 1. (Color online) The pressure as a function of the den-
sity; the original constraint from ref. |31] (in red), and its
value extended by 20% (in blue), to reconcile with the con-
straint presented in ref. [32].

As can be seen, the model is not flawless. If we as-
sume the original constraint in red, the EoS discussed
in this work have an over-pressure, and only fulfill this
constraint in the range between 2.52 to 3.43 times the sat-
uration density, which corresponds to 35% of the interval
(2-4.6) ng. But, if we assume that the upper limit can be
increased by 20%, as done in ref. [26], therefore this EoS
fulfills the constraint from 2 to 4.20 times the saturation
density, which turns out to be 85% of the range. When
compared with other parametrizations of the QHD, we
see that the presented model presents a higher degree of
agreement (85%) in comparison with very stiff EoS, as
NL3 |14] (0%), FSU2H [33] (50%), and GM1 [13] (68%),
but lower degree of agreement when compared with soft
EoS as GM3 [13] and IUFSU [16] (both 100%).

Another two recent constraints at supra-nuclear densi-
ties are the symmetry energy at two times the saturation
density, S(2ng), and the pressure of the symmetric mat-
ter at the same point p(2ng). Ref. [28] bounds S(2ng) in
the range between 51 & 13 MeV at 68% confidence level,
while ref. [29] fixed p(2ng) between 11.2 MeV /fm3 and
38.7 Mev/fm? at 90% level. These values are also pre-
sented in Tab.[l] and the new parametrization also agrees
with both.

III. ASTROPHYSICAL RESULTS AND
CONSTRAINTS

Now I turn my attention to construct a beta stable,
charge-neutral EoS, with and without hyperons. When
hyperons are present, it is crucial to define the strength of
the hyperon-mesons coupling constants. The only well-
known parameter is the A° hyperon potential depth, Up
= -28 MeV. We can find in the literature several ap-
proaches to fix the hyperon-mesons coupling constants,
from universal couplings [13], trough to fixed potential
depths [12,134], non-fixed potential depths |17, 121,35, [36],
with and without symmetry group arguments [22, |37]
and so on. Here, I follow ref. [17] and assume that both,
vector and scalar mesons are constrained by SU(3) sym-
metry group |36, 138]. In this case, the relative strength
of the hyperon-mesons coupling constants are:
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for the ¢ meson,
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for the 0 meson. When we set a,, = 1, we recover the
SU(6) parametrization for the vector mesons [39]. Now,
to constraint a, to a, we use the well-known A° po-
tential depth. Therefore, for a given value of «,, we
determine ag to obtain Uy = -28 MeV. This approach
allows us to fix every hyperon-meson coupling constant
using only one free parameter: «,. Also, it is worth
to point that the results from eq. [l to eq. § are fully
model-independent. The results obtained are presented
in Tab.[[l The Us, and Uz potential depths are also cal-
culated. As can be see the values for «,, equal to 1.00 and
0.75 are more repulsive than the values recently found
in ALICE femtoscopic measurements (Us = +15 MeV,
Uz = -4 MeV) [40], but still close to what is currently



accepted in the literature (+ 40 MeV) [21]. An alterna-
tive would be to use SU(3) symmetry group to fix the
vector mesons coupling constants while use the potential
depth to fix the scalar meson coupling constant as made
in ref. |12, 134, |41]. However, in this approach, we would
need three free parameters instead of just one.

o 1.00 [ 0.75 | 0.50
o 1.582[1.240[0.911
Us (MeV)|| 34 | 29 | 46
Uz (MeV)|[ 41 | 39 | 52

TABLE II. Relation of o, with as in order to produce Uy =
-28 MeV, as well the predicted values of Us; and U=. When
ay = 1.00 we recover the SU(6) symmetry group.

In fig. 2 T plot the EoS for beta stable, charge-neutral
matter with and without hyperons for different values of
a,,. Talso plot the strangeness fraction f; for each value of
Q,,, once previous works showed that its value is strongly
related to the maximum mass [12,134]. The strangeness
fraction is defined as: (fs = > (ni|si])/3n) [22]. It is also
worth pointing that the sequence of hyperon threshold
for each value of «, is always the same: the first one
is the A?, followed by the ¥~ and the Z~, except when
@,=0.50, where the ¥ is absent.

As expected, there is an inversely proportional re-
lationship between the stiffness of the EoS with the
strangeness fraction at high densities. In turn, the
strangeness content of the EoS is directly linked to the
value of «a,. Higher the value of «,,, higher is the value
of fs. Also, despite the value of «,,, hyperons are always
present, corroborating the results present in ref. |11, [12].

The effects of the onset of the strangeness content par-
ticles can be better seen by analyzing the square of the
speed of sound, v? as well the adiabatic index, I'. They
are defined as:

(p+e)dp
p de’

d

v?z’d—f‘ and I'= (9)
and the results are displayed in fig. Bl As can be seen,
the onset of the hyperons causes the presence of kinks
and peaks in the speed of sound. Therefore, the onset of
the A° hyperon around 0.4 fm~3 can easily be identified.
A very important value is v2 = 1/3, called conformal
limit [35]. In the limit of very high densities n > 40ny,
pQCD indicates that the v? should approach 1/3 from
below |42, 143]. Nevertheless, in the range of interest for
neutron star interiors, n < 8ng, we see that the conformal
limit is always violated in the proposed parametrization,
while the causal limit, v? < 1, is always respected.

Another important physical quantity is the adiabatic
index, I', a sensitive indicator of phase changes in stel-
lar matter and the stability with respect to vibrations
and pulsation of the star [44, 45]. For multicomponent
matter, exhibit jumps at densities coincident with den-
sity thresholds of individual components, signaling phase

transitions and/or changes in the make-up of the mat-
ter [35). As showed in fig. B} the A° threshold is strongly
evidenced, causing a huge drop in the value of I'. Smaller,
but distinguishable peak around 0.6 fm ™3 points to the
onset of ¥~ hyperon for a, = 1.00 and «, = 0.75. As
pointed out earlier, for o,, = 0.50, the ¥~ is suppressed.

Concerning the neutron star properties and the astro-
physical constraint, one of the most robust constraints
is the minimum mass that an EoS must reproduce due
to observational measures of massive stars via Shapiro
delay. Not long ago, the neutron star king was the PSR
J0348+0432, with a mass of 2.01 £0.04 Mg [7]. The old
king was deposed, and now the PSR J0740+6620 with a
mass of approximately of 2.07 & 0.07 Mg [46] rules over
the sky. Notwithstanding, both pulsars send the same
message: the EoS must be stiff enough to produce a two
solar masses neutron star. On the other hand, one of the
most controversial constrain is the radius of the canonical
1.4Mg. Just in the last couple of years, different stud-
ies point to different values for their maximum allowed
value. For instance, a maximum value of 13.8 km, 14.2
km, 13.5 km, 12.6 km, 13.5 km, 12.8 km, 13.0 km, and
13.2 km was found respectively in ref. [§,[10,47-52]. The
average value of these studies is 13.32 km, and I use it as
a constraint.

Also, as pointed in ref. [53], any acceptable EoS shall
not allow the direct Urca process to occur in NS with
masses below 1.5My. The trigger to nucleonic direct
Urca channel is directly related to the leptonic fraction
zpu- |22, 153]. On the other hand, when hyperons are
present the situation is more complex. Hyperons disfa-
vors the DU process due to the deleptonization of the
star, and the nucleonic DU process may be forbidden.
However, channels for neutrino emission involving the hy-
perons are also possible but with lower efficiency. As in
this work, the A is always the first and the most popu-
lous hyperon, I only consider its process. The nucleonic,
zpy = Y, and hyperonic, zpyo = Y, fraction to enable
DU process are [54]:

1

= m, and TA0 = 0032, (10)

DU

where z. = n./(n.+n,). Notwithstanding, the efficiency
of the hyperonic DU process is only 4% of the nucleonic
one |54).

Another important constraint comes from the
GWI170817 event, detected by the LIGO/VIRGO grav-
itational wave telescopes: the dimensionless tidal defor-
mation parameter A. The tidal deformability of a com-
pact object is a single parameter that quantifies how eas-
ily the object is deformed when subjected to an external
tidal field. Larger tidal deformability indicates that the
object is easily deformable. On the opposite side, a com-
pact object with a smaller tidal deformability parameter
is smaller, more compact, and it is more difficult to de-
form. Its value is defined as: A = 2ko/3C%, where C =
(GM/R) is the compactness. The parameter k, is called
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FIG. 2. (Color online) EoS (left) and the strangeness fraction fs (right) for different values of «.,.
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line is the conformal limit: vZ = 1/3.

Love number and is related to the metric perturbation.
A complete discussion about the Love number and its
calculation is both, very extensive and well documented
in the literature. Therefore, it is out of the scope of this
work. I refer the interested reader to see [29,/55-57] and
the references therein. Ref. [29] constraint the dimen-
sionless tidal parameter for the canonical mass, Aj 4 in
the range of 70-580. Here, I use 580 as a superior limit.

Finally, a very recent constraint comes from the
measurement of the radius of the massive pulsar PSR
J0740+6620 made by the NICER x-ray telescope. This
is related to how squeezable are the neutron stars and
allows us to put an inferior limit to the radius of a two
solar mass object. A inferior bound of 11.4 km, 12.2
km, 11.6 km and 12.2 km was found respectively in
ref. |28, 146, 158, 159]. An average value of 11.85 km arises
and I also use this value as a constraint to the EoS.

In fig. @ T display both, the TOV equation solu-
tion [60], as well the calculated value for the dimension-

less tidal parameter A. The BPS EoS is used to modelling
the neutron star crust [61]. The hatched areas are uncer-
tain about the mass value of PSR J0740+6620 [46], as
well the uncertainty about the Aj 4 [29] value. The main
neutron star properties and the astrophysical constraints
are also displayed at Tab. [TIl

As can be seen, even in the presence of hyperons, we
are to produce a two solar mass neutron star. Also, as
hyperons are not present at masses around 1.4M), the
Ry 4 and A; 4 always give the value of 12.96 km and 527
respectively. This then means that besides correctly re-
produce the six parameters of symmetric nuclear matter,
this EoS also fulfill the main astrophysical constraints:
Minar > 2.00Mg, R4 < 13.32, Mpy > 1.50My, and
A14 < 580. The only astrophysical constraint that is not
satisfied for all models is the recent measure of the radius
of the PSR, J0740+46620, as o, = 1.00 produces a too low
radius for a 2.00Mg. Indeed, as can be seen in Tab. [II]
there is a relation between the maximum possible mass
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Qy 1.00| 0.75| 0.50 [No hyp.|| Constraint
Mmas /Mg |[2.00 [2.07 [2.15| 2.30 > 2.00
fs (M) |]0.173[0.151]0.110] 0.000 -

Nmaz (fm~2)[[ 1.01 [ 1.02 | 1.00 | 0.94 -
Ria (km) [[12.96]12.96]12.96] 12.96 || < 13.32

A1y 527 | 527 | 527 | 527 < 580
Rao (km) [[11.27]12.07]12.28] 12.58 || > 11.85
fs (2.0M) [[0.173]0.103[0.064] 0.000 -
npu (fm~?) [[0.42%[0.43%[0.43*| 0.47 -
Mpu /Mg |[[1.50%|1.52%[1.55%] 1.73 > 1.50

TABLE III. Some neutron star properties and constraints for
different values of «,. Results marked with * indicate hy-
peronic DU process, with only 4% of the efficiency of the
nucleonic DU.

and the radius of the 2.00Mg. Higher is the maximum
mass, higher is the radius of 2.00Mg. This relation can
be explained due to the different strangeness content in
the core of the 2.00M, star. Higher the value of f;, softer
is the EoS, lower is the radius of the 2.00Ms as well
the maximum mass. Also, when hyperons are present,
the nucleonic DU process is always forbidden and only
the hyperonic DU process is present. Without hyperons,
nucleonic DU happens for masses above 1.73 Mg, which
agrees with ref. [53].

IV. FINAL REMARKS

In this work, I build a new EoS that can satisfy all six
main constraints at the nuclear saturation point. This
EoS also is able to fulfill the experimental constraint
about the pressure at supra-nuclear densities for 85% of
the interval presented in the combined ref. [31, [32] and

produce good values for S(2ng) and p(2np), in agreement
with ref. [28,[29].

In the realm of astrophysical constraint, this EoS is
able to reproduce masses above 2.00M even when hy-
perons are present. It also produces R; 4 < 13.32, km
Mpy > 1.50Mg, Ava < 580 and Rz > 11.85, km;
thus satisfying all the main astrophysical bounds.

The applications of this new parametrization can be
extended in a large branch of areas. As I presented only
infinite symmetric and beta stable nuclear matters at
zero temperature, results concerning finite temperature
effects, finite nuclei, magnetic and electric fields, pasta
phase, and so on, are still open.

Before I finish, it is worth pointing out that PREX2
experiments have pointed for much larger values for both,
the slope L, as well the tidal parameter A; 4 and the ra-
dius of the canonical star [30]. These results can be far
beyond the most acceptable values coming from several
different studies and still needs confirmation. Neverthe-
less, if the PREX2 results turn out to be true, that does
not imply a strong modification in the presented EoS.
Only the g, n coupling constant and the A, parameter
will be needed to be modified. The same is true if the
slope needs to be lowered.

A similar case is a recent criticism in the results of
ref. [31] that T use as a constraint in Fig. [ While
ref. |22, 126, |62] accept the results, using them as a con-
straint, others as ref. [42] suggest that those results are
flawed, once they do not take into account finite tempera-
ture effects, as well the possibility of deconfinement. Nev-
ertheless, the validity or not of the results from ref. [31]
will depend on additional HIC analyzes.
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