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In this work, I discuss neutron stars with hyperons and antikaon condensate. To fix their coupling
constants with the vector mesons of the quantum hadrodynamics, I use a unified scheme imposing that the
Yukawa coupling is an invariant under SU(3) and SU(6) groups. Combining with the G-parity, I show that
some expected results of the kaon and antikaon interaction with the nucleus are reobtained. In the same
sense, the naive quark-isospin counting rule is restored in the SU(6) limit. Furthermore, the G-parity
combined with the SU(3) gives us a clear picture of the role played by each meson in the kaon
condensation. Numerical results show that the presence of antikaons severely compromises the stiffening of
the equation of state by breaking the SU(6) symmetry.
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I. INTRODUCTION

Proposed even before the existence of the neutron by
Lev. Landau [1], neutron stars are exotic objects, where all
physical quantities, such as density, gravity, and magnetic
field, can reach values far greater than we can obtain in
terrestrial laboratories.

Due to the high densities reached in neutron stars’
interiors, their internal composition is still a mystery. The
possibility of hyperons [2-6], A’s resonances [7-9], kaon
condensate [10-14], and even deconfined quark-gluon
plasma [15] in the neutron stars’ core were already studied
in the literature. The biggest problem when new degrees of
freedom are introduced is that our knowledge about their
interaction with nuclear matter is very low. In the case of
hyperons, the potential depths are known with satisfactory
accuracy. But yet, different parameters can produce the same
potential depth, making the result strongly model-dependent.
In the case of kaons and A’s resonances, the situation is even
worse, once the uncertainties about the true value of their
potential depths are large.

One way to overcome such difficulties is via symmetry
group arguments by imposing that the Yukawa Lagrangian
[16] is an invariant under SU(3) flavor symmetry. This
technique was successfully used in the past to fix the vector
meson coupling constant with the baryon octet [3—6] and
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the baryon decuplet [9]. With this approach, all baryon-
vector meson coupling constants can be determined in
terms of three free parameters z, 8y, and ay [17].

In this work, I use the same technique to fix the coupling
constants of the vector mesons with the pseudoscalar octet.
Unlike the baryon octet, where each member is a different
baryon, there are particles and antiparticles in the pseudo-
scalar octet. Due to this fact, I can use the G-parity to help
constrain the free parameters related to the SU(3) flavor
symmetry.' I show that combining SU(3) symmetry with
G-parity, some experimental results (as the kaons feel a
repulsive potential while antikaons feel an attractive one)
are recovered. Moreover, the naive quark-isospin counting
rule is also restored in the SU(6) limit.

The paper is organized as follows: in Sec. II, I present the
formalism of quantum hadrodynamics (QHD) for baryons
and mesons in the mean-field approximation (MFA),
calculating their energy eigenvalues, energy densities,
and the mesonic expectation values. In Sec. III, I present
the coupling constants calculated within the SU(3) formal-
ism for the baryon octet, while in Sec. IV the I present the
results for the pseudoscalar meson octet. I also apply the
G-parity to remove all the free parameters of the SU(3)
formalism. The numerical results are presented in Sec. V.

II. FORMALISM

I start with a modified version of the QHD Lagrangian
[19], with the cwpgp mesons as well as nonlinear terms. It
reads [4,9,20]

'A good discussion about the concept and applications of the
G-parity is given in Sec. 5.6 of Ref. [18].
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in natural units. The yp are the Dirac field of the baryon B of
mass M g. The sum in B can run only for the nucleons or over
the entire baryon octet. The g’s are the coupling constants
between the baryons and mesons. The i = o, w, p, ¢ are the
mesonic field with mass m;, and 7 are the Pauli matrices. The
antisymmetric mesonic field strength tensors are given by
their usual expressions [21]. The A,,, determines the strength
of the coupling between the @ and p mesons as introduced in
Ref. [22]. Finally, U(o) is the nonlinear term introduced in
Ref. [23] to correct the incompressibility

U(o) = KMN(..(;NNJO-)3 + /’l(gNZO'O.)4 ' (2)

Applying the Euler-Lagrange equation and solving the
Dirac equation, the energy eigenvalue is obtained. In MFA,
we have

* T3
Ep = \/m + 9BB0®o + 9BByP0 + EQBBpPO’ (3)

where My = Mp — gpp,00 is the effective mass of the
baryon B. At T = 0 K, the energy eigenvalue is also the
chemical potential of the baryon B, pup.

Another important quantity is the potential depth of the
baryon B, defined at the saturation density [24]

Ug(ny) = 98Bw®0 — 9BBs00- (4)

As neutron stars are stable macroscopic objects, we need
to describe a neutral, chemically stable matter, and hence,
leptons are added as free Fermi gases. The energy density
for baryons and leptons is given as

zz/

1 1 /I(QNNGGO>4
+= 3 m + 5 A

+3A,0303 + 22/ ,/ml + K2 dk, (5)

where A, = A, 93 N0, Furthermore, the sum in B runs
over the baryons and the sum in / over the leptons.

1
M*2 + kZ] K> dk + 2m 262

KMy <9N1va¢70)3

mppo +

The Lagrangian for the members of the pseudoscalar-
meson octet is [10-14]

Ly = DMD*M — mi, MM, (6)

where M is the mesonic field, D, = 9, + igyme®, +
L9mmpT - Py + i9umph, the covariant derivative, and
my, = my — gym.o is the effective mass of the meson
M. By applying the Euler-Lagrange equations, the energy
eigenvalue, also known as the dispersion relation [11], is
obtained. In MFA, for the S-wave condensate (zero
momentum), we have

* 73
oy = My + Gumo®o + = IumpPo + IumgPo-  (7)

2

In the same sense, the potential depth of the meson M at
the saturation density is

U (no) = guma®o = 9ums0o- (8)

The expected values of the virtual mesonic fields in MFA
are given by

m360 + gune KMy (gnne00)* + Agnnsco)’]

= Z%Ba”g + ZQMMU"ZM’ 9)
B M

(mw +2A ﬂo Wy =

ZgBBwnB + ZQMM(»"M» (10)
T T

(m} +2A,05)po = zB:QBBp 33 ng+ zM:gMMﬂ 53 ny  (11)

ZQBB(ﬁnB + ZQMMq/)nM? (12)

m¢¢0

where ny, ng, and ny, are, respectively, the scalar density,
the number density, and the meson density, given by [10]

1 [k M7,

ns = — — 8 K24k, 13
Porle MEXR (13)
k2

7B
==, 14
np 3”2 ( )
ny = 2miMM. (15)

The mesonic energy density is
€y = ij,,nM, (16)

M

The total energy density is the sum of the baryonic,
leptonic, and mesonic energy densities. The pressure is
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obtained via thermodynamic relations: p = 3 My — €T,
where the sum runs over all the fermions.

Now, considering a chemically stable matter with zero
net charge, composed of nucleons, hyperons, leptons, and
antikaon condensate, we have

HB = Hyn — 4BHes He = Uy = Hg- = Wg-;

ZQB”B - an -m-=0, (17)
B 1

where gz = £1 is the electric charge of the baryon B in
terms of the proton charge.

@ o =0;

III. SU@3) AND SU(6) SYMMETRY GROUPS FOR
THE HYPERONS-VECTOR MESONS
COUPLING CONSTANTS

I assume that the Yukawa Lagrangian of the QHD is
invariant under the SU(3) flavor symmetry

Lyyx = —9(Wpwp)M., (18)

in other words, Eq. (18) is a unitary singlet.

Therefore, the coupling constants for different baryons
and mesons are not independent of each other. The
calculation of different coupling constants involves the
calculation of the SU(3) Clebsch-Gordan (CG) coefficients.
The baryon octet is divided into a nucleon doublet,
N = {p,n}, a T triplet L= {E7, %% =} a A singlet,
A = {A"}, and a E doublet, = = {E~,E"}. Their repre-
sentation in the hypercharge (Y) isospin projection I
scheme is presented below.

Baryon Octet (SU(3))
Y

AO

[I‘]
[1
S

The techniques to calculate the CG for the baryon octet
and the members of the vector meson octet are well known
and are presented in detail in Ref. [25]. The use of the
SU(3) CG coefficients to describe hyperonic neutron stars
is also well-known in the literature. It is detailed in the

Appendix of Ref. [9] and in Ref. [6]

9NNy = 98> (19)
Jssp = 2g3ay, (20)
Jz=p = —gg(1 = 2ay), (21)
Ianp = 0, (22)

2
Jsrp = 3\/598(1 —ay), (23)

. 1
INNw = g1 €08 Oy + gg sin ‘9v§\/§(4av —-1), (24)

. 2
Irrw = 91 €OSOy — gg s1n9V§\/§(l —ay), (25)

2
Jssw = 91 €08 Oy + gg sin 9\/3 \/5(1 —ay), (26)

1
g=z0 = 91 €08y — ggsin by 3 \/5(1 +2ay).  (27)

The results for the ¢» meson is obtained by replacing
sinfy, — cosfy and cosfy, — —sinfy, in the equations
related to the @ meson [17].

The SU(3) symmetry let us with three free parameters,
the Oy related to the nature of the w and ¢ mesons;
7z = gg/ g, related to the relative strength of the octet and
the singlet states, and ay, = F/(F + D), related to the
relative strength of the antisymmetric coupling (F) in
relation to the symmetric one (D). Additional discussion
can be found in Refs. [6,9,17,25] and the references therein.

These three free parameters can be fixed by imposing
that the Yukawa Lagrangian is not only invariant under the
SU(3) flavor symmetry, but also the SU(2) spin symmetry,
raising the hybrid SU(6) D SU(3) ® SU(2) group. In the
SU(6) limit we have

1
N
which implies ¢p = (s5), gyyg = 0, and the restoring of the
naive quark-isospin counting rule.

Here, I assume that the SU(3) symmetry is kept but the
more restrictive SU(6) symmetry is partially broken, i.e., z
and 6y assume their values in accordance with the SU(6)
symmetry, but ay is left as a free parameter. The relative
strength of the coupling constants of the hyperons in
relation to the nucleon for the vector mesons are

z= 0y =35264°,  a, =100, (28)

9szp _ day: 9==p _ (2ay —1);
9NNp 9NNp
2
GAanp = 0.0 znp = _\/5(1 - av); (29)
gNN/) gNN/) 3
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955w :8_2av_ J=50 :5—20{‘/'
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IvNe S téay
Jss¢ __\/5<8—2av>' 9=z¢ __\/§<8_2av>.
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IV. SU3) AND SU(6) SYMMETRY GROUPS
FOR THE PSEUDOSCALAR-VECTOR
MESON COUPLINGS

Analogous to the baryon octet, I assume that the Yukawa
Lagrangian of the QHD for the members of the pseudoscalar
octet is also invariant under the SU(3) flavor symmetry

Lyygx = _g(MPSMPS)MV’ (32)

where the subscripts PS and V point to whether the mesons
are members of the pseudoscalar or vector octets.

The members of the pseudoscalar octet are analogous to
the baryon octet, and can be divided into a kaon doublet,
K={K° K"}, a = triplet # = {zn~,2°, z"}, a n singlet,
n = {ns}, and a antikaon doublet, K = {K~, K°}. Their
representation in the hypercharge (Y) isospin projection /5
scheme is exactly the same as the baryon octet, as can be
seen below.

Pseudoscalar Octet (SU(3))
Y

K° K+

8

As the quantum numbers of the baryon octet are the same
as the pseudoscalar octet, their CG coefficients are also the
same

9kkp = 98(pPS)> (33)

9kKkp = —gs(Ps)(l - zaV(PS))a (34)

Grnp = 298(PS)aV(PS)v (35)
Imp = 0 (36)

9KkKw = 91(ps) COS Oy

1
+ gg(ps) sin Oy 3 \/§(4aV(PS) —-1), (37)

9k ko = 91(PS) €OS 9V

1
— gs(ps) Sin Oy = V3(1 + 2ay(pg)).  (38)
3

9w = g1(ps) COS Oy

) 2
— gg(ps) SIn Oy 3 \/5(1 - aV(PS))’ (39)

Grrw = Ji(ps) €08 Oy

. 2
+ gg(ps) sin Oy 3 V3(1 - ay(ps)), (40)

and again, the results for the ¢ meson is obtained by
replacing sin @y, — cos 8y and cos 6y, — —sin @y,. The sub-
script (PS) is used to indicate that these results are related to
the pseudoscalar octet instead of the baryonic one. Moreover,
as the mixing angle 0y, is related solely to the nature of the
¢ and @ meson, once more we have 6, = 35.264°.

Now, the main difference between the two octets is that
while in the baryonic octet each member is a different
baryon, in the pseudoscalar mesonic octet, we have particles
and antiparticles. Therefore, we can use the G-parity [18] to
help us fix the three free parameters.

The G-parity gives the interaction of an antiparticle with
a determined meson as a function of the interaction of the
particle with the same meson. For a mesonic field M,
we have

G|M) = £|M). (41)

First, the p meson has a positive G-parity [18], which
implies

9Kk Kkp = 9KKp- (42)

Comparing Egs. (33) and (34), we see that it can only be
solved by imposing ayps) = 1.00.
On the other hand, the @ and ¢ mesons have a negative
G-parity, implying
Jkko = —9kKw>  9RK¢p = —9KK¢- (43)
With ay(pg) already set to one, by comparing Egs. (37)
and (38), it can be seen that Eq. (43) results in g;pg) = 0,
or Z(_zls) =0; which also implies gzzw = g, =0.
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Another desirable result obtained with this approach
1S Grrp = 0.

With those definitions, the strength of the kaon inter-
action concerning the nucleonic one is

Ikko _ 98(PS) ( 3 >
INNw gs \5+4ay)’

Now, in the SU(6) limit (ay — 1.00), the naive quark-
isospin counting rule is restored for the members of the
baryon octet. Assuming this is also true for the members of
the pseudoscalar meson octet implies

9KKp _ gs(ps) ( 4 4)

9NNp g3

gs(ps)
gs

= 1.00. (45)

Consequently, the coupling of (anti)kaons, as well as the
coupling of the hyperons with the vector meson octet,
depends on a single parameter, ay

9KKw 3

_ . 9kKp _
Ivve S +4ay’

1, IKK _ 3 (46)

9NNp JKkKw

As antikaons can potentially condense in neutron stars’
interiors, it is worth discussing the role of each meson in
both antikaon-antikaon interaction and antikaon-nucleon
interaction.

(i) @ meson: @ meson is a repulsive channel in
antikaon-antikaon interaction. However, as gz g,
is negative, while gyy,, is positive, this means that
the antikaon-nucleon interaction is attractive (analo-
gous to the role played by the p meson in p-p, n-n
and p-n interactions). In the same sense, as gxg,, 15
also positive, the kaon-nucleon interaction is repul-
sive, a result experimentally confirmed [26].

(i) p meson: p meson is a repulsive channel. The
coupling constant is positive for kaons, antikaons,
and nucleons. However, 73 reads +1 to protons,
K+ and K°; and reads —1 to neutrons, K° and K~.

(ili) ¢ meson: ¢ meson is a repulsive channel between
antikaons. It does not couple to the nucleons and has
anegative coupling to the hyperons. This means that
the ¢ meson is also repulsive in antikaon-hyperon
interaction, while kaon-hyperon interaction is at-
tractive in this channel. A desirable result, as both
hyperons and antikaons have an s quark, while
kaons have an § one.

(iv) o meson: with a positive G-parity, the scalar 6 meson
is always an attractive channel.

The use of G-parity gives us a clear picture of the role of
each meson, reproducing the negative sign usually found in
the antikaon potential depth [Eq. (8)] and dispersion
relation Eq. (7) [10,11], but in a more organic way.

It is worth to pointing out that the SU(3) and SU(6)
symmetry are ultimately broken due to the large s-quark

mass. However, the effects are very small due to the
Ademollo-Gatto theorem [27] that prevents first-order
symmetry-breaking effects for the vector coupling con-
stants ¢'s. Indeed, an explicit calculation about the sym-
metry breaking effects was done in Ref. [28], where the
author shows that these effects are lower than 0.2%.
Now, to describe the nucleon-nucleon interaction, I use
the eL3wp parametrization of the QHD [9]. This para-
metrization virtually satisfies all constraints at the saturation
point for the symmetric nuclear matter [29-31], as well as
constraints related to neutron stars’ observations [32-34].

TABLE I. The elL3wp [9] parametrization (top) and its pre-
dictions for nuclear matter (bottom). The phenomenological
constraints are taken from Refs. [29-31].

elL3wp

(gno/ms)? 12.108 fm?
(gnnw/m,)? 7.132 fm?
(gnwp/m,)? 5.85 fm?
K 0.004138
A —0.00390
Aop 0.0283
Quantity Constraint This model
no (fm=3) 0.148-0.170 0.156
M*/M 0.60-0.80 0.69
K (MeV) 220-260 256
So (MeV) 31.2-35.0 32.1
L (MeV) 38-67 66
B/A (MeV) 15.8-16.5 16.2
TABLE II. Coupling constants of hyperons and antikaons for
different values of ay . The kaon potential depth is also presented.
ay = SU(6) 0.75 0.50 0.25
Irre/ INNe 0.667 0.687 0.714 0.750
Issw/ INNe 0.667 0.812 1.00 1.25
9250/ INNw 0.333 0.437 0.571 0.750
Iang/ INNe —0.471 -0.619 —0.808 —1.06
955/ INNe —0.471 —0.441 —0.404 —0.354
9=2p/ INNw —0.943 -0.972 —1.01 —1.06
gAA,,/gNN,, 0.0 0.0 0.0 0.0
9ssp/ INNp 2.0 1.5 1.0 0.5
9=zp/ GNNp 1.0 0.5 0.0 -0.5
Gsap/ GNNp 0.00 0.288 0.577 0.866
Ik kol INNe —0.333 —0.375 —0.429 -0.50
IR &/ INNw —0.471 —0.530 —0.607 —0.707
9K & p/ INNp 1.0 1.0 1.0 1.0
Irne/ INNe 0.610 0.625 0.646 0.674
9sso/ INNs 0.406 0.518 0.663 0.855

520/ INNo 0.269 0.350 0.453 0.590
9k ko/ INNo 0.234 0.201 0.160 0.105
Uk (ny) MeV) +6 +25 +48 +80
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The parameters of the model, the predicted values of six
physical quantities at the saturation density, and the phe-
nomenological constraints are presented in Table L.

The interaction of the hyperons and antikaons with the
scalar meson is fixed in such a way that it reproduces their
potential depths. For the hyperons [24,35]: U, = —28 MeV,
Us = +30 MeV, and Uz = —4 MeV. The antikaons do
not have such a degree of precision. As pointed out in
Ref. [12], different models and calculations yield dif-
ferent values for the potential depth. Acceptable values
lie around —200 MeV < Ui < —40 MeV. Here, I use
Ug = —140 MeV, a value usually found in the literature.
Thanks to G-parity, I can theoretically predict the kaon
potential depth. The coupling constants and the kaon
potential depth as a function of «ay are presented in
Table II. It is also worth pointing out that the couplings
for both kaons and hyperons with the vector mesons are
fully model independent.

V. NUMERICAL RESULTS

I start the analysis by pointing out that as we move away
from SU(6) by reducing the value of ay, the absolute value
of gx k, increases, indicating a strong nucleon-K attraction
at high densities. However, this also causes an increase in
the repulsive ¢ channel. There is a competition between
these two channels, but as the ¢» meson does not couple to
the nucleons, the EOS will become softer as we reduce ay,.

A second point is the potential depth for the kaons at the
saturation density, U (np). In the SU(6) limit, this potential
is only weakly repulsive, Uy = +6 MeV, but it becomes
strongly repulsive for ay = 0.25. Ug = +80 MeV. In the
future, measurements of the kaon potential depth can help
us to constrain the values of ay.

In Fig. 1, I present the particle population as a function of
ay for two different approaches: on the left, the matter is
composed of nucleons + antikaons, while on the right,
there are nucleons + hyperons + antikaons. In the first
case, reducing the value of ay causes only a small increase
in the antikaons on the nuclear matter. This can be under-
stood due to two other mesons, the o and the ¢. The
reduction of ay leads to a increase on the absolute value of
attractive coupling gz x ,,» Which reduces the other attractive
channel, gi g, in order to keep the potential depth Uy =
—140 MeV constant. Moreover, the reduction of ay also
increases the absolute value of gg g 4, which is a repulsive
channel between the antikaons.

The situation is much more interesting in the case of
nucleons + hyperons + antikaons. The reduction of ay
leads to a simultaneous increase in the absolute value of
Jk ko and gyy,,. However, the negative sign of g z,, makes
the antikaons become more and more energetically favor-
able, while the positive sign in gyy, causes hyperons to
become increasingly energetically unfavorable. For in-
stance, in the SU(6) parametrization, the relatively small
values of the coupling constants lead to a significant

reduction of the K~ while the K° was totally suppressed.
As we move apart from the SU(6), the absolute values of
the coupling constants increase, and the fraction of the
hyperons is reduced at the same time that the fraction of
K~ increases. For ay, = 0.50, the K~ becomes the first non-
nucleonic degree of freedom to appear in dense matter,
while the K° appears at high densities. For ay, = 0.25, there
is a total suppression of the Z~, and a strong reduction of
A° hyperons. This reduction is also strongly influenced by
the mixed term gs,, [6]. The reader interested in the effects
of ay matter without kaons is referred to Fig. 1 of Ref. [9].

Now we turn our attention to the equation of state (EOS).
In the top of Fig. 2 I plot the EOSs for nucleons +
antikaons on the left and nucleons 4 hyperons +
antikaons on the right for different values of ay. For
nucleons + antikaons, it was shown that as we move away
from SU(6), we only obtain a small increase in antikaons.
As antikaons do not produce pressure in S-wave conden-
sate, a larger amount of antikaons produces softer EOSs.
The softening of the EOS due to the presence of antikaons
is easily recognized, but the differences due to different
values of ay are small.

Here again, the situation is more interesting when we are
dealing with nucleons + hyperons + antikaons. It is a well-
known effect that reducing the value of ay stiffens the EOS
for nucleons + hyperon matter [3,9]. However, as lowering
the value of ay favors the onset of antikaons, the stiffening
of the EOS is severely compromised.

A microscopic quantity that is very sensitive to the onset
of new degrees of freedom is the adiabatic index, I™:

r— @ (%i) (47)

For multicomponent matter, the adiabatic index exhibits
jumps at densities coincident with density thresholds of
individual components, signaling phase transitions, and/or
changes in the matter constitution [9,36]. The adiabatic
index, I', presents information not only on the EOS (p and
€) but also on the speed of sound. The behavior of I" for
nucleons + antikaon (left) and nucleons + hyperons +
antikaons (right) matter are displayed at the middle of
Fig. 2 for different values of ay.

On the left, we see that the onset of the K~ causes a drop in
the adiabatic index around 0.41 fm™=3. There is a subsequent
increase followed by a new drop around 0.75 fm™3 due to the
onset of the K°. Qualitatively, all the curves present the same
behavior. Quantitatively, as lower values of @, produce a
larger amount of antikaon, the height of the drop due to the
onset of K~ is larger for lower values of ay.

On the right side, besides the quantitative, there are also
qualitative differences due to the competition of antikaons
and hyperons. In the SU(6) limit, the antikaons are strongly
suppressed. and the adiabatic index is very close to the one
for nucleons + hyperons matter (see Fig. 2 of Ref. [9]).
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FIG. 2. EOSs (top), adiabatic index (middle), and TOV solutions (bottom) within different values of ay,. Figures on the left represent
nucleons + antikaons matter, while figures on the right means nucleons + hyperons + antikaons.

But, as we reduce the value of ay, the antikaons become more and more populated while at the same time, the fraction of
hyperons is reduced. Therefore, each curve for I" is unique even in shape. For @, = 0.25, the hyperon suppression is strong
enough that the I' of nucleons + hyperons + antikaons is very similar to the I" of nucleons -+ antikaons.

Now, I discuss the macroscopic features of neutron stars by using the EOSs as an input to solve the TOV equations [37]

e
dm

o dnrle(r). (48)
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TABLE III. Neutron stars’ main properties for different values
of ay. All models predict Ry 4 = 12.82 km and A4 = 516.
ay Mmax (MO) ne (fm_%) Rmax (km)
N e 2.30 1.04 11.34
NK SuU(6) 2.17 0.94 11.21
NYK SU(6) 1.95 1.06 11.08
NK 0.75 2.15 0.97 11.19
NYK 0.75 2.02 1.05 11.06
NK 0.50 2.12 0.99 11.14
NYK 0.50 2.07 1.03 11.04
NK 0.25 2.09 1.02 11.07
NYK 0.25 2.08 1.03 11.06

The mass-radius relations are presented at the bottom of
Fig. 2 for nucleons + antikaons (left) and nucleons+
hyperons + antikaons(right). Altogether, T also display
two observational constraints obtained by the NICER
x-ray telescope [32,33]. Nowadays, maybe the more impor-
tant astrophysical constraint is the PSR J0740 4 6620
pulsar, whose values of mass and radius are M = 2.08 £
0.07M and R = 12.397}39 km, respectively. Any realistic
EOS must be able to fulfill this constraint. Another important
constraint is the radius of the canonical M = 1.4M, star.
Reference [33], suggests R;4 = 12.45 £ 0.65 km. This
limits the radius of the canonical star within an uncertainty
of only 5%. Furthermore, to describe the outer and inner
crusts of the neutron stars, we utilized the Baym-Pethick-
Sutherland (BPS) EOS [38] and the Baym-Bethe-Pethick
(BBP) EOS [39], respectively.

As can be seen, for the nucleons + antikaons, the pres-
ence of antikaons reduces the maximum mass, although the
results are only weakly dependent on the value of ay,. While
for a pure nucleonic star, the maximum mass is 2.30M , for
the SU(6), we have M =2.17My and for ay = 0.25,
M = 2.09M 5. As expected, moving away from the SU(6)
reduces the maximum mass. Furthermore, all values of ay
satisfy the constraint related to the PSR J0740 4 6620
pulsar.

For nucleons + hyperon + antikaons, the situation is
reversed: move away from SU(6) stiffen the EOSs and
produce more massive neutron stars. However, the stiffen-
ing of the EOS is strongly compromised. Without the (anti)
kaons, it was shown in Ref. [9] (see Fig. 4), that moving
from the SU(6) to ay = 0.25 increases the maximum mass
from 1.97M to 2.20M . However, the maximum mass
here reaches only 2.08M, for ay = 0.25, very close to the
case of nucleons + antikaons matter. The constraint related
to the PSR J0740 + 6620 pulsar is only obtained for
ay = 0.75, ay = 0.50 and ay, = 0.25.

The lowest neutron star mass that presents a non-
nucleonic degree of freedom lies between 1.43 — 1.48M,
depending on the model. This implies that all 1.4M stars
present the same radius of 12.82 km and satisfy the
constraint presented in Ref. [33], R; 4 = 12.45 £+ 0.65 km.

Another constraint satisfied by all models is related to the
dimensionless tidal parameter, A [40,41]. It was pointed out
in Ref. [34] that for the canonical star, 70 < A; 4, < 580. As
can be seen in Fig. 5 of Ref. [9], the eL3wp model predicts
Ay 4 =516, in agreement with this constraint. The main
results for nucleonic + antikaons (NK) and nucleons +
hyperons + antikaons (NYK) are summarized in Table III.

A. Additional constraints

As pointed out earlier, the eL3wp satisfies all nuclear
constraints coming from Refs. [29-31] presented in Table I,
as well as the constraints related to PSR J0740 + 6620
[32,33] and the canonical 1.4M, coming from both, the
radius inferred by the NICER x-ray telescope [33], and the
dimensionless tidal parameter from the LIGO/VIRGO
gravitational wave observatories [34]. Nevertheless, it is
worth discussing more recent additional constraints related
to both, nuclear and astrophysical sources. First, in Ref. [42],
combining chiral effective field theory (CEFT), heavy-ion
collision (HIC) and astrophysical results coming from the
NICER X-ray telescope, the authors constrain the pressure of
beta-stable matter at 1.5n( and the radius of the canonical
star. The elL3wp predicts p(1.515) = 8.72 MeV/fm?
and R;4=12.82 km. Using CEFT up to 1ng, the
authors constrain  p(1.5n9) = 9.1279%¢ MeV/fm® and
R4 = 12.561’11"817 km. In this case, the eL3wp satisfies
both constraints. However, by using CEFT up to 1.5n,
the authors find p(1.5ny) = 6.257,30 MeV/fm? and
R4 = 12.011“8"3? km. This implies that the values of
elL.3wp are above the upper limit by x7% in the case
p(1.5n), and ~0.3% for the radius of the canonical star.
Therefore, the CEFT predicts EOSs softer than the presented
model of the QHD.

Astronomical observation also provides us with addi-
tional constraints from other pulsars alongside the already
discussed PSR J0740 + 620. An example is the PSR
JO030 + 0451, which inferred mass and radius of
1347030 o and 12.717]"1¢ km, respectively [43]. Such
a constraint is satisfied by the eL.3wp model. On the other
hand, the PSR J0437—4715 has an inferred mass of 1.418 =+
0.037M and a radius of only 11.3670¢; km [44]. In this
case, the presented model is outside the upper limit by
~4%. A much more extreme case is the HESS J1731-347.
With a mass of only 0.77M 4 and a radius lying in the range
10.47038 km [45], not even its true nature is well under-
stood, but some studies point to it being a strange star [46].

Before the conclusions, the attentive reader may wonder
if other hadrons can also play a role in neutron stars’
interior. Pions seem to be the more logical choice, as they
are the lightest of the pseudoscalar mesons. However, since
the early 1980s, we have known that the pion condensate is
strongly suppressed. In Ref. [47], the authors show that
pion self-energy yields a considerable repulsion in the
pionic sector. More modern calculations show that the
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repulsive pion potential depth can be as large as
+100 MeV [48].

A more interesting case is the possible presence of
A resonances. Indeed, some studies indicate that a large
amount of A’s can be present, causing a strong influence on
neutron stars’ macroscopic properties [8,9]. Notwithstanding,
the possible presence of A’s in nuclear matter has also faced
some criticism. For instance, in Ref. [7], the authors discuss
whether the A’s can be treated as pointlike particles like the
nucleons and hyperons, or whether they are intrinsically large
and complex structures. Using QMC models, Ref. [49] has
shown that A particles are never present. As can be seen, the
presence of A’s is a rich but complex subject. Such a study is
left for future work.

VI. FINAL REMARKS

In this work, I calculated the coupling constants for both
the baryon octet and the pseudoscalar meson octet with the
members of the vector meson octet in a unified broken
SU(6) symmetry. Within this approach, all coupling con-
stants related to the vector mesons are left as a function of
only one free parameter, ay. The main conclusions are
summarized below.

(i) The members of the baryon octet and the members
of the pseudoscalar meson octet present the same
quantum numbers and therefore have the same CG
coefficients. However, while each member of the
baryon octet is an independent baryon, the pseudo-
scalar baryon octet contains particles and antipar-
ticles. This allows us to use the G-parity to eliminate
the free parameters of the SU(3) group.

(i1) With the combined use of the symmetry group argu-
ments and G-parity, several expected results are
naturally obtained, for instance ggx, = —9xkws
and g, = 0.

(iii) The use of G-parity naturally produces the correct
sign related to the antikaon potential depth and
dispersion relation. Moreover, it gives us a clear
picture of the role of each meson in the antikaon-
antikaon interaction, as well as in the antikaon
nucleon interaction.

(iv) Different values of @y produce different values of
the kaon potential depth, which can potentially
constrain the values of ay.

(v) For NK matter, the results are only weakly depen-
dent on ay, and the EOS becomes softer as we move
away from the SU(6) symmetry. For NYK matter,
there is a competition between hyperons and anti-
kaons. Moving away from the SU(6) favors the
onset of K while suppressing the hyperons. This can
be explained by a combined effect of a larger value
of an attractive g . as well as a larger value of the
mixed term gy,

(vi) In the presence of antikaons, hyperonic EOSs
become only slightly stiffer as we reduce the value
of ay. The well-known effect of stiffening the EOS
by reducing ay is strongly compromised.
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