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Abstract: The neutron star as a supernova remnant is attracting high attention recently due to the gravitation wave
detection and precise measurements about its mass and radius. In the inner core region of the neutron star, the
strangeness degrees of freedom, such as the hyperons, can be present, which is also named as a hyperonic star. In this
work, the neutron star consisting of nucleons and leptons, and the hyperonic star including the hyperons will be stud-
ied in the framework of the relativistic mean-field(RMF) model. Some popular non-linear and density-dependent
RMF parametrizations will be adopted to investigate the role of hyperons in a hyperonic star on its mass, radius, tid-
al deformability, and other properties. Finally, the coupling strengths between mesons and hyperons are also dis-
cussed, which can generate the massive hyperonic star with present RMF parameter sets, when the vector coupling

constants are strong.
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1 Introduction

The star, whose mass is in the range of 8 ~20 M, , will
undergo a supernova explosion at the end of its life. The
remnant may form a very compact object mainly consist-
ing of nucleons and leptons, i.e., neutron stars. Due to the
strong magnetic field, B(10'' ~10" G), and fast rotation of
neutron star, P(10°~10 s), it can emit the beam of elec-
tromagnetic radiation from the magnetic poles, which was
detected from the earth as a pulsar. In the past 50 years,
more than 300 0 pulsars were measured, whose typical
masses are around 1~2 M, and radii are about 10 km.
Therefore, the neutron star should consist of very dense
matter. Its central density is close to 5~8p,, where
po~0.16 fm ™3 is the nuclear saturation density. It is diffi-
cult to investigate the properties of such supra-dense mat-
ter in the terrestrial nuclear laboratory until nowl 7101,

There were many great achievements in the observa-
tions of the neutron star in the past decade with the fast de-
velopments of astronomical techniques. Several massive
neutron stars, whose masses are around 2 M., PSR J1614-
2230 (1.928+0.017 M)!''7131 PSR 10348+0432 (2.01+
0.04 M,)['4], and PSR J0740+6620 (2.08 +0.07M,,)l!>716]
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were measured within the relativistic Shapiro delay effect.
In the August of 2017, the gravitational wave and the elec-
tromagnetic counterpart of a binary neutron-star merger
were detected by LIGO/Virgo and other astronomical ob-
servatories for the first time as GW170817 eventl!”"1%1 It
opens the door to the multi-messenger astronomy era. From
the gravitational wave, the tidal deformability of the neut-
ron star is extracted, which is strongly correlated with the
structures of the neutron star. Five gravitational wave
events which are relevant to the neutron star have been de-
tected until now, ie. GWI170817, GW190425[20]
GW190814121], GW200105, and GW2001151*2]. The
masses of these compact objects are in a wide region from
0.86 M, to 2.67 M, (23] The dimensionless tidal deformab-

ility of 1.4 M, neutron star extracted from GW170817 was

+300 [24-26
1907390 [24726],

The structure of a static neutron star is separated into
five regions. The outer layer is the atmosphere consisting of
the atom and is very thin. In the next layer as the outer
crust, the electrons of an atom are ionized and form the uni-
form Fermi gas, where the nuclei are immersed. With the
density increasing, neutrons drip out from the neutron-rich
nuclei and generate the neutron gas, which is called the in-
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ner crust. The inhomogeneous nuclear matter is simplified
as the droplet, rod, slab, tube, and bubble, i.e. the pasta
structurel?’ 3%, When the nucleon density approaches p,/2,
heavy nuclei dissolve and the neutron star matter becomes
homogeneous, which corresponds to the outer core of neut-
ron star. It plays an essential role in determining the mass
and radius of the neutron star®” 4!l In the inner core re-
gion, the baryons including the strangeness degree of free-
dom, such as A, 2, and 5 hyperons, will be present, when
the Fermi energies of nucleons are larger than their chemic-
al potentials, which is also called as a hyperonic star. Fur-
thermore, the quarks in the baryons are deconfined and
generate quark matter[4? 7381,

In 1960, Ambartsumyan and Saakyan firstly dis-
cussed the appearances of various hyperons in the free
dense matter through the chemical equilibrium
conditions>’]. The hyperons were investigated in neutron
stars from the 1980s by Glendenning in the framework of
relativistic mean-field (RMF) model, where the coupling
strengths between the mesons and baryons were simply
generated by the quark power counting rules!®0011 Actu-
ally, the appearances of hyperons are strongly dependent on
the hyperon-nucleon and hyperon-hyperon potentials,
which can be extracted from the properties of various hy-
pernuclei. Recently, an abundant single-A hypernuclei
were produced through (K-, n7), (7%, K*), and (e, ¢€K*)
reactions from light to heavy mass regions[(’z_(’s]. A few
double-A hypernuclei were discovered in the light
nucleil® %71 and the first deep bound state of single-=
hypernuclei was confirmed in the E-+4N(JC)
system[%® 7% The observations of these hypernuclei imply
that the A-nucleon and = -nucleon potentials in nuclear
medium should be attractive around nuclear saturation
densi‘cy[7 1=72],

In the past 30 years, the RMF parametrizations about
nucleon-nucleon and nucleon-hyperon interactions were
largely improved through reproducing the ground-state
properties of finite nuclei and above hypernuclei experi-
mental data, that were adopted to investigate the hyperonic
starl’37%7] On the other hand, the strangeness degree of
freedom in the neutron star was also discussed directly
from the realistic baryon-baryon interactions with ab initio
methods, such as Brueckner Hartree-Fock model[88794],
auxiliary field diffusion Monte Carlo model®>, relativistic
Brueckner-Hartree-Fock model, and so onl?0797],

With the discoveries of two-times-solar-mass neutron
stars, a "hyperon puzzle" was proposed, since the neutron
star maximum mass will be reduced by about 20% once
the hyperons are self-consistently introduced in the nuclear
many-body methods. Therefore, it is difficult to explain the
existence of massive neutron stars with hyperons at the be-
ginning. Many schemes were raised to solve such a puzzle.

The repulsive contributions from three-body hyperon-nuc-
leon-nucleon interaction may increase the hyperonic star
mass! 31 A high-density o—cut potential can generate
2 M, neutron stars with A, 2, and 5 hyperons in the re-
lativistic mean-field modell®?]. Furthermore, the density-
dependent RMF (DDRMF) model under the constraints of
A hypernuclei can also support the massive hyperonic star
due to its strong repulsive components on the pressure at
high densityl®®]. Recently, the role of vector meson includ-
ing the strange quark, ¢ was also discussed in the hyperon-
ic star with various hyperons[86’ 91,

In this paper, the hyperonic star in the framework of
RMF and DDRMF models will be systematically calcu-
lated with the most popular parameterizations. The ex-
change mesons with strangeness quarks will be completely
included in RMF framework. The coupling strengths
between the mesons and baryons will be constrained with
the latest hypernuclei experimental data. The effects of
their magnitudes on the properties of hyperonic stars are
discussed in the last part. This paper is arranged as follows.
In Section 2, the formulas about the neutron star and hyper-
onic star with the RMF model are shown in detail. In Sec-
tion 3, the parametrizations of the nonlinear RMF and
DDRMF model are listed and the properties of neutron
stars and hyperonic stars are calculated and discussed. In
Section 4, the summary and conclusion will be given.

2 Theoretical framework

2.1 The nonlinear relativistic mean-field model

The RMF model was constructed based on the one-bo-
son-exchange picture for the nucleon-nucleon (NN) inter-
action. In the early version, there were only scalar (o) and
vector mesons (w ), which present the attractive and repuls-
ive components of NN interaction, respectively[loo]. Then,
the nonlinear terms of o meson were introduced to reduce
the incompressibility of nuclear mattert!®!. The isovector
meson, p was introduced to correctly describe the neutron
star matter!!°?]. The nonlinear term of w meson!!?3
the coupling terms between the w and p mesons!! 4]
also included to improve the high-density behaviors of nuc-
lear matter and density-dependence of symmetry energy,
respectively. Furthermore, a density-dependent RMF
(DDRMF) modell!%%] was proposed based on the develop-
ments of Relativistic Brueckner-Hartree-Fock(RBHF) mod-
el. When the masses of exchanging mesons are regarded as
infinite, the NN interaction is simplified as contact poten-
tial, which generates the point-coupling RMF (PCRMF)
models[!90],

In the nonlinear RMF (NLRMF) model, the baryons
interact with each other via exchanging various light
mesons, including scalar-isoscalar meson (o) with mass

and
were
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m, , vector-isoscalar meson (w) with mass m,, vector-
isovector meson (o) with mass m, , and strange scalar and
vector mesons (o and ¢ ) with mass m,. and m,, respect-
ivelyl!97~112] The baryons considered in the present calcu-
lation are nucleons (n and p) and hyperons (A, 2, ).
The Lagrangian density of NLRMF model is written as

Lo = ZJB[iyﬂay — (Mg — 850 — 8r30) —
B

1
yu(ngwu +g¢B¢ll + zngTpu)]d/B"'

1 1
A zmiO'Z - §g20'3 - Zg30'4+

1 1
56”0'*(9,,0'* - Emi o—

1 1 1
ZW“VWW + Emiw"wy + 56 (W'w,) -

. 1
quu D, + Emiq&*‘cpﬂ—

1 1
ZR“VRHV + sz)p“p#+

A(&2nww,) (80uP'1) (1)

where Yy represents the wave function of baryons with
mass My. o, 0*, w,, ¢, p, denotes the fields of o, o,
w, ¢, and p mesons, respectively. W,,, @,,, and R are
the anti-symmetry tensor fields of w, ¢, and p mesons,
which are given by W* =0d'w’ -0, & = ¢’ -0 ¢,
RV =¢'p" -0 p' —g,(p" X p"). g (i=w, ¢, p) denotes the
coupling constant between i meson and baryons, while g,
and g,y for the coupling strength between w, p meson and
nucleon. g, and g; are the self-coupling terms for the o
meson and the coupling constant c; is for the w meson to
reproduce the feature of the RBHF theory[103]. The nonlin-
ear coupling constant A, was included to modify the dens-
ity dependence of the symmetry energy[113]. To solve the
nuclear many-body system in the framework of the
NLRMF model, the mean-field approximation should be
adopted, in which various mesons are treated as classical
fields,

- e o
6, —(8,)= 0.
o= (D) =p. @

The space components of the vector mesons are removed in
the parity conservation system. In addition, the spatial de-
rivatives of baryons and mesons are neglected in the infin-
ite nuclear matter due to the transformation invariance. Fi-
nally, with the Euler-Lagrange equation, the equations of
motion for baryons and mesons are obtained,

o —{o)=o,

Wy = <w}l> = w,

[iy“d, - My —»° (ngw+g¢B¢+ &T)Bpﬁ)] Y =0,

M0+ g,07 + g0 = Z 2oBOLs
B
mi—“a-* = Zgo“Bpfs’
B
m.w+c30° + 24, (gin) (&P’ = Z ZuBPhs
B
myp = Z&BPE’
B
mop +2A,(g. v w*)(&owp) = Z %p}f, 3)
B

where 75 is the isospin third component of the baryon spe-
cies B. The scalar (s), vector densities (v), and their
isospin components are defined as,

oy =(tn), P8 = (UyTots),
Py = <¢§;¢B>, Pf; = <¢;TSWB>~

The effective masses of baryons in Eq. (3) are dependent on
the scalar mesons o~ and o,

“4)

M]; = MB _gu'BO-_go"Bo-*- (5)

The corresponding effective energies of baryons take the
following form because of the mass-energy relation,

Er = \/kéB +(Mg)*, (6)

where kgp is the Fermi momentum of baryons.

With the energy-momentum tensor in a uniform sys-
tem, the energy density, & and pressure, P of infinite nuc-
lear matter are obtained respectively asl110]

Y

SNL ==
1672 =

[kFB Eyy (2K + M) +

s

M
M In—2—

+
kep + Erg

1 2 2 1 3 1 4 1 2 *2
MO+ 28,07 + g0t + —ml o+
P S S M
1 1
Sm W+ —cswt + Smpt+

2 4 2
3A, (ginz) (gf,sz) , @)

Y

Y Kip + By
4872 =

My

Py [3Mg41n
ety (2k2 — 3M;7) E;B}—

1 1 1 1
Emfrcrz - §g20'3 - Zg30'4 - Em(zrxo“‘2+

c 1
Emiwz + Zsa)“ + Emf,p2+

A (g200) (8290%) (8
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where y =2 is the spin degeneracy factor.

The outer core part of a neutron star, which almost
dominates its mass and radius, is usually treated as the uni-
form matter consisting of baryons and leptons. Therefore
their chemical potentials are very important, that are de-
rived from the thermodynamics equations at zero temperat-

. 8
Hp = \/kéB + M+ gupw + gyn + %BTap,
=k +ml, l=e, . 9

2.2 The Density-dependent Relativistic Mean-field
model

ure,

In the DDRMF model, the Lagrangian density of nuc-
lear many-body system has the similar form as that of
NLRMF model,

Lon=)" %{yﬂ[iaﬂ L on(pn),—
B

I pB;pB)pHT] B

r¢B(pB)¢y -
| My = Tonon)r = Tonp)r = T (pB)ér]}wB+
l (6“0‘6 o—m? 0'2) + l (6“0”‘6 o —m? 0'*2) +
2 H o 2 H ot
1 1 1
3 (6/60,6 - m28%) - AW Wo ot om0

1

1 1o
Z@u (DW + Emigﬁﬂdf‘ - ZR'“ RHV + zmﬁpup", (10)

where a scalar-isovector meson (¢) with mass m; is also

introduced due to some parameterization. The coupling

constants of o and w mesons are usually expressed as a

fraction function of the total vector density, p, = >, p;. In
B

most of DDRMF parametrizations, such as pp2l! 14], DD-
ME11S] pp-mE2!t® ppMmE-x['171 pkDDI!H8]
TW9911%1 and DDV, DDVT, DDVTDH?Y they are as-
sumed as,

I'iv(ps) = I'in(0po) fi(%) (1)
with
_ l+bi(x+d) 3
Silx) = aim, X = Pg/Pyos (12)

for i=0, w. py, is the saturation density of symmetric
nuclear matter from the RMF parameter sets. The coup-
lings I'in(py,) , and the coefficients a;, b;, ¢;, and d; are ob-
tained by fitting the properties of finite nuclei. Five con-
straints on the coupling constants f;(1)=1, f;(0)=0,
f2(1) = f(1) can reduce the numbers of independent para-
meters to three in Eq. (12). The first two constraints lead to

_l+c(l+d)y

R A U Y 13
T by T (13)

For the isovector mesons p and ¢, their density-dependent
coupling constants are assumed to be,

I'iv(ps) = I'iy(ppo)expl—a;(x —1)]. (14)

While in other parametrizations, such as DD-LZI[IZI], the
coefficient in front of fraction function, I; is fixed at
pe=0 fori=o0, w:

Iiv(og) = I'in(0) fi(x). (15)

There are only four constraint conditions as f;(0) =1 and
f(0)=0 for o and w coupling constants in DD-LZ1 set.
The constraint f(1)= f//(1) in previous parameter sets
was removed in DD-LZ1 parametrization. For p meson, its
coupling constant is also changed accordingly as

Iyv(pg) = Ion(0)exp(=a, x). (16)

Within the mean-field approximation, the meson fields are
treated as the classical fields, <(o)=o, (c*)=0",
(W) =w, {P.) =, {pP,) =p, (8) =6. Together with the
Euler-Lagrange equations, the equations of motion for ba-
ryons and mesons are given by

{i'}’ﬂau _7’0[1}13(PB)¢U‘”1;513(/313)(15‘F

Iys(ps)
2

mio =" Lon(os)p},
B

PT3 +2R(pB)] - Mg}'ﬁfs =0.

m.o = > Trnon)oy,
B
mw= )" (s
B
mig = D Tun(o)pjs
B
mf)p — Z rpB;pB)pg’
B

mo =) Tin(os)oy. (17)
B

Comparing to the NLRMF model, an additional term about
the rearrangement contribution, X; will be introduced into
the vector potential in Eq. (17) due to the vector density-de-
pendence of coupling constants,

61}3(,03)0_# _ 8ra—“B(pB)o_*pS _
Opg 5 Opg i
Olss(pg) . 5 100(pg) 4
———Opg t 5 ————pPpPp +
Opg B2 Op, B
Ol u(pg) Ol ys(py)
w+
Opg Opg

Zu(py) ==

¢ |Prs (18)
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where the scalar, vector densities, and their isospin com-
ponents take the same forms as shown in Eq. (4). The ef-
fective masses of baryons in Eq. (17) are dependent on the
scalar mesons o, o* and ¢,

M; = Mg _r(rB(pB)o—_ra'"B(pB)O-* —FaB(PB)éTa (19)

and the corresponding effective energies of baryons take
the same form as Eq. (6).
The energy density, & and pressure, P of nuclear
matter in DDRMF model are obtained respectively as
1 1 , 1

_1oa 2 2 .
Epp ==m 0"+ -—m,.0 ——m w* ——m¢¢ -

2 2 2

1

3 pp + 2m562+FwB(pB)wa+
)

P
2 E kin>

Lyp(p)dps +

1 1
2 2 2 2 2,2
m,o-——m,.o "+ Mt +

2
Lo 1 o0 o
my¢’ + S = 5 S0+ P, (20)

where, the contributions from kinetic energy are

& =L e R+ M3 dk

M*
kew By (2K + M) + M, 41n— . @D
2 kFB

1
Pop =pg2ir(pg) — 3

16

o Y [ Kk

kin 671'2 o k2+M*2
\/ B

z[kFB(zkgB 3M;?) Egy +3M;’In

B Y

keg + Efy
My

T4
(22)

v =2 is the spin degeneracy factor.
The chemical potentials of baryons and leptons are

o = Ak + M2+ [T + Tn(pn)p+

I
pB;PB)st +ZR(PB)],

= kG, +ml (23)

2.3 The formulas about neutron star

In the uniform hyperonic star matter, the composi-
tions of baryons and leptons are determined by the require-
ments of charge neutrality and g -equilibrium conditions.
All baryon octets (n, p, A, 2=, 2°, 2%, £, £°) and leptons
(e, u) will be included in this work. The B -equilibrium
conditions can be expressed by[61’ 7l

Hp = Hz+ = [y — Hes
Ha = Mz = Hzo = Ha,
Hs- = Uz = Uy + U,

My = Hes

24

where y; has defined in Eqgs. (9) and (23). The charge
neutrality condition has the following form,

Py +Ps =P, +p,+Ps +Px (25)

The total energy density and pressure of neutron star
matter will be obtained as a function of baryon density
within the constraints of Eqs. (24) and (25). The Tolman-
Oppenheimer-Volkoff (TOV) equation describes a spheric-
ally symmetric star in the gravitational equilibrium from
general relativity[122_123],

ap ommen [+ a1+ 5
P 2GM(r) ’

dr r? 1-
dM(r)

=47’ E(r), (26)

where P and M are the pressure and mass of a neutron star
at the position r and G is the gravitational constant. Fur-
thermore, the tidal deformability becomes a typical prop-
erty of a neutron star after the observation of the gravita-
tional wave from a binary neutron-star (BNS) merger,
which characterizes the deformation of a compact object in
an external gravity field generated by another star. The tid-
al deformability of a neutron star is reduced as a dimen-
sionless form[124_125],

2
A=3kC, 7)

where C=GM/R is the compactness parameter. The
second order Love number &, is given by

8C°

by =—-(1- 207 [24+2C(Yr— 1) = Yi]

{2C[6-3Y,+3C(5Y, - 8)|+
4C 13- 1Y+ CRYx~2)+2C3(1 + Yp)| +

3(1-200[2- Yo + 20— Din(1 -20)]} . (28)

Here, Y =y(R). y(r) satisfies the following first-or-
der differential equation,

dy( r)
dr

where F(r) and Q(r) are functions related to the pressure
and energy density

29

F(r) = [ ZM(r)]_ {1 —47Tr2[8(r)—P(r)]},
PO(r) = {47'[r [58(r)+9P( M+ w —6}><
g(" )
2
1- ZM(r)] [ZAi(r) +2 x 47 P(r)

1-

|
[ (30)

2M(r)}
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The second Love number corresponds to the initial condi-
tion y(0)=2. It is also related to the speed of sound in
compact matter, ¢,

, OP(e)

C,r 68

. 31)

3 Results and discussions

3.1 The RMF parametrizations

In the present work, four popular parameter sets,
T™M1H1 NL3[126] tursUl! 3] and BigApplel!'?7) in the
NLRMF model are used to describe the uniform matter,
which was generated by fitting the ground state properties
of several stable nuclei. The nonlinear term of the vector
meson was considered in the TM1 set to reproduce the nuc-
leon vector potential from the RBHF model. The NL3 set
can generate a large maximum mass of a neutron star, while
its radius is lalrge[5 81, The w-p meson coupling term was
included in the IUFSU set. The BigApple set can lead to a
large maximum mass of a neutron star with a small radius
due to the smaller slope of the symmetry energy[127]. The
masses of nucleons and mesons, and the coupling con-
stants between nucleon and mesons in NLRMF models,
™11 ursul! Bl Bigapplel'?7], NL3[1%6! are tabu-
lated in Table 1.

Table 1 Masses of nucleons and mesons, meson coupling
constants in various NLRMF models.

Parameter  NL3['®1  BigApplel!?”l M1 qupsyl!3]
my, /MeV 939.000 0 939.000 0 938.000 0 939.000 0
mp,/MeV 939.000 0 939.000 0 938.000 0 939.000 0
mq /MeV 508.194 0 492.730 0 511.198 0 491.500 0
mgy,/MeV 782.501 0 782.500 0 783.000 0 782.500 0
my, /MeV 763.000 0 763.000 0 770.000 0 763.000 0

8 10.217 0 9.669 9 10.028 9 9.9713
8w 12.868 0 12.316 0 12.6139 13.032 1
8p 8.948 0 14.161 8 9.264 4 13.5899
g2/fm™! 10.4310 11.921 4 7.2325 8.4929
g3 —28.8850 -31.679 6 0.618 3 0.4877
c3 0.000 0 2.684 3 71.307 5 144.2195
Ay 0.000 0 0.047 5 0.000 0 0.046 0
For the DDRMF models, the parametrizations,

pp2l4 pp-ME1!'1S] pp-mE2l1® ppME-x[116]
PKDDU 81 Twooll] ppv, DDVT, DDVTD!?%, and
DD-LZ1U21 are listed in Table 2. TW99, DD2, DD-MEI,
DD-ME2, and PKDD parameter sets were obtained by re-
producing the ground-state properties of different nuclei be-
fore 2005. In recent years, the DDME-X, DD-LZ1, DDV,
DDVT, and DDVTD sets were brought out with various
considerations. In DDVT and DDVTD sets, the tensor
coupling between the vector meson and nucleon was in-

cluded. The scalar-isovector meson, 6 was taken into ac-
count in DDVTD. The coefficients of meson coupling con-
stants, I'; in DD-LZ1 are the values at zero density, while
other parameter sets are dependent on the values at nuclear
saturation densities.

The saturation properties of symmetric nuclear matter
calculated with different RMF effective interactions are lis-
ted in Table 3, i.e. the saturation density, p,, the binding
energy per nucleon, E/A, incompressibility, K,, sym-
metry energy, Ei.,, the slope of symmetry energy, L, and
the effective neutron and proton masses, M, and M;. The
saturation densities of nuclear matter are in the region of
0.145~0.158 fm 3. The binding energies per nucleon at
saturation density are around —16.5 MeV. The incompress-
ibilities of nuclear matter are 230~280 MeV. The sym-
metry energies are 31~37 MeV. The slopes of the sym-
metry energy from these RMF interactions have large un-
certainties, from 40~ 120 MeV, since there are still not too
many experimental constraints about the
skinl1?87133] The effective mass differences between neut-
ron and proton in this table are caused by the differences of
their free masses.

For the hyperonic star matter with strangeness degree
of freedom, the hyperon masses are chosen as
my =1115.68 MeV, my. =1189.37 MeV, mx =1192.64
MeV, ms =1197.45 MeV, mz =1314.86 MeV, and

- =1321.71 MeV[134], while the masses of strange
mesons, ¢ and o* are taken as my=1020 MeV and
m, =980 MeV. We adopt the values from the SU(6) sym-
metry for the coupling constants between hyperons and
vector mesonst!3*] both in NLRMF and DDRMF models.
Here, the coupling constants of the DDRMF model are
taken as an example,

neutron

Fop =T =20z = 21,y,
2y =Te=-22T,y, Ty=0,
[,y =0, [y=2l-=2ly,
Fsu=0, Thy=20:=2lG,

(32)

where I,y has been defined in Eq. (14)~Eq. (16) for
DDRMF models. The coupling constants of hyperon and
scalar mesons are constrained by the hyperon-nucleon po-
tentials in symmetric nuclear matter, UY, which are
defined by

U[)Y(pBO) = —Roy I on(PBo)00 + Ry un(0B0) W0, (33)
where I,y(0go), I wn(OB0), 00, wy are the values of coup-
ling strengths and o, w meson fields at the saturation dens-
ity. R,y and R,y are defined as R,y =1,y/[,y and
R,y =T,y/T,y. We choose the hyperon-nucleon potentials
of A, 2 and 5 as U} =-30 MeV, Uy =+30 MeV and
UY = -14 MeV, respectively from the recent hypernuclei

experimental observables[7% 81 1361
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Table2 Masses of nucleons and mesons, meson coupling constants, and the nuclear saturation densities in various DDRMF models.

Parameter DD-LZ1U211 DD-MEXU!!'7] pp-ME2[!'%! pD-ME1[!!3]  pp2l'4  pkDDU'8]  Twooll191  ppyli20]  ppyTl20] ppyTDII20]

m,/MeV  938.900 0 939.0000  939.0000  939.0000  939.5654  939.5731  939.0000 939.5654  939.5654  939.5654
m,/MeV  938.900 0 939.0000  939.0000  939.0000 9382720 9382796  939.0000 9382721 9382721  938.2721
my/MeV 5386192 547.3327 550.123 8 549.5255 5462125 5555112 550.0000 537.6001 502.5986  502.6198
my/MeV  783.000 0 783.0000  783.0000  783.0000  783.0000 783.0000 783.0000  783.0000 783.0000  783.0000
m,/MeV  769.000 0 763.0000  763.000 0 763.0000  763.0000  763.0000  763.0000  763.0000 763.0000  763.0000
mg /MeV — — — — — — — — — 980.0000
I'+(0) 12.001 4 — — — — — — — — —
T'(0) 142925 — — — — — — — _ _
T'p(0) 15.1509 — — — — — — — — —

I's(0) — — — — — — — — _ _
I'+(pBo) — 10.706 7 10.5396 10.443 4 10.686 7 10.738 5 10.728 5 10.1370 8.3829 83793
T'w(pB0) — 13.338 8 13.0189 12.8939 13.3424 13.1476 13.2902 12.770 5 10.987 1 10.980 4
I'o(pB0) — 7.2380 7.3672 7.6106 7.2539 8.599 6 7.3220 7.8483 7.697 1 8.060 4
I's(pBo) — — — — — — — — — 0.848 7

pBo/fm™> 0.158 1 0.1520 0.1520 0.1520 0.1490 0.1496 0.1530 0.1511 0.1536 0.1536
ar 1.0627 1.3970 1.388 1 1.3854 1.3576 1.3274 1.3655 1.2100 1.2040 1.196 4
by 1.763 6 1.3350 1.094 3 0.978 1 0.6344 0.4351 0.226 1 0.2129 0.192'1 0.1917
Co 2.3089 2.067 1 1.7057 1.5342 1.005 4 0.6917 0.409 7 0.3080 0.2777 0.273 8
ds 0.3800 0.4016 0.4421 0.466 1 0.5758 0.694 2 0.9020 1.0403 1.0955 1.103 4
ay 1.0592 1.393 6 1.3892 1.3879 1.3697 1.3422 1.4025 1.2375 1.160 8 1.1669
by 0.4183 1.0191 0.9240 0.8525 0.496 5 0.3712 0.1726 0.0391 0.044 6 0.026 4
Cw 0.5387 1.606 0 1.4620 1.356 6 0.8178 0.6114 0.3443 0.0724 0.067 2 0.0423
dy 0.786 6 0.4556 0.4775 0.4957 0.6385 0.7384 0.9840 2.1457 2.2269 2.8062
a, 0.776 1 0.620 2 0.564 7 0.500 8 0.5189 0.1833 0.5150 0.3527 0.548 7 0.5580
as — — — — — — — — — 0.5580

Table 3 Nuclear matter properties at saturation density generated by NLRMF and DDRMF parameterizations.
Model pBo/fm™ EJA MeV Ko /MeV Eqym /MeV Lo/MeV MM MM
NL3 0.1480 —16.2403 269.960 5 37.3449 118.3225 0.5956 0.5956
BigApple 0.1545 —16.343 6 226.2862 31.3039 39.740 7 0.6103 0.6103
™I 0.1450 -16.263 1 279.5858 36.8357 110.608 2 0.634 8 0.634 8
IUFSU 0.1545 -16.3973 230.749 1 31.2851 47.1651 0.609 5 0.609 5

DD-LZ1 0.158 1 —16.059 8 231.1030 31.3806 42.466 0 0.558 1 0.558 1

DD-MEX 0.1519 —16.097 3 267.3819 32.2238 46.699 8 0.5554 0.5554

DD-ME2 0.1520 —16.1418 251.3062 32.3094 51.2653 0.5718 0.5718

DD-MEI1 0.1522 -16.2328 245.6657 33.0899 55.463 4 0.5776 0.5776

DD2 0.149 1 —16.6679 242.8509 31.6504 54.9529 0.5627 0.561 4
DD2 0.1495 -16.9145 261.7912 36.760 5 90.1204 0.5713 0.5699
TW99 0.1530 —16.2472 240.2022 32.765 1 55.3095 0.5549 0.5549
DDV 0.1511 -16.9279 239.9522 33.596 9 69.6813 0.586 9 0.5852
DDVT 0.1536 -16.9155 239.9989 31.5585 423414 0.6670 0.665 7

DDVTD 0.1536 -16.9165 2399137 31.8168 42.5829 0.6673 0.666 0
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The coupling constants between A and o is gener-
ated by the value of the AA potential in pure A matter, U}
at nuclear saturation density, which is given as

U//\\(pBO) =—Roal on(080)00 = Ry al on(0B0)0 o+
Ry un(o0)wo + Ryl oy (080) 0. (34)

We similarly define that R,., = 'ps/Iey and Ryy = Tyn/
I',y. R,, 1is obtained from the A—-A potential as
U4(pgo) = -10 MeV, which was extracted from the A
bonding energies of double-A hypernuclei. R,, = —V2/2
is corresponding to the SU(6) symmetry broken casel®1].
Here, the coupling between the ¥, 5= hyperons and o*
mesons are set as R,z =0, R,s =0, since the information
about their interaction is absent until now. The values of
R,y and R,., with above constraints in different RMF ef-
fective interactions are shown in Table 4.

Table 4 The Coupling constants between hyperons and o
meson, g,y and A-o*, gs-4 in different RMF effect-
ive interactions.

Model Roa Ros Roz Roa
NL3 0.6189 0.460 9 0.306 8 0.8470
BigApple 0.6163 0.4528 0.305 4 0.863 1
™1 0.6211 0.4459 0.307 6 0.8371
IUFSU 0.616 2 0.4530 0.305 4 0.8880
DD-LZ1 0.6104 0.4657 0.302 8 0.876 0
DD-MEX 0.612 8 0.469 2 0.3040 0.8623
DD-ME2 0.609 9 0.460 7 0.3025 0.8576
DD-ME1 0.608 6 0.4572 0.3018 0.8583
DD2 0.6127 0.466 6 0.3039 0.864 2
PKDD 0.6104 0.4618 0.3027 0.8497
TW99 0.6120 0.468 8 0.303 6 0.8582
DDV 0.607 4 0.4528 0.301 1 0.8798
DDVT 0.5912 0.3993 0.292 4 0.922 6
DDVTD 0.5911 0.3990 0.292 4 0.9225

3.2 Neutron star and hyperonic star

With the conditions of B equilibrium and charge neut-
rality, the equations of state (EoSs) of neutron star matter
including the neutron, proton, and leptons, i.e. the P—e€
function in the NLRMF and DDRMF models is obtained in
the panel (a) and panel (b) of Fig. 1, which shows the pres-
sures of neutron star matter as a function of energy density.
For the inner crust part of a neutron star, the EoS of the non-
uniform matter generated by TM 1 parametrization with self-
consistent Thomas-Fermi approximation is adopted[38]. In
the core region of a neutron star, the EoSs of the uniform
matter are calculated with various NLRMF and DDRMF
parameter sets. Furthermore, the joint constraints on the
EoS extracted from the GW170817 and GW190814 are
shown as a shaded band[zl], which was obtained from the

gravitational wave signal by Bayesian method with the
spectral EoS parametrizations[lg]. The pressures from TM1
and NL3 sets around saturation density are larger than those
from IUFSU and BigApple sets since their incompressibil-
ities K, are about 270~280 MeV. At the high-density re-
gion, the EoSs from NL3 and BigApple become stiffer
since g3 in these two sets are negative, which will produce
smaller scalar fields and provide less attractive contribu-
tions to the EoSs. In DDRMF parameter sets, the EoSs
have similar density-dependent behaviors. The DDV,
DDVT, DDVTD, and TW99 sets generate the softer EoSs
compared to other sets.

After considering more conditions of beta equilibrium
and charge neutrality about the hyperons, the EoSs of hyp-
eronic star matter from the NLRMF and DDRMF models,
where the coupling strengths between the mesons and hyp-
erons are described as before, can be obtained in panel (c)
and panel (d) of Fig. 1. They almost become softer from
£~300 MeV/fm? compared to the neutron star matter, due
to the appearances of hyperons. In high-density region, all
of them are below the joint constraints on the EoS from
GW170817 and GW190814 events.

Similarly, in panel (a) and panel (b) of Fig. 2, the pres-
sures as functions of baryon density in neutron star matter
from NLRMF and DDRMF models are given. Furthermore,
the speeds of sound in neutron star matter, c,, which has
been defined in Eq. (31) with the unit of light speed are
plotted in the insert. Since the NLRMF and DDRMF mod-
els are constructed based on the relativistic theory, the
speeds of the sound from the RMF framework should be
less than 1 due to the causality. The NL3 set brings out the
largest speed of the sound, while the ¢?/¢* from TM1 and
IUFSU sets at high density approach 0.4. It is noteworthy
that ¢?/c* is 1/3 from the conformal limit of quark
matter(>* 36],

The pressures as functions of density in hyperonic star
matter from NLRMF and DDRMF models are given in
panel (c) and panel (d), respectively. The onset densities of
the first hyperon are marked by the full discretized sym-
bols, which are around 0.28~0.45 fm™>. The speed of
sound of hyperonic star matter is not smooth as a function
density anymore. The appearance of hyperon can sharply
reduce the magnitude of the speed of sound, especially at
first onset density. For the hard EoS, the ¢? becomes 0.6 in
hyperonic star matter from 0.8 in neutron star matter at
high-density region.

The onset densities of A, 2, and = hyperons in vari-
ous NLRMF and DDRMF models are listed in Table 5. In
general, the A hyperon firstly arises around 2 ~3p, due to
its small mass and large attractive AN potential. The most
probable baryon of the second onset is the >~ hyperon for
0B <4po, whose mass is very close to that of the A hyperon.
In a few parameter sets, such as NL3, PKDD, DDVT, and
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Fig. 1 (color online) The pressure p versus energy density e of neutron star matter and hyperonic star matter from NLRMF and

DDRMF models. The joint constraints on EoS extracted from the GW170817 and GW 190814 are shown as a shaded green
band. Panels (a) and panel (b) for the neutrons star matter from the NLRMF and DDRMF models, respectively. Panels (¢) and
panel (d) for the hyperonic star matter from the NLRMF and DDRMF models, respectively.
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Fig. 2 (color online) EoSs of neutron star and hyperonic star matter with different NLRMF and DDRMF models. The correspond-
ing speeds of sound in units of the speed of light shown in the insert. Panels (a) and panel (b) for the neutrons star matter from
the NLRMF and DDRMF models, respectively. Panels (c) and panel (d) for the hyperonic star matter from the NLRMF and
DDRMF models, respectively.
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DDVTD, the second appearing hyperon is the 5~ hyperon,
which can bind with the nucleons to form the 5- hyper-
nuclei. With the density increasing, the =- hyperon usu-
ally emerges above 4p, and =° appears above 7p,.

The corresponding particle fractions of baryons as a
function of baryon number density with different NLRMF
and DDRMF parameter sets are shown in Fig. 3 and Fig. 4,

neutron stars, PSR J1614-2230 and PSR J034+0432 are
also shown as the shaded bands. In 2019, the Neutron star
Interior Composition Explorer (NICER) collaboration re-

Table 5 Hyperon thresholds calculated with different RMF
effective interactions for hyperonic matter. The unit of
the density is fm 3.

. . . . Model st nd rd th
respectively. At a low-density region, the hyperonic matter 1* (on) 27 (o) 37 (ow) 4% (ow)
. .. —_ =0 _
is almost consisting of neutrons. The proton and electron NL3 A (02804) 2= (0.6078) 20 (0.9723)  5~(1.3545)
fractions rapidly increase with density. When the chemical BigApple A (0.3310) - (0.4895) = (0.6191) =0 (1.2758)
potential of the electron is larger than the free muon mass, T™M1 A (03146)  x~(0.9995) = (1.0228)
the muon will arise. Above 2p,, the various hyperons ap- IUFSU A (0.3800) >~ (0.5645)
pear in the hyperonic matter when they satisfy the chemic- DD-LZI A (0.3294) - (0.4034) =- (0.6106) =0 (1.2935)
al equlhbrlum .condltlogs. At the high-density region, the DD-MEX A4 (03264) s (03871) & (0.5967) =0 (1.2699)
fractions of various particles are strongly dependent on the DDME2 4 (03402) - (0.4244 04895 50 (13237
NN and NY interactions. However, at all events, the frac- i ' Z- (0448 57 (04895 =
. . - — o =0
tions of A hyperon will approach that of neutrons. In some DD-MEL 4 (0.3466) 3= (04424) 2~ (04740) 57 (1.3545)
cases, it can exceed those of neutrons. DD2 A (03387) 3 (0.4147) = (0.5699) =0 (1.3733)
After solving the TOV equation, the mass-radius rela- PKDD A (0.3264) = (0.4016) - (0.5126) =0 (1.0759)

tion of a static neutron star is obtained, where the EoSs of TW99 A (0.3696) - (0.4167) 5~ (0.7109) =0 (1.7052)
neutron star matter in the previous part are used. In Fig. 5, DDV A (0.3547) - (04850) =~ (0.7723)
the mass-radius (M—R). relations from NLRMF sets and DDVT A (04465 - (04941) s (0.6220)
DDRMEF sets are shown in panel (a) and panel (b), respect-
. . . DDVTD A (0.4465) =~ (0.4963) 3~ (0.6163)
ively. The constraints from the observables of massive
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Fig. 3 (color online) Particle fractions of baryons as a function of baryon number density with different NLRMF parameter sets.

10° F— (a)DD-LZ1

(b) DD-MEX

101 L

102

103

(c)DD-ME2 [

N
N N
\\ nal

(d) DD-MEI |

(¢) DD2

10° E

The ratio of the density

10 F

1072

(h) DDV [

0 AR WA 55

0.00 0.50 1.00 0.00

0.50

1.00
py/fim™

1.00 1.50

Fig. 4 (color online) Particle fractions of baryons as a function of baryon number density with different DDRMF parameter sets.



FH2M HUANG Kaixuan et al: Investigation on the Hyperonic Star in Relativistic Mean-field Model © 145 -
3.0
(a) NLRMF o (b) DDRMF
LI GW190814
25 f — e
—= \‘
20 | — S PSR Jnseasns
- = NICER i N NICER |
GW170817 \(2021}/ GWI70817 "\~ (2021) /
1.5 ' \ i
: e I ! l e
— DD-LZ1 |
Lo L v 9
1.0 NL3 // NICER (2019) —  DD-MEX | / TICER (2019)
— BigApple // —- DD-ME1 | / :
05 | . om 7 | DDME2 | ( L N
. — - IUFSU A DD2 NS —
S@ Neutron star TT——-=—_—_ . _ __ __| Neutron star g
S 30 s s N — s s
= (c) NLRMF (d) DDRMF — PKDD
TW99
25 F - DDV
NICER (2021) —- DDVT
- ) DDVTD
20 INICER ¢
(2021 PSR J1614-2230
15 b
I 1
r / F * Z }
1.0
GW170817 // NICER (2019) ER (2019)
/
05 | /1 :
. AN . ~ = -
Hyperonic star = _| Hyperonic star e
0.0
10 11 12 13 14 15 10 11 12 13 14 15
R/km

Fig. 5 (color online) The neutron and hyperonic star masses as functions of radius for NLRMF and DDRMF sets. Constraints from
astronomical observables for the massive neutron star, NICER, and GW170817 are also shown. Panels (a) and panel (b) for the
neutrons star matter from the NLRMF and DDRMF models, respectively. Panels (c) and panel (d) for the hyperonic star mat-

ter from the NLRMF and DDRMF models, respectively.

ported an accurate measurement of mass and radius of PSR
J0030+0451, simultaneously. It may be a mass of
1.44*015 M, with a radius of 13.02*'2 kml[!37] and a mass
of 1.34*01> M, with a radius of 12. 71+1 14 kml!38] by two
independent analysis groups. Recently, the radius of the
pulsar PSR J0740+6620 with mass was reported by two in-
dependent groups based on NICER and X-ray Multi-Mir-
ror (XMM-Newton) observations. The inferred radius of
this massive NS is constrained to 12.39*;30 km for the mass
2.072:09 7 M by Riley er al.['*1 and 13.7:2¢ km for the
mass 2.08+0.07 My, by Miller etal. at 68% credible
levell'®]. These constraints from NICER analyzed by Riley
et al. are plotted in Fig. 5. Meanwhile, the radius at 1.4 M,
extracted from GW170817 is also shown!®!.

Among all parameter set used, NL3 predicts the heav-
iest neutron star mass (2.77 M, ) due to its hard EoS, while
the corresponding radius at 1.4 M, does not satisfy the
measurements from GW170817 and NICER. It can be
found that the radii at 1.4 M, from NL3 and TM1 sets are
much larger than those from other RMF sets. This is caused
by their large slope of symmetry energy, L=110.6 MeV
from TM1 and L=118.3 MeV from NL3. In our previous
works! 1401411 the extended TM1 and TUFSU parameter

sets, which can generate different 7, and keep the isoscalar
properties of nuclear many-body systems, were applied to
systematically study the symmetry energy effect on the
neutron star. We found that there is a strong correlation
between the [, and the radius of the neutron star at 1.4 M,
while its influence on the maximum mass of the neutron
star is very small. Furthermore, the tidal deformability,
which is related to the radius of neutron also provides the
constraints to [.From the present astrophysical observ-
ables, the slope of symmetry energy should be less than 80
MeV. On the other hand, L is also related to the neutron
skin of the neutron-rich nuclei, such as *®Pb. However, re-
cent experimental data about the neutron skin of 2®Pb from
PREXII prefers the larger L1427144] " This contradiction
should be discussed in detail in the future. The softer EoSs
from IUFSU, DDV, DDVT, and DDVTD cannot generate
the 2 M, neutron stars and the radii at 1.4 M, from them
are smaller compared to the other sets. BigApple, DD-LZ1,
and DD-MEX sets can produce the neutron star heavier
than 2.5 M, whose radii at 1.4 M, also accords with the
constraints from gravitational wave and NICER. Therefore,
we cannot exclude the possibility of the secondary in
GW190814 as a neutron star'4’]. For the massive neutron



* 146 -

o7 &% ® A

539 %

stars above 2 M, from the stiffer EoSs, their central dens-
ities are less than 0.9 fm >, while the softer EoSs may
reach the central densities larger than 0.9 fm™> for the
lighter neutron stars.

The mass-radius (M —R) relations of hyperonic star
from NLRMF and DDRMF parameter sets are shown in
panel (c) and panel (d) of Fig. 5, respectively. The onset
positions of the first hyperon in the relations are shown as
the discretized symbols. After considering the strangeness
degree of freedom, the maximum masses of the hyperonic
star will reduce about 15%~20%. In the NLRMF model,
only the NL3 and BigApple parameter sets can support the
existence of 2 M, compact star with hyperons, while in the
DDRMF model, the DD-LZ1, DD-MEX, DD-ME2, DD-
MEI1, DD2, and PKDD sets generate the hyperonic star
heavier than 2 M. Furthermore, the central densities of the
hyperonic star become higher compared to the neutron star,
all of which are above 5p,. The role of hyperons in the
lower mass hyperonic star is strongly dependent on the
threshold density of the first onset hyperon. The properties
of a hyperonic star whose central density is below this
threshold are identical to those of a neutron star. When the
central density of the hyperonic star is larger than the

threshold, the properties of hyperonic star will be influ-
enced. For the softer EoSs, the lower mass neutron stars are
more easily affected, because their central densities are
much larger than those generated by the harder EoSs at the
same neutron star mass. For example, the radii of the hyp-
eronic stars at 1.4 M, from DDV, DDVT, and DDVTD de-
crease about 5% compared to those of the neutron stars.

In Fig. 6, the dimensionless tidal deformability, A, of
neutron stars as a function of their masses from different
NLRMF and DDRMF models are shown in panel (a) and
panel (b), respectively. The tidal deformability represents
the quadrupole deformation of a compact star in the extern-
al gravity field generated by its companion star, which is
related to the mass, radius, and Love number of the star.
From the gravitation wave of BNS merger in GW170817, it
was extracted as A4 =1907% at 1.4 M, 8] 1t is found
that the A,, worked out by NLRMF models are larger than
the constraint of GW170817 since their radii are greater
than 12 km. For the massive neutron star, its tidal deform-
ability is very small and close to 1. The A,4 from DDRMF
models is separated into two types. The first type with the
stiffer EoSs has the larger A, and heavier masses, whose
A, are out the constraint of GW170817. The second one
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\ . — -IUFSU DD2
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Fig. 6 (color online) The dimensionless tidal deformability as a function of star mass for NLRMF and DDRMF sets. The con-
straints from GW170817 event for tidal deformability is shown. Panels (a) and panel (b) for the neutrons star matter from the
NLRMF and DDRMF models, respectively. Panels (c) and panel (d) for the hyperonic star matter from the NLRMF and

DDRMF models, respectively.
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completely satisfies the constraints of GW170817 and has
smaller radii from the softer EoSs. It was also shown the
tidal deformability of the neutron star at 2.0 M, which is
expected to be measured in the future gravitational wave
events from the binary neutron-star merger.

The dimensionless tidal deformabilities of hyperonic
star are plotted in the panel (c) and panel (d) of Fig. 6. For
the harder EoSs, the hyperons only can influence the mag-
nitudes of A at the maximum star mass region, while they
can reduce the dimensionless tidal deformability at 1.4 M,
for the softer EoSs, such as TW99, DDV, DDVT, and
DDVTD set, whose A;, are closer to the constraints from
GW170817. Therefore, the compact stars in the GW170817
events may be the hyperonic stars.

Finally, the properties of neutron star and hyperonic
star, i.e., the maximum mass ( M./M,), the correspond-
ing radius (R ), the central density (p, ), the radius (R, 4)
and dimensionless tidal deformability (A,4) at 1.4 M, from
present NLRMF and DDRMF models are listed in Table 6.
The maximum masses of neutron stars from these models
are around 1.85 ~2.77 M, whose radii are from 9.93 km

to 13.32 km. The central density of heavier neutron star is
smaller. It is 0.66 fm > for NL3 set, while it becomes 1.28
fm > in DDVTD set. The radius at 1.4 M, from DDVTD
set has the smallest value, 11.46 km. Therefore, its dimen-
sionless tidal deformability at 1.4 M, is just 275.

Now, the maximum masses of hyperonic stars are
1.50~2.34 M, and the corresponding radii are in the range
of 9.30~12.51 km, which are reduced compared to the
cases without considering the strangeness degree of free-
dom. The central densities become larger compared to
those of neutron stars. The smallest radius of the hyperonic
star at 1.4 M, is 10.90 km from DDV, whose dimension-
less tidal deformability is just 136. The threshold density of
the first onset hyperon is also shown to demonstrate the in-
fluences of hyperon on the low mass hyperonic star. In gen-
eral, the maximum mass of a hyperonic star can exceed
2 M, if the EoS is a hard type, whose maximum mass ap-
proaches 2.3 M, fora neutron star. Therefore, one solu-
tion to the "hyperon puzzle" is to adopt the stiff EoS. The
softer EoS only can describe the hyperonic star whose mass
is around 1.5 M.

Table 6 Neutron star and hyperonic star properties from various RMF models.

Neutron star

Hyperonic star

Model 18t threshold/ fm ™
Mmax/Mo Rmax/km p./fm™> Ris/km p4/fm™> Ais  Mmax/Mo Rmax/km p./fm™ Ris/km pi4/fm™> Ara

NL3 27746 133172 0.6638 14.6433 02715 1280 23354 125105 08129 14.6426 02715 1280 0.280 4
BigApple 2.6005 123611 0.7540 12.8745 03295 738 22186 11.6981 0.8946 128750 03295 738 0.3310
TM1 21797 123769 08510 142775 03200 1050  1.8608 11.9255 0.9736 142775 0.3218 1050 03146
IUFSU 19394 11.1682 1.0170 123865 04331 510 16865 10.8653 1.1202 123520 0.4705 498 0.3800
DD-LZ1 25572 122506 0.7789 13.0185 03294 729 21824 11.6999 09113 12.0185 03294 729 0.329 4
DD-MEX 25568 123347 0.7706 132510 03228 785 21913 11.8640 0.8890 132510 03228 785 0.326 4
DD-ME2 24832 12.0329 08177 13.0920 03410 716 21303 11.6399 09296 13.0920 03410 716 0.3402
DD-ME1 24429 119085 0.8358 13.0580 03512 682  2.0945 11.5089 09560 13.0578 03526 681 0.346 6
DD2 24171 11.8520 0.8481 13.0638 03528 686 20558 113446 09922 13.0630 03585 685 0.3387
PKDD 23268 11.7754 0.8823 13.5493 03546 758  1.9983 11.3789 1.0188 13.5400 0.3642 756 0.326 4
TW99 20760 10.6117 1.0917 12.1805 0.4720 409  1.7135 10.0044 13466 11.9880 05710 352 0.369 6
DDV 19319 103759 1.1879 123060 0.5035 395 15387 9.0109 17317 10.8990 0.9538 136 0.3547
DDVT 19253 10.0846 12245 11.6058 05458 302 15909 9.6244 14675 11.4515 0.6660 266 0.446 5
DDVTD 1.8507 9.9294 12789 114615 05790 275 14956 93019 1.6071 10.9880 0.8570 182 0.446 5

3.3 The correlations of hyperon coupling constants

In recent work, Rong et al.l'4%] found that the coup-

ling ratio between the scalar meson and A hyperon, R,,,
has a strong correlation with that between the vector meson
and A hyperon, R,, in the available hypernuclei investiga-
tions by reproducing the single-A binding energies from
relevant experiments. This correlation is easily understood
in the RMF framework since the single hyperon-nucleon
potential given in Eq. (33), the single hyperon-nucleon po-
tential is dependent on the scalar field and vector one. From
the present observables of A hypernuclei, we can extract

that the UY ~—30 MeV at nuclear saturation density, pq.
On the other hand, the o, and w, are solved in the sym-
metry nuclear matter, which are constants. Therefore, R,,
and R,, should satisfy the linear relation, when the UY is
fixed in a RMF parameter set.

In this subsection, the TM1 parameter set for NN inter-
action will be adopted as an example to discuss the impact
of the magnitudes of R,y and R,y on the properties of hyp-
eronic star under the constraints of YN potential at nuclear
saturation density, U%(py). From Eq. (33), we can find a
linear relation between the ratios R,y and R,y (Y =
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A, X, E) for different hyperons. In TM1 parameter set, the 500 04
magnitudes of the scalar potential, Ug = g,yo° and the ’
vector potential, Uy =g,yw" for nucleons are 342.521 a00 L 03¢
MeV and 274.085 MeV at nuclear saturation density, re- er 02l
spectively. With the empirical hyperon-nucleon potentials =
for A, 2 and & hyperons at nuclear saturation density, Ig 300 | 0.1F
UY =-30 MeV, UY = +30 MeV and UY =-14 MeV, the > 0.0
following relations are obtained, % 200 L 0.0

R,y =1.249 69R,, —0.109 46, (35)
R.s =124969R,»+0.109 46, (36) 100+ Hyperonic
R,z =1249 69R,-—-0.051 08. 37)

0

Here the strange mesons o* and ¢ are not considered.
Therefore, we can adjust the values of R,y and generate
the corresponding R,y simultaneously. To study the influ-
ences of R,y on hyperonic star, R4, R,z, R.s=
0.6, 0.8, 1.0 are discussed, respectively. Therefore, there
are 27 combination cases. The EoSs of hyperonic star mat-
ter from TM1 model with different R,,, R,z, R, are plot-
ted in Fig. 7. In general, the EoS becomes stiffer with the
R, increasing. For the ¥ and = coupling ratios, there are
also similar behaviors. It demonstrates that the vector po-
tential increases faster than the scalar one at the high-dens-
ity region so that the EoS obtains more repulsive contribu-
tions from the vector meson.

400
—--R,=0.6, R,=0.6,
— . R..=0.6, R..~0.8
— R..=0.6,R..=1.0
| ---- R,==0.8, R,;=0.6
00 R-08 R-08
~ —_R,=0.8,R,~1.0
& — R,=10,R,
% 200 : gw:ilﬂs R,s
2 =1
<
100 R,,Hzl.o
R,=0.6
Hyperonic
O L L L L L
0 250 500 750 1000 1250 1500
&/(MeV-fm™)
Fig.7  (color online) The EoSs of hyperonic star matter

from TM1 models with different R 4, Ru=, Ros .

In Fig. 8, the pressures and speeds of sound of hyper-
onic star matter as functions of baryon density with differ-
ent R, R.z, R,x are given. The thresholds of the first
hyperon onset are symbolized by the filled diamonds.
When the R, is larger, the appearances of A hyperons are
later. Furthermore, the speeds of the sound of hyperonic
matter are also strongly dependent on the magnitudes of
R.4s Roz, R,s . The discontinuous places in these curves
about the speeds of sound are generated by the onset of
hyperons, which can reduce c?. Therefore, the speed of
sound of hyperonic star matter becomes very smaller, once

0.0 0.2 0.4 0.6 0.8 1.0 1.2
pp/fm

Fig. 8 (color online) The pressure of hyperonic matter as a
function of baryon density with different R,4, Ruz, Ros -
The corresponding speeds of sound in units of the
speed of light shown in sub-figure. The threshold of the
first hyperon is indicated by the filled diamonds. The
meaning of the curves are same as those in Fig. 7.

the types of hyperons in hyperonic stars are raised more.

In Fig. 9, the mass-radius (M — R) and mass-central
density (M — pg) relations from TM1 model with different
R.4> Rz, R,s are shown in panel (a) and (b), respectively.
The maximum mass of neutron star from the TM1 paramet-
er set is 2.18 M,. When the hyperons are included, the
maximum masses of the hyperonic star are reduced. They
are just around 1.67 M, when R,, = 0.6. With the incre-
ment of R,,, the maximum mass of the hyperonic star be-
comes larger due to the stronger repulsive fields. It is
around 2.0 M, in the case of R, = 1.0, which satisfies the
constraints from the recent massive neutron star observ-
ables. The corresponding radii turn smaller and the central
densities get larger.

Finally, the thresholds of hyperons and properties of
hyperonic star with different R4, Rz, R,s are shown in
Table 7. In all of these 27 cases, the A hyperon firstly ap-
pears in the hyperonic star. Then, if R,z >R, , the >~ hyp-
eron will secondly emerge. Otherwise, the 5~ hyperon ap-
pears. Furthermore, when R,z <R,s, the £° can more eas-
ily arises comparing to X° and >+ hyperons. The maxim-
um masses of hyperonic star and onset density of A hyper-
on are strongly dependent on the R, ratio. It can approach
2.04 M, when R, =10,R,z=10,R,-=10. The A
hyperon appears at pg = 0.3089 fm™3 for R,, = 0.6, which
is lower than the density of 1.4M, neutron star. Therefore,
the radii and dimensionless tidal deformability at 1.4 M,
R,, and A,,, are slightly changed as 12.277 0 km and 1
055 from the neutron star 12.277 5 km and 1 050. There-
fore, the magnitudes of R,,, R,z, R,s are significant to de-
termine the maximum mass and corresponding radius of the
hyperonic star, while it cannot by fixed very well through
present hypernuclei experiments.
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Fig. 9 (color online) The hyperonic star masses as functions of radius and the central baryon density for TM1 models with differ-
ent Rya, Ruz, Ryx . The threshold of the first hyperon is indicated by the filled diamonds.

Table 7 Thresholds and hyperonic star properties from TM1 model with different R,4,R.z,R.x . The hyperons exist in the hyperon-
ic star are given by bold.

Roa Ruos  Rus Hyperon thresholds/ /fm ™ Miax  Rmax/km  p./fm™  Rig/km  pj,/(fm™3)  Aig
06 06 06 A0.3089), Z7(0.5245), X7(0.9032), Z°(1.0710), X°(1.4447) 16645 132465 07251 122770 03255 1055
06 06 08 A0.3089), Z(0.5245), =°(1.0759) 1.6645 132465 0.7251 122770 03255 1055
06 06 1.0 A(0.3089), Z7(0.5245), £°(1.0759) 1.6645 132465 07251 122770 03255 1055

06 08 06 A(0.3089), 27(0.6106), =~ (0.6394), 50(1.3176), 20(1.3237) 16733 13.1347 07456 122770 0.3255 1055
06 08 08 A(0.3089), 27(0.6306), =~ (1.2072), 5°(1.3924), 2°(1.8611) 16742 13.1101 0.7456 122770 0.3255 1055

06 08 1.0 A(0.3089), Z(0.6306), =°(1.3989) 1.6742 13.1101 07456 122770 03255 1055
06 10 06 A(0.3089), 27(0.6106), 2°(1.2995), Z*(1.4989) 1.6736 131111 07514 122770 03255 1055
06 1.0 08 A(0.3089), 27(0.7830), Z7(0.8546), 2°(1.7530), 2°(1.8356) 16757 13.0391 0.7635 122770 03255 1055
06 10 1.0 A(0.3089), 57(0.8237), Z~(1.7052), 5°(1.8870) 1.6757 13.0391 0.7635 12.2770 03255 1055
08 06 06 A(0.3294), 57(0.4485), 2 (0.6979), 2°(0.8050), °(1.0959) 18225 13.0424 07615 122775 03200 1050
08 06 08 A(0.3294), Z7(0.4485), Z°(0.8087) 1.8225 13.0423 07612 122775 03200 1050
08 0.6 1.0 A(0.3294), £(0.4485), =°(0.8087) 1.8225 13.0423 07612 122775 03200 1050

08 08 06 A(0.3294), X7(0.5009), Z(0.5150), £°(0.9242), 2°(0.9501) 18547 12.8733 07972 122775 03200 1050
08 08 08 A(0.3294), 57(0.5103), £(0.8429), 5°(0.9545), 20(1.3483) 18619 12.7947 08135 122775 03200 1050
08 08 1.0 A(0.3294), Z7(0.5103), £°(0.9589) 1.8619 12.7947 08135 122775 03200 1050
08 1.0 06 A(0.3294), 27(0.5009), °(0.9200), Z*(1.0661), 57(1.1906) 18603 12.8329 0.8026 122775 03200 1050
08 1.0 08 A(0.3294), 27(0.5967), Z7(0.6220), 2°(1.1906), Z°(1.2128) 18799 12.6868 08316 122775 03200 1050
08 1.0 1.0 A(0.3294), E-(0.6135), Z~(1.1163), 5°(1.2699), 2°(1.8870) 18828 12.6492 0.8371 122775 03200 1050

10 06 06 A03579), 57(0.4186), X~(0.6050), £°(0.6947), 2°(0.9589) 19170 13.0352 07661 122775 03200 1050
10 06 08 A03579), 57(0.4128), £°(0.6979), I~ (1.4852), 3°(1.5409) 19174 129932 07795 122775 03200 1050
10 06 10 A03579), 57(0.4128), £°(0.6979) 19174 129932 07795 122775 03200 1050
10 08 06 A03579),X7(0.4506), Z7(0.4590), £°(0.7617), °(0.8013) 9736 12.8272 08047 122775 03200 1050
10 08 08 A0.3579), 57(0.4548), X(0.6947), £°(0.7759), 2°(1.1061) 19878 127682 0.8093 122775 03200 1050
10 08 10 A03579), 57(0.4548), £°(0.7759) 1.9879 127682 0.8093 122775 03200 1050
10 10 06 A03579), X7(0.4506), Z7(0.6726), X°(0.7617), X*(0.8826) 19898 12.7706 0.8146 122775 03200 1050
10 10 08 A(0.3579), 27(0.5126), -(0.5221), £°(0.9074), 2°(0.9328) 20275 126470 08254 122775 03200 1050
10 10 1.0 A(0.3579), 57(0.5197), 5~(0.8546), 5°(0.9328), °(1.4447) 20363 125920 08327 122775 _ 03200 1050
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4 Summary

The neutron star consisting of nucleons and leptons,
and the hyperonic star considering additional contributions
from hyperons were reviewed in the RMF model due to re-
cent rapid achievements about astronomical observations
on the compact star. The theoretical frameworks of the two
types of RMF models, i.e. NLRMF and DDRMF models
were shown in detail to describe the infinite nuclear matter
system. Several conventional NLRMF parameter sets,
(NL3, BigApple, TM1, IUFSU), and the DDRMF paramet-
er sets (DD-LZ1, DD-MEX, DD-ME2, DD-MEI, DD2,
PKDD, TW99, DDV, DDVT, DDVTD) were adopted to
calculate the properties of the neutron star and hyperonic
star, which were created by reproducing the ground-state
properties of several finite nuclei with different considera-
tions.

EoSs of neutron star matter from these parameteriza-
tions at high-density region are separated into the softer
type (IUFSU, DDV, DDVT, DDVTD) and stiffer one
(NL3, BigApple, TM1, DD-MEX, DD-ME2, DD-MEI,
DD2, PKDD, TW99). The maximum masses of neutron
stars generated by the softer EoSs cannot approach 2.0 M,
which did not satisfy the constraints from the massive neut-
ron star observables. However, the radii of the correspond-
ing neutron star are relatively small so that their dimension-
less tidal deformability at 1.4 M, are around 275~ 510
which are in accord with the value extracted from the
GW170817 event. Meanwhile, the harder EoS can lead to a
very massive neutron star. The maximum masses are
27746 and 2.5572 M, from NL3 and DD-LZ1 sets, re-
spectively, which implies that the secondary object in
GW190814 may be a neutron star. In addition, the radius of
the neutron star at 1.4 M, has a strong correlation with the
slope of symmetry energy, L.

The baryon-baryon interaction plays an essential role
in the hyperonic star matter, which is extracted from the ex-
perimental data of the hypernuclei. The meson-hyperon
coupling strengths in RMF parameter sets were generated
by the empirical hyperon-nucleon potential in symmetric
nuclear matter at nuclear saturation density. The strange-
ness scalar and vector mesons were introduced to consider
the A—A potential in hyperonic star with the bond ener-
gies of double A hypernuclei. The hyperonic star matter
becomes softer compared to the neutron star matter. The
onset densities of the first hyperon were around 2p,~3p,
in present RMF models. The hyperon was raised earlier in
the stiffer EoS. The appearance of hyperon can reduce the
speed of the sound of the hyperonic star matter. The max-
imum mass of the hyperonic star is larger than 2 M,, for the
stiffer RMF parameter sets. In addition, the hyperons influ-
ence the properties of the hyperonic star in the low-mass re-
gion from softer EoS since its central density is very higher.

Therefore, dimensionless tidal deformability at 1.4 M, will
get smaller and be closer to the constraints from
GW170817.

Finally, the magnitudes of the coupling strengths
between scalar and vector mesons, and hyperons were dis-
cussed in the TM1 parameter set. When the single hyperon-
nucleon potential in symmetric nuclear matter at nuclear
saturation density was fixed at a RMF parameter set, the
coupling constant between scalar meson and hyperon R,y
has the obvious linear correlations with that between vec-
tor meson and hyperon R,y . With present hypernuclei ex-
perimental data, it is difficult to completely determine the
magnitudes of R,y and R,y. The linear correlations were
applied to investigate the effect of R,y strength on the hyp-
eronic star. It was found that the maximum mass of a hyp-
eronic star can arrive at 2 M, when R,y = 1.0, while from
the conventional quark counting rules, it is just around
1.7 M, . Furthermore, the onset densities of various hyper-
ons in hyperonic stars were also strongly dependent on the
magnitudes of R,y . The speeds of sound of hyperonic star
matter will largely reduce when the types of appearance
hyperons increase.

The strangeness degree of freedom can largely affect

the properties of hyperonic stars in the RMF framework
and reduce the maximum mass of the hyperonic star.
However, the "hyperon puzzle" was completely solved with
the stiffer EoS generated by many available RMF paramet-
er sets. The DDRMF models more easily generate the
massive hyperonic star due to their density dependence of
coupling constants. On the other hand, it is also obtained by
increasing the coupling constants between the vector meson
and hyperons. The gravitational wave provides a good man-
ner to study the structure of the compact star. It is hoped
that there will be special signal from gravitational waves,
which can distinguish the existence of hyperons in the hyp-
eronic star. More experiments about the hypernuclei are ex-
pected to obtain more information about the hyperon-nucle-
on potential, which will greatly promote the investigations
about the hyperonic star.
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