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The effect of nucleon coupling constants on the moment of inertia of
proto-neutron star (PNS) PSR J0740+6620 is examined with relativistic
mean-field theory in consideration of a baryon octet. Here, nucleon coupling
parameters DD-MEI, NL1, NL2, TW99, and GM1 are used. Under the con-
straints of the observed mass M = 2.05-2.24 M., of PNS PSR J0740+6620
(taking the observed mass of neutron star (NS) PSR J0740+6620), the
radius of the PNS calculated by us with GM1 is the smallest, R = 14.63—
13.44 km, while the radius calculated with TW99 is the largest, R = 17.46—
17.07 km. The radii calculated from the other three sets of nucleon coupling
parameters are between the two values mentioned above. The maximum
value of the moment of inertia calculated with the nucleon coupling pa-
rameters TW99, NL1, DD-MEI, NL2, and GM1 decreases in turn. Under
the constraint of the observed mass of PNS PSR J0740+6620 (taking the
observed mass of NS PSR J0740+-6620), the moment of inertia calculated
with NL1, NL2, DD-MEI, and TW99 increases with the increase of the
central energy density and mass, and decreases with the increase of the
radius. The moment of inertia calculated with GM1 decreases with the in-
crease of central energy density and mass, and increases with the increase
of the radius. The moment of inertia of the PNS PSR J0740+6620 cal-
culated by us with five groups of nucleon coupling parameters is between
2.465 x 10%-2.050 x 1045 gcm? (GM1) and 3.597 x 10%5-3.883 x 101 g cm?
(TW99).
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1. Introduction

Neutron stars (NSs) are dense, rapidly rotating objects [1-4]. In the later
stages of stellar evolution, a proto-neutron star (PNS) is formed in the core
by a supernova explosion and an NS is formed by neutrino radiation, which
gradually cools down [5]. The structure of a PNS depends more sensitively
on the composition of the star than on its entropy and the number of trapped
neutrinos plays an important role in determining of the composition [6].

(8-A1.1)
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If nucleons, hyperons, and leptons are present in the stellar core, the
finite-temperature Brueckner-Bethe—Goldstone method shows that both
finite-temperature and neutrino capture reduce the maximum mass value
of purely nucleonic stars. For supersonic stars, the effect is reversed, as neu-
trino capture converts the presence of hyperons into a larger baryon density,
thus greatly strengthening the equation of state (EoS) [7, 8]. The structure
of the PNS will affect its mass and radius |9, 10].

The mass and radius of the PNS are closely related to its moment of
inertia, which is an important physical quantity to describe the rotational
properties of PNS. Due to the large mass of PNSs, the effect of general
relativity must be taken into account when calculating their moment of
inertia 11, 12].

In recent years, a series of massive NSs (NS PSR J1614-2230, M =
1.97 £ 0.04 M(2010) [13], then M = 1.93 £+ 0.07 My(2016) [14]; NS
PSR J0348+0432, M = 2.01 £+ 0.04 M(2013) [15]; NS PSR J0740+6620,
M = 2.14753% M(2020) [16]) have been discovered. The mass, radius, and
moment of inertia of the PNSs of these massive NSs are important for de-
scribing their rotational properties and the evolution of stars, which are of
great interest to us.

The relativistic mean-field (RMF') theory is a theory that describes finite
nuclei [17] and has been successful in describing NS matter [18, 19]. The
results show that the transition density of hyperon stars is sensitive to the
nucleon coupling parameters [4]. The transformation of an NS into a hyperon
star means that a large number of nucleons in the NS become hyperons. The
composition of the particles in an NS will affect its mass and radius [18].
Thus, the mass and radius of the NS (and, by extension, the moment of
inertia) are also sensitive to the nucleon coupling parameters.

In this work, the effect of nucleon coupling constants on the moment
of inertia of PNS PSR J0740+6620 is studied by using the RMF theory in
consideration of a baryon octet.

2. RMF theory of PNS matter

Considering the interactions between nucleons and hyperons, the La-
grangian density of hadron matter containing mesons fp(975) (denoted as
0*) and ¢(1020) (denoted as ¢) [20] reads as follows [19]:
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Given the neutrino binding, the partition function of baryon of the PNS
matter is
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Here, k is the Fermi momentum of baryon B.
The total baryon number density [9, 10] is obtained from above
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0

After applying the RMF approximation, the energy density and the pres-
sure [9, 10| respectively are
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Here, np(k) is the Fermi-Dirac distribution function of baryon
1
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Ignoring the interactions of leptons at finite temperature, their partition

function is written as
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The first line represents the contribution of massless neutrinos and the sec-
ond line the contribution of electrons and us.
The lepton number density is
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where [ stands for electron e, and p and v stand for electron neutrino and
1 neutrino, respectively.
The contribution of leptons to the energy density and the pressure is
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The chemical potentials of baryons are

fti = fin — Gi (fte — fe) - (12)
To describe the neutrino trapping, the content of lepton in PNS is de-

fined as

Yi, = Vi4Y, = 2P (13)
p
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where Y}, represents the content of electrons, u, electron neutrinos, and p
neutrinos, Y; represents the content of electrons and us, and Y, represents
the content of electron neutrinos and p neutrinos. Due to electron neutrino
confinement, the threshold for the occurrence of u particles increases, so it
can be assumed that Y, = 0. The electron content is desirable Y, = 0.1-0.4
[6, 21, 22]. However, neutrino binding is not considered in this work.
We obtain the mass and the radius of a PNS by the Tolman—Oppenheimer—

Volkoff (TOV) equation [23, 24]
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The moment of inertia of a slowly rotating PNS is given by [11, 12]
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Here, v is given by
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and the angular velocity is given by
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The boundary condition are given by
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3. Parameters

Here, PNS matter is calculated by 10 sets of nucleon coupling parame-
ters (DD-MEI [25], GL85 [18], GL97 [19], NL1 [26], NL2 [26], TW99 [25],
GM1 [27], FSUGold [28], FSU2R [29], and FSU2H [29]).

We define the ratios of hyperon coupling constant to nucleon coupling
constant as 2, = % = Ty, Tup = gg“’—wh = Ty, Top = gg';;’ (h denoting
hyperons A, ¥, and =), which are in the range of ~ 1/3 to 1 [27].

We select x,5s by SU(6) symmetry [30, 31]. For the maximum mass of
the PNS increasing with the increase of parameters x,, and z,p [32], we
should take the largest possible x5 to obtain the largest possible mass of
the PNS. We choose z,;, = 0.9 and z,y, is derived by equation as follows [19]:

« 2
U}(LN) = my (mn — 1> Top + <gw> POTwh - (23)
mp mey
Here, we select the hyperon-potentials as U/(lN) = =30 MeV |31, 33, 34],

UM =30 MeV [31, 33-35], and ULY) = —14 MeV [36], respectively.

The parameters of the mesons o* and ¢ coupling to hyperons can be
chosen as [20]

—2v2q,
\3[9’ (24)
go*/l/ga = gU*E/ga =0.69, (25)

9or=/9o = 1.25. (26)

We take the temperature of PNS PSR J0740+6620 as T' = 20 MeV |[5].

Figure 1 and Table 1 show the mass and radius of the PNS calculated by
us with the above 10 sets of nucleon coupling parameters. It can be seen that
only the nucleon coupling parameters DD-MEI, NL1, NL2, TW99, and GM1
can give the mass of the PNS PSR J0740+6620. In this paper, we study the
influence of nucleon coupling parameters DD-MEI, NL1, NL2, TW99, and
GM1 on the moment of inertia of PNS PSR J0740-+6620.

9oz = 29464 = 29px =

4. Radius of PNS PSR J0740+6620

The observed mass of PNS PSR J0740+6620 is M = 2.05-2.24 Mg, [16],
corresponding to that for which the radius calculated by us with GM1 is
the smallest, R = 14.63-13.44 km, while the radius calculated by us with
TWO9 is the largest, R = 17.46-17.07 km (see Fig. 1 and Table 1). The radii
calculated by us from the other three sets of nucleon coupling parameters
are between the two above values.
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Fig.1. The radius of the PNS calculated by us as a function of the mass. The
shaded areas show the mass ranges of PNS J1614-2230, PNS J0348+0432, and
PNS PSR J0740+6620, respectively.

Table 1. Results of the PNS PSR J0740+6620 calculated by us in this work. The
mass of PNS PSR J0740+6620 is M = 2.05-2.24 M. R, pc, €c, P, and I are the
radius, the central baryon density, the central energy density, the central pressure,
and the moment of inertia of PNS PSR J0740+6620, respectively.

Parameter R De €c Pe I

2 2

unit [km)] [fm=3] %10 gem™3 x103° dynecm™2 x10%* gem

NL1 16.59-16.23 0.336-0.365 0.609-0.672 1.043-1.375 3.381-3.715
NL2 14.98-14.73 0.394-0.439 0.712-0.812 1.328-1.818 3.061-3.238
DD-MEI 16.52-16.20 0.328-0.361 0.594-0.666 0.996-1.312 3.428-3.705
TW99  17.46-17.07 0.303-0.333 0.552-0.617 0.869-1.138 3.597-3.883
GM1 14.63-13.44 0.512-0.737 0.976-1.546 1.960-4.363 2.465-2.050

At the center of the PNS, the baryon density reaches its maximum,
known as the central baryon density (expressed as p.). The central baryon
densities of PNSs calculated by us with different nucleon coupling param-
eters are different. The central baryon density of PNS PSR J0740-+6620
calculated by us with GMI is the highest, i.e. p. = 0.512-0.737 fm~3, and
that calculated with TW99 is the lowest, i.e. p. = 0.303-0.333 fm~3. The
central baryon density of the PNS PSR J0740+6620 calculated with other
nucleon coupling parameters is between the two.
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5. Energy density and pressure of PNS PSR J0740+6620

Figure 2 shows the pressure p of PNS PSR J0740+6620 calculated by us
with different nucleon coupling constants as a function of energy density .
Each curve terminates at its central baryon density pc.

5.0X‘1035 T T T T T T T T
45x10% | PNS PSR J0740+6620
’ T=20 MeV .
40x10® | ——NL1 s L
[ NL2 7
. 3.5x10% | .
~.E . - - - - DD-MEI ’
S 3.0x10%° | TW99 s b
S, 25x10® | ~"7 GM1 L
Z L .
2 20x10° | 7 -
1.5x10% |- R
1.0x10% |- e .
5.0x10*
0.0 I e L L 1 L 1 L 1 n
0.0 3.0x10"  6.0x10™ 9.0x10™ 1.2x10"® 1.5x10"

e (g.cm®)

Fig.2. The pressure p of PNS PSR J0740+6620 calculated by different nucleon
coupling constants as a function of energy density €. Each curve terminates at its
central baryon density pc.

As can be seen from Fig. 2, the pressure p of the PNS increases with the
increase of energy density €. For the same energy density e, the pressure
p calculated by us with TW99 is the maximum, and that calculated with
GM1 is the minimum. The calculated pressures with DD-MEI, NL1, and
NL2 are in between and decrease successively.

The energy density and pressure at the center of the PNS are the greatest,
known as the central energy density and the central pressure (denoted &, and
Pe, respectively). It can also be seen from Fig. 2 and Table 1 that the central
energy density €. and central pressure p. of PNS PSR J0740+6620 calculated
by us with different nucleon coupling parameters are different, and some of
them are significantly different. The central energy density €. and central
pressure p. of PNS PSR J0740+6620 calculated by us with TW99, DD-MEI,
NL1, NL2, and GM1 increase successively.

6. Effect of nucleon coupling constants on moment of inertia
of PNS PSR J0740-+6620

The moment of inertia I and the mass M of the PNS calculated by us
with five nucleon coupling constants as a function of central energy density
are shown in Fig. 3.
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Fig.3. The moment of inertia I and the mass M of the PNS calculated by five
nucleon coupling constants as a function of central energy density. The thick solid
lines represent the calculated moment of inertia of PNS PSR J0740+6620.

As can be seen from Fig. 3, the moment of inertia I of the PNS first
increases with the increase of the central energy density €., and then de-
creases with the increase of the central energy density €. after reaching a
peak value. The peaks of the moment of inertia calculated by us with the
nucleon coupling parameters TW99, NL.1, DD-MEI, NL2, and GM1 decrease
in turn.

The thick solid lines in Fig. 3 represent the calculated moment of inertia I
and mass M of PNS PSR J07404+-6620. As can be seen from Fig. 3, the
moment of inertia I of the PNS PSR J0740+46620 calculated by us with
the nuclear coupling parameters TW99, NL1, DD-MEI, and NL2 increases
with the increase of the central energy density ., while that calculated with
GM1 decreases with the increase of the central energy density e.. This
is because, despite the limitation of the observed mass of the PNS PSR
J07404-6620, the mass of the PNS calculated by us with the five groups
of nucleon coupling parameters increases with the increase of the central
energy density (the amplitude of mass increase is the same), and the radius
decreases with the increase of the central energy density. However, the
radius reduction calculated with NL1, NL2, DD-MEI, and TW99 is less
than that calculated with GM1 (see Fig. 4). Therefore, the moment of
inertia calculated from NL1, NL2, DD-MEI, and TW99 increases with the
increase of central energy density, while that calculated from GM1 decreases
with the increase of central energy density.
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Fig.4. The mass and radius of the PNS as a function of central energy density e..
The thick solid lines represent the mass and radius of PNS PSR J0740+6620.

Figure 5 shows the moment of inertia of the PNS as a function of mass.
Here, the thick solid lines represent the moment of inertia of PNS PSR
J0740+6620. It can be seen from the figure that the moment of inertia
of the PNS first increases with the increase of its mass, and then decreases
with the increase of its mass after reaching the maximum moment of inertia.
When the maximum mass of the PNS is exceeded, the moment of inertia
decreases with the decrease of the mass.

Fig.5. The moment of inertia of the PNS as a function of mass. The thick solid
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For the PNS PSR J0740+46620, the moment of inertia calculated by us
from NL1, NL2, DD-MEI, and TW99 increases with the increase of mass,
while those calculated by us from GM1 decrease as the mass increases. The
reason is the same as the case that under the constraint of the observation
mass of PNS PSR J0740+6620, the radius decrease of the PNS calculated
with GM1 is greater than that calculated with NL1, NL2, DD-MEI, and
TW99.

The moment of inertia of the PNS as a function of the radius is shown
in Fig. 6. The moment of inertia of the PNS first increases with the increase
of the radius. After reaching the peak, it decreases with the increase of
the radius. Under the constraint of the observation mass of the PNS PSR
J07404-6620, the relationship between moment of inertia and radius calcu-
lated with different nucleon coupling parameters is different. The moment
of inertia of the PNS PSR J0740+6620 calculated with NL1, NL2, DD-MEI,
and TW99 decreases with the increase of radius, while the moment of inertia
calculated with GM1 increases with the increase of radius.
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Fig.6. The moment of inertia of the PNS as a function of the radius. The thick
solid lines represent the mass and radius of PNS PSR J0740+6620.

It can be seen from Table 1 that the moment of inertia of the PNS PSR
J07404-6620 calculated with five groups of nucleon coupling parameters is
between 2.465 x 10*°-2.050 x 10*® gcm? (GM1) and 3.597 x 10%5-3.883 x
10% gcm? (TW99).

7. Summary

The effect of nucleon coupling constants on the moment of inertia of
PNS PSR J0740+6620 is examined with the RMF theory in consideration
of a baryon octet. In this work, nucleon coupling parameters DD-MEI, NL1,
NL2, TW99, and GM1 are used.
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Under the constraints of the observed mass M = 2.05-2.24 M, of PNS
PSR J0740+6620, the radius of the PNS calculated by us with GM1 is
the smallest, R = 14.63-13.44 km, while the radius calculated by us with
TW99 is the largest, R = 17.46-17.07 km. The radii calculated by us from
the other three sets of nucleon coupling parameters are between the two
above values. The central baryon densities of PNSs calculated with different
nucleon coupling parameters are different. The central baryon density of
PNS PSR J0740+6620 calculated with GM1 is the highest, i.e. p. = 0.512—
0.737 fm ™3, while that calculated with TW99 is the lowest, i.e. p. = 0.303—
0.333 fm—3, and those calculated with other nucleon coupling parameters
are between the two.

For the same energy density ¢, the pressure p calculated by us with
TW99 is the maximum, and that calculated by us with GM1 is the mini-
mum. The calculated pressures with DD-MEI, NL1, and NL2 are in between
and decrease successively. The central energy density €. and central pres-
sure p. of PNS PSR J0740+6620 calculated with different nucleon coupling
parameters are different, and some of them are significantly different. The
central energy density . and central pressure p. of PNS PSR J0740+6620
calculated with TW99, DD-MEI, NL1, NL2, and GM1 increase successively.

The maximum value of the moment of inertia calculated by us with the
nucleon coupling parameters TW99, NL1, DD-MEI, NL2, and GM1 decrease
in turn. Under the constraint of the observed mass of PNS PSR J0740+4-6620
(taking the observed mass of NS PSR J0740+6620), the mass of the PNS
calculated with the five groups of nucleon coupling parameters increases
with the increase of the central energy density, and the calculated radius
of the PNS decreases with the increase of the central energy density (the
radius calculated by GM1 decreases the most). These lead to the following
results: under the constraint of the observed mass of PNS PSR J0740+4-6620
(taking the observed mass of NS PSR J0740+6620), the moment of inertia
calculated with NL1, NL2, DD-MEI, and TW99 increases with the increase
of the central energy density and mass, and decreases with the increase of
the radius. The moment of inertia calculated by us with GM1 decreases
with the increase of central energy density and mass, and increases with
the increase of radius. The moment of inertia of the PNS PSR J0740+46620
calculated by us from five groups of nucleon coupling parameters is between
2.465 x 10%-2.050 x 10*° gem? (GM1) and 3.597 x 10%°-3.883 x 10%° gcm?
(TW99).

This work was supported by the Natural Science Foundation of China
(grant No. 11447003 ).
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