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Effect of the interaction between hyperons on the moment of inertia of proto neutron stars
(PNSs) PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and PSR J0737-3039A is exam-
ined by means of relativistic mean field theory. Taking into account the interaction between
hyperons, the mass M of the PNS decreases with respect to the same radius R, the energy density
¢ increases with respect to the same pressure p, and the moment of inertia / of the PNS decreases
with respect to the same central energy density ¢, . Under the constraint of the mass of the PNS,
considering the interaction between hyperons, the larger the mass of the PNS, the more the radius
and moment of inertia of the PNS decrease, while the more energy density and pressure increase.
For smaller PNSs, the effect can be negligible.
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1. Introduction. Neutron stars (NSs) are dense objects that have a <2 solar
mass and a very small radius [1-4]. When calculating its moment of inertia,
general relativistic effects must be taken into account [5,6].

A binary NS system PSR J0737-3039 was observed in 2004 [7]. One of the
NSs in the system, NS PSR J0737-3039A, has a typical mass M =1.34 M
[7-9]. After that, its mass was determined to be M =1.337M, [10], or
M =1.3381+£0.0007 Mg [11].

In the last decade, great progress has also been made in the observation of
massive NSs. NS PSR J1614-2230 was discovered in 2010 and its mass is
M=197£0.04Mg [12]. In 2016, its mass was precisely determined to be
M =1.93£0.07 M [13]. NS PSR J0348+0432, whose mass is M =2.01+0.04 M,
was observed in 2013 [14]. In 2020, NS PSR J0740+6620 with the mass of
M =2.14"09 Mg was discovered [15] and it may be the most massive NS ever
discovered.

NSs come from supernova explosions. A proto neutron star (PNS), formed
by a supernova explosion, can reach temperatures as high as 30 MeV. Later, the
PNS emits energy through neutrino radiation to form a NS [16]. PNS is a very
important stage in the evolution of NS and the research of PNS is meaningful
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for astrophysics.

The interactions between nucleons in NS matter are described by ¢, ® and
p mesons. But this is not complete, and the interactions between hyperons, which
can be described in terms of £, (1020 MeV) (short for ™) and ¢ (975MeV) (short
for ¢ ) mesons [17], need to be taken into account. It is of great interest to know
how the interaction between hyperons affects the properties of the PNS, such as
the moment of inertia.

In this paper, the effect of the interaction between hyperons on the moment
of inertia of PNSs PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and
PSR J0737-3039A is examined by using the relativistic mean field (RMF) theory
[18] considering baryon octet.

2. The RMF theory for the PNS matter. The Lagrangian density of
the PNS matter is as follows [19]
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where y; is the Dirac spinor of baryon B and the corresponding mass is m,.
c and o are field operators for mesons ¢ and c*, respectively. ®,, p,; and
¢, are expected values for mesons o, p and ¢, respectively. g ,, 2.5 gop>
g g and gyp Tepresent the coupling constants between o, o, p, ¢° and ¢
mesons and baryon B, respectively. g, and g, are the self-interaction parameters
of ¢ mesons. m,, m,, my, m. and m, are masses of mesons o, ®, p,
o' and ¢, respectively. y, and m, are the Dirac spinor and mass of the free
electron and W, respectively.

Considering the neutrino binding, the baryonic partition function of the PNS

matter is

o
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Here, V stands for volume, T for temperature, J, for spin of baryon B, k for
Fermi momentum, ¢ B(k) for energy of baryon B, and p, for chemical potential
of baryon B.

The total baryon number density [20,21] is
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Here, b, is the baryon number of baryon B. ny(k) is the Fermi-Dirac distribution
function of baryon

k)=
e W T “
and e,(k) is defined as
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where the interaction terms between baryon and meson fields are properly taken
into account [22]. [, is the isospin 3 component of baryon B.
The energy density and the pressure respectively are
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Here, mj is the effective mass of baryon B
m2=mg—g036—g0*36*- )

Regardless of the interaction between leptons at finite temperature, their
partition function is

4 2 4 »
il e
the first line represents the contribution of massless neutrinos and the second line
the contribution of electrons and ps. p, is the chemical potential of neutrinos.
ax(k) and p, are the energy and chemical potential of electrons and ps,
respectively.

The lepton number density is

o0
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where, p, and n(k) represent the number density and distribution function of
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electron and p, respectively. p, and p, represent the number density and
chemical potential of electron neutrinos and p neutrinos, respectively.
The energy density and the pressure of leptons are
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The chemical potentials of baryon i are

M =1, = g (ke — ). (14)
where p,, u, and p,, denote the chemical potential of neutrons, the chemical
potential of electrons and the chemical potential of electron neutrinos, respectively.
g, is the charge of baryon i.

The mass and the radius of a PNS can be calculated by the Tolman-
Oppenheimer-Volkoff (TOV) equation [23,24]

d_p 3 (p+ 8)(M+ 4nr3p)

dr r(r—ZM) ’ (15)
R
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0
For a slowly rotating PNS, its moment of inertia is [5,6]
R
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Here, ©Q and oa(r) represent the angular velocity measured at infinity and the
angular velocity of the frame rotation, respectively. v is given by

_dv(r) 1 dp
dr  e+pdr’ (18)
and the angular velocity is given by
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The j(r) is

j(r)ze_("”‘):e_V1/I—2Miri/r, r<R. (20)
The boundary condition are given by
do
== =0,
dr |r=o (1)
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v(0)=0, (22)
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3. The parameters. Eight sets of nucleon coupling constants (DD-MEI
[25], FSU2H [26], FSU2R [26], FSUGold [27], GLS85 [28], GL97 [19], GM1
[29], and TW99 [25]) are used to calculate the PNSs in this work.

The ratios of hyperon coupling constant to nucleon coupling constant can be
defined as X, = 204/86 > Xon = €on/&o > Xpn = &on /&y » With h denoting hyperons
A, ¥ and

Through quark SU(6) symmetry we select the XopS [30,31]. For the mass
of the PNS increases as x,,s and x,,s increase [32] and in order to obtain
the large mass of the PNS PSR J0740+6620, we should select as large x,,s as
possible, x,,=0.9, and x,,s are obtained by [19]
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Here, the hyperon-potentials are chosen as U,(\N ) =30 MeV [31,33,34], UéN ) =30
MeV [31,33-35] and UY) =—-14 MeV [36], respectively.
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Fig.1. The radius of the PNS as a function of the mass. The four thick vertical lines represent
the masses of the PNSs PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and PSR J0737-
3039A, respectively.
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The coupling parameters between the mesons ¢* and ¢ and the hyperons
can be taken as [17]

g¢5:2g¢/\:28¢z:_2\/§gm/3’ (25)
gcs*/\/gcy :gc*Z/gG:0'69’ (26)
gG*E/gG =1.25. 27

We choose the temperature of the PNSs as 7= 15MeV [16].

As can be seen from Fig.1, TW99, DD-MEI and GM1 can give the masses
of the PNSs PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and PSR
J0737-3039A. Riley et al. [37] and Miller et al. [38] made accurate measurements
of the mass and radius of NS PSR J0030+0451. Results of Riley et al. [37] are
M =134"02My and R=1271"1l3 km, and results of Miller et al. [38] are
M =1.44"71 Mg and R=13.027}7¢ km. We see that GM1 gives masses and radii
that are closest to the results of [37,38]. Therefore, we next use GM1 to study
the effect of the interaction between hyperons on the moment of inertia of the
PNSs.

4. Effect of the interaction between hyperons on the radius of the
PNSs. The radius of the PNS as a function of the mass calculated by nucleon
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Fig.2. The radius of the PNS as a function of the mass calculated by nucleon coupling constant
GMI1. The four thick vertical lines represent the masses of the PNSs PSR J0740+6620, PSR
J0348+0432, PSR J1614-2230 and PSR J0737-3039A, respectively.
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coupling constant GM1 is shown in Fig.2. The nucleon coupling constant is chosen
as GMI.

It can be seen that the radius R of the PNS decreases as the mass M increases.
Given the interaction between hyperons, the mass M of the PNS decreases with
respect to the same radius R.

Table 1
THE RESULTS OF THE CALCULATION OF THE RADIUS,

CENTRAL ENERGY DENSITY, CENTRAL PRESSURE,
AND MOMENT OF INERTIA

Parameter | R, km g, 105gem? | p, 10¥dynecm? | 1, 10¥ gcm?

PNS6620 M =2.14Mg

no ¢" and ¢ 13.663 1.124 2.577 2.347
with ¢* and ¢ 13.648 1.141 2.608 2.320
PNS0432 M =201Mg

no o and ¢ 14.035 0.931 1.820 2.443
with ¢* and ¢ 14.027 0.937 1.834 2.437
PNS2230 M =1.93Mg,

no ¢" and ¢ 14.199 0.856 1.533 2.425
with 6" and ¢ 14.199 0.857 1.533 2.422
PNS3039A M =1.338M,

no ¢" and ¢ 15.05 0.563 0.553 1.671
with ¢ and ¢ 15.05 0.563 0.553 1.671

Under the constraints of the mass M of the corresponding PNS mentioned
above, the radius of the PNS PSR J0740+6620 is reduced by about 0.1% from
R=13.663km to R=13.648 km considering the interaction between hyperons (see
Table 1). The radius of the PNS PSR J0348+0432 decreases from R=14.035km
to R=14.027 km, which is about 0.06%. The radius of PNS PSR J1614-2230 is
R=14.199 km, while the radius of PNS PSR J1614-2230 is R=15.05km, both
unchanged. We see that the larger the mass M of the PNS, the larger the reduction
in the radius R of the PNS, taking into account the interaction between hyperons.
For the less massive PNS, the hyperon interaction has little effect on the radius
R. The influence of the interaction between hyperons on the radius of the PNS
must lead to the influence on the moment of inertia.

5. Effects of hyperon interactions on the energy density and
pressure of the PNSs. The energy density &€ of the PNS as a function of
the pressure p is shown in Fig.3.

We see that the energy density & of the PNS increases as the pressure
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increases. Given the interactions between the hyperons, the energy density €
increases with respect to the same pressure p. Of course, the energy density €
doesn't go up very much.
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Fig.3. The energy density & of the PNS as a function of the pressure p. The triangles,
pentagons and dots in the figure represent the central energy density ¢, and central pressure p, of
the PNSs PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and PSR J0737-3039A, respec-
tively. The solid symbols mean that the interaction between hyperons is not considered, and the
hollow symbols mean that the interaction between hyperons is considered.

Under the constraint of the mass of the PNSs mentioned above, the central energy
density of the PNS PSR J0740+6620 increases from g, =1.124-10"gcm™
to g, =1.141-10” gcm™ by about 1.5%, considering the interaction between
hyperons. The central energy density of the PNS PSR J0348+0432 increases from
£.=0.931-10"g.cm to g, =0.937-10"° gecm™, which is about 0.6%. The central
energy density of the PNS PSR J1614-2230 increases from e, =0.856-10"gcem™
to e, =0.857-10" gem™, increasing by about 0.1%. The central energy density
of the PNS PSR J0777-3039A is e, =0.563-10"° gcm™, which does not change.
Similar results are found for the central pressure p, of the PNSs. It can be seen
that the larger the mass M of the PNS, the greater the influence of the interaction
between hyperons on the central energy density €. and the central pressure p.
When the mass M of the PNS is small, this effect can be ignored.

6. The influence of the interaction between hyperons on the
moment of inertia of the PNSs. Fig.4 gives the moment of inertia / of the
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PNS as a function of the central energy density ..

As can be seen from Fig.4, the moment of inertia / of the PNS increases
with the increase of the center energy density ¢,, and decreases with the increase
of the center energy density ¢, after reaching a certain peak value. Taking into
account the interaction between hyperons, the moment of inertia / of the PNS
decreases with respect to the same central energy density ¢, .
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Fig.4. The moment of inertia / of the PNS as a function of the central energy density ¢, .
The solid thick vertical lines represent the central energy density &, of the PNS when the
interaction between hyperons is not considered, while the dashed thick vertical lines represent the
central energy density €, of the PNS when the interaction between hyperons is considered.

We see from Table 1 and Fig.4, the moment of inertia / of the PNS PSR
J0740+6620 is reduced from 7 =2.347-10% gcm’to 7 =2.320-10* gcm? by about
1.2% under the mass limit of the PNS mentioned above and considering the
interaction between hyperons. The moment of inertia of the PNS PSR J0348+0432
decreases from 7 =2.443-10* gcm? to I =2.437-10% gecm?, which is about 0.2%.
The moment of inertia of the PNS PSR J1614-2230 decreases from [ =2.425-10%
gem® to 1=2.422-10% gem?, which is about 0.1%. The moment of inertia of
the PNS PSR J0777-3039A is 7 =1.671-10* gcm® and does not change. So the
larger the mass of the PNS, the larger the decrease in the moment of inertia
considering the interaction between hyperons. When the mass of the PNS is small,
the interaction between hyperons has little effect on the moment of inertia of the
PNS.

The moment of inertia / of the PNS as a function of the radius R is shown
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in Fig.5. We see that the moment of inertia of the PNS increases as the radius
increases, and after reaching a certain peak, decreases as the radius increases.
Considering the interaction between hyperons, the moment of inertia of the PNS
with respect to the same radius decreases, and the smaller the radius, the greater
the decrease in moment of inertia.

2.4x10%

—— without ¢* and ¢

— — -with ¢"and ¢
N T=15 MeV

g [ GM1

o
. 2.0x10% Iand R of PNS PSR J0740+6620, no ¢* and ¢
I and R of PNS PSR J0740+6620, with ¢* and ¢
Iand R of PNS PSR J0348+0432, no ¢* and ¢
Iand R of PNS PSR J0348+0432, with ¢* and ¢
Iand R of PNS PSR J1614-2230, no ¢* and ¢
I and R of PNS PSR J1614-2230, with ¢* and ¢
Iand R of PNS PSR J0737-3039A, no ¢* and ¢
Iand R of PNS PSR J0737-3039A, with ¢* and ¢

2 1 " 1 " 1 L 1 L 1 " 1 2 1

14.0 14.4 14.8
R, km

1.6x10%

I
o
CFroes *adab b

Fig.5. The moment of inertia / of the PNS as a function of the radius R. The triangles,
pentagons and dots in the figure represent the moment of inertia / and radius R of the PNSs PSR
J0740+6620, PSR J0348+0432, PSR J1614-2230 and PSR J0737-3039A, respectively. The solid
symbols mean that the interaction between hyperons is not considered, and the hollow symbols
mean that the interaction between hyperons is considered.

The moment of inertia / of the PNS as a function of the mass M is given
in Fig.6. We see that the moment of inertia of the PNS increases with the increase
of the mass, and after reaching a certain peak, decreases with increase of the mass.
Taking into account the interaction between hyperons, the moment of inertia of
the PNS with respect to the same mass decreases, and the greater the mass, the
greater the decrease in the moment of inertia.

7. Summary. In this paper, the effects of the interaction between hyperons
on the moment of inertia of the PNSs PSR J0740+6620, PSR J0348+0432, PSR
J1614-2230 and PSR J0737-3039A are studied by means of RMF theory. The
nucleon coupling parameter is chosen as GM1, and the temperature of the PNS
is set as 7= 15MeV.

We see that the mass M of the PNS decreases with respect to the same radius
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Fig.6. The moment of inertia / of the PNS as a function of the mass M. The four thick vertical
lines represent the masses of the PNSs PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 and
PSR J0737-3039A, respectively.

R as the interaction between hyperons is considered. Under the constraints of the
mass M of the corresponding PNS, the larger the mass M of the PNS, the larger
the reduction in the radius R of the PNS, taking into account the interaction
between hyperons. For the less massive PNS, the hyperon interaction has little
effect on the radius R.

Under the constraint of the mass of the PNSs, the larger the mass M of the
PNS, the greater the influence of the interaction between hyperons on the central
energy density ¢, and the central pressure p. When the mass M of the PNS
is small, this effect can be ignored.

Taking into account the interaction between hyperons, the moment of inertia
I of the PNS decreases with respect to the same central energy density .. We
also see that the larger the mass of the PNS, the larger the decrease in the
moment of inertia considering the interaction between hyperons. When the mass
of the PNS is small, the interaction between hyperons has little effect on the
moment of inertia of the PNS.

Our results show that the interaction between hyperons has a strong influence
on the properties of the larger mass PNS, but a small influence on the properties
of the smaller mass PNS.

In our calculation, in addition to the mean-field approximation, we also use



106 XIAN-FENG ZHAO

the sea-free approximation, that is, we do not consider the effect of antiparticles.
In fact, especially in finite temperature NS matter, antiparticles excited from the
sea should be considered. This will be an area that we will continue to investigate
in the future.

In addition, the simplest RMF model with constant baryon-meson couplings
is used in our calculations and the so-called rearrangement self-energy is not taken
into account. But it is necessary to include properly the "rearrangement” contri-
butions to show that energy-momentum conservation [25]. Therefore, the influ-
ence of the rearrangement self-energy on the NS/PNS matter should be considered
in the next calculations.

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

School of Sciences, Southwest Petroleum University, China,
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BIIMAHUE BBAHMOHEI;ICTBI/IHUFI/IHEPOHOB HA
MOMEHT MHEPUUUN TTPOTOHEUTPOHHBIX 3BE3/]

CHUAHDb-®3H Y2XKAO

B pamkax peasITUBUCTCKON TEOpPUU CPEAHETO TOJsl MCCIEeN0BAHO BIUSHUE
B3aMMOJICICTBUSI TUTIEPOHOB HA MOMEHT MHEPLIMU MPOTOHeUTpOHHBIX 3Be31 (ITH3)
PSR J0740+6620, PSR J0348+0432, PSR J1614-2230 u PSR J0737-3039A.
ITpu yyere B3aMMOIEMCTBUS MEXIy TMIIEpOHAMU: a) MPU OAUHAKOBOM pamuyce R
Macca [TH3 yMeHbliiaeTcs, 6) Mpy OAMHAKOBOM AABJAEHUM p IIJIOTHOCTb SHEPTUU
YBEJIMYMBAETCS, B) TP OOVMHAKOBOM LIEHTPATIBHOM IJIOTHOCTUA &, MOMEHT MHEPLIMU
I TTH3 ymenbiiaercs. Ipu orpannuennu Maccol ITH3, B pesynbrate B3auMOaeiCTBUS
MEXIy THUIIepoHaMu, yeM Oosbiie mMacca I[TH3, Tem Gosbllle yMEHBIIAIOTCS pagIAyc
u MoMmeHT uHepuuu [TH3, a mJIoTHOCTh HEPrUu U AaBJIeHUE YBEJIMYMBAIOTCS.
Hnsg meHnee MaccuBHbIX ITH3 addekT MoxXeT ObITb HE3HAUUTEIbHBIM.

KmoueBble CclioBa: eunepou: peasmusucmeKkas meopusi cpeoHe20 noas: HeUMpOHHAs
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