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Abstract. The surface gravitational redshift of the neutron star PSR B2303+46 is
investigated within the framework of relativistic mean field theory for the baryon
octet system through adjusting the hyperon coupling constants. We obtain any mod-
els for the neutron star B2303+46 by choosing suitable hyperon coupling constants
Xsn and x,;, with x,, being determined by SU(6) symmetry and the nucleon cou-
pling constant being chosen as CZ11. Our calculations show that the radius and the
surface gravitational redshift of the neutron star PSR B2303+46 are determined as
R = 12477 ~ 12.493 km and z = 0.2184 ~ 0.2187, respectively. Our results are not
consistent with the recent discovery of the massive neutron star PSR J1614—-2230 and
PSR J0348+0432.
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1. Introduction

The neutron star PSR B2303+46 (Dewey et al. 1985), which is a binary system in eccentric orbits
(e = 0.658), was first observed by Dewey et al. in 1985 (van Kerkwijk & Kulkarni 1999). Its mass
isM = 1.38t8:(1)8 M, (Thorsett & Chakrabarty 1999) and its orbital period 12.34 d (Stokes, Taylor
& Dewey 1985).

The binary PSR B2303+46 contains a white dwarf as a companion star. For the white dwarf
evolving first and not leaving any source of matter for the neutron star to accrete, no recycling
takes place in this case (Tauris & Sennels 2000). The mechanism behind this reversal is very
different from that of a neutron-neutron star binary system, and especially different from the
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recently discovered massive neutron stars PSR J1614-2230 (Demorest et al. 2010) and PSR
J0348+0432 (Antoniadis et al. 2013). So a study of the neutron star PSR B2303+46 is useful for
understanding of binary evolution.

Being connected to mass, the surface gravitational redshift is an important physical quantity
for a neutron star, and hence we study this for the neutron star PSR B2303+46. The relativistic
mean field (RMF) theory is a good method to describe the neutron star matter (Zhou 2004). A
lot of work has been done on the surface gravitational redshift of neutron stars (Wynn, David &
Philip 2007). These results show neutron star matter is very sensitive to the nucleon coupling
constants and the hyperon-to-nucleon coupling constants (Prakash et al. 1997).

In this paper, by choosing appropriate parameters of the hyperon coupling the surface grav-
itational redshift of the neutron star PSR B2303+46 is examined within the RMF approach con-
sidering the baryon octet.

2. RMF theory and the surface gravitational redshift of a neutron star

The Lagrangian density of hadron matter reads as follows (Glendenning 1997)
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The detailed calculation of RMF theory can be seen in (Glendenning 1997) and in the same
reference the surface gravitational redshift of a neutron star is given by

Z=(1_2_M)_2 =t @

3. Parameters

In our calculations, the nucleon coupling constant is chosen as CZ11 listed in Table 1 (Zhao
2011).

We define the ratios: Xon = gon/gon, Xwoh = Gon/9on> Yo = Gon/gpn, With h denoting
hyperons.

The g,A, gps, gp= are given by SU(6) symmetry as follows: goa = 0, gpz = 29p, gz =
gp (Schaffner & Mishustin 1996). So we choose x,o = 0,x,5 = 2,x,z = 1. The calculations
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Table 1. The nucleon coupling constant CZ11.

(Golme)*  (Gulmo)  (gp/mp)* b c
fm? fm? fm? x100 %100

10.1937  4.8557 4.2090 0.0105 -0.0100

Table 2. The suitable hyperon coupling constants chosen by us.

N N N
U,(\ ) XoA XwA U(z ) Xox Xz U(~ ) Xo= Xw=

-31.33 050 050 2071 033 0.60 -20.68 033 0.33
-2853 070 080 36.05 033 070 -2507 040 040
2093 040 0.70 -16.00 0.50 0.60
36.26 040 0.80 -22.27 0.60 0.70
14.66 0.50 0.80
29.99 0.50 0.90

show that the ratio of hyperon coupling constant to nucleon coupling constant is in the range of
~ 1/3 to 1 (Glendenning & Moszkowski 1991). Therefore, for x, we choose x,=0.33, 0.4, 0.5,
0.6, 0.7, 0.8, 0.9. For each x,, the x,, are respectively chosen as 0.33, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9.

The well depth of hyperons A, X and E in nuclear matter is given as follows (Glendenning
1997)

. 2
m
U;(lN) = mB(m—" - 1))60/1 + (gr;,_zv) POXwh- (3)

n w

The experimental data of the well depth respectively are UE\N) = —30 MeV (Batty, Friedman &
Gal 1997), UY” = —28 MeV ~ —14 MeV (Fukuda et al. 1998; Khaustov et al. 2000; Dover &
Gal 1983; Schaffner-Bielich 2000) and U = 10 ~ 40 MeV (Mares et al. 1995; Noumi et al.
2002; Saha et al. 2004; Kohno et al. 2004, 2006; Harada & Hirabayashi 2005, 2006; Friedman
& Gal 2007). For the hyperon coupling constants chosen by us, we calculate the corresponding
well depth of the hyperons and find that there are several sets of parameters, which are listed in
Table 2, being consistent with the experimental data. From the coupling constants in Table 2,
we can constitute 48 sets of parameters by successively choosing one set of x,p XA, XoxX0s and

XoEXWE-

The maximum mass of the neutron star calculated by us is listed in Table 3 and shown in
Fig. 1. We can see that the maximum mass obtained by the sets of parameters No.25-27, 29—
31, 33-35, 37-39, 41-43 and 45-47 all are greater than 1.38 My, while that of the neutron star
obtained by the parameters No.01-24 are less than that. The former can give the mass of the
neutron star PSR B2303+46, and we use these to describe the mass of the neutron star PSR
B2303+46.
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Figure 1. The calculated maximum mass of the neutron star as a function of the radius.

On the other hand, we also see the parameters No.25, 29, 33, 37, 41, 45 (named as A group,
one of which is x;p = 0.7, x,0 = 0.8, x,x = 0.33,x,s = 0.6, x,= = 0.33 and x,z = 0.33)
corresponding to the mass 1.4721 M , the parameters No.26, 30, 34, 38, 42, 46 (named as B
group, one of which is x,p = 0.7, x,a = 0.8, xx = 0.33, x,x = 0.6, xoz = 0.4 and x,z = 0.4)
corresponding to the mass 1.4787 M ¢ and the parameters No.27, 31, 35, 39, 43, 47 (named as C
group, one of which is x,o = 0.7, x,a = 0.8, x,3 = 0.33,x,5x = 0.6, xoz = 0.5 and x,z = 0.6)
corresponding to the mass 1.6148 M . For the other parameters, we respectively name them as
G1 (one of which is x,p = 0.5, x,a = 0.5, x55 = 0.33, x5 = 0.6, x,= = 0.33 and x,=z = 0.33),
G2 (one of which is x,o = 0.5, x,a = 0.5, xo5 = 0.33, x,x = 0.6, x,.z = 0.4 and x,z = 0.4), G3
(one of which is x5 = 0.5, x,p = 0.5, x;z = 0.33, x,5 = 0.6, x,= = 0.5 and x,z = 0.6) and G4
(one of which is x,o = 0.5, x,4 = 0.5, xo3 = 0.33, x5z = 0.6, x,z = 0.6 and x,= = 0.7). Then
in this work we use the hyperon coupling constants A, B and C to calculate the radius and the
surface gravitational redshift of the neutron star PSR B2303+46.

For all the 48 cases, our results cannot give the mass of the massive neutron stars PSR
J1614-2230 (1.97 M) and PSR J0348+0432 (2.01 Mgy). So our calculations cannot describe
these two massive neutron stars. And our results also cannot describe the mass of the neutron star
PSR J1903+0327 (Champion et al. 2008), which was the first millisecond pulsar and its mass has
been determined to be 1.671+0.008 M. But in Freire et al. (2013), some equations of state are
stiff enough and can give its mass.

4. The radius and the surface gravitational redshift of the neutron star
PSR B2303+46

The calculated radius corresponding to the neutron star PSR B2303+46 is given in Fig. 2 and
Table 4. We see the radius decreases with the central energy density increase. As the central
energy density is larger, corresponding to the same central energy density the parameter A gives
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Table 3. The maximum mass of the neutron star calculated in this work.

NO Myax NO M,yax NO Max
M, M, M,

01 13257 17 13257 33 14721
02 13247 18 13247 34 14787
03 13589 19 13589 35 1.6150
04 13588 20 1.3588 36 —
05 13257 21 1.3257 37 14721
06 13247 22 13247 38 14787
07 13589 23 13589 39 1.6150
08 13588 24 13588 40 —
09 1.3257 25 1.4721 41 1.4721
10 1.3247 26 14787 42 14787
11 1.3589 27 1.6148 43 1.6150
12 1.3588 28 — 44 —
13 1.3257 29 14721 45 1.4721
14 13247 30 14787 46 14787
15 1.3589 31 1.6150 47 1.6150
16 13588 32 — 48 —

12.70 T T

—A 4
12.65 + --'B
S...C 4

12.60 A The calculated radius of the ]

12551 neutron star PSR B2303+46
]
< 1250 -
-4

1245 1

12.40

12.35 +

12.3

0
8x10"

.
9x10"

L
1x10"

e/ g.cm’x

-
1x10"

295

Figure 2. The calculated radius of the neutron star PSR B2303+46 as a function of the central density.

the largest radius while parameter C gives the smallest one. For the mass of the neutron star PSR
B2303+46, the parameters A, B and C give the different radii but it can be seen that the difference

is very small.

The range of the calculated radius of the neutron star PSR B2303+46 as a function of the
central energy density is shown in Fig. 3. From Table 4 we see that for the parameters A, B and
C the calculated radii of the neutron star PSR B2303+46 are R = 12.477, 12.473 and 12.493 km
respectively, which corresponds to the central energy density &, = 0.9883 x 10'%, 0.9949 x 10"



296 X.-F. Zhao and H.-Y. Jia

12.495 T T T T T T
=~ C(0.9070, 12.4930 )

12.490 | 1

12.485 F N 1
N A (0.9883,12.4777)

R/km

12.480 1

12,475 |- Y A
B (0.9949, 12.4730 )—

1 1 1

12.470 . . .
0.90 0.92 0.94 0.96 0.98 1.00

e/ 10" gx:m'3

Figure 3. The value range of the calculated radius of the neutron star PSR B2303+46 as a function of the
central energy density.

Table 4. The calculated central energy density, the radius and the surface gravitational redshift of the neutron
star corresponding to the mass of neutron star PSR B2303+46 M = 1.38 M,

NO & R z
10¥g em™ km

A 0.9883 12.477  0.2187
B 0.9949 12.473  0.2185
C 0.9070 12493 0.2184

and 0.9070 x 10" g cm™~3 respectively. That is to say the calculated radius of the neutron star
PSR B2303+46 is in the range of R = 12.477-12.493 km.

The calculated surface gravitational redshift of the neutron star PSR B2303+46 as a function
of the central energy density is given in Fig. 4. We see the surface gravitational redshift of
the neutron star increases with the central energy density. Corresponding to the same central
energy density the parameter C gives the smallest surface gravitational redshift of the neutron
star while parameters A gives the largest one. For the mass of the neutron star PSR B2303+46,
the parameters A, B and C give different values of surface gravitational redshift of the neutron
star although the differences are small.

Fig. 5 and Table 4 show the value range of the calculated surface gravitational redshift of
the neutron star PSR B2303+46. We see that for the parameters A, B and C the calculated
surface gravitational redshift of the neutron star PSR B2303+46 are respectively z = 0.2187,
0.2185 and 0.2184, which respectively correspond to the central energy density £.=0.9883x10'3,
0.9949x10'3 and 0.9070x10'> g cm™. Thus, the calculated surface gravitational redshift of the
neutron star PSR B2303+46 is in the range of z = 0.2184 ~ 0.2187, which is a little smaller than
the value range of the gravitational redshift determined by Liang (z = 0.25—0.35) (Liang 1986).
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Figure 4. The calculated surface gravitational redshift of the neutron star PSR B2303+46 as a function of
the central density.
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Figure 5. The value range of the calculated surface gravitational redshift of the neutron star PSR B2303+46.

5. Summary

In conclusion, in this paper by adjusting the hyperon coupling constants the surface gravitational
redshift of the neutron star PSR B2303+46 is investigated within the framework of RMF the-
ory for the baryon octet system. It is found that we can obtain any model for the neutron star
B2303+46 by choosing suitable hyperon coupling constants x.;, and x,;, as x,; being determined
by the constituent quark model [SU(6) symmetry] and the nucleon coupling constant being cho-
sen as CZ11. According to our calculations, the radius and the surface gravitational redshift of the
neutron star PSR B2303+46 are determined as R = 12.477-12.493 km and z = 0.2184-0.2187,
respectively. Our results cannot describe the massive neutron star PSR J1614-2230 and PSR
J0348+0432.
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