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ABSTRACT

Based on the mean-field approximation of relativistw-p model with the nonlinear self-interaction ®fmeson
and density-dependent coupling constants respégtitree nuclear symmetry energy S, its slope Lanmdature K as well
as the proton fraction xp and the pressure P ofrifater in the outer core of neutron star are stafdilt is found that
greater S in high-density region and L at saturatiensity produce greater proton fraction and puessof neutron star
outer core matter. And the density threshold oftgmosuper fluidity and the direct URCA process, clihare model

dependent, decrease as the nuclear symmetry eimmgpases.
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INTRODUCTION

S(pg) is defined as the nuclear symmetry energy (NSH)e energy per particle of nuclear matter is exjea as

the following series[1, 2]:
E(0s,a)= E(05 0)+ S(0 ) or* +5,(, ) & +....(2)

It means the impact of isospin asymmeir(pn,-pp)/ps ON energy per particle of nuclear matter and cédl¢he
difficulties of nuclear matter from symmetry to asyetry. pg=p,+pp With p,, pp, andpg to be the densities of neutron,

proton, and nucleon, respectively.

NSE has been studied extensively in many experisng8l, among which the more prominent are the
measurement of nuclear polarizability[4] and nucleass[5], parity violation in electro scattering ouclei[6], the giant
dipole resonances[7], heavy ion collisions[8-10d amucleon optical potential[11], direct detectioh gravitational
waves[12], X-ray observations of neutron stars[li4g, etc. The theoretical works of NSE mainly inauithe research of
finite nuclei and infinite nuclear matter [15-25he NSEJ ~ 32 MeV[3, 5] at saturation density and the bindémgrgy of
infinite symmetric nuclear matter is roughly eqoal16 MeV with incompressibility coefficierit, = 240 + 20 MeV
here[26].

There are two kinds of results of Hartree-Fock apipnation of asymmetric nuclear matter accordinghe
density-dependence of NSE around saturation defi€iy27-31]. Neutron skin of neutron-rich nuclésisensitive to NSE

under saturation density [32-36]. To highlight tlispendence, the neutron skin has been widelyestudly potential
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theory and field theory [21, 37-40]. Similarly, thNSE has an important influence on the propertfea neutron star of
which the outer core matter consisted mainly oftroes, protons, electrons, and muons can be sietulaf homogeneous
infinite nuclear matter above saturation density-48]. The fraction of particles in a neutron stamd therefore, the
equation of state (EOS) of neutron star matteradfected by NSE [43-50]. EOS is a key input when stedy the
properties of neutron stars, so the radius of dromstar [51, 52], tidal deformation [53-55], tbere-crust transition [56,
57], and other gravitational properties [58-61] atlerelated to NSE. And most directly, the fraoSoof protonsx, are
constrained by NSE [62]. TH&, proton pairing is predicted to exist, while thaitmen superfluidity may occur mainly in
the coupled’P,-°F, two-neutron channel in the quantum fluid in theeowcore when the proton density increases to the
range aboupy/10. The superfluidity of neutrons, protons, hymerin the'S, channel and neutrons in tffe, channel has
been studied extensively [63]. However, densitygeawhere energy gaps appear in neutron starsilisurgtiear. On the
other hand, the direct URCA process which will bstrained by superfluidity of nucleons is alloweédg~ 1/9[44, 64-
66]. The competition between superfluidity of naeie and direct URCA process plays an important irolevolution of
neutron stars [67-70]. The direct URCA procesdl@aged in several models with appropriate densipenhdence of NSE
when the density is over maximum density 0.5 favhile it is not allowed in some other models tioe density needed is

greater than the density of the most massive stella. A detailed discussion in this aspect is showRef. [71].

Following these works, the impact of NSE on pressurd proton fraction in the outer core of neustam will be
studied in the relativistie-w-p model and the results under skyrme model will &lsaeproduced for comparing in this

paper.

The basic theories about relativistiao-p model and NSE will be introduced in the followiegction. And the

numerical calculation results and analysis wilppbesented in section 3. The summary will be givethe last section.
Formalism

The Lagrangian density in the relativistieo-p model is

. 1 1 1
L= @, y”[la” gV -g,r [ﬂ)“j—(M -9,9) Ws +7(aﬂ¢a”¢— mazﬁ)—fwww” +
, = 2 2 4 )
1 1,1 1 1 :
Emjvﬂv” —Zpﬂup” +Em”2b"bﬂ —chf —Idw +;% (|yﬂa” —mA)UA ,

W, =0,V,=0V,,

P =0,b,-0,b,,
whereys, v, ¢, V,,andb, are the field operators of nucleons (neutron amatop), leptons (electron and muon),
o, o andp meson, and, m,, m,, m, andm, their mass, respectively,, g,, andg, are the coupling constants between

nucleons and, w, p meson, respectively.

By the mean field approximation, we can obtain ¢xeression of the energy density and pressure fifitan

nuclear matter:

_ y 3 2,2, 1 2 2.2 2 2\, 1 3 1 4
&= > —(zn)gjkﬁd kyk?+m +2(mf\/0 +mh’ +m, g )*‘3,0% + 0 3)

i=n,peu

. 2 2
4 3 52 * 4 m 1( 9, 11 9,

= 2k.”+m = tmtIn—— [+=| =% tol +
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whereg, , Vo andby are the mean field ef, « andp meson, respectively, and the nucleon denplty: Z k3,
E, = /kuB +m? with effective nucleon mass;, = m, - g, ¢,,» and E, = /kﬁ +m;? with effective lepton masg), =m,

The energy per nucleon is defined by

E(pB,a)=pi. ®)

B

1 . =P~ P 6
S(p,)=d+L x+=K_ X*+...: £ Fo (6)
(p B) symX 2 symX 3,00
The NSE can be expanded as following again:
where the slope parametq:;gym:ﬁ , and the curvature parametgry :ZL . Leyn=58.7£28.1 MeV[3,5], -
X | x=f sym X2 x=0

400<K 100 MeV[21,72].

The coupling constants are treated in two waysefraduce the saturation properties of infinite syatrio
nuclear matter. The first is called non-linear mo@é) in which o, @, andp are treated as constants and the nonlinear
self-interaction ot mesorc, d is introduced; and the second is called densfyeddent coupling model (DDC) in which
0, 9, andg, are treated as density-dependent g0, and the density-dependent formulas of the cogmlonstants),,

0., andg, are assumed to be

1+a, (xg+c,) @)

'ga = gaO 1+bg(XB +Cg)2 !

g =g pralxete) )
gw gwo 1+bw(XB +Cw)2 ,

19, =g, ¥, 9)

wherexg=pg/po.

Neutrons will decay into protons in the outer cofeneutron star ifu,>uytue thus the chemical equilibrium

condition must be considered[73]:
Ho = My + e, (10)

He = My, (11)

Whereui :W i=npeu.
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Finally, the charge neutrality condition must besidered as well,
Py = Pet Py (12)
Numerical Results

In the NL model, the parameters are fitted to ntleetsaturation properties of infinite symmetric leac matter as
listed in Table 1. And in the condition of outere®f neutron star, the fraction of protogsthe pressur®, NSES with its
slopeL and curvature parametirare studied, and the numerical results are depiotéigure 1. The solid, dashed and
dot-dashed curves correspond to the cases NL1, NL2 listed in Table 1, respectively. At a fixagl especially in high-
density regionP andx, increase witl increasing. The values @fandK at saturation densityg=1) are 75~100 MeV
and -125~125 MeV, respectively, which are simiamptevious works. We can also see that grel§ggoroduces greater

values of the above quantities.

The solid circles in three cases represent theitgetiseshold of proton superfluidity, which axg=1.93, 2.2,
2.49 in NL1, NL2, NL3, respectively. It decreaseshwNSE increasing. The star represents the detisigshold of the
direct URCA process, which i=3.95 in NL1 and are larger than 4 in NL2 and NLlt3sHould be noted thé{, in NL1
and following DDC1 in which star appear has excdeal@easonable value, so it is difficult for theedt URCA to take

place in the outer core.

In the DDC model, the parameters which reprodueesttiuration properties of infinite symmetric naclenatter
are listed in Table 2, and the numerical results displayed in Figure 2. The solid, dashed andddsted curves
correspond to the cases DDC1, DDC2, and DDCS3 listd@ble 2, respectively. The NSE and the pressuhégh-density
region are smaller obviously, whilg is greater than the one in Figure 1. The relatioetsveernx,, P andS (or Ko) at a

fixed nucleon density are similar to Figure 1.

Comparing to Figure 1, the density threshold oft@mosuperfluidity in DDC1, DDC2, DDC3 decrease t891
2.13 and 2.41 times, respectively. The density threshold of the ditldBRCA process in DDC1 decreases to ggband
are still greater thanpg in DDC2 and DDC3. The values bfandK at saturation density are 50~80 MeV and -130~-70

MeV, respectively.

For comparing, the results in the models of Red] [are depicted in Figure 3. The solid, dashed gotddashed
curves correspond to the cases MSLO, GSKEnd SkT1. The NSE, pressure, apdre the smallest comparing to Figure 2
and Figure 1. The relations betwegnP andS (or Ko) at a fixed nucleon density are similar to thevjres two cases. The
proton superfluidity appears in greater densityntimFigure 1, and the direct URCA process doegré@ater density than
4p,. The values of andK at saturation density are 50~75 MeV and -125~12% Mespectively, which are very close to

the results in our works.
Summary

We have studied the influence &fL, K on the fractions of proton and pressure of neustan outer core matter
by the meanfield approximation of the relativistiezo-p model. For comparing, we also reproduce the resalimodel
MSLO, GSKU and SkT1. NSE and pressure in NL, DDC, MSLO, GSkind SKT1 decrease in tusg.is the largest in the
DDC model and smallest in MSLO, GSKand SkT1L at the saturation density is about 75~100 MeV,880MeV, and
50~75 MeV, whileK is -125~125 MeV, -130~-70 MeV and -125~125 MeWh, DDC, MSLO, GSK1, and SkT1. The
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density threshold of proton superfluidity in SKTASKJ, MSLO, NL and DDC model decrease in turn, while tme of
the direct URCA processes is greater in NL1 thaDIC1 and are greater thap,4n other models. The values of these
guantities are model dependent, but the relationsng them are similar in these models, that is,giteaterS in high-
density region and. at the saturation density, the greaxgrand P, but the smaller the density threshold of proton
superfluidity and the direct URCA. In addition, fired that the largeK,, the greate& in high-density region. An&, has
exceeded the reasonable value when the densitghthice of the direct URCA is smaller thapy4 Therefore, proton

superfluidity may appear in the outer core, anddinect URCA is more likely to take place in theném core of neutron

star.

{ x=1.93; x,=2.2; x,=2.49
R
----NL2

P(MeV-fm™)

S(MeV)

L(MeV)

K(MeV)

-750 4

-1000 T g T 1
0 1 2 3 4

Figure 1: The Density Dependence of the Fractiond &rotons X, Pressure P, and NSE S as well as its Slope L and
Curvature Parameter K. The Solid, Dashed and Dot-Dshed Curves Show the Results of NL1, NL2, NL3,
Respectively
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Figure 2: Similar to Figure 1 except the Parameterso be given in Table 2
Table 1: The Parameters of the Models NL1, NL2, NL3
Model | ge0 Ju0 O | C d Ko
NL1 10.22 | 13.0989| 6.60[ 4200 -327 3855
NL2 9.88 12.0346 | 6.45| 8200 -715 2771
NL3 9.31 10.6574 | 6.90| 1250Q -1100 221}4
Table 2: The Parameters of the Models DDC1, DDC2 aDDC3
Model | e a0 %o 3 bs Co EN P Co EN Ko
DDC1 | 8.85 11.3112 6.82 0.99 1 -0.10 1.0 il -0.12 0.32 9.8BY
DDC2 | 8.05 9.7499 7.26 0.95 1 -0.12 1.06 il -0.11 0.832 .B281
DDC3 | 7.23 8.0697 7.58 0.92 1 -0.11] 1.10 il -0.11 082 .235
REFERENCES
1 L.W.Chen, M. K. Che, B. A. Li, Phys. Rev. 194t032701 (2005)
2 |. Alexandrov, A. Gerasimov et al, Int. J. ThermygB4: 1865-1905 (2013)
3 M. Oertel, M. Hempel, T. Kldhn, S. Typel, Rev. Mitys,89: 015007 (2017)
4 D. Basilico, D. P. Arteaga, X. Roca-Maza, G. C&bays. Rev. (92: 035802 (2015)
5 B. A Li, X. Han, Phys. Lett. B27(1-3): 276-281 (2013)
6 S. Ban, C. Horowitz, R. Michaels, J. Phys3&,015104 (2012)
7 J. M. Lattimer, A. W. Steiner, Eur. Phys. J58;, 40 (2014)
8 P. Russotto et al, Phys. Lett.@®7: 471 (2011)
9 P. Russotto et al, Phys. Rev.92; 034608 (2016)

NAAS Rating 3.73



Influence of Nuclear Symmetry Energy on Properties of Neutron Star Outer Core Matter 45

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

C. Xu, B. A. Li, L. W. Chen, Phys. Rev8Z,054607 (2010)

B. P. Abbott et al, Phys. Rev. Ldit9: 161101 (2017)

M. D. Trigo et al, Astronomy & Astrophy800: A8 (2016)

T. Enoto, S. Shibata et al, Astrophys. J. SW2gil;, P8 (2017)

J. M. Lattimer, M. Prakash, Phys. R&21: 127-164 (2016)

N. B. Zhang, B. A. Li, Nucl. Sci. Te@9; 178 (2018)

B. P. Abbott et al, Phys. Rev. Ldt21: 161101 (2018)

F. J. Fattoyev, W. G. Newton, B. A. Li, Phys. Re®0: 022801 (2014)

B. A. Li, A. Ramos, G. Verde, |. Vigg |. Vidana, Eur. Phys. J. A0: 9 (2014)

A. Carbone, G. Colg, A. Bracco, L. G. Cao, P. Rtigoon, F. Camera, O. Wieland, Phys. Rev8C,041301(R)
(2010)

I. Tews, J. M. Lattimer, A. Ohnishi, E. E. Kolorseit, Astrophys. 848: 105 (2017)

J. W. Holt, Y. Lim, Phys. Lett. B34: 77-81 (2018)

R. Chen, B. J. Cai, L. W. Chen, B. A. Li, X. HQ.iXu, Phys.Rev. @5: 024305 (2012)
B. A. Li, B. J. Cai, L. W. Chen, J. Xu, Prog. Palticl. Phys99: 29-119 (2018)

Z. W. Liu, Q. Zhao, B. Y. Sun, arXiv: 1809.03832011.8)

T. W. Li, U. Garg, Y. J. Liu et al, Phys. Rev. | #8: 181101 (2009)

B. A. Li, L. W. Chen, C. M. Ko, Phys. Ré@4: 113 (2008)

L. W. Chen, Nucl. Phys. Ré&4: 20 (2017)

C. J. Horowitz, E. F. Brown, Y. Kim, W. G. LynchMichaels, A. Ono, J. Piekarewicz, M. B. TsangHHWolter,
J. Phys. G41: 093001 (2014)

M. Baldo, G. F. Burgio, Prog. Part. Nucl. Phyd; 203 (2016)

X. Roca-maza, M. Centelles, X. Vifias, M. WardasPRegv. Lett]06: 252501 (2011)

M. Centelles, X. Roca-Maza, X. Vifias, M. Warda sPRev. C82: 054314 (2010)

R. J. Furnstahl, Nucl. Phys. Z06: 85 (2002)

J. J. Yang, J. Piekarewicz, Phys. Re\dTC,014314 (2018)

S. Choi, Y. Zhang, M. K. Cheoun, Y. Kwon, K. KIimCHKim, Phys. Rev. ©f: 024311 (2017)

C. Mondal, B. K. Agrawal, M. Centelles, G. Colo, Roca-Maza, N. Paar, X. Vifias, S. K. Singh, S. araP
Phys. Rev. (93: 064303 (2016)

Ad. R. Raduta, F. Gulminelli, Phys. Rev9Z, 064309 (2018)

wWwWw.iaset.us editor @ aset.us



46

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

Jun-Jie Guo & Wei Chen

T. Aumann, C. A. Bertulani, Schindler, S. TypekIRev. Lett]19: 262501 (2017)

P. G. Reinhard, A. S. Umar, P. D. Stevenson, Xkapésvicz, V. E. Oberacker, J. A. Maruhn, Phys. Rg\@3:
044618 (2017)

A. N. Antonov, D. N. Kadrev, M. K. Gaidarov, P.1&arren, E. Moya de Guerra, Phys. Rev.95, 024314 (2017)
H. Pais, A. Sulaksono, B. K. Agrawal, C. Providanéihys. Rev. @3: 045802 (2016)
F. J. Fattoyev, J. Piekarewicz, C. J. Horowitz, ®Hyev. Lett]20: 172702 (2017)

W. Weise, Int. J. Mod. Phy&7(No. 10): 1840004 (2018)

C. Providéncia, M. Fortin, H. Pais, A. Rabhi, arXi811.00786v1 (2018)

X. H. Wu, A. Ohnishi, H. Shen, Phys. Reww8065801 (2018)

X. H. Wu, H. Shen, arXiv: 1811.06843v1 (2018)

A. W. Steiner, S. Gandolfi, Phys. Rev. L¥i8: 081102 (2011)

D. T. Loan, N. H. Tan, D. T. Khoa, J. Marguerony®hRev. C83: 065809 (2011)

S. Gandolfi, J. Phys. Conf. S&20: 012150 (2013)

S. Kubis, Phys. Rev. @: 025801 (2007)

N. Alam, B. K. Agrawal, M. Fortin, H. Pais, C. Pidéncia, Ad. R. Raduta, A. Sulaksono, Phys. Re®4C,
052801(R) (2016)

S. Gandolfi, J. Carlson, S. Reddy, A. W. SteindB.RViringa, Eur. Phys. J. A0(2): 10 (2014)
N. B. Zhang, B. A. Li, arXiv: 1808.07955v2 (2018)

T. Malik, N. Alam, M. Fortin, C. Providéncia, B. Kgrawal, T. K. Jha, Bharat Kumar, S. K. Patra, Bhirev. C,
98: 035804 (2018)

P. G. Krastev, B. A. Li, arXiv: 1801.04620v1 (2018)

Z. W. Liu, Z. Qian, R. Y. Xing, J. R. Niu, B. 1,3Rhys. Rev. ®7: 025801 (2018)

C. O. Dorso, G. A. Frank, J. A. Lopez, arXiv: 18¥&98v1 (2018)

N. B. Zhang, B. A. Li, arXiv: 1809.03370v1 (2018)

D. H.Wen, B. A. Li, L. W. Chen, Phys. Rev. 1&3; 211102 (2009)

X. T. He, F. J. Fattoyev, B. A. Li, W. G. Newtohy$ Rev. C91: 015810 (2015)

B. A. Li, A. W. Steiner, Phys. Lett.@82: 436 (2006)

J. M. Lattimer, F. D. Swesty, Nucl. Phys585: 331 (1991)

M. Baldo, @. Elgargy, L. Engvik, M. Hjorth-Jenseh,J. Schulze, Phys. Rev.58; 1921 (1998b)

T. Klahn et al, Phys. Rev. @&: 035802 (2006)

Impact Factor (JCC): 5.2073 NAAS Rating 3.73



Influence of Nuclear Symmetry Energy on Properties of Neutron Star Outer Core Matter

65

66

67

68

69

70

71

72

73

74

R. Cavagnoli, C. Providéncia, D. P. Menezes, PRgy. C84: 065810 (2011)

C. Providéncia et al, Eur. Phys. J.3Q: 44 (2014)

B. Friman, O. Maxwell, Ap. 232: 541 (1979)

T. Takatsuka, R. Tamagaki, Prog. Theor. PBys345 (1997)

S. Tsuruta, Phys. Rep92: 1 (1998)

D. Page, M. Prakash, J. M. Lattimer, A. Steinery®Rev. Let5: 2048 (2000)

D. Page, J. M. Lattimer, M. Prakash, A. W. SteiAstrophys. J. Supplp5: 623 (2004)
N. B. Zhang, B. J. Cai, B. A. Li, W. G. NewtorXu, Nucl. Sci. Tecl28: 181 (2017)

S. Nishizaki, Y. Yamamoto, T. Takatsuka, Prog. TRégs,105: 607 (2001)

M. Dutra, O. Louren et al, Phys. Rev.&5; 035201 (2012)

www.iaset.us

47

editor @ aset.us









