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Abstract Using the RMF theory to describe the neutron liquid region in the neutron star and the Fermi gas model or FMT, BPS,
and BBP model to describe the crust of the neutron star (referred as Fermi gas + RMF and RMF ™ respectively) , the properties of the
neutron star are calculated and compared with those from the RMF theory. Although the EOS at low density has negligible influence

on the maximum mass of the neutron star, and its corresponding central density, energy density, and pressure, it changes the mass-

radius relationship of neutron stars considerably. The differences of the neutron star radius corresponding to maximum mass between

the RMF theory and RMF” calculations are 0.23—0.33 km.
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The existence of neutron stars was predicted following
the discovery of neutron. The radio pulsars discovered by Bell
and Hewish in 19671 were identified as rotating neutron stars
by Pacini'®! . The first theoretical calculation of neutron stars
was performed by Oppenheimer and Volkoff'®!, and indepen-

4, To study the neutron star, the equation

dently by Tolman
of state( EOS) is crucial to determine properties of the neutron
star, such as the mass range, the mass-radius relationship,
the crust thickness, the cooling rate, and even the energy re-
leased in a supemnova explosion. Usually, the EOS is ob-
tained by extrapolating the theory, which is developed mainly
for normal nuclear matter, to nuclear matter with extreme high
isospin and high densities. Unfortunately, such extrapolation
is always model dependent.

Recently, the relativistic mean field (RMF) theory has

achieved great success and it has been used in describing the
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(5.6 , Totation nucle-

[10]

properties of nuclear matter, finite nuclei

(6] , nuclei far from 8 stability[7_9]

, and magnetic rotation
successfully. A number of effective interactions based on the
RMF theory have also been developed, such as the nonlinear
effective interactions NL1MU y N3] y NLSH! y TM1[14],
density-dependent effective interactions TW-991 . DD-
ME1M®), and the recently suggested PK1, PKlr, and
PKDD''") . Different from other effective interactions in RMF,
the corrections for the center-of mass are taken into account in
a microscopic way in PK-series and the nonlinear self-cou-
pling for the omega and rho mesons are included. Therefore
the PK-series can provide an excellent description not only for
the properties of nuclear matter even at higher density but also
for the nuclei in and far from the valley of beta stability[7_9] .
Based on the RMF theory, lots of efforts have been devoted to

get a better description for the neutron starl 18721
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Usually in the RMF theory, the neutron star maiter is
treated as a kind of uniform neutron liquid together with a
small concentration of protons and electrons in equal number.
However, in the standard model of the neutron star'”"!, the
neutron liquid region is only the interior of the neutron star.
In fact, a neutron star can be roughly divided into five re-
gions. the surface, the outer crust, the inner crust, the neu-
tron liquid, and the core. The surface contains a negligible
amount of mass. The outer crust, at densities below the neu-

3, primarily contains a

tron drip density 4 x 10" g+ em”
coulomb lattice of nuclei and a relativistic electron gas. In the
inner crust, at density above the neutron drip density, neu-
trons begin to leak out of nuclei. So the matter contains a lat-
tice of neutron-rich nuclei with the free neutron gas and elec-
tron gas. Within the inner crust, higher pressure makes the
nuclei merge together and form a uniform neutron liquid with
a small admixture of protons and electrons. As the density
continues to increase, muons and various strange particles
may appear.

Using the above model for the neutron star, at density o
below ~ 10*g cm™3, where a fraction of electrons are bound
to the nuclei *Fe, Feynman, Metropolis, and Teller (FMT)
derived the EOS from Thomas-Fermi method!®’. At density o
between 10* and 4 x 10" g+ cm ™2 where free neutrons appear,
the electrons are essentially free and *Fe is no longer the
lowest energy state, Baym, Pethick, and Sutherland ( BPS)
determined the sequence of equilibrium nuclides taking into
account the effect of the Coulomb lattice, and calculated the
EOS in this regionBO] .

tween 4 x 10" and 2 x 10**g: em ™3, where the nuclei are im-

In the inner crust for densities be-

mersed in a sea of free neutrons which exert a pressure on the
surface of the nuclei and lower the nuclear surface energy,
Baym, Bethe, and Pethick (BBP) provided the correspond-
ing EOS by describing the nuclei with a compressible liquid-
drop model designed to take into accounts the effects of the
free neutrons’®!. In Ref. [26], using the RMF theory with
various effective interactions, the neutron star is treated as a
kind of uniform neutron liquid together with a small concen-
tration of protons and electrons in equal number. Here, in
this paper, using the EOS of the neutron star from the RMF
theory but replacing the EOS at low-density with those from
FMT%! ) BPS , and BBPBI](referred as RMF” in the fol-

lowing) , we will investigate the corresponding influences on
the neutron star properties with PK1, in comparison with oth-
er effective interactions in RMF theory.

For a static global star, the Oppenheimer-Volkoff-Tol-
man (OVT) equation s>+ 18,

dp _ [p(r) + e(DI[M(r) + 4nr’p(s)] (1)
dr ~ rlr=2M(r)] ’

M(r) = 47(J;e(r)r2dr, 2)

where & (7) and p(r) are respectively the energy density and
pressure for the neutron star at r. The star radius R is de-
fined as the point at which the pressure vanishes, p(R) =0,
and M{R) is the gravitational mass. For a given EOS, the
OVT equation has a unique solution which depends on a sin-
gle parameter (either the baryon density, energy density or
the pressure) characterizing the conditions of matter at the
center. In the first theoretical work on the neutron star by Op-
penheimer and Volkoff'®!, by assuming that the neutron star
is composed of pure noninteracting neutron Fermi gas without
protons and electrons, the EOS can be easily derived as a

function of the momentum k832!,

k
ijo(kz + m)V2 Rk, (3)

e(k) = TCZ

p(k) = 3%2[:(1:2 + m2) kA dk. (4)

The EOS from RMF theory, pure neutron Fermi gas
model, as well as those from FMT, BPS, and BBP model are
shown in Fig.1. To show the different EOS at low density, in
the insert of Fig.1, the results from the RMF theory with ef-
fective interaction PK1, pure neutron Fermi gas model, and
FMT, BPS, and BBP combined calculations are respectively
given as solid, dot-dashed and long dashed lines. Below the
crust transition point, at which the EOS from RMF theory
crosses with that from the FMT, BPS, and BBP combined
calculations (i.e., the crust changes into the uniform neutron
liquid) , the EOS from RMF theory will be replaced by the
EOS from the FMT, BPS, and BBP combined calculations.
This is referred as RMF" calculation in the following. For
different RMF effective interactions, the crust transition points
are different. They change from 0.039 fm™3to 0.064 fm~3.
For PK1, it is 0.05 fm 3. For the given RMF effective inter-
action, the same crust transition point is used in the “Fermi

gas + RMF” calculation.
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Fig.1. EOS of neutron stars by the RMF theory for effective

interactions, GL-97/81, NL10) N1302) Npspi®!, Tvi,
TW-995]  DD-ME116], PK1, PKlr, and PKDD!],
The EOS at low density by FMT, BPS, and BBP model

(long dashed line) , pure neutron Fermi gas

(dot-dashed line) and the RMF theory( solid

line) ') are given in the insert.

The mass-radius relationships for RMF theory ( dot-
dashed line), Fermi gas + RMF (long dashed line), and
RMF* calculation (solid line) with effective interaction PK1
are shown in Fig.2, respectively. As can be seen in Fig.2,
the maximum masses of the neutron stars and the correspond-
ing radii calculated from these models are very close to each
other. However, the mass-radius relationships are quite dif-
ferent. When the mass of the neutron star is smaller than one
solar mass, the radius of the neutron star for RMF™* calcula-
tion will decreases with the increase of the mass, which is in

contradictory with that of the RMF result. While the Fermi
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Fig.2. Mass versus radius for neutron stars by the RMF
theory (dot-dashed line), Fermi gas + RMF (long dashed
line), and RMF* (solid line) . The effective
interaction used in RMF theory is PK1.

gas + RMF calculation is in between, but more close to that of
the RMF™ calculation. It shows clearly that the EOS below
the crust transition point has more influence for the low mass
neutron stars than for the heavy ones.

In order to understand why the low density EOS leads to
large radius difference for low-mass neutron stars but little
difference for high-mass neutron stars, the pressure profiles of
several representative neutron stars with central pressures, P,
=1.34 MeV-fm~>, 2.76 MeV+fm™>, and 337.43 MeV-
fm~3, are shown in Fig.3. The resulis from RMF and RMF*
calculations with effective interaction PK1 are represented by
long dashed lines and solid lines respectively. At the crust
transition point p = 0.188 MeV+fm™3, the pressure profiles
from RMF and RMF” calculations separate from each other.
Below the crust transition point, the difference between RMF
and RMF”* calculations decreases with the increase of the
mass of neutron star. For example, in a low-mass neutron star
with central pressure P,=1.34 MeV+fm~> in Fig. 3, p(r)
from the RMF theory quickly falls to zero at R = 10 km while
p(r) from RMF” can extend to R~20 km. Therefore, the
radius of the low-mass neutron star from RMF ™ is much larger
than that from the RMF theory. With the increase of the mass
for neutron star, p(r) from RMF™ calculation becomes stiffer
and the thickness of the crust decreases. For the neutron star
with Oppenheimer-Volkoff mass limit, P, = 337.43 MeV
fm~3, the radius difference between the RMF theory and
RMF* is around 0.3 km. The detailed comparisons for RMF
and RMF™ calculations are given in the Table 1, including
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Fig.3. Pressure as a function of radius in neutron

stars for different central pressures, P, = 1.34 MeV+fm~3,
2.76 MeV-fm ™3, and 337.43 MeV-fm~3. With the

effective interaction PK1, solid lines are the results from
RMF* and long dashed lines from the RMF theory. The crust
transition point is at p = 0.188 MeV+fim~3 where the

results from RMF theory and RMEF™ deviate.
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the maximum mass of OV solution, corresponding radii, cen-
tral densities, energy densities, and pressures for different ef-
fective interactions. The maximum mass of OV solution, cor-
responding central densities, energy densities, and pressures
of neutron stars for RMF theory and RMF™ calculation are al-
most the same. However, the differences of corresponding
radii are around 0.23—0.33 km.

Table 1.
corresponding radii, densities, energy densities, and
pressures at the center for neutron stars by the RMF

theory[%] and RMF ™ for different effective interactions.

The maximum mass of OV solution, and their

energy density  pressure

the RMF and RMF”*
density relationships

calculations give the same mass-central

. Therefore, we do not present them

mass limit radius  densi
b /(105 7(10%
/Mo /km /fm?
geem™?)  dynerem™2)
RMF* 2.473 12.109 0.824 1.883 8.095
DD-ME1L
RMF 2.473 11.876 0.824 1.883 8.095
RMF* 2.196 11.392 1.003 2.229 8.537
TW-99
RMF 2.196 11.122 1.003 2.229 8.537
RMF* 2.180 12.421 0.853 1.886 5.312
TM1
RMF 2,180 12.088 0.853 1.886 5.312
RMF* 2.019 10.962 1.092 2.492 8.727
GL-97
RMF 2.019 10.682 1.092 2.492 8.727
RMF* 2.809 13.404 0.658 1.530 7.146
NL1
RMF 2.809 13.171 0.658 1.530 7.146
RMF* 2.778 13.347 0.668 1.548 7.083
NL3
RMF 2.778 13.103 0.668 1.548 7.083
RMF* 2.802 13.546 0.650 1.500 6.703
NLSH
RMF 2.802 13.293 0.650 1.500 6.703
RMF* 2.313 12.704 0.795 1.769 5.375
PK1
RMF 2.313 12.388 0.795 1.769 5.375
RMF* 2.315 12.703 0.795 1.768 5.375
PKlr
RMF 2.315 12.388 0.795 1.768 5.375
RMF* 2.384 12.120 0.855 1.944 7.779
PKDD
RMF 2.384 11.862 0.855 1.944 7.779

In Fig.4, the mass-radius relations from the RMF™
calculations with various effective interactions are shown
and those from the RMF calculations'®’ are given in
Fig.5. There are big differences in Figs.4 and 5. Partic-
ularly for low-mass neutron star (less than one solar
mass) , the mass-radii behaviors for the RMF and RMF ™
calculations are totally different.

The masses versus the central densities of neutron star

for RMF” is almost the same as in Ref. [26],i.e., both

again here.
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Fig.4. Masses versus radii for neutron stars for RMF™ with
effective interactions, GL-97!%!, NL11!} N1312! NISH!®!,
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Fig.5. Same as Fig.4 but for RMF.

In summary, using the RMF theory to describe the neu-
tron liquid region in neutron star and the Fermi gas model
(Fermi gas + RMF) or FMT, BPS, and BBP model (RMF™ )
to describe the crust of neutron star, the properties of the
neutron star are calculated and compared with those from the
RMF theory. It is found that the low-density EOS has an im-
portant influence on the properties of the neutron star. Partic-
ularly totally different behaviors can be found in the mass-ra-
dius relationships in a neutron star with mass less than one so-
lar mass. When the mass of neutron star increases, the thick-
ness of the crust will decreases. For the OV mass neutron
stars, although the low-density EOS has negligible influence
on the maximum mass of OV solution, corresponding central
densities, energy densities, and pressures, the differences of
the neutron star radius from the RMF theory and RMF™ cal-

culations are around 0.23—0.33 km.



o RIRTESE R EYETTEN P 2% R AR 569

Zhu Zhao-Huan would like to thank the President Schol- arship at Peking University for the suppors of this project .

References Glendenning N K, Schaffner-Bielich J. Phys. Rev. Lett. ,1998,81:4564;
Glendenning N K, Schaffner-Bielich J. Phys. Rev.,1999, C60:025803
1 Hewish A, Bell 8 J, Pikington J D H et al. Nature,1968,217:709 19 Kaplan D B, Nelson A E. Phys. Lett. 1986, B175:57
2 Pacini F. Nature, 1967,216:567 20 Fui H, Mamuyama T, Muto T et al. Nucl. Phys.,1996,A597:645
3 Oppenheimer ] R, Volkoff G M. Phys. Rev.,1939,55:374 21 Pons J A, Reddy S, Ellis P J et al. Phys. Rev.,2000, C62:035803
4 Tolman R C. Phys. Rev.,1939,55:364 22 Nomsen T,Reddy S. Phys. Rev.,2001, C63:065804; Norsen T. Phys.
5 Walecka ] D. Ann. Phys.,1974,83:491 Rev. ,2002, (65:045805
6 RingP. Prog. Part. Nucl. Phys. ,1996,37:193 23 JIAHY,SUN B X,MENG J et al. Chin. Phys. Lett.,2001,18:1571;
7 MENG J. Nucl. Phys.,1998,A635:3 JJAHY,IU HF,MENG J. High Energy Phys. Nucl. Phys.,2002,26:
§ MENG J,RING P. Phys. Rev. Lett. ,1996,77:3963 1050 (in Chinese)
9 MENG J,RING P. Phys. Rev. Let. ,1998,80:460; MENG J, Tanihata (B, BUUR B BB RS BRI, 2002, 26:1050)
1, Yamaji S. Phys. Leit. , 1998, B419: 13 MENG J, Toki H, ZENG ] Y et SUNBX,JIA H Y, Meng J et al. Commum. Theor. Phys.,2001,36:
al. Phys. Rev.,2002, C65:041302; MENG J, ZHOU S G, Tanihata 1. 446:JIA H Y, MENG J, ZHAO E G et al. High Energy Phys. Nocl.
Phys. Lett. ,2002, B532:200 Phys. ,2003,27:200 (in Chinese)
(B, 7, BB 45 . S AEY B S B, 2003, 27:200) 5
10 Madokoro H, MENG ], Matsuzaki M et al. Phys. Rev.,2000, C62: 24 11J,BANSF,JIA HY et al. High Encrgy Phys. Nudl. Phys. 2004,
061301 28:140—147 (in Chinese)
11  Lee Suk-Joon, Fink J, Balantekin A B et al. Phys. Rev. Lett., 1986, (2 JERCS  ECE S . SRS B, 2004, 28: 140—147)
57:2916 25 MENG J,BAN SF,LI J et al. Phys. Atom. Nucl.,2004,67:1619
12 lalazssis G A, Konig J,Ring P. Phys. Rev.,1997,(C55:540 26 BAN'S F,1I ],ZHANG S Q e al. Phys. Rev.,2004,C69: 045805
13 Sharma M M, Nagarajan M A, RING P. Fhys. Lett.,1993, B312:377 27 Heiselberg H, Hjorth-Jensen M. Phys. Rep.,2000,328:237
14 Sugahara Y, Toki H. Nucl. Phys.,1994, A579:557 28 Pandharipande V R, Pines D, Smith R A. Astrophys. J. ,1976,208:550
15 Typel S, Wolter H H. Nucl. Phys.,1999, A656:331 29 Feynman R P, Metropolis N, Teller E. Phys. Rev.,1949,75:1561
16 Niksic T, Vretenar D, Finelli P et al. Phys. Rev.,2002, C66:024306 30 Baym G, Pethick C J, Sutherland P S. Astrophys. J.,1971,170:299
17 LONG W H,MENG J,Giai N 'V et al. Phys. Rev.,2004,C69:034319 31 Baym G, Bethe H A, Pethick C J. Nucl. Phys.,1971,A175:225
18 Glendenning N K. Compact Stars. New York: Springer-Verlag,1997; 32 Silbar R R, Reddy S. Am. J. Phys. ,2004,72:892

ABE' BERFE FR ZAVPHY
1 (bR dbet 100871)
2 (FEBEREEEYET  Jta 100080)

3 (EMNEBFNERERLSRERFZIES L 2M 730000)

HWE AAMSRTHFELAER T T EHBE XS, Fermi &4 & 4 FMT, BPS #= BBP # &
B FENF, 2 H KN Fermi gas+ RMF 1 RMF* 3t E T FER R Efmdibh FHHE S
LHWERBTLR . EAKRBTEDRTEATFFERARE FPOEE BEXERNERKE W
BN R TFENFRELARRARTERA M TFEHFEARE,RMF f2 RMF* 2[4 # 3
Z2£5 H 0.23—0.33km.

Kgim FTE PTENSE HARTHFER

2005 — 01 — 26 WHg
* HZE AR R R AR T B (G2000077407) , E K B RFHF 4 (10025522, 10435010, 10221003) BB HBE L E &K H)
1) E-mail: mengj @ pku. edu. cn



