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The density dependencies of various effective interaction strengths in the relativistic mean field are studied
and carefully compared for nuclear matter and neutron stars. The influences of different density dependencies
are presented and discussed on mean field potentials, saturation properties for nuclear matter, equations of
state, maximum masses, and corresponding radii for neutron stars. Though the interaction strengths and the
potentials given by various interactions are quite different in nuclear matter, the differences of saturation
properties are subtle, except for NL2 and TM2, which are mainly used for light nuclei, while the properties by
various interactions for pure neutron matter are quite different. To get an equation of state for neutron matter
without any ambiguity, it is necessary to constrain the effective interactions either by microscopic many-body
calculations for the neutron matter data or the data of nuclei with extreme isospin. For neutron stars, the
interaction with large interaction strengths give strong potentials and large Oppenheimer-YolKoffnass
limits. The density-dependent interactions DD-ME1 and TW-99 favor a large neutron population due to their
weak p-meson field at high densities. The OV mass limits calculated from different equations of state are
2.02-2.8M, and the corresponding radii are 10.78—13.27 km. After the inclusion of the hyperons, the
corresponding values become 1.52—R1Q6and 10.24—-11.38 km.

DOI: 10.1103/PhysRevC.69.045805 PACS nuner21.30.Fe, 21.60.Jz, 21.65f, 26.60+c

I. INTRODUCTION lated to extreme conditions of isospin and/or deng8y.

A widely used and successful approach for nuclear matte'?‘long this line, NIkSt et al. developed another effective

4 finit lei is th field th lovi Hacti interaction DD-ME1[10]. In this paper, we will analyze the
and finite nuciei Is the mean e eory empioying efiect 'V.edensity dependencies of various effective interactions includ-
interactions. The mean field theory includes nonrelativisti

) . X : ) Cing both the nonlinear and density-dependent versions in the
mean field theory with effective nucleon-nucleon interaction MF theory and investigate their influences on properties of
such as Skyrme or Gogny, and the relativistic mean fiel uclear matter and neutron stars.

(RMF) theory. In a certain sense, the RMF the_ory IS MOT€ "~ Tha existence of neutron stars was predicted following the
fundamental as it starts from a phenomenological hadro”'aiscovery of neutron. In 1934, Baade and Zwicky suggested
field theory with strongly interacting baryons and mesons a$hat neutron stars could be for,med in “supernoviget]. The
degrees of freedoffl]. It has been used not only for describ- radio pulsars discovered by Bell and Hewith in 1982]

ing the properties of nuclei near the valley of stability SUC-\ ere identified as rotating neutron stars by Pafi] and
cessfully[2], but also for predicting the properties of exotic |4 [14). The first theoretical calculation of neutron stars
nuclei with large neutron or proton excg$s4]. In the mean was performed by Oppenheimer and Volkpts], and inde-
field theory, the effective interactions are adjusted to Variousz)endently by Tolmari16]. In their calculation ,the heutron

properties of ”“C'eaf mqtter anq finite nuclei. In recent year tars were assumed as gravitationally bound states of neutron
a _number of effective interactions of meson-baryon COUrermi gas. Recent progress on the study of neutron stars can
plings based on the RMF theory have been developed, if5g 6 nq in Refs[17,19 and references therein.

cluding nonllnhear ;(Ie_lfl-c%tlj_pllngsl-;or(athgl-_rgaso?n 'T’lrl\l/ldllor The physics of neutron stars has offered an intriguing in-
@-meson, such as » NLB], .[ ], ) [ ]'. ' terplay between nuclear processes and astrophysical observa-
and TM2 [8]. Hc')\(vever,.these n.o.nllnear Interactions ha\.’etion, and has become a hot topic in nuclear physics and as-
proble_ms of .Stab'“ty at h_|gh densities, as well as the quest'o?rophysics. The neutron stars exhibit conditions far from
of t_he|r physical foundz_mon[E]. A more ”"%‘“ra' alterna'_uve IS those encountered on the earth. The neutron star models in-
to introduce th? density dependence. in the couplifgs cluding various so-called realistic equations of state have re-
Based on the Dirac-Brueckner calculations, Typel and Wolte

. > . ulted in the following general picture for the interior of
proposed the density-dependent effective interaction TW-9 eutron star. The surface of neutron star is a solid crust of

and expected that the model could be reasonably exXrapQrickness about 1 km, which is mainly made up of nuclei and
free electrons. Inside the crust, charge-neutral neutron star

mainly consists of neutrons together with a small concentra-

*Email address: mengj@pku.edu.cn tion of protons and electrons in equal number. Proton and
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electron densities increase with total baryon density, and thevhere the Dirac spinogiz denotes the baryoB with mass
u, m, K mesons and other baryo(s.g., hyperonsas well mg and isospinrg. The sum orB is over protons, neutrons
as a phase transition from baryon degrees of freedom tand hyperongA,3* 3% 57,59 et al) in this paper. The
quark matter will appeafl8]. scalar sigmd o) and vector omegéw) offer medium-range
The equation of stat€EOS) is essential to understand the attractive and short-range repulsive interactions, respectively,
structure and properties of neutron stars. The EOS deteand the isospin vector rhip) provides the necessary isospin
mines properties such as the mass range, the mass-radiggymmetry. Their masses are denotedniyy,m,,, and m,.
relationship, the crust thickness, the cooling rate, and evelhe corresponding meson-baryon coupling constants are
the energy released in a supernova explosion. Usually, thg o, gz, andg,g, respectivelysg is the isospin of baryoB
EOS is obtained by extrapolating the theory, which is develand ryg is its three-component. The nonlinear self-couplings
oped mainly for normal nuclear matter, to nuclear matterfor o and w mesons are, respectively,
with extreme high isospin and high densities. Unfortunately,
such extrapolation is always model dependent. The RMF
theory has proved to be very successful in describing the
properties of nuclear matter and finite nudi&j2], rotation ) ) i
nuclei [2], nuclei far from B stability [3,4], and magnetic with the self-coupling constants,g;, andcs. The field ten-
rotation [19], etc. Based on the RMF theory, there are alsgS0rS@um Pur @NdA,, are for o-meson,p-meson, and pho-
many studies on neutron stars and strange nuclear matté&": respectively. _ o
with effective interactions including nonlinear self-couplings. | "€ parametrization of the interaction in the RMF theory
for scalar and vector mesofs7,20—30. is obtained by fitting the properties of nuclear matter and

In this paper, the density dependencies of various effecS°Me finite nuclei. Instead of the self—coupling of the meson
tive interaction strengths in the RMF theory are studied andi€/dS; Typel and Wolter proposed the density dependencies

compared for nuclear matter and neutron stars. The corr&f the couplings in the RMF theor}g], i.e., the coupling

sponding influences of different density dependencies for ef¢ONStaNGs(
fective interactions are presented and discussed on mean

1 1 1
U(o) = 592173 + 29304, U(w) = ch(wﬂwu)zy 2

» Of the o(w) meson is replaced by

field potentials, saturation properties for nuclear matter, 9otw(P) = Gotw)B(P0) fo(a (X) )
EOS, maximum masses, and corresponding radii for neutrogynere

stars. In Sec. I, a brief description of the RMF theory in

nuclear matter and neutron stars is presented. The results and 14Dy, X+ d(,(w))2

di i iven in the followi i he | fotw)(X) =85 (4)
iscussions are given in the following section. In the last (w) @71 +¢ (X + o )2

section, we give a brief summary.
is a function ofx=p/p,, with the vector densit)p:\s"m,
IIl. A SKETCH OF THE RMF THEORY IN NUCLEAR i,=Zg ¥y, and the saturation density of nuclear mat-
MATTER AND NEUTRON STARS ter po. The eight real parameters in E@l) are not inde-

The details of RMF theory can be found in a number ofPendent. The five constraint,,,(1)=1, f;.,(0)=0, and
reviews[1,2,17. The RMF theory starts from an effective f,(1)=f, (1) reduce the number of independent parameters
Lagrangian density with baryons, mesdos o andp), and to three. The density-dependepimeson coupling con-
photons as degrees of freeddfirc=1): stantg,g is introduced as,

9,8(p) = gpa(po)expd—a,(x - 1)] ©)

with two parameters, andg,g(po)-
1 1 The equations of motion for baryons and mesons can be
}l!fs’f 5%08"0— Emlzﬂz_ U(o) derived from the Lagrangian density in Ed). In the fol-
lowing, we present only the case for the density-dependent
1 o 1, u 1 o Lo couplings. The equations for nonlinear couplings can be ob-
T4 Cw T oM@, 0 U(w) - 2PuP”* ST LP tained easily by adding the nonlinear self-couplings of the
mesons and neglecting the density dependencies of the cou-
1 A 1) pling constants.
4+ ' The equations of motion for baryons are

L= 2 EB|:I 7#(9# — Mg~ 0,80 — ng’yMw,u - ngylLTB ' p,u
B

1_T3B
2

. 1 - T *
|:,y,u,<|0')# - ngw,u - ngTB ' pp, —-€ 2 3BA;L - 258) - mBi| l//B = 01 (6)
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where the effective massE:mB+gUBa, andEffB is a “rear-
rangement” term due to the density dependencies of the cou-
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Ps= 2<¢B¢B> EPSB_ EJ

2
K dk\,ﬁ’

plings:
(18
SR P ng . 99,
B = 0 ‘/’ Yo, 3p — s Teep, wherekg denotes the Fermi momentum of baryBpand the
(9 no-sea approximation has been used.
go’ i
B zﬁB %0) @ The energy density and pressure of nuclear matter are,
respectively,
The field equations for mesons and photons are, respectively, 1 1 1 1 kg _
— 8_5 §02+2m w0+2mpp03+?2f kzdk\s'k2+m82’
(&Map, + mi.)(f == 2 g(rBIr/,Bl//B! (8) B 70
B (19
9,0" + M0’ = >, 9,asY Vs, 9 1 1 1
N %g Blr/lB‘wa ( ) P=——mi02+—m2w2+—m2pé3+2pBE§B
2 2 2 e
3P+ mZPV = 2 9,¥sY Ta¥s + 98P, X P, (10) 2 k4;dk (20)
0o VK> +mg o

J— 1 —
3, = ey’ . (11)

A. Nuclear matter

B. Neutron stars

The charge-neutral neutron stars includes not only neu-
trons and protons, but also leptongmainly € and ™) in
equal number to protons and also hyperons at high densities.

For infinite nuclear matter, introducing the mean field ap-The Lagrangiahl density for neutron stars is similar to #y.
proximation, i.e., the meson fields are replaced by their meagxcept an additional term for leptons:
values, and neglecting the coulomb field, the baryon wave

function_is the eig_enstate of momentum and the source

currentsygig and gy’ iz in EQs.(8)—(10) are independent
of the spatial coordinate. Thus the equations of motion can

be simplified as

[¥(K,— 9ue®, —QpeTs " Pu~ E,Fis) - mgly(k) =0,

(12)

Mo = = g,aps, (13)
M, w0 = P (14)
mﬁpo,zz EB: 0,8738PB- (15)

> i, m) i, (21)

=€,

Introducing the mean field and no-sea approximation, the
equations of motion for baryons and mesons can be derived,
and the corresponding energy eigenvalues, baryon density,
and scalar density can be obtained for neutron stars, similar
to those for the nuclear matter. The equations of motion for
electron andu™ are free Dirac equations and their densities
can be expressed in terms of their corresponding Fermi mo-
menta ag, =K/ (372).

The chemical potentialgg for the baryonsB are the en-
ergy eigenvalues of the Dirac equatiopg=eg(k). The
chemical potentialgw, for the leptons are the solutions of
their equations of motiory, = \rk2+w In neutron stars, the
chemical equilibrium conditions are:

For the nonlinear self-coupling effective interactions, the

corresponding terms & (o) and -U’(wg) should be taken

into account in the Eq413) and (14), respectively.

The eigenvalues of the Dirac equation for baryons in Eq,

(12) are obtained as

1
(k) = g,gwo + 9pa738P0,3+ St K +mg,  (16)

WhereE(F;B is the time component of the rearrangement term.
The baryon vector densifyand scalar density, are, respec-

tively,

_ K3
P:§<¢BYO¢B>:§PB:§ﬁ: (17)

e =Dbgpn—Ogiter  Mu= Me (22

wherebg andqg denote baryon charge and electronic charge
of baryon B, u,, ue andu,, are the chemical potentials for
neutron, electron, ang™, respectively. The baryon number
conservation and charge-neutral conditions are given by

EDITED (23
e

quB ki
Q= EQB+2QK E Eﬁw. (24)

N

045805-3



BAN, LI, ZHANG, JIA, SANG, AND MENG PHYSICAL REVIEW C69, 045805(2004)

The energy density and pressure for neutron stars are 14 T . T
respectlvely N TW-99 DD-ME1TM2 NLSH NL3 NL1 TMINL2 GL—97_
1 2 2 1,,1,, 1 s f kg P e 9-% 9 kwwhk_m__g
e=— +-—Mm wy+—m +— ke +m o0 \ s m———
2 o 2 w0 2 pp0,3 772 5 0 \ B o -
1 RNPIN e )
+= > k2dkyk? + m?, (25) : ——— il ,
772)‘_9_ -0 :Q:' pE———— e
=]
of
1 1 1
P=—mio? + Smiwg+ SMEpg 5+ 2 peZos 7 { I {
2 2 2 B | NL2 NL1 TM2 TM1 NL3 NLSH GL-97 DD-ME1 TW-99 |
1 ke 1 ka K4 C)
+52 | —=tk+t-5 2 | dk=——=. 2 af ——— | =
3772 B J0 \kz + m82 3772)\:6_ wo 0 v k2 + mi = L \
2 1 1 1
(26) 0.00 0.05 0.10 0.15 0.20 0.25
Nucleon density p[ fm_3]
lIl. RESULTS AND DISCUSSIONS FIG. 1. (Color online The effective interaction strengths for

(top), o (middle), and p (bottom) in symmetric nuclear matter as
For nuclear matter, Eqs(13)—18) provide a set of functions of the nucleon density. The shadowed area corresponds to
coupled transcendental relations defining the meson fieldie empirical value of the saturation density in nuclear matter

and energy eigenvalues. The list of unknowns is (Fermi  momentum kg=1.35+0.05 fm* or density p
=0.166+0.018 fri®). The curves are labeled from the top to the

P ks Ps OGu Gomr Um0 o, poa  es(K). bottom atp=0.15 frn3 orderly from left to right.

For a given baryon densitp and the asymmetry of the _ _ _ o

nuclear mattet=(p,~p,)/p, we can get the coupling con- In Fig. 1, the density dependencies of the effective inter-

stantsg,s, g,s andg,g from Egs.(3)<(5), as well as the action strengths fou (top),  (middle) andp (bottom) me-
neutron density, and proton density,, and of course their SONs in symmetric nuclear matter as functions of the nucleon
corresponding Fermi momenka andk,. The w andp fields density are shown. The shadowed area corresponds to the
can be obtained by Eqél4) and(15) and theo field can be ~ empirical value of the saturation density in nuclear matter
solved from Eqs(13) and(18) by iteration. (Fermi momentugm ke=1.35+0.05 fm* or density p
The properties of neutron stars can be obtained by solving 0.166+0.018 frir°). Thesescurves are labeled from the top
the Egs.(13)«(18) and (22)«24) by the following proce- to the bottom ap=0.15 fn7= orderly from left to right. For
dures. the nonlinear effective interaction, the “equivalent” density
(1) For a given baryon density, taking initial values of ~dependencies of the effective interaction strengthssfom,
the meson fieldéo, wy, py 5 as well as the neutron and elec- and p are extra_cted from the meson field equations Eqgs.
tron chemical potential§u,, uo), the particle densities and (13«15 according to
Fermi momenta for electroq&e,pe)_, protor_ls(kp,pp), a_nd 905(p) = Gop + U (0)/ps = Oyp + (002 + Gao)lps, (27)
hyperons(k,, p,) can be obtained via the eigenvalues in Eq.
(16), chemical equilibriums and charge-neutral conditions in

— ’ — 3
Egs.(22) and (24), which in turn fix the neutron density, 9u8(p) = Gup = U'(wo)/p=0up = (Caw)lp,  (28)
from baryon number conservations Eg3).

(2) With the particle densitiepg, pe, andp,) and Fermi 9,8(P) = 9yB- (29
momenta(kg, ke, andk,), the meson field¢o, wo,po 3 can The density dependencies of the interaction strengths for
be obtained from Eqg13)(15). o TW-99 and DD-ME1 are very similar for symmetric nuclear

) These_two steps shquld be repeated by iteration untilyatter in Fig. 1, as noted in RefLO]. Here the comparison
the self-consistence is achieved. between the nonlinear and the density-dependent interaction

will be emphasized.

For the o meson, the interaction strengths given by
TW-99 and DD-MEL1 are quite different from the others in
either magnitudes or slopes. In particular, strengths of TW-99

Using the nonlinear RMF interactions NL1, N3], NL3  and DD-ME1 for the density interval in Fig. 1 are almost
[6], NLSH [7], TM1, TM2 [8], and GL-97[17] and the twice as large as that of GL-97. Differences for nonlinear and
density-dependent interactions TW-99], and DD-ME1 density-dependent interactions can also be seen in the region
[10], the density dependencies of various effective interacef the empirical nuclear matter densities. For theneson,
tion strengths in RMF theory are studied and carefully com-except TW-99, DD-ME1, TM1, and TM2, all the other
pared in nuclear matter and neutron stars. strengths are density independent. All the strengths are simi-

A. Effective interaction strengths in nuclear matter
and neutron stars
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14 T T T T T 600 T T T T T T T
i v”/”_—_ - TM2 TW-99 DD-MEINLI NLSH NL3 T™M1 NL2 -
- : = 400 | =——
— 7 .
2 :
o | ] 200 7
NL1 NL3 NLSH DD-ME1 TW-99 TM1 GL-97 —
0 | : : : : % 0 |-
L NL1 NLSH NL3 DD-ME1TW-99 GL-97 TMI1 i E
—_ — -200
g et \\ =
of i | £ -400 S
[<P] - [ — \
2 NL2 TM1 NL3 NLSH NL1 DD-MEITW-99 TV ———
7 : : : : ; S -600 —H——+—+— MeaSS==
6 I NLI TMI NL3 NLSH GL-97 ] _20 GL-97 NL2 TM1 NLSH TM2 NL3 NL1 TW-99 DD-ME1_]
g 4f = - i
of i ] 60 - 080 = — ~]
o b § i —— .
0 L 1 ! 1 1 ~100 1 | 1 1 1 I\v——"
0.0 0.3 0.6 0.9 0.00 0.05 0.10 0.15 0.20 0.25

. -3
Baryon density p[ fm ] Nucleon density p[ fm™]
FIG. 2. (Color online Similar as Fig. 1, but for neutron stars.
The curves are labeled from the top to the bottorp=a0.9 fmi3
orderly from left to right.

FIG. 3. (Color onling Vector potentialg,gwg (top), scalar po-
tentialsg,go (middle), and the sum of botkbottom) in symmetric
nuclear matter for different effective interactiogs marked in the
figure) as functions of the nucleon density The shadowed area
lar to each other in the region of the empirical saturationcorresponds to the empirical value of the saturation density in
densities compared with those of the meson, although nuclear matter. The curves are labeled from the top to the bottom at
large differences can also be seen at low densities. Fqs the p=0.15 fn1 orderly from left to right.
meson which describes the isospin asymmetry, the strengths i ) -
for TW-99 and DD-ME1 show strong density dependenciednteéractions TW-99 and DD-MEI are illustrated in Figs. 3-5.
in contrast with the constants in the other interactions. The hﬁ rﬁsults z?_re shown in .comparls;)]n with those obtained
cross the nonlinear interactions at a density much lower tha ESI—I| gr“r/}gn{_rﬁgréggeréﬁlgps, such as NL1, NL2, NL3,
the emplrlcal sgturatlon density. : .. As the contribution ofp-meson potential for symmetric

The interaction strengths as functions of baryon densr%u

for neutron stars matter are given in Fig. 2. As the effective clear matter vanishes, we show the vector potentials
i i i o i I . 0,8wp, SCalar potentialg,gzo and their sum as functions of
interactions NL2 and TM2 are mainly used in light nuclei JuB P 98

don't di hem h At densities 0.2 fir S, Fig. 2 ' nucleon densityp for different effective interactions which
we don't discuss them here. At densities. 0.2 fm *, Fig. - are marked from top to bottom at densji¥0.15 fn2 or-
is similar to Fig. 1. For the scalar-meson, the interaction

hs of q q derly from left to right in Fig. 3. For the vector and scalar
strengths of TW-99, DD-MEL, TM1, and GL-97 decreaseqianiials GL-97 gives the weakest results due to its weak-
with the baryon density in similar slopes, while those of

) . est interaction strength in Fig. 1. The curves associated with
NL1, NL3, and NL_S3H decrease with baryon density for thene oiher interactions lie between those by TM2 and NL2.
densitiesp<<0.2 fm™°, then increase afterwards. This is due

0 posine ' (27 or NLL. LS, and NLSH,n 1151 STEHEe 058 1 0 Sy, e dfeonce o
contrast with the negative ones for TM1 and GL-97. For the, o, n4" 120 MeV, and that of vector potentials is around
vector @ meson, the Interaction strengths of 'I_'W-99, DD'_ 130 MeV. At saturation density, the scalar and vector poten-
MEL, and TM1 decr_esase with the baryon density. At densiy;5 g given by the density-dependent interactions TW-99 and
ties 0.2<p<0.55 fm™, the strengths of DD-ME1, TW-99, 15 \iE1 are similar to the nonlinear interactions except for
apd TM1 are between thpse of NL3 and GL-97. The CUNVEG-97, TM2, and NL2. For the total potentials for symmetric
given by :|'3M1 Crosses .W'th the line of G.L'97 a.t density nuclear matteg, gwo+9,s0, GL-97 also gives the weakest
~0.57 i, and then gives the weakest interaction strengthyeq 1 ang the difference for different interactions is about
For isospin-vectorp meson, the interaction strengths of 0-30 MeV in the range of saturated densities.

TW-99 and DD-MEL1 decrease with baryon density and tren The vector potentialg,sw,, Scalar potentialg,go, iso-

to vanish at high densities, while the others are constants. spin potentialsg,zpg.s and their sum as functions of the

_Although the aspects of the interaction strengths are QUItq, ;oo density for different effective interactions are shown
different from each other, as it will be shown in the following j, £ig 4 for pure neutron matter. The variations of the vector
sections, all of them give fair descriptions for the pmpemespotentials with density> are same as those for symmetric
of nuclear matter. nuclear matter because they are related to the whole nucleon
density p only. The variations of the scalar potentials with
density p are slightly different from those for symmetric

Potentials for symmetric nuclear matter, pure neutromuclear matter, as the same density for symmetric nuclear
matter and neutron stars calculated with density-dependemiatter and pure neutron matter implicates different Fermi

B. Potentials for nuclear matter and neutron stars
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600 ; T : I I T T T T 2000 T T T T T
- TM2 TW-99 DD-MEINL1 NLSH NL3 T™M1 NL2 - == NL1 NLSH NL3 DD-ME1 TW-99 TM1 GL-97
e — 1500 |-
i — 4 1000
- (V) =
200 I 88Dy g 1 500
0 [ 1 } 0
& 200 ¢ .5 — GL-97 - S -300
) i . )
S -400 S——— S -600
: - NL2 TMI NL3 NLSH NL1 DD-ME1TW-99T A ———— =
S 600 - —= S 900
N )
g NL2 NL1 TM2 TM1 NL3 NLSH GL—9Z/ 5 80
N )
g 50 ~
40
0 F ";wﬁj — : T I T I T | T 0 p
300 = 8,3Wot830+8,5P03 /"/
200
100 NLSH NL3 NL1 _~ _
0 DD-MEI TM1 GL-97 TW-99 _]
0 ~100 1 | 1 | 1
0.00 0.05 0.10 0.15 _30.20 0.25 0.0 0.3 0.6 3 0.9
Nucleon Density p [fm ] Baryon Density p [fm ]
FIG. 4. (Color onling Vector potentialg,gwg, scalar potentials FIG. 5. (Color onling Vector potentialgy,gwy, scalar potentials

9,80, iSOSpin vector potentialg,gpo 3 and the sum of them in pure g 4, isospin vector potentialg,gpg s and the sum of them in
neutron matter for different effective interactions as functions of theneutron stars with neutrons and protons only, for different effective
nucleon density. The curves are labeled from the top to the bot- interactions as functions of the baryon densityThe curves are
tom atp=0.15 fni orderly from left to right. labeled from the top to the bottom a£0.45 fn13 orderly from left
to right.

momentumkg, as shown in Eq(18). The p meson provides
the necessary isospin asymmetry. In pure neutron matter, theteraction strengths of NL1, NL3, and NLSH at high densi-
isospin potentialg,gpp 3 given by nonlinear interactions in- ties as shown in Fig. 2, they give large scalar and vector
crease linearly with the density due to their constant interacpotentials at densitiep>0.3 fm 3. The results calculated
tion strengths in Fig. 1. While for the same reasons, we cawith DD-ME1, TW-99, and TM1 lie in the middle. The dif-
easily understand the isospin potentials for the densityference in potentials between the two density-dependent ef-
dependent interactions. The compensation between the defective interactions DD-ME1 and TW-99 shows up clearly
sity dependencies of,z and the increase of the density beyond the densityp=0.4 fm3, in contrast with that for
makes the isospin potentials increase at first and decreaseclear matter.
after p=0.12 fm3. The sum of the vector potentiats,gwo, As shown in Fig. 5, the contribution of themeson pro-
scalar potentialgy,go, and isospin potentialg,gpo s gives  vides the necessary isospin asymmetry for neutron stars. For
the total potentials for baryon in pure neutron matter. Thedensities 0.065 p<0.1 fm3, the potentialg,gpg 3 calcu-
total potentials are attractive at low densities and becoméated with various interactions range from 20 MeV to
repulsive at high densities. Different from those of symmet-30 MeV. For nonlinear interactions, the potentiglgpg 3 in-
ric nuclear matter, due to the contribution of the isospin po<rease with the baryon density and are about 100 MeV at
tentials for pure neutron matter, the difference between thdensityp=0.9 fni3, which are about 10% of the vector po-
total potentials is quite large, e.g., the largest differenceentials g, gwg for GL-97 and TM1, and 5% of those for
40 MeV between NL2 and TW-99 occurs @0.15 fni3. NL1, NL3, and NLSH. For density-dependent interactions,

For neutron stars, Fig. 5 shows the vector potentialghe isospin potentials trend to vanish afte¥0.75 fn3, due
d.ewo, Scalar potentialg,go, iso-vector potentialg,gpos to the density dependencies of themeson interaction
and the sum of them for different effective interactions asstrengths in Fig. 2.
functions of the baryon densify. For scalar and vector po- The total potentialg,gwo+J,80+0,800,3 are attractive at
tentials at densities<0.2 fni3, the properties are similar to low densities. At high densities, they become repulsive and
those in Figs. 3 and 4. The vector potentiglswy, which  the neutron stars are bound by the gravity. The results given
offer short-range repulsive interactions, increase with theoy various interactions are similar at densitjes 0.2 fri3
baryon density, while the scalar potentig|go, which offer  and become quite different at>0.3 fr3. The total poten-
medium-range attractive interactions, change evidently atials for NL1, NL3 and NLSH are close to each other and
densities p<0.3 fri’3, and reach saturation at density increase rapidly. Those for TW-99, GL-97, and TM1 are
~0.4 fm3. Just as for nuclear matter, GL-97 always givesclose to each other aftgr=0.16 fni3, while that of DD-
the weakest scalar and vector potentials. Due to the strongE1 lies in between.
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cal range of saturation density except those of TM2 and
NL2, which are mainly used for light nuclei.

From the upper and lower panels of Fig. 6, it can be seen
that the equations of state at low densitibslow saturation
density for pure neutron matter and symmetric nuclear mat-
ter are different. The deviations of energy per nucléghA
for symmetric nuclear matter below saturation density are
negligible compared with those for pure neutron mattee
deviation is about 15 MeV at densipy=0.15 fn3). The dif-
ferent results for symmetric nuclear matter and pure neutron
matter mainly come from the potentials as shown in Figs. 3
and 4, especially from the isospin potentig|gpo 3 Which
exhibits large deviation.

From Fig. 3, we have seen that the difference for the total
potentials at saturated density in symmetric nuclear matter is
about 20~30 MeV, while the energies per nucleon at satu-
ration density are close to each other in Fig. 6. To understand
these, we will discuss energy per nucleon at the saturation
density for symmetric nuclear matter in detail.

From Eg. (19 and the meson field equations Egs.
(13)«(15), the energy density for symmetric nuclear matter
can be expressed as

1 1
o= 202+ U(0) - Emfowé— U(wo) - >, pe2hs
B

+ {miwé +4U(wg) + X, pe3is
B

pure neutron mattefupper pangl and symmetric nuclear matter 1 ke

(lower panel for different effective interactions as functions of +_Ef k2dk\s"k2+(mB+g £0)2
nucleon densityp. The dots in the lower panel correspond to the 772 B Jo i
saturation densities in symmetric nuclear matter and the shadowed

area corresponds to the empirical value of saturation densities in 1 1 3 1 4,1

symmetric nuclear mattefdensity p=0.166+0.018 fr® and

== EgUBO-pS_ ~020" —

6 ~030 — ngswop

en- 4

ergy per particlee/p=-16.0+1.0 MeV\j. The curves are labeled 1
— -3 i
from the top to the bottom at=0.2 fn° orderly from left to right. + chwé — E PBE(F;B + lngwop + E szgB
B B
C. Properties of nuclear matter 1 kg
- - - = 2dkyk? + (Mg + g,50)?
In Fig. 6 we display the energies per nucledgy/A * 7,2284 0 kedky 8T Qo8
=&/ p—m, for pure neutron matt€upper pangland symmet-
ric nuclear matte(flower panel for density-dependent inter- =g, te,teeten, (30
actions TW-99 and DD-MEL1 as functions of nucleon density
: . X ; where,
p. For comparison, the results for various nonlinear interac-
tions are also shown. We label the curves from top to bottom 1 1,1
at densityp=0.20 fn73 orderly from left to right. 80= = 5080Ps ™ G207~ G307, (31

In the upper panel of Fig. 6, the energies per nucleon for

all interactions are always positive and increase with the
nucleon density for pure neutron matter. The results for
density-dependent interactions DD-ME1 and TW-99 are very
similar to each other. At densitigs<0.075 fn13, they are
larger than the other interactions except for NL2, thereafter €= -> pBE§B7
they cross the curves for the other interactions and give the B

smallest energy per nucleon after densijies0.17 frm 3.

For symmetric nuclear matter, the curves for energies per p_ +3 peSR
nucleon for various interactions display similar dependencies N = Gup®oP 5 Pe=08
on densities below the saturation density and pronounced
differences at higher densities. The saturation densities for

- : ; o 1 kg N
various interactions are similafp=0.166+0.018 fm-1, Sﬁzﬂ—zz fo K2dkyk2 + (mg + g,50)2,
B

EB/A=-16.33+0.10 MeV and are located in the empiri-
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TABLE |. The Fermi moment&g (pozkﬁl?mz), vector densitiepg, scalar densitieps, scalar potentialg,go, vector potentialg),gwg,
the energy densities,, &, &, X, e',ﬁ,, andey, the total energy densities nucleon masse® and energies per nucledty/A=¢/p—m for
different interactions in symmetric nuclear matter at saturation de(tsigyunits are in MeV fii® except otherwise statig

TW-99 DD-ME1 GL-97 NL1 NL2 NL3 NLSH T™M1 T™M2

ke(fm™) 1.313 1.310 1.313 1.310 1.292 1.300 1.293 1.291 1.251
po(fm™3) 0.153 0.152 0.153 0.152 0.146 0.148 0.146 0.145 0.132
p(fm=3) 0.143 0.143 0.148 0.142 0.139 0.140 0.138 0.138 0.125
d,80(MeV) -417.9 -396.2 -206.4 -400.7 -309.7 -380.3 -378.24 -342.94 -402.06
—%gUBops 29.871 28.279 15.274 28.450 21.524 26.621 26.099 23.663 25.129
oy 29.871 28.279 13.830 28.187 20.538 26.088 25.544 22.387 24.027
d.ewo(MeV) 338.7 316.7 145.57 3254 242.9 308.0 306.6 274.5 331.8
—%ngwopo -25.910 —24.069 -11.140 —24.689 —-17.688 —22.832 —22.378 -19.901 -21.897
e, -25.910 —24.069 -11.140 —24.689 —-17.688 —22.832 —22.378 —-19.408 -21.221
Ere -0.161 -0.364 0 0 0 0 0 0 0
s,’i’, 51.981 48.502 22.281 49.378 35.375 45.664 44.757 39.856 43.893
eh 85.401 87.912 116.199 87.207 96.244 87.643 86.786 91.016 75.261
&N 137.382 136.414 138.470 136.585 131.619 133.307 131.543 130.872 119.155
e 141.182 140.260 141.169 140.083 134.470 136.563 134.708 133.649 120.678
m(MeV) 939 939 939 938 938 939 939 938 938
Eg/A(MeV) -16.25 -16.23 -16.32 -16.42 -17.02 -16.25 -16.35 —-16.265 -16.16

en=el+ SK‘, (36) =0.07 MeV, which is small compared withEg/A

~16 MeV.

The saturation properties of symmetric nuclear matter for
different interactions including the Fermi momefkia satu-
ration densitiesp,, energies per nucleoikg/A, effective
massesm” and m'/m, incompressibilityK and symmetric
energy coefficients,, are shown in Table Il. We can see
that the results given by the density-dependent interactions
DD-ME1 and TW-99 are similar to those of the nonlinear
interactions except for TM2, NL2, and GL-97. The saturation
density for TM2 is lower and the energy per nucleon for NL2
is larger than the corresponding empirical values, which can
also be seen in Fig. 6. Due to the weakest scalar potentials
shown in the middle panel of Fig. 3, GL-97 gives the largest
Bffective mass m'/m=0.78 and incompressibility K

in which, the contributions frons and w fields are, respec-
tively, ¢, and ¢,, the rearrangement term is,, and the
contribution from nucleons igy with its potential energy
partef and kinetic energy paﬁh. For nonlinear interactions,
£=0, while for the density-dependent interactiogs=gs;
:C3:0.

In Table I, the Fermi momenth(pO:k'é/an), vector
densitiesp,, scalar densitieg,, scalar potentialg,go, vector
potentialsg,gwy, the various contributions,, &,, &, &R,
s',i,, and ey, the system energy densities nucleon massn
and energies per nucled/A=e/p—m at saturation density
for different interactions are shown. The saturation densitie

: : : . T gyt
given by various |nteract|on§3are similég, ~ 0.150 ft™), =240 MeV, which are justified from the empirical nuclear
except for TM2(py=0.132 fm>). From Eqgs.(30)<36), we saturation propertiefl7].

know that if the scalar densitigg and vector densities, (or Although properties below the saturation densities for
Fermi moment&g) at saturation densities are similar, Iargersymmetric nuclear matter are quite similar, the EOS at low
scalar potentialgnegative will give largere, (positive) and  gensities given by various interactions for pure neutron mat-
smaller ey (positive, and larger vector potentials will give ey is quite different. This is due to the effective interactions
larger £,, (negative and e (positive). Taking into account ysed so far are obtained by fitting the properties of doubly
the contribution of the rearrangement teer, t_he energies  magic nuclei, which have an isospin close to that of the
per nucleonEg/A=¢/p—m for various interactions become symmetric nuclear matter. To get an EOS for neutron matter
closer to each other. For example, for TW-99 and GL-97,ithout any ambiguity, it is necessary to constrain the effec-
which give the largest and smallest potentials, respectively;ye interactions either by microscopic many-body calcula-

the difference of gaBU:_Zlo-5 MeV leads toAs, tions for the neutron matter dafa8] or the data of nuclei
=1604 MeV fm2 and Aey=-30.80 MeV fm3, and the with extreme isospin.

difference  of g,pw~194.1 MeV leads t0 Acw
=-14.77 MeV fm-3 and Ael=29.70 MeV fm3. Taking
into account the contribution of the rearrangement term
Ag,.=—0.16 MeV fn13, the difference between the total  The energies per baryon for neutron stars as functions of
energy densities ide=0.01 MeV fnT3, i.e., the difference baryon density for different interactions are given in Fig. 7.
between their energy per nucleahEg/A=A(e/pg—m) At low densities, Fig. 7 is very similar to the top panel of

D. Properties of neutron stars
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TABLE Il. Nuclear matter saturation properties for different effective interactions, including the Fermi mokpestduration densities
po, ENergies per nucleddg/A, effective masses rand ni/m, incompressibilityk, and symmetric energy coefficierdg,m

ke(fm™) po(fm™2) Eg/A(MeV) m"(MeV) m*‘/m K(MeV) agyn{MeV)
DD-ME1 1.310 0.152 -16.23 542.7899 0.578 244.50 33.06
TW-99 1.313 0.153 -16.25 521.0724 0.555 240.00 32.77
NL1 1.310 0.152 -16.42 537.2949 0.573 211.15 43.47
NL2 1.292 0.146 -17.02 628.3138 0.670 399.17 45.12
NL3 1.300 0.148 -16.25 558.6835 0.595 271.73 37.42
NLSH 1.293 0.146 -16.35 560.7559 0.598 355.34 36.12
TM1 1.291 0.145 -16.265 595.0626 0.634 281.17 36.89
TM2 1.251 0.132 -16.16 535.9376 0.571 343.83 35.98
GL-97 1.313 0.153 -16.32 732.6145 0.780 240.00 325

Fig. 6 as the neutron stars matter is almost pure neutroaquilibrium with respect to the reacti@ — u™+ v, + v, im-
matter at low densities. The energies per baryon for the norplies thatu.=u,. The u~ thresholds are different for differ-
linear interactions NL1, NL3, and NLSH increase quickly ent effective interactions. All thg.~ thresholds are in the
with the density compared with those of TW-99 and GL-97,range ofp=0.11+0.01 fm*® with the minimum and maxi-
while the results for DD-ME1 and TM1 lie in-between. mum thresholds given by NL1 and GL-97, respectively.
These results are in consistent with the total potentials for From Fig. 8, it can also be seen that the density-dependent
neutron stars in Fig. 5. At densify~ 0.3 fm3, the potentials ~ €ffective interactions TW-99 and DD-ME1 give the largest
for TW-99 and DD-ME1 are the lowest, while that of DD- Neutron densities, and accordingly the smallest proton densi-
ME1 crosses GL-97 and TM1 at~ 0.4 fr3 in Fig. 5. The ties due to the baryon number conservation. This is because
Eg/A for TW-99 is the smallest. the strengthg, g for the density-dependent effective interac-

The evolutions of particle densities with the baryon den-tion become weaker with the baryon density, as shown in
sity in neutron stars are given in Fig. 8, and the correspondti9- 2. Because of the charge-neutral condition, the densities
ing figures in logarithm scale for low densities of electron andu™ for different effective interactions have

(0.05< p fm3<0.2) are given in the subfigures, where the & same tendencies as the proton densities.. _
solutions are fromp=0.065 fnT to 0.9 fni3, i.e., 0.425 As hyperons would appear at roughly twice saturation
< pa/ po=5.88 With pp=0.153 fT? T density, it is necessary to study neutron star with hyperons.

At low densities, the charge-neutral neutron star matter is 0.9

Y T T T T T
mainly composed of neutrons. As the density increases, high I 12
momentum neutrons wilB decay into protons and electrons 06 __1072 '/:
(n—p+e +v,) until the equilibrium at which the chemical 03 % oo
potentials satisfyu,=u,—ue As the neutron density in- a5 L :Tw'” i kil :”LS“ i Sl
creases, so do the proton and electron densities. Vyhen 107 L N NS NLSH GLo97 DbMEL Twe9

attains the value of the muon mass, will appear. The

500 T | T | T ﬁ" 'I;_‘
> 015 - S E TM1 NL1 NL3 NLSH GL-97 DD-ME1 TW-99
— = F0° =
400 2 ot | / e
i & 0059 :
% 300 0.00 70" i t } } | i
E i T™M1 NL1 NL3 NLSH GL-97 DD-MEl1 TW-99
= - 0.12 mo E B
<« I g E H
\cq 200 + 0.06 '10-5
= - 0.1 0.
i 0.00 . :
0.0 0.3 0.63 0.9
100 Baryon density [fm ]
i FIG. 8. (Color onling Particle densitie¢from top to bottom are,
0 . 1 . l . respectively, n, pe~ and ) in neutron stars for different effective
0.0 0.3 0.6 , 0.9 interactions as a function of the baryon dengityThe correspond-
Baryon density p[fm ] ing inserts are the same figures in a logarithmic scale at low density
(0.05<p fm3<0.2). The curves are labeled from the top to the
FIG. 7. (Color onling Similar as Fig. 5, but for neutron stars. bottom atp=0.45 fni® orderly from left to right.
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0 : FIG. 10. (Color online The masses versus the central densities
0 400 800 1200 ( 9

(left pane) and radii (right pane) in neutron stars for different
effective interactiongas marked in figune The solid lines represent
these with neutrons and protons only, and the dashed lines represent
the corresponding ones with hyperons included.

Energy density[MeV fm ]

FIG. 9. (Color onling EOS of neutron stars for different effec-
tive interactions(as marked in figure The solid lines represent
these with neutrons and protons only, and the dashed lines represent
the corresponding ones with hyperons included, respectively.  in the following, we do not discuss the properties of neutron

stars with hyperons for NL1, NL3, and NLSH.

The details for the inclusion of hyperons in neutron star in For a static global sta.r, the Oppenheimer-Vblkoff-Tolman
relativistic mean field theory are given in Refs7,31. one  (OVT) equation is[15,1§:
can introduce the ratios of the meson- hyperons coupling

strengths coupling constants to those of nucleons as dp_ _[p(r) +&(M]M(r) + 4arr®p(r)] 38)
dr rir—2M(r)] ’
Xo'h:%, th:%1 Xph: g h, (37)
JoN JuN gpN r
M(r) = 411'f e(r)redr. (39
0

where,g,n, g,n andg,, have the same density dependencies
as gon,Juns and g,y respectively, and the ratiog,n=X,n ) ) ) _ i
=x,,=12/3 are chosen according to RE82]. The pointR, at which the pressure vanlshes_R)—O, defines

The equation of statéEOS is very important to under- the radius of the star and(R) is the gravitational mass. For
stand the structure of neutron star. The stiffer the EOS, tha given EOS, the OVT equation has a unique solution which
larger the mass that can be sustained against collapse. Thélepends on a single parameter characterizing the conditions
are two constraints for the realistic EOS. One is a stiff limitof matter at the center. This can be chosen as the baryon
by the causal constraimdp/de < 1, which results in the limit density or energy density. In Fig. 10, the masses versus the
mass of just over Ml,. The other corresponds to the soft central densitiefleft pane) and radii(right pane] of neutron
limit, which corresponds to the free Fermi gas with neutronsstars for different interactions are shown. The solid lines rep-
protons and leptons in equilibrium and the limit mass isfesent these with neutrons and protons only, and the dashed
about 0. M, [17]. Here the EOS calculated by different ef- lines represent the corresponding ones with hyperons in-
fective interactions are given in F|g 9. The solid lines rep-ClUded. There is critical maximum value for the masses of
resent these with neutrons and protons only, and the dashé&@utron star, known as the OV mass limit. Beyond this mass
lines represent their corresponding ones with hyperons inthe star is unstable to gravitational collapse.
cluded, respectively. As can be understood from the poten- The OV mass limits, corresponding radii, central densi-
tials in Fig. 5, the nonlinear interactions NL1, NL3, and ties, energy densities, and pressures for different effective
NLSH give stiffer EOS than the other interactions, GL-97 interactions are presented in Table Ill. The second rows for
and TM1 give softer EOS, and density-dependent interacPD-ME1, TW-99, GL-97, and TM1 represent the quantities
tions TW-99 and DD-MEL1 lie in between. Furthermore, theWith hyperons. Without hyperons, the OV mass limits calcu-
inclusion of hyperons softens the corresponding EOS considated from different EOS aré2.02—-2.81M¢, and the corre-
erably, as shown by the corresponding dashed lines in Fig. $ponding radii are 10.24-13.27 km. The OV mass limits and
The softest EOS is given by TM1. After the inclusion of corresponding radii for DD-ME1 and TW-99 are, respec-
hyperons, the corresponding solutions for the nonlinear intively, 2.478,11.903 km and 2.198.,11.209 km and
teractions, NL1, NL3, and NLSH, exist only below density, they give softer EOS and smaller OV mass limits than those
p=0.42,0.51, and 0.58 ffA, respectively. Beyond the corre- of the effective interactions NL12.80M,13.137 km,
sponding density, the scalar potentigko will increase and NL3  (2.778V,13.081 km), and NLSH (2.80MO,
make the effective masses =m+g,go negative. Therefore 13.270 km. The results for TM1 are similar to TW-99,
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TABLE Ill. The central densities, energy densities, and pressures, OV mass limits and corresponding radii
for neutron stars for different effective interactions. For interactions DD-ME1, TW-99, TM1, and GL-97, the
same quantities for neutron stars with hypersons are given in the following lines, respectively.

Central density Central energy density Central pressure OV mass limit

(fm™9) (x10% g/cnd) (X10% dyne/cnd) (XMg) Radius(km)
DD-ME1 0.815 1.852 7.886 2.475 11.903
0.980 2.097 5.780 2.061 11.375
TW-99 0.970 2.126 7.902 2.195 11.209
1.176 2.422 6.318 1.868 10.853
™1 0.852 1.881 5.293 2.180 12.054
1.016 2.083 3.071 1.517 11.366
GL-97 1.045 2.347 7.905 2.018 10.779
1.299 2.792 6.188 1.610 10.242
NL1 0.658 1.529 7.140 2.809 13.137
NL3 0.667 1.544 7.055 2.778 13.081
NLSH 0.649 1.497 6.682 2.803 13.270

while GL-97 gives the smallest OV mass lin{2.018V ) ous effective interactions in symmetric nuclear matter are
and radius(10.779 km. subtle except for NL2 and TM2.

Due to the softer EOS for neutron star with hyperons, Unlike those for symmetric nuclear matter, the properties
small OV mass limits have been obtained. The OV mas$or pure neutron matter by various interactions are quite dif-
limits calculated with hyperons for DD-ME1, TW-99 GL-97 ferent. As the effective interactions used so far are obtained
and TM1 are(1.52—-2.06M, and the corresponding radii by fitting the properties of doubly magic nuclei, it may be
are 10.24—11.38 km. With hyperons included, the OV massuccessful for nuclear matter with an isospin close to that of
limits and corresponding radii for DD-ME1 and TW-99 are, the symmetric nuclear matter. To get an EOS for neutron
respectively, 2.08%,11.375 km and 1.868,10.853 km.  matter without any ambiguity, it is necessary to constrain the
The results for TM1 are similar to TW-99, and give radius effective interactions either by microscopic many-body cal-

(11.366 km and the smallest OV mass linit.51M). culations for the neutron matter data or the data of nuclei
with extreme isospin.
IV. SUMMARY For neutron star matter, the density-dependent interactions

DD-ME1 and TW-99 favor large neutron populations due to

We have studied and carefully compared the density detheir weak p-meson field at high densities. The OV mass
pendencies of various effective interaction strengths in symlimits calculated from different EOS are 2.02—2\83, and
metric nuclear matter, pure neutron matter, and neutron starthe corresponding radii are 10.78—13.27 km. The stronger
The corresponding influences on potentials and properties dfiteraction gives a stiffer EOS and a larger mass limit.
symmetric nuclear matter, pure neutron matter, and neutromw-99 and DD-MEL1 give softer EOS and smaller OV mass
stars are presented and discussed. As the interactions Nlitnits than those of the effective interactions NL1, NL3, and
and TM2 are aimed for light nuclei, we don't present their NLSH. The results of TM1 are similar to TW-99. After the
results for neutron star. The properties calculated by the ininclusion of hyperons, the corresponding values become
teractions NL1, NL3, and NLSH are close to each other. The1.52—2.06/, and 10.24—11.38 km.
same conclusion can be seen for the density-dependent inter-
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