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A excitation and its influences on neutron stars in relativistic mean field theory
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The relativistic mean field models with the different parameter sets are extended to investigate the properties
of A-excited nuclear matter. The calculated results show that the critical densities fargReited nuclear
matter predicted in a chiral hadronic model are larger than those obtained in the nonlinear Walecka model with
the parameter sets Tm1 and NL1. The inclusion ofAHeads to the decrease in the maximum mass of neutron
stars in a chiral hadronic model, while the opposite behavior is shown in the nonlinear Walecka model.
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The investigation of hadronic matter shows many new 1 1 ) 1
and interesting results. Different composition of hadronic ~ — 7 F,,F*"+ 4—|§(QUVMV")2+ 5 0upd b

matter may lead to different phase structures under extreme

conditions. These new states of dense matter are expected to <2 2/ ? 1 1
be found in relativistic heavy ion collisions or the conjecture —H, _2) —In—2— = —éw S v
of astronomical observations. In the framework of the non- Sy 2d Sy 4) 4

linear Walecka model it is predicted that there is a phase
transition from nucleonic matter v-excited nuclear matter, +Em25 Bt 1)
and the occurrence of this transition depends on the coupling 2 PH '

constantg§1,2]. Meanwhile, the calculated results in the de-
rivative scalar coupling model illustrate that the properties of
A-excited nuclear matter are insensitive to the choices of th
model parametef3]. In fact, whether stableA-excited . . .
nuclear matter exists or not is still controversial since little isscalar and vector mesons are .|ntroduced with the superscript
known about the coupling constants of thewith the scalar of the A, the ot'her notations in the above formula are the
and vector mesons. Recently, by means of the finite-densityame as those in Reb]. _

QCD sum rules and the numerical calculations the range of In the mean field approximatiofMFA), the meson fields
values for the coupling constants concerned withahbas ~ should be replaced by the constants, ig~ ¢o=(#), V,,

been confined within the triangle of the coupling constants—(V )= 6, (Vo, BM,3—><5M,3>E5M,obo1 and the other quan-
[4], the corresponding coupling constants of thavith the tities related to the pion meson field vanish. The Lagrangian
scalar and vector mesons restrained in this way are usefdiensity for the FST model in the MFA can be rewritten as
when the properties af-excited nuclear matter are studied.

Recently, a chiral hadronic model has been proposed by —
Furnstahl, Serot, and Tangalso referred to as the FST Lyvea= ¥
mode) [5], the features of this model incorporate the nonlin-
ear chiral symmetry of the strong interaction, broken scale 0
invariance, and the phenomenology of vector dominance. —Eg,ﬂ's)’ bo
With the model parameter sets calibrated at the equilibrium
properties of nuclear matter, the FST model has been suc- A o 1,
cessfully applied to study nuclear matter and finite nuclei =9, 7 Volyat EmuVo
[6,7]. In this Brief Report, the FST model and the nonlinear

here ¢y (N=n,p) and ¢, stand for the nucleon and
ields, the additional coupling constants of thewith the

[ YM‘?“_ ( Ml?l_ gs¢0) -0y ’)’OVO

Int Pali v, 0" — (MR — g5 bo)

®o

1 4
1+ 77§ + Eg(guVO)

Walecka model are extended to investigate the properties of 1L, do\ 1 do) 1
A-excited nuclear matter, and then the influences ofAhe + Empbo—Hq 1- g) am(l— g) _Z}' 2
excitation on the maximum mass of neutron stars are dis-

cussed.

With the inclusion of theA the FST model is adopted to With Eq. (2) the equations of motion can be derived as
show our formulas with the Lagrangian density[&$

1 1
el LGB 7,0" ~ (MR = gso) ~ 9,Y°Vo— 59,737%bo | ¥n=0,
‘C:(//NIYMD#+9A7M75aM_MRJ+gS¢_Egp'y,uT'b’u N Yu N~ 9sb0) =8y ¥ Vo~ 59,737 o ¥ .
+yaliy, D*+gary ysa, — M +g5 ,
Vall D7+ a7y 52~ Mut G5 ¢ 10 [i 7,0~ (M1 Gsbo) —1,8,7Vol¥s =0, ()
¢ 1, |
— A Mg+ 2 “
+2 1+7]SO+ 2f”tr(af‘ua U +mV,V ] for the nucleon ana fields, and
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7 o\ 141 & Our numerical results show that the different relativistic
2y /2 2 Y . .
EmUVOJr mgSe| 1 - g) In{ 1— g) nuclear models, e.g., the nonlinear Walecka model with the
parameter sets TmB], NL1 [9], Boguta2[10], and the lin-
=—0gdpntpptrspil, ear Walecka model used in Rdfll] as well as a chiral
1 é hadronic model with the parameter séts, T2, andT3 [5],
= et /3 Yol 2y, _ give the approximate same values for the coefficiengsd
Vot | 1+ m:Vo= +p,tr , ;
69 Vo Tsy) 0 Glpnt pptropal b, the obtained mean values afand b are a~0.81 andb

1 1 ~0.85, thus, one has
mib0:§9p< InTaN)= 59P3; 5 r<=0.81r,+0.85, (12

for the relation betweemg andr,. However, this relation
for the meson fields, wherg= gﬁ/gS andrvzgﬁ/gv are the imposes a weaker restriction on the coupling constants for
ratios of the scalar and vector couplings for theto those the A [4]. In terms of the constraints that there are no teal
for the nucleon. The scalar and vector densities are denotgatesent at the saturation density of nuclear matter, the ap-

by pearance of the redl at higher density leads to a metastable
s_ /T _ 70 . state which is not the ground state of nuclear matter, and by
pi=iv), pi=(iy i), 1=(pA). (O oans of the numerical calculations, a more restrictive con-

The energy density fok -excited nuclear matter is derived as gtramt instead of Eq(12) is phenomenologically summa-
rized as[4]
i k <
=3 ¥ ):J F‘(k2+M*?)1’2d3k+gvv0(pn+pp re<1.0Ir,+0.38. (13

i=N.A - (2m)°Jo TheA vector and scalar self-energies have been studied in

_— the framework of the finite-density QCD sum ruld<], the
9pP3 1+ @ m2y2— ig(g V)4 conclusion is that thé\ vector self-energy is weaker than
7 Sy VO 4151970 that of the nucleon, while its scalar self-energy is stronger.
» Therefore, the other two constraints fogf and r, can be
$o| ™| 1 do| 1
1-—]| |gIh|1l-—=]|—=|+
So

1 expressed as
d S, 2 ] , %

4
where the degeneracy factors are taken toybd)=2 (N
=n,p) and y(A)=16, k,:i(i =n,p,A) is for the Fermi mo-
mentum with the particle speciesThe effective nucleon and
A masses are given by

+Hgq

r<=1, r,<1. (14

Combining Eq.(14) with Eq. (13), the triangle relation for

the A coupling constants has been constructed in Riéf.In

principal, one can choose any possible coordinates within

this triangle as input coupling constants for the Without

loss of generality, one can take the three sets of the coordi-
My = M,?,—gsgbo, M} = Mg—rsgscﬁo, (8) nates at the three vertices of this triangle as input coupling

constants for the\, so that the obtained results can contain
with the bare nucleon anl massesMﬁ andM?, the baryon any other possible results using the coupling constants for

density is defined as the A within this triangle. Moreover, the three sets of the
1 coupling constants corresponding to the three vertices of this

p=pntpptps= _z(kl3= +kd +8k§A)_ (9)  triangle for theA give the similar conclusions, it is enough
37 n P for us to adopt one of the three parameter sets at the three

vertices of this triangle for the\ to show our calculated

The chemical stability is described ] results, thus, the coordinates at a vertex of this triangle, i.e.,
Ex(N)=Eg(A), (10) ;s=t%].3i, r,=1.0, are chosen as the input coupling constants
or the A.
where Ex(N)=g,V,F g§p3/4m§+ /kZFN+ M*2N, “«_" for Since the results with the parameter 3&t for the FST

- model lie between those with the parameter 3dtsaandT3,
N=nand “+"for N=p, Er(A)=r,9,Vo+ Vkg,+M*}. the parameter seff1 and T3 for the FST model listed in
Based on the empirical knowledge that there is no 2eal Table 1 of Ref.[5] are used, in addition, there are many
excitation at the saturation density of normal nuclear matterparameter sets for the nonlinear Walecka model, as an ex-
Eqg. (10) should have no real solution fdt= , so that the ample, the quite successful parameter sets Tm1 in Table 2 of
constrained condition for the ratios of the scalar and vectoRef.[8] and NL1 in Table 3 of Ref{9] are also used in the
couplingsr andr, can be derived from Eq10) for sym-  present calculation.
metric nuclear matter as Figure 1 shows the effective baryon masses for nucleon
andA against the ratio of baryon density. It is seen that both

<ar, + . .
re=ar,+b, the effective nucleon mags) and the effectivel mass(b)
9, Vo Mg—guvo— \ /k§N+ M¥2 dpcrease as the rat_io_ of baryon density increases. Comparing
a=—— , b= . figures(a) with (b), it is shown that the curves of the effec-
9sPo p=po 9so p=p tive A mass are lower than those of the effective nucleon

0
(11 mass due to;>1.
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FIG. 1. Ratios of the effective baryon masses against the ratio of the baryon densitywitt89 andr,=1.0.

The binding energy per baryon is given in Fig. 2. It is with the parameter set3. It is seen that the value of the
observed that the critical density (4dg) for the presence of second minimum is positive, and the depth of the second
the A in the FST model with the parameter §& is larger  minimum in the FST model is shallower, this result means
than that (3.24,) calculated with the parameter skt, and  that the FST model leads to the existence of the metastable
both critical densities in the FST model are larger than thosgtate of A-excited nuclear matter. In contrast, the results
obtained in nonlinear Walecka model with the parameter sejiven by Tm1 and NL1 indicate that the ground state of

Tm1(1.7%,) and NL1(1.2%,). The result with the param-

nuclear matter is energetically favorable at higher densities

eter sefT1 makes the second minimum of the binding energy, ~3pg) for Tm1 and (2p,) for NL1, and the real ground
appear in the FST model, and no second minimum is formediate of nuclear matter would be f&-excited matter at a

200 H

100 H

elp-M’, (MeV)

-100

p/p,

density of about 3pg) for Tm1 and (~2py) for NL1.
Recalling one of the conditions that the second minimum
should lie above the saturation energy of normal nuclear
matter when the triangle relation has been construfdgd
one can conclude that the triangle relation is valid for a chiral
hadronic model, and invalid for the nonlinear Walecka model
with the parameter sets Tm1 and NL1.

Comparison among the different models with the different
coupling constants of tha is presented in Fig. 3. It is seen
that with the fixed value of ,=1.0 the increasing aofs, e.g.,
from rg=1.31 to 1.39, the second minimum of each curve
shifts downwards, and its depth becomes deeper, whereas
with the fixed value of ;=1.39, the decreasing of,, e.g.,
rs=1.0 to 0.8, the second minimum of each curve also
moves downwards, and its depth becomes deeper. Therefore,
the general trend is that the increasing gbr decreasing of
r, are in favor of the existence df-excited matter. In com-
parison with the results given by Tm1 and NL1, the results
obtained by the FST model is not sensitive to the variation of
the A coupling constants, and can guarantee the triangle re-
lation to be valid. Moreover, though the critical densities for

FIG. 2. Binding energy per baryon against the ratio of thethe appearance of th& are varied with the variation af

baryon density withr ;=1.39 andr,=1.0.

andr,, itis clear that the critical densities for the appearance
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FIG. 4. Ratios of masses for neutron stars against the radius
with r¢=1.39 andr,=1.0.

p/p,

FIG. 3. Binding energy per baryon against the ratio of the
baryon density with the different values of andr, .

of the A in the FST model are still larger than those given by

the nonlinear Walecka model with the parameter sets ngfﬁ’m. reproduce the b_a5|c properties of nuclear matter, the pre-
and NL1. iction for the maximum mass of neutron stars with and

without theA is different.

In conclusion, the different relativistic nuclear models in
the MFA are applied to study the properties dfexcited
nuclear matter, in comparison with the results obtained in the

onlinear Walecka model with the parameter sets Tml1 and

Using the equation of state for neutron matter with or
without the inclusion of thé\, and after solving the Tolman-
Oppenheimer-Volkoff equatiofl3], one can examine the in-
fluence of theA excitation on neutron stars with,=1.39
andr,=1.0. The mass and radius relation for neutron stars i L1 th itical densities for th f b
displayed in Fig. 4. It is clear that the appearance ofAhe , the critical densities for the appearance of Ineare

leads to the decrease in the maximum mass of neutron staJ ,rger, and the triangle_ r_elation for _tlztecouplings is valid in .
ie., M/Mo~227, 2.28 without theA to M/Mo~1.91, t%e FST model and fail in the nonlinear Walecka model with

1.85 with theA in the FST model with the parameter séts }he dparan;]etzr sets Tml ﬁnd NLI. The mfluenfces ofithe
and T3, respectively, while the inclusion of th& in the ieads to the ecrease'lnt € maximum mass o neutrqn stars
nonlinear Walecka model with the parameter sets Tml anl th_e FST model, while the opposite trend is shown in the
NL1 is different from that of the FST model, the appearancenonllnear Walecka model.
of the A increases the maximum mass of neutron stars from This project was supported by National Natural Science
M/Mg~2.45(Tm1), 2.91(NL1) without the A to M/Mg Foundation of China with Grant No. 10275002, and the Ma-
~2.56(Tm1), 3.0(NL1) with the A. These results indicate jor State Basic Research Developing Program with Grant
though both the FST model and the nonlinear Walecka modello. G2000077400.
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