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D 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 D-excited nuclear matter. The calculated results show that the critical densities for theD-excited 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 of theD leads 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 n
and interesting results. Different composition of hadro
matter may lead to different phase structures under extr
conditions. These new states of dense matter are expect
be found in relativistic heavy ion collisions or the conjectu
of astronomical observations. In the framework of the no
linear Walecka model it is predicted that there is a ph
transition from nucleonic matter toD-excited nuclear matter
and the occurrence of this transition depends on the coup
constants@1,2#. Meanwhile, the calculated results in the d
rivative scalar coupling model illustrate that the properties
D-excited nuclear matter are insensitive to the choices of
model parameter@3#. In fact, whether stableD-excited
nuclear matter exists or not is still controversial since little
known about the coupling constants of theD with the scalar
and vector mesons. Recently, by means of the finite-den
QCD sum rules and the numerical calculations the rang
values for the coupling constants concerned with theD has
been confined within the triangle of the coupling consta
@4#, the corresponding coupling constants of theD with the
scalar and vector mesons restrained in this way are us
when the properties ofD-excited nuclear matter are studie

Recently, a chiral hadronic model has been proposed
Furnstahl, Serot, and Tang~also referred to as the FS
model! @5#, the features of this model incorporate the nonl
ear chiral symmetry of the strong interaction, broken sc
invariance, and the phenomenology of vector dominan
With the model parameter sets calibrated at the equilibr
properties of nuclear matter, the FST model has been
cessfully applied to study nuclear matter and finite nuc
@6,7#. In this Brief Report, the FST model and the nonline
Walecka model are extended to investigate the propertie
D-excited nuclear matter, and then the influences of theD
excitation on the maximum mass of neutron stars are
cussed.

With the inclusion of theD the FST model is adopted t
show our formulas with the Lagrangian density as@5#
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where cN (N5n,p) and cD stand for the nucleon andD
fields, the additional coupling constants of theD with the
scalar and vector mesons are introduced with the supers
of the D, the other notations in the above formula are t
same as those in Ref.@5#.

In the mean field approximation~MFA!, the meson fields
should be replaced by the constants, i.e.,f→f0[^f&, Vm

→^Vm&[dm,0V0 , bW m,3→^bW m,3&[dm,0b0, and the other quan
tities related to the pion meson field vanish. The Lagrang
density for the FST model in the MFA can be rewritten a
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With Eq. ~2! the equations of motion can be derived as

F igm]m2~MN
0 2gsf0!2gvg0V02

1

2
grt3g0b0GcN50,

~3!

@ igm]m2~MD
0 2r sgsf0!2r vgvg0V0#cD50, ~4!

for the nucleon andD fields, and
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for the meson fields, wherer s5gs
D/gs andr v5gv

D/gv are the
ratios of the scalar and vector couplings for theD to those
for the nucleon. The scalar and vector densities are den
by

r i
s[^c̄ ic i&, r i[^c̄ ig

0c i&, i 5~n,p,D!. ~6!

The energy density forD-excited nuclear matter is derived a
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where the degeneracy factors are taken to beg(N)52 (N
5n,p) andg(D)516, kFi

( i 5n,p,D) is for the Fermi mo-
mentum with the particle speciesi. The effective nucleon and
D masses are given by

MN* 5MN
0 2gsf0 , MD* 5MD

0 2r sgsf0 , ~8!

with the bare nucleon andD massesMN
0 andMD

0 , the baryon
density is defined as

r5rn1rp1rD[
1
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3 !. ~9!

The chemical stability is described by@4#

EF~N!5EF~D!, ~10!

where EF(N)5gvV07gr
2r3/4mr

21AkFN

2 1M* N
2 , ‘‘ 2’’ for

N5n and ‘‘1’’ for N5p, EF(D)5r vgvV01AkFD

2 1M* D
2 .

Based on the empirical knowledge that there is no reaD
excitation at the saturation density of normal nuclear mat
Eq. ~10! should have no real solution forkFD

, so that the
constrained condition for the ratios of the scalar and vec
couplingsr s and r v can be derived from Eq.~10! for sym-
metric nuclear matter as

r s<arv1b,
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Our numerical results show that the different relativis
nuclear models, e.g., the nonlinear Walecka model with
parameter sets Tm1@8#, NL1 @9#, Boguta2@10#, and the lin-
ear Walecka model used in Ref.@11# as well as a chiral
hadronic model with the parameter setsT1, T2, andT3 @5#,
give the approximate same values for the coefficientsa and
b, the obtained mean values ofa and b are a'0.81 andb
'0.85, thus, one has

r s<0.81r v10.85, ~12!

for the relation betweenr s and r v . However, this relation
imposes a weaker restriction on the coupling constants
theD @4#. In terms of the constraints that there are no reaD
present at the saturation density of nuclear matter, the
pearance of the realD at higher density leads to a metastab
state which is not the ground state of nuclear matter, and
means of the numerical calculations, a more restrictive c
straint instead of Eq.~12! is phenomenologically summa
rized as@4#

r s<1.01r v10.38. ~13!

TheD vector and scalar self-energies have been studie
the framework of the finite-density QCD sum rules@12#, the
conclusion is that theD vector self-energy is weaker tha
that of the nucleon, while its scalar self-energy is strong
Therefore, the other two constraints forr s and r v can be
expressed as

r s>1, r v<1. ~14!

Combining Eq.~14! with Eq. ~13!, the triangle relation for
theD coupling constants has been constructed in Ref.@4#. In
principal, one can choose any possible coordinates wi
this triangle as input coupling constants for theD. Without
loss of generality, one can take the three sets of the coo
nates at the three vertices of this triangle as input coup
constants for theD, so that the obtained results can conta
any other possible results using the coupling constants
the D within this triangle. Moreover, the three sets of th
coupling constants corresponding to the three vertices of
triangle for theD give the similar conclusions, it is enoug
for us to adopt one of the three parameter sets at the t
vertices of this triangle for theD to show our calculated
results, thus, the coordinates at a vertex of this triangle,
r s51.39, r v51.0, are chosen as the input coupling consta
for the D.

Since the results with the parameter setT2 for the FST
model lie between those with the parameter setsT1 andT3,
the parameter setsT1 andT3 for the FST model listed in
Table 1 of Ref.@5# are used, in addition, there are man
parameter sets for the nonlinear Walecka model, as an
ample, the quite successful parameter sets Tm1 in Table
Ref. @8# and NL1 in Table 3 of Ref.@9# are also used in the
present calculation.

Figure 1 shows the effective baryon masses for nucl
andD against the ratio of baryon density. It is seen that b
the effective nucleon mass~a! and the effectiveD mass~b!
decrease as the ratio of baryon density increases. Compa
figures~a! with ~b!, it is shown that the curves of the effec
tive D mass are lower than those of the effective nucle
mass due tor s.1.
1-2
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FIG. 1. Ratios of the effective baryon masses against the ratio of the baryon density withr s51.39 andr v51.0.
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The binding energy per baryon is given in Fig. 2. It
observed that the critical density (4.15r0) for the presence o
the D in the FST model with the parameter setT3 is larger
than that (3.22r0) calculated with the parameter setT1, and
both critical densities in the FST model are larger than th
obtained in nonlinear Walecka model with the parameter
Tm1(1.72r0) and NL1(1.25r0). The result with the param
eter setT1 makes the second minimum of the binding ene
appear in the FST model, and no second minimum is form
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FIG. 2. Binding energy per baryon against the ratio of t
baryon density withr s51.39 andr v51.0.
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with the parameter setT3. It is seen that the value of th
second minimum is positive, and the depth of the seco
minimum in the FST model is shallower, this result mea
that the FST model leads to the existence of the metast
state of D-excited nuclear matter. In contrast, the resu
given by Tm1 and NL1 indicate that the ground state
nuclear matter is energetically favorable at higher densi
(;3r0) for Tm1 and (;2r0) for NL1, and the real ground
state of nuclear matter would be aD-excited matter at a
density of about (;3r0) for Tm1 and (;2r0) for NL1.
Recalling one of the conditions that the second minim
should lie above the saturation energy of normal nucl
matter when the triangle relation has been constructed@4#,
one can conclude that the triangle relation is valid for a ch
hadronic model, and invalid for the nonlinear Walecka mo
with the parameter sets Tm1 and NL1.

Comparison among the different models with the differe
coupling constants of theD is presented in Fig. 3. It is see
that with the fixed value ofr v51.0 the increasing ofr s , e.g.,
from r s51.31 to 1.39, the second minimum of each cur
shifts downwards, and its depth becomes deeper, whe
with the fixed value ofr s51.39, the decreasing ofr v , e.g.,
r s51.0 to 0.8, the second minimum of each curve a
moves downwards, and its depth becomes deeper. There
the general trend is that the increasing ofr s or decreasing of
r v are in favor of the existence ofD-excited matter. In com-
parison with the results given by Tm1 and NL1, the resu
obtained by the FST model is not sensitive to the variation
the D coupling constants, and can guarantee the triangle
lation to be valid. Moreover, though the critical densities f
the appearance of theD are varied with the variation ofr s
andr v , it is clear that the critical densities for the appearan
1-3
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of theD in the FST model are still larger than those given
the nonlinear Walecka model with the parameter sets T
and NL1.

Using the equation of state for neutron matter with
without the inclusion of theD, and after solving the Tolman
Oppenheimer-Volkoff equation@13#, one can examine the in
fluence of theD excitation on neutron stars withr s51.39
andr v51.0. The mass and radius relation for neutron star
displayed in Fig. 4. It is clear that the appearance of theD
leads to the decrease in the maximum mass of neutron s
i.e., M /M ('2.27, 2.28 without theD to M /M ('1.91,
1.85 with theD in the FST model with the parameter setsT1
and T3, respectively, while the inclusion of theD in the
nonlinear Walecka model with the parameter sets Tm1
NL1 is different from that of the FST model, the appearan
of the D increases the maximum mass of neutron stars fr
M /M ('2.45(Tm1), 2.91~NL1! without the D to M /M (

'2.56(Tm1), 3.0~NL1! with the D. These results indicate
though both the FST model and the nonlinear Walecka mo

0 2 4

-200

-100

0

100

200

T1

Tm1

NL1

          ( r
s
,  r

v
 )

 1.31,1.0
 1.39,1.0
 1.39,0.8
 without ∆

ε /
ρ -

M
N

0   
(M

eV
)

ρ/ρ
0

6

FIG. 3. Binding energy per baryon against the ratio of t
baryon density with the different values ofr s and r v .
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can reproduce the basic properties of nuclear matter, the
diction for the maximum mass of neutron stars with a
without theD is different.

In conclusion, the different relativistic nuclear models
the MFA are applied to study the properties ofD-excited
nuclear matter, in comparison with the results obtained in
nonlinear Walecka model with the parameter sets Tm1
NL1, the critical densities for the appearance of theD are
larger, and the triangle relation for theD couplings is valid in
the FST model and fail in the nonlinear Walecka model w
the parameter sets Tm1 and NL1. The influences of theD
leads to the decrease in the maximum mass of neutron
in the FST model, while the opposite trend is shown in t
nonlinear Walecka model.
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