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Abstract The quark mean field model, which describes the baryon using the constituent quark model, is applied to study the prop-

erties of finite nuclei and hypernuclei. The meson mean fields couple directly with the quarks and change the properties of baryons in

nuclear medium. The quark mean field model provides satisfactory results on the properties of spherical nuclei and hypernuclei. It al-

so predicts an increasing size of the nucleon as well as a reduction of the effective mass in the nuclear environment.
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1 Introduction

One of the most exciting topics in nuclear physics is to
study the variations of hadron properties in nuclear medium.
Experimentally, the EMC effect reveals the medium modifica-
tion of the internal structure of the nucleon. Theoretically,
much effort has been devoted to the study of hadrons in terms
of quarks and gluons. At present, we are still far away from
describing nucleons and nuclei in terms of quarks and gluons
using quantum chromodynamics (QCD), which is believed to
be the fundamental theory of strong interactions. Thus, it is
desirable to build models that incorporate quark and gluon de-
grees of freedom and respect the established theories based on
hadronic degrees of freedom. Such models are necessarily
crude from various viewpoints since the study of the nuclear
many-body systems on the fundamental level is intractable.

The quark-meson coupling (QMC) model proposed by
Guichon'"! provides a simple and attractive framework to in-
corporate quark degrees of freedom in the study of nuclear
many-body systems. The model describes nuclear matter as
nonoverlapping MIT bags in which the quarks interact self-
consistently with structureless scalar and vector mesons in the
mean field approximation. The QMC model has been subse-
quently extended with reasonable success to various problems

[2—s5]

of nuclear matter and finite nuclei . The quark mean field

(QMF) model took the constituent quark model for the nucle-
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on instead of the MIT bag model, so that it could overcome the
shortcoming of the QMC model as discussed in Refs.[6,7].
In the QMF model, the meson fields couple directly with the
constituent quarks inside nucleons, and as a result the nucle-
on properties are modified in nuclear medium. The QMF
model has been successfully applied to study the properties of
finite nuclei and A hypemuclei[7’8] .

The outline of this paper is as follows. In Section 2 we
review the formalism of the QMF model for both nuclear mat-
ter and finite system. The parameters in the model are deter-
mined by reproducing the properties of nuclear matter. In
Section 3 we show the numerical results for finite nuclei and

A hypernuclei. Section 4 is devoted to the summary.

2 Quark mean field model

In the QMF model, the nucleon and the A hyperon as
composites of three quarks are described in terms of the con-
stituent quark model. The u and d quarks in baryons, which
couple with the non-strange mesons, satisfy the following
Dirac equation:

[17,0% = m = gio = gow?’ = ghors7° = x.] ¢(7) =0.
(1)
Here the confinement potential is expressed in terms of y,,

which is the harmonic oscillator potential together with two
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Lorentz structures: (1) scalar potential Xe= 1 kr?(2) scalar-

2

vector potential y, = % k(1 + ¥°)/2. We take the mean

field approximation for the meson fields, and assume that the
meson mean fields 6, w, and p are constant within the small
baryon volume. According to the OZI rule, the non-strange
mesons couple exclusively to the u and d quarks and not to
the s quark, therefore the s quark inside the A hyperon satis-
fies the Dirac equation, in which the terms coupled to the
non-strange mesons ¢, w, and p, should vanish. The con-
stituent quark masses are taken as m = 313MeV (q=1u,d)
and m,=490MeV. The o meson, which couples directly to
the u and d quarks, provides a scalar potential to those quarks

and as a consequence reduces the quark mass to m: =m, +
gls. The s quark mass will not be influenced by the ¢ mean

field, since the ¢ meson doesn’t couple to the s quark. We
take into account the spin correlations and remove the spuri-

ous center of mass motion, and then obtain the effective mass

for nucleon as M;; = \/(3eq + EN. )2 - 3<p§> ,while the ef-

spin

fective mass for A hyperon is expressed as M, =

\/(2eq +e + E;},in - (2<pz> + <p§>) . Here the subscript
q denotes the u or d quark. The energies (eq and e,) and
momenta ({ pi> and ( p:>) can be obtained by solving the
Dirac equations. The spin correlations (Eszin and Eé},i“) are
fixed by fitting the nucleon and A masses in free space
(My=939MeV, M, =1116MeV).

For a many-body system including many nucleons and a
single A hyperon, the effective Lagrangian within the mean

field approximation can be written as
z=g[ir,0" - M (o)

(1+ 1-3)

- g0y’ - 90073 V-e > A}'O] ¢+

¢aliv,d" = My (o) - gow?’] ¢y -

Logyye_ L 2. 1 4 1 2,1 2 o
5 (Vo) 2 M0 = 930 + 2 (V) + 5 M@ +

%03w4+%(vlo)2+%mzp2+%(Vz‘1)2, (2)
where ¢ and ¢, are the Dirac spinors for the nucleon and the
A hyperon. The mean field values of the 6,w, and p mesons
are denoted by o, w, and p, respectively. m,, m,, and m,
are the meson masses. A is the electromagnetic field which
couples to the protons. The effective masses of nucleons and
A hyperon change under the influence of the scalar mean

field, which is evidently expressed in the effective masses

M. () and M, (s) as a function of the ¢ mean field. The
effective masses ( My and M, ) have been worked out in the
constituent quark model. The w and p mean fields do not
cause any change in the baryon properties, and they appear
merely as the energy shift. These contributions are carried
over as the nucleon-meson coupling terms with the replace-
ment of the quark-meson couplings as g, =3g¢ and g, = g,.
Since the A hyperon is neutral and isoscalar, it only couples
to the o and w mesons. The w meson couples to the A hyper-
on with the coupling constant gf =241,

In the QMF model, the basic parameters are the quark-
meson couplings ( g¥, g%, and gg) , the nonlinear self-cou-
pling constants (g3 and c3) , and the meson masses. We take

m, =783MeV and m, = 770MeV , while m  is chosen to re-

produce the charge radius of “Ca to be around 3.45fm. The
parameters, g¢, g2, gz, gs> and c,, can be determined by
reproducing the equilibrium properties of nuclear matter,
which are listed in Table 17}, In the calculations for finite
nuclei and A hypernuclei, there is no more adjustable param-
eters. From the effective Lagrangian, we can obtain the Eu-
ler-Lagrange equations, and then solve those equations self-

consistently .

Table 1. The nuclear matter properties used to determine the

parameters in the QMF model. The saturation density and the

energy are denoted by p, and E /A ,and the incompressibility
by k,the effective mass by M, and the symmetry

energy by a ..

po/fm™>  (E/A)/MeV  k/MeV M;/M, e,/ MeV
0.145 -16.3 280 0.63 35
3 Results

We restrict our consideration to spherically symmetric
nuclei. In Table 2, the calculated results for the binding en-
ergies per nucleon E/A and the rms charge radii R, are com-
pared with experimental values'®! For the case of the scalar-
vector confinement potential, the calculated results for E/A
and R, are almost same as the RMF(TM1) results’®’ . On the
other hand, for the case of the scalar confinement potential ,
E/ A are somewhat underestimated .

For several hypernuclei consisting of a closed-shell nu-
clear core and a single A hyperon, we present the calculated
A single particle energies in Fig. 1, while the results in the

[10,11]

QMC model™! and the experimental values are also
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Table 2. The binding energies per nucleon E /A and the rms charge radii R in the QMF

model compared with the results in the RMF(TM1) model and the experimental values.
(E/A)/MeV R./fm
model

“Ca “Ca Zr R ) “Ca “Ca Zr )
QMF k=700 7.53 7.66 7.92 7.36 3.45 3.46 4.28 5.53
X‘,z%kr2 k = 1000 7.32 7.46 7.75 7.24 3.45 3.46 4.28 5.53
QMF k=700 8.35 8.43 8.54 7.81 3.44 3.46 4.28 5.54
X(=:%k’2(1+70)/2 k= =1000 8.21 8.30 8.43 7.73 3.44 3.46 4.27 5.53
RMF (TM1) 8.62 8.65 8.71 7.87 3.44 3.45 4.27 5.53
Expt. 8.55 8.67 8.71 7.87 3.45 3.45 4.26 5.50

shown for comparison. Here the QMC results do not contain
the effect of the Pauli blocking, which has been included phe-
nomenologically in Ref.[5] in order to reproduce the experi-

mental single particle energies. The QMF! and QMF" denote

the models with confinements y. = % k(1 + 7°)/2 and

Xe= %kr2 , respectively. The single particle energies in the

present model seem to be slightly underestimated, which is
opposite to the tendency in the QMC model. It is well known

that the properties of A hypernuclei are very sensitive to the
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Fig.1. A Single particle energies in 4Ca,% Zr,and 3°Pb.

QMF! and QMF! denote the models with
Ye= %krz(l +7°)/2 and ¥, = %krz,respectively. The

results in the QMC model'*! are also shown for comparison.

The experimental data are taken from Refs.[10,11].

effective coupling constants on the hadronic level, especially
the two relative couplings R, = g/ g, and R, = g:/gwm].
The quark model value, R, = R, =2/3, usually gives large
overbinding of A single particle energies. Most studies of the
hypernuclei in the RMF models are performed by treating both
R, and R (or only one of them) as phenomenological param-

[12—14] I

eters, which are fitted by using experimental data n

the present model, R, = g?/gc = [a]al/i;: ] /[ ag{f; ] must

be calculated self-consistently on the quark level, while
R, =2/3 is based on the quark model. Comparing with the
RMF models, R, in the QMF model depends on the ¢ mean
field, and could not be a constant again. The resulting A sin-
gle particle energies are slightly underestimated in comparison
with the experimental values as shown in Fig.1. The results
can be largely improved if we use the scaled coupling constant

0.97 x g~.
4 Conclusions

In summary, we have reported the results of the applica-
tion of the QMF model to finite nuclei and A hypernuclei. In
the QMF model, we have used the constituent quark model
for the descriptions of baryons. The QMF model can provides
a significantly swollen nucleon radius in nuclear medium. At
the normal matter density, the nucleon radius increases by
about 5%—9% . With the parameters determined by the

properties of nuclear matter, the calculated results for finite

nuclei and A hypernuclei are satisfactory .
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