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Properties of finite nuclei in the modified quark-meson coupling model

H. Müller
TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, Canada V6T 2A3

~Received 23 October 1997!

The modified quark-meson coupling~MQMC! model is applied to describe the properties of finite nuclei.
The concept of a density-dependent bag constant is used to calibrate the model at equilibrium nuclear matter
density. By a redefinition of the scalar meson field, the MQMC model can be cast in a form similar to a
quantum hydrodynamics~QHD! type mean-field model. Binding energies, charge radii, and single-particle
spectra of spherical nuclei are analyzed and compared with QHD calculations and with results based on the
original quark-meson coupling model. The accurate reproduction of the effective nucleon mass in the MQMC
model leads to a realistic description of single-particle spectra and spin-orbit splittings. Changes of the internal
quark structure of the nucleon in the nuclear environment are also discussed.@S0556-2813~98!04704-9#

PACS number~s!: 24.85.1p, 21.60.2n, 21.10.2k, 12.39.Ba
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I. INTRODUCTION

Although quantum chromodynamics is believed to be
fundamental theory of strong interactions, low- and mediu
energy nuclear phenomenology is successfully describe
terms of hadronic degrees of freedom. Besides the fun
mental question of how this picture emerges from the und
lying theory, theoretical challenges arise in phenome
which reveal the quark structure of hadrons, for example,
prominent EMC effect which indicates medium modific
tions of the internal structure of the nucleon@1#. Moreover,
hadronic models are often extrapolated into regimes of h
density and temperature to extract the nuclear equatio
state, which is the basic ingredient in many astrophys
applications and in microscopic models of energetic nucle
nucleus collisions. One can expect that under these extr
conditions quark degrees of freedom become important.

At present rigorous studies of QCD are restricted to m
ter systems at high temperature and zero baryon density.
cause of the nonperturbative features of this theory, it is v
difficult to derive predictions at energy scales relevant
low- and medium-energy nuclear phenomenology.

Thus, there is a need to build models which incorpor
quark-gluon degrees of freedom and which help to bridge
gap between nuclear phenomenology and the underl
physics of strong interactions. Such models are necess
crude since the study of the nuclear many-body problem
the fundamental level is intractable. However, it is importa
that the new models respect established results which
successfully described in the hadronic framework.

Recently, much effort has been devoted to the study
effective models for low-energy strong interactions. Typic
examples are Nambu–Jona-Lasinio~NJL! type soliton mod-
els @2#. Although these models successfully describe
properties of single hadrons, it is not clear if basic feature
nuclear phenomenology, such as saturation of nuclear ma
can be reproduced properly. Because the nucleons have
built in these models, it is difficult to perform the step fro
a single-nucleon to a many-nucleon system@3#.

The quark-meson coupling~QMC! model proposed by
Guichon @4# provides a simple and attractive framework
incorporate quark degrees of freedom in the study of nuc
570556-2813/98/57~4!/1974~9!/$15.00
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many-body systems. In the QMC model nucleons arise
nonoverlapping MIT bags interacting through meson me
fields. The model has been applied to a variety of proble
in nuclear physics. It was shown that it describes the sat
tion properties of nuclear matter@5–10# and that it gives a
fair description of the bulk properties of finite nuclei@11–
15#. The model was extended to include hyperons@16# and
applied to studies of hypernuclei@17,18#.

Although it provides a simple and intuitive framework
describe the basic features of nuclear systems in term
quark degrees of freedom, the QMC model has a seri
shortcoming. It predicts much smaller scalar and vector
tentials than obtained in successful hadronic models@6,8,9#.
As a consequence the nucleon mass is too high and the
orbit force is too weak to explain spin-orbit splittings in fi
nite nuclei@12–14#.

A well-established framework for relativistic hadron
models is provided by quantum hadrodynamics~QHD! @19#.
Numerous calculations have established that relativi
mean-field models based on QHD lead to a realistic desc
tion of the bulk properties of finite nuclei and nuclear mat
@19#. A very compelling feature of QHD has been the repr
duction of spin-orbit splittings in finite nuclei. One of the ke
observations in their success is that nucleon propagatio
the nuclear medium is described by a Dirac equation fea
ing large scalar and vector potentials.

Recently, it was pointed out that the small vector a
scalar potentials in the QMC model are due to the assu
tion that the bag constant does not change in the nuc
environment@8,9#. By introducing a density-dependent ba
constant it was demonstrated that large scalar and vecto
tentials can be produced. A necessary condition is that
value of the bag constant in the nuclear environment sign
cantly drop below its free-space value. As a conseque
relativistic nuclear phenomenology can be recovered from
modified quark-meson coupling~MQMC! model @8#.

The central issue of the MQMC model is the density d
pendence of the bag constant. This density dependence i
known a priori and the idea of the MQMC model is to pa
rametrize the bag constant and to determine the param
by calibrating to observed nuclear properties. Two differe
model types have been proposed@8,9#: a direct coupling
1974 © 1998 The American Physical Society
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57 1975PROPERTIES OF FINITE NUCLEI IN THE MODIFIED . . .
model in which the bag constant is a function of the sca
field and a scaling model in which the bag constant is rela
to the effective nucleon mass. The density dependenc
then generated self-consistently in terms of these in-med
quantities. By using more general parametrizations for
bag constant we refined these models in Ref.@10# and dem-
onstrated that the MQMC model can be accurately calibra
to produce the empirical saturation properties of nuclear m
ter. Most importantly, the model leads to small values for
effective mass aroundM* /M;0.6 which is tightly con-
strained by nuclear observables@20,21#.

Our purpose here is to examine if the MQMC model
consistent with established results of nuclear phenome
ogy. This is important because the model was propose
describe ‘‘new’’ physics beyond the standard hadronic p
ture in nuclear matter and finite nuclei. Based on our pre
ous study of nuclear matter@10# the present work is mainly
concerned with the description of finite nuclei. To make co
tact with the hadronic framework we analyze the connect
between the MQMC and QHD models. By performing a
definition of the scalar field the MQMC model can be cast
a form equivalent to a QHD-type model with a nonline
scalar potential and a nonlinear coupling to the gradient
the scalar field. It is well known that nonlinear scalar se
interactions must be included in relativistic mean-field mo
els to achieve a realistic description of nuclear phenom
@22–28#. In principle, if the density dependence of the b
constant was known, the connection between the MQ
and QHD models could be used to predict the form of
nonlinear self-interactions. Furthermore, it implies that
calibration on the hadronic level, i.e., determining the no
linear parameters, is equivalent to the calibration of the d
sity dependence of the bag constant@10#.

Although the model loses some of its predictive pow
the concept of a density-dependent bag constant is us
The original idea of the QMC model was to calibrate t
model in free space such that the nucleon mass is reprod
and then to extrapolate to many-nucleon systems. Moreo
attempts have been made to describe all the relevant deg
of freedom, i.e., nucleons and mesons, within the underly
bag model@14,16#. The idea is appealing; however, it is n
possible to account for all the necessary degrees of freed
Most importantly, the scalar field which describes t
midrange part of the nucleon-nucleon interaction cannot
described in the framework of the simple bag model, bu
must be included. This gives rise to new parameters wh
cannot be determined on a fundamental level@14#. On the
other hand, in the MQMC model these new parameters a
naturally from the density dependence of the bag consta

To study properties of finite nuclei we adopt mod
MQMCA from Ref.@10#, in which the bag constant is a func
tion of the scalar field only. For comparison we employ
QHD model that includes quartic and cubic scalar se
interactions. Relativistic mean-field models of this type
produce the observed properties of nuclear matter and gi
realistic description of the bulk properties of nuclei throug
out the Periodic Table@22–28#. We calibrate the model pa
rameters so that the MQMC and QHD models lead to
same nuclear matter properties at equilibrium.

The main difference between the MQMC and QHD mo
els arises from the nonlinear coupling to the gradient of
r
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scalar field which is generated by the field redefinition. T
term does not contribute in nuclear matter and it mainly
fects the nuclear shape leading to a more diffuse surfac
the MQMC model. We compensate for this effect by adju
ing the scalar mass to reproduce the experimental valu
the charge radius in40Ca. After the adjustment the MQMC
and QHD models are in very close agreement. The anal
of the bulk properties of closed-shell nuclei demonstra
that the MQMC model gives a realistic description of bin
ing energies and radii. Compared to calculations based
the original QMC model@11–14# we find significant im-
provement, in particular for the binding energies of the lig
nuclei. The poor reproduction of single-particle spectra a
spin-orbit splittings is the main shortcoming of the origin
QMC model and the study of these quantities is crucial
the present analysis. We find that the MQMC model syste
atically corrects these shortcomings and leads to a real
description of the single-particle levels and spin-orbit sp
tings. The key observations in this success is that the MQ
model can be accurately calibrated to reproduce small va
for the effective mass, which is strongly correlated with t
spin-orbit force in relativistic mean-field models.

The discussion of the bulk and single-particle propert
of finite nuclei demonstrates that the MQMC model provid
a simple framework for describing nuclear phenome
which incorporates quark degrees of freedom and reprodu
established results. This success provides a solid founda
for the investigation of the internal nucleon structure a
changes caused by the nuclear environment. An impor
quantity here is the nucleon size. There are several ind
tions in nuclear phenomenology that nucleons ‘‘swell’’
the nuclear environment. For example, the EMC effect c
be explained by assuming an increased confinement siz
the nuclear medium@29,30#. We analyze the average ba
radius for different nuclei, which can be used to estimate
average confinement size@31#. Depending on the mass num
ber of the nucleus the average bag radius increases sub
tially, up to 40% of its free space value.

The outline of this paper is as follows: In Sec. II, w
present the formalism for finite nuclei. Section III contains
short summary of the QMC model and the relations wh
determine the properties of the nucleon. We also briefly d
cuss the calibration procedure. In Sec. IV, we apply o
model to finite nuclei. We compare our results with QH
and with the original version of the QMC model. Section
contains a short summary.

II. DESCRIPTION OF FINITE NUCLEI

To study the properties of finite nuclei we use a relativ
tic mean-field model containing nucleons, neutral scalar (f)
and vector fields (Vm), the isovectorr meson field (bm), and
the electromagnetic field (Am). We assume the nucleon
obey the Dirac equation

S i ]”2V”2
1

2
t•B” 2

1

2
~11t3!A” 2M* DcN~x!50. ~1!

The potentials (Vn,Bn,An) and the effective massM* are
functionals of the meson mean fields; their form depends
the underlying quark model.



ra

c
th
r

te
h
an
a
n

-
e

so

th
th

. I

la

ld

n
tu
he
io
el

u
d

io
u

ities

ely

he

ch
ou-
fs.
s-
the
tate

n
the

s.

bag
he
tive

o-
-

1976 57H. MÜLLER
In the QMC model the quarks are described by the Di
equation

S i ]”2gv
qV” 2

1

2
gr

qt•b” 2~113t3!
e

6
A” 2@mq2gs

qf# Dcq~x!

50, ~2!

wheremq is the current quark mass. The quark wave fun
tion is subject to the bag model boundary conditions at
surface of the bag. Because quarks and nucleons inte
with the meson mean fields, Eqs.~1! and ~2! define a self-
consistent scheme for the description of the nuclear sys
In practice, however, this entails a complicated task. T
main difficulty arises from the variation of the meson me
fields over the bag volume. In consequence, the quark w
function and the ground state of a bound nucleon are
longer spherically symmetric@13#. To make a numerical so
lution feasible it is necessary to calculate the quark prop
ties by using some suitable averaged form for the me
mean fields. Here we adopt the prescription of@11,12,14#
and replace the meson mean fields on the quark level by
value at the center of the nucleon bag; i.e., we neglect
spatial variation of the mean fields over the bag volume
this local density approximation the potentials in Eq.~1! are
simply obtained by the corresponding nuclear matter re
tions, which are given by@12#

Vn53gv
qVn[gvV

n, ~3!

Bn5gr
qbn[grbn, ~4!

An5eAn. ~5!

The effective mass is an ordinary function of the scalar fie
i.e.,

M* 5M* ~f!. ~6!

As shown in Ref.@13#, the variation of the meson mea
fields over the bag volume can be taken into account per
batively, but the effect is small. This is supported by t
observation that the bag radius is maximal in the inter
region of the nucleus where the gradients of the mean fi
are small.

If we restrict considerations to spherically symmetric n
clei only, theV0 component of the neutral vector field an
the neutralr meson field~denoted byb0) contribute. The
ground state energy of a nucleus can be written as

EN5 (
i 5occ

Ei1
1

2E dV„@~¹f!21ms
2f2#2@~¹V0!2

1mv
2V0

2#2@~¹b0!21mr
2b0

2#2~¹A0!2
…, ~7!

whereEi are the eigenvalues of the Dirac equation~1!. The
actual mean-field configuration is obtained by extremizat
of the energy. This leads to the set of self-consistency eq
tions

~D2ms
2!f5

]

]f
M* ~f!rs, ~8!
c

-
e
act

m.
e

ve
o

r-
n

eir
e

n

-

,

r-

r
ds

-

n
a-

~D2mv
2!V052gvr, ~9!

~D2mr
2!b052gr

1

2
r3 , ~10!

DA052erp . ~11!

The densities on the right-hand side are the nuclear dens
calculated with the wave functions in Eq.~1!:

rs5 (
i 5occ

c̄N
i cN

i , ~12!

r5 (
i 5occ

c̄N
i g0cN

i , ~13!

r35 (
i 5occ

c̄N
i t3g0cN

i , ~14!

rp5
1

2 (
i 5occ

c̄N
i ~11t3!g0cN

i . ~15!

The details of the underlying quark substructure are entir
contained in the expression for the effective massM* (f). In
the next section we will discuss the functional form of t
effective mass in the framework of the QMC model.

III. QUARK-MESON COUPLING MODEL

In this section, we briefly summarize the relations whi
determine the nucleon properties in the quark-meson c
pling model. For further details we refer the reader to Re
@6,8,9#. According to the local density approximation, a
suming constant meson mean fields in the bag volume,
energy of a bag consisting of three quarks in the ground s
can be expressed as

Ebag53
Vq

R
2

Z

R
1

4

3
pR3B, ~16!

where the parameterZ accounts for the zero-point motio
andB is the bag constant. The coupling of the quarks to
scalar field is inherent in the quantitiesVq andx which are
given by

Vq5Ax21~Rmq* !2, ~17!

j 0~x!5S Vq2Rmq*

Vq1Rmq*
D 1/2

j 1~x!,

and wheremq* 5mq2gs
qf denotes the effective quark mas

For simplicity we work in the chiral limit, i.e.,mq50.
To remove the spurious center-of-mass motion in the

we follow Ref. @5# and subtract the average value of t
square momenta of the three quarks in the bag. The effec
nucleon mass is then given by

M* 5AEbag
2 23x2/R2. ~18!

Alternatively, a phenomenological c.m. correction incorp
rated by adjusting the parameterZ can be used. In the origi
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TABLE I. Equilibrium properties of nuclear matter.

(kF)
0 r0 M0* /M e0 K0 a4

1.3 fm21 0.1484 fm23 0.63 215.75 MeV 224.2 MeV 35 MeV
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nal version of the QMC model this prescription leads
slightly bigger scalar and vector potentials@11#. However, as
discussed in Ref.@10#, the two different prescriptions ar
essentially equivalent in our generalized version of
model.

For a fixed meson mean-field configuration the bag rad
R is determined by the equilibrium condition for the nucle
bag in the medium:

]M*

]R
50. ~19!

In free spaceM can be fixed at its experimental value 93
MeV and the condition~19! to determine the parametersB
5B0 andZ5Z0. For our choice,R050.6 fm, the results for
B0

1/4 andZ0 are 188.1 MeV and 2.03, respectively.
In the original version of the QMC model@4–6# the bag

parametersB andZ were held fixed at their free-space valu
B5B0 , Z5Z0. Formally, the bag constantB is associated
with the QCD trace anomaly. In the nuclear environment i
expected to decrease with increasing density as argue
Ref. @32#.

To account for this physics in the QMC approach Jin a
Jennings@8,9# proposed two models for the medium modi
cation of the bag constant: a direct coupling model in wh
the bag constant is a function of the scalar field and a sca
model which relates the bag constant directly to the effec
nucleon mass. The density dependence is then gene
self-consistently in terms of these in-medium quantities. I
previous work@10# we generalized this approach and de
onstrated that the resulting improved MQMC model can
accurately calibrated to predict the empirical properties
nuclear matter.

For our purpose here we adopt the model MQMCA of
Ref. @10# in which the bag constant depends on the sca
field only:

B

B0
5S 12gB

f

M
F~f! D k

with F~0!51. ~20!

We model the functional form ofF by using a simple poly-
nomial parametrization

F~f!511af1bf2. ~21!

Because the parametersB0 and Z are fixed to reproduce
the nucleon mass in the vacuum, the model contains e
free parameters. The parametrization of the bag cons
contains the parameterk and the three couplings (gB ,a,b);
in addition values for the couplingsgs

q ,gv ,gr and for the
mass of the scalar mesonms are needed. The masses of t
remaining mesons are fixed at their experimental valuesmv
5783 MeV andmr5770 MeV.

To determine the parameters we proceed as follows@10#.
For given values ofk, gs

q , and ms we determine the cou
e

s

s
in

d

h
g
e
ted
a
-
e
f

r

ht
nt

plings (gB ,a,b,gv ,gr) to reproduce the equilibrium proper
ties of nuclear matter, which are taken to be the equilibri
density and binding energy (r0,2e0), the nucleon effective
mass at equilibrium (M0* ), the compression modulus (K0),
and the symmetry energy (a4). The equilibrium properties
used here are listed in Table I. For more details concern
the calibration procedure we refer the reader to Ref.@10#.

The set of equations, Eq.~1! and Eqs.~8!–~11!, in com-
bination with the expression for the effective mass in E
~18! may be solved by a standard iteration procedure@33,34#.
In this paper the numerical calculation was carried out
using a modified version of the programTIMORA described in
@34#.

IV. PROPERTIES OF FINITE NUCLEI

As discussed in Ref.@10# for the case of nuclear matte
there is a direct relation between the MQMC model a
QHD-type mean-field models. Here we will briefly revie
the analysis and discuss the consequences for finite syst

The main difference between the MQMC and QHD mo
els is the functional form of the effective mass. In th
MQMC model it is a complicated function of the scalar fiel

MMQMC* 5MMQMC* ~f!, ~22!

whereas in QHD it is linearly related to the scalar field,

MQHD* 5M2g0F. ~23!

This suggests a redefinition of the scalar field in MQMC:

g0F~f![M2MMQMC* ~f!5M2AEbag
2 23x2/R2.

~24!

The couplingg0 is chosen to normalize the new field accor
ing to

F~f! 5
f→0

f1O~f2!,

and is given by

g052
]M* ~f!

]f U
f50

. ~25!

The contribution of the scalar field to the energy in Eq.~7!
can now be expressed in terms of the new field

Es5
1

2E dV@~¹f!21ms
2f2# ~26!

5E dVF1

2
~¹F!2h~F!21Us~F!G ,

with a nonlinear scalar potential
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Us~f![
1

2
ms

2f2~F! ~27!

and with

h~F!5
]f

]F
52

g0

]M* /]f
. ~28!

The self-consistency equation for the scalar field, Eq.~8!, is
replaced by

h2DF1h
]h

]F
~¹F!22

1

2

]Us

]F
52g0rs. ~29!

Formulated in terms of the new fieldF the MQMC model is
of the same form as a QHD model with a nonlinear sca
potentialUs(F) and with a couplingh(F) to the gradients
of the scalar field.

The standard form of the nonlinear scalar potential is@22#

Us~F!5
1

2
ms

2F21
k

6
F31

l

24
F4. ~30!

The couplingh(F) has no effect in nuclear matter calcul
tions and is not included in conventional QHD models. Fro
a modern point of view, our model contains a subset of p
sible nonlinear meson-meson couplings. In more soph
cated versions of QHD@21,35#, inspired by concepts an
methods of effective field theory, these terms and many o
ers are considered. However, rather than attempting to c
pete with these models, it is our goal to analyze if an
proach which is based on a simple quark model c
reproduce well-established results of nuclear phenome
ogy. For comparison we employ a conventional version
QHD which contains the standard form of the nonlinear p
tential given by Eq.~30! and which does not include th
coupling h(F). It is well established that relativistic mean
field models of this type provide a realistic description of t
bulk properties of finite nuclei and nuclear matter@19,22–
28#. For the parameters we chose the set NLC of Ref.@24#. It
was obtained by fitting to empirical saturation properties
nuclear matter and to bulk properties of finite nuclei.
nuclear matter this parameter set leads to the equilibr
properties listed in Table I. The value of the scalar m
which was determined to reproduce the charge radius
40Ca isms5500.8 MeV. As discussed in the last section w
calibrate the MQMC model to produce exactly the sa
nuclear matter properties.

The main difference between the two models arises fr
the couplingh(F) which is indicated in Fig. 1 fork54 and
for various values ofgs

q . The coupling becomes more impo
tant for increasing values ofgs

q . Relevant for applications to
finite nuclei is the region belowg0F5350 MeV which cor-
responds roughly to the saturation point of nuclear matter
that region the shape of the functionh(F) depends only
weakly on the model parameters. This changes drastical
higher values of the scalar field which corresponds to h
densities. The predicted nonlinear scalar potential, Eq.~27!,
is indicated in Fig. 2. We also show the corresponding Q
potential. Belowg0F5500 MeV the different curves ar
r

s-
ti-

h-
-

-
n
l-
f
-

f

m
s
of

e

In

at
h

almost indistinguishable@10#. Similar as we observed in th
previous figure, the curves deviate at large values of the
lar field.

The most prominent effect of the couplingh(F) is
changes of the nuclear surface. This can be studied in Fi
which indicates the baryon density for208Pb. We compare
the MQMC results for two different scalar masses w
QHD. As indicated by the dotted line, the density in t
interior region is smaller and the surface more diffuse if t
same scalar mass is used as in QHD. To compensate
effect we adjusted the scalar mass such that our mode
produces the charge radius of40Ca. For the parametrization
in Fig. 3 this leads to a value ofms5546.5 MeV. The cor-
responding density is indicated by the dashed line.

Charge densities and charge radii are calculated by c
voluting the point proton density, Eq.~15!, with an empirical
proton charge form factor@33#. As an alternative we deter
mine the charge density by using the prediction of t
MQMC model for the charge distribution of the protonrc

bag:

rc~x!5E d3yrc
bag@x2y,R~y!#rp~y!, ~31!

FIG. 1. Gradient couplingh(F) as a function of the transforme
scalar fieldg0F5M2M* calculated withk54 and for various
values ofgs

q .

FIG. 2. Predicted nonlinear scalar potential as a function of
transformed scalar fieldg0F5M2M* for different parametersk
andgs

q . In addition the QHD potential is also indicated.
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with

rc
bag@x,R#5cq

R†~x!cq
R~x!Q~R2uxu!. ~32!

The subscriptR indicates that the quark wave functions
Eq. ~2! depend explicitly on the bag radius. Note that the b
radius is a function of the density, which has to be taken i
account when performing the integral in Eq.~31!. The results
are indicated in Fig. 4. For the empirical form factor t
MQMC prediction is very close to the QHD result. Typical
the curves slightly overestimate the experimental charge d
sity @36# in the interior region. The bag-model form facto
leads to a density which is too small in the interior regi
and too high at the surface of the nucleus. This is because
bag radius is maximal in the center of the nucleus and
creases with decreasing density@8–10#. The calculated rms
charge radius for this case isr c53.44 fm, thus only slightly
smaller than for the other curves (r c53.48 fm). Although
our simple version of the bag model is too crude to give
realistic description of electromagnetic form factors, it is
teresting to observe the consequences of the incre
nucleon size for the bulk properties of finite nuclei.

Binding energies and rms charge radii for16O,40Ca,90Zr,
and 208Pb are shown in Table II for various values ofk and
gs

q . Also included are the QHD results, the experimen

FIG. 3. Baryon density for208Pb calculated with two differen
values of the scalar massms. The QHD result is also indicated.
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values and results based on the original QMC model ta
from Refs.@12,14# and@13#. Overall the MQMC model gives
a realistic description of the binding energies and radii. W
observe a small model dependence. Because of chang
the surface systematic, the binding energies increase wik
and gs

q . Small values of the parameters lead to a stee
surface region. Correspondingly, the gradient contributio
of the mean fields to the energy in Eq.~7! increase whereas
the energy levels of the nucleons change only margina
Generally, the QHD and MQMC models lead to similar pr
dictions. We find the largest deviation of roughly 8% for th
binding energies of the lightest nuclei. The parameter
with k54 andgs

q52 gives the best agreement with the e
perimental numbers.

Among the different models used in Refs.@12,14# and
@13# we have chosen the ones which yield the best reprod
tion of the experimental data. Model A1 from@13# includes a
perturbative correction which accounts for the variation
the meson mean fields inside the nucleon bag. The result
model A1 from@13# as well as the results from Refs.@12,14#

FIG. 4. Charge density for40Ca. The curves for the MQMC
model are calculated using an empirical proton charge form fa
~dashed curve! and the proton charge distribution predicted by t
bag model~dash-dotted curve!. We also show the QHD result an
the experimental charge density. The MQMC parameters ark
54 andgs

q50.
6
6
7
6
6
7

6

TABLE II. Binding energy per nucleoneN ~in MeV! and rms charge radiusr c in ~fm! for several closed
shell nuclei. The results for models A1 and QMC are taken from Ref.@13# and Refs.@12,14#, respectively.

Model ms
16O 40Ca 90Zr 208Pb

k gs
q ~MeV! eN r c eN r c eN r c eN r c

3 0 540.5 -7.12 2.75 -8.10 3.48 -8.29 4.29 -7.53 5.5
3 1 542.5 -7.20 2.74 -8.13 3.48 -8.32 4.29 -7.55 5.5
3 2 549.5 -7.51 2.74 -8.37 3.48 -8.50 4.29 -7.70 5.5
4 0 545 -7.32 2.74 -8.23 3.48 -8.40 4.29 -7.62 5.5
4 1 546.5 -7.39 2.74 -8.28 3.48 -8.43 4.29 -7.64 5.5
4 2 555.5 -7.79 2.73 -8.57 3.48 -8.66 4.29 -7.81 5.5

Model A1 @13# 450 -6.22 2.75 -7.46 3.48 -7.84 4.32 -7.59 5.59
QMC @12,14# 418 -5.84 2.79 -7.36 3.48 -7.79 4.27 -7.25 5.49

QHD 500.8 -7.18 2.74 -8.14 3.48 -8.33 4.29 -7.57 5.5
Expt. -7.98 2.73 -8.45 3.48 -8.66 4.27 -7.86 5.50
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FIG. 5. Single-particle spec
trum of 40Ca for k53,4 andgs

q

51. The results for the origina
QMC model are taken from
@12,14#. We also show the QHD
result and the experimental spe
trum @37#.
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are based on the original QMC model with the bag cons
held fixed in the medium. Generally these models undere
mate the binding energies, most drastically for the light n
clei.

As stated in Ref.@13# the original QMC model leads to
fair description of charge radii and binding energies b
gives only a poor reproduction of single-particle spectra a
spin-orbit splittings. Spin-orbit splittings are highly corr
lated to the effective nucleon mass which is too high in
original QMC model. In view of these shortcomings th
analysis of single-particle spectra and spin-orbit splittings
the MQMC model is very important. The single-particle le
els for 40Ca are shown in Fig. 5. The MQMC model clear
gives a more realistic description of the energy levels th
the original QMC model. In particular the energies of t
deeply bound states are better reproduced. Note the inco
level ordering of the 2s1/2 and 1d3/2 sates in the QMC mode
@12,14#. We observe only a weak model dependence an
very good agreement between QHD and MQMC. This is
accordance with the observation that the gradient coup
h(F), which is not included in the present version of QH
has only a small effect on the single-particle energies.
sults for other nuclei are similar. Spin-orbit splittings for th
highest occupied proton and neutron sates in208Pb are
shown in Table III. The results demonstrate directly the
fect of the density-dependent bag constant. The QMC mo
systematically underpredicts the splittings@12#. The small
value of the effective mass in the MQMC model significan
corrects this shortcoming.
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Up to this point our analysis was mainly concerned w
bulk and single-particle properties of nuclei. We have est
lished that the MQMC model provides a realistic descripti
of these quantities and we now turn to the internal nucle
structure. One of the main features of the MQMC mode
the density-dependent bag constant. Decreasing the bag
stant below its free-space value leads to an increase of
bag radius in the nuclear environment. To achieve nuc
saturation for values of the effective mass in the range
&M* /M&0.7 requires the bag constant to drop subst
tially, leading to sizable changes in the bag radius@8–10#.

The nucleon size is an important phenomenological qu
tity in many nuclear physics issues. Evidence that
nucleon size changes in the nuclear medium comes ma
from quasielastic electron-nucleus scattering. For exam
the depletion of the nucleons structure function in the m
dium Bjorken x region, i.e., the EMC effect, can be ex
plained by assuming an increased confinement size of qu
and gluons in a nucleus.

In the so-called dynamical rescaling analysis of the EM
effect one assumes that the structure function of a nucleo
the nuclear environment is related to that of a free nucle
by rescaling the momentum dependence@29,30#. The rescal-
ing parameter is determined by the extent to which the c
finement size for a nucleon in the nuclear medium chang
Based on the dynamical rescaling assumption, the EMC
fect was studied in the framework of the MQMC model@31#.
For a nucleus the change of the confinement size can
estimated in terms of the ratioR̄A /R0 whereR0 is the bag
TABLE III. Spin-orbit splittings of the highest occupied proton and neutron levels in208Pb. For the
MQMC model the scalar coupling to the quarks isgs

q51.

Protons k53 k54 QHD QMC @12# Expt. @37#

DE(2d5/222d3/2) ~MeV! -1.42 -1.41 -1.39 -0.6 -1.3
DE(1g9/221g7/2) ~MeV! -3.40 -3.40 -3.43 -1.3 -4.0
Neutrons k53 k54 QHD QMC @12# Expt. @37#

DE(3p3/223p1/2) ~MeV! -0.68 -0.68 -0.66 -0.3 -0.9
DE(2 f 7/222 f 5/2) ~MeV! -1.80 -1.78 -1.74 -0.8 -1.8
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57 1981PROPERTIES OF FINITE NUCLEI IN THE MODIFIED . . .
radius in the vacuum andR̄A is the average bag radius in th
nucleus given by

R̄A5

E d3rR@r~r !#r~r !

E d3rr~r !

. ~33!

The analysis of the ratioR̄A /R0 in Ref. @31# was based on
using phenomenological fits for the nuclear density distri
tions. Here we will present a consistent calculation of E
~33! with nuclear densities generated within the MQM
model. The predictions forR̄A /R0 are listed in Table IV. As
expected the average bag radius increases with the numb
nucleons. For comparison the corresponding ratios for i
nite nuclear matter at the saturation point are also include
the last row of Table IV. The effect of the increased nucle
size is more pronounced for zero and small values of
scalar-quark coupling in agreement with our findings
nuclear matter@10#. The predictions for the radii are roughl
10–20 % bigger than the results of Ref.@31#. This is mainly
because the value of the effective mass is higher in t
version of the model (M* /M;0.72). Generally, our ratios
are higher than the numbers quoted in the literature to
plain the EMC effect@30#. Recently, the medium depen
dence of the nucleon size was examined in a sightly differ
context @38#. Based on the original version of the MQM
model@8,9# a limit for the reduction of the bag constant w
obtained by using constraints from quasielastic electr
nucleus scattering data. The reduction of the bag cons
was estimated to be roughly 10–15 % which implies valu
for the effective nucleon mass aroundM* /M;0.75 and an
increase of the bag radius smaller than 5%.

Although our predictions for the nucleon size seem to
too large, one has to be careful in drawing conclusions
the context of electron-nucleus scattering it is well kno
that different theoretical descriptions often lead to quite d
ferent interpretations. For example, they-scaling analysis
@39# reproduces many features of the existing data assum
a fixed nucleon size. In our work we have demonstrated
the MQMC model provides a simple framework for descr
ing nuclear phenomena, which incorporates quark degree
freedom and reproduces established results. In principle
could decrease the ratiosR̄A /R0 even further by using large
values forgs

q at the expense of too large binding energies a
radii. The problem rests on the correlation between the

TABLE IV. Average bag radiusR̄A /R0.

Nuclear
Model 16O 40Ca 90Zr 208Pb matter

k gs
q

R̄A /R0 R̄A /R0 R̄A /R0 R̄A /R0 R̄A /R0

3 0 1.33 1.38 1.42 1.42 1.59
3 1 1.27 1.31 1.34 1.34 1.47
3 2 1.22 1.26 1.28 1.28 1.39
4 0 1.33 1.38 1.42 1.42 1.59
4 1 1.27 1.31 1.34 1.34 1.47
4 2 1.23 1.26 1.28 1.28 1.39
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fective mass and the value of the bag constant. To achie
realistic description of nuclear matter and finite nuclei t
bag constant in the medium has to be significantly lower th
in free space. Thus, in the framework of the MQMC mod
successful nuclear phenomenology leads to large nucleo
dii.

To resolve the discrepancy between our predictions
the nucleon size and the results constrained by quasiel
electron-nucleus scattering further studies are necessary
example, the uncertainties of the dynamical rescaling
proach are difficult to estimate. Instead of combining t
predictions for the changes of the internal quark struct
with other models it is more consistent to investigate
medium modifications of the nucleon structure function
rectly. On basis of the QMC model such studies were
ported in Refs.@40–42#. In these works the resolution sca
has been fixed at its value for free nucleons because the
radius in the original QMC changes only marginally
nuclear matter. The medium modification of the structu
function arises mainly from kinematic effects due to the s
lar and vector mean fields. Further studies are needed w
take into account the effect of the decreasing bag radius. T
will provide a more consistent test of the predictive power
the MQMC model and is an important topic for future inve
tigations.

V. SUMMARY

In this paper we study properties of finite nuclei based
the modified quark-meson coupling model. This model d
scribes nucleons as nonoverlapping MIT bags interac
through scalar and vector mean fields. Of central importa
is the bag constant which we assume to depend on the
sity of the nuclear environment. We employ a model for t
bag constant in which the density dependence is par
etrized in terms of the scalar mean field. The unknown mo
parameters can be fit to properties of nuclear matter n
equilibrium that are known to be characteristic of the o
served bulk and single-particle properties of nuclei.

By performing a redefinition of the scalar field we dem
onstrate that the resulting energy functional corresponds
QHD-type, hadronic mean-field model with nonlinear sca
self-interactions.

Our basic goal is to study properties of finite nuclei. W
investigate whether the MQMC model leads to results wh
are consistent with established hadronic models. This is
evant in view of the hope of applying quark models to d
scribe ‘‘new’’ physics which goes beyond the hadronic p
ture.

In general, we find that the MQMC model provides
realistic description of the bulk properties and single-parti
spectra of closed-shell nuclei and is a significant impro
ment over the original QMC model. The predictions f
single-particle spectra are more realistic and the binding
ergies of the light nuclei are better reproduced. This is
direct result of the MQMC model accurately reproducing t
effective nucleon mass which is strongly correlated to
spin-orbit force in finite nuclei. In contrast, the quantity pr
dicted by the original QMC model is too high.

To make contact with the established hadronic framew
we compare our results with a QHD model including quar
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and cubic scalar self-interactions. The MQMC and QH
models are calibrated to produce the same equilibrium p
erties of nuclear matter. Generally, the predictions of the
models are very similar. Differences arise mainly from
nonlinear coupling to the gradients of the scalar field wh
is not included in the employed version of QHD. This co
pling effects the shape of the nuclei, leading to a more
fuse surface in the MQMC model.

The nuclear matter studies of Ref.@10# and the presen
analysis of finite nuclei demonstrate that the MQMC mo
provides a simple framework for describing nuclear pheno
ena, which incorporates quark degrees of freedom and re
duces established results. Based on this success we can
start investigating changes of the internal nucleon struc
in the nuclear environment. Guided by previous studies@31#
we analyzed the average bag radius in different nuclei wh
H

ets
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can be used to estimate medium modifications of the nucl
confinement size. This quantity is an important input in t
dynamical rescaling analysis of the EMC effect. We fi
average bag radii which increase up to 40% of the free-sp
value. These predictions are too big when compared to
numbers quoted in the literature@30,31,38#. However, our
predictions are a direct consequence of successful nuc
phenomenology. Therefore we believe it is necessary
study the nucleon structure function directly on basis of
MQMC model before conclusions can be drawn.
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