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Modified quark-meson coupling model for nuclear matter
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The quark-meson coupling model for nuclear matter, which describes nuclear matter as nonoverlapping M
bags bound by the self-consistent exchange of scalar and vector mesons, is modified by introducing med
modification of the bag constant. We model the density dependence of the bag constant in two different w
One invokes a direct coupling of the bag constant to the scalar meson field, and the other relates the
constant to the in-medium nucleon mass. Both models feature a decreasing bag constant with increa
density. We find that when the bag constant is significantly reduced in nuclear medium with respect to
free-space value, large canceling isoscalar Lorentz scalar and vector potentials for the nucleon in nuc
matter emerge naturally. Such potentials are comparable to those suggested by relativistic nuclear phe
enology and finite-density QCD sum rules. This suggests that the reduction of bag constant in nuclear med
may play an important role in low- and medium-energy nuclear physics.@S0556-2813~96!02009-2#

PACS number~s!: 24.85.1p, 21.65.1f, 12.39.Ba, 12.38.Lg
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I. INTRODUCTION

Ultimately, the physics of nuclear matter and finite nuc
is an exercise in applied quantum chromodynamics~QCD!,
which governs the underlying strong interactions of qua
and gluons. In reality, however, knowledge of QCD has h
very little impact, to date, on the study of low- and mediu
energy nuclear phenomena. The reason is that QCD is in
table at the nuclear physics energy scales due to the non
turbative features of QCD. A reasonable consensus is tha
relevant degrees of freedom for low-energy QCD are h
rons instead of quarks and gluons.

While the description of nuclear phenomena has been
ficiently formulated using the hadronic degrees of freedo
new challenges arise from the observed small but interes
corrections to the standard hadronic picture such as the E
effect which reveals the medium modification of the intern
structure of nucleon@1#. To address these new challenges
is necessary to build theories that incorporate quark-gl
degrees of freedom, yet respect the established theo
based on hadronic degrees of freedom.

A few years ago, Guichon@2# proposed a quark-meso
coupling ~QMC! model to investigate the direct ‘‘quark e
fects’’ in nuclei. This model describes nuclear matter as n
overlapping MIT bags interacting through the self-consist
exchange of mesons in the mean-field approximation. T
simple model was refined later by including nucleon Fer
motion and the center-of-mass corrections to the bag en
@3# and applied to variety of problems@4–7#. Recently, the
QMC model has been applied to finite nuclei@8,9#. ~There
have been several works that also discuss the quark effec
nuclei, based on other effective models for the nucleon@10#.!

Although it provides a simple and attractive framework
incorporate the quark structure of the nucleon in the stud
nuclear phenomena, the QMC model has a serious shortc
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ing. It predicts much smaller scalar and vector potentials f
the nucleon than obtained in relativistic nuclear phenomen
ogy. Unless there is a large isoscalar anomalous coupl
~ruled out by other considerations! this implies a much
smaller nucleon spin-orbit force in finite nuclei. To lowes
order in the nucleon velocity and potential depth the nucle
spin-orbit potential can be obtained in a model-independe
way from the strengths of the scalar and vector potentia
The spin-orbit potential from the QMC model is too weak t
successfully explain spin-orbit splittings in finite nuclei an
the spin observables in nucleon-nucleus scattering.

Relativistic nuclear phenomenology is a general approa
based on nucleons and mesons and has gained tremen
credibility during last 20 years. In this framework, the nucle
ons in a nuclear environment are treated as pointlike Dir
particles interacting with large canceling isoscalar Loren
scalar and vector potentials. This approach has been succ
ful in describing the spin observables of nucleon-nucle
scattering in the context of relativistic optical potential
@11,12#. Moreover, such potentials can be derived from th
relativistic impulse approximation@12#. The relativistic field-
theoretical models based on nucleons and mesons, quan
hydrodynamics~QHD!, also feature Dirac nucleons interact
ing through the exchange of scalar and vector mesons@13#.
QHD, at the mean-field level, has proved to be a powerf
tool for describing the bulk properties of nuclear matter an
spin-orbit splittings of finite nuclei@13#. It is known that the
large and canceling scalar and vector potentials are centra
the success of the relativistic nuclear phenomenology. R
cent progress in understanding the origin of these large p
tentials for propagating nucleons in nuclear matter has be
made via the analysis of the finite-density QCD sum rul
@14#.

In a recent paper@15#, the present authors have pointe
out that the resulting small nucleon potentials in the QM
model stem from the assumption of fixing the bag constant
its free-space value, and that this assumption is questiona
We then included a density-dependent bag constant a
found that when the bag constant drops significantly
nuclear matter relative to its free-space value, the large p

for
nsti-
1427 © 1996 The American Physical Society



n
l

e

t
o

on
e
-
us
f a

f

i-
:

he
ius,

,

-
be

e

ron
er is

1428 54XUEMIN JIN AND B. K. JENNINGS
tentials for nucleons in nuclear matter, as seen in the relat
istic nuclear phenomenology and finite-density-QCD su
rules, can be recovered. This suggests that the reduction
the bag constant in nuclear matter relative to its free-spa
value may be essential for the successes of relativis
nuclear phenomenology and thus may play an important ro
in low- and medium-energy nuclear physics. In the prese
paper, we present further details and model the density d
pendence of the bag constant in two different ways: O
invokes a direct coupling of the bag constant to the sca
meson field, and the other relates the bag constant to
in-medium nucleon mass.

This paper is organized as follows: In Sec. II we sketc
the QMC model for nuclear matter. We then modify th
QMC model by introducing a density-dependent bag co
stant in nuclear matter in Sec. III. The results are presen
in Sec. IV. Further discussions are given in Sec. V. Secti
VI is a summary.

II. QUARK-MESON COUPLING MODEL
FOR NUCLEAR MATTER

In this section, we give a brief introduction to the quark
meson coupling model for nuclear matter. The reader is r
ferred to Refs.@2–5# for further details and justifications for
using a simple bag model for the in-medium nucleon.

In the QMC model, the nucleon in nuclear medium i
assumed to be a static spherical MIT bag in which quar
interact with the scalar and vector fieldss̄ and v̄ and these
fields are treated as classical fields in the mean-field appro
mation. ~Here we only consider up and down quarks.! The
quark fieldcq(t,r ) inside the bag then satisfies the equatio
of motion

@ i ]/2~mq
02gs

q s̄ !2gv
q v̄g0#cq~ t,r !50, ~2.1!

wheremq
0 is the current quark mass andgs

q andgv
q denote the

quark-meson coupling constants. We will neglect isosp
breaking and takemq

05(mu
01md

0)/2 hereafter. The normal-
ized ground state for a quark in the bag is given by@2–4#

cq~ t,r !5Ne2 i eqt/RS j 0~xr/R!

ibqs• r̂ j 1~xr/R!
D xq

A4p
, ~2.2!

where

eq5Vq1gv
q v̄R, bq5AVq2Rmq*

Vq1Rmq*
, ~2.3!

N2252R3 j 0
2~x!@Vq~Vq21!1Rmq* /2#/x2, ~2.4!

with Vq[Ax21(Rmq* )
2, mq*5mq

02gs
q s̄, R the bag radius,

andxq the quark spinor. Thex value is determined by the
boundary condition at the bag surface:

j 0~x!5bqj 1~x!. ~2.5!

The energy of a static bag consisting of three ground sta
quarks can be expressed as
iv-
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Ebag53
Vq

R
2
Z

R
1
4

3
pR3B, ~2.6!

whereZ is a parameter which accounts for zero-point moti
andB is the bag constant. In the discussions to follow, w
useR0, B0, andZ0 to denote the corresponding bag param
eters for the free nucleon. After the corrections of spurio
center-of-mass motion in the bag, the effective mass o
nucleon bag at rest is taken to be@3,4#

MN*5AEbag
2 2^pc.m.

2 &, ~2.7!

where^pc.m.
2 &5(q^pq

2& and ^pq
2& is the expectation value o

the quark momentum squared (x/R)2.
The equilibrium condition for the bag is obtained by min

mizing the effective massMN* with respect to the bag radius

]MN*

]R
50. ~2.8!

In free space, one may fixMN at its experimental value
939 MeV and use the equilibrium condition to determine t
bag parameters. For several choices of bag rad
R050.6, 0.8, and 1.0 fm, theresults forB0

1/4 and Z0 are
188.1,157.5, and136.3 MeV and2.030,1.628, and 1.153
respectively.

The total energy per nucleon at finite density,rN , includ-
ing the Fermi motion of the nucleons, can be written as@4#

Etot5
g

~2p!3rN
EkF

d3kAMN*
21k21

gv
2

2mv
2 rN1

ms
2

2 rN
s̄2,

~2.9!

whereg is the spin-isospin degeneracy andg54 for sym-
metric nuclear matter andg52 for neutron matter.1 Note
that the mean fieldv̄ created by uniformly distributed nucle
ons is determined by baryon number conservation to
@2–4#

v̄5
3 qv

qrN
mv
2 5

gvrN
mv
2 , ~2.10!

wheregv[3gv
q . The scalar mean field is determined by th

thermodynamic condition

S ]Etot

]s̄
D
R,rN

50. ~2.11!

If one assumes

B5B0 ~2.12!

andZ5Z0, Eq. ~2.11! yields the self-consistency condition

1Here we only consider symmetric nuclear matter and neut
matter. The generalization to a general asymmetric nuclear matt
straightforward~see, for example, Ref.@4#!.
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s̄5
gs

ms
2C~ s̄ !

g

~2p!3
EkF

d3k
MN*

AMN*
21k2

, ~2.13!

with

gsC~ s̄ !5gs

Ebag

MN*
F S 12

Vq

EbagR
DS~ s̄ !1

mq*

Ebag
G , ~2.14!

wheregs[3gs
q and

S~ s̄ !5
Vq/21Rmq* ~Vq21!

Vq~Vq21!1Rmq* /2
. ~2.15!

The two coupling constantsgs andgv can be chosen to fi
the nuclear matter binding energy at the saturation den
For a given density, Eqs.~2.5!, ~2.8!, and~2.13! form a set of
equations for calculatingx, R, ands̄.

III. MODIFIED QUARK-MESON COUPLING MODEL

In this section, we modify the QMC model by introducin
a density-dependent bag constant. We propose two mo
for the modification of the bag constant, featuring a decre
ing bag constant with increasing nuclear matter density
principle, the parameterZ may also be modified in the
nuclear medium. However, it is unclear howZ changes with
the density. Here we assume that the medium modificatio
Z is small at low and moderate densities and take2 Z5Z0.

A. Direct coupling model

The bag constant in the MIT bag model contribut
;2002300 MeV to the nucleon energy and provides t
necessary pressure to confine the quarks. Thus, the bag
stant is an inseparable ingredient of the bag picture o
nucleon. When a nucleon bag is put into the nuclear medi
the bag as a whole reacts to the environment. As a result
bag constant may be modified. There is little doubt tha
sufficiently high densities, the bag constant is eventua
melted away and quarks and gluons become the approp
degrees of freedom. Therefore, it is reasonable to believe
the bag constant is modified and decreases as densit
creases. This physics is obviously bypassed in the Q
model by the assumption ofB5B0.

To reflect this physics, we modify the QMC model b
introducing a direct coupling between the bag constant
the scalar mean field:

B

B0
5F12gs

B4

d

s̄

MN
Gd

, ~3.1!

wheregs
B and d are real positive parameters and the int

duction ofMN is based on the consideration of dimensio
~The cased51 was also considered by Blunden and Mill

2Recently, Blunden and Miller@9# have considered a density
dependentZ. However, it is found that for reasonable parame
ranges changingZ has little effect and tends to make the mod
worse.
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@9#.! Note thatgs
B differs fromgs

q ~or gs). Whengs
B50, the

usual QMC model is recovered.
This direct coupling can be partially motivated from con

sidering a nontopological soliton model for the nucleo
where a scalar soliton field provides the confinement of t
quarks. Roughly speaking, the bag constant in the MIT b
model mimics the effect of the scalar soliton field in th
soliton model. Now, when a nucleon soliton is put int
nuclear environment, the scalar soliton field will interac
with the scalar mean field~see, for example, Refs.@16,10#!.
Therefore, it is reasonable to couple the bag constant direc
to the scalar mean field.

The factorC(s̄) of Eq. ~2.14!, appearing in the self-
consistency condition~2.13!, then becomes

gsC~ s̄ !5gs

Ebag

MN*
F S 12

Vq

EbagR
DS~ s̄ !1

mq*

Ebag
G

1gs
BEbag

MN*
16

3
pR3

B

MN
F12

4

d

gs
Bs̄

MN
G21

. ~3.2!

The other equations are not affected. In the limit ofd→`,
Eq. ~3.1! reduces to an exponential form with a single pa
rametergs

B:

B

B0
5e24 gs

Bs̄ /MN. ~3.3!

In the limit of zero current quark mass~i.e., mq
050) and

gs50, the nucleon mass scales likeB1/4 from dimensional
arguments~see also the Appendix!. Then from Eq.~3.1! we
get

MN* /MN5~B/B0!
1/45F12gs

B4

d

s̄

MN
Gd/4

. ~3.4!

We observe that the linears-nucleon coupling is justgs
B

while d controls the nonlinearities. Ford54, the nonlineari-
ties vanish and, as discussed in the next section, we reco
QHD-I but with a density-dependent bag radius.

B. Scaling model

In the previous paper@15#, we have considered a scaling
model, which relates the in-medium bag constant to the
medium nucleon mass directly:

B

B0
5FMN*

MN
Gk

, ~3.5!

wherek is a real positive parameter andk50 corresponds to
the usual QMC model. The factorC(s̄), in this case, is given
by

gsC~ s̄ !5gs

Ebag

MN*
F S 12

Vq

EbagR
DS~ s̄ !1

mq*

Ebag
G

3F12k
Ebag

MN*
2

4

3
pR3BG21

. ~3.6!
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TABLE I. Coupling constants and nuclear matter results as obtained from the direct coupling model.
free-space bag radius is fixed atR050.6 fm. Here the nuclear matter compressibilityKV

21 is given in unit of
MeV, rm* andrm denote the quark root-mean-square radius in nuclear matter and in free space, respecti
andUv[gvv̄ is the vector mean field. The mass parameters are taken to bemq50, ms5550 MeV, and
mv5783 MeV.

gs
q d (gs

B)2/4p gv
2 /4p MN* /MN Uv /MN KV

21 B/B0 x/x0 R/R0 rm* /rm

0 4 8.45 12.84 0.55 0.37 540 0.09 1.0 1.83 1.83
8 5.68 6.46 0.75 0.18 313 0.31 1.0 1.34 1.34
12 5.40 5.68 0.77 0.16 295 0.35 1.0 1.30 1.30
13 5.28 5.57 0.77 0.16 293 0.36 1.0 1.29 1.29
` 4.95 4.62 0.80 0.13 270 0.41 1.0 1.25 1.25

1.0 4 5.69 10.84 0.61 0.32 490 0.19 0.97 1.51 1.52
8 4.20 6.78 0.74 0.19 333 0.36 0.97 1.28 1.29
12 3.96 6.14 0.76 0.18 315 0.39 0.97 1.25 1.26
` 3.69 5.24 0.78 0.15 289 0.45 0.98 1.22 1.22

2.0 3.6 3.16 8.03 0.70 0.23 431 0.36 0.93 1.27 1.29
4 2.99 7.42 0.72 0.21 398 0.39 0.94 1.25 1.27
8 2.54 5.81 0.77 0.17 336 0.48 0.95 1.18 1.20
12 2.43 5.48 0.76 0.16 324 0.50 0.95 1.17 1.19
` 2.30 4.96 0.79 0.14 305 0.54 0.95 1.15 1.17

5.309 22 0.0 1.56 0.89 0.04 223 1.0 0.93 0.98 1.0
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Note that in this model the effective nucleon massMN* and
the bag constantB are determined self-consistently by com
bining Eqs.~2.6!, ~2.7!, and~3.5!.

One notices that both Eqs.~3.1! and ~3.5! give rise to a
reduction of the bag constant in a nuclear medium relative
its free-space value. While the scaling model is characteriz
by a single free parameterk, it leads to a complicated and
implicit relation between the bag constant and the sca
mean field. On the other hand, the direct coupling mod
features a straightforward coupling between the bag const
and the scalar mean field, which, however, introduces tw
free parameters,gs

B andd.

IV. RESULTS

In this section, we present numerical results. The tw
models for the in-medium bag constant discussed in previo
section will be considered. The current quark masses a
taken to bemu5md50 for simplicity. Inclusion of small
current quark masses only leads to numerically small refin
ment of present results.

Let us start from the direct coupling model. For a give
value ofgs

q , we adjust the coupling constantsgs
B andgv to

reproduce the nuclear matter binding energy (216 MeV! at
the saturation density (rN

050.17 fm23). The resulting cou-
pling constants and nuclear matter results are given in Ta
I for variousd values withR050.6 fm. For the special case
gs
q50 andd54, the present model leads to exactly the sam
nuclear matter results as obtained in QHD-I~see first row of
Table I!. This is also shown analytically in the Appendix.

The most important feature is that the reduction ofB rela-
tive to B0 leads to the decrease ofMN* /MN and the increase
of Uv /MN relative to their values in the simple QMC model
In the usual QMC model, the required vector coupling
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very small. This, in Refs.@3,4#, is attributed to the repulsion
provided by the center-of-mass corrections to the bag ener
In our modified QMC model, the reduction of the bag con
stant in nuclear medium provides a new source of attracti
as it effectively reducesMN* . Consequently, additional vec-
tor field strength is required to obtain the correct saturatio
properties of nuclear matter.

The above physics is clearly reflected in Table I. It can b
seen from Table I that when the bag constant is reduc
significantly in nuclear matter relative to its free-space valu
the resulting magnitudes forMN*2MN and Uv[gvv̄ are
qualitatively different from those obtained in the simple
QMC model. In particular, ford 5 ~13.0, 8.0, 3.6!, corre-
sponding togs

q 5 ~0, 1.0, 2.0!, we getB/B0.0.36 and

MN*.6602720 MeV, ~4.1!

Uv.1502215 MeV, ~4.2!

at rN5rN
0 . Since the equivalent scalar and vector potentia

appearing in the wave equation for a pointlike nucleon a
MN*2MN andUv , respectively@8,9#, Eqs. ~4.1! and ~4.2!
imply large and canceling scalar and vector potentials for t
nucleon in nuclear matter. Such potentials are comparable
those suggested by Dirac phenomenology@11,12#, Brueckner
calculations@12#, and finite-density QCD sum rules@14#, but
smaller than those obtained in QHD-I@13#. These potentials
also imply a strong nucleon spin-orbit potential. Therefor
the essential features of relativistic nuclear phenomenolo
are recovered. The corresponding results for the nuclear m
ter compressibility,KV

21 , are slightly larger than the corre-
sponding value in the usual QMC model, but significantl
smaller than that in QHD-I. The resulting total energy pe
nucleon for symmetric nuclear matter is shown in Fig. 1.
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In the usual QMC model, the bag radius decreases slig
and the quark root-mean-square~rms! radius increases
slightly in nuclear matter with respect to their free-space v
ues. When the bag constant drops relative to its free-sp
value, the bag pressure decreases and hence the bag r
increases in the medium. When the reduction of the bag c
stant is significant, the bag radius in saturated nuclear ma
is 25–30 % larger than its free-space value. The quark
radius also increases with density, with essentially the sa
rate as for the bag radius. This implies a ‘‘swollen’’ nucleo
in nuclear medium, which has many attendant conseque

FIG. 1. Energy per nucleon for symmetric nuclear matter a
function of the medium density, withR050.6 fm andd58. Here
the direct coupling model Eq.~3.1! for the in-medium bag constan
is used. The solid curve corresponds to the usual QMC model,
the result from QHD-I is given by the open circles. The other th
curves correspond togs

q50 ~long-dashed curve!, 1 ~dot-dashed
curve!, and 2~short-dashed curve!, respectively.
tly
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on-
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@17–23#. It is also interesting to note that the result of th
25–30 % increase in the nucleon size is comparable to th
suggested in Refs.@17–19# ~see, however, Ref.@20#!. In the
special case,gs50 andd54, we find that the reduction of
B in the nuclear matter is too large (B/B0;10%). This leads
to unreasonably large values for the bag radius and the qu
rms radius in nuclear matter.

The results corresponding to the limit ofd→` @i.e., Eq.
~3.3!# are also listed in Table I. These results are not far fro
those with finited values. Asd increases, the results will
approach saturation. The last row of Table II gives the resu
obtained from fixinggs

q at its value predicted by the simple
QMC model, 5.309~for R050.6 fm!. In this case, it is found
that for any givend value the self-consistent solution re
quiresgs

B50. When the couplinggs
q is tuned from zero to its

corresponding value in the simple QMC model, the resu
interpolate between the QHD-I results and the usual QM
model results. Ifgs

q exceeds its value in the simple QMC
model, the in-medium bag constant will increase instead
decrease relative to its free-space value, which is in cont
diction with the physics discussed in the present paper.

For a fixedgs
q , the coupling constantsgs

B and gv get
smaller asd gets larger. Recall that the reduction ofB is
controlled by bothgs

B andd. While B/B0 andMN* increase,
Uv , R/R0, andKV

21 decrease asd increases. From Table I,
one can see that for a given value ofB/B0, one finds smaller
MN* and largerUv with a larger value ofgs

q . We also find
that whend gets too small, a self-consistent solution n
longer exists.

For curiosity, we have also explored the results for neg
tive d values. One can see from Eq.~3.1! that negatived
values can also lead to a decreasing bag constant. In fact
physical quantities are continuous as 1/d goes through zero.

a

nd
e

of
r

TABLE II. Coupling constants and nuclear matter results as obtained from the scaling model. The case
k50 corresponds to the simple QMC model and the last row gives the result of QHD-I. Here the nuclea
matter compressibilityKV

21 is given in unit of MeV,rm* andrm denote the quark root-mean-square radius in
nuclear matter and in free space, respectively, andUv[gvv̄ is the vector mean field. The mass parameters
are the same as in Table I.

R0 ~fm! k gs
2/4p gv

2 /4p MN* /MN Uv /MN KV
21 B/B0 x/x0 R/R0 rm* /rm

0.6 0 20.18 1.56 0.89 0.04 223 1.0 0.93 0.98 1.0
1.0 11.90 2.27 0.87 0.06 258 0.87 0.93 1.02 1.03
2.0 5.92 3.60 0.83 0.10 319 0.69 0.94 1.08 1.10
2.95 2.24 7.78 0.71 0.22 590 0.36 0.94 1.27 1.29
3.0 2.11 8.32 0.69 0.24 628 0.33 0.94 1.30 1.32

0.8 0 22.01 1.14 0.91 0.03 202 1.0 0.90 0.99 1.02
1.0 12.78 1.76 0.89 0.05 235 0.89 0.91 1.02 1.04
2.0 6.20 2.88 0.85 0.08 289 0.73 0.93 1.08 1.10
3.0 2.06 6.39 0.75 0.18 479 0.42 0.93 1.24 1.26
3.1 1.78 7.32 0.72 0.21 543 0.36 0.93 1.28 1.31

1.0 0 22.48 0.96 0.91 0.03 192 1.0 0.88 1.0 1.03
1.0 12.94 1.54 0.89 0.04 225 0.89 0.89 1.03 1.05
2.0 6.21 2.58 0.86 0.07 276 0.75 0.91 1.07 1.10
3.0 2.01 5.68 0.77 0.16 432 0.46 0.92 1.21 1.24
3.17 1.54 7.18 0.72 0.20 502 0.36 0.92 1.29 1.32

QHD-I 22 8.45 12.84 0.55 0.37 540 22 22 22 22
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As 1/d decreases from zero (d goes negative!, the scalar and
vector potentials continue the decrease seen in Table I. F
gs
q50 andd;21.0, the resultingMN* andUv are similar to
those found in the usual QMC model. The compressibility
somewhat lower.

All of the above results use the direct coupling model; w
now present the results for the scaling model. The two co
pling constantsgs and gv are adjusted to fit the binding
energy of saturated nuclear matter. There is only one fr
parameterk in this case. For various values ofk and free-
space bag radiusR0, the resulting coupling constants and
nuclear matter results are listed in Table II.

Again, the decrease of the bag constant gives rise to
decrease ofMN* /MN and the increase ofUv /MN relative to
their values in the simple QMC model. We see from Table
thatMN* decreases andUv increases rapidly ask increases.
For k5(2.95,3.10,3.17), corresponding toR0 5 ~0.6, 0.8,
1.0 fm!, we findB/B0.0.36 at the saturation density. The
corresponding results forMN* andUv are

MN*.6602680 MeV, ~4.3!

Uv.1902225 MeV, ~4.4!

at rN5rN
0 which are similar to the direct coupling mode

results given in Eqs.~4.1! and ~4.2!, though the magnitudes
for MN*2MN andUv are slightly larger. These results are
also consistent with those suggested by relativistic nucle
phenomenology and finite-density QCD sum rules.

One notices from Table II that the value ofKV
21 increases

quickly when k value is increased. This results from the
increasinggv with increasingk. For thek values leading to
Eqs. ~4.3! and ~4.4!, the corresponding values forKV

21 are
comparable to that obtained in QHD-I, which is too larg
compared with the empirical value. This feature is als
shown in Fig. 2, where the total energy per nucleon for sym
metric nuclear matter is plotted as a function of nuclear ma
ter density for variousk values, withR050.6 fm. The result
from QHD-I is also plotted for comparison. The equation o

FIG. 2. Energy per nucleon for symmetric nuclear matter as
function of the medium density, withR050.6 fm. Here the scaling
model Eq.~3.5! for the in-medium bag constant is adopted. Th
four curves correspond tok50 ~solid curve!, 1 ~long-dashed
curve!, 2 ~dot-dashed curve!, and 3 ~short-dashed!, respectively.
The result from QHD-I is given by the open circles.
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state for the nuclear matter is much softer in the simple QM
model than in QHD-I. Ask gets larger, the equation of state
becomes stiffer.

Both the bag radius and the quark rms radius in nucle
matter are larger than their free-space values. As discus
above, this is due to the decrease of the bag constant in
nuclear medium. For thek values yielding Eqs.~4.3! and
~4.4!, the corresponding bag radius and quark rms radius
rN5rN

0 are 25–30 % larger than their free-space value. Th
is essentially the same as that found in the direct coupli
model ~see Table I!.

The sensitivity of our results to the free-space bag radi
R0 is also illustrated in Table II. For a givenk value, the
ratiosB/B0 andMN* /MN increase and the ratiosR/R0 and
Uv /MN decrease asR0 increases. However, for thek values
considered here, the sensitivity of our results toR0 is small.
The sensitivity of the results from the direct coupling mode
to the choice ofR0 is also small and similar to that in the
scaling model.

V. DISCUSSION

As stressed by Saito and Thomas@4#, in the simple QMC
model, all the effects of the internal quark structure of th
nucleon are summarized in the factorC(s̄). If C(s̄)51 is a
constant, one would get exactly the same nuclear matter
sults as in QHD-I. In the simple QMC model,C(s̄) is much
smaller than unity, which leads to much largerMN* and much
smallerUv than those required in QHD-I.

In the present study, we introduce the medium modific
tion for the bag constant. As shown in Eqs.~3.2! and ~3.6!,
the effect of this modification is completely absorbed into th
factorC(s̄). We observe that for various parameters consi
ered here, both Eqs.~3.2! and ~3.6! lead to an increase in
C(s̄). This indicates that the reduction of the bag constant
nuclear matter partially offsets the effect due to the intern
quark structure of the nucleon. It is thus not surprising to fin
that our modified quark-meson coupling model gives small
MN* and largerUv than those found in the simple QMC
model.

To further illustrate this point, we have plottedC(s̄) in
Fig. 3 as a function ofgs

q s̄ for the usual QMC model and for
our modified QMC model with the scaling model for the
in-medium bag constant. We see that in the simple QM
model,C(s̄) is small and decreases asgs

q s̄ increases. The
introduction of a dropping bag constant gives an increase
C(s̄). When the reduction of the bag constant is larg
C(s̄) is approximately constant and significantly larger tha
1 for small and moderate values ofgs

q s̄; asgs
q s̄ increases,

C(s̄) decreases quickly.@The self-consistent solution re-
quiresgs

q s̄5 ~96, 82, 69, 58 MeV! at the saturation density,
corresponding tok5 ~0, 1.0, 2.0, 3.0!, respectively.# A simi-
lar plot can also be done with the direct coupling model, b
C(s̄) in this case is a function ofgs

q gs
B and s̄, instead of

gs
q s̄ alone.
We observe that the extent to which the bag consta

drops in a nuclear matter determines the physical outcom
Unless one expresses the bag constant in terms of QCD
erators and solves QCD in nuclear matter, the change of
bag constant in a nuclear medium is unknown. As such, o
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has to invoke model descriptions in order to obtain a qu
titative estimate for the reduction of the bag constant
nuclear matter.

In Ref. @24#, Adami and Brown have argued that the MI
bag constant is related to the energy associated with c
symmetry restoration~the vacuum energy difference betwe
the chiral-symmetry-restored vacuum inside and the bro
phase outside!. According to the scaling ansatz advocated
Brown and Rho@25#, the in-medium bag constant shou
scale like @24# B/B0.F4, whereF denotes the universa
scaling,F.mr* /mr. f p* / f p•••, which is density dependen
Here, the ‘‘starred’’ quantities refer to the corresponding
medium quantities. This scaling behavior is argued to h
approximately at the mean-field level@24–27#. Thus, one
may get a rough estimate of the medium modification of
bag constant from the medium modifications of vect
meson masses which have been studied extensively@28–32#.
Taking the result formr* /mr from the most recent finite
density QCD sum-rule analysis@29#, we find F.mr* /mr

;0.78 at the saturation density, which gives rise
B/B0.F4;0.36. This shows a substantial reduction of t
bag constant in nuclear matter relative to its free-space va
With this estimate, we obtain large and canceling scalar
vector potentials for the nucleon in nuclear matter, which
consistent with those suggested by relativistic nuclear p
nomenology and finite-density QCD sum rules, thou
smaller than those found in QHD-I. This feature is seen
both models for the in-medium bag constant discussed h
implying a weak model dependence of our results.

However, some caveats concerning the above estim
must be added. The Brown-Rho scaling is an ansatz base
the idea of partial chiral symmetry restoration in a nucle
medium and the assumption that the scale anomaly of Q
could be modeled by a light dilaton field@25,24#. It is unclear
whether this ansatz can be justified in QCD. Although it h
been argued that many nuclear phenomena are connect
the partial chiral restoration in a nuclear medium@21–
27,33,34#, the only compelling evidence for partial chira
symmetry restoration in nuclear medium is that the mag
tude of the chiral quark condensate,^q̄q&, is substantially

FIG. 3. The factorC(s̄) as a function ofgs
q s̄, with R050.6 fm.

The solid curve is from the simple QMC model. The other thr
curves correspond to the scaling model, withk51 ~long-dashed
curve!, 2 ~dot-dashed curve!, and 3 ~short-dashed curve!, respec-
tively.
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reduced relative to its vacuum value@35–38#. Recently,
Birse @39# has argued that the in-medium nucleon ma
cannot be simply related to the change in the chiral qua
condensate and there are other important contributions un
lated to partial chiral symmetry restoration. Moreover, it i
known that both the MIT bag model and the QHD model a
not compatible with chiral symmetry.

Clearly, how the bag constant changes in nuclear matte
an important topic for further study. The investigation o
finite nuclei and nuclear structure functions in the prese
model may offer some independent information and/or co
straints on the modification of the bag constant. Work alon
this direction is in progress@40#. Another direction may be in
motivating an explicit functional form for the in-medium bag
constant,B(s̄), from a solitonlike model for the nucleon.
Recently, an explicit form forB(s̄) has been suggested in
Ref. @16#, based on the global color model of QCD.

The quark-meson coupling model for nuclear matter
valid only if the nucleon bags do not overlap significantly. I
his original paper@2#, Guichon has suggestedR050.6–0.7
fm in order to keep the overlapping effect small. In ou
modified QMC model, both the bag radius and the quark rm
radius increase in medium relative to their values in fre
space due to the dropping bag constant in medium. In Fig.
the spatial quark wave functions are plotted as functions
radial coordinate with the scaling model for the in-medium
bag constant. We see that when the bag constant drops
quark wave functions are pushed outward. This depicts
‘‘swollen’’ nucleon picture, which has important implica-
tions in many nuclear physics issues@17–23#.

On the other hand, the increasing bag radius also impl
a larger overlapping effect than in the usual QMC mode
When the bag constant in nuclear matter is significan
smaller than its free-space value (B/B0;0.4), we find
R/R0;1.25–1.30 at the saturation density, which give
4pR3rN

0 /3;0.3–0.34 whenR050.6 fm. This indicates that
the overlap between the bags is still reasonably small at
saturation density, though a factor of 2 larger than in th
usual QMC model. For largerR0 and/or higher densities, the

e

FIG. 4. Quark wave functions as functions of radial coordinat
Here the scaling model, Eq.~3.5!, for the in-medium bag constant is
adopted. The solid curves are the free-space quark wave functio
The other four set of curves correspond to,k50 ~long-dashed
curve!, 1 ~dot-dashed curve!, 2 ~short-dashed curve!, and 3~dotted
curve!, respectively.



o
e

t
lf

c

m

t

t

l

s

l

c
e

i
n
o

e

o
s

h
a

a

e
o

e

e
o

ay
r

d

g
lf-
al

n-

ns

r-
ey

ns

n-

ite

1434 54XUEMIN JIN AND B. K. JENNINGS
overlap becomes more significant and the nonoverlapp
bag picture of nuclear matter may become inadequate. H
ever, it is unclear at this stage whether the overlap betw
the bags is already included effectively in the reduction
the bag constant and/or in the scalar and vector mean fie
Further study is needed to clarify such an issue. We also n
that in the scaling model with largek values, the resulting
nuclear matter compressibility is too large compared to
empirical value. This may be fixed by introducing se
interactions of the scalar field, which, however, will intro
duce more free parameters. The direct coupling model,
the other hand, produces a more reasonable value for nu
matter compressibility.

The QMC model is probably the simplest extension
QHD to incorporate explicit quark degrees of freedo
where the exchanging mesons are treated as classical fi
in the mean-field approximation. To be more consistent,
explicit quark structures of the mesons should also be
cluded and the physics beyond the mean-field approxima
should be considered. It has been emphasized above
both the MIT bag model and the QHD model are not chira
symmetric. As such, the quark-meson coupling models d
cussed here are not chiral models. At the hadron level,
nificant progress has been made in incorporating both ch
symmetry and broken scale invariance in relativistic ha
ronic models@41,42#. So the quark-meson coupling mode
may be extended by combining these hadronic chiral mod
and a chiral version of the bag model. Recently, it has a
been argued that connections can be made between effe
chiral Lagrangians and the QHD model at the mean-fi
level @43#.

VI. SUMMARY

In this paper, we have modified the quark-meson coupl
model by introducing medium modification of the bag co
stant. We proposed two models for the in-medium bag c
stant, the direct coupling model and scaling model. T
former couples the bag constant directly to the scalar m
field, and the latter uses a scaling ansatz which relates
in-medium bag constant to in-medium nucleon mass. B
models feature a decreasing bag constant with increa
density.

The reduction of the bag constant in nuclear matter p
tially offsets the effect of the internal quark structure of t
nucleon and effectively introduces a new source of attr
tion. This attraction needs to be compensated with additio
vector field strength. The decrease of the bag constant
implies the increase of the bag radius in nuclear matter. T
is consistent with the ‘‘swollen’’ nucleon picture discusse
in the literature.

When the bag constant is reduced significantly in nucl
matter with respect to its free-space value, we find that
modified quark-meson coupling model predicts large a
canceling scalar and vector potentials for the nucleon
nuclear matter, which is qualitatively different from the pr
diction of the simple QMC model. These potentials are co
sistent with those suggested by relativistic nuclear pheno
enology and finite-density QCD sum rules. The intern
quark structure of the nucleon seems to play only a relativ
minor role. On the other hand, the reduction of the bag c
ing
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stant in a nuclear medium relative to its free-space value m
play an important role in low- and medium-energy nuclea
physics.
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APPENDIX

In this appendix, we demonstrate that adopting Eq.~3.1!
with d54 for the in-medium bag constant and taking
gs
q50 ~andmq

050), one can reproduce the QHD-I results
for nuclear matter. To this end, we show that the resultin
expressions for the total energy per nucleon and the se
consistency condition for the scalar mean field are identic
to those in QHD-I.

In free space, the nucleon mass and the equilibrium co
dition for the bag are given by

MN5AEbag
2 23x0

2/R0
2, ~A1!

EbagF23
x0
R0
2 1

Z0
R0
2 14pR0

2B0G13
x0
2

R0
3 50, ~A2!

where

Ebag53
x0
R0

2
Z0
R0

1
4

3
pR0

3B0 . ~A3!

Solving these two equations, one finds that the combinatio
B0R0

4 andMNR0 can be expressed in terms ofx0 and Z0.
This can also be seen easily from dimensional conside
ations. Since these two combinations are dimensionless, th
must depend only on the dimensionless parametersx0 and
Z0.

In the nuclear medium, the corresponding two equatio
become

MN*5AEbag
2 23x2/R2, ~A4!

EbagF23
x

R2 1
Z

R2 14pR2BG13
x2

R3 50. ~A5!

Similarly, BR4 andMN*R are only dependent onx and Z.
Since we takegs

q50 andZ5Z0, x (5x0) andZ are inde-
pendent of the nuclear matter density. One therefore co
cludes that

B

B0
5SMN*

MN
D 45SR0

R D 4. ~A6!

Using Eq.~3.1! with d54, one gets

MN*

MN
512

gs
Bs̄

MN
. ~A7!

One can then rewrite the total energy per nucleon at fin
nuclear matter density as
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Etot5
g

~2p!3rN
EkF

d3kAMN*
21k21

gv
2

2mv
2 rN

1
ms
2

2 ~gs
B!2rN

~MN2MN* !2. ~A8!

The self-consistency condition for the scalar field, Eq.~2.13!,
can be expressed as
MN*5MN2
~gs

B!2

ms
2

g

~2p!3
EkF

d3k
MN*

AMN*
21k2

. ~A9!

These two equations are identical to those required
QHD-I. Thus, fitting the nuclear matter binding energy at th
saturation density, one should find the same scalar and ve
couplings and hence the same strengths for scalar and ve
mean fields as obtained in QHD-I.
-
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